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The specific rate constants for the formation of the 1 : 1 1,3,5-trinitrobenzene - cyanide ion o-complex in 
ethanol, n-propanol, isopropanol, and t-butanol are 442 + 14, 932 + 30,2.45 + 0.10 x lo3 and 1.06 
+ 0.05 x lo5 M -  Is-', respectively. A plot of log k us. Dirnroth'ssolvent parameter E, is linear with slope 
-0.25. The kinetics of thereactions of cyanide ion and 1,3,5-trinitrobenzene in ethanol and PI-propanol are 
complicated by alcoholysis of cyanide ion which yields the corresponding alkoxide ion and the 1 : I  
1,3,5-trinitrobenzene - alkoxide ion o-complex. 

Les constantes spkcifiques de vitesse pour la formation du cornplexe-o 1 : I trinitro-1,3,5 benzene - ion 
cyanure dans I'Cthanol, le n-propanol, isopropanol et le r-butanol sont respectivement egales a 442 + 14, 
932 + 30, 2.45 + 0.10 x lo3 et 1.06 + 0.05 x lo5 M- '  s-'. Un graphique de log K us. le parametre 
de Dirnroth (solvant) E,, rCvele une ligne droite dont la pente est egale a -0.25. La cinetique des reactions 
de I'ion cyanure avec le trinitro-1,3,5 benzene dans I'Cthanol et le 11-propanol est perturbke par I'alcoolyse 
de I'ion cyanure qui conduit a I'ion alcoolate correspondant et au  cornplexe-o 1 : 1 trinitro-1,3,5 benzene - 
ion alcoolate. [Traduit par le journal] 

Can. J. Chem., 52,  l(1974) 

Introduction ions with a number of 1-X-2,4,6-trinitrobenzenes 

Cyanide ion is known to react with 1,3,5- 
trinitrobenzene and related nitroaromatic com- 
pounds in a wide variety of solvents to  form o- 
complexes (1-4). The visible absorption char- 
acteristics of o-complex 1 (X = CN), together 
with equilibrium constants and thermodynamic 
parameters associated with its formation, in a 
number of alcohols have been reported (5). The 
thermodynamic results were interpreted in terms 
of desolvation of the cyanide ion as being the 
primary factor affecting the enthalpies and 
entropies of formation (5). 

o * N ~ O ~  

NO2 

1 

As part of a series of kinetic studies of the 
reactions of sulfite, cyanide, and various alkoxide 

(X = H, CH,O, CH,, CHO, NH,, NHCH,, 
and N(CH,),) (6, 7) and, as an extension to 
earlier equilibrium studies, we have investigated 
the kinetics of reaction of 1,3,5-trinitrobenzene 
and cyanide ion in several alcohols. 

Specific rate constants for the formation of 
1 (X = CN) at 25.0 "C in ethanol, n-propanol, 
isopropanol, and t-butanol have been deter- 
mined. Results are presented to show that in 
ethanol and n-propanol alcoholysis of cyanide 
ion is a significant side reaction and leads to the 
initial formation of 1 (X = RO) in these solvents. 

Experimental 
Reagents 

Eastrnan 1,3,5-trinitrobenzene was purified and dried 
as previously described (8), rn.p., 122 "C (lit., m.p. 122.5 
"C (9)). 

Eastman 1-(p-hydroxypheno1)-2,4,6-triphenylpyridin- 
ium betaine was converted to the perchlorate salt as 
described by Dirnroth er al. (10) and recrystallized from 
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anhydrous methanol. After drying in uacuo over silica gel 
the pale yellow needle-shaped crystals had m.p. 250 "C. 

Tetraphenylarsonium cyanide was prepared as described 
previously (5) and dried to constant weight in uacuo over 
phosphorus(V) pentoxide. 

Absolute ethanol was distilled from magnesium and 
iodine according to the procedure described by Vogel(11). 
The remaining alcohols were dried by refluxing over 
Linde 4A Molecular Sieve overnight and then distilled 
under a dry nitrogen atmosphere. Only the middle portion 
of the distillate was retained in each case. 

Stock solutions of 1,3,5-trinitrobenzene and tetra- 
phenylarsonium cyanide were prepared by dissolving 
weighed quantities of each reagent in known volumes of 
the alcohol. 

Instruments 
Ootical measurements in the eauilibrium studies were 

carried out on a Cary 14 recording spectrophotometer 
using matched silica cells of 1.0-cm path length. The 
temperature in the cells was maintained constant to  
+ 0.1 "C by circulating water from a constant temperature 
bath through a specially designed cell holder in the 
spectrophotometer. 

Kinetic measurements were carried out on a Durrum- 
Gibson stopped-flow spectrophotometer.' A closed 
circuit temperature control system utilizing an Ultra 
Kryomat TK 30D constant temperature bath kept the 
temperature in the valve-block, drive syringes, and 
observation cell constant to  k0.1 "C. Temperature-jump 
or conventional stopped-flow cells of 2.0-cm path length 
were used. Minimum "dead times" of the two cells were 
10 and 2 ms, respectively. For some of the kinetic runs 
the normal mode of operation of the spectrophotometer 
was modified so as to yield an oscilloscope trace of 
absorbance as a function of time rather than % transmit- 
tance as a function of time (12). Standard solutions of 
potassium permanganate, whose absorbances at several 
different wavelengths had been determined on the Cary 
14, were used to establish that the input signal to the 
vertical axis of the storage oscilloscope was directly 
proportional to absorbance over the range 0-0.10 
absorbance units. One advantage of this method of 
operation was that over the range indicated absorbances 
could be accurately determined at  very low noise to  signal 
ratios. 

Procedures 
Solutions containing 1,3,5-trinitrobenzene M )  

and tetraphenylarsonium cyanide (10-4-10-2 M) were 
prepared immediately prior to each run by dilution of 
known volumes of the corresponding stock solutions 
with alcohol. Before each run each drive syringe was 
rinsed three times with the appropriate solution, filled to  
capacity, and allowed to stand for 20 min in order to  
reach thermal equilibrium with the bath. In the course of 
the kinetic studies the concentration of 1,3,5-trinitro- 
benzene was kept constant and only the solutions con- 
taining tetraphenylarsonium cyanide were changed. Each 
time this was done the drive syringe was thoroughly 
flushed with the new tetraphenylarsonium cyanide solu- 
tion before being filled for the kinetic run. 

'Durrum Instrument Corporation. Palo Alto, Calif. 

The stopped-flow spectrophotometer was used in the 
conventional way to obtain values of absorbance a t  
infinite time (A,)  associated with the fast initial reactions 
in ethanol and n-propanol. The absorption characteristics 
of the species formed in the slow reactions were deter- 
mined by running the reactions under the same experi- 
mental conditions used in the kinetic runs and recording 
the resulting spectra of the solutions on the Cary 14. 

Traces on the storage oscilloscope of absorbance o r  
transmittance us. time were recorded photographically 
when at  least two consecutive runs gave identical traces. 
Absorbances or transmittances a t  various times were 
read directly from the photographs and used to calculate 
values of In (A, - A,) as a function of time. A, and A, 
refer to absorbances at  a specified wavelength a t  times 
infinity and t, respectively. 

Results and Discussion 

When solutions containing 1,3,5-trinitroben- 
zene (TNB) in ethanol and tetraphenylarsonium 
cyanide in ethanol (in large excess) were mixed, 
the % transmittance us. time trace recorded o n  
the oscilloscope showed two distinct parts. The 
first portion of the trace rapidly reached a 
limiting absorbance value (A , )  ; there was then 
a further slow increase in absorbance. As the 
concentration of tetraphenylarsonium cyanide 
was reduced, separation of the trace into two 
distinct portions became less distinct. 

The visible spectrum of the species formed in  
the first reaction was determined by recording, 
for solutions o f  constant TNB and tetraphenyl- 
arsonium cyanide concentration, infinite absor- 
bance values as  a function of wavelength. The 
resulting absorption spectrum (Fig. 1) showed 

FIG. 1. Visible absorption spectrum (derived from 
A ,  values) of the colored species formed in the "fast" 
reaction observed in ethanol solutions containing 1,3,5- 
trinitrobenzeneand tetraphenylarsonium cyanide: [TNBlo 
= 1.02 x 1 0 4  M ;  [ $ 4 ~ ~ ~ ~ ~ o  = 1.15 x 10-2 M; T = 
25.0 "C; I = 2.0 cm. 
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GAN AND NORRIS: REACTIONS O F  CYAN[DE ION AND TRINITROBENZENE 3 

absorption maxima at 498 and 422 nm with 
E ~ ~ ~ / E ~ ~ ~  = 1.45. These absorption character- 
istics are very similar to those recorded for o- 
complex 1 (X = C2H50)  (A,,, 497 and 424, 
E ~ ~ ~ / E ~ ~ ~  = 1.49) using the Cary 14 spectro- 
photometer (4, 6). 

The progress of the fast reaction was followed 
at 480 nm. Plots of In (A, - A,) us. time were 
linear to  at least 80% completion of reaction. If 
this first reaction involves the reversible forma- 
tion of l (X = C,H,O) according to the equation 

k I 

[ I ]  TNB + CzH5O- 1 (X = CzH5O) 
k- 1 

and the concentration of ethoxide ion in solution 
([C2H,0-I) is much greater than the total 
concentration of 1,3,5-trinitrobenzene ([TNB],), 
the slope of the In (A, - A,) us. time plot 
(k,,,) should be related to  the specific rate con- 
stants k, and k- ,  and [C2H50-]  as follows: 

value equal to 2020 M - '  was used in the calcula- 
tions (6). A typical set of data is given in Table 1. 

The plot of k,,, for the fast reaction us. 
[C,H,O-] was linear with slope (k,)  equal to 
37 000 f 8000 M- '  s-I and intercept (k-,) of 
11.9 f 1.7 s-', respectively. (Errors in k ,  and 
k- ,  are based on the errors associated with the 
"least-squares" slopes and intercepts of the 
k,,, us. [C2H50-] plots.) Values of k ,  and k- ,  
for the interaction of sodium ethoxide with TNB 
in ethanol have been reported as 33 400 M- '  s-I 
and 27.5 s-' (13) and 49 500 f 1500 M-'  s-' 
and 15.4 f 2.0 s-' (6), respectively. The good 
agreement in the k, and k- ,  values and the 
observed absorption characteristics of the species 
first formed leave little doubt that the fast initial 
reaction involves formation of o-complex 1 
(X = C,H,O). 

The visible absorption spectrum of the species 
formed at the termination of the slower second 
reaction showed absor~t ion maxima at  435 and 

PI kobs = kl[C2H50-I  + k- I  544 nm. The spectru& is consistent with the 
formulation of this species as the 1 : 1 1,3,5- 

The [CiH50-] in the system was calculated trinitrobenzene - cyanide ion o-complex (1, 5). 

using the equation2 The rate of formation of this species was 
followed at 580 nm where o-complex 1 (X = 

C ~ I  CCZHSO-I C2H50)  has a negligible molar extinction co- 
- [I (X = C2HsO)I efficient (Fig. 2). Plots of In (A, - A,) us. time - 

K{[TNBIo - [1 (X = C2H5O)I) for this second reaction were linear t o  at least 
90% co~npletion of reaction. For the reversible 

A, formation of o-complex 1 (X = CN) in ethanol 
according to eq. 4 the k,,, obtained from the 

k z 
TNB + C N - z l  (X = CN) 

k-7 
where A, is the absorbance at infinite time 
associated with the fast reaction, 1 is the path 
length of the cell (2.0 cm), E is the molar extinc- 
tion coefficient of the complex at 480 nm (1.65 
x lo4 M - '  cm-') and K(k,/k-,) is the equili- 
brium constant for complex formation. A K 

ZThe equilibrium concentrations of CZH50- can be 
used to calculate an alcoholysis constant K' associated 
with the reaction 

CN- + CZH50H+ C2H50- + HCN 

where K' = [HCN] [CzH50-]/[CN-] [CzH50H] 
= [C2H50- J Z /  {[CN-lo - [C2H50-I} [CzH5OH.] 

The mean value of K' at 25.0 "C was 1.33 + 0.03 x 
The error limits on K' represent the standard 

deviation of the mean for eight determinations over a 
range of 44AsCN concentrations 2.0 x to 5.48 x 
10-3 M. 

slope of the In (A, - A,) us. time plot is related 
to k,, I<-,, K, [TNB], and the total concentra- 
tion of cyanide ion in solution [CN-1, as shown 
in eq. 5.3 

Values of k,,,, [C2H50-]  and the term ([CN-I, 
- [C2H50-]  + [TNB],)/(l + K[C2H50-I for 
a series of runs at different tetraphenylarsonium 

31t is assumed in this deviation that the alcoholysis 
reaction is rapid and that the [C2H50-] is maintained 
constant throughout the course of the TNB - cyanide 
ion reaction. Also [CzH50-] >> [TNB],. 
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TABLE I .  Pseudo first-order rate constants (k,,,) for the 
"fast reaction" observed in ethanol solutions containing 

1,3,5-trinitrobenzene and tetraphenylarsonium cyanide: T = 25.0 "C; 
[TNBIo = 3.04 x M 

[@+AsCN] x lo3 (M) [C2H,0-] x lo4 (M)" kabr ( s - ' ) ~  

o[C~H,O-] calculated using eq. 3 with K = 2020 M-1 and = 1.65 X 104M-I 
cm-'. It is assumed that rapid alcoholysis o f  cyanide ion maintains the [C2H,0-I 
constant throughout the course of reaction. 

bk.o, values from the slopes of the In (A, - A,) us. time plots. Errors in kob. are based 
on the "least-squares" slopes of the plots. 

FIG. 2. Visible absorption spectra in ethanol at  25.0 
"C of (i) the 1 :1 1,3,5-trinitrobenzene -cyanide ion 
o-complex and (ii) the 1 : I 1,3,5-trinitrobenzene - ethoxide 
ion o-complex. 

cyanide concentrations are given in Table 2. The 
plot ofk,,, vs. ([CN-1, - [C,H,O-] + [TNB],)/ 
(1 + K[C,H,O-I) was linear with "least- 
squares" slope (k2) and intercept (k-,) of 442 i 
14 M- '  s-I and 0.042 + 0.033 s-I, respectively. 

When solutions of tetraphenylarsonium cya- 
nide in n-propanol and 1,3,5-trinitrobenzene in 
n-propanol were mixed the % transmittance vs. 
time traces on the oscilloscope again indicated 
that "fast" and "slow" reactions were taking 
place in solution. By analogy to what was found 
to occur in the ethanol system, the fast reaction 
in n-propanol was considered to be associated 
with the formation of a-complex 1 (X = 
n-C3H70). 

The progress of the fast reaction was followed 
at 505 nm. Plots of In (A, - A,) us. time were 
linear to about 80% completion of reaction. 
Values of k,,, were not as reproducible in this 

system as for the fast reaction in ethanol, 
average reproducibility in kob, being i. 13% in 
n-propanol as compared to +5% in ethanol. 
The [n-C,H70-] was calculated as in eq. 3 
using a K for a-complex formation of 7.8 x 
lo3 M - I  (6) and a molar extinction coefficient 
(E) of the a-complex at 505 nm of 1.74 lo4 M - I  
cm-l. The plot of kObs vs. [n-C3H70-] was 
linear with slope (k,) equal to 7.3 5 3.0 x lo4 
M-'  s- '  and intercept (k-,) equal to 5.8 4 
3.6 s-I. The agreement between these values of 
k ,  and k - ,  and the k, of 9.26 i. 0.17 x lo4 
M-I s-' and k, of 11.9 i 1.1 s-' determined 
from a study of the interaction of 1,3,5-trinitro- 
benzene and n-propoxide ion in n-propanol (6) 
is reasonable and confirms that the fast reaction 
involves the formation of a-complex 1 (X = 
n-C3H70). 

The alcoholysis constant K' for the reaction 
of cyanide ion and n-propanol at 25.0 "C 
was determined to be 1.56 i. 0.05 x The 
error limits on Kt represent the standard devia- 
tion of the mean of nine determinations carried 
out over the tetraphenylarsonium cyanide con- 
centration range 1.24 x to  8.28 x M. 

The species present at the completion of the 
slow reaction in n-propanol possessed absorp- 
tion maxima a t  435 and 542 nm. This is con- 
sistent with the formulation of this species as 
a-complex 1 (X = CN) (5). The rate of forma- 
tion of this complex was followed at 580 nm 
since at this wavelength a-complex 1 (X = 
n-C3H70) has negligible absorption. Treatment 
of the rate data was identical to  that employed 
for the reaction of cyanide ion and TNB in 
ethanol. A linear kobs vs. ([CN-] - [n-C3H70-] 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GAN AND NORRIS: REACTIONS OF CYANIDE ION AND TRINITROBENZENE 

TABLE 2. Pseudo first-order rate constants (kobs) for the 1,3,5-trinitrobenzene - cyanide ion reaction 
in ethanol: T = 25.0 "C; [TNBIo = 8.03 x M 

x lo3 
[Ij14AsCN] x lo3 (M-l)  [CIH,O-] x lo4 (M)" 1 + K [CzH50-] kobs (s-'lb 

"[C2H50-I calculated using eq. 3 and the experimentally determined A, associated with the first (fast) reaction. Alternatively, [C2H50- 
was calculated using K' for the alcoholysis o f  CN- ion in ethanol. 

bSlope o f  the In (A, - A,) us. time plot. Error in k.,, based on  the error associated with the "least-squares" slope o f  the plot. 

FIG. 3. Values of kOb, for the formation of the 1 :1 
1,3,5-trinitrobenzene - cyanide ion o-complex in n- 
propanol as a function of ([CN-lo - [n-C3H70-] + 
[TNB],)/(I + K[n-C3H70-I): T = 25.0 "C; [TNB], = 
9.62 x M; [IjI4AsCNIo = 1.78 x to 1.10 x 

M. 

+ [TNB],)/(l + K[n-C3H70-I) plot was ob- 
tained (Fig. 3) whose slope (k,) was 932 + 30 
M-'  s-'. The intercept of the plot was too small 
(<0.01) to be assessed with any real accuracy 
by this method. 

When solutions of 1,3,5-trinitrobenzene in 
isopropanol and tetraphenylarsonium cyanide 
in isopropanol were mixed only a single reaction 
trace of % transmittance vs. time was observed. 
The resulting solutions possessed absorption 
maxima at 436 and 546 nm consistent with the 
formulation of the species in solution as o- 
complex 1 (X = CN) (5). 

The progress of the reaction was followed at 
540 nm. Plots of In (A, - A,) vs. time were 
linear to greater than 90% completion of reaction 
over the entire range of cyanide ion concentra- 
tions employed. Plots of k,,, vs. [CN-1, were 

linear in the range 2.0 x M to 3.0 x 
M but curved slightly upward between 3.0 x 

and 7.0 x M [CN-]o.4 The value of 
k, at 25.0 "C obtained from the slope of the 
k,,, vs. [CN-1, plot, for runs carried out at 
low concentrations of cyanide ion, was 2.45 + 
0.10 x lo3 M-' s-'. The value of k-, was too 
small to be accurately estimated from the inter- 
cept of the plot. Using the reported K (k,/k-,) 
for complex formation of 10.0 f 0.3 x lo3 M-' 
at 25.0 "C (5), k-, is calculated to be 0.25 s-'. 

The reaction of 1,3,5-trinitrobenzene and 
cyanide ion in t-butanol also gave rise to  only a 
single reaction trace of % transmittance vs. time. 
The species formed in solution possessed absorp- 
tion maxima at 437 and 539 nm consistent with 
its formulation as o-complex 1 (X = CN)(5). 

The progress of the reaction was followed at 
545 nm. Plots of In (A, - A,) vs. time were 
linear to greater than 90% completion of 
reaction at all cyanide ion concentrations 
employed. A plot of k,,, vs. [CN-1, was linear 
over the range 2.0 x to 5.0 x M 
but curved slightly upward between 5.0 x 

and 7.0 x M [CN-I,. From the 
linear portion of the plot at low [CN-I,, k, 
and k-, were found to  be 1.06 + 0.05 x lo5 
M-' s-' and 2.5 f 1.2 s-', respectively. 

Specific rate constants for the formation of 
1 (X = CN) decrease in the order k,(t-C4H50H) 
> k2(iso-C3H70H) > k,(n-C3H70H) > k2- 
(C,H,OH). A plot of log k, vs. the solvent 
parameter E, (10) is linear with slope -0.25. 

40ver a comparable range of tetraphenylarsonium 
cyanide concentrations the curvature in the kOb, us. 
[CN-Io plots was more pronounced the higher the 
temperature. A study of this phenomenon is reported in 
the following paper. 
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Linear log k 27s. E, plots of comparable slopes 
have also been reported for the formation of 1 
(X = RO) in ROH, where R = CH,, C2H5, 
n- and iso-C3H7, and n-C4Hg (6), and for the 
formation of the 2,4,6-trinitrobenzyl anion (2) 
by reaction of 2,4,6-trinitrotoluene with RO- 
in the corresponding alcohol (R = C,H5, n- and 
iso-C3H7) (14). 

0,. + No. 

NO2 

It has been argued that for the formation of 1 
(X = OR) free energy changes associated with 
the desolvation of the anion play a critical role 
in determining the magnitudes of the specific 
rate constants (15, 6). The similarity in the slopes 
of the above log k us. E, plots suggests that, for 
the limited range of alcohols studied, cyanide 
ion and RO- respond similarly to the changing 
solvation characteristics of the different alcohols. 

Little can be said on the basis of our results 
concerning trends in k-, for decomposition of 
1 (X = CN), k-, values in ethanol and n- 
propanol are both small (<0.05 s-l)  and cannot 
be determined with any accuracy using the 
method described; k-, values in isopropanol 
and t-butanol are approximately 0.3 and 2.5 s- l ,  
respectively. The trend in k - ,  values is opposite 
to  that which is observed for the decompositions 
of 1 (X = RO) in the alcohols where the higher 
values of k-, are associated with the ethanol 
and n-propanol systems. 

The ratios of the rate constants for formation 
of 1 (X = OR) and 1 (X = CN) in ethanol, 
n-propanol, isopropanol, and t-butanol are 116, 
112, 43, and 0.27, respectively. The straight 
chain alkoxides are about 100 times more 
reactive than cyanide ion in the corresponding 
alcohol whereas isopropoxide is only about 40 
times as reactive. A steric hindrance associated 
with a methyl group in isopropoxide would 
account for its lower reactivity compared to 
n-propoxide. This steric effect is sufficiently 
pronounced that in t-butanol cyanide is a better 
nucleophile towards the aromatic carbon center 
than is t-butoxide ion. 

A comparison of the autopyrolysis constant 
of ethanol (pK, = 18.88) (16) with the dissocia- 
tion of hydrocyanic acid in ethanol (pK, 1: 13) 

. VOL. 52, 1974 

determined above indicates that in ethanol 
ethoxide ion is about lo6 times more basic than 
is cyanide ion. Comparable differences in 
hydrogen basicity may be expected to operate 
in the other alcohols. However, based on the 
reported equilibrium constants for formation of 
1 (X = OR) and 1 (X = CN), carbon basicity 
towards the aromatic carbon center favors the 
alkoxide over the cyanide by less than a factor 
of 10 for R = C2H5, n- and iso-C3H7, and 
n-C4Hg (5, 6, 13). 

Alcoholysis of cyanide ion was observed in 
ethanol and n-propanol but not in isopropanol 
and t-butanol. Combining the alcoholysis con- 
stants K' obtained in this study with the reported 
autopyrolysis constants of ethanol and n- 
propanol (16) one can calculate the dissociation 
constants (K,) of HCN in ethanol and n-propanol 
at 25.0 "C as 9.92 x 10-l4 and 1.72 x 10-14, 
respectively. The constant (K,) of HCN in 
water at 25.0 "C is 8.82 x 10-l2 (17). This 
order of dissociation constants Kd (H,O) > 
Kd (C2H50H) > K,, (n-C3H70H) is in quali- 
tative agreement with the calculated pKBH+ 
values of water (-3.43), ethanol (- 1.93), and 
n-propanol (-1.91) reported by Levitt and 
Levitt (18). Isopropanol and t-butanol (pKBH+ 
value - 1.70 and - 1.49, respectively) are too 
weakly acidic to  undergo any substantial 
alcoholysis reaction. Although kinetic studies 
in methanol and n-butanol were not investigated, 
the pKBH+ values of these alcohols (- 2.17 and 
- 1.90, respectively) suggest that complications 
due to cyanide ion alcoholysis would also be 
observed in these solvents. 

The alcoholysis reactions of cyanide ion in 
methanol and ethanol may have been responsible 
in part for the experimental difficulties which 
lead to the placing of high error limits on the 
equilibrium constants for formation of 1 (X = 
CN) in methanol and the difficulties experienced 
in obtaining a good AH,,, for the formation of 
1 (X = CN) in ethanol (5). In fact since the 
reaction to form 1 (X = OR) is always signifi- 
cantly faster than the reaction to form 1 (X = 
CN) in the same ROH, the slow secondary 
reactions referred to by Buncel et al. (5) may, 
in part, have been associated with the formation 
of the desired TNB - cyanide ion o-complexes. 
More accurate values of k-, for the decomposi- 
tion of 1 (X = CN) in ethanol and n-propanol 
are required before any definitive statements can 
be made regarding possible errors in the re- 
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Kinetic and Equilibrium Studies of the Reactions of Cyanide Ion with 
1,3,5-Trinitrobenzene, 2,4,6-Trinitroanisole, and 2,4,6-Trinitrotoluene 

in Isopropanol 

LEONG HUAT GAN AND ALBERT RICHARD NORRIS 
Department of Chernistry, Queen's University, Kingston, Ontario 

Received July 10, 1973 

Equilibrium constants for the formation of 1 : 1 cyanide ion o-complexes with 1,3,5-trinitrobenzene, 
2,4,6-trinitroanisole, and 2,4,6-trinitrotoluene have been determined spectrophotometrically over a range 
of temperatures. Standard enthalpy ( A H 0 )  and entropy (AS0) changes associated with each reaction have 
been evaluated. The kinetics of formation of the o-complexes have been investigated by means of a 
stopped-flow technique and the activation parameters characterizing the formation of each complex 
have been determined. Evidence is presented which indicates the cyanide ion - 2,4,6-trinitroanisole 
o-complex formed in isopropanol contains the cyanide ion bonded exclusively at the C-3 position. 

Les constantes dlCquilibres pour la formation d'un complexe-o 1 : 1 ion cyanure - trinitro-1,3,5 ben- 
zene, trinitro-2,4,6 anisole et trinitro-2,4,6 toluene ont t t t  dtterminies dans un intervalle d e  temptratures 
a I'aide de la spectrophotornCtrie. Les changements d'enthalpie standard (AH0)  et d'entropie (AS0) asso- 
ciCs a chaque reaction ont Ctt Cvalues. La cinktique de formation des complexes-o a 6t6 t tudite a I'aide 
de la technique a dtbit interrompu et les parametres d'activation se rattachant a la formation de chaque 
complexe ont ete dtterminks. On apporte des preuves pour montrer que le complexe-cr ion cyanure - 
trinitro-2,4,6 anisole form6 dans I'isopropanol contient I'ion cyanure lie exclusivement a la position C-3. 

[Traduit par  le journal] 
Can. J. Chem., 52,8 (1974) 

Introduction CH30 X 0CH3 
\ / I 

Cyanide ion is known to react with 1,3,5- o~N--$I-Noz 0 2 ~ 9  
..I- LO H trinitrobenzene and a number of related I-X- x 

2,4,6-trinitrobenzenes (X = CH,, OCH,, and NO2 NO2 
CHO) in acetone, chloroform, and various 3 - 4 
alcohols to form o-complexes ,of 1 : 1 stoichiom- 
etry ( I 6 ) .  For = CHO, of 'yanide but the thermodynamically more stable o-com- 
ion occurs exclusively at the C-1 position to  plex in this system is (X = 0CH3) The 
yield 1 while with 2,4,6-trinitrotoluene, addition influence of the nature of the solvent and the 
seems to occur exclusively at the C-3 position t o  properties of the group on the relative stabili- 
yield o-complex 2 (2). With 2,4,6-trinitroanisole ties of isomeric : o-complexes of this type is 

both the C-1 and the C-3 adducts 3 (X = CN) 
and 4 (X = CN) are formed in deuterochloro- 
form (3). Studies over a range of temperatures 
suggest that 4 (X = CN) is the thermodynam- 
ically more stable species (3). In the reactions of 
2,4,6-trinitroanisole with methoxide ion in 
methanol both the C-1 and C-3 adducts 3 
(X = OCH,) and 4 (X = OCH,) are also formed 

still largely unknown. 
As part of a series of kinetic studies of the 

reactions of bases and nitroaromatic compounds 
(12, 13), and as an extension of previously 
reported equilibrium studies of the reactions of 
cyanide with 1,3,5-trinitrobenzene in a number 
of alcohols (14), we have investigated the kinetics 
of o-complex formation between cyanide ion 
and 1,3,5-trinitrobenzene, 2,4,6-trinitroanisole, 
and 2,4,6-trinitrotoluene in isopropanol. 

Evidence is presented to show that the only 
o-complex formed between cyanide ion and 
2,4,6-trinitroanisole in isopropanol is the C-3 
adduct 4 (X = CN). Specific rate constants and 
activation parameters for the formation of 2, 
4 (X = CN), and 5 (X = CN) have been deter- 
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CAN AND NORRIS: REAC TlONS O F  CYANIDE ION 9 

mined together with the standard enthalpy (AH') 
and entropy (AS0)  changes associated with their 
formation. 

Experimental 
Reagents 

Eastman 1,3,5-trinitrobenzene was recrystallized twice 
from an ethanol-water mixture and dried to  constant 
weight il: vacuo over phosphorus(V) pentoxide, m.p. 
122 "C, (lit. m.p. 122.5 "C (15)). 

Eastman 2,4,6-trinitrotoluene was recrystallized twice 
from absolute ethanol and dried in vacuo over phos- 
phorus(V) pentoxide, m.p. 89-82 "C, (lit. m.p. 82 "C 
(1 5)). 

Eastman 2,4,6-trinitroanisole was recrystallized twice 
from carbon tetrachloride and dried in vacuo over phos- 
phorus(V) pentoxide, m.p. 68-69 "C, (lit. m.p. 68 "C 
(15)). 

Eastman tetraphenylarsonium chloride was dried to 
constant weight in vacrto over phosphorus(V) pentoxide. 

Tetraphenylarsonium cyanide was prepared as  pre- 
viously described (14) and dried to constant weight in 
vacuo over phosphorus(V) pentoxide. Tetraphenylar- 
sonium nitrite was prepared in a similar fashion but 
using sodium nitrite in place of sodium cyanide in both 
the initial preparation and the recrystallization pro- 
cedures. After two recrystallizations the compound was 
dried to constant weight in vacuo over phosphorus(V) 
pentoxide. 

All other reagents used in the study were A.R. grade 
or better. 

Isopropanol was dried by refluxing over Linde 4A 
Molecular Sieve overnight and then distilled under a dry 
nitrogen atmosphere. Only the middle portion of the 
distillate was retained. 

Stock solutions of the nitroaromatic compounds and 
the tetraphenylarsonium salts were prepared by dis- 
solving weighed quantities of each reagent in a known 
volume of isopropanol. Solutions of lower concentra- 
tions used in the kinetic and equilibrium studies were 
prepared by dilution. 

Instruments 
The instruments used to record absorption spectra and 

to carry out kinetic studies using the stopped-flow 
technique have been described previously (16). For  vir- 
tually all of the kinetic runs the normal mode of opera- 
tion of the stopped-flow spectrophotometer was modified, 
as described previously (16), so  as to  yield an oscilloscope 
trace of absorbance as a function of time rather than % 
transmittance as  a function of time (17). 

Procedures 
(a )  Determination of Molar Extinction Coefficients (E) 
An empty 0.10-cm cell and a 1.0-cm cell filled with 

2-3 ml of a concentrated solution of one of the reactants 
were placed in the sample cell compartment for thermo- 
statting (about 20 min was required). A small volume 

(usually less than 0.20 ml) of solution containing the 
second reactant was then introduced by means of a 
Micrometer syringe1 into the contents of the 1.0-cm cell. 
The resulting solution was quickly mixed, a portion of it 
transferred to the 0.10-cm cell and the absorbances of the 
solution recorded at a number of wavelengths. A matched 
0.10-cm cell filled with isopropanol was used as a refer- 
ence. 

In all the systems the basic reagent was present in 
excess in order to  minimize any neutralization effects due 
to absorbed carbon dioxide. At the highest concentra- 
tions of cyanide ion employed a slow decrease in absorb- 
ance was sometimes found to occur after the  maximum 
absorbance had been reached. In these cases the absorb- 
ance was corrected by extrapolating the absorbance us. 
tlme curve back to the time of mixing. The correction in 
most cases was small; less than 4% ',f the total absorb- 
ance. 

Because of the high equilibrium constants associated 
with these reactions greater than 99% of t he  nitroaro- 
matic compound was converted to complex under the 
reaction conditions employed. The molar extinction 
coefficient of the complex (E) was therefore evaluated 
from the slope of the plot of absorbance us. initial con- 
centration of nitroaromatic compound. For all the sys- 
tems studied molar extinction coefficients a t  the absorp- 
tion maxima were found t o  be temperature independent 
over the temperature range studied (5-50 "C). 

(b )  Determination of Eq~tilibririrr~ Constants ( K )  
The experimental procedure was identical t o  that used 

in determining the molar extinction coefficients except 
that all solutions contained nearly equimolar amounts of 
tetraphenylarsonium cyanide and nitroaromatic com- 
oound. Eauilibrium constants were calculated using the - 
expression shown in eq. 1 where A is the  measured 

absorbance at  equilibrium, E is the molar extinction 
coefficient of the com~lex  a t  the wavelength a t  which the 
absorbance was measired, I is the path length of the cell 
(0.1 cm), and [CN-lo and [Nl0 represent t he  total con- 
centrations of cyanide ion and nitroaromatic compound 
in solution. 

( c )  Determination of Psertdo First-order Rate 
Consta~tts (kOD,) 

Solutions of the nitroaromatic compound in isopro- 
panol M) and tetraphenylarsonium cyanide in 
isopropanol (10-4-10-2 M )  were prepared immediately 
prior to  each run by dilution of known volumes of the 
corresponding stock solutions with isopropanol. The 
drive syringes were filled and traces of absorbance ( A )  
us. time and kOb, obtained as described previously (16). 

The reactions of cyanide ion with I ,3,5-trinitrobenzene, 
2,4,6-trinitroanisole, and 2,4,6-trinitrotoluene were mon- 
itored by following changes in absorbance a t  540, 518, 
and 535 nm, respectively. 

( d )  Determination of .Activity Coefficients ot  25.0 "C 
The activity coefficients of 1,3,5-trinitrobenzene and 

2,4,6-trinitrotoluene in isopropanol solutions containing 

'Roger Gilmont Instruments, Inc., Great Neck, N.Y. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



10 CAN. J .  CHEM. VOL. 52,  1974 

TABLE 1. Spectral properties of some 1 : 1 cyanide ion o-complexes in isopropanol 
at 25.0 "C 

Wavelengths Molar extinction coefficients 
of maximum at the absorption maximaa 

absorption (nm) x (M-I cm-I 1 
Nitroaromatic 

compound XI A2 E I E2 

"Error limits are standard errors of the mean based on at least four determinations. 

tetraphenylarsonium chloride were determined by a 
solubility method (18, 19). 

Volumetric flasks (25 ml) containing solid 1,3,5-trini- 
trobenzene or 2,4,6-trinitrotoluene and a known amount 
of tetraphenylarsonium chloride in isopropanol were 
attached to  a shaker. The shaker was immersed in a water 
bath thermostatted at  25.0°C and the flasks shaken 
vigorously for 3 days. The saturated solution was then 
decanted into a test tube and centrifuged. A portion of 

I 

I 
the clear supernatant solution was withdrawn by means of  
a 2.0-ml Micrometer syringe' and diluted to  the desired 
concentration for absorbance measurements on the Cary 

I 14. T o  ensure the solution was saturated the measurement 
for each solution was repeated after 24 h. Thz amount of 

I 1,3,5-trinitrobenzene or 2,4,6-trinitrotoluene in solution 
was determined from its absorbances at  300 and 310 nm. 

Attempts to  determine the solubility of 2,4,6-trini- 1 troanisole in a similar fashion were unsuccessful because 
of the very slow precipitation of tetraphenylarsonium 

1 picrate from the solution. 

I Results and Discussion 
1 When isopropanol solutions containing tetra- 

phenylarsoiium cyanide and 1,3,5-trinitroben- 
zene (TNB), 2,4,6-trinitroanisole (TNA), or 
2,4,6-trinitrotoluene (TNT) were mixed, deep 
red-colored solutions resulted. The visible 
absorption spectra of the solutions suggested 
that the colored species present were 1 : 1 cyanide 
ion o-complexes of the 1-X-2,4,6-trinitroben- 
zenes (X = H, OCH,, CH,) (1-4). The results of 
the equilibrium and kinetic studies were fully 
consistent with this formulation for the 
stoichiometrv of the colored s~ecies. The wave- 
lengths of maximum absorption and the molar 
extinction coefficients at the absorption maxima 
of the 1: 1 cyanide ion o-complexes of 1,3,5- 
trinitrobenzene, 2,4,6-trinitroanisole, and 2,4,6- 
trinitrotoluene in isopropanol at 25.0°C are 
given in Table 1. The visible absorption curves 
of the three complexes are shown in Fig. 1. 

An equilibrium constant of 10.0 + 0.3 x lo3 
M-'  has been reported for the formation of the 
cyanide ion - 1,3,5-trinitrobenzene o-complex 

FIG. 1. Visible absorption spectra in isopropanol a t  
25.0 "C of 1 : 1 cyanide ion o-complexes of (i) 1,3,5-trini- 
trobenzene (-.-.), (ii) 2,4,6-trinitrotoluene (-), and  
(iii) 2,4,6-trinitroanisole (-..-). 

at 25.0°C (14). The same authors report an  
enthalpy of reaction based on calorimetric mea- 
surements (AH,,,), of -7. l k 0.6 kcal mol- ' 
and a AS' of 5.5 f 3.0 cal deg-' mol-'. Our 
studies have yielded an average equilibrium 
constant for formation of 5 (X = CN) at 25.0 "C 
of5.1 f 0.1 x 104M-' . Employing the reported 
AH,,, of -7.1 + 0.6 kcal mol-' we obtain a 
AS0 of 2.5 + 3.0 cal deg-' mol-'. There is no  
obvious reason why the equilibrium constants 
should differ. Fading reactions and complica- 
tions due to alcoholysis of the cyanide ion are 
not problems in this system (1 6). Perhaps at the 
high ratio of concentration of cyanide ion t o  
concentration of 1,3,5-trinitrobenzene used in 
earlier studies some degree of 2: 1 ' o-complex 
formation resulted. This complication would be 
reflected in lower values of E ,  and E,. We note 
though that our E, value (Table 1) is not signi- 
ficantly greater than the value of E, previously 
reported (1 4). 
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The equilibrium constants for the formation 
of the cyanide ion - 2,4,6-trinitroanisole o-com- 
plex were found to be 1.24 f 0.03 x lo4, 
1.18 0.04 x lo4, and 1.12 + 0.05 x lo4 M-'  
at 4.6, 15.0, and 25.0 "C, respectively.' Based 
on the variation of the equilibrium constants 
with temperature AH0 was calculated to be 
-0.81 + 0.55 kcal mol-'. AS0 for the reaction 
was 15.8 + 2.0 cal deg-' mol-'. 

The equilibrium constants for formation of the 
cyanide ion - 2,4,6-trinitrotoluene o-complex 
were determined to be 3.1 1 f 0.16 x lo4, 
2.01 + 0.09 x lo4, and 1.50 + 0.01 x lo4 M-'  
at 9.1, 25.0, and 34.9 "C. The resulting AH' 
and AS0 associated with the complex formation 
reaction were calculated to be -4.90 +_ 0.30 
kcal mol-' and 3.4 + 1.1 cal deg-' mol-', 
respectively. 

Equilibrium constants for 1 : 1 o-complex 
formation with cyanide ion at 25.0 "C increase 
in the order TNA < TNT < TNB. 

The variation in K is, however, very small. A 
far greater variation in K for complex formation 
is found for the sulfite ion complexes of TNA, 
TNB, and TNT in aqueous solution where the 
order of the equilibrium constants is T N T  < 
TNA < TNB and the maximum K is a factor 
of about 40 times larger than the minimum K 
(20, 21). For the formation of ethoxide, n-prop- 
oxide, and isopropoxide o-complexes of TNB 
and TNT in the corresponding alcohols, the 
equilibrium constants for complex formation 
with TNB are uniformly a factor of about 10' 
times larger than the equilibrium constants for 
o-complex formation with TNT (22). For the 
methoxide ion complexes of TNB and TNA 
(4, X = OCH,) in methanol at 25.0°C, the 
equilibrium constants favor the formation of the 
TNB complex by a factor of approximately 6 
(12, 23). 

For the three complex formation reactions 
studied more negative AH0 values are accom- 
panied by more negative AS0 values and a plot 
of AH0 us. AS0 is reasonably linear. The least 
negative values of both AH0 and AS0 are asso- 
ciated with the formation of the cyanide ion - 
TNA o-complex. It  has been argued that for the 
reaction of sulfite ion with a number of 
1-X-2,4,6-trinitrobenzenes (X = CHO, NH,, 
NHCH,, and N(CH,),) decreasing AH0 and 

ZErrors in K are standard deviations of the mean based 
on at least four determinations. 

:TIONS O F  CYANIDE ION 1 1  

AS0 reflect decreasing solvation of the resulting 
1 : 1 o-complex (24). By analogy we might expect 
that of the three complexes under consideration 
here the cyanide ion - 2,4,6-trinitroanisole com- 
plex is least strongly solvated by isopropanol. 
This is a surprising result since the steric effects 
associated with the methoxyl group might have 
been expected to lead to greater rotation of the 
ortho nitro groups out of the plane of the ring 
and hence greater overall solvation of the 
o-complex in this case. There are two reasons 
perhaps why analogies cannot be so simply 
drawn. First, because of its size isopropanol, 
unlike water, may be no more effective in sol- 
vating a nitro group rotated out of the plane of 
the ring than a nitro group in the plane of the 
ring. Second, the interpretation of trends in 
AH0 and AS0 in terms of trends in solvation 
effects of the resulting o-complexes assumes that 
the starting nitroaromatic compounds have 
comparable properties. 2,4,6-Trinitroanisole has 
been estimated to be about 4 kcal mol-' more 
stable than 1,3,5-trinitrobenzene as a result of 
ground state stabilization through resonance 
structures such as 6a and 6b (23). 

In methanol, AS0 for the formation of 5 
(X = OCH,) and 4 (X = OCH,) are the same 
within experimental error while the A H 0  values 
are 1.0 + 1.6 and 2.2 + 1.5 kcal mol-', respec- 
tively (I 1, 12, 23). 

For the three cyanide ion - 1-X-2,4,6-trinitro- 
benzene interactions studied, plots of In (A, - 
A,) us. time were linear to greater than 90% of 
reaction at all cyanide ion concentrations. At 
the high concentrations of cyanide ion to con- 
centration of nitroaromatic compound used in 
the kinetic studies a slight fading reaction was 
observed in the TNT - cyanide ion system., On 
the time scale involved in the kinetic study this 

3This "fading reaction" was probably due to the slow 
formation of a 2:l  o-complex as only one absorption 
maximum in the visible region, characteristic of a 2 :  1 
o-complex of this type (4, 6), remained after approxi- 
mateIy 10 min. The nature of the species formed is under 
investigation. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



12 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

fading reaction did not appear to interfere to any 
appreciable extent with the formation of the 1 : 1 
o-complex. In some instances a small correction 
to the infinite absorbance value (A,) was made 
by extrapolating the linear portion of the absorb- 
ance us. time portion of the fading reaction plot 
back to the time of mixing. By analogy to the 
reaction of 2,4,6-trinitroanisole with methoxide 
ion in methanol ( l l ) ,  two reaction traces of 
absorbance us. time might have been expected in 
the reaction of 2,4,6-trinitroanisole with cyanide 
ion. The faster of the two reactions would corre- 
spond to formation of o-complex 4 (X = CN) 
while the slower reaction would be associated 
with the formation of o-complex 3 (X = CN). A 
careful check of absorbance us. time traces at 
different wavelengths and over a range of cyanide 
ion concentrations showed that only one reac- 
tion was occurring in the solutions containing 
2,4,6-trinitroanisole and cyanide ion. The rapidity 
of the reaction suggests that the o-complex 
formed is 4 (X = CN). 

For the reversible formation of 1 : 1 o-complex 
according to eq. 2 (where X = H, OCH,, and 

CH,) carried out under reaction conditions such 
that [CN-1, >> [l-X-2,4,6-trinitrobenzene], ([ 1, 
represents the total concentration), the k,,, ob- 
tained from the slope of the In (A, - A,) us. 
time plot is related to the specific rate constants 
k, and k - ,  and the [CN-1, as shown in eq. 3. 

Plots of k,,, us. [CN-1, were strictly linear for 
the reaction of cyanide ion and 2,4,6-trinitro- 
anisole up to a [CN-1, of 1.20 x M (Fig. 
2). However for both the 1,3,5-trinitrobenzene - 
and 2,4,6-trinitrotoluene - cyanide ion reactions, 
where the maximum [CN-1, was much less than 
1.2 x M, k,,, us. [CN-1, plots were linear 
at low concentrations of cyanide ion but curved 
slightly upward at higher concentrations of 
cyanide ion (Figs. 3 and 4). In both systems 
curvature of the k,,, us. [CN-1, plots seemed to 
become more pronounced the higher the tem- 
perature. 

The slopes (k,) and intercepts (k-,) of the 
k,,, us. [CN-1, plots for the reaction of cyanide 
ion and 2,4,6-trinitroanisole and the slopes (k,) 
of the k,,, us. [CN-1, plots (obtained at low 

FIG. 2. kOhi a s  a function of the [+,AsCN] for the 
reactions of 2,4,6-trinitroanisole with cyanide ion in  
isopropanol at a number of temperatures. 

FIG. 3. kobr as  a function of the [+4AsCN] for the 
reactions of 1,3,5-trinitrobenzene with cyanide ion in  
isopropanol at  a number of temperatures. 

FIG. 4. kUb, a s  a function of the [$,AsCN] for the re- 
actions of 2,4,6-trinitrotoluene with cyanide ion in 
isopropanol at a number of temperatures. 

concentrations of cyanide ion) for the reactions 
of cyanide and 1,3,5-trinitrobenzene and 2,4,6- 
trinitrotoluene, are listed in Table 2. Values of 
the intercepts of the k,,, us. [CN-1, plots for the 
reactions of cyanide ion with 1,3,5-trinitroben- 
zene and 2,4,6-trinitrotoluene were too small t o  
permit an accurate evaluation of k - ,  values in 
these systems. Values of k- ,  at 25.0 "C, cal- 
culated from the known values of K and k, a t  
25.0 "C, are given in Table 3. 

Equilibrium constants (K,) and specific rate 
constants k ,  and k- ,  associated with the forma- 
tion of a number of 2,4,6-trinitroanisole and 
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C A N  A N D  NORRIS: REACTIONS O F  CYANIDE ION 13 

TABLE 2. Specific rate constants for the reactions of 1,3,5-trinitrobenzene, 2,4,6-trinitroanisole, 
and 2,4,6-trinitrotoluene with cyanide ion in isopropanol" 

kl(M-' s-') k- l (s - l )  

TCC) 1,3,5-Trinitrobenzene 2,4,6-Trinitroanisole 2,4,6-Trinitrotoluene 2,4,6-Trinitroanisole 

'Error limits on kl and k-l are based on the errors associated with the "least-squares" slopes and intercepts of the kab, US. [CN-lo plots. 
In the 1.3.5-trinitrobenzene - cyanide ion and 2,4,6-trinitrotoluene - cyanide ion systems only points at low [CN-lo were used in evaluating 
the slopes and intercepts. 

1,3,5-trinitrobenzene o-complexes at 25.0 "C are 
given in Table 4. For the formation of o-com- 
plexes 5 (X = OCH,) and 4 (X = OCH,) in 
methanol values of K, differ by a factor of about 
6, values of k - ,  differ by a factor of about 7 and 
values of k - ,  are approximately the same. For 
the formation of o-complexes 5 (X = OCH,) and 
3 (X = OCH,) in methanol the latter o-complex 
is seen to  be more stable but k ,  for its formation 
is a factor of about 500 times smaller and k - ,  
for its reversion to reactants about lo5 times 
smaller than the corresponding values associ- 
ated with the formation and decomposition of 5 
(X = OCH,) (6, 10, 12). For the formation of the 
cyanide ion o-ccmplex of 1,3,5-trinitrobenzene 
5 (X = CN) and the cyanide ion complex of 
2,4,6-trinitroanisole in isopropanol, values of 
K, differ by a factor of about 5, values of k ,  
differ by a factor of about 6, and values of k - ,  
are approximately the same. The similarity in 
the pattern to that observed in the case of forma- 
tion of 5 (X = OCH,) and 4 (X = OCH,) is strong 
evidence for the formulation of the cyanide 
ion - 2,4,6-trinitroanisole complex as the C-3 
adduct (4, X = CN). 

The question arises as to why 4 (X = CN) 
should be more stable than 3 (X = CN). Bernas- 
coni (23).has argued that 3 (X = OCH,) is more 
stable than 4 (X = OCH,) by virtue of a stabi- 
lizing effect due to double bond - no bond res- 
onance associated with the geminal alkoxy groups 
attached to the sp3 carbon in the complex. No 
equivalent double bond - no bond resonance 
structures can be drawn when methoxide ion is 
replaced by cyanide ion hence such a stabilizing 
effect does not operate in 3 (X = CN). On the 
other hand, as has been pointed out by Bernas- 
coni (23), the C-3 complex formed by TNA can 

benefit from resonance stabilization involving 
the methoxyl group (4a ++ 4b (X = CN),  there- 
fore 4 (X = CN) could be more stable on this 
account. 

1 * 

Solvation effects must also play a major role 
in determining relative stabilities. The energies 
associated with solvation effects are evidently 
comparable to those associated with the reso- 
nance energies discussed above since in  deutero- 
chloroform both 3 (X = CN) and 4 (X = CN) 
exist with the evidence being that 4 (X = CN) is 
the thermodynamically more stable species in 
this solvent (3). 

Plots of In k ,  us. 1/T yielded the activation 
parameters AH* and AS* listed in Table 3.4 
Enthalpies of activation are, within experimental 
error, the same for the reactions of cyanide ion 
with 1,3,5-trinitrobenzene and 2,4,6-trinitro- 
toluene. The lower AH* for the reaction of cya- 
nide ion and 2,4,6-trinitroanisole seems to sup- 
port Bernasconi's suggestion that the C-3 com- 
plex formed from 2,4,6-trinitroanisole can benefit 
from resonance stabilization 4a ++ 46 (X = CN). 
Values of AS* for the reactions of cyanide ion 
with 2,4,6-trinitrotoluene and 2,4,6-trinitro- 
anisole are more negative by about 10 cal deg-' 

4There is no apparent curvature in the In k us. 1/T plot 
for the data from the cyanide ion - 2,4,6-trinitroanisole 
reaction. Curvature might have been expected if the 
formations of 3 (X = CN) and 4 (X = CN) were taking 
place at roughly comparable rates. 
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TABLE 3. Kinetic and thermodynamic parameters for the formation of some I-X-2,4,6-trinitrobenzene-cyanide ion a-complexes in isopropanol at 25.0 "C 

k~ k-1" K x  AH^*^ AH-,". AH0 AS,*" ASD AGO, 
a-Complex ( - 1  - 1 )  ( -1 )  ( - 1 )  (kcal mol-') (kcal mol-1) (kcal mol-1) (cal deg-1 mol-1) (cal deg-1 mol-1) (cal deg-1 mol-1) (kcal mol-1) 

- - 

5 (X = CN) 2450 0.048 5.1 11.7_+0.5 18.8f 1.3 -7.1 f 0.60 -1.2+1.4 2.8f3.4 2.3f 3.0 -6.43f 0.02 

4 (X = CN) 344 0.031 1.12 9.3k0.3 10.1k0.8 -0.81f0.55 -11.4k0.9 -27.2k2.9 15.82 2.0 -5.53+0.03 

2 32.6 0.002 2.01 11.8k1.0 16.7+0.7 -4.9f 0.3 -9.4f 1.4 -12.8_+2.5 3 .42 1.1 -5.87f0.03 

'Calculated from kl/$. 
bError limits for AH are based on "least-squares" slopes obtained in plots of log k, us. 1/T. 
CAH-~* =  AH^* -'AHO. 
*Error limits for As1* are based on "least-squares" intercepts, obtained at 1/T = 0, in plots of log kl us. 1/T. 

= ASl* - ASO. 
JAG0 = -RT In K. 
'From ref. 2. 
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GAN AND NORRIS: REACTIONS OF CYANIDE ION 

TABLE 4. Kinetic and equilibrium data for the formation of some 1 : l  
a-complexes of 1,3,5-trinitrobenzene and 2,4,6-trinitroanisole at 25.0°C 

K kl k-1 
a-Complex Solvent (M-') (M-I sbl)  (s-l) 

- 

5 (X = OCH,) Methanol 16.6 7700" 357" 
(7070)b (305)b 

5 (X = CN) Isopropanol 51 000 2450 344 

4 (X = 0CH3) Methanol 2.71" 950 350 
4 (X = CN) Isopropanol 1 1  200 344 0.031 

3 (X = OCH,) Methanol 17 OOOd 17.3 1 x l o 4  

mol-' than the AS* for the reaction of cyanide 
ion with 1,3,5-trinitrobenzene. This is the 
opposite trend to that observed for the AS0 
values. For the formation of 4 (X = OCH,) and 
5 (X = OCH,) in methanol the value of AS* was 
found to be 5 cal deg-' mol-' smaller in the 
former case. 

There was no curvature in the k,,, us. [CN-1, 
plots for the cyanide ion - 1,3,5-trinitrobenzene 
reaction when the reactions were carried out in 
solutions maintained at a constant ionic strength 
(p) of 0.007 M with tetraphenylarsoniurn nitrite. 
From the slopes of the k,,, us. [CN-1, plots, values 
of k, were determined to be 1.30 + 0.08 x lo3, 
2.75 i 0.10 x lo3, and 5.46 + 0.10 x 10, M-'  
s-' at 14.6, 25.0, and 34.9 "C, respectively. At a 
constant [CN-1, but varying concentration of 
total salt in the system the k,,, us. [total salt] was 
found to increase linearly at low [total salt] then 
become independent of [total salt] at high con- 
centrations of total salt. The variation in k,,, is 
not large: at [CN-1, = 1.96 x M and 
over the range of added salt 0 to 2.8 x M, 
k,,, increased from 4.4 to 6.7 s-', i.e. a maxi- 
mum increase of roughly 50%. Within experi- 
mental error, tetraphenylarsoniurn chloride and 
tetraphenylarsoniurn nitrite had the same effect 
on the variation of k,,, with [total salt]. The 
experimental results indicate therefore that the 
upward curvature in the k,,, us. [CN-1, plots at 
high [CN-1, is not due to ion-pair effects in- 
volving the association of tetraphenylarsonium 
ion and cyanide ion and that effects associated 
with the presence of the counter anion in solu- 

observed for several SN2 reactions involving 
anionic nucleophiles reacting with alkyl or aryl 
halides (18, 25, 26) and with activated aromatic 
compounds to form o-complexes (28, 29). The 
observed salt effects cannot generally be inter- 
preted by using qualitative extensions of the 
Debye-Huckel theory since the theory predicts 
that the salt effects should be small and negative 
for the anion-molecule reactions (1 8, 25). 

The kinetic salt eff'ect may be best described 
by the Brernsted-Bjerrum equation (29). For the 
interaction of TNB and cyanide ion the equation 
gives [4], where k2S is the second-order rate con- 

stant a t  a given salt concentration, k20 is the 
limiting value of the second-order rate constant 
for zero value of all ion concentrations and 
YTNB, yCN-, and y* are the activity coefficients of 
TNB, cyanide ion, and the transition state, 
respectively. It is evident from eq. 4 that rate 
enhancement in the presence of salt is due to an 
increase in the activity coefficient ratio 
yTNByCN-/y*. The effect of salts on the activity 
coefficients of nonelectrolyte solutes has been 
discussed in detail in a review by Long and 
McDevitt (1 9). 

The results of solubility studies of TNB and 
TNT in isopropanol at 25.0°C are given in 
Fig: 5 in the form of a plot of 1 + log S/So us. 
the concentration of tetraphenylarsoniurn chlo- 
ride. The salt is found to "salt in" both sub- 
strates, i.e. it decreases yTNB. The overall in- 

tion are not important. The observed rate crease in rate of the cyanide ion - 1,3,5-trinitro- 
increases seem to be due to a specific effect in- benzene reaction in the presence of added tetra- 
volving the tetraphenylarsonium cation. phenylarsonium ion is therefore the result of an 

Electrolyte effects on rate constants have been increase in the ycN-/-y* ratio. 
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16 C A N .  J .  CHEM. VOL. 52, 1974 

FIG. 5. Solubilities of 1,3.5-trinitrobenzene and 2,4,6- 
trinitrotoluene in isopropanol at  25.0°C as a function 
of the concentration of tetraphenylarsonium chloride in 
solution. S and So represent solubilities at  a given con- 
centration of salt and zero concentration of salt respec- 
tively. (1 + log S/So = 1 + 102 y/yo where y refers to the 
activity coefficient of the nitroaromatic compound). 

In the course of a study of the reactions of 
1-X-2,4-dinitrobenzene (X = C1, F) with hy- 
droxide ion, Bunton and Robinson (18, 25) 
found that an ion of low charge density such as 
tetramethylammonium ion "salted in" the sub- 
strates but nevertheless increased the rate of 
the reactions. The overall rate enhancement was 
attributed to  a large increase in the y0,,-/y* 
ratio. The increase in yo,-/y* was taken to  
imply that the major effect of tetramethylam- 
monium chloride was to stabilize the large 
anionic transition state relative to the small 
hydroxide ion. Hostetler and Reinheimer (26) 
have attributed the rate enhancement for the 
reaction of benzyltrimethylammonium meth- 
oxide and activated aromatic halides to the 
association of the R,N+ with the nitro group or 
with the n-electron system of the activated 
halide in the transition state (7 and 8). 

In the case of the tetraphenylarsonium cation, 
the transition state for the formation of o-com- 
plex 4 (X = CN) may be stabilized by a weak 
interaction of the type proposed by Hostetler 
and Reinheimer. That an interaction of some 
type does exist is suggested by the observation 

I 

that in deuterochloroform at 22OC there is a 
linear relationship between the chemical shift 

I 
I of the TNB ring protons and the mol % of tetra- 

phenylarsonium nitrite in solution. More detailed 
studies of this interaction are planned. 

The nonlinear plot of k,,, us. [CN-1, for the  
reaction of 2,4,6-trinitrotoluene and cyanide ion 
is intelligible in terms of the same type of salt 
effect operating as in the T N B  - cyanide ion 
reaction. Linear plots of k,,, us. [CN-1, for the  
cyanide ion 2,4,6-trinitroanisole reaction indi- 
cate that the term yTNAycN-/y* is approximately 
unity. This may arise either because of a negli- 
gible effect of the cation on both yTNA and the 
ratio ycN-/y* or because the effects of the  
cation on yTNA and yCN-/y* are almost equal 
and cancel each other out. I n  the absence of 
solubility data for 2,4,6-trinitroanisole in isopro- 
pan01 in the presence of tetraphenylarsonium 
chloride, a clear choice between these two 
possibilities cannot be made. However, steric 
considerations suggest that the former possibility 
is much more likely. The size of the substituents 
X in our series of 1-X-2,4,6-trinitrobenzenes 
decrease in the order C H 3 0  > CH, > H. By 
analogy to what occurs in 2,4,6-trinitrophenetole 
(X = C,H,O) where the ortho nitro groups a re  
extensively twisted out of the plane of the ring 
(30) the methoxyl group would also be expected 
to lead to rotation of the ortho nitro groups ou t  
of the plane of the ring. This could lead to  a 
much larger distance of closest approach of the  
tetraphenylarsonium cation and the nitroaro- 
matic compound and hence a much smaller 
stabilization effect in both the ground state a n d  
the activated complex leading to 4 (X = CN). 

Financial support by the National Research Council 
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Kinetic Studies of the Reaction of Picryl Chloride with Sodium Methoxide 
in Methanol 
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Picrylchloride reacts rapidly with methoxide ion in methanol to form a o-complexcontainingmethoxide 
ion attached to  the C-3 position of the picryl chloride. Thermodynamic and kinetic parameterscharac- 
terizing this reaction are presented and compared with corresponding parameters for the analogous 
reaction of methoxide ion and 2,4,6-trinitroanisole in methanol. Details concerning the much slower 
formation of the o-complex containing methoxide ion added to the C-l  position of picryl chlorideare 
also presented. 

Le chlorure de picryle rtagit rapidement avec I'ion mtthoxyde dans le methanol pour conduire a un 
complexe-o contenant l'ion mtthoxyde relit a la position C-3 du chlorure de picryle. O n  presente les 
parametres thermodynamiques et cinetiques caracttrisant cette rtaction et on les compare avec ceux de 
la rtaction analogue de l'ion mithoxyde avec le trinitro-2,4,6 anisole dans le mtthanol. On presente aussi 
les details se rattachant a la formation beaucoup plus lente du complexe-o qui contient I'ion mithoxyde 
relit a la position C-1 du chlorure de picryle. [Traduit pa r  le journal] 

Can. J. Chem., 52,  18 (1974) 

Introduction 
The substitution of chloride ion in picryl 

chloride by hydroxide or alkoxide ion is postu- 
lated to involve the intermediate o-complex l(1). 
There are questions, however, concerning the 
relative stability of this o-complex and whether 
the initial color observed in these systems is due 
to 1 or the presence of small amounts of the 
isomeric o-complex 2 (2, 3). 

Gaboriaud and Schaal (4) interpreted their 
kinetic results from a study of the reaction of 
picryl chloride with hydroxide ion in aqueous 
solution in terms of a rapid preequilibrium 
formation of 1 (R = H) followed by the slow 
release of chloride from 1 to yield picric acid. 
The color observed in solution was attributed to  
the presence of small amounts of 1 (R = H). 
One problem with this interpretation is that it 
requires the hydroxide ion to be a better leaving 
group than the chloride ion. This seems unlikely 
(1, 3). 

We have investigated the reaction of picryl 
chloride with methoxide ion in methanol in an 
attempt to obtain more detailed information on 
the sequence of steps in the substitution process. 

The results obtained implicate 2 rather than 1 
(R = CH,) as the color producing species early 
in the reaction and shed some light on the validity 
of the reaction sequence proposed by Gaboriaud 
and Schaal for the picryl chloride - hydroxide 
ion reaction. 

Experimental 
Reagents 

Eastman 2,4,6-trinitrochlorobenzene (picryl chloride) 
was recrystallized twice from absolute ethanol and dried 
in uacuo over phosphorus(V) pentoxide, m.p., 83.0°C 
(lit. m.p., 83.0 "C (5)). 

Analytical grade sodium chloride (Fisher Scientific) 
was recrystallized from water and  dried to constant 
weight it1 uacuo a t  100 "C over silica gel. 

Reagent grade methanol (Fisher Scientific) was dis- 
tilled under nitrogen from magnesium and iodine accord- 
ing to the described by Vogel (6). The middle 
portion of the distillate was collected and stored under a 
dry nitrogen atmosphere. 

All other reagents used were A.R. grade or better. 
Stock solutions of picryl chloride (-lo-* M )  were 

prepared by dissolving an accurately weighed amount o f  
the compound in 25.0 ml of methanol. 

Stock solutions of sodiun~ methoxide were prepared by 
adding freshly cut sodium metal, prewashed in a separate 
portion of dry methanol, to pure methanol maintained in  
an  atmosphere of dry nitrogen. Solutions thus prepared 
were standardized by titration with 0.1 NHCl  to the 
phenolphthalein end point. The concentration of sodium 
methoxide in the stock solution was usually 0.05 t o  
0.10 M. Exposure of the solutions to  air was kept t o  a 
minimum to prevent the absorption of water and carbon 
dioxide. 

Instr~rmet~ts 
The instruments used to  record absorption spectra 
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and to carry out kinetic studies, using the stopped- 
flow technique, have been described previously (7). 

An Orion1 solid state chloride ion selective electrode 
was used in conjunction with an Orion Ionanalyzer 
double-junction reference electrode and an Orion Model 
801 digital pH/mV meter to determine the concentration 
of chloride ion in solution. A Moseley strip chart recordsr 
(Model 7100B) connected to the meter was used to record 
e.m.f. as a function of time. 

Calibration of the chloride ion selective electrode with 
solutions of recrystallized sodium chloride in methanol 
showed that, at 3.7 "C, the cell e.m.f. could be related to  

of picryl chloride in methanol was put in a thermostatted 
bath kept at  3.7 + 0.1 "C. The reference and chloride ion 
selective electrodes were immersed in the solution, which 
was stirred by means of a mechanical stirrer, and the 
system allowed to reach thermal equilibrium. A small 
volume (1-3 ml) of sodium methoxide solution pre- 
thermostatted a t  3.7 "C was quickly added and the cell 
e.m.f. recorded as a function of time on the strip chart 
recorder. 

Results and Discussion 
the concentration of chloride ion in solution by eq. 1. When sodium rnethoxide in methanol (10-4 to 
[ l l  E(mV) = constant - 53.0 log [CI-] 10-'M) was added to a dilute solution of 

The concentration range covered in the calibration pro- 
picryl chloride M) in methanol a red 

cedure was from to 12 in sodium color resulted. At any wavelength in the region 
chloride. 350-525 nm the absorbance of the solution was 

Procedures 
Equilibrium and Kinetic Studies Using the 

Durrum-Gibson Stopped-folv Spectrophotometer 
Solutions containing picryl chloride (approximately 

M )  and sodium rnethoxide to lo-' M )  were 
prepared immediately prior to  each run by dilution of 
known volumes of the corresponding stock solutions with 
distilled methanol. Before each run the drive syringes 
were each rinsed three times with the appropriate solu- 
tion, filled to capacity, and allowed to stand for 20 min 
in order to  reach thermal equilibrium with the bath. In 
the course of the kinetic and equilibrium studies the 
concentration of picryl chloride generally was kept con- 
stant and therefore only the sodium methoxide solut~ons 
were changed. Each time this was done the drive syringe 
was flushed thoroughly with the new sodium rnethoxide 
solution before being filled for the kinetic run. 

For the equilibrium studies the spectrophotometer was 
used in the conventional way to obtain values of absor- 
bance at  infinite time (A,)  associated with both the fast 
initial reaction and the slower secondary reaction. 
Values of A ,  associated with the second reaction were 
checked by running the reaction under the same experi- 
mental conditions and recording the A ,  value and the 
spectrum of the solution on the Cary 14; A ,  values 
agreed in all cases to within experimental error. 

For most of the kinetic runs the normal mode of opera- 
tion of the spectrophotometer was modified, as described 
previously (7), so as to yield an oscilloscope trace of 
absorbance as a function of time rather than % transmit- 
tance as a function of time (8). Traces on the storage 
oscilloscope of absorbance us. time were recorded photo- 
graphically when at  least two consecutive runs gave 
identical traces. In the case of the fast reaction an 
epidiascope was used to magnify the photograph so that 
absorbances at  different times could be measured more 
accurately. For the slower second reaction absorbances 
at different times were read directly from the photo- 
graphs. All kinetic runs were carried out with sodium 
methoxide concentrations much greater than the con- 
centration of picryl chloride. 

Kinetic Studies oj' Chloride Ion Release 
A 150-11-11 beaker containing about 80 ml of a solution 

seen to increase rapidly after mixing of the two 
components, reach a maximum absorbance 
within 1 min and then remain constant for at 
least 20 min. A very slow decrease in absorbance 
was observed after that time; this fading reaction 
was more rapid at higher temperatures and at 
higher base concentrations. The species in solu- 
tion in the time interval between 1 and 20 min 
after mixing had absorption maxima and molar 
extinction coefficients identical to those reported 
for the 1,l-dimethoxy-2,4,6-trinitrocyclohexa- 
dienate anion (3) (9, 10) 

NO2 

3 

When the interaction of picryl chloride (P) 
with sodium methoxide (in excess) was studied 
using the stopped-flow spectrophotometer, two 
distinct reaction traces were observed on the 
oscilloscope. The rates of the two reactions were 
sufficiently different (t,,, values of approximately 
5 ms and 10 s, respectively, at 25.0°C) that 
separate studies of each reaction could be made. 

For a series of solutions offixed picryl chloride 
(-3 x M) and varying sodium methoxide 
concentration (I x lo - ,  to 7 x lo-' M)  values 
of A ,  at 480 nm were recorded from the 
absorbance us. time traces associated with the 
first reaction. If the reaction taking place in 
solution at this stage is represented by eq. 2 

'Orion Research Incorporated, Cambridge, Mass. and the absorbance at 480 nm is due solely to 
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absorption by the 1 :I o-complex then plots of 
the experimental data in the form [P],/A, us. 
.I/[CH,O-1, should be linear with intercepts 
equal to I/E and slopes equal to ~ / K E  (1 1). K 
represents the equilibrium constant for complex 
formation (K = k,/k-,), E represents the molar 
extinction coefficient of the complex at 480 nm 
and [PI, and [CH,O-1, represent the total con- 
centrations of picryl chloride and methoxide ion 
respectively. Plots of [P],/A, us. l/[CH,O-lo 
for this system were linear in all cases. However, 
because K associated with this reaction is small, 
and large ratios of [CH,O-],/[P], could not be 
used in the experimental runs, fairly large errors 
are associated with both the K and E determined 
in this way (12). 

As a result E was chosen as 1.50 x lo4 M-I  
cm-' over the temperature range studied2 and K 
calculated for each run using the expression 
shown in eq. 3. The calculated K was constant 

over a wide range of sodium methoxide con- 
centrations. This is further confirmation that the 
colored species has a 1 :1 stoichiometry. The 
equilibrium constants associated with the forma- 
tion of this l :I species were found to be l .53 f 
0.03, 2.03 f 0.03, and 2.66 f 0.05 M-I at 7.5, 
15.4, and 25.0 "C respectively. The error limits 
on K represent the standard deviations of the 
mean of at least 10 determinations. 

The visible absorption spectrum of the species 
formed in the first reaction was obtained by 
measuring at different wavelengths in the 350 to 
550 nm region A, values associated with the 
first reaction. Since picryl chloride absorbs to 
some extent below 450 nm, the absorption curve 
so obtained had to be corrected for residual 
absorption due to unreacted picryl chloride. This 
was done with the aid of separately determined 
values of E for picryl chloride and use of the 
known K for this reaction to calculate the con- 
centration of unreacted picryl chloride at equi- 
librium. A typical absorption curve obtained 

'This choice of E was based on the mean values of E 
obtained from the [P]/A, os. l/[CH,O-]o plots. The 
value of E a t  480 nm for 3 is 1.63 x lo4 M-'  cm-I (9). 
Molar extinction coefficients are generally found to be 
temperature independent over the temperature range 
studied (2). 

FIG. 1. (i) Absorption curve (as measured from A ,  
values) resulting from the fast reaction between picryl 
chloride and sodium methoxide in methanol at 10 "C: 
[picryl c h l ~ r i d e ] ~  = 3.97 x 10-4M; [NaOCH310 = 1.33 x 

M ;  1 = 2.0 cm. (ii) Absorption curve due to un- 
reacted picryl chloride in solution. (iii) Absorption curve 
due to  the species formed by methoxide ion addition a t  
the C-3 position of picryl chloride (G-complex 2). 

from the A, values and the curve obtained after 
correction for absorption by picryl chloride are 
shown in Fig. 1. The positions of the absorption 
maxima (424 and 475 nm) were independent of 
temperature and of the concentration of sodium 
methoxide used in the experiment. While the 
absorption spectrum is characteristic of the 1 : 1 
o-complex it is not diagnostic of C-1 or C-3 
methoxide ion addition (2,3). Crampton et al. 
(13) have reported however that the C-3 adduct 
of methoxide ion and picryl chloride in methanol- 
dimethylsulfoxide has an absorption maximum 
at 424nm and a shoulder at 480nm. The 
similarity of the two absorption spectra strongly 
suggests that our fast reaction in methanol 
involves addition of methoxide at the C-3 posi- 
tion in picryl chloride to form 2 (R = CH,). 

For the fast reaction traces of absorbance us. 
time gave rise to linear In (A, - A,) us. time 
plots to greater than 90% completion of reac- 
tion. For the reversible formation of 1 :1 o- 
complex according to eq. 2, the slope of the In 
(A, - A,) us. time plot (k,,,) is related to the 
specific rate constants k, and k - , and the con- 
centration of methoxide ion by the relation 

Plots of k,,, us. [CH,O-1, were linear over the 
methoxide ion concentration range 5 x to  
7 x 10-'M. Since k- ,  values for this reaction 
were large and the term k,[CH,O-1, small in 
comparison to k.. , in all cases the slopes of the 
k,,, us. [CH,O-1, plots were small. Conse- 
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quently k-,  was obtained fairly accurately from k2l 

such a plot but k ,  (obtained from the slope) had [61 1 - 2,4,6-Trinitroanisole + C1- 
(fast) 

a larger error limit associated with it. More 
reliable values of k ,  could be obtained from the with the step illvolving the formation of 1 being 
expression K = k,/k-, .  Values of k, and k - ,  rate determining, then the rate of appearance of 
at 25.0°C and thermodynamic and kinetic chloride ion in solution can be expressed by the 
parameters associated with the first reaction are equation 
presented in Table 1 together with the corre- 
sponding data for the formation of 4, the C-3 C71 log {CPIO - Cc~-Itl = 

complex of methoxide ion and 2,4,6-trinitro- 
anisole (14). Detailed comparisons strongly 

support the conclusion, arrived at on the basis 
of spectral studies, that the 1 :1 a-complex first 
formed in this system is 2. The smaller AH' asso- 
ciated with the formation of 4 may be due in 
part to resonance stabilization involving the 
methoxy group (5a-56) as suggested by 
Bernasconi (14). A greater steric effect 

associated with the methoxy group could also 
lead to increased solvation of 4, as compared to 
2, and thus a smaller AH0 for the formation of 
4. The more positive AS0 for formation of 2 is 
consistent with this possibility. 

The second reaction trace observed on the 
stopped-flow spectrophotometer did not give rise 
to linear In ( A ,  - A,)  us. time plots. In addition 
there was associated with this part of the reac- 
tion the appearance of chloride ion in solution. 

The liberation of chloride ion was followed at 
3.7 "C as described in the Experimental section. 
If one assumes the following sequence of 
reactions shown in eqs. 2, 5, and 6 

For a series of runs with different [PI, and 
[CH30-1, the experimental traces of cell e.m.f. 
as a function of time were used in conjunction 
with eq. 1 to calculate values of log {[PI, - 
[CI-I,) as a function of time. Based on the slopes 
of the log {[PI, - [Cl-I,) us. time plots and a 
value of K of 1.41 M - '  at 3.7 "C, the average 
value of k, at 3.7 "C, for a series of runs in which 
[CH30-1, covered the range 3.6 x to 
5.4 x M, was 3.7 0.3 M-'s- ' ;  k ,  was 
independent of [PI, over the range 3.39 x 
M to 6.70 x M. The rapidity of chloride 
ion formation limited detailed studies to  this low 
temperature. Studies at  higher temperature indi- 
cated that, under typicai reaction conditions, 
>90% of the chloride ion was released within 
about 1 min of mixing of the reagents. 

The final spectrum of the solution indicates 
that all the picryl chloride initially present has 
been converted to a-complex 3. If one assumes, 
as above, that reactions 2, 5, and 6 are occurring 
together with reaction 8 to form 3 

k3 
[8] 2,4,6-Trinitroanisole + CH30- + 3 

k -  3 

then 

where B = [CH30-1. If negligible amounts of 
1 and 4 are present in solution then 2 and 3 are 
the only species absorbing at 480 nm. The ab- 
sorbance due to 3 at any time t can be expressed as 

KPoBo 

ClOl 
At - 1 + KB, E2z  

(A3)t = 
1 - KBoE2 

(1 + KB0)E3 

Since reaction 8 goes to completion (K = 7700 
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M-' at 25.0 "C (9)) [3],/[P], = (A,),/(A,), and 
eq. 9 can be written in the form 

For each kinetic run 7 to 10 experimental 
absorbance readings (A,) covering from 25 to 
75% completion of the reaction were taken to 
calculate (A,),. A nonlinear "least-squares" 
program was used together with the known 
(A,),, (A,),, K, and Bo values to fit eq. 11. 
Approximate values of k, and k, were supplied 
initially and the program executed to yield values 
of k, and k, which gave the least sum of squares 
of the residuals among these points. Typical 
calculated values of k, and k, over a range of 
sodium methoxide concentrations at 25.0 "C are 
given in Table 2. Mean values of k, and k, 
determined at different temperatures are given 
in Table 3. 

From the data in Table 3 the value of k, at 

TABLE 2. Specific rate constants k, and k3 for the 
interaction of picryl chloride with sodium methoxide 

at 25.0 "C 
---- -- 

[NaOCH3] x 102(M) k l  (M-Is- ' )  k2 (M-Is- ')  

TABLE 3. Average specific rate constants 
k2 and k3 for the interaction of 

picryl chloride with sodium methoxide 
in methanol 

-- 

T("C) k2 (M-Is- ')  k, (M-I s-') 

3.7 "C is calculated to be 3.90 M- '  s-'. This is 
in excellent agreement with the k, value of 
3.7 + 0.3 M - '  s-' determined by following the 
rate of chloride ion release at 3.7 "C. The close- 
ness of the k, values determined by the two 
different methods offers support for the formu- 
lated mechanisric scheme (reactions 2, 5, 6, and 
8) and the assumptions made in the derivations 
of eqs. 10 and 11. The enthalpy and entropy of 
activation associated with reaction 5 are 14.0 f 
1.3 kcal mol-' and -0.7 f 4.4 cal deg-' mol-', 
respectively. Miller (15) has predicted a AH* of 
12.9 kcal mol-' for this reaction. 

A further indication that the formulated 
mechanistic scheme is correct comes from the 
observed value of k, which, based on the above 
method of analysis, is found to be 14.0 f 1.2 
M- '  s- '  at 25.0°C. From a study of the direct 
reaction of niethoxide ion and 2,4,6-trinitro- 
anisole to form 3, Fendler et al. (9) reported a 
k, of 17.3 M- '  s-' at 25.0 "C, a AH* of 12.9 f 
1.0 kcal mol-', and a AS* of -9.4 f 2.0 cal 
deg- ' mol- '. Our values of AH* and AS* for 
formation of 3 (reaction 8) were 10.7 & 1.5 kcal 
mol-' and - 12.8 + 3.6 cal deg-' mol-', re- 
spectively. The agreement is well within experi- 
mental error. 

All the experimental results are consistent 
with the methoxide ion substitution of chloride 
ion in picryl chloride proceeding via reactions 
2, 5, 6, and 8. The specific rate constants k, and 
k - ,  for formation and decomposition of the 
C-3 adducts 2 (R = CH,) and 4 are very similar, 
while the specific rate constants' for formation 
of the C-1 adducts 1 (R = CH,) and 3 differ by 
at least a factor of 2 at 25.0 "C. The similarity 
in the specific rate constants k, and k - ,  for the 
reactions of hydroxide ion with picryl chloride 
and 2,4,6-trinitroanisole in aqueous solution (4) 
strongly suggests that these constants are asso- 
ciated with the formation of 2 (R = H) and 6 
respectively rather than 1 (R = H) and 7. 

Financial support by the National Research Council 
of Canada is gratefully acknowledged. 
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Kinetic and Thermodynamic Studies of the Reactions of Sulfite Ion with 
Picramide, N-Methylpicramide, and N,N-Dimethylpicramide 

in Aqueous Solution 
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AND PETER JURA SHERIDAN 

Departtizent of Chetnistry, Qlreetz's Universi~y,  Ki t~gs to t~ ,  Ontrrrio 

Received July 4 ,  1973 

The kinetics of the reactions between sulfite ion and picramide, N-methylpicramide, and N,N-dimethyl- 
picramide, to form 1 : 1 a-complexes in aqueous solutions of constant ionic strength 0.14 M,  have been 
investigated using a stopped-flow spectrophotometer. Specific rate constants for the formation and 
decomposition of these three complexes a t  25.0 "C are 5.7 + 0.2 x lo4 M-' s- '  and 7 f 1 s-', 
1.4 t 0.1 x lo4 M-' s- '  and 0.20 + 0.02 s- ' ,  and 4.1 t 0.2 x lo3 M - ' s - '  and 0.14 t 0.04 s-', 
respectively. Enthalpies and entropies of activation characterizing the formation of the 1 : 1 a-complexes 
have been determined. Equilibrium constants, determined spectrophotometrically at  a number of  tem- 
peratures, have been used to calculate the enthalpy ( A H 0 )  and entropy (AS0)  changes associated with 
1 : 1 and 2: 1 a-complex formation. These values are compared with corresponding ones for complex 
formation of sulfite ion with 1,3,5-trinitrobenzene and 2,4,6-trinitrobenzaldehyde. The extent of solvation 
of the o-complexes is considered to play a primary role in determining the observed trends in the enthalpies 
and entropies of reaction. 

On a Ctudie a I'aide d'un spectrophotomttre a debit interrompu la cinitique des reactions entre I'ion 
sulfite et la picramide, la N-methylpicramide et la N,N-dimithylpicramide; ces reactions conduisent a des 
complexes-o 1 :1 dans des solutions aqueuses de force ionique constante 0.14 M .  Les constantes spicifi- 
ques de vitesse pour la formation et la dCcomposition de ces troix complexes a 25.0 "C sont respectivement 
egales a 5.7 + 0.2 x M-' s-' et 7 & 1 s-', 14 f 0.1 x lo4 M-' s-' et 0.20 t_ 0.02 s-', 4.1 f 0.2 
x lo3  M-I S - I  et 0.14 + 0.04 s-'. On a determine les enthalpies d'activation caractkrisant la formation 
des complexes-o 1 : 1. Les constantes d'equilibre, dCterminCes spectrophotometriquement a diffkrentes 
temperatures, ont ete utiliskes afin de calculer les changements d'enthalpie ( A H 0 )  et d'entropie (AS0)  
associks a la formation des complexes-cr I : I  et 2 :  1. Ces valeurs sont comparkes celles obtenues lors 
de  la formation des complexes de I'ion sulfite avec le trinitro-1,3,5 benzene et le trinitro-2,4,6 benzalde- 
hyde. On considere que le degr6 de solvatation des complexes-a joue un rBle important dans la determina- 
tion des tendances observies dans les enthalpies et les entropies de reaction. 

[Traduit par le journal] 
Can. J. Chern., 52 ,25  (1974) 

Introduction 
The formation of colored species as a result of 

the reactions of aqueous sodium sulfite solutions 
with nitroaromatic compounds has been known 
for some time (1). Early studies of the 1,3,5-tri- 
nitrobenzene - sulfite ion interaction were con- 
cerned with ascertaining the nature, the com- 
position(~), and spectral properties of the colored 
species and determining the equilibrium con- 
stants and thermodynamic parameters associated 
with their formation (2-5). Proton magnetic 
resonance studies of the reactions of sulfite ion 
with a number of 1-X-2,4,6-trinitrobenzenes 
{X = H, OH, 0CH3 ,  NH,, NHCH,, N(CH3),, 
NHC,H,, and NCH3(C,H,)) in water and 
aqueous dimethylsulfoxide solutions clearly es- 
tablished the colored species as o-complexes 

'Author to whom correspondence should be addressed. 

(5-8). The complexes of 1 : 1 stoichiometry were 
found to have structure 1 whereas those of 2:  1 
stoichiometry were found to have structure 2. 

X 
I 
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For X f H, there was no evidence for the exis- 
tence of either 1 : 1 or  2 : 1 o-complexes con- 
taining the sulfite ion bonded a t  the C-1 position. 
Recent studies have shown that o-complexes 
with structures 3 and 4 exist when X = CHO (9). 

NO2 
3 

X = CHO 

NO2 
4 

X = CHO 

As part of a series of kinetic and equilibrium 
studies of the reactions of nitroaromatic com- 
pounds and bases (9-11) we have investigated 
the reactions of sulfite ion with picramide, 
N-methylpicramide, and N,N-dimethylpicramide. 
We have determined the specific rate constants 
and activation parameters for the formation of 
the 1 : 1  o-com~lexes as well as the thermo- 
dynamic parameters associated with 1 : 1 and 2 : 1 
o-complex formation in these systems. 

Experimental 
Reagents 

Sodium sulfite and potassium nitrate were both A.R. 
grade reagents (Fisher Scientific) and were used as re- 
ceived. Picramide (K & K Laboratories) was recrystallized 
from absolute ethanol and dried to  constant weight in 
vacuo over phosphorus(V) pentoxide, melting point, 
192-1 95 "C (1 2). N-Methylpicramide was prepared by 
adding an excess of methylamine in ethanol to a 5z solu- 
tion of picryl chloride in ethanol and evaporating the 
resulting solution to  dryness. The solution formed by ex- 
traction of the residue with acetone was filtered to remove 
the insoluble methylammonium chloride and evaporated 
to  dryness. The resulting solid was recrystallized to con- 
stant meltlng point from absolute alcohol. After drying 
in vacuo over phosphorus(V) pentoxide, the product had 
a melting point 114-1 15 "C (13). N,N-Dimethylpicramide 
was prepared in exactly the same manner as N-methyl- 
picramide but using dimethylamine as the base. The 
product, after repeated recrystallization from absolute 
ethanol and drying to constant weight in vacuo over phos- 
phorus(V) pentoxide, had a melting point of 138 "C (13). 
All other reagents used were A.R. grade or better. 

Doubly distilled and deionized water was boiled for 
approximately 30 min to remove dissolved gases, then 
allowed to cool to room temperature and stored undCr a 
nltrogen atmosphere. 

Stock solutions of picramide, N-methylpicramide, and 
N,N-dimethylpicramide (-2 x lo-' M )  were prepared 
by dissolving a weighed amount of the dried compound 
in a known volume of acetone. Solutions used in the 
kinetics and equilibrium studies were freshly prepared 
prior to  use by appropriate dilution (usually 0.10 to 
100 ml) of an aliquot of the stock solution with 0.14 M 
aqueous potassium nitrate solution. 

Sodium sulfite and potassium nitrate stock solutions 
were prepared by dissolving weighed quantities of each 
reagent in known volumes of water. Both stock solutions 
were always prepared immediately prior to use. The com- 
position of the stock sodium sulfite solution was deter- 
mined by iodimetric titration (14). Sodium sulfite solutions 
used in the kinetic and equiiibrium studies were prepared 
by dilution of the stock solution with 0.14 M potassium 
nitrate solution. The p H  values of the stock solutions and  
the solutions used in the equilibrium and kinetic studies 
were checked with a p H  meter, and if required adjusted 
to p H  9.00 by the addition of 2 x M sodium hy- 
droxide. The amount of base added was generally s o  
small that neither the concentration nor the ionic 
strength of the solution was affected by this procedure. 

Kinetic measurements were carried out on a Durrum- 
Gibson stopped-flow spectrophot~meter.~ A closed cir- 
cuit temperature control system utilizing an Ultra 
Kryomat TK30D constant temperature bath kept the  
temperature in the valve-block, drive syringes, and ob- 
servation cell constant to within f 0.1 "C. Temperature- 
jump or conventional stopped-flow cells of 2.0 cm path  
length were used. Minimum "dead times" of the two cells 
were 10 and 2 ms, respectively. F o r  most of the kinetic 
runs the normal mode of operation of the stopped-flow 
spectrophotometer was modified s o  as to yield an oscillo- 
scope trace of absorbance as a function of time rather 
than % transmittance as a function of time (15). Standard 
solutions of potassium permanganate, whose absorbances 
at several different wavelengths had been determined o n  
the Cary 14, were used to establish that the input signal 
to the vertical axis of the storage oscilloscope was directly 
related to absorbance over the range 0 to 0.10 absorbance 
units. One advantage of this method of operation was 
that, over the range indicated, absorbances could be 
determined accurately at very low noise to signal ratios. 

In the equilibrium studies optical measurements were 
carried out on a Beckman DU and  a Cary 14 recording 
spectrophotometer using matched silica cells of 1.0 c m  
path length. In both cases the temperature in the cells 
was maintained constant to k0.1 "C by circulating water 
from a constant temperature bath through a specially 
designed cell holder in the spectrophotometer. 

Measurements of p H  were carried out with an E I L  
Model 23A p H  meter. Calibration of the pH meter with 
standard buffer solutions of p H  7.40 k 0.02 and p H  
10.00 _+ 0.02 a t  25 "C was performed prior to each 
measurement. 

Procedures 
Kinetic Studies 
Solutions containing the nitroaromatic compound a t  

approximately 2 x M and sodium sulfite were 
prepared immediately prior to the kinetic run by dilution 
of known volumes of the corresponding stock solutions 
with 0.14 M potassium nitrate solution. Prior to each 
run the drive syringes were rinsed three times with the  
appropriate solution. filled to capacity and allowed t o  
stand 20 min to reach thermal equilibrium with the bath. 
In the course of the kinetic measurements the concentra- 
tion of the nitroaromatic compound was generally kept 
constant, and therefore only the sodium sulfite solutions 

'Durrum Instrument Corporation, Palo Alto, Calif. 
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were changed. Each time this was done the appropriate tion characteristics of the nitroaromatic compound and 
drive syringe was flushed thoroughly with the new sodium the 1 : 1 and 2:  I o-complexes that it forms. Because the 
sulfite solution before being filled for the kinetic run. procedures used in the study of the three systems were 

Kinetic runs were monitored by following changes in different they are briefly outlined. 
absorbance at a number of wavelengths.  aces on the 
storage oscilloscope of absorbance us. time were recorded 
photographically when at least two consecutive runs gave 
identical traces. The kinetic curves were then transferred 
from the photographs to centimeter graph paper. Absor- 
bance~  at different times, taken from the graph paper, 
were used to construct plots of In (A, - A,) v.c. time 
(A, and A, refer to absorbances at  times infinity and t ,  
respectively). The slopes of these plots yielded pseudo 
first-order rate constants k,,,. Within experimental error 
k,,, values, calculated using absorbance data collected at  
a number of different wavelengths, were equal. 

Equilibrium Studies 
A 1.0-cm cell containing 3.00 ml of 0.14 M potassium 

nitrate solution was placed in the thermostatted cell com- 
partment of the spectrophotometer and allowed to  come 
to thermal equilibrium with the compartment. Stock solu- 
tions of sodium sulfite and the nitroaromatic compound 
were added by means of Micrometer syringes: the solu- 
tion thoroughly mixed, and the values of absorbance 
measured at  a number of preselected wavelengths. Ab- 
sorbance~ were always checked as a function of time to 
ensure that equilibrium absorbance values were being 
measured. (Fading reactions can occur in these systems 
particularly at  high temperatures and at high sulfite ion 
concentrations.) 

Treatment of Data Obtained itz the Eqriilibrium Srrtdies 
For the systems under investigation both 1 : 1 and 2 :  1 

o-complexes are formed in aqueous solution (5). The for- 
mation reactions can be written as follows: 

Kl 
[I] Nitroaromatic + SO3,- + 1 : 1 o-Complex (C) 

K2 
[2] C + SOa2- + 2: 1 o-Complex (D) 

The equilibrium expressions associated with the forma- 
tion of C and D are 

and 

where [C], [Dl, [N], and [S] represent the equilibrium 
concentrations of 1:1 o-complex, 2 : l  o-complex, un- 
complexed nitroaromatic, and uncomplexed sulfite ion, 
respectively. [N], and [S], represent the total concentra- 
tions of nitroaromatic compound and sodium sulfite in 
solution. 

The experimental approach best suited to obtaining 
the most reliable values of K,, K,, and the molar ex- 
tinction coefficients EC and EI, is dictated by the magni- 
tudes of Kl  and K,, the ratio of K, to K,, and the absorp- 

3Roger Gilmont Instruments, Inc., Great Neck, N.Y. 

( i )  Picramide ( P )  - S~ilfite Ion System 
For this system KI is large, the ratio K2 t o  K1 is very 

small, and only C absorbs at  480 nm. 
A series of solutions were prepared containing a fixed 

concentration of picramide (-1 x lo-' M )  and a range 
of sodium sulfite concentrations such that the ratio 
[C]/[N] was always greater than 100. The absorbance 
(A) of each solution was measured a t  480 n m  and this 
value of A used in an iterative procedure, based on eq. 5 
to calculate the best values of both Kt and EC. 

Alternatively K and EC could be obtained from Benesi- 
Hildebrand type plots of [N],/A us. I/[S], (16). The above 
process was repeated using solutions of different initial 
concentrations of picramide. In all cases the  range of 
sodium sulfite concentrations was chosen so  as to  keep 
the maximum conversion of 1 :I o-complex to 2 : l  
o-complex at  less than 0 . 2 z  (e.g. ,  the maximum [S032-]o 
was 4.9 x M at T = 50.1 OC). 

Attempts to operate at high [N], to [S], ratios in order 
to effect a complete conversion of sulfite ion to the 1 : 1 
o-complex were unsuccessful due to the low solubility of 
picramide in aqueous solution. 

( i i)  N-Metl~ylpicr~mide (NMP) - S~rlfite Ion Systetn 
For this system both K, and K, are large and the ratio 

of K2 to  Kl  is -0.02. N-Methylpicramide and both 
o-complexes absorb at 480 nm. 

In solutions of constant NMP concentration (-1 x 
M) there was no observable effect o n  the visible 

absorption spectrum when the sulfite ion concentration 
was increased Crom 0.10 t o  0.50 M. Therefore the molar 
extinction coefficient of the 2:1 o-complex (ED) was 
determined by measuring the absorbances at  different 
wavelengths of a series of solutions of fixed sodium sulfite 
concentration (0.50 M )  and varying NMP concentrations 
over the range 7 x lo-' t o  3 x M. 

T o  measure EC, the absorbances at 480nm were 
measured for a series of soltltions containing a fixed 
NMP concentration (-6 x lo-' M )  and varying sodium 
sulfite concentrations in the range 1 x to  2 x 
M. Under these reaction conditions the measured ab- 
sorbance (A) is the sum of the absorbances due to C (Ac) 
and unreacted NMP {A,,, = E,,,[NMP]}. The value 
of Ac was calculated and plotted against [S]. Based on 
the equilibrium expressions [3] and [4] it can be shown 
that the maximum absorbance in such a plot is related to  
Kt ,  K,, [N],, and EC as follows: 

where 

c71 xmaX - Jm CCImax 

- 2  + d m -  CNIO 
In order to determine K,, absorbances a t  480 nm were 

determined for a series of solutions containing different 
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NMP concentrations (-1 x M )  and sodium sulfite 
concentrations over the range 1 x to 3 x M. 
The concentration of NMP was chosen to give a range of 
absorbance values from 0.10 to 0.50. K, was calculated 
using the expression 

1 
A - {[C] + 

Under the experimental conditions [C] + [Dl - [ N ] ,  
and [S]  = [SIo - [N],. An iterative procedure using a 
"least-squares" computer program was utilized to obtain 
the best values of K, consistent with the known E, and E~ 
values and the measured values of A.  

In order to determine K, ,  absorbances at 480 nm were 
measured for a series of solutions containing NMP 
(5 x lo-' to 1.1 x M) and various sulfite ion con- 
centrations over the range 5 x to 1.5 x M. 
Under these reaction conditions the measured absorbance 
( A )  is due to absorbance by both C and unreacted 
NMP, i.e., 

An approximate value of [C] was obtained from the 
relation 

while the [Dl was calculated using the expression 

and approximate values of [ N ]  and [S] evaluated. 
Equations 9, 10, and 11 were then used iteratively to  
obtain the best values of EC, A c ,  [N:l, [C] ,  and [Dl. K I  was 
then calculated using eq. 3. 

(iii) N,N-Dimetl~y/pioa,nide ( D M P )  -- S~rlfite Ion Systetn 
For this system K ,  and K, are both large and the ratio 

K2/K,  is > 2 over the temperature range 0 to 50 "C. As a 
result all three species DMP, C ,  and D are present in 
appreciable amounts over most of the workable sodium 
sulfite and DMP concentration ranges. 

The molar extinction coefficients of DMP at 350, 420, 
and 490 nm were measured in aqueous solutions of con- 
stant ionic strength 0.14 M (KNOB) .  

The molar extinction coefficients of D at 350,420, and 
490 nm were obtained from absorbance measurements on 
solutions containing a range of DMP concentrations 
(3 x to 1.4 x M )  and 0.10 M in sulfite ion. 
There was no observable effect on the recorded ab- 
sorbance~ in the visible region when the sulfite ion con- 
centration was increased beyond 0.10 M .  

Molar extinctions of C at 350, 420, and 490 nm were 
obtained from stopped-flow traces of % transmittance us. 
time for solutions containing -1 x M DMP and 
2 x M sodium sulfite. The sulfite concentration was 
sufficiently large that, in the absence of reaction to form 
D ,  all the added DMP would be converted to C. Experi- 
mentally the rate of the reaction DMP + SO3'- + C is 
very much faster than the conversion of C to D. As a re- 

sult the absorbance value at infinite time recorded for the 
first reaction taking place in solution could be attributed 
exclusively to absorbance by C. Because of the method of 
determining EC the error limits on E~ are higher than the 
error limits on E,.. and ED at the same wavelength. 

Absorbance measurements at 350, 420, and 490 nm 
were then carried out on solutions of varying sodium 
sulfite and DMP concentration. At  a given wavelength 
the absorbance A is given by the expression 

With three absorbance values at three wavelengths and 
known values of EN, EC, and ED at these wavelengths, the 
three quantities [ N ] ,  [C],  and [Dl could be calculated. 
K ,  and Kz were then evaluated using eqs. 3 and 4. 

Results and Discussion 

Kinetics of o-Complex Formation 
Under the conditions employed in our studies, 

sulfite ion reacts reversibly with the nitroaromatic 
compounds ( N )  being discussed to form 1 : 1 and  
2: 1 o-complexes according to eqs. 1 and 2. In all 
the systems the  reaction to form the 2: 1 a-com- 
plex (D) was very slow compared to the reaction 
leading to the formation of the  1 : 1 o-complex 
(C). As a result reliable values of A ,  could b e  
obtained even at  very high sulfite ion concentra- 
tions where the  2:  1 o-complex D would be t h e  
predominant species at  equilibrium. Over the  
entire range of sulfite ion concentrations em- 
ployed, plots o f  In ( A ,  - A,) us. time were linear 
to at  least 90z completion of the reaction. 

For the reversible formation of C according t o  
eq. 1 ,  studied under conditions such tha t  

>> [ N ] , ,  k,,, is related to the specific 
rate constants k ,  and k ,  as follows: 

where K ,  = k f / kb .  In all systems values of k,,, 
were independent of [ N ] ,  and kobs us. [S0,2-], 
plots were linear over the entire range of sodium 
sulfite concentrations used in the experiments. 
Values of k,, obtained from the  slopes of the k,,, 
us. plots, are presented for the three 
systems in Tables 1, 2, and 3. In all cases the  
intercepts of the kobs us. plots were 
small. As a result k ,  could not be determined in 
this way with a high degree of accuracy. T h e  
largest values of k ,  were observed in the picra- 
mide-sulfite system. For purposes of comparison 
kobs values, obtained from t h e  intercepts a n d  
values of k,/K, for this system, are given in  
Table 1. Clearly the ratio k, /K,  yields a much 
more reliable value of k,. In t h e  N-methylpicra- 
mide - sulfite and N,N-dimethylpicramide - sul- 
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TABLE 1 .  Specific rate constants for the formation (k,) 
and decomposition (kb) of the 1 : 1 picramide - sulfite ion 
o-complex in aqueous solutions of constant ionic strength 

0.14 M (KN03)" 

TCC) k, x (M-I  s - I  kb (s-I) krlK(s-l) 

the N-methylpicramide to the N,N-dimethyl- 
picramide - sulfite system. Trends in k, are far 
less regular; k, decreases by a factor of 35 in 
going from the picramide-sulfite system to the 
N-methylpicramide - sulfite system whereas k, 
for the N-inethylpicramide - sulfite system is 
only slightly smaller than k ,  for the N,N-di- 
methylpicramide - sulfite system. 

Specific rate constants for the formation and 
decomposition at 25.0 "C of the 1,3,5-trinitro- 
benzene - sulfite ion complex are 3.54 x lo4 

.Error limits on k ,  and kb are based on the errors associated with M-' s-' and 125 5 lo  s-'3 respectively (17). In 
the "least-squares" slopes and intercepts of  the kob, US. [ S 0 3 2 - l ~  plots. the 2,4,6-trinitrobenza]dehyde - sulfite ion sys- 

tem values of kf and k, at 25.0 "C are approxi- 
TABLE 2. Specific rate constants for the formation (kf) mately 9 x lo4 M- l  s-1 and 8 s-', respectively,4 
and decomposition (kb) of the 1 :1 N-methylpicramide - over the range of x groups studied the effect of sulfite ion o-complex in aqueous solutions of constant 

ionic strength 0.14 M (KNOB)" X is much greater on k, than on k,. The primary 
-- _ _ _ -  role of X in determining the stability of the 1 : 1 
T(T) k, x I O - ~ ( M - ~ S - ~  ) k b ( = k r / ~ l )  ( S - ~ )  o-complex may be related more to the extent to 

which the group X influences the solvation of 
9.5 0.69k0.03 0.06k0.01 the 1 : 1 o-complex than to its electronic proper- 

20.4 1.06+0.05 
29.5 1.7kO.1 

0 .13k0.02  ties. Unfortunately the AH' and AS* values for 0.28-10.03 
39.4 2 .650 .2  0.63 +_0.06 the formation and decomposition of a wide 
49.1 3 .8k0.2  1 .4k0.1  range of 1-X-2,4,6-trinitrobenzene - sulfite ion 

'Errors in kr  based on the errors associated with the "least-squares" 
slopes of plots of  kob, US. [S031-10. 

TABLE 3. Specific rate constants for the formation (k3 
and decomposition (kb) of the 1 : I  N,N-dimethylpicra- 
mide-sulfite ion o-complex in aqueous solutions of 

constant ionic strength 0.14 M (KNO3)" 

TCc) kf x lo-3 (M-IS- '  ) kb(=kr/k~) (s-') 

OError limits on kr  are based on the errors associated with the 
"least-squares" slopes of the kab, US. ISOj2-10 plots. 

fite systems k, values were so small they could 
not be accurately obtained from the intercepts. 
Therefore Tables 2 and 3 list only values of 
k,/K, for these systems. 

Values of AH,' and AS," obtained from 
plots of log k, us. 1/T are tabulated in Table 4. 
Errors in AH,* and AS, "  are based on the 
errors in the "least-squares" slopes and inter- 
cepts of these plots. 

Values of k, at 25.0 "C decrease by a factor of 
four in going from the picramide-sulfite system 
to the N-methylpicramide - sulfite system and 
decrease by a factor of four again in going from 

complexes, necessary in order to support or re- 
fute this suggestion, are not yet available. In the 
case of the picramide-sulfite and N-methyl- 
picramide - sulfite reactions there are no clear 
trends in the AH, * and AS, * values. AS, * is 
significantly more negative for the N,N-dimethyl- 
picramide - sulfite ion reaction. This observa- 
tion is consistent with the argument (presented 
later) that this complex is more strongly solvated 
than the other I : 1-0-complexes in this series. 

Thertnodynarnics of o-Complex Formation 
Equilibrium constants for the formation of the 

1 : 1 sulfite ion - picramide o-complex and molar 
extinction coefficients of this complex at a num- 
ber of temperatures are listed in Table 5. Values 
of E, a t  480 nm increase slightly over the tern- 
perature range studied, possibly as a result of 
some broadening of the absorption band as the 
temperature is increased. Studies carried out at 
sulfite ion concentrations greater than 4.9 x 

M yielded a molar extinction coefficient 
( E ~ )  for the 2: 1 species at 421 nm of 2.80 + 
0.03 x lo4 M- '  cm- '. Values of the equilibrium 
constant for 2: 1 o-complex formation (K,) were 
found to  decrease from 20 M-' a t  9.7 "C to 
10 M-' at 19.7 "C to  2.6 M-' at 50.1 "C. 

'A. R. Norris and N .  Marendic. Unpublished results. 
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TABLE 4. Thermodynamic and kinetic parameters associated with 1 : 1 sulfite ion o-complex formation with picramide (P), N-methylpicrarnide (NMP), 
and N,N-dimethylpicramide (DMP) in aqueous solutions of ionic strength 0.14 M (KNO,) 

K (at 25.0 "C) A H 0  A S 0  k, (at 25.0 "C) k, (at 25.0 "C) A H l  * A S l  * 
Compound (M-l)  (kcal rnol-I)" (cal deg-I rnol-') (M-l  s - I ) ~  6 -7  (kcal mol-I)' (cal deg-'mol-I)' 

NMP 6 . 8 5 0 . 4 ~  lo4 -6 .150 .2  1 .550 .6  1.4f 0.1 x lo4 0.20f0.02 7 .350 .2  - 14.7k0.6 

DMP 3 . 0 5  0 . 3 ~  lo4 -7 .450 .4  -4 .050 .1  4 .15  0 . 2 ~  10, 0.14_+0.04 6.4k0.1 -20.4f0.6 

OErrors in AHo based on errors in the "least-squares" slopes of the log K ,  us. 1/T plots. 
'Errors in kr based on errors associated with AH,' and AS1* .  
CErrors in AHl* and ASl* based on errors in the "least-squares" slopes and inlercepls (at 1/T equal to 0) of the log k, us. I/T. 
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 TABLE^. N-Methylpicramide- sulfite ion interaction in aqueous solutions of constant ionic strength 0.14 M 
(KNOB), p H  = 9.00. Equilibrium constants for 1 : 1 and 2 : l  o-complex formation and molar extinction 

coefficients of N-methylpicramide and the two o-complexes C and D at 480 nm 

EN X lo-' E c X  E~ x lo-' 
T("C) (M-' cm-') (M-' cm-') (M-'  cm-l) Kl x (M-') K2 x lo-' (M-l)  

TABLE 7. N,N-Dimethylpicramide - sulfite ion interaction in aqueous 
solutions of constant ionic strength 0.14 M(KN03),  p H  = 9.00. Molar 
extinction coefficients of N,N-dirnethylpicramide (DMP) and the 1 :1 and 

2: 1 o-complexes C and D 
- 

E X  (M-I crn-I) 

Compound 350 nm 420 nm 490 nm 

DMP 9 . 4 k 0 . 2  6 .4k0 .1  0.33k 0.01 
1 : 1 o-complex (C) 5 .0k0 .2  20+2 8 .0k  1 .O 
2 : 1 o-complex (D) 4 .3k  0 .1  20.0k0.5 0.285k0.005 

TABLE 8. N,N-Dimethylpicramide - sulfite interaction in 
aqueous solutions of constant ionic strength 0.14 M 
(KNOB), p H  = 9.00. Equilibrium constants for forma- 
tion of the l :1 and 2: l  sulfite ion- N,N-dimethylpicra- 

mide o-complexes C and D 

Tee) Kl x 10-4(M-1) K~ x ~ o - ~ ( M - ' )  

aromatic compounds forming a series of struc- 
turally similar 1 : 1 o-complexes, AH,, AH,, AS,, 
and AS, should each remain reasonably con- 
stant. Trends in AH0 and AS0 should therefore 
mainly reflect trends in the overall solvation of 
the 1 : 1 o-complex with a greater degree of sol- 
vation of the complex implying more negative 
values of both AH0 and AS0. 

For the 1 : 1 1-X-2,4,6-trinitrobenzene - sul- 
fite ion o-complexes in which X = CHO, NH,, 
NHCH,, and N(CH,),, more negative AH' 
values are in fact associated with more negative 
AS0 values. For the four X groups mentioned a 
reasonably linear AH0 us. AS0 plot is obtained 
(18). For the 2 :  1 1-X-2,4,6-trinitrobenzene - sul- 
fite ion o-complexes, where X = NH,, NHCH,, 

N(CH,),, and CHO, more negative values of 
AH0 (-9, - 11, - 14, and -8.53 kcal mol-l ,  
respectively) are also accompanied by more 
negative AS0 values (- 12, - 22, - 28, and - 21.8 
cal deg-l mol-l, respectively). However, a plot 
of AH0 us. AS0 is not linear in this case. A com- 
plicating factor in 2:l o-complex formation is 
the steric strain associated with addition of the 
second sulfite ion. This steric strain would be ex- 
pected to be least in the picramide-sulfite 2 :  1 
o-complex and it is for this system that the AH0 
term is accompanied by a higher than expected 
AS0 term. 

In the picramide - and N-methylpicramide - 
sulfite o-complexes a smaller degree of solvation 
might be required as a result of intramolecular 
N-0- ..... H-N bonding serving to compen- 
sate, in part, the partial negative charge on the 
oxygens of the ortho nitro groups in the com- 
plex. Trends in the AS0 values associated with the 
formation of the picramide-sulfite, N-methyl- 
picramide - sulfite, and 1,3,5-trinitrobenzene - 
sulfite complexes are certainly in accord with 
this idea. The AS' value is highest in the picra- 
mide complex (two hydrogen bonds) and be- 
comes progressively more negative the greater 
the requirement for solvation of the nitro groups 
by water. That factors other than hydrogen 
bonding are important is seen by comparing 
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A S 0  data in the N-methylpicramide- and 2,4,6- 
trinitrobenzaldehyde - sulfite systems. Both sub- 
strates have a single hydrogen available for 
hydrogen bonding but both ASo  and A H 0  for 
the latter system are far more positive. This may 
arise because of some degree of delocalization of 
negative charge onto the aldehyde group in the 
complex which thereby renders solvation of the 
nitro groups less exten~ive.~ Alternatively 2,4,6- 
trinitrobenzaldehyde may be more strongly sol- 
vated in its initial state. Extensive heats of 
solvation data for these nitroaromatic com- 
pounds in water would be needed in order to 
solve this problem. 

Financial support by the National Research Council 
of Canada is gratefully acknowledged. 

'If the magnitudes of ~(h,,,,) reflect the degree to which 
the nitro groups ortho to X are rotated out of the plane 
of the ring in the complex, and solvation of the nitro 
groups is more extensive the greater their degree of rota- 
tion out of the plane, then the order of solvation of the 
nitro groups (based on E ~ )  is 

P < NMP -- TNB < TNBA < DMP < TNA < TNT 

and (based on E ~ )  is 

P < NMP < D M P  < TNB < TNA 
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Vacuum Ultraviolet Photolysis of Trimethylethylene 

GUY J. COLLIN A N D  CHRISTIAN M. GAUCHER 
Dipartement des Scierices Plrres, Uttiversiti drr QrtPbec ci Chicorrtimi, Chicorrtimi, Qlribec 

Received June 28, 1973 

The vacuum U.V. photolysis of trimethylethylene (2-methyl-2-butene) was carried out in a static 
system using rare gas resonance lamps: xenon (147.0 nm) and krypton (123.6 nm). The main hydrocarbon 
products were isoprene, 1,3-butadiene, propyne, allene, ethylene, and other minor products. Identifica- 
tion and measurements of the yields of hydrogen atoms, methyl, and ethyl radicals were carried out 
quantitatively by the use of radical-radical reactions. Because of the high yield of isoprene. the effect of 
conversion was studied. At a high conversion (i.e. 0.1%) the isoprene quantum yield decreases. Hydrogen 
atoms add mainly to the secondary carbon of the monomer (>90"/,). The  A(CH,./er/-C,H, ,) value was 
calculated to be 1.32 + 0.14. With the krypton line (10.0 eV) no evidence was found for the  participation 
of ionic reactions in the formation of the measured products except for the formation of 2-methyl-l- 
butene in a low yield. At this wavelength the ion quantum yield is 0.22, k 0.00,. 

Nous avons Ctudie la photolyse dans I'ultraviolet a vide et en systeme ferme du trimethylethylene 
(methyl-2-butene-2). Nous avons ~~ t i l i s e  les lampes de resonnance a gaz rare: xenon (147.0 nm) et krypton 
(123.6 nm). Les principaux produits formes sont I'isoprene, le butadiene-1,3, le propyne, I'allene, 
l'ethylene ainsi que d'autres produits fo rmb  en quantitts mineures. L'identification et la mesure des 
rendements des atomes d'hydrogene, des radicaux mCthyles et Cthyles ont  etC faites a travers les reactions 
du type radical-radical. Nous avons egalement etudie I'influence du taux de conversion Ctant donne le 
rendement important en isoprene. Le rendement quantique de ce produit decroit a haut taux de conversion 
(>O.lX). Les atomes d'hydrogene s'additionnent principalement sur le carbone secondaire de la double 
liaison (390%). Le rapport dismutation/combinaison des radicaux methyles-tert-C,H,, obtenu est de 
1.32 + 0.14. A 10.0 eV (raie de resonnance du krypton), il ne semble pas que I'ion parent forme interfere 
avec la formation des produits mesurks sauf en ce qui concerne une formation mineure de mCthyl-2- 
buthe-1.  Le rendement quantique ionique est alors de 0.22, + 0.00,. 

Can. J. Chem., 52.34 (1974) 

Introduction 
Recently, we studied the vacuum u.v. pho- 

tolysis of 2-methyl-1-butene (la) and 3-methyl-l- 
butene ( lb)  to  compare the fragmentation of 
excited isomeric molecules at 8.4 eV and the 
ionic reactions occurring at 10.0 eV, i.e. above 
the ionization energy. Very little work has been 
reported on the photolysis of trimethylethylene 
(TME) (2). The present work was done to  eluci- 
date the mechanism of the chemistry of excited 
and superexcited trimethylethylene molecules. 

Experimental 
Materials 

Trimethylethylene was an API product (impurity 
0.06 + 0.04%) and was used without further purification. 
Analysis of the starting material revealed the presence of 
2-methyl-1-butene (0.024%). Other materials used have 
been described in previous studies (3-5). The xenon and 
the krypton resonance lamps were also described in the 
literature (6); actinometry was done by comparing prod- 
uct yields with those from the vacuum U.V. photolysis of 
isobutene in similar conditions (7, 8). Above the ioniza- 
tion potential, (i.e. at 10.0 eV), the ion current was 
recorded a t  various pressures between 0.5 and 3 Torr to  
measure the ion quantum yield. Analytical procedures 
were also described previously (I ,  3). 

Mercury sensitized photolyses were carried out in a 
quartz bulb with a low pressure Hanovia lamp equipped 
with a Vycor filter (9). 

Results 
At 8.4 eV, typical quantum yields of products 

are reported in Table 1. In the presence of oxygen 
(5-779 quantum yields are independent of the  
total pressure of the reactants except that o f  
isobutene which increases sharply a t  lower pres- 
sures. The presence of 5% oxygen completely 
eliminates the formation of propane, isopentane, 
3-methyl-1-butene, and all the measured C,H,, 
and C,H,, products. With 10% oxygen, the 
ethane quantum yield is zero and the 2-methyl-l- 
butene quantum yield is lower than 0.01 (see 
Table 1). 

At 10.0 eV, the results are similar to those 
reported at 8.4 eV (Table 1). Figures 1 and 2 
show that the absolute quantum yields of all 
products are independent of irradiation time 
provided that the concentrations of isoprene 
and 1,3-butadiene in the sample were lower than 
0.1%. The ion current recorded at this wave- 
length shows that the photochemically excited 
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COLLIN AND GAUCHER: PHOTOLYSIS O F  TRIMETHYLETHYLENE 35 

TABLE 1. Quantum yields in the photolysis of trimethylethylene at 8.4 and 10.0 eV 
- -- 

Incident energy 8.4 eV Incident energy 10.0 eV 

C5H,oa 12.0b 10.0 0.18 0.10 10.Oh 1.0  1 . 0  0.05 
02" 0.84 - - - - 0.1 - - 
C5Hs X 1O3/C5H1oc 1 .6  0 . 6  33.0 12.3 0.05 2.0 4 . 4  25.0 

Methane 0.04 0.26 0.145 
Acetylene 0.00, 0.005 0.01, 
Ethylene 0.035 0 . 0 3 ~  0.04 
Ethane 0.00 0.26 0.27, 
Propene 0.012 0.Ol6 O.Ols 
Propane 0.00 0 . 0 0 ~  I 
Propyne 0.22 0.22 I 

Allene 0 . 0 5 ~  0.05, 0.055 
Isobutened 0.05 
1,3-Butadiene 
1,2-Butadiene 

{ :  0.13 
0.021 0.02, 0.022 

Unknown (IZ,?)~ 0.02, I I 
Isoprene 0.31 0.33 0.15 
2-Methyl-1-butene O.OOs 0.31 0.10 
Isopentane 0.00 0.19 0.078 
3-Methyl-1-butene 0.00 0.02 0.00, 
3,3-Dimethyl-1-butene 0.00 0.03, I 

2,2-Dimethylbutane 0.00 0 . 1 7 ~  0 . 1 1 ~  
1,1,2-Trimethyl 

cyclopropane 0.00 O.OO1 I 

2,3-Dimethyl-1-butene 0.00 0.039 0.01, 
2,3-Dimethylbutane 0.00 0.01, 0.01 
2-Methyl-2-pentene 0.00 0.057 I 
3-Methyl-2-pentene 

(cis + trans) f 
-- 

0.00 0.07 

"Pressure in Torr. 
bAddition of helium (150 Torr) does not change the quantum yields. 
=Final ratio. 
dm(I-butene) = 0.00. 
'Retention time close to that of isopentane on the squalane column. 
'Not measured. 

I 
i molecules autoionize (Fig. 3). In the presence of 

ammonia, toluene, and methylcyclopentane (5- 
I 10z)  there is a decrease of the 2-methyl-1-butene 
I quantum yield from 0.01, to 0.00,. This effect 
1 is not observed at 8.4 eV. 

I Discussion 
A .  Efect of Conversion 

In order to verify the importance of conversion 
on the product yields, a series of experiments 
was carried out by varying the irradiation time 
at constant lamp intensity (Figs. 1 and 2). Whereas 
the quantum yields of allene, ethylene, acetylene, 
1,2-butadiene, and other products are constant 
and their absolute yields are directly propor- 
tional to the irradiation time, anomalies in the 
curves of the absolute yields of isoprene and of 
propene were noted. Isoprene is the major prod- 
uct in the photolysis of trimethylethylene. A 
priori, this product is expected to be very re- 

active towards radicals although no data seem 
to be available; we shall consider that its re- 
activity is similar t o  that of 1,3-butadiene. 
Hydrogen atoms (lo), and methyl (1 1) and 
triplet and singlet methylene radicals (12) react 
faster with 1,3-butadiene than with trimethyl- 
ethylene. In these circumstances it is interesting 
to note the behavior of isoprene and of I ,3-buta- 
diene produced in the photolysis of trimethyl- 
ethylene. Their quantum yields decrease with an 
increase in conversion. In the case o f  isoprene, 
this effect can be explained partially by direct 
absorption of light, especially at high conversion 
of the monomer. A radical scavenging effect, or 
the absorption of light or other unknown pro- 
cesses could explain that propene is a secondary 
product formed via an intermediate isoprene 
molecule (Fig. 2). Because the quantum yield of 
hydrogen atoms is high (see later), the mercury 
sensitized photolysis of a hydrogen-isoprene 
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36 CAN.  J .  CHEM. VOL. 5 2 ,  

FIG. 1. Absolute yields of decomposition products 
us. irradiation time: 0, acetylene; 0, ethylene; +, 
methylacetylene; e, 1,3-butadiene+isobutene; h = 
123.6 nm. 

Total hi 

Min 

FIG. 2. Absolute yields of decomposition products 
us. irradiation time: X ,  Propene; 1 J, 1,2-butadiene; 0, 
isoprene; h = 123.6 nm. Total = propene + isoprene. 

mixture (12:0.2 Torr) was studied. In contrast 
to the 1-butyne system (9), we do not observe the 
fragmentation of a C,H, intermediate radical 
into a C, product. This radical is probably 
stabilized by allvlic resonance. 

FIG. 3. Saturation current us. voltage, obtained 
during irradiation of isobutene and  trimethylethylene a t  
123.6nm. The intensity of the krypton lamp was kept 
constant. 

limit to the ethyl radical quantum yield of the 
order of 0.02. The structure of the main products 
suggests that they are produced from C ,Hl l  
radicals (Table 1). Although the ratios of the 

[la] H + TME J (C2H5C(CH3),)* 

[Ib] H + T M E  J (CH3CHCH(CH,),)* 

[Ic] H + T M E  -> HZ + C5H9 

rate constants are not known for reactions 
la-c (lo), from what is known about the inter- 
action of hydrogen atoms with butenes (13), the 
kl,/kl ratio must be less than 0.05, provided that 
the hydrogen atoms can be considered as ther- 
mal. Thus as a first approximation, the abstrac- 
tion reaction can be ignored. One can approxi- 
mate the ratio kla/kIb by the 2,2-dimethylbutanel 
2,3-dimethylbutane ratio since these two prod- 
ucts are formed by the combination of the 
methyl and the implied pentyl radicals. Then, if 
the disproportionation-combination ratios are - .  
the same for the two planned reaction systems, 

B. Radical Reactions the kla/klb ratio is of the order of 11. At low 
The in the absence and in  the presence pressures, the pentyl radicals decompose before 
a Oxygen are very different. being stabilized by collision (14). This reaction 

Because Oxygen acts as a good scavenger, explains the increase in the yield of isobutene a t  
it can be thought that all products which dis- lower pressures. The excited CH,CHCH(CH,),* 
appear in the presence of oxygen are formed 
through radical reactions. Thus, as the formation [21 (C5Hll)* + M J CsH1l + M 
of n-butane was not observed (@(n-C,Hl,) < [3] (C~H~C(CH,)~)* J CH, +  SO-C~H~ 
0.005), ethane is essentially formed by the com- 
bination of two methyl radicals. Since the pro- [4] (CH3CHCH(CH3)2)* + 2-C,H, + CH, 

pane yield is very low, one can calculate an upper radical has a stabilization/decomposition ( S / D )  
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ratio closed to unity at pressures about 0.2 Torr. TABLE 2. Radical yields in the photolysis 
Since even at a pressure of 0.04 Torr no appre- of trimethylethylene 

ciable increase of cis- and trans-2-butene was 
observed, the addition of the hydrogen atom to Incident energy 

the tertiary carbon is not favored over that to the Product 8.4 eV 10.0 eV 
secondary carbon atom of the monomer. 

The formation of the C6 olefins in the absence H 0.80k0.10 0.73k0.08 
of oxygen is the result of at least two reaction CH3" 1 . 1 0 ~ 0 . 1 0  0.99k0.1 

CZHS <O.OZ <0.02 pathways (Table 1). First, they are produced by C5Hgb 0.35k0.1 0.33k0.1 
the combination of methyl and pentenyl (CsH,) Totalc 2.2,+0.3 2.O6k0.3 
radicals. These latter radicals are produced ODoes not include methyl radicals formed by the 
either directly by fragmentation of the excited fragmentation of tert-penty~ radicals (reactions 3 

and 4). 
molecule (this process should be a relatively 'An important fraction of the yield of this radical 

may be formed by secondary processes and not minor one because of the initial energies) or by directly by the fragmentation of excited molecules. 

the abstraction of a hydrogen atom from the =Other minor radicals or unmeasured radicals can 
increase this total yield. 

parent molecule by radical, e.g., reaction lc. 
Secondly, these products can be formed by the 
insertion of the singlet methylene radical into this radical. In addition, it should be noted that 

the monomer. However, the low yield of 1,1,2- the total quantum yield the radicals is ~ a l -  

trimethylcyclopropane suggests that this reaction "lated to be of the order of 2. 

is of limited importance (15). Moreover, it has C.  Fragmentation of Excited Trimethylethylene 
been shown (5, 7) that at 8.4 and 10.0 eV the Molecules 
formation of the methylene radical has a small  he ionization potential of trimethylethylene 
quantum yield, of the order of 0.02-0.04. Con- is reported to be 8.67 eV (16). With the xenon 
sequentl~, the formation of the C6 olefins via lamp (8.4 eV) no ionization occurs and the 
methylene reactions is of little importance. Be- excited molecule may be stabilized by collision, 
cause the system contains mainly methyl and or may decompose. 
tert-pentyl radicals (Table 2), the A(CH,,tert- 
C,H, ,) ratio can be determined : [9] TME + hv + (TME)** 

[8] 2 tert-CsH1 -t Products 

The methane/DMB ratio is equal to 1.32 f 
0.14.' Methane is probably formed by other 
chemical pathways than reaction 6 and the 
A(CH,,tert-C,H, ,) value may be less than the 
preceding value. 

Finally, from the effect of oxygen on the for- 
mation of the products one can derive the radical 
yields at the two wavelengths (Table 2). In con- 
trast to the results from the study of other methyl- 
butenes (l), the high yield of the CsH9 radical 
should be noted. This may be the result of the 
presence of nine allylic hydrogen atoms in the 
monomer. Hydrogen atom scavenging by iso- 
prene may also contribute to the formation of 

'This ratio is in accord with the formation of CsHlo 
(see ref. 18) and with the ratio (reaction 6 + 7)/[(re- 
action 5)'12 x (reaction 8)'12] = 1.92 + 0.10. Both values 
are the mean of seven independent measurements. 

[IOU] (TME)** + M -t TME or other CSHlo 

[lob] (TME)** -t Products 

The absence, or the very low quantum yield 
(@ < 0.01), of isomeric compounds shows that 
if the isomerization of the 8.4 eV excited mole- 
cule occurs, these excited molecules are not 
stabilized by collision, at least in the range of 
pressure studied, and they decompose. The prod- 
ucts from the fragmentation of the 8.4 eV photo- 
lysis of 1 -pentene (17), 2-methyl-1-butene (la), 
and 3-methyl-1-butene (lb), are similar, but 
their relative yields are very different. The frag- 
mentation of photochemically excited molecules 
can then be considered to be very fast and, if 
isomerization does occur, it is of little impor- 
tance. Reaction lob must be the most important 
reaction. 

The isoprene quantum yield is constant with 
pressure provided the percentage of conversion 
is kept very low. The same result is observed for 
all products measured in the presence of oxygen, 
except for the isobutene quantum yield. Then 
there is no apparent pressure stabilization, and 
fragmentation prevails over the stabilization 
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reaction, even in the presence of 200 Torr of TABLE 3. Fragmentation of excited trimethylethylene 
helium. molecules, (C5Hlo)** 

[ l l ]  (TME)** + C4H6 + H Z  (or 2 H);  Incident energy 
AH= 1.2 eV (or 5.65 eV) 

[12] (TME)** + C3H4 + 2 CH3; AH= 5.2 eV Products 8.4 eV 10.0eV 

[13] (TME)** + C3H4 + C2H6; AH= 1.5 eV C5Hs +2H (HZ) 0.33 20.02 0.28 
C3H4+ 2 CH3 0.275+0.02 0 .20 

[14] (TME)** + C3H4 + CzH5 + H ;  AH= 5.7eV C4HB+CH3+H (CH4) 0 .  IS5 +_0.01 0 .10 
[C5Hlof]*+e- 

Although thermally possible, these reactions do C5H,+H 
0 .00  0.224 

0 .15  2 0 . 1  0.12 
not have the same importance. Because of the Others 0.09 ko.02 0 .08 
low yield of molecular ethane, (i.e. formed in the 
presence of oxygen, the @(13)/@(12 + 13 + 14) 
ratio is lower than, or at the most, equal to 0.02 
at the two wavelengths used, thus showing that 
the fragmentation of the excited species will 
preferentially give a stable molecular product 
and two radical fragments (5, 7). Reactions 12 
and 14 are not of the same importance. The 
yields of ethyl and of methyl radicals previously 
reported confirm the preponderance of reaction 
12: @(14)/@(12) < 0.03. The formation of 1,3- 
and 1,2-butadienes can also be explained by the 
fragmentation of the excited molecule: 

[15] (TME)** -t C4H6 + CH3 + H (or CH4); 

AH= 6.10 (or 1.6) eV 

Ethylene and acetylene are also formed in the 
same manner. It is impossible to discuss all 
conceivable reactions here. 

Finally, one must notice the similarity of the 
fragmentation products obtained at the two 
wavelengths. As we have already mentioned ( 9 ,  
a variation on the wavelength has little effect on 
the fragmentation of the excited molecule, except 
in the case of the formation of the parent ion at 
10.0 eV. In addition, it is concluded (Table 3) 
that the sum of the yields of the primary pro- 
cesses is about unity. It appears that stabilization 
of the photochemically excited molecule is very 
unimportant relative to its decomposition. 

D. Ionic Reactions 
Since the ionization of trimethylethylene is 

8.67 eV, the absorption of 10.0 eV photons may 
lead to the formation of the excited parent ions. 
The recorded ion current (Fig. 3) gives a @(ion) 
value about 0.22, + 0.00,. Nothing car1 be said 

about the fate of this ion on the basis of the 
present data. In contrast to the 8.4 photolysis, 
the 2-methyl-1-butene produced at 10.0 eV in 

the presence of oxygen is sensitive to the presence 
of scavengers such as ammonia, toluene, methyl- 
cyclopentane (see Results). The ionic origin of 
part of this product cannot be ruled out, but the 
mechanism is not clear. 

We wish to thank the National Research Council of  
Canada and lYUniversitC du QuCbec a Chicoutimi fo r  
their support. 
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A Reconsideration of the Validity of Correlating Substituent-induced Proton 
Chemical Shifts in Aromatic Derivatives with Reactivity Parameters 

DANIEL A. DAWSON,~ GORDON K. H A M E R , ~  AND WILLIAM F. REYNOLDS 
Department of Chenzisrry, University of Toronto, Toronto, Ontario M5S / A /  

Received November 10, 1972' 

Comparisons of 'H chemical shifts and charge densities (determined by C N D 0 / 2  MO calculations) 
for 4-substituted derivatives of styrene, toluene, benzylchloride, and N,N,N-trimethylphenylammonium 
ion indicate that the chemical shifts primarily reflect intramolecular electronic effects. These effects are 
reflected by correlations of 'H chemical shifts with the F and R reactivity parameters of Swain and 
Lupton. It is concluded that it is valid to correlate substituent-induced chemical shifts for aromatic 
derivatives with divided reactivity parameters provided that ( I )  chemical shifts are measured at infinite 
dilution in a non-polar medium and'(2) at  least ten derivatives of each family are investigated. 

Calculations for 4-substituted toluenes indicate that there will be a small conformational dependence 
for substituent-induced benzylic proton chemical shifts. 

La comparaison des deplacements chimiques ' H  et des densites de charge (dktermintes par la mkthode 
CNDO/2 MO) pour des derives substitues en position 4 du styrene, du toluene, du chlorure de benzyle 
et de I'ion N,N,N-trimkthylphinyl ammonium indiquent que les deplacements chimiques refletent 
principalement les effets Clectroniques intramolCculaires. Ces effets apparaissent sous forme de correla- 
tion entre les deplacements chimiques 'H avec les parametres de rkactivite F e t  R de Swain et Lupton. On 
en conclut qu'il est valide de faire une correlation entre le substituant et les diplacements chimiques 
induits dans les derives aromatiques possedant des parametres de reactivite divises pourvu (I) que  les 
deplacements chimiques soient mesurks dilution infinie dans un solvant non-polaire et (2) qu'au moins 
dix derives de la famille soient etudits. 

Les calculs pour les toluenes substituCs en position 4 indiquent qu'il y a une petite dependance con- 
formationnelle pour les dkplacements chi~niques des protons benzyliques qui ont e t t  induits p a r  les 
substituants. [Traduit par le journal] 

Can. 1. Chern.,51,39(1973) 

Introduction was unreasonable that s.c.s. for N(CH,),+ 
Miller and co-workers summarized the results P'OtonS of 3- and 4-substituted N,N,N-tri- 

of nearly one hundred correlations of substituent- m e t h ~ l ~ h e n ~ l a m m o n i u m  derivatives (henceforth 

induced 1~ chemical shifts (s.c.s.) in aromatic referred to as trimethylanilinium o r  TMA 

derivatives against H~~~~~~ constants (1) derivatives) should reflect resonance effects since 
R = 0 for the N(CH,),+ group (3). They also 

[I] 6 = p o  + 6, found it inexplicable that 3- and 4-substituted 

Many of the correlations were poor and they 
detected no pattern of slopes, p, which could be 
related to  mechanisms of transmission of sub- 
stituent effects. More recently (2) they investi- 
gated correlations of s.c.s. with the Swain- 
Lupton divided reactivity ( F  and R) parameters 
(3) 

[21 6 = f F + r R + 6 ,  

derivatives of the same family should often have 
nearly identical r values. The above observations 
led them to conclude that reactivity parameters 
are inherently unsuitable for interpreting s.c.s. 
In addition, they concluded that their failure to 
observe linear relationships when plotting s.c.s. 
for one family against another (6-6 plots) 
confirmed that s.c.s. are, in general, strongly 
influenced by factors other than intramolecular 

While much better correlations were obtained, electronic effects. 
We recently measured 'H and 13C chemical they concluded that the f and r values were shifts for over forty 4-substituted styrenes under unrealistic. In particular, they believed that it inert conditions and c o m ~ a r e d  these with charge 

'NRCC Scholarship holder 1970-1972. 
'NRCC Scholarship holder 1967-1970. 
3Revision received May 31, 1973. 

densities estimated by ~ ~ ~ 0 1 2  calculations (4). 
By contrast with the above-outlined pessimistic 
conclusions, correlations of 'H and 13C S.C.S. 
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and charge densities with F and R gave a self- 
consistent picture of electronic effects which 
could be rationalized by a simple model for 
transmission of substituent effects. We con- 
cluded that the correlations were meaningful and 

u 

that S.C.S. for styrene primarily reflected intra- 
molecular electronic effects. 

In view of this difference of o~inion.  we 
decided to attempt to estimate the importance of 
intramolecular electronic effects upon S.C.S. for 
some of the systems investigated by Wiley and 
Miller (2), using CND0/2 MO calculations. A 
comparison of f and r values obtained for 
correlations of charge densities and S.C.S. with 
F and R should show how closely S.C.S. reflect 
intramolecular electronic effeck4 

Calculations were performed for 3- and 4- 
substituted TMA derivatives and 4-substituted 
toluenes. The latter compounds were chosen not 
only because benzyl derivatives were included in 
ref. 2 but also because the conformational 
dependence of benzylic proton S.C.S. has recently 
aroused considerable interest (1, 5-7) (toluenes 
were chosen in place of benzyl derivatives to 
economize on computer usage). 

Results of the calculations are  resented 
below along with a discussion of the reasons 
advanced by Miller and Wiley for rejecting S.C.S. 
- reactivity parameter correlations. 

Results and Discussion 
CND0/2 calculations were performed with a 

standard program (8) and standard geometries 
(9). Calculations for TMA derivatives had one 
N-CH, bond at right angles to the phenyl 
group (Fig. 1). Calculations were performed for 
two conformations of the methyl group in 
toluene, yielding charge densities at dihedral 
angles, +, of 0,30,60, and 90". Calculations were 
performed for all reasonable substituent con- 
formations and averaged. 

I 

Averaged charge densities for N(CH,),+ 
hydrogens of TMA derivatives are given in 
Table 1 while methyl hydrogen charge densities 
and dipole moments of toluene derivatives are 
given in Table 2. Correlations of charge densities 
and s.c.s. with F and R are given in Table 3. 
The S.C.S. correlation for 4-TMA derivatives (2) 

I was repeated to include the N(CH,), derivative, 

FIG. 1. (a) Conformation of N(CH3),+ group for 
which calculations were performed (with methyl groups 
oriented so that one C-H bond for each methyl group is 
anti to the N-C(I) bond, i.e. a t  90" to the plane of the 
diagram). Dotted line indicates the plane of the phenyl 
group. (b) Two conformations for CH3 group for which 
calculations were performed. 

TABLE 1. Methyl hydrogen charge densities 
for 3-substituted and 4-substituted 

trimethylphenylammonium ions (TMA) 

Charge density (qH)* x lo4 

Substituent 3-TMA 4-TMA 

' q ,  = (1.000 - valence electron density). 
?Average of syn and anti planar conformations. 

using recently estimated F and R values. It was 
found that the C0,- derivative showed a large 
deviation. This derivative was generated in situ 
by addition of small amounts of base (2). Since 
we have found that similar procedures often 
yield unreliable results, correlations were re- 
peated for both sets of T M A  derivatives with 
CO, - derivatives omitted. Significantly improved 
correlations were obtained in both cases. The 
new correlations are given in Table 3. 

Consideration of the Validity of s.c.s. -Reactivity 
Parameter Correlations 

4-Substituted derivatives will be considered 

4Charge densities and s.c.s. could be directly compared, first since there are more results for these 
but this provides little information about mechanisms com~ounds. We previously noted a good cOrre- 
of transmission of substituent effects. lation between the chemical shift difference, 
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TABLE 2. Methyl hydrogen charge densities ( x  lo4) and calculated and experimental dipole moments for toluene 
and 4-substituted toluenes 

- --- PA -- 

qH* for 4 = A q ~ t  

Substituent 90" 60" 30" 0" Ave. qH(90") - qH(Oo) 90" 0" I l e a ~ c d .  P C X P I I . ~  

*qH = (1.0000 - valence electron density). 
t A q ~  = ~ H ( Y C ~ H ~ C H ~ )  - ~ H ( C L H S C H ~ ) .  
$Recommended values where quoted (32) or average of experimental values (32). 
§Sum of dipole moments for toluene and a,a,a-trifluorotoluene (32). 

TABLE 3. Correlations of s.c.s. and hydrogen charge densities with field (F) and resonance (R) 
substituent constants and ratios off values and r values for the two correlations 

(a) 'H chemical shifts (in p.p.m.) 
--- 

Family f r %R Reference 

3-TMA 0.055(0.077)* 0.103(0.115) 54(48) 2 t 
4-TMA 0.035(0.051) 0.097(0.105) 63(56) 2 t 
Toluene 0.108 0.209 55 33 
Benzylchloride 0.063 0.148 59 2 

(b) 'H charge densities 

Family f ( x  ( x  %R 

(c) Ratios off values and r values 
(from parts (a) and (b) in p.p.m./unit charge density) 

-- 

Family flf r/r 

3-TMA 24(34) 1 16(129) 
4-TMA 19(28) 4x48) 
Toluene(ave) 22 23 
Benzylchloride 

(P = 30")s 14 20 
Benzylchloride 

(P = 60% 12 14 
*Values for CH3CN and (in parentheses) D20 solutions. 
tSee text concerning these correlations. 
$For p = 4S0, corresponding to (sin' p) = 0.5. 
§P = 30' and p = 60' correspond to the limiting averaged values for sin2 p (respectively 0.25 and 0.75) for a 

CH2X group. 
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Group Calculated* Experimental? 

A6(B-C), and the charge density difference, 
Aq(B-C), for the P vinyl protons of 4-substituted 
styrenes (4). The slope for this correlation was 
18-23 p.p.m./hydrogen 1s electron, in excellent 
agreement with previously suggested scaling 
factors of 18-27 p.p.m./electron (10, 11). The  
variation of A6(B-C) was due t o  an eleclric 
field effect (4, 12) while correlations of ' H  and 
I3C S.C.S. and charge densities gave a consistent 
pattern of results which could be accounted for 
by field, n inductive, and resonance effects (4).5 

In the case of 4-substituted toluenes ratios of,f 
values and r values from s.c.s. and charge density 
correlations (Table 3) are also in quantitative 
agreement with previously accepted values for 
this scaling factor. In addition, chemical shifts 
calculated from charge densities are in satis- 
factory agreement with experimental values 
(Table 4), as are calculated and experimental 
dipole moments (Table 2). These observations 
indicate that the calculations reproduce charge 
densities for 4-substituted toluenes with reason- 
able accuracy. They also suggest that s.c.s. for 
these compounds are dominated by intramolecu- 
lar effects and that these effects are reflected by 
the F and R correlations. Similar agreement is 

L 2  

noted for the benzyl chlorides, assuming 4 = 
30°, corresponding to  the C-CI bond at right 
angles t o  the phenyl group (the calculations are 
relatively insensitive to  4 in the allowed range 
30-60"). Theflf value is slightly smaller than for 
toluene, but this may not be statistically signifi- 
cant in view of the small number of data points 
(seven) for the s.c.s, correlation. 

TABLE 4. Calculated and experimental chemi- 
cal shifts for methyl protons of 4-gubstituted 

toluenes, relative to toluene 
---- -- 

Chemical shift (~ .p .m. )  

'Reference 33. 
t (<q11>  - < Q H > C ~ H ~ C H ~ )  X 22. 

5Preliminary results of a similar investigation for 4- 
substituted phenylacetylenes also show a consistent 
pattern of 'H and 13C S.C.S. and charge densities with f 
and r values consistent with those for styrene (13). 

The S.C.S. and charge density correlations fo r  
4-TMA derivatives also show similar patterns 
o f f  and r values, but the ratiosflf and r/r  are  
larger than normal (particularly the latter). 
However, S.C.S. for phenolic and amino protons 
are enhanced by a factor of 2-3 on going f r o m  
non-polar t o  polar solvents (1). A similar 
enhancement could occur fo r  TMA derivatives 
since the N(CH3),+ hydrogens bear considerable 
positive charge and should be susceptible t o  
hydrogen bonding (the larger f and r values in 
D 2 0  than in CH3CN support this). This would 
account for the larger than normal scaling 
factors for these correlations. 

The calculations indicate that the N(CH3),+ 
group has a very small resonance interaction 
with the phenyl group, although possibly no t  
precisely zero as postulated by Swain a n d  
Lupton (3). For example, for the N(CH,), 
derivative, t he  charge density (relative t o  un-  
substituted TMA) is -26 x for the C H ,  
group at  c$ = 90" and -22 x for the C H ,  
group at  4 = 30". If charge density changes were 
dominated by a direct resonance interaction, 
then one would have expected a much greater 
change with 4 (see below). W e  believe that  t h e  
resonance dependence of N(CH3),+ hydrogens 
arises indirectly; i.e. it is primarily due t o  changes 
in x electron density at  C(1). This in turn alters 
the hydrogen electron density by through-space 
polarization of the C-H bonds.6 A similar 
effect has been noted for the  a-vinyl protons of 
4-substituted styrenes (4). Therefore, there is n o  
inconsistency between the assumption that  R = 
0 for the N(CH3),+ group and the observation 
of a resonance dependence in s.c.s. of T M A  
derivatives since the latter c a n  arise indirectly. 

Thus comparisons of correlations of s.c.s. a n d  
charge densities with F and R for four families of 
4-substituted derivatives (styrenes, toluenes, 
benzyl chlorides, and T M A  derivatives) have 
shown in all cases similar patterns of s.c.s. a n d  
charge densities. Furthermore, the ratios of s.c.s. 
to charge densities are in good agreement with 
previously accepted values for  this scaling factor 
(10, 1 l), except for TMA derivatives where S.C.S. 
are apparently enhanced by polar solvents. 
Therefore, it is concluded that  for these deriva- 
tives (I) s.c.s. are dominated by intramolecular 
electronic effects and (2) these effects are reflected 

6A similar conclusion has been reached by B. M. Lynch 
(14). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DAWSON ET A L  : ON SUBSTITUENT-INDUCED PROTON CHEMICAL SHIFTS 43 

with reasonable accuracy by the F and R correla- 
tions. 

Correlations for phenyl and 4-substituted 
phenol derivatives (2) will not be considered in 
detail since the former involved only five data 
points while the latter measurements were 
carried out in DMSO. However, neither set of 
f and r values seems obviously unreasonable, 
particularly allowing for both solvent enhance- 
ment of s.c.s. (2) and the strong resonance 
interaction between hydroxyl and phenyl groups 
(3) for the phenol derivatives. 

While Wiley and Miller felt that it was 
inex~licable that 3- and 4-substituted derivatives 
of the same family could give nearly identical I. 

values (2), this seems much less unreasonable, 
if one allows for through-space transmission of 
substituent effects. In toluene derivatives 
(r2H-C(2,6,>l<r2W-C(1)) = 2.0, where 0 ; - , )  is 
the average squared distance of a methyl proton 
from a particular ring carbon. A slightly smaller 
ratio is found for N(CH,),+ protons. Since the 
field effect of a point charge should vary ap- 
proximately as l / r 2  (ignoring the cos 0 term for 
the angular dependence of the C-H bond) (1 5),  
s.c.s. should be approximately only twice as 
sensitive to n charge density changes at C(1) 
than at C(2) or C(6). Assuming that a substituent 
induces large changes in n electron density 
proportional to + R at ortho and para carbons 
and a relatively smaller change proportional to 
- R at meta carbons, similar r values for 3- and 
4-substituent derivatives are not unreasonable 
(assuming the factor of two given above, r values 
should be approximately equal when magnitudes 
of resonance-induced changes in n electron 
density at nleta carbons are ca. 113 of those at 
ortho and para carbons). 

CND0/2 calculations were carried out for 3- 
TMA derivatives in an attempt to confirm this 
point. Unfortunately, the agreement between 
s.c.s. and charge density correlations is much 
worse than for 4-TMA derivatives. In particular, 
the rlr value is much too high, even allowing for 
solvent enhancement, although the calculations 
correctly predict the positive r value. However, 
we believe that the discrepancy is not due to  any 
lack of validity of the s.c.s. correlation but rather 
due to a fault in the calculations. Specifically, 
we have noted excellent agreement between 13C 
s.c.s. and carbon charge densities for C(1) and 
C(P) of 4-substituted styrenes (4, 16). However, 
the agreement is much worse for C(2,6) and 

C(a), apparently because the CND0/2  calcula- 
tions significantly over-estimated the - R de- 
pendence for these carbons. A similar error for 
the 3-TMA derivatives would lead to an over- 
estimated - R dependence for C(1) charge density 
and consequently an overall + R dependence 
which is too small (leading to the anomalously 
large r/r value). Presumably, more rigorous m.0. 
calculations (such as the ab initio STOG-3G 
calculations of Pople and co-workers (1 7)) would 
lead to better agreement with e~per iment .~  

With respect to 6-6 plots (2), it is important 
to realize that these plots are inherently non- 
linear, even for pairs of families where s.c.s. 
are completely dominated by intramolecular 
electronic effects. This occurs because, in general, 
the two families will have different relative 
sensitivities to field and resonance effects. To 
illustrate this point, we have prepared a 6-6 
plot for two hypothetical families of compounds 
whose s.c.s. due to intramolecular electronic 
effects exactly fit the following correlation 
equations 

(The respective f and r coefficients closely 
correspond to those for the P-cis proton of 4- 
substituted styrenes and the meta proton of 
substituted benzenes (2).) For a representative 
set of derivatives the correlation is mediocre (see 
Fig. 2). Thus, 6-6 plots such as those given in 
Table 3 of ref. 2 provide no conclusive evidence 
whether or not s.c.s. are dominated by intra- 
molecular electronic effects. Similar objections 
can be made concerning correlations of s.c.s. 
with a single Hammett o constant since the o 
constant may also reflect a different proportion 
of field and resonance effects than the svstem 
under investigation. For this reason, it is 
essential to use divided o constants (such as F 
and R(3)) in investigations of s.c.s. 

Thus we conclude that the correlations of s.c.s. 
with F and R reported by Wiley and Miller (2) 
reflect intramolecular electronic effects to a 

'Correlations of n charge densities for benzene deriva- 
tives estimated by STOG-3G calculations (17) and for 
styrene derivatives estimated by CNDO/2 calculations (4) 
with F and R show nearly identical f and r values for 
carbons para to  the substituent but a much smaller r 
value for nleta carbons by STOG-3G calculations than 
by CND0/2 calculations (18). 
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b - b ,  = 0 3 ~ + 0 2 ~  r p p m l  

FIG. 2. Plot of chemical shifts for two hypothetical 
sets of compounds whose chemical shifts due to intra- 
molecular electronic effects are exactly determined by the 
correlation equations shown along x and y axes (r = 
correlation coefficient for 6-6 plot). 

much greater extent than they believed. It might 
be argued that this conclusion is inconsistent 
with the failure of Miller and co-workers (1) to  
find any consistent pattern of p values in many 
correlations of the type represented by eq. 1. 
However, there are at least two possible reasons 
for this discrepancy. The first, minor, reason 
involves the use of a single cr constant (see 
above). The second, more important, reason is 
that few previous investigations have satisfied 
the minimum conditions specified by Wiley and 
Miller (2), i.e. that 'H s.c.s. must be measured at 
infinite dilution in an inert medium8 and that a 
given family must contain at least ten derivatives. 
Failure to meet these two conditions can re- 
spectively introduce significant errors due to  
solute-solute and solute-solvent interactions and 
due to magnetic anisotropic effects of substi- 
tuents. The latter effects are unrelated to 
electronic effects and will not obscure the overall 
pattern of electronic effects, provided that a large 
number of substituents are investigated (4). 
Alternatively, s.c.s. measurements can be carried 
out in a highly polar medium to enhance 
electronic effects relative to magnetic effects (2, 
20), although this introduces an uncertain solvent 
enhancement factor. In either case, it is useful to 
compare 'H s.c.s. with I3C S.C.S. and calculated 
charge densities for the same derivatives. On the 

T a r b o n  tetrachloride cannot be regarded as an inert 
medium for 'H s.c.s. measurements (19). 

basis of the above discussion, many previous 
investigations of 'H s.c.s. must be regarded as 
of dubious reliability. This, rather than any 
inherent unsoundness in S.C.S. - reactivity param- 
eter correlations, may account for many of the 
discrepancies pointed out by Wiley and Miller 
(2). 
Confornfational Dependence of Benzylic Proton 

S . C . S .  

For all of the toluenes, methyl hydrogen 
charge density, q,, varies as sin2 I$, attaining a 
maximum for I$ = 90". qH a t  30 and 60" can be 
predicted (within 1 x by equations of 
the type 

L51 qH(I$) = qH(O0) + ( q ~ ( ~ 0 " )  - qH(O0)) sin2 ($ 
This conformational dependence agrees with 
results of STOG-3G m.0. calculations (21) and 
with measurements of hyperfine e.p.r. coupling 
constants (22, 23) and proton-proton coupling 
constants (24-29). It is entirely consistent with a 
hyperconjugative donation of electrons to the 
phenyl n electron system by the methyl group 
(n electron density for toluene is greater than for 
benzene by 132 x in agreement with 
previous conclusions (22, 24-27, 30). 

The methyl hydrogen charge density correla- 
tions in Table 3 indicate that there is also a 
significant conformational dependence for S.C.S. 
The increase in r with 4 apparently reflects 
enhancement or inhibition of the hyperconjuga- 
tive effect of the methyl group by the substituent. 
This is confirmed by the magnitudes of (qH(900) 
- qH(O0)) for individual derivatives (Table 2). 
This parameter is largest for + R groups (NO,, 
CF,, CN) and smallest for - R groups (CH,, F, 
OCH,, NH,, N(CH,),), indicating respective 
enhancement and inhibition of hyperconjugative 
donation of electrons by the methyl group. The 
variation o f f  with 4 probably arises from n 
charge density changes at C(l)  due to n polari- 
zation effects (4, 31). 

A plot of qH(900) us. qH(OO) (not shown) has a 
slope of 1.6. This defines the theoretical maxi- 
mum range of p values for benzylic protons, 
assuming s.c.s. are dominated by intramolecular 
electronic effects. The range is even smaller (ca. 
1.15) for systems in which benzylic protons are 
not locked in a single conformation since in this 
case (4) must lie between 30 and 60". Although 
many experimental p values are in at least 
qualitative agreement with the predictions given 
above (1, 6, 7), others differ markedly ( e .g .  
P C ~ H ~ C H ,  = 0.21 (32), P C ~ H ~ C H ~ B ~  = O.O (6)). 
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sequently, the conclusion that experimental p 
values are dominated by factors other than con- 
formational electronic effects (7) appears to  be 
valid for at least some of the systems investigated. 
This is not surprising since, in most cases, s.c.s. 
were measured for a limited number of sub- 
stituents under less than ideal conditions. 

Summary and Conclusions 

The three main reasons advanced by Wiley 
and Miller for rejecting the validity of correla- 
tions of ' H  s.c.s. with divided reactivity param- 
eters, i.e. the observation of non-zero r values 
for TMA derivatives, the apparently unreason- 
ab1e.f and r values for other systems (particularly 
the similarity of r values for 3- and 4-substituted 
derivatives of the same family), and the observa- 
tion of non-linear 6-6 plots, have been examined. 
It is concluded that none of these represents a 
valid reason for rejecting these correlations. 

Substituent-induced ' H  chemical shifts and 
charge densities have been compared for four 
sets of 4-substituted derivatives. It is concluded 
that s.c.s. for these systems are dominated by 
intramolecular electronic effects and that these 
effects are reflected by F and R correlations. 
However, it cannot be stressed too strongly that 
these conclusions will not necessarily be valid 
for other systems unless s.c.s. are determined 
under carefully controlled conditions similar to 
those outlined by Wiley and Miller (2). Specifi- 
cally, it is essential to carry out measurements at 
infinite dilution in as inert a solvent as possible 
(preferably cyclohexane for ' H  s.c.s. measure- 
ments) and to  include a minimum of ten substi- 
tuents. It is also useful to  compare ' H  s.c.s. with 
13C S.C.S. and/or calculated charge densities for 
the same compounds. Failure to  meet these 
conditions may account for many of the apparent 
discrepancies which have been pointed out ( l ,2).  

CNDO/2 calculations for 4-substituted tolu- 
enes indicate a small conformational dependence 
of benzylic proton s.c.s. which can be attributed to  
enhancement or inhibition of the hyperconjuga- 
tive effect of the methyl (or methylene) group by 
the substituent. 
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Crystallographic Studies of Cobalt Arsenate. 111. 
Crystal Structure of C06.95A~3.620 16 

NARASIMHAN KRISHNAMACHARI AND CRISPIN CALVO 
Depcrrtti7ent of Chetnistry crtld It~slitrtte for Materials Research, McMaster University, hat nil tot^, Ontario 

Received January 12, 1972' 

Crystals of C O ~ . ~ A S , . ~ O , ~  (1.8 x 3.84 Co0.As205) are orthorhombic with unit cell parameters 
a = 10.526(5), b = 5.985(2), and c = 4.871(2) 8,. The space group is P ~ ~ r n a  with Z = 1 and, except for 
fractionally occupied cation sites, the crystals have a structure closely related to that of the mineral 
olivine. The structure was refined by full-matrix least-squares with isotropic thermal parameters, using 
1175 independent reflections measured with MoKcr radiation, to a final R value of 0.075. The composi- 
tion was determined by site population analysis. The structure is based upon a hexagonally close-packed 
arrangement of oxygen layers with As in tetrahedrally and Co in octahedrally coordinated interstices. 
The mean As-0 bond length is 1.676 A and the mean Co-0 bond lengths are 2.139 8, for the site with 
tn symmetry and 2.174 8, for the site showing inversion symmetry. These bond lengths are uncorrected for 
the effects of fractional occupancy of some of the cation sites. 

Les cristaux de Co7.0A~3.6016 (1.8 x 3.84 Co0.As205) sont orthorhombiques et les parametres de la 
maille sont a = 10.526(5), b = 5.985(2) et c = 4.871(2) 8,. Le groupe d'espace est Ptlrna avecZ = 1 et, 
sauf pour les sites cationiques partiellement occupes les cristaux ont une structure ttroitement like a 
celle du mineral olivine. L'affinement de la structure a etC effectue par moindres carrks (rnatrice entiere), 
I'agitation thermique Ctant considCree isotrope, et a porte sur 1175 reflections independantes mesures avec 
la radiation MoKa. 11 a CtC poursuivi jusqu'a un R final de 0.075. La composition a Cte determinee par 
I'analyse de population des sites. La structure est etablie sur un arrangement hexagonal compact des 
couches des atomes d'oxygene avec les atomes d'As dans les interstices tetraedriques et les atomes de Co 
dans les interstices octaedriques. La longueur moyenne de la liaison As-0 est de 1.676 8, et les largeurs 
moyennes des liaisons C-0 sont 2.139 8, pour les sites presentant la symktrie 171 et 2.174 8, pour les 
sites presentant une inversion de symetrie. Ces longueurs de liaisons n'ont pas CtC corrigtes des effets dd 
a l'occupation partielle de quelques sites cationiques. [Traduit par le journal] 
Can. J .  Chem., 51,46(1973) 

Introduction (1) concluded from an indexed powder pattern 

Studies of the nCo0.As205 system have indi- 
cated that compounds corresponding to n = 112, 
I ,  2, 3, and 6 can be prepared (1, 2). Masson and 
co-workers (2) have studied the thermal stability 
of compounds obtained by the pyrolysis of 
Co0.As205.5H20. They observed that in air, 
water and successive amounts of As205 were 
lost, yielding 3Co0.As205 as the final product 
stable up to at least 1000 "C. However, on pro- 
longed heating in vacuum at 850 "C, this com- 
pound decomposed yielding first 6Co0.As205, 
which further decomposed at 1000 "C to COO. 
Stable compounds corresponding to composi- 
tions near 4Co0.As205 were unknown prior to  
this study, although the compositions 4MO.- 
As205(M = Cu, Sr, Ba) and 5M0.As205(M = 

Cu) have been reported (3-6). 
The structure of all previously reported mem- 

bers of the nCo0.As205 series, except for 
n = 112, have been characterized. Taylor et al. 

that Co0.As205 had the pbsb20, structure (7). 
This structure consists of hexagonally stacked 
layers of oxygen atoms with both As and C o  
ions in sites coordinated octahedrally to oxygen 
atoms. The As06 group forms two dimensional 
infinite arrays by sharing three 0-0 edges. The 
Co ions lie in planes between two such sheets 
with the Co ions between empty sites in the 
(AsO,), sheets. The structure of 2Co0.As20, 
(8) can be derived from that of Co0.As205 by 
replacing the As ions with C o  and the Co ions 
with the As-0-As moiety. This latter sub- 
stitution in fact generates tetrahedrally co- 
ordinated As ions. Both 3Co0.As205 (9) and 
the so-called 6Co0.As,05 (10) form structures 
based upon close-packed layers of oxygen atoms 
with Co ions in octahedrally coordinated sites. 
In the former case oxygen atom layers show 
ABAC stacking while ABC stacking is featured 
in the latter case. The As ion is also tetrahedrally 
coordinated in Co,(AsO,), while 113 of the As 

'Revision received August 27, 1973. ions are octahedrally coordinated to *oxygen 
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atoms in "6Co0.As205". A recent refinement of 
"6Mg0.As205" showed it to be 5.44Mg0.As205 
and isotypic to "6Co0.As205" (11) thus it is 
likely that the latter also has this composition 
without the oxidation of Co or the reduction of 
As previously suggested. A second form of 
3Co0.As205 is isotypic with 3Mg0.As205 (12), 
a tetragonal phase, but the latter structure is not 
based upon a close packed arrangement of oxy- 
gen atoms. Non-stoichiometry, in the sense that 
sites in the unit cell are on the average fraction- 
ally occupied, has been found in 5.44Co0.As205, 
3Mg0.As205, the tetragonal form of 3Co0.- 
As2O5, and in the present compound. 

Experiments 
The crystals used in this study were prepared by the 

reaction of 2CoC03.3Co(OH), (Fisher Scientific Co.) and 
As,05 (Mallinckrodt Chemical Works) in proportions so 
as to yield CoAs,06 upon the loss of CO, and H,O. The 
mixture was heated.to about 950 "C in an open Vycor tube 
and slowly cooled. The Vycor tube showed no indication 
of having been attacked. A small number of dark purple 
single crystals were extracted from the sample. Attempts 
at  microprobe analysis were completely unsuccessful. 

These crystals were orthorhombic with space group 
Pn2,a or Pnma since the systematic absences corresponded 
to those Okl reflections with k + I odd and those hkO 
reflections with h odd. Accurate cell parameters were 
obtained from a least-squares refinement of the 20 values 
measured for 15 reflections with a Syntex automatic 
diffractometer at 20°C utilizing graphite monochroma- 
tized MoKa radiation (0.71069 A). Crystal data are as 
follows. 

C06.1)5A~3.62016 f.w. = 932.5 
n = 10.526(5), b = 5.985(2), c = 4.871(2) A,  V = 308.9 
A3, T = 20 'c, Space group: ~ n n ~ a ,  pealed. = 5.01 
g/cm3, Z = 1. 

The small number of crystals prevented an estimation 
of the density. These unit cell parameters and space group 
were reminiscent of those of olivine (1 3). The composition 
was initially assumed to be Co3(As0,), with Z, the 
number of formula units per cell, equal to 2. 

MoKa radiation was used to collect all the data. A 
crystal with the dimensions of 0.15 x 0.06 x 0.45 mm 
was used to collect data with an integrating precession 
camera and a manually set scintillation counter employing 
equi-inclination Weissenberg geometry and an o-scan of 
2". The former data sets were of type hkn, n = 0, 1, 2 and 
nikl, m = 0, 1, ..., 4 while the latter set were of type hsl, 
s = 0, 1, ..., 4. These data were combined with a set 
obtained with a Syntex P i  automatic diffractometer from 
a crystal whose dimensions were 0.02 x 0.04 x 0.04 mm. 
Background counts on either side of each peak were 
determined for the same time period as used to  scan the 
peak. The scan ranged from 1" below the a, peak to 1 "  
above the a, peak. Graphite monochromatized MoKa 
radiation was used. Those reflections whose intensity was 
less than 30 were treated as unobserved and assigned a 
maximum possible intensity of 30. The average deviation 

in intensity between the two sets was less than 47,. These 
data were corrected for Lorentz and polarization effects. 
Absorption corrections were made near the final refine- 
ment stage after the approximate composition had been 
ascertained. 

The parameters of LiMnPO, (14) were used as the trial 
model assuming that the crystal was an orthorhombic 
analog of the mineral sarcopside, (Fe, Mn, Mg),(PO,), 
(15), with the cation site a t  the inversion centers. Full- 
matrix least-squares refinement was carried out with a 
program written by J .  S. Stephens for the CDC-6400. 
Atomic scattering curves for CoZ+ and As3+ (16) were 
corrected for dispersion (17) while that for 0- was taken 
from the International tables for X-ray crystallography 
(18). Weights, o ,  were chosen so that w(AF), would be 
independent, on a local average, of the magnitude of the 
observed structure factor. Those observed structure fac- 
tors whose calculated value exceeded the assigned mini- 
mum observed value were included in the refinement 
while the other unobserved were given w = 0. The 
population parameters were varied separately under the 
restriction of electrical neutrality for the cell and with 
independent isotropic thermal parameters. These refine- 
ments suggested that the Co(l)  site was completely occu- 
pied and therefore this further restriction was applied. A 
total of 1175 unique reflections of which 787 were ob- 
served was then used to obtain the final parameters listed 
in Table 1. The R value when the shifts were less than 
0.30 was 0.075. The weighted residual 

is 0.09. The average deviation of a reflection of unit 
weight was 1.08. Table 22 contains the final calculated 
and observed structure factors. 

Description of the Structure 
The composition of the crystals, as determined 

from the site populations, is nCo0.As205, with 
n = 3.84(8). The oxygen atoms and Co(1) ion 
sites are completely occupied but only 0.90 and 
0.72 of the As and Co(2) sites, respectively, are 
filled. If all the sites were filled the composition 
would be Co,As,O,, with each oxygen atom 
shared between three Co ions and one As ion. 

The structure, except for the fractional occu- 
pation of some cation sites, is essentially the 
same as olivine. The oxygen atoms are in hex- 
agonally close-packed layers with cobalt ions in 
two types of octahedrally coordinated sites and 
the As in tetrahedral sites as is shown in Fig. 1. 
The Co(2)06 groups, with the cobalt ion on a 
center of inversion, share edges forming chains, 
running parallel to the b axis, at the corners and 
center of the cell. The Co(l)O6 groups, with the 

2Photocopies of Table 2 may be obtained, a t  a nominal 
charge, from the Depository of Unpublished Data, 
National Research Council of Canada, Ottawa, Canada 
KIA 0S2. 
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TABLE 1. Atomic and thermal parameters for Co6.95A~3.62016 with estimated standard deviations in parenthesis 

Atom Site Number of atoms x Y z u (A2) 

FIG. 1. The structure of Co6.95As3.61016 viewed 
parallel to the b axis. Oxygen atoms are indicated by open 
circles and the cobalt ions as full circles. The AsO, 
tetrahedra are outlined. 

Co(1) lying on a mirror plane, share oxygen 
atoms with three separate chains of Co(2)06 
groups as seen in Fig. 2. The AsO, groups have 
three oxygen atoms in close-packed layers of 
oxygen atoms, sharing each of three edges 
formed by these oxygen atoms, with three 
separate COO, groups. 

The pertinent bond lengths and angles are 
listed in Table 3. The average Co(1)-0 bond 
length is 2.139 A while the apparent average 
Co(2)-0 bond length for the fractionally occu- 
pied cation site is 2.174 A. The individual 
As-0 bond lengths do not deviate significantly 
from their mean value of 1.676 A, but the 
0-As-0 angles, ranging from 101.8 to 115.2", 
do suggest substantial deviations from regularity. 
Those angles subtending edges shared between 
AsO, and COO, groups are contracted, pre- 
sumably because of cation-cation repulsion. 
For example, Co(2) shares two edges, one with 
each of a pair of AsO, groups and the angles 
subtending these edges, O(2)b-As-O(3)a and 
O(2)b-Co(2)-0(3)a, are 105.1 and 74.6", re- 
spectively. On the other hand, the edge between 
Co(2)06 groups does not suggest much cationic 

FIG. 2. The Coo6 octahedral network in C06.95- 
 AS^.^^^^^ projected onto the ac plane. Co(2) lie in a row 
of octahedra parallel to b at x = 0, 112 and Co(1) lie in 
those at x = t 114. 

repulsion. The angle subtended by this edge is 
smaller in olivine (13), with a value of 87.5", 
suggesting that the repulsion is reduced by the 
partial occupancy in 3.84Co0.As,05. 

Conclusions 
The average Co-0 bond lengths in the series 

of nCoO.As,O, show bond lengths ranging from 
2.12 to 2.17 A. The average As-0 bond lengths 
in turn vary between 1.67 and 1.70 A. The pres- 
ent compound shows the largest Co-0 bond 
length in the series but this is not easily at- 
tributable to the fractional occupancy, since in 
"6Co0.As20," (lo), where the cation sites are 
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TABLE 3. Bond lengths and angles in C06.95A~3.62016 (transformations as in footnotes) 

Distance Angle Angle 
Bond (A) Bonds (deg) Bonds (deg) 

As 0 4  group 
As-O(1)" 

-0(2)b 
-0(3)" 2 x 

Co(1)-O6 group 
C0(1)-0(1)~ 

-0(2)" 
-0(3)" 2 x 
-0(3)d 2 x 

Co(2)-O6 group 
Co(2)-O(1)" 2 x 

-0(2)b 2 x 
-0(3)" 2 x 

only partially filled, this bond length is 2.12 A 
on the average. 

Baur (19) has shown that individual X-0 
bond lengths, d(X-0), in silicates and phos- 
phates depend upon the charge environment of 
the atom through 

where d(X-0) is the predicted bond length and 
p, is the electrostatic valency defined as xi 
(formal charge of X,/coordination number of 
Xi) where Xi represents all neighboring cations 
to the oxygen atom respectively. In 3.84CoO.- 
As205, if partial occupancy is ignored, all As-0 
bond lengths are predicted to be 1.715 A. On the 
other hand if the individual contributions to po 
are weighted in direct proportion to the site 
occupancy the predicted As-O(n) bond lengths 
are 1.68 A for n = 1 and 2, and 1.69 A for n = 3. 
In this structure and that of sarcopside (14) it is 
the site analogous to that at the center of sym- 
metry in olivine that is vacated. Although the 
edge shared between As and Co(1) indicates the 
greatest cationic repulsion, emptying a Co(2) 
site removes the repulsion of that ion and the 
two As ions with which it shares 0-0 edges. 

All the nCo0.As205 with n = 1 through 3.84 
which show close-packed arrays of oxygen atoms 
are hexagonal close-packed, but become cubic 
close-packed for n = 5.44. This may be related 
to  a generalization of Kamb's (20) conclusion 

TABLE 4. Ratio of the octahedrally to tetrahedrally 
coordinated cation oxygen atom bond lengths 

Compound 
Packing sequence of 
oxygen atom layers 

ABC 
ABC 
ABC 
ABC 
ABC 
ABC 
ABAC 
AB 

that in the spinel-olivine system cubic close- 
packing is favored when the ratio, q, of bond 
lengths of the octahedrally coordinated ion lies 
below an ideal value of 1.155. Hexagonal close- 
packing results when the ratio increases beyond 
this ideal value. All these nCoO.As2O5 are in 
agreement with a boundary between these pack- 
ing motifs at q = 1.24, as shown in Table 4. 

Ideally the composition of these crystals can 
vary between 3Co0.As205, where all the vacan- 
cies are on Co2+ sites, to 5Co0.As205, where 
all the vacancies are on As5+ sites. I n  this con- 
text it is of some interest to note that recent 
studies (21) have shown that both defect spinel- 
like and olivine-like structures having the 
stoichiometry M,(XO,), can be prepared. Those 
with large ions in the tetrahedral sites form spinel 
structures while those with small ions are iso- 
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typic with sarcopside. In the former case the 7. A. MAGNELI. Ark. Kem. Miner. Geol. 17B (1941). 

vacancies disorder upon increasing the tempera- 8. J .  OZOG, N.  KRISHNAMACHARI, and C. CALVO. Can. 
J. Chem. 48, 388 (1970). 

ture. A arrangement has 9. N. KRISHNAMACHARI and C. CALVO. Can. J. Chem. 
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New Route to Branched-chain Aminodeoxy Sugars by Reaction of Ketoses with 
Acetonitrile. Synthesis of Methyl 3-C-2'-Aminoethyl-2-deoxy-a-D- 

arabino- hexopyranoside 

ALEX ROSENTHAL AND G. SCHOLLNHAMMER 
Depcrrtment of Chemistry, The University of British Columbin, Vancouver 8, British Colurnbia 

Received July 14, 1972' 

Addition of methyl 4,6-0-benzylidene-2-deoxy-a-o-erythro-hexopyranosid-3-ulose (1) to acetonitrile 
in liquid ammonia at - 50 to - 60°in the presence of lithium amide gave, in high yield, crystalline methyl 
4,6-0-benzyIidene-3-C-cyanomethyl-2-deoxy-a-~-arahino-hexopyranoside (2) exclusively. The proof of 
structure 2 is described. Debenzylidenation of 2 afforded the branched-chain cyano glycoside 3. Com- 
pound 3 was converted into its 3,4,6-tri-0-acetate (8) and 4,6-di-0-p-nitrobenzoate (9) derivatives. 
Catalytic hydrogenation of 3 over rhodium on alumina yielded methyl 3-C-2'-aminoethyl-2-deoxy-a-D- 
arahino-hexopyranoside which was characterized as  its N-2,4-dinitrophenyl derivative (7). 

L'addition de O-benzylidene-4,6-dCoxy-2-a-~-Prythro-hexopyranoside-ulose-3 de mkthyle (1) a I'aceto- 
nitrile, dans I'ammoniaque liquide entre -50 et -60°, en presence d'amidure de lithium, conduit exclu- 
sivement, avec un haut rendement, au O-benzylidene-4,6-O-cyanomCthyl-3-deoxy-2-a-~-arabino-hexo- 
pyranoside de methyle (2). Les preuves de la structure 2 sont decrites. La debenzylidknation de 2 conduit 
au  cyanoglycoside 3. Ce compose 3 a LtC converti en ses derives tri-0-acetate-3,4,6 (8) et di-o-p-nitro- 
benzoate-4,6(9).L'hydrog6nation catalytique de 3 en presence de rhodium sur alumine conduit a I'amino- 
Cthyl-3-C-2'-d6oxy-2-a-~-arahino-hexopyranoside de methyle qui est caractiris6 par son derive N-dinitro- 
2,4-phenyl (7). [Traduit par le journal] 

Can. J .  Chem., 52.51 (1974) 

In a preliminary communication (1) we have 
reported the synthesis of a branched-chain cyano- 
methyl sugar by a base catalyzed condensation 
of acetonitrile to methyl 4,6-0-benzylidene-2- 
deoxy -a-D-erythro- hexopyranosid-3 - ulose (1). 
This paper describes the complete experimental 
details of this research and, in addition, reports 
the conversion of the cyanomethyl glycoside into 
derivatives which might have utility as inter- 
mediates in nucleoside synthesis. 

The rational explanation for the introduction 
of branched-chains at  C-3 of sugars has pre- 
viously been given (2). Of the various procedures 
which have been developed for the introduction 
of branched-chains into sugars (3), the nitro- 
methane condensation to 3-ketoses (2, 3) paral- 
lels the acetonitrile condensation as each pro- 
cedure affords a branched-chain glycoside having 
a tertiary hydroxyl at the branch site. The 
cyanomethyl glycoside, however, would on 
reduction yield an homologous aminoalkyl 
glycoside of those obtained by the reduction of 
the branched-chain nitromethyl carbohydrates. 

Addition of acetonitrile to methyl 4,6-0- 
benzylidene-2-deoxy-a-D-erythro-hexopyranosid- 

'Revision received September 13, 1973. 

3-ulose (1) in anhydrous ammonia a t  -50 to 
- 60" in the presence of lithium amide proceeded 
stereoselectively to yield only one crystalline 
branched-chain cyanomethyl glycoside (2) in 
almost quantitative yield. In contrast, the nitro- 
methane condensation to the same ketose 
(1) had afforded both the rib0 and arabino 
branched-chain nitromethyl glycosides (2). The 
proof of structure of the branched-chain cyano- 
methyl glycoside (2) makes use of a parallel line 
of reasoning utilized in the proof of structures 
of the two 3-C-nitromethyl glycosides hitherto 
described (shown in Scheme 1). 

As shown by previous authors (2, b 7 ) ,  de- 
ductions of probable structure of condensation 
products obtained from keto sugars based on 
conformational analysis can be fallacious be- 
cause of the subsequent elimination of water 
from the branched-chain sugar followed by 
recombination of water to give an epimer of the 
original branched-chain sugar (4). 

Debenzylidenation of the cyanomethyl glyco- 
side (2) over Dowex 50W-X8 (H'), under care- 
ful monitoring to prevent excessive deglycosida- 
tion and anomerization, yielded the crystalline 
3-C-cyanomethyl glycoside (3) in 95% yield. The 
unblocked glycoside (3) readily condensed with 
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acetone to yield only one crystalline monoisopro- 
pylidene derivative, namely, the 4,6-0-isopro- 
pylidene derivative (6) in 72% yield. The n.m.r 
of 6 in DMSO-d6 showed the presence of a singlet 
at z 5.40 which disappeared on addition of D,O 
which is attributed to the presence of an unsub- 
stituted tertiary hydroxyl group, and thus, 6 
must be methyl 4,6-0-isopropylidene-3-C-cy- 
anomethyl-2-deoxy-a-D-arabino-hexopyranoside. 
If the cyanomethyl glycoside possessed the rib0 
configuration one might reasonably expect (2) 
the formation of both the 4,6- and the 3,4-0- 
isopropylidene derivative. The absence of a cis 
glycol at C-3 and C-4 was further confirmed in 
the following way. The unblocked glycoside 3 
was preferentially tosylated to afford the crys- 
talline 6-0-tosylate derivative (4) (n.m.r. of 4 in 
DMSO-d6 showed the presence of a doublet at 
z 4.85 and a singlet at T 5.50 (both disappeared 
on addition of D,O) which are attributed to the 
C-4 and -3 hydroxyl groups, respectively). The 
monotosylate 4 failed to condense with acetone 
thus indicating the absence of a cis glycol on C-3 
and -4. To confirm this supposition an attempt 
was then made to convert 4 into a 3,6-anhydro 
compound by treatment with methanolic sodium 
methoxide. Quite unexpectedly, the only product 
formed was the 6-0-methyl derivative (5). This 
anomalous result might be due to electronic 
factors (8) which prevented the anhydro forma- 
tion. Compound 2 showed an hydroxyl absorp- 

tion (by high resolution infrared spectroscopy 
in CCI, solution (9, 10)) at 3500 cm-' which is 
similar to that exhibited by the arabino 3-C- 
nitromethyl analog (2). Application of the ele- 
gant method of Nakanishi and Dillon (1 1) for  
determining the chirality of cyclic a-glycols to 5 
(negative Cotton effect) confirmed the arabino 
configuration and compound 2 is 4,6-0-benzyl- 
idene- 3- C-cyanomethyl-2-deoxy -a-D-arabino- 
hexopyranoside. 

Reduction of the cyanomethyl glycoside (3) 
over rhodium on alumina in the presence of 
ammonia gave, in high yield, a branched-chain 
aminoethyl glycoside. The latter was charac- 
terized as its crystalline N-2,4-dinitrophenyl 
derivative (7). 

For possible use in nucleoside synthesis, the 
unblocked cyanomethyl glycoside (3) was con- 
verted, by treatment with acetic anhydride in the 
presence ofp-toluenesulfonic acid, into the crys- 
talline 3,4,6-tri-0-acetate derivative (8). Com- 
pound 3 was also transformed into the 4,6-0-di- 
p-nitrobenzoate ester (9). Direct fusion of either 
8 or 9 with 2,6-dichloropurine gave very low 
yields of nucleosides which were not charac- 
terized. 

Experimental 
General Considerations 

The general considerations have been described pre- 
viously (2). The ammonia gas was dried over sodium 
hydroxide. Methyl 4,6-0-benzylidene-2-deoxy-a-D-ery- 
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rhro-hexopyranosid-3-ulose (12), prepared by the di- 
methyl sulfoxide - acetic anhydride procedure, was freed 
of mercaptans by treatment with charcoal in dichloro- 
methane, filtration, evaporation and subsequent sublima- 
tion under vacuum at 130-135". 

Methyl 4,6-0-Benzylidene-3-C-cyanomethyl-2-deoxy-a- 
D-arabino-hexopyranoside (2) 

T o  a stirred solution of lithium amide in liquid ammo- 
nia (from 0.220 g of lithium in 125 ml of ammonia cooled 
to -50 to -60' containing a few crystals of ferric 
nitrate) was added (by injection with a syringe into a 
three-necked flask fitted with an injector septum) anhy- 
drous acetonitrile (16 ml), and the solution stirred for 
20 min. A solution of methyl 4,6-0-benzylidene-2-deoxy-a- 
D-erythro-hexopyranosid-3-ulose (1.240 g) in anhydrous 
tetrahydrofuran (40 ml) was then added by means of the 
syringe to  the rapidly stirred solution kept at  -50" for 
3 h (or until all starting material was consumed as evi- 
denced by monitoring by t.1.c. (silica gel G ,  19 : l  chloro- 
form -ethyl acetate). Ammonium chloride (1.6 g) was 
added to neutralize the lithium amide and the ammonia 
was allowed to evaporate. The residue was extracted 
three times with tetrahydrofuran, filtered, and evaporated 
to yield a solid. This solid was dissolved in dichloro- 
methane (50 ml) and the latter solution washed with water 
(2 x 10 ml), dried over sodium sulfate, filtered, and 
evaporated to yield 1.4 g of product which was recrys- 
tallized from ethyl acetate- petroleum ether (b.p. 35- 
60") to yield 2 (1.1 g, 7573; m.p. 170"; [aIDZZ +69" (c I ,  
chloroform); v (5 mM, CCI,) 3500 (OH), 2200 cm-I 
(C=N); r (CDCI,) 7.85 (m, 2p, H-2), 7.30 (s, 2p, H-l'), 
6.60 (s, OCH,), 5.50-6.60 (m, H-4, H-5, H-6, C-30H), 
5.50 (t, H-l), 4.40 (s, C-7H); r (DMSO-d6) 5.20 (s, 
C-30H). Addition of DZO exchanged the hydrogen on 
C-30H. 

Anal. Calcd. for Cl6Hl9NO5:  C, 62.95; H,  6.23; N, 
4.59. Found: C, 62.85; H, 6.09; N, 4.34. 

Methyl 3-C-Cyanomethyl-2-deoxy-a-D-arabino-hexo- 
pyranoside (3) 

Methyl 4,6-0-benzylidene-3-C-cyanomethyl-2-deoxy- 
a-D-arabino-hexopyranoside (0.120 g) in methanol (5 ml) 
was debenzylidenated with Dowex SOW-X8 ( H +  form) 
(0.260 g) for about 4 h. The reaction was monitored by 
t.1.c. (silica gel G ,  5 :s  : 1 benzene - ethyl acetate - 
methanol). When a trace of starting material was still 
present the resin was removed by filtration and the filtrate 
evaporated to dryness. Silica gel (Grade 11) column (15 g) 
chromatography of this product with the above solvent 
system as  developer afforded 0.067 g (9573 of product 3 
which was crystallized from ethyl acetate - petroleum 
ether (b.p. 30-60"); m.p. 103"; [aIDzZ +129" (c 1, meth- 
anol); r (DMSO-d,) 5.20 (q, H-I), 5.15 (d, C-40H), 5.50 
(t, C-60H), 5.75 (s, C-30H), 6.40 (d, H-6), 6.70 (s, 
OCH,), 6.20-7.0 (m), 7.30 (s, CHZCN), 8.1 (m, HZa and 
HZ,!). The peaks at  r 5.15, 5.55, and 5.75 disappeared on 
addition of DzO. 

Anal. Calcd. for C9H15N05:  C, 49.8; H, 7.0; N, 6.5. 
Found: C, 50.0; H, 7.14; N, 6.3. 

Methyl 3-C-Cyanomerhyl-2-deoxy-6-0-tosyl-a-D- 
arabino-Aexopyranoside (4) 

T o  a 0" solution of methyl 3-C-cyanomethyl-2-deoxy- 
a-D-arabino-hexopyranosicie (0.1 10 g) in anhydrous pyri- 

dine (5 ml) was added freshly recrystallized p-toluenesul- 
fonyl chloride (0.130 g). The solution, kept at  0" for about 
17h,  was monitored by t.1.c. (silica gel G, 90:5:0.5 
dichloromethane - ethyl acetate -ethanol). When a trace 
of starting material remained, the reaction was quenched 
by the addition of water (30 ml). The reaction mixture 
was extracted with dichloromethane (5 x 1 0  ml), dried 
over sodium sulfate, and evaporated to  dryness. Traces 
of pyridine were removed by distillation of ethanol and 
toluene from the product. Silica gel column ( I  5 g) chro- 
matography with 90:s :0.5 dichloromethane - ethyl 
acetate - ethanol as developer afforded 0.168 g (8873 of 
crystals which were recrystallized from ethyl acetate- 11- 

hexane, to  give pure 4 ;  m.p. 107-108"; [aIDz4 +65" (c 2, 
dichloromethane); r (DMSO-d6) 4.85 (d, C4-OH, dis- 
appeared on addition of DzO), 5.25 (q, H-l) ,  5.50 (s, 
C3-OH), disappeared on addition of DzO), 5.60-6.90 (m, 
H-4, H-5, H-6), 6.75 (s, OCH,), 7.75 (s, CHZCN), 7.58 
(s, CH, of tosyl), 8.OG (m, H-2). 

Anal. Calcd. for C1,HZIN07S: C, 51.8; H ,  5.70; N, 
3.78. Found: C, 52.0; H, 5.46; N, 3.50. 

Methyl 3-C-Cyanomethyl-4,6-0-isopropylidene-a-D- 
arabino-hexopyranoside ( 6 )  

T o  a solution of methyl 3-C-cyanomethyl-2-deoxy-a-D- 
arabino-hexopyranoside (0.049 g) in anhydrous acetone 
(2 ml) was added 2,2-dimethoxypropane (2 ml) and 
bis(p-nitropheny1)phosphate (0.010 g). After the mixture 
was stirred a t  room temperature for 0.5 h (monitored 
by t.l.c., 5 :5 : 1 benzene - ethyl acetate - methanol) the 
reaction was stopped by the addition of sodium hydrogen 
carbonate, filtered, and evaporated to yield a homo- 
geneous solid (by t.1.c. and n.m.r.) which was crystallized 
from ether - n-hexane to afford pure 5 (0.049 g, 72z) ;  
m.p. 89"; [a]DZ4 +79" (c 1, chloroform); r (DMSO-d6), 
5.20 (d, H-I), 5.40 (s, C3-OH, disappeared o n  addition of 
DzO), 6.00-6.80 (H-5, H-6), 6.70 (s, OCH,), 7.30 (s, 
H-39, 8.55, 8.65 (s, isopropylidene group). 

Anal. Calcd. for ClzH19N05:  C, 56.20; H, 7.47; N, 
5.46. Found: C, 56.13; H,  7.48; N, 5.35. 

Attempt to Prepare Methyl 3-C-Cyanotnetl~yl-2-deoxy- 
3,4-0-isopropylidene-6-0-tosyl-a-D-arabino- 
hexopyranoside 

The monotosylate 4 was treated with a mixture of 
acetone, 2,2-dimethoxypropane, and bis(p-nitropheny1)- 
phosphate for 3 days and  the product worked up as 
described for the preparation of compound 5. The prod- 
uct, analyzed by n.m.r. a n d  t.l.c., showed only unreacted 
starting material. 

Methyl 3-C-Cyanomethyl-2-deoxy-6-0-methyl-a-D- 
arabino-hexopyranoside (5) 

T o  a solution of the monotosylate 4 (0.046 g) in anhy- 
drous methanol (2 ml) was added a 1 N methanolic solu- 
tion of sodium methoxide (0.75 mmol). T h e  reaction 
mixture was heated at  about 60" for 7 hand monitored by 
t.1.c. (5 :5 : 1 benzene - ethyl acetate - methanol). After 
the solvent was removed under reduced pressure, the 
residue was extracted with dichloromethane and filtered 
to yield 0.028 g (9573 of crystalline material. This 
material was dissolved in ethyl acetate, filtered through 
a bed of Celite, evaporated to dryness, and the residue 
recrystallized from ethyl acetate - n-hexane to . yield 
0.019 g of pure 5; m.p. 105-107": [a]DZ"$.lo (c 1, 
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dichloromethane); v (film) 3500 (OH), 2260 cm-' 
( k N ) ;  T (DMSO-d6) 5.0 (d, J = 8 Hz, C4-OH, dis- 
appeared on addition of D20) ,  5.2 (m, H-l), 5.7 (s, 
C3-OH, disappeared on addition of D,O), 6.0-7.0 (m), 
6.7 (two s, OCH,), 7.3 (d, J = 1 Hz, CH,CN), 8.1 (m, 
H-2); c.d. of 5 and Pr(DPM), is A ~ 3 1 2  = -0.9 (in 
CCIJ). 

Anal. Calcd. for CIOHI7NO5: C. 52.0; H, 7.40; N,  
6.10. Found: C, 51.59; H,  7.15; N, 6.09. 

Methyl 2-Deoxy-3-C-ethyl-2'-(2,4-dinitroat1ilit1o)-a-~- 
nrabit~o-hexopyrat~oside (7) 

A solution of methyl 3-C-cyanomethyl-2-deoxy-a-D- 
nrabino-hexopyranoside (0.178 g) in ethanol (10 ml) 
saturated with ammonia was reduced with hydrogen at  
room temperature and 60 p.s i. pressure over rhodium on 
alumina (0.120 g). The reaction was complete in 24 h as  
evidenced by monitoring by silica gel t.1.c. (5 :5:  1 ben- 
zene - ethyl acetate - methanol). The catalyst was re- 
moved by filtration and washed with ethanol. The filtrate 
was evaporated to  dryness to yield 0.180g of a 
syrup (ninhydrin positive); T (CDCI,) 6.8-8.5 (m, 
CHzCH2NH2), 6.6 (OCH3). 

The branched-chain amino sugar (0.146 g) was dis- 
solved in ethanol and allowed to  react for 16 h with 2,4- 
dinitrofluorobenzene (0.200 g) in the presence of sodium 
hydrogen carbonate (0.160 g) until all starting material 
was consumed as evidenced by silica gel t.1.c. (5 :5 :  1 ben- 
zene - ethyl acetate - methanol). The product, freed 
from solvent, was purified by preparative silica gel t.1.c. 
using the above developer. The main fraction (R,  0.3) 
(0.078 g, 31%) was crystallized from isopropanol; m.p. 
92-95"; [a],,, +75" (c 1, methanol); r (CDCI,) 1.2, 1.65, 
1.80 (d, aromatic H), 3.10 (d, J = 10 Hz), 5.10 (m, H-1), 
5.80 (s, OH), 5.90-6.70 (m), 6.55 (s, OCH,), 7.70-8.20 (m, 
CH2CH2N and H-2). 

Anal. Calcd. for C15HZ1N309: C, 46.60; H, 5.48; N, 
10.8. Found: C, 46.34; H ,  5.29; N, 10.51. 

Methyl 3,4,6-Tri-0-acetyl-3-C-cyanonzethyl-2-deoxy-a- 
D-arabino-hexopyrat~oside (8) 

Methyl 3-C-cyanomethy1-2-deoxy-cr-~-arabir1o-hexopy- 
ranoside (0.440 g) was acetylated with acetic anhydride 
(1 0 ml) in the presence of p-toluenesulfonic acid mono- 
hydrate (0.220 g) at  room temperature for 1.5 h. After 
the addition of ice and water, the reaction mixture was 
neutralized with sodium hydrogen carbonate and then 
extracted with dichloromethane (5 x 20 ml). The com- 
bined dichloromethane extracts were washed with 
aqueous sodium hydrogen carbonate, water, dried over 
sodium sulfate, filtered, and evaporated to yield 0.636 g 
(90%) of a syrup which was crystallized from ether - n- 

hexane; m.p. 93-95"; [a],'' +lOSO (c 1, ethanol); v 
(film) 2260 cm-'  ( G N ) ;  T (CDCI,) 7.80, 7.90, 7.95 
t 30Ac). 

Anal. Calcd. for Cl5H2,NO,: C,  52.5; H,  6.12; N, 
4.08. Found: C, 52.6; H, 5.84; N,  3.84. 

Methyl 3-C-Cyanomethyl-2-deoxy-4,6-di-0-p-nitro- 
berrzoyl-a-D-arabit~o-hexopyranoside (9) 

To  a solution, cooled to Oo, of methyl 3-cyanomethyl-2- 
deoxy-a-D-arabino-hexopyranoside (0.824 g) in anhydrous 
pyridine (12 ml) was added p-nitrobenzoyl chloride 
(1.458 g). The reaction mixture was kept at 0' for 2 h and  
then at  room temperature for 2 h. The product was  
worked up as described for the preparation of the acetate 
8. Compound 9 was recrystallized from 1 : I  dichloro- 
methane - ethyl acetate to yield 0.99 g (52%) of pure 9 ;  
m.p. 199-200"; [aIDz3 + 165" (c 1, dichloromethane); r 
(DMSO-d6), 4.6 (s, C3-OH, disappeared on addition of 
D20) ,  4.6-6.4 (m), 6.65 (s, OCH,), 7.2 (s, CH,CN), 7.8 
(m, H-2). 

Anal. Calcd. for C23HZIN3011:  C, 53.6; H, 4.10; N, 
8.10. Found: C ,  53.67; H, 4.20; N, 8.27. 

This research was supported by the National Research 
Council of Canada. Theauthors wish to thank Dr. Dillon 
(11) for determining the circular dichroism of a mixture 
of 5 and Pr(DPM), and deducing the configuration of 
C-3 of compound 2. 
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Studies on Enaminoketones 

Ivo JIRKOVSKY 
Ayerst R e s m r c l ~  Lnborntories, Montreal, Q~tebec 

Received July 23, 1973 

A series of N-substituted 3-amino-2-cyclohexen-I-ones and 3-amino-5,5-dimethyl-2-cyclohexen-I-ones 
(1-9) has been prepared. Halogenation of these co~npounds with bromine, NBS, cyanogen bromide, and 
iodine is described. The tendency of enaminoketones to form salts of the corresponding enol-ketimine 
form was observed and structures of the salts are supported by their p.m.r. and i.r. properties. The 
reaction of 3-benzylamino-2-bromo-5,5-dimethyl-2-cyclohexen-l-one with concentrated su l f~~r i c  acid 
effected debenzylation. Treatment of 3-benzylamino-2-iodo-5,5-dimethyl-2-cyclohexen-I-one with 
dibenzoyl peroxide gave 8,8a-dihydro-5-iodo-8,8-dimethyl-2,3-diphenyl-4H- I ,4-benzoxazine-6,7-diol. 
The above secondary enaminoketones 1-9 were shown to react with phenyl isocyanates, phenyl isothio- 
cyanate. and methyl isothiocyanate under fi~sion conditions to yield substituted 2-amino-6-0x0-I-cyclo- 
hexene-I-carboxamides and corresponding thiocarboxamides. 2-Benzylaniino-6-oxo-N-phenyl-1- 
cyclohexene-I-carboxamide and its 5.5-dimethyl analog were found to undergo facile transamination in 
position 2, when heated with a primary amine. This reaction is of synthetic utility for the preparation of 
biologically active derivatives with a basically substituted side chain. Addition of 4-niethylaniino-3- 
pentene-2-one to phenyl isocyanate afforded 2-acetyl-3-methylaminoisocrotonanilide; the spectroscopic 
properties of this product are discussed. 

Une skrie d'amino-3 cyclohexen-2 ones-1 et d'an~ino-3 dimethyl-5,5 cyclohexene-2 ones-I, N-sub- 
stituees a ete preparie. L'halogenation de  ces composts par le bron~e, la NBS, le bromure decyanogtne 
et l'iode est decrite. La tendance des enaminocttones a former les sels de la forme enol-cetimine corres- 
pondante a kte observCe et les structures de ces sels ont etC etablies a partir de leurs propriktts en r.m.n. 
et i.r. La reaction du benzylamino-3 tromo-2 dimethyl-5,5 cyclohexene-2 one-l avec I'acide sulfurique 
conc. produit une debenzylation. Le triatement du benzylamino-3 iodo-2 dimethyl-5,5 cyclohexene-2 
one-l par le peroxyde dibenzoique conduit au dihydro-8,89 iodo-5 dimethyl-8,8 diphenyl-2,3 4H-ben- 
zoxazine-1,4 diol-6,7. On a montre que les enaminocetones 1-9 secondaires ci-dessus reagissent avec les 
isocyanates de phenyle, I'isothiocyanate de phenyle et I'isothiocyanate de mkthyle, sous des conditions 
de fusion, pour donner les amino-2 0x0-6 cyclohexene-l carboxamides-l substitukes et les thiocarboxa- 
mides correspondantes. On a trouve que la benzylamino-2 0x0-6 N-phenyl-cyclohexene-1 carboxa- 
mide-1 et ses analogues dimethyles en 5,5 subissent facilement une transamination en position 2, 
lorsqu'ils sont chauffes en presence d'une amine primaire. Cette reaction prksente un interit synthetique 
pour la preparation de derives biologiquement actifs avec unesubstitution basique. L'addition de methyl- 
amino-4 pentene-3 one-2 a I'isocyanate de phenyle conduit a I'acetyl-2 methylamino-3 isocrotonanilide; 
les propriktks spectroscopiques de ce compose sont discutkes. [Traduit par le journal] 

Can. J. Chem., 52 ,55  (1974) 

The purpose of the present work was to in- terest in a related problem, we have examined 
vestigate the versatility of some functionalized bromination of simple enaminoketones. To 
enaminoketones as points of departure in drug avoid stereochemical complications about the 
synthesis and to addto  the existing knowledge of double bond, the studies were confined to en- 
the chemistry of enaminoketones (vinylogous aminoketones with the fixed trans-s-trans con- 
amides). The enaminoketone moiety has re- figuration. The requisite compounds of varied 
ceived little attention in medicinal chemistry. structure 1-9 (Table 1) have been prepared by 
Since this system has a tendency to form dipolar the condensation of dihydroresorcinol or di- 
structures, it may play a role in binding, anionic- medone with corresponding primary amines. 
cationic interactions, or charge-transfer com- The relevant p.m.r. and i.r. data are recorded 
plexes, and it could be an effective carrier in in Table 2 for cbmparative purposes. Structures 
combination with a pharmacologically active of the salts 10 and 11 clearly follow from the 
group. presence of one-proton peaks due to OH, NH', 

Enaminoketones in general are active toward and vinylic proton. All three peaks disappeared 
electrophiles. For example, the nucleophilicity of upon treatment with D,O. The structural assign- 
the carbon p to the nitrogen has been well docu- ments of 10 and 11 are further supported by 
mented in the literature (1-9). Due to our in- their infrared spectra (cf. Table 2). The U.V. 
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TABLE 1. N-Substituted 3-amino-2-cyclohexen-1-ones VI 
. -- 

- 
m 

Analysis (%) 

Crystalliza- Found Calculated 
Melting tion "j, Molecular - - 

No. R R, R 2 point ("C) solvent yield formula C H N C H N  

1 H  H . -CHI* 124-125 AcOEt 90 C13H,,N0 77.08 7.63 6.97 77.58 7.51 6.96 
- 

2 H  H C H I ]  103-104 C6H6 95 C11H13N02 69.00 6.67 7.53 69.09 6.85 7.33 

R I  

1-9 3 " H  H 190 AcOEt 82 C12HlzCIN0 65.05 5.52 6.00 65.01 5.46 6.32 

VI 

7 CH3 CH3 241-242 MeOH 92 C,,H,,NOZ 72.36 7.46 6.03 72.70 7.41 6.06 .N - 
w 

HO 4 P 

~5,5-Dimethyl-3-benzylamino-2-cyclohexen-l-one (6) is a known compound which has served as a model in numerous spectroscopic studies (10-13). Ramalingam ct al. (14) reported recently 
the preparation of 3-p-chloroanilino-2-cyclohexen-1-one (3), m.p. 18&187". Spectral properties of this compound are in general agreement with our findings, however, there is a considerable dis- 
crepancy in the results of elemental analysis. The values C, 64.90z and H, 6.8Ox, as required for the formula C~zHlz  ClNO in the paper (14) are in error. 
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JIRKOVSKY: STUDIES O N  ENAMINOKETONES 57 

TABLE 2 .  Some p.m.r. and i.r. data of N-substituted 3-amino-2-cyclohexen-1-ones 
- 

-- -- -- -- - 

Proton magnetic resonancea spectra 6,,,, (CDCI,) Selected i.r. absorption maxima 
frequencies (cm- ') 

No. -CH=b N-CHIC NHd Other (0.2 M CHCI, solutions)" 
~ 

1 5.12 4.20 d5.' 6.33 3420, 3250, 1585, 1515 
2 5.18 4.23 d5 5.88 3440, 3270, 1595, 1510 
3 5.44 -- 8.19 3410, 3245, 1605, 1575, 1520g 
4 5.50 - 8.14 3400, 3250, 1620sh, 1580, 1520 
5/  5.56 - 9.06 3420, 3405, 3215, 3160, 1650, 1600, 1560, 1520" 
6 5.10 4.22 d5.5 6.35 3420, 3220, 1580, 1515' 
7-f 4.90 - 8.19 9.60 b, ex (OH) 3225, 3060, 1595, 1565, 1 545h 
8 5.62 - 7.60 3400, 3250, 1605, 1575, 1515 
9 5.09 3.07 m 6.25 4.83 b, ex (OH) 3420, 3310, 1600-1525' 

10 . 6.30 ex 4.53 dG 11.32 11 .38 s, ex (OH) 3210, 3 160, 3100-2600,' 2560,2460, 1605-1520' 
11 6.28ex 4 .50dG 11.55 12.65s ,ex(OH) 3200,3150,3100-2600,J2510,2460,1600-1520J 

"Abbreviations: s, singlet; d, doublet; m,  multiplet; ex. D,O exchangeable; superscripts are J values in Hz. 
bSinglets. 
<Center o f  doublet; in deuterated form a singlet. 
dBroad signals, all D 2 0  exchangeable. 
cRelative intensities o f  bands are dependent on concentration. cf. ref. 16. 
/Recorded in DMSO-(I6. 
scornpare w ~ t h  ref. 14. 
hRecorded in Nujol mull. 
'Compare with ref. 12. 
'Broad and indefinite, coalescent bands. 

spectra of 10 and 11 exhibited strong maxima at  
288 (E = 25 900) and 291 nm (E = 28 300), re- 
spectively. The i.r. spectra of compounds 1-11 
reveal that a trio of absorption bands (15) con- 
sistently appears in the regions 1620-1600 (mod- 
erate or very weak), 1595-1 560 (very strong), and 
1525-1495 cm-'  (medium strong). These bands 
tend to coalesce in diluted solutions and their 
positions do  not vary greatly with substituents 
on the nitrogen. 

Bromination of trans-enaminoketones appears 
to depend upon the nature of the N-substituent 
and reaction conditions (Scheme 1). For example, 
when 6 was titrated with bromine in aqueous 
tetrahydrofuran until yellow coloration was per- 
sistent, both 5,s-dimethyl-2,2-dibromo-1,3-cyclo- 

hexadione (13) and benzylamine hydrobromide 
(14) were isolated in a good yield. 
Evidently, the intermediate ketimine 12 is readily 
hydrolyzed (17). Bromination of 6 using 1 equiv. 
of bromine in dry chloroform gave the bromide- 
hydrobromide 15 which was converted into 
a-bromoenaminoketone 16 on treatment with 
cold sulfuric acid or upon crystallization from 
ethanol. Heating of 16 with concentrated sul- 
furic acid at  65" resulted in a facile cleavage of the 
benzyl group and 17 was obtained. As expected 
by analogy with 6, reaction of a chloroform solu- 
tion of 3 with bromine gave 18, however, this 
salt did not suffer dehydrobromination upon re- 
crystallization from methanol or ethanol (Scheme 
2). 
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TABLE 3. N-Substituted 3-amino-2-halogeno-2-cyclohexen-1-ones 
.- 

No. X R = R1 R2 Melting point ("C) (solvent) 

16 Br CH3 183-1 84 (ethanol) 

NH-R2 17 Br CH, H 204-206 (ethyl acetate) 

20 Br CH, CHZ-CH(0H)-CH3 106-108 (benzene-ether) 

21 Br H C H , ~  123-1 24 (benzene-hexane) 

22 Br H 143-1 45 (benzene) 

23 Br H 120-1 21 (benzene-hexane) 

24 I CH3 ~ ~ 2 4 3  - 153-1 54 (methanol-water) 

Decomposition of 18 with cold concentrated sul- 
furic acid yielded 22. The p.m.r. spectrum 
(DMSO-d,) of the salt 15 showed two low-field 
exchangeable signals at 6 8.1 (broad, NH') and 
8.4 (broad singlet, OH); the spectrum of 18 re- 
vealed similar signals at 6 8.8 and 10.3. Bromina- 
tion of 4 with elemental bromine did not take 
place, and when the reaction mixture was evap- 
orated and crystallized from ethanol, a nearly 
quantitative yield of 19 was obtained. This prod- 
uct was identical to  that obtained by short treat- 
ment of 4 with hydrogen bromide in ethanol. 
The deactivating effect of the trifluoromethyl 
group apparently reduces an excess of electron 
density at -CH=, and thus, bromination under 
mild conditions does not proceed. The p.m.r. 
spectrum (DMSO-d,) of 19, with an exchange- 
able singlet a t  6 5.75 (-CH=) and two ex- 
changeable signals at 6 11.5 ( N H f )  and 12.1 
(OH), was consistent with the structure. When 
discussing p.m.r. spectra of the above salts, it 

must be pointed out that these tautomers were 
found to be reasonably stable in cold, d r y  
DMSO. The tendency of enaminoketones t o  
form salts of the corresponding enolic form of 
ketimines (10, 11, 15, 18, 19) is not surprising 
and has been already indicated by Leonard a n d  
Adamcik (18) and Meyers et al. (19). Another 
argument in favor of the 0-protonated form (18) 
of the salts 15, 18, 19 is given by their i.r. spectra 
in Nujol (see Experimental part). 

Bromination with N-bromosuccinimide in 
aqueous methanol is suitable for all types of en- 
aminoketones, even in the presence of the fu ran  
ring as in 21. The method is fast, clean, and t h e  
yields of 16 and 20-23 (Table 3) were over 70%. 
It was later found that the reaction of the en- 
aminoketones with cyanogen bromide in ethanol 
or benzene a t  70" affords identical bromo deriva- 
tives in high yields. All halogenated secondary 
enaminoketones showed a n  i.r. absorption a t  
3345-3360 cm-', and a strong and broad band a t  
1560-1 575 cm-'  with a shoulder at 1625-1 645 
cm-' (in chloroform). 

Brominated trans-enaminoketones are poorly 
reactive species and the bromine cannot be  
readily displaced. In contrast, we have observed 
two interesting reactions of the iodo derivative 
24 which was prepared by treatment of 6 with 
iodine in chloroform. When heated with potas- 
sium cyanide in aqueous ethanol, 24 was con- 
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TABLE 4. Derivatives of 2-amino-6-0x0-1-cyclohexene-1-carboxamide 

NO. R = R ,  R3 X 

Olsolated and analyred as hydrochloride. 
*Prepared from 29. 
'Prepared from 34. 

Benzy l 
p-Chlorophenyl 

-CH2CH2-NH-CH3 
Benzy l 

-CH2CH2-NH2 
-CH2-CH(0H)-CH3 

-CH2CH2CH2--NH-CH3 
-CH,CHZCH2-N(CH3)2 

Benzyl 
-CH2CH2CH2-NH-CH3 

Benzyl 
Benzyl 
Methyl 
Methyl 

- -- - - 

verted into the parent compound 6. The reaction 
of 24 with 1 mol dibenzoyl peroxide afforded an 
unusual heterocyclic compound 25 in a yield of 
72%. Corroboration of the structure was ob- 
tained by elemental analysis, i.r., p.m.r., and 
mass spectra. Under similar conditions, the 
bromo derivative 16 did not react with dibenzoyl 
peroxide. 

In our earlier experiments, 6 had failed to 
react with phenyl isocyanates in boiling tetra- 
hydrofuran, benzene, toluene, or xylene. It was 
soon discovered that this reaction can be carried 
out without a solvent at 115-145". Under these 
conditions, the reaction was rapid, clean, and 
quantitative. The products were cis-vinylogous 
ureas cross-conjugated with the original trans- 
enaminoketone function (Scheme 3). The assign- 
ment of the structures was based on elemental 
analyses, spectral data, and subsequent trans- 
formations. It was immediately obvious that the 
vinyl proton signal was absent in the p.m.r. 
spectra of all products. The lack of a distinct 
N H  stretching band in the i.r. spectra (chloro- 
form) can be attributed to strong intramolecular 
hydrogen bonding. The formation of a hydrogen 
bond by the oxygen of an amido group increases 

Pheny l 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 

p-Chlorophenyl 
p-Chlorophenyl 

Methyl 
Phenyl 
Phenyl 

p-Nitrophenyl 

the hydrogen bond forming power of the hydro- 
gen atom of the same amide group. Thus, one 
can visualize the existence of two six-membered 
chelate rings. Remarkably, these compounds 
(Scheme 3, R2 = benzyl) undergo a facile trans- 
amination when heated with a higher boiling 
primary amine R,-NH,. 

Methyl isocyanate and ally1 isocyanate failed 
to react with both enaminoketones 1 and 6. In 
one experiment, 29 was prepared in a moderate 
yield when refluxing a mixture of 6 and  phenyl 
isocyanate in benzene for 4 days. The reaction of 
secondary enaminoketones with phenyl isothio- 
cyanates has been reported by Goerdeler and 
Keuser (3); the results (compounds 38 and 39) 
are included in Table 4. 

Treatment of 6 with hydrazine hydrate in 
boiling ethanol afforded a yellowish, crystalline 
compound. Elemental analysis corresponded to 
the empirical formula C,,H,,N,. The i.r. spec- 
trum (Nujol) exhibited strong bands at 3360, 
3260, and typical ring stretching modes of pyra- 
zole at  1552 and 1497 cm- '. The p.m.r. spectrum 
(DMSO-d,) showed a broad resonance centered 
at 6 5.80 which integrated for two protons 
(NH,), and two low-field signals at 6 8.39 and 
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11.50, each equivalent to a single proton (NH). 
Characteristic singlets for methyl and methylene 
protons had chemical shifts similar to those ob- 
served in the spectrum of the starting material. 
Considered in conjcnction with the fact that 
hydrazones are more stable than enehydrazines, 
only structures 40a and 406 are consistent with 
the data. 

NH-N N-NH c~3eH-ph NH-Ph 

' 3 3  CH3 N-NH2 

The  reference for the structure 40a with one 
endocyclic double bond in the six-membered 
ring is supported by the known strain theory (20). 
Acidic hydrolysis of 40a provided 41. We next 
attempted to prepare the hitherto unknown 
vinylogous guanidine from the readily available 
vinylogous thiourea 37 via the S-methyl iso- 
thiuronium salt. However, methylation of 37 
with dimethyl sulfate was unsuccessful. The re- 
action gave the benzothiazol derivative 42 (10%) 
as the only identifiable product. With sulfuric 
acid as catalyst, the oxidation product 42 was 
obtained in a quantitative yield. 

Before our work had been completed, Bohme 
and Willinger published a paper (21) reporting 
the addition of primary and secondary enamino- 
ketones to phenyl isocyanate to  yield ureas 
R-CO-CH=CH-N(R,)-CONH-Ph. The 
authors claim that the structures of products are 
secured by p.m.r. spectroscopy, however, no 
spectral data are presented in detail. Since our 
results were not in agreement with their assign- 
ment, we have reinvestigated a model experiment 
as described by Bohme and Willinger (21). Equiv- 
alent amounts of phenyl isocyanate and 4-methyl- 
amino-3-penten-2-one (43) were heated in ben- 
zene; the product precipitated shortly after re- 
fluxing began. Elemental analysis attested to a 
1 : 1 adduct and the melting point 178-179" co- 
incided with the reported value (21). However, 

VOL. 52, 1974 

the p.m.r. spectrum in DMSO-d6 revealed com- 
plete absence of the initial vinyl proton (6 4.98) 
and displayed two low-field signals, a sharp 
singlet at 6 10.00 and an obscured quartet a t  
6 11.50, both integrating for one proton and as- 
signable only to NH protons. Moreover, spin- 
spin coupling of N-methyl protons with that on 
nitrogen confirmed that the structure 44 was out  
of question. The resonance absorption due t o  
the N-methyl protons was observed as a doublet 
(J = 5 Hz) a t  6 2.97 which collapsed into singlet 
upon addition of deuterium oxide to the sample. 
The p.m.r. spectrum showed no minor addi- 
tional peaks, thus indicating that the product was 
a pure geometrical isomer 45 or 46. However, 
the spectrum of one isomer is not particularly in- 
formative in this respect. Dudek and co-workers 
(1 l,22) measured the n.m.r. spectra of 43 in solu- 
tions and were able to detect only the chelated 
cis isomer. They have also demonstrated that 

CH 

46 

stability of this form is increased in very dilute 
solutions. The reaction of 43 with phenyl iso- 
cyanate is fast and takes place under mild con- 
ditions in a large amount of solvent. Therefore, 
it is reasonable to expect formation of 46 where 
the cis stereochemistry of the enaminoketone is 
retained. 

As illustrated, the isomer 45 may be chelated 
completely, whereas the carbonyl of the 
Ph-NH-CO grouping in the isomer 46 does 
not participate in the intramolecular hydrogen 
bonding. A dilution study of the i.r. spectrum of 
29 (a model compound for 45) in chloroform 
showed absence of bands corresponding to the 
stretching of free N-H, and proved that both 
intensity and frequency (near 3050 cm-') of a 
band associated with NH modes were concentra- 
tion independent. In contrast, the i.r. spectrum 
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JIRKOVSKY: STUDIES O N  ENAMINOKETONES 

of the product under discussion was sensitive to  
the concentration in chloroform, and both intra- 
and intermolecular hydrogen bonding could be 
detected. Hydrogen bond absorption at 3290 
cm-' gradually diminished in intensity on dilu- 
tion, with a simultaneous increase in intensity of 
the 3430 cm-' free NH absorption peak. The i.r. 
spectra determined in Nujol and KBr were prac- 
tically identical; as was to  be expected, the 
3430 cm-' band disappeared and the N-H ab- 
sorption occurred at 3270 cm-'. The carbonyl 
frequencies of the undissolved compound ap- 
peared at 1655 (weaker) and 1635 cm-'. The 
first of these behaved like an ordinary amide I 
band and was found stronger and shifted in 
dilute solutions to 1660 (chloroform) and 1668 
cm-' (dioxane). Different character of the second 
carbonyl band was manifested with a lowering of 
the frequency in solutions; the spectra in chloro- 
form and in dioxane showed bands near 1600 
cm-', which can be expected for chelated cis- 
enaminoketones (23, 24). The above spectro- 
scopic data strongly favor structure 46. 

Assignment of a configuration to  a substituted 
enaminoketone cannot be based on the location 
of U.V. absorption bands. On the other hand, a 
close correlation of the molar extinction co- 
efficients indicates similarity in structure and 
stereochemistry (25). 

B 

Xm,,ELOH 291 nm, e = 30 900 

Xm,,E1oH 295 nni, e = 27 900 
230 nm, e = 7040 

' 7 3  

XmaXELoH 313 nm, e = 15 200 
248nm,e = 15 200 

Hence, compound 46 does not duplicate the 
skeletal features of 29 because their molar ab- 
sorptivities are not comparable. In the chelated 
form, 29 represents a homogeneous chromo- 
phore unit, and the location and intensity of the 
main absorption band would be normal for a 
trans-enaminoketone. i n  contrast, the U.V. spec- 
trum of 46 contains two maxima of equal in- 
tensity, and the molar absorptivity a t  313 nm 
would be adequate for a cis-enaminoketone (25). 

Most of the described enaminoketones have 
shown an appreciable antiinflammatory activity. 
Some results are displayed in Table 5. The anti- 
inflammatory effect was measured by the  reduc- 
tion of pedal inflammation, and expressed as % 
inhibition from control rats after innoculation of 
Freund's adjuvant. 

Administration of 28 also produced 68% in- 
hibition of carrageenin-induced edema at 100 
mg/kg. Both 28 and 35 were effective in the 
"curative polyarthritis" test and showed an 
activity intermediate between mefenamic acid 
and aminopyrin. Several compounds, namely 
the iodo derivative 25, exhibited an interesting 
antimicrobial activity in vitro. 

Experimental 
All melting points (uncorrected) were determined on 

a Kofler hot-stage apparatus. Infrared results were ob- 
tained with a Perkin-Elmer 225 spectrometer. A Zeiss 
DMR 21 spectrophotometer was used to measure the U.V. 
spectra. Proton magnetic resonance spectra were recorded 
on a Varian A-60A instrument using deuteriochloroform 
as solvent, unless otherwise stated; resonance positions 

TABLE 5. Antiinflammatory activity of selected 
compounds 

-- 

Daily dose Inhibition 
Compound (mg!kg) (%) On day 

8 75 40 14 
28 100 3 6 3 
31 100 38 14 
35 100 43 3 
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are given on the 6 scale (p.p.m.) relative to internal 
tetramethylsilane. 

Prepara/ior~ of Erlanlb~oketones 1-9 
A mixture of 0.01 mol of 1,3-cyclohexanedione or 5,5- 

dimethyl-1,3-cyclohexanedione, 0.01 mol of the primary 
amine, and 100 ml of dry benzene was refluxed under a 
Dean-Stark water trap for 12 h. The mixture was cooled, 
and if no product separated, benzene was distilled off 
under reduced pressure, and the residue was recrystallized 
from a suitable solvent. The conversion of enamino- 
ketones 1 and 6 into the corresponding hydrochlorides 10 
and 11 was carried out in a standard manner. 

3-Benzylin~ino-2-bromo-5,5-dit~1ethyl-l-cyclol~exe~~-l-ol 
Hydrobromide (15) 

A solution of bromine (2.7 g, 0.017 mol) in chloroform 
(30 ml) was added during 10 min to a stirred solution of 6 
(3.45 g, 0.015 mol) in chloroform (80 ml). The reaction 
was slightly exothermic. The resulting mixture was stirred 
for 3 h, 50 ml of dry ether was added, and 4 g (85%) of 
the hydrobromide were filtered off, m.p. 159-162". An  
analytical sample was obtained by recrystallization from 
chloroform as white crystals: m.p. 160-162"; i.r. (Nujol) 
3250-3 150, 2900-2500, 161 5, and 1565 cm-'. 

Anal. Calcd. for C,,Hl,Br2NO: C, 46.30; H, 4.89; N,  
3.61; Br, 41.10. Found: C, 46.12; H,  4.90; N,  3.70; 
Br, 41.70. 

The hydrobromide 18 was prepared similarly from 3: 
m.p. 142-143" (methanol); i.r. (Nujol) 3110 (broad), 
2450 (broad), 1605 (weak), and 1565 cm-'. 

Anal. Calcd. for C,,H12Br2CINO: C, 37.78; H, 3.17; 
N,  3.67. Found: C, 38.06; H, 3.24; N,  3.82. 

3- Benzylamitio-2-brorno-5,5-dirneihyl-2- 
cyclohexeti-1-one (1 6 )  

(a) Two recrystallizations of 15 from ethanol yielded 
a crystalline compound: m.p. 183-184"; i.r. (CHCI,) 3350 
and 1565 cm-I;  p.m.r. 1.07 (s, 6H, CH,), 2.42 and 2.46 
(2s, 4H, CH,), 4.57 (d, J = 6.5 Hz, 2H, CH2-N), 6.31 
(b, IH, NH), 7.32 (m, 5H, aromatic). 

Anal. Calcd. for C,,H,,BrNO: C, 58.45; H, 5.85; N ,  
4.55; Br, 25.95. Found: C, 58.51; H, 5.98; N, 4.73; 
Br, 26.13. 

(b) The hydrobromide 15 was dissolved in a small 
amount of cold concentrated sulfuric acid, the solution 
was poured onto crushed ice and extracted with chloro- 
form. Customary work-up of the organic layer afforded 
solid material which crystallized from acetone as colorless 
crystals, m.p. 183-184". 

In an identical manner, 18 was converted to 22: m.p. 
143-145" (benzene, depressed by 20" on admixture 
with 18). 

Anal. Calcd. for C12Hl,BrCINO: C, 47.94; H, 3.69; 
N. 4.66. Found: C, 47.84; H, 3.63; N.  4.37. 

3-Amino-2-brorno-S,5-dirnet/?vl-2-cycloliexen--one (17) 
A solution of 15 (500 mg) in concentrated sulfuric acid 

(10 ml) was stirred at  65'for 90 min, allowed to cool, then 
poured into ice and extracted with chloroform. The or- 
ganic layer was washed consecutively with water, sodium 
bicarbonate, and saturated brine solution. Removal of the 
solvent gave a solid which was recrystallized from ethyl 
acetate to afford 17 as  colorless crystals (210 mg, 75%): 
m.p. 204-206"; i.r. (Nujol) 3360, 3320, 3260, 3160, 1650, 
and 1530cm-I; U.V. X ,,,, MeOH 291 nm (21 450); p.m.r. 

(DMSO-d6) 0.98 (s, 6H, CH,), 2.22 (s, 2H, CH2CO), 2.43 
(s, 2H, CH,), 7.00 (very broad, 2H, NH,). 

Anal. Calcd. for C8H12BrNO: N, 6.42; Br, 36.66. 
Found: N, 6.70; Br, 36.87. 

3- (rrl-Trifi~ororne/I~y/phetiylinzino)- I-cyclol~exeri-1-01 
Hydrobromide (1 9 )  

A solution of bromine (340 mg, 2.12 mmol) in chloro- 
form (20 ml) was added to a stirred solution of 4 (510 mg, 
2 mmol) in chloroform (30 ml). The  mixture was stirred 
for 2 h and evaporated to dryness. The residue was dis- 
solved in hot ethanol, and the precipitated salt which was 
separated by addition of ether was removed by filtration 
and washed with acetone. Recrystallization from acetone- 
ethanol-ether gave colorless crystalline material: 600 m g  
(89%); m.p. 204-206"; i.r. (Nujol) 3180,2580, 2500, 1615 
(weak), 1605 (weak), 1555, and 1530 cm-I. 

Anal. Calcd. for C13H13BrF3NO: C, 46.45; H ,  3.89; 
N, 4.16; Br, 23.78. Found: C, 46.71; H, 3.86; N,  4.21; 
Br, 23.54. 

Brornir~atiotr bc~itI7 N-Bror?7osrrccinimide 
In a typical experiment, 4 (7.65 g, 0.030 mol) was 

added in portions into a stirred suspension of N-bromo- 
succinimide (5.7 g, 0.032 mol) in 65 ml of methanol- 
water (9 : 1) kept at OD. The reaction mixture was stirred 
for 60 min, allowed to stand overnight, then poured into 
130 ml of 10% sodium bicarbonate, and extracted with 
chloroform. The combined extracts were washed with 
water, dried over magnesium sulfate, filtered, and eva- 
porated. The residue was crystallized from a benzene- 
hexane mixture to  give 7.1 g (71%) of 2-bromo-3-(m-tri- 
fluoromethylpheny1amino)-2-cyclohexen-I-one 23: m.p. 
120-121"; i.r. (CHCI,) 3345, 1645, and 1575 cm-I ; p.m.r. 
2.03 (m, 2H, 5-CH,), 2.62 (t, J = 6 Hz, 4H, remaining 
CH2). 

Anal. Calcd. for C,3HIlBrF3NO: C, 46.73; H,  3.32; 
N,4.19;Br,23.92. Found: C,46.73; H,3 .35;N,4.13;  
Br, 23.91. 

The same procedure was applied to  3 and 6 to produce 
22 (75%) and 16 (8873. Compound 20 was prepared in a 
similar manner in 76% yield: m.p. 106-108" (benzene- 
ether); p.m.r. 1.08 (s, 6H, 5,5-gem-dimethyl), 1.27 (d, 
J = 6 Hz, 3H, CH3), 2.36 (s, 2H, CH2CO), 2.45 (s, 2H, 
CH2-C=), 3.3 (m, 2H, CH2-N), 3.83 (s, lH ,  OH), 
4.03 (m, 1 H, CH-0), 6.22 (b, 1 H, NH). 

Anal. Calcd. for CI,HlsBrNOZ: C ,  47.84; H, 6.57; N, 
5.07; Br, 28.95. Found: C, 47.70; H, 6.51; N,  4.89; 
Br, 28.88. 

In a similar way 2 was converted into 21 (71%): m.p. 
123-124" (benzene-hexane); p.m.r. 4.48 (d, J = 6.5 Hz, 
2H, CH,-N), 5.85 (b, lH, NH), 6.30 (m, 2H, protons 
of furan), 7.39 (rn, IH, a proton of furan). 

Anal. Calcd. for CI  IH12BrN02:  C, 48.89; H, 4.47; N, 
5.19; Br, 29.60. Found: C, 49.00; H, 4.46; N, 5.26; 
Br, 29.54. 

Bromitiatiotr ~~:itlr Cyariogert Bromide 
Representative procedure: to a stirred solution of 6 

(230 mg) in 30 ml of benzene was added cyanogen bro- 
mide (150 mg) a t  70" and the temperature was maintained 
overnight. The benzene was removed by distillation and 
the crude product was recrystallized from ethanol to give 
280 mg (91%) of 16, m.p. 184", identical in every respect 
with an authentic sample. 
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3-Bet1zylat71b10-2-iodo-5,5-ditnetI1yl-2- 34: m.p. 202-204" (benzene); 85%; i.r. and p.m.r. 
cyclol~esen-I-one (24) spectra similar to those of 29; U.V. h,,,EtOH 297 nm 

To a solution of 6 (2.29 g, 0.01 mol) in chloroform (39000). 
(60 ml) was added with stirring a solution of iodine Anal. Calcd. for CZzHz3C1N202: C, 69.04; H, 6.06; N, 
(2.54 g, 0.01 mol) in chloroforn~ (100 ml). The mixture 7.32; C1, 9.28. Found: C, 69.19; H, 6.36; N, 7.12; 
was stirred at room temperature for 3 h, then washed CI, 9.01. 
successively with 30% aqueous solution of sodium thio- 37: m.p. 149-150" (ethanol); 86%; i.r. (CHCI,) 2740 
sulfate, 10% sodium bicarbonate, and with water. Re- (broad), 1590, 1570, 1515 (broad), and 1470 cm-I ;  U.V. 

rnoval of the chloroform gave a solid which was recrys- h,,,,EtOH 279 and 319 nrn (29 700 and 20 350, respec- 
tallized from aqueous methanol: m.p. 153-154"; yield tively); p.m.r. 1.00 (s, 6H, CH,), 2.40 (s, 2H, CH2CO), 
3 g (85%); i.r. (CHCI,) 3340, 1630, and 1560 cm-'; p.m.r. 2.51 (s, 2H, CHZ-C=), 4.61 (d, J = 6 Hz, 2H, CH2-N), 
1.01 (s, 6H, CH,), 2.40 (s, 4H, CH2) 4.55 (d, J = 6 Hz, 7.36 (m, 10H,  aromatic), 14.7 (b, 2H, NH). 
2H, CH2-N) 6.10 (m, IH, NH), 7.3 (m, 5H, aromatic). Anal. Calcd. for CZ2HZ4N20S:  C, 72.49; H ,  6.64; N, 

Anal. Calcd. forCI,Hl,INO: C, 50.71; H, 5.11; N, 7.69;S,8.78.Found:C,72.19;H,6.63;N.8.00;S,8.83. 
3.94. Found: C,50.58; H,5.06; N,4.13. 36: m.p. 183-184" (ethanol); 66%; p.m.r. 0.95 (s, 6H, 

CH,), 2.33 (s, 2H, CHZCO), 2.47 (s, 2H, CH2-C=), 
8,8a-Dil1ydro-5-iodo-8,8-dit71ethyl-2,3-dipl1etzyl-4H-1,4- 3.15 (d, J = 5 HZ, 3H, CH,-N), 4.60 (d, J = 6 HZ, 2H, 

bet1zoxazb1e-6,7-n'iol (25) CH2-N), 13.00 (b, 1 H, NH), 14.6 (b, 1 H, NH). 
A mixture of 24 (10 g, 0.028 mol), dibenzo~l peroxide Anal. Calcd. for C,,HzzNzOS: C, 67.51 ; H, 7.33; N, 

(6.8 g, 0.028 moll, and benzene (270 ml) was refluxed for 9.26; S, 10.61. Found: C, 67.82; H, 7.41 ; N, 9.04; S, 10.59. 
15 h. After cooling, the reaction mixture was washed 
successively with a solution of sodillm thiosLllfate and 3-Benzy,lan1ino-2-(bet1zotl1iazo1-2-~l)-5,5-dimetl1~1-2- 
sodium bicarbonate. The organic phase was dried over cJ'c1011exen-1-0t7e (42) 
magnesium sulfate, filtered, and evaporated. The solid A vigorously stirred mixture of 37 (3.6 g), tetrahydro- 
residue crystallized from a benzene-hexane mixture to furan (100 ml), water (15 ml), and dimethyl sulfate (I g) 
yield 9.6 (72%) of 25. analytical sample was ob- was refluxed for 3 h. Five drops of concentrated sulfuric 

tained by recrystallization from benzene: m,p,  212-2150; acid were added and heating was continued for 12 h. The 

i.r. (CHCI,) 3430,3400, 1655,1645, and 1620(weak) cm- l  ; reaction mixture was allowed to cool, the tetrahydrofuran 

p.m.r. 0.78 (s, 6 ~ ,  CH,), 4.8 (b, exchangeable, 2H, OH), Was removed it1 vacrro, and the residue was taken between 
6.32 (s, lH ,  CH), 6.90 (b, lH ,  NH), 7.24 (m, ]OH, are- chloroform and water. The organic layer was separated, 
matic); mass spectrum rille (relative intensity) 473 (17, washed with water and saturated brine solution, dried 

M+), 458 (37, M - CH,), 368 (100, M - C~H,CO), 241 over magnesium sulfate, filtered, and evaporated. The 

(55 368 - I). crude product was recrystallized from a benzene-hexane 
Anal. Calcd. for C 2 , H 2 , I ~ O 3 :  C, 55.82; H, 4.26; N, mixture to afford 3.5 g (98%) of white crystals: m.p. 

2.96; I, 26.81. Found: C, 55.80; H, 4.44; N, 2.84; I, 27.48. 203-205"; i.r. (CHC13) 3050, 2860, 1600, 1585, and 1485 
cm-' ; p.m.r. 4.65 (d, J = 5.5 Hz, becomes a sharp singlet 

Reaction of Enan1inoketo71e.r ,t~itlr Isocyanates after deuteration, 2H, CH2-N), 7.1-8.1 (m, 9H, aro- 
and Isotl~iocyanates matic), 13.25 (b, lH, NH). 

A mixture of 6 (20 g, 0.087 mol) and phenyl isocyanate Anal. Calcd. for C2zHzzNzOS: C, 72.90; H, 6.12; N, 
(I 1.9 g, 0.1 mol) was heated at 130-135" with stirring for 7.73; S, 8.83. Found: C, 72.98; H, 6.24; N, 7.53; S, 8.86. 
90 min. The resulting amber-like material was crystallized 
from ethanol to give 23 g (76%) of 29 as white crystals, 
m.p. 133-1 34". Recrystallization from acetone afforded 
the analytical sample: m.p. 134"; i.r. (CHCI,) 3050, 1630, 
1608, 1590, 1570, 1535, and 1500 cm-'; i.r. (Nujol) 2950, 
1630, 1588, 1565, 1520, and 1500 cm-I; U.V. h,,,EtOH 
295 nm (32 050); p.m.r. 1.01 (s, 6H, CH,), 2.33 (s, 2H, 
CH,CO), 2.42 (s, 2H, CH,-C=), 4.53 (d, J = 6 Hz, 2H, 
CH,-N), 7.30 (m, IOH, aromatic), 12.5 (b, 1 H, NH), 
12.8 (b, IH, NH). 

Anal. Calcd. for C22H24NZ02:  C, 75.83; H, 6.94; N, 
8.04. Found: C, 75.86; H, 7.09; N, 8.05. 

This example is representative of the manner in which 
the following compounds were prepared: 

26: m.p. 118" (isopropanol); 88%; p.m.r. 4.52 (d, 
J = 6 Hz,2H, CH,-N), 12.5 (b, IH, NH), 12.75 (b, lH,  
NH). 

Anal. Calcd. for C2,H2,N202: C, 74.97; H, 6.29; N, 
8.74. Found: C, 74.94; H, 6.35; N, 8.62. 

27: m.p. 177" (ethanol); 70%; i.r. (CHC1,) broad bands 
at 3090, 2880, and 2800 cm-', 1630 and 1575 cm-';  

3-At1ilino-1,5,6,7-rerral1ydro-6,6-din1et/1yl-4H- 
it~dazol-4-one Hydrazone (40a) 

A mixture of 29 (15 g), 85% aqueous hydrazine hydrate 
(130 ml), and ethanol (250 ml) was refluxed for 15 h. 
After cooling, some 100 ml of ethanol were removed 
under reduced pressure, and the remaining solution was 
diluted with 50 ml of water. The crystalline material that 
had deposited on chilling was collected and dried; yield 
10 g (90%); m.p. 217-219". Recrystallization from aqueous 
ethanol afforded pure 40a: m.p. 219-220"; i.r. (Nujol) 
3360,3260,3060, 1610, 1595, 1552,1530, and 1497 cm-' ; 
i.r. (saturated solution in CHCI,) 3470, 3400, 3330, 1628, 
1597 (strong) cm-'; U.V. h,,,,EtOH 252 and 273 nm 
(20200 and 17 900 respectively); p.m.r. (DMSO-ds) 1.01 
(s, 6H, CH,), 2.30 and 2.48 (singlets, 4H, CH,), 5.80 (b, 
exchangeable, 2H, NH,), 6.6-7.6 (m, 5H, aromatic), 
8.38 (b, exchangeable, l H ,  NH), 11.50 (b, exchangeable, 
lH, NH). 

Anal. Calcd. for C,,Hl,N5: C, 66.89; H, 7.11; N, 
26.00. Found: C, 67.00; H ,  6.96; N, 25.98. 

p.m.r.12.45(b, IH,NH),14.1 (b , lH ,NH) .  3-Anilino-1,5,6,7-tefral1y~lro-6,6-dime~hyl-4H- 
Anal. Calcd. for C,,H,,CIN202: C, 66.96; H, 5.03; indazol-4-one (41) 

N, 8.21; C1, 10.40. Found: C, 66.91; H, 5.19; N, 8.16; A mixture of 40a (20 g), concentrated hydrochloric 
C1, 10.23. acid (400 ml), and ethanol (800 ml) was refluxed for 24 h. 
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Ethanol was removed in a rotavapor, and the remaining 
solution was basified upon cooling to  p H  9 with diluted 
sodium hydroxide. The mixture was extracted with chloro- 
form, the combined extracts were washed with water, 
dried over magnesium sulfate, and filtered. The filtrate 
was concentrated and kept overnight in an icebox to 
deposit 12.3 g (65%) of shiny hexagonal plates, m.p. 
268-270". An analytical sample was obtained by re- 
crystallization from methanol: m.p. 270-271"; i.r. (Nujol) 
3400, 3230, 1618, and 1540 cm-I; u.v. h,,,EtOH 244, 
255, 262, and 312 nm (the corresponding c values were 
19 300, 15 630, 15 200, and 8400); p.m.r. (DMSO-d6) 1.06 
(s, 6H, CH3), 2.30 and 2.68 (singlets, 4H, CH,), 6.7-7.7 
(m, 5H, aromatic), 7.98 (b, lH ,  NH), 9.93 (b, lH ,  NH). 

Anal. Calcd. for C l5HI7N30:  C, 70.56; H, 6.71; N,  
16.46. Found: C, 70.84; H, 6.72; N,  16.55. 

2- (2-Hydroxypropyl) amino-4,4-dirnethyl-6-0x0-N- 
phenyl-I-cyclohexene-I-carboxamide (31) 

A mixture of 29 (10 g) and I-amino-2-propanol was 
heated at  110-120" for 15 h, then at  160" for 5 h. The re- 
action mixture was cooled to  50-60' and partitioned be- 
tween water and chloroform. The organic layer was 
washed successively with diluted hydrochloric acid, 
water, saturated brine solution, then dried over mag- 
nesium sulfate, filtered, and evaporated. The residue was 
applied to  a column of silica gel which was eluted with 
benzenexhloroform (1 :I), chloroform, and finally with 
1% of methanol in chloroform. The main fraction was 
collected and recrystallized from benzene to give 5.2 g 
(57%) of white prismatic crystals: m.p. 160-161"; i.r. 
(CHCI,) 3450-3300 (broad and weak), 3050, 1625, 1605, 
1595, 1570, 1530 (strong), and 1445 cm-I ;  p.m.r. 1.00 (s, 
6H, 4,4-gem-dimethyl), 1.25 (d, J = 6 Hz, 3H, CH,), 2.30 
and 2.37 (singlets, 4H, CHI), 3.28 (obscured triplet, 
J = 5.5 Hz, 2H, CH2N), 4.00 (m, lH,  -CH-O), 
6.83-7.76 (m, 5H, aromatic), 12.50 (b, 2H, NH). 

Anal. Calcd. for C18H24N203:  C, 68.33; H, 7.65; N, 
8.85. Found: C, 68.03; H, 7.57; N, 8.78. 

Transamir~afion of 29 and 3 4  
In a typical run, a mixture of 29 (15 g) and 3-(methyl- 

amino)propylamine (15 g) was heated at  130" for 18 h. 
After cooling, the mixture was diluted with ice water and 
extracted four times with 50 ml of chloroform. The com- 
bined extracts were washed with 30 ml of diluted hydro- 
chloric acid (1 :I), dried over magnesium sulfate, and 
filtered. The product was precipitated by diluting the 
filtrate with 200 ml of dry ether. Crystalline material was 
collected by filtration and recrystallized from ethanol t o  
yield 11.8 g (75%) of 32, m.p. 222-225". The work-up is 
based on the fact that the salt is soluble in chloroform. 
An analytical sample was crystallized from ethanol: m.p. 
224-225"; p.m.r. (DMSO-d6) 2.53 (s, 3H, CH3-N) 2.97 
(t, J = 7 Hz, 2H, CH2-N), 3.58 (q, J = 7 Hz, after ex- 
change collapses to a triplet, 2H, CH2-N+) 9.17 (b, 2H, 
NH2+), 12.17 (m, l H ,  NH), 12.60 (s, l H ,  NHCO). 

Anal. Calcd. for C1,H2,N3O2.HCI: C, 62.37; H, 7.71; 
N, 11.48; CI, 9.69. Found: C, 62.24; H,  7.62; N, 11.32; 
C1, 9.44. 

Under similar conditions 28 was prepared in 65% 
yield, m.p. 211-213" (ethanol). However, this salt was 
hygroscopic and we could not obtain satisfactory an- 
alytical values. By the same procedure, compound 30 was 
prepared from 29 and ethylenediamine in 72% yield. An  

analytical sample of 30 was crystallized from ethanol: 
m.p. 243-245"; p.m.r. (DMSO-d,) 3.05 and 3.75 (ob- 
scured triplets, J = 6 Hz, 4H, CH2-CH2), 8.50 (b, 2H, 
NHZ), 9.73 (b, 1 H, NH), 10.10 (s, IH,  NHCO). 

Anal. Calcd. for Cl7HZ3N3O2.HCI: C, 60.47; H,  7.15; 
N, 12.50; CI, 10.45. Found: C, 60.80; H, 7.14; N, 12.80; 
CI, 10.24. 

The reaction of 29 with 3-(dimethylamino)propylamine 
afforded 33: m.p. 192-194"; yield 38%; p.m.r. (DMSO-d6) 
2.76 (s, 6H, CH3-N), 12.30 (b, I H ,  NH), 12.65 (s, l H ,  
NHCO). 

Anal. Calcd. for C20H29N302.HCI: N, 11.06; C1, 9.33. 
Found: N, 10.91 ; CI, 9.24. 

In a similar manner treatment of 34 with 3-(methyl- 
amino)propylamine allowed the preparation of 35: m.p. 
246-248" (ethanol-acetonitrile); yield 68%; p.m.r. 
(DMSO-d6) 2.55 (s, 3H, CH3-N), 7.32 and 7.63 (pair of 
doublets, J = 8.5 Hz, 4H, aromatic), 9.1 (b, 2H, NH2+) ,  
12.00 (b, lH ,  NH), 12.68 (s, lH,  NHCO). 

Anal. Calcd. for Cl9HZ6C1N3O2.HC1: N, 10.50; CI, 
17.71. Found: N ,  10.56; CI, 17.57. 

4-Mefhylamitzo-3-penfene-2-one (43) 
This compound was prepared by the method of 

Holtzclaw et al. (24): b.p. 85-86"/10 mm Hg; m.p. 39-40"; 
the i.r. and p.m.r. data were identical with those reported 
in the literature (24, 11). 

2-Acefyl-3-mefhylaminoisoc~onanilide (46 )  
A solution of 43 (3.4 g, 0.03 mol) and phenyl isocyanate 

(3.6 g 0.03 mol) in benzene (50 ml) was refluxed for  
30 min. After cooling, the mixture was evaporated t o  
dryness and the solid residue was crystallized from 
acetone-ether t o  yield 5.6 g (80z) of the title compound. 
An analytical sample was crystallized from acetone - 
ethyl acetate: m.p. 178-179"; p.rn.r. (DMSO-4) 2.03 
(broad s, 6H, CH3), 2.97 (d, J = 5 Hz, 3H, CH,-N), 
6.83-7.91 (m, 5H,  aromatic), 10.00 (s, IH, NHCOI, 11.50 
(b, 1 H, NH). 

Anal. Calcd. for C13H16N202: C ,  67.22; H, 6.94; N ,  
12.06. Found: C, 67.1 1; H, 7.03; N ,  12.02. 

Technical assistance by Mr. S. Toutounji is gratefully 
acknowledged. The author wishes to thank Dr. G.  
Schilling, Mr. A. Verwijs, and Mrs. J. Jachner for re- 
cording and discussing the p.m.r., i.v., and u.v. spectra. 
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Steric and Electronic Factors in 1,3-Dipolar Cycloadditions. 
The Stereochemical Course of the Addition of 

Dimethyl Aryl- and Alkyldiazomethylphosphonates 
to Norbornadiene 

HUGUETTE COHEN A N D  CLAUDE BENEZRA 
Depnr-r/,~etlt of Chemistry, University of Otta\va. Ottn+va, Cnilarla, KIN 6N5 

Received July 16, 1973 

The addition of 14 dimethyl aryl- and alkyldiazomethylphosphonates, RC(N2)P(0)(OCH3)~, to nor- 
bornadiene has been studied and the stereochemistry of the resulting eso-A]-pyrazolines determined by 
n.m.r. The a /~t i / sy/~  ratio of the cycloadducts is discussed in terms of steric and electronic factors. For  
alkyldiazomethylphosphonates steric factors are the dominant ones, while with aryldiazomethylphos- 
phonates electronic factors seem to be of importance. 

L'addition de 14 aryl- et alkyldiazomethylphosphonates, RC(N2)P(0)(OCHJ), au norbornadiene a 
ete ttudiee et la stereochimie des A'-pyrazolines-exo formees a Cte determinee par r.m.n. Le rapport 
anti/s.vl~ des produits d'addition est discutt en termes de facteurs steriques et tlectroniques. Pour les 
alkyldiazomethylphosphonates, ce sont les facteurs sttriques qui sont predominants alors que pour les 
aryldiazomethylphosphonates les facteurs tlectroniques sont importants. 

i Can. J .  Chem., 52.66 (1974) 

1,3-dipolar cycloaddition reactions provide a PIO)(DCH,I~ 

general route to five-membered rings containing 
several heteroatoms (1). The most generally aN R i & a i accepted mechanism is the one proposed by P(OI(OCH,I, R 

Huisgen (I), namely, that cycloaddition is a 
anti  - syn 

concerted "no-mechanism" reaction (2). Re- - 
cently, Firestone (3) has proposed a two-step FIG. 1. Allti and syn pyrazolines. 

diradical mechanism. A clear assignment of the 
role of steric and electronic factors should give 
some insight into the mechanism of such reac- 
tions: steric factors should be more important 
in a concerted one-step than in a two-step reac- 
tion. 

Although 1,3-dipolar cycloadditions with 
activated double bonds are well documented, 
there has been no systematic study of the reac- 
tion of dipoles with isolated double bonds 
whose reactivity stems from their strain. With 
dimethyl diazoalkylphosphonates, RC(N2)P- 
(O)(OCH,),, the addition to an olefin such as 
norbornadiene results in the formation of two 
A'-pyrazolines (Fig. 1) and the anti to synl ratio 
should give some information about the influ- 
ence of the R group. For R = CH, and C,H, 
we found recently (4) that the distribution of 
adducts could not be explained by consideration 
of steric factors only and we therefore undertook 
the study of the addition of 14 dimethyl alkyl- 

'The words anti and syn refer to the relative position of 
the C8 bridge and of the dimethylphosphono group. 

and aryldiazomethy!phosphonates to norborn- 
adiene. The results are reported here. 

Results 
All the diazomethylphosphonates necessary 

for this study, except the p-nitrophenyl deriva- 
tive 5, were prepared by a general route devised 
by Seyferth and co-worker ( 5 )  from a-ketophos- 
phonates whose tosylhydrazone derivatives de- 
composed in basic medium t o  yield the desired 
starting material. Because of the reactivity of 
trialkyl phosphite toward p-nitroaromatics (6) ,  
the Regitz "diazo transfer method" (7) was used 
to make compound 5.' The synthesis and 13C 
n.m.r. spectra of some of them (1-5 and 7) have 
appeared recently (8). 

All cycloadditions were carried out under the 
same conditions, as described previously (4); a 

2After our manuscript (ref. 8) had been submitted for  
publication, a paper by Regitz and co-workers (76) de- 
scribed compounds 2 and 5. The physical constants and 
the 'spectral data of their compounds agreed well with 
those of our compounds. 
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C O H E N  A N D  BENEZRA:  1.3-1 

mixture of the diazophosphonate, norbornadiene 
in more than 40-fold excess, and methylene chlo- 
ride was heated at 55-60"., The addition reac- 
tion was fast (24 h for more than 9 0 x  com- 
pletion) with components 1-6, 9-11, and 14, and 
much slower for derivatives 7, 8, 12, and 13. 
See Experimental section for details. 

The configurations of the pyrazolines were 
determined essentially by proton n.m.r. and the 
antilsyn ratio could be estimated directly on the 
n.m.r. spectrum of the crude by integrations of 
the signal due to the H, protons.4 The n.m.r. 
spectra of some of the aryl pyrazolines (14-23, 
and 26) have been described elsewhere (9). Of 
the four possible diastereomeric pyrazolines 
only the exo adducts were formed, a result quite 
common in addition to the bicyclo[2.2.1]heptene 
or -heptadiene systems (10). The exo attachment 
of the pyrazoline ring is proved by the existence 
of a 2.0 Hz long-range H,,CCCH,, coupling (1 1) 
and the absence of any H,,,H4 vicinal cou- 
pling. The configuration at  C, is based essen- 
tially on the existence of a large (19-20 Hz) 
P,H,, coupling in the anti epimer and of a small 
(6-8 Hz) P,Hlo coupling in the syn derivative. 
This is in accord with the known dihedral 
angular dependence of P-C-C-H coupling 
(12) in phosphonates; Dreiding models show 
that the pyrazoline ring is planar in this system 
and that the dihedral P,H angles are near 0" in 
the anti epimer (large 3Jp,, coupling) and near 
120" in the syn epimer (small ,JP, coupling) (12). 

Although this contrasting difference in P,H 
vicinal coupling allows unambiguous assign- 
ments to  be made, it is not always sufficient 
because, in the case of the alkyl derivatives, the 
HI,  signal lies under the absorptions of the alkyl 
protons. In those cases, the stereospecificity of 
P-C-N=N-C-H homoallylic couplings (9), 
4-4.8 Hz in the anti configuration and 5.5- 
6.6 Hz in the syn configuration, allows unam- 
biguous assignments to be made. 

In the case of the syn benzyl derivative 39, the 
signal for H, is shifted upfield (6 3.40 p.p.m.) as 
compared with the usual 4.67-4.83 p.p.m. range 
for this absorption in syn derivatives. There is 
no doubt about the assigned configuration since 

,The reaction was followed by n.m.r.: appearance of 
new P-OCH, peaks and of characteristic H9 absorp- 
tions. 

4The estimate was confirmed within +2% by chroma- 
tographic separation of the mixture. 

the P,H,, coupling is 6.0 Hz (P,HlO = 18.0 Hz 
in the anti epimer). This unusual shielding effect 
probably corresponds to a preferred conforma- 
tion of the phenyl ring; additional evidence for 
preferred conformation is the finding that 
vicinal P-C-CH,(C,H,) couplings are dif- 
ferent for the two benzylic hydrogens. 

The mixture of epimeric pyrazolines was 
separated on a silica gel column chromatograph. 
In one instance, it was not possible t o  isolate 
pure syn derivative (compound 24) and the 
amount of this epimer was estimated by n.m.r. 
of 24 with the starting diazo compound. The 
results of cycloaddition are summarized in 
Table 1. 

Discussion 
All the pyrazolines isolated possess the exo 

configuration. Radical (13) as well a s  electro- 
philic (10) additions t o  norbornene lead mostly, 
if not exclusively, to products resulting from exo 
attack. Additions to  norbornadiene are more 
complex. Homolytic additions usually give mix- 
tures of nortricyclene derivatives, a s  well as 
exo-norbornene derivatives (14). Some endo 
products have been reported for the addition of 
thiols to polyhalonorbornadienes (15). Addition 
of carbenes to norbornadiene leads to a fair 
amount of endo attack (16). In contrast to the 
number of products obtained with norborn- 
adiene in radical, electrophilic, o r  carbenic 

TABLE 1. Results of the cycloaddition 
reactions 

Diazo compound Amount of 
RC(N2)P(0)(OCH3)2 pyrazolines (%) 

No. R antia JYn 

0% anti + % svrl = 100; estimated accuracy i 2%; 
bEstimated by n.m.r. and confirmed by chromato- 

graphic separation: no trace of the other epimer could 
be detected. 
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Compound 
No. Compound 

No. 

additions, only adducts resulting from exo 
attack have been reported in 1,3-dipolar cyclo- 
addition reactions. Thus, although the exclusive 
formation of exo-A'-pyrazolines is certainly 
striking, it is not unprecedented: additions of 
nitrilimines (17a), azides (17b), and diazoalkanes 
(1 8) to norbornadiene give mono- and bisad- 
ducts resulting from exclusive exo attack. 

The results shown in Table 1 clearly reveal 
that steric factors are dominating, except in the 
case of the aromatic derivatives. This is partic- 
ularly striking for the alkyldiazophosphonates 
10-13: as the size of the R group increases from 
methyl to tert-butyl, the amount of syn-pyrazo- 
line increases from 25 to 100%. This is in accord 
with a concerted mechanism of addition. Inci- 
dentally, this would suggest that the dimethyl- 
phosphono group is almost as bulky as an 
isopropyl group. 

It is more difficult to explain the results for 
the aromatic derivatives (15-30). A considera- 
tion of most of the 1,3-dipolar cycloadditions 
studied by Huisgen's group shows that kinetic 
control of the reaction is important (2). We 
have evidence that the reactions we are studying 
are also kinetically controlled: there was no 
change in the antilsyn ratio with time and the 
pyrazolines did not epimerize when submitted 

to the same conditions. Therefore, the antilsyn 
ratio of the ~roducts  should reflect the dif- 
ferences in energy between the transition states 
leading to the anti and to the syn pyrazolines, 
respectively. 

Steric factors alone could not explain the 
predominance of the anti derivatives. From the 
A values of the phenyl group (3.0 kcal/mol) (19) 
and of the P(O)(OCH,), group (2-3 kca l /m~ l ) ,~  
there seems t o  be little difference in size between 
those two groups and one would expect a 1 : 1 
antilsyn ratio rather than the -9: 1 ratio ob- 
served. Of course, these A-values should be con- 
sidered as indicative only, since they refer t o  
1,3-diaxial interactions in the cyclohexane sys- 
tem. In fact, depending on its orientation, a 
phenyl group can be "smaller" than predicted 
from the A-value (20) and, indeed, there are 
examples in the literature where a phenyl- 
methyl nonbonded 1,3-diaxial interaction in a 
cyclohexyl derivative seems t o  be preferred to a 
corresponding methyl-methyl interaction (21). 
A possible explanation is therefore that the 
phenyl group, at least in the system studied here, 
is smaller than the dimethylphosphonate. This 
interpretation does not seem satisfactory to  us  

5J. L. Bravet and C. Benezra, unpublished results. 
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COHEN AND BENEZRA: 1,3-C 

"ant i"  " syn " - - 
FIG. 2. Transition states leading to the anti and to the 

syn A'-pyrazolines respectively. 

because of the results for the o-methoxyphenyl 
(7) and the a-naphthyl (8) derivatives: it is evi- 
dent that the a-naphthyl group, at least, is bulkier 
than the phosphorus moiety and, still, only the 
anti derivative is obtained. 

We rather favor a dominating effect of elec- 
tronic factors in the aryl derivatives. Since we 
get mostly the anti derivatives, this means that 
the transition state leading to these products is 
stabilized, as compared with that for the syn 
ones (Fig. 2). This stabilization can be envisaged 
in three different ways. 

In the transition state of 1,3-dipolar cyclo- 
additions, the dipole is bent (2). Stabilization of 
the "anti" arrangement depicted in Fig. 2 can 
occur by favorable coulombic interaction be- 
tween the phenyl ring and the nitrogen end of the 
dipole. Such an electrostatic effect can occur only 
when the phenyl and the nitrogen end of the 
dipole are cis to each other. 

Stabilization can also occur from resonance: 
the steric hindrance of the C, bridge could cause 
the aromatic ring to be coplanar with the dipole 
in the "anti" arrangement, while in the "syn" 
alternative, the aromatic ring is a free rotor. 

Finally, the dipole in an "anti" arrangement 
(with the aromatic ring cis to the nitrogen end of 
the dipole) could react faster than in the other 
conf~rmation.~ This difference is not unprece- 
dented in the literature. For instance. the cis and 
trans forms of azomethine ylide dicarboxylic 
esters have a very different reactivity (22). In the 
particular case of the addition to norbornadiene, 
it is not possible to draw a clear-cut conclusion 
concerning this point; the arrangement depicted 

6A referee suggested that determination of the frontier 
orbital energies and of the coefficients of the terminal 
atoms in the HOMO of the dipole could perhaps show 
that the cis form of the dipole (Fig. 2, transition state 
"anti") reacts faster than the trans form (Fig. 2, "syn"). 
This could indeed lead to conclusive results and those 
calculations will be undertaken and reported later. 

)[POLAR CYCLOADDITIONS 

FIG. 3. Transition state leading to the anti  A1-pyr- 
azoline with an "anti" arrangement of the phenyl cs. the 
nitrogen end of the dipole. 

in Fig. 3 (with the phenyl "trans" to the nitrogen 
end of the dipole), which could also lead to the 
anti pyrazoline, seems t o  be precluded for steric 
reasons. It is of interest to note that there is no 
substituent effect: the difference between the 
antilsyn ratio found in the case of thep-methoxy- 
phenyl derivative for instance and of the p-nitro- 
phenyl is within experimental error (f 2%). 

Preliminary results for the addition of dimethyl 
aryldiazomethylphosphonates to 7-oxabenzo- 
norbornadiene indicate that the effect of the 
-CH,-- bridge is not important: essentially 
the same antilsyn ratio is obtained. I t  seems 
therefore that polar effects predominate for 
aryldiazophosphonates. More work along those 
lines is i n  progress. 

Experimental 
Trimethyl phosphite was purchased from Aldrich 

Company and distilled before use. The benzoyl and 
naphthyl derivatives were prepared according to  a pub- 
lished procedure (5). Silicic acid (Merck (0.05-0.20 mm)) 
was used for column chromatography. The i.r. spectra 
were recorded on a Beckman-20 i.r. Spectrometer either 
in chloroform solutions or  as Nujol mulls. The  n.m.r. 
spectra were run on a HA-100 Varian Spectrometer in 
deuteriochloroform solutions and chemical shifts are 
given in 6 p.p.m. values with TMS as internal reference. 
Analyses were performed in Organic Microanalyses 
Laboratories (Dr. C. Daessle) in Montreal. Norborn- 
adiene was purchased from Aldrich Company and used 
as such. 

Preparation of p-Carbomethoxybenzoyl Chloride 
Since the preparation of p-carbomethoxybenzoy1 

chloride has not been described yet and since that of the 
monomethyl ester of terephthalic acid is described in a 
patent (23), we give here detailed procedures, starting 
from the commercially available dimethyl terephthalate 
(purchased from Baker). 

In a three-necked round-bottom flask equipped with a 
condenser, a dropping funnel, and a mechanical stirrer, 
was put dimethyl terephthalate (45 g) in 200 ml anhy- 
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Analysis (Oj,) 
RCOCl P(OCH3)3 Nuclear magnetic 

R (g) (ml) RCOP(0)(OCH3)2 Boiling point Calcd. Found Infrared resonance 

p-CH3'OCOC6H4" 27.1 19 23. 55b 165-170" C 48.54 
(0.015 Torr) H 4.81 

P 11.38 

a-Naphthyl 18.7 12 23.8 Oil C 58.87 
H 4.94 
P 11.68 

P-Naphthyl 18.8 1 2 23.8 Oil C 58.87 
H 4.94 
P 11.68 

CzH5" 31 12 29. 70b 70" (0.05 Torr) C 36 15 
H 6.67 
P 18.64 

C ~ H ~ C H Z  15.4 15 19.72b 125" (0.1 Torr) C 52.40 52.27' 
H 5.72 5.63 
P13.51 13.33 

'Both ketophosphonates purified by distillation under vacuum. 

C=O 1660' 
P=O 1240 
POC 1050 

C=O 1670 
P=O -1250 
POC 1040 

G O  1650' 
P=O 1240 
POC 1050 

c=o 1700 
P=O 1265 
POC -1040 

C=O 1675 
P=O 1210 
POC -1030 

3.91 (d, 6H, POCH3, JPH = 
11.2),8.06,8.15,8.23,8.32* 
(4H aromatic) 

3.93 (d, 6H, POCH3, JPH = 
10.8), 7.45-9.05 (m, 7H, 
H aromatic) ? 

* 
3.94 (d, 6H, POCH3, Jp, = 

10.9), 7.28-8.20 (m, 7H, 
H aromatic) 

1.11 (d of t, 3H, C H ~ C H Z ,  
a 
C 

JH,, = 7.25, 4JpH = 1 .O), 2.86 O 
(d of 9,2H, CH3CHz-, !- 

m 'JPH = 1.0), 3.88 (d, 6H, t 4  

POCH,, JpH = 11.0) - 
w -4 

3.76 (d, 2H, CHZ(CO), JpH = 
11), 3.81 (d, 6H, P-O-CH3, 
JpH = 11.2), 2 multiplets at 
-7.3 and -7.8 (5H, 
H aromatic) 

bAfter distillation. 
'The (CO)OCHd absorption appeared at 1720 cm-'. 
dAA'BB' part of an AA'BB'X (X = P); positions of main absorptions given. 
.There was another strong absorption at 1625 cm-'. 
,Analysis performed by Chemalytics Inc., Tempe, Arizona (Dr. A. M. Yates). 
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COHEN AND BENEZRA: 1.3-DIPOLAR CYCLOADDITIONS 7 1 

Analysis (x)  
RCOP(O)(OCH,), Hydrazonea Melting 

R (9) (9) point Calcd. Found --- 
p-CHpOCOC6H4 20 25.8 118-120" C 49.09 . 49.05 

H 4.78 4.75 
N 6.36 6.08 
P 7.02 6.71 

nPurified by recrystallization in methanol. 
bAnalysis performed by Chemalytics Inc., Tempe, Arizona (Dr. A .  M. Yates). 

drous methanol. A solution of KOH (12.9 g) in methanol 
(250 ml) was added dropwise for 3.30 h while the tem- 
perature of the reaction mixture was maintained a t  75" 
(or a little less). After cooling to  room temperature, the 
precipitate was filtered and was further dissolved in water 
(1500 ml); only the monosalt was soluble and the un- 
reacted diester was filtered off. The filtrate was acidified 
with a 10Z HCI solution (pH 2) and a precipitate formed 
which was filtered and washed several times with water. 
The monoacid was dried (at a temperature less than 
80") and 28.5 g were obtained (m.p. 221°, lit. (24),m.p. 
230"). 

  his acid was dissolved in 15 ml anhydrous benzene to  
which 1 drop of pyridine had been added. Then thionyl 
chloride (80 ml, from a freshly opened new bottle) was 
added and the mixture was refluxed for 5 h. Excess 
SOCI, and benzene were removed by distillation under 
vacuum (water pump); 50 ml anhydrous benzene were 
added and further distillation (water pump) removed the 
remaining SOCI,. The monochloride (27.10 g) was puri- 
fied by crystallization from cvclohexane. m a .  52-53" 
(b.p. 90", 0.015 Torr)., i.r. (CHCI,): 1730 ( C ~ O C H ~ ) ,  
1785 (COCI). 

~ a l c d .  for C9H,C103 (mol. wt. 198.61): C, 
54.43; H, 3.55; C1, 17.85. Found: C, 54.49; H, 3.68; C1, 
18.02. 

Preparation of the Ketophosphonates and of the 
Diazophosphonates 

The ketophosphonates were prepared from the acyl 
chlorides, according to  Seyferth's general procedure (5). 

It is very important for the preparation of the  p-car- 
bomethoxyphenyl and benzyl derivatives that the 
Arbuzov reaction be conducted in dilute solution to 
avoid polymerization. In a typical run, to an anhydrous, 
vigorously stirred benzene (200ml) solution of  phengl- 
acetyl chloride (20 g) was added an anhydrous benzene 
(100 ml) solution of trimethyl phosphite (10 g) over 4 h 
with cooling in an ice-bath. After the addition was com- 
pleted, the mixture was left under nitrogen, for  24 h at  
room temperature, then the benzene was distilled off and 
the phosphonate separated by distillation. . 

The diazophosphonates, except the p-nitrophenyl 
derivative (8), were prepared from the tosylhydrazone 
derivatives of the ketophosphonates, as described pre- 
viously (4). 

Tables 3-5 give the details (weight, analysis, etc.) for 
new compounds, as well as the spectral data. 

Kinetic Studies of the Cycloaddition Reaction 
All the runs were done a t  the same time by heating 

mixtures of 1 mmol of the diazophosphonate, 5 ml nor- 
bornadiene, and 0.5 ml of CH,CI, in the same bath, at  a 
temperature of 55-60 "C. A sample was taken after 2, 5, 
10, 24, and 50 h, evaporated to  dryness (no more  nor- 
bornadiene present), and the T-60 n.m.r. spectrum in 
CDCI, was taken. It was possible to estimate the amount 
of cycloadducts formed by integrating the signal due to 
H9 which was well isolated from the others and by com- 
paring it with the CHjO signals. Since the C H 3 0  signals 
were quite different in the pyrazolines and in the  diazo 
compounds, it was also possible to  estimate the  com- 
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TABLE 5. Diazomethylphosphonates RC(N2)P(0)(OCH3), 

Analysis (%) 
Hydrazone 

R (g) Diazo compounda (g) Calcd. Found Infrared Nuclear magnetic resonance - 
p-CH3OCOC6Ha 15.6 9.56 C 46.48 46.81 C=N2 2080b 3.82 (d, 6H, POCH3, JPH = 12.2), 

6 (orange crystal m.p. 48" dec. 140") H 4.61 4.62 P=O 1240 3.90 (s, 3H, CHaOCO), 8.05, 
N 9.86 9.71 POC 1040 7.96, 7.19, 7 . 1 S  (AA'BB', 
P 10.90 10.89 4H, H aromatic) 

a-Naphthyl 13 4.4 C 56.53 56.30 C=N2 2080 3.81 (d, 6H, POCHa, JPH = 
(yellow oil) H 4.74 4.95 P=O -1220 10.5), 7.73 (complex m, fine 

8 N 10.13 10.27 POC 1030 structure 7H) 
P 11.21 10.93 

P-Naphthyl 12 8 .0  C 56.53 56.40 C=NZ 2080 3.78 (d, 6H, POCHa, J p H  = 12.0), 
(orange crvstal m . ~ .  40" dec. 137") H 4.74 4.85 P=O -1240 7.20-7.90 (m, 7H, fine . - -  

9 N 10.13 9.85 POC 1030 structure) 
P 11.21 10.98 

(yellow oil) 
11 

H 6.22 6.44 P=O 1265 7.$,'2.20 (d of q , 2 ~ y - .  
N 15.72 15.67 POC -1040 C H ~ C H Z ,  J ~ H  = 9 . 9 ,  3.75 (d, 

CIHSCHZ 11.0 7.3 N 9.46 9.45 C=NZ 2030 3.42 (d, 2H, CHZCeH5, Jp, = 
(yellow oil) P 10.45 10.45 P=O -1290 9.6), 3.67 (d, 6H, POCH3, 

14 POC -1050 JpH = 12.0),7.27(m,H 
aromatic) 

#All the diazo compounds were purified by chromatography on a silica gel column. 
b r n  n, 1715  ".,-I - - - . . . . - -. . . . 
'AA'BB' Part of an AA'BB'X (X = P) spectrum, the positions of the 4 main peaks (2 of them are doubled by * J , ,  coupling) are given. 

TABLE 6. completion of the cycloaddition reaction 

Diazo Reaction time (h) 
compound 

No. I 2 5 10 24 50 

1 n.m." 20 40 55 90 90 
2 n.m. 15 30 50 90 90 
3 n.rn. 25 30 55 90 95 
4 n.m. 30 55 70 90 95 
5 0 n.m. 50 65 75 95 
7 0 0 0 8 11 60 

10 - 75 83 100b - - 
11 - 25 50 60 90 - 
12 0 0 0 0 10 45 

'Not measurable. 
bNo more trace of the starting material. 
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COHEN AND BENEZRA: I,3-DIPOLAR CYCLOADDlTlONS 73 

.9 I 
X - 

m w w m  m w w m  2 , *- - -  q y 7 0 q $ X g :  $ : ? : : q Z g O ,  . . .  - m \ d o d m  IC) m \ o m m z \ o m o \  m g ~ ~ m g d t - ~  gdt-~. 
" Z Z a  U E Z ~ U Z Z L  U E Z ~ U Z Z ~ ,  U Z Z ~  
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4 
TABLE 7 (Continued) P 

~ 
- .. . - - - - 

Pyrazoline 
Products isolated 

RC(Nz)P(O)(OCH3)2 Analysis % 
- Reaction Weight 

R time (h) Compound (g) Compound Melting point Calcd. Found Infrared" -- 

24 Diazo 4 

S)JIl 22 

otiti 21 

24 Diazo 5 

S)JII  24= 

mlti 23 

24 Diazo 6 

S)JII 26 

mzti 25 

54 Diazo 7 

anti 27 

168 Diazo 8 

anti 28 

24 Diazo 9 

syt~ 30 

mrti 29 

syn 22 

anti 23 

arlti 25 

sytl 26 

oriti 27 

mrti 28 

onti 29 

sytz 30 

Oil 

124" 

149" 

145" 

94-95" 

136-138" 

128" 

Oil 

P=O -1240 

P-OC -1050 

P=O -1240 

P-OC -1 100 

P=O -1240 

P-OC -1050 

CO 1725 

P=O -1240 

P-OC -1050 

CO 1725 

P=O -1270 

P-OC -1050 

P=O -1230 

P-OC 1050 

N=N 1550 
P=O -1230 

P-OC -1050 

P=O -1230 

P-OC -1050 
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TABLE 7 (Concluded) 

Products isolated 
RC(Nz)P(O)(OCH,)z 

Reaction Weight 
R time (h) Compound (g) 

CzHs 27 No diazo left 

Mixture 33 + 34 1 .990 

syn 34 2.79 

iso-C3H, 216 Diazo 12 0.320 

Mixture 35+ 36* 1.390 

12 syn 36 1.360 

tert-C,H9 26 days Diazo 13 1.900 

syn 37 1.040 

Unidentified 0.440 

Pyrazoline 

Analysis % 

Compound Melting point Calcd. Found Infrared" 

antie 33 Oil C 53.33 53.25 p=o -1230 
H 7.05 7.16 o 
N 10.36 0 '0.18 P-OC -1040 z 
P 11.46 11.43 m z 

syne 34 Oil - > 
P=O 1230 Z 
P-OC 1040 o 

rn - 
antie 35 Oil C 54.92 54.57 p=o -1230 m 

Z 
H 7.44 7.14 m N 

N 9.85 9.64 P-OC -1050 ;FI 

P 10.98 11.10 > - 
W 

syne 36 Oil - P=O -1230 E! 
P-OC-1040 ' a 2 

syn 37 Oil 

24 Diazo 14 0.44 anti 38 82-83" C 61.47 61.22 p=o -1220 E! 
0 

H 6.37 6.45 - 4 
syn 39 1 .OO N 8.43 8.55 P-OC -1040 

0 

P 9.32 9.33 
z 
v, 

N 8.43 
P 9.32 

.46 P-OC -1040 
9.54 

p..-pp.pp-p-..----... ~~ --..----..---.--.----.--.-..pp.- -- 
"Cm-1. 
bThe anti derivative 20 has been described (4). 
=The sun pyrazoline was identified in a mixture with the diazo compound, by n.m.r. 
dPure samples of  uf~ri 33 and 35 respectively could be obtained by further chromatography. 
'Analyzed as a I :  I mixture of syn + unfi. 
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TABLE 8. Nuclear magnetic resonance spectra of the pyrazolines (chemical shifts in 6 p.p.m.) -I m 

R 8 4 10 7 P-0CH3 9 5,6 Others 

p-CH30COCsH4 

anti 25 

p-CH30COC6H4 

syn 26 

a-Naphthyl 

anti 28 

P-Naphthyl 

anti 29 

C2H5 
anti 33 

C2H5 

syn 34 

iso-C3H7 
anti 35 

iso-C,H, 
syn 36 

tert-C4H9 

syn 37 

3.93 
(CH30CO) 
7.85, 7.93 
8.09, 8.17" 

8.04,7.95 
7.59, 7.50 
(4H aromatic, 
AA'BB ') 

7.39-7.61 
(m, 7H aromatic) 

7.37-8.31 
(m, 7H aromatic) 

7.32-7.90 
(m, 7H aromatic) 

1.63, 1.29, 
(2d, 6H, nonequivalent 
CHMe2) 

0.56, 1.22 
(2d, 6H, nonequivalent 
CHMe2) 
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1 COHEN AND BENEZRA: I,3-DIPOLAR CYCLOADDlTfONS 79 

pletion of the reaction in this way. The % completion The authors wish to  thank the National Research 
, given here can be estimated to be accurate within +5%. Council of Canada for financial support of this work 

, For the tert-butyl derivative 13, there was no noticeable (operating grant A-5496) and the Rector of the Uni- 
reaction after 50 h. No kinetic studies were done on 6, 8, versit) of Ottawa for a stipend to one of us (H.C.). 
9, and 14 (Table 6). 

1. R. HUISGEN. Angew. Chem. Int. Ed. 2, 633 (1963). 
I General Procedures for the Cycloaddition Reactions 2. R. HUISGEN. J.  Org. Chem. 33, 2291 (1968). 
1 A mixture of norbornadiene (40 ml), diazophos- 3 .  R. A. FIRESTONE. J .  Org. Chem. 33, 2285 (1968); 37, 

phonate (3 g), and CH2Clz (3 ml) was warmed at a bath 2181 (1972). 1 temperature never exceeding 55-60". The proportions 4. H, J,  cALLoT and C. BENEZRA, Can. J .  Chem, 50, 
were changed slightly for the p-methylphenyldiazo 1078 (1972). 
derivative 2 (norbornadiene, 50 ml, diazo compound, 5. R. S. MARMOR and D. SEYPERTH. J .  Org. Chem. 36, 

I 3.42 g, and CH2CI2, 5 ml) and for thep-nitrophenyldiazo 128 (1971). 
derivative 5 (norbornadiene, 35 ml, diazo compound, 6. J. E. CADOGAN. Q. Rev. 22, 222 (1968). 

, 2 g, cH2C12, 2 ml). The reaction time varied from 24 h 7. (a) M. REGITZ, W. ANSCHUTZ, and A. LIEDHEGENER. 
to  26 days (see Table 7). The addition with the phenyl 4 Chem. Ber. 101, 3734 (1968); (b) H .  SHERER, A. 
and the methyl 10 derivatives have been described (4). HARTMANN, M. REGITZ, B. D. TUNGGAL, and H. 
The reaction time was 24 h for both reactions. GUNTHER. Chem. Ber. 105, 3357 (1972). 

General Proced~rre for the Isolation of the Cycloadducts 
The reaction mixture was poured as such on a 180 g 

silica gel column chromatograph. Excess diazo compound 
was eluted with ether while the pyrazolines came out with 
MeOH-ether mixtures. In the case of the aryl derivatives, 
the syn epimer was eluted first (5% MeOH in ether) and 
then the arzti(lO% MeOH in ether). Separation was much 
more difficult with alkyl derivatives. The addition of the 
methyl derivative 10 has already been described (4). For 
all the alkyl derivatives, the excess diazo compound was 
eluted with pure ether. In the case of the ethyl 11 and the 
isopropyl 12 derivatives, the anti epimer was eluted 
before the syn; the eluent in both cases was a 20% solu- 
tion of MeOH in ether. As to the tert-butyl diazo com- 
pound 13, only one pyrazoline (syn) could be detected 
and was isolated with MeOH-ether (20:80). 

Nuclear Magnetic Resonance Spectra of the Pyrazolines 
(Tables 8 and 9 )  

Those spectra are typical of a syn or an anti configura- 
tion. For all isomers, H, appears as an AB quartet, the 
center (C) of which is given; H,, (syn to the 5,6 double 
bond) is assigned the low-field signals because of long- 
range couplings with H, and H , o  protons; otherwise 
(e.g. compound 36) the assignment (s or a) is not specified 
(6, and 6, are given). P-OCH, gives two doublets (un- 
equivalent OCH,'s). 

In the arzti isomers, the bridgehead protons (H4 and 
H,) are broad singlets > 1.0 p.p.m. apart; H,,, gives rise 
to a d o r  d of d signal (eight lines in all) by coupling with 
H,, H,,, and P;  H, appears as a d of d (coupling with P, 
H, , ;  fine resolution shows each signal as a t, due to 
coupling with H,, and either H, or H,); H, and H6  each 
give a narrow multiplet; tv, is given. 

In the syn isomers the bridgehead protons are broad s 
0.3-0.5 p.p.m. apart, and no assignment is made; H , o  
gives rise to a t signal (in fact it is a d of d by coupling 
with H, and P;  the fine structure reveals further long- 
range coupling with HSs); H9 appears as a t (in fact d of d, 
by coupling with P and H ,o ;  also small couplings with 
H,, and either H4 or H,  are visible); H, and H6  give an 
eight-line multiplet (AB part of an ABXY spectrum by 
coupling with Ha and H,) the center of which is given in 
Table 8. 

N. GURUDATA, C. BENEZRA, and H. COHEN. Can. J. 
Chem. 51, 1142 (1973). 
H. COHEN and C. BENEZRA. Org. Magn. Res. 5,205 
(1973). 
C. W. JEFFORD and F .  DELAY. J.  Am. Chem. SOC. 94, 
4794 (1972) and references therein. 
L. M. JACKMAN and S. STERNHELL. Applications of 
nmr spectroscopy in organic chemistry. 2nd Ed., Per- 
gamon Press, Oxford. 1969. p. 334. 
C. BENEZRA. Tetrahedron Lett. 4471 (1969); J. Am. 
Chem. Soc. 95, 6890 (1973). 
H. C. BROWN and J. H. KAWAKAMI. J .  Am. Chem. 
SOC. 92, 201 (1970). 
([I) S .  J .  CRISTOL, G.  D. BRINDELL, and J. A. REEDER. 
J. Am. Chem. Soc. 80, 635 (1958); (6)  D. J. TRECKER 
and J. P. HENRY. J. Am. Chem. Soc. 85,3204 (1963); 
(c) H. J.  CALLOT and C. BENEZRA. Can. J. Chem. 49, 
500 (1971); (d) H. G.  KUIVILA and C. R. WARNER. J. 
Org. Chem. 29, 2845 (1964). 
D. I .  D~vlEsand P. J .  ROWLEY. J.  Chem. Soc. C, 2245 
(1967). 
R. R. SAUERS and P. E. SONNET. Tetrahedron, 20, 
1029 (1964). 
R. HUISGEN, R. GRASHEY, and J. SAUER. Cycloaddi- 
tion reactions of alkenes. It1 The chemistry of alkenes. 
Edited by S. Patai. Interscience Publishers, London. 
1964. (a) p. 816 (0)  p. 836. 
N. FILIPESCU and J. R. DEMEMBER. Tetrahedron, 24, 
5181 (1968). 
J. A. HIRSCH. Table of conformational energies- 
1967.111 Topics in stereochemistry. Vol. I .  Edited by 
N. L. Allinger and E. L.  Eliel. Interscience Pub- 
lishers, New York. 1967. p. 199. 
N. L. ALLINGER and M. T. TRIBBLE. Tetrahedron 
Lett. 3259 (1971) and references therein. 
B. L. SHAPIRO, M. J.  GATTUSO, N. F. HEPFINGER, R. 
S. SHONE, and W. L .  WHITE. Tetrahedron Lett. 219 
(1971). 
R. HUISGEN, W. SCHEER, H. MADER, and E. BRUNN. 
Angew Chem. Int. Ed. 8, 604 (1969). 
B. W. HOTTEN. U.S. Patent No. 2 808 428; Chem. 
Abstr. 52, 2918c (1958). 
Dictionary of organic compounds. 4th Ed. Eyre and 
Spottiswoode Publishers Ltd., London. 1965. p. 2949. 
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Reactions of Keten Acetals. Part I. A Simple Synthesis of Some Naturally 
Occurring Anthraquinonesl 

JACQUES BANVILLE, JEAN-LOUIS GRANDMAISON, G ~ R A R D  LANG, A N D  PAUL BRASSARD 
Dtpartetnent de Chimie, Universitt Laval, QuPbec, QuPbec G I K  7P4 

Received July 16, 1973 

A study of the condensation of keten acetals with some halonaphthoquinones has led to the simpleand 
regiospecific synthesis of some naturally occurring anthraquinones: catenarin, helminthosporin, emodin, 
and chrysophanol. The results show unambiguously that a previously proposed mechanism is erroneous. 
The reaction of these acetals with chloromaleic anhydride also provided a one-step preparation of some 
substituted phthalic anhydrides. 

L'Ctude de la condensation d'acetals de cettnes avec des halogCnonaphtoquinones a permis la syn- 
thtse facile et rCgiospecifique de quelques anthraquinones naturelles: la catenarine, I'helminthosporine, 
1'Cmodine et le chrysophanol. Les resultats obtenus demontrent que le mecanisme deja propose pour 
cette reaction est erronee. La reaction de ces acetals avec I'anhydride chloromalCique donne en une seule 
&tape des anhydrides phtaliques substitues. 

Can. J. Chem., 52,80 (1974) 

Although keten acetals are very reactive and 
readily accessible (1, 2), their use in the synthesis 
of naturally occurring compounds has been 
considered only rarely. McElvain et al. (3-5) 
have studied the reactions of keten diethyl acetal 
(lb) with enedione systems and have shown in 
particular that p-benzoquinone, halo-p-benzo- 
quinones, and 1,4-naphthoquinone yield 
2-ethoxy furans. However under essentially 
similar conditions 2-bromonaphthoquinone 
gives a 21% yield of 1,3-diethoxyanthraquinone 
(xanthopurpurin diethyl ether). Moreover they 
have proposed mechanisms whereby complex 
series of processes are initiated by the attack of 
lb ,  in the first three cases, on an unsubstituted 
carbon atom and, in the last instance, on the 
halogen-bearing one. 

The existence of two very different reaction 
paths and, apparently, modes of attack has led 
us to examine the factors which determine the 
course of the reaction and the eventual regio- 
specificity of the process as applied to the syn- 
thesis of anthraquinones. This seemed to be  
particularly promising since the required iso- 
meric naphthazarins and juglones were known. 
For ease in identifying the reaction products in 
mixtures that are often complex, keten dimethyl 
acetal was used in work of a more exploratory 
nature, whereas the more readily accessible 

[During the preparation of this paper, one of the 
authors (G.L.) obtained unauthorized patents covering 
part of the material described here in detail (Fr. 2,112,941 ; 
Ger. Offen. 2,144,771-2,144,774). 

diethyl acetal was chosen for some of the purely 
synthetic part. No  other particular advantage 
was found for either of these reagents. 

Reactions of Keten Acetals with Halo- 
naphthazarins 

It was first established that  the presence of 
the two hydroxyl groups in chloronaphthazarin 
(3) did not prevent or affect a reaction similar t o  
that described for bromonaphthoquinone. More- 
over since both 6- and 7-chIoro-2-methylnaph- 
thazarin had been identified previously (6), these 
compounds could readily serve in assessing the  
proposed dual mode of attack and in providing 
a very simple synthesis of catenarin (7b). 
According to  McElvain's mechanism, 7-chloro- 
2-methylnaphthazarin (5) should have provided 
the diethyl ether 7a. However the properties of 
the compound obtained from it, after deethyla- 
tion, were quite different from those ascribed t o  
catenarin and were correlated to the isomeric 
substance 8b. When carried out with 6-chloro- 
2-methylnaphthazarin (4), the  reaction effec- 
tively led to the formation of catenarin. In each 
case, only one  quinonic product was obtained 
as ascertained by t.1.c. and n.m.r. thus clearly 
establishing that the proposed mechanism is 
wrong, that only one mode o f  attack occurs and  
that the reaction is completely regiospecific. 
These results were also extended by the reaction 
of 3 with isopropenylketen diethyl acetal (2) 
which produced 9a and thence helminthosporin 
(9b). In this case the reaction is more efficient 
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BANVILLE ET AL.: REACTIONS OF KETEN ACETALS. I 8 1 

OH 0 OR, OH 0 OH 

+ CH2= C(OC2H5), d @&, \ - @&, '. R l b  R OR1 R OH 
OH 0 OH 0 OH 0 

and produces a much higher yield than with the 
unconjugated acetals (Scheme 1). 

Reactions of Keren Acetals with Bromojuglot~es 
For a more detailed study of the reaction, 2- 

and 3-bromojuglones were chosen since num- 
erous synthetic applications could be envisaged. 
Upon adding 3-bromojuglone (14) to the theor- 
etical amount (5 equiv.)' of keten dimethyl 
acetal (la) in the absence of solvent a vigorous 
reaction ensues and a 60% yield of 1,3-di- 
methoxy-8-hydroxyanthraquinone (19a) is pro- 
duced and could be converted into the known 
1,3,8-trimethoxyanthraquinone. Under similar 
conditions 2-bromojuglone (18) reacts slowly 
even at 100" and gives 1,3-dimethoxy-5-hydroxy- 
anthraquinone (53%) and, after methylation, 
the known 1,3,5-trimethoxyanthraquinone. In 
both cases t.1.c. revealed no trace of the other 
isomer. These reactions, therefore, establish that 
the process is also completely regiospecific in the 
case of juglones and, though electronic effects 
modify sharply the reactivity, they do not alter 
the product-determining step. 

The only convenient starting material avail- 
able for the synthesis of the important natural 

'During the condensation hydrogen bromide and 
methanol are eliminated, which react further with the 
keten acetal. 

product emodin (226) by this method is 8-chloro- 
7-methyljuglone (13). By successive bromination 
and dehydrobromination of three 8-chloro- 
juglones the corresponding 3-bromo derivatives 
were obtained in high yields. The structures 
were assumed to be those predicted on  the basis 
of the work of Thomson (7) on juglone itself 
(10) and were established unambiguously but 
indirectly by the substitution patterns in the 
anthraquinones obtained from them (Scheme 2). 
By varying the ratios of the reactants, the sol- 
vents, the reaction times, and by adding a 
catalyst (Hg(OAc),) (8) known to be effective in 
a reaction of en01 ethers, no marked effects were 
observed. The results are summarized in Table 1. 
These experiments did establish that an excess 
of keten acetals should be avoided, that the best 
results are obtained in the absence of solvent and 
that free peri-hydroxyl groups favor the reaction 
(Scheme 3). Under these conditions n o  starting 
material or other quinonic by-product is isolated 
or detected. However when only 2 equiv. of l a  
are used, a small amount (8%) of another sub- 
stance is formed which probably is methyl 
(3-bromo-8-chloro-5-h~droxy-7-methylnaphtho- 
quinonyl-2)-acetate. During chromatography 
(silica gel) the bromine is lost in part and the 
product could not be adequately purified. The 
reaction of 3-bromo-8-chlorojuglone (15) with 
isopropenylketen diethyl acetal was also found 
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OH 0 OH 0 OH 0 OR* OH 0 OH 

TABLE 1. Condensation of 3-bromo-8-chloro-7-methyljuglone (17) (600 
mg) with keten dimethyl acetal ( l a )  

Equivalents Yield of 
of acetal Solvent Conditions 22a (%) 

C6H6 (10 ml) 
C6H6 (10 ml) 
C6H6 (10 ml) 
C6H6 (10 ml) 
C6H6 (10 ml) 
C6HG (10 ml) 
C6H6 (10ml) 

DME (10 ml) 
C6H6 (200 ml) 
None 

Refluxed 10 min 
Refluxed 10 min 
Refluxed 10 min 
Refluxed 12 h 
Refluxed 12 h 
Refluxed 12 h 
Hg(0Ac)~  (32 mg) 
Refluxed 12 h 
Refluxed 12 h 
Refluxed 12 h 
100 "C 1 h 

to be particularly efficient giving a good yield 
of the corresponding chloroanthraquinone (24a). 
However a reaction carried out with a chloro- 
keten acetal in the hope of obtaining conveni- 
ently substituted chloroanthraquinones was dis- 
appointing as the reagent was found to be 
insufficiently reactive. 

The conversion of the chlorinated anthra- 
quinone ethers (20a-22a, 24a) to the polyhy- 
droxyanthraquinones (196, 216,226,246) can be 
carried out efficiently by known methods either 
( A )  by reduction with sodium hydrosulfite (9, 10) 

followed by demethylation with aluminium chlo- 
ride at 180' (1 1) or (B) by treatment with 
hydriodic acid and red phosphorus followed by 
reoxidation with chromic acid (12). 

Reactions of Keten Acetals with Chloromaleic 
Anhydride 

Keten dimethyl and diethyl acetals ( l a ,  6 )  as 
well as isopropenylketen diethyl acetal (2) have 
been found to  react vigorously with chloromaleic 
anhydride and to give directly in moderate 
yields 3,5-dimethoxy- 3,5-diethoxy- and 3-eth- 
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la  and b ~ o @ j ~  - 
RO 0 0 

oxy-5-methylphthalic anhydrides. These reac- keten diethyl acetal (lb) (2). The solution which darkens 
tions, therefore, provide very convenient syn- immediately is allowed to stand for 1 h and then refluxed 

for 1 h. The crystals that separate on cooling are washed 
theses of these jmportant intermediates with petroleum ether (b.p. 30-60") and recrystallized 
(Scheme 4). from the a ~ ~ r o ~ r i a t e  solvent. 

Conclusion 
In conclusion, this paper illustrates a few very 

practical syntheses of anthraquinones and num- 
erous other applications of the procedure can be 
envisaged with minor modifications of the 
method. The original mechanism proposed by 
McElvain has been found to be erroneous but 
no other can be proposed with certainty at 
present. The intermediate formation of a zwit- 
terion followed by a 1,4-dipolar addition of 
keten acetal and a triple elimination seems to 
represent the most plausible series of processes; 
however, a mechanism involving an oxidative 
step, as suggested by the reaction with a juglone 
ether cannot be discounted. 

Since all benzoquinones and some naphtho- 
quinones invariably yield 2-alkoxy furans num- 
erous attempts have been made to decrease the 
ease with which this course is taken. Condensa- 
tions involving various dibenzoquinones, dihalo- 
benzoquinones (with or without the addition of 
Lewis acids), and halogenated benzoquinone 
imines, imides, and chloroimides have not given 
encouraging results. 

Experimental 
Reactions of Keten and Isopropenylketerz Diethyl Acetal 

with C/zloronaphthazaritzs 
Gerzeral Procedure a 
To  a solution of 1.0 g of the chloronaphthazarin (3-5) 

in I0  ml of anhydrous benzene are added 5 cquiv. of 

1,3-~ieth~x~:5,8-dihydroxyanthra~uinone (6a) is ob- 
tained from chloronaphthazarin (3) (13), m.p. 203-204" 
(toluene) (23%); h,,, (EtOH) 230,277.5,296,470,490 nm 
(log E 4.59, 4.32, 4.03, 4.07, 4.04); v ,,,, (KBr) 1610 (sh), 
1598 cm-I;  6 (90MHz) (CDCI,) 1.47 t ( J  = 7.0Hz) 
(3-0CH2CH3), 1.57 t ( J  = 7.0 HZ) (I-OCHZCH,), 4.20 q 
( J  = 7.0 HZ) (1,3-OCHZ-), 6.72 d ( J  = 2.5 HZ) (2-CH), 
7.19 s (6,7-CH), 7.42 d ( J  = 2.5 Hz) (4-CH), 12.75 s and 
13.44 s (5,s-OH). 

Anal. Calcd. for C18H1606: C, 65.85; H, 4.91. Found: 
C, 65.46; H, 4.90. 

6,s-Diethoxy - 1,4-dihydroxy-3 -methylanthraquinone 
(7a) is prepared from 6-chloro-2-methylnaphthazarin (4) 
(6),m.p. 174-175"(benzene) (34%);hm,,(EtOH) 231.5,277, 
300 (sh), 480 nm (log E 4.60, 4.31, 4.04, 4.12); v,,, (KBr) 
1615 (sh), 1595 (sh), 1580 cm-I; 6 (90 MHz) (CDCI,) 
1.47 t ( J  = 7.0 Hz) (6-0CH2CH3), 1.57 t ( J  = 7.0 HZ) 
(8-OCH,CH,), 2.33 s (3-CH,), 4.22 q ( J  = 7.0 HZ) 
(6,s-0CH2-), 6.72 d ( J  = 2.2 HZ) (7-CH), 7.04 s (2-CH), 
7.42 d ( J  = 2.2 Hz) (5-CH), 12.83 s and 13.88 s (1.4-OH). 

Anal. Calcd. for C 1 9 H ~ 8 0 6 :  C, 66.66; H, 5.29. Found: 
C, 66.23; H, 5.33. 

6,s -Diethoxy - 1,4-dihydroxy -2-methylanthraquinone 
(8a) is obtained from 7-chloro-2-methylnaphthazarin (5) 
(6), m.p. 186-187" (toluene) (47%); h,,, (EtOH) 231.5, 
275, 301 (sh), 480 nm (log E 4.56, 4.28, 4.01, 4.06); v,,, 
(KBr) 1618, 1590,1575 cm- ' ; 6 (90 MHz) (CDCI,) 1.47 t 
( J  = 7.0 HZ) (6-OCH2 CH,), 1.56 t ( J  = 7.0 HZ) 
(8-0CH2CH3), 2.30 s (2-CH,), 4.18 q (J = 7.0 HZ) (6.8- 
OCHZ-), 6.68 d ( J  = 2.5 HZ) ( 7 - 0 ,  7.08 s (3-CHI, 
7.39 d ( J  = 2.5 Hz) (5-CH), 13.16 s and 13.48 s (1,4-OH). 

Anal. Calcd. for CI9Hl8O6: C, 66.66; H, 5.29. Found: 
C, 66.92; H, 5.25. 

1-Ethoxy-5,s-dihydroxy-3-methylanthraqunone (9a): 
Equimolar quantities of chloronaphthazarin (1 g) and 
isopropenylketen diethyl acetal (2) (14) are dissolved in 
anhydrous benzene (10 ml). The reaction mixture is then 
refluxed for I h, cooled, and diluted with a small amount 
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of petroleum ether. The precipitated solid is recrystal- 
lized from petroleum ether, m.p. 186-187" (72%); A,,, 
(EtOH) 230, 255, 287 (sh), 475 nm (log E 4.59, 4.12, 3.86, 
3.98); v,,, (KBr) 1622, 1596 cm-'; 6 (90 MHz) (CDCI,) 
1.58 t ( J  = 7.0 HZ) (I-OCH,CH,), 2.47 s (3-CH,), 4.34 q 
( J  = 7.0 Hz), 7.07 bs (2-CH), 7.73 bs ( 4 - 0 ,  7.21 s (6,7- 
CH), 12.82 s and 13.32 s (5,s-OH). 

Anal. Calcd. for C17H140,:  C, 68.45; H, 4.73. Found: 
C, 68.5 1 ; H, 4.62. 

Polyl~ydroxyanthraquinones (frotn Naphthazarins) 
The diethoxy or ethoxy methyl dihydroxyanthra- 

quinone (7a-9a) (500 mg) is added to a solution of 5 g of 
anhydrous AICI, in 20 ml of nitrobenzene. The mixture 
is stirred for 24 h at 80" and then poured into 500 ml of 
ice and water. The nitrobenzene is extracted with petro- 
leum ether and the aqueous solution heated to 80". Upon 
cooling, crystals of the deethylated compound are re- 
covered and crystallized from the appropriate solvent. 

1,4,6,8-Tetrahpdroxy-3-methylanthraquinone (catena- 
rin) (76) from 7a, m.p. 244-246" (EtOH) (90%) (lit. (15) 
m.p. 246"); h,,, (EtOH) 231, 255.5, 279, 302, 475, 490, 
505 (sh), 515 (sh) nm  log^ 4.46, 4.17, 4.19, 3.99, 4.07, 
4.11, 4.02, 3.95); v,,, (KBr) 3300, 1610 (sh), 1598 cm-'; 
6 (90 MHz) ((CD3)ZSO) 2.09 s (3-CH,), 6.40 d ( J  = 
2.5 HZ) (7-CH), 6.87 d ( J  = 2.5 HZ) (5-CH), 6.94 s 
(2-CH), 1 1.90 s and 12.90 s (1,4,8-OH). 

Tetraacetate, m.p. 235" (lit. (15) m.p. 234235"). 
1,4,6,8-Tetrahydroxy-2-methylanthraquinone (86) from 

Sa, m.p. 273-274" (EtOH) (90%); A,,, 231.5, 252.5, 
280.5, 300, 485, 505, 515 nm (log E 4.51, 4.20, 4.26. 4.05, 
4.18, 4.08, 4.02); v,,, (KBr) 3338, 1602, 1590 (sh) cm-'; 
6 (90 MHz) ((CD,),SO) 2.14 (2-CH,), 6.45 d ( J  = 2.0 HZ) 
(7-CH), 6.95 d ( J  = 2.0 HZ) (5-CH), 6.98 s (3-CH), 
11.89 s, 12.28 s and 12.50 s (1,4,8-OH). 

Anal. Calcd. for C ,  ,Hlo06 :  C, 62.94; H, 3.52. Found: 
C, 63.13; H, 3.43. 

Tetraacetate, m.p. 221". 
1,5,8-Trihydroxy-3-methylanthraquinone (helrnintho- 

sporin) (96) from 9a, m.p. 226-227" (pyridine) (almost 
quantitative) (lit. (16) m.p. 226-227"); A,,, (EtOH) 231, 
255, 289, 480 (sh), 490, 510 (sh), 520 (sh) nm (log E 4.67, 
4.30, 3.95, 4.11, 4.13, 4.01, 3.91); v ,,,, (KBr) 1598 cm-'; 
6 (90 MHz) (CDCI,) 2.47 s (3-CH,), 7.10 bs (2-CH), 
7.69 bs (4-CH), 7.28 s (6,7-CH), 12.08 s, 12.27 s and 
12.97 s (1,5,8-OH). 

Triacetate, m.p. 223" (lit. (16) m.p. 224"). 

8-Chlorojuglones 
These compounds were prepared according to Cooke 

et a/. (1 7, 18). 
8-Chlorojuglone ( l l ) ,  m.p. 197-198" (lit. (17) m.p.201"); 

A,,, (EtOH) 211.5, 254, 430nm  log^ 4.51, 4.14, 3.66); 
v,,, (KBr) 1665, 1645, 1600 cm-I; 6 (60 MHz) (CDCI,) 
7.01 s (2,3-CH), 7.50 dd ( J  = 9.5 Hz; Av = 24.2 Hz) 
(6,7-CH), 12.65 s (5-OH). 

8-Chloro-6-methyUuglone (12) was prepared from 
20.0 g of 5-chloro-2-methoxytoluene, 24.0 g of maleic 
anhydride, 226 g of anhydrous AICI3 and 50 g of NaCl 
by heating at 200' for 2 min. The crude material obtained 
after hydrolysis was extracted (Soxhlet) with petroleum 
ether (b.p. 30-60") and chromatographed on silica gel 
(benzene), m.p. 160.5-161.0" (petroleum ether) (24%); 
A .,,, (EtOH)217,258, 338,430nm ( log~4 .35 ,  3.93,4.14, 
3.43); v,,,,, (KBr) 1670, 1645, 1597 cm-';  6 (60 MHz) 

(CDCI,) 2.35 s (6-CH,), 6.95 s (2,3-CH), 7.53 s (7-CH), 
13.10 s (5-OH). 

Anal. Calcd. for Cl lH7CI03:  C, 59.64; H, 3.17. 
Found: C, 59.59; H, 3.09. 

8-Chloro-7-methyljuglone (13), m.p. 158-159" (lit. (18) 
m.p. 159-161"); A ,,,, (EtOH) 217, 256, 340,425 nm (log 
E 4.54, 4.12, 3.11, 3.69); v ,,,,, (KBr) 1670, 1655, 1615 
cm-'; 6 (60 MHz) (CDCI,) 2.52 s (7-CH,), 6.99 s 
(2,3-CH), 7.25 s (6-CH), 12.60 s (5-OH). 

3-Brotno-8-chlorojrrglones 
These quinones are prepared by the methods of 

Wheeler and Scott (19) and Thornson (7). A suspension 
of the chlorojuglone (11-13) (1 to  3 g) and a five-fold 
excess of Br, in CCI, (4 to 12 ml) is stirred for 5 h at room 
temperature and evaporated to dryness under vacuum. 
The residue dissolved in absolute ethanol (12 to 36 ml) is 
refluxed for 3 rnin and a nearly quantitative yield of the 
3-bromo-8-chlorojuglone (16-18) is obtained on cooling. 

3-Bromo-8-chlorojuglone (15) is obtained from 11, 
m.p. 202-203" (dichloroethane); h,,, (EtOH) 216, 260, 
285,435 nm (log E 4.41,3.86 3.92, 3.62); v,,, (KBr) 1655, 
1635, 1595 cm-'  ; 6 (90 MHz) ((CD,),CO) 7.59 s (2-CH), 
7.59 dd ( J  = 9.5 Hz; Av = 19.3 Hz) (6,7-CH), 12.30 s 
(5-OH). 

Anal. Calcd. for CloH4BrCI03: C, 41.77; H, 1.39. 
Found: C, 41.91 ; H, 1.40. 

3-Bromo-8-chloro-6-methyljuglone (16) from 12, m.p. 
144-145" (CCI,); A,,, (EtOH) 221, 265 (sh), 290, 440 nm 
(log E 4.43, 3.83, 3.91, 3.62); v,., (KRr) 1650, 1635, 1600 
cm-'; 6 (60 MHz) (CDCI,) 2.35 s (6-CH,), 7.46 s 
(2-CH), 7.52 s (7-CH), 12.65 s (5-OH). 

Anal. Calcd. for Cl~H6BrCI03:  C, 43.82; H, 2.01. 
Found: C, 44.03; H, 1.91. 

3-Bromo-8-chloro-7-methyljuglone (17) from 13, m.p. 
187.5-188.0" (EtOH); h,,, (EtOH) 221,259,289,435 nm 
(log E 4.31, 3.67, 3.79, 3.60); v,,, (KBr) 1666, 1640, 
1600 cm-'; 6 (60 MHz) (CDCI,) 2.52 s (7-CH,), 7.28 s 
(2-CH), 7.51 s (6-CH), 12.40 s (5-OH). 

Anal. Calcd. for CllH6BrCIO3: C, 43.82; H, 2.01. 
Found: C, 43.58; H, 2.10. 

3 -Bromo-8-chloro-5-methoxy - 7-rnethylnaphthoqui- 
none (methyl ether of 17): The juglone 17 (1.0 g) is dis- 
solved in 20 ml of CHCI,, two portions of iodomethane 
(I .O ml) and AgzO (0.6 g) are added at 6 h intervals and 
the mixture stirred at room temperature for 14 h. The 
methyl ether is obtained in almost quantitative yield, 
m.p. 205-206" (dichloroethane); h,,,,, (EtOH) 219, 258, 
280 (sh), 415 nm (log E 4.53, 4.10, 4.04, 3.62); v ,,, (KBr) 
1665, 1662, 1583 cm-'; 6 (60MHz) (CDCI,) 2.54 s 
(7-CH,), 4.02 s (5-OCH,), 7.28 s (6-CH), 7.43 s (2-CH). 

Anal. Calcd. for ClzH8BrCIO3: C, 45.67; H, 2.55. 
Found: C, 45.79; H, 2.45. 

Reactions of Keten and Isopropenylketen Acetals with 
Brornojuglot~es 

General Procedure 6 
Keten dimethyl acetal (la) (20)3 (1.04 g; 0.0118 mol) 

is added all at once to the bromojuglone (0.00238 mol). A 
vigorous reaction ensues and the mixture is kept at 100° 
for I h. The volatile by-products are then evaporated 
under vacuum and the residue chromatographed on 100 g 

31n this procedure, ref. 20, benzene is advantageously 
replaced by xylene. 
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of silica gel. A mixture of benzene and ether (19 : 1) elutes 
the 8-hydroxy-1,3-dimethoxyanthraquinone. 

8-Hydroxy-1,3-dimethoxyanthraquinone (19a) was ob- 
tained from 14 (7), m.p. 217.5-218" (EtOH and sublimed) 
(61%); h,,, (EtOH) 222, 242, 270 (sh), 279, 420 nm (log 
E 4.54, 4.14, 4.30, 4.33, 4.02); v,,, (KBr) 1666, 1625, 
1596 cm-I; 6 (60 MHz) (CDCI,) 4.03 s (3-OCH,), 4.08 s 
(I-OCH,), 6.87 d ( J  = 2.5 HZ) (2-CH), 7.45 d ( J  = 
2.5 Hz) (4-CH), 7.5-8.0 m (5,6,7-CH), 13.30 s (8-OH). 

Anal. Calcd. for C16HL205:  C, 67.60; H, 4.25. Found: 
C, 67.80; H, 4.35. 
1,3,8-Trimethoxyanthraquinone was prepared by re- 

fluxing for 3 h a mixture of 19a (0.21 g), dimethyl sulfate 
(1.8 g), anhydrous K2C0,  (2.0 g) and acetone (20 ml), 
m.p. 194.5-195.0" (EtOH) (85%) (lit. (21) m.p. 195-196"); 
h,,, (EtOH) 219, 275, 395 nm (log E 4.51, 4.38, 3.89); 
v,,, (KBr) 1660, 1603 cm-I; 6 (60 MHz) (CDCI,) 3.99 s, 
4.01 s and 4.03 s (1,3,8-OCH,), 6.84 d ( J  = 2.5 Hz) 
(2-CH), 7.3-8.0 m (4,5,6,7-CH). 

5-Hydroxy-l,3-diniethoxyanthraquinone (23a) from 
18 (22), m.p. 199-199.5" (EtOH and sublimed) (53%); 
h,,, (EtOH) 228, 248, 278, 404 nm (log E 4.49, 4.12, 1.31, 
3.99); v,,, (KBr) 1665, 1645, 1605 cm-l;  6 (60 MHz) 
(CDCI,) 4.01 s (3-OCH,), 4.04 s (I-OCHS), 6.85 d ( J  = 
2.5 Hz) (2-CH), 7.52 d ( J  = 2.5 Hz) (4-CH), 7.2-7.9 m 
(5,7,8-CH), 12.40 s (5-OH). 

Anal. Calcd. for C16H1205:  C, 67.60; H, 4.25. Found: 
C, 67.85; H, 4.05. 
1,3,5-Trimethoxyanthraquinone was prepared from 

23a as above for the 1,3,8-isomer, m.p. 201.5-202" 
(EtOH) (85%) (lit. (23) m.p. 203"); h,,, (EtOH) 226,276, 
283 nm (log E 4.51, 4.39, 4.01); v,,, (KBr) 1660, 1605 
cm-';  6 (60 MHz) (CDCI,) 3.98 s, 4.02 s and 4.06 s 
(1,3,5-OCH,), 6.80 d ( J  = 2.5 HZ) (2-CH), 7.48 d ( J  = 
2.5 Hz) (4-CH), 7.2-8.0 m (6.7,s-CH). 
4-Chloro-l-hydroxy-6,8-dimethoxy-3-methylanthraqui- 

none (22a) from 17, m.p. 213-213.5" (EtOH and sub- 
limed) (57%); h,,, (EtOH) 227, 271, 282 (sh), 430 nm 
(log E 4.57, 4.31, 4.27, 4.02); v,,, (KBr) 1677, 1625, 1592 
cm-I;  6 (60 MHz) (CDCI,) 2.45 s (3-CH,), 3.97 s 
(6-OCH,), 4.00 s (8-OCH,), 6.75 d ( J  = 2.5 HZ) (7-CH), 
7.20 s (2-CH), 7.43 d ( J  = 2.5 HZ) (5-CH), 13.60 s (]-OH). 

Anal. Calcd. for Cl7Hl3ClO5: C, 61.36; H, 3.93: 
Found: C, 61.31 ; H, 3.86. 

Gerreral Procedure a (see first Section) 
This method gave products analogous to the foregoing. 
5-Chloro-l,3-diethoxy-8-hydroxyanthraquinone (20a) 

from 15 and lb, m.p. 182-1 82" (benzene - petroleum 
ether) (33%); h,.,, (EtOH) 223, 229 (sh), 271, 422, 430, 
437 nm (log E 4.46,4.43,4.27,4.00,4.00,4.00): v,,, (KBr) 
1670, 1631, 1626, 1598 cm-I ; 6 (90 MHz) (CDCI,) 1.46 t 
( J =  7.0 HZ) (3-0CH2CH,), 1.59 t ( J =  7.0 HZ) 
(I-OCH,CH,), 4.19 q ( J  = 7.0 HZ) (1,3-OCH2-), 6.72 d 
(J = 2.5 Hz) (2-CH), 7.33 d ( J  = 2.5 Hz) (4-CH), 7.34 dd 
(J = 8.5 Hz; AV = 32.9 Hz) (7,6-CH), 13.74 s (8-OH). 

Anal. Calcd. for C18H15C105: C, 62.34; H, 4.35. 
Found: C, 62.72; H, 4.26. 

4-Chloro-6,s-diethoxy-1 -hydroxy-2-methylanthraqui- 
none (21a) from 16, m.p. 160-161" (petroleum ether) 
(40%); v,.,, (KBr) 1671, 1630, 1600 cm-'; 6 (60 MHz) 
(CDCI,) 1.49 t ( J  = 7.5 HZ) (6-OCHzCH,), 1.56 t (J = 
7.5 HZ) (8-OCH,CH,), 2.34 s (2-CH,), 4.23 q ( J  = 7.5 
Hz) !6,8-OCH,-), 6.69 d ( J  = 2.5 HZ) (7-CH), 7.38 d 
(J = 2.5 HZ) (5-CH), 7.44 s (3-CH). 
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Anal. Calcd. for C1,Hl7CIO5: C, 63.23; H, 4.75. 
Found: C, 63.06; H, 4.92. 

4-Chloro-6,s-diethoxy-1 -hydroxy-3-methylanthraqui- 
none (22a', R, = C2H5) from 17, m.p. 198-199" (petro- 
leum ether) (40%). 

Anal. Calcd. for Cl9Hl7CIO4: C, 63.25; H, 4.75. 
Found: C, 63.35; H, 4.57. 

5-Chloro-1 -ethoxy-8-hydroxy-3-methylanthraquinone 
(24a) from 15 and isopropenylketen diethyl acetal (2) as 
for 9a, m.p. 212-213" (benzene - petroleum ether) (75%); 
h,,, (EtOH) 226.5,260, 277 (sh), 420,432 nrn (log E 4.61, 
4.29, 4.04, 3.97, 3.96); v,,, (KBr) 1676, 1635 (sh), 1631, 
1600cm-'; 6 (90MHz) (CDCI,) 1.58 t ( J  = 7.0Hz) 
(I-0CH2CH3), 2.49 s (3-CH), 4.30 q ( J  = 7.0 HZ) 
(I-0CH2-), 7.08 bs (2-CH), 7.37 dd ( J  = 9.0 Hz; Av = 
33.40 HZ) (7,6-CH), 7.69 bs (4-CH), 13.58 s (8-OH). 

Anal. Calcd. for C17H12CI04: C, 64.66; H, 3.84. 
Found: C, 64.32; H, 3.95. 

Reaction of Keterr Dirriethyl Acetal n'irh 3-Bronlo-8- 
chloro-5-rnet/1o~y-7-1?7etlrylnaplrtl1oqlrinone 

A mixture of the methyl ether of 17, (0.631 g; 0.002 
mol) and keten dimethyl acetal (la) (0.88 g;  0.01 mol) is 
heated at 120°for 1 hand then at 140°for -1 h. The volatile 
by-products are then evaporated under vacuum and the 
residue chromatographed on 100 g of silica gel. Benzene 
elutes 0.032 g (5%) of 4-bromo-9-chloro-5-hydroxy-2,6- 
dimethoxy-8-methylnaphtho[l,2-blfuran (25), a colorless 
and unstable compound which is slowly converted into 
26; v,,, (CHCI,) 3345, 1605 cm-': 6 (60 MHz) (CDCI,) 
2.51 s (8-CH,), 4.10 s (2,6-OCH,), 5.78 s (3-CH), 6.68 s 
(7-CH), 10.40 s (5-OH). 

A mixture of benzene and ether (19:l) next elutes 
0.285 g (38%) of methyl 3-bromo-8-chloro-5-methoxy-7- 
methylnaphthoquinonylacetate (26), m.p. 171.0-171.5" 
(CCI,); h,,, (EtOH) 219, 259, 381, 415 nm (log E 4.38, 
3.96, 3.88, 3.55); v,,, (KBr) 1730, 1678 cm- ' ;  6 (60 
MHz) (CDCI,) 2.51 s (7-CH,), 3.77 s (COZCH,), 3.90 s 
(-CH2-), 4.01 s (5-OCH,), 7.28 s (6-CH). 

Anal. Calcd. for CI5Hl2BrCIO5: C, 46.47; H, 3.12. 
Found: C, 46.22; H, 3.08. 

Upon flushing the column with ethyl acetate and 
separating the residue by preparative t.l.c., 0.041 g (6%) 
of 4 - chloro - 1,6,8 - trimethoxy - 3 - methylanthraquinone 
(methyl ether of 22a) is obtained, m.p. 219.5-220" 
(EtOH); h ,,,, (EtOH) 221, 273, 400 nm (log E 4.28,4.00, 
3.51); v,,,, (KBr) 1668, 1601 cm-'; 6 (60 MHz) (CDCI,) 
2.52 s (3-CH,), 3.99 s, 4.00 s and 4.01 s (1,6,8-OCH,), 
6.78 d ( J  = 2.5 HZ) (7-CH), 7.25 s (2-CH), 7.29 d ( J  = 
2.5 HZ) (5-CH). 

Anal. Calcd. for C18H15C105: C, 62.34; H, 4.36. 
Found : C, 62.44; H, 4.12. 

Polyhydroxyat~thraquir~ones (from J~cglones) 
Method A (Reduction Sfep) 
To  a solution of NaOH (1.4g) in equal volumes of 

ethanol and water (40 ml each) is added the 5-chloro 
8-hydroxy-1,3-dimethoxy anthraquinone (7.16 x lo-, 
mol) and Na2S20, (7.7 g). The mixture is stirred for 18 h 
under nitrogen and then aerated for 1 h, acidified with 
dilute HCI and extracted with chloroform. 

I - Hydroxy - 3 -methyl - 6,8 - dimethoxyanthraquinone 
from 22a, m.p. 211.0" (EtOH) (94%); h,,, (EtOH) 225, 
269, 280, 298, 430 nm (log E 4.57, 4.29,4.31, 4.05,4,00); 
v,,,, (KBr) 1670, 1632, 1595 cm-I;  6 (60 MHz) (CDCI,) 
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2.44 bs (3-CH,), 3.99 s (6-OCH,), 4.03 s (8-OCH,), 6.79 d 
( J  = 2.5 Hz) (7-CH), 7.11 bs (2-CH), 7.45 d ( J  = 2.5 Hz) 
(5-CH), 7.60 bs (4-CH), 13.10 s (8-OH). 

Anal. Calcd. for Cl7HI4O5:  C, 68.45; H, 4.73. Found: 
C, 68.70; H, 4.51. 

Method A ( Demethylatiotz Step) 
To  a molten mixture of AICI, (10.0 g) and NaCl 

(2.0 g) at 180" is added at once the hydroxy dimethoxy 
anthraquinone (19a, 230, or the preceding compound) 
(100 mg). After cooling to 120" the melt is hydrolyzed 
with ice (300 g) and concentrated HCI (10 ml). The preci- 
pitate is extracted with chloroform and the organic solu- 
tion washed with water, dried and evaporated to dryness. 

1,3,5-Trihydroxyanthraquinone (23b) from 18, m.p. 
320-322" dec. (benzene) (84%) (lit. (23) m.p. 3 14-315"); 
h,,, (EtOH) 227, 246, 280, 322, 415 nm (log E 4.31, 4.13, 
4.19, 3.38, 3.92); v,,, (KBr) 1610, 1580 (sh) cm-'; 6 
(90 MHz) ((CD3)ZSO) 6.52 d ( J  = 2.0 HZ) (2-CH), 7.06 d 
( J  = 2.0 Hz) (4-CH), 7.17-7.90 m (6,7,8-CH), 12.28 and 
12.64 2 s (1,5-OH). 
1,3,8-Trihydroxyanthraquinone (19b) from 19a, m.p. 

287-287.5" dec. (EtOH) (98%) (lit. (21) m.p. 287-288"); 
h ,,,, (EtOH) 215, 245, 265, 285, 321, 430 nm (log E 4.44, 
4.23, 4.21, 4.25, 3.53, 4.02); v ,,,, (KBr) 1670, 1620, 1575 
cm-'; 6 (90 MHz) ((CD,),SO) 6.55 d ( J  = 2.0 Hz) 
(2-CH), 7.09 d ( J  = 2.0 Hz) (4-CH), 7.20-7.90 m (5,6,7- 
CH), 11.96 bs (1,8-CH). 

1,6,8-Trihydroxy -3  -methylanthraquinone (emodin) 
(22b), from 1-hydroxy-6,s-dimethoxy-3-methylanthraqui- 
none, m.p. 258-259" dec. (MeOH) (96%) (lit. (10) m.p. 
259-260" dec.); h,,, (EtOH) 221, 253, 266, 289, 438 nm 
(log~4.41,4.15, 4.12,4.19, 3.94); v ,,,,, (KBr) 1680, 1631, 
1598 cm-'; 6 (90 MHz) ((CD,),SO) 2.37 bs (3-CH,), 
6.52 d ( J  = 2.5 HZ) (7-CH), 7.03 d (5-CH), 7.04 d 
(2-CH), 7.36 d ( J  = 1.5 Hz) (4-CH), 11.93 and 12.02 
2 s (1,s-OH). 

Method B 
To a solution of a 5-chloro-1,3-diethoxy 8-hydroxy 

anthraquinone or 5-chloro-I-ethoxq 8-hydroxy-3-methyl 
anthraquinone (1.0 g) in acetic acid (20 ml) are added 
hydriodic acid (d = 1.57) (1.0 mi) and red phosphorus 
(1.0 g). The mixture is refluxed for 5 h, poured in ice and 
water and filtered after several hours. The crystalline 
product is then extracted with chloroform and the residue, 
upon evaporation of the solvent, oxidized with an equal 
weight of chromic oxide in acetic acid (50 ml) at 60" for 
0.5 h. The polyhydroxylated anthraquinone is then re- 
covered by dilution with water and extraction by chloro- 
form. 

1,3,8-Trihydroxyanthraquinone (196) from 20b, m.p. 
287" (ethyl acetate) (85%). 

Triacetate, m.p. 194-195" (lit. (21) m.p. 195"). 
1,6,8-Trihydroxy-2-methylanthraquinone (21b) from 

21a, m.p. 287-288" (EtOH) (74%) (lit. (24) m.p. 283- 
284"); h,,, (EtOH) 225,251,272,290,433 nm (log E 4.43, 
4.14, 4.25, 4.21, 3.98); v ,,,,, (KBr) 1665, 1613 cm-'; 6 
(90 MHz) ((CD,),SO) 2.19s (2-CH,), 6.49 d ( J  = 2.0 
HZ) (7-CH), 7.00 d ( J  = 2.0 HZ) (5-CH), 7.46 s (3,4-CH), 
11.89 and 12.28 2 s (1,s-OH). 

Triacetate, m.p. 205.5-206" (lit. (24) m.p. 204"). 
1,6,8-Trihydroxy -3-methylanthraquinone (emodin) 

(22b) from 22a', m.p. 256" (acetic acid) (80%). 
Triacetate, m.p. 193" (lit. (25) m.p. 193-194"). 
1,s-Dihydroxy-3-methylanthraquinone (chrysophanol) 

(24b) from 24a, m.p. 192-193" (EtOH) (66%) (lit. (26) 
m.p. 196"); h .,,, (EtOH) 226, 256, 277,287,425 nm (log E 

4.58, 4.32, 3.98, 4.01, 4.02); v,,, (KBr) 1676, 1625, 1604 
cm-'; 6 (90 MHz) (CDCI,) 2.45 s (3-CH,), 7.10 bs 
(2-CH), 7.65 bs (4-CH), 7.2-8.0 m (5,6,7-CH), 11.97 and  
12.08 2 s (1,s-OH). 

Diacetate, m.p. 206-208" (lit. (27) m.p. 208"). 

Reactions of Ketet~ and Isopropenylkeren Acetals with 
Chlorotnaleic Anhydride 

To a solution of chloromaleic anhydride (2.64g), 
0.020 mol) in anhydrous ethyl ether (20ml) is added 
rapidly 0.10 mol of the keten acetal ( l a  or lb) or 0.04 mol 
of isopropenylketen diethyl acetal (2). After the vigorous 
reaction has subsided, the reaction mixture is allowed to  
rest for 12 h at room temperature and then filtered. 

3,5-Dimethoxyphthalic anhydride (27a), m.p. 148-149" 
(petroleum ether) (32%) (lit. (28) m.p. 149"); v,,,, (KBr) 
1845, 1790, 1770 cm-I; 6 (60 MHz) (CDCI,) 4.03 s 
(5-OCH,), 4.08 s (3-OCH,), 6.86 d ( J  = 2.0 HZ) (4-CH), 
7.11 d ( J  = 2.0 Hz) (6-CH). 

3,5-Diethoxyphthalic anhydride (27b), m.p. 137" 
(dioxan~yclohexane) (37%) (lit. (29) m.p. 130"). 

3-Ethoxy-5-methylphthalic anhydride (28), m.p. 158- 
159" (acetone) (50%); v,,,, (KBr) 1837, 1775 cm-';  6 
(60 MHz) ((CD3)ZCO) 1.46 t (J = 7.0 HZ) (3-OCHzCH,), 
2.54 s (5-CH,), 4.34 q ( J  = 7.0 Hz) (3-0CH2-), 7.38 rn 
(2,4-CH). 

Anal. Calcd. for C,IHloO,: C, 64.07; H, 4.89. Found: 
C, 64.13; H, 4.66. 
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Synthkse de mCthyl-3 furoquinones 

RICHARD HUOT ET PAUL BRASSARD 
Dipartement de Chimie, Universitt Laval, Qutbec,  Qutbec G l K  7P4 

R e ~ u  le 17 juillet 1973 

Les auteurs proposent deux nouvelles solutions au  problkme de la synthkse de methyl-3 furoquinones. 
Ces methodes ont I'avantage de requerir des substrats et des reactifs facilement accessibles. Une nouvelle 
synthkse de la tanchinone I(26) illustre I'un des procedes qui devraient en principe s'appliquer tgalement 
a la synthese d'isotanchinones. Au cours de cette etude, quelques transformations inedites ont aussi 
kt6 observees. 

The authors propose two new solutions to the problem of the synthesis of 3-methylfuranquinones. 
The methods have the advantage of requiring readily accessible substrates and reagents. A new synthesis 
of tanshinone I(26) illustrates one of the processes which in principle should also be applicable to the 
preparation of isotanshinones. Several novel transformations have been observed in the course of this 
study. 
Can. J. Chem., 52,88 (1974) 

Synthkses de furonaphtoquinones 
Les quinon-s cornportant un heterocycle 

oxygtnt ont souvent t t t  isoltes de sources na- 
turelles (1) et, puisque certaines proviennent 
probablernent des composts hydroxylts corres- 
pondants, nous avons recherche des rntthodes de 
synthtse B l'aide de ces intermtdiaires. Depuis le 
dtbut de ces travaux, un certain nombre de 
synthtses de mtthyl-3 furoquinones ont CtC 
rtalistes (2-4). Nos rntthodes constituent toute- 
fois des proctdts nouveaux et de plus cette ttude 
nous a perrnis d'observer des rtactions inidites 
concernant la formation d'alkyl-2 furoquinones. 

Le problkrne principal, celui de la prtparation 
de mtthyl-3 furoquinones, a ett abordi par 
1'Ctude de la synthtse du dihydro-4,5 mtthyl-3 
dioxo-4,5 naphto[l,2-blfuranne (14b). King et 
Read (5) avaient dtjB obtenu cette substance par 
une rnCthode qui s'est avtrte inapplicable B la 
synthtse des tanchinones. La f a ~ o n  la plus directe 
d'envisager la prtparation consiste sans doute B 
introduire dans l'hydroxy-2 naphtoquinone (1) 
une chaine fonctionnaliste susceptible de se 
cycliser en rntthyl-3 furoquinone. Puisque ce 
groupement doit contenir trois atornes de car- 
bone, le propanal ou ses derives sernblaient etre 
des rtactifs tout designts pour optrer cette trans- 
formation. Toutefois, des condensations directes 
entre l'hydroxy-2 ou la chloro-3 mtthoxy-2 
naphtoquinone et le propanal en prtsence de 
NaH ne donntrent aucun rtsultat utile. 

Une observation inCdite sur la reaction de 
quinones avec certains halogtnures d'alkyles 
sernblait offrir quelqu'espoir de succks par la con- 

densation de l'hydroxy-2 naphtoquinone et du  
bromo-2 propanal. Une premikre tentative ne 
conduisit qu'B une faible quantitt de dihydro-4,5 
mtthyl-2 dioxo-4,5 naphto[l,2-blfuranne (2) 
obtenu sans doute par la cyclisation de l'hydroxy- 
3 (brorno-2 proptny1)-2 naphtoquinone inter- 
mediaire, une rtaction analogue B celle observte 
par Hooker (6).  I1 s'agit, B notre connaissance, du 
premier cas de  condensation de ce genre avec des 
aldehydes a-halogtnts et d'un exemple rare de  
synthtse directe d'une furoquinone B partir d'une 
hydroxyquinone. Un second assai, effectut avec 
le m&me aldehyde en prtsence de HBr, donna un 
melange complexe de produits: la bromo-3 
hydroxy-2 naphtoquinone (3), le dihydro-4,5 
mtthyl-2 dioxo-4,5 naphto[l,2-blfuranne (2), le 
dihydro-4,9 mtthyl-2 dioxo-4,9 naphto[2,3-b]- 
furanne (4), I'a-formyltthyl-2 hydroxy-3 naphto- 
quinone (56) et deux autres substances qui n'ont 
pas t t t  identifites. Le produit attendu (5b) a donc 
it6 obtenu mais avec un rendement de seulernent 
9%. Le spectre de r.m.n. de 5b surprend par la 
faiblesse du couplage entre le proton aldthydique 
et celui en a du carbonyle, mais sa structure a CtC 
confirmCe puisqu'il se transforrne facilement en 
dihydro-4,5 mtthyl-3 dioxo-4,5 naphto[l,2-b]- 
furanne (14b) (Schtrna 1). 

Une troisi6me tentative pour prtparer I'aldt- 
hyde 5b devait faire intervenir I'tpoxydation 
de l'hydroxy-3 proptnyl-2 naphtoquinone (6) 
suivie d'une transposition catalyste par BF,. Les 
essais d'tpoxydation par le peroxyde d'hydrogtne 
en milieu basique se sont avtrts vains mais l'em- 
ploi de I'acide perbenzoi'que dans le chloroforme 
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conduit directement B l'acttonyl-2 hydroxy-3 L'hydroxy-3 a-methylallyl-2 naphtoquinone 
naphtoquinone (7) avec un rendement de 73%. (llb), par acCtylation rCductive et oxydation au 
Ce composC s'identifie facilement par son spectre moyen de OsO, et NaIO,, est transform6 en 
de r.m.n. qui prCsente deux singulets ?i F 2.29 et l'aldihyde 13b attendu. L a  mtthanolyse acide de 
3.73 p.p.m. et par le fait qu'il se transforme en ce dernier et l'oxydation par l'air en milieu basi- 
furanne 4 sous l'action de BF, (SchCma 2). que donnent l'a-formylkthyl-2 hydroxy-3 naphto- 

Nous avons aussi tent6 de prCparer 17aldChyde quinone (5b). L'a-forrnylmCthy1-2 hydroxy-3 
56 par l'oxydation, d 'aprb la mCthode de Lemieux naphtoquinone (5a), prCparCe de f a ~ o n  analogue, 
et Rudloff (7), de l'hydroxy-3 a-mtthylallyl-2 se cyclise en dihydro-4,5 dioxo-4,5 naphto[l,2-b]- 
naphtoquinone ( l lb)  qui s'obtient par trans- furanne (14a) par chauffage dans I'acide poly- 
position de Claisen des Cthers y-mtthylallyliques phosphorique. L'aldehyde 5b ne donne pas de 
des hydroxynaphtoquinones dCcrits par Fieser rCaction semblable, la substance Ctant trop 
(8). L'alkylation du sel d'argent de 1 par le insoluble dans ce milieu. Toutefois la rkduction 
bromure de crotyle donne un mClange deskthers de 5b par le zinc et l'action de HCI suivies d'une 
o- et p-quinoniques et du produit C-alkylC. La oxydation par CrO, conduisent B la methyl-3 
proportion des Cthers par rapport au produit furoquinone 14b (SchCrna 3). 
hydroxylk a CtC port6 B 677, du melange en em- 
ployant un solvant moins polaire (benzene) que Synthcse de la tanchinone I 
celui (Cther tthylique) prCconist par Fieser. Le Nous avons utilisC comme matiere premiere 
rendement en substances alkylCes est de 64% pour cette synthkse le dimCthoxy-3,4 mCthyl-8 
mais une certaine quantitt de 1 peut Ctre phtnanthrene (15) dCja prepare par Pschorr (9). 
rCcupCrCe. La pyrolyse des Cthers par contre Le clivage des ethers par  BBr, suivi de l'oxyda- 
conduit quantitativement au produit transposC. tion par Ag,O conduit B la mCthyl-8 phtnan- 
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WoH CHRCH=CH2 d c $ c ~ ~ ~ = ~ ~ ,  
0 OAc OAc 

11 120, h / 
13a,h 

n R - H  
h Rr  CH, 

(b) ( 3 0 3  CHRCHO 

0 

threnequinone-3,4 (16) avec un rendement glo- 
bal de 62%. Les caracttristiques physiques et 
spectrales different toutefois sensiblement de 
celles d t j i  publites (2). Le spectre de masse de la 
substance rtvtle un pic moltculaire a tw/e 222 et 
les bandes infrarouges (v,=, 1662, 1630 cm-') 
semblent conformes aux valeurs attendues (10). 
Par une reaction de Thiele, la quinone 16  donne 
un triacktate (17) qui fut ensuite saponifiC par 
MeONa et oxydt par l'air avec un rendement de 
76% pour les trois ttapes. Le spectre infrarouge 
de la substance 18 est comparable i celui deja 
publit [2) mais sont point de fusion est toutefois 
sensiblement plus tlevk. 

L'alkylation du sel d'argent de  l'hydroxyqui- 
none 18 dans le benzene procede assez mal, car la 
majeure partie de la quinone de dtpart  est r t-  
cuptrte; d'ailleurs la reaction ne donne que deux 
des trois produits attendus (1'0-quinone n'a pas 
it6 isolte). Par contre, dans l'hexamtthylphos- 
photriamide, les Cthers s'isolent avec un bon ren- 
dement (70%). La facon classique de sCparer les 
produits par extraction des substances acides A 
l'aide de l'ammoniaque dilute ne s'optre qu'avec 
difficult6 vu la faible solubilitt des sels corres- 
pondants. (Nous avons toutefois constatt que la 
methyl-8 y-mtthylallyloxy-3 phtnanthrenequi- 
none-1,4 (20), par chromatographie sur gel de 
silice, donne lieu B une transposition totale. Cette 
mtthode permet donc d'isoler directement le 
produit 22 sans avoir recours A l'isolement et a 
la pyrolyse de 1'Cther. Une partie de ce produit 
(20) cependant se transpose de facon non- 
concertte et donne une proportion importante 

APP + 

(-40%) d'hydroxy-3 methyl-8 y-mtthylallyl- 
phtnanthrenequinone-1,4 (19), sans doute par u 
mtcanisme ionique). 

Aprts une acttylation rtductive de la substanc 
22 et une oxydation par la mtthode de Lemieu 
(7), l'aldthyde 24 s'obtient avec un excellen 
rendement. La mtthanolyse acide de ce dernie 
donne toutefois un acttal difficile a hydrolyser 
mais la saponification par l'hydroxyde de sodiur 
dans 1edimCthylsulfoxyde suivie d'une cyclisatioi 
par l'acide chlorhydrique e t  une oxydation pa 
l'acide chromique permet d e  compltter la syn 
these (SchCma 4). 

Partie expkrimentale 

( A )  Reaction aoec le brotno-2 propanal 
On chauffe a reflux pendant 4 h un melange de hydrox) 

2 naphtoquinone (1) (1.8 g), dlacCtate de sodium anhydr 
(2.4 g), de bromo-2 propanal (3.0 ml) (I I) et d'acital 
d'ethyle (50 ml); puis on ajoute de I'eau (100 ml) et  o 
acidifie avec d e  I'acide chlorhydrique dilue. On chromatc 
graphie le solide brun obtenu s u r  gel de silice et on C I L  
successivement avec le benzene, le chloroforme et 1'Cthe 
Des premieres fractions, on isole le dihydro-4,5 methyl- 
dioxo-4,5 naphto[l,2-blfuranne (2), p.f. 164-1 64.1 
(EtOH) ( 5 z )  (litt. (12) 164- 164.5"); v,,,(KBr) 1710,168 
cm-' ; 6 (CDCI,) (60 MHz) 2.33 d ( J  = 1.0 Hz) (CH3-2 
6.40 q ( J  = l .O Hz) (CH-3). Les spectres sont identiquc 
h ceux de la substance authentique preparie d'aprc 
Hooker et Steyermark (12). 

Les autres fractions contiennent de I'hydroxynaphtc 
quinone (1) e t  une huile qui n'a pas cristallisC. 

( B )  Reaction d~r bromo-2 propanal en prdsence d'acide 
bromhydrique 

On ajoute lentement a 0" du brome (4.8 g) a une so11 
tion de propanal (1.8 g) dans de I'acetate d'ethyle (100 ml 
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Lorsque la solution devient incolore, on y ajoute de 
l'hydroxynaphtoquinone (1) (3.5 g) et on porte le mtlange 
a I'tbullition pendant 3 h. Apres refroidissement, on 
ajoute de 1'Cther (1 I) et on extrait les hydroxyquinones 
avec une solution de bicarbonate de sodium a 5% (3 x 
200 ml). On acidifie la solution aqueuse et on I'extrait 
avec I'tther. On Cvapore le solvant organique et on chro- 
matographie le residu sur gel de silice (benzene, puis 
chloroforme). On isole ainsi les produits suivants: 

La bromo-3 hydroxy-2 naphtoquinone (3), p.f. 202- 
203" (benzene) (4%) (litt. (13) p.f. 202"); v,,, (KBr) 3160, 
1675, 1640 cm-I. ~ t h e r  methylique (CH2N2), p.f. 163- 
164" (litt. (14) p.f. 163-164"). 

L'a-formyltthyl-2 hydroxy-3 naphtoquinone (56) p.f. 
119-120" (benzene, ether de pitrole) (9%); v,.,, (KBr) 
3340,2720, 1720, 1670, 1645 cm- ; 6 (CDCI3) (60 MHz) 
1.45 d ( J  = 7.0 Hz) (CH,), 3.88 qd ( J  = 7.0, < 1 Hz) 
(CH), 9.80 d ( J  < 1 Hz) (CHO). Leucotriacetate, p.f. 153- 
155". 

Anal. Calc. pour C19H180.,: C, 63.68; H, 5.06. TrouvC: 
C, 63.81 ; H. 5.06. 

Deux produits, en tres faible rendement, que I'on n'a 
pas identifit, un compose jaune, p.f. 177-178" (benzene); 
v,,, (KBr) 3260, 1670, 1650 cm-' ; une substance rouge, 
p.f. 171-172" (benzene); v,.,, (KBr) 3100, 1650 cm-'. 

Le compost 4, p.f. 247", s'isole de la phase organique a 
I'etat de traces apres extraction au bicarbonate. 

Le composC 2, p.f. 164165", s'obtient Cgalement a 
I'etat de traces de la solution aqueuse, apres avoir laisse 
reposer celle-ci pendant 2 jours. 

( C )  Syr~rhkse er cyclisation de l'acktonyl-2 l~ydroxy-3 
napl~roquinone 

Acktonyl-2 l~ydroxy-3 naplrtoq~rinone (7) 
On laisse reagir pendant 24 h a la temperature ambiante 

la propenyl-2 hydroxy-3 naphtoquinone (6) (560 mg) (6) 
dans une solution d'acide perbenzolque dans le chloro- 
forme (0.23 N; 12 ml). Par refroidissement, on obtient la 
quinone 7, p.f. 179-179.5" (benzene) (73%) (litt. (15) p.f. 
177-177S0,(12) 176.5-177.5"); v,,,(KBr)3275, 1710,1685, 
1650 cm-I; 6 (CDCI,) (60 MHz) 2.29 s (CH3), 3.73 s 
(CH,), 7.48 s (OH). 

Dihydro-4,9 trldrhyl-2 dioxo-4,9 11aphto[2,3-b]furatu1e 
(4)  

On ajoute lentement de I'CthCrate de trifluorure de bore 
(1.0 ml) a une solution de la quinone 7 (410 rng) dans du 
benzene (15 ml) a 10" et on agite pendant 16 h a la tem- 
perature ambiante. Apres avoir verse le mtlange reaction- 
nel dans de I'eau glacCe (50 ml) et extrait avec de I'ether, 
on obtient un solide huileux que I'on chromatographie 
sur gel de silice. Le benzene Clue le naphtofuranne 4, p.f. 
245-245.5" (benzene) (46%) (litt. (12) p.f. 246-247'); v,,,, 
(KBr) 1680 cm-I; 6 (CF3COOH) (60 MHz) 2.57 s 
(CH3-2) 6.76 s (CH-3). Cette substance est identique a 
celle mentionnte dans la section B. 

( D )  Synrhdse de dil~ydro-4,5 dioxo-4,5 11aphto[I,2-b]- 
firrannes 

Alkylation de l'l~ydroxy-2 r~aphtoq~rit~ot~e 
Methode A (16). On a repris I'exgrience de Fieser (17) 

(avec le sel d'argent de la quinone 1 (30 g) et le bromure 
de crotyle (16 g)) mais en substituant le benzene (200 ml) 
a I'ether comme solvant. On  isole de la faqon preconisee 
les produits suivants: 

L'hydroxy-3 y-mtthylallyl-2 naphtoquinone (a), p.f. 
127-128" (EtOH) (21%) (litt. (17) p.f. 132-133"); v,,, 
(KBr) 3390, 1680, 1658 cm-I. 

La y-methylallyloxy-4 naphtoquinone-1,2 (9), p.f. 122- 
123 (ether de petrole) (22%) (litt. (17) p.f. 120"); v,,, 
(KBr) 1720, 1665 cm-I. 

La y-mtthylallyloxy-2 naphtoquinone-1,4 (lo), p.f. 
138-139" (ether de petrole) (21%) (litt. (17) p.f. 137"); 
v,,, (KBr) 1690, 1654 cm-'. 

Methode B. On agite pendant 10 min un melange du sel 
d'argent de la quinone 1 (3.0 g) et de bromure de  crotyle 
(1.6 g) dans de I'hexamCthylphosphotriamide (25 ml) a 
la temperature ambiante. Apres avoir verse le melange 
dans de I'eau (200 ml) et extrait au benzene, on isole de la 
f a ~ o n  habituelle les substances suivantes: le produit 
C-alkylt 8 (0.4 g) (16)%, ]'ether o-quinonique 9 (0.3 g) 
(12%) et  1'Cther p-quinonique 10 (1.4 g) (58%). 

Triacdroxy-1,3,4 allyl-2 naphtal2ne (12a) 
On chauffe pendant 2 min un melange d'allyl-2 

hydroxy-3 naphtoquinone l l a  '(2.5 g), p.f. 114114.5" 
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(litt. (16) p.f. 116"), de zinc en poudre (8.0 g), d'acetate de 
sodium fondu (4.0 g) et d'anhydride acktique (20 ml). 
L'hydrolyse partielle du milieu reactionnel et I'extraction 
du produit brut par le chloroforme chaud permet d'ob- 
tenir le triacetate 12a, p.f. 156-157" (benzene - ether de 
petrole) (81%) (litt. (16) p.f. 155.5"); v,,, (KBr) 1770cm-' ; 
6 (CDCI,) (60 MHz) 2.29, 2.38 et 2.42 3s (acetates), 3.41 
m (-CH,-), 5.06 m (=CH,), 5.83 m (-CH=). 

Triacitoxy-l,3,4 a-mithylallyl-2 naphtaldne (126) 
On obtient ce produit 5 partir de I'hydroxy-3 a-mtthyl- 

allyl-2 naphtoquinone-1,4 ( l l b ) ,  p.f. 66-67" (litt. (17) p.f. 
69") d'une facon analogue a la prbcedente, p.f. 140-142" 
(benzene - Cther de petrole) (61%); v,,. (KBr) 1775 
cm-'; 6 (CDCI,) (60 MHz) 1.44 d ( J  = 7.0 Hz) (CH3), 

I 
2.26, 2.36 et 2.40 3s (acetates) 3.79 (-CH-), 5.09 m 
(=CH,), 6.05 m (-CH=). 

Anal. Calc. pour C2,H,,06 : C, 67.40; H, 5.65. TrouvC: 
C, 67.78; H. 5.69. 

Triacktoxy-1,3,4 fornzylmithyl-2 naphtaldne (13a) 
On agite pendant 1 h une solution du triacetate 12a 

(1.2 g) dans un melange de dioxanne (20 ml), d'eau (2 ml) 
et d'une solution aqueuse de tktroxyde d'osmium a 1% 
(4 ml). Lorsque la solution noircit, on ajoute du periodate 
de sodium (2.2 g) en trois portions Cgales a intervalles de 
12 h. Au bout de 26 h, on verse le melange reactionnel 
dans de I'eau, on extrait au chloroforme et on lave la 
solution organique successivement avec de I'eau et avec 
une solution saturee de sulfure d'hydrogkne. On obtient 
I'aldbhyde 13a par chromatographie sur gel de silice en 
eluant avec un melange de benzene et de chloroforme 
(1 :I), p.f. 158-159' (benzene) (75%); v,,, (KBr) 2715, 
1775, 1730 cm-' ; 6 (CDCI,) (60 MHz) 2.31, 2.44 et 2.45 
3s (acetates). 3.56 d (J  = 2.0 Hz) (CH,), 9.55 t ( J  = 2.0 . . -. 

Hz) (cHo):. 
Anal. Calc. pour CI8Hl6O7:  C, 62.78; H, 4.68. TrouvC: 

C, 62.83 ; H, 4.71. 
Triacitoxy-1,3,4 a-fortnylithyl-2 naphtaldne (136) 
Le triacetate 126 (0.95 g) donne dans les mCmes con- 

ditions I'aldehyde 136, p.f. 153-1 55" (benzene) (37%) ; 
v,,, (KBr) 2720, 1780, 1727 cm- ' ; 6 (CDC13) (60 MHz) 
1.36 d ( J  = 7.0 Hz) (CH,), 2.26 et 2.39 (3 :6) 2s (acetates), 
3.73 qd (J = 7.0, < l Hz) (CH), 9.70 q ( J  < 1 Hz). 

Anal. Calc. pour CI9Hl807:  C, 63.68; H, 5.06. Trouve: 
C, 63.81; H, 5.06. 

Formylmttl~yl-2 hydroxy-3 naphtoquinotze (5a) 
On dissout du triacetate 13a (344 mg) dans du methanol 

contenant une goutte d'acide chlorhydrique concentre. 
Ace  melange refroidi, on ajoute une solution d'hydroxyde 
de sodium a 30% (10 ml). On laisse reposer 30 min, on 
acidifie, puis on ajoute une solution de chlorure ferrique 
(6 ml) (18) et, apres 10 min, de I'eau (75 ml). On extrait la 
quinone avec de I'ether d'ou on la recupere par lavage 
avec une solution de bicarbonate de sodium a 5%. La 
quinone 5a s'obtient alors par acidification de cette solu- 
tion et extraction I'ether, p.f. 160-161" d&. (benzene - 
Cther de petrole) (83%); v,.,, (KBr) 3110, 2725, 1715, 
1685, 1645 cm-'; 6 (CDCI,) (60 MHz) 3.76 d ( J  = 1.0 
Hz) (CH,), 7.36 s (OH), 9.78 t ( J  = 1.0 Hz) (CHO). 

Anal. Calc. pour CIZH804:  C, 66.66; H, 3.73. TrouvC: 
C, 66.44; H, 3.68. 

a-Formyle'thyl-2 hydroxy-3 naphtoquinone (56) 
Cette naphtoquinone se prepare par une methode 

analogue A celle du paragraphe precedent (65%) et  esl 
identique au produit dkcrit a la section B. 

Dihydro-4,5 dioxo-4,5 naphto[l,2-b]furanne (14a) 
On chauffe sur bain-marie pendant 10 min un melange 

de l'aldehyde 5a (108 mg) et d'acide polyphosphorique 
(7.0 g). Aprks refroidissement, o n  verse le melange reac. 
tionnel dans de  I'eau glacee et o n  extrait par de I'acetatc 
d'ethyle. On lave ensuite la phase organique avec unc 
solution de bicarbonate de sodium a 5%. On evapore Ic 
solvant et chromatographie le rksidu sur gel de silice. Lc 
benzene Clue le naphtofuranne 14a, p.f. 212-212.5" (ben- 
zene (10%) (litt. (12) p.f. 209.5-210"); v,,, (KBr) 1708 
1685 cm-'; 6 (CDCI,) (60 MHz) 6.86 d ( J  = 2.0 Hz: 
(CH-3), 7.48 d ( J  = 2.0 HZ) (CH-2). 

Dihydro-4,5 mtthyl-3 dioxo-4,5 naphto[l,2-blfirranne 
(146) 

A de I'acide acetique a 70% ((10 ml), on ajoute I'aldehyde 
56 (100 mg), du zinc en poudre (100 mg) et de I'acide 
chlorhydrique (1 :3) (2 ml) puis on porte le melange B 
reflux pendant 5 min. Apres avoir elimink I'excCs de zinc 
par filtrage, on oxyde I'hydroquinone par addition d'acide 
chromique (30 mg) dans de I'eau (1 ml). La furoquinone 
146 cristallise alors dans le milieu reactionnel, p.f. 166- 
167" (acetone-eau) (58%) (litt. (3) p.f. 168"); v,,, (KBr: 
1705, 1680, 1650 cm-' ; 6 (CDCI,) (60 MHz) 2.30 d ( J  = 
1 .O HZ) (CH,), 7.33 q ( J  = 1 .O Hz) (CH-2). 

11 Synthdse de la tanchinot~e 1 
Mithyl-8 phinanthrdnequitzone-3,4 (16) 
On porte a I'Cbullition une solution de dimethoxy-3,~ 

methyl-8 phenanthrene (15) (5.0 g), p.f. 65-66", (preparc 
d'apres Pschorr (9)) dans le benzene (150 ml), on ajoutc 
goutte a goutte une solution de tribromure de bore (1 5 g 
dans le mCme solvant (25 ml) et on continue de  chauffej 
a reflux pendant 3 h. Apres avoir refroidi le milieu rdac 
tionnel, on le verse dans de I'eau (200 ml), on  extrait i 
I'Cther, puis on oxyde I'hydroquinone par additior 
d'oxyde d'argent (14.0 g) et de  sulfate de magnksiun 
anhydre (14.0 g). On agite la suspension pendant 3 h i 
la temperature ambiante, filtre et extrait le rksidu de f a ~ o ~  
continue (Soxhlet). Par concentration des extraits, or 
obtient la quinone 16, p.f. 192" dec. (Cther) (2.85 g), (60% 
(litt. (2) p.f. 176-177" dbc.); v,,, (KBr) 1662, 1630 cm-'  
6 (CDCl,) (90 MHz) 2.65 s (CH3-8), 6.46 d ( J  = 10.0 Hz  
(CH-2), 7.48 d ( J  = 10.0 Hz) (CH-1); tnle 222 (M+). 

Anal. Calc. pour Cl5H,,O,: C, 81.51 ; H, 4.53. Trouve 
C, 81.54; H, 4.62. 

Triacitoxy-l,3,4 mktlzyl-8 pliinan thrdne (17) 
On agite pendant 1 h une suspension de methyl4 

phenanthrenequinone-3,4 (4.4 g) dans de l'anhydridc 
acdtique (75 ml) auquel on ajoute quelques gouttes d'acidc 
sulfurique concentre. On isole le triacetate 17 de la f a ~ o r  
habituelle, p.f. 174-175" (benzene) (6.2 g, 85%); v,, 
(KBr) 1770, 1760 cm-l ;  S (CDCI,) (90 MHz) 2.34, 2.42 
et 2.49 3s (acetates), 2.71 s (CH,-8). 

Hydroxy-3 mktliyl-8 phinanthr8tiequinone-1,4 (18)  
On agite a 5" pendant 1 h une suspension du triacetate 

17 (6.2 g) et de methylate de sodium (6.5 g) dans du 
methanol absolu (50 ml). On recueille le sel de sodium de 
la quinone correspondante 18 et le dkompose dans I'eau 
par addition d'acide chlorhydrique dilue, p.f. 238" dec 
(benzene) (3.6 g, 82%) (litt. (2) p.f. 203-205" dic.); v,,, 
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H U O T  E T  BRASSARD: METHYL-3 F U R O Q U l N O N E S  93 

(KBr) 3325, 1654, 1633 cm-' ; 6 ((CD3),SO) (90 MHz) de petrole) (80%); v,,, (KBr) 1781,1758 cm-' ; 6 (CDCI3) 
2.68 s (CH3-8), 6.14 s (CH-2); mle 238 (M+). (60 MHz) 1.45 d ( J  = 7.0 Hz) (CH3), 2.32, 2.43 et 2.44 3s 

Rkaction du bromure de crotyle avei le sel d'argent de 
I'hydroxy-3 mPthyl-8 phknanthrdneqrrinone-1.4 

MCthode A. On agite a la temperature ambiante une 
suspension du sel d'argent de la quinone 18 (13.7 g) 
dans une solution de bromure de crotyle (8.1 g) dans du 
benzene anhydre (100 ml). Apres 90 min on filtre et on 
lave abondamment le rCsidu avec le m&me solvant (I'ex- 
traction de ce rCsidu au soxhlet permet de rCcupCrer 1.9 g 
de I'hydroxyquinone 18). Par concentration des extraits 
jusqu'a un volume de 75 ml et addition d'ether de petrole 
(25 ml), on obtient encore 0.4 g de cette quinone. La 
chromatographie du filtrat sur gel de silice permet par 
elution avec de I'Cther de petrole et ensuite avec du 
benzene d'isoler successivement les produits suivants: 

Une substance inconnue, p.f. 222-223" (benzene - ether 
de petrole) (0.9 g); v,,, (KBr) 1800, 1740, 1705 cm-'. 

L'hydroxy-3 methyl-8 a-mCthylally1-2 phenanthrene- 
quinone-1,4 (22), p.f. 201-202°(benzene - ether de pttrole) 
(1.4 g, 12%); v ,,,, (KBr) 3350, 1654, 1634 cm-'; 6 
(CDCI,) (60 MHz) 1.43 d ( J  = 7.0 Hz) (CH,), 2.70 s 

I 

(CH3-8), 4.00 m (-&H-), 5.11 m (=CH,), 6.30 m 
(-CH=), 7.88 s (OH). 

Anal. Calc. pour Cl9Hl6O3: C,78.06; H, 5.51. Trouve: 
C, 78.00: H, 5.60. 

~ ' h ~ d ; o x y - 3  methyl-8 y-m6thylallyl-2 phinanthrene- 
quinone-1,4 (19), p.f. 186-187" (benzene-Cther de petrole) 
(2.2 g, 18%); v ,,,, (KBr) 3350, 1655, 1632 cm-'; 6 
(CDCI,) (60 MHz) 1.57 m (CH,), 2.72 s (CH3-8), -3.3 m 
(CH,), -5.65 m (CH=CH), 7.88 s (OH). 

Anal. TrouvC: C, 77.59; H, 5.49. 
L'hydroxyquinone 18 (0.6 g). 
La methyl-8 y-mCthylallyloxy-3 phtnanthrenequinone- 

1,4 (20) s'obtient dans la solution benzknique apres ex- 
traction du melange rkactionnel avec de I'ammoniaque 
(1 :1) et aussi dans les dernitres fractions lorsque I'on 
chromatographie rapidement, p.f. 148-149" (benzene - 
ether de petrole); v,,,, (KBr) 1675,1640,1628,1622 cm-'; 
6 (CDCI,) (60 MHz) 1.75 m (CH3), 2.68 s (CH3-8), -4.5 
m (CH,), -5.8 m (CH-CH), 6.03 s (CH-2). 

Anal. TrouvC: C, 78.31; H,  5.47. 
On n'isole jamais par cette methode la methyl-8 

y-mtthylallyloxy-1 phCnanthrenequinone-3,4 (21). 
MCthode B. On agite a la temperature ambiante pen- 

dant 1 h une suspension du sel d'argent de I'hydroxyqui- 
none 18 (344 mg) et de bromure de crotyle (225 mg) dans 
de I'hexamCthylphosphotriamide (HMPT) (5 ml) puis on 
verse le melange dans de I'eau (100 ml) et I'on extrait 
I'ether. Les hydroxyquinones s'isolent par extraction avec 
de I'ammoniaque aqueuse (1 : 1) et ensuite acidification. 
On obtient ainsi par chromatographie sur gel de silice 
(15 g), en tluant avec le benzene puis I'acCtate d'kthyle, le 
produit C-alkyle 19 (21 mg, 7%) et I'hydroxyquinone 18 
(83 mg). La solution CthCrCe contient un melange des 
ethers 20 et 21 (132 mg, 45%) que I'on peut convertir 
quantitativement en I'hydroxyquinone 22 par chauffage a 
150" pendant 10 min. 

Triacktoxy-I,3,4 mkthyl-8 a-mkthylallyl-2 ph6nanrhrdne 
(23) 

Cette substance se prepare a partir de I'hydroxyquinone 
22 comme le triacetate 12a, p.f. 198-199' (benztne - Cther 

I 
(acetates), 2.72 s (CH3-8), 3.88 m (-CH-), -5.15 m 
(=CH2), 6.00 m (-CH=). 

Anal. Calc. pour C25H24O6: C, 71.41 ; H, 5.75. TrouvC: 
C, 71.10; H, 5.81. 

Triacktoxy-1,3,4 a-formylkthyl-2 methyl-8 phknanthrdne 
(24) 

On agite pendant 2.5 h a la temperature arnbiante, un 
melange du triacCtate (23) (420 mg), de dioxanne (10 ml), 
d'eau (2 ml) et d'une solution aqueuse de  tktroxyde 
d'osmium a 1% (1.5 ml). O n  ajoute alors du periodate de 
sodium (550 mg) en trois portions egales a une heure 
d'intervalle. Apres 26 h, o n  isole I'aldChyde 24 comme 
pour 13a, p.f. 198-199" (benzene - Cther de petrole) (390 
mg, 95%); vma, (KBr) 2725, 1780, 1755, 1730 cm-'; 6 
(CDCI,) (60 MHz) 1.36 d ( J  = 7.0 HZ) (CH,), 2.32, 2.43 
et 2.44 3s (acetates), 2.70 s (CH3-8), 3.76 qd ( J  = 7.0, < 1 

I 
Hz) (-CH-), 9.75 d ( J  < 1 Hz) (CHO) 

Anal. Calc. pour CZ4Hz2Oi: C, 68.23; H, 5.24. Trouve: 
C, 68.46; H, 5.25. 

a-Formylkthyl-2 hydroxy-3 mkrhyl-8 phknanthrdne- 
quinone-1,4 (25) 

On fait barboter de I'air pendant 30 min dans un 
melange du triacktate 24 (100 mg), de dimCthylsulfoxyde 
(2 ml) et d'une solution aqueuse d'hydroxyde de sodium 
a 5% (5 ml). On obtient la quinone 25 par dilution avec 
de I'eau (100 ml) et acidification, p.f. 199-200" (benzene) 
(84%); v,,, (KBr) 3340, 2725, 1725, 1661, 1638 cm-'; 
6 (CDCI,) (60 MHz) 1.46 d ( J  = 7.0 Hz) (CH,), 2.74 s 
(CH3-8), 3.89 qd ( J  = 7.0, < 1 Hz) (CH), 7.59 s (OH), 
9.85 d ( J  < 1 Hz) (CHO). 

Anal. Calc. pour C18H1404: C, 73.45; H, 4.79. Trouvt: 
C, 73.65; H ,  5.11. 

Par une mithanolyse acide, suivie d'une oxydation avec 
un grand exces de chlorure ferrique, le triacktate 24 (212 
mg) donne un mtlange de la quinone 25 (62 rng, 42%) et 
de I'acCtal mCthylique correspondant, p.f. 154-156" (ben- 
zene) (60 mg, 35%); v,,, (KBr) 3350, 1654, 1630, 1120, 
1115, 1090, 1055 cm-'; 6 (CDCI,) (60 MHz)  1.32 d 
( J  = 7.0 Hz) (CH3), 2.72 s (CH3-8), 3.30 e t  3.47 2s 
(OCH,), 5.09 d ( J  = 9.0 Hz) (CH-1'), 7.53 s (OH) (le 
signal d'un proton CH-2' est en partie masquC par les 
bandes dues aux groupes rnCthoxyle). 

Anal. Calc. pour C20H2005 : C, 70.57; H, 5.92. TrouvC: 
C, 70.50; H ,  5.79. 

Tunchinone 1 (26) 
On dissout du triacktate 24 (84 mg) dans le dimethyl- 

sulfoxyde (2 ml) et, sous atmosphere d'azote, o n  y verse 
une solution d'hydroxyde de  sodium a 10% (2  rnl). Apres 
3 min on acidifie avec de I'acide chlorhydrique (1 :3) et 
on ajoute quelques cristaux de chlorure stanneux. On 
,dilue alors avec de l'acide acCtique a 7 0 2  (10 ml) et on 
ajoute de I'acide chromique (40 mg) dissous dans  de I'eau 
(1 ml). I1 se forme un prCcipitC que I'on chromatographie 
sur gel de silice en Cluant avec le chloroforme. O n  obtient 
ainsi la tanchinone I dont le spectre infrarouge est identi- 
que a celui de la substance authentique;' p.f. 234-234.5" 

lLes auteurs dksirent rernercier M. le Professeur H. 
Kakisawa qui a bien voulu leur fournir un Cchantillon 
de tanchinone I. 
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I (benzene - t ther de pttrole) (15 mg, 33%) (litt. (2) p.f. 8. L. F. FIESER. J. Am. Chem. Soc. 48,3201 (1926); 49 
233-234"); v,,. (KBr) 1676, 1665,1595 cm-' ; h,,, (EtOH) 857 (1927). 
247, 265 (Cpaulement), 327,420 nnl  log^ 4.51,4.23, 3.47, 9. R. PSCHORR. Chem. Ber. 39, 3106 (1906). 
3.74). 10. M. L. JOSIEN, N. FUSON, M. J. LEBAS et T. M 

On recupere aussi lors de cette operation de la quinone GREGORY. J. Chem. Phys. 21, 331 (1953). 
25 (25 mg, 55%). 1 1. J. U. NEF. Ann. 335, 247 (1904). 

12. S. C. H o o ~ ~ ~ e t  A. STEYERMARK. J.  Am. Chem. Soc.  
1. R. H. THOMSON. Naturally occurring quinones. 58, 1202 (1936). 

Academic Press. London. 1971. 13. K. FRIES e t  K. SCHIMMELSCHMIDT. Ann. 484, 245 
2. A. C. BAILLIE et R. H. THOMSON. J. Chem. Soc. (C), (1930). 

48, 1968. 14. L. F.  FIESER et R. H. BROWN. J. Am. Chem. Soc. 71, 
3. H .  KAKISAWA et Y.  INOUYE. Bull. Chem. Soc. Jap. 3609 (1949). 

42, 3318 (1969). 15. E. F. p ~ ~ r T e t R .  G. RICE. J. Am. Chem. Soc. 79,5489 
4. H. KAKISAWA et M. TATEISHI. Bull. Chem. Soc. Jap. (1957). 

43, 824 (1970). 16. L. F. FIESER. J. Am. Chem. Soc. 48, 3201 (1926). 
5. T.  J. KING et G .  READ. J. Chem. Soc. 5090 (1961). 17. L. F. FIEsER. J. Am. Chem. Sot. 49, 857 
6. S. C. H ~ ~ ~ ~ ~ ,  J. them. sot. 58, 1163 (1936). 18. L. F. FIESER. Organic experiments. 2ieme Bdition. 
7. R. U. LEMIEUX et E. VON RUDLOFF. Can. J. Chem. Raytheon Education Co., Lexington, Mass. 1968. p. 

33, 1701 (1955). 275. 
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Matrix Infrared and Laser Raman Spectra, Molecular Structures and 
Normal Coordinate Analyses of Germanium Difluoride, 

Monomer GeF2, and Dimer (GeF2)2 

H.  HUBER, E. P. KUNDIG, G. A. OZIN,' AND A. VANDER VOET 
Lash Miller Chemical Laboratories and Erindale College, University of Toronto, Toronto, Ontario 

Received September 5, 1973 

Matrix infrared and laser Raman spectra are reported for GeF, and (GeF,), in both N2 and Ar 
matrices. Raman depolarization measurements for the monomer in N, matrices identify vl at 653 cm-l .  
Warm-up experiments identify infrared and Raman lines at  665, 478 cm-' and 669, 465, and 424 cm- '  
respectively, with the first stage of the polymerization of GeF, monomer and are assigned to G e F  
stretching modes of the dimer (GeF,),, having a centrosymmetric CZh non-planar structure, containing 
a double fluorine bridge similar to the structure proposed for (SeO,),. A normal coordinate analysis is 
performed on the dimer using a force field transferred from the monomer. The results provide additional 
evidence for the correctness of the vibrational and stereochemical assignments for the dimer. 

Les spectres infrarouges et Raman laser de GeF, et (GeF,), dans des matrices d'azote et d'argon sont 
dCcrits. Les mesures de dCpolarisation Raman pour le monomere dans des matrices d'N, permettent 
d'identifier vl a 653 cm-'. Des experiences de rkchauffement permettent de faire correspondre les bandes 
infrarouge i 665 et 478 cm-' et les bandes Raman a 669, 465 et 424 cm-' avec le premier stade de 
polymCrisation du monomere GeF,. Ces bandes ont CtC attribuCes aux vibrations d'ilongation de G e F  
du dimere (GeF,), qui, presentant une structure centrosymCtrique CZh non plane e t  un double pont fluor 
a une structure semblable a celle proposCe pour (SeO,),. Une analyse par coordonnkes normales a CtC 
fait pour le dimere en transfkrant le champ de force du monomere. Les resultats apportent une preuve 
supplementaire de I'exactitude des attributions vibrationnelles et  stCrCochimiques du dimere. 

Can. I. Chern., 52.95 (1974) [Traduit par le journal] 

Introduction 
In the only reported matrix infrared study (1) 

of monomeric GeF, produced by vaporizing solid 
(GeF,),, (a fluorine bridged polymer) (2), the 
spectra were always found to be complicated by 
the presence of higher aggregates in the matrix. 
This was unavoidable and not necessarily the re- 
sult of poor isolation, as mass spectroscopic data 
(3) for the vapor above solid GeF, had previous- 
ly shown the presence of [GeF,], where x = 
1, 2, 3, and 4. 

We were particularly interested in the germa- 
nium difluoride dimer (GeF,),, as it was con- 
ceivable that it might have a similar molecular 
configuration to that of the recently reported 
double oxygen bridged dimer (SeO,), (4). It  is 
noteworthy that chemical and spectroscopic pro- 
perties of the related silicon difluoride dimer 
(SiF,), are indicative of a radical species con- 
taining a silicon-silicon bond (5). 

Experimental 
Solid germanium difluoride is normally prepared on the 

gram scale by reacting gaseous GeF, with Ge powder in 
the temperature range 150-300 "C (6). Consequently, it 
seemed reasonable to try to prepare spectroscopically 

'To whom all correspondence should be addressed. 

pure monomeric GeF, for matrix infrared and  Raman 
studies, by an analogous reaction employing a high tem- 
perature gas flow knudsen cell technique. In this way, 
gaseous GeF, (prepared from BaGeF, by the standard 
literature procedure (7) and purified by trap-to-trap dis- 
tillation) diluted with N, or A r  (Matheson 99.99%) matrix 
gases (MIA g 100-1000) was flowed at a rate of  approxi- 
mately 2 4  mmol per h into a stainless steel knudsen cell 
(orifice size 0.5 mm) containing G e  powder. The knudsen 
cell was resistively heated to 300-350 "C and the effusing 
vapors were subsequently condensed onto either a highly 
polished aluminum tip for matrix Raman experiments, or 
a caesium iodide plate for matrix infrared experiments, 
cooled to 4.2 or 10 "K by a n  Air Products liquid helium 
transfer system or a Displex closed cycle helium refrigera- 
tor system. Typical matrix depositions in theRaman lasted 
3-4 h and in the infrared 1-2 h. Matrix Raman spectra 
were recorded on a Spex 1401 spectrometer using 
Carson argon ion laser excitation (4880 A a t  approxi- 
mately 100 mW). Raman depolarization measurements on 
matrix isolated species were recorded whenever possible, 
by methods described previously (8). Matrix infrared 
spectra were recorded on a Perkin-Elmer 180 spectro- 
meter. Normal coordinate calculations were performed on 
an IBM 7094 computer using Schatschneiders GMAT 
and GVIB. 

Results and Discussion 
The matrix infrared and Raman spectra of the 

effusing vapors condensed at 4.2 OK in N, and 
Ar matrices were essentially the same except for 
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TABLE 1 .  Matrix Raman* spectrat of (GeF,), in N2$ (where x = 1 ,  2, 3.....n) 

Effusing 
vapors5 Successive warm-up experiments 

condensed at at 30. 35. and 40 "K , , 

4.2 "K 
A B C D Assignment 

-702 vvw -702 vvw -702 ww -702 vvw v3GeF, ? 
669 ms 669 ms 669 ms ( G ~ F z ) z  

653 s(p01) 653 s 653 s 653 s vlGeF2 
-592 vvw -592 vw -592 w 592 m ( G ~ F z ) ,  
-533 vvw -533 vw 533 m 533 m (GeF,), ? 
-465 ww 465 m 465 m 465 m (GeF2), 

-424 w -424 w -424 w (GeF2)2 

'For matrix infrared data, see text. 
t M / A  - 200. 
i T h e  spectra in Ar matrices were o f  poorer quality than those in N2. Bands were observed at 6 5 9  s, 689 vw, 

and 705 vw. v, o f  GeF2 in Ar is assigned at 659 cm-1.  
§Because o f  the broadness o f  the weaker lines their frequencies could not  be measured to better than f 3 

cm-'. 

small matrix shifts (Table 1). The Raman spectra 
in N, matrices tended to be of higher quality 
than those in Ar. A typical matrix Raman re- 
cording at MIA g 200 is shown in Fig. la. No- 
table features of these spectra were the complete 
conversion of GeF, to GeF, (confirmed by the 
absence of v, GeF, 738 cm-') and the presence 
of a very strong line at 653 cm-' in N, and 649 
cm-' in Ar. Owing to the high gain conditions 
required in these experiments, a steeply rising 
baseline was experienced at frequencies below 
300 cm-' and it was not possible to observe the 
bending mode of GeF ( reviously observed in 
the infrared at 263 cmi' :I)). However, Raman 
depolarization measurements for GeF, in N, 
matrices were successful and identified the strong- 
est line at 653 cm-' (pp g 0.55) as v,. This would 
indicate that Margrave's infrared assignment (1) 
for v, of GeF, is incorrect and that the asym- 
metric GeF stretching is higher than the sym- 
metric mode. This is not unusual as evidenced by 
the Raman spectrum of gaseous and matrix iso- 
lated SeO, (4). For the purposes of our calcula- 
tions we have accepted the veracity ofour assign- 
ment for v, and v, on the basis of the fact that (a) 
the band at about 649-653 cm-' of GeF, is ob- 

I I I I 
700 600 500 400 crn-' 

served both in the matrix infrared and Raman FIG. 1 .  The matrix Raman spectrum of (A) monomeric 
spectra, (b) it is the strongest and sharpest line in GeF, in NZ (MIA z 200) at 4.2 OK, ( 6 ) - ( D )  and after 
the Raman spectrum, and (c)  it is polarized. It successive diffusion controlled warm up experiments at 

could be argued that this band might coincide 3 5 4 0  OK. (M = monomer, D = dimer, T = trimer, P = 
polymer.) 

with the stretching frequency of monomeric GeF 
(9), but if this were the case, one would expect t o  warm-up experiments in the temperature ranges 
see bands corresponding to GeF, (particularly v, 35-40 OK, the progress and results of the poly- 
at 738 cm-'), which in the matrix Raman experi- merization process of GeF, monomer in the ma- 
ments were not observed. trix were observed (Table 1 and Fig. lb-6). The  

By recording the matrix infrared and Raman best Raman results were obtained in a N, matrix 
spectra after successive diffusion controlled where three lines were observed to grow in a t  
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HUBER ET AL.: PROPERTIES O F  GeF2 AND (GeF2)2 

TABLE 2. Observed and calculated matrix infrared and 
Raman frequencies for germanium difluoride dimer, (GeF,), 

Assignment CZh and 
Ramant Infrared Calculated* approximate description 

(N, matrix) (Ar matrix) frequency of mode 

669s 663 ag vGeF, 
665s 671 b. vGeF, 
478m 471 bu vGeFb 

465ms 473 a, vGeFb 
424w 43 6 b, vGeFb 

282 a. vGeFb 
273 bu GGeF, 
241 a, GGeF, 
204 b, GGeF, 
141 a. GGeF, 
137 a, vGeGe 

*Scans covered range 270-1000 cm-I in  N2 matrices. 
tTorsional force constants put to zero. 

669s, 465ms, and 424w cm-' and could be as- 
sociated with thefirst stage of the polymerization 
process to (GeF,),. Further prolonged warming 
at 30-40 OK produced higher aggregate species, 
yielding lines at 533 cm-' (probably (GeF,), 
trimer), and finally 592 cm-' (probably polymer, 
evidenced by the fact that solid (GeF,), has a 
strong band in this region). The corresponding 
matrix infrared experiments were also performed 
where the most useful results were obtained in 
argon matrices. At M: A r 1 : 1000, the infrared 
spectra showed the presence of only monomeric 
GeF, (v, r 647, v, E 677 cm-'): which did not 
appear to diffuse appreciably during matrix 
warm-up. However, at higher MIA ratios (I : 250), 
monomeric GeF, was again observed, but under 
these higher concentration conditions, aggrega- 
tion during warm-up was observed. Infrared ab- 
sorptions at 665 and 478 cm-' could be ascribed 
to the first stage of the polymerization and are 
assignable to (GeF,),. Absorptions at 531 and 
61 1 cm-' grew in on further warm-up at 30-40 
OK and are assignable to higher aggregate species 
than the dimer (cf. Raman lines at 533 and 592 
cm-'1. 

The infrared and Raman lines observed in the 
regions 669-665 cm-' and 478-424 cm-' are 
most satisfactorily assigned to terminal and 
bridge GeF stretching modes respectively, by 
comparison with other bridged fluorides (10). 

2~eproducible fine structure was observed on the v3 and 
v l  GeF stretching vibrations of the GeF, monomer in Ar 
matrices at 677.0, 675.0, 673.5, 671.7 cm-' and 647.0, 
644.5, 643.0, 641.5 cm-I respectively, which corresponds 
to the normal Ge isotope structure (see Margrave and 
co-workers (1)). 

It is noteworthy that the Raman spectrum of 
the dimer (GeF,), is quite similar to the Raman 
spectrum of matrix isolated (SeO,), (4). Qualita- 
tively the results suggest that the three Raman 
bands associated with (GeF,), could be assigned 
to vGeFtCrmin,, (669 cm-') and vGeFbridgC (465 
and 424 cm-') stretching modes analogous to the 
vSeOtCrmin,, (1002 cm- ') and vSeObridgC (660 and 
543 cm-') stretching modes for (SeO,),. The 
lone pair of electrons on germanium in (GeF,), 
is likely to be stereochemically active as it is 
found to be in the (GeF,), chain polymer and 
(SeO,),, giving an essentially tetrahedral coor- 
dination around each germanium atom. 

Of the two chemically most likely structures, 
the C,, chair form and the C,, boat form, the 
C,, molecule is favored on the basis of the ab- 
sence of infrared and Raman coincidences. (See 
Table 2 and the section on normal coordinate 
calculations.) 

Normal Coordinate Calculations for (Gel?,), 
To ~rovide  additional evidence for our vibra- 

tionalAand stereochemical assignments for the 
(GeF,), molecule we have computed the vibra- 
tional frequencies for the double fluorine bridged 
dimers in the chair C,, and boat C,, configura- 
tions shown below (similar to those proposed for 
the (SeO,), species) using a force field transferred 
from G~F; .  Internal and symmetry coordinates 
are the same as those defined for (SeO,), (4). 

Let us formalize the normal coordinate cal- 
culations for the germanium difluoride dimer, 
(GeF,),. The molecular dimensions were in part 
derived from those of the monomer (bond length 
1.73 A, bond angle 97'10' (I 1)) and from the poly- 
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F TABLE 3. Force field* for 

meric solid (terminal bond length 1.79 A and 
bridge bond lengths 2.09 and 1.91 A (2)). The 
same general shape as the selenium dioxide di- 
mer, was assumed, that is, L Fb-Ge-F, = 60°, 
L Ge-Fb-Ge = 120°, L F,-Ge-plane of the 
bridged "ring" = 125", the bond lengths to be 
Ge-F, = 1.79 A, and Ge-Fb = 2.00 A. The 
force field of GeF, is of some interest in that the 
spectrum is not yet fully established in the litera- 
ture (1). If one performs an approximate Wilson 
G F  calculation on the frequencies observed, both 
with Margrave's assignment and with ours, then 
the force constants which result are shown below: 

Matrix 

Force constant* Infrared (ref. 1) Raman (this work) 

f r  4.18 4 .16  
Lr 0.37 -0 .11 
A m  0.46 0 .41 
f= 0.39 0.38 

*In rndyn/A, rndynlrad, or rndyn/radl. 

The most noticeable difference between the force 
constants based on Margrave's assignment and 
ours is the sign and magnitude off,,. 

For the purpose of calculation of the force 
field of the dimeric species, we have used our as- 
signment of the monomer, for the reasons de- 
scribed in the text. The final force constants for 
(GeF,), used in the normal coordinate calcula- 

germanium difluoride dimert 
( G ~ F z ) z  

Force constant Value 

'Nomenclature the same  as ref. 4. 
t A l l  force constants n o t  listed 

above are assumed to be  zero; units 
in rndyn/A, rndynlrad or mdyn/radZ. 

tions are listed in Table 3. The calculated and 
observed spectra for the C,, molecule are shown 
in Table 2 together with the vibrational assign- 
ments and approximate description of the modes. 

The agreement between the number, frequen- 
cies, and intensities of the observed Raman active 
germanium-fluorine stretching modes together 
with the calculated frequencies of vibration, pro- 
vides convincing evidence that (GeF,), has been 
isolated and that the centrosymmetric chair 
(C,,,) configuration is favored. 

It is interesting to note that the value of the 
ratio kb/k, for (GeF,), which gives the best fre- 
quency fit for the GeF bridge and terminaI 
stretching modes (i.e. 0.38) is also very close t o  
the value found for the only other well defined 
dimeric bridged fluoride Al,F, (12), (kb/k, = 
0.408) and follows the trend found for other 
bridged fluorides (lo), and lies in the lower range 
k,/k, = 0.25-0.40 rather than the higher range 
k,/k, = 0.5-0.75, commonly found for bridged 
chlorides (10). 

We thank the National Research Council of Canada 
and the Research Corporation for financial assistance. 
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The 2980 A Absorption Spectrum of 1,2,5-Selenadiazole 

A. W. RICHARDSON 
Chemistry Department, Bishop's University, Lennoxville, Quebec 

Received March 30, 1973 

The U.V. absorption spectrum of I ,2,5-selenadiazole in the 305G2600 A region has been recorded and, 
by analogy to previous studies of furazan (1,2,5-oxadiazole) and 1,2,5-thiadiazole, an interpretation of 
the spectrum in terms of an allowed electronic transition involving primarily activity of v5, a symmetric 
ring in-plane bending vibration, and vlo, a ring out-of-plane bending vibration, has been made. This 
analysis indicates that the excited state is non-planar, and the barrier t o  planarity has been calculated to  
be in the order of 115 cnl-I. 

Le spectre d'absorption U.V. du selena-1,2,5 diazole dans la region de 3050 a 2600 A a CtC enregistre. 
Par analogie avec des etudes anterieures sur le furazane (oxa-1,2,5 diazole) et sur le thia-1,2,5 diazole, on 
a interprkte le spectre en fonction d'une transition Clectronique permise impliquant surtout I'activitt de 
v,, une vibration symetrique de deformation du cycle dans le plan, et  de vlo, une vibration de deforma- 
tion du cycle hors du plan. Cette analyse a montrk que I'Ctat excitC est non-planaire; la barritre a la 
plankite a ete tvaluee a environ 115 cm-' .  [Traduit par le journal] 

Can. J .  Chem., 52, 100 (1974) 

Introduction 
We have recentlv re~orted the results of our 

d .  

investigations of the first U.V. absorption spectra 
of furazan (1,2,5-oxadiazole) (1) and 1,2,5- 
thiadiazole (2). In both cases, analysis of the U.V. 
spectrum shows that the electronic transition is 
from a planar ground state to  a non-planar 
excited state and that the barrier to planarity in 
the excited state is relatively small, being in the 
order of 215 cm-' for furazan and 460 cm-' for 
1,2,5-thiadiazole. The investigation of the U.V. 
absorption spectrum of 1,2,5-selenadiazole was 
undertaken in order to extend the series of mole- 
cules studied. 

Experimental 
1,2,5-Selenadiazole was prepared by the reaction of 

ethylenediamine with SeOz in dimethylformamide (3). 
The product was first separated by steam distillation, 
then extracted into pentane, and concentrated. Final 
purification was effected by g.1.c. using a 20 ft x f in. 
column of 30% SE 30 on 45/60 Chrom W with a Varian 
Aerograph autoprep 700 gas chromatograph. Because of 
the low yield of the reaction and difficulties of purifica- 
tion, the purity of the compound was not as good as 
desired, but was, nevertheless, in excess of 95%. 

Low resolution spectra of 1,2,5-selenadiazole vapor in 
a 10 cm cell were recorded on a Cary model 14 spectrom- 
eter. Higher resolution spectra were recorded photo- 
electrically on a Jarrell-Ash 0.5 m spectrometer equipped 
with a photomultiplier using a 150 W d.c. xenon lamp as 
a source. For the latter studies, an excess of 1,2,5-selen- 
adiazole was kept in a 1 m fused silica absorption cell 
with a side arm and the vapor pressure of the sample was 
controlled by varying the temperature of a slush bath on 
the side arm. Some spectra were also recorded with the 

vapor at  a fixed pressure but heated to about 75 "C by 
wrapping the absorption cell with heating tapes. 

Observations 
The absorption spectrum of 1,2,5-selenadi- 

azole vapor in the 3100-2700A region as 
recorded on a Cary model 14 spectrophotometer 
is shown in Fig. 1. The diffuseness of the spec- 
trum is apparent from this tracing and was 
verified by higher resolution spectra recorded on 
the Jarrell-Ash 0.5 m spectrometer. 

The measured wavenumbers of the maxima 
of the vibronic bands listed in Table 1 were taken 

FIG. 1. Ultraviolet absorption spectrum of 1,2,5- 
selenadiazole vapor a t  room temperature as recorded o n  
the Cary model 14 spectrophotometer. Only the pressure 
of sample in the cell was changed between the two traces. 
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RICHARDSON: ABSORPTION SPECTRUM OF I,2,5-SELENADIAZOLE 101 

TABLE 1. Observed bands in the 2980 A Table 1. The wavenumbers of the hot bands 
absorption spectrum of 1,2,5-selenadiazole 

(Jarrell-Ash measurements) 
calculated using the vapor phase i.r. values of 
v," = 726 and v," = 1005 cm-' (5) agree with 

Vobs (cm- I )  Assignment* VCaNcd. (cm-')$ the observed wavenumbers within experimental 
error. 

- 

*A u'-u" transitLon in  the Kth normal mode is labelled 
K::. . 

$Frequencies calculated using v," = 1005 cm-1, v," = 
726 cm-', VLO" = 438 cm-I (5). v,' = 605 cm-'. 

from traces obtained with the Jarrell-Ash 
spectrometer and are the averages of about 10 
measurements, except for the very weak bands 
for which only 3 measurements were made. Due 
to the diffuseness of the bands, the uncertainty 
in the -:erage values listed is about +8 cm-'. 

Analysis 
Investigation of the microwave spectrum of 

1,2,5-selenadiazole has shown that the spectrum 
is compatible with the molecule being planar 
with C,, symmetry as expected (4). Similarly, 
the i.r. and Raman spectra have been inter- 
preted in terms of a planar C2, structure and 
assignments made for all 15 normal modes of 
vibration (5). 

By analogy to the analyses of the U.V. absorp- 
tion spectra of furazan (1) and 1,2,5-thiadiazole 
(2), the bands in the U.V. spectrum of 1,2,5- 
selenadiazole have been assigned as shown in 

As was done for furazan (1) and 1,2,5-thiadi- 
azole (2), the Go'(vlo') term values were cal- 
culated from the observed U.V. wavenumbers and 
the i.r. value of v,," = 438 cm-' and fitted to a 
double minimum potential function (6). For 
1,2,5-selenadiazole, it was not possible to carry 
out this fitting very accurately since the data are 
not too accurate and there are only four pieces 
of data to be used with the potential function 
which contains three parameters. From a number 
of calculations which were made, it is possible 
to conclude that the barrier to planarity in the 
excited state is in the order of 115 cm-'; how- 
ever, the uncertainty in this value is rather large, 
being + 30 cm-' at least. 

The author thanks the National Research Council of 
Canada and the Crabtree Fund of Bishop's University for 
financial support of this work, and Dr. J. C. D. Brand 
and the Chemistry Department of the University of 
Western Ontario for use of the Jarrell-Ash and Cary 
spectrophotometers. Mr. T. England prepared the sample 
of 1,2,5-selenadiazole and recorded most of the spectra 
used in the present analysis. 
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Identification of Intermediates in the Photolysis of Mercaptans 
in Dilute Glass Matrices. I1 

ALLEN JOHN ELLIOT A N D  FRANK CUTHBERT ADAM 
Department of Chernist~y, University of Calgary, Calgary, Alberm T2N IN4 

Received June 5, 1973 

Dilute solutions of aliphatic thiols have been prepared and photolyzed at 253.7 nm in 3-methylpentane 
glasses at 77°K. The major products formed initially are thiyl radicals RS. and hydrogen atoms. Both of 
these are hot and yield solvent radicals by abstraction reactions, and relatively small amounts of RS,., 
RS., and possibly R,R2C=S. Thermal annealing of the matrices is accompanied by loss of hydrocarbon 
radicals through cage reactions and concommitant increase in the RS. concentration. An intermediate 
radical of the type R~R,CSH may also be produced in the annealing process. The photometric and spin 
resonance characteristics of RS., RS2. and R ~ ~ H - S H  are discussed and related to other systems in 
which these intermediates are observed. RS. is characterized in the amorphous phase by an absorption 
at 405 nm and a broad asymmetrical e.p.r. resonance near g 2 2.0. RS2. has a non-axial s-tensor with 
principal values of about 2.06,2.02, and 2.00and has no detectableabsorptions between 350and 1200 nm. 

The photolytic behavior of thcse metastable radical species is also investigated. 

Des solutions de thiols aliphatiques ont 6te preparees et irradiies B 253.7 nm dans des matrices de 
methyl-3 pentane a 77 OK. Les principaux produits formes au debut de la photolyse sont des radicaux 
thiyle RS. et des atomes d'hydrogene. Ces deux produits sont chauds et conduisent des radicaux du 
solvant par des reactions d'abstraction. On detecte egalement de faibles quantites de RS,., RS. et peut 
&tre de R,R2C=S. Le rechauffement des matrices s'accompagne d e  la disparition des radicaux hydro- 
carbure par des reactions de cage et de I'accroissement simultane de la concentration en RS.. Un radical 
intermediaire du type R , R ~ C S H  peut aussi Etre forme au cours du rechauffement. Les caracttristiques 
photometriques et de rksonnance de spin de RS., RS2. et RICH-SH sont discutees et comparees a celles 
des autres systemes dans lesquels ces intermediaires sont observis. RS. est caracterise dans la phase 
amorphe par une absorption a 405 nm et une large bande asymetrique en r.p.e. proche de g - 2.0. RS,. 
prisente un tenseur-s non axial dont les principales composantes sont environ 2.06, 2.02 et 2.00. Ce 
radical ne prtsente pas d'absorptions dktectables entre 350 et 1200 nm. 

La conduite photolytique de ces espices radicalaires metastables a aussi t te  etudike. 
[Traduit par le journal] 

Can. J. Chem., 52, 102(1974) 

Introduction 
The role of sulfur containing substances in the - 

decomposition pathways of biological materials 
subjected to high energy radiation has been the 
topic of many investigations since the observa- 
tion was first made by Gordy et al. (1) that, 
regardless of what the initial process of dis- 
ruption might be, the damage site eventually 
ended up on sulfur atoms contained in such 
amino acid constituents as cysteine or cystine 
present in the parent organic material. This 
transfer was inferred by the appearance of 
terminal radical species characterized by a large 
variation in the principal g-tensor values, not 
obtained in biological systems which do not con- 
tain sulfur atoms. In fact, irradiation of single 
crystals of cystine.HC1 at room temperature 
gives oriented radicals with non-axial g-tensor 
elements (2.052, 2.029, and 2.003) similar (2) to  
those found in larger biological molecules. These 

radicals appear to be much the same as thos~ 
obtained by 253.7 nm photolysis (3) and b: 
y-radiolysis (4) of cysteine.HCl.H,O O~L-Penicill 
amine.HC1 (5) at room temperature. Radical 
with analogous g-tensor elements are also ob 
tained from the y-irradiation of pure polycrystal 
line alkyl disulfides (6) and thiols (7 ) ,  and b 
photolysis of neat mercaptans (8) at 77 OK. I: 
most cases the observed resonance has bee. 
attributed to the thiyl radical RS. as wa 
originally suggested by Kurita and Gordy (2: 
and that the stability of this species at roor 
temperature was due to its lack of mobility an 
extreme unreactivity in the solid state. 0 
melting or dissolving the crystallites, the thi: 
radicals combine to yield disulfide, which, in th 
case of thiols, is one of the major products (9 
In several of the above single crystal studies th 
initial irradiation was also carried out at lowc 
temperatures, generally 77 OK. It was shown th: 
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ELLIOT AND ADAM: PHOT( 

while the room temperature radical was indeed 
common to both disulfides and thiols, it was 
never the initial product formed, but results 
from a sequence of solid state reactions which 
appear to be peculiar to the individual sub- 
stances and depend upon the particular mode of 
radiation damage or upon the precise experimen- 
tal conditions. By way of example, y-irradiated 
single crystals of cysteine.HCI.H,O at 77 OK 
produces a radical which also has a strongly an- 
isotropic, but axial, g-tensor withg -- 2.29 and g - 
1.99, and a roughly isotropic proton hyperfine 
structure characteristic of electron coupling to 
two non-equivalent hydrogen nuclei (10) (AH - 
14 G,  38 G). No such resonance is observed in 
the cystine system even though the final radical 
at high temperature appears to be much the 
same for both compounds. This low temperature 
axially-symmetric radical clearly has the large 
g-shifts expected for the RS. radical and the 
hyperfine splitting is what might be expected 
from the P-coupling of the analogous hydrocar- 
bon fragment RcH,-CH,. Neglecting the 
small anisotropy, and the B, term, in the familiar 

, expression (1 1) 

I one obtains a value for B2 = 33-40 G which is 1 comparable to the value of 45-50 G obtained 
for hydrocarbon radicals (12). The chief dif- 
ference between the low and the high tempera- 
ture form of R S  is that the latter has been 
assumed to  have "relaxed" due to  the thermal 
treatment of the crystal, and to have taken on a 
more stable non-linear configuration in the 
fields of the crystalline environment (5). The 

1 marked difference in proton hyperfine structure 
is however a little difficult to  rationalize using 
the same argument. Yet another assignment of 
e.p.r. signals to thiyl radicals arises in the 
aqueous phase oxidation of simple thiols where 
a resonance is obtained with averaged g-values 
near 2.01 1 and proton hyperfine structure appro- 

, priate to  the RS. radical (13, 14). The magnitude 
I of the coupling (AH - 9.5 G) seems low, while 
the rotationally averaged g-value of 2.0 1 corre- 
sponds to neither of the assignments given above 
for thiyl in the solid state determinations. 

1 Radiolysis of thiols in the basic p H  range yields 
,nothing at all which may be attributed to RS. 
I radicals (15). Regardless of whether the irradia- 
'tion or photolysis of thiols is carried out in the 

3LYSIS OF MERCAPTANS 103 

solid (9), vapor (16), or liquid phase (using 
either yrotic (17) or aprotic (18) media) the 
major product appears t o  be the disulfide mole- 
cule RSSR, which suggests that somewhere 
along the line, the thiyl radical has indeed been 
produced in the system, and that its eventual fate 
is combination with its own kind. 

The non-axial g-tensor elements characteristic 
of the solid state high temperature form of RS. 
may also be obtained when dilute glassy solu- 
tions of thiols in inert matrices are photolyzed 
at low temperatures. For instance, 0.1 M 
ethanethiol in 3-methylpentane at 7 7 ° K  has 
been photolyzed at 253.7 nm to give a radical 
which is characteristic of the solvent and a 
second species characterized by g-tensor ele- 
ments of 2.063, 2.027, and 1.999, and a poorly 
resolved hyperfine doublet of about 9 G (19). 
Although one might have expected the "field- 
free" thiyl radical in this particular matrix, there 
is obviously a much closer resemblance to the 
"thermalized" configuration of the single crystal 
studies. Since the thiol molecules are presumably 
physically isolated in the glassy solid solution, 
being present at - 1.2 molz ,  then the major 
products of photolysis (19) (H,, thioethers, and 
disulfides) have been explained by the following 
simple scheme : 

hv 
[I] EtSH + EtS + H* 

[2al H* + MH -> M. + Hz 

Pal H. + EtSH -> EtS. + H2 

[3bI H. + H. + Hz 

On slight warming of the matrix, cage reactions 
begin to  occur 

[4] M. + EtS. -+ EtSM 

Warming to  the melting point of the matrix 
allows diffusion reactions to  begin so that 

[51 2 EtS -> EtSSEt 

In  these equations, H* is taken to be a "hot" 
hydrogen atom and MH is, in the reference 
cited, 3-methylpentane. The primary assump- 
tion made is that while initially hot hydrogen 
atoms are produced, some of these may be 
thermalized by third body collisions and diffuse 
out of the cage in which the photolytic absorp- 
tion took place. 

The use of dilute rigid glasses has one distinct 
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advantage over the studies employing single Cysteine.HC1.H20 was recrystallized several times 
crystals, pOlycrystalline samples, or thin films from air-free water. The X-band e.p.r. homodyne spec- 

trometer has been described elsewhere (21). The cavity of thiols (20) in that large concentrations of was cooled using a conventional nitrogen gas flow system 
thiyl radicals may be built up without, at the with a liquid nitrogen heat exchanger directly below the 
same time, having to deal with the possible cavity. Special care was required in this system in order 
biomolecular reactions between the reaction to catch some of  the earlier processes occurring in the 
intermediates and the parent thiol molecules. ~f photolyzed glasses. Only Pure liquid nitrogen (containing 

no oxygen) was used and every advantage was taken of 
such processes are of little importance, then in the altitude of Calgary (ambient atmospheric pressure 
dilute glassy solutions the scheme outlined above -660Torr) to obtain these initial spectra. The entire 
should be reasonably independent of thiol con- range of temperatures available for 3MP is less than 
centration with results similar to those obtained in 15 'C, lying between the temperature of boiling nitrogen 
the solid state. In order to test the relative irnpor- a n ~ ~ ~ ~ ~ ~ ~ : t ~ ~ ~ ~ b " , ~ ~ ~ ~ i ~ ~ ~ ~ , " ~ ~  tezcarried out 
tance of such reactions and to further determine ~~~k~~~ D"2400 spectrop~otometer, 
the physical properties of the thiyl radical, a Glasses could be photolyzed, melted, and brought t o  
variety of alkyl thiols at different concentrations room temperature so that g.1.c. analyses could be carried 

have been photolyzed in various hydrocarbon out on a Varian series 1800 chromatograph. Liquid phase 
analyses were effected on a 3% Squalane or SE-30 silicon glasses. "lid state may be induced rubber column. The vapors were also investigated using 

following ~ h o t o l ~ s i s  by careful thermal an- a Poropak Q column. Isothermal analysis at 90 "C was 
nealing of the glasses and may be followed by used jn each case. Hydrogen analyses were carried ou t  
both e,p.r. and optical spectroscopic techniques. using a palladium thimble technique described elsewhere 

warming the glasses to the melting point results (22). We will not deal extensively with the results of these 
analyses at  the present time except to note that the main 

in solutions which have been subjected to prod- products of photolysis of RSH are  H,, RSSR, and R S M  
uct analysis at room temperature. 

Experimental 
The 3-methylpentane (3MP) was Aldrich Chemicals 

"puriss" grade and was dried over lithium aluminum 
hydride. Before use it was run through an activated silica 
gel column and then distilled in small amounts (-50 ml). 
Ethanethiol (EtSH) and isopropylmercaptan (i-PrSH) 
were obtained from the Aldrich Chemical Company, 
tert-butyl mercaptan (t-BUSH) from Eastman Organic 
Chemicals, and n-butyl mercaptan (n-BUSH) was ob- 
tained from the J. D. Baker Chemical Company. The 
thiols were fractionally distilled before use. H,S gas was 
used as supplied from the Matheson Company. Thiol 
solutions were prepared in either of two ways. In one, 
the solutions were mixed in volumetric flasks and sub- 
sequently transferred to Suprasil e.s.r. tubes (3 mm id.) ,  
or  tubular optical cells (16 mm i.d.) on the vacuum sys- 
tem. The samples were then degassed by repeated freeze- 
pump-thaw cycling and then sealed off from the line 
under high vacuum. All glassware was heated to annealing 
temperature before use. Other samples were prepared 
using only high vacuum techniques in which the sulfhy- 
dry1 or 3MP vapors were metered through calibrated 
bulbs and frozen in the sample cell, sealed off, and mixed 
after the components had been returned to room tem- 
perature. The samples were then refrozen ready for use. 
Both techniques produced the same spectral effects, s o  
that what follows cannot be related to  the presence of 
oxygen or  water in the thiol-hydrocarbon solutions. 

Photolyses were carried out a t  253.7 nm in a clear 
quartz Dewar filled with fresh pure liquid nitrogen, with 
the cell situated 3 cm away from a Hanovia 87A45 low 
pressure resonance mercury lamp enclosed in a housing 
with a I +  in. aperture. A GatesP-109 high pressure 100 W 
mercury lamp or a 500 W tungsten projection lamp, each 
with appropriate Corning filters, were used for photo- 
bleaching experiments. 

where M represents incorporation of  the solvent. Chro- 
matographic peaks corresponding to the last named 
change when different solvents o r  different thiols a re  
used.- he ratio of peak areas, RSSR to RSM, increase a s  
the concentration of the thiol in the  glass increases. There 
are a t  least three RSM peaks corresponding to different 
isomers. Subsidiary peaks are also observed which corre- 
spond to fragmentation of the solvent molecule (lower 
alkanes and alkenes) and of the solute molecules. T h e  
latter is indicated by the presence of H2S peaks detected 
using a Varian H 3  electron capture detector. In any case, 
the amount of these subsidiary products represents less 
than 10% of the total hydrogen yield. 

Results 
We have repeated the experiments of Wheaton 

and Ormerod (4) on both single crystals and 
polycrystalline cysteine.HC1 samples, to further 
determine the characteristics of the axial form 
of RS.. We find in agreement with these authors 
that the integrated e.p.r. signal obtained in- 
creases as the crystals are warmed from 77 O K  

to about 180-200°K and then decreases at 
higher temperatures. Not noted by Wheaton and 
Ormerod was the fact that while the crystals af 
77 and 300 OK are pale yellow, the color intensi- 
fies quite markedly at intermediate temperatures 
near 180 OK. The results are  in agreement witk 
Henriksen (22) who found that while y-irradi. 
ated polycrystalline cysteine.HC1 crystals wen 
yellow at low temperatures, those irradiated a. 
room temperature were colorless. Sample: 
irradiated a t  low temperatures and warmed alsc 
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1 ELLIOT AND ADAM: PHOTOLYSIS OF MERCAPTANS 105 
a 2 0597 i show the characteristic fading exhibited by single 
b C 2 2 0203 0005 

: crystals. While the e.p.r. spectrum of single 
' crystals shows the axial g-tensor symmetry and 
: hyperfine structure already referred to, the 

polycrystalline samples exhibited e.p.r, spectra 
i similar to those obtained by Henriksen; the low 

field absorption near g = 2.2 obtained in single 
crystals is broadened beyond detection and an 

FIG. 1. Radical A ;  obtained from a 3 h 253.7 nm unsymmetrical resonance devoid of resolved 
photolysis of neat ethanethiol at 77 

hyperfine structure remains near g = 2.0. From 
these results one can conclude that the axially 

I symmetric RS. is probably colored and should 
8 2.0596 

, be difficult to detect by e.p.r. in a homogeneous b 2.0023 

I rigid solution except that perhaps a broad signal 
I with no distinct hyperfine structure may be ob- 
1 tained near g = 2.00. The resonance will occur 

with considerably reduced sensitivity since using 
50 OC 

differential recording techniques, one normally 
"sees" only a small fraction of the radicals 

b 

actually present because of the extreme aniso- 
tropic broadening. 

We have also repeated the work reported FIG. 2. A 4 h 253.7 n m  photolysis of 0.1 Methane- 

1 earlier from this laboratory (19) paying much thiol, 3-methylpentane glass a t  77 OK. 

; greater attention to the temperature control and 
, details of the thermal annealing processes. In trum B is similar to that obtained from 

1 view of the color changes mentioned above, we y-radiolysis of 3MP (19) except that there is 
have also obtained low temperature absorption additional detail in the photolytically produced 
spectra to follow these processes optically as spectrum which has been attributed t o  a small 
closely as is possible using different sample amount of ethyl radicals (23). This additional 
sizes. featuring does not depend on the particular 

Generally speaking the 77 OK photolysis of substrate, and photolysis of a 0.02 M H,S in 
dilute glassy solutions containing alkyl thiols 3MP or any of the alkyl thiols glasses gives 
gives results wh~ch are similar to those obtained essentially the same spectrum if the temperature 

I by y-irradiation of the crystalline cysteine sys- is kept low enough. 
I tem insofar as the most intense yellow coloration As the matrix is warmed, loss of the hyperfine 

and broad e.p.r. absorption near g = 2.00 detail occurs first and the total intensity of B 
i occur only after thermal annealing, being either steadily decreases; the glasses become more 
I absent or substantially reduced in freshly intensely yellow, and the e.p.r. signal becomes 
I photolyzed samples. As before (19) a resonance asymmetric relative to the baseline near g = 2.0. 
) A is obtained, characterized by an anisotropic Other intermediate hyperfine patterns may also 
I S-tensor with principal values near 2.06, 2.02, grow in, as for example in 0.01 EtSH in 3MP, 
, and 2.00. The spectrum is similar to that ob- where the odd line spectrum shown in Fig. 3 is 

tained by photolysis of the pure thiol at 77 OK. obtained at the expense of B. These intermediate 
For reference, the spectrum obtained for neat species are characteristic of the solute and will 
ethanethiol (EtSH) appears in Fig. 1 ; it is similar be designated as type C absorptions. As the 
to the spectrum obtained elsewhere (8) and the matrix is further warmed, eventually all proton 
9 G hyperfine splitting seen is characteristic of hyperfine structure is lost and there remains only 
a normal alkyl substituent ; iso- and tertiary- the unchanged absorption due to A, along with a 
alkyl thiols do not exhibit any such hyperfine broad asymmetrical signal near g = 2.00, which 
structure. Superimposed on A initially is a six- will be called a type D resonance. A typical 
line proton hyperfine spectrum B characteristic terminal spectrum appears in Fig. 4. The signals I of the solvent and giving a total spectrum such of both A and D vanish as the melting point of 
as in Fig. 2 which is that obtained for 0.1 M the glass is approached. None of the above 
EtSH in 3MP. The six line solvent radical spec- transformations is thermally reversible. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



106 CAN.  J .  CHEM. VOL. 5 2 ,  1974 

2.4 

1.6 

QD. 1.4.. 

FIG. 3. Sample of Fig. 2 warmed slightly. Solvent 
radical replaced by species C. 

FIG. 4. Sample of Fig. 3 warmed to -85 "K. 

Following the initial photolysis, glasses of 
increasing concentration show greater optical 
absorption at 400 nm, and greater intensity in 
the low-field A absorption relative to  B. Regard- 
less of the color initially present, all glasses 
become more intensely yellow upon warming 
as can be seen from Fig. 5 which can be con- 
sidered as representative. Both color and e.p.r. 
spectrum appear to disappear simultaneously 
as the matrix is warmed to the melting point. 

Glasses containing EtSH were also photolyzed 
at 77 OK and then warmed until the glass had 
become an intense yellow. The sample was then 
returned to 77 OK and photolyzed again. Wave- 
lengths greater than 300 nm produce no change 
but photolysis at 253.7 nm for an additional 
period results in a considerable reduction in 
intensity of the 400 nm peak, loss of the five line 
spectrum and a substantial increase in the A 
resonance at g = 2.06. The optical results in 
Fig. 5 and the e.p.r. spectrum in Fig. 6 are 
typical results. The lines which appear in Fig. 6 
resemble the ethyl spectrum (24) rather more 
than the 3MP radicals seen in Fig. 2. The latter 
spectrum would have been expected if resump- 
tion of the primary photolysis were the only 
process occurring. 

Photolysis of thiols in ethylene glycol - water 
matrices (80-20) produces no visible coloration. 

0 
3!0 400 510 6.0 700 800 goo 1000 1100 1200 

nm. 

FIG. 5. Optical spectra of 0.01 M ethanethiol, 
3-methylpentane glass photolyzed a t  253.7 nm, for I h 
at 77 "K (I). O n  warming (2) is obtained. This is recooled 
to 77 "K and photolyzed for an additional half hour to 
obtain (3). 

FIG. 6. Electron spin resonance spectrum corre- 
sponding to (3) of Fig. 5. 

Discussion 
The Thiyl Species RS. (Radical C) 

The results cited for EtSH raise a number of 
perplexing questions. Regardless of whether 
one chooses the yellow coloration or the low 
field resonance A to be indicative of the presence 
of EtS., because of the delayed appearance of 
the former and constant intensity of the latter, 
neither is consistent with the simple reaction 
scheme cited in the Introduction which suggests 
that the maximum E t S  concentration should be 
present immediately after photolysis. The thiyl 
concentration should then decrease as the matrix 
is warmed due to cage reactions with the solvent 
radicals as recorded by the changes in e.p.r. 
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spectrum. The difficulty can be resolved if it 
may be assumed that the thiyl radicals formed 
in the photolytic act are "hot", and can either 
react or rearrange in such a way as to  disguise 
their presence. Since the product analysis re- 
quires that it is the S-H, rather than the C-S 
bond which breaks, then the energy available 
to the fragments RS and H is about 1.1 eV, 
which is the difference in energy between the 
incident proton (-4.9 eV), and the S-H bond 
energy (25) (-3.8 eV). Ordinarily the hydrogen 
atom would carry off over 95% of this energy, 
because of the fragment mass ratios, and would 
appear t o  be "hot", while the thiyl part will 
remain kinetically "cool". If the excess energy 
were more equally distributed the following 
reaction might be expected to  occur and should 
be placed in the scheme presented in the Intro- 
duction 

hv 
[I] EtSH -> EtS* + H* 

[2c1 EtS* + MH -> EtSH + M. 

If this process were efficient enough (as appears 
to be required for certain rate studies carried out 
at higher temperatures (26), the presence of the 
thiyl radical would be completely masked but 
would appear again by relaxation of the matrix 
through the cage reaction 

[4bI M + EtSH -> MH + EtS, 

As noted above, for this t o  occur EtS must carry 
away an unusually large share of the photon 
energy. That this should indeed be the case can 
be justified by the following argument based on 
the magnitude of the g l l  tensor element for the 
RS. radical. 

The g-shifts so characteristic of these sulfur 
containing radicals are given in a molecular 
fixed frame by the general expression (27) 

I Agij = -2 z z 5 k  
<OILIIn)<nILjlO) PL 

k  11 En - Eo 
I 

wherein the sums are over the atomic centers k 
and energy states n, with pr, being the spin 

I 
density, and 5 ,  the spin-orbital parameter for the 
atom k. Since 6 ,  = -28 cnl-I while 5 ,  = 

I 382 cm-', only that spin density on sulfur 
1 ;oms will be important. In the one electron 

orbital approximation for which this equation 
, is valid, radicals with z-axis symmetry (e.g. 

CH,S. or  t-BUS., with C, symmetry) have 
isoenergetic p, and p, atomic orbitals containing 

three electrons. Accordingly two degenerate 
configurations will result and the resonance 
denominator E,, - Eo tends to zero for  these two 
configurations. Since the numerator will not 
vanish, Ag,, = Agll will become infinite. One 
can assume that the Jahn-Teller effect (28) or 
other non-axial field effects will lift this degen- 
eracy with the result that Agll will remain finite, 
but presumably large. On the other hand, 
Ag,, = Agyy = Ag, will be determined by con- 
figurational mixing of states of sufficiently high 
energy, so that g, will be relatively unchanged 
from the free electron value at  2.0023. The ob- 
served shift AgZZ = Agl, is 0.21 for the  low tem- 
perature cysteine radical. Using the appropriate 
parameters with p, -- 1, one calculates an energy 
difference of E,, - Eo -- 3000 cm- ' which means 
that R S  must have at least one low-lying 
excited electronic slate in the range 0 to I. 1 eV 
and may well be "hot" in the sense that  it can 
carry off excess electronic energy in this meta- 
stable state. Naturally enough the occurrence of 
hot thiyl will decrease the energy available to the 
H atom, making it less reactive and so increasing 
the probability that it will be able to diffuse out 
of the cage in which it was formed initially. The 
increasing yellow coloration of successively 
more concentrated thiol glasses reflects the 
increased probability that a diffusing hydrogen 
atom will encounter a thiol molecule before 
becoming completely thermalized. Accordingly 
we assign the yellow coloration of the glasses to 
signify the presence of the RS. radical in agree- 
ment with the observations made on the single 
crystal experiments, and ascribe the  tardy 
appearance of this absorption in thermal an- 
nealing experiments t o  be a result of hot reac- 
tions involving the R S  radical, resulting in the 
reformation of the thiol nlolecule. The low field 
resonance A must therefore arise from a dif- 
ferent sulfur radical since its concentration does 
not increase and fall with that of RS., as  would 
be expected of a "thermalized" isomer. 

The thiyl radical may be characterized by an 
axial g-tensor with g ~ 2 . 2 ,  g -2.0 a n d  hyper- 
fine coupling following the P-coupling relation- 
ship a, - 36 cos2 8. Distinctive hyperfine struc- 
ture is not observed in randomly oriented RS. and 
only a broad resonance may be detected at g = 
2.0 when the radical is present in high concen- 
tration. Optically, RS. has a forbidden n, + i ~ ,  

transition near 3000 cm- l ,  and appears yellow 
due t o  a transition near 400 nm. T h e  latter 
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absorption does not contribute to the g-tensor 
elements and is accordingly assigned to be a 
n, -t np transition involving the 3s electrons in 
sulfur. 

The Hydrocarbon Radicals B 
The spectrum B is similar to that obtained 

from photolysis of HI in 3MP containing 
ethylene (23) and is considered to be the 
3MP~adical (AH = 24 G) in the presence of 
some ethyl radical (AH = 27 G). In the photol- 
ysis of the thiols, ethane and ethylene are among 
the most plentiful of the subsidiary by-products 
according to g.1.c. analysis and arise in a large 
part from fragmentation of the solvent. Al- 
though more mobi!e (23) in glassy 3MP 
matrices, ethyl will behave in much the same 
manner as the more abundant 3 M P  and react 
to produce RS. and the other observed inter- 
mediates such as C. 

The Radical Species C (R'CHSH) 
The five line spectrum which is obtained for 

EtSH in Fig. 3 appears to be characteristic of 
this particular solute. Glasses of the other thiols 
do not produce the same five-line spectrum but 
give changing proton hyperfine spectra which 
suggest formation of analogous intermediate 
species at the expense of the solvent radical 
spectrum, which all exhibit initially, and growth 
of yellow RS. color, which is also common to all 
of the systems. Since the temperature at which 
these processes occur is that at which cage reac- 
tions are observed, we presume that the reaction 
which produces thiyl also results in the formation 
of other radicals. Thus 

~ 4 ~ 1  M. + EtSH -t EtS. + MH 

Reference to Fig. 3 shows that each hyperfineline 
is sharper on the high field side, and is slightly 
asymmetrical relative to the baseline. This general 
shape is indicative of a small near-axial g-tensor 
anisotropy which is slightly greater than the line 
width but smaller than the hyperfine splitting, sug- 
gesting a small but finite spin density on the sulfur 
atom; so our choice for absorption B is the radical 
C H , ~ H S H .  This is in agreement with other 
work (29) which finds the four protons of the 

a-isomer to be coupled more or less equally 
while those of p-isomer are not. The abstraction 
which has occurred to produce Fig. 3 is not the 
low energy process (30) (S-H abstraction, 
AE,,, -4 kcal mol-') but rather a higher energy, 
cage-controlled reaction (aC-H abstraction 
E,,, 5 8 kcal mol-') which has occurred. The 
C signal so produced then disappears by 
thermally induced irreversible isomerization to 
thiyl 

or perhaps by "repair" reaction due to thermal 
relaxation of the cage 

Resonance C is therefore ascribed to radicals of 
the type R'CHSH. 

The Radical Species A (RS,.) 
So far no mention has been made of the struc- 

ture appropriate to radical A, except that it is 
unlikely to be the RS. radical. In dilute thiol 
glasses it is formed only during the initial 
photolysis and in spite of the fact that it is para- 
magnetic, it does not undergo any subsequent 
cage reactions with other radicals. This suggests 
that radical A is relatively isolated in the matrix 
and is formed as a result of attack by diffusing 
hydrogen atoms which are present in the glass 
only during the photolysis period. The concen- 
tration dependence of A suggests its precursor 
competes satisfactorily against RSH for the 
available hydrogen atoms which in turn sug- 
gests that it-has even a lower energy of activation 
for reaction than does the thiol molecule itself. 
Bearing in mind that solid disulfides, as well as 
thiols, yield this very stable free radical, one 
must consider the possibility that the radical A 
contains two skeletal sulfur atoms rather than 
just one. We believe the most likely structure for 
the A type radical is RS,. and that it results from 
reactions involving dimers of the parent mer- 
captan (which will explain its concentration 
dependence) or by cleavage of the C-S bond in 
the case of disulfides. In the present situation, 
RS,. could result by means of two separate 
pathways involving a thiol-thiyl complex. 

H + (RSH)z + [RS. ... HSR] + Hz 

[RS. ... HSR] -t RSZ. + H R  
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Alternatively 
hv 

(RSH), + RSSR + Hz 

and subsequently 

H + RSSR + [RS ... HSR] -> RS2. + HR 

The effect of the last reaction has been observed 
in the aqueous phase (31). While association of 
thiols in non-polar media was once thought to be 
unlikely (32), recent studies (33) show the asso- 
ciation constant may be as high as K,, = 0.01 
for EtSH in hydrocarbon solutions at room 
temperature. This constant is presumably larger 
at lower temperatures. 

The general ingredients for the intermediate, 
a thiyl radical in close proximity to an un- 
damaged thiol molecule, is a general feature of 
all solid state investigations involving the 
photolysis and radiolysis of pure thiols. In addi- 
tion the radiolysis of disulfide systems is known 
to produce disulfide negative ions (34) and the 
above intermediate is simply the proton adduct 
of such a negative ion. In most single crystal 
studies there is a plentiful source of protons. For 
instance most cystine studies are performed 
using the double hydrochloride salt. These fac- 
tors may account in part for the ubiquitous 
appearance of this radical in many of the sys- 
tems subjected to photolytic or ionizing radia- 
tion such as those studied by Gordy et al. (1). 

The observed properties of the radical A are 
consistent with the structure RS,. since the 
molecule is almost surely nonlinear with the spin 
density most likely distributed over both sul- 
fur atoms in a n* molecular orbital. This in 
itself would reduce the proton hyperfine cou- 
pling by a half and g-shift by at least this amount 
if any stability at all is gained by x-bond forma- 
tion. With the introduction of the S-S bond, 
other low energy excitations (xss* -+ o,,*) not 
found in RS. become possible and these will 
contribute to the non-axial character of the 
9-tensor. The g-value anisotropy should be 
relatively independent of the particular alkyl 
group, as is observed, and the stability of RS,. 
can be accredited to the relatively low potential 
for the formation of bonds at this position. For 
instance (35) the HSS-H bond energy is 
72 kcal mol-' compared to HS-H energy of 
about 90 kcal mol-', making H-atom abstrac- 
tion by RS,. extremely unlikely. This radical 
also appears to be the stable entity in amine 
solutions of elemental sulfur (36). 

Photochemical Belzavior of RS., RS,., and 
R'CHSH 

As noted in the Results section, when a 
photolyzed glass containing EtSH was warmed 
to produce RS. and RCHSH, cooled, and re- 
photolyzed at 253.7 nm both of these species 
disappeared while the spectrum of RS,. grew 
rapidly. On this basis one can presume that 
C H , ~ H S H  and CH,CH,S. are photochemically 
active in the 250 nm region while RS,. is not. 

The following reactions appear feasible at 
77 OK: 

hv 
cH3CHSH + CH3CH2S.** 

and 
h v 

CH3CHzS. -> CH3CH2S** 

CH3CH2S.** -> CH3CH2 + .S. 

followed by 

If sulfur atoms are indeed produced, there is 
enough energy that either 'D or ground state 
atoms can be formed. The fate of 'D atoms in 
hydrocarbon solvents is immediate insertion 
(37) or thermalization to  the lower states. The 
latter are known to be unreactive toward hydro- 
carbon matrices (37). The solvent mercaptan 
MSH has not been detected among the prod- 
ucts, which suggests that photolysis of EtS. 
produces only atoms, presumably from a 
lower energy excited quartet state of the radical. 
Under the conditions of the second photolysis, 
S(,P) would most probably react with the excess 
RS- present in the matrix and this accounts for 
the increase in the RS,. signal. 

During the primary photolysis, since there are 
relatively few RS. radicals free in the matrix, but 
a high concentration of solvent radicals, the 
most likely product would be MS. with M being 
the 3MP radical. These molecules would be 
spectroscopically indistinguishable from RS. and 
subject to further photolysis with the eventual 
formation of (S),. Since this radical has a prin- 
ciple g-value (38) of 2.042, an absorption maxi- 
mum should be observed in the low temperature 
glasses (Figs. 2-4) or in frozen neat thiols (Fig. 
1). Its absence shows that secondary photolysis 
of RS. is unimportant during the primary photol- 
ysis and supports the idea that "hot" thiyl 
radicals are indeed formed and that most of 
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these react b y  an immediate abstraction f r o m  
the solvent .  
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Reactions of Nitro Sugars. XXXI. Formation of 2,3- and 3,4-Unsaturated 
Derivatives in the 6-Deoxyhexose Series1,* 

HANS H.  BAER AND CHUNG-WAI CHIU 
Depeirf~net~t of Che~~iistry,  University of Orfawn, Orrcilvcc, Ccrnccclc~ K I N  6N.5 

Received June 25, 1973 

The methyl 3,6-dideoxy-3-nitrohexopyranosides having the a-L-glrrco (I), a - ~ - ~ i i n ~ i ~ i o  (2), a-L-galncro (3), 
and a-L-talo (4) configurations and their 2,4-diacetates (6, 11, 16, and 18, respectively) served as  starting 
materials for the preparation of 2,3- and 3,4-unsaturated derivatives. The reactions employed included 
dehydroacetylation of diacetates and of some monoacetates (5, 7, and 12) that had been obtained by 
partial acetylation o r  partial acid-catalyzed de-0-acetylation, and also dehydrations occurring under con- 
ditions of acetylation. The following nitroolefins were obtained: methyl 3,4,6-trideoxy-3-nitro-a-r- 
erytlrro-hex-3-enopyranoside (8) and its 2-acetate (9), the corresponding a-L-fhreo isomer (13) and its 
2-acetate (10) and 2-0-methyl derivative (20), and methyl 2,3,6-trideoxy-3-nitro-a-~-e1'ytIiro-hex-~- 
enopyranoside (14) and its 4-acetate (15) as well as the 4-acetate (17) of the corresponding a-L-rl~reo 
isomer. In addition, 1 ,4-d i -0-ace ty l -2 ,3 ,6- t r ideoxy-3-ni t ro-~-hex-2-enose  (19) was obtained by 
acetolysis of 17. Factors assumed to be responsible for a pronounced regioselectivity in some of the 
reactions are discussed. 

Les didkoxy-3,6 nitro-3 hexopyranosides de mtthyle posskdant les configurations a - ~ g l ~ r c o  (I), 
a-L-~nnrl~io (2), a-L-,ynlacto (3) et a-L-tnlo (4) ainsi que leurs derives diacktates-2,4 (6, 11, 16 et  18,  res- 
pectivement) ont  servi de composes de depart pour la preparation des derives insatures en position 2,3 
et 3,4. Les reactions utilisCes coniprennent la dehydroacCtylation des diacetates et de certains nionoacC- 
tates (5,7 et 12) obteni~s  par acktylation partielle 011 par de-0-acetylation partielle catalysee par u n  acide, 
ainsi que des dishydratations dans les conditions d'acktylation. On  a obtenu les nitroolefines si~ivantes: 
tridkoxy-3,4,6 nitro-3 a-L-erytl11.0 hexeno-3 pyranoside de mCthyle (8) et son deriveacetate (9), son isomere 
a - ~ - i l r ~ ~ k o  correspondant (13) et son acetate-2 (10) et son derive 0-methyl-2 (20) ainsi qile le trideoxy-2,3,6 
nitro-3 a-L-eryrl~ro hexeno-2 pyranoside de niethyle (14), son acetate-4 (15) et I'acetate-4 (17) de son 
isomtre a-L-rlirko correspondant. En plus, on a obtenu par acetolyse de 17 le di-0-acetyl-1,4 trideoxy- 
2,3,6 nitro-3 a-L-thido hexene-2 ose (19). On discute aussi des facteurs si~sceptibles d'&tre responsables 
de la rtgiosClectivit6 prononcee de certaines de ces reactions. [Traduit par le journal] 

Can. J .  Chem., 52, 1 1  I(1974) 

Introduction of a project of which some other aspects, namely 
1 

Unsaturated nitro sugars possess great po- the preparation of saturated and unsaturated 
I tential as intermediates for synthesis of deoxy, methyl ethers derived from 1 and their utilization 

1 diamino, and bmnched-chain sugars, disac- in 'he synthesis of amino sugars, are being corn- 

( charides, and carbohydrate derivatives bearing municated elsewhere (6). 

1 various kinds of other functionalities (I). In con- The most method for making 
tinuing our studies in this field we decided to at- u-nitroalkenes is the base-induced dehydroacetyl- 

tempt the preparation of unsaturated compounds at ion of P-nitroalkYl acetates, i.e.3 the Schmidt- 

derived from the four 3,6-dideoxy-3- reaction or modifications thereof (1, 7, 8). 

nitro-cr-~-hexopyranosides (1-4) which have so NO monoacetates of compounds I-4 that could 

far become available (2-4). Possession of such Serve the purpose were known, so that it became 
I 

nitroalkenes would be valuable for the design of necessary to devise ways of preparing some of 
I 

syntheses of several antibiotics sugars whose corn- them. Another ~ o s ~ ~ ~ ~ e a ~ ~ r ~ a ~ ~  to be 

man structural feature is a nitrogenous function Was deh~droacet~lation of the diacetates of 1-4 

in  position 3 and deoxy functions in positions 6 which presumably would be more convenient to 

1 and 2 or 4 (5). The work to be reported is part prepare than the monoacetate'. *lthough a 

I .  - 
given diacetate could give rise to  positional 
isomers having 2,3- and 3,4-unsaturation, it was 

I 'For Part  XXX in this series, see ref. 6. 
ZFrom the Ph. D .  Thesis of C.  W. Chiu, University of 

thought that different configurations at C-2 and 

Ottawa, Ottawa, Canada, 1971. Presented before the 8th C-4 might cause preferential Of acetate 
International Syrnoosium on  the Chemistry of Natural in one direction or the other, and that in any 

j Products (IUPAC), New Delhi, India, ~ e b i u a r y ,  1972. event, mixtures of isomers might be separable 
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M e  A Me " ( ( ( M e  

AcO - 

O O M e  

NO2 NO2 OAc NO2 

without undue labor. Of course this approach 
was predicated on the actual formation of stable 
monounsaturated derivatives from the diacetates, 
which was by no means a trivial point. In fact, 
chances for success seemed doubtful at the outset 
as it had to be recalled that Schmidt-Rutz reac- 
tion of analogous compounds in the hexose series 
(as opposed to the 6-deoxyhexose series) had re- 
sulted in exclusive double dehydroacetylation 
giving unstable 3-nitro-2,4-dienes which then 
underwent spontaneous self addition in the man- 
ner of the Diels-Alder reaction (9). Nevertheless, 
it was reasoned that the electron-donating effect 
of the methyl group at C-5 (taking theplace of an 
electron-withdrawing acetoxymethyl group in 
the hexose derivatives) might make the diacetates 
of 1-4 less susceptible to such a complication. 

10 15 
(not observed) 

SCHEME 1 

Results 
The reactions that were performed starting 

with methyl 3,6-dideoxy-3-nitro-a-L-glucopyra- 
noside (1) are outlined in Scheme 1. In accord- 
ance with the previously observed (6), greater 
reactivity of its 2-hydroxyl group, compound 1 
upon treatment with 1 mol of acetyl chloride and 

triethylamine (10, 11) gave predominantly the 
2-acetate 5 (yield, 51%). Conversely, the greater 
reactivity at position 2 is also reflected in an en- 
hanced lability of the 2-acetyl group in the 
diacetate 6 towards acid-catalyzed methanolysis. 
This procedure effected partial de-0-acetylation 
affording the 4-acetate 7 in 45% yield. On the 
other hand, positional reactivities appeared in- 
verse in base-catalyzed dehydroacetylation. Thus, 
action of (basic) silica gel upon 6 effected elimi- 
nation of acetic acid to give the 3,4-unsaturated 
monoacetate 9, but the 2,3-unsaturated isomer 
15 was not observed. Similar treatment of the 
4-acetate 7 produced methyl 3,4,6-trideoxy-3- 
nitro-a-L-erythro-hex-3-enopyranoside (8) from 
which 9 could be obtained by acetylation. (Par- 
tial methanolysis of 6 followed by chromatogra- 
phy of the product mixture on a silica gel column 
thus constitutes a simple approach to 8 although 
the yield is low, with much 1 being recovered by 
competing, total de-0-acetylation.) By contrast 
to  the dehydroacetylation of 7, action of silica 
gel upon the isomeric monoacetate 5 was rather 
ineffective. Although some dehydroacetylation 
seemed to occur, efforts to isolate the expected 
nitroolefin 14 were not deemed worthwhile since 
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this compound proved more easily accessible by 
another route (see below). 

Performance of the Schmidt-Rutz reaction 
(7) with 6 under the customary conditions (re- 
fluxing in dry benzene in the presence of sodium 
bicarbonate) indicated that nitroolefins can in- 
deed be obtained in this way in the 6-deoxy- 
hexose series, albeit in moderate yield. However, 
an unexpected observation was made. While of 
the two crystalline products isolated the minor 
one (yield, 4%) was the A3-or-L-erythro acetate 9, 
the major product (yield, 21%) was not the ex- 
pected A2-or-L-ervthro isomer 15 but proved to 
be the A3-a-L-threo isomer 10. A rationale for 
the observed 2-epimerization will be offered be- 
low. 

In Scheme 2 are depicted reaction sequences 
departing from methyl 3,6-dideoxy-3-nitro-a-L- 
mannopyranoside (2). Its diacetate 11, smoothly 
obtained by boron trifluoride-catalyzed acetyla- 

O OMe "u Me AcCl ] 
Et,N 

NO2 OH NO2 OAC 

tion (12), was selectively de-0-acetylated in the 
2-position by methanolic hydrogen chloride to 
give the 4-acetate 12 which was dehydroacetyl- 
ated by silica gel to  furnish methyl 3,4,6-trideoxy- 
3-nitro-or-L-threo-hex-3-enopyranoside (13). All 
these steps gave high yields. Direct dehydroace- 
tylation of 11 produced what, according to the 
n.m.r. spectrum, was an unequal mixture of two 
nitroolefins. The strongly preponderant product 
proved identical with the previously obtained, 
unexpected Schmidt-Rutz product from the 
a-L-gluco diacetate 6 ,  i.e., it was the acetate (10) 
of 13. This was confirmed by its methanolysis 
giving 13. The minor nitroolefin from 11 could 
not be isolated but probably was the A2-or-L- 
erythro acetate 15 which, as mentioned above, 
had been expected but failed to arise from 6. 
However, 15 and its parent methyl 2,3,6-trideoxy- 
3 -nitro-or- L-ervthro- hex-2-enopyranoside (14), 
whose attempted preparation from 5 had also 
been unfruitful, were obtained in an alternative 
way. When 2 was subjected to the conditions of 
partial acetylation with acetyl chloride - 
triethylamine, more than half was recovered un- 
changed and a small proportion of diacetate 11 
was formed but the main reaction product was 
14. It was isolated in 47% yield (based on con- 
sumed 2) and was subsequently acetylated to 15. 

Methyl 3,6-dideoxy-3-nitro-a-L-galactopyra- 
noside (3) was readily acetylated (with boron tri- 
fluoride catalysis) to give its diacetate 16 which 
upon dehydroacetylation by silica gel yielded a 
separable mixture of methyl 4-0-acetyl-2,3,6- 
trideoxy-3-nitro-or-L-threo-hex-7-enopyranoside 
(17) and the previously prepared isomer 9, the 
latter being in slight preponderance (Scheme 3). 

O O M e  AcOuMe AcOv - HogMe Ac20-BF, 

NOz O H  N 0 2  NO2 NO2 

12 15 3 SiOz X 16 

Si02  

AcO ue - 
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Partial acetylation or deacetylation was not 
studied in this series. 

Scheme 4 depicts the reactions carried out 
starting from methyl 3,6-dideoxy-3-nitro-a-L- 
talopyranoside (4). The diacetate 18 proved dif- 
ficult to prepare in entirely pure form because of 
its tendency to eliminate acetic acid; it was once 
obtained in crystalline state but failed to crystal- 
lize in all subsequent preparations. This insta- 
bility no doubt is due to crowding of the two 
syn-diaxial acetoxyl groups. Increase in the 
amount of boron trifluoride catalyst promoted 
elimination, and quantitative conversion of 4 
into an approximately 1 : 1 mixture of the nitro- 
olefin acetates 10 and 17 took place at 0' under 
conditions that would normally afford simple 
acetylation. (A similar mixture of 10 and 17 was 
produced from 18 by the action of silica gel.) 
Prolonged treatment with acetic anhydride con- 
taining a still larger proportion of catalyst caused 
acetolysis at C-1, presumably in intermediate 17, 
to  give 1,4-di-0-acetyl-2,3,6-trideoxy-3-nitro-ct- 
L-threo-hex-2-enopyranose (19). This reaction 
occurred at - 15O, which is quite remarkable., 
Methanolysis of a mixture of the acetates 10 and 
17 by methanol containing 3% hydrogen chlo- 
ride (2 days at room temperature) gave, in addi- 
tion to 13 from 10 as expected (cf: also Scheme 
2), an unexpected product that evidently arose 
from 17, namely, methyl 3,4,6-trideoxy-2-0- 
methyl-3- nitro-ct-L-threo-hex-3-enopyranoside 
(20). It is assumed that 20 was formed by a con- 
certed reaction involving attack of methanol at 
C-2 and allylic shift of the double bond with 
elimination of acetic acid. An analogous reaction 
was observed when 3-acetoxy-2-nitrocyclohexene 
was refluxed in methanol, the product being 
3-methoxy-2-nitrocyclohexene (1 5). The con- 

3Numerous nitro glycosides, including 1, 2, and 3 as 
shown in the present work, have been acetylated with 
high yields at 0" (some at room temperature) without 
noticeably incurring acetolysis (12). Acetolysis of 1 has 
been observed (13) under moderately forcing conditions 
(3 h at 40"). Methyl pentopyranosides have been stated 
(13) to suffer cleavage even at low temperatures, but a 
nitro group at  C-3 evidently tends to stabilize the gly- 
cosidic bond to some extent towards acidic rupture (10, 
14), and we have been able to prepare the 2,4-diacetate 
from methyl 3-deoxy-3-nitro-a-D-arabinopyranoside at 0" 
in 90% yield (see Experimental). The only previous in- 
stance of high glycoside sensitivity in the nitro sugar series 
was methyl 3,6-dideoxy-2-0-methyl-3-nitro-a-L-gluco- 
pyranoside which gave its 4-acetate at  -60" but under- 
went acetolysis at 0" (6). 

version of 13 into 20 by diazomethane has been 
reported earlier (6). 

Proof of Structure 
The structures and configurations of all new 

products were established by n.m.r. spectroscopy 
insofar as they did not follow unambiguously 
from the mode of synthesis. Thus, the 2-acetate 5 
and the 4-acetate 7 were distinguished by their 
lowest field signal, which is attributable to the 
ring proton at  the acetylated position and which 
is a quartet in 5 (J, ,, = 3.5, J,,, = 1 1 Hz) and a 
triplet ( J  = 10 Hz) in 7. Similarly, the monoace- 
tate 12 revealed the position of its acetyl group 
by giving at lowest field a signal with large split- 
tings (J,,, = 10.5, J,,, = 10 Hz). The spectra of 
the nitroolefin acetates 9, 10, 15, and 17 are de- 
picted in Figs. 1 and 2 together with the half- 
chair conformations assigned to the compounds. 
Inspection of the figures and Table 1 shows that 
the multiplets attributable to  H-5 incur a down- 
field shift in the olefins relative to the H-5 signals 
of the saturated acetyl compounds which fall in 
the range T 5.9-6.3. They are shifted to about 
T 5.4 in the 6-olefins and T 5.7-6.0 in the A2- 
olefins. The observed coupling constants J, ,, 
and J,,, are in accord with the geometrical re- 
quirements of the 'Ha conformation of 9 and 10 
and the 5Ho conformation of 15 and 17, which 
are the conformations that possess an axial (or 
pseudoaxial) anomeric methoxyl group and an  
equatorial (or pseudoequatorial) C-methyl group 
and are therefore predicted t o  be preferred to the 
alternate half-chair forms. The same applies, 
mutatis mutandis, to the 1,4-diacetate 19. In all 
the nitroolefins, H-1, -2, and -4 each have only 
one neighboring proton so that vicinal coupling 
should result in doublets. However, the signal 
multiplicities were more complex due t o  long- 
range coupling. Thus, H-2 in 9 gave a narrow 
septet owing to coupling across four bonds 
(J2,, = 1 Hz) as well as five bonds (JZv5 = 2.5 
Hz). Double irradiation of the H-2 signal caused 
the H-4 quartet to collapse t o  a doublet, and the 
complex multiplet of H-5 became an octet as  
expected ( J , ,  = 1.5-2 Hz and J5,, = 7 Hz). I n  
10, on the other hand, only homoallylic coupling 
between H-2 and H-5 was observed and no  
allylic coupling between H-2 and H-4, the H-4 
signal being a doublet (J,,, = 2 Hz) and the H-2 
signal, a quartet (J,,, = 1, J2,, = 2.5 Hz). This 
supports the structure allocated to 10, since, in 
the 'Ha form shown, the dihedral angle between 
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Ac20-excess BF3 h [IS] - 0 
AcO - 

do, AH 
4 \ 
1 AczO -excess BF, 

2 min Ac20-BF3 (trace) [I81 
5 min / \ 

(basic) 

NO2 OAc NO2 OAc NO2 

O OMe CHIN2. ge 
(ref. 6)  

NO2 OH NO2 OMe 

13 20 

H-4 and a quasi-equatorial H-2 is estimated to be 
about 40" which corresponds (16) to very small 
allylic coupling (0.3 Hz). Similarly, the A2-olefin 
15 showed long-range coupling between H-1 and 
H-4 as well as between H-2 and H-4, giving rise 
to quartets for H-1 and H-2 and a doublet of 
triplets for H-4. By contrast, the stereoisomer 17 
which bears a pseudoequatorial H-4 exhibited no 
significant long-range coupling and the same was 
true for the stereochemically analogous diacetate 
19. 

Discussion 
The proportionate formation of different ole- 

finic products in acetylations with subsequent de- 
hydroacetylation of the various nitro glycosides 
bears comment. In the dehydroacetylation, by 
silica gel, of the a-L-manno diacetate 11 (Scheme 
2), a strong preponderance of the A3-olefin 10 
was observed even though one might have ex- 
pected a preferential elimination of the axial C-2 
acetoxyl group leading to the A2-olefin 15 as the 
major product. That such a C-2 acetoxyl is cap- 
able of elimination was demonstrated by the at- 
tempted monoacetylation of 2 which led, pre- 
sumably via the 2-acetate, to the hydroxy olefin 
14. However, in the a-L-gluco series (Scheme 1) 
the reactivity of the 4-acetoxyl in the silica- 

induced elimination was also distinctly higher 
than that of the 2-acetoxyl (though they are both 
equatorial); compare the facile reaction of 7 with 
the sluggish one of 5, and note the reaction of 6 
giving 9 but not 15. A factor contributing to 
these differences could be the electron-withdraw- 
ing effect of the glycosidic center which should 
render more difficult the expulsion of an anion 
from the neighboring carbon4 just as, conversely, 
it increases the acidity of a hydroxyl group in 
this position. The preferential acetylation and 
de-0-acetylation observed in the present work, 
and similarly the preferential methylation by 
diazomethane reported previously (6), doubtless 
are due to this inductive effect. But some of the 
results obviously cannot be explained in this way 
and suggest that an alternative or additional 
factor operates. Thus, dehydroacetylation of the 
a-L-galactoside 16 gave only slightly less of the 
A2-olefin 17 than of the A3-olefin 9, and the 
a-L-taloside 18 gave olefins 17 and 10 in approxi- 
mately equal amounts. Furthermore, when the 

4The same explanation has been considered for the fact 
that the ring opening (retrograde nitroalkane-aldehyde 
addition) which 1 undergoes in strongly alkaline medium 
takes place between C-3 and C-4 rather than between C-3 
and C-2: release of C-3 as nitronate ion from its bonding 
with C-2 is disfavored (4). 
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TABLE 1. Nuclear magnetic resonance data (100 MHz in chloroform-d) 

Chemical shifts (T)* Coupling constants (Hz) 

Long 
Compound H-1 H-2 H-3 H-4 H-5 OMe OAc C-Me JlS2  Jzn3 J3,4 J 4 , ~  range 

5 5.06d 4.80q 5.14q 6.24m 6.31111 6.64 7.98 8.68 3.5 11 9 
6 5.01d 4.74q 5.07t 4.81t 6.16m8 6.62 7.98,7.98 8.79 3.5 10 10 10 
7 5.22d 5.80q 5.26t 4.86t 6.20m8 6.56 8.00 8.83 4 10 10 10 
8 5.02d 5.22111 - 2.99q 5.46mI2 6.47 - 8.54 4.5 - - 1.5-2 1,$25 
9 4.91d 4.08m, - 2.73q 5.36m12 6.54 7.91 8.59 4.3 - - 1.5-2 1,$2.5§ 

10 5.12d 4.28q - 2.56d 5.46mI2 6.57 7.93 8.55 1 - - 2 2.58 
11 5.26d 4.49q 5.10q 4.41t 6.25m8 6.62 7.94,7.97 8.75 1.5 3.5 10.5 10 
12 5.27d 5.54q 5.21q 4.41t 6.26111~ 6.61 7.98 8.76 2 3 10.5 10 
13 5.08d 5.46 - 2.74d 5.51111~~ 6.58 - 8.57 0.7 - - 1.5 25 
14 4.88q 2.97q - 5.60m 6.00m8 6.55 - 8.62 3.5 - - 8.5 l,? 1$ 
15 4.83q 2.90q - 4.18m6 5.93m8 6.54 7.97 8.71 3.5 - - 8.3 l,? 1.3$ 
16 4.96d 4.40q 4.96q 4.31q 5.88q 6.63 7.96,7.98 8.84 3.5 11 3.5 1 
17 4.76d 2.73d - 4.11d 5.77m8 6.55 7.92 8.75 3.5 - - 2.5 
18 5.10d 4.41q 5.15t 4.19q 5.95rn8 6.61 7.92,7.94 8.78 1.5 3.5 3.5 1.5 
19 3.33d 2.65d - 4.13d 5.72m8 - 7.92,7.92 8.75 3.5 - - 2.5 
20 5.05d 5.79q - 2.72d 5.53m12 6.51, - 8.57 1 - - 1.8 1.85 

6.58 

*Wherenecessary, signal multiplicities wereevaluated at 250 Hz sweep width. For ring protons only. multiplicities are indicated as s (singlet) d (doublet) t (triplet) q (quartet) 
m (rnultiplet), and rn. (sextet, septet, etc.). The C M e  signal always was a doublet with J 5 , =  = 6-7 H Z .  Compounds 5, 7, 8, 12, 13, and 14 shbwed a (usuahy b r o a d ) b ~  signal id 
the s 6.8-7.3 region which was removed by deuterium exchange. 

t J ,  4 .  
f JZ .4 .  

§ f 2 : 5 .  
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should counteract formation of 17 in the a-L- 
galacto and a-L-talo series. 

I FIG. 1. Nuclear magnetic resonance spectra of 9 (top) 
i and 10 (bottom), in chloroform-cl. 

1 a-L-glucoside diacetate 6 was subjected to dehy- 
I droacetylation by sodium bicarbonate in reflux- 

ing benzene (Schmidt-Rutz conditions, as op- 
posed to reaction with silica gel), only a small 
amount (4%) of 9 was produced and the major 
product was its 2-epimer 10 while the expected 
A2-olefin 15 was not encountered under those 
conditions either. Whether 15 was an interme- 
diate on the route to 10 remains to be investi- 
gated; a mechanism could be envisaged. How- 
ever, it is already apparent that 10 is more stable 
thermodynamically than both 9 and 15. We are 

, inclined to regard this as a manifestation of the 
( A(',') effect (17), the nonbonded interaction be- 
1 tween a group (here NO,) situated at an en- 
I docyclic double bond in a six-membered ring 
1 and an adjacent, quasi-equatorial group (here 

OCOCH,). Inspection of the conformational 
formulas in Figs. 1 and 2 shows that 9 and 15 are 

, subject to this strain whereas 10 is free from it. 
Compound 17 also lacks A('*') strain, which I might compensate for the inductive effect that 

Experimental 
For general preparative and instrumental techniques 

seeearlier articles from this laboratory, e.g., refs. 3, 4, 6, 
and 9-12. Optical rotations refer to chloroform solutions 
at  about 25". Infrared data were obtained from Nujol 
mulls unless otherwise indicated. Column chromato- 
graphy was performed on Silica Gel 7734 (0.05-0.22 mm, 
76325 mesh ASTM) of E. Merck A. G., Darmstadt; an 
aqueous slurry showed p H  7.5. The following solvents 
were employed: A ,  5% methanol in chloroform; B, C, and 
D, 20, 10, and 2% ethyl acetate in benzene, respectively. 

The nitro glycosides 1 (2-4) and 2-4 (3, 4) were pre- 
pared as  reported. 

Methyl 2-0-Acetyl-3,6-dideoxy-3-nitro-a-L- 
glucopyrar~oside ( 5 )  

A mixture of 1 (2.92 g), anhydrous ether (30 ml), and 
acetyl chloride ( I  ml) was cooled to 0' and triethylamine 
(1.97 ml) was added dropwise with stirring which was 
continued for 1 h at 0' and 4 h at room temperature. A. 
white precipitate was removed by filtration and t.1.c. 
(solvent B) of the evaporated filtrate showed four spots 
attributable to unreacted 1, the 4-acetate 7, the 2-acetate 
5, and the diacetate 6, in order of increasing mobility. 
Scparation on a column using the same solvent furnished 

FIG. 2. Nuclear magnetic resonance spectra of  15 (top) 
and 17 (bottom), in chloroform-d. 
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crystalline 6 (667 mg, m.p. 111-1 13"), syrupy but homo- 
geneous 5 (1.222 g), crystalline 7 (200 mg, m.p. 109-1 1 lo), 
and crystalline 1 (937 mg, m.p. 141-143"). Compounds 1, 
6, and 7 were identified also by their i.r. spectra. 

Colorless 5 (yield 35%, or 51% taking recovered 1 into 
account) exhibited [a], - 133.5" (c, 1); v,,,(CHCl,) 3600, 
3350 (OH), 1742 (ester CO), 1558, and 1364 cm-' (NO,). 

Anal. Calcd. for C9H15N07 (249.2): C, 43.37; H, 6.07; 
N, 5.62. Found: C, 43.38, H, 6.27; N, 5.77. 

Methyl 2,4-Di-O-acetyl-3,6-dideo.~y-3-11itro-a-~- 
glucopyratroside (6)  

Compound 1 (1 g) was dissolved in acetic anhydride 
(5 ml), the solution was cooled in an ice-bath, and boron 
trifluoride etherate (3 drops) was added with stirring. 
After 15 min the reaction mixture was poured into briskly 
stirred ice water and the white solid that separated was 
collected, washed, and dried (1.345 g, 95%). It melted at 
109-1 11" and at 113-1 13.5' upon recrystallization from 
methanol; [a], - 155.3" (c, 1.3); v,,, 1740 and 1545 c n ~  - ' 
without hydroxyl absorption; lit. (13) m.p. 109-11O0, 
[a], - 154" (c, 1). 

Anal. Calcd. for CI IH17N08  (291.2): C, 45.36; H, 
5.88; N, 4.81. Found: C, 45.39; H, 5.80; N, 4.83. 

Met/ryl4-0-Acetyl-3,6-dideoxy-3-nitro-cc-~- 
glucopyranoside (7) 

A solution of 6 (500 mg) in a mixture of N methanolic 
hydrogen chloride (9 n ~ l )  and acetone (1 ml) was kept at 
45-50". Progress of the reaction was monitored by t.1.c. 
with solvent A. After 2 h, when 6 had conlpletely disap- 
peared, the solution was evaporated to give a yellow 
syrup which, while still slightly acidic, was chromato- 
graphed on a column (20 g of silica gel) by use of solvent 
A. The fractions containing the monoacetate 7 yielded 
crystals (148 mg, 34.7%) which upon recrystallization 
from ether - petroleum ether melted at 112-1 13'; [a], 
- 178.5" (c, 1); v,,, 3460 (OH), 1746 (ester CO), and 
1555 cm-' (NO,). The i.r. spectrum was clearly distinct 
in the fingerprint region from that of 5. 

Anal. Calcd. for C9HlsN07 (249.2): C, 43.37; H, 6.07; 
N, 5.62. Found: C, 43.28; H, 5.96; N, 5.70. 

Metlryl 3,4,6-Trideoxy-3-tritro-a-L-eryt/rro-hex-3- 
ertopyratroside (8)  

A solution of 6 (2.91 g) in a mixture of hr methanolic 
hydrogen chloride (40 ml) and acetone (4 ml) was kept at 
45-50" for 1 h and then at room temperature for 9 h. 
Thin-layer chromatography with solvent A or B indicated 
the completeconsumption of 6 in the process. Thesolution 
was then cooled (0") and, in contrast to the aforedescribed 
preparation of 7, r~entralized with silver carbonate prior 
to evaporation. The syrup obtained was chronlatographed 
on 120 g of silica gel with solvent A,  5-ml fractions being 
collected. The fractions were inspected by t.1.c. and ap- 
propriately pooled so that a fast-moving and a slow- 
moving material were separated. The latter crystallized 
(1.0 g) and was identified by its m.p. of 139-141" and by 
its i.r. spectrum as 1. The fast-moving material was a 
colorless syrup (1.275 g) which was revealed by its i.r. 
spectrum to be a mixture of unsaturated (v,,, 1520cm-') 
and saturated (v,,, 1560 cnl-') nitro compounds. The 
n.m.r. spectrum showed olefinic proton and acetyl reso- 
nances and suggested that acetylated component(s) pre- 
ponderated. The mixture was therefore subjected once 

more to methanolysis at 45-50" for 1 h followed by neu- 
tralization with silver carbonate and chromatography o n  
silica gel (50 g) as described before. Another 845 mg of 
crystalline 1 was thus produced (combined yield, 88.5%), 
whereas the fast-moving fractions this time gave crystal- 
line 8 (200 mg, 10.6%); m.p. 115-116"; [a], -362" (c, 
0.9); v,,, 3380 (OH) and 1515 cm-I (nitroalkene); h,,, 
247 nm (E, 4100 in chloroform). 

Anal. Calcd. for C7H11NOS (189.2): C, 44.44; H, 5.86; 
N, 7.41. Found: C, 44.58; H, 6.01; N, 7.64. 

When pure crystalline monoaceta te 7 was slowly passed 
through a silica gel column with solvent A, the effluent 
contained a considerable proportion of 8, according t o  
spectra. 

Met/1yl2-0-Acetyl-3,4,6-tr.ideoxy-3-nitro-a-~-erythro- 
/rex-3-e11opyrar1oside (9)  and Metlryl 2-0-Acetyl- 
3,4,6-trideo,~y-3-nitro-cc-~-fhr.eo-/1ex-3-enopyranoside 
(10) 

Delrydroacetylation 01.6 
A mixture of the diacetate 6 (950 mg), sodium bicarbo- 

nate (4.75 g; dried at 120°), and freshly activated, pow- 
dered Drierite (0.5 g) was heated in refluxing benzene 
(50 ml, dried over sodium), with brisk magnetic stirring. 
After 40 h the reaction mixture was filtered and the filtrate 
evaporated to give a yellow syrup (810 mg) the n.m.r. 
spectrum of which indicated that it was a 3:2 mixture of 
nitroolefin and starting material. I t  was therefore sub- 
jected to a second treatment as above, with fresh reagents, 
and dehydroacetylation was monitored by i.r. spectro- 
scopy of samples withdrawn from time to time. ReRuxing 
was stopped when, after 16 h, the nitroalkane peak 
at 1560 cm-' had been fully replaced by the nitroalkene 
peak at 1520 cm-'. Work-up then gave a brownish syrup 
(500 mg) that showed four mobile spots, trailing, and a n  
immobile spot on t.1.c. with solvent C. The syrup was 
chromatographed on a 30-g column with the same solvent. 
The first few 5-ml fractions gave an unidentified, brownish 
solid (14 mg). The product corresponding to the second 
fastest spot emerged as slightly yellow crystals (160 mg, 
21%). Recrystallization from ether - petroleum ether fur- 
nished pure 10 as  small, colorless cubes, m.p. 81-81.5"; 
[a], - 165" (c, 0.8); v,,, (CHCI,) 1735 (ester CO), 1675 
(C=C), and 1520 cm-' (nitroalkene); h,,, 247 nm (E 

5700, in chloroform). 
The product corresponding to the third spot was 9. I t  

was obtained from the column as a syrup (30 mg, 4%) 
which crystallized from a small amount of ether upon 
addition of petroleum ether to incipient turbidity a n d  
storing overnight in a refrigerator. The small colorless 
crystals showed m.p. 98-99"; [a], -259" (c, 0.8); v,,, 
(CHCI,) 1745 (ester CO), 1680 (C=C), and 1522 cm-' 
(nitroalkene), with a fingerprint pattern distinctly dif- 
ferent from that of the isomer (10); h,,, 247 nm (E 5250, 
in chloroform). 

Anal. Calcd. for C9Hl,NOs (231.2): C, 46.75; H, 5.67; 
N, 6.06. Found for 9: C, 46.58; H, 5.69; N, 6.21. Found 
for 10: C, 46.73; H, 5.84; N, 6.22. 

A yellow syrup (30 mg) eluted subsequently from the 
column could not be identified. 

Partial dehydroacetylation to give 9 also occurred when 
6 (500 mg) was merely chromatographed slowly on 250 g 
of silica gel (solvent C). The defin 9 and unchanged 6 
(which on t.1.c. moves marginally faster) were collected 
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together as a crystalline material (350 mg) consisting of 
about equal proportions of both (n.nl.r. spectrum). The 
mixture was rechromatographed on a smaller column 
(30 g). Of 18 5-ml fractions containing carbohydrate, the 
first 13 gave 262 rng of a similar mixed product as before, 
and from the last 5 fractions was obtained 32 mg of 
crystalline 9, m.p. 97-98", I t  was identified by its n.m.r. 
spectrum. 

See also subsequent sections for dehydroacetylations 
leading to 9 or 10, together with other isomers. 

Acetylatiotl of 8 
Compound 8 (30 mg) was treated for 5 min at 0" with 

acetic anhydride (1 ml) and boron trifluoride etherate (1 
drop). Excess anhydride was deconlposed by ice water, 
and9(33 mg, 90%) was obtained by chloroform extraction, 
evaporation, and crystallization from ether - petroleum 
ether; m.p. 97-99"; -269"(c,0.9).Then.m.r.spectrum 
was identical with that of 9 from 6. 

Metl1yl2,4-Di-O-acetyl-3,6-dideoxy-3-t1itro-a-~- 
rrlanrlopyrarloside (11) 

Anhydrous glycoside 2 (400 mg) was acetylated with 
acetic anhydride (5 ml) and boron trifluoride etherate (3 
drops) as described for the preparation of 6.  The crude 
product (535 mg, 9579 showed m.p. 140-142", raised to 
142-143" by recrystallization from methanol; [ a ] ~  -8.6" 
(c, 1.4); v,,, 1750 (ester CO) and 1570, 1552 cm-' (NO2 
givinga doublet in Nujol; only a single band at 1560cm-' 
was present in a chloroform solution spectrum). 

Anal. Calcd. for Cl lHl7NOB (291.2): C, 45.36; H, 5.88; 
N, 4.81. Found: C, 45.37; H, 6.05; N, 4.94. 

- 195" (c, 0.8), and its n.1m.r. spect r~~m was identical with 
that of 13 from 12. The yield was 21 mg (657,). 

Methyl 2,3,6-Trideo.uy-3-tiitro-a-~-erythro-he.x-2- 
etlopyrntroside (14) 

The crystalline monohydrate of 2 (1.37 g) was dried for 
4 h in an oil-pump vacuunl at 80'. The res~~lting syrup of 
anhydrous 2 and acetyl chloride (0.44 ml, 1.02 equiv.) 
were dissolved in dry ether (40 ml) which was cooled to 03. 
Triethylamine (0.85 ml, 1 .O equiv.) was added dropwise 
with stirring, and the reaction was allowed t o  proceed for 
1 h at 0" and 2 h at roo111 temperature. The precipitate of 
triethylamnlonium chloride was removed and the solu- 
tion evaporated to give a syrup which exhibited 4spots on 
t.1.c. (solvent B). Separation was effected on a 100-g 
column using the same solvent. The fastest moving com- 
ponent was isolated as crystals (88 mg) that melted at 
142-144" and were identified (n.n~.r. spec t r~~m)  as diace- 
tate 11. The second fastest component was colorless, 
crystalline 14 (227 mg). Recrystallization from ether - 
petroleum ether furnished long prisms, 111.p. 124-125"; 
[aID + 162.6" (c, 1); v,;,, (CHC13) 3600 (OH) and 1523 
cm- ' (nitroalkene); h,,, 247 nm (E 3700, in chloroform). 

Anal. Calcd. for C7HILNo5  (189.2): C, 44.4; H, 5.86; 
N, 7.41. Found: C, 44.58; H, 6.01; N, 7.64. 

A small amount of s y r ~ ~ p y  material (25 mg) correspond- 
ing to  the third t.1.c. spot was then eluted from thecolumn 
and identified by its n.1n.r. spectrum as 13.  The most 
slowly moving conlponent was finally collected and 
proved to be unchanged 2 (800 mg). Based on thc amount 
of 2 that had act~~al ly  reacted, the yields of 11, 13, and 14 
were 14, 6, and 542, respectively. 

Methyl 4-0-Acetyl-3,6-dideoxy-3-t1itro-a-~- Metlryl4-0-Acetyl-2,3,6-trideoxy-3-t1itro-cl-~-erytIrro-hex- 
rtlmltlopyrmroside (12) 2-etzopyratzosi~le (15) 

The diacetate l1 g, was i n  3Y, A droplet of boron trifluoride etherate was added to methanolic hydrogen chloride (25 ml) at 45-50'. The re- an  ice-cold solution of (30 mg) in  acetic anhydride action was monitored by t.1.c. (solvent B )  and was stopped (0.5 ml). After the n,ixture was worked up by add- 
by "Ivent as as l1 had a'1 disappeared ing ice water and extracting the product into chlorofrom. 
(after 90 n~in).  The still slightly acidic residue of evapora- Evaporation of the extract with added portions of toluene 

was chronlatographed with "lvent On 25 of gave asyrupwhich wascrystallized fromether - petroleum silica gel. The fast-moving product eluted was 12. I t  was ether. Crystalline 15 (25 nlg, 68%) showed m.p, 81-81.5"; isolated as white crystals (652 mg, 76%), m.p. 159-160"; 
-37.50 (c, 0.9); v,,, 3500 (OH), 1720 (ester CO), and ["ID +99.30 (c, l m n ,  247-nm (E 3600, I n  

1550 cm-' (NOZ). v,,, (CHCI,) 1750 (ester CO) and 1533 cm- '  (nitro- 
a1 kene). Anal. Calcd. for C9H15N07 (249.2): C, 43.37; H, 6.07; calcd, for c ~ H ~ ~ N ~ ~  (231.2): C, 46.75; H, 5 67; N, 6.62. Found: C, 43.34; H, 6.17; N, 5.77. 

Subsequent fractions from the column y~elded 150 mg N, 6.06. Found: C: 46.77; H, 5.51; N, 6.25. 

(21%) of 2. Del~ydroncerylatiot~ of11 

Meil~yI3,4,6-Trideo~y-3-tzitro-a-~-tl1reo-fie,~-3- 
The diacetate 11 (100 mg) was passed very slowly 

through a 10-gcolumn of silica gel by means of  solvent D. etiopyranoside (13) Evaporation of the eluate furnished a crystalline material 
From 1 2  (70 n ~ g )  whose 60-MHz n.m.r. spectrum suggested that it 
The n~onoacetate 12 (50 mg) was placed on a c ~ h - ~ - ~ n  of was largely 10 with an admixture of a second nitroolefinic 

silica gel (10 g) which was slowly eluted with solvent C. component, probably 15. Recrystallization from ether - 
The was evaporated to give a colorless syrup (33 petroleum ether afforded sn~al l  crystals, m.p. 78-80", that 
mgt 87%) l3; - lg8" (C, v , a ~  (CHC13) 3600 gave a spectrum identical with that of 10 obtained from 6. 
(OH), 1675 (C=C) and 1522 cm-' (nitroalkene); h,,, 
251 nm (E 5000, chloroform). Methyl 2,4-Di-O-ncetyl-3,6-dideoxy-3-t1itro-a-~- 

Frotn 10 galactopyratloside (16) 
Compound 10 (40 mg) was treated with 39, methanolic The glycoside 3 (200 mg) was treated with acetic an- 

hydrogen chloride for 48 h at room temperature. The hydride (3 ml) and boron trifluoride etherate (3 drops) for 
pale yellow syrup obtained upon solvent evaporation was 5 min at 0'. Work-up with ice water afforded 16 as a 
purified by passage through a short column using solvent white solid (260 mg, 92.5%) which was recrystallized from 
C. It was thus obtained in colorless form, showed [aID ethyl acetate-petroleum ether to give fine needles, m.p. 
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122-123"; [aID - 171" (c, 1.2); v,,,, 1742 (ester CO) and 
1558 cm-' (NO2). 

Anal. Calcd. for C,  ,H17N0, (291.2): C, 45.36; H, 5.88; 
N,4.81. Found:C, 45.52; H, 6.00; N,4.67. 

Methyl 4-0-Acetyl-2,3,6-trideoxy-3-nitro-a-~-t/1reo-hex- 
2-enopyra~~oside (17) 

By Dehydroacetylatio~z of 16 
The diacetate 16 (1 10 mg) was passed through a 10-g 

silica gel column by means of solvent D at a flow rate of 
about 1 drop per 2 seconds. The entire effluent was evap- 
orated to give a syrup that appeared to  be a 1.3 : 1 mixture 
of 9 and 17 according to t.1.c. (ethyl acetate -carbon 
tetrachloride, 1 :4) and n.m.r. spectrum. The syrup was 
passed through a similar column of fresh silica gel (10 g), 
this time using the solvent just mentioned, whereby frac- 
tions corresponding to  a faster-moving and a more slowly 
moving t.1.c. spot could be separated. The former fur- 
nished crystals (32 mg) of 17, m.p. 89-90"; [aID +27.5" 
(c, 0.75); v,,, (CHCl,) 1750 (ester CO) and 1530 cm-' 
(nitroalkene); ?,,,, 247 nm ( E  3700, in chloroform). 

Anal. Calcd. for C9H1,N06 (231.2): C, 46.75; H, 5.67; 
N, 6.06. Found: C, 46.88; H, 5.81; N,  6.18. 

The slow-moving fractions gave 37 mg of crystals, m.p. 
97-99", that were identified by i.r. and n.m.r. spectra as 9. 

By action of acetyl cl~loride 011 4 
T o  a magnetically stirred, ice-cold solution of glycoside 

4 (100 mg) in anhydrous ether (5 ml) was added acetyl 
chloride (1 ml) followed by triethylamine (1 ml, dropwise). 
The reaction mixture was kept at 0" for 5 min and then 
stirred at  room temperature for 30 min. More ether (20 
ml) was then added and the mixture was extracted twice 
with water (40 ml). Evaporation of the dried (MgS04) 
ether layer gave a colorless syrup from which 10 mg (9%) 
of 17, m.p. 89.5-9O0, was obtained by crystallization from 
ether - petroleum erher. The n.m.r. spectrum was identical 
with that of 17 produced from 16. 

Reaction of 4 ~vitlz Acetic Anhydride and Boron 
Triflrtoride 

Methyl 2,4-Di-O-acetyl-3,6-dideoxy-3-1litro-a-~- 
talopyranoside (18) 

A mixture of 4 (300 mg) and acetic anhydride (10 ml) 
was cooled in an ice-bath for 15 min. One small drop of 
boron trifluoride etherate was then introduced, and after 
2 min the reaction mixture was poured into ice water 
which, upon deconlposition of the anhydride, was ex- 
tracted with chloroform (2 x 20 ml). Evaporation of the 
dried extract gave a colorless syrup which was crystallized 
from absolute ethanol (5 ml) by adding petroleum ether 
to  incipient turbidity and cooling overnight. The prisms 
(268 mg, 64%) showed m.p. 78-79"; [a],, - 56.5" (c, 1.3); 
v,,, (CHCI,) 1745 (ester CO) and 1555 cm-' (NO,). 

Anal. Calcd. for Cl lH17N08 (291.2): C, 45.36; H, 
5.88; N, 4.81. Found: C, 45.34; H, 5.70; N, 4.93. 

In repeat experiments thesyrupy diacetatefailed to crys- 
tallize, probably because of contamination by nitroolefins. 
When the product (120 mg) was passed through a 10-g 
silica gel column by means of solvent D (flow rate, 1 drop 
in 2 s), it suffered complete dehydroacetylation. The 
colorless syrup that was recovered (91 mg) was clearly 
revealed by its n.m.r. spectrum to be a 1 :1 mixture of 10 
and 17. (Table 1 shows that only the acetyl signals coin- 
cide.) 

A mixture of 10 and 17 giving a n  identical n.m.r. spec- 
trum was also obtained directly from 4 (100 mg) when 
acetylation and subsequent work-up were carried out as  
described above, except that a higher catalyst concentra- 
tion (3 drops in 2 ml of acetic anhydride) was employed 
and a reaction time of 5 min was allowed. The pale yellow 
syrup obtained weighed 110 mg (99%). A part of 10 (20 
mg) crystallized from ether (1 rnl) upon addition of 
petroleum ether (10 n~l)  and cooling; it showed m.p. 
79-80" and [aID - 166" (c, 1). 

1,4-Di-O-acetyl-2,3,6-trideoxy-3-nitro-a-~-tl1reo-/1ex- 
2-enose (19)  

A mixture of 4 (1.0 g) and acetic anhydride (10 ml) con- 
taining boron trifluoride etherate (0.4 ml) was stored for 
16 h at  0". (It was found in another experiment that the 
reaction proceeded also at - 15" but afforded a lower 
yield). Work-up with ice water, extraction with chloro- 
form (3 x 50 rnl), and evaporation of the extract with 
subsequent coevaporation of several portions of toluene 
gavea slightly yellow syrup. Crystallization of 19 (341 mg) 
occurred from a minimum amount of absolute ethanol 
upon careful addition of petroleum ether and cooling. 
The product showed m.p. 140-141"; [aID + 149" (c, 0.8); 
v,,, 1760, 1738 (ester CO), and 1540 cm-I (NO*); h,,, 
245 nm (E 5500, in chloroform). 

Anal. Calcd. for CIoH13N07 (259.2): C, 46.33; H, 
5.06; N, 5.40. Found: C, 46.13; H, 5.10; N, 5.33. 

Evaporation of the mother liquor gave a yellow syrup 
(450 mg) which was chromatographed on silica gel by use 
of chloroform containing 2% of methanol. The first 30 rnl 
of eluate that contained product yielded 72 mg of crystals, 
m.p. 80-82" and  [aID - 163", identified as 10. The sub- 
sequent fractions gave a syrup that appeared to be a mix- 
ture of 10, 17, and 19. 

Methyl 3,4,6-Trideoxy-2-O-metlryl-3-11ifro-a-~-threo- 
hex-3-e11opyra11oside (20) 

A 1 : l  mixture of 10 and 17 (90 rng, obtained by boron 
trifluoride-catalyzed acetylation of 4) was dissolved in 3% 
methanolic hydrogen chloride (15 ml). After standing a t  
room temperature for 2 days the solution was evaporated 
and the residue chromatographed on a small column with 
solvent C. The 2-0-methyl derivative 20 was eluted first. 
It was a colorless oil (38 mg), [a],, - 113" (c, 1.1); v,,, 
(CHCI,) 1670 (C=C) and 1520 crn -' (nitroalkene), with- 
out ester or hydroxyl bands; I,,, 247 nm ( E  4900, in 
chloroform). The  i.r. and n.m.r. spectra of the product 
were identical with those of 20 obtained (6) by methyla- 
tion of 13  with diazomethane. 

Further elution of the column furnished 14 mg of 1 3  
that was identified by its n.m.r. spectrum and t.1.c. 

Methyl 2,4-Di-O-acetyl-3-deo.uy-3-nitro-8- 
D-arabinopyra~~oside 

Methyl 3-deoxy-3-nitro-8-D-arabinopyranoside (18) 
(50 mg) was allowed to react with acetic anhydride (1 rnl) 
and boron trifluoride etherate (1 drop) for 15 rnin a t  0'. 
Excess anhydride was decomposed with ice water (20 rnl) 
and the product extracted with ether (2 x 20 ml). Evapor- 
ation of the dried extract gave the  diacetate as a faintly 
yellow syrup (65 mg, 91%) that failed to crystallize; [aID 
-195" (c, 1.2); v,., (CHCl,) 1750 (ester CO), and 1560, 
1370 cm-' (NO,). Hydroxyl absorption was absent. T h e  
n.m.r. data (100 MHz inCDC1,): 7 4.37 (q, JlS2 = 3.5 and  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BAER AND CHIU: NITRO SUGARS. XXXl 121 

JZB3 = 11 HZ, N-2), 4.43 (m, H-4), 4.97 (d, JISZ = 3.5 Hz, 6. H. H. BAER and C. W. CHIU. Carbohydr. Res. In 
H- l ) ,5 .02 (q , J2 ,3=  l l a n d J 3 + =  3.5Hz,H-3),6.12(d, press. 
J4,5c = 1.5 HZ, H-5e), 6.14 (d, J4,5. =. 2 HZ, H-5a), 6.63 7. A. SCHMIDT and G. RUTZ. Ber. 61,2142 (1928); H. B. 
(s, 3H, OCH,), 7.94 (s, 6H, OAc). HASS, A. G. SUSIE, and R. L. HEIDER. J.  Org. Chem. 

Anal. Calcd. for C,,H,,N08 (277.2): C, 43.32; H, 15, 8 (1950). 
5.45;N, 5.05. Found:C,43.34; H, 5.58; H,5.20. 8. H. H. BAER and L. URBAS. In  The chemistry of the 

nitro and nitroso groups. Pt. 2. Edirerl by H. Feuer. 
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A Stereospecific Synthesis of L-Desosamine' 

HANS H. BAER AND CHUNG-WAI CHIU 
Deprrrltuetlt of Clzemistty, Utliversiry of Ottrtn~n, O t t n w ~ ,  C~rladn KIN 6N5 

Received August 16, 1973 

L-Desosamine (3,4,6-trideoxy-3-diniethylamino-L-xylo-hexose), the enantiomer of a widely distributed 
antibiotics component, was synthesized by borohydride reduction of methyl 3,4,6-trideoxy-3-nitro-a-L- 
etythro-hex-3-enopyranoside followed by catalytic hydrogenation of the nitro group, N,N-dimethylation 
of the resulting saturated amino glycoside, and acid hydrolysis of the glycosidic bond. 

On a synthktist la L-desosamine (tridkoxy-3,4,6 dimCthylamino-3 L-xylo-hexose), qui est I'enantiomCre 
d'un compose tres rCpandu chez les antibiotiques. Cette synthese fu t  realiste en soumettant le tridtoxy- 
3,4,6 nitro-3 a-L-trytlrro-hexene-3 pyrannoside de mkthyle a une reduction avec de I'hydrure de bore, 
suivie par une hydrogenation catalytique du groupe nitro; I'amino glycoside saturC rtsultant est soumis a 
une reaction de N,N-dimtthylation puis B une hydrolyse acide du lien glycosidique. 

[Traduit par le journal] 
Can. J. Chem., 52. 122(1974) 

Several macrolide antibiotics, including the 
widely used erythromycin, contain the carbohy- 
drate component 3,4,6- trideoxy - 3  - dimethyl- 
amino-D-xylo-hexose (desosamine) (I). A stereo- 
specific synthesis of this sugar, departing from a 
derivative of 3-amino-3-deoxy-D-glucose and 
employing sulfonylation followed by iodide ex- 
change and reduction in positions 4 and 6, has 
been accomplished (2). Nonstereospecific syn- 
theses of DL-desosamine starting from noncarbo- 
hydrate precursors have also been reported (3,4). 
We now describe a stereospecific synthesis of the 
title compound (5), the enantiomer of the natural 
product. 

Methyl 3,4,6-trideoxy-3-nitro-a-L-erytllro-hex- 
3-enopyranoside (1) recently has become avail- 
able (5) by way of a simple procedure from 
methyl 3,6-dideoxy-3-nitro-a-~-gl~1copyranoside 
which, in turn, can readily be made (6) from 
methyl a-L-rhamnopyranoside or any stereoiso- 
meric methyl 6-deoxy-a-L-hexopyranoside. Re- 
duction of 1 with sodium borohydride in ethanol 
afforded 3,4,6-trideoxy-3-nitro-a-L-xylo-hexopy- 
ranoside (2) in nearly quantitative yield. The 
highly stereoselective formation of the L-xylo 
configuration in this reaction was in keeping with 
the results of previous borohydride reductions of 
unsaturated 3-nitro hexopyranosides (7, 8), and 
with the generally observed tendency of the nitro 

'Abstracted from the Ph.D. thesis of C. W. Chiu, 
University of Ottawa, Ottawa, 1971 and presented before 
the VIIIth International Symposium on the Chemistry of 
Natural Products (IUPAC), New Delhi, India, February 
1972. 

group in this position t o  acq~lire equatoria 
orientation (9). Proof of configuration was fur 
nished by the i1.m.r. data of 2 and of its 2-acetatl 
(3). Both compounds exhibited 10-12 Hz cou 
pling constants J,,, and J,,,,, which indicated H-  
to be axial. Platinum-catalyzed hydrogenation o 
2 in the presence of dilute hydrochloric acid fol 
lowed by anion exchange gave methyl 3-amino 
3,4,6-trideoxy-a-L-xylo-hexopyranoside (4) i. 
96% yield. Eschweiler-Clarke methylation of 4 l e ~  
to an oily N,N-dimethylamino derivative whic 
exhibited the expected n.m.r. signals but was no 
characterized further. Acid hydrolysis of th 
material furnished 3,4,6-trideoxy-3-diinethyl 
amino-L-xylo-hexose (L-desosamine) in abou 
65% yield from 4. Both the amorphous free bas 
(5) and a crystalline hydrochloride (6; the 
anomer) were prepared, and their spectral a n  
other physical data agreed fully with those re 
ported for the natural D-enantiomer. Thes 
reactions are outlined in Scheme 1. 

Experimental 
Methyl 3,4,6-Trideoxy-3-11i/ro-ci-~-xylo- 

Irexopyranoside (2) 
To a magnetically stirred, ice-cold solution of the ur 

saturated glycoside 1 (5) (130 mg) in ethanol (10 ml) w; 
added sodium borohydride (52 mg) in small portions. TI 
reaction was allowed to continue for 15 min. Methan 
(1 5 nil) was then added and the solution was deionized t 
treatment with 4 ml of Amberlite IR-120(H+). The filtra 
was evaporated and boric acid was removed by evapor 
tion of several portions of methanol from the residu 
The resulting colorless syrup (128 mg) appeared homo 
enous on t.1.c. (ethyl acetate - carbon tetrachlorid 
2:3). Crystallization from ether - petroleum ether gave 
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BAEK A N D  CHIU: L-DESOSAMINE 123 

, showing m.p. 56-57"; [a], - 198" (c, 1 in CHC13); v,,,, 
I (Nujol) 3440 (OH) and 1545 cm-I (nitroalkane); n.m.r. 

(100 MHz in CDCI,): r 5.20 ( lH,  d, J1,, = 3.5 Hz, H-1), 1 5.25 ( lH,  m, H-3). 5.90 ( IH,  m, becoming q upon deu- I terium exchange, J1,, = 3.5 Hz, 1 2 . 3  = 10 HZ, H-2), 6.07 
I ( lH ,  m, H-5), 6.59 (3H, s, OCH,), 7.75 ( lH,  octet, J3.4C = 

1 4 H z ,  J4a,4c = 12Hz ,  J4c,5 = 2 HZ, H-4e), 8.12 ( l H , q ,  
J3.4= = J4s.4c = J4n.5 = 12 HZ, H-4a), 8.77 (3H, d,J5.6 = 
6 HZ, C-CH3). 

Anal. Calcd. for C,H,,N05 (191.2): C, 43.97; H, 6.85; 
, N, 7.33. Found: C, 43.95; H ,  6.87; N, 7.50. 

Methyl 2-O-Aceiyl-3,4,6-lrideoxy-3-nitro-a-~-.~ylo- 
I hexopyrat~oside (3) 
) A sample of 2 (20 mg) was acetylated (5 min at 0") w ~ t h  
I acetic anhydride ( I  ml) and boron trifluoride etherate (1 1 drop). Work-up by treatment with ice water and chloro- 

form extraction furnished 3 as a slightly yellow oil (24 mg, 
95%). After bulb-to-bulb vacuum distillation at 120" and 
1 mm Hg, the product showed [a], - 173" (c, 1.3 in 
CHCI,); v,,, (neat) 1745 (ester CO), 1550 and 1370 
cm-' (NO2); n.m.r. (100 MHz in CDCI,): r 4.74 ( IH,  q, 
J,,, = 3.5 Hz, J,,, = 11-11 .5 Hz, H-2), 5.01 (2H, super- 
imposed sextet and doublet assigned to H-3 and H-1, 

I respectively, J,,, = 3.5 Hz, = = 11 HZ, J3.4C = 
4.5 Hz), 6.03 ( lH,  m, H-5),7.64(1H,o~tet,J,,~~ = 4.5Hz, 
J43,4c = 11-11.5 HZ, J4c,5 = 2 HZ, H-4e), 7.99 (3H, s, 
OAC), 8.09 ( lH ,  q, J3,4., = J4n,4c = J4= ,5  = 11-1 1.5 HZ, 
H-4a), 8.80 (3H, d, J5,, = 6 Hz, C-CH,), 6.65 (3H, s, 
OCH,). 

Anal. Calcd. for C9H,,NO6 (233.2): C, 46.35; H ,  6.48; 
I N, 6.01. Found: C, 46.51; H, 6.55; N, 6.13. 

I Metl1yl3-An1b10-3,4,6-trideoxy-cc-~-xylo- 
hexopyrarloside (4) 

I Compound 2 (282 mg) was hydrogenated (4 h a t  ordi- 
nary temperature and pressure) with platinum catalyst ( (from 200 mg of PtO2) in a mlxture of ethanol (4 ml), 
water (16 ml), and N HCI (1.5 ml). The filtered solution 
was evaporated to give the hydrochlor~de of 4 as an 

amorphous, hygroscopic solid (292 mg). The product was 
deionized by treatment with 5 ml of Dowex 1x8  (car- 
bonate form) in a mixture of water (10 ml) and methanol 
(10 ml). Evaporation of the colorless solution then gave 
crystalline 4 (240 mg, 9 6 z )  which was subseq~~ently re- 
crystallized from methanol; m.p. 138-139"; [a], -179" 
(c, 0.9 in methanol); v,,,, (Nujol) 3360, 3290, and 3260- 
3020 ( N H  and OH), 1597 cm-' (NH2); n.m.r. (60 MHz 
in D 2 0 ,  with reference to 7 ~ 0 ~ 1  5.28): r 5.83-6.33 (IH, m, 
H-5), 6.73 (3H,~,OCH3),6.78(1H,q,J~,~ = 4Hz , J2 ,3  = 
10 Hz, H-2), 7.17(1H,sextet, J2,, = J3,4a = ~ O H Z , J , , ~ ~  = 
4 Hz, H-3), 8.24 (1 H, octet, J3,4e = 4 HZ, J4.,4e = 13 HZ, 
J-)s,5 = 10 Hz, H-4e), 8.93 (IH, sextet, J,,,, = J4,,,5 -= 
lOHz, J4,,,, = 13 Hz, H-4a), 8.95 (3H, d, J5 .6  = 6 HZ, 
C-CH,). The anomeric proton signal was obscured by the 
DOH peak but was seen in a n  acetone-d6 spectrum to bea 
3.5 Hz doublet. 

Anal. Calcd. for C 7 H L 5 N 0 3  (161.2): C, 52.15; H, 9.38; 
N,8.69.Found:C,52.31; H,9.23;N,8.79. 

A sample of 4 was N-acetylated, whereupon the follow- 
ing substituent proton resonances were found (in CDCI,): 
r 4.60 (broad, NH), 6.59 (s, OCH,), 8.02 (s, N-Ac), and 
8.84 (d, C-CH,). 

The amino-glycoside 4 (230 mg) was refluxed fo; 4 h in a 
mixture of 98-100% formic acid (2 ml) and 37-41% for- 
maldehyde (1 ml). The reaction mixture was then evapo- 
rated with several portions of added N hydrochloric acid 
and ethanol at a bath temperature of 45", to give a yellow 
syrup. The syrup was dissolved in methanol (10 ml) and 
water (10 ml), and the solution was stirred for 2 h with 4 ml 
of Dowex 1 x 8  (carbonate form). Removal of the solvent 
gave a syrup which was passed through a silica gel column 
withmethanol-chloroform (3 : 2) in an unsuccessful attempt 
at purification. A 60 MHz spectrum in CDCI3 showed an 
H-1 doublet at r 5.13 (J1,2 = 3-4 HZ), singlets for  OCH, 
and N(CH3)2 at r 6.53 a n d  7.70, respectively, and a 
C-CH3 doublet at r 8.78, in accordance with the struc- 
ture of an N,N-dimethylated glycoside. 

The above product was refluxed for 4 h in 6 N HCI (5 
ml). The hydrolyzate was evaporated with the addition of 
several portions of water and ethanol in order t o  remove 
most of the acid. The product was then stirred fo r  3 h with 
Dowex 1 x 8  (OH-) in methanol-water (1:1, 30 ml). 
Solvent removal followed by chromatography of the re- 
maining syrup on silica gel using methanol-chloroform 
(2:3) as eluent furnished 165 mg (66%) of 5 as a colorless 
Syrup; [E], -42.4", [a1578 -42.9", 1 ~ 1 5 4 6  -46.S0, [@I436 
-76.5" (c, 0.85 in water). 

A 60 MHz n.m.r. spectrum of 5 in D 2 0  was identical in 
every detail with the published (11) spectrum of D- 
desosamine. 

3,4,6-Trideoxy-3-di111etltyInmino-cc-~-xylo-l~exose 
Hydrochlorirle (6) 

A solution of 5 (50 mg) in N HCI (2 ml) was evaporated 
with addition of water and ethanol to give a film that was 
dried it1 vncuo. The hydrochloride 6 crystallized from a 
minimum amount of absolute ethanol upon cautious 
addition of ether and cooling. The colorless crystals (60 
mg) melted at  173-175' with decomposition, and  at  183- 
184" after two further recrystallizations. The D-enantiomer 
showed m.p. 182" (2). 183-184" (12), 189-191" (13), 189- 
191" (14). The optical rotation of 6 (c, 0.75 in water): 
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[a], -64" (2 min) + -50" (16 h) + -52.5" (24 h) -> 6. A. C. RICHARDSON and K. A. MCLAUGHLAN. J. 
-52" (48 h); [a],,, -73.5" (2 min) + -60" (16 h) + Chem. Soc. 2499 (1962); H. H. BAER and K. CAPEK. 
-61.5" (24 h) + -62" (48 h);  [a]4,, - 121.5" (2 min) + Can. J .  Chem. 47, 99 (1969). 
- 100" (16 h) -> - 101" (24 h) -> - 106" (48 h). For the 7. H. H. BAER and W. RANK. Can. J .  Chem. 50, 1292 
D-enantiomer, no mutarotation data are recorded in the (1972). 
literature; only [u], values are given which presumably 8. H. H.  BAER and C. W. CHIU. Carbohydr. Res. In 
correspond to minimum readings: + 48" (2), + 49.5" (1 3), press. 
and +50.7" (14). The i.r. spectrum of 6 in KBr agreed 9. H. H. BAER and J. Kov ik .  Can. J .  Chem. 49, 1940 
very well with the spectrum of the D-enantiomer repro- (1971); J. K O V A ~ ,  K. CAPEK, and H. H. BAER. Can. 
duced in ref. 3. J .  Chem. 49, 3960 (1971). 

10. W. ESCHWEILER. Ber. 38,880 (1905); H. T. CLARKE, 

Support of this work by the National Research Council H' B' GILLEsplE'and S' S' WE1ssHAus' J' Am' 
of Canada is gratefully acknowledged. Soc. 55, 4571 (1933); A. C. RICHARDSON. J. Chem. 

SOC. 2758 (1962). 
11. P. W. K. Woo,  H. W. DION, L. DURHAM, and H. S. 
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Academic Press, New York, N.Y. 1970. p. 139. GERZON. J .  Am. Chem. Soc. 76, 3121 (1954). 
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A New Synthesis of 4-(4-Methyl-4-hydroxyamyl)-A3-cyclohexenecarboxaldehyde 

The Etzgineeritzg Research Instlttrte, The Utziversity of Tokyo, Tokyo, Japntz 

Received June 6, 1973 

A new synthetic route of 4-(4-methyl-4-hydroxyamyl)-A3-cyclohexenecarboxaldehyde (Lyral) from 
myrcene (1) was investigated. It involves subjecting 1 first to  the diene synthesis with acrolein (2) followed 
by hydration of the rnorpholine enamine of the adduct in 50% sulfuric acid at  0-5" and the subsequent 
hydrolysis in diluted sulfuric acid at 15-20". 

The present method is superior in simplicity as well as productivity for the preparation of Lyral to 
any other methods hitherto reported. -- 

On a Ctudie une nouvelle rnethode synthetique pour l'obtention du (methyl-4 hydroxy-4 amyl)-4 
cyclohexene-A3 carboxaldehyde (Lyral) a partir du myrcene (1). Cette methode implique tout d'abord 
la reaction de 1 avec l3acrol&ine (2) suivie par I'hydratation de la morpholine enarnine du compost 
d'addition dans k'acide sulfurique 50% a 0-5" puis par une hydrolyse dans I'acide sulfurique dilut  a 
15-20". 

La methode que I'on prksente, est supkrieure a cause de la simplicite ainsi que  du rendement obtenu 
pour la preparation du Lyral, a toutes les rnethodes connues jusqu'a cette date. 

[Traduit par le journal] 
Can. J. Chern., 52, 125 (1974) 

1 4- (4-Methyl-4-hydroxyamyl)-A3-cyclohexene- 
carboxaldehyde and its structural isomer (Lyral) 

' have been prepared from myrcene (1) by two 
I 

routes of low yield : (a) Diels-Alder condensation 1 of 2-hydroxy-2- methyl-6-methylene-A7-octene 
/ (myrcenol) prepared by acetoxylation of 1 and 

subsequent saponification with acrolein (2) (1) 
and (6)  that of 2-hydroxy-2-methyl-6-methylene- 1 A3r7-octadiene and 3-hydroxy-2,6-dimethylene- 
A7-octene prepared by the reduction of photo- 
oxidized myrcene with 2 and subsequent selective 
hydrogenation (2). The former gives 15% of the 
theoretical yield of Lyral from 1 and the latter 
20%. 

The present paper describes a new, successful 
synthesis giving as much as 65% of the theoreti- 

I cal yield of hydroxyaldehydes, 4-(4-methyl- 
4-hydroxyamy1)-A3-cyclohexene-carboxaldehyde 
(5) and 5-(4-methyl-4-hydroxyamyl)-A4-cyclo- 
hexene-carboxaldehyde (6) by the procedure 
shown in Scheme 1 . 1  was reacted with 2 accord- 
ing to  the method described in the literature (3). 

I The reaction time, temperature, and yield of 
cycloadduct, Myrac aldehydes (3 and 4, the 

I ratio 3:4  of 80:20) are given in Table 1. The 
1 morpholine enamines of 3 and 4 were obtained 

quantitatively by condensation of the aldehydes 

i 'Present address: T. Hasegawa Co., Ltd, 9, 4-Chorne, 

1 Honcho, Nihonbashi, Chuo-ku, Tokyo 103, Japan. 
! 'Institute of Industrial Science, University of Tokyo, 
1 22-1,7-Chome, Roppongi, Minato-ku, Tokyo 106, Japan. 

with morpholine in the molar ratio 1 : 1.4 in 
toluene using phosphoric acid as catalyst. The 
enamine purified by distillation was used in the 
hydration and hydrolysis (Table 2) (4, 5). The 
desired hydroxyaldehydes, 5 and 6, were ob- 
tained in the mixture a t  a good yield (71%) but 
the estimation of isomers by g.1.c. was found to 
be very difficult. The dimethyl acetals were 
prepared and gave an isomer ratio 5 :6  of 70: 30. 
Comparison of the isomer ratios between the 
Myrac aldehydes and the Lyral dimethylacetals 
obtained suggests that 5 is more easily cyclized 
to a mixture of isomers of 1,l-dimethyl-7- 
methylal-octaline than 6 (6, 7). 

Protection of the aldehyde group in the  Myrac 
aldehydes by conversion into the dimethyl 
acetal, diacetate, or sodium hydrogen sulfite- 
adduct instead of enamine, resulted in  only a 
small amount of the hydroxyaldehydes. Without 
protecting the aldehyde group, however, hardly 
any hydration took place. 

Experimental 
Materials 

Myrcene (1) consisting of a mixture of 76% myrcene, 
12% dipentene, 2% p-pinene, and 10% of other terpene 
hydrocarbons was purchased from the LDRT Co., Ltd.; 
b.p. 163-178"; dZOZ0 0.8104; nDZ0 1.4740. Myrac alde- 
hydes, 3 and 4, and Lyrals, 5 and 6, were purchased from 
the IFF Co., Ltd. Myrac aldehydes: b.p. 136-138"/4 Torr; 
dz5Z5  0.9326; tzDZ5 1.4896. Lyrals: b.p. 126-13O0/1 Torr; 

0.9956; nDZ5 1.4893. Acrolein (2) and morpholine 
were of chemically pure grade reagent and used without 
further purification. 
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50% H2S04 - 
Hz0 

pCHO + CHO 

TABLE 1. Diels-Alder reaction of myrcene (1) with acrolein (2)" 
-- 

Reaction Myrac aldehydes Ratio of isomer 
yield (%)b 

Hydroquinone Temperature Time 
Run (g) (deg) (h) I n  g In % 3 4 

1 3.5 110-120 4 .5  510 95.0 8 1 19 
2 3.5 4 .5  506 94.3 80 20 110-120 
3 3.3 130-140 2 .0  516 96.1 78 22 
4 3.3 150-160 1 .O 504 94.0 77 23 

O 1  (2.8 rnol, 500 g) was reacted with 2 (3.59 rnol, 201 g in Run 1 and 2.38 mol, 167 g in Runs 24 ) .  
bBased on  the Myrac aldehyde dimethyl acerals (3 + 4 ' )  estimated by g.1.c. 

I TABLE 2. Hydration of morpholine enamines and other derivatives 
I 

Reaction 
Amount [H2S041 Yield of Lyral 

Temperature Time 
Run Derivative In g In lnol Wt. % g (dec.) (min)" In g I n  % 

1 Enamine 100 0.38 40 300 - 2  to 10 65 3 1 40 
2 Enamine 100 0.38 50 300 - 2  to 10 45 54 70 
3 Enamine 100 0.38 60 300 - 2  to 10 10 3 1 40 
4 Enamine 100 0.38 40 300 10 to 20 65 50 65 
5 Enamine 100 0.38 50 300 10 to 20 20 46 60 
6 Enamine 100 0.38 60 300 -15 to -5 5 53 69 
7 Enamine 100 0.38 50 300 0 to 5 50 55 71 
8 Enamine 100 0.38 50 600 0 to 5 50 53 69 
9 Enamine 3 50 1.33 50 1050 0 to 5 65 260 67.5 

I 10 Enarnine 350 1.33 50 1050 - 2  to 10 50 270 70 
11 Myrac aldehydes 73 0.38 50 300 0 to 5 50 0 0 
12 Myrac aldehydes 73 0.38 50 300 -2  to 10 50 0 0 

I 13 Dimethyl acetal 90 0.38 50 300 0 to 5 50 2 2 . 6  
14 Diacetate 112 0.38 50 3 00 0 to 5 60 3 3.8  

I 
15 Sodium hydrogen 

sulfite adduct 112 0.38 50 3 00 0 to 5 60 3 3 . 8  

OValues indicate the tlme at w l i~ch  a maxlrnurn peak of Lyral was observed on  the analysis o f  hydrated products by g.1.c. 
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Spectral Data 
Infrared spectra were obtained with a Nihon Bunko 

IR-spectrometer, Model IR-S. Nuclear magnetic reson- 
ance spectra were determined in carbon tetrachloride 
with tetramethylsilane as internal standard on a JEOL 
4H-100 spectrometer. Mass spectra were measured by 
means of a Hitachi RMU-6E mass spectrometer under 
the following conditions: ionization energy 70 eV; 
ionization current 80 HA; ionization potential 1800 V. 
The pressure of ion source and ionization chamber was 
kept at to Torr. A col~lmn (2 m x 3 mm) 
containing Carbowax 20 M (10 wt. %) on Celite 545 SK 
(100-120 mesh) was used for g.1.c.; the column tempera- 
ture was fixed at 180' and helium was used as a carrier 
gas. 

Cyclic Addiict of Myrcene ( I )  with Acroleirz (2) 
Compounds 1 (500 g, 2.8 mol), 2 (167 g, 2.98 mol), 

and hydroquinone (3.3 g) were placed into a 1-1 stainless 
steel autoclave, the temperature of which was elevated to 
110" in 30 min under stirring, kept at 1 10-120" for 4.5 h, 
and then lowered. The resulting product was distilled 
irz unc~~o  with a packed column type rectifier to give the 
following fractions: (i) b.p. 30-135"/4 Torr, 94 g;  (ii) b.p. 
136-138"/4 Torr, 506 g; (iii) residue, 27 g. Fraction i was 
found to be a mixture of other terpene hydrocarbons 
except 1. Fraction ii  was identified as Myrac aldehydes 
by comparing the n.m.r., i.r., and mass spectra with 
those of authentic samples (IFF Co., Ltd.): aldehyde 
content 99.8% (hydroxylamine method); d2525 0.9323; 
rrDz5 1.4893 ( R L ~  2, Table 1). The Myrac aldehydes are 
difficult to separate by g.1.c. Therefore, they were con- 
verted into dimethylacetal derivatives (3' and 4') with 
methanol containing 1% p-toluenesulfonic acid; 3 '  and 
4' were separated from the mixt~lre by repeated pre- 
parative g.1.c. The obtained ratio (3':4' of 80:20) was 
found to agree with that of Canet and Mousseron (3). 
The analytical conditions and retention times of the 
isomers were as follows: gas chromatograph, Kotaki 
GU-21 with a thermal conductivity type detector; 
column, stainless steel (2 m x 3 mm); packing material, 
support, Celite 545 SK (60-80 mesh) and liquid phase, 
Carbowax 20 M (10 wt. %); column temperature, 180"; 
helium pressure, 14 p.s.i.; flow rate, 40 ml/min; chart 
speed, 0.5 cm/min; retention times, 3', 5 min 40 s, 4', 
6 min 25 s. 

Spectral data were as follows; n.m.r. spectra (6, p.p.m.): 
3', 1.72 and 1.82 (singlets, -HC=C(CH3)2), 1.9-2.8 
(superimposed, -CHI-, =CH-CH,-, -CH-, 
3.58 (singlet, (OCH,),), 4.40 (doublet, -CH(OCH,j,), 
5.54 (broad singlet, -CH=C(CH,),), 5.58 (broad 
singlet, -CH=CH-); 4', 1.74 (singlet, 1.84 (singlet, 
-CH=C(CH3)2), 1.9-2.8 (superimposed, -CH,-, 
=CH-CH2-, -CH-), 3.60 (singlet, (OCH3)2), 4.08 
(doublet, -CH(OCH3),), 5.52 (broad singlet, -CH= 
C(CH,),), 5.90 (broad singlet, -CH=CH-). Both the 
i.r. and mass spectra of 3' were almost superimposable 
on those of 4'. Infrared spectra (neat, cm-I): 2830 
(CH(OCHJ2), 1200-1040 (C-0-C-0-C), 828 
(-C=CH-). Mass spectra (mle): 206 M + ; 191 (M - 15, 

I 
CH;); 174 (M - CH,OH), 137 (M - 67, (CH3)Z-C= 
CH-CH2-); 123 (M - 83), 105 (M - 69-32), 75 
(base peak, CH30=C+H-OCH,); 41 (CH3-C=CH2). 

I 

OF H Y D R O X Y A L D E H Y D E S  127 

Syrlthesis of Morpl~olirze Etzrrrrzir~es of Myrnc Aldel~ydes 
Morpholine (329 g, 3.80 mol) was added to the 

solution of Myrac aldehydes (450 g, 2.33 mol) in toluene 
(1600 ml) containing 85% phosphoric acid (4.5 g) at room 
temperature. After refluxing the mixture at 112-148' for 
8 h, the theoretical amount of water was stripped off. 
The residue obtained by removal of toluene and mor- 
pholine from the resultant solution was s~~bmit ted to 
distillation in oaciio: (i) b.p. 70-130G/0.05 Torr, 8 g; 
(ii) b.p. 130-139"/0.05 Torr (morpholine enamine), 426 g; 
(iii) residue, 16 g. Characteristic properties of the mor- 
pholine enamine were as follows: b.p. 130-139"/0.05 
Torr, d2525 0.9339; noz5 1.5165; n.m.r. (6, p.p.m.): 1.62 
(6 H, doublet, -CH3), 1.28-2.8 (10 H, multiplet, 
-CH2-), 2.53 (4 H, multiplet, -N-CH,-), 3.60 

I 
(4 H, triplet, -CH2-CH2-0-CH2-CHz-), 5.05 
(1 H, broad singlet, isopropylidene olefine), 5.32 (1 H, 
broad singlet, cyclohexene olefine), 5.38 (1 H, broad 
singlet, =CN-N-); i.r. (cm-I): 1665 (=CH-N-), 

I I 
1120 (C-N); mass spectrum (mle); 261 (M+),  246 
(M - 15), 204 (M - 57), 192 (M - 69, (CH3)z-C= 
CH-CHz-), 178 (M - 83), 105 (192-87), 100 (-CHz- 
N(-CHz--CH,-)20), 91,86 (-N(-CH2-CH2-)20), 
79, 69, 41 (base peak, CH3-C=CH,). 

I 
Hydration of Morpholine Enambre and Otlrer 

Deriuatiues 
Rectified morpholine enamine (100 g, 0.38 mol) was 

added immediately to 50% sulfuric acid (300 g) with 
vigorous stirring at 0-5" (4, 5). Further stirring was con- 
tinued for 50 min at the same temperature. The  reaction 
mixture was poured into 1 kg of ice water. The  mixt~lre 
was stirred at 15-20" for 5 h and an oily product separated 
and was extracted with benzene. The benzene solution 
was washed with an aqueous solution of 5% sodium 
carbonate until the wash solution was substantially 
alkaline. After removal of the benzene, the remaining 
oil was distilled in uncuo: (i) b.p. 102-105"/1 Torr,  12 g; 
(ii) b.p. 105-126"/1 Torr, 4 g;  (iii) b.p. 126-13O0/l Torr, 
55 g (Lyral, theoretical yield 71%), dzSz5 0.9958, 1rDZ5 

1.4895; (iu) b.p. 130-138"/1 Torr, 1.1 g; (0) residue, 5.3 g 
(Run 7, Table 2). Fraction (i) with the following proper- 
ties was estimated by g.1.c. to be a mixture of I , l  -dimethyl- 
7-methylaloctaline and 1,l-dimethyl-6-methylaloctaline 
(6), accompanied by a small a m o ~ ~ n t  of Myrac aldehydes; 
d2s25 0.9877, nDZ5 1.5031, aldehyde content (hydroxyla- 
mine method) 100%. The spectral data of the mixture of 
dimethyl octaline isomers separable by preparative gas 
chromatography were as follows: n.m.r. (6, p.p.m.): 
1.00 (6 H, singlet, (CH,),), 1.5 (complex, -CH,-), 
1.7-2.6 (complex, =CH-CH,- and -CH-), 5.4 
(broad singlet, =CH-), and 9.66 (singlet, aldehyde 
proton); i.r. (cm-I): 2820, 2720 (v CH of CHO), 1730 
(V C=O), 1390, 1370 (CH3-C-CH3), 1205, 1180 

1 

(CH3-C-CH,), and 805 (8, CH=CH-); mass 
I 

spectru; (mle): 192 (M+), 177 (M - 15), 163 ( M  - 29), 
159 (M - 15 - 18), 149 (177 - 28), 136, 107 (149 - 42), 
105, 93, 91, and 41 (base peak). Fraction (iii) was identi- 
fied to be Lyral and structural isomer by comparing the 
n.m.r., i.r., and mass spectra with those of an authentic 
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sample, Lyral of the IFF Co., Ltd. The fraction gave these derivatives resulted in only a small percent of 
99.5% aldehyde estimated by oximation, corresponding Lyral (Table 2). Hence we suggest the use of morpholine 
to 65.3% theoretical yield based on the 1 used, the enamine. 
fragrance of which was very pleasant like that of a fine 
lilac-lily. The spectral data found: n.m.r. ( 6 ,  P . P . ~ . ) :  The authors wish to express their gratitude t o  Mr. S. 
1.12 (6 H, singlet, -CH~) ,  1.36 (broad singlet, -CH2), Hasegawa, the President of T. Hasegawa, Co., Ltd. for  
1.7-2S =C-CH2- and -CH-), 3.2 H, his kind financial support and permission to publish this 

I paper. 
singlet, -OH), 5.4 (=CH-), and 0 (1 H,  CHO); i.r. 
(neat, cm-I): 3480 (associated -OH), 2860, 2740 (v C H  
of CHO), 1730 (V C=O), 1385, 1370 (CH3-C-CH,), I .  R.  W. TEEGARDEN, F.  HAVEN, and L. STEINBACH. 

I U.S. Patent No. 2947780 (1960). 
I 2. T. MOROE, A. KOMATSU, T. MATSUI, and K. UEDA. 

1210, 1160 (CH3-C-CH,), 1130 (v -C-OH), 910 Jap. Patent No. 6908494 (1969). 
1 I 3. M. M. CANET and M. MOUSSERON. Bull. Soc. Chim. 

(6 C H  of CHO), and 805 (6 -C=C-H); mass spectrum Fr. 394 (1956). 
1 1 4. G. H. ALT and A. J. SPEZIEALE. J .  Org. Chem. 26, 

(mle):  210 (M+), 192 (M - 18), 136 (192 - (CH2= 3761 (1961). 
CH-CHO)), 59 (base peak, (CH3),-C-OH) and 29 5. K. KOGAMI, F .  TAKAHASHI, M. MONDA, and J u  
(CHO). KUMANOTANI. Soap, Perfum. Cosmet. 819 (1969). 

Direct hydration of unprotected Myrac aldehydes 6. G. OHLOFF. U.S. Patent No. 2933506 (1960). 
gave very low yields. Therefore a modification of the 7.  A. VAN DER GEN, K. WIEDHAUP, J .  J. SWOBODA, 
conversion of aldehydes into the dimethyl acetal, diace- H. C. DUNATHAN, and W. S. JOHNSON. J. Am. Chem. 
tate, and sodium hydrogen sulfite adduct by the usual SOC. 95, 2656 (1973). 
method (a), was attempted. However, the hydration of 8. P. S. BEDOUKIAN. J. Am. Chem. Soc. 67, 1430 (1945). 
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Aziridine Induced Isomerization of Isomaleimides to Maleimides 
I 

P. JOSEPH-NATHAN, V. MENDOZA, AND E. GARC~A G.' 
a Departamento de Quimica del Centro de Znuestigacidn y de Estlrdios Avanzados, Znstituto Politdcnico Nrrcional, P.O. Box 

14-740, Mkxico 14, D.F., M&xico 

Received May 28, 1973 

Treatment of N-phenylisomaleimide with aziridine gave 3-(N'-aziridiny1)-N-phenylsuccinimide iden- 
tical with the adduct formed between N-phenylmaleimide and ethylenirnine. The isomerization proceeded 
through the intermediate 2 whose decomposition in solution to  a mixture of 3 ,4 ,  and 5 is also described. 

Le traitement de la N-phCnylmaleisoimide par I'aziridine fournit la (N'aziridiny1)-3 N-phenyl succini- 
mide identique avec le compose forme dans la reaction entre la N-phenylmaleimide et I'ethylenimine. 
L'isomerisation se produirait par l'intermediaire de  2 dont la decomposition e n  solution pour donner 
3, 4 et 5 est aussi discute. [Traduit par le journal] 

Can. J .  Chem., 52, 129(1974) 
I 

1 The cyclization of N-substituted maleamic 
acids either to the corresponding maleimides (3) 

I 
or isomaleimides (1) under various reaction 
conditions, is well documented (1, 2). The 
isomerization (3, 4) of 1 into 3 may proceed 
(5) through nucleophilic attack of an acetate 
ion on the carbonyl carbon of 1, followed by 1 ring opening and a recyclization in which the 
nitrogen of the intermediate reexpels the acetate 

1 ion. 
In a recent work we described (6) the reaction 

of substituted N-phenylmaleimides (3) with 
aziridine, which lead to adducts (4) showing 
unexpected p.m.r. spectra. Considering the 

I analogy in structure between maleimides and 
, isomaleimides and having also in mind the 

chemical properties of aziridine (7), it seemed 
interesting to react ethylenimine with isomale- 

I imides, since either a direct adduct should be 
formed or an isomerization of the isomaleimide 
to maleimide could occur. 

The latter process took place when room- 
temperature treatment of an ethereal solution 
of N-phenylisomaleimide (1) with aziridine gave 
in an almost quantitative yield exclusively 
3-(N1-aziridiny1)-N-phenylsuccinimide (4), iden- 
tified by direct comparison with a sample ob- 
tained (6) by treatment of aziridine with 

I N-phenylmaleimide (3). 
1 When aziridine is added dropwise to an 
I ethereal solution of N-phenylisomaleimide (1) 
' 'Presented at  the VIII Congreso Mexicano de Quimica 

Pura y Aplicada, QuerCtaro, Qro. Mexico, March, 1973. 
'Recipient of a CoNaCyT (Mkxico) Scholarship 

(1970-1973). 

below 0 "C, a compound m.p. 80-81" (dec.) was 
isolated in almost quantitative yields. I t  showed 
i.r. absorption bands at  1715 and 1672 cm-' 
due to carbonyl groups and U.V. maxima at 223 
and 300 nm (E 10700 and 650). In the n.m.r. 
spectrum the presence of five aromatic protons 
located between 7.1 and 7.8 p.p.m., showing 
exactly the same pattern as the ring protons of 
acetanilide, were found. In addition, an AB 
system (6, = 6.35, 6, = 6.50; JAB = 12 Hz) 
attributable to a cis CH=CH moiety and a 
singlet (4H) at 2.45 p.p.m. corresponding to the 
aziridinyl ring protons, could be recognized. 
Therefore structure 2 was assigned to this inter- 
mediate, which is very unstable, since it easily 
undergoes transformation into 4 even when a 
solid sample is kept at - 10 "C during two days. 

The transformation of 1 to 4 can be rational- 
ized as an attack of the aziridine electron pair 
on the carbonyl group of the isomaleimide, 
followed by cleavage of the carbonyl-oxygen 
single bond, leading to the anion of the en01 of 
an amide, which, after electron redistribution 
and protonation, affords 2; this in turn reacts to 
yield 3-(N'-aziridiny1)-N-phenylsuccinimide (4) 
by a stepwise process in which ring closure is 
accompanied by expulsion of the aziridine 
residue, followed by a Michael recombination 
of both species. Evidence for this process was 
obtained when a chloroform solution of pure 2 
after standing at room temperature for several 
hours, gave a mixture of 3, 4, 5, and some 
polymeric material which was not studied. 

Compounds 3 and 4 were identified by direct 
comparison with authentic specimens (6), while 
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the structure of 5 was deduced spectroscopically. 
It analyzed correctly for C,  ,H, ,O,N,, showing 
i.r. bands at 3425 and 3325 (NH group), 1665 
(amide carbonyls), and 1600 cm- ' (aromatic 
double bonds) and U.V. absorption at 228 and 
306 nm ( E  10 900 and 6200). The n.m.r. spectrum 
showed a singlet (2H) at 7.25 p.p.m. due to two 
vinyllic protons, superimposed on the signals 
of the five aromatic protons (7.1 to 7.8 p.p.m.), 
and a singlet (4H) at 2.36 p.p.m. corresponding 
to the aziridinyl methylene groups. Comparison 
of the i.r. (8), U.V. (9), and p.m.r. (10) properties 
of 2 and 5 is also congruent with a cis-trans pair 
of isomers. 

Catalytic hydrogenation of 5 afforded 
N-(4-(N'-pheny1)succin)aziridine which showed 
in addition to the aromatic protons, the presence 
of a broad peak (4H) at 2.80 p.p.m. correspon- 
ding to the CH,-CH, protons of the succinic 
chain and a sharp singlet (4H) at 2.30 p.p.m. 
attributable to the aziridinyl protons. It is 
interesting to mention that only a small amount 
of the three-membered ring was opened to an 
N-ethyl group during this hydrogenation per- 
formed in the presence of Adams catalyst, while 
compound 4 was transformed in high yields into 
3-(N1-ethyl)-N-phenylsuccinimide using 10% Pd 
on charcoal catalyst (see Experimental). In 
addition, hydrogenation of 2 with Pd-C catalyst 

gave N-phenylsuccinimide identified with a 
sample obtained by hydrogenation of N-phenyl- 
maleimide (3). 

A sam~le  of 2 was also treated under the 
acetate ion conditions in which the transforma- 
tion of 1 into 3 was described (5). This resulted 
in the formation of 3 in good yields. Under the 
reaction conditions, the free aziridine that should 
be formed very probably reacts further with the 
acetic anhydride in a similar way as a compound 
of type 4 was derivatized previously (6), thereby 
precluding the Michael addition. These reac- 
tions are outlined in Scheme 1. 

Experimental 
3-(N'-Aziridit1yl)-N-phenyls1rccinimide (4)  

A stirred solution of 5 g of N-phenylisomaleimide (1) 
in 200 ml of ether was treated dropwise with aziridine 
until the yellow color disappeared. The stirring was con- 
tinued awhile and the precipitate filtered, yielding 5 g of 
2 m.p. 119-120". Recrystallization from acetone-hexane 
gave white needles: m.p. 122-123"; h,,, 221 nm; E 7000; 
i.r. 1790 and 1722 (imide carbonyls), and 1600cm-' 
(aromatic double bonds). The n.m.r. showed the aro- 
matic protons a s  a broad signal (5H) centered at 7.4 
p.p.m. and the characteristic signals due to the succini- 
mide and aziridine ring protons previously found (6) in 
similar compounds. 

Anal. Calcd. for C12H12N202: C, 66.65; H, 5.59; N, 
12.95; 0, 14.80. Found: C, 66.46; H, 5.42; N, 12.94; 0, 
14.82. 

The substance showed no depression on admixture 
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JOSEPH-NATHAN E T  AL.: AZIRIl 

with a sample obtained by treatment of N-phenylniale- 
imide (3) (11) with aziridine (6) and their i.r. spectra 
were identical. 

I-Aziridinyl-4- ( N  '-phetyl) maleidian~ide ( 2 )  
A solution of 5 g of 1 in 200 ml of ether was treated 

as previously with aziridine, but the addition was per- 
formed very slowly (45 min) and the solution maintained 
in an ice bath with NaCI. The precipitate was filtered 
immediately after decoloration of the solution and washed 
with cold pentane. This yielded 5 g of solid: m.p. 82-83" 
(dec.); L,,, 223 and 300 nm; E 10 700 and 650; i.r. 1715 
and 1672 (amide carbonyls), 1620, and 1600 cm-' 
(double bonds). No microanalytical results for the com- 
pounds were obtained, since when a sample is kept during 
48 h at - 10" it transforms quantitatively to 3-(N'-aziri- 
dinyl)-N-phenylsuccinimide (4), identified by standard 
procedures. 

Decotnpo.sition of 2 
A solution containing 1.5 g of freshly prepared 2 in 

100 ml of chloroform was stored at  room temperature 
for 6 h. Upon addition of 25 ml of hexane, a pink solid 
was precipitated and removed by filtration yielding 
around 100 mg of a polymeric material which was dis- 
carded. The filtrate was diluted with 50 ml of ethyl 
acetate and concentrated under vacuum at room tem- 
perature to a small volume (-20 ml). Addition of several 
drops of hexane caused precipitation of a white solid 
which was filtered yielding -300 mg of 5, m.p. 161-163" 
(dec.). Recrystallization from ethyl acetate - hexane 
gave white needles; m.p. 162-163" (dec.); h,,, 228 and 
306 nm; E 10 900 and 6180; i.r. 3425 and 3325 (N-H 
group), 1665 (amide carbonyls), and 1600 cm-' (double 
bonds). 

Anal. Calcd. for CL2HI2N2O2:  C, 66.65; H, 5.59; N, 
12.95; 0 ,  14.80. Found: C, 66.60; H, 5.50; N, 12.98; 
0 ,  14.89. 

The filtrate was concentrated at  room temperature 
yielding -200 mg of white needles, m.p. 122-123" which 
were identified as 3-(N'-aziridiny1)-N-phenylsuccinimide 
(2) by standard procedures. 

Further concentration of the filtrate followed by addi- 
tion of hexane yielded around 100 mg of yellow needles, 
m.p. 88-89" identified by direct comparison with an 
authentic sample (11) of N-phenylmaleimide. 

Hydrogetlation of 5 
A solution of 180 mg of 5 was hydrogenated as pre- 

viously. The residue was treated with hexane yielding 
100 mg of N-(4-(N'-phenyl)succin)aziridine, m.p. 102- 
104". The analytical sample from ether-hexane showed 
m.p. 105-107"; h,,, 207 and 243 nm; E 16 000; i.r. 3430 
(N-H group), 1670 (carbonyls), and 1590 cm-' (double 
bonds). 

Anal. Calcd. for C12H14N20: C ;  66.04, H ;  6.47; N, 
12.89; 0 ,  14.66. Found: C, 65.97; H, 6.40; N, 12.66; 0 ,  
14.79. 

From the mother liquors, a small amount (20 mg) of 
N-(4-(N'-ethyl)succin)aniline, m.p. 165-166" was iso- 
lated. The analytical sample obtained from chloroform- 
hexane showed m.p. 166-167"; h,,, 206 and 244 nm; E 
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14 200 and 12 000; i.r. 3430 (NH group), 1670 (car- 
bonyls), and 1605 cn1-' (double bonds). The p.m.r. 
spectrum showed the aromatic protons between 7.0 and 
7.6 p.p.m., a broad singlet (4H) at 2.65 p.p.rn. due to the 
CH2-CH, moiety and an ethyl group as quartet and 
triplet (J,= 7 Hz) at 3.23 and 1.12 p.p.m. respectively. 

3-(N'-Ethyl)-N-phet1yl.s11ccit1imide 
An ethyl acetate solution containing 500 mg of 4 was 

hydrogenated in the presence of 50 mg of 10% Pd on 
charcoal and worked-up as usual. The residue crystallized 
from carbon tetrachloride yielding 450mg of the title 
compound, m.p. 103-104". The analytical sample ob- 
tained from the same solvent showed m.p. 105-106"; 
h,,,, 220 nm; E 7000; i.r. 1785 and 1718 (imide carbonyls), 
and 1595 cm-' (double bonds). The n.m.r. spectrum 
showed the aromatic protons between 7.2 and 7.6 p.p.m., 
a quartet ( J  = 7 Hz) at 2.83 (2 H) and a triplet ( J  = 7 Hz) 
at 1.20 p.p.m. (3 H) corresponding to the N-ethyl group 
and an ABX system 6, = 2.75, So = 3.12, 6, = 3.97 
p.p.m.; J A B  = 18, J A X  = 6, and JBx = 8 Hz corre- 
sponding to the succinimide ring protons. 

Anal. Calcd. for C1,Hl,N20,: C, 66.04; H, 6.47; N, 
12.84; 0 ,  14.66. Found: C ,  65.89; H, 6.29; N ,  12.97; 0 ,  
14.77. 

Transfornlation of 2 itzto 3 
A solution containing 1 g of freshly prepared 2 and 2 g 

of AcONa in 4 ml of Ac,O was kept at room temperature 
during 48 h. Addition of ice water and extraction with 
ether followed by work-up as usual, gave a residue from 
which 523 mg of 3 could be isolated and identified with an 
authentic sample by standard methods. 
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Photocyclization Reactions of Aryl Polyenes. VII. 
The Photocyclization of 1-Phenyl-4-thienyl- 

and 1,4-Dithienyl-1,3-butadienes2 

CLIFFORD C. LEZNOFF, WOLFGANG LILIE, AND CARL MANNING 
Department of Chemistry, York University, Downsview, Ontario 

Received June 25, 1973 

The photocyclization-oxidation reaction of 1-phenyl-4-(2'-thieny1)-1,3-butadiene gave 4-phenyl- 
benzo[b]thiophene. Similarly, irradiation of 1-phenyl-4-(3'-thieny1)-I ,3-butadiene gave 7-phenylbenzo- 
[blthiophene. Thus, photocyclization occurs exclusively to the thiophene ring. Irradiation of 1,4-di(2'- 
thieny1)-l,3-butadiene and 1,4-di(3'-thieny1)-l,3-butadiene yielded 4-(2'-thienyl)benzo[b]thiophene 
and 7-(3'-thienyl)benzo[b]thiophene, respectively. Photocyclization of 1-(2'-thieny1)-4-(3"-thieny1)-1,3- 
butadiene gave an  inseparable mixture of 4-(3'-thienyl)benzo[b]thiophene and 7-(2'-thieny1)benzo- 
[blthiophene. 

La rCaction de photocyclisation-oxydation du phknyl-1 (thienyl-2')-4 butadiene-1,3 a conduit au  
phenyl-4 benzo[b]thioph&ne. D e  f a ~ o n  similaire, I'irradiation du phCnyl-1 (thienyl-3')-4 butadiene-1,3 a 
conduit au phenyl-7 benzo[b]thiophene. Par suite, la photocyclisation se produit exclusivement a l'anneau 
du thiophene. L'irradiation du di(thieny1-2')-1,4 butadiene-1,3 et  du di(thieny1-3')-1,4 butadiene-1,3 
a conduit au  (thienyl-2')-4 benzo[b]thiophene et au  (thienyl-3')-7 benzo[b]thiophene, respectivement. 
La photocyclisation du (thienyl-2')-1, (thienyl-3'0-4 butadiene-1,3 a conduit a un melange inseparable 
de (thienyl-3')-4 benzo[b]thiophene et de (thiknyl-2')-7 benzo[b]thiophene. 

[Traduit par le journal] 
Can. J .  Chem., 52, 132 (1974) 

The photocyclization-oxidation reaction of 
stilbene-like molecules has received much atten- 
tion in recent years from both preparative (1) 
and mechanistic (2) points of view. The photo- 
cyclization-oxidation of 1,2-diarylethylenes, 
where one or both of the aryl groups represents 
heteronuclear aromatic groups has led to the 
synthesis of some interesting heterocyclic aro- 
matic compounds (3, 4). 

The related photocyclization-oxidation of 1,4- 
diphenyl-1,3-butadiene gave l-phenylnaphtha- 
lene (5). This photoreaction has been extended 
to a wide variety of 1,4-diaryl-l,3-butadienes 
where the aryl groups are phenyl, substituted 
phenyl (6), and polynuclear aromatic groups (7, 
8) and it was shown that photocyclization always 
occurred to the polynuclear aromatic sub- 
stituent (7, 8). 

It was of some interest to determine the feasi- 
bility of using 1,4-diaryl-1,3-butadienes, where the 
aryl groups are heteronuclear aromatic groups; 
as a means of synthesizing polynuclear heteroaro- 
matic systems by photocyclization. Although we 
had shown that the direction of photocyclization 

'For Part VI see ref. 8. 
ZPresented in part at  the 55th Chemical Conference of 

The Chemical Institute of Canada, June, 1972. 

in 1,4-diaryl-1,3-butadienes can be predicted by 
molecular orbital calculations (8), when the aryl 
groups are aromatic hydrocarbons, Laarhoven 
et al. (9) had previously shown in the stilbene 
series that simple m.0. calculations were unre- 
liable when applied to five-membered ring 
heteroaromatic groups such as thiophene. Fur- 
thermore, Kellogg et al. (4) had shown that al- 
though 1,2-di(2'-thieny1)ethene and l-(2'-thi- 
eny1)-2-(3"-thieny1)ethene photocyclize to give 
dithiaphenanthrenes, the 1,2-di(3'-thieny1)ethene 
failed to give a dithiaphenanthrene. Thus the lack 
of a suitable means of prediction of the photo- 
cyclization reaction and the failure of one di- 
thienylethene to give tractable products made a 
detailed investigation of 1 -phenyl,4-thienyl- 1,3- 
butadienes and 1,4-dithienyl-1,3-butadienes very 
desirable. 

Irradiation of 1 x M solutions of 1- 
phenyl-4-(2'-thieny1)-l,3-butadiene (1) in dry ben- 
zene containing 2 x M iodine gave, after 
3 days, 4-phenylbenzo[b]thiophene (2), in 15% 
yield, identical to the known compound (10). As 
shown in Scheme 1, photocyclization of 1 can 
occur to the thiophene ring t o  give 2, as observed, 
or photocyclization can occur to the phenyl 
group to give the known 1-(2'-thieny1)naphtha- 
lene (3) (1 1). 
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The spectral properties of the photoproduct 
were identical to 2, synthesized previously (lo), 
and comparison of the n.m.r. spectra of the 
photoproduct and 3, previously synthesized (1 l), 
showed that less than 5%, if any, of 3 existed in 
the photoproduct. Vapor phase chromatography 
was not useful, as a mixture of synthesized 2 and 
3 could not be separated on a variety of columns. 

Similarly, irradiation of l -phenyl-4-(3'-thieny1)- 
1,3-butadiene (4) gave exclusive formation of 
7-phenylbenzo[b]thiophene (5), in 39% yield, 
identical to  the known compound (12). 

As shown in Scheme 2, photocyclization can 
occur to the thiophene ring to give 5 or to the 
phenyl ring to give the known 1-(3'-thieny1)- 
naphthalene (6) (13). Comparison of the n.m.r. 
spectra of the photoproduct and the known 
product 6, however, showed that less than 5%, 
if any, of 6 was formed. 

It  was possible that 3 and 6 were formed in the 
photocyclization of 1 and 4, respectively, but 
that 3 and 6 underwent further photocyclization 

I reactions or suffered decomposition. Irradiation 
of 3 and 6, however, led to  complete recovery of 
the starting materials. 

It has thus been shown that I-phenyl-4-thienyl- 
, 1,3-butadienes undergo photocyclization exclu- 
: sively to the thiophene nucleus. This selective 
) mode of cyclization enables the synthesis of 
I 4- and 7-arylbenzo[b]thiophenes to be simply 
( accomplished. 

The photocyclization of 1 and 4 to give 2 and 
5, respectively, showed that the photocycliza- 

tion-oxidation reaction to the thiophene ring 
occurs in high yield to both the 2 and 3 positions 
of the thiophene nucleus. Due to the unreliability 
of simple m.0, calculations involving the thio- 
phene nucleus (9), we were unable to  predict in 
advance whether cyclization would occur to the 
2 or 3 positions in competitive cyclizations. To 
elucidate this point a series of 1,4-dithienyl- 1,3- 
butadienes were irradiated. 

Thus, photocyclization of 1,4-di(2'-thieny1)- 
1,3-butadiene (7) was irradiated as before to give 
4-(2'-thienyl)benzo[b]thiophene (8) as shown in 
Scheme 3. 

Compound 8 was readily synthesized by a 
route similar to that described for l-arylnaphtha- 
lenes (6). 

Similarly, irradiation of 1,4-di(3'-thieny1)-l,3- 
butadiene (9) gave 7-(3'-thieny1)benzothiophene 
(lo), as shown in Scheme 4. Compound 10 ex- 
hibited a strong parent ion in the mass spectrum. 
The U.V. spectrum of 10 was very similar to that 
of 4-(3'-thieny1)benzothiophene (11) described 
below and is consistent with the assigned struc- 
ture. The n.m.r. spectrum of 10 shows complex 
absorption between 7 and 8 p.p.m. The spectral 
data and the mode of synthesis are consistent 
with structure assigned to  10. 

Irradiation of 1-(2'-thieny1)-4-(3"-thieny1)-1,3- 
butadiene (12) as before gave a mixture of 
products, inseparable even by vapor phase 
chromatography. As shown in Scheme 5, photo- 
cyclization-oxidation of 12 can occur t o  the 3' 
position of the 1-thienyl group to give 11 and to 
the 2" position of the 4-thienyl group t o  give 
7-(2'-thienyl)benzo[b]thiophene (13). 

Compound 11 was synthesized in the same 
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way as described above for the synthesis of 8, 
except that 3-thienyllithium was used instead of 
2-thienylmagnesium bromide. Comparison of the 
photoproduct from 12, isolated as a single frac- 
tion by t.l.c., indicated the presence of 11, but 
also showed that the photoproduct was not 
solely 11. Although the mass spectrum of the 
photoproducts gave a parent ion identical to that 
of 11, the cleavage pattern was slightly different. 
The i.r. and the n.m.r. spectra of the photo- 
products were similar but not identical to 11. 
The U.V. spectra of 11 and the photoproducts 
were informative and indicated that the com- 
position of the photoproducts could be explained 
by a mixture of 11 and 13. 

The U.V. spectra of thienyl compounds are 
quite informative. Conjugation of the thienyl 
group with other chromophores is more readily 
achieved through attachment to the 2 position. 
This extended conjugation in 2-substituted thio- 
phenes is reflected in a bathochromic shift when 
compared to 3-substituted thiophenes. For ex- 
ample, 1,2-di(2'-thienyl)ethene, 1-(2'-thieny1)-2- 
(3'-thienyl)ethene, and 1,2-di(3'-thieny1)ethene 
exhibit I,,, values at 338, 316, and 291 nm, 
respectively (4); the phenylthienyl butadienes 1 
and 4 at 360 and 340 nm, respectively (14); and 
the dithienylbutadienes 7, 12, and 9 at 375, 352, 
and 332 nm, respectively (14, 15). Thus, it is not 
surprising that the I,,, value for 8 at 300 nm 
exhibits a bathochromic shift when compared to 
11 at 282 nm. Also the h,,, value for 10 is 
280 nm and hence one should expect a I,,, 
value for 13 of -300 nm. The u.v. spectrum of 
the photoproducts from 12 shows I,,, at 282 nm 
corresponding to 11 and a shoulder at -300 nm 
corresponding to 13 and is consistent with the 
U.V. predicted for a mixture of 11 and 13. 

Some time ago Wynberg and van Driel re- 
ported the photoisomerization of 2-phenylthio- 
phene to 3-phenylthiophene (16) as well as 
related photoisomerizations. Thus it is possible 
that photoproduct 8 could isomerize to 11 and 

V O L .  52, 1974 

photoproduct 13 could isomerize to 10 under the 
irradiation conditions. We feel this is highly 
unlikely as our irradiation conditions (low pres- 
sure mercury lamp, room temperature, and 
Pyrex vessels) are quite different from those of 
Wynberg and van Driel. Thus the properties of 
compound 8, synthesized by both classical and 
photochemical means, were identical and hence 
photoisomerization of 8 to 11 had not occurred. 

The photocyclization-oxidation reactions of 
1, 4, 7, 9, and 12 described in this paper occur 
with equal facility to both the 2 and 3 positions 
of the thienyl moiety. Kellogg et al. (4) showed 
that the 1,2-di(3'-thieny1)ethene failed to cyclize 
and demonstrated that the failure to isolate a 
phenanthrene was due to complications in the 
oxidation of the dihydro intermediate and not 
in the photocyclization step (4). The facile photo- 
cyclizations of 1,4,7,9, and 12 to both the 2 and 
3 positions of the thiophene nucleus support 
their results. 

The fact that photocyclization of 1 and 4 occurs 
exclusively t o  the thiophene nucleus is not too  
surprising as formation of the dihydro inter- 
mediates leading to 2 and 5 results in the des- 
truction of the aromaticity of the thiophene 
nucleus, but photocyclization to 3 and 6 would 
give dihydro intermediates resulting from des- 
truction of the much more resonance stabilized 
aromatic phenyl group. 

Thus, the photocyclization-oxidation reaction 
of thienylbutadienes provides a facile route t o  
the synthesis of 4- and 7-arylbenzo[b]thiophenes 
and could be readily adapted to more complex 
heterocyclic aromatic compounds. 

Experimental 
All m.p.'s were determined on a Kofler hot stage and 

are uncorrected. The i.r. spectra were recorded on  a 
Unicam SPlOOO spectrometer as neat liquids. The u.v. 
spectra were measured using a Unicam SP800A spec- 
trometer and cyclohexane as solvent. The n.m.r. spectra 
were measured on a Varian A60 spectrometer using tetra- 
methylsilane a s  an internal standard (6 = 0 p.p.m.) and 
deuteriochloroform as solvent. Mass spectra were re- 
corded on a Hitachi-Perkin-Elmer RMU-6 mass spec. 
trometer. The number in brackets after the mass peak rep. 
resents the percentage of base peak. Silica gel was usec 
for thin- and thick-layer chromatography. All photo, 
chemical reactions were carried out in a Rayonet photo, 
chemical reactor using RPR 3500 A lamps. Microanalyse! 
were performed by Dr. C. Daesslt of Montreal. 

Irradiation of the Butadienes 
The irradiations of 1 (14), 4 (14), 7 (IS), 9 (14), an( 

12 (14) were carried out in a manner previously des 
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TABLE I. Thienylbenz~[b]thiophenes 
- - - 

Analysis (z) 
Method 

of 
Compound Substituent synthesis 

-- 

8 4-(2'-Thienyl) Photochemical 
Grignard 

10 7-(3 '-Thienyl) Photochemical 
11 4-(3 '-Thieny 1) Photochemical 

Grignard 

Found Calculated 
Yield Molecular 

(%I formula C H C H 

49 C12HeS 66.55 4.06 66.66 3.74 
10 
62 C12HaS 66.41 3.54 66.66 3.74 
22* C12H8S 66.44 3.86 66.66 3.74 
15 

*This yield represents a mixture of 11 and 13. 

TABLE 2. Spectral characteristics of thienylbenzo[b]thiophenes 

Mass spectra* 
Ultraviolet spectra Infrared spectra m / e  

Compound Substituent h,,,(nm) (4 ~ ( c m - ' )  M + ,  other peaks 
-- -- 

8 4-(2'-Thienyl) 300 (10 000) 1575(m), 801(m), 758(s) 216(100), 171(23) 
10 7-(3'-Thienyl) 281 (7320) 1460(s), 860(m), 775(s) 216(100), 171(30) 
11 4-(3'-Thienyl) 282 (7050) 1580(m), 798(m), 77%) 216(100), 171(30) 

*Number in parentheses represents % of base peak. 

cribed. The analytical and spectral data of the unknown 
photoproducts are given in Tables 1 and 2, respectively. 
The n.m.r. spectra of the photoproducts, although 
generally uninformative, showed complex absorption 
between 7 and 7.7 p.p.m. The lack of absorption at 8.2 
p.p.m. in the photoproducts eliminated the possible for- 
mation of 3 and 6 in the irradiation of 1 and 4, respectively. 

Synthesis of 4-(2'-Thienyl)ber1zo[b]thiophene(8) and 
4-(3'-Thier~yl) benzo[b]thiophene (11) 

Compound 8 was synthesized according to  the pre- 
viously described method for the synthesis of l-aryl- 
naphthalenes (6, 17) except that 4-0x0-4,5,6,7-tetra- 
hydrothionaphthene (purchased from Aldrich Chemical 
Co.) and 2-thienylmagnesium bromide were used as 
reactants. 

The synthesis of 11 was the same as that described for 
the known 6 (13), except that 3-thienyllithium was used 
as a reactant. The analytical and spectral data of 8 and 
11 are given in Tables 1 and 2, respectively. 
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Long-range Proton-Proton Coupling Constants in the Vinylpyridines. 
Conformational Preferences of the Vinyl Group and 

Molecular Orbital Calculations 

J .  BRIAN ROWBOTHAM' AND TED SCHAEFER 
Chemistry Department, University of Manitoba, Winnipeg, Manitoba R3T 2N2 

Received July 18, 1973 

Thep.m.r. spectra of 2-vinylpyridine, 2-methyl-5-vinylpyridine, and 4-vinylpyridine a re  examined for 
long-range coupling constants between the vinylic and ring protons. Those over six, seven, and eight 
bonds from the vinyl group to  ring or methyl protons in the para position are dominated by a n electron 
mechanism. Those over five bonds between the a proton and a ring proton in the meta position indicate 
that the vinyl group prefers t o  lie cis to  the nitrogen in 2-vinylpyridine but trans in the 5-vinylpyridine. 
INDO-MO-FPT calculations of coupling constants between vinyl protons and ring protons, carbon-13, 
and nitrogen-14 nuclei are presented in graphical form. 

Les spectres de risonnance magnetique du proton de la vinyl-2 pyridine, de la mtthyl-2 vinyl-5 
pyridine et de la vinyl-4 pyridine ont Ctt examints en vue de I'ttude des constantes de couplage a longue 
distance entre les protons vinyliques et les protons du cycle. Les constantes de couplage a travers six, 
sept ou huit liaisons entre les protons du groupe vinyle et celui du cycle ou du m6thyle e n  position para 
sont regies principalement par un mecanisme d'tlectrons n. Celles Q travers cinq liaisons entre le proton 
en a et un proton du cycle en position mkta montrent que le groupe vinyle preftre, par rapport a I'azote, . 
la conformation cis dans la vinyl-2 pyridine et la conformation trans dans la vinyl-5 pyridine. Les 
calculs INDO-MO-FPT des constantes de couplage entre les protons vinyliques et ceux du cycle, les 
noyaux de  carbone-13 et d'azote-14 sont represtntes sous forrne graphique. 

[Traduit par le journal] 
Can. J. Chem., 52,136(1974) 

Introduction 
The magnitudes and signs of the spin-spin 

coupling constants between methyl protons and 
ring protons or fluorine nuclei in the methyl 
derivatives of the fluoropyridines are consistent 
with a model in which the nitrogen atom polarizes 
the o electron core primarily at the C-2 and -6 
positions, leaving the n electron contributions to 
the coupling mechanisms relatively unaffected 
(1). The results imply appreciable o electron con- 
tributions to the couplings over four and five 
bonds, 4 ~ , H , C H 3  and 5J,,,H*CH3. 

In ring-substituted styrene derivatives the ex- 
perimental long-range coupling constants be- 
tween aromatic and vinylic protons have been 
compared with those calculated by valence bond 
and molecular orbital methods (2). The couplings 
over six and seven bonds between the vinylic 
protons and the para ring proton depend on a n: 
electron mechanism, those over five bonds from 
ortho or meta to vinylic protons are dominated by 

'Postdoctoral fellow, 1971-1973. 

a o electron mechanism, and the other couplings 
may evidently have contributions from b6th 
mechanisms. The MO-INDO-FPT calculations 
evidently tend to overestimate the magnitudes of 
some of these long-range couplings (2), as has 
been found for benzaldehyde (3) and toluene 
derivatives (4). 

In this paper the long-range proton coupling 
constants between vinylic and ring or methyl pro- 
tons are reported for 2-vinyl-, 3-vinyl-6-methyl-, 
and 4-vinylpyridine. They are discussed in terms 
of the coupling mechanisms, and conformational 
preferences of the vinyl group are deduced on the 
basis of the coupling over five bonds between the 
a proton on the sidechain and the tneta ring p r o  
ton. The contact contributions to the coupling: 
between the vinyl protons and ring protons 
carbon-13 and nitrogen-14 nuclei, are calculatec 
in the INDO approximation of molecular orbita 
theory. 

The numbering scheme2 for the protons i 
given in 1, 2, and 3. 

'The scheme is most convenient for our purposes bt 
does not follow the normal pattern. 
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ROWBOTHAM A N D  SCHAEFFR COUPL 
I 

Experimental 
All p.m.r, spectra were recorded in the sweep frequency 

I mode on an HAIOOD spectrometer at sweep rates of 0.01 

( or  0.02 Hz/s and were repeatedly calibrated by reading 
manual and sweep frequency oscillators. 

1.2- Vinylpyridine 
A fresh sample (Baker), inhibited with 0.1% t-butyl- I catechol, formed a precipitate (polymer) in most common 

solvents after a few hours. In CCI, a precipitate formed 
within a day of degassing the sample. As a compromise, 

; a 15% (w/w) solution in CCI, was degassed by a single 
freeze-pump-thaw cycle. This solution remained clear in 
the presence of ~nternal tetramethylsilane (TMS) for a 
period of several weeks. 

The linewidths at half-height were scarcely less than 
0.2 Hz, the peaks from Hs being rather broad due to 
partially relaxed coupling to the quadrupolar 14N nucleus 
Fortunately, the spectrum was practically first-order at 
100 MHz so that all observable coupling constants caused 
a well-defined splitting of peaks. The signs of the small 
couplings were related to those of the large couplings by 
double resonance experiments under conditions of weak 
irradiation (5). 

2. 3- Vir~yl-6-methylpyriditze 
A gob of the viscous material (Aldrich) was dissolved 

in CSz. Addition of TMS caused precipitation of polymer. 
The supernatant liquid was filtered through a plug of 
facial tissue into the sample tube. The sample was de- 
gassed by a number of freeze-pump-thaw cycles and had 
a concentration of 10-15% (wlw) in the solvent consisting 
of about 2 . 1  v/v CS2/TMS. L~newidths a t  half-height 
were 0.15 Hz for all protons except H6. The methyl pro- 
tons were decoupled while cal~brating the spectrum of the 
remaining protons. 

3. 4-Vinylpyridine 
I A 10% (w/w) solution in CCI, was degassed by a single 
1 freeze-pump-thaw cycle. Polymerization occurred during 
1 thespectralcalibrations and did not allow time for double 
j resonance experiments. 

, 4. INDO Molecular Orbital Calculations (6,7) 
These were performed as described in detail for other 

.ING CONSTANTS I N  VlNYLPYRlDlNES 137 

molecules (4,8). The geometry of the pyridine ring was 
taken from microwave data (9). Standard geometry (10) 
was assumed for the vinyl group and the C-C bond be- 
tween ring and vinyl carbon atoms was allowed to bisect 
the concomitant internal ring angle. Convergence to 
Hz was demanded in the computed couplings. 

Results and Discussion 

I .  Spectral Analyses 
(a)  2- Vinylpyridifie 
All parameters were allowed to vary in an 

iteration by the computer program LAME (1 I), 
yielding a r.m.s. error of 0.017 Hz. Standard 
deviations were less than 0.003 Hz for all para- 
meters other than those for H,, where they were 
less than 0.01 Hz. Not all transitions were as- 
signed for H, (broad peaks) and some correlation 
coefficients involving this proton were as large as 
0.24. Noniterative simulations set upper limits of 
0.07 Hz on 'J,,, and 0.03 Hz on 6J and ,J ,,,,. 

lb)  3- Vinyl-6-methylpyridine 
An iteration, holding at 0.0 Hz all couplings 

less than 0.1 Hz in magnitude, was performed on 
the spectrum for which the methyl protons were 
decoupled. The r.m.s. deviation between ob- 
served and calculated transitions was 0.0197 Hz; 
the largest standard deviations occurred for the 
shift of H6, 0.021 Hz (broad peaks), and for 
4J,,,H4,H6, 0.007 Hz. All correlation coefficients 
were less than 0.17, except that there was one of 
0.63 between the shift of H, and 3J0H3,H4. The 
best fit was obtained when 'J~,, equalled )0.1 
Hz for H, and 0.0 Hz for H,. 

For the single resonance spectrum the cou- 
plings to the methyl group were varied for a best 
fit to the whole spectrum. All signs are based on 
an analogy with those found in styrene deriva- 
tives (2), 2-vinylpyridine, and methyl deriva- 
tives of pyridine (1). Because of the magnitudes 
observed for the methyl proton couplings to the 
vinyl protons over seven and eight bonds (Table 
1) they are given the signs expected on the basis 
of the methyl group replacement technique (12). 

(c) 4- Vinylpyridine 
The chemical shifts and coupling constants for 

the ring protons were adjusted by trial and error, 
followed by an iteration for the sidechain proton 
spectrum and the long-range coupling constants. 
The r.m.s. deviation was 0.012 Hz, the standard 
deviations for all parameters were less than 0.003 
Hz, the worst assignment was 0.031 Hz and all 
correlation coefficients were small except that be- 
tween 6J,,,p and 5J0,p, which was 0.30. 
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TABLE 1. Long-range coupling constants in Hz between vinylic and ring protons 
in vinylpyridines and 3-bromostyrene 

- - -- 

4-Vinyl- 3-Bromo- 
Parameter 2-Vinylpyridine, I*  3-Vinyl-6-methylpyridine, 23. pyridine, 3f styrenes 

- -- 

9 0 . u  -0.25 (-)O. 53[4],(-)O. 52 (-)O. 52 -0.50 
5 J o , ~  0.24 (+)0.12 (+)0.15 0.17,0.19[6] 
5J0.v <0.07 kO.1 ?0.03[2]0.0[4] 0.0 <0.07 
5Jt,l,pl 0.25[4],0.24 (+)0.50 (+)0.35 0.33 
6Jnz.o <0 .03  0 .0  0 . 0  <0.07 
6JnJ.u <0.03 0.0 0 . 0  <0.07 
6 J ~ , =  -0.24 (+)0.25 +0.03(7J,CH3) - -0.25 

7-J~ ,0  0.22 (-)0.25_+0.03(8J,CH3) - 0.28 

7J",, 0.22 (-)O. 25 + 0.03(8J,CH3) - 0.25 
- - -- 

*In CCI4 15% (wlw). 
tIn 2:l v'/v CS2, TMS, 10-15% ( w l w ) .  
Xrn ccr,, 10% (wI\v). 
§In CS2, ref. 2, 5 mol %. 

1n Table 1 the long-range couplings between 
the vinylic protons and ring or methyl protons 
are given. The corresponding parameters for 
3-bromostyrene (2) are included for the purposes 
of comparison. In Table 2 the remaining spectral 
parameters are displayed. 

2. Theoretical Coupling Constants ( I N D O )  
In almost all instances the calculated couplings 

between the ring protons and the vinylic protons 
do not differ significantly from those calculated 
by the same technique by Barfield et al. (2) 
(BMPR). When they do differ significantly they 
are mentioned in the text. In view of their large 
number, involving twists about the ring-vinyl 
C-C bond between 0 and 180" at 30 or 45" inter- 
vals, they are not reproduced here3 in tabular 
form. However. graphs of their conformational 
dependence are shown in Fig. la .  In addition, the 
calculated couplings between the vinylic protons 
themselves and their couplings to carbon-13 and 
nitrogen-14 nuclei in the ring are shown in Figs. 
l a  and b. These couplings will not be discussed, 
particularly as there are few experimental values 
available at present for comparison. 

3. Couplings between Vinylic and Ring or 
Methyl Protons in the para Position in 
1, 2, and 3. 

BMPR give convincing theoretical and experi- 

mental evidence for the 7~ electron transmission 
of these couplings over six and seven bonds in 
planar and nonplanar conformations of styrene 
derivatives (2). Replacement of the ring proton 
by a methyl group should therefore entail (12) 
-7JCH3,a  = 6 J p , u ;  -8JCH3,P = 7Jp .p;  - 8 J C H 3 , r  = 
7 ~ p , , .  Although the spectral complexity precluded 
the determination of the signs of the methyl pro- 
ton couplings in 2, their magnitudes are indeed 
equal, to within experimental error, to the cor- 
responding ring-vinylic proton couplings in 1 and 
in 3-bromostyrene (Table I ) ;  in agreement with 
our previous model for the methyl derivatives of 
the fluoropyridine (compound 3 of ref. 1). 

Our INDO computations do not differ signifi- 
cantly from those (2) for styrene and agree very 
well with experiment. 

Confor~natiotial Preferences of the Vinyl Group 
In accordance with the assumptions made 

about the styrene derivatives (2), 3 is taken as 
existing in the rapidly interconverting and equally 
populated conformers 4 and 5. 

3A complete set of tabular data is available, at a nomi- Similar planar conformations are assumed tc  
nal charge, from the Depository of Unpublished Data, exist for and 2. National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA OS2. Now, the coupling corresponding to 'J,,,, i 
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FIG. la and b. Long-range coupling constants in Hz between sidechain protons and ring protons, carbon-13, and 
nitrogen-14 in 2-, 3-, and 4-vinylpyridines as calculated by MO-INDO-FPT. They were determined every 30 or 45" 
and smooth curves were then drawn through the values. Calculated points for styrene (ref. 2) are indicated by crosss. 
The 0" conformation is planar with the vinyl double bond cis to either the coupling ring position (colun~ns 1, 2, 6, 
and 7) or to the ring nitrogen (columns 3,4,  5, and 8). The plot for 3J, l . , ,  in 2-vinylpyridine has a unique scale. Ortho 
(o), Ineta (m), and para (p) refer to the positions of protons or carbon atoms relative t o  the point of substitution of 
the vinyl group. C ,  refers to the carbon atom of the ring to which the vinyl group is attached. 

TABLE 2. The other spectral parameters for the vinylpyridines 
I 

I 
- 
Parameter 

I - 
1 2* 3 

I v 2  t - 838 .O 847.0 
v3 716.46 - I 715 .O 

I v4 747.65 743 . 7  - 
V s  699.57 691.4 715.0 
v 6  847.0 243 .o 847.0 
Vm 671.18 656.9 657.39 
V D  536.83 517.0 537.13 
V ,  620.48 564.3 587.14 
3J H,H 7.83[3,4],7.54[4,5],4.79 7.99 5.10 
4~ H.H 1.15[3,5],1.87 2.37 1.92[3,5],0 .O 
SJ H,H 1.01 0.86 0.92 
3J, ,DKgH 10.77 10.96 10.86 
3J H.H 

I a , ~  17.44 17.62 17.57 
I 2 J D , I H * H  1.66 0.96 0.08 

I - 
**JOH '"3 -0.48 + 0.02, 5J,. ,"~Ctr3 = 0.30 + 002 sJ,,,1'6.C"3 = 0.2 C 0.1. 
tln Hz a t  I00 MHz to low field of internal TMS, cbuplins constants h Hz. 

' highly stereospecific in toluene (1 3), benzaldehyde particular, 5J,,,,, is 0.33 Hz in 3-bromostyrene, 
(3), phenol (14), aniline (15), and styrene (2) 0.36 Hz  in 3,4-dichlorostyrene, and 0.07 Hz in 
derivatives. I t  is always less than 0.1 Hz in con- 2,5-d~chlorostyrene (2). The latter apparently 

I formations analogous to 5, but lies between 0.5 exists predominantly in form 6, whereas the for- 
' and 0.8 Hz in conformations analogous to 4. In mer two compounds have very nearly equal pop- 
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ulations of the two coplanar forms. In 3 the 
coupling is 0.35 Hz, implying the absence of a 
nitrogen substituent effect on 5J11,,,. We shall as- 
sume 5~1,,, = 0.65 Hz for 4 and 5 ~ m , ,  = 0.05 HZ 
for 5. A zero magnitude in 5 would slightly alter 
the following equilibrium constants. 

Turning to 2, one finds 5J ,,,,, = 0.50 HZ, indi- 
cating a preference of 7 over 8. As there exists 

little or no effect of the nitrogen atom on this 
coupling in 3, it appears reasonable that it be 
absent in 2. Therefore write 0.50 = 0 . 0 5 ~ ~  + 
0 . 6 5 ~ ~  wherep, + p, = I ,  and findp, = 0.75 o r  
an equilibrium constant of K = p,/p, = 3.0 cor- 
responding to a free energy difference of 655 
cal/mol at 300 OK. For 3-vinylpyridine INDO 
computes the form analogous to 7 as more stable 
than that analogous to 8 by 409 cal/mol. If the 
entropies of the two conformers are the same, 
one has K = 2.0 at 300 OK. The computed dipole 
moments of 3-vinylpyridine are 1.95 and 2.08 D 
for the two forms, so that dipole moment mea- 
surements will not shed appreciable light on the 
conformational preferences of 2. The observed 
dipole moment of 3-vinylpyridine in benzene 
solution is 2.36 D (16), not very different from 
the 2.21 D in pyridine itself. 

An error estimate for K is obtained on the as- 
sumption that 5J,,,,, is 0.05 k 0.05 Hz in 8 and is 
0.70 k 0.05 Hz in 7, yielding K = 3.0 $. 1. There 
is little doubt that 7 is more stable than 8 in CS, 
solution. 

5J ,,,, is0.25 H z t o  H, and0 .24Hz toH6  in 1. 
Assuming an equilibrium between the conformers 
9 and 10, a comparison of these magnitudes with 
those in 2 and 3 implies that the nitrogen atom 
reduces at least one of these couplings. Otherwise 
their sum would be 0.7 Hz. The coupling is domi- 

9 10 

nated by a o electron mechanism and hence it 
is likely that the coupling to H,, via the N-C 
bond, is reduced4 more than the coupling to H,. 
An assumption of no substituent effect on the 
latter leads to  p,/p,, = K = 2.0. If both cou- 
plings in 1 are equally reduced by the nitrogen 
atom, then K = 1.0. INDO calculates 9 more 
stable than 10 by 2.78 kcal/mol, K- 100. The  
calculated dipole moments are 2.05 D for 10 and  
2.35 D for 9. The observed dipole moment (16) 
in benzene solution is 1.86 D, suggesting 10 as 
much more stable than 9, i.e., K << I. If this were 
true, then 5 ~ , , ,  in 10 would be the first example 
where an anti zigzig coupling path over five bonds 
in an aromatic system is larger than 0.1 Hz. In  
fact, all known couplings across the nitrogen 
atom, involving a sidechain proton and having 
a substantial o electron contribution, are smaller 
in magnitude than in the corresponding benzene 
derivatives (1, 17). Therefore it is probably safe 
to conclude that K > 1 in ou r  solution. 

In the next section the conclusions about the 
conformational preferences of 1 and 2 are ex- 
amined in terms of the couplings between vinylic 
and ortho ring protons. 

5. Couplings over Four and Five Bonds from 
Vinylic to ortho Ring Protons 

(a) The a Proton Coupling, 4J,,, 
The INDO calculations o n  styrene (2) and on  -7 

agree in finding4Jo, as given in 11, with an aver. 
age value of -0.51 Hz, in line with the observec 
values in 3-bromostyrene and  in 3 (Table 1). The 
computations for 2 yield a smaller magnitude o 

40ur  INDO calculations, on  the other hand, predict 
small increase in both couplings over those calculated fc 
5J,,,,. in styrene. 
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ROWBOTHAM A N D  SCtIAEFER: COUP1 
1 

4J0,, than in 3 for all orientations of the vinyl 
, group when H, is involved, but about the same 

I magnitude as in 3 when H4 is coupled. In fact, 
both couplings are observed to have the same 

1 magnitude in 2 and are equal to those in 3. 
Escape from the conundrum is provided by the 

/ suggestion that 4J0, is not, in fact, stereospecific 

j in 2 and that its values in 2 are not inconsistent 
with the conformational deductions based on 

5 
JII, ,,. 

I Support for this suggestion comes from the ' value of -0.47 Hz in 2,5-dichlorostyrene which 
: exists in form 6 (2). If the INDO predictions were 
I correct its value would not be effectively equal to ! 'JO,% in 3-bromostyrene and in 3. 

On the other hand, the equality of the two 
values of 4 ~ 0 , ,  in 2 might be taken as indicating 
K = p,/p,, = 1.0. However, it then follows that 

I 5J,,,,z in 7 is 1.0 Hz, much too large when its val- 
I ues in 3 and in 3-bromostryene are considered. 
1 One is forced to conclude that 4J0,, is not stereo- 

specific in 2 or that the nitrogen atom has a large ! rubstituent effect on 'JO, to Hz, in 2, causing a 
I fortuitous equality of the two values. A non- 

stereospecificity of 4J0,, implies a preponderant 

, n electron mechanism, operating via the con- 
1 jugated C-C bond between the sidechain and 

the aromatic nucleus (2). 
The INDO predictions overestimate 4J0,, as 

-0.75 Hz for 1 in both forms 9 and 10, the 
1 average value being 025  Hz greater in magnitude 

than in 3; instead of 0.25 Hz smaller in magni- 
tude, as observed. There clearly occurs a nitrcgen 
substituent effect on 4J0,u in 1 and conformational 
deductions cannot be made from this coupling. 

A similar substituent effect is found in a 
' butadiene derivative (18). In 12 the chlorine atom 

plays a role analogous to the nitrogen atom in 13 
and reduces 4J,,3 by 0.23 Hz in magnitude from 
its value in butadiene itself (19, 20). 

H, H 

( b )  The j3 and y Couplings, 5J0,p and 5J0,, 
I These couplings are evidently dominated by a 
1 G electron mechanism in the styrene derivatives 
1 and are stereospecific (2). Thus, 5J0,p in form 9 
of 2-vinylpyridine should be larger than in 10. 

J N G  CONSTANTS IN VINYLPYRIDINES 141 

The observed value of 0.24 Hz is somewhat 
larger than in 4-vinylpyridine and 3-bromo- 
styrene and is thus in agreement with the con- 
formational deductions based on 5~,,,,,. How- 
ever, in 2 the value of 5J0,, is 0.12 Hz to both 
ortho ring protons and is not significantly smaller 
than in 3. 

The only observable 5J0,., is to Hz in 2 and if it 
is positive, then conformer 7 is favored according 
to our INDO calculations. However, an  observ- 
able coupling 5J0,., might then also be expected 
for form 9 of 2-vinylpyridine, the predominant 
conformer. Yet it is not present. 

Conclusions 
A x electron mechanism accounts for the 

couplings over six and seven bonds between the 
sidechain protons and the ring protons in the 
para position of the vinyl derivatives of pyridine. 
Conformational deductions can be tentatively 
made from the observed couplings over five 
bonds from ring protons in the ineta position to 
the CY protons of the sidechain. In CCI, solution 
2-vinylpyridine has a preference for the con- 
formation in which the vinyl group lies cis to the 
nitrogen atom and the opposite holds for a CS, 
solution of 3-vinyl-6-methylpyridine. I t  is sug- 
gested that the coupling over four bonds between 
a ring proton and the a sidechain proton may 
not be stereospecific in these compounds and 
may therefore be transmitted mainly by a n 
electron mechanism, in agreement with valence 
bond computations (2). I n  that event the nitrogen 
atom in 2-vinylpyridine exerts a substantial sub- 
stituent effect on a n electron coupling, and the 
model developed for the methyl derivatives of 
the fluoropyridines may well be too simple (1). 
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Influence of Lewis Acids on the Diels-Alder Reaction. VI. Reaction of 
2,s-Dimethyl- and 2,s-Diphenylfuran with Ethyl Propiolatel 

I 
I A. W. MCCULLOCH AND A. G. MCINNES 
I Allnrllrc Regior~nl Labornlo~y,  Na/iorlnl R r ~ e n r c h  Corrncil oj'Cnnntln, Ilnlrf'n,~, No,ja Scoria 
j 

Received July 2, 1973 

The A1C13-promoted reactions of 2,5-din~ethyl- and of 2,5-diphenylf~~ran with ethyl propiolate afford 
as major products ethyl 2.6-dimethyl-3-hydroxybenzoate (60) and ethyl 3,5-diphenyl-2-hydroxybenzoate 
(861, respectively. Also isolated from these reactions were ethyl 2,4-dimethyl-5-hydroxybenzoate (7a), 
ethyl 3,5-dimethyl-2-hydroxybe~~zoate (8a), ethyl 2,4-diphenyl-5-hydroxybc~~zoate (7b), and ethyl 
2,6-diphenyl-3-hydroxybenzoate (6b). Minor by-products were /rarls ethyl 3-(2,5-dimethyl-3-fury])- 
acrylate (10) and ethyl 3-acetyl-2-(2,5-di1~~ethyl-3-furyl)-5-methyl-cycopenta-2,5-dienecarboxylate (11). 

. . - ....... 

Les reactions catalysees par AICI, du dimethyl-2,5 e t  du  diphtnyl-?,5 furanne avec le propiolate 
d'kthyle ont conduit majoritairement au dinlethyl-2,6 hydroxy-3 benzoate d'ethyle (60) et au  diphenyl-3,s 
hydroxy-2 benzoate d'ethyle (86) respectivenlent. On a aussi isole de ces reactions les produits suivants: 
le dimethyl-2,4 hydroxy-5 benzoate d'ethyle (7a), le tliniCthy1-3,5 hydsoxy-2 benzoate d'ethyle (So), le 
diphenyl-2,4 hydroxy-5 benzoate d'ethyle (76) et le diphenyl-2,6 hydroxy-3 benzoate d'ethyle (66). Les 
produits secondaises mineurs ont ete le /r.cors (dimethyl-2,5 furyl-3)-3 acrylate d'ethyle (10) et le carboxy- 
late d'acktyl-3 (dimethyl-2,5 fusyl-3)-2 methyl-5 cyclopentadiene-2,5 (11). [Tsaduit pa l  le journal] 

Can. J. Chem..52, 143 (1974) 

I Introduction 

1 In  a number of previous reports we have de- 
scribed a one-step synthesis of substitilted aro- 
matic con~pounds, involving rearrangement of 
substituted oxa- or azanorbornadienes formed 
by AlC1,-promoted Diels-Alder reactions of 
various substituted furans or pyrroles with 
acetylenic dienophiles (1-3). In the most recent 
example we described the reactions of 2-methyl- 
and 2-phenylfuran witli ethyl propiolate (3). Al- 
though in theory each of the latter reactions 
could lead to formation of two 1 : 1 adducts, 1 
and 2, which on rearrangement would give the 
phenolic compounds 3 and 4, in practice the pre- 
dominant products were 3a and 36, with negli- 
gible 4a and no 40 being isolated. The regio- 
selectivity of these reactions is in accord with 
that predicted for I-substituted dienes (4). The 
present communication details the results of a 
study of the corresponding reactions of 2,5-di- 
methyl- and 2,5-diphenylfuran witli ethyl pro- 
uiolate. 

Results and Discussion 
In principle, Diels-Alder reaction of a 2,5-di- 

substituted furan with ethyl propiolate will pro- 
duce a 1 : 1 adduct of type 5. Where the diene is 
- -  

I 'Issued as NRCC No. 13495. 

symmetrically substituted only one monoadduct 
is possible. Rearrangement of such a conlpound 
in a nianner analogous to that described pre- 
viously ( I )  can, however, proceed i n  three ways 
depending on the shift of the s~~bstituent R as 
shown in Scheme 1, resulting in the formation of 
phenolic conipounds of types 6, 7, and 8. In 
practice we have observed that under most re- 
action conditions the intermediate adducts 5a 
and 56 cannot be isolated (see below), but re- 
arrange spontaneously in the presence of AlC1, 
to the expected aromatic derivatives. The re- 
action of 2,5-dimethylfuran with ethyl propio- 
late (60 min at room temperature) gave isolated 
yields of 6a (25.3%), 7a (4.9x), and 8a (10.273, 
while the corresponding reaction of 2,5-diphenyl- 
furan afforded 66 (6.4%), 70 (0.8%), and 86 
(46.2%). 

A detailed study of the effect of reaction pa- 
rameters (solvent, temperature, AICI, concentra- 
tion) 011 the product composition from these re- 
actions was prevented by (i) the difficulty in ac- 
curately measuring small amounts of isomer 7 
formed in each reaction and (ii) the competitive 
diene polymerization observed in the case of 
2,5-dimethylfi~ran. A limited study, however, 
was conducted in the case of the reaction of 
2,5-diphenylfuran. The results obtained (Table 
1) allow the following conclusions to be drawn: 
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(a) at a given temperature the product ratio 
8b:6b is significantly affected by variation in 
solvent; (b) in the presence of excess amounts of 
dienophile there is a significant reduction in the 
ratio 86:6b; (c) production of 8b is preferred 
over that of 66 to a greater extent when higher 
concentrations of AICl, are employed; and 

(d) use of higher reaction temperatures results 
in a decrease in the ratio 8b :6b. 

It also became evident during this study that 
overall yields in 1 h at room temperature are 
moderate (50-60x1, whereas at 80" or above 
conversion t o  aromatics appears (from p.m.r.) t o  
be essentially complete. 

Aromatization of adducts 5 can be envisaged 
in two ways, both initiated by complexing with 
the Lewis acid. Before attempting to rationalize 
our experimental observations it is necessary to 
first discuss both of these routes. 

The first proposed mechanism (Scheme 1) is 
analogous to that postulated previously (1). 
Fission of the oxygen bridge, initiated by co- 
ordination of the Lewis acid with the bridge 
oxygen atom, leads to carbonium ions A and B. 
These in turn can lead as shown to products 6, 
7, and 8. Complexing at the ester carbonyl of 5 
can also initiate an aromatization-rearrange- 
ment process (Scheme 2), yielding in this case 
only 6. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



McCULLOCH AND MclNNES: DIELS-ALDER REACTION. VI 

TABLE 1. Effect of varying reaction parameters on product ratio 8b:6b 
- ----- - 

Reactant ratios 
Time Temperature Product ratio? 

DPF : EP : AIC13 Solvent* (h) Cc)  8b:6b 

1 1 1 CH2C12 1 25 6.3 
1 1 2 CHzC12 1 25 8.7 
1 5 1 CH2C12 1 25 2.9 
1 1 1 CsH6 4 25 7.3 
1 1 2 Cs H s  1 25 8.9 
I 1 1 CsHs 4 80 3.6 
1 1 I CICH2CHClz 1 25 7.5 
1 3 1 CICH2CHC12 16 87 2.8 
1 1 1 CsHsCH3 1 25 7.5 
1 

. --A 

5 1 CsHXH3 1 110 2.4 
-- 

*Solutions were in all cases 0.1 M in 2,s-diphenylfuran (DPF). 
?Based on peak heights o f  ester methyl resonances in p.m.[. spectrum o f  the crude reaction product. 
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Our experimental results show that the isomer 
distribution in the product is highly dependent 
on the nature of the substituent R. We have to 
explain (i) the preferred formation of 6 over 7 in 
both reactions and (ii) the predominance of 6a 
and 8b in the individual reactions. -- 

On the basis of charge density considerations 
substituent migration in B would be expected to  
result in production of 8 (Scheme I). Similarly, 
in the case of A charge density and steric con- 
siderations would favor substituent migration 
leading to 7 rather than 6. The observed pre- 
dominance of 6 over 7 can therefore be accounted 
for only by an alternative mechanism of forma- 
tion, namely Scheme 2. 

Two types of steric interaction in carbonium 
ions A and B (Scheme I) must moreover be con- 
sidered. These are (i) eclipsed interaction at the 
necessarily planar carbonium ion center in A ,  
between the group R and the adjacent carb- 
ethoxyl substituent, serving to destabilize A, and 
(ii) two skew-type interactions in B, between the 
carbethoxyl and adjacent -R and -0AlC1, 
groups, which would tend to destabilize B. The 
relative importance of these steric effects will be 
significantly dependent on the nature of the 
group R. It is obvious that when R is phenyl the 
eclipsed interaction in A will be highly un- 
favorable; for this reason the pathway through 
B leading to 8b predominates. When R is methyl, 
on the other hand, the eclipsed interaction of A 
will be much less severe: in fact the skew inter- 
actions present in B might in this case play an 

important role in determining product composi- 
tion. Increased yields of 6a and 7a (relative to  
8a) would therefore be expected. 

Production of 8 necessitates coordination of 
the Lewis acid at the bridge oxygen atom of 5. 
If, however, the Lewis acid coordinates more 
readily at the ester carbonyl oxygen, promoting 
rearrangement to 6, we might expect the latter 
compound to be favored relative to 8 by use of a 
limited concentration of AlCl,. In fact we ob- 
serve that in the presence of a n  excess of dieno- 
phile, conditions which would reduce the amount 
of free AlCl, (by formation of propiolate-AlC1, 
complex), the ratio 8b:6b is greatly reduced. 
Moreover, this ratio, as expected, increases when 
an excess of AlCl, is employed. 

Isolation of the intermediate adduct was only 
possible in the case of 5a, and then only when 
the reaction was carried out a t  -60'. This is in 
accord with our previous work which showed 
that aromatization of adducts having bridgehead 
phenyl substituents occurred more readily than 
that of the corresponding compounds with 
bridgehead methyl groups (1). It is interesting t o  
note also that aromatization of 5 occurs more 
readily than that of adducts of type 9. This may 
be attributable to the fact that there is less 
stabilization of the incipient carbonium ion 
formed by bridge cleavage in 9, due to the 
presence of two electron-withdrawing groups on  
the ring. 

A minor by-product isolated from the reaction 
of 2,5-dimethylfuran with ethyl propiolate was 
identified as the Michael-type addition product 
10 (2-32). Analogous compounds were pre- 
viously obtained from the reactions of 2-methyl- 
and 2-phenylfuran with ethyl propiolate (3). In  
the present case, where both a positions of the 
furan ring are substituted, the product obtained 
is substituted in the P position. 

A second, very minor (- 1%) by-product iso- 
lated from the reaction of 2,5-dimethylfuran, 
after basic work-up (see Experimental) was the 
cyclopentadiene 11. This compound probably 
arises via reaction of 10 with 1,2-diacetyl- 
ethylene, an autoxidation product of the diene. 

Structures 
The structures of all reaction products were 

elucidated on the basis of their p.m.r. (Tables 2 
and 3), i.r., and mass spectral data (see Ex- 
perimental). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



McCULLOCH Ah'D MclNNES: DIELS-ALDER REACTION. VI 147 

TABLE 2. Proton magnetic resonance data for aromatic products 6 , 7 ,  and 8 
- - -- 
------A -- - - - - -- - - - 

Chemical shifts (?I)* 

Con~pound -C0,CH2CH3 -OH? Substituents, R Aromatic hydrogens 

7a 4.35 (2H, q) 5.50 (b) 2.49 (3H, s), 2.25 (3H, s) 
1.36 (3H, t) Both long-range coupled to H3 

60 4.40 (2H, q) 6.16 (b) 2.20 (3H, s), 2.15 (3H, s) 
1.37 (3H, t) Both long-range coupled to H5 

8a 4.37 (2H, q) 10.88 (s) 2.22 (6H, bs) 
1.38 (3H, t) 

76 4.09 (2H, q) 6.13 (b) 7.6-7.2 ([OH, m) 
0.97 (3H, t) 

6b 3.77 (2H, q )  5.54(b) 7.5-7.25 (IOH, m) 
0.73 (3H, t) 

86 4.45 (2H, q) 11.39 (s) 7.7-7.2 (lOH, m) 
I .43 (3H, t) 

H3 (6.99, b ~ ,  J36-0.3 HZ, 
long-range coupled to both 
methyls) 

H s  (7.43, S, J36-0.3 HZ) 

H, and H,. 'Quartet' centered 
at 6 .73,J45=8.5 ,  AV,~=  
10.1 Hz, H, is at  lower field 
than H, and is long-range 
coupled to both methyls 

H 4  (7.09, m, J4,= 1 .8, 
Avd6 =22.7 Hz; long-range 
coupled to both methyls) 

Hg (7.47, m,J46=1 .8  HZ; 
long-range coupled to both 
methyls) 

H 3  and H6 obscured by multiplet 
for protons of two phenyl 
substituents 

H 4  and H5. Quartet centered at 
7 . 1 0 , J 4 1 = 8 . 5 r A ~ 4 5 = 1 6 . 4 H ~  

H 4  and H6. Quartet centered at 
7.94,J46=2.4, A ~ 4 ~ Z 2 0 . 2  HZ 

*b - broad. r = singlet t = triplet; q = quartet; m = multiplet. 
t~ep laceabl ;  by deuteriim. 

TABLE 3. Proton magnetic resonance data for 5a,10, and 11 

Chemical shifts (F)* 
-- - -  

Compound Olefin~c and ring -CH= -CH3 -C0,CHzCH3 -CH2- 
- - - - --- -- 

50 H, and H,. Quartet centered at 1.75 (3H, s), 1 .84 (3H, s) 4.22 (2H, q) - 
6.90; Av,, = 12.7, J5, = 5.2 Hz 1 .27 (3H, t) 

H3 (7 3 8 ,  S) 

lot H, (6.08, bs, J,,c,,, z 0 .8  Hz). 2.25 (3H, bs, J4.C11, 4 .25 (2H, Q) - 

HA and H,. Quartet centered at  ~ 0 . 8  Hz, methyl at C-5) 1.32 (3H, t) 
6.75, AvA~=91.7,  J , \ n =  15.5 Hz 2.34 (3H, s, methyl at C-2) 

11 H4 (6.68, q,  J4.CII,=: l .O HZ 2.51 (3H, s, methyl at C-2) 4 .28 (2H, q) 3.53 (2H, s) 
2 . 1 4 ( 3 H , d , J 4 , C l l , ~ l . 0 H ~ ,  1.18 (3H, t) 

methyl at C-5) 
2.27 (3H, s, acetyl methyl) 
1.78 (3H, s, allylic methyl) 

-. - -- 
*bs = broad singlet; s = singlet; d = doublet; t = triplet; q = quartet. 
?In benzene-d6. 
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Compound 5a 
The structure of this product follows unam- 

biguously from its mode of formation and its 
spectral properties. The p.m.r. spectrum shows 
signals for three olefinic hydrogens, two of which 
comprise an AB system centered at  6 6.90 with a 
vicinal coupling of 5.2 Hz; the remaining olefinic 
hydrogen was observed as a singlet at 6 7.58, con- 
sistent with its location adjacent to the carb- 
ethoxyl group. Signals for two nonequivalent 
C-methyl groups were also observed; the chem- 
ical shifts of these were in accord with those of 
the bridgehead methyl substituents of adducts 
of type 9 (1). 

Compounds 6, 7, and 8 
By analogy with previous work in this and 

other laboratories (1, 2, 5) acid-catalyzed re- 
arrangement of the oxanorbornadiene system 5 
would be expected to lead only to  the hydroxy- 
aromatics 6,7,  and 8. All compounds were found 
to  have the expected molecular weights (mass 
spectra). The products were differentiated on the 
basis of the following evidence. 

(a) The substitution pattern of the aromatic 
ring in each case was readily ascertained from 
the p.m.r. spectrum (Table 2). Typical coupling 
constants were observed for spin-spin coupling 
between two ortho (6a and b), meta (8a and b), or 
para (7a and b) aromatic hydrogens. 

(6) The presence of nonbonded phenolic hy- 
droxyl groups in 6 and 7 was indicated by their 
base solubility and by the chemical shifts of 
their hydroxyl protons (very broad signals, in 
the range 6 5.50-6.20). In contrast, compounds 
8a and b, which were only sparingly soluble in 
base, showed sharp signals for bonded hydroxyl 
at characteristically low-field (6 10.88 in 8a, 
6 11.39 in 8b). 

(c) The i.r. spectra of 6a and b and of 7a and b 
showed absorptions for nonbonded ester car- 
bony1 (1725-1730 cm-' for 6, 1719-1722 cm-' 
for 7) and nonbonded phenolic hydroxyl (3570- 
3615 cm-' for 6, 3570-3610 cnl-' for 7) under 
conditions of high dilution (0.005 M in CCI,). 
At increasing concentrations absorptions for 
both free and intermolecularly hydrogen-bonded 
ester and hydroxyl were observed (see Experi- 
mental). The spectra of 8a and b, on the other 
hand, showed absorptions for intramolecularly 
hydrogen-bonded ester carbonyl (1662-1678 
cm-') and hydroxyl (3 150-3 180 cm-') groups, 
under the same conditions. 

(d) Low-field chemical shifts of one aromatic 

hydrogen in 7a and 8a suggested that these were 
deshielded by an ortho carbethoxyl substituent. 
Such deshielding was absent in the spectrum of 
6a, and could not be ascertained in the phenyl- 
substituted 7b and 8b. 

(e) The chemical shifts of the carbethoxyl 
methylene and methyl hydrogens of 6b and 7b 
suggested an ortlio phenyl substituent. This 
shielding effect was noticeably absent in the 
spectrum of 8b. We have observed similar effects 
previously in the spectra of diethyl 3-hydroxy-6- 
phenylphthalates (1) and ethyl 5-hydroxy-2- 
phenylbenzoates (3). 

( f ) ~ h e  high-field aromatic hydrogen of 7a was 
long-range coupled to the protons of both methyl 
substituents; the low-field proton was not  
coupled to  either. The low-field aromatic proton 
of 6a was also long-range coupled to  the hydro- 
gens of both methyl substituents, while there was 
no detectable coupling of this type in the case of 
the high-field proton. In the case of 8a, both 
aromatic hydrogens were long-range coupled, 
each with the hydrogens of both methyl groups. 
Such coupling exists in methyl-substituted aro- 
matics when the methyl group is located ortlio 
orpara  to a ring hydrogen: it is greatly reduced 
when the orientation is meta (6). 

Compound 10 
The structure of 10 was readily deduced on the 

basis of the following spectral properties. 
(a) The p.m.r. spectrum (Table 3) showed a 

characteristic AB system for two olefinic hydro- 
gens, and a broad singlet for a single furan ring 
proton. The latter was coupled to the hydrogens 
of one of the two ring methyl groups. The value 
of the coupling between the two olefinic hydro- 
gens suggests that these have a trans orientation. 

(6) The i.r. spectrum (in CC1,) showed strong 
absorptions for conjugated ester carbonyl (1 7 17 
cm-l) and conjugated double bond (1638 cm-I). 
The trans stereochemistry of the double bond 
was confirmed by an absorption at 975 cm-'. 

Compound 11 
(a) Mass measurement of the parent molecular 

ion confirmed the molecular formula C17H2004.  
(b) The most characteristic feature of the 

p.m.r. spectrum was the appearance of signals 
for four C-methyl groups. One of these (6 2.14) 
was a doublet and was shown to be coupled 
(J z 1 Hz) t o  the one-proton quartet at 6 6.65. 
These signals were therefore assigned t o  the 
methyl and adjacent hydrogen on the furan ring. 
The chemical shifts of the remaining methyl 
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McCULLOCH AND McINNES: 

resonances were consistent with these groups 
being allylic (6 1.78), acetyl (6 2.27), or on a 
furan ring (6 2.51). The two-proton singlet at 
6 3.50 was in accord with a cyclopentadiene 
methylene (6 2.90) deshielded by a P-carbonyl 
group. 

(c) The i.r. spectrum was characterized by a 
strong absorption at 1710 cm-' with a shoulder 
at 1700 cm- I ,  consistent with conjugated ketone 
or ester carbonyl functions. 

These AlC1,-promoted rearrangements of 5 
are further examples of the one-step preparation 
of aromatic compounds via Diels-Alder reaction 
of five-membered heterocycles with acetylenic 
dienophiles. As we have observed before (1, 3) 
yields are limited by competitive polymerization 
when alkyl-substituted furans are used. This is 
not a problem in the case of 2,5-diphenylfuran. 

Experimental 
The p.m.r. spectra were recorded with a Varian A-6OA 

spectrometer equipped with a V-6058A spin-decoupler, 
using CDCI, as solvent (unless otherwise stated) and 
tetran~ethylsilane as internal standard. The chemical 
shifts and coupling constants reported are judged to have 
an accuracy of k0.02 p.p.111. and k0 .2  Hz respectively. 
Values of small long-range couplings were estimated by 
comparison of the half-band widths of the appropriate 
coupled and decoupled signals. The i.r. spectra were ob- 
tained on a Perkin-Elnier model 521 spectrometer, and 
the mass spectra with a Dupont-CEC model 21-491 
spectrometer. 

Reaction of 2,5- Dimetlgvlfiirnn wit11 Ethyl fiopiolate 
(a) To a stirred suspension of AIC1, (6.92 g) in CHZC!2 

(75 ml) was added a solution of ethyl propiolate (5.0 g) rn 
CH2CIZ (100 ml). T o  this was then added 2,5-dimethyl- 
furan (4.90 g) in CHZCIZ (75 ml), with external cooling to 
maintain the temperature i 30°, to give a mixture 0.2 M 
in all three reagents. After stirring at room temperature 
for 60 min, the dark red solution was shaken vigorously 
with cold water (250 ml). The CHZC12 layer was separated 
and the aqueous layer washed with CHZCIZ. The com- 
bined CH2CIZ solutions were dried (NaZS04) and evap- 
orated. The residue (9.04 g) was chromatographed on 
S O z ,  using petroleum ether (b.p. 60-8O0), and then 5, 10, 
and 25% EtOAc - petroleum ether as successive elutants. 
From this column, in order of their elution, were obtained: 

(i) Compound 8a (0.99 g, 10.2%) as an almost colorless 
oil, nDZ4 = 1.5190. Final purification was achieved by 
preparative g.1.p.c. (5% Carbowax on Chromosorb G, at  
160"). This gave a colorless solid, m.p. 2626'. Parent 
molecular ion a t  n ~ / e  194 (Cl1H14O3 requires 194); 
v,,, (0.01 or 0.005 M in CCI,): 3180 (broad), 1662 cm-l.  

(ii) Compound 10 (0.208 g, 2.1%) as a yellow oil. Final 
purification was achieved by preparative g.1.p.c. (5% 
Carbowax on Chromosorb G, at  160'). Parent molecular 
ion a t  m/e 194 (CllH140, requires 194); v,,, (liquid film): 
1710, 1634, 1603, 1570, 975cm-l ;  v ,,,, (0.007 M in 
CCI,): 1717, 1638 cm-l. 

(iii) Compound 70 as a pale yellow solid (0.48 g, 4.9%). 
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Final separation from trace amounts of 6a was achieved 
by preparative t.1.c. (25% EtOAc in petroleum ether (b.p. 
80-100")). This gave a pale yellow solid, m.p. 66.5-67.5". 
Parent molecular ion a t  m/e 194 (C l lH1403  requires 
194); v,,,, (0.005 M in CCI,): 3610 (s), 3435 (weak and 
broad), 1719, 1685 (wk) cm-'; v,,, (0.01 M in CCI,): 
3610 (weak), 3440 (s), 1719, 1685 (s) cm-'. 

(iv) Compound 60 as a pale yellow oil (2.45 g, 25.3%). 
Final purification was achieved by column or preparative 
t.1.c. This gave a pale yellow oil, tlD2, = 1.5201. Parent 
molecular ion a t  nl/e 194 (CllHl4O3 requires 194); 
v,,, (0.005 M in CCI,): 3615, 3445 (very weak), 1725 
cm-'; v ,,,, (0.01 M in CCI,): 3615, 3445 (weak), 1723, 
1690 (shoulder) cm-'. 

(6) The reaction was repeated under the same conditions 
as in a above, using AICI, (34.6g), ethyl propiolate 
(25.0 g), 2,5-dimethylfuran (24.5 g), and CHZCIZ (1250 
ml), i.e. a mixture 0.2 M in all three reagents. In this case 
the crude reaction product was dissolved in ether and the 
solution thoroughly extracted with 5% NaOH. The basic 
extract was then acidified with HCI. The acid solution 
was extracted with ether; evaporation of solvent from 
the dried (NaZS04) extract gave a dark red gummy 
residue (19.51 g). 

The base-insoluble material (18.38 g), which was re- 
covered after washing with water, drying, and evaporation, 
was chroniatographed on SiOz (CHCI,). The products in 
order of their elution were: 

(i) Compound 80 (4.75 g, 9.8%), identical to that ob- 
tained in a above. 

(ii) Compound 10 (1.44 g, 3.0%), identical to that 
obtained in a above. 

(iii) Compound 11 as yellow-orange rosettes (0.82 g, 
1.14%), m.p. 76-77" (from petroleum ether (b.p. 60-80")). 
Ion of highest mass at rn/e 288.1363 (calculated for 
CL7HZ004, 288.13616); v ,,,,, (KBr): 1710, 1700 (sh), 1612, 
1602 cm- ' ;  v,,, (0.01 M in CCI,): 1715 cm-'. 

The base-soluble portion of the product was chromato- 
graphed on SiOz (CHCI,). This afforded, in order of 
their elution: 

(i) Compound 8a (0.76 g, 1.6%; total yield of 80, 
1 1.4%). 

(ii) A mixture of 7a and 6a (10.97 g, 22.6%; ratio 
6a:7a = 5:l) .  

Preparation of 5a  
2,5-Dimethylfuran (4.99 g) and ethyl propiolate (5.03 g) 

were reacted in the presence of AICI, (6.65 g) in CH2CIZ 
(100 ml), i.e. a mixture 0.5 M in all three reagents. In this 
case solutions were prepared as before, cooled to -60°, 
mixed, and the reaction continued at -60" for 15 min. 
Work-up identical to that used above in the preparation 
of 6-8a gave a residue which was chromatographed on 
SiO, (CHCl,). Compound 5a was obtained a s  a pale 
yellow oil (1.45 g, 14.6%). It could be purified by prepara- 
tive t.l.c., but proved to be highly unstable. 

In its purest state 50 was obtained as a pale yellow oil, 
nDZ5 = 1.4868 (slow increase with time suggested decom- 
position, confirmed by p.m.r.). Parent molecular ion at 
tn/e 194 (CllH1403 requires 194), base peak a t  nl/e 96 
(C6H,0+; formed by retrogression); v,,, (CCI,): 
1712 cm- . 
Reaction of 2,5- Diphenylfriran with Ethyl Propiolate 

(a) T o  a stirred suspension of AICI, (6.65 g) in CH,CIZ 
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(75 nil) was added a solution of ethyl propiolate (4.90 g )  
in CH2CI2 (100 ml). T o  this was then added 2.5-diphenyl- 
furan (I 1.0 g) in CH,C12 (75 ml), with external cooling to 
maintain the teniperature < 30°, to give a mixture 0.2 M 
in all three reagents. Stirring was continued at  room 
temperature for 1 h. The dark green mixture was then 
shaken vigoro~~sly with an equal voluliie of ice water. The  
CHzClz layer was separated and the aqueous layer 
washed with CHICIz.  The combined CH2C12 solutions 
were dried (NazS04) and evaporated. The residue was 
taken up in ether and extracted t ho ro~~gh ly  with 5% 
NaOH. The basic extract was acidified with HCI and the 
solution then extracted with ether. Evaporation of solvent 
from the dried extract afforded a greenish solid (2.12 g). 

The base-insoluble portion of the crude product was a 
sticky orange solid; trituration of the latter with cold 
MeOH followed by crystallization froni MeOH afforded 
compound 8b as colorless needles (7.12 g, 44.8%), m.p. 
102-103". Parent molecular ion at  tn/e 318 (C21H1803 
requires 318); v,,,.,, (0.01 or 0.005 IM in CCl4): 3150 
(broad), 3100, 3080, 1678 c ~ i i - ~ .  

The reddish methanolic mother 1iquol.s wereevaporated 
to dryness to give a highly viscous red-brown oil which 
slowly solidified. This material (4.18 g) proved to be 
niainly 2,5-diphenylfilran. 

The base-soluble fraction of the crude product (2.12 g) 
was chromatograplied on SiOz (25% EtOAc in petroleum 
ether). 

A small amount of compound 8b (0.21 g, 1.3%, total 
yield of 8b = 46.1x)  eluted first. Isomers 6b and 76  
eluted together and  were obtained as  a colorless solid. 
Fractionation by preparative t.1.c. (25% EtOAc in 
petroleiim ether) gave the pure isomers as follows: 

Co~i ipo~ind  7b as cream-colored rosettes (0.1 3 g, 0.8%), 
m.p. 120-122'. Parent n~olecular ion at t?l /e318(Cz,H1803 

VOL. 52, 1974 

requires 318); v,,, (0.01 M in CC14): 3570, 3440 (weak 
and broad), 3070, 1722, 1690 (sh), 1621 cm-' ;  v,,, 
(0.005 M in CC14): 3570, 3070, 3040, 1722, 1620 cm- ' .  

Compoi~nd 66 as cream-colored needles (I .02 g, 6.4%), 
m.p. 145.5-147". Parent molec~llar  ion at m/e 318 
(CzlHlsO3 requires 318); v,,,, (0.005 M in CCI,): 3570, 
3075, 1730 cm-' ; v ,,,, (0.01 M in CCI,): 3570, 3450(w), 
1730, 1695(w) cni-I .  

(b) A series of separate experiments under a variety of  
reaction conditions (temperature, solvent, AIC13 con- 
centration, dienophile concentration) were carried out  in  
a manner similar to rr above. The product coniposition 
was in each case estimated from the p.m.r. spectrum of 
the crude product. The results are detailed in Table 1. 

We gratefi~lly acknowledge t h e  excellent technical 
assistance of Mrs.  M. G. Flack. Thanks are also due t o  
Mr. P. F .  Seto for the i.r. spectra a n d  Mr. D. Embree for  
the mass measurement of compound 10. 
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A Proton Magnetic Resonance Study of 1,4-Di~hlorobenzene-'~ C 
Partially Oriented in Nematic Phases 

1 E. E. BURNELL 
Chemistry Department, University of British Columbia, Vat~couver, British Colrrmbia V6T I W5 

AND 

P. DIEHL AND W. NIEDERBERGER 
Physics Departn?ent, University of Basel, Basel, S~vitzerland 

Received July 5 ,  1973 

The p.m.r. spectra of 1,4-di~hlorobenzene-('~C and "C) partially oriented in nematic phases have been 
measured and analyzed, and the geometry of the molecule has been determined. The angle LC,C,H is 
found to be 119.4" and L C , C , C ~  120.3". The J C H  are determined using spectra of samples with differing 
degrees of orientation. 

Les spectres r.m.p. du dichloro-1,4 benzene (I3C et "C) partiellement oriente dans une phase ne- 
matique ont ete mesures et analyses et la gtomttrie de la molecule a ete determinee. On a trouvC que 
I'angle L C ~ C ~ H  est de 119.4" et que celui de LC,CzC, est de  120.3". Les constantes J,,, ont Cte deter- 
minees en utilisant les spectres d'tchantillons possedant diffkrents degrts d'orientation. 

[Traduit par le journal] 

Can. J. Chem., 52, 151 (1974) 

Introduction 
The n.m.r. spectra of molecules partially ori- 

ented in nematic phases have been extensively 
used to  determine relative internuclear distances 
(1). 1,4-Dichlorobenzene (Fig. 1)  has been 
studied twice by this method (2, 3). In both cases 
only the proton spectrum was observed, hence 
only the relative proton geometry was de- 
termined. 

With the use of time averaging techniques, pro- , ton spectra of molecules containing 13C in na- 
( tural abundance can be obtained and more com- 
I plete geometrical information is available. This 

technique is particularly useful when the proton 
spectrum is relatively simple, such that the spec- 
tra of molecules containing 13C are not obscured 

by the intense lines of the ' 'C compound. This is 
the case with the n.m.r. spectrum o f  1,4-di- 
chlorobenzene oriented in a nematic phase (Fig. 
2). The spectrum, as in the previous studies, con- 

Frc. 2. ( A )  100 MHz spectrum of partially oriented 
1,4-dichlorobenzene obtained after 125 accumulations on 
a Varian C-1024 time averaging computer in Basel. Con- 
centration 25 mol x; temperature -30 "C. Only the up- 
field portion of the spectrum is shown. (B) Calculated 
spectrum with a linewidth of 6 Hz. The center of the spec- 
trum is a t  0 Hz. 

sists of two sets of lines separated by several kHz 
and symmetrically displaced about the center. 

All six 13C-H dipole-dipole coupling con-  
stants have been determined and used t o  obtain 
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the molecular geometry. Some of the problems TABLE 1. Spectral parameters (in Hz) from the p.m.r. 
with the analysis are discussed below. spectra ofp-dichlorobenzene-'jC oriented in EBBA 

Experimental Value 

Using one of the lines of the l 2 C  spectrum to provide a 
lock signal, spectra (see Fig. 2) were obtained from two 
separate samples with time averaging techniques on HA- 
100 spectrometers operated in the HA mode. Sample I, 
run in Basel, was -25 m o l z  1,4-dichlorobenzene dissolved 
in the nematic phase of N-(p-ethoxybenzylidene)-pf-n- 
butylaniline (EBBA) and 125 scans were accumulated at 
-30 "C with a linewidth of -6 HZ. Sample 11, run in 
Vancouver, was -20 mol % in EBBA and 77 scans were 
accumulated at  -30 " C  with a linewidth of -6 HZ. 

Only the highfield multiplet of peaks was time averaged 
and drawn out using a scale of 1000 Hz = 50 cm. The 
splitting between the low- and highfield multiplets 
( = 3  D,,) was measured before and after time averaging. 
The program LEQUOR (4) was modified to analyze si- 
multaneously the three spectra (i) 1 3 C  at position 1, (ii) 
1 3 C  at position 2, and (iii) no I3C. The couplings between 
I 3 C  and Hare  obtainable as 2Dc,, + JcH only. The param- 
eters obtained, fitting to about 30 lines, are in Table 1. 

Results and Discussion 
Four coordinates are needed to  specify the rela- 

tive carbon and proton geometry of 1,Cdichloro- 
benzene, assuming D,, symmetry and a C,-C, 
bond length of 1.3974 A (5) .  In addition, two ori- 
entation parameters are needed to specify the  
average orientation of the molecule in the mag- 
netic field. In principle, the nine dipole-dipole 
coupling constants determined from the spectrum 
are more than sufficient to determine the geomet- 
rical and orientational parameters. However, 
two problems exist: 

(i) As pointed out above, because of the large 
chemical shift between 13C and H, only the sum 
2DCH + JcH can be determined from an analysis 
of the spectrum. Previous high-resolution studies 
of 1 ,Cdichlorobenzene have determined only JZ3 ,  
J,,-J,,, and JZ6-Jz4 (6); J,, and J,, have not, to  
the author's knowledge, been reported. Hence, 
J,,, J,,, and JZ4 must be treated as unknowns. A 
solution to this problem is to obtain spectra with 
different orientations; the Dij are proportional 
to the orientation and the Jij are constant, and 
hence both can be determined. 

(ii) The second problem is that there is a large 
covariance between Dl,  and Dl, ; DZ3 and D,,; 
and DZ5 and D,,, as reflected in the large error 
reported for these parameters in Table 1. Con- 
sequently, only the sums of these couplings can 
be accurately determined. However, when two 
spectra with different orientations were used for 
the analysis, the large covariance no longer 

Parameter Sample I Sample I1 

0 1 3  t t J 1 3  213.8 + 1.6 366.1 + 2.1 
0 1 4  t t J 1 4  -54.7 + 1.6 -93.3 + 2 .1  

0 2 3  t * J z 3  288.3 + 1.0 475.5 + 1.4 
0 2 4  t t J 2 4  -386.9 + 0.9 -647.7 + 1.4  
0 2 s  + f J 2 s  -0.9 + 3.9 9 .8  + 5 . 6  
0 2 6  t t J z 6  57.8 + 3.9 89.7 + 5 . 7  

0 3 4  -1376.4 ? 0 .2  -2301.2 + 0 . 3  
D 3  5 9.2 + 0.1  17.8 + 0 . 2  
Dns 109.3 ? 0.1 186.6 + 0 . 2  

J34' 8.551 8.551 
J3  5' 0.391 0.391 
J36' 2.579 2.579 

R.m.s. error 0 .5  0.8 

EAssumed from ref. 6. 

proved troublesome. Another possible approach 
is to treat the sums of the D i j  as measurables. 

The iterative weighted least squares program 
SHAPE (7) was modified to fit the two sets of Dii 
reported in Table 1 in order to obtain the co- 
ordinates, J, ,, J,,, J,,, and the four orientation 
parameters. Results are in Table 2, where the 
weighted r.m.s. error of the fit from SHAPE was 
0.17 Hz. We note that the geometrical coordi- 
nates are well determined, bu t  that the JcH are 
not. However, the Jc, are of the same order of 
magnitude as those reported for benzene (8). The  
accuracy could be increased by measuring yet 
more spectra at different orientations. 

From the coordinates in Table 2, the angle 
LC,C,H, equals 119.4 + 2.0°, and the angle 
LC,C,C, equals 120.3 t- 2.0". The value of 
L C , C ~ H ,  agrees with that of 119'37' reported by 
Bulthu~s et a/ .  (3). The ratio r36 to r,, of 1.726 
agrees with previous values reported from analy- 
ses of n.m.r. spectra of molecules dissolved in 
nematic phases (2, 3). 

Conclusion 
The two spectra of 1,Cdichlorobenzene at dif- 

ferent orientations in EBBA give accurate geo- 
metrical information about the proton and car- 
bon skeleton of the molecule. This information 
has been obtainable because the proton spectrum 
of the 12C molecule is simple (six lines each side 
of center), and most of the proton lines due t o  
coupling to the I3C are observed. The 13C spectra 
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BURNELL ET AL.: P.M.R. SPECTRA OF I ,4-DICHLOROBENZENE-"C 
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of other simple molecules can be measured and 
interpreted in a similar way. However, lack of in- 
formation about the J,,, may lead to problems, 
especially for carbon not directly bonded to 
hydrogen. 

Corrections for molecular vibrations (9) have 
not been applied because the results are not con- 
sidered of sufficient accuracy. The various effects 
of other nuclear motions (10) and any anisotropy 
in the indirect spin-spin coupling constants have 
also been neglected. Work on 13CH3F yields am- 
biguous results which point out the possibility of 
difficulties in the interpretation of D13c-H 
couplings.' 

The authors are grateful to the Swiss National Founda- 

'E. E. Burnell and J. R. Council, unpublished results. 

tion for the .Advancement of' Science and to the National 
Research Council of Canada for financial support. 
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Theoretical Studies of some Nonbenzenoid Hydrocarbons. I1 
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Deprrrtr~lent of Cher~~istry, Tlze Ur~iversity pf'AIberttr, Erlr~ior~ton, Albertn T6G 2El 
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A semiempirical self-consistent field niolecular orbital study has been made on some nonbenzenoid 
hydrocarbons using a resonance integral value proposed by Lo and Whitehead (2, 4), Chung and 
Dewar (3), Dewar and Harget (7), and Yamagilchi et 01. (6) without using configuration interaction. 
It has been observed that spectral transitions calci~lated using the p-value proposed by Lo and Whitehead 
and Chung and Dewar are in good agreement with experiment and comparable to those calc~ilated by 
the 0-value proposed by Yamagi~chi et a/. and Dewar et a/. 

- .- -- - . - 

On a effectue une etude semiempirique SCF MO sur plusieurs lhydrocarbures du type non-benztnique 
en utilisant la valeur integrale de resonnance proposee par Lo et Whitehead (2, 4), Chung et Dewar (3), 
Dewar et Harget (7) et Yamaguchi et at. (6) sans tenir compte des interactions de configuration. 11 fut 
observe que les transitions spectrales calculees en i~tilisant la valeur-0 proposee par Lo et Whitehead et 
Chung et Dewar, sont en accord avec les donnkes expirimentales et sont cornparables i celles calci~lkes B 
partir de la valeur-p proposee par Yamaguchi et nl. et Dewar et 01. [Traduit par le journal] 

Can. J. Chern.. 52, 155 (1974) 

Introduction parameters. Azupyrene, cyclohepta[def Ifluorene 

In a previous paper (I), we reported the results 
of calculations on some nonbenzenoid hydro- 
carbons with 16n electrons using the self- 
consistent field molecular orbital (s.c.f. m.0.) 
method with resonance integral values proposed 
by Lo and Whitehead (2) and Chung and 
Dewar (3). I t  has been shown that properties 
such as bond length, heat of atomization, and 
resonance energy for conjugated hydrocarbons 
(2-4) can be predicted with reasonably good 
accuracy. It was observed in our previous paper 
(I), that the theoretically predicted spkctral 
data were also in good agreement with experi- 
ment. This inspired us to  apply these same 
methods to other nonbenzenoid hydrocarbons 
such as azulene, Hafner's hydrocarbons (acea- 
zulylene and aceheptylene), azupyrene, dicyclo- 
hepta[cd,gh]pentalene, cyclohepta[def lfluorene, 
and azuleno[8,8a, 1 -2-deflheptalene and in addi- 
tion to  compare the results with those calculated 
by the method of Dewar and Harget (7) a "P- 
variable method". The "P-variable method" has 
been successfully applied by various authors 
such as Nishimoto and Forster (5), Yamaguchi 
et al. (6), and Dewar et al. (7). 

Among these molecules, azulene (ref. 8 and 
references therein) and Hafner's hydrocarbons 
(9) were studied extensively with different set of 

'On leave of absence from the Visva-Bharati Univer- 
sity, Santiniketan, West Bengal, India. 

and dicyclohepta[cd,glz]pentalene have been 
studied by Heilbronner and co-workers (10) 
using a modified Pariser-Parr-Pople (1 1, 12) 
method in which many of the two electron 
repulsion integrals which have been included 
here were neglected. 

Although the hydrocarbon azuleno[8,8a,l,2- 
def] heptalene has not been synthesized, its 
methyl derivative, 1 1 methyl azuleno [8,8a, 1,2- 
deflheptalene, has been synthesized by Hafner 
et al. (13). Azupyrene (14) has been synthesized 
recently. However, no report of the synthesis of 
dicyclohepta[dc,gh]pentalene has been found in 
the literature and the  attempts to  synthesize 
cyclohepta[def]fluorene (15) have s o  far been 
unsuccessful. 

In this paper we shall use dicycloheptapental- 
ene, cycloheptafluorene, and azulenoheptalene 
for dicyclohepta[cd,gl7]pentalene, cyclohepta[rlef] 
fluorene, and azuleno[8,8a,1,2-deflheptalene, re- 
spectively. 

Method and Parameters 
The self-consistent field method applied here 

is similar t o  that of Pariser-Parr (I 1) and Pople 
(12) within the zero-differential-overlap approxi- 
mation. The orbitals are expressed as eigenvectors 
of the matrix representation of the closed shell 
Hartree-Fock operator (16). The diagonal and 
off-diagonal matrix elements, FPP and FPV, may 
be represented as follows: 
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eV which also gives a good fit for the spectra of 
phenanthrene and pyrene. 

with - The bond order and charge density are defined 

= -1- 5 UP, as 
P n 

m*, 
= 1 PPV = 2 C Cp i c v i  

i =  1 

where I is the ionization energy of the carbon and 
atom in its sp2 valence state and is equal to 

n 

11.16 eV (17). 
4, = 2 C Cpi2 

i = l  

for neighboring p and v and for non-neighboring 
centers p,, is assumed to be zero. 

For the calculation of the resonance integral, 
P,,, four methods were utilized: 

(i) In the first method, designated as s.c.f.(a), 
p,, depending on internuclear distance was 
calculated by the method of Lo and Whitehead 
(2). 

(ii) In the second method, s.c.f.(b), a constant 
value of p, - 1.7901 eV (I), determined by the 
method of Chung and Dewar (3), was used. 

(iii) The third method, s.c.f.(c), is that due to  
Dewar and Harget (7c). At each iteration the 
bond lengths, r,, are calculated from the relation, 

[31 r,, (A) = 1.512 - 0.174p,, 

where p,, is the n-bond order of the bond pv. 
This is then used in a recalculation of the two 
center core integrals, P,,, and two center repul- 
sion integrals, y,,, between neighboring centers, 
with 

with S,, the overlap integral between two n,, 
orbitals with orbital exponent 1.59. 

(iv) The P-variable method as proposed by 
Yamaguchi et al. (6) is the s.c.f.(d) method. It is 
similar to the s.c.f.(c) method with r,, and P,, 
determined from 

where ro is the C-C distance for benzene, a = 
1.7 and Po is the resonance integral in 
benzene. It has been suggested (18) that the 
value of Po depending on a given bond length 
decreases as the number of rings increases. 
Hence for azulene we used -2.28 eV (19) for 
Po which gives a good fit for the spectra of 
naphthalene. For large molecules we used - 2.15 

They are obtained from the eigenvector compo- 
nents C,,. Eigenvectors produced by Hiickel 
calculations were used for the first s.c.f. iteration 
and the iterative procedure continued until self- 
consistency was achieved within the desired 
degree of accuracy of lo-' for the components 
of vectors of successive iterations. 

The one center two electron repulsion integrals 
y,, were calculated from the valence state 
ionization energy, I, (17), and electron affinity, 
A,,givenbyy,, = I,- A,= 11.134eV. 

Two center repulsion integrals y,, were calcu- 
lated by Ohno's formula (21) except in the 
s.c.f.(d) method, where the Mataga-Nishimoto 
(20) formula was used. In all cases, the y,, 
between non-neighboring centers were calculated 
from the initial geometries discussed below and 
not varied during the course of the iterations. I n  
the s.c.f.(a) and (b) methods, the same procedure 
was used for the y,, and p,, between neighboring 
atoms while in the s.c.f.(c) and (d) methods, the 
y,, and p,, were recalculated after each iteration 
on the basis of the bond length - bond order 
relations discussed above. 

Geometry of the Molecules 
The structure of azulene (22), and some 

derivatives of aceazulylene (23) and aceheptylene 
(24) are known. Azulene and aceheptylene are 
planar and aceazulylene is almost planar. Two 
center repulsion integrals, y,,, were calculated 
from the structure of azulene and aceheptylene; 
for aceazulylene a planar geometry very close t o  
that reported was used and for other molecules 
with no reported structure, a reasonable planar 
geometry was used as shown in Fig. 1. For the 
"p variable" method only the adjacent y,, were 
varied as stated earlier. 

Results and Discussion 
Table 1 contains the charge density of all the 

molecules. There is some variation of results 
among the different methods for all molecules 
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DASGUPTA AND DASGUPTA: O N  NONBENZENOID HYDROCARBONS. 11 

FIG. 1. Planar geometry of molecules 1, azulene; 2, aceazulelylene; 3, aceheptylene; 4, azupyrene; 5, dicyclo- 
heptpentalene; 6, cycloheptfluorene (all bonds equal to 1.40 A except otherwise mentioned); 7, azulenoheptalene (all 
bonds equal to  1.40 A). 
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TABLE I .  Charge density 
- - 

Charge density 

Molecule Center s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) 

and, except for azulene, some variation in order. 
The most discrepancies in sequence occur 
between the s.c.f.(d) and the other methods. This 
is due to the fact that the p and y integrals are 
determined by quite different methods, directed 
towards good spectral prediction in the s.c.f.(d) 
whereas in the other methods the integrals are 
determined by methods directed towards ob- 
taining reasonable heats of atomization. Such 
differences in order that arise in the first three 
methods occur among centers which are grouped 
into distinct and reasonably narrow range of 
charge density. Hence, for practical purposes 
there is excellent agreement among the predic- 
tions. 

According to the s.c.f.(a) and s.c.f.(b) methods 
the highest charge density for molecule 7 is 
found to be at centers 10 and 12. This is also in 

agreement with chemical properties of the 
molecule because protonation (13) takes place 
at this position. However, in case of the s.c.f.(d) 
method there is some ambiguity. An interesting 
feature is the charge density at center 4 of 
cycloheptfluorene which is very high. 

From Table 1 it is clear that the charge 
density is very sensitive towards choices of  
parameters. This is also reflected in the calcula- 
tion of the n dipole moment shown in Table 2. 
The only experimental value available is for 
azulene 1.0 D (25). Bloor (8) has reported a 
value of 3.19 D from theoretical calculations 
using configuration interaction. The values ob- 
tained by the present methods are all consider- 
ably closer to the experimental result. The  
distinctly lower values obtained by the s.c.f.(a), 
(b), and (c) methods indicated that the charge 
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DASGUP'rA A N D  D A S G U P T A :  O N  V O N B E N Z E N O I D  H Y I I R O C A R B O N S .  II 

TABLE 1. (Co~zcI~decI) 
-- -- - - -- - - - - -- - - - - - - -- 

Charge density 

Molecule Center 
-. 

4 1,2,6,7 
3,5,8,10 
4,9 

11,12,13,14 
15,16 

5 1,2,6,7 
3,5,8,10 
499 

11,12,13,14 
15,16 

6 1,7 
2,6 
3,5 

4 
9 

8,lO 
11,12 
13,14 
15,16 

1-9 

1 TABLE 2. Dipole moment (D) 

Molecule 

Dipole moment 
-- 

s.c.f.(b) s.c.f.(c) 
. - 

2.27 2.20 
2.05 1.98 
1.47 1.55 

0 0 
0 0 

4.00 3.54 
0.29 0.68 

densities predicted by these methods are more molecule. This phenomenon and high charge 
reliable than those obtained from the s.c.f.(d) density at center 4 of this molecule make it very 

j method. much reactive and unstable. 
i The predicted n dipole moment of cyclo- 
I heptfluorene (4.28, 4.00, 3.54, and 4.25 D) is Bond Order and Bond Length 
1 rather high and this suggests that in the ground Table 3 contains the calculated bond orders 
I state there is probably charge separation in the and bond lengths and the available experimental 
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TABLE 3. Bond order and bond length 

Bond order Bond length 

Molecule Bond s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) Exptl. 

bond lengths. Several relations between bond 
length and bond order exist in the literature. In 
the s.c.f.(a) and s.c.f.(b) methods we used the 
relation of Dewar and Gleicher (7a), 

r,, = 1.504 - 0.166p,, 

because Lo and Whitehead (2) have shown that 
the length of a single bond in aromatic compound 
is best represented by a value of 1.505 A. In the 
s.c.f.(c) and (d) method we used a different 
relation as discussed earlier (eqs. 3 and 5). The 
agreement between theoretical and experimental 
bond lengths is reasonable and in some cases it 
is good. 

The theoretical bond lengths of these non- 
benzenoid molecules display an interesting 

feature: a bond between two different types of 
rings has a tendency to have single bond 
character and bonds between the same types of 
ring have a tendency to have aromatic character. 
Thus the 9-10 bond of azulene, the 3-12 and 
8-12 bonds of aceazulylene, the 8-14 and 5-14 
bonds of aceheptylene, the 12-16, 13-16, 1 1-1 5, 
and 14-15 bonds of azupyrene, dicyclohepta- 
pentalene, and cycloheptfluorene have the ten- 
dency to have single bond character with a bond 
order of the order of 0.46 or less. Again the 
11-12 bond of aceazulylene, the 13-14 bond of 
aceheptylene, the 15-16 bonds of azupyrene and 
dicycloheptapentalene have the tendency to have 
aromatic character with a bond order of the 
order of 0.6 to 0.74. The 15-16 bond of hypo- 
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DASGUPTA A N D  DASGUPTA: ON N O N B E N Z E N O l D  HYDROCARBONS. I1 161 

TABLE 3. (Concluded) 
-- 

Bond order Bond length 

Molecule Bond s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) Exptl. 

4 1 - 2  0.778 0.784 0.806 0.774 1.375 1.374 1.372 1.376 
1-14 0.503 0.498 0.474 0.507 1.421 1.421 1.430 1.426 
3-11 0.629 0.604 0.610 0.608 1.400 1.404 1.406 1.407 
3 - 4  0.642 0.650 0.650 0.653 1.397 1.396 1.399 1.399 

11-15 0.415 0.453 0.457 0.433 1.435 1.429 1.433 1 439 
15-16 0.657 0.595 0.594 0.641 1.395 1.405 1.409 1.401 

5 1- 2 0.492 0.519 0.465 0.529 1.422 1.418 1.431 1.422 
2- 3 0.794 0.775 0.814 0.762 1.372 1.375 1.370 1.378 
3-11 0.474 0.489 0.451 0.505 1.425 1.423 1.434 1.426 
4-11 0.628 0.619 0.628 0.624 1.400 1.401 1.403 1.404 

11-15 0.423 0.436 0.441 0.418 1.434 1.432 1.435 1.442 
15-16 0.665 0.639 0.635 0.678 1.399 1.398 1.402 1.394 

6 1 - 2  0.658 0.657 0.653 0.656 1.395 1.395 1.398 1.398 
2 - 3  0.679 0.677 0.679 0.673 1.391 1.392 1.394 1.395 
3-11 0.565 0.572 0.576 0.578 1.410 1.409 1.412 1.413 
4-1 1 0.596 0.600 0.607 0.609 1.406 1.405 1.407 1.407 
1-14 0.584 0.589 0.599 0.595 1.407 1.407 1.408 1.410 
8-13 0.562 0.569 0.575 0.579 1.411 1.410 1.412 1.413 
8 - 9  0.654 0.653 0.654 0.657 1.396 1.396 1.398 1.398 

11-15 0.445 0.422 0.394 0.394 1.431 1.434 1.443 1.447 
13-16 0.442 0.419 0,386 0.393 1.431 1.435 1.445 1.447 
15-16 0.562 0.614 0.668 0.671 1.411 1.402 1.396 1.395 

7 1 - 2  0.808 0.807 0.872 0.844 1.370 1.370 1.360 1.364 
2 - 3  0.464 0.463 0.368 0.415 1.427 1.427 1.448 1.443 
3 - 4  0.806 0.806 0.872 0.843 1.370 1.370 1.360 1.364 
4-13 0.428 0.426 0.349 0.388 1.433 1.433 1.451 1.448 
5-13 0.634 0.633 0.645 0.636 1.399 1.399 1.400 1.402 
1-16 0.424 0.425 0.351 0.386 1.434 1.433 1.451 1.448 

10-15 0.578 0.588 0.607 0.595 1.408 1.406 1.406 1.410 
10-1 1 0.649 0.645 0.647 0.652 1.396 1.397 1.399 1.399 
13-17 0.499 0.505 0.541 0.528 1.421 1.420 1.418 1.422 
16-17 0.534 0.520 0.555 0.567 1.415 1.418 1.415 1.415 
17-18 0.479 0.487 0.405 0.398 1.425 1.423 1.442 1.446 

OReference 22. 
bReference 23. 
'Reference 24. 

1 

thetical molecule cycloheptfluorene is an excep- 
tion. Although it belongs to different types of 
rings it has no tendency to have single bond 
character. However, the molecule azulenohep- 
talene shows no such marked tendency. 

Another interesting feature of these molecules 
is that some of the peripheral bond lengths are 
close to the aromatic value and the differences 
between them and the rest are pronounced. 

1 Thus the predicted peripheral bonds of azulene, 
the 7-membered ring of aceazulylene, the 5- 

/ membered ring of aceheptylene, the 7-membered 
I rings of azupyrene, the 5-membered rings of 

dicycloheptpentalene, and the 5-1 3, 5-14, 10-1 5, 
10-1 1, 11-12, and 12-16 bonds of azulenohep- 
talene exhibit this phenomenon. 

Another interesting feature concerning the 
structure of molecules 2 and 3 is worthy of 
comment. The chemistry of these molecules 
proceeds to generate azulene derivatives. This 
has led to the possible consideration that in the 
ground state the two 5-membered rings of 2 or 
two 7-membered rings of 3 are probably not 
equivalent. The present calculations indicate 
that they are, even though the experimental 
structure for 2 indicates some variation. 

Spectra 
Table 4 contains the theoretical and experi- 

mental singlet n* c n transition energies and 
oscillator strength along with other theoretical 
results from these molecules. The oscillator 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C 

m 
N 

TABLE 4. Transition energiesa 

Theoretical 

s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) Other work Exptl. 

Molecule Symmetry eV f eV f eV f eV f eV f eV log(~)/f" 
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TABLE 4. (Coniinued) 

Theoretical 

Molecule Symmetry eV f 

4 ' B I ~  1.96 0 
'Bz. 
' A ,  3.28 0 
'Bzu 3.31 0.77 
'B3u 3.59 1.03 
'B3u 3.69 0.83 
'Bz.  3.81 0.77 
'Bzu 4.30 0.26 
' B I ,  4.33 0 

4.92 0.55 
' A ,  4.78 0 

I & g  1.74 0 
'B3" 
' A ,  3.34 0 
'Bz.  3.29 1.24 
'B3u 3.61 0.59 
'BzU 3.91 0.17 
' B I ~  4.12 0 
I&u 3.80 0.63 
'Bzu 3.92 0.97 
'A ,  4.68 0 
' A ,  4.97 0 

5.38 0.19 

'Bz 0.64 0.07 
'‘41 2.31 0.22 
'A1 2.47 0.15 
'Bz 3.23 0.48 
'Bz 3.61 0.56 
:Bz 3.85 0.78 
Bz 4.02 0.05 

'Bz 4.13 0.00 
' A I  4.24 0.51 
' A I  4.42 0.11 

Other work Exptl. 

eV f eV log(4lf. E 
1.82' Og (1 .61)h 0 1-1.65h c 
2.54@ 0.2g 2.57h 4.1Ih : 
3.05O 0° > 

3.03h 2.92h $ 
3.20' O.lg 3.61h 4.13h U 
3.72' 1.7' 
3.91g 0.0004g 

Y 
4 . 1 P  2.1g 4.15h 4.32h c % 

'C1 
-1 

4.64h 5.03h ? 
P 

1.84O Og z 
2.64' 0.59 

0 z 
2.93' Og m 

rn 
3.20g O.Zg z 

N 
3.47O 0.4O m z 

0 
u 

4.01g 2.5g 
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TABLE 4. (concluded) 

Theoretical 
- - 

s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) Other work Exptl. 

Molecule Symmetry eV f eV f eV f eV f eV f eV l o g ( ~ ) / f "  
- .- - 

7 ' Bz 1 4 3  0.00 1.41 0.01 1.58 0.04 1.18 0.03 1.15' 1 .74' 
''41 2.64 0.05 2.57 0.04 2.81 0.01 2.38 0.00 2.13' 2.44' 
'A1 3.21 0.03 3.21 0.01 3.52 0.02 3.18 3.12' 3.67' : : :: 1 lAi 3.23 
'A1 3.46 0.87 3.55 0.89 3.49 0.87 3.44 0.98 
'B2 3.45 0.78 3.46 0.77 3.68 0.59 
'Bz  3.78 0.67 3.76 0.14 3.67 0.63 3.67 0.58 3.68' 3.88' 
' Bz 3.79 0.09 
'Bz  0.66 
'Bz 4.33 0.80 4.26 0.78 1::;: : ::::I 0.27 4.15' 4.88' 
'Bz 4.44 0.38 4.26 0.32 
lAl 4.82 0.63 4.37 0.38 4.53 0.47 4.60 0.76 
'A1 4.74 0.65 4.80 0.71 
B2 5.19 0.04 

'A1 5.13 0.02 5.17 0.01 5.02 0 5.27 0.00 5.32' 4.40' 

aFor azulene f values have been quoted. 
'Symmetry designation has been given considering C2, symmetry. 
=Reference 6. 
*References 25. 3 I. 
=Reference 9e. 
'References 32. 9e. 
OReference 10. 
hReference 14. 
'Reference 1 3. 
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I TABLE 5. Ionization energy (eV) 
I 
I - 
I Ionizat~on energy 

-- - 

Uncorrected Corrected 
-- 

Molecule s.c.f.(a) s.c.f.(b) s.c.f.(c) s.c.f.(d) s.c.f.(a)" s.c.f.(b)" ~.c . f . (c)~ s.c.f.(a)' s.c.f.(b)' 
- - 

9.10 9.06 9.11 8.53 7.78 7.73 7.47 8.93 8.90 
9.36 9.23 9.38 8.55 8.03 7.90 7.49 9.17 8.89 
8.86 8.58 8.85 8.00 7.53 7.25 6.94 8.87 8.49 
8.75 8.82 8.72 8.21 7.42 7.49 7.15 8.63 8.71 
9.10 8.95 9.19 8.46 7.77 7.62 7.40 8.92 8.76 
7.82 7.90 8.02 7.44 6.49 6.57 6.38 7.50 7.58 
8.28 8.31 8.46 7.71 6.95 6.98 6.65 8.07 8.10 

"Correction made according to Bloor's formula (8). 
bCorrection made according to K u n ~  and Kuroda's formula (30). 
=Dlfference between the total n energy of the molecule and posltlve Ion. 

strengths were obtained from the relation (26) guchi et al. (9e) using a "P variable method" with 
c.i. In the case of aceheptylene the same situation f = 1.085 x 10-5~p2 is seen, i.e., the s.c.f.(b) method gives a better 

where V is the transition energy in cm-I and p correlation than the other three so far as theo- 
is the dipole length for the corresponding retical and experimental transition energies are 
transition in A. concerned, and the agreement between s.c.f.(b) 

As far as possible, we have tried to obtain and other theoretical results is also better than 
one-to-one correlation between the theoretical the other three. 

1 and experimental transitions, but since the The predicted transitions for azupyrene can ' molecules are not so simple, this is difficult. be correlated beautifully with experimental ones 1 Hence, in some cases, we have attempted a (14). The same is also true for azulenoheptalene. 
I general correlation over quite a wide spectral The agreement among the results calculated by 

region. the four methods is also noteworthy. 
For azulene the correlation between the For the other two molecules, dicyclohepta- 

experimental and these methods is good. How- pentalene and cyclopheptfluorene, which have 
ever, the s.c.f.(a-c) methods do not provide any not been synthesized, we compared our results 
transition and the s.c.f.(d) method provides a with those of Heilbronner and co-workers (10). ( poor value to correspond to the 4.52 e v  transi- The agreement between these methods and that 

1 tion for which other workers (6) have indicated of Heilbronner is good. , some correlation. This may be due to not con- 
I sidering configuration interaction. Apart from hiza t ion  Energy ' this the agreement between these methods and It is well known (28) that ionization energies 

other theoretical results is also good. calculated by Koopman's (27) theorem are 1 to 
For aceazulylene, in the s.c.f.(a) method, the 2 eV too high- This discrepancy may be due to 

correlation between theoretical and experi- n-orbital deformation and 0-core contraction in 
mental transition energies is good in the higher the ionized n~olecule (29). Bloor (8) has proposed 
region only. For the s.c.f.(d) method the overall a general ~orrection for hydrocarbons 
correlation is good except for the transition I =  - ( E ~  + 1.33) 

, energy corresponding to 3.01 eV which can 
I only be correlated to experimental values from where ~ h  is the orbital energy of the highest 

! 2.60 to 3.40 eV. I t  is seen that among the four occupied orbital. For the "P variable" method 
methods the s.c.f.(b) method gives the best the ionization energy is given by the following 

, correlation although the correspondence be- equation proposed by Kuni and Kuroda (30) 
tween the theoretical value of 4.17 eV and the z = -(eh + 
experimental value of 4.71 eV is not good. These 

1.06) 

, methods give good agreement with those results with E, as defined above. 
calculated by DasGupta and Ali (9c), who used Table 5 contains the values for the uncor- 

( configuration interaction (c.i.), and by Yama- rected ionization energy based on Kooprnan's 
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theorem, the corrected ionization energy as 
proposed by Bloor (8) and Kuni and Kuroda 
(30). It also contains the ionization energies for 
these molecules calculated as the difference in 
total n energy of the neutral molecule and the 
positive ions. It is expected that since identical 
basic integrals were used in all cases these 
values should include the correction due to n- 
orbital deformation neglecting, however, the 
o-core contraction. 

Summary 
The charge densities, bond lengths, dipole 

moments, and ionization energies predicted by 
the methods of Lo and Whitehead, Chung and 
Dewar, and Dewar and Harget are all consistent 
with one another even though the latter method 
differs from the others in that the r),, and some 
y,, integrals are recalculated at each iteration. 
Such consistency is based upon the common 
fundamental intent of these methods to give 
reasonable prediction of heats of atomization. 

Spectral transitions can also be reasonably 
correlated with the predictions of all four 
methods. It is seen, however, that the s.c.f.(b) 
method is better than the other methods in 
predicting spectral transitions of these non- 
benzenoid compounds. It is surprising that a 
method whose parameters are evaluated solely 
from ground state functions should yield better 
results than a method (s.c.f.(d)) which has been 
fitted to the spectral transitions of alternants. 

The authors would like to express their gratitude to 
Professor F. W. Birss for many stimulating discussions, 
helpful comments, and financial support. They are also 
grateful to Computing Services of the University of 
Alberta for computational facilities. 
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Cinetique de la pyrolyse du sous-oxyde de carbone 
et de sa reaction avec l'oxyde nitreux 

DPpartement de Chimie, UniversitP Laval, QuPbec, QlrPbec G I K  7P4 

R e ~ u  le 27 juin 1973 

Dans le dornaine de 600-700 "C et 20-100 mm Hg dans des rkacteurs en Vycor, la vitesse de pyrolyse 
de C,O, est proportionnelle au rapport surface/volurne et son energie d'activation globale depend aussi 
de la surface. Cette reaction est du premier ordre aux basses pressions et est fortement inhibee par NO. 
Par contre, la reaction de C30z  avec NzO n'est pas inhibee par NO; elle est du premier ordre par rapport 
a chacun des reactifs, a une Cnergie d'activation globale de 52 kcal mol-' et est partiellement affectee 
par le rapport surface/volurne. L'analyse donne le bilan 4C302  + N2O = N2 + COZ + 7C0 + 4C(s). 
Nous proposons une initiation bimolCculaire heterogene suivie d'une chaine courte du type C, + C302 -> 
2 C 0  + C,,, ,. On examine le rBle de CzO. 

In the range 600-700 "C and 20-100 mm Hg in Vycor vessels, the velocity of C302 pyrolysis is pro- 
portional to  the surface/volurne ratio and its overall activation energy is also surface-sensitive. This 
reaction is first-order at  the lower pressures and is strongly inhibited by NO. On the contrary, the reac- 
tion of C302 with N20 is not inhibited by NO; it is first-order in each reactant, shows an overall activa- 
tion energy of 52 kcal mol-', and is partially surface dependent. Analysis shows the material balance 
4C302 + N 2 0  = N2 + C 0 2  + 7C0 + 4C(s). We suggest a bimolecular heterogeneous initiation fol- 
lowed by a short chain of the type C,, + C 3 0 2  -> 2C0 + Cn+l .  The part played by C 2 0  is discussed. 

Can. J .  Chem.. 52, 167(1974) 

Introduction MCthode expCrimentale 
Nous avons CtudiC la pyrolyse de C30, et sa 

rtaction avec N 2 0  a des pressions et tempera- 
tures moyennes, 20-100 mm Hg et 600-700 "C, 
oh ces reactions s'effectuent i des vitesses com- 
modement mesurables et comparables a celle de 
la combustion lente de C302 (1). La pyrolyse a 
deja kt6 CtudiCe B des concentrations de C30z  
infkrieures 5 1% dans un gaz inerte, d'une part en 
regime dynamique entre 650 et 750 "C par mesure 
du dkp6t de carbone form6 (2), d'autre part entre 
1200 et 2500 "C dans des ondes de choc (3). Dans 
ces conditions, la rtaction prtsumement homo- 
gene etait du premier ordre par rapport C302 
et affectke d'knergies d'activation de 52 et 61 
kcal mol-' respectivement. La combustion lente 
(1) semble Ctre initike sur la paroi et est fortement 
inhibk par NO. C'est ce qui nous a amenCs a 
Ctudler ies reactions de C,O, avec les oxydes 
d'azote. Apres des essais prkliminaires avec NO 
(reaction tres lente), nous avons entrepris I'Ctude 
de la reaction avec N,O. 

On sait qu'a la temperature ambiante C302 
rkagit avec l'oxygkne atomique (4, 6, 7) pour 
donner soit 3 CO soit CO, -I- C,O. La photolyse 

I 3000 A donne nalssance a C,O dans son Ctat 
I fondamental triplet, qui rCagit rapidement avec 

I (5-7). 
I 

I 

Nous avons etudie ces reactions en systeme statique 
dans des cylindres de 22 x 4.5 cm en Vycor et  en quartz, 
dont le rapport surface/volurne de 1.1 cm-' pouvait &tre 
porte a 3.2 et a 5.0 cm-' par addition de tubes de Vycor 
de 2 x 1 cm. On enregistrait la pression au moyen d'un 
capteur electro-rnagnitique Pace (modele P 7) et on 
analysait les tchantillons a 25 "C dans unchromatographe 
a gaz F et M (rnodele 700). On prkparait le C302 par 
dkhydratation de I'acide rnalonique (8) et on le conservait 
a - 196 "C pour prtvenir la polymerisation. Pour en 
contreler la puret6, on comparait son spectre i.r, a celui 
qui a t t t  publie (9). Le N 2 0  etait de marque Matheson, 
L. B. Les melanges gazeux Ctaient prepards a la tempera- 
ture arnbiante et sejournaient 30 min avant d'&tre intro- 
duits dans le reacteur. On dosait C302 sur brique pilee 
contenant 2 3 z  d'Apiezon M selon (lo), C 0 2  et N 2 0  sur 
charbon active. Pour N2, CO, NO et 0 2 ,  on utilisait une 
colonne de Porapak S 180/200 M en serie avec une 
colonne de tarnis moleculaire 13 X. A noter que C302, 
C 0 2  et NzO sont retenus par  la premiere (11). 

RCsultats 
PyroIyse de C 3 0 2  

Quelques experiences preliminaires ont con- 
firm6 que la rkaction obtit A l'kquation C302 = 
C(so1ide) -t- 2C0 et, en particulier, qu'il n'y a pas 
production de CO,. Aux basses pressions initiales 
de C30,, la reaction est du premier ordre, mais 
aux pressions initiales Clevees dans les rkacteurs 
de S/V = 3.2 ou 5.0, la rtaction est d'ordre zero 
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'0 '3'2 
dans un rCacteur neuf, la pression croit et tend 
vers une valeur finale de 312 fois la pression 

FIG. 1. Influence de la pression de C302 sur 1: vitesse 
initiale de la pyrolyse A 653 "C dans des rkacteurs e Vycor initiale. La vitesse de cette augmentation de pres- 
(A,  0, O )  et en quartz (x )  ayant des rapports .face/ ~ i 0 n  s'accroit lors des expkriences suivantes puis 
volume diffkrents. .evient reproductible. C'est l'indication d'un 

168 C A N .  J .  CHEM. VOL.  52, 1974 

au dCbut et ne devient du premier ordre que 
lorsque la pression de C302 tombe en-dessous 20 - 
d'une certaine valeur qui se situe vers 30 ou 50 
mm Hg selon le rCacteur employC. N 

Pour Ctudier l'influence des facteurs pression, Q 

surfaces, additifs et tempkrature, nous avons -X 

comparC les valeurs de la vitesse initiale de la 'a 

pyrolyse exprimCes en mm Hg s-'. On voit sur la E 
fig. 1 les effets de la pression initiale du C30, et 
du rapport surface/volume du rCacteur. La vitesse >O 

initiale croit linkairement avec la pression 
jusqu'i une valeur limite d'autant plus ClevCe , # 

que la surface est plus grande. Incidemment, les 0 ,' I I I I , 
0 1.0 2.0 3.0 4.0 5.0 

vitesses sont les mzmes dans les rkacteurs de 
S/V = 1.1 cm-' en Vycor ei en quartz. Donc, la S / V  cm-' 
reaction n'est pas sensible Zi de petites diffkrences FIG. 2. Influence du rapport surface/vo~ume sur les 
de nature de la surface. Si l'on compare les vitesses initiales (1) et de la pyrolyse de C302 a Po = 50 

vitesses initiales dans les rnzmes con- mm et (2) de sa reaction avec N z 0  Po = 50 + 50 mm 

ditions mais dans des rkacteurs de S/ V differents, a 654 "C. 

on obtient les valeurs de la fig. 2. En extrapolant, 
on trouve que la vitesse serait nulle A S/V = 0, 
c.4-d. en I'absence de paroi. I1 semble donc que 
la pyrolyse soit enti6rement hCtCrog6ne dans les 
conditions de nos expiriences. 

NO.exerce un effet inhibiteur puissant comme Vo 
le montre la fig. 3. En revanche, l'argon ne 
modifie pas la vitesse, m&me a une pression triple 
de celle de C302.  

0 - " 
A A 

0 I I I I 

0 10 20 

A h 
S/V = 5.0 NO (mm Hg) 

12 - FIG. 3. Influence de NO sur l a  vitesse initiale de la 
pyrolyse a 39 mm Hg et 653 "C dans un rkacteur de S/ V = 

N 5.0 cm-I (Vo mm Hg s-I  x 10'). 

0 
S / V  = 3.2 Les mesures de 1'Cnergie d'activation apparente 

nous ont donne des rksultats d'une reproductibil- 

E Arc 'liocre (fig. 4), mais un fait ressort claire- 
E s/v  = 1 . 1  rnent de p:~l.ieurs sCries d'expkriences: cette 

o Cnergie est t r b  grande (-100 kcal mol-') en- 
lessous de 650 "C et petite (-- 10 kcal mol-') au- 

dessus de 650 "C dans le rCacteur a grande surface 
S/V = 5. Par contre, elle n'est que d'environ 
40 kcal mol-' dans le rCacteur S/V = 1. 

0' 
0 40 80 120 Rkaction de C,O, avec N 2 0  

D6s l'introduction d'un melange 1C,02 : 1N,O 
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BONNEAU ET OUELLET: 

FIG. 4. Influence de la temptrature sur la vitesse 
initiale de la pyrolyse a 55 mm Hg dans les rtacteurs en 
Vycor S/V  = 1.1 cm-' ( A )  et 5.0 cm-' (B) ( V o  mol 1-' 
s-'1. 

LA PYROLYSE DU C301  169 

I 

I MINUTES 
FIG. 5 .  Evolution des espkces chimiques au cours ( effet de surface attribuable i un dep6t de carbone d.une 6s3 .C danr le dacteur SIV = cm-l. 

1 qui devient visible par la suite. La vitesse initiale 
dipend du rapport surface/volurne du rtacteur 
cornrne le montre la droite suptrieure de la fig. 2. 
A la difference de la pyrolyse de C302, qui parais- 
sait entierement htttrogene, sa rtaction avec 
N,O semble avoir une cornposante homogene 
rtsiduelle A S/V = 0. 

Dans ce qui suit, il sera d'abord question des 
risultats obtenus dans le rtacteur en Vycor A 
surface minimum S/V = 1.1, jusqu'a indication 
du contraire. 

La fig. 5 montre les pressions partielles des 
especes obtenues i partir d'echantillons prelevts 
a diverses Cpoques au cours d'une strie de reac- 
tions de mtlanges tquirnoltculaires de C 3 0 2  et 
de N,O a 654 "C. On remarque que 4 molCcules 
de C302 disparaissent pour chaque rnolCcule de 
N 2 0  consornmee. La quantitC de CO forrnte est 
environ 7 fois celles de N, et de CO,. Faisant 
arbitrairement correspondre 50 rnrn Hg 2 1 mole 
de C,02 ou de N,O, soit en tout i 68 + 44 = 
112 g, on retrouve A la fin de la rtaction 100 $ 1 
g d'apres les pressions partielles des especes prC- 
sentes. Le dificit de 12 g est attribue a la perte 
d'une mole de carbone C(s) par mole de C302  
disparue. En utilisant des coefficients entires, ce 
bilan s'exprirne par l'equation l a  

qui s'accorde aussi avec l'augmentation de 50% 
de la pression totale. Pour verifier que ce bilan 
inusit6 n'ttait pas fortuit, nous avons, au cours 
de rtactions a plusieurs temperatures, analyst 
des tchantillons prtlevb a des temps et i des 
pourcentages de reaction difftrents. Le tableau 
1 montre que l'equation l a  s'applique dans un 
domaine assez etendu. 

I1 est peu probable que ces valeurs rtsultent 
d'une simple superposition de la pyrolyse de 
C302 et de celle de N,O. Pour en Etre plus sGrs, 
nous avons rnesurt les vitesses de chacune de ces 
rtactions dans les conditions mCmes de nos 
experiences: 654"C, pressions initiales de  50 mm, 
reacteurs S/V = 1.1 et 5.0 cm-'. Rernarquons 
que la cornparaison est facilitte par le fait que 
l'augmentation de pression est de 50% pour 
N20  = N, + 30, ainsi que pour [la]. Les rt- 
sultats sont consignts au tableau 2. Les nom- 
breuses donntes existantes (12) sur la pyrolyse de 
N 2 0  sont difficilement transposables a nos con- 
ditions exptrimentales: nous avons determine 
empiriquement les vitesses, en I'absence (-) et 
en presence (+) d'une couche de carbone prove- 
nant de pyrolyses prtalables de C302. On  voit 
que le rtacteur S/V = 1.1 cm-l, la rtaction entre 

1 [la] 4C3O2 + 4N20 C,O, et N,O est netternent plus rapide que 
1 = N, + 3N20 + cO, + 7C0 + 4c(s) chacune des pyrolyses prise sCparCment. On note 
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TABLEAU 1. Pressions partielles en mm Hg des produits de quelques reactions a partir de 
melanges 1 : l  deP ,  = 100 + 1 m m H g ; S / V =  1.1 cm-I 

-- -- 

t Temps 
("C) (min) AP CO coz N2 (CO + C02)/AP COIN, C O ~ I N Z  

TABLEAU 2. Vitesses initiales de trois reactions dans " 
des reacteurs de S/ V = 1.1, 3.2 et  5.0 cm-' avec 
(+) et sans (-) depbt de carbone a 654 "C et 

50 mm Hg de chaque reactif 
- -- 

E 
- 

Sl v 
Reaction 

.- -- -- - - -- --- -- - I 

+ 2 
0" 

C,Oz = 2CO + C 1 . 1  
3.2 + 8 - 
5.0 + 10 K 10 

4 

- 0 .2  N2O = N2 + 3 0 2  1.1 
1.1 + 0 . 6  
5.0 - 0 .6  
5.0 + 30.0 0 2 4 6 8 

C302 + N 2 0  = produits 1.1 + 10 Minutes 
3 .2  + 14 FIG. 7. Ordre global au cours d'une reaction d'un 
5 .O 

- - 
+ l7 melange 1 C3O2 : 1 N 2 0  a Po = 120 mm et a 665 OC dans --- 

le reacteur S / V  = 1.1 cm-'. 

Po rnm Hg 

FIG. 6. Ordres relatifs aux pressions initiales de cha- 
cun des reactifs ti 610 "C dans le reacteur S/ V = 1.1 crn-'. 

que le carbone acctlkre la dtcomposition de 
N20.  LYacdlCration considtrable observee dans 
le riacteur S/V = 5.0 cm-' est peut-Stre le rCsul- 
tat d'une oxydation du carbone et d'auto- 
Cchauffement, mais la quantitk ainsi oxydte ne 
peut Stre grande, car le rapport CO/CO, - 7 se 
retrouve dans ce riacteur lors de notre rCaction 
C302 + N20.  

La reaction a 610 "C est du premier ordre (fig. 
6) par rapport 5 chacun des riactifs et le deuxi6me 
ordre global (fig. 7) se maintient a 665 "C jusqu'h 
au mojns 80% de conversion suivant 1'Cquation 2. 

oh a = Po (C302), b = Po (N20) et x = AP. 
Nous avons aussi verifik que l'ordre global est de 
2 tt 618 "C. Donc l'ordre ne varie pas avec la 
temperature. 

L'influence de la temperature sur la vitesse 
initiale Vo est illustrie sur la fig. 8, oil les cercles 
blancs proviennent de temperatures ascendantes 
et les carrCs noirs de temperatures decroissantes. 
L'Cnergie d'activation apparente est de 51 + 2 
kcal mol-I. On ne retrouve pas les anomalies 
observies lors de la pyrolyse de C30,. 

I1 est difficile d'itablir avec certitude l'impor- 
tance relative des effets de surface. A 654 "C, 
nous avons observe la mSme vitesse et la meme 
stoechiomCtriedanslesrCacteurs S/V = 1.1 cm-' 
en Vycor et en quartz, probablement parce que 
la surface active est la couche de carbone. La 
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I BONNEAU ET OUELLET L 4  PYROLYSE DU CIO? 171 

FIG. 8. Influence de tempkratures ascendantes (0) et 
descendantes (B) sur la vitesse initiale dans le rCacteur 
S/V  = 1.1 cm-'. P0(C3O2) = 22 mm; Po(N20)  = 30 mm 

1 (Vo mol I - '  s-I). 

1 stoechiomttrie reste la merne dans le reacteur 

( S/V = 5.0 cm-' oP la vitesse est beaucoup plus 
grande. Dans une strie d'exper~ences avec des 

( mtlanges 1 . 1  a 654 'C dans le rtacteur SIV = 
5.0 cm-' ,  nous avons trouvt (1 1) que la rtaction 
est encore du deuxieme ordre aux basses pres- 

1 sions, comme dans le cas de la fig. 7, mais qu'elle 
devient du premler ordre au-dessus d'environ 
40 mm. Cette discontinuitt ne se manifeste que 
dans le reacteur S/V = 5.0 cm-', et dans A peu 

( pres les m6mes conditions que la discontinuit6 
I visible sur les figs. 1 et 4. 11 n'est pas possible de 
I dire sl cet effet est dfi la saturation de la surface 
I par l'un des riactifs ou a un phCnomkne de 

diffusion. 
11 est remarquable que l'addition de NO des 

concentrations de 10% de celle des riactifs dans 
des mtlanges 1 : 1 ne modifie ni la vitesse ni le 
A P  dans les rtacteurs S/V = 1.1 et 5.0 a 654 "C. 
Rappelons que NO inhibe fortement la pyrolyse 
et la combustion (1) de C30,. L'addition de 110 
mm d'argon & un melange de 53 mm accroit la 

I vitesse initiale de 30%, ce qui suggire la prCsence 
.' de chaines courtes. L'addition de 53 mm de CO 

I a ce m&me melange ne modifie ni la vltesse, ni 
, le A P  ni la composition des produirs. Donc, les 
I rCactions possibles CO + C,O + C302  et CO + 

N,O 4 C0,  + N, ne perturbent pas la cineti- 
que de notre rtaction dans les conditions de nos 
experiences. 

Discussion 
La pyrolyse de C 3 0 2  et la reaction de ce 

dernier avec N 2 0  ont des caracteres cinktiques 
trks difftrents. 

La cinttique de la pyrolyse semble entitrement 
dtterminke par une rtaction hettrogine. Les 
anomalies visibles sur la fig. 4 ne permettent 
aucun rapprochement avec les donnees obtenues 
dans des conditions totalement diffkrentes (2, 3), 
c.-a-d. A rres faibles concentrations. Notons seu- 
lement que l'energie d'activation apparente que 
nous observons entre 600 et 650 "C,  soit -- 100 
kcal mol-', n'est pas impensable vu que l'enthal- 
pie de la reaction 3 est de 86 kcal mol-' (5-7), 
mais que cela exigerait un facteur prOexponentie1 
peu vraisemblable. 11 est possible que le bas 
coefficient de temperature (fig. 4) observe au- 
dessus de 654 "C dans le reacteur i grande sur- 
face soit di3 a la limitation de la vitesse par un 
processus de diffusion. 

Les ttapes de la pyrolyse sont probablement 
[31 et PI 

paroi 
C302 4 CO f C z 0  

Nous pensons que la premiire au moins de ces 
ktapes est htterogtne et qu'elle est la m6me qui 
amorce les chaines de la combustion (1). 

L'inhibition par NO pourrait resulter de la 
capture [5] de C,O par le radical NO. 

Cette rCaction est dkji rapide a la temperature 
ambiante (5-7), mais on ignore encore la nature 
du produit X. Nous n'avons pas verifiC si, dans 
nos experiences, on voit apparaitre d e  petites 
quantitts de N,, CO,; NO, ou N 2 0  en prtsence 
de NO comme c'est le cas a froid (6, 7). I1 se 
peut qu'a haute temptrature le produit X soit 
instable et agisse simplement comme intermt- 
diaire pour propager la chafne. Ce qui nous fait 
penser que la capture de C,O n'est pas respon- 
sable de l'inhibition de la pyrolyse, c'est que NO 
n'inhibe pas la reaction de C302 avec N,O. Ce 
contraste s'expliquerait facilement si les deux 
reactions Ctaient amorctes par des processus 
differents; par exemple si NO inhibait la pyrolyse 
en bloquant sur la surface un site actif qui n'in- 
tervient pas dans la rtaction entre C30, et N,O. 
Le processus ainsi inhibt serait [3] et le.C,O 
intervenant dans la reaction avec N,O aurait une 
origine difftrente de [3]. 
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Pour ce qui est de la rCaction entre C302  et 
N,O, l'invariabilite des ordres, du coefficient de 
temperature et du bilan [la] que nous Ccrirons 
[lbl 

[ l b ]  4C302 + N2O = N2 + CO2 + 7C0 + 4C(s) 

montre que la disparition des deux rCactifs ne 
resulte pas de la simple addition de leurs dC- 
compositions respectives. Nous chercherons un 
mode d'inhibition par NO et un mecanisme de 
formation du carbone. 

L'initiation par dCcomposition de C302 selon 
[3] nous parait incompatible avec I'absence 
d'inhibition par NO. La pyrolyse de N 2 0  dont 
l'energie d'activation (12) est de 59 kcal mol-', 
pourrait amorcer la chaine suivante 

Pour respecter le rapport CO,/N, = 1, il fau- 
drait que [8] devint negligeable par rapport a [7] 
a haute temperature, car [8] est nettement la plus 
rapide a la temperature ambiante (4, 6, 7). I1 
faudrait encore que les vitesses de 0 + N,O = 
2 N 0  et 0 + N 2 0  = N, + 0, fussent negligea- 
bles par rapport h celle de [7]. De plus, pour 
obtenir le premier ordre par rapport a chacun 
des riactifs, il faudrait soit postuler la rkversibi- 
lit6 de [6], soit identifier M C,02, c.4-d. sup- 
poser que le transfert d'knergie a N 2 0  est beau- 
coup plus efficace dans les chocs avec C302 
qu'entre les molCcules N,O. 

L'initiation par reaction bimoleculaire selon [9] 

paroi 
C B O ~  f N2O - N2 + C303 

fait intervenir un intermediaire instable hypo- 
thCtique C30,, mais Climine les complications 
dues 2 la presence d'atomes 0 libres et respecte 
le rapport CO2/N2 = 1. 

Pour rendre compte de la stoechiometrie, nous 
postulons une chaine rapide du type [Ill-[I31 au 
cours de laquelle C,, C,, C, ... s'additionnent sur 
le carbone central de OCCCO. 

La suite d'Ctapes [9]-[I31 rend compte de la 
production, a partir d'une seule molecule de 
N,O, de IN,, ICO,, 7C0 et 4C. Nous choisis- 
sons arbitrairement une terminaison en C, parce 
qu'elle concorde avec nos rbultats; mais cette 
terminaison nous parait plausible puisque C, 
Ctant la maille ClCmentaire du graphite, a des 
chances d'Etre moins rCactif que C,, C2 et C,. 
Pour conserver le rapport C0,/N2 = 1, il faut 
en plus supposer que les vitesses de reactions 
telles que C + N,O -+ N, + CO sont negligea- 
bles par rapport a celles de [l 11-[13] (13). 

Nous avons omis de dire si la chaine se pro- 
page en phase gazeuse ou sur la surface, car 
plusieurs reactions du carbone gazeux sont con- 
nues (13, 14). On peut obtenir des valeurs ap- 
proximative~ des enthalpies de reaction a partir 
des enthalpies de formation (ramenkes h 1000 OK) 
des molCcules. Ces dernieres sont d'environ - 10 
kcal mol-' pour C,02 (15, 16), 27 pour N 2 0 ,  
-86 pour CO,, -21 pour C O  et 5 pour N,. 
Celle de C,O serait d'environ 98 (5, 17) et celles 
de C,,  C,, C, d'environ 174,205 et 19 1 respective- 
ment (16). On trouve ainsi que l'enthalpie de [9] 
et [lo] combinkes serait a peu pres nulle. Celle 
de [4] serait de 55 kcal mol- I, alors que celles 
de [I 11, [I21 et [13] seraient negatives. La reaction 
globale [Ib] pourrait donc, a la rigueur, avoir lieu 
enti6rement en phase gazeuse, mais les effets de 
surface observes et les reactions secondaires 
possibles de 0 et de C signalkes plus haut nous 
incitent penser que la paroi intervient au moins 
pour la reaction 9. 

L'energie d'activation apparente de 52 kcal 
mol-' que nous observons pour la reaction de 
C302 avec N,O concorde avec 1'Cnergie 
D(C-CO) = 52 de dissociation (17) du radical 
C,O, de sorte que la vitesse de la reaction est 
vraisemblablement limitCe par celle de 1'Ctape [4]. 
Cette meme valeur a etC trouvte pour la pyrolyse 
de C302 par nos prCdkcesseurs (2). Quant aux 
anomalies (fig. 4) que nous avons remarquees aux 
fortes concentrations en presence d'un grand 
rapport S/V (1 I), leur explication exigerait une 
exploration experimentale systematique. 

Nous rernercions le Conseil national de recherches du 
Canada qui a subventionnt ce travail et accord6 une 
bourse M.-M.B. Nous remercions aussi MM. Pierre 
Gagnon et Claude Fouquet pour leur aide technique. 
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The Charge Transfer Spectra of d8 Transition Metal Halide Complexes 
and the 1849 Photolysis of Aqueous PtCh2- 

Depclrttt~etlt of Chemistty, Ut~ivrrsity of  Witldsor, Windsor, Ot~tario N9B 3P4 
Received May 30, 1973 

The ultraviolet spectra of the d8 complexes PtX,2-, AuX,-, and Pd2X62- (X = C1- or Rr-) are 
reported. The assignments are based on a standard ordering of molecular orbital energy levels and on 
the trends in the band frequencies a s  related to the different metals a n d  ligands. In addition to the low 
intensity d-d bands, two distinct high intensity regions are identified, an initial set of charge transfer 
ligand to  metal bands followed by a sequence of essentially d -> p bands. The 1849 A irradiation of 
aqueous PtCIaZ- results in a redox reaction via photoelectron formation with 4e,,- = 0.25 & 0.02. 
The primary photolytic act is interpreted as initial excitation of the d -+ p transition 'A , ,  -> 'E, , (3)  
(esn* -> ozun*). --- 

On a Ctudie les spectres des complexes d8 PtXdZ-, AuX4- et Pd,X,2- (X = C1- ou Br-)  dans I'ultra- 
violet. Les differentes attributions se rapportant aux  diffirents mitaux et coordinats sont basees sur un 
classenlent standard des niveaux energetiques d'orbitale moleculaire e t  sur les tendances exhibees par les 
frequences des bandes. En plus des bandes d-d d e  faible intensitt, o n  a pu identifier deux regions dis- 
tinctes de haute intensite, une serie initiale de bandes du type transfert de charges coordinatmttal puis 
une serie composee principalement de bandes du type d -> p. L'irradiation a 1849 A du PtCI,'- aqueux 
a conduit i une reaction redox via la formation de photoelectrons avec 4e.,- = 0.25 + 0.02. La premiere 
etape photolytique est representee par I'excitation initiale de la transition d 4 p ' A , ,  -> 'E"(3) (e,n* -> 

a2,n*). [Traduit par le journal] 

Can. J. Chem., 52, 174 (1974) 

Introduction 
Following an earlier study of the y-radiolysis 

of aqueous ~ t C 1 2 -  (1) some preliminary experi- 
ments were carried out to  determine the effects 
of U.V. light on the same system. In addition t o  
photohydrolysis anticipated from the work of 
Balzani and Carassiti (2), N, evolution was ob- 
served when aqueous PtC142--N,0 solutions 
were illuminated with 1849 A light. The forma- 
tion of N,, exclusive of that part emanating from 
direct photodissociation of N,O, is suggestive of 
photoelectron formation. 

Although only a limited number of transition 
metal complexes have been reported as  sources 
for the photolytic production of hydrated elec- 
trons it is possible to identify three common 
features, these being that the ion used (i) be rela- 
tively inert towards cap-, (ii) forms a stable com- 
plex of the same stolchiometry and one equiv- 
alent higher in oxidation state, and (iii) that the 
exciting radiation is in the charge transfer region 
(3). Since PtC1,'- is obviously lacking in the 
first two characteristics it seemed in prospect that 
a unifying feature might be revealed in the 
charge transfer spectrum of P tCI2- .  Thus, the 
present study was prompted both by an inherent 
interest in the previously uninvestigated spectral 

region effected by 1849 A light and by the ex- 
pectation that the resultant da ta  might provide 
a reasonable basis for rationalizing the short 
wavelength photochemistry of  PtC12-. 

While there is considerable spectral data avail- 
able on the low intensity d-d bands (4), only two 
charge transfer bands appearing as moderately 
intense overlapping bands centered at about 
45 000 cm-' have been reported for PtC14'-. 
The origin of the two bands have been variously 
interpreted a s  arising from the transitions 
'Als -+ 'Azu (bZun + blgo*) and ' A ! ,  -t 'Eu(l)  
(eun -, b,,o*) (5, 6) to the combinat~on 'A,,. -, 
'A,, + ' ~ ~ ( 1 )  for the first band with the h ~ g h  
frequency band being due to  either 'A! , j  
'EU(2) ('euo + bl,o*) or a 5d -t 6p transition 
(7, 8). Neglecting the high energy 3a1,0* orbital, 
it can be easily shown, using the molecular or- 
bital energy diagram given in  Fig. 1, that there 
are eight fully allowed transitions anticipated for  
the U.V. spectrum of PtC1,'-. Since only two  
bands have thus far been reported, the region 
beyond 45 000 cm-' promised t o  be rich in spec- 
tral data. 

In this study an attempt has been made t o  
examine and interpret the band structure of  
~tC1,'- in the spectral region of 1849 A. How- 
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CHARGE TRANSFER SPECTRA 175 BATISTE AND RULIFELDT: ON 

Metol 

Orbitals 

1 lala u -./ 

Molecula; I igond 

Orb~tals Oibitolr 

FIG. 1. Molecular orbital scheme for ML,'- ions 
of D,,, symmetry. 

ever, since the interpretation of one complex is 
but an isolated statement, the study was ex- 
tended to  include an examination of PtBr,2- as 
well as the chlorides and bromides of Pd(l1) and 
Au(II1) so that spectral frequency trends could 
substantiate the assignments offered. 

Experimental 
Materials 

The salts, tetra-n-butylammonium bromide and chlo- 
ride (Eastman Organic Chemicals), ~otassium tetra- 
chloroplatinate(I1)  ishe her scientific),' and potassium 
tetrachloro~alladate(I1~ (Fisher Scientific) were used as 
received.   he gold complexes were preparid from hydro- 
gen tetrachloroaurate(lI1) (Fisher Scientific). The tetra-ri- 
butylanimonium salts of the brom~de and chloride com- 
plexes of platinum(II), palladium(II), and gold(1II) were 
prepared by the methods described by Mason and Gray 
(5) with the exception that saturated KIPtCId and 
K,PdCI, solutions were used. 

The solvents used in preparing spectral solutions were 
acetonitrile (Fisher Scientific), deuterium oxide (99.7 
Atom %D, Merck, Sharp and Dohme), and quadruple- 
distilled water. 

Spectra 
Spectra were recorded using a Beckman Model DK-1A 

Far UV recording spectrophotometer. For wavelengths 
shorter than 200 mp variable pathlength cells (Research 
and Industrial Instrument Company) were employed. 

Pathlengths of 0.01 and 0.0074 cm were achieved by 
closing the cells onto a Teflon spacer. In addition a 
matching pair of fixed pathlength ce!ls (0.028 cm) were 
also used. Calibration of these cells was achieved using 
solutions of known concentration of K2PtC16 (~202 = 

24 500 M - '  cm-I). 
In addition, for spectra recorded below 200 mM, the 

cell chamber was vigorously purged with high purity 
nitrogen to minimize light absorption by atmospheric 
gases The nitrogen purge also served to partially thermo- 
stat the cell chamber (22-24 'C) 

The obscrved spectra were resolved into a sum of 
Gaussian curves by a trial and error method similar to 
that described by Chatt, Gamlen, and Orgel (9). The addi- 
tional criterion of seeking the smallest number smooth 
symmetrical bands was imposed since it is easily shown 
(10) that a Gaussian curve can always be decomposed 
into a large number of snialler Gaussian curves. The 
bands thus resolved were tested with respect to rela- 
tionships derived from the Gaussian equation E = E.,,, 

exp [-(w/O)~]. Based on  an average of seven determin- 
ations, the precision in the calculated extinction coeffi- 
cients a t  high frequencies was + 5%. 

Following the suggestion of Mason and Gray (5) it was 
found that films of the tetra-n-butylammonium salts of 
both the tctrabromo- and tetrachloroplatinate(II) thin 
enough for high frequency studies could be deposited on 
a quartz plate. Low temperature (z14O0K) spectra of 
these samples were obtained using an Air  Products 
Cryo-Tip Model AC-1-110 equipped with a vacuum 
shroud Model WMX-17. Although only limited use was 
made of this technique, the enhanced resolution was an 
invaluable aid in resolving bands which were highly over- 
lapped in the solution spectra. 

A frcquency of about 55 000 cm-' constituted the 
upper limit of reliable nieasurcment since increasing slit 
widths entailed serious loss of resolution and beyond 
57 000 cm-' stray light can produce imaginary bands of 
significant intensity. Thus, under the conditions employed 
here bands for which the maximum occurred a t  or beyond 
55 500 cm- '  could not be completcly observed. In fact 
bands peaking beyond 55 500 cm-I gave the appearance 
of being "chopped" thereby giving rise to an artificial 
maximum of anonialously low intensity and frequency. 

Pliotolyses 
The photochemical procedures employed here are 

essentially the same as previously described (1 1). Inter- 
posing a 2 cm water filter totally suppressed N 2  forma- 
tion in the N20-PtC1,2- solutions thus ensuring that the 
effects observed were due to the 1849 .fi radiation. 
Furthermore, the cellholder employed was such that only 
the solution phase was irradiated, the gas phase being 
shielded from the incident radiation. Actinometry was 
by the aqueous N,O system reported by Dainton and 
Fowles (12) except that a value of 1.46cm-' for E,," 
was used (13). 

Results 
PtCf42- and PtBr42- 

Rapid hydrolysis precluded an acceptable 
aqueous spectrum of P tBr2-  but PtC12.- was 
sufficiently stable in H,O and D,O t o  permit a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1. Electronic spectra of chloride complexes" 
pp -- - - 

- -- - 

P~CI.,~ - I(n-C4H9)4N12PtC14 

Transition H z 0  D2O CH,CN Film [(n-C4H9),N]2Pd2C16 [(n-C4H9)4NlAuC14 ? 
- 

?: 
1A~,+1A2, (bZ,n*+blgo*) 25 740(63.3) 25 750(62.0) 24 750(59. 6)b 22 200(350)b 21 930(17.3)b 4 

A E  (e,n*+bl,o*) 30 650(79.1) 30 650(76.7) 29 500(66.4)' - 24 940(490)b 26520(319)h o 
l A l g l B l s  (al,o*-tbl,o*) 38 OOO(500) 38 OOO(514) 37 500(453) - - - x rn 

'A 1g+lA2u (b~un+blgo*) 43 200(6 170) 43 320(6 420) 41 530(4 100) 42 500 B 30 310(1 935)' 
z 

lAl+'E,,(l) (e,rc+b,,o*) 46 470(10 330) 46 650(10 230) 44 300(1O 360) 45 700 1 T 34 980(2 200) 1 31 050(5 750) 
0 

A I 1 E 2 )  (e.o+blso*) 52 400(18 840) 52 740(20 960) 51 OOO(l5 100) 52 000 B 41 190(32 000)' 1 T 48 440(28 100) 44 150(47 800) 
N 

l A I E - l B l  (b2,n*+a2,n*) - - - 52 200(28 400) - \O - 
1 A l s 1 E ( 3 )  (e,n*+a2,nS) -56 500(> 40 -56 5 0 0 0  40 OOO)d 54 230(50 400) 54 400 56 000(> 30 OOO)d > 57 OOOd -4 CI 

 frequency in cm-I (extinction coefficient (M-1 cm-1)). 
bReference 5. 
=Bridging ligand (B), terminal ligand (L). 
dEstimated from frequency shifts and/or &,,, at effective cutoff. 
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BATISTE AND RUMFELDT: ON CHARGE TRANSFER SPECTRA 177 

TABLE 2. Electronic spectra of bromide complexesa 

I 
I Electronic spectra 

Transition CH3CN Film 
- - 

[(n-C4Hd,NlPd2Br6 [(n-C4Hd4N1AuBr4 
-- 

( 'AI,+'A~, (bzsn*-+bl,a*) 23 150(126) - - 
I lA1,-t1E, (e,z*+b, ,a*) 26 880(187) - 20 600(848)* 21 740(1 560)h I 'Al,-t1B1, (al.a*+bl,a*) 30 100(2 100) 30 000 - - 

A I E ( A  (b~,n*->eux*) 53 600(27 900) 53 800 > 56 OOO(25 000)' > 56 OOO(27 000)' 
1Alg->1A2U(3) (egz*+eun*) 56 600(30 000)' - - - 

-- 
'Frequency in cm-I (extinction coefficient (M-1 cm-1)). 
bReferrnrp 5 - . - . - . -. . - - - . 
'Bridging ligand (B), terminal ligand (T). 
%evere overlap from unresolved high frequency absorption precluded accurate analysis. Frequency approximated from weakly distinguished 

peak at 52 600 cm-I. 
<Estimated from frequency shifts and/or E,,, at effective cutoff. 

spectrum to be recorded. Unfortunately the 
strong band occurring in the region of 55 000 
cm-' (which is of special interest because of the 
1849 A photolyses) was partially obscured by the 
effective solvent cutoff. On the other hand, aceto- 
nitrile proved to be a suitable solvent since it 
provided a medium in which the tetra-n-butyl- 
ammonium salts of PtC142- and PtBr,'- were 
stable and because the accompanying red shift 
effectively brought the high frequency bands into 
a more observable region. The spectra thus 
recorded for PtC1,'- and PtBra2- are illustrated 
in Figs. 2 and 3. 

In addition spectra were also obtained with 
low temperature thin film samples of PtC1,'- 
and PtBr,'-. The improved resolution thus 

1 ~ r ~ ~ u ~ n ~ ~ ( c r n - '  x lo-') 
I 
I .  FIG. 2. Electronic spectrum of [(n-C4H9)4N]ZPtC14 
I In CH3CN with pathlength 0.01 cm: -. observed spec- 
1 trum; ..., Gaussian components. 

Frequency (cm-' x 10.') 

FIG. 3.  Electronic spectrum of [(n-C4H9)4N]2PtBr4 
in CH3CN with pathlength 0.01 cm: -, observed spec- 
trum; .-, Gaussian components. 

achieved tended to reveal well defined peaks for 
those bands which appeared only as shoulders in 
solution. For example, whereas the 53 600 cm-' 
band of PtBr42- in CH,CN was determined 
principally as a residual after resolving out the 
lower frequency bands, with the thin film sample 
the band exhibited a clearly distinguished peak 
at 53 800 cm-l. The frequencies of the other 
bands are summarized in Tables 1 and 2. 

Although the bands at 50 740 and 53 600 em-' 
observed for PtBr,'- would occur too far into 
the U.V. to be observed for PtC142-, comparison 
of the intensities and peak separations of the 
initial four charge transfer bands reveals a 
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striking similarity in the spectra of the two 
compounds. 

PdzC1:- and Pd, B r 2 -  
As it was not practicable to use aqueous solu- 

tions due to rapid hydrolysis, the spectra of the 
Pd(I1) halides shown in Figs. 4 and 5 were ob- 
tained using solutions of the tetra-n-butylam- 
monium salts in CH,CN. Under these conditions 
the Pd(I1) complexes exist as the dimers ~ d , C 1 3  - 
and Pd2Br62-. As the terminal and bridging 
ligands are non-equivalent the Pd(1I) complexes 
will belong to a symmetry lower than D,, which 
applies to the Pt(I1) complexes. 

A charge transfer spectra of pdX,'- in 
aqueous HX solutions (X = C1 or  Br) has been 
reported (7). If allowance is made for the red 
shift which normally accompanies the change- 
from H,O to CH,CN the principal differences 
observed in the spectra of P d ~ 2 -  and Pd2X62- 

Frequency (cm-'r 10-l) 

FIG. 4. Electronic spectrum of [(n-C4H,)N]2Pd2CI, 
in CH,CN with pathlength 0.01 cm: -, observed spec- 
trum; .-, Gaussian components. 

Frequency (cm-' r lo-') 

FIG. 5. Electronic spectrum of [(n-C4H9)N],Pd2Br6 
in CH3CN with pathlength 0.01 cm: -, observed spec- 
trum; ..., Gaussian components. 

are a decrease in the intensity of the transition 
'Al, -, 'Eu(l) + ' A , ,  and a splitting of this 
band and that due to the transition 'A,, -, 
'E,(2) for the Pd,X:- complexes. The latter 
effect is seen as a result of the non-equivalence of 
the terminal and bridging ligands. 

Perhaps the most notable feature of the 
Pd(I1) spectra is the remarkable similarity be- 
tween PtBr,2- and Pd2Br62-. This is most 
easily seen by comparison of the data given in 
Table 2. 

AuC1,- and AuBr,- 
Again to avoid hydrolysis, solutions were pre- 

pared using [(n-C,H,),N][AuCl,] and [(n- 
C,H,),N][AuBr,] in CH,CN, the spectra of 
which are illustrated in Figs. 6 and 7. The 
aqueous spectra have been reported (7) and  
whilst the frequencies of the first two charge 
transfer bands seem to exhibit only a slight sol- 
vent effect, the intensity of the second band 
('A,, + 'E"(2)) appears to be quite solvent 
sens~tive (see Tables 1 and 2). 

The frequency shift accompanying the change 
from C1- to Br- is approximately 5000 cm-I 
which is comparable to that observed with the 
Pd(I1) complexes. Accordingly, it is noteworthy 
that there was no evidence for a band in the 
region 55 000-56 000 cm-' for AuC1,- to cor- 
respond to the 50 300 cm-' band in the AuBr,- 
spectrum. Although this region imposes experi- 
mental difficulties the absence of any evidence 
for even the onset of a band would seem to imply 
that this band has been shifted by more than 
7000 cm- ' in the AuC1,-. 

Photolysis of Aqueous PtC12- 
From several preliminary experiments it was 

found that N,O had no measurable effect o n  

Frequency(cm-' x lo-') 

FIG. 6. Electronic spectrum of [(n-C4H5))4N]A~C14 
in CH,CN with pathlength 0.0074 cm. 
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BATISTE AND RUMFELDT: ON CHARGE TRANSFER SPECTRA 179 

In several experiments it was found that the 
yield of "x" was reduced by addition of [SF,] = 
1.4 x lo-, M. Although the yield reduction ex- 
ceeded the experimental error it was not suffi- 
ciently large to provide the basis of a reliable 
kinetic analysis. Using a F- specific ion elec- 
trode, a yield of F- was found; however, quan- 
titative interpretation was not practicable since 

. .. . . .. control experiments using PtC1,'- solutions con- 
", . .. , . . . . . . taining measured amounts of F- when irradiated 

revealed a substantial decrease in the detectable 
f iequencykm-'  x 10.') F-. It is known that the three solutes PtC1,'-, 

FIG. 7. Electronic spectrum of [(n-C4H9),N1AuBr4 N 2 0 ,  and SFG are all efficient scavengers of 
in CH,CN with pathlength 0.007, crn: -, observed spec- e,,- with  SF^ being highly specific (14, 15) trurn; ..-, Gaussian components. 

= 9 x lo9 M - I  s-l(16), k , + ~ ~ ~  = 

the photochemistry of aqueous PtC142- when 8.7 log M - '  s-' (I7), and ke+si=, = 1.65 
the incident radiation was of wavelength 2537 A 10" A4-I  s- (14)). 
or longer. On the other hand, N, was produced Although the identity of "x" is not unam- 
when 1849 ,A, light was used. The N, yields from biguously established, the data is consistent with 
solutions for which [PtC142-] varied from X = eng-. Accordingly the yields would be rep- 
to 8.6 x 10-s M and [N20] from 2 x lo-, to resented by modifying eq. 1 to 
9 x M were linear with respect to  radia- &[PtII] 
tion time; however, the dependence on [ P t ~ l t - ]  [21 $(XI = $,aq------ 

and [N,O] was complex. C ~iCSil 
i 

It is well known that at 1849 A N 2 0  undergoes 
X 

1 
direct photodissociation with the primary yield 1 + ~ P ~ I I [ P ~ I I ~ / ~ N , o [ N z O I  
(yNZ0) assumed to be unity (12). Due to filtering 
effects of the solvent and other absorbing solutes where $eaq- is the primary yield of eaq- and the 
the anticipated due to photolysis of N,O final term represents the competitive scavenging. 
(y(N2)) can be calculated from the relationship The values of $eSq- thus calculated are given in  

Table 3 and are seen to be relatively constant ex- 
[I] y(N2) = cept at very high [PtC142-] where the departure 

EN 2 0 C N 2  O] yN20 -------------- from homogeneous kinetics would be severe due 
E ~ ~ ~ [ N ~ O ]  + E ~ ~ , , [ P ~ I I ]  + to the exceedingly high optical density of the 

solution. 
I where 'Hz0 = cm-l  is the linear extinction ~pectrophotometric analysis ofthe photolypd 
, coefficient of H 2 0  (l3). For em- solutions revealed the presence of PtC12- and 

played in this study the actual yields measured, after the solutions were made in ~~1 and 
$(N2), were significantly greater than ~ ( ~ 2 ) .  For time for anation to be corn- 
example where [PtClA2-1 = 1.0 x M and 
[N,o] = 2.0 x i0-,,' y ( ~ , )  = 0.035; however, 
$(N2) = 0.21 f 0.02. Thus, the 1849 A photol- TABLE 3. Analysis of  yield data from the photolysis of 

ysis of aqueous PtC12- must generate a species aqueous PtC142-a 

(denoted "x") which reacts with N 2 0  to produce -------- 

, N2 and the yield of this species would be [::;,G1 
$(x) = $(N2> - y(N2). 

+(Ndb y(N2)' +(X) 

, Whereas $(N,) decreased, $(x) increased with 0.1 0.33 t0 .02  0.21 0.12 0.23 
increasing [PtC142-] reaching an apparent pla- 0.2 0.30 t 0 . 0 2  0.17 0.17 0.25 

0 5 ( teau at [PtCI,"] = 1 x lo-' M, but thereafter :0 
0.27 k0 .02  0.07 0.20 0.25 
0.21 k0 .02  0.03 0.18 0.21 ' $(x) decreased. These phenomena were inter- 8.6 0.006+0.001 0.00 0.006 0.09 - 

preted as the results of both an inner filter effect ,G~~~;;~;G~. 
I and competitive scavenging by N,O of the bActual yield measured. 

CCalculatcd froni eq. 1. 
I species "x". 'Calculated from eq. 2. 
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plete the yield relationship was found t o  be 
4(N2) = C$(P~C~,~-). However, as  the ptClb2- 
analysis involved more potential errors as well as 
the necessity of much longer irradiation times 
this datum merely establishes qualitative con- 
firmation of the redox reaction. 

Discussion 
On the basis of the molecular orbital energy 

diagram shown in Fig. 1 two general classes of 
charge transfer bands are anticipated for the d8  
complexes studied here. The first of these can be 
designated as  ligand to  metal (L -t M) and in- 
volve electron transfer from orbitals localized 
mainly on the ligands to  the essentially metal 
b,,(xZ - y2) orbital. In the second, the molecular 
orbitals correspond to the metal d- and p-orbitals 
as  the donor and receptor orbitals, respectively 
(d -t p). In the event that in the excited states for 
these transitions a degree of back bonding oc- 
curred by the halide "open" d-orbitals via 
a,,* or e,* orbitals then these transitions could 
acquire some metal to  ligand (M + L) character. 
With respect t o  complexes studied here the 
L -t M bands should be characterized by a shift 
t o  lower energy following the series Pt(ll), Pd(lI), 
t o  Au(JI1) whereas the d -t p transitions should 
exhibit a trend t o  higher frequencies over the 
same series. Accordingly, the proposed assign- 
ments listed in Tables 1 and 2 are based on the 
orbital ordering illustrated in Fig. 1 in con- 
junction with the shifts in band frequencies a s  
related to  changes in the central metal and 
ligands. 

In order to include the dimeric Pd complexes 
in a single scheme of assignments with the square 
planar Pt and Au complexes a n  additional as- 
sumption was necessary. An effective local sym- 
metry about the Pd atom of C,, was assumed and 
on this basis an initial choice of assignments was 
made. These were subsequently listed with the 
equivalent transitions in the D,, scheme. Apart 
from the splitting of the L -t M bands due t o  
the non-equivalence of the bridging and terminal 
ligands and the increased intensity of the ob- 
served ligands field bands, the most significant 
ramification of the lower symmetry is that the 
otherwise orbitally forbidden 'A,, -t ' B , ,  tran- 
sition becomes allowed. 

The low intensity d + d transitions, a rCsumt 
of which is included in Tables 1 and 2, have been 
the subject of numerous investigations (4), and 
d o  not warrant further comment here. Of the 
intense bands, the assignments for the L -t M 

transitions are in essential agreement with those 
given by Mason and Gray (5). The alternate 
assignment (8) for the second charge transfer 
band in PtX,'- as 'A, ,  -t 'EU(2) was rejected 
since this would impose the unreasonable con- 
clusion that the same transition in AuX,- 
would occur a t  o r  below the same frequency. The  
separation of the 'A,, and 'E"(1) states in PtX42 - 
has been interpreted (6) as a result of the bonding 
character of the e,rr orbital. This corresponds t o  
an enhanced bond order which in turn provides 
a partial basis for the relative stability of PtX4'- 
and the qualitative conclusion that P ~ x , ~ -  is 
more covalent than AuX,-. Since covalency 
would be contingent upon mixing of predom- 
inantly ligand p-orbital combinations with the 
metal d-orbitals, a reasonable consequence might 
be the introduction of weak matrix elements into 
the 'A,, ' ~ ~ ( 2 )  transition thereby explaining 
the pronounced increase in intensity on going 
from P t X 2 -  t o  AuX,-. 

The additional intense bands must be assigned 
to  transitions involving orbitals other than  the,^ 
metal b,, (xZ - yZ) and based on the orbital 
scheme shown in Fig. 1 it can be seen that these 
transitions will involve excitation from the pre- 
dominantly metal d-orbitals (b,,(xy), e,(xz,yz), 
and al,(z2)) t o  either thea,,* ore,* orbitals. T h e  
first fully allowed transition of this nominal 
d -t psequence is 'A,, -t 'E,(3) (e,* -t a,,*) and 
whilst this transition is fully observed only in 
PtC1,'- amongst the chlorides, it is observed in 
all three bromide spectra and  the pronounced 
shift to  higher energy on going from PtBr42- t o  
AuBr,- is consistent with d + p transitions. F o r  
the remaining observed bands the assignments 
proposed have been based o n  a natural energy 
sequence derived from the ordering of b,,* > 
e,* > a,,* for  the metal d-orbitals and e,* > 
azu*. 

The spectra of these complexes can conve- 
niently be divided into three regions in the order 
of increasing energy, ligand fields bands, 
CTTM, and d + p. In parallel fashion irradia- 
tion of aqueous PtCldZ- leads t o  a different 
photochemistry in each of these regions. Balzani 
and Carasiti (2) have shown that within the 
ligand field region wavelength independent 
photohydrolysis occurs with 4(C1-) -- 0.2. 
Using 2537 A light the result is again only photo- 
hydrolysis but  with $(-C1) = 0.90 suggesting a 
different active precursor state. Although not  
precisely defined, the precursor states must 
correlate with a configuration involving popula- 
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I 

I tion of the b!,o* (x2 - y2) orbital. Since this 
/ will produce Increased metal-ligand repulsion, 

the natural consequence is seen as hydrolysis. 
The 1849 Pi irradiations reported here demon- 

1 strate that excitation in this region results In a 
I photochemistry quite distinct from that observed 

I at longer wavelengths. Following the proposed 
assignments, the IEu(3) state will be formed 

1 initially; however, if the pattern of internal con- 
1 version and intersystem crossing which charac- 

terize the ligand field (2, 18) excitation is also 
operative in this region, then the immediate pre- 
cursor to photoelectron formation should be 

I identified with a state lying lower in energy. The 
'EU(2) and 'Eu(l), although below the 'EU(3), 
are not configurationally compatible with 'E,(3) 
and such a conversion should either be prohib~ted 
or at least very slow. Furthermore, since the 
'EU(2) or 'Eu(l) states involve population of the 

1 b1,o*(x2 - y2) orbital it is expected that their 
I participation would ultimately lead to hydrolysis 
I 

not the formation ofe,,-. It is interesting to note 
that whereas 'B,, and 3B1u states are not ob- 
served due to orbital and spin selection rules, 
they are configurationally similar to the 'EU(3) 
state and could contribute to the primary photo- 
physical processes. In any event the immediate 

, precursor state should be one in which electron 
density has been transferred to the a,,* orbital. 

, With PtC142-, because of the square planar 
geometry, the C4-axis should be a region of high 

( solvent sensitivity thus charge transfer to the 
1 a,,* orbital which is colinear with the C4-axis 
I should provlde a natural path for the ultimate 

electron transfer to the solvent. 
Photoelectron formation has been mainly as- 

( sociated with the photolysis of simple anions 
(e .g.  halides, pseudohallde, and some main group 
oxyanions) or cyanometal complexes. In the 
former cases the initiating excitation is generally 
assigned to a CTTS band (19) wh~lst for the 
latter the proposed bands are CTTL or CTTS 

, (3). In both cases excitation is readily seen to re- 
sult in a transfer of electron density to solvent 
sensitive orbitals. Thus, a similarity can be estab- 
lished between these systems and ~ t C l , ~ - .  In 
comparison then it is a significant feature that 

i different spectroscopic transitions can ultimately 
I result in the same photochemistry. Consequently 1 the photochemical activity alone should not be 

regarded as a substantive basis for postulating 
the presence of a specific spectroscopic assign- 
ment. 

CHARGE TRANSFER SPECTRA 181 

Finally, while we do not dispute the utility of 
the criteria proposed by Waltz and Adamson (3) 
for selecting probable photoelectron sources, the 
PtC12- system which so clearly fails these cri- 
teria demonstrates that photoelectron formation 
is not limited to a restricted group of transition 
metal complexes but at sufficiently short wave- 
lengths could be a general phenomenon. 
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Erratum: Conformation of Bridged Diphenyls. 111. Crystal Structure of 
2-(2~-Carbomethoxy-4'-nitrophenoxy)-l,3,5-trichlorobenzene 

E. A. H. GRIFFITH,' W. D. CHANDLER, A N D  B. E. ROBERTSON 
Divisrotl oJ Natrrrnl Scietlces otld Mnrllemcltics, Utlivers~ty of Suskntc l~e~vat~ .  Regitlcr, Saskrtrclle~vnt~ S4S OA2 

(Ref.: Can. J .  Chem. 50.2979 (1972)) 
Received October 12, 1973 

Can. J .  Chem., 52, 182 (1974) 

Dr. George Ferguson has drawn our attention to the possibility that a computational error led 
to the unusual shapes of the thermal ellipsoids in Figs. 5 and 6 of this paper. A recalculation sup- 
ports this suggestion; corrected versions of these figures are shown below. The section beginning 
on line 13, column 2, p. 2984 to the end of the same paragraph should be deleted. 

In Table 1(b) the number for the z fractional coordinate of atom H(14,l) should read -261(9). 

FIG. 5. Stereoscopic view of molecule 1. The thermal ellipsoids have been scaled to include 50% probability. 

FIG. 6 .  Stereoscopic view of molecule 2. The thermal ellipsoids have been scaled to include 50% probability. 

1 - 
'Present address: Department of Chemistry, University of South Carolina, Columbia, South Carolina 29208. 
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COMMUNICATIONS 

i 

i Photochemistry of Glycosyl Azides 
1 

JAN PLENKIEWICZ,' GEORGE W. HAY, A N D  WALTER A.  SZAREK~ 
Depurtment of Clrernistry, Qrreen's University, Kingston, Orltario 

Received August 16, 1973 

Irradiation with U.V. llght of a rnethanolic solution of ~ - D - g l ~ ~ ~ p y r a n ~ ~ y l  (I), a-D-mannopyranosyl 
(3), or ~-D-galactopyranosyl (4) azide affords in good y~eld the corresponding next-lower aldose. I n  the 
case of P-maltosyl (6), P-D-ribofuranosyl (7), or a-L-arabinopyranosyl (8) azide, there was observed the 
formation of an intermediate which, on standing in the dark, reverts back to starting material. 

L'irradiation avec de la lumitre ultra-violette d'une solution methanolique d'azothydrure de  P-D- 
glucopyrannosyle (I), d'a-D-mannopyrannosyle (3) ou de P-D-galactopyrannosyle (?), a cond~lit avec des 
bons rendernents aux aldoses irnmtdiaternent inferieurs correspondants. Dans le cas des azothydrures 
de P-maltosyle (6), de P-D-ribofurannosyle (7) ou d'a-L-arabinopyrannosyle, on  a observe la formation 
d'un intermkdiaire qui redonne le produit initial lorsqu'on le laisse & la noirccur. 

[Traduit par le journal] 

Can. J .  Chem., 52, 183 (1974) 

The photochemistry of various types of 
organic azides has been extensively studied (1). 
Generally, photolysis of azides results in elimina- 
tion of molecular nitrogen and formation of 
products which can be rationalized by the 
intermediacy of a nitrene (for reviews on nitrenes 
see ref. 2), although the existence of such an 
intermediate has not been proven in all cases. A 
variety of reactions is available to photochem- 
ically-generated nltrenes, namely, abstraction 
of hydrogen by the nitrene, rearrangement of a 
hydrogen or carbon function t o  the electron- 
deficient nitrogen, and insertion of the nitrene 
into a saturated bond or addition to  multiple 
bonds. In the field of carbohydrate chemistry, it 
has been found that photolysis of primary azides 
in sugar systems, followed by mild hydrolysis of 
the resultant imino derivatives, is an  excellent 
method for the preparation of o-aldehydo 
derivatives of glycosides (3), 6-aldehydo analogs 
of such polysaccharides as amylose (4, 5), starch 
(4), and cellulose (6, 7), and 5'-aldehyde analogs 
of nucleosides (8); the photolysis presumably 
occurs by way of an intermediate nitrene 

I (R-CH2N :) which rearranges by a 1,2-hydro- 
gen migration. Photolysis of secondary azides I of sugars also leads t o  carbonyl derivatives, but 

1 'On leave from theDepartrnent of Chemistry, Technical 
! University of Warsaw (Politechnika), Warsaw 10, Poland. 
! ZTo whom correspondence should be addressed. 

the yields of the keto sugars are low (9). In this 
Communication we report some results of an 
investigation of the photochemistry of glycosyl 
azides. Two salient features of this work are the 
facile degradation by U.V. light of some of the 
azides to  the corresponding next-lower aldose, 
and the observation, in some cases, of the  forma- 
tion of an intermediate which, on standing in the 
dark, reverts back to starting material. 

The first type of behavior was exhibited by 
aldohexopyranosyl azides. The experiments in- 
volved irradiation3 of a solution of the glycosyl 
azide4 (1.5 g) in methanol (65 ml) for 4 h,  at the 
end of which time t.1.c. on silica gel (1 : 2 : 3, v/v, 
methanol - ethyl acetate - benzene or 3 : 1 eth- 
anol-benzene) indicated that all of the starting 
material had been consumed, and showed the 
presence of a slower-moving component and a 
nonmigrating component; the reaction mixture 
was concentrated, and the former component 

31rradiations were performed with a 450-W Hanovia 
medium-pressure mercury-arc lamp (Cat. No. 679A-36) 
contained in a water-cooled, quartz in~mersion-well; a 
Vycor 7010 filter-sleeve was employed. The whole assem- 
bly was mounted in a borosilicate glass reaction-vessel. 

4Details of the preparation of the glycosyl azides 
employed in the study described in this Communication, 
together with their physical constants, will be reported 
later. As a typical example, P-D-galactopyranosyl azide 
(4) exhibits weak absorption in its U.V. spectrum {meth- 
anol) at  275 nm ( E  38.4). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



184 C A N .  J.  C H E M  . VOL. 52, 1974 

was isolated by column chromatography. Thus, 
P-D-glucopyranosyl azide (1) and a-D-mannopy- 
ranosyl azide (3) afforded D-arabinose (2) in 47 
and 60% yields, respectively, whereas P-D-galac- 
topyranosyl azide (4) gave D-lyxose (5) in 65% 
yield. 

When 4-0-a-D-glucopyranosyl-P-D-glucopy- 
ranosyl azide (6, P-maltosyl azide) was irradiated 
under the conditions described above, t.1.c. (2 :3, 
v/v, benzene-ethanol) again indicated after 4 h 
that, all of the starting compound had been con- 
verted into a slower-moving material, which was 
revealed as an elongated spot suggestive of the 
presence of more than one compound, and a 
nonmigrating component. The i.r. spectrum of 
the reaction mixture (determined with a smear 
obtained by rapidly evaporating a small aliquot) 
did not show any absorption at --2130cm-' 
attributable to an azido group, but showed a 
broad band centered at - 1670 cm - I .  However, 
after the reaction mixture had been k e ~ t  for 2 h 
in the dark, the i.r. spectrum showed a weak 
absorption at 2125 cmpl. After 50 h, a very 
strong absorption attributable to an azido group 
was observed in the spectrum; moreover, t.1.c. 
indicated the presence of a considerable amount 
of starting materiaL5 Column chromatography 
afforded 0.91 g of the starting azide (6) and 
0.40 g of slower-moving material. The i.r. spec- 
trum of the latter showed a broad band at - 1670 cm-' ; acid-catalyzed hydrolysis of this 
material afforded glucose and arabinose, a result 
which suggests the presence of some 3-0-a-D- 
glucopyranosyl-D-arabinose, the disaccharide 
expected to be formed by photochemical de- 
gradation of P-maltosyl azide (6). The identity of 

"he same observations were recorded on irradiating 
(3-rnaltosyl azide (6)  for 11 h and then keeping the reac- 
tion mixture in the dark for 48 h. 

the substance giving rise to the absorption at - 1670 cm-' has not been established. It is 
noteworthy that, whereas during the irradiation 
of the aldohexopyranosyl azides 1, 3, and 4 
there was an immediate and steady evolution of 
gas, in the case of P-maltosyl azide (6) very little 
gas appeared t o  be liberated. 

The unusual behavior exhibited by P-maltosyl 
azide, namely, the formation upon irradiation 
of an intermediate which, on  standing in the 
dark, reverts back to starting material, was also 
observed with P-D-ribofuranosyl azide (7) and 
a-L-arabinopyranosyl azide (8). In the latter two 
cases the presence of starting material could not 
be detected by t.1.c. after 2 h of irradiation; 
longer periods of irradiation resulted in severe 
streaking of the chromatograms. 

The results described in this Communication 
indicate that the irradiation with U.V. light of  
appropriate glycosyl azides should be a con- 
venient one-carbon, chain-shortening procedure 
(for other photochemical degradations of carbo- 
hydrate derivatives see ref. 10) in synthetic 
carbohydrate chemistry. An investigation of the 
second type of behavior is in progress. 

The authors are grateful to the  National Research 
Council of Canada for its generous financial support of 
this work, and t o  Professor J. K. N. Jones for his interest 
and counsel. 

I. A. REISER and H. M. WAGNER. In The chemistry of 
the azido group. Edited by S. Patai. Interscience Pub- 
lishers, London. 1971. Chapt. 8. 

2. (a) L. HORNER and A. CHRISTMANN. Angew. Chem. 
Int. Ed. Engl. 2, 599 (1963); (b )  R. A. ABRAMOVITCH 
and B. A. DAVIS. Chern. Rev. 64, 149 (1964); (c) W .  
LWOWSKI. Angew. Chem. Int. ,Ed. Engl. 6,897 (1967); 
( d )  W. LWOWSKI (Editor). Nitrenes. Interscience Pub- 
lishers, New York. 1970. 

3. D. HORTON, A. E. LUETZOW, and J. C. WEASE. Car- 
bohydr. Res. 8, 366 (1968). 
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365 (1971). (1972). 

5. D. HORTON, A.  E. LUETZOW, and 0 .  THEANDER. 9. D. M. CLODE and D. HORTON. Carbohydr. Res. 14, 
Carbohydr. Res. 27, 268 (1973). 405 (1970); R. L. WHISTLER and L. W. DONER. J. Org. 

6. D. M. CLODE and D. HORTON. Carbohydr. Res. 12, Chem. 35, 3562 (1970). 
477 (1970); 19, 329 (1971). 10. A. E. ELASHMAWY, D. HORTON, and K. D. PHILIPS. 

7. D. HORTON, A. E. LUETZOW, and 0. THEANDER. Carbohydr. Res. 9,350 (1969); R. W. BINKLEY and W. 
Carbohydr. Res. 26, l(1973). W. BINKLEY. Carbohydr. Res. 23, 283 (1972). 

Direct Formation of the Carbonyl Anion of Diisopropyl Formamidel 

ROBERT R. FRASER AND PATRICK R. HUBERT 
Deportment of Chemistry, Urriversity of Otfnrva, Ottorvo, Canndr~ KIN 6N5 

Received August 3, 1973 

The reaction of diisopropyl formamide with lithium diisopropylamide produces, by abstraction of 
the formyl proton, the carbonyl anion, LiCON[CH(CH3),12. Reactions of this anion with benzaldehyde, 
benzophenone, ethyl benzoate, acetone, and propionaldehyde occur in yields ranging from 30-92%. 
Thus, this anion provides a useful method for the synthesis of a-hydroxy and cc-keto acids, particularly 
in cases where cyanohydrin formation is difficult. 

La reaction de la diisopropyl formamide avec la diisopropylamide de lithium a produit, par enlevement 
du proton formyle, l'anion carbonyle LiCON[CH(CH,),],. Les reactions de cet anion avec de la benzal- 
dthyde, de la benzophtnone, du benzoate d'ethyle, de I'acktone et de la propionaldehyde se font avec 
des rendements variant de 30-92%. Par suite grlce B cet anion on obtient une methode utile pour la 
synthese de a-hydroxy et cc-cetoacides, particulierement dans les cas ou la formation de cyanohydrines 
est difficile. [Traduit par le journal] 

Can. J .  Chem., 52, 185 (1974) 

Recently much work (1) has been devoted to  
the formation of carbanions whose utility in 
synthesis derive from their being "carbonyl anion 
equivalents" (2). Naturally it would be much 
easier and more valuable if carbonyl anions 
could be directly formed and reacted. There is 
evidence in the literature that this should be pos- 
sible. Both alkoxide (3a) and arnide (36) anions 
undergo reversible addition to  carbon monoxide 
at high pressure. Alkyllithiums have also been 

, shown to add to carbon. monoxide (3c). Further- 
' more, Schollkopf and Gerhart (4) have pos- 
1 tulated the carbanion of diethylformamide 
I 

) 'Support for this work by the National Research 
,Council of Canada is gratefully acknowledged. 

0 
I1 

OCN(Et), as the probable intermediate2 in the 
conversion of the mercuriamide, Hg[CON(Et),], 
by reaction with butyllithium and benzophenone 
into the hydroxyamide (C,H,),C(OH)CON- 
(C,H,),. We wish to report a new method of 
formation of an acyl carbanion, specifically, by 
direct abstraction of the formyl proton of diiso- 

'Alternatively, the intermediate involving coordina- 
tion of mercury to the carbene form of the anion, i.e., 

LiO 

((Et12N>C);Hg-(tz-Bu)2 was suggested (4). 
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sible. Both alkoxide (3a) and arnide (36) anions 
undergo reversible addition to  carbon monoxide 
at high pressure. Alkyllithiums have also been 

, shown to add to carbon. monoxide (3c). Further- 
' more, Schollkopf and Gerhart (4) have pos- 
1 tulated the carbanion of diethylformamide 
I 

) 'Support for this work by the National Research 
,Council of Canada is gratefully acknowledged. 

0 
I1 
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conversion of the mercuriamide, Hg[CON(Et),], 
by reaction with butyllithium and benzophenone 
into the hydroxyamide (C,H,),C(OH)CON- 
(C,H,),. We wish to report a new method of 
formation of an acyl carbanion, specifically, by 
direct abstraction of the formyl proton of diiso- 

'Alternatively, the intermediate involving coordina- 
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II 
TABLE 1. Reactions of LiC-N[CH(CH3)2](LiA) 

with electrophiles 
--- --- -- 

Electrophile Product" Yield(%)b 

Acetone 
Benzaidehyde 
Benzophenone 

Ethyl benzoate (1 equiv.) 
Ethyl benzoate (0.5 equiv.) 
Methyl iodide 
Propionaldehyde 
Propyl iodide 
D2O 

O A l l  products possess n.m.r. spectra and  combustion analyses in accord with 
their assigned stri~ctures. 

bYields are  o f  pure products isolated and purified by column chromatography 
unless stated otherwise. 

?Analysis by n.m.r. integration measurements. 

propyl formamide, and to describe the reactivity 
of this anion toward a number of electrophiles. 

When diisopropyl forniamide is added to a 
solution of lithium diisopropylamide in tetra- 
hydrofuran (THF) at - 78 "C, abstraction of the 
forniyl proton by the nitrogen base takes place 
as indicated by the following observations. Addi- 
tion, after 4 niin, of an equivalent of D 2 0  gives 
back amide in which 7 0 z  of the formyl proton 
has been replaced by deuteri~~nl (n.m.r. integra- 
tion). Similarly, addition of benzophenone gives 
a 92% yield of the hydroxyamide (C,H,),C(OH)- 
CONR, (throughout thispaper R = CH(CH3),). 
Addition of other electrophiles results in the for- 
mation of a variety of products whose structures 
and yields (isolated) are given in Table 1. These 
results clearly demonstrate that the carbonyl 
anion3 has been successfully formed. They also 
provide a convenient niethod for the synthesis of 
a variety of structures for which existing methods 
are often tedious; i.e., a-hydroxy acids, a-keto 
acids, and hydroxymalonic acids. Use of this 
anion in place of cyanide for the purpose of 
-- 

3Abstraction of the formyl proton by lithium diiso- 
propyl amide is also of theoretical interest. Over ten years 
ago Breslow (6) proposed that the first step in the poly- 
merization of formaldehyde to "formose" was the genera- 

0 
I 

tion of the H-CQ anion. Though the base used herein 
is far stronger than that used in "formose" production 
it demonstrates that carbonyl carbanions can be formed 
by proton abstraction. 

making a-hydroxy acids provides obvious advan- 
tages of safety in handling and better reactivity 
towards ketones which form cyanohydrins with 
difficulty or not at all (e.g., benzophenone (5)). 

The widely differing yields for reactions of this 
carbonyl anion most probably result from the 
presence of a mobile equilibrium (K,,E 2) 

HCONRz + LiNR2 + Li-CONR2 + HNR2 

Thus, the formation of 7 0 z  deuterated amide 
probably indicates the position of this equilib- 
rium, since quenching of the carbanion with D 2 0  
ought to be rapid. On the other hand, addition 
of less reactive electrophiles gives rise to  yields 
which likely reflect the reactivity of thecarbanion 
towards the electrophile, relative to that of the 
nitrogen anion. 

It is interesting to note that dimethyl forma- 
mide (DMF) under the same reaction conditions 
fails to give an adduct with benzophenone. In- 
stead, the only isolable product was diphenyl- 
carbinol (17% yield). Reduction in this instance 
is attributed to a hydride transfer by the inter- 
mediate HC(0-)NR2N(CH,),. Increasing the 
bulk of the substituents on the amide nitrogen 
likely prevents formation and subsequent reac- 
tion of this type of intermediate. An alternative 
explanation based on differing acidities of the 
formyl protons of DMF and diisopropyl form- 
amide seems unlikely in view of our observation 
that these two "acids" show comparable rates of 
H-D exchange in DMSO-d, (0.5 M in potassium 
t-butoxide). 
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Work on extensiori of the utility of the anion 
of diisopropyl formamide to include its reaction 
with other electrophiles is currently in progress. 

Experimental 
Standard Procedure 

To a solution of diisopropyl amine (2.6 mmol) in 50 ml 
T H F  at -78" is added 2.6 mmol of methyllithium fol- 
lowed after 2 min by 2.6 mmol of diisopropyl forrnamide. 
After 5 min benzophenone (2 mmol) is added and the 
solution stirred for 45 rnin. Warming to room tempera- 
ture, then removing solvent, dissolving in methylene chlo- 
ride, washing with water-, dr-ying, and evaporating solvent 
gave a solid which was subjected to column chromatog- 
raphy. Elution from silica with chloroform gave 570 mg 
(92% of theory) of solid, m.p. 150.5-151". 

1. K. OSHIMA, K. SHIMOJI, H. TAKAHASHI, H. 
YAMAMOTO, and H. NOZAKI. J. Am. Chem. Soc. 95, 
2694 (1973); J .  E. RICHMAN, J. L HERRMANN, and R. 
H.  SCHLESSINGER. Tetrahedron Lett. 3267 (1973)and 
references therein. 

2. D. SEEBACH. Angew. Chem. Int. Ed. 8, 639 (1969). 
3. ( a )  J.  A. CHRISIIANSEN and J. C. GJALDBACK. Chem. 

Abstr. 38, 3898 (1944), F. ADICKES and G. SCHAFER. 
Ber. 65B, 950 (1932). (h)  H.  WINTELER, A. BIELER, 
and A. GUYER. Helv. Chem. Acta. 37.2370 (1954). (c) 
P. JUTZI and F. W. SCHROCER. J. Organometallic. 
Chem. 24, l(1970). 
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819, 990 (1967). 

5. Houben-Weyl Methoden der Organische Chemie. 
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o-Nitrophenylethylene Glycol: a Photosensitive Protecting Group 
for Aldehydes and Ketones 

JACQUES HEBERT' AND DENIS GRAVEL 
Depc~rtmerlt of Cl~enzisfry, University of'Montrenl, P.O. Box 6128, Morztrenl, Qrrebec 

Received August 10, 1973 

o-Nitrophenylethylene glycol (1) was synthesized and found to be useful as a photochenlically labile 
blocking group for aldehydes and ketones. The acetals obtained are cleaved smoothly upon irradiation at  
3500 A, regenerating the parent carbonyl compound in very good yield. 

L'o-nitrophCnyltthylene glycol (1) a CtC synthetise et dCveloppC comme groupenlent protecteur photo- 
chimiquernent labile pour les aldehydes et les cetones. Les acCtals ainsi form& se scindent trts facilement 
par irradiation a 3500 A pour regenerer les composCs carbonylis parents avec de tres bons rendements. 

Can. J .  Chem., 52,187(1974) 

The photochemical isomerization of o-nitro- 
benzaldehyde (1) and of various o-nitrobenzyl 
derivatives (2) has been investigated actively 
since the beginning of this century. The greatest 
portion of the work done in this field has been 
reported by Tanasescu (ref. 3a and later papers, 
in particular ref. 3b) and dealt mainly with the 
photochemical cleavage of o-nitrobenzylidene 
acetals. The key step in this general reaction 
involves the transfer of an oxygen atom from 
the nitro group to  the benzylic position. 

In 1966, Barltrop et al. (4) reported new 

1 'NRCC Postgraduate Scholarship Holder 1969-1973. 

photosensitive blocking groups for the amino 
and carboxyl functions of amino acids based 
on the above concept. Since then, the use of 
o-nitrobenzyl derivatives as photosensitive pro- 
tecting groups in peptide (5) and carbohydrate 
chemistry (6) has attained a high degree of 
sophistication due to the efforts of Patchornik 
and co-workers (5, 6). 

We wish to report here the synthesis of 
o-nitrophenylethylene glycol (1) and its applica- 
tion as a photosensitive protecting group for the 
carbonyl function (Scheme I). 

The title compound (1) (m.p. 95-96") was ob- 
tained in 78% yield by alkaline hydrolysis of 
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Work on extensiori of the utility of the anion 
of diisopropyl formamide to include its reaction 
with other electrophiles is currently in progress. 

Experimental 
Standard Procedure 

To a solution of diisopropyl amine (2.6 mmol) in 50 ml 
T H F  at -78" is added 2.6 mmol of methyllithium fol- 
lowed after 2 min by 2.6 mmol of diisopropyl forrnamide. 
After 5 min benzophenone (2 mmol) is added and the 
solution stirred for 45 rnin. Warming to room tempera- 
ture, then removing solvent, dissolving in methylene chlo- 
ride, washing with water-, dr-ying, and evaporating solvent 
gave a solid which was subjected to column chromatog- 
raphy. Elution from silica with chloroform gave 570 mg 
(92% of theory) of solid, m.p. 150.5-151". 
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o-Nitrophenylethylene Glycol: a Photosensitive Protecting Group 
for Aldehydes and Ketones 

JACQUES HEBERT' AND DENIS GRAVEL 
Depc~rtmerlt of Cl~enzisfry, University of'Montrenl, P.O. Box 6128, Morztrenl, Qrrebec 

Received August 10, 1973 

o-Nitrophenylethylene glycol (1) was synthesized and found to be useful as a photochenlically labile 
blocking group for aldehydes and ketones. The acetals obtained are cleaved smoothly upon irradiation at  
3500 A, regenerating the parent carbonyl compound in very good yield. 

L'o-nitrophCnyltthylene glycol (1) a CtC synthetise et dCveloppC comme groupenlent protecteur photo- 
chimiquernent labile pour les aldehydes et les cetones. Les acCtals ainsi form& se scindent trts facilement 
par irradiation a 3500 A pour regenerer les composCs carbonylis parents avec de tres bons rendements. 

Can. J .  Chem., 52,187(1974) 

The photochemical isomerization of o-nitro- 
benzaldehyde (1) and of various o-nitrobenzyl 
derivatives (2) has been investigated actively 
since the beginning of this century. The greatest 
portion of the work done in this field has been 
reported by Tanasescu (ref. 3a and later papers, 
in particular ref. 3b) and dealt mainly with the 
photochemical cleavage of o-nitrobenzylidene 
acetals. The key step in this general reaction 
involves the transfer of an oxygen atom from 
the nitro group to  the benzylic position. 

In 1966, Barltrop et al. (4) reported new 

1 'NRCC Postgraduate Scholarship Holder 1969-1973. 

photosensitive blocking groups for the amino 
and carboxyl functions of amino acids based 
on the above concept. Since then, the use of 
o-nitrobenzyl derivatives as photosensitive pro- 
tecting groups in peptide (5) and carbohydrate 
chemistry (6) has attained a high degree of 
sophistication due to the efforts of Patchornik 
and co-workers (5, 6). 

We wish to report here the synthesis of 
o-nitrophenylethylene glycol (1) and its applica- 
tion as a photosensitive protecting group for the 
carbonyl function (Scheme I). 

The title compound (1) (m.p. 95-96") was ob- 
tained in 78% yield by alkaline hydrolysis of 
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o-nitrostyrene oxide (7) using potassium car- 
bonate in aqueous dioxane. The acetals (3a-f) 
of cyclohexanone (3a), p-nitrobenzaldehyde (3b), 
benzophenone (3c), 5-pregnen-3P-01-20-one ace- 
tate (3d), 5-androsten-3P-01-17-one acetate (3e), 
and testosterone (3f) were prepared and 
characterized by n.m.r., i.r., u.v., and mass spec- 
trometry. In the standard experimental pro- 
cedure, a solution of 10 mmol of carbonyl com- 
pound (2), 30 mmol of 1 and 100 mg of p-toluene- 
sulfonic acid in 125 ml of benzene is heated 
to reflux in the flask of a Soxhlet apparatus, 
the extraction thimble of which is filled with 
anhydrous magnesium sulfate to ensure ade- 
quate water removal. After the usual work-up, 
the residue is passed through a silica gel column 
in order to obtain the pure acetal (3). Melting 
points, yields and reaction times are reported in 
Table 1. 

The protecting group is removed by irradia- 
tion of a 2.5 x M solution of the acetal in 
benzene (0.5 mmol in 200 ml benzene) at room 
temperature for 6 h. A pyrex vessel and light of 
wavelength longer than 3200 A are used 
(Rayonet, 3500 A lamps). The red-brown residue 
is chromatographed on silica gel. Yields of 

TABLE 1. Preparation of acetals (3a- f) 
.- - -- 

Melting Reaction % yield of 
Acetals point" (OC) time (h) acetals 

OAll melting points are uncorrected. 
bBoiIing point 142 "C/0.25 mm Hg. 
=Cis isomer. 
'Trans isomer. 
CMixture of diastereoisomers. 

TABLE 2. Irradiation of acetals (3a- f) 

% yield 
carbonyl % unreacted 

Acetals compound acetal 

zone. 
bCornprising 213 androstenone acetate and 113 

13-cr-androstenone acetate. 

regenerated carbonyl compounds (2a- f )  re- 
ported in Table 2 are generally good, except in 
the case of testosterone (2 f). For the latter, 
irradiation of the A516 acetal yields the decon- 
jugated parent ketone which has a low degree 
of stabilitj~ under the reaction conditions and 
either reconjugates, oxidizes, or cleaves in a 
Norrish type I manner (8). 

The mechanism of this photochemical reac- 
tion (Scheme 2) is most probably analogous to  
that postulated for the rearrangement of o-nitro- 
benzaldehyde (9). The key steps would involve 
intramolecular abstraction of the benzylic 
hydrogen giving either 5a o r  56, rearrangement 
to hemiacetal 6 and collapse of the latter to the 
free carbonyl compound 2 and cr-hydroxy-o- 
nitrosoacetophenone (4). The sensitivity to u.v. 
light of compound 4 prevented its isolation. 

o-Nitrophenylethylene glycol is, to our knowl- 
edge, the first photochemically labile protecting 
group for aldehydes and ketones. Although the 
method has some obvious limitations it should 
nevertheless prove useful in organic synthesis 
since it allows the selective removal of an acetal 
under anhydrous and chemically inert con- 
ditions. 
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Application of Adiabatic Rapid Passage Nuclear Magnetic Resonance Techniques 
to the Study of Molecular Motions in Solids 
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Drpnrttnrnt of Cl~en~is t ry ,  University of British Col~itnbiri, Vntlcolrver 8, Britislz Coliirnbin 
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The adiabatic rapid passage (ARP) technique was applied to  the study of molecular motion in solids. 
Second moments and spin-lattice relaxation times for solid furan and benzene were derived using A R P  
methods from 77 OK to the respective melting points. Unusual variations of the ARP signal height and 
shape with temperature were observed for these solids.-These effects were interpreted as being due t o  the 
presence of short rotating frame relaxation times. New information regarding molecular motion in solid 
furan, as well as acetic acid-dl, was obtained. Also some quantitative statements have been made re- 
garding the conditions required to observe an  ARP signal in the solid state. 

La technique du passage rapide adiabatique (PRA) a CtC appliquee pour Ctudier les mouvements 
moleculaires dans les solides. Les moments seconds et les temps de relaxation spin-rCseau ont etC obtenus 
pour le furanne et le benzene solides en utilisant des methodes PRA de 77 OK jusqu'a leurs points de 
fusion respectifs. Des variations inhabituelles de la hauteur et de  la forme du signal PRA, en fonction de 
la temperature, ont CtC observees pour ces solides. L'origine de  ces effets a ete attribuee a la presence 
de temps de relaxation dans le referentiel tournant courts. D e  nouvelles informations ont Cte recueillies 
sur les mouvements moleculaires dans le furanne solide aussi bien que dans l'acide acetique-dl. Quelques 
conclusions sont aussi Cmises sur les conditions requises pour I'observation d'un signal PRA a 1'Ctat 
solide. [Traduit par le journal] 

Can. J. Chern., 52, 191 (1974) 

Introduction motional narrowing of the resonance line took 

Previous publications (1, 2a) from this labora- 
tory have reported the experimental conditions 
under which such useful n.m.r. parameters a i  
second moments and spin-lattice relaxation 
times may be obtained using the adiabatic rapid 
passage (ARP) technique in the study of solids. 
We have extended ARP measurements to  con- 
ditions under which molecular motion occurs in 
solid systems in order to  establish the applicability 
of the ARP technique in this area of interest. 
During the course of these investigations, un- 
usual effects were noted. In some solids where 

'Present address: Division of Chemistry, National 
Research Council of Canada, Ottawa. 

'NRCC Scholarship holder, 1967-1970. 

place, it was obseried that the ARP signal ap- 
peared distorted, and the signal intensity was 
anomalously low (3). 

We have observed this phenomenon in various 
solids and have related this to the presence of 
short rotating frame relaxation times due to slow 
molecular motions. We have also attempted to 
measure second moments and spin-lattice relaxa- 
tion times for these solids. 

Janzen (2b) has discussed the necessary con- 
ditions for adiabatic rapid passage in solids. The 
stringency of the adiabatic condition ( 1 ,  2b, 4, 5 )  

depends on the purpose of the experiment and the 
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accuracy expected. Measurement of TI ,  in which 
the shape of the ARP signal is not critical, 
requires that yHI2  be only about 5 times greater 
(1) than dHo/dt. Here dHo/dt is the rate at which 
the main magnetic field is swept in the ARP 
experiment, y is the magnetogyric ratio of the 
nucleus in question, and H I  is the radio fre- 
quency field amplitude. The rapid passage con- 
dition requires that the time of passage through 
the region of resonance, or through the ARP line, 
be short compared with TI. It may be written 

magnetization to zero by successive passages 
through resonance and then sample the partially 
recovered magnetization at a time t later. Again 
the experiment is repeated for various times t, but 
without the necessity of waiting between succes- 
sive experiments. The recovery of magnetization 
is given by 

[8 1 M, = Mo(I - exp ( - t/Tl)) 

Tl is obtained from either eq. 6 or 8 by a semi- 
logarithmic plot of M, against t .  

where SH is the width at half-height of the ARP Experimental 
signal. Acetone, benzene, and furan were spectroscopic grade 

The ARP signal is proportional to the com- chemicals. Acetic acid-dl was purchased from Stohler 
ponent of the magnetization in the rotating Isotope Chemicals. Samples of each were sealed in Pyrex 

frame in phase with the r.f. field, namely, tubes after degassing by successive freeze-pump-thaw 
cvcles. 

[3] M,, = hfoH1[Hl2 + h2 + HL2]-112 The magnetic field was supplied by a Varian 6 in. 
electromagnet. The  field was swept by directing the 

where 11 is the distance from resonance in G. HL is 
the local field and is related to the second moment 
of the unsaturated absorption line AH,' by 

[4 I HL =  AH^^/^)^'^ 
The signal width at half height SH is given by 

[5 I SH = [12(H12 + HL2)]112 

so the second moment can be obtained from the 
ARP line if H I  is known. 

It is convenient to mention here three ways of 
obtaining Tl by ARP methods. In the twoIpass 
"n - n/2" ARP experiment the first passage is 
used to invert the magnetization, which had been 
allowed to attain equilibrium in a field above 
resonance (i.e., in Ho > moly). After a time t, the 
second passage is used to sample the partially 
recovered magnetization. The relation between 
the magnetization M, at time t and the initial 
equilibrium magnetization Mo is 

[61 M, = Mo(l - 2 exp (- t/TI)) 

In the null method, t is adjusted so that M,  = 0, 
and 

When TI is long, the two-passexperiment is incon- 
venient because of the very long waiting required 
to allow the elapse of several times T, so that the 
equilibrium magnetization will be re-established 
before a new value of t is chosen. Under these 
circumstances it is convenient t o  reduce the 

square wave, or single square step, output of a Servomex 
LF-51 Mk I1 waveform generator directly into the sweep 
input of the electromagnet power supply. Sweep rates 
used range from 200 to 300 GIs. 

The 8 MHz radio frequency field of 0.69 G amplitude 
was obtained from a Varian V-4210A r.f. unit. The  A R P  
signal was taken directly from the output of the diode 
stage in the receiver and displayed on an oscilloscope 
screen. Measurements were made directly from the  
oscilloscope display, or photographs made thereof. 

Results and Discussion 
A R P  Experiments on Furan 

(a) Background Information 
Solid furan is known to have two distinct solid 

phases (6, 7). The structure stable below 150 OK 
is tetragonal (7) and the structure is ordered in 
the sense that each molecule has only a single 
allowed orientation. The phase stable between 
150 OK and the melting point is orthorhombic, 
space group Cmca. This high temperature phase 
is disordered; there are four allowed orientations 
of the furan molecule such that the disorder is 
about an axis at  right angles to  the molecular 
plane. Dielectric (8) and broadline n.m.r. (9) 
studies have shown that the disorder in the high 
temperature phase is dynamic. The dielectric (8) 
and n.m.r. (9) results are consistent with essen- 
tially stationary molecules in the low temperature 
phase and with a high temperature phase model 
in which the molecules reorient rapidly about the 
out-of-plane axis with an activation energy of 
about 2 kcal/mol. 
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(6) Calculations 
Since the molecular structure (10) as well as 

the crystal structure (7) of both phases of solid 
furan is well defined, second moments may be 
calculated for both these phases using the proton 
coordinates given in the X-ray structure. 

For the low temperature phase we assume that 
the lattice is rigid and we use Van Vleck's 
formula (1 1). Contributions from interactions 
with nuclei within a sphere of radius 5 A were 
taken into account. Contributions from outside 
this sphere were estimated by an integral. 

For the high temperature phase we use the 
expressions tabulated by Rigny and co-workers 
(121, and we assume that the furan molecules 
reorient by jumping randomly between their four 
allowed sites. Contributions from a block of 27 
unit cells were taken into account in this case. 

The second moments calculated in this manner 
were 5.12 G2 for the rigid lattice case and 1.45 G2 
for the rotator phase. 
(c) ARP Experiments 

The ARP signals obtained for furan between 
77 OK and - 170 OK appeared to be true ARP 
signals, with no obvious evidence of distortion 
(see Fig. 1). Second moments were derived from 
the ARP signal at temperatures above and below 
the phase transition using eqs. 4 and 5. Values 
obtained were 4.95 and 1.42 G2 at 137 and 
164 OK respectively, and are in excellent agree- 
ment with values calculated for the motional 
models considered. 

Spin-lattice relaxation times ( T I )  were mea- 
sured in the solid between 77 OK and the melting 
point, and also over a limited temperature range 
in the liquid (Fig. 2). For measurements in the 

\ 

I 

I 

lOGavss b- 
----r- 

160 120 140 160 180 

Temp (OK1 

FIG. 1 .  Linewidth and second moment (from C.W. 
measurements, ref. 9) and height of the ARP signal as a 
function of temperature for furan. Also shown are some 
representative ARP signal shapes. 

Temperature "K 
200 150 100 

Frc. 2. Spin-lattice relaxation times ( T , )  for furan as 
a function of inverse temperature. 

low temperature phase we used the technique 
which required eq. 8 to extract the T, values. The 
other datum points were measured using the 
two-pass ''z - n/2" experiment and eq. 6. In the 
low temperature phase T, varies only slightly 
with temperature and is quite long. In agreement 
with conclusions reached from second moment 
considerations, the long T,'s suggest that nuclear 
dipolar relaxation due to  molecular reorientation 
is essentially absent in this phase. 

In the high temperature phase, T ,  is much 
shorter and increases with temperature. From the 
second moment data and the sense of the TI slope 
above the transition temperature we may con- 
clude that motions are fast (oarc << 1, where T, is 
the correlation time for motion). If we assume 
that the molecular reorientation is an activated 
process so that we can write 

[9 I T, = T, exp (E,/RT) 

where T, is an inverse frequency factor and E, an 
activation energy, we derive a value of 2.35 + 
0.1 kcal/mol for E, from the slope of the semi log 
plot of T, us. inverse temperature. In the extreme 
narrowingregion, where w,r, << 1 for the motion, 
TI is related to T, by (1 3) 

where AHZ2(MOD) is the part of the second 
moment modulated by the motion. Using the cal- 
culated second moments to find AHz2(MOD), 
we find that immediately above the transition 
point t, = 2.5 x lo-" s, andfromeq. 9 we find 
T, - 1 x 10-l3 s. Apparently the molecular 
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reorientation is extremely fast in the high tem- 
perature phase of furan, a conclusion also reached 
in the dielectric study (8). 

The variation of the ARP signal amplitude 
with temperature is not unusual in the low tem- 
perature phase, and probably reflects only the 
change in energy level populations according to  
the Boltzman factor. However, in the high tem- 
perature phase between - 170 "K and the melting 
point the ARP signal height decreased more 
rapidly with temperature. Since the ARP con- 
ditions as they are written in eqs. 1 and 2 are 
apparently satisfied, this anomalous signal 
intensity loss is probably due to the presence of a 
rotating frame spin-lattice relaxation time (TI,) 
comparable in magnitude to the time of passage 
t ,  = GH/(dH,/dt) - to s. Such a 
short TI,  suggests that slow molecular motions 
are taking place in the solid with correlation 
times rc  such that yH,r, 3 1. This loss of intensity 
of the ARP signal was checked further for ben- 
zene (see next section) where such slow motions 
are known to exist. 

ARP Experiments on Benzene 
(a) Background Information 
Solid benzene has been the subject of a number 

of n.m.r. studies (14-17). These include measure- 
ments of second moments (14), line widths (14), 
and spin-lattice relaxation times (14-17) as a 
function of temperature. From these studies it 
has been concluded that reorientation of the 
benzene molecules about their hexad axes takes 
place with frequencies greater than - lo5 s-' 
above - 100 OK. The correlation times in s as a 
function of temperature are given by (16) r, = 
9.2 x 10-l5 exp(4200/RT) or (15) rc  = 1.82 x 
10-l4 exp (3950/RT) depending on the detailed 
model chosen for the motion. 

Measurement of the dipolar relaxation rate for 
benzene (17) also has revealed the presence of a 
slow motion immediately below the melting 
point. This motion does not occur rapidly enough 
to narrow the resonance line; the activation 
energy for this process was 16 kcal/mol. Van 
Steenwinkel (17) proposed that the motion in 
question is a rotation of the molecule about a C2 
axis, although recently O'Reilly and Peterson 
(1 8) suggested that it is a molecular diffusion. 

(6)  ARP Experiments 
Between -80 and 170 "K the ARP signal was 

distorted (Fig. 3), so that second moment data 
could not be obtained from the ARP signal width 

Temperature ( O K )  

FIG. 3.  Height of the ARP signal, and the time con- 
stant (T,,) characterizing the dipolar energy relaxation 
rate (ref. 17) as a function of temperature for benzene. 
ARP signal shapes are shown as well for various tem- 
peratures. 

at  half height. At 77 and - 190 OK, the A R P  
signals appeared to be free o f  distortion, and 
linewidth measurements yielded second moments 
of 10.0 and 1.55 G2. These values are in good 
agreement with those obtained by Andrew and 
Eades (14) using C. W. methods, namely 9.80 and  
1.60 G2. 

Between - 80 and 150 OK, and just below the 
benzene melting point, the A R P  signal height 
was anomalously low. At 105 OK, the signal 
amplitude was about 15% of its expected value. 

Spin-lattice relaxation times were measured 
for benzene between -90 "K and the melting 
point using the two-pass "TC - n/2" experiment 
and eq. 6. Between - 125 and 150 OK, TI was 
too short for our  particular instrumentation (the 
sweep rate was the limiting factor); the shortest 
T,'s measured were -0.02 s. Although the 
anomalous signal amplitude loss made the mea- 
surements more difficult, the validity of the T ,  
measurement seems to be unaffected. The tem- 
perature dependence of the correlation times (in 
s) derived from the relaxation time data can be 
expressed as 

r, = 8.0 x 10-l5 exp (4100/RT) 

in reasonable agreement with the previously 
quoted correlation time parameters. 

It can be seen from Fig. 3 that the temperature 
regions where the anomalous signal loss was 
observed for benzene coincide approximately 
with the temperature regions where the relaxation 
times for the dipolar energy (T,,) were observed 
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I 

to be short. Since both T ID  and TIP  in systems 
with classical motions (such as benzene) are 
governed by slow motional processes, the ob- 
servation of short TID values also implies that 
TI, (measured with weak H l  fields of - 1 G) will 
be' short. It is then auite obvious that when. 

I during a sweep through resonance, the mag- 
netization is aligned along the H1 field, relaxa- 
tion will take place if the rotating frame relaxation 
time is of the order of or shorter than, the time 
of passage GH/(dH,/dt). This then would cause a 
loss of amplitude and signal distortion, the 
degree of which would depend on the exact values 
for the sweep rate and rotating frame relaxation 
time. Rotating frame relaxation in the strong 
collision limit (H, - HL), which can take place 
in benzene near - 100 OK, has been treated 
theoretically by Slichter and Ailion (19). A cal- 
culation of the dipolar relaxation rate in benzene 
has been presented by Haeberlen (20). 

The inequalities [ l ]  and [2] may be recon- 
sidered here. In this work yH12/(dHo/dt) ranges 
from 40 to 65. If other criteria are satisfied, second 
moments which agree with the C.W. values to 
within 4% under these conditions can be cal- 
culated from the ARP line. With respect to 
inequality (2), we find that on the high tempera- 
ture side of the Tl minimum, signal distortions 
disappear as the temperature increases above 
about 180 OK. At this temperature, Tl and TIP 
are equal to -0.05 s. (TI and TIP should be equal 
in the extreme narrowing limit.) Our sweep rate 
was such that we find 

represents the condition required to give an ARP 
signal of satisfactory shape for the other existing 
experimental conditions. 

As far as the measurement of Tl in the presence 
of a very short TIP  is concerned, it is evident that 
meaningful data may be obtained as long as an 
ARP signal can be observed, and a constant 
sweep rate is employed in any single TI determina- 
tion. It should be noted that when T IP  is very 
short the use of eq. 8 is probably preferable to the 
use of eq. 6 for the two-pass "n-n/2" experi- 
ment, as, instead of the magnetization being in- 
verted during the first pass, it is actually reduced 
essentially to zero by the rapid rotating frame re- 
laxation. This is illustrated in Fig. 4, where some 
magnetization recovery curves are shown. The 
magnetization recovery curve normalized ac- 
cording to eq. 6 at 234 OK passes through unity 

1.0 2 .O 3.0 
Time ( s )  

Frc.  4. Magnetization recovery curves for  benzene 
at  102 "K and 234 OK. The ordinate is (M, - Mo)/Mo for 
B and ( M ,  - Mo)/2Mo for  A. 

when extrapolated to t = 0. When TIP is very 
short, as it is at 120 OK, the normalized recovery 
curve extrapolated to a value of -0.5 a t  t = 0. If 
this second curve is normalized according to eq. 
8, however, extrapolation to zero time again 
results in a value of unity (see Fig. 4). 

The Null Metllod for Determining Tl 
Two systems were investigated in order to de- 

termine whether the ARP null method described 
earlier is at all a useful technique to measure TI. 
The solids investigated were acetone and acetic 
acid-dl. Only methyl group rotation takes place 
in these solids (21, 22), and the extreme nar- 
rowing limit for this motion exists in the entire 
region of study. With the H I  and sweep rates 
used, the ARP conditions were all satisfied. Some 
initial determinations of M, as a function of time 
at specific temperatures showed that the mag- 
netization recoveries were  on-exponential. In 
cases like this, null determinations of T, are 
especially suitable, although any single, exact TI 
is not really defined. 

Semilog plots of t,,,, as a function of inverse 
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temperature are shown in Fig. 5 for both sub- 
stances. The Tl 's  increase with temperature as is 
expected for motions in the extreme narrowing 
limit. Activation energies indicated are 1.36 
kcal/mol for acetone, and 0.77 kcal/mol for 
acetic acid-d,. The results obtained for acetone 
compare well with these obtained in a recent 
study (23) using pulsed n.m.r. 

These results indicate that if the ARP con- 
ditions are satisfied, the null method gives reason- 
able results for T I  determinations. 

Conclusions 
In summary, in a solid an A R P  signal which is 

satisfactory for many purposes may be observed 
under the condition that 

where the first inequality implies a factor of -4, 
the second 5-30 (see ref. 2, 2a). 

The conditions that must be observed in order 

Temperature OK 

I I 
I I I 

4 8 12 16 
1000/Temp. (O K-') 

FIG. 5. Spin-lattice relaxation times ( r . , , , )  for solid 
acetone and acetic acid-dl as a function of inverse tem- 
perature. 

to extract second moment information from the  
ARP signal are  the more demanding ones, and in  
the following order of magnitude calculations 
we assume a factor of 25 or  30 for the second 
inequality. The maximum H, field available i n  
the Varian V-4210 r.f. unit is of the order o f  - 1 G .  This implies that when using a H I  field o f  
this magnitude to  observe a proton or fluorine 
resonance with a local field H, of 1.8 G (this 
corresponds t o  an absorption line with a second 
moment of - 10 G2)  the maximum allowable 
sweep rate will be - 1000 GIs, and an undistorted 
A R P  signal should be observed with Ti's and  
Tip's as short as 30 ms. However, in the study o f  
molecular motion in solids containing protons o r  
fluorine, TIP  very often is shorter than 30 ms. 
This then limits the extraction of second moment 
data to ARP signals obtained either in the rigid 
lattice or extreme narrowing region for the 
motion. The advantages of the A R P  method for 
determining second moments have been pointed 
out previously: simplicity o f  equipment re- 
quired, ease and rapidity of measurement, and  
independence of saturation and modulation 
effects normally encountered in  C.W. n.m.r. 

It is of interest to  point out  that in the A R P  
experiments reported here the condition on the 
right side of eq. 1 1  was always satisfied (yH12/ 
(dH,/dt) - 50). The distortions of the A R P  
signal observed were due to the condition on  the 
left side of eq. 1 1  not being fulfilled. However, 
short TI  values cause a distortion of the A R P  
signal different from that caused by short T I P  
values. This difference is illustrated in Fig. 3 
where A denotes an  ARP signal distorted due t o  a 
short TI ,  and B denotes a signal distorted due t o  a 
short TI,. 

For the measurement of TI ,  only the amplitude 
of the ARP signal is required so that the con- 
ditions as given in eq. 11 do  not need to be strictly 
adhered to. For  reliable measurements one of the  
methods where M, is determined as a function of  
time should be used. The null method, as well a s  
the symmetric sweep method, can lead to rela- 
tively large errors if the ARP conditions are not 
satisfied. A drawback in determining Tl's using 
A R P  of course exists when T I P  is very short, and  
a loss in signal intensity decreases the accuracy 
of measurement. 

We have also used the amplitude of the A R P  
signal to detect temperature regions where TIP  is 
short ( I - 0 . 0 1  s). Of course, previously (24) 
TI ,  measurements have been made which em- 
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ployed an ARP to obtain alignment of the mag- 
netization with the HI field. T, ,  measurements 
on solids using ARP methods and C.W. equip- 
ment have not as yet been reported, but if accurate 
control of the magnetic field sweep is obtained, 
such measurements should be possible using an 
adiabatic half passage into the center of the 
resonance. 
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The Crystal and Molecular Structure of 
Dinitrato(triphenylphosphine)mercury(I.I) 

SIMON H .  WHITLOW 
Itllatld Wnters Direcrorwte, Deporttnent of the Et~vironme~~t ,  Ottnlvcr, Cnnc~dcr 

Received July 18, 1973 

The structure of dinitrato(triphenylphosphine)mercury(II), Hg(N03)2 .P(C6H5),, has been determined 
from single-crystal X-ray data measured on a computer-controlled diffractometer. The  crystals are 
monoclinic, have a unit cell of dimensions a = 10.39(1), b = 9.56(1), c = 19.44(2) A, P = 94.3(1)", which 
contains 4 molecules, and they belong to the space group, P2,lc. The structure has been refined by least- 
squares methods from 2470 independent observed reflections to a conventional R-factor of 0.061. The Hg 
atom has a distorted tetrahedral coordination with Hg-0 bond lengths of 2.190(8), 2.428(8), and 
2.560(9) A and an Hg-P bond distance of 2.359(3) A. There are 2 distinct types of NO3 groups bonded 
to  Hg. One is an  unshared, unidentate ligand and the other acts as a bridging group joining 2 Hg atoms. 
Chains of -Hg-NO3-Hg- atoms are formed which follow crystallographic two-fold screw axes in 
the b-direction. 

La structure du dinitrato(triphCny1phosphine) de mercure(II), Hg(N03)2 .P(C6H5)3 a Cte dtterminte 
a partir des mesures de diffraction des rayons-X par un monocristal effectuks sur un diffractometre 
automatique. Ces cristaux sont monocliniques; les dimensions de la maile sont a = 10.39(1), b = 
9.56(1), c = 19.44(2) A, P = 94.3(1)0. Elle contient 4 molecules et le groupe spatial est P2,lc. L'affine- 
ment de la structure par moindres carrts a port6 sur 2470 rtflections observies independantes et a CtC 
poursuivi jusqu'au facteur R conventionnel de 0.061. L'atome de Hg prtsente une coordination tttrat- 
drique dtformte. les longueurs des liaisons Hg-0 t tant 2.190(8), 2.428(8) et 2.560(9) A, celle de la 
liaison Hg-P valant 2.359(3) A. On peut distinguer 2 types de groupements NO3 lits au Hg. L'un est un 
ligand non partagt, monodentate, l'autre constitue un pont reliant 2 atomes de Hg. I1 y a des chaines 
d'atomes -Hg-NO3-Hg- qui suivent les axes cristallographiques htlicoidaux d'ordre 2 de la 
direction-b. [Traduit par le iournal] 

Can J Chem., 52, 198 (1974) 

Recent awareness of high mercury concentra- phine and Hg(N03),  in acetone, crystallizes as irregular 
tions in the environment has led to increased white prisms elongated along either a or b. The crystal 

selected for X-ray intensity measurements was approxi- 
research activity in the field of organo-mercury mately equidimensional measuring - 0 . 2 5  mm in diam- 
compounds. The nature of the bonding between eter. This was mounted in a random orientation on a four- 
Hg and lighter atoms is of interest, interactions circle computer-controlled diffractometer. The orienta- 

between H~ and nutrients being of special con- tion matrix and lattice parameters were determined by a 
least-squares refinement of the angular settings of 12 in view of the enrichment processes known strong reflections aligned under computer control. F o r  

to occur in the food chain. S ~ e c t r o s c o ~ i c  methods these measurements a small counting aperture was used 
have been used to demonstrate the association with a take-off angle of 2" and a graphite monochromator 
of mercuric and nitrate ions in aqueous solution (Mo Ka, = 0.70926 A). Theconditions for systematically 

(1) and also to predict structural features in the absent reflections were determined from Weissenberg and 
precession photographs: /lo/, 1 = 2n + 1 and OkO, k = 

state. From the infrared assign- 2n + 1. These uniquely specify the space group P2,1c 
ments for a series of triphenylphosphine-Hg (c:,,). The unit cell constants determined at 20°C and 
compounds, Davis et al. (2) proposed a dimeric crystal data are summarized as follows: 

structure for solid Hg(N03),.P(C6H j)3 con- Hg(N03)2 .P(C6H5)3 mol. wt. = 586.89 
taining both bridging and unshared groups. Monoclinic,P2,/c, a = 10.39(1), b = 9.56(1), c = 19.44(2) 
The present investigation was undertaken to  A, ~j = 94.3(1)0, v = 1924.2 A" ~ ( 0 0 0 )  = i120e, D, = 
determine the crystal structure of this compound 2.00, D, = 2.02 g ~ m - ~ ,  .Z = 4. 

I and to verify and extend the structural conclu- Intensity data for 3413 independent reflections with 
I 
I sions inferred by the infrared analysis. 20 G 50" were collected using the 9-20 scan technique. 
I Background readings were taken for 15s either side of 

Experimental each scan and 3 standard reflections (400,0010, and 060) 
were recorded every 25 measurements for checking and  

Dinitrato(triphenylphosphine)mercury(II), Hg(N03),. scaling purposes. The take-off angle was optimized a t  
P(C6H,)3, which was prepared by reacting triphenylphos- 4.5" for the data collection and individual scan widths 
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were taken as (2.1 + 0.5 tan 0)" to  allow for the wavelength 
dispersion and crystal mosaicity. Attenuators were used 
to prevent overloading the scintillation counter and a 
pulse height analyzer was employed, in addition to  the 
monochromator, for energy discrimination. Although the 
crystal became brown during the course of the data col- 
lection, the standard reflection intensities, which fluc- 
tuated < 5%, showed no systematic decomposition with 
time. Lorentz and polarization corrections were applied 
to  the intensities and weights based on counting statistics 
and instrument stability (3) were assigned. Where the net 
intensity for a reflection was < 1.65 o(I), where o(I )  is the 
associated standard deviation, the reflection was clas- 
sified unobserved. At this significance level 943 reflections 
(28%) were considered to  be unobserved and were 
assigned threshold values equal to 1.65 o(I).' 

The crystal was measured for absorption corrections 
by means of a micrometer eyepiece mounted on the dif- 
fractometer telescope. Although the crystal was an 
irregular shape, it was approximately equidimensional; 
the 12 enveloping faces were between 0.14 and 0.10 mm 
from the center of the crystal and enclosed a volume of 
0.009 mm3. Absorption corrections (p = 82.92 cm-') 
were calculated by the Gaussian quadrature method 
using a 512 point grid. The calculated transmission factors 
varied between 0.268 and 0.209. 

Solution and Refinement of the Structure 
Most of the calculations required in the analysis were 

done using the X-RAY system of crystallographic pro- 
grams (4). The Hg and P atom positions were established 
from the sharpened Patterson function and the other non- 
hydrogen atoms were located from subsequent Fourier or 
difference-Fourier summations, Neutral atomic scattering 
factors were used to represent all atoms (5) and for Hg 
the real and imaginary components of anomalous dis- 
persion (Af = -2.7, Af" = 10.3) (6) were included. 
The atomic parameters were refined by a blocked, full- 
matrix least-squares treatment, the C atoms of the 3 
phenyl groups being refined in separate matrices. The 
quantity minimized was Cw(lF,( - IF,\)' where the 
weight, bv, is equal to  l/02(Fo) (3); IF,\ and IF,l are the 
amplitudes of the observed and calculated structure fac- 
tors. Reflections considered to be unobserved were ex- 
cluded from the refinement. The initial R index, R = 
XIIF,,( - IF,II/CIF,( was 0.40 with only the Hg and P 
atoms included. The C atoms of the phenyl rings were 
readily located from a difference-Fourier summation but 
the NO, groups were less well resolved. I t  was only after 
refining anisotropic temperature parameters for the Hg 
atom that the positions of the N and 0 atoms became 
unambiguous. Refinement of the coordinates of all the 
non-hydrogen atoms, anisotropic temperature param- 
eters for H g  and isotropic factors for remainder, gave an 
R value of 0.063 and a weighted residual, R,  = 
[xw(lF,I - ~ F , ~ ) ' / ~ I ~ F , ~ ] ' ~ ' ,  of 0.041. A difference- 
Fourier map at this stage suggested the locations of some 

of the phenyl H atoms and the 15 H atoms were included 
at calculated positions 1.08 A from the respective C atom 
with isotropic temperature factors of 4.0 eA-', but these 
were not refined.' An extinction parameter was deter- 
mined (g = 5.5 x and applied since for many of 
the strong reflections F, was less than F,. Attempts to 
determine and refine anisotropic thermal parameters for 
the P, N, 0 ,  and C atoms, while adding many more 
parameters to the refinement, did not significantly im- 
prove the model and are not reported. The final R value 
is 0.061 and R,  is 0.039 for the 2470 observed reflections.' 
There are 20.7 observations for each parameter refined 
and in the last least-squares cycle (unblocked, full-matrix) 
the average shift to error ratio was 0.07. The largest 
residual electron density on the final difference-Fourier 
map (1.4eA-3), which is 4 . 0 5  of a C atom peak, 
occurred near the Hg position; residual background 
fluctuations were - k 0.7 eA-3. The refined positional 
and thermal parameters of the atoms are given in Table 1. 

TABLE 1. Fractional atomic coordinates x lo4 and 
thermal parameters x lo3 with standard deviations 

in parentheses 

Atom x Y z u<A2) 

*Anisotropic thermal parameters for Hg: U l l  0.0486(3), U,Z 
0.0502(4), U33 0.0437(3). U I Z  0.0057(4). U l s  -0.0052(2), Uzs 0.0003(4) 
where the temperature factor 1s o f  the form exp [ - 2 ~ ~ ( U ~ ~ h ~ u * ~  + ... + 2U13klb*c* cos a*)].  

'In the data set reflections with k + I = 2n + 1 tend to  'The hydrogen atom coordinates and the final struc- 
have weak intensities, many of these being classified ture factor list have been deposited and are available from 
unobserved. This is a consequence of the y-coordinates the Depository of Unpublished Data, National Science 
of the Hg and P atoms being approximately zero and not Library, National Research Council of Canada, Ottawa, 
contributing strongly to  this class of reflections. Canada K I A  0S2. 
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Discussion 
The proposal of Davis et  al. (I) that there are 2 

different types of NO, groups in the compound 
has been confirmed by the X-ray analysis. Al- 
though the compound forms infinite chains 
rather than the simple dimers suggested, the 
predictions of an unshared, monodentate NO3 
ligand and a bridging, bidentate NO, group have 
been verified. 

A view (7) of the molecule giving the atom 
labelling is shown in Fig. 1 and the crystal packing 
is illustrated in Fig. 2. In both figures the H atoms 
have been omitted for clarity. It is apparent from 
these diagrams and the bond distances (uncor- 
rected for thermal vibration) in Table 2, that there 
are 2 distinct types of NO, ligand present: one 
associated with a single Hg atom, and the other 
bridging between 2 Hg atoms. The unshared 
group, N(1)0(1)0(2)0(3), is strongly bonded to 
Hg with an Hg-O(1) distance of 2.19(1) A. This 
distance is shorter than those usually found in 
tetrahedrally-coordinated Hg complexes (e.g. 
2.32 and 2.37 A in HgC12((C6H5)3AsO)2 (8)) but 
longer than in the linearly-coordinated mercuric 
oxide where the Hg-0 bond lengths are 2.03 A 
(9). There is a possibility of an unsymmetric 
bidentate interaction between this nitrate group 
and the Hg atom since the Hg-O(2) distance of 
2.69(1) A is shorter than the sum of the van der 
Waals radii of Hg, 1.5 A (lo), and 0 ,  1.4 A (1 1). 
However, the geometry of the NO3 group itself 
produces a second close metal-oxygen interac- 
tion and this contact is probably best explained 

FIG. 1 .  The molecular configuration of Hg(NO& .P- 
(C6H5)3 with 40z probability thermal ellipsoids. The 
nitrate group designated by primes is related to its coun- 
terpart by symmetry. 

FIG. 2. The molecular packing viewed perpendicular 
to the bc-plane. 

on a steric basis. The second nitrate group, 
N(2)0(4)0(5)0(6), links Hg atoms into infinite 
-Hg-NO,-Hg- chains along the 6-direction 
(Fig. 2). The Hg atoms are separated by 5.526 A 
and are connected to the nitrate group in a syn- 
anti (12) arrangement through Hg-0 bonds of 
2.43(1) and 2.56(1) A. 

The coordination about Hg is best described as 
a very distorted tetrahedral arrangement con- 
sidering only the 3 closest 0 atoms and the P 
atom. A measure of the distortion from tetra- 
hedral symmetry is given by the angles at Hg 
between the 4 contacts which range between 76.0 
and 153.0". A somewhat similar distorted tetra- 
hedral environment is found in Hg(C, ,HI ,N,S),. 
2C5H5N where the valency angles at Hg (con- 
sidering the weak Hg-N bonds) vary between 70 
and 155" (13). If the additional weak Hg-O(2) 
bond (i.e. the bidentate interaction) is included, 
the geometry becomes a distorted square 
pyramidal arrangement with O(5) at the apex. In 
this description, the Hg atom is only 0.2 A from 
the plane defined by the four basal atoms 0(1), 
0(2), 0(4), and P. A still different coordination 
has recently been reported for the related com- 
pound, Hg(SCN),.As(C,H,), (14). In this struc- 
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WHITLOW: STRUCTURE 

TABLE 2. Selected interatomic distances and angles 

Distance? Angle? 
Bond (A) Bonds (deg) 

Hg-P 
-0(1) 
-0(4)* 
4 x 5 )  

- 0 0 )  
-0(6) 
-0 (5) * 

P-C(A1) 
-C(Bl) 
-C(Cl) 

N(1)-0(1) 
-0(2) 
-0(3) 

~(2)-0(4)  

-0(6) 
mean C-C 

2.359(3) P-Hg-O(1) 
2.190(8) --0(2) 
2.428(8) 4 x 5 )  
2.560(9) -0(4)* 

O(1)-Hg-O(2) 
2.686(11) -0(5) 
2.936(10) -0(4)* 
2.991(9) O(2)-Hg-O(5) 

-0(4)* 
1 .788(12) O(5)-Hg-0(4)* 
1.788(12) 
1 .808(11) O(1)-N(1)-O(2) 

-0(3) 
1.31(1) O(2)-N(1)-O(3) 
1 .20(2) O(4)-N(2)-O(6) 
1 .22(2) --0(5) 
1 .28(1) O(5)-N(2)-O(6) 
1 .24(1) 
1.21(2) 

1.387 mean C-C-C 

'Atom at -x. y - 112. -2  + 112. 
?Standard deviations in parentheses. 

ture the Hg coordination is apparently trigonal 
with 2 additional contacts at larger distances. 

The nitrate groups have bond lengths between 
1.20 and 1.31 A and 0-N-0 angles between 
1 15 and 126". The N(1)0(1)0(2)0(3) group is 
clearly monodentate: the long N(1)-O(1) dis- 
tance, 1.31 A (compared to 1.20 and 1.22 A for 
O(2) and O(3)) and the large O(2)-N(1)-O(3) 
angle of 126" indicate coordination through 
O(1). The nature of the interactions between the 
N(2)0(4)0(5)0(6) group and Hg is less apparent 
from the structure of the group. While O(6) with 
an N-0 bond distance of 1.21 A is uncoordin- 
ated, some coordination to Hg via 0(4), and to a 
lesser extent 0(5), is likely. Considering both NO3 
groups there exists an inverse correlation be- 
tween the N-0 bond distances and the respective 
Hg-0 bond lengths. Thus the N-0 bonds 
involving oxygen atoms 0(1), 0(4), and O(5) 
shorten as the corresponding Hg-0 bond 
lengths increase. This relationship involving 3 of 
the N-0 bond lengths supports the tetrahedral 
description of the Hg coordination. 

The coordination about P is much more nearly 
tetrahedral than is the case for Hg: the Hg-P-C 
angles average 110.9", the C-P-C angles, 
107.7". The Hg-P bond length of 2.359(3) A is 
in good agreement with other reported values, 

e.g. 2.36 in HgCI(CH3CH20)2P0 (15), and the 
average P-C distance of 1.80 A is within the 
range 1.72 to 1.80 A commonly observed for 
four-coordinated phosphorus (16). The torsion 
angles, HgPC(I)/C(l)C(2)C(6), for the 3 phenyl 
rings are 25, 52, and 45", respectively, with the 
rings being displaced away from each other; 
apart from the C atoms actually bonded to P 
there are no C...C inter-ring contacts < 3  A. 
Within each phenyl ring the geometry is normal: 
the C-C bond lengths determined range between 
1.34(2) and 1.41(2) A; the C-C-C angles be- 
tween 1 19(l) and 123(1)". The average C-C bond 
distance of 1.378 A and the mean C-C-C 
angle of 120.0" are in agreement with reported 
values (16). 

The -Hg-NO3-Hg- chains along b (Fig. 
2) are the most important feature of the unit cell 
packing. These chains follow two-fold crys- 
tallographic screw axes so that successive 
-P(C,H,), groups are translated and rotated to 
opposite sides of the chain with the result that 
there are no C...C interactions between different 
molecules < 3.5 A. A rather similar helical chain 
is found in Hg[(i-C3H,0),PS2], (17) where oneof 
the isopropyl-phosphorodithioate groups acts as 
a bridging unit between 2 Hg atoms. In Hg- 
(NO,),.P(C,H,), the closest non-bonded con- 
tacts between molecules occur along the chain, 
the four shortest distances (2.98 to 3.22 A) being 
between non-equivalent NO3 groups. Disre- 
garding the H atoms, the shortest contact dis- 
tances between chains involve the oxygen atom 
O(6) with C(A3) at x, - y  + 112, z + 112 of 3.25 
A and with C(C3) at  x, - y  - 112, z + 112 of 
3.24 A. 

The author is grateful t o  Dr. A. R. Davis for suggesting 
the problem and supplying the crystals and to  Dr. S. R. 
Hall of the Mines Branch, Department of Energy, Mines 
and Resources for assistance with the da ta  collection. 
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Solvation Enthalpies of Some Alkali Metal and Tetraalkylammonium Salts 
in Dioxane-Water Mixtures 

OM N. BHATNAGER A N D  A. N. CAMPBELL 
Department of C/7e1nistry, University of Manitoba, Winnipeg, Mrrnifoba R3T 2N2 

Received February 20, 1973 

Enthalpies of solution of LiCI, NaCI, (CH3),NBr, (C2H5),NBr, (C3H7),NBr, and (C,H,),NBr 
in dioxane-water mixtures varying in composition from 20 to  64.5% dioxane have been determined. Values 
of standard enthalpy of solution, AH:, were obtained using the extended Debye-Hiickel equation. 

Using these AH: and the lattice energies (U) of these salts, solvation enthalpies have been evaluated. 

Les enthalpies des solutions de LiCI, NaCI, (CH3),NBr, (C2H,),NBr, (C3H7),NBr, et (C4H9),NBr 
dans des mtlanges dioxanne+au dont la composition varie entre 20 et 64.5% de dioxanne ont 6tC dC- 
terminkes. Les valeurs des enthalpies standard de solution AH:, ont Cte obtenues par I'equation 6tendue 
de Debye-Huckel. 

L'utilisation de ces AH: et des Cnergies de rCseau (U) de ces sels a permis d'Cvaluer les enthalpies de 
solvatation. [Traduit par le journal] 

Can. J. Chem., 52,203 (1974) 

Introduction 
The problem of the nature of electrolyte 

solutions has been attacked, as indeed it can only 
be attacked, by a study of the physical properties 
of such solutions. The results have been inter- 
preted in the light of solute-solvent, solute- 
solute, and solvent-solvent interactions, hydro- 
gen bonding, etc. Among the methods used, one 
which has recently come into prominence is the 
study of ion-solvent interactions from the en- 
thalpies of solution and of solvation. In order to 
elucidate the effects of hydrogen bonding and of 
dielectric constant, such studies have been made 
on substituted amide solvents (1-5), alcohols 
(6, 7), propylene carbonate, (8), dimethyl sulf- 
oxide (8), and dioxane-water mixtures (9). We 
have been interested in dioxane-water mixtures 
for some time and have reported the thermo- 
dynamic properties of sodium chlorate and 
lithium chlorate (10, 11) in these mixed solvents. 
In this paper, we report the enthalpies of solution 
and of solvation of NaCl and LiCl in 44.5 
and 64.5% and of (CH,),NBr, (C,H,),NBr, 
(C,H,),NBr, and (C,H,),NBr in 20, 44.5 and 
64.5% dioxane-water mixtures at 25 $- 0.002 "C. 
The unique behavior of tetraalkylammonium 
salts in water is attributed to water - hydro- 
phobic group interactions. It is of interest to see 
how this behavior changes in passing from 
water to  64.5% dioxane-water mixtures. 

Experimental 
Purification of Salts 

NaCI 
Analytical reagent grade NaCl was twice recrystallized 

from conductivity water and dried at  180 "C for 3 days. 

LiCI 
Anhydrous reagent grade LiCl was further dried in a 

vacuum oven whose temperature was gradually and slow- 
ly raised to 200 "C. The salt was dried for 4 d. 

f CHd4NBr 
Tetramethylammonium bromide (Me4NBr) was re- 

crystallized from methanol-water mixtures and dried at  
95 "C in a vacuum oven for one week. 

f C2 H5J4NBr 
Tetraethylammonium bromide (Et4NBr) was recrystal- 

lized twice from acetone+ther mixture and dried in a 
vacuum oven for 3 days at 95 "C. 

f C3 H7),NBr 
Tetrapropylammonium bromide (Pr,NBr) was recrys- 

tallized from ethylacetate-ethanol mixture and dried a t  
75 "C in a vacuum oven for 2 days. 

f C, H9) .NBr 
Tetrabutylammonium bromide (Bu,NBr) was recrys- 

tallized from acetone-ether mixture and dried at  60 "C in 
a vacuum oven for 2 days. 

Gravimetric analysis on each salt (by precipitating the 
bromide with silver nitrate) indicated the purity to better 
than 99.7 mol% for all the salts. 

All compounds were stored in ground glass joint bottles 
in a vacuum dry box. The  tetraalkylammonium salts were 
stored in brown colored bottles. The samples were also 
made up in the dry box. Before proceeding with theactual 
experimental work in dioxane-water mixtures, a few 
samples of each salt were run in water. The values of 
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enthalpies of solution, AH,, were in good agreement with correction factor in the case of NaC1; in some 
the literature values. cases the corrections are far greater than the A H ,  

Our purification of dioxane has been given elsewhere value. since the enthalpies of solution of N ~ C ~  
(10). The mixtures of dioxane with water were made by 
weighing. in 44.5 and 64.5Z dioxane-water mixtures are 

quite small, we were obliged to confine our work 
Apparatus and Procedure to higher concentrations to minimize the experi- 

A new submarine type calorimeter (OB-I) has been de- 
signed which is capable of working with solid as as mental errors and this causes the large correction 
gaseous compounds. Our design is based on the designs factor. The plots of p ffl for NaCl in 20 (ref. 
given by Held and Criss (I), Nutter (12), and Vanderzee 9), 44.5, and 64.5Z dioxane-water mixtures were 
and Rodenburg (13). The double walled silvered Dewar in good agreement with the Debye-Huckel slopes 
flask had a capacity of about 300 ml and the design was except in the case of 6 4 . 5 ~  dioxane-water mix- 
such that it had a very small vapor space and short 
equilibrium time, ( < 5  The precise details of the ture where there were small deviations at higher 
calorimeter design, temperature measuring systems, and concentrations indicating some ion association. 
procedure are given elsewhere (14). The bath was con- For all the electrolytes we have studied so far, 
trolled to better than k0.002" and all the measurements with the exception of the tetraalkylammonium 
were made at  25 "C. salts, the standard enthalpies of solution, AH:, 

Results and Discussion become more exothermic (i.e. less endothermic) 
in passing from pure water to 64.5Z dioxane- 

The enthal~ies of solution for water mixtures, indicating a structure breaking 
electrolytes as a function of concentration in effect of the ions. ~h~ AH: values of the tetra- 
20, 44.5, and 64.5x mixtures are given in alkylammonium salts in water and in dioxane- 
Tables 1, 2, and 3, respectively- All data are ex- water mixtures are given in Table 4. The AH: 
trapolated to infinite dilution using the extended values of these salts in water become more exo- 
Debye-Huckel equation thermic in going from Me4NBr to Bu4NBr but 

[I] p = AHsO - 2.303RT (g) (v+ * v  m) in passing from Bu4NBr to Am4NBr there is a 
sharp change in the value of AH:, it actually 

where 

C21 
v p = A H ,  - - I Z + . Z - ~ ~ ~ I ~ ' ~ ~  
2 

and 

In this equation 6, is the Debye-Huckel con- 
stant, the values of this in dioxane-water mix- 
tures are given by Harned and Owen (15). B is 
a constant at a given temperature, ~ ( 1 ' ~ ~ )  is a 
function of ionic strength, I ;  the values of this 
are tabulated by Brinkley and Brinkley (see ref. 
15, p. 176). The rest of the terms have their usual 
meaning. At infinite dilution i.e. m = 0, p0 = 
AH:. The advantages of using p us. m plots are 
discussed by Criss and Cobble (16). Values of m, 
m1I2, AH,, 6,11J2a, and p are also given in Tables 
1-3. The extrapolated enthalpies of solution are 
given just below the data for each salt. 

The most unusual feature in the application of 
the extended Debye-Hiickel equation is the large 

changes sign, i.e. it becomes endothermic. 1n 
20% dioxane the general trend is the same except 
that the change occurs between Pr4NBr and 
Bu4NBr. In 44.5 and 64.5Z dioxane-water mix- 
tures, however, this change occurs between 
Me,NBr and Et4NBr, i.e. the AH: values be- 
come more endothermic with the increase in the 
cation size, with the exception of Me4NBr. 

Another interesting feature is exhibited if we 
look at the AH,' values in various dioxane-water 
mixtures. Me4NBr shows a very slight increase 
in the AH: value in passing from pure water to 
44.5Z dioxane-water mixture and a sharp de- 
crease in passing from 44.5 to 64.52 dioxane- 
water mixture, while Et4NBr, Pr4NBr, and 
Bu4NBr all show a steady increase in the AH: 
values in going from pure water to 64.5Z 
dioxane-water mixture. The increase has a def- 
inite trend and the amount of increase in AH: 
values increases with the ionic size of the cation. 
From the data it is clear that all the tetraalkyl 
salts except Me4NBr are net structure makers in 
these mixtures. In recent years the standard heat 
capacities of solution, AC:, of Me4NBr, 
Et4NBr, Pr4NBr, Bu4NBr, and Am4NBr in 
water have been determined by Ahluwalia 
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BHATNAGER AND CAMPBELL: ON SOLVATION ENTHALPIES 

TABLE 1. Enthalpy of solution and p values of some uni-univalent 
electrolytes in 20% dioxane-water mixtures 

Tetramethylammonium bromide 
2.0125 4.4861 5 860 43 
4.3027 6.5595 5 823 62 
4.6232 6.7994 5 779 64 
7.3047 8.5467 5 751 79 

10.2541 10.1262 5 723 93 
14.4807 12.0336 5 600 109 

p0 = AH: = 5 860 f 10 cal/rnol 

Tetraethylarnmonirtm bromide 
1 .3252 3.6403 1910 35 
1 .9021 4.3613 1915 42 
3.7298 6.1072 1 955 58 
4.6498 6.8189 1 965 64 
5.5377 7.4415 1 984 70 
6.9864 8.3584 2 005 78 

p0 = AH: = 1 870 + 8 cal/rnol 

Tetrapropylar?zr?zonirtn2 bromide 
1 .7502 4.1835 944 40 
3.7501 6.1238 964 58 
4.5046 6.7116 970 63 
6.2511 7.9064 983 74 
7.5757 8.7038 992 8 1 

p0 = AH: = 902 f 6 cal/mol 

Tetrabutylammonium bromide 
2.3987 4.8976 1 650 46 
2.8265 5.3165 1 719 51 
3.6275 6.0228 1 947 57 
4.6464 6.8165 2 154 64 
5.1021 7.1429 2 265 67 

p0 = AH: = 1 075 + 4 cal/rnol 

and co-workers (23, 24). More recently Mas- 
troianni and Criss (7) have reported the AC: 
values of Me4NBr and Bu4NBr solutions in 
water at various temperatures. Me4NBr exhibits 
a negative ACpO value like the simple ions while 
all other salts of the tetraalkyl series exhibit posi- 
tive values. The negative AC; value for Me4NBr 
in water supports the view of various other 
workers (8, 17-21) that it behaves like a normal 
electrolyte, i.e. it breaks the water structure. This 
behavior is clear from the trend in passing from 
44.5 to 64.5% dioxane-water. The increase in the 
AH: value of Me4NBr in passing from pure 
water to  44.5% cannot be explained on the basis 
of normal behavior. The positive ACpO values for 
the rest of the tetraalkyl ammonium bromide 

salts in water indicate that these salts increase the 
structure of water (7, 22, 23). Since the AH: 
values become more endothermic in passing from 
pure water to 64.5% dioxane-water mixtures, a 
similar conclusion can be drawn for these salts 
in dioxane-water mixtures. 

Mastroianni and Criss (7) have measured the 
AH: values of Me,NBr and Bu4NBr in water 
over a wide range of temperature. By increasing 
the temperature, the hydrogen bonding and 
dielectric constant decrease; the introduction 
of dioxane into water has an effect similar to 
that of raising the temperature. In this way the 
behavior of Bu4NBr in water at different tem- 
peratures and of Et4NBr, Pr4NBr, and Bu4NBr 
in dioxane-water mixture appears similar. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM. VOL.  5 2 ,  1974 

TABLE 2. Enthalpy of solution and p values of some uni-univalent 
electrolytes in 44.5% dioxane-water mixture 

AH3 i3,11'2a P 
m x lo3 m'I2 x lo2 (cal/mol) (cal/mol) (cal/mol) 

Sodium chloride 
28.880 16.990 439 376 63 
42.280 20.560 448 444 4 
49.671 22.280 450 476 - 26 
67.892 26.050 463 544 - 81 

153.123 39.130 507 757 - 250 
165.412 40.670 519 780 -261 

p0 = AH: = + 170 + 2 cal/mol 

Lithium chloride 
1.7919 4.2331 - 10 049 102 - 10 151 
3.2192 5.6737 - 10 010 135 - 10 145 
5.6219 7.4979 - 9 945 177 - 10 122 
8.0388 8.9659 - 9 920 209 -10 129 
8.8933 9.4304 - 9 901 21 9 -10 120 

13.2170 1 1 .4960 - 9 831 264 - 10 095 
17.2052 13.1160 - 9 815 298 -10 113 
21.4123 14.6320 - 9 772 329 - 10 101 

p0 = AH: = -10 160 + 34 cal/mol 

Tetramet/zylammoniz~m bromide 
1 .2085 3.4763 5 948 84 5 864 
2.5127 5.0126 5 794 96 5 698 
3.0195 5.4949 5 779 131 5 648 
5.5013 7.4100 5 393 175 5 218 
7.6105 8.7238 5 122 204 4 918 

p0 = AH: = 6070 + 12 cal/mol 

Tetraethylarnmonium bromide 
1.4416 3.7968 2 122 92 2 030 
2.4080 4.9071 2 121 118 2 003 
3.3653 6.0440 2 115 144 1 971 
3.9488 6.2839 2 128 149 1 978 
5.8013 7.6166 2 097 179 1 918 

p0 = AH: = 2 065 f 6 cal/mol 

Tetrapropylarnnzoniurn bromide 
2.1394 4.6253 2 695 11 1 2 584 
3.6139 6.0115 2 700 144 2 556 
3.9647 6.2965 2 705 150 2 555 
4.8100 6.9354 2 695 164 2 531 
5.2679 7.2580 2 702 172 2 530 
7.5786 8.7055 2 703 204 2 499 

p0 = AH: = 2 610 + 9 cal/mol 

Tetrabzltylanzrnorzium bromide 
1 .9498 4.4156 4 907 100 4 807 
3.9327 6.2711 5 053 145 4 908 
4.7213 6.8711 5 170 163 5 007 
6.1482 7.8410 5 263 184 5 079 
7.0025 8.3680 5 335 196 5 139 

p0 = AH: = 4 680 f 9 cal/mol 
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BHATNAGER AND CAMPBELL: ON SOLVATION ENTHALPIES 

TABLE 3. Enthalpy of solution and p values of some uni-univalent 
electrolytes in 64.5% dioxane-water mixture 

Sodium chloride 
11.095 10.530 110 585 
13.391 11.570 140 639 
27.584 16.610 135 887 
40.602 20.150 130 1051 
53.989 23.250 120 1189 
68.373 26.150 132 1314 

p0 = AH: = -280 f 5 cal/mol 

Lithium chloride 
1.5013 3.8746 - 10 879 226 
3.5214 5.9341 - 10 731 344 
5.1316 7.1630 - 10 666 408 
7.1117 8.4330 - 10 581 476 
8.8437 9.4041 - 10 493 527 

11 .I693 10.5680 -10 411 587 
11.8910 10.9045 - 10 403 605 
16.7860 12.9560 - 10 243 708 
24.8900 15.7765 - 10 006 847 

p0 = AH,' = - 11 115 + 32 cal/mol 

Tetramethylammonium bromide 
1 .6050 4.0062 5 160 233 
1 .7790 4.2178 5 143 245 
2.0436 4.5206 5 140 262 
4.9016 7.0011 4 962 399 
5.4610 7.3898 4 893 420 
9.3170 9.6524 4 561 472 

p0 = AHs0 = 5100 10 cal/mol 

Tetraethylammonium bromide 
1 .4963 3.8678 2 492 225 
2.0709 4.5597 2 469 264 
3.3672 5.8025 2 420 333 
3.6283 6.0232 2 311 346 
5.1697 7.1895 2 367 409 
5.3595 7.3205 2 321 41 6 
7.7485 8.8022 2 227 495 

p0 = AH,' = 2 395 f 8 cal/mol 

Tetrapropylammonium bromide 
1.5011 3.8744 3 380 226 
2.7438 5.2381 3 341 300 
3.1035 5.5709 3 330 321 
3.9035 6.2478 3 310 358 
6.0021 7.7473 3 245 439 
9.2520 9.6187 3 151 539 

p0 = AH: = 3 295 f 5 cal/mol 

Terrabutylammonium bromide 
1.5218 3.9010 5 658 226 
2.1386 4.6245 5 642 268 
3.3012 5.7456 5 605 330 
4.6590 6.8256 5 595 3 90 
4.8118 6.9367 5 581 396 
5.5642 7.4593 5 545 424 

p0 = AHs0 = 5 540 + 1 1  cal/mol 
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TABLE 4. Standard enthalpy of solution, AH: (cal/rnol), of 
tetraalkylarnmonium bromides in water 

and dioxane-water mixtures 

AH: (cal/rnol) 

20% 
Salts Water Dioxane 

Me,NBr 5 745* 5 860 
Et,NBr 1 430* 1 870 
Pr,NBr - 1 055* 902 
Bu,NBr -2  OSO* 1 075 
Arn,NBr + 796t - 

44.5% 64.5% 
Dioxane Dioxane 

6 070 5 100 
2 065 2 395 
2 610 3 295 
4 680 5 540 

'Data from ref. 23. 
tDatum from ref. 24. 

TABLE 5. Enthalpies of solvation (-AH,,,,O, kcal/rnol) of some uni-univalent electrolytes 
in dioxane-water mixtures and arnide solvents 

Dioxane-water mixtures 
- -- 

- AHsol,O (kcal/rnol) 

Lattice energy 20% 44.5% 64.5% 
Salt (- U, kcal/rnol) Dioxane Dioxane Dioxane 

LiCl 
NaCl 
LiC103 
NaC10, 
(CHd4NBr 
(C2Hd4NBr 
(C3H7)4NBr 
(C4H9)4NBr 

Arnide so lven t s~  

- AHs,l,O (kcal/rnol) 
Lattice energy 

Salt (- U, kcal/rnol) Dimethyl formarnide Forrnarnide n-Methylformamide 

'Values taken from ref. 24. 
tValues taken from ref. 28. 
$Values taken from ref. 5. 
$Values taken from ref. 26. 
IIAH,O data taken from ref. 9. 
TAH,O data for calculating -AH,.,,O taken from ref. 26. 

Enthalpies of Solvation These values can also be calculated for the simple 
The enthalpy of solvation (AHsol,O) of an elec- planar molecules from Kapustinskii's equation 

trolyte can be calculated using lattice energy (U) (26). 
and the standard enthalpy ofsolution (AH:) of vZ1Z2 1 - 0.345 
the electrolyte. [63 U = 287.2 [- ( )] kcal 

Y1 + Y2 Y l  + Y2 

[51 AH,,,,O = AH: + u where v is the total number of ions, Z, and Z, - .  
The lattice energies of most uni-univalent alkali are the electric charges, and y ,  and y2 the ionic 

metal halides are given in the literature (25). radii of anions and cations in a. 
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BHATNAGER AND CAMPBELL: 

This seems to work well with the simple alkali 
halides but when the anions are of the X02- ,  
X0,-,  or XO,- type, the values of lattice ener- 
gies calculated from this formula are in serious 
error. Recently Paul and co-workers (27) calcu- 
lated the lattice energies of some alkali metal 
perchlorates using eq. 6 and the effective thermo- 
chemical radii of Kapustinskii. Arvindakshan 
(28) has shown from crystallographic studies that 
the C1-0 distance in the C10,- ion of NaCIO, 
is 1.49 A ;  the three oxygens form an equilateral 
triangle with each side being 2.37 A while the 
chlorine atom is situated above the plane of 
oxygen at 0.50 A. 

The structure of NaClO, is somewhat similar 
to that of NaClO,. In such a case what should be 
the effective thermochemical radii of C10,- or 
(210,- ions? The same argument applies to all 
kinds of anions having a structure of the type 
X02- ,  X0,-, and X0,-. Morris (29) suggested 
an alternative approach for calculating the lattice 
energies of salts involving such ions. Using the 
lyotropic numbers and enthalpies of hydration 
he has tabulated the lattice energies of alkali 
metal nitrites, nitrates, chlorates, perchlorates, 
and thiocyanates. Though the lattice energy of 
LiClO, is not given in this table it is easy to cal- 
culate and was found to be -202.43 kcal. The 
lattice energies and enthalpies of solvation of all 
the electrolytes we have studied are given in 
Table 5 along with the corrected values of the 
enthalpies of solvation of alkali metal perchlo- 
rates in various amide solvents, using the data for 
AH: of Paul and co-workers (27). At present not 
enough data are available to obtain the ionic 
enthalpies of solvation but in future studies we 
intend to include those calculations. 
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R e ~ u  le 12 juin 1973 

Le chloro-1 trichlorosulfate-2,3,4 B-L-fucopyrannose (1) est prCparC par rCaction du chlorure de 
sulfuryle sur le L-fucose, a basse temptrature (rendement, 47%). Le chloro dCrivC (1) rCagit sur  les alcools 
en conduisant principalement a I'a-L-fucoside correspondant. Le p-nitrobenzyl a-L-fucoside est obtenu 
avec un rendement de 35%, a partir de (1). A partir du L-fucose, I'a-L-fucoside est obtenu en trois Ctapes 
seulement. 

The B-L-fucopyranosyl chloride 2,3,4-tri(chlorosulfate) (1) has been prepared by reaction of sulfuryl 
chloride with L-fucose at  low temperature (yield, 47%). This B-L-fucopyranosyl chloride (1) gave high 
yields of the a-L-fucoside by reaction with alcohols. The p-nitrobenzyl a-L-fucoside has been prepared 
(yield, 35%). From L-fucose, the a-L-fucoside is obtained in three steps. 

Can. J .  Chern., 52,210(1974) 

Introduction 
La rtaction du chlorure de sulfuryle sur les 

sucres rtducteurs, A basse temptrature, conduit 
dans les conditions d'isolement dtcrites par 
Jennings et Jones (1, 2) A des trichloro-1,4,6 
tridtsoxy-1,4,6 dichlorosulfate-2,3 hexopyran- 
nose pour les hexopyrannoses et 2 des dichloro- 
1,4 dichlorosulfate-2,3 pentopyrannose pour 
les pentoses. Par modification des conditions 
d'isolement, Jennings dtcrit ~~lttrieurement (3-5) 
la preparation de chloro-1 trichlorosulfate-2,3,4 
pentopyrannose. Ces composts permettent, grdce 
2 la non participation des groupes chlorosulfates 
(6), de prtparer des u-pentopyrannosides A partir 
de chloro-1 P-pentopyrannose et des P-pento- 
pyrannosides A partir de chloro-1 u-pento- 
pyrannose. 

En utilisant le D-xylose, Jennings (4) a obtenu 
I'anomere p du chloro- 1 trichlorosulfate-2,3,4 
D-xylopyrannose qui, par condensation avec le 
mtthanol ou le tttra-0-acttyl-1,2,3,4 p-D-man- 
nopyrannoside, conduit aux u-D-xylopyranno- 
sides correspondants. 

Nous decrivons dans ce mtmoire la prtpara- 
tion du chloro-1 trichlorosulfate-2,3,4 P-L- 
fucopyrannose et la prtparation des mtthyl et 
p-nitrobenzyl a-L-fucopyrannosides. Le p-nitro- 
benzyl u-L-fucopyrannoside est un intermtdiaire 
inttressant pour prtparer des supports utilisables 
en chromatographie d'affinitt (7). 

RBsultats et discussion 
Dans les conditions analogues 2 celles dtcrites 

par Jennings (4) pour les pentoses, le L-fucose 

est substitut par le chlorure de sulfuryle pour 
donner le chloro-1 trichlorosulfate-2,3,4 P-L- 
fucopyrannose cristallist. Les rtsultats de l'ana- 
lyse tltmentaire, la valeur de la masse moltculaire 
et les donntes de spectroscopie r.m.n. permettent 
de conclure que le groupement -C,-CH, n'est 
pas modifit et que trois des groupements hy- 
droxylts sont substituts par un groupement 
S0,Cl. Le spectre r.m.n. est complexe et en pre- 
miere analyse, seuls les protons du  CH, et celui 
du carbone 5 sont individualists. 

La condensation du chloro-1 trichlorosulfate- 
2,3,4 P-L-fucopyrannose avec le mtthanol, en 
prtsence de carbonate d'argent et de perchlorate 
d'argent conduit au mtthyl trichlorosulfate-2,3,4 
L-fucopyrannoside qui cristallise. Ce compose 
apres tlimination des groupements chlorosulfates 
et 0-acttylation conduit au mtthyl tri-0-acttyl- 
2,3,4 L-fucopyrannoside (4). L'analyse chromato- 
graphique de ce compost montre la prtsence des 
deux anomkres u et p. Les surfaces de pics obtenus 
sont dans les rapports 89 et 11. Le pouvoir optique 
rotatoire du melange correspond 2 87xd'anomere 
u. Ce rtsultat permet de conclure que le compost 
(1) est effectivement l'anomere p du chloro-1 
trichlorosulfate-2,3,4 L-fucopyrannose qui, par 
inversion de Walden, conduit essentiellement 2 
l'u-fucopyrannoside avec une grande sptcificitt 
(8873. Le spectre r.m.n. permet d'arriver aux 
memes conclusions et les valeurs d e  dtplacements 
chimiques et de constantes de couplage sont en 
parfait accord avec celles obtenues par Leaback 
et al. (8). 

La condensation de (1) et de l'alcool p-nitro- 
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RAFESTIN ET AL.: a-L-FUCOPYRANNOSIDES 21 1 

Ainsi donc, le chloro-1 trichlor.osulfate-2,3,4 
P-L-fucopyrannose (1) apparait comme un excel- 
lent intermtdiaire pour la prtparation d'ci-L- 
fucosides. En effet, grhce a l'tlimination aiste des 
groupements chlorosulfates (Jennings et Jones 
(1 7)) et grice a la non participation de ces groupe- 
ments, la condensation de (1) sur un  alcool con- 
duit un ci-L-fucopyrannoside avec un rende- 
ment comparable B l'obtention de l'anomere P 2 

2 R - CHq ; R' SO7CI partir de l'actto-bromo-ci-L-fucose. 

benzylique en prtsence de carbonate d'argent 
permet d'obtenir le compost (5) qui apres 
dtchlorosulfatation conduit au p-nitrobenzyl 
ci-L-fucopyrannoside (6) cristallist ;vet un rende- 
ment de 35% (schema I). A titre de comparaison, 
Flowers et al. (9) ont prtpart I'anomere P du 
benzyl L-fucopyrannoside a partir du bromo-1 
tri-0-acttyl-2,3,4 ci-L-fucopyrannose avec un 
rendement du meme ordre de grandeur (37%). 

D'une f a ~ o n  gtntrale le bromo-1 tri-O-acttyl- 
2,3,4 ci-L-fucopyrannose conduit au P-L-fucopy- 
rannoside; c'est ainsi que Zehavi et Patchornik 
(10) en utilisant les conditions de synthese de 
Koenigs et Knorr prtcistes par Zemplen (1 1) ont 
obtenu l'orthonitrobenzyl P-L-fucopyrannoside. 
Rachaman et Jeanloz (12, 13) avec le nitromt- 
thane comme solvant et le cyanure mercurique 
comme catalyseur ont obtenu des P-L-fucopyran- 
nosy1 N-acttylglucosamine. Par contre, Flowers 
et al. (9), Levy et al. (14) et Shaban et Jeanloz 
(15) ont obtenu dans des conditions analogues, 
mais sur des partenaires hydroxylts difftrents, 
des ci-L-fucopyrannosides. 

Rtcemment, Dejter-Juszynski et Flowers (16) 
ont propost une synthese sttrtosptcifique d'ci-L- 
fucopyrannosides par condensation d'aglycone 
sur un bromo-1 ci-L-fucopyrannose portant un 
groupement non participant sur le carbone 2, et 
des groupements participants sur les carbones 
3 et 4. La condensation s'effectue en prtsence de 
nitromtthane. Cette mtthode conduit B l'ci-L- 
fucoside en une dizaine d'ttapes. La mtthode 
que nous dtcrivons dans ce papier conduit au 

Partie expkrimentale 
L'a-L-fucose (Sigma) est sCchC avant utilisation sur 

P 2 0 5  pendant une nuit. La pyridine ( R P  Prolabo) est 
stchee sur pastilles de potasse puis redistillCe. Le chlorure 
de sulfuryle est redistille. Le chloroforme sans Cthanol est 
prepark selon le procCdd suivant: le chloroforme est agitC 
avec un petit volume d'acide sulfurique (environ 5% du 
volume de CHCI3) puiS lave a I'eau, sCchC sur CaClz e t  
redistillt. Le methanol anhydreest prCparC par distillation 
a reflux sur tournure de rnagnCsium. Le carbonate d'argent 
est prepark extemporaniment, a I'obscuritC, suivant le 
procedi de Wolfrom et Lineback (18). 

Les points de fusion ont CtC dCterminCs a l'aide du 
microscope a platine chauffante (Leitz) et  ne sont pas 
corrigis. Les pouvoirs optiques rotatoires ont CtC mesurts 
sur le polarimetre Perkin-Elmer modele 141. Les spectres 
infra-rouge ont C t t  enregistres, en utilisant des pastilles de 
bromure de potassium, sur un spectrometre Perkin-Elmer 
modele 257. Les spectres de resonance magnCtique nu- 
cltaire ont CtC rtalises, a tempkrature ambiante, sur le 
spectrometre Bruker a 90 MHz en utilisant le chloroforme 
ou I'acCtone deuttriis. Les signaux du tCtramCthylsilane 
ont CtC pris comme rCference pour la mesure des diplace- 
rnents chimiques. La dktermination de masse molCculaire 
a CtC rCalisCe sur l'osmometre a tension de vapeur 
Mechrolab 302 B. Les experiences ont CtC faites a 37" avec 
le toluene comme solvant et le benzyle comme Ctalon. 

La chromatographie en phase gazeuse a CtC rCalisie sur 
un appareil Varian Aerograph 1520; colonne de verre 
(150 x 0.2 cm) remplie de chromosorb W 100-120 mesh 
imprCgn.4 de ECNSS-M (A.S.L.) (3% p/p); gaz porteur 
N,, dCbit 30 ml/mn; temperature 150"; dCtecteur a 
ionisation de flamme. Les chromatographies sur couche 
mince ont Cte rCalistes sur silica gel G (Merck), la dCtec- 
tion Ctant obtenue par chauffage des plaques aprts 
pulvCrisation d'acide sulfurique a 5% (pour les chloro- 
sulfates pulvCrisation du mClange aniline-pyridine- 
11-butanol 1 :2:7, Crank (19)). Les chromatographies sur 
colonne ont ttC rCalisCes sur silice Merck (70-325 mesh 
ASTM). La composition du solvant, qui depend de la 
nature des composes a isoler, est prtdCterminCe par la 
chromatographie sur couche mince. 

Chloro-l trichloros~rlfate-2,3,4 e-L-fi~copyrannose (I) 
D e  I'a-L-fucose (5 g) dans de la pyridine (20 ml) et du 

chloroforme (50 ml) est port6 a -70" par  un mClange 
rCfrigCrant acttone-carboglace. Du chlorure de sulfuryle 
(12 rnl) est ajoutC goutte a goutte. Le melange est main- 
tenu sous agitation constante a -70" pendant 2 h, puis 
la tem~Crature est oortCe entre - 10 et 0" e t  une nouvelle 

meme rtsultat en trois ttapes. addition de chloroforrne (50 ml) est effectuCe. La temptra- 
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ture est maintenue entre - 10 et 0' pendant 30 min, avant 
d'isoler le produit de condensation. La phase chloro- 
formique est lavee avec une solution d'acide sulfurique 
a 10% puis avec une solution saturke de bicarbonate de 
sodium et enfin avec de l'eau. La solution est sCchCe sur 
sulfate de sodium anhydre puis concentrke. Le sirop 
obtenu est repris par le chloroforme (50 ml) et le chloro- 
sulfate est recristallisk par addition d'ether de petrole 
(6.6 g;  rendement, 47%): p.f. 128"; [a]58q25 -30°, 
[a]54625 -34'6 (c, 1 dans le chloroforme). 

Anal. calc. pour C6H80LOS3C14: C, 15.06; S, 20.08; Cl, 
29.70. TrouvC: C, 15.01; S, 20.17; C, 29.71. 

Masse molCculaire calc. 478; Trouvee: 462 + 20; v,,, 
(KBr): 2990 (C-CH,), 1420 (OS02CI, C-CH,), 1190 
(OS02CI), 675 cm-' (C-CI); r.m.n. (CDCI,) r :  4.55- 
4.89 (H-1, H-2, H-3, H-4), 5.92 (q, J = 6.5 HZ, H-5), 8.46 
(d, J = 6.5 Hz, C-CH,); r.m.n. (acetone deutCriCe) r :  
3.55-4, 4.54 (d, J = 9 HZ) (H-1: H-2, H-3, H-4), 5.28 (q, 
J = 6.5 HZ, H-5), 8.48 (d, J = 6 HZ, C-CH,). 

Mithyl trichlorosriljbte-2,3,4 L-Jicopyrannoside (2) 
Des cristaux de chloro-1 trichlorosulfate-2,3,4 P-L- 

fucopyrannose (1) (2 g )  sont dissous dans du chloroforme 
et d; methanol anhydre (20 ml) est additionne. La solu- 
tion est agitCe a I'abri de la lumiere en presence de car- 
bonate d'argent (6 g), de perchlorate d'argent (80 mg) et 
de drierite (2 g) pendant une dizaine d'heures. La solution 
est concentrke en un sirop qui cristallise. Aprts redissolu- 
tion dans le mCthanol(50 ml) le compose 2 est recristallisk 
par addition d'eau distillee (1 .I3 g;  rendement, 57%): 
[a]54625 - 139', [a]58q25 - 119'5 (c, 1 dans le chloro- 
forme); v,;,, (KBr): 2985 (C-CH,). 2930, 2840 (0- 
CH,), 1420 (C-CH3, 0S02CI),  1190 cm-I (OS0,CI); 
r.m.n. (CDCI,) r :  4.554.9 (H-2, H-3, H-4), 5.02 (d, J = 
3.5 Hz, H-1), 5.75 (q, J = 6.5, H-5), 6.46 (s, OMe), 8.56 
(d, J = 6 HZ, C-CH3). 

Mkrhyl tri-0-acityl-2,3,4 L-Jrcopyrannoside (4) 
A une solution de methyl trichlorosulfate-2,3,4 L- 

fucopyrannoside (2) (2 g) dans le methanol sont ajoutCs du 
carbonate de baryum (200 mg environ) puis de faibles 
quantitts d'une solution d'iodure de sodium (8 g d'iodure 
de sodium dans 20 ml d'une solution methanol+au v:v 
(17)). L'addition d'iodure de sodium est arr&tCe lorsqu'une 
nouvelle addition ne libtre plus d'iode. La solution est 
ensuite CvaporCe a siccite (3). Le melange, repris dans la 
pyridine (4 ml) et l'anhydride acetique (2 ml), est port6 a 
100" pendant une demi-heure. Aprts refroidissement a 
20" I'anhydride acetique en excts est dktruite par addition 
d'eau distillCe (50 ml). Le compose (4) est extrait par le 
chloroforme (3 x 25 ml). Les phases chloroformiques 
sont lavies successivement avec une solution d'acide 
sulfurique a lo%, une solution saturee de bicarbonate de 
sodium et avec de I'eau. La solution chloroformique 
tvaporke donne un sirop: [a]54625 - 153O, [a]58925 - 131' 
(c, 1 dans le chloroforme) (litt. (17) [a]58925 - 152O); v,,, 
(KBr): 2985 (C-CH,), 2940, 2840 (0-CH,), 1750 
(C=O), 1440 (C-CH,), 1375,1230 cm-' (C-0); r.m.n. 
(CDCI,) T: 4.6-4.85 (H-2, H-3, H-4), 5.08 (d, J = 3.5 HZ, 
H-1), 5.88 ( J  = 6.5 HZ, H-5),6.6(~, 0-CH,), 8.86 (d, J = 
6.5 Hz, C-CH,) (litt. (17) (CDCI,) r :  4.554.9 (H-2, H-3, 
H-41, 5.08 (d, J = 3.5 HZ, H-l), 5.78 ( J  = 6.5 HZ, H-5), 
6.6 (s, OCH,), 8.86 (d, J = 6.5 HZ, C-CH3)). 

p-Nitrobenzyl a-L-ficopyrannosicle (6) 
Des cristaux de chloro-1 trichlorosulfate-2,3,4 P-L- 

fucopyrannoside (1) (2.4 g) sont dissous dans du chloro- 
forme (20 ml) et de I'alcool p-nitrobenzylique est ajoutC 
en exces (1.53 g). Le melange est maintenu sous agitation 
constante a I'abri de  la lumitre pendant six jours en 
presence de carbonate d'argent (10 g) e t  de drierite (3 g). 
La solution chloroformique (5) est 6vaporCe puis reprise 
par le methanol (I0 ml). Du carbonate de  baryum (500 mg 
environ) et des quantitks suffisantes d'une solution me- 
thanolique d'iodure de sodium (17) sont  additionnees a 
la solution. Le melange est purifie par passage sur colonne 
de silice (3 x 80 cm) avec le systeme solvant: acetate 
d'ethyle-methanol (5 : 1). La fraction d e  t6te correspond 
a I'alcool p-nitrobenzylique, la seconde fraction contient 
le p-nitrobenzyl a-L-fucopyrannoside (6)  (370 mg, rende- 
ment, 31%). Aprts dissolution dans I'acCtone (5 ml), le 
compost (6) cristallise par addition d'kthoxykthane: p.f. 
149-151'; [a]54625 - 167', [a]58925 - 142' (c, 1 dans 
I'ethanol); v,,,, (KBr): 3300 (OH), 3000 (C-CH,), 2930- 
2910 (CH2), 1520 (NO,), 1455 (C-CH,), 1355 (NO,), 
855 (NO,), 810 (C-H noyau phknyle); r.m.n. (acetone 
deutCriCe) r :  1.77 et 2.25 (2d, J = 8 Hz, 4 H aromatiques), 
8.6 (d, J = 7 HZ, C-CH,). 

Les auteurs remercient Monsieur le Professeur J. K. N. 
Jones (Chown Research Laboratory, Queen's University, 
Kingston, Ontario) pour les conseils e t  les suggestions 
qu'il leur a apportes, et Monsieur le Professeur Ch. 
Sadron, Directeur du  Centre de Biophysique Moleculaire 
pour.l'intCret qu'il a port6 a ce travail. 
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Vibrational Spectra of the Hexacarbonyl Manganese(1) Cation 

R. A. N. MCLEAN 
Deportment o f  Cl~er,~istry, Ur~irxersity of l fe ,  Ile-lfe, Nigericr 

Received July 16, 1973 

The infrared and Raman spectra of the hexacarbonylmanganese cation as Mn(C0),+PF6- were 
assigned by comparison with other hexacarbonyl species. The CO stretching force constants for 
Mn(CO),+ and Re(CO),+ as indicated by the CO stretching vibrational frequencies are not significantly 
different. However, the Mn-Cforceconstant in Mn(CO),+ islikely to beconsiderably less than theCr-C 
force constant in Cr(C0)6, whereas Re(CO),+ and W(CO)6 have similar values. It is postulated that, 
although Mn(CO),+ has equal metal-carbon n bonding to Re(CO),+, the metal-carbon o bonding 
is less for Mn(CO), +. - - - 

Les spectres infrarouge et Raman du cation de l'hexacarbonylmangan6se Mn(C0)6+PF6-, ont CtC 
analysCs par comparaison avec d'autres especes hexacarbonyles. Les constantes de force d'elongation du 
lien CO pour Mn(CO),+ et Re(CO),+ ne different pas de f a ~ o n  importante comme le montrent les 
frkquences de vibration attribuables a ]'elongation du lien CO. Cependant, la constante de  force de 
Mn-C dans MII(CO)~+ sera vraisemblablement beaucoup plus petite que la constante de force Cr-C 
dans Cr(C0)6, alors que celles de Re(CO),+ et W(CO)6 ont des valeurs sernblables. On en conclut alors 
que, bien que Mn(CO),+ possede une liaison R metal-carbone Cquivalente a celle dans Re(CO),+, la 
liaisons mCtal-carbone est plus faible pour Mn(C0)6+. [Traduit par le journal] 

Can. J .  Chem., 52,213 (1974) 

Introduction 

Full details of the vibrational spectra of the 
neutral hexacarbonyls of Group VIA (ref. 1 and 
references therein), and two ionic hexacarbonyls 
have been published (2). Bonding in these and 
related species continues to attract considerable 
attention (3-8) and further spectroscopic data is 
useful for comparison with these studies. 

We have shown earlier that although there is 
a considerable increase in the CO force constant 
(and bond order) from W(CO), to Re(CO),+ the 
metal-carbon stretching force constants are al- 
most equal (9). (Note:  the constraints placed on 
the force field in that work, because of the limited 
data available, produced rather different values 
for the force constants and interaction constants 
in the neutral hexacarbonyls than those obtained 
from using a complete quadratic valence force 
field (I) ,  though with the same trends in primary 
valence force constants. As these trends are also 
indicated by weighted average frequencies we 
now prefer to discuss these rather than the force 
constants produced by a rather artificial force 
field.) We now present i.r. and Raman spectral 
data on the first row metal hexacarbonyl cation, 
Mn(CO),+, and comment on the bonding trends 
implied by these results in comparison with the 
previously reported spectra of V(CO),-, Re- 
(CO),', and Cr(CO),. 

Experimental and Results 
The salt used for the investigation was Mn- 

(CO),' PF6- prepared by the high pressure car- 
bonylation of Mn(CO),Cl with AlCl, as Lewis 
acid (10) and precipitating with NH,PF, in de- 
gassed tetrahydrofuran. The spectra were re- 
corded as in the earlier study (2) and the results 
are given in Tables 1 and 2. As Mn(CO),+PF,- 
decomposes to Mn(CO),H immediately on ex- 
posure to wet solvents, the acetonitrile used was 
distilled from phosphorus pentoxide. Surprising- 
ly for a white compound it was extremely difficult 
to obtain a Raman spectrum either in solution or 
in the solid state due to the presence of a fluoresc- 
ing impurity. A sample of analytical purity was 
used but it was only after a third recrystallization 
from acetonitrile that a very poor Raman spec- 
trum in the solid state was obtained. No Raman 
spectrum could be obtained of solutions. The 
combination bands in the i.r. spectra were used 
to confirm the Raman assignments. The spectral 
assignments, both of fundamentals and combina- 
tions, are fairly straightforward by comparison 
with the position and intensity of corresponding 
bands of the other hexacarbonyl species (1, 2). 
The fundamental frequencies in Table 2 are for 
the solid state. The only significant differences 
between the solid state and solution spectra are 
in v, and v,. 
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TABLE 1. Vibrational frequencies* in cm-I for 
Mn(CO), + PFs- 

( A )  Infrared spectrum 

Frequency (cm-l) 

Solution 
(in acetonitrile and 

Assignment nitromethane) Solid? 

- 
- 
- 

412 (500) 
- 

559 (GOO) 
636 (800) 
- 
- 

840 (3000) 
- 
- 
- 
- 
- 

2060 (sh) 
2095 (2000) 
- 

2479 (sh) 
2483 (8) 
2541 (10) 
2599 (2) 
2760 (3) 
4201 (2) 
4283 (10) 

101 (vw) 
349 (vw) 
376 (vw) 
414 (s) 
500 (m) 
557 (s) 
636 (vw) 
780 (vw) 
796 (sh) 
840 (vs) 
880 (sh) 
932 (vw) 
983 (m) 

1018 (m) 
1152 (m) 
2065 (sh) 
2095 (vs) 
2285 (vw) 
2479 (sh) 
2487 (m) 
2540 (m) 
2596 (w) 
- 

4198 (vw) 
4278 (w) 

(B) Raman spectrum (solid) 

Frequency 
Assignment (cm-') 

90 (VS) 
1 l o  (vs) 
384 (s) 
390 (sh) 
472 (ms) 
520 (vw) 
573 (m) 
749 (s) 

2125 (m) 
2192 (w) 

'Errors + 1 cm-' for i.r., + 5 
cm-1 for Rarnan. 

?Relative intensities given in 
parentheses: vw = very weak, w = 
weak, m = medium, s = strong, 
vs = very strong. 

The observed combination bands below 3000 
cm-' are very close to  the sum of the correspond- 
ing fundamentals and the intensity patterns are 
mostly the same as in the related hexacarbonyls 
(1, 2). The CO combination bands, v, + v6 and 

VOL. 52, 1974 

TABLE 2. Fundamental vibrations* of Mn(C0)6+ 

Assignment Representation Normal mode v(cm-') 

'Solid state values. 

v, + v, have anharmonic corrections of the or- 
der of those for the other hexacarbonyls (1 1) 
(XI, = -9cm-', x,, = -22cm-', cf. Cr(CO),, 
X,, = -8 cm-I, X,, = -21 cm-I). 

Considering the anharmonic defects to be equal 
to those of Cr(CO), ( a ,  - v,, 21 cm-'  ; w, - v,, 
19 cm-' ; w, - V6, 43 cm-' (1 1)) the following 
harmonic values ( + 5  cm-') for the CO vibra- 
tions of Mn(CO),+ are obtained: w, = 2213 
cm-', a, = 2144 cm-', w, = 21 38 cm-' (aver- 
age, G = 2153 + 5 cm-'). The corresponding 
values for Re(CO), + (2) are 2224, 21 39, and 2 13 1 
cm-', respectively (G = 2149 +_ 5 cm), for Cr- 
(CO), (1) 2133, 2037, 2027 cm-', respectively 
(G = 2048 cm- '), and for V(CO),- (2) 2036, 
1908, 1895 cm-', respectively (a = 1923 cm-') 
(6) .  

Discussion 
The order of the average harmonic CO stretch- 

ing frequency through the series of metal hexa- 
carbonyls now studied (1, 2) is Mn(CO),+ > 
Re(CO),+ ( ~ 2 1 5 0  cm-') > Mo(CO), > Cr- 
(CO), and W(CO), ( ~ 2 0 5 0  cm- ') > V(CO),- 
(z 1920 cm-'). 

The effect of the metal (and particularly its 
charge) on "back-donation" from the metal d 
orbitals to the n* orbitals of the CO ligand and 
on the o donation to the metal and the resultant 
effect on the CO stretching force constant has 
been well discussed (1, 2, 4, ref. 7 and references 
therein). 

The CO force constant for Mn(CO),+ will not 
be significantly different from that of Re(CO),+. 
This is the same result as that obtained with 
Cr(CO), and W(CO),, but contrasts with the re- 
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sults of molecular orbital calculations (3) on 
Mn(CO),+ and Re(CO),+, in which Mn(CO),+ 
was found to have twice the amount of d -, n* 
backbonding of Re(CO),+. However the CO 
force constants indicate that Mn(CO),+ has 
about the same amount of d -, n* backbonding 
as Re(CO),+. 

The change in the TI, metal-carbon (M-CO) 
stretching vibration through the series V(CO),- 
(460 cm-I), Cr(CO), (440 cm-I), Mn(CO),+ 
(410 crn-I), which is the opposite of the order of 
the CO stretching vibrations, has been cited as 
evidence for the decreased M-C bond strength 
in that order (4, 13). This was explained by the 
decreased M-C n bonding through the series 
with the o bonding being constant or indeed de- 
creasing slightly with the n bonding. An examin- 
ation of all the M-C stretching vibrations for 
V(CO),-, Cr(CO),, and Mn(CO),+ (Table 3) 
shows that the differences between the average 
M-C stretching frequencies are not as great as 
for the TI,. The difference between Cr(CO), and 
Mn(CO),+ is more significant than that between 
V(CO),- and Cr(CO),. Since in the heavier metal 
species o bonding in the M-C bond increases 
with the nuclear charge (see below) we believe 
this also holds for the first row series and that the 
decreased n bonding in Mn(CO),+ outweighs the 
increase in o bonding in the M-C bond com- 
pared to Cr(CO),. Comparison of Re(Co), + and 
W(CO), shows no significant difference between 
the average M-C stretching vibration (393 and 
397 cm-', respectively) and the M-C force con- 
stants, as discussed earlier (2, 9). There seems 
no doubt that the other properties of Re(CO),+ 
(12, 14) support this relative strengthening of the 
metal-carbon bond compared to Mn(CO),+. 

We have suggested earlier that the Re-C o 
bonding is stronger than the W-C o bonding 
(already considerably greater than Cr-C and 
Mo-C o bonding) and it is pertinent to specu- 
late on the reasons for the relatively weaker o 
bonding of Mn(CO),+. It seems likely that the 
less diffuse orbitals of the first row metals are 

TABLE 3. M-C stretching vibrations 
-- -- 

Frequency (cm-') 

Mode Mn(C0)6 + Cr(C0)6 V(CO)~  - 

A , ,  384 381 3 74 
EE 390 394 393 
TI u 412 440 460 
Weighted 

average 400 415 423 

more affected by the nuclear charge and are less 
available for effective overlap with carbon when 
there is a high nuclear charge. A corollary to  
this argument is the prediction that if it is pos- 
sible to make hexacarbonyl dications then 
O S ( C O ) ~ ~ +  will be more stable than ~e(C0);'. 

I thank Professor E. W. Abel for his encouragement 
and the Salters' Company and the Research Committee 
of the University of Ife for financial support. 
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Homogeneous Gas-phase Pyrolyses using a Wall-less Reactor. IV. 
Comparative Surface-Nonsurface Effects with Cyclopropane 

Depnrttnetzt of Cllrt?~istry, Krill State Utliversity, K e t ~ l ,  O l ~ i o  44242 
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The rates of pyrolysis of cyclopropane in nitrogen have been determined using a wall-less reactor at 
temperatures of 600-740 "C and a total pressure of 1 atm. In the presence of oxidized stainless steel. 
quartz, o r  carbon coated steel rods the rate of conversion to propylene is 1.9 times the rate under homo- 
geneous conditions. A maximum in surface effect was observed at S /V  = 0.6 a n - ' .  A small but increased 
amount of methane and ethene are formed under surface conditions as compared to homogeneous con- 
ditions. Several possible mechanisms for the rate enhancement by surface are discussed. The most likely 
possibility is surface interaction with the cyclopropane molecule to form the diradical followed by its 
surface promoted conversion to propene. The importance of determining surface effects by comparing 
surface rates with totally homogeneous rates is emphasized. 

On a evalue les differentes vitesses de pyrolyse dans I'azote du cyclopropane en utilisant un reacteur 
sans paroi a des temperatures de 600 a 740 "C et a une pression totale d'un atmosphere. En presence de 
tiges d'acier recouvertes de quartz, de carbone ou d'acier inoxydable oxyde, la vitesse de transformation 
en propylene est superieure par un facteur de 1.9 a celle enregistree dans des conditions hornogenes. On a 
observe a S /  V = 0.6 cm- ' un effet de surface maximum. De  m&me, uneltgtre augmentation d e  la quantite 
produite de methane et d'ethane a Ctt enregistree dans les conditions impliquant une surface par rapport 
aux conditions homogenes. On discute de plusieurs mecanismes probables tenant compte de I'augmenta- 
tion de vitesse due a une interaction surface-cyclopropane conduisant i un  biradical puis a s a  transfor- 
mation, favorisee par la surface, en propene. On discute aussi de I'importance d'evaluer les effets de 
surface par comparaison entre les vitesses observtes lors de la presence d'une surface et celles obtenues 
dans des conditions parfaitement homogenes. [Traduit pa r  le journal] 

Can. J .  Chem., 52, 216 (1974) 

Introduction table surface effect. The isomerization may be 

In the first determinations of the absolute proceed as 

effects of surfaces on various gas-phase pyrolyses 
using the wall-less reactor, results ranging from [I1 
activation to inhibition have been noted. The 
compounds reported to date include neopentane 
(1, 2) and ethane under both oxidative and 

[21 ',,//' % 
nonoxidative conditions (3) and now cyclopro- 

v 
pane. Neopentane exhibits a strong positive 
surface effect with alteration of both products 
and activation energy. Ethane has a negligible 
surface effect at low surface to volume ratios; 
ethane with oxygen is positively affected by 
surface at very low conversions and is inhibited 
at higher conversions. 

Previous investigations of the thermal isom- 
erization of cyclopropane have been carried 
out in reactors having walls of glass ( 4 6 ) ,  
seasoned glass or silica (7-9), and recently 
gold-lined steel (10). It has been generally as- 
sumed that the reaction proceeds without no- 

'Present address: Research Division, The Goodyear 
Tire and Rubber Co., Akron, Ohio 44316. 

'Revision received September 24, 1973. 

Studies on the geometric isomerization of 
dideuterocyclopropanes by Rabinovitch and 
co-workers (8, 9) and the discussion of O'Neal 
and Benson (1 1) present convincing arguments 
favoring a biradical mechanism. 

Experimental support for an entirely homo- 
geneous process has been given by Davis and 
Scott (4) and Chambers and Kistiakowsky (5), 
who compared packed with unpacked clean 
glass reactors and detected no significant devia- 
tion in the observed rate values. Using a silica 
vessel, Rabinovitch et al. (8) observed that 
seasoning of the reactor was necessary to 
establish reproducible rates. Pritchard, Sowden, 
and Trotman-Dickenson (7) also noted dif- 
ferences between runs carried out in an aged 
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Pyrex vessel and runs following exposure of the 
reactor vessel to air. 

Catalytic isomerization of cyclopropane to 
propene by platinum black, alumina, and zeolite 
has been clearly demonstrated (1 2, 13). 

Wall effects at very low pressures (0.1 Torr or 
less) have been reported by Kennedy and 
Pritchard (6) and Rabinovitch, Gilderson, and 
Blades (14). However, at very low pressures the 
mean free path exceeds the size of the reaction 
vessel and the molecules become predominantly 
energized by collisions with the walls. Theoretical 
treatments of this low pressure effect have been 
advanced (1 5-1 7). 

The purpose of this paper is to present evi- 
dence concerning the existence of surface effects 
in the pyrolysis of cyclopropane at 1 atm total 
pressure. A comparison is made of the homo- 
geneous rate with the rate in the presence of 
surface at low surface to volume ratios. These 
homogeneous data are in contrast with the prior 
concept of a "homogeneous" reaction in that 
there is a total absence of any contact of the 
reactant with surface from the time it attains 
reaction temperature to the time the reaction is 
quenched. 

Experimental 
The use of the wall-less reactor for comparative homo- 

geneous-heterogeneous studies has been described (1, 3); 
however, one additional change was incorporated for this 
work. An opaque quartz tube has been substituted for the 
previously used stainless steel reactor. 

Both the center-point sampling and cross-sectional 
analysis techniques as previously described (1) were used 
in the determination of rate data. The latter procedure 
is the more accurate for the determination of compara- 
tive rates either with or without surface. Center-point 
sampling is excellent for the determination of activation 
energies where a series of runs can be made without 
changing the position of the sampling tube. If the sam- 
pling tube position is altered (as with comparative sur- 
face-nonsurface runs), the technique is less accurate. 

All reactions are done a t  a total pressure of 1 atm. The 
concentration of cyclopropane varies due to diffusion of 
the injected center stream into the "blanket" nitrogen 
stream. The overall average concentration of cyclopro- 
pane is -1% (see Fig. 1). 

The cyclopropane was purified by removal of oxygen 
using the procedure previously described (3). 

Results 
A distinct and significant rate enhancement 

of the isomerization of cyclopropane occurs in 
the presence of surfaces as compared to the 
homogeneous rate (see Figs. 2 and 3). It is 
further noted that the rate increases with in- 

DISTANCE, CM 

FIG. 1. Plot of the variation of log o f  cyclopropane 
concentration with distance traversed in  the wall-less 
reactor. Each point on the curve is a weighted average of 
the total cyclopropane concentrations a t  that distance 
from the inlet tube. The experimental conditions are  
identical (except temperature) for all experiments de- 
scribed in this paper. Pressure, -740 Torr (atmospheric); 
temperature, 660 "C; total averaged concentration of 
cyclopropane, 1.8% between 0 and 6 cm downstream. In  
view of the warm-up period required, the averaged con- 
centration at reaction temperature is about 1%. Due to  
the design of the surface insert with rods parallel to the 
gas flow, no significant alteration of the flow pattern was 
noted upon placing the surface insert in t h e  reactor. Inlet 
tube -360 "C, sampling tube -400 "C. 1 c m  = 0.0360 s. 

0.20 0.25 0.30 
TIME. S 

FIG. 2. Comparative rates of pyrolysis of cyclopro- 
pane a t  672 "C. @, Homogeneous, A, S / V  = 1.2 cm-l 
with a n  oxidized stainless steel surface. The data are  
taken with center-point sampling and a r e  uncorrected. 
They are presented to show the consistency within each 
curve and the semiquantitative difference in rates. 
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FIG. 3. Arrhenius plot of rate constants for cyclopro- 
pane pyrolysis. The data are taken in part by center-point 
sampling (P) which gives more consistent data for activa- 
tion energies and the remainder by cross-sectional anal- 
ysis (S) which permits a better absolute determination of 
comparative rates. The (P) data are corrected by adding a 
constant factor to log: k to give consistency with the (S) 
data. 0, (P) corr., homogeneous; a, (S) homogeneous; 
Q, (P) corr., oxidized stainless steel; 0,  (S) oxidized 
stainless steel. 

VOL. 52,  1974 

TABLE 1. Variation of rate constant with increased 
surface. Oxidized stainless steel rods, equally spaced 
throughout a 5.2 cm i.d. quartz reactor tube, provide 
the surface. Because of the outward diffusion of the 
cyclopropane stream as it flows downward, an in- 
creasing number of rods are contacted with time of 

flow. The data are taken at 676-680 "C using the 
cross-sectional technique and the rate constants 

are corrected to 678 "C* 

t Number Conversion k 
(s) of rods s/ v (%) (s-l)  

*The temperatures o f  the heterogeneous da ta  do not exceed in 
average 3' greater than the listed temperatures. The  actual value error 
is generally less. 

TABLE 2. Analysis of minor products under surface and 
nonsurface conditions. Temperature, 678 "C; reaction 

times, 0.237 s homogeneous, and 0.229 s with 40 
stainless steel rods (S/V = 0.79) 

Yield (%) 
Reaction 
products Homogeneous S/V = 0.79 

creasing surface up to  an optimum at surface to 
volume (S/V) ratios of about 0.6 cm-I (see 
Table 1). 

The variation in activation energy upon 
adding a surface is within experimental error 
since the values are 64.0 + 2 kcal/mol homo- 
geneous, and 64.5 + 2 kcal/mol with oxidized 
stainless steel. 

The design of the surface insert is such that 
the reactant gas encounters only rods set parallel 
to  the stream flow thereby minimizing turbu- 
lence. It has been observed (3) that pure ethane 
exhibits a negligible surface effect at S /V = 1.2 
with stainless steel. Laidler and Wojciechowski 
(18) noted only a small surface effect at  S /V = 
25 with quartz. Using identical experimental 
conditions to  the cyclopropane studies (except 
temperature) ethane decomposes at  the same rate 
in either the presence or absence of surface 
thereby supporting the reality of the cyclopro- 
pane data. 

Although the products methane and ethene 
are formed in minute quantities under homo- 

C3Hs 13.1 17.7 
C2H4 O.OOOO1* 0.0162 
CH4 0.0001* 0.0016 

'Because of the very low concentrations the data are difficult to 
reproduce. The comparison between the homogeneous and hetero- 
geneous systems is valid qualitatively, however. 

geneous conditions, there is a significant in- 
crease in their formation in the  presence of a 
stainless steel surface (see Table 2). Deposition 
of carbon was noted on the stainless steel 
surface. 

Other surfaces including quartz and carbon 
coated steel are similar to stainless steel in their 
relative effects upon the rate o f  reaction (see 
Table 3). Although there do  appear to  be slight 
differences among the surfaces examined, the 
primary importance of Table 3 is to establish 
that all three surfaces increase the  rate of pyrol- 
ysis to a roughly equivalent degree. 

Oxygen has a negligible effect upon the rate 
of reaction (Table 3). This is in sharp contrast to  
ethane (3) and propane (19) whose rates of pyrol- 
ysis are greatly increased by oxygen. This lack of 
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TABLE 3. Effects of three surfaces and oxygen on and an estimated diffusion constant of D = 
cyclopropane pyrolysis* 1 cm2/s, the biradical will only travel an average 

distance (x) of < low4 mm at 700 "C and 1 atm 

Surface 
Oz Time pressure within its half-life. Since the average 

added (s) distance to each rod is 3 mm, the number of 
None No 0.246 1.9 contacts of the biradical with the surface will be 
None Yes 0.246 1.9  very small. 
Carbon No 0.155 4.0 
Carbon 

However, the time (<0.04 s) required for a 
Yes 0.155 3.6 

Quartz No 0.155 3.8 cyclopropane molecule to  diffuse to the surface 
Quartz yes 0.155 3.8 is short relative to its half-life (-0.6 s at 700 "C) 
Oxidized stainless steel No 0.155 3.3  and the reaction time (-0.2 s). If the surface 
Oxidized stainless steel Yes 0.155 3.0 interaction is limited to the equilibrium step and 

*Co.nditions: point sampling technique, 0.4Z O2 added to the NZ the biradical diffuses from its adsorbed site, 
when ~nd~cated.  643 "C reaction temperature, S / V  = 1.2cm-1. there will then be no overall change in rate since 

the reverse reaction must necessarily be pro- 

sensitivity of cyc~opropane to oxygen has been portionally increased. The surface effect is there- 

recorded earlier (20). fore nullified since k,/k2 = K. 
However, k, can be independently altered by 

Discussion surface. It therefore appears that the combina- 

F~~~ a consideration of the assigned tion of surface effects in both the equilibrium 

anism for cyc~opropane isomerization and the and final steps of reactions 1 and 2 provides the 

observed surface effect, several alternate pos- best 

sibilities for this surface interaction can be 
envisaged. [4 I &*-'& s 

It is unlikely that the observed surface effect is 
due to collisional activation. An investigation 
at very low pressures by Pritchard and co- 
workers (6,7) suggests that a collision of a cyclo- 
propane molecule with the reactor wall is -60 
times as efficient as a collision with a nitrogen 
molecule. However, at 1 atm pressure the ratio 
of heterogeneous to homogeneous contacts by 
cyclopropane is very small (- 1 : lo6 at SJV = 

l), and the increased efficiency of energy transfer 
by the surface will not be significant. It should 
be noted that the energy transfer studies were 
carried out in a conditioned reaction vessel 
(SJV = 0.4 cm-l); the data of this paper indi- 
cate a surface effect at this value of S /V (Table 
I), although differences in temperature, reaction 
times, and the types of reactors (flow us. static) 
prevent a quantitative comparison. Energy 
transfer studies of various gases in cyclopropane 
using a sound absorption technique do  support 
the chemically oriented observations of the 
relative efficiencies of various gases (21, 22). 

It is also unlikely that surface influences only 
the final step, k, (reaction 2). Using the data of 
O'Neal and Benson ( l l ) ,  the half-life t of the 
biradical is estimated to be < 10-l1 s. From the 
Einstein relation 

With the enhanced rate of biradical formation 
as above, the probability of formation of the 
biradical upon contact of a cyclopropane mole- 
cule with the surface is greatly increased. If the 
rate of migration of hydrogen within the birad- 
ical is correspondingly increased such that it is 
competitive with the reverse reaction, then an 
overall rate enhancement will be noted. 

The variation of activation energy upon 
adding a surface is within experimental error. 
However, the change of activation energy cal- 
culated from the alteration in rate is also roughly 
within experimental error. At SJV = 0.6 cm-' 
the rate increases by a factor of 1.9 over the 
homogeneous rate. Assuming the entire effect is 
due to  a variation of activation energy, the 
change in the latter would be only 1.2 kcal/mol. 

A maximization in surface effect a t  S/V = 0.6 
cm-l is seen in Table 1. Because of the difficulty 
of reproducibility of surface data the shape of the 
curve is subject to question. The fall-off in rate 
may be attributed to  polymerization of propene 
on the surface. Surface promoted secondary de- 
composition does occur (Table 2) and is respon- 
sible for the formation of methane and ethene. 
Although the surface insert was not mecon- 
ditionedu, it should become conditioned with the 
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flowing reactant. It was noted that the oxidized 
steel surface especially promoted carbon de- 
position. Deposition on the surface may be of 
greater importance than the chemical nature of 
the surface since quartz, stainless steel, and 
carbon influence the rate to about the same 
degree (Table 3). 

In summary, in the absence of a surface, log,, 
A = 14.52 and E,,, = 64.0 + 2 kcal/mol for the 
pyrolysis of cyclopropane. In the presence of a 
surface with S/V = 0.6 cm-I for oxidized stain- 
less steel, loglo A = 14.70 and E,,, = 64.5 L- 2 
kcal/mol. 

In view of the data presented, conditioning 
and the use of packed and unpacked reactors 
can be unsatisfactory as definitive evidence for 
or against surface effects. Conditioning may 
simply achieve reproducible heterogeneous be- 
havior. Only a detailed evaluation of the influ- 
ence of surface beginning with a totally homo- 
geneous system can insure reliable observations. 

Acknowledgment is made to the donors of The 
Petroleum Research Fund, administered by the American 
Chemical Society, for partial support of this research. 
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The y-Radiolysis of Ethane. 111. The Effect of Density on 
Ion Scavenging Reactions above the Critical Temperature 
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The radiolysis of ethane has been studied over the density range 0.0018-0.5 g cc-' at a temperature 
just above the critical point. The variations of product yields with increasing density are consistent with 
increasing collisional stabilization of excited species. Electron scavenging by sulfurhexafluoride in 
ethane at 0.275 g cc-I is accurately described by an expression used for liquid phase scavenging with 
G,,,, ,.., = 0.65. At 0.052 g cc-I a much higher yield of free ions is observed and at high sulfurhexa- 
fluoride concentrations there is a sensitized decomposition of ethane. 

Ammonia-d, scavenges ions a t  all densities but in the region around 0.07 g cc- '  a mechanism operates 
which produces more than one hydrogen molecule per ion scavenged. The freely diffusing ions d o  not 
appear to be readily scavenged by ammonia-d3. 

La radiolyse de ]'ethane a ttC CtudiCe dans l'intervalle de densit6 0.00184.5 g cc-', a une temperature 
juste au dessus celle du point critique. Les variations des rendernents en produit lorsque la densit6 
augmente sont cohCrentes avec I'accroissement de la stabilisation par choc des espkes excitees. Le 
pitgeage des Clectrons par l'hexafluorure de soufre dans I'ethane a la densite 0.275 g cc-' est dCcrit avec 
prCcision par une expression utilisee pour le pitgeage en phase liquide avec GI,,, = 0.65. Pour une 
densite de 0.52 g cc-' on observe un plus grand rendement en ions libres et pour des concentrations 
Clevtes en hexafluorure de soufre on note une dCcomposition sensible de Ethane.  

L'ammoniac-d, piege les ions a toutes les densitCs mais aux environs de 0.07 g cc-' apparait un 
mecanisme qui produit plus d'une molCcule d'hydrogene par ion piCge. Les ions pouvant diffuses aisC- 
ment ne semblent pas Ctre facilement piCgCs par I'arnmoniac-d,. [Traduit par le journal] 

Can. J .  Chem., 52,  221 (1974) 

Introduction 
The important role played by ionic intermedi- 

ates in the radiolysis of saturated hydrocarbons 
is well recognized as is the effect of phase density 
on their behavior. In the liquid phase few elec- 
trons escape from their geminate ions leading to 
a short (< s (I)) lifetime for the majority of 
ion-electron pairs. Information on these life- 
times is obtained mainly from the concentration 

the yields of products formed via molecular frag- 
mentation. Carmichael, Gordon, and Ausloos 
(7) found that many of the changes in the relative 
yields of isotopic products in the system ethane - 
ethane-d, - nitric oxide over the density range 
0.001-0.107 g cc-' are consistent with decreasing 
fragmentation as the density increases. Wodetzki, 
McCusker, and Peterson (8, 9) measured the 
yields of the three major products of ethane 

dependence of scavenging reactions (2-4). In the radiolysis (hydrogen, ethylene, and butane) over 
gas phase essentially all electrons excape the the range 0.001-0.293 g cc-' in the presence and 
coulombic fields of the geminate ions and homo- absence of ethylene and nitric oxide which were 
geneous charge combination occurs with a rate 
constant of - cc ions -' s-' (5, 6). At 
normal dose rates (< 1019 eV g- '  s-') scaveng- 
ing of both positive ions and electrons may be ac- 
complished with a very low concentration of an 
efficient scavenger (k - lo-' cc molecule- ' s- '). 

In spite of all the work devoted to the study 
of hydrocarbon radiolysis little effort has been 
made to study the effect of density on product 
yields and on the behavior of ionic intermediates. 

Increasing density is expected to lead to  col- 
lisional stabilization of excited species, both 
ionic and non-ionic, and hence to a decrease in 

presumed to be simple free radical scavengers. 
Again collisional stabilization was noted but the 
quantitative aspects of the arguments presented 
must be treated with caution since both solutes 
are now known to scavenge ions as well as free 
radicals (10). An important feature of this work 
is the use of experimentally measured dosimetry 
for the region 0.001-0.075 g cc-' where there 
is a decrease in the importance of energy deposi- 
tion by the y-field in the vessel walls relative to 
that in the sample itself. We have made use of 
these results in our dosimetry. 

Miyazaki (11) studied the effect of density 
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(0.0032-0.15 g cc-') on the radiolysis of isobu- 
tane at 150 "C and found increasing stabilization 
of the molecular ion with increasing density as 
judged by a decreased yield of the fragment ion 
C,H,+. A similar stabilization of the n-butane 
molecular ion was previously observed (12). 

Ethane is the only paraffin that can be studied 
over a wide range of density as a single phase at 
a convenient temperature (critical temperature 
= 305 OK). We have made a detailed study of 
product yields from ethane over the density range 
0.001 8-0.5 g cc- ' in the presence and absence of 
the charge scavengers sulfurhexafluoride (for 
electrons) and ammonia-d, (for positive ions). 
These scavengers were chosen for their high 
efficiency (13) and for their apparent lack of 
complicating secondary reactions. However in 
spite of these advantages the overall chemistry of 
their behavior is not known. 

Experimental 
The purification of the ethane and the product analysis 

have been described (14). The isotopic composition of the 
hydrogen from the ethanelammonia-d, system was de- 
termined with a calibrated AEI-MS 10 Mass spectro- 
meter. 

The high density samples were irradiated in stainless 
steel vessels fitted with stainless steel valves. The volumes 
ranged from 3.05 to 81 cc. A 526 cc Pyrex flask with 
greased stopcock was used for the lowest density samples 
(0.00183 g cc-I). 

Energy deposition in the smallest vessels used for den- 
sities above 0.05 g cc-' was determined by radiolysis of 
liquid cyclohexane for which G(H2) extrapolated to zero 
dose is 5.55 (15). Dosimetry for the glass bulb was ob- 
tained by radiolysis of gaseous ethylene (G(H,) = 1.20 
(16)). No dose rates were experimentally determined for 
samples in the density range 0.002-0.05 g cc-'. Here dose 
rates were chosen to give a smooth transition for G(H2) 
for pure ethane between the low and high density experi- 
mental points (Fig. 2). This is in agreement with the hy- 
drogen yield curve of ref. 8 for which internal dosimetry 
with tritium was obtained. As an example of the correc- 
tions required, the 81 cc cylindrical vessel with diameter 
3.5 cm had an energy deposition rate of 9.05 x 10L9eV 
g-' h-' at  an ethane density of 0.00183 g cc-', this dose 
rate dropped to 6.07 x 1019eV g-' h-' at 0.0118 g cc-'. 
This decrease can be characterized and qualitatively ex- 
plained by the relationship between the range of wall 
generated electrons and the cell diameter (17). These dose 
rates should be accurate to better than + 10% as opposed 
to +2% at the lower and higher densities. 

All irradiations were performed in a =OCo y-source a t  
313+2 OK. A 10 "K increase in temperature did not 
measurably affect the product yields for pure ethane. 

Results 
The major products of the radiolysis of ethane 

alone are the same as those found for the liquid 

phase radiolysis at 196 OK (14). The dose depen- 
dences of the yields were determined at 0.102, 
0.203, and 0.327 g cc-'. There was no noticeable 
effect of density on the shapes of the yield curves; 
the ones for 0.203 g cc-' are shown in Fig. 1. 
Figure 2 shows the effect of density on product 
yields at 1.0 x 10" eV at which dose the 
yield curves of all products except ethylene show 
little departure from linearity. 

The addition of sulfurhexafluoride results in 
the reduction of product yields but the dose de- 
pendences of these yields at 0.052 (Fig. 3) and 
0.275 g cc-' in the presence of 3 mol% sulfur- 
hexafluoride are closely similar to those in the 
absence of electron scavenger. The effects of in- 
creasing concentrations of sulfurhexafluoride on 
product yields at 0.052 and 0.275 g cc-' are 
shown in Figs. 4 and 5 respectively. Figure 6 
shows the effect of 3 molx of sulfurhexafluoride 
on product yields at different densities. This con- 
centration was chosen since here, as seen in Figs. 
4 and 5, the variations of product yields with 
concentration are minimal. 

The only new product observed when am- 
monia-d, is present is HD. Its yield at 5 m o l z  
was linear with dose at 0.051 g cc-' (Fig. 7) and 
at 0.25 g cc-'. Figures 8 and 9 show the effect 

FIG. 1. The dose dependence of product yields in 
ethane at 0.203 gm cc-': (a), hydrogen; (O), n-butane; 
( x ) ,  ethylene; (a), propane; (o), methane. 
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I 
0 0.1 0.2 0.3 0.C 0.5 

DENSITY i g  cc-' ) 

FIG. 2. The effect of density on product yields in 
ethane: (a), hydrogen; (O), n-butane; (x), ethylene; 
(Q), propane; (a), methane; dose = 1 x 1019 eV g-I. 

FIG. 3. The dose dependence of the product yields in 
the system ethane13 m o l z  sulfurhexafluoride: (a), hy- 
drogen; (O), n-butane; (x ) ,  ethylene; (U), propane; (Q), 
methane. (0.052 g cc-' ethane). 

of increasing ammonia-d, concentration on prod- 
uct yields at .0.051 and 0.25 g cc- ', respectively. 
The effect of ammonia-d, over the whole density 
range was studied at an arbitrary concentration 
of 5 mol% (Fig. 10). 

Table 1 shows the yields of products in the 

0 1 0-2 lo-' 1 10 
MOLE SULFUR HEXAFLUORIDE 

FIG. 4. The effect of sulfurhexafluoride on the yields 
of products from ethane at  0.052 g cc-I: (a), hydrogen; 
(O), n-butane; (x), ethylene; (U), propane; (Q), meth- 
ane; the curve drawn through the hydrogen points is 
calculated as described in the text; dose = 1 x 10L9eV 
g-I. 

-0 A+--+ --O-o-+-+ 
0 p 0-0-0-0-q- 

10-2 10-I 1 10 
MOLE O/o SULFUR HEXAFLUORIDE 

FIG. 5. The effect of sulfurhexafluoride on the yields 
of products from ethane a t  0.275 g cc-I:  (a), hydrogen; 
(O), n-butane; (x), ethylene; (u), propane; (o), meth- 
ane; the curve drawn through the hydrogen points is 
calculated as described in the test; dose = 1 x 10L9eV 
g-I. 

presence of both electron and positive ion scav- 
engers. 

Discussion 
4.2 ion-electron pairs are produced for every 

100 eV of energy absorbed in gaseous ethane (18). 
We assume that this value holds with increasing 
density. At the lowest density we employ (0.001 8 
g cc-' i.e. 1100 Torr) there will be gas phase be- 
havior i.e. essentially no geminate ions and 
charge neutralization occurring with a rate con- 
stant of - l o p 7  cc ions-' s-' (5 ,  6). Equat- 
ing the rate of formation of ions to their rate of 
disappearance at our dose rate of 2.8 x 10.16 eV 
g-' s-' yields a half life for an ion of about 
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FIG. 6. The effect of density on product yields in the 
system ethane13 mol% ssulfurhexafluoride: (a), hydrogen; 
(O), n-butane; (x), ethylene; (o), propane; (a), meth- 
ane; the broken line represents the hydrogen yield in the 
absence of scavenger; dose = 1 x 10'9eV g-'. 

FIG. 7. The dose dependence of the product yields in 
the system ethane15 mol% ammonia-d3: (a), H z ;  (Q), 
H D ;  (O), n-butane; (x), ethylene; (u), propane; (s), 

methane. (0.051 g cc-' ethane). 

s. This half life for homogeneous combina- 
tion decreases by lldensity for the same dose rate 
with increasing density if the rate constant is 
independent of density. With increasing density 
geminate combination will become significant 
and the much decreased half life of geminate ion 
pairs will increase the probability of neutraliza- 
tion before secondary reactions can occur. 

FIG. 8. The effect of ammonia-d3 on the yields of pro- 
ducts from ethane at  0.051 gm cc-' : (@), Hz (Q), H D ;  
(O), n-butane; ( x ), ethylene; (U), propane; (o), meth- 
ane; dose = 1.4 x 10L9eV g-'. 

0 lo' 16' 1 10 
MOLE S o  AMMONIA - d 3  

FIG. 9. The effect of ammonia-d3 on the yields of pro- 
ducts from ethane a t  0.25 g cc-' : (@), Hz;  (Q), H D ;  (O), 
n-butane; (x), ethylene; (u), propane; (e), methane; 
dose = 0.93 x 1019eV g-'. 

B - - - + + - O - . ~  0-4-"4-C--o-r .-.-.- 
0 0.1 0.2 0.3 0.5 0.5 

DENSITY l p  c i l )  

FIG. 10. The effect of density on product yields in the 
system ethane15 mol% ammonia-d3 : (a), Hz;  (+), H D  ; 
(O), n-butane; (x) ,  ethylene; (o), propane; (a), meth- 
ane; the broken line represents the hydrogen yield in the 
absence of scavenger; dose = 0.93 x 1019 eV g-'. 
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TABLE 1. Ethane radiolysis in the presence of 5 molz ND3 and 
3 m0l% SF6 (1 X 1oi9eV g-') 

Density 
(g CC-') G(H2) G(HD) G(CH4) G(CzH4) G(C3H8) G ( ~ C ~ H I O )  

TABLE 2. G values for products from the radiolysis of 
ethane at low density 

G value 

This work Reference 16 
Product (1.8 x 10-3g cc-I, 313 OK) (9.6 x 10-4g cc-', 298 OK) 

Hydrogen 8.7 
Butane 2.5 
Ethylene 1.2 
Propane 0.75 
Methane 0.75 

'Contains nitric oxide. 

Ausloos and co -workers (10, 19) and Bennet, 
Lias, and Field (20) have shown that the pre- 
dominant reaction of the major ions produced in 
ethane at pressures up to 5 Torr is condensation 
with the parent molecule. 

[ I  1 C2H6' + C2H6 + (C2H6)2+ 
k-10-lo cc molecule-' s-' 

1 [2] C2H5+ + C2H6 + C4Hl + 

I k-10-lo cc molecule-' s-' 

1 [3] C2H4' + C2H6 + C4HlO' 

~ k-lo-" cc molecule-' s-' 
I 

I The half-life of an ion with respect to such a 
reaction is l/k[C,H,] i.e. -3 x lo-'' s for the 
C2H6+ and C,H,+ ions and -3 x lo-'' s for 
the C2H6+ ions at 0.0018 g cc-'. These values 
will decrease with increasing density. Therefore 
all free ions will take part in condensation reac- 
tions prior to neutralization and the products 
should be amenable to scavenging by low con- 
centrations (< M) of efficient scavengers. 
Higher concentrations will be required to com- 
Pete with geminate charge combination. 

Pure Ethane 
The overall trends in the yields of hydrogen. - - .  

butane, and ethylene with increasing density are 
in agreement with those of Wodetzki, McCusker, 
and Peterson (9). The yields at 0.0018 g cc-' 
(1 100 Torr) are in good agreement with those of 

Yang and Gant (16) obtained at 600 Torr 
(Table 2) which shows that there is little effect 
of pressure on overall yields over this pressure 
range. Their high ethylene yield was obtained in 
the presence of 6 mo lz  nitric oxide; as  discussed 
previously complications can occur with this 
additive. 

As is usual in gas phase radiolysis of hydrocar- 
bons the mass balance of the products is poor. It 
does improve with increasing density e.g.  at 1 x 
1019 eV g-' the values are C2H6,,, C,H ,.,, and 
C2H6,,, at 0.0018, 0.10, and 0.52 g cc-' res- 
pectively. The missing carbon rich products were 
not identified. Acetylene and a product with a 
chromatographic retention time equal to that of 
butene-1 were found in such small yields (G - 
0.1) that their dose dependences could not be de- 
termined. The ethylene yield shows the greatest 
departure from linearity with dose and the poor 
mass balance will be in part related to  this be- 
havior. The better mass balance with increasing 
density may be related to decreasing primary 
fragmentation of the ethane ion, leading to in- 
creased ethyl radical and ethylene yields via neu- 
tralization of ethane ions (C,H,+ or (C2H6),+). 
This collisional stabilization is indicated by the 
increase in n-butane yields with increasing density 
which is accompanied by decreases in the hydro- 
gen, methane, and propane yields. A t  0.529 g 
cc-' the product yields are almost identical to 
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those estimated for liquid ethane at 195 OK (14) 
leading to the conclusion that phase density is 
more important than temperature in defining the 
radiolytic reaction path. 

Ethane Plus Sulfiurhexaj?uoride 
sulfurhexafluoride scavenges electrons with 

high efficiency in the gas phase (k,,,,, = lo9 - 
10'' Torr-' s-') (21) and charge scavenging in 
liquid hydrocarbons is at or near the diffusion 
controlled rate (22). The products of reaction of 
the sulfurhexafluoride anion with hydrocarbon 
cations are not known but they apparently do  
not include hydrogen. AG(H2) inay therefore be 
equated to the number of electrons scavenged if 
the efficiency of hydrogen production per neu- 
tralization event in the absence of scavenger is 
known. 

At 0.275 g cc-' with high sulfurhexafluoride 
concentration AG(H2) = 3.9 and we may there- 
fore assume unit efficiency of Hz formation for 
ion-electron combination. An empirical expres- 
sion which accurately fits scavenging curves for 
irradiated liquid hydrocarbons is (1 3) 

where Gfi and G,, are the yields of free and gemi- 
nate ion pairs respectively, c is the molar concen- 
tration of scavenger and cc is a constant for a 
given hydrocarbon/scavenger system which de- 
scribes the competition between ion scavenging 
and geminate ion recombination. For ethane 
Gfi + Ggi = 4.2. The experimental G(H2) values 
shown in Fig. 5 for 0.275 g cc- ' and the AG(H2) 
values for the same results in Fig. 1 1  are fitted 
well by expression I when Gfi = 0.65 and cc = 

~6~ 10. 16' I 1 0  

MOLE ?o SULFUR HEXAFLUORIDE 

FIG. 11. The decrease in G(H,) upon the addition of 
sulfurhexafluoride to ethane at  0.275 g cc-'; dose = 
1 x 1019 eV ggl. 

130 M - ' .  There are no comparable results re- 
ported for low density hydrocarbons but the free 
ion yield may be compared with values obtained 
for ethane at much lower temperatures and higher 
densities. 

Schmidt and Allen (23) find that the probabil- 
ity P that an electron ion pair will escape gemi- 
nate combination is given by 

[11] P =  
Gfi + Ggi 

Where r., is the critical distance at  which the po- 
tential energy of the ion-electron pair is equal t o  
the thermal energy kTand b is the most probable 
value of the ion-electron distance r at thermaliza- 
tion. From the plot of P us. (blr,) given in ref. 24, 
for Gfi = 0.65 i.e. P = 0.155, (blr,) = 0.48. Using 
the Debye equation (24) the calculated dielectric 
constant E for ethane at 0.275 g cc-' is 1.33 and 
hence r, = e 2 / ~ k T  = 4.0 x cm at 31 3 "K ; 
hence b = 1.93 x cm. Schmidt and Allen 
(23) suggest that bd, where d is the density, re- 
mains constant for a given liquid hydrocarbon 
but Robinson, Fuochi, and Freeman (25) have 
shown that for the lower hydrocarbons and ole- 
fins bd decreases with increasing temperature. 
From conductance experiments they obtain bd 
values of 81, 69, and 65 x lo- '  g cm-' for 
liquid ethane (density 0.63-0.55 g cc-') at tem- 
peratures of 120, 148, and 183 OK respectively. 
Extrapolation of these bd values to 313 "K can- 
not be made with confidence but  we may con- 
clude that avalue of 53 x lo-* gcm-' at 313 OK 
is reasonable. Decreasing density therefore leads, 
as expected, to an increased yield of free ions and 
a larger average distance at which thermalization 
occurs. 

At 0.052 g cc-' sulfurhexafluoride causes a 
considerable reduction in G(H2) but a quantita- 
tive interpretation of its dependence on solute 
concentration is not possible. The  maximum de- 
crease in G(H2) is 3.3 which occurs at 1 mol% 
solute. Above this concentration G(H2) increases 
again, a behavior not observed at 0.275 g cc-l. 
At these high concentrations the electron fraction 
of sulfurhexafluoride is very high (e.g. 10 mol% 
is 30 electron%) so that considerable primary 
ionization of the solute will occur. The ionization 
potential of sulfurhexafluoride (- 15.4 eV (26)) 
is much higher than that of ethane (- 11.5 eV) so  
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that charge transfer to form an electronically 
excited ethane ion which subsequently decom- 
poses is energetically possible. The concurrent 
increase in G(butane) would suggest decomposi- 
tion to either an ethyl radical ion and H atom 
or to hydrogen and an ethylene ion which sub- 
sequently gives C,H,,+ via reaction 3. The ab- 
sence of an increase in G(H,) at high sulfurhexa- 
fluoride concentrations at 0.275 g cc-' must be 
ascribed to collisional deactivation of the excited 
C2H6+ followed by neutralization by SF6-. 

If unit efficiency is assumed for hydrogen for- 
mation from ion-electron combination at 0.052 g 
cc-' the experimental G(H,) points below 1 
molz  sulfurhexafluoride are reasonably well 
fitted by expression I with Gfi = 1.1 and Ggi = 
3.1 (Fig. 4). P is therefore 0.26 and blr, = 0.7. 
The calculated dielectric constant is 1.06 leading 
to r, = 5.04 x lop6 cm, b = 350 A and bd = 
I8 x lop8  g cm-2 c.$ 53 x g cm-2 at 
0.275 cc-'. If however it is assumed that the 
latter value of bd applies at the lower density then 
b = 10.2 x cm, blr, = 2.02 and from ex- 
pression 5 P = 0.60i.e. Gfi = 2.5 and Ggi = 1.7. 
This is a minimum value for Ggi since it is exactly 
equal to  the maximum value of AG(H2) and some 
geminate ions will be scavenged at 3 x 
mo lz  sulfurhexafluoride. Gfi therefore lies in the 
range 1.1 to 2.5 at 0.052 g cc-' and the distribu- 
tion of ion-electron distances at thermalization 
appears to maximize at a lower value than is pre- 
dicted by the simple gaussion expression 11. 

At 0.275 g cc-' and the lowest concentration 
of sulfurhexafluoride employed AG(H2) = 1.12 
which is attributable to free ions and the longest 
lived geminate ions. At the same time AG(butane) 
= 1.0 and AG(propane) = 0.3 while there is no 
change in the measured ethylene yield. Similar 
considerations apply at 0.052 g cc-'. The long 
lived ions therefore yield mainly butane and pro- 
pane subsequent to neutralization. This is con- 
sistent with the formation of dimer ions via 
reactions 1-3 but is not conclusive evidence for 
their presence. Indeed it appears that the butane 
is formed mainly by the dimerization of ethyl 
radicals since the addition of a small amount of 
deuterium sulfide (0.1 molz)  as radical scavenger 
almost completely eliminates the formation of 
butane (G = 0.4). Neutralization of the long 
lived ions may therefore yield ethyl radicals. An 
alternate explanation of the above result would 
involve charge exchange with D2S 

We do not favor this mechanism since the yield 
of D, is negligibly small (-0.05). The short lived 
ions would produce D, via the suggested neutral- 
ization (27). 

while the longer lived ones would react with D,S 
to form D,S+ or D,S,+ which would still pro- 
duce D, or a D atom which would be scavenged 
by D,S to yield D,. 

At least 50% of the propane yield has long 
lived ionic precursors, the remainder being little 
affected by increasing scavenger concentration. 
The butane yield also decreases to a small extent 
after the first addition of sulfurhexafluoride. This 
illustrates the present lack of knowledge of the 
secondary reactions which occur after neutraliza- 
tion by SF6-. For example Bansal and Schuler 
(28) find that electron scavenging by sulfurhexa- 
fluoride in liquid cyclohexane does not affect the 
yield of cyclohexyl radicals whereas Sagert and 
Blair (29) find that the normal products of radical 
combination and disproportionation are reduced 
in yield. In the present work formation of butane 
and propane subsequent to neutralization of 
hydrocarbon cations by SF6- cannot be ruled 
out. 

G(H2) attains a minimum value at -3 molz 
sulfurhexafluoride and Fig. 6 shows that at this 
concentration the maximum AG(H,) occurs 
around 0.3 g cc-'. Electron scavenging must be 
most efficient at the lowest densities and hence 
some ion-electron combinations do not lead to 
hydrogen production. At 0.0018 g cc-' AG(H,) 
= 2.4 implying that only -60% of the ions yield 
Hz upon neutralization. This is confirmed by 
ammonia-d3 scavenging (see later). The ions that 
do not lead to hydrogen production are probably 
acetylenic or olefinic ones which take part in 
"polymer" formation as suggested by the poor 
carbon/hydrogen balance. With increasing den- 
sity G(butane) and G(ethy1ene) increase as col- 
lisional stabilization occurs. The increase in 
AG(H2) is due to the presence of more molecular 
ions. There is no readily available explanation 
for the maximum in the G(H,) curve a t  very low 
density. 

AG(H,) decreases at the highest densities prob- 
ably due to a combination of events including 
less efficient scavenging of very short-lived gemi- 
nate electrons and collisional stabilization of 
molecular excited states formed either directly or 
by ion-electron combination. 
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The almost complete elimination of propane 
formation at the highest densities rules out a 
major contribution to its formation from the in- 
sertion of methylene radicals formed from non- 
ionic states as has been suggested to occur at 
lower densities (7). The carbon/hydrogen balance 
is, as usual, much better at the higher densities 
although an improvement is noted at low densi- 
ties over the results obtained in the absence of 
scavenger. No new products were observed in this 
system. 

lead to butane formation. The excess butane at 
0.07 g cc-' is therefore at least 1 G. 

The following mechanism can qualitatively ex- 
plain the observed yields and is consistent with 
the known radiolytic behaviour of ammonia. 

( i )  At low density (-0.002 g cc- l )  

191 N D 3 H +  + ND3 + N D 4 +  + NDzH 

1101 N D 4 +  + nND3 + ND4(ND3), ,+ 

[ I l l  ND4(ND3) ,+  + e + (n + l ) N D 3  + D. 

l iii At hipher densities , , - 
Ethane plus Ammonia-d, 

[12a] N D 3 H +  + e + NDzH* + D ,  
The HD formed when ammonia-d, is used as 

an ion scavenger is believed to arise by exo- [Izb] + ND3* + H .  

thermic proton transfer (2) [I301 NDzH* + . N D 2 ( N D H )  + H.(D.)  

161 M H +  + ND3 + M .  + N H D 3 +  M 

[7al N H D 3 +  + e + N H D 2  + D .  11361 + N D 2 H  

G(ions scavenged) is given by 413 G(HD) if 
there is no isotope effect in reaction 7 as appears 
to be true in liquid cyclohexane (30). With the 
proton affinity of ammonia taken as 205 kcal 
mol-' (31) proton transfer is exothermic in the 
gas phase for C4Hl,+, C,H,+, C,H,+, C,H,+, 
C2H6+, C2H5+, C2H4+,  C2H3+, and C2H2+.  
Since (C2H6)2+ is thermally unstable with re- 
spect to dissociation to C2H6+ and C2H6 (20) 
the recombination energy of (C2H,),+ can be 
only slightly smaller than that of C2H6+ and it 
too should react with ammonia. 

The changes in yields with density observed in 
the presence of 5 mo lz  ammonia-d, (Fig. 10) are 
difficult to explain on the basis of the above re- 
action scheme. If G(ions scavenged) is taken as 
413 G(HD) then G(HD) = 3.4 at 0.0018 g cc-' 
represents more ions scavenged than the total ion 
yield. (A similar observation was made for the 
gaseous system methylcyclohexane/ammonia-d, 
(32)). Also in the intermediate density region 
(0.01-0.2 g cc-') the n-butane yields are much 
higher than expected. The maximum increase of 
2.5 occurs at 0.07 g cc-'. The maximum increase 
expected on the basis of the above mechanism 
would be 413 G(HD) = 2.4 which assumes that 
each ion scavenged gives one C2H, radical and 
the resulting D. or H. another and that none of 
the ions scavenged normally leads to butane 
formation. However the SF, results (Figs. 4 and 
5) show that at least 1 G of scavengeable ions 

The exchange reaction (9) has been observed 
mass spectrometrically (33) and has been sug- 
gested to occur in the gas phase radiolysis (32) 
with an estimated rate constant of - 1012 1 
mol-' s-' (33). At 0.0018 g cc-' and 5 m o l z  
ammonia-d, this reaction will be essentially com- 
plete before neutralization occurs. The clustering 
reaction (10) has been observed in pure ammonia 
(34). We propose that this reaction can occur a t  
low density in the ethane15 mo1% ammonia-d, 
system and thereby dissipate some of the neutral- 
ization energy so that on:y one D.(H.) is pro- 
duced per ion scavenged. This mechanism ap- 
pears to operate in the radiolysis of pure gaseous 
ammonia (35). Thus at 0.0018 g cc-' we postu- 
late that G(HD) is a direct measure of proton 
transfer to ammonia-d,. AG(H2) at this density 
is 2.4, the same value obtained with 3 m o l z  
sulfurhexafluoride, indicating that scavenging is 
complete. Thus there must remain 4.2 - 3.4 = 
0.8 G units of charge which cannot be scavenged 
by ammonia-d, in a reaction sequence leading t o  
HD formation. A possibility is a condensation 
type reaction such as has been observed for CH,+ 
(36). 

At increased density geminate recombination 
will compete with the exchange and clustering 
reactions and the neutralization reaction (12) 
will assume importance. The increased n-butane 
yields can now be explained by further decompo- 
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sition of excited ammonia to yield .ND2 and 
D.(H.) radicals which can both form ethyl radi- 
cals by abstraction (37). G(proton transfer) will 
be approximated by G(HD) as the probability of 
an H. from the double elimination is 0.5 in the 
absence of an isotope effect. These reactions pro- 
ducing two hydrogen atoms have been proposed 
in the radiolysis of gaseous ammonia (38) but 
have been discarded in favor of the cluster mech- 
anism. At high density the excited ammonia will 
be collisionally stabilized, only one hydrogen 
atom will be produced and the liquid phase 
situation of G(proton transfer) = 413 G(HD) 
will pertain. 

G(HD) is constant for 5 molz  ammonia-d, 
from 0.05 to 0.4 g cc-' which superficially would 
indicate a constant scavenging efficiency over 
this density range. The situation however is much 
more complex. As the density increases the nuin- 
ber of geminate ion pairs will increase and hence 
the efficiency of scavenging will decrease. How- 
ever, a constant 5 mo lz  of ammonia-d, means 
an increasing molar concentration which at con- 
stant density would imply increased scavenging 
efficiency. With increasing density the mobility 
of scavenger and scavengeable ions will decrease 
leading to reduced scavenging efficiency. The net 
result of all these effects is the constancy of 
G(HD). 

The rapid rise in G(H,) to a value equal to that 
in the absence of ammonia-d, at 0.05 g cc-' is 
accommodated by the above mechanism if, in this 
density region, clustering has become minimal 
and collisional deactivation of excited ammonia 
is still ineffective in preventing the formation of 
two hydrogen atoms (H. or D.) per ion scavenged. 
Comparison of the G(H,) curve with that for 
pure ethane suggests that collisional deactivation 
has become significant at 0.1 to 0.15 g cc- '. 

The presence of 3 molz  sulfurhexafluoride al- 
most completely eliminates the production of 
HD while G(H,) is decreased to values close to 
those obtained with the electron scavenger alone 
(Table 1 and Fig. 6). The yield of butane is larger 
than in the presence of sulfurhexafluoride alone 
but at 0.05 and 0.25 g cc-' is less than that for 
the 5 Z  ammonia-d,/ethane system. This is as 

lower density as expected but at both densities 
the magnitude is about four times less than that 
estimated from the sulfurhexafluoride results. 
Either the free ions are not scavenged by am- 
monia-d, or, if they are, the expected products 
do not appear. At 0.25 g cc-' the propane yield 
is reduced considerably by the very lowest con- 
centration of ammonia-d, but at 0.05 g cc-' it is 
little affected. There is no change in the butane 
yield at this point at either density which is not 
significant since, as the sulfurhexafluoride re- 
sults showed, the easily scavenged ions are pre- 
cursors mainly of butane. 

The HD yields cannot be fitted by expression 
I, an observation that was also made for ion 
scavenging by neopentane-d,, in ethane at 0.25 
g cc-' (39). Exchange of the ammonia-d3 with 
adventitious water cannot be ruled out although 
every precaution was taken against this possi- 
bility. The ethane was purified by distillation off 
molecular sieve at 198 OK and stored under pres- 
sure. The gas handling line was saturated with 
D 2 0  and then flamed under vacuum. Samples 
were prepared in random order of concentration 
and reasonably smooth curves of G(HD) against 
concentration were obtained (Figs. 8 and 9). The 
step in the curve in Fig. 9 does not appear to be 
an experimental artefact since it also appears in 
the curves for butane and ethylene but not in 
those of the other products. Experiments with 
other positive ion scavengers are obviously re- 
quired to help elucidate the nature of the free 
ions in this system. 

Conclusion 
Sulfurhexafluoride and ammonia-d, scavenge 

electrons and positive ions respectively in ethane 
over a range of densities. The interpretation of 
the results of this scavenging at low (-0.002 g 
cc-') and high (-0.5 g cc-') density is consis- 
tent with our knowledge of gas phase and liquid 
phase hydrocarbon radiolysis. At intermediate 
densities the interpretation is not straightforward 
and work with more specific ion scavengers is 
required. The concept of decreased molecular 
fragmentation with increasing density is consis- 
tent with the results of this study. 
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The interaction of the monobasic protonic acids HS03F ,  HS03CH3, H P 0 2 F 2 ,  and HCOzCF3 with 
titanium(1V) chloride at  room temperature is studied with either the acid or the metal halide in excess. 
Whereas with the acid in excess products of the type TiCI2Y2, with Y = oxyacid group, are formed, the 
excess of TiCI, results in the formation of TiC13.33(S03F)o.66, TiC13S03CH3, and again TiC12(P02F2)2 
and TiC12(C02CF3),. 

The first two compounds are also obtained by ligand redistribution reactions with TiCI, in excess, e.g. 

25 "C 
TiC12(S03CH3)2 + TiCI4 + 2TiCI3SO3CH3 

in quantitative yield. 
Vibrational spectra for the P02F2,  S 0 3 F  and the previously reported S 0 3 C F 3  derivatives are inter- 

preted in terms of hexacoordinated titanium and generally bi- or tridentate oxyacid groups. In 
TiC13.33(S03F)o.66 evidence for a highly unusual tetradentate S03F  group is presented, where coordina- 
tion to titanium involves all three oxygens as well as fluorine. 

L'interaction des acides protoniques monobasiques, HS03F ,  HS03CH3, H P 0 2 F 2  et HC02CF3  avec 
le chlorure de titane(1V) a t t t  etudite a temptrature ambiante en employant soit I'acide, soit I'halogtnure 
mttallique en excts. 

Lorsque l'acide est en excts, on note la formation de produits du type TiC12Y2 ou Y = groupe 
oxyacide; par contre, I'exces de TiCI, conduit a la formation de TiC13.33(S03F)0.66, de TiCI3SO3CH3, de 
TiC12(P02F2)2 et de TiC12(C02CF3)2. 

Les deux premiers composts sont aussi obtenus quantitativement a I'aide de reactions de redistribution 
du coordinat en prtsence d'un excis de TiCI,, e.g. 

25 "C 
TiC12(S03CH3)2 + TiCI4 + 2TiC13S03CH3 

Les spectres de vibration des dtrivts P02F2-,  S03F-  et S03CF3-,  lequel a dtja ett rapportt. sont in- 
terprttts en fonction de titanium hexacoordonne et de groupes oxyacides gtneralement bi ou tricoordon- 
nts. Dans le TiC13.33(S03F)o.66, on met en tvidence la prtsence d'un groupe S 0 3 F  tetracoordonnt assez 
inhabituel oh la coordination du titanium implique les trois oxygenes ainsi que  le fluor. 

[Traduit par le journal] 
Can. J. Chern., 52, 231 (1974) 

Introduction will result in the formation of TiCl2(SO3CF3),, 

There are a number of reports (1-6) on the while with TiC1, in excess only TiC13S03CF3 is 
interaction of titanium(IV) chloride with strong formed together with HCl. Trisubstituted 
monobasic protonic acids, indicating substitu- TiC1(S03CF3)3 was formed (4) when an excess 
tion of C1 by the acid group Y according to of acid was allowed to react for 16 h with TiC1, 

at 100 "C. 
[ll TiC14 + rtHY + TiCI,,-,,Y. + rlHCl We have been interested for some time in 
It appears that the degree of substitution depends ti"(IV) chloro-derivatives of ox~acids (7-91, in 
on the mole ratio of reactants as well as on the particular fluorosulfates, and became interested 
reaction temperature. Complete substitution in the related titanium(IV) compounds in the 
seems to occur only in the reaction o f ~ j ~ 1 4  with search for structural similarities. The ability of 
anhydrous H F  (1, 2). Generally incomplete sub- monobasic ox~acid groups to function as biden- 
stitution and the formation of well defined mixed tate ligands with bonding through oxygen has 
titanium(1V) chloride derivatives occurs as e.g.  been demonstrated for the tin(IV) compounds, 
in the system TiC1,-HS03CF3, first investigated and the tendency of titanium(1~) compounds to  
by Noftle and Cady (3). At room temperature a expand their coordination number, most fie- 
slight excess of trifluoromethane s;]fonic acid q~en t ly  to six, is well documented (10). However 

all previous reports on titanium chloride sul- 
fonates (3-6) did not include structural studies 

'To whom correspondence should be addressed. such as vibrational spectra. 
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Because of the thermal instability of higher 
substituted titanium(1V) fluorosulfates ( I ) ,  we 
restricted the study to mono- and disubstituted 
compounds of the general type TiC1,Y and 
TiC12Y2, where Y is the monobasic acid group, 
which can all be synthesized without raising the 
temperature above 25 "C.  

Again in analogy to observations on tin(1V) 
compounds (7, 9) we became interested in pos- 
sible ligand exchange reactions of the type 

as additional synthetic routes. In the S 0 3 F  sys- 
tem additional fluorosulfonating agents were 
found in S206F2 (12a), BrOS02F (12b), and 
Sn(SO3F1, (1). 

Experimental 
Chemicals 

Titanium(1V) chloride (Matheson, Coleman and Bell), 
sulfurylchloride (British Drug House), methanesulfonic 
acid (Aldrich Chemicals), trifluoromethanesulfonic acid 
(Minnesota Mining and Manufacturing Company), and 
trifluoroacetic acid (Eastman Kodak) were purified by 
repeated distillation at  reduced pressures before use. 

Technical grade fluorosulfuric acid (Baker and 
Adamson) was doubly distilled under atmospheric pres- 
sure as described before (13). Technical grade difluoro- 
phosphoric acid (Ozark-Mahonlng Chemical Company) 
was purified after storing over P205  by repeated distilla- 
tion at  100 mm Hg pressure in a Pyrex system (14). 
Peroxydisulfuryl difluoride (1% bromine(1) fluorosul- 
fate (i6), t i n ( 1 ~ )  tetrakisfluoros~lfate (7), and trimethyl- 
tin(IV) trifluoromethane sulfonate (4) all were prepared 
according to published methods. ~ o t h  T ~ C I , ( S O ~ C F ~ ) ~  
and TiC13S03CF3 were synthesized according to Noftle 
and Cady (3). 

I~~strunierztation 
Infrared spectra were recorded on a Perkin-Elmer 457 

grating spectrophotometer. Silver chloride, cesium iodide, 
silver bromide, and KRS-5 windows (all from Harshaw 
Chemicals) were used either with Nujol o r  without any 
mulling agent. 

Raman spectra on the solid samples were obtained with 
a Cary 81 spectrometer, equipped with a model 125 
He-Ne gas lager (Spectra Physics Corp.). The 6328 A 
wavelength line was used as exciting light. The samples 
were contained in 5 mm 0.d. Pyrex tubes with flat 
bottoms. 

All manipulations of solid materials were carried out 
in a Vacuum Atmosphere Corp. Dri-Lab model no. 
He-43-2 filled with purified dry nitrogen and equipped 
with Dri-Train model no. HE-93B. Volatile materials 
were handled in Pyrex vacuum lines fitted with Teflon 
stem stopcocks (Kontes glassware). 

Reactions 
All chloride substitution reactions were carried out in 

about 100 ml two part reaction flasks, fitted with Teflon 
coated stirring bars, Teflon stem stopcocks (Kontes 
glassware), and P Z 0 5  guard tubes. Either the acid or 

titanium(lV) chloride was kept in excess. Reactions with 
HS03CH3 and H S 0 3 F  in a slight excess were performed 
in SOzClz solution. The solid reaction-products were 
filtered in a dry atmosphere, using an apparatus described 
by Shriver (17). and washed with sulfuryl chloride. 

The ligand redistribution reactions were carried out in 
reactors similar to those described above. An approxi- 
mately 10-15 fold excess of TiCI4 was added to the finely 
powdered substrate and stirred magnetically for about 
1 h at room temperature. The excess TiCI, was removed 
by vacuum distillation and the course of the reaction was 
followed by weighing the reaction vessel before and after 
completing the reaction. 

Reactions with either S,06F2 or BrOSOzF as reactants 
were carried out in one part reactors, fitted with Teflon 
coated magnetic stirring bars and Teflon stem stopcocks. 

Antrlysis 
All compounds are  found to be yellow and extremely 

moisture sensitive. On heating at  atmospheric pressure, 
decomposition often preceded by shrink& of the solid 
is observed. 

Chloride was determined by volumetric titration with 
silver nitrate solution, using potentiometric endpoint 
detection. The quantitative determinations of titanium, 
sulfur, phosphorus, and fluorine were carried out by 
Alfred Bernhardt Microanalytical Laboratories, 5251 
Elbach, West Germany. The results a r e  listed below. 

Anal. Calcd. for TiC13,3(S03F)0.66: Ti, 20.60; S, 9.21; 
F ,  5.46; Cl, 50.90. Found: Ti, 20.86; S, 9.48; F,  5.51; 
C1, 50.77. 

Anal. Calcd. for TiC12(S03F)2 (dec. pt. = 108 "C): 
Ti, 15.11; S, 20.23; C1, 22.37. Found: Ti ,  15.38; S, 20.32; 
CI, 22.40. 

Anal. Calcd. for.  TiC13S03CH3 (dec. pt. = 215 "C): 
Ti, 19.21; S, 12.86; C1,42.65. Found: Ti ,  19.52; S, 12.75; 
C1, 42.35. 

Anal. Calcd. for TiC12(S03CH3)2 (dec. pt. = 205 "C): 
Ti, 15.50; S, 20.75; CI, 22.95. Found: Ti,  15.64; S, 21.05; 
C1, 23.05. 

Anal. Calcd. for TiC12(P02F)2 (dec. pt. = 195 "C): Ti, 
14.93; P, 19.31; C1, 22.11. Found: Ti ,  15.16; P, 19.09; 
C1, 21.90. 

Anal. Calcd. for TiC12(C02CF3)2 (dec. pt. = 180 "C): 
Ti, 13.89; F, 33.06; C1,20.56. Found: Ti ,  14.26; F, 32.91 ; 
Cl. 20.35. 

Both TiC13S03CF3 and TiC12(S03CF3)2 have been 
analyzed previously (3, 4). Their purity was checked by a 
chloride determination. 

Listing of Vibration Frequencies 
TiCI2(CO2CF3),: i.r.; 1655 ms, sh, 1585 vs, b, 1480 vs, 

b, 1340 w, sh, 1235 m, sh, 1190 vs, b, 965 vw, sh, 870 ms, 
835 m, sh, 790 ms, 745 ms, 720 s, 620 s, 555 vw, 520 ms, 
470 ms, sh, 440 vs, b, 400 vs, 320 ms. Raman; 1650 m, sh, 
1593 vs, 1497 m, 1350 w, 1230 w, sh, 1199 ms, 879 m, 
835 ms, 791 m, 737 ms, 622 s, 558 s, 530 w, sh, 461 s, 
443 s, 391 s, 350 vw, sh. 

TiC12(S03CH3)2 (from 1500 cm-' down): Raman; 
1416 m, 1308 s, 1175 w, 1060 m, sh, 1016 w, sh, 1007 s, 
968 s, 860 vw, 789 s, 566 w, 537 w, 500 m, 410 vs, 395 sh, 
260 w. 

TiC13S03CH3 (from 1500 cm-' down): Raman; 
1406 m, 1337 w, 1215 m, 1145s, sh, 1133 s, 1094s, 977 m, 
803 s, 576 mw, 566 w, 544 vw, 523 w, 500 w, 424 s, 410 s, 
395 ms, 274 w. 
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DALZIEL ET AL.: ON Ti(IV) CHLORO DERIVATIVES 

TABLE 1. Ligand substitution reactions 

TiCI, Amount 
No. (rnrnol) Acid (mmol) Solvent 7 ("C) Reaction product* 

None 
SO2Cl2 
None 
SO2Cl2 
None 
SO2CI2 
None 
S02Clz 

*Isolated by filtration. In all instances HCI was evolved. 

Results and Discussion redistribution reaction, verv similar in res~ect to 
Synthesis 

The solvolysis of titanium(1V) chloride at 
room temperature or lower by monobasic pro- 
tonic acids has been studied under two different 
conditions: (a) TiCl, was present in a large 
excess, acting as a reactant and diluting agent; (6) 
the acid was present in a slight excess over the 
amount required for disubstitution and S02C12 
was used as solvent. In all instances the reactions 
occurred very readily with evolution of gas and 
heat. Initial cooling to about - 50 "C was re- 

. - 
the reaction conditions to the reactibn of 
Sn(S03F), with SnCl, to give SnC1,(SO3F), (7). 

Further examples of such ligand redistribution 
reactions were subsequently observed. The trans- 
fer of a S03CF3 group from tin t o  titanium is 
found in the reaction of (CH3),SnS03CF3 with 
TiCl, 

25 "C 
[4] (CH3)3SnS03CF3 + TiCI, 

1 hlTiC1, 

" 
quired. Yellow precipitates were formed instan- where trimethyltin(1V) chloride can be removed 
taneously, allowing separation either by removal from the reaction mixture by vacuum sublima- 
of the excess TiCl, or by filtration. In all cases tion. Also the exchange reactions between 
well defined products were obtained rather than different titanium compounds were observed 
mixtures, however, distinct differences became (6, 7). 
apparent depending on the type of acid. Details 
of these reactions are summarized in Table 1. 

Substitution of HS03F by BrOS0,F or 
S206F2 again yielded C1, gas as well as 
TiC13,3(S03F)o,66 when an excess of TiCl, was 
present. With a slight excess of S206F2 at -20 "C 
only TiC12(S03F), was formed. At higher tem- 
peratures S206F2 is capable of further substitu- 
tion, however, in contrast to the reaction of 
SnCI, with S206F2 where at about 120 "C 
Sn(S03F), is obtained (7), no well defined prod- 
ucts could be isolated. Apparently thermal de- 
composition occurs. 

Another route to TiC13,33(S03F)o,66 was dis- 
covered when the above mentioned Sn(SO,F), 
was reacted with an excess of TiCI, at room tem- 
perature. Complete S 0 3 F  group transfer ac- 
cording to 

25 "C 
[3] Sn(S03F)4 + 6TiCI4 -+ 

1 h/TiCI, 

was observed. The reaction appears to be a ligand 

3TiC13.33(S03F)o.66 
and 

2TiCI3SO3CX3 with X = F or H. 

Both TiCl2(CO2CF3), and TiCl,(PO,F,), did 
not undergo ligand scrambling under the con- 
ditions mentioned above. The starting materials 
could be recovered completely from the mixture. 
The reaction conditions for all ligand exchange 
reactions are summarized in Table 2. All com- 
pounds formed via ligand redistribution were 
found to be identical to those obtained by solvol- 
ysis or the interaction of BrOS0,F or S206F2 
with TiCl,. Whereas both reactions 3 and 4 are 
undoubtedly ligand redistribution reactions be- 
tween S 0 3 F  or S03CF3 on the one hand and C1 
on the other as the migrating ligands, the re- 
maining reactions 5 and 6 can also be regarded as  
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TABLE 2. Ligand redistribution reactions with titanium(1V) chloride at 25 "C 
- 

Amount 
No.  Substrate (mmol) Time (h) Reaction products 

1 Sn(S03F), 1.69 1 . 0  TiC13.33(S03F)o.66, SnCli 
2 (CH3)3SnS03CF3 1.83 1 . O  TiC13.33(S03F)0.66, (CHd3SnCI 
3 TiCI2(SO3CF3), 4.31 1 . O  TiCI,S03CF3 
4 TiC12(S03CH3), 16.5 1 . O  TiC13S03CH3 
5 TiC12(S03F), 29.9  20.0  TiC13.33(S03F)0.66 
6 TiC12(P02F2)2 15 .3  24.0  N o  reactlon 
7 TiC12(C02CF3), 18.2 24.0 N o  reaction 

complex formation reactions with e.g. TiC1, as 
acceptor and TiCI,(SO,CF,), as oxygen donor 
ligand resulting in a complex of the type 
TiCl,(SO,CF,),~TiCI,. Such a formulation 
would imply two distinctively different environ- 
ments for titanium. 

Although a large number of TiCI, - oxygen 
donor complexes are reported (10, 18, 19), the 
closest analogTiC14~2S02C12 (20, 2 1) is thermally 
stable only below the melting point of -43.7 "C, 
quite different from our observations in this 
respect. Also, all redistribution reactions have 
precedents among tin(1V) and organotin(1V) 
compounds (7-9), where "'Sn Mossbauer spec- 
troscopy provides unambiguous evidence for 
true ligand redistribution. Additional evidence in 
favor of ligand scrambling will come from the 
vibrational spectra. 

When comparing Tables 1 and 2, i t  becomes 
apparent that the conditions for both reaction 
types are very similar and that the reaction prod- 
ucts have identical composition whenever TiCI, 
is present in a large excess. It can be concluded, 
that the observed diversity of the solvolysis reac- 
tions may arise from a combination of solvolysis 
and ligand redistribution reactions. So, for 
example, in the TiC1,-HSO,CF, system, initial 
solvolysis, producing possibly mono and disub- 
stituted products, may be followed by a ligand 
redistribution, producing only TiCI,SO,CF,. 
Alternative explanations for the observed dif- 
ferences in the solvolysis of TiC1, such as as- 
suming subtle differences in the solvolyzing 
ability of the five acids employed are not very 
convincing. 

A final comment remains to be made: the 
thermal decomposition of TiC1,S03CF3 to TiCl, 
and TiCI,(SO,CF,), described by Noftle and 
Cady (3) presents a reversal of the ligand redistri- 
bution reaction 6. Likewise TiCl,SO,CH, can be 
converted back into TiCl,(SO,CH,), with loss 
of TiC1, at 145 "C in vacuo. TiC13,33(S03F)o,66 

was found to be thermally stable LIP to +70 "C 
in vacuo, however the decomposition appears to 
be rather complex. No well defined products 
could be isolated as residues. 

Vibrational Spectra 
To simplify matters, the discussion will be 

restricted to the following compounds: (a) 
TiCl,(PO,F,),, (b) TiCI,(SO,CF,), and Tic],- 
SO,CF,, and (c) TiCl,(SO,F), and Tic],,,,- 
(s03F)0.66. 

The observed Raman and i.r. frequencies for 
the remaining compo~~nds are listed in the 
Experimental section. 

Emphasis will be placed on the interpretation 
of absorption bands due to the monobasic acid 
groups, in particular the stretching modes, which 
should be indicative of the presence of ionic, 
mono- or polyfunctional groups. Additional 
interest centers around the occurrence of Ti-CI 
stretching modes. 

(0) Tic12 (PO, F , ) ,  
The observed i.r. frequencies in the region of 

2000-250 cm-' and the Raman shifts are listed 
in Table 3 together with the estimated intensities. 
Also listed are frequencies reported for KPO,F, 
(14, 21) and (CH,),Sn(PO,F,), (22) where 
bidentace bridging P02F2-groups were postu- 
lated on the basis of vibrational and "'Sn 
Mossbauer spectra. This is analogous to dimethyl 
tin(1V) derivatives of other monobasic oxyacids 
(7, 22). A similar structure for this group, with 
bridging via oxygen rather than fluorine has also 
been postulated for Fe(PO,F,), (23, 24), 
In(PO,F,), (23), and (CH,),GaPO,F, (25) 
based on evidence from vibrational and 57Fe 
Mijssbauer spectra. A force field calculation for 
the PO2F,- ion was reported very recently (26). 

The observed frequencies listed in Table 3, 
iiidicate the presence of only one type of PO,F, 
group in TiCI,(PO,F,),, and the positions of the 
PO, and PF, stretching modes in particular are 
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TABLE 3. Vibrational spectra (cm-') of TiCl2(PO2F2), and related compounds 
~- 

-- 

TiC12(P02F2)2 Infrared (cm-') 
Au~roximate 

Infrared Raman ( C H J ) ~ S ~ ( P O ~ F ) ~  KP02Fz description 

-1265 br, sh 
1215 vs, br 
1155 s, br 
972 s 
922 rns 
576 ms, br 
521 w, sh 
492 s 
435 s 
415 vs, br 

1210 s : 1:: ;, sh 1 
965 w, sh 
930 s 
572 
530 m 
495 m 
447 s, sh 
431 vs, br 
424 s, sh 

vas PO2 
vsym PO2 
vas PO2 
vsyrn PF2 
6POz 
6PF2 
6P02 
vTiO ? 
vTiC1 

'Abbreviations: vs = very strong, s = strong, m = medium, w = weak, vw = very weak, sh = shoulder, 
br = broad, v = stretch, S = bend, p = rock, as = asymmetric, s = symmetric. 

?Reference 22. 
SReference 14. 
§Denotes obtained from Raman spectrum. 

consistent with previous findings (22-25) for a 
bidentate bridging group. The symmetrical PO, 
stretching mode is found slightly higher than for 
the P 0 2 F 2 -  ion but the asymmetrical PO, 
stretching is lowered by about 100 cm- ' .  This 
and the concommittant increase for both PF, 
stretching modes again by approximately 100 
cm-', as well as the positions of the remaining 
deformation modes is very consistent with pre- 
vious findings (22-25). 

A clear distinction whether a bidentate P 0 2 F 2  
group acts bridging or chelating cannot be made 
with the aid of vibrational spectra only. A poly- 
meric structure however, and thus the presence 
of bridging P 0 2 F 2  groups, is more in accord with 
earlier stated observations on the solubilities and 
physical properties of all titanium(1V) chloro 
derivatives discussed here. Bonding to  titanium 
in TiCI2(PO2F2), seems to involve oxygen only, 
whereas the position of the PF, stretches, vPF, 
average in TiCI2(PO,F2), and OPF, (27, 28) are 
identical, when Lehmann's (29) rule is applied. 
This rules out any appreciable interaction via 
fluorine bridges. 

It is implied but not discussed here that a 
similar bridging group is found for Tic],- 
(02CCF3)2. 

(b) TiC12(S03CF3), and TiCl,SO, CF, 
The observed vibrational frequencies for these 

two compounds are listed in Table 4. 
An unambiguous assignment of vibrational 

modes, even in the stretching region only, is 

difficult and problematic for SO,CF,-com- 
pounds. This is best illustrated by two indepen- 
dent vibrational studies (30, 31) of ions of the 
general type SO,CX,-, involving normal co- 
ordinate analysis and force field calculations. Due 
t o  mixing of CF, and SO, vibrational modes and 
the accidental coincidence of these modes in 
particular in the stretching region, the proposed 
assignments for the observed bands differ widely. 

As discussed earlier (32), where the SO,CF, 
group acts as a mono- or  bifunctional group, the 
degeneracy of the E modes in S03CF3-  will be 
removed. This should be most obvious for the 
SO, modes but the CF, modes should also be 
affected. As a result splittings or band broadening 
effects are expected and best detected in the 
stretching range. Besides the increase in the num- 
ber of vibrations, differences in band positions 
should allow a distinction between a mono and a 
bidentate group in analogy t o  S 0 3 F  compounds. 

From the findings for TiC1,(P02F2), it is 
reasonable to  expect for TiCI2(SO3CF3), struc- 
tural similarity and  hence a bidentate SO,CF, 
group. This is indeed the case as can  be seen from 
Table 4 and the previously (32) reported vibra- 
tional frequencies for a bidentate bridging 
SO,CF, group in (CH3),SnS03CF3. 

Thus again a bidentate S 0 3 C F 3  group and a 
polymeric structure appear most reasonable for 
TiCI,(SO,CF,),. The compound TiCI3SO3CF3 
appears to  have far fewer absorption bands in the 
region of 1500-500 cm-' where the  majority of 
S03CF3  stretching and bending modes occur. 
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TABLE 4. Vibrational spectra of TiC13S03CF3, TiC12(S03CF3)2, TiC13.33(S03F)o.66, and TiCl2(SO3F)~* 

TiCI3SO3CF3 TiC12(S03CF3), TiC13.33(S03F)o.66 

Infrared Raman Infrared Rarnan Infrared Rarnan TiC12(S0,F)2 
(cm - ') (cm-') (crn - ') (crn-') (crn-') (crn - ') i.r. (cm-') Comments 

126Ornst ::%;n,sht 1248 vs, br 1248 rn 1272 rn, vs 1275 rns 

1195 rn, sh 1235 vs, sh 1228 rns, br SO3 and CF3 stretching modes 

1215 vs, b 
1145 vw 

1082 m, sh 1 1082 1080 rns, sh 
1070 s 1020 s, b 1110 rnw 

1036 rns 

0 
3: 
m z 

vSF and vSC 
C 
0 
r 
VI N 

SO3 and CF3 bending modes > 
w 
4 P 

1006 rns " sh 1 
780 w 

780 rnw 846 rns 

6Ms 1 676 rns 643 s, sh 732 vs 

635 s 
605 rns 
582 rn 
536 m 
520 rns 
462 vs 
458 vs 
438 vs 
384 rn 

644 rn 
601 rns 
580 rn, sh 
540 w, sh 
524 s 
468 vs 

435 s, sh 
384 rn 
371 s 
335 rn 

592 m 590 rns 630 s 591 s 
533 rns 
514 w 
455 vs 
433 vs 

579 m 570 ms 616 m, sh 

495 ms 
464 s 461 rn. sh 555 rns 

T i 0  and TiCl stretching range 

391 m 
361 rns 
320 rn 390 rns 3 90 418 sh 

390 rnt 
363 rnst 

Torsion modes 

'For abbreviations see footnotes to Table 3. 
tFrom Raman spectrum. 
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Indeed good correspondence generally between 
the observed bands and the ones reported for a 
SO,CF,- (30, 31) ion are found indicating that 
the E modes may not be split to any large degree. 
Observed splittings in the 1230-1200 cm- ' and 
in the 1050 cm- ' range appear to affect modes 
originally assigned as A ,  modes with the highest 
frequency being assigned as CF, stretching mode 
(30). The other CF, stretch found at 1167 
cm-' in AgSO,CF, (30) is noticeably lowered by 
about 40-50 cm-'. A further departure is found 
in the range of 760-780 cm-', where the intense 
Raman band may be regarded as an S-C stretch. 
This band is found at 785 cm- ' for TiCl,SO,CF,, 
and thus about 25 cm-' higher than for ionic 
S03CF,- (30). 

The two most likely models to fit the observa- 
tions are a tridentate SO,CF, group with all 
three oxygens equally involved in bonding to 
titanium, and the SO,CF,- ion. There appear 
to be no published precedents for the former. 

Our preference for the tridentate SO,CF, 
group in TiCI,S03CF3 and thus a polymeric 
structure is based on the following arguments: (i) 
There are, as pointed out, some deviations, 
positional changes or band broadening, in the 
vibrational spectra. (ii) The coordination number 
3 for tetravalent titanium in TiCl,+SO,F- is un- 
precedented, whereas coordination n ~ ~ m b e r  6 
appears to be the rule (10). (iii) As will be seen 
later, a tridentate group fits very well into the 
structural pattern of this group of compounds 
and explains the observed reactions rather well. 

(c) TiC1, (S03F), and TiCl,,,, (SO3 F), ,,, 
Of these two compounds TiC1,,,3(S03F)o,66 

is found to give rise to a very simple uncompli- 
cated spectrum. The vibrational frequencies are 
listed in Table 4. As can be seen, only the six 
fundamentals are observed in the i.r. region and 
any splitting of E modes in the Raman spectrum 
is either very small as is the case for the band at 
-1250 cm-' or not observed as found in the 
range of the deformation modes. This indicates 
C,, symmetry. Besides a small positional change 
observed for v,, the asymmetric SO, stretch, 
which is found lower by about 30 cm-' than for 
KSO,F, good correspondance is observed with 
one exception, the SF stretching mode occurs at 
-650 cm-'. There are no precedents for such 
drastic lowering. In previous reports (7, 8, 32 
and references therein), where mono-, bi-, or 
tridentate S0,F groups are postulated, vSF is 
generally found in the range of 820-870 cm-' 

and even for TiC12(P02F2), the PF, stretching 
modes are found - 100 cm- higher than the 
corresponding bands in KPO,F,. 

The most logical explanation for the observed 
frequency lowering in TiC1,~,,(S03F),,,, is the 
ass~~mption that here the S0,F is bonded to 
titanium not only over all three oxygens but also 
over fluorine, that is, S0,F functions as a tetra- 
dentate ligand. Even though there are no prece- 
dents for such aconfiguration, the i~nusual stoichi- 
ometry of the compound is easily explained by 
assuming, in good agreement with our  observa- 
tions in the Tic1 stretching range, that C1 is 
monodentate. For tetradentate fluorosulfate, the 
stoichiometry TiC13,,,(S03F)o,66 (or Ti,CI,,- 
(S03F),) would allow hexacoordination for 
titanium, which is fairly common indeed for 
tetravalent titanium. Support is derived from the 
TiCI,-HS0,CF3 system and possibly also from 
TiC1,-HSO,CH,, where only three potential 
coordination sites are available for each anionic 
group and where under similar experimental con- 
ditions TiCI,SO,CF, and TiC13S03CH, are 
formed, as discussed earlier, with possible hexa- 
coordination around titanium. 

For TiCI,(SO,F),, the presence of bidentate 
S 0 3 F  groups would be expected and structural 
similarities to the previously discussed com- 
pounds TiCl,(PO,F,), and TiCI,(SO,CF,), or 
to the previously reported SnCI,(SO,F), (6) 
should be reflected in the vibrational spectra. 
However a number of disturbing features are 
noted in the i.r. spectrum, listed in Table 4. The 
strong band at 1020 cm- '  is decidedly too low to 
fit the pattern of such a bidentate S0 ,F  group in 
SnCl,(SO,F), (7), as well as in other organo 
tin(1V) fluorosulfates (7) where this band is found 
in the rather narrow range of 1068-1087cm-'. 
Furthermore a strong band at -750 cm- ' 
assignable only as SF stretch is decidedly too low 
when compared to previous findings (7, 8). A 
second band in this region at 850 crn-' and the 
unusual broadness in particular in the SO 
stretching range suggest the presence of two dis- 
tinctively different fluorosulfate groups. It is 
interesting to note, that bands at 1380, 1195, and 
1080 cm-' in the SO stretching range, at 846 
cm-' in the SF stretching range, and deforma- 
tion modes at 630, 578, 555, and 418 cm-'  agree 
well with previous findings for a bidentate S0,F 
group (7, 8). However the occurrence of addi- 
tional bands in all areas is rather disturbing and 
prevents a reasonable structural assignment for 
TiCI,(SO,F),. 
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All compounds discussed here have strong 
absorption bands in the range of 400-500 cm-', 
where none of the acid groups have any bands. 
Previous reports on Tic1 stretching frequencies 
(33) suggest a range of 370-450 cm-'  with a 
strong dependence on the coordination number 
of Ti for terminally bonded chlorine and a range 
of 250-290 cm-'  for bridgingchlorine (35). How- 
ever these reports are concerned with compounds 
containing the TiClG2- anion or with donor- 
acceptor complexes of the type TiCl,L, with L 
being a strong Lewis base where hexacoordina- 
tion is postulated. The frequencies are therefore 
considerably lower (360-390 cm- I). Some exam- 

tion as the rule and the tendency towards hexa- 
coordination as the driving force in the observed 
ligand substitution reactions d o  involve either 
two or three oxygen atoms and in the case of the 
S0,F group even fluorine coordinated to tita- 
nium. 

The failure of TiCI,(CO,CF,), and TiC1,- 
(PO,F,), to undergo ligand redistribution must 
be attributed to  the absence of suitable non- 
coordinated oxygen in the oxyacid group. The 
observed differences in the stoichiometries of the 
products of the ligand redistribution is attributed 
to the different functionalities of the oxyacid 
group. 

pies have stretching modes in the Financia] support  by the National Research Council of 
same range (35) e.g.  TiOC12 at 407 and 430 cm-'. Canada is gratef~lllv acknowledged. P.A.Y. gratefullv 
It is therefore reasonable to expect Tic1 stretching acknowledges finan& support of a ~ a c ~ i l l a n  ~ a m i l ;  
modes for the oxyacid derivatives in this area. F ~ u n d a t i o n  fellowship. 

~itanium-oxygen stretching modes are com- 
monly found at higher frequencies (a summary is 
found in ref. 23) but again the compounds are not 
strictly comparable and both the coordination 
number and the donor properties of the oxyacid 
are quite different as e.g.  in OTi(PO,Cl,), (23) 
where bands between 970 and 728 cm-I are cited 
as Ti-0 stretching modes. For Ti(OCH,), 
vTiO are found at 588 and 533 cm-I (36). A 
lowering for the oxyacid derivatives seems likely 
in this case considering the poor donor abilities 
of the oxyacid groups. 

The great complexity of the spectra, e .g .  for 
TiCl,(SO,CF,), suggests that both Tic1 and T i0  
stretches fall in the same area and may in fact 
overlap, accounting for some of the rather broad 
bands. A distinction and subsequently a con- 
clusion in regard to the linearity or nonlinearity 
of TiC1, groups or the planarity of TiCI, groups 
does not appear possible. It seems however, that 
the TiCl,, groups do not involve chlorine bridging 
and also, comparing this region for TiCl,(SO,- 
CF,), and TiCl,SO,CF,, that the latter is prob- 
ably not just an adduct of the type TiCl,(SO,- 
CF,),.TiCl,. 

While a fairly good picture regarding the 
oxyacid group can be obtained from vibrational 
spectra, definite structural views will have to 
await X-ray diffraction studies. For TiCI,,,,- 
(SO,F),,,, a fluorosulfate bridged cluster with 
perhaps two or even three different environments 
for titanium may be expected and a formulation 
like Ti3C110(S03F)2 may be more adequate. 

Conclusion 
The proposed structures with hexacoordina- 
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The Quenching of Oz(lCgf) by Aliphatic Hydrocarbons 

J.  A.  DAVIDSON A N D  E. A. OGRYZLO 
Depnrtt?zent of Chetnistry, University of British Collrtnbin, Vnt~co~rver ,  British Col~lrnhin 

Rate constants for the quenching of 02( 'Z ,+)  in the gas phase have been determined for  12 aliphatic 
hydrocarbons. The values are discussed in terms of a mechanism in which the magnitudes of the rate 
constants are determined by the abilities of the quenchers to becomevibrationally excited when02( 'Zp+)  
is relaxed to 02('A,). The resulting equations are tested quantitatively by relating the rate constants to the 
absorption spectra of the quenchers at the frequencies of the Oz('Z,+ - 'A,) transition. 

Les constantes de vitesse de dksactivation de 1102 ('X,+) en phase gazeuse, ont CtC dCtermintes pour 
12 hydrocarbures aliphstiques. La discussion des valeurs trouvees est faite dans le cadre d'un micanisme 
oh la grandeur des constantes de vitesse est fonction des possibilitCs des dCsensibilisateurs a passer 
dans des Ctats excitCs de vibration lorsque 1'02 est relax6 de 1'Ctat I X,+ a I'etat 'A,. Les equations 
rksultantes sont controlCes quantitativement en reliant les constantes de vitesse aux spectres d'absorption 
des dCsensibilisateurs aux frCquences de la transition de 1'02 ('X,+ - 'A,). 

[Traduit par  le journal] 
Can. J. Chem., 52, 240 (1974) 

In the last five years a number of laboratories Experimental 
have reported rate constants for the quenching 
of 02('C,+) in the gas phase (1-6). It would 
appear that in all cases the quenching did not 
involve chemical reaction, and 02(lC,+) was 
relaxed to O,('A,) which lies only 15 kcal below 
it (7, 8). However, it proved more difficult to 
understand the rather large variation in quench- 
ing efficiencies reported. Recently a correlation 
of these rate constants with the vibrational 
frequencies of the quencher has been noted (6). 
Consequently it has been proposed that the 
relaxation rate is dominated by the ability of 
the quencher to become vibrationally excited in 
the process (9). A theoretical basis for such a 
mechanism has been presented by Merkel and 
Kearns (lo), chiefly to lxplain similar trends 
observed in the solvent quenching of O,('A,). 
Starting with the Fermi golden rule for radi- 
ationless relaxation, their equations indicate 
that the quenching ability of a solvent should be 
related to its extinction coefficient at 5200 cm-' 
(the 'C,+ - 'A, energy gap). The very fact that 
molecules such as Hz are very good quenchers 
of 02('C,+) (1 1) and yet show no intrinsic 
absorption in the infrared, suggests that this 
simple description will, at the very least, require 
some modification. In the present study we have 
investigated a series of structurally similar 
molecules which do show an infrared absorption 
to determine whether this property can be 
related to the quenching efficiencies. 

02 ( 'Z ,+ )  was generated in a conventional flow 
discharge system utilizing microwave excitation (I). The 
flow tube itself was a jacketed 25 m m  i.d. Pyrex vessel 
I00 cm in length. The pressure of O 2  within the tube was 
maintained at 3.0 Torr which yielded a linear flow rate 
of 550 cm/s. The quencher generally comprised less than 
1% of the total gas mixture. Oxygen atoms were removed 
with the addition of mercury vapor to the stream (I), 
and a trace of N O 2  was added after the discharge to  
guarantee that no atoms escaped in to  the observation 
tube. The 02( 'X,+)  is formed in an energy pooling process 
between pairs of 02('Ag) molecules. The quencher 
concentration was determined by following the decrease 
in pressure in a calibrated volume using a Texas Instru- 
ments (Model 145) quartz spiral gauge. Pressure drops 
were kept sufficiently small that the total pressure re- 
mained essentially constant during the course of a 
measurement. The quencher was introduced into the 
center of the main gas flow so as to facilitate mixing. All 
measurements were made 30 crn downstream from the 
point of introduction to insure that thorough mixing had 
been achieved and that steady state conditions had been 
reached in the energy pooling reactions (12). 

The emission of 02 (LX,+)  at 7619 A and the (02('As))2 
dimol emission a t  6340 A were simultaneously monitored 
using a Hamamatsu TV R-213 photomultiplier tube and 
a Zeiss variable wavelength interference filter. With this 
arrangement, the observed decrease in the intensity of 
02( 'X,+)  emission could be corrected for changes in 
(02(LA,))2 concentration due to quenching or simple 
dilution of the flowing gas mixture. Rate constants were 
calculated from Stern-Volmer plots of log (I,/I) against 
quencher concentration [Q], where I, is the 7619 A 
emission intensity in the absence of quencher and I is 
the intensity at quencher concentration [Q], corrected 
for any changes in (02('A,))2. For convenience and better 
reproducibility all rate constants were determined 
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TABLE 1. Rate constants for the process: 
02( 'Zgf)  + Q + Oz(lAg) + Q 

k ,  (1 mol-' s-') 

Quencher Other determinations This work 

~ . O X  lo7 (14) 

Methane 4 . 5 ~  lo7 (5) 
6 . 6 ~  lo7 (4) 

4 .4x107  

Ethane 

Propane 
2-Methylpropane 
Cyclopropane 
Butane 
Pentane 
Methylcyclopentane 
Hexane 
Cyclohexane 
Methylcyclohexane 
Heptane 

relative to the quenching constant for C 0 2  (2.0 x 10' 1 in fact, good agreement with the most reliable 
mol-' s - ' )  because of the excellent agreement between values reported previously. 
several determinations (9). This eliminated problems 
associated with changing wall conditions since it provided The qLlenching appear 
a constant check with the wall-decay rate constant. related to the size of the hydrocarbon, increasing 

The hydrocarbons were obtained from Matheson and by more than an order of magnitude between 
MCB, dried with PzO5 and separated from less con- CH4 and C,H,,. This suggests a possible 
densible gases. Matheson "extra dry" oxygen was used 
without further purification. Flow rates of all quenchers correlation with the strength of infrared absorp- 
were determined bv followine the Dressure droo in a tion the quencher since this is known to - 
calibrated volume. increase with molecular size. 

The infrared absorption spectra of the hydrocarbons 
were obtained with a Cary-14 spectrometer (10 000 - 
4 000 cnl-I) and a Perkin-Elmer model 457 spectrometer 
(4000-250 cm-I). Where possible, spectra were taken of 
the gas phase species. However, because of the limited 
path lengths available, liquid spectra had to be taken 
with the less volatile hydrocarbons. Although some 
broadening and a slight wavelength shift does occur on 
condensation, it is not great with this series of hydro- 
carbons. 

Results and Calculations 

Rate constants determined in this study are 
listed in Table 1, together with values obtained 
by other laboratories. The precision in several 
determinations of the same rate constant was 
generally quite high (+ 5% standard deviation). 
However, since systematic errors have always 
proven difficult to assess in discharge flow 
systems (13), we can only hope that in this case 
the standard deviation is also a good measure 
of the accuracy of the determinations. There is, 

The quenching process can be considered to 
occur through the following sequence of 
elementary processes : 

Assuming that ['C.Q] is just a collision complex 
and that the rate controlling process is the step 
characterized by k, then the experimental 
quenching constant k, is equal t o  k,k,/k-,. 
The rate constant k, describes a radiationless 
relaxation in a polynuclear complex, and can 
be calculated with the well known Fermi golden 
rule k, = 2nplpI2/hZ where p is the density of 
states in the product and is the matrix 
element of H', the perturbation Harniltonian 
between the initial and final states: 
('A.QIH'IIC.Q). Assuming that the interaction 
between the quencher and oxygen is "dipolar" 
one obtains in the Born-Oppenheimer approxi- 
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where PC, is the purely electronic wave function 
which would not be expected to  change much 
between quenchers. 'C, and 'A,,, are the initial 
and final vibrational wave functions of oxygen 
and Q, and Q, those of the quencher. ('A,,,('C,) 
will be recognized as the Franck-Condon factor 
for the radiative transition of 02('C,') to  the 
/nth vibrational level of 02('A,) and (Q,,16p/ 
6rlQo> is related t o  the probability of optical 
excitation of the quencher to  the t ~ t h  vibrational 
level. This theoretical model therefore predicts 
that the rate constant is determined by the 
overlap of the absorption spectrum of the 
quencher with the emission spectrum of 0 2 ( ' C g t )  
in its transition to  02('A,), i.e., 

This assumes that k , ,  k - ,  and p d o  not change 
appreciably for any series of quenchers. The 
integral in eq. 2 can be approximated in a 
number of different ways. Merkel and Kearns 
(10) found it useful to  write this equation in 
terms of the extinction coefficients of the 
quencher at the transition frequencies in 0 , .  

Only theoretical val~les have been determined 
for the Franck-Condon factors of the 02('C,' -t 

'A,) transition (15). These are 

Franck-Condon 
factor Transition Frequency (cm-') 

- --- -- 

0.98 (0,')) 5238 
2.3  x 3755 
3 . 7 ~  lo-" (0,2) 2297 
5.1 x ( 0 3  865 

Using these Franck-Condon factors, eq. 2 can 
then be written in the form: 

Values of E, at the first three frequencies are 
Iisted in Table 2. A very low Franck-Condon 
factor makes absorption at  865 cm- '  insignifi- 
cant. The proportionality constant C was fixed 

t o  make k, for C7H, ,  equal t o  6 x lo8. The 
calc~llated quenching constants are listed in 
Table 2 and plotted against the  experimental 
values in Fig. 1 as open rectangles. 

The correlation clearly leaves something t o  
be desired. The most obvious source of error is 
the use of extinction coefficients rather than 
overlap integrals. It is possible tha t  this approxi- 
mation is more valid in the condensed phase 
studies of Merkel and Kearns (10) where 
absorption bands are broad. In  the gas phase 
these bands are often quite sharp and con- 
siderable error could be introduced. Since the 
only experimental observation o f  the 02('C,+ - 
'A,) emission reports only a rather diffuse 0-0 
band (16) we have had to compute the strtlctures 
of these bands. Assuming that the  selection rules 
for changes in rotational quantum number are 
those characteristic of induced transitions (AJ = 
0, & 1, +2) the synthetic bands shown in Fig. 2 
were generated. Since the process with which we 
are concerned is non-photonic, we have not 
included the v4 dependence normally implicit in 
emission spectra. Using the above Franck- 
Condon factors, eq. 3 can be written in the more 
exact form : 

k, = C [0.98 x overlap at  5238 cn1-' 
+ 2.3 x x overlap a t  3755 cm-' 

+ 3.7 x x overlap at  2297 cm- '  
+ 5.1 x x overlap at 865 cln-'1 

The absorption spectra of the quenchers in these 
four spectral regions were determined and the 
overlap integrals were calc~llated with the aid of  
a computer. The  results are listed in TabIe 3 
under the headings (0,0), (O,l), (0,2), and (0,3). 
Choosing a value of C to  make k, = 6 x 10' 
for C7Hl , ,  the other quenching constants were 
calculated and are listed in the last column of 
Table 3. In Fig. 1 these are plotted against the 
experimentally determined values (as open 
circles). There is a somewhat improved correla- 
tion with these rate constants calc~~lated from 
the spectral overlap. However, two points may 
be noteworthy. CH, is more than  ten times as 
effective as its absorption spectrum would 
predict. This appears well beyond the combined 
experimental uncertainties. Secondly, the cyclic 
hydrocarbons d o  not possess the larger rate 
constants which their absorption at the 0, - 
frequencies would predict. 

Before considering the possibility that other 
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TABLE 2. Extinction coefficients and calculated quenching constants 
- - -- -- - --- - 

- -. - --- 

Extinction coefficient at 

Quencher 

Methane 
Ethane 
Propane 
2-Methylpropane 
Cyclopropane 
Butane 
Pentane 
Methylcyclopentane 
Hexane 
Cyclohexane 
Methylcyclohexane 
Heptane 

3755 cm- 
-- - - 

0.0246 
0.237 
0.122 
0.187 
0.102 
0.221 
0.376 
0.605 
0.505 
0.708 
0.638 
0.557 

FIG. I .  Correlation between the experimental 0 2 ( ' Z s C )  
quenching constants and those calculated from the i.r. 
absorption spectra of the quenchers: = values from 
extinction coefficients at three wavelengths and normal 
Franck-Condon factors. . = values from extinction 
coefficients at three wavelengths and "best-fit" Franck- 
Condon factors. 0 = values from overlap integrals and 
normal Franck-Condon factors. = values from over- 
lap integrals and "best-fit" Franck-Condon factors. 

factors determine the efficiency of a quencher, 
there is reason to question the free-molecule 
Franck-Condon factors which we have used. 
For example, studies of the infrared absorption 

of 0, have shown (17) that quite different 
Franck-Condon factors can occur when the 
transitions are collision induced. Since collision 
induced values will be almost impossible t o  
obtain for the 'Zg+  - 'A, transition in oxygen 
we have simply varied the Franck-Condon 
factors to see whether a better fit could be 
obtained with any particular set. The black 
circles in Fig. 1 represent the best fit we could 
obtain. In this case the Franck-Condon factors 
used were 0.72, 0.205, 0.039, and 0.0039 for the 
(0,0), (0,1), (0,2), and (0,3) transitions, respec- 
tively. Though these values are not unreasonable 
for an induced transition, and some improve- 
ment can be seen for CH,, C,H,, cyclopropane, 
and C,H,,, the remaining constants do not 
show an improvement or become worse. We have 
also applied these "best-fit" Franck-Condon 
factors to the extinction coefficient data in 
Table 1 and then recalculated k,. These values 
are plotted as solid rectangles in Fig. 1 .  N o  
significant improvement can be said to occur. 

Conclusions 
The quenching of O,('Z,+) b y  saturated 

hydrocarbons does seem to be dominated by 
the ability of the hydrocarbon to become 
vibrationally excited by the 'C,+ - 'A, transition 
in oxygen. However, the fact that varying the 
Franck-Condon factors does not  produce a 
significantly improved correlation between the 
calculated and experimental rate constants 
suggests that the model assumed has some 
shortcomings. Most disconcerting is the excep- 
tionally low quenching constant calculated for 
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v ( cm-'1 ( note compressed scale 1 
FIG. 2. Computed "induced" emission bands for the O,('Z,+ - 'A,) transition. 

TABLE 3. Overlap integrals and calculated quenching constants 
-- - - - 

Overlap integral 

Quencher 

Methane 
Ethane 
Propane 
2-Methylpropane 
Cyclopropane 
Butane 
Pentane 
Methylcyclopentane 
Hexane 
Cyclohexane 
Methylcyclohexane 
Heptane 

0.0 overlap 
x 

~ - -- . 

0.022 
1.72 
2.74 
3.71 
6.09 
3.71 
5.31 
6.72 
6.56 
7.62 
8.43 
7.77 

0,l overlap 
x 

0.226 
1.32 
1.44 
1.64 
0.951 
1.64 
2.63 
4.05 
3.41 
4.36 
4.54 
4.03 

0,2 overlap 
x 

-. - - 

0.0068 
1.16 
1.28 
1.53 
1.13 
1.53 
2.8 
3.96 
3.63 
3.35 
4.20 
4.28 

0,3 overlap 
x 1 0 - ~  

methane. This, no doubt, is a result of the 
method employed in evaluating the overlap 
integrals. The use of the infrared absorption 
spectrum precludes any contribution from 
transitions which are not observed in the normal 
infrared spectrum. The calculated O,('C,+) + 

0 2 ( l A g )  emission spectrum (AJ  = 0, + 1, f 2) 
restricts contributions to the overlap integral to 
relatively narrow spectral regions. These effects 
would be expected to have the greatest effect on 
relatively simple molecules and points up the 

approximate nature of applying photonic selec- 
tion rules to processes which are non-photonic. 
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The thermal decomposition of 3-chloro and 3-bromo-3-ethyldiazirine in various solvents has been 
investigated. A comparison was made between the decomposition in gas phase and in solution. The 
nature of the solvent does not affect the rate of diazirine decomposition, but does alter the subsequent 
reactions of the carbene. The results show that the cis olefin is predominant in a non-polar solvent but 
less so in polar solvent. These results were successfully explained by considering the electrostatic interac- 
tion of the CH36t and CIS- groups. 

On a Cti~diC la decomposition thermique du chloro-3 et du bromo-3 ethyl-3 diazirine dans plusieurs 
solvants. On a effectue une conlparaison entre le decomposition en phase gazeuse et en solution. La 
nature du solvant ne change pas la vitesse de decomposition de la diazirine mais, par contre, affecte les 
reactions subsCqi~entes du carbene. Les rksultats montrent que I'olCfine cis est le produit principal obtenu 
dans un solvant non-polaire alors qu'on en obtient moins dans un solvant polaire. On explique, avec 
succes, ces resultats en considerant I'interaction electrostatique des groupes CH36+ et CIS-. 

[Traduit par le journal] 

Can. J. Chem.,  52, 246 (1974) 

Introduction further purification. All solvents used were research 
grade. 3-Chloro-3-ethyldiazirine was prepared from the 

The thermal decomposition of a number of corresponding amidine hydrochloride by oxidation with 
substituted diazirines has been investigated sodium hypochlorite in the presence of  LiCl in DMSO - 
(1,2). The results indicate that the decomposition 
is a unimolecular reaction and is consistent with 
a mechanism in which the breaking of the two 
C-N bonds occur in a step-wise manner (2-4). 
In the gas phase pyrolysis of 3-chloro-3-ethyldi- 
azirine (I), it was suggested that the decom- 
~ o s i t i o n  involves the intermediate formation of 
a carbene which, in turn, gives rise to  a mixture of 
cis and trans I-chloropropene. Since few uni- 
molecular reactions have been studied in more 
than one phase, the present work was undertaken 
to provide a comparison between unimolecular 
reactions in gas phase and in solution. In addi- 
tion. we have examined the effects of solvents on 
the rearrangement of a carbene, a problem on 
which little information can be found in the 
literature. 

Experimental 
Infrared and nuclear magnetic resonance spectra were 

obtained with Perkin-Elmer Model 137 and Varian 
Associates T60 instruments. The ultraviolet spectra were 
measured with a Unicam SP 800 spectrophotometer. 

solution; 3-bromo-3-ethyldiazirine was synthesized by a 
similar procedure with the use of freshly prepared NaOBr. 
The n.m.r. and i.r. spectra of the diazirines were in agree- 
ment with the data reported by Graham (5) and Ettinger 
(6). The physical constants of the diazirines are listed in 
Table 1. 

Kinetic Procedure 
The rates of reaction were measured by following the 

disappearance of diazirine. The concentration of the 
diazirine is approximately 2.0 x M. The procedure 
employed is similar to the one which was described in a 
previous paper (2). 

Reaction Products 
In the decomposition of 3-chloro-3-ethyldiazirine and 

3-bromo-3-ethyldiazirine in various solvents, the only 
products found were nitrogen, I-chloropropene (cis and 
rratls), and I-bromopropene (cis and trans), respectively. 
The ratio of the cis and trans olefins was determined by 
g.1.p.c. using a 12 ft column packed with 60-80 mesh 
Chromosorb P containing 20% dinonyl phthalate. The 
agreement between the rate constants obtained by fol- 
lowing the disappearance of reactant o r  by following the 
appearance of products was f 3%. 

Results and Discussion 
Materials The gas phase decomposition of 3-chloro-3- 

Cyclohexene was passed through a silica gel column 
and fractionally distilled. Anisole, I-butanol, and ethyldiazirine (1) over the 100-1 45 "C tempera- 
dimethylsulfoxide (DMSO) were distilled before use. ture range gave cis and trans l - ch lOrO~rO~ene  
Hexamethylphosphoramide (HMPA) was used without and nitrogen as the only products. The olefin 

mixtures consisted of 78% of the cis and 22% of 
'To whom correspondence should be addressed. the trans isomer. The results yield 
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TABLE I .  Physical data of 3-halo-3-ethyldiazirine 

1.r. L a x  (nm) 
Compound (N=N) (cm-')* I m - '  cm-')  N.m.r. 6* 

3-Chloro-3-ethyldiazirine 1570 360 (71.9.1 2.0 (quartet, 2H) 
1 . O  (triplet, 3H) 

3-Bromo-3-ethyldiazirine 1567 362 (105.4): 2.0 (quartet, 2H) 
1 .O (triplet, 3H) 

-- -. -- 
*In CCI, solution. 
t l n  cyclohexcnc solution. 
$In I-dodecene solution. 

kg,, = 10 13.99f 0 .05 been noted in the thermal decomposition of 
x exp (- 30.45 $ 0.09lRT) s- ' 3-chloro-3-phenyldiazirine and 3-  bromo-3- 

in which R = 0.00198 kcal mol-' deg-'; the 
standard deviation is cited in each case. 

In our present work, the decomposition of 
3-chloro-3-ethyldiazirine and 3-bromo-3-ethyldi- 
azirine were examined in various solvents: cyclo- 
hexene, anisole, t-butanol, DMSO, and HMPA. 
The absence of any product resulting from addi- 
tion or insertion of the carbenes to solvent 
molecules suggests that the rearrangements are 
fast. The decompositions were strictly first order 
under the conditions employed in the experi- 
ments. Rate constants were determined at 8 
temperatures (Table 2). At each temperature, a 
series of runs of various duration was carried out 
and the first order rate constants were obtained 
from the usual plots. The Arrhenius expressions 
calculated from the data by. the method of least 
squares are as follows : 

13 .81f  0 .24  
kcyclohexene = lo 

x exp (-29.60 $. 0.04IRT) s-' 
- 1012.96fO.16 

k a n i s o ~ e  - 
x exp ( -  28.05 + 0.271RT) s- ' 

- 1012.53f0.11 
lit-butanol - 

x exp (-27.48 $. 0.1 ~ / R T )  s- ' 
12 .97 f  0.10 

~ D M S O  = 10 
x exp (-28.10 + 0.171RT) s-' 

k,,,, = 1013.31f0.19 
x exp (-28.64 + 0.31IRT) s- ' 

3- Bromo-3-ethyldiazirine 
i3.20k0.14 

k a n i s o ~ c  = 10 
x exp (-28.09 + 0.231RT) s- ' 

In solution the bromo compound decomposes 
twice as fast as the chloro compound over the 
entire temperature range. A similar result has 

phenyldiazirine (7) and was rationalized in terms 
of the highly polarizable bromine atom. For the 
3-chloro-3-ethyldiazirine, the rates in solution 
were increased by a factor of approximately 2 as 
compared with rates in gas phase. 

Perhaps the really striking feature of the present 
results is the similarity of the rate constants as 
shown in Table 2. While there is good evidence 
that the thermal decomposition of diazirines 
proceed via a step-wise mechanism (3), it is not 
certain if the carbene precursor is a diradical or 
a diazomethane intermediate. The data obtained 
thus far could be interpreted in terms of either 
one of the above or a combination of both. We 
will not discuss the mechanism of diazirine de- 
composition here but note that work on other 
substituted chlorodiazirines, which will be re- 
ported later, supports a polarized radical-like 
transition state for the decomposition of di- 
azirines. 

While the nature of the solvent does not affect 
the rate of diazirine decomposition, it does alter 
the subsequent reactions of the carbene. The 
results, Table 3, show that the relative yields of 
the olefin were independent of percentage con- 
version and temperature in the range studied, but 
that the percentage trans isomer increased with 
increasing solvent polarities. The relative yields 
of cis and trans I-bromopropene in the decom- 
position of 3-bromo-3-ethyldiazirine were similar 
to those of the chloro compound. The similarity 
between these two sets of compounds is not sur- 
prising since the equilibrium values of cis/trans 
at 150 "C for 1 -chloropropene and 1 -bromopro- 
pene were 2.52 and 2.60, respectively (12). 
Furthermore, it was found that the cisltrat~s ratios 
of the 1-halo-I-propenes was independent of the 
halogen in the halopropene. A number of related 
cases have been discussed in the literature. (13). 
It is noteworthy to mention that in the gas phase 
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TABLE 2. Rate constants for the decomposition of 3-halo-3-ethyldiazirines 
in various solvents 

3-Chloro-3-ethyldiazirine 3-Bromo-3-ethyldiazirine 
- - -- 

Temperature k x lo4 Temperature k x lo4 
Solvent P-2 (S - '1 P-2 w l )  

Cyclohexene 80.6 
84.8 
89.6 
94.6 

100.4 
105.6 
109.0 
114.6 

Anisole 80.0 
85.2 
89.8 
95.0 
99.9 

104.9 
110.0 
114.8 

t-Butanol 80.0 
85.4 
90.0 
95.0 
99.7 

105.0 
110.0 
115.2 

DMSO 80.1 
84.9 
89.7 
94.8 

100.2 
104.0 
109.9 
114.9 

HMPA 80.0 
85.0 
90.0 
95.0 

100.0 
105.0 
110.0 
115.0 

1-Dodecane 

pyrolysis of 1,l-dichloropropane (14), the ob- ground state of chloromethylcarbene was shown 
served cisltrans ratio of the 1-chloropropene to be a singlet (16). The 1,2-hydrogen shift in 
produced was 1.20. chloroethylcarbene (singlet state) is shown 1 

The increased stability of cis over trans 
1-chloropropene has been attributed to electro- "- 0 ...I 1 . - 
static attraction between the CH," and Cls- CH --...c - 
groups (15). The carbene generated from the 
thermal decomposition of 3-chloro-3-ethyldi- 

H 2  

azirine is probably in its singlet state, since the 1 
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TABLE 3.  Relative distribution of cis-trans olefin as a function of temperature, reaction time, and 
polarity of solvents 

Reaction Olefin 
temperature Reaction .- Dipole moment 

Solvent ("C) tirnes(min) %cis % trans (Debye) 

3-Chloro-3-ethyldiazirine 
Cyclohexene 114.6 

Anisole 85.2 
95.0 
95.0 
85.2 

r-Butanol 85.4 
95.0 

DMSO 80.1 
100.2 
100.2 
109.9 

HMPA 80.0 
90.0 
90.0 

100.0 
100.0 

1 -Dodecene 100.1 
100.1 

Anisole 85.1 
90.2 
90.2 

100.1 

DMSO 100.1 
100.1 

HMPA 100.1 
100.1 

'Reference 8. 
tReference 9. 
SReference 10. 
§Reference I I .  

in which the hydrogen bonded to the cl-carbon 
migrates to the vacant p-orbital of the sp2- 
hybridized divalent carbon giving rise to a mix- 
ture of isomeric olefins. From our experiments, 
it was concluded that the cis olefin is predominant 
in a non-polar solvent but less so in polar solvent. 
Thus, the interaction between CH36+ and C16- 
must be more effective than that of CH36+ and 
the lone pair although the evaluation of electro- 
negativity for the lone pair and C16- is not 
available. If C16- were more effective and more 
electronegative than the lone pair, the solvent 
interaction in the polar medium must be much 
more stronger at the CI6- than at the lone pair. 
Consequently, electronic and steric effects would 
favor the trans isomer as illustrated below. 

cis trans 

There could be. other factors which determine 
the stereochemistry. For example, t-butanol may 
protonate the intermediate to produce the corre- 
sponding carbonium ion. However, this is rather 
unlikely since the percentage trans isomer varies 
linearly with the increase in dipole moment ofthe 
solvent. 

These results can be summarized by stating 
that the thermodynamically unstable trans olefin 
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is preferentially formed in a polar medium. This 3. M. T. H. LIU and K. TORIYAMA. Can. J. Chem. 51, 

statement is substantiated by the results obtained 2393 
4. E. SCHMITZ. 23rd International congress of pure and for the bromo compound. In the decomposition applied chemistry. Vol. 11. Butterworths, London. 

of diethyl diazosuccinate (171, a similar solvent 1971. D. 283. 
effect was observed in whichthe thermodvnam- 5. W. H:GRAHAM J. Am. Chem. Soc. 87,4396 (1965). - -~~ - ~ -  - -  
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Chemically Induced Dynamic Electron Polarization. IV. The Photolysis 
of 1,4-Naphthoquinone 
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Depnrt~netzt of Clret?iist~y, Qlreen's Utlit'ersity, Kitlgstotz, Otztario 

Received May 4, 1973 

Electron spin resonance emission was studied from the photochemically produced 1,4-naphthosenii- 
quinone radical in liquid methanol, ethanol, isopropanol, ethylene glycol, and in acetic acid in the 
presence of 2,6-di-tert-butylphenol. This chemically induced dynamic electron polarization is due to 
the optically spin polarized triplets of the parent quinone and their subsequent hydrogen abstraction 
reaction with retention of the polarization in the resultant semiquinone radicals. In the acetic acid - 2,6- 
di-tert-butylphenol system, emission was observed also from the phenoxy counter radical. The magnitude 
of the polarization at  constant microwave power was found to be temperature dependent. The cornpari- 
son of the photochemical theory and the radical-pair theory is examined in the light of some o f  the 
results obtained. -. 

On a Ctudie I'Cmission de resonance Clectronique de spin du radical de la naphtosemiquinone-l,4, 
preparee photochimiquement dans le methanol, I'ethanol, I'isopropanol, I'ethylene glycol et I'acide 
acetique en presence de diterbutyl-2,6 phenol liquides. Cette polarisation electronique dynarnique, 
chimiquement produite, est dfie aux etats triplets, dont les spins sont optiquement polarises de la quinone 
parente, qui subit par la suite une reaction d'abstraction d'un atome d'hydrogene accompagnte de la 
retention de la polarisation dans le radical semiquinonique resultant. Dans le systeme acide acetique- 
diterbutyl-2,6 phenol on observe aussi une emission dfie au radical complementaire phenoxy. On a trouvk 
que I'importance de la polarisation depend de la temperature lorsque la puissance de la microonde reste 
constante. La ihtorie photochimique et la theorie des "paiies de radicaux" sont comparees a la lumiere 
de quelques-uns des resultats obtenus. [Traduit par le journal] 

Can. J .  Chem., 52 ,  251 (1974) 

Introduction 
Recently we have reported the observation of 

the totally emissive e.s.r. of 1,Cnaphthosemi- 
quinone radicals produced in the pulsed photo- 
lysis of 1,4-naphthoquinone in isopropanol (1). 
It was concluded that a spin polarization arising 
from intersystem crossing to the triplet quinone 
may result in a spin polarization for the doublet 
radical, when the chemical hydrogen abstraction 
rate is comparable to the spin-lattice relaxation 
rate of the triplet molecule. A formal theoretical 
development of this model has been given (2). 
The model also predicts that the counter radical 
from the hydrogen donor must have the same 
sign of electron polarization. Thus, in a recent 
communication (3) on the observation of a 
photo-radical pair of durosemiquinone radical 
and the 2,6-di-tert-butylphenoxy radical, the 
results that both radicals are totally emissive 
support strongly the photochemical theory. In 
the present paper, we describe the detailed study 
of the photolysis of 1,4-naphthoquinone in a 
variety of solvents. The chemically induced 
dynamic electron polarization (c.i.d.e.p.) results 
of this system are discussed in the light of the 

radical-pair theory (4) and our photochemical 
theory. 

Experimental 
I,4-Naphthoquinone (Aldrich) after purification with 

petroleum ether in a Soxhlet extractor was recrystallized 
from methanol. The sample could be further purified by 
sublimation but the experimental results in control 
experiments indicated n o  significant difference. 1,4- 
Dihydroxynaphthalene (Aldrich) was recrystallized suc- 
cessively from 959, ethanol, hot water, and benzene with 
a small amount of water. 2,6-Di-tert-butylphenol was 
recrystallized from benzene. 

Most of the sample solutions were first made saturated 
at room temperatureand were diluted to twice the volume 
with the same solvent. The  sample solutions contained in 
4 mm 0.d. Pyrex tubings were degassed a n d  sealed off 
under Torr vacuum. All runs were at  room tempera- 
ture unless otherwise specified. 

A Varian 4502 x-band spectrometer using 100 kHz 
modulation was employed for 1hee.s.r. study. The sample 
temperature was controlled by the Varian variable 
temperature accessory. An optical transmission cavity 
was used and the light source was a 200 W super-pressure 
mercury d.c. lamp. The reproducible light pulses were 
obtained by using a rotating disk capable o f  varying the 
dark-to-light ratio between 20 and 200 with the light 
period being as short as 200 ps. The characteristics of the 
light pulse was monitored by a phototube and is shown 
in Fig. 1. The rotating sector in our experiments served 
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I Results and Discussion 

FIG. 1. Time dependence of the e.s.r. signal intensity 
a t  constant magnetic field of the photo-produced 1,4- 
naphthosemiquinone radical: absorption ( f ) ;  emission 
(-). Also shown in dotted line is the shape of the light 
pulse. 

The following experiments involve studies of 
the photolyses of 1,4-naphthoquinone in various 
solvents. Some of the results a re  difficult, if not 
impossible, t o  interpret by the radical-pair 
theory (4). On the  other hand the  photochemical 
theory (2) provides a ready interpretation for 
the experiments. The preference for the photo- 
chemical theory over the radical-pair theory 
emerges in five stages. Accordingly, the results 
of the experiments are grouped into five sections. 
The first section indicates the  S-To mixing 
mechanism of the radical-pair theory is unlikely; 
the second section rules it out.  However, the 
S-T,, mixing mechanism is still a possibility a t  
this stage. The third section, which describes 
concentration effects, eliminates the S-T,, 
mixing mechanism of the radical-pair theory 
and the fourth and fifth sections provide further 
tests for the validity of the photochemical theory. 

For the sake of convenience, the subsequent 
discussion employs the following abbreviations: 
NO for 1.4-na~hthoc~uinone. NOH for 1.4- 

only as a means to give reproducible and reasonably fast naphthosemiquinone iadical,' and- NQH, for 
recurrent light pulses. The sector used here, however, is 1,4-dih~drox~na~hthalene. 
different from the conventional ones used in photo- 
chemical experiments, since our sector was designed to P h ~ t ~ l ~ ~ i s  of l,4-Na~hthoquinone in l so~ro~ano l  
have a light-to-dark ratio of at least 1 :20. The light ~ u l s e  The 1,4-naphthosemiquinone radical has been 
~ r o v i d e z b y  the sector is still relatively long fo; qianti- postulatkd a; a n  intermediate i n  the photolysis 
tative study of the initial polarization, but we believe of the parent quinone (5); 
that we were looking a t  the intermediate stage between a 
truly time-resolved and a truly steady-state condition. of other simple quinones have been established 
This is supported by the experimental decay curves (6, 7). In the  hoto ore duct ion system the pre- 
showing the actual conversion of the signal from emission cursors of the semiquinone radicals are usually 
to absorption. triplet states of the parent quinones. For 1,4- 

The zero-line (base-line) shown in Fig. 1 represents benzoquinone, 
only an example of the noise level. The base-lines for all 

NQ, and anthraquinone, the 
other decay curves were represented simply by a straight lowest states are probably n-n* in 
line to  show more clearly the feature of the emission. The character (8). Thus, a simplified mechanism of 
emission is represented in the decay curves by the (-1 the photoreduction of NQ in isopropanol is 
signal, following which the signal converts rapidly to the 
absorption mode (+) and then decays chemically. All [ I ]  NQ + hv -+ INQ -, 3 N Q  
the decay curves were measured at the maximum position 
of the first derivative e.s.r. lines. A Fabri-tek 1074 [21 3NQ + (CH3),CHOH -+ NQH + (CH3),C0H 

instrument computer was used to measure and time- [3] 2 NQH -+ NQ + NQH,. 
average the changes in e.s.r. signal amplitude a t  some 
predetermined constant magnetic field and during the The major product of the photoreduction is 
intermittent irradiation. Pre-triggering was accomplished the NQH, ; no cross product between ~ Q H  and 
by means of a miniature photocell. Normally lo3 to lo4 (CH,),~OH was found (5). 
sweeps were required for each observation. Further time- 
averaging beyond lo4  sweeps offered little improvement The e.s.r. spectrum of the NQH radical in the 
under the present experimental condition. photolysis system has been observed (9). The 

The time response of the present detection system was SemiquinOne radicals give a totally emissive 
limited mainly by the Varian 100 kHz modulation unit Spectrum for all components during and was probably not better than about 150 ps. Future 
experiments, however, will be improved by using a 2 MHz and immediately after the light pulse. Although 
modulation unit. this result has been reported previously in a 
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preliminary communication ( I ) ,  it is now 
instructive to attempt to interpret it by the 
radical-pair theory. 

Since the results of product analysis show no 
cross products, it appears that the semiquinone 
radicals escape from the initial cage combination 
with the isopropanol radicals. Thus one would 
expect that NQH-(CH,),COH encounters play 
a minor role in inducing electron spin polariza- 
tion on the semiquinone radical. Eventually 
another semiquinone radical is encountered; 
this leads to self-disproportionation. These 
NQH-NQH encounters should be the major 
source of electron spin polarization in the 
radical-pair theory. 

~f one examines NQH-NQH encounters, a 
number of difficulties arise in a radical-pair 
theory interpretation. In an NQH-NQH en- 
counter, S-To mixing cannot produce electron 
spin polarization. Thus one must consider 
S-T,, mixing (4d, f ) ,  but this produces two 
difficulties. Firstly, the hyperfine interaction is 
not sufficient to account for the observed 
polarization. Secondly, the electron spin - rota- 
tion interaction, which can be quite large, is 
associated with broad lines. The observed e.s.r. 
spectrum consists of narrow lines. 

Thus, it is only with difficulty that one can 
interpret the semiquinone radical spectrum by 
the radical-pair theory. This is not the case with 
the photochemical theory; it predicts the same 
polarization for all hyperfine components of 
NQH. In addition, the photochemical theory 
predicts both NQH and the solvent radicals to 
have the same polarization. The results of the 
next section allow one to make a further 
comparison of these two theories. 

The Photolysis of NQ in Acetic Acid in the 
Presence of 2,6-Di-tert-butylphenol (Ph'OH) 

In the photochemical system of NQ in iso- 
propanol, the shortlived isopropanol radical has 
eluded experimental detection; one reason is 
that (CH,) ,~OH readily reacts with a quinone 
to form a semiquinone (10). Thus it may be 
possible to stabilize the "counter" radical by 
using a hydrogen donor which would react 
rapidly with the spin-polarized triplet quinone 

2,6-Di-tert-butylphenol was chosen as the 
hydrogen donor. 

FIG. 2. (a) Electron spin resonance spectra of the 
1,4-naphthosemiquinone radical and the 2,6-di-(err- 
butylphenoxy radical in acetic acid; (b) e.s.r. spectra of 
the semiquinone radical produced in acetic acid contain- 
ing the parent quinone and 1,4-dihydroxynaphthalene. 
The hyperfine lines are numbered for subsequent reference. 

The e.s.r. spectra of both the NQH and Ph'O 
radicals were observed. The overlapping spectra 
are shown in Fig. 2. All the hyperfine lines, 
including those of NQH and the nonoverlapping 
lines belonging to Ph'O, exhibit emission during 
and immediately after the light pulse. Thus, both 
radicals have the same polarization in the totally 
emissive mode. 

The NQ-isopropanol results of the previous 
section indicated that the S-To mixing mechan- 
ism of the radical-pair theory was an unlikely 
explanation. The results of this section show it 
to be impossible for two reasons. Firstly, a large 
g value difference is required for all hyperfine 
components of a radical to be polarized in the 
same mode. The g value difference between 
NQH and Ph'O is only 0.0003. Secondly, the 
S-To mixing predicts opposite polarization 
between a radical and its counter radical. 

The experimental observation of this section 
can only be explained by S-T,, mixing in the 
radical-pair theory or by the photochemical 
theory. With the S-T,, mixing mechanism, one 
encounters the difficulties already mentioned in 
the previous section. The results of the following. 
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sections present a radical-pair theory interpre- 
tation with further difficulties. 

The Photolysis of NQ in Acetic Acid in the 
Presence of NQH, 

If the phenol is replaced with NQH, as the 
hydrogen donor only semiquinone radicals are 

produced. This removes the complication of 
overlapping spectra for two different radicals. 
E.s.r. spectra were recorded for this system for 
various concentrations of NQ and NQH,. The 
results are shown in Fig. 3; as in the previous 
system all hyperfine lines of NQH are emissive. 
Of greater importance is the concentration 
dependence of the polarization. 

From the maxima of the absorption parts of 
the experimental decay curves, the initial NQH 
concentrations immediately after the light pulse 
are approximately equal for the four solutions 
studied. But the magnitude of the emission parts 
of the curves is very sensitive to  NQH, con- 
centration (see Fig. 3). The interpretation of this 
result provides a test for the S-T,, mixing 
mechanism of the radical-pair theory and the 
photochemical theory. 

The S-T,, mixing mechanism does not 
consider the initial polarization of NQH; it 
only deals with the polarization resulting from 
the formation of a radical pair NQH-NQH. 

FIG. 3. Electron polarization of 1,4-naphthosemi- 
quinone radical produced in the photolysis of the parent 
quinone in acetic acid containing various concentrations 
of 1,4-dihydroxynaphthalene: the concentrations are 
(a)  0.167 M; (b) 0.084 M; (c)  0.056 M ;  ( d )  0.028 M. 
The concentrations of quinone are 0.024 M for solutions 
(a)  and (c) ,  and 0.012 M for solutions (b) and (d).  

Thus it can explain a concentration dependence 
of the total intensity curve but not of the initial 
emission intensity relative to the subsequent 
absorption intensity. 

On the other hand the photochemical theory 
fixes its attention on the initial polarization of 
NQH. The initial polarization is responsible for 
the emission part of the intensity curves of Fig. 
3. This polarization depends on the hydrogen 
abstraction rate relative to the spin-lattice 
relaxation rate of the polarized triplet quinones 
(1-3). If the spin-lattice relaxation rate remains 
approximately constant in the same solvent and 
at the same temperature, an increase in the 
hydrogen abstraction rate yields an increase in 
the magnitude of the initial polarization. Thus, 
the photochemical theory provides a relatively 
straightforward explanation for the results 
shown in Fig. 3; the radical-pair theory is 
unable to do so. 

Photolysis of N Q  in Methanol, Ethanol, 
Isopropanol, and Ethylene Glycol 

The experimental results ofthe previoussection 
provide evidence in favor of the photochemical 
theory over the radical-pair theory. This section 
provides additional tests for the photochemical 
theory. The photolysis of NQ was carried out in 
methanol, ethanol, isopropanol, and ethylene 
glycol. Two factors are varied in this study: the 
chemical reactivity of the solvent with the triplet 
quinone and the spin-lattice relaxation rate. 
The win-lattice relaxation rate decreases with 
an increase in solvent viscosity. Both factors 
affect the resultant observed magnitude of the 
polarization of NQH. 

Strong emission was observed in isopropanol, 
very weak emission in ethanol, and no emission 
in methanol. The e.s.r. spectrum of NQH in 
ethylene glycol was totally emissive, and the 
relative polarization magnitude, as determined 
from the values of the maximum emission to  the 
maximum absorption in the decay curves, is 
several times larger than that observed in 
isopropanol. 

These results are in accord with what the 
photochemical theory predicts. The rate of 
hydrogen abstraction should increase from 
methanol to ethanol to isopropanol. This 
provides an explanation for the increasing 
emission for this sequence of alcohols as solvents. 
The hydrogen abstraction rate for ethylene 
glycol is not known; it would be reasonable t o  
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assume that it lies somewhere between that for 
ethanol and isopropanol. However, ethylene 
glycol has a large viscosity (19.0 cP at 20 "C) 
compared to the other alcohols (e.g. 2.86 cP at 
15 "C for isopropanol). This large increase in 
viscosity, which greatly reduces the spin-lattice 
relaxation rate, explains the large initial emission 
in ethylene glycol. 

At the present time it is not possible to dis- 
tinguish NQ triplet depolarization from NSQ 
spin-lattice relaxation. The reduction of either 
or both would favor a stronger observed 
emission. Recently, Atkins and co-workers (1 I )  
developed a method for the determination of 
electron spin-lattice relaxation rates of radicals 
from the decay curves of their e.s.r. emission. 

The EfSects of Temperature 
Since temperature affects both the hydrogen 

abstraction rate and the spin-lattice relaxation 
rate, temperature dependent studies should 
provide additional tests for the photochemical 
theory. Accordingly, the photolysis of NQ in 
methanol was carried out at temperatures 
between - 50 and 25 "C. The results are shown 
in Fig. 4. This experiment clearly indicates the 
increase in emission with a decrease in tempera- 
ture, from undetectable at room temperature to 
strong at - 50 "C. Similar temperature dependent 
results were observed using ethanol and iso- 
propanol as solvents. 

One would expect the temperature to  decrease 
both the hydrogen abstraction rate and the 
spin-lattice relaxation rate. According to the 
photochemical theory, a decrease in the hydrogen 

FIG. 4. Temperature dependence of polarization of 
1,4-naphthosemiquinone radical in methanol: (a) - 50 "C; 
(b) - 25 "C; (c )  0 "C; (d )  25 "C. The hyperfine line studied 
is number 7. 

abstraction rate would decrease the emission 
character of the NQH radical, whereas a de- 
crease in the spin-lattice relaxation rate would 
enhance the emission. The experimental results 
indicate that the temperature effect on the spin- 
lattice relaxation is more pronounced than on 
the hydrogen abstraction rate. This is reasonable 
since the hydrogen abstraction is a photo- 
chemical reaction involving an excited triplet 
quinone molecule, and primary photochemical 
reactions are less temperature dependent. 

Summary 
The c.i.d.e.p. results obtained in the photolysis 

of NQ are readily interpreted by the photo- 
chemical theory. While the S-T, , mixing 
mechanism of the radical-pair theory explains 
the total emissive nature and the same sign of 
the polarization for both radicals, it fails to 
account for the major influence of the concentra- 
tion of the hydrogen donor. Thus, although 
there are other systems which can be interpreted 
by the radical-pair theory, the results of this 
work show up some deficiencies of the radical- 
pair theory. 

The photochemical theory, which gives a 
satisfactory explanation of the present results, 
also has its deficiencies. The principal deficiency 
is that it cannot give quantitative predictions of 
the electron polarization in general photo- 
chemical systems. In order to do so, the following 
difficulties must be overcome: prior information 
is required on the population and depopulation 
of triplet sublevels and on the zero field splittings 
of the t r i~ le t  sublevels. The chemical reaction 
rate, spin-lattice relaxation rates of the depolari- 
zation, and overall decay rates of the radical are 
required. The spin-lattice relaxation times of 
triplet organic molecules in liquid solutions are 
virtually impossible t o  determine experimentally 
at the present time. The measurement of 
chemicalhydrogen abstraction rates is not easy 
because the rates must be very large before 
polarization can be induced. However, some 
recent work offers hope that some of these 
difficulties may be overcome. Ayscough and 
Sealy (12) have recently proposed a kinetic e.s.r. 
method to measure the rates of hydrogen 
abstraction by photoexcited triplet carbonyl 
compounds. Also, it is possible that the analysis 
of Atkins and co-workers (11) can be extended 
to estimate the spin-lattice relaxation times of 
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the semiquinone radical and perhaps set limits 
for the triplet quinones. 

I In spite of its present difficulties, the photo- 
I 
I chemical theory has some possible future 

applications (13). The importance of organic 
triplet states in photochemistry has been well 

I 

recognized in the past decade. The fact that the 
repopulation of the lowest excited singlets can 
result from thermal equilibrium existing in the 
triplet states has led many authors (ref. 14 and 
references therein) to  question whether the 
photochemical reactivity in some organic systems 
originates directly from the triplet states. It is 
possible with further development of the photo- 
chemical c.i.d.e.p. theory that this question can 
be answered partially by the direct observation 
of e.s.r. of the resulting radicals. 

Finally, it is not difficult to  recognize that both 
the radical-pair theory and the photochemical 
theory are sin7plified models constructed for the 
purpose of describing complicated phenomena. 
Perhaps a more comprehensive description of 
c.i.d.elp. phenomena will emerge from either the 
incorporation of some of the ideas of the photo- 
chemical theory into the radical-pair theory or 
the incorporation of some of the ideas of the 
radical-pair theory into the photochemical 
theory. It is hoped that the experimental results 
of this work may stimulate such effects. 
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The Ultraviolet Flash Photolysis of Ozone and the Reactions 
of O(lD) and 02(l&+) 

Defence Reserrrch Estrrblishtnenr Valcartier, and, Centre de Reclrerches sro. les Ato~nes 
et les Molecrrles, P . O .  Box- 880, Co~rrcelette, QlreOec 

Received May 30, 1973 

The decomposition of ozone has been studied following a short duration u.v. light pulse. From an 
analysis of the O3 decomposition curves for O3 :NZ,  0 3  :NZ : 0 2  and 0 3  : 0 ,  mixtures it is shown that the 
relative rate constant for O('D) deactivation by N, and 0, is given by lcN,/ko2 = 0.7 f 0.25.It is also 
shown that O,('Z,+) is formed in at least 75% of the collisions in which O('D) is deactivated by 0,. The 
rate constants of the reactions Oz('Z,+) + O3 + 20, + 0 and 0 + 0, + 0, -> 0, + 0, are found 
to be (2.3 f 0.5) x lo - ' '  cm3 molecule-' s-' and (5.0 + 0.5) x 10-34cm6 molecule-2 s-I, respec- 
tively, at (295 + 1) OK. 

La decomposition de l'ozone a kt6 Ctudite apres une breve exposition a la lumiere ultraviolette. Une 
analyse des courbes de decomposition de 0 3  pour des mtlanges 0, :NZ, 0 3  :NZ : 0 2  et 0, : 0 ,  a montre 
que la constante de vitesse relative est Cgale a k~,/k", = 0.7 f 0.25 pour la desactivation de O('D) par 
Nz et 0,. De meme on a montre que 0, ('Z,+) est forme lors, d'au moins, 75% des collisions impliquant 
la desactivation de O('D) par 0,. Les constantes de vitesses des reactions O,('Z,+) + 0, 7- 20, + 0 et 
0 + 0 2  + 0, + O3 + 0, sont Cgales experimentalement a (2.3 + 0.5) x lo-" cm3 molecule-' s-I 
et a (5.0 ? 0.5) x cm6 m016cule-~ S - I  respectivement a (295 ? 1) OK. 

[Traduit par le journal] 
Can. J .  Chem., 52, 257 (1974) 

Introduction 
An understanding of the processes occurring 

in the U.V. photolysis of ozone in the Hartley 
continuum is of fundamental importance to 
chemical aeronomy. 0, photolysis at wave- 
lengths less then approximately 3100 A produces 
O('D) atoms (I), and the deactivation of these 
atoms by 0, leads to production of O,('Z,+) by 
the energy exchange process 

The efficiency (D) of this process ( i .e .  the 
fraction of O('D) + 0, quenching collisions 
which lead to O,('Z,+) production) is in question 
(see ref. 2 for a review of available information) 
with values of D reported ranging from less than 
low2 to unity. This process is a major source of 
02('Z,+) in the atmosphere. 

Previous work in this laboratory has shown 
that O,('Z,+) is not formed directly by O, 
photolysis at 2537 A (3) nor by flash photolysis 
in the wavelength range 2400-3000 A (4). The 
0, produced by 0, photolysis at 2537 A is in the 
'A, state (3) and is formed with a quantum yield 
of close to unity (5). 

The O('D) reactions are also of aeronomic 
interest since the reaction of O('D) with H 2 0  is 
thought to be one of the principal mechanisms 

for producing OH and thus initiating the water 
catalyzed decomposition of O, in the strato- 
sphere. Since the reactions of O('D) with 0, and 
N, are almost collision limited the O('D) is in 
photochemical equilibrium in the stratosphere. 
Thus, relative rates of the O('D) reactions with 
H,O, N,, and 0, are sufficient to estimate the 
stratospheric OH production which results from 
O('D) formation by the solar U.V. photodissocia- 
tion of 0 , .  

In an earlier publication (4) we have described 
the apparatus used in this work and reported a 
measurement of the relative rate of O('D) reac- 
tion with H,O and N,. The technique employed 
involved fitting experimental ozone decay curves 
to a proposed mechanism by numerically in- 
tegrating the appropriate rate equations. The 
use of very low 0, pressures (0.015 Torr) allowed 
the fast reactions of O('D) and O,('Z,+) to be 
readily separated from the slower reactions of 
0(,P) and O,(A). 

In this paper we report on determination of 
the relative rates of O('D) with N, and 0, and 
the efficiency of O,('Z,+) formation (0) in the 
reaction of O('D) with 0,.  The rate of reaction 
of 02('Z,+) with 0, and the three body recom- 
bination rate 0 + 0, + 0, -+ O, + 0, have 
also been measured. The results obtained in this 
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work are critically compared with literature 
values. 

Experimental 
A detailed description of the apparatus and the experi- 

mental procedure has been given previously (4), hence 
only a brief summary will be given here. 

The cylindrical photolysis cell (53 cm long, 18 cm in 
diameter) contained a set of 3 multiple reflection mirrors 
and two quartz flash lamps which were supported by 
metal end plates. One end plate contained two quartz 
windows to provide for entrance and exit of the 2537 A 
low pressure mercury resonance radiation. Absorption 
of this radiation was used to monitor the 0, concentra- 
tion. For these experiments the multiple reflection mirrors 
were set to provide 12 traversals of the cell for a total 
path length of ~5 m. With this optical arrangement 
ozone absorption measurements were confined to the 
center of the photolysis cell, and the long path length 
allowed very low ozone pressures ( ~ 0 . 0 1 5  Torr) to be 
used. The 2537 A radiation was isolated and detected by a 
Medium Quartz Hilger spectrometer fitted with a 1P28 
photomultiplier. The spectrometer was used with a band 
pass of 2 A in order to reduce the effect of scattered light 
from the flash lamps. 

The photomultiplier signal was displayed on an oscil- 
loscope and the trace photographed on Polaroid film. 
The signals recorded on the Polaroid prints were mea- 
sured and processed automatically. Measurements were 
taken every 0.25 mm across the 80 mm oscilloscope trace 
and for each measurement the fraction of ozone decom- 
posed was calculated; all the values falling in selected 
time intervals were then averaged. Finally the results of 
several (5-10) experiments were averaged to provide 
graphs of fractional ozone decomposition us. time. 

The flash photolysis driver circuit and the methods of 
ozone production and mixture preparation have all been 
described previously (4). 

Results 
The following photomultiplier signals were 

recorded for each experiment: Vo the voltage 
with the cell empty, Vi the voltage with the ozone 
mixture in the cell before photolysis, and V, the 
voltages observed as a function of time following 
the photolysis flash. 

Using Beer's law, the initial 0 3  pressure (P) 
in Torr can be calculated from the relationship 

Vo/Vi = exp (306 x PI760 x 273/T x L) 

where T is the absolute temperature (295 !C 

1 OK for these experiments), L is the path length 

Ozone decomposition as a function of time 
has been measured for various ozone added nas " 
mixtures, and the  results are shown in Figs. 1 t o  
7. The experimental data has been fitted by 
theoretical curves which were obtained by 
numerically integrating the appropriate rate 
equations. These theoretical curves are discussed 
in a following section. 

The precision of these results, as judged from 
the standard deviations of a set of 5 to  10 
separate experiments, depended somewhat on 
the fraction of 0, decomposed (f ,). Typically 
the standard deviation was E 1% off,. Thus the 
plotting symbols in Figs. 1 t o  7 represent ap- 
proximately 2 t o  3 standard deviations in the 
ordinate. From the calibrations of the oscillo- 
scope time base it was determined that the 
plotting symbols represent approximately 3 t o  5 
standard deviations in the abscissa. 

For experiments at higher 0, pressures it was 
found that a small amount of 0 atoms was pro- 
duced by photolysis of O,, presumably in the 
Herzberg continuum. The amount of 0 atoms 
formed was determined by flashing pure 0, and 
determining the production of 0, by the reaction 
sequence 

O2 + hv + 2 0  

The 0 atom production was always much less 
than the 0, initially present ( ~ 0 . 0 1 4  Torr), and 
reached a maximum of 3.7 x Torr for an  
0, pressure of 37 Torr. This 0 atom production 
was taken into account by plotting the fraction 
of 0, decomposed relative to the  sum of the 0, 
initially present [031i and the 0 formed, [OIi, 
i.e. 

CO,I i + COl i - CO3lt 
f t =  [03]i+[o]i 

The 0 atom production was included in the 
model calculations, and the values o f f ,  were 
calculated as defined above. 

The time and wavelength distribution of the 
photolysis flash have been described in detail 
previously (4). 

in cm, and the absorption coefficient of 0,-at  Discussion 
2537 A is 306 cm-' (6). For all the experiments, 
gas mixtures were added until a transmission of Reaction Scheme and Integration of Rate 

5% was attained, i.e. ~ 0 . 0 1 4  Torr of 0 , .  Equations 

The fractional ozone decomposition at time t The relevant reactions and their rate constants 

(f ,) is given by are listed in Tables 1 and 2, respectively. All rate 
constants are given in molecular units (cm3, 

f t  = log (vt/Vi>/log (VoIvi) molecule, and-s) .  The reactions have been 
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S N E L L I N G :  FLASH PHOTOLYSIS O F  0.1 
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2 0.0 " 2.0 2.5 3.0 3.5 4.0 4.5 

LOG T I M E  ~s 

FIG. 1. Experimental conditions: open circles, O3 pressure 0.0146Torr, O2 pressure 5.40Torr; solid circles, O3 
pressure 0.0145 Torr, N 2  pressure 31.9 Torr. Flash energy 976 J. For details of computed O3 decay curves see Table 3 
and text. 

LOG TlME j / S  

FIG. 2. Experimental conditions: open circles same as for Fig. 1 i.e. O3 pressure 0.0146Torr, 0, pressure 5.40 
Torr. For details of computed O3 decay curves see Table 3 and text. 

FIG. 3. Experimental conditions: open circles, 0, pressure 0.0146 Torr, 0, pressure 17.60Torr; solid circles, O3 
pressure 0.0146 Torr, O2 pressure 36.90 Torr. Flash energy 976 J. For details of computed curves see Table 3 and text. 

arbitrarily divided into two groups: principal 
reactions and reactions of secondary importance 
because of their slow rates or because of the 
presence of more important competing reaction. 

The rate of O, photolysis has been shown (4) 
to be proportional to O3 concentration and can 
be represented by k , I , [03 ]  where I, is the time 
dependent relative flash intensity and k ,  is an 

empirically determined constant which depends 
on flash lamp intensity, cell geometry, etc. 

The calculated O, decay curves were obtained 
by a numerical integration of the appropriate 
rate expressions using a Runge-Kutta integra- 
tion routine. It proved difficult to integrate the 
rate expressions directly, because the very large 
O(D) reaction rates necessitated too small a time 
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I 1 -  

FIG. 4. Experimental conditions: same as for Fig. 3, i.e., open circles, pressure 0.0146 Torr, O2 pressure 17.60 
Torr; solid circles, O3 pressure 0.0146 Torr, O2 pressure 36.90 Torr. Flash energy 976 J. For details of computed curves 
see Table 3 and text. 

LOG TIME ,us 

FIG. 
details 

5 .  Experimental conditions: Os pressure 0.0148 Torr, O2 pressure 28.29 Torr. Flash 
of computed curves see Table 3 and text. 

energy 2840 J. For  

step for the integration to be practical. Since 
k, 2 2 x lo-" (12), and the minimum 0, 
pressure used in our experiments was 5 Torr, 
the time constant for O(D) disappearance was 
always less than 0.3 ps. Since this time constant 
was short, compared to the flash duration (w 10 
ps), the O(D) was taken to be in photochemical 
equilibrium. The steady state O(D) concentra- 
tion is then given by [O(D)] = k,I,[O,]/ 
(k,[O,] + k,[N,] + k,[O,]). The rate of an 
individual O(D) reaction, e.g. deactivation by 
0 , ,  is then given by k,[O,:l[O(D)] and, hence, 
only relative O(D) reaction rates are required to 
compute the fraction of O(D) participating in the 
various reactions. 

The constant k ,  in the expression for the rate 
of photolysis of ozone was empirically deter- 

mined as described previously (4) by computer 
fitting data for 0 3 / N 2  or 03/N2/SF6 mixtures in 
the period 200 to 800 ps following the flash. 
(SF,, a gas which does not deactivate O(D) (12), 
was sometimes added as an inert diluent.) 
Typical 03 /N2  data are shown in Fig. 1 where 
it can be seen that  no further 0, decomposition 
occurs in the period 200 to 800 ps following the 
flash. Thus the 0, decomposition in the time 
period 0 to 800 ps results from 0, photolysis 
with a very small contribution from reaction 8. 
(The slow reactions of 0 and 0,(A) with 0 3 ,  
reactions 7 and 5, respectively, d o  not occur a t  
these short times. See ref. 4 for a detailed 
description of the processes occurring at longer 
times in 0 3 / N 2  and O,/N,/SF, mixtures.) k ,  
was determined by integrating t h e  rate equations 
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SNELLING: FLASH PHOTOLYSIS OF 01 

LOG TIME ps 

FIG. 6. Experimental conditions: same as Fig. 5; i .e. O 3  pressure 0.0148 Torr, O2 pressure 28.29 Torr. Flash 
energy 2840 J. For details of computed curves see Table 3 and text. 

LOG TIMF: ps 

FIG. 7. Experimental condiiions: O3 pressure 0.0144 Torr, C 2  pressure 1.86 Torr, N2 pressure 3.73 Torr, Ar 
pressure 5.56 Torr. Flash energy 976 J. For details of computed curves see text. 

with photolysis and the O(D) reactions 2, 3, and 
8 included and varying k, in order to obtain the 
observed amount of 0, decomposition in these 
mixtures. It should be pointed out that there is 
some uncertainty in the relative rates of O(D) 
reaction with 0, and N, and also in the products 
of reaction 8. (This point has been discussed in 
some detail in our earlier publication (4).) How- 
ever, all our experiments have been performed 
with a large excess of 0, and/or N, so that 
reaction 8 is of only very minor significance. All 
the O,/N, experiments were performed with at  
least a thousandfold excess of N, over O,, so 

that for the relative rates assumed in Table 1, 
less than 2% of the O(D) formed reacts with 0,. 
We have arbitrarily assumed that the products 
of this reaction are 2 0 ,  although at least part of 
the reaction may proceed to give 2 0  + 0, (2). 
The 0 3 / N 2  experiments were repeated at fre- 
quent intervals throughout this work since a slow 
decrease in flash lamp intensity (typically 1% 
loss of intensity/100 flashes) and hence 0, 
photolysis occurred. This loss of intensity could 
be recovered by cleaning the flash lamps with 
H F  and was probably caused by deposits 
forming on the flash tubes. 
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TABLE 1 .  Reaction scheme* 
-- - 

Prit~cipal Reactions 

[I]  O3 + hv -> 02(A) + O(D) 

[2] O(D) + 0, -> O2(Z) + 0 
- > 0 2  + 0 

[3] O(D) + N2 -> N2 + 0 
[4] 0 2 ( 2 ) +  0 3 2 p 2 0 2 +  0 
[5] 02(A) + 0 3  + 2 0 2  + 0 
[6] 0 + 0 2  + 0 2  + 0 3  + 0 2  

[71 0 + 0 3  -> 2 0 2  

Secondary Reactions 

[8] O(D) $ 0 3  -f 2 0 2  
-> 2 0  + 0 2  

[9] 02(Z)  + M -> Or + M 
[lo]  Oz(A)+ M - > O z + M  

'The excited states o f  atomic and molecular 
oxygen O('D) 0,('A ) and O4'T - )  are 
abbreviated b; o ( D ) ~  O,(A) and ' O>(T). 
respectively. 

Gas heating was included in all the model 
calculations as described below. It  was assumed 
that both the excess energy available in the 
photolysis reaction and the heat liberated by O, 
decomposition were rapidly equilibrated. The 
consequent temperature rise was then calculated 
from the known heat capacity of the mixture. 
Since the mixtures used were very dilute in 0, 
this heating term was small (usually less than 
5 "C) and had only a small effect on reactions 5, 
6, and 7, all of which have an energy of activa- 
tion. The rate constants used in the model cal- 
culations for each of the curves in Figs. l to 7 
are listed in Table 3. 

Experiments with 0,/02 Mixtures 
Four 03/02 mixtures were studied and the 

results are given in Figs. 1 to 6. From these 
results and model calculations a consistent set 
of values for @, k,, and k,  was determined by 
trial and error. The calculated curves in Figs. 1 to 
6 are   resented to show the best fit obtainable 
and t i e  sensitivity of this best fit to changes in 
a, k,, and k,. 

Figure I 
From Table 2 it can be seen that there are two 

literature values of k,  which differ by a factor of 
almost 4. For all our results we have found that 
our data are consistent with the higher of the 
two values. In Fig. 1, four calculated curves are 
shown for fixed @ and k, and variable k,. The 
data are clearly inconsistent with a value of k,  
of 7 x lo-'' (13) but are in good agreement 

with the higher value of k,  of 2.5 x lo-" (14). 
We conclude from the calculated curves in Fig. 1 
that the best fit value of k ,  is 2.4 x lo-" with 
upper and lower error limits of 3.7 x lo-" and 
1.84 x lo-", respectively. The degree of fit is 
more sensitive t o  a reduction in k, than a n  
increase. 

Figure 2 
For the calculated curves A, D, and E in Fig. 2, 

k,  and k,  were held constant and  @ was varied. 
It can be seen from these curves that @ = 0.85 
provides the best fit and that cD = 0.75 or 0.95 
are clearly inconsistent with the  data. Because 
of the controversy involving the  value of we 
have deliberately been somewhat conservative in 
our estimate of the error limits for this quantity. 
I t  will be shown in later discussion that for the 
data at the highest 0, pressure it is often possible 
to  obtain a satisfactory fit to the  data for cD = 
0.75 or 0.95 by varying both k ,  and k,. How- 
ever, for the data at  the lowest 0, pressure 
(Figs. 1 and 2) variations in k ,  have a much 
reduced effect and it is no longer possible t o  fit 
the data by this means. 

I t  is apparent from an examination of Fig. 2 
that curve D underestimates the 0, decom- 
position at longer times. Therefore, taking 
account of the uncertainty in k , ,  we have tried 
doubling k,  to improve the fit (curve C). Even 
with this large increase in k,  the fit to the data is 
very little improved. Because o f  the effects of 
small quantities of H 2 0  on the rate of O, de- 
composition observed previously (4), we have 
calculated the 0, decomposition that would 
result from the of 0.015 Torr of H 2 0  
in the mixture. For this calculation (curve B) 
the rate constants given in ref. 4 were used with 
a relative rate for  the O(D) + H 2 0  reaction of 
3.5. For these calculations the significant reac- 
tions (additional to those shown in Table 1) for 
the time period shown in Fig. 2 are 

The  first reaction results in O H  production 
which leads to a catalyzed 0 + O, reaction by 
the second two reactions while the OH decays 
slowly by the fourth reaction. Although this 
curve (B) is a much better fit to the  data, it is not 
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S N E L L I N G :  FLASH I 'HOTOLYSIS O F  0 3  

TABLE 2. Rate constants for reactions listed in Table 1 

Reaction Rate constants* Commentst Reference 

[ I  I K I  It See text 
See text$§ 
$ 8  3 
5 13 

14 
E = 5600 1 1 ,  15 
E = -20008 7-9 
E = 4000 7-9 
$ 3 

10 

'Wherever possible rate constants have been taken from recent review articles (7-10). When 
this was not possible a publication which summarizes the information available has been chosen. 

tWhere applicable energy o f  activation is given in cal/mol. 
SRelative rates with k 2  = 1.0; see text for discussion. is the efficiencyof 02(2)formation in 

reactlon 2, and k2 represents the total rate of deactivation o f  O(D) by 02. 
9These rate constants were determined in this work by fitting the experimental data, and the 

values given in the table represent literature values for comparison. 

TABLE 3. Rate constants used to obtain calculated curves shown in Figs. 1-6* 

Curve 
Rate Figure 

constants A B C D E F number Comments 

1 k.5 = 5 X 

cD = 0 . 8 5 ,  for all 
curves 

cD 0.95 0 .85  0 .85  0.85 0.75 2  k 6 = 5 x 1 0 - 3 4 ,  
k4 = 2 .4  x  10-11, 
for all curvest 

k4 x 1011 4 . 3  2 . 3  1.7 1.8 2 .3  3.1 
ks x  10" 4.44 5 .22  6 .00  5.58 5.15 4 . 6 5 )  3  
@ 0.75 0 .85  0.95 0 .95  0.85 0.75 

4  For all curves cD = 8.85 

k 4 ~ 1 0 1 1  2 .9  2 . 7  2 . 3  2 . 0  1 For all curves cD = 0.85 
1.8 

k6 x 5 .72  5 .72  5.21 4 .80  4.80 
4  Data are for  curves F,  

G, H, I, J, respectively. 

kJ  x  1011 2.45 2.27 2.10 1.90 1.78 
k ,  x  5.08 5.08 4.83 4.44 4.44 1 6 For all curves cD = 0.85 

*For the reactions not  l~sted In t h ~ s  table the rate conslants g ~ v e n  In Table 2 were used unless otherwise stated. F o r  rate constants  used for 
calculated curves In Fig. 7 see text. 

?For curve C, k ,  = 2.0 x 10-14, twlce the rate given in Table 2, was assumed. F o r  curve B see text. 

entirely satisfactory. Furthermore, we consider crease was slow (typically 10 min t o  attain 
it unlikely that so much water could have been Torr). 
present in the gas mixtures used. The high purity Similar observations of an enhanced rate of 
0, used was passed through a liquid-nitrogen- 0, decomposition were encountered in our 
cooled trap and the apparatus was always earlier works (4) with 03 /N2 and O,/N,/SF, 
pumped to better than lo-' Torr between mixtures. As discussed previously (4) a possible 
experiments and the subsequent pressure in- explanation of this effect lies in the vibrationally 
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excited 0, formed in reaction 7. It is known (1 5) 
that vibrational energy released in this reaction 
readily transfers to 0, and leads to enhanced 
rates for reactions 5 and 7. The vibrational 
energy of the 0, produced in reaction 7 will 
probably be rapidly equilibrated by V-V energy 
transfer to ground state 0, .  If the predominant 
loss of 0, vibrational quanta occurs by V-V 
transfer to 0, and the excited O, decays suffi- 
ciently slowly by V-T processes, significant 
vibrational excitation of the 0, will result. 

As has been pointed out previously (4) it is 
difficult to model this mechanism because the 
energy transfer mechanism is not well defined 
and the effect of 0, vibrational energy in over- 
coming the barrier to reaction in reactions 5 and 
7 is not known. However, qualitatively it will 
lead to enhanced reaction rates for reactions 5 
and 7 and thus an enhanced rate of 0, de- 
struction. 

Similar effects were not observed at higher 
0, pressures. This is demonstrated by the data 
in Figs. 3 to 6 where the ultimate 0, concen- 
tration is entirely consistent with model calcula- 
tions using the rates for reactions 5, 6, and 7 
given in Table 2. (If enhanced reactivity of 0 
with O, occurred directly, or was catalyzed by 
H,O, then this would reduce the ultimate 0, 
concentration.) This is entirely consistent with 
the mechanism discussed above, since at higher 
0, pressures the predominant decay process for 
0 atoms is reaction 6 rather than 7 and a larger 
fraction of any vibrational energy liberated in 
reaction 7 will, after equilibration, be in the 0, 
rather than the 0,. 

Figure 3 
For the two sets of data in Fig. 3, calculated 

curves are shown for @ = 0.75, 0.85, and 0.95. 
For each value of @, k ,  and k ,  were varied in 
order to obtain the best fit to the data. 

For the top curves (PO2 = 17.6 Torr) it can 
be seen that no satisfactory fit to the data can 
be obtained for @ = 0.75 or 0.95, thus sup- 
porting the limits obtained for this quantity 
from the data in Fig. 2. For @ = 0.85 the best fit 
(curve B) values of k ,  and k ,  were 5.22 x 
and 2.3 x lo-", respectively. The latter value 
is consistent with the value obtained from Fig. 1. 

For the lower set of curves (POZ = 36.9 Torr) 
a satisfactory fit could be obtained for all the 
values of @ (0.75, 0.85, and 0.95), although the 
best fit is obtained for @ = 0.85. For @ = 0.85 

(curve E) the best fit values of k ,  and k6 were 
almost identical to those obtained for the upper 
curves. From curve D it can be seen that the 
higher value of @ (0.95) can be accommodated 
by decreasing k ,  and increasing k, .  The reverse 
is true for the lower value of @ (0.75). A com- 
parison of the curves for @ = 0.75 and 0.95 
(F  and D) with that for 0.85 (curve E) indicates 
the effect on the best fit values of k,  and k ,  pro- 
duced by the uncertainty in @. From a com- 
parison of the rate constants used for D, E, and 
F, it is apparent that increasing @ from 0.85 to 
0.95 is compensated for by changes in k ,  and 
k ,  of -0.5 x lo-" and +0.43 x lo-,,, re- 
spectively. The corresponding changes in k ,  
and k6 for @ = 0.75 are +0.8 x lo-" and 
-0.5 x respectively. Thus the average 
variations in k ,  and k ,  are 0.65 x lo-" and 
0.5 x and they reflect the uncertainties in 
k ,  and k ,  produced by the uncertainty in @ of 
+ 0.1. These quantities will be used in the fol- - 
lowing section. 

Figure 4 
In Fig. 4 the effect of varying k, and k6 with a 

fixed value of @ (0.85) is shown for the same 
data as in Fig. 3. For both sets of curves it is 
apparent that with a fixed value of k ,  and varying 
k ,  the calculated curves coincide at longer times. 
Thus the best fit k ,  is independent of k,  and will 
only be affected by errors in the assumption that 
@ = 0.85. For both sets of data it can be seen 
that the best fit values of k,  and k ,  obtained 
(curves C and H) are almost identical. It is also 
concluded that curves A and E (upper data) and 
curves F and J (lower data) are an  unacceptable 
fit to the data and thus represent the error limits 
obtained for k ,  and k,. These limits are some- 
what smaller for curves F and J and will thus be 
used in the following discussion. From a com- 
parison of the rate constants used for curves F 
and J we conclude that the limits for k ,  are 
(1.8 to 2.9) x lo-" and for k,  (4.80 to 5.72) x 
lop3,. We must also consider the additional 
uncertainty in these rate constants due to the 
uncertainty in @ discussed in Fig. 3. We have 
arbitrarily added half the uncertainty in k,  and 
k ,  due to errors in @, since we consider that the 
error limits on @ are conservative. Thus the final 
error limits on k ,  and k ,  are (1.5 t o  3.2) x lo-" 
and (4.6 to 6.0) x respectively. 

Figure 5 
Figure 5 shows the computed curves for a best 
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fit to the fourth set of 0,/0, data for cD = 0.75, 
0.85, and 0.95. Again a satisfactory fit to the 
data can be obtained for all values of cD (al- 
though cD = 0.85 provides the best fit) as was 
observed for the higher 0, pressure data in Fig. 
3. However, for the data in Fig. 5, the changes 
in k, and k, required to accommodate the 
extreme values of cD are smaller than for the 
data in Fig. 3. The best fit values of k, (2.06 x 
lo-") and k, (4.80 x lo-,,) are consistent 
within experimental error with those obtained 
for the data in Fig. 4 (curves C and H). 

Figure 6 
Figure 6 is similar to Fig. 4 in that the effect 

of varying k, and k, with a fixed value of cD is 
shown. We conclude that curves A and E repre- 
sent an unacceptable fit to the data while curve 
C (almost identical to curve B, Fig. 5) provides 
the best fit. Using the same procedure as for Fig. 
4 (i.e. adding half the uncertainty due to possible 
errors in cD obtained in Fig. 5) we conclude that 
the best fit values of k, and k, are 2.1 x lo-" 
and 4.83 x respectively, and the error 
limits for k, and k, are (1.67 to 2.67) x lo-" 
and (4.30 to 5.18) x lo-,,. 

Summary of Conclusions from 0,/0, Results 
For convenience we summarize the con- 

clusions drawn from the data in Figs. 1 to 6. In 
each case the best estimate and upper and lower 
limits are given in that order. Fig. 1 : k, x 10" 
(2.40, 3.7, 1.84). Fig. 2: cD (0.85, 0.95, 0.75). Fig. 
3: cD (0.85, 0.95, 0.75). Fig. 4: k, x 10" (2.3, 
3.2, 1.5); k, x lo3, (5.18, 6.0, 4.6). Figs. 5 and 
6: k, X 10" (2.1, 2.87, 1.67); k6 X lo3, (4.83, 
5.18, 4.30). We conclude finally from a com- 
parison of all of these results that cD = 0.75 +_ 
0.10, k, = (2.3 f 0.5) x 10-I l, and k, = (5.0 
+ 0.5) x lo-,,. - 

There are two possible effects which must be 
considered and which would result in the values 
of cD obtained being a lower limit. Firstly, there 
is the possibility that part of the photolysis 
results in production of 0(,P) rather than 
O('D). If a certain fraction, f, of the 0, photol- 
ysis resulted in 0(,P) production then all the 
calculated curves would be identical provided 
that cD is decreased by an amount f. Figure 2 of 
ref. 4 shows the wavelength distribution of the 
flash lamp output and the wavelength distribu- 
tion of the flash energy absorbed by 0,. These 
data show that almost all the 0, absorption 
occurs at h Q 2950 A, well below the threshold 

for O('D) production of 3100 A. This occurs 
since the 0, absorption coefficient is very small 
at 2950 A and drops rapidly towards longer 
wavelengths. Thus we consider it unlikely, but 
cannot rule out completely, that any significant 
fraction of the 0, photolysis results in 0(,P) 
production. A second possibility is that part of 
the O,(C) + O, reaction occurs by physical 
deactivation of O,(C) rather than destruction of 
0,. This possibility which cannot be discounted 
but seems somewhat unlikely would similarly 
result in an increase in cD. Since these two effects 
cannot be ruled out we conclude finally that 
cD 0.75. 

03 /02 /N2 Experiments 
After establishing the mechanism for the 

0,/0, mixtures several experiments were per- 
formed with O,/O,/N, mixtures t o  obtain the 
relative rates of O(D) deactivation by N, and 
0 , .  One of these experiments is shown in Fig. 7. 
(The argon was added as an inert diluent which 
does not deactivate O(D) (12).) For the model 
calculations the values of Q,, k,, and k, deduced 
above were used and k, was varied t o  obtain the 
best fit to the data. In Fig. 7, for curves B, C, and 
D, k, = 0.7 and for curves A and E, k, is 0.55 
and 0.85, respectively. At longer times curve C 
shows the effect of increasing k, (k, = 2.0 x 
lo-',) and curve B shows the effect of including 
0.005 Torr of H 2 0  (see discussion of Fig. 2). At 
longer times, curve B is a satisfactory fit to the 
data but, as discussed above, we feel that the 
enhanced O, decomposition is caused by vibra- 
tional excitation of the 0 , .  

Returning to the fit at shorter times we con- 
clude from Fig. 7 that k, = 0.7 provides a 
satisfactory fit to the data while the curves for 
k, = 0.55 or 0.85 are unacceptable. If Q, = 0.75 
or 0.95 is used then different best fit values of k, 
are found. Because of this additional uncertaintv 
we have adopted 0.7 f 0.25 as our best estimate 
of k,/k,. 

Comparison Of Various Determinations of 
@, k,, k,, and k, 

Comparison of cD Values 
Determinations of cD may be conveniently 

divided into two groups: those in which the 
O,(C) was detected by its emission a t  7619 A and 
those in which the presence of O,(C) was in- 
ferred, less directly, by its subsequent reactions. 

The former group, while providing very 
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specific identification of O,(C), is subject to the 
difficulties of making absolute 02(C)  emission 
measurements (16, 17) or measuring O,(C) 
emission relative to some internal standard such 
as the NO, continuum (18) or the 0,(A) emis- 
sion (20). Because of the inherent difficulty of 
these measurements, and their frequent depen- 
dence on other quantities such as Einstein A 
factors or rates of specific reactions, the results 
are necessarily less reliable. In this group we 
may include the measurements of Noxon (16), 
Young and Black (17), Gilpin et al. (14), 
Snelling and Gauthier (20), and Izod and Wayne 
(18). All of these measurements, with the 
exception of those in ref. 18, are consistent 
with a @ of unity. The results of Izod and Wayne 
(1 8) have been criticized by Clark (I 9) who showed 
that vortex formation around the photolysis 
window could have led to large errors in @. 
However, this question has not been completely 
resolved (see ref. 29 and references contained 
therein) and the low values of Q, ( ~ 0 . 0 1 )  re- 
mains very uncertain. 

Probably the most reliable measurements of 
those listed above are refs. 16 and 20. Noxon 
(16) deduced that Q, was probably near unity 
and certainly 2 0.3. Snelling and Gauthier (20) 
measured the relative intensities of 02(C) and 
02(A) from photolysis of 0,/02 mixtures and 
concluded that Q, = 0.85. This result was very 
dependent on the value k ,  used in the derivation 
ofQ(i.e.2.5 x lo-" o r 7  x 10-12,seeTable2). 
The higher of these two values was chosen at  the 
time and our own measurement of 2.3 x lo-" 
for k ,  now supports this earlier choice. How- 
ever, the result is still dependent on the Einstein 
A factors for the O,(C) and 02(A) emissions as 
well as the rate of reaction 4. Taking account 
of these uncertainties, and the experimental 
error, a value of @ 2 0.5 seems reasonable. 

We now turn t o  the second group of @ deter- 
minations. From flash photolysis experiments, 
Biedenkapp and Bair (21) concluded that @ = 
0.6 to  1.0. Jones et al. (22) interpreted 0, quan- 
tum yield measurements to  indicate that Q, < 
0.2, but similar experiments (23) were consistent 
with @ = 0.6. There was rather a large scatter 
in the former experimental results and the latter 
work seems more reliable. 

We may summarize the above discussion by 
noting that experiments favoring a @ value of 
unity are both more numerous and more reliable. 
Taking account of experimental errors in the 

various determinations a value of @ 3 0.5 is 
indicated. In the following discussion we con- 
sider in some detail three further experiments 
which indicate a lower value for @ (24, 25, 29). 

McGrath and co-workers, using flash photol- 
ysis techniques, concluded that Q, = 0.4 f 0.1 
(24) and that vibrationally excited 0,(3C,-) 
was formed with a yield of 3 0 . 3  (25). The con- 
clusion that @ = 0.4 was based on  experiments 
similar to our own, hence, the different conclu- 
sions are somewhat surprising and the two 
experiments will be compared in some detail. 

The principal experimental differences are 
that Langley and McGrath used an  0, pressure 
of 1.0 Torr and their measurements of 0, de- 
composition were confined to the period 1 t o  2 
ms following the flash, using monitoring radia- 
tion at  2900 P\. The mixtures were diluted with 
100 Torr of Ar. These mixtures were 4 to 25 
times less dilute than those used in  our work and 
hence considerable temperature increases are to  
be anticipated. The 0, decay curves were stated 
to be linear in the 1 to 2 ms time region and 
were extrapolated to  obtain the  0, decom- 
position immediately following the flash. De- 
tailed experimental conditions were not given 
but the fractions of 0, decomposed after the 
flash were stated to be 0.16 for 03/N2/Ar mix- 
tures, 0.32 for O,/Ar mixtures, and 0.22 for 
0 3 / 0 2 / A r  mixtures. The simple 2 :  1 ratio for 
O,/Ar compared to O,/N,/Ar was explained as 
photolysis followed by reaction 8 for O,/Ar 
mixtures and photolysis alonz for O,/N,/Ar 
mixtures, where O(D) is deactivated by N, 
rather than reacting with 0, .  T h e  0, decom- 
position for 0 3 / A r / 0 2  mixtures was then attrib- 
uted to  photolysis followed by reactions 2 and 
4 and @ was thus deduced to be (1 - (0.32 - 
0.22)/0.16) = 0.37. In the absence of O, decay 
curves and detailed experimental conditions for 
ref. 24 it is difficult to compare the two experi- 
ments. However, we feel our experiments are 
more reliable for the following reasons. 

Firstly, the simple 2 : l  relationship noted 
above is only expected if O, is optically thick t o  
photolysis radiation. For the optically thin limit 
(i.e. absorption of photolysis radiation propor- 
tional to  0, concentration) the  O(D) + 0, 
reaction depletes the 0, during the flash (the 
lifetime of O(D) will be 50.1  ps) and hence 
reduces the amount of O, photolysis in the 
O,/Ar experiments below that found in the 
03 /N2/Ar  experiments. If we assume that the  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



S N E L L I N G :  F L A S H  P H O T O L Y S I S  O F  01 267 

observed fractional 0, decomposition for 
O,/N,/Ar mixtures (0.16) to represent the 
fraction of 0, photolyzed, then the calculated 
fraction of 0, photolyzed for O,/Ar mixtures is 
0.15. This calculated value which was obtained 
using our Runge-Kutta integration routine is 
independent of the time dependence of the 
flash provided, as in this case, the O(D) lifetime 
is short compared to the flash duration. Thus the 
fractional 0, decomposition, immediately after 
the flash, for these mixtures is expected to be 
2 x 0.15 or 0.30 rather than 0.32. (Although a 
detailed description of the apparatus is not given 
the conditions appear to correspond more 
closely to the optically thin than the optically 
thick regime. The reaction vessel was a 20 mm 
0.d. quartz tube, and even for the peak of the 
0, absorption at 2550 A, the transmission of 
photolysis radiation for a single pass through 
the reaction vessel >,50%.) Thus the 2 :  1 ratio 
observed is somewhat surprising since for the 
optically thin regime the 0, decomposition for 
O,/Ar mixtures is expected to be z 2 x 0.15 or 
0.30 rather than 0.32. Furthermore, with the 
large value of k,/k, (see Table 2) it is not clear 
that enough N, was added to completely deacti- 
vate O(D). 

Secondly, in the absence of detailed modeling 
the extrapolation procedure is somewhat uncer- 
tain. In this context the products of reaction are 
uncertain and may involve excited states of 0, 
(23) which are capable of decomposing 0 , .  
Furthermore the high 0, pressure used and 
large temperature increases which can be ex- 
pected (~50-100") make reactions 5 and 7 much 
more important than in our work. It should be 
noted that even a 5% uncertainty in the observed 
(24) fractional 0, decompositions of 0.32 and 
0.22 leads to an uncertainty in @ of 0.37 f 0.20. 

Thirdly, the experimental results and the value 
of @ of 0.37 were used to deduce a value of 
k,/k, of 0.79 whereas the available information 
(2,3, 14,23,30) indicates that k,/k, is 0.10 to 0.20. 
An examination of eq. 6, ref. 24 indicates that a 
higher value of @ would result in a lower value 
of k,/k, and better agreement with other values 
of this quantity. 

In summary because of the uncertainties dis- 
cussed above and because we have used a much 
lower 0, pressure (0.014 Torr) and taken 0, 
decay measurements as early as 200 ps following 
the flash we consider that our results are more 
reliable. The precision of our results has been 

established by averaging up to 10 separate 
experiments. 

From other flash photolysis experiments 
McCullough and co-worker (25) have deduced 
that 0,(3X,-) u > 0 is formed in reaction 2 
with an efficiency 20.30; this result is again in 
conflict with our results that @ 2 0.75. It was 
observed (25) that at t = 20 ps, 0, u = 13 and 
14 increased with addition of up t o  20 Torr of 
0, to mixtures containing 0, (20 Torr) and He 
(215 Torr). It was also observed that no increase 
in 0, u = 15 occurred. The results were an- 
alyzed by a simple mechanism involving pro- 
duction of vibrationally excited 0, in reactions 
2 and 8. (It should be noted that reaction 8 is 
139 kcal/mol exothermic and population of 
vibrational levels of 0, up to the dissociation 
limit is possible.) The ratio of vibrationally 
excited 0, with ([O,],) and without ([O,],') 
addition of 0, was deduced to be 

where k,(u) and k,(u) are the specific rates of 
reactions 2 and 8 t o  produce 0, in vibrational 
level u. From the observed increase of 0, u = 13 
and 14 with added O,, and using k ,  = 6 x 
lo-" in the equation above, k2(13) and k2(14) 
were found to be 1.4 x lo-" and 0.4 x lo-' ' ,  
respectively (25). Finally, assuming k, = 6 x 
lo- ' ' ,  it was concluded that (k2(1 3) + k2(14)/ 
k, 2 0.3 (where k, is the total rate constant 
for reaction 2, i.e. the rate of deactivation of 
O(D) by 0,). In the analysis (25) it appears that 
the rate of production of 0, u = 13 and 14 in 
reaction 8 has been incorrectly set equal to the 
total rate of reaction 8. The value of k, used 
(6 x lo-' ') (21) is somewhat slower than indi- 
cated by more recent work, (2.5 f 1.0) x lo-" 
(14), and (3.5 +_ 0.3) x lo-'' (26). If k, = 
3.5 x 10-lo had been used in the analysis of 
McCullough and co-worker then k,(u) values of 
8.2 x lo-" (u = 13) and 2.3 x lo- ' '  (u = 14) 
wouId have been obtained. The combined rate 
into u = 13 and 14 is then higher than the total 
rate of quenching of O(D) by 0,(12). However, 
as noted above, it is the specific rate of reaction 8 
t o  produce vibrationally excited 0, which should 
have been used in the analysis. Since vibrationally 
excited 0, is not the only product of reaction 8 
(27, 29, 32) and since the complete initial dis- 
tribution of vibrators is not known, the specific 
rates k,(u) cannot be readily calculated. 

However, in a recent series of papers, Webster 
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and Bair (27, 28) have determined the initial 
distribution of 0, in levels v = 14 to 21 from 
the reaction of O(D) with 0 , .  This initial dis- 
tribution was consistent with a vibrational tem- 
perature of 23 400 "K and it was further shown 
that ~ 6 %  of the O(D) + 0, reaction produced 
vibrationally excited 0, .  This latter conclusion 
is in satisfactory agreement with an earlier 
estimate that 290% of the O(D) + O, reactive 
collisions produced 2 0  + 0, (32). Thus, from 
these findings we can estimate that k8(13)/k8 z 
k8(14)/k8 z 3 x lo-, where k8(13) and k8(14) 
are the rate constants for formation of 0, v = 13 
and 14 and k, is the total rate constant for reac- 
tion 8. Thus, for k, = 3.5 x lo-'', k8(13) z 
k8(14) z 10-12. Substituting these values into 
the equation of McCullough and co-worker 
above gives k,(13) = 2.3 x lo-', and k,(14) = 
7 x 10-14. The rate of production of vibration- 
ally excited 0, is then a minor process since the 
total rate of reaction 2 is 6 x lo-" (12). 

However, this conclusion should be adopted 
with somecaution since this rather simple analysis 
neglects several important processes. Firstly, 
excitation of O,(v = 14) in reaction 2 is approxi- 
mately 10 kcal endothermic. As noted by 
McCullough and co-worker the O(D) may be 
translationally hot since reaction 1 is z 19 kcal 
exothermic (for h = 2550 A, the peak wave- 
length of 0, absorption). Classically, the O(D) 
atom would have 213 of the available transla- 
tional energy. Thus, if no energy is lost in vibra- 
tional or rotational excitation of 0, then the 
O(D) atom would have z 12 kcal of transla- 
tional energy. However, it seems unlikely that 
sufficient translational energy will survive for 
the experimental conditions of McCullough 
and co-worker (25) (O,, 20 Torr; He, 200 Torr) 
to account for substantial excitation of O,(v = 

14) by [2]. Secondly, the effect of V-V energy 
transfer was not considered explicitly and it was 
assumed that no appreciable relaxation of 
vibrationally excited 0, occurred in the 20 ps 
following the flash. This latter assumption is in 
direct conflict with the deductions of Fitzsim- 
mons and Bair (31) that V-V energy transfer 
from O,(v = 1) to 0, occurred with a probabil- 
ity of 4.3 x loV3 and that this probability 
increased linearly with v.  For the experimental 
conditions of McCullough and co-worker there 
would be ~ 4 0 0 0  collisions of vibrationally 
excited 0, with 0, in the first 20 ps and about 
the same number with 0, at the highest 0, 

pressure used. Thus, it seems very unlikely that 
V-V transfer can be neglected and, in fact, the 
observed increase of 0, in levels v = 13 and 14 
may be the result of vibrational deactivation of 
O,(v > 15) by 0 , .  Substantial population of 
levels v 2 15 has been demonstrated by Webster 
and Bair (28). 

During the preparation of this manuscript 
further analyses of these results were published 
(37) and the distribution of products in reaction 
8 was accounted for by including a factor y 
which is the fraction of reactive collisions 
leading 0, productions in vibrational levels 13 
and 14. The modified expression for [0,Iu1/ 
[O2Iu1 was deduced to be 

where a, is the fraction of reaction 2 leading to 
production of 0, in levels v = 13 and 14, i.e. 
a = (k,(13) + k2(14)/k,. By fitting this expres- 
sion to the experimental data for various values 
of y corresponding values of a, were deduced 
and a graph of a, vs. y constructed. Using an 
upper limit for y of 0.1 from ref. 32 it was con- 
sidered that a, < 0.5 and this result was cou- 
pled with the conclusion from the earlier work 
(25) that a, 2 0.3 to give 0.3 < a, < 0.5 and 
hence 0.06 < y < 0.1. However, as has been 
suggested above this lower limit to  a, is probably 
incorrect because the rate of production of 0, 
v = 13 and 14 was incorrectly set equal to the 
total rate of reaction 8. In fact it has been esti- 
mated above, from the work of Bair and co- 
workers, that y -- 6 x lo-, for which a, = 
0.03. Therefore we feel that this new analysis 
does not substantiate the higher values of a, 
claimed and that a more detailed analysis of the 
results, including the possible effects of vibra- 
tional-vibrational energy transfer from 0, to 0, 
and O,, is required. 

We should note at this point that the pos- 
sibility of vibrationally excited 0, participating 
in the decomposition of 0, in our experiments 
has not been considered. However, even if 0, 
were formed with sufficient vibrational excitation 
to decompose 0, we consider it unlikely that 
this would occur in a one step process. In fact 
the evidence indicates that 0, vibrational energy 
is lost in single quantum steps (31) and that 
considerable vibrational excitation of the 0, 
occurs by V-V processes (15). Even if  the one 
step 0, dissociation process were to occur with 
collisionally limited rate the vibrationally ex- 
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cited 0, would have to survive more than 2500 
collisions with 0, for our experimental con- 
ditions. Thus we consider that this process is 
extremely unlikely under our experimental con- 
ditions. 

Very recently (29) Giachardi and Wayne have 
studied 0, decomposition in a flow system by 
monitoring both the 0, decomposition and the 
0 atom production. These quantities were mea- 
sured for 03 /N2  mixtures in order to establish 
the amount of photolysis. (This is equivalent to 
our procedure for obtaining k,.) The increased 
0, decomposition and 0 atom production for 
0,/0, mixtures were then interpreted to show 
that = 0.5 to 0.6. However, in establishing 
the amount of photolysis from graphs of A[O,] 
us. [O,] or [0]  us. [O,] for O,/N, mixtures, 
reaction 8 appears to have been neglected, 
although insufficient N2 was present to com- 
pletely suppress this reaction. If a correction 
for this reaction is applied to their data then the 
experimental values of A[0,] must be reduced 
to account for the 0, destroyed in reaction 8. 
We can readily apply a correction to their data 
by noting that the A[O,] data in Fig. 3, ref. 29 
should be divided by 1 + k,[O,]/(k,[O,] + 
k3[N2]) to correct for the additional 0, destruc- 
tion in reaction 8. A similar correction to the 
0,/0, data from Fig. 5 of ref. 29 is obtained by 
setting their @(O,) equal to 1 + ak,[O,]/ 
(k2[021 + ka[031) + k8[031/(k8[031 + k2[021) 
rather than 1 + a .  a,  which is equivalent to our 
0 ,  is the fraction of reaction 2 producing 
O,('Z,+). Relative O(D) reaction rates are 
sufficient to make this correction. As discussed 
previously k,/k, is 5 to 10 (2, 3, 14, 23) and the 
measurements of k,/k, to be discussed later 
indicate that k3/k2 = 0.8 +_ 0.2. From these 
results we conclude that k,/k, is between 5 and 
15. We have applied the corrections outlined 
above assuming values of k,/k, of 5, 10, and 15 
and corresponding values of k,/k, of 4, 8, and 
12. With these corrections the parameter P of ref. 
29 (equivalent to our k,) was 3.03, 2.85, and 2.72 
(units s-') for the three assumed values of the 
relative O('D) rates and the corresponding 
values of a (our a )  were 0.71, 0.81, and 0.91. 
The uncorrected values were P = 3.26 s-' and 
a = 0.61. The intermediate quantum yield for 
O,/He mixtures (see ref. 29) is increased from 
1.89 to 2.04, 2.16, and 2.27 for P equal to 3.03, 
2.85, and 2.72. Several points should be noted 
concerning these results. 

For the largest value of k,/lc3 the fit to the 
0 3 / N 2  data is somewhat poor, being too high 
for the higher O, concentrations and too low 
for the lower 0, concentrations. A further 
indication that the highest value of k,/k, is not 
consistent with the data is the value of 2.27 for 
the intermediate quantum yield in O,/He mix- 
tures which should be 2.0 for a mechanism 
involving photolysis followed by reaction 8. 
However, the lowest value of lc,/k, increases the 
intermediate quantum yield from 1.84 to 2.04 
yielding better agreement with the prepared 
mechanism. For the two lowest values of k,/k, 
the calculated curves appear to be in satisfactory 
agreement with data shown in Figs. 3 and 5 of 
ref. 29. 

We have also applied the correction using 
values of k, : k, : k, of 5 : 1.7 : 1 listed in ref. 29, 
the values of p and a obtained were 3.11 s-' and 
0.65, respectively. However the values of k, and 
k, were based on earlier work of Noxon (16) 
and more recent results from this group (36) 
indicate that k,/k, = 0.7-0.8 which would lead 
to a set of relative rates k, :k, :k, of 5:0.7- 
0.8:l.O i.e. k,/k, = 6.7 and k,/k, = 5. These 
relative rates would produce a correction inter- 
mediate between the two lowest values of k,/lc, 
and k,/k, used above. 

From the above discussion we conclude that 
the results of Giachardi and Wayne are probably 
consistent with a = 0.75. However, we have only 
applied the corrections to the typical examplei 
of the data given in ref. 29 and correcting all the 
data may change the quantitative results. Thus 
the values of D and a deduced above should be 
regarded as fiist approximations. 

We have not attempted to apply a similar 
correction to the 0 atom data of Giachardi and 
Wayne since this correction is more complicated 
and will be dependent on the fraction O(D) + 
0, reactive collisions which produce 2 0  + 0,. 
There is no general agreement on this latter 
quantity (23, 27, 29, 32, 33). 

From the above discussion we conclude that 
the experiments indicating a value of @ less than 
0.75 can be reinterpreted and it appears very 
likely that 3 0.75. 

Comparison of k, Values 
Since our primary concern here is with relative 

O(D) rates and the fate of O(D) in the atmo- 
sphere this discussion will be concerned with the 
available information on k,/k,. There now ap- 
pears t o  be rather good agreement on k,/k, since 
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Infrared Chemiluminescence from the Reactions of Oxygen 
Atoms with Halomethanes 

S. J. ARNOLD, G. H. KIMBELL, A N D  D. R. SNELLING 
Cetlrre de Recl~erclies poll, In Di.fi.t~se, Defetlce Reserrrck Esrablishtnet~r, Vrrlcnrrier, QlrBhec 

Received July 6, 1973 

Infrared chernilurninescence from vibrationally excited CO was observed when CH,Cl, CH2CI2, 
CHCI,, o r  CH2Br2 was introduced into a stream of oxygen atoms. Emission from vibrationally excited 
HCI was also observed from CH,CI2 and CHCI,. The mechanisms describing the reactions of oxygen 
atoms with these molecules are discussed in detail. The reaction step responsible for the formation of 
COT is postulated to be 

0 + CXIXz + COT + X1 + X2 (XI,  X, = H or halogen) 
and for HCli  

H + C1, -t HCli + C1 

La chimiluminescence infrarouge de CO vibrationnellement excite est observte lorsque CH,CI, 
CH2Cl2, CHCI, ou CH2Br, est introduit dans un courant d'atomes d'oxygene. L'emission d e  HCI 
vibrationnellement excite est aussi observee avec CH2C12 et CHCI,. Les mecanismes qui decrivent les 
reactions des atomes d'oxygene avec ces niolecules sont discutes en detail. On suppose que I'etape de la 
reaction responsable de la formation de COT est 

pour la formation de HCli  ce serait. 
H + C12 + HCli  + C1 

[Traduit par le journal] 
Can.].  Chem.,52,271 (1974) 

Introduction 
The recent discoveries of hydrogen halide and 

carbon monoxide chemical lasers have prompted 
numerous studies of chemical systems capable 
of producing i.r. chemiluminescence. Among 
these are studies of the reactions of oxygen atoms 
with CS,, C2H2, and CH3C2H (1-3). In these 
reactions carbon monoxide is produced with 
very high vibrational excitation. No reports of 
similar chemiluminescence studies. or in fact, of 
any systematic investigations of the reactions of 
oxygen atoms with halogenated methanes have 
appeared in the literature. Harteck and Kopsch 
(4) in 1930 tabulated the reaction products and 
reported visible chemiluminescence from the re- 
actions of oxygen atoms with chloromethanes. 
Recently, the rates of oxygen atom reactions 
with CH,Cl, CH3Br, CH,F (9, and CHCI, (6) 
have been measured. 

Lin (7) has observed, in chemical laser studies, 
that O('D) atoms, obtained from the U.V. photo- 
lysis of ozone, readily insert into the C-H bonds 
of molecules such as CH,X,-, (X = F, C1) and 
that the resulting unstable alcohol eliminates 
HX (X = F, C1) producing vibrationally excited 
H F  or HCl. In recent experiments on the re- 

actions of 0(3P) atoms with CHBr,, however, 
Lin (8) has observed that CO was the lasing 
molecule and that the reaction mechanism was 
considerably more complex. 

The present experiments show that intense 
i.r. chemiluminescence is produced when oxygen 
atoms react with CH3C1, CH,Cl,, CHCI,, and 
CH2Br2. The chemiluminescence arises from 
vibrationally excited CO and, also, in the case of 
chloromethanes from vibrationally excited HCl. 

Experimental 
The apparatus used in these experiments is identical to 

that shown in Fig. 1 of ref. 3b. The reaction cell consisted 
of a 1.5 in. glass "tee" equipped with an NaCl window, 
which was pumped by a n  Edwards 660 1/min two stage 
pump. Oxygen atoms produced by the passage of an 
oxygen-helium mixture through a 2450 M H z  microwave 
discharge entered the cell through the center tube of the 
concentric mixer. The halogenated methane in a helium 
buffer entered through five holes in the outer tube of the 
concentric mixer. Carbon monoxide, when introduced, 
was premixed with the halogenated methane- helium 
mixture. 

The spectra were recorded using a McPherson Model 
218 0.3 m monochromator equipped with a 300 line/mm 
grating, a Dry Ice - acetone cooled PbS detector, a phase 
sensitive PAR Model HR-8 amplifier, and  a Hewlett- 
Packard Model 7100 B strip chart recorder. This assembly 
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TABLE 1. Reaction products observed in CH,,X4-"-0, atomic flames 

Chloromethane Products 

CH3CI CO*, COZ*, HCI*, CHZCIZ, CHC13 
CH2C12 CO, COz, HCI, CIZ*, CCI20*, CZH2CIzr CZH2C120, CZHZ, CH4, 
CHCI3 CO, C 0 2 ,  HCI*, Clz*, CCIZO*, CCI4 

'Also observed in a mass spectrometric study by Harteck and Kopsch (40 and 6). 

W A V E L E N G T H  ( n m l  
2400 2800 3200 3600 

I 

CO FIRST O V E R T O N E  HC.~? F U N D A M E N T A L  

FIG. 1. The CO first overtone emission and the HCI fundamental emission from the CH2C12/OZ atomic flame. 
Flow rates CH,CI, :OZ :He, 200:54:4800 .umol/s, total pressure, 8.4 Torr, temperature 373 OK. 

permitted spectral studies in the region 1500-4000 nm. 
The entire optical path was flushed with dry nitrogen to 
minimize absorption by atmospheric water vapor. A 
500 "C black body source was used to provide a relative 
measurement of the sensitivity of the detection system as 
a function of wavelength. 

Temperatures in the reaction zone were measured with 
a glass coated chromel-alumel thermocouple. 

Reaction products, trapped at liquid nitrogen tempera- 
tures, were analyzed by means of a CEC Model 72-104 
mass spectrometer and a Perkin-Elmer Model 900 vapor 
phase chromatograph. 

All gases used were of the highest purity available from 
Matheson and were used without further purification. 
The CH,C12 and CH,Br, were supplied by J. T. Baker 
Chemical Company and the CHCI3 and CC14 by the 
Fisher Scientific Company. Gas flows were measured 
using Matheson rotameters. 

Results 
Infrared chemiluminescence was observed 

from the reaction of oxygen atoms with CH,Cl, 
CH,CI,, CHCI,, and CH,Br,. N o  i.r. chemi- 
luminescence in the region 1500-4000 nm could 
be detected from the reaction of oxygen atoms 
with CC1,. In the case of the chlorinated meth- 
anes mass spectrometric and vapor phase chro- 
matographic analysis of the reaction products 
yielded the results shown in Table 1. 

The pressure for all experiments was (8.4 f 
0.2) Torr. The flow rates of the inert buffer, He, 
and of 0, were 4.8 and 5.4 x lo-' mmol/s, 
respectively. 

Methylene Chloride 
Strong i.r. chemiluminescence was observed 

from the reaction of oxygen atoms with CH,CI,. 
As is shown in Fig. 1, two emitting species were 
present. First overtone emission from COT was 
observed in the region 2300-2800 nm, funda- 
mental emission from HClt in the region 3250- 
3800 nm, and first overtone emission from HClt 
in the region 1700-2100 nm (see Fig. 2). 

I t  was suggested' that vibrationally excited 
C O  might arise from an electronic to vibration 
energy transfer process between electronically 
excited He formed in the discharge and C O  
( v  = 0) formed as a result of the chemical re- 
action. This process although feasible, does not 
take place under the present experimental con- 
ditions. When the CH,Cl, was replaced by CO 
no emission from vibrationally excited CO was 

'Suggested by the referee. 
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I I I I I 
2000 I800 1600 

WAVELENGTH (nrn) 

FIG. 2. The HCl overtone emission from the 
CH,C12/02 atomic flame for the experimental conditions 
of Fig. 1. 

detectable. (The CO flow was varied between 
5.4 x lop4  and 5.4 x lo-' mmol/s.) 

Only the first 12 vibrational levels of COT 
were appreciably populated. Figure 3 shows a 
plot of the relative vibrational level population, 
Nu, calculated according to the method of 
Hancock and Smith (la), against vibrational 
number, u, for conditions of maximum total 
emission intensity (CH2Cl, : 0, ratio of 3.7 : 1.0). 
Under these conditions the system did not ex- 
hibit a complete population inversion. As in the 
case of the oxygen atom - C2H, system (3b), 
when vibrationally "cold" CO was premixed 
with the C2H2-He mixture, a vibrational popula- 
tion inversion was marginally sustained at the 
7-6 and 6-5 transitions. 

The relative vibrational level distribution ap- 
peared to be independent of the amount of fuel 
added. When the CH2C1, concentration was 
varied by a factor of 10 no apparent change in 
the distribution was observed. In addition, when 
the microwave power into the oxygen line was 
varied from 50 to 150 W no change in the dis- 
tribution was observed, although the total emis- 
sion intensity increased by a factor of 2. Thus 
it seems unlikely that vibrational deactivation 
by fuel molecules or by combustion products 
plays an important part in altering the vibra- 
tional energy distribution of the product CO. 
Similar results were observed when CHCl, was 
used as a fuel. However, the residence time in the 
viewed region of -8 ms is of the same order of 
magnitude as the radiative lifetime of the vibra- 

FIG. 3.  Relative vibrational level population of C o t  
produced in CH,X,-"10, (X = C1, Br) atomic flames. 
The error bars represent the spread in data for the 
following number of separate experimental determina- 
tions: CHCI3 = 10, CH2C1, = 10, CH3C1 = 5, 
CH2Br2 = 8. 

tional levels of CO (5 ms for u = 8, 10.7 ms for 
v = 3). Hence, although the relative vibrational 
level distributions for various fuels can be com- 
pared one with another, they represent partially 
relaxed distributions with the populations in the 
higher vibrational levels reduced with respect to 
those in the lower vibrational levels. 

A rotational analysis of the emission in the 
region 3250-3800 nm indicated that both the 
first and second vibrational levels of HClt were 
appreciably populated. Observations of the first 
overtone of HClt indicated that the 3rd, 4th, 
5th, and 6th vibrational levels were also weakly 
populated (Fig. 2). Detailed analysis of the 
emission from the fundamental in the upper 
vibrational levels was not attempted since the 
sensitivity of the cooled PbS detector fell rapidly 
in this region. 

Chloroform 
Infrared chemiluminescence from COT and 

HClt was observed from the reactions of oxygen 
atoms with CHCI,. As in the case of CH2C12 
only the first 12 vibrational levels of C o t  were 
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TABLE 2. Summary of elementary reactions and their rate constants of importance in the reactions of oxygen atoms 
with chlorinated methanes. Units are in cm3 molecule-' s-' 

-- 

Reaction Rate constant Temperature ("K) Reference 

OH + CHI + H 2 0  + CH3 1.2 x 10-1°exp {-5910/RT} 300-1 850 15 
O + O H - . O ,  + H  (5 + 2) x lo-" 300 10 

O + CH2C12 + OH + CHC12 
O + CHC13 + OH + CC13 
H + CH3Cl + HCI + CH3 
H + CH2C12 + HCI + CHzCl 
H + CHCl3 + HCI + CHClz 
H + CC14 + HCI + CC13 
H + HCI + Hz + C1 
H + C12 -> HCI + C1 
C1 + Hz -. HCI + H 

i 3.f~ '10-1' exp { - 7 9 3 o / ~ ~ j  
4.2 x lo- ' '  exp {-(3880 & 220)lRT) 
No known value 
2.5 x 10-l5 
No known value 
I .8 x lo- ' '  exp {-6100/RT) 
No known value 
2 x 10-l4 
3.8 x 10- ' ' exp {- 3500/RT) 
1.0 x lo-" 
6.0 x 10-" exp {-4300/RT) 

C1 + CH3Cl + HCI + CH2CI 5.66 x lo-' ' exp { -  3300/RT) 

Cl + CH2CI, -> HCI + CHCI, 1 4.5 x lo-" exp { -  3000/RT) 
(5.5 0.5) x 10-l3 

C1 + CHCI, -t HCI + CCI, 1 .2 x lo-" exp {-3350/RT) 273-573 24 

appreciably populated. .The relative vibrational 
level distribution was similar to that found in 
the CH,Cl, case as shown in Fig. 3, although the 
maximum total emission intensity (CHCI, : 0, 
ratio of 4.9: 1.0) was only 0.45 of that observed 
in the CH,Cl, case. 

The emission from HClt was also considerably 
weaker than that observed in the CH2C12 case. 
Observations of the first overtone emission of 
HClt indicated weak population of v < 5. 

Methyl Chloride 
Very weak i.r. chemiluminescence attributable 

to the first overtone of COT was observed when 
oxygen atoms reacted with CH,Cl. No emission 
attributable to HClt could be detected. The first 
12 vibrational levels of COT were populated with 
the relative vibrational level distribution indi- 
cated on Fig. 3. The maximum total emission 
intensity of COT (CH,Cl:O, ratio of 2: 1) was 
about 0.1 of that observed in the CH2C1, case. 

Metlzylene Bromide 
Very weak i.r. chemiluminescence attributable 

to the first overtone of COT was observed when 
oxygen atoms reacted with CH,Br,. The relative 
vibrational level distribution is also shown in 
Fig. 3. The spectroscopic assembly did not permit 
observation of the wavelength region where the 
fundamental of HBr is found. No emission at- 
tributable to the overtone of HBr could be 
detected. Emission attributable to  the excited 
bromine atom 'PI,, was observed at 2713.7 nm. 

Discussion 
Thermochemical data required in the following 

discussion have been taken from the JANAF 
thermochemical tables (9a) unless otherwise 
specified. (Thermochemical data for CHCI, and 
CH2C1 are from ref. 9b.) Relevant rate constants 
in units of cm3 molecule-' s-' are given in 
Table 2. 

It seems likely that the initial reaction steps 
are the abstraction of a hydrogen atom from 
the halomethane 

[I] O + CH,-,X, + O H  + CH3-,,X, (X = C1 or Br) 

followed rapidly by 

where k, = (5 2 2) x lo-'' a t  300 OK (10). 

Chlorofortw 
The initial reaction steps for chloroform are, 

therefore, 

followed by reaction 2. Froben (6),  who mea- 
sured k,, + k3, = 2.5 x at 300°K in an 
e.p.r. study of the reactions of oxygen atoms with 
CHCI,, observed no hydrogen atoms present in 
the system and suggested that either the hydro- 
gen atoms produced by reaction 2 were rapidly 
consumed or that oxygen atom attack of CHCl, 
proceeded by reaction 3b. This latter possibility 
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is considered unlikely as reaction 3b is 12.2 
kcal/mol endothermic. 

Mechanism of Loss of Hydrogen Atoms 
Clark and Tedder (11) have considered in 

detail the reactions of hydrogen atoms with 
CHCI,. They considered the initial steps to be 

[4a] H + CHCI3 = HCI + CHCI, + 26.6 kcal/mol 

and concluded that hydrogen atom abstraction 
was faster than halogen atom abstraction with 
the relative rates, k,,/k,,, being 3.3-3.4. They 
then proposed that reactions 4 were followed by 
the formation of an excited molecule inter- 
mediate, CH,X,-,*. 

If route 4a is followed 

[5a] H + CHCI, + CH,Cl2* + CHzClz (stabilization) 

[5bl 

and 

= HCI + CHCI 
+ 15 kcal/mol 

(decomposition) 

[6al CHCI + HZ = CH3CI + 100.7 kcal/mol 

Similarly if route 4b is followed 

[5c] H + CCI3 -> CHC13* -t CHC13 (stabilization) 

[5dl 

and 

= HCI + CCI, 
+ 36.2 kcal/mol 

(decomposition) 

From the ratio of the observed products, 
CHC1, : CH,CI, : CH,CI of - 20: 1 :0.08, Clark 
and Tedder have inferred stabilization to de- 
composition ratios of the excited molecule inter- 
mediates in reactions 5a and 5c. 

In the present experiments it is important to  
consider whether hydrogen atom attack on the 
parent compound, CHCl,, can be competitive 
in the time scale, i.e. residence time of 8 ms. The 
rate constant for reaction 4 is not known, al- 
though Cremer, Curry, and Polanyi (12), in a 
1933 study, concluded that the activation energy 
was less than 4.3 kcal/mol. However, the rate 
constants for the reactions of hydrogen atoms 
with CCl, and CH,CI, have been measured. 
Vance and Bauman (13), in 1938, obtained a 
value of 2 x 10-l4 at 300 "K for the rate con- 
stant for the H + CCI, reaction and Com- 
bourieu, LeBras, and Paty (14), in 1972, a value 
of 7.1 x 10-l6 at 300 OK for the rate constant 

for the H + CH,Cl, reaction. Limits on the 
half-life of the decay of hydrogen atoms can be 
calculated using these two values. Thus 

lies between 3 and 93 ms. Consequently, it is very 
difficult on the basis of these calculations to say 
whether reactions 4 are important loss mech- 
anisms for hydrogen atoms. We considered that 
the recently obtained value for the rate constant 
for the H + CH,Cl, reaction is more reliable 
than that for the H + CCI, reaction. Therefore, 
it is concluded that the value of the rate constant 
for the H + CHC1, reaction is probably closer 
to the value for the H + CH,Cl, reaction than 
to the value for the H + CC1, reaction; thus T 
lies closer to the calculated upper limit. For the 
purpose of the present discussion, therefore, re- 
actions 4 are neglected. Furthermore, since re- 
actions 5a and 5c are likely to be collision 
limited, i.e. -4 x lo-'', a steady state concen- 
tration of CCl, or  CHCI, radicals of 1012 
molecule cmP3 or greater will ensure that the 
lifetime of H atoms for reactions 5a and 5c will 
be less than 2.5 ms. 

Other possible loss mechanisms for hydrogen 
atoms such as 

are unlikely. The first is a three body process 
and the second is endothermic. 

The possibility that OH radicals are lost by 
attack on the parent compound, CHCl,, 

rather than producing hydrogen atoms by re- 
action 2 has also been considered. If the rate of 
attack of OH on CHC1, is of the same order of 
magnitude as its rate of attack on CH, (1.2 x 
lo-'' exp { - 5910/RT)) (15), then the first order 
decay of OH via reaction 2 is more than 100 
times faster than via reaction 8. Consequently, 
reaction 8 can be neglected under the present ex- 
perimental conditions. (For this calculation we 
have assumed that initially 5% of the 0, dis- 
sociated and we have calculated the OH lifetime 
for reaction 2 when 112 the 0 atoms are con- 
sumed, i.e. [0 ]  = 0.05[0,].) 

The question of whether reactions 5 proceed 
predominantly by stabilization or decomposition 
does not appear to be entirely clear. The mech- 
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anism of the thermal decomposition of chloro- 
form, itself, is also not certain. The most recent 
work of Shilov and Sabirova (16) favors decom- 
position of CHCl,* via reaction 5d while earlier 
work by Semeluk and Bernstein (17) indicates 
that decomposition proceeds by the splitting off 
of a chlorine atom. Clark and Tedder (1 1) state 
that stabilization of the excited molecule inter- 
mediates (reactions 5a and 5c) predominates in 
their system. Combourieu et al. (14), however, in 
studying the reactions of hydrogen atoms with 
CH2C1, indicate that no stabilization of the 
intermediate CDHCl,* was observed when 
deuterium atoms replaced hydrogen atoms. 

The stabilization to decomposition ratios 
(S/D) obtained by Clark and Tedder at a pressure 
of 0.23 Torr for halomethanes formed from the 
H + CC1,X (X = F, C1, Br, or D) reaction 
varied from 1.8 for CHFCI, to 10.9 for CC1,DH. 
Assuming that 10 collisions (18) will remove the 
excess energy of the activated molecule and as- 
suming a collision rate of lo7 collision Torr-' 
s-' then at 0.23 Torr the time for 10 collisions is 
5 ps. Since in this time only 10-25% of the mole- 
cules decompose, it must be concluded that the 
first order decay rate is of the order of 3 x 
lo4 s-'. This rate is many orders of magnitude 
lower than that calculated by Chang (19) for 
CHCl,* formed from the H + CCl, reaction. 
He estimated a threshold energy of 64 kcal/mol 
for decomposition of CHCl,* via reaction 5d 
and calculated first order decomposition rates of 
7 x lo9, 6 x 10l0, and 2.5 x 10" s-' for 
CHCl,* with 16, 26, and 36 kcal/mol of excess 
energy above the threshold energy required for 
decomposition. The CHCl,* intermediate 
formed in reaction 5d would have - 32 kcal/mol 
excess energy above the threshold required for 
decomposition. While these calculations are very 
dependent on the assumed threshold energy 
(which is somewhat uncertain because of possible 
error (+_5  kcal/mol) in the heat of formation of 
CC1, and the lack of information on the energy 
of activation of the reverse of reaction 5d), it 
seems most unlikely that these calculations are 
sufficiently in error to be consistent with the 
results of Clark and Tedder. 

The conclusions of Clark and Tedder on the 
fate of CHFCl,* formed by the reaction H + 
CFC1, have also been criticized (20). Clark and 
Tedder obtained an S/D ratio of 1.8 at 0.23 Torr 
which should be compared with an S /D ratio of 
0.06 at 60 Torr observed by Medvedev et al. (20). 

(This latter observation was found to be con- 
sistent with theoretical calculations of the first 
order decomposition rate of CHFCl,* using 
reasonable thermodynamic parameters (20).) It 
should be noted that Clark and Tedder find ex- 
perimental decomposition to stabilization ratios 
rates approximately lo4 times less than Med- 
vedev et al. (20) when allowance is made for the 
different pressures used. 

The experimental and theoretical work dis- 
cussed above indicates that the conclusions of 
Clark and Tedder are in error. I t  seems possible 
that the products they observed may have re- 
sulted from surface reactions since they used 
very low pressures and long contact times. It 
should be noted that their conclusions were not 
verified by varying the pressure in their reaction 
vessel or by varying the surface to  volume ratio. 

The products of the reaction of oxygen atoms 
with CHC1, are shown in Table I .  The fact that 
no CH,CI, or CH,CI was observed reinforces 
the above argument that stabilization does not 
occur. It also indicates that the CHCl and CCl, 
radicals formed in reactions 5b and 5d react 
predominately by some reaction other than [6], 
which is to be expected, as molecular hydrogen is 
not likely to be formed in large amounts in this 
system. 

Forn~ation of Vibrationally Excited CO 
In their study of the reactions of oxygen atoms 

with C,H,, Thrush and co-workers (3a) have 
suggested that the elementary reaction steps 
responsible for the formation of vibrationally 
excited CO were 

[91 0 + C2H2 = COT + CH2 + 48.2 kcal/mol 

Lin (8) has suggested that reactions 9 and 10 are 
responsible for the pumping of the CO chemical 
laser formed when C,H, is flash photolyzed in 
the presence of SO, (a source of 0(,P) atoms). 

Thus it seems reasonable to suppose that the 
CHCl and CCl, radicals, formed in reactions 
5b and 5d, react with oxygen atoms in a manner 
analogous to reaction 10. 

[ l l ]  0 + CHCl = COT + H + C1 + 85 kcal/rnol 

If during the coIlision the fragments combine in 
such a way as to  produce HCI o r  C1, the heat of 
reaction will increase accordingly to 188 and 
143 kcal/mol respectively. Reaction 11 could 
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I then contribute to the vibrationally excited HCI 
observed and reaction 12 to the production of 

I molecular chlorine. The exothermicities of re- 
actions 11 and 12 are sufficient to populate CO 

I up to and including v = 15. Experimentally, it 
was difficult to observe levels above v = 12; 
nevertheless this is in reasonable accord with the 
exothermicities of some combination of re- 
actions 11 and 12. It is therefore suggested that 
these reactions are responsible for the observa- 
tion of vibrationally excited CO. 

Formation of Vibrationally Excited HCI 
Vibrationally excited HCl can be formed via 

a number of reactions, i.e. 4a, 5b, 5d, although 
none of these reactions is sufficiently exothermic 
to produce HCl in v = 6 as observed. A major 
product of the reaction of oxygen atoms with 
CHCI, is molecular chlorine. This can be pro- 
duced by recombination of C1 atoms following 

, either reaction 12 or the reaction 
I 

1 [I31 H + HCI = Hz + Cl + 1.1 kcal/mol 
I 
I Thus, the reaction of hydrogen atoms with C1, 
1 becomes possible via 

which can produce HClt in levels up to v = 6. 
Both reactions 13 and 14 are very fast with 

k,, = 3.8 x lo-" exp {-3500/RT) (21) and 
k,, = 1.0 x lo-" (22). Clark and Tedder, how- 
ever, neglected reaction 13 in their study of the 
reactions of hydrogen atoms with CHCI,. The 
value of k,, which they used to eliminate re- 
action 13 from consideration was extrapolated 
from high temperature measurements (23) and 
was low by a factor of -20. They also assumed 
the rate of reaction 14 to be equal to the rate of 
reaction 13 whereas it is a factor of 10 lower (21). 
Thus the reactions of chlorine atoms become 
important in their system, especially when HC1 
is added. The reaction 

[I51 CI + CHC13 = HCI + CCI, + 7.3 kcal/mol 

which has a value of k,, = 1.15 x lo-" exp 
{-3350/RT) (24) is thus likely faster than re- 
action 4 and consequently contributes signifi- 
cantly to  the production of CCl, radicals used 
in reactions 5c and 5d. 

The other two main products observed using 
mass spectrometry and vapor phase chromato- 
graphy were phosgene (COCl,) and CCI,. It is 
possible to form COCI, via 

[I61 0 2  + CCI, = COC12 + OCI + 47.4 kcal/mol 

and CCl, via 

[I71 cCl3 + CI = cCl4 

Thus the main reaction scheme proposed to 
account for the present results is 

0 + CHCI3 = OH + CC13 

O + O H = 0 2 + H  

H + CC13 -> CHC13* -> CC12 + HCI 

0 + CCl2 = cot + 2C1 

Cl = +C12 

H + HCI = Hz + C1 

H + C12 = HClt + C1 

cc13 + 0 2  = cocl2 + OCI 

CCI, + CI = CCI, 

Methylene Cl7loride 
The initial reaction steps, in direct analogy 

with the CHCI, case, are 

[I91 0 + CH2C12 = OH + CHCI, + 4.4 kcal/mol 

[2] 0 + OH = H + O2 + 16.8 kcal/mol 

The hydrogen atoms produced in reaction 2 may 
then attack either the parent compound, CH,Cl,, 
via 

or the CHCl, radical formed in reaction 19. 

[Sb] H + CHCI, = HCI + CHCI + 15.0 kcal/mol 

As previously mentioned, the only systematic 
study of the reactions of hydrogen atoms with 
CH,CI, was undertaken by Combourieu et al. 
(14). They proposed reaction 20 as the initial 
step followed by reaction 13 and 

[21] CI + CHzCI, = HCI + CHCI, + 5.3 kcal/mol 

which has a rate constant, k,, of (5.5 $ 0.5) x 
lo-', at 298°K (25). Reaction 21 which is 
analogous to reaction 15 in the 0 + CHCI, 
study was proposed to account for the apparent 
increase in the rate of consumption of CH,Cl, 
when HCl was added to the system. The absence 
of the reaction product CHDCl, when deuterium 
atoms replaced hydrogen atoms led them to 
suggest that the reaction 
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[22] D + CHC12 -> CHDC12* -. CHDCI, that reaction 24 can occur to a small extent in the 

(and also its hydrogen analog) did not occur; the present 'ystem. 

excited molecule intermediate, CHDCI,*, de- Methyl Chloride 
composed rather than stabilized. The additional ~h~ initial step is again suggested to be hydro- 
reaction steps gen atom abstraction followed by reaction 2 
[23] H + CH2CI = HCI + CH2 + 11.0 kcal/mol [31] 0 + CH3CI = OH + CH2CI + 0.6 kcal/mol 

[5b] H + CHCIZ = HCI + CHCl + 15.0kcal/mol The fact that reaction 31 is very slow, k3, = 
[24] H + CHCl = HCI + CH + 12.2 kcal/mol 4.2 x lo-" exp { -  (3880 + 220)lRT) (5a) may . .  . 

account for the greatly reduced intensity of the 
completed their reaction mechanism. Reaction CO emission observed. Hydrogen atom attack 
24 is very probable because both reactants on the parent molecule may again be neglected. 
are likely present in low concentrations. It CH, radicals are formed via reaction 23 and should be pointed out that Combourieu et a1  vibrationally excited CO by reaction 
did find it necessary to postulate a The presence of small amounts of atom abstraction reaction to 'lark chloride and chloroform in the products suggests and Tedder's reaction 46 in order to explain that reactions such as 
their results. 

In the present experiments, reaction 20 which 
has a rate constant k,, = 1.8 x lo-" exp 
{ - 6 100/RT) (1 4) can be neglected because 
T,, = l/(k2,[CH2C12]) 150 ms. Vibrationally 
excited CO is formed by oxygen atom attack on 
the CHCl radical 

[ I l l  0 + CHCl = CO'f + H + C1 + 85 kcal/mol 

or on the CCl, radical formed in reaction 25 

[25] 0 + CHCI, = OH + CCI, + 16 kcal/mol 

Molecular chlorine, an important reaction 
product, can be formed by recombination of C1 
atoms following either reaction 11 or reaction 
13. Vibrationally excited HCl is formed via 
reaction 14, as in the CH,Cl, case. 

Phosgene which is also observed as a reaction 
product in this system may be formed by a re- 
action analogous to reaction 16 

and the thermoneutral reaction 

[331 O + CHzCI + OH + CHCl 

followed by 
CHCl + CI, -> CHCI, 

may occur. 
Molecular chlorine is not observed as a re- 

action product. Only small amounts of HCl are 
observed, presumably formed from reaction 23. 
Consequently, the reaction sequence responsible 
for the formation of HClt in the CHC1, and 
CH,Cl, cases (reaction 13, chlorine atom re- 
combination, reaction 14) probably does not 
occur to any great extent in this system, thus 
explaining why emission from vibrationally ex- 
cited HCl could not be detected. 

The vibrational level distribution for COT 
shown in Fig. 3, reflects the differing contribu- 

The other observed reaction products C,H,Cl, 
and C,H,Cl,O can be formed by dimerization 
of CHCl radicals followed by addition of oxygen 
atoms to give C,H,Cl,O. The trace amounts of 
C,H, and CH, observed in the present system, 
as well as in the system of Combourieu et al., 
may be formed by 

and 
[281 CH + H + (M) -> CH, + (M) 

[29] CHz + H + (M) + CH3 + (M) 

[30] CH3 + H + (wall) + CH4 + (wall) 

The presence of trace amounts of C,H, indicates 

'One of the referees has suggested that reactions be- 
tween oxygen atoms and halogenated methyl radicals 
may be important. While these reactions could well con- 
tribute to the formation of carbon monoxide we consider 
it unlikely that reactions such as 

0 + CHCIZ + COT + HCl + C1 AH = - 130 kcal/mol 

0 + CH2CI + COT + HCI + H AH = -89 kcal/mol 

could account for the COT observed. With the widely 
differing exothermicities of the halogenated methyl - oxy- 
gen atom reaction one would expect to see widely differing 
CO distributions for the three parent compounds 
(CHCI,, CHZCI,, and CH3CI) which is not observed. 
However, the first of the reactions giving COCI, + C1 
as products may well account for some of the COCI2 
observed. 
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tions of the three pumping reactions forming 
cot 

[I l ]  0 + CHCl = COT + H + C1 + 85 kcal/mol 

For CHCl, the dominant pumping reaction is 
[12], for CH,Cl, reaction 11 and also reaction 

, 12, and for CH,Cl reaction 10. In the CH3C1 
case, the distribution bends slightly lower with 

, increasing vibrational quantum number whereas 
in the CHC1, case the higher vibrational levels 
are slightly more populated. This is as would be 
expected because of the greater exothermicity 
of reaction 12. 

It should be added, however, that the actual 
I magnitude of the differences in the vibrational 

level distribution as the nature of the CXlX2 
I (XI and X, = H or C1) changes, although 

statistically real, is relatively small. 
I A comparison between the vibrational level 

distribution for COT obtained from the halo- 
methanes and from C,H, is shown in Fig. 4. I Average values for the data shown in Fig. 3 are 
given for the halomethanes; the C2H2 data is 
from ref. 36. (These experiments were conducted 
under the same experimental conditions as the 
present experiments.) For C,H, the dominant 
pumping step has been postulated to be reaction 
10 (3a), the same pumping step as for CH,Cl. 
However, for C,H,, reaction 9 can also contri- 
bute to the population of COT in levels up to and 
including the 8th, thus accounting for the slightly 
greater population in these levels. Thrush and 
co-workers (3a) have also postulated that the 
reaction 

occurs for C,H, and is responsible for the popu- 
lation of higher vibrational levels (v < 33). Small 
contributions from this reaction could explain 
why the higher levels have a slightly greater 
population than for CH,Cl where reaction 10 
is the only important pumping step. 

The vibrationally excited HC1 observed when 
I oxygen atoms react with chloromethanes is 

formed primarily by the reaction of hydrogen 
' atoms with molecular chlorine (reaction 14). 1 (The molecular chlorine is formed by atom re- 

combination.) This reaction is sufficiently exo- 
I thermic to populate up to the 6th vibrational 
/ level and can thus explain the vibrational level 
I distribution of HClt shown in Fig. 2. Some con- 

FIG. 4. Comparison of the relative vibrational level 
population of COT produced in CH.X4-,/OZ (X = C1, 
Br) atomic flames with that produced in the C2H2/02 
atomic flame. 

tribution to v = 1 may arise from reactions 5d 
in the chloroform case and 56 in the methylene 
chloride case. 

Methylene Bromide 
The mechanism describing the reactions of 

oxygen atoms with CH2Br, can be expected to 
be in direct analogy with that of CH,Cl,. The 
relative vibrational level distribution of COT 
shown in Fig. 3 indicates that the levels above 
v = 5 are less populated than for the CH,Cl,. 
As the exothermicities of the pumping steps 
analogous to reactions 11 and 12 are not known, 
it is not possible to speculate whether or not this 
is simply due to a less exothermic pumping step. 

The excited Br('P, ,,) atom, responsible for the 
strong emission line at 2713.7 nm, can easily 
arise in the energy partitioning in the reaction 

which should be approximately 80 kcal/mol exo- 
thermic in analogy with reaction 1 1. If this heat 
of reaction is correct the lowered distribution 
can in part be accounted for by the 10.5 kcal 
carried off by the Br atom. 
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Conclusions and Summary 
The addition of either CH,Cl, CH,Cl,, 

CHCI,, or CH2Br2 to a stream of oxygen atoms 
results in the observation of i.r. chemilumines- 
cence from vibrationally excited COT. In the 
cases of CH,Cl, and CHCl, i.r. chemilumines- 
cence from vibrationally excited HClT is also 
observed. 

The addition of vibrationally cold CO results 
in a marginally sustained vibrational population 
inversion in the chemically formed CO. This 
suggests that it should be possible to achieve 
gain on these transitions in a laser cavity pro- 
vided the concentration of COT is sufficient. The 
CH2C1, system is the most promising of the 
three chloromethane oxygen systems studied. 

The COT appears to result from reactions such 
as 0 + CX, X, where X I  and X, can be either 
halogen or hydrogen. This reaction is possible 
following successive stripping of halogen or 
hydrogen atoms from the parent halomethane 
by 0 or H atoms. 

Vibrationally excited HCI is likely formed 
from the reaction H + C1, + HC1 + C1. 
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The Molecular Structure of 2,s-Dihydrofuran from the Analysis of the Nematic 
Liquid Crystal Nuclear Magnetic Resonance Spectrum 
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The nematic phase n.m.r. spectrum of partially oriented 2,5-dihydrofuran has been analyzed. Correc- 
tions to the structure for ring puckering and methylene rocking motions, according to  the model due to 
Malloy, give improved agreement between experimental and calculated direct dipole-dipole coupling 
constants. 

Le spectre r.m.n. en phase nkmatique du dihydro-2,s furanne partiellement orient6 a CtC CtudiC. Des 
modifications de structure tenant compte des mouvements de gauchissement d u  cycle et de balancement 
des methylenes, selon le modtle proposC par Malloy, ont permis d'obtenir un meilleur accord entre les 
constantes de couplage expCrimentales et calculCes provenant d'interactions directes dipole-dipole. 

[Traduit par le journal] 

Can. J.  Chern., 52,281 (1974) 

Introduction 
In four-membered ring compounds the out-of- 

plane vibrational motion leads to a puckering of 
the ring. The potential function for this vibration 
usually has a double minimum, and if the lowest 
vibrational state lies below the hump the mole- 
cule is nonplanar in the ground state. Five-mem- 
bered rings have two out-of-plane vibrations 
which can interact to give pseudo-rotation unless 
there is a double bond in the ring in which case 
the torsional motion about this bond is at  much 
higher energy and the remaining low frequency 
out-of-plane motion reduces to a one dimen- 
sional puckering. Information about ring pucker- 
ing motions can be obtained from microwave 
spectroscopy from the dependence of the 
moments of inertia on the vibrational quantum 
number and/or from the actual vibrational ab- 
sorption spectrum in the far i.r. region. The 
potential function arises from two contributions: 
a quartic term, originally predicted by Bell (l), 
due to ring strain which tends to keep the ring 
in a planar conformation, and a quadratic term 
due to torsion about bonds tending to force a 
nonplanar conformation to avoid eclipsing be- 
tween adjacent methylene groups. The expres- 
sion used for the potential function is of the form 
V(x) = Ax2 + Bx4, where x is a ring puckering 
coordinate which may be an out-of-plane dis- 
placement, a mass weighted normal coordinate, 
or a dimensionless coordinate. Some confusion 
has existed over the indiscriminate comparison 
of potential functions for different molecules 

and it is necessary t o  use an appropriate trans- 
formation (2) between different coordinate sys- 
tems. For some molecules the simple quadratic- 
quartic function does not provide a n  adequate 
description of the potential, and exponential 
functions have been included (3-5) and an ex- 
tension of the power series to include the hexic 
term has been suggested (6, 7). 

The far i.r. spectrum of 2,Sdihydrofuran and 
its analysis have received attention from several 
authors (4, 8-11). The quadratic term has a 
positive coefficient, and no hump occurs in the 
potential function, as expected for the case where 
adjacent methylene groups are absent. Malloy 
(1 1) has extended the Ueda-Shimanouchi model 
(8) by including a methylene rocking motion 
mixed with the puckering mode and has ob- 
tained some improvement in the overall agree- 
ment between the observed and calculated i.r. 
absorption frequencies. In spite of the current 
interest in molecules of this type there is only 
limited molecular structural information and the 
only study of 2,5-dihydrofuran is an early elec- 
tron diffraction investigation by Beach (12). The 
present study reports the results of a determina- 
tion of the structure using the nematic liquid 
crystal n.m.r. method (13). 

The n.m.r. spectrum of a molecule partially 
oriented in a nematic liquid crystal can be 
analyzed to give the direct dipole-dipole coupling 
constants, Di j ,  which are functions of the inverse 
cube of internuclear distance and the constants 
required to describe the average orientation. 
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1 Using Snyder's notation (14) Results and Discussion 
I 

Rigid Planar Model 
The spectrum of 2,Sdihydrofuran in the 

nematic phase of EBBA consists of three distinct 
regions (Fig. 1); the resonance due to the ole- 
finic protons, which is symmetrical about its 
center, and the methylene proton resonances 
which are split into two regions, symmetrical 
with respect to each other, by the large coupling 
constant given by \+Dl,\  (or D,,). The width of 
the olefinic resonance gives an estimate of D,,. 
This approximate first order character provided 

( A ~  iJ)(AzIJ) a convenient starting point for the analysis of 

+c~,$[( TiJ 5 )] the spectrum as  initial values for the motional 
constants C3=2- ,2 and Cx2-y2 could be obtained 

(AX i j)(AY i j) 
+ c X Y J S  [ (  5 )]) using Dl ,  and D5, with a molecular geometry 

riJ based on standard bond lengths and angles. 
Initially, all Jij values were set at zero. Good 

where the C's are the motional constants and the agreement with the experimental spectrum was 
angular brackets indicate that the distances are obtained and final refinement, using SPECFIT, 
averaged over the molecular vibrations. Com- gave the coupling constants listed in column I 
parisons between internuclear distances mea- of Table 1. The r.m.s. deviation between experi- 
sured by different experimental methods should mental and calculated line positions for 77 lines 
take account of the vibrational averaging but used in the analysis was 0.44 Hz. The spectrum, 

I 
I attempts to correct for these effects have not been because of the first order nature, is much more 

I very successful (15-18), although Lucas (19, 20) sensitive to the diagonal elements (Dij + JIj) for 

i 
has reconciled the structure of cyclopropane. the HI-H, and HI-H, interactions than it is to  
Molecules with large amplitude anharmonic the off-diagonal elements. This gives rise to a 
vibrations, for which the potential functions are large covariance between Dij and J , j  for these 

I - 
known, provide examples where the vibrational interactions, so that the sums Di j  + JiJ are ac- 
corrections of direct dipole-dipole coupling con- curately determined from the anisotropic spec- 
stants can be tested. trum, whereas precise values for 3J,5 and 4 J , 6  

I are not. The isotro~ic soectrum of 2.5-dihvdro- 
I Experimental 

1 The n.m.r. spectrum of a solution of 2,5-dihydrofuran 
(19.5 mol%) in N-(p-ethoxybenzy1idene)-p-n-butylaniline 
(EBBA) was obtained at  220 MHz a t  the Canadian 220 
MHz NMR Centre, Sheridan Park, Ontario. The sample 
temperature was 18 "C. The following computer pro- 
grams were used: SPECFIT, an iterative procedure for 
spectrum analysis; GEOFIT, calculates a proton geom- 
etry for the molecule as the best fit to the experimental 
Dl ,  values obtained from SPECFIT; DOUMIN,  uses the 
reduced mass and the potential function as input and cal- 
culates the vibrational energy levels, expectation values of 

I the even powers of the puckering coordinate, the Boltz- 
mann population of each level, and the thermal averages 

I 
of z2 and z4 at a selected temperature; PUCKER, trans- 
forms input coordinates in any arbitrary axis system to a 
zero angular momentum axis system and calculates the 

1 reduced mass, principal moments of inertia, and Dl ,  
I values as power series in the puckering coordinate up to  

the z4 term. All computations were performed on an 
IBM 360175. 

furan consists of oniy two lines (21), aithough the 
liquid crystal spectrum indicates that all the Jij 
have appreciable magnitudes, including the long 
range couplings ,JI2 (+4.19 Hz) and ,J,, 
(+ 6.66 Hz).' The deceptively simple isotropic 
spectrum results because IJ, , + J I 6 I  - 0. In 
2,3-dihydrofuran the related coupling constants 
were found to  be = +2.46 Hz and = 
-2.36 Hz (21). We have, therefore, adopted 
values for 2,5-dihydrofuran of 3J15 = +2.4 Hz 
and ,JI6 = -2.4 Hz, and adjusted D l ,  and Dl, 
accordingly. The resulting improved set of ex- 
perimental dipole-dipole coupling constants is 
given in column I1 of Table 1. 

'These values of 'J12 and 'J14 agree reasonably well 
with those calculated by Barfield et al. (22) of t-2.52 
and + 7.51 Hz, respectively. 
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I COLE AND GILSON MOLECULAK STRUCTURE OF 2.5-DIHYDROFUKAN 283 
I 

I FIG. 1. The 220 MHz n.m.r. spectrum of 2,5-dihydrofuran in EBBA. (a) Experimental, (b )  computer simulated, 

1 with linewidth of 2 Hz. The numbers indicate Hz from TMS. 

I ' TABLE 1. Experimental and calculated coupling constants (Hz) 

(IV) 
(11) (111) Calculated (v)  

I (1) Calculated Calculated pucker plus Calculated 
Experimental experimental" rigid planar ADlJ rocking ADlJ pucker only AD,, 

Dl2 -154.11k0.10 -154.11 -153.69 -0.42 -154.00 -0.11 -154.09 -0.02 
0 1 3  +2215.33+0.44 +2215.33 +2215.37 -0.04 +2215.33 0.00 +2215.33 0.00 
Ox4 -41.44k0.09 -41.44 -39.99 -1.45 -41.12 -0.32 -41.39 -0.05 

1 -230.79k2.24 -232.53 -231.92 -0.61 -232.38 -0.15 -232.50 -0.03 
D ~ 6  -83.23k0.92 -83.51 -86.24 +2.73 -84.22 +0.71 -83.64 +0.13 
O56 -362.19k0.12 -362.19 -362.03 -0.16 -362.15 -0.04 -362.18 -0.01 

Ji z +4.19+0.10 
J13b - 
Ji 4 +6.66+0.09 
Ji 5 +0.66k2.49 +2.4 
J16 -2.68k0.93 -2.4 
Js 6 +5.95k0.12 

vlc 978.95k0.06 
1 vSC 1266.72k0.06 

Dl5 + Jis -230.13f 0.26 1 Dl6 + Jir -85.91k0.08 
R.m.s. dev.* 1.30 0.33 0.06 

I "With assumed values for Jls and JI6. 

1 '113 does not affect the spectrum. 
'Chemical shifts in Hz from internal TMS. 
dR.m.s. deviation between experimental and calculated Dl,. 
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TABLE 2. Geometric parameters and motional constants 

(I)" (11) (111) (IV) 
Starting Rigid Puckering Puckering 
model planar and rocking alone 

'The starting model was the structure used by Malloy (1 1). Distances in A. 
bAssurned. 

Using the program GEOFIT a best fit geom- 
etry to the experimental dipolar coupling con- 
stants was calculated for a planar rigid molecule. 
Four distances (Fig. 2) and two motional con- 
stants are required to  describe the system, and 
since only relative distances are obtained, one 
distance can be (arbitrarily) fixed. There are six 
independent D i j  and the system is therefore over- 
determined. The parameters obtained are given 
in column I1 of Table 2 and the calculated D i j  
in column 111 of Table 1. The deviations between 
experimental and calculated coupling constants 
are rather large. 

Ring Puckering Model with Methylene Rocking 
In this model it is assumed that bending occurs 

only about the C2-C, direction (y axis in Fig. 
2), even though this mode is coupled to a ring 
twisting vibration (10). It is necessary to obtain 
expressions for the coordinates of each proton 
as a function of the amount of puckering, with 
the additional complication of the methylene 

d l  = X, - X5  

d2 = Y, 

d 3  = Y5 

dq = z3 

FIG. 2. 2,5-Dihydrofuran. Numbering of proton posi- 
tions and the geometric parameters used to  describe the 
system. 0 is the puckering angle and y the methylene 
rocking angle. 

rocking motion. Furthermore the puckered mole- 
cule no longer possesses two perpendicular planes 
of symmetry and allowance for a third motional 
constant must be made. The coordinate system 
used is that employed by Chan et al. (23); the 
out-of-plane displacement of each of the ring 
atoms at any instant is given by S z ,  with the 
restrictions (8) that neither the center of mass nor 
the angular momentum shall change during the 
vibration. The principal moments of inertia of 
the puckered molecule are independent of the 
choice of coordinate system but the reduced mass 
and the motional constants d o  depend on the 
choice. It is advisable, therefore, to transform to 
a system in which the angular momentum is in- 
variant. The coordinates of each atom in the 
puckered molecule were obtained by expressing 
each atomic position as the sum of vectors with 
respect to the origin, Fig. 2, and containing ele- 
ments given by the fixed planar geometry plus the 
changes due to puckering and methylene rocking 
motions. The angle of the methylene rocking 
motion was taken to be proportional to the 
puckering angle, as given by Malloy (1 1). After 
substitution of the numerical values derived from 
the planar structure the atomic coordinates were 
obtained as polynomials in z u p  to the fourth 
power. 

These coordinates were used as input for the 
program PUCKER and the direct dipole-dipole 
coupling constants were computed as functions 
of z in the center-of-mass, zero-angular-momen- 
tum axis system. In order to calculate the con- 
tributions of puckering and rocking motions to 
these D i j  values it is necessary to compute the 
average values of z2 and z4. These were com- 
puted using DOUMIN with the reduced mass 
calculated using PUCKER and the potential 
function given by Malloy (11) for the semirigid 
model 
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[2] V(cm-I) = 26.38{2.24Z2 + Z4) 

In this expression Z is a reduced coordinate 
which requires transformation to a different 
dimensionless coordinate, X, for use in program 
DOUMIN: 

[3] V(cm-I) = 13.19{2.24X2 + 0.50X4} 

The transition frequencies are also produced by 
DOUMIN and serve as a check on the calcula- 
tions. The values agree with the experimental 
frequencies (8). The values of (z2) and (z4), 
thermally averaged over the occupied levels at 
300 OK, are 

(z2) = 5.387 x A2 
(z4) = 7.039 x lo-' A4 

The expressions for the direct dipole-dipole 
coupling constants are 

orientation axes coincide with the zero-angular- 
momentum axes. 

Ring Puckering without Methylene Rocking 
Calculations were also made for a model in 

which ring puckering was the only vibration and 
the Malloy methylene rocking motion was 
neglected. The reduced mass calculated by 
PUCKER is changed substantially and thus the 
values of (z2) and (z4) become 

Following the same computations as before 
the Dij  values and geometric parameters are 
listed in column V of Table 1 and column IV of 
Table 2 respectively. There is a further improve- 
ment in the fit but the significance is doubtful 
and does not provide a test of the Malloy model. 

In using the r.m.s. deviation between cal- 
culated and experimental direct dipole-dipole 
coupling constants as the criterion for an im- 
proved structure, it is appropriate t o  question 
the sensitivity of the geometrical parameters and 
motional constants, designated here by pj, to 
changes in the experimental Dij values, ADi. The 
expressions, eq. 1, are complicated functions of 
p j  and, for ease of computation, we consider the 
change in a direct dipole-dipole coupling pro- 
duced by a change in one of the parameterspj. 

The superscript p indicates the Dii value cor- 
rected for the average over the puckering motion. 
The parameter q allows for the third motional 
constant as C,, = qz, i.e. the motional constant 
is assumed to be proportional to the out-of-plane 
displacement. The DijP values were used with the 
program GEOFIT to calculate a "planar" 
geometry, thus accounting for the averaging over 
the puckering vibration in eq. 1. The parameter 
q was set at zero. The structural parameters are 
given in column I11 of Table 2 and the cal- 
culated D:: in column IV of Table l .  The r.m.s. 

' J  

deviation between experimental and calculated 
Dij has been substantially reduced and the 
dipole-dipole coupling constants now fit within 
experimental error. There seemed no point, there- 
fore, in pursuing calculations in which the ad- 
ditional variable q is included. The neglect of 
C,, is equivalent to assuming that the principal 

This can be cast in matrix form, the elements 
of which are obtained from eq. 1 for each Dij, 
and, after some manipulation, inverted to give 
AP j. 

The ADi values used were the experimental 
errors given in column I of Table 1 with the ex- 
ceptions of AD,, and AD,, which are not well 
defined because of the uncertainty in J , ,  and J , ,  
and were arbitrarily set at 0.50 Hz. The signs of 
ADi were chosen so as to maximize Apj, with 
the following results, 

Ad, = 0.0115 A 
Ad, = 0.0006 A 
Ad4 = 0.0012 A 
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Thus d, is quite sensitive to the errors in the tained by Beach (12) and 1.519 A obtained for 
direct dipole-dipole coupling constants and the cyclopentene by electron diffraction (24). A 
difference in d, for the rigid planar model and shorter than normal single bond is expected for a 
the puckering-rocking model is probably not single bond adjacent to a double bond. If the 
significant, whereas the differences in d, and d, C,-C, bond is increased to 1.519 A then either 
are significant. unacceptable values for the proton bond lengths 

The analysis of the nematic phase n.m.r. spec- were obtained or  the angle COC must be in- 
trum provides only relative positions of the pro- creased to 114". 
tons but these can be scaled in order to fit the The puckering angle in 2,5-dihydrofuran caI- 
proton geometry to the ring framework. The culated for the structure in Fig. 3 with the r.m.s. 
ring bond lengths and angles given by Beach out-of-plane displacement given by DOUMIN 
(12) are insufficient for the present purpose is 16", compared with the angles of 22 and 29" 
since they are incomplete and were scaled to a quoted for cyclopentene from microwave spec- 
C=C distance of 1.34 A. It is necessary therefore troscopic (25) and electron diffraction (24) 
to assume some of the bond lengths for the ring studies. 
structure. Obviously a wide choice of parameters 
exists, but some choices are less arbitrary than 
others. The carbon-carbon single bond length 
adjacent to a double bond is not well defined and 
therefore bond lengths of r(C=C) = 1.350 A 
and R(C-0) = 1.430 A were adopted and it 
was assumed that the C-C-0 angle is bisected 
by the methylene C-H bond directions. The 
parameters which remain to be determined are 
the carbon-carbon single bond length, the car- 
bon-proton bond lengths, all bond angles, and a 
scaling factor required to fit the relative proton 
positions to the ring atom positions. This last 
parameter was fixed by varying the scale to 
achieve reasonable C-H bond lengths. The 
proposed structure of 2,5-dihydrofuran is given 
in Fig. 3. The carbon-carbon single bond 
length is 1.500 A compared with 1.54 A ob- 

FIG. 3. Structure of 2,5-dihydrofuran. Distances in 
parentheses are assumed. This structure is scaled to  
reasonable values for the C-H bond lengths and a 
different scaling would produce alternative structures. 
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A CND0/2 Calculation on the Reaction of Ground State 
Oxygen Atoms with Olefins 

SEIICHIRO KODA' 
I 

Departtnent o f  Reaction Che~nistry ,  Faculty of  Et~gineermg, the Uttiversity of Tokyo, Blinkyo-kri, Tokyo, Japan 

1 Received December 5. 19722 

A molecular orbital study within the framework of the CND0/2  method has been made of thereactions 
of ground state oxygen atoms with olefins. Calculated excitation energies confirm the existence of a 
certain correlation between those and the logarithm of the reaction rate constants. The location of minima 
in the simplified potential energy surfaces computed appear to correspond to the reaction intermediates 
suggested previously. 

On a effectui une etude des orbitales molCculaires, a I'interieur des cadres de la mtthode CNDO/2, sur 
les reactions d'atomes d'oxygene a I'etat fondamental avec des olefines. Les energies d'excitation calculees 
ont confirme I'existence d'une certaine relation entre celles-ci et le logarithme des constantes de vitesse 
de la reaction. La position des minima dans les surfaces calculees et simplifiees d'knergie potentielle 
semble correspondre aux intermediaires de reaction suggerts anterieurement. 

[Traduit par le journal] 
Can. J .  Chem., 52,287 (1974) 

i Introduction 
I 

Many investigations on the mechanism of the 
1 atomic oxygen (O(")) reaction with olefins have 

( been pursued, taking the rate constants (especial- 
j ly, relative ones) and the stereo-specificities of the 

.! reactions into account. Some ~ossible interme- 
diates have been suggested by &etanovi~ (I) and 
by Scheer and co-worker (2), but no satisfactory 
results are obtained by molecular orbital calcula- 
tions except for the classical work of Sato and co- 
worker (3) and the several trials of the sulfur 

I atom reactions (4). Our investigation of oxygen 
I atom reactions with metallocenes (5) led us into 
I trying to obtain some information in this reaction 

system by using a CND0/2 program. Though 
the CND0/2 computer program could not give 
quantitatively reliable results, it was expected to 
give some meaningful suggestions of the mech- 
anism involved as demonstrated by the recent 
success of Pople and Beveridge (6). 

At first, we compared some excitation energies 
of several olefins with the rate constants and then 
we tried to construct some possible energy sur- 
faces in the reaction system of atomic oxygen 
with ethylene, though with great simplification. 

Calculation 
The CND0/2 programmed by Segal (7) was 

used. The results obtained were also checked by 

'Present address: Division of Chemistry, National 
Research Council of Canada, Ottawa, Canada KIA 0R6. 

'Revision received October 4, 1973. 

the CNINDO program by Pople and co-worker 
(6). The computations were done on  the com- 
puter Hitac 5020 of Tokyo University Computer 
Center (3001GQ0212). The structures of all ole- 
fins for which calculations were attempted were 
as follows: the angle of the sp3 bond was fixed at 
109"28', and that of the sp2 at 120"; appropriate 
bond lengths were selected from the literature (8). 

Results and Discussion 
In order to determine a possible relationship 

between the rate constant and an excitation ener- 
gy suggested by Sato and co-worker (LCAO MO 
calculation) (3), some excitation energies (a, p, y) 
were calculated for each olefin as shown in Table 
1. 

a is the difference between the energy of the 
ground singlet state and that of the triplet state, 
the structure of which was taken as that of the 
ground singlet state. P is the difference between 
the energy of the ground state and that of the 
triplet, the structure of which was taken as that 
of the ground state except that a 90" internal ro- 
tation around the olefinic bond was applied. The 
CND0/2 calculation where the electronic state is 
designated to be triplet is considered t o  give the 
lowest triplet energy for the corresponding struc- 
ture. a may be considered as a measure of a verti- 
cal excitation to the triplet state. On the other 
hand, j3 is considered to be the approximate mini- 
mum triplet excitation energy because this state 
is known to have a perpendicular equilibrium 
conformation. 
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TABLE 1. The excitation energies 
-- 

Excitation energies* 
(Hartree units) 

Olefin o! a Y 

Ethylene 0.3775 0.1783 0.7803 
Propylene 0.2770 0.1678 0.7034 
cis-2-Butene 0.2332 0.1482 0.6365 
trans-2-Butene 0.2193 0.1403 0.6222 
I-Butene 0.2759 0.1674 0.6927 
Isobutene 0.2585 0.1614 0.6616 

*For  definition of  a, 8, and y, see text. 

y is the difference in energy between the highest 
occupied and the lowest unoccupied molecular 
orbital in the ground state, and is considered to 
represent the average singlet-triplet excitation en- 
ergy. This corresponds to the excitation energy, 
6, calculated by Sato and co-worker using a 
LCAO MO method (3). However, y and 6 do not 
contain the right amounts of electron interaction 
expected for the average excitation energy of the 
singlet and triplet. Therefore, these values have 
no precise physical meaning and should rather 
be considered as a kind of quantum-chemical 
parameter. It is difficult to calculate the energy 
of upper singlet states by the CND0/2. 

It is more reasonable to compare these excita- 
tion energies with activation energies instead of 
with rate constants. Activation energies have 
been obtained for some olefins, and it is well 
recognized that the differences in the rate con- 
stants of these reactions are mainly due to the 
differences in activation energies (9, 10). Plots of 
log (relative rate constants) us. excitation energy 
for the reaction of five olefins are presented in 
Fig. 1. The excitation energies by Sato (6) are 
also shown. Though there is a certain relation- 
ship, there seems to be no improvement in linear- 
ity by applying the CND0/2 instead of the 
LCAO MO. Therefore, these rough relationships 
do not allow one to conclude what kind of exci- 
tation in the olefinic part is important in the re- 
actions; they may not be incompatible with a re- 
action path in which some excitation to a triplet 
state is induced in the olefinic part by approach 
of the triplet oxygen atom.3 

In order to obtain a clearer understanding of 

31t is not clear when the spin-relaxation occurs but, 
from a consideration of the available experimental data, 
it seems to take place only at some later stages of the 
reaction. 

, cis-2- butene - iso- butene 

- I -  butene 

FIG. 1. Plots of log k at room temperature us. com- 
puted excitation energy of the olefin. The rate data are 
from ref. 9; a, P, and y (Hartree units) are fromTable 1 ;  
6 (-Po unit) is from ref. 3. 

the reaction paths, simplified potential energy 
surfaces were calculated in the neighborhood of 
the expected positions of minima.4 Thus, the 
positions of the atoms in the system were selected 
as follows. The structure of ethylene (that is, 
ground state ethylene, C-C = 1.338 A, L HCH 
= 120") was kept constant, regardless of the po- 
sition of 0 atom. As model I (which may be con- 
sidered to correspond to an in-front attack by 0 
atom), the atomic oxygen was moved in a plane 
which was perpendicular to the molecular plane 
and contained the ethylene molecular axis. As 
model I1 (which may be considered to correspond 
to an in-plane attack), the oxygen was moved in 
the ethylene molecular plane. The  electronic state 
of the whole system was constrained to be triplet 
in these calculations. The total energies thus ob- 
tained as a function of the position of the 0 atom 
are shown as contour lines near the energy mini- 

4These simplifications were necessary, because of the 
great number of degrees of freedom in these multi-atom 
systems. Even if calculations were done without simpli- 
fications by the CNDO/2 method, n o  quantitatively re- 
liable results could be expected, especially for the triplet 
state, because of the approximate nature of the programs 
used. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KODA: CND012 CALCULATIONS 289 

() H (out-of-plane) 
I A (-35.380) 
I 
I /-- - 35.37 
I 

b H (out-of-plane) 

The structure A might be identified as the bi- 
radical model suggested by CvetanoviC ( I )  and 
the structure B might be the model by Scheer and 
co-worker (2). When an internal 90" rotation 
around the C-C bond was attempted with these 
models, the structure of minimum energy (C in 
Fig. 4) was found to  be the one with its oxygen 

FIG. 2. The contour lines of total energy for model I. 
The solid lines for the triplet, the dotted lines for the 
singlet; Hartree units are used. 

ma points (A, B) in Figs. 2 and 3. As compari- 
sons, the results when the whole system was con- 
strained to  be singlet are also presented in these 
figures. 

FIG. 3. The contour lines of total energy for model 11. 
It is worthy of note that the energy of A (the The solid lines for the triplet, the dotted lines for the structure of the energy minimum point in model Hartree units are used. 

I) is a little lower than that of B (that in model 11) 
and also that the oxygen atom is not on the bi: 
sector of the C~-C bond in the structure A . 5  If 
the intermediate in oxygen atom reactions is in 
fact a triplet which has a moderate life-time, it 
might be approximately illustrated by A or B.6 

'The absolute values of the energy might not be very 
meaningful. The relative values should be better, though 
allowance should be made for the possibility that the rela- 
tive values might be also considerably affected by some 
other choices of the atomic positions in the ethylene part 
of the system. Of course, in a higher approximation, the 
angles and also the bond lengths of the ethylenic part 
should be changed, but it seems probable that, even in the 
higher approximation, there are some energy minimum 
structures corresponding to A and B. This may be exem- 
plified by the fact that a structure of minimum energy was 
found to be also the one with its oxygen apart from the 
bisector of the C C  bond, in the calculation of an in- 
front attack (like model I) where the C-C bond was 
elongated to 1.438 from 1.338 A. 

6The triplet of a moderate life-time is usually the lowest 
triplet, and the CND0/2  calculation with a triplet desig- 
nation is considered to give the lowest triplet, as already FIG. 4. The contour lines of total energy in 90" ro- 
stated. tational structures; Hartree units are used. 

H (out-of-plane) 
I 
I 
I C (-35.379) 
I - 35.37 
C -35.35 

- 35.33 
- 35.31 

1.08 
L. 

2.08 

H 
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atom nearer to one carbon atom. The total ener- 
gy is about the same as that of A. Thus a rela- 
tively free rotation around the C-C bond seems 
to exist in the A structure. Thus these considera- 
tions support the suggestion of a biradical inter- 
mediate, the rotation of which is important in de- 
ciding the stereo-specificity, as a possible impor- 
tant intermediate of oxygen atom adding to ole- 
fins, though allowance should be made for the 
fact that the calculations were very limited and 
not definitive. The energies of singlet states were 
found to be below those of triplet states, as ex- 
pected. The change from A to A' may correspond 
to the formation of the epoxide. 

The author is grateful to Dr.  H. Arai, Associate Pro- 
fessor T.  Yoshida for their instructions in computation; 
to Associate Professor S. Tsuchiya and Professor T. 
Hikita for discussions and encouragement. 
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Synthesis of 3,4,6-Tri-0-methyl-D-glucose, -D-galactose, 
and -D-mannose 

JOFFRE M. BERRY, YUEN-MIN CHOY, A N D  GUY G. S.  DUTTON 
Depnrtrnent of Chenlistly, University of Britisl~ Col~rmbia, Vrr~lcouver, Britisl~ Colrrrnbirr V6T 1 W 5  

Received June 14, 1973 

Reaction of 1,3,4,6-tetra-0-acetyl-D-glucose, a m a n n o s e ,  and -D-galactose with dihydropyran and 
p-toluenesulfonic acid in dichloromethane gave the corresponding 2-tetrahydropyranyl ethers. Deacet- 
ylation, methylation, and hydrolysis gave 3,4,6-tri-0-methyl-D-glucose, 3,4,6-tri-0-methyl-D-mannose, 
and 3,4,6-tri-0-methyl-D-galactose in 60, 28, and 25% overall yields, respectively. A small amount of 
3,5,6-tri-0-methyl-D-galactose was also obtained. 

La rCaction des tetra-0-acCtyl-1,3,4,6-D-glucose, -D-mannose et -D-galactose avec le dihydropyranne e't 
I'acide p-tolu~nesulfonique dans le dichloromethane a conduit aux ethers tktrahydropyrannyl-2 corres- 
pondants. La dCacetylation, la mCthylation puis I'hydrolyse ont conduit au tri-0-methyl-3,4,6-D-glucose, 
au tri-0-methyl-3,4,6-D-mannose et au tri-0-methyl-3,4,6-D-galactose avec des rendements de 60, 28 et 
25%, respectivement. On a aussi obtenu une petite quantite de tri-0-methyl-3,5,6-D-galactose. 

[Traduit par le journal] 

Can. J .  Chem., 52,291 (1974) 

Studies on the structure of bacterial poly- 
saccharides, many of which contain 1 + 2 link- 
ages, emphasize the need for 3,4,6-tri-0-methyl 
hexoses as reference compounds. Preparation of 
1,3,4,6-tetra-0-acetyl hexoses is readily accom- 
plished (1, 2); these intermediates may be used 
for the synthesis of 1 + 2 linked disaccharides 
and, by suitable blocking, 3,4,6-tri-0-methyl 
sugars. 

The route selected involved the preparation of 
the tetrahydropyranyl ether (3); methyl vinyl 
ether, isobutene, and tosyl chloride were found 
less satisfactory reagents. The deacetylated ethers 
were methylated by the method of Hakomori (4) 
at a low temperature to minimize degradation 
and the products obtained by hydrolysis were 
purified by chromatography (5) to give 3,4,6- 
tri - 0 -methyl - D- glucose (60x1, - D -mannose 
(28%), and -D-galactose (25%). In addition 3,5,6- 
tri-0-methyl-D-galactose (8%) was also isolated 
making the total yield of galactose isomers 33%. 
The pyranose compounds crystallized on seeding 
and the structures assigned were consistent with 
the p.m.r. spectra (6) of the sugars and with the 
mass spectra of the tri-0-methyl hexitol acetates 
(7,8). 

The D-glucose (9, lo), D-galactose (1 I), and 
D-mannose (12) compounds have been synthe- 
sized previously but each by a different route. 
The merits of the method presently described are 
that the same type of intermediate is used in each 
case ; the required 1,3,4,6-tetraacetates may be 

obtained in 5 h and the syntheses can be com- 
pleted in three further steps (four, if deacetyla- 
tion is effected separately). 

Experimental 
Practical grade dihydropyran was partially dried with 

Na2C03,  then fractionally distilled. The  fraction b.p. 
83.5-85" was refluxed with sodium and distilled. Reagent 
grade dichloromethane was distilled from calcium hy- 
dride. Anhydrous p-toluenesulfonic acid was obtained by 
heating the hydrate a t  95" for 2 h at 1 0  mm. Solvent 
systems A (ethyl ether - toluene (2: 1)) and B (butanone- 
water azeotrope) were used for chromatography. Gas- 
liquid chromatography (g.1.c.) was carried out on an F 
and M 720 instrument using a column (5 ft x 4 in.) of 
5% butanediol succinate on 80-120 mesh Diatoport S 
a t  185" and a helium flow of 60 ml/min. Proton magnetic 
resonance spectra were recorded with a Varian XL-100 
instrument, using tetramethylsilane or sodium 4,4- 
dimethyl-4-silapentanesulfonate as internal standard. 
Spectra were consistent with the structures assigned; 
signals from the tetrahydropyranyl ether occurred at  z 
8.1-8.7. Optical rotations were measured a t  23 & 1" on a 
Perkin-Elmer model 141 polarimeter. Melting points are 
uncorrected. 

1,3,4,6-Tetra-0-acetyl-2-0-(2-tetrahydropyranyl) -ci-D- 

glucopyrarzose (I) 
1,3,4,6-Tetra-0-acetyl-a-D-glucopyranose (1) (2 g) was 

dissolved in absolute dichloromethane (45 ml). Dihydro- 
pyran (0.65 ml) and anhydrous p-toluenesulfonic acid (10 
mg) were added and the mixture was stirred at  0". Inspec- 
tion by t.1.c. (silica gel G, solvent A)  after I h showed a 
small amount of unreacted starting material (R, 0.19), a 
major component (R, 0.50) corresponding t o  1, and faster 
moving components (dihydropyran condensation prod- 
ucts). The reaction mixture was neutralized with pyridine 
or with anhydrous potassium carbonate a n d  evaporation 
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of the solvent at 30' gave 1 as a syrup (2.5 g). When puri- 
fied by t.1.c. using solvent A, 1 had [a], +76" (c 1.7, 
chloroform). 

I ,3,4,6-Tetra-0-acetyl-2-0- (2-tetrahydropyrany1)-a-D- 
ttianrlopyranose (2) 

This compound was obtained similarly as a syrup from 
1,3,4,6-tetra-0-acetyl-13-D-mannopyranose (3) (1 g), yield 
1.2 g, R, 0.37 (solvent A ) ;  [a], -41" (c 3.8, chloroform). 

1,3,4,6-Tetra-0-acetyl-2-0-(2-tetrahydropyranyl) -a-D- 
galactopyranose (3) 

This compound was obtained as a syrup from 1,3,4,6- 
tetra-0-acetyl-a-D-galactopyranose (1) (1 g), yield 1.2 g, 
Rr 0.50 (solvent A); [a], +72" (c 2.7, chloroform). 

3,4,6-Tri-0-t?lethyl-D-glucose (4 )  
The syrup 1 (2.5 g) in dry methanol (25 mi) was treated 

with 0.2 M sodium methoxide in anhydrous methanol 
(10 ml) for 30 min at room temperature giving a product 
with R, 0.34 (solvent B) on t.1.c. Alternatively, the di- 
chloromethane solution of 1 was treated directly with 
sodium methoxide. The syrup obtained was dried for 45 
min on a vacuum pump and then dissolved in dry methyl 
sulfoxide (5 ml). Methyl sulfinyl anion (2 M, 25 ml) was 
added under anhydrous conditions (13) while keeping the 
temperature below 25". The mixture was shaken for 1 h 
at room temperature, frozen in a Dry Ice - acetone bath 
and excess methyl iodide (15 ml) was added dropwise with 
shaking (if warming was detected the mixture was frozen 
again). The reaction mixture was shaken at  room tempera- 
ture overnight and extracted with petroleum ether (b.p. 
65-70", 100 ml x 10). Evaporation of the solvent and 
hydrolysis (2 M trifluoroacetic acid, 75 ml, reflux, over- 
night) gave a syrup which was shown by paper chroma- 
tography (solvent B) to contain 4 (R, 0.58) and a small 
amount of tetramethyl sugar. The syrup was dissolved in 
water (100 ml) which was extracted with chloroform (40 
ml x 3) and the water was evaporated. The syrup ob- 
tained was purified using solvent B on either a cellulose 
column or on a short column of silica gel (5). 3,4,6-Tri-0- 
methyl-D-glucose (4) was obtained as a syrup (775 mg, 
60% overall) which crystallized on seeding with the j3- 
anomer. Recrystallization from ether - petroleum ether 
(1 : 1, 100 ml/g) gave pure 3,4,6-tri-O-methyI-!3-~-glucose, 
m.p. 104-106", mixture m.p. 104-106"; [a], +41° -+ +77" 
(29 h, c 1.5, water) (lit. (10) m.p. 97-98"; [a], +41° + 

77.5" (c 1.6, water)); p.m.r. (D20)  T 4.85 (doublet, J1,2 = 
3.4 Hz, H-1 of a-D-form), 5.42 (doublet, J,,, = 7.3 Hz, 
H-1 of j3-D-form), 6.61, 6.47, 6.38 (OMe's). 

Anal. Calcd. for C9H1,06: C, 48.64; H, 8.16. Found: 
C, 48.58; H, 8.21. 

3,4,6-Tri-0-tnethyl-D-mannose ( 5 )  
1,3,4,6-Tetra-O-acety1-2-0-(2-tetrahydropyranyl)-~-~- 

mannopyranose (2) (1.2 g) was deacetylated to  give a prod- 
uct having R, 0.35 (t.l.c., solvent B) which on methyla- 
tion and hydrolysis afforded 5 as a syrup with Rr 0.60 
(paper, solvent B), yield 180 mg (28%). Crystalline 3,4,6- 
tri-0-methyl-a-D-mannose was obtained on seeding and 
was recrystallized from ether - petroleum ether (1 : 1, 100 
ml/g), rn.p. 104-106", mixture m.p. 104-106"; [aID +20° 
-> +So (1 h, c 0.9, water) (lit. (12) m.p. 104"; [a], +21° -> 
8" (C 1.0, water)); p.m.r. (D20)  T 4.85 (doublet, J1,, = 

4.0 Hz, H-l of a-D-form), 5.17 (doublet, J,,, = 2.2 Hz, 
H-1 of a-D-form), 6.51, 6.55, 6.60 (OMe's). 

Anal. Calcd. for C9H1806: C, 48.64; H, 8.16. Found: 
C, 48.35; H,  8.14. 

3,4,6-Tri-0-met/1yl-~-ga/actose (6 )  
1,3,4,6-Tetra-O-acetyl-2-0-(2-tetrahydropyranyl)-a-~- 

galactopyranose (3) (1.2 g) was deacetylated to give 2-0- 
(2-tetrahydropyrany1)-D-galactose, R, 0.29 (t.l.c., solvent 
B). Methylation and hydrolysis gave two components on 
paper chromatography (solvent B); R, 0.37 corresponding 
to  6 and a faster moving component (7) with Rr 0.69. 
Purification by column chromatography gave 3,4,6-tri-0- 
methyl-D-galactose (6) (160 mg, 25% overall) which crys- 
tallized on seeding, m.p. and mixture m.p. 88-89"; [a], 
+ 152" + + 110" (c 1.2, water) (lit. (1 1) m.p. 88-89"; [a], 
+ 154" -> + 110" (c 1.0, water)); p.m.r. (D,O) T 4.79 
(doublet, J,,, = 3.7 Hz, H-1 of a-D-form), 5.46 (doublet, 
JlS2 = 7.2 HZ, H-1 of 0-D-form), 6.51, 6.51,6.61 (OMe's). 

Anal. Calcd. for C9H1806: C, 48.64; H,  8.16. Found: 
C, 48.44; H,  8.00. 

The column separation also gave 7 (54 mg), [a], - 15" 
(c 2.0, water), a portion of which was converted to the 
alditol acetate. This had a retention time of 13.0 min and 
gave a mass spectrum consistent with the  assignment of 7 
as 3,5,6-tri-0-methyl-D-galactose (7, 8). The alditol ace- 
tates of 4, 5, and 6 had retention times of 13.2, 13.2, and 
14.2 min, respectively. 

We are grateful t o  Drs. D. H. Ball, C. T. Bishop, A. 
Gauhe, and G .  Keilich for gifts of seed crystals and to the 
National Research Council of Canada for continued 
financial support. 
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Molecular Rearrangements. Part IV. Aryl (Alkyl) Amines (I), 
Thermal Rearrangement of N-Benzyl-N-Methylaniline 
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Heating N-benzyl-N-methylaniline under reflux or heating at  -31 5" in sealed tubes, in the absence of 
any promotor for 100 h, resulted in its rearrangement, producing methylamine, diphenylmethane, and 
dibenzyl together with o-toluidine and 4-methylacridine. Heating N-methylaniline in a sealed tube under 
the same conditions, in absence of any promotor, resulted in its rearrangement, producing methylamine 
and o-toluidine together with unidentified neutral products. 

When pyrolysis of the tertiary amine was carried out with quinoline as a solvent, the normal products 
of rearrangement were obtained together with 2- and 4-benzylquinolines and 2,2'-biquinolyl. 

The reaction mechanism is discussed on the basis of the products separated, from which it is concluded 
that the tertiary amine undergoes homolytic fission to benzyl and N-methylphenylamino free radicals, 
followed by a series of homolytic fissions of initially separated intermediate products, during the re- 
arrangement process. Throughout the whole mechanism, the C-N bonds are the only ones to  suffer 
homolytic fission. -- 

Lorsque I'on chauffe la N-benzyl N-methylaniline a reflux ou a 315" dans des tubes scellts durant 100 h 
en absence de promoteur, i l  se produit un rearrangement qui conduit a la formation de la mCthylamine, 
du dibenzyl et diphknylmtthane ainsi q ~ ~ e  de 1'0-toluidine et  de la methyl-4 acridine. Lorsque I'on chauffe 
la N-methylaniline dans un tube scellC dans les m&mes conditions en absence de promoteur, il s e  produit 
aussi un rearrangement conduisant a la formation de la mtthylamine, de  1'0-toluidine ainsi que de 
plusieurs produits neutres non-identifits. 

Lorsque la pyrolyse de l'amine tertiaire est effectute en utilisant comme solvant, la quinoline, on 
obtient les produits normaux issus du rearrangement ainsi que les benzyl-2 et -4 quinolines et la bi- 
quinolyl-2,2'. 

On discute du mtcanisme rtactionnel en se basant sur les produits sCparCs a partir desquels i l  est 
possible de conclure que I'arnine tertiaire subit une fission homolytique entrainant la formation de 
radicaux libres benzyl et N-mCthylphenylamine, suivie d'une strie de fissions homolytiques des produits 
skpares a I'origine, comme intermkdiaires, durant le processus de rearrangement. Selon le mecanisme 
complet, les liens C-N sont les seuls a subit une homolytique. [Traduit par le joi~rnal] 

Can. J. Chern., 52,293 (1974) 

I 

Aryl alkyl amines were reported (1-3) to re- 
arrange under the influence of acids o r  Lewis 
acid catalysts, or by thermal rearrangement of 
their hydrochlorides in sealed tubes to give ring- 
alkylated secondary or primary aryl amine deriv- 
atives. The alkyl groups mainly enter para  posi- 
tions but if such are not free, ortho migration will 
occur. Thus N-methylaniline, when rearranged 
by heating its hydrochloride, gives p-toluidine 
and little o-toluidine. Polyalkylation may occur, 
not only in the successive conversions of a ter- 
tiary, through secondary, to primary amine (2a); 
alkyl halide and olefin formation was also estab- 

I lished together with isomerization of the alkyl 
I groups during their migrations in such type of 
I 

aryl amine rearrangement (26-4. 
I 

lTo whom correspondence should be addressed; 
Present address: Chemistry Department, University of 
Libya, P.O. Box 2558, Tripoli, Libya. 

Although this rearrangement was regarded a t  
one time as intramolecular (4), it now is con- 
cluded that the reaction is intermolecular (5) and 
occurs through the formation of a carbonium ion 
intermediate ( 2 4 .  

The photochemical rearrangement process of 
aromatic amines has also been observed. Al- 
though N,N-dimethylaniline is quite stable under 
u.v. light, the amine hydrochloride salt can be 
photolyzed (6). 

As far as our observation goes, the aryl amines 
are not recorded t o  undergo molecular rear- 
rangement under thermal conditions in absence 
of any promotor. 

The present paper describes a novel rearrange- 
ment, involving a C-N bond fission, when N- 
benzyl-N-methylaniline is heated a t  elevated tem- 
perature, either alone or in presence of solvent 
where its nuclear alkylation was observed. Thus, 
N-benzyl-N-methylaniline changed o n  heating in 
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TABLE 1. Products of pyrolysis of N-benzyl-N-methylaniline 
-- 

Amine in g (%) Products in g (%) 
Exp. Conditions 
No. (solvent (g); temperature; time) Used Consumed Methylamine Diphenylmethane Dibenzyl o-Toluidine CMethylacridine Benzylquinoline 

1 -; reflux; 100 hb 30 15 (50) Exists 0.75 (5) 0.35(2.3) 2.25 (15) 4.3 (28.7) - 

2" -; 315"; 100 h 30 14(46.7) Exists 0.5 (3.6) 0.52(3.7) 2.3 (16.4) 3.56 (25.4) - 

3' Quinoline (30); 315"; 100 h 30 15 (43.3) Exists 0.32 (2.5) 0.35(2.7) 4.3 (33.1) 3.2 (24.6) 5.6 (32.5)' 

aIn nitrogen atmosphere. 
bBenzaldehyde (0.4 g) separated and identified. 
C2.2'-Biquinolyl (0.75 g) separated and the benzylquinolines are 41% 2-isomer and 59% 4-isomer. 
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BADR A N D  ALY:  M O L E C U L A R  REARRANGEMEN.TS.  PART IV 

C y  , C H ~ C ~ H S  CH3 
\ 

N N ' C6HSCH2-CH2C6H5 

a sealed tube in nitrogen atmosphere at - 3 15". 
Methylamine was formed together with o- 
toluidine, diphenylmethane, dibenzyl, and 4- 
methylacridine in a relatively high yield, and 
higher boiling products not yet resolved. When 
heated at its boiling point under reflux for 100 h, 
the amine gave the same products with the dif- 
ference that some benzaldehyde was isolated and 
the yield of dibenzyl was decreased. 

The products of these thermal rearrangements 
differ markedly from those of the proton- 
catalyzed rearrangement, from which neither 
dibenzyl nor methylamine, nor diphenylmethane 
could be expected, and only alkyl halides, and 
olefins, together with ring-alkylated products, 
were separated (2). 

The presence of dibenzyl, diphenylmethane, 
and methylamine in the product strongly suggests 
that the change depends on a free radical mech- 
anism. In order to  study this suggestion further, 
the thermal rearrangement in a higher boiling 
solvent, such as quinoline, was examined. The 
normal products of rearrangement were obtained 
together with 2- and 4-benzylquinoline and 2,2'- 
biquinolyl, as summarized in Table 1. 

These results are consistent with the simplest 
possible interpretation of the reaction, namely 
that N-benzyl-N-methylaniline undergoes homol- 
ysis to  benzyl free radical (1) and N-methylphenyl- 
amino free radical (2). The former then dimeriz- 
ing to  dibenzyl. Separation of benzaldehyde from 
the amine pyrolysis under reflux in presence of 
atmospheric oxygen, which acts as scavenger for 
free radicals having an a-hydrogen (7), is further 
proof of the separation of benzyl free radical, 
which gives benzaldehyde (8), as in Scheme I. 

The normal expectation for the behavior of the 
methylanilino free radical in the reaction mech- 
anism is to abstract hydrogen, resulting in N- 
methylaniline, and to  couple with benzyl free 
radical to  give o- and p-N-methylaminodiphenyl- 
methane. Since none of these products was de- 
tected under the conditions used, they could be 
considered as precursors for other products, 

some of which were separated. The methyl group 
in N-methylaniline is reasonably shifted intra- 
molecularly from the nitrogen a tom to the o- 
position of the same nucleus giving rise to o- 
toluidine in relatively high yield, according to  
Scheme 2 (route a). However, methylamine can 
be considered to be formed from the fission of 
the CH,NH-Ar bond in N-methylaniline (route 
b). The possibility that isomeric o- and p-N- 
methylaminodiphenylmethane undergo homo- 
lytic fission leading to separation o f  methylamine 
and diphenylmethane (route d) is not easily ac- 
cepted, because when the pure isomers are heated 
under the same conditions of pyrolysis, they were 
recovered unchanged. 

N-Methylaniline is proved to rearrange intra- 
molecularly when heated alone in a sealed tube 
under the same conditions as the tertiary amine 
rearrangement producing only o-toluidine, to- 
gether with methylamine, resulting from homo- 
lytic fission process (route b). Consequently, 
diphenylmethane can be considered to have re- 
sulted from coupling of benzyl and  phenyl radi- 
cals (see route c). 

It was reported (9) that acridine was obtained 
by distillation of 2-aminodiphenylmethane 
through a red hot tube; it is likely that 2-amino- 
diphenylmethane is dehydrogenated to a radical 
followed by cyclization and further dehydro- 
genation to produce acridine. 

Consequently, 2-amino-3-methyldiphenylme- 
thane, plausibly formed as an intermediate prod- 
uct from an intramolecular shift of the methyl 
group in N-methyldiphenylmethane to the ortho 
position of the benzene nucleus (route e),  could 
be considered to undergo a dehydrogenation and 
cyclization process under the homolytic condi- 
tions ofthe reaction, producing4-methylacridine, 
which was separated in relatively high yield 
(29%), as in Scheme 3. 

Separation of methylamine, a n d  not benzyl- 
amine, during the rearrangement of the amine 
insures that the migration of the benzyl group 
precedes that of the  methyl group, i.e. the reverse 
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. . 
((/) 

CH3NH-C6H,-CH2C6Hs C H ~ N H  + C6H5CH2C6Hj 

u-  and p- lsomerb 3 

order to that observed in case of proton- 
catalyzed rearrangement (3a), and this was further 
confirmed in general by the nature of other 
isolated products. 

The thermal rearrangement of N-benzyl-N- 
methylaniline in quinoline gave the normal rear- 
rangement products together with 2- and 4- 
benzylquinolines in a ratio similar to that ob- 
tained in the pyrolysis of benzyl naphthyl ethers 
(10) with quinoline as solvent, justifying the 
similarity in nature of both rearrangements, i.e. 
benzylation of quinoline occurred by intermole- 
cular mechanism involving the attack of benzyl 
free radical on the quinoline nucleus. However, 
the absence of methylquinolines among the 
products of the amine rearrangement and the 
absence of p-toluidine in rearrangements of 
either tertiary or secondary amines indicates that 
the methyl group of N-methylaniline does not 
migrate as a free radical in the course of the ther- 
mal rearrangement, but possibly through an in- 
tramolecular shift. 

The formation of 2,2'-biquinolyl strongly sug- 

gests the formation of quinolyl free radical from 
quinoline followed by reaction with other free 
radicals in the reaction medium ; combination 
with another quinolyl free radical gives 2,2'- 
biquinolyl, while with a benzyl radical, 2- and 4- 
benzylquinolines are formed. Further studies on 
the behavior of such types of compounds under 
thermal and other comparable conditions are in 
progress, the results of which will be published 
on their completion. 

Experimental 
A~zulysis 

The i.r. spectroscopic analysis was carried out by Pye- 
Unicam i.r. spectrophotometer, Model SP200G. The U.V. 
absorptions were carried out by Pye-Unicam u.v, spectro- 
photometer, Model SP8000. Gas-Liquid chromatographic 
analysis was carried out by Pye-Unicam gas chromato- 
graph, "Series 104", Dual flame ionization detector, tem- 
perature programmed, Model 24. The column used was 
20% SE30 on Chromosorb W (35-80) mesh. 

N-Benzyl-N-metlzyluniline ( 1  1 )  
Benzyl chloride (1 mol) and redistilled N-methylaniline 

(1 mol) were warmed for 4 h. The cooled reaction prod- 
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BADR AND A1.Y: MOLECULAR 

ucts were decomposed with 30% NaOH and extracted 
with ether. The ethereal extract was dried, evaporated, 
and the residue fractionated. The amine was collected a t  
b.p. 304306" (80% yield). It was further purified by re- 
distillation over fused KOH and collected a t  b.p. 187- 
18S0/26 mm Hg; nDZO 1.6021 ; picrate from ethanol, m.p. 
127" (lit. (1 lb) gives b.p. 161-16218 mm, r7D2'.5 1.6008; 
picrate m.p. 128-128.5). The purity of the amine has been 
ascertained by its i.r. spectrum and by t.1.c. using butanol 
saturated with water as a solvent and the spot was de- 
veloped by iodine vapor, R, = 0.56. All the rearrange- 
ments of the amine were carried out in duplicate. Details 
of the conditions and the mean yields of products sepa- 
rated are summarized in Table l .  

Pyrolysis of N-Benzyl-N-rr~etl~ylaniline 
(a) N-Benzyl-N-methylaniline (30 g) was heated under 

reflux for 100 h. The reflux condenser was connected to a 
gas trap containing glass wool moistened with concen- 
trated hydrochloric acid, adequate precautions being 
taken to prevent the diffusion of acid vapor to the reaction 
vessel. The temperature of the boiling liquid dropped pro- 
gressively during the first 10 h from 306 to 252", and the 
contents of the flask acquired a dark brown color. The 
products were dissolved in ether and shaken several times 
with concentrated hydrochloric acid to  dissolve the 
amines. 

The ethereal layer containing the neutral products (A) 
was dried and evaporated to dryness leaving an oily 
residue (2.5 g). 

The amine hydrochloride solution was made alkaline 
with NaOH solution in order to liberate the amines which 
were extracted with ether. The ether layer was removed, 
dried (Na,SO,), and evaporated, leaving the free amines 
(B) (26.6 g). 

The contents of the trap were washed with water and 
left for crvstallization whereu~on hairv colorless crvstals 
were deposited as methylaminehydrochloride, m.p. and 
mixture m.p. 223-225" (benzyl derivative, m.p. and mix- 
ture m.p. 79-80"; picrate from ethanol, m.p. and mixture 
m.p. 214215"). 

The neutral products (A) were distilled to give benzalde- 
hyde (0.4 g), b.p. 52-54"/10 mm Hg, 1.5450 (2,4- 
dinitrophenylhydrazone derivative, m.p. and mixture 
m.p. 235-236"). Its i.r. spectrum showed a carbonyl 
stretching vibration at 1698 cm-'  and was superimposable 
upon that of a reference sample. The neutral fraction, b.p. 
130-135"/10 mm Hg, solidified and was identified as  
diphenylmethane (0.75 g), m.p. 25-26", r ~ ~ ~ ~ . ~  1.5805 (2,2', 
4,4'-tetranitro derivative, m.p. and mixture m.p. 170"). 
On oxidation with potassium dichromate - sulfuric acid 
mixture, it gave benzophenone (2,4-dinitrophenylhydra- 
zone derivative, m.p. and mixture m.p. 238-239"). The 
fraction, b.p. 145-155"/10 mm Hg, solidified and was 
identified as dibenzyl (0.35 g), m.p. and mixture m.p. 51- 
52" (4,4'-dinitro derivative, m.p. and mixture m.p. 180"). 
The neutral products were further confirmed by their re- 
tention times in g.1.c. analysis. 

The amines (B) were fractionated into o-toluidine (2.25 
g) as pale yellow oil, b.p. 94-9S0/15 mm Hg, 1 1 ~ ' ~  1.5680 
(picrate from ethanol, yellow crystals, m.p. and mixture 
m.p. 214215"; benzoyl derivative, m.p. and mixture m.p. 
144145"). Its i.r. spectrum showed N-H stretching fre- 
quency as a doublet at  3363 and 3444 cm-', due to asym- 
metric and symmetric stretching of the free NH,, and 
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was coincident with that of the reference sample. Un- 
changed N-benzyl-N-methylaniline (15 g) was recovered 
as pale yellow oil, b.p. 171-182"/15 mm Hg ,  nDZO 1.6025 
(picrate, m.p. and mixture m.p. 126-127"). 

The amine fraction, b.p. 265-272"/15 mm Hg, which 
solidified on cooling to  brownish crystals, m.p. 84", was 
identified as 4-methylacridine (4.3 g) crystallized from 
ethanol as yellow needles, m.p. and mixture m.p. 86-88". 
Its i.r. spectrum is superimposable on that of a reference 
sample. 

Anal. Calcd. for C I , H l l N :  C, 87.1; H, 5.7; N, 7.3. 
Found: C, 87.2; H, 5.7; N, 7.3. 

(b) The amine (30 g) was heated in a sealed tube filled 
with nitrogen atmosphere, at about 315" for 100 h and 
the contents of the tube changed similarly to  dark brown 
oil. The tube was chilled in ice and opened whereupon 
methylamine evolved violently with its characteristic fishy 
ammoniacal odor. The products were taken up in ether 
and separated as before, into neutral (A) (2.4 &and amino 
products (B) (27 g). 

The neutral products (A) were separated by fractional 
distillation into diphenylmethane (0.5 g), b.p. 128-135"/10 
mm Hg, 1 1 , ~ ~  1.5680, m.p. and mixture m.p. 25-26", which 
is oxidized to benzophenone (2,4-dinitrophenylhydrazone 
derivative, m.p. and mixture m.p. 237-238"). Dibenzyl 
(0.52 g) also separated, b.p. 145-150"/30 mm Hg, m.p. 
and mixture m.p. 178-180". They were further confirmed 
by g.1.c. 

Fractionation of the amine products (B) gave o-tolui- 
dine (2.3 g) as pale yellow oil, b.p. 90-95"/10 mm Hg, 
nDL5 1.5683 (picrate from ethanol, m.p. a n d  mixture m.p. 
214215"; acetyl derivative, m.p.. and mixture m.p. 110"). 
Unchanged amine (16 g) was recovered as pale yellow oil, 
b.p. 165-17O0/10 mm Hg, nD15 1.6023. The amine fraction, 
b.p. 260-265"/15 mm Hg, was identified a s  4-methylacri- 
dine, m.p. and mixture m.p. 87-88". 

Thermal Rearrarlgement in QlrirlolDle as  Avornotic Soluerlt 
The amine (30 g) and redistilled quinoline (20 g) were 

heated together in a sealed tube under nitrogen at about 
315" for 100 h. The same changes in color and viscosity 
of contents were observed and the tube was then chilled 
in ice and opened. 

The products were separated as usual into neutral prod- 
ucts (A) (2.25 g) and amines (B) (42 g). 

The neutral products were fractionated into diphenyl- 
methane (0.32 g), b.p. 90-95"/2 mm Hg, nD30 1.5681, m.p. 
and mixture m.p. 25-26"; benzophenone was separated 
on oxidation (2,4-dinitrophenylhydrazone derivative, m.p. 
and mixture m.p. 237-238"); and dibenzyl (0.35 g), b.p. 
115-125"/2 mm Hg, m.p. and mixture m.p. 51-52" (4,4'- 
dinitro derivative, m.p. and mixture m.p. 179-180"). 

The amine products (B) were fractionated into 
o-toluidine (4.3 g), b.p. 72-8O0/2 mm Hg, nD20 1.5686 
(picrate from ethanol, m.p. and mixture m.p. 213-214"; 
benzoyl derivative, m.p. and mixture m.p. 144145"); 
recovered quinoline (1 1.2 g) collected at 100-105"/2 mm 
Hg, nDZO 1.6251; and unchanged N-benzyl-N-methylani- 
line (17 g) collected at  b.p. 135-142"/2 mm Hg. 

The reddish oily amine fraction, b.p. 152-165"/2 mm 
Hg, was identified as a mixture of 2- and 4-benzylquino- 
lines (6.5 g) by their retention time in g.1.c. analysis, with 
4 1 x  2-isomer and 5 9 x  ',-isomer. They were further sepa- 
rated by ascending paper chromatography, the benzyl- 
quinolines mixture being used as its picrate solution on C. 
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Schleicher and Schull paper No. 2316, using butanol 
saturated with water as  solvent; 2-benzylquinoline picrate 
had Rf 0.71 and 4-benzylquinoline picrate had Rf 0.83. 
The two isomers were separated by fractional crystalliza- 
tion of their picrates from ethanol; 4-benzylquinoline pi- 
crate (9.25 g) separated first as golden yellow crystals, m.p. 
and mixture m.p. 178-179". On dilution of the mother 
liquor with water, 2-benzylquinoline picrate (6.5 g) crys- 
tallized out, m.p. and mixture m.p. 155-156". From the 
fraction, b.p. 200-21O0/2 mm Hg, 4-methylacridine sepa- 
rated (3.2 g), m.p. and mixture m.p. 86-87.5'. Its i.r. 
spectrum was the same as that of the reference sample. 
The solid residue in the flask, when triturated with petro- 
leum ether (40-60°), gave crystals, m.p. 192", identified as 
2,2'-biquinolyl (0.75 g); these were recrystallized from 
ethanol as colorless short needles, m.p. and mixture m.p. 
194-195" (picrate, m.p. and mixture m.p. 214-215"). Its 
i.r. spectrum was superimposable upon that of the ref- 
erence sample. 

Thermal Rearrarlgetnerlf of N-Mefl~ylaniline 
N-Methylaniline (20 g) was heated in a sealed tube at 

310-315" for 100 h. The contents changed to a dark brown 
oil, and the tube was chilled in ice and opened whereupon 
methylamine evolved violently with its characteristic fishy 
ammoniacal odor. Some of the methylamine vapor was 
collected in a HCI trap and separated as hairy colorless 
crystals of methylamine hydrochloride, m.p. and mixture 
m.p. 223-225' (benzoyl derivative m.p. and mixture m.p. 
78-80"; picrate from ethanol, m.p. and mixture m.p. 
214-215"). 

The contents of the tube were separated as usual into 
neutral ( A )  and amine products (B). 

The neutral product (0.5 g) was an unidentified dark 
brown resinous material. 

The amine products (B) (18.5 g) were treated with an 
alcoholic solution of oxalic acid whereupon a colorless 
crystalline solid was precipitated and identified as o- 
toluidine oxalate, m.p. and mixture m.p. 170-171". The 
free base was separated by hydrolysis with hot KOH solu- 
tion and extracted with ether; o-toluidine (7 g) was col- 
lected as a colorless oil, b.p. 198-20O0, nDZ0 1.5689 (acetyl 
derivative m.p. and mixture m.p. 1 10-1 12'). On concen- 
tration of the remaining mother liquor, crystals of N- 
methylaniline oxalate were separated, m.p. and mixture 
m.p. 11 1-1 13", from which the free base was separated by 
the action of hot KOH solution and extraction with ether 
(10 g), b.p. 193-195", nDZO 1.5721 (acetyl derivative, m.p. 
and mixture m.p. 102'). 

Preparation of Reference Compoltnds 
N-Methylaniline: prepared by heating acetanilide and 

sodium in dry xylene, then after, with methyl iodide. 
Xylene was evaporated and the residue refluxed with 30% 
alcoholic KOH solution. The alcohol was evaporated and 
the residue steam distilled. The ethereal extract of the dis- 
tillate was dried and evaporated. The residual oil of N- 
methylaniline was distilled at 19G192" (lit. (12) b.p. 1 9 G  
192"), nDZO 1.5720 (picrate from ethanol, m.p. 145"). 

Diphenyltnefhane: prepared by alkylation of benzene 
with benzylchloride and AICI,. I t  was collected at  b.p. 
261-262", nDZ7 1.5788, m.p. 26' (lit. (13) m.p. 26", b.p. 
261-262", nD1' 1.5788). 

Anal. Calcd. for C13HIZ: C, 92.9; H, 7.1. Found: C, 
93.0; H, 7.1. 

Dibenzyl: prepared by reduction of benzoin with zinc 

amalgam and concentrated HCI. It was crystallized from 
ethanol as white crystals, m.p. 52' (lit. (15) m.p. 52") 
(4,4'-dinitro derivative, m.p. 180"). 

4-Mefhylacridir~e: prepared by heating a mixture of o- 
aminobenzaldehyde, o-bromotoluene, and copper powder 
with anhydrous NaZCO3 in nitrobenzene. 4-Methylacri- 
dine was extracted and crystallized from petroleum ether 
(60-80") or ethanol, m.p. 88' (lit. (14) m.p. 88'). 

Anal. Calcd. for C,,H,,N: C,87.1;  H,5.7; N, 7.3. 
Found: C, 87.2; H ,  5.6; N, 7.3. 

2-Benzylqui~oline: pale yellow oil, b.p. 235"/14 mm 
(picrate, m.p. 157"; methiodide, m.p. 219" (dec.); lit. (16), 
gives picrate m.p. 156-157'). 

4-Benzylqub~oline: brownish crystals, b.p. 230°/14 mm; 
m.p. 53' (picrate, m.p. 178-179"; lit. (17) gives b.p. 222- 
223"/19 mm; picrate, m.p. 178"). 

2,2'-Biquinolyl: white crystals from ethanol, m.p. 192' 
(picrate, m.p. 210" lit. (IS), gives m.p. 192"; picrate, m.p. 
210"). 
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Some Derivatives of 2,s-Xylidine and their Cyclization to Indoles 

LARRY J. KRICKA' A N D  JOHN M. V E R N O N ~  
Depnrr~nent of Cllemistr-y, U~liversity of Yo&, Heslirzgtor~, York YO1 5DD, U .K .  

Received July 23, 1973 

N-Methyl and N-phenyl derivatives of 2,5-xylidine have been characterized, and polysubstituted 
indoles obtained via cyclization of appropriate derivatives of 2,5-xylidine and 2,5-xylylhydrazine. 

On a caracterisi les derives N-mCthyle et N-phenyle de la xylidine-2,5. Des indoles polysubstitues ont 
aussi etC obtenus par cyclisation des derives appropries de la xylidine-2,5 et  de la xylylhydrazine-2,5. 

[Traduit par le journal] 

Can. J. Chem., 52,299 (1974) 

For an exploration of the possibility of photo- 
chemical interconversion of indole and isoindole 
ring systems (cf. 1,2- and 1,3-benzoxazoles (1) 
and -benzodiazoles (2)), we required new indoles 
with a substitution pattern the same as that of 
some isoindoles already available through earlier 
work (3). We describe some previously ill- 
characterized N-substituted derivatives of 2,5- 
xylidine and the synthesis of some 1,2,3,4,7- 
pentasubstituted indoles therefrom. The photo- 
chemical isomerization which we sought has 
not yet been achieved. 

Reduction of the nitrosamine obtained from 
N-methyl-2,5-xylidine gave I-methyl-I-(2,5- 
xyly1)hydrazine (2) more simply than its single 
previously recorded (4) preparation. The hydra- 
zine 2 with ethyl methyl ketone and poly- 
phosphoric acid afforded 1,2,3,4,7-pentamethyl- 
indole (5) rather than the isomeric 2-ethyl-1,4,7- 
trimethylindole, in accordance with the usually 
preferred orientation in Fischer cyclization 
reactions (see ref. 5 for a comprehensive and 
recent review). The mass spectrum of the 
product 5 agreed with that recorded by Russian 
workers (6), although their work gave no 
account of the preparation of 5 nor of its further 
characterization, which have not been reported 
hitherto. The position of the longest wavelength 

'Present address: Department of Clinical Chemistry, 
The Medical School, University of Birmingham, Birming- 
ham, U.K. 

2Author to whom correspondence should be addressed; 
on study leave 1973 at  Department of Chemistry, 
University of British Columbia, Vancouver 8, British 
Columbia. 

JRemarkably, the first simple crystalline derivatives of 
this amine 1 are those described in the Experimental 
section, although the n.m.r. spectrum of the N-acetyl 
derivative has been reported (19). 

electronic absorption band (A,,, 281 nm) and 
its subsidiary absorption maxima are  like those 
of 1,2,3-trimethylindole (7). 

1 R = M e ; R ' = H  5 R = R ' = M e  
2 R =Me;  R'= NH2 6 R = H; R ' =  PI1 
3 R = H; R' = CHPh-COPh 7 R = Me; R' = PI1 

4 R = P h ; R ' = H  8 R = CH2Ph; R' = Ph 

A similar Fischer synthesis with the hydrazine 
2 and deoxybenzoin gave the indole 7, but in 
such poor yield that an alternative route was 
sought. The acid-catalyzed condensation of 
2,5-xylidine and benzoin has been reported (8) 
to give 4,7-dimethyl-2,3-diphenylindole (6), but 
we obtained instead the a-arylaminoketone 3, 
which failed to cyclize on further treatment with 
acid. Infrared absorptions characteristic of 
N-H and C=O bonds, mass spectral fragmen- 
tation involving loss of a benzoyl group, and 
analytical figures in support of structure 3 are 
presented in the Experimental section. Similar 
intermediates have been isolated in some previous 
instances of the Bischler synthesis of  indoles (5). 
However, the indole 6 was obtained satis- 
factorily from 3 in the presence of 2,5-xylidine 
hydrochloride at 200". The potassium derivative 
of 6 was alkylated with methyl iodide or with 
benzyl chloride to give .the pentasubstituted 
indoles 7 and 8, respectively. 

N-Phenyl-2,5-xylidine (4) was prepared via 
2',5'-acetoxylidide by a general method for N- 
phenylation of aromatic amines using bromo- 
benzene and copper powder in presence of 
potassium carbonate. This method had been 
employed previously for both 2,3- and 3,5-xylyl 
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isomers of structure 4 (9, lo), and it was neither 
known nor expected to cause rearrangement. 
Surprisingly, our product 4 had the same m.p. 
(54") as that reported for either the 3,5- or  the 
2,6-xylyl isomer (10, 1 l), but significantly dif- 
ferent from the value (29") given for N-phenyl- 
2,5-xylidine (4), which had been obtained via a 
different route (12). 

It was conceivable that migration of a methyl 
group had occurred in the strongly acidic 
conditions used by the Czech workers (10) to 
prepare their 3,5-xylidine via a modified Lossen 
reaction from 3,5-dimethylbenzoic acid, but 
repetition of this reaction gave 3,5-xylidine 
identical (g.1.c. retention time, i.r., n.m.r.) with 
an authentic sample. Rearrangement during the 
N-phenylation procedure appeared less likely in 
view of the basic conditions employed, but the 
high temperature required might have favored 
the formation of the less crowded 3,5-xylyl 
structure in our reaction starting from 2,5- 
xylidine. We therefore repeated the preparation 
of N-phenyl-3,5-xylidine to compare the product, 
m.p. 52", with our 2,5-xylyl isomer 4. Not only 
was the melting point considerably depressed 
on admixture, but the two isomers afforded 
different N-acetyl derivatives and they showed 
characteristically different n.m.r. and i.r. absorp- 
tions in accord with the 1,2,5- and 1,3,5-aromatic 
substitution patterns (see Experimental section); 
in particular, the equivalence of the ring methyl 
groups in the n.m.r. spectra was distinctive for 
all the 3,5-xylidine derivatives. 

Probably on account of their low nucleo- 
philicity, diarylamines require vigorous condi- 
tions of high temperature and acid catalysis for 
their condensation with acyloins to  give N- 
arylindoles (13), and few such syntheses have 
been reported. However, we were unable to  
obtain any indolic product from an attempted re- 
action of N-phenyl-2,5-xylidine (4) with benzoin. 

Experimental 
Infrared spectra were recorded for Nujol mulls and 

calibrated with polystyrene. Proton n.m.r. spectra were 
measured at 60 MHz for solutions in deuteriochloroform 
with tetramethylsilane as internal standard; chemical 
shifts are given on the .r scale (10 - 6). Mass spectra were 
recorded with an A.E.I. MS 12 instrument operating at 
70 eV. Alumina for chromatography was Laporte type H. 
Light petroleum was the fraction of b.p. 60-8O0, unless 
otherwise stated. 

2,5-Xylidine Derivatives 
N-Methyl-2,5-xylidine (1) was prepared (14) from N- 

benzylidene-2,s-xylidine (1 5) and dimethyl sulfate; it was 
an oil, b.p. 95-96"/10 mm (lit. b.p. 225-227"/735 mm (IS)), 
which with p-toluenesulfonyl chloride and  alkali afforded 
N-methyl-p-tohrenestrlfon-2,5-xylidide, m.p. 109-1 10°(from 
ethanol); n.m.r. 2.2-3.6 (7H, rn, ArH), 6.90 (3H, s, 
NCH,), 7.56, 7.69, and 7.83 (each 3H, s,  ArCH,). 

Anal. Calcd. for C16Hl,N02S: C, 66.4; H, 6.6; N, 
4.8 Found: C, 66.3; H, 6.6; N, 3.9. 

The amine 1 and acetic anhydride in refluxing xylene 
afforded N-methyl-2',5'-acetoxylidide, m.p. 44" (from light 
petroleum); i.r. (film) N-H absent, 1660s cm-' (C=O); 
n.m.r. 2.8-3.0 (3H, m, A r m ,  6.81 (3H, s, NCH,), 7.65 
and 7.80 (each 3H, s, ArCH,), and 8.22 (3H. s, COCH,). 

Anal. Calcd. for Cl ,H15NO: C, 74.5; H, 8.5; N, 7.9. 
Found: C, 74.1; H, 8.6; N, 7.8. 
N-Methyl-N-nitroso-2,s-xylidine (i.r. (film) N-H 

absent, 1519s cm-I (N=O)), obtained (15) as a yellow 
oil from the amine 1 and cold nitrous acid, was reduced 
with zinc and acetic acid (cf: the procedure for l-methyl- 
I-(2,4-xy1yl)hydrazine (16)) to I-methyl-1-(2,s-xyly1)- 
hydrazine (2) (5373, b.p. 64-6G11.4 mm, which with 
acetic anhydride gave the acetyl derivative, m.p. 101- 
102" (lit. m.p. 102-103.5' (4)). The hydrazine 2 and p- 
nitrobenzaldehyde afforded the corresponding N-methyl- 
N-(2,5-.rylyl)hydrazot~e as orange needles, m.p. 85-86" 
(from methanol); n.m.r. 1.84 and 2.34 (each 2H, d, 
p-O2NC6H,!, 2.75-3.10 (3H, m, ArH), 6.59 (3H, s, 
NCH,), 7.68 and 7.78 (each 3H, s, ArCH3). 

Anal. Calcd. for Cl6Hl7N3O2:  C, 67.8; H, 6.1; N, 
14.8. Found: C, 68.0; H, 6.2; N, 15.3. 

N-Phenylation of 2',5'-acetoxylidide (17) with bromo- 
benzene in presence of copper powder and potassium 
carbonate (cf. ref. 10) followed by alkaline hydrolysis 
gave N-phenyl-2,s-xylidine (4); the yield of 4 eluted with 
benzene - light petroleum (1 :1 v/v) from a column of 
alumina was 16%, m.p. 54" (from methanol) (lit. m.p. 
29" (12)); i.r. 3350 (N-H), 880, 815s. 750s, 725, 705, and 
695s cm-'; n.m.r. 2.6-3.2 (8H, m, ArH), 4.85br (lH, s, 
NH), 7.82 and 7.92 (each 3H, s, ArCH,). 

Anal. Calcd. for C14H15N: C, 85.2; H, 7.7; N, 7.1. 
Found: C, 85.3: H. 7.8; N, 7.0. 

With acetic anhvdride in refluxing xylene the amine 4 
afforded N-phenyl-2',5'-acetoxylidide, m.p. 89.5-9l0(from 
methanol); i.r. N-H absent, 1655 (C=O), 820, 770s, 
730 and 695s cm-' ; n.m.r. 2.6-3.0 (8H, m, ArH), 7.70 
and 7.81 (each 3H, s, ArCH,), and 8.01 (3H, s, COCH3). 

Anal. Calcd for C16H17NO: C, 80.3 ; H, 7.2; N, 5.9. 
Found: C, 80.2; H, 7.2; N, 5.7. 

3,5-Xylidine Derivative.i 
N-Phenyl-3,s-xylidine, obtained from 3',5'-acetoxyli- 

dide by the same method (lo), had m.p. 51-52" (after 
sublimation at 130°/0.2 mm and recrystallization from 
methanol) (lit. m.p. 54" (10)); mixture m.p. with the 
2,s-isomer 4 30-35"; i.r. 3370 (N-H), 885, 850s, 755s, 
710, and 695s cm-' ; n.m.r. 2.6-3.5 (8H, m, ArH), 4.50 
br ( lH ,  s, NH), and 7.77 (6H, s, ArCH,). Its N-acetyl 
derivative was prepared as above, m.p. 93.5-95" (from 
methanol), mixture m.p. with the 2,5..isomer considerably 
depressed; i.r. N-H absent, 1665 (C=O), 885, 860s, 
760s, 705s, and 695s cm-'; n.m.r. 2.6-2.8 (5H, m, ArH), 
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3.08 (3H, s, ArH), 7.74 (6H, s, ArCH,), and 7.98 (3H, s, 
COCH,). 

Anal. Calcd. for C16H,,NO: C, 80.3; H, 7.2; N, 5.9. 
Found: C, 80.4; H, 7.2; N, 5.8. 

1,2,3,4,7-Pentarnethylitrdole ( 5 )  
Ethyl methyl ketone (3.0 g), polyphosphoric acid (20 g), 

and the hydrazine 2 (4.5 g) were heated together for 1 h 
a t  10O0, then for 15 min at  200°(cf. ref. 18). The reaction 
mixture was cooled, stirred with water (200 mi), and 
extracted repeatedly with ether. The combined ether 
extracts were washed with water, dried (MgSO,), and 
evaporated to give the itrdole 5 (0.6 g, 10%) as pale buff 
crystals, m.p. 138-139" (from methanol); U.V. (ethanol) 
236 nm (log E 4 .9 ,  281 (3.8), 290 sh (3.8), and 301 (3.7); 
i.r. 1603, 1515s, 1403, 1318s, and 802 cm-'; n.m.r. 3.39 
(2H, s, ArH), 6.20 (3H, s, NCH,), 7.55 (6H), and 7.60, 
7.76 (each 3H, s, CH,); mass spectrum nile 188 (15%), 
187 (M*. 100). 186 (42). 173 (20). and 172 (M - CH,, . . 

65), A* i59.5(187 L 172). 
Anal. Calcd. for C,,H,7N: C. 83.4: H. 9.2: N. 7.5. - .  , .  . .  

Found: C, 83.5; H, 9.0; N, 7.7. 

N-(a-Pherzylpl~enacyl) -2,s-xylirlir~e (3)  
A mixture of benzoin (20 g), 2,5-xylidine (30 ml), and 

concentrated hydrochloric acid (5 ml) was heated under 
reflux for 2.5 h;  it was then cooled, poured into water, 
and extracted with ether. The ether extract was washed, 
dried (MgSO,), and evaporated to yield a yellow oil, 
from which N-(a-plretryIpha1ncyl)-2,5-.rylidine (3) (14.8 g, 
50%) was obtained as yellow crystals, m.p. 73.5-74.5" 
(from methanol); i.r. 3450br (N-H), 1680s (C=O), 
1618, 1600s, 1585, 1530br, 1325, 1250br, 1010, 998, 805, 
and 700 cm-'; n.rn.r. 1.9-2.9 ( I lH ,  m, ArH), 3.05 and 
3.53 (each IH, d, J,,, 7 Hz, ArH), 3.9br ( l H ,  CH), 
4.65br ( IH,  NH), 7.78 and 7.83 (each 3H, s, ArCH,); 
mass spectrum tnle 315 (M+,  573, 211 (17), and 210 
(M - PhCO, loo), m* 140 (315 -> 210). 

Anal. Calcd. for CZ2H2,NO: C, 83.8; H, 6.7; N, 4.4. 
Found: C, 83.8; H, 6.8; N, 4.6. 

4,7- Dirnethyl-2,3-dipl1erlylirrdole (6) 
2,SXylidine hydrochloride (3.7 g) and compound 3 

(7.5 g) were heated for 1 h at  190-200". The resulting gum 
was dissolved in benzene and this solution was washed 
with dilute hydrochloric acid, then with water, dried 
(MgSO,), and evaporated. The residue afforded the 
indole 6 (4.0 g, 4373, m.p. 128-129" (from aqueous 
ethanol) (lit. m.p. 130" (8)). 

N-(a-Phenylphenacy1)-2,5-xylidine (3) could not be 
cyclized t o  the indole 6 by treatment with either cold 
concentrated sulfuric acid o r  hot concentrated hydro- 
chloric acid. 

1,4,7-Trimetl1yl-2,3-diphet1ylindole ( 7 )  
Potassium (0.35 g) was added in small pieces to a stirred 

solution of the indole 6 (2.2 g) in hot xylene (15 ml) under 
nitrogen. The mixture was heated under reflux and stirred 
until after 1 hall the potassium had reacted. The apparatus 
was then fitted with a Friedrichsen condenser (cold 
finger) containing acetone and solid carbon dioxide, and 
the mixture was refluxed for a further 5 h with addition 
of methyl iodide (10 g). The mixture was cooled, poured 
into water, and extracted with ether. The ether extract 

was washed, dried (MgSO,), and evaporated to afford 
the itdole 7 (1.0 g, 43%) as prisms, m.p. 154-155" (from 
benzene - light petroleum); i.r. N-H absent, 1600w, 
1394s, 1037, 814s, 753, and 713 cm-'; n.m.r. 2.6-2.9 
(lOH, m, ArH), 3.07 and 3.27 (each 1H, d ,  J5.6 7 HZ, 
ArH), 6.14 (3H, s, NCH,), 7.20 and 7.93 (each 3H, s, 
ArCH,); m / e  31 1 (M', 100%). 

Anal. Calcd. for C2,H2,N: C, 88.7; H, 6.8; N, 4.5. 
Found: C, 88.6; H, 6.9; N, 4.3. 

An attempted preparation of the same indole 7 from 
the hydrazine 2, which was heated with deoxybenzoin 
and zinc chloride, gave less pure material (2%) with the 
same i.r. spectrum. 

I-Betrzyl-4,7-rlimerhyl-2,3-r/iplretrylit1rlole ( 8 )  
The indole 6 in hot xylene was converted t o  its potassium 

derivative as described above. After dropwise addition of 
benzyl chloride (3 ml) the mixture was refluxed for a 
further 10 h, after which it was cooled, poured into water, 
and extracted with ether. Evaporation of the ether extract 
left a yellow oil which was chromatographed on alumina 
(200 g), from which light petroleum eluted xylene. Further 
elution with light petroleum -benzene afforded the 
itrrlole 8 (1.5 g, 26%) a s  prisms, m.p. 192-193" (from 
benzene); i.r. N-H absent, 1603w, 1503, 825, 773, and 
715 cnl-'; n.m.r. 2.5-3.2 (17H, m, ArH), 6.0br (2H: 
NCH2Ph), 7.60 and 7.90 (each 3H, s, ArCH3). 

Anal. Calcd. for C20Hz,N: C, 89.9; H, 6.5; N, 3.6. 
Found: C,  89.9; H; 6.6; N, 3.6. 

We thank the Science Research Council for  a student- 
ship (to L.J.K.) and Mrs. J. E. Humpherson for some 
experimental assistance. 
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of Pseudobase Formation from the 1-Methyl-3-nitroquinolinium Cation 

JOHN W. BUNTING A N D  WILLIAM G. MEATHREL 
Depnrtt7zent q f 'che~nis t ry ,  Utfit,er:~ity qf 'Toro~zto,  Torot~to,  Onttrrio M5S I A l  

Received August 14, 1973 

A kinetic study of the formation and decomposition of the pseudobase of the 1-methyl-3-nitroquino- 
liniun~ cation has revealed that although 1,4-dihydro-4-hydroxy-1-methyl-3-nitroquinoline is the pre- 
dominant product at  equilibrium, the kinetically controlled product is the isomeric pseudobase, 1,2- 
dihydro-2-hydroxy-1-methyl-3-nitroquinoline. This less stable isomer has been identified from its u.v.- 
visible spectrum, and the pK,oH value for its formation (9.16) has been measured by the stopped-flow 
technique. 

Une etude cinetique de la formation et de la decomposition de la pseudobase du cation methyl-1 
nitro-3 quinolinium a montre que la pseudobase isomerique, dihydro-1,2 hydroxy-2 methyl-1 nitro-3 
quinoline, est majoritairement forrnee sous contrBle cinetique bien qu'k l'equilibre la dihydro-1,4 
hydroxy-4 methyl-1 nitro-3 quinoline soit le produit majeur. L'isornere le moins stable, issu du contrBle 
cinetique, a ete identifit partir de son spectre u.v.-visible; de  m&me la valeur du P K R O ~ ~  pour sa forma- 
tion (9.16) a i t6  mesuree a l'aide de la technique a debit interrornpu. [Traduit par le journal] 

Can. J. Chem., 52,303 (1974) 

We have previously reported (I) that the pKRo, 
value for the reversible formation of the pseudo- 
base 2 from the 1-methyl-3-nitroquinolinium ca- 
tion (1) in aqueous solution is 6.74 at 25". In 
more basic solution a further ionization constant 
was measured, pKRo- = 13.0 which was ascribed 
to the ionization of 2 to the alkoxide ion 3. 

Severin and co-workers (2) have definitely estab- 
lished, on the basis of u.v. and p.m.r. spectra, 
that the predominant pseudobase formed from 1 
is the 1,4-dihydroquinoline 2 rather than the cor- 
responding 1 ,2-dihydroquinoline derivative 4. 
In particular, these workers noted that 1,2- 
dihydro-3-nitroquinolines have absorption max- 
ima at considerably longer wavelengths than the 
corresponding 1,4-dihydro isomers, e.g. A,,, for 
1,2-dihydro-I-methyl-3-nitroquinoline: 266, 330, 

'For Part 11, see ref. 3. 

5 10 nm and for 1,4-dihydro-1-methyl-3-nitro- 
quinoline: 240, 420 nm. The long wavelength 
maxima of 401 and 410 nm, respectively, for the 
pseudobase and pseudobase anion of the 1 -  
methyl-3-nitroquinolinium cation (I), confirm 
that these species are predominantly 2 and 3 
rather than 4 and/or its alkoxide ion, respectively. 
The spectral evidence does not, of course, rule 
out the possibility that small amounts of 4 and its 
anion are present in equilibrium with 2 and 3, 
and such is almost certain to be the case. 

We have also recently reported a study on the 
kinetics of pseudobase formation and decompo- 
sition for a number of quaternary heteroaroma- 
tic cations (3). In extending this study to the I- 
methyl-3-nitroquinolinium cation, we have ob- 
served that the pH dependence of pseudobase 
formation from this cation is different from that 
previously observed for other heterocyclic ca- 
tions. Further investigation has then established 
that although 2 is the thermodynamically pre- 
ferred pseudobase, the kinetically preferred prod- 
uct is 4. 

Results and Discussion 

Rapid u.v. spectral changes are observed when 
aqueous solutions of the 1 -methyl-3-nitroquino- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



304 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

linium cation are mixed in the stopped-flow ap- 
paratus with buffers in the range p H  6-12. In all 
cases, these changes are first-order in the hetero- 
cyclic cation over at least 90Y, of the reaction. 
Spectral changes, first-order in heterocycle, are 
also observed when solutions of the pseudobase, 
2, (in 0.01 N KOH) are mixed with buffers (con- 
taining 0.01 N HCI) in the range p H  4-7. The p H  
dependence of the observed pseudo first-order 
rate constants, /rob,, for these reactions is in- 
dicated in Fig. I. A striking feature of this figure 
is the p H  independence of k,,, in the range pH 
9-12; for similar reactions of other cations, k,,, 
is directly proportional to  hydroxide ion con- 
centration in basic solutions (3). 

The rate constant, k,,,, reflects the rate of ap- 
proach to  equilibrium between the cation and its 
pseudobase, and is the sum of the individual rate 
constants, k ,  and k,, for the formation and de- 
composition of the pseudobase. We have shown 
previously (3), that in such systems k ,  and k, may 
be calculated from the eqi~ations 

and 

Values of I(, and k ,  calculated in this way from 
the data in Fig. 1 are plotted in Fig. 2. The p H  
profiles for these two pseudo first-order rate con- 
stants are quite different from those previously 
observed for other cations (3); thus eqs. 1 and 2 
which were used previously, 

FIG. 2. The p H  dependence of k l  and kd (s-') for the 
formation and deco~nposition of the pseudobase from the 
I-methyl-3-nitroquinoliniu~n cation: 25", ionic strength 
0.1. 

We have found that a mechanism such as that 
illustrated in Scheme 1 can be reconciled with 
the observed p H  profiles in Fig. 2. This scheme 
assumes a species "X" that is in acid-base equili- 
brium with the cation, 1 ;  this equilibrium is 
attained rapidly relative to  the establishment of 
the equilibrium between 1 and the pseudobase, 2. 
It is further assumed that the pseudobase may 
arise by attack of either hydroxide ion (I(,) o r  a 
water molecule (k,) on the heterocyclic cation, 
in accord with previous observations (3). Simi- 
larly, the pseudobase may decompose to the ca- 
tion either directly by elimination of hydroxide 
ion (k,) or via loss of water from its conjugate 
acid ( k , ' ) .  The use of the rate constants k,, k,, 
and k4 in this scheme is consistent with eqs. 1 and 
2. The constant Ic,' is related t o  k, of eq. 1 by 
k , '  = k , .K,  

Since we have separated /robs into k ,  and k ,  
above, we may consider separately the formation 
of 2 from 1 and of 1 from 2 in Scheme 1. Thus, 

are clearly not sufficient in the present case to 
express the observed p H  dependence of k ,  and k,. 

P H  Hence, 
FIG. 1 .  The p H  dependence of k,,, (s-I) for reversible 

pseudobase forrnation from the I-methyl-3-nitroquino- k, = 
k3[OH-I + k4 - - k3K, + k , [ ~ + ]  

linium cation: 25", ionic strength 0.1. 1 + Kx/[H+I [H'] + G- 
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B U N T I N G  A N D  M E A T H R E L :  Q U A T E R N A R Y  NITI IOGEN H E T E R O C Y C L E S .  Ill 

where Kw is the ionic p rod~~c t  of water and Kx is 
the acid dissociation constant of 1. This relation- 
ship predicts that for [H'] << Kx (high pH), 

! provided that /c,[H+] << lc3 Kw. Also, for [Hf ] >> 
I Kx (low pH), 

I for 

I k4[H+] >> k,Kw 

Thus, provided the indicated inequalities hold, 
lc, is predicted to be pH-independent at both low 
and high p H  which is in agreement with the 
experimental observation (Fig. 2). 

Furthermore, since k,/lc, = [H+]/KRo,,, when- 
ever kf is independent of pH, k, will be directly 
proportional to [H'] (lines of slope - 1 in Fig. 
2). Thus at high pH, 

I 

and since 
k3  = k 2 ' K ~ O H / K w  

kd = [H+].k2/Kx 
At low pH, 

I Thus, from the two linear portions of each of 
j k, and kd (high and low p H  regions of each, re- 

FLG. 3. The absorption spectra of ( A )  the I-methyl-3- 
nitroquinolini~~m cation; (B) 1,4-dihydro-4-hydroxy-L- 
methyl-3-nitroquinoline; (C) "X" at p H  10.3 (1,2- 
dihydro-2-hydroxy-I-methyl-3-nitroquinoline). 

spectively), one can obtain values for lc,K,v/Kx = 
1.8 M - '  s- ' ,  k4 = 0.43 s-', k,/Kx = 1.0 x lo7 
M - I s - '  and lc,'/Ki, = lc, = 2.8 x lo6 M - I s - '  
at 25" and ionic strength 0.1. The curves in Figs. 
i and 2, which are drawn using these values and 
the above equations, give an acceptable fit to the 
experimental data.2 

In an effort to establish the nature of the 
species "X" we have studied the u.v.-visible 
spectr~lm of the species that is present immediate- 
ly after mixing a solution of the cation 1 with 
buffer, p H  10.3, in the stopped-flow apparatus. 
This spectrum was obtained by repetitive runs at 
different wavelengths and is plotted in Fig. 3 
along with the spectrum of the cation, 1, and the 

2The positive deviations from the calculated curve in 
the vicinity of p H  8 have also been observed for other 
cations (3). Such deviations appear to arise from an un- 
identified buffer effect. 
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pseudobase, 2. The spectrum of "X" indicates a 
maximum in the vicinity of 340 nm and also ab- 
sorption in the region 470-550 nm, where neither 
1 nor 2 shows any significant absorption. Al- 
though no clearly defined maximum is discernible 
in this long-wavelength region, it is probable 
that a broad peak does exist but that it is ob- 
scured by the relatively intense absorption in the 
region 370-430 nm by small amounts of 2 which 
are already present. The spectrum of this un- 
stable species which is rapidly converted to  2 is 
suggestive of a 1,2-dihydro-3-nitroquinoline sys- 
tem, since such species do have broad maxima in 
the region 470-510 nm and also a maximum a t  
320-330 nm (2). Since the kinetic analysis above 
suggests that this species is in acid-base equili- 
brium (pKx) with the cation, 1 ,  we suggest that 
this species is the pseudobase 4, formed by hy- 
droxide attack at C-2 of 1, and that this equili- 
brium is established too rapidly t o  allow ob- 
servation by the stopped-flow technique. Numer- 
ous examples of such very rapid pseudobase for- 
mation have been cited previoi~sly (3). 

We have found that it is possible to measure 
pK, by studying the initial optical density at 490 
nm as a function of p H  by mixing a solution of 
cation, 1 ,  with various buffer solutions. These 
data are given in Table 1 and allow the calcula- 
tion of a consistent pKx = 9.16 +_ 0.03. This pKx 
value is, of course, the pK,,,, value for formation 
of the unstable pseudobase, 4, in the above inter- 
pretation of "X" as being 4. By making use of 

TABLE 1. Absorbance (490 nm) 
immediately after mixing 

solutions of 1 (4.47 x M) 
with buffer solutions 

Optical 
pH density (D) pKx* 

*Calculated from pKx = pH - log 
D/(1.160 - D). The cation does not sig- 
nificantly absorb at 490 nrn. 

the equilibrium pK,,, value (6.82 + 0.02 at  25O 
and ionic strength 0. I), it can now be calculated 
that the equilibrium mixture of pseudobases con- 
tains only 0.5% 4 and 99.5% 2. 

With the value of pK, available, the individual 
rate constants k,  and k, can now be evaluated 
from the above kinetic data: k, = 1.8 x K,/K,., 
= 1.3 x lo5 M - l s - '  and k, = 1.0 x lo7 x K, 
= 7.1 x s- ' .  Thus values o f k , ,  k,, k,, and 
Ic, have been obtained for the l-methyl-3- 
nitroquinoliniuni cation, and theoretical curves 
based on eqs. 1 and 2 for this cation are indicated 
by dashed lines in Fig. 2. The differences between 
the experimental and calculated curves in this 
figure clearly indicate the influence that a kinet- 
ically controlled product other than the thermo- 
dynamically most stable product has upon the  
rates of pseudobase formation and decomposi- 
tion. 

In Table 2, values for the parameters k , ,  k,, 
k,, and k, are compared for t h e  cation, 1, a n d  
the 2-methyl-4-nitroisoquinolinium cation (3). 
These two cations have somewhat similar pK,,, 
values, and the  similarity of the  values of the  
kinetic parameters for the two cations gives us 
further confidence that the analysis in terms of  
the reactions in Scheme 1 is correct. 

Support for the assignment of  4 as the kinet- 
ically preferred pseudobase and 2 as the thermo- 
dynamically more stable product is found in the  
studies of Severin and co-workers (2) on the re- 
duction of the 1-methyl-3-nitroquinolinium ca- 
tion, 1 ,  with sodium borohydride. Thus, although 
1,2-dihydro-I-methyl-3-nitroquinoline (red) is 
produced in this reduction, it subsequently rear- 
ranges to  the 1,Cdihydro isomer (yellow). These 
workers have also observed transient red species 
in reaction solutions (presumably 1,2-dihydro- 
quinolines) during the addition of carbanions t o  
cation 1, although in all cases only the yellow 
C-4 adducts could be isolated a s  reaction prod- 
ucts. 

Other examples of differences between the  
kinetically and  thermodynamically controlled 
products from nucleophilic addition reactions t o  
heteroaromatic systems are available in the litera- 
ture. Thus, although cyanide anion initially at- 
tacks pyridinium cations at  C-2 and C-6, these 
adducts rearrange t o  give the thermodynamically 
more stable 4-cyano-l,4-dihydropyridine isomers 
(4). Recent work has also shown that in solutions 
of sodium amide in liquid ammonia, the anion 5 
is initially formed by attack of amide ion o n  
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. I 1 1  307 

TABLE 2. Comparison of kinetic parameters* for pseudobase formation 

k t  k2 k3 k4 
Cation PKROII (M-l  s-') (s-l) (M-I s-l)  (s-l) 

- 

I-Methyl-3-nitroquinolinium 6.82 2 . 8 ~  lo6 7.1 x 1 . 3 ~  lo5 0.43 

*At 2S0, ionic strength 0.1. 
tFrom ref. 3. 

M in the heterocyclic species. The spectrum of the un- SH2 stable species, 4, was obtained by mixing a solution (8.87 
x M )  of the cation, 1, with borax buffer, pH 10.3. 

N 
NH2 

!J Buffers used for kinetic studies were: succinate (pH 4-6); 
5 6 phosphate (pH 6-8); borate (pH 8-9.5); carbonate (pH  

9.5-11); phosphate (pH 11-12). 
quinoline, but this anion subsequently rearranges 
to the more stable C-4 adduct, 6 (5). This research was supported by an operating grant from 

the National Research Council of Canada, and the award 
of a Province of Ontario Graduate Fellowship to W.G.M. 

Experimental 
Materials 1. J .  W. BUNTING and W. G. MEATHREL. Can. J. Chern. 

I 1-Methyl-3-nitroquinolinium iodide was prepared as 50' 917 
1 previously described (1). Buffers used were those indi- *. T. SEvER'N, D. BATz3 and H. LERCHE. Chern. Ber. 

cated previously (3). 101, 2731 (1968). 
3. J .  W. BUNTING and W. G. MEATHREL. Can. J .  Chem. 

I Methods 51. 1965 (1973). 
General experimental methods were as previously de- 4. R . E .  L V ~ E  and G. J. GAUTHIER. Tetrahedron Lett. 

scribed (3). Rate measurements were made on a Durrum- 4615 (1965). 
/ Gibson stopped-flow spectrophotometer at  25', using 5 .  J .  A. ZOLTEWICZ, L. S. HELMICK, T. M. OESTREICH, 
i buffers of ionic strength 0.1 after mixing. Reactions were R. W. KING, andP. E. KANDETZKLJ. Org. Chern. 38, 

followed at  400 nm, using solutions that were 3.59 x 1947 (1973). 
I 
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I 3 C  Nuclear Magnetic Resonance Studies. 34. The 1 3 C  Spectra of Several 
Methylcyclopentanones and -cyclohexanones 

J.  B. STOTHERS AND C. T. TAN 
Deptrrtt,letit qf'Clretlri.stry, Ur~il'ersity of west err^ Ottttrrio, Lor~tlor~, Or~tctrio N6A 3K7 

Received July 13, 1973 

The I3C spectra of 16 methyl substituted cyclohexanones and 15 methylcyclopentanones have been deter- 
mined. These series were chosen as  model systems for the study of steric and conformation effects on I3C 
shieldings. Con~plete assignments of the individual signals were accomplished by intercomparison of the 
shielding data within each series and the trends observed are readily interpreted in conformational terms. 
Each of the cyclohexanones exists preferentially in chair conformations although there is evidence of 
ring distortion in the tetramethyl derivatives. The cyclopentanones apparently strongly favor half-chair 
forms with maximum puckering at  C-3 and C-4. In general, shielding differences between cis and t~.ntts 
isomers are pronounced and the assignment of stereochemistry for some cis-trnrlsdimethyl derivatives is 
illustrated. 

Further examples of marked rlesl~ieldit~g trends associated with sterically crowded 6 nuclei in syrz-axial 
arrangements are described. 

Les spectres de 13C de 16 mtthylcyclohexanones et de 15 mtthylcyclopentanones ont ttC enregistres. 
Ces series ont etC choisies comme references pour I'etude des effets steriques et conformationnels sur les 
blindages en I3C. L'assigne~nent complet des signaux a CtC effectue par intercomparaison des effets 
d'ecran a I'intCrieur de chaque strie et les tendances observees ont etC aisement interpretees en tern~es 
conformationnels. Toutes les cyclohexanones prksentent prkferentiellement des conformations chaises 
bien qu'apparaisse une deformation Cvidente du cycle dans les derives tetraniCthylCs. Apparemment les 
cyclopentanones prefcrent nettement les fornies demi-chaises avec Lln "effet gauche" maximum aux 
carbones 3 et 4. En general les differences d'ecran entre les isomeres c i . ~  et trmls sont prononckes et 
I'assignement de la sterkochimie de quelques derives cis-trnra dimithyles est decrit. 

D'autres exenlples de tendances marquees au dtblindage likes a I'encombrement sttrique de noyaux 
6 dans des arrangenients sj~n-axiaux sont decrits. [Traduit par Ic journal] 

Can. J. Chem., 52, 308 (1974) 

Introduction 

The res~llts of carbon-13 n.ni.r. st~tdies of a 
variety of cyclic systems have established that 
13C spectroscopy is a power f~~ l  method for 
stereochelnical assignments and confor~national 
analysis (1). Several six-membered ring systems, 
both mono- and polycyclic, have been examined 
in detail and in general it is found that axial 
substituents tend to  shield the neighboring 
carbons (C-1, -2, -3, -5, and -6 in a monosub- 
stituted cyclohexane) relative to their positions 
in the spectrum of the equatorial analogs. The 
variation of carbon shieldings with substitution 
in simple five-membered ring derivatives has 
received much less attention. Apart from studies 
of a variety of norbornyl derivatives (2) the 
only detailed examinations of cyclopentane 
derivatives is that of Christ1 et al. (3) in which 
several methylcyclopentanes, cyclopentanols, and 
cyclopentyl acetates were studied. We wish to  
report the results of a 13C n.m.r. investigation of 

'For Part 33, see ref. 126. 

a series of' 16 metliylcyclohexanones and 15 
methylcyclopentanones to compare the effects of  
methyl substitutiol~ in rings containing a trigonal 
carbon and to compare the trends observed for 
the two ring sizes. In addition, some pairs of  
cis-trans diniethyl derivatives were included to  
illustrate the shielding differences arising from 
geometrical isomerism demonstrating the utility 
of 13C n.m.r. for stereochemica1 assignments. 

Results and Discussion 

The I3C shieldings for the methylcyclohex- 
anones examined in this study a re  listed in Table 
1 and the data for the methylcyclopentanones 
are given in Table 2. While the results for cyclo- 
hexanone, its monomethyl derivatives and cyclo- 
pentanone and 3,5-dimethyl have been reported 
previously (4), these were re-examined to obtain 
a set of data for the entire series in a common 
solvent at  comparable concentrations. 

Methylcyclohexanones: sp3-carbon SI7ieldings 
For the parent ketone and its monosubstituted 
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STOTHEKS 4 N I l  T A N :  "C N.M.R. STUDIES. 3-1 309 

TABLE 1 .  I3C shieldingsa of some cyclohexanones 
-- 

- 

Substitution C-1 C-2 C-3 C-4 C-5 C-6 Me 

Nil 
4-Me 
4-t-BU 
3-Me 
cis-3,5-Me2 
trans-3,5-Me, 
3,3,5-Me, 
3,333-Me, 
2-Me 
cis-2,5-Me2 
trans-2,5-Me2 
cis-2,6-Me2 
trans-2,6-Me, 
2,2-Me, 
2,2,6-Me, 
2,2,6-Me,-4-r-Bu 

2,2,6,6-Mea 
2,2,6,6-Me4-4-I-Bu 

Oln p.p.m. from internal TMS in CDC13 solutions. 
bQuaternary carbon, 32.4 p.p.m. 
'Quaternary carbon, 32.0 p.p.m. 
dQuaternary carbon, 31.8 p.p.m. 

TABLE 2. 13C shieldings' of some cyclopentanones 
-- -- 

Substitution C-1 C-2 C-3 C-4 C- 5 Me 

Nil 
3-Me 
cis-3,4-Me2 
trans-3,4-Me, 
2-Me 
cis-2,3-Me, 
trans-2,3-Me, 
cis-2,4-Me2 
trans-2,4-Me2 
2,4,4-Me, 
cis-2,5-Me, 
trans-2,5-Me, 
2,2,4-Me, 
2,2,4,4-Me4 
2,2,5-Me, 
2,2,5,5-Me4 

"In p.p.m. from internal TMS in CDCl3 solutions. 

derivatives the assignments were straightforward 
(4). Since the methylcyclohexanones can be 
assumed to exist predominantly in chair con- 
formations having equatorial methyl groups, a 
comparison of the individual shieldings for 
specific carbons with those for the corresponding 
carbons in cyclohexanone furnished a set of 
substituent effects for equatorial methyl groups 
in this system. These values may be compared 
with those for methyl substitutions in cyclo- 

hexane (5) as shown in Table 3. From the values 
for equatorial 2- and 3-methyl groups, the 
shieldings for cis-2,6-, cis-3,5-, and trans-2,5- 
dimethylcyclohexanone were estimated and com- 
pared with those observed as a test of the 
additivity of these substituent effects. For the 1 1  
possible comparisons the average deviation 
between the predicted and observed values is 0.5 
p.p.m. with a maximum deviation of 1.1 p.p.m. 
To obtain an estimate of the substituent effects 
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TABLE 3. Methyl substituent effects on sp3 carbons in cyclohexane and cyclohexanone" 

Parent Substitution cc e Y 6 

Cyclohexaneb e-Me 
a-Me 
gem-Me2 - 

Cyclohexanone e-2-Me 

a-2-Me 

e-3-Me 

a-3-Me 
e-4-Me 

"In p.p.m. 
bResults from ref. 5. 

of an axial 3-methyl group, the shieldings of the 
cis-3,5-dimethyl and 3,3,5-trimethyl derivatives 
were compared and the differences adjusted for 
the known attenuation of the cr, p, and y effects 
caused by geminal methyl substitution (5b). 
These results are listed in Table 3. With these 
effects and the observed shieldings for 3-methyl- 
cyclohexanone the shieldings for trans-3,5- 
dimethylcyclohexanone were estimated and 
found to be in good agreement with experiment; 
the predicted and observed values, in paren- 
theses, are C-2,6, 48.3 (48.7); C-3,5, 29.7 (29.6); 

I and C-4, 39.2 (39.6) p.p.m. In a similar manner, 

I substi t~~ent effects were found for an axial 
2-methyl group by comparing the data for 

I 2-methylcyclohexanone and 2,2-dimethylcyclo- 
1 
I hexanone and for the cis-2,6-dimethyl and 2,2,6- 

trimethyl derivatives; these results are included 
in Table 3. As a test of the utility of these effects, 
the estimated shieldings for trans-2,6-dimethyl- 
cyclohexanone may be compared with those 
observed: C-2,6, 42.3 (42.7); C-3,5, 34.9 (34.8); 
and C-4, 19.3 (20.3) p.p.m. As a further test of 
these axial methyl effects, the individual 
shieldings for the two conformers of cis-2,5- 
dimethylcyclohexanone were predicted from the 
results for 2-methylcyclohexanone with the axial 
3-methyl effects operative at  C-5 and for 
3-methylcyclohexanone with the axial 2-methyl 

I effects operative a t  C-6 as illustrated in Scheme 
1. Assuming a 1 : 1 mixture of the two conformers 
at  equilibrium, the predicted shieldings for 
cis-2,5-dimethylcyclohexanone were obtained 

I 
from the averaged values for each carbon in the 

I two conformers: C-2, 44.8 (44.5); C-3, 30.9 
(31.3); C-4, 29.3 (30.1); C-5, 33.7 (32.8); and 
C-6, 45.7 (47.5) p.p.m., the observed shieldings 

are given in parentheses. Since an axial methyl 
at  C-5 has only one syn-axial interaction, it is 
reasonable that conformer A (Scheme 1) will 
predominate. For  a 4 :  1 mixture of A :B the 
predicted shieldings become: C-2, 44.9; C-3, 
30.7; C-4, 30.4; C-5, 33.7; and C-6, 46.9 p.p.m. 
which fit somewhat better with those observed. 
Thus, this sort of analysis provides a crude indi- 
cation of the equilibrium mixture but, as shown 
below, the methyl shieldings seem to give a 
better indication of the relative proportions of  
conformers. 

From Table 3 it is apparent tha t  the differences 
in substituent effects for axial and equatorial 
methyl groups are similar for both cyclohexane 
and cyclohexanone. The attenuation of the a 
effects of 2-methyl groups in the  latter system 
may be due t o  the concomitant y interaction 
between the methyl group and the carbonyl 
oxygen. A comparison of the individual effects 
for the axial methyls with those for the corre- 
sponding equatorial methyl groups reveals the 
consistent shielding trends associated with y 
interactions between the methyl groups and 
syn-axial ring protons, i.e. those at  C-4 and C-6 
in the case of a n  axial 2-methyl group. Although 
the number of model compounds from which 
these individual methyl substituent effects were 
derived is very restricted, the results of the tests 
for additivity described above indicate that the 
data in Table 3 may be useful fo r  estimations of 
shieldings in related systems. 

An additional examination of substituent 
effects is interesting, namely, the  perturbations 
produced by the  4-t-butyl group in the three 
examples included in this study. Comparison 
of their shieldings with those for the corre- 
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sponding ketones lacking the 4-r-butyl group 
shows the following effects: a, 21.1 + 0.5; P,  
1.0 + 0.5; y, -0.5 + 0.2 p.p.m. These are 
closely similar to the effects found for t-butyl- 
cyclohexane and trans- 1,4-di-t-butylcyclohexane 
(6), namely, 21.3, 0.5, and 0.1 p.p.m., respec- 
tively. The close agreement indicates that each 
of the 4-t-butyl substituted cyclohexanones 
exists preferentially in a chair conformation 
rather than a twist form for which one would 
expect somewhat different substituent effects. 
This is certainly not unexpected for 4-t-butyl- 
cyclohexanone and its 2,2,6-trimethyl derivative 
but is particularly interesting for the 2,2,6,6- 
tetramethyl isomer for which the syn-axial 
interaction of the axial methyl groups tends to 
increase the energy of the chair conformer. It 
may be noted that a variety of similarly sub- 
stituted heterocyclic systems (lc, 7, 8) have been 
shown to favor twist conformations and the ring 
carbon shieldings exhibit substantial deviations 
from those predicted by assuming additivity of 
substituent effects. 

The results for the ring carbon shieldings in 
the tetramethylcyclohexanones can also be 
compared with those predicted from the data for 
less highly substituted derivatives and the sub- 
stituent effects listed in Table 3. For example, 
the shieldings of the 2,2,6,6-tetramethyl deriva- 
tive may be estimated from the results for cis- 
2,6-dimethyl- and 2,2,6-trimethylcyclohexanone. 
These estimates together with the corresponding 
predictions for the 3,3,5,5-tetramethyl isomer 
are given in Table 4. There is good agreement 
between the estimated and predicted values for 
all but the carbons bearing the methyl groups 
suggesting that a major conformational change 

TABLE 4. Observed and estimated ringcarbon shieldings 
of tetramethylcyclohexanones" 

-- 

2,2,6,6-Me, 3,333-Me, 

Carbon Obs. Calcd. Obs. Calcd. 

OIn p.p.m. from TMS. 

does not occur for either tetramethyl system. 
Evidence confirming the chair conformation for 
the 3,3,5,5-tetramethyl ketone has been pre- 
sented by St.-Jacques et al. (9). The marked 
upfield shift found for the methyl-bearing car- 
bons may be indicative of distortion in these 
systems from perfect chairs as a result of the 
syn-axial interactions of two of the methyl 
groups. Additional indications of this are dis- 
cussed below. 

The variations in the methyl carbon shieldings 
also appear to provide conformational informa- 
tion. Equatorial 3-methyl carbons absorb near 
22.3 p.p.m. from the results for cis-3,5-dimethyl- 
cyclohexanone' and the 5-methyl in the 3,3,5- 
trimethyl derivative. These are selected as 
models in preference to  the 3-methyl derivative 
since the latter exists to  a small extent in a con- 
formation having an axial methyl group. The 
slightly greater methyl shielding of 3-methyl- 
cyclohexanone may be ascribed to this feature. 
Equatorial 2-methyl carbons are significantly 
shielded relative to the 3-methyl nuclei, ap- 
pearing near 14.6 p.p. m. The 7.7 p.p. m. upfield 
shift presumably arises from the y interactions 
of the a-methyl group with the carbonyl oxygen. 
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From the results for the trans-3,5- and trans-2,6- 
dimethyl isomers shieldings for axial 3- and 
2-methyl carbons can be estimated as 19.3 and 
17.4 p.p.ni., respectively, since the observed 
shieldings represent averaged values for axial 
and equatorial environment. The axial 3-methyl 
carbon is shielded relative to  its equatorial 
counterpart as expected because of the syn-axial 
interaction with the axial 5-proton. The observed 
3 p.p.ni. upfield shift is approximately half that 
exhibited by an  axial niethyl on a cyclohexane 
ring (10) which is entirely consistent with the 
difference in svt7-axial interactions between the 
two systems, since in the hydrocarbon an axial 
methyl is syn-axial with respect t o  two protons. 
It may be noted that the methyl shielding for 
3-methylcyclohexanone, therefore, indicates the 
presence of about 10% of the axial methyl con- 
former which agrees very nicely with an  ex- 
pected -AGo of - 1.3 kcal/mol ( I  la). In con- 
trast to the behavior of the 3-methyl group, an 
axial 2-methyl carbon is apparently deshielded 
relative to  its equatorial counterpart, indicating 
that the y interaction of an equatorial niethyl 
with the carbonyl'group has a greater shielding 
effect than the two syn-axial interactions of an  
axial 2-methyl group. 

The methyl shieldings for trans-2,5-dimethyl- 
cyclohexanone are essentially the same as the 
characteristic values for equatorial 2- and 
3-methyl groups as  noted above as  is expected 
for the diequatorial conformer which this mole- 
cule must adopt almost exclusively. For the cis- 
2,5-dimethyl isomer, however, two conformers 
.are in equilibrium but the observed methyl 
shieldings of 15.3 and 19.8 p.p.ni. differ sub- 
stantially from the values predicted for a 1 : 1 
mixture, 16.0 and 20.8 p.p.m. In fact, the ob- 
served values are close t o  those predicted for a 
4 : 1 mixture of A : B (Scheme 1) favoring the 
conformer having an axial 5-methyl, namely, 
15.2 and 19.9 p.p.m. Clearly, however, these 
I3C data d o  not permit a precise quantitative 
assessment of the equilibrium pop~~la t ions  but 
d o  indicate the bias of the system. 

In  those ketones having gem-dimethyl sub- 
stitution, the gem-methyl carbons are deshielded 
by the mutual P effects of each other (1). In  
methylcyclohexanes, this shift is 10.4 p.p.m. 
(56). Thus, the equatorial 3-methyl carbon in the 
3,3,5-trimethyl derivative is readily assigned to  
the 32.0 p.p.m. signal while the remaining methyl 

signal at 25.7 p.p.m. must arise from the axial 
3-methyl group. For the 2,2,6-trimethyl deriva- 
tive it is not possible to specifically assign the 
gem-methyl signals at 25.2 a n d  25.6 p.p.m. In  
both of the tetramethyl isomers which undergo 
rapid interconversion between equivalent con- 
formers only a single methyl signal is observed 
which must represent the averaged shieldings fo r  
axial and equatorial environments. In each case 
the observed signal is at  lower field than that  
calculated by simply averaging the  getn-dimethyl 
shieldings of the trimethyl derivatives. For  
example, if there were no additional perturba- 
tion on the ge17a-dimethyl shieldings the values 
for the 3,3,5-trimethyl derivative lead to a pre- 
diction of 28.9 p.p.m. for the averaged methyl 
shieldings in the  3,3,5,5-tetramethyl derivative 
but the observed value is 31.3 p.p.m. For the 
2,2,6-trimethyl and 2,2,6,6-tetramethyl cases, 
the corresponding values are 25.4 and 27.6 
p.p.m. In each case there is a difference of ca. 
2.3 p.p.m. Initially this finding seemed particu- 
larly surprising in view of the general tendency 
for sterically crowded carbons t o  exhibit upfield 
shifts. This generalization, however, refers 
specifically to y nuclei separated by three bonds 
whereas these syn-axial interactions are 6 effects 
involving nuclei separated by four  bonds. A t  the 
time of our first observations of these shifts, we 
were also examining a variety of other systems 
which contained similar spatial arrangements of 
methyl groups relative to hydroxyl and to other 
methyl groups. The general finding for syn-axial 
orientations, either Me...OH o r  Me...Me, is a 
clow17jeld shift (12) in striking contrast to  the 
trends for eclipsed or gauche y interactions. For 
the tetramethylcyclohexanones it is not possible 
t o  estimate the magnitude of the syn-axial 6 
effects since it is known that both geminal methyl 
carbons are deshielded by the syn-axial interac- 
tion of one (12). It is interesting that  the a-methyl 
shieldings of the 4-t-butyl-2,2,6,6-tetramethyl 
derivative, which is essentially a single con- 
former, give an  averaged shielding of 28.2 p.p.m. 
which is slightly lower than tha t  observed for 
2,2,6,6-tetramethylcyclohexanone, 27.6 p.p.m. 
This may arise from slightly different distortions 
of the ring in the two cases but, as  noted above, 
seems too small to  indicate a departure from a 
chair conformation. The fact that the de- 
shieldings of the syn-axial methyl carbons 
appear to be smaller than those found for more 
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rigid systems (12) suggests the presence of appre- The shielding for the P-methyl carbon in the 
ciable ring distortion to decrease the syn-axial 3-methyl, cis-2,4-dimethyl, and 2,2,4-trimethyl 
interactions. derivatives is 20.4 _f 0.1 p.p.m., while the 

Carbonyl Carbons 
The carbonyl carbon shieldings are most 

affected by axial cr-methyl substitution while 
equatorial cr-methyl groups produce smaller 
downfield shifts. Presumably this difference 
arises from the differences in steric interactions 
of the a-methyl groups with the carbonyl oxygen 
for the two orientations. More remote methyl 
substitution on the cyclohexanone ring has little 
affect on the carbonyl absorption. Thus, cyclo- 
hexanone carbonyl absorptions are readily dis- 
tinguished from those of cyclopentanones with 
the exception of the a-tetramethyl cases in the 
former systems. With increasing methyl sub- 
stitution a t  the a positions, the cyclopentanone 
carbonyls also exhibit a pronounced downfield 
shift such that the 226.4 p.p.m. shielding of 
2,2,5,5-tetramethylcyclopentanone is the most 
deshielded carbonyl carbon yet reported (1).  

Methylcyclopentanones : sp3-Carbon Shielditlgs 
The cyclopentanone ring exists in the half- 

chair form 1 with maximum puckering at C-3 
a 

and C-4 (1 lb) and consequently there are two 
orientations for methyl groups at either of the a 
and p positions, which, for convenience, are 
denoted axial (a) and equatorial (e) although 
these orientations are not strictly comparable to 
those in cyclohexane systems. Although little is 
known about the relative energies of the con- 
formations available to the methylcyclopen- 
tanones, the 13C results give some qualitative 
indications of the preferred conformers in a 
variety of cases. The methyl shieldings appear 
to be the more informative in this regard. With 
the assumption that conformations having axial 
methyls are less stable than their equatorial 
counterparts, some consistent trends emerge. 

cr-methyl shielding in the 2-methyl, trans-2,5-, 
and cis-2,4-dimethyl derivatives averages 14.3 
p.p.m. With these values representative of 
equatorial and pseudo-equatorial groups, respec- 
tively, it is apparent that the shielding influence 
of the carbonyl group at the a-methyl carbon is 
less than that found for the cyclohexanones. 
This is consistent with the larger dihedral angle 
between the carbonyl and the a-C-CH, bonds 
in cyclopentanones relative to that in cyclo- 
hexanones in which these bonds are nearly 
eclipsed. The similarity of methyl shieldings for 
cis-2,4-dimethylcyclopentanone with respect to 
the two monomethyl derivatives indicates that 
this dimethyl derivative is essentially diequa- 
torial. The same conclusion results from a com- 
parison of the ring shieldings with those pre- 
dicted by additivity of the substituent effects for 
each of the methyl groups; the latter were ob- 
tained by comparison of the shieldings of the 
monomethyl derivatives with those o f  cyclopen- 
tanone itself. For cis-2,4-dimethylcyclopen- 
tanone the predicted (and observed) shieldings 
are : C-2, 44.3 (45.6) ; C-3, 40.1 (40.9) ; C-4, 29.3 
(29.6); and C-5, 46.1 (46.1) p.p.m. The general 
trend toward higher field for all ring carbons in 
the trans-2,4-dimethyl derivative is consistent 
with the presence of axial methyl groups. Similar 
results obtained from the corresponding com- 
parisons for the 2,5-dimethyl isomers indicated 
that the trans isomer is essentially diequatorial. 
It is interesting that the a-methyl shieldings for 
cis-2,5- and trans-2,4-dimethylcyclopentanones 
are the same, 15.3 p.p.m., deshielded by 1 p.p.m. 
relative to their pseudo-equatorial counterparts. 
This trend toward lower field for axial a-methyl 
carbons is consistent with the cyclohexanone 
series. 

A comparison of the geminal methyl shieldings 
in the tri- and tetramethylcyclopentanones re- 
veals the same trend noted earlier for the cyclo- 
hexanones, namely, the  downfield shift exhibited 
by syn-axial methyl carbons. The 2,2- and 4,4- 
dimethyl carbons have averaged shieldings of 
27.4 and 30.1 p.p.m. in 2,2,4,4-tetramethylcyclo- 
pentanone, both of which are significantly down- 
field from the geminal methyl absorptions in the 
2,2,4- and 2,4,5-trimethyl derivatives, respec- 
tively. I t  may be noted that the remaining methyl 
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shielding in each of the latter compounds is 
similar to that for an equatorial methyl group 
indicating that each favors a specific conforma- 
tion. For 2,2,5,5-tetramethylcyclopentanone the 
averaged methyl shielding, 24.9 p.p.m., is very 
close to the a-methyl shieldings in the 2,2,4- and 
2,2,5-trimethyl derivatives, in sharp contrast 
with the situation for the cyclohexanone system 
but as expected for systems lacking syn-axial 
arrangements of methyls separated by four 
bonds. 

An additional feature illustrated bv the results 
for the cyclopentanone series concerns the 
trends exhibited by the vicinal methyl sub- 
stituents in the 2,3- and 3,4-dimethyl derivatives. 
I t  is well-established that closely neighboring 
vicinal methyl groups exhibit upfield shifts which 
increase with decreasing separation (1, 5). A 

~ - 

convenient, albeit approximate, indicator of the 
magnitude of the shift is provided by the dihedral 
angle relating the two methyl carbons (2c). As a 
consequence of the puckered nature of the half- 
chair conformation of cyclopentanone, the 
dihedral angles relating vicinal substituents differ 
markedly for equatorial-equatorial and axial- 
equatorial arrangements.   he dihedral angle is 
significantly smaller for the latter. This dif- 
ference accounts nicely for the more shielded 
methyl carbons in the cis-2,3- and cis-3,4- 
dimethyl isomers relative to  their trans counter- 
parts. The ring carbons of the cis isomers are 
shielded relative to those in the trans isomers, 
reflecting the greater steric crowding of the 
vicinal methyls as well as the shielding effects 
associated with axial methyl groups. The results, 
therefore, are readily interpreted in terms of the 
half-chair conformation of the cyclopentanone 
ring such that the trans-2,3- and -3,4-dimethyl 
isomers are dieauatorial and the cis isomers are 
equilibrium mixtures of axial-equatorial con- 
formers. 

Experimental 
Materials 

Most of the ketones examined in this study were com- 
mercially available (Aldrich Chemical Company and 
Chem Sample Company) and were used without further 
purification after checking by gas chromatography. 
Methylation (13) of cyclohexanone and 4-t-butylcyclo- 
hexanone provided samples of the 2,2,6-trimethyl and 
2,2,6,6-tetramethyl derivatives; separation of the isomers 
in each case was accomplished by gas chromatography 
on a 20% SE30 column. The 2,2,5-trimethyl- and 2,2,5,5- 
tetramethylcyclopentanones were similarly obtained from 

the mixture of 2,5-dimethylcyclopentanone isomers. 
Oxidation (14) of commercial 3,3,5-trimethylcyclo- 
hexanol afforded a sample of the corresponding trimethyl 
ketone. 

' C Spectra 
Solutions in deuteriochloroform (10-15% w/v) con- 

taining a few drops of TMS were examined in 5-mm 
tubes using a Varian XL-100-15 system operating a t  
25.2 MHz in the Fourier transform mode. With 2000 H z  
"sweep widths" and the available memory core, the peak 
positions were determined to  f 1 Hz. Off-resonance 
decoupling was employed to confirm assignments for 
methyl, methylene, methine, and quaternary carbons. 

We wish to thank the National Research Council of 
Canada for financial support of this study. We are grateful 
for the technical assistance of Mrs. C. Ferriera. 
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The E ~ ( f o d ) ~  induced shifts of the n.m.r. signals of various nitrosamines were studied at  a constant 
lanthanide concentration and also at  constant nitrosamine concentration. The  bound chemical shifts 
(A,) and binding equilibrium constants (K) were determined. The stoichiometry of the complexes 
appears to  be 1 :1 in CDC13 in agreement with the criteria of two types of existing tests designed to 
determine Eu-substrate ratio. On the basis of the experimental A, values, the molecular geometry of 
Eu-nitrosamine complexes were computed according to  the principle of pseudo-contact shift. I t  was 
concluded that the Eu atom complexed at  the oxygen of the nitroso group and that the conformations of 
nitrosamines in the complexes were basically the same as  those of uncomplexed nitrosamines. 

Les diplacements chimiques induits par I ' E ~ ( f o d ) ~  des signaux r.m.n. de diverses nitrosamines ont 
CtC CtudiCs pour une concentration constante en lanthanide et aussi pour des concentrations constantes 
en nitrosamines. Les deplacements chimiques dans le complexe (A,) et la constante de complexation (K) 
ont CtC determines. La  stoechiometrie des complexes se rCvele t t re  1 : 1 dans le CDC13 selon les criteres 
des deux types de tests existants pour determiner le rapport Eu-substrat. Sur la base des valeurs exptri- 
mentales A,, la geomCtrie molCculaire des complexes Eu-nitrosamine a ete calculee selon le principe du 
diplacement chimique de pseudo-contact. On a conclu que I'atome d'Eu complexe I'oxygene du groupe 
nitroso et que les conformations des nitrosamines dans les complexes sont dans I'ensemble les m&mes 
que celles des nitrosamines non-complexCes. [Traduit par le journal] 

Can. J .  Chem., 52,315 (1974) 

Introduction 
In recent years, the n.m.r. chemical shifts 

induced by paramagnetic lanthanide complexes 
have attracted widespread interest in assign- 
ments of the signals of complex organic mole- 
cules (1-4). Indeed, scattered in the recent 
literature, there are numerous cases of empirical 
applications of lanthanide shift reagents to gain 
first-order spectrum; the number is increasing 
exponentially. However, the application of this 
phenomenon has been recognized to be far 
reaching in that the magnitudes of the induced 
shifts should be related to  the spatial disposition 
of each proton with respect to the metal ion (1). 
Such information, in turn, enables chemists to 
examine the stereochemistry of an organic 
molecule. 

Because certain nitrosamines are potent pro- 
ducers of cancer in a variety of experimental 
animals (5),  they are candidates for serious 
consideration as human carcinogens. A sudden 
upsurge of interest in nitrosamines has arisen 
recently as a number of these compounds and 
their precursors have been found in foodstuffs 
(6). There is certainly a pressing need to know 
more about the chemistry of nitrosamines so 

'Revision received October 1, 1973. 

that highly sensitive analytical methods can be 
developed to describe the distribution of these 
compounds in the human environment. 

In connection with our photochemical studies 
of nitrosamines (ref. 7 and previous publications), 
we have been actively studying the stereo- 
chemistry of ground state nitrosamines (8, 9). 
The n.m.r. studies (8-10) have revealed that a 
nitrosamine molecule has a large charge separa- 
tion, such as in structure 1, with the negative 
pole residing at the oxygen atom. The chemical 
shifts of nitrosamines have been interpreted 
satisfactorily by an approximation of the aniso- 
tropic effects of the NNO group (8). This 
structure (1) has been supported by various 
physical measurements (11, 12). Among three 

possible heteroatoms for coordination, it has 
been shown that a proton complexes with the 
oxygen atom of the NNO group exclusively in 
solution (12, 14) and that Cu(I1) ion complexes 
with the oxygen as well as the nitroso nitrogen 
atom in the solid state (13). 
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Trisdipivaloyleuropium, Eu(dpm),, has been 
shown t o  induce shifts of the n.m.r. signals of 
the structurally related oximes. On the basis of 
the qualitative studies, whereas Wolkowski 
(15) has concluded that lanthanide coordinates 
with the oxygen atom rather than the electron 
lone pair of the nitrogen, Berlin and Rengaraju 
(16) have reached the opposite conclusion. I t  
has been shown that an amine generally forms a 
tighter complex with the Eu shift reagent than 
an  alcohol of comparable structure does (2, 17). 
In order t o  clarify the assignments of the n.m.r. 
signals, applications of Eu(dpm), shift reagent 
on rigid nitrosamine molecules have been 
reported by two groups recently (1 8, 19). 

The combination of these reports prompts 
us to undertake a quantitative study on 
lanthanide induced chemical shifts of dialkyl- 
nitrosamines. For this study, tris(2,2-dimethyl- 
6,6,7,7,8,8,8-heptafluoro-3,5-octanediote)europi- 
um, abbreviated as Eu(fod),, is utilized as the 
shift reagent. 

Experimental 
A commercially available Eu(fod), (Norell Chemical 

Co., Landing, N.J.) was stored over P2O5 and was used 
without further purification. Commercial CDCI, was 
used as supplied. Some nitrosamines were available from 
Eastman Kodak Co., Rochester, New York and others 
were prepared according to the procedure published 
previously (14). All nitrosamines were distilled twice or 
recrystallized repeatedly. The n.m.r. spectra were re- 
corded with a Varian XL-100 spectrophotometer at a 
cavity temperature of 37.5 "C. The least-square calcula- 
tion and plots were done with a Monroe 1670 Calculator 
and computer iteration calculations with an IBM 370. 

Method A :  N~clea r  Magt~etic Resonar~ce Studies ~c~ith 
Constarrt Nitrosanlitle Concentration [S] 

Approximately 50 mg of a nitrosamine was accurately 
weighed and was dissolved in 1 ml of CDCI, (concentra- 
tion [S] is 0.2-0.7 M).  T o  this solution measured portions 
(20-60 mg each portion) of Eu(fod), were added succes- 
sively and the n.m.r. spectra recorded. The downfield 
shifts (6)  of each proton were summarized in Table 1. 

Method B: N~lclear Magrletic Resotlance Studies with 
Cotlstant Lant/~anide Concentration [L] 

The stock solutions of Eu(fod), in CDCI, (-4 x 
M )  and a nitrosamine in CDCI, (4-5 M )  were 

prepared. The Eu(fod), solution (0.5 ml) and appropriate 
amount of nitrosamine solution were placed in a volu- 
metric flask and were diluted with CDCI, to 2 ml. The 
results were summarized in Table 2. Control experiments 
were run with various concentrations of N-nitroso-N- 
methylisopropylamine in the absence of Eu(fod),; within 
experimental and reading errors, the chemical shifts of 
protons were shown to be independent of concentration. 

Results 
Graphic Calculation 

The induced shifts of various protons (6 in 
p.p.m.) of a nitrosamine in method A were 
plotted against the mol ratio of Eu(fod), t o  
nitrosamine ([L:I/[S]) according t o  the equation 
6 = A,[L]/[S] derived by Armitage et al. (2,3). As 
this equation is operative only when [S] >> [L], 
the measurements obtained with [L]/[S] > 0.7 
(2) have been used to  draw straight lines by 
a least-square computation. Most  of the plots 
show reasonably good straight lines with cor- 
relation coefficients of better than 0.99 and 
converge at  the original point (within the range 
of k0.03 unit in the y-intercept) as predicted by 
the equation. I n  the case of the syn-a-CH of 
N-nitroso-N-met hylisopropylamine, the com- 
puted straight line deviates from the zero point 
by -0.045 unit. The chemical shifts of this 
proton were difficult to read accurately owing 
t o  the spread and  the low intensity. The recipro- 
cals of the slopes from these plots were taken as 
A,, the "bound" chemical shift of each proton. 
These A, values were appended at the end of 
each column in Table 1. 

The plots of the induced shifts of N-nitro- 
sodibenzylamine were found t o  be, among the 
cases investigated, the only exceptions in which 
the points exhibited definite curvature and the 
straight lines (computed using only [L]/[S] < 0.9) 
deviated considerably from the  zero point. 
We shall return t o  this case later. 

In  method B, concentrations of nitrosamine 
[S] were plotted against the reciprocals of the 
induced shifts (I/&), according t o  eq. 1 (2), 

[ l l  [Sl = [LlAB(1/6) - ( ( l /K)  + [LI) 
where A, is the  induced shift of the bound 
complex and K is the binding equilibrium 
constant. In these experiments the  mol ratios of 
Eu(fod), to nitrosamine, [L]/[S], were in the 
vicinity of 1/100 in order t o  ensure the appli- 
cability of the one-step binding model (2, 3). 
From these plots, A, and K were calculated 
from the slopes and y-intercepts, respectively. 
In  Table 3, these data were assembled together 
with the corresponding A, values obtained by 
method A for comparison. 

In the interactions of lanthanide shift reagents 
with a substrate, the stoichiometry of the 
complex is undoubtedly one of the  vital questions 
for which 1 : 1 complexation has  been assumed 
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TABLE 1. Downfield shifts of n.m.r. signals in nitrosamine-Eu complexes by method A* 

(a) N-Nitrosodimethylamine; [S] = 0.762 M 

Mol ratio 6 S-CH3 6 A-CH3 
[Ll/[s] (7.00) (6.31) 

(b) N-Nitrosodiethylamine; [S] = 0.529 M 
--- 
Mol ratio 6 S-CH, 6 S-CH, 6 A-CH, 6 A-CH3 

[Ll/[sl (6.46) (8.91) (5.93) 
- 

(8.64) 

0.052 0.24 0.13 0.16 0.11 
0.11 0.66 0.39 0.34 0.24 
0.18 0.97 0.53 0.54 0.34 
0.25 1.31 0.78 0.78 0.43 
0.30 1.65 0.99 0.87 0.53 
AB 5.52 3.31 3.01 1.74 

(c) N-Nitrosodibenzylamine; [S] = 0.234 M 
-- 

Mol ratio 6 S-CH, 6 S-o-H 6 A-CH, 6 A-o-H 
[LI/[sl (5.43) (2.75) (4.90) (2.75) 

(d) N-Nitrosodiisopropylamine; [S] = 0.425 M 

Mol ratio 6 S-CH 6 S-CH3 6 A-CH 6 A-CH, 
[LlI[sl (5.08) (8.82) (5.83) (8.51) 

- 

0.078 0.54 0.24 0.25 0.19 
0.15 1.03 0.51 0.49 0.29 
0.22 1.52 0.75 0.65 0.39 
0.30 2.12 1.02 0.95 0.65 
0.39 2.79 1.31 1.21 0.83 
AB 5.13 3.43 3.13 2.15 

(e) N-Nitrosodicyclohexylamine; [S] = 0.224 M 

Mol ratio 6 S-CH 6 S-2-CHz$ 6 A-CH 6 A-2-CH2 
[LI/[Sl (5.21) (8.1) (6.28) (8.1) 
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TABLE 1. (Continued) 

(f) N-Nitrosomethylethylamine; [S] = 0.645 M 

E isomer Z isomer 

Mol ratio 6 S-a-CH, 6 A-a-CH, 6 A-P-CH, 6 A-a-CH, 6 S-a-CH, 6 S-0-CH3 
[LI/[sl (6.99) (5.81) (8.64) (6.30) (6.40) (8.93) 

(g) N-Nitrosomethylbenzylamine; [S] = 0.354 M 

E isomer Z isomer 

Mol ratio 6 S-CH, 6 A-CH, 6 A-o-H 6 A-CH3 6 S-CHZ 6 S-0-H 
[Ll/[sl (7.08) (4.74) (2.72) (6.32) (5.25) (2.72) 

(h )  N-Nitrosomethylphenethylamine; [S] = 0.327 M 

E isomer Z isomer 
Mol 
ratio 6 S-CH, 6 A-a-CH, 6 A-p-CH, 6 A-o-H 6 A-CH, 6 S-a-CH, 6 S-p-CH, 6 S-o-H 
[LI/[SI (7.10) (5.72) (7.03) (2.85) (6.52) (6.28) (7.30) (2.85) 

(i) N-Nitrosomethylisopropylamine; [S] = 0.540 M 

E isomer Z isomer 

Mol ratio 6 S-a-CH, 6 A-CH 6 A-p-CH, 6 A-a-CH, 6 S-CHt 6 S-p-CH, 
[L:l/[sl (7.09) (5.24) (8.63) (6.40) (5.0) (8.89) 
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TABLE 1. (Concluded) 

( j )  N-Nitrosomethylcyclohexylamine; [Sl = 0.385 M 
-- 

E isomer Z isomer 

Mol ratio 6 S-CH, 6 A-CH 6 A-2-CH, 6 A-CH, 6 S-CH 6 S-2-CH, 
[Lll[s] (7.04) (5.70) (8.0) (6.38) (5.3) (8.0)$ 

0.10 0.86 0.48 0 . 3  0.46 1.2 0.3 
0.21 1.78 0.90 0 .6  0.89 2.25 0.6 
0.31 2.32 1.20 0.8 1.25 3.1 I . l e ;  0.95a 
0.43 3.23 1.70 0 . 9  1.71 4.2 1.6e; 1.2a 
0.54 3.95 2.04 1.1 2.18 5.3 2.05e; 1.5a 
AB 7.24 3.74 2.05 3.95 9.59 3.89e; 2.79a 

*The figures in parentheses represent the chemical shift o f  the corresponding protons o f  uncomplexed nitrosamine. The symbols S and A 
stand for syn and anti. The S-o-H and A-o-H are syn and anti orlho-protons. 

t l n  several cases, the chemical shifts were estimated from the integration curves due to the weak signals. 
$The corresponding 2-methylene signal is separated into the equatorla1 and the axial sig~lals. 

TABLE 2. Downfield shifts of the n.m.r. signals in nitrosamine-Eu complexes by method B 

(a) N-Nitrosomethylethylamine; [L] = 1.025 x M 
-- -- -- .- 

E isomer Z isomer 

[s] S-a-CH, A-CH, A-rJ-CH3 A-a-CH3 S-CH, S-rJ-CH3 
(MI 6 (116) 6 (116) 6 (116) 6 (116) 6 (118) 6 (116) 

0.65 0.05(20) 0.03(33) 0.02(50) 0.03(33) 0.055(18) 0.03(33) 
0.22 O.lS(6.7) 0.085(12) 0.04(25) 0.95(10.5) 0.16(6.3) 0.095(10.5) 
0.15 0.185(5.2) 0.10(10) 0.06(17) O.lOS(9.5) 0.20(5) O.llS(8.7) 

-- 

(b) N-Nitrosomethylisopropylamine; [L] = 1.025 x M 
-- 

E isomer Z isomer 

[s] S-a-CH3 A-CH A-rJ-CH3 A-a-CH, S-rJ-CH3 
( M )  6 (116) 6 (116) 6 (116) 6 (116) 6 (116) 

in most of the previous investigations. During 
the preparation of this manuscript, several 
reports (3, 20-24) dealing with higher stoi- 
chiometry have attracted our attention. Armitage 
and co-workers (20), by examining the linearity 
of a plot of [S] us. 116 for the 1 : 1 complex or 
that of [SI2 US. [S] 116 for the 1 : 2  complex, have 
established that the stoichiometry of Eu(fod),- 
norcamphor complex changes from 1 : 1 to 1 : 2 
upon changing the solvent from CCl, to CDC1,. 
When this method was applied to N-nitroso- 
methylethylamine, both types of plots were 
reasonably linear and did not allow differentiation 
of the stoichiometry. In the case of N-nitroso- 

methylisopropylamine, the former type of plots 
([S] us. 116) were definitely linear in contrast to 
curved graphs of the latter type of plots ([SI2 US. 

[SI 1/81. 
When the stoichiometric test proposed by 

ApSimon et al. (24) was applied,2 N-nitrosodi- 
cyclohexylamine exhibited the experimental point 

must be mentioned that application of this method 
to the plots of a well established 2:1 complex between 
3-(p-chloropheny1)-3,5,5-trimethylcyclohexanone and Eu- 
( f ~ d ) ~ ,  reported by Shapiro and Johnson Jr.  (Figs. 2 and 
3 in ref. 3), gives results in which the experimental points 
are either on the constructed line or below in disagreernent 
with the proposal of ApSimon et al. (24). 
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TABLE 3. Summary of "bound" chemical shifts and binding equilibrium constant 

(a) N-Nitrosomethylethylamine 

E isomer Z isomer 

S=a-CH, A-CH2 A-B-CH, A-a-CH, S-CH, S-B-CH3 

AB (method A) 8 .07 4 .24  2 .78 4 .85  8 .48 4.88 
A,  (method B) 7 .94 5.05 3 .70  4 .85  8 .87 4 .77 

K 55 20 70 43 34 82 

(b) N-Nitrosomethylisopropylamine 

E isomer Z isomer 

S-a-CH, A-CH A-0-CH, A-a-CH3 S-CH S-B-CH3 

AB (method A) 6 .80  3.81 2 .24  3 .75  12.7  3 .27 
A, (method B) 7.81 3.30 2.75 3 .98 - 3.24 

K 22 5  8 16 19 - 22 

lying below the lines constructed with slopes 
equal to the induced shifts observed for a high 
[L]/[S] ratio. In the case of N-nitrosodibenzyl- 
amine, those experimental points were found to  
lie above the constructed line. Since a high 
lanthanide concentration posed difficulties in 
the experiment, other nitrosamines could not be 
checked by an ApSimon-type experiment. In 
view of the fact that the plots of other nitro- 
samines by method A are rather similar to that 
of N-nitrosodicyclohexylamine, it is suggested 
that other nitrosamines also have 1 : 1 stoi- 
chiometry. Attempts to investigate stoichio- 
metry in CCI, with these methods gave more 
scatter of the experimental points and ambiguous 
results. 

Computation of the Complex Geometry 
Several computer calculations on  the deter- 

mination of the lanthanide position in a complex 
have been reported (25, 26). According to  the 
proposal of McConnell and Robertson (27) 
pseudo-contact shift is proportional to  the 
geometric factor given in eq. 2, in which the 
organic moiety has a fixed geometry. 

[2] A, = constant (3 cos20 - l)ly3 

where 0 is the 0-Eu..  . . H angle and y is the 
distance in A between Eu and H atoms. Our aim 
was to use the experimentally obtained bound 
chemical shifts (A,) as monitors and to calculate 
the Eu-0 bond length and the Eu-0-N bond 
angle by varying the conformer population of 
the nitrosamine in a 1 : 1 complex. In practice, 

ratios3 of AB1/A2 of various protons in the 
same nitrosamine, rather than bound chemical 
shift (AB) itself, were used to obtain the best 
computer fit for  the geometrical terms. This 
design cancelled the constant term in eq. 2 and 
also eliminated various possible effects, such as 
a change in the bulk magnetic susceptibility o f  
the solution from variation in [I,] and depend- 
ence of [S] on individual values of A,. 

In this computation, the geometric parameters 
of a nitrosamine were adapted from those data 
obtained from X-ray crystallography of nitro- 
samine-Cu(I1) complexes as well as those from 
electron diffraction measurement of uncom- 
plexed nitrosamines (13). T h e  N-N bond 
length of N-nitrosodimethylamine determined 
by the latter method is 1.34 A and that deter- 
mined by the former method is 1.26 A. As shown 
in Table 4, using either N-N bond length did 
not alter the result significantly. Assumptions 
were made that the Eu atom was coplanar with 
the N-N-0 plane (S), and, a s  an approxima- 
tion, that the nitrosamine had the most stable 
conformation in the orientation of the C-H 
bonds eclipsing with the NNO group as shown 
in 2 and 4 (10). An arbitrary set of the Eu-0 
bond length and the Eu-0-N bond angle was 
chosen and 0 a n d  y were calculated. The data of  
y and 0 together with ratios of AB1/AB2 (obtained 
from method A) were fed into the computer t o  
calculate the errors between the computed 
AB1/A2 values and the experimental ones. 

,A,', AD2 etc. are  the bound chemical shifts of protons 
1 ,  2, etc. in the same nitrosamine molecule. 
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TABLE 4. Parameters of the optimum geometry of the Eu-nitrosamine complexes 
- 

Conformer 
0-Eu bond N-0-Eu bond population (%)* 

Nitrosodialkylamine Isomer length (A) angle (O) 4 2 

Dimethyl 3.7 131 
Diethyl 3 . 8 t  129 

3.7$ 128 
Dibenzyl 3.6 129 
Dicyclohexyl 3.6 128 
Diisopropyl 3.7  131 
Methylethyl E 3.2 130 

(3.910 (130) 
Z 3.9 130 

(3.2) (130) 
Methylbenzyl E 3.6 130 

Z 3.7 128 
Methylphenethyl E 3.4 130 

(4.2) (129) 
Z 4.2 129 

Methylisopropyl E 3.7 131 
z 3.9 122 

Methylcyclohexyl E 3.5 130 

-- Z 3.6  126 
-- 

'The conformer population is defined as the time the particular C-H bond spends at the eclipsed position. 
tNitrosamine parameters derived from X-ray data. 
tNitrosamine parameters derived from electron diffraction data. 
§The figures in brackets are the alternative set o f  optimum parameters. 

In the next step, the effect on the errors of 
changing the conformation a t  the syn and anti 
side was computed. First, the proportion of the 
C-alkyl eclipsed conformation on the sya side 
(5) was successively increased by 5%, holding 
the conformation on the anti side (2) unaltered; 

2 4 

atili-CH eclipsed sytr.CH eclipsed 

3 5 
anti-CR eclipsed syn-C R eclipsed 

then the C-alkyl eclipsed conformation on the 
anti side (3) was increased, similarly holding the 
conformation on the syn side (4) unaltered. This 
process was repeated t o  obtain the lowest % 
error by varying the Eu-0 bond length and the 

Eu-0-N bond angles. From this series of 
computations, we obtained the minimum value 
of combined individualerrors between calculated 
and experimental ratios of AB'/AB2. With the 
optimum geometric parameters, the  individual 
errors were generally less than 4%. At the 
optimum conditions, there are only three cases 
where the individual errors were about  10%; for 
these cases the individual errors were found to be 
relatively insensitive to variations in the geo- 
metric parameters, e.g., change in the bond 
angle of + lo, in the bond length of $- 0.3 A, and 
in the conformer population of f 5%. For these 
cases, an alternate set of optimum geometric 
parameters was also presented in Table 4. These 
computations yield the % time in which a C-H 
bond (conformation 2 or  4) spends at  the 
eclipsed position and is designated a s  conformer 
population in Table 4. 

Discussion 
Previous4 workers (8-10) have shown the 

presence of E and Z isomers for an  unsym- 

4The Z-E nomenclature (20) is adapted to describe the 
geometric isomers and syn-utlli nomenclature is exclu- 
sively reserved to describe the locations of proton with 
respect to NNO orientation. 
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metrical nitrosamine and observed the signals 
due to syn- and anti-protons when nitrosamines 
are examined by n.m.r. spectroscopy owing to 
the restricted rotation of the N-N bond. 
The n.m.r. spectra are generally complex al- 
though they can be interpreted with a certain 
degree of accuracy if the alkyl groups in the 
nitrosamine are simple. It has been confirmed 
by intramolecular comparisons of symmetrical 
nitrosamines and intermolecular comparisons 
of unsymmetrical ones that, for acyclic nitro- 
samines, the n.m.r. signals of the syn-methyl and 
syn-methylene protons resonate at a higher field 
than those of the corresponding anti-protons, 
but the relation is reversed for the methine 
protons. As shown in Tables 1 and 2, the bound 
chemical shifts (AB) resulting from Eu complexa- 
tion invariably produce greater downfield shifts 
for the syn-protons than for the corresponding 
anti-protons. As a consequence, for each nitro- 
samine, crossover of the chemical shifts occurs 
at a certain Eu(fod), concentration at  which the 
syn-protons resonate at a lower field than the 
anti-protons. On the basis of the principle 
incorporated in the geometric factor of eq. 2, 
this general trend of A, values suggests that the 
Eu atom is coordinated with the nitroso oxygen 
and not with the lone pair electrons of either 
nitrogen atom. In this connection, aromatic 
solvent shifts on nitrosamines have been proven 
to be just the opposite in every respect; the 
anti-protons are shielded more than the corre- 
sponding syn-protons (8-10). 

For the A, values obtained by method A, it 
has been pointed out by the previous workers 
(2, 3) that the bound chemical shift (AB) is 
dependent on nitrosamine concentration [S]. In 
the present experiments, [S] is purposely set high 
in order to fulfill the necessary conditions of 
[S] >> [L] and K[S] >> 1 that are required in the 
simplification of the graphic operation (2). 
Indeed, at  the range of [S] = 0.3-0.7 M in 
nitrosamine, we have found A, varies only 
slightly in a few cases. In theory, method B is 
more amenable for calculation of A, and K. In 
practice, however, since the necessary approxi- 
mations of 1/K > [S] and F << A, must be met 
for operation of eq. 1 (2), the valid nitrosamine 
concentration [S] is fairly low which leads to 
feeble n.m.r. signals for accurate reading of the 
chemical shifts. With the concentration range 
used in the present experiments and in those 
published (2), the graphic calculation of A, 
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and K by method B is at best a good approxi- 
mation. From these reasons, we feel that the 
A, value obtained from method A is more 
reliable than that obtained from method B;  the 
former set of A, values has been used for compu- 
tation of the geometry of the  nitrosamine 
complex. 

As can be seen in Table 3, the A, values 
obtained by methods A and B are generally in 
good agreement. The binding equilibrium con- 
stants (K) calculated with respect to various 
protons in the same molecule are, however, not as 
self-consistent as they should be. It can be seen 
that whenever A, calculated by method B is 
smaller than that calculated by method A, the 
corresponding K is at the high extremity. Since 
the previous workers (2) have shown that A, 
obtained by method A is generally lower by 
5-10% than A, from method B, these high K 
values may not be accurate figures. If we discard 
these high K values, the average binding constant 
(K) can be estimated to be ca. 40 for N-nitro- 
somethylethylamine and ca. 20 for N-nitroso- 
methylisopropylamine. In spite of the heavy 
concentration of electron density at the nitroso 
oxygen atom in a nitrosamine, it is surprising 
that these K values are smaller than those of 
n-propylamine and neopentanol (K >, 100) (2). 

In Tables 5, 6, and 7, in order to  correlate the 
geometric factors (Eu-0-N bond angle and 
Eu-0 bond length), bound chemical shifts, 
conformer populations, and other parameters of 
the relevant nitrosamines are collected together 
according to the types of a-protons. The bound 
chemical shifts (AB) of the syn-a-methyl protons 
of various (E)-methylnitrosamines correlate 
inversely with the corresponding Eu-0 bond 
length qualitatively but fail to correlate with 
Taft o* constants (29). The picture is pretty 
much the same with A, of the syn-a-methylene 
protons. In Table 6 the A, of the corresponding 
anti-protons of the same nitrosamines are also 
listed in the third column to  show that the same 
trend of decrease on A, with those of the syn- 
protons can be observed although not the same 
type of protons are compared. The optimum 
Eu-0-N angles remain relatively constant 
in the vicinity of 130 + lo as would be expected 
in coordination with an analogous series of 
nitrosamines unless steric hindrance limits the 
availability of the space. In the computation, a 
change in the Eu-0-N bond angle from 130 
to 128" increases A, by approximately 25%. 
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TABLE 5. Correlation of syn-methyl chemical shifts 

(E)-Nitrosomethyl- 0-Eu bond* N-0-Eu bond Taf t t  
alkylamine AB length (A) angle (") G* 

Ethyl 8.1 3.2 
Cyclohexyl 7.2 3.5 
Isopropyl 6.8 3.7 
Benzyl 6.0 3 .6  
Methyl 5.7 3.7 
Phenethyl 4 . 6  4 .2  

*The optimum bond length obtained from the computation (Table 4) are adapted. 
?Reference 21 (positive values are electron withdrawing substituents). 

TABLE 6. Correlation of syn-methylene chemical shifts 

A B N-0-Eu 
0-Eu bond bond angle Conformer 

Nitrosodialkylamine syn anti* length (A) ("1 population (%) 

(Z)-Methylethyl 8.5 4 .9  3 .2  130 100 
(Z)-Methylbenzyl 6.4 3.3 3 .7  128 90 
Dibenzyl 5 .8  3.1 3.6 129 90 
Diethyl 5.5 3.0 ' 3.8 129 100 
(Z)-Methylphenethyl 5 .2  2.9 4 .2  129 100 

*Ag of the corresponding anti-a-proton in the same nitrosamine isomer. 

TABLE 7. Correlation of syn-methine chemical shifts 

N-0-EU 
0-Eu bond bond angle Conformer 

Nitrosodialkylamine AB length (A) ("1 population (%) 

(Z)-Methylisopropyl 12.7 3.9 122 70 
(Z)-Methylcyclohexyl 9.6 3 .6  126 70 
Dicyclohexyl 6 .9  3.6 128 85 
Diisopropyl 5.1 3.7 131 90 

However, in this bond angle range, it has been 
noted that the calculated individual pseudo- 
contact shift for the eclipsed proton (HI)  is 
smaller than that for the noneclipsed proton 
(H2), although the latter is located farther from 
the Eu atom than the former. This indicates the 
control of the angular factor 8 in eq. 2. 

In Table 7, it is shown that AB values of syn-a- 
methine protons correlate well with both the 
Eu-0 bond length and the Eu-0-N bond 
angle. In terms of stereochemistry, the compres- 
sion from the bulky secondary alkyl groups (iso- 
propyl and cyclohexyl) displaces the Eu position 
toward the less hindered &ti side and the angular 
factor varies more drastically than the distance 
factor. In the last column of Tables 6 and 7, the 
percentage of time the syn-methylene and syn- 
methine protons spend in the eclipsed position is 
tabulated. At the present stage there is no way to 
ascertain whether the computed conformation of 

the complexes represents the actual shape. How- 
ever it is noteworthy that the computed "con- 
former populations" of N-nitrosodiisopropyl- 
amine in the Eu complex are generally in good 
agreement with those of the uncomplexed parent 
nitrosamine (10). The latter figures are obtained 
by correlating the pertinent chemical shift data 
with stability of various conformations (10). This 
shows that the conformation of a nitrosamine is 
not altered significantly in the Eu complex. Final- 
ly it should be mentioned that the population 
ratios of the E and Z configurational isomers of 
the unsymmetrical nitrosamines examined are 
virtually unaltered, whether free o r  complexed 
with Eu(fod),, as shown by the n.m.r. integra- 
tions. 

The authors wish t o  thank the National Research 
Council of Canada for financial support and  Mr. J. M. 
Pastucha for recording n.rn.r. spectra. 
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Metabolites of Hyalodendron sp.: Bisdethiodi(methy1thio)hyalodendrin 

GEORGE M. STRUNZ, CHRISTOPHER J. HEISSNER, MASATOSHI KAKUSHIMA, 
A N D  MERLYN A. STILLWELL 

Cntlndicr~z F o r e s t q ~  Service, P.O. Box 4000, Fr.edericfo~l, New Brrrr~sn)ick 

Received September 7,  1973 

Spectroscopic studies and chemical correlation with hyalodendrin show that a new metabolite of 
Hynlodetidrot~ sp. is bisdethiodi(methylthio)hyalodendrin (3-benzyl-6 hydroxymethyl-l,4-dimethyl-2,s- 
dioxo-3,6-di(methy1 thi0)piperazine). 

Les t t i ~ d e s  spectroscopiques et une correlation chinlique avec I'hyalodendrine dkmontrent q u ' i ~ n  mtta- 
bolite nouveau d'une esptce d'Hynlorlet~rl,oti est la bisdethiodi(mtthylthio)hyalodendrine (3-benzyl-6- 
hydroxymtthyl-l,4-dim~thyl-2,5-dioxo-3,6-di(m~thylthio) piperazine). 

Can. J .  Chem., 52,325 (1974) 

A recent addition to  the group of biologically gens give rise to multiplets at  6 7.12 (2H) and 
active epidithiodiketopiperazine fungal metab- 7.26 p.p.m. (3H). A n  AB quartet centered at  6 
olites (1) is hyalodendrin (I),' produced by a 3.44 (2H, J = 14 Hz) represents the benzylic 
Hyalodendron sp. (2, 3). We report here the protons, and demonstrates the tetrasubstituted 
isolation and identification of a new, related character of the neighboring carbon atom. 
metabolite, bisdethiodi(methylthio)hyalodendl.in Coupling with the hydroxyl proton ( J  = 6 and 
(2), produced in culture by this organism. 7 Hz), as well as geminal coupling ( J  = 12 Hz) 

is observed for the two hydrogens attached to  
Cy3 0 the primary carbinol center, and they appear as 

0 C H 2  - +$cH20H 
doublets The hydroxyl of doublets proton at  6 is 3.14 manifested and 3.85 p.p.m. as a 

broadened unsymmetrical "triplet" a t  6 1.43; as o 2~~ expected, irradiation at  314 Hz collapsed the 
1 signal for the carbinol protons to a n  AB quartet 

( J  = 12 Hz). Singlets (3H each) a t  6 3.03 and 
C\H3 0 3.29 p.p.m. represent the methyl groups on the ocH2 amide nitrogens, and  singlets (3H each) at  6 2.13 

and 2.30 p.p.m. are assigned to  two methylthio - 
CH3S groups (5-7), which can only be located at the 

0 CH3 3 and 6 positions of the diketopiperazine sys- 
tem, as in structure 2. The presence of benzyl 

2 and -CH20H functionality, as well as the two 
Comparison of the spectroscopic charac- me th~ l th io  groups was confirmed by the mass 

teristics of the new metabolite, C ,6H22N203S2 ,  spectral fragmentation Pattern (see Ex~erimen- 
with those of hyalodendrin (I), indicated that tal section). Ions a t  n.l/e 132 and 72 can be 
the former compound is also an N-methylserine- rationalized in terms of the cleavages indicated 
N-methylphenylalanine diketopiperazine, bear- in Scheme 1 (c.f. ref. 8). 
ing substitution at  the 3 and 6 positions. Correlation with hyalodendrin corroborated 
2 displayed i.r. absorption indicative of amide the formulation 2. Thus, treatment of  the former 
and hydroxyl functionality, as well as peaks with sodium borohydride in the presence of 
attributable to  a monosubstituted phenyl group methyl iodide and ~ ~ r i d i n e  (5) at 0" gave a 
(see Experimental section) (2, 4). In the n.m.r. di(methylthi0) ether, identical in all respects 
spectrum (220 MHZ, CDCI,), the phenyl hydro- with the metabolite 2. Sodium borohydride 
-- reduction of epidithiodiketopiperazines pro- 

'The absolute configuration of the bridged diketo- ceeds with of 5). 
piperazine system of hyalodendrin is antipodal t o  that of Isolation of bisdethiodi(methy1thio) modifi- 
gliotoxin (2). cations of epidithiodiketopiperazine metabolites 
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has precedents in similar derivatives of sporides- 
min (9, acetylaranotin (6), and acetylapoara- 
notin (7). Since these metabolites lack the 
striking biological activity of their bridged 
counterparts (1, 9), it is not surprising that 2 was 
devoid of antifungal activity in a series of 
bioassays (3). 

Experimental 
See ref. 1 for description of instrumentation, etc. 'The 

220 MHz n.m.r. spectrum of 2 was recorded for a solution 
in deuteriochloroform on a Varian HR-220 instrument 
at  the Canadian 220 MHz N.M.R. Center, Ontario 
Research Foundation. 

Isolatior~ of Metabolites 
The production and isolation of hyalodendrin have 

been detailed elsewhere (2, 3). Material extracted with 
chloroform from filtered culture medium which had 
supported growth of Hyalodendrorr sp. for 10 to 12 days 
was chromatographed on a column of silica gel (Kieselgel: 
IOC-200 mesh, Gebr. Herrmann, Koln). Elution with 
benzene~hloroform (7 :3) afforded hyalodendrin (after 
crystallization, ca. 100 mg/l of culture medium) as de- 
scribed previously (2, 3). Bisdethiodi(methy1thio)hy- 
alodendrin (2) was subsequently eluted with benzene- 
chloroform (1 :I) and further purified by recrystallization 
from methylene chloride - cyclohexane to give colorless 
needles, m.p. 140-140.5"; [aIDZ3 +64" (c, 1.071 in 
CHCI,); v,,, (KBr) inter alia, 3375, 1660, 1644, 1636, 
1499, 1375, 735, and 700 cm-I ;  v,,, (CCI,) 3570, 1657, 
and 1380 cm-' ; h,,, (EtOH) i 220, ca. 260 nm (inflec- 
tion, E -900). The n.m.r. data are given in the text. 
Mass spectrum inter alia, m/e 354 (low intensity, 
M + ), 323 ( M  - CH,OH)+, 307 (base peak) ( M  - 
SCH3)+, 277 ' (M - SCH3 - CH20)  +, 276 ( M  - 
SCYs - CH20H)C, 263 ( M  - C7H7)+,  260 (M - 
SCH, - SCH,)+, 132 (C,H,,N)+, 91 (C7H7)+, and 72 
(C3H6NO) +. Accurate mass measurements : 307.1 107 
(Cl5HI9N2O3S requires 307.1 116), 132.0809 (CeHloN 
requires 132.081 3). 

Anal. Calcd. for C 1 6 H 2 2 N ~ 0 3 S ~ :  C, 54.21; H, 6.26; 
0 ,  13.54; N, 7.90; S, 18.10. Found: C, 54.18; H, 6.30; 0 ,  
13.41; N, 7.95; S, 18.02. 

L .  VOL. 5 2 ,  1974 

While growth of Hyaloder~dror~ sp. in liquid culture as 
described above (3) leads to isolation of 1 as the major 
metabolite, longer fermentation periods appear to favor 
the formation of 2. 

Concersion of Hyaloderidrin into 2 
A solution of hyalodendrin (200 mg) in pyridine (1 ml) 

was treated with methyl iodide (5 ml) a t  0' in a nitrogen 
atmosphere. An ice-cold solution of sodium borohydride 
(100 mg) in methanol (7 ml) was added dropwise to  the 
stirred suspension and  the resulting pale yellow solution 
was stirred for 30 min at  0°, during which the color faded. 
Additional methyl iodide (1 ml) was added and the solu- 
tion was allowed to attain room temperature during 3 h. 
The resulting pale yellow solution was evaporated in 
cacuo at 30 to 40" and the residue was taken up into 
methylene chloride and water. The aqueous phase was 
adjusted to p H  6 by addition of 1 N HCI and the organic 
layer was then washed with water, dried (MgS04), and 
evaporated. Preparative layer chromatography of the 
residue on a silica gel plate using the solvent system 
benzene-hexane-acetone (5 :4 : 1) afforded 21 5 mg of 
crude crystalline bisdethiodi(methylthio)hyalodendrin, 
which was recrystallized from methylene chloride - 
cyclohexane to give 188 mg (86%) colorless needles, m.p. 
138-140". Crystals melting at 139.5-140' were obtained 
on further recrystallization from methylene chloride - 
cyclohexane. Comparison of chromatographic behavior 
and spectra, and mixture melting point determination 
established the identity of the product with the natural 
metabolite 2. 

We thank Mr. A. I. Budd, University of Alberta, 
Edmonton, for the accurate mass measurements. 
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Vibrational Spectra and Structures of the Solid Phases of Germane 
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Dip~rtetnetzt cle Chitnie, Utliversite' c/e Slzerbrooke, Slzerbrooke, Qlribec 
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This paper reports the i.r. and Raman spectra of the four solid phases of GeH,. Pure and  mixed 
isotopic crystals have been examined. Marked spectral changes are observed at every transition. The 
interpretation of the spectra, based upon the Halford-Hornig approach, provides information on the 
crystal structure of each form. Phase I is plastic and molecules probably lie a t  sites of symmetry T o r  T,. 
The spectra of the two intermediate phases are consistent with site symmetries of either D2,, S,, C3", or 
CB but the two former are favored. The stable phase below 63 "K is of lower symmetry, the molecules 
lying at  sites of either D,, C,,, Cz, C,, or C, symmetry. Possible factor groups are proposed for phases 
11,111, and IV. The molecules are found to occupy only one set of equivalent sites in each of the phases. 

On a enregistre les spectres i.r. et Raman des quatre phases solides de la moltcule GeH4 et ceux de la 
molecule GeD, presente a basse concentration dans le GeH,. Chacune des transitions conduit a des 
modifications marquees des spectres. L'interpretation de ceux-ci, baske sur I'approche Halford-Hornig, 
procure des renseignements sur les structures cristallines de toutes les phases. La phase I est une phase 
plastique oh les molecules occupent probablement des sites de symetrie T ou T,. Les spectres des deux 
phases intermediaires sont compatibles avec des symitries de site D,,, S4, C3", ou C3 bien que les deux 
premiers groupes soient consideres plus probables. La symetrie de la phase stable en dessous de  63 "K 
est plus basse; les molCcules sont situies sur des sites de  symktrie D2, C,,, C,, C, ou CI .  On propose 
certains groupes facteurs pour les trois phases de plus basses temperatures. O n  a trouve que les molecules 
occupent un seul ensemble de sites equivalents dans chacune des phases solides. 

Can. J. Chern., 52,327 (1974) 

Introduction 
Infrared and Raman spectroscopy often yields 

valuable information on the structure of molecu- 
lar crystals (1). The information provided by 
these techniques is particularly useful when the 
more direct methods of investigation of the struc- 
tures are not easily applicable. This is the case 
for all the hydrides of Group IV. We have, for 
this reason, undertaken a vibrational study of 
this group of molecules and have already re- 
ported some progress on methane (2) and silane 
(3). In this paper, the infrared and Raman spectra 
of the various solid modifications of germane 
will be reported and analyzed with the aim of 
obtaining information on the structures of the 
various solid phases. 

A calorimetric investigation (4) has shown that 
germane exhibits three solid-solid phase trans- 
formations around 76, 73, and 63 OK. Therefore 
GeH, exists under four crystalline modifications 
labelled, in order of decreasing temperature, I to 
IV. Clusius and Faber (4) have observed that 
except for phase I, all phases are strongly 
birefringent. 

The gas-phase i.r. spectrum has been obtained 
(5) with a resolution sufficient to resolve the lines 
due to  each isotopic modification of the natural 

mixture. The isotopic shifts are smaller than the 
usual bandwidth found in solids and hence it is 
expected that no isotopic structure will be ob- 
served in the solid state spectra. 

The i.r. spectra of some of the condensed 
phases were also previously recorded (6, 7) but 
the work was not carried out under the best 
experimental conditions and the spectra were not 
analyzed in terms of the symmetry of the crystal 
lattice. The work presented in ref. 7 is very ex- 
tensive and contains an interesting discussion of 
frequency shifts which occur upon condensation 
from the gas. 

Experimental 
The GeH4 used in our  experiments was obtained from 

the Matheson Co; the stated purity was 99.99x and has 
been used without any purification. T h e  GeD,, from 
Merck, Sharp, and Dohme of Canada, Ltd., was analyzed 
by mass spectrometry and found to contain about 10% 
of the mixed hydrogenated species. Therefore the vibra- 
tional spectra of the neat crystals of GeD, were not 
recorded. Mixed crystals containing 0 . 3 z  GeD4 in GeH, 
were used for the i.r. experiments whereas for the Raman 
experiments the concentration of GeD, was increased 
to 1.8%. 

The i.r. spectra were obtained with a Perkin-Elmer 
(Model 125) prism-grating spectrometer calibrated with 
reference to the I.U.P.A.C. tables (8). The  spectral slit 
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, , , I ,  I I 1 , 1 1 1  

2120 2100 2080 930 910 890 840 820 800 
FREQUENCY ( CM-1) 

FIG. 1 .  Pure GeH, in phase I. (A) Infrared spectrum of a I 11 thick sample at 92 OK. (B) Raman spectrum at 95 OK. 

width varied in the range 0.5-0.9 cnl-' and the frequency 
accuracy was 0.5 cnl-I for sharp peaks. 

The Raman spectra were recorded using a Jarrell-Ash 
(Model 25-100) double monochron~ator, a Coherent 
Radiation Laboratory (Model 52A) argon ion laser, an 
ITT (FW-130) phototube cooled to -60 "C, and a photon 
counting detection system. The spectra were calibrated 
with reference to plasma lines from the laser and emission 
lines from neon (9). The frequencies for sharp peaks are 
accurate to within 1 cm-I or better and the resolution 
varied froni 0.5 to 2.5 cni-I depending upon the intensity 
of the various bands. 

The cryostats and cells used have been previously 
described (2, 3). The crystals grown froni the liquid phase 
were perfectly transparent in phase I but invariably 
shattered at the phase transition. 

Results and Discussion 

In the gas phase, the symmetry of the molecule 
is T,; therefore it has four normal modes of 
vibrations. These are labelled: v, ( A , ) ,  v, (E), 
v, (F,), and v, (F,). All four are Raman active 
while only the two F, modes are allowed in i.r. 
Forbidden modes often become active in the 
solid through crystalline perturbations but the 
intensity of such modes was always found to be 
very low. In the present study we have failed to 
detect any i.r. absorption in the region of the 
forbidden transitions even when samples 50 
times thicker than those necessary to record v, 
and v, were used. Accidental frequency coinci- 
dence between v, and v, makes it impossible to 
check for possible i.r. absorption due to the v, 
vibration. 

Natural germanium is a mixture of five iso- 
topes: 70Ge (20.5%), 72Ge (27.4%), 7 3 ~ e  (7.8x), 
74Ge (36.5x), and 76Ge (7.8x). The gas-phase 
frequencies of the v, vibrations for the lightest 
and heaviest germane molecules differ only by 
1.2 cm-'  and smaller isotopic shifts are expected 
for v , ,  v,, and v, and since the spectral slit widths 
of the instruments used in the present investiga- 
tion are at least 0.5 cm-' it cannot be expected 
that isotopic splitting will be resolved. The five 
~~nresolved components will produce rather wide 
lines particularly in the v, region where the iso- 
topic shifts are largest. 

Vibratiorlal Spectra and Structure of Phase I 
The i.r. and Raman spectra of neat crystalline 

GeH, in Phase I are reproduced in Fig. 1, and 
measured frequencies are listed in Table 1 .  The 
spectra of the liquid are not reproduced here but 
it is interesting to note that no noticeable spec- 
tral changes were observed upon solidification. 
The bands were found to be wide both in the 
l i q ~ ~ i d  phase and in the solid phase I. The widths 
of the bands observed for the pure solid were 
characteristic of the plastic phases for related 
n~olecules (2, 3, 10). Although all the bands 
observed for the phase I solid, with the possible 
exception of v,, appeared to result from the 
overlapping of two or more components, it was 
impossible to determine the exact number of 
components responsible for the wide bands 
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TABLE I .  Vibrational frequencies of neat GeH, crystals (cm-') 

Crystal I Crystal I1 Crystal 111 Crystal IV 

Infrared Raman Infrared Raman Infrared Raman Infrared Raman Assignment 

found in any of the vibration regions. Therefore 
it was impossible to carry out an analysis of the 
spectra of the neat crystal that would lead to  a 
characterization of the site or factor groups. One 
should note the different band shapes, widths, 
and frequencies of the i.r. and Raman v, spectra. 
It is clear that the i.r. absorption in the v, region 
is complicated by reflection losses. The complex 
Raman spectrum in the v, region r e s ~ ~ l t s  from a 
superposition of quasi-longitudinal and trans- 
verse frequencies. A similar phenomenon was 
observed in the v, region of the Raman spectrum 
of the high temperature phase of CF, (10). 

The spectra of mixed isotopic solutions in 
phase I are interesting if one compares the band 
widths of the guest and host species. The infrared 
and Raman spectra of GeD, at low concentra- 
tion in GeH, are reproduced in Fig. 2, and mea- 
sured frequencies are listed in Table 2. Although 
the band widths of v , ,  v,, and v, of the un- 
coupled GeD, n~olecules are comparable to  
what they were in the spectrum of the pure 
crystal of GeH,, the v, i.r. band of the uncoupled 
molecule is much sharper than that for the pure 
crystal (3 cm-' as opposed t o  15 cm-l) .  This 
relatively narrow and symmetrical band of v, for 
isolated GeD, may be a true singlet. This would 
indicate a high iite symmetry. Since the site 
group ought t o  be a sub-group of the point group 

symmetry of the free niolec~~le, hence only T and 
T, site symmetries are acceptable. 

Vibrational Spectra a17d Str~rctures of 
Pl7ases If and III 

The i.r. and Ranian spectra of GeD, at low 
concentration in phase I 1  GeH, are reproduced 
in Fig. 3 and Fig. 4 shows the corresponding 
spectrum for phase 111. Upon transition from 
phase I to  phase I1 all bands become sharper. 
This reflects increased ordering of t h e  molecules 
in phase 11. The transition from phase I1 to  phase 
I11 is not accompanied by a change in the num- 
ber of observed spectral features bu t  only by a 
sharpening of the lines. Therefore the  same site 
symmetries will be found compatible with the 
spectra of both phases I1 and 111. The triply 
degenerate modes yield i.r. and Raman doublets, 
while v, and v,  are respectively wide and narrow 
Raman singlets. However, in view of  the width 
of the v, band it is believed to be a n  unresolved 
doublet: If this is the  case, the site symmetry is 
either S, or D,, but  if, on the contrary, the E 
mode remains degenerate the site symmetry is 
either C, or  C,,. The  sharp single v, component 
indicates that only one set of equivalent sites is 
occupied by the molecules in each of the two 
phases. 

The  i.r. and Raman spectra of pure crystalline 
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FREQUENCY (CM-1) 

FIG. 2. Mixed crystal in phase I. (A) Infrared spectrum of GeD, (0.3%) in GeH, at 92 OK. (B) Raman spectrum 
of GeD, (1.8%) in GeH, at 95 OK. 

TABLE 2. Vibrational frequencies (cm-') of GeD, isolated in crystalline GeH,* 

Crystal I Crystal I1 Crystal I11 Crystal IV 

Infrared Raman Infrared Raman Infrared Raman Infrared Rarnan Assignment 

'Concentration of GeD,: 0.3% for the i.r. and 1 . 8 9  for the Rarnan. 
t v 2  is a weak Raman band. A spectral slit width of2.5 cm-I had to be used in order to be able to record this band. 

GeH, in phases I1 and I11 are reproduced in 
Figs. 5 and 6 respectively. The vibrational fre- 
quencies are listed in Table 1. When compared to 
the spectra of phase I those of phases I1 and I11 
are found to exhibit several changes. The v2 
region may seem the less affected but one should 
note the increased width of this band in phase I1 
relative to phase I ;  in phase I11 the width de- 
creases to what it was in phase I. The most 
striking modifications appear in the v, Raman 
band where there are three well separated peaks 
instead of the broad feature found in phase I. 
It is believed that the two lower frequency peaks 
are transverse components associated with v, 
while the peaks at 826.5 cm-' and 822.2 cm-I 
in phases I1 and I11 respectively are longitudinal 

components. Evidently the same type of compli- 
cation should be observed in the v, region and 
indeed it is believed that the 2106.8 cm-' peak 
in the spectrum of phase I1 is a longitudinal 
component associated with v,. Similarly, in the 
Raman spectrum of phase 111, it is believed that 
the two sharp features at 2104 and 2099 cm-' 
are also longitudinal components. If the crystal 
density, the index of refraction, and the ap/aQ 
were known one could check the validity of this 
proposed assignment by using the Hass-Hornig 
relation (1 1) which relates these quantities to the 
transverse and longitudinal frequencies. Unfor- 
tunately the data is not available and the calcu- 
lation cannot be carried out. Since it is likely that 
some of the modes are longitudinal components 
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1530 1510 1490 670 650 630 595 575 
FREQUENCY ( C M - I )  

FIG. 3. Mixed crystal in phase I1 at 75 OK. (A) Infrared spectrum of GeD, (0.3%) in GeH,. (B) Raman spectrum 
of GeD, (1.8%) in GeH,. 

FREQUENCY ( C M - ' 1  

FIG. 4. Raman spectrum of GeD, (1.8%) in GeH, phase 111 at 64 OK. 

there is some uncertainty in the number of active 
components in the Raman spectra. Although 
these longitudinal frequencies are not i.r. active, 
weak features are, under certain conditions, 
observed in the i.r. spectrum around the longi- 
tudinal frequencies (12, 13); this appears to be 
the case in these spectra. As a consequence of the 
ambiguity in the assignment of the observed 
features the factor group analysis will be more 
speculative than it usually is in this type of study. 
Nevertheless the analysis has been carried out 
based on the number of modes remaining after 
the exclusion of the bands believed to result from 
the longitudinal frequencies. This leaves us with 
the same number of bands in both phases I1 and 
111: two for each of the two i.r. and Raman F2 
modes and one for the sharp Raman A ,  mode. 

The band observed in the v 2  Raman region is so 
wide that it most likely contains several un- 
resolved components. Therefore it seems prefer- 
able not to use this band in the selection of 
acceptable factor groups. Table 3 lists pairs of 
site and factor groups compatible with the 
spectra. Centrosymmetric structures are ex- 
cluded since they can never yield separate longi- 
tudinal and transverse Raman frequencies (14). 
Furthermore the elimination of the cubic groups 
is dictated by the observed birefringence for the 
crystal in phases I1 and 111 (4). 

Vibrational Spectra and Structure of GeH, 
below the h Point at 62.9 OK 

The i.r. and Raman spectra of uncoupled 
GeD, molecules in a crystal of GeH, below the 
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FIG. 5. Pure GeH, in phase I1 a t  75 "K. (A) Infrared spectrum of a 1 thick sample. (B) Rarnan spectrum. 

FREQUENCY ( C M 4 )  

Pure GeH, in phase 111. (A) Infrared spectrum of a I y thick sample at 72 OK. (B) Raman spectrum at 

h point at 62.9 OK are reproduced in Fig. 7. The 
components observed in the spectra of the 
isolated molecules in phase I V  are sharper than 
those in any of the higher temperature phases. 
The degeneracy of the gas phase F, modes has 
been completely removed and both the i.r. and 
Raman spectra display three components in any 
of the appropriate regions. (Weaker lives ob- 
served in the v, region of the i.r. spectrum result 
from imperfect compensation of atmospheric 
water vapor and should be ignored.) The v, 
region reveals a single band, although any site 

group compatible with the splitting of the F2 
modes into three components (D, ,  C,,, C,, C,, 
and C,) necessarily removes the degeneracy of 
the v,(E) mode; thus the observed wide band 
(5.8 cm-') consists of an unresolved doublet. 

The i.r. and Raman spectra of a pure crystal 
of GeH, in phase IV are shown in Fig. 8. The 
peak at  821.2 cm-' in the v, Raman region is 
thought to be due to a longitudinal component. 
A weak band is also observed in the infrared 
region at the same frequency. Similarly the 
higher frequency peaks in the v, region of the 
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FREQUENCY ( C M - ' 1  

FIG. 7. Mixed crystal in phase IV. (A) Infrared spectrum of GeD, (0.3%) in GeH4  at  10 "K. (B) Raman  spectrum 
of GeD, (1.8%) in GeH, at  20 "K. 

- 

2120 2100 2080 930 910 830 810 790 
FREQUENCY ( CM 'I 

FIG. 8. Pure GeH, in phase IV. (A) Infrared spectrum of a 1 11 thick sample at  15 OK. (B) Raman spectrum at 30 OK. 

Raman spectrum are probably also longitudinal portions of the Raman spectrum. Although the 
components. The v,-v, region of the Raman v, band is not split, it is wide and likely to result 
spectrum is very complicated and is not useful from two or  more unresolved components. In 
for a factor group analysis. The infrared spec- the v4 region it is likely that the three low fre- 
trum is also not helpful since it is complicated by quency components are  transverse modes asso- 
strong reflection. Therefore we are left, for a ciated with the high frequency longitudinal mode 
factor group analysis, with only the v, and v4 but it cannot be excluded that both  lines at 
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TABLE 3. Site and factor groups compatible with the number of i.r. and 
Raman bands of GeH4 in phases I1 and 111 

-- 

Infrared Raman 
-- 

Site Factor A1 E Fz A1 E FZ Crystal system* 

Dz, D2 d 0 0 2  1 2 2  Tetragonal (7) 
s4 s4 0 1 2  1 2 2  Tetragonal (2) 
CB u c3 u 1 1 2  1 1  2  Trigonal (3) 
c3 c3 1 1 2  1 1 2  Trigonal (2) 

'The number in parenthesis is the number o f  space groups compatible with each set of site and factor groups. 

TABLE 4. Site and factor groups compatible with the number of i.r. and 
Raman bands of GeH4 in phase IV 

Infrared Raman 

Site Factor A1 E FZ A1 E Fz Crystal system* 

C I  C I  1 2 3  1 2 3  Triclinic (1) 
c, cs 1 2  3  1 2 3  Monoclinic (2) 
c2 c2 1 2 3  1 2 3  Monoclinic (2) 
CZ u cz , 1 1 3  1 2 3  Orthorhombic (5) 
Dz D2 0 0 3  1 2 3  Orthorhombic (4) 

*The number in parenthesis is the number o f  space groups compatible with each set of site and factor groups. 

higher frequencies are longitudinal components. 
We therefore suggest that the factor group 
analysis be carried out with these three com- 
ponents being considered. (Any of the site groups 
found compatible with the splitting observed in 
the spectra of GeD, isolated in GeH, requires 
that a minimum of three components be found 
in both the v, and v, regions of the i.r. and 
Raman spectra.) The reported birefringence 
excludes the cubic groups and the existence of 
separate longitudinal and transverse frequencies 
is incompatible with centrosymmetric crystals. 
With these assumptions one arrives at  the pos- 
sible symmetries listed in Table 4 but the factor 
group analysis ought to be regarded as very 
tentative; it is correct as long as our  assumptions 
are valid. 

Final Reinarks and Coi7clusioi7s 
The analysis of the vibrational spectra of GeH, 

as a pure crystal and of GeD, at low concentra- 
tion in a matrix of GeH, has proven to be more 
difficult than expected. The difficulties arise 
partly because the intense i.r. absorption of the 
neat crystals is accompanied by reflection which 
distorts the bands. The lines at the higher fre- 
quencies in the v, and v, regions of the Raman 
spectra are believed to be longitudinal com- 
ponents associated with the lower frequency 

transverse components; their presence makes the 
factor group analysis less certain. 

The spectra of the isotopic impurity in the 
mixed crystals are free from these problems; 
therefore the results extracted from their analysis 
may be considered well established. In particu- 
lar, the sharpness of the v,  singlet in all phases 
(except phase I) suggests that only one type of 
site is occupied in the solid phases. The spectra 
d o  not permit a unique choice of site group in 
any phase but lead to a limited number of accept- 
able site symmetries. These are :  T or T, for 
phase I ,  S, or  D,,, or  less likely C, or C,, for 
phases 11 and 111. For the phase stable below the 
63.9 O K  h point, five possible site groups were 
found compatible with both the  i.r. and Raman 
spectra; these are  C,, C,, C,, C,,, and D,. An 
analysis of the orientational effects on the spectra 
of isolated partially deuterated germane mole- 
cules in a matrix of GeH, could lead to a unique 
choice of site symmetries (2, 15) in the three 
phases stable a t  the lower temperatures but these 
compounds are not available t o  us at present. 

Although the work described in this paper is 
quite extensive it should not be considered more 
than a preliminary survey of the structures of the 
four solid phases of germane. Much more experi- 
mental data is necessary. In particular it is be- 
lieved that X-ray diffraction from the heavy 
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Infrared Spectra of Metal Bisfluorosulfates 
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The infrared spectra, over the frequency range 250 to 1400 cm-', of fourteen metal bisfluorosulfates 
are tabulated and discussed. The fluorosulfates of Fe(II), Co(II), Ni(II), Zn(II), Cd(II), Hg(II), Mg(II), 
and Ca(I1) give simple spectra which are assigned to the fundamental modes of vibration of fluorosulfate 
groups of C3a symmetry. The spectra of the Mn(II), Cu(II), Ba(II), Pb(II), and Sn(I1) compounds are 
assigned to fluorosulfate groups of reduced symmetry. The spectrum of Sr(I1) fluorosulfate suggests the 
presence of at least two non-equivalent fluorosulfate environments in this compound. The general features 
of the infrared spectra of compounds containing tridentate coordinated fluorosulfate groups are sum- 
marized. 

Les spectres infrarouges de quatorze bisfluorosulfates metalliques ont ete enregistres et discutes dans 
le domaine de frequence 250 a 1400 cm-I. Les fluorosulfates de Fe(II), Co(II), Ni(II), Zn(II), Cd(II), 
Hg(II), Mg(I1) et Ca(I1) donnent des spectres simples qui ont etC assignis aux modes fondamentaux de 
vibration de groupes fluorosulfates presentant la symetrie C3". Les spectres des composes avec Mn(II), 
Cu(II), Br(II), Pb(I1) et Sn(I1) ont CtC assignes en fonction de groupes fluorosulfates de symetrie reduite. 
Le spectre dil fluorosulfate de Sr(I1) suggere la presence d'au moins deux environnements fluorosulfates 
differents dans ce compose. Les traits generaux des spectres des composes presentant des groupes fluoro- 
sulfates tridentates sont resumes. [Traduit p a r  le journal] 

Can. J .  Chern.. 52.336(1974) 

Introduction beau and Milne (3) report only two  bands. In an 

There have been a number of reports recently 
on the preparation and characterization of metal 
fluorosulfate compounds, including binary metal 
mono- (1,2), bis- (3-8), tris-(3,9, lo), and tetrakis- 
(10, I I )  fluorosulfates, chloro- and organotin- 
fluorosulfates ( 1  1-14), oxyfluorosulfates ( 1  5-17) 
and methylcyanide complexes of metal fluorosul- 
fates (1 8). In most instances infrared spectra have 
been recorded and evidence regarding structure 
and bonding has been deduced from the number 
and energies of observed anion vibrations. The 
usefulness of infrared spectroscopy in such ap- 
plications is enhanced by comparisons of the 
spectra of closely related compounds, as has been 
done with the alkali metal fluorosulfates (2). 

The infrared spectra of calcium, zinc, copper, 
tin, and cobalt bisfl~~orosulfates (3, 7, 8) have 

attempt to resolve such discrepancies in the liter- 
ature and to  extend the range of metal bisfluoro- 
sulfates studied, we have reexamined the spectra 
of a number of compounds and  report for the 
first time the complete spectra (over the fre- 
quency range 250 to  1400 cm-') o f  the fluorosul- 
fates of divalent magnesium, strontium, barium, 
cadmium, mercury, manganese, iron, nickel, and 
lead. 

Experimental 
During all preparative manipulations care was taken to 

avoid exposing solutions and products to atmospheric 
moisture. Transferring of metal fluorosulfates from reac- 
tion vessels to storage ampoules and subsequent handling 
were done in a nitrogen atmosphere dry box. Vacuum 
filtrations and washings were done in a manner analogous 
to that described previously for the preparation of anhy- 
drous chlorosulfates (19). 

been reported in some and in- Calcirrt~r, Strotltirrtt~, Briri~itn, Tin, oitrrl Lead 
complete vibrational data are available on the Bisff~corosrilfntes 
manganese(lI), barium(ll), cadmium(Il), and The calcium, strontium, and barium compounds were 
some transition metal salts (5. 6). Some discrep obtained as described previously (20) by distilling fluoro- 

\ ,  , 

ancies appear where the same compounds we;e sulfuric acid onto the anhydrous chlorides until a clear 

studied by different workers. F~~ example, solution was obtained, followed by removal of excess acid 
under vacuum. This method was also used to prepare the 

Parent, and Vast (6) observed three tin and lead compounds and in the case of the former 
absorptions for calcium fluorosulfate in the SO, would seem to provide an easier route to  Sn(S03F), than 
stretching region, 1000-1400 cm-', while Gou- the preparation described in the literature (8). 
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ALL.EYNE ET .4L.: 1.11. S P E C T K  OF \.IE'fAL BISFLdUOIIOSUL-FA'IES 

TABLE 1. Analytical data 
-- 

Calculated (%) 
-- -- 

Found (%) 

Compound Metal S F Metal S F 

Magttesiritn, Nickel, and Irotl Bi~j7iioros11lj"ates 
These conlpounds were prepared by the reaction of an 

equimolar mixture of the appropriate anhydrous metal 

i chloride and potassium chloride with excess fluorosul- 
furic acid according to Goubeau and Milne (3). In the 
preparation of magnesium fluorosulfate the mixture was 

I allowed to react, with constant stirring, at  room tem- 
I perature and required about 2 weeks before a negative 
1 test for chloride In the filtered p r o d ~ ~ c t  ind~cated complete 

, reaction. In the preparation of the nickel and iron com- 
pounds the reaction was done under reflux conditions in 
an  atmosphere of nitrogen and in both instances reached , completion within 24 h. The  metal fluorosulfates were 
vacuum filtered, washed several times with fluorosulfuric 
acid and dried under vacuum at temperatures of 50 to 
100 "C. ' Mattguttere, Cobalt, l i t tc ,  Copper, a t ~ d  Cadtniirrti 

Bisf7riorosrr~crtes 
Cobalt(I1) fluorosulfate was prepared as described pre- 

viously (7) and the other compounds were prepared in an 
analogous manner by the reaction of the appropriate metal 
benzoate with excess fluorosulfur~c acid. In all cases rapid 
reaction occurred and the insoluble metal fluorosul- 

1 fates were filtered, washed several tlmes with fluorosul- 
furic acid, and dried under vacuum at temperatures of 50 
to  I00 'C. Anhydroi~s copper(l1) benzoate was prepared 
as described previo~~sly (21) and the other benzoates were 

I prepared by the reactlon of the metal chloride and sodium 
1 benzoate in aqueous solution, the filtered products being 

dried under vacuum at  room temperature. N o  attempt 
was made to character~ze these benzoate compounds but 
it should be noted that the infrared spectra of the cad- 

I 
mium and manganese benzoates showed the presence of  
water of crystallization In spite of the presence of water, no 
difficulties, such as  the formation of sulfate impurities, 
were experienced in the preparation of the fluorosulfate 
derivatives. Woolf found previously (4) that incompletely 
dehydrated salts yield good sulfate-free products on reac- 
tion with fluorosulfuric acid. Clearly the presence of water 

, may be tolerated when the desired metal fluorosulfate is 
insoluble in fluorosulfuric acid and can be washed free of 

the sulfuric acid formed by the reaction of water with 
fluorosulfi~ric acid. 

Merciiry(II) Flirorosi~l~ite 
This compound was prepared by the reaction of reagent 

grade mercury with excess peroxydis~~lfi~ryl difluoride ac- 
cording to the method of Roberts and Cady (22). 

Analytical data for metal fluorosulfates prepared in this 
work are given in Table 1. Iron was determined by titra- 
tion with potassium dichromate. All other analyses were 
obtained in the A.  Bernhardt microanalytical laboratories. 
The cobalt salt was not analyzed as its infrared spectrum 
was found to be in satisfactory agreement with samples 
previously prepared and analyzed in this laboratory (7). 

Infrared spectra were obtained on freshly prepared 
samples mulled in Nujol and hexachlorobutadiene and 
contained between KRS-5 (Harshaw Chemical Co.) plates 
which were sealed around the edges with plastic tape. 
Manipulations were carried out in a dry box and samples 
were run immediately o n  a Perkin-Elmer model 457 
spectrophotometer. Spectra were calibrated using poly- 
styrene film and frequencies are considered accurate to 
within ? 4 cm- ' .  Although all spectra were recorded over 
the frequency range 250 to  4000 cm- '  only the  region of 
the fundamental modes, below 1400 cm-' ,  is considered 
here. Attack on cell windows by the sanlples was not ob- 
served except for lead(I1) fluorosulfate. This compound 
attacks potassium bromide plates very rapidly and KRS-5 
and silver chloride plates more slowly. Good spectra were 
obtained for this compound by shielding the  plates from 
the mull using thin polyethylene sheets. 

Results 
Infrared data on all compounds studied in this 

work are recorded in Tables 2, 3, and 4. For as- 
signment purposes C,, nomenclature is used (3); 
where the symmetry of the fluorosulfate group is 
reduced below C,,, this is usually seen as a split- 
ting of the doubly degenerate E modes. 
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ALLEYNE ET .4L.: I .R.  SPECTR.A OF METAL BISFL.UOROSUIdFA.rES 

TABLE 3. Infrared spectra of transition metal bisfluorosulfates* 

Infrared freqeuncy (cm- l)  
C3" 

Mn(S03F), Fe(S03F), C O ( S O ~ F ) ~  Ni(S03F), C U ( S O ~ F ) ~  assignment 

Lattice 
mode 

'Abbreviations and approximate description of  vibrations as  in Table 2. 

Group IIA and IIB Bisj?uorosulfates 
The infrared spectra of magnesium, calcium, 

zinc, cadmium, and mercury bisfluorosulfates all 
show six medium to strong intensity bands which 
may be readily assigned to the six normal modes 
of vibration of C,, fluorosulfate groups. The 
spectra of Ca(SO,F), and Zn(SO,F), agree quite 
well with those reported earlier by Goubeau and 
Milne (3) with the exception that the v2 band 
frequencies observed here appear to be signifi- 
cantly higher than the previously reported values. 

TABLE 4. Infrared spectra of tin and lead 
bisfluorosulfates* 

Infrared frequency (cm- ') 

Sn (S03F)~  Pb(SO3F)z c3, assignment 

1290 sh 
1240 vs 1265 vs v4(E) 
1180 sh 1219 sh 

1062 s 1074 s vl(A) 

970 w Combination 
band 

606 m 
592 rn vs(E), v,(Ai) 

573 s 
(+ combination 

577 rn 
554 s 

bands) 
559 s 

403 m 408 w 
395 sh 399 w 1 va(E) 

*Abbreviations and approximate description of vibrations as  in 
Table 2. 

In contrast to this, the spectra we obtained for 
Mg(SO,F), and Ca(SO,F), differ significantly 
from those reported by Bernard, Parent, and Vast 
(6). These authors do  not tabulate frequencies 
but give spectra in diagram form over the fre- 
quency ranges 500-600 cm- and 1000-1400 
cm-'. There is qualitative agreement over the 
lower frequency range; however, the bands we 
observe in the 1000-1400 cm-' range are relative- 
ly sharper than those reported earlier and, in 
particular, we observe only one band near 1100 
cm-' as opposed t o  the two bands observed in 
the earlier work. Since sulfates are known to 
show strong absorptions in the 1000-1200 
cm- ' region (23), it is possible that the samples 
studied previously were significantly contami- 
nated with sulfate impurities. Goubeau and 
Milne report bands at  250 and 261 cm-'  in the 
spectra of Ca(SO,F), and Zn(SO,F), respective- 
ly which they assign to lattice, cation-anion 
stretching, vibrations. We did not observe these 
bands, no doubt because they occur too near the 
frequency limit of our equipment (250 cm-'); 
however, we do observe a band, presumably of 
similar origin, at 300 cm-' in the spectrum of 
Mg(SO,F),. The two weak bands at 581 and 574 
cm-' in the spectrum of Hg(SO,F), may be 
combination bands arising from coupling of 
fundamental modes with lattice vibrations. Such 
bands have been reported before in the spectra of 
Cs(S0,F) (2) and the methyl cyanide complex 
of zinc(I1) fluorosulfate (1 8). 

The spectrum of Sr(S0,F)2 which, to our 
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knowledge, has not been examined previously, 
shows a doubling of the bands expected for C,, 
fluorosulfate. The apparent splitting of all bands 
including the non-degenerate v,, v,, and v, vibra- 
tions suggests the presence of two non-equivalent 
fluorosulfate sites of approximate C,,  symmetry 
in the crystal lattice of this compound. The 
shoulder appearing at 1350 cm-' is probably the 
v, + v, combination band. 

The infrared spectrum of barium fluorosulfate 
may be assigned to fluorosulfate anions of re- 
duced, C,, symmetry. All modes, assigned in C,, 
symmetry to doubly degenerate vibrations are 
split while no indication of band splitting is seen 
in the non-degenerate v, and v, vibrations. The 
small splitting of 9 cm-' observed in the v, ( A , )  
band may be the result of the presence of two 
non-equivalent fluorosulfate sites as proposed for 
Sr(SO,F),; however, it is also possible that it 
arises from a coupling between equivalent anions 
in the crystal lattice as has been observed, for 
example, in potassium nitrate (24). Again, our 
spectrum of Ba(SO,F), differs significantly from 
that reported by Bernard et al. (6). These authors 
report a single, rather broad, v, and a split v, 
band. 

Trailsition Metal BisJIuorosulfhtes 
The infrared spectra of Cu(SO,F), and 

Co(SO,F), have been reported before and, except 
for the fact that we observe significantly higher 
values for the v, and v, vibrations of the copper 
salt, there is good agreement with the earlier 
work (3, 7). A band at 262 cm-', reported pre- 
viously for Cu(SO,F),, was not observed here, 
possibly due to the fact that it occurs too near 
the lower frequency limit of our spectrometer. 

The spectra of Fe(SO,F),, Co(SO,F),, Ni- 
(SO,F),, and Cu(SO,F), are readily assigned, 
the first three to fluorosulfate ions of C,, sym- 
metry and that of the copper salt to anions of 
reduced, C,, symmetry. Evidence for reduction in 
fluorosulfate ion symmetry below C3" is also seen 
in the spectrum of Mn(SO,F), where small split- 
tings are apparent in both v, and v, and a me- 
dium intensity band at 1359 cm-', appearing as a 
shoulder on a strong and relatively broad band at 
1297 cm-', suggests a splitting of the v, mode. 

Tin and Lead BisJIuorosulfates 
The infrared spectrum of tin(I1) fluorosulfate 

was reported recently by Birchall, Dean, and 

Gillespie (8). The spectrum we have obtained for 
this compound shows better resolution of bands 
in the region above 1000 cm-I; otherwise, it 
agrees well with the published one. The spectrum 
of lead(I1) fluorosulfate is very similar to that of 
the tin compound and both may be assigned to 
the fundamental modes of C, fluorosulfate ions 
plus combination and overtone bands as de- 
scribed previously for Sn(SO,F),. The two bands 
in the v, (SF stretch) region may be accounted 
for by assigning one to 2 x v, (Birchall et al. 
assigned the higher frequency band in Sn(SO,F), 
to this overtone) and the other t o  v,. 

Discussion 

Of the fourteen metal bisfluorosulfates studied 
here, eight (M = Fe, Co, Ni, Zn, Cd, Hg, Mg, 
Ca) have infrared spectra which can be unam- 
biguously assigned on the basis of C,, anion 
symmetry. In none of these spectra is there any 
indication of symmetry lowering below C,, at the 
resolution of the instrument used (-3 cm-I) or 
of the presence of anions in non-equivalent sites 
in the crystal lattice. For the anion to maintain 
C,, symmetry any metal-anion coordination in 
these compounds must involve tridentate fluoro- 
sulfate groups in which all three oxygen atoms 
are involved in coordination to metal ions in an 
equivalent manner. One possible structure of this 
type is the tridentate bridging structure proposed 
recently for cobalt(I1) fluorosulfate (7). 

A comparison of the spectrum of the ionic C,, 
fluorosulfate, CsS0,F (2), with the spectra of 
these divalent metal fluorosulfates permits an 
assessment of spectral changes accompanying in- 
creased metal-anion interactions, in the absence 
of symmetry lowering, and should provide cri- 
teria useful in identifying the tridentate form of 
fluorosulfate coordination. The SF stretching vi- 
bration, v,, shows the most pronounced shift, 
going from 715 cm-' in the cesium salt to 855- 
862 cm-' in the divalent metal salts. Making 
similar comparisons involving v,, v,, and v, we 
note consistent, though much smaller, increases 
in frequency: from 1078 to 1089-1 142 cm- ' for 
v,, from 558 to 559-571 cm-' for v, and from 
585 to 598-619 cm-' for v,. The frequency of 
the v, vibration does not change significantly and 
v,, which is at -- 1295 cm-' in CsS0,F occurs 
at about the same frequency in Mg(SO,F), but 
shifts to lower frequencies (1221-1270 cm-') in 
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the other seven divalent metal compounds. The 
general criteria for identifying tridentate fluoro- 
sulfate groups would seem to be a C,, spectrum 
with a shift in v,, compared to CsSO,F, of - 100 
cm-' or more to higher frequencies accompanied 
by smaller increases in v,, v,, and v, and a de- 
crease in v,. Other workers have recently sum- 
marized the spectral changes observed on going 
from ionic SO,F groups to lower symmetry 
monodentate or bridging bidentate SO,F groups 
(9). 

We turn now to a brief discussion of the six 
metal bisfluorosulfates (M = Cu, Ba, Mn, Sr, 
Sn, Pb) which do not show simple C,, anion spec- 
tra. The spectra of Cu(SO,F), and Ba(SO,F), 
are readily assignable on the basis of C, fluoro- 
sulfate. Whether the lowering in symmetry in 
Ba(SO,F), is due to a reduction in the site sym- 
metry of the anion below C,, or to coordination 
with the cation is uncertain. In the case of 
Cu(SO,F),, on the other hand, it has been 
pointed out previously (3, 7) that the symmetry 
lowering is probably due to a form of fluorosul- 
fate coordination in which two oxygen atoms of 
each fluorosulfate group are more strongly 
bonded to the metal ion than the third. A similar 
form of coordination could account for the ap- 
parent reduction in symmetry of the SO,F ions 
in Mn(SO,F),. 

The spectra of Sn(SO,F), and Pb(SO,F), also 
indicate the presence of fluorosulfate ions of re- 
duced symmetry; however, these spectra are 
further complicated by additional bands which 
in the case of the tin compound, were previously 
assigned to combination and overtone bands (8). 
Such assignments are not entirely satisfactory 
since it is difficult to understand why the 2 x v, 
overtone, in particular, should appear so in- 
tense in the tin and lead compounds yet not ap- 
pear in the spectra of the other divalent metal 
fluorosulfates. The possibility that the two bands 
near 800 cm-' in each of these compounds are 
the v, vibrations of two non-equivalent fluoro- 
sulfates cannot be ruled out; although, this sug- 
gestion is not supported by an observed splitting 
of the v, vibrations. The evidence for the presence 
of two types of fluorosulfate groups is much 
clearer in the case of Sr(SO,F), where there is 
an apparent splitting of all fundamental modes 
giving the spectrum the appearance of two super- 
imposed C,, spectra. The postulate of non- 
equivalent anions in metal fluorosulfates is not 

without precedence. Yeats et al. (1 1) observed 
eight bands in the SO and SF stretching region 
of the spectrum of tin(1V) fluorosulfate which 
they assigned to the presence of two non-equiv- 
alent C, fluorosulfate groups. 

Previous studies on the vibrational spectra of 
metal fluorosulfates have indicated that the posi- 
tion of the SF stretching vibration, v,, is related 
to the polarizing power of the cation (3) and may 
therefore be used as a measure of cation-anion 
interactions in fluorosulfate compounds. It has 
been suggested that, as the polarizing power of 
the cation increases, withdrawal of charge 
through the oxygens of the anion by the cation 
increases, resulting in increased pn-dn bonding 
between sulfur and fluorine. Support for this 
explanation should come from bond length data; 
however, it appears that crystal structure studies 
of fluorosulfate compounds (25-29) are neither 
sufficiently extensive nor sufficiently accurate 
(the anions in the ammonium and potassium 
salts are disordered) to permit a meaningful 
analysis of SF bond length data. 

In the alkali metal series (2), the frequency of 
v, increases regularly with increasing polarizing 
power of the alkali metal cation. On examining 
the spectral data obtained in the present work 
on divalent metal fluorosulfates the onlv evidence 
for a similar trend is within the alkaiine earth 
series where v, for the barium salt is significantly 
less than v, for the calcium and magnesium salts 
(Table 2). Otherwise, considering all of the div- 
alent metal salts studied here, there is no correla- 
tion between v, and cation radius, nor is there a 
correlation with ionization energy, a property 
which has been used as a measure of polarizing 
power by other authors (6). Another indication 
that.  in^ fluorosulfates of multivalent metals, 
higher cation polarizing power does not neces- 
sarily result in a higher v, frequency, is the ob- 
servation that on going from iron(I1) fluorosul- 
fate to  iron(II1) fluorosulfate the frequency of v, 
actually decreases from 865 cm-' t o  850 cm-' 
(3). We conclude from this that the observation 
of a v, frequency above 800 cm-' is evidence 
only that cation-anion interactions are stronger 
than those present in ionic fluorosulfates. One 
should not take a group of compounds which 
have high v, frequencies and infer, from the 
relative values of v,, relative degrees of cation- 
anion interaction, o r  covalent character, as has 
been suggested recently (17). 
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Hydrated Electrons Produced by the Flash Photolysis of Co+, Ni+, Zn+, 
and Cd+ Ions 
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Chet)listty Deprrrtruer~t. Ur~i~,ersi ty  oj'Bt.itish Colrrr?lhirr, Vrrrlco~n~er, British Col~rrnhirr 

Received August 13, 1973 

Hydrated electrons are produced with a quantum yield of about unity when the low valence 
state ions C o f ,  Ni+, Zn+ ,  and Cd+ are photolyzed by light within theirabsorption bandscentered a t  -300 
nm. The observations seem to offer direct evidence that these absorption bands may be assigned as charge- 
transfer bands, and specifically as charge-transfer-to-solvent (c.1.t.s.). The ions are probably present as 
simple aquo complexes, since they were formed initially in very dilute aqueous solution from the divalent 
sulfate salts; but they may be solvated ion-electron pairs. C u +  ions do not show a similar strong charge- 
transfer band at  any wavelengths > 230 nm and the second maximum in the case of Co+ at 360 nrn is not 
of the c.t.t.s. type. 

The experiments used a double flash photolysis method whereby the first flash photolyzed Sod2  - with 
light at  h < 220 nm to produce hydrated electrons which then reacted with C o 2 + ,  Ni2+, Zn2+, o r  Cd2+ 
ions present at  to M. The short-lived monovalent ions so formed were photolyzed 10-300 ps 
later by the second flash of restricted wavelengths. 

Des electrons hydratCs sont produits, avec un rendement quantique presque unitaire, lorsque des ions 
a un ttat de valence vibrationnellement bas, Co+,  Ni+, Z n +  et Cd+ sont photolyses dans les limites de 
leurs bandes d'absorption centrees a -300 nm. Les observations effectuees tendent a prouver que ces 
bandes d'absorption peuvent Ctre attribuees a des bandes de transfert de charges et plus specialement 
de transfert de charges au solvant (c.t.t.s.). Les ions sont probablement presents sous forme de complexes 
aquo simples, puisqu'ils ont e t t  prealablement formes dans des solutions aqueuses tres diluies a partir 
des sels de sulfate divalent: cependant ils peuvent aussi &tre des paires ion-electron solvattes. Les ions 
C u +  ne possedent pas une bande de transfert de charges similaire a une longueur d'onde superieure a 
230 nm et, dans le cas de Co+ ,  le second maximum a 360 nm n'est pas du type c.t.t.s. 

On a realis6 les exptriences de photolyse en utilisant la methode de photolyse a double dkcharge selon 
laquelle la premiere decharge sert a photolyser (avec une lumiere dont h < 220 nm) pour pro- 
duire des electrons hydrates qui rkagissent avec les ions Co2 +, Ni2 +, Zn2+ ou Cd2+ prCsents a des con- 
centrations de a M. Les ions monovalents de courte durie, ainsi formis ont ensuite CtC 
photolysis 10 a 300 MS. plus tard a I'aide de la seconde decharge (avec une lumiere dont les longueurs 
d'onde Ctaient limitees). [Traduit par le journal] 

Can. J. Chem., 52,343 (1974) 

Introduction 
Hydrated electron studies have led to the dis- 

covery of many new chemical entities, of which 
the "hyper-reduced" transition metal ions form 
an interesting class. Pulse radiolysis studies have 
shown that several divalent metal ions (as aquo 
complexes) in water solution have very high re- 
activities towards e,,- and thereby form short- 
lived species having strong absorption bands 
centered at about 300 nm (1-3). These bands 
have been identified with the ground state of 
the unusual monovalent ionic states of the 
metals (3). At the present time the spectra for 
Co', Ni', Zn', Cd', A~O, and others are well 
documented through liquid phase pulse radiol- 
ysis. Some of these have also been observed 
trapped in acid glasses at 77 "K (4), in metaphos- 
phate glasses at room temperature ( 9 ,  and by 

e.s.r. studies in various types of glasses (5-7). 
Furthermore, the chemical reactivity of these 
low valence state ions has been studied exten- 
sively (8-1 1). 

Their near U.V. absorption bands have already 
been tentatively attributed to charge-transfer 
processes (1, 3, 5), largely on the basis of their 
high extinction coefficient and the spectral posi- 
tion of the band. Ago has a particularly large ex- 
tinction coefficient and it was possible in that 
case to  observe the band at 315 nm spectro- 
graphically (12). Flash photolysis of Ago in this 
band, and of TI0 at -300 nm, yielded e,,- (12) 
thereby providing evidence for the charge-trans- 
fer-to-solvent (c.t.t.s.) nature of these bands. 
This paper describes analogous experiments on 
the flash photolysis of Co', Ni', Cu', Zn', 
and Cd' . 
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TABLE 1. Transmission characteristics (relative to maximum) of Corning glass 
filters used between auxiliary lamp and reaction vessel 

Wavelength* (nm) of transmission 
Filter 
No. 3% 10% 50% 90% 97% 

'Error limit = f 3 nm. 
t 7-54 has a transmission band in the relevant region of the spectrum. The wavelengths in 

brackets indicate the long wavelength limits of  this band. The maximum transmission a t  -320 nrn 
is a n  absolute transmission of  899,. 

Experimental Method 
A double flash photolysis method was used for these 

experiments and has been described in detail previously 
(1 3). Hydrated electrons were produced in the first flash 
(called main flash) by 11.v. photolysis of S042-  ions. They 
reacted exclusively with the divalent transition metal ions 
present and then the product of that reaction was sub- 
jected to a second photolysis flash (called auxiliary flash). 
The a~ixiliary flash lamp was separated from the reaction 
vessel by a space in which light filters could be placed to 
restrict the range of wavelengths incident upon the re- 
action vessel from the auxiliary lamp. Transmission 
characteristics of the filters used are given in Table 1. The 
time interval between the firing of the two flash lamps 
could be varied at will from I 11s on. A 2 mW He/Ne con- 
tinuous-wave laser was used (with photomultiplier and 
oscilloscope) to monitor the concentration of e,,- in the 
reaction vessel during and after both photoflashes. In all 
the systems discussed here e,,- was the only transient 
species which absorbed the 633 nm laser light. 

Solutions were made from water which had been 
doubly distilled, pre-irradiated, and subsequently refluxed 
continuously until used for an experiment (1 3). Analytical 
grade Na2S04, NiSO,, CdS04, ZnS04, CuSO,, CoSO4 
hydrated salts were used to make up the solut~ons. 
Matheson prepurified Hz or Analar 2-propanol were 
used in some experiments as scavengers for oxidizing 
radicals and showed that none of the effects reported 
arose from these species. The solutions were deoxygenated 
by bubbling with pure He or Hz .  

Results are reported for solutions consisting of 
M N a 2 S 0 4  plus to M MS04, where M 

is Co, Ni, Cu, Zn, and Cd. These concentrations were 
selected for the following reasons. The main flash pro- 
duced Me,,- from M SO4'- SO that an ab- 
sorbance in the range 0.3 to 0.8 at 633 nm was created in 
the 42.5 cm cell (E~.,,- = 1.2 x lo4 M -  ' cm- ' (14)) 
due to reaction 1. 

hv 
[I I sodz - - ----t SO4- + e,,- 

h < 220 nm 

The rate constants for the reaction of Co2+,  Ni2+,  CuZ+,  
ZnZ+, and CdZ+ ions with e,,- are known to be 1.2, 2.2, 
3.0, 0.12, and 5.0 times 10" M- t  s-' respectively (3, 14). 
With these ions present at  l o e 5  to M the mean life- 

time of e,,- was of the order of 1-5 x s and reaction 
2 was the only significant decay process for e;,,-. (In the 
absence of MZ+ e,,- had a mean lifetime z 100 ps.) 

The auxiliary flash was fired at  times between and 
3 x s after the main flash. One of the filters listed 
in Table 1 was always in place to restrict the light from 
the auxiliary lamp so  that hydrated electrons could not be 
produced by reaction 1 during the auxiliary flash. Con- 
sequently the production of absorbance at 633 nm by the 
auxiliary flash indicated that the product of reaction 2 
gave hydrated electrons when illuminated by the light 
transmitted by the filters used. Since both photolysis 
flashes were -20 ps width-at-half-maximum and the 
hydrated electron lifetime was 10-50 ps, all data are pre- 
sented as the ratio of the observed absorbance during the 
peak of the auxiliary flash relative to that during the peak 
of the main flash. This ratio should be proportional to the 
fraction of the original e,,- regenerated during the 
auxiliary flash. 

Results 

Figure 1 shows typical transmission curves a t  
633 nm for solutions of Co2+.  z n 2 + .  and Cd2+ 
a t  various time delays between flashes and os- 
cilloscope sweep speeds, using filter No. 9-54. 
The formation of hydrated electrons during the 
auxiliary flash is interpreted t o  mean that re- 
action 3 represents the process which occurs. 

For Co2+,  Ni2+ ,  Zn2+, and c d 2 +  solutions 
hydrated electrons were produced in reaction 3. 
For Cu2+ solutions no detectable absorption a t  
633 nm was produced by the auxiliary flash even 
using filter No. 9-54 which has the  shortest wave- 
length cut off used. Figure 1 shows the type of 
variation in (i) the lifetime of e - following a 
flash for the different ions, and '(ii) the lifetime 
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TABLE 2. Data showing the effect of various light filters on the yield of e,,- during the auxiliary flash. For each ion 
the delay time was constant and the ratio of flash energies (main/auxiliary) was fixed 

A,  ,.,, / A  ,,,,,, with Corning filters 

Metal ion Delay time 9-54 7-54 0-53 0-52 3.74 Uncertainty 

of M +  (which can be inferred from the relative 
auxiliary absorbance as a function of time). By 
using different filters a t  a constant time delay it 
was possible to establish the approximate wave- 
length range in which the photoionization of M +  
occurred. Representative data are given in Table 
2. It is clear that Co+ ,  N i f ,  Z n f ,  and C d +  have 
absorption bands mainly centered around 300 
nm which are responsible for electron detach- 
ment bv reaction 3. For the case of Nif the band 
apparently also extends slightly further into the 
visible than for the other three. 

Time 
FIG. I .  O~cillo~cope traces showing the transmission 

at 633 nm during the double flash photolysis of M 
NaSOa solutions, containing (a) 5 x IM Co2+, 
(b) 2 x M Z n 2 +  and (c) 1 x M C d 2 + .  The 
arrows indicate the time at which the auxiliary lamp 
was fired. 

Some time-dependence data are given in Table 
3 which show that Co'  and Nif ions have life- 
times significantly shorter than Cd+ and Z n f .  
These findings are in general accord with pulse 
radiolysis studies in which, for instance, Znf was 
shown to decay only via the bimolecular dismu- 
tation reaction whereas Nif also had a first order 
component possibly due to an additional re- 
action with Ni2+ (3). 

The absorption spectra of the M f  ions formed 
in reaction 2 are well known and coincide with 
our photoionization region. Both their formation 
rate and  decay rate a re  in accordance with pub- 
lished data and so we are convinced that these 
are the species involved in the production e,,- 
by photolysis during the auxiliary flash. This is 
further corroborated by analogy with the data 
for Ago where the band at 31 5 nm was observed 
to  be destroyed by the  auxiliary flash concurrent 
with e,,- formation (12). 

Tables 2 and 3 and Fig. 1 show that  it is pos- 
sible t o  regenerate a substantial fraction of 
en,-; but it was impossible t o  see them all re- 

TABLE 3. Variation of yield of e,,- during auxiliary 
flash as a function of delay time. All data were obtained 
with a 9-54 filter and fixed main/auxiliary flash energies 

(uncertainty -+0.04) 
---- 

Delay time 
Metal ion (1-1s) A(aur) lA(maln)  
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generated because M +  was being formed and TABLE 4. E s t i m a t i o n s  of I$ 
decaying over comparable time-scales. In order -- 

to separate the e,,- absorption peaks to  get M +  E,.,* Ah* k P I$ 
reasonably accurate data, minimum delay times Co+ 2 110 -50 0.63 0 .5 t  1.1 
of 20 to 50 ps were necessary and a t  these times ~ i +  4 800 50 1.44 0.5t 0.48 
only about 25% regeneration of the original Zn+ 4700 75 2.1 0.5$ 0.33 
e,,- was observed. However, it is clear that a Cdt 8 080 80 3.9 (0.5)s (0.18)§ 
large fraction was regenerated and for the case fig0 24000 55 7.9 >0.29 
of Ago it was shown directly that at  least - 8 0 x  *Data from ref. 16. except for Ago data which is from ref. 12. 

tProbably lower than the true value because of rapid decay o f  
of the Ago had been destroyed during the CO+ and Nit.  

auxiliary flash (see Fig. 3, ref. 12). $.Probably on  the high side because o f  the s low decay o f  Zn+ .  
§The value o f  4 for C d f  is almost certainly low because at 1.1 X 

It  is important to show that the production of ~~~,"fi~b"j:h~h~~i,"~~shbarely lo scavenge a'' 

e,,- due to  photolysis of M + at -300 nm by the 
auxiliary flash was not merely a trivial side effect Values o fk  for each ion can be calculated from 
of multiple intramolecular excitation of solvated the available data for &,,,, and ~ h ( l - 3 ,  15, 16). 
M +  ions. Consequently we will make an approxi- The most recent values (1 6) a re  presented in 
mate estimate of the quantum yield for hydrated Table 4 and have been used in the calculations 
electron production (+). of k. The P values required correspond to  the 

We define the fraction which are magnitude of A,a,,x,/A,,,i,,, extrapolated to the 
photolyzed by the auxiliary flash to give hydrated time of the main flash. In fact the  observed ratio 
electrons as P, thus P = (CO - C')/CO where c~ of absorbances decreases with increasing delay 
and c' are respectively the concentrations of M +  tirne because of loss of M + by reaction after the 
at  the beginning and end of the auxiliary flash. ,,in flash. Typically 20-50 ps delays occur 
We are assuming here that reaction 3 is the only before the ratio can be measured with any ac- 
significant photoinduced decompositiorz step of curacy, by which time it had dropped to 0.25 
M + ,  though M +  be photoexcited and de- and lower, as seen in Table 3. However, we can 
excited without dissociation many times during take p to be 0.5 knowing that this cannot be in 
the flash. The concentration (c) of M +  is quite error by more than a factor of two. 
small, only - M initially, and the mean ab- Table 4 contains the estimates of + obtained 
sorption path length (1) for photolysis by an  ad- by the use of eq. 5 based on the data presented. 
jacent flash lamp is only a few centimeters, there- For  completeness the Ago data (12) is also given 
fore the absorption by M + of light from the flash and for that species p is taken to be 2 0.9 because 
must be low. Thus to  a good approximation the the concentration of Ago during the auxiliary 
rate of loss of M + duringtheflash is ~ r o ~ o r t i o n a l  flash was directly observed to be <0.2c0 (12). 
to  the instantaneous concentration c, so that ~~~~i~~ the approximations involved in these 
upon integration over the flash (and regardless estimations it is clear that + is quite close t o  
of the shape of the flash) one gets c' given by unity. This then indicates that reaction 3 rep- 
eq. 4. resents an important, and probably the pre- 

[41 C /  = coe-4k dominant, effect of light absorption in the bands 
centered around 300 nm. 

k is related to the total light from the flash and 
the oscillator strength of the absorber and in fact 
is equal to 2.311J~ d l ,  which approximates to 
2.311~,,,Ah for Gaussian or triangular shaped 
bands (E,,, is the extinction coefficient at  the 
band maximum and Ah the band width-at-half- 
height). 2.311 is estimated as before (13) to  be 
-6 x 6-6 einstein nm-' 1-' cm-'. I t  follows 
then that 

P = (c0 - cl)/cO = 1 - e-Ok 

Discussion 
It  is evident that the low valence state ions 

C d + ,  Zn+ ,  Co+,  and Ni+,  coordinated only by 
H 2 0  (or occasionally SO,'-), produce hydrated 
electrons with high efficiency when photolyzed 
within their near U.V. absorption bands. This 
seems to be direct evidence that  these bands 
should be assigned as charge-transfer-(to-solvent) 
bands. I t  is clear that ~hotoexcitation of the cen- 

and hence that + is given by eq. 5 tral ion results in electron detachment from the 
aquo complex; but one cannot decide if electron 

[51 + = k- '  ln(1 - P1-l ejection occurred as a one-step adiabatic photol- 
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ysis process or results from subsequent relaxa- 
tion within a microsecond following an intra- 
molecular excitation. 

In fact, Baxendale et al. (3) proposed charge 
transfer as the nature of these bands some years 
ago and suggested the process as in [6]. 

hv 
[6] M+ H 2 0  -+ M2+ H20-  (or MZ+ + H + OH-) 

Our conclusion differs from this only by virtue 
of the detachment of an  electron into the solvent 
rather than the formation of H + OH-.  

It is not obvious why all these low valence 
state ions, and Ago and TI0, should have such 
bands in the same spectral region. The electronic 
structures are the following Cof  (d8), Nif (dg), 
Cu+(dlO), Zn"(d"s1), Cdf  (dl's1), AgO(dtOst), 
T1°(dlOsZp'). Furthermore, the sizes of the metal 
ions (and atoms) differ considerably and so 
could their coordination numbers. It might be 
argued that C u f ,  with a stable d l 0  structure, 
could have a charge-transfer band much further 
into the U.V. than the others, and hence not de- 
tectable in the present experiments; but on the 
same basis one would have expected substantial 
differences in h,,, among the others due to  
differing ionization potentials. It may be that 
Cuf  has a band in the same region but of very 
low oscillator strength. Indeed, if any correlation 
can be made, it suggests that it is the oscillator 
strengths which change in accordance with the 
expected ionization potentials based on size and 
outer electronic structure, not the photon energy 
of the band maximum. The oscillator strengths 
are Cdf (0.31), Znf  (0.22), Nif (0.12), Cof 
(0.06), and Ago (0.63). Large oscillator strengths, 
such as these, are common for c.t.t.s. bands 
(17-19). 

An alternative explanation for the coincidence 
of the bands at  - 300 nm is that they are not due 
t o  M f  species per se (lowest electronic states), 
but rather arise from the occurrence of solvated 
ion-electron pairs. Perhaps these could be de- 
scribed by (MZ + ,,. e-) where the electron charge 
density is mainly associated with the protons of 
the metal ion's solvation shell. If this is so the 
photon energy for the charge-transfer-to-solvent 
transition may be very much less dependent on 
the nature of the metal ion, so that they can all 
more or  less coincide. Monomeric ion aggregate 
species are postulated t o  occur in alkali metal / 
ammonia solutions as a result of solvated elec- 
tron attachment to solvated metal ions (20). 

The case of Cof  is interesting in the following 

respect. This ion gives a double-humped absorp- 
tion band with maxima at -300 n m  and -360 
nm (1, 16). Our filter data shows that  only the 
300 nm band can correspond to  a charge-trans- 
fer-to-solvent process, because hydrated elec- 
trons are not produced by wavelengths of - 360 nm. The long wavelength part of the Cof 
band must consequently have a different origin. 
Perhaps the long wavelength side of  the band 
for the cases of Znf  and Cdf also does not con- 
tain much c.t.t.s. character which would then 
account for the somewhat smaller quantum 
yields recorded in Table 4 and the wavelength 
data in Table 2. 

We are most grateful to Dr. G. V. Buxton for providing 
us with the unpublished data which we have used and for 
very helpful suggestions regarding the evaluation of the 
quantum yield. Financial support of this research by the 
National Research Council of Canada and Defence 
Research Board of Canada is gratefully acknowledged. 
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Catalytic Activation of Molecular Hydrogen by Ruthenium 
Chloride Complexes in N,N-Dimethylacetamide Solution1 

BENJAMIN C. Hut2 AND BRIAN R. JAMES 
Depcrrtttret~r of Chetnistty, U:liversity of British Colrrtnbicr, Vcrrlco~rver 8, British Colro?zbicr 

Received July 30, 1973 

N,N-Dimethylacetamide solutions of "RuC13.3H20", which is a mixture of Ru(IV) and Ru(III), 
react with hydrogen under mild conditions in stepwise stoichiometric processes to give finally univalent 

1 7 7 

species (Ru" A Ru"' k> Ru" Ru'). Reactions I and 2 involve heterolytic activation of Hz by a 
Ru"' catalyst and likely proceed via a Rul"H intermediate; the same catalyst catalyzes the hydro- 
genolysis of oxygen to water. Reaction 3 involves a Ru"H intermediate. Kinetic parameters are presented 
for processes 1-3 and the catalytic water production, and are compared with data for some systems that 
have been studied previously in aqueous acid chloride solutions. Reactions 1 and 2 occur much more 
readily in the non-aqueous solvent due to a lower activation energy, while reaction 3 occurs only in 
the non-aqueous system. A detailed interpretation of the data is limited by the uncertain nature of 
species present in the amide solvent. 

Le " R u C l 3 ~ 3 H Z O ,  qui est un melange de Ru(IV) et de Ru(III), en solution dans la N,N-dimethylact- 
tamide, rCagit avec de I'hydrogene dans des conditions douces selon un processus stoechiomCtrique par 

I 2 3 
etapes pour conduire a l'espece univalente (RuIV + Ru"' -> Ru" + Ru'). Les reactions 1 et 2 impli- 
quent une activation hktkrolytique de Hz par le Ru"' servant de catalyseur et fort probablement passent 
par un intermediaire Rul"H; le m&me catalyseurcatalyse I'hydrogCnolyse de I'oxygene en eau. La rtaction 
3 implique un intermediaire RuHH. On presente les parametres cinetiques des processus 1-3 ainsi que 
ceux de la production par catalyse de I'eau et on les compare avec les donnees de quelques systkmes que 
I'on a deji  etudie dans des solutions aqueuses de chlorure d'acide. Les rtactions 1 et 2 se font beaucoup 
plus facilenient dans des solvants non-aqueux a cause d'une energie d'activation plus faible alors que la 
reaction 3 se fait uniquement dans un systPme non-aqueux. Une interpretation detaillee des resultats est 
difficile i rtaliser a cause de la nature incertaine des produits dans le solvant amide. 

[Traduit par  le journal1 
Can. J. Chern.,52,348(1974) 

Introduction k2 
[2] Rul"H + 2Fe"l a Ru"' + 2Fe" + H+ 

Many transition metal ions and complexes 
are known to  activate molecular hydrogen in k3 

[3] Run'H + 2RuIV 3Ru1" + H i  both aqueous and non-aqueous solvents (1). 
Harrod and co-workers (2) first reported on 
hydrogen activation by ruthenium complexes 
when they used aqueous hydrochloric acid 
solutions of ruthenium(II1) chloride t o  catalyze 
the hydrogen reduction of iron(I1I) and ruthen- 
ium(1V). The mechanism was written as a rate- 
determining steu that involved an  overall 

u 

heterolytic splitting of H, t o  produce a n  inter- 
mediate hydride (reaction 1) which subsequently 
reacted with the substrates in a faster step 
(reactions 2, 3): 

k, 
[I]  Run' + H 2  Rul"H + H +  

The postulated reversible reaction 1 was con- 
firmed later by deuterium exchange studies (3,4). 

The ruthenium(II1) solutions alone were 
essentially unreactive toward hydrogen over the 
reaction times required for substrate reduction 
( i .e . ,  k, (or k,) > k - ,  > kt) ,  although over very 
long reaction times, slow reduction to chloro- 
ruthenate(I1) species occurred (3, 5). 1Vo kinetic 
data were reported for this slow reaction but it 
likely proceeded (2) by reaction 1 followed by 
reaction 4:  

k4 
[41 RuNIH + Ru"' 2Ru1' + Hi 

where k- ,  > k,. 
'Taken from thePh.D. thesis in Chemistry ofB. C. Hui, ~ h ,  aqueous solutions containing blue 

University of British Columbia, Vancouver, British 
Columbia, 1969. chlororuthenate(I1) were found later to be effec- 

ZPresent address: Department of Chemistry, Lakehead tive catalysts for the hydrogenation of a number 
University, Thunder Bay, Ontario. of activated olefins (5). The rate-determining step 
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in this process was thought to  involve hydrogen 
activation (again heterolytically) according to 
reaction 5 (cx reaction I ) :  

[5] Run(olefin) + H2 p HRul'(olefin) + H +  

These studies concluded that less reactive olefins - -1.9 

such as ethylene might be hydrogenated if the 
rate of the back reaction of [5] could be lowered, 
e.g., by reducing the acidity of the medium. This 2 

possibility could not be explored in aqueous ," 
solution since ruthenium(I1) is unstable in this 5 
medium at low acidities (6), and hence studies in 
the aprotic coordinating solvent N,N-dimethyl- 0 

acetamide (DMA) were initiated. 
DMA solutions of ruthenium chloride were - -2.3 

indeed found to catalyze ethylene hydrogenation 
(5), but the systems appeared extremely compli- 
cated. It eventually became clear that the 
reactivity of DMA solutions of ruthenium 
chlorides toward hydrogen was quite different o 1000 2000 

to that observed in aqueous acid solutions (see T I M E ,  s 

above), and this paper reports on the investiga- FIG. 1. Autocatalytic reduction of RulV to Rulll by 
tion of the non-aqueous system in the absence of HZ in DMA at 35'. 380 mm Hz; [ R U C ] ~ . ~ H ~ O I :  0, 
reducible organic substrates. Reactions such as 0.02 M ;  *>O.O1 M .  Uptake and log plots. 

[I] are founi to be very much enhanced in the 
non-acidic media, and, of more significance, 
further reduction to univalent ruthenium occurs. 

Some of the work presented here has been 
reported on briefly elsewhere (1, 7, 8). 

Experimental 
Ruthenium(II1) trichloride trihydrate was obtained as 

RuCI3.3H2O (40.59% RU) from Johnson Matthey 
Limited. The conimercially available hydrate, however, 
is known (2) to be a mixture of Ru"' and RuIV (probably 
present as RuCI3(0H).2H2O). The compounds K2RuC15 
(H20)  and (NH,),[RuC15(OH)], available as pure Ru"' 
and RurV compounds respectively, were essentially 
insoluble in DMA, and hence the soluble RuCI3.3H,O 
compound was used for the preparation of the stock 
ruthenium solutions. This has some merit, however, in 
that the readily available RuCI3.3H2O compound has 
been used as such in non-aqueous solvents for a variety 
of catalytic reactions including hydrogenation, isomeri- 
zation, oxidation, alkylation, carbonylation and polymer- 
ization of olefins (8). The visible absorption spectra of a 
3 M HCI solution of RuCI3.3HzO, and a measured 
hydrogen uptake in the same media for reduction to 
Ru1"(2), showed that the material contained 70 + 3% 
RuIv. 

Other materials used and the procedure used for 
following Hz-uptake at constant pressure have been 
described earlier (9). The solubility of H2 in DMA has 
been determined previously in this laboratory (9, 10). 

Results 
Activation of Hydrogen by Ru"' 

Equilibrated red-brown solutions of RuCl,. 

3 H 2 0  (-70% RU") in DMA were found to 
absorb H,, initially in an autocatalytic manner 
(Fig. I), at measurable rates in the temperature 
range 30-55". The stoichiometry of the total 
uptake at the levelling-off region corresponds 
to about 0.5 mol H, per mol of RulV, and 
presumably involves reduction of RulV to Ru"', 
as in the aqueous 3 M HCl solutions according 
to reaction 6 (the sum of reactions 1 and 3): 

The color of the solution at this stage was 
yellowish, and an absorption peak was observed 
at 450 nm (E = 1750); aqueous acid solutions 
containing Ru"' chlorides are known to be 
yellow (2). 

It is noted in Fig. 1 that the H, uptake does 
not cease completely at the levelling-off stage 
and, in fact, at 35" a subsequent much slower 
reaction of the Ru"' with H, occurs. This slow 
reaction ceases after about 15 h, and the uptake 
again corresponds t o  0.5 mol of H, per mol of 
RU"'; this stoichiometry, together with the 
production of a blue color (see later), are con- 
sistent with production of Ru": 

The blue solution showed an absorption maxi- 
mum at 650 nm (E = 1200). Reaction 7 was more 
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conveniently studied at higher temperatures eters AH* = 19.9 & 1.0 kcal mol-' and A S *  = 
(65-8O0), where the stoichiometry was again + 3.2 2.0 e.u. 
established, although at the highest temperatures Reaction 6 is thus seen to be a R ~ ~ ~ ' - c a t a l ~ z e d  
the reaction was complicated by yet a further hydrogen reduction of RuIV in which the reduc- 
slow reduction to Rul (see later). tion product is also the catalyst, and as in the 

The autocatalytic behavior of reaction 6 (as aqueous system, the mechanism outlined by 
in the aqueous acid system) may be explained in reactions 1 and 3, with 3 being fast, accounts for 
terms of catalysis of the reaction by Rul", and the kinetics. More evidence t o  support the 
fitted by the rate-law shown in eq. 8:  mechanism could clearly be sought from systems 

using other reducible substrates. Some very L81 -d[HZ1/dt = ~ d [ R u l l l l / d t = k l  LH21 [Rul ' l l  simple kinetics were observed using molecular 
With [Hz] constant during the course of each 
experiment, the rate-law yields on integration, 

[9] log [RU"'] = log [ R L I ~ ~ ' ] , , ~  + 2kl[Hz]t/2.3 

Plots of log [RU"'] us. time are given in Fig. 1 
for the two uptake plots shown; the log plots 
are linear over the major portion of each experi- 
ment and the slopes yield consistent values of k,. 
The non-zero initial rates in these systems are 
due to the presence of -30% of the ruthenium 
being present as Ru"'. The successful linear 
analysis using this 30% RU"' figure further 
substantiates the composition of the RuC13.3H,0 
starting material. k ,  was essentially independent 
of the [Run'] from (0.5-2.0) x 10-2 M, and of 
the [Hz] from (0.4-1.8) x M, thus sub- 
stantiating rate-law [8], and had the value 0.73 ? 
0.06 M - '  s- '  at 35". It should be noted that this 
group of experiments were carried out using 
the DMA as purchased from Eastman Kodak 
(highest purity). All subsequent studies used the 
purified solvent, and rates about three times 
lower were measured, although the general 
kinetics and observations were identical. Traces 
of water were the cause of this discrepancy. 

Table 1 shows the variation of k ,  with temper- 
ature (using purified DMA); the data give a 
good Arrhenius plot and the activation param- 

TABLE 1. Temperature de- 
pendence data* for Rul"- 
catalyzed hydrogen reduction 

of RuIV 

30 0.16 
35 0.23 
40 0.42 
45 0.65 
50 1.20 
55 1.64 

*[RuCI3.3H~O] = 0.02 M, I atm. 

oxygen as the substrate, and these results will 
now be described. 

Solutions of RuC13.3H20 in DMA reacted 
with gas mixtures of Hz  and 0, (H, :Oz = 0.1 
to 0.5) and the resulting uptake plots were 
linear for at least I h (Fig. 2). The u.v.-visible 
spectrum of the solution remained unchanged 
throughout the reaction showing that no reduc- 
tion of RuIV takes place and thus the concentra- 
tion of Rulll remains constant. During a reaction 
time of 1 h, the partial pressures (and hence their 
concentrations in solution) remain effectively 
constant. Thus the reaction is one of pseudo- 
zero-order. The kinetic results (Table 2) show a 
good first-order dependence o n  RuC1,. 3 H z 0  
up to 0.02 M, and a first-order dependence on 
H, up to 0.8 x M, the reaction being 
independent of 0, pressure from 450-700 mm. 
No deuterium kinetic isotope effect was observed. 
RU"' is again the active catalyst, and this was 
further confirmed by using solutions containing 
purely Ru"' (formed via the autocatalytic Hz-  

T I M E ,  s 

FIG. 2. Rate plots for Rul"-catalyzed hydrogenolysis 
of 0, in DMA at 50". 0.02 M RuCl3.3H2O; 0,158 mm 
Hz,  594 mm Oz; 0, 93 mm Hz, 659 mm 02. 
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TABLE 2. Rul"-catalyzed hydrogenolysis of oxygen; at  50" unless stated otherwise 
I 

ppppp 

I -- 
I 

[RuC13 .3H20] H 2 [Hz1 0 2  Rate kla 
x lo2 ( M )  (rnm) x 1 0 4 ( ~ )  (mm) x lo6 (M S-I) (M-I S - I )  

2.00 295 7.7 457 8.00 1.73 
1.50 295 7.7 457 5.83 1.68 
1 .OO 295 7.7 457 3.95 1.71 
0.50 295 7.7 457 2.06 1.79 
2.00 192 5.0 560 5.40 1.80 
2.00 158 4.1 594 4.00 1.62 
2.00 118 3.1 637 3.04 1.64 
2.00 93 2.4 659 2.37 1.64 
2.00 54 1.4 698 1.50 1.77 
1.50 192 5.0 560 4.12 1.82 
1 .OO 192 5.0 560 2.80 1.86 
0.50 192 5.0 560 1.51 1.98 
1.10 3 66 9.7 3 86 1.93 1.37b 
1.10 382 1 . O  3 70 2.09 1 .43 bpC 

2.00 300 6.9 457 0.77 0.18" 
2.00 300 7.1 457 1.64 0.39' 
2.00 298 7.4 457 2.49 0.  561 
2.00 295 7.6 457 4.23 0.93e 
2.00 292 8.0 457 11.0 2.2gh 
2.00 288 8.1 457 23.2 4.77' 
2.00 28 1 8.3 457 51.2 

1 --- - .- 
10.3' 

oAssum~ng 30% Ru present ~n~l ia l ly  as Ru'a'. 
b U s ~ n g  a d~fferent batch o f  RuC13.3H20 (found to contaln 13% Ru"'). 
<Dz in place o f  Hz. 
d30°. 

I C3S0. 
$40". 

I 
045". 
"SO. 
'60'. 

I 170". 

I 
reduction of RulV). The only product detected 1 was water, and the reaction occurring is 

The rate-law for the oxygen hydrogenolysis is 
that shown in eq. 8. T o  determine k , ,  the rate 

I of H,-uptake is required; this is the rate listed in 
Table 2 and is 213 the total measured rate which 
includes 0, consumption. The average bi- 

I ~nolecular rate constant a t  50" is 1.73 M-'  s-I. 
The temperature variation data give a good 
Arrhenius plot and the activation parameters 

, AH* = 19.3 f 1.0 kcal mol-' and AS" = 
I + 2.3 f 2.0 e.u. 

As mentioned earlier, the slower reaction [7] 
I was observed following the autocatalytic RU" 

reduction. This system again seemed likely to 
involve Ru"' as the hydrogen activator, parti- 
cularly since the formation of the RU" was not 

1 an autocatalytic process. The reaction thus 
involves Ru"' as the substrate as well as the 

, catalyst, and the kinetics were investigated. 
I An uptake plot for the reaction of RuC1,. 

3 H 2 0  with H, a t  80" is shown in Fig. 3. The H, 

FIG. 3. Hz reduction of RuiT1 to RuT via Rul' in DMA 
at 80". 0.02 M Ru"', 187 mrn H,. Uptake and log plots; 
the dotted line indicates the stoichiornetry break used for 
the Ru"' + Rul', and Ru" + Rul analyses. 

required for the reduction to  Ru"' could be 
observed as an "instantaneous" uptake in under 
100 s, but at  this temperature a quantitative 
reproducible measurement for this reaction (eq. 
6) was impractical and is thus not shown in the 
figure (spectral data however readily confirm 
the rapid formation of Ru"'). T h e  overall 
stoichiometry shown in Fig. 3 is thus about 1.0 
mol of H, per mol of Ru"', the final solution 
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TABLE 3. R ~ ~ ~ ~ - c a t a l y z e d  hydrogen reduction of Rul"; 
at 80" unless stated otherwise 

[Rul['] Hz [Hz1 kl 
x lo2 (M) (mm) x lo3 ( M )  (M-I S-I) 

nusing a different batch of RuCIJ.~H~O and DMA. 
b0.09 M p-toluenesulfonic acid. 
~ 0 . 9  M p-toluenesulfonic acid. 
d75°. 
'70". 
165". 

being dark brown. The stoichiometry is con- 
sistent with reaction 7 followed by a further 
reaction to give ruthenium(1): 

1111 2RuI1 + Hz + 2Ru' + 2H+ 
blue brown 

There is a distinct inflection region in the uptake 
plot which results from the two stages of the 
Ru"' -+ Ru" -t Rul processes. A considerable 
part of the first portion of the uptake curve does 
fit a pseudo-first-order log plot (given in Fig. 3), 
and the data are consistent with a rate-law of 
the form: 

The log plots were obtained by assuming the 
decrease in Ru"' is proportional to the Hz 
uptake. From the slopes, the bimolecular rate 
constant k, was calculated, and the results are 
summarized in Table 3. An Arrhenius plot gave 
the following activation parameters: AH* = 
15.5 f 1.5 kcal mol-', AS* = - 16.4 f 3.0 e.u. 

The second half of uptake plots such as those 
shown in Fig. 3, when essentially no Rul" 
remains, also analyzed well for a standard first- 
order log plot (included in Fig. 3). This refers to 
reaction 11 which is found to be first-order in 
both Rul' and Hz  with a second-order rate- 
constant of about 0.1 M - '  s- '  at 80". This 
system has been studied separately in more 
detail using prepared solutions of RU", and the 
data are given in the following section. 

Activation of Hydrogen by RU"; Prod~lction of Ru' 
Reaction 11  was studied by using as reactant 

the deep blue Ru" solutions, prepared by sub- 
jecting DMA solutions of RuC1,.3H20 to 1 
atm Hz at room temperature for 15-20 h. Treat- 
ment of the Ru" solution with H z  at 80" results 
in uptake plots of the type shown in Fig. 4; 0.5 
mol H, per mol of Ru" are absorbed in a pseudo- 
first-order manner. 

The final brown solutions could also be pro- 
duced by titanous chloride reduction of the 
RuC1,. 3H20 solutions in DMA. Nuclear 
magnetic resonance and infrared spectra gave 
no evidence for the presence of metal hydride 
species. The solutions were sensitive to air, and 
a room temperature stoichiometric oxidation 
with oxygen (0,  : Ru = 0.5) yielded Rul" (identi- 

0 I I I I I 
2000 4000 

T1\16, $ 

FIG. 4. Rate plot for H, reduction of Ru" to Rul in 
DMA at 80". 0.02 M Ru", 725 mm Hz .  Inset: plot of 
log [Ru"] us. time. 
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TABLE 4. Hydrogen reduction of Ru" to Ru'; at 80" unless stated 
otherwise 

[Ru"] Hz [Hz1 k 
x lo2 (M) (mm) x lo3 (M) (M-I S-l) 

O D z  in place of HZ. 
b0.07 Mp-toluenesulfonic acid. 
C75O. 
'70'. 

fied by visible spectroscopy). Reaction with 
carbon monoxide (1 atm, 60") yields Rul(CO) 
and Rul(CO), successively in solution (12), and 
the latter is oxidized stoichiometrically to  Rul'- 
(CO), which can also be formed from reaction 
of Ru" with 2 moles of carbon monoxide (13). 
Isolation of a ruthenium(1)-DMA-chloride com- 
plex (1 1) has confirmed further the existence of 
Rul in the brown solutions. 

The H,-uptakes, illustrated in Fig. 4, were 
found to obey the second-order rate-law : 

Values of Ic were determined from the slopes of 
the first-order log plots (Fig. 4) and are sum- 
marized in Table 4. A significant kinetic isotope 
effect was observed, k,/k, - 3;  the rate was 
independent of added acid. The temperature 
dependence data yielded a good Arrhenius plot 
and the activation parameters AH* = 16.6 + 1 .O 
kcal mol-I, AS* = - 13.2 + 2.0 e.u. 

Figure 5 shows how the measured rate con- 
stant varied with added chloride concentration. 
k shows a sharp decrease in added C1- up to 
-0.05 M, and then increases and passes through 
a maximum at - I .O M. Unfortunately the ionic 
strength of the solution could not be maintained 
constant in these chloride variation ex~eriments 

FIG. 5. Effect of added chloride on the rate of Ru" 
reduction by Hz in DMA at 80"; 0.02 M Run. 

solutions absorb 1 mol of H, per mol  of Ru" to 
give purple-red solutions containing the hydrido- 
chloro species HRuCl(PPh,), (16, 17). The 
uptake plots are of a pseudo-first-order type and 
in accordance with eq. 13 a k value o f  0.057 M-I  
s-' was estimated a t  60" (12). The phosphine did 
not react with the Ru" solutions over the 2 h 
period of the hydrogenation reaction at this 
temperature, and the hydride must be formed 
via reactions 14 and 15 : 

(14, 15). k 
Of interest is that in the presence of three-fold [I4] Ru" + HZ -> HRul' + H +  

excess of triphenylphosphine, the blue Ru" [15] HRuH + PPh3 -> H R U C I ( P P ~ ~ ) ~  
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TABLE 5. Summary of data for Rul"-catalyzed reductions 

k1(55') AH* AS* 
Substrate (M-I s-I) (kcal mol- l) (e.u.) 

"xtrapolated from data given in Table 3.  

Blue solutions of Ru" in 3 M HCl(4,  5), when 
subjected to  1 a tm H, at  80°, very slowly 
precipitate metal; a similar observation was 
noted, however, under inert atmospheres in the 
absence of H,. 

Discussion 
Rutlieniwn (111) Catalyst 

The kinetic data for the RuH'-catalyzed 
I reduction of RuIV, O,, and RU"' (eqs. 6, 10, 

and 7, respectively) all give a hydrogen-uptake 
rate given by k,[Ru1"][H2]. The reactions must 
proceed through some intermediate which in- 
volves activation of H, by Ru"', and it seems 

I likely that in D M A ,  a moderately high polar 
solvent, the initial step in these -catalytic re- 
ductions involves an  overall heterolytic splitting 
of hydrogen according to reaction I, as demon- 
strated for some similar systems in aqueous acid 
solution (2-4). This mechanism has been viewed 
as involving a four-center transition state in 
which the released proton is stabilized by the 
concomitant release of a coordinated basic 
ligand (18), which in this case could be chloride 
or  solvent. A heterolytic splitting via a ruthen- 
ium(V) dihydride intermediate, reaction 16, 

seems unlikely, but cannot be completely ruled 
out ;  the monohydride could result from reduc- 
tive elimination of, for example, HCl from the 
dihydride. Deuterium isotope effects have been 
found to  be small for hydrogen activation 
processes that are known to  involve dihydride 
formation, and those that overall involve 
heterolytic splitting of H, (ref. 1, p. 407). The 
observed k,/k, - 1 for the 0,-reduction is thus 
not diagnostic of mechanism. 

A mechanism with reaction 1 rate-determining, 
followed by faster steps with the substrates 
(reactions 3,4, and 17), accounts for the rate-law. 

Ru"' reduction is about 50 times lower than 
those for the comparable RulV and  0, systems 
(Table 5); quite different activation parameters 
are also evident for  the Ru"' reduction. 

A more complete rate-law for a mechanism 
involving reaction 1 followed by reaction 3 (or 
[4], or [17]) is readily shown, by assuming a 
steady state concentration of the hydride, t o  be 
of the form: 

(where n = 3, 4, 5 for the three systems). 

The second term in the bracket represents the 
competition of the hydride to react with the 
reducible substrate or regenerate H, froin the 
back reaction of [I]. The RU'" a n d  0, systems 
give essentially the same rate-constants and 
activation parameters, suggesting that these 
substrates oxidize RU"'H rapidly, i.e. k, and k, 
are large (>>k- ,), the back reaction is negligible, 
and the rate-law reduces to its simple form, 
k,[H2][Ru1"]. The  k ,  values for these systems 
then refer genuinely to  the forward reaction of 
[I]. The much lower k,  value for the Ru"' 
substrate system could result from the k - ,  
back reaction competing effectively with reaction 
4 ;  compared with RulV and O,, RU"' chloride 
complexes are not  as efficient an oxidizing system 
and in fact chlororuthenate(I1) is a strong 
reducing agent (19). The data suggest that the 
term k-  , [H+]/{k- ,  [H+]  + k , [~u" ' ]}  is close to  
unity, in fact about 49/50 at 55"; the k,[Ru"'] 
term will be small compared t o  the k -  , [ H + ]  
term, and the rate will still therefore show a 
first-order dependence on Ru"' as observed 
(Table 3). If this reasoning is correct, then this 
system should show an inverse acid dependence 
according to  eq. 18 and the fact that the above 
term must be d o s e  to unity gives a dependence 
inverselv ~ r o ~ o r t i o n a l  to TH'1. There is of . *  * L 

However, the measured k ,  value a t  55' for the course some acid present initially in these Ruii l  
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reductions produced according to reaction 6 and 
possibly from the water of hydration of the 
RuC13.3H20 starting material, although the 
fate of this water is uncertain. However, the 
inverse acid dependence noted (Table 3) is much 
less than anticipated from the above discussion. 
A possible complication is that addition of acid 
could affect the distribution of the starting 
RU"' complexes (particularly hydroxy species) 
with resulting different activity, especially for 
the k-,  back reaction. A further complication is 
that in the experiments involving addition of 
acid, a constant ionic strength is not maintained 
because of the difficulty of finding a suitable 
inert anion for Ru" systems (14, 15). Some 
quite strong support for the contribution of the 
k- ,  back reaction in the Ru"' system here is 
the fact that in aqueous 3 M HC1 solution at 
80", no reduction of Ru"' to Ru" is observed at 
all over several hours (2); this reduction is 
promoted under the less acid conditions in DMA, 
presumably by decreasing the rate of the k- ,  
reaction to such an extent that the k, rate 
successfully competes. 

For the autocatalytic reduction of Rul" by H, 
in 3 M HCl(2) the values of AH* and A S *  were 
23.1 kcal mol-I and + 6  e.u. with k1650 = 0.22 
M- '  s-I (cJ Table 5). The rate of a reaction such 
as [I] producing ions in solution generally 
increases with solvent polarity (20); however the 
dielectric constants for DM,4 and 3 M HC1 are 
both about 3 0 4 0  (9), and a more important 
factor is likely to be the greater basic strength 
(coordinating ability) of the DMA molecule 
compared to water (21). The higher k ,  value in 
DMA is due to a lower activation energy which 
could result from solvent stabilization of the 
released proton in the transition state, and/or 
from a solvent-assisted ligand dissociation from 
an octahedral Ru"' complex (22). 

Rutlzenitrm (11) Catalyst 
The kinetics of the H,-reduction of RU" to 

Rul are similar to those observed in the reactions 
involving activation of H, by Rul", and there is 
good evidence for formation of an intermediate 
hydride according to reaction 14. As well as the 
similarity to the RU"[-catalyzed systems, a 
Rul'(olefin) system is thought (5) to involve 
heterolytic splitting of H, according to reaction 
5. Further, the stabilization of the intermediate 
hydride as the HRuC1(PPh3), complex by 
reactions 14 and 15, and the fact that the k value 

of 0.057 M-I s-I determined at 60" for this 
process is in reasonable agreement with that 
determined at 60" for H2-reduction of Ru" to 
Rul (k = 0.04 M- I  s-I), strongly suggest a 
common mechanism for the two processes via 
the rate-determining step shown in reaction 14. 

Ru' production presumably occurs via reaction 
19 (cf. reactions 2-4): 

The absence of an acid dependence indicates 
that reaction 19 is fast compared t o  the reverse 
reaction of [14]. 

The possibility exists that reaction 14 pro- 
ceeds via oxidative addition and a RuIV dihydride 
intermediate (cf. reaction 16), particularly since 
such reactions for Ru" systems are known (23), 
and also appear likely in some RU"-catalyzed 
olefin hydrogenations (8, 16). Of particular 
interest is the kinetic isotope effect of about 3 
observed for reaction 14. This appears to be 
the largest yet reported for H, activation by a 
metal complex in solution (ref. 1, p. 407), al- 
though Hui et al. (24) have recently reported a 
deuterium isotope effect (k,/k,) of -2.6 for 
reaction of rhodium(I1) acetate with H,, written 
as reaction 20. 

The small isotope effects (about unity) invariably 
measured for systems that dejinitely involve 
dihydride formation have always involved 
oxidative addition to  square planar ds systems. 
The possibility that larger isotope effects might 
result with dihydride formation from other 
geometries and configurations, e.g., octahedral 
d6 systems as in RuTL, is currently being investi- 
gated further. The small isotope effects observed 
in systems involving a direct heterolytic H, 
splitting may be rationalized in terms of metal- 
hydride bond formation and hydrogen-hydrogen 
bond breaking occurring in a concerted process, 
and the larger isotope effect of 3 could be con- 
sistent with somewhat greater dissociation of 
the H-H bond prior to formation of the 
activated complex; this could reflect a weaker 
metal-hydrogen bond in a Ru" system compared 
to the RU"' system. 

We have no quantitative interpretation for the 
effect of chloride variation (Fig. 5). Henry (25) 
has found a remarkably similar chloride de- 
pendence for the rate of reaction of ethylene 
with aqueous palladium(I1) chloride solutions; 
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he attributed the initial decrease in rate to the 
presence of different chloro complexes, and the 
remaining variation to salt effects. Addition of 
chloride to the blue Ru" solutions does result in 
some variation of the visible absorption spectra 
(26), and the two factors noted by Henry could 
well explain the data of the present system. 

The present studies are the first to  give direct 
evidence for the existence of thermodynamically 
stable Ru' salts in solution, although a number 
of dimeric and polymeric Ru' carbonyls con- 
taining bridging carboxylate ligands have been 
described (27). The existence of Rul has some- 
times been postulated in aqueous systems. Grube 
and Nann (28) have attributed the instability of 
blue Ru" solutions in dilute HCI to dispropor- 
tionation reactions such as: 

Later studies by Backhouse and Dwyer (29) 
recognized the disproportionation of Rul' to 
metal, but they disputed the existence of Rul in 
such solutions. Other workers (6) have demon- 
strated the decomposition of such solutions also 
arises by reduction of the water, with no metal 
production : 

[23] Ru" + H 2 0  -> OH- + Ru"' + 9H2 

The nature of the chloro species present in these 
Ru" solutions at different HCI concentrations 
remains to be more fully established (see the 
following section) prior to more meaningful 
discussion on reactions 21-23. Adamson (30) 
has suggested that highly labile Ru' may be 
extremely active in catalyzing chloride exchange 
in chlororuthenate(III) complexes in aqueous 
acid, but no evidence for such an intermediate 
was found. 

The nonaqueous solvent plays an important 
role in producing and hence stabilizing the Rul 
species. As for the Ru"' systems, the reverse of 
reaction 14 in aqueous acid solution will hinder 
any possible Hz-reduction of Ru", while the 
more basic DMA will promote the forward 
reaction. The activation energy for the forward 
reaction of [14] is about 3 kcal mol-' lower than 
that for the corresponding Ru"' reaction in 
DMA; the slower rate of the Ru" reduction is 
seen to result from a less favorable AS* value 
(- 13 e.u. us. + 3 e.u.). Differences in AS* will 
result mainly from differences in ionic charges 

of the species involved, but information on this 
point is lacking. 

No quantitative redox potential data are 
available for the estimation of an equilibrium 
such as [22]. In aqueous systems such a dispro- 
portionation could occur through a hydrogen 
atom transfer mechanism, as has been suggested 
for a number of electron transfer reactions 
between metal aquo ions (ref. 23, p. 469); such 
a mechanism would be ruled out in a solvent 
such as DMA, which is undoubtedly coordinated 
to all the ruthenium species. 

Nature of  the Species in the DMA Solutions 
A more detailed interpretation of the kinetics 

and mechanisms of the H, reductions in DMA 
is clearly hindered by the lack of information on 
the nature of the ruthenium complexes in solu- 
tion, especially the catalytically active Ru"' and 
Rul' species. 

The visible absorption spectrum of RuCI,. 
3H,O in DMA has been found to vary with 
concentration, and a limiting spectrum (h,,, 
415 nm; E - 8000) is reached on successive 
dilution. Polymer + dimer P monomer equili- 
bria seem likely, since they exist for solutions 
of RuiV chlorides in aqueous HCI solutions (3 1). 
The observed first-order dependence on RU"' 

suggests a single species of this valency state 
exists over the concentration range used (or less 
likely a number of species with equal reactivity); 
it is also consistent with steps involving Ru'" in 
the Ru'" reduction process (reaction 3) being 
relatively fast. 

More detailed u.v.-visible spectroscopic mea- 
surements on the solutions are in progress (26). 
If the complexes activating hydrogen are poly- 
meric Run species, then the forward rate- 
constants determined for reactions 1 and 14 
should be multiplied by n. Rose and Wilkinson 
(32) have reported that the blue Ru" chloride 
solutions in aqueous HC1 or dimethylformamide 
contain the R u , C ~ , , ~ -  cluster, although there 
is some difficulty in interpreting the magnetic 
behavior of the system. 

It should be noted that Mercer and Dumas 
(33) have isolated the Ru"-Rul" mixed-valence 
cations Ru,CI,+, , (~-")~ (n = 0, 1, 2) from the 
blue solutions in dilute HCI, and the species are 
considered to exist in solution. A mixed-valence 
blue ammine complex [Ru,(NH,),CI,H,O]CI 
has also been isolated by Bottomley and Tong 
(34). We have subsequently studied further the 
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The ionization yield from fast electron impact on DCI under radiolysis conditions at  200 to  650 Torr 
was found to be 1.006 + 0.023 times that from HCI. Also primary ionization processes were investigated 
by mass spectrometry. The relative abundance of Cl + from HCI near threshold at 17.4eV was about twice 
that from DCI, but processes with onset at  and above 21.0 eV did not exhibit an isotope effect. The inter- 
pretation of the results and their implications concerning the mechanism of radiolysis of HC1 were 
discussed. 

On a trouvC que, dans les conditions de radiolyse de 200 a 650 torr, le rendement d'ionisation du 
DCI provenant de I'impact d'electrons rapides, est egal a 1.006 _+ 0.023 fois celui du HCI. D e  m&me, 
on a etudie a I'aide de la spectromktrie de masse les processus primaires d'ionisation. L'abondance 
relative de C l f  a partir de HC1 pres de la limite a 17.4 eV est d'environ le double de celle a partir du 
DCI, alors que les processus, dont le commencement se situe a 21.0 eV et au-dessus, n'ont pas montrC 
d'effet isotopique. On discute de J'interprktation des rksultats et de leurs consequences vis-a-vis du 
mecanisme de radiolyse du HCI. [Traduit par le journal] 

Can. J. Chem., 52,359 (1974) 

Introduction 
Previous publications (1-3) have reported 

decomposition yields for the radiolysis of gaseous 
HCl and DC1 at normal pressures, and have dis- 
cussed their mechanisms of radiolysis in the light 
of experiments with different types of scavenger. 
The total hydrogen yields, which include the 
contributions from reactions of scavengable 
hydrogen atoms (H or D), hot hydrogen atoms 
(H or D), electrons, and possibly other primary 
reactive species, were found to be 8.0 + 0.3 and 
7.4 + 0.3 molecules per 100 eV for HC1 and DC1 
respectively. Experiments with chlorine as a 
hydrogen atom scavenger showed that there was 
an essentially identical yield of "unscavengable" 
hydrogen in the two systems (GH** = GD,, = 

'Present address: St. Patrick's College, Maynooth, 
Ireland. 

'Present address: Department of Chemistry, Uni- 
versity of Windsor, Windsor, Ontario. 

'Revision received August 17, 1973. 

2.2 + 0.2 molecules per 100 eV) and from the 
effects of the specific electron scavenger SF, it 
was concluded that the primary electron yields 
were, within experimental error, the same (4.0 
0.2 for HCI and 4.1 , 0.2 for DCl). The only 
difference between the two isotopic systems was 
in the yields of scavengable hydrogen atoms4 
(G, = 1.8 + 0.2 and G, = 1.2 + 0.2 per 100 eV 
for HCl and DC1 respectively). In fact it appeared 
that the lower total yield of hydrogen from DCl 
was entirely due to the 0.6 molecule per 100 eV 
reduction in the contribution of reaction 1 below 
that of [2]: 

[I 1 D + DCI + D z  + CI 

t21 H +  H C I + H z  + C I  

QFor practical purposes these may be  defined as H 
atoms having ~ H + H C I / ~ H + ~ ~ ~  equal to the ratio of 10-2for 
thermally equilibrated atoms at 298 "K (1) (or the equiva- 
lent for D atoms in DCI (3)). Atoms with excess kinetic 
energy have higher values of k H f H c l / k H f C l 2  and are 
appropriately referred to  as "Hot" (2). They contribute to 
the unscavengable yield, 
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The presence of H or D(2S) atoms in irradiated 
hydrogen halides may result from a number of 
processes (2). Among these is the formation of 
superexcited molecules and their dissociation to 
H or D(2S) and electronically excited C1 atoms. 
Here, as in the rest of this paper, only equations 
for the hydrogen isotope reactions are written 

[31 HCI -> HCI** 

the analogous ones for deuterium being taken as 
obvious. If reaction 4 is in competition with 
preionization : 

larger ion yields and lower atom yields may be 
observed (4) in the deuterated system. This results 
from the fact that the dissociation of molecules 
containing the lighter isotope may be faster than 
for their deuterated analogs, while the rates of 
preionization should be similar. For these 
reasons a direct comparison of the total ion 
yields in HCI and DC1 by a method independent 
of chemical electron scavenging was desirable. In 
this study saturation ionization currents were 
therefore obtained for HCI and DC1 under 
identical conditions or irradiation in an ioniza- 
tion chamber. 

The dissociation of electronically excited ions 

is also a source of hydrogen atoms (2) and pro- 
cesses of this type were investigated by mass 
spectrometry. The results provide information 
concerning primary processes occurring in the 
extreme low pressure regime. They are discussed 
in the light of information in the literature and 
used to gain a further insight into reactions which 
may produce different yields of scavengable 
atoms in HCl and DCl under radiolysis con- 
ditions. 

Experimental 
Materials 

Matheson HCI of highest purity available was purified 
further as previously described (1). Similar procedures 
were used for the DCI, which was guaranteed 999, mini- 
mum isotopic purity as supplied by Merck, Sharp, and 
Dohme of Montreal. Before experiments were done with 
DCI, the storage bulbs and vacuum lines which would 
come in contact with it were ex~osed  to  it for several 

chamber with coaxial graphite-coated electrodes. The 
chamber, which was of a type already described (5), was 
irradiated in an A.E.C.L. gamma cell 220 at room tem- 
perature-first with various pressures of HCI and then 
with DCI. At each pressure ionization currents were 
measured with a Victoreen model 475A vibrating reed 
electrometer at  collecting voltages in the range 0 to 3000. 
Saturation currents were determined graphically. 

Ionization efficiency curves for HCI+, HCI2+, CIZ + 

and a few other ions of less importance were studied at 
electron energies between 5 and 30 eV and  at 70 eV with 
an Atlas-Varian CH5 Series mass spectrometer fitted 
with a peak matching unit. Measurements at  electron 
energies between 30 and 100 eV were made with an 
A.E.I. MSlO mass spectrometer. Similar measurements 
were made for the corresponding ions from DCI. Prior 
to this the instruments were baked overniaht. The DCI 
was then introduced and time allowed for stabilization of 
the H : D  isotooe ratio. Even under the best circumstances 
a substantial HCI background remained. This precluded 
determination of ionization cross sections for the ions 
from DCI and the results are therefore presented in terms 
of fractional ion abundances. Taking the CI+ ion from 
DCI as an example the fractional abundance is defined 
here as (ion current of CI+) x ( Z  ion current of DCl+ 
and all fragment ions at  the same electron energy)-'. 
Allowance for contributions to the DCI fragment peaks 
from the HCI background was made using the previously 
measured abundances for HCI and the  HCl+ 36 peak 
height. 

Results 
Ionization Yields 

Figure l a  shows a plot of ionization current 
us. collecting voltage for 200.0 Torr of both HCI 
and DC1 in the ionization chamber. The points 
are seen to be accommodated on a single satura- 
tion current plateau. Similar plateaus were ob- 
tained for the other HC1 pressures and for the 
DC1 pressures shown in Fig. Ib. It should be 
noted that the chamber was baked and evacuated 
several times prior to use with DC1 to ensure 
complete removal of HCI. Further cycles of 

hours and then thoroughly evacuated. This procedure 
PRESSURE (Torr)  

was repeated two to three times. 
FIG. 1. Circles. HCI: sauares. DCI. (a)  Ionization 

Apparatus and Procedure current plotted as \ function'of &age fo;200.0 Torr of 
Total ionization yields were obtained by measuring HCI and DCI; (b) saturation ionization current per unit 

saturation ionization currents in a pyrex ionization pressure of HCI and DCI plotted as a function of pressure. 
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baking and evacuation between successive mea- 
surements with DCl produced no change. 

The values of the saturation ionization currents 0.06 
divided by the corresponding hydrogen halide 
pressure are denoted as J and plotted against 
pressure in Fig. 16. 0.05 

The mean values of J over all pressures are 
4.33 + 0.04 for DCl and 4.31 f 0.06 for HC1~- 
both in units of amperes per Torr. The ratio of 

0,04 
these two numbers, 1.00, k O.O2,, is related to  
the Wand Gionizati0, values of the two gases (6) 
by expression 7 : a 5 0.03 

t- 

GionizationHC1 JDCI = W ~ ~ ~ J ~ ~ ~  = DCI u a 
[71 ~ i o ~ i z a t i o ? ~ ~  G WHCIJHCI 

PHCI IX 
L L  

0.02 

For HCl and DCl the ratio of stopping powers, 
pHClDC', is unity. Taking W,,, = 25.0 f 0.04 
(2), Gio,ization (= 1001 W) = 4.00 f 0.06 for HCl 0.01 
and, using the above ratio of J values, 4.02 f 
0.08 for DCl. 

Ion Abundances 10 15 20 25 30 

The coincident circles and squares in Fig. 26 ELECTRON E N E R G Y  ( e V )  

are plots of HC1+ ion currents in the 12 to  16 eV FIG. 2. (a) Fractional abundance of CI+ from HCI 
region relative to  the HCI' ion current at 70 eV. ( 0 )  and DCI (El) plotted against electron beam energy; 

~h~~~ were used to calibrate the energy scale for (b)  HCI+ ion currents in the threshold region relative t o  
the HCI' ion current at 70eV; (c) Plot of A, the dif- 

the C1+ abundances ference in the fractional abundance of Cl + from HCI and 
shown in Fig. 2a, taking the ionization potential DCl, against energy (all data obtained with the Atlas- 
of HCl to be 12.75 eV (7-1 1). Similar calibra- varian CH5 mass spectrometer). 

tions were made in all other experiments reported 
here. Figure 3 shows fractional ion abundances 
for the parent and several other ions of HC1 and I I I I I I I ,  

DCl at higher energies. The early results of Nier 
and Hanson for HCl (12) extended to energies 
above 200 eV and are included for comparison. 

085 
The agreement with the present results in the 40 0 

to 100 eV range is within + 1.5%. 5 t, 

9 080 
As in the case of the C1+ ion in Figs. 26 and 3 2 

4 the fractional abundances of C12+ showed an 
_I 

isotope effect, being about~0.005 less from DCl 2 0.15 

than from HCl in the 70-100 eV range. The 5 
intensities of the HC12+ and DC12+ ions were 2 
both much less than those of the C12+ ions and 
were not investigated in great detail. However, 

stant at 0.0045 above 80 eV and this agrees with 
the fractional abundance of HC12+ became con- ,,, 

CI'+ 

Nier and Hanson's observations (12). 
The identity of the HCl,' peak was established I I I I 

40 55 75 100 150 200 300 
by "mass matching" with C12+ from chlorine ELECTRON ENERGY (ev) 
which was introduced in some of the HC1 sam- 

FIG. 3. Fractional abundances: 0, data of ref. 12; pies' Its appearance potential lies in the region 0 ,  a, this study, Atlas-Varian CH5 mass spectrometer; 
of 17 to 18 eV but an accurate determination was 0, H, this study, M.S.10 mass spectrometer; square 
precluded by the very low intensity in the thres- points are for DCI and round ones for HCI. 

- 
,; ,, 
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hold region (typically < of HCI'). At 
70 eV the HC1,' ion current increased with the 
square of the HC1' ion current and this behavior 
resembles that of the H,CI+ ion which is formed 
(1 3) in the ion molecule reaction 

1 HCIi + HCI + H2CIi + C1 

showing that HC1,' is probably also produced 
from a secondary reaction. 

Discussion 
Total Ionization Yields at High Pressure 

The results of the ionization chamber study 
show that over the pressure range 200 to 600 Torr 
G,,,, ,,,,,, is the same in HCI and DCI within an 
experimental uncertainty of f 2 x .  Hence unless 
all C1" atoms produced in reaction 4 undergo 
chemi-ionization reactions, uiz. 

[91 CI* + HCI + HC12+ + e 
I 

the competition between reactions 4 and 5 cannot 
explain the 30% larger yield of H atoms from 
HC1 (cf. G, and G, in the Introduction). As- 
suming CI* is in the ( ~ s ) ~ P , , ,  state (14) the 
appearance potential of HC1,' from the reaction 
sequence [4]-[9] would be 13.5 eV. As stated in 
the Results section the observed appearance 
potential of this ion was in excess of 17 eV and it 
may be due to reactions between vibrationally 
excited HC1' (A2X+) and HCI.' At the present 
time there is therefore no evidence to support 
the reaction sequence [4]-[5] as an explanation 
of the isotope effect on the yields of scavengable 
H and D atoms. 

Ion Fragmentation 
The arrows in Figs. 2a and 2b show respectively 

the ionization potential of HC1 (= 12.75 eV (7 
to 11)) and the threshold energy of reaction 6 
calculated from DHc,  + I.P. of C1.6 The present 
data are consistent with previous mass spectro- 

metric (12, 17) and photoionization (8)' studies in 
that the appearance potential of C1' is within 
our experimental uncertainty of f 0.2 eV equal 
to the calculated threshold energy. 

From the data in Fig. 2a the ratio of the frac- 
tional abundance of C1' from HC1 to that from 
DC1 exceeds 2 in the region near threshold and 
decreases as the electron beam energy rises, 
becoming constant at 1.14 f 0.02 above 50 eV. 
Dissociations from repulsive ionic states prob- 
ably occur at the higher energies (see below) and 
would produce C1+ ions carrying 2.7 and 5.3% 
of the total excess kinetic energy available for 
HC1 and DC1 respectively. This would result in 
a 40% greater velocity of the C1+ ions from DCI 
and more of them may therefore be lost from the 
collection region of the mass spectrometer. If 
this effect were important it would be greatest at  
the higher energies and least in the threshold 
region where the Cl+ energies are comparable to 
thermal. As stated above, the ratio of the isotopic 
abundances shows the opposite behavior. This 
feature and the correspondence in Fig. 3 of the 
C1+ abundances from HC1 observed on three 
instruments with different source geometries 
implies that velocity discrimination is not con- 
tributing significantly to the observed isotope 
effect. 

The statement in ref. 9 that predissociation 
of HBr' (A2C') could occur abovev = 4 through 
interaction with a nonbonded ionic state (prob- 
ably the 47t) led to the suggestion (2) that C l t  
might be formed from HC1 by a similar process 
in the region near threshold. However. as shown 
in Fig. 4"even in HC1 the c rank-condon factors 
calculated (18) for transitions to the vibrational 
levels of A2C' indicate only a small intensity 
above the energy for dissociation to H + C1+ 
(3P). This is confirmed by recent photoelectron 
spectra (10, 1 1) and  it is clear that the predissocia- 
tion cannot be im~or tan t .  Furthermore, in the 
energy range 17.4 tb 20.6 eV the photoionization 

5As a check on the ability of our instrument to detect yield curves of H c ~ '  and C1+ exhibit corre- 
chemi-ionization the spectrum of argon was run under sponding peaks that do not match known ionic 
comparable conditions to those used for HCI and Ar2+ 
from Ar* + Ar + Arzi  + e was observed near thres- levels (8). The structure has been attributed to 
hold. The rate constant for this process is 1.7 x 10-9 superexcited states which preionize either to  
cm3 molecule-' s-'. oA.*/oA.+ = 0.03 and the lifetime of bound states such as HCI' (A2C') or to -. , -. 
Ar* is 0.77 us (ref. 20). Our failure to detect HClz + at  the 
calculated threshold' therefore implies that conditions 71t may be noted that the difference between the ioniza- 
for reaction 9 are much less favorable than these. The tion energy to X2lI,,, and A2Z+ determined in ref. 8 is 
HCI2+ ion has previously also been attributed to sticky 4.64eV, in excellent agreement with 4.65 eV calculated 
collisions between CI + and HCI (ref. 21). from other spectroscopic data (1 5 and 7-1 1). The fact that 

6DHcl = 4.43 and DDcI = 4.48 eV from ref. 15, and both ionization energies are low may be due to causes 
I.P. of C1 = 12.967 eV from ref. 16. discussed by Berkowitz el al. (22). 
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i t  I I I 
0 10 20 3 0  4 0  

1181 x10-' ~10.' 

RELATIVE INTENSITY 

' R.d"lfd b" 0 ,.c,l)r 1 

FIG. 4. Potential energy diagram of ionic states of 
HCI in the 12 to 22 eV region. The relative positions of the 
repulsive states are taken from ref. 9. The others are 
based on data in refs. 11, 15, and 18. 

states of HC1' (cf. ref. 19) which cross the Frank- 
Condon region near 21 eV. The potential energy 
curves of such states are not known exactly, but 
the relative levels of some of the ones which 
correlate with H(2S) and Cl+(3P) are shown in 
Fig. 4. For the purpose of correlation with radia- 
tion chemical data it should be noted that H(2S) 
atoms formed from these states would possess 
excess kinetic energy (i.e., be hot): 

[lo] HCI -* HCl+** + e -z H + CI+ + e 

Thus only the process(es) occurring below 21 eV 
can be expected to  contribute significantly to the 
yields of scavengable H and D atoms through 
reaction 6. However, from the relative slopes of 
the ionization efficiency curves above and below 
21 eV it can be estimated that the cross section for 
these processes constitutes only about 25% of the 
total cross section for C1' production from HCl. 
The corresponding fraction from DC1 would be - 15%, and the yields of H and D atoms from 
reaction 6 in the low pressure regime are therefore 
small. 

1 nonbonded states correlating with H(IS) and As seen from Fig. 3 and pointed out in the 
Results section the fractional abundances of C12+ Cl+('P) at infinite separation (see Fig. 4). This is from HCl and DCI are 0.030 and 0.025 in the the energy region in which the difference in the 

fractional abundances of CI* from HCI and DCl "optical" energy range. This ion is not therefore 

is greatest and the origin of the isotope effect must of great importance. However, it is worth noting 

lie in different rates of crossing of the isotopic that CI2+ probably decays by charge exchange 

species into the bound and unbound ionic levels. with HC1 and, since the recombination energy to 

I The fractional abuniance curves for Cl' in C1' is 23.8 eV (2), the conclusions of the pre- 
I Fig. 2a show a marked upward rise in the region ceding paragraph indicate that reaction 1 1 should 

1 between 20 and 23 eV and, in agreement with have a small or negligible isotope effect: 
I 

previous mass spectrometric studies (12, 17), the 
ionization efficiency curve of C1' showed a break 
at 21.0 + 0.3 eV. There are also indications of a 
second break at 22.6 eV (17). From Fig. 2a the 
isotope effect on the processes with onset at and 
above 21 eV is clearly less than on the lower 
energy process. To check this further the dif- 
ference, A, between the fractional abundance of 
Cl' from HCI and DCl was plotted against the 
electron beam energy in Fig. lc. Since the cross 
sections for the electronic transitions responsible 
for the low energy process should increase pro- 
portionately with electron energy in both HCI 

I 

I and DC1, one anticipates a rise in A. The absence 
I of any break supports the view that the processes 

with appearance potential at and above 21 eV 
have no detectable isotope effect. It would appear 

I that this can be reconciled most easily with direct 
transitions between HC1 (XIC+) and repulsive 

1 1 CL2+ + HCI _t Cl+ + H + CIi 

Similar considerations apply to the charge trans- 
fer reactions of HCI2' and DC12+ 

[12] HCIZ+ + HCI + HCI+ + H + CI+ 

which have a recombination energy of -23 eV 
(2). These ions are even less important than C12+ 
(see Results). 

Conclusions 
Total ionization yields in HCl and  DCI in the 

high pressure regime under radiolysis conditions 
are the same within an experimental uncertainty 
of f 2%. Ion pair yields of scavengable hydrogen 
atoms calculated from (GH ., D/Gi,,ization) are 0.45 
and 0.30 for H atoms in HCI and D atoms in DCl 
respectively. 
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A Mass Spectrometric Study of the Influence of Electronic and Stereochemical 
Factors on the Hofmann Elimination Process in Quaternary Ammonium Salts 

Deprrrtltler~t y/'Che~z~i,stry trlrtl Clrc~r~~icrrl E ~ ~ g i ~ l e e r i ~ r g ,  Urri\~er:r-ity c!f'Str.sktrtcllc,tt*tr~~, Soshtrtou~l, Scrs!irrtclre~~~c~n 

Received June 6 .  1973 

The mass spectra of the thermal decomposition products derived from the geometrical isomers of 
2-phenylcyclohexyl- and 2-phenylcyclopentyltrimethylammonium salts together with their 2-d, analogs 
have been determined together with the rigid substrate, 3-endo-2-exo-norbornyltrimethylammonium 
bromide. It is found that the Hofmann elimination reaction is most favored when the departing groups 
or atoms have the nnticoplanar relationship and that the abstracted hydrogen is exclusively the benzylic 
hydrogen. A series of I-arylethyltrimethylammonium salts were also examined together with their I-dl 
and 2-d3 analogs. It was found that electron-donating substituents on the phenyl ring favor the Hofmann 
elimination process while electron withdrawers lead to the pyrolytic reaction of halide substitution at 
carbon. 

Les spectres de masse des produits de decomposition thermique des isomeres gComCtriques des sels 
de phenyl-2 cyclohexyl et phCnyl-2 cyclopentyl trimethylammonium ainsi que de leurs homologues 
dl-2 ont ett  determines conjointement a ceux d'un substrat rigide le bromure de endo-3 exo-2 nor- 
bornyltrimethylammonium. On a trouve que la reaction d'dlimination de Hofmann est favoriske lorsque 
les groupes ou atomes partants sont en positions anti-coplanaires et lorsque les hydrogenes elimines sont 
exclusivement benzyliques. Une serie de sels d'aryl-1 6thyl trimethylammonium ont aussi et6 examines 
ainsi que leurs homologues dl-1 et d3-2. On a trouvt que, sur le cycle phenyle, des substituants donneurs 
d'electrons favorisent le processus d'ilimination de Hofmann alors que des substituants attracteurs 
d'electrons conduisent a la reaction pyrolytique de substitution d'un halogene au niveau d u  carbone. 

[Traduit par le journal] 
Can. J. Chern., 52, 365 (1974) 

Introduction urocess (2) is the Hofmann elimination leading. . , - 
A mass spectral study of quaternary ammon- the formation of an  olefin and the hydrogen 

i u m  ions has received little attention. Due to halide, eq. 3. It is possible for this decomposition 

the nonvolatility of these salts it is necessary for 
pyrolytic reactions to  occur in the source of the 
mass spectrometer to  generate neutral particles 
which can be vaporized and subsequently 
ionized. 

Competing thermal reactions in the source can 
generate a variety of neutral molecules which, 
after subsequent ionization and fragmentation, 
can lead t o  a complicated mass spectrum arising 
from the superimposition of several mass 
spectra. The most common thermal reaction (1) 
observed is substitution leading to  the nor base 
and the alkyl halide, eqs. 1 and 2. 

A 
[I 1 RCHR' -t RCHR'  + CH3X 

1 I 
X- +N(CH3)3 N(CH3)2 
X = halide ion 

A 
121 RCHR' -t RCHR' + N(CH3)3 

I I 

The other frequently observed pyrolytic 

[31 A 
RCHCHZR' + R C H  = CHR' + N(CH3), + H X  

I 
X- +N(CH3)3 

pathway to lead t o  a variety of olefinic products 
depending upon the number of different P- 
hydrogens, eq. 4. The ease of the  Hofmann 

[41 B' a B 
CH3CHZCHCH3 ;- CH3CH = CHCH, 

1 + CH3CH2CH = CHz 
X- +N(CH3), + N(CH3)3 + H X  

reaction is related t o  the nature of the anion, 
X, (2). For example, it has been shown that 
iodide ion is less able to  promote the Hofmann 
reaction than fluoride and conversely more 
likely to  favor substitution than the more 
electronegative anion. 

The reaction of quaternary ammonium ions 
with base has been extensively studied in solu- 
tion (3). Elimination generally proceeds to give 
the least hindered olefin by the concerted one- 
step pathway. A study of substituent and 
kinetic isotope effects (4, 5) has established that 
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the reaction is facilitated when the P-hydrogen 
is made more acidic or the strength of the 
abstracting base is increased. Indeed, consider- 
able studies have been made with respect to the 
nature of the transition state for the E2 process, 
i.e., whether an increase in C-H bond rupture 
is accompanied by an increase or decrease in 

+ 
C-N bond weakening. 

The effect of dihedral angle on the ease and 
stereochemistry of elimination has recently 
received considerable attention (6). It has long 
been considered that concerted elimination 
reactions proceed most readily when the carbon- 
hydrogen and carbon - leaving group bonds 
have a trans-anti relationship to one another; 
cis-syn eliminations are known, however, and 
have been most frequently encountered when 
the geometry of the reacting molecule is such 
that the reacting bonds are unable to assume 
the anti relationship. DePuy et al. (7) have 
suggested that the essential feature of an E2 
reaction is not the trans relationship of the 
departing atoms but coplanarity of the four-atom 
system H-C-C-Z. This can arise when the 
C-H and C-Z bonds are directed 180" with 
respect to one another. It also can arise when 
the dihedral angle is 0°, in which case the de- 
parting atoms have a cis-syn relationship. DePuy 
predicts that E2 processes should proceed most 
readily when the dihedral angle is 180 or 0" and 
should be most difficult when the geometry of 
the molecule is constrained in such a way as to 
cause the maximum deviation from the coplanar 
situation. 

Accordingly, we have examined, by mass 
spectrometry, the pyrolysis of five para-substi- 
tuted 1-arylethyltrimethylammonium salts in 
order to gain an insight into possible electronic 
factors involved in the pyrolytic processes. The 
cis and trans isomers of 2-phenylcyclohexyl- and 
2-phenylcyclopentyltrimethylammonium salts 
were examined together with the rigid substrate, 
3-endo-phenyl-2-e~o-norbornyltrimethylammon- 
ium bromide in an attempt to examine the 
stereochemical factors associated with the 
Hofmann elimination process. 

Results and Discussion 

The Effect of Geometry on the Hofmann 
Elimination Process 

The compounds which have been investigated 
include those shown in Series 1 together with 

their 2-d, analogs. As well, 3-endo-phenyl-2-exo- 
norbornyltrimethylammonium bromide (5) and 

1 t~ = 4,  trans compound 
2 ti = 4,  cis compound 
3 tz = 3, trans compound 
4 n = 3, cis compound 

SERIES 1 

its 3-d,, analog were examined. The mass 
spectral data for the major ions of the pyrolysis 
products from 1 to 5 are recorded in Table 1. 
Figures 1 and 2 are bar graphs of the spectra of 
the products from 1 and 2. 

It can be seen from the data in Table 1 that the 
principal ions formed in the source of the mass 
spectrometer when the trans (1) and cis (2) 
cyclohexyl salts are pyrolyzed (Figs. 1 and 2, 

TABLE 1. Percentage total intensity 
and m/e  values of the principal ions in 
the 70eV spectra of the pyrolysis prod- 
ucts from compounds in Series 1 as 
well as of 3-endo-phenyl-2-exo-nor- 

bornyltrimethylammonium bromide 

Compound n ~ / e  % C40 

*ftr/c value observed in the spectrum of the 
pyrolysis products from the deuterated analog 
(2-dl for 1-4 and 3-d, for 5). 
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S M I T H :  H O F M A N N  E L I M I N A T I O N  

m i .  

FIG. 1 .  Mass spectrum (70 eV) of pyrolysis products 
from 1. 

FIG. 2. Mass spectrum (70 eV) of pyrolysis products 
from 2. 

respectively) correspond to the trans- and cis- 
N,N-dimethyl-2- phenylcyclohexylamine (mle 
203), 1-phenylcyclohexene (mle 158), methyl 
iodide (mle 142), and the M - 1 fragment ion 
from trimethylamine (mle 58). The ions formed 
from the corresponding trans (3) and cis (4) 
cyclopentyl quaternary ammonium iodides repre- 
sent the trans- and cis-N,N-dimethyl-2-phenyl- 
cyclopentylamines (nzle 189), l-phenylcyclo- 
pentene (mle 144) together with the ions at mle 
142, 84, and 58. 

The base peak in the spectra of the pyrolysis 
products of each of 1-4, as well as their 2-d, 
analogs, is at mle 84. This ion could be formed 
from the N,N-dimethylamines by the pathway 
shown in Scheme 1. 

The data of particular interest in Table 1 are 

the percentages of total ion current for the 
Hofmann products, i.e., 1-phenylcyclohexene 
(mle 158) and 1 -phenylcyclopentene (mle 144) 
from the 2-phenylcyclohexyl- and 2-phenylcyclo- 
pentyltrimethylammonium iodides, respectively. 
It is seen that for the trans cyclohexyl salt, the 
olefin represents 2% of the total ion current 
whereas the cis cyclohexyl salt on pyrolysis gives 
the Hofmann product which carries 10% of the 
ion current. Consequently, it must be concluded 
that elimination is more favored from the cis 
isomer than from the trans. Similarlv. the same < ,  

conclusion is reached when one examines the 
trans and cis cyclopentyl compounds, 3 and 4, 
i.e., the olefin represents 0 and 5% of the total 
ion current, respectively. It is to be noted that 
the substitution products, N,N-dimethylamines 
and methyl iodide, carry a greater percentage of 
the total ion current for the trans substrates (1 
and 3) where elimination is not as favored. 

It is extremely difficult to determine the exact 
conformation o i  each of compounds 1-4 in the 
sample probe of the mass spectrometer at ap- 
~roximatelv 230 "C. In the case of the cis 
cyclohexyl salt more than one conformation 
provides coplanarity with a dihedral angle of 
180" or close to it. The reacting conformer could 

w 

be the twist-boat since it provides the least 
crowded situation. The slightly puckered cyclo- 
pentane ring provides approximate coplanarity 

+ 
of the C-H and C-N bonds with both isomers. 
For the cis isomer undergoing trans elimination, 
the dihedral angle is not far from 18O0, while in 
the cis elimination of the trans compound the 
angle is close to 0'. For the trans cyclohexyl salt, 
which undergoes cis elimination, the favored 
conformation, which places the bulky groups 
in the less crowded equatorial positions, provides 
a dihedral angle of 60°, far from that required 
for coplanarity. 

The results of this study generally agree with 
conclusions reached from studies of the E2 
reaction in solution where elimination is 
favored when the departing groups, H' and 
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N(CH,),, have the anti coplanar relationship. 
When the dihedral angle is 60 or 0" elimination 
is less favored and substitution Dredominates. 
Indeed, the mass spectrum of the pyrolysis 
products from the trans cyclopentyl salt, dihedral 
angle approximately 0°, does not indicate any 
olefin. 

The small amount of elimination product from 
the pyrolysis of the trans cyclohexyl salt (I),  
where the departing groups cannot easily acquire 
a coplanar relationship, is probably due to the 
flexibility of the ring. That this is so is suggested 
by the data in Table 1 for 3-endo-phenyl-2-exo- 
norbornyltrimethylammonium bromide (5), a 
rigid system where coplanarity cannot be 
obtained, the major ions are the N,N-dimethyl- 
amine (nzle 215), methyl bromide (mle 94 and 
96), and the usual mle 58 ion. An ion, corre- 
sponding to the Hofmann product, at tnle 170 
was not observed in the spectrum. The 3 4 ,  
analog of 5 gave an identical mass spectrum to 
that obtained for 5 except that the ion corre- 
sponding to the N,N-dimethylamine appeared 
one mass unit higher (mle 216). 

The spectra of the 2 4 ,  analogs of compounds 
1-4 were also identical to those of the un- 
deuterated substrates except for the substitution 
product, the N,N-dimethylamine. Of particular 
interest is the observation that the Hofmann 
elimination Droduct did not contain deuterium 
and hence kus t  be I-phenylcyclohexene and 
1-phenylcyclopentene rather than the other 
possible product of p-elimination, i.e., 3-phenyl- 
cyclohexene and 3-phenylcyclopentene. Presum- 
ably, as has been observed for reactions in 
solution (8), the acidity of the P-hydrogen and 
the stability of the product is a predominant 
driving force for the pyrolytic Hofmann reaction. 

The Effect of Electrotiic Factors on the Pyrolytic 
Processes 

The compounds which have been examined 
are those shown in Series 2 together with their 
1-dl and 2-d3 analogs. 

FIG. 3.  Mass spectrum (70 eV) of pyrolysis products 
from 6. 

FIG. 4. Mass spectrum (70 eV) of pyrolysis products 
from 10. 

Figures 3 and 4 are bar graphs of the spectra 
of pyrolysis products from 6 and 10. The major 
ions observed for the substit~~tion reaction, 

+ 
R-C,H,-ClH=N(CH3),, and the elimination 

reaction, HBr', are shown in Table 2 together 
with their percentage of the total ion current. 

The ion of greatest relative abundance related 
to the substitution reaction is R-C,H,-CH= 

N(CH,);. This fragment ion (mle 202 in Fig. 3) 
is formed from the substitution product, N,N- 
dimethylamine (mle 217 in Fig. 3), by the facile 
loss of CH,. (Scheme 2). Confirmation is given 
by an examination of the spectra of the 1-dl 
and 2-d, analogs of the quaternary salts, i.e., for 
the P-d, substrate. 

The percentage of the total intensity, % ',,,, 
for hydrogen bromide was used as  a measure of 
the extent of the pyrolytic elimination reaction 
in the source. This was necessary since an ion 
which could be used to measure the substituted 
styrene product formed could arise, depending 
upon R, by two pathways. The first pathway, 
which was predominant for the substrates with 
electron-withdrawing substituents in the para 
position, involved loss of Br from the alkyl 
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+ 
TABLE 2. Percentage total intensity and m/e  values of the ions, R-C6H4-CH=N(CH3), 

+ 
and HBr', in the 70 eV spectra of pyrolysis products from compounds in Series 2 

+ + 
R-C6H4-CH=N(CH3) HBr ' 

R Compound c40 mle So 1 4 0 *  m/e 

'Only 79Br is considered. 
t17rlr value of corresponding ion formed in 70 eV spectra of pyrolysis products from the 2 4 ,  analogs of the com- 

pounds in Series 2. 
$111/r value of corresponding ion formed in  70 eV spectra of pyrolysis products from the I - d l  analogs of the com- 

pounds i n  Series 2. 

bromide1 formed by the substitution reaction on 
the benzylic carbon (ni/e 173 in Fig. 3) followed 
by loss of a hydrogen atom from the 2-carbon 
(m/e  172 in Fig. 3), eq. 5. 

The other route for the formation of this ion was 
by the ionization of the olefin formed in the one- 
step pyrolytic elimination reaction with halide 
acting as the abstracting base, eq. 6. This path- 
way was favored when R was electron donating 
and, in fact, was followed exclusively for the 
p-OCH, substrate (m/e  134 in Fig. 4). 

A 
[61 R-C6H4CHCH3 -> R-C6H4CH=CH2 + HBr 

I + N(CH3)3 
Bc- +N(CH3), 

It can be seen from the data in Table 2 that the 
extent of Hofmann elimination increases as the 
para substituent is made more electron donating, 

'The relative intensity of the 1-arylethyl bromides in 
all cases was less than one. The bromide was observed in 
the spectra of each salt except for thep-OCH, substrate. 

i.e., % ',C,, for HBr increases from 2.7 to 16 for 
the p-CF, and p-OCH, substrates, respectively. 
Alternatively, the substitution reaction of halide 
on the N-CH, to  give methyl bromide and the 
N,N-dimethylamine2 decreases a s  the para sub- 
stituent is made more electron donating. These 
trends are in accord with the competing halide 
promoted substitution and elimination reactions. 

A possible explanation for the enhancement of 
elimination over that of substitution when R= 
OCH, is that the halide ion, in the crystal or the 
melt during pyrolysis in the probe, is not as close 
to  the positive onium ion and hence can more 
readily promote elimination by removal of the 
2-hydrogen. On the other hand, for the p-CF, 
substrate, the halide ion is probably in very close 
proximity to the positive nitrogen and hence not 
as "available" t o  effect elimination and con- 
sequently substitution predominates. If the 
halide ion is made more "tightly-bonded" to 
nitrogen in the crystal it is expected that the 
melting point of the compound would increase. 
This is observed as the melting points for com- 
pounds 6-10 are 224, 199, 193, 179, and 165", 
respectively. 

It is possible to  invoke some stabilization of the 
positive nitrogen by electron donation from the 
ring, which would allow some freeing of the 

'As measured by % Zdo of R-c~H~cH=N(cH~)~. 
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reproducible when the source temperature was changed 
by as much as 30". 

+A(CH3)3 Financial assistance by the National Research Council 
Br- of Canada is gratefully acknowledged. 

halide anion. This, however, is highly speculative 
and further work is planned to  investigate the I. M. HESSE, W. VETTER, and H. SCHMID. Helv. Chim. 
electronic and stereochemical factors which Acta, 48, 674 (1965). 
effect the pyrolytic reactions. 2. M. HESSE and H .  SCHMID.  Liebigs Ann. Chem. 696, 

85 (19661. 

Experimental 
The compounds in Series 1 as well as 3-endo-phenyl-2- 

exo-norbornyltrimethylammonium bromide together with 
their deuterated analogs were graciously supplied by 
Dr. A. N. Bourns. The substrates shown in Series 2 and 
their deuterated analogs were donated by Mr. David Tsui. 
In all cases the deuterated substrates were shown to be 
better than 99% deuterated. 

The mass spectra were determined with an MS-12 
mass spectrometer operating at 70 eV and an ion source 
temperature of 220". The samples were introduced via 
the direct probe technique. In all cases the spectra were 

~, 

3. J. K. BORCHARDT and W. H. SAUNDERS JR. Tetrahed- 
ron Lett. 3439 (1972) and earlier papers; P. J. SMITH 
and A. N. BOURNS. Can. J. Chern. 48, 125 (1970) and 
earlier papers; D. V.  BANTHORPE. Elimination reac- 
tions. Elsevier, Amsterdam 1963. 

4. A. FRY.  Chem. Soc. Rev. 1, 163 (1972). 
5. D. J. MCLENNAN. Quart. Rev. 21, 490 (1967). 
6. M. PANKOVA. M. SVOBODA, and J. Z ~ V A D A .  Tet- 

rahedron Lett. 2465 (1972) and earlier papers. 
7. C. H. DEPUY, R .  D. THURN,  and G.  F. MORRIS. J. 

Am. Chern. Soc. 84, 1314 (1962). 
8. G.  AYREY, E. BUNCEL, and A. N. BOURNS. Proc. 

Chem. Soc. 485 (1961) and references therein. 
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The Conformation of P-Pseudouridine about the Glycosidic Bond 
as Studied by H Homonuclear Overhauser Measurements 

and Molecular Orbital Calculations1 

R. K. NANDA,  R. TEWARI,  A N D  G. GOVIL? 
Totrr I~~sr i r r r te r~f'Frr~rdn~rierztriI Reserrrch, Holni  Bhrrhlrn Roritl, Bort7hny 400005, I~ztlicr 

A N D  

IAN C. P. SMITH 
Dilisiorr of Biologicnl Sciellces, Notio~icrl Reserrrcli Coirt~cil  of Corrnrlo, Ottrr\tw, Cnlrrida K I A  OR6 

Received July 17, 1973 

The conformation of B-pseudouridine about the glycosidic bond has been studied by both the internal 
nuclear Overhauser effect and CNDO molecular orbital calculations. Both sy11 and allt i  conformations 
are found to exist in rapid equilibrium, with roughly equal populations of each. The proportion of sytr 
to alrri conformations does not change significantly with pD over the range 7.1 to 11.6. T h e  CNDO 
calculations suggest that the sylr conformation is stabilized by formation of a hydrogen bond, C,=O.. . 
0-H,., but the n.m.r. data indicate that if such a bond exists its probability is the same at p D  7.1 and 
11.6. Major contributions to n.0.e. may occur through conformations other than those which are most 
stable. 

L'effet Overhauser intramoltculaire et des calculs thtoriques par la mtthode CNDO on t  permis 
d'etudier la conformation de la 0-pseudouridine autour de la liaison glycosidique. On a trouvt que les 
deux conformations, sytz et anti, sont en tquilibre rapide, avec des populations sensiblement egales. Les 
proportions des conformations syn et anti ne changent pas de maniere significative dans I'intervalle de pD 
de 7.1 i 11.6. Les calculs CNDO suggerent que la conformation sylr est stabiliste par la formation d'une 
liaison hydrogene C,=O. . .O-H,., mais les donntes d e  la r.m.n. montrent que la probabilited'existence 
d'une telle liaison est la m@me aux p D  7.1 et 11.6. Des conformations autres que les conformations les 
plus stables peuvent avoir des contributions importantes dans le n.0.e. [Traduit par le journal] 

Can. J. Chem., 52,371 (1974) 

I Introduction 
I 

I Nuclear magnetic resonance spectroscopy 
(n.m.r.) has been used recently (1-4) to derive 

I information about the conformation of p- 
I pseudouridine (P-$), which occurs as a minor 

constituent of transfer RNA. Information about 
the ribose geometry and the conformation about 
the exocyclic C,,-C,, bond, has been obtained 
from 'H n.m.r. data. However, direct evidence 
on the sugar-base torsion angle (x) could not 
be obtained by such studies. Indirect evidence 
has been interpreted both in terms of an appreci- 
able population of anti conformer of P-$ (1-6) 
as well as that of syn conformation stabilized by 
an 0-H. . . O  bond between the 5'-hydroxyl 
proton and the oxygen on C, of the base at 
high p H  (7). 

I Recently, the internal nuclear Overhauser 
effect (n.0.e.) has been used (8-1 1) in studies of 
nucleoside conformations. In particular the 
-- 

I 'Issued as NRCC Publication Number 13555. 
I 
I 'NRCC Visiting Scientist, 1972. 

technique has been applied to determine the 
glycosidic bond conformation. I n  this double 
resonance experiment enhancement in the 
intensity of the resonance line o f  a magnetic 
nucleus (i) is observed when another nucleus ( j )  
in its proximity is saturated. The n.0.e. depends 
on the 'H relaxation mechanisms and a general 
treatment of this phenomenon has  been given 
recently (12). If the sample is sufficiently dilute, 
paramagnetic impurities are absent and one is 
dealing with spin 3 nuclei, then intramolecular 
dipole-dipole interaction is the dominant factor 
contributing to n.0.e. Since this interaction 
depends on the inverse sixth power of inter- 
nuclear distance r?, the relative values of n.0.e. 
yield a rough es t~mate  of various internuclear 
distances in a rigid molecule. We have chosen 
P-pseudouridine for this study because of the 
lack of competing relaxation mechanisms from 
other base protons (H, in uridine), and because 
of the suggestion that at p D  11.6 the syn con- 
formation can be stabilized by hydrogen-bond 
formation (7). 
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Theoretical calculations using molecular orbi- 
tal theory have also been applied with success in 
investigations of the conformations of nucleo- 
sides and nucleotides (13-17). Studies on 
glycosidic bond rotation in common nucleosides 
have been reported by Berthod and Pullman (17) 
who have used the PCILO method. Such 
calculations can be used to determine the relative 
stabilities of individual points in conformational 
space whereas the n.m.r. investigations give a 
"time-average" picture. 

In this paper we report the n.0.e. experiments 
on p-JI which indicate the presence of an 
equilibrium involving detectable proportions of 
syn and anti conformations. Calculations based 
on complete neglect of differential overlap 
(CNDO) have enabled a deeper insight into the 
factors stabilizing the molecule in the two states 
and into the mechanism of nuclear Overhauser 
enhancements. 

Materials and Techniques 
Nuclear. Magtietic Resot~atzce Measwenients 

(3-w was purchased from Calbiochem. The purity of 
the sample was better than 95% as indicated by the 
absence of any unexplained features in the n.m.1. spectra. 
A solution containing 0.10 M 8-w and 0.10 M 3-(tri- 
methy1silyl)propanesulfonic acid sodium salt (DSS, 
Merck, Sharpe, and Dohme, Canada) in deuterium oxide 
(D20)  was prepared. Sample pD's were adjusted using 
dilute solutions of NaOD (pD = meter reading + 0.4) 
and were then triply lyophilized from D,O to remove 
residual HDO. The samples were carefully degassed to 
remove traces of oxygen. The 'H n.m.r. measurements 
were made on a VARIAN XL-100 spectrometer; the 
radio-frequency field used for the double resonance 
experiments was calibrated in a separate experiment 

HO' 'OH 

FIG. I .  The primary structure of b-w The H-bonded 
structure shown here is one of the many conformers 
which may be present in aqueous solutions. 

Theoretical Calcrilations 
The CNDO calculations were performed on a CDC- 

3600 computer using a slightly modified version (13, 14) 
of QCPE 142 (19). The input to the program consists of 
the Cartesian coordinates of the various atoms. The co- 
ordinates are calculated using the bond lengths, bond 
angles and the torsional angles To, T,, X, B,, and B2 (Fig. 2) 
which define the conformation of the molecule. The sugar 
geometry used has been taken from an earlier publication 
(14), while the base geometry is shown in Fig. 1. The 
computer time was reduced considerably by replacing 
the 2' and 3' hydroxyl groups by hydrogen atoms. These 
groups do not come in proximity to either the base or 
the 5'-CH20H group and therefore such a replacement 
does not affect the basic conclusions drawn in the next 
section. Their inclusion would affect the relative energies 
of the various forms of the ribofuranose ring. 

Discussion 
based on measurements of Bloch-Siegert shifts (18) of ( a )  CNDO Ca~cu~ations 
the chloroform 'H resonance in a chloroform-tetra- The calculation of the conformation of P-JI 
methylsilane mixture. The n.0.e. enhancements were 
generally measured using changes in the peak height of is a problem in multidimensional conformation 
the H6  resonance when the ribofuranose protons were space. Specifically, in addition to the conforma- 
irradiated. However, this method could not be used when tion of the sugar ring (angles 7, and 7, as defined 
H,, was irradiated, since H I ,  and H6 show a small in ref. 14) and the rotation x about the glycosidic 
scalar coupling (1-3). In this case, the integrated area of 
the H6 resonance was used. The n.0.e. has been expressed bond one has to consider the angles 0 ,  and 8, 
as the percentage difference in the peak height (intensity) which denote rotations about the C5,-05, and 
when the sugar protons were saturated and when the C,,-C,. bonds, respectively (see Fig. 2 for 
double resonance field was applied off-resonance. In the definitions). ~ ~ ~ t h ~ ~ ,  these rotations are coupled 
latter case the double resonance field was set in a region to one another. In other words, the value of 
free from any n.m.r. signal. In this way base line changes 
and effects arising from the loading of the master oscil- which leads to a minimum energy conformation 
lator were avoided. About twenty measurements were is expected to depend on the sugar ring geometry 
made in each case. No  attempts have been made to as well as on 0 ,  and 8,. A further com~lication .. 

interpret n.0.e. results of less than 47, in view of the basic is the of p-Gboth in the ribofuranose 
difficulties in such measurements. Double resonance field 
strengths corresponding to  3-15 Hz were used in the ring and in the exoc~clic -CH,OH group (1-4). 
experiments. The H-bonded structure of the type shown in 
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FIG. 2. Notation of the torsional angles X ,  O , ,  and 
8, which determine the overall conformation of B-v. 

Fig. I can occur only if 0, -300" and 0, -0". 
The n.m.r. evidence indicates that the population 
of the gauche-gauche rotamer (0, = 300") is 
-60% in water (1-3) and -*70% in dimethyl- 
sulfoxide (4). However, the populations of other 
conformers (0, = 60 or 180") are not negligible. 
The three-bond 'H-'H coupling constants of 
the ribofuranose ring indicate that rapid con- 
formational interconversion is taking place with 
very little preference for any of the conventional 
puckered conformations (1-4). 

The potential energy of P-$ has been calcu- 
lated for all the three possible values of 0, 
namely 60, 180, and 300". A value of 0" has been 
assigned to 0, so that the effect of intramolecular 
H-bonding could be studied. The 'H n.m.r. data 
has indicated that P-+ shows some preference 
in dimethylsulfoxide for small values of 0,(4). 
Initially, the calculations were performed using 
a C3,-endo ribose conformation. The low energy 
regions in the x space were then repeated with 
C,.-endo, C3.-exo and C,,-exo geometry to check 
if the puckering of the sugar ring affects the 
behavior of potential energy curves. 

The results for the C3,-endo conformation are 
shown in Fig. 3. The profiles for 0, = 60 and 
180" are remarkably similar, while that for 0, = 

300" is significantly different. For 8, = 60 or 
180°, the potential energy curves show two 
minima, which correspond to x -0" (anti) and 
x -220" (syn). The anti conformation is slightly 
favored over the syrz conformation, the difference 
in energies being -0.6 kcal mol-'. The two 
minima are connected by a low energy barrier 
(-5 kcal mol-I). The general nature of the 
curves does not change very much with a change 
in the ribose geometry. These results indicate 
that when 8, = 60 or 180°, p-$ will occur with 
a distribution of x angles centered around 0 and 
220". The interconversion between the various 

7"44,.,-7,. 

X .  
4 s  

FIG. 3.  Potential energy curves of P-w (by CNDO) 
as a function of angle x for the C,.-endo ribofuranose 
ring conformation. The behavior for 8, = 60 and 180' 
is very similar and is shown by the dotted line. The solid 
line denotes the curve for 8, = 300". The value of 8, is 
0" in all cases. 

configurations should be fast (on the n.1n.r. 
time scale) because the energy barrier is low; 
this is in accord with a single H, n.m.r. resonance 
(1-4). 

With C3,-endo geometry and 0, = 300°, the 
syi? conformation (X = 240") is stabilized by 
almost 9 kcal mol-' over the ant i  (X = 0") 
conformation. Such a configuration could be 
stabilized by a hydrogen bond of the type 
C,--0, . . . H-0, ,. The 0-H . . . O  angle is 153" 
and 0-0 distance is 2.4 A. When x is around 
210°, 0, and the 5'-hydroxyl proton come 
within 1 A of each other, leading t o  the large 
repulsive energies in this region. Another high 
energy barrier occurs around x -35", which is 
due to  close contact between H, and the  hydroxyl 
proton. 

The CZ.-exo geometry gives a potential energy 
curve which closely resembles that for C3,-endo. 
However, a very pronounced difference is 
observed for C,.-endo and C3,-exo geometries. 
For the C,.-endo conformation, the  entire x 
region shows very high energy. This behavior 
can be easily understood since in this case, C,, 
and H,, are fairly close to the 5'-OH group. 
For the C3,-exo conformation, the 5'-OH group 
is pulled away from sugar base and in the 
absence of a possible hydrogen bond the sy17 
structure is predicted to be less stable than the 
anti. 

The CNDO calc~~lations indicate, therefore, 
that different sugar conformations stabilize the 
syn or anti regions to different extents. However, 
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in absence of any quantitative data on the 
distribution of ribose conformations for P-$ in 
solution it is not possible to make predictions 
on the relative populations of syn and anti con- 
formers from the CNDO calculations alone. 

(b) Nuclear Ooerhauser Measurements 
The results of n.0.e. experiments are given in 

Table 1. It is seen that the H, resonance shows 
significant enhancements when HI . ,  H,., and 
H,, are saturated. Since for a rigid structure the 
n.0.e. depends on r,, the distance between H, 
and the ribofuranose proton (k) under con- 
sideration, the observation of substantial n.0.e. 
from both H I .  and H,, is an indication that 
significant proportions of both syn and anti 
forms are present. At higher pD (11.6) the 
overall enhancement decreases but the relative 
values remain the same. This indicates that the 
population distribution does not change signifi- 
cantly with a change in pD, as has already been 
suggested by other 'H n.m.r. data (3). The 
presence of a single resonance for H, indicates 
that rapid interconversion between conformers 
about the glycosidic bond must be taking place. 
Thus, although a hydrogen bond may exist 
between C,=O and H-O,., the n.m.r. data 
indicate no change in its probability from pD 
7.1 to 1 1.6, and therefore it cannot be responsible 
for the anomalous ultraviolet absorption spec- 
trum found at basic pH values (7). 

A more quantitative discussion of the n.0.e. 
results is possible only if the distances of H, 
from the various ribofuranose protons are 
known; these in turn depend primarily on the 
value of x and, to some extent, on the ribofura- 
nose ring geometry. For the C3.-endo conforma- 
tion the relevant interproton distances are given 
in Fig. 4. Over the entire x range the distances 
of protons H,., H,,, and H,., from H, are 

TABLE 1. Internal nuclear Overhauser effect on the H6 
proton in 13-w caused by the saturation of the ribofuranose 

ring proton resonances 

Nuclear Overhauser effect 
Proton 
irradiated pD = 7.1 pD = 11.6 

HI, 22 16 
Hz, 19 11 
H33 12 8 
H4, 2 4 
HS. + Hs.. 1 0 

J 
0 

0 180 360 

x IN DEGREES 

FIG. 4. The distance of the ribofuranose ring protons 
(H,,, Hz,,  H3,, and H4,) from the base proton H6. The 
ring conformation is taken as C3.-endo. For other ring 
conformations, the distances for Hz,  and H3, are slightly 
different. 

greater than 4 A and these protons do not make 
any significant contributions t o  the n.0.e. of 
H,. The H-bonded syn conformation (X = 240") 
corresponds to an HI.-H, distance of 2.4 A 
and clearly, such a conformation would give 
rise to a large n.O.e., when H I ,  is irradiated. 
However, neither the x = 0" nor the x = 240" 
configuration can explain the n.0.e. observed 
for the H,, and H3, protons, since the relevant 
distances for both the protons are more than 4 A. 
It is evident that these protons relax due to  a 
finite probability of the molecule lying in 
regions of x where the relevant interproton 
distances are lower (i.e. x -20-40"). 

These results can be interpreted semiquanti- 
tatively in terms of the energy calculations. The 
statistical probability (pi) of finding the molecule 
in the configuration i, is related to its potential 
energy Ei by the expression 

exp (- E,/R T) 
Pi = exp (-Ei/RT) 

i 

The n.0.e. (6 , )  obtained by irradiating one of 
the ribofuranose protons k can therefore be 
related to the relevant distances r, by the 
expression 

5 k  a x ~ i ( ~ k ) i - ~  
i 

Figure 5 shows the value of Pi(rk)i-6 as a 
function of X, where the p i  values are derived 
from the potential energy curve for the C3,-endo, 
8, = 60" (or 180") curve. It is evident from Fig. 
5, that the points which lead to maximum n.0.e. 
need not correspond exactly t o  the most prob- 
able values of X. For example, H,, derives most 
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nucleotides, where the sugar geometry is rigid 
and the conformational freedom is restricted to 
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exocyclic -CH,OH group restricts one to 
qualitative conclusions. 
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Electrochemical Synthesis of Deuterio Organic Compounds. I.  Electrochemical 
Reduction of 1-Halonaphthalenes and Synthesis of 

1-Chloro-4-methylnaphthalene ' 
ROGER N. RENAUD 

Di~.isio~t ~f'Clre~~ri.sIry. Ntrtiofrtr/ Rcseorclr Corr~rc.i/ c!f'Cotrc/t/o, Ottrril,o, Ccr~rot/tr K IA OR6 

Received July 18. 1973 

Electrochemical reduction of I-chloro-, I-bromo-, I-iodo-, I-chloro-4-methyl-, and I-bromo-4- 
methylnaphthalene was done in presence of deuterated water. The deilteriilm content of the naphthalene 
obtained reveals that the mechanism for the bromo and the iodo derivatives might involve either a 
simultaneous transfer of two electrons or an organometallic intermediate, while reduction of the chloro 
derivative might proceed at least partially via a radical intermediate. 

The synthesis of I-chloro-4-methylnaphthalene from I-chloro-4-chloron~ethylnaphthalene was 
achieved either by selective sodium borohydride reduction or by selective electrochemical reduction. 

La reduction electrochimique de naphtalenes et de methyl-4 naphtalenes halogenes a &ti faite en 
presence d'eau deiiteriee. La teneur en dei~terium du naphtalene et du methyl-4 naphtalene ainsi formes 
a demontre que les derives bromks et iodes semblent preferer un mecanisme de type impliquant soit le 
transfert simultank de deux electrons ou la formation d'un organon~etallique intermediaire. Par contre, 
ies derives chlores semblent prkferer un mecanisme radicalaire. 

Le chloro-l methyl-4 naphtaltne a ete synthetise par reduction selective du chloro-l chloromethyl-4 
naphtaltne soit stir le borohydrure de sodium ou soit electrolytiquement. 

Can. J. Chern., 52,376(1974) 

Introduction 
The electroche~nical reduction of halogenated 

organic compounds to hydrocarbons is well 
known (1). Furthermore, this reduction is 
shown to be, in many cases, very selective in the 
presence of functional groups easily reducible by 
conventional reducing methods (2-4). The hydro- 
gen donor can be the solvent, the supporting 
electrolyte, and/or an acidic additive. This 
method has recently been used for the synthesis 
of deuterium (and tritium) labelled organic 
compounds where the isotopic hydrogen source 
was labelled water. High isotopic purities were 
obtained by Cockrell and Murray (5) in the 
synthesis of deuterated anisoles and toluenes 
from the electrochemical reduction of iodoani- 
soles and iodotol~~eiies. Seinmelhack and co- 
workers (6) selectively introduced a deuterium 
at C-6 in 1,l-diinethyl-4,5,6-trichlorospiro[2.3]- 
hex-4-ene by this method. The saine result was 
obtained by ~ r a t u  (7) in the synthesis of tritiated 
uracil using tritiated water as the electrophile. 
Therefore, the electrochemical reduction of 
halogenated organic compounds seems to offer 
a relatively good method for the regiospecific 
introduction of labelled hydrogen in highly 

'NRCC No. 13561. 

substit~~ted aliphatic, aromatic, and heterocyclic 
compounds. Since the synthesis of labelled 
compounds is one of the inajor problems in our 
laboratory, the electrochemical method was 
further explored. 

It is known that the relative rate of halide ion 
loss for alkyl halides (8) and aryl halides (9) 
increases in the following order 

Although iodo and bromo derivatives are 
reduced inore easily than the corresponding 
chloro homologs, the chloro conlpounds are 
generally more readily accessible and less 
expensive. Since very little is reported in the 
literature regarding the use of chloro conlpounds 
as potential precursors for the synthesis of 
deuterated derivatives via electrocheinical re- 
duction in the presence of D,O, some prelimi- 
nary studies were done on I-chloronaphthalene 
and 1-chloro-4-methylnaphthalene. The results 
were compared with the reduction of their bromo 
and iodo homologs. 

The synthesis of I-chloro-4-methylnaphtha- 
lene reported in the literature involved the 
chlorination of 1-methylnaphthalene to give a 
mixture of isomeric compounds (lo), or the 
nitration of 1-chloronaphthalene followed by a 
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RENAUD: ELECTROCHEMICAL REDUCTION. I 377 

long synthetic procedure (lo), or the chlorina- chloromethylnaphthalene (1 g) was added to the cell. 

t ion of l-naphthalene acetic acid i n  a very low The current went up to 110 niA. The electrolysis was 
continued until the current was down to  40 mA (3.7 

yield by a decarboxylation of equivalent number of coulombs). The solution was 
the l-chloro-4-na~hthalene acetic acid (1 1). The filtered. evaoorated nearlv to drvness under reduced , . 
method we have used consists of a chloromethvl- oressure, and then excess ha t e r  was added. The super- 
ation of l-choronaphthalene followed by - a kitant oil so obtained was extracted with ether. The 

selective reductive dechlorination of l-chloro-4- ethereal solution was dried over sodium sulfate, filtered, 
and concentrated in u a c ~ ~ o .  The crude residue was distilled 

ch lOrOmeth~lna~hthalene  with either in a Spdth bulb to afford 0.55 g (66%) of a colorless oil 
borohydride (method A) in 72% yield or electro- analyzing nearly pure I-chloro-4-niethylnaphthalene 
lytically (method B) in 66z  yield. (picrate: n1.p. 125-126" (lit. (1 1) 1 19-121")). 

Anal. Calcd. for C ,  ,H,CI: C, 74.79: H, 5.14; Cl, 

Experimental 
The halogenated naphthalenes were commercially 

available and analyzed spectroscopically to be highly pure 
(> 98%). Solvents were purified as reported in the litera- 
ture (23). Melting points are uncorrected. Silica gel was 
Fisher Scientific 28-200 Mesh Grade 12 and the eluant 
was petroleum ether. Nuclear magnetic resonance 
spectra were determined on a Varian A-60 spectrometer 
using TMS as internal standard. Microanalyses were 
determined by Mr. H. Seguin, National Research Co~lncil 
of Canada, Ottawa. Mass spectra were determined on a 
Hitachi Perkin-Elmer RMU-6D instrument and corrected 
for natural 13C abundance. 

l-Chloro-4-cl1loror,iet/1y/t1ap/1tI1nIerie 
I-Chloro-4-chloromethylnaphthalene was prepared ac- 

cording to the method described by Horn and Warren 
(12), m.p. 76.5-77.5" (lit. (12) 78-79"); n.ni.r. (CDCI,): 
T 1.7-2.3 (GH, multiplet, aromatic), 4.97 (2H, singlet, 
methylene). 

Method A .  NaBH, Red~rction 
A mixture of 1-chloro-4-chloromethylnaphthalene (1 g) 

and sodium borohydride (0.36 g) in DMSO (45 ml) (dried 
over calcium hydride and distilled underreduced pressure), 
was stirred at room temperature for 2 h. Then, the excess 
sodium borohydride was destroyed with methyl iodide 
(1.4 g) and the mixture was extracted continuously for 4 h 
with pentane. The pentane solution was concentrated and 
the residue was distilled in a Spath bulb under reduced 
pressure to give 0.6 g (72%) of an oil boiling at 70' 
(0.001 mm pressure). The distillate analyzed to be -98% 
pure by v.p.c. (picrate: m.p. 125-126" (lit. (1 1) 119-121")); 
n.m.r. (CDCI,): T 1.5-3.0 (6H, multiplet, aromatic), 
7.43 (3H, singlet, methyl). 

Anal. Calcd. for C1 IHBCI: C, 74.79; H, 5.14; CI, 20.12. 
Found: C, 75.06; H, 5.29; CI, 19.77. 

Method B. Elecfrocl~emical Redrrctiorz 
A solution of freshly distilled dioxane (40 ml), water 

(15 ml), and lithium perchlorate (2.7 g) was placed in a 
three-compartment cell separated by coarse fritted 
glasses and maintained at 20 "C under an atmosphere of 
nitrogen. The cell was equipped with a reflux condenser, 
a thermometer, a gas inlet, a mercury reference electrode, 
a platinum screen anode, and a mercury pool cathode. 
The cathodic current was supplied from a PAR potentio- 
stat model 173 combined with a PAR coulometer model 
179. A potential of 2.0 V us. Hg was applied to the cell 
until the current stabilized at 8.5 mA. Then, I-chloro-4- 

20.12. Found: C, 74.90; H, 5.19; CI, 19.88. 

Electrocl~en~ical Red~ictiorl of l-H~rlorropl~t/~olene 
A solution of dry solvent (dioxane, dimethylformamide, 

ethanol-cl or dimethoxyethane) (38 nil), D , 0  (I3 ml), and 
supporting electrolyte (LICIO,, LiCI, TBAI) (0.3-0.5 M )  
was placed in the cell described above. The cell was 
maintained at 20 "C under an atmosphere of nitrogen 
and carefully protected from moisture in both the anodic 
and cathodic compartments by Drierite tubes. 

A constant potential of 2-3 V os. Hg (calibrated to be 
+ 0.18 V us. SCE) was maintained before each run until 
the current stabilized. Such potentials elicited a steady 
evolution of hydrogen. However, as soon as the halo- 
genated naphthalene was added (0.006 11101). the evolution 
of hydrogen ceased completely. A fixed potential of 2-3 V 
was maintained until 3 to 6 equivalent number of COLI- 

lombs had been passed. Then, the solution was either 
diluted with a large excess of water (500 ml) and filtered 
(in the case of naphthalene) or concentrated under 
vacuum before the addition of the water (in the case of 
methylnaphthalene). The supernatant solid or oil was 
chromatographed on a silica gel column using pentane 
as the eluant. The conlpounds tli~ls obtained were 
analyzed by mass spectrometry for deuterium content. 
The results are shown in Tables 1, 2, and 3. 

Results and Discussion 
The deuterium content of the naphthalenes 

obtained from the electrolysis of the I-halo- 
naphthalenes (Table 1, runs 1,2, and 3) indicates 
that the nature of the halogen is a critical param- 
eter. 1-Chloronaphthalene reduces to naphtha- 
lene of significantly lower deuterium content 
than that obtained from its bromo and iodo 
homologs under the same experimental condi- 
tions. Substitution of a methyl group for a 
hydrogen in position-4 for the chloro and the 
bromo derivatives has no substantial effect on 
the deuterium incorporation in the products 
(Table 1, runs 4 and 5). A negative increase in 
potential from - 2.5 to - 3.0 V (Table 2) causes 
a slight increase in deuterium introduction in the 
naphthalene obtained from 1-chloronaphthalene, 
but an important drop is noticed at -2.4 V. On 
the contrary, the deuterium content in the 
naphthalene decreases with a negative increase 
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C A N .  J .  C H E M .  V O L .  5 2 ,  1974 

TABLE 1. Effect of the nature of the halide and the substituent on 
deuterium content of products obtained from the electrochemical 

reduction of I-substituted-4-halonaphthalene$ 

Run X R % dl % yield 

*The electrolysis was done in a dioxane/D,O solution containing lithium 
perchlorate as the supporting electrolyte. 2e/H+ 

tThe number in parentheses is the current yield for RX + RH.  

TABLE 2. Effect of potential on deuterium content of naphthalene 
obtained from the electrochemical reduction of I-halonaphthalene 

Run X E (V) % dl % yield 

TABLE 3. Effect of solvent-supporting electrolyte and nature of the 
electrodes on deuterium content of naphthalene obtained from the 

electrochemical reduction of I-chloronaphthalene 

Run Solvent Electrolyte Cathode % d ,  % yield 

1 Dioxane 
11 Dioxane 
12 DME 
13 DMF/EtOD 
14 EtOD 
15 D M F  
16 EtOD 
17 EtOD 
18 EtOD 

LiCIO, 
LiCl 
LiC1O4 
LiCl 
LiCl 
TBAI 
NaCIO, 
LiCl 
LiCl 

'The lower deuterium content of naphthalene in run I 3  may be due to the presence of 
some protonated ethanol in the solvent. 

in potential when the bromo- or the iodonaph- 
thalene is reduced. 

The nature of the solvent and the supporting 
electrolyte (Table 3, runs 1, and 11-14) does not 
seem to have a large influence on the deuteration 
of naphthalene. A lead cathode (run 15) gives a 
result identical with that obtained with a mercury 
cathode. However, an aluminum, a carbon, or a 
platinum electrode (runs 16-18) does not reduce 
chloronaphthalene under similar conditions (run 
14). 

It is evident from the results obtained that the 

chloro derivative cannot always be used for the 
electrochemical preparation of deuterated com- 
pounds unless proton-free or perdeuterio solvents 
are used. Such conditions are not  always practi- 
cal especially on large-scale syntheses. 

The results of the electrochemical reduction 
of 1-halonaphthalene cannot always be explained 
by mechanisms proposed for alkyl and aryl 
halides. A common radical (13) or organometal- 
lic radical (14, 15) intermediate for the three 
halides studied does not explain our results 
because the deuterium content of the naphtha- 
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KENAUD: ELECTROCHEMICAL REDUCTION. I 

C I CI H 

lene produced was not the same in each case. 
Also, the results seem to contradict the postulate 
that the radical contribution increases through 
the chloro, bromo, and iodo derivatives (16). 
The reported relative increase in radical products 
resulting from an increase in potential (17) for 
the bromo and the iodo compounds (Table 2, 
runs 2,9, 3, and 10) does not apply to the chloro 
derivative (Table 2, runs 1, 6, 7, and 8). More- 
over. the polarographic observation of a two- 
electron reduction peak to give a carbanion and 
a chloride anion (17) in 1-chloro-4-nitrobenzene 
also does not fit the results obtained for l-chloro- 
naphthalene because of the formation of products 
resulting from radical intermediates. 

The possibility of 1,4-addition in l-chloro- 
naphthalene followed by aromatization (Scheme 
1) is rejected on the basis of a deuterium isotopic 
effect and by the observation that the deuterium 
content of the starting material and the product 
in the electrochemical reduction of l-chloro- 
perdeuterionaphthalene is identical. Therefore, 
the electrochemical reduction of l-chloronaph- 
thalene must occur directly on the C-Cl bond. 

Any proposed mechanisms to rationalize the 
data observed are surely premature and un- 
desirable. However, there are few points worth 
mentioning. It seems likely that the reduction of 
the bromo- and the iodonaphthalene prefers, to 
the extent of over 90% (based on the deuterium 
content of the product), an ionic pathway via 
an organometallic radical intermediate (18, 19) 
and/or a simultaneous transfer of two electrons 

RHg. -' R H g R  ' D20 
R-X ---+ R a R D  

naphthalene isolated from the electroreduction 
of chloronaphthalene seems to indicate simul- 
taneous ionic and radical pathways or a discrete 
radical pathway followed by a partial transfer 
of one electron (Scheme 2, pathways b, c, and d). 

Work is presently in progress with other 
substituted halonaphthalenes as well as with 
related systems in an attempt to elucidate the 
mechanism of this reaction and thus develop it 
into a synthetically viable method for the pre- 
paration of deuterated compounds. 

T h e  author is grateful to J .  C. Stephens of the National 
Research Council of Canada  for his technical assistance. 
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The Synthesis of Analogs of the Hallucinogen 1-(2,s-Dimethoxy-4- 
methylpheny1)-2-aminopropane (DOM). 11.' Some Ring-methoxylated 1-Amino- 

and ZAminoindanes 

RONALD T. COUTTS A N D  J E R R Y  L. MALICKY 
Ftrcrtlt~ of Phrrrr?~trc.v rrtrtl Plltrr~iltrc~eritict~I Scietrc,r.s, Ut~i~.cr.\it~. of Albc.rttr. Etlt?~ot~totl, rllhrrro 

Received March 15. 1973' 

The synthesis of 2-amino-4,7-dimethoxy-5-methylindane (12~1, the cyclic analog of the known hallu- 
cinogen 1-(2,5-dimethoxy-4-methylpheny1)-2-aminopropae (DOM), is described. The key intermediate 
was trans-2-amino-4,7-dimethoxy-6-methyl-l-indano (trans-IOU) which was converted to 12a i n  two 

I ways. The prolonged action of hydrochloric acid on trans-lOa gave 4,7-dimethoxy-5-methyl-2-indanone 
( I ld) ,  the oxime of which, on catalytic reduction, was converted to 12a in low yield. A direct catalytic 
reduction of trans-l0a in the presence of hydrochloric acid also gave l h ,  together with cis-2-amino-3,7- 
dimethoxy-6-methyl-I-indanol (cis-lOa). 

I The synthesis and properties of other derivatives of 2-aminoindane, and some derivatives of l-aniino- 
indane are also described. 

On decrit la synthese de I'amino-2 dimethoxy-4,7 methyl-5 indane (12a), un analogue cyclique de 
I'hallucinogene connu (dimethoxy-2,5 methyl-4 phenyl)-l amino-2 propane (DOM). L'intermediaire- 
clef de la synthese est la trans-amino-2 dimethoxy-4,7 methyl-6 indanol-I (trans-lOa) qui peut &re trans- 
forme en 12a selon deux procedes. L'action prolongee de I'acide chlorhydrique sur le trans-l0a conduit 
au dimethoxy-4,7 methyl-5 indanone-2 ( I ld )  dont l'oxime, par reduction catalytique, conduit au produit 

I 12a avec des rendements faibles. La reduction catalytique directe du trans-l0a en presence d'acide 
chlorhydrique conduit egalement au produit 12a mais aussi au cis-amino-2 dimethoxy-4,7 methyl-6 
indanol-1 (cis-IOU). 

I On decrit aussi la synthese et les proprietes de certains autres derives de I'amino-2 indane ainsi que 
de l'amino-l indane. [Traduit par le journal] 

Can. J .  Chern., 52,381 (1974) 

Many ring-methoxylated phenethylamines (1) 
have been shown to possess psychotomimetic 
activity (I ,2) and two conflicting theories have 
been propounded by Snyder et al. (3, 4) and 
Kang and Green (5) in an attempt to explain 
why these compounds are active. Both theories 
related the phenethylamine structures to that of 
lysergic acid diethylamine (LSD; 2). In each 
case, the aromatic ring of the phenethylamines 
is equated with ring A of LSD but, whereas 
Snyder et al. consider the nitrogen atom of 
structure 1 to correspond to the N-1 of LSD, 
or to contribute to the formation of a pseudo- 
ring C, Kang and Green are of the opinion that 
the nitrogen atom of the phenethylamines is 
equivalent to v6 of LSD at the receptor site in 
the brain. 

In view of this conflict, it seemed desirable to 
synthesize and evaluate pharmacologically rigid 
molecules which were structurally related to  
known psychotomimetic compounds. The initial 

'Reference 18 is considered Part I. 
2Revision received October 1, 1973. 

compounds selected (12a and b) possessed an 
aromatic ring which corresponded to ring A of 
LSD, and a nitrogen atom in a rigid position 
comparable to  that of N-6 in LSD; the former 
compound (12a) is the cyclic analog of I-(2,5- 
dimethoxy-4-methylpheny1)-2-aminopropane (3; 
DOM), a known potent hallucinogen (6). The 
synthesis of these two aminoindanes (12a and b) 
and some related compounds is now described. 
While this work was in progress, Horn and 
Snyder (7) reported their studies on the steric 
requirements for catecholamine uptake by rat 
brain, in which they compared the preferred 
conformation of amphetamine with 1- and 2- 
aminoindane. 

The starting material for the synthesis of 2- 
amino-4,7-dimethoxy-5-methylindane (12a) was 
2,5-dimethoxy-4-methylbenzaldehyde (4a). This 
was reacted with malonic acid to give a cinnamic 
acid derivative (5a) which on catalytic reduction 
gave 3-(2,5-dimethoxy-4-methy1)propionic acid 
(6a). Attempts to cyclize the latter to the 1-  
indanone (7a) using phosphorous oxychloride as 
the dehydrating agent (8) gave a low yield of an  
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382 CAN.  J .  CHEM.  1 

impure product. Polyphosphoric acid (cx ref. 9) 
proved to be a much superior reagent for this 
purpose. 
4,7-Dimethoxy-2-isonitroso-6-methyl-1-inda- 

none (8a) was formed when a solution of the 
indanone (7a) in ethanolic HCl was treated with 
freshly prepared ethyl nitrite. Because of its low 
solubility inethanol, the pure product crystallized 
from the solution as it was formed. Numerous 
attempts, in different solvents and employing 
different catalysts, were made to reduce the 
oxime (8a) directly to the amine (12a), but 
generally a dark red oil, which could not be 
purified, was obtained. Eventually, catalytic 
reduction of a suspension of 8a in ethanolic HCl 
containing palladium-charcoal was attempted 
and a white water-soluble solid was recovered. 
When an aqueous solution of this solid was 
basified, the solution turned dark red in color. 
An ethanolic solution of the same material 
slowly turned red during a recrystallization 
process but this color formation could be 
prevented by the addition of HCI to the ethanol. 
This behavior was consistent (10) with the 
product being 2-amino-4,7-dimethoxy-6-methyl- 
1-indanone (9a) hydrochloride and its i.r. 
spectrum (v,,, 1720 cm-') and n.m.r. spectrum 
supported this conclusion, although the com- 
pound analyzed indifferently for CI2Hl6ClNO3. 

The reduction of 2-amino-1-indanone with 
sodium borohydride is reported (1 1) to yield 
trans-2-amino-I-indanol. When the impure 9a 
was so reduced, an amino alcohol, C12H,,CI- 
NO,, was isolated (v,,, 3350 cm-';  m.p. 
193-195") and concluded to be trans-2-amino- 
4,7-dimethoxy-6-methyl-1-indanol (10a) hydro- 
chloride. The stereochemistry of this product is 
discussed below. 

In view of the doubtful purity of the indanone 
(9a), an alternative method of preparing the 
indanol (10a) was sought. Hydrogenation of 2- 
isonitroso-1-indanones in ethanolic NaOH con- 
taining Raney nickel is known to produce 2- 
amino- 1-indanols (1 2). 4,7-Dimethoxy-2-iso- 
nitroso-6-methyl-1-indanone (8a) was reduced 
under conditions similar to those reported, 
except that palladium-charcoal was the catalyst 
employed, and the product isolated was the 
trans-indanol (10a). Prolonged heating of this 
alcohol in concentrated HCl (11) caused de- 
hydration and deamination, and the product 
isolated was deduced to be 4,7-dimethoxy-5- 
methyl-2-indanone ( l ld ) ;  the i.r., n.m.r., and 

mass spectra were all consistent with this con- 
clusion. The oxime (lle) was readily prepared 
from compound l l d  but its reduction to the 
required Zaminoindane (12a) proved more 
difficult than anticipated. Attempted catalytic 
hydrogenations (10z  Pd-C or Pt,O) in ethanol 
were unsuccessful and a lithium aluminum 
hydride reduction gave a very poor yield of the 
amine, largely because of the insolubility of the 
oxime in ether or  tetrahydrofuran. Catalytic 
(10z  Pd-C) reduction of the oxime in ethanolic 
HCI, however, gave a 3 5 z  yield of 2-amino-4,7- 
dimethoxy-5-methylindane; a better yield re- 
sulted when acetic acid - sulfuric acid was the 
solvent (lo). 

The possibility of reducing the amino alcohol 
(10a) directly to the required amine (12a) was 
then investigated. As indicated previously, the 
action of HCI on 10a yielded the ketone (lld). 
It was reasoned that if this 10a -+ l l d  transition 
proceeded via the chloro amine (13) and possibly 
the enamine (14), these intermediates might be 
expected to reduce catalytically and give the 
2-aminoindane (12a). This, in fact, did occur. 
When the amino alcohol (trans-lOa, m.p. 
193-1 95"), dissolved in a dioxane - concentrated 
HCl solvent, was catalytically reduced (10% 
Pd-C), two compounds were isolated. The 
acetone-insoluble product was 2-amino-4,7-di- 
methoxy-5-methylindane (12a) hydrochloride. 
The acetone-soluble compound, C ,  ,H ,,CINO,, 
was isomeric with the amino alcohol employed 
in the reduction but differed in melting point 
(206-208') and in position of the 0-H stretching 
frequency (v,,, 3150 cm-I). This product is 
concluded to be cis-2-amino-4,7-dimethoxy-6- 
methyl-1-indanol (cis-lOa) hydrochloride since 
it can hydrogen bond intramolecularly (15) 
which explains the lower 0-H stretching 
frequency. 

To verify that the second product was cis-lOa, 
a stereospecific reduction (13, 14) of 2-amino- 
4,7-dimethoxy-6-methyl- 1 -indanone (9a) was per- 
formed which involved hydrogenation in the 
presence of Pd-C and PdCl,. The product 
isolated was identical to cis-l0a. Further support 
for the stereochemical assignments given to 
compounds cis-l0a and trans-l0a was obtained 
from an n.m.r. study of their hydrochlorides in 
D,O. Proton H, in the spectrum of cis-l0a was 
a doublet, 6 5.47, JHaHb = 5.7 Hz. Proton H, in 
the spectrum of trans-l0a was also a doublet, 
6 5.52, JHmHb = 3.2 Hz. Assuming that the five- 
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COUTTS AND MALICKY: ANALOGS ( 

membered ring in cis- and trans-l0a is little 
distorted from the Dreiding model representation 
which indicated virtual planarity, it can be 
predicted from the Karplus equation (15) that 
the cis isomer should have the larger coupling 
constant. 

To confirm that trans-l0a + cis-l0a isomerism 
occurred in concentrated HCI, a solution of the 
former was heated at 80" and aliquots were 
removed at various time intervals and evapo- 
rated to give white solids whose i.r. spectra were 
examined. The v,,, 3 150 cm - band (cis isomer) 
increased in size at  the expense of the v,,, 3350 
cm-I band (trans isomer) with increasing solu- 
tion time. Prolonged heating gave the ketone 
(lld). 

The experience gained during the preparation 
of compound 12a permitted a more rapid 
synthesis of 2-amino-4,7-dimethoxyindane (12b). 
4,7-Dimethoxy-2-isonitroso-I-indanone (8b) was 
synthesized from 2,s-dimethoxybenzaldehyde 
(46) via the same sequence of reactions described 
above for the homolog (80). Catalytic reduction 

OMe ,OMe 

H. 
I 

OH 

cis - 100 rratls - IOU 

of Bh in ethanolic hydrochloric acid gave an 
ehsellent yield of 2-amino-4,7-dimethoxy-1-in- 
danone (96) hydrochloride, whereas the same 
reduction in ethanolic sodium hydroxide pro- 
duced 2-amino-4,7-dimethoxy- I -indanol (lob ; 
v,,, 3350 cm-I), assumed to  be the trans 
isomer. Its reduction in dioxane - concentrated 
HC1 proceeded smoothly and an excellent yield 
of 2-amino-4,7-dimethoxyindane (12b) hydro- 
chloride resulted. 

An attempt to prepare 2-amino-5-bromo-4,7- 
dimethoxyindane (12c) was unsuccessful. Treat- 
ment of 3-(2,s-dimethoxyphenyl)propionic acid 
(66) with bromine water gave a monobromo 
derivative. Since the aromatic protons appeared 
as singlets (6 6.80, 7.03) in a 60 MHz n.m.r. 
spectrum and were therefore para  to each other, 

, the product was identified as 3-(4-bromo-2,s- 
dimethoxypheny1)propionic acid (6c). When this 
acid was heated in polyphosphoric acid, a low 
yield of 6-bromo-4,7-dimethoxy-I-indanone (7c) 

3F THE HALLUCINOGEN DOM. ' I I  383 

was produced which was converted to  the 
required 6-bromo-4,7-dimethoxy-2-isonitroso-1- 
indanone (8c) by the action of ethyl nitrite. 
Catalytic reduction of this product, however, 
resulted in the removal of the bromine atom. 
Thus, catalytic reduction of 8c in ethanolic HC1 
yielded 2-amino-4,7-dimethoxy-1-indanone (96) 
hydrochloride, and a similar reduction in ethanol 
and sodium hydroxide gave the corresponding 
indanol (lob) hydrochloride. 

Some tertiary amines were also prepared in 
this study. When an aqueous solution of 2- 
amino-4,7-dimethoxy-5-methylindane (120) con- 
taining a slight excess of formaldehyde was 
hydrogenated catalytically, the product isolated 
was 4,7-dimethoxp-2-dimethylamino-5-methylin- 
dane (16f) hydrochloride. In a similar manner, 
cis- and trans-2-dimethylamino-4,7-dimethoxy-6- 
methyl-I-indanol (17f) hydrochlorides were 
prepared from cis- and trans-2-amino-4.7-di- 
methoxy-6-methyl-I-indanol (100) hydrochlor- 
ides, respectively. The cis- (v,,, OH, 3190 cm- ' ) 
and trans-17f hydrochlorides (v,,, OH. 3270 
cm-I) had similar melting points but a mixture 
melting point was depressed. 

When 4,7-dimethoxy-6-methy 1-1 -indanone (7a) 
was reacted with dimethylamine and para- 
formaldehyde in ethanolic HCI, a good yield 
of 4,7-dimethoxy-2-(dimethylamino)methyl-6- 
methyl-I-indanone (18) hydrochloride resulted. 
Reduction of this ketone with sodium boro- 
hydride gave the corresponding indanol (17g) 
hydrochloride (v,,, OH, 3310 c m -  I ) ,  presumably 
the trans isomer, which was catalytically reduced 
in dioxane - concentrated HCI to  4,7-dimethoxy- 
2-(dimethylamino)methyl-5-methylindane (16g) 
hydrochloride. 

Various substituted I-aminoindanes have been 
found to possess central nervous system activity 
(16, 17) and since the I-indanones described 
above are also precursors of l -aminoindanes, it 
was convenient to prepare selected examples of 
ring-methoxylated I-aminoindanes to compare 
their pharmacological properties with their 2- 
amino counterparts. 

The oximes (190 and 6) were readily obtained 
by the action of hydroxylamine on the ap- 
propriate ketone (7). Catalytic reduction of 4 7 -  
dimethoxy-6-methyl-I-indanone oxime (19a) in 
ethanol or reduction with lithium aluminum 
hydride gave a good yield of 1-amino-4,7- 
dimethoxy-6-methylindane (20a). In contrast, a 
solvent system of acetic .acid, ethanol, and sul- 
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R% NOH 
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COUTTS AND MALICKY: ANALOGS O F  THE HALLUCINOGEN DOM. 11 

,OMe ,OMe ,OM e 

a R = M e  e R = NOH 
b R = H  f R = NMe, 
c R = B r  g R = CH2NMe2 
d R = O  

furic acid proved necessary in the catalytic 
red~!ction of the oxime (196) to 1-amino-4,7- 
dime[hoxyindane (20b). 

T\\o derivatives of 20a and b were also 
prepared. Treatment of 20b with a slight excess 
of bromine water gave a monobromo derivative, 
C, , H , ,BrNO,, assumed to be 1-amino-6-bromo- 
4.7-dirnethoxyindane (20c). The tertiary amine, 
4.7-din~ethoxy-I-dimethylamino-6-methyljndaw 
(2lk. was the product recovered when a solation 
of~he ~ndane 20u and formaldehyde was reduced 
caul! tically. 

Some of the aminoindanes just described were 
subjected to a simple preliminary pharmaco- 
Iogicnl screening in which the effects of an oral 
or intraperitoneal dose in male rats (150-500 g) 
\bere compared with those caused by an oral dose 
of DO14 (10 mg/kg) which reliably caused hyper- 
sali\ation, pupillary dilation, retraction of 
scrotum, loss of orientation reflexes, hypo- 
motility. and walking with a slinking gait. This 
revealed that compounds 12a (I0 mglkg oral 
dose) and  12c (30 mg/kg intraperitoneal dose) 
5horvc.d similar pharmacological responses as 
DObl. but were somewhat less active than DOM. 
The remaining compounds evaluated, cis-lOa, 
Ira~s-IOa, 12b, 16J 16g, 20a, and 21 were much 
less active. 

Experimental 
The conditions employed in the determination of 

melting points and elemental analyses, and in the 

recording of i.r. as Nujol mulls, n.m.r., and mass spectra 
are described in a previous publication (18). Compounds 
with structures 9, 10, 12, 13, 16, 17, 18, 20, and 21, 
described below, are racemates. No attempts were made 
to isolate optically pure compounds. 

rrons-2,5-Dimerhox)~-4-nte1hy/ci~ Arid (50)  
A solution of 2,5-dimethoxy-4-methylbenzaldehyde 

(19), (9.2 g), malonic acid (12.0 g), dry pyridine (24 mi), 
and piperidine (0.6 ml) was heated on a steam bath for 
3 h, then added to a mixture of concentrated HCI (35 ml) 
and ice (6Q g). Crystallization of the product from 
ethanol gave the titlecompound as a yellow solid ( 1  1.4 g), 
m.p. 158-161"; i.r. v-, 1618 (C=C), 1690 (C=O), 
2500-2700 (OH) cm-P;  n.m.r. (CDC13) 6 2.25 (s, 3H, 
CH3), 3.84 and 3.85 (overlapping singlets, 6H, (OCH,),), 
6.46 (d, IH, J = 16.5) and 8.14 (d, IH, J = 16.5) (rratts 
(20,21) CH=CH), 6.76 (s, 1H) and 6.99 (s, I H) (aromatic 
protons), 10.78 (s, br, lH ,  exchanges with D,O, COOH). 

Anal. Calcd. for CI2Hl4O4:  C, 64.85; H, 6.35. Found: 
C, 64.95; H, 6.46. 

3-(2,5-Dimerhoxy-4-~~etI1~~lpI~enyi)propionic Acid (60) 
A solution of 2,5-dimethoxy-4-methylcinnamic acid 

(10.0 g) in ethanol was hydrogenated a t  room temperature 
and normal pressure under 1 0 z  palladium~harcoal 
(Pd-C) (0.5 g) until the theoretical amount of hydrogen 
was absorbed. The filtrate on evaporation gave the title 
compound, m.p. 108-1 10" (from ethanol); i.r. v,,, 1700 
(C=O), 2500-2700 (OH) cm-I. 

Anal. Calcd. for C12Hl,04: C, 64.27; H, 7.19. Found: 
C, 64.02; H, 7.19. 

4.7- Diniethoxy-6-methyl-I-indanot~e ( l a )  
The acid (6a, 10.0 g) was stirred in polyphosphoric acid 

(100 g) at 80" for 1.5 h. The dark yellow mixture was 
poured into ice water (300 mi), basified with excess 
NaHCO,, and extracted with chloroform (3 x 200 ml). 
The washed (H20)  organic solution was evaporated to 
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give the title indanone (6.8 g), m.p. 104-105.5" (from 
ethanol); i.r. v,,, 1710 (CEO) cm-'  ; n.m.r. (DMSO-d6) 
6 2.21 (s, 3H, CH,), 2.35-3.07 (m, 4H, CHI groups), 
3.73 (s, 3H) and 3.80 (s, 3H) (OCH, groups), 7.07 (s, IH, 
aromatic proton). 

Anal. Calcd. for C1zHl,03: C, 69.88; H, 6.84. Found: 
C, 69.78; H, 6.94. 

4,7- Dimethoxy-I-indanone ( 76.) 
This compound was prepared in a similar manner in 

5 8 z  yield from 3-(2,s-dimethoxyphenyl)propionic acid. 
The product had m.p. 124-125" (from ethanol) (lit. (22) 
m.p. 124-125"); i.r. v,,, 1701 (C=O) cm-I. 

Anal. Calcd. for C l l H l , 0 3 :  C, 68.73; H, 6.30. Found: 
C, 68.51 ; H, 6.19. 

6-Bromo-4,7-dimethoxy-I-indanone (7c) 
This compound (2.6 g), m.p. 109-1 10" (from ethanol) 

was prepared in a similar way from 3-(4-bromo-2.5- 
dimethoxyphenyl)propionic acid (10.0 g); i.r. v,,, 1700 
(C=O) cm- '. 

Anal. Calcd. for C l1Hl lBrO3:  C, 48.73; H, 4.09. 
Found: C, 48.56; H, 4.08. 

4,7-Dimetho.ry-2-iso~1itroso-6-metl1yI-I-indanone (8a) 
Freshly prepared ethyl nitrite was bubbled through a 

solution of 4.7-dimethoxy-6-methyl-I-indanone (1 1.0 g) 
in ethanol (100 ml) saturated with HCI gas, for 2 h at 35' 
then the reaction mixture was left at room temperature 
for 12 h. The crystalline solid which formed (6.8 g) had 
m.p. 219-220" (from ethanol); i.r. v,,, 1645 (C=N), 1730 
(C=O), 3280 br (OH) cm-I. 

Anal. Calcd. for C12H13NOJ: C, 61.27; H, 5.57; N,  
5.96. Found: C, 61.07; H, 5.46; N, 5.72. 

4,7-Dimethoxy-2-isonitroso-1-indartone (86) 
This was prepared in 72% yield in a similar manner 

from 4,7-dimethoxy-I-indanone. The product was purified 
by dissolving it in 10% NaOH, filtering and acidifying 
with concentrated HCI. Compound 86 had m.p. 233-2343 
(from ethanol); i.r. v,,. 1650 (C=N), 1732 (C=O), 
3300 br (OH) cm- '. 

Anal. Calcd. for CllHl,NO,: C, 59.72; H, 5.01. 
Found: C, 59.50; H, 4.97. 

6-Bromo-4,7-dimethoxy-2-isonitroso-I-indao (8c) 
This compound (1.25 g), m.p. 248-250' (from ethanol), 

was prepared in a similar way from 6-bromo-4,7- 
dimethoxy-I-indanone (3.0 g); i.r. v,,, 1648 (C=N), 1730 
(C=O), 3300 br (OH) cm-l.  

Anal. Calcd. for C l lHloBrN04:  C, 44.02; H, 3.36. 
Found: C, 43.88; H, 3.28. 

2-Amino-4,7-dimethoxy-6-methyl-I-indanone (9a) 
Hydrochloride 

A suspension of 4,7-dimethoxy-2-isonitroso-6-methyl- 
1-indanone (2.0 g) in ethanol (200 ml) was hydrogenated 
at room temperature and normal pressure in the presence 
of 10% Pd-C (0.2 g) until incorporation of hydrogen was 
complete. The filtrate, initially colorless, slowly turned 

I 
red on standing. Addition of concentrated HCI decolor- 
ized the solution and removal of the solvent gave the 
title compound as a white solid (1.81 g), m.p. 248-252' 
(from ethanol-ether); i.r. v,,, 1602, 1980, 2450-2630 

+ 
(N-HI, 1720 (C=O) cm-I;  n.m.r. (DzO) 6 2.33 (s, 3H, 
CH,), 2.49-3.71 (m, 2H, CH,), 3.87 (s, 3H) and 3.95 (s, 

3H) (OCH, groups), 4.154.57 (m, l H ,  aliphatic C H ) ,  
7.31 (s, IH, aromatic proton). 

Anal. Calcd. for ClzHl6CINO,: C, 55.92; H, 6.26; N, 
5.44. Found: C, 55.09; H, 6.40; N, 6.60. 

I 
1 

2-Amino-4,7-dimethoxy-1-indanone (96) Hydrochloride 
This compound (4.5 g), m.p. 26@262", was prepared in 

a similar manner from the isonitroso compound (86, 
5.0 g), using ethanol (200 ml) and concentrated HCI I + 
(5 ml) as solvent; i.r. v,,. 1592, 1980, 2610-2700 (N-H), 
1712 (C=O) cm-I. 

Anal. Calcd. for C I  ,H1,CINO3: C, 54.21 ; H, 5.79; N, 
I 

5.75. Found: C, 53.98; H, 5.98; N, 6.00. i 
trans-2-Amino-4,7-dirnethoxy-6-rnethyI-I-indanol (IOU) 

Hydrochloride 
(i) A solution of 2-amino-4,7-dimethoxy-6-methyl-I- 

indanone hydrochloride (5.0 g) in 50% aqueous methanol 
(100 ml) was added dropwise to a stirred solution of 
sodium borohydride (5.0 g) in the same solvent (100 ml). 
Stirring was continued for a further 3 h, then the solution 
was acidified with concentrated HCI. The  solution was 
concentrated (60 ml), basified (NaHCO,), and extracted 
with chloroform (3 x 50 ml). Evaporation of the 
combined chloroform extracts yielded the indanol (IOU, 
2.41 g), which was converted to its hydrochloride, m.p. 
193-195' (from ethanol-ether); i.r. v,,. 1610, 1998, 

+ 
2420-2650 (N-H), 3350 (OH) cm-' ; mass spectrum rrce 
(2 relative abundance) 194 (loo), 223 (95) (C12H17N03): 
n.m.r. IDzO) 6 2.33 (s, 3H, CH,), 2.504.23 (m, 3H, 
CZ-H and CHz) overlapping 3.87 (s, 6H, (OCHJ)~) ,  

C 

4.82 (s, 4H, DOH from NH3, OH), 5.52 (d, lH, J = 3.1 
Hz, C ,-H), 6.98 (s, 1 H ,  aromatic H). 

Anal. Calcd. for C12HL8CIN03: C, 55.49; H, 6.98; 
N, 5.39. Found: C, 55.23; H, 7.16; N, 5.50. 

(ii) A solution of 4,7-dimethoxy-2-isonitroso-6-methyl- 
I-indanone (10.0 g) in ethanol (100 mi) and sufficient 104, 
NaOH to effect solution was hydrogenated at room 
temperature and normal pressure in the presence of 107 
Pd-C (1.0 g) until hydrogen uptake ceased. The filtrate 
was evaporated and the residue suspended in water (60 
ml), then extracted with chloroform and further treated 
as described in preparation i immediately above. This 
produced 10a hydrochloride (6.92 g), m.p. 193-195', 
with i.r. and mass spectra identical to the product of 
preparation i. 

trans-2-Amino-4,7-dimethoxy-I-indanol (IOb) 
Hydrochloride 

This compound (1.98 g), m.p. 182-184" (from ethanol) 
was the product of the reduction of 4,7-dimethoxy-2- 
isonitroso-1-indanone (3.0 g) using method ii above; i.r. 

+ 
v,,, 1602, 2080, 2580-2660 (N-H), 3350 (OH) cm-'. 

Anal. Calcd. for Cl lH16ClN0, :  C, 53.77; H, 6.56; N, 
5.70. Found: C, 53.68; H, 7.11; N, 6.02. 

4,7-Dimethoxy-5-methyl-2-indanone ( I l d )  
A solution of 2-amino-4,7-dimethoxy-6-methyl-1- 

indanol hydrochloride (1.0 g) in concentrated HCI (20 ml) 
and water (10 ml) was heated under reflux. After 15 min 
a yellow oil separated from the solution. The reaction 
mixture was cooled, then extracted with chloroform (30 
ml), and the latter extract reserved. The procedure was 
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COUTTS AND MALICKY: ANALOGS ( 

repeated on the aqueous layer until evaporation of the 
chloroform extract gave no residue. The previous chloro- 
form extracts were combined and evaporated to yield a 
pale yellow oil (0.56 g) which solidified on standing. 
Crystallization from ethanol yielded the title compound, 
m.p. 100-102"; i.r. v,,, 1750 (C=O) cm- ' ;  n.m.r. 
(CDC13) 6 2.32 (s, 3H, CH3), 3.40 (s, 2H) and 3.51 (s, 2H) 
(CHI groups), 3.71 (s, 3H) and 3.81 (s, 3H) (OCH3 
groups), 6.59 (s, IH,  aromatic proton); mass spectrum 
m/e(%relativeabundance) 163 (100),206(90)(C12H1403). 
This compound was used, without further characteriza- 
tion, in the preparation of the oxime (Ile).  

4,7-Dimeihoxy-5-melh yl-2-indanone Oxime ( l l e )  
A solution of the indanone (Ild,  1.0 g) and hydroxyl- 

amine hydrochloride (2.0 g) in ethanol (10 ml) and 
pyridine (5 ml) was heated at 80" for 5 h then evaporated. 
The residue was suspended in water and the insoluble 
portion (0.98 g) was crystallized from ethanol and gave 
the title compound, m.p. 164-166'; i.r. v,., 3250 br 
(OH) cm- ' ; n.m.r. (DMSO-d6) 6 10.66 (s, I H, OH). 

Anal. Calcd. for C , ,H15N03:  C, 65.14; H, 6.83; N,  
6.33.Found:C,64.69;H,6.92;N, 5.99. 

2-~4t~~ino-4,7-dimeihoxy-5-meihylindat1e (12a) 
Hydrochloride 

(i) A solution of 4,7-dimethoxy-5-methyl-2-indanone 
oxime (0.5 g) in ethanol (200 ml) and concentrated HCI 
(5 ml) containing P t 0 2  (0.1 g) was hydrogenated at room 
temperature and normal pressure until the theoretical 
amount of hydrogen was absorbed. The filtrate was 
evaporated and the residue was triturated with water (25 
ml) and filtered. The aqueous solution was evaporated 
under reduced pressure and the product obtained (0.18 g) 
was crystallized from ethanol-ether to give the title 
compound, m.p. 253-255"; i.r. v,,, 1610, 2220-2680 

(h-H) cm-I;  n.m.r. (D20)  6 2.30 (s, 3H, CH,), 2.90- 
3.55 (m, 4H, CH2 protons), 3.83 (s, 3H) and 3.88 (s, 3H) 
(OCH, protons), 4.1W.60 (m, lH,  CH), 6.83 (s, IH,  
aromatic proton). 

.4naI. Calcd. for C,,H,,CINO,: C, 59.12; H, 7.45; 
K. 5.75. Found: C, 58.70; H, 7.64; N, 5.85. 

( i i )  A solution of the oxime ( I le ,  0.5 g) in glacial 
acetic acid (50 ml) and concentrated H2S04 (0.5 g) 
containing 10% Pd-C (0.13 g), was hydrogenated to 
completion at room temperature and normal pressure. 
To the filtrate was added a solution of NaOH (0.25 g) in 
waler (2 ml), .prior to evaporation. The residue was 
dissolved in water (50 ml), basified with 5% NaOH (3 ml) 
and extracted with chloroform (3 x 50 ml). The combined 
chloroform extract was saturated with HCI gas and 
evaporated to give the title compound (0.32 g), m.p. 
253-255: (from ethanol-ether), 

(1;;) A solution of 2-amino-4,7-dirnethoxy-6-methyl- 
indanol hydrochloride (0.5 g) in dioxane (20 ml) and 
concentrated HCI (20 ml) containing 10% Pd-C (0.1 g) 
was hydrogenated at  room temperature and normal 
Pressure. Hydrogen was slowly absorbed over 20 h. The 
filtrate was evaporated under reduced pressure and the 
residue obtained was suspended in cold acetone (10 ml) 

I and filmed. The insoluble material (0.23 g) was the title 
' compound, m.p. 252-255" (from ethanolxther). 

Products from reactions ii and iii had i.r. spectra 
Su~erimposabie on that of the product from reaction i. 

>F THE HALLUCINOGEN DOM. I 1  387 

2-Amino-4,7-dirneihoxyindane (126) Hydrochloride 
This compound (0.91 g), m.p. 345-247' (from ethanol- 

ether) was the acetone-insoluble product obtained when 
2-amino-4,7-dimethoxy-I-indanol (1.0 g) was treated in 
the manner described in reaction iii above; i.r. v,,; 161 5, 

+ 
2030,2380-2700 (N-H) cm-';  mass spectrum nlie (z 
relative abundance) I62 (1001, 193 (86) (C, 1H,5NOz). 

Anal. Calcd. for C, 1H,6CIN02 : C, 57.51 ; H, 7.03: N, 
6.10. Found: C, 57.43; H, 7.16; N,  6.23. 

c i s - 2 - A n 1 i n 0 - 4 , 7 - d i ~ h o x j ~ - 6 - t ~ i e i h ) t 1 0 1  (IOU) 
Hydrochloride 

(i) The acetone solution remaining in the preparation 
of 12a hydrochloride by method iii was evaporated and 
the residue dissolved in water (25 ml), then filtered. The 
filtrate was basified (5% NaOH) and extracted with 
chloroform (3 x 25 ml). The combined chloroform 
extract was saturated with HCI gas and evaporated to  
yield the title compound (0.25 g), m.p. 206-208- (from 

+ 
ethanol-ether); i.r. v,,, 1602,2480-2700 (N-H), 3150 br  
(OH) cm-l;  mass spectrum t111e (% relative abundance) 
194 (100); 223 (75) (C12HI7NO3); n.m.r. (D,O) 6 2.33 
(s, 3H, CH3), 2.60-4.20 (m, 3H, C2-H and CH2) over- 
lapping 3.88 and 3.91 (singlets, 6H,  (OCH,),), 4.80 (s, 

+ 
4H, DOH from NH3, OH), 5.47 (d, IH, J = 5.7 Hz, 
CI-H), 6.95 (s, IH, aromatic H). 

Anal. Calcd. for C12HlsCIN03:  C, 55.49: H, 6.98; N, 
5.39. Found: C, 55.26; H, 7.24; N,  5.68. 

(if) A solution of 2-amino-4,7-dimethoxy-6-methyl-I- 
indanone hydrochloride (0.5 g) in ethanol (50 ml) was 
hydrogenated at  50 p.s.i. and room temperature for 15 h 
(arbitrary) in the presence of 10% Pd-C (0.1 g) and PdC1, 
(0.1 g). The filtrate was evaporated and the residue was 
crystallized from ethanol-ether to give the title compound 
(0.31 g), m.p. 205-208', whose i.r. spectrum was identical 
to that of the product obtained in reaction i. 

3-(4-Bromo-2,5-dime1/1ox~'phen~~/)propio~ Acid (6c) 
A slight excess of bromine water was added dropwise 

over 4 h to a stirred solution of 3-(2,5-dimethoxypheny1)- 
propionic acid (25 g) in dioxane (100 ml) and water (25 
ml). The product precipitated from solution during the 
addition. The solid was collected by filtration and when 
the filtrate was diluted with water, more product pre- 
cipitated. The combined solids when crystallized from 
ethanol yielded the titlecompound (22.2g), m.p. 136-137'; 
i.r. v,,, 1702 (C=O), 2500-2700 (OH) cm- ; n.m.r. 
(CDCI3) 6 2.52-3.12 (m, 4H, CH2 groups), 3.76 (s, 3H) 
and 3.81 (s, 3H) (OCH, groups), 6.80 (s, IH) and 7.03 (s, 
1H) (aromatic protons), 11.36 (s, br,  IH, exchanges with 
D20, OH). 

Anal. Calcd. for C ,  ,Hl3BrO4: C, 45.69; H, 4.53. 
Found: C, 45.63 ; H, 4.54. 

Caralytic Hydrogenariot~ of 6-Bromo-4,7-din7er/10~~~-2- 
isonitroso-1-indanotfe (8c) 

(i) A solution of the title compound (0.60 g) in ethanol 
(50 ml) and concentrated HCI (3 ml)  was hydrogenated 
at room temperature and normal pressure for 12 h 
(arbitrary) in the presence of 10% Pd-C (0.2 g). Evapora- 
tion of the filtrate gave 2-amino-4,7-dimethoxy-I- 
indanone (96) hydrochloride (0.48 g), m.p. 259-262' 
(from ethanolxther). The i.r. was identical to that of 96 
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hydrochloride described earlier, and a mixture m.p. was 
undepressed. 

(ii) A solution of the title compound (1.0 g) in ethanol 
(100 ml) and 5% NaOH (5 ml) was hydrogenated as 
described in i immediately above. The filtrate was 
evaporated and the residue dissolved in chloroform (100 
ml). The chloroform solution was washed with water 
(4 x 50 ml), then saturated with HCI gas and evaporated. 
The residue (0.64 g), m.p. 180-182" (from ethanol) was 
trans-2-amino-4.7-dimethoxy-I-indanol (lob) hydrochlo- 
ride. Its i.r. soectrum was suoerimoosable on that of 
authentic lob 'hydrochloride and a' mixture m.p. was 
undepressed. 

4.7- Dimethoxy-2-ditnethylan~ino-5-merhylindane ( 1 6  f ) 
Hydrochloride 

A solution of 2-amino-4,7-dimethoxy-5-methylindane 
hydrochloride (0.50 g) in water (30 ml) and 40% formalde- 
hyde (0.6 g) was hydrogenated at room temperature and 
normal pressure for 12 h (arbitrary) over 10% Pd-C 
(0.5 g). The filtrate was basified (NH,OH) and extracted 
with chloroform (3 x 30 ml). The washed (H20)  
chloroform extract was saturated with HCI gas and 
evaporated to give a pale yellow solid (0.21 g), m.p. 194- 

+ 
196' (from ethanol); i.r. v,,, 1599, 2440-2700 (N-H) 
cm-I: mass spectrum nije (% relative abundance) 71 
(1001, 235 (57) (CI~HZINO,) .  

Anal. Calcd. for Cl,H,,CIN02: C, 61.86; H, 8.16; 
N, 5.15. Found: C, 61.87; H, 8.34; N, 5.42. 

cis-2- Din1ethylamino-4,7-dimetho.~y-6-methyl- I-indanol 
(1 7 f ) Hydrochloride 

This compound (0.55 g), m.p. 234-236" (from ethanol- 
ether) was prepared in a similar manner from cis-2- 
amino-4,7-dimethoxy-6-methyl-I-indanol hydrochloride 

+ 
(1.0 g); i.r. v,,, 1610,2480-2700 br (N-H), 3190 br (OH) 
cm-I; n.m.r. (DMSO-d6) 6 2.22 (s, 3H, CH3), 2.80-3.65 
(ni, 3H, C,-H and CH,) overlapping 2.96 (s, 6H, 
N(CH3),), 3.78 and 3.80 (overlapping s, 6H, (OCHJ)~) ,  
5.31 (d, lH,  J = 5.50 Hz, CI-H), 6.00-6.50 (br s, IH, 
exchanges in D,O, OH), 6.90 (s, IH, aromatic H), 

+ 
9.41-10.83 (br s, IH, exchanges in D20,  NH). 

Anal. Calcd. for C,,H2,ClN03: C, 58.42; H, 7.71; N, 
4.87. Found: C, 58.67; H, 7.97; N, 4.96. 

trans-2- Dimet/1ylamino-4.7-dimetho.ry-6-methyI-I-indanol 
( 1  7 f ) Hydrochloride 

This compound (0.38 g), m.p. 244-246" (from ethanol) 
was prepared in a similar manner from trans-2-amino- 
4,7-dimethoxy-6-methyl-1-indanol hydrochloride (0.8 g) 
except that in this instance the title compound base 
precipitated on the addition of NH,OH and was removed, 
then dissolved in dry ether for conversion to the hydro- 

A mixture m.p. of cis-17f hydrochloride and trans-l7f 
hydrochloride was depressed to 228". 

4,7-Dimethoxy-2-(dimethylamino) methyl-6-methyl-l- 
indanone (18) Hydrochloride 

A solution of 4,7-dimethoxy-6-methyl-I-indanone 
(10.0 g), dimethylamine hydrochloride (4.05 g) and 
paraformaldehyde (3.0 g) in ethanol (150 ml) and con- 
centrated HCI (0.2 rnl) was heated under reflux for 3 h, 
concentrated and cooled. The title compound (7.2 g), 
m.p. 179-1 80' (from ethanol-acetone), crystallized from 

t 

solution; i.r. v,,, 1710 (C=O), 2450-2550 br (N-H) 
cm-I ;  n.m.r. (DMSO-d,) 6 2.22 (s, 3H, CH,), 2.83 (s, 
6H, N(CH,)J, 3.W3.65 (m, 5H, CH and CHI groups), 
3.75 (s, 3H) and 3.84 (s, 3H) (OCH3 groups), 7.18 (s, IH, 
aromatic proton). 

Anal. Calcd. for Cl5HL2C1N03: C, 60.09; H, 7.40. 
Found: C, 59.87; H, 7.67. 

4,7- Dimethoxy-2- (dimethylamino)n~ethyl-6--1- 
indanol (1  7g) Hydrochloride 

A solution of 4,7-dimethoxy-2-(dimethylamino)methyl- 
6-methyl-I-indanone hydrochloride (2.0 g) in methanol 
(25 ml) was reduced to the indanol ( 1 7 ~ )  with sodium 
borohydride ( I  .O g) using essentially the same method as 
described above fcr the preparation of IOa, method i. 
The chloroform extract of the indanol(17g) was saturated 
with HCI gas and evaporated to yield the title compound 
(1.1 g), m.p. 193-194" (from ethanol); i.r. v,,, 2150, 

L 

2610 br ( N - H ) , ~ ~ I O  br(0H)cm-l .  
Anal. Calcd. for C15HZ,C1N03: C, 59.69; H, 8.01: N, 

4.64. Found: C, 59.69; H, 7.'83; N,4.65. 

4,7- Dimethoxy-2-(dimethylamino) methyl-5-tnetl1yIitldn,1e 
( lbg) Hydroc/rlovide 

A solution of 4,7-dimethoxy-2-(dimethylamino)methyl- 
6-methyl-1-indanol hydrochloride (1.0 g) in dioxane (20 
ml) and concentrated HCI (20 ml) containing 10% Pd-C 
(0.5 g) was hydrogenated at 40 p.s.i. and room tempera- 
ture for 12 h (arbitrary). The filtrate was evaporated snd 
the residue obtained was shaken with dry acetone and 
filtered. The insoluble material (0.67 g) was crystallized 
from ethanol-ether to yield the title compound, m.p. 

A 

204-205"; i.r. v,,, 2560 br, 2610 br (N-H) cm-'. 
Anal. Calcd. for C,5H,,CINOZ: C, 63.00; H, 8.46: N, 

4.90. Found: C, 62.52; H, 8.72; N, 4.54. 

4,7- DDnethoxy-6-methyl- I-indanone Oxime (190) 
A solution of 4,7-dimethoxy-6-methyl-1-indanone 

(7.0 g), hydroxylamine hydrochloride (7.0 g), and 
pyridine (8 ml) in ethanol (100 ml) was heated at 80' with 
stirring for 20 min and cooled. A solid precipitated and 
was washed repeatedly with 5% HCI then crystallized 
from methanol to yield the title compound (5.7 g), m.p. 

chloride; i.r. v,,, 1610,2460-2560 (A-H), 3270 br (OH) 228-231'; i.r. vmax 3250 (OH) cm-l. ' 

cm-I; n.m.r. (DMSO-d6) 6 2.22 (s, 3H, CH,), 2.87(s, 6H, Anal. Calcd. for C I Z H I S N O ~ :  C, 65.14; H, 6 a3. 
N(CH3),), 2.92-3.65 (m, 3H, CZ-H and CH,), 3.75 and Found: C, 65.10; H, 6.79. 
3.78 (overlapping s, 6H. (OCHdz), 5.69 (d, l H ,  J = 5.50 4 , 7 - ~ ~ ~ ~ ~ h ~ ~ ~ - l - i ~ d ~ ~ ~ ~ ~  (19b) Cl-H)y 5.86-6.53 (br s y  lH>  exchanges in DzO, This compound (2.1 g), m.p. 230-232" (from ethanol) 
OH), 6.83 (s, l ~ ,  aromatic H), 11.50-12.10 (br S, 1H, obtained in the same manner from 4,7-dimethoxy-I- 
exchanges in D20 ,  NH). indanone (2.5 g); i.r. v,,, 3210 (OH) cm-l.  

I Anal. Calcd. for Cl,HZZCIN03: C, 58.42; H, 7.71; N, Anal. Calcd. for C11H13N03: C, 63.75; H, 6.32: N, 
I 4.87. Found: C, 58.72; H, 8.08; N, 4.80. 6.76. Found: C,64.06; H,6.56; N,6.67. 
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I-Amino4,7-dimefhoxy-6-mefl1ylit1dane (20a) 
(i) A suspension of finely powdered 4,7-dimethoxy-6- 

methyl-I-indanone (4.5 g) in sodium-dried ether (200 ml) 
was added slowly to a stirred suspension of lithium 
aluminum hydride (1.0 g) in the same solvent (100 ml). 
The mixture was heated under reflux for 30 h, cooled, 
and the excess hydride decomposed by the careful 
addition of cold water. The suspension was filtered and 
the insoluble material washed well with ether. The 
combined ether extract was dried (MgSO,) and saturated 
with HBr gas. The title compound (4.8 g) precipitated, 
m.p. 214-215' (from ethanol); i.r. v,,, 1590, 1998, 

+ 
258G2680 (N-H) cm- I .  

Anal. Calcd. for CI2Hl8BrNO2:  C, 50.01 : H, 6.29; N, 
4.86.Found:C,50.04; H,6 .42;N,4 .86.  

(ii) A solution of 4,7-dimethoxy-6-methyl-I-indanone 
oxime (2.0 g) in ethanol (50 ml) containing P t 0 2  (0.1 g) 
aa s  hydrogenated at room temperature and normal 
pressure for 12 h. The filtrate was evaporated and the 
residue dissolved in ether. This solution was saturated 
with HBr gas to yield the title compound (1.84 g), m.p. 
214-215". 

1-.3n1ino-4,7-dimefhoxyindane (206) Hydrochloride 
A solution of 4,7-dimethoxy-I-indanone oxime (1.2 g) 

in glacial acetic acid (25 ml) and concentrated H2SO, 
( 1  ml) was hydrogenated over 10% Pd-C (0.3 g) until the 
rheoretical volume of hydrogen was absorbed (6 h). The 
filtrate was neutralized (NaHC03) and evaporated. The 
residue was suspended in 5% NaHCO, solution (25 ml) 
and extracted with chloroform (3 x 25 mi). The chloro- 
form extract was washed (H20) ,  dried (MgSO,), saturated 
aith gaseous HBr and evaporated to yield the title 
compound (1.1 g), m.p. 225-226' (from ethanol); i.r. 

A. 

v ,,,, 1590, 1982,264&2700 (N-H) cm- '. 
Anal. Calcd. for C,  ,H1,BrN02 : C, 48.19; H, 5.88; N, 

5.1 l.Found:C,48.06;H,5.79;N,4.82. 

I-At~1ino-6-bromo-4,7-dimefhoxyindane (20c) Hydro- 
chloride 

A slight excess of bromine water was added dropwise 
to a stirred solution of I-amino-4,7-dimethoxyindane 
hydrochloride (0.5 g) in water (20 ml). The pale red 
solution was stirred for a further 2 h, basified (10% 
NaOH) and extracted with ether (2 x 50 ml). The ether 
solution was dried (MgS04), saturated with gaseous HCI 
and evaporated to give an oil which solidified on standing. 
This was assumed to be the title compound (0.21 g), 
n1.p. 21 7-21 9", (from ethanol-acetone); i.r. v,,, 1602, 

+ 
2010, 258G2680 (N-H) cm-I; mass spectrum m/e (% 
relative abundance) 162 (100), 273 (58) (C, ,HI ,  "BrN02), 
271 (60) (Cl ,H14 19BrN02). 

Anal. Calcd. for C ,  ,H,,BrCIN02: C, 42.81 ; H, 4.90; 
N ,  4.54. Found: C, 42.70; H ,  4.70; N, 4.79. 

~-Dimefhylamino-4,7-dime~hoxy-6-mefhy/indane (21) 
Hydrochloride 

This compound (0.42 g), m.p. 209-21 l o  (from ethanol) 

was prepared from 1-amino-4,7-dimethoxy-6-methyIin- 
dane hydrochloride (1.5 g) using the method described 
for the synthesis of 16f-hydrochloride; i.r. v,,, 1602, 

+ 
23W2600 (N-H) cm- I .  

Anal. Calcd. for C,4H22CIN02: C, 61.86; H, 8.16; N ,  
5.15. Found: C, 62.00; H, 8.17; N, 5.58. 

The authors wish to thank the Medical Research 
Council of Canada for the award of a studentship (to 
J.L.M.) and an operating grant No. MA-2993 (to R.T.C.). 
The preliminary pharmacological testing was organized 
by Dr. D .  F. Biggs, of our Faculty. 
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The Synthesis of Some Analogs of the Hallucinogen 1-(2,s-Dimethoxy-4-methyl- 
pheny1)-2-aminopropane (DOM). 111.' Some Derivatives of 3-phenylalanine 

RONALD T. COUTTS AND JERRY L. M A L ~ C K Y  
Ftrcrrlry ofPl~cir.t?~crcy t i t ~ d  Phort?7c1c~errrictrl S~~ierrces. Unittersity of Alherrcr, Ecltrrotrton. All>er/a 

Received June 18, 1973 

Syntheses of the hydrochlorides of 3-(2,5-dimethoxyphenyl)alanine, 3-(2,5-dimethoxy-4-methylphenyl) 
alanine, and 3-(4-bromo-2,5-dimethoxypheny1)alanine are described. A phenol, C,oH14CIN0,, related 
to  the second of these three compounds was also prepared and is concluded to be a monohydrate of the 
lactone, 3-amino-6-hydroxy-7-methylhydrocoumarin hydrochloride. 

On dtcrit les syntheses des chlorhydrates de  (dimethoxy-2,5 phCny1)-3 alanine, de (dimethoxy-2,s 
methyl-4 ph6nyl)-3 alanine et de (bromo-4 dimethoxy-2,5 phiny1)-3 alanine. On a aussi prepare un 
derlve du type phenol, C,oHI4C1NO4, relie au second de ces trois composks, qui s'est rtvele &tre un 
monohydrate de la lactone, chlorhydrate d'amino-3 hydroxy-6 methyl-7 hydrocoumarin. 

[Traduit par le journal] 
Can. J. Chem .52.390(1974) 

When mescaline is administered to animals, Me0  
the amount which reaches the brain is very low 
(1, 2). In an attempt to  obtain higher brain levels, 
the amino acid analog, 3-(3,4,5-trimethoxy- 

M e O e C H 1 7 H N H I  

pheny1)alanine (I), was prepared, it being ration- COOH 
M e 0  

alized that this co rnpo~~nd  would be actively 1 
transported across the blood-brain barrier and 
might be decarboxylated in the brain to yield 
mescaline (3, 4). When evaluated pharmacologi- 
cally, however, the amino acid 1 failed to  demon- 
strate any psychotomimetic activity. Mescaline, I 

Me0 
COOH 

~tself, is a weak psychotomimetic drug and so  we 
decided to prepare for pharmacological evalua- z 
tion, amino acid analogs of the more potent 

a R = M e  psychotomimetic drugs, 1-(2,5-dimethoxyphenyl) h R = H  
2-aminopropane ( 9 ,  I-(2,5-dimethoxy-4-methyl- c R = B r  
pheny1)-2-aminopropane (5) (DOM), and 1-(4- 
bromo-2,5-dimethoxyphenyl)-2-aminopropane variety of methods including one which em- 
(6, 7). The envisaged compounds were not ex- ployed an azlactone as a suitable intermediate 
pected to  act as substrates for brain decarboxylase (9). This was the method employed in the Present 
enzymes (cf. 8); activityper se was being investi- investigation and is summarized in Scheme I .  
gated. The compounds were interesting for other Thus, when 2,5-dimethox~-4-meth~lbenzalde- 
reasons. Since they were amino acids, they would hyde was reacted with ace t~ lg l~c ine  in the Prfs- 
be expected to be capable of entering the CNS ence of acetic anhydride and sodium acetate, the 
system and might possibly evoke pharmacological bright orange azlactone, 4-(2,5-dimethox~-~- 
effects other than psychotomimetic ones. methylbenzylidene) - 2- methyl-2-oxazolin-5-one 

For the reasons given, syntheses of 3-(2,5- (3a), was famed- Hydrolysis of 3 a  in aqueous 
dimethoxy-4-methylphenyl)alanine (Za), 3-(2,5- acetone gave N-acetamid0-2,5-dimetho~y-4-me- 
dimethoxyphenyl)alanine (2b), and 3-(4-bromo- thylcinnamic acid (4a), which was reduced cats- 
2,5-dimethoxypheny1)alanine (2c) were under- l~t ica l ly  to N-acetyl-3-(2,5-dimethox~-4-meth~l- 
taken. pheny1)alanine (5a). Treatment of the  latter with 

Phenylalanines have been prepared by a hydrochloric acid caused hydrolysis o f  the arnide 
group and gave the required 3-(2,5-dimethoxy-4- 

'Part 11 see ref. 15. methylpheny1)alanine hydrochloride (2a). In the 
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I 

I 

I 
I 

I 
I 
I 

I 

R ~ ' H o  + R--.-Q-:~ + R Q - ; H = ~ . H C O M ~  -+ 

0 
M e 0  X L M e  M e 0  COOH M e 0  

3 4 

R ~ : H 2 5 H & H  Cl - a R M e  + R d i H ; C H N H C O M e  1 --+ I ( h R  R = B r  H 

COOH COOH 
M e 0  M e 0  

5 2 

S< HLCIL I 

same way, 2,5-dimethoxybenzaldehyde was con- 
verted to  3-(2,5-dimethoxypheny1)alanine hydro- 
chlorlde (26) via intermediates 36, 46, and 56. CH,CHNH2 

The action of bromine water on  N-acetyl-3- I 
HO COOH 

(2,5-dimethoxypheny1)alanine (56) gave a mono- 
bromo derivative. A 60 MHz n.m.r. spectrum of 6' 
thls product showed two one-proton singlet 
signals (6 7.03 and 7.18) which indicated that 
these aromatic protons were para to  each other, M e d " C H 2 C H 2 N H 2  
and enabled identification of the bromo com- H 

/ pound as N-acetyl-3-(4-bromo-2,5-dimethoxy- Ho 8 
pheny1)alanine (5c). This amide was then hydro- 7 

I 

\ 

t 

5 

1 

L 

e 

lyzed with hydrochloric acid to  3-(4-bromo-2,5- 
dimethoxypheny1)alanine hydrochloride (2c). MeO, 

In view of the study by Ferrini and Glasser 
(8), it is possible that, in contrast with the di- Me-..-QC~<~'''' - 
methyl ether (2a), 3-(2,5-dihydroxy-4-methyl- 
pheny1)alanine (6) might be a substrate for a OMe o 
brain decarboxylase system and, if so, would 9 

I produce in vivo 2-(2,5-dihydroxy-4-methylphenyl) 
ethylamine (7), a compound with possible 
psychotomimetic activity. The feasibility of pre- HO\ ,NyP" 
paring6 was considered remote since spontaneous 
lactonlzation would be expected to  occur in an 

Me Q C H r  C H  

acid~c medium and yield the lactone 8. However, OH 
to 
0 

a synthesis of 6 was attempted with the thought 
I 10 

in mind that if the lactone 8 did form, it might 
itself possess pharmacological activity, or  alter- zolin-5-one (9), prepared for another study (lo), 
nati~ely might hydrolyze in vivo t o  the more was then heated under reflux with phosphorus 
interesting amino acid 6. and hydriodic acid and was converted in low 

When 3-(2,5-dimethoxy-4-methylpheny1)ala- yield to a colorless product, C,,H,,NO,. The 
nine (2a) was reacted with phosphorus and i.r. spectrum of this material displayed bands at  
hydriodic acid, a small quantity of a product was 1765 (lactone), 1642 (C=N), and  3440 and 3300 
isolated but could not be purified. 4-(2,5-Di- cm-' (free and bonded OH), enabling identifi- 
metho~y-4-methylbenzylidene)-2-~hen~1-2-0~- cation as 4-(2,5-dihydroxy-4-methylbenzy1)-2- 
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- 

ni/e 211 (absent) 

phenyl-2-oxazolin-5-one (10). The mother liquor 
remaining after removal of 10 gave a blue color 
when treated with ninhydrin reagent, suggesting 
the presence of an a-amino acid (II), but at- 
tempts to find the isoelectric point and isolate 
this product proved unsuccessful. 

Treatment of the azlactone 9 with phosphorus 
and hydriodic acid was repeated but for a longer 
time. When the pH of the reaction mixture was 
adjusted to 4.5 a solid, which gave a positive 
ninhydrin reaction, precipitated from solution 
in modest yield. The compound was amphoteric; 
it formed a hydrochloride, and an aqueous solu- 
tion when treated with ferric chloride turned 
blue, indicative of a phenol. A correct analysis 
for C,oH,4CIN04 was consistent with the prod- 
uct being a monohydrate of the expected lactone 
8 hydrochloride, or alternatively, the hydro- 
chloride of amino acid 6 .  The carbonyl stretching 
band in the i.r. spectrum was located at 1765 
cm-I which was more indicative (12) of the 
lactone. However, this stretching frequency is 
not far removed from the range quoted (13) for 

a-amino acid hydrochlorides (1730-1 755 cm- ') 
and is reasonably close to the carbonyl stretching 
frequencies of amino acids 2a and 6. The mass 
spectrum displayed diagnostic ions of mle 193, 
165, 148, and 138 but no ions of greater mass. 
This, also, suggested the lactone (mass of an- 
hydrous base, 193), but the mass spectrum may 
be explained in terms of the phenylalanine (6)  
structure if thermal decomposition of  the hydro- 
chloride of 6 to the base is followed by dehydra- 
tion to the lactone 8 prior to fragmentation. The 
fragment ions of mle 165, 148, and 138 were 
identifiedas C,H, ,NO2, C9H,,N0, and C,H,,O, 
respectively, by accurate mass measurements, 
and their formation from the lactone molecular 
ion can be rationalized as illustrated in Scheme 2; 
the ortho effect involved in the mle 165 -+ mle 
148 fragmentation is reminiscent ofthe expulsidn 
of .OCH, from o-methoxybenzylketoximes (14). 

T o  help distinguish between the two possibili- 
ties 6 and 8, an n.m.r. spectrum of the compound 
was recorded in DMSO. Since the methylene and 
methine signals of both structures 6 and 8 would 

a r 
TI 
r i ~  
cr: 
pr' 
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be expected to display ABX coupling patterns, 
an interpretation of these signals would not per- 
mit a choice between the two possibilities. How- 
ever, when the downfield deuterium-exchangeable 
signals were examined, it was revealed that sig- 

+ 
rials ascribable to only four protons (i.e. NH, 
and OH) were present. This evidence is consis- 
tent with the product of the action of phosphorus 
and hydriodic acid on the azlactone 9 being the 
hydrochloride of lactone 8 and not of the amino 
acid 6,  which would give signals for six downfield 
deuterium-exchangeable protons. 

Compounds 2a and 8 were subjected to a 
preliminary pharmacology screening in the rat. 
Both lacked symptoms characteristic of DOM 
intoxication. Compound 8 appeared to possess 
some stimulant properties. Compounds 26 and 
2c await pharmacological evaluation. 

Experimental 
Melting points (capillary tube) are uncorrected. Infra- 

red spectra were recorded on a Beckman IR-I0 spectro- 
photometer as Nujol mulls, and n.m.r. spectra were 
taken on : varian A-60D spectrometer with tetramethyl- 
silane as internal standard. Dr.  A. M. Hogg and his 
associates, Department of Chemistry, University of 
Alberta, recorded the mass spectra on an A.E.I. MS-9 or 
hlS-12 mass spectrometer at an ionizing potential of 
70 eV using the direct probe technique. Elemental anal- 
ysis were determined at the Faculty of Pharmacy and 
Pharmaceutical Sciences by Mr. W. Dylke. 

4- (2,5- Dime1hoxy-4-n7e1hylbenz)~Iidene) -2-n7e1hyl-2- 
oxozolin-5-o11e (30) 

A mixture of 2,5-dimethoxy-4-methylbenzaldehyde 
(22.0g). acetylglycine (I 1.0 g), sodium acetate (6.0 g), 
2nd acetic anhydride (24 ml) was heated under reflux for 
2 h, then cooled to 5'. The orange precipitate was thor- 
oughly washed with water in which the title compound 
(17.9 g) was insoluble. Recrystallization from benzene 
gave m.p. 128-130'; i.r. v,,, 1650 (C=N), 1795 (C=O) 
cm-l.  

Anal. Calcd. for C14Hl,NO: C ,  64.35; H ,  5.79; N, 
5.36. Found: C, 64.46; H, 5.78; N, 5.29. 

4- (2,5- Din1e1hoxybenzylidene)-2-melhyl-2- 
oxozolin-5-one (3b) 

This product (18.2 g), m.p. 129-131' (from benzene), 
was prepared in the same manner from 2.5-dimethoxy- 
benzaldehyde (22.0 g). 

Anal. Calcd. for Cl3H1,NO: C, 62.89; H, 5.68; N, 
5.64. Found: C, 63.16; H, 5.68; N, 5.40. 

r-Ace1ontido-2,5-din1e1hox)~-4-me1hylcinnomic Acid (40) 
A solution of the azlactone 30 (15 g) in water (80 ml) 

and acetone (200 ml) was heated under reflux for 4 h. 
The acetone was distilled off and insoluble starting mate- 
rial removed by filtration. The title compound (3.2 g) 
crystallized from the filtrate on cooling. Repeating the 
procedure with the recovered starting material gave a 

further 2.1 g of 40. Crystallization from ethanol-water 
gave m.p. 206-208' ; i.r. v,,, 1648, 1690 (C=O), 2500- 
2750 (OH), 3230 ( N H )  cm-I ;  n.m.r. (DMSO-d,,) 6 2.00 
(s, 3H, COCH,), 2.21 (s, 3H, CH,), 3.73 (s, 3H) and 3.80 
(s, 3H) (OCH, groups), 6.81 (s, IH),  7.26 (s, IH),  and 
7.60 (s, 1 H) (aromatic protons and CH), 9.17 (s, br, 1 H,  
exchanges with D 2 0 ,  OH). 

Anal. Calcd. for CI4H17NO5:  C, 60.20; H, 6.14; N, 
5.02. Found: C, 60.45; H, 6.60; N, 5.36. 

a-Ace/omido-2,5-dimer/1oxycin1101~1ic Acid (4b) 
This product (9.5 g), m.p. 208-209' (from ethanol) was 

prepared in the same manner from azlactone 3b (15.0 g);  
i.r. v,,, 1655, 1695 (C=O), 2400-2600 (OH), 3250 (NH) 
cm-I.  

Anal. Calcd. for C13H15N05:  C, 58.86; H, 5.70; N, 
5.28. Found: C, 59.14; H ,  6.20; N, 4.91. 

N-Ace/)~l-3-(2,5-di1~~eil1oxy-4-1~te~I1ylpI1e11yl)alo11i11e 150) 
A solution of r-acetarnido-2,5-dimethoxy-4-methyl- 

cinnamic acid (5.0 g) in ethanol (100 ml) containing 10% 
palladium-charcoal (0.5 g) was hydrogenated at room 
temperature and 50 p.s.i. until uptake of hydrogen 
ceased. Evaporation of the filtrate gave a quantitative 
yield of the title compound, m.p. 159-1 60' (from ethanol): 
i.r. v,,, 1655 (amide C=O), 1720 (acid C=O), 3310 
(NH) cm-'. 

Anal. Calcd. for C , 4 H 1 9 N 0 5 :  C, 59.77; H, 6.81; N, 
4.98. Found: C, 59.54; H, 6.73; N, 4.89. 

N-Acer)~l-3-(2,5-di1ne1hoxyphe11)~I)oIonine (5b) 
This product m.p. 160-162' (from ethanol) was simi- 

larly prepared in quantitative yield from r-acetarnido- 
2,5-dimethoxycinnamic acid (7.0 g); i.r. v,,, 1630 br, 1730 
(C=O), 3310 (NH) cm-I .  

Anal. Calcd. for C, ,H, ,N05:  C, 58.41; H, 6.41; N, 
5.24. Found: C, 58.38; H, 6.60; N,  5.21. 

N-Aceiyl-3-14-bromo-2,5-dinte1hoxyphenyl)olo?1i11e (5c) 
Bromine water was added dropwise to  a stirred solution 

of N-acetyl-3-(2,5-dimethoxyphenyl)alanine (I .O g) in 
ethanol (100ml) until a pale orange color persisted. 
Stirring was continued for a further 0.5 h, then the solu- 
tion was basified (5% NaHCO,) and evaporated. The 
mixture was suspended in 5% HCI solution (50 ml) and 
extracted with chloroform (2 x 30 ml). Evaporation of 
the chloroform gave an oil which was dissolved in 5 x  
NaHCO, solution and the solution filtered. Acidification 
of the filtrate (dilute HCI) gave the title compound (0.62 
g), m.p. 178-180' (from ethanol); i.r. v,,, 1650, 1730 
(C=O), 3310 (NH) c m - l ;  n.m.r. (DMSO-d6) 6 1.79 (s, 
3H, COCH,) 3.06 (m, 2H, CH,), 3.78 (s, 6H, OCH, 
groups), 4.15-4.80 (m, IH, CH), 7.03 (s, IH), and 7.18 
(s, 1 H)  (aromatic protons), 8.20 (d, IH,  J = 8 Hz, NH). 

Anal. Calcd. for C ,  ,H,,BrNO,: C, 45.10; H ,  4.66; N, 
4.05. Found: C, 45.04; H,  4.73; N, 3.81. 

3- (2,5- Dimerhov-4-merhylplieny~ olonine 
Hydrochloride (20) 

A suspension of N-acetyl-3-(?,5-dinlethoxy-4-methyl- 
pheny1)alanine (4.0 g) in concentrated HCI (60 ml) was 
heated under reflux for 4 h, then evaporated to dryness. 
The residue was suspended in acetone in which the title 
compound (2.8 g) was insoluble. Crystallization from 
ethanol gave m.p. 241-242"; i.r. v,,, 1580, 1950, 2410- 

2670 (N-H), 1745 (C=O) cm-I;  n.m.r. (DMSO-d6) 
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6 2.18 (s, 3H, CH,), 3.18 (d, 2H, J = 6 Hz, CH,), 3.65- 
4.23 (m, 7H, overlapping CH and 0 C H 3  signals), 6.84 
(s, 1 H) and 7.00 (s, 1 H) (aromatic protons), 8.66 (s, br, 

L 

4H, exchange with DZO, NH] and OH). 
Anal. Calcd. for Cl2HI7C1NO4: C, 52.46; H, 6.24; N, 

5.10. Found: C, 52.40; H, 6.55; N, 4.86. 

3- (2,5- Din~erhoxyphenyl)alanine Hydrochloride (26) 
This product (1.52 g). m.p. 225" (from ethanol-ether 

(lit. (8) no m.p. reported)) was obtained similarly by 
hydrolysis of N-acetyl-3-(2,5-dimethoxyphenyl)alanine 

+ 
(2.0 g); i.r. v,,, 1585, 2420-2680 (N-H), 1750 (C=O) 
cm-I. 

Anal. Calcd. for ClIHI6CINO4:  C, 50.48; H, 6.16; N, 
5.35. Found: C ,  50.12; H, 6.29; N, 5.35. 

3- (4-Brotno-2,s-ditnerho.uypheny1) alanine 
Hydrochloride (2c) 

This product (0.41 g), m.p. 252-253" (from ethanol- 
acetone) was prepared in a similar manner from N-acetyl- 
3-(4-bromo-2,5-dimethoxyphenyl)alanine (0.5 g); i.r, v,,, 

+ 
1590, 2420-2680 (N-H), 1735 (C=O) cm-I. 

Anal. Calcd. for CIlHI5BrCINO4: C, 38.79; H, 4.44; 
N, 4.1 1. Found: C, 39.07; H, 4.62; N, 4.1 1. 

Treatment of 4- (2,5- Dit?tetho.uy-4-methylbenzylidene) - 
2-phenyl-2-oxazolin-5-one (9) kvirh Phosphorus 
and Hydriodic Acid 

(i) T o  a solution of the title compound (10) (21.0 g) in 
acetic anhydride (60 ml) containing red phosphorus (18.0 
g) was added 50% HI  (60 ml) over 1 h. The red reaction 
mixture was heated under reflux for 3 h, cooled, filtered, 
and evaporated to a semisolid residue. Water (100 ml) 
was added and the resulting suspension was shaken several 
times with ether. This treatment caused the separation of 
a solid at the interface. The ether extracts were discarded. 
The aqueous solution remaining gave a positive ninhydrin 
reaction but attempts to cause precipitation of any prod- 
uct by slowly altering the p H  of the cooled solution with 
dilute NH,OH and dilute HCI were unsuccessful. 

The interfacial material (3.1 g), m.p. 262-264" (from 
ethanol) was 4-(2,5-dihydroxy-4-methylbenzy1)-3-phenyl- 
2-oxazolin-5-one (10); i.r. v,,, 1642 (C=N), 1765 (C=O), 
3300 br, 3440 (OH) cm-I ; mass spectrum m/e (% relative 
abundance) 297 (8) (C,,H,,NO,). 

Anal. Calcd. for C,,H15N0,:  C, 68.67; H, 5.09; N, 
4.71. Found: C, 68.41; H, 5.51; N, 4.48. 

(ii) The reaction described immediately above was re- 
peated on the title compound (13.0 g) except that heating 
under reflux was continued for 5 h. The filtrate this time 
was extracted with ether prior to being evaporated to give 
a brown oil. T o  a filtered solution of this oil in water 
(100 ml), dilute N H 4 0 H  solution was added slowly. At 
p H  4.5, a solid (3.2 g) precipitated, m.p. 250-300" (dec.). 

An aqueous solution of this material turned blue when 
treated with ninhydrin reagent. A portion of the solid 
(1.5 g) was dissolved in concentrated HCI and  evaporated. 
The product (I. l g, m.p. 245-250") when crystallized from 
ethanol-ether, gave 3-amino-6-hydroxy-7-methylhydro- 
coumarin hydrochloride monohydrate (8, 0.44 g), m.p. 

+ 
255-257"; i.r. v,,, 1765 (C=O), 2450-2650 (N-H), 3 120 
br, 3300 (OH) cm-' ; n.m.r. (DMSO-d6) 6 2.13 (s, 3H, 
CH,), 3.27 (d, 2H, J = 10 Hz, CH,), 4.57 (t, IH ,  J = 10 
Hz, CH), 6.85 (s, 1 H) and 6.93 (s, 1 H) (aromatic protons), 

+ 
8.10-10.10 (m, br, -4H, exchanges with D,O, N-H and 
O H  protons); mass spectrum m/e (% relative abundance) 
193 (1 1) (C1oHl,NOj), 165 (80) (CqH, ,NO2), 148 (18) 
(C9Hl  oNO), 138 (22) (C8H1,,O2) (formula confirmed by 
accurate mass measurements). 

Anal. Calcd. for CloH1,CIN04: C, 48.49; H, 5.70; N, 
5.66. Found: C, 48.81 ; H, 5.96; N, 5.44. 
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The Synthesis of Four Possible in vitro Metabolites of the Hallucinogen 
1-(2,s-Dimethoxy-4-methylpheny1)-2-aminopropane (DOM) 

RONALD T.  COUTTS AND JERRY L. MALICKY 
Fac~i11.v of  Pharr?~acy ur~d  P/~urmace!iricoI Sciences, Unilvrsity of Alberra, Edr?lot~/orl, AIbc,rra 

Received June 18, 1973 

The synthesis of four possible in citro metabolites of the hallucinogen I-(2,s-dimethoxy-4-methyl- 
pheny1)-2-aminopropane (DOM) is described. These compounds, 1-(2,5-dimethoxy-4-methylphenyl(-2- 
propanone, the corresponding oxime, l-(2,5-dimethoxy-4-methylphenyl)-2-propano, and I-(2,s- 
dimethoxy)-4-methylphenyl-2-(hydroxy1amino)propane, could be products of side chain metabolic 
oxidation of DOM. 

On decrit la synthese in vitro de quatres mttabolites possibles de l'hallucinogene (dimethoxy-2,s methyl- 
4 pheny1)-1 amino-2 propane sont decrites. Ces composes, la (dimtthoxy-2,5 methyl-4 phenyl)-I propa- 
none-2, l'oxime correspondante, le (dimethoxy-2,5 methyl-4 pheny1)-1 propanol-2 et le (dimethoxy-2,5 
methyl-4 ph6nyl)-l hydroxylamino-2 propane, peuvent Etre des produits de I'oxydation metaboliyue de 
la chaine lattrale du DOM. [Traduit par  le journal] 

Can. J Chem., 52. 395 (1974) 

In  1955, Axelrod (1) reported that amphet- 
amine (la)  was metabolically oxidized by rat 
liver microsomes to phenylacetone (2a). In view 
of this observation, it was of interest to us to deter- 
mine whether the potent hallucinogen, 1-(2,5- 
dimethoxy-4-methylpheny1)-2-aminopropane(lb, 
DOM), a ring-substituted amphetamine, was 
similarly metabolized to the related ketone (26). 
A preliminary in vitro metabolism of DOM by 
means of a rabbit microsomal preparation 
(10 000 g supernatant) indicated that, compared 
to amphetamine, very little metabolism took 
place although a g.1.c. examination of the 
products showed that very small quantities of 
some metabolites had formed. T o  confirm 
whether one of these products was the ketone 
(2b), a synthesis of this compound was under- 
taken. 

While this study was in progress, H o  and co- 
workers (2, 3) published their findings on the in 
ciuo metabolism of DOM in rat and showed that 
the ketone 2b was not formed in that species. In 
the meantime, Hucker et a/. (4) claimed that 
phenylacetone ketoxime (3a) was the major 
in vitro metabolite of amphetamine using rabbit 
liver, and this ketoxime then hydrolyzed to yield 
the ketone (2a). Subsequently, Beckett and Al- 
Sarraj (5) found that 2-hydroxylamino-l-phenyl- 
propane (4a) was, in fact, the primary in t:itro 
metabolic product of amphetamine using micro- 
somes from various species and these authors 
showed that the ketone 2a, the oxime 3a, and 
the alcohol 5a were chemical or  metabolic 
breakdown products of the hydroxylamine 4a. 

" R - R ' = H  
h R  - Me; R' - OMe 

These current findings prompted us to extend 
our studies to the  synthesis of the  ketone 26, 
the oxime 3b, the  hydroxylamine 4b, and the 
alcohol 5b, compounds which could be of 
assistance in the identification of rabbit in vitro 
metabolites and perhaps help identify the un- 
known minor in civo metabolites of DOM, 
described by H o  and co-workers (2, 3). 

The method selected for t h e  preparation 
of 1 -(2,5-dimethoxy-4-methylpheny1)-2-pro- 
panone (2b) required 2,5-dimethoxy-4-methyl- 
phenylacetic acid (9) asan intermediate. This acid 
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COUTTS AND M.4LICKY: METABOLITES OF THE HALLUCINOGEN DOM 397 

with authentic samples to be I-(2,Sdimethoxy- 
4-methylpheny1)-2-propanone (2b) and the corre- 
sponding oxime 36. 

The catalytic reduction of I-(2,5-dimethoxy-4- 
methylpheny1)-2-nitropropene was repeated using 
ethanolic HC1 as the solvent. This time, hydrogen 
uptake was rapid and the major product was the 
oxime (3b); no hydroxylamine (4b) was formed. 

The I -(2,5-dimethoxy -4-methylpheny1)-2- 
nitro-propene (10) employed in these reductions 
was prepared by reacting 2,5-dimethoxy-4- 
methyl-benzaldehyde with nitroethane in the 
presence of ammonium acetate and acetic acid (8). 
On one occasion, the crude reaction product (10) 
ivas hydrogenated as just described and an addi- 
tional reduction product, C,,H, ,NO2. HCI, was 
isolated and identified by means of its i.r., n.m.r., 
and mass spectra as 2,5-dimethoxy-4-methyl- 
benzylamine hydrochloride (11). It appeared 
likely that the crude sample of 10 was contami- 
nated with 2,5-dimethoxy-4-methylbenzonitrile 
(12), which catalytically reduced to 11. This as- 
sumption was confirmed when a pure sample of 
nitrile 12 was isolated from the crude nitropro- 
pene (10) by fractional crystallization. Other 

and anhydrous sodium acetate (7.0 g) was heated at 100' 
with stirring for 2 h,  cooled, and diluted with ethanol 
(100 ml). An orange-red precipitate of the title compound 
formed (23.6 g), m.p. 208-210" (from benzene); i.r. 
v,,. 1645 (C=N), 1785 (C=O) cm-I.  

Anal. Calcd. for C,,H,,NO,: C, 70.57; H, 5.30; N,  
4.33. Found: C, 70.30; H, 5.52; N, 4.22. 

Methyl 2,5-Dit~7ethox~~-4-merhylphen~~lacerate (8) and 
2,5- Dimetko.ry-4-metl~~~lphen~~lacetic Acid (9) 

A solution of 4-(2,5-dimethoxy-4-methylbenzylidene)- 
2-phenyl-2-oxazolin-5-one (1  5.0 g) in I 0% NaOH solution 
(100 ml) was heated under reflux for 12 h. The reaction 
mixture was cooled to 0- and diluted with ice-cold 40% 
NaOH solution (10 ml). To  this solution was added with 
stirring, a 15% aqueous solution of H , 0 2  at such a rate 
as to  maintain the temperature below 15:. After this 
addition was complete, the solution was left for 12 h at  
25", then acidified with concentrated HCI (50 ml) and 
extracted thoroughly with benzene (200 ml). The dried 
(MgSO,) benzene extract was evaporated to give a solid 
(15.5 g) which was dissolved in methanol (I00 ml) 
containing concentrated H2S04 (2 ml). This solution 
was heated under reflux for 5 h, concentrated and cooled. 
The title ester (8, 9.2 g) precipitated, m.p. 66-67' (from 
ethanol): i.r. v,,. 1730 (C=O) cm-l. 

Anal. Calcd. for C 1  2H1604: C, 64.27; H, 7.19. Found: 
C, 63.96; H, 7.29. 

A suspension of this ester (8.0 g) in 10% NaOH solu- 
tion (50 ml) was heated under reflux fo r  1 h, cooled and 
acidified with concentrated HCI. This gave a orecioitate - . . 

investigators have observed the formation of of 2.5-dimethoxy-4-methyluhenylacetic acid (7.6 g). m.p. 
nitriles-in this type of reaction (9, 10). 1281129' (froi ethanol);. i.r: v,,, 1700 br *=dl, 

Nitrile by-product format ion  could have some 2500-2700 (OH) c m - ' ;  n.m.r. (CDCI3) 6 2.20 (s, 3H, 
CH,), 3.61 (s, 2H, CH2) ,  3.73 (s, 6 H ,  OCH, groups), 

significance in the preparation of illicit 6.72 (s, 2H, aromatic protons), 10.80 (s, IH, exchanges 
of DOM. If the intermediate (10) was not with D,O. OH). 
purified prior to reduction, the sample of DOM 
could contain 2,5-dimethoxy-4-methycbenzyl- 
amine as an impurity and this could alter the 
pharmacological properties of the product in 
view of the fact that 2,5-dimethoxybenzylamine 
and related compounds have been reported (1 1 )  
to possess uterine-contracting properties. 

Experimental 
Melting points (capillary lube)  are uncorrected. 

Nuclear magnetic resonance spectra were recorded on a 
Varian A-60D spectrometer, using tetramethylsilane as 
internal standard. Infrared spectra were recorded on a 
Beckman IR-I0 spectrophotometer as Nujol mulls. 
Dr. A. M. Hogg and his associates, Department of 
Chemistry, University of Alberta recorded the mass 
spectra on an A.E.I. MS-9 or MS-I2 mass spectrometer 
at an ionizing potential of 70 eV using the direct probe 
technique. Elemental analyses were determined at  the 
Faculty of Pharmacy and Pharmaceutical Sciences by 
Mr. W. Dylke. 

4-(2,5-Dimethoxy-4-methylbenzylidene)-2-phenyl-2- 
oxmolin-5-one (7) 

A mixture of 2,5-dimethoxy-4-methylbenzaldehyde 
(15.0 g), hippuric acid (15.0 g), acetic anhydride (26.0 g), 

~ n a l :  ~glcd . ' for  C ,  ,H1404 :  C, 62.84; H, 6.71. Found: 
C, 62.60; H,  6.83. 

I- (2,5- Di~netlroxy-4-n~ethylp/1enyl)-2-propanone (2b) 
A solution of 2,5-dimethoxy-4-methylphenylacetic acid 

(9.0 g) in ether (100 ml) was added slowly to a solution of 
2.1 M methyllithium (Alfa Inorganic, Inc.) (60 ml). The 
mixture was heated under reflux for 1 h then added to  
ice water (200 ml) saturated with ammonium chloride. 
The organic layer was collected and the aqueous portion 
was extracted with more ether (200 ml).  Evaporation of 
the combined ether solution yielded the  ketone (Zb, 4.7 g), 
m.p. 56-58" (from ethanol) (lit. (2) m.p. 49-51.); i.r. 
v,,, 1710 (C=O) cm- I ;  n.m.r. (CDCI,) 6 2.13 (s, 3H, 
COCH,), 2.23 (s, 3H, ring CH,), 3.65 (s, 2H, CH,), 
3.78 (s, 6H, 0 C H 3  groups), 6.63 (s, l H )  and 6.72 (s, 1 H,  
aromatic protons); mass spectrum mle (% relative 
abundance) 208 (41) (C12H1603); 165 (100) (CloHln02). 

Anal. Calcd. for C1  2H1603: C, 69.21 ; H, 7.75. Found : 
69.53; H, 7.57. 
' Acidification of the aqueous solution remaining after 

the ether extraction caused the precipitation of starting 
material (9,2.1 g). 

I-(2,5-Dimethoxy-4-methylphenyl)-2-propanone Oxime 
(3b) Hydrochloride 

A solution of the propanone (2b, 1.0 g), hydroxylamine 
hydrochloride (1.0 g), and pyridine (5 ml) in ethanol (10 
ml) was heated under reflux for 1 h, then evaporated. The 
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residue was suspended in 5% HCI solution (25 ml) and 
extracted with chloroform (2 x 25 ml). Evaporation of 
the chloroform gave a pale yellow oil (1.1 g), i.r. v,,. 
3300 (OH) cm-I.  A solution of this oil in ether (50 ml) 
was saturated with gaseous HCI. A crystalline solid 
(0.64 g) slowly formed, m.p. 114-1 16" i.r. v,,, 2500 

+ 
(N-H) cm-I ;  n.m.r. (CDCI,) 6 2.04 (s, 3H, aliphatic 
CH,), 2.24 (s, 3H, aromatic CH,), 3.66-3.95 (m, 8H, 
CH2  and OCH, groups), 6.73 (s, 1 H) and 6.80 (s, IH, 

+ 
aromatic protons), 13.08 (s, br, 2H, NHOH); mass 
spectrum t11le ( 2  relative abundance) 223 (100) (C12H17- 
N o d .  

Anal. Calcd. for C12Hl,CIN03: C, 55.49; H, 6.98; N, 
5.39. Found: C, 55.46; H, 6.91; N, 5.59. 

1- (2,5- Dit~~ethoxy-4-methylphenyl) -2-propanol (5) 
A solution of I-(2,s-dimethoxy-4-methylpheny1)-2- 

propanone (2.0 g) in methanol (30 ml) was slowly added 
to a stirred solution of sodium borohydride (2.0 g) in 
methanol (200 ml) and water (100 ml). Stirring was 
continued at  room temperature for I h after the addition, 
then a slight excess of concentrated HCI was added to 
decompose the excess hydride. The solvent was removed 
under reduced pressure and the residue was suspended in 
water (100 ml) and extracted with chloroform (200 ml). 
Evaporation of the latter solution gave the title com- 
pound (1.2 g), m.p. 80.5-81.5' (from ethanol); n.m.r. 
(DMSO-d6) 6 1.01 (d, 3H, J = 6, !I-CH,), 2.12 (s, 3H, 
ring CH,), 2.65 (m, 1H (overlaps with DMSO), CH), 
3.60-4.27 (m, 8H, overlapping CH2 and OCH, signals), 
4.27 (s, br, 1 H, exchanges with D,O, OH), 6.72 (s, 2H, 
aromatic protons). 

Anal. Calcd. for C 1 2 H l g 0 3 :  C, 68.54; H, 8.63. Found: 
C, 68.62; H, 8.73. 

I-(2,5- Dimethoxy-4-methylphenyl) -2-nitropropene ( I  0 )  
A solution of 2,s-dimethoxy-4-methylbenzaldehyde 

(15.0 g) and ammonium acetate (6.3 g) in acetic acid 
(75 ml) and nitroethane (9.9 g) was heated under gentle 
reflux for 3 h. The dark red solution was evaporated, 
leaving a red oil which was suspended in water (100 ml) 
and extracted with chloroform (100 ml). Evaporation 
of the latter gave an  oil which solidified on standing. This 
crude product (14.4 g, m.p. 79-86') crystallized from 
ethanol to give the yellow title compound, m.p. 85-87" 
(lit. (12) m.p. 85.5-87.5'); i.r. v,,, 1320, 1500 (NO,), 
1645 (C=C) cm-'. 

Anal. Calcd. for Cl2H1,NO4: C, 60.75; H,  6.37. 
Found: C, 61.04; H,  6.36. 

Catalytic Hydrogenation of 1-(2,5- Dimethoxy-4- 
metlrylphenyl) -2-nitropropene 

(i) A solution of the title compound (7.5 g) in ethanol 
(300 ml) containing 1 0 2  palladium-charcoal (1.0 g) was 
hydrogenated at  room temperature and normal pressure 
until uptake of hydrogen apparently ceased. When the 
reaction flask was removed from the hydrogenation 
apparatus, a pungent ammonia-like odor was evident. 
The solution was stirred at  room temperature for 3 h 
after which time the basic odor was no longer apparent, 
then hydrogenation was continued until uptake again 
ceased. Evaporation of the filtrate gave an  oil which was 
dissolved in chloroform (100 ml) and extracted with 5 z  
HCI solution (2 x 100 ml). The aqueous solution was 

basified ( 1 0 z  NaOH) and reextracted with chloroform 
(3 x 100 ml). The combined chloroform extract was 
dried (MgSO,), saturated with gaseous KC1 and evapor- 
ated to give a solid which was fractionally crystallized 
from ethanol-ether. The first product (0.24 g), m.p. 
176-178" was I-(2,5-dimethoxy-4-methylphenyl)-2-amino- 
propane hydrochloride, confirmed by i.r. spectral com- 
parison and mixture rn.p. with authentic DOM. A second 
product (0.81 g), m.p. 121-123', was I-(2.5-dimethoxy-4- 
methylpheny1)-2-(hydroxylamino)propane hydrochloride; 

+ + 
i.r. v,,, 2480-2750 (N-H, N-OH) cm- ' ; mass spectrum 
mle ( z  relative abundance) 225 (9) (C12H19N03);  193 
(5) (C12H1702); 166 (100) ( C ~ o H 1 ~ 0 2 ) ;  60 (45) (C2H6- 
NO); 44 (18) (C2H6N) (Formulae identified by accurate 
mass measurements). 

Anal. Calcd. for C12H20CIN03: C ,  55.06; H, 7.70; N, 
5.35. Found; C, 55.06; H,  7.81; N, 5.51. 

The chloroform solution remaining after extraction 
with 5 z  HCI (see above) was evaporated and the oil 
which resulted was dissolved in ether and saturated with 
gaseous HCI. A product separated as an oil from which 
the ether layer was decanted and treated as described 
later. Treatment of the oil with ethanol-ether gave a solid 
(1.1 g), m.p. 112-1 ISc, which was identified by i.r. 
spectrum and mixture m.p. as the oxirne (36) hydro- 
chloride. 

The ether solution referred to above was  evaporated 
and the product obtained was distilled under reduced 
pressure. An oil, b.p. 130-160" (0.5-1.5 mm) was collected 
and triturated with ethanol. This gave 1-(2,Sdimethoxy- 
4-methy1phenyl)-2-propanone (26, 1.7 g), m.p. 55-57", 
the i.r. spectrum of which was superimposable on that of 
the authentic ketone (26). 

(ii) A solution of I-(2,s-dimethoxy-4-met hylpheny1)-2- 
nitropropene (7.0 g) in ethanol (I00 ml) and concentrated 
HCI (7 ml) was hydrogenated at room temperature and 
normal pressure in the presence of 10% palladium- 
charcoal (1.0 g). Hydrogen was rapidly incorporated, 
and when uptake ceased, the filtrate was evaporated to 
give an  oil. This was dissolved in chloroform and  separated 
into basic and neutral fractions as described in (i) above. 
Evaporation of the chloroform solution containing the 
basic material gave a solid (0.46 g) which was dissolved 
in ether, and the solution was saturated with gaseous HCI. 
This gave 1-(2,5-dimethoxy-4-methylphenyl)-2-amino- 
propane hydrochloride (DOM), m.p. 176-1 78", identified 
(i.r.; mixture m.p.) by comparison with a n  authentic 
sample. 

The chloroform solution which remained after extract- 
ing basic material was evaporated to give a red oil (5.4 g) 
which was dissolved in ether and saturated with gaseous 
HCI. I -(2,5 -Dimethoxy - 4  -methylphenyl)-2 - propanone 
oxime hydrochloride (3.3 g) slowly precipitated. It had 
an i.r. spectrum and m.p. identical to  that of authentic 
36 hydrochloride, and a mixture m.p. was undepressed. 

(iii) Crude l-(2,5-dimethoxy-4-methylphenyl)-2-nitro- 
propene (m.p. 79-86'; i.r. v,,, 1320, 1500 (NO,), 2210 
(C=N) cm-  ; see preparation of 10) (7.0 g) dissolved in 
ethanol (100 ml) and concentrated HCI (10 ml) was 
hydrogenated at  room temperature and normal pressure 
with 1 0 z  palladium-charcoal (0.7 g) as  catalyst. Hydro- 
gen was incorporated rapidly for 2 h then more slowly 
for 12 h. The filtrate was evaporated to  an oil which was 
dissolved in ethanol (10 ml), cooled, and diluted with 
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ether until cloudy. A solid precipitated (0.81 g), which 
was crystallized from ethanol-ether and gave 2,5- 
dimethoxy-4-methylbenzylamine hydrochloride ( l l ) ,  m.p. 

+ 
244-246"; i.r. v,,, 1598, 2010, 2580-2720 (N-H) cm-' ;  
n.m.r. (DMSO-d6) 6 2.16 (s, 3H, CH3), 3.78 (s, 6H, 
OCH3 groups), 3.96 (s, 2H, CH,), 6.90 (s, 1 H) and 7.23 
(s, lH ,  aromatic protons), 8.00-8.83 (s, br, 3H, ex- 

+ 
changes with D,O, NH3). 

Anal. Calcd. for CloH,6CIN02:  C, 55.17; H ,  7.41; N, 
6.44. Found; C, 55.41 ; H, 7.21 ; N, 6.60. 

The filtrate was treated as described in method (ii) and 
1-(2,s-dimethoxy-4-methylpheny1)-2-propanone oxime hy- 
drochloride (2.8 g) was obtained. 

2,5-Ditnethoxy-4-n~ethylbenzonitrile (12)  
Crude 1 -(2,5 -dimethoxy -4-methylpheny1)-2-nitropro- 

pene, m.p. 79-86" (see preparation of lo) ,  (5 g) was 
fractionally crystallized from ethanol. The initial precipi- 
tate was pure 10; concentration of the mother liquors 
and repeated crystallization of the resulting precipitate 
from ethanol gave the title compound (0.6 g), m.p. 
127-129"; i.r. v,;,, 2210 ( C e N )  cm-' ;  n.m.r. (CDCI,) 
6 2.33 (s, 3H, CH,), 3.86 (s, 3H) and 3.93 (s, 3H, OCH, 
groups), 6.87 (s, 1H) and 6.96 (s, l H ,  aromatic protons). 

Anal. Calcd.forCloHl,NO:C,67.77; H,6.26; N,7.91. 
Found: C, 67.82; H, 6.36; N,7.48. 

The authors thank the Medical Research Council of 
Canada for operating grant MA-2993 (to R.T.C.) and a 
research studentship (to J.L.M.). 
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Determination de la vitesse du son dans les sels fondus. Technique et 
applications 

LUCIEN DENIELOU, JEAN-PIERRE PETITET ET CHRISTOPHE TEQUI 
Lnborer~oir~ tle Tl~et~t,~ocIyr~crt,ric~rre clrr liqlricle scrlitr, (7 16, 4e ci!nge) lJtri~~t,r..sir@ Ptrris V I ,  11 Qrrcri Sr-Bertltll.d, 

Pe1ri.v V e ,  Frcrrrce 

R e ~ u  le 12 juin 1973 

Description d'une technique de mesure de la vitesse du son dans les sels fondus ~~tilisant une mkthode 
impulsionnelle. Le signal provenant du montage est mis en coincidence avec celui issu d'une ligne a retard 
formee d'une longueur variable d'eau. Les elements intermediaires entre les cristaux Cmetteurs et recep- 
t e ~ ~ r s  sont en alumine frittee. Le c a l c ~ ~ l  des corrections dues aux intermediaires et le c a l c ~ ~ l  d'erreur ont 
kt6 detailles. La technique a ete appliquee a la mesure de la vitesse du son dans le bromure de potassium, 
les sulfates alcalins et les chromate, molybdate et tungstate de sodium. 

This paper describes a techn~que for measuring the speed of sound in molten salts employing a pulse 
method. The signal coming from the sample is made to coincide with that coming from a delay line of a 
variable length of water. The intervening parts between the emitting and receiving crystals are made 
of sintered alumina. The calc~~lation of corrections due to the intervening parts and the calculation of 
error are given in detail. The technique is applied to  measure the speed of sound in potassium bromide, 
alkali sulphates and the chromate, molybdate and tungsten of sodium. [Journal translation] 

Can. J. Chem., 52, 400(1974) 

Introduction 

On sait que la determination sirnultanee des 
trois valeurs de la chaleur sptcifique a pression 
constante. de la vitesse du son et du coefficient de 
dilatation d'un liquide mkne a la connaissance 
d'une serie de constantes physiques rnacrosco- 
piques permettant l'approche de la structure du 
liquide Ctudit (1). Dans ce travail, nous nous 
somrnes attaches ii dkcrire une rnkthode et son 
application i la determination de la vitesse du 
son dans des sels fondus. I1 s'avkre, en effet, que 
la vitesse du son, genCralernent determinee avec 
une bonne precision, reste le rnoyen le plus 
simple, connaissant la densite, d'obtenir la iom- 
pressibilitt d'un liquide; donnee essentielle pour 
I'evaluation du volume libre, I'etablissernent 
d'une Cauation d'etat et le calcul de certaines 
fonctions de partition. 

Si la litttrature contient une quantitt irnpor- 
tante de rksultats concernant les liquides tem- 
perature ordinaire, en revanche assez peu d'au- 
teurs se sont interessCs aux sels fondus. 

C'est dans la perspective particuliere d'une 
etude structurale d'ions complexes M0,2- (M = 
S, Cr, Mo, W) associes aux rnttaux alcalins que 
nous avons entrepris cette ttude, dont nous 
donnons ici la technique et la rnethode. 

MCthode 
Les sels fondus sont des liquides generalement peu 

visqueux, ce qui fait que le module de cisaillement est 

pratiquement nu1 et  qu'il y a peu d'absorption ~ L I  son 
dans la gamme de frequence utilisee. Cependant les fortes 
temperatures necessaires aux experiences reduisent sen- 
siblement I'kventail des methodes possibles. En effet, les 
methodes optiques sont a exclure acausedu rayonnement. 
Son t a eviter egalement les methodes interferometriques 
a cause des temperatures elevees qui exigent, par mesure 
de protection, des intermediaires entre le liquide et le 
cristal emetteur. Ces intermkdiaires, en provoquant des 
ondes de reflexions parasites sur les interfaces, risquent 
de creer des interferences perturbant le phenomene 
interessant. 

Les techniques utilisant des impulsions de h a ~ ~ t e  fre- 
qLlence semblent le mieux adaptees au  probleme. 

Le methode decrite ici est une methode impulsionnelle. 
Elle est a rapprocher de celle mise a u  point par T. A. 
Litowitz et ses collaborateurs (2) d'une part et G. Petit et  
M.  Blanc (3) d'autre part. 

Chaque impulsion issue ~ L I  circuit Clectronique est en- 
voyee d'une part dans l'echantillon e t ~ ~ d i e  de long~~eur  
fixe et d'autre part, dans une ligne a retard acoustique 
constituee d'une longueur variable d'eau. L'impulsion 
issue de la ligne i retard est mise en co'incidence avec le 
signal provenant de  l'echantillon par ajustage de la lon- 
gueur d'eau. P O L I ~  Cviter toute ambigui'te, les mesures sont 
faites sur le premier signal transmis pa r  le sel et la ligne 
a retard. 

Appareillage 
Le gbrlbrareur 
Le generateur d'ultrason delivre des impulsions sous 

forme de pics toutes les millisecondes sur une gamme de 
frequence de 0.25 a 6 MHz. Nous avons choisi de faire les 
mesures sur 4 MHz:  ce qui donne une longueur d'onde 
assez petite compte-tenu des dimensions du materiel, sans 
pour autant creer des phenomenes d'absorption impor- 
tants. 

Les cristaux emetteurs et rkcepteurs sont en titanate de 
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DENlELOU E T  COLL.:  DETERMINATION DE LA VITESSE DU SON 40 1 

barium: le quartz, malgre un plus grand facteur de 
qualitt presente une plus faible sensibiliti que le titanate 
de barium. 

Les barres 
Notre choix s'est port6 sur I'alumine fritke de haute 

densite: les sels etudies ne l'attaquant pas, il n'est pas 
necessaire d'avoir une atmosphere protectrice. Par 
ailleurs, sa faible conductivitk thermique Cvite les pertes 
par conduction et I'installation de forts gradients ther- 
miques dans les sels tout en autorisant des temperatures 
d'experience plus elevees. Enfin, les techniques actuelles 
d'usinage de I'alumine nous ont permis la realisation d'un 
montage commode. 

La barre inferieure de 50 mm de diametre et 400 de 
longueurest fixe et sert a la fois de liaison avec le recepteur 
et de creuset. Celui-ci a 40 nim de profondeur sur 28 de 
diametre. I1 est surmonte d'une partie plus large de40 mm 
de hauteur sur 40 de diametre pour Cviter un debordement 
du sel au cours des manoeuvres de la barre superieure. 
Enfin, un logement de 6 mm de diametre a etC amenage 
le long d'une generatrice du creuset pour permettre I'in- 
stallation du thermocouple qui prisente ainsi l'avantage 
d'itre immerge dans le sel. Ce systeme permet d'avoir le 
fond du creuset et la surface du recepteur paralleles par 
construction et d'utiliser une petite quantite de sel. 

La barre superieure qui r e~o i t  I'emetteur a 24 mm de 
diametre et 400 de longueur. Elle est adaptee a un support 
mobile metallique monte sur vis calantes qui permet un 
diplacement horizontal et vertical. 

Les faces des barres ont ete rectifiees, ce qui assure des 
couplages meilleurs et la garantie d'un bon parallelisme. 
Leurs diametres et celui des cristaux qui leur sont adaptes 
ont etC choisis pour avoir des echos nets tout en Cvitant, 
dans la mesure du possible, les reflexions parasites. Bien 
que la vitesse du son dans I'alumine soit voisine de I0500 
ms-' (4), la frequence de travail de 4 MHz donne une 
longueur d'onde de 2 mm: nous pouvons donc avoir 
ainsi des barres d'un encornbrement raisonnable. De plus, 
dans le mime but d'tliminer les reflexions parasites, la 
barre superieure est filetee au pas de 100 sur toute sa lon- 
gueur et la barre inferieure sur 160 mm a partir de sa base. 

Le cristal emetteur a ete ainsi choisi de 10 mm de dia- 
metre et le9recepteur de 24 mm. 11s sont fixes aux extre- 
mitts des barres a I'aide de brides mCtalliques. Pour 
tviter I'echauffement des transducteurs, on refroidit les 
barres a leurs extrirnites par des circulations d'eau 
adaptees au filetage de la barre. La temperature des trans- 
ducteurs n'excede jamais de 10 "C la temperature de la 
salle. 

La verticalite de I'ensemble est assuree par un reglage 
mecanique et le parallClisme des faces est obtenu en reali- 
sant sur I'Ccran I'echo maximum, un liquide quelconque 
assurant la transmission. Les barres sont alors fixees une 
fois pour toute dans leur logement. En cours d'experience, 
un palpeur electronique place sur les cales de mesure au 
niveau de la barre supirieure contrble I'immobilitC de 
celle-ci. 

L'ensemble du montage est represent6 sur la fig. 1. 

Cl~auffage 
Le chauffage de I'tchantillon est fait par un four de 

type Chevenard a enceinte refroidie par eau. I1 atteint des 
temperatures de 1250 "C en fonctionnement continu. Le 
cycle de montee en temperature est reg16 sur 48 h, pre- 
caution necessaire pour le materiel qui ne souffre pas les 

FIG. I .  Vue generale du montage: e,e', tmetteur et 
recepteur: a,b, barres d'alumine; d,d', circulations d'eau; 

four; t ,  thermocouple; 17, elements deceramique; g,  sup- 
port du four; n, ecran protecteur; n7, systeme de reglage; 
o, creuset; k,  vis micromttrique; c, controleur electro- 
nique; i, cale de mesure. 

chocs thermiques; d'autre part ceci facilite I'Ctablisse- 
ment d'un equilibre thermique stable et reproductible. Le  
creuset &ant centre au  milieu du four et sa taille repre- 
sentant le I/IOe de la partie chauffante, la temperature a 
l'interieur est bien homogene (5). 

Le calorifugeage est assure par des elements concen- 
triques de ceramiques, le haut du creuset etant lui-mCme 
protege par un couvercle d'alumine qui ne laisse passer 
que la barre superieure et la gaine du thermocouple. 

Les performances du montage ne sont pas tant limitees 
par le four que par le fait qu'au-dela de 1170 "C environ, 
les signaux s'atttnuent. Ce phenomene est produit vrai- 
semblablement par I'etablissement de gradients de vitesse 
engendres par les gradients de temperature dans les 
barres. 

Ligrle a retard aco~tsticlue 
La ligne a retard acoustique est constituee d'une lon- 

gueur variable d'eau. L'tmetteur (E) fixe et le recepteur 
(R) mobile sont immerges dans une cuve remplie d'eau. 
11s ont un diametre de 24 mm et sont Ctanches. La qualit6 
de l'eau est contrblee constamment par conductimttrie 
(2.4MQ) et la temperature mesurde au 1/10e de .degrC 
avec un thermometre a mercure. La tite m o  bileest adaptee 
a une vis micromCtrique. Les mesures sont faites avec des 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



402 C A N .  J. CHEM. VOL. 5 2 ,  1974 

cales au micron et completees par un comparateur au 
micron dont la course est de 3 mm. La reproductibilite de 
la ligne a retard est vCrifiCe avant c h a q ~ ~ e  sCrie de mesures 
sur un Ctalon d'acier fixe. 

Prod~iits chitniql~es 
Les sels utilises sont des produits du commerce dont la 

purete est garantie par les fabriquants. Chaque sel est 
chauffe pendant une longue periode au-dessus de son 
point de fusion et conserve a 1'Ctuve a 160 "C jusqu'a 
utilisation. Lecycle dechauffageau cours d'uneexpirience 
etant lui-m&me tres lent, les traces d'eau qui pourraient 
se trouver dans le reseau du sel sont pratiquenient elimi- 
nees. Rappelons qu'a cet Cgard, d'apres Bockris (6 ) ,  
I'eau a I'Ctat de trace entraCne une modification de la 
vitesse du son dans le liquide de I'ordre de grandeur de 
I'erreur experimentale. 

Discussion 

Nous avons vu qu'h temperature ambiante 
une trts  bonne precision peut 2tre obtenue sur la 
vitesse du son dans un liquide. Par contre, a 
haute temptrature, la presence d'intermidiaires 
entre l'echantillon et les transducteurs rend cette 
precision plus difficile a obtenir. 

Au temps de passage d'emetteur A recepteur, 
il faut deduire le retard d Q  2 ces intermediaire>. 
Une methode consiste A mesurer le retard de la 
premiere reflexion dans le sel par rapport A 
l'echo transmis directement. Ce retard est d Q  A 
deux fois le parcours de l'tchantillon de sel. Mais 
cette methode est delicate, vue la faiblesse de la 
deuxitme impulsion recue et la difficulti de la 
discerner des parasites. C'est pourquoi la me- 
thode aue nous avons utiliste consiste B faire 
deux series de mesures, pour des hauteurs de sels 
differentes. En pratique on trace par point, les 
courbes de temps de passage relatives aux deux 
hauteurs de sel en fonction de la temperature. La 
difference entre ces deux courbes, A chaque tem- 
perature, donne le temps de passage dans les 30 
mm de sel. Cette methode par difference presente 
en outre l'avantage d'iliminer un certain nombre 
d'erreurs systematiques comme, par exemple, les 
retards dus aux interfaces ou aux defauts d'adap- 
tation des transducteurs. 

Le probltme de la deformation du groupe 
d'ondes se trouve aussi risolu, puisque l'erreur 
qu'elle peut produire (essentiellement le dkplace- 
ment de la phase a u  maximum d'amplitude du 
groupe) est la m2me pour les deux trajets, les 
30 mm de sel n'ktant pas la cause d'une deforma- 
tion supplementaire appreciable. 

Par contre, 17Cvolution des gradients de tem- 
perature dans les barres d'alumine, pour une 
m2me temperature prise dans le sel, introduit des 

erreurs participant B la dispersion des points. Ces 
erreurs' sont essentiellement de deux types: 

I .  Les erreurs sur le tetnps de passage dans 
les barres 

Celles-ci sont dues a la variation de la vitesse 
du son dans l'alumine, en fonction de la tempera- 
ture. Pour Cvaluer l'importance de  cette erreur, 
on considtre que le temps de passage dans le sel 
est diduit de la difference entre le temps global 
(barres + sel) en grande et petite quantitts. 

En admettant que la vitesse du son dans l'alu- 
mine depende d e  la temptrature suivant un 
terme du premier degrt : 

v,, vitesse du son dans l'alumine a la temptrature 
ambiante; t ,  temperature en do Celsius; P est 
suppose constant en premikre approximation. 

Nous pouvons avoir l'ordre d e  grandeur de  
cette erreur en calculant la difference de temps 
de passage du son qu'entrainent deux rtparti- 
tions differentes des temperatures le long d'une 
barre. Une sirie de  mesures a montrk qu'il pou- 
vait y avoir des ecarts de temperature de 10 a 
25 "C entrainant en consequence une erreur 
maximum de 50 ns pour le temps de passage. 
C'est pourquoi, pour Climiner cette incertitude, 
on mesure, en plus du temps de passage d'emet- 
teur B rkcepteur, le temps d'aller et retour d'une 
impulsion dans chacune des barres. Le temps de 
passage dans le sel seul est alors igal,  pour chaque 
temperature, A la difference entre les temps pour 
le parcours total et le parcours dans les barres 
seules. La difference qu'il peut y avoir entre la 
moitie d'un aller et retour et un  aller simple 
(reflexion) disparait naturellement lors de la dif- 
ference entre les deux series de  mesures pour 
grande et petite quantitks de sel. 

Tous ces temps sont exprimes en longueur 
d'eau parcourue dans la ligne a retard. Un autre 
avantage de cette facon de proceder est de per- 
mettre la mesure des distances d'eau a partir 
d'une origine arbitraire, la longueur d'eau cor- 
respondant A cette origine disparaissant par 
difference. 

'Une discussion mathtmatique plus detaillke de ces 
erreurs se trouve au  DepBt des documents non publies. 
Les photocopies des documents archives peuvent &tre 
obtenues du DtpBt des documents non publiks, Biblio- 
theque scientifique nationale, Conseil national de re- 
cherche~ du Canada, Ottawa, Canada KIA 0S2. 
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DENIELOU ET COLL.: DETERMINATION DE LA VITESSE DU SON 

FIG. 2. Repkenta t ion  de tioK en fonction de la temperature. 
I 

2. Erreur sur la hauteirr de sel traverse' 
Ayant choisi de faire les mesures sur des hau- 

teurs de sel difftrant entre elles de 30 mm, la 
seule chose que l'on puisse dire est qu'entre les 
deux series de mesuris la barre s u ~ t r i e u r e  est 
descendue de 30 mm et que la hauteur de sel a 
diminut d'autant, corrigte de la dilatation des 
barres. 

On montre que la connaissance du  temps 
d'aller et retour d'une impulsion dans une barre 
d'alumine permet d'en tvaluer la longueur. 

1 
j Sachant hue  : 

avec 
,310 

o u  I dtsigne la longueur d'une barre d'alumine 
on montre que: 

avec 

r dtsignant le temps de passage du son dans une 
barre d'alumine. En fait, CY et P ne sont pas vrai- 
men1 constants et nous montrerons' plus loin 
qu'elle en est l'importance. 

Enfin, on remarque que dans cette mtthode 
l'erreur est visible sur la dispersion des points et  
c'est pourquoi nous l'avons adoptte comme 
mode de correction. Cependant, il reste a lever 

I l'incertitude sur K; pour cela nous l'avons me- 
sur t  directement en posant sur le fond d u  creuset 
un barreau de silice (CY' = 0.54 x dont le 
dtplacement avec la temperature est suivi B 

' 
l'aide d'un comparateur. D'autre part, a l'aide 1 de la ligne i retard, on suit l'tvolution du  temps 1 

I de passage dans la barre d'alumine. 

La fig. 2 donne la reprtsentation de: 

On  constate sur cette courbe que, dans le do- 
maine de temptrature 650-1200 "C, voK dtcrolt 
faiblement. Nous avons choisi une valeur 
moyenne: 1.76 ns-'.  

Calcul d'erreur 
Si u dtsigne la vitesse du son dans le sel, u, l a  

vitesse du son dans l'eau, h la hauteur de sel 
liquide corrigte de la dilatation de l'alumine et  
h ,  la longueur d'eau correspondante, nous 
aurons la relation : 

ce qui conduit a l'erreur suivante: 

C6l 
Au Ah Au A h ,  - A +L+- 

U UE h~ 

Les valeurs de uE o n t  t t t  prises par interpolation 
lintaire sur les valeurs dtterminees par  Hubbard 
et Loomis (7). L'erreur sur la vitesse dans l'eau 
de la ligne i retard est ntgligeable (moins d e  
0.0005). De m@me l'erreur sur la hauteur dont l a  
barre est descendue: la cale de 30 mrn est recti- 
fite au micron, le cornparateur donne une prt- 
cision du micron et le contrhleur-Clectronique ne 
bouge pratiquement pas au cours des experiences. 

L'erreur provient essentiellement de l'apprt- 
ciation du temps de parcours corrigk de f a ~ o n  2 
&tre ramen6 i un parcours de 30 mm. Le temps 
de passage r, dans le sel s'tcrit: 
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D,d sont les distances dans la ligne B retard cor- 
respondant a la transmission kmetteur-rCcepteur 
respectivement pour la grande et la petite quan- 
titk; B,b sont les analogues pour les aller et 
retour dans chacune des barres respectivement 
pour la grande (1) et la petite (2); Kv, est le 
coefficient prCcCdemment mesurC; u est une pre- 
mitre approximation de la vitesse d u  son dans 
le sel. Le dernier terme du second membre est la 
correction due B la dilatation de l'alumine. Or 
cette expression [7] correspond exactement au 
temps de  passage dans 30 mm de sel, toute cor- 
rection faite, soit: 

C81 T s  = 
3 x 

21 

les erreurs sur les longueurs sont kvalukes B 5 p. 
Une Cvaluation de l'erreur relative sur K due 

B l'influence de la non-reproductibilitk des gra- 
dients de  temperature est proche de  0.001 ; valeur 
nkgligeable devant I'erreur due a la dktermination 
de A(Ku,)/Ku, - 0.02 sur la courbe fig. 2. 

En definitive, I'erreur relative sur la vitesse du 
son est donnCe, dans notre mkthode, par I'ex- 
pression suivante : 

ture de fusion du sel considirk, ce qui donne une 
signification plus physique aux coefficients 

[ l  1 ] F(T) = F1(T  - T,) = 

FF(l + AI1(T - T,) + A2'(T - TF)2 + ...) 
La recherche des coefficients a Ctk effectuCe 

par  la mkthode des moindres carrCs, qui est la 
mkthode la plus justifike dans le cas d'approxi- 
mants linCaires, tels ceux que  nous avons 
utilisCs (8). 

Nous avons choisi de considkrer le temps de  
passage en petite quantitk comme une correction 
(ce qui est justifik par sa faible variation en fonc- 
tion de  la tempkrature) et lui avons attribuk 
une forme 

[12] A + B8 + CO2 avec 8 = T -  TE 

A chaque valeur expkrimentale du temps d e  
passage en grande quantitC est soustraite la 
valeur correspondante interpolke B I'aide du 
polyn6me prkckdent. Ces dernieres valeurs cor- 
respondant au temps de passage dans 30 mm de 
sel, on en dkduit autant de valeurs expkrimentales 
de la vitesse. 

O n  peut directement faire le lissage sur les - 
A LI 

" { 
vitesses expkrimentales, mais une variante de  la [9] - = 66.6- 5 x 

u U E  mkthode utilise une forme mathkmatique de  la 
vitesse thkoriquement plus justifike: on consi- 

- 1 5 x lo-6 dere que C, (la chaleur spkcifique B volume con- 
stant) varie tres peu dans la gamme de tempkra- 

+ ?(&+ $11 ture ktudike; sa valeur est essentiellement le rk- 
sultat de  la contribution constante d'un assez 

I grand nombre d e  degrks de libertk internes des , o h  B a kt6 pris kgal B 0.3 mm qui est sa valeur molkcules. D'autre part, C, etant constant dans 
moyenne sur les expkriences faites et Aulu = le liquide, y = C,/C, l'est aussi. O r ,  il existe une 
0.01 : erreur sur une premiere evaluation de u en relation simple entre y et la vitesse du son: 
vue des corrections. Nous avons ainsi dktermink 
des erreurs de  1 B 4 nis-I pour des valeurs de  la 2 

vitesse du son comprise entre 1000 et 2000 ms-'. C131 y = 1 + & T Z I ~  
CP 

R6ultats oh a, et M, respectivement le coefficient de dila- 

L~~ caractkristiques de la relation entre la tation du sel et la  masse molkculaire, sont kgale- 

vitesse d u  son et la tempkrature sent telles que ment constants. I1 est donc intkressant de cal- 

nous somrnes amenks naturellement B rechercher culer le produit A(T) = Tzr2. 
une reprksentation sous la forme Cette grandeur s'est effectivement revklke pra- 

tiquement constante, rendant t r b  prCcise son 
[ lo]  F(T) = A, + A I T  + A , T ~  + ... approche par un polyn6me. 

Ne connaissant pas la tempkrature critique, Applicatioli 
nous n'avons pas cherchk une expression en Au  prkalable e t  h titre de  vkrification, nous 
fonction de coordonnkes rkduites TIT, ou avons choisi d'expkrimenter le montage et la 
( T  - TF)/(Tc - T,), mais nous avons choisi de mCthode avec une etude de la vitesse du son dans 
ramener I'origine des coordonnCes B la  tempkra- le bromure de potassium. 11 n'attaque pas I'alu- 
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DENIELOU ET COLL : DETERMINATION DE L A  VITESSE DU SON 40 5 

TABLEAU 1. (TU2)T = ( T U 2 ) ~  (I + A(T - Tr) + B(T - TrI2) 

Gamme de 
( f id2 )~  A B tempirat. 

Sel TF (K) 10-lo 1 0' 106 ( m s  AilF(ms-') (K) 

KBr 1005 0.164 0.090 0.530 1276 2 1133-1413 
Li2S04 1130 0.635 0.148 -0.039 2371 * 4 1 183-1423 
Na2S04 1155 0.487 0.164 -0.130 2053* 4 1213-1448 
KzSO4 1341 0.408 0.980 -4.04 1743* 2 1373-1463 
Rb2S04 1339 0.249 0.040 -0.897 1363* 2 1383-1463 
Cs2S04 1274 0.183 -0.122 -0.237 1200* 1.5 1313-1447 
Na2Cr04 1070 0.397 0.119 -0.074 1926 4 1093-1 43 3 
Na2Mo04 962 0.311 0.421 -0.396 1798 3 1033-1468 
Na2W04 967 0.214 0.441 -0.385 1487 2 1053-1448 

-- - - 

'Des valeurs antirleurernent publite, ne tlennent pas cornpte de la mithode d e  correction decr~te I C I  ( I  I).  

TABLEAU 2. Dispersion des mesures 

Nombre de 
degris de Seui10.95 

Sel  liberti ol (rns-') o2 (ms-') (ms-') 

KBr 
Li2S04 
Na2S04 
KzS04 
Rb2SO4 
cs2so4  
Na2Cr04 
Na2Mo0, 
Na2WOi 

mine et a d6jB fait l'objet d'un certain nombre de  
travaux dont les rCsultats s'accordent de maniire 
satisfaisante avec les n6tres (9, 6). 

Nous prisentons ensuite les resultats obtenus 
dans le cas des sulfates alcalins d'une part, et les 
chromate, molybdate et tungstate de  sodium, 
d'autre part. Ces rCsultats sont donnes sous 
forme de  tableaux rkcapitulatifs (tableaux 1 et 2). 
Nous avons fait figurer les deux coefficients o, 
et o2 et la valeur de l'intervalle de confiance pour 
le seuil 0.95, correspondant au nonibre de  degrCs 
de IibertC utilisb. o, et o2 sont dCfinis de la 
facon suivante: 

[14] 0, = 

o, dCsignant I'tcart type empirique des valeurs 
I expkrimentales, et o2 un assez bon estimateur de 
i 1'Ccart type des valeurs lisstes, n est 1e nombre 

d'expkriences; rn le nombre de paramktres dCter- 

mines. Tous les calculs ont Cte menCs sur un 
ordinateur C.I.I. 10070. 

La comparaison de  ces deux tableaux fait 
ressortir que l'erreur determinte expirimentale- 
ment est pessimiste en regard de I'intervalle d e  
confiance pour le seuil 0.95, ce qui niontre que 
la mCthode est satisfaisante. Cependant, o n  
notera une exception pour K2S0, qui donne un 
intervalle de confiance de 6 ms-' p a r  le calcul; 
cela provient du fait que le nombre de points 
expkrimentaux en grande quantitt est faible, ce 
qui n'exclut nullement la validit6 du resultat 
donne, mais rCd~iit la confiance q u e  l'on peut 
avoir dans l'estimateur o,. 

Concl~rsion 
Le travail present6 ici expose une mkthode 

dCtaillCe de la determination de la vitesse du son 
dans un sel liquide e t  la prCcision que  l'on peut 
en attendre. 

Ainsi B l'aide des rCsultats dCja publies de 
calorimCtrie (10) et de ceux de densimktrie- 
dilatometrie B paraitre, il est possible d'avoir 
accis toute une gamnie de grandeurs ttlermo- 
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dynamiques macroscopiques dkfinissant 1'Ctat 
du sel liquide CtudiC. Ce sera l'objet d'un 
prochain travail. 
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Isothermal and Photostimulated Emissions of 
Indole and Tryptophan in Two Polar Matrices at 77 "K 

D. MULLER,' M. E W A L D , ~  A N D  G. DUROCHER 
Diprirtetnetlt rle Cl~itnie, Utliversiti rle Mot~trPrrl, C . P .  6128, M o I I ~ ~ ~ N /  101, Qrrc;bec 

Received June 29, 1973 

The isothermal delayed fluorescence along with the visible photostimulated fluorescence and phos- 
phorescence emissions have been recorded and studied for the following systems: a loT3 M solution of 
indole in an ether glassy matrix, a lo-' M solution of indole in an ethylene glycol -water glassy matrix 
(EG-W) (70-30 by volume), a M solution of tryptophan in an EG-W glassy matrix (70-30 by 
volume). All these experiments have been performed at the temperature of liquid nitrogen. I t  has also 
become possible to record the action spectra of the photostimulated emissions which give us information 
about the entities playing an active part in the recombination processes. The electron-cation recombina- 
tion after visible light stimulation has been analyzed in terms of a kinetic model based on the assumption 
that upon neutralization an intermediate state is formed from which the molecule decides what its spin 
multiplicity will be. It was found that in an EG-W glass a t  77 "K about 80% of the recombination events 
lack the energy necessary to reach the first excited singlet state of the amines studied. In an ether glass 
this percentage decreases to about 28%. This result is qualitatively in accord with the fact that the  photo- 
stimulated electrons are more stabilized in an EG-W glass by an amount of energy equal to 1.5 eV. 

La fluorescence differee ainsi que la fluorescence et la phosphorescence photostimulCes par la lumiere 
visible dans les systemes suivants ont etC enregistrees a la temperature de I'azote liquide: une solution 

M e n  indole dans un verre rigide d'ether, une solution M e n  indole dans un verre rigide form6 
de 70% d'ethylene glycol et de 30% dd'eau par volume (EG-W), une solution M e n  tryptophane dans 
un verre rigide de EG-W (70-30 en volume). En intercalant un monochromateur entre la lampe a xenon 
servant a la stimulation et I'tchantillon, les spectres d'action des emissions photostimulees ont pu aussi 
&tre enregistres nous fournissant ainsi des renseignements quant aux especes jouant un r6le actif lors du 
processus de recombinaison conduisant auxluminescences photostimulCes. L'analyse dela recombinaison 
Clectron-cation, apris stimulation dans le visible, a etCelaborCe en utilisant un modelecinCtique baseesur 
I'hypothkse qu'au moment de la neutralisation des charges un Ctat intermediaire est forme a partir duquel 
la molecule decide de  sa multiplicitC de spin. Dans un verre de EG-W a 77 OK, il est propose qu'environ 
80% des processus de  recombinaison ne possedent pas suffisamment d'energie pour que l'amine con- 
siddrC puisse atteindre l'etat premier singulet excite. Ce pourcentage est reduit a 28% dans un verre d'ether. 
Cette stabilisation supplementaire dans EG-W est de I'ordre de  1.5 eV pour les electrons photostimulables. 

Can. J .  Chern., 52,407 (1974) 

Introduction 
It is well known that aromaticamino derivatives 

give rise photochemically to many interesting re- 
actions such as photoionization, photocycliza- 
tion, rearrangement, photooxidation, and de- 
composition. 

The photoionizations of aromatic amines can 
be classified as follows: (I) Photoionization in 
polar fluid solvent via singlet exciplexes formed 
by the interaction between the lowest excited 
singlet state of the amines (electron donor) and 
the ground state of electron acceptor (1-4). 
(2) Photoionization in fluid media by two step ex- 
citation via the lowest triplet state (5) or triplet 

'Present address: Centre Universitaire, Place du 8 mai 
1945, 93-St-Denis, France. 

'Present address: Departement de chimie physique, 
Universitt de Bordeaux I, 33-Talence, France. 

charge transfer state (6) of the amine considered. 
(3) Photoionization in a rigid matrix at 77 O K  via 
a one step excitation producing the co-called 
"one photon recombination delayed fluores- 
cence" (7-10). (4) Photoionization in a rigid 
matrix by a two step excitation via the lowest 
triplet state of the amines considered (1 1-24, 50). 
(5) Photoionization in fluid media by triplet- 
triplet annihilation during the time of molecular 
collisions (25, 26). 

The fourth phenomenon has been characterized 
by the following experimental observations: (I) 
Thermoluminescence (13,19,27). (2) Recombina- 
tion delayed luminescence (10, 19-30).3 (3) Spec- 
tral evidence in the near-infrared and visible for 

'Literature reference 29 was presented a t  the Inter- 
national Conference in Luminescence, Leningrad, 
August, 1972. 
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trapped electrons and ions (13, 17, 31, 32). (4) 
Electron spin resonance signals in rigid oxygen 
free glasses at 77 OK (17,3 1-33). (5) Near-infrared 
and visible stimulated luminescence (18, 34-36, 
50). 

The following series of events have been pro- 
posed to explain all the above experimental re- 
sults: (I) Under the action of primary U.V. excita- 
tion an electron is ejected from the amine mole- 
cule resulting in the appearance of a typical 
purple color. (2) The electron migrates through 
the rigid matrix and eventually becomes trapped; 
in the trapped state, it can absorb low-energy 
radiation (visible or i.r. depending on the nature 
of the traps). (3) The trapped electrons live a long 
period of time after the exciting radiation is re- 
moved and the normal phosphorescence has de- 
cayed. When the electron escapes from its trap 
by thermal or light stimulation it becomes tem- 
porarily free to move. (4) The electron can either 
fall into another trap or can recombine with a 
cation. A part of the energy released in the recom- 
bination process is emitted as light and is called 
thermostimulated emission or photostimulated 
emission depending on the way the trapped elec- 
tron is released. 

We wish to report in the present study the 
photostimulated fluorescence and phosphores- 
cence spectra of indole and tryptophan molecules 
embedded in some polar glassy matrices at 77 O K .  

The isothermal delayed fluorescence will also be 
discussed. The purpose of this paper is to show 
how electrostatic interactions between electrons 
and rigid matrices can influence the energetics of 
electron-cation recombination events. 

Experimental 
(I) Products 

Indole from Eastman Kodak was recrystallized from 
peiroleum ether and kept in the dark. Tryptophan from 
Fisher Scientific Co. was used without further purifica- 
tion. Diethyl ether (Et,O) was Mallinckrodt "ether an- 
hydrous"; it was dried over sodium, distilled, and kept 
in the dark. Ethylene glycol (EG) solvent was Matheson, 
Coleman, and Bell "chromato quality" reagent and water 
(W) was triply distilled before use. A volume ratio EG/W 
of 70:30 was used throughout the experiments. Both sol- 
vents (EG-W and ether) were checked for any possible 
interfering emissions when excited at 290 nm either at 
room temperature or a t  77 OK. 

(2) Sample Preparation 
Concentrations varying between 1 x M and 

5 x M of amines were prepared at room tempera- 
ture in the dark. About 3 ml of these solutions were put 
into a quartz tube (2 m m  i.d.) which was immersed in a 

quartz Dewar containing liquid nitrogen and then sub- 
jected to excitation. The freezing of the sample was com- 
plete after 15 s. The temperature in the bulk of the sample 
measured through the use of a thermocouple was con- 
stant at  77.8 + 0.2 OK. 

( 3 )  Detection of the Natliral Llimiriescence 
All absorption spectra were recorded on a Cary 14 

spectrophotometer. Emission spectra were recorded on a n  
Aminco-Bowman spectrofluorophosphorimeter provided 
with an ellipsoidal condensing mirror at  the entrance of 
the excitation monochromator. Radiation from an 
Hanovia 150 W xenon arc was passed through a 250 mm 
grating monochromator (j74.5) blazed at 300 nm (600 
I/mm) and focussed onto the cell through the following 
slit arrangement: f, = 2 mm, f2 = 4 mm,  and f3 = 2 mm. 
An excitation wavelength of 290 nm (bandwidth = 12 nm) 
was used in nearly all experiments; and the dose rate was 
4 x einstein ~ m - ~  s-I .  The method of Parker (37) 
was used to calibrate the excitation light intensity output 
(38). The luminescence emission was observed perpen- 
dicular to the exciting beam using a 250mm grating 
monochromator (f14.5) blazed at  500 nm and an 1P28 
photomultiplier tube. The XY-recorder has a time re- 
sponse of 0.25 s. The relative response in quanta 
s - I  nm-' of the emission monochromator-photomulti- 
plier detector assembly was obtained through the use of 
a 1000 W tungsten filament quartz-iodine lamp cali- 
brated by the National Bureau of Standards (39). 

The natural fluorescence was eliminated by a cylindrical 
can-type chopper (phosphoroscope) provided with two 
60" openings in front of each other. T h e  maximum prac- 
tical speed was 7000 rev/min, thus giving a 4 ms time 
resolution. In this work, the rise and decay curves of the 
delayed fluorescence and the phosphorescence were re- 
corded on the XY-recorder. It was sometimes necessary 
to use a corning 7-60 filter at the exit of the emission 
monochromator in order to eliminate the phosphores- 
cence interference in the wavelength region of the delayed 
fluorescence. In order to reduce the exciting light inten- 
sity, neutral density filters (Oriel Optics Corporation) with 
transmission percentages of 33, 51, and 63 at 290 nm were 
used at the excitation monochromator output. 

(4) Detectior~ of the Stinlrrlated Lloninesce?~ce 
We used the same apparatus as described above but 

without the phosphoroscope attachment. (The results 
were the same when the phosphoroscope attachment was 
used but the sensitivity was reduced.) The  excitation and 
stimulation followed the cycle: (a) 0-120 s :  excitation at  
290 nm with a beam of light containing 4 x lo-' einstein 
cm-2  s-'. (b) 120-240 s :  dark period t o  allow the natural 
fluorescenceand phosphorescence to decay. (c) 240-360 s 
stimulation with visible light produced by the excitation 
monochromator through the use of a Wratten filter 
No. 2B or 16 depending upon the stimulating wave- 
length (500-700 nm). These filters removed the light of 
h < 500 nm. Corning filters numbers 7-54 or 7-59 were 
used in front of the PM tube in order to avoid any 
scattered o r  stray light from the excitation device. It was 
confirmed that the stimulation of a fresh sample (un- 
irradiated by step 1) gives no background between 300 
and 500 nm. The stimulation period showed pulses as  
displayed in Figs. 6 and 9;  such pulses were recorded at  
various emission wavelengths. (d) 360-420 s: dark period 
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until the cycle was started again at some different wave- 
length of observation. 

After having performed a series of 4 cycles at the same 
wavelength of observation, a decrease in the integrated 
stimulated luminescence intensity pulses was detected. TO 
avoid this, a new area of the sample was investigated at 
every 4 cycles. The exciting light intensity was checked 
after each cycle by measuring the intensity of the natural 
fluorescence excited at  290 nm and observed at 320 nm. 
Successive pulses of stimulated emission were recorded 
at every 10 nm from 290 nm to  550 nni. The integrated 
area (between 0 and 60 s after the stimulation has started) 
under each pulse (Fig. 6) gives us the uncorrected intensity 
of stimulated emission a t  the particular wavelength of 
interest. The stimulated fluorescence and phosphorescence 
spectra must then be corrected for the nonlinear response 
with wavelength of the emission monochromator-PM 
system including the filters used and then plotted as 
shown in Figs. 7 and 10. 

By varying the stimulating wavelength and holding the 
emission wavelength fixed, it appeared possible to record 
the action spectrum of the stimulated fluorescence spec- 
trum (Figs. 8 and 11). 

FIG. 1. Schematic diagram of the different processes 
by which the natural and the stimulated luminescences 
originate. The intermediate state A chooses between the 
singlet and the triplet manifold and after the choice has 

Photostimulated Luminescence: Kinetic Model been made. no is allowed between the singlets 

~h~ stimulated emissions of the amines studied and the triplets exceptfor the two lower excited states. 
-c, indicates non-radiative and -> indicates radiative 

in polar solvent matrices have the following transitions. 
kinetic properties: rapid rise of fluorescence and 
slow fluorescence and phosphorescence expo- 
nential decay during the time in which the stimula- [4] dC3A1(t)1 = (k i  + &) [lA1(t)] 
tion is operative (Fig. 6). Therefore, we use the d t ~ A S T F  

kinetic model proposed by McClain and Albrecht 
(1 8) in which an intermediate state A is considered 

- (+) c ~ A ~ ( ~ ) I  

to be formed during the process where T, is the observed phosphorescence lifetime. 
so that the rate Of singlet and production Let us call F(e,t) the stimulated fluorescence quan- 
is proportiona1 to A with proportionality 'On- tum rate of production at a particular wave num- 

k ~ S  and k~~ as shown her (v) as a function of time and P(7,t) the stirnu- 
tically in Fig. 1. lated phosphorescence quantum rate at a parti- 

The rate equations governing the stimulated cular wavenumber ti as a function of time. 
emissions are: 

[5 I F(v,t) = sFkF flA1(t)l 
[I] = kAs[A(t)] [6 I P(S,t) = spkp i3A1(t)l 

- ( k ~  + ki)[lAl(t)l sF and s, stand for the instrumental sensitivity 
proportionality constants (response of the emis- 

dC3A11 - ki['A1(t)] + kAT[A(t)] [21 7 - sion monochromator-PM system in the P and F 
region of wavelength). Equation 4 then becomes 

- (kp + kiP)C3Al(t)l 

dp'"t) - ('A) [ki + $ (&)]F@,t) The steady-state condition can only be applied 171 - - 
to the singlet state due to its short natural life- d t S F ~ F  

time and we have 
1 

131 CA(t)l = - 
T F ~ A  s 

CIAl(t)l 
Integration of this equation from time 0.2 t o  

where T, is the observed fluorescence lifetime. 60 s has been performed graphically using the 
Then curves plotted in Figs. 6 and 9. Mathematically, 
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integration from 0 to infinity gives: Results and Discussion 

Combining eqs. 10 and 13 we have 

(I) Natural and Delayed Luminescence 
( A )  Indole 
The delayed fluorescence (DF) spectrum of 

since P(V,O) and P(V,co) are zero experimentally. a 10-3 M solution ofindole in ether at 77 OK is 
(where P(V) = j?P(v,t)dt and F(v) = j?F(v,t)dt), apparently identical in shape t o  the natural 

The intensity of the whole stimulated spectrum fluorescence (F) spectrum as shown in Fig. 2. The 
being defined as intensity ratios IDF/IF and IDF/Ip are approxi- 

a a mately and respectively. The phos- 
[9] I, = L P(V)dv I, = L F(V)dv phorescence spectrum shows a well-defined vibra- 

tional structure characterized by the 1350 cm-' 
we have for the stimulated phosphorescence to (strongly active in Raman (40)) progression and 
fluorescence ratio appears to be the 3L, + 'A emission (7, = 7.2 s 

Fig. 3). The relative yield $,/$, is equal to 4.0 as 
shown in Fig. 7a. The natural fluorescence and 
the delayed fluorescence spectra both show a 

where p(h) = kAT/kA,; is the wavelength of mirror image relationship to the lowest energy 

stimulation. absorption spectrum and could be attributed to 

Note that the fact that graphically the integra- the I L b  
lA  of the monomer jnd0le 

I tion starts at 0.2 s introduces a negligible errorinto (37). 
1 F ( ~ )  due to the nearly exponential form of the The D F  and P intensities have been found to 

decay. A larger error in F(V) and P(V) results from the 

the fact that we stopped the integration at 60 s ct I ~ ~ . ~  * 
but, as can be calculated from Figs. 6 and 9, the 
error on the ratio P(V)/F(V) is about 1%. 

IP ~ I O ' . ~  * O.' 

FIG. 2.  Indole M in ether at 77 OK: (-), natural 
fluorescence and phosphorescence uncorrected for the 
emission monochromator-PM system and without the 
use of the phosphoroscope assembly; (---), uncorrected 
phosphorescence spectrum observed through the chopper 

We are now concerned with the comparison 
of this ratio with the one obtained in natural 
luminescence. 

In steady state natural luminescence, the rate 
equations are 

[11] = I. - (~/T,)['A,] dt 

[l2] dm = ki['A,] - (L/T,)[~A~] d t 

According to the steady state condition applied 
to both states and using the following definitions: 
I, = ~ , k , [ ~ A , l  and I, = s ,~ , [~A, ] ,  we have: 

[I31 (') = s% (kiTp) 

assembly showing the overlap with the phosphorescence 
where $T = k i z ~  is the quantum yield of ~ roduc -  spectrum, the intensity ratio being IDF/Ip = All 
tion of triplet molecules under steady State these emissions were excited at 290 nm. The ordinate is 

a u F - - 
I P --... 
:I 

- 1 :  
1 I  DF - -  
I :  , I 

I I - 

- 

- 

- 

- 
, ,- " ?(nrn) 

excitation. in arbitrary units. 

250 300 350 400 150 500 550 600 
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FIG. 3. Indole M in ether at 77 OK: decay of the 
D F  and P emissions observed through the phosphoro- 
scope assembly. The Corning filter number 7-60 was used 
in front of the PM tube when recording the D F  decay in 
order to avoid the strong overlapping of the D F  and the 
P spectra. 

where I, is the exciting light intensity. The decay 
kinetics ofthe D F  and the P emissions is presented 
in Fig. 3. The phosphorescence is clearly expo- 
nential with a lifetime of7.2 s while the D F  follows 
a complex law of decay during the first 20 s. Only 
about 9% of the total D F  (the last part of the 
decay) can be assigned with certainty to iso- 
thermal recombination fluorescence. There exists 
some evidence, based on the rise and decay 
kinetics of the DF and P emissions, that amine 
molecules trapped in low temperature rigid 
matrices might be involved in triplet-triplet an- 
nihilation producing a D F  emission of short time 
decay (28,29). It has also been proposed that the 
fast component be assigned to isothermal recom- 
bination fluorescence (41). The last part (8-20 s) 
of the D F  decay can fit the rate diffusion law 
I,, = At-"' with m = 0.8 and A an instrumental 
sensitivity constant. This law has been derived on 
the basis of a diffusion controlled recombination 
of photoejected electrons with their parent cations 
(43). This result shows that isothermal delayed 
fluorescence must be involved in the whole D F  
emission of indole in an ether matrix at  77 OK. 

Indole has also been studied in an EG-W rigid 
glass matrix at  77 OK. The F, DF, and P emissions 
have the same spectral and kinetic characteristics 
as those observed in an ether glass except that the 

D F  decay possesses a greater portion of the long 
decay component (see Fig. 5). 

( B )  Tryptoyl~an 
Indole and tryptophan are well known to have 

the same spectral and kinetic properties upon U.V. 
irradiation (46). A Msolution oftryptophan 
in an EG-W glass at 77 "K has been studied and 
the results are plotted in Figs. 4 and 5. The spectral 
properties are the same as those of indole in an 
ether glass. The relative yield +,/+, is also equal 
to 4.0 as shown in Fig. 10. Again, the phosphores- 
cence decay is exponential with a lifetime of 
6.8 s, but the DF decay strongly differs from that 
observed in the indole-ether system (see Fig. 5). 
A larger fraction (about 23%) of the total DF can 
be attributed with certainty to isothermal recom- 
bination fluorescence. The last part of the decay 
(7-20 s) can be fitted to the rate diffusion equation 
(I,, = At-") with m = 0.9. This difference in 
behavior can only be attributed to  the solvent 
matrix since indole in EG-W gives the same D F  
decay. This means that on the average, the elec- 
tron takes a longer time to recombine with their 
parent cation in EG-W than in ether. 

FIG. 4. Tryptophan M in EG-W (70-30) a t  
77 OK: (-), uncorrected natural fluorescence and phos- 
phorescence observed without the chopper assembly; 
(-.-.), uncorrected phosphorescence spectrum observed 
through the chopper assembly; (---), uncorrected delayed 
fluorescence spectrum observed through the chopper 
assembly showing strong overlapping with the phos- 
phorescence spectrum, the DF/P intensity ratio is 
3 x The ordinate is in arbitrary units. 
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FIG. 5. Tryptophan M in EG-W (70-30) at 
77 OK: decay of the D F  and the P emissions observed 
through the phosphoroscope assembly. The Corning 
filter 7-60 was used as explained in the caption of Fig. 3. 

In fact greater interactions are predicted in an 
EG-W glass. This could easily be explained on 
the basis of the dielectric field theory. The cou- 
lombic interaction between the ejected electron 
and the parent cation is inversely proportional to 
the dielectric constant of the medium. The kinetic 
energy of the thermal electron is kT = e2/&rC 
where rc is the distance between the electron and 
the cation. in the medium of dielectric constant 
E (51). This relation predicts that the average dis- 
tance between the electron and the amine cation 
is shorter in EG-W than in ether. This is con- 
firmed when one compares the t7i values obtained 
from the relation I,, = At-"' in both solvents: 
0.9 in EG-W and 0.8 in ether which means that 
the electron distribution maximum is closer to  
the amine cation in the EG-W glassy matrix (43). 

(2)  Stimulated Luminescence 
( A )  Indole 
Two M solutions of indole in ether and in 

a EG-W glass at 77 OK have been subjected to the 
periodic cycle described in detail in the Experi- 
mental section. The dependence of stimulated 
emission intensity over the time of visible stimula- 
tion at 650 nm is shown in Fig. 6 for the ether 
solution. The photoionization of the solute has 
been performed at 290 nm in the first So-S, ab- 
sorption of the solute indole molecule. Imme- 
diately after the visible stimulation is applied, the 
emission centered at 325 nm (fluorescence) rises 
instantaneously (with the time constant of the 

FIG. 6. Indole M in ether at 77 OK: time depen- 
dence of the F and P stimulated en~issions respectively at  
325 nm and 430 nm when the visible stimulating illumina- 
tion (650 nm) began at  t = 0. The sample was pre-irra- 
diated for 2 min at 290 nm. 

4 3 2 1  
- - 4  - 4  
3 x 1 0  (cm ) 

FIG. 7. (a) Corrected natural F and  P spectra (ob- 
tained without the chopper assembly) for a M 
solution of indole in ether at 77 OK. (b) Stimulated lumi- 
nescence obtained by plotting point by point the graphical 
integration of curves like those in Fig. G after correcting 
for the non-linear response of the enlission monochro- 
mator-PM system and the optical filters used. This is for 
a M solution of indole in an ether matrix at 77 OK. 
(I , , ,  = 650 nm). (c) The same as in (b) except that spectra 
are obtained for a M solution of indole in an 
EG-W glass at 77 OK. All these emission spectra are in 
relative units of quanta cm-2 s-I per unit wavelength 
interval. 
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recorder used), reaches a maximum and then 
decreases nearly exponentially with time during 
the visible irradiation, at  least during the first 
minute of this stimulation. On the other hand, 
the emission centered at  430 nm can be kinetically 
ascribed to  the phosphorescence of the indole 
molecule for the rise of this emission follows the 
rise of the natural phosphorescence of the solute 
in the same matrix. The decay of the stimulated 
phosphorescence with the time of stimulation also 
follows a first order rate law with the same time 
constant (23.5 s) as that for the stimulated fluores- 
cence. This kinetic result gives support to the 
assumption made in the kinetic section above that 
both the singlet and triplet states are populated 
by the same recombination mechanism. On the 
other hand, in an EG-W glass matrix, although 

FIG. 8. Corrected action spectra of the stimulated 
luminescence of indole observed at 325 nm in ether and 
EG-W rigid glasses at  77 OK. 

the stimulated pulses, for both the fluorescence 
and the phosphorescence, obey first order kinetics, 
the P decay (time constant 15.7 s) is faster than the 
F decay (23.5 s). In Fig. 9 are shown the stimu- 
lated pulses for tryptophan in EG-W which are 
analytically similar to those of indole in EG-W. 

The integrated area under each emission curve 
allows us to calculate the following intensity 
ratios 

( I p I 1 ~ ) ~  = 0.25 

(IpllF)st (EG) = l 4  

where st(E) stands for stimulated emission in an 
ether glass and st(EG) for stimulated emissions 
in an EG-W glass matrix. 

The fact that the stimulated fluorescence spec- 
trum does not coincide with any of the natural 
fluorescence or the delayed fluorescence spectra 
is rather puzzling. This has been observed for in- 
dole in both solvents and also for diphenylamine 
in ether (44). Tryptophan (Fig. 10) and carbazole 
(44) did not show this effect in either solvent used. 
The red shift might arise from changes in the 
interaction of the excited molecule with the sur- 
rounding solvent molecules during the dead time 
allowed before the stimulation or might de due to 
the recombination of the electron with an entity 
other than the monomer cation, a cation trapped 
in an  aggregate of solute molecules for example. 
The DF emission band has a maximum at 340 nm 
identical with the one attributed to  the aggregated 
tryptophan molecules by Aksentsev et al. (45). 
On the other hand, changes in the interaction of 
the excited molec~ile with the surrounding solvent 
molecules resulting either in the formation of ex- 
ciplexes (42) or in a lowering of the excited singlet 
state energy as a result of reorientation of sur- 
rounding solvent molecules (46) are much less 
probable in rigid matrices at  77 OK. More experi- 
ments on concentration effects will be necessary 
in order to  elucidate the nature o f  the apparent 
red shift observed in the stimulated fluorescence 

exc: 290 nm 
st i : 600 nm 

spectra of indole in both solvents. 
By holding the wavelength of the  stimulated 

emission fixed at 325 nm for example (Fig. 8) and 

FIG. 9. Tryptophan M in EG-W at 77 OK: time 
dependence of the F and P stimulated emissions respec- 
tively at 320 nm and 440 nm when the visible stimulating 
illumination (600 nm) began at  t = 0. The sample was 
pre-irradiated 2 min at  290 nm. 

by varying the wavelength of the-visible light of 
stimulation one might be able t o  reproduce the 
absorption spectra of the species responsible for 
the recombination event if the quantum yield of 
emission is independent of the excitation wave- 
length. (See Fig. 11 and part B on tryptophan for 
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FIG. 10. Tryptophan M in EG-W a t  77°K:  
(-), corrected natural F and P spectra (obtained without 
the chopper assembly); (---), stimulated luminescence 
obtained by plotting point by point the graphical integra- 
tion of curves displayed in Fig. 9 after correcting for the 
non-linear response of the emission n~onochromator-PM 
system and the optical filters used. All these emission 
spectra are in relative units of quanta cm-2 s-I per unit 
wavelength interval (I , , ,  = 600 nm). 

act .  - 
a bs. 

comparison with the absorption spectra of the 
trapped electrons in the EG-W glass.) Figure 8 
shows that the majority of photostimulated elec- 
trons are more stabilized in the EG-W glass than 
in the ether glass. Shida, Iwata, and Watanabe 
(52) have recently published the absorption spec- 
trum of the electrons trapped in an ether glass 
matrix and showed that the maximum lies at 1 eV 
in the near infrared region. Our results could then 
probably be interpreted in terms of electron 
stimulation between 500 and 700 nm in the high 
energy absorption tail of the trapped electrons 
in ether. 

( B )  Tryptophan 
The behavior of a M solution of 

tryptophan in both glasses is generally similar to  
that of indole and for this reason, Figs. 9, 10, and 
11 only show the results in the EG-W glassy 
matrix. The decay of both the stimulated fluores- 
cence and phosphorescence with time during 

FIG. 11. Tryptophan M in EG-W at 77°K: 
(-.-.), absorption spectrum of a pre-irradiated sample in 
the visible region. An  optical density of  0.18 has been 
obtained for the sample contained in a 1 mm optical path 
cell. (-), corrected action spectra of the stimulated 
luminescence observed at 325 nm. 

stimulation follows a first order mechanism 
(Fig. 9) but with different time constants of 
23.5 s for the fluorescence and 15.7 s for the 
phosphorescence. This has been found to be a 
matrix effect and is unrelated t o  the solute 
molecule (44). 

In Fig. 10, are plotted, at different wave- 
lengths, the area under the curves found in Fig. 9 
in order to obtain the spectra of stimulated 
fluorescence and phosphorescence. The corrected 
natural emission spectra are also reproduced 
and the following intensity ratios obtained: 

( I )  = 0.25 

The corrected action s~ectrum of the stimu- 
lated emission observed at 325 nm, has been 
plotted in Fig. 11 along with the absorption spec- 
trum of the same solution in a cell of  1 mm optical 
path length. The absorption band shows a maxi- 
mum at 560 nm, with an optical density of 0.18. 
Hase (31) obtained the same spectra for a U.V. 
irradiated tryptophan solution in an EG-W 
(70-30) at 77 O K .  This is a strong indication that 
one may use corrected action spectra of stimu- 
lated emissions when discussing the entities re- 
sponsible for the appearance of stimulated emis- 
sion. We stress here that the trapped electrons 
(at least a part of them), when released from their 
potential wells upon visible stimulation, recom- 
bine with amine cations to produce the F and P 
spectra observed. Not all the released electrons 
will recombine with the cations: some of these 
will react with the solvent molecules to induce 
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the solvent decomposition (31). The polar solvent as 
plays the role of positive point charges in com- 

Z p  = 
1 

petition with the positive cation in the electro- El71 = 7.2 s 
static co~~ lomb  attraction of the released elec- kp + kip 

tron. This competition will definitely reduce the 
velocity and the kinetic energy of the released 
electrons, the question is: Do all the released 
electrons have sufficient energy to recombine at 
the singlet level when they collide with the 
positive cation ? 

(3 )  Discussion based upon the Kinetics of the F 
and P Photostin~ulated Emissions 

In eq. 14, P(h) (= kAT/kAs) is defined as the 
frequency of direct population of the triplet 
state after the recombination event has taken 
place; this means the number of molecules in the 
triplet manifold compared to the number in the 
singlet manifold. If the electrons have sufficient 
energy to recombine at the excited singlet and 
triplet levels (as is the case in hydrocarbon rigid 
matrices (35, 48)) it has been proposed that 
P(h) = 3 in view of the triplet spin degeneracy 
(48). Applying this value of P(h) in eq. 14 along 
with the intensity ratios obtained for indole in 
ether, one gets a value of 0.25 for the triplet 
quantum yield +,. The triplet quantum yield of 
indole and tryptophan is not likely to vary much 
in the different glassy solvents used at 77 OK 
since the natural P/F ratios are the same and the 
phosphorescence lifetimes are also approxi- 
mately the same. So this +, value along with the 
value of P(h) = 3 will certainly not explain the 
large increase in the ratio [(IP/IF),,]/[(I,/IF),] 
(13.2 to 56.0) in going from the ether matrix to 
the EG-W matrix. 

The triplet yield is defined as 

We have found experimentally that the ratio 
+,I+, = 0.25 and moreover 4, is known to be 
0.6 for indole and tryptophan in an EG-W 
glass (46). The phosphorescence quantum yield 
(calculated as +, = 0.15) is related to the triplet 
quantum yield by the relation 

i 
! where qp is the phosphorescence quantum effi- 
i 
I ciency. The phosphorescence lifetime is defined 

If the indole ring is considered as an aromatic 
hydrocarbon and the theory of Siebrand (49) is 
applied to calculate the non-radiative rate pa- 
rameter k ip  using the following values, triplet 
energy ET = 24700 cm-' and q = 0.44, a value 
of 0.080 s- ' is obtained for kip. From [I 61 and 
[I71 the triplet quantum yield is evaluated to be 
+, = 0.36. Assuming that the approximation 
made is valid and taking into account the in- 
herent experimental error in the measurement of 
4, (46), it can be concluded that internal con- 
version (S,-So) is not operative in these systems. 

Now looking back on eq. 14 we find that the 
only varying parameter is P(h). For  indole in an 
ether glass P(650 nm) = 4.4; for indole in EG-W 
glass P(650) = 20 and for tryptophan in an 
EG-W glass P(600) = 16. We interpret this re- 
sult to mean that in an ether glass about 18% 
of the indole cations interacting with electrons 
recombine at the singlet level compared to the 
statistical ratio (p  = kAT/kAs = 3) of 25% and 
that in an EG-W glass, only about 5% of the in- 
dole cations recombine at the singlet level. If we 
can assume that all recombination events pro- 
ducing an energy equal to or higher than the 
first singlet energy level give rise t o  an observed 
p z 3 (47) then we can conclude that in ether for 
the 18% of the cations recombining at the singlet 
level there will be 54% of the cations recombining 
at the triplet level and then 28% of the overall 
recombination events are deficient in energy t o  
populate the first excited singlet level of the in- 
dole solute molecule. This percentage is increased 
to  80% in an EG-W glassy matrix. Moreover 
these results seem to indicate a dependence of P 
on the wavelength of stimulation which is under- 
standable in terms of the excess of kinetic energy 
of the recombining species after the detrapping 
has occurred. 

More quantitative experiments are needed to 
obtain a better value for 4, before taking the 
above figures as absolute; nevertheless, we feel 
that these figures are indicative of the physical 
interaction the electron experiences in both 
g!assy matrices. Similar results have been ob- 
tained for the diphenylamine and carbazole mole- 
cules trapped in rigid polar matrices. This will 
be the subject of another publication (44). 
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Conclusion 
The results of the experiments discussed in 

this paper show that the nature of the solid polar 
matrix affects first the kinetics of the isothermal 
delayed fluorescence and second the energetics 
of charge recombination in the bulk of the rigid 
glass. 

On the basis of theoretical and experimental 
facts, it was proposed that when ejected from the 
parent molecule, the electron should be trapped 
at a shorter distance of the cation in an EG-W 
glass than in an ether glass. This has been con- 
firmed by the study of the delayed fluorescence 
decay in both solvents. 

In discussing the kinetics of the photostimu- 
lated emissions, the model proposed by McClain 
and Albrecht (18) has been used in which it was 
assumed that the rate-determining step of the 
recombination process precedes the formation 
of an intermediate state A (charge transfer 
character) from which the singlet ['A,] or the 
triplet [3A1] state can be formed. The fact that 
both the stimulated fluorescence and phosphores- 
cence decayed exponentially and with approxi- 
mately the same time constant upon visible 
stimulation is an indication that the singlet and 
triplet states are populated from the same origin. 
Moreover the exponentiality might indicate that 
a single trapping site is responsible in the de- 
trapping of the electrons when the stimulation is 
applied at 650 nm. Hase (31) has shown that in 
EG-W glasses two kinds of traps exist with ab- 
sorptioi maxima centered at 550 nm and 615 
nm. When photobleaching is applied the maxi- 
mum at 615 nm corresponds to the fast com- 
ponent in the disappearance of the trapped 
electrons. It is then likely that stimulation at 
650 nm will first act only on this second kind 
of trap. 

Based upon the kinetic parameters obtained 
and the experimental intensity ratios (I,/IF) it 
was concluded that about 28% of the amine 
molecules do not have sufficient energy to reach 
the first singlet level after the recombination 
event in an ether matrix (when stimulated at 
650 nm) while this percentage is increased to 
about 80% in an EG-W (70-30) rigid glass (when 
stimulated at  650 nm). 

The corrected action spectra of the stimulated 
emissions seem to confirm that the electron is 
involved in the recombination event and that 
more energy is needed to release an electron in 

an EG-W glass than in an ether glass. This means 
that the electrostatic interactions are playing a 
more important role in an EG-W glass; they 
tend to stabilize the electron in potential wells of 
the matrix much more efficiently than does the 
ether matrix. All our experimental results are 
in line with this. 

Many more experimental and theoretical 
studies will be needed in order to bring clarifica- 
tion on the nature of the trapping sites in molec- 
ular misoriented glassy solids. 

We wish to thank the National Research Council of 
Canada for financial support. Mr. Aurele Blanchette has 
provided valuable technical assistance t o  a part of this 
work. 
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Etude de l'effet des cations alcalins sur la structure du succinate de cuivrel 

P. SHARROCK ET T. THEOPHANIDES 
DPpco. lc~ i~er~r  de C l l i ~ r ~ i e ,  Utl i~~er.si /c; tle Mo~ l l r c ;o l ,  1Mor1rr6c11 101, Q11L:l>ec. 

Received April 12, 1973 

De nouveaux sels complexes du cuivre du genre M2Cu(succinate)2 . x H 2 0 ,  oh M = Li, Na, K et NH,; 
0 < x < 5 %  ont ttC synthCtisCs. Ces complexes ont CtC CtudiCs par leurs spectres infrarouges et visibles, 
diagrammes thermogravimCtriques, diagrammes de rayons X, et susceptibilitts magnttiques. 

New complex-salts of copper of the general formula M2Cu(succinate)2 .xH20,  where M = Li, Na, K, 
and NH,; 0 < x < 5 %  were synthesized. The complexes were studied by infrared and visible spectros- 
copy, thermogravimetry, X-ray powder patterns, and magnetic susceptibility measurements. 

Can. J. Chern., 52,418 (1974) 

Introduction 
Les acides carboxyliques donnent de nom- 

breux sels mitalliques avec des structures 
complexes (1). Les determinations de structures 
cristallines par diffraction de rayons X se 
multiplient et de nombreuses isomCries de liaison 
COO-M ont CtC trouvtes. 

Les carboxylates dinuclkaires A structure cage 
ont CtC les plus remarquCs et font maintenant 
le sujet de recherches thioriques avancCes (2). 

1 ~er t a in s  auteurs recherchent I'im~ortance du 
choix du mCtal dans la nature du lien mttal- 
mCtal de la structure cage (3), d'autres examinent 
les influences qui s'exercent sur les groupes COO 
et qui ont p6ur consCquence lladoptibn de la 
structure cage (4). Plusieurs sels doubles de 
1'acCtate de cuivre avec les acetates des mCtaux 
alcalins (5, 6) et alcaline-terreux (7, 8) sont 
connus. L'acide oxalique donne des complexes 
du genre K2[Cu(C204)12.2H20 (9) et les acides 
tartrique, trihydroxyglutarique et 1-glutamique 
donnent aussi des "sels mixtes" (10-12). Tous 
ces sels ont en commun une structure polymhe 
oh les groupes carboxyliques sont A pont et 
hCtCronuclCaires. L'Ctude des susceptibilitCs 
magnitiques en fonction de la tempCrature (9, 
10) rCvtle que les systtmes sont trts sensibles a 
l'environnement du cuivre. 

Une Ctude par hCtCromCtrie (13) indique 
l'existence d'un sel complexe du cuivre et des 

I mCtaux alcalins avec l'acide succinique. La 
1 serie des complexes insolubles que forme le 

cuivre avec les acides a,o-dicarboxyliques est 
connue depuis longtemps (14). Le succinate de 

cuivre est un exemple typique de carboxylate de - -  
cuivre A structure cage. &us avons cherch~ A 
isoler' les sels complexes que forment l'acide 
succinique avec le cuivre et les mCtaux alcalins 
dans le but d'ttudier, par susceptibilitC mag- 
nCtique et par spectroscopic infra-rouge et 
visible, l'effet des mCtaux alcalins sur la structure 
cage polymCrique trouvCe dans le succinate de 
cuivre. 

RCsultats et discussion 
La formation des sels complexes peut s'expli- 

quer comme suit: 

oh M = Li, Na, K, NH, et Cu (voir les analyses 
ClCmentaires dans le tableau 1). Les couleurs 
observCes lors de la prkparation des sels com- 
plexes (voir partie expkrimentale) montrent que 
le succinate de cuivre se fornie d'abord et 
rCagit ensuite avec le succinate d'alcali pour 
donner le sel complexe. L'eau dtcompose les sels 
complexes pour donner le succinate de cuivre 
mClangC A une solution aqueuse de succinate 
d'alcali. Le succinate de cuivre peut donc etre 
considCrC comme un intermidiaire dans la 
rCaction de formation des sels complexes. Les 
sels complexes isolts sont insolubles dans les 
solvants organiques et sont trts probablement de 
nature polym2re. Le succinate de cuivre est 
insoluble (0.3gIl) car il est forme de chaines 
1inCaires infinies d'unitCs dinuclCaires relikes 
entre elles par deux acides succiniques (15). 
Les sels complexes contiennent des quantitCs 

'Extrait d'une partie de la these de maitrise de M. 
variables d'ea;, allant de I pour le sel de potas- 

Sharrock dCposCe en novembre 1972, h 13Universitt de sium jusqu'g 5 %  pour les sels de  sodium et de 
Montrtal. lithium. Cette quantitC d'eau n'est pas surpre- 
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SHARROCK ET THEOPHANIDES: STRUCTURE DU SUCClNATE DE CUIVRE 419 

TABLEAU 1. Analyses elementaires 

%C %H %Cu 

Complexe calc. trouvk calc. trouvk calc. 

NazCu(Succ)z .5  % H 2 0  21.85 21.54 4.31 4.27 14.45 
NaZCu(Succ)Z. 2Hz0 25.42 25.71 3.18 3.02 16.85 
Na2Cu(Succ), . H 2 0  26.70 26.41 2.78 2.67 17.80 
Na2Cu(Succ)2 28.13 28.35 2.34 2.44 18.60 
K~CU(SUCC)Z. Hz0  24.55 24.81 2.56 2.32 16.22 

24.55 24.34 2.56 2.32 16.22 
Li2Cu(Succ)2. 5 % H 2 0  23.48 23.54 4.64 4.74 24.20 

23.48 23.82 4.64 4.53 24.20 

nante pour un complexe de cuivre, puisque le l'anhydride succinique. La dCcomposition ther- 
tartrate et le sulfate de cuivre cristallisent mique suit la reaction 2: 
prtcisCment avec 5 molCcules d'eau (10). 

Le diagramme thermogravim.Atrique du sel 121 MzCu(succinate)z + Mz(succinate) + Cu 

complexe de sodium (Fig. 1) comprend deux + anhydride succinique 

plateaux qui correspondent B la perte successive 
de 3% et de 2 molicules d'eau. Dans les 5% 
molCcules d'eau prCsentes dans le complexe, il y 
a donc 2 H 2 0  de coordination et 3 % H 2 0  de 
cristallisation. Les analyses thermogravimk- 
triques ont permis d'Ctablir que l'eau de cris- 
tallisation peut Ctre enlevee simplement en 
tirant sous vide alors que l'eau coordonnie ne 
se perd qu'au dessus de 100 "C. Le sel complexe 
de lithium est different, car il se dismute B une 
tempkrature inferieure B 100 "C sous l'action des 
molCcules d'eau 1ibCrCes. Les sels complexes se 
dicomposent B 250 "C sous vide pour donner le 
succinate d'alcali et du cuivre mClangC B une 
faible quantitC d'oxyde de cuivre (les produits B 
ce stade sont de couleur marron-noir et ont CtC 
identifiis par rayons X et spectroscopie in- 
frarouge). Nous avons identifie par son spectre 
infrarouge le produit sublimC comme Ctant de 

I , ,  . . . . .  
150 300 450 

Tern p e r a t u r e  ( " c )  

FIG. 1. Diagrammes thermogravimetriques: I : K2Cu- 
(C4H404)Z. H ~ O ,  chauffage: 4 "C/min. 2: Na,Cu(C4H4- 
04)2.5%Hz0, chauffage: 4 "C/min, sous vide. 3: 
Na2Cu(C4H404)2. 5 %H20,  chauffage: 2 "C/min, a = 
sels complexes anhydres, b = succinates d'alcali + Cu, 
c = carbonates d'alcali + Cu. 

Aux tempiratures plus ClevCes, nous assistons a 
la transformation des succinates d'alcali en  
carbonates d'alcali. Ces rtsultats concordent 
avec les observations antkrieures (16, 17). Les 
carbonates ont CtC identifiis par leur spectres 
infra-rouges (1 8). Nous remarquons cependant 
que vers 230 "C le succinate de cuivre pur se 
dCcompose pour donner de I'oxyde de cuivre. 
La perte de poids observte est de 62.3% (thior: 
63.1%). Une structure cage est toujours accom- 
pagnCe par un moment magnCtique plus petit que 
la moyenne de 1.7 M.B. observCe pour les sels 
de cuivre(I1). Ainsi, les benzoates de cuivre, 
o t ~  une interaction par dilocalisation des spins 
via les carboxylates B pont est u n  micanisme 
invoqui pour interprkter les rCsultats des mesures 
de susceptibilitC (19). Le succinate de cuivre 
dihydratt est un autre exemple de carboxylate de 
cuivre B structure cage et son moment ,nag- 
nCtique est de 1.34 M.B. B temptrature ambiante 
(20). Les moments magnCtiques observCs pour 
les sels complexes sont assez ClevCs pour pouvoir 
affirmer que la structure cage n'est pas prtsente. 
En effet B tempkrature ambiante elles s'Cchelon- 
nent entre 1.76 et 1.94 M.B. pour les sels sous 
leurs diffkrentes formes. 

Les sels complexes de lithium et  de sodium 
ont la mCme couleur bleu-fond et leurs spectres 
visibles sont identiques et sont representis sur l a  
fig. 2. Le sel de potassium, par contre, est bleu- 
vert. I1 est normal que le sel complexe de potas- 
sium ait un spectre visible diffkrent car il cristal- 
lise avec moins d'eau. Le spectre du  succinate d e  
cuivre dihydratC d e  couleur verte est reprisentk 
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-- 

-. A (mp)-> 

50 0 600 700 800 

succinate de cuivre dihydratt. On a constatt 
qu'une simple deshydratation conduit a un 
tclatement des bandes pour aboutir k un spectre 
beaucoup plus complexe. Ceci est a l'encontre 
des rtsultats observes sur les succinates des 
terres rares (25). Les sels complexes de sodium 
et de lithium ont  une absorption tres forte vers 
650 cm-' attribute a l'eau et dont  la structure 
fine provient des modes de dtformation des 
carboxyles. Le spectre du sel complexe de 
potassium dans cette rtgion ressemble au suc- 
cinate de sodium anhydre. Le spectre infrarouge 
du sel complexe de lithium posskde trois petites 
bandes autour de  2950 cm-' qui correspondent 
aux frtquences d'tlongation C-H alors que les 
autres n'en ont que deux. Les frtquences ob- 
servtes et leurs attributions figurent dans le 
tableau 3. 

Conclusion 
11 a t t t  Ctabli que l'acide succinique forme des 

FIG. 2. Spectres visibles; 0 = Na2Cu(C4H404)2 sels complexes avec le cuivre et les alcalis. Ces 
5%HzO, b = LiZCu(C4H4O4)2.5%H20, c = KzCU- C O m P O S ~ S  rtpondent la formule, M2Cu(suc- 
(C4H404)2. H20, d = Cu(C4H404). 2H20. cinate), . xH,O. Nous proposons pour ces sels 

par la fig. 2d et a dtja ttt d i scu t~  (20, 21). La complexes la structure prtsentte dans la fig. 4. 

couleur bleue des sels complexes indique une Cette structure ne comprend pas d'unitCs 
coordination octatdrique. Les diagrammes de 
poudre des succinates de Cu(I1) avec le Li et le Na 
se ressemblent (tableau 2). Les six premieres 
raies importantes ont  des intensitts semblables 
et correspondent a des valeurs de d qui coincide, 
compte tenu d'une prtcision de 0.3 lorsque 
d < 3 A et de 0.7 lorsque d 3 3 A. I1 semble donc 
que ces deux sels complexes soient isostruc- 
turaux. Le sel complexe de potassium prtsente 
un diagramme de poudre bien difftrent. 

Spectres infrarouges 
L'utilitt des spectres infrarouges dans la 

dttermination de la structure des carboxylates 
a t t t  mise en doute par de nombreux auteurs 
(22). Dans le cas des sels de sodium des acides 
dicarboxyliques, y compris I'acide succinique, 
quatre frtquences C=O rtsultent de l'interac- 
tion des deux groupes carboxyliques (23). 
L'attribution des bandes du succinate de cuivre 
a dtjh t t t  faite et correspond une forme cis ou 
Cclipste de la chaine organique (24). Les spectres 
infrarouges observCs des succinates de Cu(I1) 
avec les cations lithium et sodium prtsentent FRHXEN3E nn 

des caracteres identiques (vOir fig. 3a, b, '). Le .FIG. 3. Spectres infrarouges: a = sel de lithium, 
spectre du sel complexe de sodium hydratt b = de sodium hydratk (avec 5%H,O), c = sel de 
(5 %H,O) ressemble beaucoup au spectre du sodium anhydre, d = sel de potassium. 
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SHARROCK ET THEOPHANIDES: STRUCTURE DU SUCCINATE DE CUIVRE 

TABLEAU 2. Diagrammes de poudres (A) 
.- -- 

Li2Cu(Succ)2. 5 % H 2 0  Na2Cu(Succ)z. 5 % H 2 0  K,Cu(Succ),. HzO 

Intensite d Intensite d Intensite d 

FIG. 4. Structure proposee pour les nouveaux sels 
complexes. 

dimeres comme dans le succinate de cuivre 
dihydratt. 11 est logique de penser que les sels 
complexes contiennent aussi des chaines d'acide 
succinique. Les rnoltcules d'eau de cr-istallisation 
seraient dans des interstices vraisernblablement 
relites entre elles par un rtseau de liens-H. Dans 
la fig. 4, les atomes d'alcali, qui ont t t t  ornis, 
sont liCs aux oxygenes "libres" des carboxy- 
lates. Le cuivre complete sa coordination 
octaedrique avec les deux molkcules d'eau 
coordonntes. Si ces deux molCcules sont en- 
levtes, il en rCsulte une coordination de 
gComttrie plan carrk, assez commune pour le 
cuivre(11). 

Nos rtsultats sont en accord avec les travaux 
antkrieurs sur les sels complexes de l'acktate de 
cuivre et de lithium (6). I1 a CtC trouvC que la 

population de "monomeres" est plus grande que 
celle de "dimeres" (comportant deux cuivres). 
Le r81e de la structure cage est tout de meme 
important, puisque nous observons la formation 
prkalable d'unitts dimires avant l'obtention des 
sels complexes. La structure cage est stabiliste 
par les ligands donneurs en position axiale, 
mais si ces donneurs dYClectrons sont trop forts, 
ils entrent directement en compttition avec les 
carboxylates et la structure cage est alors dC- 
truite, par exemple Cu(NH,),(CH,COO), (26) 
et Cu(CH3C00),.3py (27). Inversernent, les 
substituants tlectrontgatifs sur le groupernent 
carboxylate laissent une charge risiduelle plus 
grande sur les atomes de cuivre. Ainsi, le 
trifluoroacttate de cuivre n'est pas un dirntre 
(28). Les chloroacktates de cuivre illustrent bien 
ces tendances. En effet, l'a-picoline comme 
ligand donneur axial stabilise la structure cage 
en compensant l'effet des chlores (29). 

Dans notre cas, la premiere ttape est la 
formation d'une structure cage, oh les positions 
axiales sont occupCes par des carboxylates 
d'alcali comme cela a d6jA Ctt suggtrC (6). Les 
propriCtCs donneurs du succinate d'alcali et sa 
haute concentration font qu'en une deuxihrne 
ttape la structure cage s'ouvre pour donner le 
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TABLEAU 3.  Spectres infrarouge des complexes (cm-') 

Infrarouge 

Na* Na.  5)H20 K Li Attribution1 

? 

v co2 

b CO, 

v C-C 

'Dbsigne le sel complexe du N a  (anhydre). 
t r  = rocking (balancement); b = bending (d&formation); v = stretching (vibration de 

valence); t = twisting (torsion de CH,); w = wagging (balancement hors du plan); s = 
scissoring (dbformation hors du plan); indice s = symmetrical (symblrique) e tas  = asym- 
metrical (asymbtrique). f = faible; m = medium; F = fort; L = large; e = bpaulement. 

sel complexe. Les carboxyles, en devenant 
monodentates pour le cuivre, libkrent les sites 
de coordination ou viennent se placer les molt- 
cules d'eau. La plus grande facilite de formation 
du sel complexe de sodium est sans doute relit 
i?i sa taille favorable. Les resultats montrent que 
la structure cage dCcoule d'un tquilibre instable 
dans les carboxylates de cuivre. Ceci confirme 
l'hypothkse que la force de la liaison Cu-Cu 
est trks faible. 

SyrtthPses 
K2Cu(succittate) . H20 
On prCpare une solution saturCe de succinate de  

potassium dans I'alcool dtnaturC a 90%. On filtre la 
solution et on y ajoute petit a petit une solution (verte) de  
CuCl, dans de I'alcool B 90%. On obtient un prCcipitC 
bleu. Apres chaque addition de Cu2+ o n  filtre un Cchantil- 
lon, on verifie que l'addition de Cu donne toujours un 
prCcipitC bleu et o n  continue. Si on ajoute trop de Cu le 
prtcipitC devient vert (et la solution devient trans- 
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TABLEAU 4. DCcomposition et perte de poids en chauffant les complexes 
--- 

Na2Cu(C4H404)2. 5 % H 2 0  

1 Calc. 14.3% L ~ , C U ( C ~ H ~ O ~ ) ~  . 5  % H 2 0  
ExpCr. 14.0% I calc. 24.2% 1 Exper. 23.2% 

Na2Cu(C,H,0,), . 2 H 2 0  

i Calc. 22.5% 
Exper. 22.0% L~,CU(C,H,O~)~ 

22.8% (vide) I Calc. 48.7% 

1 Exper. 48.0% 
Na2C~(C4H404)2 

1 Calc. 45.4% 
Exper. 46.3% LiZC4H,O4 + CuO 

Na2C4H404 + CUO 

1 Calc. 48.8% 
Exper. 48.2% 

Na2C4H404 + CU (SOUS vide) 

1 Calc. 57.9% 
Exper. 57.8% 

Na2C03 + CuO 

1 Calc. 61.4% 
ExpCr. 60.6% 

Na2C03 + Cu (sous vide 

KzCu(C4H404)z. H z 0  

i Calc. 4.6% 
Exper. 5.2% 

KzC~(C4H404)2 

I Calc. 30.1% 
Exper. 31.6% 

KzCaH404 + CUO 

I Calc. 34.2% 
Exper. 33.9% 

KZC4H404 + Cu (sous vide) 

I Calc. 48.5% 
Exper . 48.0% 

K2COz + Cu (sous vide) 

I Calc. 44.4% 
Exper. 45.5% 

K2C03 + CuO 
-- 

parente). Vers la fin de la reaction, on filtre et on lave 
avec 100 ml d'ether. Etant donne que K2Cu(succinate)2 
ne commence a "s'hydrolyser" visiblement qu'avec du 

I mCthanol contenant 40% d'eau et que la dCcomposition 
est trts lente et partielle dans le methanol avec 30% d'eau, 

1 on lave le produit bleu avec du mCthanol contenant 10% 
d'eau. On lave avec 300 ml de solvant, au total, en 
portions de 50 k 75 ml; puis, on rince avec du methanol 
pur et on laisse secher. 

Na, Cu (srtccinate) , . 2H2 0 
Etant donne que le succinate de sodium dissout dans 

I'eau est precipitk par I'addition d'ethanol, on prend 
15 ml de solution saturee dans I'eau et on verse lentement 
par dessus 100 ml de n-propanol. AussitBt, on ajoute une 
petite quantite de solution verte de CuCI, dans I'ethanol. 
On obtient un precipitC bleu. Ensuite, on proctde comme 
avec le sel de potassium et on lave avec deux fois 200 ml 
de methanol a 10% d'eau puis avec 50 ml du mCme sol- 
vant, suivi d'un rincage au methanol pur. 

(NH,) 2Cu(succi~~ate), . 2 H Z 0  
On dissout 4.2 g de succinate d'ammonium dans 4.2 ml 

d'eau et on prepare une solution de 1.85 g de CuC12 dans 
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20 ml de methanol avec 10% d'eau. On ajoute 2 ml de 
cette solution de Cu2+ a la solution de ligand, ce qui 
donne une solution bleu-fonce a laquelle on ajoute 20 ml 
de n-propanol, ce qui donne deux phases. La phase 
infkrieure pPteuse est de couleur bleue. On ajoute en 
tout, 10 ml de la solution CuZ+ par petites portions et on 
observe un dtbut de coagulation dans la phase bleue; 
alors on ajoute 10 ml de methanol a 10% d'eau, puis une 
autre portion de 50 ml du mCme melange. Le produit 
rCcoltC est bleu-royal. L'addition a la solution mere de 
plus de cuivre donne une solution gris-vert qui se trans- 
forme lentement en produit bleu. 

Autres me'thodes 
On fait rCagir le succinate de cuivre vert, solide, avec 

une solution presque saturke de succinate d'alcali en 
proportion stochiomCtrique, pour former un mClange 
visqueux. I1 ne se forme rien au dCbut, mais apres une 
attente plus ou moins longue (deux jours pour le sodium, 
un mois pour le lithium) des cristaux apparraissent et 
grandissent lentement. Cette methode donne un sel com- 
plexe contenant plus d'eau de cristallisation que dans les 
preparations preckdentes et il est assez difficile d'extraire 
les cristaux bleus du succinate vert qui n'a pas rCagi, 
ainsi que des cristaux blancs de succinate d'alcali. 
Cependant, quelques gros cristaux peuvent &tre isolts et 
leurs analyses sont satisfaisantes. 

Dorznkes analytiqries (tableau 4 )  
Le carbone, l'hydrogene et I'azote ont CtC determinks 

par leurs microanalyses chez Chemalytics Inc., Tempe, 
Arizona et par le Dr. DaesslC a MontrCal. Le cuivre a 
e t t  dose par absorption atomique sur un Perkin-Elmer 
403, a la longueur d'onde 3247.5 A. 
Spectres ir~frarouges 

Les spectres ont CtC enregistres en suspension dans le 
Nujol et aussi dans les pastilles de KBr et de KC]. Un 
spectrophotometre infrarouge Perkin-Elmer 621 a CtC 
utilise pour enregistrer les spectres entre 4000 cm-' et 
200 cm-I. Les frkquences ont Cte calibrtes avec un film 
de polystyrene et la precision des maxima d'absorption 
est de i 5  cm-I entre 4000 et de 2000 cm-', et de + 2  
cm-I pour le reste du spectre. 

Susceptibilitt? magnktique 
La susceptibilitt magnetique des composCs a CtC 

mesurie sur une Clectrobalance de Cahn avec un Clectro- 
aimant Alpha par la mCthode de Faraday. Les mesures 
ont CtC effectuees a la temperature ambiante (22 "C). 

Spectres visibles 
Les spectres visibles des composCs ont CtC pris sur un 

Cary 14. Les Cchantillons Ctaient broyCs dans le Nujol 
et les spectres d'absorption de ces suspensions Ctaient 
enregistrks. GCnCralement, un grillage fin Ctait introduit 
dans le faisceau de rCfCrence pour compenser I'opacitC 
des CchantilIons. 

Diagramrnes de poudres 
Tous les films de poudre ont Ctt pris dans une camCra 

Debye-Scherrer (114.54mm de diamttre) en utilisant 
la radiation filtrCe du cuivre hCuKE = 1.5418 A. Les 
Cchantillons finement broyCs ont CtC introduits dans des 
capillaires de quartz de 0.3 mm. 

Analyses thermograuime'triqrtes 
Les analyses thermogravirnCtriques ont ete effectuCes 

sur des Cchantillons d'environ 50 mg dans un panier en 
aluminium. La tempCrature Ctait controlCe par un pro- 
grammeur lineaire et suivie sur papier graphique par 
I'intermddiaire d'un thermocouple chromel-alumel avec 
jonction froide (0 "C) branch6 sur un suiveur de spot. Le 
poids mesure par I'Clectrobalance Ctait aussi enregistrC 
sur le m&me graphique en utilisant la deuxierne plume 
d'un "Graphispot". Le panier Ctait enferme dans un long 
tube en verre, ce qui permettait de faire des mesures sous 
vide. Les rtsultats sont represent& dans le tableau 3. 

, 

Nous remercions le Conseil National de Recherches 
du Canada pour I'aide financiere accord& a ce travail. 
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Revised Rate Constants for Quenching Reactions of 
Excited C02+, N2Of, and N2+ 
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Data for the quenching of fluorescence excited by 58.4 nm irradiation of CO,, N 2 0 ,  and N 2  have been 
recalculated in the light of improved absorption coefficients for 58.4 nm radiation. The new rate con- 
stants for quenching of C 0 2 +  are in better agreement with results obtained from experiments with elec- 
tron beam excitation; for N 2 +  the disagreement is greater than before. 

Les donnies pour I'extinction de la fluorescence, induite par I'irradiation a 58.4 nrn, de C 0 2 ,  N 2 0  et 
N 2  ont ete recalculees en utilisant des coefficients d'absorption perfectionnks pour la radiation a 58.4 
nm. Les nouvelles constantes de vitesse pour I'extinction de C 0 2 +  sont en rneilleur accord avec celles 
obtenues lors d'experiences oh I'excitation est provoquee par un faisceau d'electrons. Par contre pour 
N 2 +  le dtsaccord est plus grand qu'avant. [Traduit par le journal] 

Can. J .  Chem., 52,426 (1974) 

Introduction 
We previously reported rate constants for 

quenching reactions of electronically excited 
ions derived from experiments in which the 
excitation was produced by absorption of the 
58.4 nm radiation in a mixture of the parent and 
quencher gases (1, 2). The main problem in 
interpreting these results was that of properly 
correcting for the absorption of exciting radia- 
tion by the quencher molecules. The results were 
quite critically dependent upon the values 
assumed for absorption coefficients of parent 
and quencher gases a t  58.4 nm, and for consis- 
tency we chose to  use absorption coefficient 
values which had all been measured by a simple 
method in our own laboratory (3). The recent 
measurements by Starr and Loewenstein (4) 
indicate that our absorption coefficient data was 
subject to a systematic error, possibly as a result 
of incomplete collimation of the exciting beam. 
The difference between our absorption coeffi- 
cients and theirs amounts t o  almost a constant 
factor, with the notable exception of the results 
for hydrogen. Unfortunately the results for 
hydrogen were deeply involved in the initial 
experiments by which a curve of growth was 
obtained for CO,+ emission as a function of 
CO, pressure in the cell (1). Therefore we have 
considered it necessary to  recalculate the pre- 
vious quenching results. 

Results 
The absorption coefficient results from refs. 3 

and 4 are compared in Table 1. In  the present 

TABLE I .  Absorption coefficients (cm-I at standard 
temperature and pressure) for various gases at 58.4 nrn 

Absorption coefficient 

Absorber 
-- 

N, 
0 2  

A r  
c02 
CO 
NO 
N2O 
NH3 
CHa 
H2 
HzS 
C2H6 

Starr  and 
Loewenstein (4) 

Bennett 
et a/. (3) 
-- 

510 
520 
785 
790 
490 
570 
820 
650 
660 
175 
- 

1420 

Difference 
(72) 

f 1 5 . 5  
i 1 7 . 5  
f 1 8 . 2  
f 2 3 . 9  
f 1 8 . 0  
f 2 1 . 2  
f 2 0 . 1  
f 1 6 . 3  
f 2 6 . 4  

-4.6 
- 

- 

calculations we have used the values from ref. 4. 
For  ethane we revised the value given in ref. 3 
upwards to  1720 cm-', i.e. by a factor which is 
the average of those for the other gases in the 
table. The recalculated quenching coefficients 
(calculated as described in refs. 1 and 2) are 
given together with those of Mackay and March 
(5) in Table 2. 

For N,O+ A(000) the recalculation gives 
slightly lower quenching rates for  all quencher 
gases except 0, and Ar. (The previous values 
for 0, and Ar contained numerical errors which 
were discovered during the present recalcula- 
tions.) The lifetime of N,O+ A(000) was taken 
t o  be 2.6 x l o p 7  s (6). The estimated uncer- 
tainty of the rate constants due t o  errors in our 
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TABLE 2. Recalculated quenching rate constants in units of lo-' cm3 molecule-' s-I. Results 
of Mackay and March (5) in parentheses 

--- --- 

Quencher N 2 +  B(0) N 2 0 +  A(000) C 0 2 +  B(000) C02+ A(300) C 0 2 +  A(000) 

N2 l.l(O.58) 0.45 I .7(0.55) 1.7(0.25) 1.9 
co2 2.2(1 .O) >0.24 1.9(1.1) 1 . S(2.0) 0.42 
H2 0.56(1.16) 3.3 2.2(1 .O) 2.5 3.3 

I 0 2  1 .6(0.73) 1.4 2.0(2.2) l.g(l.4) 2.3 
NO l.G(O.76) 1.8 1.9(0.55) 1.4(0.43) 1 .35 
C2Hs 2.6 2.3 1.8 2.1 3.7 
N20 2.9 1.5 2.3 2.0 1.2 
CO 0.43 0.86 1.9 2.1 2.6 
Ar 0.46 0.80 1.6 1.6 1.7 
He <0.03 <0.03 0.5 0.16 0.1 
Ne - 1 .O 0.22 0.06 - 

intensity measurements is ,15% except for 
CO,, for which only a lower limit is specified. 
T o  this uncertainty must be added a further 
+_25% which corresponds to the effect of Starr 
and Loewenstein's stated limits of error in the 
absorption coefficients at 58.4 nm. The sensitivity 
of the results to the values of the absorption 
coefficients is an unfortunate feature of our 
method. 

For N,+ all of the rate constants are higher 
than before and in worse agreement with the 
results of Mackay and March (5) and of a num- 
ber of other workers (7). The reason for this 
discrepancy remains obscure at  present; possibly 
N, is more sensitive than other gases to the 
presence of radiation other than the 58.4 nm 
line in the output of our lamp and filter com- 
bination. The estimated uncertainty of the rate 
constants due to the intensity measurements is 
t- 15%, except for He where it amounts to a 
factor of 2 in the upper limit. The rate constant 
for quenching by parent gas is critically depen- 
dent on the ratio of absorption coefficients of N, 
and CO,. The lifetime value used here for N,+ 
B(0) is 6.6 x 10-8s (8, 9). (Mackay and March 
used 5.86 x 10-'s.) 

For C0,' B(000) the revised rate constants 
are all about 30% lower than before. The agree- 
ment with Mackay and March is thereby im- 
moved. but marked differences remain for 

previous values contained a numerical error; 
this combined with the new absorption coeffi- 
cient data causes the new values t o  be lower by 
approximately a factor of 2. The values are now 
closer to those of Mackay and March, but there 
is still considerable disagreement with their 
results for N O  and N,. Estimated uncertainties 
in the rate constants are as for CO,+ B(000). For 
the lifetime of the A-state of CO,+ we use 1.5 x 
10-'s (9-1 1). (Mackay and March, 1.13 x 
~ o - ~ s . )  

For CO,' A(000) observed at  351 nm the new 
results are all somewhat lower jhan before but 
the difference is only about 10%. Because of the 
low emission intensity this upper state gives the 
least satisfactory Stern-Volmer plots. The esti- 
mated uncertainty, of the rate constants due to 
our intensity measurements is a factor of 2 for 
He, and *20% for the other quenchers. Our 
rate constants for CO,' quenching are in 
general larger than the maximum values pre- 
dicted from the Langevin formula (2). In this 
respect the recalculation has reduced the gap be- 
tween our experiments and the theory but has 
not entirely eliminated it. 

This work was supported by the New Zealand Uni- 
versities Research Committee and by Grant AF-AFOSR- 
71-2134 from the United States Air Force Office of 
Scientific Research. 
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Chemical Relaxations in Aqueous Micellar Solutions by Ultrasonic 
Spectroscopy. I.  Alkali Metal Hexyl and Octyl Sulfates 
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Ultrasonic absorption studies have been performed in dilute micellar solutions of Li, Na,  and K 
octylsulfates, Na methylhexylsulfate, and Na hexylsulfate at 40" by the pulse technique in the range 
13-143 MHz. Chemical relaxations associated with micelle formation were found In each system. The 
single-valued relaxation frequencies were concentration independent in solutions as concentrated as 
twice the c r ~ t ~ c a l  m~celle concentration. The relaxation data can be accounted for in terms of monomer- 
micelle association-dissociation. 

- - 

Des etudes d'absorption ultrasonique ont Cte effectukes sur des solutions micellaires diluees d'octyl- 
sulfates de Li, Na et K, de mtthylhexylsulfate de Na et d'hexylsulfate de Na, a 40" par la mCthode des 
pulsations, entre 13 et 143 MHz. Des relaxations chimiques associees a la formation de micelles ont etC 
trouvkes dans chaque systeme. Les frequences de relaxation de valeur unique sont independantes de la 
concentration dans des solutions aussi concentrtes que deux fois la concentration critique en micelles. 
Les donnees de relaxation peuvent i t r e  interprCtCes en termes d'association-dissociation monomere- 
micelle. [Traduit par le journal] 

Can. J. Chem., 52,429 (1974) 

Introduction 
In recent years, ultrasonic absorption studies 

in surfactant solutions have revealed chemical 
relaxations associated with micelle formation 
(1-8). Investigators are not agreed upon the 
mechanism giving rise to these relaxations. The 
relaxation frequencies generally are less than 1 
MHz and thus well below the lower limit of the 
pulse technique, the most accurate of the ultra- 
sonic methods. In  this study, the pulse technique 
was applied to micellar solutions of alkali metal 
octyl and hexyl sulfates which showed chemical 
relaxations in the appropriate range. 

Results 
Excess ultrasonic absorption could not be 

detected in any of the soap solutions below the 
critical micelle concentration (c.m.c.). However, 
all showed excess absorption above the c.m.c. 
This absorption increased linearly with the dif- 
ferences between the total concentration of the 
solutions and the c.m.c. The absorption data 
were fitted by a least squares method to the 
equation for a single relaxation where f, is the 

Experimental \ J c /  

Ultrasonic absorption nleasurements were made with 
the solutions thermostatted in a double-walled cell at 
40.0 + 0.2 "C using the pulse technique described 
previously at  13, 39, 65, 91, and 143 MHz (9, 10). This 
particular temperature was chosen so that comparison 
could be made with the critical micelle concentrations 
reported in the literature. The estimated error in the 
sound absorption measurements was less than 2% and 
the precision was + 1%. 

Sodium hexyl and octyl sulfates were Mann Research 
reagents (> 99%) and were used without further purifica- 
tion. Sodium methylheptylsulfate, potassium and lithium 
octylsulfate were prepared according to Dreger and co- 
workers (11). After three re-crystallizations (one from 
butanol and two from water) the purities of the three 
salts were found by analysis (12) to be > 99%. 

relaxation frequency. A is related t o  the relaxa- 
tion process while B is the absorption contribu- 
tion from the background, i.e., the viscous 
"classical absorption" arid absorption due to 
processes with much higher relaxation fre- 
quencies. 

Table 1 lists the values off,, A ,  B, the standard 
deviation, and the c.m.c. obtained for the 
surfactants, Li, Na, and K octylsulfates, Na 
methylheptylsulfate, and Na hexylsulfate at 
40 "C.  The c.m.c. values were determined from 
graphs such as Fig. 1 which graphically repre- 
sents the concentration dependence of A and B 
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TABLE 1. Relaxation parameters obtained by assuming f, to be independent of concentration 
----- 

Standard 
Concentration 1 0 1 7 ~  I O ' ~ B  h deviation c.m.c. 

Solute (m) (cm-I Hz-2) (cni-' H z r 2 )  (MHz) x 1017 (m) 

Li octylsulfate 0.1199 
0.1350 
0.1499 
0.2000 
0.2500 

Na octylsulfate 0.1200 
0.1350 
0.1500 
0.2000 
0.2500 

K octylsulfate 0.1200 
0.1349 
0.1500 
0.2000 
0.2499 

Na methylheptylsulfate 0.1727 
0.1803 
0.1926 
0.2027 

Na hexylsulfate 0.4499 
0.5000 
0.6433 
0.6983 
0.7998 

for the Na octylsulfate solutions. The c.m.c. 
was assumed to be the concentration for 
which A was zero. This method of defining the 
c.m.c. may well be the most precise method 
available, since the linear dependence of A in 
its sharp rise gives a clearly delineated origin. 

The relaxation frequencies listed in Table 1 
were obtained by minimizing the overall variance 
of the absorption data for all the micellar con- 
centrations of a particular solute. In other 
words, f c  was assumed to be independent of 
concentration and single-valued. When the "best 
values" of A, B, f c ,  and the standard deviations 
were obtained treating each concentration in- 
dependently of the others, the ,fc values appear 
somewhat scattered and A and B show a rather 
ragged linear concentration dependence. As an 
example, Table 2 notes the values obtained for 
Na octylsulfate solutions. Comparing these num- 
bers with the corresponding values in Table 1 
where f c  was assumed independent of con- 
centration indicates that this assunlption leads 
to more smoothly changing curves for A and B 

and to no significant increase in the overall 
standard deviation. 

The curves that have been fitted according to 
the "best values" given in Table I for Na 
hexylsulfate solutions are shown in Fig. 2 along 
with the experimentally determined ultrasonic 
absorptions for each concentration. The fit is 
seen to be satisfactory despite the fact that most 
of the relaxation frequencies in Table 1 are 
slightly lower than the lowest observed ultra- 
sonic frequency for 13 MHz. In other words, in 
these instances only the upper portion of the 
ultrasonic absorption curve has been observed 
and it is being assumed that the lower portion 
of the curve is given by eq. 1 with the same 
parameters. 

Discussion 

Our observations substantiate the following 
findings of Zana and co-workers (4-7) from 
ultrasonic absorption studies in other surfactant 
solutions : 

(a) that the observed chemical relaxations are 
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TABLE 2. Values of A, B,f,, and the standard error at 40 "C in sodium octylsulfate solutions 
-- - - -- -- 

Standard 
Concentration 1017A IO"B f~ deviation 

(tn) ( a n - L  HZ-') (cm-l HZ-') (MHz) x 1017 -- 
0.1350 8 1 14.9 8 .2  0.10 
0.1500 105 14.8 10.0 0 .06 
0.2000 289 14.9 9.1 0 .40 
0.2500 770 16.7 6 .0  0.28 

if a common f, of 7.7 MHz was assigned to  these 
three micellar systems. Doing so increased the 
overall standard deviation for the  lithium salt 
by only 13%, the potassium salt by 8%, and the 
sodium salt by 1% ; 

(c) that the relaxation frequency is very much 
dependent upon the hydrocarbon chain length 
of the surfactant ion. Shortening the hydro- 
carbon chain by two methyl groups shifted the 
f, from 27.1 M H z  for Na hexylsulfate to 7.7 
M H z  for Na octylsulfate. For solutions of N a  
decylsulfate. no excess absorption could be 
detected which is a n  indication that  any relaxa- 
tion associated with micelle formation in this 
system must have a characteristic frequency of  
less than 1 MHz. Even slight branching of the 
hydrocarbon chain as in the Na methylheptyl- 
sulfate case had more effect than altering the 
counterion. 

8 - - - - - - - - - 
0 I I 

0 10 0 20 0 30 

C o n c e n l r a t ~ o n  lmola l l  

FIG. 1 .  A and B values for sodium octylsulfate solu- 4 
tions at 40 "C. Open circles are A values; closed circles, B. .:' - 

associated with micellization, because only at  
concentrations greater than the c.m.c. were 
relaxations noted. Moreover, the excess absorp- 
tion appeared as  soon as the solute concentration 
exceeded the c.m.c.; 

(b) that the counterion is likely not involved 
in the relaxation process in anionic surfactants 
(Zana and co-workers were in disagreement with 
Yasunaga and co-workers (1, 2) on this point). 
Changing the counterion from Li to N a  to  K 
in the octylsulfate series had little effect upon the 
relaxation frequency. In fact, the overall 
standard deviation was not markedly increased 

FIG. 2. Ultrasonic absorption in the 10-150 MHz 
range for sodium hexylsulfate solutions a t  40 "C. Con- 
centrations: a, 0.800 m ;  b, 0.698 n7; c, 0.643 m ;  d, 0.500 n ~ ;  
e, 0.450 ni; f, 0.396 tn. The circles represent the expen- 
mental points while the curves have been fitted according 
to the single relaxation equation. 
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Our results depart significantly from those of 
previous investigators in similar systems in that 
the relaxation freq~~ency in all cases was found 
to be inde~endent of concentration in the dilute 
micellar ranges, i.e. from the c.m.c. to ro~~ghly 
twice the c.m.c. Over the same concentration 
range, Graber, Lang, and Zana (6) reported a 
three-fold linear increase in the relaxation fre- 
quency with micellar solutions of alkali metal 
decanoates. This is typical of the few investiga- 
tions in micellar sol-utions re~or ted  to date. 
Exploratory st~ldies in this laboratory with 
alkylsulfates into the higher concentration range 
do, however, reveal some increase in fc with a 
rnaxim~lni in A in solutions more concentrated 
than twice the c.ni.c. This will be examined more 
closely in a later paper, but there is a distinct 
possibility that we are examining a different type 
of chemical relaxation from that encountered 
previously in micellar solutions. 

A referee has brought to our attention a recent 
paper by Rassing, Sams, and Wyn-Jones (15) 
who employed a resonance techniq~~e to measure 
ultrasonic absorption in concentrated sodium 
octylsulfate solutions over the range 1-20 MHz. 
At 0.40 M, the relaxation freq~~ency was found 
to be 2.1 MHz at 40 "C. The p~llse apparatus in 
our laboratory for the same solution gave the 
following relaxation parameters for our absorp- 
tion data: fc = 11.0 MHz, A = 524 x 10-17, 
B = 18.1 x 10-17, and s.d. = 0.22 x 10-l7 (a/ 
f at 13.55 MHz was 227 x 10-17). When the 
absorption data were fitted to the relaxation 
equation withf, = 2.1 MHz, unrealistic 1017 A 
and 1017B values of 9 100 and 24.8 were obtained. 
Moreover, the standard deviation was increased 
22-fold. There is no reason to suspect experi- 
mental error; the most plausible explanation is 
that there are in fact two relaxations correspond- 
ing to two different mechanisms. Each technique 
is limited by its operating frequency range in 
bringing both relaxations under full display. 

The model giving rise to the relaxation ob- 
served in the present study must predict a single, 
concentration-invariant relaxation frequency. 
Suppose that the chemical relaxation was 
associated with one of the stepwise equilibria 
involved in micelle formation 

where m represents the monomeric surfactant 

ion, and MI, and MI,+, represent the micelles 
formed from n and (17 + 1) monomers respec- 
tively. For a single such reaction, it can be shown 
(1 6) that 

In dilute micellar solutions with 17 large and 
the c.ni.c. approximating the monomer con- 
centration, this equation simplifies to 

which predicts the concentration independent fc 

found experimentally. 
It is, of course, possible that several different 

micelle formation steps, corresponding to dif- 
fering values of n,  may take part in the absorp- 
tion. However, it will be dominated by processes 
for which there are high concentrations of 
micelles and [M,,] - [MI,+, 1. The separate rate 
constants can be estimated on this assumption 
for which the association constant Q - c.m.c.-' 
(3). Equation 4 then reduces to k ,  - nfc/c.m.c. 
The resulting approximate values of k,, k,, and 
Q are given in Table 3 for the five micellar 
svstems. 

The forward reaction rate is remarkably 
constant over the five systems. This suggests, at 
first hand, that the monomer-micelle association 
process is largely diffiision controlled. Diffi~sion 
coefficients calculated from these rate constants 
using Smol~~chowski's expression are approxi- 
mately cm2 s-'. Lindman and Brun (17) 
obtained the self diffusion coefficient for the 
closely related octanoate ion in sodium octanoate 
solutions as 0.7 x cm2 s - '  at 25'. The 
assumption is then reasonable when the higher 
temperature of the present work and the ap- 
proximate nature of Smoluchowski's expression 
are taken into account. 

The formation constants are a relative measure 
of the stability of the micelles in each system. 
Sodium hexylsulfate micelles are seen to be the 
least stable. The C, member is generally con- 
sidered the shortest chained surfactant to show 
clearlv discernible micellization. The lower over- 
all standard deviation obtained with this system 
when the data were fitted to the curve for a 
single relaxation indicates that the approxima- 
tions are beginning to fail slightly. 

An alternative treatment of ultrasonic relaxa- 
tion in micelle systems was proposed by Sams, 
Wyn-Jones, and Rassing (8); it leads to quite 
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Microwave Spectrum of N-Methyl Morpholine 

Depcrrtment of Clle~ilistry, Q~reetl's Utzi~~ersi ty .  Kitlgstotz, Olrtctrio 
Received September 6 ,  1973 

The n~icrowave spectrum of N-methyl morpholine has been investigated within the 8 to 40 G H z  region. 
The observed rotational constants for the ground vibrational state are (in MHz), A = 4821.235(0.077), 
B = 2342.579(0.004), and C = 1719.452(0.003). The dipole moment components have been determined 
as (ill D), p, = 1.21(0.02), p, = 0.10(0.03), and p = 1.21(0.02). The values of these parameters show 
that the observed spectrum is due to the chair form with an equatorial methyl group. The 14N nuclear 
quadrupole coupling constants have the values (in MHz), x.. = 2.4(0.1), xbb = 2.6(0.3) and x,, = 
-5.0(0.2). Sets of rotational transitions due to six excited vibrational states have also been assigned. 

Le spectre microonde de la N-rnCthy1morpholine a Cte etudit dans la region allant de 8 a 40 GHz. Les 
constantesderotation observeespour 1'Ctat de vibration fondamentalsont (en MHz). A = 4821.235(0.077), 
B = 2342.579(0.004) et C = 1719.452(0.003). Les composantes du moment dipolaire correspondent a 
(en D), p. = 1.21(0.02), p, = O.lO(0.03) et p = 1.21(0.02). Les valeurs de ces parametres montrent que 
le spectre observe correspond a celui de la forrne chaise avec le groupe methyle en position Cquatoriale. 
Les constantes de couplage du q~ladrilpole nucleaire 14N correspondent (en MHz) a x.. = 2.4(0.1), 
xbb = 2.6(0.3), et x,, = -5.0(0.2). On a aussi attribue a six ttats excites de vibration des series de 
transitions de rotation. [Traduit par le journal] 

Can. J .  Chem.. 52.434 (1971) 

Introduction 
The microwave spectra of a number of un- 

substituted six-membered ring compounds have 
been studied recently. For example tetrahydro- 
pyran (I), morpholine (2), and 1,3-dioxane (3) 
were investigated in this laboratory. In each case 
the observed spectrum was assigned to the chair 
conformer. For a substituted chair form different 
isomeric forms are possible due to the axial and 
equatorial substituent positions. This has been 
observed by microwave spectroscopy for the F 
substituent of cyclohexyl fluoride (4) and the NH 
hydrogen of piperidine (5). Intensity nieasure- 
ments have shown the equatorial form to be 
more stable, by 259 + 25 cal mol-l and 248 
f 150 cal mol-' in cyclohexyl fluoride (6) and 
piperidine (5), respectively. For morpholine only 
the spectrum of the equatorial form was detected, 
probably due to the difficulty encountered in 
assigning the axial N H  spectrum. 

From a theoretical study and from dipole 
moment measurements Allinger and co-workers 
(7, 8) concluded that the methyl group in N- 
methyl piperidine should strongly prefer the 
equatorial position and also that the N H  
hydrogen of piperidine might prefer to be either 
axial or equatorial, since the energy difference 
between the two arrangements should not be 
very large. The observed infrared and Raiiian 
spectra and vibrational frequencies calculated by 
Anisimova and Pentin (9) showed that the 

spectra of gaseous, liquid, and solid N-methyl 
piperidine can be correctly interpreted on the 
basis of the presence of only the equatorial 
conformer. 

No  structural data were found in the literature 
for N-methyl morpholine. Three n.m.r. studies 
by Harris and Spragg (10) gave no conclusive 
evidence for the conformation. The present in- 
vestigations on N-methyl morpholine were there- 
fore undertaken to confirm the orientation of 
the methyl group with respect t o  the ring. An 
additional feature of interest in the molecule is 
the possibility of studying the rotation of the 
methyl group, which has not been done in pre- 
vious microwave studies of six-membered ring 
compounds. 

Experimental 
The sample of N-methyl morpholine was purchased 

from the Aldrich Chemical Company and was used 
without further purification. Initially the region 26.5-40 
G H z  was recorded with a Hewlett-Packard Model 8460A 
M R R  Spectrometer a t  Rice University. Further work, in 
the 8-30 GHz region, was done with a conventional 100 
kHz Stark modulation spectrometer with oscilloscope 
display (1, 3). The spectrum was observed at room 
temperature and with sample pressures in the range about 
10-100 Torr. The accuracy of measurement for the 
Hewlett-Packard spectrometer is better than 0.05 MHz 
whereas for the 100 kHz Stark modulation instrument 
the accuracy is about k0.2 MHz. 

A Perkin-Elmer model 180 spectrometer was used to  
record the gas phase infrared spectrum. A 10 cm metal 
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DASS AND KEWLEY: MICROWAVE SPECTRUM OF N-METHYL MORPHOLINE 435 

TABLE 1. Rotational constants of N-methyl morpholine in the ground vibrational state 

K 
A (MHz) B (MHz) C (MHz) (asymmetry parameter) 

- -- 

Observed* 4 821.235k0.077 2 342.579+0.004 1 719.452+0.003 - 0.598212 

Calculatedt 
Equatorial Me 4 874.70 2 352.37 1 736.18 
Axial Me 3 903.15 2 862.93 2 226.64 

- - - 

'Uncertainties quoted are one standard error In quantity. 
tAssumed structure for calcula~ed values C-0 = 1.410 A, C-C = 1.533 A, C-N = 1.470 A, C-H = 1.108 A. LCOC = 111.7", 

LCNC = 1 10.O0, all C tetrahedral, chair form. 

chair 
LyN7,atorial 0 

N-Methyl morpholine 

FIG. 1. Chair equatorial and chair axial conformers 
of N-methyl morpholine. 

cell with polyethylene windows was used to record the 
spectrum below 650 cm- '. 

Microwave Spectrum 
Ground Vibrational State 

Figure 1 shows the chair equatorial and chair 
axial forms of N-methyl morpholine. For both 
conformers the a-axis is calculated t o  pass close 
to the N and 0 atoms, the b-axis being perpen- 
dicular to the symmetry plane so that no b-type 
transitions are expected. In the equatorial form 
the a-component of the dipole moment should be 
appreciably larger than the c-component, while 
in the axial form the c-component is expected to 
be rather larger than the a-component. 

N-Methyl morpholine was found to  have a 
fairly rich spectrum. It  was quite easy to pick out 
the pairs of strong transitions of the type 
J , . J - t J +  l 0 , ~ + 1  and J l , ~ + J +  l , , . r+l  for 
J = 7, 8, 9, and 10 on a 26.5 to 40 G H z  scan, 
at a Stark field of 1100 V cm-'. The assignment 
of other a-type R-branch lines was then ac- 
complished giving a total of 65 rotational transi- 
tions assigned in the 11 to 40 GHz region.' The 

'Photocopies of the tables of observed transition fre- 
quencies for the ground and excited states of hT-methyl 
morpholine may be obtained from the Depository of 
Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada KIA 0S2. 

rotational constants derived from a least squares 
fit are given in Table 1. Also given in Table 1 are 
rotational constants calculated from assumed 
structures. It is quite clear that the assigned lines 
are due to the equatorial form. Although a 
number of c-type lines were searched for at  their 
predicted frequencies none were found, indi- 
cating a small pc dipole component. 

Attempts were made to locate lines which 
might be due to the axial methyl conformer. 
However there appeared to be too few additional 
lines beyond those of the equatorial form for a n  
axial assignment t o  be made. This indicates that 
the proportion of axial conformer must be small. 
No serious attempts were made t o  find lines of 
boat conformers in view of their absence in all 
previous similar molecules studied by microwave 
spectroscopy. 

14N Quarlrupole Co~cpling 
The effect of 14N quadrupole splitting in 

N-methyl morpholine was found t o  be very small 
for the observed R-branch lines, completely un- 
resolved in most cases. Two hyperfine peaks were 
seen for each of fourteen transitions. One of the 
peaks is due to the  F = J + J + 1 hyperfine 
component and the  other to the t w o  unresolved 
componen t sF=  J -  l + J a n d F =  J +  1+J  
+ 2. The observed splittings and the derived 
quadrupole coupling constants a r e  given in 
Table 2. The diagonal elements of the 14N 
quadrupole tensor, referred to the principal iner- 
tial axes of the molecule, were calculated by t h e  
procedure described in ref. 2. 

The nuclear quadrupole coupling constants 
are similar in value to those measured for 
morpholine (2): x,, = 2.22 MHz, xbb = 2.51 
MHz, and xCc = -4.73 MHz. A direct com- 
parison between the  two sets of constants may 
be made because the  angle between the bond 
axis, N-H or N-CH,, and the principal a-axis 
changes only by about 2" between the two 
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TABLE 2. 14N nuclear quadrupole hyperfine doublet splittings and coupling constants for N-methyl morpholine 
-- 

VOW (MHz) 

F =  J -  1 ->J 
and 

J K - l K 1  + J  + lK)-l.K1. F  = J + 1 -> J + 2 F  = J -> J + 1 Avobsd (MHz) Avobsd - Avc.lcd (MHz) 

615 + 716 28 724.62 28 724.99 0.37 -0.02 
634 + 735 28 771.87 28 772.05 0.18 0.02 
651 -> 752 28 808.61 28 808.93 0.32 0.00 
652 -> 753 28 804.75 28 805.06 0.31 0.01 
660 -' 761 28 727.43 28 727.88 0.45 -0.05 
661 + 762 28 727.43 28 727.88 0.45 -0.05 
716 ' 817 32 132.48 32 132.84 0.36 -0.01 
753 + 854 33 003.52 33 003.69 0.17 -0.03 
770 + 871 32 821 .80 32 822.33 0.53 0.07 
771 -> 872 32 821.80 32 822.33 0.53 0.07 
817 + 918 35 456.14 35 456.51 0.37 0.06 
826 -' 927 38 523.08 38 523.34 0.26 0.01 
827 -> 928 34 927.27 34 927.42 0.16 -0.02 
918 -> 1019 38 779.17 38 779.38 0.21 -0.04 

- 
-- 

Coupling constants (MHz) 
-- 

TABLE 3. Stark effect coefficients and dipole moment 
components of N-methyl morpholine 

-- 
-- - 

lo6 x Av/E2 (MHz cm2 V-2) 

Transition M Observed Calculated 

Dipole 
component Value (D) 

field, using fields up to 3800 V cm-I .  The dipole 
components were found from a least squares 
fitting procedure to the coefficients, giving each 
coefficient equal weight. The results are sum- 
marized in Table 3. The p, was less well deter- 
mined since most of the Stark coefficients are 
fairly insensitive to  this component. p, was as- 
sumed to be zero. As expected p, was ,found 
to be considerably larger than p,, confirming the 
equatorial form. The value of the  total dipole 
moment is close t o  the solution values, see below, 
which were considered to be consistent with 98% 
abundance of the equatorial form (13). The Stark 
cell was calibrated on the basis of p,,, = 
0.71512 f 0.00003 D (14). 

1.21 2 0 . 0 2  It is interesting to  coniDare the d i ~ o l e  moments - 
0.10k0.03 of the fol1,owing molecules (references in paren- 
'.21+0.02 theses): 

molecules. The coupling constants are slightly 
larger in N-methyl morpholine, which parallels 
the increase from NH,, eqQ = -4.08 MHz 
(1 I), to N(CH,),, eqQ = - 5.47 MHz (12). 

Dipole Moment 
A confirmatory piece of evidence for the 

equatorial conformer comes from the dipole 
moment components of the molecule. The Stark 
coefficients were determined from the linear plots 
of Stark shift against the square of the applied 

Dipole moment (D) 

Molecule Microwave Solution 

1 Morpholine 1.55 (2) 1.54-1.56 (13) 
2 N-Methyl morpholine 1 .21 (This 1 .29-1.36 (13) 

work) 
3 Piperidine O.SO(5) 1.16(8),1.19(15) 
4 N-Methyl piperidine - 0.95 (8) 

- - 

The microwave values for 1 and 2 solution 
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TABLE 4. Ground and excited states of N-methyl morpholine 
-- -- -- 

v (cm-') 

State A (MHz) B (MHz) C (MHz) A,(a.m.u. A*) Microwave Infrared* 

Ground 4 821.235 2 342.579 1 719.452 - 26.642-i. 
e.s. 1 4 804.77 2 343.38 1 720.15 - 27.046 

2 4 820.30 2 340.21 1 718.56 - 26.728 
3 4 820.96 2 340.90 1 718.06 - 26.564 
4 4 792.75 2 343.91 1 720.33 -27.291 
5 4 806.66 2 341.10 1 719.12 -27.038 
6 4 804.60 2 341.66 1 718.68 -26.956 

Additional infrared frequencies (cm-I): 418 w, 435 w, 496 w, 550 w, br, 620 s. 
- -. 

'w = weak, m = medium. s = strong, br = broad, v = very. 
?A, = I, - I. - I b ;  co~iversion factor 505377 a.m.u. A2. 

- 
176 m 
225 vvw 
252 vw 
274 w, br 
332 s 
332 s 

values for 3 and 4 indicate that the dipole I " ' " " " I " '  
moment decreases by about 0.3 D when the H 
at N is replaced by a CH, group. But the 

39 250 39 150 
MHz M H z  

microwave value for 3 compared with solution 10 - 1 1  
value of 4 indicates an  increase. However the 

+ 11 
1,lO 1,11 

value reported by Buckley, Costain, and Parkin 'OO,~O 0.n 
(5) for 3 was not obtained by direct measure- 
ments, and is considerably smaller than the 
value in solution. The above comparison shows 
that the solution values for piperidine are more 
likely correct than the value reported by Buckley, 
Costain, and Parkin. 

of the first excited state of methyl torsion. A 
FIG. 2. Vibrational 'satellite pattern associated with amount of t ime was 'pent the 10 ,,,, -> 1 lo , ,  , and 10 ,,,, -> 1 1  ,, , , transitions of 

t o  calculate the barrier height from these split- hr-rnethv1 morDho]ine, The doublet lines on the high 

Excited Vibrational States 
In addition to  the ground state lines, a number 

of satellite lines were found on both the high and 
low frequency sides. A total of six vibrational 
states were identified. The rotational coilstants 
given in Table 4 were derived from the fre- 
quencies of assigned R-branch lines.2 The cor- 
responding vibrational frequencies were esti- 
mated on the basis of relative intensities of 
several lines for each state. The frequencies are 
between 180 and 361 ciii-I, see Table 4. The 
methyl torsion and six ring deformation frequen- 
cies are expected to  fall below 700 cni-I. 

The ground state lines are not split by the 
internal rotation of the methyl group, indicating 
a high barrier to  rotation. For the pair of ground 
state transitions 10 , , lo  -+ 11 ,,,, and 10 ,,,, -t 

frequency side are accidental, being due to two ring 
2Frequencies available on requcst. See footnote 1 for deformation modes. The methyl torsion satellites are 

details. amongst the group of lines on the low freq~~ency side. 

l l , , , , ,  there were four satellite lines on the 
higher frequency side, see Fig. 2. Their spacing 
are such that for solne time it was thought that ( 
these doublet lines were the A and E components 

251. 
200 v _n- 
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tings. However the observed pattern could not 
be made to fit with calculation, even after taking 
into account first order perturbation coefficients, 
which are important in the case of asymmetry 
near degeneracy. Theory described in refs. 16 
and 17 was used in the calculations. In addition 
the A and E lines should have the same intensity 
for a CH, group while Fig. 2 shows that there is 
some difference in intensity between the "doub- 
let" members. Therefore we conclude that these 
lines belong to two ring deformation modes 
rather than methyl torsion. 

The infrared and Raman spectra of N-methyl 
morpholine were not found in the literature for 
frequencies below 700 cm-' .  The gas phase 
infrared spectrum was therefore recorded be- 
tween 150 cm- ' and 700 cin- '. The observed 
band frequencies are given in Table 4 for com- 
parison with the frequencies obtained from 
relative intensity measurements on the micro- 
wave lines. Fairly good agreement was found 
between the two sets of data. It may be noted that 
the lowest frequency ring deformation mode was 
assigned to  be 200 + 50 cm- ' (2) and 171 cm- ' 
(18) in morpholine, 178 cm-'  in N-methyl 
piperidine (9) and 165 cni- ' in methyl cyclo- 
hexane (19,20). The next higher band, 245 cm-'  
in ~ - m e t h ~ l  piperidine (95 and 237 cin-' in 
methyl cycloliexane (19, 20), was assigned to 
methyl torsion. Therefore it seems appropriate, 
for N-methyl morpholine, to assign the lowest 
band, at 176 cm-I,  to  a ring deformation mode. 

In view of the methyl torsion assignment, 
245 cm-', in N-methyl piperidine (9) the likely 
possibilities for assignment to this mode in 
N-methyl morpholine are the frequencies 226, 
267, and 270 cm- ' ,  see Table 4. If A is the 
moment of inertia difference, it is expected that 
the quantity A, = I, - I, - I, should undergo 
only a slight change when methyl torsion is 
excited, with larger changes usually occurring 
for excitation of ring deformation modes. Exanii- 
nation of the moments of inertia of a number of 
other molecules in which the methyl carbon lies 
in a molecular symmetry plane leads to  the con- 
clusion that the change in A, is in fact small, and 
usually negative. For  example the first excited 
torsional state of N-methyl ethyleneimine (21) 
has 6(Ac) = -0.224 a.m.u. AZ relative to the 
ground state (where &(A) = change in A,). On 
this basis the 270 cm-' vibration, with (A,) = 
-0.649 a.m.u.A2can probably be ruled out as the 
torsional mode. We shall therefore just consider 

the 226 cm- and 267 cm- ' frequencies. For  
each of these frequencies the corresponding s 
value has been calculated, with the aid of tabu- 
lated Mathieu eigenvalues (22), and the threefold 
barrier evaluated from the expression V ,  = 
s x Fl4.6602. F was calculated from the assumed 
structure as 163.616 GHz, with I,,,, assumed as 
3.200 a.m.u. AZ. The results of these calculations 
are : 
-- -- 
v(cn1-') &(A,) a . m . ~ .  AZ s V3 (cal mol-') 

The first V ,  value is close to the values 3462 + 35 
cal mol-' for N-methyl ethyleneimine (21) and 
3434 f 40 cal mol- '  for dimethylamine (23). 
On  the other hand the second value is close to 
that for trimethylarnine, which is 4400 cal mol-' 
(12). The latter molecule appears t o  be structural- 
ly the most similar to N-methyl morpholine so 
perhaps the higher V,  value shoi~ld  be preferred. 
A definite decision between the two values can- 
not be made with certainty from the present 
data. T o  decide the issue a microwave study of 
CD, N-methyl morpholine would be valuable. 

The authors would like to express their thanks to 
Dr .  R .  F. Curl of Rice University, Houston, Texas for 
the use of the Hewlett-Packard spectrometer in the initial 
stages of this investigation. They would also like to thank 
Dr .  H. Dreizler for  a valuable discussion of internal ro- 
tation. S ~ ~ p p o r t  for the initial part of the work was pro- 
vided by grant number GP 29374 from the National 
Science Foundation, U.S.A. The later stages of the study 
were supported by grant A-2046 from the National 
Research Council of Canada. 
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Electron Mobilities and Ranges in Liquid CI-C3 Hydrocarbons 
and in Xenon: Effects of Temperature and Field Strength1 

MAURICE G. ROBINSON A N D  GORDON R. FREEMAN 
Clier?~istry Departrt1et7t, U~ii~,er.silg of Albertrr, E ~ l ~ t ~ o ~ r t o ~ i .  AIDertrr, T6G ZGZ 

Received August 10, 1973 

Electronmobilitiesweremeas~ired inethane, ethylene, propane,cyclopropane,and propylene tocomplete 
the sttidies of the lower hydrocarbons. The effect of temperature on the mobilities in these l i q ~ ~ i d s  and in 
methane, 11-butane, and xenon were also measured. Exan~ples of the da ta  are given in the order mobility 
(cm2/Vs), temperature (K), A r r h e n i ~ ~ s  temperature coefficient (kcal/mol): methane, 430, 140, -0.16; 
ethane, 0.97,200, -3; ethylene, 0.0030, 170, - ; propane, 0.55,238, -3 ; 17-butane,0.073,250, -4; cyclo- 
propane, 0,0043,234, -4; propylene, 0,008,234, -4; xenon, -1200 at  4 0  V/cm, 198,O. The mobilities in 
the C2-C, hydrocarbons are independent of applied electric field strength E up to 20 kV/cm; that in 
methane is independent of E LIP to 2 kV/cm; that in xenon decreases as E-'I2 between 33 a n d  300 V/cm 
and decreasesslightly morerapidly at  higherfieldstrengths.The density-normalizedrangesof thesecondary 
electrons in each of the l i q ~ ~ i d s  is independent of temperature. The correlation between the ranges of the 
secondary electrons and the mobilities of thermal electrons observed in other l i q ~ ~ i d s  (ref. 2 )  persists for 
the simple hydrocarbons. 

Les mobilites Clectroniques, LI,, dansles hydrocarbures Iiquides ont CtC mesurees pour I'Cthane, l'ethylene, 
le propane, le cyclopropane, et le propylene. L'effet de la t e m p e r a t ~ ~ r e  s u r  les mobilites dans le methane, 
le n-butane, et le xenon a egalement kt6 mesure. La mobilite (cm2/Vs) a une  certaine t e m p t r a t ~ ~ r e  (K), et le 
coefficient d ' A r r h e n i ~ ~ s  (kcal/mol) sont respectivement pour le methane, 430, 140, -0.16; l ' tthane, 0.97, 
200, -3; I'ethylene, 0.0030, 170, ; le propane, 0.55, 238, -3; le cyclopropane, 0.0043, 234, -4; le 
/+butane, 0,073,250, -4; et le xCnon, -1200 a 4 0  V/cm, 198,O. Dans les hydrocarbures CZ-C,, la vale~lr 
de 11, est independante de la vale~lr  du champ e l e c t r i q ~ ~ e  Ejusqu'a 20 kV/cm; dans le methane 11, est inde- 
pendante de E jusqu'a 2 kV/cm; dans le xenon 11, cc . / - I i 2  pour 33 < E < 300 V/cm. Le parcours des 
Clectrons secondaires produits lors d e  l'irradiation d'un l i q ~ ~ i d e  donne, normalise p o ~ ~ r s a d e n s i t e , e s t  indk- 
pendant de la tempera.ure. La correlation q ~ ~ i  existe pour plusieurs liquides entre le parcours des electrons 
secondaires et la mobilite des electrons thermiques (ref. 2) est egalement valable pour les hydrocarbures 
C,-C,. 

Can. J. Chem., 52,440(1974) 

Introduction The Arrhenius temperature coefficient E,, for 

The penetration ranges of low energy (- 10 eV) 
electrons into the simplest liquid hydrocarbons, 
C, to C,, have recently been estimated (I). The 
density-normalized range bd was related to the 
degree of sphericity and isotropy of polarizability 
of the molecules. It has since been shown that 
there is also a correlation between the mobility of 
thermal electrons and the penetration range of 
low energy electrons in a given liquid (2); electron 
ranges are large in liquids in which the mobilities 
are high, and vice versa. As the electron mobilities 
in the C, and C, hydrocarbons have not yet been 
reported, it was of interest to make these measure- 
ments and test the correlation. Of varticular in- 

electron mobility in liquid hydrocarbons is in- 
versely related t o  the magnitude of the mobility, 
being near zero for high mobilities and near 4 
kcal/mol for low mobilities (2-4). Electrons in 
methane ( 5 ,  6), argon (7-9), krypton (7, 8), and 
xenon (8, 10) have very high mobilities, and since 
~ ~ n u s u a l  temperature effects had been noted in 
argon (7, 9) and krypton (7), it was of interest t o  
measure the effect of temperature on electron 
mobilities in methane and xenon. Measurements 
were made in the  other hydrocarbons to com- 
plete the series of  C, to C, niolecules. 

Experimental 

terest with regard to  the correlation is the large Materials and Purificalion 
Ethane, propane, butane, and propylene were obtained difference between the ranges in methane from Phillips petroleum, while methane, xenon, a n d  

and ethane (I). cyclopropane were from Matheson, Linde, and Ohio  
--- chemical  respectively. The gases were Research G r a d e  

'Supported by the  National Research Council of with the exception of cyclopropane. 
Canada. The C2,  C3, a n d  C, hydrocarbons were introduced 
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into a high vacuum system, previously evacuated to 
< Torr,  t l i r o ~ ~ g h  a column of sodium hydroxide 
pellets. After a rigorous deaeration treatment of trap-to- 
trap distillations, retaining the middle fraction, and 
freeze-pump-thaw cycles, the liquified hydrocarbons 
were treated with either a potassium metal film or sodium 
potassium alloy. Ethane and propylene were held over a 
potassium mirror for 48 h a t  200 K and 233 K respec- 
tively. Ethylene was held over a potassium mirror for 4 
days a t  198 K. In each case the mirror was regenerated 
several times during the treatment. Cyclopropane, pro- 
pane, and butane were stirred with a low melting s o d i ~ ~ n i /  
p o t a s s i ~ ~ m  alloy (20180) for  2 h,  tlie first two compounds 
a t  263 K and the third a t  298 K. 

Methane was introduced directly into the vacuum 
system and deaerated by trap-to-trap distillations, pump- 
ing away a t  least half of tlie sample. It was then elec- 
trolyzed a t  I kV/cni a n d  113 K for 1 h .  

Xenon was p ~ ~ r i f i e d  by passing the gas slowly through a 
60 cm long glass tube (approximately 0.8 c m  diameter) 
coated with a film of sodium metal. The gas was passed 
through the tube eight times and the mirror regenerated 
twice during this procedure. 

Equipt?~ent and Techniq~re 
( a )  Co~~clrrctatrce Cells 
T h e  large cell (25 cm3) used for the hydrocarbons had 

stainless steel electrodes. A n  inner 30 mm diameter col- 
lecting electrode was s u r r o ~ ~ n d e d  by a guard electrode 
and  was 3 mm from a parallel, 38 mrn diameter, high 
voltage electrode. The electrodes were sealed in a glass 
envelope which had an  inlet for entry of the hydrocarbon, 
and a side arm with storage bulb and break seals to 
facilitate transfer and  storage of the material. 

A snlall (5 cm3) parallel plate cell with a guard electrode 
was used for the xenon. This  has been described in ref. 10. 

The  electrical connections t o  both types of cd ls  were 
kept as  short as  possible and  shielded up t o  the cell wall 
with copper braid. 

( b )  Tetrlperntlrre Corrfrol 
This was effected by placing the cell in a n  insulated 

styrofoam box which was cooled by a regulated stream 
of cold nitrogen gas. Stabilization t o  +0.S0 was achieved 
with this system. 

( c )  Deter~ninafion of Free Ion Yields 
The free ion yields were measured by the charge 

clearing technique ( I ,  2, 1 I) with the field applied across 
the electrodes throughout the experiment. A description 
of the method and  circuits used is given in ref. 10. 

( d )  Electron Cond~rctance Trmrsierlf ( E C T )  
This was measured in the hydrocarbon liquids using 

the circuit shown in Fig. I. The  amplifier had  a gain of 
10' and a response decay halflife of 60 ns. A 1 ps X-ray 
beam pulse from a Van d e  Graaff generator was used, 
except for methane and xenon when the pulse length was 
100 ns. T h e  amplifier circuit used for measuring the E C T  
in xenon is given in ref. 10, Fig. 36. 

( e )  Dosimetry 
Therrnoluminescence dosimetry using lithium fluoride 

crystals was used throughout. This has been described 
for the hydrocarbons in ref. 1. A thorough treatment of 
the dosimetry for xenon, in which photoelectric absorp- 
tion is important, is given in ref. 10. 

FIG. 1. Circuit for  measuring theelectroncond~~ctance 
transient (model 4). Gain  = lo5, noise 2: 15 nA peak, 
signal decay halflife = 60 ns. 

( f )  Pltysicnl Properties of flie Licjrrids 
T h e  densities and dielectric constants o f  the liquids a re  

listed inTable  1 and were taken from o r  c a l c ~ ~ l a t e d  f rom 
da ta  in the references indicated. 

Results and Discussion 
The free ion yields and electron mobilities were 

measured as functions of field strength and tem- 
perature in the liquids at their vapor pressures, 
u p  to a maximum of about 5 atm. 

Free Ion Yields a ~ d  Electron Ra17ges 
The experimental values of the free ion yields 

were analyzed with the aid of a model that treats 
the effects of applied electric field strength and 
temperatlire (12). The model is based upon the 
single ion-pair spur approximation and has been 
examined under a variety of conditions (12-17). 
Only the relevant equations are given here. 

The free ion yield G,," in the presence of a n  
applied field E is given by [I ] .  

where G,,, is the total ionization yield, F(y)dy is 
the fraction of thermalized electron-ion pairs 
that have initial intrapair separation distances 
between y and y + dy, and $(y,E) is the prob- 
ability that a pair with initial separation distance 
y will escape geminate neutralization in the 
presence of an applied field E. 

The probability function $(y,E) is given by [2] 
(17-19). 

" ( ~ P Y ) "  
[2] $(y,E) = e-'Iy 1 + eCZBY x --- 

(n + I)! 
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TABLE 1. Physical properties, ion yields, electron ranges and mobilities 
- - -- 

Temp. db b o  bcpd (I. 

Liquid (OK) cfl (g/cm3) G o  GfiO (A) (10-'g/cm2) ( (cm2/Ys) 
-- 

Methane 140 1.55 0.379 3.7 1.13 592 224 0 . 0  430 
118 1.63 0.417 0 .92 558 233 5 10 
98 1.68 0.448 0 .74 553 248 5 60 

Ethane 200 1.77 0.533 4.0 0.158 106 57 0 . 7  0.97 
168 1.83 0.567 0.094 101 57 0.27 
146 1.88 0.590 0.068 99 5 8 0.057 
127 1.92 0.614 0.045 98 60 0.008 

Propane 238 1.76 0.572 4.1 0.166 91 52 0 . 9  0.55 
205 1.85 0.612 0.102 84 52 0.14 
175 1.92 0.646 0.070 82 53 0.05 

n-Butane 293 1.78 0.583 4.1 0.225 93 54 -1 0.27 
271 1.81 0.604 0.182 81 49 0.15 
250 I .85 0.623 0.130 75 46 0.073 
219 1.90 0.652 0.084 71 46 0.013 

Cyclopropane 260 I .83 0.650 4.1 0.078 60 39 1.45f O.O11° 
234 1.89 0.683 0.049 54 37 0.0043# 

Ethylene 170 1.81 0.570 3.9 0.010 41 23 2 .1  0 .  O03Og 

Propylene 234 1.96 0.602 4 .0  0.042 49 30 2 . 1  0 .  0Ogg 
214 2.07 0.625 0.031 45 28 0 .  003g 

Xenon 198 l.83d 2.82' 16 9.37 840 2370" 0 . 0  I 

186 1.87 2.91 8.98 810 2370" 
169 1.92 3.05 8.72 780 2370" 

"Calculated from the data and references given in ref. I. 
bReference 3 1. 
CReference 2. 
dCalci~lated from the Clausius-Mosotti equation, using a = 4.01 A3 ( e ) .  
*Reference 32. 
JReference 33. 
qThe initial conductance transient was corrected for  the contribution o f  the heavy positive ions. 
hAssumed to be independent o f  temperature. 
'See Fig. 7. 

where r = k2/&lrT, 6 = 4.80 x 10-lo e.s.u., E is 
the dielectric constant of the medium, lr is 
Boltzmann's constant, T is the absolute tempera- 
ture and p = 6E/600kT. 

At  zero field strength eq. 1 reduces to  [3]. 

It has recently been shown that a distribution 
function F(y) having a Gaussian core and a power 
function tail, designated YGP, satisfies the whole 
range of free ion yields obtained in all of the 
liquids at all values of E and T studied so far (17). 
The distribution YGP is represented by [4]. 

y < 2.4bGp 

F(y) = 0.96 [(4y2/~'12bG,3) exp (-y2/b,;) 

where 0.96 is a normalization factor (inadver- 

tently omitted from the distribution function 
YGP in ref. 17) and bGp is the dispersion param- 
eter and is also the most probable value of y. 

Typical results for the effects o f  field strength 
and temperature on the free ion yields in ethane 
are shown in Fig. 2. The free ion yields increased 
with increase in either field strength or tempera- 
ture. The solid curves in Fig. 2 were calculated 
using eqs. 1, 2, and 4. The value of G,,, was as- 
sumed to  be equal to the ionization yield in the 
gas phase (20-24). The electron range dispersion 
bGP was used as a n  adjustable parameter and at 
each temperature the value was chosen that gave 
the minimum average difference between the cal- 
culated and experimental points. The best values 
of bGp are listed in Table 1. 

Propane, 11-butane, cyclopropane, ethylene, 
and propylene showed similar behavior and the 
results are summarized in Table 1 .  The yields ob- 
tained in the alkanes are in general agreement 
with those reported earlier (1, 25), but those in 
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FIG. 3. Free ion yields in methane as f~~nc t ions  of ap- FIG. 4. Free ion yields in xenon as functions of ap- 
plied electric field strength and temperature. The curves plied electric field strength and temperature. The.curves 
were calculated from eq. 1 and data in Table 1. 0, 140 K ;  were calculated from eq.  1 and data in Table 1. 0 , 2 0 0  K ;  
A, 118 K ;  a, 98 K.  +, 195 K ;  A, 189 K ;  0, 183 K ;  V, 178 K ;  a, 172K. 
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error. This substantiates the usefulness of the 
distribution function YGP (eq. 4) in the single- 

0.5 - ' 1 ion-pair-per-spur model (17). 
The earlier suggested inverse correlation be- 

0.4 - tween b G p d  and the anisotropy of polarizability 
a" of the molecules (2) is roughly supported by the 

G;, results in Table 1. However, it is becoming in- 

, 
creasingly clear that  some other factor is very 
important in determining epither~nal electron 
ranges in liquids. 

The free ion yield in xenon increased with ap- 
plied field strength, but the effect o f  temperature 

, , 1 over the range 172 t o  200 OK was smaller than the 
O0 5 10 I5 20 

E i k V l c m )  
scatter in the meas~~rements (Fig. 4). The yields 
were too large to be explained by putting GI,, in 

FIG. 2. Free ion yields in ethane as functions of ap- 
plied electric field strength E and temperature. The curves 

eq. 1 equal to  the gas phase ionization yield. Both 
were calculated from eq. 1 and data in Table 1. 0 , 2 0 0  K;  and b~~ were as 
0 , 1 6 8  K ;  A, 146 K;  +, 124 K. parameters in the calculations. The best fit to the 

experin~ental res~llts was obtained with G,,, = 16. 

cyclopropane and the olefins are - 35% lower The final cLlrves were calcL1lated keeping b ~ ~ d  

than the earlier values (1). However, the yields i n  constant> independent of temperat~lre, and the 

the latter compounds are small, and the measure- best was 2.37 .!%Icrn2. 
merits had been done near the lower l imi ts  of the curves that were needed for the mobility deter- 

equipment. The present res~llts are considered to  mi"ati0nS at three temperatures are shown 

be more reliable because larger conductance cells Fig. the 
were used. The present yields in methane a n d  xenon are 

In methane the free ion yield increased greatly " 20z larger than those earlier (1, lo). 
with applied field strength but only slightly with This is outside the ~~sua l ly  obtained reproduc- 

temperature (Fig. 3). The curves were calculated i b i l i t ~  - lo% and might be related the fact 

in the same way as those for the other hydrocar- that these yields are mLlch larger than those 

bons. The best value of OGp at  each temperature lneasured with the equipment. 

is listed in Table 1. Electrori  Mobi l i t ies  
In each of the hydrocarbons the density-nor- 111 most of these systems the mobilities u+ of  

malized range, b ~ ~ d ,  of the secondary electrons is the positive ions were several orders of  magnitude 
of temperature, within experimental smaller than those of the electrons. Under these 
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circuinstances the electron mobility u, was ob- 
tained froin the peak current i, of the electron 
conductance transient (ECT) that occurred after 
a short pulse of X-rays irradiated the liquid: 

where i, is ill amps, the pulse dose in eV/cm3, A 
the area of the collecting electrode in cm2, and E 
is the applied field strength in V/cm. When neces- 
sary the value of the peak current was corrected 
for decay during the 0.1 or 1 ps pulse to  obtain i,. 
The corrections were made empirically, using a 
separate calibration curve for eacli amplifier. The 
calibrations were made by comparing the input 
and output of a given amplifier, when fed a known 
input current pulse with a series of known first 
order decay rates. 

Electron mobilities in ethane, propane, ri-bu- 
tane, cyclopropane, ethylene, and propylene were 
independent offield strength LIP to 20 kV/cm. The 
values are listed in Table 1 .  Tlie mobilities in- 
creased with increasing temperature; Arrhenius 
plots are shown in Fig. 5. Tlie plots are not strictly 
linear, the slope decreasing slightly a t  the higher 
mobilities and temperatures. The Arrhenius tem- 
perature coefficients E, are approximately 3 
kcal/mol for liquids with mobilities of about 

- 0 

- 

0.001 ! I I I I 

3 4 5 6 7 8 9 

103/r 

FIG. 5. Arrhenius plots of electron mobilities in 
hydrocarbonliquids. 0 ,e thane;  A, propane; 0,n-butane; 
A, cyclopropane; 0 ,  ethylene; V, propylene. 

0.2 cm2/Vs and 4 kcal/mol at the lower mobilities, 
<0.1 cm2/Vs. 

The mobility of electrons in methane was in- 
dependent of field strength up t o  2 kV/cm and 
decreased slightly with increasing temperature 
(Fig. 6 and Table 1). The variation with tempera- 
ture corresponds to an Arrhenius coefficient of 
-0.16 kcal/mol o r  to T - ' . ~ .  

In xenon the mobility decreased approximately 
as E- 'I2 at field strengths between 33 and 300 
V/cm, and decreased slightly more rapidly at 
higher field strengths (Fig. 7). The  mobility ap- 
peared to be independent of temperature in the 
range from 169 t o  202 K, although a T" depen- 
dence could exist within the scatter of the results. 
The values are about 50% lower than those re- 
ported by Miller, Howe, and Spear for 163 K (8), 

FIG. 6. Electron mobilities in methane at  98 K (a) 
and 140 K ( 0 )  as functions of applied electric field 
strength. 

FIG. 7. Electron mobilities in xenon as functions of 
applied electric field strength at 202 K (A), 198 K (V) ,  
186 K ( I ) ,  182 K (+), 180 K (O),  and 169 K ( 0 ) .  
m, 163 K, ref. 8; 0, 183 K, ref. 10. T h e  solid curve cor- 
responds to 7500 E-'I2. 
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but are in satisfactory agreement with those re- 
ported from this laboratory for 183 K (10). 

The anomalous temperature dependence of 
electron mobilities in argon (7,9) and krypton (7) 
was not observed in xenon over the temperature 
range that could be used with the present ap- 
paratus. A conductance cell that will withstand 
higher pressures is being constructed to allow 
measurements to be made a t  temperatures ap- 
proaching the critical temperature. Similar mea- 
surements will also be made on methane. 

The genera1 correlation between the ranges of 
epithermal electrons and the mobilities of thermal 
electrons observed in other liquids (2, 26) persists 
for the simple hydrocarbons (Table 1). However, 
there is an  apparent inversion of the correlation 
for cyclopropane and propylene which is not 
readily explained. 

Ion Mobilities 
Electron mobilities in the olefins and cyclo- 

propane were so low that it was of interest to 
measure the ion mobilities for comparison. The 
sum of the anion and cation mobilities (u, + u-) 
was determined using an equation analogous 
to [5]. 

Nitrous oxide was added to scavenge the elec- 
trons in ethylene at  170 K. The ECT was des- 

I troyed and an ion conductance transient (ICT) 
I 

was observed. The decay half life of the ICT was - 10 ms at  10 kV/cm, compared to -0.2 ms for 
the ECT. The value (u+ + u-) = 0.0023 cm2/Vs 
was obtained at  field strengths 10-20 kV/cm, not 
much smaller than the electron mobility 0.0030 
cm2/Vs. By assuming that the ion-electron and 
ion-ion neutralization reactions would be dif- 
fusion controlled, and knowing the pulse dose 
(2 x 10" eV/cm3) and the free ion yield, it was 
demonstrated that the neutralization half life of 
the ECT would have been two orders of magni- 
tude greater than the decay halflife observed, and 
that of the ICT would have been one order of 
magnitude greater than the observed value. The 
ECT apparently decayed through electron cap- 
ture by trace impurities in the "purified" ethylene, 
whereas the ICT decayed mainly by the ions 
being drawn to the electrodes. 

Since the ECT decayed by negative ion forma- 
tion, the ion mobilities could be measured with- 
out adding nitrous oxide, simply by using a slower 

I sweep time on the measuring oscilloscope. This 
procedure gave (u, + u-) = 0.0024 cm2/Vs in 
ethylene at  170 K,  in agreement with the value 

from the nitrous oxide technique. The identities 
of the ions are not known in either case, but 
their mobilities are similar. 

I t  has been found in many hydrocarbons 
(27-30) that zl-lu, = 2. The values ofu, recorded 
in Table 1 and Fig. 5 were obtained by subtracting 
u+ = (u, + z1-)/3 from the total (u, + u,-) 
derived from eq. 5. 

Similar treatment of data from propylene gave 
(u, + 11,) = 0.005 a t  243 K and 0.002 at  214 K, 
while in cyclopropane the values were 0.003 a t  
260 K and 0.002 cm2/Vs at 234 K. 

W e  are grateful to the  staff of the Radiation Research 
Center for help with the  electronics. 
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Chemistry of Proximal n--Bond Systems. Part 11.' 
Synthesis of 2,3-Dimethylenebicyclo[2.2.2]octa-5,7-diene 

D. N. BUTLER AND R. A. SNOW 
Chemistry Deprrrtr7ierlt. York Uriiversity, Toronto, Orltrrrio M3J IP3 

Received September 27, 1973 

The new CloH, ,  hydrocarbon, 2,3-dimethylenebicyclo[2.2.2]octa-5,7-dine (7), has been synthesized. 
Diels-Alder additions to 7 afford a useful route to annelated barrelenes. 

On a synthttist le dimethylene-2,3 bicyclo[2.2.2]octadiene-5,7,7 (7) Lln nouvel hydrocarbure de 
formule C,oH,o .  Les reactions d'addition d e  Diels-Alder s u r  le compost  7 fournissent Line maniere utile 
d'arriver aux barrelenes. [Traduit par le journal] 

Can. 3.  Chem., 52,447 (1974) 

The widespread interest in the chemistry of the 
C,H,, hydrocarbons has for the most part 
focused upon those isomers composed entirely 
of methine units i.e. (CH),, (I). The simple con- 
ception of replacing any vinylene (-CH=CH-) 
bridge or ring fragment in the (CH),, isomers by 

\ vinylidene ( C=CH,) leads to a fertile, yet 
/ 

largely ~1nex'~lored area of hydrocarbon chem- 
istry best represented by. the C,H, isomers 
(fillvene (2), dimethylenecyclobutene (3), and 
radialene (4)), but sparsely investigated for C8H8 
and C,,H,, (5). A casual inspection of these 
systems reveals their chemical potential for the 
discovery of new compounds and reactions at- 
tending the symllletriis and proximities of the 
various orbitals involved in their construction. 
As a logical consequence to our interest in bridged, 
vicinal dienes (6), we have synthesized the C,  ,H,, 
hydrocarbon, 2,3-dimethylenebicyclo [2.2.2]octa- 
5,7-diene (7) as shown in Scheme I. 

The cyclooctatetraene - fumaryl chloride ad- 
duct was treated with methanol to provide the 
starting material 1 (7). This dienophile reacted 
with the dienone 2 (8) to form a m i x t ~ ~ r e  of 
adducts from which pure 3 (presumably the 
exo isomer (9)) could be fractionally crystallized. 
Application of the useful photoaromatization 
route developed by Warrener and co-workers 
(10) led to the key intermediate 4 of the synthesis 
along with hydrocarbon 5. The corresponding 
cis-dimethyl bicyclo [2.2.2]octa-5,7-diene-2,3-di- 
carboxylate (8) has been secured by Warrener 
and co-workers (1 1) via the o-chloranil adduct - 
photoaromatization variation of this synthesis. 
Unlike compound 8 which was crystalline, re- 

'For Par t  I see ref. 6. 

peated attempts to isolate the trails isomer 4 
led to  the formation of benzene and dimethyl 
fumarate. This facile fragmentation required 
that the irradiation (and subsequent operations) 
of 3 be conducted at ice temperature. The re- 
maining steps of the synthesis followed the base- 
catalyzed bis-p-toluenesulfonateelimination route 
to bridged, vicinal dienes (6) we had developed 
earlier, modified to  respect the thermal lability 
of the dihydrobarrelene intermediates 4 and 6a, 
and b. 

The structure of the tetraene 7 followed from 
its mode of formation and spectral data (see 
Fig. 1). The L I . ~ .  spectrum is unremarkable, being 
very similar to the related triene 9 (6) .  The hydro- 
carbon 7, m.p. 40°, is a colorless, highly volatile 

FIG. I .  Proton magnetic resonance spectum of 7 in 
10% CCI, solution. 
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I solid, readily subliming at 30'115 mm. It is stable 
at rooin temperature, partially polymerizing to 

I an amorphous solid over several months. Al- 
l though the mass spectrum revealed benzene as a 
I prominent peak, in thermolysis experiments up 

to 350' we have not been able to  detect any retro 
I 

4.n -t 2.n cycloaddition. This observation pre- 
I cludes 7 as a likely source for butatriene, in 

common with similar results for the two benzo 
analogs, 10 and 11 (6). The molecule is similarly 

observed. The tetracyanoethylene, maleic an- 
hydride, and dimethyl acetylenedicarboxylate 
adducts all formed quantitatively, and provide a 
facile route to the aimelated barrelenes 11, 12, 
and 13, respectively. These are related to current 
interest in C8H8 chemistry (12). Dehydrogena- 
tion (DDQ) of 13 provided the benzobarrelene 
diester 14. 

10 1 1  Experimental 
inert to photochemical excitation. Disappoint- A11 melting points are uncorrected. The i.r. spectra 

I ingly, in all experinlents so far tried we have not were taken on a Unicam SPlOOO s~ec t ro~ho tomete r  as  

observed anything other than starting liquid films or KBr discs. The p.m.r. spectra were re- ~ corded on a Varian HA 100 instrument in carbon tetra- 
Or polylner 'pan irradiation under a variety of chloride or deuteriochloroform using tetramethylsilane 
conditions. as the internal standard. Mass spectra were taken a t  

The Diels-Alder chemistry of 7 was easily 70 eV using a Hitachi-Perkin Elmer RMU-6E instrument. 
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The U.V. spectra were run on a Unicam SP800A spectro- hydride was decomposed at O" by the careful addition of 
photometer. Gas-liquid partition chromatographic analy- 30% aqueous KOH (2 ml) followed by water (2 ml). 
ses were obtained on a Varian Model 1700 instrument The resulting suspension was filtered and the filter cake 
fitted with a 7 ft x $ in. glass column packed with 6% washed thoroughly with ether. The combined filtrates 
SE30 - 4% Q F  1 on Chromosorb W. Microanalyses were were dried (MgSO,) and evaporated under vacuum at lo0 
obtained from A. B. Gygli, Toronto. to afford the crude diol 40 mixed with 1.4-dimethvl-2.3- - - 

Preparation of Adduct 3 
A mixture of dimethyl (anti)-tricycI0[4.2.2.0~~~]deca- 

3,9-diene-(trm~s)-7,8-dicarboxylate (50.7 g) (7) and 2,5- 
dimethyl-3,4-diphenylcyclopenta-2,4-dieneone dimer 
(53.6 g) (8) in chloroform (300 ml) was heated under 
reflux for 48 h. The resulting red solution was cooled, 
filtered from a little polymer, and evaporated under 
vacuum to a red-brown glass which after three recrystal- 
lizations from ethyl acetate afforded the adduct 3 as white 
crystals (78.3 g), m.p. 188" (dec.); vcZo 1765, 1727 cm-' 
(KBr); 6 (CDCI,) 1.18 (s, 3H) and 1.22 (s, 3H) (bridge- 
head methyls), 2.03 (broad s, 4H, cyclobutane), 2.94-3.28 
(m, 4H, bridgehead and CH-COOCH,), 3.71 (s, 3H) 
and 3.76 (s, 3H) (ester methyls), 6.27-6.68 (m, 2H, vinyl), 
6.90-7.32 (m, 10H, aromatic) p.p.m.; no parent ion, tn/e 
258, 5 (base peak). 

Anal. Calcd. for C3,H3,05: C, 77.93; H, 6.34. Found: 
C, 77.86; H, 6.27. 

Ditnethyl Bicyclo [2.2.2]octa-5,7-diene-2,3-(trans) - 
dicarboxylate (4) 

The adduct 3 (2.03 g) in acetone (40 ml) was irradiated 
(450 W Hanovia medium pressure Hg lamp) at 0" for 
3.5 h. The solvent was removed under vacuum keeping 
the temperature at i 10". The resulting yellow oil was 
subjected to chromatography in a cold room on silica gel 
(Woelm: activity grade 1) (40 x 2.5 cm) using petroleum 
ether (30-60") until 1,4-dimethyl-2,3-diphenylbenzene (5) 
(0.97 g, 94%) was eluted. Development with 5% ether - 
petroleum ether and evaporation at 5' under vacuum 
afforded the colorless oil 4 (0.55 g, 62%) which could not 
be induced to crystallize and because of its thermal in- 
stability was not analyzed. The following spectral proper- 
ties are consistent with the proposed structure: i.r. v,.,, 
1603 (C=C, weak), 1734 (C=O ester, strong), 2960,3010, 
3075 (C-H stretch, medium) cm-' (liquid film); p.m.r. 
6 (CCI,) 2.89 (d, J = 1 .O HZ, 2H, CH-COOCH,), 3.60 
(s, 6H, ester methyls), 3.95 (m, 2H, bridgehead), 6.1 1-6.51 
(m, 4H, vinyl) p.p.m. 

Thermal Decomposition of 4 
A 10% solution of the diester 4 in CCI, contained in a 

p.m.r. tube was warmed to 30" in the spectrometer and 
the changes in the spectrum observed with time. Signals 
due to 4 diminished with the simultaneous appearance of 
absorptions corresponding to benzene and dimethyl 
fumarate(T+ = 20 min). 

(trans)-2,3-Bis (lrydroxyt7iethyl) bicyclo[2.2.2]octa- 
5,7-diene Di-p-tol~renesulfonate (66) 

The adduct 3 (10.53 g) in acetone (250 ml) was irradi- 
ated for 5.5 h under the conditions set out above. The 
solvent was removed at 5" and the resulting oil subjected 
to vacuum (0.001 mm) at 5' for 1 h to remove all residual 
solvent. The viscous product was dissolved in dry ether 
(100 ml) at ice temperature and added dropwise over 
0.5 h to a stirred suspension of LiAIH, (1.5 g) in dry 
ether (150 ml) also cooled in ice. The mixture was stirred 
for 1 h a t  Oo, then 4 h a t  room temperature. Excess 

diphenylbenzene (5) (as observed in the 6.m.r. spectr;m 
of the mixture). This mixture was dissolved in pyridine 
(40 ml) and cooled at 0". Thenp-toluenesulfonyl chloride 
(10.0 g) was added with vigorous stirring and the reaction 
mixture allowed to stand for 2 h at 0' and overnight at 5O. 
It was then poured over crushed ice (100 g) and the 
mixture acidified with cold 2 N HCI. The gummy precipi- 
tate was extracted into chloroform (3 x 50 ml) and the 
extract washed with water (4 x 75 ml), dried (MgSO,), 
and evaporated under vacuuln to leave a red oil. This was 
rubbed with ether at O0 to afford crystalline di-p-toluene- 
sulfonate 66 (3.4 g, 36%) collected in the usual way. 
Recrystallization from ether-methanol provided pure 
66, m.p. 105.5" (dec.); p.rn.r. 6 (CDCI,) 1.18-1.45 (m, 
2H), 2.45 (s, 6H), 3.43-3.88 (m, 6H), 5.93--6.50 (m, 4H), 
7.35 (d, J = 9 Hz, 4H), 7.66 (d, J = 9 Hz, 4H) p.p.m. 

Anal. Calcd. for C24H26S206: C, 60.72; H, 5.52. 
Found: C, 60.87; H, 5.47. 

2,3-Ditiietl1ylenebicyclo[2.2.2]octa-5,7-diene (7) 
T o  a stirred solution of the di-p-toluenesulfonate 66 

(1.49 g) in dimethylsulfoxide (10 ml) at 20' was added 
potassium t-butoxide (0.9 g). The dark green reaction 
mixture was stirred for 1.5 h. Then petroleum ether 
(30-6O0, 10 ml) was added and the mixture poured over 
crushed ice (100 g). The organic layer was separated, the 
aqueous phase extracted with petroleum ether (2 x 40 
ml) and the combined organic phase washed with water 
(4 x lOOml), dried (MgSO,), evaporated t o  a low volume 
under vacuum, and washed through a colunin of alumina 
(Woelm: activity grade 1) (5 x 2 cm) with petroleum 
ether (50 ml). Evaporation (bath temperature 5') under 
vacuum left a waxy solid which was sublimed (25"/0.01 
mm) onto a Dry Ice cooled cold finger t o  afford long 
white needles of the tetraene 7 (0.31 g, 7573, m.p.40"; i.r. 
v,,, 888 (strong), 1584 (weak), 1618 (medium), 2990 
(medium), 3060 (weak, shoulder) cm-' (liquid film); 
p.m.r. 6 (CCI,) 4.08 (m, 2H, bridgehead), 4.75 (s, 2H, 
outside methylene), 4.98 (narrow d, J = 0.3 Hz, inside 
methylene), 6.32 (m, 4H, vinyl) p.p.m.; h ,,,.,, (log E )  

(cyclohexane) 242 (3.96), 221 (3.79) nm; mle M +  130. 
Anal. Calcd. for CloHlo: C, 92.26; H, 7.74. Found: 

C, 92.23; H, 7.81. 

Tetracyanoethylene Adduct I 1  
The tetraene 7 (0.021 g) and freshly sublimed tetra- 

cyanoethylene (TCNE) (0.021 g) were stirred for 1 h in 
tetrahydrofuran (0.4 ml) at 20". Evaporation and re- 
crystallization (ether-tetrahydrofuran) provided the ad- 
duct 11, m.p. 223-224"; p.m.r. 6 (CDCI,) 3.22 (s, 4H), 
4.53 (m, 2H), 6.80 (m, 4H) p.p.m.; tnle M + 258. 

Anal. Calcd. for C16H10Nq: C, 74.41; H ,  3.90. Found: 
C, 74.64; H,  3.78. 

Maleic Anl~ydride Adduct 12 
A solution of the tetraene 7 (0.032 g) a n d  maleic an- 

hydride (0.025 g) in dry chloroform (3 ml) was subjected 
to reflux for 4 h. Evaporation and recrystallization from 
ether provided the adduct 12, m.p. 158-159" (dec.); p.m.r. 
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6 (CDCI,) 2.32-2.93 (m, 4H), 3.27 (ni, 2H), 4.47 (m, 2H), 
6.70 (m, 4H) p.p.m.; tn/e M +  228. 

Anal. Calc. for C,,HL2O3: C, 73.67, H, 5.30. Found: 
C, 73.51; H, 5.34. 

Ditile//ij~/ Aceiyletiedicnrbosy~ate Arlrl~~ct 13 
A solution of tetraene 7 (0.115 g) and diniethyl acetyl- 

enedicarboxylate (0.130 g) in carbon tetrachloride (2.5 
ml) was heated to reflux for 10 h. Evaporation and re- 
crystallization from methanol provided the pure adduct 
13, m.p. 60.5-61"; p.m.r. 6 (CCI,) 3.10 (s, 4H), 3.66 (s, 
6H), 4.38 (ni, 2H), 6.64 (m, 4H) p.p.m.; tn/e M' 272. 

Anal. Calcd. for C,,H,,04: C, 70.58; H, 5.92. Found: 
C, 70.74; H, 6.05. 

Ditiiethyl Bei~zobarreletiedicnrbo~~ylnte (14) 
A solution of the adduct 13 (0.100 g) in benzene (2 ml) 

was stirred with 2,3-dichloro-5,6-dicyano-p-benzoquinone 
(DDQ) (0.095 g) for 8 h. The whole reaction mixture 
was then put onto a c o l ~ ~ n i n  of alumina (Woelm: activity 
grade 1) (8 x 1 cni) and eluted with benzene (50 ml). The 
total eluate was evaporated and the product recrystallized 
from methanol to give 14 (0.095 g), m.p. 103-104"; p.m.r. 
6 (CCI,) 3.78 (s, 6H), 4.92, (m, 2H), 6.81 (m, 4H), 7.40 
(s, 2H) p.p.m.; rille M +  270. 

Anal. Calcd. for C16H1404: C, 71.10; H, 5.22. Found: 
C, 71.30; H, 5.18. 

T/~ertnol Behavior. of Tetraetie 7 
(a) The tetraene 7 (0.08 g) was heated for 20 h at  80' 

in carbon tetrachloride (0.6 ml) under N,. Some poly- 
meric material precipitated, but the p.m.r. spectrum 
revealed only starting material. In particular no reson- 
ance for benzene was found. 

(b) A sample of 7 (0.08 g) was sealed in glass under N, 
and kept at 40" for 4 months. Upon opening there was 
recovered starting material (0.024 g) and an amorphous 
polymer (0.048 g). 

(c) Injection of an ethereal solution of 7 through the 
injection port of the g.1.p.c. instrument over the tempera- 

ture range 200-350" revealed no sign of decomposition 
products. 

Ir.rnrlia/ion of Tetraetze 7 
A 2 2  solution of the tetraene 7 in pentane was de- 

oxygenated, sealed under N, and irradiated for 10 h 
(Hanovia 450 W medium pressure H g  lamp) at 0". The 
solution became yellow and deposited a sticky yellow 
polymer. Analysis (g.1.p.c. and p.m.r.) of the supernatant 
solution revealed only starting material. 
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The Mechanism of Bromination of 2(1H)-Pyrimidinone, its N-Methyl 
and N,N'-Dimethyl Derivatives in Aqueous Acidic Solution 

Depnrtrlzetzt oj'Chettristry, Sir George Williottzs Ut~ii~ersit j ,  Motztrerrl 107, Q1rc4ec 

Received August 20, 1973 

Rates of bromination at the 5-positions of the title conipounds have been measured in aqueous 
sulfuric acid solutions. The reaction involves a rapid irreversible forniation of a 5-bronio-4,6-dihydroxy- 
hexahydro-2-oxopyrimidine which undergoes slow acid-catalyzed conversion to the corresponding 
5-bromopyrimidinone. If excess bromine is present the latter product reacts further to produce a 5,5- 
dibromo-4,6-dihydroxyhexahydropyrimidine. 

Les vitesses de bromation des positions-5 dans les composes du titre ont C t t  niesurtes dans des solutions 
aqueuses d'acide sulfiirique. La rtaction iniplique la formation rapide irreversible de la bromo-5 di- 
hydroxy-4,6 hexahydro 0x0-2 pyrimidine qui se transforme lentenient, sous une catalyse acide, en 
bromo-5 pyrimidinone correspondante. Ce dernier produit continue de rtagir en presence d'un exces 
de brome, pour donner la dibromo-5,5 dihydroxy-4,6 hexahydro pyrimidine. 

[Traduit par le journal] 
Can. J. Chem., 52,431 (1974) 

Due to  their biological and pharmacological 
I importance, pyrimidines have been extensively 

studied from a synthetic standpoint (1) but only 

1 recently have mechanistic studies been forth- 
coming (2). As part of a study of the electro- 
philic substitution of heteroaromatic c o n i p o ~ ~ n d s  
Katritzky and co-workers (3, 4) studied deutera- I tion at  the 5-position of 2(1H)-pyrimidinone 
l(R1 = H), 1-methyl-2(1 H)-pyriinidinone 1 (R1 
= Me), and the 1,2-dihydro-l,3-dimethyl-2-0x0- 
pyrimidinium ion 2 (R1 = R2 = Me). They 
concluded that these exchanges occur via the 
covalent hydrates 3 (R1 = R2 = H)  and 3(R1 = 
Me; R2 = H), and the pseudo-base 3 (R1 = R2 
= Me), respectively. A subsequent study of the 
nitration of these same derivatives (5) showed 
that l(R1 = H)  and l (R1 = Me) react as  their 
free bases but that the cation 2(R1 = R2 = Me) 
is unreactive. 

Following an earlier communication (6) ,  we 
now present more complete results of a study of 
the bromination of these pyrimidines in aqueous 
sulfuric acid solutions. Initially it was found that 
l(R1 = H), l (R1 = Me), and the cation 2(R1 = 
R2 = Me; anion = C1- or  HS0,-) react 
rapidly with bromine in aqueous solution at  

1 room temperature. Removal of the water under 
' reduced pressure followed by recrystallization 

of the solid residue gave the 5-bromo derivatives: 
I 6(R1 = H), 6(R1 = Me), 5(R1 = R2 = Me;  an- 
I 
I 'Author to whom correspondence should be addressed. 

ion = Br-). The facility with which the quater- 
nary salts reacted also suggested the intermediacy 
of the pseudo-base 3(R1 = R2 = Me)  and thus, 
by analogy, that the parent compound l (R = H) 
reacts via its covalent hydrate 3(R1 = R2 = H). 
The  changes occurring during bromination were 
then monitored spectrophotonietrically. Upon 
addition of aqueous bromine to  an  acidic solu- 
tion of the cation 2(R1 = R2 = Me), the u.v. 
absorption of the latter disappeared immediately 
but only slowly was it replaced by absorptions 
appropriate to the 5-bromo cation 5(R1 = R2 
= Me). Similar behavior is exhibited by the 
other substrates l (R1 = H or Me), namely, that 
the solution obtained from mixing eqilimolar 
quantities of solutions of these substrates and 
bromine had no significant absorption above 
220 nm. These observations suggested the initial 
formation of nonaromatic adducts o f  the type 4 
(see Scheme 1) for which there are precedents. 

Barbieri et al. have isolated derivatives of the 
type 11 formed during the bromination of some 
2-sulfonamidopyrimidines (7). Likewise the bro- 
mination of 1,3-dimethyluracil has been postu- 
lated (8) to  occur via the intermediate 12(R1 = 
Me; R2  = H)  and thymine reacts with bromine 
to form the 5-bromo-5-methylhexahydropyrimi- 
dine 12(R1 = H ;  R 2  = Me) (9). Furthermore, 
with excess bromine uracils give 5,5-dibromo 
derivatives 12(R2 = Br) (1, 2). 

Attempts to  isolate and characterize the 
adducts 4 failed, giving white labile materials 
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H + 

(if  R~ = H )  

R' R' 

fast  1 Br2 
-Bi 

slow -H+ i 

H OMe which readily transform to the 5-bromo products 

FJ; x- :f- 5 or 6. However they may be  observed using 
n.m.r. spectroscopy. Upon addition of bromine 
t o  D,O solutions of l(R1 = H or Me), and 

N M e 0  NHs02Ar 2 ( ~ '  = R' = Me) signals appropriate to 4 are 
R' H observed. The 5-proton appears as a complex 
10 1 1  multiplet centered at 6 4.4 and the 4,6-protons 

o as  a multiplet a t  6 5.0 with relative integrated ;fJ; intensities of approximately 1 : 2. The N-methyl 
protons, if present, appear a t  6 2.88. Repeat 
experiments using substrates having deuterium 

HO a t  the 5-position give spectra lacking the absorp- 
R' tions a t  6 4.4 and showing much simplification 
12 of the multiplet at 6 5.0. The complexity of the 
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TEE AND BANERJEE: BROMINATION OF 2-PYRIMIDINONE 

TABLE I. Variation of the rate of appearance of the brominated prod- 
uct 5 with acidity for the substrates 10 at 30 "C 

-- -- 

[H2S041 [H30 + I* kobs x lo4t 
R' R2 X- (M) ( M )  (min-I) 

H H C1- 0.250 0.261 1.88 
0.300 0.311 2.19 
0.400 0.411 3.19 
0.500 0.511 4.12 

Me H C1- 0.250 0.261 6.10 
0.350 0.361 7.95 
0.400 0.411 9.5 
0.500 0.511 12.0 

Me Me HS0,-$ 0.050 0.059 5.91 
0.100 0.110 10.8 
0.250 0.261 28.3 
0.300 0.311 34.1 
0.430 0.441 53.3 
0.500 0.511 63.3 
0.665 0.677 80.6 
0.690 0.702 84.00 
0.500 0.511 34.51) 
0.75 - 72.611 
1 .oo - 97.1 jl 

'Calculated from the molarity of H,SOI assuming the second dissociation constant 
of HZSOI is K2 = 1.2 x (12). 

tAverage from two or more determinations. Estimated errors are less than 5%. 
$Data for this compound are shown in Fig. 1. 
§Single run. 
/ /At 25 'C. 

multiplets and the N-methyl absorptions suggest 
that the species 4 may be present in more than 
one diastereomeric form. 

With time the n.m.r. absorptions we assign 
to 4 decrease, and are replaced by those ap- 
propriate to the 5-bromo derivatives 5 and 6. 
These also react with bromine to give materials " 
with no significant u.v. absorptions and which 
are presumably the 5,5-dibromo-4,6-dihydroxy- 
hexahydropyrimidines 7. Indeed for 7(R1 = R2 
= Me) a white crystalline material was isolated 
whose elemental analysis, n.m.r., and mass 
spectra are consistent with the proposed struc- 
ture. The n.m.r. (in DMSO-d,) shows two 
singlets: 6 2.87, area 3 (N-Me); 6 5.00, area 1 
(C4,,-H). The mass spectrum has three peaks 
at m/e 316, 31 8, 320 (approximate ratio 1 : 2: 1) 
as expected for 7(R1 = R2 = Me) having two 
bromines. 

The bromination of the title compounds 
seems, then, to involve a rapid reaction with 
bromine to give adducts 4 which slowly undergo 
elimination to yield the 5-bromo derivatives 5 
and 6. The kinetics of this latter process were 
measured spectrophotometrically by monitoring 
the u.v. absorption of the products as a function 
of time. At fixed acid concentrations, first-order 

kinetics were observed for all three substrates 
and the rate constants presented in Table 1 were 
obtained. Part of these data are shown in Fig. 1. 
Clearly the process being followed is acid 
catalyzed, as would be expected for the dehydra- 
tion 4 F? S 4 9 F? 5 (see Appendix). The pres- 
ence of N-methyl groups facilitates the reaction, 
presumably by increasing the proportion of 8 
relative to 4. 

Kinetics were also measured in stronger acid 
(1.0-2.19 M H,SO,) for 2(R1 = R' = Me, 
HS04-) but a minor complication arises in this 
region in that first-order plots for the increase 
of product absorbance are significantly curved 
(10). This we believe to be due to the formation 
of some 7(R1 = R2 = Me) which in a very slow 
process reverts to 5(R1 = R2 = Me) and so 
precludes accurate measurement of A,. 

As the aciditv of the medium increases. the 
2 .  

proportion of the pseudo-base 3 relative to the 
cation 2 is decreased (3, 4). Consequently at the 
hieher acid concentrations it is observed that 

u 

the time for the initial rapid disappearance of 
bromine is perceptibly longer, since the conver- 
sion 2 -t 4 is retarded. At the same time. how- 
ever, the increased acidity facilitates the process 
4 -+ 5, and at higher acidities it is quite possible 
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TABLE 2. Variation of rate of appearance of the brorninated prod- 
uct 5(R1 = R2 = Me) with the acidity function Ho for the sub- 

strate 10(R1 = R2 = Me; X = HSO,) at 30 "C 

1 .OO -0.30 1.75 - 1.7570 
1.28 -0.48 2.66 - 1.5751 
1.50 -0.61 3.68 - 1.4342 
2.00 -0.89 5.96 - 1 .2248 
2.19 -0.99 8.47 - 1.0721 

'Average of  two o r  more determinations. Estimated errors less than  5%. 
?These values are plotted against H ,  in  Fig. 2. 

that 2 (through 3) and 5 (through 9) may compete 

75 

- 
E 

-d 

0 
x 50 

'9 
a 

x 

25 

for bromine and that some of 5 be converted to 
the dibromo product 7. This would explain why 
the A, measured is less than anticipated but 
does not explain the curvature we have observed. 
The absorbance measured after 10 half-lives 
(A,) did not remain constant but gradually 
increased well after the reaction should have 

o 2 o 4 0 6  H3oC,W bromine to give 7 (via 9). However, following 

FIG. 1. Variation of the rate of appearance of the the mO1 equiv. 
product 5(R1 = R2 = Me) with acidity (30 OC). bromine during the formation of 4, one can 

-- 
1 significantly during the normal time of measure- 

1 ment of absorbance values, it influences the final 

1 absorbance value to a small extent. Hence on 

- 

'' lowering A, slightly to correct for this reaction, 
! good straight first-order plots were obtained for 

theoretically gone to completion if it was 
strictly limited to the conversion 4 -, 5. This 
observation suggests a further slow formation of 

- 

- 

the 5-bromo product 5. In a separate experiment 
it was noted that when the 5,5-dibromo adduct 
7 was dissolved in 2 M H,SO, solution absorp- 

the rate of appearance of 5. Values of A, were 
chosen to give the best least squares fit of the 
absorbance data to a first-order plot. Rate 
constants derived from such plots are shown in 
Table 2, and they exhibit a linear dependence 
upon acidity as anticipated (see Fig. 2). 

Experiments were also carried out in which 
the initial bromine concentration was more than 
twice that of the pyrimidine substrate. Under 

tion appropriate to 5 appeared very gradually 
over an extended period of time. 

It seems likely, therefore, that the inaccurate 

' these conditions one cannot directly observe the 
1 I I , 1 appearance of 5 since it reacts rapidly with 

value of A,, which leads to the curvature of the 
first-order plots, is due to a slow conversion of 
7 to 5. Although this reaction does not occur 

FIG. 2. Variation of the rate of appearance of the 
product 5(R1 = R2 = Me) with the acidity function Ho 
(30 "C). 
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T E E  AND BANERJEE: BROMIN 

observe a slow decrease in bromine absorbance 
as the remaining bromine is consumed by 5 as 
rapidly as the latter is formed. Consistent with 
this interpretation, rate constants obtained by 
measuring the decreasing bromine absorption 
are, within experimental error, identical t o  those 
measured for the appearance of 5 in the absence 
of excess bromine.' 

In the dehydration of the intermediate 4 it is 
envisaged that the slow step is the removal of 
the proton a t  the 5-position of 8. T o  test 
this hypothesis 5-deuterio-2 (R1 = R2 = Me, 
HS0,-) was prepared by isotopicexchange (3,4), 
and the rate of its bromination was measured. 
In 0.5 M H'SO, it gave k,,, = 10.8 x lo- ,  
min-' from which k, ,~/kObsD = 5.9. Such a 
large isotope effect is entirely consistent with 
the rate-determining rupture of C,-H bond of 
the intermediate 8 (1 

Work in progress also implicates covalent ad- 
ducts similar t o  4 in the bromination of other 
pyrimidine substrates. 

Experimental 
The melting points given below are uncorrected. 

Ultraviolet determinations were made on a Cary 14 
instrument, n.m.r. spectra werc obtained from a Varian 
A-60 spectrometer, and the mass spectrum was run on a 
Perkin-Elmer-Hitachi RMU-6E mass spectrometer. 
Elemental analyses were performed by Galbraith Labs. 
Inc., Knoxville, Tennessee, and by A. B. Gygli, Toronto, 
Ontario. 

2-Pyrin~idinor~e Hydrochloride (10, R' = R2 = H; 
X = Cl) 

This compound from Aldrich was recrystallized from 
ethanol-water before use. 

l-Metl1yl-2-pyrin1irlino,1e Hydrochloride (10, R1 = Me;  
R 2 = H ; X =  CI) 

This compound was prepared by literature methods 
(4, 13). 

I ,2- Dihydro-l,3-dimetI1yl-2-o.uopyrir,lin1 Hydrogen 
Sulfate (10, R' = R2 = Me; X = H S 0 4 )  

Previously (4) this compound was made from the 
corresponding chloride by treatment with silver sulfate. 
It is more conveniently made by direct condensation. 

1,3-Dimethylurea (8.8 g, 0.1 mol) in 40 ml absolute 

2For example, in 0.5 M H2S04  at 25 "C the rate con- 
stant obtained by monitoring product increase in the 
absence of excess bromine was 3.45 x lo-, min-I 
(average of 10 runs). That obtained by monitoring 
bromine decrease was 3.62 x lo- ,  min-' (average of 
three runs), when initial bromine exceeded that of 
pyrimidine substrate. 

,It should be noted that of the species 1-9 and 1 3  
only 8 and 1 3  have not been directly observed. 

ethanol was added t o  1 ,I ,3,3-tetraethoxypropane (22 g, 
0.1 mol) and the resulting solution was cooled in ice water. 
Upon dropwise addition of 9 5 2  sulfuric acid (20 g, 0.2 
mol) the stirred solution became yellow and deposited an 
orange-yellow precipitate. The mixture was then heated 
at 50" for 30 min. Cooling to room temperature and 
filtration gave 21 g (95Y,) of pale yellow crystals. Re- 
crystallization from ethanol-methanol-water afforded 
18.3 g (832) long colorless needles, m.p. 204-206", 
reported (4) m.p. 200-205". The n.ni.r. spectrum agreed 
with literature values (4). 

Anal. Calcd. for C6HION2O5S: C, 32.43; H ,  4.54; N ,  
12.61. Found: C, 32.54; H,  4.59; N ,  12.72. 

The 5-deuterated material was prepared by heating a 
sealed glass tube containing 2.2 g (0.01 mol) of the above 
crystals in 10 ml deuterium oxide at 100" for 10 days. The 
tube was cooled to O", opened, and the contents were 
decolorized by filtration through "Norite". Solvent 
removal and recrystallization from ethanol-water gave 
1.82 g (81%) of longcolorless needles.The n.m.r. spectrum 
in D 2 0  showed less than 3% protii~m at the 5-position of 
the pyrimidine ring. 

5-Brott10-2-py,i11icli,1011e (6, R' = H )  
This was made in 84% yield by the method of Crosby 

and Berthold (14) but using 2-pyrimidinone hydrochloride 
in place of the free base. 

5-Bron1o-I-n1etl1yl-2-pyri1~1idinone (6, R1 = Me) 
T o  1-methyl-2-pyrimidinone hydrochloride (0.5 g, 

3.4 mmol) in 5 ml water was added saturated bromine 
water until color persisted. Removal of the solvent under 
reduced pressure gave a yellow material, which was 
recrystallized from ethanol to give white flakes, m.p; 
237-239" (darkens at 180"), reported (15) m.p. 210-211 
(darkens at  170"); n.m.r. (D,O), F 3.97 (s, 3, CH,), 9.49 
and 9.33 (AB "quartet" J4,6 = 3 HZ. 1 and 1. H4 and 
Hs). 

Anal. Calcd. for C5H5N20Br:  C, 31.78; H, 2.65; N .  
14.83; Br, 42.28. Found: C, 31.80; H, 2.75; N, 14.85; 
Br, 42.17. 

5-Brotno-I ,2-dil1ydro-l,3-ditt1etl1yl-2-oxopyrimidit1i111t1 
Brornide (5 ,  R' = R2 = Me; utrior~ = Br-) 

To 1,2-dihydro-1,3-dimethyl-2-oxopyrirnidinium chlo- 
ride (4) or sulfate (1 rnmol) was added 1 0  ml of 0.1 M 
bromine water. The resulting solution was reduced t o  
dryness, and the pale yellow residue was recrystallized 
from ethanol to give 0.189 g (67%) bright yellow crystals, 
m.p. 267-268" (dec); n.m.r. (D20),  F 3.88 (s, 6, N,,,- 
CH,), 9.05 (s, 2, H4.6); U.V. spectrum (9.52 H2S04), 
h,,, (log E) 222 (4.10), 346 (3.85). 

Anal. Calcd, for CsHsN20Br2: C, 25.38; H, 2.84; N, 
9.87; Br, 56.28. Found: C, 25.59; H, 2.82; N, 9.76; Br, 
56.06. 

5,5- Dibromo-4,6-di/1ydroxy-1,3-dimethy/l1exul1ydro-2- 
oxopyrit7ziditle (7, R 1 , =  R2  = M e) 

T o  1 g (3.5 mmol) of the product o f  the previous 
preparation was added saturated bromine water until 
color persisted. A white material (0.97 g, 87%) immediately 
precipitated from solution, m.p. 135" (dec); n.m.r. 
(DMSO-ds), 6 2.87 (s, 6, N1,3-CH3), 5.00 (s, 2, 
3.40 (broad, 2, 04,6-H); mass spectrum mle, 316, 318, 
320 (approximate ratio 1 :2 : 1). 

Anal. Calcd. for C6HloNZO3Br2: C, 22.67; H, 3.15; 
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TABLE 3. Ultraviolet spectral data and protonation pK,'s of the pyrimidine substrates 
and their 5-bromo derivatives 

-- 

Pyrimidine PK, p H  or H, L a x  (log E )  Reference 

1,2-Dihydro-1,3-dimethyl-2-0x0- 
pyrimidinium hydrogen sulfate 

5-Bromo-2-pyrimidinone 

5-Bromo-l,2-dihydro-l,3-dimethyl-2- 
oxopyrimidinium bromide 

*For the equilibrium 2 ri 3, K = [31[Ht1/[2] = (4). 
?This work. 
f For the equilibrium 5 e 9, K = [9] [H' 1/15 1. 

N, 8.81; Br, 50.27. Found: C, 22.63; H, 3.05; N, 8.86; Appendix4 - - 
Br, 50.13. I t  is proposed that rates we have measured are 
Kinetic Procedures (10) for the reaction 

Sulfuric acid and sodium thiosulfate solutions were 
prepared from commercial standard volumetric con- K k 4 +  H f S 8 - 9 S 5  
centrates. Solutions of bromine in aqueous sulfuric acid slow 
were estimated by titration against sodium thiosulfate. 
This must be done frequently since bromine loss to the For this scheme rate = k,,,[5] = k[8], since 
air is considerable. 

The concentration of hydronium ion in dilute acid [5] >> [9] .  However, the rate of appearance of 5 
solutions was calculated assuming the second dissociation the rate the stOichiOmetric dis- 
constant of sulfuric acid to be 1.2 x (12). For appearance of 4 ,  and thus . , - 
stronger acid solutions values of H, were obtained from 
Johnson et al. (16) using "wt HzS04" calculated from rate = k,,, [4],, = k[8], 
"molarity" and the known density of sulfuric acid -water and 
mixtures (17). 

Rates of product formation were measured by moni- 
toring a suitable wavelength in the region 365-375 nm 
using a Cary 14 spectrophotometer. Temperature control 
was maintained by circulating water through the cell 
holders from a Neslab TE9 constant temperature bath 
kept at  30.00 + 0.02 "C. Solutions were kept at 30 O C  
prior to  mixing and the start of kinetic measurements. 
Normally (> 15) absorbance values were measured over 
at least 2 half-lives, and A, values measured after at 
least 10 half-lives. Plots of In  (A, - A )  us. time gave 
good straight lines but only those having correlation 
coefficients > 0.9998 were used to calculate rate con- 
stants. Such rate constants were independent of the initial 
concentrations of either bromine or pyrimidine substrates. 

The rate data for the 5-deuterio substrate show initial 
curvature due to the preferential consumption of the 
small amount of protio material ( i  373. Rate constants 
were obtained by the method of Brown and Fletcher (18) 
which utilizes the latter portions of the rate data which 
are very linear. The initial curvature corresponded to 
< 3 z  protio material in agreement with the estimate from 
n.m.r. spectra. The rate constant for 5-deuterio substrate 
given in the text is the average of three determinations 
(1.05, 1.08, and 1.10 x min-I). 

Ultraviolet spectral data for the pyrimidine substrates 
and their 5-bromo derivatives are presented in Table 3. 

where [4 l , t  = (PI + [81) 
For the equilibrium between 4 and  8, 

and so 

Therefore, 

a familiar result. 
Also as long as  the equilibrium lies in favor of 

4, i.e. K >> [H'], then 

and acid catalysis should be observed. 

4The development of these equations was requested by 
a referee. 
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Our results require,  therefore, tha t  even in the  
strongest acid (2 M H,SO,), tha t  4 predominates  
over  8. One might expect  tha t  t h e  equi l ibr ium 
fo rmat ion  o f  a n  iminiuni  i o n  f r o m  a carbinola- 
mine would be relatively complete  in  such a 
medium.  I n  the  present  case, howevcr,  the  
iminium system o f  8 is conjugated t o  a carbonyl  
a n d  its equi l ibr i~ini  fo rmat ion  should be  less 
facile. Fur the rmore ,  t h e  observation of 4 (by 
n.m.r.), bu t  n o t  8, in solutions o f  1-2 M acid is 
consistent with a value of K >> 1. 

The authors thank the National Research Council of 
Canada for financial support. Some of the preliminary 
experiments in this study were carried out in the labora- 
tory of Prof. Keith Yates a t  the University of Toronto. 
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Deuterium Isotope Effect on Shifts of 13C Magnetic Resonance 
Signals of Sugars: Signal Assignment Studies1 

PHILIP A. J.  GORIN 
Prnirie Regional Lrrborrrrory, Nnrionnl Reserrrch Corrt~cil of Conorln, Soskrrroon, Saskrrrchevvnn S7N OW9 

Received October 12, 1973 

The 13C chemical shifts of nuclei in several sugars undergo an isotope effect of 0 to -0.10 p.p.m. 
when a proton in the !3 position is substituted by a deuteron. The effect may be used for signal assignments 
in crowded spectra if it is taken into account that lower values are observed for 13C nuclei which are 
attached to more electronegative groups. The !3 effect coupled with the elimination of the a-carbon 
signal have been used to assign signals in c.m.r. spectra of the a-and !3-anomersof~-glucose, D-mannose, 
D-allose, and D-galactose. 

Les dCplacements chimiques du 13C de plusieurs noyaux dans diffkrents sucres subissent un effet 
isotopique de 0 a -0.10 p.p.m. lorsqu'un proton en position !3 est remplact par un deuterium. Cet 
effet peut Ctre utilist lors de I'attribution des signaux d'un spectre complexe si I'on tient compte du fait 
que I'on observe les valeurs les plus basses pour les noyaux 13C attachts aux groupes les plus ClectronCga- 
tifs. L'effet !3 en mCme temps que I'tlirnination du signal a-carbon, a CtC utiliste pour attribuer les 
signaux des spectres r.m.c. de I'ag-D-glucose, de I'afl-D-mannose, de I'afl-D-allose et de I'aB-D-galactose. 

[Traduit par le journal] 

Can. J .  Chem., 52.458 (1974) 

Signals of carbon- 13 magnetic resonance 
(c.m.r.) spectra can be assigned following replace- 
ment of a given proton by a deuteron. The 
signal of the attached 13C nucleus either dis- 
appears (1) or is converted to a triplet (2) at 
0.1-0.5 p.p.m. higher field (3-6). Progressively 
smaller upfield shifts are observed for signals of 
the P-carbon (-0.1 p.p.m.; (3,5-7)) and y-carbon 
(-0.01 p.p.m.; (6)) nuclei. 13C-C-'H (5, 7) 
and '3C-C-C-2H (6) coupling can also occur. 

In  the carbohydrate field the 13C-'H effect, 
in which the I3C signal is eliminated, has been 
used to assign c.m.r. signals (8). The current 
results show that the I3C-C-'H effect can 
also be used for assignment of certain sugar 
signals. For example, C-5 signals of hexose 
derivatives are identifiable using 6-'Hz derivatives 
which are more easily prepared than 5-'H 
derivatives (9). The upfield shift of the C-5 
signal is -0.12 p.p.m. (measured to an accuracy 
of f 0.01 p.p.m.) (Table 1). The values were 
determined using mixtures of deuterated and 
undeuterated material in D 2 0  using conditions 
that do not detect differences of shift of <0.02 
p.p.m. Assignments of C-5 signals for a- and 
P-anomers of D-mannose and D-galactose agree 
with previous ones obtained in H 2 0  (10, 11). 
Although shifts of C-5 signals of up-D-glucose 
in D 2 0  differ a little from those described in 

'NRCC No. 13613. 

H 2 0  (8), the assignments essentially agree (see 
Experimental section). 

The upfield shifts due to the  13C-C-'H 
effect in a number of rnonodeuterated hexoses 
were determined and recorded in Table 1. Their 
magnitude varied from approximately 0.01 to 
0.10 p.p.m. per deuteron which is less than 
0.09-0.15 p.p.m. observed with compounds 
having less electronegative substituents on the 
P-carbon (3, 5). (In contrast with nonoxygenated 
derivatives, 13C-C-'H and 3 ~ -  C-C-'H 
coupling (5-7) were not detected.) Similarly, 
an inverse relationship between the size of the 
shift and the deshielding on the 13C nucleus was 
observed. The C-1 resonances of ap-D-glucose- 
2-'H and aP-~-mannose-2-'H are shifted 0-0.02 
p.p.m. upfield, compared with the C-3 resonances 
of the methyl 2,3-di-0-methyl derivatives of a-D- 
glucopyranoside-4-'H and a-D-galactopyrano- 
side-4-'H (0.04 p.p.m.), and the other P-CHOH 
derivatives (0.05-0.10 p.p.m.). N o  variation was 
noted on going from an axial t o  an equatorial 
'H nucleus. 

I t  is possible, therefore, using the a- and P- 
carbon effects t o  assign the 13C nuclei in spectra 
containing signals that are very close together, 
such as those of ~ P - D - ~ ~ u c o s ~  and  ap-D-allose. 
The signal assignments obtained for ap-D- 
glucose, up-D-mannose, and BD-allose in D 2 0  
agree essentially with those made by Perlin 
and co-workers (8, 10) and somewhat less with 
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TABLE 1. Upficld displacement of '3C-C-2H signals of sugars* compared with those of 
corresponding 13C-C-'H resonances in p.p.m. 

Sugar Displacement 
I 

ap-~-Glucose-2-~13 Cp-3 (0.06), c.-3 (0.05); c,-1, cp-1 (0-0.02) 
ap-~-Glucose-3-~H Cp-2 (0.05), Cp-4 (0.06); C,-2, C,-4 obscured 
a ~ - ~ - G l u c o s e - 5 - ~ H  C,-4, C.-6, Cp-6 (0.06) ; C,-4 obscured 
ap -~-Glucose -6 -~H~ c,-5, c,-5 (0.12) 
ap-~-Mannose-6-~H, C,-5 (0.11), C.-5 (0.13) 
ap-~-Galactose-6-~H, C,-5 (0.12), Cp-5 (0.10) 
ap-~-Galactose-4-~H cp-5  (0.04), cp-3 (0.06), C,-5 (0.06), C.-3 (0.10) 
ap-~-Allose-3-~H c.-2, Cp-2 (0.09) ; C,-4, Cp-4 (0.08) 
ap-~-Mannose-2-'H c.-3, cp-3 (0.06); c,-1, cp-1 (cO.02) 
Methyl 2,3-Di-0-methyl-a-D-galactopyrano~ide-4-~H C-3 (0.04), C-5 (0.08) 
Methyl 2,3-Di-0-methyl-a-D-gl~copyranoside-4-~H C-3 (0 .a), C-5 (0.07) 

*a and p subscripts refer to configuration of hexose. 

those of Dorman and Roberts (I]), who both 
used H 2 0  as solvent. In the case of up-D-galactose 
in D 2 0 ,  the present assignments of the six low- 
field signals agree with those of both groups of 
workers. However, the next four signals at 6, 
69.96, 69.81, 69.40, and 69.01 should be given 
different assignments of C,-4, C,-3, Cp-4, and 
C,-2. Examination of the c.m.r. spectra of up-D- 
gala~tose-4-~H and unmutarotated a-D-galactose 
served to assign the C,-4 and Cp-4 signals. The I remaining Ca-3 and C,-2 signals were dis- 

I , tinguishable since the spectrum of up-D-galactose 
mixed with its 4-'H derivative contained C,-3 
as two signals with a 0.10 p.p.m. shift difference. 
Repetition of these experiments using aqueous 
solutions indicated a similar order of signals. 

Three deuterated compounds were prepared 
for spectral examination. Methyl 6-0-benzoyl- 
2,3-di-0-benzyl-p-D-glucopyranoside (12) was 
oxidized with dimethyl sulfoxide - phosphorus 
pentoxide to the 4-keto derivative. Reduction 
with sodium borodeuteride followed by debenzy- 
lation gave a mixture containing methyl 2,3-di- 
0-benzyl-~-~-galacto~yranoside-4-~H. It was 
hydrogenolyzed using palladium on charcoal 
and the product hydrolyzed with acid. Chroma- 
tography on a column of cellulose provided the 
required galactose-4-2H. In another reaction 
sequence methyl 2,3-di-0-methyl-u-D-glucopy- 
ranoside (13) was converted to its 6-benzoate, 
which was oxidized by dimethyl sulfoxide - acetic 

' anhydride to the 4-keto derivative. Sodium 
) borodeuteride reduction gave the 6-0-benzoyl-D- 

galacto isomer as the predominant one and a por- 
I 

tion was debenzoylated to give required methyl 
I 2,3-di- 0-meth~l-u-~-~alacto~~ranoside-4-~H. 
I Another portion of the 6-0-benzoyl derivative 

was converted to its 4-0-p-toluenesulfonyl deriv- 
ative which was treated with sodium benzoate in 
refluxing N,N-dimethylformamide t o  give methyl 
4,6-di-0- benzoyl-2,3-di- 0-methyl-or-D-gluco- 
pyrano~ide-4-~H. Debenzoylation gave methyl 
2,3-di-0-methyl-a-~-~luco~~ranoside-4-~H. 

Experimental 
Carbon magnetic resonance spectra were obtained 

using a Varian XL-100-15 spectrometer with Fourier 
transform on D 2 0  solutions (0.5 ml) of compound (80 
mg) contained in a coaxial cylinder within a 12 mm 
diameter x 8 in. tube maintained at 33". The spectral 
width was 500 Hz (the total spectrum being thus obtained 
by combining two portions); the acquisition time 4 s, 
and the pulse width 117 ps, representing a 90' pulse. 
The number of transients used was approximately 18 000. 
In order to determine the extent of the '3C-C-2H shift, 
spectra of deuterated and undeuterated sugar were 
obtained and then a mixture of deuterated and un- 
deuterated compound was prepared and examined. The 
latter spectrum was expanded by a factor of two which 
facilitated manual measurement of the shift difference. 
Chemical shifts are in p.p.m., based on the downfield 
difference of the resonance signal and that of external 
tetramethylsilane. Dioxane ( t j c  67.22) was used as  
internal standard. 

Preparation of Deuterated Derivatives 
cc-~-Glucose-3-~H, p-~-allose-3-~H (8), a-D-glucose-2- 

'H, a-~-mannose-2-~H (14), and cc-~-glucose-5-~H (15) 
were prepared as described. The preparations of other 
deuterated derivatives are  presented below. 

a-~-Glucose-6-~H~ 
1,2-0-Isopropylidene-a-~-glucofuranose-6-~H, was pre- 

pared from 1 ,2-0-isopropylidene-a-D-glucofuranurono- 
6,3-lactone using the same procedure as described for 
preparation of the 5,6,6'-'H3 derivative from 1,2-0-iso- 
propylidene-a-~-xylohexofuranurono-6,3-lactone-5-ulose 
(8). Hydrolysis with 0.05 M H2SO4 at 100° for 1 h gave 
a-~-glucose-6-~H~ (from MeOH) with m.p. 144-145" 
and [a],25 + 103 + +4g0 (c, 0.4 HzO; constant value). 
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Anal. Calcd. for C6DHl C, 39.56; H + D, 7.74. 
Found: C, 39.3; H + D, 7.8. 

a-~-Galaclose-6-~H~ 
D-Galacturonic acid (0.40 g) was treated with refluxing 

37, methanolic hydrogen chloride (10 ml) for 3 h, the 
solution neutralized (Ag2C03), filtered, and evaporated 
to a sirup. Dissolution in 0.1 M NaOCH, in methanol 
(5 ml) was carried out and sodium borodeuteride (0.10 g) 
added. After 18 h the solution was evaoorated. Na+ 
removed with a suspension of ~mber l i t e  1 ~ 1 2 0  (H+ 
form) in water, and boric acid was removed as trimethyl 
borate by repeated evaporations of methanol. The result- 
ing methyl galactosides were hydrolyzed in 0.5 M 
sulfuric acid (5 ml) at 100' for 6 h, the solution neutralized 
(BaCO,), filtered, and the filtrate deionized with mixed 
bed resin. The residue obtained on evaporation crystal- 
lized from methanol giving a-~-galactose-6-~H~ with 
m.p. 159-161" and [aIDZ5 +I34 -> +7g0 (C, 0.3 H20;  
constant value). 

Anal. Calcd. for C6D2Hlo06:  C, 39.56; H + D, 7.74. 
Found: C, 39.6; H + D,  7.6. 

a -~ -Mannose -6 -~H~ 
Using a procedure similar to that described above B-D- 

mannofuranurono-y-lactone (200 mg; supplied by ICN- 
K&K Laboratories) was converted to a-~-rnannose-6-~H, 
(80 mg from EtOH) with m.p. 122" and [aIDZ5 + 25 -> 
+ 15' (c, 0.3 H 2 0 ;  constant value). 

Anal. Calcd. for C,D2Hlo06: C, 39.56; H + D, 7.74. 
Found: C, 39.2; H + D,  7.8. 

a-~-Galacrose-4-~H 
Methyl 6-0-benzoyl-2,3-di-0-benzyl-~-~-glucopyrano- 

side (1.90 g) was dissolved in dimethyl sulfoxide (50 ml) 
containing phosphorus pentoxide (7 g). After 1 week 
chloroform was added to the reaction mixture which was 
washed with water and evaporated. Thin-layer chroma- 
tography on silica gel (solvent, chloroform) showed the 
presence (spray, 50% sulfuric acid) of unchanged material 
and a faster moving spot corresponding to a ketone. After 
longer reaction times the relative amount of the faster 
spot did not increase. Use of the a-anomer as starting 
material was unsuccessful. The mixture was fractionated 
on a column of silicic acid (eluant, chloroform, 2:hexane, 
3) to give the ketone (0.15 g) and a mixed fraction (1 .I2 g), 
from which the benzoate (0.35 g) crystallized. The mother 
liquor was evaporated and treated in methanol (I0 ml) at 
-20" with sodium borodeuteride (0.20 g). After 1 h the 
product partitioned between water and chloroform. To 
the chloroform layer was added 0.1 M sodium methoxide 
in methanol (10 ml) in order to remove the benzoate 
group. The product was fractionated on a column of 
silicic acid, using as eluants chloroform followed by 
chloroform containing 2% methanol. Crystallization of 
the eluate from ether-hexane gave methyl 2,3-di-0- 
benzyl-0-D-glucopyranoside (0.27 g) and 0.13 g of sirupy 
material. The original sirupy ketone fraction (0.15 g) was 
reduced with NaBD, in a fashion similar to  that described 
above, the product debenzoylated and combined with the 
above sirupy material (0.13 g). Hydrogenolytic debenzyla- 
tion of the product with 5% palladium on charcoal in 
acetic acid gave a mixture of methyl 13-D-glucopyranoside 
and methyl 0-D-galactopyranoside (0.14 g). Hydrolysis 
with 0.5 M H2S0, (5 ml) for 6 h at 100" gave galactose 

and glucose which were separated on a column of cellu- 
lose (eluant, n-butyl alcohol containing 5% water) pro- 
viding a fraction containing galactose (60 mg). Crystalli- 
zation from methanol gave a-~-galactose-4-~H (36 mg) 
with m.p. 160-161" and [aIDZ5 +I27 -> +76" (c, 0.1 
H 2 0 ;  constant value). 

Anal. Calcd. for C,DHllO6: C, 39.68; H + D, 7.23. 
Found: C, 39.5; H + D,  7.4. 

Methyl 2.3-Di-0-methvl Derivatives of a-D-Galacloavra- - .  A - 
n0side-4-~H and a ~ ~ - ~ l r t c o ~ ~ r a ~ 1 o ~ i d e - 4 - ~ ~  

Using benzoyl chloride (1.1 mol/mol) in pyridine as 
reagent methyl 2,3-di-0-methyl-a-D-glucopyranoside 
(3.60 g) was converted to its sirupy 6-benzoate (6.31 g). 
The product gave a single spot on t.1.c. (solvent, chloro- 
form containing 4% methanol) and had [a]D25 + 108" (c, 
0.5 EtOH); p.m.r. data (dimethyl ~ u l f o x i d e - ~ H ~ ;  tetra- 
methylsilane as external standard), 6 5.74 (J = 5 Hz, 
secondary OH). 

Anal. Calcd. for CI6H22O7: C, 58.88; H, 6.80. Found: 
C, 58.4; H, 6.6. 

The benzoate was dissolved in dimethyl sulfoxide (30 
ml) containing acetic anhydride (20 ml). After 18 h the 
mixture was partitioned between chloroform and water 
and thematerial in thechloroform layer chromatographed 
on a column of silicic acid (eluant, chloroform, 1 : hexane, 
I). The product (5.9 g) gave two spots on t.1.c. (solvent, 
chloroform containing 3% methanol), the slower of 
which corresponded to the ketone. The mixture was 
reduced with sodium borodeuteride (for procedure see 
the above reduction of the di-0-benzyl derivative) and 
the product chromatographed on a column of silicic acid 
(eluant, chloroform) to give methyl 6-0-benzoyl-2,3-di-0- 
a-D-galactopyrano~ide-4-~H which contained a trace of 
the a-D-glucopyranoside isomer. 

Debenzoylation of a portion gave methyl 2,3-di-0- 
methyl-a-D-galactopyrano~ide-4-~H, which had a c.m.r. 
spectrum that would be anticipated from that of authentic 
undeuterated material (16). Trace signals were present 
which corresponded to the deuterated gluco-derivative. 

Anal. Calcd. for C9DHI7O6: C, 48.42; H + D, 8.58. 
Found: C, 48.0; H + D, 8.4. 

The deuterated 6-benzoate fraction (1.32 g) was 
dissolved in pyridine (5 ml) containing p-toluenesulfonyl 
chloride (1.5 g). After 4 days at 37" the solution was added 
to water and the precipitate, which crystallized, was 
recrystallized from ethanol. The resulting methyl 6-0- 
benzoyl-2,3-di-0-methyl-4-0-p- toluenesulfonyl-a-D-ga- 
la~topyranoside-4-~H had m.p. 143-144" and [a]DZ5 + 86" 
(c, 0.8 CHC13). 

Anal. Calcd.for C2,DH2,O9S: C, 57.37; H + D,6.07. 
Found: C, 57.3 ; H + D, 6.1. 

The p-toluenesulfonate (0.30 g) was treated with 
refluxing N,N-dimethylformamide (60 ml) containing 
sodium benzoate (2.0 g). After 20 h the reaction mixture 
was partitioned between chlorbform and water. The 
chloroform layer was evaporated and the residue crystal- 
lized from ether-hexane to give methyl 4,6-di-0-benzoyl- 
2,3-di-0-methyl-a-D-gl~copyranoside-4-~H (0.16 g) with 
m.p. 120-121' and [aIDZ5 +92O (c, 0.5 EtOH); p.m.r. 
(dimethyl s u l f ~ x i d e - ~ H ~ ;  tetramethylsilane as external 
standard); 6 7.85-8.42 (10 aromatic protons); 5.34 
( J  = 3.6 HZ, H-I), 3.68, 3.72, 3.74 (3 OCH3's). 

Anal. Calcd. for C23DH2sOs: C, 64.02; H + D, 6.31. 
Found: C, 63.8; H + D, 6.3. 
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Debenzoylation of the dibenzoate (0.12 g) with metha- 
nolic sodium methoxide gave methyl 2,3-di-0-methyl-a- 
D-glucopyrano~ide-4-~H (52 mg from ether) with m.p. 
77-78" and [a]025 + 150" (c, 0.3 H,O). 

Anal. Calcd. for CPDHl7O6: C, 48.42; H + D, 8.58. 
Found: C, 48.2; H + D, 8.3. 

Sigr~al Assignments 
Chemical shifts described below are those obtained in 

this laboratory. 
up-D-Mar~r~ose. Assignments based on results of refs. 

10 and 11 in H 2 0 :  94.60 (C,-I), 94.24 (Cp-1), 76.75 
(Cp-5), 73.65 (Cp-3), 73.02 (C,-5), 71.83 (Cp-2), 71.31 
(C,-2), 70.83 (C,-3), 67.50 (C,-4), 67.22 (Cp-4), 61.63 
(CaD-6), which are confirmed by the 13C-CP2H method. 

np-D-Glucose. Assignments based on results of 
reference 10 in H 2 0  and present 13C-C-2H shift 
results which serve to distinguish CD-5 from Cp-3, and 
C.-2 from C.-5 in D 2 0 :  96.50 (Cp-I), 92.70 (C,-I), 76.59 
(Cp-5), 76.43 (Cp-3), 74.80 (Cb-2), 73.45 (C,-3), 72.14 
(C,-2), 72.10 (Cm-5), 70.36 (Cm-4), 70.28 (Cp-4), 61.47 
(Cb-6), 61.31 (C,-6). 

ap-D-Galactose. Assignments for the six lowest field 
signals of refs. 10 and 11 in H 2 0  agree with each other and 
those obtained by the 13C-C-ZH method using the 
6-'H derivative: 97.02 (Cp-I), 92.90 (C,-1), 75.71 (Cp-5), 
73.45 (Cp-3), 72.54 (Cp-2), 71.07 (C,-5), 69.96 (C,-4), 
69.81 (C,-3), 69.40 (Cp-4), 69.01 (C.-2), 61.81 (C,-6), 
61.63 (($6). Signals at  6, 69.96-69.01 were assigned 
using ap-~-galactose-4-~H (see theoretical section). 

ae-D-Allose. The results from the p-anomer were from 
ref. 10 in H,O and confirmed (these disagreed with those 
of ref. 11). The partial results of ref. 11 for the a-anomer 
were confirmed and C,-2 and C,-5 assignments (1 20.9 or 
121.4, respectively in ref. 11) made by the 13C-CA2H 
method: 93.97 (Cp-I), 93.37 (C,-1), 74.17 (Cp-5), 72.26 
(C,-3), 71.87 (Ca-2), 71.75 (Cp-3), 67.62 (C,-2), 67.50 
(C,-5), 67.42 (Cp-4), 66.71 (C,-4), 61.83 (Cp-6), 61.35 
('2.-6). The spectrun~ of a ~ - ~ - a l l o s e - 3 - ~ H  does not contain 
the C,-3 signal but the C,-2 signal is shifted upfield to 
occupy the approximate position of the C,-3 signal of 
up-D-allose. 

Methyl 2,3-Di-O-met~1yl-a-~-glucopyra~1oside. Assign- 

ment based on D-glucose in H 2 0  (10): 97.22 (C-I), 82.94 
(C-3), 80.56 (C-2), 72.14 (C-5), 69.72 (C-4), 61.11 (C-6), 
60.63, 58.73, 55.48 (3 OCH3's). 

Methyl 2,3-Di-0-nier/zyl-a-D-ga/ocropyrarloside. As- 
signment based on above assignments for cc-D-galactose 
and the 13C-C-,H method: 97.14 (C-I), 78.70 (C-3), 
77.06 (C-2), 71.07 (C-5), 69.72 (C-4), 61.90 (C-6), 58.06, 
56.43, 55.48 (3 0CH3's). 

The author wishes to thank Mr. M. Mazurek for 
preparation of c.m.r. spectra. 
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Studies on the Biosynthesis of Antheridiol 

Depcrr r~~le~~r  of Che~~lisrry, Silno~l F~crser Universi~y, Blr~.~~crhy 2, Brilisl~ Colrr/?~hicr 

Received July 30, 1973 

Sexual reproduction in the aquatic fungus Achlya bisexualis is governed by antheridiol, a C 2 ,  sterol, 
secreted by the female plant and which initiates formation of antheridial hyphae on the male plant. 
Tracer studies showed that naturally occurring fucosterol supplied the necessary carbon skeleton for 
antheridiol. Labelling and trapping studies with a series of hypothetic sterol precursors have indicated 
the biological sequence involved in elaboration of the antheridiol side chain. 

La reproduction sexuelle chez le champignon aquatique Achlya bisesrralis est sous contrble d e  l'antheri- 
diol, un sterol en C, , ,  secrete par I'espece femelle et qui provoque la formation chez I'espece mile de 
I'anthkridial hyphae. Les etudes a I'aide de traceurs ont montre que le fucostCrol, un produit nature1 
fournit le squelette carbone necessaire a I'antheridiol. Les etudes par marquage et par captage a l'aide 
d'une serie de precurseurs hypothetiques du type stir01 ont mis en evidence la sequence biologique 
ilnpliquee lors de  I'elaboration de la chaine laterale de I'anthtridiol. [Traduit par le journal] 

Can. J .  Chem., 52,462(1974) 

The importance of sterols to permeability, 
reproduction and growth functions of many 
fungi has been well documented (1 and refer- 
ences therein). However, with the identification 
of antheridiol (1) as a sex hormone of AchIya 
bisexualis (2) ,  it has been proposed that sterols HO 
which have previously been assigned hormonal 
activity in various fungi are, in fact, precursors 
of steroidal hormones analogous to antheridiol 
(3). 

Our preliminary investigation of the sterols of 
A. bisexualis showed that fucosterol (2) was the 
major sterol and 7-dehydrofucosterol (3), a 
logical precursor to 2, was also detected (4). It is 
reasonable to propose therefore, that fucosterol 
can provide the necessary carbon skeleton with 
subsequent modification of the side chain and 
nucleus for the production of antheridiol. With 
a view of establishing the biogenetic origin of 
antheridiol in A. bisexualis we have undertaken 
a biosynthetic study of this fungal sex hormone. 
The enzymatic conversion of fucosterol (2) to 
antheridiol (1) requires four general transfor- 
mations : 
(1) oxidation in the B-ring at C,; (2) hydroxyla- 
tion or oxidation at C,,, C2,; (3) oxidation at 
C2,; and (4) lactone formation. 

A priori, these transformations could occur in 
any order. In order to simplify the overall pic- 
ture and to reduce the total number of potential 
intermediates to a reasonable number, several 
reaction sequences were combined in one-step 
transformations. Also, previous biosynthetic 

studies of phytosterols have shown that enzymes 
responsible for steroidal modification have con- 
siderable latitude with respect to substrate struc- 
ture (5). It seems likely therefore that the 
organism will modify the side chain regardless of 
the state of transformation of the nucleus. Based 
on these considerations Fig. 1 shows the possible 
alternative sequences that could conceivably 
operate in the elaboration of the antheridiol 
side chain. 
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POPPLESTONE AND UNRAU: BIOSYNTHESIS O F  ANTHERIDIOL 

FIG. 1. Postulated intermediates involved in elaboration of the antheridiol side chain. 

Using Fig. 1 as a model we approached the 
investigation of the biosynthesis of antheridiol 
by initially synthesizing the suspected inter- 
mediates (4-6). This was followed by tracer 
studies in order to obtain information on pos- 
sible in vivo precursor-product relationships, and 
finally, we undertook trapping experiments to 
establish the involvement of individual inter- 
mediates in the biogenesis of antheridiol. 

Synthesis of Intermediates (Fig. 2)  
Synthesis of the intermediates was carried out 

after careful consideration as t o  the most 
favorable precursor to the required compounds 
4 and 5. Synthesis of 6 had been previously re- 
ported (6). The starting material chosen for the 
syntheses was the a,P-unsaturated ketone (9) 
derived from readily available stigmasterol (7). 
This C 2 ,  compound (9) was favored because it 
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POPPLESTONE AND UNRAU: BlOSYNTHESIS O F  ANTHERIDIOL 465 

possesses a A22 double bond required in 4, and 
also, the carbonyl at C2, is suitably positioned 
for a Wittig reaction required to introduce the 
extra two carbon atoms in 5. 

0 
I 

(C2H50j2P-CH2CN 

11 

Hydrogenation of the u,P-unsaturated ketone 
9 with palladium catalyst poisoned with barium 
sulfate resulted in a >90% yield of 10 (8). A 
Wittig reaction (9) of the carbanion of diethyl 
cyanomethyl phosphonate (11) with 10 resulted 
in a yield of 68% of 12. The 24(28)(E)-configura- 
tion was assigned to 12 based on the absence of 
C2,-proton resonance at 62.8 in the n.m.r. 
spectrum (10). Conversion of the nitrile (12) to 
the acid (5) was achieved by alkaline hydrolysis. 

The C2,-isomer of 4 has previously been syn- 
thesized by a Wittig reaction between 9b and 
ethyl triphenyl phosphoniuni iodide (7). The 
authors reported the C2,-proton resonance at 
6 2.8 indicative of the 24(28)(Z)-configuration 
(10). In order to synthesize the required E- 
isomer it was necessary to use the method de- 
scribed by Sucrow and Raduchel (1 1). The vinyl 
carbinols 13a and b were prepared from 9a and 
vinyl magnesium bromide in THF. Transforma- 
tion of 13b under allylic rearrangement to the 
ally1 bromide 14 by phosphorus tribromide fol- 
lowed by reduction with lithium aluminum 
hydride gave the required compound 4. 

Each of the above intermediates (4, 5, and 6) 
was also synthesized containing 14C or 3 H  label. 
Fucosterol (2), isolated from a species of Frrcus 
(12), was exchange labelled with 3H by the 
method of Thompson et al. (13). Labelled 7- 
dehydrofucosterol (3) was synthesized by allylic 
bromination of (3H)-fucosterol with NBS fol- 
lowed by dehydrohalogenation in refluxing 
trimethylphosphite (7). 

activity 5.3 x lo4 c.p.m./mg) was distributed 
between thirty, 3 day old cultures of A. bisexrralis 
and the sterols extracted from the mycelia as 
previously described after a further 3 day growth 
period (4). Fucosterol (100 mg) was added as 
carrier to the extract and after acetylation, 
separated by preparative thin-layer chromatog- 
raphy on silver nitrate impregnated silica gel, 
followed by recrystallization to constant activity 
(483 c.p.m./mg). Specific activity of fucosterol is 
therefore 483 x 100 c.p.m./mg based on carrier 
sterol. The complete results of this experiment 
are recorded in Table 1 and confirm that the 
transformation 3 + 2 occurs in this organism. 

Antheridiol (1) has been isolated from culture 
liquids of A.  bisexualis after a 3 day growth 
period (2). Barksdale has reported time course 
studies with this organism using a bioassay 
method and demonstrated that hormonal ac- 
tivity steadily increased between 24 and 72 h 
from time of inoculation after which it remained 
constant (15). Based on this information it was 
decided therefore to study the biosynthesis of 
antheridiol by administration of labelled pre- 
cursors and work-up of the cultures within a 
3 day period. 

The mold cultures were grown in 500 ml of 
media as previously described (2). Radioactive 
sterol precursor (10-60 mg), emulsified in ace- 
tone-water with Tween 80, was equally dis- 
tributed between sixty, 24 h old cultures of A.  
bisexualis under aseptic conditions and at the 
end of a 72 h growth period, the cultures worked- 
up as described previously (2). Since it was not 
possible to isolate antheridiol from 30 1 of cul- 
ture liquid, due to the small amount produced by 
the organism, it was necessary t o  perform a 
trapping experiment. Usually, synthetic antheri- 
diol (50 mg) dissolved in methanol containing 
1% Tween 80 was added to the culture filtrate 
before extraction with methylene chloride (2). 

LabeIling Studies TABLE 1. Incorporation of 7-dehydrofucosterol 
The finding of 7-dehvdrofucosterol (3) and into fucosterol - \ ,  

fucosterol (2) in A. bisex~ralis suggested the pos- pp - 

sibility that a precursor-product relationship 
Total c.p.m, of Number of 

Specific activity* 
of fucosterol might exist between the since the precursor added recrystallizations (c.p.m./mg) 

sequence of double bond changes in the bio- -- 

synthesis of phytosterols is [A' -t A5.' + A5] 5.83x105 1 488 
(14). At the outset of this biosynthetic study it 2 466 

3 483 
was decided to confirm this relationship by a 4 483 

--- tracer experiment with 3H-7-deh~dr0fuc0ster01' - ~ C ~ o ~ S t e r D I  based on added carrier = 

(2,4-3H3)-7-Dehydrofucosterol (I 1 mg, specific 4.83 x lo4 c.p.rn./rng; incorporation, 8%. 
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TABLE 2. Incorporation of intermediates into antheridiol 

Precursor 

Specific Specific activity of 
activity Total c.p.m. antheridiol % 

(c.p.m./mg) added (c.p.m./mg) incorporation 

(29-"T)-3fl-Hydroxystigmasta-5, 
22(E)24(28)-triene-29-oic acid (6) 5.3 x l o 3  2 . 4 0 ~  lo5 2 . 5 ~  lo2 0.1 

(23,25-%H,)-3P-Hydroxystigmasta- 
5(E)24(28)-diene-29-oic acid (5) 1 . 8 5 ~  lo5 3.7Ox1O6 < 100 <0.002 

TABLE 3. Results of trapping experiments 

Total Specific* 
c.p.m. activity % 

Precursor added Intermediate (c.p.m./mg) incorporation 

3H-Fucosterol (2) 3.99 x 107 Stigmasta-5,22,24(28)-triene- 
3P-01 (4) 3 . O X  lo2 0.07 

3H-Stigmasta-5,22,24(28)- 3P-Hydroxystigmasta-5,22,24(28)- 
triene-3P-01 (4) 1.91 x lo6 triene-29-oic acid (6) 1 . 2 ~  lo2 0.06 

'Based on added carrier. 

The extract was chromatographed on silica gel 
with 1 :1 ethyl acetate - petroleum ether and the 
antheridiol purified by preparative t.1.c. on silica 
gel with 6% MeOH-CHCI, before determination 
of the activity. 

The antheridiol used as carrier was a mixture 
of two isomers and it was not possible therefore 
to recrystallize to constant activity. The two 
isomers did, however, chromatograph together 
in the solvent system used and the criteria of 
purity was therefore taken when rechromatog- 
raphy resulted in constant activity. Antheridiol 
was then acetylated and again purified by pre- 
parative t.1.c. using 1% MeOH-CHC1, and if the 
specific activity of the diacetate was found to be 
similar to that of the deacetylated material, this 
was taken as evidence that the precursor had 
been metabolized to antheridiol. 

Each of the compounds 2, 4, 5, and 6 was 
tested as precursor by the method just described 
and the results are summarized in Table 2, in 
which the specific activity of antheridiol is based 
on the amount of added carrier. The results 
show that compounds 2, 4, and 6 were metab- 
olized by the organism to antheridiol. 

Trapping experiments were then designed to 
determine the participation of compounds 4 and 
6 as specific intermediates in the biosynthetic 

pathway. Labelled precursor of antheridiol was 
added to cultures and unlabelled intermediate 
(carrier) added during the work-up procedure. 
The intermediate was reisolated, assayed for 
radioactivity, and any radioactivity detected 
furnished strong evidence that the intermediate 
was involved in the biosynthetic pathway. The 
results of these studies are summarized in Table 
3. In each experiment, the mycelium was sub- 
jected to base hydrolysis and the lipid fraction 
extracted with hexane (4). The respective inter- 
mediates were separated by chromatography and 
crystallized to constant activity. 

Compounds 2 and 4 were not separated as 
their acetates under normal conditions of pre- 
parative t.1.c. on silica gel - AgNO, with ben- 
zene. Separation was achieved, however, by 
continuous t.1.c. over a 5 day period with 20% 
benzene-hexane in which 4 was slightly more 
polar. The extraction of 6 was carried out after 
the hydrolysate had been acidified with dilute 
HCl. Compound 6 was obtained from the ex- 
tract by chromatography on a silica gel column 
and elution with increasing concentrations of 
methanol in chloroform and finally purified by 
preparative t.1.c. on silica gel with 8% MeOH- 
CHCI,. 

In order to determine whether the added 
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intermediates were degraded by the micro- 
organism to simpler molecules (acetate) and then 
became reincorporated into steroids, fucosterol 

I was isolated from the feeding experiment with 
compound 5. After separation and purification, 
fucosterol was found to be devoid of activity 

, thus indicating that compound 5 had not been 
catabolized by the oyganism. Based on this 

I experiment, it is reasonable to assume that the 
other intermediates tested behaved likewise and 
that the transformations studied had indeed 
occurred. 

The results of tracer experiments (Tables 2 
and 3) indicate that the sequence of events lead- 
ing to elaboration of the y-lactone side chain of 
antheridiol involves dehydrogenation at C2,,,, 
followed by oxidation at C,,. Oxidation at C,, 

I can be assumed to follow the sequence: CH, -+ 

CH,OH -+ CHO -+ COOH, similar to that which 
occurs in the removal of 4-dimethyl groups from 
lanosterol and cycloartanol (14). The nonincor- 
poration of compound 6 into antheridiol indi- 
cates that oxidation at C,, does not precede 

I dehydrogenation. Oxidation or hydroxylation at 
C,, and C2, to produce a side chain similar to 
that shown in 7 and 8 must subsequently occur. 

I However, we have not been able to undertake 
I , tracer experiments to differentiate between these 

two possible alternatives because attempts were 
unsuccessful at synthesizing compounds of this 
structure. Nevertheless, cyclization in either 7 or 
8 could result in y-lactone formation. 

Experimental 
Materials and Instrumeiifation 

Fucosterol was isolated from a species of Fucus (12) 
collected from the beach at Vancouver, B.C. Spectra were 
obtained on the following instruments: Perkin-Elmer 457 
(i.r.), Unicam SP 800 (u.v.), Varian A56160 and XLlOO 
(n.m.r.), Hitachi-Perkin-Elmer RMU-7 double focussing 
mass spectrometer. 

of a toluene base scintillation solution containing 2,5- 
diphenyloxazole (4 g/l) and POPOP (50 mg/l). Antheridiol 
was dissolved in hot methanol (0.5 ml) before addition of 
15 ml of scintillation solution. 

Preparation of 3~-Acetoxysfigmasta-5,22,(28)-trie11e- 
24-01 (13b) 

To 2 ml of Grignard reagent prepared from magnesium 
turnings (1.20 g) and vinyl bromide (5.80 g) in dry THF 
(30 ml) was added dropwise a solution of 9a (500 mg) in 
T H F  (2 ml). The solution was left for 1 h with occasional 
warming to 50". Excess reagent was decomposed with a 
saturated solution of ammonium chloride, the product 
extracted with ether, and dried over MgSO,. Evaporation 
of the solvent gave 13a (32z), recrystallized from ether - 
petroleum ether, m.p. 150-155 "C. 

Acetylation with acetic anhydridelpyridine gave 136 
recrystallized from ether - petroleum ether, m.p. 138- 
140"; v,,, (KBr) 3470, 1730, 1368, 1260, 970, and 915 
cm-I; n.m.r. (CDCI,) 6 0.70 (CH3-CIS, s), 1.02 
(CH3-Clg, s), 2.01 (CH3OCO-, s), 4.3-4.8 (H-C3, 
broad m), 4.9-5.6 (5H, H-CZ3, -CH=CHz, H-Cs, m), 
5.96 (H-C2,, d of d,  J = 7 Hz and J = 17 Hz). 

Mol. Wt. Calcd. for C31H4803: 468. Found (mass 
spectrum): 468. 

Preparation of 3p-Acetoxystigmasfa-5,22 (E)24 (28)- 
triene-29-bromide (14 )  

T o  a solution of phosphorus tribromide (0.2ml) in 
petroleum ether (2 ml) was added pyridine (0.2 ml) and 
the mixture cooled to  00. To this solution was added 
136 (60 mg) and the resulting mixture stirred for 10 min 
at 00, diluted with ether, and finally washed several times 
with H20.  The extract was dried over MgSO, and the 
solvent removed to give 14 as a colorless oil; n.m.r. 
(CDCI,) 6 0.75 (CH3-Cl8, s), 1.02 (CH,-CIg, s), 1.01 
(2 CH3-Czs, J = 7 Hz), 2.01 (CH30CO-, s), 4.12,4.17 
(CH3-CZg, 2 x d, J = 8.5 Hz), 4.5-4.8 (H-C,, broad 
m), 5.42 (H-CG, narrow m), 5.5-6.1 (3H, m; CZ2-H, 
C23-K C2,-HI. 

Gro~vth of Fungus 
Achlya bisexualis, 14524 obtained from the American 

Type Culture Collection, was grown on 500 ml of media 
as previously described (2) and stock cultures were main- 
tained on agar slants (16). 

Administration of Radioactive Precursors 
The radioactive sterol of known activity (10-60 mg) 

was emulsified in Tween 80 (-500 mg) and dissolved in 
acetone. The mixture was diluted with distilled water to 
-30 ml and distributed aseptically between the cultures. 

Counting of Radioactive Compounds 
Radioactivity measurements were made on a Beckman 

I LS2OOB liquid scintillation counter. The sterol acetates 
were weighed into counting vials and dissolved in 15 ml 

Preparation of 3p-Acetoxystign~asta-5,22 (E)24(28)- 
triene (46 )  

T o  a solution of 14 (100 mg) in THF ( 3  ml) was added 
lithium aluminum hydride (80 mg) and the mixture 
refluxed for 2 h. The solution was diluted with ether, 
washed with H20 ,  and dried over MgS0,. The residue, 
after removal of the solvent, was acetylated, and purified 
by t.1.c. on silica gel - AgNO, (benzene). The product, 
46, was recrystallized from MeOH, m.p. 106-107"; 
v,,, (KBr) 2940, 1740, 1365, 1250, 1110, 1035, and 
955 cm-'; A,,, (EtOH) 236 nm (E = 19 000); n.m.r. 
(CDCI,) 6 0.72 (CH3-Ci8, s), 1.02 (CH3-CI9, s), 1.01 
(2CH3-Cz5, d, J =  7 HZ), 1.71 (CH,-C2,, d, J = 7 HZ), 
2.01 (CH,OCO-, s), 4.34.8 (H-C,, broad m), 5.2-6.5 
(4H, H-Cz2, C23, C28r and CG). 

Mol. Wt. Calcd. for C31H4802: 452. Found (mass 
spectrum): 452. 

Preparation of 3p-Acetoxystigmasta-5 ( E )  24 (28)-  
diene-28-nitrile (1 26) 

A solution of diethyl cyanomethyl phosphonate (11) 
(1.8 g) in dry THF (4 ml) was added dropwise with stirring 
to a suspension of sodium amide (0.4 g) in dry THF (6 ml), 
a t  0-5 "C. The resulting mixture was stirred at.room 
temperature under a slow stream of N2 for 3 h. TO the 
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resulting yellowish-green solution was added 10a (2.5 g ethyl trans-3,4-dimethyl-2-pentenoate, prepared from 
in THF, 4 ml), and the solution stirred for a further 20 h. acetic acid-1-14C (1.0 mC) by the method described (19), 
The solvent was removed it! cactro, water added to the resulted in the formation of (6) with a specific activity of 
residue. and the aqueous solution extracted with ether 1.6 x lo4 c.p.m./mg. 
followed by dryingiver MgSO, and evaporated to dry- 
ness. The residue was acetylated with acetic anhydride- 
pyridine to give 126 (68%) which was recrystallized from 
methanol, m.p. 108-109 "C; v,,, (KBr) 2940, 2210, 1715, 
1480, 1370, and 1255 cm-'; h,,,(EtOH) 222nm (E = 
9000) and 260 nm (E = 2800); n.m.r. (CDCI,) 6 0.69 
(CH3-Cl8, s), 1.02 (CH3-C19, s), 1.09 (2CH3-C25, d, 
J = 7 HZ), 1.12(H-C21, d, J = 7 HZ), 2.02 (CH30CO-, 
s), 4.3-4.8 (H-C3, broad m), 5.10 (CN-CH=, d, J = I 
Hz), 5.38 (H-C6, narrow m). 

Mol. Wt. Calcd. for C3,H4,02N: 465. Found (mass 
spectrum): 465. 

Preparatiorz of 313-Acetoxystigrrzasta-5 (E)24 (28) - 
clierle-29-oic Acicl (56) 

Hydrolysis of 126 (150 mg) was carried out by refluxing 
in 40% H20-MeOH for 4 h. After cooling, the solution 
was acidified with dilute HCI, extracted with ethyl 
acetate, and the combined extract dried over MgSO, and 
evaporated to dryness to give 5a, which upon recrystal- 
lization from acetone had m.p. 180-182". 

Acetylation of 5a in the same manner gave 5b m.p. 74- 
75"; v,,, (KBr) 3400, 2940, 1760, 1375, 1280, 1 1 15, and 
1032 cm-I; h,,, (EtOH) 208 nm (E = 5100); n.m.r. 
(CDC13) 6 0.69 (CH3-Cl8, s), 1.02 (CH3-C19, s), 2.02 
(CH30CO-, s), 4.3-4.8 (H-C3, broad m), 5.3-6.0 (2H, 
=CH-COO and H-C6, narrow m). 

Mol. Wt. Calcd. for C31H48O4: 484. Found (mass 
spectrum): 484. 

Preparatiorz of Arzthericliol 
Antheridiol was synthesized by themethod of McMorris 

et al. (17). The erythro isomers (RS) and (SR) were sepa- 
rated from the threo isomers, but since attempts at 
separation of the erytkro isomers resulted in only small 
quantities of the required isomer (22S, 23R), it was de- 
cided to use the isomeric mixture (erythro) in trapping 
experiments. Both isomers had similar RI values on silica 
gel in several solvent systems and cochromatographed 
with authentic antheridiol.' 

Preparative t.1.c. of antheridiol was performed using 
silica gel "254" (20 x 20 cm, 1 mm thick) with 6% 
MeOH - CHC13. 

Preparation of Triti~rm-labelled Cor~zpo~rrzds 
(2,4-3H3)-Fucosterol was prepared by the method of 

Thompson et al. (13). The product was purified by t.1.c. 
(silica gel - AgN03 - benzene) and recrystallized from 
MeOH. It had a specific activity of 1.33 x lo6 c.p.m./mg. 

Tritium-labelled compounds 4 and 5 were prepared by 
the methods described above from the corresponding 
(23,2S3H2) ketone 9, obtained by tritium exchange on 
basic alumina deactivated with tritiated water as described 
by Hofmann et al. (18). Compounds 4 and 5 had specific 
activities of 6.37 x lo4 and 1.85 x lO%.p.m./mg, re- 
spectively. 

Preparation of (29-14C)-313-hydroxystigmasta-5,22(E)- 
24(28)-triene-29-oic acid (6) was carried out by the method 
of Edwards et al. (6). Thus, aldol condensation of 313- 
acetoxy-22,23-bisnorchol-5-en-24-al with the anion of 

- 

Syrzthesis of (2,4-3H3)-7-Del~ydrofrrcosterol 
(2,4-3H3)-Fucosterol (1.79 x 10' c.p.m./mg) (300 mg) 

was diluted with carrier fucosterol (700 mg) and ben- 
zoylated. A solution of fucosterol benzoate (1 g) in CCI, 
(25 ml) was heated to  reflux and NBS (400 mg) added. 
The mixture was refluxed for 8 min, then cooled in ice and 
filtered. The filtrate was added dropwise to a boiling 
solution of trimethylphosphite (1.3 g) in xylene (8 ml). 
After refluxing for 90 min, the xylene was removed it1 
vaclro and the residue hydrolyzed by refluxing for 1 h in 
alcoholic KOH (20 ml). The residue was acetylated and 
the product purified on a silica gel column impregnated 
with AgNO, and eluted with benzene-hexane 1:l. 7- 
Dehydrofucosterol acetate was further purified by pre- 
parative t.1.c. on silica gel - AgN03 and hydrolyzed by 
refluxing in 2% K2CO3 in 10% H20-MeOH for f. h. 
Work-up in the usual way and recrystallization from 
MeOH gave 12mg of 7-dehydrofi~costerol, m.p. 120- 
121°, reported (20) m.p. 1 19-12l0, with specific activity 
5.3 x lo4 c.p.m./mg. 
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The Specificity of the Nucleophilic Site of a-Chymotrypsin and its 
Potential for the Resolution of Alcohols. Enzyme-catalyzed 

Hydrolyses of Some (+)-, (-)-, and (+)-2-Butyl, 
-2-Octyl, and -a-Phenethyl ~ s t er s '  

YONG YENG LIN, DAVID N. PALMER, AND J. BRYAN JONES~ 
Lash Miller Cl~etnical Laboratories, Departtnetzt of Cl~ettzistry, Utziuersity of Toronto, 

Toronto, Otltario M5S I A I  

Received May 23, 1973 

The a-chymotrypsin-catalyzed hydrolyses of a representative spectrum of (R)- and (S)-2-butyl, 
-2-octyl, and -a-phenethyl esters of N-acetyl-L-phenylalanine, N-acetylglycine, a-hydroxy-p-phenyl- 
propionic, dihydrocinnarnic, and hippuric acids have been examined. The kinetic studies were carried 
out in order to provide data on the practicability of exploiting the stereospecificity of the n~rcleophilic 
region of the active site of the enzyme for the resolution of racemic alcohols via selective hydrolysis of 
their esters. The data obtained indicate that the structure and chirality of the alcohol moieties affect 
both the catalytic and binding constants of the substrates and that the greatest differences between 
enantiomeric alcohol moieties are observed for nonspecific s~rbstrates of the dihydrocinnamate and 
hippurate series. For racernic esters of thc Iattcr type, the stereospecificity of the alcohol site is such that 
significant resolution of racemic esters and alcohols can be achieved via a-chymotrypsin-catalyzed 
hydrolyses on a preparative scale. 

On a t tudii  I'hydrolyse catalysee par I'a-chyrnotrypsine d'une variete representative d'esters (R) et 
(S), butyl-2, octyl-2 et a-phtnetyl de la N-acetyl-L-phenylalanine, de la N-acetyl glycine et des acides 
a-hydroxy (3-phCnylpropionique, dihydrocinnarnique et  hippurique. Des etudes en cinetique ont etC 
menees afin d'obtenir des donntes sur la possibilite d'exploiter le caractere stereospecifiq~~e de la region 
nucleophilique du site actif de l'enzyme lors de la resolution d'alcools radrniques via une hydrolyse 
selective de leur ester. Les donnees recueillies rnontrent que la structure et la chiralite des alcools modifient 
toutes deux les constantes catalytiques et de liaison des substrats; de meme, elles montrent que les plus 
grandes differences entre les alcools enantiomeriques sont observees pour des substrats nonspkcifiques 
de la sCrie dihydrocinnarnate et hippurate. Pour les esters rac tmiq~~es  d e  ce  dernier type, la stereo- 
specificit6 du site de I'alcool est telle qu'une resolution efficace d'esters et d'alcools racemiques pe~r t  &tre 
effectuee a l'tchelle preparative via des hydrolyses catalyskes par l'a-chymotrypsine. 

[Traduit par le journal] 
Can. J .  Chern., 52,469 (1974) 

The primary stereospecificity of a-chymotryp- 
sin has been exploited extensively for the kinetic 
resolution of a broad structural range of racemic 
acids, usually via hydrolysis of their ester deriva- 
tives (1). In contrast, the secondary specificity 
of the enzyme with respect to chiral alcohol 
moieties of ester substrates, and its possible ap- 
plication to the resolution of racemic alcohols in 
an analogous manner, has received very little 
attention. The structural specificity of the alcohol 
site of a-chymotrypsin has been the subject of 
somewhat sporadic investigation and the data 
are generally indicative of a binding locus which 
is hydrophobic in character and which is moder- 
ately sensitive to both steric and electronic factors 
(2). Surprisingly, the stereospecificity of this site 

'Abstracted in part from the M.Sc. Thesis of D.N.P., 
University of Toronto, 1972. 

2To whom correspondence should be addressed. 

has been virtually ignored. However, the degrees 
of enantiomeric preferences observed during 
transesterification of acetylchymotrypsin with 
(+)-2-butanol (3) and hydrolyses of L-phenyl- 
alanyl esters of several racemic alcohols (4) 
demonstrate that the secondary stereospecificity 
of a-chymotrypsin in the nucleophilic region can 
be significant. Kinetic and preparative-scale 
studies on the a-chymotrypsin-catalyzed hydrol- 
yses of (+)-, (-)-, and (5)-2-butyl, -2-octyl 
and -a-phenethyl esters 1-5 have now been 
carried out in order t o  evaluate the practicability 
of exploiting nucleophilic site stereospecificity 
for the resolution of racernic alcohols via selec- 
tive enzymic hydrolysis of their esters and to 
delineate some of the factors involved. The re- 
sults obtained establish that the method does 
have preparative potential and that the most 
favorable results are likely to be achieved using 
hippurate esters of hydrophobic alcohols. 
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NHAc  0 H 

Results 
The substrates studied, la-f, 22 and b, 3a and b, 

4a-f, and 5a-f, were prepared from the appropri- 
ate R or S enantiomer of 2-butanol, 2-octanol, or 
a-phenethyl alcohol by Fischer esterification of 
the acids 1-3 (X = H) or via the acid chlorides 
of 4 and 5 (X = H). All chiral substrates were 
purified to constant optical rotation and in ad- 
dition, for the diastereomeric esters la-f and 
2a and b, that no racemization of the chiral cen- 
ter of the acid moiety had occurred was verified 
in each case using an a-chymotrypsin assay 
procedure. 

The effect of the acyl moiety on the kinetic 
parameters3 was evaluated on the representative 

3The usual cr-chymotrypsin steady state kinetics ter- 
minology outlined below has been used throughout this 
Dauer. . - 

Ks k2 
E + RCOOR' = ERCOOR' ---+ ECOR + R'OH 

6 
E + RCOOH 

(acylation) 
k 3  

For such situations kc,, = k2k3/(k2 + k3); K, = 
k3Ksl(kz + k3). 

(deacylation) 

2-butyl esters l a  and b - 5a and b. The results 
obtained, which are included in Table 1,  showed 
that the overall variations in the catalytic (kc,,), 
Michaelis (K,), and specificity (kc,,/K,,,) con- 
stants (5) were greatest for the enantiomeric di- 
hydrocinnamates 4a and b and hippurates 5a and 
b and accordingly, the study was extended to 
their 2-octyl and a-phenethyl esters 4c-f and 
5c-f. The corresponding N-acetyl-L-phenylal- 
anine compounds lc-f and the methyl esters 
lg ,  4g, and 5g were also evaluated. 

The data obtained (Table 1) show that, except 
for l e  andf, kc,, and/or K, vary significantly for 
the stereoisomers (with respect to the alcohol 
component) of each pair of esters. The largest 
differences occur with the non-specific (6) di- 
hydrocinnamate and hippurate esters; with the 
analogous specific (6) substrates la-f the varia- 
tions between the R and S alcohol derivatives 
are less marked. For dihydrocinnamate and hip- 
purate alkyl esters acylation of the enzyme is 
considered to be the rate determining step (6, 7) 
under the kinetic conditions applied and the 
kc,, and K, values of Table 1 therefore approxi- 
mate closely the acylation (k2)3 and enzyme- 
substrate binding (K,)~ constants for the esters 
4a-g and 5a-g. That this conclusion is valid for 
the hippurate series was confirmed as shown by 
Table 2. The k, and K, values for 5a, b, e-g, 
were calculated using kc,, for the a-chymotryp- 
sin-catalyzed hydrolysis of p-nitrophenyl hip- 
purate as the deacylation rate constant (k3)3 for 
hippuryl-chymotrypsin (8, 9). 

The total data confirm that the nucleophilic 
site of a-chymotrypsin is capable of considerable 
stereospecificity with respect t o  chiral, hydro- 
phobic, alcohol moieties, particularly when they 
are attached to non-specific substrate acyl groups 
such as dihydrocinnamoyl or hippuryl. Although 
variations in the magnitudes of kc,,/Kn, for en- 
antiomeric esters do not exceed -six-fold for 
any of the compounds examined in this study, 
the differences are sufficient t o  enable partial 
resolutions of racemic esters to  be achieved in 
preparative-scale reactions in the more favor- 
able cases. Representative resolution data are 
given in Table 3. 

Discussion 

The (R)- and (S)-2-butyl, -2-octyl, and -cl- 

phenethyl alcohol moieties were selected for the 
initial study since their absolute configurations 
were known (1 0) and each enantiomer was com- 
mercially available. Preparation of the esters 1-5 
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LIN ET AL.: STEREOSPECIFICITY O F  a-CHYMOTRYPSIN 47 1 

TABLE I .  Kinetic parameters for the a-chyrnotrypsin-catalyzed hydrolysis of methyl, (R)- 
and (S)-2-butyl, -2-octyl, and -a-phenethyl esters of the series 1-5* 

Alcohol kc.r ( M - I  s-l) 
Substrate configuration kcat (s-') K~ x lo3 (M) Km 

l a  R(-1 96.7 k19.8 1.72 k0.51 5 . 6 2 ~  lo4 
16 s ( +  ) 35.6 f 2.9 0.91 k0 .13  3.91 x lo4  
let R(-1 19.6 + 1.4 0.49 k0 .06  4 . 0 0 ~  lo4 
l d t  s ( +  ) 23.5 + 3.8 0.53 rt0.13 4.43 x lo4 
l e  R(+ 104 + 5  0.05 20 .01  2.08 x 10' 
I f  s(-)  111 + 5 0.06 rtO.01 1 . 8 5 ~  lo6 
l g  - 78.2 4 3.9 0.77 k0 .07  1 .02 x lo5  
2a R(-) 13.9 5 0.9 3.28 k0.34 4.23 x lo3  
26 s ( + )  10.3 4 1.4 4.18 rt0.86 2.46 x lo3 
3a R(-) - - -$ 
36 s ( + )  - - -8 
4 4  R(-1 0.14 4 0.04 1.44 k0.56 97.2 
46 t s(+) 0.05 + 0.01 0.97 k0.41 51.5 
4cf R(-1 - - <0.811 
4dt  s ( + )  - - 0.81' 
4 4  R(+) 0.12 + 0.01 0.016rt0.002 7.5 x l o 3  
4f 1 s(-1 0.0144 0.02 0.05 rtO.01 2.8 x103 
4g t - 0.21 + 0.02 2.57 k0 .43  81.7 
5a R(-1 0.24 4 0.02 1.99 rt0.27 120.6 
56 s ( + )  0.09 + 0.01 1.12 k0.20 80.4 
5c t R(-1 - - 26.9" 
5d t  S (+)  - - 60.5" 
5e R(+ ) 0.25 _C 0.02 0.22 k0 .03  1.1 x103 
sf s(-1  0.74 i- 0.05 0.17 k0 .02  4.4 x l o 3  
5g - 

- .  
0.48 + 0.04 4.43 k0 .62  108.4 

'Kinetics were performed at pH 7.8 and 25' on  aqueous solutions containing 0.1 M KC1 and 39. DMSO. 
t20% DMSO. 
t5% DMSO. 
SSubstratc activity too low to evaluate. 
ll(v)l[sl[El. 

TABLE 2. Comparison of kc,, and k2, and K, and K,, constants for methyl, 
and (R)- and (S)-2-butyl and -a-phenethyl hippurates 5a,b,e-g* 

Substrate Km x lo3 (M) 

5a 0.11 0.12 9.11 9.85 12.1 
5b 0.06 0.06 6.79 7.07 8 . 8  
5e 0.08 0.08 1.22 1.28 65.6 
sf 0.23 0.27 0.55 0.65 418.2 
5g 0.25 0 .3  6.35 7.61 39.4 

-- 
'Kinetic measurements were carried out at p H  7.9 and 25', on  aqueous solutions containing 0.1 MKCl  and 209, DMSO: 

k2 and K,  were calculated2 by taking the k,., (1.52 s- ' )  value forp-nitrophenyl hippurate as k3.  

TABLE 3. Partial kinetic resolutions of (RS)-2-butyl and -a-phenethyl dihydrocinnarnates 
and hippurates via a-chyrnotrypsin-catalyzed hydrolysis* 

-- ---- 

Substrate Alcohol (% optical purity) Residual ester (% optical putity) 

(RS)-2-Butyl dihydrocinnarnate (4ab) R(-) @ I N  S(+ (24) 
) (RS)-2-Butyl hippurate (5ab) R(-1 (33)t s ( + )  (36) 
I (RS)-a-Phenethyl dihydrocinnarnate (4ef) R(+) (11) s(-1 (7) 
I (RS)-a-Phenethyl hippurate (5ef) 
I 

S(-1 (38) R(+) (35) 
S(-1 (11) R(+)  (82)S 

-- 

'All experimcnts were carried out at 25" with heterogeneous mlxtures o f  substrate and aqueous 0.1 M KC1 solutions of p H  7.9 containing 
1 mg/ml of  a-chymotryps~n. The hydrolyses were termmated when -50% hydrolysis of the ester had occurred. 

tlsolated as 3.5-dlnltrobenzoate. 
tAfter -759. hydrolysis. 
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studied presented no difficulty except for the 
diastereomeric (+)- and (-)-a-phenethyl esters 
l e  and f. During Fischer esterification of N-ace- 
tyl-L-phenylalanine (1, X = H) with R(+)- and 
S(-)-a-phenethylalcohol, the facile, acid-cat- 
alyzed, conversion of the benzylic alcohols to 
their corresponding ethers was a major problem 
and low yields (-5x) only of the pure esters 
l e  and f were obtainable. Alternative approaches 
to l e  and f using thionyl chloride or dicylo- 
hexylcarbodiimide esterification methods were 
uns~~ccess f~~l .  Owing to the relative insolubility in 
aqueous solutions of all the esters surveyed, it was 
necessary to use dimethyl sulfoxide4 (DMSO) 
as cosolvent in all the kinetic assays. In each case, 
the proportion of DMSO used was kept to the 
minimum req~~ired to obtain satisfactory steady 
state kinetic data. 

For enzyme-catalyzed kinetic resolutions of 
racemic or diastereomeric esters t o  be practi- 
cable, the kinetic and binding differences be- 
tween substrates derived from pairs of enantio- 
meric alcohols must be reasonably significant. 
Since the rates of ester hydrolyses are well known 
to be affected by the nature of the acyl and alco- 
hol groups, the effects of structural and stereo- 
chemical variations of both moieties on the 
kinetic parameters were examined. The influence 
of chiral and achiral acyl groups on the enzymic 
catalyses was studied using the representative 
R(-)- and S(+)-2-butyl esters l a  and b - 5a and 
b. For the N-acetyl-L-phenylalanyl specific sub- 
strate esters l a  and b the rates of hydrolysis were 
high. However, the differences between the (+) 
and (-) esters, as reflected by the respective 
specificity constants (Table I), were small. Re- 
placement of the N-acetyl group of the phenyl- 
alanyl esters by hydroxyl reduces the degree of 
L-stereospecificity preference (1 2-1 4). As the 
data for 2a and b show, this reduction in the 
dominance of the stereospecificity of the aryl 
group on the catalytic process is reflected in a 
somewhat greater separation of the kc,,/K,,, 
values. A further widening of the specificity con- 
stant differences within the R(-)- and s(+)-2- 
butyl series was 'observed when the substrate 
activities of the achiral dihydrocinnamoyl and 
hippuryl esters 4a and b and 5a and b were 
evaluated. Unfortunately, the N-acetylglycine 
esters 3a and b, for which only binding a t  the 

40f  the organic cosolvents used in a-chymotrypsin 
studies, DMSO is the least disruptive in its effect on the 
kinetic parameters (1 1). 

nucleophilic site should be important, were not 
substrates under the conditions investigated.' 
The overall kinetic data for the 2-butyl esters in- 
dicated that although the stereospecificity of the 
nucleophilic site was minor, it was not insignifi- 
cant and was most marked for the substrates 
with achiral acyl groups. Accordingly, the studies 
were extended to  the 2-octyl and a-phenethyl 
esters of dihydrocinnamic and hippuric acids. 
The corresponding N-acetyl-L-phenylalanyl 
esters were also investigated in order to provide 
representative specific substrate data for com- 
parison purposes. 

The results obtained (Table 1) confirm that 
kinetic differences between esters of R and S 
alcohols are greatest for the substrates possessing 
the non-specific achiral acyl groups and it ap- 
pears that the dominance of the interaction of 
the L-acyl group of specific substrates tends t o  
overwhelm the lesser stereospecificity of the 
nucleophilic site. 

The N-acetyl-L-phenylalanyl esters la-g were 
all rapidly hydrolyzed and for such substrates it 
is generally assumed (6) that deacylation is rate 
determining. Although the variations in kc , ,  for 
la-g are not considered overly meaningful since 
the data were obtained close to the  experimental 
limit of the p H  stat (16), the distinctly lower 
kc;,, values of lb-d do suggest that the structure 
and/or configuration of the alcohol moiety is 
interfering with binding and/or orientation of 
the substrate to  the extent that the  rate of acyla- 
tion is markedly reduced. On the other hand, for 
the non-specific dihydrocinnamate and hippurate 
substrates, kc,, is expected to approximate (or 
be strongly influenced by) k ,  (6 ,  17) and a com- 
parison of the kc,, values for 4a, b, e, f and 50, b, 
e, f with those of the corresponding methyl esters 
4g and 5g shows that the rates o f  enzyme acyla- 
tion are being affected by both the  structure and 
configuration of the alcohol t o  a considerable 
degree. Although the insolubility of 4c and d 
and 5c and dprecluded their kc,, determinations, 
the (v)/[E][S] variations indicate that the situa- 
tion is analogous for the 2-octyl moieties. When 

5The kc,, value for  the methyl ester 3g is only 0.013 s-' 
(15) and steric interactions of the 2-butyl groups of 3a 
and b at the nucleophilic site presumably (2) lower this 
value significantly. 

6The L-phenylalanyl group of the esters surveyed by 
Halpern et al. (4) would not behave as  a strongly a-chymo- 
trypsin specific function under the p H  7.1 reaction con- 
ditions applied (14) and thus the influence of nucleophilic 
site stereospecificity remains significant. 
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acylation is rate determining, Knl approximates 
K, (the enzyme-substrate dissociation ~ o n s t a n t ) ~  
and the Kn, values for 4a-g and 5a-g show 
clearly that the more hydrophobic alcohols con- 
tribute significantly to substrate binding and 
that the nucleophilic site can exhibit marked 
stereospecificity. While for la-g, the magnitude 
of K,,, does not reflect binding so directly, a 
similar trend is discernible. 

The correspondence of kc;,, and Km with k ,  
and K, respectively was verified for the hippurate 
series (Table 2) using kc,, for p-nitrophenyl hip- 
purate as the deacylation rate constant (8, 9). 
The enzymic hydrolysis of the latter proceeded 
extremely rapidly under the p H  7.8 reaction con- 
ditions and a steady state kinetics procedure 
could not be used. Accordingly, V,,, was deter- 
mined under turnover conditions (9) and correc- 
tions were made for the relatively rapid non- 
enzymic hydrolysis and 2-phenyloxazolin-5-one 
formation (18). Owing to solubility problems, 
kc,, for p-nitrophenyl dihydrocinnamate could 
not be measured under the same conditions. 

Although the specificity constant differences 
between enantiomeric dihydrocinnamate and 
hippurate esters do not exceed - six-fold for any 
of the pairs of enantiomers studied so far, con- 
siderable partial resolutions of the racemates 
can be achieved on the preparative-scale as 
shown by the results of Table 3. The initial pre- 
parative reactions were terminated after 50% 
hydrolysis for reference purposes. Since the 
stereospecificity was not absolute, complete 
resolution was not achieved at this point for any 
racemate. However, the degree of resolution of 
alcohol or residual ester could be increased by 
stopping the reaction at < or > 50% hydrolysis 
respectively. For example, after 75% hydrolysis 
of racemic 5eJ (R)-a-phenethyl hippurate (5e) of 
82% optical purity was isolated. Subjecting par- 
tially resolved esters to further a-chymotryptic 
hydrolysis has also been found to be effective in 
raising optical purities to high levels (19). 

The data obtained support the previous evi- 
dence (2) regarding the hydrophobic nature of 
the alcohol binding site and of its structural 
specificity. The R(+)- and S(-)-a-phenethyl 

phenylalanine series, the stereospecificity of the 
nucleophilic site is seen to be fickle, particularly 
with res~ect to the enantiomeric alcohol moieties 
of the non-specific dihydrocinnamate and hip- 
purate ester substrates. The 2-butyl esters, for 
which the R(-) enantioniers are always hydro- 
lyzed more rapidly than the S(+) ,  are the only 
substrates of Table 1 for which the stereospeci- 
ficitv remains c o n ~ t a n t . ~  The reversals in stereo- 
specificity observed for the 2-octyl and a-phene- 
thy1 dihydrocinnamates and hippurates arise 
from variable and often opposite effects on the 
acylation and/or binding processes. For each of 
the series of esters 4 and 5 the variations in kc,, 
seem unrelated to the strength of binding of the 
various alcohol moieties and the efficiency of 
catalysis appears to reflect the precision of 
orientation and alignment of the ester carbonyl 
group and the serine-195 nucleophile at the 
active site rather than a distortion of the sub- 
strate (20). 

The enantiomeric preferences observed in the 
preparative-scale hydrolyses of the racemic esters 
of Table 3 are in accord with those predicted by 
the kc,,/Km ratios of Table 1 and this constant 
may be as useful for secondary stereospecificity 
predictions as it has been in primary stereo- 
specificity studies. The current results confirm 
the earlier indications (3, 4) that resolution of 
racemic alcohols by selective a-chymotrypsin- 
catalyzed hydrolysis of their esters is practicable 
in favorable cases. On balance, hippurates seem 
the most suitable derivatives for preparative 
purposes and further studies on the scope of the 
method are in progress.* 

Experimental 
The general procedures followed and criteria of purity 

used were as outlined previously (21). Amino acid starting 
materials were purchased from Sigma or Mann Research 
Laboratories and chymotrypsin (three times crystallized) 
from Worthington Biochemical Corporation. The R and 
S alcohols used were obtained from Norse Laboratories. 
All optically active compounds prepared were purified to 
constant rotation. N-Acetyl-L-phenylalanine methyl ester 
(lg), methyl dihydrocinnamate (4g), methyl hippurate 
(5g), and p-nitrophenyl hippurate were prepared by the 
standard literature methods (8, 16, 22). 

functions bind very strongly and the corre- 
sponding alcohols may well be capable of 
saturating the nucleophilic site (cf. ref. 2). In 'These results are in agreement with the preferred 

contrast, the 2-octyl group appears to exceed stereochemistry of transesterification of acetylchymo- 
trypsin by (+)-2-butanol (3). They show that the same the structural tolerance of the site. alcohol binding site is involved in both processes. 

Contrary to the observations of Halpern and s N o r ~  ADDED IN PROOF: Other asDects of  leaving group - -  - 
his co-workers (4) for racemic esters of the specificity have been reported recently (27). 
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TABLE 4. Physical and analytical data for all new compounds prepared 
-- -- - 

Analysis (%) 

Melting or Calculated Found 
boiling point 

Ester* CC) [ ~ I D ~ ~ ( C ,  CHCL) C H C H 

l a  7 5 +60.3" (0.5) 
l b  55 +74.9" (0.5) 

(RS) lab  56 - 

l c  62 +49.6" (0.5) 
I d  152 (0.005 Torr) +53.3" (0.8) 
l e  1 10 (0.006 Torr) +102.9" (0.2) 
I f  85 -31.4" (0.5) 
2a 80 (0.002 Torr) -32.2" (1.5) 
2b 82 (0.005 Torr) -17.6" (0.7) 

(RS) 2ab 90 (0.03 Torr) - 
3a 92 (0.04 Torr) -21.1" (1.0) 
3b 100 (0.07 Torr) +21.5" (1.6) 
40 85 (0.5 Torr) -14.7" (1.5) 
46 85 (0.5 Torr) +15.1° (1.5) 

(RS) 4ab 60 (0.06 Torr) - 

4c 108 (0.004 Torr) -11.7" (0.2) 
4d 113 (0.05 Torr) +12.1° (0.2) 
4e 1 11 (0.004 Torr) +48.8" (1.8) 
4f  1 12 (0.005 Torr) -47.9" (1.7) 

(RS) 4ef 140 (0.003 Torr) - 
50 120 (0.02 Torr) - 11.3" (1.5) 
56 120 (0.02 Torr) +10.6" (1.5) 

(RS) 5ab 140 (0.1 Torr) - 

5c 164 (0.025 Torr) -7.8" (0.9) 
5d 1 62 (0.001 Torr) +8.1° (0.9) 
5e 110 +92.2" (0.75) 
sf 110 -91 .So (0.75) 

(RS) 5ef' 87 - 

*The spectral data were as expected for each structure. 

Preparation of N-Acetyl-L-plrenylalarzine and N-Acetyl 
Glycine (R)-, (S)-, arrd (R,S)-2-Butyl, 2-Octyl, 
and cl-Pherzethyl Esters 

For each ester, the N-acetyl amino acid (1, 3) in the 
appropriate R, S, or R S  alcohol (2-10 ml) was saturated 
with dry hydrogen chloride at  -5". The mixture was then 
kept at  40" for 2 h, and, after rotary evaporation, the 
product was dissolved in ethyl acetate and washed with 
cold (0") 1 M aqueous potassium carbonate and then with 
water. Evaporation of the dried (MgS04) ethyl acetate 
solution gave the expected ester which was purified by 
recrystallization from isopropyl ether - hexane or by 
vacuum distillation. The final yields were > 50% except 
for the a-phenethyl esters in which cases silica gel chroma- 
tography was required to remove the large amount of 
di(a-phenethyl) ethers formed and -5% yields only of the 
desired esters were obtained. Each compound was fully 
characterized; the data are summarized in Table 4. In 
addition, that no racemization of the diastereomeric 
N-acetyl-L-phenylalanyl esters had occurred was verified 
by assaying with a-chyrnotrypsin. Each of the esters la-f 
was hydrolyzed to the extent of 100%. In comparison, 
enzymic hydrolysis of the (RS)-2-butyl ester of IV-acetyl- 

D,L-phenylalanine stopped when 50 + 2% of the material 
had been hydrolyzed. 

( R) -, (S) -, arrd ( R,S) -2-Blityl-L-a-/rydroxy-B-phenyl- 
propionate 

Esterifications of 2, R = H (m.p. 123-124", [a],22 
- 28.3" (c, 1.3 in acetone), prepared f rom L-phenylalanine 
by the method of Dakin and Dudley (23)), with (R)-, (S)- 
and (RS)-2-butanol were performed a s  described above 
for the amino acid derivatives. The physical and analytical 
data of 2ab are recorded in Table 4. The  100% hydrolysis 
of 2ab under cl-chyrnotrypsin assay conditions showed 
that no racemization of the L-acid had occurred. (RS)-2- 
Butyl-D,L-a-hydroxy-B-phenylpropionate was only 50% 
hydrolyzed under the same conditions. 

Preparation of (R)-, (S)-, and (RS)-2-Butyl, 2-Octyl, 
and a-Phenethyl Dihydrocinnamates arrd Hipprirates 

The esters were prepared by stirring 1 equiv. of each of 
dihydrocinnamoyl chloride or hippuryl chloride (24) and 
the appropriate alcohol in dry tetrahydrofuran at 20" for 
12 h. The solvent was then removed a n d  the residues dis- 
solved in ether and washed with aqueous sodium bicar- 
bonate solution. Evaporation of the dried (MgS04) ether 
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solution gave the desired esters in 290% yields. Each 
ester was purified by distillation except for the a-phenethyl 
hippurates which were recrystallized from aqueous meth- 
anol. The characterization data are summarized in 
Table 4. 

a-Chymotrypsin-catalyzed Hydrolyses 
Kinetic Studies 
The kinetic studies were carried out at 25" under nitro. 

gen using Radiometer pH-stat controlled addition of 
5 x to 5 x M aqueous sodium hydroxide to 
maintain the p H  at 7.8. Stock solutions of the enzyme 
(in MHCI)  and of the substrates (in aqueous 
DMSO) were made up and appropriate aliquots taken 
to enable 7-10 runs to be made under steady state condi- 
tions within the substrate concentration range 0.1-10 K, 
and with enzyme concentrations 10-9-10-6 M.  A re- 
action v o l u m ~  of IOml of constant ionic strength 
(0.1 M KCI) was employed throughout. The final DMSO 
concentrations (3-20%) of the reaction mixtures were 
kept to  the minimum required for adequate substrate 
solubility. Spontaneous hydrolysis at  p H  7.8 was negli- 
gible for all substrates except in 20% DMSO when koH- 
was determined in order to correct the initial velocities 
of the enzyme-catalyzed reactions. The enzyme concen- 
tration was determined spectrophotometrically (25) and 
the data were analyzed by the Lineweaver-Burk method 
and were subjected to least squares regression analysis 
(26). The K, and kc,, values obtained are recorded in 
Table 1. 

The V,,, for the a-chymotrypsin-catalyzed hydrolysis 
of p-nitrophenyl hippurate was determined spectrophoto- 
metrically under turnover conditions (9) using a Cary 16 
spectrophotometer. The kinetics were performed at 25" 
in 3 ml, 1 cm pathlength quartz cells on 20% aqueous 
DMSO solutions of pH 7.8 (THAM buffer). The sub- 
strate concentration was varied in the range 5 x to 
I x M (K, -2.5 x M (8, 9)). All solutions 
were 0.1 M in KC1 and the rate of p-nitrophenol forma- 
tion in the presence of 5 x M enzyme was monitored 
at  both 340 and 350 mm, at  which wavelengths Beer's 
Law was obeyed. The velocities were corrected for non- 
enzymic hydrolysis and a kc,, value of 1.52 f 0.03 s-I 
was obtained. 

Partial Resolutions of (RS)-2-Blrtyl and -a-Phenetl~yl 
Dilgvdrocinnamates and Higplrrates via 
a-Chymotrypsin-catalyzed Hydrolysis 

The general procedure used was as described previously 
(21). The following conditions and isolation procedures 
are typical and have been applied to the partial resolution 
of up to  5 g of racemic esters. (RS)-a-Phenethyl hippurate 
(0.84 g) was suspended in 0.1 M aqueous KC1 (40 ml) at  
25" and a solution of a-chymotrypsin (50 mg) in water 
(10 ml) added all at once. The p H  was maintained at 
7.8 by the pH-stat procedure and at the 50% hydrolysis 
point (-5 h), the reaction mixture was contin~~ously ex- 
tracted with ether. The ether solution was then washed 
with aqueous sodium bicarbonate, dried (MgSO,) and 
evaporated carefully. Column chromatographic or t.1.c. 
purification yielded (S)-a-phenethyl alcohol (0.21 g), b.p. 
90" (10 Torr), [a]0220 -21' (c, 1.8 in CHCI,, 38% optical 
purity) and (R)-a-phenethyl hippurate (0.34 g), m.p. 
-100" after recrystallization from ether, [aIDZ2" +32.3' 

(c, 10 in CHCI,, 35% optical purity). When the hydrolysis 
was allowed to proceed to  the extent of -75%, (S)-a- 
phenethyl alcohol and (R)-a-phenethyl hippurate of 11% 
and 82% optical purities respectively were obtained. 

The conditions for the other racemic esters subjected 
to preparative-scale hydrolysis were similar except that 
for the dihydrocinnamates, half hydrolyses required 
24-26 h and, owing to its volatility, it was necessary to  
isolate 2-butanol as its 3,5-dinitrobenzoate ester. In each 
case the spectral data of the partially resolved alcohols 
and esters were identical with those of the corresponding 
pure enantiomers and racemates and the overall results 
are summarized in Table 3. 

The support of this work by the National Research 
Council of Canada is gratefully acknowledged. 
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The Preparation and Properties of 
l-Cyano-2,3,4-triammine(ethylenediamine)cobalt(III) Chloride 

ALBERT RICHARD NORRIS 
Depcrrtrnent of C/~etnistry, Qrreen's University, kings to^^, Otztcrrio 

Received August 2, 1973 

The i.r., u.v.-visible, and p.m.r. spectral characteristics of a cyanotriammine(ethy1enediamine)cobalt- 
(111) chloride are described and compared to the corresponding spectral characteristics of the related 
compounds cis-[Coen2NH3CW]CI2, trans-[CoenzNH3CN]C12.H20, and [Co(NH3),CN]C12. Evidence 
is presented to support the formulation of the [Coen(NH3),CN]CI2 complex as a 1-cyano-2,3,4-triam- 
mine(ethylenediamine)cobalt(III) chloride. 

Les caractiristiques spectrales du chlorure de cyanotriammine (Cthyltnediamine) cobalt(II1) obtenues 
en i.r., en u.v.-visible et en r.m.p. sont dicrites et compartes aux caracteristiques spectrales correspon- 
dantes des composts apparentb, cis-[Coen2NH3CN]C12, trans-[Coen2NH3CN]CI2.H20 et [Co(NH,),- 
CN]C12. On presente des preuves visant i demontrer que la formulation du complexe [Coen(NH,),CN]Cl2 
correspond au chlorure de cyano-1 triammine-2,3,4 (Cthyltnediamine) cobalt(II1). 

[Traduit par le journal] 
Can. J .  Chem., 52,477 (1974) 

Introduction 
In the course of studies of the hydrogen per- 

oxide oxidation of coordinated thiocyanate ion 
in cis- and trans-[Coen2NH3NCSI2+ (1) we 
required authentic samples of the correspond- 
ing cyanoammine- and diamminebis(ethy1enedi- 

I 
amine)cobalt(III) complexes for comparison pur- 
poses. Five early attempts to prepare cis-[Coen2- 
NH3CN]C12 according to a procedure reported 
by Ohkawa et al. (2) all led to a final cyanide ion- 
containing species which investigation showed 
to be the 1- cyano-2,3,4-triammine (ethylenedi- 
amine)cobalt(III) chloride. To our knowledge 
this particular complex has not been reported 
previously. We describe here some of the spectral 
and chemical properties of this complex and pre- 
sent the evidence upon which we base our conclu- 
sion regarding its configuration. 

Experimental 
Reagents 
NH,[CO(SO,)~(NH~)~].~H~O was prepared according 

to the procedure reported by Bailar and Peppard (3). 
[Co(NH3),CN]C12 was prepared and recrystallized fol- 
lowing Siebert's procedure (4). trans-[CoenzNH3CN]- 
C12.H20 was prepared and recrystallized as  described 
previously (I). All other cobalt(II1)-containing complexes 
were prepared following the procedures described by 
Ohkawa et al. (2, 5). 

All reagents used were A.R. grade or better and were 
used without further purification. 

It~strurnerlts 
Ultraviolet-visible absorption spectra were recorded 

on a Cary 14 recording spectrophotometer using matched 
silica cells of 1.0 cm path length. The temperature in the 
cells was maintained a t  25.0 "C by circulating water from 
a constant temperature bath through a specially designed 
cell holder in the spectrophotometer. 

Infrared spectra were recorded on Beckman IR-10 
and Perkin-Elmer 180 recording spectrophotometers 
operating in the double beam mode. Samples were. pre- 
pared in potassium bromide or cesium iodide discs (1% 
w/w concentration) and  spectra recorded us. air or an  
attenuator in the reference beam path. Spectra were cali- 
brated using a polystyrene film and all frequencies are  
believed to be accurate to within + 5 cm-'. 

Proton magnetic resonance spectra were recorded on a 
Varian T-60 spectrometer. Samples normally contained 
about 20 mg of complex dissolved in 0.50mI 1.8 M 
D2S04.  The sodium salt of 3-(trimethylsilyl)propane sul- 
fonic acid (DSS) in 1.8 M D2S04 was used as an external 
standard. Chemical shift values (T) are given relative to  
the standard (T = 10.00 p.p.m.). 

Procediires 
The techniques used in the ion-exchange, freeze-drying, 

and recrystallization procedures have been described 
previously (1). 

Elemental analyses were carried out by Galbraith 
Laboratories, Inc. (Knoxville, Tenn.). 

Results and Discussion 
The reaction scheme outlined by Ohkawa et al. 

(2, 5) involves the reaction of either the dark 
yellow form of N~,[CO(CN),(SO,),(NH,)~]~~ 
H 2 0  or the orange-yellow form of Na,[Co(CN),- 
(S03),(NH3),].5 H 2 0  with aqueous ethylene- 
diamine to yield cis-[Coen2CNS03], reaction of 
this complex with concentrated HBr to yield cis- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



478 C A N .  J .  CHEM. 

[Coen,BrCN]Br.H,O, and ammonolysis of the 
latter compound to yield cis-[Coen,NH,CN]Cl,. 

We found that when the dark yellow form of 
N~,[CO(CN),(SO,),(NH,)~].~ H 2 0  was heated 
with aqueous ethylenediamine, the solution 
changed color very slowly and, contrary to the 
observations of Ohkawa et al., brown crystals did 
not appear within a few minutes. After 2 h heating 
on a steam bath and evaporation to approximately 
one-half volume, yellow-brown crystals were 
present in solution. These were collected by filtra- 
tion of the hot solution and washed thoroughly 
with water, ethanol, and acetone.' Treatment of 
these yellow-brown crystals with concentrated 
HBr on a steam bath resulted in the formation of 
a deep purple solution from which a purple-red 
solid could be precipitated by the addition of ab- 
solute ethanol. Like cis-[Coen,BrCN]Br.H,O 
this solid possessed a visible absorption maxi- 
mum at 5 14 nm and a strong, sharp CEN stretch 
at 2130 cm-'. Unlike cis-[Coen,BrCN]Br.H,O 
(5) it was very soluble in water and could not be 
recrystallized successfully from this solvent. 
Treatment of this purple-red solid with liquid am- 
monia as per Ohkawa et al. (2) gave an orange- 
yellow solid which, when dissolved in water and 
chromatographed on Dowex 50W-X2 ion-ex- 
change resin, yielded at least four fractions: (i) 
unreacted starting material which was eluted with 
0.50 M HCI, (ii) +2  charged species which were 
eluted with 1 M HC1, (iii) a +3  charged species 
which was eluted with 3 M HCl, and (iv) a species 
of unknown charge which was removed from the 
column with 6 M HCl (6). Only minor amounts 
of the total reaction product were in the 0.50, 3, 
and 6 M HCl fractions. The fractions from the 
column were freeze-dried and the solids obtained 
from the 1 M HC1 fractions recrystallized from 
ethanol-water as previously described (1). The 
solid obtained by freeze-drying of the 1 M HC1 
fraction always contained a mixture of com- 
pounds as evidenced by the presence of at least 
three sharp bands of varying intensity in the 

'Treatment of these yellow-brown crystals with an  
excess of 10% aqueous ethylenediamine solution for 3 h 
at  100 "C resulted in a quantitative conversion to  cis- 
cyanosulfitobis(ethylenediamine)cobalt(III). When the 
orange-yellow form of Na3[Co(CN),(S03),(NH3),1- 
5H,O was heated with aqueous ethylenediamine, cis- 
~yanosulfitobis(ethylenediamine)cobalt(III) chloride crys- 
tallized from the reaction mixture as indicated by Ohkawa 
et 01. (2). 

VOL.  52.  1974 

2 100-21 50 cm- ' region. On recrystallization 
from ethanol-water a yellow solid was obtained 
which possessed only a single, strong, sharp C=N 
stretch at 2130 cm-I. 

After drying to constant weight in vacuo over 
phosphorus(V) pentoxide, the recrystallized 
yellow solid yielded the following elemental 
analysis. 

Anal. Calcd. for [Coen(NH3),CN]C1,(C3HI7- 
N7C1,Co): C, 13.50; H, 6.36; N, 31.50; C1,26.55. 
Found: C, 13.46; H, 6.31; N, 31.58; C1,27.01. 

After recrystallization and drying in exactly the 
same manner cis-cyanoamminebis(ethy1enedi- 
amine)cobalt(III) chloride yielded the anhydrous 
salt whereas the trans isomer yielded the mono- 
hydrate, trans-[Coen2NH,CN]Cl2.H2O (1). 

Assignments of configuration of cis and trans 
isomers using i.r. absorption spectra have fre- 
quently been recorded in the literature (7-12). 
The i.r. absorption characteristics of [Coen- 
(NH,),CN]Cl, were therefore examined in an 
effort to ascertain the geometrical arrangement 
of the ammonias and the cyanide ion in this com- 
plex. Like both cis-[Coen,NH,CN]Cl, and 
trans-[Coen2NH3CN]C12.H,0, [Coen(NH,),- 
CNIC1, showed a single, strong, sharp C=N 
stretch at 2130 cm- '. In the 1580-1620 cm- ' 
region (8, 9) the absorption pattern of [Coen- 
(NH,),CN]Cl, was similar to that observed for 
cis-[Coen,NH,CN]Cl, but the midpoint of the 
major peak was, as in the case of trans-[Coen, 
NH,CN]Cl,.H,O, at 1610 cm-'. In this region 
[Co(NH,),CN]Cl, showed a single, strong, broad 
peak centered at  1600 cm-'. Rigg and Sherwin 
(7) have assigned bands in the 1300 cm-' region to 
the asymmetric deformation of NH, and have 
concluded that, in isomeric diacidodiammine- 
(ethylenediamine)cobalt(III) complexes, the am- 
monia ligands are in a trans position if splitting is 
absent whereas, if splitting is present, no assign- 
ment of configuration can be made. In the 1300 
cm-' region, the absorption pattern of [Coen- 
(NH,),CN]Cl, was much less complex than that 
observed for either cis-[Coen,NH,CN]Cl, or 
trans-[Coen,NH,CN]Cl,.H,O. However, by 
comparison to [Co(NH,),CN]Cl, which, in this 
region, showed single, sharp peaks at 1315 (s) and 
1275 (w) cm-', splitting of the NH, bands was 
definitely present in [Coen(NH,),CN]CI,. Cham- 
berlain and Bailar (10) have attributed bands in 
the 1130-1150 cm-' region to N-H vibrations 
and have stated that in diacidobis(ethy1enedi- 
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amine)cobalt(TII) complexes trans isomers have 
one band in this region whereas cis isomers have 
two. Rigg and Sherwin (7) found the spectra 
of their isomeric diacidodiammine(ethy1enedi- 
amine)cobalt(III) complexes in this region to be 
too complex to enable them to apply this rule to 
their complexes. [Coen(NH,),CN]CI, showed a 
single, sharp, strong band at 1 150 cm- '. In the 
850-900 cm-' region the spectruln of [Coen- 
(NH,),CN]CI, showed a very weak shoulder at 
885cm-' associated with a weak peak at 870 
cm-'. On the basis of Baldwin's (11) criterion 
and Rigg and Sherwin's (7) observations, [Coen- 
(NH,),CN]Cl, could be assigned a I-cyano- 
2,3,4-triammine configuration. In the 610-500 
cm-' region the spectrum of [Coen(NH,),CN]- 
C1, could be considered to possess four weak 
peaks if all shoulders were counted as peaks but 
the criterion advanced by Hughes and McWhinnie 
(12) to differentiate cis and trans isomers in the 
diacidobis(ethylenediamine)cobalt(III) series was 
very difficult to  apply in this case. The overall ab- 
sorption pattern of [Coen(NH,),CN]Cl, in the 
600-200 cm-' region was more like the absorp- 
tion pattern of cis-[Coen,NH,CN]Cl, than the 
absorption pattern of trans-[Coen,NH,CN]C&. 
H,O. In summary, i.r. data does no more than 
suggest a 1-cyano-2,3,4-triammine configuration 
for [Coen(NH,),CIU]Cl,. Certainly there is no 
one criterion of the several proposed (7-12) that 
can be said to establish unequivocally the con- 
figuration of the compound. 

In the u.v.-visible region [ C O ~ ~ ( N H ~ ) ~ C N ] C ~ ,  
possessed absorption maxima (A,,,) at 437 
(E 69.0 M- '  cm-') and 327 nm (E 65.0 M-'  
cm-') and absorption minima (h,,,,) at 373 
(E 1: 14.1 M- '  cm-') and 280 nm (E - 10.0 
M- '  cm-'). The spectrum of the complex was un- 
affected by pH in the region pH 3.0-9.0. cis- 
[Coen2NH3CN]C1, showed absorption maxima 
at 436 (E 74.3 M- '  cm-') and 322 nm (E 82.3 
M-'cm-')  and minima at 371 (E 19.5 M-'  
cm- ') and 282 nm (E 22.0 M -  ' cm- '). trans- 
[ C O ~ ~ , N H , C N ] C ~ ~ . H , O  possessed absorption 
maxima at 434 (E 56.0 M- '  cm-') and 322 nm 
(E 59.9 M- '  cm-') and minima at 368 (E 14.0 
M- '  cm-') and 287 nm (E 24.9 M- '  cm-') (1). 
[Co(NH,),CN]Cl, had absorption maxima at 
441 (E 57.1 M- '  cm-') and 327 nm ( E  55.3 M- '  
cm-') and absorption minima at 373 and 278 nm. 
The pattern observed for the A,,, and A m i n  values 
of [Coen(NH,),CN]Cl, suggests it is a l-cyano- 

2,3,4-triammine species. Strong support for this 
formulation is provided by the magnitude of E for 
[Coen(NH,),CN]Cl, at the long wavelength 
maxi~num : it is clearly much closer to the corre- 
sponding value of E forthecis-[Coen,NH,CN]CI, 
complex than it is to the value of E for the 
trans-[Coen2NH3CN]Cl2.H2O complex. 

The p.m.r. spectrum of [Coen(NH,),CN]CI, 
in 1.8 M D2S04 showed resonance absorbances 
at 4.67, 5.00, and 7 . 1 0 ~ .  The4.67 and 5.50 r 
resonances were fairly broad and of equal inten- 
sity and the 7.10 r resonance was very broad. 
Integrated areas were in the ratio of l(4.67 
+ 5.50 1):3.1 (7.10 7). On this basis the ab- 
sorbance~ at 4.67 and 5.50 are associated with 
the NH, protons of the ethylenediamine while 
the broad resonance at 7.10 obviously contains 
the resonances of both the NH, and CH, protons. 
Under similar conditions cis-[Coen2NH3CN]C12 
showed resonance absorbances at 5.02,5.49,6.00 
(very weak) and 7.23 r ;  trans-[Coen,NH,CN]- 
CI,.H,O showed resonance absorbances at 5.23, 
5.64, 6.37, and 7.14 T (1); and [Co(NH,),CN]CI, 
showed resonance absorbances at 6.00 and 6.95 t 
(integrated ratio 1 : 4). A major observation here 
is that in [Co(NH,),CN]Cl, the resonance ab- 
sorbance of the protons on the ammonia trans to 
the cyanide ion is 57 Hz downfield from the res- 
onance absorbance of the protons on the am- 
monias cis to the cyanide ion while the resonance 
absorbance of the protons on the ammonia in 
trans-[Coen,NH,CN]Cl,-H,O is approximately 
50 Hz downfield from the resonance absorbance 
ofthe protons on the ammoniain cis-[Coen2NH3- 
CNIC1,. The proton resonance absorbance pat- 
tern for [Coen(NH,),CN]Cl, clearly indicates 
the absence in this complex of an ammonia group 
trans to a cyanide ion. On this basis, the com- 
pound is 1-cyano-2,3,4-triammine(ethy1enedi- 
arnine)cobalt(III) chloride. This conclusion con- 
tradicts none of the spectral information pre- 
viously presented and is in accord with the be- 
havior of this compound on recrystallization. 

The nature of the other products produced 
from the reaction of liquid ammonia with 
the purple-red bromocyanodiammine(ethylene- 
diamine)cobalt(III) has not yet been clearly 
established. The solids obtained by freeze-drying 
of the 3 and the 6 M HCl fractions from the 
chromatography column both showed CGN 
stretches in the 2130 (w) and 2190 (m) cm-' 
region suggesting the presence of both terminal 
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and bridging cyanide groups in both complexes 
(13, 14). These compounds are undergoing 
further investigation. 

Financial support by the National Research Council 
of Canada is acknowledged. 
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Proton Magnetic Resonance Studies of Rotational Isomerism in Halotoluenes. X. 
Estimates of Conformational Preferences and Rotational Barriers in Benzal 

Fluoride and Some Dichloro Derivatives 

J .  BRIAN R O W B O T H A M , '  ALEXANDER FRANK J A N Z E N ,  J A M E S  P E E L I N G , '  A N D  TED SCHAEFER 
Depr~rtriler~t c~J'Clzeriii.str)~, Ur~iversiry of Mr~rzitol~rr, Winnipeg, Motlitobrt R3TZN2 

Received August 18, 1973 

The synthesis of benzal fluoride and of its 2,6-, 3,5-, 3,4-, and 2,4-dichloro derivatives is followed 
by an analysis of their proton magnetic resonance spectra. The long-range spin-spin coupling constants 
are most consistent with a barrier to rotation about the spZ-sp3 carbon-carbon bond in benzal fluoride of 
less than 500 cal/mol, in semiquantitative agreement with an ab initio molecular orbital calculation. 
The 2,6-dichloro derivative has a conformation in which the C-H bond of the side chain lies in the 
plane of the aromatic ring. The 2,4-dichloro derivative favors a similar conformation, the C-H bond 
lying cis to the ring chlorine atom. I n  contrast to the long-range proton-proton couplings, the long- 
range proton-fluorine couplings are intrinsically sensitive to substituent effects from the ring chlorine 
atoms. 

La synthtse du fluorure de benzyle et  de ses derives -2,6, -3,5, -3,4 et -2,4 dichloresest suivie de I'analyse 
de leurs spectres de resonance magnetique du proton. Les constantes de couplage a longue distance sont 
trks cohtrentes avec une barriere de rotation autour de la liaison carbonexarbone spZ-sp3 dans le 
fluorure de benzyle, infkrieure a 500 cal/mol; elles sont en accord semiquantitatif avec les resultats d'un 
calcul theorique de type ab inirio. Le dtrive -2,6 dichlort prtsente une conformation dans laquelle la 
liaison C-H de la chaine laterale se trouve dans le plan du cycle aromatique. Le derive -2,4 dichlort 
favorise une conformation similaire, la liaison C-H se trouvant dans une position cis par rapport a 
I'atome de chlore du cycle. Par apposition aux constantes de couplage a longue distance proton-proton, 
les constantes de couplage a longue distance proton-fluore sont intrinsequement sensibles aux effets de 
substitution des atomes de chlore du cycle. [Traduit par le journal] 

Can. J. Chern.. 52,481 (1974) 

Introduction 
The long-range coupling constants between 

ring and methyl protons in toluene (1, 2), 
between ring fluorine nuclei and methyl protons 
in fluorotoluene derivatives (3, 4), and between 
ring protons and fluorine nuclei in benzotri- 
fluoride (5) have been discussed in terms of o 
and n electron contributions to the coupling 
mechanisms. The coupling over six bonds 
between protons, 6~pH9CH3, and between ring 
fluorine nuclei and methyl protons, 6JpF,CH3, are 
transmitted by a n electron mechanism (2, 6). 
The corresponding couplings over four and five 
bonds have substantial o electron contributions. 
In toluene derivatives, the side-chain proton - 
ring proton coupling constants are highly 
stereospecific and relatively insensitive to the 
presence of ring substituents. These character- 
istics make them useful probes into the confor- 
mational preferences of these compounds. On 
the other hand, the couplings between side-chain 
fluorine nuclei and the ring protons in benzo- 

'Postdoctoral fellow, 1971-1973. 
ZNRCC fellowship holder, 1971-1973. 

trifluoride derivatives display a substantial 
dependence on substituents (5). I n  addition, 
little is known about their conformational 
dependence. In this paper such long-range 
couplings are measured in benzal fluoride and 
four of its derivatives containing two chlorine 
atoms as ring substituents, 1-5. 
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TABLE 1. Conditions of synthesis for 1 to 5 

Reactants (mmol) Conditions 
-- 

Product Aldehyde SF, BF3 Time (h) Temp. ("C) Yield (%) 

1 31.3 63.2 - 6 150 80 
2 15.6 31.6 - 10 150 t 5  

15.7 37.6 4.8 16 120 1 95 
3 15.7 34.2 4.5 22 120 1 95 
4 15.6 33.5 - 16 120 70 
5 15.6 33.1 - 16 120 50 

It turns out that the long-range coupling 
constants are best interpreted in terms of almost 
free rotation about the sp2-sp3 carbon-carbon 
bond in benzal fluoride. A ground state con- 
formation in which the C-H bond of the side 
chain lies in a plane perpendicular t o  the aro- 
matic ring can be ruled out. 

Experimental 
Synthesis 

Fluorination of the corresponding aldehydes (Aldrich) 
gave the benzal fluorides (7). Sulfur tetrafluoride (Mathe- 
son) was handled in a metal vacuum system and was 
condensed into a 75-cc stainless steel pressure reaction 
vessel containing the aldehyde. In some cases, boron 
trifluoride(Mathes0n) was addedas a catalyst. No  attempt 
was made to optimize yields. Compound 3 was used 
without purification, while the others were distilled under 
reduced pressure in a closed system. Details of the 
reaction conditions are given in Table 1. Highly charac- 
teristic p.m.r. spectra, particularly for the methine 
proton, left no doubt as to the identity of the products. 

Proton Magnetic Resonance Spectra 
Thoroughly degassed samples (freeze-pump-thaw) 

contained small amounts of tetramethylsilane as an 
internal reference. The solvents are given below. Spectral 
calibrations were performed on a HAlOOD spectrometer 
in the frequency sweep mode a t  sweep rates of 0.01 or 
0.02 Hz/s and at a sweep width of 1 Hz/cm. Double 
resonance experiments (8) on 3, 4, and 5 gave the signs 
of the long-range coupling relative to those of thecouplings 
between ring protons and of the two-bond coupling 
between fluorine and proton. Two different samples of 
1 in C6D6 were calibrated in order to check the analysis 
of their complex spectra. 

A solution of 2 in toluene-d8 was cooled to below 
- 100 "C but no evidence for slow rotation on the n.m.r. 
time scale was found. The spectral characteristics implied 
an  upper limit of 8 kcal/mol to the free energy barrier to 
internal rotation about the C-C bond. 

Results and Discussion 
Spectral Analysis 

The spectra of 2-5 approach first order and 
were analyzed using the computer program 
LAME (9). The 8-spin spectrum of 1 was rather 
con~plex and was analyzed in the  iterative and 
noniterative modes of LACX (10). Spectral 
parameters were varied over generous ranges in 
a series of simulations to  ensure that only the 
reported values gave a reasonable reproduction 
of the observed spectrum. A few impurity peaks 
caused minor difficulties; however, two different 
samples yielded almost identical parameter sets. 
In Fig. 1 the aromatic region of the spectrum of 
1 is displayed, together with the calculated 
spectrum. The latter is obtained with the 
parameters given in column 2 of Table 2. All 
parameters except the shift o f  the methine 
proton, the shift of the fluorine nuclei, and 
' J H s F  were allowed to vary in the final iterations 
(for the other spectrum of 1 only the shift of 
fluorine was not allowed to vary). Of the 509 
transitions of the aromatic protons having 
intensities greater than 0.01, 276 were assigned. 
Multiple near-degeneracies precluded more as- 
signments. The r.m.s. deviation of calculated 
from observed transitions was 0.017 Hz; the 
standard deviations were very small, being as  
large as 0.007 H z  only for 6 ~ p H , H  and 6JpH,F. 
The  correlation coefficients were all less than 0.2 
except that the shifts of the ortho and meta 
protons were correlated by 0.28, and ' J H 2 p H 3  was 
correlated to  each of these shifts by 0.42. 

The final spectral parameters for all com- 
pounds are given in Table 2. 
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FIG. 1. The ring proton magnetic resonance spectrum at 100 MHz of a 15 mol % solution of benzal fluoride in 
benzene-d6. The spectrum calculated with the parameters in Table 2 is shown below the observed spectrum. The ex- 
perimental traces at the extremes of the figure were taken at higher gain. Some impurity peaks occur in the extreme 
high-field part of the observed spectrum in the region of 694-697 Hz. 

TABLE 2. The chemical shifts* and coupling constants in Hz of benzal fluoride 
1 and some dichloro derivatives 

-- 
-- 

Parameter 1 t 1 t 2 t 3$ 4 t 5 5 

V z  719.71 720.39 - 730.36 - 714.26 
V 3  702.98 703.68 678.03 - 696.73 - 
V 4  706.10 706.82 650.71 737.23 - - 
V I .  702.98 703.68 678.03 - 677.47 695.25 
v6 719.71 720.39 - 730.36 711.42 675.46 
V V  61811 619.18 706.28 645.71 654.01 596.43 

Z J H . F  56.51) 56.44 53 .OO 56.05 54.76 56.01 
3 J  H . H  7.80[2,3] 7.80 8.13 - 8.42 8.29 

7.54[3,4] 7.52 - - - - 
4J H . H  1 .26[2,4] 1.26 - 1.89 2.05 2.05 

1 .88 [2,6] 1.89 - - - - 
1.31[3,5] 1.31 - - - - 

5 J  H , H  0.63 0.63 - 0.36 0.37 

4J H , C H =  -0.47 -0.46 - -0.49 -0.45 -0.45[2] 
-0.48[6] 

5 J  H . C H .  0.26 0.26 0.24 - 0.00[3] 0.31 
0.48 [5] 

6J H . C H =  -0.24 -0.25 -0.01 -0.28 - - 
4J H . C F  

o - 1.16 -1.17 - -1.02 -0.91 - l.08[2] 
- 1.08[6] 

5 J  H . C F  
m 0.92 0.92 1.06 - 1 .20[3] 0.95 

0.57[5] 
6J H . C F  

P - 1.16 -1.12 -1.25 -0.95 - - 
-- 

*In Hz at 100 MHz to low field from internal TMS. 
tApproximately 15 mol % in C6D6. 
SApproxjmately 10 m o l z  in CS,. 
5Approxlmately 20 mol % in C6Ds. 
IINot iterated on these parameters. 
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Long-range Couplings to the cr Proton, radians yields 5 ~ 1 , , H * C H "  - - 0.24 + 0.07 = 0.31 
Conformational Preferences, and Hz. In other words, the TC contribution raises 
Rotational Barriers 5 J 1 , H 3 C H n  somewhat from the value expected for 

(a) Over Five Bonds, 5J11,H,CHa rapid flips between coplanar conformations of 
In 2,6-dichlorobenzal chloride the conforma- type 1 or 2. The calculated value of 0.31 Hz is a 

tion analogous to 2 is about 15 kcal/mol more little larger than the 0.26 HZ observed in 1 but 
stable (11) than the high energy conformation equal to that in 5. The difference from 1 is too 
(12) in which the C-H bond of the dichloro- small to vitiate the model of nearly free rotation. 
methyl group lies in a plane perpendicular to For 4 one may have an oscillation UP to 30" 
the aromatic ring. The long-range coupling about the C-C bond for conformation 4a and 
5 ~ m H 3 . C H a  is 0.50 0.02 in that compound find that the calculated values are still within 
while 5 ~ m H 5 , C H .  is less than 0.05 fjz. In 2 the experimental error of the observed parameters, 
barrier to rotation is probably less than 8 i.e., eq. 1 averaged ktween -7t/6 and ~ / 6  yields 
kcal/mol (see Experimental) and rapid confor- 0.03 Hz (coupling to H3) and yields 0.48 Hz 
mational isomerism about the sp2-sp3 carbon- when averaged between 5n/6 and 7 4 6  (coupling 
carbon bond could lead to the observed coupling t o  Hs). The free rotation model for 1 is7 there- 
of 0.24 H~ = (5 J,Hs.CH= + 5 J,H~,CH.)/~. 4 one fore, not disproved by the data on 4. 
observes 5~1,HS*CH" as 0.48 HZ while 5~1,H"cHn is (b) Over s ix Bonds, ~J ,H,~H~,  and Barrier to 
unobservable, implying that 4 exists predom- Rotation 
inantly as 4a. In 1 the coupling is 0.26 Hz, again 1, 1 the barrier to rotation about the C-c 
suggesting equal populations of the bond may be rather small. Ab initio calculations 
corres~onding to conformation 1. In 5 the (14) indicate 1 as more stable by 180 cal/mol 
observed coupling of 0.31 Hz then would than the form where the C-H bond lies in a 
suggest that 5a is populated to an extent of plane perpendicular to the ring plane. Experi- 
about 60x3 this conformation having a some- mental data are unavailable. Such a low twofold 
what smaller dipole than 5b, i.e., a barrier is only an  order of magnitude larger than 
larger separation of negative the sixfold barrier in toluene (15). If it is correct, 
These conclusions assume a negligible substituent then at room temperature the population of 1 is 
dependence on 5~,,H,CHa, in line with the data on only 1.35 times the population of the perpendic- 
the 2,4,6-trichlorobenzal chloride (12) and the ular form. Classically, such a low barrier would 
2,4,6-tribromobenzal chloride (13). entail large amplitudes of oscillation about the 

The 6 ~ p H , C H m  values are interpreted below in C-C bond in both 1 and the perpendicular 
terms of an &-~-~ost free rotation about the C-C conformation. Evidence for a substantial oscilla- 
bond in 1, 3, and 5 (but not in 2). The question tion, at least in 1, comes from the ~ J , H , C H ~  values 
therefore arises whether the five-bond couplings in 1,2, and 3. Because this coupling is transmitted 
are also consistent with the latter model. by a mechanism (2) in which o-K interaction 

Calculations on 5 ~ 1 , , H 8 C H 3  in toluene (2) suggest occurs between the C-H, bond and the 7t 
that the coupling is dominated by a 0 electron electron system of the aromatic ring, it has a 
mechanism which has a (1 - cos 0)/2 depen- sin2 0 dependence where 0 is the angle between 
dence and that a smaller contribution to  the the plane of the aromatic ring and the plane 
coupling originates in a 7t electron mechanism, containing the C-H, bond. In 2 the coupling is 
depending on sin2 0. From the measurement (6) effectively zero because 0 is 0" and oscillations 
of 6J,CH3,CH3 in a m-x~lene derivative, it was about this value of up to 15" will not increase the 
suggested that the contribution was given by magnitude of the coupling significantly (16, 17). 
0.38 sin2 0 in HZ. If, then, the 7t contribution to Quantum mechanically, a barrier to rotation in 
5J1,H9CHa in benzal fluoride is reduced in propor- 2 of about 2 kcal/rnol guarantees the same 
tion to 6~pH9CHa ,  i.e., by (-0.52 x 0.38)/ conclusion (17). 
(- 1.24), one may write Now, in 1 and 3 the value of 6 ~ p H , C H "  is - 0.26 

[ I ]  5 ~ , 1 , H , C H a =  5 ~ o  + 5 ~ n  $ 0.02 Hz, indicating a substantial amplitude of 
oscillation in conformation 1 or  a barrier lower 

= 0'48 - ')I2 + than 2 kcal/mol. Unfortunately, no value of 
For free rotation, an average from 0 to  27t 6~ , ,H ,CHa  is available for 0 = 90" for the difluoro- 
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methyl group. For free rotation, (sin2 8) = 0.5, 
so that a maximum value of 6 ~ p H ~ C H m  (8 = 90') 
would then be -0.52 + 0.04 Hz. For the methyl 
group, the corresponding value is - 1.24 Hz, 
while for the fluoromethyl group it is -0.64 Hz 
(16). For CH2X groups the o-x interaction 
decreases in magnitude in a roughly linear 
fashion as the electronegativity of X increases 
(16), so that a further decrease might well occur 
in going from CH2F to CHF,. 

The first fluorine atom substituent decreases 
6 ~ p H , C H u  by a factor of two from its value in the 
methyl group. If, in fact, the second fluorine 
atom again halves 6 ~ p H , C H m  (8 = 90°), i.e., to  
about -0.32 Hz, then the observed values of 
-0.26 + 0.02 Hz in 1 and 3 are in agreement 
with neither a free rotation model nor a ground 
state conformation 1. Rather one would need a 
perpendicular conformation with a substantial 
oscillation of near 30" about the C-C bond. 

It is probably reasonable that substitution by 
a second fluorine atom does not have as large 
an effect on 6 ~ p H v C H m  (8 = 90') as does substitu- 
tion by the first fluorine atom into the methyl 
group. Then the value of -0.52 Hz above 
appears adequate as an estimate and is in 
agreement with the quantum mechanical model 
of Stone and Maki (17) for a barrier of 180 
cal/mol, this value being hardly distinguishable 
from free rotation. In this model, if 1 is the 
ground state with a barrier to rotation of as 
much as 1 kcal/mol, the experimental value of 
-0.26 Hz implies a 6JpH,CH~ (8 = 90') of about 
- 1.3 Hz, even larger than for the methyl group 
itself. Even a barrier of 0.5 kcal/mol entails a 
value of -0.74, greater in magnitude than the 
-0.64 Hz derived for the fluoromethyl group 
(16). 

The present measurements, therefore, indicate 
a barrier of less than 0.5 kcal/mol for the barrier 
to internal rotation in benzal fluoride and also 
imply that the ground state is 1. A microwave 
measurement of the barrier would be of interest, 
even though it may not indicate the ground state 
conformation if the barrier is very small. 

(c) Coupling Over Four Bonds, 4J0H3CHu 
To within experimental error, this coupling is 

the same in the four compounds where it occurs 
and since 4 exists predominantly in form 4a, it 
is apparently not suited to stereochemical 
deductions. The coupling presumably contains 
substantial contributions from both o and n 

electrons (2, 6) and therefore its value need not 
vanish when the C-H, lies in the plane of the 
aromatic ring. It would be useful to know 
whether 4 ~ 0 H , C H m  has different values at 8 = 0 
and 180". Therefore, MO-INDO-FPT and MO- 
CNDO/ZFPT calculations were carried out on 
benzal fluoride. 

(d) INDO and CND0/2 Calculations of 
4  H,CHm 5 J  H,CHm and 6  jpH.CH, 
JO , n, 

These were performed on an IBM 360165 
computer in a manner described in detail for 
other molecules (2). Up to a hundred iterations 
were performed to  achieve convergence in the 
coupling constants to about l o p 3  Hz. The 
finite perturbation (18) was applied to the cl 

proton for a standard geometry (20) and the 
angle was varied at intervals of 10 to 15". 
Convergence was not obtained for some values 
of 8, which is defined by 6. The computed cou- 
plings are given in Table 3. 

(i) Over Four Bonds, 4~0H,CHm 
In Fig. 2 the computed 4 ~ 0 H , C H ~  values are 

plotted as a function of the angle 8. The CND0/2 
predictions are clearly in disagreement with 
experiment, as expected if they do not take the 
o-n mechanism into account (19). INDO 
predicts that the coupling is -0.3 Hz when 
8 = 180" and 0.13 Hz when 8 = 0°, suggesting 
4a as the conformation for 4, particularly if a 
sizeable oscillation occurs about the C-C bond. 

The shape of the computed curve, with its 
maximum magnitude near 8 = 90°, implies a 
large n contribution to 4 ~ 0 H v C H "  similar to that 
observed and calculated (2) for toluene. The 
average value over all angles in Table 3 is 
-0.48 Hz, in fortuitous quantitative agreement 
with the observed numbers for 1 and 3. Thus, 
the INDO computations of 4J0H,CHa agree with 
almost unhindered rotation about the C-C 
bond in 1 and 3. For a large barrier to rapid 
rotation between identical forms 1, INDO 
would indicate substantially different values in 1 
and 4, contrary to experiment. 
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TABLE 3.  Computed long-range coupling constants in Hz in benzal fluoride 
-- -- 

4J H,CH= 5J H.CHm 6J H.CHm 

8* 
(deg) INDO CND0/2 INDO CND0/2 INDO CND0/2 

'The angle 8 is defined by 6 in the text and has the C-Ha bond in the plane of the ring and cis to the ortho proton 
when 8 = 0'. 

FIG. 2. The calculated coupling over four bonds be- 
tween the a proton and the ortho ring protons as a function 
of the rotational angle 8 in benzal fluoride. 8 = 0" refers 
to the conformation in which the C-H. bond lies in the 
plane of the ring and cis to the ortho proton. 

(ii) Over Six Bonds, 6JpH,CHn 
The lNDO coupling in Table 3 closely follows 

6JpH,CHu = 0.87 x sin2 0 while the CND0/2 
result never rises above 0.0034 Hz, clearly 
indicating a 7c electron mechanism. The value 
of -0.87 Hz at 0 = 90" is an overestimate in 
view of the experimental value of -0.64 Hz for 
the fluoromethyl group, discussed in a previous 
section, where a free rotation model implied 
-0.52 Hz at 0 = 90" for the difluoromethyl 
group. If the calculated value were actually 
correct, simple averaging suggests an oscillation 
by 45" about the conformation 1 will also lead 
to an observed value of -0.26 Hz for 6JpH9CHu. 
Such a large oscillation implies a rather small 
barrier to  internal rotation. 

(iii) Over Five Bonds, 5J11,H3CHu 
The INDO and CND0/2 values are plotted in 

Fig. 3. For toluene (2), benzaldehyde (21), and 
styrene (22), INDO substantially overestimates 
the magnitude of a five-bond coupling from an 
cl proton. A similar situation exists for benzal 
fluoride, as can be seen in Fig. 3 where the 
values predicted by eq. I are also plotted. 
Comparison with the CND0/2 curve indicates 
the 7[: electron contribution to 5J1,,H9CH" included 
in eq. 1, this contribution being substantially 
smaller than that clearly contained in the INDO 
curve. The experimental values in Table 2 suggest 
that neither the CND0/2 nor the INDO curves 
are quantitatively correct. Reduction of the 
computed INDO values by a factor of two 
would produce a 0 dependence of 5 ~ , H 9 C H u  in 

FIG. 3. The computed couplings over five bonds 
between the a proton and the ring proton as a function of 
rotational angle 8 are plotted as solid lines. The dashed 
line refers to the couplings calculated from eq. 1 of the 
text. 8 = 0" refers to the conformation in which the 
C-H, bond lies in the plane of the ring and cis to the 
meta proton. 
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agreement with a free rotation model as well as about the C-C bond (180 cal/mol barrier (14)), 
with eq. 1. the values of 6 ~ , H , C F  at 90c (C-F perpendicular 

to  ring) become -2.28 Hz for benzal fluoride, 
~ong-range ~0Upling from the Nuclei - 1.90 Hz for the 3,5-dichloro derivative, and 

(a)  Over Six  Bonds, 6JpH,Cr - 1.76 Hz for the 2,6-dichloro derivative 
In benzal fluoride 6 ~ p H , C F  is - 1.14 HZ. If the (because (sin2 8) = 0.5 for the first two, while 

I 
C-H, bond lay in a plane perpendicular to the the last compound exists in form 2). The ring- 
aromatic ring, the C-F bond would lie at 60" substituent effect now increases in magnitude 

6 H,CF from the perpendicular, so that J ,  (0 = 90" as the chlorine atoms more closely approach the 
for F) would have a value of - 1.14/sin2 30" = difluoromethyl group, and there occurs a steady 
-4.56 HZ. In benzotrifluoride, however, the progression in the derived J values.4 
corresponding value is - 1.28 Hz (5) and is The six-bond coupling to fluorine in benzal 
- 2.43 Hz in 2,6-dichlorobenz~l fluoride (231, fluoride is therefore best interpreted in terms of an 
i.e., 6J,,H3CF decreases substantially in magnitude almost free rotation of the difluoromethyl group 
as more electronegative fluorine atoms are about the C-c bond. 
substituted into the methyl group (similar to the (b)  ouer F~~~ ~ ~ ~ d ~ ,  SJ,,,H,CF 
decrease in magnitude of 6 ~ p H o C H a  on going from In 4, 5~ , ,H ,CF  is 0.57 Hz to H, and 1.20 HZ t o  
CH3 to  CHF2 groups). Consequently, i t  is H3, indicating form 4a if 5J,,,H,CF follows an 
highly unlikely that the stable conformation of equation similar to eq. 1. such an assumption 
benzal fluoride is one in which the C-H, bond implies two equations in  SJ,,,H,CF. ~h~~~ yield a 
lies perpendicular to the ring.3 o electron contribution of 1.26 Hz at 0 = 180" 

On the other hand, if 1 is by far the most (trans), 0.00 Hz at 0 = 0°, and 0.34 Hz for the 
stable conformation of benzal fluoride it follows . electron contribution to ~ J , ~ H , c F .  B~~ a ring- 
that 6 J ~ H ' C F  at 900 (C-F perpendicular ring) substituent effect is probably present here also 
is -2.28 Hz for benzal fluoride, - 1.27 Hz for so that a direct with the other corn- 
3,5-dichlorobenzal fluoride, and - 1.67 Hz for pounds is difficult. ~ h ~ ~ ,  in 2 the average 1 , 2,h-dichlorobenzal fluoride (sin2 60" = 0.75). A coupling over five bonds is 1.06 H ~ ,  almost 0.2 

I substantial ring-substituent effect on 6JpH7CF is H~ higher than the 0.89 H~ obtained from the 
1 clearly present. However, it is improbable that average of the two couplings in 4. ye t  this 

the chlorine atoms in the 3 and 5 positions average is nearly equal to the 0.92 H z  observed 
have a larger effect than in the and in 1. In the absence of ring-substituent effects on 

positions (because they are known not to  affect ~ J~ ,H .cF ,  equality would indicate that benzal 
6JpH,CH3). Therefore, the substituent effect must fluoride exists in conformation 1. ~ f ,  then, the 
occur at the site where the C-F bonds undergo chlorine atoms reduce the . contribution to 
o-n interaction with the n. system of the ring, ~J,,:,cF in 2 (as they apparently do for ~J,H,cF), 
because the o-n at the C--H they must increase the o electron contribution 
in thepara position of the ring is no doubt much to this coupling in 2. order to reconcile 
the same for 3,5-dichlorobenzal fluoride and these observations with an ualmost free 
3,5-dichlorotoluene. in benzal fluoride, assume that the n electron 

Now, if almost free internal rotation occurs contribution to SJ,,,H,CF has the same ratio to 
6 ~ p H , C F  as for the corresponding couplings in 

3 0 ~ r  INDO and CND0/2 calculations Suggest the toluene (2), namely, - 113. One has (2.28)/ 
perpendicular form as more stable than the form 1 by 
1.5 and 1.9 kcal/mol, respectively, contrary to the ab (3 x 2) = 0.38 Hz for 'J" for free rotation, 
initio calculations (14). It appears likely that the reason leaving 0.54 Hz as 5J". The latter is indeed 
for the error in the former lies in the fact that they smaller than the 0.63 Hz derivable from the 1.26 
favor more highly connected conformations, the two HZ deduced for 5Ja in 4, as expected if the ortho 
C-F bonds lying at 30" from the plane of the ring and, ring-substituent increases 5 JO; an increase being 
therefore, bringing the fluorine atoms closer to the ring 
atoms than when the C-H, lies in the  lane of the ring. necessary to explain the value S ~ n ? ' C F  in 2, as 

1 Such an effect is noticeable for calculatio~s 
I on carbonium ions (24). Of course, a proper optimization "Hence the value of 6J,H-CF (at 90") of -2.43 HZ in 

of geometry for each conformation of 1 may change 2,6-dichlorobenzyl fluoride (23) is not necessarily the 
substantially the energy calculated by both methods. same as its value in benzyl fluoride. 
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was indicated above. Although the asymmetry in 
the substitution pattern in 4, as compared to 2, 
does not encourage quantitative comparisons 
once a ring-substituent effect on both the n and o 
electron contributions to S ~ , , H 9 C F  is admitted, it is 
clear that the values of this coupling for the com- 
pounds in Table 2 d o  not disprove the "almost 
free rotation" model for benzalfluoride. 

(c) Over Four Bonds, 4J0H,CF 
A decrease in magnitude of this coupling as 

chlorine atoms are introduced on the ring (Table 
2) is again explicable in terms of a ring-substitu- 
ent effect on both o and n contributions to 
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Methyl-Methyl Proton Spin-Spin Coupling Constants in Some Six-membered 
Ring Compounds. A Test for Delocalization in Borazine 

J .  BRIAN ROWBOTHAM' AND T. SCHAEFER 
Deptirttnetrt ofClie~?iist,y, Utliversity of Mritzitobti, Witztiipeg, Mtrtlitoba R3T2N2 

Received August 13, 1973 

Spin-spin coupling constants over five, six, and seven bonds between protons in different methyl groups 
are reported for the xylenes, derivatives of benzene, pyridine, pyrimidine, pyridinium salts, p-benzo- 
quinone, and borazine. The coupling magnitudes are characteristic of the substitution pattern in the 
delocalized systems. Calculations a t  the INDO-MO-FPT level of methyl proton couplings in N- and 
B-methylborazines are in agreement with the available experimental evidence in indicating a relatively 
weak transmission of spin density information via the presumed n electron system of borazine. 

Les constantes de  couplage a travers cinq, six et sept liaisons entre des protons appartenant a des 
groupes methyles differents sont rapportees pour les xylenes, des derives d u  benzene, de la pyridine, la 
pyrimidine, de sels de pyridinium, de la p-benzoquinone et de la borazine. La grandeur des couplages 
est caracteristique du schema de substitution dans les systemes delocalises. Les calculs, par une methode 
de type INDO-MO-FPT, des couplages des protons des methyles dans les N- et B-mithlborazines 
montrent, en accord avec les preuves expCrimentables disponibles, que la transmission de I'information 
de la densite de spin travers le presume systeme electronique n de la borazine est relativemcnt faible. 

[Traduit par le journal] 
Can. J .  Chem., 52,489 (1974) 

Introduction 
The spin-spin coupling constants between 

ring protons and methyl protons in toluene (1) 
and its derivatives, JH,CH3. and between the 
protons of different methyl groups in the xylenes 
and their derivatives (2), JCH3,CH3, have been 
discussed in terms of the coupling mechanisms 
(1-3). Because their signs and magnitudes depend 
on the number of intervening bonds, their appli- 
cation to the determination of substitution pat- 
terns in aromatic systems is attractive. Further- 
more, 5J,,,H,CH3 and 6JpH,CH3 are relatively in- 
sensitive to  the presence of other substituents 
(3-7). Thus, the variations of 5 J , , , H , C H b n d  
6J,H,CH3 in a variety of toluene derivatives fall 
well within 10% of their respective values of 
+0.36 + 0.02 and -0.62 + 0.02 Hz in toluene 
itself (1). On the other hand, 4Jo"sCHhpparently 
depends on the mobile bond order of the inter- 
vening C--C bond in the ring (6, 8-1 1) and is 
-0.74 f 0.02 Hz in toluene. 

In some xylene derivatives, 5~0CH37CH3,  
6 J ~ , , ~ ~ ~ ~ ~ ~ ~ ,  and 7~pCH3pCH"ave values of 0.40 $_ 

0.03, -0.19 + 0.04, and 0.62 f 0.03 Hz, respec- 
tively (2), indicating a substantial a electron 
contribution to 4J0HvCH3 and sJmH,CH3. Almqvist 
and co-workers (12) measured the methyl- 
methyl proton couplings to  an accuracy of 0.1 

'Postdoctoral fellow, 1971-1973. 

Hz in the xylenes and in some of their derivatives. 
In m-xylene they found 6J,,,CH3CH3 as less than 
0.3 H z  but could not detect the fine structure 
from this coupling. 

In this paper we report the results of fairly 
accurate measurements of such couplings in the 
xylenes, in derivatives of pyridine and its salts, of 
pyrimidine, pyrazine, pyrone, and of p-benzo- 
quinone. The latter compound is not aromatic 
and this fact is reflected in the magnitudes of the 
methyl-methyl proton couplings in its derivatives. 
In particular, 7JpCH3,CH3 arises purely from a n 
electron mechanism (3) and when these electrons 
are not delocalized the coupling becomes very 
small. It is suggested that this criterion of electron 
delocalization may be applicable t o  borazine, 
and its hexamethyl derivative is examined from 
this viewpoint. 

Experimental 
Proton Ma~netic Resonatzce Spectra 

A11 proton magnetic resonance measurements were 
made on an HAlOOD spectrometer, using internal tetra- 
methylsilane for a locking material in degassed samples. 
Aqueous solutions were bubbled with nitrogen. Solvents 
and concentrations were chosen to facilitate decoupling 
experiments and to provide sufficient signal to  noise ratios 
for the observation of the 13C side bands from the methyl 
protons. 

The decoupling frequencies were derived from HP- 
4204A and Wavetek VCG 114 audio oscillators. When 
the ring proton resonances occurred over a range of 
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FIG. 1. The central spectrum, labelled I, is one I3C 
side band of the methyl proton resonance in m-xylene 
under conditions where the ring protons are decoupled. 
The other peaks are calculated assuming lorentzian 
broadening of a symmetrical quartet with 6JCH3,CH3 and 
the width of half-height, AvlI2, given, respectively, as:  2, 
0.25 and 0.25 Hz; 3, 0.22 and 0.25 Hz; 4, 0.25 and 0.20 
Hz; 5, 0.22 and 0.20 Hz. 

frequencies the decoupling irradiation from the Wavetek 
oscillator was swept over this range in a manner designed 
to provide optimum peak widths in the methyl proton 
region. 

Spectral A?~alysis 
The methyl proton multiplets were simulated using the 

computer program LAME (13). A large number of simu- 
lations involved various combinations of peak widths and 
coupling constants to the protons of the other methyl 
group. The most difficulty occurred with the small 
coupling constants, about 0.2 Hz, between protons in 
methyl groups placed in Ineta positions. In Fig. 1 the un- 
favourable situation for NI-xylene is displayed. The figure 
caption describes the details. 

As a check on the accuracy of the coupling constants 
derived from experiments of this kind, they were applied 
to 4,6-dimethyl-2-fluoropyridine with the result that 
16J,,,CH38CH3( = 0.17 + 0.02 HZ. Our previous value for 
this coupling was k0.19 + 0.02 Hz, obtained from a total 
analysis of the proton resonance spectrum (14). 

The signs of the coupling parameters could not be 
determined under the present experimental conditions. 
However, it is most unlikely that they differ from the 
signs determined by Macdonald and Reynolds for the 
xylene derivatives (2). 

Borazine Derivatives 
Hexamethylborazine as a saturated solution (-O.lg/ml) 

in 1 : 1 DMSO-CHCI3 gave an N-CH3 peak which was 
0.60 Hz wide at half-height while the B-CH3 peak was 
0.75 Hz wide. These widths are caused by partially 
relaxed coupling to boron and nitrogen and are smaller 
than in other solvents because the spin-lattice relaxation 
times of the quadrupolar boron and nitrogen nuclei are 
smallest in this solvent mixture. DMSO is probably the 
most efficient solvent in causing quadrupolar relaxation 
of nitrogen (15a) near ambient temperatures. 

Strong irradiation of the B-CH3 proton signals did 
not change the width of the N-CH, signal. Lineshape 
simulations, using various lorentzian peak widths and 
coupling constants in an A9XB system, showed that 
5J0C"3,CH3 and 7J,,CH3pCH3 are both less than 0.1 Hz in 
magnitude. The AgX9 approximation is valid if 5J0CH3,CH3 
- - 7J,,CH3.CH3 and is not bad if both couplings are small 
and of the same sign. The value of 0.1 H z  is, in fact, very 
much of an upper limit because couplings of 0.06 Hz  
imply a line narrowing of 0.10 Hz on deco~p l ing .~  NO 
line narrowing was observed. Also, the B-13CH3 peaks 
were no wider than the B-I2CH3 peak, and theN-I3CH3 
and N-lZCH3 peaks had the same widths as well. It 
follows that 6J,,,BCH3,BC"3 and 6J,,,NCH39NCH3 are both less 
than 0.1 Hz in magnitude. 

Results and Discussion 

The methyl-methyl proton coupling constants 
are given in Tables 1 to  3. 

Couplings over Fioe Bonds, 5~2H3,CH3 
T o  within experimental error the value of 

0.45 2 0.02 Hz in o-xylene is equal to those in 
the benzene derivatives and the dimethyl- 
pyridines, even when the latter are partially 
protonated. The effects of different solvents and 
bf substituents, even when placed in  the aromatic 
ring itself, are evidently quite small. In the 
pyridinium iodide, where one o f  the methyl 
groups is bonded to the nitrogen atom, the 
coupling does drop in magnitude but not 
enough to  overlap with the magnitudes of the 
couplings over six bonds in other aromatic 
compounds (see Table 2). 

Therefore 5 ~ 0 C H 3 3 C H 3  is a sure indicator of the 
substitution pattern in cyclic six-membered 
molecules where delocalization of the n electrons 
occurs. In contrast, this coupling has a magni- 
tude of 1.3 Hz in 2,3-dimethyl-l,4-benzoquinone 
(10) where delocalization of the n electrons is 
small. Similarly it is 1.20 $_ 0.01 Hz in cis- 
butene-2 (16) where double bond localization is 
assured. 

T o  a first approximation (ll), a n electron 

'On the slight possibility that 'J .  and 7J,, were larger 
but had opposite signs, giving a near zero average 
coupling, a series of simulations of a n  [A2X2I3 system 
were run with the program NUMAR (156) (it could not 
handle the true [A,X3l3 system). J A x  and JA,, were set 
equal and negative while JAX,. was positive and twice as 
large. As expected, if JAA = J x x  = 0 a triplet of pentets 
was observed. When JAA = J x x  = 0.2 Hz the spectrum 
was more complex but the envelope defined by the peaks 
had narrowed only slightly. Even when JAi\ = J X X  = 2.0 
Hz  the envelope was considerably broadened. We thank 
A. R. Quirt and J. S. Martin for providing a copy of their 
program. 
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TABLE 1. Spin-spin coupling constants in Hz over five bonds between protons in methyl groups in orrho positions 

Compound State SJ C H ~ , C H ~  Reference 
-- 

o-Xylene Neat * 0.45k0.02 - 
0.4 12 

4,6-Dibromo-2,3-dimcthylaniline 3 mol % in CS2T +0.40+0.03 2 
2,3-Dimethylphenol cc14 0.4 12 
2-Hydroxy-4,5-dimethylacetophenone CCI4 0.4 12 
3,4-Dimethylpyrldine Neat f 0.43&0.01 - 

20% in TFAS 0.4220.01 - 
2,3-Dimethylpyr~dine Neat f 0.47k0.03 - 

20% in TFA$ 0.47k0.03 - 
1,2,6-Trimethylpyridinium iodide 2 0 z  in D 2 0 $  0.3220.03 - 
Hexamethylborazine -0.1 g/ml, 1 : 1 <O,l  - 

DMSO-CHC13 

'Decoupl~ng of ring protons, observ~ng 13C s ~ d e  band. 
?Total analysls of spectrum. 
fDecoupling of rlng protons. TFA is tr~fluoroacetic ac~d. 

TABLE 2. Spin-spin coupling constants in Hz over six bonds between protons in methyl groups in nleta positions 
- -- 

Compound State 6~ CH,.CH, Reference 

m-Xylene Neat* 0.23+0.02 - 

< 0 . 3  12 
Mesitylene Neat * 0.23+0.02 - 
3,4-D~bromo-2,6-dimethylaniline 6 mol in CS2t -0.19+0.04 2 
2,6-Dimethyl-3-fluoropyridine 24% in CS,? 0.21+0.03 14 I 4,6-Dimethyl-2-fluoropyridine 17 mol % in CS2 0.17k0.02t  14 

0.19+0.02$ - 
I 2-Hydroxy-4,6-dimethylacetophenone cc14 $ 1 0 . 3  12 

4,6-Dimethylpyrimidine 30% in CCI4* 0.10+0.02 - 

2,6-Dimethylpyrazine 30% in CCI4* 0.2220.02 - 
4,6-Dimethyl-5-carboethoxy-2-pyrone 5% ~n CCI,? 0.19k0.02 - 
2,6-Dimethyl-p-benzoquinone 30% in CCI4* 0.08+0.03 - 
1,3,5-Tr~methylpyridinium iodide 2 0 z  in D 2 0 $  0.2020.02 (1,3) - 
-- 

'Decou~llng of rlng protons, observrng 13C s ~ d c  band. 
?Total analysis of spectrum. 
$Decoupllng of ring protons. 

TABLE 3. Spin-spin coupling constants in Hz over seven bonds between protons in methyl groups inpara positions 
- 

Compound State 7J CHI.CHI Reference 

p-Xylene 5 v 0  in CS,* 0.6020.03 - 
In CC14* 0.55 12 

4,6-Dibromo-2,5-dimethylaniline 3 mol % in CS2t +0.62+0.03 2 
2,5-Dimethylphenol ccl4$ 0.6 12 
2,s-Dimethylaniline ccI4$ 0 .6  12 
2,5-Dimethylpyridine Neat * 0.59k0.02 - 

2 0 z  in TFA* 0.55+0.02 - 
1,4-Dimethylpyridinium iodide 20% in D 2 0 $  0.53k0.02 - 
2,5-Dimethylpyrazine Neat * 0.66k0.03 - 
2,5-Dimethyl-p-ben7oquinone 0.0+0.04 - 
Hexamethylborazine -O.lg/mI, 1 :I t 0.1 - 

DMSO-CHC13 

'Decouplrng of ring protons, observing L3C side band. 
?Total a ~ ~ a l y s ~ s  of spectrum. 
SDecoupling of rlng protons. 
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transmitted coupling depends on the square of 
the mobile bond order of the intervening C--C 
bond and it is interesting to note that 1.20 x 
0.67 x 0.67 = 0.53 Hz, the mobile bond order 
in cis-butene-2 being taken as unity and that in 
o-xylene as 0.67. If the deviation of 0.08 Hz from 
the observed 0.45 Hz is significant, it may have 
its origin in the possibly different equilibrium 
conformations of the methyl groups in the two 
compounds. According to m.0. calculations at 
the INDO level (3), the stable conformation of 
o-xylene is 1, and 2 is 4.8 kcal/mol less stable 
than 1, which has been assumed as the stable 
form in U.V. work (17). On the other hand, cis- 

butene-2 has the stable form 3, in which con- 
siderable strain arises from the repulsion of the 
two in-plane hydrogen atoms (18). In both 
molecules (3, 19) the coupling constants depend 

on the orientation of the methyl groups with 
respect to the n plane. Unfortunately, the cal- 
culated coupling constants are not reliable 
enough to resolve the question of the conforma- 
tion of the methyl groups in o-xylene. 

In 4 one has 2 7 5 ~ 0 C H 3 , C H 3  = 0.71 , 0.03 HZ 
and the mobile bond order from INDO calcula- 

tions3 is 0.826. Again, 1.20 x 0.827 x 0.827 = 
0.82 Hz which is 0.1 Hz larger than observed. 
Nevertheless, comparison of the three observed 
values of 5 ~ C H 3 9 C H 3  in cis-butene-2, o-xylene, and 

3Unpublished work in this laboratory. 

4,5-dimethylisoxazole with the square of the 
mobile bond order of the intervening C--C bond, 
suggests that most of the coupling arises from a 
n electron mechanism. 

The relatively small value of the coupling 
observed in the 1,2,6-trimethylpyridinium iodide, 

C H 3 , C H 3  = 0.32 Hz, would then result from Jo 
either a large change in the double bond order of 
the C-N+ bond in the ring or from an intrinsic 
change in the o-n interaction integrals at the site 
of the nitrogen atom. However, a sizeable o 
electron contribution to  5J0CH37CH3 cannot be 
ruled out and the data in Table 2 f o r 6 J m C H 3 s C H 3  
in a pyridinium iodide suggest a change in the o 
electron contribution to 5 ~ 0 C H 3 , C H 3  in the salt. 
Of course, the counterion may exert a different 
influence in the two compounds and further 
discussion is hardly warranted. 

Coupling over Six Bonds, 6J,,,CH3,"H3 
This coupling is clearly diagnostic of the sub- 

stitution pattern in those six-membered rings in 
Table 2 where substantial delocalization of .rr elec- 
trons occurs, except in 4,6-dimethylpyrimidine 
in which it is -0.10 f 0.02 Hz. In  general, sub- 
stituent and solvent effectsarenot large, 6J,, ,CH39CH3 
falling within -0.20 + 0.03 Hz  even in the 
pyridinium iodide, where one of the methylgroups 
is attached to the nitrogen atom. Because this 
coupling surely contains only a very small o 
electron component, its unchanged magnitude 
in the iodide indicates that the explanation of 
the value of 5 ~ 0 C H 3 7 C H 3  in an iodide in the previous 
section must involve a o electron component. 

Again, if 6J,,CH3*CH3 is n electron transmitted, 
its small value in 4,6-dimethylpyrimidine must 
occur because the electronic effects of the two 
nitrogen atoms reinforce each other at C-2, -4, 
and -6, in contrast to the situation in  2,6-dimethyl- 
pyrazine, where 6 ~ , , , C H 3 , C H 3  has the same value 
as in m-xylene. As the C-5 environment in 
pyrimidine is often (20) said to be "more 
aromatic in character", measurement of 

C H 3 , C H 3  and 7JpCH3*CH3 in the 4,Sdimethyl- Jo 
and 2,5-dimethylpyrimidines would indicate how 
apposite the above interpretation really is. 

A successful model for pyridine derivatives 
(14) in which the nitrogen atom does not affect 
the n electron contribution to  coupling con- 
stants, acting only to polarize the (T core at C-2 
and -6, is evidently inapplicable to pyrimidine. 
It  is interesting that 6JmCH39cM3 in 4,6-dimethyl- 
pyrimidine has half the value observed for it in 
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the m-xvlene and ~vridine derivatives in Table 2. 
The coupling path via the nitrogen atoms 
involves eight bonds. If, in the absence of the 
nitrogen atoms, this path entailed the same con- 
tribution as that over six bonds, the observed 
magnitude would be rationalized. 

The very small value of 6J,,,CH33CH3 in 2,6- 
dimethyl-p-benzoquinone is expected if delocal- 
ization of n electrons is substantially suppressed. 

Coupling over Seven Bonds, 7JpCH3,C"3 
The value of 0.60 -1 0.03 Hz in p-xylene sinks 

to 0.53 +_ 0.02 Hz in 1,4-dimethylpyridinium 
iodide, but the latter is still rather larger than 
those found for 5 ~ 0 C H 3 9 C H 3  in Table 1. In 2,5- 
dimethyl-p-benzoquinone the coupling is un- 
detectable by our methods, indicating negligible 
n electron delocalization, in agreement with the 
idea that 7JpCH33CH3 is transmitted solely by the 
delocalized n electrons. 

Hexamethylborazine 
(a) Physical Evidence for Delocalization 
Various physical and theoretical techniques 

estimate the n bond character in borazine to 
range from 15 to 79% of the value for benzene 
(21, 22). The overall picture appears to  be one in 
which aromatic n bonds make relatively small 
contributions to the overall stability of the 
borazine ring. 

More recently, photoelectron spectra (23, 24) 
have shown that the uppermost molecular 
orbitals of borazine are n rather than o just as 
in benzene, in agreement with ab initio (25) and 
other calculations (26) of n, n, o ,  n as the 
ordering of the orbitals but in disagreement with 
some semiempirical m.0. calculations (27, 28). 

The chemical shifts of the protons in alkyl side 
chains (29) and the solvent effects on the proton 
shifts of benzene molecules dissolved in borazine 
derivatives (30) have been interpreted on the 
basis of an anisotropic susceptibility, AX, of the 
borazine ring. If AX arises from a delocalization 
of n electrons then these data imply appreciable 
delocalization in the borazine ring. However, 
Benson and Flygare (31) show that in many 
cyclic molecules, including benzene, the observed 
AX values can be attributed partially or com- 
pletely to local (atomic) contributions and there- 
fore the data above need not be taken as proof 
of n electron delocalization in the borazine ring. 
Similar remarks may apply to the Faraday effect 
studies on borazine derivatives (32). 

On the other hand, the chemical shift of the 

para N-H protons in B-monosubstituted 
borazines parallels the 13C shifts in analogous 
benzenes and is consistent with electron de- 
localization (33). However, it cannot be used to 
deduce the extent of electron delocalization in 
borazine. 

(b) Long-range Methyl-Methyl Couplings and 
INDO Calculations 

The observation that these couplings in hexa- 
methylborazine are smaller than 0.1 Hz indicates 
only a slight delocalization of n electrons 
in this compound. As stressed above, 7~pCH3.CH3 
(but 6J,,H9CH3 also) arises from a n electron 
mechanism and INDO-MO-FPT calculations 
agree almost quantitatively with the observed 
magnitude of 7JpCH39CH3 and of 6JpH,CH3 in 
toluene, slightly overestimating the magnitude 
of the former coupling. Thus, INDO finds (3) 

H,CH3 = - 1.22 sinZ 0 where 0 is indicated in 5. JP 
For free rotation (sin2)0 = 0.5, and the pre- 
dicted value of 6 ~ p H 9 C H 3  becomes -0.61 Hz. The 
observed value is -0.62 Hz (1). 

Because there are three C-H bonds in the 
methyl group, a preferred orientation of this 
group will still lead to observed and calculated 
values equal to that for free rotation. For ex- 
ample, if one C-H bond were fixed in the ring 
plane the above equation would predict 6 ~ p H , C H 3  
= - 1.22 (sin2 0" + sin2 60" + sin2 60°)/3 = 
-0.61 HZ. 

As the INDO calculations are so reliable for 
this long-range coupling but, because of their 
expense, they are here confined to the calculation 
of the coupling between methyl protons and the 
ring protons in B-methyl- and N-methylborazine. 
One additional calculation is performed on 
p-dimethylborazine for a conformation in which 
two C-H bonds lie in a plane perpendicular to  
the aromatic ring. The borazine bond angles 
were taken (34) as 120" with bond lengths: 
B-N, 1.44; B-H, 1.20; N-H, 1.02; N-C, 
1.47; B-C, 1.56; and C-H, 1.09 A. Up to 100 
SCF cycles were performed (35) in the manner 
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TABLE 4. Computed long-range coupling constants in Hz of the methyl protons in 
N-methylborazine (N), B-methylborazine (B), and toluene (T) 

'For 0 = 0" the C-H bond Iies in the plane of the ring and cis to the coupled orrlro or nrela proton. 

described previously (3) and were based on the 
parameterization of Pople and co-workers (36, 
37). The calculated coupling constants converged 
to better than 0.001 Hz and are given in Table 4. 
In Fig. 2 the couplings are plotted us. the angle 
0 for toluene (3), N-methyl-, and B-methyl- 
borazine. 

6 J p H 9 C H 3  and 7 ~ p C H 3 . C H 3 .  It is apparent from 
Fig. 2 that 6 ~ p H . C H 3  in N-methyl- and B-methyl- 
borazine has the 0 dependence expected for a 7c 
electron transmitted coupling but that it is much 
smaller than in toluene. Thus, for rapid rotation 
about the B-C or N-C bonds INDO predicts 

6 ~ p H , C H 3  = +J (90') = -0.043 Hz for N-methyl- 
borazine and - 0.170 Hz for B-methylborazine. 
For p-dimethylborazine INDO calculates 

6 ~ p C H 3 9 C H 3  = 0.272 Hz for 0, = 8, = 90" and 
therefore 0.27214 = 0.063 Hz for free rotation 
of the methyl groups, in reasonable agreement 
with our observations. The calcuIations suggest 
more efficient transmission of spin density 
information when the methyl group is bonded 
to  boron than when it is bonded to nitrogen, 
even though the 7c electron density on nitrogen 
is rather larger (Scheme 1). However, the 

I C.5375 
/" /c 

'I+ +'i1.4607 d B \ N  1.5059 

x B-CH, 0.5118 B\ I ;2Bo.5~53 
I I 
B\  / B O . S I I O  

0 N-CH, N 
C-CH, 1.4859 1.4951 

- 1 .o 
H Electl-on density 

-1.5 

FIG. 2. The coupling constants in hertz computed by 
INDO-MO-FPT for coupling between methyl and ring 
protons in N-methylborazine, B-methylborazine, and 
toluene are plotted us. the angle 0, defined in the diagram. 

5.1751 5.1575 

Total electron density 

Mobile bond order 

SCHEME 1 
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exchange interaction between pZ and o orbitals 
may be larger for the N-H than for the B-H 
bonds at the other end of the coupling path. 

The rather smaller decrease in 7 ~ p C H 3 3 C H 3  

observed when a positive charge is placed on 
nitrogen in 1,4-dimethylpyridinium iodide (Table 
3) suggests that the alternation of total charge 
about the borazine ring is not the major reason 
for the very small observed and calculated 

C H 3 9 C H 3  in the methylborazines. Similarly, the J 
transmission of spin density from the x system 
to the hydrogen orbitals in the free radical 
cations and anions of anthracene is altered but 
not strongly diminished on going from the 
negatively t o  the positively charged species (38), 
excess charge corrections amounting t o  at  
most f 15% of that occurring in neutral radicals. 
Again, the transmission of spin information 
from nitrogen n orbitals to  the orbitals of at- 
tached hydrogen atoms in an N-H bond is, if 
anything, more efficient than for a C-H bond 
(39). 

5J,H,CH3 in the Borazines. In toluene the 
available experimental and theoretical informa- 
tion can best be interpreted in terms of a pre- 
dominant CY electron mechanism having a 
(1 - cos 8)/2 behavior, modified by a n electron 
mechanism of the same sign but with a sin2@ 
dependence (3). In consequence 5J,,,H,CH3 has a 
maximum near 120" as in Fig. 2, the magnitude 
being overestimated substantially. 

In  N-methyl- and B-methylborazine the cal- 
culated values display a maximum a t  8 = 180°, 
suggesting only small n electron contributions t o  
this coupling. For free rotation the average 
values in Table 4 are 0.12 H z  for N-methyl- and 
0.27 Hz for B-methylborazine, these being 
presumed overestimates. 

4J0H,CH3 and 5J0CH3,CH3. The n electron contri- 
bution should cause a maximum in the magni- 
tude of 4J0H,CH3 near 0 = 90°, as illustrated in 
Fig. 2 for toluene but not calculated for the 
borazines. The calculated curves 'for the latter 
indicate a stereospecific o electron mechanisn~. 

that one might expect a 5J0CH3-CH3 of about 0.45 
x 0.7 -0.3 Hz. 

The observed value of under 0.1 Hz is in 
agreement with the  negligible n contribution t o  
4J0H*CH3 calculated by I N D O  (methyl group 
replacement technique (40)). Apparently the 
formal mobile bond order in the borazine 
system need not necessarily indicate an appreci- 
able ability to transmit a n electron effect. 

Conclusions 

The calculated and  observed long-range proton 
coupling constants in methylborazines indicate 
a relatively weak transmission o f  spin density 
information via the  presumed n electron system 
of borazine, in line with an m.0. comparison (41) 
of N- and B-, mono- and dimethylborazines with 
toluene and xylenes, which suggests that 
electronic effects can be transmitted around the 
borazine ring t o  only a small extent. The avail- 
able coupling data  on methylborazines should 
be extended by measuring methyl proton - ring 
proton and methyl proton - methyl proton 
couplings in appropriate borazine derivatives, 
preferably in the presence of "N, SO that 
broadening from the 14N quadrupole is elimi- 
nated. We are not  equipped for the necessary 
synthetic procedures. 

The J C H 3 s C H 3  values for heterocyclic analogs of 
benzene indicate that  the n electron contributions 
t o  these couplings can be noticeably altered if 
two heteroatoms reinforce one another at the 
sites of methyl substitution. Otherwise the 
JCH3vCH3 values are diagnostic of t h e  substitution 
pattern even when the heteroatom bears a formal 
positive charge. 

We are grateful to  the National Research Council of 
Canada for financial assistance. 
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A Nuclear Magnetic Resonance Study of Nucleoside Conformation in Solution. 
The Effect of Structure and Conformation on the Magnetic Nonequivalence of 

the 5'-Methylene Hydrogens 
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The relative chemical shift between the 5'-methylene hydrogens of a number of purine and pyrimidine 
nucleosides and nucleotides in solution are presented. For  structurally related pyrimidine nucleosides in 
aqueous solution a good correlation between this relative shift and the sum of the 4'-5' hydrogen-hydro- 
gen vicinal coupling constants is noted. For this series of related molecules arguments are presented that 
the variation in the magnetic nonequivalence of this pair of hydrogens is a consequence of conformational 
changes about the C4'-C5' bond. Deviations from the correlation plot a r e  observed for purine deriva- 
tives, nucleoside monophosphates etc. and discussed in terms of the effect of the specific chemical 
modification upon the nucleoside conformation and upon the intrinsic chemical shift nonequivalence 
of the 5'-methylene hydrogens. 

On presente les deplacements chimiques relatifs des hydrogenes appartenant aux groupes mCthylenes-5' 
pour plusieurs nuclCosides et nuclCotides dCrivCs de la purine et de la pyrimidine en solution. O n  remarque 
un bon accord entre ce deplacement chimique relatif et la somme des constantes de couplage vicinal 
hydrogene-hydrogene 4'-5' pour les nucleosides dCrivCs de la pyrimidine qui sont relies par leur structure. 
On apporte des preuves visant a demontrer que la variation de la non-Cquivalence magnetique d'e cette 
paire d'hydrogenes est une consiquence de changements de conformation autour du lien C4'-C5' pour 
cette skrie de molCcules. On observe et on discute des Ccarts par rapport a cette relation dans le cas des 
derives de la purine, des monophosphates de nuclCoside etc. Ces Ccarts seraient d i s  a l'effet d e  rnodifica- 
tion chimique spCcifique au  niveau de  la conformation du nuclkoside et au  niveau de la non-Cquivalence 
intrinseque des dtplacements chimiques des hydrogenes appartenant aux groupes methylenes-5'. 

[Traduit par le journal] 
Can. J .  Chem., 52,497 (1974) 

Introduction [I] AS = (A)c + (A)i 

A well-documented phenomenon (1-12) in 
proton magnetic resonance spectroscopy is the 
magnetic nonequivalence of the diastereotopic 
methylene hydrogens in molecules possessing a 
-CH,-CXYZ fragment (where X, Y, and Z 
are different) as is manifested by a typical AB 
.proton subspectrum. There seems to exist a gen- 
eral consensus that the differential chemical shift 
(6, - S,, henceforth AS) can be discussed in 
terms of a temperature-dependent contribution, 
arising from unequal populations of the rotamers 
about the C-C bond, and a contribution due to 
"intrinsic molecular asymmetry" and attempts 
have been made to assess their relative contri- 
butions. Gutowsky (4), Raban (lo), and Binsch 
and co-workers (11) have, for the purposes of 
quantitative discussions of the chemical shift 
difference, partitioned AS (eq. 1): 

where (A)c represents the population-dependent 
conformational contribution and (A)i the 
population-independent intrinsic contribution. 
In this work no attempt is made a t  any indepth 
analysis of their relative contributions; our 
purpose is simply to determine whether the 
magnetic nonequivalence observed for the 
diastereotopic 5'-hydrogens of a series of 
nucleosides and nucleotides can be related to  
their structural and conformational properties. 
Recently we reported (13-15) the complete 
analyses of the p.m.r. spectrum of P-pseudouri- 
dine (Q), a-pseudouridine (a$), and uridine 
(U) (Fig. 1) and commented on the observed 
magnetic nonequivalence of the 5'-hydrogens. 
In the present work it is demonstrated that the 
relative chemical shifts in a series of structurally 
relatedpyrimidine nucleosides in aqueous solution 
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HO OH 

u 
FIG. 1.  Structure of uridine (U). 

are correlated with the sum of the 4'-5' vicinal 
H-H coupling constants and therefore must be 
directly related t o  the conformational preferences 
about the exocyclic C,.-C,, bond. The observed 
correlation between shift and coupling constants 
argues that, within this series of molecules, 
variations in A6 can be traced to  variations in 
(A)c and that (A)i is essentially invariant. 
Deviations from the correlations are found for 
purine derivatives, for pyrimidine nucleosides 
with bulky and/or polar substitutions o n  the base 
at  positions ortho t o  the N-glycosyl linkage, and 
for 3'- and 5'-nucleoside monophosphates. The 
deviations are attributed to  highly specific effects 
of these alterations o n  the (A)i which lead to  
the observed deviations. Ambient and high 
temperature results are presented, a s  well as a 
limited number of results for nucleosides in 
dimethylsulfoxide. Though the results for the 
nonaqueous environment are limited, an  inter- 
de~endence of A6 and the sum of the vicinal 
coupling constants parallel to that  in the 
aqueous environment is indicated. These parallel 
dependences are taken as further evidence that 
the relative shifts are related to  the exocyclic 
C,.-C,, nucleoside conformation and can 
provide structural information which supple- 
ments that derived from coupling constant data. 

Experimental 
Nucleosides and nucleotides were purchased from 

Calbiochem or the Sigma Chemical Company and used 
without further purification. 6-Carboxyuridine (cU), 5- 
ethoxycarbonyluridine (eU), and 3-ribosyl-6-methyluracil 
(rmU) were prepared according to ref. 16. Solutions were 
0.1 M or less in D,O. 2,2,3,3,-Tetradeuterio-3-(trimethyl- 
silylpropionic)acid sodium salt (TSP) was used as an 
internal p.m.r. reference (0.05 M )  for the pyrimidine 
derivatives and tertiary butyl alcohol (OD) for the purine 
derivatives. TMS was used for DMSO solutions. The 
aqueous solutions were lyophilized three times from D 2 0  
to reduce the HDO resonance. Spectra were recorded a t  
220 MHz at the Canadian 220 MHz Centre, Sheridan 
Park, Ontario and/or on a Varian 100 MHz spectrometer. 
Computer simulated spectra were generated as a final 

test of the derived chemical shift and coupling constant 
parameters. Some of the data aretakenfrom theliterature; 
the sources are indicated in Table I .  I n  this table are 
presented the data required for this study. All abbrevia- 
tions for the compounds studied are given in the table. 

Discussion 
The Newman projection formulae (Fig. 2) 

facilitate discussion of nucleoside conformations 
about the C,.-C,, bond.' The usefulness of 
Karplus treatments (17) of the vicinal coupling . - 

constants, J,,, , and J,,,,., for monitoring 
changes in this exocyclic conformation has been 
demonstrated (13-1 5, 18). More recently we 
have approached this conformational problem 
in terms of the experimental sum, C = J,.,, -I- 
J,,, ,. (18-22). This sum allows for a discussion 
of the fractional contribution of the gauche- 
gauche (gg) rotamer and the combined contri- 
bution from the gauche-trans (gt) and trans- 
gauche forms (Fig. 2). It has been argued (18, 19) 
tha t  any perturbation resulting in a n  increase in 
the gg  rotamer population should be manifest 
by a decrease in t h e  experimental sum and con- 

FIG. 2. Newman projection formulae along the 
C4.-C5. bond of a nucleoside indicating the garrcl~e- 
gauche (gg), gnuclle-trans (gt), and trans-garrcl~e (tg) 
conformers. 

'It is important to point out that an absolute spectral 
assignment of the 5',5" protons has not  been made in 
each instance. Recently a reasonable assignment was 
made for several pyrimidine nucleosides (ref. 65); the 
authors demonstrate that the hydrogen labelled 5' occurs 
a t  high field from 5" in the AB spectrum. There is no a 
priori justification for assuming that this labelling is 
appropriate for all molecules examined here but the 
linear correlation found (vide infia) fo r  data of the 
structurally related molecules strongly suggests that a t  
least for this series of molecules the assignments are 
identical. For the molecules deviating from the plots 
presented here the assignments could well be inverted in 
any one (or all) instances but our feeling is that in these 
cases as well the Remin and Shugar assignment can be 
assumed. In any case, because of our method of treating 
the data (which uses relative shifts and sums of coupling 
constants), possible misassignment in individual cases 
does not hamper our interpretation of the  gross features 
of our  plots. 
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HRUSKA ET AL.: NUCLEOSIDE CONFORMATION 499 

TABLE 1. Relative chemical shifts of the 5'-methylene hydrogens (AF) and the sum of the 4'-5' vicinal coupling 
constants (C) for a series of purine and pyrimidine nucleosides and nucleotides in solution 

S5,-S5,,(AS) J 4 P . 5 ,  + J4,.5,3(Z) 
Compound Conditions* (p.p.m.) (Hz) J3 .,. Reference? 

1. Uridine (U) Ambient 0.104 7.3 5.4 54 
80" 0.092 7.9 5.1 54 

DMSO 0.069 6.6 3 . 6  Thiswork 

2. Cytidine (C) Ambient 0.114 7.2 6 .0  
65" 0.107 7.7 5 . 9  

3. 5-Iodocytidine (IC) Ambient 0.159 5.3 7 . 0  
65" 0.137 6.6 6 .8  

DMSO 0.146 5.0 5 .3  

4. 5-Iodouridine (IU) Ambient 0.137 6.2 6 .3  
60" 0.120 6.9 5 .8  

DMSO 0.110 5.1 4 . 4  

5. 5-Bromouridine (BrU) Ambient 0.125 6.3 6 . 2  
60" 0.114 7.1 5 .9  

6. 5-Chlorouridine (CIU) Ambient 0.120 6.6 5 .9  
60" 0.108 7.2 5 .7  

7. 5-Ethoxycarbonyluridine (eU) 5" 0.177 4.8 7 . 7  
Ambient 0.169 5.3 7 .3  

55" 0.145 6.4 6 . 5  
DMSO 0.117 4.9 5 .1  

8. 5-Carboxyuridine (cU) 5" 0.113 6.8 5.4 
Ambient 0.105 7.2 5 . 4  

60" 0.098 7.9 5.2 

9. 5-Azacytidine (5-azaC) Ambient 0.153 6.9 7 . 1  

10. P-Pseudouridine (v) Ambient 0.114 7.8 5.2 13, 54 
70" 0.116 8.2 5 . 2  54 

DMSO 0.150 6.6 5.6 Thiswork 

11. 2'-0-Methyluridine (Um) Ambient 0.109 7.2 5 .9  59 
60" 0.105 7.4 5 .6  59 

12. 2'-0-Methylcytidine (Cm) Ambient 0.117 7.2 6 . 7  59 
60" 0.109 7.6 6 . 3  59 

13. Dihydrouridine (diHU) Ambient 0.077 8.4 3.6 Thiswork 
60" 0.078 8.1 4.2 

14. 2'-Deoxyuridine (dU) Ambient 0.075 8.5 4.1 
65" 0.074 9.1 4 . 0  

15. 2'-Deoxycytidine (dC) Ambient 0.080 8.7 4 . 0  
70" 0.074 9.2 4.0 

DMSO 0.043 7.5 3 . 2  

16. 5-Bromo-2'-deoxyuridine (BrdU) Ambient 0.081 8.0 4.1 
65" 0.079 8.6 4 . 2  

17. 5-Bromo-2'-deoxycytidine (BrdC) Ambient 0.093 8.0 4.1 
65" 0.086 8.7 4.1 

18. 5-Iodo-2'-deoxycytidine (IdC) Ambient 0.099 7.9 4 . 5  
65" 0.090 8.5 4 .2  

19. 2'-Deoxythymidine (dT) 18" 0.072 8.6 3 .7  

20. Adenosine (A) Ambient 0.084 6.1 3.1 
55" 0.077 6.8 3 .8  

DMSO 0.118 7.2 3.2 58 
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TABLE 1. (Conchcded) 
-- 

--- 

22. 2'-0-Methyladenosine (Am) 

23. 6-Azacytidine (azaC) 

24. 8-Bromoadenosine (BrA) 

25. Inosine (I) 

26. a-Pseudouridine (av)  

27. Arabinouridine (araU) 

28. Arabinocytidine (araC) 

29. 6-Azauridine (azaU) 

30. Orotidine ( 0 )  

3 1. 3-Ribosyl-6-methyluracil (rmU) 

32. Ribosylcyanuric acid (RCA) 

33. Uridine-5'-monophosphate (UMP) 

34. Uridine-3'-monophosphate (3'-UMP) 

35. 6-Azauridine-5'-monophosphate (azaUMP) 

36. Adenosine-5'-monophosphate (AMP) 

37. Adenosine-5'-diphosphate (ADP) 

38. Guanosine-2'-monophosphate (2'-GMP) 

39. 2,2'-Anhydroarabinosyluracil (aU) 

Ambient 
60" 

DMSO 

Ambient 

Ambient 

DMSO 

Ambient 

Ambient 
(PH 6.7) 
5" 

Ambient 
80" 

DMSO 

Ambient 

Ambient 

Ambient 
DMSO 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

5" 
Ambient 

80" 

Ambient 

Ambient 
65" 

Ambient 
65" 

This work 

This work 

58 

This work 

14 

61 
6 1 
61 
58 

This work 

20 

27 
58 

This work 

47 

20, 21 

54 

20, 21 

20 

20 

62 

61 
6 1 
61 

63 

This work 

*Ambient temperature 20-30 "C. unless otherwise indicated all results are for D 2 0  solutions. all DMSO results are for 30 f I OC. 
tNumbers refer to literature souices; recorded at 100 or 226 MHz. Probable error: A6, f 0.602 p.p.m.; Z, + 0.2 Hz. 

versely any increase in the gt and/or tg popula- 
tion, at the expense of gg, should result in an 
increase in C. Equation 2 has been developed 

[21 P,, - (13 - C)/10 

(21a, b), relating P,,, thegg fractional population, 
to the experimentally observed sum C and 
shown to be useful for semiquantitative treat- 
ments of experimental data. 

I t  is not possible to make quantitative esti- 
mates of AF for the 5'-hydrogens but it is safe to 

predict that changes in the C,,-C,, conforma- 
tional distribution brought about by changes in 
structure, solvent etc., will be manifest in varia- 
tions in AF. Since we have argued that 1 provides 
a means of monitoring these changes, then any 
empirical correlation between 1 and AF would 
substantiate this prediction and provide support 
as well for our earlier contention that C is a 
reliable probe for this particular conformational 
problem. 

In Fig. 3 the experimentally determined C 
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au 2,-' 
A' 

AMP. 

ADP. 

FIG. 3. Plot of C us. A6 for a series of pyrimidine 
and purine nucleosides and nucleotides in aqueous solu- 
tion : (a), Correlating pyrimidine nucleosides ; ( x ), 
noncorrelating pyrimidine nucleosides; (@), purlne 
nucleosides; (m), mono- and diphosphates; (A), 2,2'- 
anhydroarabinosyluracil (aU); (+), I-ribofuranosyl-2- 
pyridone (rPy); (a ) ,  5-azacytidine (5-azaC). Only 
ambient temperature (neutral pH) data from Table 1 are 
included except where indicated. 

and AS values (in Hz and p.p.m., respectively) 
are plotted for a large number of purine 
and pyrimidine nucleosides and nucleotides in 
aqueous solution. The data span C values from 
4.5 to 9.5 Hz and AS values from 0.0 to 0.18 
p.p.m. with considerable scatter in the points and 
demonstrate that AS must be related to the 
chemical nature of the base and sugar ring. More- 
over a reasonable linear correlation between C 
and AS is evident for a large number of structural- 
ly related pyrimidine nucleosides denoted by @. 
The molecules lying close to this correlation line 
have, with only a few exceptions, the following 
common structural features: (a) They are ribo- 
sides, 2'-0-methylribosides, or 2'-deoxyribosides 
in the 0-configuration. Thus in the entire series 
the furanose portion of the molecules is identical 
exce~t  for modifications at the 2' Dosition occur- 
ring to the side (exo) of the ring opposite to that 
on which the 5'-hydroxymethyl is located (endo). 
We choose for reasons given below to consider 
the arabinose derivatives araU and araC as ex- 
ceptions; in these derivatives the change in con- 
figuration at C,, places the 2'-hydroxyl in the 
endo position and near to C,,. (b) They have a 
C-H and a C==O group at the ortho positions of 
the pyrimidine base (relative to the N-glycosyl 
linkage). Thus base substitutions are limited to 
the 4 (para) and 5 (nreta) positions for the cor- 
relating molecules. ( c )  They show a preference for 

the anti conformation in which the ortho C-H, 
rather than the ortho C=O, lies over the furanose 
ring and can approach the 5'-methylene group. 
One exception is dihydrouridine (diHU) which is 
anti and has a -CH,- group at the 6 position 
(23). Also available are data for l-ribofuranosyl- 
2-pyridone(rPy,.indicated by + on thediagram). 
This nucleoside, though. neither a uracil nor a 
cytosine derivative, has feature a ,  possesses a 
C-H and C=O at the ortho position of the 
base, and for steric reasons is expected to prefer 
the anti conformation, feature c; it lies near t o  
the correlation line as well. 

Plotting above the correlation line are the 
a anomer of pseudouridine (a$) and a collection 
of nucleosides with structural modifications at 
the 6 (or ortho) positions of the base. Thus, 6- 
azauridine (azaU) and 6-azacy tidine (azaC) 
possess a nitrogen at the 6 position in place of 
the C-H in the parent compounds U and C. 
These modified compounds demonstrate a 
preference for the anti conformation (24-27) 
and thus will have the 6-aza nitrogen approaching 
the 5'-CH, moiety. 0-Ribofuranosylcyanuric 
acid (RCA) and rmU have keto groups occupy- 
ing both ortho positions and therefore one such 
group must be situated above the furanose and 
near the 5' position. In this respect, they mimic 
the syn conformation of a normal pyrimidine 
nucleoside. The 6-carboxy derivative orotidine 
( 0 )  is known to exist in the syn conformation 
(26, 28) and interestingly it plots near to the 

FIG. 4. Structure of 1-ribofuranosyl-2-pyridone (rPy). 

azaU 

FIG. 5. Structure of 6-azauridine (azaU). 
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RCA 

0 

FIG. 6. Structure Ij-ribofi~ranosylcyanuric acid (RCA), 
3-ribosyl-6-methyluracil (rmU), and orotidine (0).  

rPym 

FIG. 7. Structure of I-ribofuranosyl-2-pyrimidone 
(rpym). 

points for RCA and rmU as well as to the aza 
derivatives. Also found above the line are points 
at two temperatures for l-ribofuranosyl-2- 
pyrimidone (rPym, Fig. 7); rPym differs from U 
only at the 3 and 4 positions of base and thus is 
anomalous since it possesses features a,  b, and c 
but deviates from the correlation plot. We find 
the 5'-n~onophosphate of 6-azauridine (azaUMP) 
plotting above the line. 

Points lying distant from the correlation line 
but to the opposite side correspond to the 
adenine derivatives of ribose (A), 2'-deoxyribose 
(dA), and 2'-0-methyl ribose (Am). Also in this 
region are inosine (I), various mono- and 
diphosphates, and 2,2'-anhydroarabinosyluracil 
(aU, Fig. 8) at several temperatures. 

From the distribution of points in Fig. 3, a 
number of qualitative conclusions regarding the 
origin of the magnetic nonequivalence may be 
drawn. First, the linear correlation between C 

and A6 suggests, that for the series of structurally 
related pyrimidine nucleosides, variations in A6 
can be traced to the variations in their confor- 
mational preferences about the C,,-C,, bond. 
Furthermore, the monotonic variation in A6 
with C suggests that the relative populations of 
the three conformers, within the span of the data 
obtained, are varying in a monotonic fashion. 
Estimates using eq. 2 indicate that a range from 
35% gg (C  = 9.5 Hz) to 80% gg (C = 5.0 Hz) 
is spanned by the line. Finally, the linear corre- 
lation of A6 with C suggests that for the corre- 
lating series variations in A6 are due to variations 
in the (A)c term and that the (A)i term is 
essentially invariant to within, say, 0.015 p.p.m., 
the largest deviation from the line for a molecule 
with features a, 6 ,  and c.' In other words we are 
proposing that essentially identical magnetic 
environments are provided at  the 5'-position by 
the furanose and base moieties in the correlating 
series, with the characteristic A6 and C values 
displayed by any given nucleoside in the series 
arising from a characteristic sampling of the 
three conformers. This does not seem to be an 
unreasonable suggestion since variations in 
structure in the series are restricted to positions 
distant from the 5'-position i.e. at the exo 2'- 
position and at the meta and para positions of 
the pyrimidine base. We are of course not 
suggesting that the base has n o  effect on the 
5'-magnetic environment; we suggest only that 
for the correlating molecules the collection of 
pyrimidine bases make much the same magnetic 
contribution to (A)i but a contribution sensibly 
distinct from that of the 6-azauracil, orotic acid, 
purine, etc. bases of the noncorrelating molecules. 
That a P-linked base does contribute to (A)i is 
implied by the difference in A6 values noted for 

'An alternative explanation for the linear correlation 
is that for this series of molecules changes in (A)c and 
(A)i are important but are proportional. However, in 
view of the diverse array of substituents (COO-, I, S etc.) 
on, in particular, the base, this alternative seems unlikely. 
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the ci and p anomers of pseudouridine and the 
displacement of a$ from the correlation plot. 

The foregoing discussion has suggested that 
variations in the 2'-exo substituent of the (deoxy) 
furanose substituent and in the ineta and para 
substituents of the base have little direct effect 
(i.e. through (A)i) on A6 and that the correlation 
of A6 and C argues for attributing variations in 
A6 exclusively to (A)c for molecules with 
features a, b, and c. Our interpretation of the 
sensitivity of A6 and 2 to structural variations 
in the molecules at these points which are distant 
from the C4.-C,, bond is stimulated by sugges- 
tions in the literature of interdependences 
between, on the one hand, furanose ring pucker- 
ing and the exocyclic conformation about the 
N-glycosyl (N-C,,) linkage and between the 
furanose ring puckering and the exocyclic 
C,.-C,, conformational distribution on the 
other. Thus several theoretical and experimental 
reports (29-34) have drawn attention to the 
apparent correlation between the nature of the 
ring puckering and rotation about the N-glycosyl 
linkage. X-Ray (30-35), p.m.r. (18-19), and 
theorktical calculations (36) consistently predict 
a correlation between puckering and the C4.-C,, 
conformer population. (The consistent prediction 
is that for pyrimidine nucleosides with features 
a,  b, and c, the gg conformation is favored if the 
ring assumes a C,, endo pucker but is destabilized 
by a C,, endo p ~ c k e r . ~ )  

Bearing in mind this rather good agreement 
between X-ray, p.m.r. and theoretical data, we 
are inclined to propose that concomitant with 
variations in the 2'-exo substituent of the fura- 
nose, or at themeta andpara positions of the base, 
are changes in the furanose ring puckering i.e. 
in the C,, endo -C3, enrlo (S o N) balance 
(18, 19, 38) which are sensed by the hydroxy- 
methyl group and reflected in the gg, gt, and tg 
conformational weightings and manifest simul- 
taneously in the correlated variations of C and 
A6. 

It is not surprising that variations in the 2'-exo 
substituent can result in perturbations in the 
sugar; differences in the pucker of ribosides and 

'The authors realize that furanose ring conformations 
in solution are best discussed, not in terms of the con- 
ventional single puckered forms (CB, endo, C,, endo etc.), 
but rather in terms of significantly populated segments 
of the pseudorotational itinerary (37). Here the terms 
C,, endo and CZ, endo are meant to stand for the Nand  
S segments populated by (deoxy) ribosides (38). 

2'-deoxyribosides have been known for some 
time at even the polyn~~cleotide level (30, 32, 33, 
39). Although we cannot make any but thorough- 
ly speculative statements on the possible origin 
of the nwta and para influences on C and A6, it 
seems most likely that they are mediated by 
interactions involving the base and the unshared 
pair of electrons on the furanose ring oxygen i.e. 
through the so-called anomeric, or reverse 
anomeric effect (40-44). Our speculation, which 
incorporates the views of Lemieux (42) and the 
suggested interrelationships between the various 
conformational angles, is as follows: variations 
in the electronic structure of the base brought 
about by substitution modulate the interaction 
between the base and the ether oxygen which is 
reflected in a modulation of the C2, endo (S) - 
C,, endo (N) equilibrium blend which in turn is 
sensed by the hydroxymethyl group and reflected 
simultaneously in the parameters dependent 
upon the conformation about the C,,-C,, bond 
i.e. C and A6. (It is sufficient to point out here 
that anomeric type interactions (repulsion 
between base and  insh ha red pairs) will bias the 
ribose puckering towards C,, endo whereas the 
reverse anomeric type will introduce a bias 
towards C,, endo.) 

T o  support the above interpretation of the 
regular progression of A6 and C for the cor- 
relating, structurally-related pyrimidine nucleo- 
sides we draw attention to the striking resem- 
blance between the plotting pattern of points in 
Fig. 3 and those in Fig. 9 which, with a few 
additions, is taken from ref. 18. In the latter 
figure are plotted C us. J3.,, data fo r  the same 
collection of molecules used in Fig. 3. Figure 9 
is essentially a two-dimensional niap of nucleo- 
side(tide) conformation in aqueous solution. 
The ordinate (C), of course, monitors changes 
in C4,-C,, conformation whereas the abscissa 
(J,.,.) relates information about the nature of 
the furanose ring puckering. This presentation 
of p.m.r. data follows the conformational map- 
ping approach used by crystallographers (30) 
and theoreticians (36) for discussion of nucleo- 
side conformation and facilitates comparison of 
crystal, n.m.r., and theoretical data. These 
coupling constant maps proved useful since they 
revealed the above-mentioned interdependence 
of the nucleoside C4,-C,, conformation and 
the furanose puckering for structzrrally similar 
pyrimidine nucleosides (18, 19). From the plot, it 
is apparent that a decrease in the gg conforma- 
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.CDP 

UMP 

t , I < , I L , I ~ ~ I ~ ~ 1 2 ~ i ~  
2.0 3.0 LO 5.0 6.0 7.0 80 

J3.c [HZ] 

FIG. 9. Plot of E us. J,.,, for a series of pyrimidine 
and purine nucleosides and nucleotides in aqueous 
solution: (e), correlating pyrimidine nucleosides; ( x ) ,  
noncorrelating pyrimidine nucleosides; (@), purine 
nucleosides; (m), mono- and diphosphates; (A), 2,2'- 
anhydroarabinosyluracil (aU); (+), l-ribofuranosyl-2- 
pyridone(rPy);(O), 5-aracytidine(5-azaC). Only ambient 
temperature data of neutral p H  are included except 
where indicated. 

tion is correlated with a decrease in the C,, elldo 
contribution to the C,, enclo (N) - C,. endo (S) 
balance for a series of molecules connected by 
the solid line. However, and this is the important 
point, the molecules found to correlate in these 
two-dimensional C us. J,.,, maps are (again 
with few exceptions) simply those correlating in 
the 2 us. A6 plot in Fig. 3. In addition, the 
locations of the points are qualitatively identical 
on the pair of plots. Thus, with U assumed to be 
central in both correlation plots, we find the 
pyrimidine 2'-deoxyribosides and dihydrouridine 
(diHU) displaced along the line toward larger C 
values while the halogenated pyrimidines and 
eU are displaced toward decreasing C. The 
plotting patterns of points lying off the line are 
also strikingly similar. Above the line we find, 
ordered with increasing A6, or J,,,,, values, 
5'-azaUMP, the azapyrimidines and syn-like 
nucleosides (0, RCA, rmU) followed by a\lr and 
rPym. Below the correlation line in each figure 
we find all of the purine derivatives and the 5'- 
mono- and diphosphates. Some trends other 
than the main correlations are also apparent. In 
both figures the effect of the base change from 
uracil to adenine results consistently in a dis- 
placement to smaller 1 and smaller A6, or J,,,,, 
values (compare the U-A, Um-Am, dU-dA 
pairs). Substitution of the 2'-hydroxyl by a 

hydrogen results in a displacement towards 
larger and smaller A6, or J,,,, values (compare 
the A-dA and U-dU pairs). In addition we see 
for aU that the effect of increasing temperature 
results in a displacement up and to the right in 
both figures. The most interesting trends must 
certainly be the almost vertical displacement of 
the points observed when the uracil base is 
substituted by the 6-azauracil base at both the 
nucleoside and 5'-mononucleotide levels (Com- 
pare the U-azaU and 5'-UMP-5'-azaUMP 
pairs). There are however some important dif- 
ferences in location. Thus in the A6 plot 3'-UMP 
lies below the line but is found near the line in 
the J,.,, plot; araU and araC are found above 
the J,,,, correlation plot but near the A6 plot. 
These dissimilarities shall be commented on 
later., 

Given then our large number of data for 
molecules with a diverse array of substituents it 
appears to us that the (virtually) identical 
plotting patterns for C ~ u .  A6 on the one hand 
and us. J,.,,, a parameter with no obvious 
relationship to A6, on the other, are a con- 
sequence of something more than fortuity. The 
similarity argues strongly that A6 and C are 
sensitive functions of the conformational prefer- 
ences about C,,-C,, which in turn can safely 
be said to depend upon the mode and extent of 
the furanose ring puckering. The apparent link 
between the C,,-C,, conformational preferences 
and the ring puckering (though not direct 
evidence for) strongly supports our contention 
that the influence of base substitution on and 
A6, and J,,,., values can be mediated by inter- 
actions involving the unshared pairs of electrons 
on the furanose ring oxygen in the manner out- 
lined by Lemieux (42). We do not feel sufficiently 
confident to suggest that our correlations are 
best discussed in either the anomeric or reverse 
anomeric context. At   resent it is sufficient to 
point out that variations along the C us. A6 and 
1 us. J,,,, plots towards increasing J,,,, and A6 
may be considered to reflect an increase in 

41t is important to  point out that in refs. 18 and 19 maps 
of C. us. J , . , ,  as well as E J3,,, maps were presented since 
both J1,Z, and J3,4. reflect the C3, endo (N)H CZ,  endo 
(S) balance. Both maps consistently point to the inter- 
relationship between the ring pucker and exocyclic 
C4.-C,. orientation. Although we have constructed a 
A6 us. J1,,, map it  is not presented here for reasons of 
space but the same correlations and  displacements are 
revealed. 
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repulsion between the base and the electron 
pairs. This statement becomes evident upon 
consideration of the relative disposition of the 
base and ether oxygen in the C2,  endo and C,, 
endo puckered modes and the discussion given 
by Lemieux (42). 

1 We now proceed to  a discussion of temperature 
effects upon the C us. A6 plot. The largest varia- 
tions with temperature for the correlating 
molecules were noted for 5-iodocytidine (IC) 
and 5'-ethoxycarbonyluridine (eU); these are 
indicated on Fig. 3 with the appropriate symbol 
and with the temperature in parentheses. In each 
instance the influence of increasing temperature 
is identical; the points move toward increasing 
11 and decreasing A6. These changes in C with 
increasing temperature imply variations in the 
gg, gt, tg populations (18, 19) and interestingly 
the concomitant changes in A6 are such that the 
points are displaced along the correlation plot. 

1 This certainly provides support for the contention ' that A6 is a reflection of the conformational 
preference about C,,-C,,. In ref. 18 the 
temperature effects upon the 1 us. J,,,, maps 
were discussed; it is interesting to  point out that 
the trends here are qualitatively identical, i.e. the 
points for I C  and eU moved up (increasing C ,  
decreasing gg population) and to  the left 
(decreasing J, . , , )  corresponding t o  a shift 
towards C2, endo in the C2, endo (S) ++ C,. endo 
(N) b a l a n ~ e ) . ~  

The data for nucleosides(tides) lying distant 
from the correlation line can be discussed in 
terms of the characteristic substitution on the 
molecule but we stress a t  the outset that  in each 
instance the substitution occurs at a point in the 
molecule near to  the 5'-hydrogens and thus is 

51n Fig. 3 we have presented some data which illustrate 
subtle temperature effects on A6 for noncorrelating 
molecules. The data for 2,2'-anhydroarabinosyluracil 
(aU) are interesting since here we find one of the few 
instances where the effect of increasing temperature is to 
increase the magnetic nonequivalence of diastereotopic 
CH, hydrogens. a U  is in several respects an  unusual 
nucleoside. Molecular models indicate that the two point 
attachment of the base to the furanose ring locks the 
ring in an extreme CZI  endo-like conformation (type S in 
the nomenclature of ref. 38), whereas the furanose ring 
systems in all other molecules undoubtedly undergo the 
pseudorotational motion characteristic of five membered 
ring systems. This unusual temperature behavior is un- 
doubtedly related to the presence of the anhydro linkage 
between the base and the furanose and not simply to the 
presence of an endo 2'-oxygen since this unusual de- 
pendence is not noted for araU and araC (Table 1). 

expected, unlike substitutions at the  2'-exo, meta 
or  para  positions of the molecules, to  have a 
direct effect upon the (A)i term (over and above 
any effect on the  C,.-C,, conformational 
distribution) which results in the displacement 
from the line. Thus deviations from the plot for 
RCA,  rmU, and 0 are reasonable in view of the 
keto oxygen of the base, located above the .ring 
and near to the 5'-position, which is expected t o  
have a direct influence upon (A)i nonequivalence 
of the 5'-group as well as to  effect sterically the 
C,,-C,, conformational preferences (18, 19,27, 
45-47). (A useful discussion by ApSimon and 
Bierbeck of the long-range shielding effects of 
C-H and C=O bonds has appeared (48).) It is 
not  surprising to  find the 6-aza derivatives, azaU 
and azaC. distant from the line since evidence 
has been provided for specific repulsive inter- 
actions between the  5'-group a n d  the 6-aza 
bases (18-22, 49, 50) and since the lone pair of 
an  sp2 hybridized nitrogen atom has  an appreci- 
able magnetic anisotropy (51). In this regard it 
is relevant to point out that the point for 5- 
azacytidine (5-azaC) in which the insertion of 
the aza nitrogen occurs at  the meta position falls 
nearer to the line and reasonably s o  since any 
direct effect of this alteration in the base o n  
(A)i should be attenuated. A precise statement 
of the reason for the  deviations o f  the purine 
derivatives is not possible but they d o  imply that 
the through-space influence of a purine base 
upon the magnetic environment of the 5'-region 
differs from that of a pyrimidine. This is not  
surprising since the large ring currents associated 
with purine bases are  well known (52, 53). The 
displacement for a+ is also reasonable since the 
base in an a-nucleoside is not expected to  affect 
(A)i directly. The presence of rPym above the 
line is more difficult to rationalize since this 
P-nucleoside has features a, b, c. A possible 
rationale of this inconsistency may be based o n  
the absence of the keto  oxygen at t he  4-position 
of the pyrimidine ring system. Since the keto 
group withdraws n density from t h e  ring, it is 
safe t o  predict that the n structure o f  2-pyrimi- 
done differs from that  of uracil, particularly in 
their C,-C, bonds, and this difference is 
reflected in the influence of the base o n  (A)i. It is 
interesting, however, t o  point to the parallel 
effect of temperature (Figs. 3 and 9) for rPym 
and the corrilating series. 

The large deviations for 3'-UMP a n d  5'-UMP 
from the C-A6 correlation are also expected 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



506 C A N .  J .  C H E M .  VOL. 5 2 .  1974 

since the negative charges associated with the 
3'- and 5'-linked phosphates should have a 
substantial direct influence on (A)i (see ref. 65). 
The presence of 3 '-UMP on the C ,  J,.,, correla- 
tion, which contrasts with its displacement from 
the C-AS, is not unexpected since it is known 
that substitution of a hydrogen by a phosphoryl 
group at the 3'-position has little influence on 
the ring puckering or  exocyclic C4.-C,, con- 
formation (18, 54). However, the (downward) 
displacement for 5 '-UMP from the C us. J,.,, plot 
is expected since recent studies by Wood et al. 
(21, 55) have revealed a marked influence of a 
5'-phosphate on the exocyclic C4.-C,, confor- 
mation as well as on the ring puckering. 

There is a further feature of Fig. 3 which does 
not conform with our expectations. This is the 
presence of the arabinose derivatives, a raU and 
araC, near t o  the correlation line. Examination of 
molecular models reveals the close approach of 
the endo 2'-hydroxyl group and the 5'-group, 
particularly when the n~olecule is puckered 2'- 
endo. This close approach is confirmed by X-ray 
work which reveals intramolecular hydrogen 
bonding6 between the 2'- and 5'-positions in 
crystalline araU (56). No  reason, other than 
fortuitous cancellation of effects, for the presence 
of these points near to  the C ,  AS correlation is 
apparent. (In the following paragraph we 
present Z ,  AS values obtained in DMSO and 
note a similar correlation plot from which araU 
deviates.) 

Finally, in order to  investigate the effect of 
solvent upon the magnetic nonequivalence of 
the 5'-methylene hydrogens and t o  test some of 
our conclusions in the preceding sections, data 
were also obtained for a number of nucleosides 
in DMSO. The DMSO data are presented in 
Table 1 and in Fig. 10 as a C us. AS plot. In order 
to  facilitate comparison we have included on Fig. 
10 the D,O correlation plot (as a dashed line). 
Again we note considerable scatter in the values 
of AS and Z .  Furthermore, although the number 
of points is limited, there seems t o  be a roughly 
linear correlation for five points corresponding 
t o  nucleosides with features a, b, and c and 

6Though the X-ray work reveals a close approach 
between the 2'-OH and the 5'-position, it should be 
pointed out that this work (Fig. 9) as  well as (18-19) 
reveals a repulsive interaction between these positions 
(compare Z for the U-araU and C-araC pairs) and thus 
argues against the presence of hydrogen bonding between 
the 2'- and 5'-positions in aqrreorts solutions. 

FIG. 10. Plot of Z us. A6 for a series of purine and 
pyrimidine nucleosides in DMSO solution (30 "C): (a), 
pyrimidine nucleosides correlating in Figs. 3 and 9;  (Q), 
purine nucleosides; ( x), pyrimidine nucleosides not cor- 
relating in Figs. 3 and 9. The dashed line corresponds to 
the Z us. A6 correlation line for aqueous solution (Fig. 3.) 

falling on the aqueous correlation plot. More- 
over, the best straight line linking these points is 
essentially parallel to  the dashed line representing 
the aqueous correlation. This correlation between 
AS and C and the parallel behavior for D,O 
and DMSO data  is further evidence that varia- 
tions in AS in each solvent are a co~ l se~uence  of 
conformational preferences about the C4,-C,. 
bond. 

In  Fig. 11 we present a C vs. J,,,, map for the 
available data in DMSO. As in the case for C 
and AS we find for  a series of molecules that a 
fair correlation exists between these parameters. 
Furthermore the  correlation line is displaced 
from the C-J,,,, plot in D,O a n d  interestingly 
the displacement is in the same direction that 
the DMSO AS-C plot is displaced from its 
D,O counterpart. In this case a r a U  and 0 are 
displaced above the plot but now we find the 
purine derivatives (A and d A  as well as 8- 
bromoadenosine, 8-BrA) near to the best 
straight line. We  cannot offer any reasonable 
interpretation for the differences in the plotting 
patterns of the C us. A6 and J,,,. maps but can 
only state the obvious, namely that  the properties 
of the solvent can have subtle effects on the 
conformational properties (as well as the 5'- 
magnetic nonequivalence) of a nucleoside. Per- 
haps an  important consideration insofar as an  
understanding of the maps in D M S O  is concerned 
is the syn-ailti balance of the nucleoside which is 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HRUSKA ET AL.: NUCLE 
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- e d A  

FIG. 11. Plot of Z us. J3, , ,  for a series of purine and 
pyrimidine nucleosides in DMSO solution (30 "C); (a), 
pyrimidine nucleosides correlating in Figs. 3 and 9;  (Q), 
purine nucleosides; ( x  ), pyrimidine nucleosides not cor- 
relating in Figs. 3 and 9. The dashed line corresponds to 
the correlation line of Z us. J3.,. for aqueous solution 
(Fig. 9). 

known to  be influenced by the change from an 
aqueous to a DMSO environment (57). 

In order to demonstrate one further class of 
molecules for which similar plotting patterns are 
observed, we present here the data for 2'- 
deoxythymidine-3',5'-cyclicmonophosphate from 
ref. 64: A6 = 0.155 p.p.m., z = 15.3 and J,,,. 
= 9.2. For reasons of space we have not con- 
structed maps to  allow their inclusion but 
obviously this molecule would lie at the extreme 
upper right of both the C us. A6, and C us. J3,,, 
maps. 

Conclusions 

In the present study a correlation is observed 
between A6  and z for a series of structurally 
related pyrimidine nucleosides. This is presented 
as evidence that A6 is a reflection of the confor- 
mational preferences about the C,,-C,, bond 
in these molecules. The correlations can be 
rationalized if the assumptions are made that 
the bases of the correlating molecules have a simi- 
lar influence upon the magnetic environment of 
the 5'-CH, moiety and that an interdependency 
exists between the N-glycosyl linkage torsional 
angle, furanose puckering, and the C,.-C,. 
conformation. Suggestions are made that inter- 
actions between the base and unshared pairs of 
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electrons on the furanose oxygen play an  
important role in determining the furanose ring 
puckering and, indirectly, the exocyclic C,.-C,, 
conformational preferences. 

NOTES ADDED I N  PROOF: One notes in Figs. 3 
and 9 the proximity of the P-uridine (U) and P- 
pseudouridine ($) data which suggests that their 
conformational properties reflected in A6, z , - a n d  
J,,,, are similar in D,O solution, consistent with 
earlier conclusions in refs. 13, 15, and 18. How- 
ever a marked horizontal displacement is noted 
for $ relative to U in Figs. 10 and 1 1  (DMSO 
solution) which indicates a larger proportion of 
the C,, elldo (N) conformer in $ relative to  U (55 
and 35% (N) according to the method of calcula- 
tion in ref. 386). These trends must reflect specific 
solution effects traceable to, perhaps, thi pres- 
ence of the pair of hydrogen donating N-H 
groups at the t~ieta positions in $. 

Insofar as our comments in footnote 6 con- 
cerning the apparent repulsion between the 2'- 
O H  and 5'-hydroxymethyl groups of araU and 
araC are concerned, we should point out that 
recent work by Chwang and Sundaralingam (66) 
in conjunction with ref. 56 point to a n  attraction 
(hydrogen-bonding) between these groups where- 
as the work of Saenger (67) indicates no such 
attraction in the sulfur analog of araU, I-P-D- 
arabinofuranosyl-4-thiouracil. 
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Microwave Spectrum of Methoxyacetonitrile 

Depc~rt~~lol i  of Clrorristry, Qlreen's U/zil.~~.sir?., Kin~.\forr, O~rttrrio 

Received August 22, 1973 

The pure rotational spectrum of methoxyacetonitrile, CH30CH,CN, has been investigated in the 
8-40 GHz region. Spectra of thega~rcl~e and trans conformers, with respect to rotation about the 0-CH, 
bond, have been assigned. The rotational constants for the ground vibrational state are (in MHz) gauche: 
A = 11893.36(0.05), B = 3423.26(0.02), and C = 2871.53(0.02); trarls: A = 29610(90), B = 2470.96(0.02), 
and C = 2348.07(0.02). The centrifugal distortion parameters D j  and D j ,  have also been determined 
for each conformer. The dipole moment components for the garrehe conformer have been measured as 
(in D): p. = 2.40(0.03), pb = 1.37(0.10), p, = 1.1 I(0.1 I), and p = 2.98(0.07). On the basis of relative 
intensity measurements at 25 "C the abundance of the rrntls form has been estimated as 4.8 f 2 . 4 x  with 
the energy difference E ,,.,,, - E, .,,, , ,  having the value 5.7 + 1.7 kJ mol-' (1.3, _+ 0.4 kcal mol-I). 
From vibrational satellite intensities the frequency for the first excited state of skeletal torsion about the 
0-CH, bond has been found as (in cnl-') gauclle: 93(25) and rrotls: 74(32). From the observed values 
of the rotational constants the dihedral angle in the pnlrche conformer is found to be near to 69' from - 
the cis position. 

Le spectre de rotation pure du methoxyacCtonitrile, CH30CH,CN, a etC CtudiC dans la region 8-40 
GHz. Les spectres des conformeresgalrche et trans, par rapport a la rotation autour de la liaison 0-CH,, 
ont kte assignes. Les constantes de rotation pour I'Ctat vibratoire fondamental sont (en MHz) garrche: 
A = 11893.36(0.05), B = 3423.26(0.02) et C = 2871.53(0.02); trans: A = 29610(90), B = 2470.96(0.02) 
et C = 2348.07(0.02). Les parametres de deformation centrifuge DJ et D j K  ont aussi Cte determines 
pour chaque conformere. Les composantes du moment dipolaire du conform6regnlrche ont les valeurs 
mesurees (en D), p, = 2.40(0.03), p, = 1.37(0.10), p, = 1.11(0.11) et = 2.98(0.07). A partir des 
mesures des intensites relatives a 25" on a estime que I'abondance de la forme rratu est de 4.8 ? 2.4% 
avec une difference d'energie E ,,.,,, - E ,,,,,,,,, valant 5.7 +- 1.7 kJ mol-I (1.3, + 0.4 kcal mol-I). A partir 
des intensites de satellites de vibration on a trouve que la frtquence du premier etat excite de torsion du 
squelette autour de la liaison 0--CH, vaut (en cm-I) 93(25) pour la forme galrclre et 74(32) pour la 
trans. A partir des valeurs observees pour les constantes de rotation I'angle di6dre dans le conformPre 
gauche s'est revtlC proche de 69" par rapport a la position cis. [Traduit par le journal] 

Can. J. Chem., 52,509(1974) 

Introduction 
In earlier microwave spectroscopy papers 

dealing with n-propyl compounds the presence of 
both gauche and trans conformers was detected 
for each of the molecules C3H,F (l), C3H7CN 
(2), C3H,CI (3), C3H7Br (4, 5), and C3H71 (5, 6). 
These studies support the general conclusion'that 
the energy difference between the two conformers 
is about 1 kcal mol-' or less. Only in the case of 
C3H,F, however, was it definitely stated that the 
gauche form is more stable, by 0.47 f 0.31 kcal 
mol-' (1). Other features of interest in these 
studies were the observation of strong vibrational 
satellites due to torsion about the central C-C 
bond and the possibility of determining the 
barrier height V, to methyl torsion. V3 was deter- 
mined as 2.6, kcal mol-' for the trans form and 
as 2.8, kcal mol-' for the gauche form of 
C3H7F (1). 

There are three previous studies which have 
direct bearing on the conformation of methoxy- 

acetonitrile, CH30CH,CN. In an early Raman 
study, vibrational frequencies as low as 242 cm-' 
were measured but not assigned (7). From their 
infrared study of the vapor and of solutions in 
CCI, and CS2, Jones and Orville-Thomas (8) 
concluded, on the basis of a comparison of ob- 
served and calculated P-R separations, that the 
most stable state of the molecule is a slightly 
twisted trans conformation. They arrived at the 
same conclusion for the related molecule chloro- 
methyl ether, CH30CH,C1 (8). However, mole- 
cular polarizability considerations combined with 
dipole moment measurements (9, 10) give the re- 
sult that the gauche conformer is the predominant 
one of each molecule. ' An electron diffraction 
study of CH,OCH,CI also shows the gauche 
conformer to be present in large abundance (I  I). 

In view of the discrepancies between the earlier 
investigations and general lack of s t r~~ctural  in- 
formation on the molecule it was considered 
worthwhile to undertake a microwave study of 
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lnethoxyacetonitrile with the objective of trying TABLE 1. Observed lines of~arrche-methoxyacetonitrile, 

to clarify the situation regarding the number of ground vibrational state 
-- 

conformers present and their relative energies. 
Vobr Vobs - V C ~ I C ~  

Experimental Transition (MHz) (MHz) 

The methoxyacetonitrile sample was purchased from a-type R-branch 
the Aldrich Chemical Company and used without further 112 , 313 18040.71 0.04 
purification. Strong absorption due to  the J = 1 -, 2 111 , 312 
transition of CH3CN was noticed near 36 795 MHz. This 221 + 322 

19695.25 0.19 
18 884.94 0.34 

did not however interfere in any way with the recording 
7-20 + 321 18988.20 -0.35 

or measurement of the CH30CH,CN spectrum so no 
attempt was made to remove the impurity. 303 -, 404 24 920.99 -0.01 

Observations in the 26.5 to 40 GHz region were made 313 ' 414 24 025.32 0.11 
at Rice University using a Hewlett-Packard 8460A MRR 312 " 413 26 227.35 -0.12 
spectrometer in the laboratory of Professor R. F. Curl. 322 + 423 25 159.32 0.48 
The Stark effect and frequency measurements on transi- 404 , so5 30967.71 0.15 
tions involving lower J values were carried out at Queen's 414 -, s15 29 987.39 0.29 
University using a conventional 100 kHz Stark modula- 413 -, s14 32 729.42 -0.16 
tion spectrometer described earlier (12, 13). 423 -' 524 31 415.56 0.11 

422 -, 523 31 920.12 -0.09 Rotational Spectrum 432 -, s33 31 556.56 0.18 

Initial Assigm77ent, Ground Vibrational State 431 + 532 31 572.43 -0.08 
441 -, 542 31 534.33 Preliminary calc~~lationsusingstruct~~ral param- 440 + 541 

0.19 
31 534.33 0.04 

eters taken from the molecules dimethyl ether, 
(CH,),O, (14) and acetonitrile, CH,CN, (15) in- 505 ' '06 36 91 1.75 0.43 

51s -t 616 dicated that the transconformer of CH,OCH,CN 514 -> 615 
35 923.88 0.60 
39 190.38 -0.45 

should be a very slightly asymmetric rotor with 5,, -> 6,, 37 650.17 0.06 
K = -0.99 while the gauche conformer should sz3 -, 62, 38 503.81 -0.49 
be more asymmetric with K = -0.8. 533 -+ 634 37 891.39 -0.05 

532 -, 633 37 934.03 -0.20 
CHI 551 + 652 37 838.35 -0.09 

A scan of the 26.5 to 40 GHz region at a Stark 
field of about 1100 V cm-' showed two prom- 
inent groups of lines which were quickly assigned 
to the high K - ,  values of the a-type J = 4 + 5 
and 5 + 6 transitions of the gauche conformer. 
The remaining lines in these transitions were as- 
signed without difficulty, see Table 1. The posi- 
tions of the lines due to the trans conformer were 
not at all obvious on the initial scan. However it 
was found that at very low Stark fields, less than 
5 V cm-I, the lines of the trans conformer were 
far more prominent than those of the gauche. This 
technique allowed the assignment of the clumps 
of partially resolved high K- , lines of the a-type 
J = 5 + 6,6 + 7, and 7 + 8 transitions of trans 
CH,OCH,CN. 

c-type 
1 1 0  + 220 38 577.84 -0.28 
1 1 1  -, 221 39 103.60 -0.16 
927 + 937 38 605.55 0.71 

Standard deviation* = 0.33 

'Defined as  ( 2  (vobS - V C ~ , ~ ~ ) ~ / ( N  - P))liz; N = number of lines; 
P - number of parameters. 

Rotational and Centrifugal Distortio~i Constants 
Attempts to fit the ground vibrational state 

gauche spectrum using the three rigid rotor rota- 
tional constants gave discrepancies up to about 
3 MHz between observed and calculated. line fre- 
quencies. A satisfactory initial fit for the a-type 
lines, including those in the J = 2 + 3 and 3 + 4 
transitions, was obtained using the symmetric 
rotor centrifugal distortion constants D, and 
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KEWLEY: MICROWAVE SPECTllUM OF METHOXYACETONITRILE 51 1 

TABLE 2. Rotational and centrifugal distortion constants of gnl~clre-methoxyacetonitrile 

Constant* 

A (MHz) 
B (MHz) 
C (MHz) 

Ground state 
-- 

11 893.36 2 0 . 0 5  
3423.26 2 0 . 0 2  
2871.53 2 0 . 0 2  
- 0.877690 

2.93 20 .40  
-23.3 k O . 4  

First excited state 

11 981.2 2 2 . 0  
3415.54 2 0 . 0 4  
2 866.26 k 0 . 0 3  
- 0.87948 

3.37 ~ 0 . 4 2  
-26.0 k 0 . 6  

Second excited state 

12 100.1 * 4 . 2  
3 406.46 k 0 . 0 7  
2 860.50 k 0 . 0 7  

-0.88182 
3.39 k 0 . 9 7  

-28.4 k 1 . 2  

Watson parameters 
d (MHz) 11 893.02 k 0 . 2 1  
93 (MHz) 3423.22 +0.07 
% (MHz) 2 871.61 2 0 . 0 7  
d~ (kHz) 10.3 +7.5 
~ J K  (kHz) 331 1 2 6 8  
& (kHz) 874 - + 650 
dcJ x lo5  -0.229 k 0 . 2 4 4  
'lLK x l o3  -0.106 k0 .078  

-- 
*Each uncertnlnty I S  one standard error o f  the parameter quoted. 

D,,. From this fit the frequencies of some of the 
6- and c-type lines were predicted and the lines 
located. These new lines were included in the 

1 final least-squares fit, see Tables 1 and 2. For the 

I ground vibrational state of the gaucl~e conformer 
a centrifugal distortion fit to  Watson's parameters 

I was also carried out with the aid of the computer 
I program MB07, written by H. Marllendal. The 
I resulting values of the eight parameters are given 

, in the lower part of Table 2. The standard devia- 
tion of this fit was 0.27 MHz which is only slightly 

, I better than the value 0.33 MHz in the five-para- 
meter fit. All of the five Watson centrifugal dis- 
tortion parameters are highly correlated, with 
correlation matrix elements being in the range 
0.95 to  1.00. To  achieve a significantly better fit 
with the Watson parameters the millimeter wave 
spectrum of CH30CH,CN should be studied and 
a-, 6-, and c-type transitions involving J 2 15 
searched for. For the present data the D,, Dj, fit 
is satisfactory. 

An attempt to fit the observed spectrum of the 
trans conformer using five centrifugal distortion 
constants did not give meaningful results, as ex- 
pected from the experiences of Marstokk and 
Marllendal with similar molecules having K in the 
range - 0.97 to - 1 (1 6). The program attributed 
unreasonably large centrifugal distortion ternis 
to  the K - ,  = 1 lines. The negative D,, value for 
the trans conformer causes the high K- , lines t o  
appear in inverse order to  that expected from 
asymmetry shifts alone. Once this was realized, 
which was the result of noticing that the struc- 

turally similar molecule trans-crotononitrile has 
a D,, value of - 12.6 kHz (17), there was no 
difficulty in making the correct assignment of the 
K - ,  = 2 lines in the J = 5 -, 6, 6 -t 7, and 
7 -+ 8 transitions. The location of the widely 
spaced K - I  = 1 lines, which fall in regions of 
fairly high line density, presented some difficulty. 
The assigned lines are considered 10 be the true 
ones on the basis of the excellent fit, see Table 3, 
the observation of broad but correctly situated 
Stark lobes for the 5, ,  -t 6i6 and 6,, -+ 7,, 
transitions, and the value of the derived planar 
moment PC, which is considered in more detail in 
the molecular structure discussion below. The 
rotational and centrifugal distortion constants of 
the traris conformer are given in Table 4. 

For neither conformer has any resolved hyper- 
fine structure due to  coupling t o  the 14N nucleus 
been observed. Quadrupole coupling constants 
for the molecule have been determined in the 
solid state (18). 

Diyole Monient of Gaucl~e Conformer 
The electric dipole moment of the gauche con- 

former was determined by measuring the Stark 
shift for eight lobes o f  lines in the J = 2 -, 3 and 
3 -+ 4 transitions. Effects of 14N quadrupole 
hyperfine interaction were ignored since the split- 
ting was unresolved. Linear plots ofAv vs. E2 were 
obtained for all the lobes, using field values in the 
range 200 to  1000 V cm-'. The Stark coefficients 
and dipole moment components are  given in 
Table 5. The Stark cell was calibrated o n  the basis 
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TABLE 3. Observed n-type R-branch lines of 
trans-methoxyacetonitrile 

Vobr Voos - Vealed 

Transition (MHz) 
--- 

(MHz) 

505 -> 606 28 899.24 -0.03 
515 -> 61.5 28 542.10 0.01 
514 -> 615 29 279.38 0.02 
524 -> 625 28 913.24 0.41 
523 + 624 28 927.22 -0.18 
533 -> 634 28 918.31 0.27 

707 + 808 38 516.39 -0.08 
717 + 818 38 051.93 -0.01 
716 + 817 39 034.74 -0.07 
726 -> 827 38 547.48 0.02 
725 -' 826 38 582.56 0.16 
735 + 836 38 558.89 0.02 
734 + 835 38 558.89 -0.02 
744 + 845 38 558.89 -0.01 
743 + 844 38 558.89 -0.01 
753 + 854 38 560.45 -0.14 
752 -> 853 38 560.45 -0.14 
762 + 863 38 563.24 -0.03 
761 + 86z 38 563.24 -0.03 
770 + 871 38 566.84 0.13 
771 + 872 38 566.84 0.13 

Standard deviation = 0.18 

TABLE 4. Rotational and centrifugal 
distortion constants of trnns- 
rnethoxyacetonitrile, ground 

vibrational state 

Constant Value 

A (MHz) 29 610 k 90 
B (MHz) 2470.96 +_ 0.02 
C (MHz) 2348.07 k 0.02 
K -0.99100 
DJ (kHz) 0.433 +_ 0.096 
DJK (kHz) -17.9 + 0 .2  

of pots = 0.71 5 12 f 0.00003 D (19). The value 
of the total electric dipole moment may be com- 
pared to that found for a solution in carbon 
tetrachloride, 2.99 D (9), in which some trans 
conformer is also likely to be present. Because of 
the weakness of the lines of the trans conformer, 
it has not been possible to find Stark lobes suit- 
able for shift measurements, so that no deter- 
mination of the dipole components of the trans 
conformer has been possible as yet. 

Energy Dlfereizce between CoiEformers 
An idea of the relative intensities of the spectra 

of the two conformers may be gained from Fig. 1. 
From this and similar traces the intensity of the 
t m w  7,, -, 8,, peak relative t o  the gauche 
5,, -, 6,, peak was determined as 0.20 f 0.02. 
T o  convert this intensity ratio to  the relative 
abundance of the conformers it is necessary to 
assume a value for the p, dipole component of the 
trans conformer. Taking the COC group moment 
as 1.31 D, the dipole moment of  dimethyl ether 
(20), and the C C N  moment as 3.91 D, the dipole 
moment of methyl cyanide (21), together with the 
refined trans structure, see below, an estimate for 
p, of 4.05 f 0.75 D can be made. The rather 
large value of the error estimate was arrived at 
by considering the discrepancies between the ob- 
served dipole moment components of the gauche 
conformer and those calculated using the above 
COC and CCN group moments and the refined 
ga~lche structure. Using this estimate together 

TABLE 5. Stark effect coefficients and dipole moment 
components of galrehe-methoxyacetonitriie 

lo6 x Av/E2 (MHz cm2 V-2) 

Transition I M I Observed Calculated 

212 + 313 1 19.7 21.1 
212 + 313 2 93.4 92.2 
211 -> 312 1 -23.3 -23.4 
313 +414 2 7.41 7.48 
313 + 414 3 22.7 22.4 
303 + 404 2 6.69 6.99 
303 + 404 3 21 .o 20.2 
312 -> 413 
-- 

1 10.0 10.2 
- 

Dipole component (D) Value 
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KEWLEY: MlCROWAVE SPECTRUM O F  METHOXYACETONlTRILE 513 

FIG. 1. Trace of a portion of the spectrum of meth~x~acetonitrile. To the center and right of the figure may be 
seen the transition 523 -> 6,, ofga~rc11e-CH~0CH~CN together with prominent vibrational satellites to lower frequency, 
designated g e.s. 1 and g e.s. 2. The clump of high K - ,  lines in the J = 7 -> 8 transition of ~ ~ I I S - C H ~ O C H ~ C N  to- 
gether with strong satellites tr e s .  1 and tr e s .  2 to higher frequency may be seen to the left of the trace. The 
designated satellites are due to skeletal torsion about the 0-CH2 bond. The lower frequency K - l  = 2 line of the 
trans conformer is the transition 726 + 827 mentioned in the energy difference determination. 

38 7 GHz 
t rans  

J=7-+8  

CH30CHZCN K -1 =3-7 

2 0 0 0 V n  tr 

with the measured pa of the gauche conformer, 
see Table 5, the trans 7,, + 8,-7 to gauche 
5,, -+ 6,, intensity ratio leads to a value of 
4.8 f 2.4% for the abundance of the trans con- 
former at room temperature. Allowing for the 
existence of two mirror-image gauche forms the 
energy difference E,,,,,, - E ,,,,,,,, is calculated as 
5.7 + 1.7 kJ mol-' (1.3, + 0.4 kcal mol-'). This 
is compatible with estimates for the related mole- 
cules mentioned in the Introduction, although 
the present value appears to be somewhat 
larger. The abundance of the trans form of 
CH,OCH,CN is significantly lower than the 
figure 30% quoted for the abundance of trans- 
CH,CH,CH,CN, which was deduced from the 
molar Kerr constant assuming a 60" dihedral 
angle for the gauche form (9). Possibly minimiza- 
tion of the interaction between the COC and 
CCN group moments favors a lower percentage 
of trans conformer in methoxyacetonitrile. 

Excited Vibrational States 
It may be seen from Fig. 1 that, in addition to 

the ground vibrational state peaks, there are in- 
tense satellites located towards higher frequency 
for the trans conformer and towards lower fre- 
quency for the gauche conformer. The intensity 
of these satellites strongly suggests that they are 
due to successive states of excitation of the 

9 
e s  2 

38  3  GHz 

skeletal torsion mode about 0-CH,. For the 
gauche form 16 transitions for the first excited 
state and 12 for the second excited state of this 
vibration were assigned and analyzed to give the 
rotational and centrifugal distortion constants, 
see Tables 2 and 6. For  the trans conformer only 
the top of the peak of the central high K -  , cluster 
was measured to give B + C values of 4828.9 
and 4839.5 MHz, respectively, for the first and 
second excited states. Relative intensity nieasure- 
ments on 13 first excited state satellites within the 
J = 4 + 5 and 5 -+ 6 transitions gave a frequency 
of 93 + 25 cm- ' for this vibration of the gauche 
conformer. For the trans conformer nine satellite 
intensities were measured, in the J = 5 + 6 and 
7 -+ 8 transitions, yielding a value of 74 + 32 
cm-' for the 0-CH, skeletal torsion frequency. 
These frequencies are appreciably lower than 
those for the first excited state of skeletal torsion 
about the central C-C bond in n-propyl fluoride 
which are gauche: 161 cm-' and trans: 98 cni- ' 
(1). The gauche skeletal torsion frequency of 
CH,OCH,CN is however similar to the value for 
CH,OCH,Cl, observed as 107 cm- in the Raman 
spectrum (8,22). 

For the trans conformer a low frequency satel- 
lite at B + C = 48 15.1 was also easily seen at low 
Stark voltages. The intensity of this peak in the 
J = 5 -+ 6 and 6 + 7 transitions gave a corre- 

gauche 

'23' 624 

g S 
9 

e s  1 
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TABLE 6. Observed a-type R-branch lines of gauche-rnethoxyacetonitrile, 
first and second excited states of skeletal torsion 

-- 

v (MHz) 

Transition 

404 + 505 
414 + 51s 
413 -> 514 
423 -> 524 
422 -> 523 
432 -> 533 
431 -> 532 
441 -> 542 
440 -> 541 

514 -> 615 
524 -> 625 
523 + 624 
533 -> 634 
532 -> 633 
551 + 652 
550 -> 651 

First excited state 

Obs. Obs. - Calcd. 
-- 

30911.65 -0.09 
29 929.91 -0.13 
32 661 .OO 0.12 
31 351.48 -0.06 
31 847.20 0.20 
31 490.10 0.08 
31 505.42 -0.18 
31 468.43 0.10 
31 468.43 -0.04 

39 109.90 -0.20 
37 574.60 0.34 
38 413.24 -0.21 
37 811.60 0.20 
37 852.70 -0.03 
37 759.70 -0.04 
37 759.70 -0.05 

Standard deviation = 0.19 

Second excited state 
- 

Obs. Obs. - Calcd. 

Standard deviation = 0.29 

sponding vibrational frequency of 178 + 23 
cm-'. In the Raman study of CH30CH2CI (8, 
22) a frequency at 177 cm- ' has been assigned to 
methyl torsion so perhaps 178 cm-'  is the corre- 
sponding frequency for CH30CH2CN. How- 
ever taking an assumed I, of 2.655 a.m.u. A2, 
obtained by taking the angles from the refined 
trans structure below with an assumed I,(CH3) 
of 3.200 a.m.u. A2, and using eq. 1 (23) 

a frequency of 178 cm-' leads to a threefold 
barrier V3 of 6.7 kJ mol-' (1.6 kcal mol-I). This 
would seem to be too low in comparison to the 
value 2.72 kcal mol-' for dimethyl ether (20). 
This height of barrier in eq. 1 gives a frequency of 
230 cm-'. So a possible explanation is that the 
satellite for v = 178 cm-' is due not to methyl 
torsion but to another skeletal vibration, such as 
the in-plane CCN bend. It therefore appears that 
in the present study methyl torsion satellites have 
not been assigned for either conformer. None of 
the observed a-, b-, or c-type lines of the gauche 
conformer or the a-type lines of the trans con- 
former exhibited any resolved splitting of the 
type that might arise from methyl torsion or, in 
the gauche form, from inversion. The lack of 

splitting in the ground state indicates a methyl 
torsion barrier of at least about 10.5 kJ mol-' 
(2.5 kcal mol-') which is similar to the n-propyl 
fluoride values (I). 

Discussion - Molecular Structure 

A structural parameter that may be obtained 
quite precisely from the observed rotational con- 
stants of the trans conformer is c,, usually referred 
to as the average distance of an out-of-plane 
hydrogen atom from the heavy atom, or, in this 
case, ab plane. There are four such hydrogens in 
trans CH,0CH2CN. The average distance is 
calculated from c, = ( x i  rnici2/4mH)1'2 where xi mici2 = 112 (I, + I, - I,) = PC. The resulting 
value is 0.888 + 0.004 A. This may be com- 
pared with the values 0.883 A for trans-CH3CH2- 
CH2CN (2), 0.889 A for trans-CH3CH2CH2F 
(I), and 0.894 A for (CH3),0 (20). The value 
obtained seems very reasonable and may be taken 
as confirmation of the K- , = 1 assignment. 

Although no isotopically substituted species 
have been examined it is of interest to attempt to  
use the observed rotational constants to estimate 
some of the angles in the heavy atom skeletons 
of the trans and  gauche conformers., It was de- 
cided to limit these attempts to  L COC, L OCC, 
and the dihedral angle between the OCC and 
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KEWLEY: MICROWAVE SPECTRI UM OF METHOXYACETONITRILE 515 

COC planes (taking the cis position as zero 
dihedral angle), since the rotational constants 
depend strongly on the values of these angles. The 
procedure adopted began with an assumed struc- 
ture based on the known r, structures of (CH3),0 
(20) and CH3CN (15). In assessing the conclu- 
sions arrived at it is as well to bear in mind that r, 
parameters do  not exactly reproduce the observed 
rotational constants of the molecules from which 
they are taken, so an inherent error due to this 
cause will be present in the derived COC, OCC, 
and dihedral angles,. In arriving at the initial as- 
sumed structure of CH,OCH,CN, one H atom is 
considered to be removed from the CH, of 
CH,CN and the OC bond in the new structure is ., 
taken as being in the same direction as the original 
HC bond. The assumed structural parameters for 
the trans conformer are then 

C I O  = C 2 0  = 1.410 A L H I 3 C l O  = 107" 14' 
C2C3 = 1.458 A L H l l C 1 H 1 2  = 108'44' 
C3N = 1.157 A L H l z C I O  = 110" 50' 

ClH13 = 1.091 A LClOC2 = 111°43' 
C l H l l  = CIH12 = 1.100A LOC2C3 = 109'40' 
C2HZ1 = C2H22 = 1.112 A L C2CaN = 180' 

LH21C2H22 = 109'16' 
(dihedral angle 180") L HZ2C2C3 = 109' 40' 

The rotational constants calculated from this 
structure are (in MHz) A = 29368, B = 2476.66, 
and C = 2353.52, which are quite near to ob- 
served ones of Table 4. The angles C,OC, and 
0C2C3 were then varied, keeping all other para- 
meters fixed, to obtain the best least-squares fit 
to the observed A ,  B, and Cofthe transconformer. 
This occurred at L CI  OC, = 1 1 lo  15' and 
LOC,C, = 110" 17' and all three rotational 
constants were predicted to within 1.2 MHz of 
the observed values. Using the new values of 
these two angles and again keeping all other struc- 
tural parameters fixed, the dihedral angle was 
varied until the closest fit to the gauche observed 
A, B, and C was reached. This happened at a 
dihedral angle of 68" 43'. The agreement between 
the observed and calculated A ,  B, and C for the 
gauche conformer was still not very good, the 
calculated value being about 42 MHz low for A 
and about 84 MHz low for B and C. Attempts to 
reach a better fit by simultaneously varying the 

dihedral angle and either the C,OC, or 0C2C3 
angle did not lead to a significant improvement, 
suggesting that possibly one or more bond lengths 
have been assumed to have larger values than is 
actually the case. An estimate for the dihedral 
angle in the gauche conformer is 69 t 5". This 
value comparesvery well with that of 7O0estimated 
from the observed dipole moment and molar 
Kerr constant in solution (9), although no allow- 
ance was made in that estimate for the presence 
of the small amount of trans conformer. The 69" 
angle is also very close to that estimated from the 
microwave study for CH,OCH,CI (24), where 
an angle of 71 " has been reported. Other estimates 
of the dihedral angle in chloromethyl ether are 
74" from electron diffraction (1 1) and  78 10" 
from the solution dipole moment (I 0). The angle 
in CH,OCH,CN appears to be a little larger 
than that of 63" in CH,CH,CH,F and possibly 
larger than that in CH,CH,CH,CN, which was 
quoted as being slightly larger than 60" (2). 
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Mass Spectra of some 5,6a-Cyclopropano-5a-cholestane Derivatives 

J. F. TEMPLETON AND C. W. WIE 
Focrclty of Pharmacy, Univer.sity of ll.ianiroba, Wirlnipeg, Mtrnitobn R3T2NZ 

Received September 12, 1973 

The mass spectra of the epimeric 3-substituted hydroxy and ethoxy derivatives of 5,6a-cyclopropano, 
5a-cholestane have been reported and on  the basis of deuterium-labelled compounds the nature of some 
high molecular weight fragments are discussed. Together with the characteristic fragment ions of 
steroidal derivatives ions related to the presence of the 5,6a-cyclopropane ring occur at  m/e 247, 301, 
302, and 329. - - 

On presente les spectres de masse des derives epimtriques hydroxy et Cthoxy substitues en position-3 
du cyclopropano-5,6a cholestane-5a. En se basant sur des composes marques par des deuteriums, on 
discute de la naturc de quelques fragments ayant des poids moleculaires Cleves. 

Les ions relits au cycle cyclopropane-5,6a apparaissent i m/e 247, 301, 302 et 329 en ni&nie temps 
que les ions fragmentaires caractCristiques des derives de steroides. [Traduit par le journal] 

Can. J. Chern.. 52,517 (1974) 

Introduction 

Recently, the preparation of a series of 5,6cc- 
cyclopropano-5cc-cholestane derivatives having a 
3-oxygen function has been reported (1,2). In 
general, the mass spectra of the epimeric 3or- and 
3P-hydroxy and 3u- and 3P-ethoxy compounds 
(Figs. 1-4) show the expected fragmentations of 
saturated steroidal derivatives (3). In most cases, 
the basic fragmentations are similar, including 
the loss from the molecular ion of methyl, the 
side chain (C,H,,), the side chain + 42, the 
oxygen function at C,, and combinations of 
these. These fragmentations are all well-known 
electron-induced decomposjtions of substjtuted 
cholestane (4). 

\ * 

Three other fragments of moderate intensity 
appear in all the spectra at mle 247 (10-45z), 
301 (15-50x1, and 302 (10-502). A strong signal 
at mle 329 appears in the spectrum of the 3P- 
alcohol (Fig. 2) and also in the spectra of the 
isomeric 3-ethers (Figs. 3 and 4), whereas in the 
spectrum of the 3cc-alcohol (Fig. I) ,  this ion is 
much less abundant. The 3cc-ether (Fig. 3) also 
has a prominent signal at mle 384 not present in 
the other spectra. 

The existence of these particular fragment ions 
in the mass spectrum of 5,6u-cyclopropano-5u- 
cholestane derivatives prompted us to study 
further the mechanism of their fragmentations in 
order to determine if there is any major involve- 
ment of the cyclopropane ring in the formation 
of their fragment ions. The cyclopropane ring 
may either stabilize the fragment ions and/or 
radicals formed or act as a directing function 

during the course of electron impact fragmenta- 
tions. Several deuterium-labelled 5,6cc-cyclo- 
propano-5cc-cholestane derivatives were prepared 
(1-9) for this study. Mass spectra of 3-7 and 9 
were determined for comparison with the hydro- 
gen analogs. Some mechanisms leading to these 
fragment ions are suggested and rationalized on 
the basis of mass spectrometric data of the un- 
labelled and deuterium-labelled derivatives. 

Examination of the metastable ions present 
gave no information relevant to the fragmenta- 
tion pathways discussed. 

Results and Discussion 

The fragment ion at in/e 247 present in all of 
the 5,6cc-cyclopropano-5u-cholestane compounds 
(Figs. 1-4) was unshifted in the spectra of the 
deuterium-labelled derivatives (3-7 and 9) show- 
ing that loss of the hydrogen atoms at C,, C,, 
and C, had occurred. Cleavage of the C,-C, 
and C,-C,, bonds with migration of a hydrogen 
atom from C , ,  as outlined (Scheme 1) accounts 
for the formation of this fragment. The mle 247 
fragment in the spectrum of 3P-methoxy-5u- 
cholestane (5) and the corresponding ion of 3u- 
hydroxy-5u-cholestane (6) has been assigned to 
cleavage of the D-ring. The presence of a mle 
247 fragment in the mass spectra of 5-cholestene 
derivatives (3, 7) may be formed by an  analogous 
process involving a cyclic five-membered transi- 
tion state. 

An ion of mle 301 in the mass spectrum of 5- 
cholestene and the corresponding ion, mle 205, 
in 3P,17P-dihydroxy-5-androstene has been re- 
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ported and a mechanism of formation proposed 
by Spiteller-Friedmann and Spiteller (3, 8). Deu- 
terium labelling of the 5,6a-cyclopropano-5cr- 
cholestane molecule shows that an analogous 
fragment is not formed from 3 and 6. If the ion 
m/e 301 in the 5,6cr-cyclopropano-5cr-cholestane 
derivatives was identical with that proposed (8) 
for the above, 3 and 6 should give rise to an 
equivalent ion at m/e 303. The ion at m/e 303 
present in 3 and 6 was calculated to be the 13C 
isotopic contribution of the m/e 302 ion. Since 
ions at m/e 301 and 302 were unmoved in the 
mass spectra of the deuterium-labelled deriva- 
tives (3-7 and 9), fragmentation leading to their 
formation involving cleavage of the 5,6cr-cyclo- 
propane ring and ring A is proposed to occur 
(Scheme 2) with hydrogen transfer by route a or 
without hydrogen transfer by route b. Accurate 
mass determinations of the m/e 301 and 302 frag- 
ments in the 3P-alcohol (Fig. 2) show that these 
ions have a composition of C2,H3, and C2,H3,, 
respectively, as expected from Scheme 2. 

The presence of a mle 329 ion in the mass 
spectra of the epimeric 3-alcohols (Figs. 1 and 2) 
and the corresponding 3-ethyl ethers (Figs. 3 
and 4) implies loss of the C3-oxygen function, 
possibly accompanied by cleavage of ring A. 
Compounds having a deuterium label at differ- 
ent positions show that the m/e 329 ion was in- 
creased by 1 a.m.u. in 3 and 6, 1 a.m.u. in 4 and 
5, and 2 a.m.u. in 7 and 9. These results show 
that the methylene protons of the three-mem- 
bered ring remain with the positively charged 
portion during the fragmentation process. High 
resolution mass measurement of the m/e 329 ion 
in the 3P-alcohol (Fig. 2) and the 3cr-ethyl ether 
(Fig. 3) gives a composition of C,,H4, showing 
that loss of the oxygen atom at C3  takes place. 
Cleavage of ring A followed by migration of the 
C3-hydrogen atom and one of the two hydrogen 
atoms at either C ,  or C4 toward the final posi- 
tively charged fragment accounts for the frag- 
ment masses (Scheme 3). 

The relative abundance of the m/e 329 ion is 
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TEMPLETON AND WIE: MASS SPECTRA OF STEROIDS 

n/e 

FIG. 1. Mass spectrum of 3a-hydroxy-5a,6-cyclopropano-5a-chloestane. 

rn /e  

FIG. 2. Mass spectrum of 3~-hydroxy-5a,6-cyclopropano-5a-cholestane. 

greater than 50% in the 3P-epimer (Fig. 2) and in 3 accounts for all of the factors mentioned above 
compounds 3, 4, and 9, and is less than 10% in for both epimeric 3-alcohols. Scheme 3 also 
the 3u-epimer (Fig. 1) and in 7. This difference accounts for the mle 329 fragment present in the 
in relative abundance of the ion at mle 329 shows spectra of the epimeric 3-ethers (Figs. 3 and 4). 
that the configuration of the hydrogen atom No structure has been assigned to  the rnle 384 
next to the oxygen at C, affects the ease of forma- (M' - 44) fragment ion in the spectrum of the 
tion ofthis ion. The mechanism shown in Scheme 3u-ethyl ether (Fig. 3) on the basis of the spectra 
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FIG. 3. Mass spectrum of 3a-ethoxy-5a,6-cyclopropano-5a-cholestane. 

FIG. 4. Mass spectrum of 3P-ethoxy-5a,6-cyclopropano-5a-cholestane. 

studied. However, accurate mass measurement additional characteristic fragment ions (m/e  247, 
shows that C,H,O has been lost from the 301, 302, 329) which have been related to the 
molecular ion. presence of the cyclopropane ring. In the case of 

Besides the well-known fragment ions of the ions at nile 247,301, and 302, fragmentations 
steroidal derivatives (3,4), mass spectrometric appear to be directed by initial cleavage of the 
fragmentations of 5,6a-cyclopropano-5a-choles- cyclopropane ring, whereas for the ion at m/e 
tane derivatives demonstrate the formation of 329, the cyclopropane ring may stabilize the 
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intermediate fragment ions and/or radicals lead- 
ing to the in/e 329 ion or provide greater stability 
to the m/e 329 ion itself. 

Experimental 
General experimental details and apparatus are re- 

corded in ref. I .  For the preparation of 3a- and 38- 
hydroxy and 3a-ethoxy-5,6a-cyclopropano-5a-cholestane 
and the 3-ketone (I), and comparison of their physical 
properties with those of the deuterated analogs (2-9) see 
the experimental sections of refs. 1 and 2. Mass spectra 
were determined by the Mass Spectroscopy Laboratory, 
Chemistry Department, University of Alberta, Edmonton, 
using a Metropolitan-Vickers MS-2 (Figs. 1-2) at a source 
temperature of 125" and an AEI MS-9 (Figs. 3-4) at a 
source temperature of 155". The mass spectrometers were 
operated at an accelerating voltage of 70 eV. Accurate 
mass measurements were carried out by the peak match- 
ing method. 

3~-Et/1oxy-5,6a-cyc/opropat1o-5a-c/1ole~fatze 
To  a solution of 3P-hydroxy-5,6a-cyclopropano-5a- 

cholestane (93 mg) in dry benzene (20 mi), potassium 
metal (280 mg) was added and the mixture refluxed for 
1 h with vigorous stirring. Ethyl iodide (4 ml) was added 
and reflux continued for a further 4 h (9). Excess I- 
butanol was added to the cooled reaction mixture, and 
the slurry evaporated to dryness at reduced pressure. 
Water and dilute mineral acid were added to  the residue 
and the resulting aqueous mixture extracted with ether. 
The crude reaction product was dissolved in petroleum 
ether and filtered through alumina. Recrystallization 
from acetone gave 3P-ethoxy-5,Ga-cyclopropano-5a- 
cholestane, m.p. 53.5-54.5"; [a], -50" (c, 0.52 CHCI3); 
i.r. v,,, (KBr) 3077 (cyclopropyl C-H), 1105 (C-0) 
cm-I. 

Anal. Calcd. for C,,H520: C, 84.04; H, 12.23. Found: 
C, 83.93; H, 12.11. 

5,6a-Cyclopropano-5a-c/1olestan-3-one-2,2,4,4-d~ (2) 
Sodium metal (57 mg) was dissolved in dioxane (2 ml) 

and D,O (0.5 ml). 5,6a-Cyclopropano-5a-cholestan-3- 
one (1) (100 mg) was added and the mixture was refluxed 
for 2 h. The reaction mixture was poured into an aqueous 
buffer solution ( p H  6.5) and extracted with ether. The 
ether solution was washed with saturated sodium chloride 
solution, dried over anhydrous sodium sulfate, and 
evaporated at reduced pressure to give the deuterated 
derivative having 9 3 Z  d4, 7% d3; isotope composition by 
mass spectrometric analysis. 

3~-Hydroxy-5,6a-cyc/opropano-5a-cl1olesta~1e- 
2,2,4,4-d4 (3) 

5,6a-Cyclopropano-5a-cholestan-3-one-2,-d (2) 
(100 mg) was refluxed with lithium aluminum hydride (43 
mg) in dry ether (10 ml) for 3 h. Excess hydride was de- 
stroyed with ethyl acetate. The reaction mixture was 
poured into water acidified with dilute hydrochloric acid, 
and extracted with ether. Tl!e crude product gave two 
spots on t.1.c. corresponding to the 3cr- and 3P-alcohols. 
Chromatography on alumina gave 3 o n  elution with 75% 
benzene - petroleum ether, m.p. 156-156.5"; (82% d4, 
12% d3, 5% d2). 

3~-Hydroxy-5,6a-cyc/opropa~1o-5a-cl1olestane-3a-d~ ( 4 )  
A solution of 5,6a-cyclopropano-5cr-cholestan-3-one 

(1) (150 mg) in dry ether (10 ml) was treated with lithium 
aluminum deuteride (57 mg) by the same method a s  2. 
Chromatography o n  alumina gave, on  elution with 75% 
benzene - petroleum ether, 3P-hydroxy-5,6a-cyclopro- 
pano-5a-cholestane-3a-dl (4) (80 mg), recrystallized from 
petroleum ether, m.p. 155-156.5'; (97% dl,  3% do). 

3~-E thoxy -5 ,6a -cyc lopropano-5c i - c l ro / e  (5) 
3~-Hydroxy-5,6cr-cyclopropano-5a-cholestane-3a-d~ 

(4) (37 mg) was treated in the same way as 3e-hydroxy- 
5,6a-cyclopropano-5cr-cholestane. The  crude reaction 
product was filtered through a column of alumina, and 
recrystallized from acetone to give 5, m.p. 53-54"; (96% 
dl,  4% do). 

3~-Et/1oxy-5,6a-cyclopropano-5a-cho/estane-2,2,4,4-d (6) 
3~-Hydroxy-5,6a-cyclopropano-5a-cholestane-2,2,4,4- 

d, (3) (55 mg) was  treated by the same method a s  
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3p-hydroxy-5,6a-cyclopropano-5a-cholestane. The crude 
reaction oroduct in oetroleum ether was filtered through a - 
column of alumina, and recrystallized from acetone to 
give 6, m.p. 53-54'; (81% d4, 12% d3, 3% d2). 

3a-Hydro.~y-5a,6-de~~teriocyclopropa110-5a- 
cholestane-d2 (7) 

A mixture of zinc dust (3.93 g) and cuprous chloride 
(595 mg) in dry ether (10 ml) was refluxed for 30 mln. To 
this mixture CDz12 (2.4 ml) was added and reflux con- 
tinued for another 30 min (10). Epicholesterol (1.15 g) 
was added and the reaction mixture refluxed for 3 h. The 
reaction was poured into excess sodlum bicarbonate and 
the products extracted with ether. The ether solution was 
washed with water, saturated sodium chloride solution, 
dried over sodium sulfate, and evaporated at  reduced 
pressure. Chromatography of the crude product on 
alumina gave, on elution with benzene - petroleun~ ethel, 
3a-hydroxy-5a,6-deuteriocyclopropano-5a-cholestane-d2 
(7) (944 mg), which was recrystallized from acetone, m.p. 
120-121"; (87% 6, 7% dl, 6% do). 

5a,6-Deuteriocyclopr.opano-5a-c/1o/estan-3-ot1e-d~ ( 8 )  
3a-Hydroxy-5a,6-deuteriocyclopropano-5a-cholestane- 

d2 (7) (617 mg) was dissolved in acetone (40 ml) and 
oxidized with Jones reagent (1 I). Recrystallization of the 
crude product from methanol afforded 8, 500 mg, m.p. 
144". 

3~-Hyrl,-oxy-5a,6-de~i1eriocyclopropano-5a-c/roles1ane- 
d2 (9) 

5a,6-Deuteriocyclopropano-5a-cholestan-3-01e-d~ (8) 
(490 mg) in dry ether (50 nil) was reduced with lithium 
aluminum hydride (250 mg) by the same method as 2. 
Chromatography of the crude product gave, on elution 

with benzene - petroleum ether, 9, (362 mg). Recrystal- 
lization from petroleum ether afforded 236mg, m.p. 
155-156"; ( 9 1 z  dz, 5 x  dl,  4 z  do). 

We wish to thank Mr. R. Linklater for preparing 
compound 4 and Mrs. R .  Redekop for normalizing the 
spectra. Financial assistance from the Research Board, 
University of Manitoba, and the Medical Research 
Council of Canada is gratefi~lly acknowledged. 
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Restricted Rotation in a-Carbonyl Radicals 

TERRY FOSTER, DIETER KLAPSTEIN, AND PAUL RONALD WEST 
Deprrrrtnettt of  Chernisrry, Utziversity of  Victoria, Vicloria, British Colrrnzbia 

Received August 3 1, 1973 

Electron spin resonance spectra of tertiary a-carbonyl radicals, R,R,CCOR~ (R,R2R3 = H ,  alkyl), 
at  24 "C in aqueous solution show fully restricted rotation about the c-CO bond. The effect is identified 
by differing h.f.s. constants for equivalent substituents R, and R2. The radical intermediates are 
generated by direct abstraction, radical fragmentation, and reductive elimination processes. 

Les spectres r.s.e. de radicaux tertiaries a-carbonylCs, R,R,CCOR, (R,R2R3 = H, alcoyle) a 24°C 
en solution aqueuse ont rCvClCs qu'il existe une rotation completement empCchee autour du lien C-CO. 
L'effet est identifie par differentiation des constantes h.f.s. pour substituants R, et R2 equivalents. Les 
intermediaires radicalaires sont formes par des processus d'abstraction directe de fragmentation radi- 
calaire et d'elimination reductive. [Traduit par le journal] 

Can. J. Chem., 52,524 (1974) 

Considerable interest in the structure of u-car- 
bony1 (2-alkanoyl) radicals has arisen over the 
question of the extent of delocalization of the 
unpaired electron over the C=O group (1-6). 
The normal magnitude of the a-hydrogen hyper- 
fine splitting (h.f.s.) constants in the e.p.r. spectra 
of such species is consistent with minimal reso- 
nance interaction (l,2), as is the failure to observe 
significant stabilization of the acetonyl radical in 
gas phase halogenation (3). However, restricted 
rotation in the acetonyl radical at low tempera- 
tures (-47.3 "C) (4, 5), and the magnitude of the 
170 and 13C h.f.s. constants of the 2-cyclo- 
hexanoyl radical in the adamantane matrix (6) 
have been taken as evidence of some degree of 
allylic resonance. 

In aqueous solution, a-carbonyl radicals result 
from the fragmentation of hydrogen abstraction 
radicals during the oxidation and radiolysis of a 
wide range of biologically important molecules 
including carbohydrates and sugar alcohols (7,8), 
glycols (9, lo), and amino alcohols (1 1) (eq. I). 

In continuing studies on the oxidation of 
P-amino alcohols (X = NH,'),' we have now 
observed for the first time fully restricted rotation 
in a-carbonyl radicals at room temperature in 
aqueous solution (pH 6.0). In these examples, the 
radical center is tertiary, i.e. RlR2 = alkyl. 
Oxidation of 2-amino-2-methyl-1-propanol (1, 
R , R 2 =  CH,; R, = H) gave the u-formyl 
radical 3, with a,,,-, (3H) = 21.1 G, a,,,-, 

(3H) = 18.0G, acHo (1H) = 3.0 G, and g = 
2.0045. Similarly, oxidation of trishydroxymeth- 
ylaminomethane (1, R,R2 = HOCH,; R, = H) 
gave radical 4 : acHZoH-, (2H) = 22.5 G, aCHzoH -, 
(2H) = 16.2 G, a,,, (1H) = 2.0 G, g = 2.0045. 

A strictly tentative assignment of the syn (s) 
and an t i  (a) disposition of the groups R, and R, 

OH-IH+ 'The p-amino alcohol (0.5 M) was added to a solution 
[I] RIR2c-kR3 R I R 2 ~ - ~ R 3  

I I I I of H,O, (0.1 M) and reacted with 0.02 M Ti(II1) (EDTA) 
X OH 0 in a Varian E-6S E.P.R. spectrometer aqueous flow cell 

1 2 
system (11). The flow rates (150ml/min) and reacting 
volume (0.080 ml) yield an approximate dead time of 

RIR2R3 = H, alkyl 0.01 6 seconds. 
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COMMUNICATIONS 525 

relative to the carbonyl function in 3 and 4 can tion of the bromoketone lo4 at p H  8.3 (eq. 3)(11). 
be made as follows. The h.f.s. constant of the The assignment of the h.f.s. constants as 
necessarily syn a-hydrogen in the 2-cyclopenta- a,,, -,(3H) = 21.3, a,,, -,(3H) = 19.0, a,,,co 
noyl radical 5 IS 17.9G, (ref. 9a), and in the (3H) = 2.0 has been based on the reported values 

25 6 G 
for the 2-butanone abstraction radical 11 (2, 9a). HA .-:", i<3G / H  H°CH 12. /H H3C Br 0 ot~f i  C T 3  2 , 

179 G 18 l G &C \ I  l l  COz. 
/ No '31 C-CCH3 k-c 

H H / pH 8.0 / \ 
1 8  I G  18 I G  ' 3 3  syrr CH3 CH3 

2-cyclohexanoyl radical 6, 18.1 G, (ref. 6). These 
values can be taken in conjunction with the h.f.s. 
constants for the radicals 7 and 8 (9a) as being 
indicative of preferred (if not fixed) conforma- 
tions of the latter radicals as shown.2 Then by 
comparison with 7 and 8 one assigns the anti CH, 
and anti CH,OH groups in 3 and 4 as indicated. 

We have taken precautions to establish that 
metal complexing does not fix the conformation 
of the tertiary a-carbonyl radicals., First, we have 
repeated the oxidation of isobutryaldehyde re- 
ported by Steven and Ward (13). In addition to 
confirming the presence of (CH,),CH., a,,,,, 
(6H) = 24.6G, a,,(lH) = 21.1 G, g = 2.0025, 
we observe 3 as the dominant species under both 
acidic (pH 1.4) and neutral (pH 6.0) conditions 
(eq. 2). Here, direct hydrogen abstraction as 
opposed to abstraction followed by fragmenta- 
tion (reaction l)  produces 3. As further confirma- 

H3C H CH 
\ I  //O .OH \3. //O 

C-C - ,C-C -I [*I , \ \ 

tion of the effect we have oxidized 3-methyl-2- 
butanone at p H  6.0, obtaining a complex spec- 
trum dominated by the 1,l -dimethylacetony1 
radical 9. Identification was made possible by 
observation of 9 alone through reductive elimina- 

'Indeed apart from the close correspondance of 
values, one a priori expects the wansoid conformations 
to dominate in 7 and 8 on steric grounds. 

3Such interference is discounted by the close agreement 
in all instances of e.p.r. studies employing either this 
approach, o r  the alternative continuous radiolysis of 
aqueous solutions (12). 

22.3  G 
rrrrri CH3 CH3 \ .  / 

Br--i- CO, 
/c-c\ 

H 
18.6 G 

11 

Generation of the radicals 3-5 by the use of 
three chemically distinct routes (eq. 1-3) is taken 
as strong indication that the species in all cases 
are observed free in aqueous solution. Therefore, 
in this type of a-carbonyl radical a fixed planar 
conformation must be adopted even at 24'C, 
with delocalization (see structures 12-14) suffi- 

ciently stabilizing to  overcome the substantial 
re~ulsive nonbonded interactions that occur be- 
tween the syn substituents. We suspect the some- 
what high values of the H-CO and CH,-CO 
h.f.s. constants are just as likely to reflect twisting 
out of plane to accomn~odate theseinteractions, as 
they are to indicate increased (negative) spin 
density at the carbony1 carbon (2). The charge 
separation inferred by 14, particularly when the a 
center is tertiary, is an attractive source of the 
additional resonance energy required to com- 
pensate for the steric requirements of the con- 
formation. Such a distribution may be particu- 
larly favored in the polar hydroxylic medium. 
Indeed in our system the acetonyl radical 

4Synthesized by the method of Pfleiderer and Zondler 
(14). Co-oxidation of formate ion (0.5 M) and bromo- 
ketone (0.05 M) effects the indicated reduction. 
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3. K. D. KING, D. M. GOLDEN, and S .  W. BENSON. J. 
Am. Chem. Soc.  5541 (1970). 

CH,CCH, shows a fixed conformation at 11 "C 
with acH(lH) = 20.0 G, a c H ( l H )  = 19.5 G, and 
acH3(3H) = 1.0 G.' We note that in pure acetone 
the rotation becomes fixed only at  - 47 "C (4,5). 
The reported value of acH3(3H) of 0.27 G in these 
studies is consistent with a lesser delocalization 
being achieved in the nonpolar nonhydroxylic 
medium. However, solvation of the carbonyl 
group may well influence the barrier to  rotation 
in a-carbonyl radicals providing an alternative 
explanation of such solvent dependance. 
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=Hindered rotation persists even a t  room temperature 
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cis-Activation by Oxyanions Coordinated to Chromium(II1): 
Aquation and Base Hydrolysis of Nitratopentaamminechromium(111) Ion 

GIOVANNI GUASTALLA AND THOMAS WILSON SWADDLE 
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The aquation of Cr(NH3)SN032+ in acidic solutions yields not only Cr(NH3),OHZ3+ (33%) but also 
more highly aquated species ~ncluding C ~ ~ - C ~ ( N H ~ ) , ( O H ~ ) ~ ~  + and Cr(NH3)3(OH2)33+. In 0.1 M HC104, 
several successive reactions of comparable rates are involved, but at p H 6  only the two competing initial 
reactions producing Cr(NH3),0H2+ and cis-Cr(NH3),(OH)N03+ are rate-controlling, so  that 
the overall reaction rate is first-order in substrate with the apparent parameters kA = 2.4 x s- '  
(25"), AHA* = 20.4 kcal mol-I, and ASA* = -2.1 cal deg-I mol-'. In alkaline solutions, the pseudo- 
first-order rate of hydrolysis at a given [OH-] is governed by k.,, = kA + koH [OH-], with /coH = 
1.1 x M-I  s-I (25"), AHoH* = 25.2 kcal mol-I, and ASOH* = 17.0 cal deg-' mol-'. T h e  path 
characterized by koH leads exclusively to Cr(NH3),0HZ+. In both aquation and base hydrolysis, it is the 
Cr-ONO, bond that is broken. The production of more highly aquated species in the aquation reactions 
is attributed to transient chelation of NO3- at the expense of a ligand cis to it. The evidence for this 
mechanism, and for its operation when oxyanions other than nitrate are coordinated to Cr(III), is 
reviewed. 

L'aquation du Cr(NH3),N032+ dans des solutions acides a conduit non seulement au Cr(NH3),0HZ3+ 
( 3 3 7 3  mais aussi aux especes "aquo" suptrieures telles C ~ . S - C ~ ( N H ~ ) ~ ( O H ~ ) ~ ~ +  et Cr(NH3)3(OH2)33+. 
Dans le HCIO, 0.1 M, plusieurs reactions successives de vitesses comparables sont impliqukes alors qu'a 
pH 6, les deux reactions initiales conduisant au Cr(NH,),0H2+ et au cis-Cr(NH3),(OH)N03+ sont les 
seules a contrbler la vitesse. Par suite, dans ce dernier cas, la vitesse globale de la reaction obeit a une 
expression de vitesse du premier ordre par rapport a u  substrat dont les parametres sont: kA = 2.4 x 
S-' (25"), AH,* = 20.4 kcal mol-' et ASA* = -2.1 cal deg-' mol-l. Dans des solutions alcalines, la 
vitesse d'hydrolyse obCit a une expression de vitessedu pseudo premier ordre pour une certaineconcentra- 
tion d'ions OH-  qui est traduite par k,,, = k, + ko,,[OH-] avec ko, = 1.1 x M-I  S - I  (25") 
AHoH* = 25.2 kcal mol-' et ASoH* = 17.0 cal deg-' mol-'. Le mecanisme dependant de koI, conduit 
exclusivement au Cr(NH3),0H2+. La liaison Cr-ONOZ est brisee dans les reactions d'aquation et 
d'hydrolyse basique. La production d'especes "aquo" superieures dans les reactions d'aquation est 
attribute a la chelation intermediaire de NO3- a la place d'un coordinat qui  lui est cis. On passe en 
revue les preuves en faveur de ce mecanisme ainsi que de son application lorsque des oxyanions differents 
des nitrates sont coordonnCs au Cr(II1). [Traduit par le journal] 

Can. J .  Chem.. 52, 527 (1974) 

Introduction since it requires the reassessment of kinetic studies 
In a preliminary communication (I), we re- involving chromium(1II) complexes in nitrate- 

ported briefly that the nitrato-ligand in Cr(NH,),- containing solutions (2), and furthermore it ap- 
strongly accelerates the aquation of am- pears t o  occur with oxyanions other than nitrate 

mine ligands in the cis-positions. This cis-activa- (1). An earlier study.by Monacelli (3) of the kine- 
tion phenomenon has some important conse- tics oftheaquation of C~(NH,) ,NO,~+ was made 
quences for the study of chromium(III) chemistry, on the assumption that only the nitrato-ligand 
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was replaced, and accordingly a reinvestigation 
of the hydrolysis kinetics is necessary; further- 
more, there are no published data on the kinetics 
of the hydrolysis in alkaline solution. 

The present article presents a full account of 
our studies of the reactions of nitratopenta- 
amminechromium(III) ion and its salts, including 
the kinetics of base hydrolysis and the determina- 
tion of the position of bond breaking. A survey of 
the evidence indicating that cis-activation is a 
characteristic property of oxyanions coordinated 
to Cr(III), and a rationale for our contention that 
the effect is due to transient chelation by the 
oxyanion (I), are also presented. 

to 1.0 M. The solution was then passed through Dowex 
SOW-X2 resin (Na+ form, 80 ml) in a jacketted column 
(2.5 cm i.d.) which was maintained a t  0" with circulating 
water. 

A fraction containing trihydroxotriamminechromium- 
(111) and possibly di- and mono-ammines was eluted from 
the resin with cold 0.1 M NaOH, and was identified by 
its spectrum after acidification (see below). The total 
amount of Cr  present in this fraction was determined 
spectrophotometrically as 00,'- by oxidizing the com- 
bined 0.1 M NaOH eluates with H 2 0 ,  (9). 

Further elution with 1.5 or 2.0 M NaOH yielded a 
single red species which, on acidification, showed maxima 
a t  495 (E = 35.5) and 365 (E = 26.0) and a minimum a t  
418 nm (E = 8 M - '  cm-I), corresponding to cis-Cr- 
(NH3)4(OH2)z3+ (2, 6). The total Cr  present in this frac- 
tion was determined as Cr04,- (9) o r  from the absorb- 
ance of the acidified solution at  454 nm. at which wave- 

~~~ , - ~  ~~~ 

Experimental length cis- and t r a n ~ - C r ( N H ~ ) ~ ( 0 H , ) , ~ +  have an isos- 
bestio point with E = 20.5 M-'  cm-'. 

Materials The species remaining on the resin was evidently 
All chemicals used were reagent grade. Distilled water Cr(NH3)50H2+, and not be convenient]y 

was passed through Barnstead deionizing and organic even with 5 M NaOH. ~t was shown that, when a pre- 
removal cartridges before use. Spectroscopic measure- pared mixture, of c ~ ( N H ~ ) , o H ~ +  and C i s - ~ r ( ~ ~ 3 ) 4 -  
ments were made on a Cary Model 15 spectrophotometer. (OH), + in 1.0 M N ~ O H  was to ion-exchange 

Nitratopentaamminech~omium(II1) nitrate was Pre- chromatography in this way, the tetraammine was re- 
pared by thermal deaquation of [Cr(NH3)~OH21(N03)3 covered in 9 7 z  yield, while no Cr(NH3),0HZ+ was eluted. 
(4). The visible spectrum exhibited maxima at  485 (molar ~ h ,  Cr(NH3)90H2+ were determined separate]y 
absorbancy index E = 39.3) and 362 nm (E = 30.4 M - '  by adding 50 ml cold 70zHCI0,  to 100mlportionsof the 
cm-I). hydrolyzed [ C T ( N H ~ ) ~ N O ~ ] ( N O ~ ) ~  solutions prepared as  

AquO~entaamminechrOmium(I1l) perchlorate was above. After 1 h, the precipitate was filtered, redissolved 
made by addition of 7 0 z  HCIO4 to a filtered solution of in 0.1 MHCIO,, identified spectroscopically as [Cr- 
[c~(NH~),oH,](NO~)~.NH~NO~(~), and cis-[Cr(NH3)4- (NH~),OH,](C~O,)~ (2) and estimated as CrOaZ- (9). 
(oH,),](cIo,)~.H~O by base hydrolysisof cis-[Cr(NH3)4- A control experiment using a prepared solution of 
(OH,)CI]CI, with 1 M NaOH followed by precipitation c~(NH,),OH,~ + and C ~ ~ - C ~ ( N H ~ ) , ( O H ~ ) ~ ~ +  showed 
with 70% ~ ~ 1 0 4  (5). c~s-[C~(NH~), (OH)OHZ~SZO~.  H z 0  that the precipitation of [Cr(NH3),0H2](CI04)3 was es- 
was also made from the latter complex (6) ,  and its visible sentially quantitative, ~h i l eCr (NH, ) , (0H~)~"  remained 
spectrum showed maxima at  518 (E = 40.7) and 394 nm entirely in solution. 
(E = 35.9 M - I  cm-'). 

The above compounds were shown to be authentic by Spectrophotometric Kinetic Measlrrernents 
microanalysis for N and H ,  and (where no spectral data In general, these were made in situ in 2 cm cells in the 
are given) by comparison of their visible/ultraviolet solu- thermostated (+ 0.1") sample compartment of a Cary 
tion spectra with those in the literature (7). The solids Model 15 spectrophotometer. The temperature of the 
were stored in the dark over P20,.  solution in the cell was measured with an Atkins ther- 

Two attempts were made to prepare cis-[Cr(NH3),- mistorthermometer.Thesolutionsweremadefromfreshly- 
(OH,)N03](N03)2 according to a published procedure prepared [Cr(NH3)sN031(N03)2 (3 x M), and the 
(8), but the visual appearance of the products suggested ionic strength I and the p H  were adjusted as required with 
a mixture of compounds, as did the following analytical HCIO,, NaCIO, o r  NaOH/NaCIO,. In cases where the 
data. optical absorbance A changed as a function of time t 

Anal. Calcd. for [Cr(NH3),(OH2)N03](N03),: N, according to  first-order kinetics over at  least two half- 
30.3; H, 4.35. Found: (first preparation) N,  28.8; H, 4.89; periods of thereaction, A wasmonitoredcontinuously at a 
(second preparation) N,  28.2; H, 4.90. suitable wavelength (e.g., 560 nm) and  the first-order rate 

coefficient was derived from a plot of In (A, - A,) us. t. I n  
Determination of Reaction Stoichiometry the absence of first-order behavior, repeated wavelength 

  he various cr(II1) compIexes produced in t b  scans were made over the visible region. 
hydrolysis reactions were separated by a standardized 
ion-exchange procedure. Typically, freshly-prepared Kinetic Measurements Using Specific Ion Electrodes 
[Cr(NH3),N03](N03), (0.201 g, 0.62 mmol) was dis- The release of nitrate ion in the hydrolysis of Cr(NH3),- 
solved in 100 ml of a solution of the desired composition NO3'+ was followed potentiometrically using a Beckman 
(0.1 Min  HCIO,, NH,CIO, or NaOH for experiments rep- Research p H  Meter fitted with a double-junction calomel 
resenting acidic, neutral, or basic conditions respectively) reference electrode and an Orion Model 92-07 nitrate-ion 
a t  25.0°, and, after a t  least lohalf-periodsof the reaction of electrode. The electrodes dipped directly into the reaction 
interest (100, 45, or 25 min respectively) the solution was mixture, which was thermostated at  25.0 F 0.l0, and the 
cooled to 0' and treated with sufficient cold 10 M NaOH assembly was calibrated against standard KNO3 solutions 
to bring the OH-  concentration in the resulting solution (lo-, to lo-' M) following each reading. 
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GUASTALLA A N D  SWADt 

The release of ammonia (as NH4+) was followed in a 
similar fashion using a Beckman Selection ammonium 
electrode, Model N39626, the standards being solutions 
of NH4Br. 

The nitrate and ammonium electrodes were effective 
only within the p H  range 2-10, and there was also the 
risk of interference from major concentrations of "inert" 
electrolytes such as perchlorates which might have been 
added to control p H  and ionic strength. Accordingly, 
NO3- and NH4+ formation stud~es were made only on 
solutions prepared from [Cr(NH3)5N03](N0,)2 and 
pure water. 

Esiablishme~~i of  Position of  Bond-breaking 
Nitratopentaamrninechromium(I11) nitrate (200-300 

mg)was hydrolyzed at 25"for 20min in 25 ml acidic(0.05 M 
HCIO,), neutral, and basic (0.1 M NaOH) water which 
contained -1.3% H2180.  The Cr(NH3)50H23+ product 
was precipitated as the perchlorate by addition of 5 ml 
70% HCCI, at On, and the filtered precipitate was dried 
in uacuo. The coordinated water was removed on the 
vacuum line by fusing the salt In dry KNCS, and was con- 
verted to  CO, and analyzed mass spectrometrically as 
described previously (10) except that a VarianIMAT 
CH-5 mass spectrometer was used. Reference samples of 
solvent were similarly analyzed as COz, relative to tank 
CO, of natural isotopic composition. 

Results 
Reactioi? Stoiclriometry 

The spectral changes accompanying aquation 
of Cr(NH3),N0,2+ in 0.1 MNH4C10, (pH6) at  
25" are illustrated in Fig. I .  The spectrum of the 
final product (maxima at  517 and 395 nm, E = 
30 and 29 M - I  cm-' respectively) corresponds 
fairly closely to that of c~s -C~(NH,) , (OH)OH~~+ 

00 -1, 
400 500 600 

WAVELENGTH (nm) 

FIG. 1. Spectra O ~ C ~ ( N H , ) , N O , ~ +  undergoingaqua- 
tion at  25.0" at  p H  6 in 0.10 M NH4CI04 (5 cm optical 
path length; [Cr] = 0.00402 M): (A) ,  at zero time (pure 
Cr(NH3),N03"); (B), after 3.0 min; (C) ,  after 6.0 min; 

, (D), after 23 min (final spectrum). 

(see above) but not Cr(NH3),0Hz3+ or Cr- 
(NH3),0H2+ (6). Measurements with the specific 
ion electrode showed that these changes occurred 
concomitantly with the release of0.96 + 0.05 moi 
NO, - and 1.0 f 0.1 mol NH,' per mol Cr(III), 
while the p H  remained constant at  about 6 
throughout the reaction. 

These results seemed, superficially, to indicate 
the formation of one NH,+ along with the release 
of NO3-, leaving C~S-C~(NH,),(OH)OH,~+. 
However, examination of the products by ion- 
exchange chromatography showed that in reality 
the Cr(1II)-containing species produced at  p H  6 
and 25" in the absence of added electrolytes were 
(after acidification) Cr(NH,),0Hz3+ (31%), 
c~s -C~(NH,) , (OH,)~~+ (36z), and Cr(NH,),- 

(possibly with di- and mono-ammines) 
(33%); in 0.1 M NH,NO, solution the corre- 
sponding percentages were 34, 35, and 31, and, 
in 0.1 M HCIO,, 33, 20, and 46. Thus,  the close- 
ness of the NH,' yield to 1.00 per Cr,  and of the  
final spectrum to that ofthe pure cis-tetraammine, 
were purely coincidental. Application of the 
relation 

to  the spectrum of the 1.5 M NaOH eluate, as 
described elsewhere (2), showed that the tetra- 
ammine species present was the isomerically pure 
cis form (97 f 3% cis). 

The species which were eluted from the resin 
with 0.1 M NaOH were presumably those which 
can form complexes of zero charge in strong 
alkali, i.e., the triammines and possibly di- and 
mono-ammines. The  spectrum of the  acidified 
0.1 M NaOH eluate showed absorption maxima 
at 514 and 383 nm, with a peak height ratio of 
1.03: 1, and a minimum at 442 nm; these differ 
slightly but significantly from the corresponding 
features in the spectrum of mer-Cr(NH,),- 

(maxima at  507 and 373 nm, ratio 
1.04: 1, and minimum at 43 1 nm) (2,7). The spec- 
trum of authentic fac-Cr(NH3),(OHZ),3+ is a 
matter of some dispute (2,7), but it seems that the 
characteristic which distinguishes it most clearly 
from the meridional isomer is its peak-height 
ratio of about 1.55: 1, so that the spectrum of the 
acidified 0.1 M NaOH eluate cannot be  accounted 
for entirely in terms of a mixture of the fac- and 
mer-triammines. It seems likely that  a minor 
amount of Cr(NH3),(OHz)43+ was present.along 
with the triammines. Again, there is some uncer- 
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tainty concerning the spectra of the individual 
diammine isomers (2,7); the maxima are evidently 
near 520 and 382 nm, with a peak height ratio of 
about 1 . 1  : 1 and a minimum near 440 nm, but 
these data are insufficiently precise to  permit esti- 
mation of the diammine content of the 0.1 M 
NaOH eluate. 

I t  was established empirically that the aquo- 
and hydroxo-forms of the penta-, tetra-, and tri- 
ammine complexes do  not decompose or iso- 
merize significantly during the aquations (- 1 h 
a t  25") or  elutions (- 1.5 h at  0"). This was verified 
by quantitative determinations of the appropriate 
hydrolysis rates (2). 

When the hydrolysis of C ~ ( ~ V H , ) , N O , ~ +  was 
carried out in 0.1 M NaOH at 25", the prod- 
ucts were Cr(NH,),0H2+ (5973, cis-Cr(NH3),- 
(OH), + (20%) and lower hydroxoammines (2 1 %), 
according to ion-exchange chromatography and 
precipitation studies ; for 1.0 M NaOH, the cor- 
respondingpercentages were 89,6, and 5. Spectro- 
scopic examination of the reaction mixtures them- 
selves confirmed these data. 

Reaction Kinetics 
At p H 6 ,  in either plain water or  in 0.1 M 

NH4C10, solution, the spectrum of Cr(NH3),- 
NO3" changed in accordance with first-order 
kinetics throughout the first 807, a t  least of the 
aquation reaction, isosbestic points being ac- 
curately maintained at  372, 439, and 507 nm 
(Fig. 1). The appropriate first-order rate coeffi- 
cients kA are listed in Table 1, and are precise to  
within + 27,. A plot of In (kA/T) us. 1/T is linear, 
within the experimental uncertainty, and gives 
AHA* = 20.4 $ 0.4 kcal mol-' and ASA* = 
-2.1 + 1.2 cal deg-' mol-', which compare 
favorably with the values 21.0 kcal mol-' and 

TABLE 1 .  Spectrophotometric first-order rate 
coefficients k ,  for the aquation of 

Cr(NH3)5N03Z+ at p H  6 

Temperature Wavelength [Crl lo3 k A  
("C) 
p~ 

(nm) (mM) (s-') 

15.0 560 3 . 0  0.67 
25.0 560 13 .0  2.40* 
25.0 400 1 .5  2.30 
25.0 275 3 .0  2.40 
28.5 560 3 .0  3.96 
35.4 560 3 . 0  7 . 9  
35.9 560 3 .0  8.1 
43 .4  560 3 . 0  17.8 
48.4  560 3 . 0  31.5 

'No added electrolytes; in all other cases, [NH,CI04] = 0.1 M. 

- 3 cal deg-' mol- ' reported by Monacelli (10) 
for the aquation of  Cr(NH3),N032+ in 0.0092 M 
HCIO,. 

The rate of NO3-  release during the aquation 
of Cr(NH3),N032+ at 25.0" in plain water 
( p H  6), as measured with the nitrate ion electrode, 
was first-order in the substrate, the corresponding 
ratecoefficient being(2.5 -t 0.2) x s-' .  The 
corresponding datum for NH, release, obtained 
with the NH,+ electrode, was (2.3 $ 0.2) x 

S-  '. These data correspond excellently with 
the value k ,  = 2.4 x s-' obtained spectro- 
photometrically with plain water as solvent. 

In NaClO,/NaOH media at  I = 1.0 M, the 
spectrophotometric rate of disappearance of 
Cr(NH3),N032+ was again first-order in sub- 
strate, and the corresponding rate coefficients 
ko,, are listed in Table 2. These values of k,,,, 
which are precise to  & 2%, are accurately related 
to  [OH-] by 

and it will be seen from Table 3 that  the intercepts 
ko  can be identified with the coefficients kA of 
Table I ,  within the limitations imposed by the 
uncertainty in k o  (- + 5%) and the  differences in 
ionic strength. A plot of ln(ko,/T) us. 1/Tis linear, 
giving AHoH* = (25.2 + 0.5) kcal mol-' and 
ASoH* = (1 7.0 + 1.5) cal deg- ' mol- '. 
TABLE 2. Spectrophotometric pseudo-first-order rate 
coefficients k,,, for the disappearance of Cr(NH3)5N03Z+ 

in alkaline solutions* 

Temperature [OH-] lo3 k,,, lo3 k c a , c , i  

("C) -- ( M )  (s-l) (s-l) 

15.0 0 .20  1.18 1.15 
0 .40 1 .61 1.63 
0 .60 2 . 1 0  2 .11 
0.80 2 . 5 7  2.59 
1.00 3 .09  3.07 

- 

* I  = 1:O M (NaOH/NaCIO,); [Cr] = 3.0 m M .  Optical data ob- 
tained u s ~ n g  2 cm cell and 0.1 absorbance scale. 

tCalculated from the parameters of Table 3. 
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GUASTALLA AND SWADDLE: ON cis-ACTIVATION 531 

TABLE 3. Rate coefficients for base-dependent  OH) formula 
and base-independent (k,) hydrolysis of 

Cr(NH3)5N032+ at I = 1.0 M [3] % Cr-0 fission = R,,", - Ro 100 
Rso~vent RO 

Temperature 
PC) k,(s- ') kol*(M- '~- ' )  where Ro is the 46:45 mass ratio obtained for 

15.0 6.7 x lo-4 2 , 4  CO, of natural 180 abundance. For acidic or 
25.0 2 .5  x 1 . 1  10-2 neutral solutions, the data indicated 95 _+ 1 %  
35.0 6 . 4  x lo-' 4 . 4  x Cr-0 fission (mean of 3 determinations), while 

However, in acidic solutions such as 0.1 M 
HCIO,, thechanges in the spectrum of Cr(NH3),- 
NO3,+ due to aquation took longer to complete 
than at pH  6 or higher, and isosbestic points were 
not maintained (Fig. 2). Thus, a series of at least 
two consecutive reactions with comparable rates 
was involved at pH  1,  but, because the changes in 
the spectrum were complex and relatively small 
(Fig. 2, ct, Fig. 1 )  it was not possible to analyze 
these changes in terms of rate coefficients. 

Position of Bond Cleauage 
The ratio R of the peak heights for masses 46 

and 45, which correspond to '2C '60180 and 
13 16 C O,, was used as a measure of thc180 content 
of the c~(NH,) ,OH,~+ or Cr(NH,),0H2+ pro- 
duced in the aquation or base hydrolysis of 
Cr(NH3),N032+ in water enriched in H,"o, 
and the percentage Cr-ON bond cleavage (as 
opposed to CrO-N) was calculated from the 

the corresponding figure for base hydrolysis was 
91%. It was not practicable to carry out similar 
experiments on the tetraammine or  lower am- 
mines which were also produced in the aquation 
reactions. 

ReIated Obseruations 
Dry, solid [Cr(NH3),N03](N03), decom- 

posed slowly in the dark, changing color from 
flesh pink to sepia and developing an unmis- 
takable odor of ammonia in about 3 weeks. By 
contrast, tlie comparable halopentaammine- 
chromium(l1I) nitrates and perchlorates showed 
no evidence of decomposition after much longer 
periods, in the absence of light. 

When a solution of aquopentaamminechro- 
mium(lI1) perchlorate was added to a sulfitel 
hydrogen sulfite buffer (pH4) at 21°, an im- 
mediate change from orange to rose occurred, 
and this was followed over the next 4 h by a change 
to a lilac color. On  acidification, Cr(OH2)63+ 
was shown to be present. 

Aquopentaamminechromium(I11) ion reacted 
slowly with sulfate in aqueous solution, but we 
were unable to isolate Cr(NH,),SO,+ or its salts 
from these solutions, all products being unidenti- 
fiable mixtures. Attempts to prepare pure salts of 
Cr(NH,),SO,+ by other means, notably thermal 
dehydration of solid [Cr(NH3)50H,]2(S04), fol- 
lowed by precipitation from solution with various 
monovalent anions, were also unsuccessful. 

The acceleration of the aquation of aquoam- 
minechromium(I1I) complexes by nitrate has 
been reported in detail elsewhere (2). 

1 '<'., 
\" ‘lii u.:b .* Discussion 

0.0 - -- 
The preceding data for the aquation of 

400 500 600 Cr(NH3)5N032f at p H  6 and less are consistent 
WAVELENGTH (nm) with the following scheme of reactions 4 through 

FIG. 2. SpectraofCr(NH3),N03*+ undergoingaqua- 10. The competing initial reactions in 0.1 M 
tion at 25.0" in 0.1 MHCIO, (2 cm optical path length; HClO, are evidently 
[Cr] = 0.0130 M): solid line, zero time; dashes, after 
15 min; dots, after 30 min; dots and dashes, after k I 
90 min (final spectrum). [4] Cr(NH3)5N032+ + C T ( N H ~ ) ~ O H ~ ~ +  + NOg- 
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532 C A N .  J .  CHEM. 1 

and 
k2(+ H + )  

[51 C r ( N H 3 ) ~ N 0 3 ' +  
C ~ ~ - C ~ ( N H ~ ) ~ ( O H ~ ) N O ~ ' +  + NH4' 

with 33 + 2% of the decomposition proceeding 
via reaction 4. The aquopentammine ion does not 
aquate detectably under the conditions of these 
experiments (2), but at high acidities reactions 6 
through 8, and possibly 9 and 10, evidently occur 
at rates comparable to that governed by k2. 

About 30% of the product of reaction 5 at p H  1 
(i.e.,  20% of the total of Cr complexes) decom- 
poses via reaction 6. Difficulties in identifying the 
aquo-triammines and -diammines preclude a 
quantitative assessment of the relative impor- 
tances and stereochemistries of reactions 8,9, and 
10, and indeed further reactions leading to the 
rather inert Cr(NH3)(OH,)53+ (2) may occur to a 
small extent, but the proportion of complexed 
nitrate that would survive as far as reaction 9 must 
in any event be small. Even so, the involvement of 
several reactions of comparable rates leads to 
complex spectroscopic changes at low pH. 

However, at pH6, all the aquo-ions of reactions 
4 through 10 will be present predominantly as 
monohydroxo-complexes (conjugate bases of 
aquo-species), since their p K, values are typically 
near 5 (11). It is known (12, 13) that Cr(OH2),- 
(OH)NO,+ aquates much more rapidly than 
Cr(OH2),N032+, and accordingly the conjugate 
base reaction corresponding to eq. 6 (rate coeffi- 
cient now k,, in the nomenclature of ref. 1) will 
now be rapid compared to reactions 4 and 5. The 
path governed by k, accounts for only 52% of the 
product of reaction 5 at p H  6, so that the rate co- 
efficients k, and k, and possibly k, and k, (cor- 

responding to the conjugate-base equivalents of 
reactions 7 through 10) must be of roughly the 
same order of magnitude as k,. Reaction 4 is ter- 
minal and cannot be influenced by [H']; conse- 
quently, the yield of Cr(NH3)50H23+ or 
Cr(NH3),0H2 + is the same at p H  1 as at p H  6. 

Thus, at pH 6, only the parallel reactions 4 and 
5 are rate-determining, so that the overall hydrol- 
ysis reaction is cleanly first-order spectrophoto- 
metrically with well-defined isosbestic points, and 
is faster than at high acidities. The rate coefficient 
kA is therefore equal to the sum of k, and k,, so 
that k, = 0.8 x and k ,  = 1.6 x s-' 
at 25" and ionic strengths up t o  0.1 M at least. 
There is no detectable curvature of a plot of 
In (kA/T) us. 1/T, so that AH,* must be essentially 
equal to AH," and so to AHA"20.4 kcal 1-1101-I); 
if this were exactly so, then AS,* = -4.3 and 
AS2* = -2.9 cal deg-' mol-', since ASA* = 
-2.1 cal deg-I mol-I. 

Monacelli (3) investigated the aquation of 
Cr(NH3),N032 + on 0.004-0.025 M HCIO,, and 
reported first-order spectrophotometric rate co- 
efficients which are substantially less than our kA 
values. The first-order behavior observed by 
Monacelli may have been apparent rather than 
real, since k,', k,', and k,' at least, as well as k,  
and k,, can be expected to contribute to the 
control of the observed overall reaction rate a t  
p H  - 2. Indeed, Monacelli remarks that, at the 
highest acidities, theoptical absorption continued 
to  decrease slowly after the apparent first-order re- 
action had run t o  completion (3). Thus, there is n o  
irreconcilable difference between Monacelli's ob- 
servations and ours, and indeed his and our acti- 
vation parameters for the disappearance of 
Cr(NH,),NP,2 + are remarkably similar. 

In alkaline solutions, the base hydrolysis path- 
way characterized by the rate-law term ko, 
[OH-] competes with reactions 4 and 5. AC- 
cording to the data of Table 3,66% of the reaction 
at [ O H ]  = 0.10 M a t  25" goes by the paths con- 
trolled by k, and k,, which therefore provide only 
about 22% Cr(NH,),0H2+ in the products; the 
total yield of Cr(NH3),0H2+ was 59%, so that 
the base hydrolysis pathway must produce 
Cr(NH3),0H2+ exclusively. If this is so, then 
a similar calculation sets the yield of Cr(NH3),- 
OH2+ in 1.0 M alkali at 25" a t  88%; indeed, the 
observed yield was 89%. Thus, it is legitimate to 
compare koH, AHoH*, and AS,,* with the corre- 
sponding data for the base hydrolyses of other 
complexes of the type c~(NH,),X", and in fact 
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GUASTALLA AND SWADC 

the observed values for the nitrato-complex are 
in the ranges typical of these reactions (7). 

The mass spectrometric data obtained for the 
hydrolyses using 180-enriched water as solvent 
show that at  least 95% of reaction 4 and 91% of 
the base hydrolysis proceed with Cr-ONO, bond 
breaking. These percentages are lower limits, 
since any contamination of the 180-enriched 
product by compounds containing reactive oxy- 
gen atoms of natural isotopic composition would 
lead to low R values, and we believe that the 
hydrolyses proceed exclusively by Cr-ONO,, 
rather than CrO-NO,, bond breaking. Con- 
tamination by nitrate may be responsible for the 
deviation in the apparent degree of metal-oxygen 
bond-breaking from loo%',, since a similar result 
was obtained for CO(NH,),NO,~+ (14). 

There is no detectable loss of NH, from bromo- 
or iodo-pentamminechromi~~m(lll) during aqua- 
tion, and while some ammonia is formed before 
the aquation of the chloro-analog is complete, 
its rate of release certainly does not amount to as 
much as 10% of the chloride aquation rate (15). 
Thus, the first-order rate coefficient for ammonia 
release in typical Cr(NH,),X2+ ions a t  25" must 
be considerably less than 1 x s-' (15), and 
the extrapolated value for Cr(NH,),OH,, + at 
25" is only 1.8 x s- '  (2). Similar values 
evidently apply for Cr(NH3),NCS2 + (16, 17), 
while for Cr(NH3),FZf ammonia release is 
mainly from the aquation product rather than the 
fluoro-complex itself (1 8). Thus, the cis-ammine 
ligands in Cr(NH,),NO? + are several thousand- 
fold more labile than expected. 

The cis-activating effect of the nitrato-ligand 
could conceivably be due to some electronic effect 
such as n-donation from the nitrato-oxygen atom 
bound to Cr into the t,, bonding orbitals of the 
central metal atom, as has been suggested for 
some similar systems (19). Such an effect might 
indeed explain why a Cr-N bond in trans- 
Cr(en),F,+ aquates inore rapidly than Cr-F 
(20). However, this effect is not apparent in halo- 
or thiocyanato-pentaamminechromium(II1) ions, 
nor yet in Cr(NH3),0H2+, which is perhaps a 
fairer analog for the 0-bonded Cr(NH3),N032 + 

and for which the rate coefficient for ammonia 
release can be calculated from the data of Yoneda 
(21)to beonly about 2 x s-' in 1 M NaOH 
at 25". 

A more satisfying explanation is a "mechan- 
ical" one, in which the nitrato-ligand expels a 
ligand cis to it in an associative ring-closure move- 

ment leading to a transient bidentate species 
Cr(NH3),02N02 +, which would then aquate 
stereospecifically to ~~s-C~(NH,),(OH,)NO,~+. 
The latter species could in turn aquate to cis- 
Cr(NH,)4(OH,)23 +, or repeat the bidentate ring- 
closure process to give fac- and mer-Cr(NH,),- 
(OH2)2N032+, and so on. Conceivably, this 
could continue until Cr(H,0),3+ was produced, 
but little bound nitrate could remain sufficiently 
long, and furthermore the lower ammines are 
markedly more resistant toward ammonia loss 
than are the penta- and tetra-ammines (2). 

Confirmation of this mechanism could come 
from the isolation of intermediates of the type 
Cr(NH,),02N02+, but such species would be 
highly strained and so very susceptible to aqua- 
tion, since the 0-0 distance in NO,- is only 
2.1 1 A (22), as against the 2.78 A required for 
strain-free chelation (23). Indeed, we have been 
unable even to prepare the monodentate inter- 
mediate Cr(NH3)4(OH2)N0,2f a s  a pure salt, 
presumably because of the cis-activating proper- 
ties of NO,-, and we are skeptical of earlier 
claims of success (8). 

The transient-chelate mechanism is essentially 
an associative substitution process, i.e., one which 
occurs with a substantial degree of bond-making 
in the transition state. This is fully in accordance 
with our contention (2, 10,15,24) that simple sub- 
stitution processes a t  Cr(1II) centers are normally 
associative. On the other hand, it is generally be- 
lieved (25) that the base hydrolyses of metal am- 
mine complexes involve aquation of intermediate 
amido-species (in the present case, Cr(NH,),- 
(NH2)N03 ') which are relatively highly activated 
toward dissociative substitution; significantly, 
NH, activation by NO, does not occur in the base 
hydrolysis of Cr(NH3),N032 +. 

The proposed mechanism predicts that any 
potentially bidentate oxyanion should behave 
similarly to NO,- when coordinated to Cr(II1). 
Carbonate ion is a likely prospect for c!s-activa- 
tion, since it is isoelectronic with nitrate and, 
being dinegative, should be a more effective chela- 
ting agent. Indeed, Earley et al. (26) have shown 
that CO, acts as a powerful catalyst for the re- 
action of C~(NH,) ,OH~+ with EDTA,-, and 
thcy also suggest the formation of a chelated inter- 
mediate involving bidentate CO,,- to account 
for this. Similarly, Earley and Alexander (27) re- 
port that the decomposition of Cr(NH3),0HZf 
at p H  4.9 is catalyzed by CO,, the product being 
apparently a tetraammine, and they point out 
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534 C A N .  3 .  CHEM. 

that, althoughcomplexes such asCo(NH,),CO,+ 
are well known, attempts to isolate carbonato- 
complexes of Cr(1II) have always been unsuccess- 
ful and have usually produced Cr(OH),. Our in- 
ability to isolate Cr(NH,),SO,+ may be ex- 
plained in the same way, since Baldwin and Keen 
(28, 29) have found that the aquo-ligands of 
Cr(OH,),SO,+ exchange unusually rapidly with 
solvent water, a fact which they, too, attribute to 
transient chelation by the sulfato-ligand. 

Phatak et a/. (30) report that the reaction of 
hexaaquo-chromium(II1) with EDTA is cat- 
alyzed by nitrite and sulfite as well as carbonate, 
in accordance with Carlyle and King's report (3 1) 
that Cr(OH2),0S02+ reacts even more rapidly 
in substitution than does Cr(OH2),0H2+. Al- 
though S-bonded sulfite is known to cause tran$- 
labilization, at least in cobalt(II1) complexes (32), 
the sulfite ligand in sulfitochromium(I1I) species 
is evidently 0-bonded, and Carlyle and King (31) 
showed that activation of Cr(II1) complexes by 
sulfite cannot be exclusively a trans-effect ; again, 
cis-activation via a transient sulfito-chelate seems 
likely. 

Powerful cis-activation by coordinated NO,- 
has been reported by Fee et al. (33) for complexes 
of the type cis-Cr(en)2X(ON0)2+, and by Moore 
and co-workers for various aquo- and am- 
mine-chromium(II1) complexes (34-36). Moore 
and co-workers (34, 35) explain many of their 
results in terms of a direct attack of bound NO2- 
on the cis-ligand X -  itself, with the formation of 
XNO, but transient bidentate ring closure by 
NO2- is again a more likely reason for the 
relatively rapid loss of coordinated NH, from 
aqueous Cr(NH,),0N02+ (36). 

cis-Activation by coordinated carboxylate ions 
has been reported for Cr(NH,),OOCRZ+ (R = 
CH,, CH2CI, and CHCI,) (37), and recently 
Olson (38) has attributed the relative rapidity of 
the reaction of EDTA with complexes of the type 
Cr(OH2),00CR2+ to nucleophilic activation of 
the cis-aquo ligands by the unbound oxygen of 
the RC02- ligand, much as we have proposed 
for nitrato-chromium(I1I) complexes. Similarly, 
Sykes and co-workers (39) report that the inter- 
conversions of the various aquochromium(II1) 
EDTA complexes seem to involve marked cis- 
Iabilization by the coordinated carboxylate 
groups. 

In summary, we conclude that an oxyanion co- 
ordinated to chromium(1II) can cause strong acti- 
vation of the ligands cis to it, apparently by 

transient chelation. This effect requires some 
degree of bond-formation between the activating 
ligand and the metal, at the cis-site, and so cis- 
activation is favored for chromium(lII), for 
which associative activation is common (lo, 15, 
24), but not for typical spin-paired cobalt(II1) 
complexes, since the latter apparently react ex- 
clusively by dissociative mechanisms (40, 41). 

In practical terms, the occurrence of cis-activa- 
tion by oxyanions coordinated to Cr(II1) severely 
limits the prospects for preparing new mixed- 
ligand oxyanion complexes of Cr(1lI) in accept- 
able purity, and any solid salts of such complexes 
that might be prepared may beexpected to decom- 
pose relatively rapidly on storage, as does 
[Cr(NH,),NO,](NO,),. Furthermore, it is clear 
that studies of the aqueous physical chemistry of 
Cr(l1I) complexes may be carried out using per- 
chlorate media (since (210,- is a very poor com- 
plexing agent), but that solutions containing 
much nitrate or  other oxyanions should be 
avoided; in addition to examples given previously 
(2) of activation of Cr(II1) by oxyanionic sup- 
porting electrolytes, we may quote the acid 
cleavage of (en)2Cr(OH)2Cr(en)24+, which, un- 
like its Co(II1) analog, exhibits strong nitrate-ion 
catalysis, being some 100 times faster in 1 M 
HNO, than in 1 M HClO, (42). 

We thank the National Research Council of Canada 
for financial support. 
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Chemistry of Transition Metals. IV. Reactions of 
Alkyl Halides with the Metals of the First Transition Period 

Deparrtnetzi of Chetnisrty, McGill Uni~,e,siry, Motzrrenl, Quebec 

Received July 24,  1973 

The reactions of I-chloropropane (1) and 1-chloro-2-methylpropane (2) with clean, polycrystalline 
films of the metals Ti through Cu were studied at ambient and elevated temperatures. At  ambient 
temperature all of the metals exhibited a complex pattern of behavior. Titanium was uniquely different 
from other metals in that no catalytic hydrogenation of product olefin by product hydrogen was observed. 

At elevated temperatures the two reactants exhibited the same dichotomy as previously reported for 
titanium in that 2 was catalytically dehydrochlorinated by all metals, whilst 1 underwent non-catalytic 
dehydrochlorination. Except in the cases of Ti and Mn, the halide deposited by reaction of  1 with the 
metal surfaces provided an effective diffusion barrier to further reaction. It is suggested that the rate- 
controlling step for both Ti and Mn in reactions with 1 is transport of metal atoms from the pure metal 
into the halide surface layer. 

On a CtudiC a la temperature ambiante et aux temperatures ClevCes les diverses riactions du chloro-l 
propane (1) et du chloro-1 methyl-2 propane (2) avec des pellicules propres polycristallines de metaux 
(de Ti jusqu'a Cu). A la temperature ambiante, on a note des comportements complexes pour tous 
les metaux. Dans un seul cas, soit celui du titanium, on n'a pas observe d'hydrogenation catalytique 
de I'olefine produite par I'hydroghe produit. 

Aux temperatures Clevees, les deux reactifs reagissent avec la m&me dichotomie, laquelle a i t6 deja 
rapportee pour le titanium, a savoir que 2 etait dihydrochlore catalytiquement par tous les metaux 
tandis que 1 subissait une dehydrochloration de f a ~ o n  non-catalytique. Sauf dans les cas du T i  et du Mn, 
I'halogenure depose par la reaction de 1 avec les surfaces metalliques constitue une barriere de diffusion 
effective vis-a-vis des reactions subsiquentes. On suggere que I'ttape determinante de la vitesse, dans 
le cas des reactions de Ti et Mn avec 1 implique le transport des atomes mCtalliques a partir du metal 
pur jusqu'a la couche de surface composee d'halogtnures. [Traduit par le journal] 

Can. J .  Chern.. 52, 536 (1974) 

Introduction 

The earlier papers of this series described the 
reactions of a variety of simple aliphatic halides 
with evaporated, polycrystalline films of titanium 
(1). In all cases, the reactions involved dehydro- 
halogenation, but the stoichiometries and kinetic 
patterns differed for different classes of reactant 
and for different degrees of reaction of the metal 
surface. Clean titanium metal reacted too 
rapidly at ambient temperatures with all 
reactants to permit determination of kinetic 
parameters. Although all of these reactions 
resulted in deposition of halogen at the metal 
surface and liberation of alkene and/or alkane 
to the gas phase, the reactants behaved quite 
differently with respect to  product composition 
and to the amount of hydrocarbon retained at 
the surface. With the exception of fluoride, the 
deposited halide poisoned the surface against 
further reaction, at something less than mono- 
layer coverage. 

'National Research Council of Canada Scholarship 
holder, 1969-1972. 

The poisoned surfaces became active again at 
higher temperatures. Linear alkyl halides under- 
went continuous non-catalytic dehydrochlorina- 
tion with deposition of all of the halide and part 
of the hydrogen at the surface and return of all 
hydrocarbon fragments to the gas phase as 
alkene, or alkane. The deposition of halide at 
higher temperatures did not result in diminished 
reactivity of the surface (la). When the alkyl 
halide was branched at the 1- o r  Zposition, the 
halided titanium surface became catalytically 
active for dehydrochlorination, with return of 
hydrogen halide and alkene t o  the gas phase 
(It)). 

The simplicity and reproducibility of the 
reactions described above encouraged further 
investigation of similar reactions on other 
transition metals. In particular, it was anticipated 
that the unique capacity of titanium to combine 
with hydrogen would make its behavior excep- 
tional, at least amongst the metals of the first 
transition period. The reactants 1-chloropropane 
and 1-chloro-2-methylpropane were chosen, as 
representative of the non-catalytic and catalytic 
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classes of reactant on titanium, and their sidered together. At higher temperatures, 1- 
reactions on evaporated films of all the metals chloropropane exhibited a consistent pattern of 
from titanium through copper were studied. The non-catalytic reactions with all metals, whilst 
results of this study are reported in the present 2-methyl-1-chloropropane gave consistent cata- 
paper. lytic dehydrochlorination on each metal. There- - > 

Experimental fore, thetwo reactants will be treated separately 
for high temperature reactions. 

The ex~erimental techniaues for studvine, reaction 
rates and broducts have bee" described p ~ e v i ~ u s l y  (la). Reactions on Cb films Ambient Experimental films were all 10-5-10-4 cm thick and 
200 cm2 in geometric area. The vacuum manifold used On were as 
throughout this work had a capacity of 3.2 x loL7 a consecutive sequence of reactions at 0.01 Torr 
molecules at  0.01 Torr. initial pressure. After completion of each reaction 

The filament wires were all >99.9z pure and were the system was pumped to less than 10-6 T~~~ 
purchased from A. D. Mackay Inc. Titanium, vanadium, 
iron, cobalt, and nickel were all successfully evaporated before addition of the next of 
from multiple, parallel filaments of the pure metal and, The Pattern of observed behavior was qualita- 
with the exception of vanadium, the background during tively similar for all metals and reactants and 
evaporation was always < l o - '  Torr, provided the fila- cons-isted of the following sequence of events: 
ments were outgassed sufficiently. With vanadium, the (a )  A period of high retentive adsorption 
background during evaporation was always in the range 
10-8-10-9 Torr during evaporation, even after 4 days occurring rapidly, with products, i f  any, corn- 
of outgassing just below the melting point of the filaments. pletely saturated, o r  even cracked. (6 )  A decline 

Due to  unavailability of suitable wires, or lack of in the extent and rate of retention. accom~anied 
suitable physical properties, chromium, manganese, or by appearance of increasing amo;nts of ilkene copper could not be directly evaporated from pure 
wires. Chromium and manganese were deposited e]ectro- in the gas-phase products. (c) A period of isobaric 
lyticallv, as described bv Moore (2). onto 3 in. lengths of deh~drochlorination to produce an  alkene rich 
10 mil-tungsten wire. kbout  0.1 of metal was-plated mixture of alkene and alkane. During this 
onto the filament. After degassing, chromium was-easily 
evaporated with a background of ca. lo-' Torr. Although 
manganese gave high initial backgrounds (ca. Torr) 
the pressure quickly dropped to lo-' Torr during 
evaporation. 

Considerable problems were encountered with out- 
gassing of copper. Pure wire filaments cannot be readily 
evaporated because of the low vapor pressure of copper 
at  its melting point. Tungsten filaments wrapped with 
high purity copper wire, and plated with copper, were 
both used and both gave very high backgrounds after 
melting of the copper (ca. Torr). Background 
pressure decreased slowly during evaporation. 

Results 
In the following, we shall use the expression 

"clean film" to indicate a film which has not 
been reacted with halocarbon. The mass balance 
of the reactions will be discussed in terms of 
"reactant", "product", and "retentively ad- 
sorbed" molecules. The first two terms will be 
applied to gas-phase species and the third is 
used to describe material lost to the surface in 
such a way as to reduce the number of molecules 
in the gas phase. 

Although it is difficult to categorize all of the 
reactions to be described in any clear-cut, or 
unequivocal fashion, some system may be 
introduced as follows. Both halocarbons used 
in this work behave quite similarly on clean 
films at ambient temperatures and will be con- 

period, concurrent hydrogenation of alkene was 
generally observed, both before and after 
completion of dehydrohalogenation. (d) Declin- 
ing reactivity, both with regard to rate and 
extent of reaction, until no further reaction 
could be observed. For a given metal, the 
number of molecules of 1-chloro-2-methylpro- 
pane reacted before complete deactivation of 
the surface was always considerably greater than 
that for 1-chloropropane. In general the number 
of doses of reactant required to complete the 
range of behavior described in (a)-(d) diminished 
on passing across the period from vanadium to 
copper. Titanium was anomalous with respect 
to the latter trend, reacting very much less than 
vanadium before complete loss of activity (see 
Table 2). 

Vanadium 
The results of a consecutive sequence of 

reactions of 1-chloro-2-methylpropane on vana- 
dium are summarized in Table 1. The first six 
reactions were too rapid to follow by  either the 
initial pressure drop due to retentive adsorption, 
or the appearance of hydrocarbon products 
resulting from dehydrochlorination. It was, 
however, possible t o  follow the slower hydro- 
genation of isobutene to isobutane which con- 
tinued after the initial' rapid reactions. The 
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TABLE I .  Initial reactions of 1-chloro-2-methylpropane with vanadium 
- 

Reaction Initial pressure Film temperature % Retentively 
No. x lo2 Torr PC) adsorbed Product * 

None 
Trace MPt  and  CH4 
Trace MP and  CH4 

87  

'Percent methylpropane in 
tMethylpropane. 

mixture 

TABLE 2. Some properties of reactions of alkyl halides with clean metals* 
- 

d(P/O) $ d(P/O) 5 Amount retentively 11 
Metalireactant Initial P/O+ [d i -1 ,  [ T I , ,  adsorbed mol x lo-" 

*The paraffin:olefin numbers were obtained for the first reaction o f  a sequence in which olefin was observed as 
a product. 

tParaffin:olefin ratio. 
$Before completion o f  dehydrochlorination. 
§After completion of dehydrochlorination. 
/ / U P  to the point where the surface became completely inactive. 

results for the hydrogenation following reactions 
5 and 6 are shown in Fig. 1. Although reasonably 
straight lines were obtained with first order 
plots, little significance can be attached to this 
since the reactions were only followed to 20% 
conversion. On the other hand, it is clear that the 
activity of the film for hydrogenation declined 
considerably from run 5 to run 6. 

Reactions 1 through 9 were carried out with 
only a short period between the end of one 
reaction and the beginning of the next (ca. 30 
min). After reaction 9, the film was left for 3 h 
and in reaction 10 showed a considerably 

increased capacity for retentive adsorption. 
Reactions 10 through 15 were carried out with a 
short recovery time between runs (ca. 30 min) 
to establish the effects of temperature. Higher 
temperature diminished the amount of material 
retentively adsorbed, but temporarily regenerated 
the dehydrochlorination activity of the film. 

I-Chloropropane behaved very similarly to 
1-chloro-2-methylpropane. Less than half the 
number of molecules were adsorbed, or reacted, 
and the rate of dehydrochlorination in the later 
stages was slow enough to follow. Such a reaction 
was followed kinetically and gave apparent first 
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to two different processes, one of which is 
dependent on the presence of unreacted alkyl 
halide. This behavior was common to all of the 
hydrogenation reactions observed. 

The Metals Chromium to Copper 
Most of the features described for vanadium 

were common to all of the metals of the first 
transition period except titanium, at least 
qualitatively. The most important properties of 
reactions at ambient temperature are sum- 
marized in Table 2. 

5 0 0  I 0 0 0  1500  
1 Reactions of 1-Cllloropropane at Elevated 

1 K [  Temperatures 
FIG. 1. Disappearance of methylpropene with time Vanadium 

following completion of reactions of 1-chloro-2-methyl- When no further reaction of 1-chloropropane 
propane on vanad~um at 0 'C. Initial pressure of methyl- occurred on vanadium at ambient temperature, 
ProPene (PO): A, 4.5 Torr (dose 5,  Table the film temperature was raised to ,-a. 150" and 0, 4.6 x Torr (dose 6, Table 1). 

dehydrochlorination activity was again observed. 

order kinetics for the disappearance of reactant. 
This behavior was probably due to a super- 
position of a solid state diffusion controlled 
process on a surface dehydrochlorination with 
an order less than unity, as discussed below. 
Hydrogenation of product propene to propane 
was also observed subsequent to completion of 
dehydrochlorination. A graphical representation 
of the change in  propene to propane ratio during 
and subsequent to dehydrochlorination is shown 
in Fig. 2. The sharp break in slope at complete 
reaction suggests that the changing ratio is due 

FIG. 2. Variation of paraffin:olefin ratio during and 
following a reaction of I-chloropropane on vanadium at 
0 "C: P,(C,H,CI) = 0.01 Torr; 0, point at which 
dehydrochlorination was complete. The reaction depicted 
was the fourth dose in a sequence; the first three doses 
(0.01 Torr) reacted too rapidly to follow and gave only 
propane as product. 

At elevated temperature one mole of propene 
was produced per mole of 1-chloropropane 
reacted. ~ ~ d r o ~ e n  was also released tothe gas 
phase from the film at the same rate prior to, 
and subsequent to, completion of a given 
dehydrochlorination. Loss of reactivity occurred 
with each reaction, but the loss of reactivity 
could be offset by raising the temperature. 

A series of five sequential reactions of ca. 
1.3 x Torr 1-chloropropane was studied 
at 230". The initial slopes of the pressure/time 
plots, Fig. 3, were determined by a n  analytical 
curve-fitting procedure. Each reaction was 
carried to completion and a new reaction cycle 
was started as quickly as possible t o  minimize 
film recovery. A plot of the initial rates against 

FIG. 3. 0, disappearance of I-chloropropane with 
time on vanadium at 230' ( P o  = 0.013 Torr) for four 
consecutive doses; 0, change in initial rate of reaction 
with total pressure reacted (PoT). 
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the total amount of I-chloropropane reacted 
prior to the start of each run gave a straight line, 
Fig. 3, fitting the equation: 

where -(dP/dt), is the initial rate and PoT is the 
total pressure of 1-chloropropane reacted. Al- 
though the film had already been reacted with 
1.3 x Torr of I-chloropropane prior to 
this series of runs, the beginning of the series is 
chosen in Fig. 3 as an arbitrary zero of surface 
halide concentration. Inclusion of the additional 
halide would introduce a constant term to  eq. 1. 

First order plots of the data in Fig. 3 gave good 
straight lines. This apparent first order behavior 
was due to a superposition of the poisoning 
effect, expressed by eq. 1, upon a reactant con- 
centration order of less than one. This behavior 
can be described by the expression 

where -(dP/dt), is the rate at  time t ,  k is a con- 
stant, n is the reactant concentration order, and 
PT = PoT + (Po - P,). Po is the initial reactant 
pressure for a given run and P, is the pressure 
at  time t. Insertion of n = 3 and integration 
yields [3] 

2 
[3] t =- {tan-' [ ( p / a ) ' / ' ~ ~ ' / ~ ]  

a p  l l 2  

- tan- ' [(p/a)112P'/2]} 

where a = k[0.0031 - 0.033(PoT + Po)] and P = 
0.033k. Plots of the right-hand side of [3] against 
time for the first and last runs of Fig. 3 are shown 
in Fig. 4. The linearity of these plots suggests that 
the true order of the surface reaction is 0.5. Simi- 
lar treatments of the data for n = 0.4 and 0.6 
show slight curvature. The 30% increase in slope 
between the first and fifth reactions may be due to 
a fundamental inadequacy of the model, but is 
more likely to be due to discrepancies between the 
poisoning rate as determined from initial reaction 
rates at  constant pressure (eq. 1) and the poison- 
ing rate in the dynamic, reacting system. The ex- 
pression [3] also ignores film recovery between 
runs, which may not be entirely negligible. The 
non-zero intercepts in Fig. 4 are an artefact 
arising from the time lags between readings on 
the several mass-spectrometric peaks needed for 
analysis of reactant and products. 

FIG. 4. Disappearance of I-chloropropane on vana- 
dium plotted as a combined half-order and surface 
poisoning limited reaction: T = 230°, Po = 0.014 Torr; 
0, first reaction of Fig. 3. D, fourth reaction of Fig. 3. 

Although hydrogenation of product olefin was 
observed on vanadium during and followin,: 
reaction with the first few aliquots of I-chloro- 
propane at ambient temperature, the hydro- 
genation activity was no longer evident a t  
elevated temperature. 

Chromium 
When no further reaction was observed on  

chromium at ambient temperature, the film 
temperature was increased t o  138", liberating 
considerable amounts of hydrogen. Reaction of  
a 1.7 x lo-' Torr aliquot of 1-chloropropane 
on this film gave complete dehydrochlorination 
in 380 s, yielding an equivalent amount of pro- 
pene and a small amount of hydrogen. Subse- 
quent to  the completion of dehydrochlorination, 
the propene underwent slow hydrogenation t o  
propane (half-life 5000 s) by a reaction that 
appeared to be first order in propene. A second 
aliquot of reactant also underwent rapid de- 
hydrochlorination to an equivalent amount o f  
propene and a small amount o f  hydrogen. N o  
hydrogenation activity was observed after this 
reaction. 

Further reactions were studied at  160" and 
190°, and these consistently yielded ca. 7 0 x  
propene and 3 0 x  hydrogen, according to [4]. 

* is a reactive surface site. 
Five consecutive reactions were followed t o  

completion (Po = 3 x Torr)  at 180". The  
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reactant disappeared by apparent first order 
kinetics within each experiment, but the initial 
rate fell by about 50x  over the five runs. Thus 
the true concentration order was certainly less 
than one and may well have approached one- 
half, as observed with titanium, vanadium, and 
manganese. 

Manganese 
Six consecutive reactions at 0.01 Torr and 

160" on a previously reacted surface caused no 
detectable decrease in the rate of dehydrochlori- 
nation of 1-chloropropane. A further reaction 
of 0.05 Torr did give a slight reduction in activity. 
The products were consistently an equivalent 
amount of propene and a lesser amount of 
hydrogen than required by eq. 4. Continued 
evolution of hydrogen during and between 
reactions made exact measurement of the amount 
arising from each dehydrochlorination sequence 
impossible. 

The results of a sequence of six runs to comple- 
tion at 0.01 Torr, at a series of temperatures 
between 160" and 200°, are summarized in Fig. 5. 
In these reactions 1 -chloropropane disappeared 
according to a half-order rate law and an 
activation energy of 17.2 + 0.6 kcal/mol was 
obtained from the Arrhenius plot in Fig. 6. The 
first and last runs in the temperature cycle were 
run at essentially the same temperature and 
showed negligible change in activity of the film. 

No hydrogenation was observed in the above 
reactions either before or after completion of 
dehydrochlorination. 

FIG. 5. ,Reaction of I-chloropropane on manganese 
plotted as a half-order reaction: Po = 0.01 Torr;  0, 158"; 
0, 169"; 0, 177"; 0, 189"; V, 198"; A, 200'. The last 
two runs were the first and last of the temperature scan. 

FIG. 6. Arrhenius plot of data from Fig. 5. k = 
slope of half-order plot. 

Iron, Cobalt, and Nickel 
High temperature reactions of I-chloropro- 

pane with previously reacted iron, cobalt, and 
nickel were all characterized by rapid surface 
poisoning. Successive reactions were conducted 
at  progressively higher temperatures betweeen 
60 and 230°, until the metals became completely 
inactive. The gaseous products were consistently 
propene and hydrogen and all of the chloride 
was left at the surface. Each temperature rise 
induced hydrogen evolution from the surface. 
The poisoning rate was too rapid t o  allow mea- 
surement of meaningful kinetics with the experi- 
mental technique being used. 

In each case the total pressure of l-chloro- 
propane reacted, by the time the surface became 
completely inactive at 230°, was ca. 0.05 Torr. 

Reactions of I-Chloro-2-n7etllylpropane at 
Elevated Temperatures 

At high temperature all of the reacted metal 
surfaces examined in this study became catalyti- 
cally active for dehydrochlorination of l-chloro- 
2-methylpropane to equimolar gaseous hydrogen 
chloride and 2-methylpropene. Between the 
initial low temperature reactions and the onset 
of catalytic behavior, the reactions passed 
through an intermediate phase of non-catalytic 
dehydrochlorination, very similar in character to 
the behavior of I-chloropropane. During this 
intermediate phase, no hydrogen chloride was 
detected and the products were 2-methylpropene 
and progressively decreasing amounts of 2- 
methylpropane and hydrogen. The characteristic 
number of reactant molecules reacted during 
this period, the end of which was signalled by 
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TABLE 3. Summary of kinetic parameters for catalytic dehydrochlorination of 
2-methyl-1-chloropropane 

Temperature range Initial pressure 
Metal PC) x lo2 Torr E, (kcal/mol) . log A* 

'The apparent Arrhenius pre-exponential factor. 

the appearance of hydrogen chloride in the gas 
phase, varied approximately in the sequence: 
Ti(50), V(15), Cr(15), Mn(25), Fe(6), Co(lO), 
Ni(l0). (Numbers are units of l oL7  mol.) Since 
the walls of the vacuum manifold scavenge the 
initial product HCI, little quantitative signifi- 
cance can be attached to the latter figures, beyond 
the fact that titanium and manganese consistently 
required more reaction to achieve catalytic 
activity. The complexity of the rates and stoi- 
chiometries of reactions in this period precluded 
any attempt at detailed kinetic analysis. 

At the conclusion of the intermediate phase 
described above, all reacted metal surfaces 
studied became consistently catalytically active, 
effecting dehydrochlorination according to a 
first order rate law up to conversions greater 
than 90%. Reaction temperatures could be 
cycled over at least a range of 50" without 
change in the activity of the surface. Some 
typical rate curves are shown in Fig. 7 and the 
activation parameters for all of the metals are 
summarized in Table 3. 

Discussion 
Reaclions at Ambient Temperature 

The reactions of alkyl halides with metals of 
the first transition period, although exhibiting 
consistent general features, are evidently very 
complicated. The early phases of the reaction, 
characterized by high rates of reaction, high 
levels of retention of organic radicals at the 
surface and traces of cracking as well as de- 
hydrochlorination and disproportionation prod- 
ucts, are probably representative of the reactivity 

FIG. 7. Disappearance of 1-chloro-2-methylpropane 
o n  chromium plotted as a first-order reaction: 0, 150"; 
8, 171"; m, +, 183"; A, r, 198O. Po = 0.01 Torr. 
Duplicate runs were performed on a rising temperature 
sweep after completion of the four runs on a downward 
temperature sweep. 

of the unoxidized metal. This reactivity rapidly 
gives way to a second phase, characterized by 
fairly clean dehydrochlorination, little retention 
of organic radicals and, in some cases, catalytic 
hydrogenation of product alkene by product 
hydrogen. The latter catalytic activity is the 
most characteristic symptom of this intermediate 
phase, and the activity appeared to be constant 
in the absence of alkyl halide, but diminished 
with increasing contamination of the surface by 
halide. In view of the fact that higher tempera- 
tures renewed dehydrochlorination activity but 
not hydrogenation activity, it seems that hydro- 
genation and dehydrochlorination are character- 
istic of different surface species. 
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Although no quantitative analysis of the 
poisoning effect of halide deposited at the 
surface was undertaken at  low temperature, it 
is most likely, in view of observations at high 
temperature discussed below, that the decline 
in rate was due to  the build-up of a barrier 
against diffusion between the pure metal inter- 
face and the surface. 

The behavior of titanium was notably different 
from the other metals, both at  ambient and 
elevated temperatures, in that n o  gaseous 
hydrogen was ever liberated from the former and 
no catalytic hydrogenation was ever observed. 
Such behavior is consistent with the exceptional 
solubility of hydrogen in titanium if it is assumed 
that hydrogen, once incorporated into the bulk 
phase, is no longer available for either hydro- 
genation of alkene, or  for desorption. In the 
cases of the other metals, hydrogen appeared 
to be readily available for release t o  the gas 
phase on heating the films. This hydrogen may 
have been present as weakly bound atomic 
hydrogen, or  alternatively may have come from 
stripping of hydrocarbon radicals retentively 
adsorbed at the surface. 

Reactions of I-Chloropropene at Elevated 
Temperatures 

Titanium and manganese behaved very simi- 
larly towards I-chloropropene at  high tempera- 
ture, in that the deposited halide did not signifi- 
cantly impair the rate of transport of reactive 
intermediates between the surface of the bulk 
metal and the gas-solid interface. In a previous 
discussion (la)  this behavior was attributed, in 
the case of titanium, t o  the coincidence of a low 
lattice energy for the metal hydridelhalide phase 
at  the interface and a high sublimation energy 
for the metal. Thus, rate control was assumed t o  
be due to  migration of metal atoms out of the 
bulk metal surface into the hydridelhalide phase 
and not t o  transport across the latter phase. 

It is interesting to note that the lattice energies 
for the dichlorides of the metals from titanium 
to  copper follow the sequence (3): 

titanium to  copper., Furthermore, all of these 
dihalides have essentially the same structure 
(either CdCl,, o r  CdI, structure) (5). It is 
tempting, therefore to conclude that, although 
all of these metals react with 1-chloropropene 
by a common set of processes, a change from 
rate control by transfer of metal atoms from the 
bulk t o  rate control by diffusion across the 
halide occurs when the halide lattice energy 
becomes too high. That this comfortingly 
straightforward picture is probably a gross 
oversimplification is suggested by the fact that 
the heats of sublimation of Ti and Mn differ bv 
the very substantial amount of 40 kcal per 
a tom (6), whilst the lattice energies of their 
dichlorides differ by only 10 kcal pe r  mol. 

The involvement of lattice energy in the rate- 
controlling process is also suggested by the 
greater reactivity of vanadium a n d  chromium, 
relative t o  the metals beyond manganese. Al- 
though the linear decay law (eq. l )  observed 
with vanadium is different from others reported 
for thin film oxidation, or tarnishing, reactions 
(7), there is little doubt  that the decay in reactivity 
is a diffusion phenomenon. T h e  dramatic 
decline in reactivity beyond manganese is also in 
line with the steep rise in lattice energy for the 
dihalides. 

Further speculation as t o  details o f  mechanism 
is not justified on the  basis of the da ta  obtained 
in this rather crude survey of behavior. It is 
already evident nonetheless that factors in- 
fluencing corrosion by alkyl halides may well 
vary systematically with the known macroscopic 
physical properties of the reactant metal and the 
product surface layer. 

Catalytic Dehydrochlorination of l-Methyl-2- 
chloropropane 

The  surface catalyzed dehydrohalogenation of 
haloalkanes is a well-established and general 
phenomenon. In fact the ubiquitous catalytic 

ZSince the structures of the metals and the halides are 
very similar across the first transition period, it may be 
assumed that entropy differences are small and free 
energies of reaction follow enthalpy changes. Using 
published heats of formation (4), the heats of reaction for 

nMCI,,+ ,, + M -t (tz + 1)MCI. 

were calculated for 11 = 1 and 2 for several of the metals 
It can also be shown from thermodynamics that ~i to cu, In each case the reaction for n = 2 was exo- 
the most stable halide in equilibrium with the thermic (Ti, - 12 kcaljmo]; V, -50 kcaljmol; Cr, - 12 
metal is the dihalide for all of the metals from kcal/mol; Fe, -49 kcal/mol). 
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activity of surfaces is one of the major experi- 
mental problems in the study of such reactions 
homogeneously in the gas phase (8). 

Schwab and Noller (9) and Noller and 
Ostermeier (10) studied the dehydrochlorination 
of alkyl chlorides on alkali metal halides. For 
these reactions, activation energies ranged from 
8 kcal per mol (2-chloro-2-methylpropane on 
RbCl at 100") to 53 kcal per mol (chloroethane 
on KC1 at 400"). On the basis of such results, 
Noller suggested a relationship between lattice 
spacing in the crystal and the activation energy 
for the reaction (10). It was also proposed that 
effective catalysis required a good geometrical fit 
of the haloalkane to the active surface sites to 
facilitate a heterolytic cleavage of the C-Cl and 
C-H bonds. The mechanism proposed by 
Noller closely resembles the quasi-heterolytic 
model proposed by Maccoll and Thomas for 
homogeneous gas phase dehydrohalogenation 
(1 1). Swinbourne studied dehydrochlorination 
of cyclohexylchloride on the alkali chlorides 
and found activation energies of 1 1, 13, 17, and 
25 kcal per mol for LiC1, NaCl, KCl, and 
RbCl(12). 

Noller and Ostermeier studied reactions of a 
wide range of alkyl chlorides on transition 
metal oxides, nitrides, and carbides (13). Again, 
the activation energies ranged from a low of 
1 1 kcal per mol (2-chloro-2-methylpropane on 
TaC) to a high of 50 kcal per mol (l-chloropro- 
pane on Ta,O,). The same mechanism as for 
the alkali chlorides was suggested, with the 
surface acting to facilitate heterolytic carbon- 
halogen bond breaking. 

The results of the present study certainly are 
too complicated to be explained by any simple, 
one parameter model. In the series of halided 
metals Ti through Ni, the two outstanding 
features are the exceptionally high activation 
energy for titanium catalyzed dehydrochlorina- 
tion of 1-chloro-2-methylpropane and the excep- 
tionally low value for the corresponding manga- 
nese reaction. Although minor variations were 
observed between the activation energies for 
the remaining metals, these variations could 
not be taken as significant, and all of the values 
were roughly half-way between the extremes of 
the values for Ti and Mn. 

The variable features of the surfaces that 
would most likely affect a heterolytic bond 
cleavage are the electron affinity of the metal 
ion and the internuclear separation between 
metal ion and chloride nuclei. Whatever the 

oxidation states involved (both thermodynamics 
and chemical intuition suggest a maximum of 
+2), titanium would have the lowest electron 
affinity and the largest interionic separation, so 
the extreme high value of the activation energy 
for the reaction on titanium can be rationalized. 
On the other hand, no such simple rationaliza- 
tion of the uniquely low energy of activation for 
manganese may be proposed. If the validity of 
the Noller geometric theory is accepted for the 
present reactions, the best that one can conclude 
is that the unusual position of manganese is a 
fortuitous optimum of interionic separation and 
electron affinity. It may be argued that, although 
the electron affinities of Cr", Fe", Co", and 
Nil1 are greater than that of Mn", there is a 
poorer geometric fit of the reactant to the 
surface lattice. 

Although crystal field stabilization energy 
(CFSE) effects, due to changing coordination 
number of surface and metal atoms during 
reaction, are likely to be important, calculation 
of changes of CFSE between several pairs of 
reasonable geometries (14) showed no correla- 
tion with the sequence of activation energies. 

The catalytic dehydrochlorination of branched 
alkyl chlorides on titanium was previously 
discussed in terms of a surface assisted, con- 
certed cis-elimination (16). In addition to the 
usual adsorption energy effects, it was proposed 
that the process of adsorption may reduce the 
energy barrier arising from the symmetry for- 
biddeness of the cis-elimination. The present 
experimental data do not permit an evaluation 
of the relative importance of geometric factors, 
symmetry factors, and electronic factors in the 
overall mechanism. 

In conclusion, attention is drawn to the strong 
correlation between apparent activation energy 
and apparent frequency factor for all of the 
catalytic reactions studied so far. The apparent 
frequency factors contain undetermined varia- 
tions in geometric surface area, roughness factor, 
and numbers of active surface sites, but these 
uncertainties d o  not exceed one order of magni- 
tude. The linear correlation is shown in Fig. 8. 
Such linear correlations are not uncommon for 
reactions performed on a series of similar 
surfaces (1 5). 

Conclusions 
The non-catalytic reaction appears to depend 

on solid state transport of reducing species to, 
or oxidizing species from, the gas-solid interface. 
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Arrhenius factor probably precluded the catalytic 
160 pathway for I-chloropropane. 

The presently available evidence does not 
permit any precise evaluation of the mechanism 

12.0 of the catalytic reactions. 
z' 
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Ab itzitio calculations have been performed on a series of molecules HCOX, where X = CH,, NH2, 
OH, F, H, and also on the corresponding oxygen protonated cations. Rotational studies show the 
incoming proton to be tratls to the substituent X except in formyl fluoride, where internal hydrogen 
bonding stabilizes the cis isomer. The geometries of the fluoro- and amino-substituted cations have been 
optimized along with that of oxygen protonated ketene. Proton affinities are found to  be very dependent 
on substituents with the order of basicity being amide > carboxylic acid > acid fluoride 2. acet- 
aldehyde > ketene > formaldehyde, an order which closely follows the negative charge o n  the oxygen. 
Plots of the computed charge on the carbon atoms against the core binding energy are different for the 
cations and neutral compounds but can be made to  fall on the same line by correcting the binding energy 
using "the charge potential model" for the K-shell electron which is removed. 

Des calculs ab initio ont i t6 effectues sur une sirie de moleculesHCOX,oi! X = CH,,NH,,OH, F , H  
et aussi sur les cations correspondants oh I'oxygene est protone. Des etudes de rotation montrent que ce 
proton supplkmentaire du cation est en position trans par rapport au  substituent X excepte dans le 
fluorure de formyle oh des liaisons hydrogenes internes stabilisent I'isomere cis. Les geometries des 
cations avec le fluor et I'amine ont ete optimisees ainsi que celle du cetene protone a l'oxygene. On a 
trouve que les affinites pour le proton dependent beaucoup des substituents et sont dans  l'ordre de 
basicite amide > acide carboxylique > fluorure d'acide 2. acCtaldChyde > cetene > formaldehyde, 
ordre qui suit etroitement la charge negative sur l'oxygene. Les variations de la charge calculee sur les 
atomes de carbones en fonction de l'energie de liaison de coeur sont differentes pour les cations et les 
composts neutres mais peuvent &tre rendues sirnilaires en corrigeant I'energie de liaison par le "modele de 
charge potentielle" pour I'electron de la couche K qui est enleve. 

[Traduit pa r  le journal] 

Can. J. Chem., 52. 546 (1974) 

Protonated weak bases are important as inter- (X = NH,) are the most basic carbonyl-con- 
mediates in acid catalyzed hydrolysis reactions taining compounds in solution and have been 
and also as indicators in the construction of 
acidity functions. Many such cations can be 
formed quantitatively in "magic acid" solutions 
and the most stable tautomers and rotational 
isomers (1-8), and the magnitude of rotational 
barriers (about the carbon-oxygen bond) have 
been deduced from low temperature n.m.r. 
measurements. 

Several classes of weak bases contain a car- 
bony1 group and vary markedly in basicity 
depending upon the substituent X. Amides 

used to form an acidity function (9, 10). The 
generally recognised order of basicity in solution 
is amides > ketones > aldehydes > carboxylic 
acids > acid chlorides. For example, the pK,,+ 
of benzamide (R = C6H5, X = lVH,) is -2.0, 
corresponding to half protonation in 34% 
H,SO, while that of benzoic acid (R = C6H5; 
X = OH) is -7.2 with half protonation occur- 
ring in 82% HH,S04 (1 1). One possible explana- 
tion of this large difference is that the site of 
protonation may be different, the amino group 
of the amide and the hydroxy group of the acid 
being protonated. However both experimental 
(12-15) and theoretical data (16) point to car- 
bonyl-oxygen protonation of both classes of 
compounds. Thus it appears that changing the 
amino group of an amide for a hydroxy group 
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decreases the basicity of the carbonyl-oxygen by 
more than five pK units. 

As part of a continuing study of carbonyl- 
containing compounds we now report ab initio 
calculations on a series of formyl derivatives 

HCOX and H C ~ H X ,  where X = CH,, NH,, 
OH, F, and H. Oxygen protonated ketene has 
also been included. Some calculations have 
already been published for the molecules (17-21) 
and some of the ions (18,22) but comparison of 
the different calculations is difficult as a variety 
of basis sets have been used. In the present work 
the same basis set has been maintained in all the 
calculations and the geometries of the conjugate 
acids have been optimized. 

Both theoretical and experimental evidence 
indicate that, with the exception of ketene, all 
the compounds are carbonyl-oxygen protonated. 
Ketene protonates on the P-carbon atom to 
form the acetyl ion (3) rather than the hydroxy- 
vinyl cation (4) (23). In the present work only 

I protonation of the carbonyl oxygen is reported. 

structure with two hydrogen atoms eclipsing. 
Structure 5 is also the experimentally observed 
conformation and the computed rotational 
barrier compares very favorably with the experi- 
mental value of 1.162 kcal/mol (27). 

Both rotamers of acetaldehyde can protonate 
either cis or trans to the methyl group, leading to 
four possible tautomers. Trans protonation of 
the more stable rotamer of acetaldehyde pro- 
duced the most stable conjugate acid (6).  This 

was computed to have a rotational barrier 
(about the C-C bond) of 0.9 kcal/mol and to be 
more stable than the cis protonated tautomer by 
1.2 kcal/mol (the latter has a rotational barrier 
of 0.4 kcal/mol). Experimentally the cis and 
trans tautomers have been shown to be in 
equilibrium in SO,-FS0,H-SbF,, with the 
trans tautomer being the more predominant by a 

Computational Details factor of five (3) corresponding to a free energy 

~h~ calculations were out on an IBM difference of 0.95 kcal/mol at 298 OK. Thus these 

360-65 compl,ter using IBMO=-IV (24). The calculations, unlike the smaller basis set cal- 

Gaussian basis set consisted of 8 9 n d  3P func- culations of Ros (18), predict the experimentally 

tions on carbon, nitrogen, oxygen, and fluorine be the more 

and 3' functions on hydrogen. These were con- The remaining conjugate acids, with the excep- 

tracted to 2" l P ,  and I s ,  respectively (25). tion of protonated ketene, were computed to be 

Microwave data provided geometries for all planar. As in ~rotonated acetaldehyde the in- 

the neutral molecules (26-30). The geometries of coming proton in the conjugate acids of formic 

three cations were taken from the optimization acid and formamide was found to be trans to the 

work by Ros (18); the others were optimized by substituent. However in protonated formyl 

first finding the best conformation for the in- fluoride the hydrogen was predicted to  be cis to 

coming proton, then optimizing the C-0 and the fluorine (see Table 1). The optimum con- 

C-x bond lengths in  turn. ~ 1 1  the bond angles formation of a molecule or ion in the gas phase 

in the conjugate acids were assumed to be ideal determined by internal hydrogen bonds and 

(120 or 1800) in accordance with Ros's work steric interactions. Formic acid, formamide, and 
acetaldehyde all have weak hydrogen bonds 
between an in-plane hydrogen on the substituent 

Results and the carbonyl oxygen, leaving the other lone 
Geometry Optimization pair of electrons on the oxygen the more avail- 

The most stable rotamer of acetaldehyde was able. Protonation therefore occurs trans to the 
I computed to have one hydrogen of the methyl substituent. Formyl fluoride however has no 

group eclipsing the oxygen atom (5). This was hydrogen in the substituent, fluorine, and under- 
found to be more stable by 1.0 kcal/mol than the goes cis protonation to  form the conjugate acid 
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TABLE 1. Optimized conformation and C-0 and C-X bond lengths (A) in  
OH 

4' 
H-C:+ \. 

X 

Energy difference 
between cis and 
trans rotational 

Conformation C-0 bond length" C-X bond lengtha isomers (kcal/mol) 

H H 
\ + /  GO 1.27b (1.21) 1.09b (1.12) 0.0 
/ 

H 

H\ 

4 0 

H-C + H 
\ / 
,C"+,+ 

H H 

"ond lengths of the corresponding free base are given in parentheses. 
bReference 18. 
<Taken from ref. 22. The Gaussian basis set was 7' 3s; 3= with no  contraction. 

in which internal hydrogen bonding is possible. 
Similar internal hydrogen bonds from fluorine 
to amino and hydroxy groups have been found in 
1,Zdisubstituted ethanes (31). 

Finally a rotational study on oxygen-proton- 
ated ketene gave a large barrier (23.2 kcal/mol) 
with the incoming hydrogen atom 90" out of the 
plane (the COH bond angle was taken to be 120") 

1 (32). This ion is isoelectronic with allene, a mole- 
I 
i cule which is known to have the hydrogen atoms 

on its terminal carbon atoms in planes which are 
perpendicular to one another. 

After the optimum rotational conformations 
had been determined, the C-0 and C-X bond 
lengths were optimized for the conjugate acids 
of formamide, ketene, and formyl fluoride. A 
typical optimization curve, for the C-0 bond 
of protonated formyl fluoride, is given in Fig. 1 .  
Geometries of protonated formaldehyde, acet- 
aldehyde, and formic acid were taken from the 
literature (18). All the optimized geometries 
along with the barriers for rotation about C-0 
(prior to optimization of the bond lengths) are 
given in Table 1.  All the optimized CO distances 
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CO BOND LENGTH (i) 
1.20 1.25 1.30 1.35 1.40 
I 1 I I 

FIG. 1. Potential curve for optimization of carbon- 
oxygen bond length in protonated formyl fluoride. 

are predictably longer than the experimental bond 
lengths of the free bases (given in parentheses) 
but deficiencies in the Gaussian basis set may 
result in the optimized geometries being slightly 
incorrect. 

Protonation on oxygen results in the carbon- 
oxygen bond length increasing by at least 0.05 A 
with the largest change occurring in formamide 
(0.147 A). From this it may be interpreted that 
the resonance structure 7 is an important con- 

tributor, strengthening arguments for oxygen 
protonation of amides. However the C-N bond 
is considerably longer than in dimethylglyoxime 
(1.27 A) (33) and the C-0 bond is much shorter 
than in methanol (1.428 A) (34) suggesting that 
the delocalized structure 8 best describes proton- 
ated formamide. 

The carbon-oxygen bond length of formyl 
fluoride is also lengthened considerably on pro- 
tonation, but unlike in the amide this is not 
accompanied by a shortening of the C-X bond. 

FIG. 2. Computed charge distributions. 

The C-F bond remains at 1.345 A, longer than 
in fluoroethylenes (1.33 A) and much longer than 
in CH,F+ (1.26 A) (35). 

Charge Densities 
Charge densities obtained from a Mulliken 

population analysis (Fig. 2) show that the 
fluorine acquires some positive charge on pro- 
tonation. However from the changes in the 
charge on group X, summarized in Table 2, it 
may be concluded that resonance structure 9 is 

TABLE 2. Decrease in electron density on substituent-X 
on protonation of HCOX and computed and 

experimental dipole moments (Debye) 

Decrease in Dipole 
electron - - 

Substituent density Computed Experimentala 
--- 

H 0.1709 1.45 2.33 
C H j  0.2465 1.73 2.69 
O H  0.2438 1.01 1.41 
F 0.1535 1.46 2.02 
NH2 0.3357 2 . 7  3.73 
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least important for the fluoride and most im- 
portant for the amide. Even formaldehyde, which 
cannot form a double bond with the substituent 
X (H), and acetaldehyde, which requires a struc- 
ture involving hyperconjugation, have larger 
decreases in electron densities in their substitu- 
ents on  roto on at ion. 

Dipole moments of the parent molecules were 
compared with the experimental values from the 
literature (36) as a check on the reliability of the 
computed charge densities. These are listed in 
Table 2. All the computed dipole moments are 
smaller than the experimental ones, but exact 
agreement could not be expected from calcula- 
tions using this medium size basis set. More 
importantly for comparative purposes there is a 
definite trend, with the calculations consistently 
predicting dipole moments which are too small 
by a third. It therefore seems that the changes in 
electron densities on protonation, although quan- 
titatively inaccurate, should be valid for purposes 
of comparison. 

Protonation Energies 
The computed total energy for the molecules 

and cations are listed in Table 3 along with other 
literature values (17-22). Using the criterion of 
energy as a test for the accuracy of a wavefunc- 
tion, it can be seen that better calculations are 
available for the bases. However for the cations, 
species for which geometries are not available 
and therefore have to be optimized, superior 
wavefunctions exist only for protonated form- 
aldehyde (geometry assumed) and protonated 
formic acid (22). 

Proton affinities, calculated by taking the 
difference in the total energies between a mole- 
cule and its conjugate acid and neglecting changes 
in zero-point vibrational energy (usually less 
than 5 kcal/mol), are listed in Table 4. The com- 
puted proton affinities are slightly larger than the 
experimental values, as expected, due to inade- 
quacies in the basis set (22). 

The predicted order of basicity in the gas 
phase is amide > carboxylic acid > acid fluoride - acetaldehyde > ketene > formaldehyde. This 
closely follows the computed negative charge on 
the oxygen atom of the free base, with only 
ketene and formaldehyde being interchanged. 
In solution, however, the aldehydes are more 
basic than carboxylic acids and acyl fluorides, 
suggesting that their cations are stabilized more 
by solvation. The positive charges on the hydroxy 

protons of the protonated aldehydes (0.43 and 
0.41) are computed to be slightly larger than in 
protonated formyl fluoride (0.34) and protonated 
formic acid (0.40) perhaps causing the protonated 
aldehydes to form stronger hydrogen bonds with 
the solvent and thereby producing more stable 
cations in solution. However, the differences in 
the charges are only small and this argument is 
clearly not very conclusive. 

A different approach to considering the relative 
basicities of the carbonyl groups is to examine 
the binding energy of the oxygen "lone pair". In 
molecular orbital theory these orbitals are partly 
delocalized but are predominantly on the oxygen 
atom and are easily identified from the coeffi- 
cient matrix. The order of availability of non- 

TABLE 3. Computed total energies (hartrees) 
-- -- 

Present Previous 
Ion or molecule calculations" calculations 

H-C 
4 O  

-152.2369 - 148 .50OOc 
\ 

// 
H-C H (planer) 

\ / -168.1299 - 168.8684d 
N\ (experimental 

H geometry) 

4 O  
H-C, -211.5930 -212.6841d 

0-H + .q 
H-C 

\ 
-113.6521 -110.8872' 

H -113.8609' 

+.q 0 

H-C, -152.5907 - 148.8708' 
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TABLE 3 (C011cIud~~d). 

Present Previous 
Ion or molecule calculationsa calculations 

0 
&+ 

H-C H - 168.5358 - 
\ / 

N 

\ H 

TABLE 4. Computed proton affinities (kcal/mol)" 

Computed Experimental 
Molecule value value 

H 
\ 

C=O -206.6 - 16Sb 
/ 

H 

2) 
H-C H 

\ / 
-231.5 - 179' 

0 

0 
&+ \ 

- H-C H -211.9482 H-C H -254.8 - 
\ \ / 

F N\ 
H 

H\ 
C=C=O-H - 151 .3270 - 

/ H-C 
//O 

H -223.0 - 
\ 

RKlessinger basis set. F 
bReference 17. 
<Reference 18. H 
*Reference 19. \ 
-Reference 20. 

/C=C=O 
-216.8 - 

JReference 22. 
H 

bonding electrons is the same as the order of 
basicity in solution, i.e. formamide (9.86 eV) < 
acetaldehyde (10.09 eV) < formaldehyde (10.45 
eV) < formic acid (10.56 eV) < formyl fluoride 
(1 1.09 eV). It therefore seems that a combination 
of availability of the lone pair for protonation 
and stabilization of the cation by solvation result 
in the aldehydes being more basic in solution 
than would be suggested by their proton 
affinities. 

The Effect of Protonation on Orbital Energies 
All the molecular orbitals of the cations are 

approximately 10 eV more stable than the 
corresponding ones of the base, as reported 
earlier (37). The shifts of the 1s core orbitals, 
although they are not formally included in the 
valence shell, are also of the same magnitude. 
Recently there has been considerable interest in 
the use of such "chemical shifts" of core orbitals 
(relative to an atom in some standard molecule) 
for the purpose of chemical analysis. Photo- 
electron spectroscopy provides accurate experi- 
mental ionization energies for ESCA (Electron 
Spectroscopy for Chemical Applications (or 
Analysis)) (38, 39). The core binding energies 

"Not corrected for zero point  energy changes o r  thermal energy. 
bReference 44. 
(Reference 45. 

for an atom i can be related to the charge dis- 
tribution in the molecule by eq. 1 (39), where Eoi 

1 Ei = EOi + kgi + C qj/r i j  
i + j  

is a reference level, qi is the charge on atom i, and 
k is a proportionality constant depending on the 
electronegativity of the atom i, and also on the 
method of calculating the charge distribution. 
The last term represents the potential energy at 
atom i caused by the other atoms in the molecule. 

Experimental binding energies for the cations 
and also for some of the free bases have not been 
measured experimentally. In order to  use the 
above formula it was necessary to use Koop- 
mans' approximation (40) that the binding energy 
equals the negative of the orbital energy. This 
method does not allow for the stabilization of 
the remaining electrons in the excited cation 
resulting from removal of one of the highly 
shielding inner electrons, and consequently over- 
estimates ionization energies by as much as 21 eV 
for carbon atoms and 29 eV for oxygen atoms 
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TABLE 5. Potential energy terms provided by other atoms and 1s orbital energies 

Base Conjugate acid 

9 i  
Carbon 

O 9 1  
Oxygen Carbon Oxygen 

C - 1s orbital C - 1s orbital C 9' 1s orbital 9' 1s orbital 
Compound ~ + J ~ I J  energy I + J  r i ~  energy I + J  r" energy ' + J  ' I J  energy 

CH \' (a) Carbonyl -1.46 311.06 -0.18 562.70 5.05 321.82 10.94 574.78 
/C=O (b) Methyl 7.62 308.77 15.17 315.92 

H 

H 
\ 

/C=O 
-0.85 313.32 2.13 562.80 7.18 324.64 11.87 575.00 

F 

0 

H-CH H 
\ / 

-0.89 312.36 (a) Carbonyl 2.13 561.30 5.53 323.22 12.34 573.24 

0 (b)  Hydroxy 5.03 562.98 11.66 573.07 

H-C 
//O 
\ -2.66 311.76 1.64 561.11 5.18 321.58 11.04 571.71 

(a) Carbonyl -4.52 313.50 1.12 565.82 2.59 322.77 11.79 575.86 
CH2=C=0 (b)  Methylene 7.63 308.32 14.53 318.83 

when near Hartree Fock wavefunctions are used 
(41). However the chemical shifts calculated by 
the ab initio method are of the right magnitude 
and vary in a predictable manner with the charge 
on the atom. The present calculations, using a 
medium size basis set, overestimate ionization 
energies by 17 eV for carbon and 23-25 eV for 
oxygen, but again the chemical shifts resulting 
from energy differences should be comparable 
with experimental values. 

A plot of the charge on the carbon atom 
against the calculated core energy gives two 
separate lines, one for the neutral bases and the 
other for the positively charged species (Fig. 3). 
The least squares line for the free bases is 

AEKoo,m,ns~ = 6.0079, + 3 1 1.78 (correlation 
coefficient 0.958) 

and that for the protonated base 

AEKoo,m,ns~ = 7.6759, + 320.95 (correlation 
coefficient 0.979) 

for the difference in charge of the bases and 
conjugate acids, thereby correlating the binding 
energy, corrected for the potential provided by 
the other atoms in the molecule, with the charge 
on a particular carbon atom. 

The appropriate Madelung potential terms 
and the core binding energies are listed in Table 5 
and a plot of the corrected binding energies 
against the computed charge is shown in Fig. 4. 
The points for both the positive ions and neutral 
compounds do  indeed now fall on the same line 
and there is considerably less scatter than on the 
plots of orbital energy against the charge. The 
least-squares line for the carbon atoms is 

Ecorrected binding energy = 20.54i f 12.23 
(correlation coefficient 0.995) 

The equation for oxygen atoms, using data from 
Table 5, is 

Ecorrected binding energy = 44.69i f 57O.3l 
(correlation coefficient 0.987) 

It should be possible using eq. 1 to account The values of k from eq. 1 were therefore 
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-0.6 -0.3 0.0 0.3 
COMPUTED CHARGE 

FIG. 3. Plot of binding energy (taken as negative of 
calculated orbital energy) against the computed charge 
for the carbon atom. indicates cations, 0 indicates 
neutral compounds. 
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An Electron Spin Resonance Study of the tert-Butylsulfinyl Radical1 

Dil.iri011 of Clre~~ristty, Nnrio/rrrl Reserrrclr Corrrrcil of Ctrnrrcln, Orrrr~w, Ciinntla KIA OR9 

Received September 5,1973 

The fert-butylsulfinyl radical, (CH,),CSO', can be prepared directly in the cavity of an e.p.r, spectrom- 
eter by photolysis of di-tert-butyl peroxide in a solution of tert-butylsulfenic acid in toluene or iso- 
pentane at low temperatures (-40' to - 100"). The e.s.r. spectrum consists of a rather broad singlet 
(AH,,,,, - 1.9 G )  with the field center at  g = 2.0106. 

This radical undergoes self-reaction by a bimolecular process and a 2.5 x Msolution has a half- 
life of 0.07 s at - 100°C. It is, therefore, much shorter-lived than the iso-structural tert-butylperoxy 
radical, (CH3)3COO'. 

Le radical terr-butylsulfinyle, (CH3)3CS0.,  peut Etre prepare directement dans la cavite d'un spectro- 
metre r.p.e. par photolyse du di-peroxyde de terr-butyle en solution avec de I'acide tertiobutylsulphenique 
dans Je toluene ou I'isopentane a basse temperature (-40' a - 100"). Le spectre r.p.e. consiste en un 
singulet plutBt large (AH,,,, - 1.9 G )  avec un champ centrC a g = 2.0106. 

Ce radical reagit sur lui-mime par un processus bimoleculaire a - 100" C dans line solution 2.5 x 
M, il a une demi-vie de 0.07 s. I1 a donc une vie beaucoup plus courte que le radical iso-structural 

tert-butylperoxy, (CH3)3CO0.  [Traduit par le journal] 

Can. J .  Chem., 52. 555 (1974) 

Our interest in the kinetics and mechanisms of 
the reactions of the tert-butylperoxy radical (1-3) 
has prompted us to prepare and investigate the 
stability of the iso-structural tert-butylsulfinyl 
radical, (CH,),CSO'. 

Kawamura, Krusic, and Kochi (4) have recently 
reported an electron spin resonance (e.s.r.) study 
of some alkylsulfinyl radicals prepared by several 
indirect methods. A simpler and more direct 
approach to the preparation of these radicals 
would be to react photochemically generated 
tert-butoxy radicals with the appropriate sulfenic 
acid (RSOH). 

hv 
(CH3)3COOC(CH3)3 -> 2(CH3)3CO' 

(CH3)3CO' + RSOH + (CH3)SCOH + RSO' 

Unfortunately very few alkylsulfenic acids are 
stable. Shelton and Davis (5) have, however, 
prepared terl-butylsulfenic acid in solution and 
report that in DMSO it has a half-life of about 
1 week. 

We found that photolysis of di-tert-butyl per- 
oxide (DTBP) in a solution of tert-butylsulfenic 
acid in a solvent with a low melting point (such 
as toluene or isopentane) directly in the cavity of 
an e.p.r. spectrometer (Varian E-4) produced an 

I e.s.r. spectrum which consisted of a rather broad 
-- 

'NRCC No. 13707. 

single line (AH,,,,, -- 1.9 G) with the field center 
at g = 2.0106. 

Photolysis of the acid in the absence of DTBP 
gave a much weaker signal while a spectrum was 
not obtained when a degassed solution of di- 
tert-butyl sulfoxide and DTBP in toluene was 
photolyzed. 

The g-factor for (CH,),CSO' is similar to the 
value of 2.0096 found for methylsulfinyl(4) and is 
somewhat smaller than for the iso-structural tert- 
butylperoxy radical g = 2.0146 (6). tert-Butyl- 
sulfinyl and tert-butylperoxy radicals will have 
a bent structure with the unpaired electron local- 
ized in a S-0 or 0-0 x-orbital(4). The lower 
g-factor for the sulfinyl radical is somewhat sur- 
prising because the spin-orbit coupling constant 
for sulfur is larger than it is for oxygen (7). The 
difference in g-factors must mean that, although 
the radicals have the same structure, their geom- 
etries are different. 

When the initiating light was interrupted in the 
temperature range - 34" to - 100 "C the tert- 
butylsulfinyl radical decayed rapidly with bi- 
molecular kinetics. 

2k1 
[I] 2(CH3)3CSO' + Products 

and 

At - 100 "C a 2.5 x lo-' M solution of this 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



556 C A N .  J .  CHEM.  VOL. 5 2 ,  1974 

radical has a half-life of 0.07 s and the bi- 
molecular rate constant, 2k,, is 6 x 10' M- '  s-'. 

Between -34 and - 100" tert-butylsulfinyl is 
considerably shorter-lived than the tert-butyl- 
peroxy radical, (CH,),COO'. Thus at - 100" a 
2.5 x lo-' M solution of (CH,),COO' would 
have a half-life of ca. 49 years (1). The tert- 
butylperoxy radical is remarkably long-lived be- 
cause it exists in equilibrium with a rather un- 
stable dimer, di-tert-butyl tetroxide, and only 
disappears by irreversible decomposition of the 
tetroxide (reaction sequence 2). 

If a solution in which a significant concentra- 
tion of (CH,),CSO' had decayed was heated in 
the cavity of the spectrometer from - 140" to 
- 30" there was no evidence for radical regenera- 
tion. This implies that, in this temperature range, 
an equilibrium analogous to reactions 2a and 2b 
does not exist for (CH,),CSO'. Irreversible decay 
of (CH,),CSO' is rapid either because the dimer 
is not formed reversibly or because the dimer 
rapidly decomposes to products other than 
(CH,),CSO'. 

It is generally accepted (8) that alkylsulfinyl 
radicals dimerize by sulfur-oxygen coupling to 
give a sulfenyl sulfinate which is unstable and 
rearranges or decomposes to give a thiolsulfonate, 
RS(0)2SR. 

[3] 2RS0  et 2RS+-0- -+ RSOSR + RS(0)2SR 

tert-Butylsulfinyl would appear to react by this 
mechanism since tert-butyl isobutanethiolsulfon- 
ate was the principal sulfur containing product 
formed when tert-butyl hyponitrite was decom- 
posed thermally in the presence of a solution of 
tert-butylsulfenic acid in toluene. 

We have, of course no way of determining what 
fraction (if any) of the initial dimer involved 
oxygen-to-oxygen or sulfur-to-sulfur coupling. 

Experimental 
Materials 

Di-tert-butyl sulfoxide was prepared by oxidation 
of di-terr-butyl sulfide with hydrogen peroxide in glacial 
acetic acid (m.p. 62-63", lit. 63.5-65.0 (9)). 

tert-Butylsulfenic acid was prepared by heating a solu- 
tion of di-tert-butyl sulfoxide (0.02-0.5 M) in toluene 
under argon at 100" for about 15 min. For e.s.r. experi- 
ments this reaction was carried out in a Supracil tube 
(4 mm od). Di-tert-butyl peroxide (10% by vol) was then 
added and the resulting solution was flushed for about 
10 min with argon. 

tert-Butyl hyponitrite was prepared by the method of 
Kiefer and Traylor (10). 

Kinetic Procedure 
Absolute rate constants were determined from rates of 

disappearance of known concentrations of the radical 
(determined relative to a standard solution of DPPH) 
after the initiating light was interrupted. Decay curves 
were accumulated with the use of a rotating sector and a 
computer of average transients (1 1). Initial radical con- 
centrations were varied by inserting neutral density filters 
between the cavity and the light source. 

Prodr~cts 
tert-Butyl hyponitrite (0.2 M) was allowed to decom- 

pose completely in the presence of tert-butylsulfenic acid 
(-0.4 M )  in deoxygenated toluene (50 h, dark, 50"). 
The principal sulfur containing reaction product was 
tert-butyl isobutanethiosulfonate identified by its infra- 
red spectrum ( v ~ , ~  = 1315 and 1110 cm-l)  (12) and its 
mass spectrum (mle 210). 

We thank the Chevron Research Company for financial 
support in the form of a Fellowship to one of us (E.F.) 
and Dr. J. R. Morton for determining the g-factor. 
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The Vapor Pressures and Enthalpies of Sublimation of Five 
Polycyclic Aromatic Hydrocarbons1 

JOHN JAMES MURRAY A N D  ROSWELL FRANCIS POTTIE 
Division of Chernistry, National Resecirch Co~rncil of Canada, Ottclwci, Catlada K I A  OR9 

AND 

CHRISTIAN PUPP 
Air Poll~rtion Control Directorc~te, Departr>ter~t of tlte Ertvirunnrerti, Otiritvrr, Car~ada K I A  OH3 

Received September 18, 1973 

The vapor pressures over benz[a]anthracene (B[a]A), benzo[a]pyrene (B[a]P), benzo[e]pyrene (B[e]P), 
benzo[ghi]perylene (B[glti]P), and coronene have been measured using the Knudsen effusion weight loss 
method. The parameters A and B in the equation logl 0 [p(atm)] = - (AIT) + B and the enthalpies of 
sublimation in kcal mol-' derived therefrom are respectively: B[a]A, 5925 + 36, 10.045 f 0.099, 
27.12 + 0.54; B[a]P, 6181 k 32, 9.601 + 0.083, 28.29 + 0.51; B[e]P, 6220 +_ 33, 9.736 t 0.085, 
28.46 + 0.55; B[ghilP, 6674 -t 40, 9.519 + 0.093, 30.54 + 0.55; coronene, 7100 + 69, 9.110 & 0.149, 
32.49 + 0.55. The errors shown for the A and B values are standard deviations and for the enthalpies 
of sublimation are estimates of total probable error. 

Les pressions de vapeur du benz[a]anthracCne (B[a]A), benzo[a]pyr6ne (B[a]P), benzo[e]pyr6ne 
(B[elP), benzo[ghi]pCrylene (B[ghi]P) et coronene ont t t t  mesurtes a I'aide de  la methode de perte de 
poids par effusion de Knudsen. Les parametres A et B dans ]'equation log,, [ ~ ( a t m ) ]  = -(A/T) + Bet  
les enthalpies de sublimation en kcal mol-' ainsi derives sont respectivement: B[a]A, 5925 -t 36, 10.045 

I 
I t 0.099, 27.12 _+ 0.54; B[alP, 6181 + 32, 9.601 + 0.083, 28.29 _+ 0.51; B[e]P, 6220 + 33, 9.736 + 
I 0.085, 28.46 -t 0.55; B[ghilP, 6674 f 40, 9.519 + 0.093, 30.54 _+ 0.55; coronkne, 7100 + 69, 9. I10 + 

0.149, 32.49 _t 0.55. Les erreurs obtenues sur les valeurs de A et B sont des deviations standards alors 
i que pour les enthalpies de sublimation elles representent des deviations de I'erreur totale probable, 

[Traduit par le journal] 
I Can. 1. Chem., 52, 557 (1974) 

Introduction 
Certain polycyclic aromatic hydrocarbons, 

p.a.h., which are generated principally during the 
incomplete combustion of fossil fuels, are present 
in the atmosphere as trace pollutants. These trace 
pollutants are of concern because some of them 
have been found to be carcinogenic (1). The five 
p.a.h. studied here (see Table l), which include 
three carcinogenic substances, were chosen by a 
committee of the World Health Organization as 
the materials which should be analyzed in a pro- 
gram of monitoring the p.a.h. content of air 
samples (14). 

Afew studies of the vaporization of some p.a.h. 
have been made in the past (2, 3) and vapor pres- 
sures and enthalpies of vaporization, AHosU,,, for 
some of the materials studied here have been ob- 
tained (see Discussion). However such studies, 
being parts of general surveys, were cursory and 
the scatter in the measurements and estimated 
accuracy of the data were not given. As well, the 

'NRCC No. 13702. 

agreement among the various surveys is poor. 
Vapor pressures and AH0,,,, values are of general 
interest to physical chemists. In relation to the 
presence of p.a.h. as air pollutants, such data are 
useful for understanding how and in what state 
these materials are introduced into the atmos- 
phere. The data can also be of value in devising 
effective means to reduce such introduction, and 
could be the basis for designing proper sampling 
procedures to determine the levels of these pollu- 
tants in stack gases, vehicle exhausts, the atmos- 
phere, etc. The application of the present results 
to the latter purpose will be discussed elsewhere 
(15). 

In this study the Knudsen weight loss effusion 
method (4, 5) was used in which the pressure p 
in atm is obtained from the equation 
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TABLE 1. The polycyclic aromatic hydrocarbons which were studied 
--- 

-- 

Melting point ("C) 
Molecular 

Compound Supplier weight Structure Measured* Literature? 

Benz[a]anthracene 
(B[alA) Schuchardt 228.3 156.9 158-159 

Benzo[a]pyrene 
@[alp) Fluka 252.3 176.4 176.5-177.5 

Coronene 

'Single value rn.p.'s obtained using a Met t l e~  FP51 m.p. apparatus, ranges by using a Kofler m.p. microscppe The m.p ranges for B[a]A, 
B[alP, and B[cIP were 2" or less. 

?All l~terature values were from ref. 9. 
$Police Department. Paris, Mme. Herot. 

where Wis the weight loss in grams occurring in t 
seconds due to the effusion of molecules of molec- 
ular weight M through an orifice of area A cm2 
in a Knudsen cell at T OK. R is the gas constant 
and Kc is the Clausing factor which corrects for 
the effect of the length of the orifice upon the rate 
of effusion (5, 6). By the strictest criterion ( 5 )  the 

I method is valid as long as the mean free path of 
the vapor 2 10 times the diameter or "charac- 
teristic dimension" of the effusion orifice. In most 
instances this limitation restricts measurements 
to  maximum pressures of about 5  x loe4 to 

atm. 

Experimental 

The apparatus is shown schematically in Fig. 1. A 
Sartorius 4104 electrobalance having a sensitivity of 
11.18, capacity of 25 g, and zero stability of better than 
2 ~ g / 2 4  h for AT < f 2 "K was used. The flanges of the  
welded stainless steel vacuum manifold were sealed using 
Viton O-rings or copper gaskets. The system was pumped 
via a water cooled baffle and short 10 cm diameter line 
using a nominally 10 cm diffusion pump charged with a 
polyphenyl ether oil (Santovac 5, Monsanto Corp.). 
The vacuum obtained was about atm being limited 
primarily by degassing from the furnace element. The  
100 mm high by 38 mm i.d. furnace was made from two 
inductively wound semi-cylindrical heating units (Lind- 
berg Hevi-Duty) supported on a stainless steel stand. T h e  
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MURRAY ET AL.: O N  SUBLIMATION O F  SOME HYDROCARBONS 559 

SARTORIUS 4104 temperature, the connector B was raised smoothly using 
/ELECTFIOBALINCE 

SCHEMATIC, 
the manipulator until contact with the fine wires of the 
assembly on the cell was achieved. The thermocouple 
output was measured with a null balance potentiometer. 
With care vibrations introduced into the balance system 
in the process of making and breaking contact with the 
cell were negligible. Vibrations from other sources were 

ALIGNMENT BELLOWS - -- reduced by appropriate isolation of the entire vacuum 
-- VAPOUR B U C K  manifold. An additional thermocouple below the cell 

provided the input signal for a proportional controller 
which triggered an SCR furnace power controller. 

[b The apparatus and procedures were tested using arsenic 
TO DIFFUSION 
PUMP 

trioxide of 99.7% purity obtained from Fisher Scientific 
Company. The p.a.h. samples from various sources (see 
below) were obtained via the bank of such materials 
maintained by the Air Pollution Control Directorate, 

KNUOSEN CELL Department of the Environment, Canada. The p.a.h. 
ION GAUGE 

were used without further purification and their purity 
was checked using a mass spectrometer. 

INTERRUPTABLE RESISTANCE FURNACE 
THERMOCOUPLE 

CONTROL Results and Discussion 
THERMOCOUPLE 

Test using Arsenic Trioxide 
FURNACE POWER 
INPUT The uncertainties in the vapor pressures and 

enthalpy of vaporization of arsenic trioxide 
CONTROL (arsenolite) have been substantially reduced by a 

MANIPULATOR FOR THERMOCOUPLE 
THERMOCOUPLE CON- OUTPUT recent careful study by Behrens a n d  Rosenblatt 

CELL THERMOCOUPLE OUTPUT 

FIG. 1. Scale schematic of the Knudsen effusion 
weight loss apparatus. 

Knudsen cells were 20 mm high by 20 mm diameter by 
0.75 mm wall 304 stainless steel with an approximately 
0.50 mm diameter by 0.50 mm long effusion orifice 
(Clausing factor typically 0.50). The orifice plate was press 
fitted into the lower section to form thecell thus ensuring Cr no leakage except through the orifice. A new cell was 
used for each substance studied, the orifice lengths and 
diameter being determined by photomicrography. The 
ratio of the nominal vaporizing surface area to  the cross- 
sectional area of the orifice was 1350: 1. 

The small mass of the furnace and of the Knudsen cell 
permitted re-equilibration after temperature changes to 
better than c 112 "K in 2 h o r  less. This interval was sig- 
nificantly shorter than if a tube furnace or temperature 
bath outside the vacuum enclosure had been used. The 
short hot zone which resulted from use of the 10 cm long 
internal furnace was expected to yield uniform cell tem- 
perature only at  temperatures for which loss of energy by 
radiation from the top and bottom of the cell was negli- 
gible relative to the conductivity within the cell. This 
condition should be satisfied up to about 600 OK. Since 
this short hot zone did preclude the use of a dummy cell 
for temperature measurement, a technique of direct 
measurement of the temperature of the Knudsen cell was FIG. 2. Thermocouple arrangement. T h e  junction A 
devised, as illustrated in Figs. 1 and 2. The thermocouple is spot welded to the bottom of the Knudsen cell. The 
was chromel/alumel calibrated in siili against the freezing part attached to the cell is made from 0.5 and 0.12 mm 
point of indium (429.76 OK). For rate of weight loss diameter wires. The part B which includes the 0.5 mm 
measurements, the connector B was in the lowered posi- diameter connecting wires can be moved in vaclro along 
tion so as not to touch the thermocouple assembly that the vertical axis using a linear manipulator. Cr indicates 
was spot welded onto the Knudsen cell. To  measure the chrome1 A; A1 indicates alumel. 
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(7). As a result it was possible to use arsenic tri- 
oxide as a standard test material. For  the vapori- 
zation 

the present results over the temperature range 
345405 OK are described by the least squares 
fitted eauation 

where the errors given are the standard deviations. 
This is in excellent agreement with the equation 
given in ref. 7 for 367429 OK 

Using the pressure/temperature data of the pres- 
ent study and the free energy functions given by 
ref. 7, the following second and third law enthal- 
pies of vaporization were derived 

AH' (298.15 OK, second law) = 

(28.25 f 0.14) kcal mol-' 

AH0 (298.15 OK, third law) = 

(28.01 f 0.03) kcal mol-' 

where the errors given are the standard deviations. 
The second law value was obtained using the 
Cubicciotti version of the C-plot method (8). 
Since eqs. 2 and 3 show good agreement, these 
enthalpy values also show excellent agreement 
with the second and third law results given in ref. 
7 ((28.31 k 0.56) and (28.13 f 0.20) kcal mol-l, 
respectively). In addition, within the 95% con- 
fidence limits (twice the standard deviations) the 
second and third law enthalpies agree with each 
other, which demonstrates the internal con- 
sistency of the data. Clearly, sources of sys- 
tematic errors in this apparatus and procedure 
were small, and, indeed, as is clear from eq. 2 
the reproducibility was excellent. 

The Polycyclic Aromatic Hydrocarbons 
The six compounds studied and the original 

sources of supply are listed in Table 1. B[a]P is 
highly carcinogenic, and B[a]A and B[e]P are 
also known to be carcinogenic (1). The suppliers 
purified these substances by column chromatog- 
raphy, repeated recrystallization, and/or frac- 

tional sublimation. The indicators of purity used 
were melting point range and U.V. absorption 
spectra. Based upon these indicators purities of 
97% or better were claimed for all the compounds. 
All samples were pale yellow crystalline solids. 
These claimed purities were roughly confirmed 
by checking melting points (Table I) and by 
using a Knudsen cell mass spectrometer with 
molar purity results as follows: B[a]A, 98.4%; 
B[a]P, 96.3%; B[e]P, 98.2%; B[ghi]P, 94.6%; and 
coronene 98.6%. B[k]F was found to be quite im- 
pure (about 10% impurity) and the results ob- 
tained are regarded as preliminary only. The most 
common impurities were 6 and 14 mass units 
above the principal component. Most probably 
these were principal component plus 6H and 
principal component with -CH, substituted for 
-H. B[a]A, B[a]P, and B[k]F were available in 
25-30 mg quantities only; B[e]P, B[ghi]P, and 
coronene were available in 60-100 mg quantities. 
Such limited availability of material and, as dis- 
cussed below, the minimum sample size require- 
ment of the weight loss method precluded any 
attempt at further purification by fractional re- 
crystallization or vacuum sublimation. 

Vapor Pressures and Enthalpies of Sublimation 
For each material the Knudsen cell was slowly 

heated maintaining the pressure below 3 x lo-' 
atm until the rate of weight loss was about 
0.1 pg s- l. In all cases the rate of weight loss a t  
constant temperature initially decreased rapidly 
with time. After about 1 mg of sample had been 
vaporized the rate of weight loss became time 
independent and reproducible. This suggests that 
a portion of the impurities in the samples had a 
higher vapor pressure than the principal com- 
ponent and, initially, was preferentially vaporized. 

Having obtained reproducible rates of weight 
loss, data were collected in a random order with 
respect to temperature, each measurement re- 
quiring between 3 h and 3 d at fixed temperature. 
Pressures were calculated from the rates of 
weight loss via eq.1 using the measured orifice 
parameters. Mass spectra established that sub- 
limation occurred to the monomer (intense molec- 
ular ion, all fragments derived logically from 
the molecular ion), so that the M in eq. 1 was the 
mole weight of the substance as given in Table 1. 
The results are presented in Figs. 3 and 4 and are 
described by least squares equations of the form 

log,, [p(atm)] = - A/T + B 
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MURRAY ET AL.: O N  SUBLIMATION O F  SOME HYDROCARBONS 

TABLE 2. The least squares parameters A and B in the equation 
log,, [p(atm)] = -(A/T) + B and the temperature range of the 

measurements; errors given are standard deviations* 
- - 

Temperature range A B 
Compound CK) ("K) (unitless) 

-- 

B b I A  330-390 5925 + 36 10.045 + 0.099 
BbIP 358-431 6181 5 32 9.601 + 0.083 
Help  359423 6220 + 33 9.736 5 0.085 
B[ghi]P 389468 6674 f 40 9.519 f 0.093 
Coronene 427-510 7100 + 69 9.110 & 0.149 

*The preliminary values o f  A and B for B(k1F obtained a t  363430 "K are 6792 + 68 and 
10.885 2 0.166. respectively. 

with the parameters A and Bas  given in Table 2. 
The B[k]F results are also given in Fig. 3. How- 
ever, because of the high impurity level these re- 
sults are regarded as preliminary only and are 
presented only to show that the vapor pressure 
of B[k]F is about one-half to one-third that of 
B[a]P and B[e]P. 

The weight loss equipment was designed to 
permit vapor pressure measurements with the 
small samples available. The sensitivity and zero 
stability of the electrobalance allowed pressures 
of 2 x atm to be measured using the Knud- 
sen cells described above with at least + 10% re- 
producibility, +2% for 2 x atm or above. 

10-81 I I I I I 
2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 

I O ~ / T  ( ~ - 5  
FIG. 3. Semilog plot of the vapor pressures of 

B[a]A, B[e]P, and B[k]F us. T - I .  The point marked a 
was weighted to zero in the least squares analysis for 
B[u]A. The B[k]F results are based upon results obtained 
using a relatively impure sample and illustrate only that 
B[k]F has a pressure significantly below that of B[a]P 
and B[e]P. 

FIG. 4. Semilog plot of the vapor pressures of 
B[a]P, B[ghi]P, and coronene us. T-'. 

Even with this sensitivity, together with the 
reasonably rapid rate of thermal equilibration of 
the system and the limitation of the maximum 
pressure measured to about lop5 atm, vaporiza- 
tion of at least 5 mg of sample was needed to ob- 
tain the above statistically significant sets of data. 
Excessive sample depletion during the measure- 
ments would have resulted in failure t o  maintain 
the minimum sample size required for a close ap- 
proximation to  vapor equilibrium within the cell. 
A 5 mg weight loss amounted to 17 t o  20% de- 
pletion of the 25 to 30 mg samples of B[a]A and 
B[a]P. No observable diminuation of apparent 
vapor pressure occurred with this amount of 
sample depletion. However further reduction of 
sample size would certainly have led to such 
effects. 

Since virtually no physico-chemical data are 
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TABLE 3. The enthalpies and entropies of sublimation at  the average temperature, 
T,,, of the vapor pressure measurements* 

- 

AHO,.blt 
AH0sUbl  (Tuv)  ASO,.bl (Tdv) (literature) 

Compound (kcal mol-') (cal mol-I K-I) (kcal mol-I) 

HaIA 27.12 +_ 0.54 46.0 k 1.5 28.6$,28.85,25.01[ 
B[alP 2 8 . 2 9 k  0.51 43.9 k 1.3 
H e l p  28.46 ? 0.55 44.6 + 1.3 
B[ghi]P 30.54 f 0.55 43.5 f 1.3 30.05 
Coronene 32.49 5 0.75 41.7 k 1.6 35.1$, 30.7s 

*The a ~ ~ r o x i m a r e  values for AHo and  ASo for B[klF are 31.1 kcal mol-' and 49.8 cal mol-' K-'. - - 

respectively. 
t T h e  literature values also apply to some T,, which may ditler slightly from the T,, values for the  

present results. 
$Reference 2. 
SReference 3. 
\\Reference 10. 

available for these materials, the results can be ever, considering the techniques used, such errors 
analyzed only by the second law procedure, i.e., are possible and are presumed, therefore, t o  
by identifying the results with the expression exist. Both of these temperature errors contribute 

where d H O i s  in cal mol-I and AS0 is in cal mol-I 
K- l .  The AH0 and AS0 values so  obtained per- 
tain to  the average temperature of the measure- 
ments, Tav, and are given in Table 3. 

The total probable errors given in Table 3 were 
estimated taking account of the following. Twice 
the standard deviation in slope ( A )  and intercept 
(B) represent the reproducibility errors with 95% 
confidence. Experience with the balance shows 
that the accuracy of the measurements of the rate 
of weight loss equals the reproducibility. The 
effects of back effusion and condensation on the 
cell hang-down wire are trivial. However a sys- 
tematic error of + 3% in the pressures arises from 
an estimated error of f 3% in the measurement 
of orifice area. The Clausing factor, Kc in eq. 1, 
may be in error because of error in the measure- 
ment of the orifice length to radius ratio (& 5%) 
and because of error in using the tabulated 
Clausing factor. This latter error results from the 
possible partial invalidity of one of the assump- 
tions made in the derivation of the Clausing 
factors. Based upon recent measurements (10) a n  
error assignment of f 5% to  this source of error 
is reasonable for orifices of the type used here. 
The accuracy of temperature measurement is 
estimated as & 1 OK, c.8 a reproducibility of 
betterthan &0.5 OK; the accuracy of the measure- 
ment of the temperature interval of the measure- 
ments is estimated t o  be _f 1 OK. The results for 
arsenic trioxide strongly suggest that these are 
overestimates of the temperature errors; how- 

t o  systematic error in A and B. Errors arising 
from the impurities are not included in the esti- 
mates of total error. Such errors are expected t o  
be less than the  measurement errors cited above 
because the impurities appear t o  be related hydro- 
carbons which would form essentiallv ideal solu- 
tions with the principal component. The errors 
given in Table 3 are valid for comparison with 
the results of others; For intra-comparison pur- 
poses twice the  standard deviations given in 
Table 2 should be used. 

As shown in Table 3, AH0,,,, has been measured 
previously for B[a]A, .B[ghi]P, and coronene. 
With the exception of the value for B[a]A ob- 
tained by Kelley and Rice (1 1) all these results 
were obtained as part of survey studies. These 
surveys were done using modifications of the  
Knudsen method; in neither study was the  
scatter in the vapor pressure results given nor  
were estimates of the accuracies of the pressures 
or  enthalpies given. Temperature measurement 
is often the most significant source of error in 
high vacuum studies such as these. In particular 
the technique of temperature measurement used 
by Wakayama and Inokuchi (3) could lead t o  
substantial errors in T, AT, and  hence AH0,,,,. 
The method of temperature measurement used 
by Hoyer and Peperle (2) was not specified. T h e  
sample purity in these previous studies was not 
clearly specified but was probably, at best, equal 
to  that of the materials used here. The results o f  
these two previous studies show poor agreement 
with each other (Table 3). In view of the above, 
the significance of these earlier results is difficult 
to  assess and n o  meaningful comparison between 
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MURRAY ET AL.: ON SUBLIMAT 'ION OF SOME HYDROCARBONS 563 

them and the present results is possible. The value 
of AHosUbl obtained by Kelley and Rice (1 1) was 
obtained using a temperature range of only 23 OK, 
hence the AHoS,,, is subject to  particularly large 
error. 

A simple correlation of vapor pressures and 
 AH^^,,, with the number of carbons in the mole- 
cule is to  be expected for a homologous series. 
These p.a.h. do show decreasing vapor pressure 
at, say, 400 "Kand increasing AHosU,,as the num- 
ber of carbons is increased. Since B[a]P and 
B[e]P are isomers having closely related struc- 
tures, one might also expect these materials t o  
have very similar vaporization behavior. In fact, 
as is clear from Table 2, their vapor pressure 
curves are indistinguishable within the scatter 
errors. 

The preliminary results for B[k]F show that it 
does not fit this correlation. This is to be expected 
since B[k]F ,  unlike the other compounds studied, 
contains a five-membered ring. 

There have been several attempts to  quantify 
the correlation of AH0,,,, with the number of 
carbon atoms in the molecule. Inokuchi et al. (12) 
attempted to establish a simple linear relation- 
ship, each carbon being assigned a "vaporization 
energy" of 1.5 kcal mol-'.  Recent data shows 
such a correlation to be poor. Morawetz (13) has 
attempted to establish a better correlation by 
assigning bond parameters to  eight different 
types of C-C bonds in aromatic molecules. Un- 
fortunately the assignment of the parameters is 
rather suspect since the eight variables are estab- 
lished using only twelve  AH^^,,, values. Never- 
theless the  AH^^,,, values predicted by the 
Morawetz correlation are, in kcal mol-' : B[a]A,  
28.3; B[a]P, 28.4; B[e]P, 29.3; B[ghi]P, 30.5; 
coronene, 33.4. These values agree with the 
present results within 1.2 kcal mol- ' or  less,2 
which is well within the error of +2-3 kcal mol-I 
generally assigned by Morawetz. 

Conclusion 

The present results for vapor pressures and 
AHO~,,, are the only known values for B[a]P and 

'The agreement is rather better than this since correc- 
tion of the present results to  298.15 "K would probably 
increase the values by 0.5 to 1.0 kcal mol-'. 

B[e]P. For B[a]A ,  B[ghi]P, and coronene they 
are the only results for which the scatter in the 
data is specified and the accuracy is estimated. 
In view of this and of the great care taken in the 
present study to  obtain accurate temperature 
measurement, the present results a r e  considered 
t o  be the most accurate available. The  accuracy 
of the data is limited largely by errors inherent 
in the techniques as  estimated above. Except for 
B[k]F  improvement in sample purity would not 
appreciably affect the accuracy of the results. 
More accurate values for AHosub1 may be obtain- 
able by calorimetric methods, but these tech- 
niques generally require larger samples of higher 
sample purity than are currently available. 

The authors thank J. L. Monkman, R .  C .  Lao, and 
R. J. Thomas of the Air Pollution Control group of the 
Department of the Environment for helpful discussions 
and for providing both the electrobalanceand thesamples. 
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Asymmetry in the 125Te Mossbauer Spectra of Tellurium Thiourea Complexes: 
Sign of the Nuclear Quadrupole Moment of the 3/2 State 

B. M. CHEYNE A N D  C. H.  W.  JONES 
Depnrrnlet~t ofClleniistry, Sit71o11 Frnser Ut~iversity, Burtlnby 2 ,  British Coltrtttbir~ 

Received August 1, 1973 

Asymmetry in the Mossbauer spectra of Te(I1) thiourea complexes is shown to be due predominantly, 
if not exclusively, to single crystal orientation effects. The asymmetry in TeTu4CI, . 2 H 2 0  is consistent 
with a negative sign for the nuclear quadrupole moment of the $ excited state in lZ5Te. 

On montre que I'aspect asymktrique dans les spectres Mossbauer des complexes Te(I1). ThiourCe est 
dii principalement, slnon exclusivement, a des effets d'orientation d'un cristal unique. L'asymetrie dans 
le spectre du TeTu4C1,.2HZ0 est en accord avec un signe negatif du moment quadruplaire nucleaire de 
l'etat exclte 3 du lZ5Te. [Traduit par le journal] 

Can. J .  Chem., 52, 564 (1974) 

Introduction 
In a previous Mossbauer study of tellurium 

thiourea complexes (1) a small asymmetry was 
observed in the quadrupole split spectra for 

! 
microcrystalline samples of some of the Te(I1) 
compounds. Since the tellurium is present in a 
square planar environment in these molecules 
(2), it was thought this effect may have been due 

I to  anisotropy of the recoil-free fraction (the 
! Goldanskii-Karyagin effect). However, as will 

be described below, studies on single crystal 
and powdered samples have shown that the 
asymmetry observed in the quadrupole splitting 
arises predominantly, if not exclusively, from the 
orientation of single crystals in the absorber. The 
experiments on single crystal samples have al- 
lowed a further estimate of the sign of the 
nuclear quadrupole moment of the 3 excited 
state in 12'Te. 

Results and Discussion 
Single Crys fa1 and Powder Experiments 

To establish the origin of the asymmetry in 
the line intensities, the 125Te Mossbauer spectra 
of single crystal samples of TeTu,(SCN), (Tu = 
thiourea) and TeEtu,CI, (Etu = ethylene- 
thiourea) were recorded. These two compounds 
were chosen because they yielded the largest 
asymmetry in the microcrystalline samples. 
TeTu,(SCN), crystallizes from aqueous solu- 
tions of thiourea as very thick needles (3), while 
TeEtu,CI, crystallizes as long, well-developed 
fine needles (4). In both cases the Mossbauer 
absorbers were prepared by aligning a large 
number of single crystals with their needle axes 

at right-angles t o  the y-ray beam. Having re- 
corded the single crystal spectra the samples 
were finely powdered with fine sand in an agate 
mortar and their Mossbauer sDectra remeasured. 
Sample spectra are shown in Fig. 1 and the 
computed parameters are shown in Table 1. The 
large asymmetry observed in the single crystal 
samples was not present in the powdered samples 
and may be assigned to single crystal orientation 
effects. The small residual asymmetry present in 
the powdered samples could not be removed 
even on repeated grinding. However this was in 
all probability due to preferential orientation of 
microcrystallites in the absorber and this point 
will be discussed further later. 

The Sign of the Nuclear Quadrupole Moment 
Having established the presence of a single 

crystal effect, the study was extended to obtain 
an estimate of the sign of the nuclear quadrupole 
moment of the 3 excited state in 12'Te. 

General Discussion 
While Pasternak and Bukshpan ( 5 )  have re- 

ported that the nuclear quadrupole moment Q is 
negative in sign, Kuzmin et a[. (6) have arrived 
at the conclusion that Q is positive. Pasternak 
and Bukshpan interpreted the 1291 Mossbauer 
emission and lZ5Te Mossbauer absorption of 
TeO, in terms of the Goldanskii-Karyagin 
effect. However, they did not observe an asym- 
metry in the 12'Te0, absorption in their own 
experiments but instead referred to the earlier 
results of Stepanov et al. (7). A n  examination of 
the data of the latter authors clearly shows that 
their sample of TeO, contained more than one 
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CHEYNE AND JONES: ASYMMETRY IN KSTe MOSSBAUER SPECTRA 

Te [ i l u l ,  CI, POWDER Te[Elul,CI, SINGLE CRYSTAL 
7 

P 

- 0 > 5 

Z 
0 - - e 
( L "  z - 
L3 m 

m 
Lr . e 2 P 

: - 
u oo -16 oo - l a  oo o oo + l a  oo +,a oo 

J E L O i l T 7  l m r n / s )  V E L O C I T Y  ( r n r n / s )  

FIG. 1. Single crystal and powder spectra for TeEtu4C12. 

TABLE 1. 
-- 

x2t  Peak intensities (%) 
6* A 2l-t 248 degrees 

Compound Sample (rnm s-') (mm s-') (mm s-I) of freedom Positive velocity Negative velocity 

T ~ T U ~ ( S C N ) ~  Single crystal 0.7420.06 16.3 +0 .1  6 . 3 k 0 . 3  286 62+3 38+3 
Powder 0.79+0.06 16.1+0.1 6 . 2 k 0 . 2  280 53 + 3 4753 

TeEtu,C12 Single crystal 0.74L-0.08 15.8L-0.1 6 . 5 2 0 . 5  155 60+ 3 40+3 
Powder 0.80+0.06 15 .950 .1  6 . 3 k 0 . 5  251 52+ 3 48 5 3 

I TeTu4C12 . 2 H 2 0  Single crystal 0.70+0.06 15.0+0.1 6 . 8 k 0 . 2  270 46+ 1 542 I 
1 Powder 0.74k0.07 15.12 0.1 6 . 8 5 0 . 1  264 48+ 1 52+ 1 

' TeTu4C12 Single crystal 0.76 k 0 . 0 6  15.3 + 0.1 Mean of three measurements49 + 2 5122  
(anhydrous) Powder 0.76k0.06 15.6+0.1 6 . 5 5 0 . 3  231 

-- 

5121 49+ 1 

'6 with respect lo PbTe, source and absorber at 80 f I "K. 
t2r and x2 values are for the first half of each mirror image spectrum. 

tellurium site and that the asymmetry of the 
lines in the spectrum cannot be assigned with 
any certainty to anisotropy of the recoil-free 
fraction in TeO,. It must be noted, however, 
that subsequent experiments by Pasternak and 
Spijkervet (8) on MnTe2 demonstrated, through 
the magnetic perturbation of the quadrupole 
coupling, that the sign of e2qe  in the proposed 
TeZ2- ion is negative and, assuming a simple 
model for the bonding in this ion, this must 
imply that Q is negative. There is some question 
however as to whether MnTe, can be considered 
an ionic solid containing discrete [Te-TeI2- 
ions. Thus the lZ5Te quadrupole splittings (9) 
in FeTe, (3.32 mm s-I), CoTe, (3.90 mm s-I), 
and RuTe, (4.57 mm s-') are significantly 
different from those of MnTe, (7.8 mm s-'). 
This is evidence of considerable covalent bond- 
ing between the tellurium 5p, and 5p, orbitals 

I and the metal in the former compounds, and 
I while such bonding may be less important in 
1 MnTe, as a result of the Mn d5 configuration it 

would appear a considerable approximation t o  
neglect it completely. In the di-antimonides 
such covalent bonding. is predominant, leading 
to a negative sign for V,, in comparison with the 
positive sign proposed for the ditelluride ion. 
Note that here VZZ is the maximum component 
of the electrostatic field gradient tensor and that 
V,, = eq, where e is the charge o n  the proton. 
Kuzmin et al. (6) studied the asymmetry in 
the lZ5Te Mijssbauer absorption spectrum of 
oriented single crystals of elemental tellurium 
and concluded that e2qQ was negative and 
hence, assuming that V,, for tellurium is negative 
(10) in sign, that Q must be positive. However 
Boolchand et al. (1 1) have made a similar study 
and from their data concluded that e2qQ is posi- 
tive and that Q must therefore be negative. 
Aside from the problem of determining the sign 
of e2qQ, this approach depends on a knowledge 
of the sign of V,, in elemental tellurium. Given 
the complicated crystal structure of tellurium, 
the sign of V,, is not immediately apparent and 
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the only estimate of this parameter has come 
through the calculations of Violet et al. (10) 
which in turn involved several assumptions. 

The tellurium(II) thiourea complexes seem to 
be well suited to provide a further estimate of 
the sign of Q. Thus the molecules have a very 
large quadrupole splitting, leading to a wide 
separation of the naturally broad lines in the 
spectrum, and thus allowing a ready measure- 
ment of differences in the line intensities. More- 
over the direction and sign of V,, in these 
molecules is obvious from a consideration of 
the bonding. The tellurium in the TeTu," 
cation is bonded to  four sulfur atoms in a regular 
square-plane with a lone-pair of 5p electrons 
directed out of the plane (2). The asymmetry 
parameter in such a centro-symmetric molecule 
will be zero, the direction of V,, will lie along 
the 5p, orbital normal to the plane, and the sign 
of V,, will be negative. 

Orientation Studies on the Thiourea Complexes 
An examination of the available crystal struc- 

ture data shows that only preliminary measure- 
ments have been reported for TeTu,(SCN), (3) 
and TeEtu4C12 . 2 H 2 0  (4), while full crystal 
structures have been carried out on TeTu4C12 
and its dihydrate (12). Of the latter two com- 
pounds TeTu4C12 (anhydrous) appears a t  first 
glance to be the more promising one for single 
crystal orientation studies. The compound 
crystallizes from thiourea-methanol solutions 
as thin triclinic plates and with one molecule per 
unit cell. The crystal habit is a favorable one for 
orienting the single crystals with respect to  the 
y-ray beam in a Mossbauer experiment, while 
the presence of only one molecule in the unit 
cell simplifies the analysis of the data. However 
a computer analysis (see Appendix) of the posi- 
tion of the atoms in the unit cell (12) leads t o  
the following conclusion. The square-planar 
TeTu," ion is oriented in such a way that the 
axis normal to this plane (which also corresponds 
to the direction of V,,) makes an angle of 56" 15' 
with the c axis of the crystal, the latter being 
normal to the face of the platelets. Since the 
angular dependence of the relative intensities of 
the two transitions observed in the Mossbauer 
spectrum for a 3 + 3 transition is given by 

where 0 is the angle between VZ, and the direction 

of the incident Mossbauer y-ray beam; for 0 = 
56" 15' 

Z+-+/Z+-+ = 0.99 

Thus it should be exceedingly difficult to observe 
an asymmetry for this compound with the 
platelets oriented at 90" to the beam and indeed 
this was found t o  be the case. Three independent- 
ly prepared single crystal samples of TeTu4CI2 
were studied and no statistically significant 
asymmetry was observed in this orientation. 
Attempts to study this compound with the 
platelets aligned parallel to  the y-beam proved 
unsuccessful because of the difficulty of suitably 
mounting and aligning the large number of 
individual single crystals. 

The dihydrate, TeTu4ClZ . 2 H 2 0 ,  is mono- 
clinic (p = 98.5") and crystallizes from hot 
aqueous thiourea as needles which are extended 
along the crystallographic a axis. The two mole- 
cules in the unit cell are related by rotation 
through 180" about the b axis and translation 
by one half a unit cell along b, and thus are 
identical with respect to the orientation of V,, 
and the direction of the incident y-ray beam 
when the latter is incident at 90" to the a axis. 
An analysis of the position of the atoms in the 
unit cell (see Appendix) shows that the normal 
t o  the plane in which the T ~ T u , ~ '  ion lies sub- 
tends an angle of 15" with the crystallographic 
a axis. If in the Mossbauer experiment the 
TeTu,Cl, . 2 H 2 0  crystals are aligned in the 
absorber holder such that the needle axes are 
a t  right angles t o  the y-ray beam, then rotation 
of the needles in the plane of the holder about 
the axis of the incident y-rays would not influence 
0. However rotation of the needles about the a 
axis would, as shown in Fig. 2. The angle be- 
tween the direction of the y-ray beam and the 
normal to the TeTu," plane would then vary 
between 75 and 105". Thus the minimum asym- 
metry would in theory be given by 

I 1 + cos2 75" o.66 
=T - Cos2 75O - 

f-t 

and for any value of 0 between 75 and 105" 
the If-+ transition should be the more intense 
of the two transitions. 

In practise i t  was found difficult to obtain 
large single crystals of TeTu4ClZ 2H,O on the 
preparative scale used in this work. The dihydrate 
is obtained o n  cooling hot, aqueous thiourea 
solutions of TeTu4C12, and to obtain large single 
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C H E Y N E  A N D  JONES: ASYMMETRY IN  '3Te MOSSBAUER SPECTRA 

I I DIRECTION OF O N 

FIG. 2. The angle swept out by V:, on rotation about 
the a axis. 

crystals the solution should be cooled slowly. 
However, such hot solutions show a tendency 
to precipitate elemental tellurium, and a com- 
promise had to be reached in the time taken to 
cool the solution. The larger single crystals ob- 
tained were selected for the Mossbauer experi- 
ment and were mounted in grease in the absorber 
holder with their needle axes at right angles to 
the y-ray beam. However an asymmetry of only 
8% was observed, i.e. 

and this relatively small asymmetry must reflect 
some randomization of the crystals in the ab- 
sorber holder. A sample single crystal spectrum 
is shown in Fig. 3. 

From the above discussion the more intense 
peak in Fig. 3 can be assigned to the 4 - + transi- 
tion and, since this lies at negative Doppler 
velocity of the source, the m, = 3 state must lie 
at lower energies than the m, = 3 state. Since, 
when q = 0 

Em, = -- ez4Q [3,nIZ - I ( I  + I)] 
4I(2I - 1) 

it follows that eZqQ in TeTu,Cl, . 2 H z 0  is posi- 
tive and, since V,, is negative for the TeTu,,' 
ion, that Q must be negative. Thus the present 
experiments provide further support for the 
assignment of a negative nuclear quadrupole 
moment to the 3 excited state in 125Te.1 

'We understand that N. E. Erickson (private com- 
munication) has made similar measurements to those 
reported in this paper and has also concluded that Q is 
negative. 

FIG. 3. The single crystal spectrum forTeTu,Cl2.2H2O. 

The small residual asymmetry observed in the 
powdered samples had the same sign as that of 
the single crystal sample of each compound (see 
Table I), having one sign for TeTu,(SCN), and 
TeEtu,Cl,, and the opposite sign for TeTu,- 
C1, . 2H20. In each of these compounds the 
tellurium is bonded in essentially the same 
square-planar environment, and anisotropy of 
the recoil-free fraction would be expected to 
result in a line asymmetry of the same sign in 
each case. Since this was not observed, this 
would suggest that the residual asymmetry was 
not due to the Goldanskii-Karyagin effect but 
due to preferential packing of the microcrystal- 
lites in the powdered samples. The different signs 
for the asymmetry observed in TeTu,(SCN), 
and TeEtu4C1, on the one hand and TeTu,- 
C1, . 2Hz0 on the other must reflect different 
values of 0 in these two cases, both in the 
single-crystal and the microcrystalline samples. 

A powdered sample of TeTu,Cl, (anhydrous) 
was found, within the errors, to have no mea- 
surable asymmetry. In this case any preferential 
packing of micro-crystallites in the absorber 
would presumably occur such that V,, and the 
y-ray beam would subtend an angle of about 
56" 15', and would thus contribute nothing to 
the asymmetry. Thus any anisotropy of the 
recoil-free fraction would be less masked by 
single crystal orientation effects in TeTu,Cl, 
(anhydrous) than in the case of the other com- 
pounds studied. Nevertheless, even here, no 
concrete evidence was found for asymmetry due 
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to anisotropy of the recoil-free fraction and it 
can only be concluded that such effects must be 
very small, if present at all, in these molecules. 
This finding is consistent with the results of pre- 
vious Mossbauer investigations on the similar 
planar molecules KIC1, . H 2 0  (13) and 12Cl, 
(14) where no evidence was found for anisotropy 
of the recoil-free fraction. 

Conclusions 
Within the errors of the measurements, there 

is no evidence for anisotropy of the recoil-free 
fraction in these molecules. However, as in all 
Mossbauer measurements, some caution must be 
exercized in interpreting the relative intensities 
of the spectral lines for polycrystalline absorbers. 
Preferential packing of microcrystallites in the 
powdered absorber may lead to  orientation 
effects masking possible anisotropy effects. Even 
in the case of TeTu4C12 (anhydrous) there is 
some uncertainty in the results, since, for ex- 
ample, preferential packing could occur at some 
angle other than 56" 15'. It can only be stated 
that any anisotropy of the recoil-free fraction 
must be very small. 

The single crystal experiments on TeTu,- 
C1, . 2H20 support the assignment of a negative 
nuclear quadrupole moment to the tellurium 
$ excited state. 

Experimental 

Appendix 
The analysis of the crystal structure data was 

performed using the program Xanadu (16). The 
required input data were the parameters of the 
atoms in the unit cell, and the lattice type of 
symmetry. The program calculates, among other 
things, bond-lengths, bond-angles, the equations 
of planes containing specified atoms, and the 
angles between specified lines and the normals 
to planes. 

The compounds were synthesized using 75W enriched 
lZ5Te on the 100 mgscaleand using the methods described 
by Foss (2). All absorbers were of comparable thickness 
containing ca. 10-15 mg cm-2 of lZ5Te. 

The Mossbauer spectra were recorded using the general 
methods previously described (I), but with several im- 
portant differences. Instead of a Xe/CO, proportional 
detector, a Ge(Li) detector was used. As a result, higher 
count rates were attained in these experiments allowing 
the accumulation of spectra in shorter times. A cadmium 
absorber was used to attenuate the tellurium X-rays and 
ensure good resolution of the 35.5 keV y-ray at high 
count rates. In all runs an iron foil standard spectrum 
was recorded simultaneously with the lZ5Te spectrum 
using a 57Co(Pd) source mounted on the rear of the trans- 
ducer and utilizing a Nuclear Data dual input router in 
conjunction with the multi-channel analyzer. This form 
of calibration ensured a constant monitoring of the 
experiment and allowed a velocity calibration for each 
run. The standard parameters for iron given in ref. 15 
were assumed. The lZ5Te source used in these experi- 
ments, Pb lZ5"Te, was obtained by irradiating PbrZ4Te 
(100 mg) at  a thermal neutron flux of ca. l O I 4  neutrons 
cm-Z s-I for a month a t  A.E.C.L. Chalk River Nuclear 
Laboratories. This source was found preferable to an  
lZ5I/Cu source since it gave narrower linewidths. 

TeTu4C1, 
Triclinic, a = 5.83, b = 7.77, c = 10.86 a ,  
cl = 95.5", P = 90°, y = 119.5", space group 
Cil - Pi, and the equation of the plane de- 
scribing the TeTu," cation, expressed in terms 
of unit orthogonal axes XO, YO, and ZO, is 
(0.8292)XO - (0.0594)YO f (0.5558)ZO = 0 
where XO, YO, and ZO are as defined in ref. 17. 
The angle between the c axis and  the normal to  
the plane is 56.24". 

TeTu4C12.2H20 is monoclinic, a = 6.01 a ,  
b = 16.49 a ,  c = 9.95 a ,  p = 98.5", space group 
C2,,5 - P2Jc, and the equation of the plane de- 
scribing the T ~ T U , ~ '  cation is (0.9362)XO + 
(0.2389) YO + (0.2578)ZO = 0. 

The angle between the normal to the plane 
and (i) the b axis which also corresponds to the 
axis YO, is 103.82" and (ii) the a axis is 15.0". 

The authors acknowledge a grant in support of this 
research from the National Research Council of Canada. 
They wish to thank Dr. F. Brown, Head, Solid State 
Research Branch, Atomic Energy of Canada Limited, 
Chalk River, for arranging for the irradiation of the 
PbTe source and Dr .  F. W. B. Einstein, Simon Fraser 
University, for many helpful discussions. 

1. B. M. CHEYNE, M.Sc. Thesis. Simon Fraser Univer- 
sity, Burnaby, British Columbia. 1972. p. 49; B. M. 
CHEYNE, C. H.  W. JONES, and P. VASUDEV. Can. J. 
Chem. 50,3677 (1972). 

2. 0 .  Foss. Pure Appl. Chem. 24,31 (1970). 
3. 0. Foss and S.  HAUGE. Acta Chem. Scand. 15, 1616, 

(1961). 
4. 0. Foss and S. FOSSEN. Acta Chem. Scand. 15, 1620, 

(1961). 
5. M. PASTERNAK and S. BUKSHPAN. Phys. Rev. 163, 

297 (1967). 
6. R. N. KUZMIN, A. A.OPALENKO, V. S. SHPINEL, and 

I .  AVENARINS. SOV. Phys. JETP, 29,94 (1969). 
7. E. P. STEPANOV, K. P. ALESHIN, R. A. MANAPOV, 

B. N. SAMOILOV, V. V. SKLYAREVSKY, and V. G. 
STANKEVICH. Phys  Lett. 6,155 (1963). 

8. M. PASTERNAK and A. L. SPIJKERVET. Phys  Rev. 
181,574 (1969). 

9. A. KJEKSHUS and D. G. NICHOLSON. Acta Chem. 
Scand. 26,3241 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CHEYNE AND JONES: ASYMMETRY IN 125Te MOSSBAUER SPECTRA 569 

10. C. E. VIOLET, R. BOOTH, and F.  WOOTEN. Phys. 
Lett. 5,230 (1963). 

11. P. BOOLCHAND, B. L.  ROBINSON, and S.  JHA. Phys. 
Rev. B, 2,3463 (1970). 

12. K. FOSHEIM, 0. FOSS, A. SCHEIE, and S. SOLHEIMS- 
NES. Acta Chem. Scand. 19,2336 (1965). 

13. G. J .  PERLOW. 111 Chemical applications of Mossbauer 
spectroscopy. Edired by V. I. Goldanskii and R. H. 
Herber. Academic Press, New York, 1968. p. 390. 

14. M. PASTERNAK and T. SONNINO. J.  Chem. Phys. 48, 
2004 (1968). 

15. A. H. MUIR, K .  J .  ANDO, and 8.  M. COOGAN. 111 
Mossbauer effect data index 1958-65. Interscience, 
New York, 1966. p. 26. 

16. P. ROBERTS and G.  SHELDRICK. Private communi- 
cation. 

17. J .  S. ROLLETT. Computing methods in crystallog- 
raphy. Pergamon, London. 1965. p. 22. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



13C Nuclear Magnetic Resonance Studies of Organometallic Compounds. 111. 
cis-Methylplatinum(I1) Derivatives1 

H. C. CLARK AND J. E. H.   WARD^ 
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Eight new cis-methylplatinum(II) derivatives of the type DIARSPt(CH3)X (DIARS abbreviates 
o-phenylenebis(dimethylarsine), where X is an anionic substituent, and [DIARSPt(CH3)L]+PFti-, where 
L is a neutral ligand, have been prepared. Data derived from the I3C n.m.r. spectra of these complexes 
are discussed and compared with data derived from the ' H  n.m.r. spectra of the complexes. Comparisons 
with the 13C n.m.r. parameters obtained from related series of trans-methylplatinum(I1) derivatives 
reveal marked differences between the n.m.r. cis- and trm~s-influences. I t  appears that the n.m.r. cis- 
influence may in part be related to a ligand's "steric bulk". 

On a prepart huit nouveaux derives cis-mCthylplatine du type DIARS-Pt(CH3)X (DIARS etant 
I'abrCviation de o-phknylenebis (dimithylarsine)), oh X est un substituant du type anionique, et du type 
[DIARSPt(CH,)L] +PFti-, oh Lest un coordinat neutre. On discute et I'on compare les donnees obtenues 
a partir des spectres r.m.n. du 13C de ces complexes avec celles obtenues a partir des spectres r.m.n. du 'H 
des complexes. La comparaison de ces donnCes avec les parameters obtenus de la r.m.n. du  13C d'une 
sCrie parente de derives trans-mCthylplatine(I1) a montre que I'influence des formes cis et trans sur les 
spectres r.m.n. etait tres differente. I1 semble que I'influence de la forme cis sur les spectres r.m.n., soit 
imputable, en partie, a un encombrement stkrique du coordinat. [Traduit par le journal] 

Can. J. Chem., 52, 570 (1974) 

Introduction 
While nuclear magnetic resonance studies of 

transition metal derivatives have vielded sub- 
stantial information concerning the trans-in- 
fluence (2), investigations (3, 4) of the n.m.r. 
cis-influence have been generally unrewarding. 
Our examination of series of trans-phenylplati- 
num(I1) (1) and trans-methylplatinum(11) (5, 6) 
complexes has indicated that I3C n.m.r. is an 
extremely powerful technique for the study of 
bonding in these and related derivatives. Thus, it 
appeared that the cis-influence might also be con- 
veniently and successfully examined by 13C n.m.r. 

Accordingly, we have synthesized a number of 
new cis-methylplatinum(I1) complexes of the 
type DIARSPt(CH,)X (where X is an anionic 
substituent) and [DIARSPt(CH3)L]+PF6- 
(where L is a neutral ligand). We have specifical- 
ly chosen the chelating ditertiary arsine DIARS- 
(0-phenylenebis(dimethy1arsine) in order to pre- 
clude cis-trans isomerization in solution. In 
addition, we have selected the cis ligands L to 
encompass a wide range of the trans-influence, 
which some workers believe parallels a ligand's 
cis-influence. 

The n.m.r. parameters of the platinum-methyl, 

'For the previous paper in this series see ref. 1. 
2To whom correspondence should be addressed. 

arsenic-methyl, and aromatic carbons are dis- 
cussed and compared with the n.m.r. parameters 
of related trans-methylplatinum derivatives. 
Finally, we note an interesting possible qualita- 
tive relationship between the n.m.r. cis-influence 
and the "steric bulk" of a ligand. 

Experimental 
The following chemicals were obtained commercially 

and used without further purification: diethylsulfide, 
o-phenylenebis(dimethylarsine), acetyl chloride, y-pico- 
line, triphenylphosphine, triphenylarsine, anisonitrile, 
and carbon monoxide. Methyllithium (1.50 M in ether) 
and silver hexafluorophosphate were purchased from 
Alfa Inorganics, Inc. 

Potassium tetrachloroplatinite was prepared from 
platinum sponge by a modified method of Keller (7). 
Ethylisocyanide was obtained by the method of Casanova, 
Schuster, and Werner (8). 

All reactions and recrystallizations were carried out 
using reagent grade or spectrograde solvents. Micro- 
analyses were performed by Chemalytics Inc., Tempe, 
Arizona. The infrared spectrum was recorded o n  a 
Perkin-Elmer 621 spectrometer using 0.5 mm potassium 
bromide cells. Uncorrected melting points were deter- 
mined on a Thomas Hoover "unimelt" capillary melting 
point apparatus. 

The 13C n.rn.r. spectra were measured on a Varian 
XL-100-15 spectrometer operating in the pulsed Fourier 
transform mode at  25.2 MHz. All spectra were deter- 
mined with noise-modulated proton decoupling. The 
spectra were taken on chloroform-d and/or methylene 
chloride-d2 solutions in 5 mm sample tubes and were 
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TABLE 1. Analytical data for the new complexes DIARSPt(CH3)R(1-2) and [DIARSPt(CH3)L]+PF6-(3-8) 

Calcd. (%) Found (%I 
Melting 

Complex L or R C H C H Yield (%) point PC) 

'Complex melts with decomposition. 
tvco = 2107(+_ 2) cm-I (CH:CI,). 

calibrated using the solvent resonances as secondary 
calibration standards (9). 

'H  n.m.r, spectra were recorded on a Varian HA-100 
spectrometer and the ' H  chemical shifts are reported 
with TMS as the internal standard. 

A. Preparatiotz of DIARSPtC12 
This procedure was carried out using nitrogen satur- 

ated solvents and a nitrogen atmosphere. A solution of 
K2PtC14 (5.0 g, 12.0 mmol) in 100 ml water was treated 
with (CH3CH2),S (3.4 ml, 31.6 mmol). The reaction 
mixture was stirred for 3 h and then extracted with three 
20 ml portions of methylene chloride. The combined 
methylene chloride extracts were added to a solution of 
DIARS(3.38 g, 11.8 mmol) in 100 ml methylenechloride. 
This was stirred for 16 h and then ca. 200 ml heptane 
were added. Evaporation of this solution to  ca. 200 ml 
resulted in precipitation of a pale yellow solid which was 
recovered by filtration and vacuum dried, yielding 
DIARSPtCI, (6.1 g, 90%). 

B. Preparation of DIA RSPt (CH3) 2 (1) 
Under a nitrogen atmosphere, a suspension of DIARS- 

PtCI, (6.1 g, 11.0 mmol) in 100 ml ether was cooled to 
0". Following the addition of 1.50 M methyllithium (40 
ml, 60 mmol), the reaction mixture was stirred for 2 h 
at 0". After hydrolysis with a saturated aqueous solution 
of ammonium chloride, and then water, the mixture was 
extracted with three portions of ether, and the combined 
extracts were dried over anhydrous magnesium sulfate. 
The ether layer was mixed with an equal volume of 
hexane and the solution was evaporated to  ca. 50 ml. 
This caused precipitation of white crystals which were 
filtered and vacuum dried, yielding DIARSPt(CH3)2(1) 
(4.20 a, 74%). 

C. Preparation of DIARSPt(CH,) Cl(2) 

This afforded a colorless solution which was evaporated, 
yielding white crystals of DIARSPt(CH3)C1(2) (0.416 g, 
80%). 

D. Preparation of JDIARSPt (CH3) (y-CH3C5H4N)/+- 
PF6- (3)  

T o  a solution of DIARSPt(CH3)CI (0.072 g, 0.136 
rnmol) in 10 ml acetone was added a solution of AgPF6 
(0.0344 g, 0.136 mmol) in 5 ml acetone. Silver chloride 
precipitated immediately and was removed by centrifug- 
ing the solution; next, y-CH3C,H4N (13 HI, 0.136 mmol) 
was added, and the solution was stirred for 2 h. After 
removing the solvent o n  a rotary evaporator, the residual 
material was dissolved in methylene chloride and the 
solution was passed through a short Florisil column. 
White crystals precipitated from the solution on the 
addition of ether and these were washed with ether and 
then vacuum dried, yielding 3 (0.072 g, 72%). 

E. Preparatiutz of JDIA RSPt (CH3) CO j +PF6- ( 8 )  
T o  a solution of DIARSPt(CH3)C1 (0.150 g, 0.283 

mmol) in 25 ml acetone was added a solution of AgPF6 
(0.072 g, 0.283 mmol) in 3 ml acetone. Silver chloride 
precipitated immediately and was removed by centrifug- 
ing the solution. After bubbling carbon monoxide 
through this solution for 0.5 h, the acetone was removed 
on the rotary evaporator. The solid residue was dissolved 
in methylene chloride and the solution was mixed with a 
small quantity of activated charcoal and passed through 
a short Florisil column. The addition of ether resulted in 
the formation of white crystals which were washed with 
ether and vacuum dried, yielding 8 (0.136 g, 75%). 

The latter two procedures, D and E, are typical of 
those used for the preparation of all the cationic com- 
plexes described here. The analytical data  for the new 
complexes 1-8 are summarized in Table 1. 

T o  a solution of DlARSPt(CH3),(1) (0.500 g, 0.98 
mmol) in 50 ml ether was added acetyl chloride (70 HI,  Results 
0.98 mmol). While the solution was stirred 16 h,  a white 
solid precipitated, presumably DIARSP~(IV)(CH,),- Preparation of the Comp!exes 
(CH3CO)CI. DIARSPtCl,, the first platinum(I1) derivative 

Following evaporation of the ether, the solid was of the type DIARSP~X, (X = ~ 1 - ,  B ~ - ,  I-) has 
mixed with some methanol and the solution refluxed for 
2 h. Evaporation of the methanol yielded a yellow solid been reported Only very Hudson a!. 
which was purified by passing a methylene chloride soh-  (10) obtained this derivative in 18% yield by the 
tion of the substance through a short Florisil column. following method: 
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TABLE 2. 13C shieldings* for the complexes DIARSPt(CH3)R(l-2) and [DIARSPt(CH3)L]+PF6-(3-8) 

Aromatic carbons? 
Platinum Arsine 
methyl methyls Quaternary Ortho Meta 

Complex R or L Solvent 6C 6C 6C 6C 6C Other 

1 CH3- CD2Cl2 -8.8 11.0 143.3 130.4 131.1 
CDC13 -9.1 10.9 1433 130.0 130.8 

2 C1- CD2CI2 - 5.4 11.2 139.8 129.8 131.5 
11.0 140.7 130.9 131.8 

3 Y - C H ~ C S H ~ N  CD2C12 -4.0 10.6 138.1 130.0 132.1 6CH3 21.0, 6C3,S 127.8 
11.0 139.0 130.7 132.4 6c2.6 150.4,6C4 151.5 

CDCI3 -3.8 10.4 137.6 129.9 131.9 6CH3 21.0, 6C3.S 127.7 
11 .O 138.6 130.4 132.3 6c2,6 150.1,6C4 151.1 

4 (C6Hs)3P CD2C12 - 8.0 10.6 137.7 5 5 6C6HS and 6C DIARS 
11.9 138.3 5 8 128.8-134.5 

5 p-CH30CsH4CN CD2C12 -8.5 10.9 137.5 130.1 132.4 60CH3 56.1, SC, 99.8, 
12.5 138.6 130.9 132.8 8C3,5 115.6, 6CN 124.4, 

6c2,6 135.5, 6C4 165.1 

6 (C6H5),As CD2C12 -10.9 10.8 137.3 5 8 6C6Hs and 6C DIARS 
12.5 140.0 5 5 129.6-133.5 

7 CHSCH2NC CDzCl2 -15.6 10.1 137.5 130.7 132.9 6CH3 14.6, 6CHZ 40.4 
13.1 139.1 130.9 132.9 6NCjl 

CDCI, -15.4 10.0 136.9 130.6 132.5 6CH3 14.5,6CH2 40.1, 
13.1 138.8 130.6 132.7 6NCll 

8 CO CD2CI2 -14.1 10.6 137.5 131.1 133.5 6CO(I 
14.2 137.5 131.1 133.8 

*In p.p.m. (k0 .1 )  (downfield positive) from TMS. 
tThe ortho carbons are assigned to those having the largest "CG'95Pt coupling constants. W e  have observed (I) that three bond Jplc values 

are frequently much larger than two or four bond JPIC values. 
$Folded over signal; shielding estimated by extrapolation. 
§Resonance obscured by (C6H5),E signals (E = P or AS), 
/Signal not observed. 

(C6H5cN),PtCI2 + DIARS refluxing - 
[I] CHC13 

DIARSPtC12 + 2C6H5CN 

We now wish to report a vastly improved pre- 
paration in which the material may be obtained 
smoothly in ca. 90% yield 

[21 ((C2Hs)2S)2PtC12 + DIARS -t 
DIARSPtC12 + 2(C2HS)2S 

This method is analogous to that used by White- 
sides et al. (11) to  obtain dichloro[l,l'-bis(di- 
phenylphosphino)ferrocene]platinum(II). All 
other derivatives reported here were prepared by 
standard procedures. 

Nuclear Magnetic Resonance Results 
The 13C n.m.r. shieldings and coupling con- 

stants obtained from the spectra of 1-8 are sum- 
marized in Tables 2 and 3, respectively. Since 
we have not determined the relative signs of the 
13C-'95Pt coupling constants, the absolute 
values of these parameters are provided in Table 

3. The use of their absolute values is adequate for 
the majority of the arguments we will present 
later. 

In all cases the high field resonances of the 
spectra were assigned, on the basis of their rela- 
tive intensities, to the carbons of the platinum 
methyl groups of 1-8. The central resonances are 
flanked by widely spaced 19'Pt satellites of ca. 
one fourth intensity, whose separation appears 
to be sensitive to  the nature of R or L. 

The 13C resonances of the arsenic methyl 
groups span a range (ca. 10-14 p.p.m.) similar 
to that (ca. 7-10 p.p.m.) observed for the series 
of related trans-methylplatinum(I1) derivatives 
(1, 5). Together with this information and rela- 
tive intensity observations, the assignments were 
readily carried out. As we had anticipated for 
the unsymmetrically substituted complexes 2-8 
two sets of arsenic methyl signals were observed. 

Assignments of the carbon resonances of the 
aromatic rings were carried out using similar 
arguments. The quaternary carbons could be 
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TABLE 3. 13C-195Pt coupling constants* for the complexes DIARSPt(CH,)R(l-2) and 
[DIARSPt(CH,)L] +PF6 -(3-8) 

-- 

Platinum Arsine Aromatic? 
methyl methyls carbons 

Complex R or L Solvent I ' J P ~ c I  l2JptAscl \ 3 J ~ t ~ s ~ ~ l  Other 
- 

1 CH3 - CDzClz 690(_+2) 27(+ 2) T 
CDCI, 678(+2) 28(f 2) $ 

2 CI - CD2Clz 555(+2) 80(f 2) 27(+2) 
10(+4) 10(+2) 

3 ' Y - C H ~ C ~ H ~ N  CDzClz 575(f 2) 70(+ 2) 26(f 4) ' Jpt~c~,~17(+2) ,  3 J ~ t ~ ~ ~ 3 , 5 4 0 ( + 2 )  
13(+2) 13(_+2) 

I *In Hz. 
I t 'T-lg5Pt coupling was not observed for any of the quaternary or meta aromatic carbons of 1-8. 

tlC-'95Pt coupling not observed. 
1 

) distinguished from the ortho and meta carbons 
I by their respective relative intensities. For 2-8, 

the ortho and meta carbons were distinguished 
from one another on the basis of the relative 
magnitudes of their respective 13C-lg5Pt COU- 
pling constants. We anticipated that the vicinal 
3Jp,,,cc values are much larger than the 4JptA,c,C 
values, since we have already observed a similar 
trend in a series of o-bonded phenyl derivatives, 
trans- [(C,H,)Pt(As(CH,),),L]+PF, - (1). In 
those complexes, 3Jptc,,, (ca. 34-68 Hz) is signi- 
ficantly larger than 4Jp,c, (ca. 10 HZ). 

The assignments of the quaternary, ortho. 
meta, and arsenic methyl cis-trans isomeric 
pairs require specific comment. Those carbons 
possessing platinum satellites may be generally 
divided into two classes, based on the relative 
magnitudes and ranges of the 13C-lg5Pt coupling 
constants. For example, for the arsenic methyl 
carbons, one of the 2Jp,A,c values is large (ca. 
45-80 Hz) and varies over a wide range, while 
the other 2JptA,c value is small (ca. 10-16 Hz) 
and does not fluctuate so widely. On the basis of 

1 our observations on the relative sensitivities of 

cis- and trans-substituents to ligand variations 
(1, 2, 5 ) ,  we have assigned the methyl carbons on 
the arsenic atoms trans to the ligand L, to the 
class with large 2Jp,Asc values. A similar argu- 
ment may be employed in assigning the stereo- 
chemistries of the ortho aromatic carbon atoms. 

The signals arising from the ligands cis to the 
platinum methyl group were specifically assigned 
by comparing their 13C n.m.r. parameters with 
those derived from the related trans-methyl- 
platinum(I1) derivatives (5). 

The 'H n.m.r. data for the new complexes 1-8 
are assembled in Table 4. Assignments of the 'H 
chemical shifts and JptH values were based on 
arguments similar to those used to assign the 13C 
n.m.r. parameters. 

Discussion 
The cis- and trans-Influences 

The trans-influence has been defined as the 
tendency of a ligand in a metal complex to 
weaken the bond trans to itself (12); i t  is believed 
to arise from the rehybridization of metal o- 
orbitals in response to trans-ligand variations 
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TABLE 4. 'H n.m.r. chemical shifts* and coupling constants? for the complexes DIARSPt(CH3)R(1-2) and 
[DIARSPt(CH3)L]+PF6-(3-8) 

-- 
Platinum Methyl Arsine Methyls 

Complex R or L Solvent c I 2 J  ~ c H ~ %  I 3 J ~ t ~ s ~ ~ I  ~ C H ~  5 1 3 J ~ l ~ $ ~ ~ I  Other 

1 C H 3 -  CHCI3 0.670 78.5 1 .545 12.5 1 .545 12.5 6 , )  (DIARS) 7.40-7.70 

2 CI - CD2C12 0.720 62.5 1.630 8.0 1.755 30.5 6~ (DIARS) 7.52-7.71 

3 Y - C H ~ C S H ~ N  CD2C12 0.700 63.0 1.565 9.5 1.825 29.5 6~ (DIARS) 7.54-7.95, 
~ C H ~  2.48, ~ C ~ H ~ N  7.46, 
8.54 3 J ~ ~  6 

CDC13 0.645 62.5 1.550 9.0 1 .SO5 30.0 6~ (DIARS) 7.56-8.04 
~ C H ~  2.49, ~ C ~ H ~ N  7-53> 
8.60 3JkIH 6 

4 (C6H5)3P CD2CI2 0.715 66.0 1.080 10.0 1.835 21.5 6H (DIARS and C 6 H s )  
7.46-8.08 

5 P - C H ~ O C ~ H ~ C N  CDZC12 0.865 59.0 1.820 9.0 1.840 34.0 6~ (DIARS) 7.63-8.00 
6cH30 3.92, 8c6if4 7.14, 
7.68, 3JHH 9 

6 (C6HJ3As  CD2C12 0.830 63.5 1.150 9.0 1.885 26.0 6~ (DIARS and C6H5) 
7.33-8.08 

7 CH3CH2NC CD2C12 0.980 66.0 1.860 11.5 1.805 23.5 6~ (DIARS) 7.56-8.00 
6cH3 1.545, 3.91, 

I 3 J ~ ~  6 
CDC13 0.935 68.5 1.875 11.0 1 .780 23.5 6 ,  (DIARS) 7.47-8.05 

6CH3 1.545, 8 ' ~ ~  3.48. 
3 J ~ ~  6 

8 CO 
--- 

CDzC12 1.235 65.5 1.995 11.0 1.880 25.5 61, (DIARS) 7.66-8.06 

*In p.p.m. (downfield positive) from TMS. Those shifts given with three decimal places are accurate to ca. T0.005 p.p.m., while those shown 
with two decimal places are likely accurate to iO.01 p.p.m. 

?In Hz ( i  0.5). 
Srra~rs to the platinum methyl group. 
§cis to the platinum methyl group. 

(12,13). Since one bond n.m.r, coupling constants 
are also thought to be mostly sensitive to the 
hybridization of the o-bonding orbitals between 
adjacent atoms, many workers have commonly 
formulated relative trans-influence series from 
n.m.r. coupling constant data (2). 

If we define the cis-influence in a similar man- 
ner, as the tendency of a ligand in a metal com- 
plex to weaken a bond cis to itself, we may also 
formulate cis-influence series via n.m.r. However, 
the nature of the relationships between the n.m.r. 
cis- and trans-influences of a particular ligand 
remain unknown (2). It has been shown experi- 
mentally that the n.m.r. cis-influence probably 
does not relate simply to  the n.m.r. trans-in- 

I fluence (3, 4), in contrast with the theoretical 
I 
I findings of Drago and co-worker (13). Thus, it 

has been suggested that n.m.r. cis-influence series 
may not be dominated by o-orbital rehybridiza- 
tion. Moreover, the relationships between the 
n.m.r. cis-influence and the cis-influence itself 
remain to be delineated. 

The I3C and ' H  N.m.r. Data: General 
The symmetrically substituted dimethylplati- 

num(11) derivative 1 falls into a class by itself, 
and we will discuss it and its n.m.r. data else- 
where. The neutral chloro derivative 2 is also 
different from the six cationic complexes 3-8. 
While we have previously shown (5) that certain 
relationships d o  not appear t o  depend on the 
charge of a complex, this feature remains to be 
demonstrated for the derivatives at hand. 

The n.m.r. data obtained from complexes 2-8 
reveal that with variations in the ligands cis t o  
the platinum methyl group, substantial fluctua- 
tions in the 13C and 'H n.m.r. parameters may 
occur. For example, when y-picoline is replaced 
by a carbonyl group, the platinum methyl carbon 
shielding increases from -4.0 to - 14.1 p.p.m., 
while the one bond 13C-19'pt coupling constant 
decreases from 575(+2) to 453(+3) Hz. In addi- 
tion, one of the 2Jpt,sc values decreases from 
70(+2) to 54(+ 3) Hz, while the other (ca. 13 
Hz) remains constant. From the 'Jptc values of  
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the platinum methyl groups we may formulate Next, we considered the relationships between 
an n.m.r. cis-influence series for the ligands used 'J , , ,  and 2 ~ , , c ,  for the platinum methyl groups 
in 3-8: of 3-8. We have previously shown (5) for series 

CO > CHjCHzNC > (C6Hs)3As > p-CH30C6H4CN 
of trans-methylplatinum(II) complexes that there 
exists excellent linear correlations between these 

> (CsHs)3P > 7-CH3CsH4N two coupling constants, and we have presented 
This series follows the trans-influence series for evidence which strongly indicates that both 
these ligands with certain important exceptions: parameters provide a measure of the  hybridiza- 
both anisonitrile and triphenylphosphine are tion of the platinum o-orbital in the platinum- 
centered in the series rather than occurring at  carbon bond. In the complexes weare  examining 
opposite  extreme^.^ Thus, at least qualitatively, here, if the platinum o-orbitals are rehybridiz- 
the cis- and trans-influence series do not appear ing cis t o  the ligand L, we might anticipate similar 
to  have a simple relationship. linear correlations. A plot of ' J , , ,  us. 2Jp,cH for 

' C and ' H Coupling Constants the platinum methyl groups of 3-8 gives an 

A.  Platinunz Metl~yl Groups apparently random array of points; hence we 

A plot of ' J , , ,  (3-8) us. ' J , , ,  (trans-[(CH3)Pt- deduce that the major factor resulting in the 

(As(CH,),)LIf PF6-) reveals only a wide scatter variations of IJ,,, and 2Jp,c- is not platinum 

of points, confirming our qualitative conclusions o-orbital rehybridization. While this effect may 

concerning the relationship between the n.m.r. give rise partially to changes in the o n e  and two 
bond coupling constants, any such contribution cis- and trans-influences: the two phenomena do 

not appear to  share a common origin. The simi- is seemingly masked. These conclusions are con- 

larity of the 'J, , ,  values for the (C H ) P sistent with those of other workers (3,4) for series 
4)(533 of similar platinum(I1) derivatives. Hz) and (C6H5)3As(6) (508 Hz) lends 

11 has been suggested that the magnitudes of some support to  our conclusion (5) that the cis- 
influences of arsine and phosphine ligands are one bond 'H-13C (15, 16) and 13C-19F (16) 

alike and small compared to their trans-in- coupling constants a re  sensitive to  steric effects. 
Changes in C=C-H and C=C-F bond angles, fluences. The DIARS derivatives exhibit a differ- and thus the characters of the C-H and C-F ence of only 25 Hz in their 'J, , ,  values while the 

difference for the two analogous trans-methyl- bonds, have been invoked to account for the 

platinum derivatives is predicted3 to  be ca. 66 observed coupling constant alterations in series 

Hz. of olefinic and aromatic organic compounds. 
Thus, it seemed possible that by increasing the A plot of 'CH3 (3-8) us. "'3 (trans) for ccaeric bulky9 of a ligand cis to a methyl trans-methylplatinum(I1) analogs where L equals 
group, similar variations in the 'J , , ,  values may p-CH30C6H4CN' 1-CH3C5H4N' (C6H5)3As1 occur, due to  distortion of the C-Pt-L angle 

CH3CH2NC, and Co a scattered away from the ideal 900. is possible then, that 
array of points. T o  a first approximation, neither 
' J , , ,  values nor platinum methyl carbon shield- one might observe a correlation between a mea- 

ings bear simple relationships between like cis sure of the "steric bulk" of a ligand and the 

and trans derivatives. ' JP tc  values. 
Tolman (17) has devised a method of  deriving 

a measure of the "bulk" of a ligand by measuring 
3 ~ ~ r  comparative purposes, it is convenient to know "minimum cone angles" of various tertiary 

t h e 1 J p l c v a ~ ~ e f o ~ ~ r a ~ ~ - [ ( C H 3 ) P t ( A ~ ( C H 3 ) 3 ) z p ( s -  phosphines. He showed that steric effects are 
PF6- (9). While we have prepared this compound, we 
were not able to obtain a 13C n.m,r. spectrum of much more than effects, in 
it, due to its limited solubility in common organic solvents. determining the chemistries of a variety of zero- 
However, using the 'JpIcH value (60 Hz) of the platinum valent nickel derivatives. While a similar geo- 
methyl group for the related derivative trans-I(CH3)Pt- metrical method may be  applicable here, the lack 
(P(CH~)Z(C~HS))~~(C~HS)~I+~F~- (lo), ('4) and the of series of closely related ligands makes such a 
known relationships between 'Jp,c and ' Jp t c~  for both 
types of compounds ( 5 )  we calculate the following cou- derivation unwise at  this time. Nevertheless, we 
pling constants: l ~ p l C  (9) 446 Hz, l JpIC (10) 484 Hz, and should point out that some of our results may be 
'Jptc" (9) 59 Hz. Thus, the trans-influence series for the rationalized at  least qualitatively on the  basis of 
trans-methylplatinum derivatives is: ligand size. 
(C6H5)~P > CO z CH3CHzNC > (C6Hs)3A~ If we disregard the triphenylarsine and tri- 

> 7-CH3CsH,N > p-CH30C6H,CN phenylphosphine derivatives for the present, we 
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TABLE 5. 'JpIp* values and minimum cone angles for 
c~s-[P~CIZ(P(CH~CH~CH~CH~)~)L] 

Minimum 
cone angle 

L @%I 'JP~P(P(CHZCHZCHZCH~)~) 

*In Hz. 
tNot available. 

may place the remaining ligands in the following lowing n.m.r. cis-influence series for six tertiary 
order based on their respective "steric bulk", or phosphines in complexes of the type cis-[PtC12- 
"cone angle" assuming free rotation about the (P(CH2CH2CH2CH3),)L]: 
platinum-donor atom bond : 

(CsH50)3P > (CHBOI~P > (CsH5)3P) 
y-picoline > anisonitrile > ethylisocyanide > (CH~)Z(CBH~)P > (CH~CHZCHZCHZ)~~  

> carbon monoxide > ( C Z H ~ ) ~ P  
I 

Indeed, this is the approximate decreasing order 
of the 'J,,, values of the cis-methyl groups. 

The triphenylarsine and phosphine ligands 
pose a more co~plicated problem. By appropri- 

l ate "feathering" of the phenyl groups, the ligand 
as a whole may exist in a variety of conformations 
which have variable steric sizes. Thus it is diffi- 1 cult to place these two ligands in the above pro- 
posed scheme. In any event, we would anticipate 
for similar phenyl ring conformations of both 
(C,H,),P and (C,H,),As that the phosphine 
would have a greater "steric bulk" than the 
arsine, since the Pt-As bond is longer than the 
Pt-P bond. Again we observe the trend where 
the ligand with the greatest potential for steric 
interactions with the platinum methyl group has 
the higher 'JpLC value (533 Hz us. 508 Hz). 

At present, the mechanism by which the rnag- 
nitude of such cis interactions can directly affect 
the 'J,,, values of the cis-methyl group is not 
clear. However, it would appear that rehybridiza- 
tion of the platinum o-orbltal in the platinum 
carbon bond is not a dominant consequence of 
this mechanism, since we would anticipate a 
good linear correlation between 'J,,, and 2Jp,cH 

I (5) if this were occurring. 
Fortunately, Allen et al. (3) have presented 

n.m.r. data which may be used to test the validity 
I of our hypothesis, that one bond coupling con- 

stants involving platinum are susceptible to steric 
I effects. These authors have formulated the fol- 

The appropriate 'J,,, values and "minimum 
cone angles" derived by Tolman (17) for five of 
these ligands are provided in Table 5. 

It is immediately evident that the data as a 
whole do not follow the trend of decreasing one 
bond 3 1 ~ - 1 9 5 ~ t  coupling constants with decreas- 
ing minimum cone angles. However, the opposite 
trends are followed within the two classes of 
ligands, phosphites, and phosphines. Since the 
changes in 'J,,, between these series are relative- 
ly small, it is reasonable to expect that the differ- 
ent electronic properties of these classes of 
ligands may well have an appreciable effect on 
'J,,,. In any event, while our steric effect hypo- 
thesis may have some merit, it is obvious that it 
does not provide a complete account for the 
n.m.r. cis-influence series of these neutral plati- 
num derivatives or the cationic DIARScomplexes 
examined here. Obviously further confirmation 
of this theory awaits the determination of the 
relative signs of one bond 13C-lg5Pt and 
3'P-'95Pt coupling constants in these derivatives. 

B. Arsenic Metlzyl Groups 
In order t o  corroborate our stereochemical 

assignments of the arsenic methyl carbon reson- 
ances, we compared the 2Jpt,,c values of the 
trans arsenic methyl groups with the 'J,,, values 
of the related trans-methylplatinum(1l) deriva- 
tives trans- [ ( C H , ) P ~ ( A S ( C H , ) ~ ) ~ L ] + P F ~  -. 
These data are plotted in Fig. 1 and a linear re- 
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gression analysis4 of the data is shown in eq. 3. 80r J 
[3] 2Jp,A,c = 0.17(* 0.03) lJp,c(trans-methyl) 

-27.6(* 18.0) r = 0.980 A 

The relatively good linear fit affirms our associa- 
tion of the group of larger 2Jp,A,c values with the 2 iu- 
arsenic methyl groups trans to the ligand L. In ~1 addition, the other group of 2Jp,Asc values is 5 
much smaller in magnitude (ca. 10-16 Hz us. .;; 
45-80 Hz) and spans a much smaller range (6 Hz % a- 
us. 35 Hz). These results are consistent with an ; 
assignment of the remaining arsino group trans E 
to the platinum methyl group, which has a large 
trans-influence, yielding very low 2Jp,A,c values. 
Moreover, the small range of values is consistent 
with the variation of ligands cis to the arsenic 
methyl groups. Finally the 2Jp,Asc values ob- 
served for the arsenic methyl carbons trans to L I 

500 €03 m 
are similar to those derived for mutually trans / 

' J ~ =  ( H Z )  ( t rans - [ (~H, )~ t ( i . r ( c~~)~> ,  L]+ PB) 
trimethyl arsino carbons (ca. 33-53 Hz) in a 
series of trans-methylplatinum derivatives. FIG. 1. Plot of ZJptA,C (frans to L for 3-8) us. ' J p t c  

Next, we sought possible relationships between ( f r a n ~ - [ ( c H ~ ) P f ( A ~ ( c H ~ ) ~ ) ~ L l  +PF,-) f o r  complexes 
sharing common ligands. the 2Jp,Asc and 3Jp,AscH (trans to methyl), and 

2JplAsC and 3Jp,Asc, (cis to methyl) values for the m- 
arsenic methyl groups of the DIARS derivatives 
2-8. This examination revealed an interesting 
linear correlation which is summarized in eq. 4 
and Fig. 2 60 - 

[4 1 'Jp,~,c = 2.78( k0.45) 3 ~ p l ~ s c ~  
- 
I 

- 13.6(+8.5) r = 0.990 !40- 

V 

NTJ 

As has been found for a variety of platinum(I1) 
systems (1, 5, 18) a reasonably good linear cor- 
relation results when two bond coupling con- 
stants are plotted against three bond J values for 
a group trans to a varied ligand. Interestingly, 
the tight cluster of points for the arsenic methyl 
groups cis to the ligand falls on the same line, 
although there does not appear to be a consistent 
trend within that sub-series. It should also be 
noted that the line falls reasonably close to the 
origin, thus supporting the notion that the Fermi 
contact mechanism dominates two and three 
bond coupling constants involving platinum(I1). 

4The average deviations of the slopes and intercepts 
for all the linear equations presented here are calculated 
on the basis of the maximum possible error due to the 
inherent uncertainty of the experimental measurements. 
These errors have already been cited in Tables 2 and 3. 
It is worthwhile noting that these variations represent 
the maximum error in precisiorz and that as such they 
may be generous estimates. 

- to (CH31 Pt 

o C I S  to (CHI)Pt - 

FIG. 2. Plot of ZJp,A,c ru. 3Jp,A,cH for the arsenic 
methyl groups of 3-8. 

I t  is important to  note that the data points 
used in eqs. 3 and 4 for the neutral chloride deri- 
vative 2, appear to follow the same trends as the 
cationic complexes 3-8. Thus, as we have shown 
for similar trans-methylplatinum(I1) derivatives 
(5) the charge of the complex does no t  seem to 
have an appreciable bearing on the slopes or 
intercepts of these linear relationships. 

C. Aromatic Carbons 
Similar, but less marked trends appear to 

occur for the 13C-lg5Pt. coupling constants of 
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Strong Crystalline Field Perturbation Calculations for d3, d7 
Penta-Coordinate Complexes. 11. The Square Pyramid 

Deprrrtt~ietrt of Cl~etnistry, Tlie Utziversity of Tescrs, A~rstitr, Tesns 78712 

Received July 26, 1973 

Crystal field calculations for d3, d7 square pyramidal complexes are carried out via the strong field for- 
malism and in the limit of zero spin-orbit coupling. The field produced by the lone axial ligand is 
treated as an integral part of the crystal field potential. In the ionic model approximation the three crystal 
field parameters: Dq, Ds, and Dt ;  depend markedly on the angle of distortion, 0, defined as that portion 
of the La-M-Lb bond angle in excess of 90". The square pyramidal d3 symmetry eigenfunctions are 
constructed from the one-electron crystal field eigenfunctions. Spin is only implicitly included, but  both 
types of doublet wavefunctions are identified. The crystal field matrix in parametric form is strictly 
diagonal, but Coulombic interactions connect states arising from different strong field configurations. 
Coulombic calculations are performed in terms of the Slater-Condon-Shortley parameters: F,, F,, 
and F4; then converted to the Racah parameters: A ,  B, and C. The complete (crystal field and Coulombic) 
perturbation matrices are used to interpret the spectroscopic properties of a strong field Co(I1) square 
pyramidal complex. Both the symmetry and multiplicity of the ground state are dependent on a. An 
energy level diagram showing all doublets and quartets is calculated for 0 = 0". Partial energy level 
diagrams are also given depicting behavior of the doublet and quartet states, individually, as functions of 
B. As B increases the crystal field bands shift to lower energy and become more clustered. Current 
experimental applications are also briefly cited. 

Des calculs dans la theorie du champ cristallin ont etC effectuis pour des complexes pyramidaux a base 
carree d3 et d7, par le formalisme du champ fort et dans le cadre du couplage -spin-orbite nul. Le champ 
produit par le seul ligand axial est trait6 comme partie integrante du potentiel du champ cristallin. Dans 
I'approxrmation du modele ionique les 3 parametres du champ cristallin; Dq, D s  et Dt dependent nette- 
ment de I'angle de deformat~on 0, defini comme la partie de I'angle de valence La-M-L, superieure a 
90". Les fonctions propres de symetrie pyramidale a base carree d3 sont construites a partir des fonctions 
propres monoelectron~ques du champ cristallin. Le spin n'intervient qu'implicitement mais les deux 
types de fonctions d'ondes sont identifies. La matrice du champ cristallin, sous forme parametrique est 
strictement diagonale mals les ~nteractions coulombiennes relient les ttats provenant de configurat~ons 
differentes du champ cristallin. Les calculs de ces interactions sont effectues en termes des parametres de 
Slater-Condon-Shortley; Fo, F2, et F4 qui sont ensuite transformes en parametres de Racah. Les matrices 
de perturbation complirtes (champ cristallin et coulornbienne) sont utilisees pour interpreter les proprietts 
spectroscopiques d'un complexe de Co(II), a champ fort de structure pyramidale 6 base carrke. La 
symetrie et la multiplicite de l'etat fondamental dependent tous les deux de fi U n  diagrarnme des niveaux 
d'energie montrant que tous les doublets et les quartets est calcule pour B = 0". Des diagrammes partiels 
des nlvaux d'energle decrivant la conduite des Ctats doublets et quartets, individuellement, en fonction de 

sont aussl donnes. Lorsque 0 augmente les bandes du champ cristallln se deplacent a des energies plus 
basses et se regroupent davantage. Des applications experlmentales courantes sont aussi brievement 
citees. [Traduit par le iournal] 

Can J .  Chern . 52, 579 (1974) 

Introduction case can be approached in either of two ways. 

F i ~ e - ~ ~ o r d i n a t e  transition metal complexes are The field generated by the axial ligand can be 
knownto span two d i ~ t i ~ c t ( i d e a l i ~ ~ d ) ~ ~ o m ~ t ~ i ~ s  : treated as a perturbation on the major cubic 
the trlgonal bipyramid (D,,,), discussed in part I potential or can be initially included a s  an integral 

(I), and the square pyramid (C,,), to be treated part the crysta1 potential. The former 
in the present paper. Within the context of the is perhaps appropriate to and 

strong crystalline field approximation and zero di-substituted hexa-coordinate, basically octa- 

spin-orbit perturbation, the square pyramidal hedral, complexes; but the latter more closely 
approximates the situation in square pyramidal, 

'Taken in part from the dissertation submitted by as 'quare planar and tetragonall~- 
Judith A. Varga in partial fulfillment of the requirements distorted octahedral, complexes. Available cal- 
for the Ph.D. degree. Part I is ref. l .  culations for a metal ion in strong crystalline 
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field of square pyramidal geometry treat the 
axial ligand as only a minor perturbative force. 

Perumareddi (2) has discussed d3, d7 complexes 
in quadrate2 (C,,, D,,,), trigonal (i.e., trigonally- 
distorted octahedral), and cylindrical (C,,, 
D,,,) ligand fields. Since Perumareddi's calcula- 
tions are based on cubically disposed wave- 
functions properly decomposed on going to 
quadrate symmetry, the crystalline field param- 
eters are not limited to diagonal entries in the 
perturbation matrices. Those states which belong 
to the same 0 ,  irreducible representation but 
different representations in C,, are connected by 
non-zero off-diagonal crystal field terms. These 
calculations, therefore, are not properly strong 
field square pyramidal in a strict sense, but, 
rather, strong field octahedral with a weak axial 
perturbation superimposed. Furlani (3) has 
qualitatively compared the experimental spectrum 
of Ni(dtp),.C,H,OH (dtp- = (C,H,O),PSS-) 
to that expected for both a trigonal bipyramid 
and a square pyramid. 

Square pyramidal coordination has been 
established for a number of strong field Co(I1) 
complexes and is suggested for many more. 
Complexes determined by X-ray crystallography 
include [Co(ddc),NO] (ddc is dimethyldithio- 
carbamate) (4), [Co(tda)I]I (tda is tris(2-di- 
phenylphosphinoethy1)amine) ( 5 ) ,  Co,(Salen), 
(Salen is N,Nf -ethylene- bis- (salicyladimine) 
(61, [Co{(C6H,)2PCH,CH2P(C6H,)2)2ClISnC13 
(18); and by analogy, presumably also [Co- 
(dmp)zC1ISnC13, [ C ~ ( ~ ~ P ) Z C ~ I B ( C , H , ) ~ ,  and 
[Co(dmp),I]I, where dmp is (CH3),PCH2CH2P- 
(CH,), (18). These complexes, however, are 
distorted square pyramidal, at best C2, sym- 
metry. More specifically these C,, calculations 
have allowed characterization of the two 
isomers of [CO(CNC~H,),](CIO,)~ as true C,, 
square pyramids (19). Spectral interpretation 
has also been extended to the [Co(CNC6H,),]- 
(BF,), complexes and to selected p-substituted 
phenylisocyanide complexes of Co(I1) (20). 

To interpret the electronic spectra of these 
Co(1I) complexes it is necessary to consider the 
effect of the combined crystalline field-Coulombic 

ZComplexes of both C4" and D L h  symmetry are often 
considered together under the heading "quadrate". This 
term is used, thus, to designate penta-coordinate square 
pyramidal and tetra-coordinate square planar complexes 
as well as mono- and trans-di-substituted hexa-coordinate 
octahedral complexes. 

Hamiltonian : 

on the wavefunctions describing the d3, d7 strong 
field system. Neglect of spin-orbit perturbation 
in jirst row transition metal complexes can be 
justified on the basis of experimental expedience, 
if not on purely theoretical grounds. Parametric 
values necessarily assumed for strong field 
trigonal bipyramidal Ni(I1) (7), for example, 
clearly illustrate that spin-orbit effects have 
essentially no influence on the energies of the 
perturbation levels. Spin-orbit coupling merely 
provides the mechanism through which pertur- 
bation levels of different multiplicity, placed in 
close proximity by the crystal field and Coulom- 
bic perturbations, can interact to allow the so- 
called spin-forbidden electronic transitions. Ex- 
perimentally observed transitions of this nature 
are usually sufficiently weaker than the spin- 
allowed to be obscured by the latter if both 
should occur at similar energy. For a low-spin 
d7 ion in a crystalline field of low symmetry it 
would seem unrealistic to expect to observe 
spin-forbidden transitions in the presence of as 
many symmetry-, spin-allowed transitions as are 
calculated to be present. Inclusion of spin-orbit 
perturbation would be a more complete theo- 
retical treatment, but hardly seems merited by  
probable experimental application. 

The three-electron square pyramidal strong 
field symmetry eigenfunctions are constructed 
from the one-electron crystal field eigenfunctions ; 
i.e., the one-electron states which diagonalize 

FIG. 1. The square pyramidal coordination sphere. 
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VARGA AND BECKER: PERTURBATION CALCULATIONS. I1 581 

the crystal field perturbation under C4, sym- Definition of the Crystal Field Parameters 
metry. Calculational procedures parallel those The square pyramidal coordination sphere is 
developed in Part I (1). In only those instances shown in Fig. 1. An electron placed therein finds 
where the C4, case differs markedly from the D 3 ,  itself subject to a potential, as expressed within 
will details be given. the Ionic Model approximation (8), 

CF 4 z 4z sin p 3z2 - r2 5z3 - 3zr2 
b2 + 2a3 + 2a4 

- 15z(x2 + y2) cos2 P sin P - 10z3 sin3 P + 6zr2 sin P 35z4 - 30z2r2 + 3r4 
b4 

+ 
8a5 

where a is the axial bond length; b, the basal bond length; and P, the La-M-L, bond angle in 
excess of 90". Under this potential three parameters arise in the calculation of the one-electron 
matrix elements : 

In the limit of a regular square pyramid; i.e., 
a = b and p = 0°, then3 

For 13 # 0" but keeping a = b, the parameters 
depend explicitly on the angle of distortion: 

[5a] Dq = (cos4 P) DqO 

[5b] Dt = (20 cos2 P - 14 cos4 P - 5) D ~ O  

= $ (20 COS' P - 14 C O S ~  P - 5) DqO 

3To avoid confusion, it should be noted that Dt(C4,) = + Dt(D4,)  and Ds(C4,) = + Ds(D4,), but Dto = $ 
Dq0(C4J = 4 Dq(Oh) = 4 Dq(D4h). 

In Fig. 2a the parameters Dq and Dt are plotted 
as functions of p. As the angle of distortion 
increases; i.e., the basal ligands bend down, away 
from the lone axial ligand, Dq decreases and Dt 
increases, until Dt -- Dq at P = 28". Hence Dq 
is not necessarily the dominant parameter. 
Similar results with weak field calculations have 
been observed by Gerloch et al. (9). 

Figure 2b depicts the P dependency of the 
parameter Ds. Since Ds and Dq are different 
functions of the radial distribution, Ds cannot 
be related to Dq with the facility that Dt was so 
considered. The relation between the C4, 
quartic and quadratic parameters, when at- 
tempted at all, is given in terms of the quantity 
(2b), 

[61 K = DsIDt = 3(r2)/(r4) 

Theoretical evaluation of the radial integrals 
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582 C A N .  J .  CHEM.  VOL. 5 2 ,  1974 

FIG. 2. Dependence of the square pyramidal crystal 
field parameters on 8, the angle of distortion. (a) The 
quartic parameters Dq and D t ;  (b)  the quadratic param- 
eter Ds. 

using hydrogenic, Slater, and Hartree-Fock 
orbitals (10) yields K = 1215, whereas fitting 
experimental spectral data leads to K = 3 (1 1). 
Perumareddi (2b, 12) has made equally satis- 
factory assignment of spectroscopic data using 
alternate values of K. Hence whether the ratio 
(r2)/(r4) is a constant or another empirical 
parameter remains open to question. In fact, 
the sign of Ds may even be opposite to that of 
Dt;  Ds is negative for p 2 25", while Dt remains 
a positive quantity until P 2 57'. The Dq is of 
course positive for all values of p. 

In terms of the parameters Dq, Dt, and Ds, 
the square pyramidal one-electron symmetry 
eigenfunctions have the energies : 

Construction of the Symmetry Eigenfunctions 

Three d-electrons may occupy the one-electron 
C4, energy levels in the seventeen different con- 

and [(b,)(b,) (e)]. Each of the first ten contains 
only one type oforbital symmetry state, which, by 
virtue of the Pauli principle, is a doublet. The 
remaining configurations contain both quartets 

and doublets. The symmetry direct product for 
[(a,)(b,)(e>l, [(a,)(b,)(e)l, and [(b,)(b,)(e)l is E, 
that for [(a,)(b,)(b,)], A,, so the strong field states 
mustbe4E+ (2) 'Eand4~,  + (2)'A2, respectively. 
Each of [(al)(e)21, [(b, )(e)21, and [(b2)(e)21, 
however, spans A, + A, + B, + B,, and at- 
tempted correlation with the weak field limit 
indicates only that one of 4 ~ 2 ,  4B1, or 4B2 is to  
be assigned to each configuration. Construction 
of the actual quartet wavefunctions from the one- 
electron levels appropriate to each configuration 
reveals that the 4A2 belongs to [(a,)(e)2]; 4B1, to 
[(b2)(e>'1 ; and 4B2, to [(b,)(e)'I. 

The strong field basis functions for the d3 
system are three-electron Slater determinants 
with spin implicitly included. The symmetry 
eigenfunctions are either identical to one of the 
basis functions or are some linear combinations 
thereof. Proper orbital transformation properties 
of the C4, symmetry eigenfunctions are assured 
by use of the appropriate D2(a,P,y) rotation 
matrices (13). As in the D,, calculations (1) two 
forms of doublets, termed Type I and Type 11, 
occur for the square pyramidal d3  system. 

Two (orthogonal) sets of doublet wavefunc- 
tions are required for three particles of half- 
integral (+ 112) spin whenever more than one 
distribution of spin among the three orbital func- 
tions is possible. For a configuration such as  
[(a,)(b,)(b,)] three basis functions are Pauli-al- 
lowed: Ib,+$,+b,-l, lb, -4,+b2+I, lbl+$o- b2+l, 
where b, z ( 1 1 4 )  (41, + +-,) and b, = 
( 1 1 4 )  ($, - +-,); each of which transforms 
as A,. The two 'A, eigenfunctions result when 
these basis functions are linearly combined t o  
yield a Type I doublet, ( 1 /4 )12 i  - j - kl, and 
a Type I1 doublet, ( l / & ? ) l  j - k ( .  Since each of 
the basis functions is of A, symmetry, i may be 
arbitrarily taken as any one of the three with j 
and k chosen accordingly. Configurations such 
as [(e)3] or [(a,)'(e)], however, give rise to only 
one set of ' E  wavefunctions consistent with the 
Pauli principle. The C4, strong field symmetry 
eigenfunctions of d3 are given in Table 1. 

The Perturbation Energy Matrices 

The symmetry eigenfunctions listed in Table 1 
are ultimately linear combinations of the pro- 
ducts of the C?, one-electron energy levels: a, ,  
b,, b,, and e. Since these one-electron symmetry 
eigenfunctions strictly diagonalize the crystal 
field matrix in its parametric form, all off- 
diagonal crystal field terms in the d" case must 
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VARGA AND BECKER: PERTURBATION CALCULATIONS. I1 583 

TABLE 1. The strong field C,, symmetry eigenfunctions for a three-electron transition metal complex* 

Quartets 
4A2 Y~(al)(e)' l41+40+4-1+1 

Yz(al)(b~)(bz) Ibl+4o+bz+1 
4 B ~  Y4(b2)(e)' l+l++-~+bz+l  
4Bz Y3(bl)(e)z Jbl++l++-l+l  
4E Y5(bl)(b2)(e) I ~ I + + - I + ~ z + ~ ,  lbl++~+bz+I 

y6(a~)(b~)(e) lb1+41+40+1, lb1++0++-1+1 
Y ~ ( Q I > ( ~ z ) ( ~ )  (+I++O+b2+l, I + ~ + + - ~ + b ~ + l  

Doublets 

2A I YI I ( ~ I ) ( ~ I ) ~  I ~ I  +b~-+o+I 
y14(al)(bz)2 I4o+bz-bz+l 
'3'17(a1)(e)z (l/d)[I+1+40++-1-1 - I ~ I - ~ o + + - I + I I  
Y ~ ~ ( b ~ ) ( e ) ~  (1/d)[Ib1++1-+1+l + lb1++-1-+-1+11 
Yz6(bz)(e)' ( l / J ) l : l + ~ + + ~ - b z + l  - I + - I + + - I - ~ Z + \ ~  

lAZ YI s(al)(e)' ( ~ / & ) ~ ~ I + I + ~ o - ~ - I + I  - l+1++0+4-1-l - l + ~ - + o + + - ~ + I l  
YZ2(bl)(e)' ( l / f i ) t Ib1+4~-41+! - l b 1 + 4 - ~ - + - ~ + ! 1  
Yz5(b2)(e)' (1/d)[141++1-b2+1 + 14-1++-1-b2+11 
Y ~ o ( ~ I ) ( ~ I ) ( ~ z )  (llJ)l:lbl++O-b2+( - lb1++~+b2-11 
Y3 ~ ( a ~ ) ( b ~ ) ( b ~ )  (l/&)[2lbl-+~+bZ+1 - Ibl++~-b2+I - lb1+40+b~-ll 

'BI y8 ( Q I ) ~ ( ~ I )  Ib~++o-+o+l 
Y I ~ ( ~ I ) ( ~ z ) '  Ib~+bz-bz+l 
yz~(al)(e)2 ( l / d ) [ ~ + l + + l - + o + l  - l + ~ + + - ~ - + - ~ + l l  
Y23(bl)(e)' (l/J)[1bl++l-+-l+\ - I ~ I + + I + + - I - I I  
Y28(b2)(e)2 ( I / & ) [ ~ I + I + + - I + ~ z - I  - I + I + + - I - ~ Z + I  - 141-+-~+bz+Il 

ZBz y9 (~l)'(bz) 1+0+40-bz+l 
Y~z(bl)~(bz) Ibl+bl-bz+l 
y ~ g ( a ~ ) ( e ) ~  ( l / f i ) [ l + l + + ~ - + ~ + l  + 1+0++-1-+-1+ll 
Y24(b2)(e)2 ( l / h ) ~ ~ + ~ + + - ~ - b ~ + l  - l+l-4-l+bz+ll 
'4'z7(b1)(e)~ (l/fi)[2/bl-+1++-i+l - lbt++l-+-I+/  - I b ~ + + l + + - ~ - l l  

2~ Y I O ( ~ I ) ~ ( ~ )  l+1+40-+0+l, I + O + + O - + - I + ~  
yl3(b1)'(e) (bI+bl-+I+l, (bi +b l -+- I+(  
YI 6(b2)'(e) l 4 1 + b ~ - b ~ + l ,  l+- l+b2-b~+1 
Y29(eY 141++1-+-1+1,1+1 +$-1-4-1+1 
Yjz(b l)(b~)(e) ( ( l / h ) [ l b ~ - + ~ + b ~ + I  - I b ~ + + ~ + b ~ - l l  \ 

1(1/Ji)[lbi-+-l+bz+j - lbl+4-1+bz-llI 
Y33(bl)(b~)(e) ((1/&)[21bl++~-bz+l - 1b1-+1+bz+l - I b ~ + + ~ + b z - l I  \ 

\(1/&)[2lbl'+-l-bz+\ - Jbl-+-l+b2+1 - lbl++-l+bz-Il( 
Y34(al)(b~)(e) ( ( ~ / h ) [ ~ b ~ - + ~ + + - ~ + l  - I ~ ~ + + ~ ~ + - ~ + I I ]  

\ ( ~ / , h ) [ l b ~ - + ~ + + ~ + l  - Ibl++l++~-Il  
y35(a1)(b {(l/&)t2Ib1++o+4-1-\ - Ibl-40++-1+1 - ! ~ I + ~ o - + - I + I I  

\(1/&)[21b1++1-+0+1 - lbI-+~++o+I - I ~ I + + I + + o -  I1 
Y36(al)(bz)(e) ( l / d ) [ l + ~ + + - ~ + b ~ - I  - l + ~ - + - ~ + b ~ + I l \  

1 
{ (1/&)[1+1++0+bz-I - 1+1++0-b~+11 1 

Y37(al)(bz)(e) ( ( l / f i ) [ 2 l + 0 + 4 - ~ - b ~ + l  - l40++- I + & - I  - I + o - ~ - I + ~ z + I I ~  
\(1/&)[2/+i-+o+bz+1 - 141++0+bz-\ - l+1+4o-bz+l1 I --- 

*b, - (I/.&)(+, + +-2);  b2 = (l/d)(+, - +-2).  For all the Ewavefunctions the "a" component is  listed first, the "b"component,second. 
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vanish identically. The diagonal crystal field 
energy of a given state is dependent only on the 
parent configuration and is straightforwardly 
obtained as the algebraic sum of the energies for 

I the one-electron levels of that configuration. 
I The Coulombic perturbation, however, connects 
I states having like symmetry but arising from 

different configurations. Coulombic perturbation 
also factors the matrix of the (orbitally) doubly 
degenerate E states into two orthogonal blocks, 
designated as "a" and "b", which are identical 
or differ merely by phase factors in off-diagonal 
elements, the perturbation energies remaining 

unaffected. Given several wavefunctions of E 
symmetry, however, it is usually not possible to 
predict a priori which belongs to the respective 
sets. This is established by calculation of the 
matrix elements. 

For d3 the Coulombic perturbation is cal- 
culated via the operator, 

taken between two Slater determinants. So doing 
gives the Coulombic matrix elements as sums of 
two-electron elements, each of the form 

191 ($di)$.( j )  14 1 $=(i)$l i)) = &(.I:, m,')F(rn,b, m,16(m; + m,b, m,' + m l d )  . 
I ' i j  I 

with the c k  being given in Table 1 of Condon 
and Shortley (14). The Coulombic matrix 
elements can alternately be expressed in terms of 
the Racah parameters (15), A = F0 - (1/9)F4 = 
Fo - 49F4, B = (11441) (9Fi - 5F4) = F2 - 
5F4, and C = (5/63)F4 = 35F4. This calculation 
is reported in terms of the latter parameters. The 
complete (crystal field and Coulombic) d3  
perturbation matrices are obtained by adding 
the diagonal crystal field energies of the ap- 
propriate configurations to the several Cou- 
lombic matrices; these composite matrices are 
listed in Table 2. Energy level diagrams can now 
be constructed. 

The Energy Level Diagram 
For illustration an energy level diagram for 

Co(I1) square-pyramidally coordinated to five 
identical strong field ligands will be estimated. 
For CN-, a typical (very) strong field ligand, 
lODq is measured as 32 200 cm- ' in [Fe(CN),I4- 
(16), so the value Dq = 3000 cm-' was assumed 
for the Co(I1) calculation. Since lODq = 32 200 
cm-' is also reported for [CO(CN),]~- (16), 
however, perhaps Dq = 3000 cm-' represents a 
maximal, rather than a mean value for strong 

I field ligands. With Dq specified, Dt follows as a 
function of p and D ~ O  (i.e., Dq(p,o - DqO). A 
proportionality between the quadratic and 
quartic crystal field parameters is probably best 

I 
not attempted in view of results obtained by 

I Perumareddi (2b). In general it is simply ob- 
served that Ds << Dq. Accordingly DSO has been 

taken as 300 cm-'. The Coulombic parameters 
are taken as 70% their free ion value with C 
expressed in terms of B as C/B = 4, since Co/Bo 
= 3.92 (17). 

Using these values of ~ q ' ,  DsO, B, and C; i.e., 
3000, 300, 800, and 3200 cm-', respectively; the 
energy levels depicted in Figs. 3, 4, and 5 were 
calculated. (Since the E, and A occur only along 
the diagonal and with the same numerical 
coefficients they cannot influence the transition 
energies.) Energies of the strong field states for 
Co(I1) are shown in Fig. 3 for the case of a 
regular square pyramid (i.e., P = 0"). The 
symmetry-allowed, spin-allowed transitions, as- 
suming the 'A, [(b2)2(e)4(al)] ground state, are 
indicated on the right-hand side of the diagram. 
Configurations giving rise to the excited states 
are also included. For P = 0°, a spectrum 
consisting of three groupings of absorption 
bands could be expected. 

Since the crystal field parameters depend so 
dramatically on P, it is reasonable to expect the 
energies of the strong field states to vary as P 
increases. As long as the distortion remains less 
than 20°, the ground state possesses 'A, sym- 
metry. For P > 20°, however, not only the 
symmetry, but also the multiplicity of the 
ground state can change, first t o  4~[(b2)2(e)3(al) 
(b,)] for 20" < P < 25", and then to 4B,[(b2)2- 
(e)2(a,)2(b,)] for p > 25'. The energies of the 
doublet ground state and excited states to which 
symmetry-allowed electronic transitions are 
possible are plotted in Fig. 4 as a function of P. 
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VARGA A N D  BECKER: PERTU RBATION CALCULATIONS. 11 587 

FIG. 3. The complete energy level diagram for a 
regular squarc pyramidal strong field d7 complex. (a) The 
energies of the strong field states for !3 = 0"; (b) the 
symmetry-allowcd, spin-allowed transitions. 

Both stabilization of the various excited states 
and marked destabilization of the ' A ,  ground 
state shift the absorption bands to lower energy 
with increasing La-Co-L, bond angle. Spacings 
between adjacent transitions decrease, leading 
to degeneracies and inversions. Figure 5 is the 
analog to Fig. 4, assuming a quartet ground 
state, which occurs only for P > 20". Transitions 
to all quartet excited states are symmetry- and 
spin-allowed fr~mthe~~[(b,) '(e)~(a,)(b,)]  ground 
state, but from 4B,[(b2)z(e)2(a,)2(bl)] only 
transitions to a 4E excited state are symmetry- 
allowed. In general, the number of allowed 
transitions becomes fewer as p increases, and 
the absorption bands shift to lower energy and 
become more clustered. The reader is cautioned, 
however, against using these illustrative energy 
level diagrams (i.e., Fig. 3, 4, or 5) per se. To  
interpret specific electronic spectra requires use 

of the perturbation energy matrices (as listed in 
Table 2) with parameters adjusted to reflect 
experimental values. 

Conclusion 
By employing standard group theoretical 

methods in conjunction with time-independent 
perturbation theory, the parametric form of the 
complete (crystal field and Coulombic) energy 
matrices for the square pyramidal d3, d7 system 
is evaluated with quantitative accuracy. An 
energy level diagram for a Co(I1) square 
pyramidal complex is then constructed from 
these matrices and the qualitative features of the 
expected absorption spectrum, noted. Recent 
experimental application of the C,, energy 
matrices have treated the two isomers of 
[Co(CNC6H,),](C10,), (21), fitting the liquid 
nitrogen temperature electronic spectra with 
the parameter values D ~ O  = 2250, D S O  = 600, 
B = 700, C = 3000 cm- ', and P = 14.0" or 

FIG. 4. The energies of the C4, d7 strong field doublet 
ground state and symmetry-accessible excited states as a 
function of 0, the angle of distortion. 
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FIG. 5. The energies of the C4" d7 strong field 
quartets as a function of the angle of distortion, P. 

11 .OO, respectively (19). Strong dependence on 
initial reaction temperature for [ C O ( C N C ~ H ~ ) ~ ] -  
(BF4)2 (prepared as [ C ~ ( C N C ~ H S ) ~ I ( B F ~ ) ,  ' 

1.0H20 and easily dehydrated under strong 
vacuum), as reflected by systematic changes in 
both i.r. and electronic spectra, can be explained 
most satisfactorily in terms of a regularly de- 
creasing p angle: 14.0" (for preparation at 0 "C), 
13.0" (10 "C), 12.5" (20 "C), and 12.0" (30 "C); 
but otherwise the same crystal field parameters 
as for the perchlorate salt: DqO = 2250, DsO = 
600, B = 700, and C = 3000 cm-' (20). The 
effect of para-substitution on the phenyliso- 
cyanide is accommodated by slightly changing 
the DqOvalue: DqO = 2150 cm-I for [Co(CNC6- 
H4F)5](CI04),, DqO = 2300 cm-I for [Co- 
(CNC6H4CH3)5I(CIO4)2 (20). 
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Metals Intercalated in Graphite. 11. The Friedel-Crafts Reactions with 
AlC13-Graphite 

JEAN-MARC LALANCETTE, MARIE-JOSEE FOURNIER-BREAULT, A N D  RAYMOND THIFFAULT 
Dkpartc,~ne~lt tle chinlie, Ftic~iltk des scierrces, UrliversifC de Sherbrooke, Sherbrooke, Q1r6br.c 

Received September 12, 1973 

Aluminum trichloride can be intercalated in the lattice of graphite. This intercalate is a milder catalyst 
than AlC13 for the alkylation reactions and gives less polysubstituted reaction products. 

Le trichlorure d'aluminium peut &tre insCrC dans le rCseau du graphite. Ce produit d'insertion s'avere 
un catalyseur plus doux que AICI, pur lors de rtactions d'alkylation et donne moins de produits de 
polysubstitution. 

Can. J .  Chem., 52. 589 (1974) 

The intercalation of metals and salts in the 
lattice of graphite changes markedly the chemical 
behavior of the intercalated species (1). For 
example, the reaction of potassium intercalated 
in graphite with molecular hydrogen is extremely 
fast, even at room temperature, whereas metallic 
potassium shows very sluggish reaction with 
hydrogen below 200" (2). In some instances, the 
speed of the reaction may be retarded by the 

( intercalation. In other cases, the selectivity of the ' reactions is improved as it was noted with CrO,- 
I graphite used as oxidizing agent for alcohols (3). 

It has been reported that aluminum trichloride 
can be intercalated in graphite, in an atmosphere 
of chlorine (4). We have compared the reactivity 
of this graphite aluminum chloride with that of 
pure AICI, when used as catalyst for the Friedel- 
Crafts reaction. This study is in fact a compari- 
son of the behavior of AICI, inside and outside 
of the lattice of graphite, in the course of electro- 
philic substitutions, all the other experimental 
parameters being kept identical for a given 
system. The results are presented in Table 1. 

From these results, it can be noted that the 
intercalation of AlCl, in the lattice of graphite 
decreases the speed of the reaction to some extent, 
but the reaction mixtures obtained with inter- 

organic substrate reacts at the edges, on the plane 
or inside the crystals of the AIC1,-graphite 
intercalate. 

Experimental 
Reaction mixtures have been analyzed with a Varian 

Aerograph model 700 instrument. The column was of 
Carbowax 20M, 10 ft. The fractions have been condensed 
and identified by mass spectrometry using a Hitachi- 
Perkin-Elmer RMU-6 instrument. 

( I )  Preparation of AlC1,-Graphite 
The method used was in accordance with the descrip- 

tion of Rudorff and Zeller (4). A mixture of 20 g of 
graphite and 40 g of AICI, (Acheson type, 99.99% C, 
obtained from Fisher Co.) was introduced, in an atmo- 
sphere of helium, into an aluminum autoclave. The system 
was flushed with chlorine and a pressure of 2.8 atm of 
chlorine was built in the system. The inlet and  outlet were 
then closed and the autoclave heated at 260" for 24 h. 
Upon heating, the pressure reached 17 atm. After cooling, 
the autoclave was opened. Some AIC13 was condensed on 
top of the autoclave. The solid mass was broken in a dry 
atmosphere and heated for  16 h under a pressure 0.1 rnm, 
at 250°, with an acetone - Dry Ice trap in the system. This 
treatment removed the non-intercalated AICI,. By 
standard analytical procedure, this intercalate contained 
6.0% A1 and 24.0% CI. The experiment could be easily 
reproduced and gave a concentration of AICI, in the 
graphite in the range of 30-35%. This experimental 
method operates at higher pressure than other already 
reported procedures (5) but  gives a lower CI/AI ratio (6). 

calated AICI, indicate an important decrease of 
( 2 )  Reaction in Sealed Tubes P ~ ~ Y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ '  Such a Over the degree In a thick test tube (1.5 x 12.5 cm), 1.0Og of 

of substitution by intercalation of AlCl3 in the ~1~1,-graphi te  (35% AICI,) was introduced with 0.500 g 
lattice of graphite offers interesting and new (4.1 rnrnol) of naphtalene and 1.330 g (12.3 mmol) of 
possibilities for the Friedel-Crafts reaction. The ethyl bromide. The mixture was frozen in Dry Ice and 

steps of the reaction between the organic sub- the tube sealed under vacuum. After a contact of 44 h, 
at room temperature, the tube was opened, after freezing, strate and the aluminum trichloride when inter- and the reaction mixture extracted with ethyl ether, A 

calated remain an open question at the Present series of experiments was repeated using this technique 
time, since it has not been established if the and, for  a given substrate the same amount of AICI,, 
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590 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

TABLE 1. Substitution with AlC1,-graphite 

Products* 
Molar 

Substrate Reagent Temperature Duration ratio with with 
System (s) (R) c'c) (h) (RIS) A1CI3 AIC1,-graphite 

Sealed 
tube 

Sealed 
tube 

Atmospheric 

Sealed 
tube 

Sealed 
tube 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

Atmospheric 

Benzene 

Toluene 

Toluene 

Naphtalene 

Biphenyl 

Benzene 

Benzene 

Toluene 

Toluene 

Toluene 

Ethyl 
bromide 

Ethyl 
bromide 

Ethyl 
bromide 

Ethyl 
bromide 

Ethyl 
bromide 

Ethylene 

Propylene 

Ethylene 

Propylene 

Isobutylene 

Benzene 2 
Monoethyl- 13 
Diethyl- 27 
Triethyl- 54 
Tetraethyl- 4 

Toluene 0 
Monoethyl- Traces 
Diethyl- 41 
Triethyl- 60 

Toluene 5 
Monoethyl- Traces 
Diethyl- 30 
Triethyl- 65 

Naphtalene 26 
Monoethyl- 3 9 
Diethyl- 

tetrahydro- 2 
Diethyl- 17 
Triethyl- 16  

Biphenyl 26 
Diethyl- 16 
Tetra-hexa 

ethyl- 3 3 
Octaethyl- 25 

Benzene 0 
Monoethyl- Traces 
Diethyl- 1.1 
Triethyl- 25 
Tetraethyl- 53 
Pentaethyl- 18 
Hexaethyl- 4 

Benzene 23 
Monoisopropyl- 56 
Diisopropyl- 18 
Triisopropyl- 3 

Toluene 8 
Monoethyl- 49 
Diethyl- 40 

Toluene Traces 
Monoisopropyl-Traces 
Diisopropyl- 42 
Triisopropyl- 46 

Toluene 20 
Monoisobutyl- 66 
Diisobutyl- 13 

29 
40 
23 
8 

Traces 

17 
52 
31 

Traces 

5 
33 
52 
10 

77 
21 

Traces 
1 
0.5 

8 1 
15 

4 
0 

3 
19 
47 
22 

6 
2 
1 

44 
54 
2 

Traces 

17 
51 
26 

4 
33 
59 

Traces 

35 
63 
1 

*Some minor components of the reaction mixtures have not been identified. The ratios reported are mass ratios. Most experiments have been 
repeated twice and could be reproduced within 1%. 
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LALANCETTE E T  AL.. METALS INTERCALATED IN GRAPHITE. 11 591 

either intercalated in graphite or free. The results are 1. (a) P. PASCAL. Nouveau trait6 de chirnie minerale. 
reported in Table 1. Vol. VIII. Masson et Cie, Paris. 1968. p 338. (b) H. 

PODALL and W. E. FOSTER. J .  Org. Chern 28, 401 
(3) Reaction at Atrnospheric Pressure (1958). 

The ~rocedure used was described by Norris and 2. H. REMY. Treatise on inorganic chemistry Vol. I. 
Rubinstein (7). Again, the relative amounts of AICI,, Elsevier Publishing Co., N.Y. 1956 p. 168. 
either intercalated or free, were maintained constant, for 3.  J ,  M.  L A ~ A ~ ~ ~ l l ~ ,  G ,  ROLLIN, and p. D ~ ~ ~ ~ ,  Can. 
one given system. Results are reported in Table 1. J .  Chem. 50,3058 (1972). 

(4) Ethylation of Benzene 4. W. RUDORFF and R. ZELLER. Z Anorg. Chem. 279, 
182 (1955). A 50 ml flask containing 20 g of dry benzene and 2.00 g 5. J .  G ,  HOoLEY. Carbon, 11, 225 (1973). of AICL-graphite (30% A U )  was kept at  75" for 24 h. M .  L, DzuRus and G ,  R. HENNIG. J, Am. Chem. Sot. In this mixture, a very slow stream of ethylene and HCI 

was circulated. After cooling, the organic phase was 79, I151 (1957). 

washed with bicarbonate and analyzed by preparative 7' J. F' NoRR1s and D' J' Am. 

vapor phase chromatography. The experiment was re- 61, 1166 (1939). 

peated with the same amount of AlC1, not intercalated. 
Results are reported in Table 1. 
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Kinetics of Proton Transfer Reactions of Carbon Acids. IV. Primary Deuterium 
Isotope Effect in the Reaction of Di-(4-nitropheny1)methane-dz with 

t-Butoxide 

JAE-HANG KIM' A N D  KENNETH T.  LEFFEK 
Chenzistt.)' Deprrr t~~~et~t ,  Dall~orrsie Uttiversity, Hrrlifrrx, Novn Scotirr 

Received July 4, 1973 

The primary deuterium isotope effect has been measured for the proton transfer reaction from di- 
(4-nitropheny1)methane to t-butoxide ion in a solvent consisting of 10% v/v toluene in 1-butanol at a series 
of temperatures between 20 and 45 "C. The isotopic rate ratio, kH/kD, is 7.3 at  25 "C. The activation pa- 
rameters showed an enthalpy of activation difference (AHD* -AHH*) of only ra. ) kcal mol-' and an 
entropy isotope effect (ASD* -ASH*) of -2.4 cal mol-' deg-I. The latter indicates, according to the 
theory of Bell, that tunnelling of the proton through the energy barrier is unimportant in this reaction. 
This result is compared to other reactions in the literature, in which tunnelling has been postulated to 
occur. 

L'effet isotopique primairedu deuterium a kt6 mesure pour la reaction d e  transfert du proton du di(nitro- 
4 phtnyl) methane a I'ion t-butoxide, dans un solvant constitut de 10z v/v de toluene dans le I-butanol et 
pour des temperatures variant entre 20 et 45 "C. Le rapport des vitesses isotopiques, k,/k, est de 7.3 a 
25 "C. Les parametres d'activation montrent une difference d'enthalpie d'activation de seulement ca. 
9 kcal mol-' pour (AHD* - AHH*) et un effet isotopique d'entropie, (ASD* - AS1,*) de -2.4cal 
mol-' deg-I. Ce dernier rtsuItat indique, selon la thtorie de Bell, que I'effet tunnel du proton a travers la 
barriere tnergdtique n'est pas important dans cette reaction. Ces resultats sont compares a ceux d'autres 
riactions de la litttrature, oh I'effet tunnel est suppose present. [Traduit pa r  le journal] 

Can. J. Chern., 52, 592 (1974) 

Introduction 
The investigation of primary deuterium isotope 

effects is of interest as one means of detecting 
proton tunnelling in organic reactions (1,2). 
About a dozen examples have been treated by 
Caldin (2) using the appropriate mathematical 
expressions (3) to yield barrier widths and barrier 
heights for proton transfer, corrected for tunnel- 
ling. These reactions exhibited rate ratios, lcH/k,, 
varying between 2.7 and 28.6 and within the 
reliability of the theory used, they showed 
significant tunnel effects. Nevertheless, isotopic 
rate ratios are not compelling manifestations of 
the tunnel effect unless kH/kD is greater than 
17 at 25 "C, i.e. greater than the largest rate 
difference which can be accounted for by the loss 
of one stretching and two bending modes of 
vibration for the C-H and C-D bonds (4). 
Such large ratios have been observed by Lewis 
and co-workers (5-7). One of these examples, 
the proton transfer from 2-nitropropane to  
2,6-dimethylpyridine, for which Lewis and 
co-workers (5 ,  6) reported k,/kD = 24.1 at 
25 "C in aqueous t-butanol was confirmed by 

Bell and Goodall (8), kH/k ,  = 19.5 at 25 "C in 
water. However, from a temperature-dependence 
study of the isotope effect for the same reaction 
in aqueous ethanol Lehman (9) found that the 
frequency factor ratio AH/AD is much greater 
than unity, whereas Bell predicted (1) that the 
tunnel effect should be characterized by AH/AD 
ratios less than unity. 

From a comparison of the rate ratios found 
for 2,6-dimethylpyridine and the unsubstituted 
base, Lewis suggested that a requirement for a 
large tunnel effect is that the reaction should 
have considerable steric hindrance, which would 
provide the necessary narrow energy barrier. 
The abstraction of a proton by the bulky t- 
butoxide ion in t-butanol is likely to be sterically 
hindered and large isotope effects have been 
measured for the reaction between t-butoxide and 
tri-(4-nitropheny1)methane in t-butan01.~ There- 
fore, the corresponding reaction with di-(4-nitro- 
pheny1)methane-d, has been studied. 

Results and Discussion 
The rates and activation parameters for the 

proton transfer from dik(4-nitropheny1)methane 

lPostdoctora1 Fellow 1971-1972. =E. F. Caldin, personal communication. 
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KIM AND LEFFEK: PROTON TRANSFER REACTIONS OF CARBON ACIDS. IV 593 

TABLE 1. Rate constants and isotopic rate ratios for the reaction of di-(4-nitropheny1)methane with sodium t-butoxide 
-- - --- --- 

Temperature lo3 [OBu] lo3 kH lo3 k,  ~ Z H  ~ Z D  

?c) (MI (S - I) (s-I) (1 mol-I s-I) (I mol-I s-I) ~ Z H / ~ Z D  

NOTE: Initial concentration of substrate = 5 x M; kll and ko are observed first-order rate constants for (4-N02C6H4)1CHI and 
(4.N02C6H4)2CD2, respectively; k,,l and k 2 ~  are second-order rate constants. 

to t-butoxide in 10x  v/v toluene in t-butanol 
have been reported in a previous paper (lo), 
but the standard deviations obtained in that 
work were too large to allow those results to be 
incorporated in an isotope effect study. Therefore, 
the rates of reaction for the protium compound 
were redetermined along with those for the 
deuterated analogue, using the same experi- 
mental procedures as the earlier work (10). 

The first-order rate constants were determined 
using a substrate concentration of 5 x M 
and t-butoxide concentrations varying between 
8.0 x and 1.6 x lo-* M. The second-order 
rate constants were calculated from the slope of 
the plot of k ,  vs. t-butoxide concentration at 
each temperature studied between 20 and 45 "C. 
The rate constants are shown in Table 1, together 
with the isotopic rate ratios. The activation 
parameters and their isotopic dependence, calcu- 

lated from the data in Table 1, are shown in 
Table 2. 

For the protium compound the enthalpy of 
activation is slightly smaller and the entropy 
of activation slightly more negative than the 
previous measurement (10) but the two sets of 
parameters are in agreement within the quoted 
standard deviations. 

The magnitude of the isotopic rate ratio of 
7.0 to 7.5 looks quite normal for a primary 
deuterium kinetic isotope effect but its tempera- 
ture dependence is unusual. For a number of 
proton transfer reactions from similar carbon 
acids, the isotope effects on the activation para- 
meters are in the directions so as to  partially 
cancel each other. AH,* is always less than 
AH," as required by the lower zero point energy 
of the C-D bond compared to the C-H.bond 
and the standard result up to now has been for 
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TABLE 2. Activation parameters for the proton and deuteron transfer reactions from di-(4-nitropheny1)methane to I-butoxide 
LI 

AH* AS* A AHD * - AHH * ASD* -AHH* o x 
Compound (kcal mol-l) (cal mol-I deg-I) (I mol-I s-l) (kcal rnol- l) (cal mol- ' deg-l) &/AD m 

?= 
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ASD* to be more positive than the AS,*. In 
collision theory terminology, this entropy effect 
is equivalent to the frequency factor A, being 
less than A,, and this fact, especially if AH/AD 
< $, together with activation enthalpy differences 
greater than 1 kcal/mol, has been cited as 
evidence of tunnelling through the energy barrier 
by the proton. The frequency factor ratio in 
Table 2, A,/A, = 3.4, indicates that tunnelling 
is unimportant in this reaction. Thus, if this 
theory is correct, we can conclude that the proton 
transfer between di-(4-nitropheny1)methane to  
t-butoxide in 10% vv/ toluene in t-butanol is 
characterized by a low broad barrier. 

The frequency factor ratio of 3.4 is not only too 
large to indicate tunnelling through the barrier, 
it is also too large to be explained by any of the 
current models for primary deuterium isotope 
effects. Schneider and Stern ( l l ) ,  for example, 
have calculated preexponential factors for five 
model reactions and find that AH/AD lies between 
0.7 and 1.2. The experimental error quoted in 
Table 2 indicates that there is only a very small 
chance that our AHIAD value is less than 2. 
The models used by Schneider and Stern, how- 
ever, were chosen to test the lowest reasonable 
value of AH/AD and not the highest reasonable 
value and, in addition, their models contained 
no solvent. Since we already have evidence (10, 
12) that solvent effects are important in the 
reaction of di-(4-nitropheny1)methane with alk- 
oxide bases, our abnormal frequency factor ratio 
may spring from this source. 

Abnormal frequency factor isotope effects 
have been observed by others; Lehman (9) 
recorded a value of A,/AD = 354 for the proton 
transfer from 2-nitropropane to 2,6-dimethylpy- 
ridine in aqueous ethanol. While there are no 
apparent errors in his work, the fact that the 
activation energy for the deuterated 2-nitro- 
propane is 2.1 kcal mol-' less than that of the 
protium compound puts his results so far beyond 
the normal isotope effect theory that their 
authenticity must be doubted. On the other hand, 
Flanagan (13) found for the neutralization of 
nitrocyclobutane by hydroxide ion in 50% 
aqueous dioxane that AHD* - AH,' = 0.8 
kcal mol-' and ASD' - AS,' = -1.3 cal 
mol-' deg-', corresponding to AH/AD = 1.85. 
It appears, therefore, that frequency factor 
ratios significantly greater than unity are experi- 
mentally possible. 

The conclusion that tunnelling is unimportant 
in the present reaction, together with our earlier 
results on the isotope effect for the transfer of a 
proton from 4-nitrophenylnitromethane to the 
tertiary aniine bases triethylamine and tri-n- 
butylamine, gives us two examples of proton 
transfer reactions which show no  evidence of 
tunnelling against 11 reactions of similar type 
tabulated by Caldin (2), for which he was able to 
calculate a tunnelling correction to the activation 
energy ranging from 5 to  19%. The most obvious 
difference between the 2 reactions and the 11 
reactions is that whereas the observed activation 
energies of the 11  reactions have values between 
9.2 and 14.6 kcal mol-', the 2 reactions which 
show no evidence of a tunnel effect have EH 
values of about 7 kcal mol-'. Thus, there appears 
to be some circumstantial evidence that the 
tunnelling correction is related to the observed 
EH, although the theory relates the tunnelling 
correction to the curvature at the top of the 
barrier and not to the barrier height itself. A 
least-squares calculation for a straight line 
relation between Caldin's tunnel correction 
(expressed as a percentage difference between 
EH(obs) and E,(corrected)) and E,(obs) yields 
an E,(obs) value of 9.3 kcal mol-' as a figure 
below which tunnelling corrections are insigni- 
ficant. This value has a standard deviation of 
1.8 kcal mol-'. However, the correlation coef- 
ficient for the data is only 0.42, which means that 
statistically the relation between the two quanti- 
ties is essentially non-existent. However, the 
suspiciously minded will remember that both 
quantities are subject to considerable error and 
are somewhat removed mathematically from the 
original experimental observations. Thus, while 
there is no theoretical reason why a higher barrier 
should necessarily be narrower, and therefore 
more likelv to show a tunnel effect than a low 
barrier, those who are looking for further 
examples of tunnelling might be advised to 
concentrate on proton transfer reactions with 
activation energies about 10 kcal mol-' or more. 

Experimental 
Materials 

Di-(4-nitropheny1)methane was prepared and recrystal- 
lized as in the earlier work (lo), m.p. 182-183 "C (lit. 
(14) 183"). Extensive deuteration of di-(4-nitropheny1)- 
methane on the aliphatic hydrogens in NaOD-D,O 
solution was reported by Bowden and Stewart (15). Our 
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method was similar, but used NaOCH3-CH30D as the 
basic solution. The protium compound (0.2 g) was dis- 
solved in dry toluene (30 ml) and sodium methoxide 
(I mmol in 5 ml methanol-d) was added. After about + h 
the solution was neutralized with a few drops of concen- 
trated DCI in D,O. The mixture was evaporated to 
dryness at reduced pressure, redissolved in dry toluene 
(30 ml) and filtered through a sintered glass disk. The 
whole procedure was carried out under an atmosphere of 
dry nitrogen. 

The exchange process was repeated twice, after which 
the deuterated material was more than 9 8 z  D on the 
aliphatic carbon judged from the n.m.r. spectrum. 

Reagent grade t-butanol was dried over calcium 
hydride and fractionally distilled from dibutylphthalate. 
Toluene was dried with sodium metal and fractionally 
distilled. 

Kinetic Measrrreme~zts 
The reaction was followed at 530 nm on a Unicam SP 

800 spectrophotometer as previously described (lo), 
except that an external slave recorder was used. Example 
runs have been quoted earlier (10). 

The authors are grateful for financial support by the 
National Research Council of Canada. 
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Conformations of Bridged Diphenyls. V. A Nuclear Magnetic Resonance 
Comparative Study of the Conformations of Identically Substituted Diphenyl 

Ethers, Sulfides, Methanes, Ketones, Sulfoxides, and Sulfones 

HARM BENJAMINS A N D  W. DAVID CHANDLER' 
Depc~rt~?re~zt of C l r e ~ ~ ~ i . s t ~ . ~ ~ ,  U~ri\~ersity of Snskotchewcrt~, Kegi~ln, Soukatchenw~z S4S OA2 

Received July 3, 1973 

Using n.m.r. methods developed in earlier papers, the conformations of two series, one  doubly 
ortlro-substituted and one triply ortho-substituted, of six identically substituted bridged diphenyls were 
compared. The ethers, sulfides, and niethanes have been shown to adopt the same conformation in which 
the di-ortho-substituted ring is perpendicular to the central bridge plane while the other ring lies in that 
plane and an ortho hydrogen takes LIP the "inside" o r  "proximal" position. The benzophenones and 
sulfoxides prefer a conforniation in which the dihedral angle between each ring and the central plane is 
about 40-50" and an orflro hydrogen adopts the "outside" or "distal" position. The sulfones adopt a 
conformation in which the two rings are more nearly perpendicular to the central plane. 

En utilisant les niethodes r.m.n. dkcrites dans les articles prkcedents on a compare les conformations 
de deux series de six diphenyles pontes portant des substituants identiques, I'une doublement si~bstituee 
en or.tlro, I'autre triplement substituee en ortho. On a montrC qile les ethers, les sulfures et les mithanes 
adoptent une mime conforniation ou lecycle di-ortho substitue est perpendiculaire au plan du pont central, 
plan qui contient I'autre cycle, un hydrogene orrho occupant la position "interieure"' oil "la plus rap- 
prochee". Les benzophenones et les sulfoxides priferent une conformation oil I'angle diedre entre chaque 
cycle et le plan central est environ 40-5O0, un hydrogdne ortlro occupant la position "extCrieure" ou "la 
plus eloignee". Les sulfones adoptent une conformation ob les deux cycles sont pratiquen~ent perpen- 
diculaires au plan central. [Traduit par le journal] 

Can. J. Chem.. 52, 597 (1974) 

Introduction 

Extensive p.m.r, studies have shown that, for 
triply ortho-substituted diphenyl ethers, a skew 
or H-inside conformation (Fig. 1) is the lowest 
energy conformation (1-7). In solution the two 
rings may oscillate about the skew equilibrium 
angles (4 = 0°, \1C = by +20°. Lehmann 
and co-workers (8-lo), based on their dipole 
moment studies, have suggested that a twist con- 
formation is lower in energy (Fig. 1). However, 
a definitive discrimination between skew and 
twist conformation is impossible to give using 
conventional techniques; the averaging of two 
twist conformations (Y = Z) must result in an 
apparent skew conformation. 

X-Ray diffraction studies on solids (1 1) have 
corroborated the p.m.r. results, where common 

'Author to whom correspondence should be addressed. 
2+ and w will be defined as the d~hedral angles between 

the CGC plane and the two ring planes where G is the 
central atom of the bridge. This definit~on is different 
from the one used previously (5, 7) for which is the 
angle between the CGC plane and the di-o~tho-substituted 
ring. 

-)All ethers studied in this series of papers are sym- 
metrically substituted in the one ring (5, 7, 11). 

FIG. 1. Possible conformations of a triply o~,tho- 
substituted diphenyl ether; (i) skew, H-inside conforma- 
tion 4 = O0,  = 90"; (ii) planar conformation + = y = 
0"; (iii) butterfly conforniation 4 = y = 90"; (iu) twist, 
H-inside conformation 4, w > 0". 

ethers were used, and have shown values of 4 
and \Ir close to 0 and 90°, respectively (7). 

It is clear that the triply ortho-substituted di- 
phenyl ethers are forced into the skew, H-inside 
conformation as the result of a balance of com- 
peting forces: (i) the tendency of each phenyl 
ring to prefer a plane perpendicular to the un- 
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shared "p" electron pair on oxygen so that 
conjugation between oxygen and the ring may 
take place; (ii) steric repulsion among the four 
ortho substituents and the n-cloud of the rings. " 
Conjugation alone makes a planar conformation 
lowest in energy while steric factors alone favor 
a more butterfly-like conformation (Fig. 1). 
With three large ortho substituents, the skew, 
H-inside conformation is the net result; the di- 
ortho-substituted ring is perpendicular to the 
COC plane for steric reasons while the mono- 
ortho-substituted ring is coplanar with the COC 
plane for reasons of conjugation and lower steric 
repulsion. The conjugation is increased if that 
ring is substituted with electron withdrawing 
groups (3, 8). 

One would assume that if the bridge in another 
type of diphenyl were an electron donor like 
oxygen, the molecule would adopt a conforma- 
tion similar to that shown by ethers. On the other 
hand, electron withdrawing bridges, through 
operation of a reversed mesomeric effect, should 
cause conformations somewhat different from 
the ethers. In fact, the p.m.r. studies of Montaudo 
and co-workers have been interpreted to mean 
that triply ortho-substituted diphenyl sulfides 
(3,4) and methanes (12, 13) adopt conforrna- 
tions very similar to the ethers, whereas benzo- 
phenones (4, 14) adopt a twist conformation 
with the two rings approximately 20" from co- 
planarity, and sulfones (4, 53) take up a butterfly 
conformation. The limited data collected for the 
benzophenones were made harder to interpret 
by the known magnetic anisotropy of the car- 
bony1 functional group. 

In the work already done information was 
obtained for only one hydrogen per molecule 
and no common structure ran through the series 
of diphenyls. Thus it seemed advisable to investi- 
gate the effect of the bridge on the conformation 
of bridged diphenyls in a more quantitative and 
systematic way than had been done previously. 
To  that end, the 24 compounds in series 1, 2, 3, 
and 4 were obtained and their p.m.r. spectra 
were compared. The sulfoxides were chosen be- 
cause of their obvious structural similarities t o  
the benzophenones. 

To analyze the p.m.r. data, the double- 
difference method, developed previously (5,7) 
and applied with a fair amount of success to  
diphenyl ethers, was used. This method allows 
one to estimate that part of the chemical shift of 
ring protons that is due solely to  conformation- 

ally-dependent, ring anisotropic effects. Once 
this is known a comparison with values calcu- 
lated using existing theories of ring anisotropy 
permits an estimate of the conformation of triply 
ortho-substituted diphenyls such as series 1. To 
apply the double-difference analysis in this case, 
the chemical shifts of the ring protons, Ha, H,, 
and H,, were dissected to take account of the 
presence of the bridge G as follows: if 6,,j is the 
chemical shift of a particular ring proton, j = a, 
b, or c, in a member of series 1 and SANj is the 
chemical shift of the same proton in the corre- 
sponding member of 2, then they may be written 
as 

6+j is the contribution to the total shift from the 
mesityl ring, 6,,J the contribution from the 
methyl on the bridge, 6,' the contribution from 
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the nitro group and tiG,' the contribution from Results and Discussion 
the remainde; of the- *olecule including the 
bridge itself. The 6,,,j terms represent inter- 
actions between the contributors and 6,,j is the 
conformationally-dependent, mesityl ring shield- 
ing. Then 

131 - 6.m' 
= (6+' - 6Mc')  + (6+ ,G+ '  - 6 M e , G 4 j )  

+ (6+,Nj - &Me,Nj )  + 6oNj 

where I, j  represent interaction parameters (5, 7). 
Similarly 

where 6,"' and tiAH' are experimental chemical 
shifts for the corresponding compounds in series 
3 and 4, respectively. The double-difference, 
A G j ,  is given by 

I [ 5 ]  d G j  = (ZDNJ' - ZANJ) - (tiDH' - 6 ~ ~ ' )  
= (I+' - I M c j ) ( I N J  - I H j )  

+ @,Nj - 6,"j) 

Since the term ( I + j  - ~, , j ) ( l , j  - I H j )  is a 
constant, independent of the bridge G, any 
variation in A,j with G can be attributed to  
changes in conformation which produce varying 
6,,j or 6,,j. In theory it should be possible to 
estimate the conformations of each member of 
1 and 3 by looking at the A,' values. For each G 
there are three of these corresponding to  j = a, 
b, and c, and these should be a self-consistent set 
for any particular conformation. 

One defect in the double-difference analysis is 
that it fails to take into account the possibility 
that terms such as 6,+j and 6, j  might not be the 
same in the corresponding diphenyl and mono- 
phenyl. This is likely to be a problem only if the 
bridge or nitro group has a different geometry 
relative to  the common phenyl ring in the 
diphenyl-monophenyl pair. This was not a con- 
cern in the ethers (5,7) but could be with bridges 
that do not have local spherical symmetry or if 
the conformation of the diphenyl is such that the 
nitro comes into close contact with the other 
ring. 

The chemical shift, single and double differ- 
ences are presented in Tables 1, 2, and 3. From 
[5] it is clear that the double-difference values 
can give .6,,! - ti,,' only if the constant 
(I+' - IMeJ)(INJ - IHJ) (3 C j )  is corrected for. 
The values for 6,,j - 6,,j are known for 5, a 
series of diphenyl ethers with a trichlorophenyl 
ring rather than a mesityl ring so that it is pos- 

TABLE 1. Single-difference chemical 
shifts for series 1 and 2* 

--PA- 

LN' - &AN1 (~.p.m.)  

*In solution in chloroform-d. 
?The negative sign means that the proton is more 

shielded in the diphenyl than in the monophenyl. 

TABLE 2. Single-difference chemical 
shifts for series 3 and 4* 

-- -- 

6DHJ - ~ A H '  (~.p.m.)  

G j = a  j =  b , j = c  
- 

0 -0.13t -0.04 
S -0.31 -0.11 
CHZ -0.18 -0.06 
C 0  -0.13 -0.04 
SO -0.20 -0.12 
so, -0.19 -0.12 

'In solution in chlorororm-d. 
tThe  negative sign means that the proton is more 

shielded in the diphenyl than in the monophenyl. 

TABLE 3. Double-difference values 

*The negative sign means that  there is a net shielding effect at the 
proton in question. 
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5 

sible to estimate the constant in A,' (5).4 For 
Hb and H, in series 5, 6,N - 6oH is -0.14 and 
0.14 p.p.m., respectively. Thus Cb N 0 and Cc E 

0.02p.p.m. For H, in 5, 6,," - 6,," is -0.40 
p.p.m. Since any correction in A," is small com- 
pared to  magnitude of the value and the uncer- 
tainty in the correction is large (5) C%ill be set 
equal to zero. With these corrections the values 
of 6,,j - 6,,j for the six-bridged diphenyls are 
given in Table 4. 

Ethers, SulJides, and Methanes 
Table 4 shows clearly that the 6,,' - 6,"' 

values are fairly constant for G = 0 ,  S, and CH, 
in spite of the fact that these bridges would have 
different bond angles and lengths. One must 
conclude that triply ortho-substituted diphenyl 
ethers, sulfides and methanes do adopt a similar 
conformation, which, for the ethers, has been 
shown to be the Ha-inside conformation with 
moderate librations (5, 7). For the doubly ortlro- 
substituted analogs, 3, there must be two identi- 
cal H-inside conformations which equilibrate 
rapidly (5-7) to make the two ortho protons and 
the two meta protons magnetically equivalent in 
pairs. Since the free energy barrier to rotation of 
the para-disubstituted ring has been shown to be 
-- 10 kcal/mol for ethers of type 3, there has to  
be some conformational preference. 

If the double-difference method is valid 
- 6,,P should be equal to -(6,,' - 6,,'). 

Table 4 shows that this identity holds with the 
exception of the bridges S and CO. The carbonyl 
case will be discussed later. S has been shown to 
be more effective in transmitting electronic 

4This assumes that FUN' - FoHJ is the same for all 
ethers of this type regardless of the nature of the two 
ovtho substituents on the one ring. X-Ray studies have 
shown this to be approximately so (1 1). It has also been 
shown that the nature of the X-substituent in series 5 does 
not affect the conformation noticeably (5, 7). 

TABLE 4. Corrected experimental values 
for FoNJ - F,,,' 

*The negative sign means that there is a net shielding 
due  to the "other ring". 

effects in diphenyls than other bridges such as 0 ,  
CH,, SO, or SO, (15). It may be that the trans- 
mission of electronic charge is more geometry 
dependent for sulfur than it is for the other 
bridges so that different degrees of phenyl twist 
from the CSC plane in the diphenyl (lb) and the 
monophenyl(26) would result in 6,+j not being 
a constant. 

Sulfoxides 
Those compounds with electron withdrawing 

bridges give quite different results from the 
ethers, sulfides, and methanes. For example, 
with G = SO the other-ring shielding values in 
Table 4 have changed sign. Since the single 
difference between corresponding members of 
series 3 and 4 is not greatly different regardless 
of the bridge, all of the doubly ortho-substituted 
diphenyl studies must adopt similar conforma- 
tions (Table 2). The novelty in the sulfoxides 
must be due entirely to the single difference 
between l e  and 2e; H, has become less shielded 
in the diphenyl sulfoxide l e  while H, has become 
more shielded. That means that, unlike the 
ethers, a NO2-inside or NO2-proximal confor- 
mation must predominate. Assuming the same 
conformation for 3e and allowing for exchange 
of the equivalent ortho and meta protons, cal- 
culated values for 6,,,,j and 6,,' were arrived at 
(Table 5) using the ring current model of 
Johnson and Bovey (16). 

If 4 = 50" and \I, = 40" the calculated values 
of 6,,j - a,,' are 0.37, 0.10, and -0.10 p.p.m. 
for j = a, b, and c, respectively. Although the 
calculated value for Ha is too low and that of 
H, too high, a precise comparison of experi- 
mental and calculated other-ring shieldings 
(Tables 4 and 5) is difficult; if 6 , ~ ~  - 6,,, is 
lowered as the result of an assumed conforma- 
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BENJAMINS A N D  CHANDLER: 

TABLL 5. Values of tioNJ - tioH' calculated 
for NO2-inside conformations of le* 

- 

6 . ~ ~  - tio,fJ (p.p.m.1 

*The CSC bond angle and the CS bond lensths were taken from 
Abrahams (17). 

t T h e  angles are defined in footnote 2. 

tion, F,," - F,," is lowered as well. For example, 
with 4 = 40" and \Ir = 30' the calculated values 
become 0.35, 0.07, and -0.07 p.p.m. However, 
qualitative agreement can be obtained by assum- 
ing that the triply ortho-substituted sulfoxide l e  

I adopts a NO2-inside, twist conformation with 
I @ and $ = 40 f 10" (Fig. 2). A more detailed 

discussion of the validity of a method such as 
this for arriving at conformational angles has 
been presented in two previous papers (5, 7). 

Although this work cannot tell, presumably 
the methyls and the "inside" nitro of l e  are as 
far from the sulfoxide oxygen as possible. The 
X-ray diffraction studies, to be published shortly, 
indicate that this is so.5 

Further evidence supporting a twist confor- 
mation of the sort suggested comes from a com- 
parison of the ortho methyl resonances in all the 
members of family 1 and the corresponding 
members of series 6 (Table 6). The increased 
shielding of the methyls in the diphenyl is more 
pronounced in the sulfoxide than in the ether, 
sulfide or methane. This would be true if the 
latter three adopt a conformation where the 

5 0 f  all the bridges SO is unique slnce there is no plane 
of symmetry including it and the two lings to which it is 
bonded. In the proposed conforn~ation for the sulfoxides, 
when rotation of the mesityl ring becomes slow relative 
to n.m.r, relaxation times the methyl groups in the ortho 
positions lose their equivalence due to a lack of an average 
plane of symmetry in the molecule. It IS not surprising 
that at  -60" and 60 MHz the ortho methyls of both l e  
and 3e become nonequivalent. These are the only di- 
phenyls to exhibit this nonequivalence. 

BRIDGED DIPHENYLS. V 601 

FIG. 2. Preferred NO2-inside, twist conformation for 
the sulfoxide le. 

TABLE 6. Chemical shift 
differences of or/ho methyls 

in series 1 and 6* 

' In solution in chloroform-d. 
tThe  negative sign means that t h e  

methyls a r e  more shielded in t h e  
diphenyl than  in the monophenyl. 

mesityl ring is more nearly perpendicular to the 
CGC plane while the sulfoxide has the mesityl 
ring twisted, thereby bringing the methyls further 
into the shielding region of the second ring. 

Sulfoiies 
The sulfones, 1 f and 3f, present a different sort 

of problem. In If, Ha and H, are slightly less 
shielded than in the corresponding monophenyl 
while H, is more shielded (Table 1). This is pos- 
sible if lf were to take up an H-inside conforma- 
tion with the two rings nearly perpendicular t o  
the CSC plane (Fig. 3). In such a case, the net 
result of ring shielding and electronic effects on 
Ha would be a deshielding one relative to 25 
Since the single-difference results with 3f and 4f 
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TABLE 7. Calculated values for 6,Nj and subsequently derived values for 8,"j in sulfones 1 f and 3f* 
--- 

6,~' (~.p.m.)  LHJ (~ .p .m.)  

$0 w(") j = a j = b  j = c  j = a  j = b  j = c 

90 t 90 t 0.13 -0.05 -0.05 -0.09 -0.13 -0.16 
90 80 0.07 -0.07 -0.02 -0.15 -0.16 -0.13 
90 70 0.02 -0.09 0.01 -0.21 -0.17 -0.10 
80 90 0.12 -0.07 -0.03 -0.10 -0.16 -0.14 
80 80 0.04 -0.10 -0.01 -0.19 -0.18 -0.12 
80 70 -0.04 -0.11 0.02 -0.26 -0.19 -0.09 
70 90 0.09 -0.10 -0.02 -0.14 -0.18 -0.13 
70 80 -0.03 -0.13 0.00 -0.25 -0.21 -0.12 

*The CSC bond angle and the CS bond lengths were taken from Abrahams (17). Values o f  SON' were calculated using the angles 
indicated. Values for 6,") were obtained by subtracting experimental values for SON) - SOHI from Sad. 

?The angles are defined in footnote 2. 

FIG. 3. Preferred butterfly conformation for the sul- 
fone If. 

(Table 2) are not much different from those using 
the other diphenyls it would seem reasonable to 
conclude that, for the sulfones, the triply and the 
doubly ortko-substituted members do not adopt 
the same conformation even allowing for 
averaging. 

The approach that is most useful is to recog- 
nize that the calculated and experimental other- 
ring shielding values can be related by 

[6 ]  6,,' = 6,,j - experimental value 

6,,j and tioNj are the calculated values of the 
other-ring shielding for the two sulfones and the 
experimental values, taken from Table 4, are 
0.22, 0.08, and 0.11 p.p.m. for Ha, H,, and Hc, 
respectively. Table 7 gives the 6,,' values cal- 
culated for a number of possible conformations 
and the values for 6,,' one would obtain using 
these and the experimental values in [ 6 ] .  

Since two identical conformations must be 
averaged in any calculation of 6,,j, the values 
for SoHb and 6,," must be equal. As Table 7 
indicates, that can be accomplished for a con- 
formation of lf having + = + = 90 f 10" when 
6,," z -0.12p.p.m. and 6,,b = 6,,' 1: -0.15 

p.p.m. To give these calculated values, the con- 
formation of 3f would have t o  be such that + 1: 40" and \Ir 1: 90". Thus the triply ortho- 
substituted sulfone lf must be in a near-butterfly 
conformation with the nitro group slightly out- 
side (Fig. 3) while the doubly ortho-substituted 
sulfone 3f does not have as large a rotation of the 
nonalkylated ring from the CSC plane. 

Presumably these conformational differences 
in the two sulfones are largely sterically induced. 
The nitro group in If, to relieve interaction with 
the SO, oxygens, forces the ring to which it is 
attached to adopt a position nearly perpendicular 
t o  the CSC plane. The mesityl ring in both com- 
pounds is prevented from appreciable rotation 
by the two sulfone oxygens as well and, unlike 
the situation for  the sulfoxides, is nearly perpen- 
dicular to the CSC plane. This is in agreement 
with previous suggestions made for similar di- 
phenyl sulfones (4, 17, 53). It is interesting that 
the proposed butterfly conformation for 1 f would 
bring the ortho NO, and a CH, on the other ring 
very close together. 

Benzophenones 
Structurally, the benzophenones and sulfox- 

ides should be similar although the double- 
difference results of Table 4 d o  not indicate a 
similarity. The single difference between 3d and 
4dfollows the sort of trend observed for the other 
doubly ortho-substituted diphenyls but that be- 
tween Id  and 2d is like the sulfoxide and then 
only qualitatively. It is impossible to suggest a 
conformation that by itself could give the results 
obtained experimentally. The source of the prob- 
lem could be the well-known, magnetic aniso- 
tropy of the carbonyl functional group (18-20, 
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14) or  effects produced by the twisting of the 
NO, out of coplanarity with the ring (10). 

The question raised by Table 1 is how can Hb 
and H, both be more shielded by a significant 
amount in the benzophenone Id than in the 
acetophenone 2d. They both cannot be in the 
mesityl ring's shielding field nor can they both 
be in the CO shielding field. Although the purely 
electronic difference between a mesityl ring and 
a methyl group should affect the two meta 
protons equally, it is hard t o  account for the 
large shielding difference observed on this basis 
alone. 

Based on the carbonyl anisotropy model of 
ApSimon et al. (19), in a nitro-inside conforma- 
tion analogous t o  the sulfoxide (Fig. 4(i), 
X = NO,), H, would experience a large shield- 
ing effect, Hb would experience a smaller shield- 
ing, and H, a deshielding due to  the carbonyl 
alone. This effect would not be removed in the 
single- and double-difference data only if Id and 
2d had different conformations involving the 
direction of the CO and the dihedral angle be- 
tween the planes of the phenyl ring and the 

i carbonyl. 
It is known that ortho-substituted acetophe- 

( nones do appear to have preferred conformations 
(14,21, 22). The suggestion for some of them is 
that conformation shown in Fig. 4(ii) (R = CH,) 

I (14,22) although the carbonyl group is not co- 
planar with the phenyl (21). In no case has the 
conformation of an ortho-nitroacetophenone 
been studied although meta-nitroacetophenone 
appears t o  exist exclusively in a conformation 
analogous to  Fig. 4(i) (22). Stothers and co- 
worker have estimated the angle of twist of the 
carbonyl from the phenyl plane to  be 24" in 
or tho-nitroacetophenone (21). 

However, even if Id and 2d were to  adopt the 
conformations represented by Figs. 4(i) and (ii), 
respectively, the single and double differences, 

FIG. 4. The two planar conformations of an ortho- 
substituted phenyl ketone. 

corrected for CO induced shielding, are not in 
keeping with a diphenyl nitro-inside conforma- 
t i ~ n . ~  In fact, it is impossible to  account for the 
single difference of Table 1 and the double 
difference of Table 4 on the basis of carbonyl 
magnetic anisotropy alone no matter what di- 
phenyl and monophenyl conformations are 
assumed; there is n o  way to correct so that the 
double-difference values for H, and H, could be 
equal in magnitude but opposite in sign.7 

A more likely explanation involves the as- 
sumption that the ortho nitro becomes twisted 
out of planarity with the ring more in  the benzo- 
phenone than in the  acetophenone. As a result, 
the NO, in Id would be less electron withdraw- 
ing so that the protons would appear to have 
become more shielded in the diphenyl com- 
pound. The greater NO,-ring interplanar angle 
would be a likely consequence of l d  adopting the 
NO,-inside conformation where that nitro would 
come close to  the electron cloud o f  the other 
ring. The result of a correction for the twisted 
nitro could well be the making of ljmNb - 6m,b 
positive and equal in magnitude to  ljwNc - 6m,,c 
which could still be  n e g a t i ~ e . ~  By the same 
argument, a correction for nitro twisting could 
make the other-ring shielding a t  H, very much 
more positive, probably even greater than the 
0.41 p.p.m. observed for the sulfoxides especially 
if C O  anisotropic shielding is also corrected for.' 

A t  this time it is impossible to  separate the 
steric effect mentioned above and possible CO 
magnetic effects although the latter do not ap- 
pear to  be large in this case. We propose to dis- 
cuss the NO, twisting in much more  detail in 
future papers when X-ray diffraction data are 
presented for all the nitro-substituted diphenyls. 

I t  has been suggested that changes in nitro 

6Calculations were carried out using the model of 
ApSimon et al. (19) with the magnetic and electric dipoles 
of the carbonyl set at the bond's midpoint. Distances 
from the point dipoles to Hb and H. were of the order of 
4.7 and 5.0 A. Placing the dipoles on the oxygen reduced 
the calculated shieldings to about half the values quoted. 

'For example, adding 0.21 p.p.m. to both tiUNb - tiUHb 
and ti,,' - ti,,' would make them 0.09 and -0.09 
p.p.m., respectively. 

sDepending on the position of the electric and magnetic 
dipoles, as well as the relative conformations of Id and 
Zd, the CO shielding difference for Ha could be as much 
as 1.2 p.p.m. However, because H, is less than 3 A from 
the dipoles in any conformation, the point dipole model 
is not particularly good. 
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group magnetic anisotropy (10) as the result of well within 0.2 H z  by means of ABC a n d  AA'BB'calcula- 

twisting might also play a role in  the difficult tions respectively, making use of the program TWOSUM. 
Spectral assignments for 4b, d, e, a n d  f were made  interpretation of the chemical shift differences. unambiguously by analyzing the spectra of the 

Since Hb and HC are at quite different distances deuterated analogs. The appropriate chemical shifts are 
from the NO2 shielding cone, anisotropic effects given in Table 8. Melting points (n1.p.) were determined 
could hardly be the same for them and yet the o n  a Kofler, micro hot-stage apparatus and are reported 

corrections to the double-difference uncorrected. Elemental analyses were carried ou t  by 
Chemalytics Inc., 2330 S. Industrial P a r k  Drive, Tempe, 

shifts would appear to have to be equal. Arizona and by Galbraith Laboratories Inc., Box 4187, 
Since there seems to be absolutely no way to Knoxville, Tennessee. 

correct the double-difference values in Table 4 to 
accommodate an HA-inside conformation, it is S~f l ihes i s  of 

The preparation and  properties of the following have 
likely that the other-ring are been described previoLls]y: 4-methoxybenzoate, 
to those of the corresponding sulfoxides and that 4 ,  (1); nlethyl 4-methoxy-3-nitrobenzoate, 20 (1); 2- 
I d  adopts a NO,-inside, twist conformation as nlethoxy-1,3,5-triniethylbenzene, 6a (27); 2-(4'-carbo- 
found for le .  methoxy-2'-nitrophenoxy)- l,3,5-trimethylbenzene, l a  (26). 

A twist conformation would be in keeping 2-(4'-Carbomethox~y~I1et1o,~y)-1,3,5- 
with the evidence of other workers (4, 14, 23-25) frirneil1~~lbet7ze/7e (3cr) 
for benzophenones this work presents 2-(4'-Carboniethoxy-2'-n1tro~henox~)-1,3,5-tri~neth~l- 

benzene was reduced to the corresponding anline, m.p. 
the first of a conformation, for any 115-116", using Raney nickel and hydrogen (7). Diazo- 
bridged diphenyl, having an ortllo substituent tization of the amine and the subsecluent reduction of  the 
"inside". Even the very recent I3C n.m.r. studies diazoniilm salt with hypophosphorous acid were carried 
of Buchanan et al. (23) do not suggest such a out  by the method of Chandler and  co-workers (1,7) .  

conformation. Recrystallization of  the crude product  from methanol 

It is surprising that a NO2-inside conforma- 
tion would be preferred for the benzophenones TABLE 8. Aromatic proton chemical shifts 

and sulfoxides of series 1 in view of what must be for series 1, 2,  3 ,  a n d  4 

a large steric interaction between the NO2 and 
the n-cloud of the mesityl ring. The observation 
of an Ha-inside conformation for the correspond- 
ing ether, sulfide, and methane is more in keep- 
ing with expectation. However, it is possible that 
for the benzophenone and sulfoxide an electro- 
static factor, repulsion between the partially 
negatively charged nitro and bridge oxygens 
more than offsets the apparent lower steric 
energy of an HL,-inside conformation. With the 
nitro "inside", its oxygens approach nearer to 
the positively charged carbonyl carbon o r  sul- 
foxide sulfur. For the sulfone the additional 
oxygen increases the "size" of the bridge con- 
siderably, adding new ring-oxygen steric inter- 
actions and making the butterfly-like conforma- 
tion the stable one. It has been suggested that, 
although the rings are perpendicular to  the CSC 
plane, there may still be considerable resonance 
interaction between the rings and the sulfur even 
in this conformation (4, 15, 53). 

Experimental 
The p.m.r. experimental procedure, including concen- 

trations, spectral analysis, and estimation of errors, has 
been given previously (5). All lines in the aromatic three 
or  four proton region of series 1-4 were reproduced t o  

Chemical shift (p.p.m.)* 

G Compound Ha H , H c  

*In solution in chloroform-rl relative to tetrarnethylsilane. 
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yielded 1.92 g (80%), m.p. 83.5-88.5". Repeated recrystal- 
lizations from methanol raised the m.p. to 87.5-89". 

Anal. Calcd. for C17Hl,03: C, 75.53; H, 6.71. Found: 
C, 75.49; H, 6.42. 

Syrlthesis of Sulficles 
The preparation and properties of the following have 

been described previously: methyl 4-methylthiobenzoate, 
4b (29, 30) using potassium ethyl xanthate (28); 2-methyl- 
thio-1,3,5-trimethylbenzene, 6b, from mesitylenethiol 
(27); mesitylenethiol from mesitylenes~~lfonyl chloride 
(33-35). 

Methyl 4-Metl1ylthio-3-rritrobe11zoote ( 2 6 )  
This sulfide was prepared by a method described pre- 

viously by Donleavy and Condit (32) except that the 
reaction had to be carried out in methanol and the 
nlethanethiol was obtained comn~ercially. After one 
recrystallization from methanol 2b, m.p. 120-121" (703) 
was obtained as bright yellow needles. The m.p. was 
raised to 122-123" as the r e s ~ ~ l t  of several additional re- 
crystallizations from methanol. The reported n1.p. is 117" 
(32). When the reaction was carried out in ethanol a 
mixture of the methyl and ethyl esters resulted. 

2- (4'-Corbornetlro,ry-2'-tritrop/1mylt) -1,3,5- 
trbnethylber~zer~e (16 j 

The method used was similar to that described by 
Gilmand and Broadbent (36) for the synthesis of 1-(4'- 
nitropheny1thio)-3-methylbenzene. Equin~olar amounts 
of sodium (0.457 g) and mesitylenethiol (3 g) were mixed 
in an Erlenmeyer flask e q ~ ~ i p p e d  with a r e f l~~x  condenser. 
Once the sodium had dissolved, a hot solution of n~ethyl 
4-chloro-3-nitrobenzoate (4.25 g) in methanol was added. 
Imnlediately a dark brown color appeared which changed 
in a few seconds to a bright yellow while a yellow precipi- 
tate began to form. After refluxing for 2 h more methanol 
was added until the yellow solid dissolved. The mixture 
was filtered to remove the NaCl and the filtrate was 
cooled. After two recrystallizations of the precipitated 
solid from methanol, 4.8 g (7473 of l b  was obtained, 
m.p. 123-125". Two further recrystallizations from 
methanol gave the analytical sample, m.p. 125.5-126". 

Anal. Calcd. for CI7Hl7NO4S: C, 61.62; H ,  5.17; S, 
9.68. Found: C, 61.33; H ,  5.06; S, 9.79. 

2- (2'-Amino-4'-cnrbo111etI10xyp/1e11yItI1io) - 
1,3,5-trirt~etlylbenzerle 

The corresponding nitro compound, 10 (3.0 g), was 
reduced with W2 Raney nickel as described for the di- 
phenyl ether l o .  The amine was obtained in 9 2 z  yield, 
m.p. 134-142" and after repeated recrystallizations from 
ethanol an analytical sample resulted, m.p. 139-142". 

Anal. Calcd. for C I ~ H ~ ~ N O , S :  C ,  67.74; H ,  6.35; N, 
4.65. Found: C, 67.54; H ,  6.50; N, 4.52. 

2- (4'-Carbon1etl1oxyp/1e11yIthio) -1,3,5- 
trin~etl~ylbet~zetre (3b )  

2-(2'-Amino-4'-carbomethoxyphenylthio) - I ,3,5 - tri - 
methylbenzene was diazotized and the diazonium salt re- 
duced with hypophosphorous acid as described for the 
corresponding diphenyl ether and other ethers (1, 7). The 
crude, brown reaction product was very efficiently de- 
colorized by sublimation (70%), m.p. 91-95". After several 
recrystallizations from ethanol, an analytical sample was 
obtained, m.p. 96-98'. 

Anal. Calcd. for C17H,802S :  C, 71.30; H, 6.34; S,  
11.20. Found: C, 71.12; H ,  6.50; S, 10.98. 

The direct ni~cleophilic substitution method described 
for l b  but using methyl 4-chlorobenzoate a s  the substrate 
gave only dimesityl sulfide, m.p. 127-128". The 1itel.ature 
m.p. for this sulfide is 123-124" (33). 

Synthesis of Dipl~enylrnetl~nrres nr~d Etl~ylbetrzerres 
The preparation and properties of the following have 

been described previously: methyl 4-ethylbenzoate, 4c 
(37); methyl 4-ethyl-3-nitrobenzoate, 2c (38,39); 2-ethyl- 
1,3,5-trimethylbenzene, 6c (40, 41). 

Methyl 4-Chlororr1etl1ylber1zoote 
Methylp-toluate (83 g, m.p. 30-33') was chlorinated in 

a quartz vessel equipped with a thermometer, condenser, 
and chlorine inlet tube. The reaction nlixti~re was irradi- 
ated by means of a 11.v. lamp at a temperature of 1 2 0  for 
12 h with chlorine gas bubbling at  a low rate through the 
mixture the entire time. Fractional distillation of the reac- 
tion mixture yielded, a s  the first fraction, the starting 
material (60 g) and as the second fraction, methyl 4- 
chlorobenzoate (19.9 g), b.p. 86-9O0/1 mm Hg. The liter- 
ature b.p. is 88-8Y10.7 mm Hg (42). A higher boiling 
fraction appeared to contain the dichloro compound. 

2- (4'-Corbort~etlroxybenzylj-1,3,5- 
trirr~etl~ylber~zerle ( 3 c )  

Methyl 4-chloron~ethylbenzoate (10 g) was added 
slowly to a mixture of rnesitylene (10 ml) and aluminunl 
chloride (6.5 g) at  10" with HCI gas evolved. The reaction 
mixture was heated after the initial addition for 1 I1 a t  
60". At the end of this time i t  was poured onto ice and 
HCI (10 ml). The mixture was extracted with ether 
(3 x 25 ml), the ether evaporated and the residue refluxed 
with an  excess of K O H  (10z  in water) for 4 h. The 
aqileous layer was separated, acidified with dilute HCI 
and the precipitate recrystallized from dilute ethanol to 
give 6.3 g of product, n1.p. 175-180". The crude acid was 
rnethylated with methanol, dichloroethane and sulfuric 
acid (31) giving 5.1 g of ester (35% overall), m.p. 75-78". 
After several additional recrystallizations from dilute 
ethanol and a sublimation the analvtical sample was 
obtained, m.p. 80-81". 

Anal. Calcd. for C18H2002: C, 80.56; H ,  7.51. Found: 
C, 80.39; H, 7.27. 

Methyl 4-Cl1loro1~1etl1yl-3-t1itrobenzoote 
Methyl 4-chloromethylbenzoate was nitrated as de- 

scribed by Kamm and Segur (38) the only change being 
that the product was isolated by ether extraction since the 
product was a liquid. The  ether extract was washed with 
water until neutral, dried over magnesium sulfate and the 
ether evaporated. The yellow oil remaining was distilled 
under reduced pressure and nitrogen, b.p. 126-128"/1 nlnl 
Hg (81%). The analytical sample was obtained after an 
additional distillation. 

Anal. Calcd. for CeHsN04CI: C, 47.08; H ,  3.49; C1, 
15.44. Found: C,  46.97; H ,  3.38; Cl, 15.70, 15.75. 

This compound was very sensitive to light and high 
temperatures but when stored in the refrigerator no color 
change was observed. 

2- (4'-Corbon1etl1osy-2'-nitrobet1zyl) - 
1,3,5-trin7etllylbenzene ( I c )  

A Friedel-Crafts reaction, using anhydrous ferric 
chloride as catalyst (431, appeared to be the only route to 
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TABLE 9. Synthesized sulfoxides and sulfones 

Analysis (%) 

C H N S 
Melting 

Name Formula Point ("C) Found Calcd. Found Calcd. Found Calcd. Found Calcd. g 
z 

2-(4'-Carbomethoxy-2'-nitrophenylsul- 2 
finy1)-1,3,5-trimethylbenzene ( l e )  C I ~ H I ~ N O ~ ~ S  168-169 58.64 58.78 4.76 4.93 3.87 4.03 Z 2 

Methyl 4-methylsulfinyl-3-nitrobenzoate V) 

( 2 4  C~H~NO,S 136-137 44.49 44.44 3.57 3.73 5.75 5.76 > 
2 

142-144 O 
2-(4'-Carbomethoxyphenylsulfinyl)- o 
1,3,5-trimethylbenzene (3e) C17H1803S 125-126 67.76 67.52 5.93 6.00 10.57 10.60 

Methyl 4-methylsulfinylbenzoate (4e) C~HIOOBS 122-1 24 54.58 54.53 4.97 5.09 16.34 16.17 $ 
Methyl 4-methylsulfinylbenzoate-3-d CgHgDOaS 122-123 m 

?P 
2-Methylsulfinyl-1,3,5-trimethylbenzene w 

( 6 4  CIOH,~OS 56-57 66.04 65.89 7.55 7.74 17.48 17.59 
n 2-(4'-Carbomethoxy-2'-nitrophenylsul- m 

fony1)-1,3,5-trimethylbenzene (If) C I ~ H I ~ N O ~ S  169-170* 56.19 56.02 4.51 4.72 3.81 3.86 0 

a Methyl 4-methylsulfonyl-3- a 
nitrobenzoate (2f) C9H9NO6S 121-122 41.72 41.70 3.40 3.50 5.35 5.40 32 

m z 
2-(4'-Carbomethoxyp11enylsulfonyl)- < 
1,3,5-trimethylbenzene ( 3 f )  CI,HIBO~S 114-1 16 64.17 64.13 5.66 5.70 10.15 10.07 

Methyl 4-methylsulfonylbenzoate ( 4 f )  C9H 1004s 120-121t < 
Methyl 4-methylsulfonylbenzoate-3-d C9H9D04S 120-121 

2-Methylsulfonyl-1,3,5-trimethylbenzene 
( s f  CloH140,S 132-133 60.38 60.58 7.03 7.12 16.30 16.17 

*The sulfone 1 / and the sulfox~de le have virtually the same m.p. Hoaever, there 1s a large melting point depression when the two are mixed. In addition, the sulfone n a much lighter yellow 
color and the carbon analyses are d~flerent. 

tLiterature (52) m.p. 118-1 19 'C. 
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tions from ethanol an analytical sample was obtained, 
m.p. 121-122". 

Anal. Calcd. for C I 8 H L 7 N o 5 :  C, 66.05; H, 5.24; N, 
4.28. Found: C, 66.14; H, 5.11; N,4.14. 

Syrttllesis of S~llfo.~ides 
All the sulfoxides were prepared using the procedure 

outlined by Hyne and Greidanus (15). The corresponding 
sulfide and a molar equivalent amount of hydrogen 
peroxide (30%) were mixed. Enough glacial acetic acid 
was added to effect a solution and the reaction was 
allowed to proceed with stirring for 6-7 days. At the end 
of the reaction time, water was added and the mixture 
was extracted with chloroform from which the sulfoxide 
was isolated by evaporating the chloroform. The crude 
reaction product often contained some starting material 
or sulfone both of which could be removed by repeated 
recrystallization. l e  and 2e were recrystallized from 
ethanol; 3e was recrystallized from aqueous methanol; 
4e was recrystallized from aqueous ethanol and 6e was 
recrystallized from petroleum ether (b.p. 30-60"). Typical 
yields were about 60%. 2e showed a doublemelting point, 
indicative of two crystal modifications. Table 9 lists all 
the synthesized sulfoxides along with their melting points 
and elemental analyses. 

Synthesis of S~rlforles 
All the sulfones were synthesized by oxidation of the 

corresponding sulfide with excess hydrogen peroxide 
(30%) in refluxing glacial acetic acid for 0.5 to 1 h (15). 
Water was added and the product isolated by filtering the 
precipitated solid or by extraction with chloroform and 
evaporation of the chlorofornl. In general, the sulfones 
were very pure after isolation with typical yields about 
90%. All the sulfones were recrystallized from ethanol 
except 1 fwhich could be better recrystallized from either 
acetone-ethanol or ethyl acetate - ethanol. Table 9 lists 
all the synthesized sulfones, along with their melting 
points and elemental analyses. 

Synthesis of Deuternted Annlogs 
Methyl 3-Amirlo-4-ethylber~zocrte 
Methyl 4-ethyl-3-nitrobenzoate (2c, 22.09 g), dissolved 

in absolute ethanol, was reduced with W2 Raney nickel 
and hydrogen at a pressure of 50 Ib/in., in a pressurized 
Parr shaker for 48 h. After filtration of the nickel and 
evaporation of the ethanol the desired product was 
obtained, 18 g (9573, m.p. 53-55". The reported m.p. is 
53-54" (39). 

Methyl 4-Ethyl-3-iodobenzoate 
Methyl 3-amino-4-ethylbenzoate (17.4 g) was converted 

into the iodo compound by means of the diazotization 
and substitution method described by McCubbin et al. 
(50). The oil produced was distilled under reduced pres- 
sure, the fraction boiling at 11 1-1 17'/1 mm Hg being 
exclusively the desired product as indicated by the n.m.r. 
spectrum. An earlier fraction contained a lot of methyl 
4-ethylbenzoate. For  further identification, a small 
amount of the ester was saponified with aqueous KOH 
and the acid was recrystallized several times from aqueous 
ethanol, m.p. 195-196". The reported m.p. for the acid is 
191-192" (51). 

4-Ethylbenzoic Acid-3-d 
The 3-d compound was prepared by the method of 

McCubbin et al. (50). Methyl 4-ethyl-3-iodobenzoate 
(4.0 g) was refluxed for 24 h with zinc dust (6.0 g), NaOD 
(24 ml, 40% in D,O), and D,O (24 ml). The solid was 
removed by filtration, the filtrate acidified with hydro- 
chloric acid and the white precipitate collected. The 
filtrate was extracted with ether, the solution dried over 
magnesium sulfate and the ether evaporated. The solid 
residue was combined with the filtered product to give a 
total of 2.0 g (97%) of the deuterated compound, m.p. 
11 1-1 13". There was no melting point depression when 
some of the product was mixed with an  authentic sample 
of 4-ethylbenzoic acid. 

Metl~yl 4-Acetylbenzoate-3-d 
The oxidation of 4-ethylbenzoic acid-3-d with aqueous 

sodium dichromate under pressure was carried out 
exactly as described for the oxidation of the unlabelled 
acid in the synthesis of 4cl. The crude acid was esterified 
with methanol, dichloroethane, and sulfuric acid (31). 
The m.p. 95-96" in this case was the same as for the 
i~nlabelled compound 4dand no melting point depression 
occurred when mixed with an authentic sample of 4d. 
The n.m.r. spectrum indicated that the labelling was 
successful. 

Metl~yl 4-Methylthiober~zocrte-3-d 
Methyl 4-methylthio-3-nitrobenzoate (26) was reduced 

to the 3-amino compound with W 2  Raney nickel in 
ethanol and hydrogen (50 1b /h2)  in  a pressurized Parr 
shaker for 24 h. The 3-amino compound was converted to 
the 3-iodo compound as described above for methyl 
3-amino-4-ethylbenzoate, the only difference being that 
since methyl 3-iodo-4-methylthiobenzoate was a solid the 
distillation was omitted. The crude iodo compound (4.0 
g) was treated with NaOD (24 ml, 40% in D20) ,  zinc dust 
(6.0g) and DzO (24 ml). The solid was removed by 
filtration, the filtrate acidified with hydrochloric acid and 
the precipitate recovered and esterified with methanol 
(31). The methyl ester was recrystallized from methanol 
and sublimed giving 1.5 g, m.p. 80-81". Compound 4b 
had a m.p. of 83-84" and no melting point depression was 
observed when the two were mixed. The n.m.r. spectrum 
confirmed the isolated compound as  the monodeuterated 
one. Several attempts were made t o  synthesize the iodo 
conlpound by direct iodination (51) but only a small 
amount of impure product could be isolated. 

Methyl 4-Methylsrrlfinylbenzoate-3-d and Methyl 
4-Methylsrrlfonylbenzoate-3-d 

Methyl 4-methylthiobenzoate-3-d was oxidized with 
hydrogen peroxide (30%) according t o  the general method 
outlined earlier in this section for the preparation of 
sulfoxides and sulfones (Table 8). 

The authors wish to acknowledge the support of the 
National Research Council of Canada for grants in aid of 
research and for a scholarship to one of us (H.B.). 
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Some Derivatives of 1-Benzazepine. Part I1 

G. R. BIRCHALL* A N D  A. H. REES 
Deportment of Chemistry, Trent University, Peterbororrgl~, Ontrrrio K9J 7B8 

Received July 16, 1973 

We have investigated the ring expansion of some substituted 1,4-naphthoquinones by hydrazoic acid 
to yield new 1-benzazepine derivatives of the "azatropolone" type. Ring contraction of those products, 
which are 2,5-dihydro-3-hydroxy-2,5-dioxo-1-benzazepnes, gives 4-quinolone-2-carboxylic acids. Some 
of the reactions of the new benzazepine system were investigated. Attempts to prepare substituted 
derivatives suitable for making 1-benzazatrop-5-one were not successful. 

The effect of substituents on the ring expansion reaction is discussed and an anomalous ring expansion 
to a 2,5-dihydro-4-hydroxy-2,5-dioxo-I-benzazepine is described and explained mechanistically. 

Nous avons etudiC I'extension de cycle de quelques naphtoquinones-1,4 substitutes en presence 
d'acide hydrazoique qui a conduit aux nouveaux derives bemazepine-1 du type "azatropolone". La 
contraction de cycle de ces composes, identifies comme etant des dihydro-2,5 hydroxy-3 dioxo-2,5 
benzazepines-1 a conduit aux acides quinolone-4 carboxyliques-2. On a aussi ttudiC quelques reactions 
du nouveau systeme benzazepine. Les essais de synthese de derives substituis susceptibles d e  conduire au 
benzazatrop-l one-5 furent infructueux. 

On discute de l'effet des substituants sur la reaction d'extension de  cycle. On decrit e t  on explique 
selon un mecanisme I'extension de cycle anormale conduisant au dihydro-2,5 hydroxy-4 dioxo-2,5 
benzazepine-1 . [Traduit par le journal] 

Can. J. Chern., 52, 610 (1974) 8 

The reaction of naphthoquinones with hydra- 
zoic acid has been reported (1) to give 2,5-di- 
hydro-2,5-dioxo-1 H-1-benzazepines (I), in ac- 
cord with previous work (2, 3). This showed that 
attack took place predominantly at the less 
hindered carbonyl group of p-quinones, accom- 
panied by migration of the larger substituent. 

We have continued our studies in this field 
(4, 5) and now report the anomalous ring expan- 
sion reaction of 2-alkoxy-l,4-naphthoquinones. 

1 R a n d R ' = A l k y l  4 R -  R '==  H 
2 R = O H .  R':= H 10 R = R' = Me 
3 R = H; 'R' = OH 21 R = HO. R' == H 
6 R 5  OMe; R' = H 
7 R - AcO. R' =- H 
8 R = O H ;  R ' = B r  

These expand following attack at the more 
hindered carbonyl group to give 3-alkoxy(or 
hydroxy)-2,5-dihydro-2,5-dioxo- 1 H-  1 -benzaze- 

'For Part I see ref. 4. 
2Present address: Imperial Chemical Industries, Phar- 

maceutical Division, Alderley Park, Macclesfield, Che- 
shire, EngIand. 

pines. Thus, 2-methoxy-l,4-naphthoquinone 
gives 2,5-dihydro-3-hydroxy-2,5-dioxo-1 H- 
I-benzazepine (2), in which the vinylic proton is 
a singlet, in sharp contrast t o  the isomer (3) 
where long range coupling of the NH with the 
vinyl proton at position 3 of the structure 
-NH-CO-.CH=C- has been observed (6). 

Proof of the structure 2 came from the alkaline 
ring contraction of a known type ( 3 ,  which gave 
a quantititative yield of kynurenic acid (4), 
identical with a commercial sample. This also 
confirmed that the nitrogen atom was introduced 
adjacqnt to the benzene ring. 

This ring expansion provides a short and easy 
synthesis of the biologically important kynurenic 
acid and certain analogs. That the reaction took 
place at the more hindered carbonyl group must 
be due to protonation of the ether, increasing the 
polarization of  the adjacent carbonyl group, thus 
making it more susceptible to  attack. 

The same reaction was observed with 2-ethoxy- 
and 2-n-propoxy-l,4-naphthoquinone. With 2- 
isopropoxy-, 2-benzyloxy-, or 2-acetoxy-1,4- 
naphthoquinone, however, initial hydrolysis took 
place giving the known (6) reaction product (5) 
of 2-hydroxy- l,4-naphthoquinone and hydrogen 
azide. 

Compound 2 gave the 3-methyl ether (6) with 
diazomethane and the 3-acetate (7) on acetyla- 
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lated as 18. This was very reactive and rapldly 
hydrolyzed giving monochloro compound 20 as @ \ R&oAIL K \  the only stable product isolated. 

CHCOOH H 0 

5 R  - H  9 
15 R  M e 0  

H 
N 

tion. Bromination of 2 gave the 4-bromo deriva- H o 
tive (8). We also prepared some substituted deriv- 19 20 
atives, e.g. 9 where R = R' = Me. This com- 
pound was dealkylated and ring contraction of 
the resulting en01 gave 6,7-dimethylkynurenic 
acid (10). 

We also attempted to expand the quinone 11 
to  the benzazepine which should lead to xanthu- 
renic acid (8-hydroxykynurenic acid). An un- 
expected reaction took place giving a product 
with a different type of U.V. spectrum. Demethyl- 
ation had occurred and the product was assigned 
structure 1 2 . ~  The loss of the other methyl group 
would result in cyanolactone 13 (7, 8), for which 
there was no spectroscopic evidence. 

11 R = 8 - M e 0 ;  R'-  Me 12 R' = Me 
14 R  = 8 - M e 0 ;  R'= H  17 R' -- Et 
16 R  = 8  -MeO; R' = Et 
22 R  = 6 - M e 0 ;  R' = Alkyl  

The reaction of quinone 14 with hydrogen 
azide gave only acid 15 but quinone 16 gave 
compound 17 with retention of the ethyl group. 
A similar result was found when R' = isoBu. 

We attempted to produce the dichlorobenzaza- 
tropone 18 by treating compound 2 with phos- 
phorus oxychloride. A trichloro compound, con- 
sidered to be 19, resulted but it readily lost 
hydrogen chloride to give an intermediate formu- 

3We thank the referees for suggesting this structure for 
our product. 

Satisfactory microanalysis results were ob- 
tained for 19 but on running the n.m.r. spectrum 
in DMSO-d, a reaction took place in the tube 
and the peaks shifted. The final product isolated 
was the chlorolactam 20. 

Attempts at dehydrohalogenation of 19 with 
pyridine, lithium chloride (9), or 1,5-diazabi- 
cyclo[5.4.0]undec-5-ene led, after work-up, to 
compound 20. This suggests that the chloro- 
imine 18 is very reactive. On steric grounds this 
is acceptable as there is considerable compression 
between the eclipsed chlorine atoms in 18 as 
compared with the staggered configuration of 
structure 19. This is in part due to the increased 
strain in seven- over six-membered rings (5). 

The confirmation for the structure of 20 came 
from its synthesis by the action of thionyl 
chloride on the corresponding hydroxy com- 
pound, 2, as well as by comparison of its spectra 
with those of the corresponding bromo com- 
pound, prepared by a different route (10). 

Since 6-hydroxykynurenic acid (21) is a natural 
product (1 1, 12), we decided to try to synthesize 
it via the benzazepine 9 where R = Me0 and 
R' = H. Accordingly, we prepared some 6-sub- 
stituted 2-alkoxy-l,4-naphthoquinones, includ- 
ing in particular 22, for ring expansion experi- 
ments. From this compound we obtained a 
product at first presumed to be 9, R = MeO, 
R'  = Alkyl = H. However, the quinolone acid 
obtained by ring contraction was not 6-methoxy- 
kynurenic acid as it was not identical with a 
sample prepared by the literature method (13). 
Hence the benzazepine precursor was not of 
type 9. 

On considering the mechanism of the ring 
expansion of the protonated quinone, it is seen 
that one of the forms, 23, is in equilibrium with 
another, 24, which has the 4-carbonyl group as 
the logical site of azide attack. This would give 
the alternative 2,5-dihydro-4-hydroxy-8-meth- 
oxy-2,5-dioxobenzazepine (25). This type of 
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compound has been synthesized previously by 
two other routes (14, 6) and its ring contraction 
shown to give 2-quinolone-4-carboxylic acids. 
We therefore made the acid 26 from the appro- 
priate N-acetylizatin (15) and found it was 
identical with the product obtained from quinone 
23 via ring expansion. This confirms that the 
benzazepine intermediate had structure 25. 

Hence the ring expansion of substituted p- 
quinones is influenced by subtle electronic 
effects. 

We have not yet succeeded in synthesizing a 
simple benzazatropone and our work parallels 
that of Proctor and co-workers (9) in producing 
compounds of type 27. 

There is no evidence from our or from other 
work (16-18) for heteroaromaticity in benzaza- 
tropones or benzazatropolones. Therefore, we 
are investigating the monocyclic azepines 28 and 
29, obtained by ring expansion of alkoxybenzo- 
quinones. An encouraging feature of compound 
28 (R' = H or Me) is that J, ., = 8 Hz, suggest- 
ing there is a ring current. 

Results of this work, also the exploration of 
new routes to 2 will be reported later. 

Experimental 
Infrared spectra (Unicam S.P. 200) are in Nujol, 

quoting v,,, in cm-'. Ultraviolet spectra (S.P. 800) are 
in ethanol quoting h,,,, in nm (log E ) .  Nuclear magnetic 

resonance spectra (JeolCo. C60 HL) are in CDCI, unless 
stated and quote T values relative to TMS (internal). 
Mass spectra (A.E.I. M.S. 12) are a t  70 eV on the probe, 
quoting mle (relative intensity). Recrystallization sol- 
vents are given in parentheses, immediately following the 
melting points. 

2-AIkoxy-l,4-11aphtl1oqub1ot2es 
These were prepared according to the literature: 

methyl (l9), ethyl (20), 12-propyl (21), isopropyl (22), and 
benzyl (23). The i.r. showed carbonyls at ca. 1630 and 
1680; u.v. 242, 247, 277, 328; n.m.r. showed the appro- 
priate alkyl pattern, a vinyl proton ( IH,  s) at about 3.9 
and two multiplets at around 1.9 (H5 and H8) and about 
2.2 (H6 and H7). 

2,5-Dil1ydro-3-l1)~droxy-2,5-dioso-1H--bet1zazepit~e (2) 
2-Methoxy-l,4-naphthoquinone, 1 1.4 g, in concen- 

trated sulfuric acid, 75 ml, at 0" was treated portionwise 
with sodium azide, 4.2 g. The system was left to warm to 
25". After 2 days, the dark red solution was poured into 
ice water and the precipitate collected. 2,5-Dihydro-3- 
hydroxy-2,5-dioxo-lH-1-benzazepine formed colorless 
plates, 6.5 g (60x1, m.p. 245-248" (aqueous alcohol); i.r. 
3230, 3395, 3470, 1679, 1647, 1594, 1574, 1527; U.V. 239 
(4.36), 272 (4.36); n.m.r. Table 1 ; mass spectrum 189 
(loo), 161 (70), 143 (IS), 133 (28), 115 (la), 104 (19), 92 
(18). 

Anal. Calcd. for CloH,N03: C, 63.4; H, 3.7; N, 7.4. 
Found: C, 63.4; H, 3.85; N, 7.2. 

When the reaction mixture was slowly poured onto 
stirred ice and the product triturated with sodium bi- 
carbonate solution, the residue was the unhydrolyzed 
3-methyl ether 6 (see below). Acidification of the alkaline 
solution gave compound 2. 

Reaction of 0.8 g of 2-ethoxy-1,4-naphthoquinone as  
above, gave, after separation of the neutral and acidic 
products, 0.2 g of 2 and 0.1 1 g of the ethyl ether, m.p. 
219" (ethanol); i.r. 3300, 3150, 1679, 1645, 1612, 1515; 
U.V. 241 (4.38), 270 (4.38); mass spectrum 217 (90), 202 
(32), 174 (36), 173 (36), 172 (42), 161 (loo), 133 (52), 132 
(60), 117 (40), 104 (30), 92 (40), 90 (45). 

Anal. Calcd. for C l z H I l N 0 3 :  C, 66.35; H, 5.1; N,  
6.45. Found: C, 66.2; H, 5.1; N, 6.6 

Reaction of 0.86 g of 2-n-propoxy-1 ,Cnaphthoquinone 
as above gave 0.3 g of compound 2. 

Reaction of 2-ace/oxy-1,4-t~aphtI1oq~1i11011e tvitli Hydroget1 
Azide 

The acetate (24), reacted in sulfuric acid at 0" as above, 
on work-up gave the acid 5, identical with a sample made 
from the hydroxyquinone (6). This same product was 
similarly obtained from 2-isopropoxy- or 2-benzyloxy- 
1,4-naphthoquinone, indicating hydrolysis before the 
azide reaction. 

Reactiorrs of 2,5-Dilgvdro-3-lrydroxy-2,5-dioxo-1- 
berlzazepine 

(a) Bromination. To  190 mg of 2 in 25 ml acetic acid, 
180 mg bromine was added with stirring. After 20 h a t  
25", the precipitate was collected and  washed with ether 
giving 235 mg 4-bromo-2,5-dihydro-3-hydroxy-2,5-dioxo- 
I-benzazepine (a), buff prisms m.p. 260-265" dec. 
(ethanol); i.r. 3438, 1666, 1650, 1615, 1495; n.m.r. 
Table 1; mass spectrum 269 (loo), 267 (loo), 241 (SO), 
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TABLE 1. Nuclear magnetic resonance spectra, in DMSO-rl,, except as indicated 

7 

Compound 1 3 4 6 7 8 9 

2 -1.6 Under aromatic 3.5s 1.7m 2.3 -2.8rn 
6 - 1.2 OMe, 3H 3.6s 2.05ni 2 .4  -2.9m 

6.08s 
7 - 1.63 OAc, 3H 3 .OS 2.05m 2 .3  -2.8rn 

7.58s 
8 -1 .7  -0 .1  Br 2.2m 2 . 4  -3.0rn 
9 - 1.4 OEt 3.62 1 .45s Me Me 

2H 5.95q 7.65s 7.65s 2.9s 
3H 8.5t 

19* 1.3  CI 3.4s 1.25m 1 . 4  -3.3m 
20 -1.65 CI 2.95s 2.0m 2.15-3.0111 
20 * 0.25 CI 2.6s 2.05n1 2.25-3.Orn 
20-1 -0 .5  C1 2.6s 2.05m 2.15-3.0111 

--- -- 

*In CDCI,. 
t l n  SOCII. 

239 (80), 213 (lo), 21 1 (lo), 160 (44), 132 (36), 120 (44), 
104 (42), 103 (38), 92 (54), 90 (40), 77 (80), 76 (60). 

Anal. Calcd. for CI0H6BrNO3: C ,  44.8; H,  2.25; Br, 
29.8; N,  5.2. Found: C, 45.0; H, 2.3; Br, 29.7; N, 5.1. 

(b) Acetylation (pyridine - acetic anhydride) gave 3- , acetoxy-2,5-dihydro-2,5-dioxo-1-benzazepine (7) as buff 
I needles, m.p. 201-203" (aqueous ethanol); i.r. 1770, 1679, , 1647, 1628, 1603, 1588, 1451; n.m.r. Table 1;  mass 

spectrum 231 (30), 189 (65), 161 (loo), 134 (25), 133 (11). 
Anal. Calcd, for C,,H,NO,: C, 62.3; H, 3.9; N, 6.1. 

Found: C, 62.45; H, 3.9; N ,  5.9. 
(c) Methylation of the azepine 2, 250 mg in 20 ml pure 

methanol, was effected by adding an ethereal solution of 
diazomethane in excess a t  0". 2,5-Dihydro-3-methoxy- 
2,5-dioxo-1-benzazepine (6), 250 mg, was precipitated, 
colorless plates, m.p. 255" (methanol); i.r. 3400, 3310, 
1687, 1630, 1597, 1576, 1529; U.V. 241 (4.37), 269 (4.37); 
n.m.r. Table 1;  mass spectrum 203 (loo), 175 (52), 147 
(12), 146 (56), 145 (30), 132 (56), 129 (20), 117 (32), 92 
(301, 90 (32), 77 (32). 

This compound was identical with the neutral ring 
expansion product from 2-methoxy-l,4-naphthoquinone, 
above. 

Anal. Calcd. for ClIH,N03.  C, 65.0; H, 4.5; N,  6.9. 
Found: C, 64.9; H, 4.5; N, 6.8. 

(d) Ring contractlon of 2, 100 mg, was effected by 
treatment with 10 ml of 2 N alkali solut~on at 90' for 
45 min. Acidification precipitated 100 mg kynurenic acid 
(4), m.p. 250" (acetic acid - water, 20:1), identical 
(spectra, mixture m.p.) with a commercial sample (Fluka, 
A.G.); U.V. 247, 342, 360; n.m.r. H3 (NaOD), 3.33 (s); 
mass spectrum 189 (loo), 145 (48), 143 (loo), 115 (36), 
105 (28), 89 (36). 

Preparation and Ring Expansion of 2-Methoxy-6,7- 
dinzethyl-1 ,4-naphthoquinone 

6,7-Dimethyltetral-1-one (25) was oxidized (26) to 
2-hydroxy-6,7-dimethyl-1,4-naphthoquinone, m.p. 168- 
170°, which was converted to  the methyl ether, m.p. 167- 
168" (methanol) (lit. (27) m.p. 166"); n.m.r. 7.6 (2Me, s), 
6.1 (OMe, s), 4.0 (H3, s), 2.33 (IH, s), 2.3 ( lH,  s). 

The rnethoxyquinone, 0.86g, when reacted as above 
gave 0.8 g of 2,5-dihydro-3-methoxy-7,8-dimethyl-2,5- 
dioxo-1-benzazepine, colorless needles, m.p. 295-298" 
(methanol); i.r. 3400, 1682, 1617, 1579, 151 5; U.V. 247 
(4.44), 273 (4.34); mass spectrum 231 (loo), 203 (19), 202 
(62), 174 (60), 173 (25), 160 (45). 

Anal. Calcd. for C13H13N03: C, 67.5; H ,  5.7; N, 6.1. 
Found: C,67.5; H, 5.7; N,  6.15. 

When the crude product was recrystallized from 
ethanol, exchange took place giving 3-ethoxy-2,5-dihydro- 
7,8-dimethyl-2,5-dioxo-1-benzazepine (9, R = R' = Me; 
Alkyl = Et), m.p. 256"; i.r. 3400, 1676, 1650, 1617, 1589, 
1567; n.m.r. Table 1 ;  mass spectrum 245 (loo), 202 (42), 
201 (36), 189 (62), 174 (28), 160 (34). 

Anal. Calcd. for CI4Hl5NO3:  C, 68.5; H, 6.2; N, 5.7. 
Found: C, 68.5; H, 6.1; N,  5.5. 

Preparatiotz of 6,7-Dit?zelhylkyt1urenic Acid (10) 
The methyl ether 9, above, 250 mg, was demethylated 

(hydrogen bromide - acetic acid) at 60" over 2 h. The pre- 
cipitated en01 was collected and washed with water giving 
colorless needles, m.p. 288" dec. (ethanol), 80 mg; i.r. 
3480, 3250, 1671, 1647, 1584, 1517; U.V. 244 (4.48), 275 
(4.44); mass spectrum 217 (loo), 189 (loo), 174 (241, 171 
(14), 161 (12), 160 (16), 143 (12), 91 (20). 

Anal. Calcd. for C12H,,N03: C, 66.3; H, 5.1; N, 6.45. 
Found: C, 66.3; H, 5.1; N,  6.4. 

Ring contraction of this azepine, as above, gave a high 
yield of 6,7-dimethylkynurenic acid, m.p. 278-280" 
(aqueous acetic acid 1 :20); i.r. 3150,1640,1590,810,780; 
U.V. 220, 248, 344, 360; n.m.r. (NaOD) 7.8 (2Me, s), 3.3 
(H3, s), 2.66 (H8, s), 2.3 (H6, s);massspectrum217(13), 
173 (21), 171 (15), 60 (loo), 45 (loo), 43 (100). 

Anal. Calcd. for ClzH1,N03.QCH3COOH: C, 62.25; 
H,5.35; N,5.44.Found: C,62.3;H,  5.25; N,5.4. 

Preparation of 2-Alkoxy-8-methoxy-I,4-t~aphthoqztir~ot1es 
and Reaction with Hydrogen Azide 

8-Methoxy-2-tetralone (28) was oxidized t o  the known 
quinone 14 (26), which was methylated to give the di- 
rnethoxyquinone ll, m . ~ .  195'. 
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2-Ethoxy-8-methoxy-1,4-naphthoquinone (16) was pre- 
pared in like manner, m.p. 178-179"; i.r. 1684, 1649, 
1618, 1589; n.m.r. 8.53 (3H, t, J = 6 Hz), 6.27 (OMe, s), 
6.02 (2H, q, J = 6 Hz), 4.07 (H3, s), 2.87 (H5, m), 2.43 
(2H, m). 

Anal. Calcd. for C13HL404:  C, 67.2; H, 5.2. Found: 
C, 67.6; H, 5.1. 

2-Isobutoxy-8-methoxy-l,4-naphthoquinone was pre- 
pared as above, m.p. 118" (aqueous ethanol); i.r. 1677, 
1646, 1617, 1590; n.m.r. 8.98 (Me,, d, J = 6 Hz), 7.83 
(IH, m), 6.35 (CH,, d, J = 6 Hz), 6.07 (OMe, s), 4.02 
(H3, s), 2.4-2.9 (3H, m). 

Anal. Calcd. for Cl5HI604: C, 69.2; H, 6.2. Found: C ,  
69.2; H, 6.1. 

Quinone 11, 160 mg, reacted with hydrogen azide as 
above, gave 60 mg product, m.p. 200-230" (ethanol); 
mass spectrum 201 M + (50), 117 (100). 

Quinone 16 similarly gave a product, m.p. 160-165" 
(aqueous ethanol, charcoaled); i.r. 1646, 1606, 1568, 
1517; U.V. 299 (4.3); n.m.r. (DMSO-d6 at 60') 8.17 (3H, 
t, J =  6 Hz, 0CHZCH3), 5.5 (2H, q, J =  6 Hz, 
0CH2CH3), 3.77 (IH, s), 2.1 (3H, rn); mass spectrum 
215 M +  (94), 200 (36), 187 (IS), 159 (60), 146 (loo), 145 
(44). 

Anal. Calcd. for CIzH,N03:  C, 67.0; H, 4.2; N, 6.5. 
Found: C, 66.8; H, 4.2; N, 6.5. 

This compound is considered to be 3-ethoxy-50x0- 
5H-naphth[l,8-cd]isoxazole (17). 

The corresponding 3-isobutoxy compound, 50 mg, was 
likewise prepared from 180 mg 2-isobutoxy-8-methoxy- 
1,4-naphthoquinone. The isoxazole had m.p. 131-133" 
(aqueous ethanol); i.r. 1655, 1610, 1572, 1522; U.V. 299 
(4.3); mass spectrum 243 M +  (24), 188 (43), 187 (loo), 
146 (63). 

Quinone 14, 150 mg, reacted with hydrogen azide to  
give 60 mg 4-methoxy-3-0x0-A1r-isoindolineacetic acid 
(15), m.p. 218-220" dec. (aqueous ethanol); i.r. 3550, 
1736, 1678, 1610, 1500; U.V. 286 (4.17); 348 (4.1); n.m.r. 
(DMSO-d6) 6.12 (OMe, s), 4.19 (IH, s), 2.92 (lH, m), 
2.35 (2H, m), 0.2 (OH, s), -2.5 (NH, br); mass spectrum 
219 (loo), 201 (76), 173 (99,  44 (79). 

Anal. Calcd. for Cl lH9N04:  C, 60.3; H, 4.1; N, 6.4. 
Found:C,60.1; H,4.0;N,6.4 .  

2,2,3-Tric/r1oro-2,5-dihydro-5-oxo-l-benzazepit1e (19) 
2,5-Dihydro-3-hydroxy-2,5-dioxo-l-benzazepine(2), 1 g, 

was heated 1.5 h in 15 ml phosphorus oxychloride at 90". 
The cooled mixture was poured onto ice and the solid 
collected and dried giving the trichloro compound 19, 
colorless needles, m.p. 190" dec. (benzene - light petro- 
leum); i.r. 1694, 1621, 1582; U.V. 209, 231, 261 (sh); 
n.m.r. Table 1 ; mass spectrum 265 (4), 263 (12), 261 (12), 
228 (66), 226 (loo), 200 (26), 198 (38), 164 (24), 163 (24), 
162 (42). 

Anal. Calcd. for CloH,C13NO: C, 45.75; H, 2.3; C1, 
40.5; N, 5.3. Found: C, 45.9; H, 2.3; C1, 40.3; N, 5.2. 

3-C/1loro-2,5-dihydro-2,5-dioxo-l-benzazepit1e (20) 
The trichloro compound (19) gave an unstable spec- 

trum in DMSO-d6. Following t.l.c., the monochloro 
compound 20 was isolated, yellow needles, m.p. 204" 
(benzene - light petroleum); i.r. 1670, 1625, 1605; U.V. 

215, 239, 264, 350; n.m.r. Table 1 ;  mass spectrum 207 
(60), 179 (loo), 151 (86), 89 (63). Contrast the 2-chloro 
isomer (1). 

Anal. Calcd. for C1,H6CINO,: C, 57.85; H, 2.9. 
Found: C, 58.05; H, 3.0. 

The trichloro compound, 50 mg in dry benzene, when 
treated overnight with 2.2 equiv piperidine at 25', gave a 
precipitate of piperidine hydrochloride. This was filtered 
off and the filtrate was evaporated. On t.1.c. the mono- 
chloro compound 20, 15 mg, was obtained from the 
residue. 

The n.m.r. spectrum (SOCI,) of hydroxy compound 2, 
after gentle warming, was that of compound 20, Table I .  
After evaporation of the solvent, the residue was sublimed 
in vacuum and recrystallized, giving a product identical 
with 20, above. 

Ring Expansion o f 2,6-Dimetltoxy-1,4-tlaphthotlrrittotte (22) 
The quinone 29, 0.65 g, reacted with hydrogen azide as 

above, gave only a few milligrams of neutral product, 
colorless needles, m.p. 278" (aqueous ethanol); i.r. 1675, 
1640, 1610; U.V. 233, 253, 275, 345; mass spectrum 233 
M +  (20), 215 (loo), 162 (70), 69 (40). 

This compound is probably the methyl ether of com- 
pound 25, below. 

Preparation of  6-Benzyloxy-2-niethoxy-l,4-napl1tl10- 
tl~inotte 

6-Hydroxy-1-tetralone (30, 31), 0.35 g, as its crude 
oily tetrahydropyranyl ether, was oxidized (24). After 
acidification, the solution was left 72 h to hydrolyze the 
ether. Work-up gave 2,6-dihydroxy-l,4-naphthoquinone, 
0.1 g orange needles, m.p. >300" dec. (aqueous ethanol). 

Methylation (methanol - hydrochloric acid gas) gave 80 
mg of 6-hydroxy-2-methoxy-1,4-naphthoquinone, m.p. 
285-295" (methanol); n.m.r. (DMSO-d,) 6.15 (OMe, s), 
3.9(H3,s),2.85 ( H 5 , d , J =  2Hz) ,  3.0(H7,q,Js, ,  = 2 
Hz, J,., = 8 Hz), 2.25 (H8, J = 8 Hz), -0.8 (OH, br). 

Anal. Calcd. for CIIH,04:  C, 64.7; H, 3.95. Found : 
C, 64.5; H, 3.95. 

The 6-acetyl derivative (acetic anhydride - pyridine), 
formed yellow needles, m.p. 187" (ethanol). 

Anal. Calcd. for CL3H1005 : C, 63.4; H, 4.1. Found: C, 
63.6; H, 4.05. 

6-Hydroxy-2-methoxy-1,4-naphthoquinone, 0.5 g in 
acetone, was benzylated (benzyl bromide - anhydrous 
potassium carbonate). The benzyl ether, 0.5 g, had m.p. 
160-162" (benzene - light petroleum). 

Anal. Calcd. for CI8Hl4O4: C, 73.5; H,4.1. Found: C, 
73.5; H, 4.1. 

A preliminary attempt at ring expansion of 6-hydroxy- 
2-methoxy-1,4-naphthoquinone failed. Because of other 
results, below, the benzyl ether was not utilized. 

Preparation and Ring Exparlsion o f  2-Etho-ry-6-methoxy- 
1,4-naphthoquitrorre (22) 

6-Methoxy-2-hydroxy-1,4-naphthoquinone (29) was 
ethylated (ethanol - hydrogen chloride) giving the ether, 
m.p. 154-155" (aqueous ethanol). 

Anal. Calcd. for C13H1204: C, 67.2; H, 5.2. Found: C, 
67.2; H, 5.2. 

The 2-ethoxy compound, 80 mg, was ring expanded as 
above, giving 5 mg of acidic product, slightly greenish 
needles, m.p. 26S262"; i.r. 1670, 1620, 1590; U.V. 222, 
252, 276; mass spectrum 219 (60), 204 (6), 191 (31), 150 
(100). 

Ring contraction of the available material gave an acid, 
m.p. 290-310"; i.r. (KBr) 1740, 1660, 1620; U.V. 219, 344; 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BIRCHALL AND REES: 1 

mass spectrum 219 (loo), 204 (2), 176 (24), 147 (12), 104 
(12). 

This acid was compared with 6-methoxykynurenic acid 
and 7-methoxy-2-quinolone-4-carboxylic acid (26), below, 
and found to be identical with the latter. 

The ring expansion product above was therefore 2,5-di- 
hydro-4-hydroxy-8-methoxy-2,5-dioxo-l-benzazepine(25). 

6-Methoxykynurenic Arid 
The literature preparation (13) gave material with 

m.p. 282" dec.; i.r. 1740 (br), 1680, 1605; U.V. 215, 227, 
258, 351; mass spectrum 219 (58), 175 (loo), 173 (40), 
132 (20). 

Preparation of 7-Methoxy-2-quinolone-4-carb0,uylic Acid 
f 26) 

6-Methoxyisatin (32), 3.3 g, was acetylated (15) to give 
2.4 g of N-acetyl derivative, m.p. 143-144" (toluene) ; mass 
spectrum 219 (17), 176 (100). 

Alkaline rearrangement (15) of the acetyl derivative 
gave a 50% yield of acid 26, whose i.r. spectrum (KBr, 
Perkin-Elmer 621) was superimposable with that of the 
material obtained by the azepine route. The pure acid 
had m.p. 3 13-3 14" (acetic acid). 

Anal. Calcd. for C l lH9N04 .  +CHsCOOH: C, 54.4; 
H, 4.9; N, 4.55. Found: C, 54.7; H, 4.9; N, 4.55. 

We thank the National Research Council of Canada 
for financial support. 
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Mercury@) Complexation of Cysteine, Methyl Cysteineate, and 
S-Methylcysteine in Acidic Media 

GEORGE A. NEVILLE' A N D  TORBJORN DRAKENBERG 
Tile It~srit~rte of Hygierle, Urziversity of L~illcl, Mnple Storci Kyrkogntc~ 12, S-223 50 Lrrrzd, S,iledetl 
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Orgcr~zic o11r1 Physical Clr~~?zistry 2 ,  U ~ ~ i ~ ~ e r s i t y  ofL~r~zcl ,  C l ~ e t n i c ~ l  Center, Box 740, S-220 07 Lrirld, Swederz 

Received August 2 1, 1973 

Bis(cysteineato)mercury(II) hydrochloride hemihydrate, (C3H6O2NS),Hg.HCl.-',H2O, was obtained 
by reaction of ethanolic solutions of L-cysteine hydrochloride with either HgC1, in 95% EtOH, Hg(OAc), 
in MeOH, Hg(NO,), in HOAc, or by reaction of L-cysteine (free base) with HgCI,. Reaction of L-cys- 
teine (free base) with Hg(OAc), gave a mercury(I1) cysteineate with composition (C3H6O2NS),Hg,. 
Bis(S-methyl-L-cysteineate)mercury (II),(C4H,02NS)2Hg,wasobtained byreactionof S-methyl-L-cysteine 
with Hg(OAc),. 'H- and '3C-n.m.r. spectral data are reported and compared for acidic solutions of 
cysteine, methyl cysteineate, S-methylcysteine, and their mercury(I1) complexes. The proton spectra for 
S-methyl-L-cysteine and L-cysteine hydrochloride have been analyzed as ABC systems and relative 
rotamer populations have been determined. In acidic solution, mercury bonding is localized to sulfur 
and the complexes appear to have an extended molecular configuration resulting from a trans orientation 
of the COOH group and the Hg site. 

Le chlorhydrate hemihydrate de bis(cysteineato)merc~~re(IT), (C3H602NS)2 Hg.HCI.+H20, a CtC 
obtenu par reaction de sol~~t ions  ethanoliques du chlorhydrate de la L-cysteine avec I'un des reactifs 
suivants HgCI, dans EtOH 95z ,  Hg (OAc), dans MeOH, Hg(N03), dans HOAC ou par reaction de 
la L-cysteine (base libre) avec HgCI,. La reaction entre la L-cysteine(base libre) et Hg(OAc), aconduit ail 
cysteincate)mercure(II) correspondant a la composition (C,H,O,NS),Hg,. Le bis(S-methyl-cysteine- 
ate)mercure(II), (C,H,O,NS)Hg, a ttC obtenu a I'aide de la riaction entre la S-mithyl L-cysteine et 
Hg(OAc),. On rapporte et compare les donnees spectrales de la r.m.n. du 'H et du 13C obtenues pour 
des solutions acides de cysteine, de cysteineate de mCthyle, de cysteineate de S-mkthyle et leurs complexes 
de mercure(I1). Les spectres ~ L I  proton de la S-mCthyl L-cysteine et du chlorhydrate de L-cysteine ont CtC 
analyses par rapport a un systeme du type ABC. Les populations relatives des rotameres ont aussi ete 
dkterminkes. Dans une solution acide, le mercure est relit a I'atome de soufre et les complexes semblent 
possider une configuration moleculaire etendue ce qui resulterait d'une orientation trans du groupe 
COOH par rapport i l'atome de Hg. [Traduit par le journal] 

Can. J .  Chem., 52. 616 (1974) 

Introduction 
Because of the importance of L-cysteine in the 

chemistry of biological systems and because of 
its ability to complex with a wide variety of metal 
ions, metal complexation by cysteine and its 
derivatives has received considerable attention. 
This is particularly true for cobalt(II1) and 
cobalt(I1) complexes of cysteine whose coordina- 
tion was elucidated by Neville and Gorin (1, 2) 
by means of spectrophotometric study some 30 
years after the complexes had been isolated by 
Schubert (3). Perrin and Sayce (4) investigated 
zinc complexation with cysteine by p H  titration 
and found evidence for formation of polynuclear 
and protonated species. More recently an 

'1972 Centennial Fellow of the Medical Research 
Council of Canada. Present address: Health Protection 
Branch, Health and Welfare Canada, Tunney's Pasture, 
Ottawa, Canada KIA 0L2. 

'H-n.m.r. study of complexation of L-cysteine 
and S-methyl-L-cysteine with Ni2+ ,  Zn2+, Cd2+,  
Hg2', Ag', and Pb2+ as a function of p H  was 
reported by Natusch and Porter (5) but n o  
isolation of con~plexes was reported in either o f  
these recent investigations. 

Unfortunately, in the case of mercurial 
complexation, the investigations have tended t o  
be sporadic and mainly devoted to the applica- 
tion of indirect methods for determining the  
nature of complex entities in solution. In spite 
of the early recognition of the affinity of mercuric 
ion for sulfhydryl groups (mercaptan reaction), 
few reports are  available describing the isolation 
and characterization of mercurial derivatives of  
cysteine and its analogs. Stricks and Kolthoff ( 6 )  
provided polarographic evidence for the forma- 
tion of at least three mercurial complexes with 
cysteine (RSH): Hg(RS),, Hg2(RS),, and Hg,- 
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NEVILLE AND DRAKENBERG: MERCURY(I1) COMPLEXES OF C Y S I E I N E  617 

TABLE 1. Proton n.m.r. data (100 MHz) for D 2 0  solutions of cysteine hydrochloride, 
methyl cysteineate hydrochloride, S-methylcysteine, and their mercury(I1) complexes 

.- - 

Concentration 
Compound ( M )  pD 6=",* 6cH,s 60, ,  6 c ~  JAB? JAC J B C  J., 

HSCH2CH(NH,CI)C02H 0.50 
(C3H602NS)2Hg.HCI .$Hz0 0.21 
HSCH2CH(NH3C1)C02CH3 0.50 
(C4H,NOzS)2CIHgN03.H20 2.9 
(C4H,N02S)zHgC12.H20 3 .O 
CH3SCH2CH(NH2)C02H 0.5 
(C4HsOzNS)zHg 0.21 

-- 
'6 measured in p.p.m. downfield from external TMS. 
tJ values measured to + 0.05 Hz. 
SEstimated from a 220 MHz spectrum. 

(RS),. In the presence of much chloride ion, 
formation of Hg2(RS), and Hg,(RS), is sup- 
pressed by the con~plex HgC142-. Lenz and 
Martell (7) employed potentiometric titrimetry 
to study HgCl, complexation with L-cysteine 
and S-methyl-L-cysteine and concluded there is 
little or  no involvement of substituted mercapto 
groups in chelation. Later, Porter, Perrin, and 
Hay (S), using potentiometry to  investigate 
mercurial complexation of cysteine methyl ester, 
found that analysis of the mercury(I1) system 
presented a number of problems (the best inter- 
pretation of data involved assuming that HgL' 
is completely formed at commencement of pH 
titrations at  a 1 : 2  metal-to-ligand ratio) then 
the titration data could be satisfactorily described 
by the set of complexes HgL,, Hg2L3+,  and 
Hg3L42+. Porter et al. isolated one complex in 
their study and characterized it as bis(methy1 
L-cysteineate)mercury(II) dihydrochloride ses- 
quihydrate. Reinvestigation (9) has shown this 
complex to be a hydrochloride hydronitrate 
monohydrated salt. In an infrared study of 
complexes of L-cysteine and related compounds 
with zinc(II), cadmium(II), mercury(II), and 
lead(II), Shindo and Brown (10) reported 
empirical formulae (based on C, H,  N,  and C1 
analysis only) for five mercurial complexes of 
cysteine but no details of preparation and 
isolation were reported. No  proposals were 
advanced concerning the structure of any of the 
mercury complexes but the authors claimed that 
their findings were consistent with the indications 
from polarographic studies made by Stricks and 
Kolthoff (6). Recently, Natusch and Porter (1 1) 
provided evidence from 'H-n.m.r. studies for 
"mercury-thio-ether" bonding in an S-methyl- 
cysteine complex in aqueous solution. I t  is the 

purpose of this paper to report the isolation and 
characterization of mercury(I1) complexes of 
L-cysteine and S-methyl-L-cysteine under acidic 
conditions and the application of 'H and 13C- 
n.m.r. spectroscopy for the determination of 
ligand interaction and molecular conformation. 

Results 
Mercury complexes of L-cysteine, L-cysteine 

methyl ester, and S-methyl-L-cysteine were 
prepared and isolated under mildly acidic condi- 
tions which represent the simplest and most 
practical in vitro conditions that can be utilized 
in relation t o  in uivo mercurial complexation of 
molecules of biochemical interest. The stoi- 
chiometries of the complexes were determined 
by total elemental microanalyses and solid state 
characterization is reported in the Experimental. 

The results of 'H- and 13C-n.m.r. spectral 
study of D 2 0  solutions of the complexes are 
summarized in Tables 1 and 2. For those 
complexes which would dissolve in water without 
the aid of acidification, spectra were obtained a t  
solution p D  and compared with spectra obtained 
following the addition of 2-3 drops o f  trifluoro- 
acetic acid (TFA). Only small changes were 
observed between spectra following acidification 
of solutions with T F A  due to  the known p H  
effect (12). Accurate p D  values were obtained 
from the expression, p D  = p H  scale reading + 
0.4 of Glasoe and Long (13). In the case of the 
mercury complex of S-methylcysteine, it was 
necessary to add a few drops of T F A  to obtain 
dissolution of the suspended solid in D 2 0 .  The 
solution of this complex remained stable for 
weeks under ordinary refrigeration. I n  contrast, 
a suspension in water of the complex formed by 
cysteine and mercury(I1) acetate decomposed 
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TABLE 2. 13C-n.m.r. chemical shifts for D 2 0  solutions of cysteine hydrochloride, methyl 
cysteineate hydrochloride, S-methylcysteine, and their mercury(I1) complexes 

Compound 

Shifts (p.p.m. relative to  TMS) 
Concentration 

( M )  pD CH3 CH3S CH2 C H  C 0 2 H  COzMe 

within minutes on treatment with TFA to form 
first a yellow solution which quickly darkened 
as a brownish-black sludge was deposited. In 
these studies, acidification was performed using 
TFA rather than HCl to avoid competitive 
complexation by formation of the highly stable 
HgC1,2- ion (6). 

Examination of 'H-n.m.r. sDectra of a 0.5 M 
aqueous solution of L-cysteine hydrochloride 
(pD 1.4) at 100 MHz revealed nonequivalent 
methylene protons. This is the first time such 
nonequivalence has been reported in proton 
spectra of cysteine in acidic media. Our analysis 
of the ABC pattern obtained for S-methyl-L- 
cysteine and for its mercury(I1) complex (Figs. 1 
and 2) provided chemical shifts and coupling 
constants which differ appreciably from pub- 
lished values (5, 14). The results from 'H- and 
13C-n.m.r. studies (Tables 1 and 2) provide 
evidence for mercurial bonding to sulfur only 
in solution and an extended chain configuration - 
in which preference is shown for the trans 
conformation. 

FIG. 1. 100 MHz 'H-n.m.r. spectra of S-methyl-L- 
cysteine in D 2 0  at p D  2.2. Chemical shifts are relative 
to external TMS. (A) Experimental spectrum; (B) simu- 
lated spectrum. 

FIG. 2. 100 MHz 'H-n.m.r. spectra of mercury(I1) 
complex of S-methyl-L-cysteine in D 2 0  at p D  1.9. 
Chemical shifts are  relative to external TMS. (A) Experi- 
mental spectrum; (B) simulated spectrum. 

Discussion 
Whereas other workers (5-8) sought to investi- 

gate the nature of mercurial complexation with 
sulfur containing amino acids in solution by 
varying pH, metal, and ligand concentrations, 
we have tackled the problem by placing an  
emphasis first on isolation and characterization 
of complexes before investigating their nature 
in the solvated state. One cannot overlook, 
however, the possibility of complex alteration 
during solvation. Further assurance for the 
interpretation of data may be obtained through 
comparison of the results from a variety of 
solvated complexes as well as uncomplexed 
parent substances. In this way we wished t o  
minimize such difficulties as polynuclear com- 
plexation, multiple protonation, and the insolu- 
bility of certain complexes in particular p D  
regions experienced in earlier work as systems 
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NEVILLE AND DRAKENBERG: MERCURY(I1) COMPLEXES O F  CYSTEINE 

were explored by indirect means while solution downfield shift (- 1 p.p.m.) in the methine 
uarameters were varied. carbon and absence of effect to the  carbonvl 

Cysteine 
All previous investigators (14-17) have re- 

ported equivalent methylene protons and first 
order spectral features for the fully protonated 
form (LH,') of cysteine in solution. At 100 
MHz, we found evidence for nonequivalence of 
the methylene protons and at 220 M H z  it was 
possible to  analyze the ABC pattern t o  obtain 
coupling constants (Table 1) with greater 
accuracy as confirmed by spectral simulation 
(Fig. 3). It appears that the nearly similar 
methylene proton frequencies precluded the 
observation of this nonequivalence even with 
optimum resolution at 60 MHz by earlier workers 
thereby resulting in reports of equivalent protons 
and a first order system. The relative rotamer 
populations for L-cysteine hydrochloride are 
given in Fig. 4. 

The 13C-n.m.r. chemical shifts (Table 2) for 
bis(~-cysteineato)mercury(II) hydrochloride com- 
pared with L-cvsteine hydrochloride indicate 
mercury bond& to  sulfur and an extended 
molecular configuration. The downfield shift 

; (-4 p.p.m.) for the methylene carbon signal of 
1 the complex relative to the uncomplexed molecule 

is the same order of magnitude observed in the 
mercurial complex of methionine (18). The small 

FIG. 3. 100 MHz 'H-n.m.r. spectra of L-cysteine 
hydrochloride in D,O at pD 1.4. Chemical shifts are 
relative to external TMS. (A) Experimental spectrum; 
(B) simulated spectrum. 

carbon frequencies support the extended mole- 
cular configuration in solution. Unfortunately, 
our cysteine mercurial complex shows equi- 
valence of the methylene protons in aqueous 
solution (pD = 0.7) (Table 1) and  it is not 
possible to  describe the conformation in detail. 
In contrast, Natusch and Porter (5) provide 
'H-n.m.r. evidence for a mercury complex of 
cysteine which was found to  give an ABC 
pattern and from which they were able to deduce 
rotamer populations. The ionic form of their 
complex is not clear; moreover, their complex 
has not been isolated and characterized and the 
p D  of its n.m.r. solution is not known. Shindo 
and Brown (10) isolated five mercury-cysteine 
complexes which they examined by infrared spec- 
troscopy. One of these complexes is a 1 : 2 com- 
plex formulated a s  Hg[SCH2CH(NH3)C0212 
obtained at  p H  = 2 in the presence of excess 
cysteine. No other experimental details are given 
and no structural conclusions were reached. 

Cysteine Methyl Ester 
Unlike cysteine hydrochloride, a 0.5 M 

aqueous solution of cysteine methyl ester 
hydrochloride (pD = 1.3) shows equivalent 
methylene protons at  100 MHz. This finding 
agrees with that reported by Natusch and 
Porter (5). In an earlier communication (9) it 
was shown that cysteine methyl ester forms two 
complexes, bis(methy1 L-cysteineato)mercury(II) 
hydrochloride hydronitrate monohydrate and 
bis(methy1 L-cysteineato)mercury(II) dihydro- 
chloride monohydrate. At pD = 1.3, each of 
these complexes shows equivalence of methylene 
protons, and 13C-n.m.r. chemical shift data 
(Table 2) are consistent with a n  extended 
molecular configuration for these complexes as 
deduced for cysteine and its mercury complex. 

S-Metl7ylcysteine 
Under the minimal acidic conditions utilized 

in this work for the preparation of a 0.5 M D 2 0  
solution of S-methylcysteine (pD = 2.2), we 
obtained an ABC proton spectrum a t  100 MHz 
which yielded the parameters in Table 1 following 
computer analysis and  simulation (Fig. 1). The 
relative rotamer populations (Fig. 3) were 
calculated using standard relationships (5, 19). 
Natusch and Porter (5) reported equivalent 
methylene protons for the LH2+ form of S- 
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L-Cysteine lhydrochloride 

 AH^ + 6~~ M~S~AH~. Hi.fiA 
Hc , , COzH Hc \v, CO2H H c  , C02H 

L.' 

HA SMe El 11 

FIG. 4. Relative populations of the three staggered rotamers of L-cysteine hydrochloride, S-methyl-L-cysteine 
and its niercury(I1) complex in D,O a t  pD 1.9. 

methylcysteine and nonequivalent methylene 
protons (ABC pattern) for S-methylcysteine in 
its zwitterionic form. In regard to the latter, the 
calculated rotamer populations do not agree 
with the published coupling data. 

Upon complexation with mercury, the methyl 
and methylene protons of S-methylcysteine show 
similarly large downfield shifts (Table I )  indica- 
tive of mercurial bonding to sulfi~r. The very 
small change in the methine proton signal 
relative to the parent compound suggests no 
mercurial interaction in solution with either the 
ammonium or carboxylate groups. The 13C 
chemical shift data (Table 2) confirm the proton 
evidence and support the view of an extended 
molecular configuration for thecomplex. Natusch 
and Porter (5) report 'H-parameters for a 
solution with molar ratio of 1 :2  with respect to 
Hg(N03), and S-methylcysteine and 2.0 M in 
nitric acid. It appears from their structural 
representations (5, I I) and from the designation 
of ligands and ionic form (5) that they regard the 
complex in acidic solution as a triply, positively 
charged 1 : 1 species in which mercury bonding 
is localized to the sulfide group. Our evidence 

and that of Natusch and Porter (5) for mercurial 
complexation of S-methylcysteine is contrary t o  
the conclusion reached by Lenz and Martell (7) 
that little or no  involvement of substituted mer- 
capto groups would occur in chelation of ethio- 
nine and S-methylcysteine. It is also interesting 
to note that Livingstone and Nolan (20) prepared 
Co, Ni, Pd, Pt, Cu, Zn, and Cd complexes of 
S-methylcysteine for infrared analysis but no  
mercury complexes of this amino acid were 
reported although a mercury complex of ethio- 
nine was prepared. 

Relative Rotamer Populations 
Relative populations for the three staggered 

rotamers of each of L-cysteine hydrochloride, 
S-methyl-L-cysteine, and bis(S-methyl-L-cystei- 
neato)mercury(II) in D 2 0  solution have been 
calculated using the expressions t = JBc - 
J,/J, - J,, g = J,, - J,/J, - J,, and h = 1 - 
( t  + g )  (5, 19). Values of 12.0 and 2.0 Hz for 
J ,  and J,, respectively, which were suggested by 
Martin and Mathur (14) for cysteine were used 
(Fig. 4). The rotamer distribution found for 
fully protonated cysteine is interesting for the 
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relatively high fraction (0.40) of the most 
sterically hindered rotamer. A similarly high 
fraction is found for one of the less hindered 
rotamers (g) and it is suggested that the dominant 
stabilizing factor for each of these rotamers of 
cysteine is the capability for intramolecular 
hydrogen bonding between the carboxylic proton 
and the S atom in a six-membered ring. Similar 
hydrogen bonding is believed to  account for the 
relatively high population of the S-methyl- 
cysteine rotamer having adjacent -SMe and 
-C02H groups where the presence of the 
electron donating methyl substituent enhances 
the Lewis basicity of the S atom. In the case of 
the mercury complex of S-methylcysteine, the 
increased steric repulsion of the -HgS- group 
and the reduced basicity of the S atom bonded 
to mercury together result in weaker hydrogen 
bonding and domination of steric effects; thus 
the rotamer with trans -HgS- and -C02H 
groups is most highly populated as expected for 
bis(S-methyl-L-cysteineato)mercury(II). 

Insofar as population calculations are con- 
cerned it is im~or tan t  to  note. as a referee has 
emphasized, that the proton coupling data alone 
do  not allow one to determine which one of a 
pair of populations should be assigned to one 
of the conformers with a methylene H trans to 
the methine or other (in this case t and g). This 
ambiguity in the interpretation of chemical 
shift and J data arises in general in any p.m.r. 
study of molecules involving a CH,-CH- 
group unless an absolute assignment of the 
methylene H's can be made. In this study, it is 
the 13C data which permit one to conclude that 
a complex is extended (i.e. which indicates a 
non-gauche orientation of the COOH and Hg 
site) and which justifies the spectral assignment. 

Experimental 
Itwlrumentaliorr 

13C-n.m.r. spectra were obtained at  27 "C with a Varian 
XL-100 spectrometer at 25.2 MHz following accumula- 
tion and Fourier transformation of signals in both 
.proton decoupled and coupled modes. Frequencies were 
measured relative to dioxane and converted to the TMS 
scale (tjTMs = tjdi ,,,,, + 67.4 p.p.m.) (21). Proton 
spectra were obtained at  35 "C at  100 MHz, and simu- 
lated spectra were calculated with the computer program 
UEAITR due to Johannessen et al. (22) by means of a 
UNIVAC 1108 computer. 

Microanalyses 
Microanalyses were performed by Alfred Bernhardt, 

Mikroanalytische Laboratorium, 5251 Elbach Uber 
Engelskirchen, Fritz-Pregl Strasse 14-16, W. Germany. 
Appropriate separatory processes were employed to 

eliminate the interference of mercury with C, H, and C1 
determinations. Sulfur was analyzed by a reductive 
process. 

Syntheses 
Bis(~-c)~steit~earo)tnercury(II) Hydrochloride 

Hernilrydrate 
T o  a solution of L-cysteine hydrochloride hydrate 

(0.877 g, 0.005 mol, Sigma) in water (10 ml) diluted with 
95% ethanol (10 ml), a solution of mercury(I1) chloride 
(0.679 g, 0.0025 mol, BDH Analar) in 95% ethanol (I0 ml) 
was added dropwise. After approximately I ml of the 
mercurial solution had been added, the reaction mixture 
became turbid and copious precipitation occurred during 
the remainder of the addition. Ethanol was used for 
rinsing. The mixture was stirred for 15 min, collected, 
washed with 95% ethanol (product slightly soluble in 
95% ethanol), and dried over NaOH in vacuo. The yield 
was 1.10 g or 92%. Infrared spectra (400&600 cm-') 
were rather similar to spectra of the parent substance with 
the exception of a new band near 1500 cm- ' .  

Anal. Calcd. for (C,H,02NS)2Hg.HCI~QH20 (mol. 
wt. 479.39): C, 14.78; H,  3.10; 0 ,  14.77; N, 5.75; S, 
13.16; Hg, 41.16; CI, 7.28. Found: C, 14.90; H, 3.15; 
0 ,  14.82 and 14.91; N, 5.71; S, 13.97; Hg,  41.03; CI, 
7.32; and % drying loss (RT/2 mm), 0.23. 

X-Ray diffraction patterns established the identity of 
this product with that obtained under each of the 
following conditions: 

( i )  From a solution of L-cysteine (free base) (0.606 g, 
0.005 mol, Sigma) in glacial acetic acid - ethanol, pre- 
pared by first dissolving the cysteine in the  acetic acid 
(15 ml) with heating and then adding 95% ethanol (10 
mi), to  which a solution of mercury(I1) chloride (0.681 g, 
0.0025 mol, BDH Analar) in 95% ethanol (10 ml) was 
added dropwise with magnetic stirring (yield, 68%). 

(ii) From a solution of L-cysteine hydrochloride hydrate 
(0.877 g, 0.005 mol, Sigma) in 95% ethanol (20 ml) and 
water (10 ml) to which a warm solution (35") of mercury- 
(11) acetate (0.795 g, 0.0025 mol, Merck p r o  analysi) in 
methanol (10 ml) was added dropwise with stirring 
(yield, 92%). 

(iii) From a solution of L-cysteine hydrochloride 
hydrate (0.877 g, 0.005 mol, Sigma) in water (10 ml) and 
95% ethanol (10 ml) t o  which a hot solution (60") of 
mercury(I1) nitrate hydrate (0.858 g, 0.0025 mol, BDH 
Analar) in glacial acetic acid (10 ml) was added dropwise 
with stirring. Precipitation was so heavy in this reaction 
that additional ethanol (10 ml) was required for stirring 
(yield, 88%). 

Mercury(I1) Cysteineate 
T o  a warm, magnetically stirred solution (50-60") of 

L-cysteine (free base) (0.606 g, 0.005 mol, Sigma) in 
glacial acetic acid (15 ml) and 95% ethanol (10 ml), a 
solution of mercury(I1) acetate (0.797 g, 0.0025 mol, 
Merck pro analysi) in methanol (10 ml) was added 
dropwise. Precipitation occurred immediately, resulting 
in a milky appearance and the deposition of a finely 
divided, white solid. The mixture was left stirring to cool 
to room temperature. The solid was collected, washed 
with 957, ethanol, and dried over NaOH in vacrro. 
X-Ray diffraction showed the product to be crystalline 
and infrared spectra suggested the presence of free 
carboxyl groups. 

Anal. Calcd. for ( c ~ H ~ o ~ N s ) ~ H ~ ~ :  C. 17.15; H, 3.05; 
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0 ,  16.13; N, 7.06; S, 16.16; Hg, 40.45. Found: C, 17.90; 
H,  3.15; 0 ,  16.02 and 16.11; N, 6.82; S, 15.85; Hg, 
39.81; and % drying loss (RT/2 mm) 0.19. 

Bis(S-n~etl~yl-L-cysteit~eato) Mercury(I1) 
A warm solution (50-60") of S-methyl-L-cysteine 

(0.608 g, 0.005 mol, Sigma) in 95% ethanol (20 ml) was 
prepared by the addition ofjust  sufficient water (2-3 ml) 
to  effect dissolution. T o  the magnetically stirred solution, 
a solution of mercury(I1) acetate (0.795 g, 0.0025 mol, 
Merck pro analysi) in methanol (10 ml) was added 
dropwise. No "tail-effect" was seen upon addition of 
the mercurial solution but, towards the end of the 
addition, the mixture developed a turbidity and pre- 
cipitation occurred. The mixture was stirred for 15 min 
and then left to stand at  room temperature for 2 h. The 
precipitate (fraction A) was collected as a finely powdered, 
pale yellow solid, washed with 95% ethanol, and dried 
over NaOH it1 vacuo. The mother liquor was heated and 
treated with a few drops of water until clarified, then the 
warm solution was treated with acetone until just turbid. 
On standing at room temperature, the treated mother 
liquor produced a small quantity of solid (fraction B), 
which was handled as above. 

X-Ray diffraction patterns showed the product to be 
crystalline and confirmed the identity of fractions A 
(0.75 g) and B (0.089 g). Infrared spectra showed (i) the 
absence of bands due to the acetate moiety, (ii) a v(C=O) 
band little different from that of S-methyl-L-cysteine, and 
(iii) a v(NH) band centered near 3200 cm-'  (-200 cm-' 
higher than in the parent con~pound); yield, 80%, 

Anal. Calcd. for (C4H,0,NS)2Hg (mol. wt. 468.96): 
C, 20.49; H, 3.44; 0 ,  13.65; N, 5.97; S, 13.67; Hg, 42.78. 
Found: C, 20.29; H,  3.28; 0 ,  13.67; N, 5.80; Hg, 43.02; 
S, 13.48; and % drying loss (50°1HV) 0.10. 
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Orientation in the Wallach Rearrangement for the Naphthyl Azoxy Series1 

ALLAN DOLENKO~ AND ERWIN BUNCEL 
Depnrt~nent of Chemistry, Q~reen's University, Kingston, Ontario 

Received March 14, 19733 

The acid-catalyzed Wallach rearrangement of azoxybenzenes has been extended to the naphthyl azoxy 
series in order to evaluate the effect of annelation of benzene rings on the course of rearrangement. 
The six known azoxy derivatives containing the a-naphthyl, p-naphthyl, and phenyl moieties, in various 
combinations, have been examined with respect to product orientation in moderately strong sulfuric 
acid solutions. The course of rearrangement (eqs. 2-6) is discussed on the basis of current mechanisms. 

Le rbarrangement de Wallach, sous catalyse acide, d'azoxybenzenes a CtC applique a la skrie d'azoxy- 
naphtalene afin d'tvaluer I'effet d'annellation d'anneaux benziniques sur le micanisme du rearrange- 
ment. Les six derives azoxy connus, contenant les groupes a-naphtyle, p-naphtyle et phenyle dans des 
combinaisons differentes, ont e t t  CtudiCs en fonction de I'orientation du produit dans des solutions 
d'acide sulfurique moderement fortes. On discute du processus de rearrangement (eqs. 2-6) en se basant 
sur les divers mecanismes connus. [Traduit par le journal] 

Can. J .  Chem.,  52, 623 (1974) 

The transformation of azoxybenzene (1) t o  H 

p-hydroxyazobenzene (2) in strongly acidic media 0 
I o+ 

has been the subject of a number of investiga- QN/-\NO Q&-\N-Q tions since its discovery by Wallach and Belli in 
1880 (1). Studies related t o  this rearrangement 3 4 

have included evaluation of the effect of sub- 
stituents in one or both phenyls on the course of 
rearrangement (2, 3), the employment of isotopic 
tracers including 14C (4), 15N (9, and " 0  (6,7), 
and kinetic investigations, performed on azoxy- 
benzene and erne substituted derivatives (2,3,8). 
As a result of these studies a number of mecha- 
nisms have been proposed (9), involving some 
rather unusual species as reaction intermediates. 
The postulated key intermediates are shown in 
structures 3-8. 

'Part XI1 in the series on the Wallach Rearrangement. 
For Part XI see ref. 31. A portion of this work has ap- 
peared in a preliminary communication (ref. 14). 

'Present address: Department of the Environment, 
Eastern Forest Products Laboratory, Montreal Road, 
Ottawa, Canada. 

3Revision received October 15, 1973. 

In  order to  broaden the scope of the  previous 
studies, which until now have involved only 
azoxybenzene or its substituted derivatives, and 
to  perhaps shed more light on the controversy 
surrounding the nature of the reactive inter- 
mediate, an investigation of the reactions of the 
series of azoxy compounds containing the naph- 
thy1 moiety has been undertaken. In the  case of 
the benzidine rearrangement, extension of the 
studies from phenyl- to  naphthyl-containing 
hydrazo compounds revealed new facets relating 
t o  product orientation which resulted in  a better 
understanding of the reaction mechanism (10). 
Other aromatic rearrangements have received 
similar investigation (1 1). 
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In this present study our objectives were to 
determine theeffects of annelation of the benzene 
rings on the course of the Wallach rearrangement 
and t o  establish product orientation in these 
systems. T o  this end the transformation of the 
currently known phenyl-naphthyl and naphthyl- 
naphthyl azoxy derivatives (9-14) in moderately 
concentrated sulfuric acid has been investigated 
and the products identified. 

1 Results 
The naphthyl azoxy series investigated and the 

corresponding rearrangement products observed 
are summarized in eqs. 2-6. Thus P-l-phenyl- 
azoxynaphthalene (9) gives 4-phenylazo-1-naph- 
tho1 (15), a-2-phenylazoxynaphthalene (10) and 
P-2-phenylazoxynaphthalene (11) yield 2-phenyl- 
azo-1-naphthol (16), l , l  '-azoxynaphthalene (12) 

gives rise to 4-naphthylazo-I-naphthol (17), P- 
1,2'-azoxynaphthalene (13) yields 4-(2'-naph- 
thy1azo)-1 -naphthol (18), and 2,2'-azoxynaph- 
thalene (14) gives 2-(2'-naphthy1azo)-1-naphthol 
(19). 

In determining the reaction products of this 
series it was necessary to accommodate certain 
experimental constraints. Previous studies with 
azoxybenzene have demonstrated that a number 
of other products (azobenzene, sulfonic acids, 
etc.) may be obtained when the reactions are run 
a t  high substrate and acid concentrations, high 
temperatures, and prolonged reaction times 
(1 2, 13). Subseq~~en t  work which has been carried 
out under controlled kinetic conditions, using 
low substrate concentrations ( 6  M), has 
shown the formation of a single primary product, 
the hydroxyazobenzene (8). T h e  other products 
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S C I ~ I  

have apparently no relation to  the actual Wallach 
rearrangement. Due to  the very low solubility 
of the naphthyl azoxy compounds, complete 
solubilization in the acid concentrations of 
interest could only be achieved at  very low sub- 
strate concentrations (ca. 1 0 ~ '  M). Even so, the 
addition of organic cosolvents, 0.5% v/v ethanol 
for the phenyl-naphthyl azoxy compounds and 
5.0% v/v dioxane in the case of the even less 
soluble naphthyl-naphthyl derivatives, was nec- 
essary to assist in solubilization. In view of these 
considerations, normal product isolation and 
characterization was quite impractical. Never- 
theless this was carried out in two representative 
cases, the reactions of 9 and 12. 

The primary means of product identification 
was by quantitative comparison of the u.v.- 
visible spectra of the observed reaction product 
with the spectra of similar equiniolar solutions 
of a number of authentic compounds considered 
to  be among the most probable products. Re- 
peated scanning of the spectra during reaction 
ensured that its course was known throughout 
and that the final spectra examined were repre- 
sentative of the primary rearrangement and not 
of some subsequent process. These spectral com- 
parisons were carried out  directly in the sulfuric 
acid reaction solutions and indirectly after 
quenching the reaction in an alcoholic base 
solution. In  the case of each azoxy compound a 
preliminary survey was carried out to determine 
the optimum acid concentration for the study in 
terms of substrate solubility, reaction speed, and 
formation of side products, if any. With these 
precautions, and with the measurement of spec- 
tral characteristics under the various conditions 
of acidity-basicity (representative of different 
forms of ionization of the species concerned), 
identification of products could be satisfactorily 
accomplished. 

Product 
:>lk I 

Discussion 
The studies described here have demonstrated 

that the main reaction pathway for the  naphthyl 
azoxy compounds in moderately concentrated 
sulfuric acid solutions is rearrangement to  hy- 
droxyazo derivatives (eqs. 2-6). Moreover, for 
the phenyl-naphthyl azoxy compounds (9-11) 
it is found that rearrangement occurs preferen- 
tially to the naphthyl rather than t o  the phenyl 
ring. In the case of the azoxy substrates 10 and 
11 this preference gives rise to  instances of acid- 
catalyzed ortl?o rearrangements, of which only 
few are known (see ref. 14). In the case of the 
dinaphthyl azoxy compounds containing the 1- 
and/or 2-naphthyl ring systems, rearrangement 
occurs preferentially to  the 4-position of the 
1-naphthyl ring if such is available. If such a 
position is not available, as in the case of 14, 
then ortho rearrangement to  the 1-position of the 
2-naphthyl ring system results, yielding the same 
product as obtained in the photochemically 
induced rearrangement (15). 

Kinetic studies of the Wallach rearrangement 
have provided evidence concerning t h e  reaction 
mechanism in establishing the form of the acid 
catalysis (2, 3, 8). T h e  sin~ultaneous measure- 
ment of the rate of rearrangement a n d  the extent 
of monoprotonation of the substrate has re- 
vealed a continued dependence of rate on acidity 
beyond the monoprotonation stage (8). The re- 
action mechanism proposed to  account for these 
data is given in Scheme 1 and involves a dicationic 
intermediate (7). It was argued that formation of 
the dication from the  conjugate acid of azoxy- 
benzene might occur by two possible reaction 
pathways, as shown in Scheme 1, a n d  that the 
dication would then undergo nucleophilic attack 
by H,O or  HSO,- t o  givep-hydroxyazobenzene 
as the reaction product (8). 

O n  the basis of similar studies on azoxyben- 
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zene and a number of its substituted derivatives, 
Duffey and Hendley (3) have proposed a mecha- 
nism involving an unsymmetrical quinoid inter- 
mediate (8) formed by nucleophilic attack on the 
monoprotonated substrate. This mechanism is 
outlined in Scheme 2 as it would apply to  the case 
of P-I-phenylazoxynaphthalene (9). The two 

I 
reaction mechanisms, as given in Schemes 1 and 
2, can both account satisfactorily for the re- 
arrangement products observed in these systems. 
On the basis of resonance structures which may 
be written for the dicationic intermediates, the 
positions predicted to undergo nucleophilic 
attack are the same ones which are expected to 

I give rise to the most stable quinoid type inter- 
mediates. 

Previously we carried out a theoretical exami- 
nation of the dicationic type of intermediate 
derived from azoxybenzene using the m.0. 
method (16) for both linear and bent configura- 
tions, which have different n-electron systems as 

I shown in the orbital diagrams 20 and 21, 
respectively. The calculations have been extended 

(18, 19). In each case the observed product 
orientation corresponds to the  entry of O H  
(through nucleophilic attack) at  the carbon posi- 
tion (ortho or para) with the lowest .rr-electron 
density as determined for the  corresponding 
linear dicationic structures. A typical example of 
the electron density values obtained is given 
below for the linear dicationic intermediate 22 
pertaining to reaction 5. 

These results are  interesting in terms of the corre- 
spondence which exists between the experimental 
results and the theoretical predictions based upon 
relatively simple calculations. They are also note- 
worthy in view of the fact that  the dicationic 
intermediate derived from azoxybenzene has 
recently been observed by Olah et al. (20). 

We will discuss in a future communication the  
consequences of the observed dependence of the 
rates of these rearrangements o n  solution acidity, 
as derived from a kinetic study o f  these reactions. 

Experimental 

for 24 h and fractionally distilled prior to use. The frac- " " " " 

2 1 tion boiling at 101.5" and showing n o  absorption maxima 
at  261. 255. and 249 nm due to ethvlene acetal was col- . ' 

to the dications corresponding to the present lected and stored in the dark. Sulfuric acid solutions of 
various concentrations were prepared by diluting Fisher series of azOxy density or C.I.L. Reagent grade 96% sulfuric acid and analyzed 

values have been obtained by means of Hiickel by standard methods. A 1.0 N base quenching solution 
calculations (17) using the iterative o technique was prepared by dissolving 40 g of sodium hydroxide in  
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DOLENKO AND BUNCEL: THE WALI_ACH REARRANGEMENT 627 

1.0 I of a solution of absolute ethanol -water (1:3). This 
solution was used immediately after preparation. 

The reactions were carried O L I ~  in aqueous sulfuric acid 
solutions containing a small amount of an organic co- 
solvent (0.5% v/v ethanol or 57, vv/ dioxane) at  44.5 "C 
unless otherwise specified. Spectra of the acidic reaction 
media and of the base quenched solutions were obtained 
by the so-called "direct" and "indirect" techniques pre- 
viously described (a), employing a Umcam model 
SP 800 B spectrophotometer. 

Preparatiot2 of Cot7ipo1rtrrls 
The azoxy compounds were prepared by oxidation of 

the corresponding azo precursors as described previously 
(21). The hydroxyazo con~pounds of interest are itemized 
below wlth a brief statement concerning method of 
p~eparation. All compounds were purified by column 
chromatography, recrystallized to the highest level of 
purity which could be achieved and characterized. A 
detailed account may be found in ref. 22 along with the 
pertinent physical data. 

4-Naphthylazophenol (23) was obtained by diazotiza- 
tion of 1-naphthylamlne and coupling with phenol (23). 
1-Phenylazo-2-naphthol (24) was prepared by coupling 
the diazonium salt of aniline with 2-naphthol (24). 4- 
Phenylazo-1-naphthol (15) was synthes~zed by coupling 
the diazoni~im salt of aniline with 1-naphthol (25). 442'- 
Naphthy1azo)phenol (26) was p~epared by diazotlzation 
of 2-naphthylani~ne and coupling with phenol (26). 2-(2'- 
Naphthy1azo)phenol (27) was obtarned by condensing 
o-nitroanisole with 2-naphthylanline in the presence of 

, alkali at elevated temperatures, followed by demethyla- 
I tlon according to the procedure outlined by Badger and 

Buttery (15). 2-Phenylazo-I-naphthol (16) was prepared 
by coupling 2-naphthoquinone with phenylhydi'azine In 
an acidic solution (27). I-Naphthylazo-2-naphthol (30) 
was obtained by diazotlzation of 1-naphthylamine and 
co~~p l ing  wlth 2-naphthol (28). Similarly 4-naphthylazo- 
I-naphthol (17) was synthcsized by coupling with 1- 
naphthol (29). 2-(1'-Naphthy1azo)-I-naphthol (31) was 
obtalned by coupling 2-naphthoquinone and naphthyl- 
hydrazine In acid sol~rtlon. 1-(2'-Naphthy1dzo)-2-naphthol 
(32) was prepared by diazotization of 2-naphthylamine 
and coupling with the 2-naphthol produced CI situ by 
decompositron of the diazonium salt (30). 4-(2'-Naphthyl- 
azo)-1-naphthol (18) and 2-(2'-naphthy1azo)-1-naphthol 
(19) were synthes~zed by diazot~zation of 2-naphthylamine 
hydrochloride and coupling with I-naphthol. 

Prodltct Iiolation Fro171 Reactiot~ of 
S-I-Pfret~ylazoxynnphtha/et~e (9 )  

Due to the 11mited solubility of 9 in acidic media it was 
neccssary to carry out the reactlon In a large volume of 
acid in order to have a workable amount of substrate. 

The reaction solution was prepared by dissolving 9 
(0.1011 g )  in 83.25% (490 ml) contained in a 1-1 
stoppered flask wrapped in aluminum foil and thern~o- 
statted at 25'. After 61 min, equivalent to 1 half-life, the 
rcaction was halted by ~mmersing the flask in an Ice- 
methanol bath. The solution was then diluted to  ca. 157, 
H,S04 by the slow addition of the reaction mixture to  
3.2 1 water also cooled In an ice-alcohol bath. During the 
dilution the temperature did not rise above -2". The 
resulting suspension was extracted with chloroform in a 
seniicontinuous liquld-llqu~d extraction apparatus. The 

chloroform solution was dried (MgSO,) and the solvent 
removed under vacuum. The residue was redissolved in 
10 ml acetone and 2.5 ml of the solution was spotted on a 
large thin-layer plate (Eastman chromagram Sheets Type 
K301-R) along with the reference compounds 9, 15, 23, 
24, and 25. Development in petroleum ether (40-60") - 
ethylacetate (20:l v/v) gave two major bands which were 
cut separately and extracted with acetone until colorless. 
These solutions were filtered, evaporated to  dryness, the 
residues dissolved in ethanol and their u.v.-visible spectra 
examined quantitatively. The composition of recovered 
material was 46.5% of 15 and 50.5% of 9, based on amount 
of reactant used. 

Product Isolation it) the Reaction of 
1,I'-Azoxynaphthalet~e (12) 

The reaction solution was prepared by dissolving 0.075 
g of 12 in dioxane and was added to a flask wrapped 
in aluminum foil containing 4.78 1 of 67.95% sulfuric 
acid and 200 ml dioxane maintained at 25". The dioxane 
content of the reaction solution was raised to 5'Z (v/v). 
The final substrate concentration was 5.0 x M. 
After a period of time corresponding t o  1 half-life (42 
min) the reaction was stopped by cooling in an ice- 
methanol bath. The reaction mixture was then diluted to  
ca. 20% H2S04 by slowly adding it to 11.5 1 water con- 
tained in a 20 I flask which was cooled to 5". The resulting 
suspension was extracted with 2 I of chloroform using a 
liquid-liquid extractor. After drying and removal of the 
solvent a portion of the residue was dissolved in acetone 
and spotted on a thin-layer plate together with 12,17,29, 
and 30as reference compounds and developed in thesolvent 
system petroleum ether (40-60") - 5 2  ethyl acetate (v/v). 
The remainder of the residue was purified on an alumina 
column and the u.v.-visible spectrum of each band exam- 
ined. In addition, the i.r. spectrum (KBr disc) of the major 
product band was obtained and compared with those of 
17 and 29. The u.v.-visible and i.r. spectra confirmed that 
17 is the major product by conlparison with the authentic 
material. The minor product could not be identified 
though no trace of 29 was dctected. 

Spectral Irler~tificatiot~ 
Rearrar~getvetrt of 9 
The reaction of 9 was followed to completion, (9 half- 

lives), in 77.00% ',,SO4 - 0.52 EtOH and was charac- 
terized by the disappearance of a broad, low intensity 
band a t  ca. 450 nm due t o  9 and the forniation of an in- 
tense asylnnietric band at  556 nm, E 33 600, due to the 
product 15. In base the formation of a strong asymmetric 
band at 494 nm, E 25 600, was observed concurrently 
with the disappearance of a low intensity band at  380 nm 
(quenching after 3 half-lives). These spectral data cor- 
respond closely with those of 15 (X,,, 557 nm, E 32 900, 
in acid and 494 nm, E 28 100, in base) and indicate that 
the extent of formation of 15 is almost 100%. In separate 
experiments it was found that 15 is stable in this acid con- 
centration for a period of time corresponding to at least 
10 half-lives of reaction. Other compounds considered to  
be possible reaction products of 9 included 4-naphthyl- 
azophenol 23, I-phenylazo-2-naphthol 24, and l-phenyl- 
azonaphthalene 25. Their spectra were determined in 
77.00% H,S04 - 0.5Z ethanol and in base but showed no 
correspondence with the observed reaction product. 
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Rearratigettletit of 10 and 11 
A comparison of the spectral data obtained in 77.W% 

H 2 S 0 4  - 0.5% cthanol and in base after almost complete 
reaction of the azoxy isomers 10 and 11 showed that 16 is 
the common product of both. Thus the positions of maxi- 
mum absorbance of 16 (539 and 432 nm in acid, and 494 
and 319 nm in base) coincidc niccly with those of the 
product derived from 10 (539 and 432 nm in acid, and 
495 and 320 nm in base) and fi-om 11 (538 and 432 nm in 
acid, and 495 and 320 nm in base). However these spectral 
data also indicated that the extent of formation of 16 
differs for the two azoxy isomers. Fo r  example, 16 is 
formed almost exclusively in the case of 10 as evidenced 
by the molar extinction values: E,,, 22 900, E~~~ 19 300 
after 4 half-lives reaction at this acid concentration, and 
E~~~ 18 400, 15 800 after 3 half-lives a s  determined in 
base; this compares with actual values E,,, 24 700, &432 

19 600, respectively, for 16 in acid and E,,, 20 800, E320 

16 000 in base. In the case of 11 it appears that some 
other product(s) is being formed concurrently, ~~~8 

20 900 and E~~~ 17 600 after 6 half-lives in acid and 
E ~ , ,  17 600 and E~~~ 14400 after 10 half-lives a s  deter- 
mined in base. The reaction of 11 in acid was also charac- 
terized by the formation of twin absorption bands of 
almost equal intensity a t  258 and 263 nm. The intensity of  
these bands was found to increase with increasing acid 
concentration while a t  the same time the molar extinction 
at  538 nm due to 16 decreascd. These bands were not due 
to 16, which showed only a single band of low intensity 
at  255 nm in this region, nor were they due to any de- 
composition product of 16  since it was found to  be com- 
pletely stable at these acid concentrations. Compounds 
whose spectra were also characterized in acid and base 
were 4-(2'-naphthy1azo)phenol (26), 2-(2'-naphthy1azo)- 
phenol (27), and 2-phenylazonaphthalene (28), and were 
eliminated a s  possible reaction products on  this basis. 

Rearr.atipetnetit of12 
Spectral changes occurring during the reaction of 1 2  

in 70.50% IH2S04 - 5.0% dioxane were characterized by 
the disappearance of a low intensity band at  ca. 390 nm 
due to the substrate and thc developnlent of a single 
asymmetric band a t  598 nm due to the  formation of 17. 
After 4.5 half-lives of reaction the molar extinction a t  
598 nm reached a maximum value of 21 300, or 81% of 
the theoretical value (26 400) given by 17 alone, and then 
began to decrease. This decrease was due,  at least in part, 
to  the fact that 17  is unstable in concentrated acid solution 
and  undergoes a consecutive reaction result~ng in a de- 
crease in the molar extinction at 598 nm; e.g., a 15% 
decrease in the molar extinction o c c ~ ~ r r e d  at this acid 
concentration over a period of time corresponding to 3 
half-lives of reaction. In base the spectrum of 12 after 2.7 
half-lives reaction time in 67.95% H 2 S 0 4  - 5.0x dioxane 
showed a maximum at 505 nm with E 15 600. This coni- 
pared favorably with the spectrum of 17  which showed 
A,,,, 505 nm, E 18 500. 

Other possible reaction products whose spectra were 
characterized included 1,l'-azonaphthalene, 29, and 
I-naphthylazo-2-naphthol, 30. Of these c o m p o ~ ~ n d s  the 

spectrum of 29 displayed some similarity to that of  I 7  in  
acidic media, h,,, 591 nm, E 26 700. However, the  
spectrum of 29 in  base, h.,,, 400 nrn, E 11 800, was very 
different from 17.  This example demonstrates the utility 
of spectral characterization in both  acidic and basic 
media. 

Rearrangenlent of 13 
The reaction o f  13, as followed by the direct method in  

70.50% H2SO4 - 5.0% dioxane, was  described by t he  
formation of a strong asymmetric band at 582 nm with a 
shoulder a t  622 n m  due to the formation ofthe hydroxyazo 
product, 18. T h e  developing band a t  582 nm reached a 
maximum molar extinction of 32 300 after 5 half-lives 
reaction time and  then bcgan t o  decrease in intensity, 
indicating that 18 undergoes a subsequent reaction in 
concentrated H 2 S 0 4  solution. An equimolar solution of 
18 gave a molar extinction value of 42 500 at  582 nm. I n  
basic solutions the reaction was characterized by t he  
disappearance o f  a single weak band at  388 nm due t o  
13  and the formation of a maximum a t  509 nm, E 28 000, 
due to 18. An equimolar solution o f  18  in base gave A,,, 
508 nm and E 3 5  800. Among the compounds examined 
as possible reaction products were the following: 2-(1'- 
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4. L.  C. BEHR and E. C. HENDLEY. J .  Ora. Chem. 31, 

naphthylaz0)-I-naphthol(31), 1-(2'-naphthylaz0)-2-naph- 
tho1 (32), and 1,2'-azonaphthalene (33). These con~pounds 
were excluded upon analysis of their spectra in acid and 
basic media. 

Rent.rnriget~~ettt of14 
The reaction of 14, as followed directly in 77.00% 

HzS04  - 5.0% dioxane, was characterized by the de- 
velopment of twin maxima of about equal intensity at 
588 (E 25 600) and 562 nm (E 26 600). and a broad band 
at 430 nm (E 12 200) after a period of time corresponding 
to 5 half-lives. Simultaneously, a slight decrease in the 
intensity of an absorption at cn. 410 nm was observed 
due to the disappearance of the substrate and this was 
accompanied by a shift to higher wavelength (430 nm, 
E 12 700). These data correspond very closely to those of 
an equimolar- solution of 19 at  the same acid concentra- 
tion, i.e., h ,,,, 590 (E 33 loo), 564 (E 32 900), and 429 nm 
(E 14 900). Howcver on the basis of these data it appears 
that 19 accounts for only about 75P7, of the original azoxy 
material. Contributing factors includc thc observations 
that 19 is not stable at  this acid concentration (e.g., the 
niolar extinction coefficient of 19 decreases to 93% of its 
original value after a time equivalent to 3 half-lives) and 
that a competing reaction is occurring, manifested by the 
formation of twin maxima at 258 and 264 nm which are 
not due to decomposition of 19. The nature of the 
material(s) responsible for these bands has not been 
determined. The spectral data obtained in base after 5 
half-lives showed h.,,, 505 nm (E 20 200), compared with 
h,,, 507 (E 27 000) and 328 nm (E 18 900) given by an 
authentic sample of 19. The spectral characteristics of 
2,2'-azonaphthalene (34) were also determined in acid 
and base as a possible reaction pr-oduct. 
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Structural Investigation of Sigma Complexes of 
Aromatic Amines with 1,3,5-Trinitrobenzene 

ERWIN BUNCEL A N D  JOHN G. K .  W E B B  
Dept~rtt~lrnl of Clle/17;srry, Qlreen's Utli\,ersiry, Kitrgstotr, Otzttrrio 

Received September 17, 1973 

Reaction of the 1,3,5-trinitrobenzene (TNB) - rnethoxide ion adduct 1 with a series of substituted 
arylamines in dirnethyl sulfoxide (DMSO) solution yields new 1,3,5-trinitrobenzene - aromatic arnine 
o-complexes (2). The parent TNB-anilide complex is also obtained in the reaction of TNB with 
potassium anilide in DMSO. Identification of the complexes is effected by n.m.r. and visible spectroscopy. 
The n.rn.r. parameters of the complexes are influenced in characteristic manner by substituents in the aryl- 
amine moiety. An analysis of electronic and structural factors in these systems is given, with emphasis on 
the following aspects: structural implications of NH-H,, coupling; aromatic protons on the arylamine 
moiety; amino protons in free and cornplexed arylamines. 

La reaction du cornplexe d'addition trinitro-I ,3,5 benzene (TNB) - ion mkthoxyde 1 avec une strie 
d'arylamines substituees dans le sulfoxyde de dirnethyle (DMSO) a conduit a de nouveaux complexes-cr 
(2) du type trinitro-1,3,5 benzine-amine arornatique. On a aussi obtenu les complexes TNB-anilide 
parents lors de la reaction du TNB avec I'anilide de  potassium dans le DMSO. L'identification de ces 
complexes a Cte effectuie grice a la spectroscopie dans le visible et a la r.m.n. Les parametres r.m.n. des 
complexes sont influences de f a ~ o n  particuliere par les substituants de I'entite arylamine. On presente une 
analyse des facteurs electroniques e t  structuraux dans ces systernes, en insistant sur les aspect suivants: 
consCquences structurales du couplage NH-HOT; protons aromatiques sur l'entite arylarnine; protons 
attaches ii l'azote dans les arylamines libres et complextes. [Traduit par  le journal] 

Can. J .  Chem., 52. 630 (1974) 

Introduction 
Although Meisenheimer, or o-complex, form- 

ation is well established for the interaction of 
polynitro aromatic compounds with a variety of 
bases (1-7), including aliphatic amines (8, 9), 
until now only one preliminary report of a 
o-complex involving an arylamine has been given 
(10). Hitherto the interaction between aromatic 
amines and polynitroaromatics had been identi- 
fied as characteristic of charge-transfer complex 
formation (11). This is surprising in view of the 
fact that arylarnines are known to  act as nucleo- 
philic reagents toward nitro activated halo- 
benzenes (12-14) and presumably form meta- 
stable o-complex intermediates in those cases. 

In  a previous communication (10) we have 
presented spectral evidence which was strongly 
indicative of the formation of a o-complex 
between 1,3,5-trinitrobenzene (TNB) and aniline. 
The complex resulted from the interaction 
between the TNB - methoxide ion adduct (1) and 
aniline in dimethyl sulfoxide (DMSO) solution. 

A number of unusual aspects in the n.m.r. 
spectra of the TNB-anilide complex were 
previously noted (10). A downfield shift was 
observed for the amino proton peak on going 
from the free to the complexed aniline, which 

could be significant in providing information on  
the effect (e.g., electronic) of repIacing an amino 
proton by the 2,4,6-trinitrocyclohexadienate 
moiety. At present there are no n.m.r. data avail- 
able in the literature to show this effect. Further, 
the NH-HBj fragment appears i n  the n.m.r. as a 
relatively sharp A B  quartet with a large coupling 
constant; rhe observation of sharp doublets for 
N-H protons when coupled to C-H is a 
relatively rare occurrence (vide inpa). 

Thus it was believed that extension of the study 
t o  a series of arylamines could substantiate and 
clarify the origin of some of these unusual obser- 
vations. Also it was anticipated that, with sub- 
stituted arylamines, chemical shift analysis of 
the aromatic protons (which was not readily 
feasible with the unsubstituted aniline derivative 
due to  the general complexity and overlap of 
peaks in the free and complexed aniline) should 
provide additional information o n  the nature of 
the 2,4,6-trinitrocyclohexadienate moiety. These 
expectations have largely been borne out in the 
study to be described. 

Results 

Reaction of complex 1 with the series of sub- 
stituted arylamines can be represented by eq. 1. 
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N 0 2  H" 
R 

NO2 Ha. 
( _ I  

[I1 Hog O2N NO2 + ' : N ~ N o 2  - CH30H 

H8 OCH, NH2 H ,  NH 

1 
R =- H, /)-OCH3, IJ-CH,, /?-C1, 
1)-Br, ~ I I - C F J ,  fir-NO2, I J - c H ~ C O ,  

2 
p-CN, p-NO2, 3,5-(NO2)? 

bR 
A description of the n.m.r. and visible spectral signal positions of the p-chloroaniline ring pro- 
changes which characterize this reaction is now tons in the complex are at  lower field than in the 
presented. uncomplexed aniline. The center of  the AA'BB' 

multiplet in the complex is at 6.9 p.p.m. 
Characterization of o-Complexes by Nuclear The spectrum taken after addition of D,O to  

Magnetic Resonance Spectra the solution is shown in Fig. Ic. Collapse of the 
The reaction of arylamines with 1 in DMSO-d, NH-Hp, quartet to  a slightly broadened singlet 

resulted in characteristic n.m.r. spectral changes (w,,, = 2 Hz) at 6.2 p.p.m. results from deuter- 
with time, as follows. The absorptions for the ation of NH and a t  the same time a sharp OH 
H,, Hp, and OCH, protons of 1, and the peaks signal at 4.0 p.p.m. has appeared. Integration of 
associated with the arylamine protons, decreased the peaks corresponding to H,, and Hp.  in the 
with time. Simultaneously, the peaks corre- deuterated complex yields integral values in the 
sponding to H,, and Hp., and the protons in the ratio of 2: l .  In addition, a small amount of 
arylamine moiety of 2, as well as the absorptions TNB-deuteroxide o-complex, resulting from 
due to methanol, were observed to increase with hydrolysis of 2, was revealed on expansion of the 
time. These changes were essentially complete spectrum to a sweep width of 1 Hz/cm. The 
within several hours. resonances for the H, and Hp type protons 

The general description given above is illus- appeared at 8.4 (doublet, J = 1.2 Hz) and 6.25 
trated in Fig. l a  and b for the reaction of 1 with p.p.m. (triplet, J = 1.2 Hz), respectively. Thus 
p-chloroaniline. The spectrum shown in Fig. la,  the chemical shift assignments for the a-complex 
taken 10 min after mixing, exhibits basically the 2 (R = p-chloro) are: H,, 8.40, Hp, 6.20, N H  
superposition of the spectra for 1 and p-chloro- 6.03 p.p.m. 
aniline, with a much smaller amount of 2. The The individual peaks in the NH-Hp, quartet 
resonances at 8.48 (doublet, J = 1.2 Hz), 6.17 are relatively sharp, with apparent half-height 
(triplet, J = 1.2 Hz), and 3.22 (singlet) p.p.m. widths of ca. 2 Hz. The coupling constant 
correspond, respectively, to the H,, Hp, and J N H - H D r  was measured as 8.9 Hz. Coupling 
OCH, protons of 1. The four main peaks of an between H,, and Hpf was also revealed on expan- 
AA'BB' multiplet centered at 6.8 p.p.m. and a sion to sweep widths of 1.0 or 0.2 Hz/cm. A 
broad peak at 5.1 p.p.m. are assigned, respective- doublet was observed for H,, with a coupling 
ly, to  the ring and amino protons of p-chloro- constant of ca. 0 .4  Hz. Confirmation that the 
aniline. In addition there is present a peak up- doublet structure arises from coupling of the 
field by ca. 0.1 p.p.m. from H,, assigned to H,. spin states of H,, and He, was obtained by double 
of 2, and signals due to methanol at  4.0 and resonance techniques. Irradiation of the signal 
3.2 p.p.m. The remaining peaks expected for 2 for Hp, eliminated the fine structure in H,, 
are not readily discernible at this early stage of signals, which then appeared as a sharp singlet 
the reaction due to overlapping signals of the with w,,, = 0.4 Hz. 
reactants. The n.m.r. spectral features outlined above for 

The spectrum taken after 22 h is shown in Fig. the reaction of 1 with p-chloroaniline are typical 
lb and exhibits further development of the H,, for the series of reactions studied. Some pertinent 
peak at the expense of H,, and an increase in n.m.r. parameters for the o-complexes 2 are 
intensity of the methanol signals, while the NH, listed in Table 1. Amino proton chemical shifts 
signal has correspondingly decreased. In addi- (determined within a given reaction solution) 
tion, the NH-H,, quartet anticipated for 2 has are also provided for comparison. 
clearly emerged and is centered at 6.1 p.p.m. The Chemical shifts for aromatic protons onpara- 
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FIG. 1. Course of reaction of TNB-methoxide 0-complex I with p-chloroaniline: (a )  n.m.r. spectrum taken after 
10 min reaction time; (6) after 22 h; (c) n.m.r. spectrum of reaction product following deuteration. The designation 
of the various protons is given in eq. 1. 

TABLE 1. Nuclear magnetic resonance parameters for the TNB-anilide o-compIexes 2" 
-- --- -- 

6 ~ 0 2 ~  SNIIb in 6N1,2b in JNH - 13, J,,D, 
R (p.p.m.1 ( P . P . ~ . )  p.p.m. (HZ) p.p.m. (Hz) (Hz) (Hz) 

p-OCH3 8.37 6.11 5.40 (323 .8) 4.47 (268) 8 .8  0 .6  
P - C H ~  8.38 6.18 5.58 (334.8) 4.65 (279) 8 .8  0 .6  
H 8.39 6.24 5.81 (348.3) 4.88 (293) 8 .8  0 .6  
p-CI 8.40 6.20 6.03 (362.0) 5 .12 (307) 8 .9  0 .4  
p-Br 8.39 6.20 6.05(363.2) 5.13(308) 9 .O 0 .4  
tn-CF3 8.43 6.35 6.35(381.0) 5.45(327) - 0.4 
m-NOz 8.45 6.36 6.65 (398.9) 5.72 (343) 8 . 8  0 .5  
p-CH3C0 8.42 6.42 6.79 (407.3) 5.93 (356) 9 . 0  0 .4  
p-CN 8.42 6.39 6.89 (413.2) 6.03 (362) 9.1 0 .5  
3,5-(NOz)z 8.46 6.47 7.39 (442.8) 6.45 (387) 8 .8  0.5 
P - N O ~  8.45 6.50 7.41 (444.5) 6.62 (397) 8 .8  0 .5  

OThe data tabulated are obtained in reaction of  the TNB-methoxide a-complex 1 with the R-substituted anilines in DMSO-(1,. 
T h e  amino proton chemical shifls, 6N112, refer to the free arylamines present in the reaction solutions. 

hChemical shifts measured downfield relative to T M S  as internal standard. 
CAB quartet coalesced to A, system. 
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BUNCEI. A N D  WEBB: NITRO AROMATIC COMPOUNDS 633 

substituted arylamine moieties in the complexes 
are recorded in Table 2. For comparison pur- 
poses the aromatic proton chemical shifts of the 
corresponding uncomplexed arylamines, as mea- 
sured internally, are also given. The aromatic 
proton signal pattern in both the free and com- 
plexed arylamines is of the AA'BB' type approxi- 
mating to a simple AB system (15, 16). The sim- 
plicity of such patterns lends itself to facile 
chemical shift analysis. 

An unambiguous assignment of the aromatic 
proton peaks in the free and complexed aryl- 
amines could be made from the progress of the 
reaction. Thus, as the reaction progressed, the 
four main peaks in the AA'BB' quartet of the 
complex increased at the expense of those belong- 
ing to  the free arylamine. This allows for an 
internal comparison of chemical shifts which will 
reflect the effect of replacing a proton in an un- 
complexed amine by the 2,4,6-trinitrocyclo- 
hexadienate moiety. The chemical shifts of the 
A and B protons in the free and complexed aryl- 
amines can be assigned on the basis of the known 
electronic properties of the substituents. Con- 
firmation of the assignments was made by applic- 
ation of the method of additivity of substituenr 
effects, which is described in more detail in the 
discussion. 

It was evident in the 1l.m.r. spectra that  a finite 
concentration of 1 still remained after the re- 
action with the various arylamines had ceased. 
The equilibrium constant for the reaction given 

TABLE 2. Chemical shifts of aromatic protons in free and 
complexed arylamines (Y is the 2,4,6-trinitrocyclohexa- 

dienate moiety) 
- 

SH*' ~ H I I "  

&H*" ~ H U I ?  
X Obs. C a l ~ d . ~  Obs. Calcd.' Obs. Obs. 

OCH, 6.64 (6.65) 6.54 (6.52) 6.70 6.70 
CH3 6.80 (6.91) 6.49 (6.50) 6.85 6.69 
C1 7.02 (7.15) 6.56 (6.58) 7.05 6.84 
Br 7.10(7.30) 6.50(6.52) 7.15 6.75 

by eq. 1 can be expressed as in eq. 2. Values of K 

were calculated for the series of reactions by 
obtaining the relative concentrations of 1 and 2 
from integration of the peaks associated with H, 
and Ha.. Differences in the equilibrium constants 
so calculated were found to be small and some- 
what random in the series of reactions. Thus an 
average equilibrium constant of 28 + 4 appears 
to  be applicable for  the series. Uncertainty as t o  
the degree of overlap in the H, a n d  HE, signals, 
a s  well as the disparity in their relative magni- 
tudes, precluded a more accurate determination 
of K by this method. 

Characterization of o-Co~nplexes by Visible 
Spectra 

The visible spectral changes accompanying the 
interconversion of 1 and 2 for the series of 
reactions studied constituted a decrease in the 
absorptions characteristic of the former with 
corresponding increase in those in the latter. 
Reasonably tight isosbestic points were main- 
tained for the interconversion o f  species, a s  
shown by the spectra in Fig. 2 for the  reaction of  
1 with aniline. The absorptions with maxima a t  
430 and 512 nm are  characteristic o f  1 while the 
complex 2 (R = H) exhibits maxima at 445 and 
521 nm. The absorption maxima f o r  the series o f  
complexes 2 varied slightly within the range 
439-445 and 521-527 nm. An estimate of the 
extinction coefficients a t  the maxima was made 
using the concentration of 2 as calculated from 
the equilibrium constant obtained by  the n.m.r. 
method. The values so calculated were found t o  
lie within 5 5 %  of 32 000 M - '  cm-'  for the 
higher energy absorption and 18 500 M-'  cm- l 
for the absorption a t  lower energy. 

Acid-base reversibility is a characteristic of 
most o-complexes of nitroaromatic compounds 
(1). In the present case, likewise, the  absorption 
maxima associated with the complexes 2 dis- 
appear con~pletely o n  addition of a slight excess 
of aqueous acid. O n  rebasification with aqueous 
sodium hydroxide two absorptions are restored 
with h,,, at 430 and 510 nm, arising from the 
hydroxide-TNB o-complex. 

CH,CO 7.65 i7.72j  6.56 i6.72j  7.70 6.84 
C N  7. 35 (7, 47) 6. 62 (6. 79) 7. 42 6 ,  89 Reaction of TNB with Potassium Anilide 
NO, 7.92 (8.05) 6.62 (6.85) 7.99 6.90 O n  mixing solutions of potassium anilide in . . 

'Chemical s h ~ f t s  ( ~ n  ~ . p . m . )  measured downlield relative t o  TMS as 
aniline and TNB in DMSO, a bright red color 

internal standard in DMSO-(IB The  data for the free arylamines refer Was observed immediately. Visible spectra were 
to measurements made in the reaction system. 

bCalculated by method of additivity of substiluent effects. recorded following a 100-fold dilution of the 
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FIG. 2. Visible absorption spectra for reaction of TNB-methoxide complex 1 with aniline. Scan 1 taken 
after 5 min reaction time; scan 6 after 2 h;  scan 7 after 24 h. 

reaction solution (0.4 M) with DMSO. Two 
maxima were observed in the visible region, with 
E (446 nm) 30 400 and E (522 nm) 17 700. These 
spectral parameters are in satisfactory agreement 
with the values ( E ~ ~ ~  31 000, E~~~ 17 700) ob- 
tained when the complex was produced by the 
less direct interaction of 1 with aniline. 

The n.m.r. characteristics of the complex 
formed from the interaction of anilide ion with 
TNB are also in good agreement with those 
previously described. The following chemical 
shift assignments were made for the TNB- 
anilide complex as generated in DMSO-aniline 
(75:25 vol. %) solution: Ha. 8.45 (d, J = 0.6 Hz); 
Hpr  6.28 (d, J = 8.8 Hz); NH 5.75 p.p.m. (d, 
J = 8.8 Hz). The slight differences in chemical 
shifts from those previously listed probably arise 
from the different reaction media in the two 
cases. 

Discussion 
General Conclusions ,from Spectral Studies of the 

A rylamine-TNB o-Complexes 
The evidence from n.m.r. and visible spectro- 

scopy presented in the Results section is fully 
consistent with formation of the o-complexes 2, 
resulting from the interaction of 1 with the 
various arylamines. The double absorption 
maxima in the visible spectra of the reaction 
products are of course characteristic of o-com- 
plexes of TNB (1-4). In the n.m.r. spectra, the 
peaks designated as Ha, are in the proper region 
for aromatic protons on a 2,4,6-trinitrocyclo- 
hexadienate moiety. The appearance of an AB 
quartet for the NH-HB, protons in the complexes, 
which can be collapsed to a singlet by deutera- 

tion of the amino nitrogen, is particularly strong 
support for our interpretation. Finally, the 
agreement between the n.m.r. and visible spectral 
characteristics in the products o f  the reaction of 
1 with aniline, and in the interaction of TNB 
with potassiun~ anilide, confirms the identity of 2. 

In a o-complex, the chemical shift of a proton 
on the carbon where attachment of the nucleo- 
phile occurs is expected to reflect the electro- 
negativity of the nucleophilic atom (1). In the 
present systems, this behavior is readily apparent 
on examination of the chemical shifts for Hp.  in 
the series of complexes listed in Table 1. A trend 
is observed such that, as the electron-withdraw- 
ing ability of the substituent in the arylamine 
ring increases, the chemical shift of the Hp,  
proton also increases. Interestingly, the same 
sort of trend is observed for the signal positions 
of Ha, protons. However, as might be expected, 
the chemical shift range for H,, on going from 
the least to the most electron-withdrawing sub- 
stituent in the series is considerably less (4.6 Hz) 
than that for Hp .  (23.7 Hz). This attenuation is 
consistent with a change from sp2 to sp3 hybridiz- 
ation at the position of attachment on the TNB 
ring. 

Str~rctural Implications of NH-Hp. Coupling 
The appearance of a doublet for the N H  

protons in the complexes that is as well resolved 
as the doublet for Ha, reveals that in DMSO-d, 
solution proton exchange is relatively slow and 
also that the rate of quadrupole relaxation is 
rapid. Slow proton exchange of the amino hydro- 
gen in these complexes has several precedents. 
This effect is established for  anilines (17), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUNCEL AND WEBB: NITRO AROMATIC COMPOUNDS 635 

alcohols (18), and phenols (19, 20) in DMSO tions of the structures at various dihedral angles 
solution and is attributed to the strong hydrogen as derived from the calculated potential energies 
bond acceptor properties of this solvent. of the conformations. The least-squares values 

On the other hand, sharp peaks are seldom for A, B, and C were calculated to be 7.9, 1.5, and 
observed for protons attached to nitrogen 1.3, respectively. Application of eq. 3 to the 
because of quadrupole relaxation effects. In- present system, using the above values of A, B, 
stances of relatively sharp NH doublets have and C in conjunction with the observed NH-Hp. 
been reported for amides of glycyl dipeptides in coupling constant, leads to a value of 168' for 
trifluoroacetic acid (21), N-substituted amides of (8). 
carbohydrates in DMSO-(-I, (22), and alkylamino- There is however some uncertainty as to the 
anthraquinones in CDCl, (23). In these cases, actual value of the dihedral angle. Bystrov et al. 
as in the present work, quadrupole relaxation (28), in evaluating the peptide vicinal coupling 
mechanisms must be especially effective (24). constant, have given "refined" values of the 
Presumably in the complexes this results from coefficients A, B, and C in eq. 3, namely 9.4, 
very inhomogene-us electric fields at the 14N - 1.1, and 0.4, respectively. Use of these values 
nucleus owing to the surrounding structure. together with the observed NH-Hp, coupling 
and/or from the more effective coupling of the constant yields (8) = 156". Fraser and co- 
electric-field gradients to  the nitrogen quadru- workers (29) have similarly examined the di- 
pole arising from slower tumbling motions of hedral dependence of H-N-C-H coupling 
the complexes in solution. constants in protonated amines, and  these are 

The observation of narrow peaks for Ha ,  and found to be correlated by the expression J = 9.8 
N H  allows for precise coupling constant deter- cos2 0 - 1.8 cos 0. Though less applicable to our 
mination in the complexes. The values of ca. 9 Hz case, use of the latter expression yields (0) = 

for the NH-Hp, vicinal coupling constants may 150". Hence a more cautious appraisal of the 
be considered large when compared to values, of dihedral angle in the complexes leads to 0 = 
5-6 Hz which are reported for the spin-spin 150-170". Such a value would imply a trans 
interaction between the amino and methyl pro- orientation of the N H  and Ha, protons, as 
tons in substituted N-methylanilines (25, 26). indicated in 3. It is recognized however (cf. eq. 3 
The relatively large values of JNH-,,r in the 
complexes imply that preferred conformations O2N 

which have large coupling constants lend a H ---. NO2 H:fl,+N02 - 1-2 
strong weight to the observed coupling constant N 
values. aN\, N O 1  

The Karplus relationship, which can be ex- 
pressed as in eq. 3, is often used to discern a 
relationship between molecular structure and 3 

E2 
4 

vicinal coupling constants.' A, B, and C are and refs. 28, 29) that a dihedral angle close to 
positive coefficients with A > C > 0 and A > zero also leads to a large vicinal coupling con- 
2B > 03 and 0 is the dihedral angle between stant. Thus a 0 value in the range 0 t o  10" is also 
Protons on contiguous atoms. ~ ~ ~ a c h a n d r a n  permitted by our observed coupling constant, 
et a/. (27) have recently obtained values for the which would be in accord with the cis conforma- 
constants A,  B, and C for the fragment H-N- tion, 4. The latter structure is considered to be 
C-H. Va~ueS for A, B, and C were calculated much less likely on steric grounds. 
from eq. 3 by utilizing the weighted average 
dihedral angle (0) in a number of simple amides Aromatic Protons on the Ar~Iamine Moiety 
and peptides for which the NHCH coupling The chemical shift assignments for H A  and HB 
constants were available. The values of (0) were in the free and com~lexed para-substituted a r ~ l -  
determined from the probabilities of conforma- amines were verified by the method of  additivity 

of substituent effects (30, 31). The method as 
[3] JVi,  = A cos20 - B cos 8 + C sin28 applied to para-disubstituted benzene rings is 

based on the premise that the chemical shift of 
'For recent evaluations of this relationship, pertaining an aromatic ring proton can be expressed as the 

to H-N-C-H, see refs. 27-29. sum of effects contributed by each substituent. 
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Hence for a para-disubstituted benzene C,H,XY, 
the chemical shift of protons ortho to X (6,,,), 
and ortho to Y (6,,,) can be expressed as in eqs. 
4 and 5. So,, in eq. 4 is the contribution to  the 

observed chemical shift 6,,, made by the ortho- 
substituent X while S,,,,, is the contribution made 
by the substituent Y. The chemical shift 6,,, 
can be similarly defined. Also the chemical shift 
of a proton which is para to a substituent, as in a 
1,3-disubstituted benzene, can be expressed in 
terms of S values. 

Smith (30) and van Meurs (31) have compiled 
tables of values of the n.m.r. substituent con- 
stants S for a large variety of substituents. 
Recently Ritchie and Spedding (32) have success- 
fully applied the van Meurs data to  chemical shift 
measurements in a number of para-substituted 
anilines and N,Nf-disubstituted thioureas. In the 
present study we have found good agreement 
between the observed arylamine proton shifts 
and those calculated from van Meurs values of S .  
The constants appropriate to  the present investi- 
gation are given in Table 3. 

The chemical shifts which were calculated from 
eqs. 4 and 5 for H A  and H, in the free arylamines 
have been given in Table 2. The differences 
between the observed and calculated chemical 
shifts range from +0.23 to  -0.16 p.p.m. with an  
average difference of 0.10 p.p.m. This degree of 
agreement is comparable to that obtained by 
Ritchie and Spedding for substituted anilines 
where the average deviation was 0.08 p.p.m. 

Application of the method of additivity to the 
determination of an S value for the 2,4,6-trini- 

TABLE 3. Nuclear magnetic resonance 
substituent constants" 

'Values of S are i n  p.p.m. from the  resonance peak of 
benzene. Negative values signify an  upfield shi f t  from ben- 
zene, while a positive value indicates a downfield shift (31). 

bValues of were obtained from 1.3-disubstiti~ted and 
l,3,5-trisubstituted benzenes (31). 

trocyclohexadienate group (which shall be con- 
sidered henceforth as a substituent Y in an  
N-substituted aniline) should provide informa- 
tion on the electronic properties of this sub- 
stituent. Values of So and s,,, for the group Y 
were calculated for each complex listed in Table 
2. The best values for So and S,,, are -0.53 + 
0.05 and -0.20 f 0.01 p.p.m. respectively. An 
estimate for S, of -0.53 p.p.m. could be ob- 
tained directly for the case of the TNB-3,5-dini- 
troanilide complex. 

A comparison of the values obtained for So,  
S,,,, and S, for the group Y with the values in 
Table 3 places the NHY group between an amino 
and methoxyl group in electronic properties. 
Thus, although N H Y  is still electron releasing in 
nature, it is appreciably less s o  than an NH, 
group. Therefore, on the basis o f  the S values, it 
may be concluded that the 2,4,6-trinitrocyclo- 
hexadienate moiety is electron withdrawing rela- 
tive to a proton. It was also noted by Crampton, 
from a study of equilibrium constants for o- 
complex formation between TNB and sub- 
stituted thiophenoxides, that Y is electron with- 
drawing relative to hydrogen (33). 

In the treatment of the arylamine aromatic 
proton chemical shifts by the method of addi- 
tivity of substituent effects, it has been assumed 
that other magnetic effects provide a less impor- 
tant contribution to the chemical shifts than the 
electronic effects of Y. This would appear t o  be a 
valid assumption with respect t o  the ring current 
effect of Y o n  the arylamine aromatic proton 
shifts. It has been well established that the  
negative charge resides largely in the para- 
nitro group of the 2,4,6-trinitrocyclohexadienate 
moiety (34-36). Hence a quinoid structure is a 
good representation for this moiety and its ring - 
current should be small (37). 

The through-space magnetic effect of the ortho- 
nitro groups o n  the chemical shifts of the aryl- 
amine aromatic protons is more difficult t o  
assess. Such a n  effect may b e  expected to  b e  
important at the ortho positions in the arylamine 
ring but should be of minor significance a t  t he  
para position. The greater downfield shift of t h e  
ortho-proton peaks on complex formation, rela- 
tive to  the shift in the para-proton peak position 
in the complex of 3,5-dinitroaniline, may perhaps 
arise from the effect of the ortho-nitro groups in  
the other ring. However the finding of a down- 
field shift for the para-proton reveals that t h e  
electron withdrawing ability o f  Y is likely t o  b e  
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the predominant factor in determination of the a proton in the arylalnine by the electron with- 
aromatic proton chemical shifts in the arylamine drawing group Y. It is also consistent with the 
ring in the complexes. observed downfield shift of the arylam~ne arom- 

atic protons which are more remote from the 
Amino Protons in Free and Complexed electron withdrawing group Y than are the NH 

Arylamines protons. 
It is apparent that the amino Proton A of the amino proton chelnical 

shifts for the complexed and free anilines given shifts in the free and complexed state may shed 
in Table 1 'eflect the electronic properties Of the light on the question of a possible intramo!ecular 
substituents. The establishment of a linear rela- hydrogen bonding between the an,ino proton alld 
tionship between amino Proton shifts of sub- an  ort,70-nitro group i n  the col~~plexes,  ~ i n e t i c  
stituted anilines and Hammett o constants has evidence is reported by Bernasconi for the exist- 
already been 'learlY demonstrated (17, 38, 39). ence of intranlolecLllar hydrogen bonding in 
The slope of the line for f?leta- and ~ ~ a r a - s u b -  alkylanlmollium o-conlplexes of TNB (401, ~t 
stituted anilines in DMSO was calculated as seems that intramolecular 
79.3 Hz/o Over a shift range O f  147 Hz hydrogen bonding exists for the complexes 2 In 
by Lynch et al. (1 7). DMSO solution. It has been found that intra- 

We have extended the between molecular hydrogen bonding i n  picranlide con]- 
amino Proton shifts and Hammett constants plexes is accompanied in the n.m.r. spectrum by 
to the N H  proton shifts in the complexes, 2. A a large downfield shift of the proton peak in- 
linear relationship is observed a slope Of volved (41). In o ~ l r  systems, the electron-with- 
80.0 Hz/o  over a chemical shift range of 121 Hz. drawing abili ty of the groLlp seem to 
The plot is given in Fig. and for c o m ~ a r i s o n  accommodate the constant downfield shift ex- 
purposes includes the corresponding plot of NH2 perienced by the amino protons on  complex 
chemical shifts for the free amines. The two lines intralnolecLllar hydrogen bond- 
in Fig. 3 are observed to be parallel with a chemi- ing  i n  the complexes does not appear likely under 
cal shift separation of 54 Hz. This constant down- the conditions of observation. Instead an inter-  
field shift in amino proton peak positions on molecular hydrogen bond between NH and 
complex formation reflects the effect of replacing DMSO is considered as more probable. 

In conclusion, we have established in this study 

1 the structures of the arylamine-trinitrobenzene 
o-complexes, with regard to their overall features, - 

m = - and have also been able to discern the  role played 
C 
u 420  - 

by electronic effects. In a future paper we will 
- 
L Y) 

consider mechanistic aspects of the  formation 

Q 
of the arylamine-TNB o-complexes in these 

u systems. 
380 

u Experimental 

Materials 
a 340- TNB was recrystallized from ethanol and dried k uacrro, 

m.p. 123-123.5". The s~~bstituted anilines were procured 
from commercial sources and either recrystallized to 
constant m.p. or distilled under nitrogen from zinc dust 
(42). DMSO (Fisher Certified Reagent) was distilled from 
barium oxide under nitrogen at  reduced pressure as 
recommended by Crarnpton and Gold (9). The middle 

260- 
fraction boding at  44' was collected and stored in the dark. 

-I -1- -ii- DMSO-d, (Stohler Isotope Chemicals) was treated twice 
o 1 +n  t +o 5 +o 9 +I with molecular sieves (Fisher 4A) before use. 

CT Pota~siut?~ I-Metho,~y-2,4,6-rrit~itrocyc/ohexadiet1~te (1) 
FIG. 3.  Plot of amino proton chem~cal shifts in free The substance 1 was prepared under nitrogen in a dry 

(0)  and complexed (a) anilines cs. Hammett o-constants. box using the basic procedure of Dyall(43). The product, 
In the case of the p-CN, p-COCH3, and p-NO, sub- which was collected by precipitation from solutiorl by the 
stituents o- values are used. addition of benzene, was washed with diethyl ether and 
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dried it1 vacuo for 48 h.  The n.m.r. and visible spectra of the reaction. Acid-base reversibility of complex formation 
the product, while consistent with that expected for the was tested by addition of excess dilute acid followed by 
complex 1 (44), indicated the presence of methanol and rebasification with hydroxide ion. The  visible spectra of 
water of crvstallization. The total solvent content in the the acidic and basic solutions were recorded. 
isolated complex was estimated as ca. 0.8 mol by means 
of a comparison of the visible spectra of the isolated com- 
plex 1 in DMSO-methanol solution and of the complex 
formed it1 siiu from the interaction of methanolic potas- 
sium methoxide with TNB in DMSO solution. The water 
content could be estimated from the n.m.1, spectrum by 
integration as ca. 10 mol % of the methanol content. It 
may be noted that, in general, o-complexes isolated by 
precipitation from solution contain solvent of crystalliza- 
tion in the range 0.3-1 mol (43, 45). In the present work 
the solvent of crystallization could not be removed by 
drying over P,O, under vacuum (ca. mm Hg) at 
room temperature for several days. Heating the salt while 
in vacua up to 80" resulted in decomposition. 

Po tassi~rrn Anilide 
A solution of potassium anilide in alinine was prepared 

by adding the amine (20 ml) to a 100-ml three-neck round 
bottom flask which contained freshly cut potassium metal 
(2.1 g). The mixture was heated at 80" until all the metal 
had reacted (ca. 3 h). The flask was flushed with dry 
nitrogen for the duration of the preparation. The con- 
centration of anilide ion in the deeply colored violet 
solution was determined by titration with standard acid. 

Apparatus for Spectral Mensrrre~nents 
The n.m.r. spectra were recorded using a Bruker 

60 MHz HFX-60 spectrometer at a probe temperature of 
36 + lo. Frequency shifts and coupling constants were 
measured on expanded sweep widths of 1.0 or 0.2 Hz/cm 
with a differential frequency counter having TMS as an 
internal lock. Proton signal positions were reproducible 
to + 0.1 Hz. Visible spectra were recorded with a Unicam 
SP800 spectrophotometer at 25'. 

Reactioti of 1 with Arylarnit~es 
Transfers of reagents were performed in a nitrogen- 

flushed dry box using apparatus which had been oven 
dried. In a typical experiment, the substance 1 (0.1 15 g) 
was placed in a I-ml volumetric flask and was dissolved 
in 0.5 ml of DMSO-cl,. The arylamine in DMSO-d, was 
added and the volume brought up to mark ivith DMSO- 
4, yielding a resultant solution 0.38 M in complex and 
0.45 M in arylamine. 

The reaction solution was maintained a t  36' and the 
course of reaction was monitored by recording the n.m.r. 
spectrum at  various time intervals. After the reaction had 
been observed to be complete, precise n.m.1. characteriza- 
tions of the new complex were carried out. Also at this 
time deuteration experiments were performed in antici- 
pation of hydrogen-deuterium exchange at the amino 
nitrogen in the complexes. The method consisted of 
mixing 0.1 ml D 2 0  and 0.5 ml reaction solution in a 
small test tube fitted with a ground glass stopper. The 
deuteration process was followed by recording the n.m.r. 
spectra a t  various times. 

The progress of the reaction of 1 with arylamines was 
also monitored by visible spectroscopy. Visible spectra 
were recorded in 0.1 mm cells following a 100-fold dilu- 
tion of the reaction solution (maintained at 36' in an oil 
bath) with DMSO. The dilution was observed to quench 

Reactior~ of TNB wit11 Pofassiurn Arlilide 
For this reaction, about 0.25 ml of the solution of 

potassium anilide in aniline was added to a I-ml volu- 
metric flask containing 0.5 ml of a solution of TNB in 
DMSO. After making up to mark with DMSO, the solu- 
tion was about 0.4 M in each component. The course of 
reaction was monitored as previously. 
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A Vinylogous Wagner Rearrangement in the Benzonorbornene Series 

KAREL WIESNER, PAK-TSUN HO AND HIKOYUKI OHTANI 
Nlrrrrrai Protlrrc 1 5  Re\enrc / I  Center  U t ~ i ~ $ e r s i t j ~  of N ~ J I I ~  B r r r t ~ s ~ ~ ~ i c r ! .  Ftcderic Iorl, No13 Brrrtrs~vrck 

Received October 29. 1973 

A simple synthesis of compound 11 by a generally applicable novel method is described. This com- 
pound undergoes an acid-catalyzed rearrangement to the ketone 12 in high yield at  room tcmperature. 

On dtcrit une synthkse simple du compose 11 qui a Cte effectue par une methode nouvelle d'application 
gCnCrale. Ce compose se rearrange avec un bon rendement temp6rature de la piece en  milieu acide 
pour donner la cetone 12. [Traduit par le journal] 

&n. J. Chem., 52, 640 (1974) 

Introduction 
Some time ago we proposed a simple sequence 

of reactions which appeared eminently suitable 
for the synthesis of the system present in anhy- 
droryanodol (1). 

In order to test this proposal we intended to per- 
form the synthesis portrayed in Scheme 1. The 
key idea of the scheme was clearly the rearrange- 
ment ii -t iii followed by the transformation of 
the double bond and cyclopentanol functions 
(iii -t iv) to the lactone and hydroxyl needed in 
anhydroryanodol. It turned out however that the 
solvolysis of compound ii did not operate as we 
uished. Instead of the expected (or rather hoped 
for) product of a vinylogous Wagner rearrange- 
ment iii we obtained the much less interesting 
allylic rearrangement product v. The transforma- 
tion of compound v to the hydroxylactone iv re- 
quired a number of additional, not very efficient, 
steps. 

Thus, it was clear that the scheme would be 
useful for a simple synthesis of anhydroryanodol 
only if the novel vinylogous rearrangement step 
ii -t iii could be made to operate. 

Since further transformation of compounds of 
the type iv to anhydroryanodol would require a 
methoxy substituent in the benzene ring, we 
at  first hoped that methoxy substitution in the 
para position t o  the migrating bond could bring 
about the desired vinylogous rearrangement. I t  
turned out however that a more efficient way t o  
facil~tate the rearrangement is to  place a methoxyl 
at  the bridgehead and that In fact both devices 
are needed to bring about the desired reaction in 
high yield. Since our methods for the synthesis of 
bridgehead substituted benzobicycloheptenes 
(c.f. ref. 2) and the successful vinylogous rear- 
rangement are reactions of considerable synthetic 

I Y  
iii 

utility, we wish to  briefly describe in the present 
communication the synthesis of compound 11 
and its rearrangement to  compound 12 which 
proceeded smoothly and in a high yield. 

Discussion 
The starting material for the preparation of 

compound 11 (Scheme 2) was the keto ester 1 
which we have previously employed in our syn- 
thesis of songorine (2, 3). This compound was 
quantitatively converted by treatment with me- 
thyl orthofornlate and hydrogen chloride into the  
oily en01 ether 2'. Addition of maleic anhydride 
to this material yielded a mixture of the crystal- 

'For complete spectral characterization of all corn 
pounds see Experimental. 
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WlESNER ET AL.: WAGNER REARRANGEMENT 

COOMe COOMe COOMe 

I 

0 
I 

OMe OMe ' 

OMe 

4 R = COOMe 6 R - CH20Ts 

5 R = C H 2 0 H  7 R = Me 

~ e 0 m  A \ b l e 0 w 0  / --. \ 
'0 

M e 0  
H Br 

OMe 

line eizclo and exo adducts 3 in a ratio approxi- 
mately 6: 1 ( c . j .  ref. 2). They were separated by 
crystallization froin acetone and the yield of both 
compounds together after several recrystalliza- 
tions was 72%. The configurations of the two 
adducts may be deduced from the chemical shift 
of the unshielded by the two anhydride 
carbonyls in the n.m.r. spectrum. In the exo 
adduct these two hydrogens are in the endo con- 
figuration and in the shielding field of the anisole 
ring. The quadruplet assigned to them (centered 
at T = 6.63 p.p.m.) is consequently shifted to 
higher field with respect to a s~milar quadruplet 
(centered at T = 5.90 p.p.m.) shown by the erlclo 

adduct. The mixture of the crystalline adducts 3 
was next converted into the oily ester 4 by heat- 
ing with bistriphenylphosphine nickel dicarbonyl 
in diglyme (2) in a yield of 707,. The modification 
of compound 4 into the din~ethoxy~~iethyl~lorbor- 
nene 7 via the intermediates 5 and 6 was accom- 
plished by standard methods in high yield. 

The norbornene 7 was now heated with an 
excess of 2-~nethoxybutadiene and the products 
of the diene addition were immediately hydro- 
lyzed with methanolic oxalic acid. The two ke- 
tones 8 and 8a were obtained in a ratio 3: 1 and 
the yield of the desired ketone 8 was 56%. In 
analogy to our previous study (1) the annelation 
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of the new ring was assumed to have occurred 
exo. 

The ketone 8 was now brominated to the un- 
stable bromoketone 9 and this material was im- 
mediately, without purification, subjected to de- 
hydrobromination with lithium bromide and 
lithium carbonate in dimethyl formamide. The 
a,P-unsaturated ketone 10 was obtained as a 
homogeneous oil in a yield of 50% based on the 
saturated ketone 8. The n.m.r. spectrum of com- 
pound 10 corroborated the exo annelation of the 
six-membered ring containing the keto group to 
the benzobicycloheptene system. We have shown 
in our previous work (1) that in the etido isomer 
the hydrogen marked by an arrow in formula 10 
is located in the shielding region of the benzene 
ring and consequently its n.m.r. signal appears as 
a multiplet at very high field (T = 8.8-9.5 p.p.m.). 
Compound 10 in agreement with the configura- 
tion assigned to it does not show any signal at all 
in this region. Its tertiary methyl group which is 
unshielded by the anisole ring appears as a singlet 
at r = 8.53 p.p.m. Treatment of the ketone 10 
with an excess of methyl magnesium iodide gave 
a quantitative yield of the oily alcohol 11 which 
behaved homogeneously in t.l.c., but probably 
was a mixture of epimers. The rearrangement of 
compound 11 to the final ketone 12 occurred 
under very mild conditions. A solution of formic 
acid in tetrahydrofuran at room temperature 
caused a complete conversion of compound 11 to 
the crystalline ketone 12 in 2 h. After several 
crystallizations the yield of the sharp melting 
product (m.p. 117 "C) was 80%. Compound 12 
shows a carbonyl maximum in the i.r. spectrum 
at 1748 cm-' in agreement with a somewhat 
strained five-membered ketone. The n.m.r. sDec- 
trum shows the vinylic methyl group as a singlet 
at r = 8.20 p.p.m. and the vinylic hydrogen as a 
singlet at T = 4.07 p.p.m. Thus, it is clear that 
the desired vinylogous rearrangement has in fact 
taken place. 

The mechanism of this change is approximate- 
ly indicated by the curved arrows in formula 11. 
However, it is probable that the reaction is not 
concerted since it does not appear to be stereo- 
specific. The formation of a delocalized allylic 
carbonium ion probably precedes bond migra- 
tion and the development of the keto group. We 
feel that the methods, which we have in part de- 
veloped for our terpene alkaloid work (2, 3) and 
used here in a quite facile synthesis of compound 
12, have general applicability in synthetic chem- 

istry. It isclezr that other approaches which come 
to mind for the synthesis of compounds of the 
type 12 are more complex. 

Experimental 
Prepararion of the Etlol Ether 2 

Trimethyl orthoformate (21.6 g), absolute methanol 
(15 ml), and saturated methanolic hydrogen chloride (2.5 
ml) were added in sequence to a solution of the keto 
ester l(4) (30 g) in anhydrous benzene (600 ml). The mix- 
ture was stirred at room temperature for 18 h, after which 
time trimethyl orthoformate (15 ml) and saturated meth- 
anolic hydrogen chloride (I ml) were added and the solu- 
tion was stirred for an additional 2 days. The solution was 
evaporated to dryness in vacrro and the enol ether 2 was 
isolated in quantitative yield as a colorless oil homo- 
geneous in t.1.c. 

Mol. Wt. Calcd. for C,3H,,O,: 234. Found (rnle): 234. 
Infrared (film) : 1740, 1609 cm- ' (ester, enol ether) ; 

n.m.r. (CCl,) r = 4.93 (d, J = 2 Hz, IH, vinylic proton), 
5.82 (d, J = 2 Hz, 1 H, benzylic proton), 6.1 5 (s, 3H, 
aromatic methoxyl), 6.20 (s, 3H, -OCH3), 6.33 (s, 3H, 

0 
I 1  

-C-OCH3). 

Tlie Diels-Alder Adducts 3 
A solution of the enol ether 2 (3 1.5 g) and anexcess of 

maleic anhydride (27 g) in xylene (70 ml) was heated 
under nitrogen to  175 "C (oil bath temperature) for 5 h. 
After removal of the solvent and excess of maleic anhy- 
dride in ocrclro, the brown residue was subjected to column 
chromatography on silica gel using acetone-n-hexane 
(2:3, vjv) as solvent. The adduct 3 was isolated as white 
solid material and 7.03 g of the starting material 1 was 
recovered. The endo (21 g) and e.uo (3.67 g) adducts were 
separated by fractional crystallization from acetone. The  
yield was 72%. The endo adduct, m.p. 154.5". 

Anal. Calcd. for Cl7HZ6O7 (mol. wt. 332): C, 61.44; H ,  
4.85. Found (tnje) 332: C, 61.50; H ,  4.85. 

Infrared (KBr): 1860, 1784 (anhydride), 1744cm-I 
(ester); n.m.r. (CDCI,) r = 5.90 (q, J = 9 Hz, 2H, 

H 

01, 6.03 (s, 3H, aromatic methoxyl), 6.18 (s, 3H, x 
ester), 6.40 (s, 3H, bridgehead methoxyl), 7.53 (q, J = 8 
Hz, 2H, apex protons). The exo adduct, m.p. 194". 

Anal. Calcd. for C17Hl6O7 (mol. wt. 332): C, 61.44; H ,  
4.85. Found (tnle) 332: C, 61.66; H ,  4.90. 

The mass spectra of both isomers were identical; i.r. 
(KBr): 1863, 1783 (anhydride), 1734 cm-' (ester); n.rn.r. 
(CDC13) r = 6.03 (s, 3H, aromatic methoxyl),6.17(s,3H, 
ester), 6.38 (s, 3H, bridgehead methoxyl), 6.63 (q, J = 9 

H 0 

Hz, 2 H , X O ) ,  7.67 (q, J = 11 Hz, 2H, apex protons). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WIESNER E T  AL.: WAGN IER REARRANGEMENT 643 

Preparatiorr of the Olejin 4 
The mixture of the Diels-Alder adducts 3 (27.41 g) was 

dissolved in anhydrous diglyme (550 ml) to which bistri- 
phenylphosphine nickel dicarbonyl (52.7 g) was added. 
The mixture was heated under dry nitrogen at  210" for 
3.5 h. The solvent was distilled off under reduced pressure. 
The residue was dissolved in methanol and the black pre- 
cipitate was removed by filtration. After evaporation of 
the solvent, the product was isolated by chromatography 
on silica gel. Elution with benzene gave the oily olefin 4 
(15.2 g, 70%), homogeneous in t.1.c. 

Mol. Wt. Calcd. for C15H,604:  260.1049. Found 
(mle) : 260.1 055. 

Infrared (film): 1738 cm-'  (ester); n.m.r. (CCI,) r = 
3.32 (broad s, 2H, vinylic protons), 6.17 (s, 3H, aromatic 
methoxyl), 6.28 (s, 3H, ester), 6.50 (s, 3H, bridgehead 
methoxyl), 7.38 (q, J = 6 Hz, 2H, apex protons). 

Redrrctiorl of Conlpo~rnd 4 to the Correspotrding Alcohol 5 
A solution o f4  (603 mg) in anhydrous ether (10 ml) was 

added dropwise to a cold stirred suspension of LiAlH, 
(600 mg) in anhydrous ether (20 ml). The reaction mix- 
ture was stirred for 1 h at room temperature and worked 
up by careful addition of wet ether. The white precipitate 
was filtered and the filtrate was evaporated to give 540 mg 
of the alcohol 5 as an oil homogeneous by t.1.c. 

Mol. Wt. Calcd. for C l 4 H I 6 o 3 :  232.1099. Found 
(tnje) : 232.1 105. 

Infrared (film): 3450 cm-' (hydroxyl); n.m.r. (CCI,) 
r = 3.26 (m, 2H, vinylic protons), 5.83 (s, 2H, methylene 
of primary alcohol), 6.27 (s, 3H, aromatic methoxyl), 6.50 
(s, 3H, bridgehead methoxyl), 7.61 (q, J = 6 Hz, 2H, apex 
protons). 

Preparatior~ of the Tosylate 6 
The alcohol 5 (364 mg) was dissolved in anhydrous py- 

ridine (5 ml) and p-toluenesulfonyl chloride (400 mg) was 
added. The reaction mixture was stirred at room tem- 
perature for 2 days and worked up in the usual manner. 
The product was crystallized from ether to a m.p. of 105". 
The yield was 556 mg (92z). 

Anal. Calcd. for C21H220,S (mol. wt. 386): C, 65.27; 
H, 5.74. Found (tnje) 386: C, 65.42; H, 5.88. 

Infrared (KBr): 1350, 1166 cm-' (sulfonyl); n.m.r. 
(CCI4) 7 = 5.47 (s, 2H, -CH2-0-SO2-), 6.30 (s, 3H, 
aromatic methoxyl), 6.53 (s, 3H, bridgehead methoxyl), 
7.53 (s, 3H, methyl), 7.68 (q, J = 6 Hz, 2H, apex protons). 

Reduction of 6 to 7 
An excess of LiAIH, (250 mg) was added in portions to 

a cold stirred solution of compound 6 (555 mg) in anhy- 
drous ether (40 ml). The reaction mixture was stirred at 
room temperature for 15 h, after which time itwas worked 
up in the usual manner. Evaporation of the solvent in 
uacuo gave 260 mg (82%) of 7 as an oil homogeneous by 
t.1.c. 

Mol. Wt. Calcd. for C14H1602: 216.1 150. Found (~nje): 
216.1145. 

Nuclear magnetic resonance (CCI,) r = 3.50 (m, 2H, 
vinylic protons), 6.28 (s, 3H, aromatic methoxyl), 6.52 (s, 
3H, bridgehead methoxyl), 7.64 (q, J = 6 Hz, 2H, apex 
protons), 8.38 (s, 3H, tertiary methyl). 

Preparation of the Ketones 8 atzd 8a 
Compound 7 (202 mg) and excess 2-methoxy-1,3- 

butadiene in dry xylene (1 ml) were heated to 200 OC for 

17 h in a sealed tube. Evaporation of the solvent and 
volatile material gave a residue which was dissolved in 
methanolic oxalic acid (200 mg in 10 ml of methanol). 
The solution was allowed to stand at room temperature 
for 1) h. Most of the solvent was removed in uacrlo and 
the residue was dissolved in ether. The ethereal solution 
was washed with water, dried over anhydrous sodium 
sulfate and evaporated to dryness. Analysis of the residue 
by t.1.c. showed the presence of two ketones 8 and 8a 
(ratio 3: 1). Careful chromatography of the mixture on 
silica gel, eluting with benzene-chloroform (2:1, vjv), 
gave 146 mg (56%) of crystalline 8 and 48 mg (18%) of 
crystalline 8a. The ketone 8 was recrystallized from ether 
as white prisms, m.p. 109"; 8a was recrystallized from 
11-hexane also as white prisms, m.p. 86.5". 

Ketone 8 
Anal. Calcd. for ClaHzz03 (mol. wt. 286): C, 75.49; 

H, 7.74. Found (mje) 286: C, 75.65; H, 7.91. 
Infrared (KBr): 1713 cni-' (six-membered ketone); 

n.m.r. (CCI,) r = 6.22 (s, 3H, aromatic methoxyl), 6.59 
(s, 3H, bridgehead methoxyl), 8.47(s, 3H, tertiary methyl). 

Ketone 8a 
Mol. Wt. Calcd. for CL8H2203: 286. Found (mje): 286. 
Infrared (KBr): 1716 cm-'  (six-membered ketone); 

n.m.r. (CCI,) r = 6.24 (s, 3H, aromatic methoxyl), 6.57 
(s, 3H, bridgehead methoxyl), 8.68 (s, 3H, tertiary methyl). 

Preparatiorr of the Bror?~oketone 9 
The ketone 8 (483 mg) was dissolved in ether (30 ml). 

Bromine (280 mg) in ether (20 ml) was added dropwise to 
the stirred solution at  ice temperature. Evaporation of the 
solvent ill uacuo gave 720 mg  of the unstable bromoketone 
9 with a small amount of the starting material 8. This 
crude mixture had to be used immediately for further 
work. 

Mol. Wt. Calcd. for C1,H2,03Br: 364 and 366. Found 
(tnje): 364 and 366. 

Infrared (CCI,): 1722 cm-'  (ketone); n.m.r. (CCI,) r = 
5.33 (d, J = 4 Hz, lH ,  proton unshielded by bromine 
atom), 6.27 (s, 3H, aromatic methoxyl), 6.60 (s, 3H, 
bridgehead methoxyl), 8.53 (s, 3H, tertiary methyl). 

Preparation of the cc,(3-Unsaturated Ketor~e I 0  
The crude bromoketone 9 (720 mg), lithium bromide 

(350 mg) and lithium carbonate (460 mg) in anhydrous 
N,N-dimethylformamide (20 ml) were heated to 120' 
under nitrogen for 2 h. The  solvent was distilled off it1 
uaczro and the residue was dissolved in methylene dichlo- 
ride (500 ml). The solution was washed with water, sat- 
urated sodium chloride solution, dried over anhydrous 
sodium sulfate, and evaporated to dryness. Chromatog- 
raphy of the residue on silica gel gave 207 mg (50%, 
based on 8 consumed) of the a,P-unsaturated ketone 10 
as an oil homogeneous in t.1.c. 

Mol. Wt. Calcd. for CI8H,,O3: 284.1412. Found (tnje): 
284.1403. 

Infrared (film): 1666 cm-'  (unsaturated ket0ne);n.m.r. 
(CCI,) r = 4.15 (broads, l H ,  vinylic proton), 6.22 (s, 3H, 
aromatic methoxyl), 6.52 (s, 3H, bridgehead rnethoxyl), 
8.53 (s, 3H, tertiary methyl). 

Preparation of the Allylic Alcohol 11 
A solution of the ketone 10 (185 mg) in absolute ether 

(4 ml) was added dropwise t o  a stirred Grignard solution 
prepared from excess methyl iodide (4 M equiv.) and 
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644 C A N .  J .  C H E M .  

niagnesi~~ni in ether (15 1111). The reaction mixture was 
maintained at  0 "C for 1 h. The  n i i x t ~ ~ r e  was poured into 
cold water (50 nil) and  extracted with ether. The ethereal 
extract was washed with water, a saturated sodium chlo- 
ride solution, and dried over anhydrous magnesium 
s~llfate. Renioval of the solvent it7 vncrro gave 187 mg 
(95%) of 11 as an oil. 

Mol. Wt. Calcd. for C , 9 H 2 4 0 3 . H 2 0 :  282.1620. Found 
(tnle): 282.16 13. 

Infrared (CCI,): 3617, 3490 cm- ' (hydroxyl); n.m.r. 
(CCl,) r = 4.62 (broad s, IH, vinylic proton), 6.25 (s, 3H, 
aromatic methoxyl), 6.57 (s, 3H, bridgehead methoxyl), 
7.50 (broad s, IH, hydroxyl), 8.65 (s, 3H,  tertiary methyl), 
8.82 (s, 3H, tertiary methyl). 

Preparnfiot~ of Renrt.atl<yerl Procfirct 12 ji.o/n Cottrpo~1trcl11 
The allylic alcohol 11 (152 nig) was dissolved in anhy- 

d r o ~ ~ s  tetrahydrofuran (6 nil) and 97% formic acid (1.5 
ml) was added. The reaction mixture was stirred at room 
ten ipera t~~re  for 2 h. After re~iioval of the solvent ir~ oncrro 
at  rooni temperature, the r e s i d ~ ~ e  was chromatographed 
on silica gel. El~ition with acetone-tr-hexane (3:7, viv) 
gave the crystalline product 12. The product 12 was re- 
crystallized from 11-hexane to  a n1.p. of I17 'C .  The yield 
was 105 nig (80%). 

VOL.  5 2 ,  1971 

Anal. Calcd. fol- CIsHzuOz (rnol. wt. 268): C,  80.56; 
H ,  7.5 1 .  Found (t~lie) 268 : C, 80.72 ; H, 7.58. 

Infrared (KBr) : 1748 cni- ' (five-membered ketone); 
n.m.r. (CCI,) r = 4.07 (broad s, IH,  vinylic proton), 
6.23 (s, 3H, aromatic methoxyl), 8.20 (broad s ,  3H,  
\ / 

C=C ), 8.50 (s, 3H, tertiary methyl). 
/ \ 
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The Photochemical Isomerization of N-Bromo-a,P-unsaturated Lactams; An 
Intermolecular Allylic Bromination Process Involving a 

Probable Bromine Radical Chain 

DENIS GRAVEL, JACQUES HEBERT, '  JACQUES BILODEAU,~  ERCOLE CAVALIERI, AND 

JEAS-PAUL DARIS 
Depnrt~,~erzt qf Cller,ristry, Urli~'ersity oj'Mor~trrnl, Mor~trenl, Q/trhec 

Received September 5. 1972' 

The photochemical behavior of the N-bromo-a#-unsaturated lactams l b  and 2b has been investigated 
with particular regard to their potential intramolecular reactions. In both cases the main product corre- 
sponds to an isomerization of bromine to the 5-position. A crossover experiment and free radical initia- 
tion by AIBN or benzoyl peroxide indicate that the reaction bears a close mechanistic analogy to the 
NBS reaction. I t  was furthermore observed that the allylic brorno derivatives prepared could be smoothly 
reduced to the corresponding 8,y-unsaturated lactam making available an efficient method of deconjuga- 
tion of a,a-unsaturated lactams. 

Le comportement photochi~nique des derives N-bromes des lactames a,b-insatures l b  et 26 a Ctk CtudiC 
avec une attention particuliere quant a leur possibilitk de donner des reactions intramolCculaires. Dans 
chaque cas, le produit principal correspond a une isomerisation du brome vers la position 5. Une expe- 
rience de competition ainsi que I'initiation de la reaction par des sources de radicaux telles que I'AIBN 
et le peroxyde de benzoyle indiquent que le mecanisme de cette transformation est analogue a celui de la 
reaction du NBS. I1 fut de plus observe que les derives b r o m b  allyliq~~es prepares pouvaient facilement 
&tre reduits a la lactame a,y-insaturte correspondante rendant ainsi disponible une nikthode efficace de 
deconjuguaison des lactames a$-insaturtes. 
Can. J. Chem.. 52, 645 (1974) 

Introduction 
Our interest in the photochemistry of a,p-un- 

saturated lactams (1, 2) and a related synthetic 
problem prompted us to investigate the photo- 
chemical behavior of the N-bromo derivatives of 
lactams l a  and 2a. A priori, the u.v. irradiation of 
l b  and 2b might be expected to lead primarily to 
allylic bromination and/or, possibly, addition to 
the olefinic double bond (3-6). 

In theory, the hydrogen abstraction step in the 
first process and the addition of an amidyl radical 
in the second process could occur essentially in an 
inter- or an intramolecular fashion. However, it 

1 2  
n R - H  n R =  H 
6 R L = B r  b R = B r  

has been shown that intramolecular hydrogen 
abstraction by saturated aliphatic aml'dyl radicals 

is a highly selective reaction4 which requiresa six- 
membered ring transition state (3, 8-10) as is the 
case for aminium (1 1) and alkoxy (12) radicals in 
general. Furthermore, Edwards et al. (13) have 
recently observed that whereas saturated eight- 
and nine-membered ring N-chloro lactams trans- 
ferred chlorine efficiently through intramolecular 
hydrogen abstraction, the seven-membered ring 
analog exclusively yields the parent lactam 
through intermolecular hydrogen abstraction 
from the solvent. 

These considerations alone should therefore 
suffice to rule out the probability of any intra- 
molecular hydrogen abstraction in a n  eventual 
allylic bromination process. On the other hand, 
in an intermolecular reaction, abstraction could 
be effected by an amidyl radical or a bromine 
atom as is the case for allylic brominations using 
N-bromosucchimide (NBS) (14). 

Regarding the possibility of an addition re- 
action, the intermolecular addition of simple 
N-halo carboxamides to isolated double bonds 

41t is known from the work of Chow and Joseph (7) 
'NRCC Scholarship Holder, 1969-1973. that the intramolecular hydrogen transfer occurs to 
'Jonquiere CEGEP Scholarship Holder, 1967-1968. nitrogen and not to oxygen in the potentially ambient 
3Revision received October 30, 1973. radical. 
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generally does not take place (3)' and is even less 
likely in the case of N-alkyl-N-halo carboxamides 
(16) which are good analogs of N-halo lactams. 
The intramolecular "addition", on the other 
hand, which could conceivably result from inter- 
action ofthe amidyl radical with the double bond, 
cannot totally be rejected especially in the case of 
the seven-membered ring lactam. Such a reaction 
would be somewhat analogous to the light 
catalyzed isomerization of N-chloroacetanilide 
to o- and p-chloroacetanilide (6b). 

Irradiations and Structures of Photoproducts 
Irradiation of N-Bromo Lactatn I b  

The title compound (16) (m.p. 74-75") was 
obtained by treating l a  with NBS in the absence 
of light. The product, a solid which decomposes 
slowly in the atmosphere or daylight, was 
characterized by its n.m.r. and i.r. spectra. Com- 
pounds l a  and l b  exhibit very similar spectra; 
however, the absence of a signal at 6 7.16 indicates 
that substitution of bromine for hydrogen has 
taken place on the nitrogen atom. Moreover, the 
remainder of the spectrum being identical to that 
of l a  except for a small downfield shift of most 
signals further substantiates the fact that bromine 
substitution has taken place on nitrogen only. 
Finally, a comparison of the i.r. spectra of l aand  
l b  shows that N-H absorption at 3420 cm-' 
has disappeared. 

Due to its relative instability N-bromo lactam 
16 was isolated for characterization purposes 
only. For photochemical studies l b  was prepared 
in dichloromethane and irradiated immediately 
in situ after eliminating the succinimide formed 
in the reactiom6 Identical results were obtained 
using either a 450 W Hanovia lamp (Vycor 
filter), or a Rayonet Photochemical Reactor with 
2537 %1 light. (A 200 W incandescent bulb could 

5See the case of N-bromoacetamide (NBA) which in 
refluxing carbon tetrachloride and under catalysis from 
light and peroxide adds to cyclohexene as observed by 
Wolfe and Awang (15). These authors, however, have 
shown that the reaction leads to N,N-dibromoacetamide 

also be used but with longer reaction times.) 
Generally, after 10 min of irradiation, an analysis 
of the reaction mixture by t.1.c. showed that all 
the starting material (16) had disappeared and 
that three new compounds were formed in un- 
equal amounts. Separation of the crude mixture 
afforded three crystalline products : m.p. 163-164" 
(69x1, m.p. 194-195 (373, and m.p. 164-165" 
(1%). A mixture melting point of the two com- 
pounds melting at 163-164" and 164-165" gave a 
value of 130-1 55" and t.1.c. analysis showed that 
each substance was homogeneous. 

The structures of the photoproducts were 
determined using physical methods. The elemen- 
tal analysis of the compound having m.p. 163- 
164" suggested a molecular formula of C8HI2- 
BrNO which was confirmed by a mass spectrum 
showing a molecular ion at mle 217 accompanied 
by a peak of equal intensity at mle 219. The main 
photoproduct was therefore isomeric with the 
starting N-bromo lactam lb. 

The position of the bromine atom was estab- 
lished from the n.m.r. spectrum which showed an  
absorption at 6 7.58 indicating the presence of one 
hydrogen on the nitrogen atom and also a one 
proton doublet at 6 4.25, ( J  r 0.5 Hz) replacing 
the allylic methylene at 6 2.50 in the starting 
N-bromo lactam 16. The gem-dimethyl group 
appeared as a pair of singlets a t  6 1.39 and 1.50 
and the vinyl proton appeared as a singlet a t  
6 5.75 which is the same position as in l a  and lb.  
Finally, the allylic methyl group gave rise to a 
doublet at 6 2.07 ( J  = 1.5 Hz). These results 
therefore agree with a bromine transfer from 
nitrogen to the allylic position of the ring to  give 
lactam 3.' 

3 R l  = Br; R2 == H 
4 R l =  H ;  R2 ' Br 
5 R ,  -= R2 = Br 

which subsequently adds by an ionic rnecharlism to give 
2-bromocvclohexvl-N-bromoacetimidate. In contrast with The second product isolated (4) (m.p. 194-1 95") 
this behaGior ~ o u c h a r d  and Lessard (16) have found that gavean elemental analysis consistent witha molec- 
irradiation of a-chlorinated N-chloro- or N-bromo- ;lar formula of c,H,,B~No which was con- 
acetamides leads to an  efficient radical addition to cyclo- firmed in  the mass spectrum by  a molecular ion 
hexene yielding mainly the corresponding cis-mono-, 
-di-, or --trichl~roaceta~idocyclohex~l chloride or bro- 
mide. 'As expected, the same bromo compound (3) was ob- 

6The n.m.r. spectrum was however recorded each time tained (73%) whenlactam l a  wasirradiatedinthepresence 
to  ensure the purity of the solution. of NBS in dichloromethane. 
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peak at mle 21 7 along with a P + 2 peak of equal 
intensity at mle 219. The position of the bromine 
atom was deduced unambiguously by noting 
that the allylic methyl signal at 6 1.90 in the spec- 
trum of 16 had been replaced by an allylic bromo- 
methyl signal at 6 4.05; the remainder of the 
spectra were approximately superimposable with 
the exception of the N-H signal at 6 6.10 in the 
case of 4. 

The third compound isolated (5) (m.p. 164- 
165") gave an elemental analysis suggesting a 
molecular formula of CsHllBr2N0.  This was 
confirmed by the mass spectrum which showed a 
molecular ion peak at mle 295 along with peaks 
at mle 297 and 299 in a 1 :2: 1 ratio. Once again, 
the position of the bromine atoms could easily 
be determined from the n.m.r. spectrum which 
exhibited two singlets at 6 1.45 and 1.55 for the 
gem-dimethyl protons and a doublet ( J  r 0.5 Hz) 
at 6 4.68 for the allylic hydrogen on carbon-5 
bearing one bromine atom. These features had 
already been observed in the spectrum of the 
monobromo derivative 3. The position of the 
second bromine atom could then be deduced un- 
ambiguously by observing an AB quartet at 
6 4.21 (J = 10.5 Hz) characteristic of the allylic 
bromomethyl group. Finally, the vinyl proton 
and the amide proton were found at 6 6.00 and 
7.42, respectively. 

It may be of interest to  note at this point that 
treatment of bromo lactam 3 with silver nitrate 
in aqueous dioxane yielded 50% of the known 
4,5,6-trimethyl-2-pyridone (6)  (17) via dehydro- 
halogenation accompanied by rearrangement. 

The spectral data obtained are fully in accord 
with the proposed structure 6.  In the mass spec- 
trum a molecular ion is observed at mle 137 and 
the elemental analysis suggests a molecular for- 
mula of C,H,,NO. The n.m.r. spectrum shows 
four singlets at 6 1.95 (3H), 2.15 (3H), 2.32 (3H), 
and 6.26 (1H) with a broad signal at 6 13.3 (IH), 
the latter two protons appear at 6 6.58 and 12.05, 
respectively, in the unmethylated analog (18). 
The i.r, spectrum shows strong absorption in the 
2400 to 3400 cm-' region and a carbonyl band 
at 1650 cm-' in accord with that of a-pyridone 

(19). Finally, the U.V. spectrum showed I,,, at 
231 (E 5891) and 307 nm (E 5959) which agrees 
with the spectrum of a-pyridone (20). 

irradiation of N-Bromo Lactam 26 
As in the case of la ,  treatment of  lactam 2a 

with NBS in the absence of light afforded the 
N-bromo derivative 26. Irradiation of the latterS 
in carbon tetrachloride for 15 min led to incom- 
plete consumption of  the starting material and 
appearance of three new spots on t.1.c. Separation 
of the mixture, which proved very difficult, yielded 
a major product (38x1, the structure of which is 
shown to be 7 and four other minor products: 
8 (-1021, 9 (2.57310 (-821, and ll (-2%. 

7 R ,  = Br, R2 H 10 R I  B r ,  R2 H 
8 R ,  H; R2 Br I 1  RI  R 2  Br 
9 R 1  R2 Br 

The main compound (7) (382) melting at 113" 
gave an elemental analysis suggesting a molecular 
formula of C,H,,BrNO. This was confirmed by 
a molecular ion peak at mle 23 1 accompanied by 
a peak of equal intensity at mle 233. The n.m.r. 
spectrum showed two singlets at 6 1.12 and 1.20 
for the gem-dimethyl group, a fine doublet at 
F 2.07 ( J  = 1.5 Hz) for the allylic methyl, and an 
eight-line system in the 8 2.6-3.6 region for the 
AB portion of an ABX characteristic of the 
CH2-NH moiety which collapses t o  a simple 
AB system centered at 6 3.13 (J = 14.2 Hz) 
upon exchange with D 2 0 .  A sharp one proton 
singlet at 6 4.45 is characteristic ofthe brominated 
allylic methylene group, a singlet at 6 5.75 rep- 
resents the vinyl proton, and a broad signal at 
F 7.5 indicates the NH proton. 

Compound 8 (-10%) was most difficult to 
purify from its isomer 7 and could not  be ob- 
tained in a perfectly pure state. Its mass spectrum 
showed a molecular ion at mle 231 along with a 
P + 2 peak at mle 233 characteristic of  a mono- 
bromo compound. The n.m.r. spectrum showed 
a six proton singlet at F 1.04 for the gem-dimethyl 
group, a two proton singlet at F 2.21 for the allylic 

8As in the previous case, N-bromo lactam 26 was 
isolated once and characterized but for photochemical 
purposes the product was freed of succinimide and 
irradiated in situ. 
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methylene, a two proton doublet at 6 2.88 ( J  = 6 
Hz) for the methylene a to nitrogen which col- 
lapses to a singlet upon addition of D 2 0 ,  a two 
proton singlet at 6 3.97 for the allylic bromomethyl 
group which replaces the allylic methyl, a vinyl 
proton singlet at 6 6.03, and an N-H absorption 
at 6 6.8. 

Compound 9 (2.5%), m.p. 171-173", showed a 
molecular ion peak at m/e 31 1 along with peaks 
at m/e 313 and nl/e 31 5 in a 1 : 2 : 1 ratio charac- 
teristic of a dibromo compound. The n.m.r. spec- 
trum showed a six proton singlet at  6 1.24 for the 
gem-dimethyl group, an eight line system in the 
6 2.60-3.90 region for the AB portion of an ABX 
characteristic of the CH,NH moiety which col- 
lauses to a simple AB system centered at 6 3.25 
( jAB = 15 Hz) *upon exchange with D,O. The 
allylic bromomethyl group also appears as an 
AB quartet centered at 6 4.16 (JAB = 9.8 Hz). 
One proton singlets at 6 4.75 and 6.04 are charac- 
teristic of the brominated allylic methylene and 
the vinyl proton, respectively, and finally a broad 
singlet at 6 7.3 is typical of the amide proton. 

Compound 10 (-8%) showed in the n.m.r. a 
six proton doublet at 6 1.03 for the genz-dimethyl 
group, a three proton doublet at  6 1.85 ( J  = 1.5 
Hz) for the allylic methyl group, and an eight line 
system in the 6 2.55-4.35 region for the AB por- 
tion of an ABX characteristic of the CH2NH 
moiety which collapses to a simple AB quartet 
centered at 6 3.45 (JAB = 15 Hz) upon exchange 
with D 2 0 .  Two one-proton singlets at 6 4.55 and 
5.40 are characteristic of the brominated allylic 
methylene and the vinyl proton, respectively ; 
finally, a broad one proton singlet appears a t  
6 7.2 for the amide proton. 

Compound 11 (-273 showed in the n.m.r. a 
six proton doublet at 6 1.08 for the gem-dimethyl 
group, an AB quartet centered at 6 4.03 (JAB = 
10.5 Hz) for the allylic bromomethyl group, and 
an eight line system in the 6 2.6-4.25 (overlapping 
with the above AB quartet) for the AB portion of 
an ABX system characteristic of the CH2NH 
moiety which collapses to a simple AB quartet 
centered at 6 3.48 (JAB = 15 Hz) upon exchange 
with D 2 0 .  A doublet at 6 4.92 ( J  = 2 Hz) which 
collapses to a singlet upon exchange with D 2 0  
indicates the CHBr group a to carbonyl and 
coupled through four bonds with the NH proton ; 
a second doublet at 6 5.80 ( J  g 1.5 Hz) is typical 
of the vinyl proton coupled through four bonds 
to the CH, group of the CH2NH moiety (the 
1.5 Hz splitting is visible in the AB portion of the 

ABX system). Finally, the NH proton which dis- 
appears upon exchange with D 2 0  is visible as a 
broad signal at 6 7.5. 

In order to ascertain that the bromo com- 
pounds formed still retained the basic structure 
of 2a and were not the result of deep seated re- 
arrangements, substances 7 and 10 were reduced 
with zinc in acetic acid (21) to yield 80% of the 
solid (m.p. 147-148") P,y-unsaturated lactam 13 
characterized by physical methods. 

The elemental analysis suggested a molecular 
formula of CgH,,NO which was confirmed by a 
molecular ion a t  m/e 153 in the mass spectrum. 
In the n.m.r., the allylic methyl group appeared 
as a doublet a t  6 1.80 ( J  E 1.5 Hz) whereas it 
appeared at 6 1.92 in the corresponding a,p-un- 
saturated lactam 2a. The methylene a to carbonyl 
and the double bond gives rise to a singlet a t  
6 3.12 and the methylene a to nitrogen appears as 
a doublet at 6 3.14 ( J  = 6 Hz) and collapses to a 
singlet upon exchange with D 2 0 .  The vinyl 
proton gives rise to a multiplet a t  6 5.14 and the 
gem-dimethyl protons to a singlet at 6 1.01. 

Formation of the P,y-unsaturated lactam 13 a t  
the expense of its conjugated isomer 2a is not un- 
expectedg since it is in accordance with the 
Hughes-Ingold rule (22) for the kinetic protona- 
tion of 12 and since a similar behavior has already 
been observed in related intermediates (2, 23). 
Additional evidence to support this assertion was 
obtained by carrying out the reduction of 7 in 
deuterioacetic acid and showing that one deute- 

91t is interesting to note that this same specificity is also 
observed in the case of bromo lactams 3 and 15 t o  pro- 
duce the corresponding deconjugated analogs 16 and 17. 
The sequence: allylic bromination followed by debro- 
mination with zinc dust in protic solvents which has been 
used with limited success for the deconjugation of a,P- 
unsaturated ketones (236) seems t o  proceed remarkably 
well with a,P-unsaturated lactams a n d  esters (23e) because 
of the ease of attaining kinetic control in this case. 
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rium atom was incorporated and this at  the 3 
position only. 

Mechanistic Aspects 
In an effort to  ascertain the intra- or inter- 

molecular nature of the allylic hydrogen abstrac- 
tion step, the photolysis of an equimolar mixture 
of N-bromo lactam l b  and N-methyl lactam 14 
was carried out in dichloromethane. The re- 
sulting mixture of four products (t.1.c.) was 
chromatographed to yield three major fractions: 
the first containing a mixture of N-methyl lactam 
14 and N-methyl-5-bromo lactam 15; the second 
containing a mixture of the four products ( l a ,  3, 
14, and 15) and the third containing a mixture of 
lactam l a  and 5-bromo lactam 3. Fractional 
crystallization of the first fraction yielded pure 
N-methyl-5-bromo lactam 15 identical in all 
respects (n.m.r., i.r., m.p.) with an authentic 
sample prepared from N-methyl lactam 14 and 
NBS thus showing that the allylic hydrogen ab- 
straction step is, a t  least in part, intermolecular. 

The minimum extent t o  which the latter process 
is intermolecular was crudely estimated from the 
n.m.r. spectra of the three chromatographic frac- 
tions. The results show that the reaction mixture 
contains approxitnately 39% of 5-bromo-N- 
methyl lactam 15, 17% of unreacted N-methyl 
lactam 14, 15% of bromo lactam 3, and 29% of 
lactam 1. This means that at  least 70% of the 
total allylic bromination observed was produced 
through an internlolecular hydrogen abstraction 
mechani~m'~ which suggests a possible mechan- 
istic analogy with the NBS allylic bromination 
reaction. 

Evidence concerning an  analogy with the NBS 
reaction was obtained by initiating in the dark 
the isomerization of N-bromo lactam l b  with 
trace amounts of AIBN or  benzoyl peroxide, two 
well-known radical chain initiators in allylic halo- 

''The abstracting species being almost certainly an 
amidyl radical orland a bromine radical since the irra- 
diation of an equimolar mixture of the 5-bromo lactam 3 
and the N-methyl lactam 14 did not yield any 5-bromo-N- 
methyl lactam 15 after the usual reaction time. 

genations (24). In both cases the reactions led to  
comparable product distributions with approxi- 
mately 70% of the 5-bromo lactam 3 being 
formed. These results are identical t o  those ob- 
tained in the direct photolysis of N-bromo lactam 
l b  and in the photolysis of equimolar amounts of 
NBS and lactam l a ;  they show conclusively that 
the photoisomerization described herein is mech- 
anistically similar to the NBS allylic bromination 
reaction where a bromine atom is the chain 
carrying species (14). 

Finally, an attempt was made to show that the 
reaction generates a low steady state concentra- 
tion of free bromine which initiates a radical chain 
bromination. A refluxing carbon tetrachloride 
solution of N-bromo lactam l b  was irradiated 
with a 200 W incandescent lamp while the solvent 
was slowly being distilled (15, 25). After 3 h, the 
distillate showed no trace of bromine as evi- 
denced by the total absence of a characteristic 
absorption a t  400 nm (26). The remaining solu- 
tion contained the 5-bromo lactam 3 (78x) along 
with minor amounts o f  the dibromo lactam 5 and 
the bromomethyl lactam 4 indicating that bro- 
mination was much too  rapid to be intercepted. 

Experimental 
The silica gel used for chromatography was "Baker 

Analyzed Reagent". Melting points were taken on a 
"Biichi" apparatus and a re  uncorrected. The  i.r. spectra 
were recorded in chloroform using a Beckman, Model 
IR-8 apparatus. The n.m.r. spectra were taken on a 
Varian Model A-60 apparatus or a Jeolco-60 apparatus 
using deuteriochloroform as solvent and T M S  as internal 
reference. The U.V. spcctra were recorded in methanol on 
a Bausch and Lomb Spectronic 505 spectrophotometer. 
The mass spectra were taken on a Hitachi-Perkin Elmer 
RMU 6-D spectrometer. Finally, the elemental analyses 
were carried out by Daessle Organic Microanalyses, 
Montreal, and Midwest Microlab Inc., Indianapolis, 
U.S.A. 

Preparariorl and Irradiation it1 sir11 of N-Bron70-5,6- 
dihydr0-4,6,6-rrir~~ethyl-2(1H)-pyridone ( I b )  

A mixture of 5.56 g (4.0 x mol) of dihydro- 
pyridone l a  (2, 27) and 7.12 g (4.0 x lo-' mol) of NBS 
in 500 ml of dichloromethane was stirred in the dark for 
2 h a t  room temperature. The reaction was monitored by 
t.1.c. on silica gel. The succinimide formed in the reaction 
was eliminated by washing the solution six times with 
ice water." The dichloromethane solution was dried over 
anhydrous magnesium sulfate, filtered, and evaporated 
to give the IV-bromo lactam l b  as a slightly yellow solid 
which decomposes after a few hours in the atmosphere or 
by exposure to light. When recrystallized from acetone- 
hexane a t  low temperature, the product showed a m.p. of 

"Some N-bromo lactam l b  (10-202) is lost during 
the washings. 
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74-75". A bromine analysis showed 35.59% (Br) while the 
calculated value for C8H,,BrN0 is 36.69%. The n.m.r. 
spectrum had 6 1.33 (s, 6H), 1.91 (s, 3H), 2.50 (s, 2H), and 
5.75 p.p.m. (m, 1H). The i.r. spectrum showed absorp- 
tions a t  1672 and 1630 cm-'. The N-H band at  3420 
cm -' had disappeared. 

The N-bromo lactam 16 was isolated only once in order 
to determine its characteristics. Normally, for photo- 
chemical experiments the dried methylene chloride solu- 
tion of N-bromo lactam 16 was purged with oxygen-free 
nitrogen for 20 min and immediately irradiated for 10 min 
using a Hanovia 450 W lamp with a Vycor filter or a 
Rayonet Photochemical Reactor equipped with 2537 A. 
The reaction was monitored by t.1.c. on silica gel. 

Separatiorz and Identification of Photoproducts 
After evaporation of the dichloromethane, the residue 

crystallized from an acetone-hexane mixture to  yield 
4.6 g of a solid, m.p. 162-164". Recrystallization from the 
same mixture gave a homogeneous product, m.p. 163- 
164". Chromatography, using dichloromethane as eluent, 
of the mother liquors of the first recrystallization gave 
1.4 g of the same product, 240 mg of a second compound, 
274 mg of a third, and 604 mg of lactam l a .  The total 
weight of the major product (3) obtained was 6.0 g (69%); 
i.r. spectrum: 3420, 1670, and 1625 cm- ' ;  U.V. spectrum: 
h,,,, 221 nm ( e  8720). 

Anal. Calcd. for C8H12BrNO: C, 44.04; H, 5.50; Br, 
36.69; N, 6.42. Found: C, 43.91; H, 5.55; Br, 37.51; N, 
6.40. 

The second compound isolated (4) (240 mg, 3%) was a 
solid, m.p. 194195" after recrystallization from acetone- 
hexane; i.r. spectrum: 3420, 1675, and 1625 cm-'. 

Anal. Calcd. for C8H12BrNO: C, 44.04; H, 5.50; Br, 
36.69; N, 6.42. Found: C, 43.94; H, 5.67; Br, 37.72; N,  
6.30. 

The third compound isolated (5) (275 mg, 1%) was a 
solid, m.p. 164165" (dec.) after recrystallization from 
acetone-hexane; i.r. spectrum: 3420, 1675, and 1625 
cm-'. 

Anal. Calcd. for C3H11BrINO: C, 32.32; H,  3.70; N, 
4.71. Found: C, 32.48; H, 3.83; N, 4.79. 

Irradiation of 5,6-Dihydro-4,6,6-trimethy/-2(1H)- 
pyridone ( l a )  in the Presence of N-Bromosrrccinimide 

A solution of 13.9 g (0.1 mol) of dihydropyridone l a  
and 17.8 g (0.1 mol) of N-bromosuccinimide in 600 ml of 
dichloromethane was irradiated at 2537 A for 15 min. The 
irradiated solution was then washed 10 times with 25-ml 
portions of ice-cold water to eliminate the succinimide 
formed. The organic layer was dried over anhydrous 
magnesium sulfate and evaporated under vacuum to give 
a solid residue which was chromatographed on silica gel 
using dichloromethane as eluent. Three compounds were 
thus separated: 5-bromo-5,6-dihydro-4,6,6-trimethyl- 
2(1H)-pyridone (3) (15.8 g, 7373, 4-bromomethyl-5,6- 
dihydro-6,6-dimethyl-2(1H)-pyridone (4) (0.9 g, 473, and 
unreacted dihydropyridone ( l a )  (1.4 g, 10%). Both bromo 
compounds were identical in all respects (m.p., i.r., n.m.r., 
mass spectrum) to authentic samples obtained in the 
previously described experiment. 

Reaction of Bromo Lactam 3 with Silver Nitrate 
T o  a solution of 5.01 g of bromo lactam 3 in 30 ml of 

dioxane was rapidly added a solution of 3.9 g (2.3 x lo-' 

mol) of silver nitrate in 120 ml of distilled water. The 
mixture was heated slightly (30-40") for 2-3 min. The 
nitric acid formed in the reaction medium was rapidly 
neutralized with a 3% aqueous solution of sodium car- 
bonate and the mixture filtered over diatomaceous earth. 
The filtrate was saturated with ammonium sulfate and 
extracted three times with dichloromethane. The organic 
layer was dried over anhydrous magnesium sulfate and 
evaporated to yield a solid, m.p. 261-261.5" after re- 
crystallization from acetone. The yield obtained was 
1.5 g (50%) and the product was shown to be 4,5,6-tri- 
methyl-2-pyridone (6) (lit. m.p. 252" (17a); 196" (176)) ; 
i.r. spectrum: 3400-2400 cm-', 1650, and 1622cm-' ; U.V. 

spectrum: h,,, 23 1 nm ( E  5891) and h,,, 307 nm (E  5959). 
Anal. Calcd. for C,H,,NO: C, 70.07; H, 8.03; N, 

10.22. Found: C, 70.34; H, 8.03; N, 9.96. 

Preparation and Irradiatior~ in situ of  N-Bromo-6,7- 
dilrydro-4,6,6-trimethyl-2 (SH) -arepinone (26) 

A mixture of 1.04 g (6.8 x mol) of dihydro- 
azepinone 2a (28) and 2.42 g (13.6 x mol) of NBS 
in 200 ml of dichloromethane was stirred for 90 min in 
the dark and a t  room temperature. The succinimide 
formed was removed by washing the solution six times 
with ice water.The organiclayer was dried over anhydrous 
magnesium sulfate and the solvent evaporated to dryness. 
In order to separate the excess NBS present in the mix- 
ture, the residue was taken up with a few milliliters of 
carbon tetrachloride, in which NBS is insoluble, and the 
solid separated by filtration. Evaporation of the solvent 
then yielded a yellowish liquid (N-bromo lactam 26) 
which decomposes in the atmosphere and when exposed 
to  light. The purity obtained was 92% as calculated from 
the n.m.r. spectrum: 6 1.06 (s, 6H), 1.96 (d, J = 1.5 Hz, 
3H), 2.09 (s, 2H), 3.55 (s, 2H), and 5.87 p.p.m. (m, 1H); 
i.r. spectrum: 1655 and 1615 cm-', the N-H band a t  
3420 cm-' was n o  longer present. Normally, for photo- 
chemical purposes, the filtratecontaining N-bromo lactam 
26 in carbon tetrachloride, after elimination of the NBS, 
was diluted to 30 ml with the same solvent and imme- 
diately irradiated for 15 min (the reaction was monitored 
by t.1.c.) using a Hanovia 450 W lamp with a Vycor filter 
or a Rayonet Photochemical Reactor with 2537A light. 

Separation and Identification of Photoprod~icts 
After evaporation of the solvent, the oily residue was 

chromatographed on silica gel. Elution with dichloro- 
methane gave 202 mg of a mixture of three products: 
11, 10, and an unidentified compound. 

Compound 11 (30 mg, 1.4%) was separated and purified 
by crystallization in carbon tetrachloride to a quasi pure 
state. Compound 10 (120 mg, 7.57,) was separated a n d  
purified by crystallization in petroleum ether 30-50" to  a 
quasi pure state. 

Further elution of the column with ether yields com- 
pound 9 (50 mg, 2.4%), m.p. 171-173". 

Finally, elution of the column with ether-acetone 1 :1 
gives 1.03 g of a mixture of three products: 7, 8, and  
starting lactam 2a. 

Compound 7 (603 rng, 38%), m.p. 113", was separated 
and purified by crystallization from acetone-hexane. 

Anal. Calcd. for C9Hl,BrNO: C, 46.55; H, 6.03; Br, 
34.48; N, 6.03. Found: C, 46.82; H, 6.16; Br, 34.34; N, 
5.80. 

Compound 8 (156 mg, 10%) was separated and purified 
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to a quasi pure state after numerous crystallizations from 
acetone-hexane. 

Zinc in Acetic Acid Reductiotl of the 5- and 
3-Bromodihydroazepinorres 7 and I0 (21 )  

A solution of 173 mg of the 5-bromo compound 7 in 
5 ml of glacial acetic acid was mixed with 1.2 g of pow- 
dered zinc and the mixture stirred for 2 h at 60" and over- 
night at room temperature. After filtration, most of the 
acetic acid was removed by distillation and the residue 
dissolved in dichloromethane. The resulting solution was 
neutralized with a 10% solution of sodium carbonate, 
washed tw~ce with distilled water, dried over anhydrous 
magnesium carbonate, and evaporated to dryness to give 
90 mg (80%) of a product identified as dihydroazepinone 
13 after recrystallizing twice from acetone-hexane (m.p. 
147-148"); i.r. spectrum: 3430, 1660, and 1615 cm-'. 

Anal. Calcd. for CsHl,NO: C, 70.58; H ,  9.80. Found: 
C, 70.19; H, 10.04. 

The same reaction, when carried out on the 3-bromo 
compound 10 (1 10 mg), yielded a solid (56 mg, 78%) which 
after two recrystallizations from acetone-hexane had m.p. 
147-148". A mixture melting point with the product ob- 
tained in thc previous reduction showed no depression. 
The n.m.r. and i.r. spectra were also superimposable with 
those obtained from the product of the previous reduction. 

Zinc in Deuterioacetic Acid Reduction of /he 
5-Bromodihydroazepinone 7 

Reduction of 232 mg (1 x mol) of the 5-bromo- 
dihydroazepinone 7 by the above proccdure using 
deuterioacetic acid gave 130 mg (84%) of product, m.p. 
147-148"; mass spectrum: molecular ion a t  mle 154; 
n.m.r. spectrum: 6 1.00 (s, 6H), 1.80 (d, J = 1.5 Hz, 3H), 
3.07 (s, lH), 3.14 (d, J =  6 H z ,  2H), 5.11 (m, 1H) and 
7.4 p.p.m. (broad signal, 1H). 

Zinc in Acetic Acid Red~rctiotr of 5-Bronro-5,6-dihydro- 
4,6,6-trimetllyl-2(iH)-pyridorle (3) 

A solution containing 2.1 8 g (0.01 mol) of the 5-bromo 
lactam 3 and 12.0 g (0.2 mol) of powdered zinc in 25 ml 
of glacial acetic acid was treated as above to yield 1.30 g 
(9579 of a solid identified as the deconiuaated lactam 12. - - 
m.p. 110-1 11" after recrystallizat~on from acetone- 
hexane; mass spectrum: molecular ion at tnle 139; 
n.m.r. spectrum: 6 1.30 (s, 6H), 1.73 (d, J = 1.5 Hz, 3H), 
2.79(s, 2H), 5.35(m, 1H)and 7.40p.p.m.(broadm, lH) ;  
i.r. spectrum: 3410, 1690, and 1650cm-'. 

Anal. Calcd. for C,H13NO: C, 69.03; H, 9.41; N, 
10.06. Found: C, 69.37; H, 9.17; N, 9.83. 

Preparatiotz atrd Zitrc i~r Acetic Acid Reductio~r of 
N-Methyl-5-bromo-5,6-dihydro-4,6,6-1rimethyl-2- 
pyridone (15) 

The 5-bromo-N-methyl lactam 15 was prepared from 
the parent N-methyl lactam (2) by the above NBS proce- 
dure. Compound 15 obtained in a 60-70% yield had m.p. 
110-1 11" (acetone-hexane); mass spectrum: molecular 
ion a t  mle 231 with P + 2 peak at mle 233 (ratio 1:l);  
n.m.r. spectrum: 6 1.34 (s, 3H), 1.58 (s, 3H), 2.07 
(d, J = 1.5 Hz, 3H), 3.00 (s, 3H), 4.33 (s, lH), and 5.85 
p.p.m. (s, 1H); i.r. spectrum: 1615 and 1670 cm-'. 

Treatment of the above compound (15) with zinc in 
acetic acid as described previously gave a 95% yield of 
the liquid (b.p. 55"/0.15 mm Hg) deconjugated lactam 17. 

Mass spectrum: molecular ion a t  nr/e 153; n.m.r. spec- 
trum: 6 1.33 (s, 6H), 1.70 (s, 3H), 2.88 (s, 2H),2.98 (s, 3H) 
and 5.34 p.p.m. (s, 1H); i.r. spectrum: 1620 cm-'. 

Rearrangenretrt of N-Brotno-5,6-dilvdro-4,6,6-trimethyl- 
2(IH)-pyridone (Ib) initiated with AIBN 

A solution of freshly recrystallized N-bromo lactam l b  
(1.09 g, 5 x lo-' mol) and 2,2'-azobis(2-methylpropio- 
nitrile) (AIBN) (17 mg, 1 x mol) in 50 rnl of carbon 
tetrachloride was heated to reflux in the dark. After 1 h 
the starting N-bromo lactam lb  had completely dis- 
appeared as evidenced by t.1.c. The solvent was evaporated 
to dryness and the residue chromatographed on silica gel 
using dichloromethane as eluent. Three products were 
thus separatcd: 5-bromo lactam 3 (776 rng, 71%), 
4-bromomethyl lactam 4 (64 mg, 673, and dibromo lac- 
tam 5 (95 mg, 6%). All three compounds were identical 
in all respects (m.p., i.r., and n.m.r.) with authentic 
samples prepared by the photochemical method. 

Rearrat~ge~rle~lr of N-Bromo-5,6-dilrydr0-4,6,6-trir~retl1yl- 
2(IH)-pyridone (Ib) I~ritiuted with Berzzoyl Peroxide 

A solution of freshly recrystallized N-bromo lactam 16 
(1.09 g, 5 x 10-3 mol) and benzoyl peroxide (14 mg, 
1 x rnol) in 50 ml of carbon tetrachloride was 
heated to reflux in the dark. After I h the starting material 
had completely disappeared as evidenced by t.1.c. Addi- 
tion of hexane to thesolution caused the crystallization 
of 535 mg of the expected 5-bromo lactam 3, identical in 
all respects (m.p., i.r., n.m.r.) with an authentic sample. 
The mother liquors were evaporated to dryness and an 
n.m.r. spectrum of the residue showed the presence of the 
three bromo lactams 3, 4, and 5. 
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Molecular Association of Hydrogen Bonding Solutes, o-,  m-, andp-Cresol, 
in Carbon Tetrachloride 

EARL M. WOOI.I.EY AND DENNIS S. RUSHFORTH 
Departrnerlt of C l ~ e ~ t ~ i s r r y ,  Brigllcrrn Yorrrlg U~zivers i ty ,  Provo, Utcih 84601 

Received August 20, 1973 

The intermolecular hydrogen-bonding self-association of the three cresols in CC1, solutions a t  25 "C 
has been investigated by calorimetric means. Calorimetrically determined heats of dilution of each of the 
cresols in anhydrous CCI4 are interpreted in terms of two different models: (i) dimerization and trimeri- 
zation self-association reactions, and (ii) dimerization followed by stepwise polymerization self-associa- 
tion reactions. Values of K, AH0, and ASOfor these reactions are calculated using least-squares and other 
methods. Results show that o-cresol is clearly less associated in anhydrous CCI, solution at 25 "C than 
either m- or p-cresol. Values of K, and K, (both based on molar concentrations of solutes) and AHZO 
and AH30 (kcal) for the reactions 2C C, and 3C+ C,, respectively, are o-cresol: 0.7, I.,, -3.,, 
-12.,; m-cresol: 0.8, 5.,, -5.0, -13.,; p-cresol: 0.3,, 6.,, -5.5, -13.,. Values of K, and K, (both 
based on molar concentrations of solutes) and AH,, and AH? (kcal) for the reactions 2C $ Cz and 
C,-1 +- C e  C. (all n z 2 with same K, and AH:), respectively, are o-cresol: 0.7, 1.6, -4.,, -4.5; 
n1-cresol: 1.2, 4.0, -5.0, -4.3; p-cresol: 1.0, 7.,, - I 3 ,  -3.5 

L'autoassociation par liaisons hydrogines intermolCculaires des trois crtsols dans des solutions de 
CCI, 5 25 OC a Bte Btudiee par des mithodes calorimetriques. Les chaleurs d e  dilution de chacun des 
cresols dans le CCI, anhydre, dkterminees calorimCtriquement, sont interpretees selon deux modeles 
differents: (i) reactions autoassociatives de dimirisation et trimirisation et (ii) dimkrisation suivie pa r  des 
reactions echelonntes autoassociatives de polymerisation. Les valeurs de K, AH0 et AS0 pour ces 
reactions sont calculees en utilisant les moindres carres et d'autres methodes. Les resultats montrent que 
1'0-crCsol est nettement moins associe dans une solution de CCI, anhydre i 25 "C que le m-cresol ou le 
p-crCsol. Les valeurs de K, et K3 (toutes deux Ctablies sur les concentrations molaires des produitsdissous), 
de AHzO et AH30 (kcal) pour les rkactions 2C $ C2 et 3C + C3, sont, respectivement, o-crCsol: 
0.7, -3.,, -12.,; m-crCsol:0.8, 5.0, -5.,, - 1 3 . 6 ; p - ~ r C ~ ~ I :  0.3,, 6.,, -5.,, -13.,. Lesvaleursde 
K, et K, (toutes deux etablies sur les concentrations molaires des produits dissous) de AH2' et AH2 
(kcal) pour les reactions 2C g C, et C.-, + C $ C, (toutes pour n > 2 avec le mtme K, et AH?) 
sont, respectivement, o-crbsol: 0.7, 1.6, -4.,, -4.5; m-crtsol: 1.2, 4.,, -5.0, -4.3; p-crisol: 1.0, 7.0, 
- 3 . 3 ,  -3+ [Traduit par le journal] 
Can. J. Chern., 52, 653 (1974 

Introduction 
Many investigations have provided convincing 

evidence for self-association hydrogen bonding 
in substituted phenols but there is widespread 
disagreement concerning the extent of aggrega- 
tion and a consequent lack of reliable data 
describing various association reactions (1, 2). 
Some of these investigations (cited in refs. 1-4) 
of phenols in CCI, and in other "inert" solvents 
have been interpreted in terms of monomer- 
dimer equilibrium. There is now evidence, 
however, that associated species larger than 
dimers are important in all but the most dilute 
solutions (3, 4). 

Mecke (5) reviews i.r. data for phenol and o- 
andp-cresol in CCl, solutions. He has estimated 
values of AH0 for hydrogen bond formation by 
evaluating temperature coefficients of E x C 
(extinction coefficient times analytical concentra- 
tion of cresol). In an earlier discussion (3) some 

of the difficulties of this 'approach to  evaluating 
AH0 values have been discussed. 

Recently, Dearden (6) has carefully evaluated 
spectroscopic data for phenol and m- and p- 
cresols in cyclohexane solvent. He has interpreted 
the data in terms of dimers only, trimers only, 
and polymers of all sizes. We have previously 
discussed some of the advantages and dis- 
advantages of these approaches for the phenol- 
cyclohexane and phenol-CC1, systems (4). 

Davison (7) and more recently Vanderborgh, 
Armstrong, and Spall (8) have made freezing 
point depression measurements (sometimes com- 
plicated by solid solution formation) on the 
cresols in benzene solution. They have inter- 
preted the data according to various reactions 
and mathematical models and have obtained 
thermodynamic values significant enough to try 
to interpret in terms of steric, resonance, and/or 
inductive effects. 
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TABLE 1. Relative apparent molar enthalpies of the cresols in CC14 

- 4, (cal/mol) 
Cresol - 

concentration (F) o-Cresol p-Cresol m-Cresol 

We have undertaken the calorimetric measure- Calorimetric measurements of heats of dilution of the 
merits described in this paper to obtain data cresols in anhydrous CC14 were made with the Tronac 

450 Adiabatic Titration Calorimeter (50 ml vessel) relevant to the identification and quantitative coupled to the Tronac 1040 Precision Temperature 
thermodynamic description of the principal Controller and a Sarzent-Welch SRG recorder. The 
self-association reactions of o-. m-. and n-cr&ol calorimeter was modified to include a Metrohm Herisau 
in CCl, solutions. These results &ill hbpefully Dosimat piston buret. All results are  reported in terms of 

provide complete insight into substituent the calorie defined equal to 4.184 J. All solute concentra- 
I 
I tions are expressed in terms of molarities and activity 
I effects on hydrogen bonding processes. 
I 

coefficients are assumed to be unity (3, 4). 

Experimental Results and Discussion 
Aldrich Gold Label cresols and Baker "Instra- Our heat of dilution results are reported in 

Analyzed" GC-Spectrophotometric quality carbon tetra- 
chloride were used. Considerable care was taken to pre- Table 1 in the form of $L values. The relative 
pare and keep all solutions and solvents free from water. apparent e n t h a l ~ ~ ,  $L, is to the 
All measurements were made at 25.0 + 0.2 "C. negative of the enthalpy of dilution of 1 rnol of 
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WOOLLEY AND RUSHFORTH: MOLECULAR COMPLEXES 655 

solute from a solution of specified formal 
concentration to infinite dilution. Values of 4, 
in Table 1 are taken from large scale plots of 
4, US. formal cresol concentration, F, based on 
a very large number of experimental determina- 
tions of heats of dilution using titrant solutions 
1.4790 and 2.0001 F in o-cresol, 1.8101 and 
2.0005 F in  m-cresol, and 1.4870 and 2.0002 F in 
p-cresol. 

Following the methods developed earlier (3,4) 
for phenol in "inert" solvents, we first consider 
interpretation of our 4, results in terms of a 
single equilibrium represented by 

with equilibrium constant expression 

tration to another, combined with an extrapo- 
lated heat of dilution to zero formal concentra- 
tion. The use of eq. 6 eliminates any uncertainty 
that may arise in the 4, values as a result of this 
extrapolation. However, the use of eq. 6 in 
analyzing the +, values in Table 1 also shows 
that the model of a single n-mer in equilibrium 
with monomer is not a good model for any n 
and K, values over the range of concentrations 
studied here. 

In an equation analogous to [3] but written in 
terms of (C,) rather than a ,  we have 

[71 +L = AH: (C,)IF 

Combination of eqs. 2, 4, and 7 leads to (3,4) 

[8] 4, = (AH,:/n) + (l/n)(-A~;)("-')~" 
x ( I / K ~ ~ ) ~ / ~ ~ ( - + ~ / F ~ ~ - ~ ) ~ / ~  

in which parentheses indicate concentrations ex- values of AH; and Kn can be obtained from 
pressed in terms of molarities. Since at any finite the slope and intercept of a plot of 4, Us. 
formal concentration there will be both mono- (-+,/p-i)ii ,~ for the correct value of n. 
mers and n-mers present, while at infinite dilution ~h~ approach based on eq. 8, as with the 
all n-mers are dissociated into monomers, we can other approaches based on a single association 
express the 4, values by the expression reaction 1 between monomer and n-mer mole- 

In eq. 3 a represents the fraction of monomeric 
cresol that is associated in the solution F formal 
in cresol and AH,," represents the molar 
enthalpy of reaction 1. Using the material 
balance expression 

and the equilibrium constant expression 2 we 
obtain 

We have tested eqs. 3 and 5 with our 4, results 
with a computer to find the value of K, that 
leads to the most consistent value of AH,," for 
each of the three cresols. This approach shows 
that the 4, values in Table 1 do not fit eqs. 3 
and 5 well for any n and K, values when we 
consider only one possible n-mer reaction [l]. 

Jn an alternative approach we may take 
differences in 4, values from Table 1 for each 
cresol and treat them according to eq. 6, which 
we obtain by combining two equations of the 
form of eq. 3. 

[6] (4, - 4,') = A+, = (a - a')  AH:/^ 
Tabulated 4, values are based on measured 
heats of dilution from one finite formal concen- 

cules, fails to fit the experimental 4, results for 
the cresols satisfactorily, as illustrated in Figs. 
1 and 2. If we ignore the low concentration parts 
(dimers?) of the curves in Fig. 2, we can estimate 
from the approximately linear left-hand portions 

FIG. 1. Plots of -bL us. (- $L/F)"2 according to eq. 
8 with n = 2 (monomer-dirner only) for o-cresol (01, 
m-cresol (A), and p-cresol ( x ) in CCI4 at 25 "C. 
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TABLE 2. "Best" thermodynamic functions* for self-association of the 
cresols in carbon tetrachloride at 25 "C based on the monomer-dimer-trimer 

model (eqs. 1, 2, 9, and 10) 

Value 

Parameter o-Cresol tn-Cresol p-Cresol 

2C e Cz 
KZ 0.7(*0.3) O.S(k0.3) 0.35(&0.15) 
AGzO (kcal) 0.2(k0.3) O.I(L-0.3) 0.6(+0.3) 
AH20 (kcal) -3.4(k1.0) -5.0(?1.0) - 5 . d +  1 .o) 
ASZ0 (caljdeg) - 12(& 4) -16(+4) - 20(? 4) 

3 c e  C3 
K3 1.3(t0.4)  5 . 0 ( i l . s )  6.5(+1.5) 
AG30 (kcal) -0.2(?0.3) -1.0(+0.2) -1.5(+0.2) 
AH3' (kcal) -12.5(+1.0) -13.6(f 0.9) -13.4(tO.8) 
ASaO (caljdeg) -41 (2 4) -42(_44) -41(+3) - 

*The + values listed are our estimates of  total uncertainties in the various quantities (see 
Discussion in text). Values of K, AGO, and AS0 are based on molar concentrations o f  mono- 
mers, dirners, and trirners (3). 

FIG. 2. Plots of - 4, us. (- 4,1F2)'13 according to eq. 
8 with 11 = 3 (monomer--trimer only) for o-cresol (O), 
m-cresol (A),  and p-cresol ( x )  in CCI, at 25 "C. 

of the graphs that K, - 6 and AH,' - -8.6 
kcal for o-cresol and that K, - 12 and AH,' - 
- 12.5 kcal for both m-cresol and p-cresol. 
These values lead to AS,' - - 25 and -34 
cal/deg for o-cresol and for m- and p-cresols. 
These results could erroneously indicate that 
phenol (3) and o-cresol trimers in CCl, are 
primarily linear (two H-bonds per trimer) 
whereas m- and p-cresol trimers in CCl, are 
primarily cyclic (three H-bonds per trimer). 

All three of the above approaches show large 
systematic concentration-dependent deviations 
of the data from the single reaction model. We 

therefore conclude that the cresol-CC1, systems 
must be interpreted in terms of more than one 
equilibrium reaction. 

To carry out analysis of our 4, results in 
terms of both dimers and trirners (n = 2 and 
n = 3 in eq. 1)  we write eq. 7 as 

Combination of this equation with the material 
balance equation 

Cl 01 F = (C) + 2(C2) + 3(C3) 

and expressions for K, and K, from eq. 2 
permits computer calculations that lead to the 
most consistent values of K,, K,, AH,', and 
AH,' in describing the 4, values in Table 1. 
The thermodynamic quantities obtained in this 
manner are given in Table 2. 

To assess uncertainties in the K,, K,, AH,', 
and AH,' values reported in Table 2 is a difficult 
problem. The following calculations illustrate 
some of the problems associated with estimating 
uncertainties in K,, K,, AH,', and AH,' values. 
If we use the K, and K,  values in Table 2 and 
perform an absolute deviation least-squares 
analysis on the 4, and F results in Table 1 
according t o  eq. 9, we obtain least-squares 
standard deviations of 4.9, 15.3, and 6.3 cal/mol 
for o-, m-, and p-cresol when the titrant data 
are excluded. When the titrant data are included 
we obtain least-squares standard deviations of 
15.2, 23.4, and 16.3 cal/mol for the o-, m-, and 
p-cresols. Alternatively, if we use the K, and K ,  
values in Table 2 and perform a relative devia- 
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WOOLLEY AND RUSHFORTH: MOLECULAR COMPLEXES 

TABLE 3. Approximate contribution of dimers and trimers to  formal con- 
centrations and relative apparent molar enthalpies for representative data in 
Table 1 as calculated from K,, K,, AHZo, and AH,O values given in Table 2 

-- ----- 

0.0500 F cresol solution z as  monomer z as  dimer z as  trimer z of QL from dimer z of +L from trimer 

0.2500 F cresol solution z as  monomer 
as  dimer z as  trimer z of +, from dimer z of +, from trimer 

2.000 F cresol solution z as monomer 
Z as dimer z as trimer z of 4, from dimer z of +, from trimer 

tion least-squares analysis (9)  of the +, and F 
results in Table 1 according to eq. 9, we obtain 
least-squares standard deviations of 2.2, 2.3, 
and 3.8% without titrants and 2.3, 2.5, and 4.0% 
with titrants for the o-, tn-, and p-cresols, 
respectively. In all four of these analyses we 
obtain slightly different AH,' and AH,' values. 
The absolute deviation approach tends to  
weight the high concentration data most heavily, 
and the relative deviation approach weights all 
data equally. The "best" values given in Table 
2 are based upon the K, and K, values that give 
the smallest standard deviations in the least- 
squares fit of the data in Table 1 t o  eq. 9 ac- 
cording to  all four of the above approaches. 

The relative importance of monomers, dimers, 
and trimers is illustrated for three formal con- 
centrations of each cresol in Table 3. The 
concentrations of each species are calculated 
from the K, and K, values in Table 2. Also 
illustrated i;~able 3 are the relative importances 
of enthalpies of dilution due to  the dimer and 
the trimer. These values are calculated using 
the K,, K,, AH,', and AH,' values listed in 

dimerization reaction and further stepwise self- 
association reactions for the cresols as follows 

Corresponding equilibrium constant expressions 
are 

and 

In this treatment, as before, we take all stepwise 
equilibrium constants, K,, to be equal so that 
there are only two independent equilibrium 
constants. I t  is also assumed that there are only 
two independent enthalpies of reaction, AH,' 
and AH:, for the reactions represented by eqs. 
11 and 12. We may now obtain, from the 
material balance equation. 

Table 2. and the equilibrium constant expressions in 
We now turn to  consideration of interpreta- eqs. 13 and 14, the expression (4) 

tion of our 6, results in terms of the monomer- , &- 

dimer-n-mer stepwise association model which 
we have recently described (4) and used in F = K,(C)'C2 - Ks(C)I + ( C )  

attempting t o  interpret phenol association. C1 - KS(C>l2 

Following this earlier treatment we write the Appropriate extension of eq. 9 gives (4) 
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TABLE 4. "Best" thermodynamic functions* for self-association of the 
cresols in carbon tetrachloride at  25 "C based on the monomer-dimer-stepwise 

polymer model. (eqs. 11-18) 

Value 

Parameter o-Cresol m-Cresol p-Cresol 

2C e C2 
Kz 0.7(+0.2) 
AG20 (kcal) 0 .2(+0.2)  
AHzO (kcal) - 4 . ~ ( + 0 . 6 )  
AS2' (cal/deg) - 15( + 2) 

C,-I + C = C ,  (all n > 2) 
Ks 1.6(+0.4) 
AG,O (kcal) -0.3(+0.2) 
AH2 (kcal) -4. ,(+0.8) 
AS: (cal/deg) - 14(+ 3) 
'The i values listed are our  estimates o f  total uncertainties in the various quantities (see 

Discussion in text). Values o f  K, AGO, and ASo a re  based on molar concentrations o f  mono- 
mers, dimers and polymers (3, 4). 

Combination of eqs. 13, 14? and 17 now leads 
to the expression (4) 

Knowledge of values of K2 and Ks would enable 
us to evaluate (C) from eq. 16 for each formal 
concentration of cresol in Table 1. Insertion of 
these K2, Ks, and (C) values into eq. 18 would 
then enable us to evaluate AH2' and AH:. 
Since reliable values of K2 and Ks are not 
available for the cresols in CCl,, we have used 
an iterative computer method to find the values 
of K2 and K, which give the best least-squares 
fit of the 4, results in Table 1 according to eq. 
18. The results of this treatment are given in 
Table 4. 

As in the analysis in terms of monomer-dimer- 
trimer discussed earlier in this paper, it is difficult 
to estimate uncertainties to be associated with 
the quantities listed in Table 4. An absolute 
aeviation least-squares analysis of the 4, and F 
results in Table 1 according to eq. 18 leads to 
lzast-squares standard deviations of about 2, 8, 
and 5 cal/mol for o-, m-, and p-cresol, respec- 
tively, when the titrant data are excluded. When 
the titrant data are included we obtain least- 
squares standard deviations of about 8, 15, and 

15 cal/mol for the o-, m-, and p-cresol. Alterna- 
tively, using the K, and K, values in Table 4 to 
perform a relative deviation least-squares analy- 
sis (9) of the 4, and F results in Table 1 according 
to eq. 18, leads to least-squares standard devia- 
tions of about 0.4, 0.6, and 1% without titrants 
and 2, 2, and 2% with titrants for the o-, m-, 
and p-cresols, respectively. 

If we assume that AH2' = AH: in eq. 18 we 
obtain 

[19] AH' = +,F[l - K,(C)]2/K2(C)2 

Combination of eqs. 16 and 19 leads to values of 
AH0 for each of the cresols if we know values 
of K2 and Ks. By choosing K, and Ks so that 
AH0 is as nearly constant as possible over the 
entire range of concentrations in Table 1, we 
obtain the values reported in Table 5. Standard 
deviations in AH0 values calculated by eq. 19 
with the data in Table 1 are about 30, 30, and 
40 cal/mol for o-, m-, and p-cresols, respectively, 
when the titrant data are excluded. When the 
titrant data are included in the calculations we 
obtain standard deviations in AH' values of 
about 60, 80, and 70 cal/mol for the three 
cresols. 

The relative importance of monomers, dimers, 
and higher n-mers (n > 2) is illustrated for three 
formal concentrations of each cresol in Table 6. 
The concentrations and relative importances of 
enthalpies of dilution due to dimers and higher 
n-mers are calculated from the K2, Ks, AH,', 
and AH: values in Table 4. 

Although neither the monomer-dimer-trimer 
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WOOLLEY AND RUSHFORTH: MOLECULAR COMPLEXES 

TABLE 5. "Best" thermodynamic functions* for self-association of the 
cresols in carbon tetrachloride at 25 "C based on the monomer - dimer - 

stepwise polymer model with AHzO = AH: = AH0 (eqs. 11-19) 
-- 

Value 

Parameter o-Cresol mCresol p-Cresol 

2C e C ,  
Kz 0.7(+0.2) l .b(k0.4)  0.9(+0.2) 
AG,O (kcal) 0.2(+0.2) -0.2(+0.2) 0.1(+0.1) 
AH0 (kcal) -4.0(+0.5) -4 .3(+o.5)  -3.4(+0.5) 
ASZ0 (calldeg) - 14(+2) - 14(+ 2) - 1 2 ( ~ 2 )  

C,-I + C e C ,  (all n > 2) 
Ks 1 .,(_+0.4) 4.0(? 1 .o) 6.0(+2.o) 
AG,O (kcal) -0 .3(+0.1)  -0 .8(+0.2)  -1.1(+0.2) 
A H0 (kcal) -4.0(+0.5) - 4 . 0 .  - 3 . ~ ( + 0 . , )  
AS: (calldeg) - 12(+ 2) - 12(+ 2) - 8 ( t 2 )  

*The + values listed are our  estimates o f  total uncertainties in the varlous quantities (see 
Discussion in text). Values o f  K, AGO, and ASo are based on molar concentrations of mono- 
mers, dirners, and polymers (3, 4). 

TABLE 6. Approximate contribution of dimers and higher polymers to 
formal concentrations and relative apparent molar enthalpies for 

representative data in Table 1 as calculated from K z ,  K,, 
AHzO, and AH,O values given in Table 4 

o-Cresol m-Cresol p-Cresol 

0.0500 F cresol solution 
% as monomer 
% as dimer 
% as n-mer (n z 2) 
% of 4, from dimer 
% of 4, from n-mer (n > 2) 

0.2500 F cresol solution 
% as monomer 
% as dimer 
% as n-mer (12 z 2) 
% of 4, from dimer 
% of 4, from n-mer (n > 2) 

2.000 F cresol solution 
% as monomer 
% as dimer 
% as n-mer (n > 2) 
% of 4, from dimer 
% of 4, from 11-mer (n > 2) 

model nor the monomer - dimer - stepwise poly- 
mer model fits the data a great deal better than 
the other, we can say something, however, 
concerning the relative strengths and weaknesses 
of these two models. The monomer - dimer - 
stepwise polymer model constrains all Ks and 
AH: values to  be the same regardless of polymer 
size. This is a reasonable assumption if the 
polymers assume linear conformations, but 
there is considerable evidence that this may not 

be the case (3, 4). The  monomer-dimer-trimer 
model assumes only negligible amounts of higher 
polymers in solutions of the formal concentra- 
tions studied. This is most reasonable for low 
concentrations. The thermodynamic data given 
in Tables 2-6 do not appear t o  be unreasonable 
for either model. 

We may use the data in Table 2 for the 
monomer-dimer-trimer model to  estimate the 
relative importances of cyclic and linear dimers 
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in the following manner. If we assume that 
o-cresol is so sterically hindered near the -OH 
group that it forms no cyclic dimers, we may say 
that single bonded dimers contribute -3., 
kcal/mol of dimer formed. If it takes another 
-3., kcal/mol to form the cyclic dimer from 
the linear dimer, it can be shown that the ratios 
of cyclic dimer to linear dimer are 0, 0.9, and 1.7 
for the o-, rn-, and p-cresols, respectively. 

We thank the Brigham Young University Research 
Division for support of part of this work. 
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Methods of preparing 2,3-dioximes of various substituted acetoacetamides are presented. The dissocia- 
tion constants of these compounds and the stability constants of their metal chelates were determined 
by potentiometric p H  measurements. The influence of the substituents of the amide group on the change 
of stability is discussed. 

Les mtthodes pour prtparer les 2,3-dioximes de divers acCtoacCtamides substituCs sont prCsentCes. 
Les constantes de dissociation de ces composCs ainsi que les constantes de stabilite de ses chelates mCtal- 
liques ont CtC dCterminCes par des p H  mesurages potentiometriques. L'influence des substituantes du 
groupe amide sur le changement de la stabilite est discutCe. 

Can. J .  Chem.. 52. 661 (1974) 

In order to examine the relation between the 
structure of a chelating agent and its properties 
to form chelates, we prepared more than 300 
various substituted acetoacetamides. The stability 
constants of metal chelates of acetoacetdialkyl- 
amides, as well as various substituted aceto- 
acetarylamides, show that even substituents 
which are more distant from the chelate ring 
exercise a fundamental influence on the stability 
of metal chelates (1-3). 

By substituting a hydrogen atom of the CH, 
group in central position we obtained 2-halo-, 
2-nitro-, and 2-alkylacetoacetamides which differ 
fundamentally from the corresponding non- 
substituted chelating agents in their ability to 
form chelates (4, 5) .  

An oxime group was introduced into the 3- 
position of the acetoacetamides for preparing the 
3-monoximes of the acetoacetamides, a group of 
compounds forming very stable metal chelates 
(6). Carrying on the previous work, the present 
study examines the 2,3-dioximes of the aceto- 
acetamides and their employment as chelating 
agents. 

Experimental 
The Preparatioir q f  2,3-Dioxiines 

The preparation of the chelating agents was based on 
two patent specifications which describe the production 
and use of fast pigments (7, 8). 

Acetoacetanilide (0.1 mol) was dissolved in a mixture 
of 25 ml glacial acetic acid and 25 ml formic acid and 
500 ml distilled water added. Sodium nitrite (0.1 1 mol) 

was added dropwise and  the solution stirred for 1 h at  
10". The temperature was increased to 70", 0.2 mol 
hydroxylammonium chloride added dropwise, and the 
solution neutralized with 0.2 mol sodium acetate. The 
dioxime 1 settles as a light yellow precipitate. 

The Preparariorr o f  the Metal Clielafes 
The metal chelates were prepared in a mixture of methyl 

alcohol and water (50:50). The chelating agent was dis- 
solved in methanol. A n  excess of sodium acetate was 
added to capture protons evolved during complex forma- 
tion. The metallic salt was added at 55" in the  form of an  
aqueous metal perchlorate solution. The  Co(I1) and 
Fe(I1) chelates were prepared under nitrogen atmosphere. 
The metal chelates thus obtained are insoluble in nearly 
all organic solvents, especially the Ni(II), Co(II), and 
Cu(I1) complexes; therefore, it is possible to  remove an 
excess of the chelating agent by extraction with alcohol. 

Nuclear Magnetic Resonance Spectra 
The proton n.m.r. spectra were recorded at 60 MHz 

(Bruker-Spectrospin) in hexadeuteroacetone solution and 
chemical shifts are ielative to internal tetramethylsilane. 

Mass Spectra 
The  mass spectra were obtained with a S M  1 double- 

focusing mass spectrometer (Varian MAT) a t  30 eV and 
calibrated with perfluorokerosene. The temperature of the 
ion source was 220" and the compounds were heated up 
to this temperature to produce an ion current of lo-"- 
lo-''. The molecular masses were determined with an 
automatic comparator SAM 1 (Leitz-Varian-MAT) and 
in a final calculation (IBM 360/44) determined to 0.001 u. 
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TABLE 1. Elemental analyses, yields and melting points of acetoacetamide- and -anilide-2,3-dioximes 

Elemental analyses (%) 

Melting C H N 
point Yield 

Dioxime ("c) (%) Calcd. Found Calcd. Found Calcd. Found 

Acetoacet- 
diethylamide 
dipropylamide 
dibutylamide 
N-benzylamide 
N-methyl-N- 

benzylamide 
p-nitranilide 
m-nitranilide 
p-amino- 

azobenzene 

Subl. 178 
Subl. 180 
Subl. 147 
Subl. 162 

Subl. 183 
127-128.5 
148-149.5 

Subl. 155 

Poter~tiometric Measurements 
These were carried out with a super potentiograph 

E 436 (Metrohm) in a constant temperature (20 2 0.5") 
container. An electrode E 121 UX (Metrohm) (0-14 pH, 
15-100") was used as a surveyor's chain. The calibration 
was carried out in a standardized buffer solution. The 
accuracy of measurement wask0.02 p H  units for the pH 
values 1-13. HCIO, (1 mmol) and NaCIO, (25 mmol) 
were mixed in 100 ml water-dioxane (50:50) for the 
titration. A solution of carbonate-free sodium hydroxide 
(1 N) was added in small amounts at  a rate of 1 m1/5 min. 

Magnetic Measurements 
The magnetic moments were determined by the Gouy 

method with a research magnet B-E 10 C 8 (Bruker) at 
294 "K and calibrated with HgCo(SCN)+. 

Infrared Spectra 
The i.r. spectra were obtained on a Perkin-Elmer 225 

spectrophotometer using CsJ plates of thickness 0.025 
mm. The samples were measured as a Nujol mull and 
spectra recorded in the range 4000-200 cm-'. 

Results and Discussion 
The new chelating agents are presented in 

Table 1. The compounds were analyzed mass 
spectroscopically. k l l  mass spectra show the 
molecular peak. The line spectrum of 2,3-dioxime 
of acetoacetdibutylamide is given in Fig. 1.  The 
molecular ion of this 2,3-dioxime has a mass 
of 257 and loss of a hydroxyl group gives an ion 
of mass 240. The fragmentation pattern may be 
interpreted as shown in Fig. 2. 

The intensities (I) of the fragmentation ions of 
acetoacetdibutylamide-2,3-dioxime (A) and ace- 
toacetbenzylamide-2,3-dioxime (B) are collected 
in Table 2. The fragment ions (M - CH,R) 
probably indicate a McLafferty rearrangement 
as given in Fig. 3. 

The fragmentation ions of acetoacetdibutyl- 

. . , . .  , . ,  , ,  , , , , , ,  , . .  . . . . . . . . . . . . . . . . . . . . . .  , , , . , , , , , , . , , ,  , . . . .  , , , , , ,  , . , . , . , . .  . . . . . . . . . . . . . . . . . . . . .  , , . , , , , , , , ,  , , ,  , . ,  , 

0 100 200 100 
M A S S  

FIG. 1. Line spectrum of acetoacetdibutylamide-2,3- 
dioxime. 

2.3-dioxime of the acetoocet- 

FIG. 2. Decay mechanism of acetoacetdialkylamide- 
2,3-dioximes. 

amide-2,3-dioxime with the masses 214 and 86 
show intensities of 17.70 and 96.98%. We will 
corroborate this possibility in further studies. 
Further fragmentation of acetoacetdialkylamides 
to  give ions 86 (96.98x)), 72 (8.62%), 58 (loo%), 
43 (24.64%), and  29 (58.8 1%) occurs in the same 
way as shown for acetoacefdibutylamide-2,3-di- 
oxime. Up to the fragment ion c the decay of aceto- 
acetbenzylamide-2,3-dioximes and acetoacetaryl- 
amide-2,3-dioximes follows the  same pattern a s  
found with the decomposition of acetoacetdi- 
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TABLE 2. Relative intensities of peaks in fragmentation of acetoacetdibutylamide-2,3-dioxime (A) 
and acetoacetbenzylamide-2,3-dioxime (B) 

Ion (A) I(%) Ion (B) 1 (%) Ion 1 (%) Remarks 
- - 

Mf 11.01 Mf  3.78 85 4.24 C4H9C0 
a 52.77 a 25.56 77 4.29 Decomposition 
b 3.79 b 0.36 65 of the 
c 1.49 c 0.64 51 phenyl ion 
d 6.35 d' 4.80 39 4.05 
e 34.65 e' 18.97 58 1.89 CH2=C(OH)-CH3 

f 100.00 28 10.85 CzH4 or N2 

Frc. 3. McLafferty rearrangement. 

2,3-d1oxlme of the acetoacet- 

N-benzylam~de 

N-methyl-N-benzylam8de 

FIG. 4. Decay mechanism of acetoacet-N-benzyl- 
amide-2,3-dioxime. 

alkylamide-2,3-dioximes. Further fragmentation 
of ions gives the results shown in Fig. 4. 

With the aid of n.m.r. spectroscopy, the posi- 
tion of the oxime group in the molecule could he 
determined. By coupling the oxime groups with 
adjoining groups the resonance positions of these 
groups are displaced. 

In comparison with the acetoacetarylamides, 
the n.m.r. spectrum of the dioxime as well as of 
the monoxime shows an upfield chemical shift of 
the methyl hydrogens. The chemical shifts in 
p.p.m. are: acetoacet-p-toluidide, 2.35; -p-tolu- 
idide-3-monoxime, 1.92; and -p-toluidide-2,3- 
dioxime, 1.97. The signals of the ring protons, 
however, are not influenced. These facts indicate 
that the oxime was formed in the 3-position. The 
absence of a signal of the hydrogen atoms of the 
methylene group on the one hand and the occur- 
rence of the signal of a second hydroxyl proton 
(11.07 p.p.m.) on the other hand proves the 
oximation of the methylene group. Further evi- 
dence for the introduction of an oxime group in 
the 2-position is given by the displacement chem- 
ical shift of the amide proton to lower field, which 
can be explained by the introduction of an elec- 
tron withdrawing oxime group instead of the 

electron donating methylene group: -3-mon- 
oxime, 9.15 p.p.m. and -2,3-dioxime, 9.25 p.p.m. 
Similarly, the oxime group, being adjacent to the 
methyl group, is displaced to  lower field, com- 
pared with the corresponding monoxime: -3- 
monoxime, 9.77 p.p.m. and -2,3-dioxime, 10.21 
p.p.m. 

The n.m.r. and mass spectra, a s  well as the 
elemental analyses, thus confirm that thechelating 
agents are the 2,3-dioximes of the acetoacet- 
arnides. 

The calculation of the dissociation constants 
of the chelatingagents as well as the stability con- 
stants of the metal chelates was carried out by 
potentiometric analyses of the hydrogen ion con- 
centration (1. 9-11). The trend of the titration 

\ ,  

curve shows that in aqueous solution the di- 
oximes of the acetoacetamides form 1 :2  chelates 
with bivalent ions. In Table 3 the dissociation 
constants pKD of the chelating agents and the 
stability constants pK of some metal chelates 
are presented. 

The values of the stability constants show that 
only Co(I1) chelates have comparable values as 
has already been determined in previous work 
(1-6). The stability diminishes in the order 
2,3-dioximes of the acetoacetanilide, -toluidide, 
-nitranilide, and -chloranilide; all these sub- 
stituents have the same position in the ring. This 
phenomenon can be explained by the relation of 
the conjugation of the chelate ring t o  the electron 
density at  the amide nitrogen. Substituents at the 
phenyl ring having a positive mesomeric effect, 
e.g. the ethoxy or methyl group, obviously favor 
mesomeric structures which increase electron 
density at the amide nitrogen. 

The basicity constant pKB of aniline is a 
measure for the electron density of the amino 
group nitrogen and in case of acetoacetanilide 
for the electron density of amide nitrogen. 

When plotting the average stability constants 
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TABLE 3. Dissociation constants of the acetoacetamide- and -anilide-2,3-dioximes 
I 

and the stability constants of some metal complexes (50% dioxane, I = 0.048) 

Co(I1) Cu(I1) Ni(I1) Zn(I1) 

Dioxime 
-- 

PKD PKI PL PKZ pKi pKn, PKZ pKi PK,, pKz PK, ~Kav PKZ 

Acetoacet- 
diethylamide 10.95 9.60 8.92 8.54 10.09 9.80 9.17 8.93 8.66 8.42 8.31 6.87 6.56 
dipropylamide 11 .OO 9.61 8.95 8.60 10.17 9.89 9.34 9.14 8.78 8.63 8.46 7.01 6.70 
dibutylamide 10.99 9.52 8.89 8.58 10.13 9.78 8.94 9.18 8.82 8.51 8.42 7.02 6.71 
N-benzylamide 10.72 9.18 8.60 8.30 10.04 9.78 9.19 8.86 8.63 8.36 7.78 6.41 6.24 
N-methyl-N- 

benzylamide 10.85 8.59 8.15 7.84 9.35 8.95 8.27 8.13 7.88 7.61 7.92 6.59 6.40 
anilide 10.49 8.95 8.36 8.06 - - - - - -  7.65 6.45 6.20 
p-anisidide 10.09 9.44 8.43 8.12 - - - - - -  7.31 6.03 5.74 
m-anisidide 10.38 9.01 8.32 8.07 - - - - - -  7.50 6.10 5.91 
o-anisidide 10.08 8.96 8.35 7.92 - - - - - -  7.19 5.76 5.59 
p-toluidide 10.35 9.22 8.41 8.15 - - - - - -  7.53 6.10 5.87 
m-toluidide 10.65 8.88 8.46 8.13 - - - - - -  7.74 6.90 6.28 
o-toluidrde 1 0 2 5  8.45 8.14 7.55 - - - - - -  7.18 5.80 5.62 
p-chloranilide 7.48 6.92 5.77 5.42 - - - - - -  4.78 3.32 3.01 
HI-chloranilide 7.30 6.73 5.62 5.30 - - - - - -  4.50 3.08 2.83 
o-chloranilide 8.99 8.23 7.45 7.18 - - - - - -  6.09 4.69 4.42 
p-nitranilide 7.89 7.39 6.21 5.73 - - - - - -  5.29 3.85 3.47 
m-nitranilide 8.55 8.38 7.27 6.77 - - - - - -  5.81 4.29 4.03 

against the basicity constants ofthe corresponding 
anilines, only the 2,3-dioximes of the acetoacet- 
anilides, substituted in nfeta position, have a 
linear relationship. 

As shown in Fig. 5 ,  a substituent which has a 
distinctly negative mesomeric effect, such as the 
nitro group, reduces the stability of the metal 
chelate. In addition, this substituent has a nega- 

FIG. 5. Relationship between the stability constants 
pKa, of Co(I1) complexes with acetoacetarylamide-2,3- 
dioximes (curve 1) and acetoacetarylamides (curve 2), 
and the basicity constants pK, of the corresponding 
anilines. 

tive inductive effect, especially in the ortho or 
nzeta position. 

Comparing the i.r. spectra of various similar 
compounds (1 2- 16) we pointed out that the metal 
in the metal chelates of acetoacetamide-2,3-di- 
oximes is coordinated to the nitrogens of the 
oxime groups. As an example from the corn- 
pounds prepared for this study, the frequencies 
of the i.r. spectrum of acetoacet-p-toluidide-2,3- 
dioxime (HA) and its metal chelate (MeA,) are 
collected in Table 4. 

The frequencies of the C=N and the 
R-CO-NH vibrations in the i.r. spectra of the 
metal chelates are shifted to lower values in com- 
parison to the i.r. spectra of the chelating com- 
pounds. This shift is related to the strength of the 
metal +N=C donor x-bond. 

The probability of the formation of a donor 
x-bond, and therefore the strength of a bond of 
this nature, depends on the energy difference be- 
tween the d-electrons of the metal and the 
x-electrons of the ligand. The energy of the elec- 
trons participating in the formation of the donor 
.n-bond can be characterized by the energy re- 
quired for the further ionization of the metal ion 
in question (by the third ionization potential in 
the case of bivalent metals). The lower this latter 
value, the more probable is the formation of a 
donor x-bond in the case of the same ligand and, 
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TABLE 4. Frequencies of the i.r. spectra of the acetoacet-p-toluidide-2,3-dioxime 
and its metal chelates 

-- 

Frequency (cm-') 

v(NH) 
v(OH) 
&(OH) 
v(C=N) 
v'(C=N) 
v(CO-NH) 
v(NO) 
v'(N0) 
y(OH) 
v(Me-N) 
vl(Me-N) 

thus, the more stable is the donor .n-bond. This 
assumption has been presented in a simplified 
way, as ligand field effects and the symmetry of 
the orbitals in complexes were not taken into 
account. As the Co(I1) complex of the acetoacet- 
p-toluidide-2,3-dioxime shows the lowest fre- 
quency of the C=N vibration, it can be seen that 
more conjugation takes place in the chelate ring 
of this complex. 

Plotting the frequencies of the C=N vibration 
of the metal chelates against the third ionization 
potential of the metals gives a nearly linear 
correlation. The strength of the donor x-bond 
increases in the order Cu < Ni < Co. 

The properties of the 2,3-dioximes of the aceto- 
acetamides which differ in all other cases from the 
acetoacetamides, and from their corresponding 
3-monoximes, can be explained by the following 
factors : instead of an oxygen atom the donor is a 
nitrogen atom, the distance of the donor atoms 
being much smaller, which causes the chelate 
ring to  become smaller and not planar; the acid 
character of the acetoacetamides is dependent on 
the dissociation of the en01 form corresponding 
to  the keto-en01 tautomerism (17). Although the 
en01 form, in the monoxime, forms stable hydro- 
gen chelates, this is not the case with the dioximes. 
Because of the fact that the measured KD values 
d o  not correspond to the real dissociation con- 
stant KE, the relatively low K, values can be ex- 
plained. The metal complex of the acetoacet- 
amides holds two hexatomic chelates, compared 
t o  two pentatomic chelates for the corresponding 
2,3-dioximes, whereby their stability can be fur- 
ther raised by formation of two additional hex- 
atomic chelates which are formed by hydrogen 
bonds. The chelate rings d o  not possess a quasi- 

aromatic character. The dissociation and stability 
constants of the 2,3-dioximes show good agree- 
ment with the values reported by Banks and 
Anderson (18). In this context it has  also been 
found that the stability of the metal chelates 
with an increasing volume is largely influenced by 
steric interferences. Increasing the length of the 
alkyl chain does not always lead t o  increased 
stability. The increase of electron density at the 
amide nitrogen, which is otherwise accompanied 
by an increasing stability, is exceeded by the 
steric influence. 

O n  the basis of the present data t h e  stability of 
the metal chelates decreases in the order 

Cu > Co 7 Ni >> Zn, 

which corresponds to  the rule of Irving and 
Williams about the stability of metal chelates (19). 

Measurements of the magnetic properties of 
the complexes are of decisive importance for ex- 
periments concerning the structure a n d  formation 
of chelates. 

Nickel and palladium (both bivalent) have 
theoretically either two unpaired electrons with 
per, = 2.83 B.M. or  no unpaired electrons with 
perf = 0.0 B.M. For  the prepared Ni(l1) com- 
plex, X, = - 64. This suggests that t h e  complex 
is diamagnetic and possibly has a square-planar 
dsp2 structure. Banks et al. (20) report similar 
values. The X, values of the Ni(I1) complexes of 
various vic-dioximes are: Ni(DMG), X, = - 106, 
bis(l,2-cyclohexadionoximato-N,N')n~ckel(II) 
XM = - 134. The relatively small value of the 
molar susceptibility can probably b e  explained 
in terms of small amounts of the dimeric complex 
having a weakening effect on the magnetic sus- 
ceptibility. A conclusive. proof of the  dimeric 
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complex of the prepared Ni(I1) complex could 
not be found; however, the dimension of the 
spherical caps model indicates that this is gener- 
ally possible. The X-ray structure analysis of this 
molecule remains to be done and shall furnish 
the conclusive proof of this hypothesis. 

The Co(I1) complex has a magnetic moment of 
p,,, = 1.87 B.M. There are numerous examples 
(21-23) for this typical low-spin complex: 
Co(DMG),, for instance, being quadruply 
square-planar coordinated, has a magnetic 
moment of p,,, = 2.6 B.M. Comparison with 
Co(DMG),.H,O (p,,, = 1.92 B.M.) gives an 
analogous value (23). The magnetic moment of 
the Cu(11) complex (p,,, = 1.76 B.M.) can be 
arranged among the first group of the Cu(I1) com- 
plexes as postulated by Ray and Sen (24). In these 
cases the magnetic moments amount to 1.72-1.82 
B.M., the bond being mainly covalent with a dsp2 
hybrid, the color being black, brown and red, 
or yellowish-green. Another possibility is that 
a dimeric complex impurity lowers the normal 
magnetic moment from p,,, = 1.91 to 1.76 B.M. 
(25-27). The magnetic moment of the Fe(II1) 
complex with p,,, = 5.15 B.M. indicates a rela- 
tively normal high-spin complex (27). The mag- 
netic moments of the Fe(I1) complexes with 
acetoacetamide-2,3-dioximes were measured as a 
function of temperature. The values obtained 
point to a high-spin + low-spin transition. We 
will corroborate these measurements and publish 
the results in a subsequent paper. 
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The ' 9F Nuclear Magnetic Resonance Spectra of Octahedral Fluorothiocyanato- 
N- and Fluorocyanato-N-Titanates(1V) 

Department of Chernistry, University of Westerrl Ontario, Lorldorr, Otztario N6A 3K7 

Received July 30, 1973 

The low temperature l g F  n.m.r. spectra of the mixtures TiF62--TiX62- (X = CI-, Br-, NCS-, NCO-) 
in sulfur dioxidesolution have been examined. When X = Cl- or Br- rapid fluorine exchange is occurring 
even at the lowest accessible temperature, but when X = NCS- or NCO- the spectra of the individual 
mixed species TiF, -,X,Z- are observed. In the latter two cases the solutions also contain fluorine-bridged 
dimers in stable equilibrium. The I9F chemical shifts of TiF6-,XX2- (X = NCS- or NCO-) and of some 
related mixed complexes are reasonably represented by the equation 6 = pC + q T  where C and  Tare  
constants characteristic of the substituent X andp  and q are the number of ligands X cis and trans respec- 
tively to the resonating fluorine. The constants T appear to be a measure of the n-donor ability of the 
ligand X in these complexes, supporting the idea that the chemical shift of a fluorine in fluorotitanates 
is determined largely by the extent to which fluorine-to-titanium back donation occurs. 

Les spectres r.m.n. a basses temperatures du 19F, des melanges TiFs2--TiXsZ- (X = Cl-, Br-, 
NCS-, NCO-) dans des solutions d'anhydride sulfureux ont CtC examines. Lorsque X = C1- ou Br- 
1'Cchange rapide du fluore se produit mime a la plus basse temperature accessible, par contre lorsque 
X = NCS- ou NCO- les spectres individuels des esptces mClangCes TiF, -,XzZ - sont observes. Dans  ces 
deux derniers cas les solutions contiennent tgalement en Cquilibre stable des dimtres par pont fluor. Les 
deplacements chimiques du 19F de TiF, -,Xx2- (X = NCS- ou NCO-) et de  quelques complexes mixtes 
apparentis sont assez bien decrits par I'equation 6 = pC + q T  oh C et T sont des constantes caratiristi- 
ques du substituent X et p et q sont les nombres de ligands X en position cis et trans respectivement par 
rapport au fluor resonant. Les constantes T se rtvtlent comme des mesures d u  caracttre n-donneur du 
ligand X dans ces complexes, ce qui prouve que le diplacement chimique de fluor dans les fluorotitanates 
est determine en grande partie par I'importance du transfert en retour fluor a titane. 

[Traduit par le journal] 
Can. J. Chern., 52, 667 (1974) 

Introduction 

A number ofI9F n.m.r. studies of titanium(1V) 
fluorocomplexes have been reported (1-1 2). None 
of these studies, however, provide data for com- 
plete or near-complete series of species of the 
type TiF,-,X$-, where X is a monodentate 
ligand, although the spectra of complete series 
with the bidentate ligands oxalate and malonate 
are known (9). 

We felt that it would be of interest to  obtain 
the 19F n.m.r. spectra of some representative 
series TIF,-,X:-, and to  determine whether, in 
general, substituent effects on the fluorine chem- 
ical shifts in these series were additive. Additivity 
of substituent effects in octahedral fluorocom- 
plexes was first noted for substituted fluorostan- 
nates (1 3), where, relative to SnF,'-, the chemical 
shift, 6(F), of any fluorine is related t o p  and q, the 
number of substituents cis and trans to it by eq. 1 
in which C and Tare empirical constants charac- 
teristic of the substituent. Among complexes of 

do transition metal ions, this relationship has been 
found to hold loosely for fluorooxalato- and 
fluoromalonato-titankes (9). and for some fluoro 
compounds of hexavalent't;ngsten ( 14-16).' 

The fluorine n.m.r. spectra of the series 
TiF, -,X$- might also provide useful informa- 
tion regarding the extent and importance of 
fluorine-to-titanium n-bonding in titanium fluoro 
complexes. Ragsdale and his co-workers (2, 3, 7, 
8) have provided two lines of evidence for back- 
bonding from the filled fluorine p, orbitals into 
the empty titanium d, orbitals. Firstly they find 
that, in the absence of bulky ligands? the cis 
isomer of TiF,.2B (where B is a neutral base) is 
greatly favored over the trans, though thetranslcis 
ratio increases as the base strength of  B increases. 
These data are consistent with the occurrence of 

'Brinckman and co-workers (17) have shown that the 
19F chemical shifts of the fluoromethoxytungsten(V1) 
series are best represented by separate parabolic functions 
for the cases where q = 0 or q = 1. 

2The importance of steric effects due t o  the presence 
of bulky donor atonls has also been stressed (18). 
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fluorine-to-titanium back-bonding since such 
multiple-bonding is expected to  favor the cis 
isomer if n-donation from fluorine exceeds 
n-donation from the other ligand (19). Secondly 
Ragsdale et a/. find that, in TiF, complexes with 
substituted aromatic amine oxides (3, 7, 8), the 
chemical shift of a fluorine is particularly sensitive 
to the nature of the ligand trans to it; the shifts to 
lower field observed with decreasing electron 
availability on the trans ligand are suggested to 
reflect increasing fluorine-to-titanium n-bonding, 
such an interpretation being in agreement with 
the theoretical treatment of Karplus and Das (20). 

In the present work we have used low tempera- 
ture 19F n.m.r. spectroscopy to study redistri- 
butions of TiF6,- with TiX,,- (X = Cl-, Br-, 
NCS-, NCO-) in liquid sulfur dioxide as solvent. 
The 19Fchemical shifts of the isothiocyanato- and 
isocyanate- complexes have been examined for 
the additivity of substituent effects, and the 
importance of fluorine-to-titanium n-bonding 
in these and some related complexes has been 
assessed. 

Results and Discussion 
Formation of the Coniplexes 

The redistribution mixtures T~F, , - -T~x ,~-  
were formed directly for X = C1-, Br-, or 
NCS-, but for X = NCO-, the mixture was 
formed by treating TiF,,--~icl,, - with a slight 
excess of silver cyanate. 

Ident13cation of, atid Nomenclature used for, 
the Complexes 

The species formed in the equilibrium mixtures 
were identified as described in ref. 13, i.e., using 
a knowledge of the n.m.r. spectral pattern ex- 
pected for each complex, coupled with the ob- 
served changes in intensities of the various signals 
as the FIX ratio was changed. In formulating the 
complexes, the conventional numbering scheme 
for an octahedron is followed, positions 1 and 6, 
2 and 4, and 3 and 5 being trans to each other, and 
the numbers are presented in the formulae as 
right superscripts following the symbol for the 
ligand. The fluorines are not numbered in the 
formulae since their positions follow directly 
from the numbering of the other ligands. 

19F Nuclear Magnetic Resonance Spectra 
At room temperature, the 19F n.m.r. spectra of 

sulfur dioxide solutions of all the systems showed 
broad lines. For X = C1- or Br-, these broad 
lines persisted to  the lowest temperature attain- 

able (ca. - 80") so that no data on chlorofluoro- 
or bromofluoro-titanates were obtained. When 
X = NCS- or NCO-,  however, the low tempera- 
ture n.m.r. spectra exhibited separate signals 
attributable to the expected redistribution prod- 
ucts, as exemplified in Fig. 1 for TiF62-- 
Ti(NCS)62-. (The spectra of the system TiFG2-- 
Ti(NCO),,- were very similar but the amounts 
of dimeric ions (see below) formed in this case 
were smaller.) Details of the 19F n.m.r. spectra of 
the fluorothiocyanato-N- and fluorocyanato-N- 
titanates(1V) are given in Table 1. In this table, 
the chemical shifts are referred to internal 
TiF,,- (these shifts varied over -2 p.p.m. with 
concentration; mid-range values are given), and 
assignments in parentheses are those deduced 
from the empirical chemical shift correlations 
discussed later. 

In addition t o  the resonances attributable to  
TiF,-,X:-, the n.m.r. spectra of TiFG2-- 
Ti(NCS),,- (see Fig. 1) and TiF,2--Ti(NC0)62- 
solutions show signals due to dimeric fluorine- 
bridged fluoroanions of titanium (12). For in- 
stance in Fig. la, a spectrum consisting of a 
double-quintet, I ,  a double-doublet, 2, and a high 
field multiplet, 3, is observed. This spectrum is due 
to  the previously recognized (1 2) Ti,F, 13-  anion. 
Similarly, in Fig. lb, resonances 3 and 4 are ob- 
served in the positions expected (12) for the 
Ti,F,$- ion, and resonance 7 is attributable (12) 
to  the Ti2F9- anion. 

The Mechanism of Redistribution 
Polymeric fluoroanions of titanium have not  

previously been observed in redistributions in- 
volving titanium(1V) fluoro complexes. They 
have, however, been suggested as intermediates 
in such scrambling processes (2, 10). Formation 
and cleavage of a fluorine-bridge could result in 
the transfer of fluoride from one  metal center t o  
another, as shown by the following hypothetical 
sequence : 

The existence of significant amounts of the  
dimeric fluorine-bridged species in stable equilib- 
rium in the present systems is supportive evidence 
for such a transfer mechanism. The stability of 
the polymeric fluoroanions in these systems is 
probably a result of the acceptor ability of the  
sulfur dioxide which is being used as a solvent. 
SO, is known t o  form stable solvates with halide 
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DEAN A N D  FERGUSON: '9F N.M.R. SPECTRA OF TITANATES (IV) 

-175 -160 -25 
H,( p.p.m. from TIF~ ' )+  

FIG. 1. The -60°, 58.3 MHz, 'T n.m.r. spectra of solutions with (a) (Pr"2NHz)2TiF~/Bu",N)2Ti(NCS)6/S0,= 
9.14/1.00/ 118, (6) (Prn2NH2)2TiF6/(Bun4N)zTi(NCS)6/S02 = 1.00/1.06/28.3. A = [Ti(NCS)'F5I2-, F Z - 5  ; A' = 
[Ti(NCS)'F51Z-, F6; B = [Ti(NCS)21-2F4]2-, F3,5;  B' = [TI(NCS)~' , 'F~]~- ,  F4v6; C = [Ti(NCS)Z116F4]2-; D = 
[Ti(NCS)31,2,3F3]2-; E = [ T I ( N C S ) ~ ~ ~ ~ ~ ~ F ~ ] ~ - ,  F3s5;  E' = [Ti(NCS)3'*2.6F3]2-, FJ;  F = [Ti(NCS)41v2*3-4F2]2-; 
G = [Ti(NCS),FIZ-; 1,2,3 = Ti2FIl3-; 4,5 = TizFlo2-; 7 = Ti2Fg-. 

and pseudohalide ions (ref. 21 and references These plots exhibit the trends expected on the 
therein), and the formation of these specific sol- basis of eq. 1. The best fits to eq. 1 are represented 
vates would force an equilibrium such as by the solid lines in Fig. 2. C = -21.9 and 

TiF6Z - + TiF5(NCS)2- + Ti2F, 13 -  + NCS- T = - 80.4 p.p.m. reproduce the 11 data points 
for the series TiF,-x(NCS)x2- with a mean devia- 

towards the right hand side. tion of 4.4 p.p.m., the range being 166 ~ . p . m . , ~  

19F Chemical Shifrs wh~le for the series TiF6-,(NCO):- C = - 14.9 

If eq. 1 holds for the series TiF,-,X,2-, then a and = -34'8 p'p.m' the l 2  data 

plot of 6(F), the chemical shift of a fluorine rela- points (range 95 p.p.m.) with a mean deviation of 

tive to  TiF6'-, us. p, the ilumber of substituents 3.6 p.p.m. The agreement with eq. 1 is thus not 

X cis to that fluorine, should give two parallel 3The additivity provides evidence that the bonding 
lines separated by a distance T. Figure 2 shows mode of the NCS- is constant in the series TiF6-,- 
such plots for the thiocyanate and cyanate series. (NCS).Z-, i.e., i t  is N-bonded, as inTi(NCS)62- itself (22). 
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TABLE 1. The 19F n.m.r. spectra of fluorotitanate(1V) complexes in liquid sulfur dioxide solution at -60°C 
-- 

cis/ trans 
or 

Chemical shift? J(19F-19F) faclmer 
Complex Assignment* ( P . P . ~ . )  (Hz) ratio 

"For numbering system, see text. 
?Median values, relative to internal TiF6'- except where noted. 
tQuery indicates assignment o f  isomer based o n  empirical chemical shift correlations (see text). 
§Measured relative t o  internal [Ti(NCS)3'.'."F31'- as primary reference, and referred lo T i F b 2 -  u ~ i n g G ( T i F ~ ~ - )  = 6(TiF3(NCS)32-) - 129 

p.p.m. 

perfect, but it is certainly good enough to con- adequately using eq. 2, which is an obvious ex- 
firm the assignments made, and it is, in fact, com- tension of eq. 1 (13). For example, the 12 data 
parable to the agreement obtained for the fluoro- 
stannates with the same ligands (13). Better re- 
production of the data can be obtained by fitting 
the lines corresponding to q = 0 and to  q = 1 
separately (c.f. ref. 17): the dashed lines in Fig. 2 
correspond to q = 0 and give mean deviations of 
3.3 (NCS-) and 1.7 (NCO-) p.p.m., while the 
dot-dash lines correspond to q = 1, the mean 
deviations being 2.2 (NCS-) and 0.8 (NCO-). 
Unfortunately this "two-line" approach lacks 
the simplicity of eq. 1 ; it is not clear, for instance, 
how it could be extended to ternary mixtures such 
as the ether adducts of titanium chlorofluorides 

PI 6(F) = CPC + XqT 
points for 1,2-dimethoxyethane (DME) adducts 
of TiF,-$1, in dichloromethane solution (1 1) 
can be reproduced to a mean deviation of 2.6 
p.p.m. in a range of 273 p.p.m. using4 CDME = 
-42.5, TDME = -131.0, Ccl - = -33.3, Tc, - = 
- 34.0 and a chemical shift of - 71+ (the value in 
CHC1, solution(9)) for T ~ F , ~ - .  

It is evident that eq. 1 and the extension of it 
remain of considerable utility in making "F 
chemical shift assignments for substituted octa- 
hedral fluorocomplexes of titanium(1V). 

reported by Borden et (10, 11). The data for 4The parameters for DME correspond to + of that  
these systems can, however, be reproduced ligana. 
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DEAN AND FERGUSON: 19F N.M.R. SPECTRA OF TITANATES (IV) 671 

5 1750 1 3 4 

Substituents cis to resonant fluorlne 

Substituents cis to  resonant fluorine 

FIG. 2. (a) Fluorine chemical shift us. number of cis 
substituents, p, for the system TiF62--Ti(NCS)62-. The 
lines -, ---, and -.-.- correspond to 6(F) = p(-21.9) 
+ q(-80.4) - 5.8, 6(F) = p(-26.6) + 1.8, and 6(F) = 
p(-  19.4) - 91.2 p.p.m., respectively. (b) Fluorine chem- 
ical shift us. number of cis substituents, p ,  for the system 
TiF62--Ti(NC0)62-. The lines -, ---, and -.-.- corre- 
spond to  S(F) = p(- 14.9) + q(-34.8) - 5.0, S(F) = 
p(- 17.7) + 0.6, and S(F) = p(- 12.1) - 45.5 p.p.m., 
respectively. 

Fluorine-to-titanium K-Bonditrg in Titaniuni 
Fluorocomplexes 

The data in Table 1 show that the distribution 
of geometrical isomers in the fluorothiocyanato- 
N- and fluorocyanato-N-titanates is not statisti- 
cal. (For a statistical distribution we expect cis/ 
trans = 4 and faclnzer = 213.) Rather, those 
isomers (cis or fac) having the maximum number 
of fluorines trans to -NCS or -NCO are pre- 
ferred, this preference being stronger in the case 
of -NCS than in the case of -NCO. According 
to the arguments summarized earlier, the data 
suggest that the K-donor abilities of the ligands in 
these complexes are F -  > NCO- > NCS-. 

If, as suggested by Ragsdale and co-workers 
(3, 7, 8), increasing back-donation from fluorine 
to titanium produces a downfield chemical shift 
and is caused by diminishing n-donor ability of 
the tratis ligand, the parameter T derived from 
eq. 1 should be an approximate measure of the 
n-donor ability of a substituent in a titanium 
fluoro-complex. By this reasoning the values of 
T obtained above for NCO- and NCS- (i.e. 
- 35 and - 80 p.p.m.) lead to then-donor abilities 
F -  > NCO- > NCS-, the same order obtained 
from the distribution ratios of the geometrical 
isomers. 

In view of the apparently successful correlation 
of T and K-donor ability for the limited series of 
ligands F- ,  NCO-, NCS-, it is of interest to 
determine whether the correlation is general. As 
noted earlier, data for few complete series have 
been obtained; nevertheless, approximate C and 
T parameters can be derived5 from the chemical 
shifts o~T~F,B( '  "' ')- and TiF,B,(O Or ')- relative 
to T~F,'-. In this way, approximate values of T 
for alkoxides (9), carboxylates (9), alcohols (2), 
water ( 3 ,  substituted aromatic amine oxides (3, 
7, 8), and T~F,'- (12) as ligands are obtainable, 
and comparison with the parameters for C1-, 
NCO-, NCS-, and DME (see earlier) is possible. 

Figure 3 shows a plot of T, for various anionic 
ligands, as a function of the Hammett-Taft pa- 
rameter, oRO, of the ligand ; oRO values are thought 
to be a measure of the K-donor abilities of the 
various substituents (23). An approximate rela- 
tionship between T and oRO is evident in Fig. 3 

5For  TiF5B(' O r  ')- , giving an AX, spectrum, 6(A) = 
T, S(X) = C. cis-TiF4B2(0 Or ')- gives an A2X2 spectrum: 
if A is shown to be trans to B, then S(A) = C + T, 
6(X) = 2C. tra~zs-TiF~B~(O "I2'- gives a singlet with 
6(F) = 2C. 
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FIG. 3. The relationship between the empirical 
chemical shift parameter T (p.p.m.) and the Hammctt- 
Taft parameter oRo (see text). 

and the existence of such an approximate rela- 
tionship is supported by two additional facts: (i) 
the observation that for fluorine-containing 
species of hexavalent tungsten, 02- has a much 
more positive T value than OMe- (15, 17, 24), 
while, consistently, oRO for 02- is much more 
negative than oRO for OMe- (23); (ii) the position 
of the intercept in Fig. 3 (i.e. - 119 p.p.m, for the 
best straight line) which is in the region where the 
T values for ligands such as ROH, H20 ,  DME, 
and TiFG2-, all expected to be poor K donors, 
fa1L6 (MeOH (2), H 2 0  (5), DME, and T ~ F , ~ -  
(12) have T z  -100, -94, -131, and -103 
p.p.m., respectively.) 

Our results demonstrate, therefore, that a wide 
range of T values can be correlated at least ap- 
proximately with the n-donor ability of the 
ligand. This observation in turn supports the 
suggestion (3, 7, 8) that fluorine chemical shifts 
in titanium fluorocomplexes depend upon the 
extent to which fluorine-to-titanium K-bonding 
occurs. 

Experimental 
Materials 

Di-11-propylammonium hexafluorotitanate was pre- 
pared as reported earlier (4). The syntheses of tetra-n- 
butylammonium hexachlorotitanate and hexabromo- 
-- 

6The plot in Fig. 3 suggests that aromatic amine oxides 
are moderate-to-poor TC donors; e.g. use of G(TiF6'-) = 
-714, and the data of ref. 8, gives T for pyridine-N- 
oxide as -54 p.p.m. 

titanate were according to refs. 25 and 26, respectively. 
Sulfur dioxide (Matheson anhydrous grade) was dried 
by standing in the gas phase over 3A Molecular Sieves. 

Tetra-11-butylan~rnoni~r,,l Hexatl~iocyanato-N-titat~ate 
A slight excess of silver thiocyanate was allowed to 

react with a sulfur dioxide solution of (B~",N)~Tic16 o r  
(Bun4N),TiBr6 in a previously described (27) apparatus. 
The mixture was stirred in the dark for ca. I h at room 
temperature, the deep red solution was filtered off, and 
the precipitate washed several times with SO,. The SO2 
was removed from the solution leaving the deep red 
product which was pumped 61 vacrro to remove last traces 
of solvent. 

Anal. Calcd. for C38H72N8S6Ti: C, 51.78; H, 8.24; 
N, 12.71; S, 21.82. Found: C, 51.89; H, 8.26; N, 12.52; 
S, 21.72. 

(Bu"~N)~T~(NCS) ,  has recently been synthesized by a n  
alternative route and shown froni its vibrational spectrum 
to contain N-bonded thiocyanate (22). 

Sat?~ple Preparation 
The apparatus and mode of sample preparation were 

essentially as described for the preparation of TiF4- 
TiFs2- mixtures (12). In the cases of TiFsZ-TiXs2- 
mixtures where X = CI-, Br, or NCS-,  the reactants 
were (Prn2NH2),TiF6 and (Bun4N),TiX6. For TiFs2-- 
Ti(NCS)& the reaction took several hours at  room 
temperature to reach equilibrium. F o r  the preparation of 
TiF6Z--Ti(NC0)6Z-, (PrnzNH2)2TiF6, ( B U " ~ N ) ~ T ~ C ~ ~  
and a slight excess of AgNCO were shaken in liquid SO, 
for 15-30 min before transferring the solution to the 
n.m.r. tube. 

' T N~tclear Magnetic Resotlance Spectra 
The methods of n.m.r. measurement have been des- 

cribed previously (28). Varian DP-60 and HA-100 
spectrometers were used. 

Microarlnlyses 
These were performed by Alfred Bernhardt, Mikro- 

analytisches Laboratoriuni, West Germany. 

We are grateful to the National Research Council of 
Canada for generous financial support of this work. 

1. E. L. MUETTERTIES. J. Am. Chem. Soc. 82, 1082 
( 1960). 

2. R. 0. RAGSDALE and B. B. STEWART. Inorg. Chem. 2, 
1002 (1963). 

3. D. S.  DYER and R. 0. RAGSDALE. Inorg. Chem. 6, 8 
(1967). 

4. P. A. W. DEAN and D. F. EVANS. J. Chem. Soc. A, 698 
(1967). 

5. Yu A. BUSLAEV, D. S. DYER, and R. 0. RAGSDALE, 
Inorg. Chem. 6,2208 (1967). 

6. D. S: DYER and R. 0. RAGSDALE. J. Phys. Chem. 71, 
2309 (1967). 

7. D. S.'DYER and R. 0. RAGSDALE. Inorg. Chem. 8, 
1116(1969). 

8. C. E. MICHELSON, D. S. DYER, and R. 0. RAGSDALE. 
J.  Chem. Soc. A ,  2296(1970). 

9. P. A. W. DEAN and D. F. EVANS. J. Chem. Soc. A ,  
2569 (1970). 

10. R.  S. B ~ R D E N  and R. N. HAMMER. Inorg. Chem. 9, 
2004 (1 970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Thermodynamics and Spectroscopy of the Hydrogen Bonded Complex 
Formed between Hydrogen (Deuterium) Chloride and Dimethyl Ether 

in the Gas Phase by Raman Scattering' 

A. S. GILBERT* AND H.  J.  BERNSTEIN 
Division of Che~~z i s t ry .  Nario~~crl Rcsenrch Colr~zcii of Cntzndrr, Otmwrr, Crrnncirr KIA OR6 

Received September 26, 1973 

The equilibrium constant K p  has been obtained for the complex CI-D. . .O(CH,), over a range of 
temperatures between 22 and 132 "C by monitoring the integrated intensity of theRaman scattered band 
from unassociated DCI in a mixture with dimethyl ether. By applying the relation In Kp = -AH/RT + 
ASIR the quantities AH, AG, and AS have been evaluated. 

Broad v c l - ~  and vcl-, complex bands have been observed and are found to be polarized. 

Utilisant I'intensite integree de la raie diffusee dans le Raman par le DCI non-associe dans un melange 
avec I'ether dimkthylique, on a pu determiner la constante d'equilibre K p  du complexe CI-D. . .0(CH3)2 
a diverses temperatures entre 22 et 132 "C. Utilisant In K ,  = AH/RT + A S / R  on a pu Cvaluer les valeurs 
de AH, AG et AS. 

On a pu observer des bandes larges et complexes pour vc,-ll et v c l - ~  et on trouve qu'elles sont 
polarisies. [Traduit par le journal] 

Can. J .  Chern., 52, 674 (1974) 

1 Introduction kcal per mol. Values for the equilibrium con- 

In order to gain information on the spectro- 
scopic and thermodynamic properties of hydro- 
gen bonds it is desirable to study such systems 
in the gas phase where nonspecific interactions 
such as solvent effects are minimized. However, 
relatively few such studies have been undertaken 
compared to the vast amount of published work 
on hydrogen bonding in liquid and solid phases. 

When hydrogen (deuterium) chloride and 
dimethyl ether (DME) vapor are mixed together 
at room temperature a significant proportion of 
a complex, Cl-H.. .O(CH,),, is formed as a 
gaseous component of the mixture in equilibrium 
with unassociated component molecules. Several 
studies of this system have been made using 
both spectroscopic (1-5) and nonspectroscopic (6) 
techniques. In this paper we report the results 
of an investigation into the spectroscopic and 
thermodynamic properties of the complex by 

stants of the system which have-been obtained 
from vapor pressures (6), i.r. (3), and n.m.r. (5) 
measurements confirm this view and yield a 
range of values for AH of between 5+ to 79 kcal 
mol-'. This variation in published values is 
probably due to the unsuitability of the methods 
employed. For  instance the method of vapor 
pressures does not distinguish between specific 
and nonspecific interactions in the gas mixture 
while, though the i.r. method allows the complex 
itself to be "seen", its bands are overlapped by 
those of the unassociated components. 

Measuremect of the Thermodynamic Values of 
the Deuterium Chloride - Dimethyl Ether 

System 

If the self association of the gases is negligible, 
the equilibrium can be described as 

- - 
utilizing Raman scattering. 

The frequency separation of the v,,-,(,, mode with equilibrium pressures of PA - Px, P, - 

of the complex from the unassociated hydrogen Px, and Px. The equilibrium constant K, is 
I 

chloride band suggests that the enthalpy of given by 
1 

complex formation is in the region of a few Kp = pX/(pA - Px)(PB - Px) 
Assuming the gases behave ideally, the enthalpy 

'NRCC No. 13680. of complexation is given by 
'N.A.T.O. Fellow 1972-1973. Present address: Depart- 

ment of Pure and Applied Chemistry, University of ln Kp = -AH/RT + ASIR 
Strathclyde, Thomas Graham Building, 295 Cathedral 
Street, Glasgow G1 1XL, Scotland. The enthalpy may thus be calculated from the 
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GILBERT AND BERNSTEIN: ON H IYDROGEN BONDED COMPLEX 675 

slope of a In Kp us. - 1/T plot, the intercept of 
which gives the entropy change. These quantities 
are related to the free energy by 

AC = AH - TAS 

Though the shift of the Cl-D stretching 
mode of the complex is relatively large, it 
absorbs as a very broad and intrinsically very 
intense band which overlaps with both the 
rotational branches wherein resides all the 
vibrational intensity of the unassociated deuter- 
ium chloride. By contrast it is characteristic of 
Raman spectra that the major part of the 
intensity is from the central Q branches, and 
that hydrogenic modes of bonds involved in 
hydrogen bonding are intrinsically weak. 

We have followed the equilibrium by monitor- 
ing the pure vibrational scattering (Q branch) 
of the unassociated deuterium chloride. The 
scattered intensity was assumed to be propor- 
tional to  the molecular density of the component 
over the temperature range. Under the conditions 
of our experiment (vide experimental) self 
association of the gases can be ignored (5). We 
were able to examine the Q branch of deuterium 
chloride without significant overlapping from 
any other band. As it is desirable t o  use an 
internal intensity standard, we added nitrogen 
to  our mixture. Thus several intensity values of 
the free DCl band I, - I,, proportional to  
PA - P,, (where PA = partial pressure of free 
DCl, P ,  = partial pressure for free DME) were 
measured by comparing the integrated scattered 
intensity with that of the N, vibrational band 
over a range of temperatures between 22 and 
132 "C. T o  calculate I, it was necessary to know 
I, which was taken to be the limiting value of 
IA - I, at high temperatures. This was estimated 
from a plot of IA - Ix us. T. As the initial 
pressures of the constituents were known the 
quantities PA, P,, and P, could be calculated 
with appropriate allowances for the Boyle's law 
variation of pressure with temperature. Thus Kp 
was evaluated and both AH and AS were 
obtained from a linear plot of In Kp us. 1/T. 

Experimental 
The spectra were recorded using a Jarrell-Ash 25-102 

dual monochromator with photoelectric detection 
(ITTFW130) and photon counting. Exciting source was 
a CRL Model 52 Ar ion CW laser delivering around 1 W 
of power at either 4880 or 5145 A. A multipassing device 
(8) was used to  enhance the scattered light signal. 

The samplcs were handled in a glass vacuum system, 
from which was filled a small quartz cell fitted with 
Brcwster angle windows. For the measurement of the 
equilibrium constants, pressures of the gases were 
measured manometrically to within 2 1 Torr  and were 
taken to be 52, 754, and 304 Torr for DCI, DME, and 
N,, respectively. No evidence of condensation was 
discovered at  any temperature. For the observation of 
the CI-H(D) stretching modes of the complex rather 
higher pressures of halide were used, typically 500 Torr 
along with a roughly equal pressure of ether. 

Deuterium chloride was obtained from Merck, Sharp 
and Dohme; hydrogen chloride, dimethyl ether, and 
nitrogen from the Matheson Company, all with quoted 
minimum purities of 99%. No further purification of the 
gases was attempted. 

The temperatures of the system were measured by a 
spectroscopic method. Originally it had been intended to 
use a thermocouple but the conclusion was that because 
of the experimental configuration, accurate readings might 
not be obtained. Instead the nitrogen gas was made to 
serve a dual purpose by recording its pure rotational 
spectrum at each temperature. The relative intensity of 
any line I(J) in the pure rotational Raman spectrum of 
nitrogen is given (7) (rigid rotor approximation) by 

I (J )  = v4g(J)S(J) exp [ - BJ(J + I)hc/kT] 

where v = absolute frequency of the emitted line, g(J) = 
nuclear spin factor which is 1 for even J and + for odd J ,  
S(J) = 3(J + l)(J + 2)/2(2J + 3) Stokes, = 3(J - l ) J /  
2(2J - l)Antistokes, h = Planck'sconstant, c = velocity 
of light, k = Boltzmann's constant, T = temperature. By 
rearrangement it is easily seen that 

If I ( J )  is measured for a number of bands, and the 1.h.s. 
then plotted against J ( J  + I), a straight line should be 
obtained whose slope is equal to - BhclkT. Thus a value 
for the temperature of the gas may be calculated. The 
advantage of this method is that the temperature mea- 
sured is that of the part of the sample directly under 
investigation. Under the conditions of the experiment 
some interference was received from pure rotational 
transitions of the DCI and DME but this was not serious 
as the former was only present in small amounts while 
the latter's rotational transitions are closely spaced and 
were only visible as a change in background intensity. 

Thermodynamics 
A plot of In Kp us. I/T is displayed in Fig. 1. 

A least squares fitted straight line through the 
best seven points yields a value of A H  = -6.46 
kcal mol-'. The corresponding entropy and free 
energy changes were found to  be - 24.7 cal deg- ' 
mol-' and f 0 . 9  kcal mol-' at 25 "C. A more 
realistic value for AH is -6.7 + 0.4 kcal mol-', 
and for AS it is -25.5 T 1.5 cal deg-' mol-' 
again giving AC = +0.9 kcal mol-' at 25 "C. 
Comparison may be made with the  values 
obtained for HCI and DME by other methods. 
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--- -- - - - -- . - 
- -. -- 

Method Reference AH (kcal rnol-I) A S  (cal deg-' mol-I) 

Nuclear magnetic resonance 5  - 7 . 1 f 0 . 8  - 2 5 . 7 k 1 . 3  
Vapor pressure 6 - 7 . 4  or - 6.25 - 28.5  (no errors quoted) 
Infrared 3 -5 .6 f  0 . 2  
Ranian Thiswork - 6 . 7 f 0 . 4  - 2 5 . 5 ~ 1 . 3  

A H  for HCI and DME is expected to be very 
similar to that for DCI/DME. The only differ- 
ence is likely to be due to  the difference in the 
change in zero point vibrational energy (Aw) of 
the H(D)-C1 stretching mode on complexation. 
By using i.r. data ( 1 ,  4) this may be calculated 
as follows: 

and thus AmHcl - Am,,, = -87+ cm-'  = 
-0.25 kcal mol- '. 

Spectroscopy 
Figures 2 and 3 illustrate the CI-H and 

C1-D Raman bands of the two isotopic forms 
of the complex. Both bands are very broad and 

FIG. 2. The HCI stretching band in CIH ... D(CH3)2 for intrinsically weak. The rotational lines of the and polarizations, 
unassociated halide gas can be seen superimposed 
upon them. In each case the position of maximum 

FIG. 1. log,Kp vs. 1/T 

D C I  5 0 0  rnrns 

(CH3I20  - 5 0 0  rnms 

I 0  crn- '  S L I T S  

4880 E X C I T A T I O N  

- 2085 cm-' 1885 + 20 crn-' 

FIG. 3. The DCl band in CID ... O(CHi)z. 
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GILBERT AND BERNSTEIN: ON HYDROGEN BONDED COMPLEX 677 

intensity of the broad complex band is very nearly 
the same as observed in the i.r. Figure 2 illustrates 
the polarization characteristics of the Raman 
band of the complex with HCI. Similar behavior 
is displayed by the complex with DCI. It is 
evident that the band due to  the complex is 
polarized in each case. 

The halfwidths of the complex bands are 200 
+30 cm-' (H) and 135 f 20 cm-' (D), which 
compare with the i.r. values of 275 +_ 20 (4) and 
135 f 10 cm-' (our estimate from the spectra of 
Bertie and Millen (I)), respectively. The differ- 
ence in bandwidth for the hydrogen form may be 
connected with the fact that the side band struc- 
ture observed in the i.r. does not appear in our 
Raman spectra. 

The polarization characteristics of the complex 
bands and the diffuse nature of their envelopes 
suggest that the bandwidth is the result of the 
superposition of a number of vibrational com- 

ponents. Suitable candidates could be the inter- 
molecular C1. . .O  stretching mode and the low 
frequency intermolecular bending vibrations. 

One of us (A.S.G.) would like to thank the Science 
Research Council of the U.I<. for the award of a N.A.T.O. 
Fellowship. 
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Synthesis of 4-0-a-D-Mannopyranosyl-L-rhamnopyranose 

GWENDOLYN M. BEBAULT A N D  GUY G. S. DUTTON 
Drpnrttnent of Clletnistry, Urliversity of British Collrrnbin, Vncolrr~er, Britisi~ Col[trnbia V6T I W5 

Received June 18, 1973 

4-0-a-D-Mannopyranosyl-L-rhamnopyranose has been synthesized in 55% yield by condensation of 
2,3,4,6-tetra-0-benzoyl-a-D-mannopyranosy bromide with methyl 2,3-0-isopropylidene-a-L-rhamno- 
pqranoside using mercuric cyanide in acetonitrile (Helferich reaction). The disaccharide has  m.p. 143- 
145", [a], +53.0° -> 60.3" (c, 1.0 water), and was characterized as the crystalline peracetates of the 
disaccharide (m.p. 149.5-150.5", [a], -4.4" (c, 4.3 chloroform)) and of the derived alditol (rn.p. 84-85", 
[a], -4.4" (c, 1.9 chloroform)). 

4-0-a-D-Mannopyrannosyle-L-rhamnose a Cte synthetise avec un rendement de 55% par  reaction du 
a-D-tetrabenzoylbromomannose avec le mtthyl 2,3-0-isopropylidene-a-L-rhamnopyrannoside en utili- 
sant le cyanure de mercure dans I'acitonitrile (rtaction de Helferich). Le  disaccharide est cristallin (p.f. 
143-145", [a], + 53.0" -> 60.3" ( r ,  1.0 eau)) et etait caracterizt par les peracttates cristallins du disaccha- 
ride (p.f. 149.5-150.5", [a], -5.5" (c, 4.3 chloroform)) et de I'alditol correspondant (p.f. 84-85", [a], 
- 4.4" (c, 1.9 chloroform)). 
Can. J .  Chem., 52, 678 (1974) 

The disaccharide unit 4-O-D-mann0pyran0Syl- 
L-rhamnopyranose occurs with the glycosidic 
linkage in both the a-D and P-D anomeric forms 
in the lipopolysaccharides of different Saln~onella 
species. The two anomeric disaccharides isolated 
from natural sources were originally incorrectly 
identified owing to  the lack of authentic stan- 
dards (1).  Synthetic disaccharides are also of use 
in determining the immunodominant site in 
antigenic lipopolysaccharides. We now report 

1 the synthesis of 4-0-a-D-mannopyranosyl-L- 
1 rhamnopyranose, a constituent of Salmonella 

types B and D ,  (1). 
The general synthetic scheme was devised using 

the P-D-gluco analog (2) which, as stated there, 
served as a model for the D-manno compound. 
Since Gorin and Perlin have noted (3) that 
2,3,4,6- tetra- 0- benzoyl-a- D-  mannopyranosyl 
bromide (3) gives higher yields and greater 
stereoselectivity than the more common acetyl 
derivative, 3 was condensed with methyl 2,3-0- 
isopropylidene-a-L-rhamnopyranoside (1) in mer- 
curic cyanide and acetonitrile to  give methyl 2,3- 
O-isopropylidene-4-O-(2,3,4,6-tetra-0-benzoyl- 
a-D-mannopyranosy1)-a-L-rhamnopyranoside (4) 

I as a syrup. Debenzoylation and subsequent 
I acetylation of 4 gave, in 76% yield based on 

1, crystalline methyl 2,3-0-isopropylidene-4-0- 
I 

(2,3,4,6-tetra-0-acetyl-a-D-mannopyranosy1)-a- 
L-rhamnopyranoside (5), m.p. 119-120". Hydrol- 
ysis with trifluoroacetic acid (2,4) of the iso- I propylidene group of 5 produced syrupy methyl 

I 4-  0-(2,3,4,6-tetra-0-acetyl-a-D-mannopyran- 

osy1)-a-L-rhamnopyranoside (6) which, upon 
acetolysis (2,5), gave crystalline 1,2,3-tri-0- 
acetyl-4-0-(2,3,4,6-tetra-0-acetyl-a-D-manno- 
pyranosy1)-a-L-rhamnopyranose (10) in 78% 
yield, m.p. 149.5-150.5". Deacetylation of 10 
with sodium methoxide gave crystalline 4-0-a- 
D-mannopyranosyl-a-L-rhamnopyranose ( l l ) ,  
m.p. 143-145". Reduction o f  11 with sodium 
borohydride and subsequent acetylation gave 
crystalline4-0-a-D-mannopyranosyl-L-rhamnitol 
octaacetate (13), m.p. 84-85". 

The a-D configuration of the  mannopyranosyl 
moiety was confirmed by treatment of 11 with 
crude a-mannosidase prepared from jack bean 
meal (6). Using this preparation the disaccharide 
(11) and methyl a-D-mannopyranoside were 
cleaved but methyl P-D-mannopyranoside was 
not. 

The presence of the 1 + 4 linkage was con- 
firmed by periodate oxidation and methylation 
studies. Deacetylation of 6 with sodium methox- 
ide gave syrupy methyl 4-0-a-D-mannopyran- 
osyl-a-L-rhamnopyranoside (7). Oxidation of 7 
with sodium periodate (7) showed it consumed 
3 mol of sodium periodate; subsequent reduction 
with sodium borohydride, methanolysis, con- 
centration, and acetylation with acetic anhydride 
gave 1-deoxy-D-erythritol triacetate and glycerol 
triacetate. Methylation (8) of 7 followed by  
hydrolysis with trifluoroacetic acid, reduction 
with sodium borohydride, and  acetylation with 
acetic anhydride gave 1,4,5-tri-0-acetyl-2,3-di- 
0-methyl-L-rhamnitol and 1,5-di-0-acetyl-2,3,4, 
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BEBAULT AND DUTTON: Dl SACCHARIDE SYNTHESIS 679 

6-tetra-0-methyl-D-mannitol as identified by 
g.1.c. and mass spectrometry (9). 

Experimental 
General experimental specifications were the same as 

for the P-D-gluco analog (2). 

Methyl 2,3-0-Isopropylidene-a-L-r/~amnopytmoside ( I )  
Prepared as in (2) except that the Amberlite IR-120 H t  

resin should be soaked in dry methanol and not acetone 
to avoid the formation of acetone polymers. 

Methyl 2,3-0-Isopropylidene-4-0-(2,3,4,6-tetra-0- 
benzoyl-a-D-rnanr?opyrat~osyl) -a-L- 
rhamrlopyrar~oside (4) 

1 ,2,3,4,6-Penta-0-benzoyl-a-D-mannopyranose (2) (10) 
was converted to 2,3,4,6-tetra-0-benzoyl-a-D-manno- 
pyranosyl bromide (3) (11) 15 g of which, dissolved in 
acetonitrile (20 ml, distilled over CaH2), was added with 
stirring during 2 h to a solution of methyl 2,3-0-isopro- 
pylidene-a-L-rhamnopyranoside (1) (4.0 g, 18.3 mmol) 
and dry mercuric cyanide (4.0 g) in acetonitrile (10 ml). 
After stirring for 3 h more the acetonitrile was removed 
from the reaction mixture under diminished pressure and 
the remaining syrup was dissolved in chloroform (100 ml). 
The chloroform solution was washed with 1 N potassium 
bromide (2 x 100 ml), water (100 ml), saturated sodium 
bicarbonate (100 ml), and water (2 x 100 ml). The chlo- 
roform was removed under diminished pressure leaving an 
impure amorphous solid (17.3 g) which showed a major 
component (-80z) on t.1.c. with R, (solvent A) 0.71. 

Methyl 2,3-0-Isopropylide~e,le-4-0- (2,3,4,6-tetra-0- 
acetyl-a-D-mant~opyranosyl) -a-L- 
rhamnopyranoside (5) 

Compound 4 (impure amorphous solid, 17.3 g) was 
debenzoylated to yield a syrup (R, (t.1.c. solvent B) 0.31) 
which on acetylation gave the acetate (5) which was 
crystallized from ethanol (25 ml); yield 7.6 g, 13.9 mmol, 
76z .  Recrystallization from ethanol gave pure 5, m.p. 
119-120"; [a], +30.7" (c 2.2, chloroform); R, (t.1.c. 
solvent A) 0.53; p.m.r. (CDCI,): r 5.01 ( lH,  doublet, 
J1.,?. = 1.7 Hz, H-1'), 5.14 (1H singlet, H-1), 6.63 (3H 
singlet, C-1, OCH,), 7.84, 7.90, 7.97, 8.01 (3H singlets, 
OAc's), 8.48, 8.66 (3H singlets, isopropylidene CH,'s), 
8.72 (3H doublet, J5.6 = 6 HZ, CHa). 

Anal. Calcd. for C24H36014: C, 52.55; H, 6.62. Found: 
C, 52.38; H, 6.49. 

Metllyl 4-0-(2,3,4,6-Tetra-0-acetyl-a-D- 
tnannopyranosy1)-a-L-rhamnopyranoside (6) 

Compound 6 (1.83 g) was obtained as a syrup (t.l.c., 
R, (solvent A) 0.17, (solvent B) 0.59) by deacetalation 
(2, 4) of 5 (2.0 g); p.m.r. (CDCI,): r 5.04 ( I H  doublet, 
J,.,,. = 1.7 Hz, H-1') 5.31 (1H singlet, H-1), 6.62 (3H 
singlet, C-1, OCH,), 7.85, 7.90, 7.95, 7.99 (3H singlets, 
OAc's), 8.67 (3H doublet, J5,, = 6 Hz, CH,). 

Methyl 4-0-a-D-Mat~nopyranosyl-a-L- 
rhamr~opyrarroside (7) 

Deacetylation of 6 (1.83 g) gave 7, R, (solvent B) 0.03; 
yield 1.17 g ;  [a], +13" (c 2.2, water); R,,.,,,, (solvent C) 
2.9; p.m.r. (D20 ,  external TMS): r 5.01 (1H doublet, 
J,r,2, = 1.8 Hz, H-1'), 5.29 ( l H  doublet, J,,, = 1.5 Hz, 

H-1), 6.60 (3H singlet, C-1, OCH,), 8.67 (3H doublet, 
J5.6 = 6 Hz, CH3). 

Periodate 0.tidation of Compound 7 
Reaction of the methyl glycoside (7) (0.320 g, 0.94 

mmol) with sodium metaperiodate (0.05 M,  120 ml) at 5' 
in the dark showed a rapid uptake of 2 mol with the con- 
sumption of periodate becoming constant (3.0 mol) in 
30 h (7). Reduction of the polyaldehyde and methanolysis 
of the polyalcohol gave 1-deoxy-D-erythritol and glycerol 
(2). 

Methylation of Compound 7 
The methyl glycoside (7) (0.27 g) was methylated (2,8) 

and the product (8) (0.2 g) gave one spot on t.1.c. (solvent 
A) with R, 0.14; [a], + 10" (c 1.0, chloroform); p.m.r. 
(CDCI,): r 4.93 (1H doublet, J1,,Z, = 1.6 HZ, H-11), 5.27 
( I H  doublet, JlS2 = 1.6Hz, H-1), 6.46-6.63 (21H, 
OCH,'s), 8.72 (3H doublet, J5,6 = 6 HZ, CH,). 

Hydrolysis of 8 (0.2 g, 2 MTFA, 20 ml, reflux, 15 h) 
gave 2,3,4,6-tetra-0-methyl-D-mannose and  2,3-di-0- 
methyl-L-rhamnose as shown by paper chromatography 
(solvent D) and by g.1.c.-m.s. (2, 9) of the alditol acetates 
prepared according to Albersheim and co-workers (12). 

Methyl 2,3-Di-0-acetyl-4-0- (2,3,4,6-tetra-0-acetyl-a- 
D-rnat~t~opyranosyl)-a-L-r.l~an~~~opyranoside (9) 

Methyl 4-0-(2,3,4,6-tetra-0-acetyl-a-D-mannopyrano- 
syl)-a-L-rhamnopyranoside (6) (0.1 g) was acetylated with 
pyridine (4 ml) and acetic anhydride (4 ml); yield 0.1 1 g. 
A portion of the syrupy product was purified by prepara- 
tive t.1.c. (13) for analytical purposes, [a], +4" (c 1.3, 
chloroform); R, (t.l.c., solvent A) 0.41 ; p.m.r. (CDCI3): 
55.01 (1H doublet, J ,.., , = 1.6Hz, H-1'), 5.40 (1H 
doublet, JlP2 = 1.5 Hz, H-I), 6.61 (3H singlet, C-1, 
OCH,), 7.84-8.01 (18H, OAc's), 8.60 (3H doublet, 
J5.6 = 6 HZ, CH3). 

I,2,3-Tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-a-~- 
manriopyrat1osy1)-a-L-rl~a~nnopyranose ( 1 0 )  

Methyl 4-0-(2,3,4,6-tetra-0-acetyl-a-D-mannopyrano- 
syl)-a-L-rhamnopyranoside (6) (1.0 g) in acetic anhydride 
(5 ml) was shaken with concentrated sulfuric acid 2 z  
(v/v) in acetic anhydride (10 ml) for 3 h (5). The  reaction 
mixture was diluted with chloroform (100 ml) and the 
chloroform solution was washed with water (2 x I00 ml), 
saturated sodium bicarbonate (2 x 100 ml), and again 
with water (2 x 100 ml). Any remainingacetic anhydride 
or acetic acid was removed by distillation with ethanol. 
The remaining syrup was crystallized from ethanol (10 
ml), yield 0.95 g. Recrystallization from ethanol gave pure 
10, m.p. 149.5-150.5"; [a], - 5.5" (c 4.3, chloroform); R, 
(t.l.c., solvent A) 0.39; p.m.r. (CDCI,): r 4.00 (1H dou- 
blet, J1,2 = 1.5 Hz, H-l), 5.00 ( IH  doublet, J1,,2. = 1.8 
Hz, H-l'), 7.82-8.00 (21H, OAc's), 8.60 (3H doublet, 
J5 ,6  = 6 HZ, CH3). 

Anal. Calcd. for C26H36017: C, 50.32; H, 5.85. Found: 
C, 50.37 ; H, 5.98. 

4-O-a-~-Ma11nopyrat~osyl-a-~-rhamnopnose (11) 
The peracetate of the disaccharide (10) (1.2g) was 

deacetylated and the product (0.6 g)crystallized neat after 
long standing. Pure 11 was obtained by recrystallization 
from a 1 :1 mixture of methanol and 2-propanol(20 ml/g), 
m.p. 143-145"; [a], + 5;.0° mutarotating t o  + 60.3" in 
2 h (c 1.0, water); R,, ,,,,,, (sqlvent C) 1.0; p.m.r. (D20,  
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external TMS): 7 4.90 (O.6H doublet, J lS2 = 1.5 Hz, H-1 Anal. Calcd. for  C2sHJoOls:  C, 50.60; H, 6.07. Found: 
of a-L form), 5.03 ( l H  doublet, J1p,2. = 1.8 HZ, H-1'), C,  50.39; H ,  6.13. 
5.16 (0.4 H doublet, J,,, = 1.0 Hz, H-I of p-L form), Gas-liquid chromatography of the peracetylated alditol 
8.71 (3H doublet, J5,6 = 6 HZ, CH3). (13) (column a at  270') gave one peak at 7.0 min (sucrose 

Anal. Calcd. for C12H22010 :  C, 44.17; H, 6.80. Found: octaacetate, 10.0 rnin). 
C, 43.91 ; H,  6.86. 

Gas-liquid chromatography of the per(trimeth~lsily1)  he authors thank the National Research Council of 
disaccharide (column a at  240') gave one peak (80%) a t  canad, for financial support and for the award of a 
8.5 min and a second peak at  11.7 rnin (per(trimethylsily1) scholarship to G.M.B. 
sucrose 14.5 min) (14). 

The free disaccharide (11) (0.1 g) was dissolved in I .  M. FUKUDA,  F. EGAMI, G. HAMMERLING, 0. 
sodium acetate buffer (0.3 M, p H  4.5, 2 ml) and incubated L ~ ~ D E R I T Z ,  G.  BAGDIAN, and A. M. STAUB. Eur. J .  
at 37" with 2 ml of crude a-mannosidase (6). The disac- Biochem. 20,438 (1971). 
charide (11) was 80% cleaved in 10 h and completely 2. G. M. BEBAULT and G. G. S.  D u r r o ~ .  Can. J. Chem. 
cleaved in 22 h as shown by paper chromatography 50,3373 (1972). 
(solvent C). Under these conditions methyl p-D-manno- 3. P. A. J .  GORIN and A. S. PERLlN. Can. J .  Chem. 39, 
pyranoside (3) was not cleaved but methyl a-D-manno- 2474(1961). 
pyranoside (commercial preparation) was hydrolyzed. 4. A. J .  ACHER, Y .  RAB~NSOHN, E .  S.  RACHAMAN, and 
The products from the disaccharide were reduced, D. SHAPIRO. J. Org. Chem. 35,2436 (1970). 
acetylated, and identified by g.1.c.-rn.s. (2, 9) as an equi- 5. G. 0. ASPINALL, R. KHAN, and Z. PAWLAK. Can. J .  

molecular mixture of L-rhamnitol pentaacetate and D- Chem. 49,3000 ( 1971). 
rnannitol hexaacetate (m.p. 120-122"; lit. (15) m.p. 125") 6. Y .  T. L1.J. B id .  Chem. 241, 1010(1966). 

7. J .  C. RANKIN and A. JEANES. J .  Am. Chem. Soc. 76, 
4-0-a-D-Mannopyrat~osyl-L-r.hamtliro/ (12) 4435 (1954). 

The free disaccharide (11) (0.5 g) was reduced with 8. P. A.  SANDFORU and H. E. CONRAD. Biochemistry, 5 ,  
sodium borohydride (0.2 g) to give 12; yield 0.5 g ;  [a], 1508 (1966). 
f 5 7 "  (c 3.5, water); R,, ,,,,, (solvent C) 0.5; p.m.r. (DzO, 9. H. BJORNDAL, C. G. HELLERQVIST, B. LINDBERG, 
externalTMS): 74.89 ( lH  doublet, J1,,2, = 1.9 Hz, H-1'), and S.  SVENSSON. Agnew. Chem. Int. Ed. 9, 610 
8.73 (3H doublet, JSp6 = 6 HZ, CH,). (1970). 

Gas-liquid chromatography of the per(trirnethylsi1yl) 10. E .  FISCHER and R. OETKER. Ber. 46,4029(1913). 
alditol (column a at  240") gave one peak at 11.5 min 11. R. K. NESS, H. G. FLETCHER, JR. ,  and C. S. HUDSON. 
(per(trimethylsilyl)sucrose, 12.9 min) (14). J. Am. Chem. Soc. 72,2200(1950). 

The alditol 12 (0.3 g) was acetylated with pyridine 12. p. ALBERSHEIM, D. J. NEVINS, P. D. ENGLISH, and A. 
(10 ml) and acetic anhydride (10 ml) to give 4-0-a-D- KARR. Carbohydr. Res.5,340 (1967). 
mannopyranosyl-L-rhamnitol octaacetate (13) (0.55 g, 13. D. HORTON and T. TSUCHIYA. Carbohydr. Res. 5,426 
crystallized from ethanol (5 ml)). Recrystallization from (1967). 
ethanol gave pure 13, m.p. 84-85"; [a], -4.4" (c 1.9, 14. E. PERCIVAL. Carbohydr. Res. 4,441 (1967). 
chloroform); R, (t.l.c., solvent A) 0.33; p.m.r. (CDCI,): 15. L.  HOUGH and A. C. RICHARDS ON.^^^ Rodd'schemis- 
7 4.98 (1H doublet, J1,.2. = 1.6 HZ, H-1'), 7.84-8.02 try of carbon compounds. Vol. IF. Elsevier, Arnster- 
(24H, OAc's), 8.63 (3H doublet, J5.6 = 6 HZ, CH,). dam. 1967. p. 22. 
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The Synthesis of 4-0-a-D-Glucopyranosyl-L-rhamnopyranose 

JOFFRE M. BERRY A N D  GUY G. S. DUTTON 
Depcrrtmerit of Chemistry, University ofBritish Coh,mbicr, V~rrico~cver, British Colrrrnkin V6T I W5 

Received June 13, 1973 

4-0-a-D-Glucopyranosyl-L-rhamnose has been synthesized in 40% overall yield by condensation of 
2-0-benzyI-3,4,6-tri-O-p-nitrobenzoyl-fl-~-glucopyranosyl bromide with methyl 2.3-0-isopropylidene- 
a-L-rhamnopyranoside in nitromethane using mercuric cyanide as acid acceptor. The methyl glycoside 
hexaacetate was obtained crystalline. 

4-0-a-D-Glucopyrannosyl-L-rhamnose a kt6 synthet~se avec un rendement de  40% par condensation 
du bromo-2-O-benzyle-3,4,6-tri-O-p-nitrobenzoy-fl-~-glucopyrannose avec le methyl 2,3-0-isopropyl- 
idene-a-L-rhamnopyrannoside en nitromethane et le cyanure de mercure. Le  glycoside methyl hexa- 
acetate a CtC obtenu sous forme cristallin. 
Can. J .  Chern., 52, 681 (1974) 

The importance of cis-glycosides in nature has 
led to many attempts to synthesize them (1-7). 
We now report the synthesis in 40% yield of 
4-0-cr-D-glucopyranosyl-L-rhamnose using an in- 
termediate with a nonparticipating 2-0-benzyl 
group as suggested by the work of Ishikawa and 
Fletcher (6). This disaccharide is required for 
structural studies on capsular polysaccharides 
from Klebsiella and was originally thought to be 
an antigenic determinant in Shigella (8). 

2-0-Benzyl-D-glucose (1) was prepared as de- 
scribed in the literature (10, l l )  except that a 
higher yield in shorter time was obtained by 
using only 0.2 Mexcess of benzyl brcmide, adding 
Drierite to the reaction and, in addition, using 
freshly prepared silver oxide (12). 

Condensation of the derived 2-0-benzyl-3,4,6- 
tri-0-p-nitrobenzoyl- P-D-glucopyranosyl bro- 
mide (2) with methyl 2,3-0-isopropylidene-cr-L- 
rhamnopyranoside (3) with mercuric cyanide as 
an acid acceptor in nitromethane at 40' and sub- 
sequent purification by colun~n chromatography, 
gave the fully blocked disaccharide (4) in 80% 
yield. Deacylation of 4 gave crystalline methyl 
4-0-(2-0-benzyl-cr-D-glucopyranosyl)-2,3-0- 
isopropylidene-cr-L-rhamnopyranoside (5). In ad- 
dition, a small amount of P-linked disaccharide 
was detected which was conveniently identified 
as the trimethylsilyl derivative by p.m.r. (1 3) after 
removal of the benzyl group. Hydrogenolysis of 
5 gave the debenzylated compound (6) which 
when reacted with trifluoroacetic acid, yielded 
methyl 4-0-cr-D-glucopyranosyl-cr-L-rhamnopy- 
ranoside as a syrup (8). 

Acetylation of 8 gave the crystalline hexa- 
acetate (lo), m.p. 136-137". Acetolysis of 10 gave 

the corresponding heptaacetate (11). Deacetyla- 
tion then afforded 4-0-cr-D-glucopyranosyl-L- 
rhamnopyranose (12) as a syrup, [a],  + 10" 
(water). 

The structure of the disaccharide follows from 
the method of synthesis and was confirmed by 
the products obtained by periodate oxidation (14) 
and methylation (1 5) of 8. 

The nature ofthe anomeric linkage is confirmed 
by the p.m.r. spectra of compounds 5, 6,8,9,  12, 
and 13, all of which gave signals in the region T 
4.76-5.03 with a splitting of about 3.8 Hz, 
characteristic of the a-D-configuration. In addi- 
tion 12 was hydrolyzed by maltase but not by 
P-D-glucosidase. This disaccharide (12) represents 
the first cr-D-glycosyl-L-rhamnose t o  be syn- 
thesized. 

Experimental 
General methods and the preparation of several of the 

intermediates have been described previously (9). In some 
cases where only small quantities of material were avail- 
able p.m.r. spectra were obtained on a Varian XL-100 
instrument equipped with Fourier transform. 

2-0-Benzyl-D-glucose (I) 
3,4,6-Tri-0-acetyl-1-deoxy-l-piperidino-~-~-glucopy- 

ranose (16) (35 g), freshly prepared (12) powdered dry 
silver oxide (40 g) and ground Drierite (30 g) were stirred 
in dry benzene (250 ml) for 30 min in the dark at  room 
temperature with exclusion of moisture. The mixture was 
cooled to about 15" and benzyl bromide (13 ml, 0.2 M 
excess) was added. After stirring at room temperature for 
3+ h t.1.c. (solvent A) indicated that the reaction wascom- 
plete. The mixture was filtered, the salts were washed with 
benzene, and the combined solvents were removed after 
which the product crystallized. Recrystallization from 
hot methanol (3 ml/g) and drying gave pure 3,4,6-tri-0- 
acetyl-2- 0-benzyl- 1 -deoxy- 1 -piperidino- !3-D-glucopy- 
ranose 38.78 (89%), m.p. 99-100"; [aID +42" (c 2.2, 
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methanol) (lit. (10) m.p. 100"; [a], +41.5" (c 0.9, meth- methoxide in methanol (40ml). After 1 h at room tem- 
anol)). The above compound (35 g) was treated with 2% perature the solution was neutralized with Dry Ice or, 
sodium methoxide in anhydrous methanol and t.1.c. (sol- while cold, with Amberlite IR 120 H +  resin. In the latter 
vent A) showed that the reaction was complete within case the resin must be removed as soon as the mixture is 
30 min. Molar sulfuric acid was added until the pH of the neutral to avoid deacetalation. Purification by preparative 
solution was about 3 and the mixture was refluxed for t.1.c. gave crystalline 5 which was recrystallized from 
1 h (11). After neutralization (barium carbonate) and 2-propanol (12 ml/g), m.p. 158-159"; [a], +71.5" (c 1.8, 
concentration, 2-0-benzyl-D-glucose (1) crystallized. Re- methanol); p.m.r. (CDC13) r 2.68 (5H, phenyl), 5.04 
crystallization from hot methanol (10 ml/g) gave pure 1 (1H doublet, J1,.2,  = 3.7 Hz, H'-l), 5.18 (1H singlet, 
(16 g), m.p. 176-177"; [a], +47" (c 2.0, methanol) (lit. H-1), 6.67 (3H singlet, C-1, OCH,), 8.50, 8.68 (3H sin- 
(10, 11) m.p. 176-177"; [a], +47" (c 1.0, methanol)). glets, isopropylidene CH,), 8.70 (3H doublet, J,,, = 

6 Hz, CH,). 
2-0-Bet1zyl-3,4,6-tri-O-p-nituobenzoyl-~-~-gl~rcopyranosy~ Anal. calcd. for c ~ ~ H ~ ~ ~ ~ ~ :  C, 58.69; H, 7.29. 

Brotnide (2) Found: C, 58.36; H ,  7.34. 
This compound was prepared by the method of 

Ishikawa and Fletcher (6) in 25% overall yield from 1, Methyl 4-0-a-D-Glucopyranosyl-2,3-0-isopropylidene-a- 
m.p. 142-143"; [a], $3" (c 2.0, dichloromethane) (lit. L-rhamt~opyranoside (6) 
(6) m.p. 143-144"; [a], +2.4" (c 2.1, dichloromethane)). Methyl 4-0-(2-0-benzyl-a-D-g1ucopyranosyl)-2,3-0- 

isopropylidene-a-L-rhamnopyranoside (5) (400 mg, m.p. 
Metlyl 4-0-(2-0-~erzz~l-3,4,6-tri-O-p-r2itrobenzo~~-~-~- 158-159") was hydrogenated with 5% palladium-on-car- 

ghrcopyratzosyl) -2,3-0-isopropylidetze-a-L- bon (1 g) in absolute ethanol (15 ml) at  50 p.s.i. at room 
rharnrzopyranoside (4) temperature for 16 h. After filtration, washing of the car- 

T o  a solution of methyl 2,3-O-iso~ro~~lidene-a-L- bon ethanol and removal of the solvent, a chroma- 
rhamnOpyranOside (I7) (3y 0.78 3.58 mmO1) and mer- tographically pure syrup (320 mg) was obtained, [a], + 73" 
curic cyanide (1.08 g, 4.3 mmol) in nh'omethane (50ml, (, 2.0, p.m.r. r 6.64 (3H singlet, C-1, OCH,), 
distilled from calcium hydride) was added the bromide 8.50, 8.68 (3H singlets, isopropylidene CH,). The p.m.r. 
(2) (3.4 g~ 4.3 mmOl) and the mixture was stirred at 400 spectrum of the trimethylsilyl derivative (I  3) of (6) showed 
with exclusion of moisture. After 5 h t.1.c. (benzene-ether (benzene, external TMS) .r 5.03 ( 1 ~  doublet, J,,,,, = 4, 
(9 : 1) (7)) showed a small amount of unreacted 3 (Rr0:06, ~ , - l ) ,  5.1 1 ( 1 ~  singlet, H-I), 7.0 (3H singlet, C-1, 0CH3),  
no decrease on the addition of more bromide and cyanide) 8.40, 8.76 (3H singlets, isopropy]idene CH,), 8.56 (3H 
and a large yellow-brown Spot (Rf 0.33) corresponding to  doublet, J , , ~  = 6 Hz, CH,), 9.65, 9.68, 9.78, 9.90 (9H the disaccharide (4). In addition, a faster running com- singlets, 4 trimethy]si]y] groups). 
ponent (Rf 0.56, a monosaccharide tri-p-nitrobenzoate as  similarly, a sample of 5 (30 mg) containing a small 
indicated by p.m.r.) was detected. The reaction solvent amount of a faster running c o m p o u n ~  was hydrogeno- 
was removed and the remaining syrup was dissolved in lyzed giving 6 (R* 0.34, solvent B) and a second Corn- 
benzene (100 ml) and washed successivel~ with water, ponent (7) (& 0.43), which was isolated by preparative 
sodium bicarbonate and water, then dried (CaSO4). The t . ~ . ~ .  (1 mg obtained). The p.m.r. (Fourier transform) of 
syrup obtained after removal of the solvent was purified 7 was similar to that of 6 but was unclear. ~h~ p.m.r. 
On a 25 cm dica gel pressure (I8) g (Fourier transform) of the trimethylsilyl derivative of 7 
silica) using benzene-ether (9: 1) as solvent. Fractions showed (benzene-d,, external TMS) 7 4.86 (1H doublet, 
50-70 (each fraction 20m1, collected a t  90 s intervals) J1,,2,  = 7.3, ~ , - l ) ,  5.06 ( l ~ ,  singlet, H-I), 6.92 (3H 
contained the disaccharide. The combined fractions gave singlet, c - ~ ,  OCH,), 8.43 ( 3 ~  doublet, J,,, = 6 H ~ ,  
a syrup (4) (2.65 g, 80%) which was homogeneous on t.l.c., CH,), 8.46, 8.76 (3H singlets, isopropylidene CH,), 9.70, la], +650 (c 2.0~ p.m.r. (CC14) 1.c2.1 9.71, 9.75, 9.84 (9H singlets, 4 trimethylsilyl groups) and 
(12H, p-nitrobenzoates), 2.8-3.0 (5H, phenyl), 6.65 (3H was identical to the p.m.r. of the trimethylsilyl derivative 
singlet, C-1, OCH,), 8.43, 8.67 (3H, singlets, i s o ~ r o ~ ~ l -  an a u t h e n t i c ~ a m p ~ e o f m e t h y 1 4 - O - ~ - ~ - g ~ ~ ~ ~ p y ~ a n ~ ~ y ~ -  
idene CH,), 8.70 (3H, doublet, J,,, = 6 Hz, CH3). 2,3-0-isopropylidene-a-L-rhamnopyranoside obtained by 
~ ~ ~ l , , , !  4-0~(2-O-~et1zy~-~-~-g[ucopyranosy~)-2,3-0- deacetylation of the crystalline tetraacetate (9). 

isopropylidene-a-L-rItamrtopyranoside (5) Methyl 4-0-a-D-Glucopyranosyl-a-L- 
Fully blocked disaccharide (4) (1.5 g) was refluxed in a r~amrzopyranoside ( 8 )  

mixture of potassium hydroxide (6 g) in water (15 ml)and ~h~ isopropy]idene compound (6) (250 mg) in chloro- 
ethanol (60 ml). ~ f t e r  about 90 min (t.1.G solvent B) the form (10 m]) was treated at  room temperature for h 
spot corresponding to  starting material (Rr 0.84) was re- with trifluoroacetic acid (TFA, 1 rnl) containing 1-2% 
placed by a large product spot (Rf 0.74) corresponding to  water. The mixture was concentrated and small amounts 
5 and a faint spot running slightly faster (Rr 0.76); this TFA removed by treatment with Duolite A-4 (OH-) 
was more conveniently identified after hydrogenolysis. resin, or by evaporation with toluene. After filtration and 
The cooled solution was neutralized with Dry Ice and the evaporation a syrup (8) (211 mg) was obtained, +43" 

was water was (c 1.2, methanol), R,,,,,,,, (solvent C) 2.1 ; p.m.r. (D20 ,  
~ 'm~oved  by azeotro~ingwith dry benzene or d u n o l .  The external TMS) 4.97 ( 1 ~  doublet, J1 , ,2 ,  = 3.3 Hz), 5.35 
disaccharide was then extracted from the insoluble salts ( l H  doublet, J,,, = 1.7 Hz), 8.64 ( 3 ~  doublet, J,,, = 
by refluxing with diethyl ether (300 ml x 3). The syrup 6 Hz, C H ~ ) ,  6.64 (3H singlet, O C H ~ ) ,  
obtained crystallized after seeding with a sample obtained 
by preparative t.l.c., yield 565 mg. Alternatively 5 was Periodate Oxidation 
obtained by dissolving the fully blocked disaccharide (4) The disaccharide methyl glycoside (8) consumed 3.0 
(1 g) in chloroform (50 ml) and adding 0.2 M sodium mol of sodium metaperiodate and reduction of the product 
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BERRY AND DUTTON: Dl [SACCHARIDE SYNTHESIS 683 

followed by methanolysis gave I-deoxy-D-erythritol and 
glycerol as determined by paper chromatography in sol- 
vent D o r  as acetates on column b (9). 

Methylation 
The glycoside (8) was methylated (9, 15) to give the 

permethylated compound 9 which, after purification by 
t.1.c. (Rr 0.13, solvent A ;  0.61, solvent B), had [a], +8O0 
(c 0.9, methanol); p.m.r. (CDCI3) T 4.97 (1H doublet, 
J1.,2. = 3.7 Hz, H'-I), 5.27 (1H doublet, J 1 , ~  = 1.8 HZ, 
H-1), 6.35-6.65 (21H, 7-OCHs), 8.65 (3H doublet, 
J 5 , 6  = 6 HZ, CH3). 

The sugars obtained on methanolysis or  hydrolysis of 
9 were characterized as 2,3-di-0-methyl-L-rhamnose and 
2,3,4,6-tetra-0-methyl-D-glucose by g.1.c. and mass 
spectra (9). 

Methyl 2,3-Di-0-acetyl-4-0- (2,3,4,6-tetra-0-acetyl-a- 
D-glucopyranosylj-a-L-rhamnopyranoside (10) 

The disaccharide methyl glycoside (8) (200 mg) was 
acetylated in pyridine (5 ml) and acetic anhydride (5 ml) 
a t  room temperature overnight to give 10 which was re- 
crystallized from ethanol (6 ml/g), yield 290 mg, Rr 0.41 
(solvent A); m.p. 136-137"; [a], f62.3"  (c 2.6, chloro- 
form); p.m.r. (CDCI,) T 6.62 (3H singlet, C-I, 0CH3) ,  
7.90-8.02 (18H, OAc's), 8.60 (3H doublet, J,,, = 6 Hz, 
CH3). 

Anal. Calcd. for Cz5H,,0,, : C, 50.65; H, 6.13 ; Found: 
C, 50.45 ; H, 6.1 1. 

4-0- (2,3,4,6-Tetra-0-acetyl-a-D-glucopyrat?osy -1,2,3- 
tri-0-acetyl-L-rhamnopyranose (1 1 j 

To the hexaacetate (10) (80mg) in acetic anhydride 
(1 ml) was added a solution of 2% (v/v) sulfuric acid in 
acetic anhydride (2 ml). After 3 h at room temperature, 
cold saturated sodium bicarbonate (15 ml) was added to  
the mixture and stirred for 35 min. The product was ex- 
tracted with chloroform (2 x 15 ml) which was washed 
with water (2 x 5 ml) and dried (CaSO,). Thin-layer 
chromatography (solvent A) showed one major spot 
(Rr 0.41, indistinguishable from starting material) and a 
small amount of cleavage products. Preparative t.1.c. gave 
chromatographically pure heptaacetate (11) as a syrup, 
yield 78 mg, [a], +5S0 (c 2.0, chloroform); p.m.r. 
(CDCI,) T 4.00 (1H doublet, JI,, = 1.6 Hz, H-l) ,  7.82- 
8.02 (21H, OAc's), 8.62 (3H doublet, 4 . 6  = 6 Hz, CH3). 

4-0-a-D-Glucopyranosyl-L-rhamnopyrat~ose (12) 
The heptaacetate (11) (70 mg) was deacetylated in 

0.2 Msodium methoxide in methanol (5 ml, 1 h, 20") and 
passage through Amberlite IR-120 (Hf )  resin gave the 
free disaccharide (12) as a syrup, 35 mg. Paper chroma- 
tography gave one component with R,,,,.,, 0.68 (solvent 
C) and [a], + 10" (c 1.0, water); p.m.r. (DzO, external 
TMS) T 4.88 (1H doublet, J,,, = 1.3 Hz, H-1 of a-L- 
form), 5.14 (1H doublet, J,,, = 0.8 Hz, H-1 of a-L-form), 
4.94 ( IH  doublet, J,,,,. = 3.8Hz, H'-l), 8.64 (3H 
doublet, J,,, = 6 HZ, CH3). 

Gas-liquid chromatography of the per(trimethylsily1) 
disaccharide (column a, 250") gave one peak (77%) a t  
6.4 min and a second peak a t  8.7 min, (per(trimethy1- 
silyl)sucrose, 9.0 min). Enzymatic hydrolysis of the di- 

saccharide (2 mg) with maltase (2 mg)at pH6.5at 37"gave 
over 90% cleavage in 30 min as shown by paper chroma- 
tography. Incubation with P-glucosidase (19) at pH 5.1 
gave only trace cleavage in 16 h. 

4-0-a-D-Glucopyranosyl-L-rhumnitol (13) 
The disaccharide (12) (15 mg) was reduced with sodium 

borohydride (30 mg) in water (2 ml) at room temperature 
overnight. Passage through IR-120 (H +) cation exchange 
resin, concentration, and distillation with methanol gave 
a syrup (13), 14 mg, R ,,,,,,. 0.58 (solvent C);  p.m.r. (D20,  
external TMS) r 4.76 (1H doublet, J,..z. = 3.8 Hz, H'-1), 
8.70 (CH3 doublet, J,., = 6 Hz). Gas-liquid chromatog- 
raphy of the per(trimethylsilyl)alditol on column a at 
250" gave one peak at 9.6 min, (per(trimethylsilyl)sucrose, 
9.0 min). Acetylation of the alditol (12 rng, pyridine- 
acetic anhydride) gave a syrup [a], + 56" (c 1.25, chloro- 
form); p.m.r. (CDCI,) T 7.90-8.02 (24H, OAc's), 8.66 
(CH3 doublet, J,., = 6 Hz). Injection of the alditol ace- 
tate onto  column a at 275" gave one peak at 5.8 min 
(sucrose octaacetate, 7.2 min). 

We are indebted to the National Research Council of 
Canada and the University of British Columbia for 
financial support of this work. 
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The Structure of the Capsular Polysaccharide of Klebsiella K-type 72; 
Occurrence of 3,4-0-(1-Carboxyethy1idene)-L-rhamnose 

YUEN-MIN CHOY AND GUY G. S. DUTTON 
Deprrrlmet~r of Che~nistry, Utliversity of British Col~rn~bia,  Vnt~corrver, British Collrt~birr V6T I W5 

Received September 10, 1973 

Methylation and partial hydrolysis studies on the capsular polysaccharide of Klebsiella K72 show the 
structure to consist of a repeating unit 

3  1 3  1 2  1 3  1 
- D-Glc - L-Rha - L-Rha - L-Rha - 

P a 3 v 4  a a 
CH3CCOOH 

The anomeric linkages were determined in isolated oligosaccharides by p.m.r. spectroscopy which 
also showed the presence in the polysaccharide of one pyruvate ketal per four sugar residues. 

Les mkthodes de mkthylation et hydrolyse partielle portCes au polysaccharide capsulaire de Klebsiella 
K72 ont demontrk que la structure se compose d'une unite qui se repete 

3  1 3  1 2  1 3  1  
- D-Glc - L-Rha - L-Rha - L-Rha - 

P a 3 v 4  a a 
CH3CCOOH 

Les liaisons anomkres ont etk distingukes chez des oligosaccharides isolCs par la spectroscopic r.m.n. 
qui a aussi mis en evidence la prksence d'un cktal de  l'acide pyruvique par rapport a quatre sucres. 

Can. J. Chem., 52, 684 (1974) 

Many of the capsular polysaccharides of 
Klebsiella contain pyruvic acid (1-3), linked as 
a ketal (4), and in a few cases this may be the 
only acidic component; the capsule of Klebsiella 
K72 is one such example (5, 6). 4,6-0-(1- 
Carboxyethy1idene)-D-galactose (7) and -D-glu- 
cose (8) were originally found in other contexts 
and the presence in nature of the D-manno 
analog was demonstrated for the first time (9) 
in Klebsiella K5. The capsular polysaccharide of 
Klebsiella K72 is now shown to have a structure 
composed of the repeat unit 

3  1 3  1 2  1 3  1  
- D-Glc - L-Rha - L-Rha - L-Rha - 

P a 3 v 4  a a 
CH3CCOOH 

and thus to represent the first natural occurrence 
of 3,4-0-(1-carboxyethy1idene)-L-rhamnose. The 
presence of 0-(1-carboxyethy1idene)-L-rhamnose 
in Klebsiella K32 has also been indicated but the 
precise linkage has not yet been verified (10). 

Purified (4) capsular polysaccharide from 
Klebsiella K72 had [aIDz4 -54" and the p.m.r. 
spectrum (1 1, 12) indicated the presence of 
pyruvate and deoxy sugar in the ratio of 1 :3. 
The signals from the anomeric protons suggested 

three a- and one P-linkages (12, 13). Quantitative 
analysis, as alditol acetates, gave D-glucose and 
L-rhamnose in a ratio of 1 : 3 and the configura- 
tions were determined (14) by the sign of the 
circular dichroism (c.d.) spectra of the acetates. 
Methanolysis of the polysaccharide also gave 
crystalline methyl L-rhamnopyranoside. 

Hydrolysis of the fully methylated (15,16) poly- 
saccharide gave 2,4-di- 0-methyl-L-rhamnose, 
L-rhamnose, and 2,4,6-tri-0-methyl-D-glucose in 
the approximate ratio of 2: 1 : 1. For the separa- 
tion of the alditol acetates of the last two 
compounds only Apiezon L was found satisfac- 
tory. When the original polysaccharide was 
partially hydrolyzed to remove pyruvate (moni- 
tored by p.m.r.) and then methylated the 
hydrolyzate was shown to contain 3,4-di-0- 
methyl-L-rhamnose, in place of L-rhamnose, 
thus establishing the position of the l-carboxy- 
ethylidene group (see Table 2, A and B). 

As only one of the three L-rhamnose residues 
is linked through position 2 the location of this 
moiety identifies the position of the 3,4-0-(1- 
carboxyethy1idene)-L-rhamnose unit in the poly- 
mer. This was achieved by examination of the 
oligosaccharides obtained on partial hydrolysis. 
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CHOY AND DUTTON:  CAPSULAR POLYSACCHARIDE 685 

TABLE 1. Proton magnetic resonance data on Klebsiella K72 capsular polysaccharide and derived 
oligosaccharides 

T* Ratio of Proton assignment 
Repeating unit of compound (Hz) integrals (D-glucose and L-rhamnose) 

- 

1 3  

1 3  
1 B-Glc - Rha  

3 CH, of L-Rha 
1 2  

1 .O a-Rha - Rha  
1 3  1 2  

Glc - Rha - Rha-OH 
B a 

0.7  a-Rha-OH 
0.3 B-Rha-OH 

1 3  
1 .O B-Glc - Rha 
6 .0  CH3 of L-Rha 

1 3  1 2  1 3  1 2  
Glc - Rha - Rha - Rha-OH 4.63 1 .O a-Rha - Rha 

a-Rha - R h a  
P-Rha-OH 

1 3  
P-Glc - Rha 
CH, of L-Rha 

1 2  
a-Rha - Rha  

1 3  
a-Rha - Glc 

1 3  
a-Rha - Rha 

1 3  
p-Glc - Rha 
CH3 of L-Rha 

1 2  
a-Rha - Rha 

3 1 3  1 2  1 3  1 
- Glc - Rha - Rha - Rha - 4.62 

P (X a a 

5.36(8) 
8.70(5) 

3 1 3  1 2  1 3  1 
- Glc - Rha - Rha - Rha - 4.62 

0 a 3 v 4 a  a 
CH3CCOONa 

1 3  
a-Rha - Glc 

1 3  
a-Rha - Rha 

1 3  
13-Glc - Rha 
CH, of pyruvate ketal 
CH, of L-Rha 

5.34t 
8.42 
8.71(5) 

*Spectra run in  D20  with external tetrarnethyls~lane ( r  = 10) a t  100 MHz. 
tBroad signal, n o  dislinct doublet. 

(see Experimental and Tables 1 and 2) is such 
that the 3,4-0-(1-carboxyethy1idene)-L-rhamnose 
must be the center one of the three L-rhamnose 
units. 

Fragmentation of the capsular polysaccharide 
gave a di-, tri- and tetrasaccharide which were 
separated on a charcoal column (17) and by gel 
filtration. The identity of these oligosaccharides 
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TABLE 2. Methylated sugars from Klebsiella K72 

Sample.1 
Retention 

Sugars time (min)* A B C D E  

2,3,4,6-Me,-Glc 19 1 1 1  
2,4,6-Me3-Glc 24 I 1  
2,4-Me2-Rha 17 2 2 2 1 1  
3,4-Me2-Rha 15 1 1  1 
Rha 21 1 

*As alditol acetates on a column (8 fi x 0.25 in) o f  20X Apiezon L on Diatoport S 
(6&80 mesh) at 218'; He flow rate 60 ml/min. 

t A .  original polysaccharide; B, depyruvylated polysaccharide; C, tetrasaccharide; 
D, trisaccharide; E, disaccharide; numbers give approximate molar ratios. 

Experimental 
General 

Solvents for paper chromatography were as follows: 
(A) ethyl acetate - acetic acid - formic acid -water 
(18:3: 1 :4); (B) ethyl acetate - pyridine-water (4: 1: 1); 
(C) 1-butanol -acetic acid -water (2: 1 : I), (D) butanone 
-water azeotrope. 

Other general methods were as described previously (4). 

Preparatiorl, Properties, and At~nlysis of K72 Capsrrlar 
Polysaccharirle 

The bacteria were grown and harvested as previously 
described (9, 18) and the polysaccharide, purified by one 
precipitation with Cetavlon (19), had [aIDz4 -54" 
(c 0.275, water), neutralization equivalent 702 (by 
titration; theory 670). The p.m.r. spectrum (I I, 12) of 
the sodium salt in D 2 0  at 95' showed a sharp singlet a t  
r 8.42 and a doublet at r 8.71 ( J  = 5 Hz) in the ratio of 
1 : 3. Signals from the anomeric protons appeared a t  
r 4.62, 4.86, 4.96, and 5.34 (Table 1). 

The polysaccharide (40 ma) was hydrolyzed with - - 
trifluordacetic acid (TFA, 2 c) for 4 h. Paper chroma- 
tography in solvent B showed the presence of D - ~ ~ u c o S ~  

and L-rhaninose with a small amount of D-galactose and 
in solvent A the presence additionally of pyruvic acid 
(20). Quantitative analysis as alditol acetates showed the 
sugars to be present in the ratio of 1 :3 and permitted the 
isolation of D-glucitol hexaacetate m.p. 96-98" and L- 

rhamnitol pentaacetate (syrup). Methanolysis (3% 
MeOH-HCI, 1 h, 0.1 g polysaccharide) gave methyl 
a-L-rhamnopyranoside m.p. 108-109" (from ethyl acetate) 
after t.1.c. separation in solvent D. 

Methylation 
Capsular polysaccharide (0.1 g) was methylated (15, 16) 

and hydrolyzed with 90% formic acid at 70" for 45 min 
and then with 2 M TFA at 95" for 4 h. Paper chroma- 
tography (solvent D)  showed the presence of 2,4-di-0- 
methyl-L-rhamnose (Rr 0.64), 2,4,6-tri-0-methyl-D-glucose 
(0.49). and L-rhaninose (0.1) with a trace (ca. 2Z)  of 

chromatography and confirmed by mass spectrometry o f  
the alditol acetates (21). 

Methylatior1 of Depyr~roylnted Polysacchar.iclc 
Capsular polysaccharide (0.12 g) was hydrolyzed with 

0.1 M TFA at  95" for 55 min and the product was 
recovered by dialysis and lyophilization. The p.m.r. 
spectrum of a 5 z  solution in D 2 0  a t  95" confirmed the 
absence of pyruvic acid. The signal at r 5.36 had J = 8 
Hz and integration showed that L-rhamnose constituted 
three out of four sugar units; for detailed assignments 
see Table 1. 

Methylation of the degraded polysaccharide (50 mg), 
hydrolysis (2 M TFA, 10O0, 4 h) and  examination of the 
alditol acetates showed the presence of 3,4-di-0-methyl- 
L-rhamnose in place of L-rhamnose. 2,4-Di-0-methyl-L- 
rhamnose (K, 0.68) and the 3,4-isomer (0.67) are not 
distinguishable in solvent D by their R, values but with 
p-anisidine the former gives a bluish-green and the latter 
a reddish-brown color. The mass spectra of the alditol 
acetates are uneq~~ivocal (21). 

Characterizntion of Oligosacc/~nr.irles 
Capsular polysaccharide (0.3 g) was hydrolyzed (0.5 

M T F A ,  95", 45 min) and the solution was passed through 
a charcoal column (Darco G 60, 10 x 3 cm). Mono- 
saccharides were eluted with water (2 1) and 20% 
ethanol-water (1  I) gave 0.16 g of oligosaccharides a 
portion of which (0.1 g) was applied to  a column (I 10 x 2 
cm) of Sephadex G15. Irrigation with water at a flow-rate 
of 4-6 ml/h gave di- (10 mg), tri- (I1 mg), and tetra- 
saccharides (15 mg) having R,, ,,,,, 1.12, 0.99, and 0.88 
in solvent C. Spectral data are recorded in Table 1 and  
the sugars obtained by hydrolysis of the methylated 
oligosaccharides are shown in Tab le  2. In addition, a 
portion (3 mg) of the disaccharide was reduced and 
acetylated. Gas-liquid chromatography (SE-30, 2 ft x 
0.25 in., 260") gave a retention time of 1.1 relative t o  
scillabiitol octaacetate (22) and the peracetate had m.p. 
50-54". 

2,4,6~tri-0-methyl-~-galactos~ (0.38). Gas-liq"id chioma- 
tography of the alditol acetates (21) gave the results We are indebted to Dr. I. Drskov, Copenhagen, for a 
shown in Table 2. Columns of BDS, ECNSS-M, or culture of Klebsielln K72 (1205) and to Dr. P. J .  Salisbury 
OS-138 were incapable of separating L-rhamnitol of this department for growing the bacteria. 
pentaacetate and 2,4,6-tri-0-methyl-D-glucitol triacetate. The financial support of the National Research Council 
The identities of the methylated sugars were provisionally of Canada and the award of a Killam Fellowship t o  
determined by comparison with standards by paper Y.M.C. are gratefully acknowledged. 
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The Quenching of Type I1 Photodecomposition of 2-Pentanone in 
n-Hexane Solution by Metal Chelates1 

J. FLOOD A N D  K. E. RUSSELL 
Deportnzent of Chenzistry, Qrreen's University, Kir~gstorl, Ot~tario 

AND 

D. J. CARLSSON AND D. M. WILES 
Divisiotl of Chemistry, National Research Coirrzcilof Crrrlcrrla, Ottrr~vn, Corlrrd(i KIA OR9 

Received August 7, 1973 

The effect of certain metal chelates on the yield of acetone from the photodecomposition o f  2-pentanone 
in 11-hexane solution has been studied. The chelates act as quenchers but the slopes of the Stern-Volmer 
plots are lower than the slope observed for cis-1,3-pentadiene. These additives protect solid polyolefins 
against photodegradation but it is unlikely that the mechanism primarily involves quenching of carbonyl 
triplets. 

The quantum yield of acetone production in the type I1 decomposition of 2-pentanone in 11-hexane 
solution is 0.20 t 0.01; the triplet state lifetime of 2-pentanone is 2.3 x lo-' s. 

On a CtudiC I'effet de certains chelates mCtalliques sur le rendement en acetone forme par photodecom- 
position de la pentanone-2 dans une solution de n-hexane. Les chelates agissent comme extincteurs 
mais les pentes des courbes de Stern-Volmer ont plus basses que celles observees pour le cis-penta- 
diene-1,3. Ces additions protegent les polyolefines solides contre la photodegradation mais il est irnpro- 
bable que le mecanisme implique principalement I'extinction des triplets de carbonyle. 

Le rendement quantique de la production d'acetone dans une decomposition de type I1 de la pen- 
tanone-2 dans une solution de n-hexane est de 0.20 f 0.01 ; le temps d e  vie de I'etat triplet de la penta- 
none-2 est de 2.3 x lo-' s. [Traduit pa r  le journal] 
Can. J .  Chem., 52, 688 (1974) 

Introduction phenolate] (B), and zinc(I1) di-n-butyldithio- 

The processing of polypropylene leads to the 
incorporation of oxygen-containing impurities 
which may be the source of photochemical 
degradation (1). The main oxidation products 
are believed to be polymeric ketones of the types - CH(CH,)CH,COCH,CH(CH,)- and - CH- 
(CH,)CH,COCH, (1). Photodegradation of 
polypropylene is reduced considerably by the 
incorporation of additives such as nickel(I1) 
bis[2,2'-thiobis-(4-t-octyl) phenolate] (A), and 
it has been suggested that the additives function 
as quenchers of electronically excited carbonyl 
groups (2). Studies of the diethyl ketone- 
sensitized photooxidation of isopropylbenzene 
(3) showed that the reaction is retarded by the 
addition of A and the retardation was attributed 

carbamate (C) on the Norrish type I1 photo- 
decomposition of 2-pentanone in n-hexane 
solution. The quenching abilities of the additives 
are compared with that of cis-1,3-pentadiene. 
2-Pentanone decomposes to acetone and ethy- 
lene, the rate of formation of acetone being 
readily followed by gas-liquid chromatography. 
It was chosen for this study because it has a 
relatively long-lived triplet state and allows low 
concentrations of the additives to be studied. 
The nickel chelates A and B have high extinction 
coefficients at 313 nm and it was not possible t o  
use them at concentrations greater than 4 x 
lo-, M. The solvent n-hexane has a low viscosity 
and thus allows a relatively large rate of quench- 
ing if the process is subject to diffusion control. 

to  quenching of excited states of diethyl ketone Experimental 
by A. 

Materials In order to obtain further inforniation on the 2-Pentanone was dried over magnesium sulfate and 
effectiveness of additives in quenching excited fractionally distilled. The middle fraction was found by 
ketones, we have studied the influence of chelate g.1.c. analysis to  be > 99.9% pure; it was stored in the 
A, nickel(I1) n-butylamine[2,2'-thiobis-(4-t-octyl) dark. n-Hexane and methylcyclohexane (99 mol z) and 

cis-1,3-pentadiene were used as supplied. The chelates 
A, B, and C were recrystallized and dried in vacuo. 

'NRCC No. 13726. Potassium ferrioxalate was recrystallized three times 
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FLOOD ET AL.: QUENCHING OF TYPE I1 DECOMPOSITION 689 

under dark-room conditions. It was dried and stored in of quantum yields for acetone production of 
the dark. 0.20 at  0 "C in the liquid phase and 0.22 at 76 "C. 
Procedure A recent detailed study of Golemba and Guillet 

The quantum yield for type I1 photodecomposition of (4) showed that 0,' for 2-hexanone in dodecane 
the 2-pentanone in ?I-hexane solution was determined by is 0.25 at 35 OC, grid if the ratio of quantum 
photolysis of degassed solutions contaming 0.2 M 2- 
pentanone and 0.01 M methylcyclohexane (g.1.c. internal yields for 2-pentanone and 2-hexanone in n- 
standard). The solution was introduced into a Pyrex bulb hexane is 0.84 the estimated quantum yield 
attached to the photolysis cell and degassed; after being for 2-pentanone is 0.21. Golemba and Gulllet 
sealed off, the solution was transferred to the cylindrical also concluded that type I1  quantum yields for 
cell of I mm ~athlength. The photolysis was performed a range of 2-alkanones are independent of both at 25 + 3 "C using a 140 W Hanovia "Utility" medium 
oressure mercurv lamo as u.v. source. The 313 nm line temperature and viscosity' - & 

was isolated by means of a Pyrex plate (thickness 3.5 mm) Quenching by cis- I,3-Pentadiene and a filter solution of nickel and cobalt sulfates (thick- 
ness 2 cm) (4). Analysis by means of a Heath EU-700 The quenching of the type I1 
scanning monochromator with 25 slit setting showed of 2-pentanone by cis-1,3-pentadiene was studied 
that less than 10W of the transmitted radiation came from in order to  provide a standard for comparison 
lines at  302 and 334 nm. The photolysis time varied from with the effects of the polymer additives. ~h~ 
2 h in the absence of additive to as much as 18 h with the 
highest concentrations of nickel chelates. In all cases the for the concentration range 0'9-4'4 
resultant concentration of acetone was I - 2  x M. l o p 3  M cis-l93-pentadiene are shown ~n Fig. 1. 
The intensity of the incident radiation was determined by If QA is the type I1 quantum yield in the  presence 
means of potassium ferrioxalate actinometry (5) before of quencher, Q, the dependence of @, on the 
and after photolysis of the 2-pentanone samples. The concentra.tion of Q is  given by incident intensities were within t 2 %  of the average value 
which was used for quantum yield calculations. A 
continuous check of the intensity over a period of 12 h [I 1 QAO/@A = 1 f kq2[Q] 
confirmed that maximum variations were considerably 
less than + 5%. 

Analysis for acetone in the photolyzed samples was 
carried out by means of a Hewlett-Packard 5750B Series 
Research Gas Chromatograph with a flame-ionization 
detector. Separation was effected on a 4 ft column of 
Porapak Q at 190 "C. The ratlo of the area of the acetone 
peak to that of the internal standard, methylcyclohexane, 
was determined by weighing. The concentration of ace- 
tone in the sample was obtained from a callbration graph 
of ratio of peak areas us. concentration of acetone. 

Extinction coefficients of 2-pentanone and the additives 
at  313 nm were determined by means of a Cary 14 
spectrophotometer. The extinction coefficients of 2- 
pentanone, A, B, and C were found to be respectively 
5.1, 7100, 5200, and 830 M - '  cm-'. It was shown that 
absorbances of solutions of nickel chelates obey Beer's 
Law. These values were used to calculate the fraction of 
the incident radiation absorbed by the 2-pentanone in 
solut~ons containing the additives. 

Results 
Photolysis of 2-Pentanone 

The extent of Norrish type I1 decomposition 
of 2-pentanone was determined via the rate of 
production of acetone. The quantum yield mAO 
was 0.20 + 0.01 at 25 "C in n-hexane. Conver- 
sions t o  acetone were maintained less than 1% 
(0.6 to  0.9%) because a significant decrease in 
rate of formation of acetone accom~anies an 
increase in conversion of 2-pentanone (6). The 
data of Ausloos and Rebbert (7) lead to estimates 

where k, is the rate constant for quenching and 
z is the lifetime of the triplet state (the contri- 
bution of singlet state quenching is negligible at 
the low concentrations of cis-1,3-pentadiene used 
in this work (9)). The slope of the plot of QAO/aA 
vs. [Q] is 680 i- 50 M-' .  Quenching in low 
viscosity solvents is probably not completely 

FIG. 1. Stern-Volmer plot for quenching of triplet 
2-pentanone by cis-1,3-pentadiene at 25 "C. Solvent: 
n-hexane. 
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690 C A N .  J .  C H E M .  VOL.  5 2 ,  1974 

TABLE 1. Quenching of the type I1 reaction of 2-pentanone in n-hexane at 25 "C 

Slope of Stern-Volmer 
Compound plot ( M - I )  

cis-1,3-Pentadiene 680 + 50 
Nickel(I1) bis[2,2'-thiobis(4-t-octyl)phenolate] (A) 160+50 
Nickel(I1) 11-butylamine[2,2'-thiobis-(4-t-octyl)phenoate (B) 195 k 6 0  
Zinc(I1) di-n-butyldithiocarbamate (C) 260 + 40 
Nickel(I1) di-n-butyldithiocarbamate - 

Extinction coefficient 
a t  313 nm(M-lcm-l) 

diffusion controlled (lo), but assumption of 
diffusion control leads to an estimate of k ,  in 1 
n-hexane, by means of the modified ~ i b ~ e  
equation of Osborne and Porter (1 I), of 2.9 x 
10" M - '  s-' at 25 "C. The estimated lifetime 
of the triplet state of 2-pentanone is then 2.3 x 
lo-' s. This compares with a lifetime of 1.56 + 
0.06 x lo-' s estimated for 2-pentanone in 
n-heptane (6) from experiments in which the 
conversion to acetone was 3% or less. 

Quenching by Metal Chelates 
The stability of the metal chelates A, B, and C 

was first investigated by subjecting n-hexane 
solutions to photolysis for twenty hours and 
analyzing changes by means of U.V. spectroscopy 
and thin layer chromatography. There was no 
evidence for photochemical breakdown of the 
chelates under these conditions. The free ligand, 
2,2'-thiobis(4-t-octy1)phenol decomposed slowly 
on irradiation, initially at about 4% hh-', and 
analysis by t.1.c. showed that three products were 
formed, the major one having been identified 
earlier (3) as 4-t-octylphenol. It was thus not 
possible to use the free ligand in these studies. 

The plot of OAO/OA us. concentration of 
chelate C is shown in Fig. 2. Least-squares 
analysis yields a slope of 260 + 40 M-'. The 
chelate C is thus about one third as effective as 
cis-1,3-pentadiene as a quencher of excited 2- 
pentanone in n-hexane solution. The correspond- 
ing slopes for chelates A and B are 160 + 50 M-' 
and 195 -t 60 M - ' ,  respectively, at 25 "C. The 
results are summarized in Table 1. It was hoped 
to determine the quenching ability of nickel(I1) 
di-n-butyldithiocarbamate but its high extinction 
coefficient at 313 nm (>25 000 M-'  cm-') 
precluded its use in this study. 

FIG. 2. Stern-Volmer plot for quenching of excited 
2-pentanone by C (Zinc(I1) di-n-butyldithiocarbamate) 
at 25 "C. Solvent: n-hexane. 

quenching effects of additives at concentrations 
as low as lop3  M in n-hexane solution. Even at  
these concentrations, the metal chelates absorb 
a considerable fraction of the incident radiation 
at 313 nm, thus limiting the range of chelates 
which can be studied. The chelates A, B, and C 
are all capable of quenching the type I1 decompo- 
sition of 2-pentanone as measured by the forma- 
tion of acetone. The slopes of  the Stern-Volmer 
plots are smaller than the slope of 680 f 50 
M- '  observed for cis-1,3-pentadiene. The experi- 
mental results do not preclude some decomposi- 
tion of the ketone via sensitization by the 
chelates. Such sensitization might however be 
expected to give rise to a curved Stern-Volmer 
plot for quenching by the nickel chelates and 
there is no positive evidence for such curvature. 

Discussion The results of this study may be compared 
The results for the quenching of type I1 with those of a broader study of the type I and 

decomposition of 2-pentanone by cis-1,3-penta- type I1 decompositions of 2,6-dimethyl-4-hepta- 
diene show that it is possible to study the none in decahydronaphthalene solution (12). 
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FLOOD ET AL.: QUENCHING OF TYPE I1 DECOMPOSITION 69 1 

Carlsson et al. state that the nickel(I1) chelates 
do not appear to quench either the type I or type 
I1 processes. They attribute the retardation of 
the 3-pentanone-sensitized photooxidation of 
isopropylbenzene by compound A, observed by 
Chien and Conner (3), to the ability of nickel 
chelates to quench singlet oxygen. Carlsson 
et al. found that the zinc chelate C gives a 
Stern-Volmer slope of 90 f 10 M -  ', as deter- 
mined from the formation of 2-methyl-4- 
pentanone, which is comparable to the slope for 
cis-1,3-pentadiene (70 + 10 M -I). However, in 
both the type I1 decomposition of 2,6-dimethyl-4- 
heptanone in decahydronaphthalene solution 
(12) and of 2-pentanone in n-hexane solution 
(this work), the results found for triplet carbonyl 

, deactivation by nickel chelates do not support 
the high k ,  value (approximately 10 x diffusion 
rate) found by Chien and Conner (3) who 
concluded that long range energy transfer 
occurred. Our work is in fair agreement with 
recent results of Guillory and Cook (13) which 
lead to k ,  values of - 1 x lo9 for 4-methyl-2- 
pentanone quenching by chelates B and C. 

Our studies have been confined to hydrocarbon 
solutions and the conclusions may not apply to 
quenching by nickel chelates in solid polymers 
such as polypropylene. However, Heskins and 
Guillet (13) have studied the energy transfer 
from excited states of carbonyl groups in solid 
ethylene -carbon monoxide copolymers to the 
triplet quencher cis-1,3-cyclooctadiene, and the 
quenching of naphthalene fluorescence by the 
copolymers. They conclude that the lifetime of 
the carbonyl triplet in the polymeric ketone is 
very short (1 x lo-' s in the solid state as 
compared with 1.4 x lo-' s in decahydro- 
naphthalene solution) and that large stabilizer 
concentrations would be required in order to 
quench excited states of aliphatic ketones within 
the solid copolymer. The present study shows 

that if quenching by metal chelates has approxi- 
mately the same characteristics in solid polymers 
as in n-hexane solution it is too weak to explain 
their high efficiency in protecting polyolefins. 
In fact the ketone photolysis rate can only be 
reduced a maximum of three-fold at nickel 
chelate concentrations up to 0.004 M (compar- 
able to the concentration used to stabilize 
polyolefins), and oxygen dissolved in the 
polymer can be expected to be a more efficient 
scavenger of ketone triplets than these chelates 
(12). 

The research at Queen's was performed under an 
operating grant from the National Research Council of 
Canada. We thank Dr. J. K. S. Wan for the  loan of an 
apparatus and for discussion. 
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The Stereospecific Synthesis of Neutral and Cationic Tertiary Phosphine 
Complexes of Platinum(I1) 

KEITH R. DIXON, KENNETH C. MOSS, AND MARTIN A. R. SMITH 
Departmetlt of Clretnistry, University of Victoriri, Victoria, British Coiiirnbiri 

Received July 23, 1973 

Stereospecific synthetic methods for the preparation of complexes of the type cis- and trans- 
[PtCIL(PEt3)2]+ and ci~-[PtClX(PEt,)~1 have been developed. Preparations of complexes where L = py, 
PPh3, PCIPh2, or P(OPh), and X = SCN, NO,, NO,, N,, NCO, or Br are described and it is shown 
that bridge cleavage reactions in square planar platinum(I1) complexes occur with retention of stereo- 
chemistry. 

On a developpe des methodes de synthese sterCospecifiques pour la preparation de composes du 
type cis- et trat~s-[PtCIL(PEt,),]+ et c i~-[PtClX(PEt~)~l .  On dkcrit la preparation des complexes oh 
L = py, PPh,, PCIPhz oh P(OPh), et X = SCN, NOZ,  NO,, N,, NCO ou Br; on montre aussi que les 
reactions de coupure des ponts dans les complexes plan carre du platine(I1) se font avec retention de 
s tereochimie. 
Can. J. Chern., 52, 692 (1974) 

In view of current emphasis on studies of the 
cis and trans influences of ligands in square 
planar complexes, we considered it of interest to 
develop stereospecific synthetic routes to com- 
plexes of the types [PtClL(PEt,),]+ and 
[PtClX(PEt,),] where Et = ethyl; L = neutral 
ligand, and X = anionic ligand. Such systems 
are potentially useful in that chloride substitution 
reactions can then be used to introduce "probe" 
ligands for studies of the cis and trans influences 
of the L and X groups. 

The displacement of C1- from cis-[PtC12- 
(PEt,),] by a series of neutral ligands in the 
presence of NaClO, to give [PtCIL(PEt,),]- 
[CIO,] has been described by Church and Mays 
(1). In all cases, except when L = triphenyl- 
phosphine (PPh,) or pyridine (py), a trans 
product was obtained. The stereochemistry of 
[PtCl(py)(PEt,),]+ was uncertain whilst the 
PPh, compound was show11 to be the cis isomer. 
Cherwinski and Clark (2) have utilized bridge 
cleavage of [Pt,CI,(PEt,),] [BF,], by NaX (X = 
SCN, NO,, or NO,) to prepare cis-[PtClX- 
(PEt,),] and we have previously reported the 
reactions of [Pt,Cl,(PEt,),][BF,], with py and 
CO to give cis-[PtCl(py)(PEt,),][BF,] (3) and 
trans- [PtCI(CO)(PEt,),] [BF,] (4) respectively. 
We now report the results of further investigation 
of the stereochemistry of these and related 
reactions and their use in stereospecific syntheses. 

Results 

[3] [Pt2C12(PEt3)4][CI0,11 + 2NaX -> 
2cis-[PtCIX(PEt,),] + 2NaC104 

The products are formed in high yield under 
mild conditions and have the indicated stereo- 
chemistry for L = PPh,, P(OPh),, or py and for 
X = SCN, NCO, NO,, NO,, N,, or Br. We 
have found no examples where the reactions are 
not stereospecific except for the reported (4) 
preparation of trans- [PtCl(CO)(PEt,), [BF,] 
from [Pt,Cl,(PEt,),][BF,], (see discussion 
below). Reaction 2 is also successful for L = 
PClPh, but use of this ligand in reaction 1 
causes transfer of chloride to platinum and pro- 
duction of cis- [PtCl,(PEt,),]. 

The stereochemistry of the complexes was 
determined by established criteria using the 
infrared regions from 700-800 cm-' and 400- 
450 cm-' (5), the variation of v(Pt-C1) stretch- 
ing frequencies with trans ligands (I), and the 
appearance of the methyl region in proton mag- 
netic resonance spectra (ref. 6 and references 
therein). The methyl resonances show two coup- 
ling constants (,J,-, = 7-8 Hz and ,J,-, = 
17-18 Hz) directly1 and the spectral type is 
determined by the relative magnitudes of 'JP-, 
and the chemical shift difference between the two 

The reactions studied are of three general 'All other couplings to the methyl protons are small 
types : (c 1 Hz), including those involving lg5Pt. 
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DIXON ET AL.: Cc 

phosphorus atoms. If the phosphorus atoms are 
chemically equivalent then for small values of 
2Jp-p (cis PEt, ligands) the spectra appear as an 
overlapping doublet of triplets due to  approxi- 
mately first order coupling with the methylene 
protons and one phosphorus. For large values of 
2Jp-p (trans PEt, ligands) a "virtually coupled" 
spectrum having an overlapping triplet of trip- 
lets2 is observed giving an apparent 1 :4:6:4: 1 
quintet. Our trans complexes have chemically 
equivalent phosphines and give quintet spectra. 
The cis complexes have chemically non-equiva- 
lent phosphines but the chemical shift differences 
between the two sets of methyl protons are 
generally small and only one doublet of triplets 
is observed for all cases except cis-[PtClL- 
(PEt,),]+ where L = PPh, or P(OPh),. For 
these two complexes there is the additional 
possibility of a "virtually coupled" spectrum 
arising from strong coupling between the trans 
phosphorus atoms of PEt, and L. However, 
when L = P(OPh), the spectrum can be un- 
ambiguously assigned as two overlapping doub- 
lets of triplets arising from two chemically non- 
equivalent PEt, ligands and, although the case 
when L = PPh, is slightly more complex, the 
same basic pattern occurs. Thus in neither case 
is a "virtually coupled" spectrum observed, 
indicating that when the trans phosphorus atoms 
are in different phosphines the chemical shift 
difference is sufficiently large compared to 'JP-, 
to permit approximate first order analysis. 

The stereochemistry of [PtCl(py)(PEt,),]+ pre- 
pared by Church and Mays from cis-[PtCl,- 
(PEt,),] was uncertain because of overlap of 
methyl and methylene resonances (1). However, 
we find that when both cis- and trans-[PtCl(py)- 
(PEt,),]+ are available the slight overlap does 
not interfere with the assignment of stereo- 
chemistry. The occurrence of v(Pt-C1) at 
340 cm-' (trans to py) and 283 cm-' (trans to 
PEt,) in the trans and cis isomers respectively is 
further evidence for the correctness of our 
assignment and a repeat of Church and Mays' 
reaction shows the product to be stereospecifi- 
cally cis-[PtCl(py)(PEt,),]+. 

Discussion 
Our reactions of type [2] lead specifically to 

trans ~roducts  and it is therefore somewhat sur- 
prising that the analogous reactions of cis- 

- 

3 J H - H  = 7-8 Hz,JH-p(appareIlt) = 9 I 3 J ~ - p  f 5 J ~ - p (  - 7.5 H z .  

[PtCI,(PEt,),] gave mainly trans products (l), 
especially since it is generally accepted that 
substitution reactions at platinum(I1) proceed 
with retention of stereochemistry (7). We have 
confirmed the previous results for L = P(OPh), 
and find that even when careful control is exer- 
cised so that L is never in excess the products 
still have trans stereochemistry. However, 
attempted labilization of the cisltrans equilibrium 
by addition of - 10 mol % of L to 0.2 M solu- 
tions of cis-[PtC1L(PEt3)2][C10,] in dichloro- 
methane shows that conversion t o  the trans 
isomer is essentially complete after 5 min at 35" 
for L = P(OPh), whereas for L = PPh, the 
reaction takes 3 weeks and for L = py no iso- 
merization is observed after 3 weeks. These 
results are unusual since the accepted order of 
nucleophilicity towards platinum is PPh, > 
P(OPh), > py and the rates of isomerization 
might have been expected to follow the same 
order. However, they do suggest that, in the 
reaction of cis-[PtCI,(PEt,),] with L, the rate of 
isomerization of the product is greater than the 
rate of substitution for L = P(OPh), but is much 
slower for L = PPh, or py, thus giving trans and 
cis products respectively. Presumably a similar 
explanation holds for the other trans products 
described by Church and Mays (1). 

Some examples of previous bridge cleavage 
reactions of platinum(I1) complexes have been 
noted in the introduction and others involving 
[Pt,X,(PR,),] complexes with CO, olefins, and 
amines have been described by Chatt and co- 
workers (8). No consistent stereochemical pattern 
has been established but all the non-stereo- 
retentive reactions were conducted for long re- 
action times with excess ligand and under these 
conditions isomerization of the initial products 
will be facilitated. Our results under more con- 
trolled conditions show that the bridge cleavage 
route to cis products (reactions 1 and 3) is 
applicable to ligands having a wide range of 
nucleophilicity and trans influence, i.e. PPh,, 
P(OPh),, py, NCO-, N,-, NO2-, SCN-, and 
ON0,-.  Attempts t o  extend the series at both 
ends of the range were unsuccessful. Strong 
nucleophiles (CN- and CH,-) cause chloride 
substitution in addition to bridge cleavage and 
weak ucleophiles give only partial cleavage of f 
the bridge (NO,-, ca. 90%; CH,COO-, ca. 
50%; AsPh,, no reaction). It is clear however that 
the bridge cleavage reaction is a versatile stereo- 
specific synthetic routs provided conditions are 
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TABLE 1. Characterization data 

Analyses 
'H  chemical 

%C %H shifts (r) Infraredd 
Melting v(Pt-CI) 

Complex" point ("C) Calcd. Found Calcd. Found CHzb CH3' (cm-I) 

[Pt2C1z(PEt3)41[C10412 220-225 dec. 25.4 25.6 5 .3  5 .4  7 .9  8.75 
ci~-[PtCI(py)(PEt~),1[ClO~]~ 235-237 31.6 31.7 5 .5  5.5 7 .9  8.62 

trans-[PtCl(py)(PEt3)2][C104]r 184-188 31.6 31.7 5 .5  5 .5  8 . 4  8.85 
~is-[PtCl(PPh,)(PEt~)~][C10~] 178-180g 43.5 43.5 5 .5  5.5 7 .9  9.00 

8.74 
fran~-[PtC1(PPh~)(PEt~)~l[ClO~] 182-186 43.5 43.5 5 .5  5 .5  8 .4  8.93 
~is-[PtCl(P(0Ph),)(PEt~)~:I[C10~] 150-152 41.1 40.8 5 .2  5 . 2  7 .9  9.00 

8.90 
trans-[PtCI(P(OPh)3)(PEt3)z][C104] 172-174 41 .1 41 .8 5 .2  5 .3  7.9 8.86 
trans-[PtCl(PCIPh2)(PEt3),][C1O4] 145-147 36.6 36.8 5 .1  5 .2  8 .3  8.93 

C ~ S - [ P ~ C I ( N ~ ) ( P E ~ ~ ) ~ ] ~  115-118 28.3 28.2 5 .9  5 .9  8 .0  8.0 
cis-[PtC1(NCO)(PEt3),1 134-138 30.7 30.7 5 .9  5 .7  8.1 8.76 
cis-[PtCIBr(PEt3)2] 198-199 26.3 26.3 5 .5  5 .5  7.9 8.79 
cis-[PtCl(SCN)(PEt3),1' 154-156 29.7 29.4 5 .8  5 .7  8 . 0  8.76 
ci~-[PtCl(N0,)(PEt~)~] '  188-191 28.1 27.9 5.9 5.9 8 .0  8.75 

-- 

ca. 300 (b) 
283 
3 40 
290 

'All complexes are colorless crystals. 
bBroad complex resonances permitting only approximate determination o f  chemical shift. Resolution insufficient for meaningful analysis. 
<See results section for coupling constants and multiplet structure. 
dMedium intensity absorptions. 
"%N: calcd. 2.2, found 2.1. 
f%N:  calcd. 2.2, found 2.0. 
gpartial melting at ca. 140 suggests this complex may isomerize on heating. 
*%N: calcd. 8.3. found 7.9. 
'v(Pt-N) = 380 (m), v(N=N) = 2045 (vs,b) c m - ' .  
JS(NC0) = 595 (m), v(C=N) = 2220 (vs,b) c m - ' .  
' Z N :  calcd. 2.7, found 3.3. 
'%N: calcd. 2.7, found 2.8. 

controlled so as to prevent isomerization of the [ P ~ z C ~ Z ( P E ~ ~ ) ~ I [ C ~ ~ ~ I Z  Was prepared by reaction of cis- 
initial products. [PtCI2(PEt3),] with AgC104 under conditions similar to  

those described previously for preparation of [Pt2C12- In summaryy Our demonstrate (PEt3)4][BF4]z (3) and was recrystallized from dichloro- 
although product isomerization may occur, the methane bv addition of diethvl ether until ~ r e c i ~ i t a t i o n  

A A 

substitution and bridge cleavage reactions at just began-(cloud point). 
platinum(I1) are themselves stereoretentive. This 
was well-known for substitution reactions (7), 
although the results of Church and Mays (1) 
appeared to  provide some contrary examples, 
but had not been clearly established for bridge 
cleavage. 

Experimental 
Data relating to the characterization of the complexes 

are given in Table 1. Microanalyses were by D. L. McGil- 
livray of this department. Infrared spectra were recorded 
from 4000-250 cm-' with accuracy + 3 cm-I on a 
Beckman I R  20 spectrophotometer calibrated against 
polystyrene film and water vapor. Solid samples were 
examined as Nujol mulls between cesium iodide plates. 
Nuclear magnetic resonance spectra were recorded in 
dichloromethane solution on a Perkin-Elmer R12A spec- 
trometer using tetramethylsilane as external reference. 
Melting points were determined on a Reichert hot-stage 
apparatus and are uncorrected. 

Solvents were of spectrograde quality and were dried 
and stored over type 4A molecular sieves. cis- and trans- 
[PtCI2(PEt3),] were prepared as described elsewhere (9). 

c ~ ~ - [ P ~ C I L ( P E ~ , ) ~ ] [ C I O , ]  Comnplexes (Reaction I) 
In a typical reaction, PPh3 (0.129 g, 0.492mmol) in 

acetone (3 ml) was added dropwise to  a stirred solution of 
[Pt2C12(PEt3)4:I[C104]2 (0.290 g, 0.256 mmol) in acetone 
(10 ml). After stirring for 5 min at 25" the solution was 
evaporated under reduced pressure t o  ca. 3 ml. Dropwise 
addition of diethyl ether to the cloud point gave cis- 
[PtC1(PPh3)(PEt3),][C1O4] (0.354 g, 0.427 mmol) a s  
colorless crystals. 

Similar reactions gave the indicated yields for L = 
P(OPh)3 (98%) and  py (89%) except that the py reaction 
required reflux for 2 h. 

trans-[PtCIL(PEt3)2][CI04] Complexes (Reaction 2) 
In a typical reaction, PPh, (0.154 g, 0.587 mmol) in 

acetone (3 ml) was added dropwise to  a stirred solution of 
NaC104.H20 (0.088 g, 0.627 mmol) with trans-[PtClz- 
(PEt3)2] (0.300 g, 0.597 mmol) in acetone (15 ml). After 
stirring for 10 min a t  25", NaCl was removed by filtration 
and the filtrate evaporated under reduced pressure to  give 
the crude product. Purification was achieved by extraction 
into dichloromethane, recovery by evaporation of solvent 
under reduced pressure, and recrystallization from acetone 
by dropwise addition of diethyl ether to  the cloud point t o  
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DIXON ET AL.: COMPLEXES OF PT(I1) 695 

give trans-[PtCI(PPh3)(PEt,),][C104] (0.400 g, 0.483 1. M. J. CHURCH and M. J. MAYS. J.Chem. Soc. A,  3074 
mmol) as colorless crystals. (1968). 

Similar reactions gave the indicated yields for L = 2. W. J. C H E R W ~ N ~ K ~  and H. C. CLARK. Inorg. Chem. 
P(OPh), (98x), PCIPh, (60%), and py (50%) after stirring 10,2263 (1972). 
for 30 min, 2 h, and 72 h respectively. No reaction was 3. K.  R. DIXON and D. J.  HAWKE. Can. J .  Chem. 49, 
observed for L = AsPh,. 3252 (1971). 

C~S-[P~CIX(PE~,)~]  Complexes (Reaction 3) 
These were prepared from [Pt,C1,(PEt3)j][C10,1, 

(0.300 g, 0.265 mmol) and NaX (0.530 mmol) by the 
method previously described (2). Products were re- 
crystallized from ethanol containing 5-10% diethyl ether 
to give the indicated yields for X = SCN (82z),  N3 (85%), 
NCO (60%), NO2 (84%), Br (70%) The reactlon for X = 
NO, was only ca. 90%complete and the product (ca. 80%) 
could not be separated from unreacted starting material. 
For this reason detailed characterization is not includcd in 
Table 1 but the 'H n.m.r. spectrum clearly showed a cis 
configuration for the product. A reaction wlth X = 
CH3CO0 was only ca. 50% complete after reflux for 24 h. 

We thank the National Research Council of Canada 
and the University of Victoria for research grants. 

4. H.  C. CLARK, K. R. DIXON, and W. J.  JACOBS. Chem. 
Cornmun. 93 (1968). 

5. G. W. BUSHNELL, K.  R. DIXON, R. G. HUNTER, and 
J. J .  MCFARLAND. Can. J .  Chem. 50, 3694 (1972); P. 
L. GOGGIN and R. J .  GOODFELI.OW. J .  Chem. Soc. A ,  
1462 (1966). 

6. H. C. CLARK, K. R.  DIXON, and W. J.  JACOBS. J. Am. 
Chem. Soc. 90,2259 (1968); A. J .  REST. J .  Chern. Soc. 
A, 2212 (1968); J .  F.  NIXON and A. PIDCOCK. Ann. 
Rev. N.M.R. Spectrosc. 2,380 (1969). 

7. F. BASOLO and R. G. PEARSON. Mechanisms of inor- 
ganic reactions. 2nd ed. Wiley. 1967. 

8. J .  CHATT, N. P. JOHNSON, and B. L. SHAW. J .  Chem. 
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N-Benzoylthiourea (pKHA 10.9) and other N-acylthioureas ionize in alkaline solution, and then are 
rapidly hydrolyzed to thiourea and a carboxylic acid. The rates become independent of hydroxide ion 
concentration when this exceeds about 0.1 M and point to a mechanism in which hydrolysis takes place 
by attack of an hydroxide ion on the un-ionized molecule of N-acylthiourea. This mechanism accords 
with the Arrhenius parameters for the hydrolysis of N-benzoylthiourea in 0.2 N sodium hydroxide, and 
with the Hammett p value of 0.10 for the hydrolysis of m- and p-substituted N-benzoylthioureas in 
1.0 N potassium hydroxide. 

- 

La N-beilzoylthiourte (pK,,, 10.9) et les autres N-alcoylthiourtes s'ionisent en milieux alcalins, puis 
s'hydrolysent rapidement en thiourte et en un acide carboxylique. La vitesse de ces rkctions devient 
independante de la concentration de I'ion hydroxyde quand celle-ci est superieure a 0.1 M, et indique 
un mecanisme dans lequel I'hydrolyse se produit par I'attaque d'un ion hydroxyde sur la molkcule non- 
ionisee de la N-alcoylthiouree. Ce mtcanisme est en accord avec les parametres d'Arrhenius pour 
I'hydrolyse de la N-benzoylthiouree dans 0.2 N hydroxyde de sodium et aussi avec une valeur de 0.10 du 
parametre p de Hammett pour I'hydrolyse dans 1.0 N d'hydroxyde de  potassium des N-benzoylthiourees 
substitukes en m6ta etpat-a. 

Can. J. Chern., 52,697(1974) 

2-Thiohydantoin (1) can be regarded as a cyclic 
N-acylthiourea (compare N-acetylthiourea (2)) 
and consequently it becomes of interest to see 
whether the kinetic features observed many years 
ago in the alkaline hydrolysis of z-thiohydantoin 
(1) are also observed in the alkaline hydrolysis of 
N-acylthioureas. 

N-Acylthioureas have a strong absorption peak 
at  about 270 nm due to  a n 4 n* transition (2). 
In alkaline solution this peak shows a marked red 
shift due to formation of the conjugate base (A-) 
(e.g. 3) of the N-acylthiourea (HA) (e.g. 2); how- 
ever, at  the same time rapid hydrolysis t o  a car- 
boxylic acid and thiourea takes place, and the final 
spectrum is that expected for a mixture of these 
two compounds (see Fig. 1). The hydrolysis of 
N-benzoylthiourea was slow enough for absorb- 
ance curves to  be obtained in solutions of p H  6.5 

'Holder of NRCC Scholarship, 1968-1970. 

and 13.3 (corresponding to HA and A-, respec- 
tively), and in five buffer solutions of ionic 
strength 0.5 and pH varying from 10.40 to 11.95. 
The curves passed through a well-defined isos- 
bestic point, and analysis in the usual fashion (3) 
gave a pK,, of 10.9 f 0.1 in water at  25.3 "C 
(Table 1). The hydrolysis of N-acetylthiourea was 
too rapid for its pKHA to be determined in this 
way. 

The hydrolysis of N-acetylthiourea could be 
followed conveniently by observing the  decrease 
in absorbance at 275 nm (see Fig. l) ,  and was 
found to  follow pseudo first-order kinetics in the 
large excess of buffer or sodium hydroxide used. 
The results are given in Table 2, and show that a 
22 000-fold increase in hydroxide ion concentra- 
tion (from carbonate buffer to 1.00 N potassium 
hydroxide) causes only a 170-fold increase in k*, 
the pseudo first-order rate constant, defined by 
eq. 1. Furthermore, the increase in this constant 
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WAVELENGTH ( n r n  

FIG. I .  Ultraviolet absorption spectra of 1.2 x 
M N-acetylthiourea in aqueous phosphate buffer, p H  
11.2,1 = 0.45, at 25.3 "C after (a)O s (120 s after mixing); 
(b) 240 s;  (c) 600 s ;  ( d )  3600 s. 

[]I Rate = k,[HAl,,,i,h = kJlA-1 + [HA]) 

appears to level off at higher concentrations of 
hydroxide ion. These kinetic features are reminis- 
cent of those already observed in the hydrolytic 
ring-opening of 2-thiohydantoin (1) and point to 
a mechanism in which hydrolysis occurs by re- 
action of hydroxide ion with the un-ionized mole- 
cule of N-acetylthiourea, without any significant 
contribution from reaction with the conjugate 
base. Application of the steady-state approxima- 
tion then leads to eq. 2, where k,, Ic,, and k3 are 

TABLE 1. Ionization of N-benzoyl- 
thiourea in phosphate buffers (ionic 
strength 0.5) at 25.3 "C, from absorb- 

ance measurements at 300 nm 

the rate constants indicated in Scheme 1. This 
equation may be simplified to eqs. 3a and b, 

where Kw is the ionization constant for water and 
KHA is the ionization constant for HA. Equation 
3a indicates that the magnitude of the observed 
pseudo first-order rate constant k, follows the 
fraction [A-]/([A-] + [HA]) of HA ionized: as 
ionization of HA becomes complete in strongly 
alkaline solutions, so k, should level off to a 
constant value.' Indeed, the levelling-off of the 
observed rate of hydrolysis can be accommodated 

2The kinetics d o  not distinguish between mechanisms 
involving attack of hydroxide ion o n  HA and attack of 
water on A-.  The latter mechanism has been advanced, 
from similar kinetic considerations, as a possibility for 
the hydrolysis of 5,6-dihydropyrimidines (4) and of 
trifluoroacetanilide (5). However, intuitively it seems less 
likely, and in the case of trifluoroacetanilide goes counter 
to  further kinetic considerations (6). 
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CONGDON AND EDW ARD: N-ACYLTHIOUREAS 699 

TABLE 2. Rates of hydrolysis of N-acetyl- 
thiourea and N-benzoylthiourea in aqueous 
buffer and potassium hydroxide solutions 

104 k, (s-11 
[OH-]" 
(mol-') Exv. Calcd. 

"Rates were measured at 25.5 OC in potassium hy- 
droxide - potassium chloride buffers of ionic strength 
o f  1.0 unless otherwise noted. 

bCarbonate buffers I = 1.0, extrapolated lo  zero 
carbonate. 

CTrimethylamine buffer, I = 1 .O, extrapolated t o  
zero amine. For the free base a second-order rate  
constant of 1.6 r rnol- '  s-I  was obtained. 

fairly well by eq. 3, assuming a value of 1.3 x 
10- l 2  moll- ' (pKHA 1 1.9) for KHA3 and a value 
of 1.5 1 mol-' s-' for klk,/(k2 + k,). This is 
shown by the satisfactory agreement between 
experimental and calculated values of kJ, in 
Table 2. Applying a similar analysis to the kinetic 
data (1) for the alkaline hydrolysis of 2-thio- 
hydantoin (pKHA 8.5 (7)) gives klk3/(k2 + k,) = 
85.4 1 mol-' s-'. 

In the absence of oxygen-exchange studies to 
separate the kinetic terms, any interpretation of 
differences in k ,  k2/(k2 + k,) must be very tenta- 
tive. It seems likely that k, > k, because of the 
stability of the conjugate base of thiourea (pKHA 
probably about 15 (8)) extruded from the tetra- 
hedral intermediate 4 (8, 9), and in that case 

3N-acetylthiourea would be expected to be a weaker 
acid than N-benzoylthiourea (compare acetic and benzoic 
acids) but not as much as indicated by this pKHA. 

k,k3/(k2 + k,) k, .  In any case, it is evident 
that the acyl-thiourea bond is about 57 times 
more reactive in 2-thiohydantoin than it is in 
N-acetylthiourea, but is hydrolyzed more slowly 
because the greater acidity of 2-thiohydantoin 
(more than a thousandfold) causes it to be con- 
verted more completely into the inactive con- 
jugate base A- in alkaline s ~ l u t i o n . ~  Both the 
greater acidity and greater reactivity of 2-thio- 
hydantoin may be a consequence of a less favor- 
able orientation of dipoles (cf. Breslow (10) for 
discussion of an analogous case). Recent studies 
(1 1) make it likely that N-acetylthiourea has the 
conformation 2b; Zthiohydantoin resembles the 
less stable conformation 2a. A similar difference 
in acidity and reactivity is found between cyclic 
and acyclic imides (12), and is probably to be 
explained in a similar fashion. 

The rate of hydrolysis of N-benzoylthiourea 
also obeyed eq. 3; assuming klk3/(k, + k,) = 
0.52 1 mol-' s-', values of kJ, in reasonable 
agreement with experiment for a wide range of 
hydroxide ion concentrations could be calculated, 
as shown in Table 2. Using a trimethylamine - 
trimethylammonium chloride buffer, general base 
catalysis(or nucleophiliccatalysis(ref. 13, pp. 101- 
106)) by trimethylamine was noted, with a second- 
order rate constant of 1.6 x mol- ' s- '. 
General base catalysis of the decomposition of 
tetrahedral intermediates similar to 4 has been 
observed many times (see ref. 13, pp. 132 and 139 
for a review of the literature). 

The effect of meta- and para-substitution of 
N-benzoylthiourea on its rate of hydrolysis 
depends on the alkalinity of the hydrolyzing 
medium: in weakly alkaline solution (pH 9.02) 
the Hammett reaction constant p is about 1.20 
and in strongly alkaline solution (1.0 N potassium 
hydroxide) it is about 0.10 (Table 3 and Fig. 2), 
although the scatter of the experimental points is 
rather great. The change in p with alkalinity of 
the medium can be accommodated by the mech- 
anism of Scheme 1,  as embodied in eq. 3. In 
weakly alkaline solution [H'] >> KHA, and 

4This analysis would indicate that in water at p H  5, 
when [H+] >> KHA and consequently when eq.  36 reduces 
to 

I?] k, = kIIOH-] 
2-thiohydantoin should be hydrolyzed more rapidly than 
N-acetylthiourea. The slow hydrolysis of 2-thiohydantoin 
has been observed under these conditions (1); it would 
be interesting to observe whether N-acetylthiourea is 
stable under the same conditions. 
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TABLE 3. Pseudo first-order rate constants for 
the hydrolysis of substituted N-benzoylthioureas 

at  35.0 "C 

lo5 k*" lo4 kub 
Substituent (sc l )  (s-l) 

'Sodium borate buffer, 0.05 M, I = 1.0, pH = 9.02. 
bPotassium hydroxide, 1.0 N. 

FIG. 2. Plot of log k* against Hammett's substituent 
constant o for the hydrolysis of tneta- and para-sub- 
stituted N-benzoylthioureas in borate buffer (0) and in 
1.0 N potassium hydroxide (A). 

making the assumption that k,k,/(k, + k,) -k, ,  
eq. 3 simplifies to 

[4 I k, = k l  [OH-] 

Consequently, the plot of log k+ against o (Fig. 2) 
is equivalent to a plot of log k ,  against o and the 
slope should be designated pi .  This constant 
should be close to the reaction constant (1.055; 
ref. 14) for the alkaline hydrolysis of substituted 
benzamides, as is observed. 

On the other hand, in strongly alkaline solution 
N-benzoylthiourea is almost completely ionized 
(KHA >> [H']), and eq. 3b simplifies to 

Consequently, the Hammett reaction constant 
po, for the overall reaction is made up by the 
difference between the reaction constant p i  for 
the k, step and the constant pH, for the ionization 

TABLE 4. Temperature dependence of 
the rate of alkaline hydrolysis of N- 
benzoylthiourea in 0.20 M sodium 

hydroxide 

Temperature 
("C) 

of HA, as shown in eq. 6. pH, would be expected 

to be close to p (1.000) for the ionization of 
benzoic acids and so po, of 0.10 is reasonable. 

A plot of log k, against I/T (Table 4) is linear 
and gives an entropy of activation ASo,* of 
- 17 f 2 e.u. This is considerably less than AS* 
(-36 e.u.) for the alkaline hydrolysis of benz- 
amide (15). However, in 0.2 N sodium hydroxide 
N-benzoylthiourea is almost completely ionized, 
and so in this case, the path to the activated com- 
plex involves two steps: A- + HOH + HA + 
OH-;  and HA + OH- + tetrahedral inter- 
mediate. Hence 

A possible model for the entropy change in the 
ionization step is furnished by the ionization of 
nitroethane, which has A S 0  of - 18.3 e.u. (16).' 

CH3CH2N02 + OH- % CH3CH=N02- $ H 2 0  

Taking AS,* as equal to AS* for the alkaline 
hydrolysis of benzamide, eq. 7 would yield 
So,* = - 18 e.u., in good agreement with the 
experimental value. 

Thus a variety of results indicates that alkaline 
hydrolysis ofN-acylthioureas involves reaction of 
the un-ionized molecule with hydroxide ion. In 
this respect the reaction is similar to the alkaline 
hydrolysis of many other weakly acidic substrates 
reported in the literature (1, 4-6, 17). Several of 
these hydrolyses (5, 6, 17) show second-order 
dependency on hydroxide ion concentration a t  
low pH values. Our failure to observe second- 

5A referee has objected that the ionization of nitro- 
ethane is not a good model for the ionization of a n  
N-acylthiourea. However, if a large part of the entropy 
change comes from the replacement of the highly hydrated 
hydroxide ion by an organic ion having a delocalized 
charge and hence only lightly hydrated, the model may 
not be too inappropriate. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CONGDON AND EDWARD: N-ACYLTHIOUREAS 701 

order dependency indicates  pe rhaps  the super i -  
or i ty  o f  the con juga te  base o f  th iou rea  as a leaving 
g roup ,  i n  compar i son  wi th  the leaving g r o u p s  in 
the react ions  cited above .  However .  the observa-  
t ion o f  genera l  base catalysis b y  t r ime thy lamine  
indicates  t h e  need f o r  f u r t h e r  s t u d y  o f  the react ion.  

Experimental 
The preparation of the N-acylthioureas has been de- 

scribed already (18) and kinetic methods are described in 
ref. 9. 

The financial support of the National Research Council 
of Canada is gratefully acknowledged, as is the hospitality 
of Professor Myron L. Bender, in whose laboratory the 
experimental work was completed. 
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Molluscicidal Saponins of Phytolacca dodecandra: Lemmatoxin 

R. M. PARKHURST, DAVID W. THOMAS, A N D  W. A. SKINNER 
Life Sciet~ces Division, Stnrzford Resenrclz Instit~rte, Merzlo Pork, Cnlifort~in 

A N D  

LEWIS W. CARY 
Vrrrirtrz Associntes. Prrlo Alto, Californin 

Received October 27, 1972' 

Lemmatoxin, one of the molluscicidal saponin components of the fruit of Pl~ytolacca dodecandra 
(endod), has been found to be a derivative of oleanolic acid substituted in the 3 position with a branched 
trisaccharide containing two glucose units and one galactose unit. A structure is proposed. 

On trouve qu'une des composantes des saponines molluscicides du fruit du Phytolacca dodecandra 
(endol), la lemmatoxine, est un derive substitue en  position-3 de l'acide olCanolique par un  trisaccharide 
ramifie contenant deux unites de glucose et une unite de galactose. Une  structure est proposee. 

[Traduit pa r  le journal] 

Can. J .  Chem., 52,702 (1974) 

Since the reported isolation and structure 
determination of the major biologically active 
saponin ofendod, oleanoglycotoxin-A (l), further 
work has led to the isolation of another saponin. 
Although present in lesser amount in the crude 
saponin mixture, this component seems to be 
about twice as biologically active (LD,,, 1.5 
p.p.m., 24 h, Biornphalaria glabrata) as the major 
component. The discovery of other biological 
activity of the saponin not related to its mollusci- 
cidal properties is also under investigation. We 
have designated this material lemmatoxin (R = 
O H ;  R' = H) and present here evidence for our 
assignment of structure. 

During the chromatographic isolation of ole- 
anoglycotoxin-A as its acetyl derivative from the 
crude saponin acetates from endod, several less 
polar components were recovered as mixtures. 
Repeated chromatography of one of these mix- 
tures on silica gel thick layer gave lemmatoxin 
acetate (R = Ac; R '  = H) as a noncrystalline, 
glassy material, which seemed to be homogeneous 
by virtue of its movement on thin-layer silica gel 
plates as a single spot in several solvent systems. 
Lemmatoxin acetate could be deacetylated to give 
a biologically active saponin and reacetylated (1) 
to  give back lemmatoxin acetate identical to that 
of the originally isolated material. Comparison 
ofthe size of the spots of this material and the size 
of the corresponding spot in the t.1.c. of the crude 
saponin acetate mixture allowed us to estimate 

'Revision received September 17, 1973. 

its approximate concentration in the crude 
material at 16%. 

Acid hydrolysis of lemmatoxin gave oleanolic 
acid as in the case of oleanoglycotoxin-A and also 
glucose and galactose, in the ratio of 2 : 1, respec- 
tively, which were identified as their pertrimethyl- 
silyl derivatives by gas chromatography. Gas 
chromatography of the total acid hydrolysis prod- 
ucts of permethyl lemmatoxin ( R  = R' = CH,) 
as their pertrimethylsilyl derivatives showed 
1 mol of 2,6-di-0-methyl- l,3,4-tri-0-(trimethyl- 
sily1)-D-glucose, I mol of 2,3,4,6-tetra-0-methyl- 
I-0-trimethylsilyl-D-galactose, and 1 mol of  
2,3,4,6-tetra- 0-methyl- 1 -0-trimethylsilyl-D-glu- 
cose, which were identified by comparison of their 
mass spectra with those in the literature (2), indi- 
cating that a galactose and glucose unit are at- 
tached to a central glucose unit in the 3 and 4 
positions, assuming the central glucose to be in  
its pyranose form. 

Acid hydrolysis of lemmatoxin under mild con- 
ditions gave glucose and galactose in almost equal 
amounts, as identified by gas chromatography of 
their pertrimethylsilyl derivatives, and another 
saponin along with free oleanolic acid in almost 
equal amounts. The formation of free oleanolic 
acid would be accompanied by the release of 
twice as much glucose'as galactose and we would 
expect that the new saponin formed would retain 
glucose in preference to galactose. The hydrolytic 
loss of sugars in the 3 position in preference to  the 
4 position would tend to indicate that the galac- 
tose is located a t  position 3 (3). The new saponin 
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e 

mle 
453 

a 1029 e 262 
b 331 f (M - HCOOCH,) 13 16 
c 907 g (d - HCOOCH,) 393 

/ I  (e - COOCH,) 
OR 

203 

FIG. 1. Interpretation of the mass spectrum of lemmatoxin acetate methyl ester (R = Ac; R' = CH,). The 
evidence for galactose and glucose being attached at positions 3 and 4, respectively, rather than 4 and 3, res- 
pectively, is not complete (see Text). 

formed by this partial hydrolysis was not dis- 
tinguishable from an authentic sample of ole- 
anolic acid P-cellobioside by any of our thin- 
layer chromatographic systems when compared 

I as either the peracetyl or permethyl derivative, 
I 

further supporting our indication that galactose 
is located at the 3 position. Attempts to investi- 
gate the total hydrolysis products ofthe permethyl 
derivative of the new saponin formed by partial 
hydrolysis of lemmatoxin via gas chromatography 
- mass spectroscopy were inconclusive however, 
because the expected peaks for 2,3,4,6-tetra-0- 
methyl-1-0-trimethylsilyl-a- and P-D-glucose and 
2,3,6-tri-0-methyl- 1,4-di-0-trimethylsilyl-a- and 
P-D-glucose were very small due to the limited 
amount of sample available and the relatively 
high background of column bleed in the area of 
these peaks. This leaves still some doubt as to  the 
position of attachment of the glucose and galac- 
tose units. 

Mass spectra of lemmatoxin acetate and of its 
methyl ester (R = Ac; R '  = CH,) gave added 
structural information. The molecular weight 
(1376) of the methyl ester could be seen by ex- 
amination of this mass spectrum (Fig. 1). 

That all three sugar units are contained within 
one single saccharide moiety is confirmed by the 
appearance of a peracetyl trihexose unit in the 
mass spectrum at mle 907 (c). The appearance of 
fragment (e) at mle 262, originating by a mech- 
anism typical of A'2-unsaturated triterpenes, con- 

firms that the carboxyl is present a s  a methyl 
ester, ruling out the possibility of the saccharide 
being bound to the carboxyl group. 

A mass spectrum of peracetyl lemmatoxin was 
similar to the methylated compound with the ex- 
ception that all fragments containing the car- 
boxyl function appeared 14 mass units lower. 
Thus, the methyl ester ofthe derivative illustrated 
in Fig. 1 was introduced by treatment with diazo- 
methane, and lemmatoxin therefore contains a 
free carboxylic acid. 

The n.m.r. spectra of lemmatoxin acetate were 
taken in CDCI,, C,D, :CDCl, (1 : I) ,  and two 
mixtures of these solvents. Two one-proton 
doublets 6 (CDCI,) 4.66, 4.70 p.p.m., ( J  = 8 Hz) 
each of which lean downfield and may be asso- 
ciated with the anomeric protons of two of the 
sugar units in the p configuration. The third 
anomeric proton is less well defined and partially 
covered by the C, protons, but can be detected 
via solvent shift as a doublet €I (CDCI,) 4.37 
p.p.m., ( J  = 8 Hz) indicating the P configuration. 

Further upfield in the CDCI, spectra there are 
two multiplets6 3.59 and 3.70p.p.m., representing 
one and two protons, respectively.   he fact that 
they lean downfield and their width suggest that 
these are three C, protons. The C, proton of 
galactose is only very weakly coupled to the C, 
proton and appears almost as a triplet (4). Spin 
decoupling at these multiplets causes the expected 
collapse of the minor splitting in the C, proton 
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quartets, confirming our previous assumptions. 
The triplet at 6 3.95 p.p.m. is collapsed by irradia- 
tion at 293 Hz downfield where we would expect 
the C, proton of the middle glucose unit; there- 
fore this triplet must be assigned to the C, proton. 
The other triplet at 6 3.86 p.p.m. is therefore the 
C4 proton of the middle glucose unit. The upfield 
shift of the C, and C4 protons of the middle 
glucose is consistent with our proposed 3,4-di-0- 
substituted glucose structure. 

Although the far less likely furanoid structure 
for the disubstituted glucose unit cannot be ruled 
out on the basis of the hydrolysis products, the 
appearance of the C4 and C, protons of the 
central glucose unit in the n.m.r. suggests a split- 
ting pattern of a pyranose form as does the large 
anomeric coupling (5). The low intensity of mass 
fragments resulting from the fission of the side 
chain from a five-membered furanose ring to give 
the planar oxinium ion also suggests the pyranose 
over the furanose form (6). 

Since the anomeric configuration was clearly 
established by n.m.r., the unlikely possibility of 
L sugars can be ruled out by the optical rotation 
on the basis of Klyne's rule (7). 

 ID MD 
(deg) (deg) 

Lemmatoxin acetate +7 .4+0 .05  +lo1 
Oleanolic acid + 83 + 378 
Sugar moiety required - 278 
Methyl P-cellobioside acetate - 26 - 169 
Methyl P-D-galactoside acetate - 14 - 51 
Methyl P-cellobioside + 

methyl P-D-galactoside 
(acetates) -218 

The above data suggest that lemmatoxin is 
3-0-[4'-0-(P-D-glucopyranosy1)-3'-0-(P-D-galac- 
topyranosy1)-P-D-glucopyranosyl]olean- 12-ene- 
28-oic acid (Fig. I) .  

Experimental 
Mass spectra were determined with either a CEC Model 

21-1 10B mass spectrometer or an  LKB Model 9000 com- 
bination gas chromatograph - mass spectrometer. Quan- 
titative gas chromatograms were obtained with a Varian- 
Aerograph Model 550-B instrument with flame ionization 
detector. Analyses were carried out with a 10 ft x 118 in 
column of 1% SE-30 on 100-120 mesh gas chrom Q at 
170" and He flow of 20 ml/min for the TMS derivatives 
of unmethylated sugars. Analyses of TMS derivatives of 
methylated sugars were chromatographed similarly except 
that temperature was programmed and mass spectral 

comparison was used for identification rather than 
retention time. 

Nuclear magnetic resonance spectra were determined 
with a Varian HR 300 nuclear magnetic resonancespectro- 
meter employing a superconducting magnet at  70.5 kG. 
The sample was examined in a 5 mim sample tubeat 35". 

All thin-layer and thick-layer chromatography was 
carried out using Mallinckrodt SilicAR-7GF plates and 
solvent systems A ,  chloroform; B, chloroform-ether 
(1 : 1); C, ether; D, ethyl acetate or;  E, acetone. 

Separation of Letnmatoxin Acetate 
The crude saponin acetates from endod, 2 g, were 

chromatographed o n  a column (1 8 x 3 cm, 50 g, Malinc- 
krodt SilicAR-CC7, 100-200 mesh) using chloroform- 
ether gradient elution and following the progress of the 
fractionation with t.1.c. A fraction, 1050 mg, eluted with 
1% ether in chloroform was further purified by repetitive 
chromatography o n  thick plates (B) finally giving 20.9 mg 
of lemmatoxin acetate as a colorless glassy solid, Rf = 
0.50-0.54 (C); [aIDz3 + 7.4 + 0.05" (c, 1.26 chloroform); 
m.s. m/e 1362 (M +), 1316, 1015, 907, 439, 393, 331, 248, 
203; n.m.r. (CDCI,) F 0.72, 0.74 (CH,), 0.89 (3CH3), 
0.92, 1.22 (CH3), 1.95, 1.98, 2.00, 2.02 (CH3CO), 2.08 
(3CH3CO), 2.09, 2.lO,2.13 (CH3CO), 2.81 (C, ,-H, m), 
2.98 (C3-H, m), 3.59 (C,-H, m), 3.70 (C,-2H, m), 
3.86 (Cj-H, t), 3.95 (C3-H, t) 4.05-4.50 (Cs-3CH2, 
overlapping quartets), 4.37,4.66,4.70 (anomeric doublets, 
J = 8 Hz), 4.9-5.4 (complex series), 5.27 p.p.m. 
C, *-vinyl H, t). 

Len~tnatoxin Acetate Methyl Ester 
Lemmatoxin acetate, 2 mg, was methylated with excess 

diazomethane in methanol-ether solution at room tem- 
perature overnight. Thin-layer chromatography showed 
the formation of a single new product, the methyl ester 
Rf = 0.62-0.67 (C); m.s. tn!e 1376 (M+), 1316, 1029, 
907, 453, 393, 331, 262, 203. 

Deacetylation of Lemmatoxitl Acetate 
Lemmatoxin acetate, 6.6 mg, was dissolved in 3 ml of 

methanol and 1 ml of concentrated ammonium hydroxide 
and maintained a t  50" for 24 h. The  solution was eva- 
porated in a slow stream of nitrogen and extracted with 
1-butanol. Evaporation of the butanol gave lemmatoxin 
as  a colorless solid. This material could be reacetylated 
with excess acetic anhydride - pyridine at room tempera- 
ture overnight to give back lemmatoxin acetate, Rf = 
0.50-0.54 (C). 

Total Hydrolysis of Letnniatoxin 
Lemmatoxin, 1 mg, was dissolved in 2 ml of dioxane - 

2 N HCI (1 : 1) and sealed in a glass tube. The sealed tube 
was placed in a steam bath for 15 h. T h e  solid precipitate 
was centrifuged to  one end; the liquid was decanted to 
the other end and the tube was cut in half. The precipitate 
was identified as oleanolic acid by comparison with a n  
authentic sample via t.1.c. in two solvents, Rf = 0.70 (D); 
Rf = 0.90 (E). A drop of pyridine was added to the liquid 
portion before it was evaporated t o  dryness in a slow 
stream of nitrogen. The sugars remaining were pertri- 
methylsilylated in pyridine for gas chromatographic 
analysis. The retention times were compared with authen- 
tic samples of glucose and galactose treated similarly. 
The area of the peaks representing glucose (a-anomer, 
retention time 5.8 min; p-anomer, retention time 9.3 min) 
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end galactose (a-anomer, retention time 5.2 min; P- tetra-0-methyl-1-0-trimethylsilyl galactose, and 2,6-di- 
anomer, retention time 6.3 min) were in the ratio of 2 to 1. 0-methyl-1,3,4-tri-0-(trimethylsilyl) glucose in the ratio 

of 1 : 1 : 1. Peaks were doublets representing the two 
Partial Hydrolysis of Letnrnatoxin anomeric forms in each case. Mass spectrometry was used 

Lemmatoxin, mgy was in ml diOxane - for identification and the area under the respective peaks 
2% HCI (I : 1) and heated on the steam bath for 3 h in a used to determine the quantity. 
sealed tube. The solution was evaporated to a small 
volume in a slow stream of nitrogen; water and I-butanol 
were added to separate the saponin from the free sugars. 
The butanol layer was evaporated and the solid re- 
maining was acetylated and subjected to t.1.c. The t.1.c. 
showed only a trace of lemmatoxin acetate and about 
equal amounts of a new saponin acetate and oleanolic 
acid acetate by comparison of the areas of the spots. The 
saoonin acetate was recovered and chrornatoaraohed in - 
several solvent systems, R, = 0.07-0.10 (A), R, = 0.42- 
0.54 (B), R, = 0.75-0.82 (C), R, = 0.94--0.99 (D). The 
same values were obtained for authentic oleanolic acid 
P-cellobioside heptaacetate run on the same plate. The 
new saponin acetate was again recovered deacetylated 
and permethylated as described (8), R, = 0.20-0.30 (A). 
The same R, value was obtained for the standard com- 
pound treated similarly. The permethylated (8) new 
saponin washydrolyzed in dioxane - 2 N HCI (1 : 1 )  as de- 
scribed for total hydrolysis above and the permethylated 
sugars pertrimethylsilylated for GC/MS. 

Total Hydrolysis of Permethyl Lernrnato.~itl 
Lemmatoxin, 1 mg, was permethylated and hydrolized 

in dioxane - 2 N HC1 (1 : 1) as described above. The 
hydrolysis products were pertrimethylsilylated in pyridine 
and subjected to gas chromatography which showed 
2,3,4,6-tetra-0-methyl-I-0-trimethylsilyl glucose, 2,3,4,6- 

The authors are indebted to Professor Aklilu Lemma 
for his interest and samples and to Percy Yau for bio- 
logical testing. This work was supported by the Office of 
Naval Research Contract N00014-7 1 -C-0123, Stanford 
Research Institute Research and Development funds, 
and General Research Support Grant RO-5522 from the 
National Institute of Health. 
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Ring C Functionalized Diterpenoids. Part 111. 
12-Substituted ent-Beyeranes 
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On treatment with hot formic acid ent-16-kaurene (4a) and the related ester 4b give a mixture con- 
taining 12-, 15- and 16-ent-beyerane derivatives (lOa, l a ;  7a, 12a; ga, l l a )  in which thelastpredominates, 
while en/-15-beyerene (50) gives mainly the C-15 formate 7a. In keeping with the anticipated longer 
lifetimes of the intermediate ions 2 and 3 in trifluoroacetic acid as compared with formic acid, reaction 
of 4b in the former medium at room temperature affords a mixture containing lc,  l l c ,  and 12c, in which 
the relative yield of the 12-substituted derivative (lc) is markedly increased. Treatment of  methyl en/- 
trachyloban-19-oate (14) or methyl en/-15-atisen-19-oate (6b) under the same conditions gives a mixture 
similar to that obtained from 4b. 

Apres avoir reagi avec de I'acide formique chaud, I'ent-kaurene-16 (4a) et son ester 46 on t  conduit 
un melange comprenant les dtrivis en/-beyerane-12, -15 et -16 (lOa, l a ;  7a, 12a; 9a, lla) dans lequel 
le dernier derive prtdomine alors que I'ent-beyerene-15 (5a) a conduit principalement au derive formate 
en position C-15 (7a). La reaction de 4b dans I'acide trifluoroacetique a temperature ambiante a conduit 

un melange comprenant les derives lc,  l l c  et 12c dans lequel le rendement relatif du derive substitut 
en 12 (lc) est, de f a ~ o n  marquee, plus eleve. Ce dernier resultat est en accord avec le temps de vie prkvu 
des ions intermediaires 2 et 3 qui semble plus long dans I'acide trifluoroacetique que dans I'acide for- 
mique. Lorsque I'on a fait rkagir, dans les m&mes conditions, l'ent-trachylobanoate-19 de methyle (14) 
ou I'ent-atisen-15 oate-19 de mtthyle, on a obtenu un melange semblable a celui obtenu avec 4b. 

[Traduit pa r  le journal] 

Can. J. Chem., 52,706(1974) 

In earlier papers (1, 2), we have described products which emanate from the ions 2 and 3.3 
procedures for the production of ring C func- Since direct precursors of ion 3, which yields 12- 
tionalized ent-kauranes, phyllocladanes (13P- derivatives of ent-beyerane on nucleophilic 
kauranes), and ent-atisanes. For rearrangement attack, are less available than precursors of ion 
studies we also required 12-oxygenated beyeranes 
and although two routes to these compounds 
have been reported neither is entirely satisfactory. 
Methyl 12P-hydroxy-ent-beyeran-19-oate ( l b )  
has been prepared (3) from steviol in several 
steps and trachylobanes have been cleaved (4) 
by acetic acid - acetic anhydride - perchloric 
acid mixtures to products which include 12P- 
acetoxy-ent-beyeranes. The present article deals 
with the production of related derivatives by 
the acid-catalyzed rearrangement of readily avail- 
able diterpenoid precursors and conditions which 
lead to optimum yields of these compounds. 

Much work has been recorded (for leading 
references see ref. 5) on the generation of and 

2, namely ent- 16-kaurenes (see e.g., refs. 2 and 
6), the latter ion represents a more accessible 
entry point provided that conditions which 
favor conversion of 2 into 3 can be found. 
However, there are only a few reports (5, 7, 8) 
of the crossover rearrangement (C, + C I  
hydride shift) which interconverts 2 and 3 
although this occurs readily in the absence of 
the C-13 methyl group (9) and in the parent 
bicyclooctane system (10). It seemed likely that 
production of the ion 2 in a medium of high 
solvating power and low nucleophilicity would 
allow it a longer lifetime and hence a greater 
opportunity to rearrange. 

Our initial reactions were carried out on ent- 

3Although nonclassical ion formulations are used we 
'For Part I1 see ref. 1. do  not wish to rule out the possibility of equilibrating 
ZTo whom correspondence should be addressed. classical ions. 
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16-kaurene (4a) with formic acid as the reaction (9b, lob), derived ketones (8b, 8c), and acetate 
medium, but since 4a is insoluble in formic acid (10c) with published data (4, 11). Separation, as 
alone we turned to various mixtures with outlined above, of the formate fractions, obtained 
chloroform, the most satisfactory results being after various reaction times (0.5-24 h) indicated 
obtained using 1 :2 chloroform - formic acid. that the relative proportions of the three formates 
Small samples of 4a were heated in refluxing remained essentially constant (7a:9a:lOa, ca. 
chloroform - formic acid for time intervals 1 : 3 : 1). The obvious conclusion that 7a, 9a, and 
ranging from 30 min to 48 h. Analyses of the 10a are stable to the reaction conditions was 
products by g.1.c. and t.1.c. indicated the confirmed by exposure of the individual for- 
presence of a mixture of formates and olefins, mates, generated in situ from the alcohols, t o  
the former accumulating at the expense of the refluxing formic acid - chloroform (2: 1) for 24 h 
latter with increase in reaction time. Thus, when each ester was recovered in a n  essentially 
after 6 and 24 h the 01efin:formate ratio was pure state. While 9a and 10a are the expected 
48: 52 and 12: 88, respectively. The relative products of trapping of the ions 2 and 3 respec- 
amounts of individual components of the ole- tively by solvent, the C-15 formate 7a may 
finic fractions were not determined but ent-16- derive from 2 either by a C, ,  -+ C,, hydride 
kaurene (4a), ent-15-kaurene, ent-15-beyerene shift or more likely by a deprotonation-repro- 
(5a), ent-15-atisene (6a), and ent-16-atisene were tonation sequence via ent-15-beyerene (5a) (see 
separated from the mixtures and their identities below). Notably, ent-beyerene was a major 
established by t.1.c. on silver nitrate - silica gel component of the olefin fraction. 
and g.1.c. -mass spectroscopy. On the basis of ent-15-Beyerene (5a) is another potential 
both t.1.c. and g.1.c. the formate fractions ap- precursor (7) of the ions 2 and 3 and indeed, 
peared to contain only two components which formolysis of the C-16 tosylate l l d  has been 
were separated by preparative t.1.c. The n.m.r. reported (5) to give the formates l a ,  l l a ,  and 
spectra of the less polar component (7a)4 and the 12a (ca. 1 :2: 1). However, protonation of 5a 
corresponding alcohol (7b), obtained by treat- may take place at C-15 to give the required ion 
ment of 7a with lithium aluminum hydride, 2 or at C-16. Since the former process introduces 
showed four quaternary C-methyl groups, a severe nonbonded interaction between the 
suggesting the presence of the ent-beyerane C-15 a-hydrogen and the C-10 methyl group 
skeleton, and a single low-field carbinyl proton. and since the secondary formate 7 a  is stable to  
Their structures were established by comparison the reaction conditions used above, it was 
of the physical and spectral data of 7a and the anticipated that this compound, 7a, should be 
derived ketone (8a) with those published (1 1). the principal product of treatment of ent-15- 

The n.m.r. spectrum of the material from the beyerene with formic acid - chloroform. Indeed, 
more polar t.1.c. band showed it to be a mixture. 5a in refluxing formic acid - chloroform was 
Accordingly, it was treated with lithium alumi- gradually converted into a mixture of formates, 
num hydride to give a mixture of alcohols, 9b which consisted mainly (80%)' of 7a along with 
and lob, separable by t.1.c. The formates (9a a minor amount (20%) of 9a and only a trace 
and 10a) of each of these alcohols were prepared of 10a, and even after 22 h only substrate was 
and their n.m.r. spectra compared with that of detected in the recovered olefin fraction. 
the material from the more polar t.1.c. band Our attention was next directed to methyl 
(above). This confirmed that the last had ent-16-kauren-19-oate (4b) because of the avail- 
consisted of a mixture of the first two and that ability of the parent acid from the common 
rearrangement had not accompanied the reduc- sunflower (2) and because of its greater solubility 
tive cleavage. In addition, these spectra showed than ent-16-kaurene (4a) in formic acid. Since 
that 9a and 10a were, like 7a, secondary formates the reaction of 4b in hot formic acid alone was 
with ent-beyerane skeletons. Their structures complicated by extensive ester exchange, we 
rest on a comparison of the physical and spectral turned to buffered formic acid (cf. 5) at 50-60' 
data obtained for the corresponding alcohols in which this side reaction was minimized. After 

6 h, when the reaction appeared (t.1.c. and g.1.c.) 
41n this paper the designation cr or !3 for substituents 

on the cr-bridge of rings C-D refers to orientations syn 5Yields are reported as a percentage by weight of 
and anti to G20,  respectively. recovered material. 
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1 

rr R - CHO 
b R = . H  
c R = COCF3 
d R - T s  

a R -=  CHO 
b R - H  

8 9 
R' -- 0 ,  RZ = R3 - Hz o R CHO 

b R2 - 0, R' = R, Hz h R - H  
( R, 0 ,  R' -- RZ Hz 

10 11 12 
.o R = CHO o R = CHO n R = CHO 
b R -  H h R = H  h R - H  
r R - COCH, c R - COCF, c R = COCF, 

d R - T s  d R == COCH3 
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to have gone to completion, preparative t.1.c. 
gave an olefin (10%) and two formate (90%) 
fractions. Examination of the olefinic fraction 
(by analytical t.1.c. on silver nitrate - silica gel 
and g.1.c. only) suggested a mixture of compo- 
nents entirely analogous to those obtained from 
ent-16-kaurene (see above). Both the less polar 
( la ;  17%) and the more polar ( l l a ;  73%) 
formate fractions appeared homogeneous by 
t.l.c., g.l.c., and n.m.r. However, they were not 
characterized directly but identified by conver- 
sion to the known (5) alcohols, l b  and l l b .  No 
C-15 formate (12a) was detected in the reaction 
mixture. 

Since the yields of the desired 12-substituted 
ent-beyerane derivatives obtained under the 
above conditions were unacceptably low a 
reaction medium was sought which would allow 
even longer cationic lifetimes but yet have at 
least some nucleophilic capability. The recent 
results (5) on the solvolyses of I d  and l l d  in 
sodium trifluoroacetate - trifluoroacetic acid sug- 
gested that this medium might satisfy these 
requirements. Thus the ester 46 was kept at 20" 
in this medium and after 18 h, when the reaction 
appeared complete, t.1.c. revealed the presence 
of at least four components of very similar 
mobility, which were separated by preparative 
t.1.c. The least polar fraction (12%) consisted of 
a mixture of olefins 5b, 6b, and 13 in which the 
first predominated. The remaining three compo- 
nents, in order of increasing polarity, were the 
C-15 (12c; 8%), C-16 ( l l c ;  2173, and C-12 
(lc; 59%) trifluoroacetates. The first was 
identified by conversion, via the alcohol 12b 
into the known (5) acetate 12d, while the last 
two gave the known (5) alcohols l l b  and lb.  
Reaction of 4b in sodium trifluoroacetate - tri- 
fluoroacetic acid6 thus leads to much more 
satisfactory yields of 12-substituted ent-beyeranes 
than exposure to formic acid. 

Since the isolation of methyl ent-16-kauren- 
19-oate (4b) from the common sunflower 
involves its separation from methyl ent-tra- 
chyloban- 19-oate (methyl ent-13a, 16-cycloatisan- 
19-oate; 14) we were interested in the possibility 
of using the mixture of the two esters for the 
preparation of lc. Accordingly, we have 
examined the reaction of 14 and 6b, the expected 
principal olefinic product (4, 7, 12) of acid- 
catalyzed opening of the cyclopropane ring in 

6Reaction in trifluoroacetic acid alone gave essentially 
the same mixture. 

the former. While 14 gave a mixture of very 
similar composition (t.1.c.) to that obtained from 
methyl ent-16-kauren-19-oate (4b) under the 
same conditions, 66 gave largely l c .  The latter 
result is not unexpected, since in this case 
conversion of 66 into l c  does not involve the 
hydride shift required for the conversion of the 
kaurene ester 4b into l c  (see above). 

Since these results confirm that the lifetimes 
of the intermediate ions are longer in trifluoro- 
acetic acid than in formic acid, methyl ent-15- 
beyeren-19-oate (5b) was exposed t o  the former 
acid in the expectation that the slower capture 
of the kinetically favored C-15 ion would allow 
more extensive conversion to 2 and 3. This was 
found (t.1.c.) to be the case, although the C-15 
trifluoroacetate 12c was still the predominant 
product. In an attempt to induce more extensive 
conversion of the intermediate C-15 cation to 2 
and thence 3, the reaction was carried out at 60". 
However, the relative amount of the C-12 ester 
(lc) formed under these conditions was reduced 
compared with the other two ( l l c  and 12c). 
Indeed, when reaction of the methyl esters 4b, 
6b, and 14 was repeated at this elevated tempera- 
ture, the relative amounts of l l c  and 12c also 
increased at the expense of lc. This prompted 
us to test the stabilities of the secondary tri- 
fluoroacetates (lc, l l c ,  and 12c) under the 
reaction conditions. This showed that whereas 
all three appeared to be relatively stable to 
sodium trifluoroacetate - trifluoroacetic acid at 
room temperature, the first (lc) was converted 
to a mixture containing all three a t  60°, while 
the last two showed (t.1.c.) little evidence of 
reaction at this temperature. 

In conclusion, treatment of the diterpenoid 
esters 4b and 14, which are readily available 
from the common sunflower. with sodium tri- 
fluoroacetate - trifluoroacetic acid a t  room tem- 
perature, represents a satisfactory route t o  the 
12-substituted beyerane l c  which can be re- 
covered from the product mixture in yields 
which exceed 502, based on starting ester. 

Experimental 
Melting points were determined on a Kofler hot-stage 

apparatus and are uncorrected. For normal analytical 
and preparative t.l.c., chromatoplates were spread with 
Kieselgel G .  (Merck), while silver nitrate - silica gel 
chromatoplates in addition contained 12% of the former. 
Gas-liquid chromatography was carried out with a 
Varian Aerograph 1200 gas chromatograph using a 
stainless steel column (4- in. x 10 ft packed with 5% 
SE-30) and nitrogen a s  carrier gas with a flow rate of 
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25 ml/min. Gas chromatography - mass spectral analyses 
were performed on an L.K.B. 9000A Gas Chromato- 
graph - Mass Spectrometer using a glass column (4 in. x 
10 ft) with a l z  SE-30 packing at  150" with helium as the 
carrier gas a t  a flow rate of 35 ml/min. Light petroleum 
was of b.p. 60-80". Proton magnetic resonance spectra 
were run on a Varian Associates A-60A o r  HA 100 
spectrometer in deuterochloroform using approximately 
0.3 M solutions and tetramethylsilane as internal 
standard. Infrared spectra were recorded in carbon 
tetrachloride on a Perkin-Elmer 225 grating spectro- 
photometer. 

Rearrangement of en/-16-Kaurene (4a) with Formic Acid 
(-)-Kaurene (4a, 35 mg) was heated in refluxing 

chloroform -formic acid (1 :2, 3 ml), the progress of 
the reaction being monitored by working up (evaporation 
in vacrio) small aliquots after +, 1, 2,4, 6, 12, 24, and 48 h 
and analyzing the resulting mixtures by g.1.c. at  208" and 
t.1.c. (ethyl acetate - light petroleum; 1 : 19). The results 
from the last two were very similar. 

The reaction was repeated twice more with a larger 
quantity (150 mg) of (-)-kaurene. The first was worked 
up after 6 h and the products (158 mg) separated by 
preparative t.1.c. (ethyl acetate - light petroleum; 1 : 19) 
into three fractions. The major component of the least 
polar (olefin) fraction (74 mg) was identified by t.1.c. on 
silver nitrate - silica gel (benzene - light petroleum; 
3 : 7) and g.c.-m.s. (7) as en/-1 5-kaurene. The fraction 
(14 mg) of intermediate polarity was essentially pure 7a; 
g.1.c. retention time 3.6 min at  208'; r 1.93 (s, 1 H, 
-OCOH), 4.55 (br d, 1 H-15, J = 7.5 Hz), 7.65-8.15 
(m, aH-16, J =  14.5, 7.5 Hz and J16m.1311 = 2 HZ), 
9.01,9.02, 9.17, and 9.21 (all s, 3H, quaternary C-CH3's). 
The corresponding alcohol (76) was formed on treatment 
with lithium aluminum hydride. After crystallization from 
light petroleum it had m.p. 93-96" (lit. (1 1) m.p. 96-97"); 
7 5.70 (br d, 1 H-15, J = 7 Hz), 7.75-8.20 (m, aH-16, 
J = 14, 7, and 2.5 Hz), 9.03, 9.05, 9.14, and 9.18 (all s, 
3H, quaternary C-CH3's). Oxidation of this alcohol 
with the Jones reagent furnished the ketone (8a) which 
crystallized from light petroleum and had m.p. 86-88" 
(lit. (11) m.p. 88-89"); r 7.97 (dd, aH-16, J = 18 and 3 
Hz), 8.13 (d, pH-16, J =  18 Hz), 8.99, 9.18,9.20,and 
9.23 (all s, 3H, quaternary C-CH3's); v,,, 1736 cm-'. 

The third fraction (62 mg) consisted of a mixture 
(n.m.r.) of 9a and 10a which gave one spot on t.1.c. 
(ethyl acetate-light petroleum; I :  19) and one peak on 
g.l.c., retention time 4.6 min at  208'. Treatment with 
lithium aluminum hydride furnished the corresponding 
alcohols which were separated by preparative t.1.c. 
(ethyl acetate - light petroleum; 1 : 19 (run thrice)). The 
less polar alcohol, 106 (13 mg), on crystallization from 
light petroleum had m.p. 10&102"; 7 6.52 (br s, 1 H-12, 
w,,, = 6 Hz), 9.01, 9.1 1, 9.16, and 9.20 (all s, 3H, 
quaternary C-CH3's). The derived acetate 10c on 
crystallization from light petroleum had m.p. 146-148" 
(lit. (4) m.p. 150"); r 5.28 (br s, 1 H-12), 7.96 (s, 3H, 
-OCOCH3), 9.10, 9.11, 9.15, and 9.19 (all s, 3H, 
quaternary C-CH,'s). The derived ketone (8c) crystal- 
lized from methanol and had m.p. 86-88" (lit. (4) m.p. 
88-89"); 7 8.93, 9.02, 9.13, and 9.16 (all s, 3H quaternary 
C-CH3's); v,,, 1710 cm-'. The more polar alcohol 96 
(41 mg) also crystallized from light petroleum and had 
m.p. 103-104" (lit. (11) m.p. 104-105"); r 6.30 (br d, 

1 H-16, J = 7 Hz), 7.15-7.60 (m, aH-15, J = 14, 7 Hz 
andJls..13p = 2Hz),9.09,9.12,9.15, and9.20(alls, 3H, 
quaternary C-CH3's). Oxidation of this alcohol 
furnished the ketone 86, m.p. 100-103" (lit. (11) m.p. 
102-103"); r 7.28 (dd, aH-15, J = 18 and 3 Hz), 8.21 
(d, pH-15, J = 18 Hz), 8.98, 9.13 (both s, 3H, quaternary 
C-CH3's), and 9.09 (s, 6H, quaternary C-CH3's); 
v,,, 1742 cm-I. 

When the third batch of (-)-kaurene (150 mg) in 
refluxing chloroform - formic acid was worked up, o n  
this occasion after 24 h using the procedure outlined 
above for the second batch. the following were recovered : 
an olefin fraction (20 mg), formate 7a (28 mg), and (after 
reduction with lithium aluminum hydride) alcohols 106 
(27 mg) and 96 (82 mg). 

Alcohols 96 and 106 on heating in refluxing chloro- 
form - formic acid (1 :2) for 30 min formed (t.1.c.) the 
corresponding formates 9a and 10a. These and the C-15 
formate (7a) on heating in the same medium for 6 h gave 
back essentially pure starting material in each case as 
shown by t.l.c., g.1.c. a t  20S0, and reconversion of each 
to the alcohol with lithium aluminum hydride and then 
t.1.c. 

Treatnlent of en/-15-Beyerene (5a) with Formic Acid 
en/-Beyerene (5a, 150 mg) was exposed to refluxing 

chloroform - formic acid (1 : 2) for (i) 6 and (ii) 22 h. 
Work-up as above for the products from en/-kaurene 
gave (i) substrate (5a; 88 mg) identified by t.1.c. on silver 
nitrate - silica gel (benzene - light petroleum; 3 :7), 
g.1.c. a t  180°, and n.m.r.; the C-15 formate 7a (57 mg); 
and after reduction with lithium aluminum hydride, the 
C-16 alcohol 96 (12 mg); and (ii) essentially puresubstrate 
(5a; 65 mg); the C-15 formate 7a (82 mg); the C-16 
alcohol 96 (15 mg); and the C-12 alcohol 106 (< I mg). 

Rearrangen~ent of Metl~yl ent-16-Kauren-19-oat (46) 
with Formic Acid 

A solution of methyl en/-16-kauren-19-oate (46; 
150 mg) in formic acid (15 ml) buffered with sodium 
carbonate (50 mg) was kept at  60' for 6 h. The products, 
recovered by evaporation of the solvent in vacuo and 
extraction into light petroleum, were separated by 
preparative t.1.c. (ethyl acetate - light petroleum; 1 :9). 
The least polar fraction (16 mg) consisted of olefinic 
esters and was shown by t.1.c. on silver nitrate - silica 
gel (ethyl acetate- light petroleum; 2:23) to contain 15 
(major component), 46, 56, 66, and 13. The component 
of intermediate polarity was the formate l a  (25 mg) 
which had 7 1.87 (s, lH ,  -OCOH), 5.13 (br s, 1 H-12), 
6.35 (s, 3H, -C02CH3), 8.82, 9.06, and 9.28 (all s, 3H, 
quaternary C-CH3's). The corresponding alcohol 16 
prepared by hydrolysis of l a  with sodium hydroxide 
(1 M )  in refluxing ethanol for 3 h, crystallized from light 
petroleum and had m.p. 101-101.5" (lit. (3) m.p. 104- 
105.5"); T 6.35 (s, 3H,  -C02CH3), 6.47 (br s, 1 H-121, 
8.82, 8.99, and 9.27 (all s, 3H, quaternary C-CH3's). 
The most polar component was the formate l l a  (1 10 mg) 
which had 7 1.93 (s, IH, -OCOH), 5.13 (br d, 1 H-16, 
J =  7 HZ), 6.36 (s, 3H, -C02CH3), 7.10-7.60 (m, 
aH-15, J = 15, 7, and 2 Hz), 8.83, 9.09 and 9.28 (all s, 
3H, quaternary C-CH3's). This formate on hydrolysis 
as above furnished the alcohol 116 which on crystalli- 
zation from light petroleum had m.p. 108" (lit. (3) m.p. 
109-111"); 7 6.36 (s + br d, 4H, 1H-16 + -CO*CH3), 
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7.20-7.70 (m, aH-15, J =  14.5, 7, and 2 Hz), 8.83, 
9.06, and 9.28 (all s, 3H, quaternary C-CH3's). 

The C-15 formate 12a could not be detected in the 
reaction mixture by t.l.c., g.1.c. at  220" or n.m.r. It was 
prepared by heating methyl ent-beyeren-19-oate in 
refluxing formic acid - chloroform (2: 1) for 22 h. It had 
T 1.88 (s, lH ,  -OCOH),4.57 (br d,  1 H-15, J = 7.5 Hz), 
6.35 (s, 3H, -C02CH3) 7.65-8.15 (m, aH-16, J = 14, 
7.5, and 2 Hz), 8.83, 9.00, and 9.18 (all s, 3H, quaternary 
C-CH3's). 

Rearrangemet~ts in TriJuoroacetic Acid 
(i) Methyl ent-16-kauren-19-oate (4h, 298 mg) was 

dissolved in trifluoroacetic acid (25 ml) to which had been 
added sodium carbonate (200 mg). After 18 h at  20' the 
solvent was evaporated irr vacrro and the products re- 
covered in light petroleum. These ran as four evenly 
spaced spots on t.1.c. (ethyl acetate - light petroleum; 
1:24) and were separated by preparative t.1.c. (same 
solvent mixture). The least polar fraction (49 mg) which 
ran as one spot on analytical t.1.c. on silica gel consisted 
of olefinic esters. The major components were identified 
by t.1.c. on silver nitrate -silica gel (ethyl acetate - light 
petroleum; 2:23) and g.1.c. at 202" as 56 (ca. 5 5 z ;  
retention time, 3.7 min), 6b (ca. 30%; retention time, 
4.4 min), and 13 (ca. 5 z ;  retention time 4.9 min). The 
second fraction (31 mg) contained the 15-trifluoroacetate 
(124 which had T 4.46 (br d, 1 H-15, J = 8 Hz), 6.38 
(s, 3H, -C02CH3), 8.84, 8.98, and 9.18 (all s, 3H, 
quaternary C-CH3's). This compound was identified 
by hydrolysis with ethanolic sodium hydroxide (1 M) at 
reflux and acetylation (acetic anhydride - pyridine) to 
the known acetate 12d, which, after crystallization from 
methanol, had m.p. 122-124" (lit. (3) m.p. 122-123.5"); 
~ 4 . 7 0 ( b r  d, 1 H-15, J  = 7.5 Hz),6.36(s, 3H,-C02CH3), 
7.50-8.15 (m, aH-16, J  = 14, 7.5, and 2 Hz), 7.95 (s, 
3H, -OCOCH3), 8.83, 9.01, and 9.18 (all s, 3H, quater- 
nary C-CH,'s). The third fraction (82 mg) consisted 
of the 16-trifluoroacetate ( l l c )  which had T 5.02 (br d, 
1 H-16, J =  7 HZ), 6.36 (s, 3H, -C02CH3), 7.05-7.65 
(m, aH-15, J = 14.5, 7, and 2 Hz), 8.82, 9.07, and 9.27 
(all s, 3H, quaternary C-CH3's). This compound on 
hydrolysis formed the known (see above) alcohol l l b ,  
m.p. 108". The most polar fraction (232 mg) was es- 
sentially pure 12-trifluoroacetate l c ,  which crystallized 
from methanol and had m.p. 123-124"; T 5.03 (br s, 
1 H-121, 6.35 (s, 3H, -C02CH3), 8.82, 9.03, and 9.27 
(all s, 3H, quaternary C-CH3's). Hydrolysis afforded 
the known (see above) alcohol l b ,  m.p. 102". 

(ii) Methyl ent-trachyloban-19-oate (14, 50 mg) on 
reaction with sodium trifluoroacetate - trifluoroacetic 
acid (10 ml) at 20" for 18 h and work-up as above af- 
forded a product mixture which appeared essentially 
identical on t.1.c. to that from methyl ent-kauren-19-oate. 
The major product l c  (35 mg) was isolated and had m.p. 
122-124". 

(iii) Methyl ent-15-atisen-19-oate (66, 12 mg) on reac- 
tion in the same medium at 20' for 18 h furnished a 
mixture giving a similar t.1.c. spot pattern, except that 
the intensity of the most polar spot (C-12 ester lc)  was 
enhanced relative to the products from (i) and (ii). 

(iv) Methyl etlt-15-beyerenoate (5b, 10 mg) on reaction 
as above afforded products with a very similar t.1.c. spot 
pattern except that in this case, the second least polar 
spot (C-15 ester 12c) was more intense than the most 
polar spot (C-12 ester lc). 

(c) Portions (ca. 10 mg) of 4b, 5b, 66, and 14 were 
exposed to the same medium for 6 h at 60". In each case 
the products showed on t.1.c. a significantly reduced 
proportion of the C-12 ester l c  in comparison to the 
room temperature reactions. 

(ui) The trifluoroacetates lc, l l c ,  and 12c on exposure 
to the above reaction medium at 20' for 18 h were 
unchanged, as were the last two at 60' for  6 h. The first 
(lc), a t  the higher temperature, gave a product mixture 
showing the typical four-spot t.1.c. pattern (see above). 

We thank the Science Research Council of the U.K. 
for a maintenance award (to J.C.F.) and the National 
Research Council of Canada for an operating grant. 
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Phase Transformation Studies in Silver and Thallium Chromates 

Deprrrttnet~t o f  C h e t ~ ~ i s t t y ,  S t .  Frnt~cis Xnvier Ut~iversity, A t ~ t i g o t ~ i s l ~ ,  Nova Scotia 

Received October 1, 1973 

The existence of thermal transformations in silver and thallium chromate has been con- 
firmed by differential thermal analysis, temperature-variable X-ray diffraction, and electrical 
conductivity measurements. The disputed transition -330 "C in TI2CrO4 has been shown to 
be due to lattice distortion. The subtle difference in behavior of the pre-annealed and un- 
sintered samples is brought out by a variety of experimental measurements. The high tempera- 
ture structure of these chromates is hexagonal. The presence of small amounts of T I  in Ag2Cr04 
affects the transition temperature, enthalpy, and the order of the transformation. 

L'existence de transformations thermiques dans le chromate d'argent et de thallium a kt& 
confirmee a I'aide d'analyse thermique differentielle, de la diffraction des rayons->< (a tempera- 
ture variable) et de mesures de conductivite Clectrique. On montre que  la transition controversee 
a 330 "C dans le T12Cr0, est attribuable a une distorsion du reseau. Les ICgeres differences 
de comportement d'echantillons avant le recuit et non-frittCs peuvent ttre deceltes par une 
variete de mesures expCrimentales. La structure de ces chromates est du type hexagonale a 
hautes temperatures. La presence de petites quantitks de TI dans le Ag2Cr04 modifie la 
temperature de transition, I'enthalpie et I'ordre de la transformation. 

[Traduit par le journal] 
Can. J .  Chem., 52,712(1974) 

Introduction 
Although silver chromate and thallium chro- 

mate both crystallize in orthorhombic structure 
with similar cell dimensions and in the same 
space group (1, 2), they are not isomorphous. 
Both chromates display semi-conducting prop- 
erties up t o  their melting points; while thallium 
chromate shows n-type conductivity throughout 
the temperature range (3), the n-type mode 
changes t o  p-type at  higher temperatures in silver 
chromate (4). The electrical conductivjty and 
thermoelectric power studies by Sladky and 
others (3, 4) on these chromates indicated the 
existence of a structural phase transformation at - 490 "C in Ag2Cr0, and at - 520 "C in T12Cr04. 
Bashilova (5) reported a second phase transfor- 
mation at -330 "C in thallium chromate from 
differentia! thermal analysis experiments. How- 
ever, Sladky (3) found no evidence for this latter 
transformation in his conductivity studies on 
Tl,Cr04. 

Secondly, the samples of Ag2Cr0, and TI,- 
CrO, behave differently depending upon their 
thermal history. The conductivity, curves of 
these chromates reported by Sladky d o  not, 
however, indicate the differences between an- 
nealed and freshly prepared samples. We believe 
that annealing the samples might have precluded 
the observation of the phase change a t  330 "C in 
T12Cr04, since the high temperature phase is 

known t o  persist even after cooling the samples 
t o  room temperature (3). 

In this paper, we report the preparation and 
phase transformation studies of silver and 
thallium chrotnates enlploying differential ther- 
mal analysis, high-temperature X-ray diffraction 
and electrical conductivity measurements. A few 
solid solutions of thallium chromate in silver 
chromate have also been examined to study the 
effects of small amounts of thallium on the 
transformation of silver chromate. 

Experimental 
Samples of silver chromate and thallium chromate were 

prepared by precipitation from their respective nitrate 
solutions and potassium chromate (Alfa AR grade) 
solution. The precipitates were washed with water, 
alcohol, and ether, and finally dried at -1 10 "C in air. 
Solid solutions were prepared similarly by taking a 
mixture of appropriate amounts of AgN03  (Engelhard, 
99.98%) and TINO, (Alfa AR grade) solutions; no 
direct analysis was made to confirm the compositions of 
the solid solutions. All the materials used in the prepara- 
tion were of high purity (~99.98%).  The pure chromates 
were characterized by their lattice constants (Ag2Cr04: 
no = 10.059 A, bo = 7.025 A, c,, = 5.538 A; T12Cr04: 
no = 5.921 A, bo = 10.724 A, C, = 7.916 A, all values 
k0.002 A) which agree very well with the data in refs. 1 
and 2, respectively. 

Specimens for electrical conductivity measurements 
were made in the form of compressed polycrystalline 
pellets (size 2 mm thick and 13 mni in diameter). 

Differential thermal analysis curves were recorded on 
a DuPont 900 Thermo-analyzer at a constant rate of 
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NATARAJAN AND SECCO: PHASE TRANSFORMATION STUDIES 

heating (20" per min) using AI2O3 as the inert reference 
standard. 

X-Ray diffraction patterns of samples were obtained 
on a 'Norelco' Philips Diffractometer employing MoK, 
(h = 0.7107 A), following the procedure already described 
(6). The high temperature accessory was used for elevated 
temperatures and the temperature of the specimen stage 
(holder) was measured by using platinum/platinum- 
rhodium thern~ocouples and a millivolt potentiometer 
(Leeds and Nor th r~~p) .  The lattice constants at high 
temperatures were calculated (7) from positions of 
selected retlections. For example, in AgzCrO,, the 
reflections 301, 121, and 002 were followed as a function 
of temperature. The observed and calculated sinZ 9 values 
(Tables 1 and 2) along with their relative intensities and 
l ~ k l  values for the high temperature phases of the chro- 
mates are placed with the Depository of Unpublished 
Data'. 

Electrical conductivity measurements were made on 
the pellet specimens in a stainless steel conductivity cell 
whose construction has already been described (8). The 
cell was heated in a cylindrical furnace at 30" an hour. 
The sample was held between two platinum discs by a 
spring-loaded s ~ ~ p p o r t .  The conductivity was measured 
in air at 1 kHz as  a function of temperature employing a 
General Radio 1608-A Impedance bridge. Chromel- 
alunlel thermoco~~ples were employed to  measure 
temperature. 

Results and Discussion 

Transformarion in Silver. Cliromare 
Differential thermal analysis curves are given 

in Fig. 1 .  The s t ruct~~ral  phase transformation 
for Ag,CrO, at  490 "C is a sharp one and occurs 
over a narrow temperature range. The transfor- 
mation is reversible at  -467 "C, and thus is ac- 
companied by an appreciable thermal hysteresis. 
The transformation enthalpy, AH,,, estimated 
from the area of the heating curve is - 1650 
cal/mol. The existence of such a large thermal 
hysteresis and the magnitude of the transition 
enthalpy suggests that the transformation in 
silver chromate at  -490 "C is likely to be a first 
order one (9). 

The lattice constants dependence on tempera- 
ture of Ag,CrO, are presented in Fig. 2(a). 
While c, shows a slight increase with tempera- 
ture, there are discontinuities in the bo and a, 
values with maxima between 200 and 280 "C; 
above 400 "C, b, increases rapidly. These 
changes in the lattice constants do  not, however, 
result in any change of structure, but do cause an 
anomalous increase in conductivity of silver 

'Complete set of data is available, at  a nominal charge, 
from the Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa, Canada KIA OS2. 

FIG. 1. Differential thermal analysis curves (dotted 
lines refer to cooling curves) of t h a l l i ~ ~ n ~  chromate, silver 
chromate, and some solid solutions. 

chromate. Thus, between 225 and 350 "C the 
lattice undergoes a n  appreciable amount of 
distortion wi tho~~t  any change of crystal struc- 
ture. The molar volume of silver chromate 
calculated from the lattice constants is shown as 
a function of temperature in Fig. 3(a). The molar 
volume increases slowly with temperature at- 
taining a slight maximum at -280 "C. There- 
after, the molar volume curve shows a slight dip 
at -348 "C and then rises again. Just below the 
transformation, the molar volume shows an 
increase, -430 "C. The high temperature 
structure appears to be hexagonal whose lattice 
constants, a, = 9.92 t_ 0.04 A and c, = 19.76 
It 0.08 A at 506 "C, yield a molar volume of 
63.39 cm3 with 16 molecules per unit cell. Using 
the extrapolated value of the volun~e of the low 
temperature phase, we find the change in molar 
volume, AV, around 506 "C to be -0.90 cm3. 
This small increase in molar volume near the 
transition again suggests that the transition might 
be a first order one. An  approximate estimate of 
dP/dT can be obtained for the Ag,CrO, transi- 
tion, by substituting the observed values of 
AH,,, AV, and T, in the Clapeyron-Clausi~ls 
equation. The value thus obtained is 101 $- 10 
bars deg-'. 

The logarithm of the electrical conductivity is 
plotted as a function of absolute temperature in 
Fig. 4, for two samples of silver chromate. In 
both the sintered and unsintered specimens the 
room temperature conductivity is aImost. the 
same. The unsintered sample shows a slight 
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FIG. 2. Change 
of temperature. 

C A N .  J .  CHEM. VOL. 52, 1974 

5 50 7 95 

in the orthorhombic lattice constants of (a) silver chromate and (b) thallium chromate, 

74 id0 
I I I t 

300 500 
TEMPERATURE, O G  

FIG. 3. Change in the molar volume in (a) silver 
chromate and (b) thallium chromate, as a function of 
temperature. The closed circles refer to the molar volumes 
of the high temperature structures. 

increase in conductivity at -- 125 "C, while in 
the sintered sample such an increase is noticeable 
at - 165 "C. In the vicinity of 225 "C, the slope 
of the log o us. 1/T plot gives a value of 0.18 eV 
as the energy for conduction, thus giving a 
value of 0.36 eV for the thermal band gap in 
Ag,CrO,. Above 225 "C there is a significant 

as a function 

difference in the behavior of the two samples. 
In the unsintered sample the conductivity shows 
a large increase around 360 "C. This increase 
in conductivity may come at least in part from 
the lattice distortion as revealed by the anom- 
alous trends in lattice constants up to 350 "C. 

3.0 2 .O 1.0 

IOOO/T O K  

FIG. 4. Logarithm of the electrical conductivity of  
silver chromate for  the two samples (sintered, filled circles ; 
unsintered, open circles), as a function of reciprocal of 
absolute temperature. Energy values for the noted regions 
are(n)O.l8 + 0.02eV,(b) 1.1 _+ 0.1 eV,(c) 1.9 k 0.1 eV. 
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NATARAJAN AND SECCO: PHASE TRANSFORMATION STUDIES 715 

However, there is no change in the crystal struc- 
ture in Ag2Cr04 at this temperature. It may 
be that silver chromate belongs to the class of 
superionic conductors recently described by Rice 
and Roth (10) where a free-ion like model has 
been suggested to explain the observed high 
conductivity in some of these solids. The high 
temperature structure of silver chromate where 
the conductivity increases very rapidly, may 
resemble a fluid-like state just as in the case of 
silver iodide. More experiments are, however, 
necessary before any definite conclusion can be 
made. 

The conductivity of the sintered specimen 
shows almost a linear log o us. 1/T behavior in 
the low temperature region. The slope of the log 
o us. l/Tcorresponds to an energy value of about 
1.10 eV for the conduction. This is in excellent 
agreement with 1.10 eV reported by Sladky (4). 
This appears to be the intrinsic conductivity 
region in the low phase because of its excellent 
reproducibility in sintered samples. 

The orthorhombic-hexagonal transformation 
is indicated by a small jump in the conductivity 
at -498 "C. (In some samples the jump was 
preceded by an appreciable decrease in con- 
ductivity.) Above the transformation, the con- 
ductivity of both samples merges. The energy of 
activation for conduction, given by the slope, 
1.90 eV, is in excellent agreement with known 
data (4). In our experiments, we observed that 
the conductivity jump at the transformation 
became less prominent in samples which were 
heated through the transition.- his decreasing 
jump in conductivity suggested the possibility 
of the persistence of the high temperature 
structure in the heated specimens. Accordingly, 
the X-ray diffraction patterns of Ag2Cr04, 
cooled to room temperature; show clearly the 
reflections due to the hexagonal structure. 

The decrease in conductivity prior to the 
transformation region, in some Ag2Cr04 samples 
might be expected since the small increase in 
molar volume around the transition does cause 
a decrease in conductivity (I I). But, this decrease 
also vanishes as the sample is taken through the 
transformation in many cycles, for reasons 
mentioned above. These interesting observations 
would be missed if one started with a well 
sintered sample of silver chromate. The general 
features of the conductivity behavior of the 
sintered samples are in very good agreement 
with those reported by Sladgy (4). 

Transformations in Thalliun~ Chron~ate 
Although the room temperature structure of 

both T12Cr04 and Ag2Cr04 is orthorhombic, 
these two chromates are not isomorphous and 
they display distinct features with regard to 
thermal behavior and electrical conductivity. 
The differential thermal analysis curves for 
thallium chromate are shown in Fig. 1. The first 
endotherm at -365 "C is most likely the trans- 
formation reported by Bashilova (5). This 
endothermic anomaly is not reversible and so 
it is possible that in their sintered samples of 
T12Cr04 Sladgy and co-workers could not 
observe this transformation. The second endo- 
therm at -522 "C is a sharp one which is 
reversible at - - 501 "C indicating an appreciable 
thermal hysteresis. This phase change resembles 
that in silver chromate. The transition enthalpy 
of -70 cal/mol, estimated from the area of the 
heating curve, is much smaller than - 1650 
cal/mol observed for silver chromate. The 
enthalpy for the change at 365 "C would be even 
smaller (- 15 cal/mol). 

The lattice constants of TI,CrO, at various 
temperatures, are presented in Fig. 2(b). The 
value of a, increases slowly up to 350 "C and 
then rises rapidly above this temperature. The 
values of b, and c, appear to go through a 
maximum at 225 and 3 15 "C, respectively. These 
trends in the lattice constants clearly establish 
anomalous changes in thallium chromate be- 
tween 250 and 350 "C. We recall that the 
irreversible endothermic anomaly (Fig. 1) was 
observed within this region. The molar volume 
of thallium chromate also exhibits anomalous 
trends in the region 200-350 "C. Above 350 "C, 
the molar volume shows a very rapid increase 
and reaches a value of - 85.40 cm3 (extrapolated) 
at 522 "C. The molar volume begins to show a 
marked increase in T12Cr04 much below the 
transformation temperature which is in contrast 
to the slight increase in Ag2Cr0,. The high 
temperature structure is hexagonal whose lattice 
constants, a, = 10.04 + 0.04 A and c, = 16.28 
+ 0.08 A at 530 "C,  yield a molar volume of 
85.54 cm3 (assuming 10 molecules per unit cell). 
We note the smaller molar volume change, i.e., 
0.14 cm3, at the transition in thallium chromate, 
as compared with the change in molar volume 
(-0.90 cm3) in silver chromate. These estimates 
of molar volume are compatible with the 
observed transition entropies in these two 
solids (0.09 cal per deg per mol for T12Cr04 and 
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FIG. 5.  Logarithm of the electrical conductivity of 
thallium chromate for the two sa~nples (sintered, filled 
circles; unsintered, open circles), as a function of reciprocal 
of absolute temperature. 

2.20 cal per deg per mol for Ag2Cr04). Using 
the observed values of AH,,, AV, and T for the 
transition at  - 520 "C in T12Cr0,, the Clapeyron- 
Clausius equation yields a value of 26 + 5 bars 
deg- ' for dP/dT. 

Electrical conductivity measurements on sin- 
tered and fresh samples of thallium chromate are 
shown in Fig. 5. The rooln temperature con- 
ductivity of both samples is about the same. The 
unsintered sample shows a sudden increase in 
conductivity at  -225 "C. The activation energy 
for conduction in this region is 0.22 eV. This will 
give a thermal energy gap E, as 0.44 eV for 
thallium chromate. This value is -25% higher 
than that in silver chromate (E, = 0.36 eV). The 
conductivity rises sharply with an  activation 
energy of 4.0 eV for conduction. This sharp 
increase in conductivity between 225-303 "C, 
results from the anomalous thermal behavior of 
T12Cr04. Above this temperature the conduc- 
tivity starts to  decrease to  a minimum a t  -348 
"C. The anomalous conductivity behavior takes 
place over a temperature region where the 
lattice dimensions show irregular trends. These 
observations indicate clearly that in thallium 
chromate a change in crystal structure occurs 

between 300 and 350 "C. At 450 "C, there is a 
break in the conductivity curve. The activation 
energies 1.25 f_ 0.10 eV (below the knee) and 
2.35 + 0.10 eV (above the knee) are  in very good 
agreement with SladGy's (3) values. Below the 
transformation the conductivity rises sharply 
indicating a rapid movement of ions and other 
conducting species in the lattice. It is possible 
that thermally produced vacancies might start 
conducting, thus giving rise to an overall increase 
in the conductivity. I t  is pertinent to  mention 
here that in both thallium and silver chromates 
there is appreciable ionic conduction even at  low 
temperatures (- 200 "C). The reversible phase 
change at  522 " C  is indicated by a small jump in 
conductivity around 530 "C. Above 530 " C ,  the 
conductivity increases sharply. Again, the free- 
ion like model of Rice and Roth (10) might be 
applicable to thallium chromate a s  well. In our 
view, both the chromates may well belong to the 
class of superionic conductors where a fluid-like 
state has been postulated to account for the 
observed high conductivity in many of these 
solids. 

The conductivity behavior o f  the sintered 
sample of TI,CrO, does not show the above- 
mentioned anomalous features i n  the tempera- 
ture interval 225-350 "C. This is in line with the 
observation that the change at  this interval is not 
a reversible one. But one can still see a slight 
deviation in the conductivity curve in samples 
sintered for a small interval of time. The sample 
shown in Fig. 5 was kept at about 580 "C for only 
2 h and then cooled slowly to  room temperature. 
However, in samples sintered fo r  longer time 
intervals, the change will be hardly noticeable. 
Above 350 "C, the sintered and  fresh samples 
show almost the same behavior. The knee a t  
450 "C suggests that the samples reported herein 
may be of higher purity than those employed by 
previous workers. The intrinsic conductivity 
region appears t o  be above 450 "C. 

Solid Solutions o f  tlze Cl~rolnates 
Solid solutions have been prepared up t o  

-40% thal l i~~m chromate in silver chromate. In 
Fig. 1,  the differential thermal analysis curves for - 1% and 5% thallium chromate show that the 
transformation in  silver chromate is modified by 
even small amounts of thallium. The transition 
temperature is lowered and the  endothermic 
effect is broad over an extended temperature 
interval with increasing amounts of thallium. 
With 5% thallium, another small endotherm 
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NATARAJAN AND SECCO: PHASE TRANSFORMATION STUDIES 717 

appears at -345 "C and with higher amounts 
of thallium both endotherms occur at  still lower 
temperatures. The lattice constants of 5% 
thallium chromate give a molar volume of 
59.92 cm3 and this can be shown to be equal to  
the molar ratio additivity of the two individual 
molar volumes of the pure chromates. This 
suggests that the solid solutions formed up to 
-5% thallium are substitutional ones. While the 
transformation in pure silver chromate is a first 
order change, in solid solutions with small 
amounts of thallium the order may not be the 
same. This was immediately suggested by the 
broad endotherms and the shape of the differen- 
tial curves. 

NOTE added in proof: The low temperature 
activation energy values, viz. 0.18 and 0.22 eV for 
Ag,CrO, and Tl,CrO,, respectively, were erro- 
neously stated as related to E, values. A low acti- 
vation energy signifies an impurity-controlled 
conduction and not intrinsic conduction. The in- 
trinsic region is identified with energy values of 
1 . I0 and 1.25 eV for these compounds. 

The authors are grateful to the National Research 
Council of Canada for financial support during this 
investigation and to Professor W. T. Foley for helpful 
discussions. 
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Some Thermodynamic Properties of the Dimethylsulfoxide-Water and Propylene 
Carbonate-Water Systems at 25 OC 

S. Y.  LAM AND R.  L.  BENOIT 
D&partet?letlt rle rhitnie, UtliversitP de Mot~trPal, Mot1trPnl101, QlrPbec 

Received August 23, 1973 

Molar excess free energies of the systems dimethylsulfoxide-water and propylene carbonate - water 
have been calculated from static vapor pressure measurements at 25 "C. Enthalpies of mixing at low 
water concentrations have also been determined. Possible association interactions in these systems 
are discussed. 

Les Cnergies libres molaires d'exces des systemes dimCthylsulfoxyde-eau et carbonate de propyltne - 
eau ont i t6  calculees partir de mesures statiques de pressions de vapeur a 25 "C. Les enthalpies de 
melange ont aussi CtC dCterminCes pour de faibles concentrations d'eau. On examine les possibilites 
d'interactions par association dans ces systtmes. 

Can. J. Chem., 52,718(1974) 

Introduction Binary mixtures were prepared by weighing known 
quantities of the components. Degassing was performed 

This research is related to our study of hydra- by repeated freezing and evacuation. Actual measure- 
tion of ions at low water concentrations in some ments were taken after equilibrium was attained. Com- 
dipolar aprotic solvents (1). The determination positions of the liquid were checked by reweighing; 

of the thermodynamic properties of the binary whenever correction was applicable, the loss in weight 
was assumed to be that of the more volatile component 

svstems water-dimethvlsulfoxide (DMSO) and 
water - propylene carbonate (PC) is mandatory Cfllorftnetry 

for comparing ionic hydration in these media as b e ~ ~ : ~ ~ ~ ~ ~ e ~ & ~ ~  :;rdure for measuring heats have 

well as being a step in understanding the nature 
of the interactions between the com~onents.  As Results and Discussion 
no vapor pressure data could be foind for the 
PC-H,O system and those for the DMSO-H20 
system directly determined (2) are values at 70 "C, 
vapor pressure measurements have been carried 
out at 25 "C over the whole range of composi- 
tions. Heats of mixing water with both solvents 
have also been measured at 25 "C and low water 
concentrations. 

Experimental 
Chemicals 

The water used was conductivity water. Spectroscopic 
grade dimethylsulfoxide from Fisher was used without 
further purification. Propylene carbonate from Eastman 
Kodak was doubly distilled at  a temperature below 100°C 
and pressure under 10 mm Hg. The middle portion of the 
distillate, about 80%, was collected. Water contents in 
DMSO and PC determined by Karl Fisher titrations were 
0.069% and 0.0059z, respectively. 

Vapor Pressure 
Vapor pressures were measured with a Texas Instru- 

ments quartz spiral gauge calibrated into millibars. To 
avoid condensation of vapor, the gauge was heated at  
58 "C, and the tubing leading to it was kept at  40 "C with 
heating tapes. The bath temperature was calibrated by 
vapor pressure determinations on pure water against a 
new standard 23.78 mm Hg at 25.00 "C given by Stimson 
(3). 

The experimental total pressures for DMSO- 
(1)-H20(2) and for the partially miscible binary 
PC(1)-H20(2) are given in Table 1 and Fig. 1. 
The values are believed to be accurate to within 
0.01-0.04 mm Hg for pressures higher than 
5 mm, 0.002 mm for pure propylene carbonate, 
and 0.002-0.01 mm for other pressures. 

The vapor pressure for pure DMSO, 0.599 mm 
Hg, was obtained by measuring the pressures of 
wet DMSO with concentrations of water below 
about 0.1 M, as determined by Karl Fisher 
method, and extrapolating the results to zero 
water concentration. This value agrees well with 
that of Douglas, 0.600 mm H g  (5). The vapor 
pressure for pure propylene carbonate was 
obtained in the same manner. The miscibility 
gap for PC(1)-H,0(2) was found to extend from 
x2  = 0.318 to 0.960 as determined experimental- 
ly by mixing known masses of PC and water at 
25 "C. These results agree with those quoted by 
Catherall and Williamson (6). The prevailing 
pressure over the two coexisting phases was 
found to be 23.35 mm Hg. Although DMSO and 
PC are dipolar aprotic solvents, both binary 
solvent-water systems exhibit contrasting non- 
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LAM AND BENOIT: ON SOME THERMODYNAMIC PROPERTIES 719 

TABLE 1. Total vapor pressures of DMSO-H20 
and PC-H20 Systems at 25 "C 2 Q 

-- 

DMSO(1)-HzO(2) PC(1)-HzO(2) 
24 

xz P(mm Hg) x2 P(mm Hg) 

0.000 0.599 0.000 0.053 
0.057 1.012 0.007 1.64 

2 0 

0.101 1.277 0.016 3.39 
0.126 1.433 0.026 5.40 

1 5  0.201 2.02 0.037 
0.297 2.92 0.056 

7'27 MM Hg 
10.02 

0.402 4.26 0.082 12.98 
0.498 5.97 0.120 16.46 1 2  
0.548 7.10 0.160 19.10 
0.597 8.52 0.215 21.30 
0.650 10.30 0.258 22.52 
0.699 11.98 0.281 23.00 

8 

0.747 14.01 0.303 23.23 
0.798 16.40 0.318 
0.848 18.65 0.9601 23.35 4 
0.898 20.73 0.979 23.50 
0.950 22.43 1 .OOO 23.78 
1 .OOO 23.78 0 

0 0.2 0.4 0.6 0.8 1 .O 
X 

ideal behavior: DMSO-H20 gives negative 
deviation and PC-H20 gives positive 1. Total vapor pressures of the systems DMSO- 
from Raoult's law. H z 0  and PC-H20 at 25 "C. 

Different methods (7-9) have been devised to 
resolve total pressures into partial pressures on 
the basis of the Gibbs-Duhem equation and on the Gibbs-Duhem 
the assumption that the gaseous mixtures were x 
ideal. The following procedure was adopted for In P ,  = In P I 0  - A d  In P2  
our calculations. Partial pressures of water were x2=0 X 1  S'" 
evaluated by subtracting the Raoult's law con- For PC-H20 the first integration gave final 
tributions of PC and DMSO from the total values of pressures; for DMSO-H,O, the second 
pressures. These water pressures were used to sufficed to yield converging results. A model 
calculate better values of partial pressures of calculation for x, = 0.05 for PC-H,O is given 
other components by graphical integration of below: 

Table 2 shows the partial pressures and the 
free energy functions for these systems. The 
excess Gibbs free energies, accurate to within 2 
calories, are plotted in Fig. 2. Activity coefficients 
as calculated by means of the usual expression 
are > 1 for PC-H20 and < 1 for DMSO-H20. 
The assumption of ideal gas behavior was ex- 
amined by using Schiebel nomograph (lo), 
which amounts to evaluating an activity co- 
efficient correction factor Z that corrects the 
calculated activity coefficient for the departure 
from the ideal gas law. From the critical data 

available either in the literature or by estimation 
from the boiling points and the parachors, the 
correction factors obtained from the nomograph 
'were between 1 to 1.002 for water, 0.997 to 1 for 
DMSO, and 0.996 t o  1 for PC, and were there- 
fore neglected. 

The excess Gibbs free energies of mixing were 
fitted into the equation 
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720 C A N .  J .  C H E M .  VOL. 5 2 ,  1974 

with parameters B, C, and D, by employing a H20(2) with small x, the expression used was: 
procedure given by Redlich and Kister (1 1). It 
was found that D values were very small and the [2] AGE = 2.303RT(Bx1 + CxI2) 
terms associated with D could be absorbed into 
the preceding terms without loss of accuracy in The parameters chosen for these systems and the 
representing the free energies. For that short standard deviations of the calculated values from 
range of excess quantities of mixing PC(1) and the experimental values are as follows 

-- 

Parameter values 

System B C (3 

xl > 0.682 1.03 -0.54 1 cal/mol 
PC( I ) -H~O(~)  1 < 0.04 1.86 -0.87 lcal/mol 

Eq. 2 

For the DMSO-H,O system, the excess free 
energies AGE are negative. Using Boissonnas' 
method for partial pressures, Kenttamaa and 
Lindberg (2) have calculated AGE values at 25 "C 
on the basis of nine total pressure measurements 
at 70 "C (0.09 d x, < 0.92) and of heats of 
mixing at 70 and 25 "C (12). Our AGE results are 
somewhat less negative and by some 11 cal/mol 
for x, d 0.50. 

The heat of mixing per mole of added water 
with DMSO as deduced from eight measure- 
ments, at increasing water concentrations 0.003 
< x, < 0.10, was found to be - 1.29 + 0.01 
kcal/mol and to be independent of the concentra- 
tion, as already noted by some authors (12, 13) 
for x, > 0.1, but not by others (14, 15). 

The AGE and AH values suggest strong inter- 
actions between DMSO and water, in line with 
the known proton acceptor properties of DMSO. 
Structural interpretations of ASE values have 
been advanced (12). For the PC-H,O system, 
the partial pressures and the activity coefficients 
level off when concentrations approach the 
miscibility gap. The excess free energies are posi- 
tive. The average heat of mixing AgWm for three 
experiments at water concentrations 0.002 < 
x, < 0.012 is + 1.93 5- 0.02 kcal per mol of 
added water. On the basis of ARWw, (kcal/mol), 
PC and DMSO can be compared with other 
dipolar aprotic solvents: nitromethane (2.4) < 
acetonitrile PC (1.9) < sulfolane (1.6) < 
acetone (1.05) < DMSO (- 1.29) (16). This re- 
flects a "basicity" order among these solvents 
and suggests that high levels of acidity could be 
obtained in PC. 

It is interesting to try to account for deviations 

of thermodynamic properties from ideality in 
terms of chemical equilibria (1 7). Recently the 
results of calorimetric studies of the systems 
CHCl, (A) + DMSO (B) (18) and CHC1, (A) 
+ (CH,),N(B) (17) were thus successfully inter- 
preted in terms of species A, B, AB, and A,B in 
the first case and A, B, and AB in the second one. 
However, when one considers binary systems 

FIG. 2. Excess free energies of mixing for the systems 
DMSO-H20 and PC-H20 at  25 "C. 
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LAM AND BENOIT: ON SOIME THERMODYNAMIC PROPERTIES 

TABLE 2. Partial pressures, activity coefficieqts, and excess Gibbs free energies of 
the DMSO-H,O and PC-H20 systems at 25 "C 

- - 

x2 P(mm Hg) P,(mm Hg) P2(mm Hg) Y 1 Y Z  AGE(cal/mol) 

DMSO(1)-HzO(2) 
0.00 0.60 0.599 0.00 
0.05 0.96 0.567 0.39 
0.10 1.27 0.538 0.73 
0.15 1.61 0.508 1.10 
0.20 2.02 0.472 1.55 
0.25 2.46 0.437 2.02 
0.30 2.95 0.400 2.55 
0.35 3.52 0.361 3.16 
0.40 4.23 0.317 3.91 
0.45 5.02 0.275 4.75 
0.50 6.00 0.231 5.77 
0.55 7.14 0.187 6.95 
0.60 8.63 0.142 8.49 
0.65 10.30 0.105 10.20 
0.70 12.00 0.0758 11.92 
0.75 14.18 0.0484 14.13 
0.80 16.54 0.0283 16.51 
0.85 18.78 0.0156 18.76 
0.90 20.82 0.0076 20.81 
0.95 22.43 0.0027 22.43 
1 .OO 23.78 0.0000 23.78 

PC(])--H,0(2) 
0.00 0.053 0.0530* 0.00 
0.01 2.23 0.0524 2.18 
0.02 4.26 0.0520 4.21 
0.03 6.07 0.0516 6.02 
0.05 9.15 0.0510 9.10 
0.08 12.76 0.0495 12.71 
0.12 16.46 0.0484 16.41 
0.16 19.10 0.0472 19.05 
0.20 20.77 0.0463 20.72 
0.24 22.05 0.0456 22.00 
0.28 22.98 0.0449 22.94 
0.318 23.35 0.0446 23.31 
0.96 23.35 0.0446 23.31 
0.97 23.45 0.0388 23.41 
0.98 23.54 0.0344 23.51 
0.99 23.65 0.0223 23.63 
l .oo 
-- 

23.78 0.000 23.78 
-p---..p-p-p-. .. 

'A value 0.0530 mm HE for propylene carbonate was used. 

with water as a component, it is easier to restrict 
oneself to the water-poor mixtures because of 
water self-association. Thus, with PC-H,O 
system, assuming that the non-linearity of our 
water partial pressure data, above 0.1 m water 
concentration, is due to  water self-association, 
from the water monomer concentration given by 
the limiting slope of the water vapor pressure us. 
water concentration, a water dimerization con- 
stant of 0.20 + 0.03 is calculated below a 0.7 M 
(x ,  Q 0.06) water concentration; above this con- 
centration the dimerization constant increases 

(0.36 for x, = 0.1) suggesting more complex 
associations. Cogley et al. (19) interpreted their 
n.m.r. and infrared spectroscopic studies in 
terms of water monomer-dimer equilibria at  
moderately low water concentrations, with a 
dimer formation constant 0.15 + 0.03 1 per mol 
at 25 "C. The agreement is surprisingly good. 

F o r  the DMSO-H,O system,' deviations from 

'Three recent papers (20-22) quote numerous references 
dealing with both the nature of these widely studied mix- 
tures and of DMSO itself. 
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ideality of many properties have been attributed 5.  T. B. DOUGLAS. J. Am. Chern. Soc. 70,2001 (1948). 

by some authors to association interactions. Our 6. N. F. CATHERALL and A. G. WILLIAMsON. J. Chern. 
Eng. Data, 16, 335 (1971). 

pressure data that the water partial 7.  R. T. LATTEY. J .  Chern. Sot. 91-2, 1959(1907). 
pressures of aqueous DMSO vary linearly with 8. CH.-G. BOISSONNAS. Helv. Chim. Acta, 22, 541 
the water concentration up to 7 M (x, - 0.35), (1939). 

in sharp contrast to the behavior of aqueous PC 9. F. Monatsh. Chern. g2) l 3  
10. E. G. SCHIEBEL. Ind. Eng.Chern.41, 1076(1949). The linear dependence of the water 1 1 .  0. REDLICH and A. KISTER. Ind. Eng. Chern. 40,345 

partial pressure and the constancy of the heat of (1948). 
mixing of water both with the water concentra- 12. J.  KENTTAMAA and J.  J .  LINDBERG. Suorn. Kemistil. 
tion, strongly suggest the presence of only one B33> 32 (1960). 

13. W. DRINKARD and D. KIVELSON. J .  Phys  Chem. 62, water species, in this concentration range, likely a 1494 (1958), 
monomer, either ofthe 1 : 1 or1 :2(water:DMSO) 14. J.  M. G. COWIE and P. M. TOPOROWSKI. Can. J. 
type. The observed near constancy of the water Chern. 39,2240 (1961). 
proton chemical shift with the water concentra- 1.5. H. L. CLEVER and S. P. PIGOTT. J .  Chern. Therrno- 

dyn. 3,221 (1971). that water h~drogen-bonding to 
16. R, L,  BENOIT and G ,  CHoux, Can. J. Chern. 46, 3215 

DMSO dominates the interaction, rather than (1968). 
hydrogen bonded self-association. 17. L. G. HEPLER and D. V. FENBY. J. Chem. Therrno- 

dyn. 5,471 (1973). 
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National Research Council of Canada for a grant. 5,430(1973). 
19. D. R. COGLEY, M. FALK, J .  N. BUTLER, and E. 

I .  R. L. B~NolTand S. Y .  LAM. 56th Canadian Chern~cal GRUNDWALD. J .  Phys. Chern. 76,855  (1972). 
Conference, Montreal, June 4 4 ,  1973. Paper 3 19. 20. R. F u c ~ s  and C. P. HAGAN. J.  Phys. Chern. 77, 1797 

2. J.  KENTTAMAA and J.  J. LINDBERG. Suom. Kernistil. (1973). 
B33,98 (1960). 21. T. K. COOPER, D. C. WALKER, H. A. GILLIS, and N. 

3. H. F. STIMSON. J.  Res. Natl. Bur. Stand. 73A, 493 V. KLASSEN. Can. J .  Chern. 51,2195 (1973). 
(1969). 22. J. B. KINSINGER, M. T. TANNAHILL, M. S. GREEN- 

4. R. L. BENOIT, M. RINFRET, and R. DOMAIN. Inorg. BERG, and A. I. P o ~ o v .  J .  Phys. Chern. 77, 2444 
Chern. 11.2603 (1972). (1973). 
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Crystal and Molecular Structure of ZDeacylusnic Acid 

ALISTAIR L. MACDONALD, STEVEN J.  RETTIG, AND JAMES TROTTER 
Depnrttnet~t of Chemistry, University of British Columbin, Vatico~rver8, British Collrtnbia 

Received April 30, 1973' 

Crystals of the title compound are monoclinic a = 9.801(2) b = 9.120(1) c = 8.026(2) A, P = 
107.45(1)", Z = 2, space group P2,.  The structure was determined by direct methods, and refined by 
electron-density and full-matrix least-squares procedures to R = 0.0325 for 1363 observed reflections. An 
attempt to determine the absolute configuration by use of the anomalous scattering of oxygen and carbon 
atoms has been made. The most important structural feature is delocalization in the cyclohexadiene 
ring. There are two intramolecular 0-H. . . O  hydrogen bonds, 0. . .0 distances 2.532(3) and 2.712(2) 
A. The crystal structure consists of molecules linked by intermolecular 0-H. .  . O  hydrogen bonds, 
0 .  . .0 = 2.625(2) A, to form continuous spirals about the 2, axes. 

Le compose cite dans le titre cristallise dans le systeme monoclinique, a = 9.801(2), b = 9.120(1), 
c = 8.026(2) A, (3 = 107.45(1)", Z = 2, groupe spatial P2,. La structure a ete determinee a l'aide de la 
procedure directe et a ete afinee par un calcul de densite electronique et par la methode de moindres 
carres (matrice complete) jusqu'a un indice R = 0.0325 pour 1363 reflexions observees. On a essaye 
de deduire la configuration absolue a partir de la diffraction anormale des atomes d'oxygene et de 
carbone. La caracteristique principale de la structure concerne une dClocalisation en dedans d u  cycle 
du cyclohexadiene. I1 existe deux liaisons hydrogene intramolCculaires 0-H. . .O, dont les distances 
0 . .  .0 sont egales a 2.532(3) et 2.712(2) A. Le cristal se compose des moltcules enchainees par  des 
liaisons hydrogene intermolCculaires 0-H..  .O, dont la distance 0.. .0 est tgale a 2.625 A, pour 
former des spirales continues.autour des axes 2,. 

Can. J .  Chem., 52,723 (1974) 

Introduction 
2-Deacylusnic acid has been obtained as a 

product of the biodegradation of usnic acid (1) 
by the fungi Mortierella Isabellina (1, 2). On the 

r h  r* / 

0 o\H 9 
'H o'H..----o,H 

1 2 

basis of spectral and analytical data, the structure 
(2) has been proposed for this compound (1). 
The object of this study was to determine the 
molecular structure of 2-deacvlusnic acid. to aid 
in the understanding of the -mechanism' of the 
biodegradation of usnic acid. 

Experimental 
Crystals of 2-deacylusnic acid are thin pale-yellow 

plates. The crystals used for the data collection were 
mounted with b parallel to the goniostat axis and had 
dimensions of ca. 0.3 x 0.3 x 0.1 mm. Unit-cell and 
space group data were obtained from film and diffractom- 
eter measurements. The unit-cell parameters were refined 
by a least-squares treatment of sinZ 8 values for 30 

'Revision received October 26, 1973. 

reflections measured on a diffractometer with CuKa 
radiation. Crystal data are:  

C16H1406 f . ~ .  = 302.3 

Monoclinic, a = 9.801(2), b = 9.120(1), c = 8.026(2) A, 
(3 = 107.45(1)', V = 684.4(2) A" Z = 2, p,,,, = 1.466 g 
~ m - ~ ,  F(000) = 316 (20 "C, CuKa, h = 1.5418 A, p = 
10 cm-'). Absent reflections: OkO, k # 2n, space group 
P21(CZZ, NO. 4.) 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, CuKa radiation (nickel filter and pulse 
height analyzer). Two crystals were used in the data 
collection due to instrument malfunction and possible 
decomposition of the first sample. The hkl reflections 
were measured using the first crystal, while the second 
crystal was used primarily to measure hkl reflections, 
with some overlap to provide a scale factor between the 
two sets of data. For the first crystal a 8-28 scan at lo 
min-', with 40 s background counts was used and for the 
second crystal the scan speed was increased to 2" min-' 
and the backgrounds counted for 20 s. T h e  scan range 
was (1.80 + 0.86 tan 8) degrees in 28 for both crystals. 
Independent data were measured to 28 = 146" (minimum 
interplanar spacing 0.81 A). A check reflection was 
monitored every 30 reflections throughout the data 
collection. The intensity of the check reflection dropped 
off by 15% of its starting value for the first crystal and for 
the second crystal it remained constant to within ?5% 
of the initial value. Lorentz and polarization corrections 
were applied, and structure amplitudes were derived. No 
absorption correction was made in view of the  relatively 
small value of p. Of 1502 independent reflections mea- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM. VOL. 5 2 ,  1974 

TABLE I .  Basic starting set of reflections for 2-deacylusnic acid 

/I k 1 ]El Phase (mc) 

1 0 2 3.46 
3 0 3 2.12 0 origin determining 
8 1 Z 2.23 0 
1 0 4 3.46 

O I  
500 manual indication 

8 1 5 2.81 a 
4 6 2 2.44 b 
8 4 3 3.12 250 enantiomorph 

TABLE 2. Results for the six starting sets in the phase determination procedure 

Set n(mc) b(mc) t a Q RI, 

'At input stage only; the final phases were normalized to lie in the range - T I  < +( / I )  5n. 

sured 67 had intensities less than 3o(I) above background, 
where cr2(I) = S + B + (0.03S)2 with S = scan count 
and B = background count. These reflections were 
classified as unobserved. 

Strrrctrrre Atlaly~is 
The space group was assumed to be P2, from absent 

reflections and number of molecules in the unit-cell 
(2 = 2). The structure was solved by direct methods, 300 
reflections with normalized structure factor IEJ 2 1.23 
being used in the symbolic addition procedure for non- 
centrosymmetric crystals (3). The phases of the 102, 303, 
and 812 reflections were fixed to define the origin. During 
a manual expansion carried out among those 80 reflections 
with highest lEl values, symbol phases were assigned to 
the 815,462, and 843 reflections and the phase of the 104 
reflection was strongly indicated to be 500 mc. These 
seven reflections comprise the basic starting set listed in 
Table 1. 

The manual determination gave indications for a (0 or 
500 mc) and 843 ( k  250 mc). The enantiomorph was fixed 
by allowing 841 to have only positive phases (i.e. using 
only +250 mc as a starting value for 843). The basic set 
of reflections was split into six starting sets by allowing n 
either of its two values while b was given starting values 
of 200, 400, and 600 mc (see Table 2). The six sets were 
used as input to a computer program which determines 
phases using the tangent formula (4-7). The values of 
overall I ,  overall a, Q, and RK(4-7) on the final cycle for 
each of the sets are given in Table 2. An E-map from set 1 
gave the positions of all non-hydrogen atoms (22 atoms 
among the 23 highest peaks). Earlier attempts to obtain a 
solution using the 167 reflections with IEl 2- 1.50 failed 
to  produce E-maps which could be easily interpreted, the 
final statistics after tangent formula refinement being 
very similar for many of the sets, and E-maps computed 
for several different phase combinations yielding only 
partial structures which could not be further expanded. 

Two cycles of full-matrix least-squares refinement of 
the positional and isotropic thermal parameters of the 
carbon and oxygen atoms gave an R value of 0.156. The 
y coordinate of O(3) was fixed to define the origin. This 
was followed by two cycles of anisotropic refinement of 
the non-hydrogen atoms which reduced R to 0.106. A 
difference map at  this stage revealed possible positions 
for some, but not all of the hydrogen atoms. One more 
cycle of refinement reduced R to 0.062 and all hydrogen 
positions were revealed in the subsequent difference map. 
All parameters, including hydrogen coordinates and 
temperature factors. were refined for one cycle resulting 
in an R value of O.0?7. 

Since the absolilte configuration of this compound is 
of interest, an attc:ilpt to determine the absolute con- 
figuration has bccn made based o n  the anomalous 
scattering from oxygcn (A f '  = 0.05, A f" = 0.032) and 
carbon atoms (A f" = 0.02, Af" = 0.010) (see e.g. refs. 
8 and 9). The problem in this case was  twofold: first, t o  
determine whether the second crystal was mounted about 
+ b or -b (taking the first mounting a s  +b), and second, 
to  determine the correct absolute configuration. T o  this 
end four separate refinements were carried out; the two 
enantiomorphs combined with each of the possible 
orientations of the second crystal. T h e  final weighted R 
values for the four refinements are given in Table 3 and 
indicate that the second crystal was mounted about + b. 
R values calculated using reflections with [Fc,l,(l~kl) - 
Fc,,,(h~l)]/[Fo,.(hkl)] > 0.01 were in the same order as in 
Table 3 but showed larger differences. With the assump- 
tion that both crystals were mounted the same way, 
Hamilton's test (10) indicates that the hypothesis that the 
opposite enantiomorph is the correct one  may be rejected 
a t  the 0.05 significance level. We may conclude that there 
is a 95% probability that the chosen enantiomorph is the 
correct absolute configuration, assuming the data to be 
free of systematic error. The final R value was 0.0325 for 
1363 observed reflections. 
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MACDONALD ET AL.: STRUCTURE O F  2-DEACYLUSNIC ACID 

TABLE 3. Weighted R factors 

Mounting axis of 
Enantiomorph* second crystal Weighted R (%) 

*Enantiomorph 1 is represented by the 
handed axial set. 

The least-squares refinement was based on the mini- 
mization of C+v(F, - F,)'. The scattering factors of ref. 
11 were used for the carbon and oxygen atoms, and those 
of ref. 12 for the hydrogen atoms. The anomalous 
scattering terms of ref. 9 have been used for carbon and 
oxygen. The anisotropic temperature factors employed in 
the refinement are U,, in the expression: 

f = exp [-2~'(U,,h'a*~ + U22kZb*2 + U3312~*2 
+ 2U12hka*b* + 2UI3hla*c* + 2U~~klb*c*)]  

where f a  is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
fi = 1.0 if (F.1 3.0, fi = 3.0/lFoI for IF,/ 3.0, and 
fi = 0.35 for the unobserved reflections, gave satis- 
factory consistency of w(F, - F,)' over ranges of JFJ,  
and was employed in the final stages of refinement. Five 
reflections (002, 011, 100, 101, and 102) were given zero 
weight in the final stages of refinement, due to suspected 
errors arising from extinction and counter overload. 

On the final cycle of refinement, no parameter shift was 
greater than 0.250 for carbon and oxygen atoms and 
0.650 for hydrogen atoms. The final positional and 
thermal parameters are given in Tables 4 and 5, respec- 
tively. Measured and calculated structure factors have 
been placed in the Depository of Unpublished Data.' 

Thermal Motion and Correction of 
Molecular Geometry 

The thermal motion ellipsoids for the carbon 
and oxygen atoms are shown in Fig. 1. The 
thermal motion has been analyzed in terms of 
the rigid-body modes of translation (T), libration 
(L), and screw (S) motion using the computer 
program MGTLS (13, 14). Two analyses were 
carried out; first only the 13 ring atoms, C(1)- 
C(12), 0(3), were included in the rigid body and 
then all non-hydrogen atoms were included. The 
results for both analyses appear in Table 6. 

The first analysis shows very good agreement 
between the derived and observed temperature 
factors; the r.m.s. deviation is 0.0017 A2 while 
the estimated standard deviations (see Table 5) 

'The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

coordinates of Table 4 referred to a right- 

range from 0.0006 to 0.0015 A2. The second 
analysis has an r.m.s. AUij  of 0.0042 A2, still a 
reasonable agreement but indicative of some 
independent motion, particularly in the keto 
side chain, C(13), C(16), and O(4). Both analyses 
yielded physically reasonable modes of motion 
and there is good agreement between the two. 
The second analysis gave a better defined 
libration tensor (1) and more nearly intersecting 
principal axes of 1, and was employed in 
calculating the corrected geometry. (The differ- 
ence in corrected bond lengths for the two 
analyses was no more than 0.001 A for any 
given bond.) 

The principal axes of L correspond approxi- 
mately to the principal moments of inertia of 
the molecule. L, corresponds to the long axis of 
the molecule, L2 is parallel to the mean molecular 
plane and normal to L,,  and L, is nearly 
perpendicular to the mean plane of the molecule 
and passes through the five-membered ring. The 
unique origin (that which symmetrizes S) lies 
approximately centered in the five membered 
ring and slightly displaced toward C(15). 

The intramolecular bond distances and angles 
have been corrected for libration by the method 
of Cruickshank (15, 16) using shape parameters 
q2 of 0.08 for all atoms. Riding motion correc- 
tions based on the AUij  (17, 18) have been 
applied to the bonds between ring atoms and 
terminal groups. Both the corrected and un- 
corrected bond distances and angles appear in 
Tables 7 and 8. 

Results and Discussion 
Intra-annular torsion angles defining the con- 

formations of the rings appear in Table 9, the 
estimated standard deviations in these angles 
were calculated using the formula due to Huber., 
Least-squares mean-planes appear in Table 10. 

3P. Huber, appendix to ref. 19. 
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C A N .  J .  CHEM. VOL. 5 2 ,  1974 

TABLE 4. Final positional parameters (fractional x lo4) with 
estimated standard deviations in parentheses 

-- ----- 

Atom x Y z 

FIG. I .  A stereo view of the molecule; 50% ellipsoids are shown for oxygen and carbon atoms. The most probable 
absolute configuration is shown. Dotted lines indicate the intramolecular hydrogen bonds. 
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MACDONALD ET AL.: STRUCTURE OF 2-DEACYLUSNIC ACID 727 

TABLE 5. Final thermal parameters and their estimated standard deviations 

(a) Anisotropic thermal parameters (U,, (A2) x 100) 
- - -- 

Atom u 1 1  u2 2  u 3  3  u 1 2  u 1 3  u 2  3 

(b) Isotropic thermal parameters 

Atom B (A2) Atom B ( A ~ ~ )  

Details of the hydrogen-bonding and non- 
bonded interactions appear in Tables 1 I and 12 
respectively. Figures 2 and 3 show the molecular 
packing viewed down c and 6. 

The five-membered ring, C(5)-C(8) and 0(3), 
is in the half-chair conformation with C(5) and 
C(6) displaced -0.09 and 0.23 A from the 
C(7), C(8), O(3) plane. The mean angle in this 
ring is 107.2" and, as expected, is intermediate 
between the value of 108" for a planar ring and 
the values of 103.9-104.2" calculated for the 
minimum energy conformations of cyclopen- 
tanes (20). The dihedral angles in the ring have 
the same relative magnitudes as those calculated 
for the low energy conformation with o, = 15" 
(20) although the inclusion of three trigonal 
carbon atoms in the ring make direct comparison 
impossible. The angles in the ring are all 
moderately but unequally strained, closures 

range from 3.1" at O(3) to 12.8" at C(7) (relative 
to the tetrahedral or trigonal planar angle). The 
O(3)-C(8) (1.399 A) and C(6)-C(7) (1.515 A) 
correspond to normal single bonds, while the 
remaining bonds in the rings are significantly 
shorter than expected (21). This shortening 
results' from a combination of steric and 
electronic effects. A shortening of some, but not 
all of the bonds tends to ease the angular strain 
in the five-membered ring. 

The aromatic ring, C(7)-C(12), is slightly, 
but significantly nonplanar. The conformation 
of the ring is that of an assymmetric boat with 
C(7) and C(10) displaced + 0.01 5 and + 0.022 A 
from the mean plane of the ring. The mean angle 
in the aromatic ring is 120.0°, but there are 
significant deviations among the individual 
values. The angles a t  C(8) and C(10) are ex- 
panded to 124.1 and 123.3" while those at C(9) 
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728 C A N .  J .  C H E M .  VOL. 5 2 .  1974 

TABLE 6. Rigid-body thermal parameters* 
--- 

Twelve ring atoms All non-hydrogen atoms 

L( x 10idegz) 
lO(14) 51(10) -17(7) 82(9) 16(5) -11(5) 

33(11) -18(6) 48(7) -9(5) 
38(5) 33(5) 

Principal axes of L 
r.m.s. amplitude Direction cosines ( x  lo3) r.m.s. amplitude Direction cosines ( x  lo3) 

L I 3.7" 854 464 -237 3.0" -899 -374 227 
Lz 1.9 331 -133 934 2.1 - 425 867 -259 
L3 0.6 402 -876 -267 1.7 -101 -332 -938 

Prirlciple axes of reduced T 
r.m.s. amplitude Direction cosines ( x  lo3) r.m.s. amplitude Direction cosines ( x  lo3) 

0.19 A -218 377 -901 0.21 - 404 25 -914 
0.19 147 925 351 0.19 -85 -998 7 
0.15 965 -56 -256 0.15 - 91 1 80 403 

Displacements of axes from itztersecting ( A )  
Parallel to Ll  -8.28 

" L z  -3.23 
' L3 -0.97 

Effective screw translations ( A )  
Parallel to L1 -0.001 

" Lz -0.001 
" L3 0.007 

Fractional coorditiates of ltniqlre origin ( x lo4)  
x 3270 
Y 7238 
z 7610 

Fractiorr coordinates of center of graoity ( x 1 04)  
X 3445 
Y 6767 
z 7754 

( A  U ~ ? ) ~ ' ~ ( A ~ )  0.0017 
-- 

0.0042 
-- 

'Axes of reference are a, 6 ,  c*. E.s.d.'s of components of L are given after them in parentheses in units of the last place shoivn. 

and C(11) are contracted to 114.5 and 118.5". 
This is a result of fusion to the five-membered 
ring. The strain is taken up primarily by angular 
distortions and to a lesser extent by torsional 
strain (which is responsible for the nonplanarity 
of the system) and bond length distortion. 
Electronic effects, which will be discussed later, 
are also a contributing factor and influence the 
bond lengths most. Bond lengths in the ring 
average 1.401 A which is slightly longer than 
normal. The C(9)-C(1O) (1.424) and C(10)- 
C(11) (1.405 A) bonds are significantly longer 
and C(7)-C(8) (1.379 A) significantly shorter 
than the accepted mean of 1.394 A (21). Re- 
maining bonds are slightly, but not significantly, 

long. The phenolic C-O(H) bonds are 1.348 
and 1.349 A, both significantly less than the 
value of 1.40 A expected for a C(sp2)-0(sp3) 
bond. The mean plane of the aromatic ring 
makes an angle of 4.1" with that of the five- 
membered ring and 11.8" with that of the keto 
side chain at C(9). 

The cyclohexadiene ring, C(1)-C(6), has the 
sofa conformation. Atoms C(1)-C(5) lie within 
0.02 A of their mean plane while C(6) is dis- 
placed 0.316 A. The bond angle at tetrahedral 
C(6) is expanded to 112.6' and the mean angle 
at the trigonal atoms is 120.4" with individual 
values ranging from 1 15.7 to 124.6". As with the 
aromatic ring, the fusion to the five-membered 
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MACDONALD ET A L  : STRUCTURE OF 2-DEACYLUSNIC ACID 729 

TABLE 7. Bond distances (A) with standard deviations in parentheses 
-- - -- . - 

Distance Distance 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

O(l)-c(l) 1 .262(3) 1 .265* C(9)-C(13) 
0(2)-C(3) 1.315(3) 1.317* C(I0)-C(1 I) 
0(3)-C(5) 1.367(2) 1 .369 C(11)-C(12) 
0(3)-C(8) 1 .397(3) 1.399 C(11)-C(14) 
O(4)-C(13) 1 .233(3) 1.235* C(13)-C(16) 
O(5)-C(l0) 1 .348(3) 1 .349* O(2)-H(02) 
O(6)-C(12) 1 .346(3) 1.348* O(5)-H(O5) 
C(l)-c(2) 1 .396(3) 1.398 O(6)-H(06) 
C(l)-C(6) 1.517(3) 1.519 C(2)-H(21) 
C(2)-C(3) 1.383(3) 1.385 C(4)-H(41) 
c(3)-c(4) 1 .453(3) 1 ,455 C(l4)-H(141) 
c(4)-c(5) 1 .333(3) 1.334 C(14)-H(142) 
C(5)-C(6) 1 .498(3) 1 .500 C(l4)-H(143) 
C(6)-C(7) 1.513(3) 1.515 C(15)-H(151) 
C(6)-C(15) 1 .570(3) 1 .572 C(15)-H(152) 
C(7)-C(8) 1.377(3) 1.379 C(15)-H(153) 
C(7)-C(12) 1 .397(3) 1.398 C(16)-H(161) 
C(8)-C(9) 1.398(3) 1 .399 C(l6)-H(162) 
C(9)-C(10) 
- 1 .422(3) 1 .424 C(16)-H(163) 

'These distances have been corrected for rldlng motlon as well as l~bratlon (see text). 

OC 0 0  OH 

FIG. 2. The structure viewed down c; hydrogen bonds 
are represented by broken lines. Y = b and X = a sin a. 
ring introduces strain into the ring which is 
taken up by angular and torsional distortion 
(see e.g. Table 9). The greatest torsional strain 
occurs about the C(4)-C(5) double bond where 
the dihedral angle C(3)[C(4)-C(5)]C(6) is 11.5". 
The C(1)-C(6) bond (1.519 A) is a normal 
C(sp3)-C(sp2) single bond and C(4)-C(5) 
(1.334 A) is a normal double bond. The re- 
maining bonds in the ring are significantly 
shorter than single bonds. The C(1)-O(1) bond 

FIG. 3. The structure viewed down b. 

(1.265 A) and the C(3)-O(2) bond (1.317 A) 
are intermediate in length between single and 
double bonds, indicating extensive delocalization 
in the O(1)-C(1)-C(2)-C(3)-O(2) portion of 
the molecule. 

The C(6)-C(15) bond (1.572 A) is signifi- 
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730 C A N .  J .  CHEM.  VOL. 52, 1974 

(a) Bond angles involving non-hydrogen atoms with standard deviations in parentheses 
~- -- 

Angle (deg) Angle (deg) 

Atoms Uncorrected Corrected* Atoms Uncorrected Corrected* 

C(5)-O(3)-C(8) 106.6(2) C(8)-C(7)-C(l2) 
O( 1)-C(1 )-C(2) 124.8(2) 124.2 O(3)-C(8)-C(7) 
O(1)-C(1)-C(6) 117.7(2) 118.0 O(3)-C(8)-C(9) 
C(2)-C(1)-C(6) 117.3(2) 117.4 C(7)-C(8)-C(9) 
C(1)-C(2)-C(3) 121.4(2) 121.2 C(8)-C(9)-C(l0) 
O(2)-C(3)-C(2) 122.9(2) C(8)-C(9)-C(13) 
O(2)-C(3)-C(4) 113.8(2) 113.7 C(l0)-C(9)-C(I3) 
C(2)-C(3)-C(4) 123.2(2) O(5)-C(l0)-C(9) 
C(3)-C(4)-C(5) 115.7(2) O(5)-C(l0)-C( I I) 
O(3)-C(5)-C(4) 124.8(2) C(9)-C(l0)-C(l1) 
O(3)-C(5)-C(6) 110.5(2) C(l0)-C(l1)-C(l2) 
C(4)-C(5)-C(6) 124.6(2) C(10)-C(1 1)-C(l4) 
C(1)-C(6)-C(5) 112.6(2) C(l2)-C(l1)-C(l4) 
C(1)-C(6)-C(7) 121.6(2) 121.4 O(6)-C(l2)-C(1 I) 
C(1)-C(6)-C(I 5) 1 04.7(2) 104.9 O(6)-C(12)-C(7) 
C(5)-C(6)-C(7) 99.8(2) C(l1)-C(l2)-C(7) 
C(5)-C(6)-C( 15) 108.0(2) O(4)-C(13)-C(9) 
C(7)-C(6)-C(15) 109.6(2) O(4)-C(13)-C(16) 
C(6)-C(7)-C(8) 107.1(2) 107.0 C(9)-C(13)-C( 1 6) 
C(6)-C(7)-C(12) 

-- 

132.7(2) 

'Corrected angles are 11sted only IF d~fferent from the uncorrected value. 

(b)  Angles involving hydrogen atoms 

Atoms Angle (deg) Atoms Angle (deg) 

cantly longer than a normal C(sp3)-C(sp3) 
bond. The weakening of this bond is a con- 
sequence of steric distortion of the C(6) tetra- 
hedron. The C(l1)-C(14) distance of 1.504 A 
corresponds to a normal for a c(sp2)-C(sp3) 
single bond. The C(9)-C(13) distance of 1.475 A 
is normal for a C(sp2)-C(sp2) bond and 
C(13)-C(16) (1.486 A) is somewhat short- 
ened, but this is usual for a bond adjacent to 
a carbonyl group (21). The C(13)-O(4) bond 
length (1.235 A) does not differ significantly from 
that expected for a double bond. The angle 
between the mean planes of the C(13) keto group 

and the aromatic ring (11.8") represents a 
balance between steric effects, which are at a 
minimum when the planes are perpendicular, 
and formation of the intramolecular O(4). . . 
H(05)-O(5) hydrogen bond, which is most 
favorable when the two groups are coplanar. 
The intramolecular van der Waals contact 
between the C(16) methyl group and ring atom 
O(3). . . C(16), 2.840 A and O(3). . . H(163), 
2.48 A opens the C(9)-C(13)-C(16) angle 
to  121. 1" with respect to O(4)-C(13)-C(16), 
1 19.0°, and is partially responsible for the slight 
but significant nonplanarity of the keto group. 
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MACDONALD E T  AL.: STRUCTURE O F  2-DEACYLUSNIC ACID 

TABLE 9. Intra-annular torsion angles (ao) with estimated 
standard deviations in parentheses 

(a )  Six membered rings 
- .- -- -- 

Ring 1 : C(1)-C(6) Ring 2: C(7)-C(12) 

Angle Angle 
Bond (deg) Bond (deg) 

(6)  Five membered ring 
-- 

Angle 
Bond (deg) 

The significant differences between the cor- 
responding exocyclic C--C-C and C-C-0 
angles at trigonal ring atoms C(1), C(3), C(9), 
and C(12) follow the trend that the larger angle 
is that involving the shorter C-C bond in the 
ring. The exceptions are the angles in the six- 
membered chelate ring formed by the O(4). . . 
H(05)-O(5) hydrogen bond at C(10) and also 
at C(13) where O(4)-C(13)-C(9) would be 
expected to be larger than C(16)-C(13)-C(9). 
The mean C(sp3)-H, C(sp2)-H, and 0-H 
distances of 0.99, 0.91, and 0.92 A, as well as all 
angles involving hydrogen atoms, are generally 
as expected. The bond distances are shorter than 
those obtained spectroscopically indicating that 
the hydrogen electron has been pulled toward 
the atom to which it is bonded. 

The crystal structure (Figs. 2 and 3) consists 
of molecules linked by intermolecular 0-H. . . 0 
hydrogen bonds ( 0 . .  .O, 2.625 A) to form 
continuous spirals about the 2, axes. There are 
two intramolecular hydrogen bonds in the 
structure; O(4). . . H(05)-O(5) and O(1). . . 
H(06)-O(6) ( 0 .  . .O, 2.532 and 2.712 A). Further 
details of the hydrogen-bonding scheme are 
given in Table 11. The closest intermolecular 
contacts and selected intramolecular non-bonded 
contacts are listed in Table 12. All intermolecular 
contacts correspond to normal van der Waals 

interactions, with the exception of the hydrogen 
bond. 

The molecular geometry indicates that there 
are several resonance forms which are important 
contributors to the structure. The two most 
important are (3) and (4). Since a relatively 

strong intermolecular hydrogen bond exists 
between O(1) and H(02) (see Table 11 and Fig. 
2), 4 is essentially equivalent to the originally 
proposed structure 2, proton transfer occurring 
via the O(2)-H(02). . . O(1) hydrogen bond. 
The fully conjugated form 3 is slightly favored 
over the cross-conjugated 4. Preliminary results 
of the structural study of aminousnic acid (22), 
indicate a similar situation occurs, the structure 
being best represented by 5 with important 
contributions from 6. The delocalization in 
aminousnic acid probably occurs via proton 
transfer across an intramolecular N-H,. .O 
hydrogen bond. The C(10)--0(5) and C(12)- 
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O(6) distances indicate that electron density is TABLE 11. Hydrogen bond data 

being donated by the oxygen atoms to  the 
aromatic ring. This indicates that phenolic type Lengths (A) 

Interaction -- resonance structures also contribute to the A . .  .H-B A , .  .H A . .  . B  
structure. With the electron withdrawing keto 
group ortho t o  O(5) and para t o  0(6), the 
structure would be expected to indicate net 

(a)  ~istances(A) of relevant atoms 
from mean planes through the 

molecule. 

Atom d dl0 

Plane (1): aromatic ring, C(7)-C(12) 

c(7) 0.015 7.6 
C(8) -0.005 2.8 
c(9) -0.012 6.1  
c (  10) 0.022 10.7 
C(11) -0.012 5.7 
C(12) -0.008 3.8 
C(6) 0.267 133.7 
O(3) 0.016 10.7 
c(13) -0.062 28.5 
0 0 )  0.075 39.0 
C(14) -0.030 10.1 
o(6) - 0.004 2.1 

Plane (2): five membered ring 

c(5) -0.139 67.3 
C(6) 0.116 58.2 
c(7) -0.076 37.5 
C(8) -0.003 1.3 
O(3) 0.028 18.1 

Plane (3): C(1)-C(5) 

c(1) 0.003 1.4 
c(2) -0.014 6.5 
c(3) 0.021 9.1 
C(4) - 0.020 7.3 
c(5) 0.006 3.0 
o(1) -0.109 62.9 
o(2) -0.002 0 .9  
C(6) 0.316 156.2 
H(21) -0.065 1.9  
H(41) -0.168 5.5 

(b)  Equations of planes: IX + m Y + nZ = p* 

Planet I m n P 

(I) -0.1714 0.1125 -0.9788 -5.2060 
(2) -0.1052 0.0866 -0.9905 -5.2385 
(3) -0.4486 -0.0220 -0.8934 -5.7331 

'X, Y, and Zare  orthonal angstrom coordinates derived as follows: 
a 0 c cos p (2 )  = G 1 cs:p)(:) 

tengles  between planes: (1 )  - (21, 4.1"; (1 )  - (3 ) ,  18.4"; (2 )  - (3 ) .  
21.5 . 

Bond 
Angle 
(deg) 

About A atoms 
C( I )-O(1)-H(06) 
C(1)-O(1)-O(6) 
C(1)-O(1)-H(02)* 
C( 1)-O( 1)-0(2)* 
H(06)-O(1)-H(02)* 
O(6)-O(1)-0(2)* 
C( 13)-O(4)-H(05) 
C(13)-O(4)-O(5) 

About B atoms 
C( 12)-O(6)-O(1) 
H(06)-O(6)-O(1) 
C(10)-O(5)-0(4) 
H(05)-O(5)-O(4) 
C(3)*-0(2)*-O(1) 
H(02)*-0(2)*-O(1) 

About H atoms 
O(1 )-H(06)-O(6) 
O(4)-H(05)-O(5) 
O(1)-H(02)*-0(2)* 

'Atoms marked with asterisks are at positions - x, t- + y, 2 - z. 

TABLE 12. Selected non-bonded 
contacts less than 3.4 A 

-- 

Atoms Distance (A) 
-- 

O(1). . . C(7) 3 .035(2) 
O(1). . .C(l5) 3.046(3) 
O(3). . . C(16) 2.840(3) 
O(4). . . C(16) 2.345(4) 
O(5). . . C(14) 2 .780(4) 
O(6). . . C(14) 2.804(3) 
O(1). . . H(21) 2.64(4) 
O(2). . .H(21) 2 .  50(4) 
O(2). . . H(41) 2 .48(3) 
O(5). . . H(143) 2.33(4) 

Symmetry operation 
Atoms Distance (A) (B) 

x - I  y z 
1-x y-q 1-z  

-x y-q  2-2 
- x  y-a 2-2 

2-2 - x  y-" 
x l + y  z 
- x  ++y 2-2 
-x f + y  2-2 
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We thank Professor J .  P. Kutney and Mr.  I. Sanchez 
for the crystals and the discussion, the National Research 
Council of Canada for financial support, and  the Univer- 

\ NH2 ,NH2 sity of British Columbia ComputingCentre for assistance. 

5 6 

positive charges on O(5) and 0 ( 6 ) ,  which is the 
case, and a net negative charge on O(4) which 
would be indicated by a lengthening of the 
C(13)-O(4) bond and a shortening of the 
C(9)-C(13) bond, neither of which were 
observed to a significant degree. The geometry 
of the aromatic ring indicates a net buildup of 
negative charge at ring carbon atoms, in the 
order C(9) > C(11) > C(10). A resonance form 
involving a positive charge on 0 ( 3 ) ,  a negative 
charge on C(2), and a double bond between 
C(3) and C(4) is a minor contributor which 
accounts for the significant shortening of the 
O(3)-C(5) and C(3)-C(4) bonds. 

The results of this analysis have provided 
evidence in support of the possible biodegrada- 
tion sequence: 

P -Pi - 0 A c  [HI 
1+7-8-3-9 

1. I. H. SANCHEZ and J .  P. KUTNEY. In preparation. 
2. R. J .  B A N D ~ N ~  and G. H. N. TOWERS. Can. J .  

Biochem. 45, 1197 (1967). 
3. J .  KARLE and I.  L. KARLE. ActaCryst. 21,849(1966). 
4. J .  KARLE and I. L. KARLE. Acta Cryst. 9 ,  635 (1956). 
5. ( (1)  M. G. B. DREW. Personal communication; (b)  M. 

G. B. DREW, D. H. TEMPLETON, and A. ZALKIN. Acta 
Cryst. B25, 261 (1969). 

6. F. H. ALLEN and J .  TROTTER. J .  Chern. Soc. B, 166 
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Cryst. A25, S78 (1969). 
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11. International tables for X-ray crystallography. Vol. 

111. Kynoch Press, Birmingham. 1962. 
12. R. F. STEWART, E. R. DAVIDSON, and W. T. SIMP- 

SON. J .  Chem. Phys. 42,3175 (1965). 
13. V.  SCHOMAKER and K. N. TRUEBLOOD. Acta Cryst. 

B24,63 (1968). 
14. P. K. GANTZEL and K. N. TRUEBLOOD. Acta Cryst. 

18, 958 (1965). 
15. D. W. J. CRUICKSHANK. ActaCryst. 9,757 (1956). 
16. D. W. J.  CRUICKSHANK. Acta Cryst. 14, 896(1961). 
17. W. R. BUSING and H. A. LEVY. Acta Crvst. 17. 142 

A full account of the chemical work is in (1964). 
preparation (1).  18. C. K. JOHNSON. I I I  Crystallographic computing. 

Munksgaard, Copenhagen. 1970. 
19. E. HUBER-BUSER and J .  D. DUNITZ. Helv. Chim. 

Acta, 64,2027 (1961). 
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Crystal Structure of Bis[hexakis(dimethylamino)cyclotriphosphonitrilium] 
Tetrachlorocobaltate(II) 

Depcrrtment of Cl~etnis~ty,  The Utlii,er~i~)) of Brilisll Col~rtnbicr, Vcrtzco~rver 8, Bririsll Colrrttrbirr 

Received June 21, 1973 

Crystals of the title compound, [N,P,(NMe,),H],CoCI,, are orthorhombic, rr = 34.623, b = 13.964, 
c = 10.486 A, Z = 4, space group P212121. The structure was determined by Patterson and electron- 
density methods and refined by full-matrix least-squares procedures to  R = 0.088 for 2178 observed 
reflexions. Both rings are slightly non-planar, with three distinct pairs of N P  bonds: commencing at the 
protonated nitrogen atoni, 1.68, 1.56, and 1.58 A. The COCI,~- ion is tetrahedral and is hydrogen bonded 
to both rings, N-H ... C1 = 3.32, 3.36 A. 

Le composi cite dans le titre cristallise dans le systeme orthorhombique, LI = 34.623, b = 13.964, 
c = 10.486 A, Z = 4, groupe spatial P2,2,2, .  La structure a etC determinee a I'aide des methodes de 
Patterson et de la densitt electronique, et a et t  afinee par la methode de  ~noindres carrts (matrice com- 
plete) J U S ~ L I ' ~  R = 0.088 pour 2178 reflexions observees. Tous les deux cycles sont Itgerement non-plans, 
et ont trois paires distinctes de liaisons NP:  cornmencant a I'atome d'azote protont, 1.68, 1.56, et 1.58 A. 
L'ion de COCI,~- est tetrahedrique, et forme des liaisons hydrogenes, N-H ... CI = 3.32, 3.36 A. 

Can. J .  Chem., 52,734(1974) 

Introduction 

The structures of several protonated phos- 
phonitr i l i~~m ions have been investigated ( I ,  
2), the only six-niembered ring example being 
the ~~nsynimetrically substituted [N3P3Cl2- 
(NHPri),H]' ion (2). We now describe the struc- 
ture analysis of [1U3P3(NMe2),H],CoCI,, coni- 
parison being possible with the recent accurate 
determination of the structure of the parent 
phosphazene (3). 

Experimental 
Crystals of [N,P3(NMe2),HlZCoClJ from CCI.ICHCI, 

(4) are blue-green prisms elongated along c with (100) 
developed. Unit-cell and intensity data were measured as 
for the parent compound (3), but with MoKa radiation. 

C ~ ~ H ~ ~ C I ~ C O N ~ ~ P S  f . ~ .  = 1002 
Orthorhombic, n = 34.623(20), b = 13.964(7), c = 
10.486(7) A, V = 5070 A 3 , z  = 4, pE,,IC = 1.312, F(000) = 
21 16 (20 "C, MoKa, h = 0.7107 A, y = 8 cm-I). Space 
group P2,2,2,(D$, No. 19). 

Of 5027 reflexions with 20(Mo) < 50°, 2178 (43%) 
were observed. 

Strrictrrve AtmIj~sis 
The structure was determined from Patterson and 

electron-density syntheses, and was refined by full-matrix 
least-squares methods, with n~inimization of ZIV(F,, - Fc',12, 
1v being based on counting statistics. The final R value 
was 0.088 for the observed data. A final difference syn- 
thesis revealed positions for some of the hydrogen atoms, 
but the two acid hydrogens could not be located. Posi- 
tional and thermal parameters are given in Table 1, and 

measured and calculated str~lcture factors have been 
placed in the Depository of Ulipublislied Data.' 

Discussion 
The structure is shown in Fig. I .  Although the 

acid hydrogen atoms could n o t  be directly lo- 
cated the bond lengths and likely hydrogen- 
bonding system (disc~~ssed below) indicated that 
the rings are protonated at N(3)  and N(12). Both 
rings are slightly non-planar, as is the ring of the 
parent niolecule. The first ring, P(I)-P(3) is a 
slight chair, with displacements of about 0.05 A 
from a mean plane; the other ring, P(4)-P(6), 
has five atoms nearly in a plane, with N(I0) dis- 
placed by about 0.2 A.  These small deviations 
from planarity can be ascribed to intra- and  
intermolecular steric effects (3). 

The ring bond lengths show considerable 
variations from those in the parent molecule, the 
bonds to the protonated nitrogen being length- 
ened (Table 2) as  a result of the use of the nitro- 
gen lone-pair electrons in bonding to the hydro- 
gen atom rather than in the  ring n-system. 
The bond lengths are very similar to those in  
N3P,C12(NHPri),.HCI (2) and  in the eight- 
membered (NPMe2),H+ ring ( lb ) .  The angles in  

'The structure factor table is available, at a nominal 
charge, upon request from the Depository of Unpub- 
lished Data, National Science Library, National Research 
Council of Canada, Ottawa, Canada KIA OS2. 
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TABLE 1. Final positional and thermal parameters 
- --- A- 

-- 

Atom x Y z B (A2) 
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TABLE 1 (Concluded) 

Anistropic thermal parameters exp - 10-4(b1,/12 + .... +2b12hlc + ....) 
- 

-- -- 

Atom P l l  P I 2  P33 I312 P13 p2 3 

Co 7(1) 53(2) 121(4) 2(1) 8(1) 8'3) 
CI(1) lO(1) 71(5) 136(9) 2(2) 8(2) 7(6) 
Cl(2) 14(1) 84(5) 154(10) 2(2) 15(3) 41 (7) 
Cl(3) lo(]) 51(4) 131(10) - l(1) - 3(2) 5(5) 
Cl(4) 12(1) 88(5) 170(11) 6(2) 173) 20(8) 
P(1) 8(1) 42(4) 82(8) - 3 2 )  - 2(2) 10(6) 
P(2) 6(1) 34(4) 68(7) 2(1) - 2(2) lO(5) 
P(3) 6(1) 50(4) 61(7) O(1) - 2(2) - 9(5) 
p(4) 6(1) 36(4) 60(7) 1(2) 5(5) 
P(5) 8(1) 38(4) 86(8) -XI)  l(2) - 8(5) 
P(6) 7(1) 48(4) 76(8) 1(2) 4(2) 7(6) 
N(1) 6(2) 63(13) 133(28) 20)  - 3(7) lO(16) 
N(2) 3(2) 71(13) 53(19) 4(4) - 3 0 )  29(13) 
N(3) 10(2) 39(12) 75(23) -6(4) - 3 6 )  - 8(14) 
N(4) 12(2) 103(17) 43(32) -4(5) 11(8) 44(22) 
N(5) 6(3) 88(16) 159(27) -4(5) 3(7) 43(18) 
N(6) 6(2) 55(18) 67(26) - l(5) o(7) 6( 19) 
N(7) 14(2) 47(19) 128(25) 4(5) -4(6) - lO(19) 
N(8) 8(2) 90(14) 85(23) 4(4) - l(6) 12(15) 
N(9) 7(3) 88(12) 74(33) -5(5) 1 l(9) 11 (17) 
N(10) 6(2) 51(12) 70(20) 2(4) -2(5) - 15(4) 
N(11) 9(2) 68(12) 79(26) l(4) 2(6) - 16(15) 
N(12) 9(3) 35(14) 8 3 (20) 9 0 )  - 1(6) 19(16) 
N(13) 10(2) 41(12) 98(21) 1(4) 7(7) -9(17) 
N(14) 3(2) 57(12) 102(26) 12(7) -21(16) 
N(l5) 9(3) 74(16) 168(35) -5(5) l(8) -25(20) 
N(16) 18(4) 63(17) 84(26) -9(6) l(8) -19(16) 
N(17) 11(3) 87(17) 76(33) 1(6) - 5(8) 1 O(20) 
N(18) 12(3) 80(15) 121(24) 70)  l(7) - 9(16) 

TABLE 2. Bond lengths (A) and angles (deg.) 

H 
I 

Parent 
Individual values Mean molecule N3P3C12(NHPri), . HCI 

P-N (ring) a 
b 
C 

L at N a-a 
b-c 

L at P a-b 
C-C 

P-N (exocyclic) 

Co-CI 

CI-Co-Cl 
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FIG. 1. Structure viewed along 6.  

the ring also differ somewhat from those in the 
parent compound. The exocyclic P-N bonds 
are in the range 1.60-1.70, mean I .64 A (parent 
1.652 A). The dimensions and general arrange- 
ment of the dimethylamino groups are similar to  
those in the parent molecule; the accuracy is 
poorer in the present case, so that no comment 
can be made on possible minor variations as 
observed in the parent (3). 

The CoCl,- ion is tetrahedral, with small 
deviations from exact tetrahedral geometry. Two 
of the chlorine atoms are involved in N-H ... 
C1 hydrogen bonding (Fig. 1, N ... Cl = 3.32 
and 3.36 A, P-N ... Cl = 114-1 lgO), and the 
Co-CI bonds average 2.320) A. The other two 

Co-CI bonds average 2.28(1) A. These features 
were also observed in [(NPMe,),H],CoCl, ( I  b). 
Other intermolecular distances correspond to 
van der Waals contacts. 

We thank Professor N. L. Paddock for crystals and 
discussion, the National Research Council of Canada for 
financial support, and the University of British Columbia. 
Computing Centre for assistance. 
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A Low Temperature Infrared Study on the Association of Thiols 
with Organic Oxygen Bases 

R. BICCA DE ALENCASTRO' 
Dipartement de Chinzie, Universite' de Montrial, Mor~trinl, Qlte'bec 

Received March 26, 1973' 

The infrared spectra of mixtures of propane-1-thiol and  several oxygen-containing weak organic bases 
have been measured between 2500 and 2650 cm-I,  in a 1 : l mixture of CCI,F and C2FJBr2 a t  tempera- 
tures ranging from 20 to - 190 "C. Association of the S-H---0 type was  observed between propane-l- 
thiol and 2-methyl-tetrahydrofuran, o r  cyclopentanone. This association is less important between the 
thiol and hexachloropropanone. In  the case of a thiol-furan mixture association of the S-H---lr type 
is strongly indicated. 

Les spectres infrarouges des melanges entre le propanethiol-1 et plusieurs bases organiques faibles 
contenant de I'oxygene comme accepteur de proton ont  etC mesurts entre 2500 et 2650 crn-I, dans un 
mClange 1 :  I de CC1,F et C2F,Br2, a des temperatures allant de 20 a - 190 "C. On observe des associa- 
tions du type S-H---0 chez les melanges entre le thiol et le methyle-2-tttrahydrofurane o u  la cyclopen- 
tanone. L'association est moindre chez le melange thiol-hexachloropropanone. Dans le cas d'un melange 
thiol-furane la presence des liaisons hydrogene du type S-H---lr est fortement indiquee. 

Can. J. Chem., 52,738(1974) 

Introduction 
It is well established that hydrogen bonding by 

0-H and N-H groups has an important place 
in many biochemical equilibria (1). This is not the 
case with S-H groups. Very little other than its 
existence (2) is known about hydrogen bonding 
of the S-H group in important biological mole- 
cules like proteins and coenzymes. Nevertheless, 
some work has been done on the association of 
sulfhydryl-containing compounds and a review 
of these is to be found in our previous work (3-6). 
The main objective of this series is to study by 
infrared spectroscopy the association in solution 
of S-H groups in simpler model systems over a 
wide temperature range. Some of the advantages 
of this are that at lower temperatures (a) some 
species not seen at  room temperature can be 
formed ; (6) the corresponding bands are narrower 
and easier to identify; and (c) in the less compli- 
cated cases values of equilibrium constants and 
enthalpies of formation can be obtained (7, 8). 

Since the ketone and ether functional groups 
exist in important biological molecules (pyruvate- 
type molecules, sugars, etc.) we thought that it 
would be interesting to extend our work to the 
case of the association of mercaptans with simple 
ketones and ethers and to get some qualitative 

insight into the S-H---0 type bonded species in 
these systems. 

Some earlier studies have been made on the 
association of thiols with oxygen-containing ac- 
ceptors. Copley, Marvel, and Ginzberg (9) have 
shown by cryoscopic studies the existence of a 
1 : 1 S-H---0 type hydrogen bonded complex 
between benzenethiol and ethyl ether or acetone. 
Gordy and Stanford (10) found, by i.r. spectro- 
scopy at room temperature, very weak inter- 
actions between benzenethiol and isopropyl ether. 
This was confirmed by Josien, Dizabo, and Sau- 
magne (1 l) and by David and Hallam (12). 
Lutskii and Sheremet'eva (13) studied the inter- 
action of the X-H vibrator (X = 0 ,  N, S) with 
furan and tetrahydrofuran (THF). They have 
found hydrogen bonded species of the X-H---0 
type with T H F  and of the X-H---7t type with 
furan. However, their work with S-H groups is 
not conclusive, since they could not observe any 
significant difference between thiophenol in T H F  
or  in furan. 

In the present work we have studied by i.r. 
spectroscopy over a wide range of temperatures, 
the association of propane-I-thiol with 2-methyl- 
tetrahydrofuran (MTHF), furan, cyclopentanone 
(CP), and hexachloropropanone (HCP) as proton 
acceptors. A representative aliphatic thiol was 

'Present address: Institute de Quimica, Universidade 
chosen to prevent the ambiguity arising from 

Federal d o  R i o  de Janeiro, Caixa postal 1573-zC 0& S-H---7t (self-associated) type in an are- 
R i o  de Janeiro, Guanabara. Brazil. matic thiol. We hoped to be able to follow, as a 

'Revision received October 23, 1973. function ofthe temperature, the changing pattern 
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Results 
Figure 1 shows the results that we obtained in 

a temperature-dependence study of a 1 : 2 solution 
of propane-1-thiol and MTHF in a 1 : 1 mixture 
of CCI,F and C2Br2F, (FR). At room tempera- 
ture the spectrum shows a band centered at 
2558 cm-l,  with a shoulder on the high frequency 
side. This shoulder corresponds well with the free 
S-H band (3). The remaining band at lower fre- 
quencies is most likely to  be assigned to  the 
S-H---0 type hydrogen bond since at this con- 
centration no such band is observed in the 
absence of base (3). When the temperature is 
lowered it progressively shifts to  lower frequencies 
(it is at  2520 cm-' at - 145 "C) and its intensity 
is increased. At low temperatures it is rather sym- 
metric and its half-band width is roughly the 
same as at room temperature. This seems t o  indi- 
cate that we are dealing with a single species 
which is probably a 1 : 1 complex as has been 
suggested by other workers (9). 

Figure 2 shows the results that we obtained 
with a mixture of 0.47 M propane-1-thiol and 

BICCA DE ALENCASTRO: HYDROGEN BONDING IN THIOLS 

of the fundamental S-H stretching vibration in 
the presence of the bases and to  identify the 
various associated species. 

Experimental 
The technique and instruments we used have been fully 

described elsewhere (3-5). The sample of propane-1-thiol 
was the same as in our earlier works (3, 4). CCI,F 
(Freon 11) and C2Br2F, (Freon 114B2) were obtained 
from E. I. Du Pont de Nemours Co., and were distilled 
and kept over phosphorus pentoxide. MTHF (b.p. 78- 
79 "C) and HCP (b.p. 202-204 "C) were purchased from 
Eastman Kodak Co., and C P  (b.p. 129-132 'C) and furan 
(b.p. 30-31 "C) from the J. T. Baker Chem. Co. All 
products were dried over CaS04 and distilled twice 
before use. HCP boiled a t  108-109°C a t  40 mm Hg. 
None of the i.r. spectra of these bases showed water 
absorption. They were handled under an inert atmosphere 
to avoid oxidation or moisture adsorption. The solutions 
were prepared gravimetrically and the concentrations 
were corrected for solvent contraction. They were used 
immediately after preparation. In the cases in which the 
bases showed little absorption in the 2500-2650 cm-' 
region, we have presented only the spectra of the mixtures 2650' 2600 2550 2500 2450 
with the absorption due to  the bases subtracted. How- U(C M-') 
ever, in the case of furan where several bands are present F I ~ .  1. ~h~ i.r. spectrum (2475-2650 c m - ~ )  of a mix- 
in that spectral range, we give the spectra of the mixture, ture of 0.68 M propane-1-thiol and 1.39 M of 2-methyl- 
the spectra of furan and the subtracted spectra at dif- tetrahydrofuran in FR a t  different temperatures. 
ferent temperatures. Since the spectra of propane-1-thiol 
at similar concentrations and temperatures have been 
published already (3), we shall not reproduce them here. 
T o  prevent self-association the concentration of the base 
was kept a t  least twice that of the propane-I-thiol. 

~ ~ 

v (cM") 

FIG. 2. The i.r. spectrum (2475-2650 cm-') of (---) 
a 1.26 M solution of furan in F R ;  (-) a mixture of 
1.26 M furan and 0.47 M propane-I-thiol in F R ;  and 
(-.-.-) a mixture of 1.26 M furan and 0.47 M propane- 
I-thiol in F R  with the absorption due to furan subtracted: 
(a) a t  20°C; (b)  at -129°C; (c) at -190°C. Cell: 
0.57 mm. 
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1.26 M furan. At room temperature (Fig. 2a) the 
spectrum is essentially that of a solution of pure 
propane-1-thiol in F R  at a comparable concen- 
tration (see ref. 3). The free S-H band is at 
2584 cm-' (2585 cm-'  for propane-1-thiol in 
FR). As the temperature is lowered (Fig. 2b, c) 
the free band shifts to lower frequencies (the 
values for the free S-H bands in the figures are 
those of propanethiol in F R  as quoted from 
ref. 3) and is seen as a shoulder on the more in- 
tense associated band. The position of this latter 
band and the magnitude of the shift with tem- 
perature are comparable with those of the 
S-H---n type hydrogen bonded species that we 
have found in our studies on the self-association 
of benzenethiol and a-toluenethiol (3) and in the 
association of propane-1-thiol with cumene (6). 
The shift is significantly smaller than that ob- 
served for the association between propane-l- 
thiol and M T H F  (2573 cm-' for furan and 
2529 cm-' for MTHF,  at - 129 OC). This low- 
temperature band is probably due to association 
of the S-H---n type rather than of the S-H---0 
type (see Discussion). 

Figure 3 shows the variation with temperature 
of the spectrum of a 1 : 3  mixture of propane-l- 
thiol and CP. In this case the free band is not 
observed at 20 "C, probably due to  overlap with 
the stronger band at 2569 cm-' (free species are 
shown to be present at these concentrations by 
first overtone studies). At progressively lower 
temperatures this band shifts to lower frequencies 
and gains intensity. It is located a t  2554 cm-'  at 

- 

7 - 4.0.- 
0 

w 

0 .  : 
2650 2600 2550 2500 - 

v (CM I) 

- 101 "C and it is quite symmetric. We believe 
that this band is due to the 1 : 1 S-H---0 type 
hydrogen bonded complex, since its position is 
com~arab le  to that of the oDen dimer of the 
thiolic acids, a t  similar concentrations and tem- 
peratures (5). 

Figure 4 shows the variation with temperature 
of the spectrum of a 1 : 2 mixture of propane- l- 
thiol and HCP in FR. Unlike the  preceding case, 
practically no association is observed at room 
temperature. At  !ower temperatures some asso- 
ciation occurs and the corresponding band is 
located at 2525 cm-' at - 180 OC. At - 101 "C 
it is placed at about 2550 cm-' and  it is seen only 
as a shoulder o n  the free band. The position of 
this band is comparable to its position as in the 
case of propane- 1-thiol and CP.  The associated 
band is assigned to the S-H---0 type hydrogen 
bonded 1 : 1 complex, but as it is very broad, the 
possibility of having more than one species is not 
excluded. 

Discussion 
One of the importantconclusions ofthis work is 

that the oxygen bases form mainly 1 : 1 complexes 
with the aliphatic thiols. This is not true for the 
stronger bases pyridine and triethylamine where 
a t  least a 2: 1 complex of the S-H---S-H---N 
type is present at lower temperatures (4). 
Whether this has some significant biochemical 
importance remains to be investigated. It is signi- 
ficant that, already a t  room temperature, associa- 
tion of the S-H---0 type occurs. However, 
studies on the first overtone region show that, 
even at the lowest temperatures, free molecules 

FIG. 3. The i.r. spectrum (2475-2650 cm-I) of a mix- FIG. 4. The i.r. spectrum (2475-2650 cm-') of a mix- 
ture of 0.50 M propane-I-thiol and 1.66 M cyclopen- ture of 0.59 M propane-I-thiol and 1.32 M hexachloro- 
tanone in F R  at  different temperatures. propanone in F R  a t  different temperatures. 
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still exist. For furan, the half-width position of 
the maximum and magnitude of the shift, are 
consistent with bonded species of the S-H---n 
type rather than of the S-H---0 type. Lutskii 
and Sheremet'eva (13) have found a similar 
behavior with 0-H and N--H containing mole- 
cules. This result is not surprising in view of the 
delocalization of the p-electrons of the oxygen 
which results in increased basicity of the n system 
and decreased basicity of the free pair. We have 
demonstrated that the formation of the S-H---n 
type hydrogen bonds is competitive even with 
the formation of the S-H---N type bonds at  
least in the case of benzenethiol (4) with strong 
bases such as pyridine. However, Fig. 2 shows 
that here, as in the case of the S-H---n type 
complex between propane-1-thiol and cumene 
(6), practically no bonded species are observed 
in the fundamental region a t  room temperature 
(or at  higher concentrations of acceptor). T o  
observe associated species is more difficult in the 
first overtone region where the related bands are 
weaker than the free band. This has proven to  be 
a general fact in weak hydrogen bond type asso- 
ciations and it prevented us from making similar 
studies on the first overtone. The reason is thought 
to be linked to the mutual cancellation of some 
terms in the expressions for the intensity of the 
first overtone due to the large variation of the 
dipole moment with the normal coordinate upon 
hydrogen bond formation (14). 

The intriguing fact that the "free" band seems 
to  gain intensity when the temperature is lowered 
(Fig. 4) in the case of the mixture between pro- 
pane-1-thiol and HCP merits some discussion a t  
this point. In an earlier paper (3) we have found 
a similar phenomenon in connection with the 
self-association of mercaptans and have attri- 
buted it mainly to two factors. (The small varia- 
tion of the integrated intensity coefficient with 
temperature as measured by Bourdkron (7) in the 
case of the association of 2,6-di-tert-butyl-p-cresol 
with cyclohexanone cannot account for the ob- 
served increase in our case.) The first, contribu- 
tions of terminal S-H groups of open dimers 
and trimers of the S-H---S type obviously can- 
not apply here. The second, enhancement of the 
intensity of the "free" S-H band via a charge- 
transfer complex between the bromine atoms of 
the solvent and the sulfur in competition with the 
formation of hydrogen bonds, similarly to  that 
observed with secondary amines (15), is more 
likely. That this effect is not seen in the other 

cases that we investigated can be explained as a 
consequence of the reduction of the basicity of 
the carbonyl caus-d by the chlorine atoms. The 
possibility that the increase in intensity may be 
caused by S-H---Cl species seems to  be ruled 
out by the absence of a significant shift to lower 
frequencies. Josicn, Dizabo, and Saumagne (1 1 )  
have observed shifts of 10-20cm- ' with S-H---X 
(X = halogen) hydrogen bonded 1 : 1 complexes 
in the case of benzenethiol and halogenated 
hydrocarbons. 

I t  has been known for some time that the i.r. 
band corresponding t o  the v, vibration of hydro- 
gen bonded species is temperature dependent. 
Asselin and Sandorfy (16) have discussed the 
matter and found that in the case ofself-associated 
alcohols, the temperature variation o f  the anhar- 
monicity coefficient has a significant influence on 
the shift. Moreover they found linear relation- 
ships between the temperature of the  solution 
and the fundamental and overtone frequencies, 
the slope being about the same for both. Another 
important characteristic of dv/dT is its mass 
dependence. A smaller value of dv/dT was found 
with deuterated alcohols as compared with the 
nondeuterated corresponding alcohols (16). (The 
Buckingham theory on solvent effects (17-19) 
predicts a dependence of dv on the square root 
of the  reduced mass.) More recently, Rice and 
Wood (20, 21) have reexamined this effect. They 
have found no temperature shift in the  gaseous 
phase using the 1 : 1 complex formed between 
trifluoroethanol and trimethylamine. Their re- 
sults are consistent with a model where there is 
strong coupling between the v(A-H) vibration 
and the "hydrogen bonding" vibration v(A---B) 
in the complex A-H---B in solution. They have 
shown that the anharmonicity of the  v(A---B) 
vibration coupled with a contraction of the 
(A---B) distance in the upper vibrational levels of 
the stretching vibration v(A-H) (caused by the 
contraction of the solvent cage or lattice with 
decreasing temperature) is responsible for a part 
of the observed shift. 

In  Table 1 we present the values of  dv/dT that 
we have found with some S-H systems. For 
comparison, some of the values of Asselin and 
Sandorfy (16) are included. Some interesting con- 
clusions can be reached. The values for S-H 
associated species are generally smaller than those 
of the alcohols in part as a consequence of a mass 
effect. More important than this is the  fact that 
the S-H---n type bonded species have a fairly 
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TABLE 1. The temperature dependence of the stretching 
vibration of associated hydrogen bonded species 

-- 

dv/dT 
Molecule Solvent ("K-I cm-') 

i-C3H70H* FR 0.59 
i-C3H70D* F R  0.48 
t-C4H90H* FR 0.44 
t-C4H90D* F R  0.28 
n-C3H7SHt F R  0.22 

Pure liquid 0.22 
i-C3H7SHt F R  0.18 

Pure liquid 0.20 
C.&SH$ F R  0.09 
C6H5CH2SH$ F R  0.09 
11-C3H7SH + cumene$ F R  0 .09 
n-C3H7SH + CP F R  0.14 
n-C3H7SH + T H F  F R  0.24 

*Reference 16. 
tDimer o f  the S-H---S type. 
$ I  :I  complex o f  the S-H---n type. 

constant value which is significantly different 
from the S-H---S and S-H---0 type bonded 
1 : 1 complex. This is probably due to  the fact that 
in the case of the S-H---n type complex the 
v(S-H) vibration is less coupled with the low 
frequency v(S----n) vibration (this is in part also 
responsible for the characteristic small half- 
width of the S-H---n bands), and that the con- 
traction of the (S---n) distance in the excited state 
is less important than in the case of the S-H---0 
and S-H---S type complexes. It is interesting to 
note that in the case of the S-H---n type band in 
the thiol-furan mixture the temperature depen- 
dence of the associated band is in agreement with 
the value of 0.09 cm- ' OK-' given in Table 1 for 
the S-H---n bonds. within the experimental 
errors caused by overlapping with the free band. 
This is an additional argument in favor of our 
a~s ignment .~  

3A referee has raised a question about the rather com- 
plicated matter of the increase in intensity of the asso- 
ciated bands with temperature. The spectra are presented 
in apparent intensity units (E). However, it is well known 
that the band corresponding to the hydrogen bonded 
species has an  intrinsic integrated intensity greater than 
that of the free band. This is known to  be due to a large 
variation of the dipole moment upon formation of the 
hydrogen bond. Now, Herman and Shuler's expression 
for the intensity of the fundamental (22) (eq. 1) is 

:M. VOL.  5 2 ,  1974 
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A Carbon-13 Nuclear Magnetic Resonance Study of 
Cation Solvation in Alcohols 
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Natural abundance 13C spectra of solvent coordinated to the cation have been observed in solutions 
of Mg(I1) and Al(II1) salts in alcohols. Carbon shielding changes induced by cations resemble those 
induced by electronegative substituents; a sign reversal between the and y positions is found in both 
instances. Solvent exchange rates correspond to those found by 'H n.m.r.; this confirms that whole 
molecule exchange is doininant. Selective relaxation of the solvation shell signals a t  low temperatures 
reflects differences in conformational mobility within the solvation complex. 

Utilisant les spectres du "C en abondance nat~irelle on a observe pour des solutions de sel Mg(I1) et 
AI(II1) dans des alcools que le solvant etait coordonne ail cation. Les changements dans les blindages du 
carbone qiii sont induits par les cations ressernblent a ceux induits par des substituents electronegatifs; 
iln renversement de signe entre les positions a et y est trouve dans chaq i~e  cas. Les taux d'echanges du 
solvant correspondent a ceux trouve par r.nl.n. ' H ;  ceci confirme que 1'Cchang de molecules entieres 
est le processus dominant. Les relaxations selectives des signaux de la micelle de solvatation B basse tem- 
perature indiquent des differences de mobilite conformationnelle dans le complexe de solva tation. 

[Traduit p a r  le journal] 
Can. J .  Chem., 52,744(1974) 

Introduction 

The nuclear magnetic resonance (n.m.r.) 
spectra of solvent molecules coordinated to  an 
ion may be observed directly if the residence time 
of the n~olecules in the solvation shell is long, 
compared to the inverse of the frequency dif- 
ference between the n.m.r. signals of the bulk and 
solvation molecules. This condition is satisfied 
for the n.m.r. of hydroxyl group protons in 
alcohols and water bound to small, highly 
charged cations (1). 'H  n.m.r. spectra of these 
systems have yielded solvation numbers (3, ex- 
change rates (3), and details of the strilcti~re of 
the solvation shell (4). 

At this time, only one 13C n.m.r. spectrum of a 
coordinated solvent has been reported: that of 
dimethylsulfoxide (DMSO) bound to Al(II1) in a 
mixed D,O-DMSO solvent (5). With the current 
development of sensitive high-field Fourier trans- 
form n.m.r. spectrometers (6), it has become 
possible to observe the natural abundance 13C 
n.m.r. spectra of relatively dilute entities in solu- 
tion. This has made the carbon resonances of 
relatively large solvation molecules accessible to 
study. 

We report here the observation of solvation 
shell 13C n.m.r. spectra of ethanol and n-propanol 
complexed to Mg(I1) and AI(II1) in single solvent 
systems. These experiments reveal interesting car- 

bon shielding effects and define some of the 
constraints on this type of study. 

Procedures 
Fisher reagent grade 12-propanol was  Soxhlet extracted 

with 4A molecular sieve for 24 h and distilled, the middle 
60Y, (boiling range less than 1") being collected and 
stored over 4A molecular sieve. Ethanol from the U.S. 
Industrial Chemical Co. contained impiirities (including 
water) at the level of or less. T h e  neat liquid at 20" 
gave a well-resolved O H  proton n.m.r. triplet, indicating 
a very low concentration of acidic o r  basic impurities. 

G. F .  Smith Chemical Co. anhydrous magnesium per- 
chlorate was initially dried by heating at 200' under 
vacuum. It was then recrystallized from a minimum of 
acetonitrile, using previously dried filter papers under a 
dry nitrogen atmosphere. The salt was  then dried a t  200" 
for several days. Anhydrous a luminun~ and gal l i~~ni  tri- 
chlorides and silver perchlorate from Alfa Inorganic 
Chemicals were used as received. 

All chemicals were stored and handled in a glove box 
containing a positive pressure of dry nitrogen. Weighings 
were performed in the glove box o n  a Cahn DTL milli- 
balance equipped with a radioactive source to dispel 
static charge. Samples prepared in the glove box were 
transferred in the box to 10-mm n.m.r. sample tubes 
which were capped to exclude air and  water vapor. 

Natural abundance 13C n.m.r. spectra were obtained 
at 22.63 MHz using a Bruker HFX-90 spectrometer 
operating in the pulsed Fourier transform mode. A n  
external deuterium lock was used. Spectra were normally 
obtained with incoherent decoupling of 'H; these re- 
quired accumulation of cn. 500 free induction decays t o  
achieve adequate signal-to-noise ratio in the transformed 
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STOCKTON AND MARTIN: ALCOHOL SOLVATION O F  CATIONS 

spectrum. Spectra taken without ( H  deco~~pl ing required 
ca. 3000 free induction decays. 

Since this paper is concerned with effects on nuclear 
shielding, solvation shell shifts are reported as shielding 
changes in contrast to the usual convention in I3C n.m.r. 
(7). A positive solvation shell shift thus means that a 
nucleus is more shielded in the solvation shell than in 
the bulk solvent. All such shifts reported here were 
measured directly, relative to the appropriate bulk solvent 
peak in the sample. 

Peak areas were measured by planimeter, relative to 
an estimated smooth baseline. Their precision was limited 
by the reproducibility of the rather noisy spectra and was 
of the order of + 15%. 

Observations 
Figure lashows thelow-temperatureI3C n.m.r. 

spectrum of ethanol containing 0.72 m mag- 
nesium perchlorate. Each of the two major peaks, 
assigned to CH, and CH,, respectively, develops 
a satellite at temperatures below about -40". At 
any constant low temperature, the intensity of a 
satellite is proportional to  the salt concentration. 
It is thus reasonable to assign the satellite peaks, 
by analogy to the ' H  n.m.r. (8), to solvent mole- - 
cules coordinated to the cation. ~ O L I P ~  HO - 

Figure l b  is the I" nn.m.r. etha- FIG. 2. The carbon-] 3 n.m.r. spectrum of 1.24 
nolic Mg(C10,)z at - 70" without 'H  decoupling. ethanolic aluminium chlorlde as a function of tem- 
The bulk and solvation shell ethanol spectra perature. 
show identical coupling patterns. To the limit of 

the accuracy of our measurements (ca. 2 Hz), 

( 

;o;. ;;l 
each one-bond C-H coupling constant is un- 
changed between the bulk and solvated states. 

Careful measurement of the spectra indicates 
that the positions of the solvation shell peaks 
become invariant to temperature below -50". 
T ~ L I S  the exchange of molecules between bulk 
liquid and the solvation shell, which causes the 
merging of the signals at high temperatures, is so 
slow below -50" that these spectra may be re- 
garded as unaffected by exchange. 

The carbon spectra of ethanolic aluminium 
chloride are shown in Fig. 2. Solvation shell 
signals first appear in the neighborhood of O". 
Below - 20°, the CH, carbon shows three solva- 
tion shell signals. Their temperature dependencies 
and intensities correspond to those observed in 
the OH proton spectrum by Grasdalen (8). At 
least two CH, carbon solvation shell signals are 
discernible; a third may coincide with one of 
the others. 

Ethanolic AlCl, was converted to aluminium 
perchlorate by reaction with an equivalent 

FIG. I .  The carbon-13 n.m.r. spectrum of 0.72m 
ethano~ic magnesium perchlorate a t  -700: (a) with into- amount of silver perchlorate, the silver chloride 
herent proton decoupling; (b) without decoupling. The precipitate being removed by centrifuge. The re- 
two spectra are not to  the same scale. sulting solution showed only one solvation shell 
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STOCKTON AND MARTIN: ALCOHOL SOLVATION OF CATIONS 747 

shift toward the a-atom from the rest of the mole- 
cule, correspond in sign to those induced in 
hydrocarbons by electronegative substitution 
(1 1). Both perturbations characteristically pro- 
duce deshielding of a carbon p, and shielding of 
a carbon y to the point of substitution. 

The appearance of the well known "y effect" 
in the solvation shell spectra, in systems with one 
or two heteroatoms. may be of some significance 
in the theory of 13C shielding. It is generally sup- 
posed that they effect arises from specific through 
space interactions (12). This may require re- 
examination in the light of evidence to be pre- 
sented here that the y carbon in a solvated alcohol 
is conformationally much more mobile than the 
p carbon. 

Solvation N~imbers 
In principle, the integrated intensities of bound 

and bulk solvent signals, in the slow exchange 
limit, will yield the cation solvation number. In a 
carbon n.m.r. experiment, these intensities must 
be obtained from a spectrum in which proton 
decoupling is not used, since different relaxation 
processes of molecules in different environments 
may lead to different Overhauser enhancements 
(13). In the ~~ndecoupled spectra, the low signal 
to noise ratio made intensity measurements im- 
precise. Our solvation numbers were 5.5 + 1 for 
Mg(ClO,), in ethanol, and 4 + I for AIC1, in 
ethanol. These are consistent with previous 
determinations (2, 8). 

Exchange Rates and Mechanisms 
Because of the poor signal-to-noise ratios, no 

quantitative analysis of exchange rates was 
attempted. However, a rough order of magnitude 
estimate can be made at the upper temperature 
at which the solvation shell signal disappears: at 
this point, the lifetime of a molec~~le in the solva- 
tion shell is comparable to the inverse of the 
frequency separation between the bulk and solva- 
tion shell signals (14). 

For Mg(ClO,), in ethanol, this occurs at about 
-45", with frequency separation ca. 35 Hz; this 
impliesalifetimeofca.(~ x 35)-' = 9 x 10-3s. 
The proton lifetime observed by Alger (15) at 
-45" was ca. 5 x lo-, s. Similarly, for ethanolic 
AlCI, we estimate a solvation shell lifetime of 
3 x s at + 15"; Grasdalen (8) observed two 
lifetimes, 0.3 x lo-, and 12 x s at this 
temperature. Our spectra suggest that there are 
different lifetimes in different sites, but the ap- 
proximations and imprecision of measurement 

allow LIS only to note that the average carbon 
and proton lifetimes appear to be substantially 
identical. 

Since carbon lifetimes must be those of the 
entire molecule, the agreement found here con- 
firms the inference by previous workers that their 
proton exchange rates (3,8) measure whole mole- 
cule exchange between the solvation shell and 
the bulk liquid. 

Selective Relaxation in the Solvatiorz Shell 
In all cases where a solvation shell spectrum is 

visible, homogeneo~~s broadening of the carbon 
signals occurs in the following order. The p-CH, 
signal of the solvating molecules broadens first, 
the other signals in the solvating molecules, and 
lastly at (ca. -90 to  - 100") the signals of the 
bulk solvent. This is the order to be expected if 
the line broadening at  low temperature is con- 
trolled by dipole-dipole relaxation ofthe carbons. 

The linewidth of 13C resonances, in the rapid 
reorientation limit is given by (16), 

where N protons are at a distance r,,. Since 
carbon relaxation is dominated by interaction 
with directly bonded hydrogens, r,,, is substan- 
tially constant and N is 2 or 3. Thus the major 
cause of variation in the linewidths should be 
differences in the reorientation correlation time 
7,. 

The correlation time of a rigid spherical mole- 
cule of radius r is (17), 

The rapid increase of viscosity, q, of a hydrogen 
bonded solvent as the temperature decreases 
leads to  an increase of all correlation times and 
linewidths. This is greatest for molec~~les involved 
in the solvation complex, whose effective radius 
is much greater than that of a single solvent 
molecule. 

Within the solvation complex, one might ex- 
pect that the carbon next to the site of ionic 
attachment would be rigidly bound, whilecarbons 
farther along the chain would have greater con- 
formational mobility. This expectation is rein- 
forced by examination of space filling molecular 
models. The rigidly bound p-CH, carbons share 
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in the relatively slow motion of the entire solva- 
tion complex, and show a greater linewidth than 
the more mobile y and 6 carbons. Similar be- 
havior has been observed in 1-decanol, where the 
correlation time of the terminal methyl carbon is 
much shorter than those of carbons in the center 
of the chain, or near the hydrogen bonded OH 
group (16). 

Conclusions 

The 13C spectra of alcohols coordinated to the 
small, highly charged cations Mg(lI) and AI(II1) 
are observable at temperatures low enough to 
retard solvent exchange with the bulk liquid. but 
not so low that the linewidth broadening brought 
about by increased viscosity causes the signals to 
disappear into the baseline. Apparently these 
limits overlap in the cases of Mg(CIO,), in 
methanol and Ga(C10,), in ethanol; in neither 
case was any solvation shell signal observed. 

Carbon shielding changes induced by forma- 
tion of a cation complex appear to be related to  
the electrostatic field of the ion. In all cases, 
carbon p to the ionic attachment was deshielded, 
and carbon y was shielded. This recalls the "y 
effect" in substituted hydrocarbons. 

Carbon n.m.r. spectra appear to yield solvation 
numbers and exchange rates similar to those 
observed by hydroxyl proton n.m.r. of the same 
systems. The latter agreement confirms that the 
reported proton n.m.r. exchange rates apply to  
whole molecule exchange. 

Differences in the rates of homogeneous 
broadening at low temperatures are consistent 
with the reorientation correlation times which 
would arise from differences in conformational 
mobility to be expected in a solvation complex. 

It appears likely that I3C n.m.r. spectroscopy 
will be even more useful than Droton n.m.r. as a 
probe of solvation phenomena. A given ion- 
induced electronic perturbation produces carbon 
shielding changes as large as or larger than those 
of hydrogen, and produces significant effects at 
more remote sites in the molecule. This should 
make possible solvation shell spectroscopy of 
many nonhydroxylic basic solvents, and give in- 
sight into the structure and dynamics of the 
solvation complex. 
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Isotope Effect Studies on Elimination Reactions. IX. The Nature of the Transition 
State for the E2 Reaction of 2-Arylethylammonium Ions with Ethoxide in Ethanol 

P. J .  SMITH' A N D  A. N. BOURNS 
Depptrrft~ler~f of Clret?lis/r:v, iMcMtrs/er U~liversify, Htrt,ril/otr. Ot~fttrio 

Received August 13, 1973 

Kinetic isotope effects have been determined for the E2 reaction of some 2-arylethyltrimethyl- 
ammonium ions with ethoxide in ethanol at  40'. The nitrogen effect, (k '4/k'5 - 1)100, de- 
creased with increasing electron-withdrawing ability of the para substituent ; i.e. 1.37, 1.33, 1.14, 
and 0.88 for p-OCH,, p-H, p-CI, and p-CF,, respectively. Furthermore, the primary hydrogen- 
deuterium isotope effects increased for the same substituents, respectively; i.e. kH!kD = 2.64, 
3.23, 3.48, and 4.16. A large positive p value of 3.66 was found as well as a small secondary 
a-deuterium effect of 1.02 for p-H. In addition, the nitrogen isotope effect decreased with in- 
creasing strength of the abstracting base for the reaction of ethyltrimethylammonium ion; i.e. 
1.86 and 1.41 at  60" for reaction with EtO--EtOH and 1-BuO--r-BuOH, respectively. T h e  
results are discussed in terms of recent theoretical treatments of the effect of base, substituents, 
and nature of the leaving group on the nature of the transition state for an E2 process. T h e  
conclusion is reached that any structural change which causes one bond (C-H) to be yeakened 

more at  the transition state will have a corresponding effect on the other bond (c-N). 

On a determine les effets isotopiques cinktiques pour les reactions E2 de  quelques ions aryl-2 
6thyltrimCthylammonium avec I'tthylate dans I'ethanol a 40". L'effet isotopique de I'azote 
(k'4/k'5 - 1)100 diminue a mesure que le substituant en para est plus electroaffinitaire; i.e. 
1.37, 1.33, 1.14 et 0.88 pour p-OCH,, p-,H, p-C1 et p-CF,, respectivement. De plus les effets 
isotopiques primaires hydrogene-deuttrlum augmentent pour les m@mes substituants soit 
kH/kD = 2.64, 3.23, 3.48 et 4.16, respectivement. Une grande valeur positive de p de 3.66 a CtC 
trouvke de m&me qu'un petit effet isotopique secondaire a-deuterium de 1.02 pour p-H. De plus 
I'effet isotopique de I'azote diminue lorsque la basicit6 augmente dans la reaction de I'ethyltri- 
rnCthylammonium soit 1.86 et 1.41 a 60" pour la reaction pour EtO--EtOH f-BuO--f-BuOH. 
On discute les rCsultats en terme des recents traitements theoriques de l'effet des bases de sub- 
stituants et de la nature du groupe partant sur I'ktat de transition du processus €2. On arrive 
a la conclusion que tout changement qui amene un affaiblissement d'un lien (C-H) dans I'etat 

+ 
de transition aura un effet semblable sur d'autre lien (C-N). [Traduit par le journal] 

Can. J .  Chcrn., 52,749 (1974) 

Introduction 
An understanding of the effect of structural 

changes in reactants on the energy and structure 
of the transition state constitutes an  important 
element in the detailed description of the path- 
way of many types of reactions. A number of 
studies of this kind have been carried out on the 
E2 elimination reaction, but conflicting theories 
and ambiguities in the interpretation of experi- 
mental results have led to considerable un- 
certainty. 

One of the most direct ways of obtaining 
information on the transition state is by mea- 
-- 

'For Part VIII see ref. 1. 
=Present address: Department of Chemistry and 

Chemical Engineering, University of Saskatchewan, 
Saskatoon, Saskatchewan. Author to whom correspon- 
dence should be addressed. 

suring the isotope effect associated with an atom 
whose bond is undergoing rupture in the  reaction, 
since the magnitude of this effect is determined 
by the extent to which the force constants for 
this atom have changed at the transition state. 
Accordingly, a study has been made of  the effect 
of structural changes on P-hydrogen a n d  nitrogen 
isotope effects in the Hofmann elimination 
reaction of a series of P-substituted ethyltri- 
methylammonium salts. 

In recent reports (2, 3) from this laboratory it 
has been shown that the reaction of 2-arylethyl- 
trimethylainmonium ion with sodium ethoxide 
in ethanol is a normal E2 process following the 
anti-elimination pathway. In addition, the low 
P-hydrogen isotope effect, kH/kD = 2.98 at  50°, 
found for the reaction of the parent compound, 
2-phenylethyltrimethylaminonium ion (4), the 
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large positive Hammett p value of 3.67 a t  40" 
(5) and the large secondary isotope effect, 
koD-/koH- = 1.79 a t  SO0, for the reaction of 
parent compound with OD- in D,O and OH-  
in H,O (6) all point to  a transition state in 
which there has been extensive transfer of the 
P-hydrogen to  base. That the carbon-nitrogen 
bond is also appreciably weakened is indicated 
by the substantial nitrogen isotope effect, 
kL4/k15 - 1)100 = 1.17 a t  40°, reported by 
Bourns and co-workers (7) for the reaction with 
ethoxide in ethanol. 

A theoretical treatment of the effect of sub- 
stituents on transition state geometry was 
proposed some years ago by Thornton (8) in 
which changes in the vibrational potentials for 
motion along the reaction coordinate, designated 
as "parallel" motion, and for the normal modes 
of vibration, or "perpendicular" motion, of the 
transition state were examined. For motion 
along the reaction coordinate, the effect of a 
substituent change on bond length is exactly the 
opposite to its effect on the normal vibrational 
modes where the force constant is positive. 
Thornton suggests that the former effect usually 
will be dominant since the magnitude of the 
change in bond length is inversely proportional 
to the force constant which is determined by the 
curvature of the potential energy surface in the 
region of the energy maximum. In most systems 
this curvature is considerably smaller for parallel 
than for perpendicular motion. I t  follows that 
a substituent change which makes the cleavage 
of a bond easier will usually result in a decrease 
in the length of that bond at the transition state. - 

Applying this treatment to  bimolecular elimin- 
ation, Thornton considered the effect of sub- 
stituents on the parallel motion, which can be 
depicted in Scheme 1. 

B H C,, C. X 
+ e + e - >  

An electron-withdrawing substituent will weaken 
the Cp-H bond and thus make the motion 
which extends this bond easier. It will also make 
the compression of the Cp-C, bond more 
difficult. The B-H and the C,-X bonds 
will "follow along" in the direction of the co- 
ordinate motion set by the C,-H bond. It 
follows that the overall effect will be t o  make the 
transition state more reactant-like with both 

the Cp-H and the C,-X bond rupture less 
advanced than in the absence of this substituent. 

A somewhat different approach to predicting 
the effect of structural changes on transition 
state geometry in E2 reactions has been devel- 
oped by O'Ferrall (9). Using a model in which 
reactants, products, and the transition state for 
concerted elimination are represented on a 
common potential energy surface with carbonium 
ion and carbanion intermediates of stepwise 
reaction paths, he examines the effect of changes 
in the energy of products and intermediates on 
the energy and structure of the  E2 transition 
state. He concludes that structural changes that 
lead to a more stable olefin are transmitted along 
the reaction coordinate and, in agreement with 
the prediction of Thornton, result in a transition 
state which is more reactant-like, i.e., less 
Cp-H and C,-X bond weakening. On the 
other hand, the model predicts that the effect 
of structural changes which increase carbanion 
stability will ordinarily be exerted in a direction 
perpendicular t o  the reaction coordinate and will 
result in an E2 transition state which is more 
carbanion-like, i.e., a longer Cp-H and a shorter 
C,-X bond. This is in contrast to Thornton's 
view that structural influences on parallel motion 
can be expected t o  dominate. 

In the present study P-deuterium and nitrogen 
isotope effects have been measured for the 
reaction of a series of para-substituted 2- 
phenylethyltrimethylammonium salts with eth- 
oxide ion in ethanol. In addition, the nitrogen 
effect has been measured for the  reaction of 
ethyltrin~ethylammonium ion a n d  the a-deuter- 
ium isotope effect for 2-phenylethylammonium 
ion. Finally, the effect of a change in base strength 
has been determined by comparing the magni- 
tude of the isotope effects in the  reaction of 2- 
phenylethyl- and ethyltrimethylammonium ions 
with ethoxide ion in ethanol a n d  t-butoxide ion 
in t-butanol. 

Results 
Hydrogen-Deuterium Isotope Effects 

The rate constants for reaction of the series of 
para-substituted 2-phenylethyltrimethylammon- 
ium ions and their P-dideuterated analogs with 
ethoxide in ethanol are shown in  Table 1. The 
primary hydrogen-deuterium effects calculated 
from the rate data  are also given in this table. 
The rate constant for the a-dideuterated analog 
of the unsubstituted salt was found to be 
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SMITH AND BOURNS: ISOTOPE EFFECTS. IX 751 

TABLE 1. Rate constants and primary 0-hydrogen-deuterium isotope effects in 
elimination reaction of X-C~H,CY,CH,&(CH,)~ ions with sodium ethoxide 

in ethanol 

Temperature _+ 0.03" k x 10, 
X Y PC) (I r n o l - ' ~ - ~ )  kH/kDa 

-- 

OCHs H 40 0.420+0.003b 2.64k0.05 
D 0.159+0.003 

 ratio of rates of elimination; deviation ( k k " / k D ) [ ( r " / k H ) *  + ( r D / k D ) 2 ] 1 ' 2 ,  where r is the stan- 
dard deviation in k. 

bStandard deviation. 

0.000425 +_ 0.000003 1 mol-' s-'. This value, 
when divided by the rate constant for the un- 
deuterated substrate, gives a secondary a- 
deuterium isotope effect of 1.02 _f 0.01 at  40'. 

The same concentration of base (0.1 M) was 
used in all of the experiments except for the 
p-CF, compound where the reaction was too 
fast a t  40" to enable kinetic measurement. For 
this compound, the kinetics were determined at  
25 and 15" with the same concentration of base 
as was used for the other compounds and the 
resultant hydrogen-deuterium effects were used 
to  determine an extrapolated value a t  40". In 
this way, it was possible to compare isotope 
effects for all compounds under the same condi- 
tions of ionic strength. The extrapolated value 
for the p-CF, compound agrees well with the 
hydrogen-deuterium effect determined at  40" 
for this compound using a lower concentration 
of base. 

Excellent Hammett plots of log klk, 6s. o- 
were obtained for the undeuterated and deuter- 
ated series. The slope, p, for the former is t- 3.66, 
with a correlation coefficient, r, of 0.998. This 
value agrees well with the value of f3.67 
reported by Saunders (5) for reaction under the 
same conditions. The slope of the plot for the 
p-dideuterated series is + 3.47, with a correlation 
coefficient of 0.999. 

Nitrogen Isotope Effect Results 
The results of the nitrogen isotope effect study 

on the reaction of 2-arylethyltrimethylammonium 
ions with sodium ethoxide in ethanol at  40" are 
shown in Table 2. Also shown are the  nitrogen 
results obtained from the study of ethyltrimethyl- 
ammonium ion with potassiu~n hydroxide in 
95% ethanol at 60" and with potassium t- 
butoxide in t-butanol at  60". 

The nitrogen isotope effect for the elimination 
reaction of the various substrates with base was 
obtained by comparing the 14N/15N ratio of 
the starting material of natural isotopic abun- 
dance with that of the trimethylamine formed in 
the reaction carried to  some known extent of 
completion. Using the Kjeldahl procedure, the 
quaternary salts and the trimethylamine were 
converted to ammonium sulfate which was 
oxidized to nitrogen gas and purified prior to 
mass spectrometric analysis. 

Discussion 
Discussion of the Isotope Effects for the E2 

Reaction of 2-Arylethyltrimethylammoniunz 
Ions with Ethoxide 

The results of the nitrogen isotope effect study 
on the 2-arylethyl system, Table 2, show a 
relationship between the magnitude of the 
effect and the electron-withdrawing o r  -donating 
ability of the para substituent. Although the 
effects for the p-H and  p-OCH, compounds are 
the same within experimental error there is a 
significant decrease in the magnitude of the 
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TABLE 2. Nitrogen isotope effects for the E2 reaction of RCH,CH,&(CH,), ions with base 
- - .ppppp ----- 

Substituent(R) Base-Solvent Temp. ("C) Extent of reaction (%)" kl41kl5b 

p-CH3O-C6H4- EtO--EtOH 40 4.9 1.0125 
4.9 1.0135 
8.1 1.0141 

12.6 1.0137 
23.2 1.0133 
23.5 1.0153 

mean 1.0137f0.0009 

p-H-C6H4- EtO--EtOH 40 10.0 1.0133 
17.0 1.0131 
22.0 1.0134 
29.0 1.0133 
46.0 1.0136 

mean 1.0133?0.0002 

p-C1-CsH4- EtO--EtOH 40 14.6 1.0118 
16.3 1.0098 
17.1 1.0113 
29.0 1.0118 
29.0 1.0122 

mean 1.0114f0.0009 

p-CF3-CsH4- EtO--EtOH 40 17.3' 1.0088 
23.0' 1.0084 
43.6' 1 .0093 
46.2' 1.0092 
60.0 1 .0078 
70.0 1.0093 

mean 1.0088~0.0006 

H OH--EtOHe 60 8.3d 1.0190 
8.3d 1.0190 
8.3d 1.0181 
8.3" 1.0184 

mean 1.0186+0.0004 

H 1-BuO --t-BuOH 60 13.4' 1.0145 
13.8' 1.0142 
27.6' 1.0139 
27.6' 1.0141 
60 1.0138 

mean 1.0141 f 0.0003 

UDetermined from the yield of  trimethylamine. 
bThe limits shown are the standard deviation. 
=The amount of  base corresponding to the desired extent of  reaction. 
T h e  Kjeldahl digestion was carried out only on  the trimethylamine after prior separation f rom the substitution product ,  dimethylethylanline. 
'Essentially all of  the base is ethoxide when KOH is dissolved in 95% ethanol (10). 

effect when electron-withdrawing substituents 
are placed on the benzene ring, i.e., (k14/k15- 
1)100 is 1.33 and 0.88 for the p-H and p-CF, 
compounds, respectively. In fact, the magnitude 
of the nitrogen isotope effect is approximately 
linearly related to the effect of thepara substituent 
on the free energy of activation for the elimina- 
tion process as seen from the plot of log l ~ ' ~ / k ' '  
- 1)100 us. log k for the reaction of the 2- 
arylethyltrimethylammonium ions with sodium 
ethoxide in ethanol at 40°, Fig. 1 .  

Since the magnitude of the nitrogen effect 
depends on the extent to which the composite 

+ 
force constant of the C-N bond is decreased in 

going from the initial to the transition state, the 
effect will increase regularly in a reaction series 
with the extent of bond weakening at the transi- 
tion state. Consequently, the experimental 
results show that the extent o f  carbon-nitrogen 
bond rupture in the transition state decreases as  
the para substituent becomes more electron 
withdrawing. 

It is noteworthy that Katz and Saunders (1 1) 
have recently examined the problem of the inter- 
pretation of the leaving group isotope effect 

+ 
(C-S) in relation to the extent of bond rupture a t  
the transition state. Their theoretical calculations 
suggest that the  magnitude of the sulfur isotope 
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I -- 
- o t ' k o  .;o .:o .,o 4 0  .;o A i o  

L o g  k 

FIG. 1. Plot of log (k14/k" - 1)100 US. log k for the 
reaction of 2-arylethyltrimethylammonium ions with 
sodium ethoxide in ethanol a t  40'. 

effect can remain very small until the stretching 
force constant of the carbon-sulfur bond has 
decreased to less than one-half of its original 
value. If this conclusion is valid, small isotope 
effects for the leaving group may be associated 
with reactions in which C-X bond ruDture is 
quite far advanced at the transition state. 

Concerning the nitrogen effects in the present 
study, it is our opinion that qualitative interpre- 
tation of the effects in terms of the degree of 
bond rupture is justified since only systematic 
changes were made on the structure of the 
reactant by varying the para substituent. The 
approximate straight line obtained from the 
plot of log (k'"/kl' - 1)100 us. log k gives 
some support to this belief. We feel, however, in 
agreement with Katz and Saunders (1 l), that 
care must be taken in a comparison of isotope 
effects obtained from different reaction systems., 

A clear trend is also shown in the magnitude 
of the hydrogen-deuterium isotope effects 
recorded in Table 1, where it is seen that the 
effect increases with increased electron-with- 
drawing ability of the para substituent, i.e., 2.64 
and 4.16 for p-OCH, and p-CF,, re~pectively.~ 
In fact, there is an approximate linear relation- 
ship between the effect of substituents on the 
free energy of activation for the elimination 
reaction and their effect on the free energy of 
activation difference between undeuterated and 
deuterated compounds. This is seen from a plot 
of log kH/kD US. log k, as shown in Fig. 2. 

3For an illustration of the problem of comparing kH/kD 
values obtained from different reaction systems see Smith 
and Tsui (12).  

4A similar trend has been observed for the reaction of 
2-arylethylbromides with t-butoxide (13). 

FIG. 2. Plot of log k H / k D  US. log k for the reaction of 
2-arylethyltrimethylammonium ions with sodium ethoxide 
in ethanol at  40". 

An interpretation of the magnitude of the 
hydrogen-deuterium isotope effect in  terms of 
the degree of bond rupture at the transition state 
is more diffic~~lt than the interpretation of the 
nitrogen effect since the reacting hydrogen is 
involved in a three-center displacement reaction. 
Westheimer (14) and others (15-17) have 
predicted on theoretical grounds that the 
magnitude of the hydrogen-deuterium effect 
should be at a maximum when the force con- 
stants associated with bonds being formed and 
broken are equal at the transition state. This 
prediction has been realized experimentally by 
several groups of workers (18-20) and, therefore, 
it is reasonable to interpret the trend in isotope 
effect in the present study in the light of this 
theory. Such an interpretation, however, requires 
a knowledge of the extent of proton transfer at 
the transition state, i .e. ,  whether the proton is 
more than or less than one-half transferred. This 
is provided by the calculations and experimental 
results of Steffa and Thornton (6) on the 
secondary isotope effect, koD-/koH-, for proton 
abstraction by DO- in D 2 0  and HOP in H20.  
For a reaction with complete proton transfer at 
the transition state, the theoretical value for this 
secondary isotope effect is 1.88 at 80°, while for 
half transfer the effect is the square root of this 
maximum value, or 1.37. 

The secondary isotope effects, koD-/koH-, and 
primary P-deuterium isotope effects, kH/kD, for 
the bimolecular elimination reactions of 2- 
phenylethyltrimethylammonium bromide, 2-(p- 
chlorophenyl)ethyltrimethylammonium bromide, 
and 2-phenylethyldimethylanilinium bromide are 
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TABLE 3. Secondary and primary isotope effects in reaction of 
2-phenylethyl derivatives 

kOD - /kOH kH/kDb 
Substrate at 80" at 40" 

USteffa and Thornton (6). 
bMeasured with ethoxide in  ethanol. 
<See ref. 21. 

presented in Table 3. It is noted that the second- 
ary effects are all greater than 1.37 suggesting 
that for reaction of the three substrates the 
proton is more than one-half transferred at the 
transition state. Furthermore, the magnitude of 
the secondary effect, koD-/koH-, decreases as 
one proceeds down the table, indicating a 
decrease in the extent of carbon-hydrogen bond 
rupture at the potential energy maximum. At 
the same time the value of the primary hydrogen- 
deuterium isotope effect increases. This relation- 
ship of the two effects clearly establishes that the 
proton is more than half transferred at the 
transition state since only in this circumstance 
can a decrease in the extent of proton transfer, 
as shown by the koD-/koH- values, result in an 
increase in the kH/kD ratios. It follows from the 
trend in the isotope effects reported in Table 1 
that electron-withdrawing para substituents in 
the reaction of 2-arylethyltrimethylammonium 
ions result in a decrease in the extent of proton 
transfer to base at the transition state. 

Tl~eoretical Predictions on the Effect of 
Substituents on Transition 

State Geometry 
The isotope effect results have shown for the 

reaction of 2-arylethyltrimethylammonium ions 
with ethoxide ion that electron-withdrawing 
substituents lead to a decrease in the extent of 
both carbon-hydrogen and carbon-nitrogen bond 
rupture at the transition state. This conclusion is 
in complete accord with the Thornton model for 
predicting the effect of a substituent on the 
nature of the activated complex. The removal of 
the P-hydrogen is made easier by placing electron- 
withdrawing substituents on the benzene ring 
and this effect, when considering motion along 
the reaction coordinate, should lead to a more 
reactant-like transition state, i.e., less C-H and 

+ 
less C-N bond weakening. 

The relatively small kH/kD values in relation 
to the theoretical maximum, the large positive 
Hammett p of 3.77, and the large koD-/koH- 
value for reactions in water all ~ o i n t  to a transi- 
tion state which has considerable carbanion char- 
acter. This also is in accord with the Thornton 

+ 
theory. As a leaving group -N(CH,), is rela- 
tively poor and, therefore, the transition state for 
onium salt eliminations can be expected to  be 
more product-like than that for E2 reactions in 
general. Reference to Scheme 1 which depicts co- 
ordinate motion shows that by making H move p 

much more relative to C,, and C p  move more rela- 
tive to X, more product-like transition states will 
have relatively more carbanion character a t  C p  
than carbonium ion character at C,. This may 
also account for the small a-deuterium secondary 
effect of 1.02 since this value is indicative of very 
little hybridization change at the a - ~ a r b o n . ~  

The conclusions reached in the present study 
concerning the effect of para substituents -on the 
extent of C-H and C-N bond rupture can also 
be examined in the light of the O'Ferrall model 
(9). The potential energy surface diagram of 
O'Ferrall is represented in Fig. 3 for an E2 
process in which the transition state lies on the 
carbanionic side of centrality. This surface is 
considered to be of such flexibility as to transmit 
across its length and breadth the effect of energy 
changes at any point. It can be seen that an 
increase in the stability of the elimination 
product, R, will correspond to  a "downward 
pull" at the top right-hand corner of the figure 
with the result that the energy of the transition 
state is decreased and its structure moves 
toward the bottom left-hand corner; that is, it 
becomes more reactant-like with decreased 
C-H and C-X bond rupture. On the other 

5Asperger (22, 23) found an identical value for the 
reaction of the same substrate. 
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HR++X- +B- R+BH+X- results of the present study if the E2 transition 
states for quaternary ammonium salt elimina- 
tions are so carbanion-like that substituent 

0 
U effects on carbanion stability are felt more 
C 
0 - ., strongly along the reaction coordinate than 
.- 
-0 

perpendicular to it. (A potential energy surface 
P such that the dotted double-headed arrow in 
3 

2 Fig. 3 represents the direction of reaction co- 
m 
m 

ordinate motion would clearly be such a case.) 
c .- A downward pull on the lower right hand corner 
> 
o would then give a transition state in which there 
0 - 
c is a decrease in both C-H and C-X bond 
0 + rupture. As pointed out earlier, both the primary 

u and secondary deuterium isotope effects and the 
Hammett p value do  point to such a structure 
for the transition state. 

Discussion of the Isotope Effects for the E2 
HRXtB- RX- tBH 

Carbon-Hydrogen distance Reaction of 0-Substituted Ethyltrimethyl- 
ammoniunz Ions with Ethoxide 

FIG. 3. Potential energy surface for an E2 transition 
state. The comparison of the isotope effects obtained 

for the E2 reaction of 2-phenylethyltrimethyl- 
hand, an increase in the stability of the carban- ammonium ion and ethyltrimethylammonium 
ion, R-, means a downward pull at the bottom ion with ethoxide, Table 4, provides further 
right-hand corner of the surface, and, therefore, evidence supporting the conclusion that P- 
would be expected to exert its effect mainly substituents influence in a parallel way CB-H 

+ through the perpendicular mode. C,-N bond rupture at the transition state. The 
This would result in a lower transition state significantly larger nitrogen isotope effect for 
energy but a transition state structure which 1s reaction of the ethyl salt to that found 
closer to that of the carbanion; that is increased for the 2-phenylethyl ion, and re- 
C-H but decreased C-X bond rupture, which spectively, clearly establishes that there is 
is contrary to experimental findings. t 

A substituent may, of course, affect greater C-N bond weakening at the transition 
the stability of more than one species. For State for the former compound. A similar 
example, electron-withdrawing substituents at conclusion was reached by Simon and Mullhofer 
the P-carbon may increase the stability of both (24) who observed a-carbon isotope effects, 
the products and the carbanion intermediate, (k1z/k'4 - 1)100, of 6 and 3% for ethyl- and 
although intuitively the effect on the latter might 2-(~-nitro~hen~l)eth~ltrimeth~lammonium ions, 
be expected to outweigh the former. That this is respectively. 
so would seem to be indicated by the order of Although the hydrogen isotope effects have 
the substituent effects on the magnitude of not been measured under the same conditions, 
kH/kD for the reaction of the 2-arylethy] salts there is nevertheless a strong indication that the 
with ethoxide, Table 2. Clearly, this order does value is significantly smaller for the unsubstituted 
not correspond at all to the order of product com~ound. '  Since it has already been concluded 
stability which, on the basis of A,,, values for that in these quaternary ammonium salt eli- 
the substituted would appear to  be minations the proton is more than half trans- 
p-CH,O > p-C1 > p-CF, > H .  On the other - 
hand, the order of isotope effect values clearly 7The value of 2 and 2.7 for the reaction of ethyl and 
does parallel the expected order of substituent 2-phenylethyl salts, respectively, are calculated from the 

effects on carbanion stability. intramolecular kH/kT values determined by Simon and 
Mullhofer (24). Their value of 2.7 at 60°, which includes The O'Ferrall can acconlmodate the a secondary isotope effect, and the intermolecular effect 

-- - 
of 3.23 a t  40" from the present study are in fairly good 

6h,,,(nm) = 258, 253, 250, 248 for p-0CH3, p-C1, agreement if one takes the temperature difference into 
p-CF,, and H, respectively. consideration. 
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TABLE 4. Hammett correlations and isotope effects in the reaction of ethyltrimethylammonium ion 
and 2-phenylethyltrimethylammonium ion with ethoxide ion and /-butoxide ion a t  60" 

-- 

Substrate Base-Solven t (k"/kI5 - 1)100 kH/kD P 

+ 
C H ~ C H Z N ( C H ~ ) ~  EtO- - 95% EtOH 1.86 

+ 
C ~ H ~ C H Z C H Z N ( C H ~ ) ~  EtO --EtOH 

nMeasured at  40'. 
Talculated from intramolecular k"/kT value o f  3.0 (24) determined with the basic hydrate (vacuum) 
CCalculated from intramolecular k"/kT value of 4.2 (24) determined with methoxide-methanol. 
dSaunders (5) at 30'. 

ferred to base a t  the transition state and, there- 
fore, that the smaller the isotope effect the 
greater the extent of this transfer, it follows that 
the transfer is more complete in the transition 
state of the ethyl compound. 

The conclusion that there is decreased C-H 
+ 

and C-N bond rupture at  the transition state 
for the 2-phenylethyl salt compared with the 
ethyl compound is in agreement with Thornton's 
theory which predicts a more reactant-like 
transition state for the reaction which is facili- 
tated by a substituent change a t  Cp, i.e. H 
replaced by phenyl. The results are also consis- 
tent with the O'Ferrall model since the greater 
stability of both the ethylenic product and 
carbanion derived from the phenyl-substituted 
compound would lead to  a "pulling-down" of 
the entire side of the potential energy surface, 
Fig. 3, resulting in a more reactant-like transition 
state. 

I t  is noteworthy that Fry (25), in a recent 
article, has arrived at  a different conclusion with 
respect to  the effect of a P-phenyl substitution on 

+ 
the degree of C-H and C-N bond rupture for 
the same substrates. The discrepancy arises from 
the difference in k H / k D  for the E2 reaction of the 
ethyl compound as measured by two different 
groups of workers; k H / k D  at 60" = 2  (24) and 
-6 (26), estimated from a higher temperature. 
There are several reasons for believing that the 
value of 2 determined by Simon and Mullhofer 
(24), which was used in the present discussion, is 
the more reliable. First, the isotope effects found 
for the reaction of the ethyl salt under two 
different reaction conditions are in agreement; 
k H / k T  (intramolecular) = 3.0, as measured with 
the basic hydrate in vacuum, and 2.8, calculated 
from an experimental value of 1.23 a t  130" when 

hydroxide was used in triethylene glycol. 
Second, Simon's data for a number of com- 
pounds form a consistent pattern: kH/kT  of 3.0, 
4.2, and 8.0 a t  60" for reaction of ethyl-, 2- 
phenylethyl- and  2-(p-nitrophenyl)ethyltrimethyl- 
ammonium ions, respectively. Finally, as men- 
tioned in footnote 7. the Simon value for the 2- 
phenylethyl salt is in good agreement with o u r  
own as well a s  with the value of k H / k D  = 2.98 
determined by Saunders and Edison (4) for the  
same reaction a t  50" 

The Effect ofa  Change in Abstracting Base on 
Transitiotz State Geometry 

The role of the abstracting base in determining 
the nature of the E2 transition state was examined 
by determining the nitrogen isotope effect for 
reaction of ethyltrimethylammonium ion with 
ethoxide ion in ethanol and t-butoxide in t-buta- 
nol. The results are shown in Table 4 along with 
the kH/kD,  p a n d  nitrogen isotope effect results for 
reaction of 2-phenylethyl ion with ethoxide. T h e  
Hammett p and  k H / k D  for reaction of this salt 
with t-butoxide as determined by Saunders et al .  
(5) are also included. 

It is seen that  the nitrogen effect associated 
with the reaction of ethyltrimethylammonium 
ion with the weaker base, e t h o ~ i d e , ~  is signifi- 
cantly greater than when the base was t-butoxide, 
i.e., 1.86 coinpared with 1.41% at 60". Conse- 

+ 
quently, there is less C-N bond weakening at the  
transition state for the reaction promoted by t h e  
stronger base. Furthermore, the  large difference 

a previous study in these laboratories, a nitrogen 
effect of 1.73% was determined for the reaction of ethyl- 
trimethylammonium iodide with sodium ethoxide in 
ethanol at 60' (7). For the earlier determination the 
substitution product, dimethylethylamine, was not 
separated from the trimethylamine. 
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in the two hydrogen isotope effects show that the 
Cp-H bond also is weakened less at the transi- 
tion state for the reaction of 2-phenylethyltri- 
methylammonium ion with t-butoxide ion. The p 
values are also in accord with this interpretation. 

Once again, the conclusions reached from the 
isotope effects are in accord with Thornton's 
predictions. His theory predicts that increasing 
the base strength (making compression of the 
B-H bond easier) will increase the B-H bond 
length and shorten both the Cs-H and C,-X 
bonds, making the transition state more reactant- 
like. In the O'Ferrall model, Fig. 3, an increase 
in base strength means an increased stability of 
the product BH which is common to both an E2 
and a carbanion-forming process. This corre- 
sponds to a "pulling-down" of the right side of 
the potential energy surface. For a carbanion- 
like transition state the effect of this will be 
transmitted predominantly in the direction of 
the reaction co-ordinate and will result in a 

decrease of both C-N and C-H bond rupture, 
i.e., a more reactant-like transition state. 

Conzn~ents in Relation to the Variable E2 
Transition State Theory 

The conclusions drawn from the present study 
are not in accord with a proposal by Bunnett 
(27, 28) that there will exist a continuum of E2 
transition states in a reaction series extending 
from large C-H and small C-X bond rupture 
at one extreme to the reverse s i t~~at ion at the 
other. Bunnett reasons that a substit~~ent change 
which makes the C-H bond cleavage easier at 
the transition state would have that bond 
weakened more and the C-X bond weakened 
less, and vice versa. Support for this concept has 
been provided by a series of studies by Bartsch 
and Bunnett (29) and Bartsch (30) on the 
reaction of alkyl halides with different bases. 

The explanation for this apparent discrepancy 
between the findings of the present study on the 
elimination reaction of quaternary ammonium 
salts and those of Bunnett and co-worker on alkyl 
halides may lie in the relative extent to which the 
parallel and perpendicular modes of vibration of 
the transition state are affected by structural 
changes in the reactants in the two systems. Since 
halogen is a relatively good leaving "group", 
alkyl halides can be expected to undergo elimi- 
nation with strong bases by way of a "central" 
transition state in which the extent of C-H and 
C-X bond rupture is approximately equal. 

Reference to Fig. 3 shows that s~~bstituents which 
increase the acidity of the P-hydrogen will exert 
their effect primarily through the perpendicular 
vibrational mode and, therefore, will move the 
transition state structure closer to that of the 
carbanion, i.e., increase C-H and decrease 
C-X bond rupture. On the other hand, the 
transition states for the quaternary ammonium 
salt eliminations examined in the present study 
appear to be strongly carbanion-like. As a 
consequence, structural changes which influence 
carbanion stability may be transmitted to a 
greater extent along the reaction coordinate than 
in a direction perpendicular to it with the result 
that the transition state becomes more reactant- 
like, i.e., less rupture of both C-H and C-X 
bonds. The apparent difference in the effect of 
changes in base strength on the structure of the 
transition state in the two systems may have a 
similar origin. 

Experimental 
All melting points are corrected. 

2-Pl1etzyletllyl/ri1netI1yla,nmotli~r1~~ Brornide 
The sample was the same as used in an earlier study 

(2); m.p. 237-238" (lit. (5) m.p. 237.8-238.2"). 

2-(p-Tri'rorot77etl1y/pI7e11yl) etlryltr.inretlrylatnn~ot~i~rrtr 
Brotnide 

The sample was the same as used in an earlier study 
(2); m.p. 227.5-228". 

AnaLg Calcd. for C,,H,,NBrF,: C, 46.18; H, 5.49; 
N,4.49.Found:C,46.18;H,5.56;N,4.56. 

2-(p-A~7i.~yl)etl1yltrit77etl1yln171n1017i11177 Brot~ride 
A two-fold excess of methyl bromide (21 g ,  0.22 mol), 

cooled to -30" in an acetone - Dry Ice bath was added 
to a similarly cooled solution of 19.3 g (0.1 1 mol) of 
dimethyl 2-(p-anisy1)ethylamine in 125 ml of nitro- 
methane. The solution was allowed to stand for 1 day a t  
room temperature and the solid p r o d ~ ~ c t  was filtered and 
recrystallized four times from ethanol-ether to give 
27.3 g (92%) of product; m.p. 216.9-217.7 (lit. (5) m.p. 
217.7-218.2"). 

Ditnethyl 2-(p-At1isyl)ell7yIatnit7e 
Cold anhydrous dimethylamine (13.0 g, 0.238 mol), 

was added to a cold solution of 36.0 g (0.1 18 mol) of 
2-(p-anisy1)ethyl p-toluenesulfonate in 240 ml of anhy- 
drous ether. The reaction was allowed to proceed for 9 
days. After work-up there was obtained 19.3 g (91%) of 
product; b.p. 71-72"/0.05 mm. (lit. (5)  b.p. 100°/2 mm). 

2-(p-A?zi.~yl) etl7yl p-Tol~renes~rlfonare 
p-Toluenesulfonyl chloride (30.6 g, 0.16 mol) was 

added in three portions to  an ice-cold solution of 22 g 

gElemental analyses were performed by  Galbraith 
Laboratories Inc., Knoxville, Tennessee. 
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(0.145 mol) of 2-(p-anisy1)ethanol in 72 g of anhydrous analysis by Nemeth indicated that this compound had 
pyridine. The solution was kept at 0" for 2 days. After 1.94 atoms D/mol. 
work-up there was obtained 36.2 g (83%) of 2-(p-anisy1)- 
ethylp-toluenesu]fonate; m,p. 58.5-59.5" (lit, (31) 57-580). 2-(~-Tr8~orornethylpherryl)etlr~yltrimeth~larr1~1onirrm- 

2,2-d2 Bromide 
2- (p-Anisyl)etharrol The sample was the same as used in an earlier study 

Ethyl 2-(p-anisy1)acetate (33.0 g, 0.17 rnol), in 50 ml of (2); m.p. 228-228.5". A deuterium analysis by Nemeth 
anhydrous ether was reduced with 6.84 g (0.18 mol) of indicated that this compound had 1.96 atoms Dlmol. 
lithium aluminum hydride to give 2211 g (88%) of 
2-(p-anisyl)ethanol; b.p. 154,5-1550/21 m m  (lit, (32) b.p, 2-(p-Ar1isyl)ethyltr.itr1etl1ylarr1rnor1i~rm-2,2-d~ Bromide 

110-113"/1 mm). This compound was prepared from diethyl p-anisyl- 
malonate by the procedure described for the unsubstituted 

Ethyl2-(p-Anisy1)acetate compound-(2); -mp. 217.2-217.8, (lit. (5) m.p. 217.7- 
A solution of 2-(p-anisy1)acetic acid, (32.0 g, 0.193 218.2). A deuterium analysis by Nemeth indicated that 

mol l  in 100 ml of absolute ethanol containing 4 ml of this compound had 1.92 atoms Dlmol. 
conckntrated sulfuric acid was refluxed for 7 h to give 
33 g (88%) of ester; b.p. 158-158.5"/20 mm (lit. (33) b.p. 
136-1 37"/10 mm). 

2-(p-Anisy1)acetic Acid 
A mixture of 84 g (0.56 rnol) of p-methoxyacetophe- 

none, 27 g of sulfur, and 60 mI of morpholine was 
refluxed for 13 h with stirring. After work-LIP 87 g (92%) 
of product was obtained; m.p. 87-90" (lit. (34) m.p. 86"). 

2-(p-Cl1loroplrer1yl)etlryltri~r1efhylarr1rr7oni~r1r1 Bromide 
A two-fold excess of methyl bromide (63 g, 0.66 mol) 

was added to 55 g of dimethyl 2-(p-chloropheny1)ethyl- 
amine to produce 77.5 g (92%) of quaternary salt; m.p. 
239.2-239.5" (lit. (5) m.p. 242.3-242.6"). 

Dinletl~yl 2-(p-C11lor.opherryl)ethylnl11ir1e 
2-(p-Chloropheny1)ethyl p-tol~~enesulfonate (109.5 g, 

0.35 mol), was treated with 38.4 g (0.85 rnol) of anhydrous 
dimethylamine to produce 55.2 g (86%) of product; b.p. 
63-65"/0.2 mm (lit. (5) b.p. 104-106"/1.2 mm). 

2- (p-Clrloroplrenyl) ethyl p-Tol~renesrrlfonate 
2-(p-Chloropheny1)ethanol (64.5 g, 0.41 mol), was 

treated with 86.2 g (0.45 mol) of p-toluenesulfonyl 
chloride to produce 109.4 g (86%) of tosylate; m.p. 
79.5-80.0" (lit. (5) m.p. 79.5-80.1"). 

2- (p-Chlorophenyl) eflrarrol 
Ethyl 2-(p-chlorophenyl)acetate (90 g, 0.45 mol), was 

reduced with 17.2 g (0.45 mol) of lithium aluminum 
hydride to give 64.5 g (91%) of product; b.p. 86-87"/0.04 
mm, (lit. (32) 98-10O0/1 mm). 

Ethyl 2-(p-Chloropherry1)acetate 
A solution of 76 g (0.5 mol) ofp-chlorobenzyl cyanide, 

120 ml of 95% ethanol, and 53 ml of concentrated 
sulfuric acid was refluxed for 8 h. After work-up the 
product, 90 g (90%), was collected at  96-98'11 mm. 

2-Pherryletl1yltrimethylam1norri~rm-2,2-d Bromide 
The sample was the same as used in an earlier study 

(2); m.p. 238-239", (lit. (5) m.p. 237.8-238.2"). A deuter- 
ium analysis by Nemeth" indicated that this compound 
has 1.88 atoms D/mol. 

2-Phenylethyl!rinre!hylammonirrm-I,]-d2 Brornide 
The sample was the same as used in an earlier study 

(2); m.p. 237.5-238", (lit. (5) m.p. 238-239"). A deuterium 

1°Deuterium analyses were performed by Mr. J. 
Nemeth, 303 W. Washington Street, Urbana, Illinois. 

2-(p-chlor.opheny1) efhyltrimetl1ylarnt~zor1i~m~-2,2-d~ 
Brornide 

This compound was prepared by the lithium aluminum 
deuteride reduction of ethyl p-chlorobenzoate using the 
procedure described for the reduction of ethyl p-tri- 
fluoromethylbenzoate (2); m.p. 240-240.5", (lit. (5) m.p. 
242.3-242.6). A deuterium analysis by Nemeth indicated 
that this compound had 1.92 atoms D/mol. 

Etlryltrimetlrylanlmoni~rrn Iodide 
Ethyl iodide (25 g, 0.16 mol), in 25 ml of absolute 

ethanol was treated with 9.45 g (0.16 mol) of trimethyl- 
amine to give 16.5 g (49%) of product; m.p. 333.5-334 
dec., (lit. (7) m.p. 336" dec.). 

Ethyltrirnetl~ylammorri~rnr Nitrate 
Ethyltrimethylammonium iodide (30 g, 0.14 mol), in 

200 ml of water was treated with 23.8 g (0.14 mol) of 
silver nitrate in 100 ml of water t o  give 13 g (62%) of 
product; m.p. 263-264 dec., (lit. (35) m.p. 265" dec.). 

Absol~rte Ethyl Alcohol 
This solvent was dried by the method of Lund and 

Bjerrum (36) and stored under anhydrous conditions. 

Absol~rte I-B~rtyl Alcohol 
This solvent was dried by refluxing over and distilling 

from sodium metal. The process was repeated twice and  
the t-butyl alcohol was stored under anhydrous condi- 
tions. 

Sodiurn Ethoxide arrd Potnssi~rrrl t-Butoxide 
These bases were prepared by the action of the ap- 

propriate metal with the desired solvent under strictly 
anhydrous conditions in a nitrogen atmosphere. 

Kinetic Meas~rremerrts 
A spectroscopic method described by Saunders el a/. 

(5) was used to follow the rates of reaction of the deuter- 
ated and undeuterated 2-arylethyltrimethylammoniurn 
ions with sodium ethoxide in ethanol. Both ?L,,, and the 
molar extinction coefficient for the para-substituted 
styrenes were determined in the present study and these 
are shown in Table 5. For all the compounds studied a 
yield of 100 + 1% of styrene was obtained for complete 
reaction. 

The rate constants for all three of  the deuterated a n d  
undeuterated 2-arylethyltrimethylarnmonium salts, except 
the p-trifluorornethyl compound, were determined using 
second-order conditions with the ethoxide component in 
approximately three-fold excess. 
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SMITH AND BOURNS: ISOTOPE EFFECTS. IX 759 

TABLE 5. Ultraviolet absorption ofp-substituted styrenes 
in 95% ethanol 

R ~ C H  = CH2 

Molar extinction 
R h,,,(nm) coefficient x 

The reaction of the 2-(p-trifluoromethylpheny1)ethyl- 
trimethylammonium ion and its deuterated analogue at  
40" was too rapid to permit the measurement of rate con- 
stants under second-order conditions using the same con- 
centrations for substrate and base as were used for the 
kinetics of the other para-substituted quaternary ammon- 
ium salts. These rate constants, therefore, were evaluated 
using second-order conditions with equal concentrations 
of the two reactants. 

Nitrogen Isotope Effects 
The procedure was essentially that as described by 

Ayrey et 01. (7). Depending upon the reactivity of the 
compound under investigation, either of two methods 
was used to obtain the desired extent of reaction. For the 
2-phenylethyltrirnethylammonium ion, a salt of relatively 
low reactivity, the reaction was stopped by rapid cooling 
in liquid nitrogen and the trimethylamine was then re- 
moved by distillation under reduced pressure at  ice-bath 
temperature. For the more reactive compound, 2(p-tri- 
fluoromethylphenyl)ethyltrimethylammonium ion; this 
method of auenchina was unsatisfactory and the desired 
extent of reaction was achieved by adding the appropriate 
amount of base, corresponding to the extent of reaction 
required, and allowing the reaction to  proceed for 20 
half-lives. In these cases, the concentrations of the 
reactants were sufficiently low so that no more than 1 z  
reaction occurred during the mixing of the reacting 
solutions. 

The kinetic isotope effect was calculated as described 
previously (7) for all of the reactions except for that of 
the ethyltrimethylammonium iodide with ethoxide in 
ethanol where substitution was found to be a competing 
reaction. For this reaction the kinetic isotope effect was 
calculated by using the expression suggested by Baliga 
and Bourns (37). 

Separation of Trimethylamine and Dirnethylethylurrline 
Formed in the Reaction of Ethyltrin~ethylammonirrm 
Ion with Ethoxide in Ethanol a t  60" 

The reaction of ethyltrimethylammonium nitrate" in 
t-butanol gave only the elimination product trimethyl- 
amine. However, ethyltrimethylammonium ion with 
ethoxide in ethanol gave a mixture of trimethylamine and 
dimethylethylamine. 

Ethyltrimethylammonium iodide (1.0 g) and the neces- 
sary amount of ethoxide in ethanol were allowed to react 
to completion in a constant temperature bath in a sealed 
tube. The tube was cooled in liquid air, opened, and the 
amine products were distilled into a 50 ml round- 
bottomed flask along with some ethanol. 

One-half-milliliter amounts of this amine solution were 
injected directly on to  a 10 ft x 3/8 in. Amines 220 
Column (KOH treated 60-80 Chrom W) in a n  Aerograph 
Model A-700 gas chromatograph. A satisfactory separa- 
tion was accomplished and the entire amount of tri- 
methylamine was collected in dilute sulfuric acid and this 
solution was prepared for Kjeldahl digestion. The g.1.c. 
analyses indicated that trimethylamine was produced in 
the reaction mixture to  a n  extent of 88.5% and that the 
remaining 11.5 % of the amine product was dimethyl- 
ethylamine. 

This work was supported by the National Research 
Council of Canada. 
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Carbon-Sulfur Bond Cleavage in the Reaction of Alkyllithiums with Sulfoxides 
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DPP(II.~I~I(,II~ qf Cllenzistry, Urfivec~ity yfOttcll~'o, O t t ( l ~ ~ ,  C(III(I(~(I KIN 6N5 

Received September 18, 1973 

When sulfoxides are reacted with alkyllithiums two competing reactions can occur: (i) abstrac- 
tion of an a-hydrogen to give an a-lithiosulfoxide and (ii) carbon-sulfur bond cleavage ac- 
cording to R1S(0)R2 + R3Li -+ RIS(0)R3 + R2Li. In the cleavage reaction the group which 
can best carry a negative charge is most readily displaced. The displacements occur with inver- 
sion of configuration at  sulfur. t-Butyllithium racemizes optically active t-butyl aryl sulfoxides 
within a few minutes at  -78" in tetrahydrofuran. The results show that in general t-butyl- 
lithium and 17-butyllithium are unsatisfactory bases for the efficient generation of a-lithio sul- 
foxides. Methyllithium or lithium diisopropyl amide are better suited for this purpose. 

Lorsque l'on fait rkagir des sulfoxydes avec des alkyllithiens deux reactions competitive~ 
peuvent se produire: (i) l'enlevement d'un hydrogene-cc pour donner un a-lithiosulfoxyde e t  
(ii) la rupture du lien carbone-carbone suivant la riaction R,S(O)R, + R,Li -t RIS(0)R3 
+ R2Li. Dans la reaction de coupure le groupe qui peut porter le plus facilement la charge 
negative est gentralement deplace. Ces reactions de substitutions se produisent avec inversion 
de configuration sur I'atome de soufre. A -78" dans le tetrahydrofuranne le r-butyllithium 
racemise les t-butyl aryl sulfoxydes optiquement actifs en quelques minutes. Les rtsultats obtenus 
montrent que le t-butyllithium et le 17-butyllithium sont geniralement des bases insatisfaisantes 
pour la formation efficace des a-lithio sulfoxydes. Le rntthyllithium et I'amide diisopropyl 
lithium sont plus eficaces pour cette fin. [Traduit par le journal] 

Can. J. Chem.. 52.761 (1974) 

Introduction 

a-Lithio sulfoxides (a-sulfinyl carbanions) are 
routinely prepared by the reaction of the 
appropriate sulfoxides with a variety of alkyl- 
lithiums, mainly methyl, n-butyl-, and occa- 
sionally t-butyllithium (1). In our experiments in 
this area over the past several years we have noted 
that some alkyl group exchange, according to 
eq. 1, generally accompanies the carbanion 
forming reaction. Despite the widespread occur- 
rence of this reaction and its potential detri- 
mental effect in synthetic reactions, the exchange 
reaction has been mentioned but a few times in 
the chemical literature.' In this communication 
we report a relatively extensive study of the above 
alkyl group exchange reaction including factors 
which determine whether R ,  or R is displaced, 
variations in the amount of exchange with the 
alkyllithium, and the probable mechanism of the 
exchange. 

'After submission of this paper a communication 
appeared pointing out the utility of the exchange reaction 
in the synthesis of optically active dialkyl sulfoxides 
starting from optically active aryl alkyl sulfoxides (see 
ref. 13). These authors also found that the exchange 
reaction occurred with inversion of configuration at 
sulfur. 

The generality of eq. 1 with respect t o  dimethyl 
sulfoxide was briefly remarked upon by Franzen 
at the Organic Reaction Symposium, Cork, 
Ireland, 1964 (2), but no details have since 
appeared. Jacobus and Mislow (3) have studied 
in detail the mechanism of the racemization of 
optically active methyl phenyl sulfoxide (1) with 
both methyl- and phenyllithium. The conclusion 
of their study was that racemization of the 
sulfoxide (and exchange of the alkyl group) most 
probably occurred via a sulfine intermediate 
(see Scheme 1). In the racemization of phenyl-I4C 
methyl sulfoxide with phenyllithium some loss of 
the labelled phenyl group accompanied racemiza- 
tion. A second pathway for exchange involving a 
sulfoxide-phenyllithium adduct (sulfurane inter- 
mediate) 2 was proposed for the loss of the 
labelled phenyl group (see Scheme 2). 

Andersen (4) has studied the reaction of di-p- 
tolyl sulfoxide with p-tolyllithium and has 
rationalized the formation of various products in 
terms of the decomposition (in the presence of 
excess p-tolyllithium) of an initially formed 
sulfurane 3 to an aryne (see Scheme 3). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



762 CAN.  J .  C H E M .  VOL. 5 2 ,  1974 

SCHEME 1. Racemization of optically active methyl phenyl sulfoxide via a sulfine intermediate. 

0 OLi 0 
I 1  *Ph\ l 

* P ~ s C H ~  f PhLi 5 
I I 

/S-CH3 = PhSCH3 + * ~ h ~ i  
: 1 

L 

SCHEME 2. Exchange of labelled phenyl groups via a sulfurane intermediate. 

I ArL i 

Our studies indicate that the sulfine mechanism 
is not an important pathway for the exchange of 
substituent on a reaction of a sulfoxide with 
alkyllithium. They point to a simple S,2 dis- 
placement at sulfur, simllar to that observed in 
the reaction of sulfinate esters with grignards (5) 
and sulfinamides with alkyllithiums (6), as the 
major pathway for exchange. No compelling 
evidence for the intermediacy of species such as 2 
was found for the exchange reactions. 

Discussion and Results 

The reaction of the alkyllithiums with sulf- 
oxides was carried out under N, in THF at 
acetone - Dry Ice temperatures for 10 min 
followed by addition of the reaction mixture to 
excess water. The product composition, i.e., the 
amount of cleavage was determined from either 
n.m.r. integrations carried out on the total crude 
product and/or via oxidation of the total crude 

, product with excess m-chloroperbenzoic acid in 
refluxing CH2C12 and determining the ratio of 
the sulfones thus produced by v.p.c. Good 
agreement was obtained when both methods 
were used to analyze a particular reaction. In 
general, reproducibility of the results was good, 

f 4%, except when t-butyllithium was used as 
base. In this case the amount of displacement 
varied considerably with the rate of addition of 
the alkyllithium. Under the controlled conditions 
as outlined, the variations in the amount of 
cleavage was + 10%. 

Two concurrent reactions can occur when a n  
alkyllithium is allowed to react with a sulfoxide: 
(a) abstraction of an a-hydrogen, i.e., formation 
of an a-lithio sulfoxide (1) and (6) exchange of 
one of the alkyl groups of the sulfoxide for the 
alkyl group of the alkyllithium. The relative 
amounts of each reaction for any particular 
sulfoxide vary with both the structure of the 
sulfoxide (number of a-hydrogens and their 
acidity, the size of the two substituents bonded t o  
the sulfoxide grouping and their leaving group 
characteristics) and that of the attacking alkyl- 
lithium (size and basicity). The variations due t o  
each effect are considered individually below 
(see also Tables 1 and 2). 

The reactions of methyl, ethyl, and isopropyl 
sulfoxides with methyl-, n-butyl-, and t-butyl- 
lithium illustrate several of the above points. 
Under the standard experimental conditions 
(THF solution, - 78", 10 min) methyllithium 
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DURST ET AL.: REACTION OF SULFOXIDES WITH ALKYLLITHIUMS 763 

TABLE 1. Reaction of sulfoxides with alkyllithiums 
-- - -- 

Displacement 
Expt. No. Sulfoxide Alkyllithium product Yield (%) 

1 PhS(0)CH3 11-BuLi 11-BuS(0)CH3 30 
2 PhS(0)CH3 t-BuLi r-BuS(0)CH3 43 
3 PhS(O)CH3 t-BuLia t-BuS(O)CH, 66 
4 PhS(O)CH, CH3Li, CH3S(0)CH3 < 3h 
5 PhS(0)CHzCH3 n-BULI n-BuS(0)CH3 35 
6 PhS(0)CH2CH3 r-BuLi I-BuS(0)CH3 50 
7 PhS(0)CH(CH3)2 CH3Lj - 0 
8 PhS(O)CH(CH,), f-BULI ~-BUS(O)CH(CH~)~ 38 
9 PhS(0)CH2Ph CH3Li PhS(0)CHS 7 

10 PhS(0)CHzPh 11-BuLi PhS(0)n-Bu 40 
11 PhS(0)CHzPh t-BuLi PhS(0)t-Bu 50 
12 PhS(0)CHzC1 CH3Li PhS(0)CH3 12 
13 PhS(0)CHzCI n-BuLi PhS(0)rl-Bu 4 
14 PhS(0)CHzC1 t-BuLi PhS(0)t-Bu 5 
15 PhS(0)CH(CI)CH3 CH3Li PhS(0)CH3 3 6 
16 PhS(O)CH(CI)CH, n-BULI PhS(0)rz-Bu 22 
17 PhS(O)CH(Cl)CH, r-BuLi PhS(0)r-Bu 9 
18 PhS(O)CH,(Li) r-BuLi r-BuS(O)CH,Li 3 3 
19 PhS(O)CH(Li)CH, f-BuLi t-BuS(0)CH(Li)CH3 35 
20 

-- 
C4H9S(O)C4H9 t-BuLi 7 

-- 
~ - B u S ( O ) C ~ H ~  

'A 3 :1 mol ratio of I-BuLi to sulfoxide was used. 
bEstimated. 

TABLE 2. Reaction of optically active sulfoxides with alkyllithiurns 

Displaced 
Sulfoxide [~ IDP)  Alkyllithium product [ ~ I D P )  

I I  
0 (''kt R-S- -CHRI  + R2H 

I I I 
R-S-CH2R1 -t R2Li Li 

I__, R ~ - S - C H ~ R ,  + RLi 

gave mainly carbanion formation and very ions for synthetic purposes. Methyllithium is 
little displacement with the above three sulf- sufficiently powerful to displace benzyl (-773, 
oxides (entries 4 and 7, Table 1). The stronger chloromethyl (12x1, and chloroethyl (36%) 
bases, n-BuLi and t-BuLi, on the other hand gave groups (entries 9, 12, 15). For these types of 
30-50% of phenyl group displacement (entries substances the use of lithium diisopropylamide is 
1, 2, 5, 6, 8). In general these bases are not recommended for carbanion generation. 
suitable for the generation of a-sulfinyl carban- The variations in the amount of phenyl group 
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displacement involving the reaction of t- 
butyllithium with methyl, ethyl, and isopropyl 
sulfoxide (43, 50, and 38%, respectively) prob- 
ably reflects an interplay of a variety of factors. 
Attack at sulfur is most favored for methyl 
phenyl and least favored for isopropyl phenyl 
sulfoxide on steric grounds. However, carbanion 
formation is also more favored for the methyl vs. 
isopropyl sulfoxide because of the greater number 
and greater acidity of the protons available for 
abstraction in the former compound. Ethyl 
phenyl sulfoxide represents an intermediate 
situation for both factors. The relative importance 
of the factors is such that the greatest amount of 
displacement occurs with the ethyl sulfoxide 
followed by the methyl and isopropyl derivatives. 

Somewhat surprising is the observation that 
an exchange reaction is possible even for 
PhS(O)CH,Li. This was suggested by the obser- 
vation that addition of a two-fold excess of 
t-butyllithium increased the amount of phenyl 
group displacement from 43 to 67%. When 
PhS(O)CH,Li was generated from PhS(O)CH, 
with CH,Li and then treated with t-butyllithium 
a 33% yield of t-butyl methyl sulfoxide was 
obtained (entry 18). Similarly, phenylsulfinyl 
ethide anion underwent a 38% displacement of 
the phenyl group upon exposure to t-BuLi 
(entry 19). The decrease in reactivity at sulfur due 
to the presence of an a-anion must be matched by 
a corresponding decrease in the acidity of the 
remaining a-hydrogens. 

The exchange results indicate that the dis- 
placed group departs as an anion, i.e., an 
alkyllithium. Thus, in the reactions of methyl 
phenyl sulfoxide with n-butyl- or t-butyllithium 
only displacement of the phenyl group was 
observed. Similarly, ethyl phenyl and isopropyl 
phenyl sulfoxides reacted with t-butyllithium to 
give t-butyl ethyl and t-butyl isopropyl sulf- 
oxides, respectively, as the only exchange 
products. The observed ease of exchange, phenyl 
> alkyl is in agreement with the pK, values of 
the conjugate acids (pK, of benzene = 37, of 
CH, = 40, of C,H, = 42) (7). Introduction of a 
chlorine atom in the CL-position of the alkyl 
group apparently sufficiently enhances its pK, to  
make CH,CI and CH(Cl)CH, better leaving 
groups than phenyl. The observed displacement 
of the benzyl group in both phenyl benzyl and 
methyl benzyl sulfoxide is also in agreement with 
the above postulate (pK, of PhCH, = 35 (7)). 

0 0 0 
I I II I1 

PhS-CH2Ph + r-BuLi -> PhS-r-Bu + PhSCHPh 

The effect of size of the alkyllithium was most 
apparent when one group on the sulfoxide was 
easily displaced such as in the reaction of a -  
chloroalkyl phenyl sulfoxides with methyl-, 
n-butyl- and t-butyllithium. As the size of the 
reagent increased the amount of displacement 
relative to proton abstraction is decreased. For 
example, in the reaction of PhS(O)CH(Cl)CH, 
with CH,Li, 17-BuLi, and t-BuLi the percentage 
displacement of the chloroethyl group decreased 
from 36 to 22 to 9, respectively. Similarly, the 
reaction of PhS(O)CH,Cl with methyl and 
n-butyllithium gave 12 and 4% displacen~ent of 
CH,Cl, respectively. 

The reaction of a number of optically active 
sulfoxides with alkyllithium was also investi- 
gated. When methyl- or n-butyllithium was 
employed the displaced products were formed 
with essentially complete inversion of configura- 
tion. Thus, for example, (R)-benzyl phenyl 
sulfoxide [a], -245" (c, 0.4 acetone (8)) was 
reacted with 1 equiv. of methyllithium in T H F  a t  
-78" for 10 min and then added to water. The 
crude product was separated by t.1.c. and gave 
recovered starting material (80% yield), [a], 
+241° (c, 0.4 acetone) -98% optically pure, and 
10% (S)-methyl phenyl sulfoxide, [a], - 142" 
(c, 1.9 ethanol) (reported (3) [a], for the R 
isomer +147.5" (ethanol)). The exchanged 
product was therefore formed with greater than 
95% inversion of configuration at sulfur. How- 
ever, when t-butyllithium was used as base the 
optical purity of the exchanged products was 
variable and generally quite low (see Table 2). The 
residual rotations indicated net inversion of 
configuration at sulfur. In a control experiment 
it was shown that t-butyl phenyl sulfoxide under- 
goes rapid racemization upon exposure to  
t-butyllithium. The racemization of t-butyl alkyl 
or aryl sulfoxides upon exposure to t-butyl- 
lithium cannot proceed via a sulfine intermediate 
nor via repeated S,2 displacements of the t-butyl 
group as an anion (all other groups, e.g., phenyl 
or methyl would be expected to be displaced 
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DURST ET AL.: REACTION OF SULFOXIDES WITH ALKYLLITHIUMS 

preferentially). One speculation which we would 
like to suggest at  this time is that racemization 
might occur via a radical intermediate produced 
by a one electron transfer from t-butyllithium to 
the sulfoxide, e.g. ,  via 4. 

Several mechanisms for exchange of the alkyl 
groups in sulfoxides upon reaction with alkyl- 
lithium can be considered. As mentioned earlier, 
alkyl group exchange could occur via (i) a sulfine 
intermediate, (ii) by direct displacement, or 
(iii) via a pentacoordinate intermediate. 

Alkyl group exchange via a sulfine can be 
eliminated in many of the reactions studied and 
thus must be considered highly unlikely except 
for possibly highly biased examples. Thus, for 
example, the exchange of the chloroalkyl groups 
in methyl, n-butyl, and t-butyl in chloromethyl 
and chloroethyl phenyl sulfoxides cannot occur 
via a sulfine intermediate. The only sulfines 
which could possibly be formed are CR(CI)=SO 
(R = H or CH,) and thus exchange via a sulfine 
would result in displacement of the phenyl group 
instead of the observed displacement of the 
chloroalkyl groups (see Scheme 4, and Table 1, 
entries 12-17). Similarly, the exchange of the 
benzyl group in benzyl phenyl (entries 9-1 1) and 
benzyl p-tolyl sulfoxide (Table 2) cannot involve 
a sulfine intermediate. 

Our results are most readily explained in terms 
of an S,2 mechanism. There is no evidence for 
the occurrence of a S(IV) intermediate capable of 
undergoing a pseudorotation (see below). Similar 
conclusions have been drawn by Tang and 
Mislow (9) for the base-catalyzed hydrolysis of 
cis- and trans-1-ethoxy-3-methyl thietanium 
hexachloroplatinates. Presented in Scheme 5 are 
trigonal bipyramidal intermediates which can be 

obtained from the reaction of (R)-benzyl methyl 
sulfoxide with methyllithium. In analogy with the 
pentacoordinate phosphorus chemistry (lo), the 
possible intermediates are generated by attack on 
the edge of the sulfur tetrahedron (apical 
insertion) rather than attack on a face (equatorial 
insertion). A continuation of the analogy with 
the phosphorus compounds (1 1) and with com- 
pounds such as SF, (12) enables one t o  eliminate 
bipyramidal structures having an apical 0- or an 
apical lone pair. The above limitations allow 
only two possible initial bipyramidal species, 5 
and 6, and make pseudorotation of these species 
unlikely since such a process invariably produces 
structures having either a lone pair or the 0- 
(or both) in the unfavorable axial position. 

Further consideration of Scheme 5 suggests 
that sulfuranes are not intermediates in these 
reactions. If they were, one would expect that 
species 5 and 6 would have been formed to 
approximately the same extent. If one also 
assumes apical departure then species 5 can lose 
either the CH, or the PhCH, leading to the 
starting materials o r  the observed product 
(S)-methyl sulfoxide, respectively, the latter 
being more likely because PhCH, is the better 
leaving group. From 6, either CH, or Ph can be 
lost. In thiscase loss of the phenyl group (a viable 
leaving group) to give benzyl methyl sulfoxide 
should be the preferred pathway. Since none of 
this sulfoxide was obtained in the reaction, 
species such as a and b are probably not inter- 
mediates. The formation of phenyl methyl 
sulfoxide with inversion of configuration at 
sulfur from benzyl methyl sulfoxide and  rnethyl- 
lithium is thus best explained in terms of 5 
being a transition state, i.e., partial bonds 

SCHEME 4. Reaction of chloroalkyl phenyl sulfoxides w ~ t h  alkyllithiums. 
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Carbon-13 Nuclear Magnetic Resonance Studies of ortho-Substituted Anisoles 
and Diphenyl Ethers 

GERALD W. BUCHANAN' 
Drpartrner~t of Cllenlislry, C~rletorr Urliversity, Ottri\c~a, C ~ l l ~ l ( / ~ i  KIS 5B6 

A N D  

GIORGIO MONTAUDO A N D  PAOLO FINOCCHIARO 
Itzstitlcte of'ltzd~tstrir~l Chrt,listry of tlre Utriversity, Viole A .  Dorirt 8, Critatlirr, Italy 

Received September 5 ,  1973 

Carbon-13 n.m.r. chemical shifts for 8 anisoles and 15 diphenyl ethers are reported. para- 
Carbon shieldings are found to be sensitive to the degree of steric interference to conjugative 
electron release by the ethereal oxygen atom. An empirical correlation between the para-carbcn 
shifts and the average twist angle of the phenyl rings from a reference plane has been developed. 
Satisfactory agreement has been found between the angles of twist derived from carbon chemical 
shifts and those based on other physical measurements. 

On rapporte les dCplacements chimiques en r.m.n, du carbone-13 de 8 anisoles et de 15 Cthers 
diphenylCs. On a trouvC que le blindage des carbones en para est sensible au degre d'inter- 
ference sterique a la scission des Clectrons de I'atonie d'oxygtne de la fonction Cthtree par con- 
jugaison. On a dtveloppC une corrClation empirique entre les dtplacements chimiques des 
carbones en para et les angles rnoyens de torsion du plan des noyaux phenyles par rapport a un 
plan de rtfirence. On a trouve une correlation satisfaisante entre les angles de torsion derives 
des deplacements chiniiques du carbone et ceux bases sur d'autres methodes physiques. 

[Traduit par le journal] 

Can. J .  Chern., 52,767(1974) 

Introduction 
In recent years considerable effort, using a 

variety of techniques, has been directed toward 
the elucidation of the geometries of substituted 
diphenyl ethers (DPO) in solution. As it would 
be expected, no single technique yields all the 
desirable information, rather the dizerent 
methods appear complementary. 

Several studies (1-6) indicate that the con- 
formational preference of DPO can be reason- 
ably established by 'H n.m.r. only if it is of the 
H-inside type (1) (the two phenyls lying per- 
pendicular to each other). In fact, the intra- 
molecular ring current shielding effect is sizeable 
for the H-inside form but sharply decreases for 
the other skew conformations, which become 
practically undetectable by this method (7, 8). 
Skew conformations have been claimed a t  times 
(9-12) to be consistent with dipole moment data, 
but it has been recently (13, 7, 6) pointed out 
that dipole moments often do not provide un- 
equivocal information about the conformational 
preferences of ortho-substituted DPO. 

'Author to whom correspondence should be addressed. 

Furthermore, semiempirical conformational 
energy calculations (8, 14) have shown that, 
except for the tri-ortlzo derivatives, there is a 
lack of conformational preference in ortho- 
methyl-substituted D P O ;  i.e., there a re  several 
conformations with comparable populations or, 
in the case of a single conformation, the  potential 
energy well is very shallow at its bottom so that 
the molecular population becomes distributed 
over a wide range of torsional angles. 

Lately, 'H  n.m.r. (6) and X-ray diffraction 
(15) evidence has been produced showing that 
electron withdrawing groups (nitro) are able 
to induce a conformational preference in DPO 
by enhancing the conjugation between unshared 
electrons of the bridging atoms a n d  the n 
electrons in the phenyl ring. 

It is now well established that ' 3C n.m.r. 
chemical shifts can be  an order of magnitude 
more sensitive to steric factors than 'H shifts in 
favorable cases (16, 17). Studies o n  ortho- 
substituted benzophenones (18) illustrate the 
potential of the method for conformational 
analysis of Ar-X-Ar compounds. I t  is clear 
from the results of Dhami and Stothers for 
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TABLE 1. 13C n.m.r. chemical shifts for anisoles 

6 ,  (p.p.m. from TMS + 1)* 

1 
Substituent position CH3 1 CH3 

>H >H 
Compound CH3 NO2 iso-Pr C-1 C-2 C-3 C-4 C-5 C-6 OCH3 2-CH3 CH3 CH 3 

-- -- 

1 159.2 113.8 128.9 120.1 128.9 113.8 55.1 
2 2 157.6 130.5 126.5 120.3 126.5 110.2 55.3 16.0 
3t 2,6 156.2 129.3 127.6 122.6 127.6 129.3 57.9 15.0 
4 2 153.0 139.9 125.8 120.9 134.5 114.3 57.4 
5 4 163.8 113.6 125.1 141 .O 125.1 113.6 55.9 
6 2,4 157.0 (139.3) 122.2 (140.7) 129.8 114.7 58.8 
7 2 156.7 137.0 (126.3) 120.5 (125.9) 110.6 55.6 27.3 23 .O 
8 2,6 154.7 141.4 123.9 123.3 123.9 141.4 61.6 26.8 23.8 

'0.5 M solutions in CDC13. 
tsaturated solution in CS2 (ref. 19). 

TABLE 2. 13C n.m.r. chemical shifts for methyl and nitro substituted diphenyl ethers 

Substituent 
position S c  (p.p.m. from TMS -I I)* 

Compound CH3 NO, C-1 C-2 C-3 C-4 C-5 C-6 C-I' C-2' C-3' C-4' C-5' C-6' 2-CH3 6-CH3 

'0.5 M solutions in CDCIA. 
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BUCHANAN ET AL.: 13C N . M . R .  STUDIES 769 

substituted anisoles (19) that carbon shieldings 
reflect the degree of steric hindrance to electronic 
interactions in these molecules and it seems 
reasonable to expect that I3C n.m.r. should have 
valuable application for the study of diphenyl 
ether conformations as well. Accordingly we 
have examined the 13C n.m.r. spectra of 15 
diphenyl ethers and compared the shieldings 
with those for related anisoles. The conforma- 
tional implications of the data are discussed. 

Results 
To aid in the discussion of the diphenyl ether 

shielding trends, results for related anisoles are 
presented in Table 1. Tables 2 and 3 contain 
carbon chemical shifts for methyl and nitro 
substituted diphenyl ethers and isopropyl nitro 
diphenyl ethers, respectively. 

Methods of assignment used for some anisoles 
have been published previously (19). For di- 
phenyl ethers assignments for carbons bearing no 
directly bonded hydrogens are based on the 
retention of singlet structure for these resonances 
in the off-resonance decoupling experiment. In 
several compounds the ortho aromatic carbons 
were assigned from specific 'H decoupling since 
it is known (6) that protons ortlzo to the oxygen 
of diphenyl ethers resonate at higher fields than 
those in tneta and para positions. Remaining ring 
carbon assignments were made by analogy with 
anisoles (19) or by using well-established sub- 
stituent effects on aromatic carbon shieldings 
(20). Characteristically, ring carbons directly 
bonded to nitrogen show low integrated intensity 
and additional line broadening due to the effect 
of the adjacent 14N nucleus. 

ortlzo-Methyl carbons can be clearly assigned 
and appear at 15.6 + 0.6 p.p.m. These shifts are 
ca. 4 p.p.m. to higher field than those found in 
benzophenones (18) but they do not vary signifi- 
cantly with conformation. Isopropyl methine and 
methyl signals can be distinguished readily on 
the basis of off-resonance decoupling and empiri- 
cally established trends of alkyl substitution (21) 
on 13C n.1n.r. shifts. 

For anisoles 1, 2, 3, and 5 present shifts are in 
good agreement with those reported earlier (19). 
NO isopropyl methyl or methine shieldings for 
7 and 8 were reported in the previous work (19) 
and for 8 the higher resolution now attainable 

for the parent compound 9 (221, and agreement 
between shieldings observed herein and those 
previously reported is satisfactory. 

A common practice in assignment of reso- 
nances for polysubstituted aromatics has been 
the use of additivity of substituent effects (19,20). 
Providing the substituents are not ortlzo, good 
additivity relationships are generally found. 
Attempts to use additivity can, however, aid 
designation of resonances for ortho-substituted 
materials as well provided that proper caution is 
used. Consider 2-nitroanisole (4). Using nitro- 
benzene (a) and anisole (b) as models, the pre- 
dicted shifts relative to that of benzene (128.7) 
are shown below (c). 

Observed values relative to benzene are shown 
in parenthesis. Only the C-2 value shows serious 
deviation from additivitv but this resonance was 
clearly that due to a caibon bonded t o  nitrogen 
for spectral reasons outlined previously. For the 
2,4-dinitroanisole 6,  chemical shifts can be pre- 
dicted using the experimental values for 4 
and assuming additivity effects from the 4-NO, 
function. Results are shown below, and with the 

exception of C-1, predicted shifts based on 
additivity give reasonable (within I .7 p.p.m.) 
agreement with those observed. These assign- 
ments in the anisoles were used as a basis for the 
more complex diphenyl ether systems to be dis- 
cussed later. 

allows observation of separate signals for the Anisoles 
C-3,5 and C-4 ring carbons. The only published The 13C chemical shifts for anisole can be 
13C n.m.r. data available for diphenyl ethers are reasonably interpreted in terms of conjugative 
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TABLE 3. I3C n.m.r. chemical shifts for isopropyl nitro diphenyl ethers 
-- 

0 

6 ,  (p.p.m. from TMS I)* > 
Substituent Z 

k 

position CH3,1 
CH 2 

Compound iso-Pr NO2 C-1 C-2 C-3 C-4 C-5 C-6 C-I' C-2' C-3' C-4' C-5' C-6' C H 3 ~ ~ 3 '  : 
20 2,6 4' 148.1 141.8 125.3 127.1 125.3 141.8 164.4 115.6 126.3 142.8 126.3 115.6 23.9 28.1 
21 2 4' 151.3 140.3 (126.9) 124.8 (127.3) 109.8 163.2 116.2 125.5 142.4 125.5 116.2 23.1 27.5 r 

"8 

22 2,6 2', 4' 147.0 140.8 125.7 128.2 125.7 140.8 155.8 138.4 122.5 141.4 130.2 1 6 . 5  { :  27.5 !" - 
*0.5 M solutions in CDCI,. 
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BUCHANAN ET AL.: 13C N.M.R. STUDlES 771 

electron release by the oxygen atom (19). Con- 
tributions from the resonance forms depicted 
below will increase the electron density at the 
ortho and para positions relative to benzene and 

thus increase the shieldings. The resonance for 
the C-3,5 carbon (128.9) is nearly identical to 
that of benzene (128.7), an effect which appears 
to be general for mono-substituted aromatics 
(17). The methoxy carbon resonance at 55.1 
p.p.m. is characteristic of such moieties (19). 

When an alkyl group is substituted in the 
2-position (i.e. compounds 2 and 7) the most 
interesting effect is the upfield shift of ca. 3 p.p.m. 
observed at C-6. A possible rationale for this is 
a closer spatial approach of the methoxy carbon 
with C-6 as a consequence of the increased 
steric congestion at C-2. As a result a "y" steric 
interaction will arise and an increased shielding 
at C-6 is expected (23). On this basis, one might 

on the size of the ortho groups. It is reasonable to 
conclude, therefore, that there is steric inter- 
ference of the ortho groups with the methoxy 
function in the 2,6-disubstituted materials, such 
that electron release by the oxygen is substan- 
tially reduced. The most populated conformation 
of these hindered materials is likely one in which 
the 0-CH, group deviates from coplanarity 
with the aryl ring. 

In the 2,6-diisopropyl compounds shieldings 
at C-2,6 and C-3,5 differ substantially from those 
for the 2,6-dimethylated materials. The down- 
field shift of ca. 11 p.p.m. at the C-2,6 carbon of 
the isopropyl ethers is in accord with the empiri- 
cally established trends of P-alkyl substitution 
observed in hydrocarbons (21). The C-3,5 
carbons of the 2,6-diisopropyl ethers are shielded 
by ca. 3 p.p.m. relative to the 2,6-dimethyl 
materials, an effect which is likely due to a y 
steric interaction (23) between the isopropyl 
methyl groups and the C-3,5 carbon, which is 
not present in the methylated ethers. 

expect a shielding of the methoxy carbon as well, 
but no substantial difference is evident between 
1, 2, and 7. It may be that the ortho carbon 
shieldings are sens~tlve to the orientation of the 
lone pairs on oxygen, however the clear existence 
of such an effect remains to be demonstrated. 

If there is a significant perturbation of the 
methoxy-aryl ring interaction, a deshielding of 
the para-carbon would be expected due to an 
attenuation of the conjugative electron release 
by oxygen. The C-4 shifts for 2 and 7 are nearly 
identical to 1 and thus there is no evidence for a 
steric inhibition of resonance in the mono-ortho 
derivatives. It is likely, however, that there is only 
one planar conformation (shown above) in which 
there is appreciable conjugation. 

By contrast, in the 2,6-dialkyl derivatives 3 and 
8 deshielding effects of ca. 3 p.p.m. are observed 
at the para-carbon. For an extensive series of 
anisoles, Dhami and Stothers have shown that 
the magnitude of this deshield~ng IS dependent 

The trends in methoxy carbon resonances for 
the anisoles indicate a deshielding in 2,6-di- 
alkylated systems which is more pronounced as 
the steric bulk of the alkyl groups increase. As 
previously noted (19) this trend is opposite to 
that expected if the electron releasing tendency 
of oxygen is reduced in sterically hindered cases. 
Although we can offer no fundamental reason 
for the effect. there is now evidence for large 
steric deshielding effects between methyl groups 
which occupy a 6 orientation in other com- 
pounds. A particular example is the 6.6 p.p.m. 
deshielding noted for the methyls of 1,8-di- 
methylnaphthalene relative to methylnaphthal- 
ene (24). For 2,6-dimethylanisole 6 interactions 

are possible between the ortho-CH,'s and the 
methoxy group, in a planar conformation. No 

doubt the planar form will be populated to only 
a minor extent and thus the magnitude of the 
deshielding is smaller (ca. 2.5 p.p.m.) here than 
in 1,8-dimethylnaphthalene. In the 2,6-diiso- 
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propyl systems the interacting CH, groups are E 

to  each other and a further deshielding of the 
methoxy carbon by ca. 4 p.p.m. is noted. It is 
interesting that the methyl resonances of the 
2,6-diisopropyl cases are ca. 0.8 p.p.m. lower 
field than the 2-isopropyl molecules, indicating 
a mutual methoxy-methyl deshielding in the di- 
ortlzo-substituted compounds. Clearly more work 
is needed to delineate the contributions to this 
phenomenon but it is now evident that consider- 
able steric deshielding exists in favorable cases 
for interacting groups further apart than a y 
orientation. 

Diphenyl Ethers 
It is useful to compare the ring carbon shifts 

of diphenyl ether 9 with anisole 1. From the 
earlier discussion for anisole, one would expect 
(relative to benzene) an increase in the electron 
density at the ortho and para positions of 
diphenyl ether as well due to the conjugative 
electron release by oxygen. Shieldings for 9 are 
consistent with this suggestion. Para-carbon 
shieldings for 10 and 11 are close to  that of 9, a 
trend consistent with anisoles 1 and 2. The down- 
field shift of C-6 in 10 is puzzling, however, and 
we can offer no rationale for this at present. With 

1 this exception, the ortho-methine carbon shifts 
I of 9, 10, and 11 closely coincide. 

For the 2,6-dimethyl derivative 12, a deshield- 
ing of ca. 2.5 p.p.m. is observed at C-4 relative 
to 9, 10, and 11. By analogy with the anisole 
trends it is suggested that this deshielding results 
from a steric inhibition of the conjugative elec- 
tron release by oxygen into the substituted ring. 
Most interestingly, both the C-2',6' and C-4' 
positions are shielded in 12 relative to 9 indi- 
cating that electron release into the unsubstituted 
aryl ring may be enhanced when both ortho 
positions are occupied in the adjacent aryl moiety. 
In fact the unsubstituted ring carbons of 12 are 
only slightly deshielded (except for C-1') relative 
to  anisole itself. 

Shieldings for the 2'-nitrodiphenyl ether 13 
were assigned using specific decoupling experi- 
ments and compound 4 as a model. Relative to 9, 
the 2'-nitro group induces downfield shifts of ca. 
1 p.p.m. for all carbons of the unsubstituted 

1 ring (except C-1). Introduction of methyl groups 
1 at C-2 and -6 as in 17 again produces apprecia- 

able deshielding (3 p.p.m.) at C-4 relative to 13. 

I Furthermore, C-2', 3', and -6' of 17 are notice- 
ably shielded (2-5 p.p m.) relative to 13 or 14, 

indicating that conjugative electron release by 
oxygen may be increased into the nitro sub- 
stituted ring, while conjugation is decreased into 
the di-ortho-alkylated phenyl ring. 

Compared t o  9, shieldings for the 4'-nitro- 
diphenyl ether (14) suggest that electron with- 
drawal by the NO, group from all positions of 
the remote phenyl ring (except C-1) as mirrored 
by downfield shifts of 1-3 p.p.m. A 2-methyl 
substituent as in 16 or a 2-isopropyl group (21) 
causes little change in the C-4 shift relative to  
14, a trend consistent with that for 9, 10, and 11. 
For the 2,6-dialkylated compounds 15 and 20, 
again substantial deshielding occurs at C-4 
relative to 14, 16, and 21. The  deshielding is 
accentuated when the more bulky isopropyI f ~ ~ n c -  
tions are present in agreement with the suggested 
operation of steric interference to  resonance. By 
contrast to the earlier cases, shieldings for C-2', 
-4', and -6' of 14, 15, 16, 20, and 21 follow n o  
clearly discernible pattern. 

For 18, the electron withdrawing power of 
the nitro groups is evident in the downfield shifts 
of the unsubstituted ring carbons, especially C-4 
which now appears at 125.9p.p.m. i.e., 4.3 p.p.m. 
below C-4 of 9. Shifts in the substituted ring 
follow patterns similar to the anisole 6. Intro- 
duction of a 2-methyl (19) or a 2-isopropyl (23) 
moiety does not change the C-4 shift substantially 
from that of 18 but in the 2,6-diisopropyl deriva- 
tive 22, a deshielding of ca. 2.5 p.p.m. at C-4 is 
apparent. Again we suggest this has a conforma- 
tional basis and is a result of sterically attenuated 
electron release by the ethereaI oxygen. 

The observation of separate isopropyl methyl 
resonances for 22 is consistent with the reports 
that the barrier to rotation about the aryl- 
oxygen bond is ca. 18 kcal/mol (4, 25). It is 
interesting t o  note that the shift difference 
between the diastereotopic methyl groups is 
42 Hz for the carbons compared with only 7 H Z  
for the protons. Potentially, therefore, I3C n.m.r. 
should yield more precise kinetic parameters for 
hindered rotation in these molecules. 

Throughout this study n o  obvious carbon 
shielding trends as a function of substituents 
have been noticed at either C-1 or -1' and accord- 
ingly no detailed discussion of these shieldings is 
included. Similar conclusions were reached in 
previous anisole work (19) regarding C-1 shifts. 

Torsional Angles 
The para-carbon shielding trends in anisoles 
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and DPO's suggest that an empirical correlation 
of these shifts with the average twist angle (0) of 
the respective phenyl ring from the reference 
plane2 may be possible. Initially, we make the 
reasonable assumption that the shift value of 
120.1 for C-4 of 1 is indicative of a conformation 
with 0 = 0". 

From X-ray (15) and 'H n.m.r. data (1-6), the 
tri-ortho-substituted compounds 17 and 22 are 
known to adopt an essentially perpendicular 
(0 = 90") conformation in both the solid state 
and in solution. In order to employ the C-4 shifts 
of 17 and 22 as models for compounds having 
0 = 90" however, correction for the inductive 
effects of the nitro groups on the remote phenyl 
ring must be made. Comparison of the 4'-NO, 
derivative 14 with diphenyl ether 9 indicates that 
C-4 of 14 is deshielded by 3.1 p.p.m. as a result 
of electron withdrawal by the 4'-NO, function. 
Applying this 3.1 p.p.m. "correction factor" to 
the C-4 shift of 22 yields a value of 125.1, which 
is in reasonable agreement with the value of 
125.5 for C-4 of 17. Accordingly we have used 
an average of these values, 125.3 p.p.m., to 
denote the C-4 shift for a compound in a per- 
pendicular conformation. No correction factor 
for a 2'-NO, group is included due to the likeli- 
hood that this function in the ortho position will 
induce steric preferences. 

Assuming complete absence of conjugation at 
0 = 90°, the value of cos2 0 should be pro- 
portional to the extent of conjugation present. 
From the eauation: 

where 6 is the C-4 shift in p.p.m., 0 values for 
some of the anisoles and all of the DPO's have 
been calculated. The anisole results in Table 4 
indicate that only in the di-ortho-alkylated sys- 
tems 3 and 8, does 0 vary substantially from that 
in 1. Differential solvent effects (CDCI, vs.  CS,) 
however, may make the value for 3 somewhat 
uncertain. 

For DPO's 14, 15, 16, 18, 19, 20, 21, and 23, 
the 3.1 p.p.m. "correction factor" has been used 
to adjust the C-4 shifts before substitution into 
the above equation. Except for perpendicular 
forms 17 and 22, the largest interplanar angles 
(Table 5) are found in the di-ortho-alkylated 

'In anisoles, the reference plane is the Car-0-CH, 
plane. 

TABLE 4. Average twist angle 
in anisoles 

Compound '30 

TABLE 5. Average interplanar 
angle in diphenyl ethers 

Compound or) 

compounds 12 and 20. Mono-ortho-alkylated 
systems 10 and 21 show the smallest angles as 
expected. 

Several other physical methods have been 
applied to the determination of 0 in  diphenyl 
ether 9. X-Ray diffraction shows a twist angle 
of 17.5" (26) whereas Kerr constants have been 
interpreted in terms of a 37" angle (27). Ultra- 
violet spectral analysis furnished a value of 50" 
(6). Clearly our finding of 0 = 33" for 9 compares 
favorably with estimates from other techniques. 
A recent extended Huckel m.0. treatment (28) 
suggests a twist angle of 52" in 9. 

Conclusions 
para-Carbon shieldings in anisoles and di- 

phenyl ethers can be rationalized on the basis of 
conjugative electron release into the aromatic 
rings by the ethereal oxygen atom. I n  di-ortho- 
alkylated materials there appears to be appreci- 
able steric inhibition to  conjugation with the 
congested aryl moiety. There is some evidence to 
indicate that in these cases the electron release 
into the adjacent benzene ring is enhanced. 
Correlation of the para-carbon shifts with molec- 
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u la r  c o n f o r m a t i o n  seems to ind ica t e  that these 
molecules  adopt a helical  c o n f o r m a t i o n  in  solu- 
t i on ,  a l t h o u g h  t h e  oscil lat ion around t h e  pos i t ion  
o f  m i n i m u m  ene rgy  is  qu i t e  large.  

Experimental 
Spectra 

The carbon n.m.r. spectra were obtained at 25.2 MHz 
using a Varian XL-100-12 n.m.r. spectrometer, most 
commonly under conditions of complete proton noise 
decoupling. Spectral accum~llations were done with a 
Varian C-1024 time averaging computer. Samples were 
contained in 8 mm tubes and were examined as 0.5 M 
solutions in CDC13, containing 2% TMS as an internal 
standard. Off-resonance decoupling experiments were 
carried out with the proton frequency offset approxi- 
mately 500 Hz from the center of the proton spectral 
region. During the specific proton decoupling experi- 
ments the noise modulation was turned off. 

Co~?ipo~mds 
The methods of preparation for the novel compounds 

discussed in this paper will be reported elsewhere. The 
remaining compounds were prepared according to the 
literature (1, 2, 4-6). 

We thank the North Atlantic Treaty Organization and 
the National Research Council of Canada for generous 
financial support. 

1. W. D. CHANDLER,  W. MAC F. SMITH,  and R. Y. 
MOIR. Can. J. Chem. 42, 2549 (1964). 

2. P. A. LEHMANN and C. E. JORGENSEN. Tetrahedron, 
21, 363 (1965). 

3. P. A. LEHMANN. Org. Magn. Res. 2, 467 (1970). 
4. J. J. BERGMANN, W. D. CHANDLER, and R. Y. MOIR. 

Can. J .  Chem. 49, 225 (1971); 50, 353 (1972). 
5. J .  J .  BERGMANN, E.  A. GR~FFITH,  B. E. ROBERTSON, 

and W. D. CHANDLER. Can. J .  Chem. 51, 162 (1973). 
6. G. MONTAUDO, P. FINOCCHIARO, E. TRIVELLONE,  F. 

BOTTINO, and P. MARAVIGNA. Tetrahedron, 22,2125 
(1971); G. MONTAUDO, F .  BOTTINO, and E. TRIVEL- 
LONE, J. Org. Chem. 37, 504 (1972). 

7. G. MONTAUDO, S.  CACCAMESE, and P. FINOCCHIARO. 
J. Am. Chem. Soc. 93, 4204 (1971). 

8. G. MONTAUDO and P. FINOCCHIARO. J.  MoI. Struct. 
14, 53 (1972). 

9. J .  E. ANDERSON and C. P. SMYTH. J .  Chem. Phys. 42, 
473(1965);F. K. FONG. J.  Chem. Phys.40,132(1964). 

10. C. W. N. CUMPER, J.  F. READ, and A. 1. VOGEL. J. 
Chem. Soc. 5860 (1965). 

11. G. C. PAPPALARDO and S. PISTARA. Tetrahedron, 28, 
1611 (1972). 

12. P. A. LEHMANN and D. M. MCEACHERN. J.  Mol. 
Struct. 7, 253, 267, 277 (1971). 

13. G. MONTAUDO, P. FINOCCHIARO, and S. CACCAMESE. 
J. Org. Chem. 38, 170 (1973). 

14. G. MONTAUDO and P. FINOCCHIARO. Unpublished 
observations. 

15. E.  A. H. GRIFFITH, W. D. CHANDLER, and B. E. 
ROBERTSON. Can. J .  Chem. 50, 2963, 2972 (1972). 

16. G. W. BUCHANAN, D. A. Ross,and J. B. STOTHERS. J. 
Am. Chem. Soc. 88, 4301 (1966). 

17. J. B. STOTHERS. Carbon-13 NMR spectroscopy. 
Academic Press, New York, N.Y. 1972. 

18. G. W. BUCHANAN, G. MONTAUDO, and P. FINOC- 
CHIARO. Can. J. Chem. 51, 1053 (1973). 

19. K. S. DHAMI and J.  B. STOTHERS. Can. J. Chem. 44, 
2855 (1966). 

20. P. C. LAUTERBUR. J.  Am. Chern. Soc.S3,1846(1961). 
21. D. M. GRANT and E. G. PAUL. J. Am. Chem. Soc. 86, 

2984 (1964). 
22. L. F .  JOHNSON and W. C. JANKOWSKI. Carbon-13 

n.m.r. spectra. John Wiley and Sons,  New York, N.Y. 
1972. 

23. W. R. WOOLFENDEN and D. M. GRANT, J.  Am. Chem. 
SOC. 88, 1496 (1966). 

24. S. H.  GROVER, J.  P. GUTHRIE, J. B.  STOTHERS, and C. 
T. TAN.  J.  Magn. Res. 10, 227 (1973). 

25. H. KESSLER, A .  RIEKER, and W. RUNDEL. Chem. 
Commun. 475 (1968). 

26. H.  HIGASI. Dipoles, molecules, and chemistry. 
Monograph Series of the Research Institute of Applied 
Electricity. No.  13. Hokkaido University, Sapporo. 
1965. 

27. R. J. W. LE F ~ V R E ,  A. SUNDARAM, and K. M. S. 
SUNDARAM. Bull. Chem. Soc. Jap.  35, 690 (1962). 

28. V. GALASSO, G. DE ALTI, and A. BIGOTTO. Tetrahed- 
ron, 27, 6151 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



An Efficient and Selective Monohydrido Rhodium(1) Homogeneous Hydrogenation 
Catalyst Containing a Cyclic Phosphine 
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Depnrttnetzt qf Cl~etnislry. Lakehenti University, Tl~~rtzrler Bay, Otllario P7B 5EI 
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The preparation of the complex RhH(DBP)4 (where DBP is a drbenzophosphole derivative) 
is described. It is a very effective and selective catalyst for the homogeneous hydrogenation of 
terminal olefins. Kinetic and mechanistic data for the hydrogenation of 1-hexene are presented. 

On dCcrit la prtparation du complexe RhH(DBP)4 dans lequel DBP est un dtrivt dibenzo- 
phosphole. Ce complexe est un catalyseur trbs efficace et tres selectif pour hydrogenation homo- 
gene des olefines terminales. On presente des donnCes c~netiques et mechanistiques pour 
I'hydrogCnation de I'hexbne-1. [Traduit par le journal] 
Can. J. Chem., 52,775 (1974) 

The wide use of phosphine complexes of has a band at 2070 cm-' assignable to the Rh-H 
rhodium as homogeneous hydrogenation cata- stretching frequency. A chloroform solution of 
lysts is well documented (1, 2). We have pre- the complex shows a broad n.m.r. signal at 
viously noted that rhodium complexes of cyclic r20.6 corresponding to the proton attached to 
phosphines also catalyze the homogeneous the rhodium atom. Recrystallization of RhH- 
hydrogenation of 1-hexene (3) although, so far, (DBP), from benzenelethano1 results in the loss 
these systems have not been as effective as the of a ligand and the formation of RhH(DBP), 
triphenylphosphine analogs. Hydrido complexes which has no detectable band in the 2000 cm-' 
of rhodium are known to be intermediates in region of the i.r. spectrum nor could a repro- 
hydrogenation processes, although relatively ducible n.m.r. signal for the hydrogen be found 
few systems involving monohydrido phosphine although the complex appears to be relatively 
complexes (without CO) appear to be efficient stable in the solid state. 
catalysts per se. Hydrido phosphine complexes The orange-red oxygen-free benzene solutions 
of Rh(1) of the type RhHL,, (n = 3 or 4, L = of RhH(DBP), are extremely effective in 
PPh, (4), PPh2Me ( 9 ,  P(OAr), (6) ,  and PF, (7)) catalyzing the homogeneous hydrogenation of 
have been prepared, but only the complex terminal olefins (C,-C,,) at 20 OC and less than 
RhH(PPh,), has been briefly studied as a 1 atm of H, pressure (Table 1). Internal mono- 
homogeneous hydrogenation catalyst (8). In enes, conjugated dienes, and acetylenic bonds 
this paper we report the synthesis of a new, are hydrogenated at much slower rates. Cyclic 
extremely active, hydrogenation catalyst RhH- monoenes, dienes, trans-olefins, together with 
(DBP), (where DBP = 5-phenyl-5H-dibenzo- functional groups such as -CN, -NO2, and 
phosphole (1)) and a study of the kinetics and >C=O are not hydrogenated under these 
mechanism of its use in the homogeneous conditions. 
hydrogenation of olefins. Benzene solutions of RhH(DBP), do not 

react with hydrogen after stirring for several a hours, nor with 1-hexene under a nitrogen 

~ h '  
DBP atmosphere. Admission of more hydrogen gas 

into the reaction vessel after the initial hydrogen 
1 has been consumed by the 1-hexene increases 
Results the hydrogenation rate remarkably. Additional 

The air stable, bright orange complex RhH- olefin can be reduced by introduction of more of 
(DBP), can be prepared either by reduction of the olefin and readjustment of hydrogen pressure 
RhCl,(DBP), (3) with NaBH, or by reaction at the end of a run. 
of the latter with RhCl(CO),(DBP) (3) in the Comparative rates of hydrogenation of 1- 
presence of an excess of DBP. Its i.r. spectrum hexene in benzene using several rhodlum(1) 
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TABLE 1. Relative rates of hydrogenation 
of unsaturated substances using RhH- 
(DBP), as catalyst in benzene at  20". (0.5 
rnM RhH(DBP),, 0.5 M substrate, 60 crn 
partial H, pressure, 25 rnl total volume). 

Rate (ml of Hz 
Substrate* uptake per min) 

1-Hexene 35.4 
1-Heptene 26.8 
1-Octene 47.3 
I-Decene 42.4 
1-Hexadecene 25.8 
1-Docosene 13.0 
2-Octene 0 . 9  
1,3-Pentadienet 0 .2  
1,5-Hexadiene 10.1 
Styrene 7 .4  
Ethylene* 6 .0  
Allyl cyanide 26.6 
Allyl alcohol 7 . 4  
Acrolein 2 .4  
Propargyl alcohol 0 .2  
2-Methyl-3-butyn-2-01 9 . 9  

t55 cm partial H, pressure. 
tPartial Dressure o f  C,H, = 26 cm: rate measured 

at iota1 pressure o f  66 cm. 

TABLE 2. Relative rate of hydrogena- 
tion of 1-hexene (0.5 M) in C6H6 at 60 

crn partial H, pressure and 20" 

Catalyst* Relative rate 

*Catalysts were 
except 1.0 m M  for 

0.5 m M  in concentration, 
RhH(CO)(PPh,),. 

phosphine catalysts are listed in Table 2 and it 
can be seen that RhH(DBP), is about 7 times 
as active as Wilkinson's catalyst, RhCl(PPh,),, 
under similar conditions. Hydrido-tetrakis (tri- 
phenylphosphine)rhodium(I), RhH(PPh,),, is 
also an efficient catalyst under similar conditions 
(rate = 1.2 x M s-' for a 0.5 mM 
catalyst solution, 0.5 M 1-hexene, 60 cm partial 
pressure of H, at 20") although at a rate -8 
times slower than the DBP analog. 

The ebullioscopicaIly determined molecular 
weight of RhH(DBP), in benzene (3.1 mM 
solution) is estimated at -400. This is considered 
lower than the correct value for dissociation of 
one DPB ligand (- 570) probably because of the 

extreme air sensitivity of benzene solutions of 
the complex and the relatively long times such 
solutions are exposed to the glove box atmos- 
phere (N,) during determinations. 

The reaction kinetics for the hydrogenation of 
1-hexene have been studied, the overall rates of 
hydrogenation being measured with variance of 
the alkene concentration, hydrogen pressure, 
catalyst concentration, and added ligand, DBP. 
The results obtained (shown in Table 3) indicate 
a good first order dependence on 1-hexene 
(0.2-0.6 M) (Fig. 1). The dependence on hydro- 
gen which is first order at low pressure but 
tends to zero order at higher pressures, is shown 
in Fig. 2. The dependence on catalyst concentra- 
tion (Fig. 3) is first order at very low concentra- 
tions, but becomes less than first order at higher 
catalyst concentration. Addition of DBP to the 
catalyst solution causes a marked decrease in 
reaction rates. Thus, a plot of the reciprocal of 
the rate against the added DBP is linear (Fig. 4). 

Discussion 

The results reported above indicate that 
RhH(DBP), in benzene is an extremely efficient 
and highly selective catalyst for the hydrogena- 
tion of terminal olefins and other unsaturated 
molecules containing the grouping RCH=CH,. 
The catalyst in solution is not as  susceptible to  

FIG. 1. Dependence of the rate of hydrogenation of 
1-hexene in benzene at  20 "C on the concentration of 
I-hexene (0.35 m M  RhH(DBP),, 55 crn of Hz pressure). 
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TABLE 3. Kinetic data for the hydrogenation of 1-hexene 
-- -- - 
[RhH(DBP),I PH 2 [Hz1 [ I  -Hexenel IDBPI Rate 

x 103 (M) (cm) x lo3 (M) ( M )  x lo3 (M) x 104 ( M  S - I )  

0.35 55 3.60 0.20 - 4.16 
0.35 55 3.60 0.25 - 6.40 
0.35 55 3.60 0.30 - 6.88 
0.35 55 3.60 0.40 - 9.80 
0.35 55 3.60 0.50 - 11.18 
0.35 55 3.60 0.60 - 13.48 
0.35 62 4.06 0.25 - 6.22 
0.35 38 2.50 0.25 - 5.42 
0.35 30 1.98 0.25 - 4.39 
0.35 20 1.34 0.25 - 3.22 
0.05 55 3.60 0.25 - 2.95 
0.10 55 3.60 0.25 - 4.23 
0.20 55 3.60 0.25 - 5.10 
0.30 55 3.60 0.25 - 6.11 
0.43 55 3.60 0.25 - 6.98 
0.54 55 3.60 0.25 - 8.55 
0.60 55 3.60 0.25 - 7.48 
0.35 55 3.60 0.25 0.02 1.61 
0.35 55 3.60 0.25 0.04 0.63 
0.35 55 3.60 0.25 0.09 0.39 
0.35 55 3.60 0.25 0.18 0.19 
0.35 55 3.60 0.25 0.34 0.11 

FIG. 2. Dependence of the rate of hydrogenation of 
I-hexene in benzene at 20' on the concentration of 
hydrogen (0.35 m M  RhH(DBP),, 0.25 M 1-hexene). 

poisoning due to traces of oxygen (or peroxide) 
as is, for example, the excellent ruthenium 
catalyst, RuHCl(PPh,), (9). Under the condi- 
tions described here, RhH(DBP), is clearly 
considerably more efficient than RhH(C0)- 
(PPh,), (lo), RhCI(PPh,), ( I l ) ,  and RhH- 
(PPh,), in the catalytic hydrogenation oftermins1 
olefins. 

The crystal structure of RhH(PPh,), (12) 
shows the four phosphorus atoms occupying 

the tetrahedral positions about the metaland the 
hydrogen atom probably on a 3-fold axis. It is 
not unreasonable that RhH(DBP), is isostruc- 
tural with the triphenylphosphine analog because 
steric interactions between the DBP groups 
would probably be minimized in such an 
arrangement. 

The specificity of some catalysts containing 
triphenylphosphine for the hydrogenation of 
I-alkenes has been attributed to steric factors 

FIG. 3. Dependence of the rate of hydrogenation of 
I-hexene in benzcne at 20" on the concentration of 
RhH(DBP)4 (0.25 M I-hexene. 55 cni of H2 pressure). 
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FIG. 4. Dependence of the reciprocal of the rate of 
hydrogenation of I-hexene in benzene at 20' on the 
concentration of DBP (0.35 niM RhH(DBP),, 0.25 M 
1-hexene, 55 cm of Hz pressure). 

associated with the triphenylphosphine ligands. 
The two phosphine ligands in the species, 
RhH(CO)(PPh,), or RuHCl(PPh,),, formed by 
the dissociation of the trisphosphine complexes, 
are mutually trails and thus, formation of the 
intermediate square planar alkyl complex (see 
reaction 9) is seriously hindered (1). On this 
basis, the selectivity of the catalytic system 
described in this paper can easily be explained. 
Thus, molecular weight data are consistent with 
the complete dissociation of RhH(DBP), in 
solution to form RhH(DBP), which can be 
isolated by addition of ethanol to benzene solu- 
tions. Further slight dissociation to form RhH- 
(DBP), which is likely to have a square planar 
structure with a solvent molecule occupying one 
coordination site is then thought to occur. This 
would render the formation of the alkyl inter- 
mediates (except from 1-alkenes) sterically 
unlikely. Rhodium complexes of tertiary phos- 
phines with very bulky substituents (e.g. PBu,', 
PButPr,") have been reported (13) to be ex- 
tremely active hydrogenation catalysts for 1- 
alkenes and this is consistent with the observa- 
tion that RhH(DBP), is more efficient than the 
analogous PPh, complex bearing in mind the 
rigid, bulky nature of DBP. 

The kinetic data obtained for the hydrogena- 
tion of 1-hexene in benzene are consistent with 
reactions involving dissociated species formed in 
the equilibria. 

K1 
[1 1 RhH(DBP), RhH(DBP), + DBP 

Kinetic measurements (to be published) on 
the hydrogenation of 1-hexene using RhH- 
(DBP), as catalyst also show a similar depen- 
dence on the catalyst as presented in Fig. 3; and 
the slight dissociation of RhH(DBP), to the 
catalytically active species RhH(DBP), is thought 
to have taken place. Indeed the between first 
and zero order dependence on RhH(DBP), and 
the marked inverse DBP dependence (Fig. 4) all 
point to equilibrium 2 lying mainly to the left, 
with K, small. A catalyst dependence of this 
form has been previously observed for systems 
such as RhCl(PPh,), (14) and RhH(CO)(PPh,), 
(10) and recently on RhH(PPh,), (8b), and the 
first two examples have been attributed to  the 
equilibria 

- PPh3 - PPh3 
[3] R ~ c I ( P P ~ ~ ) ~ R ~ c ~ ( P P ~ ~ ) ~ R ~ c I ( P P ~ ~ )  

The apparently higher pseudo first order rate 
constants at low catalvst concentrations have 
been attributed (10) to a change from one active 
species (monophosphine complex) to another 
less active one (bisphosphine complex). 

Although there is uncertainty concerning the 
equilibria in [3] (14, 15), RhH(CO)(PPh,), has 
been found to dissociate extensively in solution 
(16) and the bisphosphine complex predominates 
at M. 

The observed dependence on hydrogen and 
olefin is consistent with either of the schemes: 

k 1 k2 
[5] A + olefin alkyl complex - products 

k-1 Hz 

K slow 
[61 A + Hz *AH, - products 

olefin 

where A is RhH(DBP),. The fact that the 
catalyst does not absorb hydrogen in the 
absence of olefin, together with the lack of 
color change in solutions during hydrogenations, 
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suggests that a trihydro species RhH,(DBP), is 
not formed. This evidence points to the first 
mechanism, [5], as the more likely, and kinetic 
data and observations are all satisfactorily 
explained on this basis. The inverse dependence 
of the rate on the added DBP concentration is 
consistent with a dissociation of RhH(DBP), to 
give RhH(DBP),, which then reacts with the 
olefin to produce the intermediate alkyl complex, 
followed by a slow reaction with hydrogen 
according to the following scheme: 

1 - [14] ---- - k-1 + kZCH21 , 1 
Rate k,k,[H,][olefin] [Rh], 

Within experimental error, a plot of l/rate 
against l/[Rh], at constant [olefin] and [H,] 
yields a reasonably good straight line (Fig. 5). 
From the ratio of the slope to the intercept of 
the plot, K is estimated to be 8.9 x M in 
agreement with our previous assumption. 

Rearranging eq. 13 gives 
K 

[81 RhH(DBP), *R~H(DBP), + DBP 1 - Kk-, + k-,[Rh], 1 [15] --- - 
k I Rate Kk,k,[Rh],[olefin] ' 

[lo] Rh(alkyl)(DBP), + H 2  RhH(DBP)2 + alkane 

Over the range of catalyst concentrations where 
the kinetics were studied, the tetrakis dibenzo- 
phosphole complex dissociates completely and 
thus 

[ I  I] Total catalyst concentration = [Rh], 
= [RhH(DBP),] = [RhH(DBP),] 

+ [RhH(DBP),] 

The equilibrium constant K for reaction 8 can 
be written as 

Thus using data at constant [Rh], and [olefin], 
a plot of l/rate against l/[H,] should yield a 
straight line as is shown in Fig. 6. The ratio of 
the intercept to the slope of the plot gives 
k,/k-, = 267 M - ', and from the intercept with 
K = 8.9 x l oV5  M, k, is found t o  be 70.5 
M-1 s - l  

From the intercept of the plot of l/rate against 
l/[Rh], and with the valuesoflc, and Kobtained, 
k,/k-, is found to be 304 M-'  in good agree- 
ment with the above value. 

Equation I3 can also be expressed in terms of 
[DBP] as 

With K being small, and assuming a steady state 
concentration of Rh(alkyl)(DBP), the above 
mechanism would yield the rate law P 

X 

[13] Rate = ~k,k ,CRhl ,~H21~o~ef in l  
{k-1 + k,[H,I}{~ + CRh1-r) 

I 
Since no reaction is observed with olefin in the I 

0 5 10 15 20 
absence of hydrogen, k - ,  must be greater than 1 
k,. If reaction 9 involves displacement of a M‘] 
solvent ligand, k-,  will be replaced by k- I  [ R ~ H  (DBP)~] 

[solvent]. FIG. 5. Plot of I/rate against I/[RhH(DBP),] ac- 
Equation 13 can be written in the form cording to eq. 14. 
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0.4- proaching half-order at higher concentrations. 
Furthermore, the equilibrium constant for 
reaction 8 is estimated to be 7 x M in very 

0.3-  
good agreement with the value obtained from 
the RhH(DBP), system. Hence a mechanism 

V) involving reactions 7 to 10 seems to be more - 
I reasonable.' 

The catalyst RhH(DBP), therefore resembles 
the ruthenium catalyst RuHCl(PPh,), (9) in 
activity and selectivity but has the advantage of 
being a more stable species in the solid state. No 
con~parable rate data are available on other 
systems involving rhodium and ruthenium 
hydride complexes such as RhH(PPh,),, RhH- 

I I I (PPh,),, RuH,(PPh,),, RuH,(PPh,),, and Ru- 
0 0 .2  0.4 0 .6  O" H,(N,)(PPh,),. RhH(PPh,), has been found 

(8) to hydrogenate 1-hexene, mesityl oxide, and 
acrvlonitrile in the Dresence of an excess of 

FIG. 6. Plot of l / rate against l / [Hz]  according to 
eq. 15. 

[I61 Rate = Kk,k,CRhI.CH,:I [olefin] 
{k-,  + I~,[H,I)(K+CDBP~) 

which can then be rearranged in the form 

1 - [I71 -- 1 + ki[H~l . [DBP] 
Rale ~ k , k , [ ~ h ] , [ o l e f i n ~ ~ [ ~ , ]  

Thus using data at constant [Rh],, [olefin], and 
[H,] an inverse dependence of the rate on [DBP] 
is anticipated, and is evident in Fig. 4. From the 
ratio of the intercept to the slope of the straight 
line K is estimated to be 1.6 x M, the same 
order of magnitude as previously obtained. 

It should be pointed out that the inverse 
phosphine dependence can also be satisfactorily 
explained by assuming a s~ibstitution reaction of 
the phosphine in RhH(DBP), by olefin 

[IS] RhH(DBP), + olefin RhH(DBP),(olefin) 
+ DBP 

[I91 RhH(DBP),(olefin)+ R h ( a l k ~ l ) ( D B P ) ~  + Hz 
-> product 

The between zero and first-order dependence on 
the catalyst can be attributed to the change from 
one species to a less active one. However 
kinetic studies (to be published) using RhH- 
(DBP), as the catalyst also shows a between 
first and zero-order dependence on the catalyst 
concentration with the Rh dependence ap- 

P P ~ ,  at 80". The ruthenium hydride complexes, 
RuH,(PPh,), and RuH,(N,)(PPh,), have been 
reported (17) t o  catalyze the hydrogenation of 
1-pentene in toluene at 25". The complex RuHz- 
(PPh,), has also been used for the catalyzed 
hydrogenation of styrene and ethylene and 
probably involves styrene and ethylene complexes 
of Ru(0) as intermediates (18). Other rhodium(]) 
monohydrides e.g., RhH(diphos), (19), RhH- 
[P(OC,H5)314 (61, and RhH(PF314 (7) are 
expected to be inefficient catalysts due to steric 
effects or high n-acidity of the ligands. 

Experimental 
Rhodium trichloride trihydrate was obtained f rom 

Engelhard Industries and DBP was  prepared by the  
method of Hoffman (20). Solvents were dried by distilla- 
tion over calcium hydride. Commercial olefins were 
shaken overnight with powdered iron(I1) sulfate, then 
heated under reflux, and distilled over calcium hydride. 

Microanalyses a n d  physical measurements were carried 
o u t  as  previously described (3). 

Syrliheses 
RhCI(PPh3)3 (1 I), RhH(PPh3), (4), RhH(CO)(PPh,), 

(lo), and RhCI(CO),(DBP) (3) were prepared as previous- 
ly described. RhH(DBP), can be prepared in two ways: 

(a)  RhCI3 .3HzO (100 mg) was dissolved in ethanoI 
(20 mi), the solution filtered, and the filtrate heated under 
reflux with a 6 molar  excess of DBP until a yellow solid, 
RhC13(DBP), (3), was formed (-3 h). A concentrated 
solution of NaBH, (200 mg) in ethanol (10 nll) was  
filtered and added to  the mixture, producing an immediate 
color change f rom yellow to bright orange. The mixture 
was heated for h and the resulting orange solid filtered 
off, washed successively with ethanol, 1 :1 ethanol-water, 

'We gratefully appreciate the careful work of a referee 
in helping us with the kinetic interpretation. 
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ethanol. and finally ether, and vacuum dried (yield 809,. . -.  

m.p. 155"). 
Anal. Calcd. for RhH(DBP),: C, 75.6; H,  4.6. Found: 

C, 74.8; H, 4.5. 
(b) a mixture of RhCI(CO),(DBP).CH,OH (125 mg) 

and DBP (220 mg) in ethanol (40 ml) was heated under 
reflux for h. A concentrated ethanolic solution of 
NaBH, was added and the mixture heated for a further 
f h after which the product was separated as  described 
above. 

The red-orange complex RhH(DBP), was prepared by 
dissolving RhH(DBP), in the minimum amount of 
benzene, adding ethanol, and reducing the volume if 
necessary. The complex slowly decomposes in air (m.p. 
179-18l0, darkened -170"). 

Anal. Calcd. for RhH(DBP),: C, 73.7; H, 4.5. Found: 
C, 73.0; H ,  4.5. 

Catalj~lic E,~peritnents 
The reaction vessel was a 3-necked, 100 ml flask and 

was attached via condenser to a standard vacuum system. 
An external motor operated the stirrer, a Teflon coated 
magnet, at the gas-liquid interface. The catalyst was 
weighed into a sma! Teflon basket suspended from a side 
arm which, on rotation dropped the basket into the 
solvent. The olefin was placed in a burette (under nitro- 
gen) in the third neck of the flask. 

The solvent (25 ml benzene less the volume of olefin) 
was degassed twice and the system flushed at  least three 
times with hydrogen which had been passed through a 
deoxo catalyst tube. The catalyst was dissolved, aided by 
stirring, producing a bright orange solution and was 
left under hydrogen for -20 rnin. The stirring was 
stopped while the olefin was added and hydrogen was 
then admitted to the desired pressure. Absorption of 
hydrogen did not occur until stirring was begun. The 
vapor pressure of the system was measured after the run 
by removing the hydrogen and allowing the system to 
equilibrate. (The rate of hydrogenation was obtained from 
the tangent off the plot of hydrogen pressure against 
time.) The solubility of hydrogen in benzene was obtained 
from the literature (21). Alkanes obtained from the 
hydrogenation of I-alkenes were identified by mass 
sPectrometrv. 

We gratefully acknowledge the assistance of the per- 
sonnel of the Science Instrumentation Laboratory in 
obtaining some physical data. 

We also thank the Senate Research Committee of 
Lakehead University and the National Research Council 
of Canada for generous financial support. 
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Spectroscopic Studies of Cationic h5-Cyclopentadienyl Iron Carbonyl Derivatives 
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Mossbauer, 13C nuclear magnetic resonance and infrared spectroscopic studies of a series of 
cationic iron compounds of the type [(hS-C5H5)Fe(CO),L]+X- (L = CO, CH3CN, C2H4, 
(C6HJ3P, C5H4N; X = PF6-, BF4-) are described. The Mossbauer center shifts indicate that 
the o donor plus n acceptor ability (o + n) of these ligands increases in the order CH3CN < 
C2H4 < C5H,N < (C6H&P < CO < CS. The positive 57Fe quadrupole splittings strongly 
suggest that the sign of the quadrupole splittings for the isovalent and isoelectronic M n  and Re 
compounds are also positive. The correlation between carbonyl infrared force constants and 
13C carbonyl shieldings is discussed in relation to a similar correlation previously reported in 
the literature for a series of neutral complexes ( I I ~ - C ~ H ~ ) F ~ ( C O ) ~ Y ,  where Y is an anionic 
ligand. 

Les etudes par spectroscopie Mossbauer, resonance magnetique nucltaire du 13C et infra- 
rouge d'une serie de composes cationiques du fer, du type [(h5-C5H5)Fe(C0)2L]+X- (L = 
CO, CH3CN, C2H,, (C6H5)3P, C5H4N; X = PF6-,  BF4-) sont dtcrites. Les dkplacements 
de centre Mossbauer montrent que le caracttre o donneur plus x accepteur (o  + x) de ces 
ligands augmente dans I'ordre CH3CN < C2H, < CSH5N < (C6H5)P i CO < CS. Les 
couplages quadrupolaires positifs du 57Fe suggtrent fortement que les signes des couplages 
quadrupolaires pour les composCs isovalents et isoClectroniques du M n  et Re sont aussi positifs. 
La correlation entre les constantes de force infrarouge du carbonyle et les constantes d'icran 
13C de ce groupement est discutte en fonction de correlations semblables rapportees anttrieure- 
ment dans la litterature pour des series de complexes neutres ( I I ~ - C ~ H ~ ) F ~ ( C O ) ~ Y ,  oh Y est 
un ligand anionique. [Traduit par le journal] 

Can. J .  Chern., 52.782(1974) 

I Introduction 
A variety of spectroscopic investigations of 

the series of compounds (A5-C,H,)Fe(CO),Y, 
where Y is an anionic substituent, have appeared 
in the literature (1-6), but considerably less atten- 
tion has been directed towards the analogouscat- 
ionic species of the type [(h5-C,H,)Fe(CO),L]+, 
where L is a neutral ligand (3, 4). In the case of 
the neutral complexes, studies using ' H and 13C 
n.m.r., '19Sn and 57Fe Mossbauer, and i.r. spec- 
troscopies have led to  a number of correlations 
which yield useful bonding information. 

For such a system containing the x-bonding 
ligands k5-C5H5 and CO, one of the principal 
objectives has been t o  evaluate o and rc effects in 
the bonding scheme. The relationship between 
carbonyl i.r. stretching frequencies, force con- 
stants, and intensities, and o and  rc effects is 
still a matter of considerable controversy. For 
the neutral (h5-C5H5)Fe(CO),Y system, Nesme- 

I yanov et al. (6) concluded that there is a linear 
relationship between Hammett o parameters 
and v(CO), implying that variations in v(C0) 
are caused directly by variations in the o-bonding 

character of the ligand Y. Gansow et al. (1) also 
suggested that their observed linear correlation 
between carbonyl i.r. force constants and 13C 

carbonyl shieldings is due to  changes in o effects 
of X, except where X is a tri-organo-Group 1V 
substituent. 

In this investigation we have examined similar 
phenomena, utilizing 13C n.m.r., i.r., and Moss- 
bauer spectroscopic techniques in an attempt t o  
obtain useful bonding information for the an- 
alogous complexes [(A5-C5H5)Fe(CO),L] + X- ; 
where L = CO, CH3CN,C5H5N,(C6H5),P, and 
C,H, and X = PF6-  (for all cases) and BF,- 
(for L = C,H,). 

In addition, using the results froin 5 5 ~ n ,  
and la5Re a n d  la7Re n.q.r. studies (7, 8), 
attempts have been made t o  rationalize the 
bonding in manganese and rhenium com- 
pounds which a re  isoelectronic and isostructural 
with the cationic iron derivatives examined here. 
However, without a knowledge of the signs o f  
the appropriate quadrupole splitting parameters, 
discussions of bonding in the former derivatives, 
based on n.q.r. evidence, is necessarily specula- 
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tive. From our knowledge of the signs of the the addition of an aqueous solution of NH4PF,, and 

5 7 ~ e  MoSSbauer quadrupole splittings, the signs Was purified by crystallization from acetone-water. 

of the field gradients for the manganese and 
rhenium analogs can be deduced. A significant 
part of the small variations in the Mossbauer 
quadrupole splittings of the iron compounds, 
and v(f 4 ++ +3) in the 55Mn n.q.r. spectra, 
are ascribed to changes in 7. 

Experimental 
All preparations were carried out under a pre-purified 

nitrogen atmosphere. Solvents were purged with nitrogen 
prior to their use. 

[ ( / I ' -C~H~)F~(CO)~]+PF~-  (9), [(h5-C5H5)Fe(C0)2- 
(C5H5N)]+PF6- (lo), and [(h5-C,H5Fe(C0)2(C2H.)1 +- 

PF,- (11) werc prepared by established literature 
methods. 

The Mossbauer spectra were measured at 78 "K using 
an Austin Science Associates spectrometer with a 512 
channel analyzer, and a 57Co in copper source. All 
spectra were calibrated using iron foil; absorptions were 
in the 7-10% range. All spectra were fitted to Lorentzian 
line shapes by methods previously described (12). 

The I3C n.m.r. spectra were measured on a Varian 
XL-100-15 spectrometer operating in the pulsed Fourier 
transform mode at 25.2 MHz. All spectra were determined 
with noise-modulated proton decoupling. The spectra 
were taken in acetonitrile-d3 solutions in 5 mrn sample 
tubes and were calibrated using TMS as the internal 
reference. 

The i.r. spectra of the con~plexes in the carbonyl 
reglon were measured on a Perkin-Elmer 621 spectrometer 
in acetonitrile. The scale was expanded to ca. 1 cm-'/mm 
of chart paper. Each spectrum was calibrated by recording 
the spectrum of indene (13) in the region 2300 to 1900 
cm-'  before thc sample was run. Force constants for the 
carbon-oxygen stretching modes of the carbonyl groups 
were calculated by established methods (14). 

(A) Preparation of [(h5-C5H5) Fe(C0)2P(C6H5) 4+- 
PFs- (15) 

Fe(CIO,), . 6 H 2 0  (4.22 g, 9.1 5 mmol) was dehydrated 
under high vacuum at 120 "C. The orange product was 
dissolved in 20 ml acetone and added to a solution of 
[(h5-C5H5)Fe(C0)2]2 (1.0 g, 2.83 mmol), and (C6H5)3P 
(2.6 g, 10 rnmol) was added to this solution. After 1.5 h, 
a yellow precipitate had formed which was collected and 
dissolved in acetone. Addition of ether caused precipi- 
tation of [(h~C5H5)Fe(C0)2P(C6H5)3]+C104- (1.07 g, 
3573. The hexafluorophosphate salt was obtained by 
treating an acetone solution of the perchlorate salt with 
an aqueous solution of NH,PF,. Evaporation of the 
acetone by bubbling nitrogen through the solution 
caused the hexafluorophosphate salt to crystallize. 

( B )  Preparatiorz of [(h5-C5H5)Fe(CO) ,(CH3CN)]+- 
PF6- (15) 

This complex was prepared by a procedure similar to 
(A) except that hydrated iron(II1) perchlorate was used 
with acetonitrile as the solvent, since a violenr reaction 
occrrrred rvhen anhydrous ferric perchlorare was dissolved 
in rhar solvent. The crude product was precipitated by 

Results 
The 57Fe Mossbauer, 13C n.m.r., and  carbonyl 

i.r. data obtained from the six /z5-cyclopenta- 
dienylirondicarbonyl derivatives we have ex- 
amined are summarized in Tables 1-3, respec- 
tively. For comparative purposes, Table 1 
contains Mossbauer parameters for several 
related derivatives, which have been investigated 
by other workers. 

The specific assignments of the I3C resonances 
of the cationic iron derivatives merit brief 
comment. The intense signals arising from the 
pentahapto-cyclopentadienyl carbons were as- 
signed on the basis of the similarity of their 
shieldings (ca. 88-91 p.p.m.) compared with 
those (ca. 81-88 p.p.m.) of the related neutral 
complexes (1). In a like manner, we readily 
assigned the carbonyl carbon resonances. The 
signals arising from the I3C nuclei of the ligands 
L, were assigned by comparisons with the I3C 
shieldings of the uncoordinated species (16). 
For example, the similar coordinated (un- 
coordinated) shieldings for the three types of 
carbons in pyridine are: C2,,, 159.3(150.6); 
C ,,,, 127.3(124.5); and C,, 140.0(136.4). To- 
gether with a knowledge of the expected relative 
intensities of the signals, this provides a firm 
foundation for our specific assignments. The 
I3C shieldings of the ethylene ligand carbons 
(ca. 57 p.p.m.) are markedly shifted upfield from 
those of uncoordinated ethylene (ca. 123 p.p.m.). 
However, this highfield shift is anticipated on 
the basis of results we have obtained for series 
of n-olefinic platinum(I1) derivatives (17). 

Discussion 
( A )  Mossbauer Spectra 

Center Slzifts 
As has been shown previously for Fe(I1) 

compounds (1 8), the center shift, which has 
con~parable sensitivity to both o-donor and 
x-acceptor properties, decreases as the  o-donor 
and n-acceptor ability (o  + n) of the ligand(s) 
increases. Thus, H -  (a strong o-donor) and 
NO+ (a strong x-acceptor) give comparable 
decreases in iron(I1) center shifts. 

In the present series of compounds the  center 
shifts (Table 1) vary substantially as L is changed. 
Hence, we may arrange the compounds (in- 
cluding the thiocarbonyl derivative (4)) in an 
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TABLE 1. Mossbauer parameters* for the derivatives [(hS-C5H5)Fe(C0)2L]CX- 

Center Quadrupole 
L X shift?$ splitting? Reference 

cs PF6- 0.21 1.89 4 

This work 
4 
3 

(C6H5)3P PF, - 0.34 1.81 This work 
C1- 0.31 1.92 4 

CsHsN PF6 - 0.41 1.86 This work 

C2H4 PFs - 0.43 1.77 This work 
BF4- 0.42 1.71 This work 

CH3CN PF6- 0.44 1.95 This work 

*Full peak widths at half height in all cases were between 0.25 and 0.31 mm s-' .  
t +  0.01 mrn s - I .  
$With respect to Na2Fe(CN) ,N0 .2H20  at room temperature. 

TABLE 2. 13C shieldings for the derivatives [(h5-CsH5)Fe(C0)2L]CX-* 

L X WcO) 6(C5Hs). Other 

CsH4N PF6- 210.8 88.1 C5H4N: C3,5 127.3, 
CZ-6 159.3, C4 140.0 

-- 
*In p.p.m. (downfield positive) from TMS. 
?Not observed. 
fComplex multiplet. 

TABLE 3. Carbonyl infrared stretching frequencies* (cm-') and 
Cotton-Kraihanzel force constants (mdyn/A) for the derivatives 

[(h5-C5Hs)Fe(CO)2L]CX- 

CsHsN PF, - 2067 2020 16.87 0.39 

'Spectra obtained in CH,CN solution. 
t k 2  cm-I. 
f k0.02 mdyn/.&. 
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order of increasing ( o  + n) properties of the previous work (26-28). Considering isoelectronic, 
ligands: isostructural manganese and iron compounds, 

CHBCN < C2H4 < C5H5N < (CsH5)3P < CO < CS and assuming that the bonding in the two 
species is identical, we can write: 

The ordering of CH,CN, (C6HS),P, and C O  
ligands is the same as that obtained from iron(11) 

M ~ Q M ,  (e2qg)Fe six coordinate compounds (19, 20). The position [I] ( e2qQhn = (,.-,) FC FC 

of C2H4 is of special interest; in terms of its 
(o + n) ability, C2H4 appears to be a very 
similar ligand to  pyridine and acetonitrile. The 

= K(e2qQIFe 
- 

carbonyl-i.r. stretching frequencies are also 
consistent with this observation. From previous 
Mijssbauer work, it is interesting to note that N2 
is also a very similar (o  + n) ligand to nitriles, 
although the quadrupole splitting data indicates 
that the former is an appreciably better n- 
acceptor and poorer o-donor than the latter (20). 
However, as will be discussed in the ensuing 
part of this paper, the quadrupole splittings are 
not helpful in separating o and n effects in this 
series of compounds. 

Quadrupole Splittings for (h5-C5 H5) M ( C 0 )  2L 
(M = Fe, Mn, Re) Analogs 

On comparison with the quadrupole splittings 
in six-coordinate iron(I1) low spin compounds 
of the type trans-[FeHL((C2H5),PCH2CH2P- 
(C2H5)2)2)I+B(C6H5),- (201, the q u a d r u ~ o l e  
splittings in the present series of compounds are 
very insensitive to  the nature of L. This is, 
perhaps, not surprising since, in the neutral 
complexes (h5-C,H,)Fe(CO),Y (Y = halide-, 
SnX3-, etc.) (3, 21-23), the quadrupole splittings 
are all 1.8 f 0.1 mm s-I, in the same range as 
our present splittings. It appears that the bond- 
ing properties of both C O  and h5-C5H5 change 
substantially with variations in L to  effectively 
neutralize the changes in electron assymmetry 
about the iron atom. Thus, it has not been 
possible to  rationalize the trends in previously 
obtained quadrupole splittings for either the 
neutral or cationic h5-cy~lopentadien~lirondi- 
carbonyl derivatives in terms of bonding 
properties of the ligands. Likewise, no distinct 
trends emerge from the quadrupole splitting data 
of our present series of complexes. 

However, our iron quadrupole splittings are 
, very useful for assigning the signs of the quad- 

rupole splittings for analogous neutral man- 
ganese and rhenium compounds of the type 
(h5-C,H,)M(CO),L (M = Mn or Re) (7, 8, 24, 
25). The detailed method has been described in 

Using literature values for (r-,) and Q, K has 
been calculated to be + 1.39 (28) (assuming Q,, 
is positive). The sign of (e2qQ)Fc in (h5-C5H5)- 
Fe(CO),SnCl, and (175-C5H5)Fe(CO)2Sn(CH2- 
CH2CH2CH,), is known to be positive (29), 
and the very small variation in quadrupole 
splitting for all h5-cyclopentadienylirondicar- 
bony1 type compounds strongly suggests that 
all of these neutral and cationic compounds have 
positive e2qQ values. It is immediately apparent 
from eq. 1 that q and e2qQ are also positive for 
the manganese compounds. This sign is opposite 
to the negative sign assumed in earlier manganese 
n.q.r. work (7, 8). Consequently, this result 
indicates that the bonding model chosen pre- 
viously, and the ensuing discussion of variations 
in bonding were incorrect. It is also apparent 
that the signs of the rhenium e2qQ values (24) 
can be assigned as positive. 

More quantitatively, if we take the measured 
e2qQ value for [(h5-C,H,)Fe(CO),]+ of ( f  )3.80 
min s- '  (= (+)44.2 MHz) and assume q = 0 
(as measured in the manganese analog), the 
predicted value of (e2qQ),,, using K = f1.39 
and eq. 1, is f61.4 MHz. This is in surprisingly 
good agreement with the measured value of 
64.29 MHz, considering the assumptions in- 
herent in the method, and possible errors in the 
Q and ( r - , )  values. 

In order to  use the above method in a predictive 
sense, and to  indicate that variations in q cause a 
substantial part of the variations in both Moss- 
bauer quadrupole splittings [+e2qQ(l + q2/3)'12], 
and in v(+$ t, ++) in the 55Mn n.q.r., we recal- 
culate the multiplying factor K by using the mea- 
sured values of e2qQ for [(/75-C5H5)Fe(CO)3]+ 
and (A5-C,H,)Mn(CO),. This is the first analo- 
gous pair of iron and manganese compounds 
where le2qQl values have been measured for both. 
The calculated K becomes + 1.45; which should 
be a more accurate value than + 1.39 used 
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TABLE 4. Predicted quadrupole parameters* for isoelectronic (/I~-C,H,)M(CO)~L (M = Mn,Fe) derivatives 
-- 

57Fe data 55Mn data 

e2qQ (1 + q2/3)'12 e2qQ v ( + % -  f $1 v ( f 3 -  f t )  e2q Q 9 
L Observed Predicted Observed Predicted Predicted Predicted 

CO 44.2 (+) 44.2 19.29 9.65t + 64.29t 0.07 
CsHsN 43.3 (+) 42.0 17.62 11 .O  +60.9 0.45 
CH3CN 45.4 (+) 44.2 18.71 11.2 +64.3 0.40 
(C,H,),P 42.1 -(+) 42.1 18.82 1 $ 1 -- 

*MHz. 
tobserved values, ref. 7. 
IT)' < 0, and values cannot be calculated. 

earlier.' Using this factor and the measured 57Fe 
quadrupole splittings, we can now predict q and 
the unmeasured v ( f$  o f f) transition fre- 
quency in some manganese analogs of our iron 
compounds. These are summarized in Table 4. 

The predicted e2qQ and q values would not 
be expected to be more accurate than ca. f2 
MHz and f 0.2 respectively. (The results for the 
triphenylphosphine derivative (q2(calculated) < 
0) are indicative of these errors.) However, our 
results do indicate that the variation in both the 
57Fe Mossbauer quadrupole splittings and in 
the 55Mn v(f + C )  +$) is probably substantially 
due to variation in q. For example, the aceto- 
nitrile derivative has a larger 57Fe quadrupole 
splitting than its carbon monoxide analog (and 
a smaller 55Mn n.q.r. v(++ o -kg)), yet their 
calculated e2qQ values are identical within 
expected error. 

We conclude, then, that even after the signs 
of the e2qQ parameters have been assigned in 
such complexes, a substantial part of the 
variations in Mossbauer quadrupole splittings 
are due to changes in q .  This places discussions 
concerning variations of quadrupole splittings 
with bonding properties of the ligands L in these 
systems on an even more tenuous footing. 

a ligand Y decreases they observed concomittant 
shifts of the carbonyl carbons t o  higher field and 
the carbonyl stretching frequencies (and C.K. 
force constants) to higher energies. However, 
this trend was not observed for triorgano- 
silicon, -germanium, and -tin groups, which 
are capable of n-bonding. Our examination of 
the I3C n.m.r. and i.r. data for the cationic 
complexes reveals a similar trend between C.K. 
force constants and 13C carbonyl carbon 
shieldings. These data, together with data from 
the neutral compounds with o-bonding ligands, 
are plotted in Fig. 1. 

First. it is im~ortant  to note that the data 
points for the six cationic derivatives form an 
approximately linear extension to the high 
field - high energy end of the plot for the 
neutral (h5-C,H,)Fe(CO),Y complexes. Thus, 
a fairly consistent trend is followed whereby 
the withdrawal of electrons from iron is ac- 
companied by an increase in the carbon-oxygen 
bond order and an increase in the screening ofthe 

oy > 17.0 
(B) 13C Nuclear Magnetic Resonance and a, 

A Infrared Spectra 13 
E 

Gansow et al. (1) have noted interesting 
linear correlations between the I3C shieldings 16.0- 

of the carbonyl carbons and the carbonyl 

- 'CH,CN 
o C,H~N 

CN. " P ( C ~ H ~ ) ~  

c6%, 2. 
C ~ H ~ C O  .I 

P - C I C ~ H ~ ~  1 ck ... o [I~J~-C,H,I Fe (CO&L]+X- 

CH,. .%H,C~ 'cH3c0 I ~ ~ - C , H , ) F ~ ( C ~ ~ Y  

stretching frequencies (and their Cotton-Krai- 
hanzel (C.K.) force constants) for a series of 

''2H5 

neutral derivatives of the type (h5-C5H5)Fe- 215 zw I XK I 2c0 I 

(CO),Y, where Y is a predominantly o-bonding 6 co P . P . ~  

anionic substituent. As the o-donor ability of FIG. I .  plot of carbon-oxygen stretching C.K. force 
constant (mdyn/A) us. 6 c  (carbonyl (p.p.m.)) for corn- 

'This change in K will have a very small effect on the plexes of the type [(/I~-C,H,)F~(CO),L]+X- and 
(e2q&, values calculated earlier (28). (hS-C5H5)Fe(C0)2Y. 
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13C nucleus. The very short CO bond distances 
found recently in [(hS-CsHs)Fe(CO)3]f PF,- 
(30) compared with analogous neutral species 
is consistent with this trend. For a series of 
Group VIb derivatives, Braterman et al. (31) 
have reached a similar conclusion, that the 
total "charge donor" ability of a given ligand 
is directly related to the 13C carbonyl shieldings. 
In that study, as in the work of Gansow et a!., 
it was concluded that consistent rationalization 
of the carbonyl carbon shieldings did not seem 
possible in terms of o- and n-bonding arguments. 

To  determine possible relationships between 
the Mossbauer and 13C n.m.r. parameters, we 
have compared the center shifts and carbonyl 
carbon shieldings for our cationic derivatives 
and a number of the neutral complexes ( I ,  3,21). 
The examination revealed no consistent trend. 
This may be due to the differing sensitivities of 
these two physical techniques to variations in 
molecular parameters. In addition, such a 
possible relationship may also be masked by 
variations in parameters other than o- and 
n-bonding. 

We thank the National Research Council of Canada 
for financial support of this project and for awards of 
NRCC scholarships to K.D.B., L.E.M., A.S., and 
J.E.H.W. 
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Excess Volumes of Binary Mixtures of Alcohols in Methylcyclohexane 

MURARI VENKATA PRABHAKARA RAO A N D  P. RAMACHANDRA NAIDU 
Cl~ernicnl Lnhoratories, Sri Vet~kc~tes~~~crro Urriversitg, Tir~cpnti, S.  Irrdin 

Excess volumes of binary mixtures of alcohols in methylcyclohexane have been determined 
at 30.0 and 40.0 "C, using a modified dilatometer of Brown and Smith. The systems include: 
(I) I-propanol - methylcyclohexane, (2) I-butanol - methylcyclohexane, (3) I-pentanol - 
methylcyclohexane, and (4) I-hexanol -methylcyclohexane. The VE values are found to be 
positive over the entire range of composition in all the four systems and the values are  inter- 
preted on the basis of the structure-breaking effect of methylcyclohexane. 

Les volumes d'exces des melanges binaires d'alcools dans le mtthylcyclohexane ont Ctt 
determines entre 30.0 et 40.0 "C en i~tilisant un dilatometre modifie de Brown et Smith. Ces 
systemes sont : (I) propanol-1 - mCthylcyclohexane, (2) butanol-1 - mCthylcyclohexane, (3) pen- 
tanol-1 - methylcyclohexane. (4) hexanol-1 - mtthylcyclohexane. O n  a trouvC que ces valeurs 
VE sont positives dans tout le domaine de composition pour les quatresystemes et o n  a inter- 
prCtC ces valeurs sur la base de I'effet de "bris de structure" du mCthylcyclohexane. 

[Traduit par le journal] 
Can. J.  Chern., 52,788(1974) 

Introduction 

A survey of the literature relating to  excess 
volumes of binary mixtures of normal alcohols 
has shown that aromatic solvents (1-4) and 
normal alkanes (5-7) have been used as solvents. 
By contrast only a few studies have been made 
using alicyclic compounds as solvents. Hence the 
present study has been devoted to  the determina- 
tion of excess volumes of binary mixtures of 
alcohols with methylcyclohexane. Methylcyclo- 
hexane has been chosen as a common solvent a s  
i t  is less volatile than cyclohexane and hence 
errors arising due to  evaporation of the solvent 
during the measurement of excess volume would 
be minimum. 

Experimental 
Mixing Cell 

The cell used for measuring excess volumes was similar 
to that used by Brown and Smith (1) except for the de- 
tachable capillary arrangement. The cell was basically a 
U-tube with mercury at the bottom to separate the two 
components. One arm of the U-tube was closed with a 
ground glass stopper and the other arm was fitted with a 
capillary (1 mm i.d.), having a Teflon cap with small 
orifice at  the top, which can be detached. Composition 
was determined directly by weighing. The cell was im- 
mersed in a thermostatic bath maintained at 30.0 and 
40.0 5 0.01 "C respectively. The change in liquid level 
after mixing in the capillary with reference to a fixed mark 
was read by a travelling microscope which had an accu- 
racy of kO.01 mm. Excess volumes were accurate to  
k0.003 ml mol-'. Three cells with different capacities 
were used to cover the mole fraction range from 0.1 
to  0.9. 

Pllrifcation of Materials 
Methylcyclohexane (B.D.H.) was washed several times 

with a cold mixture of concentrated sulfuric acid and 
nitric acid until the acid layer gave n o  more yellow color. 
Then it was washed with dilute alkali solution to remove 
acid. After repeated washings with water it was dried over 
fused calcium chloride for 2 days and distilled. Finally it 
was refluxed with metallic sodium for  12 h and fraction- 
ated over sodium (d30 = 0.76019 g/ml;  b.p. 100.7 "C). 

I-Propanol (E. Merck) was refluxed over lime for 5 h 
and then distilled through a I m fractionating column. 
The fraction boiling at 97.0-97.2 "C was collected (d30 = 
0.79596 g/ml ; b.p. 97.0 "C). 

I-Buiarrol (B.D.H.) was refluxed over freshly ignited 
calcium oxide for 4 h. The alcohol was  decanted from the  
lime, refluxed with magnesium turnings and then frac- 
tionated. The midclle fraction which had a boiling point 
117.6 "C was collected (d30 = 0.80195 g/ml; b.p. 117.6 
"C). 

I-Pentatlo1 (E. Merck~ was dried over Drierite and  
fractionally distilled (d30 = 0.80760 g/ml; b.p. 138.0 "C). 

I-Hexmrol (B.D.H.) was fractionally distilled. (d30 = 
0.81 195 g/ml; b.p. 157.3 "C). 

Densities were determined using a bicapillary type 
Pycnometer with an accuracy of 2 parts in 10'. Values of 
the density and the boiling point agreed with those 
reported in the literature (8). 

Results 

The values' of VE at  30.0 and 40.0 "C, as a 
function of composition for the  four systems, are  
shown in Figs. 1,  2, 3, and 4. These data show 

'Complete set of  data is available a t  a nominal charge 
from the Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa, Canada K l H  052. 
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RAO AND NAIDU: EXCESS VOLUMES OF BINARY M I X T U R E S  789 

rnethylcyclohexane and (b) interaction between 
the homomorphs of alcohols with methylcyclo- 
hexane. Since alcohols are associated in the pure 
state, addition of the non-polar solvent, methyl- 
cyclohexane, would be expected to depolymerize 
polymers into monomers and this would contrib- 

0 . 3  - ute to expansion in volume upon mixing, as the - 
t alcohol molecules occupy more space as mono- 
J 

g ~ners than as polymers. Furthermore, interaction 
n 0 . 2  - 

5 between the hornomorph of an alcohol and 
W n  methylcyclohexane would also be expected to > 

contribute to positive volume change. Hence the 
observed values of VE for the systems support 
the above postulates. 

0 0 . 2  0 . 4  0 . 6  0 . 8  I .O 
MOLEFRACTION O F  METHYLCYCLOHEXANE 

a 30°c  

FIG. 1. Plot of V E  as a function of composition for o 4 o o c  

methylcyclohexane and I-propanol system. 

MOLEFRACTION OF METHYLCYCLOHEXANE 

FIG. 2. Plot of V" as a function of composition for 
methylcyclohexane and 1-butanol system. 

MOLEFRACTION O F  METHYLCYCLOHEXANE 

FIG. 3.  Plot of VE as a function of con~position for 
methylcyclohexane and I-pentanol system. 

that the values of VE are positive over the whole 
;u 

range of composition. The maximum value of O - 2  - z VE occurs at about 0.7 mol fraction of methyl- R 

cyclohexane in all the systems at 30.0 and 40.0 "C uz- 
except in I-butanol - methylcyclohexane at 30.0 > 0 . 1  - 
"C. Further the volume change on mixing in- 
creases with increase in temperature. 

Discussion 0 6 0 . 8  10 
MOLEFRACTION OF METHYLCYCLOHEXANE 

The positive values of VE may be attributed to FIG. 4. plot of vE as a function of composition for 
(a) depolymerization of alcohol polymers by methylcyclohexaneand I-hexanol system. 
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790 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

The differences in the values of VE for the four 
systems may be ascribed to the effect of chain 
length on the degree of polymerization of alco- 
hols in the pure state. An increase in chain length 
is expected to  decrease the degree of polymeriza- 
tion in the pure state. Consequently when a 
homologous series of alcohols are diluted with a 
common solvent, the values of VE would be 
expected to be large for the alcohol with the 
minimum chain length and small for the alcohol 

u 

with the maximum chain length. The observed 
values of VE for the four systems fall in this order, 
except in the case of 1-pentanol - methylcyclo- 
hexane. This anomaly indicates that  in this case 
geometric factors also affect the values of VE in 
addition to the structure-breaking effect of the 
solvent. 

One of the authors (M. V. P. Rao) is thankful to the 
Council of Scientific and Industrial Research, New Delhi 
for the award of a Junior Fellowship. 
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Alchemists' Gold, Hg? 86 AsF6; An X-Ray Crystallographic Study of 
A Novel Disordered Mercury Compound Containing 

Metallically Bonded Infinite Cations 

Received September 10, 1973 

The compound HgZ.86A~F6 belongs to the tetragonal space group I4,lamdwith lattice param- 
eters n = 7.538(4) A, c = 12.339(5) A,  a n d 2  = 4. Thestructure was refined using 109 symmetry 
independent reflections by full matrix least-squares refinement to a final R value of 0.079. The  
structure may be described as consisting of octahedral AsF6- ions arranged on a lattice which 
contains linear, non-intersecting channels in two mutually perpendicular directions. Within 
these channels are infinite chains of mercury atoms, each with a formal charge of +0.35, a n d  
with a mercury-mercury distance of 2.64(1) A. 

Le compose Hg,.,,AsF6 appartient au groupe d'espace tetragonal 14,lnmd avec les para- 
metres de maille n = 7.538(4) A, c = 12.339(5) A, and Z = 4. En utilisant 109 reflexions 
symetrie independante la structure a CtC raffinee par une methode de matrice complbte des moin- 
dres carrCs B une valeur finale du facteur R &gal a 0.079. On peut decrire la structure comme si elle 
consiste des ions octaedrique AsF6- qui se trouvent sur un reseau qui contient les canaux IinCaire 
en deux directions mutuellement perpendiculaire et qui ne se coupent pas. Dans ces canaux se 
trouvent les chaines infinies d'atomes de mercure, dont chaque atome porte line charge formelle 
de +0.35, et qui ont une distance mercure-mercure de 2.64(1) A. 
Can. J. Chern., 52.791 (1974) 

Introduction 
It  has been shown recently that compounds 

containing mercury in oxidation states lower 
than + 1 can be obtained by treating mercury 
with AsF, in liquid SO,. The compounds 
Hg3(AsF6), (1) and Hg,(AsF,), (2) have been 
isolated and characterized by spectroscopic 
techniques. X-Ray diffraction studies show that 
both compounds contain linear or almost linear 
polymercury cations. Hg,(AICI,), has also been 
prepared (3) by the reaction of mercury with a 
molten HgC1,-AICI, mixture, and a subsequent 
structural determination (4) showed that the 
cation is very nearly linear. 

In the preparation of the compounds 
Hg3(AsF6), and Hg,(AsF,), by the reaction of 
liquid mercury with a solution of AsF, in SO, we 
observed that the liquid mercury is initially trans- 
formed to a golden crystalline mass. Unsatisfied 
with the obvious conclusion that the "sulfurous 
menstrue" contains the long sought after 
philosopher's stone (3, we subjected the material 
to  chemical analysis, the results of which led to 
the conclusion that this remarkable material had 
the empirical formula Hg3AsF6. The material 
was found t o  be diamagnetic and by analogy with 

the other polymercury cations we concluded that 
the substance was Hg,2 '(AsF, -), (6). The X-ray 
crystallographic study reported here has  however 
revealed that the true composition is Hg2,,,AsF6 
and, while confirming that the material is indeed 
not gold, has shown that mercury has, in fact, 
undergone a transformation almost a s  remark- 
able to  give unique metallically bonded infinite 
polymeric cations which form part of  an ionic 
crystal lattice. 

Experimental Section 
Prepnrnrion of Hgz,,,AsF6 

In a typical experiment, AsF, was condensed onto 
elemental mercury in liquid SO2 at - 196 "C and the 
mixture was allowed to warm to room temperature and 
slowly stirred. A slight excess of AsF, was used to ensure 
that no unreacted mercury contaminated the surface of 
the crystals. After the insoluble golden crystals had 
formed, they were filtered, washed several times with SOz, 
and vacuum dried. 

Anal. Calcd. for Hg,,,,AsF,: Hg, 75.23; As, 9.82; F, 
14.95. Found: Hg, 75.83; As, 9.52; F, 14.61. 

Although the chemical analysis is somewhat closer to 
the empirical formula Hg,AsF6, crystallographic argu- 
ments (see below) show that the empirical formula must 
be Hg2.,,AsF6. 

Materials 
Commercially available triply distilled mercury 
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792 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

TABLE 1. Structural parameters* for Hg2.,,AsF6 

No. of 
positions 

and Wyckoff 
notations x Y z B, A2 

'x, .v. and r are fractional atomic coordinates. The  isotropic temperature factor B is from the expression exp [ -  B(sin2 O/h2)]. 
Least squares estimated standard errors in  the least significant digits are given in parentheses. 

t T o  simulate a disordcred chain, 0.179 H p  atoms were placed at  each of x(Hg) = 0.03125. 0.09375.0.15625, and 0.21875. 
Only  the temperature factors were refined and these gave B(Hg) = 0.074(4), 0.075(6), 0.063(5), and 0.070(4), respecrively. 

(Shawinigan) was used without further purification. An- 
hydrous sulfur dioxide (Matheson) was stored as a liquid 
over PzOS before use. Arsenic pentafluoride (Ozark- 
Mahoning) was used without purification after the purity 
had been checked by gas-phase infrared spectroscopy. All 
materials were handled in a very good dry box and trans- 
fer of solvents was carried out on a vacuum-line which had 
been thoroughly flame-dried before use. 

Determit~ation of the Structlrre of HgZ.,,AsF6 
Precession photographs showed the symmetry and 

systematic absences characteristic of the space group 
I4,lanld (No. 141, D::). In addition sheets of diffuse 
intensity were observed perpendicular to (100) and (010). 
Crystal data for Hg2,,,AsF6 are as follows: tetragonal, 
a = 7.538(4)A, c = 12.339(5)A, V =  701.1 A3, Z =  4, 
p(MoK.) = 685.5 cm- '. The experimental density was not 
measured as no satisfactory procedure was evolved for 
this very hygroscopic material. The unit cell parameters 
were found by full-matrix least-squares refinement of the 
Bragg angles and crystal orientation for 15 reflections in 
the region 5" i 28 i 20" measured on a Syntex p i  
four-circle autodiffractometer using MoK.(h = 0.71069 A) 
radiation. 

An approximately spherical crystal (radius 0.08 mm) 
was sealed in a thin walled quartz capillary and used for 
intensity measurements of the Bragg peaks on the 
diffractorneter. The 8-28 scan technique was used with 
scan rates varying from 2 to 24"/min so that the weaker 
reflections were examined most slowly to minimize 
counting errors. Two standard reflections were recorded 
every 100 measurements to monitor the stability of the 
crystal and its orientation. No distinct time dependent 
trend was observed, the maximum intensity variation 
being of the order of 3%. Reflections within four sym- 

Solrrtions and Refiletilent of the Strrrctlrre 
The prominent sheets of diffuse intensity perpendicular 

to the a* and b* axes corresponded to a spacing of 
2.64(1) A, a distance not commensurate with the lattice 
dimensions. Two orders of these sheets were visible in 
each direction. We assumed that the 2.64 A spacing 
corresponded to a Hg-Hg interaction and that the 
mercury atoms were in some measure disordered. This 
was confirmed by the three-dimensional Patterson func- 
tion which showed planes of high density at w = 114 and 
314. A satisfactory solution to both the Patterson function 
and the diffuse reflections could be found by placing 
atoms in the positions given in Table 1. This model, 
refined with isotropic temperature factors and unit 
weights, converged at R,(= Z A/ X (F,l where A = 1 IF,, 
- lF,ll) = 0.079. 

The atomic scattering factors for mercury, fluorine, and 
arsenic with corrections for anomalous dispersion for the 
mercury atoms were taken from ref. 7. All calculations 
were performed on a CDC 6400 computer using the series 
of programs in the XRAY 71 system (8) and local 
programs. The final atomic positional coordinates and 
temperature factors are given in Table I, while a listing of 
the observed and calculated structure factors is available 
in Table 3.' 

Results and Discussion 

The structure consists of a n  array of octa- 
hedral hexafluoroarsenate anions conforming t o  - 
the crystal space group symmetry, with the  
fluorine atoms occupying three-quarters of the 
points of a cubic close packed lattice (Fig. 1). 
Within this lattice there is a n  arrav of non- . . 

metry related octants with 28 < 50" were measured intersecting channels running along the a and b 
resulting in 696 reflections, which were then corrected for 
Lorentz and polarization effects. The intensities were directions. Infinite chains of mercury atoms 
corrected for absorption assuming spherical geometry (Hg-Hg = 2.64(1) A) lie these 
(pR N 5.5). It was realized that this correction was not but the Hg-Hg distance is not  commensurate 
completely adequate but the poorly defined faces on the with the lattice dimensions. Thus whereas 
crystal used and the difficulties in handling the material a = 7.54 A, three H ~ - H ~  distances equal 7.92 A 
made a more accurate correction imoracticable. Svm- 
metry equivalent reflections were averaged resulting in 
109 independent reflections with intensities greater than 'Table 3 is available, at a nominal charge, from the  
3 times thestandard deviation based on counting statistics. Depository of Unpublished Data,  National Science 
Unobserved reflections were not included in the refine- Library, National Research Council of Canada, Ottawa, 
ment. Canada KIA 0S2. 
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BROWN ET AL.: ON ALCHEMISTS' GOLD, Hp1.86AsF6 793 

chains in which the average charge per mercury 
atom is 112.86 = f 0 . 3 5  and that there is essen- 
tially ionic bonding between the positively 
charged mercury chains and the negative hexa- 
fluoroarsenate anions. 

The mercury-mercury distance of 2.64 A is 
appreciably longer than that found in the 
mercurous halides (9) (2.49-2.54 A) or in 
Hg3(AsF6)2 (2.55 A). This, coupled with the fact 
that the chains are electron deficient, leads us to 
believe that the chains have a "metallic charac- 
ter." The mercury-mercury distance is con- 

0 siderably shorter than in metallic mercury 
(3.005 A) but it must be remembered that the 

FIG. 1. An isometric view of Hg2 s6AsF6 showing the coordination number in the metal is 12 whereas 
infinite chains of Hg atoms (circles) running through the in the present it is only 2. seems 
lattice of AsF6- ions (octahedra). 

reasonable to suppose that the compound will 
and therefore the empirical formula may be display anisotropic conductivity, i.e., it will be 
written as Hg2.,,AsF6. The mercury atomsarein highly conducting along the a and b axes but not 
different positions in adjacent unit cells and each along the c axis. This is presently under investi- 
mercury atom has a different environment. The gation. 
positions of the mercury atoms within a given Recently L ~ k k e n  and Corbett (10) have 
chain are also disordered with respect to the published the structural analysis of the com- 
positions in adjacent &ins. To the pound Gd2C1, which contains infinite chains of 
disorder of the mercury atoms, 0.179 atom was metal atoms along one axis of the crystal. These 
placed at x(Hg) = 0.03125, 0.09771, 0.15621, chains are formed by the sharing of opposite 
and 0.21875 thus giving 16 partial atoms along edges of octahedra of gandolinium atoms. Both 
each chain in the unit cell, i.e., an approximately Gd2Cl3 and Hg2.86AsF6 contain infinite one- 
continuous chain of mercury electron density. dimensional metal atom chains, and Lokken and 
Selected bond distances and angles are given in Corbett have also predicted that their compound 
Table 2. Two points appear worthy of note. should display anisotropic conductivity. 
Firstly the As-F distances are within the range 
found previously for AsF6-. The closest contact 1 .  B. D. CUTFORTH, C. G. DAVIES, P. A. W. DEAN, R. J .  
distance between the mercury atoms and a GILLESPIE, P. R. IRELAND, and P. K. UMMAT. Inorg. 

Chem. 12, 1343 (1973). fluorine is 2'99(4) A which is 'lightly greater than 2, B, D, C u T F o R T ~ ,  R. J, GILLESpIE, and P. R, IRE- 
the sum of the Van der Waals' radii (2.85 A). LAND. Chern. Comrnun. 723 (1973). 
Thus it seems reasonable t o  conclude that the 3. G. TORSI, K. W. FUNG,  G. H. BEGUN, and G. 
crystal contains AsF6- anions and mercury MAMANTOV. Inorg. Chern. 10,2285 (1971). 

4. R. D. ELLISON, H. A. LEVY, and K. W. FUNG. Inorg. 

TABLE 2. Selected bond distances (A) Chern. 11,283 (1972). 

for H ~ Z . ~ ~ A S F ~ *  5. E .  ASHMOLE. Theatrurn Chemicum Brittanicum. 
- London. 1652. p. 125-127. 

6. R. J .  GILLESPIE and P. K. UMMAT. Chem. Commun. 
Bond Distance (A) 1168 (1971). 

7. International tables for X-ray crystallography. 
As(1)-F(1) 1.61(7) Kynock Press, B~rmlngham, England. 1962. 

-F(2) 1.71(4) 8. J. M. STEWART, F. A. K u N D E L L , ~ ~ ~ J .  C. BALDWIN. 
H g ( 2 t F ( 2 )  t 2.99(4) XRAY 71 systemofcrystallographic programs. Tech- 
Hg-Hg 2.64(1) nical Report. University of Maryland, 1971. 

*Symmetry restricts the angles subtended by 9. E. DORM. Chern. Cornmun. 466 (1971). 
F(I)-As(1)-F(2) to 90" and angles subtended 10. D. A. LOKKEN and J. D. CORBETT. Inorg. Chern. 12, 
by Hg-Hg-Hg to 180". 

tshortest distance. 556 (1973). 
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Mechanism of Hydrogen Peroxide Pyrolysis 

ANDRE TESSIER' A N D  WENDELL FORST 
Deprtr.trnent of Cl~emistry, Unive~.sitC Laval, Q~tCbec GIK 7P4 

Received January 30, 1973' 

The pyrolysis of hydrogen peroxide was followed mass spectrometrically, under conditions 
such that a steady-state concentration of the HOz radical equal to or  exceeding 1/100th of the 
concentration of hydrogen peroxide would have been detected. The actual steady-state concen- 
tration of H 0 2  in a reacting mixture was found to be below the detection limit, from which it 
is concluded that the simplest mechanism that provides an entirely adequate quantitative 
description of the pyrolysis is 

H Z 0 2 +  M - > 2 O H  + M 

La pyrolyse du peroxyde d'hydrogene a CtC suivie par spectrometric de masse, sous condi- 
tions telles qu'une concentration stationnaire du radical HOz egale ou supCrieure a 1/100eme 
de la concentration du peroxyde etait detectable. On trouve cependant que la concentration 
stationnaire de H 0 2  dans le milieu reactionnel est en-dessous de la limite de detection, ce qui 
nous permet de conclure que le mCcanisme le plus simple qui offre une description quantita- 
tive entierement satisfaisante de la pyrolyse est 

HzOz + M -> 2 OH + M 

OH + Hz02 + HOz -I- H20 

2 H 0 2  4 H202 + 0 2  

Can. J. Chern., 52,794 (1974) 

The thermal decomposition of hydrogen 
peroxide vapor in a suitably seasoned vessel is 
now established as a homogeneous non-chain 
gas phase reaction of order one with respect to 
peroxide (1). At total pressure below 1 atm the 
initiating step is pressure-dependent, 

(M = any heat bath molecule) and therefore (111 
represents a unimolecular reaction at the low pres- 
sure limit (2). There is general agreement that 
reaction 1 is followed by 

[21 OH + Hz02 + HOz + H 2 0  

Since the overall reaction is H 2 0 2  + H 2 0  + 
%02,  a reaction step producing oxygen is needed. 
One possibility (3) 

must be rejected because, contrary to experiment, 
it would (i) lead to order 312 in peroxide; and 
(ii) make the decomposition a chain reaction. A 

better alternative is 

A simple mechanism for the thermal decomposi- 
tion of hydrogen peroxide would then consist of 
reactions 1, 2, and 3 (Mechanism A), or of re- 
actions 1, 2, and 4 (Mechanism B); a more 
complicated mechanism would comprise all 
four reactions 1, 2, 3, and 4 (Mechanism C). If 
a stationary concentration of OH and HO, radi- 
cals is maintained throughout the reaction,"t is 
easy to show that all three mechanisms lead t o  
-d [H,O,]/dt = 2k, [H202:l [MI (square brackets 
represent concentrations), which is fortunate in- 
sofar as the determination of k ,  froin rate data is 
concerned, but at the same time this makes the 
three mechanisms kinetically indistinguishable if, 
as is usually the case, the reaction is followed by 
analysis for peroxide or manometrically. 

'Present address: INRS-Eau, Universitt du Quebec, 
C.P. 7500, QuCbec GIV 4C7. 

2Revision received October 23, 1973. 

3According to  Troe (7), stationary concentration of O H  
and HOz is maintained at all temperatures below 1200 "K 
when [HzOz]O - mol/l. 
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TESSIER AND FORST: PYROLYSIS OF HZOZ 795 

In the absence of direct experimental evidence, 
the choice between the mechanisms has been 
made in the past on the basis of various un- 
certain arguments; thus one of the authors (2) 
has favored mechanism A at one time, while 
others (4, 5) have favored mechanism B, and still 
others (6, 7) have considered the more compli- 
cated mechanism C.  

We have reported recently (8) on a mass- 
spectrometric study of the peroxide pyrolysis in 
the presence of M = water. The rate constant k ,  
was obtained from the time dependence of mass 
peak at  n?/e = 34 (hydrogen peroxide), but in 
the process the whole mass spectrum was scan- 
ned, so that we could detect, in principle a t  least, 
every molecular species or radical in the reacting 
system if present in amounts exceeding its detec- 
tion threshold. 

The possibility of measuring radical concentra- 
tions in the course of the pyrolysis of H 2 0 2  
makes the mass spectrometric study particularly 
attractive for distinguishing among the mech- 
anisms. While all three mechanisms lead to the 
same steady-state concentration of the O H  
radical (-lo-" mol/l at 754 OK), they lead to  
sufficiently different steady-state concentrations 
of the radical HO, to make the difference among 
the mechanisms detectable. It is not dificult to 
show that Mechanism A leads t o  a steady-state 
concentration of HO, given by 

while Mechanism B leads to  

Mechanism C cannot be solved in closed form: 
it yields 

[71 [HO,Is.s. = {(kl [H2O2I[M'l[OHls.s. 
- k2 [H2021)/k4)112 

where [OH Is,,, is the solution of 

which must be obtained numerically. 
The various rate constants are reasonably 

well known; given below are their values in 

1 mol- '  s f 1  at  754 OK, a typical temperature of 
our experiments. From our previous work (8, 
eq. IS), we have k1(=a2/2) = 42.9 for M = 
water. The recommended expression for k, is 
(9) 10" exp (- lSOO/RT), which works out to 
3 x lo9. Two independent determinations (10, 
11) give, at  300 OK, I<, - 2 x lo9. This reaction 
is believed to have an activation energy of less 
than 2 kcal/mol (1), and  therefore we have used 
k ,  = 4.9 x lo9, calculated from the  300 O K  

value on the assumption that the activation 
energy is 1 kcal/mol. 

The value of k, is crucial to our argument, 
and therefore is discussed here at  some length. 
Kaufman (12) estimated I<, 3 6 x l o 9  at 300 
OK, based on the work of Foner and Hudson (10) 
in which HO, was generated by an electrodeless 
discharge in H202 .  Troe (7) followed the u.v. 
absorption spectrum of HO, in the course of 
the thermal dissociation of H,O, in a shock 
tube and found lo9 < k,  < 10" at - 1400 "K. 
Peeters and Mahnen (13) determined by mass 
spectrometric sampling from lean methane- 
oxygen flames k, - 5 x 10" at - 1600 OK, a 
value estimated to be good within a factor of 
two. Day, Thompson, and Dixon-Lewis (14) 
found from the kinetic analysis of burning veloci- 
ties in hydrogen-oxygen flames k ,  < 7 x 101° 
at  900 OK. Assuming, a s  seems reasonable, that 
reaction 3 has only a small activation energy 
(-1 kcal/mol or  less), the three determinations 
of k, in the thermal systems are all compatible 
with the value k, - 10" at 754 OK. I n  sharp 
contrast, Hochanadel et al. (15) obtained k, - 
10" at  298 OK in a photolytic system i n  which 
HO, was generated in the three-body process 
H + 0, + M + HO, + M. The reasons for 
the discrepancy between the values of k, obtained 
in thermal systems and in the photolytic system 
are not clear; possibly the high exothermicity of 
the H0,-generating reaction in the photolytic 
system is a t  least partially responsible. Inasmuch 
as  our own work concerns a thermal system, we 
shall use the thermal value k, - 10'' a t  754 OK. 
Finally, under our conditions: [MI - [ H 2 0 ]  = 

30 Torr (=6.38 x mol/l) and [H,0,] = 
1.5 Torr (= 3.2 x mol/l), which is actually 

4For initial rates, [MI is actually a weighted sum of the 
concentrations of reactant and inert gas, but since the col- 
lisional efficiency of water is almost equal that of peroxide 
(2), we can put [MI - [HzO] since under our conditions 
[Hz0zI0 << [HzOI. 
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the initial concentration of peroxide, since our 
measurements refer essentially to initial rates. 
We can therefore replace [H20,] in eqs. 5 to 8 
by [H20,I0, where the superscript 0 indicates 
initial concentration. 

With the above numerical values of the various 
terms, the results for [HO,],., (at 754 OK, in 
mol/l) calculated from eqs. 5-7 for the three 
mechanisms are 
Mechanism A 

[9 I 1.92 x lo-' = 0.3 [H2O2I0 

Mechanism B 
[lo] 1.3 x = 4.2 x [H,O,]~ 

Mechanism C 
[11] 1.3 x = 4.2 x lop4  [H,O2I0 

Two conclusions are immediately apparent: 
(i) Mechanism A leads to a very much larger 
stationary concentration of HO, than the other 
two; (ii) Mechanisms B and C yield similar 
values of [HO,],.,,. The same conclusions apply 
throughout the temperature range of our experi- 
ments (717-754 OK). It is noteworthy that even 
if we had used Dixon-Lewis' (14) upper limit 
k, - 7 x 101°, [HO,],,,, in Mechanism A 
would still be some lo2 times larger than the 
stationary concentration of HO, in Mechanism 
C ,  since the result [I I ] is quite insensitive to the 
value of the ratio k,/k,1/2; the result [lo] of 
course does not depend on k, at all. Hence the 
disparity of several orders of magnitude between 
[HO,],,,. in Mechanism A on the one hand, and 
in Mechanisms B and C on the other, is still 
true even if the uncertainty in the thermal value 
of k, is considered. 

Insofar as the mass spectrometric analysis is 
concerned, the interesting species is therefore 
HO, which gives rise to a signal a t  mle = 33. In 
a reacting mixture, the total signal at mle = 33 
arises from two sources: (i) by ionization of the 
HO, radical, and (ii) by fragmentation of the 
hydrogen peroxide ion. For a given adjustment 
of the mass spectrometer, the contribution from 
source (ii) is a fixed fraction of the signal a t  
mle = 34, characteristic of the mass spectrum 
of H,O,, and therefore is known if the mass 
spectrum of the non-reacting hydrogen peroxide 
is determined in a separate experiment under 
instrumental conditions identical to those used 
in studying reactive mixtures. 

We have determined the mass spectrum of 

hydrogen peroxide at 42 "C, a t  which tempera- 
ture the H,O, does not measurably decompose, 
and found the signal at mle = 33 to be (6.8 + 
0.1)% (standard error) of the signal at mle = 34 
(8, Table 1); we assume that the ratio of the two 
signals at mle = 34 and mle = 33 remains the 
same in the temperature range 440-480 " C  
(71 7-754 OK) where the thermal decompositio n 
of H,O, was studied. On this assumption, any 
signal in a reactive mixture at  mle = 33 that 
exceeds 6.8% of the signal at mle = 34 is 
assigned to HO, produced by  the thermal de- 
composition of H202.  The sensitivity of our ap- 
paratus was such that a signal at mle = 33 that 
was 1% of the signal at  mle = 34 should be 
readily detectable. If we further assume that the 
cross-section for ionization of HO, is substan- 
tially the same as that for the ionization of H,O,, 
we could detect [HO,],,,, R 0.01 [H20,I0. 

A total of 45 experiments o n  reactive mixtures 
in the temperature range between 440-480 " C  
were analyzed, with [H20]  varied between 20 
and 40 Torr. In each run the signals at mle = 34 
and mle = 33 were recorded for the first minute 
or so, and their ratio calculated. In no case could 
we detect any increase in the signal at mle = 33 
above the 6.8% level of signal at mle = 34, 
which rules out immediately Mechanism A 
which predict [HO, I,,,. about 30 times higher 
than our detection limit. Even if the cross-section 
for ionization of HO, were ten times smaller 
than assumed, or if k, were 10 times larger, this 
would still make [HO,],,,. of Mechanism A 
about 3 times larger than our  detection limit. 
The experimental finding is however, quite con- 
sistent with the result [lo] o r  [ I  11 which pre- 
dicts [HO,],.,, well below our  detection limit. 

The radical OH yields a signal at mle = 17, 
but in our system this could not be used for the 
measurement of [OH],,,. because of interference 
from hydrogen peroxide and  the omnipresent 
water. 

The conclusion is therefore inescapable that, 
at least under our experimental conditions, 
Mechanism A leads to an unreasonably large 
steady-state concentration of HO,, and therefore 
the pyrolysis of hydrogen peroxide is better 
described by Mechanisms B or  C. In view of the 
very similar numerical results obtained for the 
last two mechanisms, it appears that even the 
very simple Mechanism B provides an entirely 
adequate quantitative description of the process. 
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Reactions of Functionalized 1,3-Dipoles 

J. W. LOWN A N D  B. E. LANDBERG 
Deptrrttnetrt of Cl~etiiistry, Utliversity of Alberta, Etlt?rotrtot~, Albertrr 

Received September24, 1973 

A new synthetic approach to the formation of 5-5,5-6,s-5-5, and 6-5-6 fused heterocycles 
employing cycloadditions with functionalized dipoles is described and its scope and utility ex- 
plored through representative examples. The regiochemistry and stereochen~istry of the additions 
is established by specific deuterium labelling, n.m.r. spectroscopy, and by chemical means. 

On dCcrit une nouvelle approche synthetique a la formation des hetCrocycles condenses 5-5, 
5-6, 5-5-5 et 6-5-6; la generalit6 et I'utilite de cette methode impliquant des cycloadditions de 
dipoles fonctionnalises est examine par l'intermidiaire d'exemples reprisentatifs. La  regio- 
sClectivitC et la stereochimie des additions est Btablie i I'aide de marquage par le deuterium de 
faqon specifique, par r.m.n. et par des moyens chimiques. [Traduit par le journal] 

Can. J .  Chern.. 52,798 (1974) 

The general 1,3-dipolar addition reaction / b , ~ ~ f \  

developed and systematized by Huisgen (1) and a / h  
\d/e,g' illustrated in eq. 1 is of considerable utility for 

/b \c / f  
the rational synthesis of a wide variety of mono- [31 - + 

/b+ / 
cyclic heterocycles. We previously extended this \ 1 d = e  -g  d-e 

b 
' g 

a' \ c  - a /" \c , k C y f \ h  
[ I I  \d -e I a l !  

d = e  \ d ~ e \ ~ / l  

basic reaction to a scheme for the preparation of thermal decomposition of 3-aroylaziridines in 
linked heterocycles (2) as illustrated in eq. 2 via acetonitrile (3, 4) and in their reaction with 
consecutive condensation and 1,3-dipolar addi- p-nitrosophenols (4) when 3,5-dihydro-2H-pyr- 
tion. A similar general synthetic scheme for the rolo[3,4-d]oxazoles were obtained in good yield. 

preparation of fused ring heterocycles would be a 
valuable extension of the general cycloaddition 
principle. One approach we wish to explore in 
this paper is the scope of the reactions of 1,3- 
dipoles bearing additional functionality (i.e. 
besides their basic 4n electron reactive system) to 
form bicyclic heterocycles, as shown in eq. 3. 
The additional functionalities f and g on the 1,3- 
dipole and dipolarophile, respectively, should 
give the potential second fused five- or six- 
membered ring provided the reaction has the 
desired regiochemistry and stereochemistry. Indi- 
cations of the usefulness of this approach had 
been obtained during an examination of the 

O=CH--  COAr 

Our initial approach to systematize these findings 
has been to  examine the reaction of aroylazo- 
methine ylides (generated by the thermal 
electrocyclic cleavage of aziridines) with a range 
of suitably functionalized dipolarophiles). Ex- 
ploratory reactions of azomethine oxides (ni- 
trones) are also discussed in this context. 
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LOWN AND LANDBERG: 1,3-DIPOLAR ADDITIONS 

SCHEME 1 

Aroylazonzetlzine Ylides and Aroylalkenes The regiochemistry of the 1,3-dipolar addi- 
(Chalcones) tions indicated by the double resonance and 

Regiocllemistry of the Additions deuterium labelling experiments received chern- 
Reaction of aziridine ( la)  with chalcone (2a) in ical confirmation by the cyclodehydration of (3c) 

refluxing toluene afforded pyrrolidine (3a) in 50% with polyphosphoric acid to the dihydrofuro- 
yield. The n.m.r. spectra of the pyrrolidines [3,4-blpyrrole 4, illustrating the potential for 
la-g showed the expected ABCD pattern for the synthesis of fused heterocycles, as  shown in 
the methine protons, the chemical shifts and Scheme 2. All the 2,3-dibenzoylpyrrolidines gave 
coupling constants of which were cbtained by mass spectral parent peaks of (M - H,O) i.e. of 
double irradiation experiments (see Table 1). ready loss of water t o  form the fused furan 
These assignments received confirmation by a structure in the ion beam. 
parallel experiment with specifically 3-deuterium 
labelled aziridine (5) (le). The n.m.r. methine Stereochemistry of the Additions 
pattern of the corresponding pyrrolidine (3e) It was necessary t o  establish the  stereo- 
showed the 5.58 6 signal diminished (H,) and the chemistry of the additions so that the relative 
4.01 6 signal simplified to a doublet confirming positions of the reactive groupings at C ,  and C, 
its assignment as H,. The previous double may be known since this will dictate the method 
irradiation experiments therefore confirmed to be selected in constructing a fused six- 
3.73 6 as H4 and 5.15 6 as H,. membered ring. 

Potassium carbonate catalyzed exchange of Stereochemical assignment of the  cyclo- 
pyrrolidine (3a) with deuterium oxide provided adducts was made on the basis of chemical evi- 
added confirmation in that the 4.01 6 (H,) (a to a dence in conjunction with p.m.r. spectroscopy; 
carbonyl group) was completely exchanged. As the observed coupling constants are consistent 
expected the 5.46 doublet became a singlet (H,) with the Karplus correlation (7) and with other 
after the exchange while the H4 and H, signals model pyrrolidines (6). 
were simplified to an AB quartet centered a t  3.59 Previous experience in the electrocyclic con- 
and 4.99, J = 4 Hz by this process. The pre- rotatory generation of  azomethine ylides from 
ferential base catalyzed deuterium exchange of 3-aroylaziridines has established that the stereo- 
H, is characteristic of these pyrrolidines (8) isomeric azomethine ylides equilibrate to the 
(see also later examples). more stable trans form prior to cycloadditon (8). 
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TABLE 1. Double irradiation experiments on pyrrolidines at 100 MHz 

Measured 
Lines collapsed remaining 

Proton Decoupling coupling 
Compound irradiated frequency (Hz) Original form Final form (Hz) 

This combined with the trans geometry of the 
chalcones and the known regiochemistry pro- 
vides for only two possible geometries 3A or 3B. 

The vicinal coupling constants determined from 
double irradiation are J2 ,  = 3 ,  J , ,  = 7.5, and  
J,, = 8.4 Hz. Other model pyrrolidines formed 
by reaction with trans-dibenzoylethylene (see 
below) in which J 2 ,  = 7 Hz  was assigned a cis 
geometry because of the rapid and characteristic 
condensation with hydrazine to form fused 
dihydropyridazine structures. The lack of reac- 
tion of the pyrrolidines obtained in the present 

case combined with a J, ,  = 3 Hz established the 
trans-trans-trans structure 3A as the correct 
stereoisomer. The failure t o  epimerize upon 
treatment with sodium methoxide in methanol 
despite the rapid deuterium exchange indicates 
this is also the most stable stereoisomer. 

Aroylazomethine Ylides with trans- 
Dibenzoyletlzylene 

Reaction o f  aziridines with trans-dibenzoyl- 
ethylene afforded two stereoisomeric pyrrolidines 
(5A and B) which were separable by column 

PhCO 

R 
COPh COPh 

chromatography and recrystallization. One iso- 
mer shows a n  n.m.r. coupling constant o f  
J2,  = 7 Hz signifying a cis vicinal coupling in the 
cis-trans-cis structure (5B). The second isomer 
displays a J 2 ,  = 2 Hz which is ascribed the 
trans-trans-trans structure (5A). These assign- 
ments were confirmed chemically when pyrroli- 
dine 5B, having the required cis arrangement for 
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LOWN AND LANDBERG: I,3-DIPOLAR ADDITIONS 801 

the 2- and 3-benzoyl groups, reacted readily with P ~ C O  

hydrazine to form 6. Both the mass spectrum and p$ 
n.m.r. spectrum confirmed a composition of H P ~ C O  
C,,H,,N,O,, i.e. corresponding to the addition  COP^ H 
of two hydrogens to the primary condensation R' 

COPh 
R'- 

vroduct 7. Since excess hvdrazine was used in COPh 

the reaction and since no NH absorption may be 
detected in the i.r. spectrum this indicates that the 
initial product 7 is further subject to  a 1,4 
reduction by hydrazine to give 6. The stereoiso- 
meric pyrrolidine 5a, having benzoyl groups in an 
all trans arrangement as expected failed to react 
with hydrazine. 

Potassium carbonate catalyzed exchange with 
deuterium oxide resulted in the complete ex- 
change of protons H, and H, only, when H, 
became a singlet at 5.58 and H, became a singlet 

mN02C6H4 0; - R = C & L I  

b R = (CH3)zCH- 
H 

/ COPh 
R 

cis-trans-cis stereochemistry because of the 
close similarity of the n.m.r. spectrum with that 
of SUB, and the second minor isomer was 
ascribed the trans-trans-trans structure (8bA). 
Treatment of the 2,3,4,5-tetrabenzoyl-I-benzyl- 
pyrrolidine with cyclohexylamine in methanol 
gave the tetraphenyldipyrrolo-[3,4-b : 3',4'-dlpyr- 
role (10) in 87% yield (4). 

Aroylazomethine Ylides and Aroylalkynes 
Aziridine Id  reacts with dibenzoylacetylene 

to give pyrroline l l a  and (when the reaction is 
not carried out under nitrogen) some of the 
corresponding pyrrole 12. Structure l l a  is 

5c 
PhCO 

at 5.12 6. Symmetrical 2,3-dibenzoylaziridines 
reacted with trans-dibenzoylethylene to give 
pyrrolidines 8a and b. In the case of 8a a single RIT$icoph mNOzC6H4 , COph 

1TPh 
/ 

stereoisomeric pyrrolidine is obtained and as- CH,-CH 
I H C H  

signed the cis-trans-cis stereochemistry (SUB) 
CH3 

/ \ 

since treatment with excess of hydrazine CH3 CH3 

afforded 9. In the case of 8b two stereoiso- 11 12 
meric pyrrolldines were obtained, the major a R~ = COph, R2 = mNOnCsH4 
form of which, m.p. 183", was assigned the b R,  = mN02C6H4, R2= COPh 
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COPh 
PhCO 

HQCOPh 
/ 

CH3-CH 
I C6H~nlN02 

favored over the alternative 3-pyrroline form (13) 
since the compound is recovered unchanged 
after treatment with sodium methoxide in 
methanol indicating it is the more stable isomer 
(6).  The isomeric 2-pyrroline structure l l b  was 
also discounted because (a )  the methine trans 
coupling constant 2.5 Hz is consistent with those 
found in analogous structures ( 6 ) ;  (b )  of the 
failure of an attempted Paal-Knorr reaction with 
cyclohexylamine in contrast to e.g.  3c, 8b ;  and 
( c )  the position of the isopropyl methine 3.70 6 is 
also consistent with a 2-pyrroline structure, 
since the corresponding position for a 3-pyrroline 
N-isopropyl methine is found to be ca. 3 p.p.m. 
(2). 

Although the n.m.r. spectrum of 11 shows a 
singlet for the methine protons at 4.93 6, applica- 
tion of the Europium shift reagent resulted in the 
selective diamagnetic shift of one methine so that 
an AB pattern centered at 6.45 and 5.30 p.p.m., 
J = 2.5 Hz, resulted. This selective shift suggests 
the methines are in substantially different en- 
vironments favoring pyrroline 11 over pyrroline 
13 (N.B. contrast example 14). The evident 
preference for formation of the 2-pyrroline 
isomer during cycloaddition is indicated by 
reaction of 1-isopropyl-2,3-dibenzoylaziridine 
with dibenzoylacetylene to form 14. The struc- 

PhCO 

tural assignment is supported by its lack of 
isomerization with sodium methoxide in meth- 
anol ruling out a 3-pyrroline structure (6 )  even 
though the methines appear as a singlet at 6.20 6. 
Application of the Europium shift reagent 
resulted in complexing to the 4,5-carbonyls with 
a resultant shift of the methines as a singlet to  
6 6.84. This result, in contrast to the previous 
case, points to the methines being in a closely 
similar chemical environment. 

Another indication of the 2-pyrroline form is 
the characteristic position of the isopropyl 
methine at 4.25 6. A similar formation of a 
2-pyrroline is observed in the reaction of the 
same aziridine with dimethyl acetylenedicarboxy- 
late to give pyrroline 15. In the reaction of 
1-isopropyl-2,3-dibenzoylaziridine with 1,3-di- 
phenylpropynone preferential formation of the 
kinetically controlled cycloaddition product, the 
3-pyrroline 16 was observed. Treatment of 16  

PhCO COPh 
PhCO 

H 

/ 
CH3- CH CH3- CH 

COPtl I COP11 
I 

CH3 CH3 

with sodium methoxide in methanol resulted in 
isomerization to the more stable 2-pyrroline 17, 
assigned the tm7s geometry since the methines 
appeared as singlets. The question of the regio- 
chemistry of unsymmetrical acetylenic dipolaro- 
philes could be determined by examining the 
reaction of aziridine Id with benzoylstyrene. I n  
this case the initially formed pyrroline is oxidized 
it7 situ to the pyrrole 18. The latter was related 

Ph 

I / 
C H  CH3- CH 

I 
COPh 

/ \ 
CH3 CH3 CH3 

structurally to thecorresponding chalcone adduct 
19, the regiochemistry and stereochemistry of 
which has previously been established. Con- 
trolled dehydrogenation of pyrrolidine 19 with 
p-chloranil (9) gave initially the pyrroline 20. 
Further treatment of compound 20 with p- 
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LOWN A N D  LANDBERG: 1.3-DIPOLAR ADDITIONS 803 

chloranil gave the pyrrole 18 obtained from 
benzoylstyrene. 

Aroylazomethine Ylides with lmidodipolarophiles 
lmine dipolarophiles are not normally very 

reactive, however when polarized by an adjacent 
group, say arylsulfonyl, we have found their 1,3- 
dipolar reactivity to be substantially enhanced 
(5). Thus reaction of aziridine Id with the ben- 
zoylsulfonylimine gave the fused bicyclic struc- 
ture 21 formed by spontaneous Paal-Knorr ring 

closure of the initially formed imidazolidine and 
the accompanying generation of water results in 
some hydrolysis of the sulfonylimine to the 
p-toluenesulfonamide. 

Reaction of aziridine I d  with the m-nitro- 
benzoylsulfonylimine took a different course in 
that the product imidazolidine 22 had not 
cyclized but had suffered a partial base-catalyzed 
elimination of the arylsulfinic acid group, so the 
2-imidazoline 23 is isolated as well. 

The regiochemistry of the addition and pro- 
posed structure of the imidazoline 21 was con- 
firmed by the facile Paal-Knorr reaction with 
cyclohexylamine to give compound 22. It may be 
noted that in the formation of fused heterocycles 
(e.g. A, 21, 24, 27) by Paal-Knorr condensation, 
the reactions are considerably facilitated by 
having heteroatoms or other strongly polarizing 
groups adjacent to both aroyl groups. This is 
further exemplified in the following reactions 
with functionalized azomethine oxides. A second 
analogous set of examples is described in the 
Experimental section. 

Aroylazomethineoxides with Dibenzoylethylene 
The nitrone 25a readily underwent reaction 

with trans-dibenzoylethylene to give the isoxazol- 
idine 26a. Paal-Knorr condensation took place 

readily with isopropylamine to give the fused 
heterocycle 27. The structural ambiguity with 
respect to this condensation was resolved by 

P h C O  , Ph 

using specifically deuterium labelled nitrone 256 
which reacted with trans-dibenzoylethylene to 
give the 3-d isoxazolidine 266. Since treatment 
with isopropylamine also gave 27, therefore the 
Paal-Knorr reaction occurs at positions 3 and 4 
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rather than ~ositions 4 and 5. Hvdrazine reacts 
readily with the cis vicinal aroyl groups of the 
isoxazolidine 26 (necessarily at positions 3 and 4) 
to give compound 28. The representative ex- 

amples discussed in this paper serve to illustrate 
the potential of this approach towards a general 
synthesis of fused heterocycles. At present the 
principal limitation appears to be one of yield in 
many cases.   ow eve; this is compensated for by 
the experimental convenience and simplicity and 
the accessibility of the starting materials. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. The i.r. spectra were 
recorded on a Perkin-Elmer model 421 spectrophotom- 
eter and only the principal, sharply defined peaks are 
reported. The n.m.r. spectra were recorded on Varian 
A-60 and A-100 analytical spectrometers. The spectra 
were measured on approximately 10-15% (w/v) solutions 
in CDCI,, with tetramethylsilane as a standard. Line 
positions are reported in p.p.m. from the reference. Mass 
spectra were determined on an Associated Electrical 
Industries MS-9 double focusing high resolution mass 
spectrometer. The ionization energy, in general, was 
70eV. Peak measurements were made by comparison 
with perfluorotributylamine at  a resolving power of 
15 000. Kieselgel DF-5 (Camag, Switzerland) and 
Eastman Kodak precoated sheets were used for t.1.c. 
Microanalyses were carried out by Mrs. D. Mahlow of 
this department. 

Materials 
(a) General Preparation of 3-Aroylaziridines 
These compounds were prepared by established 

methods involving Aldol condensations to  form chalcones 
followed by bromination to afford dibromochalcones and 
finally, treatment with primary amines to afford the 
aroylaziridines (10). 

(b) Preparation of Aroyl N-Sulfonylimit~es 
(i) m-Nitrophenylglyoxal methyl acetal was prepared 

by the method of Claisen (1 1) in 87% yield, b.p. 12O0/2mm 
(lit. b.p. 145-146'19 mm). 

(ii) The preparation of N-(m-nitrophenylglyoxa1)-p- 
toluenesulfonamide is typical of the preparation of other 
aroyl N-sulfonylimines and the procedure is due to  
Kresze and co-workers (12). 

A mixture of 7.30 g (32 mmol) of m-nitrophenyl- 
glyoxalmethyl acetal and 5.56 g (32.5 mmol) of p- 
toluenesulfonamide was heated with stirring to  150' for 

I h during which time methanol was evolved. Upon 
cooling the residual oil solidified and the product was 
purified by recrystallization from toluene-dio:an, m.p. 
205-208", 5.5 g (53% yield). 

Anal. Calcd. for CI5HlZN2O5S (mol. wt. 332.26): C ,  
54.22, H, 3.64; N, 8.43. Found (332, mass spectrum): C, 
54.44; H, 4.3; N,  8.21. 

Then.m.r. spectrum6 TMS (CDCI,): 2.32 (3H, s, CH3); 
6.25 (IH, s, methine); 7-9 (8H, m, aryl protons). 

(c) Preparation of Nitrones 
N-Benzoylmethylene-4-dimethylaminoaniline-N-oxide 

and similar nitrones were prepared by the procedure of 
Krohnke and Borner (13) and in this case yield 5 5 x ,  m.p. 
109-111' (lit. (13) m.p. 110-1 11"). 

Cycloadditions of Aroylazomethine Ylides with Chalcones 
(a) Reaction of3-p-Anisoyl-I-cyclohexyl-2-phenylaziri- 

dine with 3-m-Nitrophet1yl-I-phet1yl-2-propet1-I-one 
This reaction is typical of a series of six reactions of 

3-aroylaziridines with chalcones to  form pyrrolidines 
which are summarized in Table 2. A solution of 3.35 g 
(10 mmol) of the aziridine and 2.53 g (10 mmol) of the 
chalcone in 50 ml of benzene was heated under reflux for 
12 h. The solvent was removed in vacuo and the residual 
oil subjected to  chromatography o n  lOOg of B.D.H. 
grade I alumina with benzene eluant. The first fraction 
upon concentration gave pyrrolidine 3a purified by 
recrystallization from hexane-benzene, m.p. 14&142O . . 

2.90g, (50% yield). 
Mol. Wt. Calcd. for C37H36N20s:  588.2624. Found 

(mass spectrum): 588.2630. 
The i.r. spectrum v,,, . (CHCI,): 1670 cm-I (C=O). 

The n.m.r. spectrum TMS (CDCI3): 3.62 (IH, t, J3, = 
7.5 H z , J ~ ,  = 3 HZ, H3); 5.05 (IH, d ,  Jh5 = 8.4 HZ, H,); 
5.66 (lH, d, J 2 3  = 3.0 HZ, Hz). 

Double irradiation experiments are summarized in 
Table 1. Pyrrolidine 3a (0.1 g) was subjected to deuterium 
exchange by heating under reflux in  a mixture of 10 ml 
anhydrous dioxan and 10 ml of deuterium oxide with 0.1 g 
of potassium carbonate. The n.m.r. spectrum showed 
almost complete exchange of the proton giving rise to the 
4.01 6 doublet of doubletsand ascribed toH3 (see Table 2). 

(b) Reaction of 3-Benzoyl-3-deuterio-1-isopropyl-2-m- 
nitrophenylaziridine witlr 3-m-Nitrophenyl-1-phenyl-2-pro- 
pen-1 -one 

A solution of 1.48 g, (4.8 mmol) of  the deuterated (or 
undeuterated) aziridine and 1.26 g (4.9 mmol) of the 
chalcone in 50 ml of toluene was heated under reflux 
overnight, then the usual work-up procedure afforded 
pyrrolidine (3e), 2.Og (72% yield), m.p. 131-133" 
(CH30H). 

Anal. Calcd. for C33H29N306 (mol. wt. 563.2056): C,  
70.32; H, 5.19; N ,  7.46. Found (563.2070, mass spec- 
trum): C, 69.58; H ,  5.05; N, 7.55. 

The i.r. spectrum v,,, (CHCI,) 1670cm-I. The n.m.r. 
spectrum 6 TMS (CDCI,), 0.9 (6H, d of d, J = 6 H z ;  
(CH,),CH); 3.0 ( lH,  m, (CH,),CH); 4.01 (lH, d of d ,  
J Z 3  = 6.5,3.0Hz,H3);5.15(1H,d,J= 8.5Hz,HS);5.58 
( lH,  d, J = 3.5 Hz, Hz). The n.m.r. spectrum of the  
deuterated sample showed the doublet at 5.58 6 is 
diminished in intensity (therefore H-2) and the quartet a t  
4.01 6 became a doublet ( J  = 6.5 Hz)  (therefore H3). 

(c )  Paal-Knorr Reaction with 1-Cyclohexyl-2,3-di- 
benzoyl-4-m-nitrophenyl-5-phenylpyrrolidit~e. Formation of 
a Furo[3,4-blpyrrole 

1 -Cyclohexyl-2,3-dibenzoyl-4-m-nitrophenyl-5-phenyl- 
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TABLE 2. Pyrrolidines 
r 
0 

Found Calculated 
Nuclear magnetic resonance spectrum 

3 
Infrared > 

Melting Molecular Molecular (methines) spectrum z 
point Yield ion (mass ion (mass - 0 

(CHC13) 
No. ("C) (%) C H N spectrum C H N spectrum) Hz H3 H4 H5 J23 J34 J45 C=O > 

z 
3aa 140-142 50 - - -  588.2635 - - -  

0 
588.2624 5.66d 4.01q 3.68t 5.05d 3.0 7.5 8.4 1670 m 

3ba Oil 62 - - -  543.2770 - - -  543.2773 5.66d 3.96q 3 . 2 3  4.95d 3.4 7.5 8 .3  1665 
3c 176178 83 79.86 5.99 5.20 558.2520 79.93 5.95 5.17 558.2518 5.51d 3.92q 3.62t 4.99d 3.0 7.0 8 .0  1670 
3d 131-133 72 69.58 5.05 7.55 563.2070 70.32 5.19 7.46 563.2056 5.58d 4.01q 3.73t 5.15d 3.0 6.5 8 .5  1670 r 
3f 138-139 25 74.14 5.86 5.10 548.2506 74.43 5.88 5.11 548.2510 5.75d 3.99q 3.17t 5.08d 3 .0  7 .0  8 .0  1665 
3g Oil 52 - - -  518.2205 5.75d 4.02q 3.39t 5.12d 3.5  7.5 8 . 0  1670 - - A  518.2201 
5Ab 128-130 56 74.64 5.53 5.31 546.2161 74.71 5.53 5.13 546.2153 5.50d 4.50q 4.29q 5.09d 2 .0  3 .5  5.0 1662 
5Aa Oil 10 481(-COPh) - - - 585 5.54d 4.50q 4.19q 5.05d 2.0 3 .5  5 .0  1660 $ - - -  
5Bb 198-199 16 74.36 5.29 5.18 546.2159 74.36 5.29 5.18 546.2153 5.65d 5.19q 5.19q 5.29d 8.0 1 .5  7 .0  1660 > 
5Ba 183-185 48 75.59 5.92 4.77 481.2120 75.75 5.84 4.78 481.2126 5.58d 5 . 1 9 ~  4.990 5.31d 7.5 1.5 6.5 1660 a_ 

"1 

"Decomposes rapidly in light or air. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 3. Pyrrolines and pyrroles 

Found Calculated Nuclear magnetic resonance spectrum 
(methines) 

Melting Molecular 
point Yield ion (mass 

No. ("C) (%I C H N spectrum) C H N 

12 Oil 35 - - - 542.1841 - - - 

14 201-203 60 79.57 5.48 2.61 527.2090 79.67 5.54 2.66 
15 196-197 58 68.65 5.55 3.14 435.1671 68.95 5.79 3.22 

Molecular 
ion (mass R1 
spectrum) H4 H, J4, Methine 

544.1998 4.93(s) 2.5 3.68 
6.45d, 5.30d 
with Eu agent 

542.1832 - 
- 4.58 

527.2096 6.20(~)  - 4.20 
435.1682 4.48(m)" - 4.20 

Infrared 
spectrum 
(CHCI,) 
c=o z 

LI 

1660 0 
z 

1645 z 
1660 2 
1665 r 
1735 uj 

16 132-134 36 81.48 5.81 3.01 499.2159 81.74 5.85 2.80 499.2147 6.21(d) 6.52(d) 3.5d 3.35 1662 
17 Oil 46 - - - 499.2150 - - - 499.2147 4.30(d) 5.25(d) 7 .0  3.62 1660 2 
18' 189-190 77 76.92 5.05 5.31 514.1901 77.02 5.09 5.44 514.1893 - - 4.50 1630 
20 140-141 80 75.97 5.47 5.52 516.2062 76.72 5.46 5.42 516.2049 4.40(d) 4.86(d) 5 .0  3.60 1660 
3cb Oil 76 - - - 556.2370 - - - 565.2361 4.52(d) 4.79(d) 5.0 3.62 1662 

'H6 not evident, apparently obscured by aromatic protons. 
Wbtained from dehydrogenation o f  the corresponding pyrrolidine. 
<Obtained as oxidation product from cycloaddition o f  aziridine and alkene. 
d J z s .  C
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LOWN AND LANDBERG: 

pyrrolidine (0.4 g, 7.2 mmol) was heated with 20 ml of 
polyphosphoric acid at 150' for 2 h. The reaction mixture 
was poured into ice water, extracted with benzene, and the 
benzene extract dried (Na2S04). Removal of the solvents 
in vacrro gave 4-cyclohexyl-5,6-dihydro-6-nz-nitrophenyl- 
4H-furo[3,4-blpyrrole (4), 0.1 1 g (30% yield). 

Mol. Wt. Calcd. for C36H32N203:  (540.2413). Found 
(mass spectrum): 540.241 9. 

The n.m.r. spectrum 6 TMS (CDCI,): 4.35 (IH, d,  
J 5 6  = 5.0Hz,H5), 4.95(1H, d,J56 = 5 . 0 H ~ ,  H6). 

Reaction of 3-Betzzoyl-I-isopropyl-2-tn-tritrophemre 
with trans-Dibetrzoyletl~yletre 

A solution of 1.48 g (5 mmol) of the aziridine and 
1.18 g (5 mmol) of tratrs-dibenzoylethylene in 50 ml of 
benzene was heated under reflux overnight. Monitoring of 
the reaction by t.1.c. (silica gel - benzene) showed the 
presence of two products. Removal of the solvent itz uacuo 
and trituration of the residual oil with methanol gave a 
first crop of yellow crystals 0.43 g (16% yield) m.p. 198- 
199". Concentration of the mother liquor afforded a 
second crop 1.50g (56% yield) m.p. 128-130". The 
stereoisomeric pyrrolidines 5A and B could also be 
separated by column chromatography (B.D.H. alumina- 
benzene) when the lower melting isomer was eluted first. 
This isomer was assigned the structure and stereo- 
chemistry 5A i.e. trans-tratls-tratu-1-isopropyl-5-171- 
nitrophenyl-2,3,4-tribenzoylpyrrolidine based on the 
n.m.r. spectrum (see Table 2) and on the double irradia- 
tion experiments performed on a close analog (i.e., N- 
substituent is cyclohexyl rather than isopropyl) (see 
Table 3). 

The higher melting stereoisomer was assigned the cis- 
trat~s-cis structure 5 8  based upon its chemical reactivity 
towards hydrazine and upon its n.m.r. spectrum which 
shows two characteristically larger cis vicinal couplings 
of J = 6 and 7 Hz, respectively, for the methine ab- 
sorptions. 

Base Catalyzed Deuterirrtir Exchange of tratls-tratls-tratls- 
I-Isopropyl-5-t~t-t1itrophenyI-2,3,4-tribet1zo)~l- 
pyrroliditre 

A solution of 0.1 g of 5A and 0.1 g of potassium 
carbonate in 20 ml of 1 : 1 dioxan - deuterium oxide was 
heated under reflux for 2 h. Nuclear magnetic resonance 
examination of the recovered material showed complete 
exchange of H, and H, leaving Hz and H5 as singlets at 
5.58 and 5.12 6, respectively. 

Reaction of cis-tratrs-cis-I-Isopropyl-5-tn-nirrophet~yl- 
2,3,4-tribet~zoylpyrrolidine witlr Hydrazitre 

A solution of 0.2 g (0.37 mmol) of pyrrolidine 5B and 
0.5 ml of 95% hydrazine hydrate in 20 ml of methanol was 
heated under reflux for 1 h. Cooling resulted in precipita- 
tion of 0.1 1 g (55% yield) of 7-benzoyl cis-cis-cis-(1,4) 
(4a, 7a) (6,7)-hexahydro-5-isopropyl-l,4-diphenyl-6-tn- 
nitrophenyl-5H-pyrrolo[2,3-dlpyridazine (6) m.p. 85". 

Mol. Wt. Calcd. for C3,H3,N403: 544.2474. Found 
(mass spectrum): 544.2470. 

The i.r. spectrum v,,, (CHCI,) 1660 cm-' (C=O). The 
n.m.r. spectrum 6 TMS (CDCI,): (methines) 4.33 (IH, d, 
J = 7.5 Hz), 4.52 ( lH,  d, J = 7 Hz); 4.82 (2H, s,); 5.29 
( lH,  d, J = 5.0 Hz), 5.49 (IH, d, J = 5.5 Hz). 

Reactiotr of I-Cyclohexyl-2,3,4,5-tetrabenzoylpyrrolidine 
with H~ldrazitre 

A solution of 0.157 g (0.266 mmol) of pyrrolidine 8A 

1.3-DIPOLAR ADDITIONS 807 

and 0.03 ml (0.532 mmol) of hydrazine in 20 ml of 
methanol was heated under reflux for 2 h during which 
time a precipitate formed of 5-cyclohexyl-cis-cis-(1a,4a) 
(5a,9a)-tetrahydro-l,4,6,9-tetraphenyl-5H-dipyridazino- 
[4,5-6,4',5'-dlpyrrole (9) 0.07 g (46% yield) m.p. 85-90", 

Anal. Calcd. for C3,H3,N5 (mol. wt. 561.2892): C, 
81.25; H, 6.28; N, 12.47. Found (561.2906, mass spec- 
trum): C, 81.24; H, 5.91; N, 12.28. 

The i.r. spectrum v,,, (CHCI,) 1669 cm-' (C=N); 
n.m.r. 6 TMS (CDCI,): 1-2 ( lH,  m, C6Hll),  5.2 (4H, m, 
methines), 7-8 (20H, m, Ar-H). 

Delrydrogetratiot~ of a Pyrroliditre to a Pyrrolirte with HisA 
Potential Quinone 

A solution of 0.518 g (1 mmol) of 2,3-dibenzoyl-1- 
isopropyl-5-nr-nitrophenyl-4-phenylpyrrolidine (3g) and 
0.246 g (1 mmol) of p-chloranil in 50 ml of toluene was 
heated under reflux for 2 days. The solvent was removed 
itr vacuo and the residue subjected to column chroma- 
tography on 20 g of B.D.H. alumina with benzene as 
eluant. The first fraction gave 0.05 g (10%) of ~~nreacted 
pyrrolidine and the second fraction gave 2,3-dibenzoyl-I- 
isopropyl-5-t~r-nitrophenyl-4-phenyl-2-pyrrolidine (20) 
0.41 g (80% yield) as an oil. 

Anal. Calcd. for C33H28N104 (mol. wt. 516.2049): C, 
76.73; H, 5.46; N, 5.42. Found (516.2062, mass spec- 
trum): C, 75.97; H, 5.47; N, 5.52. 

The i.r. spectrum v,,* (CHCI,) 1660 cm-'. The n.m.r. 
spectrum 6 TMS (CDCI,) 1.0 (6H, d of d ,  J = 7 Hz, 
(CH,),CH); 3.60 ( lH,  m, (CH,),CH), 4.40 ( lH,  d, 
J 2 3  = 5.0 HZ, H3); 4.86 ( IH ,  d,J13 = 5.0 HZ, HI), 7-8.5 
(19H, m, ArH). When 2 equiv, of p-chloranil were c. -d, 
pyrroline 20 in 70% yield together with a small amount 
of pyrrole 18  (10%) when eluted with chloroform. 

Dehydrogetratiotl of I-Isopt~opyl-5-n1-nitrop/1et1yl-2,3,4- 
tribenzoyl-2-pyrrolitre with p-Clrloratril 

A solution of 0.54g (1 mmol) of pyrroline 20 and 
0.25 g (1 mmol) of p-chloranil in 20 ml of toluene was 
heated under reflux for 14 11 (10). Column chromatography 
on B.D.H. aluminawith 1 : 1 benzene-chloroformafforded 
the pyrrole 18 0.35 g (30% yield) (see Table 3). 

Cycloadditiotrs of Aroylazonrethine Ylides with Acetylenes. 
Reactiotr of I-Isopropyl-2-tn-nitrophetryl-3-betrzyl- 
aziriditte with trata-Dibet~zoylacetyletre 

A solution of 1.66g (7.1 mmol) of tratts-dibenzoyl- 
acetylene and 2.20 g (7.1 mmol) of the above aziridine in 
50 ml of benzene was heated under reflux for 12 h. 
Hexane (50 ml) was added to the hot solution which was 
set aside at room temperature for 2 days when crystals of 
1 -isopropyl-5-t~1-nitrophenyl-2,3,4-tribenzoyl-2-pyrroline 
(11) separated, 1 . l  g (30% total yield) m.p. 183-184'. 

Anal. Calcd. for C3,H2,N2O5 (mol. wt. 544.1998): C, 
74.98; H ,  5.18; N, 51.4. Found (544.1992, mass spec- 
trum): C, 74.80; H, 5.23; N ,  5.0. 

The i.r. spectrum v,,, (CHCI,) 1660 cm-' (C=O). The 
n.m.r. spectrum 6 TMS (CDCI,): 1.0 (6H, d of d, 
(CH,),CH-); 3.7 ( lH,  m, (CH,),CH-), 4.93 (2H, s, 
methine), 7-8.2 (19H, m, aryl). Upon treatment with 
Europium shift reagent, the Hz,  H3 singlet a t  4.93 became 
an AB quartet centered a t  5.30 and 6.45 6, J = 2.5 Hz. 

Chromatography of the mother liquor on  B.D.H. 
alumina with benzene as eluent gave a further 1.0 g of the 
pyrroline 11 and 1.3 g of an oil which eluted with 
chloroform and which crystallized from hexane as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



808 C A N .  J .  CHEM. VOL.  5 2 ,  1974 

colorless prisms, m.p. 100-10lo, 1-isopropyl-5-m-nitro- 
phenyl-2,3,4-tribenzoylpyrrole (12). 

Mol. Wt. Calcd. for C,4H,6N,05: 542.1832. Found 
(mass spectrum) : 542.1827. 

The i.r. spectrum v,,, (CHCI,) 1645 cm-' (C=O); 
n.m.r. 6 TMS (CDCI,): 1.2 (6H, d of d, J = 7 H z ,  
(CH,),CH-), 4.58 ( lH ,  m, (CH,),CH-), 7-9 (19H, m, 
aryl protons). 

Base Catalyzed Deuteriutn Exchange 
A solution of 0.1 g of compound 11 and 0.1 g of 

potassium carbonate in 50 ml of 1 : 1 dioxan - deuterium 
oxide was heated under reflux for 2 h. Examination of the 
n.m.r. spectrum of the recovered 2-pyrroline showed the 
4.93 singlet had diminished to  1H due to  exchange of H,. 
No other structural changes had occurred indicating this 
to be the more stable 2-pyrroline isomer. 

Base Catalyzed Isonlerization of a 3-Pyrroline 
to a 2-Pyrroline 

A solution of 1 g (2 mmol) I-isopropyl-4-phenyl-2,3,5- 
tribenzoyl-3-pyrroline (16) (prepared from l-isopropyl- 
2,3-dibenzoylaziridine and 1,3-diphenylpropynone) in 
methanol with a trace of sodium methoxide was stirred 
overnight at  room temperature. Removal of the solvent 
in vacuo gavea substance (17) isomeric with the compound 
16 (i.e. mass spectrum 499.2156. Calcd. for C3,HZ9N03 : 
499.2147). The n.m.r. spectrum 6 TMS (CDCI,) 3.6 ( lH ,  
m, (CH,),CH-), 4.1, 5.75 ( l H  each, s, H,, H5). On this 
basis the compound was assigned as I-isopropyl-4-phenyl- 
2,3,5-tribenzoyl-2-pyrroline (17). 

Cycloadditiotrs of Aroylazomethine Ylides with Aroyl- 
sulfonylitnines. Reaction of 1-lsopropyl-2-m-nitro- 
phenyl-3-benzoylaziridine with Benzoyl-N-p- 
toluenesulfotzylimine 

A solution of 2.16 g (7 mmol) of the aziridine and 
2.0 g (7 mmol) of the sulfonylimine in 50 ml of benzene- 
dioxan (10: 1) or acetonitrile was heated under reflux for 
12 h and the resulting precipitate was collected represent- 
ing 4,5-dibenzoyl-l-isopropyl-2-n~-nitrophenyl-3-p-tolu- 
enesulfonylimidazolidine, m.p. 272-273", 0.4 g (7% yield). 

Mol. Wt. Calcd. for C33H2sN304S: 562. Found (mass 
spectrum): 562. 

The i.r. spectrum v,,, (CHCI,): 1635, (C=O) 1160, 
1330 cm-' (SO,). The n.m.r. spectrum 6 TMS (CDCI,): 
1.33 (6H, d, J = 7 Hz, (CH3)2CH-); 2.21 (3H, S, CH3); 
3.5 ( lH ,  m, CH(CH,),); 7-9 (20H, m, aryl). 

The mother liquor was subjected to chromatography on 
B.D.H. alumina with benzene as eluent which gave some 
unreacted aziridine (0.3 g) and a second product 4,s- 
dibenzoyl-l-isopropyI-2-m-nitrophenyl-2-imidazoline, 
0.25 g (9% yield) m.p. 205". 

Anal. Calcd. for C26HzlN304 (M - 2H, 439.1532): C, 
70.73: H,  5.25: N, 9.52. Found (439.1535, mass spec- 
trum): C, 69.58; H, 4.95; N, 9.39. 

The analogous 5-benzyl-3-p-chlorotoluenesulfonyl-1- 
isopropyl-4-m-nitrobenzoyl-2-n1-nitrophenylimidazolidine 
(22), m.p. 278-279" and 5-benzoyl-I-isopropyl-4-nl- 
nitrobenzoyl-2-m-nitrophenyl-2-imidazoline (23), m.p. 
105" were prepared similarly in 12 and 20% yields, 
respectively. 

Paul-Knorr Formation of a Pyrrolo[3,4-d]imidazole 
A solution of 0.15 g of compound 23 and I ml of 

cyclohexylamine in 20 ml of methanol was heated for 1 h 

then set aside overnight. Chromatography of the resulting 
mixture on B.D.H. alumina with benzene gave 5-cyclo- 
hexyl-1,5-dihydro-2,4-di-m-nitrophenyl-l-isopropyl-6- 
phenylpyrrolo[3,4-dlimidazole (24), 0.08 g (60% yield). 

Mol. Wt. Calcd. for C32H31N504:  549.2375. Found 
(mass spectrum) : 549.2379. 

The n.m.r. spectrum 6 TMS (CDCI,): 1.20 (lOH, m 
cyclohexyl CH,), 1.3 (6H, d, J = Hz, (CH,),CH); 3.5 
(2H, m, methines), 7-9 (13H, m, aryl protons). 

Cycloadditions of Aroylazomethineoxides with 
Aroylalkenes 

A solution of 1.18 g (5 mmol) of trans-dibenzoyl- 
ethylene and 1.51 g (5 mmol) of the nitrone N-p-chloro- 
benzoylmethylene-4-dimethylaminoaniline-N-oxidein 100 
ml of dry benzene was stirred overnight at room tempera- 
ture. Most of the solvent was removed in vacrro and the 
resulting precipitate collected and purified by recrystal- 
lization from hexane-benzene to give 4,5-dibenzoyl-3-p- 
chlorobenzoyl-2-p-dimethylaminophenylisoxazolidine 
(26) 1.8 g (67% yield), m.p. 210-212". 

Paul-Kttorr Fortilation of a Pyrrolo[3,4-c]isoxazole 
(a) A solution of 0.2g(3.7 mmol) of4,5-dibenzoyl-3-p- 

chlorobenzoyl-2-p-dimethylaminophenylisoxazolidine 
(26) in 20 ml of methanol was treated with 2 ml of 
isopropylamine. A red color developed immediately and 
the solution was stirred overnight. Removal of the solvent 
it1 vacuo gave 3-benzoyl-6-p-chlorophenyl-3,5-dihydro-I- 
p-dimethylaminophenyl-5-isopropyl-4-phenyl-1 H-pyrrolo- 
[3,4-c]isoxazole (27), 0.2 g as a red oil. 

Mol. Wt. Calcd. for C35H32N302C1: 561.2192. Found 
(mass spectrum) : 561.2196. 

The n.m.r. spectrum 6 TMS (CDCI,): 1.1 (3H, s, 
CH,); 2.7 (3H, s,  N-CH,), 6.2-8 (20H, m, aryl H and  
methines). 

(b) The assigned structure was confirmed by reacting 
the isoxazolidine (0.10 g) labelled with deuterium at the 
3-position (75% replacement by n.m.r.) with isopropyl- 
amine to afford the same pyrrolo[3,4-c]isoxazole (0.1 g), 
(molecular ion 561, confirming loss of the label). T h e  
deuterated nitrone precursor was prepared from the 
pyridinium salt and p-nitrosodimethylamine, as before, 
but using CH,OD instead of ethanol as solvent. T h e  
required deuterated acetophenone was prepared by base 
catalyzed deuterium exchange. 

Formafiotz of an Isoxazolo[3,4-dlpyridazine 
A solution of 0.25 g (4.6 mmol) of 4,5-dibenzoyl-3-p- 

chlorobenzoyl-2-p-dimethylaminophenylisoxazo~idine 
(26) in 10 ml of boiling ethanol was treated with 2 ml of 
95% hydrazine. The solution was heated under reflux for  
15 min, allowed to cool, and the yellow needles collected 
0.15 g (75% yield) of 7-p-chlorophenyl-1-dimethylamino- 
phenyl-4-phenyl-3-cis-(3a,7a)-trihydro-lH-isoxazolo- 
[3,4-dlpyridazine (28), m.p. 269-273". 

Anal. Calcd. for C3ZHZSN40CI (M - HZO, 516.1717): 
C, 71.80; CI, 6.63. Found (516.1694, mass spectrum): C ,  
71.11; C1, 6.56. (Chemical ionization mass spectrometry 
shows the parent peak at  534.) 

The n.m.r. spectrum 6 TMS (CDCI,): 2.90 (6H, s ,  
N-CH,), 4.18 and 4.49 (2H, A B  quartet, J = 9 Hz ,  
C6H4N(Me)~). 

This research was supported by a National Research 
Council of Canada grant to J.W.L. and by the Chemistry 
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Unsymmetric Cleavage of C2-C3 in 5P-Steroids 

JOSEPH KENNETH PAISLEY, RONALD B. WARNEBOLDT, A N D  LARRY WEILER' 
D e p n ~ . t i i l ~ i ~ /  c<f'Cl~rii~i.s/,?', U ~ r i ~ * e r s i / ~  (<f'Briti.sll Colrriilbicc, V ~ I I ~ C O ~ I I . ~ I .  8, Briti.tl~ Col~r i~r l~ i t i  

Received September 20,  1973 

A method to achieve the unsymmetric cleavage of C-2 and C-3 in 3-keto-5p-steroids is de- 
veloped. This involves a cine substitution of 4-bromoketone to produce the 2-acetoxyketone. 
Possible mechanisms for this transforn~ation are discussed and the route proceeding through 
the oxyallyl intermediate is considered most plausible. The 2-acetoxyketone is converted into 
the hydroxyoxime which undergoes a Beckmann fragmentation to  yield the 2,3-seco-steroid. 
These products are useful intermediates for the synthesis of the salamander alkaloids. 

On a developpk Line mkthode pour couper prkferentiellement entre les positions 2,3 les 
ceto-3 steroides-5B. Ceci implique une cirii substitution de la bromo-4 cCtone pour obtenir 
I'acetoxy-2 cetone. Les mecanismes possibles pour cette transformation sont discutCs et I'on 
considere que la route passant par un intermediaire oxyallyle est la plus probable. L'acetoxy-2 
cetone est transfornlk en hydroxyoxime qui subie un rearrangement de Beckmann pour fournir 
le steroide coupe entre les positions 2,3. Ces produits sont des intermediaires utiles pour la 
synthtse des alkaloides de la salamande. [Traduit par le journal] 

Can. J .  Chem..52.810(1974) 

The European salamanders, Salamandia nzacu- 
losa taer~iata and Sa1atnarzrlr.a maculosa maculosa, 
produce a group of toxic defensive principles in 
their skin glands which have become known as 
the salamander alkaloids (1). These steroidal 
alkaloids have attracted attention because of  
their unusua'l structural, toxicological, and 
pharmacological properties. The toxicology and 
pharmacology studies of the major components 
of the salamander toxins have shown that these 
compounds have a dramatic effect on the central 
nervous system (2). These alkaloids also have 
unusual structures. They are the only known 
naturally occurring steroidal alkaloids in which 
the nitrogen forms an integral part of the 
steroidal ring system. There are three basic 
patterns found in the salamander alkaloids 
which are exemplified by sanianine (I), cyclo- 
neosamandione (2), and samandarine (3). All of 
the alkaloids have a nitrogen atom inserted be- 
tween carbons 2 and 3 of steroidal ring A and a 
5P-hydrogen. 

Because of these unusual and interesting 
properties we initiated a program to synthesize 
these alkaloids and structural variations and 
modifications of them. In 1967, Hara and Oka 
(3) reported the first synthesis of one of the 
salamander alkaloids, namely samandarine (3). 
Although the length of their synthetic sequence 
should not detract from its elegance and beauty, 

'Author to whom correspondence should be addressed. 

it does not appear to be a practical solution t o  
our aims. During the course of our work two  
other syntheses of samandarine (3) have ap- 
peared (4,5). The work of Shimizu (4) is similar 
to our own in concept and execution and the  
synthesis of Benn and Shaw ( 5 )  is patterned more 
on the proposed biosynthesis of 3. Cycloneo- 
samandione (2) has been synthesized by Harber- 
mehl and Haaf (6) and there have been several 
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PAISLEY ET AL. CLEAVAGE OF STEROIDS 811 

syntheses of samanine (1) and related systems Villiger product was a mixture of the two 
(7-9). possible lactones (16). We have found that 

The key point in all of these methods is the action of nz-chloroperbenzoic acid on 5 gave a 
cleavage of the bond between carbons 2 and 3 4 :  1 mixture of lactones 8 and 9 in  8 5 x  yield 
in a suitably substituted steroid (Scheme 1) to  (Scheme 3). The two lactones could be separated 
generate an ~lnsymmetric compound of type 4. by v.p.c. and their structures were proven as  

follows. The mixture of lactones was hydrolyzed, 

&-:9 esterified, and tosylated to  glve a mixture of 10 
and 11. Treatment of 10 and 11 gave only the 
olefin 12 in 32% which indicates that  the major 
lactone in the mixture has structure 8. This was 

H H 
collaborated by synthesizing the known lactams 

4 6 and 7 (14). These lactams were converted into 
SCHEME I the N-nitrosolactams (17) and pyrolysis of these 

N-nitrosolactams (18) gave the lactones 9 and 
With the exception of the method of Shimizu (4) 8, respectively (19). 
and our own (vide il?fra and ref. 10) the previous With this experience and the res~llts reported 
routes to  effect this cleavage (Scheme 1) were above we felt that it would be essential to Intro- 
either letlgthy or nonstereospecific. Here we duce a s~lbstituent a t  C-2 of 5 in order that the 
report our detailed results on this cleavage (10) c,-c, bond cleavage process woLlld be 
and the chemistry of some of these derivatives. favored. H ~ ~ ~ ~ ~ ~ ,  this approach is not totally 

The starting material for all our work Is free of obstacles since it is well known that most 
17P-acetox~-5P-androstan-3-one (5) which is reactions of 3-keto-5P-steroids involve prefer- 
readlly available from testosterone (1 1). ential enolization towards carbon 4 (1 1,20) and 

then reaction of this en01 (or enolate) to  generate 

dPC 
mainly, if not exclusively, the C-4 substituted 
product (1 1,20,21). One  exception t o  this is the 
formation of the Zhydroxymethylene derivative 
of 5 (21f). Formylation 1s an equilibrium 
reaction and the 2-hydroxymethylene is more 

0 
H 

stable than the 4-hydroxymethylene because of 
the A,,, strain (22) in the latter isomer. This led 

5 us to  the consideration of two possib~lities, 
There are several oxidative methods available to either we could obtain a 2-substituted derivative 
cleave the carbon-carbon bond adjacent to a of 5 via a rearrangement of the 4-subst~tuted 
ketone. Beckmann rearrangement of the oximes derivatlve (Scheme 4) or we could trap an 
from 5 gave a mixture of the two lactams 6 and intermediate of type 15 preferentially at C-2 
7 in a ratio of ca. I :  1 (Scheme 2) (7,12). The (vide infra) (Scheme 5). In the first possibility the 
difficulty in separation of the isomeric lactams reaction would be driven by the relief of the 
precluded using this method for the synthesis of additional gauche interaction present in 13 but 
large quantities of 6 (8,13). The syn and anti not in 14. The work of Warnhoff and co-workers 
oximes of 5 have been separated and the (23) on the rearrangement of a-acetoxyketones 
individual oximes undergo a stereospecific (Scheme 6) was a particularly relevant example 
Beckniann rearrangement to 6 or  7 (14). Here of the anticipated rearrangement shown in 
also the delicate chromatographic separation Scheme 4. Although this specific example 
and ready equilibration of the two oxinles was (Scheme 6) required rather high temperatures 
not compatible with our desired large scale other similar rearrangements have been found 
reactions. to occur at lower temperatures (24). 

Originally it was reported that the Baeyer- Satoh and co-workers (25a and b) and 
Villiger oxidation of 3-0x0-5P-steroids gave a Warnhoff and Wang (25c) have found that 
single lactone, namely, the 3-oxa-4-0x0-A-homo refluxing 4P-bromo-5P-cholestan-3-one in acetic 
compound (1 5). However, later re-examination acid containing sodium acetate yields 2P-acetoxy- 
of this reaction showed that, in fact, the Baeyer- 5P-cholestan-3-one in good yield (Scheme 7). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



812 C A N .  J .  CHEM.  VOL. 5 2 ,  1974 

OAc 

"4 N J,J 
H 

7 
SCHEME 2. Beckmann rearrangement of a 5P-androstan-3-one. 

OAc OAc OAc 

8 + 9 - - t  -+ 
MeOOC + T S O ~  

SCHEME 3. Baeyer-Villiger oxidation of a 5P-andrestan-3-one. 

It was not clear how this transformation occurred the crude mixture of bromoketones from the 
(vide infra) but it did appear to meet our objec- bromination of 5 could be used with essentially 
tives of introducing a substituent at C-2 in a the same overall results. Brornination of 5 gives a 
5P-steroid. Treatment of bromoketone 16 (26) 4: 1 mixture of two bromoketones, by v.p.c., and 
under the same conditions as in Scheme 7 (25) the major product is 16 and the minor product 
gave 2P,17P-diacetoxy-5P-androstan-3-one (17) probably is 2P-bromoketone. 
in ca. 70z yield. Either pure bromoketone 16 or The structure 17 for the acetoxyketone derived 
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PAISLEY ET AL.: CLEAVAGE OF STEROIDS 813 

to the 4P-hydrogen. Zinc - acetic acid reduction 
of the acetoxyketone gave 5 which indicates that 
no acyloxy-ketone exchange had occurred 
(23,25c). Also, bromination of the acetoxyketone 

0 
gave a monobrominated derivative which had 
an n.m.r. spectrum consistent only with structure 

X 18. The salient features in the n.m.r. spectrum of 
13 14 

SCHEME 4 

OAc 
SCHEME 6 

from 16 followed from its analytical and spectral 
properties. In particular the n.m.r. spectrum of 
the acetoxyketone had a double doublet (J = 6 
and 14 Hz) at 6 5.15 which is assigned to the 
2a-hydrogen, a broad triplet ( J  = 13 Hz) at 
6 2.81 assigned to the 4a-hydrogen, and a double 
doublet (J = 5 and 13 Hz) at ca. 6 2.2 assigned 

18 are a doublet ( J  = 13 Hz) at 6 4.98 assigned 
to the 4a-hydrogen and a double doublet ( J  = 5 
and 13 Hz) at 6 5.21 assigned to the 2a-hydrogen. 
All of these physical and chemical properties are 
consistent only with structure 17 for the acetoxy- 
ketone; also this product is not unexpected in 
view of the previous cine substitution reactions 
of bromoketones (25,26). 

The mechanism of this transformation has 
been the subject of several reports in recent years. 
There are several possible mechanisms for the 
reactions in Schemes 7 and 8. One possibility 
would involve direct displacement of the 
bromine at C-4 of 16 to give a 4-acetoxy com- 
pound which could rearrange to the 2-acetoxy 
isomer (Schemes 4 and 6). This possibility was 

OAc OAc 
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tested as follows. Ketone 5 was converted into 
the en01 acetate 19 using the procedure of Liston 
(I I). Compound 19 was contaminated with ca. 

OAc 

3% of the isomeric en01 acetate but this did not 
interfere with the subsequent reactions. En01 
acetate 19 was epoxidized with m-chloroper- 
benzoic acid - sodium bicarbonate (27) to  give 
the P-epoxide 20 in over 80% yield. The config- 
uration of the epoxidation product 20 was 
assigned as follows. The p-face of 19 appears to 
be the sterically more accessible direction for 
peracid attack (28). The n.m.r. spectrum of 20 
has a singlet a t  6 3.07 which is assigned to the C-4 
hydrogen. Examination of the Dreiding model 
of 20 indicates that the dihedral angle between 
the hydrogens on C-4 and C-5 is ca. 100" and 
the dihedral angle between the hydrogens on 
C-4 and C-5 in the isomeric cc-epoxide is ca. 50". 
In an extensive study of steroidal epoxides and 
episulfides it was found that the coupling con- 
stant of these hydrogens on C-4 and C-5 could 
approach zero only for dihedral angles of 70- 
100" while a coupling constant of at least 2 Hz 
is expected for a dihedral angle of 50" (29). 
Furthermore, the chemical shift of the C-19 
methyl hydrogens in 20 is 6 0.87 which agrees 
well with that of the C-19 hydrogens of 3P-4P- 
oxido-5P-cholestane at 6 0.87 (30). 

Pyrolysis of 20 a t  160" for 5 min gave 4c(,17P- 
diacetoxy-5P-androstan-3-one (21) in good yield. 
The salient feature of the n.m.r. spectrum of 21 
which suggested its structure was a one proton 
doublet ( J  = 8 Hz) at 6 5.41. This is assigned to 
the 4P-hydrogen of 21 which is probably in a 
boat conformation due to the severe interaction 

of the 4cc-acetoxy group with C-7 and C-9 in 
the chair conformation. The 4P-isomer 22 was 
obtained by treating 20 with HC1 in ether, and 
the n.m.r. spectrum of 22 has a one proton 
doublet ( J  = 12 Hz) at 6 5.52 which is assigned 
to the 4cc-hydrogen. These epoxide rearrange- 
ments parallel those of 2cc,3cc-oxido-3P-acetoxy- 
cholestane (3 1). When the 4P-acetoxy isomer 22 
was subjected t o  refluxing acetic acid containing 
sodium acetate, that is, the conditions for reac- 
tion in Scheme 8, the starting material was 
recovered unchanged. Also, the 4cc-isomer 21 
was cleanly converted into the 4P-isomer 22 on 
refluxing in acetic acid - sodium acetate. In 
neither case could any of the 2P-isomer 17 be 
detected. These experiments indicate that 21 and 
22 are not intermediates in the cine substitution 
(Scheme 8). In fact, 21 or 22 did not rearrange 
to the 2-acetoxy compound even on thermolysis 
a t  160". 

Satoh and Takahashi have detected an inter- 
mediate in this reaction in the cholestane system 
(Scheme 7) and  they have suggested that this 
intermediate is the 2cc-acetoxy isomer (32). The 
above results corroborate this suggestion. Satoh 
and Takahashi suggest that this involves a trans 
S,2' displacement on the en01 23 as shown in  
Scheme 9 (32). Most S,2' reactions involve a cis 
relation between the entering nucleophile and 
the leaving group. Also it would appear that the 
cc-face of en01 23 would be more sterically 
shielded than the p-face, although Satoh and 
Takahashi suggest that ring B o f  23 may be in a 
boat conformation. 

We also considered the possibility of a SNi re- 
arrangement of the en01 24 to  25 followed by a 
SN2 reaction as  shown in Scheme 10. However, 
Liston has found that the bromoketone 16 
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PAISLEY ET AL.: CLEAVAGE OF STEROIDS 815 

SCHEME 9. Proposed mechanism for citle substitution. 

SCHEME 10. SNi and SN2 routes for cine substitution. 

and the 2P-bromo isomer 27 are not inter- 
changed or equilibrated even in HBr-HOAc 
(I I). This would suggest that the S,i rearrange- 
ment of 24 to 25 is not occurring under our 
reaction conditions. We have synthesized the 
2P-bromo isomer 27 following the method 

developed by Hanson and Organ (33), which 
involved bromination o f  the enolate of the 2- 
hydroxymethylene derivative of 5 and in this 
way the bromine was directed exclusively to the 
2 position. Bromoketone 27 was converted to 17 

in refluxing acetic acid -sodium acetate at a 
similar rate for reaction of 16 (Scheme 8). 
Detailed rate studies were not performed and 
only the appearance of product 17 was monitored 
but these results would suggest that 16 and 27 
were going to a common intermediate which 
reacts with acetate in the slow step to give 
eventually 17. This possibility is shown in Scheme 
1 1 .  It is not clear if the intermediate 28 is the 
zwitterion or the protonated oxyallyl system. A 
similar mechanism has been previously proposed 
in the reaction of steroidal bromoenones (34), 
and more recently in the reaction of a , a l -  
dibronioketones with acetate in the presence of 
diiron nonacarbonyl (35) and for the reaction of 
a range of steroidal bromoketones with sodium 
acetate (25c). 

If 28 is an intermediate in this reaction, then 
the presence of the three contiguous sp2 carbons 
in ring A will substantially flatten this ring. 
Examination of molecular models of this system 
show that a-attack a t  C-4 is severely hindered 
by the C-7 methylene group, P-attack at C-4 
introduces torsional strain as the nucleophile 
enters eclipsed to the C-5 hydrogen, P-attack at 
C-2 also introduces torsional strain, and attack 
at the a-face of C-2 is not as sterically or tor- 
sionally hindered as  the other sites. Thus it is 
reasonable to expect that the 2u-isomer could 
res~ilt from reaction of 28 and it is subsequently 
isomerized to the 23-isomer 17 under the reaction 
conditions. 

Having introduced a substituent a t  C-2 of 5 
we now examined methods to unsymmetrically 
cleave the C2-C, bond. Mild basic hydrolysis 
of 17 gave a mixture of the two hydroxyketones 
30 and 31 in ca. a 1 : 1 ratio, which precluded 
using oxidative cleavage of the hydroxyketone 
30. However, treatment of 17 with hydroxyla- 
mine in refluxing methanol gave the  hydroxy- 
oxime 32 in good yield. The molecular formula 
of this compound was established by mass 

* =  - o r H  
SCHEME 11. Proposed mechanism for cir~e substitution. 
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OAc OH 

spectroscopy and analysis. The n.m.r. spectrum 
confirmed that the ring A acetate had been 
hydrolyzed and that the hydroxyl group was 
retained at  C-2. A double doublet ( J  = 5 and 
13 Hz) at  6 4.20 was assigned to the 2ct-hydrogen 
and a second double doublet ( J  = 4 and 14 Hz) 
at  6 2.79 was assigned to the 4P-hydrogen. Oka 
and Hara (14a) have shown that the equatorial 
hydrogen syn to the O H  of a number of steroidal 
oximes is deshielded and found at  lower field 
than the methylene envelope. For example, the 
4P-hydrogen in 33 is a double doublet ( J  = 5 
and 15 Hz) at  6 2.93 (14a). The 4P-hydrogen of 
the isomeric oxime remains engulfed in the 
methylene envelope and the 2P-hydrogen is a 
double triplet (J-- 4.5 and 14 Hz) at  6 3.08. 
This would suggest that our oxime has the 
stereochemistry shown in 32. Since the acetoxy 
group at  C-17 remained it would appear that 
the hydrolysis of the C-2 acetate is facilitated by 
the neighboring oximino group. It is also 
interesting to  note that Autrey and Scullard 
found that oximation of ketone 34 gave the 
anti-oxime 35 which would appear to  be more 
sterically crowded isomer (36). 

/\\/\ 

Beckmann fragmentation (37) of oxime 33 t o  
give the cyanoaldehyde 36 was effected in low 
yield with tosyl chloride and pyridine, or better 
with thionyl chloride at -20" followed by treat- 
ment with 3 N potassium hydroxide (38). The 
n.m.r. spectrum of 36 has a double doublet 

OAc 

OHC 

NC 

( J -  1 and 3 Hz)  at 6 9.85 due to the aldehyde 
proton, which is coupled to the two adjacent 
diastereotopic protons (39). A n  INDOR n.m.r. 
experiment was performed on this compound by 
monitoring the aldehyde peaks while sweeping a 
perturbing radio-frequency field through the 
steroidal methylene envelope. A pair of double 
doublets were found at  6 2.07 (J = 4.0 and 14.5 
Hz) and 6 2.52 ( J  = 1.4 and 14.5 Hz) (40). This 
indicated that the OHC-CH, group was 
isolated by a quaternary carbon and was 
con~patible only with structure 36 for the 
product from the Beckmann fragmentation. In 
this way we had achieved the desired cleavage of  
ring A in 5. 

The cyanoaldehyde 36 was the key inter- 
mediate in our  synthesis of the salamander 
alkaloids. This compound can b e  converted into 
the samine family (1) by reduction of the alde- 
hyde and nitrile of 36, and cyclization (41). This 
material can also be converted to  the olefin 37 
which has been converted to  samandarine (3) 
(4) and thus this would constitute a formal 
synthesis of the samandarine family. Several 
attempts to convert the alcohol 38, readily 

OAc 0 Ac 

available from the sodium borohydride reduc- 
tion of 36, in to  37 were unsuccessful (19). 
However, the aldehyde of 36 could be converted 
into the corresponding en01 acetates 39. The  
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PAISLEY ET AL.: CLEAVAGE OF STEROIDS 817 

alumina were used for t.1.c. Silica gel PF-254 and alumi- Ace* num oxide F-254 were used for preparative-layer chroma- 
tography. Silica gel, Woelm alumina, and Fluorisil (100- 
200 mesh) were used for column chr~matograpt~y.  

17~-Acetoxy-5~-andros1an-3-ot1e (5) (1 I) 
NC The  hydrogenation of testosterone (5.0 g,  0.017 mol) 

H was carried out by employing the procedure of Liston 
(1 1) to yield 4.98 g of a crystalline product, m.p. 123-127". 

39 T o  a solution of this material (4.98 g) in dry pyridine (20 
OAC ml) was added acetic anhydride (5 ml). The solution was .,yp stirred a t  room temperature for 16 h, then diluted with 

water (200 mi), and shaken for 15 min. The precipitatewas 
collected, washed with 1 N hydrochloric acid (100 ml) 
and with water (100 ml), and air dried. Vapor phase 
chromatographic analysis (column A, 225", 60 ml/rnin) 

NC of the crude product indicated 75% of 17p-acetoxy-5P- 

H androstan-3-one (5) and 25% of 17P-acetoxy-5cc-andro- 
stan-3-one (retention times 7.5 and 8.6 rnin, respectively). 

40 Recrystallization from ether afforded 2.19 g (38%) of 
17~-acetoxy-5~-androstan-3-one (5), m.p. 142-144", 

n.m.r. spectrum of the mixture of en01 acetates [ccl~Z"430 (c, 1 MeOH) (lit. (d2) m.P. 140-1420, 
f45.2");  1.r. (CHCI,), l720cm-' ;  n.m.r. (CDCI,), suggested that the cis and trans isomers of 39 8 0.78 (singlet, 3H, C-18 CH,), 1.03 (singlet, 3H, C-19 

were present in ca. 1 : 1 ratio. Ozonolysis of 39 CH,), 2.03 (singlet, 3H, acetate), 4.63 (triplet, J = 9 Hz, 
with a reductive work-up gave the cyanoaldehyde lH,  C-17 Ha); mass spectrum tnle (relative intensity), 
40 in good yield and this compound was con- 332(49), 272(85), 257(32), 230(16), 214(12), 160(20), 
verted into 37 by Wittig reaction and subsequent 

" ~ ~ ~ / ; ~ ~ ~ ~ ~ $ O r  c z , H , z O , ~  C, 75,86; H, 9.70. Found: 
reacylation of the C-17 hydroxyl. A more C, 75.86; H, 9,52. 
detailed discussion of the chemistry of inter- 
mediates 3640  is anticipated at a later date. Baeyer- Villiger Oxidation of 5 

T o  a soltition of 17P-acetoxy-5p-androstan-3-one (5, 
Experimental 200 mg, 0.60 mmol) in chloroform (15 ml) was added 

meia-chloroperbenzoic acid (155 mg, 0.90 mrnol). The 
Melting points, which were determined on a Kofler reaction mixture was stirred in the dark at room tempera- 

hot stage, and boiling points are uncorrected. Optical ture for 2 days. The solution was then poured into 
rotations were recorded at the sodium D line using a saturated sodium bicarbonate solution (30 mi) and 
Perkin-Elmer Model 141 Automatic Polarimeter. Ultra- extracted with chloroform (40 ml), The  chloroform 
violet spectra were measured in methanol solution on a solution waswashedwith water(2 x 10ml) andsaturated 
Unicam model SP800 or   car^ Model 14 spectrophotom- sodium chloride solution (2 x 10 ml), dried over sodium 
eter. The i.r. Spectra were recorded on a Perkin-Elmer sulfate, and filtered. The solvent was removed by evapora- 
model 700 ~~ect rophotometer  and were calibrated using tion under reduced presstire to afford 180 m g  (85%) of a 
the 1601 cm-I band of polyst~rene.The 'H n.m.r. spectra mixture of compounds 8 and 9 as a crystalline solid, m.p. 
were recorded in deuteriochloroform solution on either a 118-125". Thin-layer chromatographic analysis o f  this 
Varian T-60 or  Varian HA-100 spectrometer. Line product on sllica gel with ethyl acetate a s  the eluant 
positions are given in the 6 scale, with tetramethylsilane indicated the presence o f  two compounds, R, 0.58 and RI 
as internal standard; the multiplicity, coupling constant, 0.61. Vapor phase chromatographic analysis (column B, 
integrated peak areas, and proton assignments are indi- 300°, 60 ml/min) of the crude product showed two peaks 
cated in parentheses. The mass spectra were obtained (retention times 18 and 31 min) in ca, a 1 : 4  ratio. An 
using an Atlas CH-4 mass spectrometer and high resolu- analyticalspecimenwasobtained by threerecrystallizations 
tion determinations were performed on an AEI  MS-9 from methanol, m.p. 207-208"; i.r. (CHCI,), 1720 cm- ' ;  
mass spectrometer. Microanalyses were performed by n.m.r. (CDCI,), 6 0.80 (singlet, 3H, C-18 CH,), 1.03 
Mr. Peter Borda, University of British Columbia. The (singlet, 3H, C-19 CH,), 2.00 (singlet, 3H, acetate), 
v.p.c. analyses were performed with a Varian Aerograph 3.8-4.8 (multiplet, 3H, C-17 Ha and C-2 Hz 9, C-4a Hz 8); 
90-P-3 using column A, 8 ft x %in.  column of 5% fluor0 mass spectrum m/e (relative intensity), 348(15), 288(25), 
silicone (QF-I) on 60-80 mesh Diaport "S"; column B, 260(9), 94(100). 
5 ft x %in. column of 3% 30 on Chromosorb W ;  and Anal. Calcd. for Cz1H,,O,: C, 72.30; H, 9.25. Found: 
column C, 5 ft x in. column of 10% carbowax on C, 72.02; H, 9.48. 
60-80 mesh Chromosorb W ;  or  with a Perkin-Elmer 
Model 900 using column D, 6 ft x in. column of 8% Hydrolysis and Esrerificatiot~ of 8 arid 9 
SE 30 on  80-100 mesh Chromosorb W. The specific A solution of compounds 8 and 9 (100 mg, 0.258 
column used, along with the column temperature and mmol), obta~ned above, in 5% methanolic sodium 
carrier gas (helium) flow-rate (in ml/min) are indicated hydroxide (30 ml) was heated to reflux. After 2 h of 
in parentheses. Silica gel GF-254 and a Woelm neutral refluxing, the reaction mixture was cooled a n d  the solvent 
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removed under reduced pressure. The residue was dis- 
solved in water (30 ml) and carefully acidified with dilute 
acetic acid, and extracted with chloroform (2 x 30 ml). 
The combined chlorofornl extracts were washed with 
saturated sodium chloride (2 x 10 ml), dried over 
sodium sulfate, and filtered. The solvent was removed 
under reduced pressure to yield 100 mg of a crystalline 
solid, n1.p. 185-189". T o  a solution of this material (100 
mg, 0.30 mmol) in methanol (30 ml) was added a solution 
of diazomethane in ether (0.35 mmol). After stirring the 
reaction mixture at  room temperature for 5 min the 
solvent was removed under reduced pressure to yield 66 
mg (75%) of a mixture of hydroxy methyl esters as an oil. 
Attempts to induce crystallization failed. The t.1.c. of this 
material on silica gel with ethyl acetate as the solvent 
system showed one broad spot, Rr 0.80; i.r. (CHCI,), 
3600, 3450, 1720 cm- I ;  n.m.r. (CDCI,), 6 0.73 (singlet, 
3H, C-18 CH,), 0.98 and 1.07 (singlets, 3H, C-19 CH,), 
ca. 3.65 (multiplet, 3H, C-2 H2 and C-17 Ha), 3.68 
(singlet, 3H, methyl ester group); mass spectrum m/e 
(relative intensity), 338(8), 320(11), 306(76), 274(100), 
263(65), 233(84). 

Mol. wt. Calcd. for C20H3,0,: 338.2456. Found: 
338.2442. 

Preparatio~r of a Mhtrrr.e of Metl~yl I7p-Hyrlloxy-2- 
tosyloxy-2,3-seco-5~-a11drostan-3-oate (11) and 
Metl~yl 17~-Hya'roxy-2-tosyloxy-2,3-seco-5~- 
anrlr.os/a~~-3-oat (10) 

T o  a pyridine solution of hydroxy esters from the 
previous experiment (30 nlg, 0.088 mmol) was added 
p-toluenesulfonyl chloride (17.1 mg, 0.089 mmol). The 
reaction nlixture was allowed to  stand at  20" for 2 days. 
The pyridine was removed under reduced pressure and 
the resulting residue dissolved in ethyl ether (40 ml). The 
ethereal solution was washed with 1 N hydrochloric acid 
(4 x 10 ml), 1 N sodium hydroxide (4 x 10 ml), and 
saturated sodium chloride solution (2 x 10 ml), dried 
over sodium sulfate, and filtered. The solvent was removed 
under reduced pressure to yield 39.3 mg (88%) of a 
mixture of the tosyloxy methyl esters 10 and 11 as a 
clear oil. Attempts to induce crystallization failed. The 
t.1.c. of this material on silica gel with various solvent 
systems showed one broad spot; i.r. (CHCI,), 3600, 
3400, 1720, 1600, 1190 cm-I ;  n.m.r. (CDCI,), 6 0.71 
and 0.73 (singlets, 3H, C-18 CH,), 0.93 and 0.95 (singlets, 
3H, C-19 CH,), 2.45 (singlet, 3H, tosyl CH,), 3.33 
(singlet, 3H, methyl ester CH,), ca. 3.6 (multiplet, lH,  
C-17 Ha), 4.10 (multiplet, 2H, C-2 H, 11 and C-4 H2 lo), 
7.32 and 7.80 (doublets, J = 9 Hz, 4H, tosylate group); 
mass spectrum n ~ / e  (relative intensity), 492(1), 474(1), 
460(1), 305(3), 304(4), 288(3), 287(4), 234(12), 233(30), 
215(30), 187(20), 91(100). 

Metlzyl 17~-Hy(/loxy-3,4-seco-androst-4-etl- (12) 
A mixture of compounds 10 and 11 (160 mg, 0.32 

mmol) from the previous experiment was added to 
collidine (10 1111). The reaction mixture was refluxed for 
4 h under an atmosphere of nitrogen. The solvent was 
removed by evaporation under reduced pressure to afford 
a brown oil which was dissolved in ethyl ether (35 ml). 
The ether solution was washed with saturated sodium 
bicarbonate (2 x 10 ml) and sodium chloride (2 x 10 ml) 
solutions, dried over sodium sulfate, and filtered. The 
solvent was removed under reduced pressure to yield a 

brown oil which was chromatographed on a 20 x 20 cm 
silica gel coated plate, adsorbant thickness 0.9 mm, using 
a mixture of benzene and ethyl acetate (1: 1, v/v) as  the 
eluant. After elution, the band lying in the region Rr 
0.55-0.60 was removed and extracted with ethyl acetate 
(50 ml). The solvent was removed under reduced pressure 
to afford 35.5 mg (extrapolated yield, 32%) of methyl 
17~-hydroxy-3,4-seco-5-androst-4-en-3-oate (12) as a 
clear oil. Attempts to induce crystallization failed; i.r. 
(CHCI,), 3600, 3450, 1720, 1630, 900 cn1-'; n.m.r. 
(CDCI,), 6 0.93 (singlet, 3H, C-18 CH,), 1.03 (singlet, 
3H, C-19 CH,), ca. 3.5 (multiplet, I H ,  C-17 Ha), 3.63 
(singlet, 3H, ester group), 4.65 (doublet, 2H, C-4 H z ,  
J = 4 Hz); mass spectrum ~ n / e  (relative intensity), 
320(5), 234(6), 233(25), 215(12), 205(6), 187(9), 160(10), 
62(100). 

Mol. wt. Calcd. for Cz0H3203: 320.2351. Found:  
320.2327. 

17~-Acetoxy-4~-bmo-5~-atrdros ta t -3-o t1e  (16) (26) 
T o  a solution of 17p-acetoxy-5p-androstan-3-one (5, 

9.197 g, 0.027 n~o l )  in glacial acetic acid (50 ml) was added 
a solution of bromine (1.53 n ~ l ,  28.5 mmol) in acetic acid 
(40 ml) over a period of 20 min with vigorous stirring a t  
loo, decoloration of bromine was rapid, and 30 min later 
water (300 ml) was added and the mixture was allowed to 
stand for 1 h at  10". The precipitated product was col- 
lected, washed with water (3 x 100 ml), and dissolved in 
ethyl ether (300 ml). The organic layer was washed with 
saturated sodium chloride (2 x 20 ml) solution, dried 
over sodium sulfate, and filtered. The solvent was 
removed under reduced pressure to give 10.44 g (92%) 
of a crystalline solid, n3.p. 135-151". Vapor phase 
chromatographic analysis (column D, 250°, 45 ml/min) 
of this product indicated the presence of two compounds 
(retention times 9.0 and 8.9 min) in ca. a 4 :  1 ratio. Two 
recrystallizations from ethyl ether gave compound 16 as 
a crystalline solid, m.p. 174-175", [aID +43.0° (c, 1 
MeOH) (lit. (26) m.p. 174-175", [aID +44.7 ? 2" 
CHCI,); i.r. (CHCI,), 1730 cm-I ;  n.m.r. (CDCI,), 
6 0.82 (singlet, 3H, C-18 CH,), 1.10 (singlet, 3H, C-19 
CH,), 2.03 (singlet, 3H, acetate), 4.63 (triplet, J = 9 Hz, 
l H ,  C-17 Ha), 5.0 (doublet, J = 12 Hz, l H ,  C-4 H,,); 
mass spectrum ~ n / e  (relative intensity), 412(30), 410(30), 
353(70), 351(70), 333(100), 332(70), 273(100), 258(80), 
245(70), 273(100). 

2 B, 17p- Diace/oxy-5B-nt1rli.ostat1-3-otw ( 1  7) 
A solution of crude 17~-acetoxy-4~-bromo-5~-andro- 

stan-3-one (16, 10.3 g, 0.025 mol) and anhydrous sodium 
acetate (50.2 g, 0.612 11101) in glacial acetic acid (730 ml) 
was refluxed for 2.5 h. After cooling the solution was 
poured into water (500 ml) and extracted with ethyl ether 
(2 x 200 1111). T h e  combined ethereal extracts were 
washed with saturated sodium bicarbonate (4 x 50 ml) 
and saturated sodium chloride (2 x 50 rill) solutions, 
dried over sodium sulfate, and filtered. The solvent was 
removed under reduced pressure to afford a crystalline 
residue. Recrystallization of the residue from methanol 
gave 6.80 g (70%) of diacetate 17, m.p. 170-173". Vapor 
phase chromatographic analysis (column D, 250°, 45 
ml/min) indicated the presence of one  compound (reten- 
tion time 16.8 min).The analytical specimen was obtained 
by two recrystallizations from methanol, m.p. 161-162"; 
i.r. (CHCI,), 1720 cm- l ;  n.m.r. (CDCI,), 6 0.80 (singlet, 
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3H, C-18 CH,), 1.05 (singlet, 3H, C-19 CH,), 2.00 
(singlet, 3H, acetate), ca. 2.2 (double doublet, J = 5 and 
13 Hz, l H ,  C-4 H,), 2.81 (broad triplet, J = 13 Hz, lH,  
C-4 Ha), 4.57 (triplet, J = 9 Hz, lH,  C-17 Ha), 5.15 
(double doublet, J = 6 and 14 Hz, IH, C-2 Ha); mass 
spectrum m/e (relative intensity), 390(4), 348(15), 346(9), 
331(7), 330(30), 304(10), 288(14), 270(12), 55(100). 

Anal. Calcd. for C23H3405: C, 70.74; H, 8.77. Found: 
C, 70.70; H, 8.82. 

Z~IIC- Acetic Arid Redrrctiorz of 2!.3,17P-Diacetoxy-5!.3- 
androstan-3-or~e ( 1  7) 

To a solution of diacetate 17 (100 mg, 0.25 mmol) in 
glacial acetic acid (30 ml) was added dry zinc dust (500 
mg). The reaction mixture was refluxed for 30 h, then 
cooled, and poured into water (50 ml). The aqueous 
solution was extracted with ethyl ether (3 x 30 ml). The 
combined ethereal extracts were washed with water (3 x 
10 ml), saturated sodium bicarbonate (3 x 10 ml), and 
sodium chloride (2 x 10 ml) solutions, dried over sodium 
sulfate, and filtered. The solvent was removed under 
reduced pressure to afford 72.5 mg of a yellow oil which 
was chromatographed on a 5 x 20 cm silica gel coated 
plate, adsorbant thickness 0.9 mm, using a mixture of 
chloroform and ethyl acetate (5: 1, v/v) as the eluant. 
After elution, the band lying in the region Rr 0.52-0.59 
was removed and extracted w ~ t h  ethyl acetate (50 ml). 
The solvent was removed by evaporation under pressure 
to yield 25.7 mg (extrapolated yield, 319,) of a clear oil. 
This material was identical (t.l.c., i.r., n.m.r., and mass 
spectrum) with 17p-acetoxy-58-androstan-3-one (5). 

4p-Brorno-2!3,1 70-diacetoxy-5p-androstan-3-or~e (18) 
A solution of diacetate 17 (95 mg, 0.24 mmol) in 25 ml 

of glacial acetic acid was treated with bromine (12.4 pl, 
0.23 mmol). ?he bromine color had disappeared after 
2 h, and the acetic acid solution was poured into water 
(100 ml) and extracted with ethyl ether (150 ml). The 
ether was washed with saturated sodium bicarbonate 
(50 nil) and brine (50 ml), dried over sodium sulfate, 
filtered, and the solvent removed under reduced pressure 
to yield 120 mg of clear oil. This material was purified by 
t.1.c. on silica gel with chloroform development to yield 
84 mg (749,) of 18 as a clear oil; i.r. (CHCI,), 1735, 
1720 cm-';  n.ni.r. (CDCI,), 6 0.82 (singlet, 3H, C-18 
CH,), 1.15 (singlet, 3H, C-19 CH,), 2.05 (singlet, 3H, 
acetate), 2.17 (singlet, 3H, acetate), 4.64 (tr~plet, J = 9 Hz, 
lH ,  C-17 Ha), 4.98 (doublet, J = 13 Hz, IH, C-4 Ha), 
5.21 (double doublet, J = 5 and 13 Hz, lH,  C-2 Ha); 

Mol. Wt. Calcd. for Cz3H3,05Br: 468.1512 and 
470.1492. Found: 468.1 506 and 470.1501. 

3,17~-Diacetoxy-5~-arrdrost-3-ene (19) (11) 
To a solution of 17~-acetoxy-5~-androstan-3-one (5, 

250 mg, 0.75 mmol) in isopropenyl acetate (5 ml) was 
added hydroquinone (30 mg) and concentrated sulfuric 
acid (10 p1) under an atmosphere of nitrogen. The 
reaction mixture was heated to a gentle reflux and the 
acetone formed during the reaction was collected. 
lsopropenyl acetate was periodically added to maintain 
a solvent volume of ca. 5 ml. After refluxing under 
nitrogen for 2 h, the reaction mixture was cooled to 0" 
and diluted with ethyl ether (30 ml). This organic mixture 
was washed with saturated sodium bicarbonate (3 x 25 
ml) and sodium chloride (15 ml) solutions, dried over 
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sodium sulfate, and filtered. The solvent was distilled to 
afford 361 mg of a light yellow oil. Vapor phase chroma- 
tographic analysis (column A, 22S0, 60 nil/niin) of the 
crude product indicated the presence of 599, 3,17P- 
diacetoxy-5p-androst-3-one (19) and 239,3,17p-diacetoxy- 
5p-androst-2-ene (retention times 12 and 14 min, re- 
spectively); i.r. (CHCI,), 1750, 1725, 1685 cn i - ' ;  n.ni.r. 
(CDCI,), F 0.88 (singlet, 3H, C-18 CH,), 2.02 and 2.10 
(singlets, 6H, acetates), 4.64 (triplet, J = 9 Hz,  2H, C-17 
Ha), 5.05 (singlet, C-4 H) ,  5.20 (multiplet, C-2 H). 

Eqrrilibrafion of Er~ol Acetates (11) 
The enol acetate mixture from above (150 mg) was 

dissolved in benzene (12 ml), carbon tetrachloride (6 ml), 
and acetic anhydride (2.4 ml). To this solution was added 
709, perchloric acid (30 p1) under an atmosphere of 
nitrogen. The reaction mixture was stirred under nitrogen 
at room temperature for 22 h. Then the reaction mixture 
was poured into ethyl ether (50 ml) and washed with 
water (25 ml), saturated sodium bicarbonate (4 x 20 nil), 
and sodiuni chloride (20 ml) solutions, dried over sodium 
sulfate, and filtered. Thesolvent was removed by evapora- 
tion under reduced pressure to yield 121 mg of a light 
yellow oil. Vapor phase chromatographic analysis 
(column A, 22S0, 60 ml/min) of this product indicated 
889, of 3,17~-diacetoxy-5j3-androst-3-ene (19, retention 
time 12 min) and 29, of 3,17P-diacetoxy-5P-androst-2-ene 
(retention time 14 rnin); i.r. (CHCI,), 1750, 1725, 1685, 
1660 cm-';  n.m.r. (CDCI,), 6 0.88 (singlet, 3H, C-18 
CH,), 0.98 (singlet, 3H, C-19 CH,), 2.03 (singlet, 3H, 
acetate), 2.1 1 (singlet, 3H, vinyl acetate), 4.64 (triplet, 
J = 9 Hz, lH, C-17 Ha), 5.05 (singlet, l H, C-4 H). 

3a,1 7B-Diacetoxy-3p,4p-oxido-50-aridrosta (20) 
The equilibrated en01 acetate mixture containing pre- 

dominantly con~pound 1 9  (53 mg, 0.14 mmol) was 
dissolved in chloroform (5 ml). To  this solution was added 
m-chloroperoxybenzoic acid (70 mg, 0.40 mmol) and 
sodium bicarbonate (50 mg). The reaction mixture was 
stirred a t  0" for 4 h and then allowed to stand at -5' for 
40 h.The reaction mixture was poured into cold saturated 
sodium bicarbonate solution (10 ml) and extracted with 
ethyl ether (3 x 10 ml). The organic layer was separated 
and washed with 209, sodium carbonate (3 x 15 ml) and 
saturated sodium chloride (10 ml) solutions, dried over 
sodium sulfate, and filtered. Removal of the solvent 
under reduced pressure afforded 46 mg (849,) of a-epoxide 
20 as a light yellow oil, with no trace of the starting enol 
acetate 19 by v.p.c.; i.r. (CHCI,), 1720-1745, 860 cm-' ; 
n.m.r. (CDCl,), 6 0.80 (singlet, 3H, C-18 CH,), 0.87 
(singlet, 3H, C-19 CH,), 2.03 (singlet, 3H, acetate), 2.07 
(singlet, 3H, acetate), 3.07 (singlet, lH, C-4 H), 4.64 
(triplet, l H ,  C-17 Ha). 

Mol. Wt. Calcd. for C2,H34O5: 390.2406. Found: 
390.2417. 

4P, I7-Diacetoxy-5~-aridrosfa11-3-one (21) 
3a, 17~-Diacetoxy-3~,4~-oxido-5~-androstan-3-one (20, 

25 mg, 0.064 mmol) was pyrolyzed at 160" for 5 min under 
an atmosphere of nitrogen to afford 20.0 mg  (809,) of 
compound 21. Vapor phase chromatographic analysis 
(column A, 2259,, 60 ml/min) of this product indicated 
one compound (retention time 24 min); i.r. (CHCI,), 
1740, 1725 cm-I;  n.m.r. (CDCI,), 6 0.79 (singlet, 3H, 
C-18 CH,), 1.10 (singlet, 3H, C-19 CH,), 2.03 (singlet, 
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3H, acetate), 2.15 (singlet, 3H, acetate), 4.62 (triplet, 
J = 9 Hz, lH,  C-17 Ha), 5.41 (doublet, J = 8 Hz, l H ,  
C-4 H,). 

Mol. Wt. Calcd. for C,,H,,O,: 390.2406. Found: 
390.2400. 

4(3,17(3-Diaceto,~y-5~-androstan-3-ot1e (22) 
Hydrogen chloride was bubbled through a stirred 

solution of 3a,17(3-diacetoxy-3(3,4~-oxide-5(3-androstane 
(20, 25 mg, 0.064 mmol) in ethyl ether at  12' for 5 min. 
The solution was stirred for 30 min, then allowed to  
stand at -5" for 20 h. The reaction mixture was diluted 
with ethyl ether (30 ml), washed with saturated sodium 
bicarbonate (3 x 20 ml), and sodium chloride (20 ml) 
solutions, dried over sodium sulfate, and filtered. The 
solvent was removed by evaporation under reduced 
pressure to afford 20.0 mg (80%) of crude compound 22. 
Vapor phase chromatographic analysis (column A ,  225", 
60 ml/min) of the crude product indicated the presence 
of one compound (retention time 24 min); i.r. (CHCI,), 
1740, 1725 cm- ' ;  n.m.r. (CDCI,), 6 0.79 (singlet, 3H, 
C-18 CH,), 1.07 (singlet, 3H, C-19 CH,), 2.02 (singlet, 
3H, acetate), 2.15 (singlet, 3H, C-4 acetate), 4.61 (triplet, 
J = 9 Hz, l H ,  C-17 Ha), 5.52 (doublet, J = 12 Hz, l H ,  
C-4 Ha). 

Mol. Wt. Calcd. for C2,H3,05: 390.2406. Found: 
390.2409. 

Isornerization Studies of 21  and 22 
(a) To  a solution of 4a,17p-diacetoxy-5p-androstan-3- 

one (21, 19 mg, 0.048 mniol) in hexamethylphosphora- 
mide (1.5 ml) was added a crystal of p-toluenesulfonic 
acid and the reaction mixture was heated under nitrogen 
at  160" for 15 min. The reaction mixture was then cooled 
to room temperature and diluted with ethyl ether (25 ml). 
This organic layer was washed with water (3 x 20 ml), 
saturated sodium bicarbonate (2 x 15 ml), and sodium 
chloride (15 ml) solutions, dried over sodium sulfate, 
and filtered. The solvent was removed under reduced 
pressure to afford 12 mg of compound 22 with no trace 
of compound 21 detectable by n.m.r. spectroscopy o r  
t.1.c. 

(b) To  a solution of 4a,17p-diacetoxy-513-androstan-3- 
one (21, 30 mg, 0.076 mmol) in glacial acetic acid (4.5 ml) 
was added sodium acetate (300 mg, 3.65 mmol). The 
reaction mixture was refluxed under an  atmosphere of  
nitrogen for 2 h. The reaction mixture was then cooled to  
On, diluted with cold water (25 ml), and extracted with 
ethyl ether (3 x 25 ml). The extracts were washed 
with saturated sodium bicarbonate (3 x 20 ml) and 
sodium chloride (2 ml) solutions, dried over sodium 
sulfate, and filtered. The solvent was removed under 
reduced pressure to  afford 19 mg (63%) of 4p,17p- 
diacetoxy-5p-androstan-3-one (22). 

(c) Compound 22 was recovered unchanged in 83% 
yield when subjected to conditions in a above and in 
76% yield when subjected to conditions in b above. 

2-Hydroxymethylene-5~-at1drostan-l7~-ol-3-one (21 f )  
T o  a suspension of sodium hydride (31.2 mg, 1.3 

mmol) in dry benzene (5 ml), under nitrogen, was added 
absolute methanol (40 ml). The mixture was stirred and 
heated briefly to boiling. After the mixture was cooled to  
room temperature, 1713-hydroxy-513-androstan-3-one (200 
mg, 0.68 mmol) and ethyl formate (50.3 mg, 0.68 mmol) 

were added. The mixture was stirred a t  room temperature 
under nitrogen for 30 h. After the careful addition of 
water (10 ml) to destroy theexcess sodium hydride, the 
mixture was diluted with water (5 ml) and ethyl ether 
(25 ml). The ether-benzene layer was separated and re- 
extracted with water (10 ml). The combined aqueous 
layers were washed once with ethyl ether (10 ml) and then 
neutralized with carbon dioxide to p H  7. The mixture was 
filtered and the collected solid washed thoroughly with 
water (3 x 20 ml). Recrystallization of this material from 
acetonitrile gave 131 mg (60%) of the hydroxymethylene 
derivative as a crystalline solid, m.p. 153-159" (evacuated 
sealed tube), [aIDz5 + 30.2' (c, 1 MeOH), h,,, 290 m p  
(E 8000) (lit. (21 f )  m.p. 157-163", [a],, +26.9", h,,, 
284 mp (E 7900)). 

I7~-Acetoxy-2~-brorno-5~-at1drostan-3-otie (27) 
Following the method of Hanson and Organ (33) a n  

ethyl ether solution (20 ml) of the above hydroxymethy- 
lene derivative (200 mg, 0.63 mmol) was extracted with 
0.05 N sodium hydroxide (3 x 10 ml). The aqueous 
extracts were combined and treated with a solution of 
bromine (100 mg, 0.63 mmol) and potassium bromide 
(ca. 200 mg) in 5 ml of water. The bromine color was 
discharged immediately. The reaction mixture was 
stirred at  room temperature for -& h ,  acidified with con- 
centrated hydrochloric acid and extracted with methylene 
chloride (4 x 15 nil). The extracts were combined, dried 
over magnesium sulfate, filtered, and the solvent removed 
under reduced pressure to yield 82 m g  of a white semisolid 
which was treated with acetic anhydride ( I  ml) and  
pyridine (5 ml) overnight. This mixture was poured onto  
ice (10 g) and extracted with ethyl ether (3 x 15 ml). 
The ethereal extracts were washed with 10% hydrochloric 
acid, saturated sodium bicarbonate and water, dried over 
magnesium sulfate, filtered, and the  solvents removed 
under reduced pressure to yield 80 mg of a pale yellow 
liquid which was chromatographed on sliica gel (25 g) 
usingchloroform -ethyl acetate(6: I )  as eluant. Fractions 
containing compound with Rr 0.7-0.8 on t.1.c. (silica gel, 
chloroform -ethyl acetate, 6 :  1) were combined a n d  
solvents removed under reduced pressure to yield a 
white solid which was recrystallized from acetone - 
isopropyl ether t o  yield 32 mg (12%) of 27, m.p. 198-200" 
(lit. (I 1) m.p. 201-202"). 

Preparatiori of l7fiorri 2 7  
A solution of bromoketone 27 (15 mg, 0.036 mmol) 

and anhydrous sodium acetate (100 mg) in acetic acid 
(1 ml) was refluxed for 1.5 h and worked up as before fo r  
17, when no starting material could be detected by t.1.c. 
Theyield of 17 was 11 mg(78%)ofproduct m.p. 168-170". 
A parallel reaction of bromoketone 16 gave 76% yield 
of 17 after 1.5 h. These products were compared with the  
previously prepared 17 by i.r., t.l.c., and v.p.c. 

Hydrolysis of 17 
To  a solution of  2(3,17p-diacetoxy-5(3-androstan-3-one 

(17, 100 mg, 0.255 mmol) in methanol (4 ml) and water 
(1 ml) was added sodium bicarbonate (I00 mg). The  
reaction mixture was heated at  50" for 30 min and then 
stirred for ca, 1 h at  room temperature. The solvent was  
removed under reduced pressure and the resulting 
residue was dissolved in water (10 ml) and extracted with 
ethyl ether (2 x 10 ml). The combined ethereal extracts 
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were washed with saturated sodium chloride (2 x 5 ml), pressure to afford 190 nig (20%) of cyanoaldehyde 36 as a 
dried over sodium sulfate, and filtered. The solvent was clear oil; i.r. (CHCI,), 2750, 2250, 1720 cm-I ;  n.ni.r. 
removed under reduced pressure to afford 75 mg (84%, (CDCI,), 6 0.79 (singlet, 3H, C-18 CH,), 1.32 (singlet, 
crude) of a mixture of 17p-acetoxy-2p-hydroxy-5p- 3H, C-19 CH,), 4.63 (triplet, l H ,  C-17 Ha), 9.80 (double 
androstan-3-one (30) and 1713-acetoxy-3a-hydroxy-5p- doublet, J = 1 and 3 Hz, lH, CHO); mass spectrum trl/e 
androstan-bone (31). Thin-layer chromatographic ana- (relative intensity), 345(2), 318(5), 302(6), 301(1 I), 
lysis of the crude product on silica gel with a mixture of 290(4), 258(7), 242(8), 241(16), 43(100). 
chloroform and ethyl acetate (5: l ,  v/v) as the eluant Anal. Calcd. for C21H31N03:  C, 73.01; H, 9.04; N, 
indicated the presence of two compounds, R, 0.75 and 4.06. Found: C, 72.82; H ,  9.16; N,  3.88. 
R, 0.78; i.r. (CHCI,), 3350, 1720 cm-';  n.m.r. (CDCI,), (6)  o1~ti-l7~-Acetoxy-2~-hydroxy-5~-androstan-3-one 
0.75 and 0.80, (singlets, 3H, C-18 CH,), 1.03 and 1.10, oxime (32, 1.0 g, 2.75 mmol) was treated with distilled 
(singlets, 3H, C-19 CH,), 3.40-4.20 (multiplet, IH, C-2 thionyl chloride (10 ml) at -20' (methanol-ice). After 
Ha, 30 and C-3 H,, 31), 4.60 (triplet, J = 9 Hz, l H ,  C-17 1.5 min the resulting colorless solution was at once 
Ha). slowly poured into a mixture of 3 N potassium hydroxide 

. .  
( 32) 

A solution of 2P,17p-diacetoxy-5p-androstan-3-one 
(17, 5.10 g, 0.013 mol), hydroxylamine hydrochloride 
(21.0 g, 0.302 mol), and sodium acetate trihydrate (27.5 g, 
0.202 mol) in 90% methanol (400 ml) was refluxed for 
48 h and then the methanolic solution was concentrated 
to 20 ml under reduced pressure. Water (100 ml) was 
added to the solution and the resulting suspension was 
extracted with ethyl ether (2 x 200 ml). The combined 
ethereal extracts were washed with aqueous sodium 
bicarbonate (2 x 30 nil), and saturated sodium chloride 
(2 x 20 ml) solutions, dried over Na2S04, and filtered. 
The solvent was removed under reduced pressure to 
afford 4.01 g (85%) of hydroxyoxime 32, m.p. 176-182". 
Thin-layer chromatographic analysis of this material on 
silica gel, using a mixture of ethyl acetate and benzene 
(5: 1, v/v) as eluant, indicated one major compound, R, 
0.78. The analytical specimen was obtained by three 
recrystallizations from methanol, m.p. 214-215", [aIDZ5 
+21.42" (c, 0.7 MeOH); i.r. (CHCI,), 3550, 3350, 1720, 
1660 cm-I;  n.m.r. (CDCI,), 0.75 (singlet, 3H, C-18 
CH,), 0.97 (singlet, 3H, C-19 CH,), 2.79 (double doublet, 
J = 4 and 14 Hz, lH,  C-4 H,), 4.20 (double doublet, J = 
5 and 13 Hz, 1 H, C-2 Ha), 4.60 (triplet, lH,  C-17 Ha); 
mass spectrum m/e (relative intensity), 363(1), 362(6), 
347(3), 345(4), 344(5), 334(17), 333(78), 316(6), 303(3), 
271(3), 43(100). 

Anal. Calcd. for CZIH3,N04:  C, 69.39; H,  9.15; N, 
3.85. Found: C, 69.62; H, 9.37; N, 4.02. 

17~-Acetoxy-2-oxo-2,3-seco-5~-a1~drosta11e-3-titrile (36 )  
(o) To  a solution of anti-17p-acetoxy-2p-hydroxy-5p- 

androstan-3-one oxime (32, 1 .O g, 2.75 mmol) in pyridine 
(45 mi) was added p-toluenesulfonyl chloride (500 mg, 
2.62 mmol). The reaction mixture was refluxed under an 
atmosphere of nitrogen for 5 h. The solution was cooled, 
poured into dilute sodium bicarbonate solution (50 ml), 
and extracted with ethyl ether. The organic layer was 
separated and washed with water (4 x 20 ml), saturated 
sodium bicarbonate (2 x 15 ml), and sodium chloride 
(2 x 10 ml) solutions, dried over sodium sulfate, and 
filtered. The solvent was removed by evaporation under 
reduced pressure to yield 985 mg of a brown oil. This 
material was chromatographed on a 20 x 20 crn silica 
gel coated plate, adsorbant thickness 0.9 mm, using a 
mixture of chloroform and ethyl acetate (5: 1, v/v). After 
development, the band lying in the region R, 0.62-0.68 
was removed and extracted with ethyl acetate (100 rnl). 
The solvent was removed by evaporation under reduced 

(300 mi) and diethyl ether (100 nilj at 0".   he organic 
phase was separated and the aqueous solution was 
extracted with ethyl ether (2 x 50 ml). The  combined 
ethereal extracts were washed with saturated sodium 
chloride (2 x 50 nil) solution, dried over sodium sulfate, 
and filtered. The solvent was removed under pressure to 
afford 1.10 g of an oily residue which was chromato- 
graphed on fluorisil (50 g). Elution with a mixture of 
chloroforni and benzene (1 : 2, vlv) afforded 805 nig (85%) 
of cyanoaldehyde 36 as a clear oil which crystallized on 
standing, m.p. 110-112", [aID2O f23.3" (c, 1 MeOH). 
Cyanoaldehyde 36 was also converted into its 2,4-DNP 
derivative, m.p. 238-240G, for analysis. 

Anal. Calcd. for C27H35N506:  C, 61.70; H, 6.71; N, 
13.32. Found: C, 61.90; H, 6.84; N,  13.13. 

17~-Aceto.ry-2-/~dro.r~~-2,3-seco-5~-otidrostane-3-r1ifrile 
(38 ,  X = OH) 

To  a solution of 17~-acetoxy-2-oxo-2,3-seco-5~- 
androstane-3-nitrile (32; 80 mg, 0.23 mmol) in ethanol 
(10 ml) was added sodium borohydride (4.4 mg, 0.46 
mmol), and the reaction mixture was stirred for 3 h at 
room temperature under an  atmosphere of nitrogen. The 
solvent was removed under reduced pressure, water (20 
ml) and ethyl ether (40 ml) were added to the residue. 
The organic layer was separated and the aqueous layer 
was extracted with ethyl ether (2 x 20 ml). The  combined 
ethereal extracts were washed with 1 N hydrochloric acid 
(2 x 20 nil), saturated sodium bicarbonate (3 x 10 ml) 
and sodium chloride (10 ml) solutions, dried over sodium 
sulfate, and filtered. The solvent was removed under 
reduced pressure to yield 80.2 mg of a crystalline solid. 
Recrystallization of this material from methanol yielded 
68.1 mg(85Z) ofcompound38 (X = OH), 1n.p. 139-144". 
An analytical specimen was obtained by two recrystalli- 
zations from methanol, m.p. 138-lao, [aIDZ0 +34' (c, 
5 MeOH); i.r. (CHCI,), 3450, 2250, 1720 cm-';  n.m.r. 
(CDCI,), 6 0.75 (singlet, 3H, C-18 CH,), 1.03 (singlet, 
3H, C-19 CH,), 2.0 (singlet, 3H, acetate), 4.53 (triplet, 
J = 9 Hz, lH ,  C-17 Ha), 3.70 (triplet, J = 10 Hz, 2H, 
C-2 H 2 ) ;  mass spectrum m/e (relative intensity), 348(6), 
347(23), 329(6), 332(5), 303(10), 302(39), 288(9), 287(24), 
270(3 l), 260(14), 43(100). 

Anal. Calcd. for C21H33N03:  C, 72.58; H, 9.57; N, 
4.03. Found: C, 72.43; H,  9.56; N, 3.88. 

( 3 8 ,  x = T S ~  
To a solution of 17~-acetoxy-2-hydroxy-2,3-seco-5~- 

androstane-3-nitrile (38, X = OH; 200 mg, 0.57 mmol) 
in pyridine (15 rnl) was added p-toluenesulfonyl chloride 
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(180.0 mg, 0.94 mmol). The reaction mixture was stirred 
at  rooni temperature for 24 h and then cold saturated 
sodium bicarbonate (20 ml) solution and ethyl ether 
(40 nil) were added. The organic layer was separated and 
washed with 0.1 N hydrochloric acid (3 x 10 ml), 
saturated sodium bicarbonate (2 x 15 ml), and sodium 
chloride (10 ml) solutions, dried over sodium sulfate, and 
filtered. The solvent was removed under reduced pressure 
to afford 310 mg of a crystalline solid. This material was 
recrystallized from ethyl ether to give 232 mg (81%) of 
compound 38 (X = Ts) n1.p. 128-129". An analytical 
specinien was obtained by three recrystallizations from 
diethyl ether, m.p. 129-131"; [clIDZ0 +37" (c, I MeOH); 
i.r. (CHCI,), 2250, 1720, 1600, I190 cm- ' ;  n.m.r. 
(CDCI,), F 0.76 (singlet, 3H, C-I8 CH,), I .0l (singlet, 3H, 
C-19 CH3), 2.0 (singlet, 3H, acetate), 2.48 (singlet, 3H, 
tosyl CH,), 4.08 (triplet, J = 9 Hz, 2H, C-2 Hz), 4.60 
(triplet, J = 9 Hz, IH,  C-17 Ha), 7.40 and 7.85 (doublets, 
J = 10 Hz, 4H, tosylate groi~p); mass spectrum rn/e 
(relative intensity), 501(10), 440(16), 346(15), 301(15), 
269(35), 368(45), 24 1 (29), 43(100). 

Anal. Calcd. for C28H39N05S:  C, 67.03; H, 7.83; N ,  
2.79; S, 6.39. Found: C, 67.02; H, 7.96; N, 2.89; S, 6.18. 

cis- rind /r~1rs-2,17~-Dince/o.~~~-2,3-seco-5~-nndros/-I-ene- 
3-nitrile ( 3 9 )  

To a solution of 17~-acetoxy-2-oxo-2,3-seco-5~- 
androstane-3-nitrile (36, 612 mg, 1.774 mmol) in iso- 
propenyl acetate (15 ml) was added 2,5-di-tert-butyl-p- 
benzoquinone (60 mg) and 15 pl of concentrated sulfuric 
acid, and the niixti~re was heated to reflux. During 
addition and reflux a stream of nitrogen was passed 
through the solution. After 36 li of refluxing the niixti~re 
was cooled to rooni temperature, poured into dilute 
aqueous sodiuni bicarbonate (15 nil), and extracted with 
ethyl ether (2 x 100 ml). The combined ethereal extracts 
were washed with saturated sodium chloride (2 x 20 ml) 
solution, dried over s o d i i ~ ~ n  sulfate, and filtered. The 
solvent was removed under reduced pressure to afford 
930 mg of a brown oil which was chromatographed on 
silica gel (45 g). Elution with chloroforni gave 472 mg 
(68%) of a mixture of cis and trans en01 acetates 39 as a 
colorless oil. Thin-layer chromatographic analysis of this 
material on a 20 x 5 cm silica coated plate, adsorbant 
thickness 0.1 mm, using chloroform as eluant indicated 
the presence of two compounds, RI 0.81 and R, 0.72, in 
cn. a 1 : l  ratio; i.r. (CHCI,), 1745, 1725, 1600 cni-'; 
n.m.r. (CDCl,), 0.80 (broad singlet, 3H, C-18 CH3), 1.20 
and 1.30 (singlets, 3H, C-19 CH,), 1.98 (singlet, 3H, 
acetate), 2.07 and 2.14 (singlets, 3H, vinyl acetate), 4.58 
and 5.26 (two doublets, J = 8 and 13 Hz, respectively, 
lH ,  C,H),  6.96 and 7.04 (two doublets, J = 8 and 13 Hz, 
respectively, lH ,  C2H) ;  mass spectrum nz/e (relative 
intensity), 387(25), 360(9), 359(35), 345(52), 344(45), 
327(34), 318(22), 311(46), 303(36), 302(54), 301(23), 
285(45), 49(100). 

Mol. Wt. Calcd. for C2,H3,NO4: 387.2409. Found: 
387.2389. 

acetone temperature for 35 min and then the excess 
ozone was removed with a stream of nitrogen. The 
solvent was removed under reduced pressure to give a n  
oily residue. Methanol (30 ml) and aqueous sodium 
sulfite (5%, 70 ml) were added to the residue. The mixture 
was allowed to stand at  room temperature for 2.5 h a n d  
then concentrated (70 ml). The aqueous solution was then 
extracted with ethyl ether (3 x 50 ml). The combined 
etheral extracts were washed with saturated sodium 
chloride (2 x 50 ml) solutions, dried over sodium sulfate, 
and filtered. The solvent was removed under reduced 
pressure to afford 378 nig (86%) of compound 40 as a 
clear oil. Thin-layer chromatographic analysis of this 
material on silica gel with a mixture of chloroform and 
ethyl acetate as the eluant indicated one compound, Rf 
0.73. Vapor phase chromatographic analysis (column D, 
250°, 45 ml/min) indicated one compound (retention time, 
9 niin); i.r. (CHCI3), 2725, 1720 c m - ' ;  n.m.r. (CDCI,), 
F 0.76 (singlet, 3H, C-18 CH,), 1.03 (singlet, 3H, C-19 
CH3), 1.99 (singlet, 3H, acetate), 4.59 (triplet, l H ,  C-17 
Ha), 9.54 (singlet, lH ,  CHO); mass spectrum m/e (relative 
intensity), 33 1(15), 330(8), 303(15), 302(20), 301(15), 
270(12), 243(36), 242(70), 241(20), 202(15), 201(24), 
200(15), 43(100). Compound 40 was converted into its 
2,4-DNP derivative, m.p. 186-188", for analysis. 

Anal. Calcd. for C26H33N506: C ,  61.04; H, 6.50; N, 
13.68. Found: C ,  60.90; H, 6.70; N, 13.48. 

1 7 ~ - A c e t o x y - 2 , 3 - s e c o - 5 ~ - a 1 1 d r o s t - I - e ~  (37) 
11-Butyllithium (2.1 M, 1.3 ml, 2.7 mmol) was added to 

methyltriphenylphosphonium bromide (1 .OO g, 2.8 mmol) 
in dry benzene (50 ml) under an atmosphere of nitrogen. 
After 1.5 h, 17B-acetoxy-1-0x0-2,3-seco-A-nor-5-andro- 
stane-3-nitrile (40, 160 nig, 0.48 mmol) was added a n d  
the solution was stirred for 6 h a t  room temperature. 
Water (50 ml) was then added, and the organic layer 
separated. The aqueous phase was extracted with 
benzene (3 x 30 ml). The combined benzene extracts 
were washed with saturated sodiuni chloride (2 x 20 nil), 
dried over sodium sulfate, and filtered. The solvent was 
removed under reduced pressure t o  afford a brown oil 
(630 mg) which was chromatographed on silica gel 
(36 g). Elution with a mixture of chloroforni ethyl acetate 
(3: 1 ,  v/v) afforded a clear oil which was dissolved in 
acetic anhydride (3 ml) and pyridine (0.4ml). The solution 
was stirred at room temperature for  15 h, and then the 
solvent was removed under reduced pressure to give a n  
oily residue which was taken up in ethyl ether (40 ml). 
The ether solution was washed with 1 N hydrochloric 
acid (2 x 10 ml), saturated sodi i~m bicarbonate (2 x 20 
ml) and sodium chloride (2 x 10 ml) solutions, dried 
over sodium sulfate, and filtered.Thesolvent was removed 
under reduced pressure togive81.2 mg(51z) ofcompound 
37 as a crystalline solid, m.p. 132-135", which was 
sublimed at 125", 0.1 mrn pressure, to afford needles, 
m.p. 134-135", [a]DZ5 +31.2" (c, 8 MeOH); (lit. (4) m.p. 
147-148"); i.r. (CHCI,), 2250, 1720, 1630,980,920 cm- ' ; 
n.m.r. (CDCI?). F 0.80 (singlet. 3H. C-18 CH3), 1.17 

~ 7 ~ - A c e t o , ~ y - I - o s o - 2 , 3 - s e c o - A - n o r - 5 ~ - 3 -  (singlet: 3H, ~ 1 1 9  CH,); 4.59 (triplkt, lH, C-17 Ha), 
,litrile (40) 4.90-5.80 (multiplet, 3H, vinylic protons); mass spectrum 

A solution of cis- and traris-2,1713-acetoxy-2,3-seco-5p- n ~ / e  (relative intensity), 329(15), 303(10), 302(7), 301(20), 
androst-I-ene-3-nitrile (39; 510 mg, 1.318 mmol) in ethyl 288(6), 287(1 I), 286(6), 254(10), 243(20), 242(16), 241(23), 
acetate (20 ml) a t  Dry Ice - acetone temperature was 43(100). 
treated with ozone (50 ml/min) for 20 min. The resulting Anal. Calcd. for CzlH31N02:  C ,  76.55; H, 9.48; N, 
dark blue solution was allowed to stand at Dry Ice - 4.25. Found: C,  76.49; H, 9.54; N, 4.19. 
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I7P-Hydroxy-2,3-seco-5P-androst-I-et1e-3-nitrile (1968); (b) K. OKA and S. HARA. Chem. Ind. London, 
n-Butyllithium (2.4 M, 2 ml, 5.0 mmol) was added to 168 (1969). 

methyltriphenylphosphonium bromide (1.80 g, 5.04 15. (0) V. BURCHARDT and T. KEICHSTEIN. Helv. Chim. 
mmol) in dry tetrahydrofuran (20 ml) a t  0" under an Acta, 25, 821 and 1434 (1942); (b) L. RUZICKA, V. 
atmosphere of nitrogen. After 1.5 h the mixture was PRELOG, and P. MEISTER. Helv. Chim. Acta, 28, 1251 
cooled to -78", 17P-acetoxy-1-0x0-2,3-seco-A-nor-5P- (1945). 
androstane-3-nitrile (40, 360 mg, 1.08 mmol) in dry 16. S. HARA, N. MATSUMOTA, and M. TAKEUCHI. Chem. 
tetrahydrofuran (10 ml) was added, and the solution was Ind. London, 2086 (1962). 
stirred for 6.5 h at room temperature. Water (4 ml) was 17. M. U s ~ o ~ o v r C ,  J. GUTZWILLER,  and T. HENDERSON. 
then added, the tetrahydrofuran was evaporated, and the J. Am. Chem. Soc. 92,203 (1970). 
residue was dissolved in ethyl ether (100 ml). The ether 18. ((1) E. H.  WHITE. 3 .  Am. Chem. Soc. 77,6011 and 6014 
solution was washed with saturated sodium chloride (1955): (b) H. R. N ~ c ~ a n d  A. C. WATTERSON. J. Org. 
(5 x 60 ml), dried over sodium sulfate, and filtered. Chem. 31,2109(1966). 
Removal of the solvent under reduced pressure afforded 19. J. K. PAISLEY. Ph.D. Thesis. University of British 
1.04 g of a brown oil which was chromatographed on Columbia, Vancouver. British Columbia. 1973, 
silica gel (36 g). Elution with a mixture of chloroform 20. L. F.  FIESER and M. FIESER. Steroids. Reinhold Pub- 
ethyl acetate (3: I ,  v/v) gave 205 mg (65%) of compound lishingcorp. New York, N.Y. 1959. Chap. 8. 
which was sublimed at  125", 0.1 mm pressure, to yield a 21. (0) E. CASPI, Y. S H I M ~ Z U ,  and S. N. BALASUB- 
crystalline solid, m.p. 129-131"; i.r. (CHCI,), 3400, 2250, RAHMANYAM. Tetrahedron, 20, 1271 (1964). (h) W G. 
1630, 920, 990 cm-I ;  n.m.r. (CDCI,), 6 0.77 (singlet, 3H, DAUBEN, R. A. MICHILI,  and J. F. EASTMAN. J.  Am. 
c-18 CH,), 1.20 (singlet, 3H, C-19 CH3), 3.66 (triplet, Chem. Soc. 74,3852 (1952); (c) L. F. F l ~ s ~ ~ a n d  X. A. 
J = 9 Hz, IH,  C-17 Ha), 4.0-5.0 (multiplet, 3H, vinylic DOMINGUEZ. J. Am. Chem. Soc. 75, 1704 (1953); ( ( I )  
protons); mass spectrum m/e (relative intensity), 288(32), M. RUBIN and B. H. AMBRECHT. J. Am. Chem. Soc. 
287(100), 272(20), 269(15), 260(20), 245(25), 228(34). 75. 3513 (1953); (e) B. CAMERINO, B. PATELLI, and R. 

Mol. Wt. Calcd. for C19H29NO: 287.2248. Found: SLIAKY. Tetrahedron Lett. 554 (1961); V) R. 0. CLIN- 
287.2254. TON, R. L. CLARKE, F. W. STONNER, A. J.  MANSON, 

K. K. JENNINGS, and D. F.  PHILLIPS. J. O ~ P .  Chern. 

We are grateful to the British Columbia Heart Founda- 
tion and the National Research Council of Canada for 
financial support, and to Professor E. W. Warnhoff for 
preprints. 
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Metabolites of an Unidentified Fungus: a New 5,6-Dihydro-2-pyrone 
Related to Pestalotin 

GEORGE M. STRUNZ, CHRISTOPHER J. HEISSNER, MASATOSHI KAKUSHIMA, 
A N D  MERLYN A. STILLWELL 

Cntznrlint~ Foresrry Service. P.O. Bos 4000, Freclericrotz. New B ~ I I I ~ s I ~ ~ L . ~  

Received September 28, 1973 

Spectroscopic and chemical studies, including correlation with pestalotin (LL-P880a), show 
that a new metabolite isolated from cultures of an unidentified fungus is 5-hydroxy-3-methoxy- 
6-0x0-2-decenoic acid 6-lactone. 

Les Ctudes spectroscopiques et chimiques, contenant une correlation avec la pestalotine 
(LL-P880a), dCmontrent qu'un nouveau mitabolite, isolC de cultures d'un champignon non- 
identifiC est le &-lactone de I'acide 5-hydroxy-3-mCthoxy-6-0x0-2-decenoique. 
Can. J. Chem., 52,825 (1974) 

Tamura and co-workers (1) recently described 
the isolation and structure elucidation of pesta- 
lotin (I), a new 5,6-dihydro-2-pyrone displaying 
gibberellin synergism, produced by the phyto- 
pathogenic fungus Pestalotia cryptomeriaecola. 
The same compound, designated LL-P880a, was 
isolated from an unidentified Penicillium species 
by Ellestad et al. (2), and these workers further 
demonstrated the configuration at C-6 and -1' 
to be S. We report here on the closely related 
substance 2 isolated, together with 1, from 
culture filtrates of an unidentified fungus.' 

The new metabolite, C ,  ,Hl,O4, displayed i.r. 
absorption (CCI,) at 1728 and 1630 cm-' and 
U.V. I,,, 233 nm ( E  10 600). These features, 
together with n.m.r. signals corresponding to 
an olefinic hydrogen at 6 5.17 (lH, s) and 
methyl ether protons at 6 3.78 (3H, s), suggested 
a 4-methoxy-5,6-dihydro-2-pyrone (1-5). In the 
mass spectrum, the base peak at m/e 127 (M' - 
85) and an ion at mle 85 (C5H90+) result from 
cleavage of an n-pentanoyl chain; further 
evidence for this structural element was found 
in the i.r. absorption at 1740 crn-' (CO), and 
the appropriate methyl and methylene signals in 
the 220 MHz n.m.r. spectrum. A signal at 6 
4.80 (IH, dd, J,, + J,, - 14 Hz) was attributed 
to the C-6 hydrogen by virtue of its low-field 

IThe fact that the organism could not be induced to 
sporulate has rendered identification impossible so far 
but suggests that it is neither a Pestalotia nor a Penicillium 
species. We thank Dr. L. P. Magasi of this laboratory for 
providing the culture, IT-6, and for discussions relating 
to  its identification. 

position and m~ltiplicity,~ and this assignment 
also defines the location of the side chain. These 
data are readily interpreted in terms of structure 
2. 

0 C H 3  y 3  

Conversion of 2 into the corresponding 
pyrone, 3, corroborated the assigned formula- 
tion. This transformation was effected directly 
(without isolation of a bromine-containing 
intermediate) by treatment of 2 with N-bromo- 
succinimide. To facilitate comparison with a 
simple model, 4-methoxy-6-methyl-2-pyrone, the 
carbonyl group in the side chain of  3 was 
reduced with sodium borohydride. The spectro- 
scopic characteristics of the product, 4, indeed 
showed a gratifying similarity to those of the 
model a-pyrone. Thus, 4 displayed (besides 
broad hydroxyl absorption at 3390 cm-') i.r. 
peaks (CC1,) at  1737, 1650, and 1242 cm- ' ; and 
U.V. I,,, (EtOH) 211 ( E  7420) and 282 nm 

'The signal for the C-6 proton changed in a manner 
consistent with the assigned structure on reduction of 
the ketone function. 
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( E  6730) (6). In the n.m.r, spectrum of 4, the C-3 
and -5 hydrogens were manifested as doublets 
at 6 5.46 and 6.13 p.p.m. (J  - 2 Hz) (5). These 
data establish 4 as an cr-pyrone and confirm the 
formulation 2 for the new metabolite. 

The second major metabolite, C, ,HI8O4, was 
identified as 1 on the basis of its spectroscopic 
characteristics and a correlation with 2 effected 
by oxidation with the Jones reagent (7). Direct 
comparison of the hydroxylic metabolite with a 
sample of ~L-P880cr~  established their identity. 

Experimental 
The 220 MHz n.m.r. spectra were recorded for solutions 

in deuteriochloroform on a Varian HR-220 instrument 
a t  the Canadian 220 MHz NMR Center, Ontario 
Research Foundation. Microanalysis was performed by 
Spang Microanalytical Laboratory, Ann Arbor,Michigan. 

Production and Isolafio~z of Metabolities 
Filtrates from a synthetic medium4 that had supported 

growth of the fungus (liquid shake culture, temperature 
ca. 22") for 6 weeks were extracted thoroughly with 
chloroform. After removal of the solvent in vaclio, t.1.c. 
analysis of the brown residue revealed two major com- 
ponents. The mixture was chromatographed on a 
column of silica gel (Davidson Grade 923) and elution 
with chloroform - methylene chloride (6:4) afforded 2, 
slightly contaminated by other products. The second 
major metabolite 1, again containing small amounts of 
impurities, was eluted with chloroform. The less polar 
compound 2, was purified by preparative-layer chroma- 
tography on silica gel plates, using the solvent system 
benzene-12-hexane-acetone (10: 9: 1). Metabolite 2 (R, - 
0.7) crystallized from ether-cyclohexane as colorless 
needles, m.p. 83-84"; [aIDZZ -4.3" (c, 0.266 in CH30H);  
i.r. (KBr) 1710, 1620, 1248, and 1230 cm-' (for i.r., 
(CCI,), and U.V. spectra see text); n.m.r. (CDCI3; 220 
MHz) 6 0.92 (3H, t, J - 7 Hz), 1.34 (2H, sextet, slightly 
broadened, J- 7 Hz), 1.59 (2H, quintet, slightly broad- 
ened, J - 7 HZ), 2.75 (4H, m, simplified by irradiation a t  
both 6 1.59 and F 4.80), 3.78 (3H, s), 4.80 ( lH,  dd, JAx + 
JBx - 14 Hz), and 5.17 (IH, s); mass spectrum (see text) 
m/e 212 (MC). 

Anal. Calcd. for CllH1604: C, 62.25; H, 7.60; 0 ,  
30.15. Found: C, 62.44; H, 7.32; 0 ,  30.20. 

Material eluted with chloroform (vide supra) was 
further purified on a preparative-layer plate of silica gel 
(benzene-12-hexane-acetone (10: 7 : 3), R F  - 0.4). Crystal- 
lization from benzene<yclohexane yielded pure 1 as 
colorless rectangular platelets, m.p. 83-85", spectra 
identical with published data (1, 2) (i.r. (CCI,) 3580, 
3410, 1724, 1630, and 1223 cm-I). The m.p. was unde- 
pressed on admixture with a sample of LL-P880a., 

Mol. Wt. Calcd. for C11Hls04: 214.1205. Found: 
214.1200. 

,Kindly provided through the courtesy of Dr. E. L. 
Patterson, Lederle Laboratories, New York. 

4The culture medium was the basal synthetic medium 
of Jennison et al. (8) with added KC1 (0.1 g/l) and p H  
adjusted to 3.5 with HCI. 

Preparation of Pyrone 3: N-Bromosuccinir?zide (NBS) 
Treatment of 2 

NBS (28 mg) was added to a solution of 2 (38 mg) in 
carbon tetrachloride (7 ml). The mixture was heated 
under reflux for 2.5 h while being irradiated with a 
tungsten lamp. When cool, the mixture was filtered, and 
the filtrates were washed with water and dried over 
MgS04. Removal of solvent under reduced pressure 
afforded 34 mg of almost colorless crystalline 3. A 
sample, recrystallized from ether-cyclohexane, had m.p. 
129-132"; i.r. (KBr) 1721, 1702, 1639, 1569, 1273, and 
1257 cm-'; i.r. (CCI4) 1746,1711, 1638, and 1247 cm-' ; 
U.V. h,,. (EtOH) 223 (E I8 100) and 309 nm (E 5350); 
n.m.r. (CDCI,; 60 MHz) 6 0.93 (3H, poorly resolved t, 
J - ~ H z ) ,  1.2 to 1.9 (4H, m), 2.90 (2H, t, J - 7 Hz), 
3.88 (3H, s) (a trace of unreacted 2 was evidenced by a 
small peak at 6 3.77), 5.71 (IH, d, J - 2  Hz), 6.76 
( lH,  d, J - 2 Hz); mass spectrum, m/e 210 (M +), 168 
(M - C3H6)f,  125 (base peak) (M - C,H,O)+, 69 
(C,H,O)+. 

Mol. Wt. Calcd. for CllH140,:  210.0892. Found: 
210.0897. 

Reduction of 3 to 4 
The a-pyrone 3 (13 mg) in methanol (5 ml) was 

treated with sodium borohydride (1 mg) at -3' for 30 
min. Work-up yielded 12 mg of yellow oily product, 
purified by preparative t.1.c. (silica gel plates, benzene- 
chloroform (4: 1)) to give 4 as a colorless oil; i.r. and U.V. 

see text; n.m.r. (CDCI,; 60 MHz) 6 0.92 (3H, poorly 
resolved t, J - 6 Hz), 1.17-2.65 (> 7H, m), 3.84 (3H, s) 
4 .37(1H,m),5 .46(1H,d,  J - 2  Hz),and6.13 ( lH,  d ,  
J - 2 Hz); mass spectrum, m/e 21 2 (M+),  125 (M - 
C5H, ,O)+ (base peak). 

Mol. Wt. Calcd. for CIlHl6O4:  212. Found: 212. 

Correlation of Metabolities 
Metabolite 1 (20 mg, 0.0933 mrnol) in acetone (5 mI) 

was treated with Jones' reagent (7) (0.25 ml, 0.668 mmol 
Cr03)  a t  15-20". After 30 min, work-up and recrystalli- 
zation yielded a crystalline product, m.p. 83-84", identified 
as 2 by comparison of i.r., u.v., n.m.r., mass spectra, 
t.1.c. behavior, and mixture m.p. 

We thank Mr. A. I. Budd, University of Alberta, 
Edmonton, for the accurate mass measurements, and 
Ms. G. Aarts, Ms. M. Austria, and Dr. K. T .  Kan, 
University of New Brunswick, fo r  mass spectra and 
optical rotation measurements. 
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Formation of the Radical Cations of Some Tetracyclic 
Aromatic Hydrocarbons in Boric Acid Glass 

Deprrrttnet~t of Physics. Aligcrrh Muslitn Universify, Aligcrrh 202001, Itlclio 

Received July 23, 1973 

The radical cations of tetracene, chrysene, 1,2-benzanthracene, and 3,4-benzphenanthrene 
have been produced in boric acid glass by u.v. irradiation. Their electronic spectra are recorded 
in the region 200-1400 nm and show a close resemblance to the available data for the cations 
reported earlier. 

Les radicaux cations du tttracene, du chrysene, du benzo[u]anthracene et du benzo[c]phCnan- 
threne ont CtC gtnCrCs par irradiation ultraviolette dans du verre a I'acide borique. Leur spectre 
dlectronique a CtC mesure dans la rCgion de 200-1400 nm et ils ressemblent tous aux spectres 
des cations rapport& anttrieurement. [Traduit par le journal] 

Can. J.  Chem.. 52.827 (1974) 

A study of the electronic spectra of the tetra- bands which appeared after irradiation vanished 
cyclic aromatic hydrocarbons reveals that their and the films regained their original colors. 
electronic transitions show some systematic On the basis of the studies on optical and e.s.r. 
variations from one hydrocarbon to another (1). spectra of some aromatic hydrocarbons in boric 
On the basis of this fact one may also think of acid glass irradiated with U.V. light, Hoijtink 
some correlation in their ionic spectra as well; and co-workers (5) and other workers (6, 7) have 
such correlation is hitherto unknown and may 
be very interesting and useful to investigate. 
However, at  present this is not possible due to 
lack of theoretical and experimental data for 
these ions. Therefore, the present communication 
limits itself to a method of producing the radical 
ions of tetracyclic aromatic hydrocarbons and 
the recording of their complete electronic spectra 
which may in future be helpf~ll in studying the 
correlation among their electronic transitions. 

Although the formation of the radical ions of 
some tetracyclic hydrocarbons has been reported 
in certain matrices (2-4), their electronic spectra 
have not been recorded in detail and in many 
cases only the values of the absorption peaks are 
mentioned in the literature. In the present note 
we report the electronic absorption spectra of 
tetracene, chrysene, 1,2-benzanthracene, and 
3,4-benzphenanthrene in boric acid glass after 
irradiation with the u.v, light of a high-pressure 
mercury lamp. These spectra are shown in 
Fig. 1. The boric acid glass is found to be the 
most suitable matrix for making studies in the 
region 200-1400 nm at room temperature, at 
which it forms a rigid solution. On irradiation, 
the tetracene-doped boric acid film retained its 
yellow color, while the colorless glass of chrysene 
acquired permanent yellow color and those of 
1,Zbenzanthracene and 3,4-benzphenanthrene 
became permanently brown. When the irradiated 
films were heated to about 110 "C, most of the 

drawn the conclusion that during irradiation the 
formation of monopositive ions of the hydrocar- 
bons takes place. But the mechanism of photo- 
oxidation could be established only after exten- 
sive investigations carried out by Porter and co- 
workers (S), Joussot-Dubien and co-workers (9), 
Magat (lo), Kieffer and co-workers (1 I), and 
Walentynowicz et al. (12) on the thermolumines- 
cence of molecular solids in boric acid glass 
and other rigid matrices. It was found that the 
photooxidation in boric acid glass is a biphotonic 
process with the participation of the triplet 
state of the parent hydrocarbon. The photo- 
chemical reaction may be written as 

where the single asterisk (*) corresponds to an 
excited singlet state of the molecule and the 
double asterisk (**) t o  the molecule excited to 
higher triplet states. From the thermolumines- 
cence studies it has become evident that the 
free electron ejected in this process is removed 
far from the vicinity of the parent ion and neu- 
tralized as atomic or molecular hydrogen (9). 

The optical absorption spectrum of tetracene 
monopositive ion in boric acid glass shows a 
striking resemblance to the spectra of its anions 
(2) and cations (1 3) reported earlier and the same 
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W A V E L E N G T H  I n m  1 

W A V E N U M B E R  I h K I  

FIG. I .  Absorption spectra of the radical cations of tetracene - ; 1,2-benzanthracene --- ; chrysene -.-. ; and 3,4- 
benzphenanthrene . . . . ; in boric acid glass irradiated with U.V. light at room temperature. 

is expected on the basis of theoretical predictions 
also. 

The positions of the absorption peaks of 
chrysene and 1,2-benzanthracene anions ob- 
served by Evans and Tabner (3) agree with our 
experimental results. Kira et al. (14) have re- 
corded the transient spectrum of the monomer 
cation of 1,2-benzanthracene in benzonitrile 
solution in the region 11-14 kK which has a very 
strong band at 11.3 kK. This is very close to the 
band observed at 11.1 kK in the boric acid glass. 
Recently, Shida and Iwata (1 5) have produced the 
monopositive ions of tetracene, chrysene, and 
1,2-benzanthracene in butyl chloride solution by 
y-irradiation. Their spectra show a close resem- 
blance to those recorded by us. The radical ions 
of 3,4-benzphenanthrene have not been produced 
so far and we are reporting here for the first 
time the electronic spectrum of its cation. 

The spectra of all the monopositive ions under 
investigation have at least one thing in common: 
all of them show a very strong band in the near 
i.r. region. An extensive investigation of the 
spectra of all these cations is in progress. 

The authors are thankful to Professor Rais Ahmed for 
his interest in this work and to Dr. Z.  H. Zaidi for many 
fruitful discussions and suggestions. One of them 
(Z. H. K.) gratefully acknowledges the Council of Scientific 
and Industrial Research, India, for the award of a fellow- 
ship. We also thank Dr.  T. Shida for sending us a preprint 
of his paper (ref. 15). 
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A Selective Determination of the Proton Nuclear Relaxation Times 
of the Alkaloid Vindoline: An Extension via 

Fourier Transform Measurements1 

L. D. HALL? A N D  CAROLINE M. PRESTON~ 
Dcprrrrt,lc.t~r of C/~et,i isrq~, Tlle Utlil~ersity of Britisll Colr~t,~hicr, Vrrr~corr~,er 8. Bririslr Col~rt~~hitr  

Received February 16, 19734 

A Fourier Transform method has been used to measure the spin-lattice relaxation times 
of essentially all the protons of the alkaloid, vindoline. It is shown that even for a molecule 
of this size substantial and potentially ~ ~ s e f u l  differences exist in the experimental relaxa- 
tion times which reflect the degree of crowding of each proton by other protons. 

On a utilisi la mtthode de  transformation de Fourier pour mesurer les temps de relaxa- 
tion spin-riseau de  pratiquement tous les protons de I'alkaloide vindoline. On montre 
que mdme pour une rnolicule de cette taille des diffirences appriciables e t  potentiellement 
utiles existent dans les temps de relaxation exptrimentaux qui sont le reflet du degrC 
d'encombrement de chaque proton par les autres protons. [Traduit par le journal] 

Can. J .  Chem., 52,829 (1974) 

As part of a program to evaluate the diagnostic 
potential of proton nuclear relaxation times in 
organic chemistry, we previously studied (1) the 
alkaloid vindoline using the selective, audio- 
frequency-pulse technique. Although it proved 
possible to  measure the TI and T, relaxation times 
of some of those protons that were clearly 
separated from all other resonances, it was found 
that the frequency selectivity of the technique 
used was insufficient for a detailed examination 
of all of the individual protons. We now show 
that the superior selectivity of the Fourier Trans- 
form method makes feasible a more comprehen- 
sive evaluation of longitudinal relaxation times 
(TI values). 

Before discussing the results obtained for 
vindoline it is appropriate to mention briefly 
some of the difficulties associated with the mea- 
surement and subsequent interpretation of the 
longitudinal relaxation times of the protons of a 
complex organic molecule. 

At the experimental level, the presence of cross- 
relaxation (vide infra) will often result in the in- 
dividual transitions of a spin-coupled m~lltiplet 
having different TI values. Even assuming that 
-- 

'Part I11 of a series entitled, "Applications of pulsed 
nuclear magnetic resonance spectroscopy." For Part I1 
see ref. 7. 

'Alfred P. Sloan Foundation Research Fellow, 
1971-1973. 

3Recipient of an NRCC 1967 Science Scholarship. 
4Revision received October 31, 1973. 

satisfactory procedures can be evolved t o  average 
these values and allow for nonexponential T, 
decays, any experimentally determined TI value 
is a composite one, containing contributions from 
a number of different relaxation sources; as a 
result, any quantitative interpretation of  the sig- 
nificance of an individual TI value will generally 
be exceedingly difficult. 

Fortunately for the organic chemist interested 
in using proton TI values as the basis of gross 
structural assignments, neither of the  above 
sources of difficulty needs necessarily provide an 
insurmountable problem, although either may. If 
studies are made of an organic substance under- 
going isotropic motion in a pure, dilute solution 
in a magnetically inert solvent, then the intra- 
molecular dipole-dipole mechanism provides a 
major, and possibly exclusive, relaxation pathway. 
Since this mechanism has the form 

meaningful intercomparisons can be made be- 
tween the TI values of chemically similar protons 
(i.e., C H  with CH, CH, with CH,, etc.) that may 
serve to assign molecular configuration. Another 
relaxation mechanism that can be operative in- 
volves the motion of the individual proton sites 
within a molecule; we shall discuss briefly later 
on the complication that this introduces. 

The longitudinal relaxation times (T, values) 
of essentially all the protons of vindoline were 
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FIG. 1 .  Structural formula of vindoline showing the FIG. 2. A photograph of a molecular model of 
values (in seconds) of the longiti~dinal relaxation times vindoline showing the overall spatial distribution of the 
(TI values) of the individual protons. The n~merica l  proton substituents. Note that all of the methyl groups 
values quoted are the the values for project towards the periphery of the molecule and that  
the individual transitions. For a discussion of the values they and other peripheral protons generally have the 
for H-14, H-15, and H-17 see the text. longer relaxation times. 

determined as described in the experimental 
section; these data are listed in Fig. I .  For many 
of the spin-coupled multiplets, the T, values of 
the individual transitions were identical within 
experimental error (15%).  However a notable 
exception to this generalization was observed for 
the protons of the aromatic ring: H-14, H-15, and 
H-17. These form part of a closely-coupled, 
ABC spectrum and the TI values of the multiplet 

I components varied widely; for example, the TI 
1 
I 

values for the four transitions of the H-14 quartet 
were 2.55, 2.58, 3.17, and 3.16 s (in order from 
low, to high field). According to  Freeman (3) this 
differential is due to  cross-relaxation and is only 
significant for closely coupled spin systems (AB, 
ABC, etc.) for which each of the individual nuclei 
of this system have their principal relaxation wit11 
d~fferent external sources. For our particular sys- 
tem, the external relaxation of H-14 is likely with 
the methylene protons at position I I, whereas 
that of H-15 could be the methoxyl group at C-16 
and that of H-17 the N-methyl group. The relaxa- 
tion times given for H-14, H-15, and H-17 in 
Fig. 1 are the mean of the values obtained for the 
ind~vidual transitions. 

It is interesting to note that the T, values for 
vindoline, given in Fig. 1 range from 0.5 to ca. 
3.0 s ;  this significant differential bodes well for 
future studies of other large organic  molecule^.^ 

'The fact that the four T I  values previously reported 
for this compound are significantly smaller than those 
given here is due to a number of reasons. Importantly, 

I the previous study was made in deuterochloroform solu- 
tion, without degassing. It is also possible that some re- 
laxation could have occurred during the rather long 
pulses used previously. 

Inspection of molecular models of vindoline 
and df the photograph given in Fig. 2 serves t o  
delineate some of the dependencies that are con- 
sistent with the effective operation of intramole- 
cular dipole-dipole relaxation. Dealing first with 
the C-H protons, it is noteworthy that the pro- 
tons near the center of the molecule, and hence 
nearest to  other protons, have somewhat shorter 
relaxation timesthan those directed towards the 
periphery. Of those protons o n  the periphery, the 
ones having the shorter T I  values are also the  
ones that have closer steric interactions with 
other protons. For example, H-14 is quite close 
to protons o n  positions 10 and 1 1  whereas H-15 
and H-17 can only relax6 via the protons of the  
methyl groups located at positions 1 and 16, a n d  
these groups are further away. A similar rationale 
can be proffered for the shorter T, value of H-6 
compared with H-7; the former is rather close t o  
the methyl protons of the C,-ethyl moiety. T h e  
low values of the methylene protons at positions 
8, 10, and 11 are also consistent with the fact that 
they are all in close array. 

The situation for the four methyl resonances is 
more complex and illustrates nicely why any too  
ambitious interpretations of TI values on the sole 
basis of dipole-dipole interactions may be mis- 
leading. The resonances of the  N-methyl and the  
acetate-methyl group had previously been as- 
signed (4), but no distinction had been made be- 
tween the methoxyl and carboxymethyl res- 
onances. Although one of these resonances gave 

6Remember that these three protons show significanl 
cross relaxation and hence their T ,  values are subject tc 
appreciable systematic errors. 
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are meaningful; if that high accuracy is required then 2. T. L. PENDRED, A.  M. PRITCHARD, and R. E. 
extraordinary care is mandatory and the experiments RICHARDS. J .  Chem. Soc. (A), 1009 (1966). 
must be repeated many times. Fortunately, all of the 3. R. FREEMAN. Personal communication. December I I ,  
useful applications we have discovered thus far do not 1972: 1. D. CAMPBELL and R. FREEMAN. J. Magn. 
require this level of accuracy. Reson. 11, 143 (1973). 

4. M. GORMAN, N. NEUSS, and K. BIEMANN. J.  Am.  
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operating grants (A-1905, to L.D.H.) and a 1967 Science Res. 11,299(1973);J. Am. Chem. Soc.95,5132(1973). 

Scholarship (to C.M.P.). 6. L. D. HALL and C. M. PRESTON. Chem. Commun. 
1319 (1972); Carbohydr. Reson. 27,286,332 (1973). 
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Proton Spin-Spin Coupling Constants in Isothiazole, Isoxazole, and some of their 
Alkyl Derivatives 

RODERICK E. WASYLISHEN,~ J. BRIAN ROWBOTHAM,' A N D  TED SCHAEFER 
Deprirttnoit of C11efnistty, Uriiversity of Matiitoba, Winnipeg, Motiitoba R3T2N2 

Received August 30, 1973 

The signs and magnitudes of the spin-spin coupling constants over three to six bonds 
between protons in isothiazole, isoxazole, and in 10 of their alkyl derivatives are measured 
and discussed in terms of the coupling mechanisms. The chemical shifts of ring protons 
and methyl protons appear to arise from a common mechanism originating in the ring but 
are not simply related to electron densities calculated by molecular orbital theory at  the 
C N D 0 / 2  level of approximation. 

On a tvalut les signes ainsi que les grandeurs des constantes de couplage spin-spin 
incluant trois j. six liaisons des protons dans I'isothiazole, I'isoxazole et dans dix de leurs 
dtrivts alcoyles. On discute de ces donntes en fonction des mtcanismes de couplage. Les 
dCplacements chimiques des protons du cycle et des protons de groupes mtthyles ne sont 
pas seulement relits aux densitis tlectroniques calcul6es 5 I'aide de la thtorie des orbitales 
molCculaires (au niveau de I'approximation C N D 0 / 2 )  mais aussi, semble-t-il, un 
mecanisme commun provenant du cycle. [Traduit par le journal] 

Can. J .  Chem., 52,833 (1974) 

Introduction 

The signs and magnitudes of the proton- 
proton spin-spin coupling constants between 
ring protons and methyl protons, and between 
protons on different methyl groups are known 
for furan, thiophene, pyrrole, and a number of 
their derivatives (1-5). Similar data on five- 
membered rings containing two heteroatoms are 
relatively scarce and no signs are available (6-12). 
In this paper the signs and magnitudes of the 
three types of coupling constants are determined 
for isothiazole, 1, and isoxazole, 2, and for 10 of 
their alkyl derivatives. The data are discussed 
briefly in terms of coupling mechanisms. 

Experimental 
Cotnpounds 

Isothiazole, isoxazole, and the three methylisothiazoles 
were obtained from Raylo Chemicals. The 3,5- and 4,5- 
dimethylisothiazoles were prepared by treating cold 
solutions of 3- and 4-methylisothiazoles in tetrahydro- 
furan, first with 11-butyllithium and then with methyl 
iodide (13). Acidification and extraction with ether, 
followed by distillation of the dried extracts under 

'NRCC scholarship, 1971-1972. 
2Postdoctoral fellow, 1971-1973. 

reduced pressure, gave the products only slightly con- 
taminated by starting materials. 

The 4,5-dimethylisoxazole was prepared by condensing 
2-butanone and ethyl formate with sodium metal in 
ether (14), followed by treatment of the collected salt 
with hydroxylamine hydrochloride (15). Extraction with 
carbon tetrachloride, followed by distillation of the 
extracts under reduced pressure, gave a mixture of the 
desired product with 5-ethylisoxazole. This  mixture 
proved convenient for the p.m.r. studies. Previously (15) 
the second product had been identified as 3,4-dimethyl- 
isoxazole but we found n o  spectral evidence for it. 

Trimethylisoxazole was prepared by the  reaction 
between nitroethane and aqueous potassium carbonate 
(16, 17) and was isolated by distillation o f  the dried 
organic phase under reduced pressure. 

5-Methylisoxazole and 3,5-dimethylisoxazole were ob- 
tained from Aldrich Chemical Co. 

Proton Magtietic Resonatzce Spectra 
The isothiazoles were prepared as degassed 10 mol S, 

solutions in carbon disulfide, containing a small amount 
of tetramethylsilane as a n  internal reference material. 
Isoxazole, 13.7 m o l z ;  5-methylisoxazole, 10 rnol %; 3,5- 
dirnethylisoxazole, 21 rnol %; and 3,4,5-trimethylisoxa- 
zole, 13.3 rnol % were also dissolved in carbon disulfide. 
The approximately 50: 50 mixture of 5-ethylisoxazole and 
4,5-dimethylisoxazole contained a small amount of TMS 
and was degassed. 

The p.m.r. spectra were repeatedly calibrated on 
HA-60-1 o r  HA-100D spectrometers a t  sweep rates of 
0.01-0.02 Hz/s in the frequency sweep mode. Double 
irradiation experiments were carried out in the usual way 
(18). The resonance of H, was always broad due to in- 
completely relaxed coupling to the I4N nucleus, just as for 
H 2  in pyridine. Thus the coupling 4JHLH5 in isothiazole 
and in isoxazole could be shown to have the s a x e  sign as 

, J H 3 e H 4  but the sign of the r a t i ~ ~ J " ) . ~ "  / J could not be 
determined. 
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Results and Discussion 0.0099 0.0069 

Spectral Analysis 0.4100 
Spectra were analyzed with the computer 0.8701 1,-9 / 

program LAME (19). Only one or two transi- N 
H - 0.0202 

tions could be assigned in the broad resonance 0.2275 s 0 3017 

from H,. All other transitions were assigned and 5 
the r.m.s. errors ranged from 0.0055 to 0.0184 Hz. 
The standard deviations in the spectral param- 0.1 169 
eters ranged from 0.002 to 0.012 Hz but were 
generally well below 0.01 Hz. The spectral -0 1548 N 
parameters are given in Table 1. The signs of the 

<7J::.0139 
coupling constants in Table 1 rest on the assump- 0.0013 

tion that 3 ~ 0 H * H  is positive, as in thiophene and ~ = 2 8 7 D  

furan. 6 

Moleczllar Orbital Calculations 
The geometry of isoxazole was taken from an 

X-ray study of 5,5'-biisoxazole (20, 21) and was 
very close to that used by other workers (22). 
That of isothiazole was derived from a micro- 
wave study (23). Molecular orbital calculations 
at the CND012 (24) and INDO level (25) were 
performed on an IBM 360165 computer, using 
the parameterization of Pople and Beveridge (24). 
Calculations at the INDO level (24) cannot be 
made in the presence of a sulfur atom. The TC 

bond orders and total charge densities are given 
in structures 3 to 6. The observed dipole moment 
of isoxazole is 2.9 f 0.1 D (26). A previous 
CND0/2 calculation gave 3.17 D for 4 (27) and 
another calculation gave 3.1 1 D (28). 

Clletnical SIzSfts 
The ring proton shifts in isoxazole correlate 

qualitatively with the total charges on the 

adjacent carbon atoms as given in 4, the highest 
electron density at carbon being paired with the 
most shielded proton. However, the charges in 
the hydrogen 1s orbitals possess the opposite 
gradation (see 3). For isothiazole, 5 and 6, such 
correlations do not exist. Thus the charge at C-5 
is negative, yet H, has the lowest shielding of the 
three protons and is even less shielded than H, in 
isoxazole. 

The methyl proton shifts follow the order of 
the corresponding ring proton shifts; compare 
trimethylisoxazole with isoxazole, for example. 
The same shielding mechanism is presumably 
operative at both types of proton sites. The 
methyl proton shifts have a much lower range 
than the ring proton shifts, as expected if the 
intervening C-C bond attenuates an effect 
originating in the ring. The ring protons are 
more shielded in the presence of methyl groups, 
probably due to electron releasing o r  repelling 
properties of the latter. 

The Coupling Constants 
( a )  Between Ring Protons 
The values for ,J4, of 1.69 HZ in 1 and 4.66 Hz 

in 2 differ little from those in furan, 1.75 Hz (29), 
and in thiophene, 4.90 Hz (29, 30). The  presence 
of the electronegative nitrogen atom reduces ,J,, 
substantially from its values of 3.30 and 3.50 Hz 
in furan and thiophene, respectively. 

A marked decrease, from its values of  0.85 and 
1.04 Hz in furan and thiophene, occurs for 4J3,, 
having values of 0.27 and 0.15 Hz in 1 and 2. 
The methyl group replacement technique (31) 
indicates a TC electron contribution to these 
couplings of -0.2 Hz  (see last column of 
Table I), so that a a electron mechanism gives 
0.5 and 0.3, Hz for 4 ~ 3 5  in 1 and 2, respectively. 
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(6) Between Ring Protons and Methyl Protons and 10. In fact, all these couplings are equal t o  
(i) Over Four Bonds, 4J0H*CH3 within experimental error (1, 2, 4). As it is 

The values of 4J0H,CH3 in Table I vary from relatively small anyway, the implied assumption 
-0.25 to  - 1.00 Hz. It is clear that the gross that the n bond order of the intervening C=C 
differences in magnitude depend on the difference bond is much the same in 7-10 is not crucial. 
in n bond order (32-34) of intervening C=C Again, if the oxygen and sulfur atoms serve 
bonds of the ring (see 3 t o  6). For example, in mainly to polarize the o core of the ring system, 
4-methylisothiazole 4J0H5,CH3 = -0.98 HZ and leaving the n electron contribution t o  the 

H3.CH3 = -0.44 Hz, corresponding to n bond couplings unaffected, then 6 ~ , n C H 3 * C H 3  should not Jo 
orders of 0.85 and 0.41, respectively.3 In toluene vary for the compounds in Table I ,  as observed. 
a n bond order of 0.67 corresponds to 4J0H*CH3 = This coupling is presumably dominated by a n 
-0.75 Hz (35) and in propene one has - 1.7 Hz electron mechanism (40). 
(36). The gross effects therefore arise from. (ii) Over Five Bonds, 5J,1,H,CH3 
varying n electron contributions to the coupling. Varying from 0.5 1 to 0.64 H ~ ,  this coupling is 

Exhaustive studies of 4J0H'CH3 in the methyl considerably larger in derivatives of 1 and 2 than 
derivatives of thefluoropyridines (37) and m0lec- of furan (1)  and thiophene (4), i n  which it very 
ular orbital  calculation^ of 4J0H,CH3 in toluene near]y equals the 0.36 Hz observed i n  toluene 
(38) indicate appreciable o electron contributions (35). N ~ ~ ,  the group replacement tech- 
to  4 ~ 0 H s C H 3  in delocalized systems. The smaller .ique (31) gives the electron contribution to 
differences in 4 ~ 0 H 9 C H 3  in Table 1 can be rationa- ~J,,,H.CH~ 1 6 ~ ~ ~ ~ ~ 3 . ~ ~ 3 1 .  -l-hiS magnitude is the 
lized in terms of the arguments developed for the same as in m-xylene (40) and in pyridine (37) 
~ ~ r i d i n e s  (37). Thus, 4J0H'CH3 is -0.27 Hz in derivatives. Consequently, in 1 and 2, the larger 
3-methyli~othiazole but is -0.44 HZ in 4- magnitude of ~J,,,H.CH~ may be assigned t o  a 
methylisothiazole. An analogous situation exists electron effect. The trend towards slightly larger 
in the 6-methyl and 5-methyl derivatives of the values in the isoxazoles than in the isothiazo]es 
f luoro~~r id ines  and is attributable to  the may then arise from the higher electronegativity 
polarization of the o electron core a t  C-6 by the of oxygen, the presence of the  electronegative 
nitrogen atom. The detailed arguments are given .itrogen atom being responsible for the gross 
in ref. 37. The situation is somewhat analogous increase in the electron contribution to 5Jll,H.CH3 
toProPenewheresubstitutionb~anelectronega- ongoingfromfuranto2andfromthiophenetol .  
tive substituent a t  C-2 causes a marked positive 

5 CH3,CH3 shift in 4J but substitution a t  C-1 leaves the (c) Between Met/7y[ Protons, Jo 
coupling unchanged (39). and 6 J C H 3  .CH3 

In 

If the nitrogen in 1 and 2 primarily polarizes TO a large extent 5 ~ 0 C H 3 + C H 3  is again dependent 
the CJ electron core at C-3 and reduces 4 ~ 0 H - C H 3  on the n bond order of the intervening CeC 
when the methyl group is bonded to  C-3 but not bond, as is particularly clear from the values o f  
when it is bonded to C-4, then 4 ~ 0 H 9 C H 3  in 7 and 8 0.10 and 0.70 Hz in the trimethylisoxazole (see 
should be similar in magnitude t o  4~0H,C"3 in 9 also 3). On the other hand, o electron effects 

cannot be ruled out for a coupling over five bonds 
H and these could possibly account for the differ- 

ence of 0.1 Hz in 5 ~ 0 C H 3 * c H 3  for  the 4,5-dimethyl 
derivatives of 1 and 2, especially as the calculated 
n bond orders in 3 and 5 predict the larger value 

7 8 for the sulfur compound; contrary to observa- 
tion. Nevertheless, the observed values of 1.2 Hz 

H in cis-butene-2 (41), 0.40 H z  in a 171-xylene 
derivative (40), and of 0.70 Hz in 2,3-dimethyl- 

N thiophene (42) are in qualitative accord with a 
predominant n electron mechanism for 

9 10 5J0CH3*CH3 in derivatives of 1 a n d  2. 
The values of 6 ~ m C H 3 , c H 3  have already been 

3The methyl group does not change the mobile bond discussed and we that a 
order appreciably. coupling path via the heteroatoms would involve 
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seven bonds and would entail a positive coupling, 17. R. w. LOCKHART, K .  W. NG, P. E.  NOTT, and A. M. 
as in a p-xylene derivative (4). However, in both UNRAU.  Can. J .  Chem. 47,3107 (1969). 

11 (3) and 12 (21, J C H ~ , C H ~  is +0.55 H~ and the 18. R. FREEMAN and W. A. ANDERSON. J .  Chem. Phys. 
37,2053 (1962). 

19. C.  W. HAIGH and J. M. WILLIAMS. J. MoI. Spectrosc. 

47c3 CH34:S 

32,398 (1969). 
20. M. CANNAS and G. MARONCIU. Z. KI-ist. 127, 388 

(1968). 
' 3 3  CH3 21. S .  BIANGINI,  M. CANVAS, and G. MARONGIU. J. 

Heterocycl. Chem. 6, 901 (1969); Acta Cryst. 25, 730 
I I I 2  (1969). 

22. R. D: BROWN, B. A .  W. COLLER, and J .  E.  KENT. 
efficient path is that Theor,  Chim. Acts, 10,435 (1968). 

over seven bonds via the carbon atom frame- 23. J. L. MEYER, J .  DAV~DOVICS, J .  CHOUTEAU, J-C. 
work. We take this as a strong indication that in POITE, and J. ROGGERO. Can. J. Chem. 49, 2254 
derivatives of 1 and 2 thecoupling between (1971). 

protons in  different methyl groups is transmitted 24. J. A. POPLE and D.  L.  BEVERIDGE. Approximate 
molecular orbital theory. McGraw-Hill Book Co., 
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Friedel-Crafts Condensations with Maleic Anhydrides. In. The Synthesis of 
Polyhydroxylated Naphthoquinones 
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Dc!pnr.tenzetzt rle Chit,~ie, Utziivr.site' Lnvnl, Q~lPbec,  Qlre'bec 

Received August 10, 1973 

The condensation of hydroquinone ethers with an excess of dihalomaleic anhydrides 
has been found to give particularly good yields of dihalonaphthazarins. The etherification 
of the latter and the nucleophilic substitution of 2,3-dichloronaphthoquinones have been 
examined. Finally the structures of the products obtained from the Fries rearrangement 
of polyacetoxynaphthaIenes have been definitively established. 

La condensation d'Cthers d'hydroquinones avec un excirs d'anhydrides dihalogCnoma- 
lCiques donne des rendements particuliirrement ClevCs en dihalogCnonaphtazarines. La 
mCthylation de ces substances et la substitution nuclCophile de dichloro-2,3 naphtoquinones 
ont CtC Ctudikes. Enfin la structure des produits obtenus lors de  la transposition d e  Fries 
de polyacCtoxynaphtal&nes a CtC Ctablie de f a ~ o n  dCfinitive. 

Can. J .  Chern., 52,838 (1974) 

Few methods exist for the formation of 
naphthazarins and none of these are very 
satisfactory. The syntheses of substituted com- 
pounds of this type (whether natural or other- 
wise), in spite of their apparent simplicity, are 
therefore usually quite tedious processes. We 
have attempted to improve the preparation of 
the basic structure and in principle render its 
derivatives more readily accessible. 

The Preparation and Structure of Dihalonaph- 
thazarins and of the Corresponding Ethers 

Since its discovery by Zahn and Ochwat (l), 
the preparation of naphthazarins by the con- 
densation of hydroquinones (or their ethers) (2) 
and maleic anhydrides in a molten mixture of 
aluminum and sodium chlorides has been 
frequently used. This method remains the most 
simple way of obtaining many naphthazarins 
but it suffers the serious inconvenience of giving 
rather low yields. We have found that the use of 
excess dichloromaleic anhydride can increase 
the yield quite spectacularly, in one case to 97%. 
Stoichiometric amounts of anhydride, dibromo- 
maleic anhydride, and substituted hydroquinones 
give lower yields. Since the halogens can readily 
be removed (3), this modification also constitutes 
a convenient synthesis of some halogen-free 
naphthazarins. 

The determination of oxidation-reduction 
potentials of qninones (4) and the analysis of 

the n.m.r. spectra of naphthazarins (5)' have 
shown that the latter exist mainly in the tauto- 
meric form with the electron-withdrawing groups 
in the aromatic ring. These results suggest 
that the predominant tautomer of 2,3-dihalo- 
naphthazarins should be B (Scheme 1). However 
the n.m.r. spectra of 2a, 2b, and 3 show only one 
signal at 6 7.33, 7.31, an 7.12, respectively, for 
ring protons and indicate that these compounds 
exist mainly with the halogens in the quinoid 
ring. (The spectrum of 3 could seem ambiguous 
but is in good agreement with other well 
established structures such as 6-ethyl-2-hydroxy- 
naphthazarin, F 7.13 (7-CH) (5).) The resonance 
effects which seem to predominate over other 
considerations in these cases apparently were not 
taken into account in earlier works. 

The etherification of naphthazarins has not 
been studied extensively. Brass et al. (6) were not 
able to determine which isomer was isolated 
after the etherification of 2,3-dibromonaphtha- 
zarin. Bruce and Thomson (3) obtained two 
products by the methylation of chloronaphtha- 
zarin but the structure of only one was estab- 
lished. All other etherifications of naphthazarins 
yielded only one isomer. Hardegger et al. (7) 
however obtained both from javanicin but in 
this case the electronic effects of the substituents 
compete effectively. 

We have methylated two 2,3-dihalonaphtha- 

'Halogenated naphthazarins a re  not specifically 
'For parts I and I1 see refs. 23 and 24, respectively. mentioned here. 
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CH30 0 OH 0 AcO OAc moCH3 0CH3 - ,","r"" 0 H + # OAc 

CH30 0 OH 0 AcO OAC 

OH ClCO H3C OH 0 
OH 0 

0CH3 
ClCO CH3 

OH CH3C0 OH 

OCH? H3C OH O OH 0 

zarins using methyl iodide and silver oxide and 
found that both isomers are formed. The main 
product invariably corresponds to the only 
discernible tautomer of the starting material. 
Furthermore these experiments established that 
a rapid etherification of the less stable tautomer 
plays an important role in this process. 

Acetylation of a number of naphthazarins 
gives quite different results. This reaction with 
2,3-dimethyl-, 2,3-dichloro-, 2,3-dibromo-, and 
2,3-dibromo-6-methyln~phthazarins yields only 
the isomer corresponding to the most stable 
tautomer as shown by n.m.r. spectroscopy. 
Substrates with competing electrocic effects such 
as 2-methyl-6- and 7-ch!oronaphthazarin give 
mixtures of isomers. 

The Nucleophilic Substitutioii of Polyhalogenated 
Quinones 

Since the main purpose in preparing the fore- 
going compounds was the synthesis of poly- 
hydroxylated naphthoquinones, we have at- 
tempted, with various substrates, to find methods 
of improving the substitution of vicinal halogens. 

The nucleophilic substitution of chloranil (4) 
even with strong bases (alkoxides and hydroxides) 
gives a mixture of the 2,5- and 2,6-disubstituted 
products (8). Although these undergo subsequent 
displacement to the completely substituted 
compound, the direct formation of tetramethoxy- 
benzoquinone (9) using methoxide does not 
seem to have been recorded. The substitution of 
chloranil by methanol using potassium fluoride 
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as catalyst is claimed to yield only the 2,5- 
disubstituted product (9); we have repeated this 
procedure and found three products: trichloro- 
methoxy- (5) ( lox) ,  2,5-dichloro-3,6-dimethoxy- 
(6)  (60%), and 2,6-dichloro-3,5-dimethoxybenzo- 
quinone (7) (30%). When this reaction is carried 
out in a sealed tube at 1 lo0, mixtures of chloro- 
trimethoxybenzoquinone (8) and tetramethoxy- 
benzoquinone (9) are obtained. All of the 
foregoing substitution products are readily 
separated by column chromatography on silica 
gel (Table 1). 

Although 2,3-dimethoxynaphthoquinone (11) 
is available from the dichloro compound 10 with 
sodium methoxide (lo), a milder substitution 
was attempted. A direct displacement by 
methanol and potassium carbonate gave only 
50% of the expected quinone 11 but when 2,3- 
dichloronaphthoquinone was converted to the 
diazido compound (1 1) (in a nearly quantitative 
yield) and the latter treated with potassium 
carbonate in boiling methanol, an 83% yield of 
11 was obtained. The method is not applicable 
to  chloranil as the substrate decomposes 
completely. Many attempts at direct substitution 
on dichloronaphthazarins confirmed the earlier 
findings as to the difficulty of this operation 
(12, 13). However the corresponding ether 12a 
was found to undergo efficient substitution in 
the presence of methoxide. 

The Fries Rearrangement of Polyacetoxy- 
naphthalenes 

By diverse combinations of processes (re- 
duction, nucleophilic and electrophilic substi- 
tution, etc.), a large number of polyhydroxy- 
naphthoquinones are in principle readily acces- 
sible by the use of the foregoing intermediates. 
We have chosen the synthesis of 6-acetyl-2,3- 
dihydroxynaphthazarin (18) to illustrate the 
versatility of the method since this compound 
was once claimed to be a natural product (14) 
but was never adequately described (widely 

TABLE 1. The substitution of chloranil 

Yield (%) 

Substrate Conditions 6 and 7 8 9 

4 5 h at  95" 53 27 0 
4 7 h a t  110" 7 47 27 
4 24 h at 110" 0 27 23 
6 6 h a t  105" 0 41 21 
7 6 h at  105" 0 43 55 

divergent m.p.'s have been attributed to the 
starting material, 1,2,3,4,5,8-hexaacetoxynaph- 
thalene (1 5, 16) ; the end product gave an am- 
biguous analysis (16) and its m.p. was eventually 
found to indicate a mixture). 

The hexaacetate of leucospinazarin (17) was 
subjected to various modifications of the Fries 
rearrangement and gave two products, one of 
which is undoubtedly the expected acetylspin- 
azarin (18). The other appeared to be the furan 
resulting from a cyclization of the intermediate 
diacetyl derivative. An analogous structure has 
been proposed by Cort and Rodriguez (17) for 
a product obtained from 1,4,5,8-tetraacetoxy- 
naphthalene. We have established both structures 
are correct by unambiguous syntheses. 1,3- 
Dimethylnaphtho[2,3-clfuran-4,9-quinone is pre- 
pared readily by the method of Nightingale and 
Sukornick (18) but the 5,8-dihydroxy derivative 
could be obtained only by condensing the sub- 
strates in a molten mixture of aluminum and 
sodium chlorides (Scheme 1). 

Experimental 
Dihalotzaphthazarins 

2,3-Dichloronaphtlzazarin (2a) 
To a molten mass of AlCl, (142 g) and NaCl (28.3 g) 

at 140-15O0, was added in portions a mixture of p-di- 
methoxybenzene (16.6 g) and dichloromaleic anhydride 
(la)  (40.1 g). The temperature was then raised to 170-175" 
for 1-2 min and the dark red melt was allowed to cool, 
hydrolyzed with water (1.5 1) a n d  concentrated HCI 
(100 ml), and allowed to stand overnight. 2,3-Dichloro- 
naphthazarin (2a) was then recovered by filtration and  
recrystallized from petroleum ether (b.p. 90-12O0), m.p. 
198-199" (97%) (lit. (19) m.p. 195"); v,,, (KBr) 1627, 
1595 (sh), 1573 cm-' ;  6 (CDCI,) 7.33 s (6,7-CH), 12.36 s 
(5,8-OH). 

Diacetate, m.p. 232-233" (lit. (3) m.p. 233"). 
2,3-Dibronzonaphthazarin (26) 
This compound was prepared a s  for the foregoing 

quinone using AIC1, (19.5 g), NaCl (3.90 g), p-dimethoxy 
benzene (1.60 g), and dibromomaleic anhydride ( l b )  
(6.16 g); m.p. 219-220" (petroleum ether) (77%) (lit. (19) 
m.p. 216.5"); v,,, (KBr) 1623, 1579, 1555 cm-'; 6 
(CDCl,) 7.31 s (6,7-CH), 12.43 s (5,8-OH). 
2,3-Dichloro-6-methylnaphthazarin (3) 
This quinone was obtained by the foregoing method 

using AICI, (50 g), NaCl (10.0 g), 2,5-dimethoxytoluene 
(6.1 g), and dichloromaleic anhydride (13.4 g); m.p. 
148-150" (petroleum ether) (75%); v,,, (KBr) 1630, 
1573 cm-'; 6 (CDCI,) 2.33 d (J = 1.3 Hz) (6-CH,), 7.12 
q ( J  = 1.3 Hz) (7-CH), 12.58 and 12.91 2 s (5,8-OH). 

Anal. Calcd. for CllH,O,CI,: C ,  48.35; H, 2.21; Cl, 
25.96. Found: C, 48.56; H, 2.29; CI, 26.01. 

Methylation of 2,3- Dichloronaphthazarin 
A mixture o f  2,3-dichloronaphthazarin (2a) (5.2 g), 
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iodomethane (8 ml), freshly prepared silver oxide (8.0 g), 
and chloroform (100 ml) was stirred for 22 h at room 
temperature. The same amounts of iodomethane and 
silver oxide were added after 6 and 16 h. The residue after 
filtration and evaporation of the solvent was crystallized 
from a mixture of chloroform and carbon tetrachloride 
and gave 2,3 -dichloro-5,8-dimethoxynaphthoquinone 
(12a) (red needles), m.p. 237-238" (56%) (lit. (20) m.p. 
237"; v,,, (KBr) 1671, 1646 (sh), 1600 cm-'; 6 (CDCI,) 
3.97 s (5,8-0CH3), 7.37 s (6,7-CH). 

Anal. Calcd. for C12HB04C12: C, 50.20; H, 2.81; Cl, 
24.70. Found: C, 50.16; H, 2.73; C1, 24.59. 

Chromatography on deactivated silica gel (21) (ben- 
zene-chloroform I : 1) of the mother liquor of the pre- 
ceding crystallization gave 6,7-dichloro-5,8-dimethoxy- 
naphthoquinone (13a) (yellow needles), m.p. 203-203.5" 
(chloroform) (22%); v,,, (KBr) 1669, 1622 cm-I; 6 
(CDCI,) 3.96 s (5,8-OCH,), 6.88 s (2,3-CH). 

Anal. Found: C, 50.62; H, 2.89; CI, 24.61. 
Methylation of 2,3-Dibromonaphthazarin 
The etherification was carried o u ~  as for 2,3-dichloro- 

naphthazarin and gave two isomers. 
2,3-Dibromo-5,8-dimethoxynaphthoquinone (126) (red 

needles), m.p. 212-213" (chloroform-carbon tetra- 
chloride) (55%); v,,, (KBr) 1672, 1596 cm- ' ; 6 (CDCI3) 
3.96 s (5,8-OCH,), 7.35 s (6,7-CH). 

Anal. Calcd. for CIZH804Br2: C, 38.32; H, 2.14. 
Found: C, 38.34; H, 2.06. 
6,7-Dibromo-5,8-dimethoxynaphthoquinone (136) (yel- 

low needles), m.p. 209-210" (benzene - petroleum ether) 
(17%); v,,, (KBr) 1668, 1622 cm-'; 6 (CDCI,) 3.94 s 
(5,8-OCH,), 6.87 s (2,3-CH). 

Anal. Found: C, 38.34; H, 2.01. 

The Nucleophilic Substitution of Haloquinotres 
Ntrcleophilic Substitrrtion of Clrlorat~il 
Method A.  A mixture of chloranil (4) (0.01 mol), an- 

hydrous potassium fluoride (0.06 mol), and absolute 
methanol (50 ml) was heated in a sealed tube (Table 1). 
The cooled reaction mixture was filtered, evaporated 
under vacuum, diluted with water (200 ml), and extracted 
with benzene. After evaporation of the solvent, the 
residue was chromatographed on silica gel using a 
mixture of benzene and petroleum ether as eluant and 
gave two products. 

Chlorotrimethoxybenzoquinone (a), m.p. 82-83" (me- 
thanol); v,., (KBr) 1675, 1665, 1640, 1600 cm-';  A,,, 
(ethanol) 298 nm (log E 3.85); 6 (CDCI,) 4.04, 4.09 and 
4.23 3 s (OCH,). 

Anal. Calcd. for C9H903C1: C, 46.67; H, 3.90; CI, 
15.24. Found: C, 46.59; H, 3.97; CI, 15.18. 

Tetramethoxybenzoquinone (9), m.p. 134.5-135.5" 
(methanol) (lit. (22) m.p. 135-136"); v,,, (KBr) 167G, 
1610 cm-'; h,,, (ethanol) 298 nm (log E 3.86); 6 (CDCI,) 
4.05 s (OCH,). 

Method B. Chloranil (0.01 mol) was added in small 
portions to a cooled solution of sodium methoxide (0.04 
mol) in methanol (50 ml). The reaction mixture was then 
refluxed for 30 min and filtered hot. Tetramethoxyben- 
zoquinone (9) crystallized on cooling, m.p. 134-135" 
(46%). 2,5-Dichloro-3,6-dimet hoxybenzoquinone (6) could 
be recovered from the insoluble material (bishemiacetal 
salt) in the reaction mixture, m.p. 141-142" (methanol) 
(35%) (lit. (9) m.p. 141"). 

2,3-Din~ethoxynaphthoqrritrone (11) 
A mixture of 2,3-diazidonaphthoquinone (0.6 g) (pre- 

pared in nearly quantitative yield from 2,3-dichloro- 
naphthoquinone (10)) ( l l ) ,  anhydrous potassium car- 
bonate (1.7 g), and absolute methanol (25 ml) was stirred 
at room temperature for 1.5 h and filtered. The residue 
was washed with methanol and the filtrates when con- 
centrated and cooled in ice yielded 2,3-dimethoxy- 
naphthoquinone (11), m.p. 116-1 17" (methanol) (83%) 
(lit. (10) m.p. 114-1 15"). 
2-Chloro-3,5,8-trimethoxy,2aphtI1oquinor1e (14) 
A mixture of 2,3-dichloro-5,8-dimethoxynaphtho- 

quinone (12a) (143 mg), anhydrous sodium acetate (100 
mg), and absolute methanol (10 ml) was refluxed for 3 h, 
cooled and filtered, then concentrated and filtered again. 
The solid material was 2-chloro-3,5,8-trimethoxynaphtho- 
quinone (14), m.p. 149-150" (benzene) (84z ) ;  v,,, (KBr) 
1665, 1610 cm-'; 6 (CDCI,) 3.95 s (5,8-OCH,), 4.22 s 
(2-OCH,), 7.30 s (6,7-CH). 

Anal. Calcd. for Cl3HllO5C1: C, 55.23; H, 3.92. 
Found: C, 55.59; H, 3.74. 
2,3,5,8-Tetrat~ietl~oxynaplrtl~oquinone (15) 
2,3-Dichloro-5,8-dimethoxynaphthoquinone (12a) (5.72 

g) was added to a solution of sodium methoxide (1.4 g of 
sodium in 75 ml of methanol) and the mixture stirred at 
room temperature for 1 h and then cooled in ice. Upon 
filtration, 2,3,5,8-tetramethoxynaphthoquinone (15) was 
obtained, m.p. 139-139.5" (methanol) (86%); v,,, (KBr) 
1656, 1624 cm-I;  6 (CDCI,) 3.95 s (5,8-OCH,), 4.05 s 
(2,3-OCH,), 7.29 s (6,7-CH). 

Anal. Calcd. for Cl4HI4o6:  C, 60.43; H, 5.07. Found: 
C, 60.46 ; H, 5.14. 

Tlie Fries Rearratrgement of 1,2,3,4,5,8-Hexnacetoxy- 
naphtl~alet~e 

2,3-Dil1ydro,~ynaphtIraznrit1 (Spit~azaritr) (16) 
A solution of 2,3,5,8-tetramethoxynaphthoquinone 

(15) (4.2 g), AICI, (50 g), and nitrobenzene (75 ml) was 
stirred for 24 h at 80" and then hydrolyzed with ice water 
(900 ml) and concentrated HCI (100 ml). The suspension 
was warmed until an orange precipitate was obtained, 
cooled and extracted with petroleum ether. Filtration of 
the aqueous phase gave spinazarin (16), (orange needles), 
m.p. 279-279.5" (acetic acid) (nearly quantitative)(lit. (15) 
m.p. 265"); v,,, (KBr) 3250, 1615 cm-'; 6 ((CD3)2SO) 
7.65 S (6,7-CH). 
1,2,3,4,5,8-Hexaacetoxy~rapl1tl1nIe11e (17) 
A suspension of spinazarin (16) (0.55 g), zinc dust 

(2.5 g), anhydrous sodium acetate (1.5 g),  and acetic 
anhydride (20 mi) was warmed slightly, then stirred at 
room temperature for 2 h and hydrolyzed. 1,2,3,4,5,8- 
Hexaacetoxynaphthalene (17) was extracted with chloro- 
form and crystallized from acetic acid, m.p. 243-244" 
(83%) (lit. (15) m.p. 211.5-212"; (16) 245"); v,,, (KBr) 
1792, 1778, 1766 cm-I;  6 (CF,CO,H) 2.40 s (2,3-OCO- 
CH3), 2.50 s (1,4,5,8-OCOCH,), 7.30 s (6,7-CH). 

The Fries Rearrangement of 1,2,3,4,5,8-Hexnacetoxy- 
naplrtlralene (Table 2) 

Method A.  A mixture of the hexaacetoxynaphthalene 
17 (240 mg) and AICI, (500 mg) was heated a t  160' for 
1 h, hydrolyzed with ice and concentrated HCI and 
allowed to stand for 12 h. The products were separated 
by chromatography on silica gel using chloroform as 
eluant. 
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TABLE 2. The Fries rearrangement of 17 

Yield (%) 

Method Conditions 
-- 

18 19 

A AICI,; I h a t  160" 16 20 
B AICI,; 20 min at 170' 50 25 
C AICI, in CS,: 30 min at 175" 20 20 
D BF, in acetic acid 0 44 

Merhod B. As in method A, however the mixture was 
heated at  170" for 20 min. 

Merhod C. As in ref. 6. 
Merhod D. A solution of the hexaacetate 17 in acetic 

acid (3.0 ml) was saturated with BF3 rapidly and without 
cooling. 

6-Acetyl-2,3-dihydroxynaphthazarin (acetylspinazarin) 
(18), m.p. 227-228" (dioxan - petroleum ether) (lit. (16) 
m.p. 236"); v ,,, (KBr) 3100, 1685, 1640, 1605 cm-' ;  F 
((CD3)2SO) 2.61 s (6-COCH,), 7.47 s (7-CH); tnle 264 
(Mt) .  

Anal. Calcd. for C12H,07:  C, 54.55; H, 3.05. Found: 
C, 54.94; H, 3.02. 

1,3-Dimethyl-5,6,7,8-tetrahydroxynaphtho[2,3-c]furan- 
4,9-quinone (19), n1.p. 305-310" (dec.) (methanol); v,,, 
(KBr) 3450, 1631, 1608 cm- ' ;  F ((CD,),SO) 2.61 s 
(1,3-CH,); mle 290 (Mt) .  

Anal. Calcd. for C14Hlo07 :  C, 57.94; H, 3.47. Found: 
C, 58.30; H, 3.36. 

Tetraacetate of 19, n1.p. 212-213" (benzene - petrolei~m 
ether); v,,, (KBr) 1790, 1678, 1601 cm- ' ;  F (CDCI,) 
2.31 s (6,7-OCOCH,), 2.41 s (5,8-OCOCH,), 2.63 s 
(1,3-CH3). 

6,7-Dimethyl ether of 19, m.p. 218-219" (chloroform - 
petroleum ether); v,,,, 1650, 1608 cm-'  ; F (CDCI,) 2.68 s 
(1,3-CH,), 4.08 s (6,7-OCH,), 13.60 s (5,8-OH). 

1,3-Di1nerhy/-5,8-di/1ydro,~y12aphrho [2,3-c]jirr.rn~-4,9- 
qrrinone (21)  

A solution of 2,5-dimethylfuran-3,4-dicarboxylic acid 
dichloride (20) (1 .I g) (19) and p-dimethoxybenzene 
(0.7 g) in methylene chloride (10 ml) was added dropwise, 
to a suspension of AICI, (4.5 g) in the same solvent ( I5  
rnl). After refluxing the mixture for 2 h, hydrolyzing it in 
the usual way and extracting with chloroform, 1,3- 
dimethyl-5,8-dihydroxynaphtho[2,3,-c]furan-4,9-quinone 
(21) was obtained, m.p. 260--260.5" (chloroform) (40%) 
(lit. (17) n1.p. 258-258.5"); the i.r. and n.m.r. data were 
identical to those already published (17). 

Diacetate, m.p. 229-229.5" (lit. (18) m.p. 226-226.5"). 

1,3-Dime~hyl-5,6,7,8-~e1ral1ydroxy11(1pI1rho[2,3-c]jir~an- 
4,9-qlrb1otre (19) 

A mixture of 2,5-dimethylfuran-3,4-dicarboxylic acid 
dichloride (20) (1.1 g) and 1,2-dihydroxy-3,4 dimethoxy- 
benzene (0.9 g) was added in small portions to a molten 

mixture of AICI, (4.5 g) and NaCl (1.0 g) at 140'. The  
cooled melt was hydrolyzed with ice and concentrated 
HCI, allowed to stand for 24 h and extracted repeatedly 
with chloroform. The crude extract, when chromato- 
graphed on silica gel using a mixture of chloroform and  
methanol (9: 1) as eluant gave 1,3-dimethyl-5,6,7,8- 
tetrahydroxynaphtho[2,3-clfuran-4,9-quinone (19), m.p. 
and mixture m.p. 305-310" (dec.) (methanol) (22%). The  
i.r. and n.m.r. spectra were superimposable on those of 
the compound obtained from the Fries rearrangement. 
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Synthesis of 2,6-Naphthyridine, 4-Methyl-2,6-naphthyridine, 
and their Derivativesty2 

ALFRED TAURINS A N D  ROSITA T A N  L1' 
Drptrrt t~retrt  ~ / 'C I re t~ l i s t , l v ,  ~McGi l l  Utr i~~,r .v i@, P.O. Bo.1- 6070, Sttrtiotl A ,  ~Mot l r renl ,  Q~reb~,c  H3C 3Gl 

Received February 27. 19734 

A detailed outline of the experimental procedures for the synthesis of 2,6-naphthyridine 
and 4-methyl-2,6-naphthyridine is given. Cyclization of 2-(4-cyano-3-pyridy1)propionitrile 
with anhydrous hydrogen bromide lead to 3-amino-4-methyl-2,6-naphthyridine which was 
transformed into 4-methyl-2,6-naphthyridine in a series of reactions. The u.v. spectra of 
2,6- and 4-methyl-2,6-naphthyridine and their amino and halogen derivatives were 
recorded. 

On dicrit en dttail les pr-ocessus expkr-imentaux pour la synthhe de la naphthyridine-2,6 
et de la mkthyl-4 de la naphthyridine-2,6. La cyclisation de la (cyano-4 pyridyl-3)-2 pro- 
pionitrile avec de I'acide br-omhyclrique anhydre conduit B l'amino-3 br-omo-1 methyl-4 
naphthricline-2,6 par une skrie de rtactions. Les spectres ~~ltraviolets de la naphthyridine-2,6 
de la methyl-4 naphthyr-idine-2,6 ainsi que de leurs dtrivks aminks et halogknks sont 
rapportks. [Traduit par le journal] 
Can. J .  Chern., 52,843 (1974) 

Among the si; isomeric naphthyridines, the 
chemistry of 2,6-naphthyridine has been com- 
paratively little studied. The first synthesis of 
2,6-naphthyridine (1) (1) involved the cyclization 
of j3-homocinchomeronic acid diamide t o  form 
j3-homocinchomeronimide, a compound pos- 
sessing the structure of the desired ring system. 
Three additional steps were necessary t o  trans- 
form the latter compound into 1. The second 
method for the preparation of 2,6-naphthyridine 
has been outlined in a preliminary report (2). 
The present paper has two objectives, first, t o  
present detailed experimental procedures for the 
synthesis of the following compounds, not fully 
outlined in the previous article (2): ethyl 4- 
cyano-3-pyridylacetate (2), 1,3-dihydrazino-2,6- 
naphthyridine (3), 2,6-naphthyridine (I), 3- 
amino-1 ,4-dibromo- (4), 3-bromo- l-hydroxy- 
(5), 3-bromo-I-methoxy- (6), and 3-chloro-2,6- 
naphthyridine (7). The second objective of this 
paper is to  describe the synthesis of 4-methyl-2,6- 
naphthyridine (8) (Scheme I), a compound 
isolated by Harkiss and Swift (3) from a plant, 
Antirrhinum majus. 

The starting material for the preparation of 4- 
methyl-2,6-naphthyridine (8) was 4-cyano-3- 

'This work received financial assistance from the 
National Research Council of Canada, Ottawa. 

2Preliminary report: ref. 2. 
3NCe Rosita Tan. 
4Revision received October 30, 1973. 

pyridylacetonitrile (9) which was methylated at  
the methylene group of the side chain to obtain 
2-(4-cyano-3-pyridy1)propionitrile (10). Treat- 
ment of compound 1 0  with anhydrous hydrogen 
bromide in ethyl ether (4) gave 3-amino-I-bromo- 
4-methyl-2,6-naphthyridine (11) which was trans- 
formed into 1,3-dibromo- (12) and then to 1,3- 
dihydrazino-4-methyl-2,6-naphthyridine (13), re- 
spectively. The last step, the replacement of 
hydrazino groups by hydrogen, yielded 4- 
methyl-2,6-naphthyridine (8). The spectroscopic 
data of 8 are in agreement with those of the 
sample isolated by Harkiss and Swift (3), how- 
ever, their melting point (78") is considerably 
lower than that of o u r  sample (94.5-95.5") which 
we consider as being correct. 

Deriva~ives of 2,6- and 4-Melhyl-2,6-naphlhyri- 
dine 

Treatment of 3-amino- 1 -bromo-4-methyl-2,6- 
naphthyridine (11) with nitrous acid in hydro- 
bromic acid solution produced 1,3-dibromo-4- 
methyl-2,6-naphthyridine (12). In the latter 
compound and in 1,3-dibromo-2,6-naphthyri- 
dine (2) only the bromine at  position 1 is active 
in nucleophilic substitution reactions. Both 
compounds react readily with methanolic solu- 
tion of sodium hydroxide t o  give 3-bromo-l- 
methoxy- (6)  and 3-bromo-I-methoxy-4-methyl- 
2,6-naphthyridine (17). T o  show that the 
nucleophilic substitution had occurred at C-I, 
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B 

compound 17 was synthesized also from 3- 
amino-I-bromo-4-methyl-2,6-naphthyridine ( l l ) ,  
firstly, by replacing its bromine by treatment 
with sodium methoxide to  form 3-amino-l- 
methoxy-4-methyl-2,6-naphthyridine (15) and, 
secondly, by exchanging the 3-amino group in 
compound 15 for bromine, by diazotization in 
hydrobromic acid. The similarity of compound 
17  prepared by the two methods was proved by 
i.r. and n.m.r. 

Hydrolysis of 1,3-dibromo-2,6-naphthyridine 
(2) and 1,3-dibromo-4-methyl-2,6-naphthyridine 
(12) with 6 N sulfuric acid gave 3-bromo-l- 
hydroxy- (5) and 3-bromo-1-hydroxy-4-methyl- 
2,6-naphthyridine (16), respectively. The latter 
compounds exist mainly in their tautomeric 
lactam forms as indicated by the C=O i.r. 
bands a t  1670 cm-'. The broad bands in the 
region 2800-2300 cm-' indicated the presence 
of hydrogen bonded N H  groups. The greater 
reactivity of bromine at  C-1 compared to C-3 in 
these two dibromides is analogous t o  the relative 
reactivities of chlorine atoms in 1,3-dichloroiso- 
quinoline. 

Spectra 
The U.V. absorption data published for all 

six naphthyridines (5) are incomplete because 
they d o  not cover the whole spectral range 
accessible with present day instruments. Thus 
in the U.V. spectrum of 2,6-naphthyridine (1) 
reported previously (I) ,  the short-wave band a t  
207 nm (log E 4.79) (Table 1) has not been 
detected and the band intensities were too low. 

The U.V. spectrum of 4-methyl-2,6-naphthyri- 
dine (8) (Table 2) is very similar in band shapes 
and intensities to  the spectrum of 2,6-naphthy- 
ridine (1). 

I t  is interesting to  note that the  position of the 
P-band in 2,6-naphthyridine a t  207 nm (log E 

4.79) (Table 1) is very close t o  the positions of  
this band in the spectra of 1,5-naphthyridine 
(206 nm, log E 4.75) (6) and quinoline (203 nm, 
log E 4.61) (7). The P- and p-bands of 1,5- and 
2,6-naphthyridine are almost identical in their 
shapes, positions of A,,, and intensities. The a- 
bands are also similar, except that in 2,6- 
naphthyridine this band is shifted towards a 
longer wavelength. 

The results in  Table 1 and 2 show that in the 
substituted 2,6-naphthyridines the  largest batho- 
chromic shifts of the a-bands, in the order of  
60-70 nm, are caused by the amino group in the 
3-position. These shifts are about  twice as large- 
as the bathochromic shift of the a-band in 3- 
aminoisoquinoline compared with the unsub- 
stituted isoquinoline. Apparently, in 3-amino- 
2,6-naphthyridines the determining factor in 
causing such large shifts is the nitrogen atom in 
the 6-position. The bathochromic shifts of the p- 
band in the U.V. spectra of 3-amino- and 3- 
amino-4-methyl-2,6-naphthyridine are only 25 
and 29 nm, respectively. 

The i.r. spectrum of 2,6-naphthyridine has been 
published (I) only in the form of a spectrogram 
in the region 1600-800 cm-', without giving 
exact band positions. In the present investigation 
the i.r. spectra of 2,6-naphthyridine (1) and 4- 
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TAURINS AND LI: 2.6-NAPHTHYRIDINE 

TABLE 1. The u.v, absorption spectra and log E values of 2,6-naphthyridine and its derivatives 
(in absolute methanol) 

a-band p-band a-band 

Compound nm log E nm log E nm log E 

2,6-Naphthyridine (I) 33 1 3.61 
317 3.61 
305sh 3.42 

3-Acetamido-1-bromo- (2) 345 3.62 

TABLE 2. The U.V. absorption spectra and log E values of 4-methyl-2,6-naphthyridine 
and its derivatives (in absolute methanol) 
- 

a-band p-band a-band 

Compound nm log E nm log E nm log E 

4-Methyl-2,6-naphthyridine (8) 331 3.69 268 3 .57 210 4 .74 
322.5 3.69 259 3.67 

250 3.60 
3-Amino- (14) 395 3.62 283 4.15 228 4.60 
3-Amino-1-bromo- (11) 398 3.65 294 4.13 230 4 .38 
3-Amino-1-methoxy- (15) 395 3.58 300 4.22 224 4 .32  
3-Bromo-1-hydroxy- (16) 3 50 3.74 286 4.05 

330 3.70 
3-Bromo-1-methoxy- (17) 3 40 3.74 287 3.97 212 4 .52  

278 4.02 
1,3-Dibromo- (12) 3 50 3.85 280 4 .00 220 4.53 

338 3.84 271 4.01 

methyl-2,6-naphthyridine (8) were recorded in 
the region 3800-400 cm-' (cf. Experimental). 

Experimental 
The melting points were determined on a Gallenkamp 

melting point apparatus and are corrected. The u.v. 
spectra were obtained on a Perkin-Elmer Model 350 
Spectrophotometer using absolute methanol as a solvent. 
The n.m.r. spectra were determined on a Varian Model 
A-60 spectrometer. Solvents used were carbon tetra- 
chloride, deuteriochloroforrn, and dimethyl sulfoxide-ds. 
Tetramethylsilane was used as  the internal standard. The 
n.m.r. peaks were designated as follows: s, singlet; 

d, doublet; t, triplet; q, quadruplet; m, multiplet. The i.r. 
spectra were measured on Perkin-Elmer Model 521 
grating spectrometer. Elemental analyses were carried 
out by A. Bernhardt Laboratory, Germany. 

Ethyl 4-Cyano-3-pyridylacerafe (2) 
Ethyl 3-pyridylacetate N-oxide (100 g; 0.552 mol) was 

placed in a 100 1111 three-necked flask equipped with a 
mechanical stirrer, a thermometer, and a dropping funnel 
fitted with a calcium chloride drying tube. Dimethyl 
sulfate (47.5 rnl; 0.552 rnol) was added dropwise and the 
mixture was heated at 90-100" for 2 h on a steam bath. 

Potassium cyanide (77 g; 1 .I75 mol) was dissolved in 
187 rnl of water and the solution flushed with nitrogen for 
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two hours; the N-methoxy salt dissolved in aqueous 
ethanol (180 ml ethanol and 270 ml water) was added 
dropwise to the potassium cyanide solution under 
nitrogen atmosphere at  23-25" for 9 h. After the addition 
was completed, the mixture was stirred for another 4 h. 
Chloroform (300 ml) was added and the resulting mixture 
was stirred for + h. The chloroform layer was separated 
and the aqueous layer was extracted twice with 100-ml 
portions of chloroform. The combined chloroform 
extract was washed with 1% sodium bicarbonate solution 
(100 ml), then with water (100 ml), and dried over 
anhydrous sodium sulfate. The solvent was evaporated 
leaving 65.6 g of a dark oil. Two products, ethyl 4-cyano- 
and ethyl 2-cyano-3-pyridylacetate, were obtained upon 
distillation. The yield of ethyl 4-cyano-3-pyridylacetate 
(2), the major product, which distilled at 128-131' (1.7 
mm) was 39.2 g (36%); i.r. (KBr): 2232 cm-I (CN). For 
elemental analysis see ref. 2. 

I,3-Dil1ydrazi110-2,6-11ap/1tI1yridine 
(a) 1,3-Dibromo-2,6-naphthyridine (2) (0.55 g; 1.91 

mmol) was dissolved in 5 ml of dioxane and 2.5 ml of 85% 
hydrazine hydrate was added dropwise. The mixture was 
allowed to stand at room temperature for 2 days. The 
yellow needles were filtered off and dried to give 1,3- 
dihydrazino-2,6-naphthyridine in quantitative yield, m.p. 
214216". 

Anal. Calcd. for C8HloN6:  C, 50.5; H,  5.3; N, 44.2. 
Found: C, 50.7, H, 5.5; N, 44.0. 

(b) One gram of 3-amino-1-bromo-2,6-naphthyridine 
(2) (4.45 mmol) was dissolved in 10 ml of dioxane and 5 
ml of 85% hydrazine was added dropwise. The mixture 
was heated at 125' for 1 h and allowed to cool at room 
temperature. The yellow precipitate was filtered to give 
0.74 g of 1,3-dihydrazino-2,6-naphthyridine (86.0% yield). 
The i.r. spectrum was identical in all respects with that of 
a sample obtained by method a. The mixture melting 
point with a sample obtained by method a showed no 
depression. 

2,6-Nap11 tlryridine (I) 
One gram of 1,3-dihydrazino-2,6-naphthyridine (5.30 

mmol) was dissolved in 15 ml of acetic acid and 30 ml of 
water. The mixture was poured slowly into 100 ml of 10% 
hot cupric sulfate solution. The resulting mixture was 
boiled for 15 min, made alkaline with 20% sodium 
hydroxide solution, and extracted several times with 
ether (600 ml). The ethereal solution was dried over 
anhydrous sodium sulfate and the solvent was evaporated 
leaving 0.35 g of pale yellow solid (53.0% yield). Chroma- 
tography and crystallization from hexane gave 2,6- 
naphthyridine (I) as colorless crystals, m.p. 118-119", 
(lit. (1) 114115°). 

Anal. Calcd. for C8H6N2:  C, 74.1 ; H ,  4.8; N, 21.5. 
Found: C, 73.8; H, 4.7; N, 21.5. 

The i.r. spectrum (CS,): 3055s, 3020m, 2980vw cm-';  
i.r. (KBr): 1665w, 1562s, 1481s, 1380s, 1298w, 1273s, 
1247s, 1204m, 1128sh, 1115s, 1015s, 940s, 842vs, 804w, 
800s, 660s + 650s (doublet), 447m cm-'. Monopicrate 
of 1, yellow needles, m.p. 222-224" (lit. (1) 206"). The 
dipicrate of 1, prepared by treating the ethanolic solution 
of 2,6-naphthyridine with excess of ethanolic solution of 
picric acid, formed yellow needles, m.p. 207.5-209.5" 
(ethanol). Results of elemental analysis of the dipicrate 
were satisfactory. 

3-Arnino-I,4-dibromo-2,6-naphthy~ine ( 4 )  
3-Amino-1-bromo-2.6-naphthyridine (2) (5.6 g;  25.4 

mmol) was suspended in a mixture of 10 ml of hydro- 
bromic acid and 20 ml of glacial acetic acid. Bromine 
(2.6 ml; 50.0 mmol) was added dropwise at - 5 to 0". The 
mixture was stirred for 12 h at room temperature and 
poured onto 500 g of crushed ice. I t  was made alkaline 
with 20% sodium hydroxide and the yellow precipitate, 
crystallized from benzene chloroform, gave 4.0 g of 4 
(51.9% yield) as yellow needles, m.p. 212.5-213.5". 

Anal. Calcd. for C8H5N3Br2: C, 31.7; H, 1.7; N, 13.9; 
Br, 52.7. Found: C, 31.9; H, 1.8; N, 13.7; Br, 52.8. 

The n.m.r. spectrum (DMSO-d6): 6 6.92 (2H, broad, 
NH2) ,7 .67(1H,d,  H-8),8.45(1H,d, H-7),9.18(1H,s, 
H-5); J 7 8  = 5.8 HZ. 

3-Brorno-I-l1ydroxy-2,6-rzapl1thyridit1e ( 5 )  
1,3-Dibromo-2,6-naphthyridine (2) (0.4 g;  1.38 mmol) 

was refluxed in 10 ml of 6 N sulfuric acid for 1 h. The 
clear yellow solution was diluted with 50 ml of water, 
made alkaline with 20% sodium hydroxide solution, and 
then acidified with acetic acid. The precipitate on crystal- 
lization from dioxane yielded 0.19 g (61.3%) of 5, m.p. 
296-298" (pale yellow crystals). 

Anal. Calcd. for C8H5N2BrO: C, 42.7; H, 2.2; N, 
12.5; Br, 35.5. Found: C, 42.8; H, 2.4; N, 12.2; Br, 35.4. 

3-Brorno-l-methoxy-2,6-napl1tl1yridi~1e (6) 
1,3-Dibromo-2,6-naphthyridine (2) (0.2 g, 0.69 mmol) 

in a methanolic solution of sodium hydroxide (0.06 g in 
12 ml of methanol) was stirred at 20" for 1 b and the 
resulting mixture was poured onto 53 ml of ice water. 
Crystallization from hexane gave 0.14 g of 6 (80% yield) 
as colorless needles, m.p. 129-1 30". 

Anal. Calcd. for C9H7N2BrO: C ,  45.2; H, 2.9; N, 
11.7; Br, 33.4. Found: C, 45.2; H, 3.2; N, 11.6; Br, 33.6. 

The n.m.r. spectrum (CDCI,): 6 4.17 (3H, s, OCH,), 
7.55 ( lH,  S, H-4), 7.94 (IH, d, H-8), 8.75 (lH, d, H-7), 
9.17 (IH, S, H-5); J7g = 5.8 HZ. 

3-Cl1loro-2,6-na~)htI1yridine (7) 
Cuprous chloride was prepared from sodium chloride 

(0.55 g), cupric sulfate (2.09 g), sodium bisulfite (0.45 g), 
and sodium hydroxide (0.30 g), and was dissolved in 10 
ml of concentrated hydrochloric acid. 

3-Amino-2,6-naphthyridine (2) (0.74 g; 0.0051 nlol) 
was dissolved in 10 ml of concentrated hydrochloric acid 
(25 ml) cooled to  - lo0, and an aqueous solution of 
sodium nitrite (0.4 g;  0.0059 mol, in 1.5 ml water) was 
added dropwise. The resulting diazonium solution was 
poured slowly into the cuprous chloride solution at -2'. 

The resulting mixture was made alkaline with 20% 
sodium hydroxide solution. The basic solution was 
extracted with three 100-ml portions of ether. Theethereal 
extract was dried over anhydrous sodium sulfate and the 
solvent was evaporated, leaving 0.35 g of  a crude product. 
Extraction with hexane gave 0.14 g of 3-chloro-2,6- 
naphthyridine (7) (16.7% yield). Pale yellow needles, 
m.p. 149-150.5" (hexane). 

Anal. Calcd. for C8H5N2C1: C ,  58.4; H, 3.0; N, 17.0; 
C1, 21.6. Found: C, 58.6; H, 3.2; N, 17.0; C1, 21.4. 

The n.m.r. spectrum (CDCl,): 6 7.78 flH, d, H-8), 
7.85 (1 H, s, H-4), 8.74 (lH, d, H-7), 9.17 (lH, S, H-5), 
9.32 ( lH,  S, H-1). 
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Anal. Calcd. for C9H9N30:  C, 61.7; H, 5.2; N, 24.0. 
Found: C, 61.9; H, 5.3; N, 23.8. 

3-Bromo-l-hydroxy-4-t~1etI1yl-2,6-naphthyridine (16) 
1,3-Dibromo-4-methyl-2,6-naphthyridine (12) (0.3 g ;  

1.0 mmol) was obtained in the same way as  compound 5. 
Crystallization from dioxane-ethanol gave 0.18 g (83.3% 
yield) of 16 as colorless crystalline flakes, m.p. 296' (dec.). 

Anal. Calcd. for C9H,N2BrO: C, 45.2; H, 3.0; N, 
11.7; Br, 33.4. Found: C, 45.1; H, 3.2; N, 11.5; Br, 33.7. 

3-Brot11o-l-t11etRoxy-4-tnefI1yl-2,6-t1apht/1yidiie (1 7) 
(a) 1,3-Dibromo-4-methyl-2,6-naphthyridine (12) (0.25 

g;  8.10 mmol) was transformed into 17 by a method 
similar to that used for the preparation of compound 6 .  
Crystallization from hexane gave 0.19 g (95% yield) of 
17 as colorless needles, m.p. 145.5-146". 

Anal. Calcd. for C,,H9N20Br: C, 47.5; H, 3.6; N, 
11.1; Br, 31.6. Found: C,  47.5; H, 3.7; N, 10.9; Br, 31.7. 

(b) 3-Amino-1-methoxy-4-methyl-2,6-naphthyridine 
(15) (1.0 g;  5.30 mmol) was dissolved in 30 ml of 48% 
fuming hydrobromic acid and cooled to  -5' to -2'. 
Solid sodium nitrite (0.7 g;  10.0 mmol) was added in 
small portions over a 5-min period. The mixture was 
stirred at 0" for 30 min and for 6 h at  20". It was 
poured onto 200 g of crushed ice and made alkaline with 
20% sodium hydroxide solution. The solution was 
extracted with three 100-ml portions of methylene 

chloride and the combined extract was dried. The solvent 
was evaporated to  give 0.7 g of a pale yellow solid. 
Crystallization from hexane yielded 0.55 g of 3-bromo-l- 
methoxy-4-methyl-2,6-naphthyridine (17) (41.0% yield) 
as colorless needles. The i.r. and n.m.r. spectra were 
identical in all respects with those of a sample obtained 
by method a. The mixture melting point of 17 with the 
sample obtained by method a showed no  depression. 
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Proton Magnetic Resonance Studies of Rotational Isomerism in Halotoluene 
Derivatives. XI. Experimental and Theoretical Barriers to Rotation 

in a,a,2,4,6-Pentabromo-, a,a-Dibromo-2,4,6-trichloro-, 
and a,a-Dibromo-2,6-dichlorotoluene 

JAMES PEELING,'  LUDGER ERN ST,^ A N D  TED SCHAEFER 
Deprrrt~l~et~t  of'Che~nislry, Urzi~~ersity ctf ~Monitobrr, Winnipeg, Manitobrr R372N2 

Received September 12, 1973 

Using rate constants determined from an analysis of the p.m.r. lineshape of the ring protons 
as a function of temperature, the activation parameters for the hindered rotation about the 
sp2-sp3 carbon-carbon single bond in a,a,2,4,6-pentabromotoluene dissolved in perchloro- 
butadiene are determined. Values of AG* for the analogous hindered rotations in a,a-dibromo- 
2,6-dichlorotoluene in toluene-d8, and for a,a-dibromo-2,4,6-trichlorotoluene in solutions of 
toluene-d8 and rnethylcyclohexane are also given. The results are compared with semiempirical 
potential energy barrier calculations employing partial geometry optimization. The agreement 
is satisfactory. 

A I'aide des constantes de vitesse determintes en fonction de la temperature par l'analyse d u  
signal des protons du cycle en r.m.n., on a determine les parametres d'activation pour les 
rotations empCchees autours de la liaison simple carbonexarbone de type sp2-sp3, dans le 
pentabromo-a,a,2,4,6 toluene dissout dans le perchlorobutadiene. Les valeurs de AG* sont 
aussi rapportees pour les rotations empechees analogues du dibromo-a,a dichloro-2,6 toluene 
en solution dans le toluene-d8, et du dibromo-a,a trichloro-2,4,6 toluene en solution dans le 
toluene-d8 et le mCthylcyclohexane. Les rtsultats sont compares avec les calculs empiriques de 
la barriere d'energie potentielle en utilisant la geometrie partielle d'optimalisation. L'accord 
est satisfaisant. [Traduit par le journal] 
Can. J .  Chem., 52,849(1974) 

Introduction 
Proton magnetic resonance (p.m.r.1 studies of 

the hindered rotation of the dichloromethyl group 
in a;a,2,4,6-pentachlorotoluene (PCT) (1) and 
a,u-dichloro-2,4,6-tribromotoluene (DCTBT) (2) 
have been presented in previous papers of this 
series. A similiar study of the hindered rotation of 
the dibromomethyl group about the sp2-sp3 
carbon-carbon single bond in a,a,2,4,6-pentabro- 
motoluene (PBT), a,a-dibromo-2,4,6-trichloro- 
toluene (DBTCT), and in a,a-dibromo-2,6-di- 
chlorotoluene (DBDCT) is presented in this 
paper. The results are compared with semiempiri- 
cal calculations in which the sp2-sp3 carbon- 
carbon bond length and the bond angles involving 
the halogen substituents are optimized for each 
rotational arrangement (3). 

Experimental 
Preparation of PET 

2,4,6-Tribromotoluene (prepared by following Lock 
and Schreckeneder (4)) was treated in a Quartz flask with 
a large excess of bibmine a t  200-256 "C under U.V. 

radiation for 6 days. The reaction mixture was extracted 

'NRCC Scholarship, 1972-1973. 
2Postdoctorate fellow, 1971-1972. 

with ether. The solution was then filtered, washed suc- 
cessively with aqueous sodium hydrogen sulfite and water, 
dried over magnesium sulfate, and the solvent was 
evaporated. The residue was dissolved in petroleum 
ether and stored at  -20 "C. A brown oil which separated 
was discarded and the petroleum ether was evaporated. 
The product was a yellow oil. The p.m.r. spectrum at room 
temperature displayed the  expected ABX pattern and a 
number of impurity peaks. Repeated attempts to purify 
the product by distillation under reduced pressure, by 
t.l.c., and by dry column chromatography failed to reduce 
the intensities of the impurity peaks significantly. 

Preparation of DBTCT 
2,4,6-Trichlorotoluene (prepared as described pre- 

viously (1)) was treated with an excess of bromine in a 
quartz flask at  150-220 "C under u.v. radiation for 3 
days. The reaction mixture was treated as above (PBT), 
leaving a yellow-brown oil containing about 80% 
DBTCT and 20% a-bromo-2,4,6-trichlorotoluene. Re- 
peated attempts to purify the product by the methods 
above were unsuccessful. 

Preparation of  DBDCT 
2,6-Dichlorobenzyl bromide (Aldrich) in carbon 

tetrachloride was treated with an excess of bromine under 
u.v. radiation. The bromination was monitored by 
observation of the proton chemical shift of the side-chain 
protons. The product was purified by vacuum sublimation. 

Proton Magnetic Resonance Spectra 
A 10 mol % solution of PBT in perchlorobutadiene, 

containing a small amount of hexamethyldisilane as a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



850 C A N .  J .  CHEM.  VOL.  52,  1974 

lock and reference signal, was prepared and carefully 
degassed by the freeze-pump-thaw technique. Fourteen 
p.m.r. spectra were recorded at different temperatures 
from 18.9-125.9 "C in a manner described previously (2). 
In the case of DBTCT, two degassed solutions, 10 mol % 
in methylcyclohexane and 10 mol % in toluene-dB, each 
containing tetramethysilane as a lock and reference 
material, were prepared. Spectra were recorded at  five 
temperatures from -9.7 to 82.6 "C for the former 
solution and at  four temperatures from 21.0-78.5 "C for 
the latter solution. Spectra were recorded at  five tempera- 
tures from - 10.0 to 80.0 "C for DBDCT as a 15 mol % 
solution in toluene-dB containing a small amount of 
tetramethylsilane. All spectra were taken on a HAJOOD 
spectrometer. 

Fo r  all samples the homogeneity of the external 
magnetic field was monitored by the appearance of im- 
purity peaksand of themethineprotonpeaks, whose widths 
are independent of the preexchange lifetimes (1). Tem- 
peratures were measured as described previously (2) and 
are believed to be accurate to  + 0.5 "C. 

Determinatiotz of Preexchat~ge Lifetin~es 
The computer program for an ABX spectrum in which 

A and B undergo mutual exchange (1) was used to fit the 
experimental spectra of PBT and DBTCT. Rate constants 
for the internal rotation in DBDCT were determined by 
matching spectra with the computer program DNMR2 
(5, 6). The usual precautions (2) concerning linewidth 
corrections, aromatic solvent shifts (7), and impurity 
peaks were taken. 

Results and Discussion 

Spectral Parameters in the Region of Slow 
Exchange 

Below about 45 "C the mean lifetime of 1 
before exchange to its mirror image isomer is 
relatively long, and the p.m.r. spectra of PBT 
show no sign of broadening. There is no notice- 
able broadening in the spectra of DBTCT or 
DBDCT below about 30 "C, indicating that the 
preexchange lifetime of 2 is relatively long below 
this temperature. The spectra of PBT and DBTCT 

are similar to those of PCT (I) and DCTBT (2), 
except that in the case of PBT the H, resonance 

I 
lies to high field of H, and H,. Figure 1 displays 

I the spectrum of PBT at ambient temperature. 
The chemical shifts and coupling constants 

were determined from the spectra using the 

FIG. 1. The p.m.r. spectrum of a 10 mol solution 
of cc,a,2,4,6-pentabromotoluene (PBT) in perchlorobu- 
tadiene at 100 MHz at  ambient temperature. Thechemical 
shift scale is in p.p.m. to low field of internal hexamethyl- 
disilane. The structural formula is given as 1 in the text. 
The splitting of the  H, resonance is 0.50 Hz. Impurity 
peaks are marked by crosses. 

iterative computer program LAME (8). The 
values obtained at a representative temperature 
for each sample are given in Table 1. The errors 
are standard deviations in the computer analyses. 

Proton Magnetic Resonance Spectra Under 
Conditions of Exchange 

Preexchange lifetimes, o, for PBT were deter- 
mined at 10 temperatures from 54.8-125.9 "C 
and are listed in Table 2. The two values of T 
for each temperature are the limits of o which 
give reasonable fits to the observed line shapes. 
Some representative calculated and experimental 
spectra are given in Fig. 2. Coalescence of the 
signals from Ha and H, occurred at about 98 "C. 
Above 125 "C the magnetic field homogeneity 
decreased to such an extent that really accurate 
fitting of calculated to experimental spectra was 
not possible. 

Coalescence of the H, and H, signals of 
DBTCT and DBDCT occurred at about 75 "C. 
Preexchange lifetimes were determined at 72.6 
and 82.6 "C for the sample of DBTCT in methyl- 
cyclohexane, a t  70.0 and 78.5 "C for the toluene- 
d, solution of DBTCT, and at 70.9 and 80.0 "C 
for DBDCT in toluene-d, solution, in order t o  
calculate AG* at these temperatures. 

Activation Parameters for the Hindered 
Rotations 

(a) Experimental Values 
Table 3 gives the activation parameters 

determined in this work with the results for PCT 
and DCTBT included for comparison. The 
values of E,, log A, AH*, and AS* and their 
respective errors given in Table 3 are the results 
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TABLE 1. Proton chemical shiftsa and coupling constants in Hz for a,a,2,4,6-pentabromo- 
toluene; E,U-dibromo-2,4,6-trichlorotoluene, and a,a-dibromo-2,6-dichlorotoluene 

--- 

Parameterb PBTc DBTCTd DBTCTe DBDCTf 

v A 

V B  

vc  
vx 
3 J H , H =  

-JAC 
3 J H , H -  

=JBC 
4 J H . H -  

=JAB 
5 J H . H -  

=JAX 
5 J H , H =  J 

DX 
6 J H . H -  =Jcx 
Root mean square error 
Largest error 
Lines assigned 

PEELING E T  AL.:  P.M.R. STUDIES. XI 851 

'In Hz a t  100 MHz downfield from internal he~ameth~ld i s i l ane  for PBT and from internal tetramethylsilane for 
the others. 

bThe bracketed numbers give the standard deviation in the last significant figure. 
C1O mol "j. in perchlorobutadiene a t  32.4 "C. 
d10 mol "j. in methylcyclohexane at  17.1 OC. 
'-10 mol g, in toluene-d, at  21.0°C. 
f15 mol % in toluene-i8 at  22.3 "C. 

TABLE 2. Preexchange lifetimes, 7, from fitted spectra at various 
temperatures for the compounds studied in this work" 

Compound Temperature ("K) r(s) 

PBT 328.0 0.95-1.25 
329.9 0.65-0.85 
340.1 0.32-0.35 
349.4 0.14-0.16 
359.2 0.068-0.074 
367.4 0.040-0.043 
373.2 0.025-0.027 
376.9 0.0182-0.0188 
391.2 0.0069-0.0073 
399.1 0.0043-0.0046 

DBTCT(in C7H14) 345.8 0.055-0.062 
355.8 0.027-0.030 

DBTCT(in C7D,) 343.2 0.045-0.065 
351.7 0.024-0.036 

DBDCT 344.1 0.063-0.083 
353.2 0.032-0.040 

OThe limits gtven for T represent those values which yield computed spectra In clear 
disagreement with observat~on. 

of a standard error propagation treatment (10) accurate values of AG*. The errors in AG* 
of the experimental rate data for each compound. given in Table 3 are the linearized statistical 
Rate constants for DBDCT and for the two errors, considering the errors contributed by 
samples of DBTCT were measured at only two uncertainties in both the rate constants and the 
temperatures in each case, so only AG* values temperatures. 
are given. All values of AG* listed in Table 3 Solvent effects on the activation parameters 
were calculated from rate constants determined for internal rotation in PCT have been shown 
by total lineshape analysis at temperatures to be small (1, 9) and that this is the rule for 
(given in the table) very near the coalescence molecules of this type is confirmed by the values 
temperatures of the respective compounds. In of AG* for DBTCT in methylcyclohexane and 
this temperature region rate constants can be toluene-d, solutions (Table 3). Furthermore, 
determined very precisely, resulting in highly comparison of the AG* values for DBTCT and 
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TABLE 3. Activation parameters and the results of semiempirical barrier calculations for some halotoluenes 

Calculated 0 

Compound E,(kcal/mol) log A (s-l) AH* (kcallmol) AS* (eu) AG* (kcal/mol) T("K) barrier(kcal/mol) > z 
PCT (1,9)" 14.56k0.50 12.19L-0.88 13.97k0.50 -4 .7k1.7 15.33k0.05 300.4 13.26 

LI 

DBTCT (in C,Hl,) - - - - 18.39-tO.05 345.8 

1 
0 
z 

18.44k0.05 355.8 
DBTCT (in C7D8) - - - - 18.21 k0.13 343.7 16.20 

18.26k0.15 351.7 
f 
< 

DBDCT - - - - 18.44k0.11 344.1 0 

18.46k0.09 353.2 
r 
", 

DCTBT (2)" 16.33k0.42 11.76k0.28 15.68k0.42 - 7 k 2  18.14+0.05 347.2 16.35 r\) 

PBT 19.85k0.22 13.23k0.13 19.13k0.22 -0 .4k0 .6  19.30+0.05 373.2 19.68 - 
w 
4 P 

aReferences 1,  2, and 9 used c = f :  the values given here use c = 1.  The values for the activation parameters of  PCT are obtained from the program ACTPAR (10) using the 
data from the three solutions combined. 
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(6 )  Semiempirical Calculations of Conforma- 
tional Energies 

To obtain a deeper insight into the nature of 
the conformations involved in the rotation 
about the sp2-sp3 bond, Westheimer's classical 
model (11-13) was used for calculating confor- 
mational energies of DBTCT, DCTBT, and 
PBT. The energy minimization procedure has 
been described previously (3). The only param- 
eters that are not included in reference 3 are the 
three force constants for bond angle deforma- 
tions3 at the dibromomethyl group (see 3): 
k(C,-C,-Br) 0.032, k(Br-C,-Br) 0.030, and 
k(Br-C,-H) 0.026 kcal/mol/deg2; and the f i j  

and gij values for nonbonded interactions given 
in Table 4. 

FIG. 2. Experimental and observed p.m.r. spectra of 
a,a,2,4,6-pentabromotoluene in perchlorobutadiene solu- 
tion at a few representative temperatures and preexchange 
lifetimes T. 

DBDCT shows that a substituent para to  the 
dihalomethyl group has a negligible effect on 
the barrier height. These conclusions are perhaps 
expected for barriers originating primarily in 
steric interactions between substituents ortho to 
the dihalomethyl group and the substituents on 
this group. 

The entropies of activation for the hindered 
rotations are small and negative, indicating 
perhaps a loss of vibrational contribution to the 
entropy in the more sterically crowded, and 
hence rigid, transition state conformations. 

The free energy of activation, AG*, increases 
by about 3 kcal/mol when the chlorine atoms in 
the cl positions or in the ortho positions of PCT 
are replaced by bromine atoms. On replacing 
the other chlorine atoms by bromine atoms to 
give PBT, AG* increases by 1 kcal/mol. The 
smaller increase on going to PBT possibly means 
that this molecule has a more crowded, and hence 
less stable, ground state conformation. 

For all four compounds it was evident from 
the calculations that the most stable conforma- 
tion is a with o = 0°, i.e. the C"-H bond is 
coplanar with the aromatic ring. This is in 
accord with the experimental findings, viz. the 
large long-range spin-spin coupling between 
the methine and one of the meta protons, the 
zero coupling between the methine and para 
protons in compounds where there is no 
substituent in the 4-position, and the downfield 
shift of the methine proton. 

The calculations show that the sum of the 
two repulsive X .  . . Y interactions in d over 
dihedral angles of 30" is more severe than the 

3These force constants were estimated by comparison 
with related compounds (3 ,  14). 
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TABLE 4. Constantsfi, and g,, describing the nonbonded 
interaction between atoms i and j for a 6-12 potential 

~ O - ~ J J  ~ I J  

j (kcal mol-I A12) (kcal mol- A6) 

single interaction in c over a dihedral angle of 
0". A very large portion of the strain that would 
occur in c for rigid rotation is actually avoided 
by opening of bond angles. 

The calculated barriers should be compared 
to AH* because the Westheimer method does 
not take into account entropy effects. As can be 
seen from Table 3 the right order of magnitude 
is reproduced by the calculations: PCT has the 
lowest barrier; DBTCT and DCTBT have 
almost identical activation parameters and lie 
in the middle; PBT is the highest one. In all of 
the compounds the shape of the barrier to  
internal rotation from 0 to 180" is of a very 
simple type with a single maximum at 90" and 
minima at 0 and 180". The type of energy curve 
having maxima at 60 and 120°, low minima at 
0 and 180°, and a high energy minimum at 90" 
can be ruled out (see a-d). This finding demands 
the use of a transmission coefficient of unity in 
the determination of experimental activation 
parameters. 
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COMMUNICATIONS 

The Trishomocyclopropeny1 Cation. I. Direct Observation 

S.  MASAMUNE,' M. SAKAI, A. V. KEMP-JONES, A N D  T.  NAKASHIMA 
Deprrrtt?letlt of C11et?list/y, Utli~jersity of Albertrtcl, Ecltno~~tot~, Albertrr T6G 2GZ 

Received August 17, 1973 

The trishomocyclopropeny1 cation has been prepared for the first time and is shown to be a 
remarkably stable, highly charge-delocalized species. The large J 1 3 C - H  value associated with 
the carbons formally carrying the positive charge, the high-field chemical shift of these carbons, 
and the absence of hydride shift, all are significant and are consistent with the formulation of 1 
subject to the limit of the n.m.r. time scale. 

On a prepare le cation trishornocycloprop~nyle pour la premiere fois et  dCmontrC que c'est 
une espece d'une stabilite remarquable et oh la charge est hautement delocalisee. Le fait que la 
valeur de J , 3 c - H  soit grande pour les carbones portant la charge positive, de m&mk que le 
grand deplacernent chirnique vers les champs ClevCs de ces carbones, ainsi que ]'absence de  
transfert d'hydrure sont tous significatifs et en accord avec la formulation de 1 dans les limites 
de I'CcheIle de temps de la r.m.n. [Traduit par le journal] 
Can. J. Chem., 52,855 (1974) 

We record herein the first direct observation 
of the trishomocyclopropeny1 cation (1). Since 
Winstein proposed the involvement of 1 in the 
solvolysis of cis-3-bicyclo[3.1.0]hexyl tosylate, 
first in 1959 (I), there have been presented 
experimental data that argue against its inter- 
mediacy in some related reaction systems (2). 
Repeated attempts to prepare 1 in superacid 
media have met with no success (3,4). Thus, 
despite Broser's seemingly valid spectral evidence 
to favor the existence of triaryl substituted 
trishomocyclopropeny1 cations (5a), it has 
recently been concluded (4) that the inability to 
observe 1 even at low temperatures shows that 
"the initially formed bicyclic cation (1) must be 
so unstable that either hydride shift or ring 
contraction occurs immediately" to provide 
1-methyl-2-cyclopentenyl cation (2) at -60". 
This note provides a definite answer to the 
above enduring, controversial problems associa- 
ted with 1 and demonstrates clearly that an 
energy minimum of the remarkably stable 
system (1) corresponds to the conformation in 
which the positive charge is highly delocalized. 

Our previous experience (6) and simple 
reasoning have led us to choose cis-3-chloro- 

'The author is grateful to  the National Research 
Council and Hoffmann-LaRoche, Inc. for financial 
support. 

bicyclo[3.1.O]hexane (3) as a precursor of 1 
rather than the corresponding hydroxy com- 
pound (4). Mixing a CD,Cl, solution of 3 (2b)2 
with a 1 : 5 mixture of SbF5-S0,ClF a t  ca. - 120" 
provided a bright orange lower layer which 
exhibited the 'H and 13C n.m.r. spectra shown 
in Figs. 1 and 2. Apart from line broadening due 
to viscosity, these spectra remained unchanged 
between - 110 and - 40°, at which temperature 
new, as yet unidentified, signals slowly appeared. 
In a 'H-coupled 13C spectrum, the singlets at 
6 17.3 (A) and 4.7 (B) in Fig. 1 became a triplet 
and a doublet, respectively, showing that the 
latter (B) is ascribed to the carbons (C-I, -3, 
and -5) formally carrying the positive charge. 
The J13,-, values are shown in Scheme 1. Since 
the proton assignment by means of selective 
decoupling was inconclusive, trideuterio com- 
pound 3a with the stereochemistry indicated in 
Scheme 1 was prepared from cyclopentadiene ox- 
ide(5)with LiA1D4(7) and thenCD,12 (Simmons- 
Smith) (1,9). The trans ring opening of the 
epoxide ensures that the deuterium atom at C-2 
is trans to the chlorine atom. When deuterated 
cation 1 was generated from 3a the relative 
intensity of the signals X, Y, and Z became 

2The preparation of 3 has been improved greatly by 
first preparing the chlorosulfite of 4 and then converting 
it into 3 in refluxing CH2Cl2. 
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(JI~, -, = 168 Hz) 
1 CD2I2 

Zn-Cu / 

A B 
17.3 4.7 

CD3 
(ACETONE) 

I I I I 

3 2 1 0 

p.p.m. 

FIG. 2. A p.m.r. spectrum (100 MHz) of 1 in SbF,- 
S0,CIF at - 80". External cis-1,2-dichloroethylene was 
used to lock the Varian HA-100 spectrometer (622 Hz 
from TMS). 

1 : 3:  2. Thus signal Y is assigned to H(1,3,5), 
X to He, and Z to Ha. This experiment also 

FIG. 1. A 13C n.m.r. spectrum (22.63 MHz) of 1 in demonstrates that 1 has formed directly from 3 
SbF5-SOZCIF at -90". External deuterioacetone was without undergoing hydride shift, and that the 
used to lock the spectrometer and its signal taken as 6 stereochemical integrity of all the hydrogen 
31.2 from TMS. atoms of 3 has been preserved. The high-field 
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COMMUNICATIONS 857 

absorption of the protons Ha, especially relative 
to He, is consistent with a substantial shielding 
contribution due to the pseudo-cyclopropane 
rings (9) of 1. The c.m.r. spectrum of tri- 
deuterio-1 also confirms these conclusions. 
Quenching the solution of 1 with methanol 
containing excess Na2C03 provided a bicyclo- 
methoxy compound (6) in ca. 50% yield, a 
result again consistent with the formation of 1. 

Some comments on earlier reports are now in 
order. The choice of 4 (4) to generate 1 in super- 
acid media was inappropriate and the mechan- 
istic interpretation (4) for the formation of 2 
from 1 in DF-SbF,-S02ClF at -78" (or - 60") 
appears to be inconsistent with the observed 
thermal stability of 1. The protonated alcohol 7 
is very likely to undergo rearrangement (intra- 
molecular hydride shift) before 7 ionizes. 
However, it is not inconceivable that 1 was less 
stable in these media and rearranged faster than 
it was formed. While the claim by Broser and 
Rahn (5a) seems plausible, the spectrum of 
lactone 8 in sulfuric acid (10) may be simply 
that of the ~rotonated lactone. rather than 8a as 

concerned at  present with a subtle, intriguing 
question of whether or not the true energy 
minimum of the system corresponds to the 
geometry (1) with C, ,  symmetry implied origi- 
nally (1). A future note will elaborate on this 
point. 
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- 1 3 0 ~  (131, all are particularly significant and 12. G. A. OLAH. Angew. Chern. Intern. Ed. Engl. 12, 173 
(1973). 

are consistent with the formulation of 1 subject 13, G. A. oLAH and J. L ~ ~ ~ ~ .  J. Am. them. Sot, 90, 933 
to the limit of the n.m.r. time scale. We are more ( 1968). 
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The Trishomocyclopropeny1 Cation. 11. An Ethano-bridged Derivative 

S .  MASAMUNE,' M. SAKAI,  AND A. V. KEMP-JONES 
Depnrtnlent of Chetnistry, University of Albertri, Edmonton, Albertrr T6G 2G2 

Received September 28, 1973 

An ethano-bridged trishomocyclopropeny1 carbonium ion has been generated in superacid 
media from 8-chlorotricyclo[3.2.1.02~4]octane and/or 4-chlorotricyclo[3.3.0.02~8]octane. The 
' H  and I3C n.m.r. spectra of this new stable carbonium ion compare well with those of the 
parent trishomocyclopropenyI carbonium ion and yet show some indication that the degree of 
charge delocalization is more extensive than that originally implied. 

On a produit un ion carbonium tthano-pontt du trishomocyclopropenyle dans un milieu 
superacide a partir du chloro-8 tricycl0[3.2.1.0~~~]octane et/ou du chloro-4 tricycl0[3.3.0.0~~~]- 
octane. Les spectres r.m.n. du ' H  et du I3C de ce nouveau carbocation stable se comparent bien 
avec ceux de I'ion carbonium parent du trishomocyclopropenyle. Cependant ces spectres 
montrent que le degrt de delocalisation de charge est plus tlevt qu'il n'ttait prtiru a I'origine. 

[Traduit par le  journal] 
Can. J .  Chem., 52,858 (1974) 

The successful preparation of the parent tris- 
homocyclopropenyl cation (1) of C, ,  symmetry 
(1) has encouraged us to generate the carbocation 
(2) in superacid media from now available 8- 
chlorotricyclo[3.2.1 .02.4]octane (3) (2) and/or 4- 
chlorotricyclo[3.3.0.02~8]octane (4) (3).2 We ex- 
pected that this structural modification (by 
means of an ethano-bridge) introduced into 1 
would only slightly perturb the electronic 
structure of 1 but yet, in view of our recent work 
on the related systems (4-6), would provide 
further information on the degree of electron 
delocalization in the entire system of 4. Results 
are summarized below (Scheme 1). 

As noted previously (1, 4, 6), chlorides appear 
to serve as the best precursors for the generation 
of cations in the present case. Thus, extraction 
of the chlorides 3 or 4 in CD2CI, with SbFS- 
S02ClF at -120" provided yellow solutions 
which exhibited identical, clearly resolved 13C 
and 'H n.m.r. spectra as shown in Figs. 1 and 2. 
All the signals remained virtually unchanged up 
to -40" and quenching the solutions with 
Na2C03 in methanol at - 80" yielded a methoxy 
compound, almost certainly 5, identical with 
material obtained by solvolysis of 6 in a K2C03- 
methanol mixture (3). These experiments demon- 
strate that there was formed a stable, spectrally 
well-characterized carbocation. 

In order to define the structure of the new 

'The author is grateful to the National Research 
Council and Hoffmann-LaRoche, Inc. for financial 
support. 

ZCompound 4 was prepared by treating 10 with SOCI,. 

cation, the unambiguous assignment of the 
n.m.r. signals to  the nuclei is of prime importance 
and calls for the preparation of two deuterated 
precursors, 7 and 8. While the synthesis of 7 was 
readily accomplished through reduction of ketone 
9 with deuterium over platinum (CH,OD) (3a) 
and then treatment of the resulting mono- 
deuterated hydroxy compound (10-dl) with 
SOC1,,2 the four deuterium atoms in 8 were 
incorporated a t  an early stage of the reaction 
sequence (3a), i.e., reduction of chloroketal 11 
using sodium in a (CH,),COD--tetrahydrofuran 
mixture. 

The 'H and 13C spectra of the new cation both 
show the presence of two-fold symmetry in this 
species and can be in accord with the formulation 
of 2. The proton-decoupled I3C spectrum con- 
sists of five lines at S(TMS) O.OO(d),, 5.88(t), 
19.58(d), 25.45(t), and 29.67(d). The approxi- 
mate relative intensities (1 : 1 : 2: 2: 2 +) and the 
multiplicities of these signals in the off-resonance 
spectrum permit the 6 0.00 peak to be assigned 
to C-8 and the 6 5.88 and 25.45 peaks to C-3, 
and to C-6 and -7, respectively. The cation 
derived from 8 showed that only the two peaks 
at 29.67 and 25.46 collapsed with a slight upfield 
shift and this information leads t o  the assignment 
of the 6 19.58 and 29.67 peaks to C-2 and -4, 
and to C-1 and -5, respectively (7). The 'H 
signals shown in Fig. 3 are assigned in the 
following manner. The spectrum of 2a lacks the 

3The letter in parentheses after each figure indicates that 
the peak becomes a doublet (d) o r  triplet (t) in the 
off-resonance spectrum. 
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Z R - H  26 
Za R - D  

o...., b: ' j;' ' 

4 R = H ;  Y-CI 8 
- C 0 2  5 R = H ;  Y=OCH3 

7 R = D ;  Y-CI 

FIG. 1. A I3C n.m.r. spectrum (22.63 MHz) of 2 in 
SbF5-S0,CIF at -90". External deuterioacetone was 
used to lock the spectrometer and its signal taken as 6 
31.2 from TMS. 

FIG. 2. A p.m.r. spectrum (100 MHz) of 2 in SbF5- 
S0,ClF at - 80". 
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6 1.44 peak, which readily leads to the assign- 
ment of this peak to H-8. The appearance of two 
approximate quartets at 6 0.86 and 2.90 sug- 
gested that these are a part of an AXM, system 
(confirmed by decoupling experiments) and the 
chemical shift values compare very well with 
those observed for Ha and He of 1 (1). 
Furthermore, these signals are virtually un- 
affected in the spectrum of 26 which showed no 
absorption at 6 1.17 and 3.64, and sharp and 
broad singlets at 6 1.98 and 2.10, respectively. 
These results permit the assignment of (i) the 
peaks at 6 0.86 and 2.90 to H-3 endo and H-3 
exo in that order, and (ii) those at 3.64 and 1.17 
to H-1 and -5, and H-6 and -7 endo, respectively. 
The reverse assignment of the last two signals 
appears to be inconsistent with the chemical 
shift (ca. 6 0.65) of the H-6 and -7 endo protons 
of 10 (3a). The peak at I .98 (sharp singlet in the 
spectrum of 26, vide supra) is reasonably assigned 
to H-6 and -7 exo because of the absence of 
coupling with other protons and finally the 6 
2.10 peak to H-2 and -4. 

I Comparison of the 'H n.m.r. spectra of 1 and 2 
I readily discloses several common features, ~ except that the protons attached to the carbons 

2, 4, and 8, formally carrying partial charge in 
formula 2 absorb at lower fields than those in 1. 
The chemical shift values of H-3 endo and exo 

I 

I 
have already been commented on. The protons 

I at C-1 and -5 correspond to He of 1 but are 
tertiary (instead of secondary). Also, H-I and -5 

I are attached to carbons next to those formally 
positively charged and the chemical shift (6 
3.64) of these protons represents a 1.7 6 unit 
downfield shift, compared with those of 10 (3a, 
8). Thus the value 6 3.64 appears quite reason- 
able. 13C spectra are generally quite sensitive to 
a change of geometry and charge density and 

these factors apparently bring about an upfield 
shift for carbon 8 and a downfield shift for C-2 
and -4, compared with those of the correspond- 
ing carbons in 1, although the magnitude of the 
chemical shift change is not large. Thus, at 
present we may conclude that the cation derived 
either from 3 or 4 can safely be represented by 
2, but the above departure in the 13C chemical 
shift is in line with the trend we have observed 
for the square pyramidal carbocation (4, 5, 6) 
and the structure 2c might make some contri- 
bution. In either case, the charge is delocalized 
so extensively that it is not even clear at which 
carbon atom most of the charge resides. 

1. S. MASAMUNE, M. SAKAI,  A. V. KEMP-JONES, and T .  
NAKASHIMA. Can. J. Chem. This issue. 

2. P. K. FREEMAN, R. S. RAGHAVAN, and G.  L. FEN- 
WICK. J. Am. Chem. Soc. 94,5101 (1972). 

3. ( ( 1 )  J. S. HAYWOOD-FARMER and R. E. PINCOCK. J .  
Am. Chem. Soc.  91,3020 (1969); ( 0 )  M. A. BATTISTE, 
C. L. DEYRUP, R. E. PINCOCK, and J. S.  HAYWOOD- 
FARMER. J.  Am. Chem. Soc. 89, 1954 (1967); (c )  H. 
TANIDA, T. T s u J I , ~ ~ ~  T. I R ~ E .  J .  Am. Chern. Soc.89, 
1953 (1967). 

4. S .  MASAMUNE, M. SAKAI ,  A. V. KEMP-JONES, H. 
ONA, A. VENOT, and T. NAKASHIMA. Angew. Chem. 
85, 829 (1973). 

5. S.  MASAMUNE, M. SAKAI,  H. O N A .  J. Am. Chem. 
Soc. 94, 8955 (1972); S. MASAMUNE, M .  S A K A I ,  H .  
ONA, and A. J.  JONES. J. Am. Chem. Soc. 94, 8956 
(1972). 

6. A. V. KEMP-JONES, NOBUO NAKAMURA, and S. 
MASAMUNE. Chem. Commun. In press. 

7. J. B. STOTHERS, C. T. TAN, A. NICKON, F. HUANG,  
R. SRIDHAR, and R. WEGLEIN. J .  Am. Chern. Soc. 94, 
8581 (1972): D. H. HUNTER. A. L. JOHNSON, J. B. 
STOTHERS, A. NICKON, J. L. LAMBERT. and D. F .  
COVEY. J. Am. Chem. Soc. 94, 8582 (1972). 

8. E. I. S N Y D E R ~ ~ ~  B. FRANZUS. J .  Am.Chern. Soc. 86, 
I166 (1964); M. BROOKHART, A. DIAZ, and S.  WIN- 
STEIN J .  Am. Chem. Soc. 88, 3135 (1966); C. U.  PITT- 
MAN,JR.and G .  A. OLAH.J.  Am. Chem.Soc. 87,5123 
( 1965). 
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Intrinsic Acidities of a, P, y Chlorosubstituted Aliphatic Acids from Gas 
Phase Equilibrian Mesurements 

Received November 19, 1973 

Measurements of the proton transfer equilibria: A,-  + A,H = A,- with a pulsed electron 
beam high pressure mass spectrometer were extended to a ,  B, y chlorosubstit~~ted aliphatic 
acids. The equilibrium constants were used to evaluate AGO for the proton transfer reactions. 
Assuming AG z AH and using standard acids AH for which the difference between the bond 
dissociation energy D(A-H) and the electron affinity of A, EA(A) was known one could 
evaluate the corresponding difference for the newly measured acids and place them on an  
absolute acidity scale. The gas phase acidity was observed to increase in the order: acetic, 
propionic, butyric, y-CI butyric, P-CI butyric, 13-CI propionic, a-C1 butyric, a-C1 propionic, 
a-CI acetic. The gas phase acidities are compared with those observed in aqueous solution. 
The effects of the CI substituent parallel those in solution but are much larger. The attenuation 
occurring in solution is attributed to weaker hydrogen bonding of the chloro stabilized acid 
anions to water molecules. 

Les mesures de l'tquilibre de transfert de protons: A , -  + A2H = A , H  + A,- avec un 
spectrometre de masse a haute pression et a faisceau d'electrons a impulsions sont etendues 
aux acides aliphatiques chlorosubstituts en a ,  13, et y. Les constantes d'equilibre sont utilisees 
pour evaluer AGO pour les reactions a transfert de protons. Admettant que AG z AHet utilisant 
des acides standard AH pour lesquels la difference entre I'energie de dissociation de liaison 
D(A-H) et l'affinite Clectronique de  A, EA(A) sont connues, on pourrait evaluer la difference 
correspondante pour les acides nouvellement mesures et les classer sur  une tchelle d'aciditb 
absolue. L'acidite en phase gazeuse augmente selon l'ordre: acetique, propionique, butyrique, 
y-CI butyrique, P-CI butyrique, 13-CI propionique, a-CI butyrique, a-CI propionique, a-CI 
acetique. Les aciditis en phase gazeuse sont comparees a celles observees en solution aqueuse. 
Les effets du substituant C1 sont analogues a ceux en solution mais sont plus grands. L'attenua- 
tion qui apparait en solution est attribute a un plus faible enchainement par  liaison d'hydrogene 
des anions chlorures d'acides stabilises aux molecules d'eau. [Traduit par le journal] 

Can. J. Chern., 52,861 (1974) 

Recently (1, 2) it has become possible to acidity occurring when a halosubstituent (Cl) is 
determine acidities of carboxylic acids A H  in moved progressively farther away from the 
the absence of solvent by measuring the gas carboxylic group. The  work thus parallels the 
phase proton transfer equilibria (1). early researches (3) o n  effects of halosubstit~~ents 

P I  
in aqueous solution, but gives for the  first time 

A,-  + A,H = A,H + A,- the changes on a molecular level, i.e., in the 
The measurements are made with a pulsed absence of solvent. 
electron beam high pressure mass spectrometer 
under conditions where the residence time of the 
ions A-  in the ion source is much longer than 
the time required for establishment of the 
equilibrium (1). The ion intensities A , -  and A,- 
are measured with the mass spectrometer. Since 
the concentrations of the neutrals A H  are also 
known the equilibrium constant K ,  and AG10 = 
- RT In K, can be evaluated. In favorable cases 
the temperature dependence of K, can also be 
determined and AH,' and AS,' obtained from 
Van't Hoff plots. The earlier two publications 
(1, 2) described results for several unsubsti t~~ted 
and cr halosubstituted aliphatic acids. 

The present work examines the change of 

The directly measured equilibria a r e  summar- 
ized in Fig. 1. The equilibria were measured in 
the presence of some 3-5 Torr CH, or  N, gas. 
The weaker acid was generally at  some 50-200 
mTorr, the stronger a t  10-50 mTorr. Collisions 
with the buffer gas should lead to  thermalization 
of the reactants. The measurements were done 
at 600 OK. Formation of the proton bound 
dimers (AHA)- and higher clusters A-(HA), 
interfered with measurements at  lower tempera- 
tures while thermal decomposition o f  the acids 
occurred at  higher temperatures. On the basis of 
earlier measurements (2, 4), we expect that the 
proton transfer reactions proceed with small 
entropy changes which rarely exceed 2 e.u. 
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PREVIOUS WORK PRESENT MEASUREMENTS 

A C I D  AGioo ACID D-EA 

Acetic (31.8)' 

Propionic (30.6)' 

Butyric (29.7)' 
at65 

y - C I  Butyric 28.9 

P -C l  Butyric 25.6 

I - C l  Propionic 24.5 
0.9 

Benzoic (217 )~  

I r a-CI Butvric 21.0 
0.0 

Fluoocetic 2 0  * 1 
- *[ o - C l  Propionic 20.0 

Chloroacetic (19.0)' 

Difluoroacetic (13.8)' 

Dichloroacetic (12.0)' 

Trifluoroacetic (6.6)' 

FIG. 1 .  Gas phase acidities of aliphatic acids: AG6000 
values for gas phase equilibria: A,- + A2H = A I H  + 
A,- measured in present work shown connected by an 
arrow. The upper acid is the weaker one (A,H). D - EA 
refers to the difference between bond dissociation energy 
D(A-H) and electron affinity of A. Figures given in 
parentheses besides previously measured acids correspond 
to values for D - EA. The acids used as standards for 
the present work have been underlined. Other previously 
measured acids are given for comparison. Acidity increases 
from top to  bottom of the figure: (a )  ref. 1 ;  (b) R. 
Yamdagni, T. B. McMahon, and P. Kebarle, to be 
published; (c) ref. 2. 

Therefore AG,,,O z AG,,,O and AGO z A H o  
within about I kcal. Shown in Fig. 1 are the 
measured AGIO values for proton transfer from 
the stronger acid (below) to the conjugate base 
of the weaker acid (above). 

AGIO = D(A2 - H) - D(Al - H) + EA(Al) 

- EA(A2) 

if one assumes AGO = A H 0 .  D(A-H) and 
EA(A) are the bond dissociation energy and the 
electron affinity. Thus if D(A-H) - EA(A) for 
one (standard) acid is known, the corresponding 
difference for the other can be evaluated. The 
standard acids are shown on the left of Fig. 1.  
Their values of D(A-H) - EA(A) (given in 
parentheses) were determined in earlier work 
(1, 2). Some cross checks of the data are possible 
if one uses thermodynamic cycles. Thus the 

AGO = 4.3 kcal for proton transfer from p-Cl, 
propionic to y-C1, butyric can also be obtained 
via P-Cl, propionic -+ P-Cl, butyric -+ formic -+ 
y-C1, butyric. These differences add up to 4.4 
kcal. Two other similar checks are evident in 
Fig. 1. 

The relative acidities of the chlorosubstituted 
acids in gas phase and aqueous solution are 
compared in Table la.  Introduction of an a-C1 
substituent leads to a large increase of acidity. 
The AGO value for the gas phase is around 10 
kcal and only ,-2.5 for the aqueous acids, Re- 
moval of the substituent to p position reduces 
the acidity increase by a factor of about two for 
both gas and aqueous phase and a similar 
decrease is observed for p -+ y. In general, the 
gas phase substituent effects are attenuated by a 
factor of four in aqueous solution. Similarly 
large attenuations have been observed also in 
other comparisons between gas phase and 
aqueous substituent effects (5, 6). Studies of the 
strongly hydrogen bonded adducts A-HR and 
particularly A-HOH observed in the gas phase 
have shown (7) that the hydrogen bond energy 
increases with the (gas phase) basicity of A-. 
Since A- is the conjugate base of AH, this 
means that the hydrogen bond decreases when 
the acidity of AH increases. The formation of 
the adduct A-HOH is the first and most 
important step in the hydration sequence and 
since a similar effect is expected for further 
additions of water molecules it follows that a 
substituent which increases the acidity of A H  
automatically decreases the hydration energy of 
A- and thus attenuates the acidity increase in 
aqueous solution. 

Some interesting smaller effects are also 
evident from Table 1. Shown in part b are the 
acidities of the unsubstituted acids measured 
earlier (1). These increase, in the order: acetic, 
propionic, butyric, which is opposite to that 
observed in aqueous solution. Following Brau- 
man and Blair (8), we assumed (1) that the 
gaseous increase is due to the increasing polari- 
zability which stabilizes the charge. The present 
results show that the effect of the a-chloro 
substituent decreases in the order: acetic, 
propionic, butyric, for which Table la gives 
AGO of 12.8, 10.6, and 8.7 kcal relative to the 
unsubstituted acid. This probably means that 
the more polarizable larger alkyl groups 
attenuate the influence of the C-Cl dipole and 
thus the stabilizing effect of C1 on the acid 
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TABLE 1. AGO (kcal/mol) for proton transfer reactions in acids* 

(a) RHCOOH + RCICOO- = RHCOO- + RClCOOH 
- 

AGO 
- - - 

Gas phase Aquat 
Acid ci I3 Y ci p Y 

- - - 

Acetic 12.8 - - 2.6 - - 
Propionic 10.6 6.1 - 2.7 1.2 - 
Butyric 8.7 4 .1  0.8 2.5 1.1 0.4 

Medium C2H5 C3H7 

Gas phase +1.2 +2.1 
Aqua -0.16 -0.09 

anion. It is worth noting that the counter effect chemistry. Cornell University Press, Ithaca and Lon- 
don, 1969. p. 114. of the is and leads 

4. J .  P. BRIGGS, R. YAMDAGNI, and P. KEBARLE. J .  Am. the following gas phase acidity order for cl Chem. Sot, 94, 5128 (1972). 
chloro substituted acids: acetic > propionic > 5 .  M. TAAGEPERA, W. G. HENDERSON, R. T. C. 
butyric. (From combined AGO data of Table l a  BROWNLEE, J .  L. BEAUCHAMP, D. HOLTZ, and R. W. 
and 16.) TAFT. J .  Am. Chem. Soc. 95,1369 (1972). 

6. A. G. HARRISON, P. KEBARLE, and F. P .  LOSSING. J. 
1. R. YAMDAGNI and P. KEBARLE. J.  Am. Chem. Soc. Am. Chem. Soc. 83,777 (1961). 

95,4050 (1973). 7. R. YAMDAGNI and P. KEBARLE. J. Am. Chem. Soc. 
2. K. HIRAOKA, R. YAMDAGNI, and P. KEBARLE. J .  Am. 93,7139 (1971). 

Chem. Soc. 95,6833 (1973). 8. J. I. BRAUMAN and L. K. BLAIR. J. Am. Chem. Soc. 
3. C. K. INGOLD. Structure and mechanism in organic 93,4315 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



864 C A N .  J .  CHEM. VOL.  52,  1974 

The EPR Spectra of Hydrazyl and Some 1-Substituted Hydrazyl Radicals 
in Solution1 

V.  MALATESTA,". LINDSAY, E. C. HORSWILL, AND K .  U. INGOLD 
Divisiotz of Clronisrry, Ncrtioncrl Resenrch Co~rncil of Cnnndn, Otta+va, Crrnrirlri KIA OR9 

Hydrogen atom abstraction by tert-butoxy radicals from hydrazine, methyl-, benzyl- 
and carboethoxy-hydrazine yields the hydrazyl radical and the appropriate I-substituted 
hydrazyls, RANH,. The radical structures are assigned on the basis of their e.p.r. spectral 
parameters. It has been shown by 'W labelling that in 1-alkylhydrazyls the larger 
nitrogen splitting is produced by the divalent nitrogen that formally bears the unpaired 
electron. This result contrasts with the behavior of 2,2-dialkylhydrazyls (1) .  

Les radicaux tert-butoxyle enlevant des atomes d'hydrogkne de l'hydrazine ainsi que 
de la mCthyle, de la benzyle et de  la carbokthoxy hydrazine foufnissent les radicaux 
hydrazyles et les hydrazyles substituis en position 1 appropriks, RNNH,.. Les structures 
radicalaires ont CtC attribuCes en se basant sur les paramktres d e  leur spectre rpe. On a 
dCmontrC par marquage avec '"N que dans les alkyl-l hydrazyIe le couplage plus grand 
de l'azote est dCi a l'azote divalent qui porte forniellement 1'Clectron non-pairk. Les 
risultats obtenus sont inattendus si I'on considere les propriCtCs attribuies ( I )  aux 
dialkyl-2,2 liydrazyles. [Traduit par le journal] 

Can. J. Chem..  52,864(1974) 

The solution e.p.r. spectra of a great many tri- 
substituted hydrazyls have been known for many 
years, but it is only very recently that we reported 
the first solution spectra of some 2,2-di-substi- 
tuted-hydrazyls (1). We have now extended our 
studies to hydrazyl itself, HNNH,, and to some 
mono-substituted hydrazyls. 

The radicals were generated by photolysis of 
solutions of the parent hydrazines in benzene 
containing about 25% by volume di-tert-butyl 
peroxide. Although the structures of mono- 
substituted hydrazyls cannot be unequivocally 

I 
assigned there is no such structural ambiguity 
with hydrazyl nor with 2,2-dialkyl-hydrazyls. 
Comparison of the various hyperfine splittings 
leads us to conclude that the mono-substituted 
hydrazyls are all 1-substituted, i.e., RNNH,. The 
e.p.r. parameters are recorded in Table 1. 

Hydrazyl, HflNH, 
The hydrogens on the H,N group are not 

equivalent at 0". Their splitting changes with 
temperature and these changes will be examined 
in order to determine the barrier to rotation 
about the N-N bond. The spectral parameters 
are similar to those found for the hydrazyl radi- 
cal adsorbed in the pores of a zeolite molecular 
sieve, viz., a N =  11.7 and 8.8 G ,  a " =  18.8G 
(1H) and 2.3 G (2H, average value, the NH, 

'NRCC No. 13775. 
ZNRCC Postdoctoral Fellow 1972-1973. 

hydrogens were not equivalent even at 90") (2) 
and for the hydrazyl radical imbedded in a n  
adamantane matrix (3). The spectrum at 0" is 
shown in Fig. 1 .  

1-Methylhydrazyl, M~NNH, 
The hydrogens on the NH, group are again 

non-equivalent and produce only small splittings 
comparable to those found in HNNH,. There is 
no  large (> 13 G) splitting due t o  a unique hydro- 
gen and the splitting due to the CH, protons is 
more than twice as large as that found for the 
CH, groups in (CH,),NNH. F o r  these reasons, 
we rule out the alternate 2-methylhydrazyl struc- 
ture. The spectrum at 0" is shown in Fig. 2. 

I -Benzylhydrazyl, C,H,CH, N NH,  
The splittings and hence the structural assign- 

ment for this radical are essentially the same as  
for CH,NNH, .The assignment of the hydrogens 
in the CH, and NH, groups was confirmed by 
replacement of the hydrazine's labile hydrogen 
atoms by deuterium. 

In 2,2-dialkylhydrazyls, R',NNH, we have 
shown by 15N labelling that the smaller nitrogen 
splitting comes from the divalent, N(,,, nitrogen 
(1). This was rationalized3 as being due to the 
inductive effect of the alkyl groups which stabil- 
izes resonance structure b relative to a, and SO 

3The alkyl groups may also affect aN by changing the 
degree of planarity of N(,, and N(z,. 
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COMMUNICATIONS 865 

TABLE I .  Electron spin resonance parameters for some hydrazyl radicals, R N , , , N ~ ~ , H , ,  in solution* 
-- pp 

~ 

Temperature 0" 

Hydrazyl ("c) g aNll1 aN '21  nH(N(, ,)  aH(N,,)) (other) 

C ~ H ~ C H ~ N ' ~ N H ~  25 13.5 11.1: 
C H ~ C H ~ O C ( O ) N N H ~  0 2.00385 7.85 10.29 
C H ~ C H ~ O C ( O ) N N D ~  0 2.00385 7.84 10.25 
CH~CH,OC(O)NNH~ 30 8 .05  9.85 

-- - 
'Hyperfine spl i t t ing~,  in G ,  were obtained by computer simulation. 
tAssignment o f  reference (2). 
6'5N splittins (i.c.. a doublet splitting with the expected value o f  1.4 for n'5N/al4N). 
§Tentative assignment, see t a t .  

16.3 4.3, 1 .6  
2.8,  1 .3  

13.7 
2.6, 1.3 
2D not 

resolved 
2.8,  1 .3  
9 . 6  (2H) 
1 .5  (2D) 
9 .8  (2H) 

increases the spin density on N(,,. By the same 
argument we concluded that in 1-alkylhydrazyls, 
H,NNR, the + I  effect of the alkyl group should 
reverse the nitrogen splittings. That is, a should 
be stabilized relative to b and so the smaller nitro- 
gen coupling should come from N(,, which bears 
the two hydrogens. This was confirmed by 15N 
labelling of the NH, groups in the radical (see 
Table 1). The C,H,NH'~NH, was prepared by 
N-nitrosation of N-benzylglycine with Nal5NO2 

followed by preparation and thermal decomposi- 
tion of N-benzylsydnone (4). 

I-Carboethoxyl~ydrazyl, CH,CH~OC(O) I~NH, 
Deuterium labelling shows that the 1.3 G split- 

ting by two equivalent hydrogens is due  to the 
CH, group. The two equivalent hydrogens that 
produce the 9.6 G splitting are assigned to the 
NH, group, rather than to a fortuitous equiva- 
lence in a 2-carboethoxyhydrazyl radical. The 
electron-withdrawing carboethoxy group should 
stabilize resonance structure b relative to  a. This 
suggests that N(,, will now produce the larger 
splitting and, as a consequence of its increased 
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I CH,NNH, 

FIG. 2. Electron paramagn~t ic  resonance spectra (top) and simulation (bottom) for  C H , N N H ~  at 0". 

spin density, the splitting by the hydrogens at- 
tached to N(,) will also increase. This assign- 
ment of the two nitrogens must, however, be con- 
sidered as very tentative, since in I,]-diphenyl- 
2-picrylhydrazyl it has been shown that it is the 
divalent nitrogen (attached to the strongly elec- 
tron withdrawing picryl group) that has the larger 
coupling (5, 6). 

The equivalence of the two hydrogens on N(,, 
at 0" implies either that the barrier to rotation 
about the N(,,--N(,, bond is less in CH3CH2- 
OC(O)NNH, than in HRNH, and CH,NNH, 
or that inversion at N(,) is more rapid. On lower- 
ing the temperature to - 30" there are some spec- 
tral changes but the intensity was too low to 
justify analysis. On raising the temperature to 
30" various lines in the spectrum shift slightly 
and there is a coalescence to give a spectrum of 
fewer lines. This does not appear to be due to  
line broadening but rather to changes in some of 

the coupling constants (see Table 1). These 
changes might arise from an increase in the rate 
of rotation or inversion. The spectrum did not 
change on further warming to 60". 

The apparently exclusive formation of I-sub- 
stituted hydrazyls from mono-substituted hy- 
drazines is rather surprising. It may reflect either 
differences in the rates of formation of 1- and 
2-substituted hydrazyls or differences in their 
rates of decay. 

1. V. MALATESTA and K. U. INGOLD, J .  Amer. Chem. 
SOC., 95,6110 (1973). 

2. R. FANTECHI and G. A. HELCKE, J.  Chem. Soc. Fara- 
day I I ,68 ,924  (1972). 

3. D. E. WOOD. Private communication. 
4. J. FUGGER, J. M. TIEN, and I. M. HUNSBERGER, J. 

Amer. Chem. Soc. 77, 1843 (1955). 
5. R. W. HOLMBERG, R. LIVINGSTON, and W. T. SMITH,  

J .  Chem. Phys. 33,541 (1960). 
6. M. M. CHEN,  K. V. SANE,  R. I. WALTER, and J.  A.  

WEIL, J. Phys.  Chem. 65,713 (1961). 
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The Ion Kinetic Energy Spectra of Benzyl Fluoride - - 

and the Isomeric Fluorotoluenesl 

S.   SAFE,^ W. D. JAMIESON, AND D. J .  EMBREE 
Atlantic Regional Laboratory, National Research Council of Canada, Halifax, Nova Scotia 

Received November 19, 1973 

One of the classical problems in mass spectrometry is the structure and formation of 
the C7H,+ and XC7Ho+ ions which are generated in the mass spectra of alkylbenzenes 
and many other aromatic compounds. The intermediacy of both symmetrical tropylium 
ion structures and unsymmetrical benzyl ions has been postulated using a number o f  
different approaches. We have investigated this problem using ion kinetic energy spec- 
troscopy, a relatively new technique, with the isomeric fluorobenzenes and benzyl 
fluoride as model compounds. Our results indicated incomplete substituent (i.e. fluorine) 
scrambling in the first field-free region of the mass spectrometer and thus incomplete 
equilibration in the decomposing FC7Ho+ ions and these conclusions are in contrast t o  
results obtained using other techniques. 

Un des problkmes classiques en spectromitrie de masse consiste en la formation et l a  
determination de structure des ions C:H7+ et XC7Hot formts dans les spectres de masse 
des alcoyles de benzkne et de plusieurs autres composks aromatiques. En utilisant diffC- 
rentes approches, une structure intermCdiaire a ttC proposte entre I'ion tropylium symC- 
trique et I'ion benzyle asymttrique. Nous avons Ciudik ce probltme sur des composCs 
modkles tels les isomkres du fluorobenzkne et le fluorure de benzyle par une mtthode 
spectroscopique relativement nouvelle baste sur I'knergie cinttique de I'ion. Nos rksul- 
tats ont montrt une distribution incomplkte au hazard du substituant (i .e.  fluor) dans 
la rCgion sans champ du spectrometre de masse, donc un kquilibre incomplet dans la 
decomposition des ions FC:Ho+. Les conclusions sont donc en dtsaccord avec les rtsul- 
tats obtenus par d'autres techniques. [Traduit par le journal] 

Can. J. Chem., 52,867 (1974) 

The electron impact-induced rearrangements 
of toluene, substituted toluenes, and alkylben- 
zene derivatives invariably leads to the forma- 
tion of the ubiquitous tropylium [C7H7]+ or 
substituted tropylium [XC7H,]+ ions (1, 2). The 
structures of these ions have been probed using 
specifically labelled (2H, 13C) precursors (3-7), 
ionization and appearance potential data (8-lo), 
and studies of the energetics of the formation 

and decomposition of these ionic species (1 1-13). 
In most cases the results have indicated that the 
structures of the decomposing [C,H7]+ and 
[XC,H,]+ ions were best represented as a cyclic 
tropylium ion species (i.e. m/e 109 (b), Scheme 1). 

Ion kinetic energy (IKE) spectrometry (14) 
permits a study of those decomposition reactions 
which occur in the first field-free region of the 
mass spectrometer in front of the electric sector. - 

'Issued as NRCC 13758. 
The IKE spectrum is obtained by varying the 

ZPresent address: Department of Chemistry, Univer- sector voltage (at constant 
sity of Guelph, Guelph, Ontario, and to whom enquiries voltage) from 100%V (or 1.0 E)  to zero. The main 
should be addressed. ion beam is transmitted at 100% electric sector 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DCH3 
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and 

CAN.  J .  CHEM.  VOL.  5 2 ,  1974 

voltage (V) and this can be defined as 1.0 E;  (as TABLE 1. Ion kinetic energy data 
the electric sector voltage is scanned from 400 
to 0 V the E values correspondingly decrease Ionic decomposition peak x l o 3 *  

from ')' At less th-an loo% Compound 0.822 E 0.761 (0,822 E)/(0.761 8 )  
(i.e., at E values less than 1.0) the "less energetic" 
ionic decomposition peaks (or daughter ions) 
are transmitted and these can be duly detected 
and recorded and constitute the low energy (i.e., 
0-1.0 E) IKE spectrum (14). In a unimolecular 
reaction (e.g., m,' + m,' + (m, -m2)) occur- 
ring in the first field-free region the daughter ions 
for this reaction will appear at m,/m, E and only 
daughter ions possessing that fractional energy 
are transmitted at this fractional energy value. 
Thus the IKE spectrum gives a series of peaks at 
specific E values which are directly related to the 
masses of their corresponding daughter and 
parent ions. We have used this technique to study 
the electron impact-induced fragmentations of 
the isomeric fluorotoluenes which are reported 
to decompose via the intermediacy of a sym- 
metrical FC7H6 fluorotropylium ion (i.e. Scheme 
1, m/e 109 (b)), (8, 13). The (IKE) spectra of 
benzyl fluoride and the isomeric fluorotoluenes 
confirm the fragmentation scheme with ionic de- 
composition peaks at 0.822 and 0.761 E corre- 
sponding to the mle 109 -+ m/e 89 and mle 109 + 

m/e 83 reactions, respectively. The IKE results 
are shown in Table 1 and the relative peak inten- 
sities are the average results obtained from 4-5 
scans in which the standard deviation was less 
than k0.01. Since the [M - 11' ion (mle 109) 
decomposes in two different pathways the ratio 
0.822:0.761 E is a measure of the relative rates 
of these two decomposition modes for the de- 
composing m/e 109 ion. The ratios measured for 
the isomeric fluorotoluenes and benzyl fluoride 
were significantly different and, moreover, the 

2-Fluorotoluene 3 . 1 0  9 . 1 0  0 . 3 4  
3-Fluorotoluene 3 . 2 0  10 .5  0 . 3 0  
4-Fluorotoluene 3 . 2 5  9 . 1 0  0 .36  
Benzyl fluoride 3.40 12.1 0 . 2 8  

*The 1.0 E peak was taken as the base (100%) peak. 

relative intensities of the ionic decomposition 
peaks with respect to the main ion beam (at 
1.0 E)  were also significantly different. Thus the 
IKE data suggest that the decomposing FC7H6 + 

ions derived from the isomeric fluorotoluenes 
and benzyl fluoride have different internal en- 
ergies (15) and/or structures implying some re- 
tention of the substituent (fluorine) identity in 
these ions. This would imply that equilibration 
in the molecular ion or in the [M - 11' ion be- 
tween alternate structures (i.e., m/e 109 (a) + m/e 
109 (b)) is incomplete with a portion of non- equi- 
librated benzyl species m/e 109 (a) undergoing 
decomposition prior to equilibration. These re- 
sults therefore contrast with some of the previous 
data and the technique provides a sensitive and 
useful probe into the study of ionic decomposi- 
tion reactions and the structures of the decom- 
posing ions. 

Experimental 
Mass and ion kinetic energy spectra were recorded o n  

a Dupont CEC 21-110B double focussing mass spectro- 
meter at 70 eV. The samples were introduced with a tem- 
perature controlled probe (16) to  avoid thermal reactions 
and s o  that the sample temperature could be readily 
controlled and a constant ion beam maintained. 

The electric sector voltage was varied from 400 (1.0 E )  
to 0 V. The relative peak areas and peak heights were the 
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average values obtained from 4-5 scans with a standard 8. A. N.  H. YEO and D. H. WILLIAMS. Chem. Commun. 
deviation in the peak areas being less than k0.01.  The 886 (1970). 
toluenes were purified by chromatography prior to use. 9.  S. MAJETI and D. A. LIGHTNER. Tetrahedron Lett. 20 

I .  H.  M. GRUBB and S. MEYERSON. Mass spectrometry 
of organic ions. Edited by F. W. McLafferty. 
Academic Press, New York. 1963. Chapt. 10. 

2. D. A. LIGHTNER, G. B. QUISTAD, and E. IRWIN. 
Appl. Spectrosc. 25, 253 (1971). 

3. S. MEYERSON and P. N. RYLANDER. J. Chem. Phys. 
27, 901 (1957). 

4. K.  L.  RINEHART, A. C. B U C H H O L Z , ~ .  E. VAN LEAR, 
and H. L. CANTRILL. J. Am. Chern. Soc. 90, 2983 
(1968). 

5. A. S. SIEGEL. J .  Am. Chem. Soc. 92, 5277 (1970). 
6. T. K.  BRADSHAW, J. H. BOWIE, and P. Y. WHITE. 

Chem Commun. 537 (1970). 
7. T. AST, J. H. BEYNON, and R. G. COOKS. J .  Am. 

Chem. Soc. 94, 1834 (1972). 

(1970). 
10. J .  M. S. TAIT, T. W. SHANNON, and A. G. HARRISON. 

J.  Am. Chem. Soc. 84, 4 (1962). 
1 1 .  P. BROWN. J. Am. Chem. Soc. 90, 2694 (1968). 
12. M. K .  HOFFMAN and M. M. BURSEY. Tetrahedron 

Lett. 27, 2539 (1971). 
13. K .  R. JENNINGS and A. WHITING. Org. Mass Spec- 

trom. 6, 917 (1972). 
14. J.  H .  BEYNON and R. G. COOKS. Res. Devel. 22, 26 

(1971). 
15. M. K .  HOFFMAN and J. C. WALLACE. J .  Am. Chem. 

SOC. 95, 5064 (1973). 
16. W. D. JAMIESON and F. G. MASON. Rev. Sci. Instr.41, 

778 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



13C Nuclear Magnetic Resonance Studies. 38. Examination of the Long-range 
Shielding Effects of the Hydroxyl Group in Alicyclic Systems 

S. H.  GROVER~ AND J .  B .  STOTHERS 
Depcrrfrnent of Chemistry, University of Western Ontrrrio, London, Ontrrrio N6A 3K7 

Received September 10, 1973 

The substituent effects of the hydroxyl group on the 13C shieldings of the trans-decalols and 
the 10-methyl-trans-decalols have been determined. The shifts for the carbons three and four 
bonds from the site of substitution depend strongly on their orientation with respect to the 
hydroxyl group. While the latter have not been widely recognized, these 6 effects are valuable 
for spectral analysis and stereochemical assignments since these range up to  3.4 p.p.m. In  direct 
contrast to  the well established trends for y effects, steric crowding of 6 nuclei causes marked 
downfield shifts. The corresponding effects in several steroids are illustrated. 

On a determine les effets de substituent du groupe hydroxyle sur le blindage du 13C des trans- 
decalols et des methyl-10 des trans-dicalols. Le deplacenient des carbones qui se trouve a trois et 
quatre liens du site de la substitution montre une grande dependance sur l'orientation par rap- 
port au  groupe hydroxyle. Mtme si ces derniers effets n'ont pas CtC reconnus d'une facon 
generale jusqu'a maintenant les effets sont trirs utiles pour I'analyse spectrale et la dktermination 
stCrCochimique puisqu'ils ont des valeurs allant jusqu'a 3.4 p.p.m. L'encombrement sterique des 
noyaux cause un deplacement chimique marque vers les bas champs et ceci en opposition 
directe avec les tendences bien Ctablies pour les effets y. On illustre enfin des correspondents 
dans plusieurs steroides. [Traduit par le journal l 
Can. J .  Chem., 52,870(1974) 

Introduction The general conclusion that 13C shieldings in- 

One ofthe earliest findings in 1 3 ~  n.m.r. investi- crease as the extent of steric crowding increases 

gations of organic compoun~s  was the discovery appears to have no exceptions for interactions be- 

of remarkably consistent shielding effects exerted 
by an array of substituents within families ofcom- 
pounds (1). Because of their reproducibility, a 
knowledge of these substituent effects for a given 
system often can permit the direct assignment of 
13C signals in the spectra of related compounds 
(2). While the early work with aromatic systems 
showed that these effects clearly reveal the pres- 

i.":: 1 + 2 

ence of steric inhibition of resonance (3), it was 
not until the results for alicyclic systems were 
available that the existence of pronounced steric 
effects in o-bonded systems was established (4, 5). 
For example, the effect of a substituent group 
separated by three bonds from a given carbon 
depends on its relative orientation; if gauche or 
eclipsed, the carbon is shielded relative to that in 

+y +k 
3 4 

the corresponding anti arrangement. This general 
behavior has been utilized for stereochemical pur- 
poses in a wide variety of systems (6) and a the- 
oretical model rationalizing the geometrical fea- 
tures in terms of interacting proximate hydrogen 
atoms for hydrocarbons has been presented (7). 

'Part 36, ref. 34; Part 37, ref. 35. 
ZHolder of NRCC scholarship, 1968-1971. 
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Compound 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

R 4 

Rl R2 

0-OH H 
a-OH H 

H a-OH 
H P-OH 

P-OH H 
a-OH H 

H a-OH 
H P-OH 
H H 
H H 
H H 
H H 

tween substituents and carbons separated by three 
bonds. Appreciable longer range effects have been 
found in cyclohexane systems (5,8) and these were 
also found to  be shielding (i.e. producing upfield 
shifts) and have been interpreted in terms of in- 
ductive parameters with negligible steric contribu- 
tions. For  groups separated by four bonds, how- 
ever, a variety of orientations may be adopted 
and the initial work did not involve examinations 
of all possibilities 1-5. Of these, the syn-axial 1 
(with either or  both X and Y = C) is particularly 
interesting since the separation of X and Y is com- 
parable to that for gauche interactions. The over- 
whelming majority of cyclic model systems ex- 
amined, however, lack cases having syn-axial 1 
interactions. For acyclic systems, these represent 
only minor contributors to  the observed shifts 
since more stable orientations are favored. Jn the 
initial report of the effects of molecular symmetry 
qn 13C shieldings (9) it was noted that significant 
deshielding effects occur over four bonds and in 
the course of a structural elucidation using 13C 
n.m.r. (10) it was found that syn-axial methyl- 
methyl interactions were accompanied by marked 
downfield shifts. 

A systematic study, therefore, seemed war- 
ranted to  include examples having each of the ar- 
rangements 1-5. For this purpose we have deter- 
mined the 13C spectra of the trans-decalols 6-9, 
the eight 10-methyl-trans-decalols 10-17,3 a few 
substituted cyclohexanols 18-21, as well as the 
cholestan-3P,6-diols 22 and 23. Comparison of 

R3 R4 
H H 
H H 
H H 
H H 
H H 
H H 
H H 
H H 

P-OH H 
a-OH H 

H a-OH 
H P-OH 

these data with those for  the correspondinghydro- 
carbons permitted the assessment of the  shielding 
effects of the hydroxyl group a t  the neighboring 
carbons. In this way definitive evidence of ap- 
preciable downfield shifts for syn-axial inter- 
actions was obtained. This finding is in striking 
contrast to the general trend for gauche inter- 
actions and clearly violates the general premise 
which associates steric crowding with upfield 
shifts. These examples were chosen because un- 
equivocal assignments for most of the nuclei are 
straightforward and, since thegeneral equivalence 
of the effects of hydroxyl and methyl groups has 
been recognized (1 I),  the trends should be indica- 
tive of 1,5 Me...Me interactions which are com- 
monly encountered in more complex systems. A 
preliminary report of some of these results has 
appeared (1 2). 

Experimental 
3The numbering scheme given in 10 has been employed Materials 

to simplify comparisons with related systems such as The parent hydrocarbons and most of the steroids 
steroids. examined are commercially available compounds. The 
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Compound R ,  Rz R3 R4 
24 =O H H a-H 
25 H =O H a-H 

u 
26 H =O - - 

27 H H a-OH 13-H 
28 H H 13-OH 13-H 
29 H H =O H 

trans-decalols were prepared by combinations of published 
procedures as outlined below. 

trans-I- and -2- Decalols (6-9) 
Stereospecific reductions of trans-1-decalone, which 

was obtained by treatment of a commercial mixture of 
cis- and trans isomers with MeO--MeOH (13), were em- 
ployed to prepare the trans-1-decalols. The LiAIH4-AIC13 
method of Eliel and Nasipuri (14) furnished 6 while the 
IrCI, reagent (15) gave 7. By fractional distillation of a 
commercial mixture of trans-2-decalyl acetates, a sample 
rich in the 213 isomer was obtained. Hydrolysis gave crude 
9 which was purified by recrystallization from petroleum 
ether and sublimation. The equatorial isomer was ob- 
tained by mixed hydride equilibrium (14) of the alcohols 
from hydrolysis of the trans-2-decalyl acetates; recrystalli- 
zation from petroleum ether gave pure 8. The physical 
properties of the four decalols agreed well with published 
data (16). 

10-Methyl-trans-decal-1-01s (10 and 11) 
The preparation of 10-methyl-trans-decal-1-one (24) 

from trans-1-decalone via the 2-furfurylidene derivative 
(17) gave crude 10-methyl-trans-decal-la-01 (11) before 
the oxidation step. A portion of this material crystallized 
on standing in the cold and recrystallization from petro- 
leum ether gave 11, m.p. 56-57". LiAIH, reduction of 24 
gave a 4:  1 mixture of 10 and 11, from which the required 
spectral data were readily obtained since pure 11 was 
available. 

10-Methyl-trans-decal-2-01s (12 and 13) 
These alcohols were prepared from lo-methyl-trans- 

decal-3-one (25) which was obtained from 2-methylcyclo- 
hexanone and methyl vinyl ketone via published proce- 
dures (18, 19). Bromination (20) of 25 gave the 3a-bromo 
derivative which with LiAIH, furnished 213,313-oxido-10- 
methyl-trans-decalin (21) and, subsequently, 13 (22) which 
was purified by recrystallization from pentane, m.p. 
5659" (lit. (22), m.p. 57.5-58.5"). 

Oxidation of 13  with Jones' reagent followed by mixed 
hydride reduction (14) gave 12, n1.p. 44-47" (lit. (22), 
b.p. - 140°/0.4 m). 

10-Methyl-trans-decal-3-01s (I4 and 15) 
Reduction of 25 with the IrC14 reagent (15) gave 15 in 

75% yield, m.p. 8688".  In the preparation of 25, the re- 
duction of 10-methyl-A4-octal-3-one (26) with Li-NH3 
gave a mixture of 25 and the corresponding decalols. A 
second treatment with Li-NH3 converted the mixture 
entirely to alcohols which were oxidized by Jones' reagent 
to 25. I t  was found that partial oxidation, with insufficient 

reagent, furnished a mixture from which 14 was readily 
separated by fractional distillation. Recrystallization of 
this material from petroleum ether gave 14, m.p. 71-73". 

10-MethyCtrans-decal-4-01s (16 and 17) 
Since attempts to isolate pure samples of each of these 

alcohols were unsuccessful, mixtures of different composi- 
tions were prepared using different procedures. Detailed 
comparisons of the n.m.r. spectra of  these mixtures, to- 
gether with the knowledge of their mode of formation. 
permitted the characterization of each. 

Hydroboration (23) of 10-methyl-A4-decalin, prepared 
from 26 via its ethylene thioketal (19) gave a mixture of  
three decalols whose methyl protons absorbed a t  0.85, 
0.96, and 1.03 p.p.rn. A mixture containing only two o f  
these was produced by catalytic hydrogenation of 10- 
methyl-As-decal-4a-ol (24). The major component, having 
methyl shieldings of 6~ 0.96 and Sc 27.9, and the minor 
component with methyl shieldings o f  SH0.85 and Sc 16.8, 
are the cis- and trans-alcohols 27 and 16, respectively; the 
methyl 13C shieldings clearly identify each isomer sinck 
the geometry of the ring junction markedly affects angular 
methyl shieldings (25). Thus, the third decalol from hydro- 
boration, the major product, with methyl shieldings o f  
SH 1.03 and 6,28.1, is 28. It is interesting that both hydro- 
genation and hydroboration preferentially occur at  the 
4-(5-)double bond on the same side as the methyl group. 

To obtain mixtures containing 17, the trans-axial iso- 
mer, the mixture from hydroboration was oxidized with 
Jones' reagent t o  obtain a mixture of 10-methyl-4-de- 
calones (29), in which the cis-isomer was predominant. 
Treatment with the IrC14 reagent proceeded to only a 
limited extent but the major component of the alcohol 
fraction exhibited methyl absorption at 6, 1.07 and Sc 
19.1, values different from each of the  other isomers, and 
its carbinyl proton signal at 3.80 p.p.m. had a width a t  
half-height of 8.0 Hz, consistent with theequatorial orien- 
tation expected for 17. LiAIH4 reduction of 29 afforded a 
mixture of the four decalols 16, 17, 27, and 28, with 16 
present in the smallest amounts but readily identified by 
its methyl n.m.r. absorptions. 

Cholestan-313,6-diol (22 and 23) 
Hydrogenation of cholestan-313-01-6-one over platinum 

oxide (26) gave, after recrystallization from methanol, 2 2  
in 68% yield, m.p. 189-192" (lit. (26) m.p. 188-190"). Re- 
duction of the same cholestanone with sodium in alcohol 
(27) gave 23, from methanol, m.p. 219-221" (lit. (27) 
m.p. 216217'). 

Spectra 
The proton spectra were obtained with Varian T60 and  

HA100 spectrometers using CDCI, solutions. The 13C 
spectra were determined on a Varian XL-100-15 system 
operating in the Fourier transform mode as described 
previously (28). All shieldings were measured relative to  
internal TMS with 20% (w/v) solutions in CDCI3 using 
either 5 or 10 mm sample tubes a n d  the appropriate re- 
ceiver inserts. The  precision of the individual shielding 
values is k0.05 p.p.m. 

Results and Discussion 
The shielding data for the trans-decalols 6-17 

are listed in Table 1 together with the results for 
trans-decalin and 10-methyl-trans-decalin. T h e  
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TABLE 1. 13C Shieldingso of trans-decalin, 10-methyl-trans-decalin, and the trans-decalols 6 1 7  
--- -. 

Compound C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 Me 

trans-Decalin 34.3 26.9 26.9 34.3 43.7 34.3 26.9 26.9 34.3 43.7 

6 74.6 35.8 24.1 (33.5) 41.2 (33.7) (26.4) (26.2) 29.1 50.4 
7 70.4 34.3 20.0 (33.8) 35.6 33.9 (26.8) (26.4) 29.6 47.4 

8 43.0 70.2 35.6 32.0 42.3 (33.8) (26.5) (26.3) (33.3) 41.2 
9 40.4 66.6 (33.9) 27.6 43.2 (33.8) 26.7 26.7 32.9 36.4 

10-Methyl-trans-decalin 42.1 22.1 27.2 29.3 45.8 29.3 27.2 22.1 42.1 33.9 15.7 

10 79.6 30.4 24.4 28.1 44.2 28.1 26.8 21.7 37.3 39.2 9.8 
11 75.2 (28.5) 20.4 128.8) 37.5 (28.8) 26.7 21.8 34.8 38.3 16.1 

12 50.9 66.9 36.4 27.9 44.9 28.1 26.9 21.2 41.6 34.7 16.6 
13 47.8 67.6 34.1 24.0 45.9 28.7 27.0 21.2 41.9 33.5 17.9 

14 40.0 31.2 71.0 38.1 43.1 28.8 26.7 21.9 41.1 33.0 15.7 
15 35.6 28.6 66.6 36.0 37.8 28.8 27.0 21.9 41.5 33.7 14.7 

16 41.2 20.4 36.6 70.0 52.4 23.0 26.7 21.7 41.9 3 4 8  16.8 
17 43.7 16.9 34.1 71.8 48.5 26.0 27.3 21.9 41.7 33.7 19.1 

OIn p.p.m. from TMS in CDCI, solutions. Similar values in parentheses may be interchanged. 

TABLE 2. I3C Shieldingsn of some cyclohexanols, sterols, and the related hydrocarbons 
- -- -- 

Compound C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 Me 

t-Butylcyclohexane 

18 70.9 36.0 25.6 47.2 25.6 36.0 27.6b 
19 65.7 33.4 20.9 48.1 20.9 33.4 27.5b 

Methylcyclohexane 32.9 35.6 26.6 26.5 26.6 35.6 22.9 

20 70.6 44.6 31.4 34.1 24.2 35.4 22.3 
21 70.0 44.0 30.8 41.2 30.8 44.0 22.3 

Cholestane 38.7 22.2 26.9 29.1 47.1 29.1 32.3 35.6 54.9 36.3 12.3' 
Pregnane 38.9 22.3 26.9 29.2 47.2 29.2 32.4 35.7 55.3 36.4 12.3C 
Androstane 38.8 22.2 26.9 29.1 47.1 29.1 32.6 36.0 55.1 36.4 12.3' 

Cholestan-3P-ol(30) 37.1 31.6 71.2 38.3 45.0 28.8 32.1 35.6 54.4 35.5 12.4' 
Pregnan-3P-ol-20-one(31) 37.0 32.0 71.0 38.1 44.8 28.6 31.4 35.4 54.2 35.4 12.3' 
Pregnan-3P,ZO-diol(32) 37.5 32.5 70.5 39.2 45.3 29.2 32.5 35.7 54.8 35.8 12.5' 
Androstan-3P-01-17-one(33) 36.9 31.4 70.9 38.0 44.8 28.4 30.9 35.0 54.4 35.6 12.3' 
Androstan-3P,17P-dio1(34) 37.5 (32.0) 70.5 39.2 45.3 29.1 (32.3) 35.8 54.9 35.8 12.5' 

Androstan-3a,l7P-diol(35) 32.1 29.8 65.5 36.9 39.5 29.1 32.1 36.0 55.0 36.6 11.6' 
Androstan-3u-01-17-one(36) 30.9 29.0 66.3 36.3 39.2 28.3 32.2 35.1 54.5 35.8 11.2' 

22 38.5 31.5 71.5 35.4 47.3 71.9 39.6 30.4 54.2 35.4 15.8' 
23 37.3 31.3 71.1 32.3 51.6 69.3 41.7 34.3 53.7 36.2 13.5' 

"In p.p.m. from TMS in CDCl, solutions. Values in parentheses may be interchanged. 
*Quaternary carbons appeared at 32.2 p.p.rn. 
'C-19. 

shieldings for the cyclohexanols 18-21, the choles- 
tanediols 22 and 23, and the steroids 30-36 are 
given in Table 2. Since the reason for including 
these steroids was for comparison with the deca- 
lols, the data are limited to those for the A and B 
rings in these systems. The results for the parent 
hydrocarbons of the alcohols in Table 2 are also 
included. Although the results for some of these 
materials have been reported by other workers, 
the data were remeasured in CDCI, solutions to 

obtain results for a common solvent for more pre- 
cise comparisons of the hydroxyl substituent 
effects. 

Signal Assignments 
The present results for trans-decalin and 10- 

methyl-trans-decalin agree reasonably well with 
those recently reported (29). Although most ofthe 
deviations are -0.3 p.p.m., the differences be- 
tween the two sets of data range from 0.05-0.8 
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TABLE 3. Substituent effectsa of the hydroxyl group in cyclohexanols 18-21 and decalols 6-17 

A Ring B Ring 

Compound ci b Y 6 Y 6 E C 

-Values representSC'O"-SC"H forcorresponding carbons in each case; thecarbon with thelower number is listed first in the tabulation for the same effects. Carbons other than methylenes are noted. 
T h e  E effects at  the methyl carbon are 0.0 (14) and -1.0 p.p.m. (15). 
<Comparing C-l in 20 with C-3 in rnethylcyclohexane, C-2 (20) us. C-2. -3 (20) us. C-I. etc. 
dShieldings for cis-1.3-dimethylcyclohexane estimated from methyl substituent effects from rnethylcyclohexane assuming simple additivity. 
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p.p.m., indicating the existence of small solvent least shielded methylene signal arises from C-9, 
effects and the necessity of employing a common leaving only C-2, -3, and -4 unassigned. Since C-2 
solvent in the present study. and -4 will be most and least affected, respectively, 

With the results for the parent hydrocarbons by the hydroxyl group, the assignments in Table 1 
and the cyclohexanols (1 l), the problem of in- follow. The expected p-effect of ca. 10 p.p.m. per- 
dividual assignments for thedecalols was reduced. mitted assignment of the P-methylene carbons for 
The signals of methylene carbons were distin- 
guished from the others by off-resonance de- 
coupling and then assigned by consideration of 
the expected substituent effects of the hydroxyl 
group. It had been established that the hydroxyl 
group deshields both the carbon to which it is 
bonded and its immediate neighbors; these have 
been termed cl and 0 effects, respectively. Carbons 
three and four bonds removed from the oxygen 
atom tend to experience upfield shifts (8, 1 1 )  with 
the most pronounced effects found for gauche 
arrangements of y carbons. More remote carbons 
are expected to be little affected by the hydroxyl 
group and this series permits characterization of 
the E and 5 effects. 

For decalols6-9, the carbinyl signal was readily 
identified as the lowest field signal, while the sig- 
nals for C-6, -7, and -8 were taken as those closest 
to the values for the corresponding carbons in 
trans-decalin, although C-7 and -8 could not be 
uniquely identified in 6-8. Ofthe remaining meth- 
ylene signals, those at lowest field were assigned 
to the p carbons, i.e. C-2 in 6 and 7 and C-1, -3 in 
8 and 9. The 29 p.p.m. signal for each of 6 and 7 
was assigned to C-9 since this carbon is gauche to 
the hydroxyl group and a shift of ca. - 5 p.p.m. 
is expected to result. The pair of methylene signals 
remaining for 6-9 were assigned directly from 
their observed positions relative to the corre- 

12-17 and the remaining methylene signals were 
readily associated with specific carbons, with the 
distinctive differences for the y carbons in the 
axial and equatorial cases taken into account. 

The results for cholestane and androstane are 
in good agreement with those reported (30, 3 1) 
and the data for pregnane are very similar, as one 
would expect since detailed study of several ste- 
roids has established that substitution at C-17 has 
little effect on the A and B ring carboli shielding 
(30). As in the case of the decalols, consideration 
of the shielding trends found for thecyclohexanols 
led to the assignments listed in Table 2. The five 
3P-hydroxy derivatives exhibited closely similar 
patterns as did the pair of 3a-hydroxyandrostane 
derivatives. For each steroid the methine (C-5, 
-8, and -9), quaternary (C-I O), and methyl (C-19) 
signals were identified by off-resonance de- 
coupling and the carbinyl signals were charac- 
teristically shifted t o  the region, 65-72 p.p.m. 
Comparison of the cholestanediol spectra with 
that for cholestan-3P-01 led to the assignments 
listed with no apparent ambiguities. 

Shielding Trends 
With these assignments in hand, the observed 

trends can be considered in more detail. The con- 
sistency of the trends lends strong support to the 
present assignments, but, in any event, the em- 

sponding carbons in trans-decalin taking into ac- phasis is directed toward those centers for which 
count the upfield shift expected for those gauche the assignments are certain. In complex spectra a 
to the axial hydroxyl group in 7 and 9. For 6 and 7 complete analysis may not be possible without an 
the less shielded methine signal must arise from array of suitable model compounds for compari- 
C-10 while the more shielded methine signal for son but signals arising from methyl, carbinyl, 
9 is from C-10 because of the y effect of the axial quaternary, and, often, methine carbons are 
hydroxyl. For 8 the methine signals were assigned readily distinguished. To simplify discussion, the 
from the fact that equatorial hydroxyl groups observed substituent effects in the decalols and 
shield they carbon more than the 6 carbon (8,ll) .  cyclohexanols have been collected in Table 3; for 
Thus, the assignments were completed. 

For the methyldecalols 10-17, the carbinyl, 
methyl, methine, and quaternary signals were 
easily identified. For 12-15, the methylene car- 
bons of the unsubstituted ring should be little 
affected by the hydroxyl group and so were as- 
signed as listed. The assignments for C-7, -8, and 
-9 in 16 and 17 and C-6, -7, and -8 in 10 and 11 
were based on similar grounds; for the latter the 

each epimeric pair, the equatorial epimer is listed 
first. 

Some general trends are apparent from com- 
parison of the results for each epimeric pair. The 
or effects of equatorial hydroxyl groups are larger, 
unless the axial hydroxyl is syn-axial with the 10- 
methyl group (13 and 17). In all cases, the P effects 
produced by the equatorial hydroxyls are con- 
sistently larger than those found for their axial 
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counterparts and the magnitude of the downfield 
shifts depends on the degree of substitution of the 
affected carbon with methylene carbons under- 
going greater shifts. This tendency was initially 
noted in a detailed examination of several nor- 
bornyl derivatives and possible interpretations of 
the trend were proposed (32). As already noted, 
greater upfield shifts were anticipated and are ex- 
hibited by the skeletal y carbons in the axial epi- 
mers. The opposite trend for the methyl carbon 
in 12 and 13 is a consequence of the fact that it is y 
gauche with respect to the equatorial hydroxyl 
(12) and anti relative to the axial hydroxyl (13). 
The attenuated or and j3 effects and enhanced up- 
field y shifts found for the axial epimers are 
exactly analogous to the trends exhibited by a 
variety of substituents (2) and it is precisely this 
trend which led to the generalization that steric 
crowding enhances the shieldings of the carbons 
involved in the fragment containing the y gauche 
groups. 

They effects operative at the methylene carbon 
in the unsubstituted ring of6,7,lO, 11,16, and 17 
are interesting since these vary from -3.3 to 
-7.3 p.p.m. although each arises from a similar 
y gauche interaction with the hydroxyl group. 
Presumably the variation in these shifts results 
from different degrees of skeletal twisting asso- 
ciated with minimizing the steric interactions be- 
tween the methyl and hydroxyl groups. The fact 
that the y effects at C-9 in 6 and 7 are comparable 
lends credence to this interpretation since 6 and 7 
would beexpected to have very similar geometries. 
For the other two pairs, the y effect at this meth- 
ylene is smaller in the epimer having syn-axial 
methylhydroxyl interactions, e.g. 17 us. 16, and 
10 us. 11. A consistent variation in they effects ex- 
perienced by methylene and methine carbons is 
also apparent for 7,9,11, and 15 with the methine 
carbon more strongly affected. It seems reason- 
able to propose that this tendency results from 
the somewhat greater freedom of the methylenes 
to minimizegauche interactions with the hydroxyl 
group since these alcohols are presumably less 
flexible at the ring junction. Similar variations in 
y effects for methyl us. methylene carbons have 
been noted in a series of methylcyclohexanes (33). 

The results in the last few columns of Table 3 
show that even the more remote carbons are 
slightly affected by the hydroxyl group. It seems 
reasonable to attribute the E and 6 effects to slight 
geometrical alterations of the decalyl skeleton 
and it is interesting that the general tendency is 

toward higher field for these nuclei. A particularly 
striking example is the difference found for the 
methyl carbons in 14 and 15. Although the hydro- 
xyl and methyl groups are separated by five bonds 
and are on opposite faces of the molecule in 15, its 
methyl carbon exhibits the larger shift. Perhaps 
the twist associated with minimizing the inter- 
actions of the hydroxyl group on the 4 face of the 
molecule tends to  increase the y gauche inter- 
actions experienced by the P-methyl carbon. 

Within the series 6-17, each of the arrange- 
ments 2-5, with X = oxygen and Y = carbon, 
occurs several times while 1 occurs only twice. 
With few exceptions, the arrangements 2-5 are 
associated with upfield shifts while 1 produces 
relatively large (2-3 p.p.m.) downfield shifts. This 
deshielding influence is in direct contrast to the 
trend normally associated with sterically crowded 
carbons although of the possible arrangements 
1-5 for 6 groups, these groups are closest in 1. 
Clearly, the interpretation relating stericcrowding 
with upfield shifts through steric polarization of 
the interacting bonds (7) is inadequate to account 
for these syn-axial effects. It should be noted that 
the exceptions t o  the general trend for the creffects, 
mentioned earlier, are those having syn-axial 
OH..Me interactions, 13 and 17. In each of these, 
the or effect is accentuated such that the axial 
hydroxyl group deshields the carbinyl carbon 
more than its equatorial counterpart. Thus, the 
generalization regarding attenuated or effects for 
axial hydroxyls, proposed earlier (4), is shown to  
have exceptions. The magnitude of the 6 effects for 
syn-axial arrangements of substituents, however, 
is sufficiently large to render these useful for 
stereochemical analysis. At the same time, these 
trends show that the interpretation of small shifts 
in the spectra of complex molecules in conforma- 
tional terms may be difficult since steric crowding 
can produce both upfield and downfield shifts. 

To obtain additional examples of the hydroxyl 
substituent effects in related polycyclic systems, 
the sterols 22, 23, 30-36 were examined and the 
substituent effects observed are listed in Table 4. 
The data for 30-34 demonstrate both the general 
consistency of these effects and the fact that each 
varies by ca. k0.5 p.p.m. These results are ex- 
pected to be comparable to those for 14 while the 
data for 35 and 36 compare favorably with those 
for 15. In these sterols it is again apparent that the 
more remote carbons in the B ring experience 
small effects of the hydroxyl group. As in the 
decalols, the methine carbons exhibit slightly 
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TABLE 4. Substituent effectsa of 3- and 6-hydroxyl groups in some steroids 

A Ring B Ring 

a 0 Y 6 E 6 E 

Compound (C-3) (C-2, C-4) (C-1, C-5) (C-10) (C-19) 
r 

(C-6) (C-7, C-9) (C-8) 

B Ring A Ring 

a 0 Y S Y 6 E 

(C-6) (C-5, C-7) (C-8, C-10) (C-9, C-19) (C-4) (C-1, C-3) (C-2) 

Walues obtained from GCRoH - ScRH for the corresponding carbons in each case. 
bValues obtained by comparing 22 and 23 with cholestan-3P-01. 

greater y effects than the methylene carbons and 
the angular methyl carbons in 35 and 36 are 
shielded relative to the C-19 absorption for andro- 
stane even though the hydroxyl group is five 
bonds away and on the opposite face of these 
molecules. The angular methyl absorptions for 
22 and 23, relative to 30, exhibit the same shifts as 
those for 16 and 17 indicating the consistency of 
the 6 effect of the hydroxyl group. It is interesting 
that the methyl shifts for 23,16, and 12 are down- 
field since the orientation of the methyl and 
hydroxyl groups corresponds to 2, X = CH,, 
Y = OH. Similar orientations for methylene and 
hydroxyl groups in the other decalols lead to up- 
field shifts but it may be unwise to compare the 
effects for skeletal methylene carbons with those 
for methyl carbons since there are two bonded 
pathways between the hydroxyl and methylene 
groups. The somewhat smaller 6 effect at the 
methyl carbon in 13 may be due to the greater ease 
with which the syn-axial Me...OH interaction can 
be reduced by skeletal twist. It may be noted that 
the other individual hydroxyl effects in 22 and 23 
agree remarkably well with those for 16 and 17, in 
particular, the y effects at C-4 and the a, P, and y 
effects in the substituted rings. 

In summary, the hydroxyl group exerts com- 
parable effects at the neighboring carbons in the 
trans-decalols, 10-methyl-trans-decalols, and ste- 
rols. Although the individual effects at the a, p, y, 

l and 6 carbons can vary by ca. 0.5 p.p.m., the 

shifts are sufficiently distinctive to identify specific 
centers and should be valuable for signal assign- 
ments in a wide variety of terpenes and steroids. 
The steric dependence of they and 6 effects clearly 
characterizes sterically crowded carbons and even 
though a theoretical interpretation of the opposite 
effects of y gauche and syn-axial interactions is 
lacking these trends are qualitatively useful. From 
these and other results (12) the general tendency 
for downfield shifts arising from syn-axial ar- 
rangements of substituents shows that conforma- 
tional interpretations of differences for complex 
systems must be approached cautiously. The 
sensitivity of carbon shieldings to minor changes 
in molecular geometry is illustrated by the small, 
but readily measurable, shifts found for centers 
five and six bonds removed from the hydroxyl 
group. 

We are grateful to the National Research Council of 
Canada for financial support of this work. 
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Aromatic hydrazonyl halides ( I ) ,  treated successively with triethylamine and hydro- 
gen sulfide - triethylamine, give N-aryl-N'-thioaroylhydrazines ( 3 )  as  primary products, 
which can be isolated in many cases. Depending on conditions, further reaction may  
occur to give sym-hydrazonyl sulfides. 

Both sym- and unsyrn-hydrazonyl sulfides are available from reaction of appropriate 
hydrazonyl halides and N-aryl-N'-thioaroylhydrazines in presence of triethylamine. 

The product of oxidation of N-phenyl-N'-thiobenzoylhydrazine under various condi- 
tions is confirmed as  the corresponding hydrazonyl disulfide rather than N-pheny1-N'- 
thiobenzoyldiimide. 

Des halogtnures d'hydrazonyle aromatiques ( I ) ,  traitks successivement avec de l a  
trikthylarnine et un mklange de sulfure d'hydrogbne et de trikthylamine, donnent prin- 
cipalement des N-aryl-N'-thioaroylhydrazines (3)  qui peuvent btre isolkes dans plusieurs 
cas. Selon les conditions, une autre reaction peut donner lieu i la formation des sym- 
sulfures d'hydrazonyle. 

Ces deux sym- et asym-sulfures d'hydrazonyle sont obtenus i l'aide de la rtaction 
d'halogtnures d'hydrazonyle appropriks et de N-aryl-N'-thioaroylhydrazines en prtsence 
de tritthylamine. 

L'oxydation sous diverses conditions de la N-phtnyl-N'-thiobenzoylhydrazine conduit i 
un produit identifik comme ttant le disulfure d'hydrazonyle correspondant, plutbt que le 
N-phtnyl-N'-thiobenzoyldiimide. [Traduit par le journal] 

Can. J .  Chem., 52,879(1974) 

Walter and Reubke have reported that bromi- 
nation of araldehyde dialkylhydrazones followed 
by successive treatment with triethylamine (NEt,) 
and hydrogen sulfide - triethylamine (H,S-NEt,) 
in chloroform gives N,N-dialkyl-Nf-thioaroyl- 
hydrazines (I), see eq. 1. 

This report is of considerable interest in connec- 
tion with current work in our respective labora- 
tories on 1,3,4-thiadiazol-2-enes (2), 4H-1,3,4- 
benzothiadiazines, and hydrazonyl sulfides (3) 
and has prompted the investigation of a corre- 
sponding synthesis of N-aryl-Nf-thioaroylhydra- 
zines (3) and, from these compounds and hydra- 
zonyl halides (I), a synthesis of hydrazonyl sul- 
fides (4) (see Scheme 1). 

The hydrazonyl halides used in this study were 
all known compounds (3-11) and initially, in 
examining reaction 2, the order of addition of re- 
agents corresponded with that used by Walter and 
Reubke (1). Typically (Procedure A),  NEt, (1 
equiv.) in CHCl, was added to ldin CHCI,. After 
25 s, a solution of H,S-NEt, in CHCI,, prepared 
by saturating NEt, (2 equiv.) in CHC1, with 
H2S, was added. After 2 h, acidification gave 3d 
in 82% yield. However, if the interval between 
addition of the NEt, and H2S-NEt, solutions 
was extended to 4 min, the product isolated was 
the hydrazonyl sulfide (4d) (93% yield). Mixtures 
of 3d and 4d were obtained after intermediate in- 
tervals in the range 25 s to 4 min. Similar patterns 
were observed with other hydrazonyl halides, 
though in yet other cases the product distribution 
was not detectably time dependent in the inter- 
vals examined. For example, l a  (intervals, 25 s 

'Address for correspondence. to 3 min) gave 4a in nearly quantitative yield 
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4 
a Ar, = Ph; Ar2 = Ph; X = C1 
b Ar, = Ph; Ar, = 2,4-Br2C6H3; X = Br 
c Ar, = 4-MeOC6H4; Ar, = 2,4-Br2C6H3; X = Br 
d Ar, = 4-BrC6H4; Ar2 = 2,4,6-Br3C6H2; X = Br 
e Ar, = 3-NO2C6H4; Ar, = 4-BrC6H4; X = Br 
f Ar, = 3-N0zC6H4; AT, = 2,4-BrZC6H3; X = Br 
g Ar, = Ph; AT, = 2-C1C6H4; X = CI 
h Ar, = 4-NOzC6H4; Ar2 = Ph; X = C1 
i Ar, = Ph; Ar2 = 4-N02C6H4; X = Br 
j Ar, = 4-MeOC6H4; Ar2 = Ph 
k Ar, = 4-Me2CHC6H4; Ar2 = Ph 
1 Ar, = Ph; Ar2 = 2,4-FIC6H3; X = C1 
m Ar, = Ph; Ar, = 2,4-Br(Me2NS02)C6H3; X = Br 
n Ar, = Ph; Ar2 = 2,4-BrIC6H3; X = CI 
o Ar, = Ph; Ar, = 2,4-IBrC6H3; X = C1 
p Ar, = Ph; Ar2 = CI0H7 (I-naphthyl) 

is seen as arising from reactions involving success- 
ful competition between anion of 3 and HS- 
(present in excess) for substrate 1 or 2 derived 
from 1 .  Circumstances favoring reaction via 2 
would include a high rate of conversion 1 -+ 2 
relative to substitution reactions of 1, or high 
initial concentration of 2 (possibly occurring in 
the interval dependent cases). Conversely a low 
rate of conversion 1 -, 2 relative to substitution 
reactions of 1 would favor a substitution mech- 
anism (possibly occurring when preliminary addi- 
tion of NEt, t o  1 is omitted). In given circum- 
stances, the product ratio 3 :  4 would thus be de- 
pendent on the relative importance of the two 
pathways: 1 + 3, 1 + 3 -+ 4 and 1 -+ 2 -+ 3, 
2 + 3 - + 4 .  

(For sym-Sulfides, Ar, = Ar,'; Ar, = Ar,') 
I 
S 

(crude), necessitating an alternative procedure for 
preparing 3a, while 16 (intervals, 25 s to 5 min) 
gave a mixture of 36 and 46 from which 46 could 
be isolated in 5-7% yield. In two cases, triethyl- 
ammonium salts of thiohydrazides were isolated 
rather than the thiohydrazides by omitting the 
acidification stage during the work-up. 

When l a  was treated with H2S-NEt, without 
prior addition of NEt, (Procedure C),  a some- 
what sluggish reaction ensued giving 3a (24% 
after 4 h, the remainder of l a  being recovered); 
16 under these conditions gave 36 (60%) and 46 
(27%). In a modification, l a  was treated with 
H2S-NEt,, followed after 30 min by NEt,, to 
give 3a in 92% yield. 

These results may be considered in terms of 
alternative routes from 1 to 3 and 4.  Substitution 
mechanisms, implicit for the cases examined by 
Walter and Reubke (I), are possible for conver- 
sions 1 -+ 3 and 1 + 3 (anion) -+ 4 (3) or, alter- 
natively, dehydrohalogenation of 1 by NEt, to 
the nitrilimine2 may occur, as proposed earlier by 
Huisgen (12); addition of HS- to 2 would give 
the anion of 3 and addition of this anion to 2, 
followed by protonation, would give the sym- 
hydrazonyl sulfide 4 (eqs. 4-6). In either event, 4 

Attention was next directed t o  the preparation 
of hydrazonyl sulfides from thiohydrazides and 
hydrazonyl halides in CHCI, (as in the foregoing 
synthesis) or CH,CN (as in reactions of hydra- 
zonyl halides with thioacetate ion reported pre- 
viously (3)) using NEt, as base (reaction 3), and 
in case of 46 from 16 and the triethylammonium 
salt of 36 in benzene. Hydrazonyl sulfides were 
readily obtained under these circumstances, con- 
sistent with the view that thiohydrazides (or 
derived anions) are intermediates in the formation 
of hydrazonyl sulfides in these reactions. This 
synthesis was also extended to unsym-hydrazonyl 
sulfides not available previously. Formulation 4 
is still preferred for these compounds as, at least 
for the sym-sulfides, n.m.r. and i.r. spectra show 
the aryl substituents and NH groups to be pair- 
wise equivalent. The mass spectra are complicated 
by skeletal rearrangements but the presence of 
weak molecular ions (detectable at 14 eV) and 
ions corresponding to loss of H2S, Ar2N2H, 
Ar,NCS, and Ar2NSH2 together with A ~ , C S + ,  
Ar,CSNAr2+, and Ar,CNNAr,+' fragment ions 
are compatible with the structural assignment. 

A number of thiohydrazides required for pur- 
poses of correlation and for syntheses of hydra- 
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zonyl sulfides were prepared by the method of 
Jensen and co-workers (13). In  cases where it was 
necessary to modify the procedure by heating to  
effect reaction, it was noted that small amounts of 
colored by-products were generated, rendering 
purification difficult. The possibility that these 
by-products might include the hydrazonyl disul- 
fide (5) (from oxidation of the thiohydrazide (14)) 
was briefly examined. Compound 31 was oxidized 
using hydrogen peroxide to 51; 51 was not ap- 
parently (t.1.c.) the by-product present in the 
sample of 31 prepared by the carboxymethyl di- 
thiobenzoate method. A similar oxidation of 3a  
has been reported to give 6 (1 5). This has been re- 
examined and the ~ r o d u c t  confirmed as 5a  (mol. 
wt., i.r. spectrum, n.m.r. spectrum, N-H ex- 
changeable with D,O), identical with the disul- 
fide previously reported by Wuyts and Lacourt 
(14). 

S 
I PhCSN = NPh 
S 
I 6 

Arl-C = NNHAr2 

The present work provides an indirect method 
for thioaroylation of arylhydrazines, supple- 
menting the direct procedures of Jensen and co- 
workers (13) and of Walter and Badke (16). 

Experimental 
Mass spectra were determined with an AEI-MS902 

mass spectrometer; results are quoted as tnle values for 
the lowest isotopic species with relative intensities (% of 
base peak) in parentheses. 

Thiohydrazides and Hydrazonyl Sulfides 
Thiohydrazides were normally crystallized from ben- 

zene-hexane. Triethylammonium salts of thiohydrazides 
were crystallized from cyclohexane or benzene but could 
be crystallized from ethanol-triethylamine; crystalliza- 
tion from ethanol gave the thiohydrazide through dis- 
sociation. 

Hydrazonyl sulfides were normally crystallized from 
benzene or chloroform and in all cases melted with 
decomposition. 

Procedure A 
Thiohydrazides 
A solution of NEt3 (0.26 ml, 1.86 mmol) in CHCI, was 

added with stirring and cooling to a suspension of a,4-di- 
bromobenzaldehyde 2,4,6-tribromophenylhydrazone (Id) 
(1.00 g, 1.7 mmol) in CHCI, (65 ml). After 25 s interval, 
a stirred solution of NEt, (0.52 ml, 3.7 mmol) in CHC13 
(25 ml) saturated at  0" with H2S was added. After 2 h at 

room temperature, the solution was washed with aqueous 
acetic acid and water, dried, and evaporated to give 3d 
(0.54 g, 82%); after crystallization, 3d (71%) had m.p. 
160-163". 

Anal. Calcd. for c l3H8Br4N2S:  C, 28.71; H, 1.48; 
N ,  5.15; S, 5.89. Found: C, 28.85; H, 1.54; N, 5.15; S, 
6.12. 

Compound l b  (25 s to 5 min intervals) gave36 (60%), 
m.p. and mixture m.p. 1 18-1 19" and 46 (5-773, m.p. and 
mixture m.p. 194-195". 

Anal. Calcd.forC13HloBr,N2S:C,40.44;H,2.61;N, 
7.26: S. 8.30. Found: C. 40.32: H. 2.67: N. 7.36: S. 8.42. 

cornbound l e  (20 s interval) gave 3e'(50%), 155- 
157". 

Anal. Calcd. for C13HIOBrN302S: C, 44.33; H, 2.86; 
N, 11.93; S, 9.10. Found: C, 44.58; H, 2.96; N, 11.79; 
S, 9.07. 

Compound 1 f (2 min interval) gave 3f (7979, m.p. 124- 
126". 

Anal. Calcd. for Cl3H9Br2N3OZS: C, 36.22; H, 2.10; 
N, 9.75; S, 7.44. Found: C, 36.65; H, 2.13; N, 9.80; 
S, 7.67. 

Compound l g  (3 min interval) gave 3 g  (89%), m.p. 
111-113". 

Anal. Calcd. for Cl3Hl1CIN2S: C, 59.42; H, 4.22; 
N, 10.66; S, 12.20. Found: C, 59.58; H, 4.39; N, 10.76; 
S, 12.18. 

Triethylammoniut)~ Salts of Thiohydrazides 
The foregoing experiment was repeated for l b  but the 

washing with aqueous acetic acid was omitted; the tri- 
ethylammonium salt of 3b (67%), m.p. ca. 80" (from cyclo- 
hexane), was isolated. 

Anal. Calcd. for Cl,H2,Br2N3S: C, 46.83; H, 5.17; 
N, 8.62. Found: C,46.69; H, 5.11; N, 8.74. 

Under these conditions, l c  (20 s interval) gave a crude 
product which wascrystallized from benzene to give bis(a- 
(2,4-dibrotnopl1enylhydrazot1o)-4-t~1ethoxybenzyl) sulfide 
(4c) (24%). m.p. 208-210". 

Anal. Calcd. for C28H22Br4N402S: C, 42.13; H, 2.78; 
N ,  7.02; S,4.02. Found: C, 42.35; H, 2.79; N, 6.94; 
S, 4.11. 

The mother liquor was concentrated, whereupon the 
triethylammoniut)~ salt of 3c (32%), m.p. 108-1 loo, 
crystallized. 

Anal. Calcd. for C20H,,Br2N30S: C, 46.43; H, 5.26; 
N, 8.12; S, 6.20. Found: C, 46.32; H, 5.44; N, 8.15; 
S, 6.18. 

From the salt, 3c, m.p. 134-136", was recovered. 
Anal. Calcd, for C14H12Br2N20S: C, 40.41; H, 2.91; 

N, 6.73; S, 7.70. Found: C, 40.05; H, 2.98; N, 6.71; 
S, 7.78. 

Hydrazonyl Sulfides 
The foregoing experiment was repeated for  Id  except 

that the interval between addition of the solutions of 
NEt, in CHCI, and H2S-NEt, in CHCI3 was 4 min. 
This gave 4d (93%; 80% after crystallization). Compound 
4d crystallized from benzene as a solvate, m.p. 168-170". 

Anal. Calcd. for C26H14Br8N4S C6H6: C ,  33.96; H, 
1.78; Br, 56.48; N, 4.95; S, 2.83. Found: C ,  33.07; H, 
1.92; Br, 56.65; N, 5.10; S,  3.17. 

Compound 4d also crystallized from chloroform in a 
solvated form, m.p. 108-1 1 I". 

Anal. Calcd. for C26H,4Br8N4S 2CHC13: C, 27.53; 
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H,  1.32; N, 4.58; S, 2.82. Found: C, 27.57; H ,  1.32; 
N,  4.85; S, 3.01. 

Compound l a  (3 rnin interval) gave 4a (7573, m.p. 
158-160"; mass spectrum (70 eV) mle 388 (4) (M - H2S), 
316 (12) ( C ~ O H I ~ N ~ S ) ,  297 (7) ( C Z O H I S N ~ ) ,  287 (6) 
( C I ~ H I ~ N , ) ,  239 (6), 213 (6), 212 (7) ( C I ~ H I O N S ) ,  196 
(6), 195 (6), 194 (22) (C13HloN2), 181 ( l l ) ,  180 (65) 
( C I ~ H I O N ) ,  137 (5) (C,H,NS), 121 (29) (GHsS) ,  110 
(19), 108 (19), 104 (38), 103 (100) (C7HsN), 93 (32), 92 
(30), and 91 (81) (C6HsN). 

Anal. Calcd. for C2,H2,N,S: C, 73.95; H,  5.25; N ,  
13.26: S. 7.59. Found: C. 73.52: H. 5.45: N,  13.05: . . . . 
s ,  7.3;. 

Compound l h  (3 min interval) gave 4h (1273, m.p. 
174175". 

Anal. Calcd. for C26H20N604S: C, 60.93; H ,  3.93; 
N, 16.40; S, 6.26. Found: C, 61.00; H ,  4.07; N,  16.43; 
S, 6.32. 

Procedure B 
N-Phenyl-N'-thiobenzoylhydrazine (3a) 
Compound l a  (5.8 g, 25 mmol), powdered o r  dissolved 

in a few ml of CHCI,, was added to a stirred solution of 
NEt, (7.0 ml, 50 mmol) in CHCl, (100 ml) saturated 
with H2S a t  0". After 30 min, NEt, (14.0 ml, 100 mmol) 
was introduced dropwise. The reaction mixture was left 
a t  room temperature for 2 h and then worked up as  
described above. Compound 3a (5.2 g, 92%), after crystal- 
lization from benzene-hexane, had m.p. 87-89"; mixture 
m.p. with an authentic sample showed no depression (13). 

Significant reduction of H2S concentration, e.g. by 
adding l a  in 100 ml CHC1, resulted in formation of 
3a and 4a. 

Procedure C 
Hydrazonyl Sulfide (4i) 
A saturated solution of H2S in a mixture of NEt, 

(0.43 ml, 3.1 mmol), and CHCl, (20 ml) was added to a 
stirred solution of l i(0.50 g, 1.6 mmol) in CHCl, (25 ml). 
After 1 h, the dark red solution was filtered and the preci- 
pitate crystallized from nitromethane to  give 4 i  (50 mg, 
673, m.p. 185-186". 

Anal. Calcd. for C 2 6 H ~ ~ N 6 0 4 S :  C, 60.93; H, 3.93; 
N, 16.40. Found: C, 59.17; H, 3.99; N, 16.40. 

Under these conditions, l b  gave a mixture of 36 and 
46 (t.l.c.), whereas l a  did not appear to  react; after 4 h,  
l b  gave 36 (60%) and 46 (27%) while l a  gave 3a (24%, 
estimated by subsequent conversion to  4a). 

VOL. 52, 1974 

Compounds 1 f and 3fgave 4 f (46%) which crystallized 
from benzene as a solvate, m.p. 187-189". 

Anal. Calcd. for C ~ ~ H I ~ B ~ . + N ~ O ~ S .  C6H6: C, 42.69; 
H,  2.46; N, 9.34; S, 3.56. Found: C, 42.59; H, 2.50; 
N,  9.26; S, 3.71. 

Compounds l b  and 3a gave the unsym-sulfide 4ab 
(90%), m.p. 167-168". 

Anal. Calcd. fo r  C26H20Br2N,S: C, 53.81; H,  3.47; 
N,  9.65; S, 5.53. Found: C, 53.62; H, 3.51; N, 9.76; 
S, 5.49. 

Compounds 1 f and 3a gave 4af(59%), m.p. 165-166". 
Anal. Calcd. for  C26H19Br2NS02S: C, 49.94; H,  3.06; 

N,  11.20; S, 5.13. Found: C, 50.33; H, 3.12; N, 11.34; 
S,  5.22. 

Compounds 1 f and 36 gave 4bf(83%), m.p. 167-169". 
Anal. Calcd. for  C26H17Br4NS02S: C, 39.87; H,  2.19; 

N,  8.94; S, 4.09. Found: C, 40.15; H, 2.28; N, 8.95; 
S, 4.25. 

Compounds lg and 3a gave 4ag (8673, m.p. 138-140". 
Anal. Calcd. for C26H21CIN4S: C, 68.33; H ,  4.63; 

N,  12.26; S, 7.02. Found: C, 67.91; H, 4.67; N, 12.33; 
S, 6.96. 

Compounds l a  and 3 j  (17) gave 4 a j  (84%), m.p. 157- 
158"; mass spectrum (70 eV) mle419 (10) (M - HS), 346 
(16) (C2,HI8N2OS), 327 (13), 316 (6), 287 (13), 269 (4), 
243 (8), 242 (6), 237 (4), 226(4), 225 (6), 224 (1 I), 213 (9), 
212 ( l l ) ,  211 (7), 210 (33), 196 (4), 195 (8), 194 (26), 181 
(1 l), 180 (60), 167 (27), 151 (27), 137 (7), 134 (29), 133 
(65), 121 (29), 110 (24), 108 (37), 104 (30), 103 (98), 93 
(57), 92 (50), and 91 (100). 

Anal. Calcd. for CZ7H2,N40S: C, 71.66; H,  5.35; 
N ,  12.38; S, 7.09. Found: C, 71.45; H, 5.35; N, 12.30; 
S, 7.16. 

Compounds l a  and 3k gave 4ak (81%), m.p. 147-148". 
Anal. Calcd. for CZ9Hz8N4S: C ,  74.97; H,  6.07; 

N,  12.06; S, 6.90. Found: C, 74.70; H, 6.16; N, 12.13; 
S, 6.97. 

(ii) In CH3CN 
Compounds 11 (0.40 g, 1.1 mmol) and 31 (0.40 g, 1.1 

mmol) were dissolved, with warming, in acetonitrile 
(10 ml). Triethylamine (2 ml, 14.3 mmol) was added when 
a precipitate immediately appeared. The warm mixture 
was stirred for 10 min and then left to cool (20 min). 
Filtration gave41 (0.60 g, 78%), m.p. (after crystallization) 
194-195", identical with a reference sample (3). 

Compounds l m  and 3m (in boiling acetonitrile) gave 
4m (62%), m.p. 203.5-205" (from toluene), identical with 
a reference samvle (3). 

Procedure D 
sym- and unsym-Hydrazonyl Sulfides from Hydrazonyl 

Halides and Thiohydrazides 
(i) In CHCI, 
Triethylamine (0.14m1, 1.1 mmol) was added to a 

solution of a-bromobenzaldehyde 2,4-dibromophenyl- 
hydrazone (lb) (0.43 g, 1.0 mmol) and N-(2,4-dibromo- 
pheny1)-N'-thiobenzoylhydrazine (36) (0.39 g, 1.0 mmol) 
in CHCI, (45 ml). The precipitated material was isolated 
after 5 h and crystallized from benzene to  give 4b (0.40 g), 
m.p. 194195". The mother liquor was washed with 
aqueous acetic acid and water, dried, and evaporated. 
Crystallization from benzene gave another 50 mg of 46 
(total yield, 61%). 

Under similar conditions, l a  and 3 a  gave 4a (80%), 
m.p. 158-160". 

Compounds i n  and 31 gave the unsym-surfide 41n (80%), 
m.p. 185-186". 

Anal. Calcd. for  C26H18BrF12N4S: N, 7.26; S,  4.15. 
Found: N, 7.3; S ,  4.0; C, H discrepant. 

Compounds l o  and 31 gave 410 (3373, m.p. 165-167". 
Anal. Calcd. fo r  C26H18BrF12N4S: C, 40.47; H ,  2.33; 

N,  7.26. Found: C, 41.0; H,  2.4; N ,  7.3. 
Compounds l a  and 3p gave 4ap (almost quantitative), 

m.p. 165". 
Anal. Calcd. for C30H24N4S: C, 76.27; H, 5.08; 

N,  11.86; S,6.78. Found: C,76.5; H, 5.1; N, 11.9; S,6.6. 

(iii) From l b  a n d  Triethylammonium Salt of 36 
Compound l b  (0.56g, 1.3 mmol) and the triethyl- 

ammonium salt of 36 (0.59 g, 1.3 mmol) were dissolved 
in dry benzene (1 3 ml). After 1 h a t  room temperature, the  
mixture was heated to boiling. Benzene (5 ml) was added, 
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WOLKOFF ET AL..: ROUTES TO HYDRAZONYL SULFIDES 883 

and the solid was filtered off, washed well with hot 
benzene, and dried, yielding triethylammonium bromide 
(0.22 g, 97%). The filtrates provided 46 (0.86 g, 93z) ,  
m.p. 198-201". 

Thiotlydrazides from Carboxymerhyl Dirhioaroates 
Yields are quoted for crude compounds in this section. 
Phenylhydrazine and carboxymethyl p-isopropyldithio- 

benzoate gave, under standard conditions, compound 3k 
(92z), m.p. 103-105". 

Anal. Calcd. for C16HI8N2S: C, 71.07; H, 6.71; 
N, 10.36; S, 11.86. Found: C,  71.15; H, 6.82; N, 10.39; 
S, 11.87. 

Compound 36 (98%) (warming preferable to start 
reaction) had m.p. 11 8-1 19". 

Anal. Calcd. for C13H1,Br,N2S: C, 40.44; H ,  2.61; 
N, 7.26; S, 8.30. Found: C,  40.32; H, 2.67; N, 7.36; 
S, 8.42. 

The following thiohydrazides were prepared by the 
same general procedure, with heating as necessary, but 
were not purified, (m.p. data refer to crude compounds): 
compound 31 (9773, m.p. 100-105"; 3n1 (almost quanti- 
tative), m.p. 184185"; 3p (78%), m.p. 144148". These 
thiohydrazide samples contained colored by-products 
which were difficult to remove by crystallization and the 
crude products were therefore used for the above prepara- 
tions of hydrazonyl sulfides. 

Oxidation of Tt~iohydrazides 
(i) Compound 3a was oxidized using hydrogen per- 

oxide according to ref. 15 to give bis(a-phenylhydrazono- 
benzyl) disulfide (5a), m.p. 141" (lit. (15) m.p. 135" for 
compound reported as N-phenyl-N'-thiobenzoyldiimide 
(6 ) ) ;  v,,, 3270 cm-I (N-H). 

Mol. Wt. Calcd. for CZ6HZ2N4S2: 454. Found (vapor 
pressure, benzene): 455. 

Compound 5a  was also prepared by oxidation of l a  
using potassium ferricyanide and sodium bicarbonate in 
aqueous solution, and is identical with the disulfide 
(lit. (14) m.p. 149") obtained previously by oxidation of l a  
with iodine and sodium bicarbonate in aqueous solution. 

(ii) T o  a solution of 31 (1.0 g, 2.7 mmol) in ethanol 
(5 ml) was added 3% hydrogen peroxide solution (1.5 ml). 
The mixture was boiled for 2 min, cooled, and the red 
solid was collected, washed, and dried. Crystallization 
from ethyl acetate gave bis(a-(2-fluoro-4-iodophenylhydra- 
zono) benzyl) disrilfide (51) (0.54 g) as orange prisms, m.p. 

138-139"; a further 0.15 g crystallized from the mother 
liquor (total yield 69%); v,,, 3270 cm- '  (N-H). 

Anal. Calcd. for C26H~8F212N4S~:  C, 42.05; H, 2.43; 
N, 7.55; S, 8.63. Found: C, 42.2; H, 2.5; N,  7.4; S, 8.5. 

Compound 51 was not apparently the by-product 
present in 31 prepared by the carboxymethyl dithioben- 
zoate procedure above (t.1.c.). 
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Mechanism and Stereochemistry of the Hydrolysis of 4-Arylamino-l,2,3,4- 
tetrahydroquinaldines 

T.  P. FORREST, G. A. DAUPHINEE, AND W. F. MILES 
Cher71istry Depcrrtnler~t, Dcrlholrsie Urziversity, Hctliftx. Nova Scotin 

Received August 20, 1973 

Rates of acid-catalyzed hydrolysis of the benzylic amino group in stereoisomers of 
4-arylamino-1,2,3,4-tetrahydroquinaldines have been determined by n.m.r. spectroscopy. 
Those isomers which have a pseudo-axial leaving group react more rapidly than those 
with a pseudo-equatorial leaving group, forming in each case the isomer with a pseudo- 
axial hydroxyl group as the kinetically controlled product. This product is converted in 
time to an  equilibrium mixture of the two stereoisomeric alcohols. The reaction is 
inhibited by excess acid and appears to proceed through an intermediate carbonium ion 
which is stabilized by the heterocyclic nitrogen atom. 

On a d6terminC par spectroscopie r.m.n. les vitesses d'hydrolyse catalysC par les acides 
du groupe aminobenzylique des stCrCoisomtres de l'arylamino-4 de titrahydro-1,2,3,4 de 
quinaldines. Les isomtres dans lesquels le groupe nucliofuge est pseudo-axial rCagissent 
plus rapidement que ceux dans lesquels le groupe nuclCofuge est pseudo-Cquatorial et 
dans chaque cas le produit form6 le plus rapidement est l'isomtre ayant un groupe 
hydroxyle pseudo-axial. Ce produit se transforme avec le temps pour donner 1'8quilibre 
un m6lange des deux alcools st6r6oisomtres. La r6action est inhibCe par u n  excts 
d'acide et il semble qu'il se produise par l'intermkdiaire d'ion carbonium qui est stabilis6 
par l'atome d'azote de llhCtCrocycle. [Traduit par le journal] 

Can. J. Chem., 52,884(1974) 

Although benzylamines do not normally 
undergo acid-catalyzed substitution reactions, 
the acid-catalyzed displacement of an arylamino 
group from the benzylic position of 1,2,3,4- 
tetrahydroquinolines by water (1) or hydroxyl- 
amine (2) occurs very readily. We wish to report 
on the determination of the mechanism and 
stereochemistry of this type of substitution re- 
action by an investigation of the reactivity of 
some 4-aminotetrahydroquinaldines in which 
the conformation of the heterocyclic ring is con- 
trolled by the methyl group. 

The conformations of the cis- and trans-4- 
anilino- l,2,3,4-tetrahydroquinaldines (1 and 2), 
formed by the reaction of aniline with acetalde- 
hyde, have been established (3,4) and are shown 
in projection formulae l a  and 2a. In both cases 
the methyl group assumes the pseudo-equatorial 
orientation thus yielding two isomers with dif- 
ferent orientations of the amine group. An 
analogous pair of bases, cis- and trans-2,6- 
dimethyl-4-(p-to1uidino)- 1,2,3,4-tetrahydroqui- 
noline (3 and 4), with the same stereochemistry is 
formed from the reaction of p-toluidine with 
acetaldehyde. The conformations are readily 
established from the coupling constants of the 
heterocyclic ring protons (see Experimental). 

H 

2 R - H  
4 R  = CH3 
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FORREST ET AL.: HYDROL .YSIS OF BENZYLAMINES 885 

The rates of the conversion of these four di- 
amines to the amino alcohols were determined by 
monitoring the reaction in DCl.D,O solutions by 
n.m.r. spectroscopy. In some cases the signals 
due to the C-4 protons were well separated from 
other signals permitting an accurate integration. 
In all of these cases, plots of the logarithm of 
concentrations of diamines against time gave 
linear plots indicating the reaction is first-order 
with respect to 4-aminotetrahydroquinaldine. In 
other cases where the peak due to HOD inter- 
fered with the C-4 proton signals, an estimate of 
the half-life of the reaction was obtained from the 
time required to obtain equivalent peak heights 
of the methyl groups of the substrate and product. 

In all cases the kinetically controlled product 
was the trans hydroxy compound. The stereo- 
chemistry of the alcohols could be readily de- 
termined from the splitting pattern of the hetero- 
cyclic ring protons (see Experimental). The cis 
alcohols, 5 and 7, have conformation l a  and the 
trans alcohols, 6 and 8, have conformation 2a. 

The fact that the same kinetically controlled 
product is obtained from the cis or trans diamine 
indicates that the same intermediate is formed in 
each case and that the reaction is S,l rather than 
S,2. The lack of exchange of the protons on C-3 
shows that the reaction does not proceed by an 
elimination-addition mechanism. 

A comparison of the half-lives of the reactions 
shows that the trans isomer reacts more rapidly 
than the cis isomer in each case. It is unlikely 
that the greater reactivity of the trans isomer 
is due to the greater steric interaction of the 
pseudo-axial arylamino group. There appears to 
be little difference in the steric crowding of the 
arylamino group in the pseudo-axial and pseudo- 
equatorial positions since the conformation of 
both the cis and trans isomers is controlled by the 
single methyl group at C,. In the equilibrium 
mixture of the alcohols the trans isomer with a 
pseudo-axial hydroxyl group is the predominant 
isomer. 

The rate difference is most likely due to the 
better orientation of the pseudo-axial arylamino 
group as a leaving group. In the trans isomer the 
bond being broken can maintain better overlap 
with the TC orbitals of the aromatic ring which 
stabilizes the incipient carbonium ion. This con- 
clusion is supported by the formation of the trans 
alcohol as the kinetic product indicating a lower- 
energy transition state for addition in the pseudo- 
axial manner. This principle of maintenance of 
maximum overlap of orbitals has been applied in 
a similar case by Eliel and Nader to explain the 
reactivity and product stereochemistry of 2- 
alkoxy-1,3-dioxanes (5). 

The cis and trans alcohols (7 and 8) have been 
shown to be converted on standing in acid to an 
equilibrium mixture of the two (6). This equili- 
bration was also observed in this investigation. 
The kinetically controlled trans products, 6 and 
8, are converted on standing in acid to an equili- 
brium mixture of the cis and trans isomers 
(trans-cis = 3 : 2). In the case of 2,5,8-trimethyl- 
4 - hydroxy - 1,2,3,4 - tetrahydroquinoline (9), 
formed from the diamine 10, only the kinetically 
controlled trans product was detected. This may 
be due to the steric interaction of the 5-methyl 
group and the pseudo-equatorial hydroxyl group 
which makes the trans isomer much more stable 
than the cis isomer. 

Although the substitution is catalyzed by acid, 
the rate is decreased a s  the concentration of acid 
is increased from 0.5 to 3 M (Table 1). This be- 
havior is in accord with a mechanism which re- 
quires resonance stabilization of the intermediate 
carbonium ion by the lone pair of the hetero- 
cyclic nitrogen (Scheme 1). The benzylic amino 
group would be converted to a better leaving 

eD 
H-N t 
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TABLE 1. Half-lives of diamines 

Half-life 

Acid concentration (M) 

Compound 3 2 1 0.5 

1 (trans) 22 min* 5 min* 63 s* 
2 (cis) 2.5 h 50 min* 18 min < 1 min 
3 (trans) 30 min 9 min < 2  min 
4 (cis) 6 h  3 h  40 min 4.5  min* 

*Obtained from plot of log concentration 

group upon protonation but the reaction would 
be inhibited if both nitrogens were protonated. 

The bases 3 and 4 which have methyl groups on 
the aromatic ring are seen to react slower than 
their analogs 1 and 2 (Table 1). This may be 
explained by the difference in basicity of the 
amines in the two series. The inductive effect of 
the methyl group would make 3 and 4 stronger 
bases so that the rate of reaction, in conditions of 
excess acid as employed here, would be decreased 
because of a higher concentration of the dipro- 
tonated species. 

Experimental 
Nuclear magnetic resonance spectra were recorded at 

35 "C on a Varian T 60 spectrometer. Mass spectra were 
recorded on a DuPont model 21-110 mass spectrometer. 
Melting points are uncorrected. 

cis- and trans-2-Methyl-4-hydroxy-1,2,3,4- 
tetrahydrorjuinoline (5 and 6) 

cis-2-Methyl-4-anilino-l,2,3,4-tetrahydroquinoline (1) 
(4) (13.3 g, 0.05 mol) was dissolved in 2 N HCI (100 ml) 
and allowed to remain at room temperature for 8 h. The 
solution was then made basic with 2 N NaOH and steam 
distilled to remove the aniline. The residue from the dis- 
tillation was cooled and extracted with benzene. The 
benzene was removed in uacuo and the cis-trans mixture of 
alcohols separated by chromatography on silica gel using 
benzene - petroleum ether (30-60"). 

cis Isomer 5: yield 2.9 g, 36%; m.p. 124 "C; n.m.r. 
(CDCl3) 6 I .l8. (d. J = 6 HZ. CH?), 1.53 (H,.). 2.10 . -. . . . 
(H3c), 3.46 (HZ); 4.84 (H4) (J3e.3n = 12.5 Hz, J3.,z, = 3 
Hz,J,,,4,=6Hz,JZ,.,,= llHz,J4,,3.= 10Hz),6.34- 
7.45 (m, aromatic H's), 2.87 (bs, OH, NH). Mass spec- 
trum, 163(44), 148(36), 146(18), 144(28), 130(100). 

trans Isomer 6: yield 4.1 g, 50%; m.p. 78 "C, n.m.r. 
(CDCI,) I .20 (d, J = 6 HZ, CH,), 1.47 (H,,), 1.92 (H,,), 
3.50 (Hz), 4.64 (H4) (J3c.3u = 12.5 HZ, Js,,z, = 2.5 HZ, 
J3c.4e = 2.5 H Z , J ~ ~ , ~ C  = 3 H z , J ~ ~ , ~ ~  = 11 HZ), 6.40-7.20 
(m, aromatic H's), 3.10 (bs, OH, NH). Mass spectrum 
163(40), 148(30), 146(20), 144(30), 130(100). 

us. time. 

room temperature for 16 h. The ethanolic solution was 
decanted from the oily precipitate which had formed. 
Crystallization of the oily residue in benzene yielded the 
cis isomer (3 g, 23%). Chromatography of the mother 
liquors on silica gel using petroleum ether (30-60") a s  
eluant yielded the trarrs isomer as a yellow oil (4 g, 30%). 

cis Isomer 3: m.p. 114 "C; n.m.r. (CDCI,) 6 1.20 (d, 
J = 6 Hz, CH,), 2.22 (s, CH,), 2.28 (s, CH,), 1.43 (H,,), 
2.40(H3,), 3.56 (H2),4.76(H4)(J3,,3, = 12.5 HZ, J,,,z,= 
2.5Hz, J3,,4,= ~ H z ,  J 3 , , 4 , =  11 HZ, J 3 u . z a =  l l H ~ ) ,  
6.36-7.40 (m, aromatic H's), 3.40 (bs, NH's). Mass spec- 
trum 266(14), 223(2), 160(100), 144(23). 

trarrs Isomer 4: n.m.r. (CDCI3) 6 1.17 (d, J = 6 Hz, 
CH,), 2 .10(~,  CH,), 2.16(s, CH,), 1.50(H3,),2.14 (H,,), 
3.38 (Hz), 4.43 (H4) (J3c,3n = 13 HZ, J3e ,Za  = 2.5 HZ,  
J3e.4e = 2.5 HZ, J3= ,de  = 3.5 HZ, J3,,,, = 11 HZ), 6.40- 
7.10 (m, aromatic H's), 3.80 (bs, NH's). Mass spectrum 
266(10), 233(2), 160(100), 144(30). 

cis- and trans-2,6- Dimethyl-4- (hydroxyj-1,2,3,4- 
tetrahydroquinoline 7 and 8 

These compounds were prepared following the proce- 
dure of Edwards et al. (6). 

cis Isomer, m.p. 165"; n.m.r. (CDCI,) 6 1.22 (d, J = 6, 
CH3), 2.25 (s, CH3), 1.57 (H,,), 2.27 (H3,), 3.48 (Uz), 
4.90 (H4) (J3=.3., = 12 HZ, J3e,Za = 3 HZ, J3=,4= = 6 HZ. 
J,,,,, = 11 Hz, J,,,,, = 11  Hz), 6.32-7.23 (m, aromfitic 
H's), 2.2 (bs, OH, NH). Mass spectrum 177(64), 162(52), 
160(12), 158(16), 144(100). 

trans Isomer, m.p. 110"; n.m.r. (CDCI,) 6 1.17 (d, J = 
6, CH,), 2.22 (s, CH,), 1.43 (H3,), 1.88 (H3,), 3.37 (Hz), 
4.55 (H4) (J3.,3, = 13 HZ; J,,,,, = 2.5Hz; J3,,,, = 2.5 
Hz; J3,,,, = 3.5 Hz; J3,,z, = 11 Hz), 6.30-7.10 (m, 
aromatic H's), 3.05 (bs, NH, OH). Mass spectrum, 
177(64), 162(52), 160(12), 158(16), 144(100). 

trans-2,5,8-TrimerIiyl-4-hydroxy-1,2,3,4- 
tetrahydroqrtinolitre 9 

trans-2,5,8-Trimethyl-4-(2,5-dimethylanilino)-1,2,3,4- 
tetrahydroquinoline (10) (3 g, 0.01 mol), prepared as pre- 
viously described for 3 and 4, was dissolved in 6 N H C l  
(5 ml) and after dissolution the solution diluted with water 
to 2 N. After remaining at room temperature for 16 h, the 
solution was made basic and extracted with benzene. 
After removal of the benzene the residue was crystallized 
from benzene- ~etroleum ether (30-60"). Yield 1.7 n. 90%. 

cis- and tratu-2,6-Dirnethyl-4-(p-toluidi110)-1,2,3,4,- m.p. 106";n.m.;. (CDCI,)G 1.31 (d ,J  = ~ H Z , C H ; ) , ~ . O ~  
tetrahydroquinoline 3 and 4. (s, CHs), 2.35 (s, CH,), 1.46 (Hs.), 2.03 (HZ), 4.85 (H4) 

Acetaldehyde (4.9 g, 0.1 1 mol) was added top-toluidine (J,,,,, = 13 Hz, J3,,Z, = 3 Hz, J3c,4e = 2.5 HZ, J35,4c = 
(10.7 g, 0.1 mol) in ethanol (100 ml) and allowed to sit a t  3 Hz, J,,,,, = 12 Hz), 6.45 (d, J = 8 Hz, aromatic H), 
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FORREST ET AL.: HYDROLYSIS O F  BENZYLAMINES 887 

6.88 (d, J = 8 Hz, aromatic H). Mass spectrum, typical of the trans isomer and then changed to a mixture 
191(55), 176(22), 174(10), 172(33), 158(100). of the triplet and a double doublet typical o f  the mixture. 

Determination of Reaction Rates 
7he  diamine under investigation was dissolved in 

DCI,D,O solution in order to  make a solution 0.25 M in 
diamine. The spectra were then determined a t  various 
time intervals. In  those cases which yielded well separated 
H4 peaks, integrals of these peaks were used to  calculate 
the concentration of diamine substrate a t  any particular 
time. The plots of the logarithm of this concentration 
against time gave straight lines, the slopes of which were 
used to calculate half-lives. In  other cdses the half-life was 
estimated from the time required to obtain equal peak 
heights for the signals due to the methyl peaks of substrate 
and product. 

The formation of the trans alcohols as the initial hy- 
drolysis product was indicated by the splitting pattern of 
the C4 proton. The signal developed initially a s  a triplet 

The financial assistance of the National Research 
Council of Canada is acknowledged. 
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Reductive Cleavage of Acetals and Ketals by Borane 

Pulp ntld Pnper Resen~11  Itzstitt~te of Cat~ada, and Depc~rtt?zetlt of Cheti~istty, McCill University, 
Motltrecrl, Quebec H3C3GI 

Received October 9, 1973 

Borane in tetrahydrofuran was found to reduce acetals and ketals to ethers, generally 
in good yield and under mild and convenient conditions. Cyclic acetals and ketals were 
converted by this reagent into hydroxy ethers. The mechanism appeared to resemble 
that of reduction with LiAlH,-AlCI:,. 

On a observt que le borane dans le tktrahydrofuranne rtduit les acttals et les cttals 
en Cther gtnkralement avec de bon rendement et dans des conditions simples e t  douces. 
Les acttals et les cttals cycliques sont transformis par ce rtactif en hydroxy &them. It 
semble que le mCcanisme de cette rtaction resemble ii celui de  la rtduction par LiAIH,- 
AICI,. [Traduit par te journal] 
Can. J .  Chem., 52,888 (1974) 

A number of reagents are known, notably Table 2 illustrates how some substituents at C, 
diisobutylaluminum hydride (I), decaborane (2), on the dioxane and dioxolane rings influence the 
trialkyl silanes (3), and lithium aluminum position of cleavage. The results presented in 
hydride - Lewis acid mixtures (mixed hydrides), both tables are strikingly similar to those ob- 
which can effect homogeneous reductive cleavage tained by other workers (7, 8) with the LiAlH,- 
of acetals and ketals. The Lewis acids used in the 
mixed hydrides have been either boron trifluoride 
(4,5) with a hydridoboron fluoride (5) postulated 
as the active species, or aluminum chloride (6-8), 
which is believed to be active as a hydridoalumi- 
num chloride (9, 10). 

We have now found that borane in tetra- 
hydrofuran (THF) is also an effective agent for 
the reductive cleavage of acetals and ketals at 
room temperature or slightly above (Table 1). 

AICI, reagent and indicate that the course of 
cleavage by borane may closely resemble the 
oxocarbonium ion mechanism postulated for the 
mixed hydride reagent. For example, preferential 
attack of borane at 0, of the dioxane and dioxo- 
lane rings to give the most stabilized oxocarbon- 
ium ion (Scheme 1) would explain the results of 
experiments 8, 9, and I I .  

The cleavage at 0, which predominated in the 
reduction of 2,2-dimethyl-4-chloromethyl-1,3- 

Borane may prove to have practical advantages dioxolane (1) (experiment 12) is explicable by 
over the mixed hydride systems: in its readily noting that the inductive effect of the substituent 
available form as a 1 M solution in THF, the at C, is opposite to that of the corresponding 
reagent is stable over long periods of time in the substituents in the previous examples. Under the 
refrigerator, and thus, no preparation is required ; influence of a n  electron-attracting group, the 
the boric acid product is readily separated by most stable carbonium ion would be obtained 
water extraction or by volatilization as its as illustrated in Scheme 2. Thus it appears that 
trimethyl ester. In reactions with mixed hydride electronic factors control the directid* of cleav- 
systems, either dilute acid must be used to de- age, at least when steric hindrance is not extreme, 
compose the aluminum complexes, or if water is for, had steric factors been important in the re- 
used, then the aluminum hydroxide must be action of 1, the preferred attack would have been 
filtered off. 

In each of the experiments described in Table 
I ,  an excess of borane was used and conditions 
were chosen so that unreacted starting material 
was generally no longer detectable at the end of 
the reaction. Except for acetophenone diethyl 
ketal (experiment 2), from which a large amount 
of nondistillable oily residue was obtained, 
yields of ethers and hydroxyethers were good. 

at O,, as in experiment 11, but the preference 
would have been even greater because of the bulk 
of the chlorine atom near 0,. 

Although no special measurements were made 
of the effect of substituents on the rate of reduc- 
tion, the conditions required for completion give 
some general indications. Thus, comparing ex- 
periments 4 and 5 with experiment 7 (Table 1) 
shows that the presence at C, of substituents 
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FLEMING AND BOLKER: BORANE REDUCTION 889 

TABLE 1. Reductive cleavage of simple acetals and ketals with borane 

Expt. Reaction 
No. Compound reduced Product Yield (%) time (h)* 

900 (80) 15 (at 35') 

7 MeOCH2CH20H 16tll 24 (at 57") 

- 
'At ambient unless otherwise stated. 
tYield obtained by gas chromatographic analysis of the crude reaction mixture after excess borane was decomposed. 
fThe  figures in parentheses represent yields obtained after distillation. 
§Yields obtained by gas chromatographic analysis o f  the ether extract before distillation. 
1178x starting material remains. 
TReaction mixture became hot (50") immediately after mixing. Mixing at  -78°C and allowing to warm slowly to 

ambient did not produce better yields. 

Preferred attack 

R" 
) Reduction RR'cHOC(CH~),,OH I 

7 o T K  12) H20 I 
R R"' 

Major product 

SCHEME I 

which can stabilize a carbonium ion increases the 
reaction rate. Further, the reduction of 2,2,4- 
trimethyl-l,3-dioxolane (experiment 11) was 
complete in 2 h at 40 "C, whereas reduction of 1 
(experiment 12) conducted at 50 "C, required 41 
h for completion. Hence, electron-withdrawing 
substituents at C, slow the reaction. 

The very small influence observed here of a 
phenyl group at C, (experiment 10) has also been 
noted in the mixed hydride reactions (8). 

The behavior of the borane moiety may be 
visualized by considering that as the C-0 bond 
breaks, the boron atom receives a greater share 
of the electrons from the hitherto strongly po- 
larized 0-B bond and thus tends to become an 
alkoxyborohydride ion. It is unlikely, however, 
that such a species could exist uncoordinated in 
presence of excess borane, for Brown ( l la)  has 
observed that borohydride ion reacts with the 
diborane in diglyme solution to give a complex 
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CAN. J .  CHEM. VOL. 5 2 ,  1974 

TABLE 2. Reductive cleavage of C4-substituted dioxane and dioxolane 

Expt. Total recovery 
No. Compound reduced Products obtained Yield (%)* of product (%) 

C6H5CH20CHCH2CH20H 82 
I 

Me 
8 (cleavage at x) i 92 

Me 
C6HsCHzOCHzCHzCHOH 18 

I 
Me 

(cleavage at y) 

(cleavage at x) 89 

Me 

I 
C6H5CH20CH2COH 

I 
Me 

(cleavage at y) 

C6H5CHCH20H 
I 

0-iPr 
(cleavage at x) 

OH 
I 

C6H5CHCHzO-iPr 
(cleavage at y) 

I 
iPrOCHCHzOH 

I (cleavage at x) 

I Me 

I O j  75 

I 
iPrOCHzCHOH 
(cleavage at y) 20 

CH2CI 
I 

iPrOCHCHzOH 15 
12 (cleavage at x) 88 

CH2C1 
I 

iPrOCH2CHOH 85 
(cleavage at y) 

'The percentage of the isolated reduction product that is primary or secondary (tertiary) alcohol, as analyzed by gas chromatog- 
raphy. 
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FLEMING AND BOLKER: BORANE REDUCTION 

BH3 
0 

Preferred attack 

ion, B,H,-. Since alkoxyborohydride ions are 
more powerful nucleophiles than borohydride 
(1 1 b), one expects reduction of borane by 
ROBH,- species to proceed to a greater extent 
than reduction by BH,-. During acetal cleavage, 
energetically favorable complex formation (or 
complete hydride transfer) between the incipient 
alkoxyborohydride ion and neighboring borane 
molecules will reduce the activation energy re- 
quired for C-0 cleavage and the two processes 
should occur simultaneously. Kinetic studies are 
in progress to investigate this hypothesis. 

Experimental 
Boiling and melting points are uncorrected. 
Gas chromatographic analyses of the products were 

done on a Hewlett-Packard F & M model 402 instrument, 
equipped, in most cases, with 120-cm glass column packed 
with 4% SE-30 on Chromosorb WAWDMCS. The prod- 
ucts of experiment 11 required a 180-cm column for ade- 
quateseparation and the volatile product of experiment 7 
could only be separated from the T H F  solvent by using a 
120-cm Porapak R column. 

All products shown in Table 1 were first quantitatively 
analyzed by g.1.c. using bracketing standards of authentic 
samples dissolved in THF. The ethers and hydroxyethers 
were then separated from the solvent, where possible, by 
distillation and their properties (b.p., refractive index, 
n.m.r. spectrum) were compared with those of authentic 
samples. 

Reduction products obtained from the acetals shown 
in Table 2 were distilled similarly and the mixed isomeric 
hydroxyethers were analyzed by g.1.c. using authentic 
samples for identification. In somecases, small amounts of 
the isomers were separated by silica-gel chromatography 
(Mondray silica, 0.08 mm) and thus could be character- 
ized as above. Proton magnetic resonance spectroscopy 
was used to confirm the g.1.c. analysis, as the isomers had 
distinctly different p.m.r. spectra. These spectra were 

measured in carbon tetrachloride solution on a Varian 
HA-100 spectrometer. Chemical shifts are given in p.p.m. 
relative to the tetramethylsilane internal standard. 

General Procedure 
The reduction of 2-phenyl-4-methyl-1,3 dioxane(experi- 

ment 8, Table 2) is representative of the general experi- 
mental procedure. The acetal(3.56 g, 20 mmol) was cooled 
to 0" and borane in T H F  (30 ml of 1 M solution (Alfa 
Inorganics), -30 rnmol), previously cooled to - lo0, was 
pipetted in. The mixture was swirled, kept for 10 min in 
an ice bath then allowed to warm to room temperature. 
After 24 h, the extent of the reaction was tested as follows: 
3 drops of solution were removed, treated with an equal 
volume of water,' and the mixture was shaken with a little 
benzene. A gas chromatogram of the benzene layer 
showed that some starting material remained. To com- 
plete the reaction the mixture was heated a t  40 + 5" for 
24 h, when gas chromatography showed all starting ma- 
terial to have r e a ~ t e d . ~  Next the reaction mixture was 
cooled and water was added dropwise causing efferves- 
cence. Slow addition of water was continued until efferves- 
cence ceased and then more water (30-40 ml) was added 
to dissolve the precipitated boric acid and to hydrolyze the 
boric esters. The aqueous solution was extracted several 
times with ether and the combined extracts were washed 
with water, dried (NaZSO4), and evaporated. A little dry 
methanol was added and the mixture was evaporated, 
this procedure being repeated to remove any  remaining 
traces of boric acid. The residue was distilled, yielding 
3.3 g (92%) of mixed alcohols, b.p. 107-1 10" a t  1 mm. 

Analysis by g.l.c., with calibration standards prepared 
from authentic samples of the isomeric hydroxyethers, 
gave the results shown in Table 2. Complete separation of 
the isomers was not achieved but a small amount of each 
in pure form was obtained by chromatography on silica 
gel. The p.m.r. spectra and refractive indices of the pure 

'Acetone n-butyl ketal (experiment 3) was completely 
hydrolyzed by this procedure. 

ZAll cyclic acetals except 2-phenyl-1,3-dioxolane re- 
quired a heating period to  complete the reaction. 
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fractions so obtained confirmed the identification of the ref. 26; b.p. 130" at  10mm; nDz6 1.5110, (lit. (26) b . ~ .  
g.1.c. peaks. 114" at  0.9 mm; nDZO 1.5184; lit. (27) b.p. 155"at 23 mm). 

3-Benzyloxy-I-butmol. This was prepared according t o  
Source of the Acetals and Ketals Stork et al. (28). Since these authors did not give details, 

~enzaldehyde Dimethyl Acetal. This was prepared in the procedure employed is described. Sodium was added 
35% yield according to  Fischer and Giebe (12); b . ~ .  97.5" to benzyl alcohol (10.8 g, 0.1 rnol) in 50 ml of xylene. 
at  30 mm (lit. (12) b.p. 198-199" at 762 mm). When the reaction terminated, excess sodium was re- 

Acetopherlone Diethy1 Ketal. This was prepared accord- moved, ethyl crotonate (5.7 g, 0.05 rnol) was added with 
ing to Fuson and Burness (13); b . ~ .  103" at  16 mm; hZO stirjing, and the mixture was heated for 5 h at 90'. The  
1.4781 (lit. b.p. (13) 101.5" at  15 mm; nDZO 1.4773). pasty mixture was cooled in ice water and acidified with a 

Acetone Di-tz-butyl Ketal. The method of Howard and ?,light excess of 5% sulfuric acid. Ether (60 ml) was added 
Lorette (14) was used, yield 70%; b . ~ .  80-80.5" at  10 mm; and the mixture was stirred until all solid had dissolved. 
noz3.' 1.4117 (lit. (14) b . ~ .  88" at  18 mm; n ~ Z 5  1.4105 and Gas-liquid chromatography of the ether extract showed 
lit. (15) b.p. 64-64.5" at  3 mm; nDZO 1.4120). two major products which were assumed to  be the benzyl 

Cyclohexar~one ~t l ly lene  Ketal. This and the following and ethyl esters of 3-benzyloxybutanoic acid. Fractional 
four compounds were all synthesized by Salmi's method distillation of the extract yielded a fairly pure fraction of  
(16); b.p. 69-70" at  12 mm, nDZO 1.4592 (lit. (16) b . ~ .  73" the benzyl ester, b.p. 10CL105" a t  0.35 mm; tlDZ5 1.5370; 
at  16 mm; nDZO 1.4583). A,,. 1740cm-I; p.m.r. spectrum shows two types o f  

2-~hen~l-1,3-dioxolane. Yield 66%, b . ~ .  123-124" a t  benzyl protons: 6 5.0 (s, 2H) and 4.4 (m, 2H). This ma- 
26 mm; tzDZZ 1.5264 (lit. (8) b.p. 116" at  20 mm; lit. (17) terial was reduced with LiAIH, and  yielded benzyl alco- 
b.p. 129" at  25 mm; nDL8 1.5285). hol (identified by g.1.c.) and 3-benzyloxy-1-butan01 (1.5 g, 

2-~henyl-1,3-dioxane. Yield 85%, b.p. 126-127" at 15 17%), b.p. 108-109° at  1 mm; nDZ4 1.5095. The p.m.r. 
mm; m.p. 46-48" (lit. (18) b . ~ .  125" at  14mm;  m.P. spectrum of the benzyl protons showed an AB pattern, 
49-51"), (lit. (28) b.p. 98-107" at  1 mm). 
2-P/1enyl-4-methyl-I,3-dioxane. Boiling point 134-135" 4~Benzy~oxy-2-butano~. This was obtained in 82% yield 

at  18 mm; t iDZ5 1.5145 (lit. (19) b.p. 134-135" at  15 mm;  by LiAIH4 reduction of 4-benzyloxy-2-butanone (Fluka) 
lit. (17) b.p. 162" at  40 mm; nD1' 1.5165). The P.m.r. as described by Eliel et al. (25). The product was purified 
spectrum indicates that this compound is a single Pure by chromatography on silica gel after which i.r. spec- 
isomer (presumably cis e,e). The methyl group appears a s  troscopy showed no trace of carbonyl absorption; nD26 
a sharp doublet at  6 1.2 and the proton a t  Cz is a singlet 1.5051 (lit, (25) n D ~ ~  1.5080). 
a t  6 5.3. 2-Benzyloxy-2-methyl-I-propanol. This and the follow- 

2-~hen~l-4,4-dirnethyl-l,3-dioxolane. Yield 93%, b . ~ .  ing two compounds were prepared according to Leggetter 
99.5-101.5" at 10 mm; ~ZD" 1.5005 (lit. (8) b.p. 85" at  5 and Brown (g), b.p. 132-134" at  9 mm;  nDZ5 1.5115 (lit. 
mm; nDz5 1.5015). Whereas the alcohols used for the (8) b,p, 1020 at 3.5 mm; ,,,zs 1.5088). 
previous syntheses were commercially available, in this ~-Benzy~oxy-2-methy~-2-propatlo~. b.p. was 106-107" a t  
case it was necessary to  synthesize 2-methyl-l ,2-~ro~ane- 7 mm; nDz5 1.4997 (lit. (8) b.p. 106" a t  6 mm; nDz5 1.4997). 
diol. The method of Leggetter and Brown (8) was 2-I~opropoxy-2-~het~ylethanol. T h e  b.p. was 122-123.5" 
employed. at  13 mm; nDz5 1.5030 (lit. (8) b.p. 94" at 3 mm; nDz5 
2,2-Dimethyl-4-pheny/-1,3-dioxolane. This and the fol- 1.4982). 

lowing two c o m ~ o u n d s  were prepared according the 2-1~o~ropoxy-l-~henylethanol. This  was obtained as  a 
method of Fischer and Pfahler (20). Yield 85% b.p. gift from D ~ .  R. K, Brown. 
104-105" a t  13 mm; nDzz 1.5016 (lit. (21) b . ~ .  95-96" a t  2-Isopropoxy-I-propat~ol. This a n d  the following com- 
10 mm). pound were made by the method of Chitwood and Freure 

2,2,4-  rim ethyl-I,3-dioxolane. Yield 14%, b . ~ .  98-100" (29), b.p. 145-146' at 763 mm; nD2j 1.4149 (lit. (29) b.p. 
at  758 mm; nDZZ 1.3952 (lit. (8) b.p. 99" at  700 mm; lit. 143-144" at  760 mm; nDzo 1.4094). 
(22) b.p. 98-99" at 760 mm). I-lsopropoxy-2-propanol. The b.p. was 144144.5" a t  

2,2-Ditnethyl-4-chloron~ethyl-l,3-dioxolane. Yield 42%, 764 mm; nDz3 .5  1,4070 (lit. b .p  137-1380 at 760 m m ;  
b.p. 76-77" at  38 mm; nDZZ 1.4341 (lit. (8) b.p. 78" at 40 

nD20  1.4070). 
mm; lit. (20) nD" 1.4375). 3-Cliloro-2-isopropoxy-I-propanol. This was obtained 

1,3-Dioxolane. This was obtained from Eastman as a gift from D ~ .  B ~ ~ ~ ~ .  
Kodak Co. I-Chloro-3-isopropoxy-2-propanol. Synthesis of this 

Source of Authentic Samples of Reduction Products compound according to Leggetter and Brown (8) failed 

Benzyl Methyl Ether, 2~Benzyloxyethanol, and 2- but success was achieved via a different set of conditions 

Methoxyethanol. These were obtained from (301, b . ~ .  9 ~ ~ 2 "  at  23-24 mm; noZ3 1.4398 (lit. (30) b . ~ .  

Kodak Co. 87-87.5" at 20 m m ;  nDz5 1.4370). 

a-Methylbenzyl Ethyl Ether. This was prepared accord- 
ing to Mislow (23). We wish to thank Dr. R. K. Brown for supplying com- 

Isopropyl n-Butyl Ether. This was synthesized by the parison samples of cleavage products obtained in experi- 
method of Henstock (24), b.p, 109" at  763 mm (lit. (24) ments 9, 10, and  12. This work was supported by the 
b.p. 108" at  738 mm). National Research Council of Canada. 

2-Cyclohexyloxyethanol. The synthesis of Eliel et al. (25) 
wasemployed. Overall yield 18%; b.p. 115-118"at 28 mm; 1. L. I. ZAKHARKIN and I. M. KHORLINA. IZV. Akad. 
nDZZ 1.4602 (lit. (25) b.p. 100" at  14 mm; nDZ5 1.4605). Nauk. SSSR, Otd. Khim. Nauk. 2255, 1959. 

3-Benzyloxy-I-propanol. This was made according t o  2. L. I. ZAKHARKIN, V. I. STANKO, and Y. A. CHAPOVS- 
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The Radiochemistry of Organoiron Compounds. IV. FeCp(C0)z 

W. K A N E L L A K ~ P U L ~ ~ - D R ~ ~ ~ ~ P U L O S  AND D. R. WILES 
Itlsfif~rffiir Hrisse Chetnir, Kernforsch~rtlgszet~fr~rt~l Karlsr~rhr, 75 Korlsrlrke, Gertnut~y atlrl 

Deparftnenf ofChetnisfty, Crrrlrfotl University, Of fawc~ ,  Canrrrirl KIS 5B6 
Received September 4, 1973 

The radiochemical yields of [CpXFe(CO2] in neutron-irradiated [CpFe(CO)?]a and 
[CpFe(CO)?]I are 6.9 and 14.8%, respectively. Other prominent products are 
[CpFe(CO),.].-"Te, "Fe(CO);., and '"FeCps, in both target compounds. 

Thermal treatment at 75 "C increases the yields of "Fe(CO),, and of the radioactive 
target compound in both cases, and does not affect the yields of the other two products. 
The radioactive radical [Cp"Te(CO)2]. is stable to 75' in the solid [CpFe(CO)2]?, 
and on dissolution is rapidly scavenged by iodine transfer from carrier [CpFe(CO)?]I. 

It is suggested that complex molecular products are not reformed following the 
nuclear activation, but are rather preserved during and despite the nuclear reaction. An 
effective "hot zone" need not contain more than two or three molecules. 

Production of [Cp""Fe(CO)?] and [Cp'"Fe(CO)I.lz is observed in neutron irradiated 
solutions of Fe(CO), and benzene with either FeCp. or CzHo. 

Dans le cibles solides de [CpFe(CO)?II. et de [CpFe(CO)?]I, irradites par des neutrons, 
les rendements radiochimiques de [Cp"Te(CO).]I sont respectivement 6.9% et  14.8%. 
D'autres produits importants sont [CpFe(CO)2]2-"Fe, "Fe(C0)5 et "FeCp., dans les deux 
composts vists. 

Le traitement thermique h 75 "C augmente les rendements de "Fe(CO);, et du compost 
vist radioactif dans les deux cas, et n'affecte par les rendements des deux autres produits. 
Le radical radioactif LCp'"Fe(CO)2]. est stable jusqu'h 75" dans le solide [CpFe(CO).]? 
et est rapidement purifit par le transfert de l'iode du porteur [CpFe(C0)2]I par dissolution. 

I1 est suggtrC que les produits molkulaires complexes ne sont pas regtntrts suivant 
I'activation nucltaire, mais sont plut8t conservts au cours et malgrt la rtaction nucltaire. 
Une "zone chaude" eventuelle efficace n'a pas besoin de contenir plus de deux ou trois 
moltcules. 

La formation de [Cp""Fe(CO).]. et [Cp:'DFe(C0)2]2 est observCe par irradiation i l'aide 
de neutrons de solutions de Fe(C0)2  et benzene avec du FeCp ou du GHa. 

[Traduit par le journal] 

Can. J .  Chem., 52,894(1974) 

Our earlier work in this series (1-3) has shown 
a number of significant things about the chemical 
behavior of iron atoms which have captured 
neutrons. In dimeric [CpFe(CO),],, it is found 
that 59Fe(CO)5 and 59FeCp, are formed in a 
ratio of approximately 5 :2. These proportions of 
the radioactive atoms in ferrocene and iron 
pentacarbonyl are such as to suggest that the 
reaction is not one of local pyrolysis and re- 
arrangement. The preponderance of the Fe(CO), 
supported once again our hypothesis (4) that the 
metal atom is able to accumulate more carbonyls 
as ligands than the overall stoichiometry of the 
target would justify. The increase of radio- 
chemical yield of the Fe(CO), from 3.2 to 5.4% 
on thermal treatment indicates that carbonyl 
radicals are available and are also thermally 
reactive with such moieties as Fe(CO), 

At the same time, however, failure of the FeCp, 
yield to increase during thermal treatment sug- 
gests that the ferrocene is formed at a quite early 
stage in the reaction sequence, and that C p  
groups are not further thermally reactive. The 
high yield of the parent dimer, [FeCp(CO),],, 
violated once again the simplistic hypothesis (5) 
that structurally simpler molecules should be 
easier to re-form and thus should have higher 
yields. This high yield suggested that the 
molecule was preserved rather than re-formed. 
The increase, on thermal annealing, of the yield 
of this parent dimer once again suggested reac- 
tion of available CO groups with species such as 
C~2Fe2(C0)3 

although it also raised the question of possible 
recombination of CpFe(CO), fragments. 
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In subsequent work, we have found that 59Fe 
atoms, produced by neutron bombardment of 
Fe(CO), and of FeCp,, are able to react with 
nearby ligand molecules, specifically with cyclo- 
pentadiene, when the ligand is in a reactive form. 
These reactive forms evidently include Cp 
present either in a neighboring FeCp, molecule 
(2) or in solution as the monomeric C5H6, but do 
not include the dimeric C,,H,, (3). 

The present study is a continuation of previous 
work, and is intended to investigate the extent to 
which the radioactive 'CpFe(CO), radical is 
found in neutron-irradiated [CpFe(CO),],, and 
to determine the yields' of 59Fe - [CpFe (~~)2 ] ,  
and other products in neutron-irradiated 
CpFe(CO),I. A further objective was to learn 
about the behavior of the radical monomer on 
thermal treatment: whether it decomposes on 
being heated 

whether it reacts in one way or another to 
regenerate the dimer 

or whether it may itself be built up by local 
reactions 

Experimental 
The experiments were carried out essentially as has 

already been described (1-3). The dimeric [CpFe(CO),], 
was obtained from Atomergic Chemicals Co. and was 
repurified by crystallization from pentane. The 
CpFe(CO),I was prepared from the dimer by treatment 
with a stoichiometric quantity of iodine in chloroform 
solution (6). After removal of the chloroform, the com- 
pound was purified by extraction and crystallization from 
boiling pentane. The i.r. spectrum and mass spectrum 
showed the compound to be free of impurities. Targets 
for neutron irradiation were either (a) crystalline 
[CpFe(CO),],, or (b) crystalline [CpFe(CO),]I, or (c) 
-30 mg FeCp, + 5001 Fe(CO), + 250h benzene (pre- 
pared as described earlier (2)), o r  (d )  500h Fe(CO), + 2501 
benzene + 300h monomeric cyclopentadiene (prepared as  

'Note that the "yields" referred to in this paper are 
radiochemical yields. The chemical yields will, of course, 
be extremely small. An asterisk will be used to indicate 
that the following atom is radioactive, and does not imply 
chemical excitation. 

described earlier (3)). These samples, after being degassed 
in vacuo, were sealed in quartz vials under vacuum. 
Neutron irradiations were done in the FR-2 reactor in 
Karlsruhe, in the Rohrpost position a t  a thermal neutron 
flux of 9 x loL3 cm-Z s-I or in the thermal column at a 
flux of 3 x 10" s- I .  

Chemical separations following neutron irradiation in- 
volved the use of FeCp,, Fe(CO)5, and [CpFe(CO),]I 
(or [CpFe(CO),],) as carriers. The irradiated targetsalong 
with the solid carriers were dissolved in a mixture of 0.1 ml 
petroleum ether and 2.0 ml CHCI,. Fe(CO), was added 
immediately. After dissolution, the solution was trans- 
ferred to a silica gel column, and the compounds eluted 
initially with petroleum ether and subsequently with a 1 : 1 
mixture of pentane and diethyl ether. The quantities used 
were usually about 30 mg [CpFe(C0),]2 (or [CpFe(CO),I) 
as target, 15 mg FeCp,, 20 mg CpFe(CO),I, and 30h 
Fe(CO),. Radioactivity measurements were made by 
counting the y radiation of 59Fe using a well-type NaI 
scintillation counter. 

Some further experiments have been done to  check the 
extent of formation of ' c ~ * F e ( C 0 ) ~  and [CP .*F~(CO)~]~  
from their separate components; that is, In neutron- 
irradiated benzene solutions of FeCp, and Fe(CO), and 
of Fe(CO), with monomeric cyclopentadiene (Cp,). 

Results and Discussion 

[CpFe(CO) ,I, Irradiations 
The experiments showed that a considerable 

radioactivity accompanied the CpFe(CO),I car- 
rier, and is presumably in the same chemical 
form as the carrier molecule. This fact, along 
with the observation that the data were internally 
quite consistent, leads us to believe that the 
CpFe(CO),I molecule is acting efficiently as a 
scavenging carrier for the 'CpFe(CO), radical, 
according to the exchange reaction 

where the asterisk designates the radioactive 
atom. This same type of exchange scavenging has 
been used successfully in several other cases to 
convert trapped radicals into chemically stable 
species. Thus, the radioactive species 'Mn(CO),, 
'Mn(CO),, 'Tc(CO),, and 'Re(CO), have been 
detected and their yields measured in this way 
(4, 7-9). While the occurrence of this scavenging 
reaction does not prove conclusively that the 
scavenged species is a free radical, it seems quite 
likely to be so, and has been independently con- 
firmed in at least one instance (10). It is probable, 
then, that the radioactive iron atoms are present 
in the solid in reasonable yield as the 'CpFe(CO), 
radical. 

The results of neutron bombardment of 
[CpFe(CO),], are given in Table 1. The lack of 
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TABLE 1. Radiochemical yields of ' c ~ F e ( C 0 ) ~  from 
neutron irradiation of [CpFe(CO)2]l, as a function of 
irradiation time and thermal annealing. Irradiations 
were done at  -78 "C. The data represent some 85 

separate determinations 

Annealing 
Irradiation 

time Yield Temperature Time Yield 
b i n )  (%I ("C) (min) (%) 

1 7.2 45 15 6.9 
2 7 .7  55 15 6.7 
3 7 .4  60 15 6.7 
4 7.3 65 15 7 .0  
5 6.8 75 5 7.5 
6 7.8 75 10 6.5  
7 8 .0  75 15 6 .6  
8 7.1 7.5 
9 7.9 

10 6.5 

influence of the irradiation time shows the 
absence of y-radiation effects over these short 
times, and indicates that the presence of radio- 
lytically-produced CO groups in the target com- 
pound is not important, either to the instan- 
taneous reaction or to any subsequent thermal 
reaction. Experiments done with the neutron 
irradiation conducted at reactor temperature 
(about 55") gave the same value for the yield as 
those done at - 78", indicating that slow thermal 
annealing reactions during the irradiation are not 
important. Thermal annealingat temperatures up 
to 75" is seen to  have little effect. The main 
reactions, then, seem not to depend on the 
ambient temperature. It is interesting to note 
that this behavior indicates that the radical 
'CpFe(CO), is reasonably stable in the target 
matrix, and contrasts with the abrupt decrease 
in yield of '*Mn(CO), in neutron-irradiated 
Mn,(CO),, under similar treatment (4). 

It was concluded earlier (1) that the annealing 
reactions in [CpFe(CO),], were due to the 
migration of CO groups rather than Cp groups. 
It seems that a parallel annealing reaction 

does not occur in this matrix unless it is able t o  
proceed rapidly below - 78". 

Thermal recombination of the 'Cp*Fe(CO), 
groups to reform the dimer, as in reactions 4a 
and b, ought to appear as a decrease in the yield 
of Cp*Fe(CO),I, corresponding to the increase 
in the yield of [CpFe(CO),],. This latter amounts 
(1) to some 4.1 % of the total 59Fe (16.0% at 25", 

20.1% at 75"). Such a decrease could scarcely be 
concealed in the present data, and it is concluded 
that reactions 4a and b are not prominent in the 
thermal annealing of this target compound if, 
indeed, they occur at all. 

In a few experiments all of the carriers were 
collected, purified, and measured. The yield 
values found in these experiments were in good 
agreement with those found previously (1) with 
the exception of *Fe(CO),, which .was 0.62% 
compared with the previous value of 2.5%. We 
do not understand this discrepancy, but feel that 
it may be some chemical artifact, so that the 
previous value should be regarded as the more 
reliable value. 

CpFe (CO) ,I Irradiations 
Table 2 gives the result of neutron irradiation 

of the "monomeric" CpFe(CO),I with subse- 
quent thermal treatment. I t  is seen that, although 
the data are somewhat scattered, the nature of 
the results is unambiguous. No pronounced 
thermal effect is seen, except for *Fe(CO),, which 
increases steadily from 2.6 to  4.2% as the 
annealing temperature is increased from room 
temperature t o  75". This behavior is closely 
similar to that observed for *Fe(CO), produced 
by neutron bombardment of the dimeric 
[CpFe(CO),], (1). The same interpretation seems 
applicable here, namely, that fragments *Fe(CO), 
react progressively with available CO groups to  
produce the final product. These groups could be 
either nearby labile bound ligands or fragments 
of nearby molecules destroyed during the 
nuclear event. 

The ferrocene yield of roughly 0.7% is, as  
before, essentially unaffected by thermal treat- 
ment of up t o  15 min at 75". Again, the earlier 
interpretation is applicable; that the Fe-Cp 
bonds are formed in hot reactions rather than by 
thermal, diffusive processes. The fact that the 
radio-ferrocene yield in the monomer is just half 
that in the dimer may perhaps signify that intra- 
molecular reactions are favored over inter- 
molecular ones, but there is no  other evidence t o  
support this speculation. 

The dimeric [CpFe(CO),], is formed in low 
yield which is not increased by thermal treatment. 
This fact confirms the conclusion described 
above, that the 'CpFe(CO), radicals do not react 
to form the dimer, and shows also that the 
exchange reaction 4c does not occur. This 
preponderance of reaction 6 over 4c is exactly 
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TABLE 2. Radiochemical yields from neutron irradiation of CpFe(CO),I at -78 "Ca 

Annealing Radiochemical yields 
temperature 

PC) 'CpFe(CO), [CpFe(CO)zlz Fe(CO), F ~ C P Z  

-22 14.5 2.7 2.6 0.63 
45 15.0 1.8 3.6 0.71 
55 14.7 2.2 3.6 0.64 
65 15.4 2.3 3.7 0.60 
75 

-- 
16.8 2.7 4.2 0.69 

.Each value is the average from at least four separate determinations. 

TABLE 3. Radiochemical yields from the given mixed targets 

Yield (%Ib 
Product 

Target" com~ound 25 OC -78 OC 

30 mg FeCp, 
*FeCp, 0.62" 

+0.50 ml Fe(CO), 14' 
+ 0.25 ml C6H6 [CP*F~(CO)ZIZ 1.57 0.25 

[CP*F~(CO)~II 0.58 0.58 

0.30 ml C5H6 *FeCp, 1.20 0.48 
+0.50 ml Fe(CO), [CP*F~(CO)Z~Z 40.4 0.49 
+0.25 rnl CsH6 [CP*F~(CO)ZP 11.4 0.40 

nIrradiation times were: target no. 1 .  4 h; target no. 2.24 h at 25 "C or 16 h at -78 "C. 
bYields are calculated with reference t o  the total S9Fe radioactivity, except as noted. 
=Yield with reference to the 59Fe radioactivity from FeCp, only. 

parallel to the behavior of 'Mn(CO), (7) 

The dimer which is observed must presumably be 
found by an epithermal reaction, although again 
this must be regarded as conjecture. 

The high yield of the parent compound, 
Cp*Fe(CO),I, which increases slightly on thermal 
annealing at 75", is approximately the same as the 
parent yield in the [CpFe(CO)2], (n,y) reaction 
(1). As in the earlier case, it is not likely that such 
a complex structure would be re-formed through 
hot-zone recombination, and it seems more likely 
that the origin of the high yield is through 
preservation of the essential structure of the 
molecule through the nuclear transition and 
de-excitation. 

Fe(C0) , Irradiations 
The results of iron carbonyl irradiations in 

solution with either FeCp, or Cp, are given in 
Table 3. The data are somewhat difficult to 
compare quantitatively, but some interesting 
observations may be made. We note that the 

reference used for the experiments in Table 3 is 
the total 59Fe activity of the target irrespective of 
the chemical form of the iron in the target. When 
this initial form is taken into account, the yield 
value of 0.62% for the ,'FeCp2 a t  -78" in 
Table 3 becomes 14.2% of the 5 9 ~ e  produced 
from ferrocene in the target, and is consistent 
with an observation made previously (2) that 
the FeCp, seemed to have segregated during the 
freezing, and thus gives yields characteristic of 
the pure crystalline ferrocene: 12% ( l l ) ,  14.6% 
(12). I t  is also noteworthy that small but signi- 
ficant yields of both the monomeric 'Cp*Fe(CO), 
and the dimeric [Cp*Fe(CO),], are found. 

In the presence of monomeric cyclopentadiene, 
all the expected compounds are found at low 
temperatures, albeit in very low yields. At  reactor 
temperatures (-25") the yields of the 
Cp*Fe(CO),I and [Cp*Fe(CO),12 are consider- 
ably higher than can be accounted for by any hot 
reaction, and clearly these high yields must be the 
result of some radiolytic reaction in the liquids. 

I t  is seen that, although the more complex 
molecules can, in fact, be synthesized from the 
simpler components (especially in the liquid 
state, presumably by radiolysis) large yields are 
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obtained in the solid state only when the target 
molecule is itself one of the complex molecules. 
The formation of [CpFe(CO),]' in [CpFe(CO),], 
gives much larger yield than the formation of 
[CpFe(CO),], from [CpFe(CO),]I even though 
the parent yields are very similar. 

This supports the view that in those 15-16% of 
the events leading to formation of the radio- 
active parent in each case, the essential structure 
is preserved through the nuclear transformation, 
rather than reconstituted subsequently. 

The occurrence of mild damage to the 
individual molecule would be consistent with the 
reasonably high yield ofthe monomer from dimer 
targets. Formation of dimer from monomer 
targets, on the other hand, requires the disruption 
to be more extensive, and extend at least to the 
next molecule. The probability of such selective 
intermolecular excitation is evidently lower than 
for intramolecular reaction. 

The fact that the yields of parent compound in 
the monomer and dimer targets are so similar 
suggests that the dissipation of nuclear energy in 
these events does not involve distribution kinetic 
energy of recoil among available degrees of 
vibrational freedom, since the one molecule has 
far more vibrational modes than the other. 

The formation of the smaller molecules, FeCp, 
and Fe(CO),, clearly involves yet greater damage 
to the molecule. Most simply, the initial reactive 
intermediates must be *FeCp and *Fe(CO),, 
respectively. In both cases further ligands must 
be available by virtue of excitation of or damage 
to adjacent molecules. There is no evidence of 
thermal influences on the FeCp, yield, so the 
addition of a second Cp must be a fast, hot 
reaction involving an adjacent molecule in the 
monomer targets, but possibly the other end of 
the same molecule in the case of dimer targets. 
This latter seems to be supported by the some- 
what higher yields of *FeCp, from the dimer 
targets. In both targets thermal annealing gives 
an increase in the yield of *Fe(CO),. This is clear 
evidence of the occurrence of reaction, as in 
reaction 1. The fact that even at -78" without 
thermal treatment a significant yield of *Fe(CO), 
is observed shows that some of the molecules 
reach their final configuration by fast, hot reac- 
tion with adjacent excited or damaged molecules. 
In the case of monomer targets, this requires two 
disrupted adjacent molecules in addition to the 
target molecule. 

The thermal annealing effects on the two com- 
plex molecules are interesting in that increased 
yields are found in both cases for the target com- 
pound only. I t  has been argued earlier (1) and 
supported here that there seem to be available 
and reactive CO groups but not Cp groups. Thus, 
the CO transfer reactions between similar mole- 
cules occur 

while the cross reactions 

evidently do not occur. The reason for this is not 
at present obvious. Since 'Cp*Fe(CO), and 
Cp*Fe(CO),I are chemically indistinguishable in 
our procedure, nothing can be implied about 
iodine transfer in reaction 9. 

Much has been written about the occurrence of 
"hot zones" in reactions such as these, and 
estimates of size, shape, and duration have been 
published. To date there is little agreement, and 
vigorous bodies of published and unpublished 
opinion both for and against hot zones. I t  must 
be admitted that the opinion of the present 
authors has substantially altered (cf. ref. 5) in the 
face of the evidence of the past few years. 

If the results of the present work and its im- 
mediate antecedents are being correctly inter- 
preted, the "hot zone" need not contain more 
than two or three molecules including the pri- 
mary target molecule. The amount of kinetic 
energy deposited in this volume is evidently 
small and in many cases leads to no effective 
disruption of the target molecule. Although the 
quantitative data are slightly different for the 
Cp-Mn-CO series of compounds, the principal 
conclusions above apply unaltered: that the 
complex molecules are preserved rather than re- 
formed, and that formation of other molecules 
need not involve more than an  additional one o r  
two adjacent molecules of the matrix. 

Recent work (13) involving both (n,y) recoils 
on manganese and (n,p) recoils on iron, both 
producing high energy 56Mn in [CpFe(C0)2]2 
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KANELLAKOPULOS-DROSSOPULOS AND WILES: RADIOCHEMISTRY OF FeCp(C0)z 899 

targets s h o w  these high energy recoi ls  to be 
ineffective i n  giving molecular  56Mn products. 

The ques t ion  o f  w h y  there is an ev iden t  pre- 
ference  f o r  f o r m a t i o n  o f  metal ca rbony l s  r a t h e r  
than x-ring-metal s andwich  compounds as s ide  
products rema ins  unanswered .  Whether i t  in- 
volves a selective bond break ing  or a selective 
bond re fo rma t ion  is not yet  clear. 

Theauthors wish to express their gratitude to  Professor 
F. Baumgartner for his continued interest and support, 
and to  Mrs. E. Rauch for experimental assistance. 
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A Nuclear Magnetic Resonance Investigation of Molecular Motion in Solid 
cis-Diaquotetramminecobalt(III)sulfate 

B. A. DUNELL, J. F. NATTRASS, A N D  S. E. ULRICH 
Chemistry Department, University of British Columbia, V~rlcorrver, British Col~rrnbia V6T 1 W5 

Received September 6, 1973 

The second moment and spin lattice relaxation times have been obtained for cis- 
diaquotetramminecobalt(III)sulfate between 77 and 310 OK. T h e  results suggest that one 
of the ammine ligands is unique, reorienting more slowly at  a given temperature than the 
others. Both water ligands undergo C2-jumps. Although whole ion rotation does not 
occur libration does, and the second moment is interpreted in terms of such a torsional 
motion. 

On a 6valut pour le compost cis-diaquot6tramminecobalt(III) -sulfate, le moment secon- 
daire et les temps de relaxation spin-reseau enire 77 et 310 OK. Les rksultats montrent 
qu'un seul des coordinats "ammine" peut se rkorienter plus lenternent quk les autres i une 
tempkrature donnke. Les deux coordinats, H - 0  subissent des transition9 C-. Mdrne si la 
rotation entitre de l'ion ne se produit pas, un balancement de ce dernier peut se produire; 
on interpdte alors le moment secondaire en fonction d'un tel mouvement de torsion. 

[Traduit par le journal] 
Can. J. Chern., 52, WO(1974) 

In previous studies of molecular motion (1-3) 
in cobalt ammine complexes, two types of motion 
were observed between 77 and 400 OK. In most 
complexes studied the ammine groups were re- 
orienting about their Co-N axes at not less than 
lo5 Hz even at 77 OK, and reorientation of the 
whole complex ion was observed for the hexam- 
mine and trans-tetrammine complexes above 
250 OK. In this work we have studied the ammine 
group and the water group motions in cis- 
diaquotetramminecobalt(III)sulfate using con- 
tinuous wave and pulsed n.m.r. techniques. We 
wish to compare our results for the reorientation 
of the water ligands with those obtained for 
gypsum by ~ o l c o m b  and Pedersen (4). 

Experimental 
C~~-[CO(NH~)~(H~O)~]~[SO~]~ was prepared according 

to Glemser (5). The samples were evacuated for 48 h to 
insure removal of water of hydration and promote 
desorption of oxygen. 

Proton continuous wave spectra were obtained a t  
16 MHz using a spectrometer described elsewhere (6). T I  
values were obtained a t  30 MHz as described previously 
(7). The calculated points shown in Fig. 2 were computed 
using a Non-Linear Least Squares program (BMD) 
written by Paul Sampson at  the UCLA Health Sciences 
Computing Facility. The observed TI was assumed to be 
the sum of two separate, and uncorrelated, relaxation 
times, that is, (TI .,,)-I = (T,,)-' + (TI,)-'. Each TI 
was described by the Bloembergen, Purcell, Pound 
(B.P.P.) expression (8). The calculated curve was fit to the 
experimental curve by an iterative procedure where there 
were three variable parameters in each B.P.P. term (6 total 

parameters). The variable parameters were P(1), deter- 
mined from the depth of the TI minimum, P(2) ,  the pre- 
exponential term in A = A. exp (EIRT) where A = 
wo.r, = 0.6158 a t  the minimum a n d  A.  = woz$, a n d  
P(3), the activation energy, estimated from the slope of  
the experimental curves (9). 

Results and Discussion 
Second Moments 

Figure 1 shows the experimental second 
moments for ~~~-[CO(NH,),(H~O)~]~[SO,],. 
Table 1 lists the theoretical second moments for 
possible motions and shows for comparison 
experimental values at selected temperatures. 

The rigid lattice second moments were calcu- 
lated from the following parameters: r(H-H) in 
NH, = 1.67 f 0.03& r ( ~ - H )  = 1.02 & 0.02 A, 
r(Co-N) and r(Co--0) = 1.97& and r(H-H) 
in H20 = 1.58 f 0.05 A (1,3, 10). All the bond 

140 160 180 200 220 240 260 280 
TEMP ( O K )  

FIG. 1. Second moment (GZ) a s  a function of tem- 
perature. 
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DUNELL ET AL.: MOLECULAR MOTION I N  c~.~-[CO(NHI)-IIHIO)~]I(SO~~II 90 1 

TABLE 1. Theoretical and experimental second moments (in GZ) 

Second moment contribution 

Motion* Theoretical 

NH3 HzO Ion 

R R R 
3  x  C3 R R 
3XC3 l x C z  R 
4 x  C3 R R 
4 x C 3  I x C ,  R 
4 x C 3  2 x C 2  R 

Intra- 
ionic 

Inter- 
ionic 

4 + 1  
1 . 6  + 0 . 8  
1 . 6  + 0 . 8  
1 . 6  + 0 . 8  
1 . 6  + 0 . 8  
1 .6  +_ 0 . 8  

Temperature 
Total Experimental ("K) 

40.0  + 4 .7  
22.3 + 2 .9  
20.0  + 2 . 7  
17.2 + 2 . 5  18 + 1 77 
14.9 + 2 .3  16.0 + 0 .7  120-260 
12.7 +_ 1.8 

*R ; rigid, n x C ,  = number of  ammine ligands rotating, ?I x C2 = number o f  water groups rotating. 

angles at cobalt have been assumed to be 90". 
Little error is introduced by assuming that all 
Co-N and Co-0 bond lengths are the same 
and that all bond angles at cobalt are 90°, 
since the largest contributions to the second 
moment are intraligand. In this compound only 
the complex cation contributes significantly to 
the second moment. From previous arguments 
(3) we assume a value of 4 f 1 G2 for the rigid 
lattice interionic contribution to the second 
moment. 

The experimental second moment below about 
105 "K (18.3 + 1 G2) IS consistent with either 
of the following motional processes: reorienta- 
tion of all 4 ammine groups about their C ,  axes 
with rigid water molecules, or reorientation 
of 3 ammine groups and one water molecule 
freely rotating about its C ,  axis. The results of 
spin-lattice relaxation measurements indicate the 
situation is one in which all 4 ammine groups 
are reorienting. This point will be discussed 
further in the next section. 

The plateau region of 16 G2 above 130 OK does 
not clearly correspond to any of the calculated 
values shown in Table 1. We believe the observed 
value is consistent with C2 jumps (180" flips) of 
the water molecules about their C, axes. 
Andrew and Brookeman (1 1) have shown there 
is no reduction in intra-group contribution to the 
second moment for 180" jumps about a C2 axis 
normal to the internuclear vector. The only 
reduction occurs for the intergroup contribution. 
For this system, containing 16 spins, it would be 
very difficult to estimate the magnitude of this 
reduction. We cannot state with certainty 
whether the change in second moment between 
105 and 125 "K represents the C, jumping 
motion of one or both water molecules. We tend 

to favor, however, the notion of simultaneous 
motion of both waters as it seems unlikely that 
the waters would be so dissimilar in environment 
that the motion of one water would be four 
orders of magnitude faster than that of the other 
water. Since the shapes of the second moment 
changes at 110 and 270 OK differ, we believe the 
changes represent different processes. The 
gradual change in second moment a t  270 "K is 
consistent with that observed for torsional 
oscillation of the whole molecule in other cobalt 
complexes (12). 

Spin-Lattice Relaxation 
Figure 2 shows the spin-lattice relaxation 

curve for ~~~-[CO(NH,),(H~O)~],(SO~),. The 
two minima were resolved by the procedure out- 
lined in the Experimental section. The values of 
best fit are: minimum 1 at 95 "K with a depth of 
75 + 4 ms and an activation energy of 904 1. 65 
cal mol-' ; minimum 2 at 150 "K with a depth of 
180 + 16 ms and E,,, = 3.32 f 0.58 kcal mol-'. 

75 95 115 135 155 175 195 215 235 
T("K) 

FIG. 2. TI (ms) as a function of temperature. 
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In the following discussion we refer to  both 
reorientation and smooth rotation. In the case of 
smooth rotation the motion of the molecular 
group is such that all angular orientations must 
be considered in determining the time average 
behavior of the system and implies that some 
fraction of the molecules possess energy greater 
than the barrier height. In the case of reorienta- 
tion or jumping about an axis it is assumed the 
molecular group spends an infinitesimally small 
time between equilibrium positions and hence 
has discrete angular descriptions. When the 
motional process involves potential barriers 
which are three-fold or greater the analytical 
description of the two processes is identical. I n  
the case of a two-fold potential barrier the 
analytical expressions differ. For  reorientation, 
or jumping, between two equilibrium positions 
separated by 180" about a C2 axis normal to the 
internuclear vector there is no intra-group 
relaxation as there would be in the case of 
smooth rotation. Hence the only relaxation for a 
group undergoing a C2 jump is intermolecular. 

The predicted depth of a TI minimum arising 
solely from intra-group contribution for one 
ammine group reorienting would be 60 ms, while 
the corresponding quantity for both waters 
would be 63 ms on the assumption of a smooth 
rotation of the water molecules. However, if both 
water molecules are jumping about their C2 axes 
the relaxation would be via inter-group mech- 
anisms only and the predicted depth of minimum 
would be less than 540 ms. This value was 
arrived at  from the work of Holcomb and 
Pedersen (4) for CaS0,.2H20. As the two waters 
in gypsum are coplanar Holcomb and Pedersen 
used only spectral densities a t  20,  to  calculate a 
value for TI. Since this constraint does not hold 
for our compound we must conclude the calcu- 
lated value of TI must be somewhat less than 
540 ms in a system where the motion of 4 spins in 
16 is relaxing the whole. 

Since the value of TI a t  the higher temperature 
minimum is too large to correspond to  any 
ammine group motion (and the second moment 
is too large for whole molecule motion), one 
must conclude that the minimum a t  95 OK is due 

to  the reorientation of one ammine group which 
is more hindered than the other three, for which 
o,z, is already much less than one at 95 OK. T h e  
position of the minimum and  the activation 
energy are consistent with ammine group motion 
observed in similar systems (9, 12). If the low 
temperature minimum is assigned to motion of  
one ammine group, then the change in second 
moment for this motion should occur a t  about  
40 OK and thus the value of the  second moment 
a t  77 OK is consistent with four reorienting 
ammine groups and two rigid waters. 

An activation energy of 4 kcal mol-' obtained 
from the second moment transition at 11  5 OK is 
in agreement with the value of 3.3 kcal mol-' 
obtained from the TI curve for the minimum a t  
150 OK. We can then conclude with reasonable 
assurance that  the second moment change at 
1 15 OK and the TI minimum at 150 OK can be 
accounted for by a C2-jump reorientation of both  
water molecules. The 3.3 kcal mol-' activation 
energy is consistent with a large hindering 
potential needed for jump motions. 

This work has  been supported b y  a grant-in-aid f rom 
the National Research Council of Canada. 
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Model Calculations of Kinetic Isotope Effects in Nucleophilic 
Substitution Reactions 

Received August 2,  1973 

The results of calculations indicate that a previously proposed model for the transition 
state in "borderline" substitution reactions can be generalized and, as a result, the observed 
differences in the carbon-13 and deuterium isotope effects of Ss l ,  Ss2, and "borderline" 
reactions rationalized. Although the conclusions may apply more generally, the standard 
reaction investigated is the solvolysis of benzyl bromide. The importance of resonance 
interaction with the phenyl ring, the significance of the product- or reactant-like character 
of the transition state, and the influence of the magnitude of force constants in determining 
isotope effects are examined. The temperamre dependence of kinetic isotope effects i n  
solvolysis is also investigated. 

Les rksultats des calculs indiquent que le mod2le proposk anttrieurement pour I'ktat 
de  transition dans les rkactions de  substitutions "limites" peut &tre gtnkralisk. En cons&- 
quence, les difftrences observkes dans les effets isotopiques du carbone-13 et du deutkrium 
dans les rkactions S r l ,  Ss2 et les rtactions "limites" peuvent &tre rationaliskes. La rtaction 
standard que I'on a Ctudike est la solvolyse du bromure de  benzyle, bien que les conclusions 
peuvent &tre gknkralistes. On examine I'importance d e  l'interaction de  rksonance avec l e  
cycle du phtnyle, du caractkre de I'ttat de transition en fonction de sa ressemblance avec 
le produit initial ou final et l'influence de la grandeur des constantes d e  force lors de l a  
dttermination des effets isotopiques. On examine d e  plus la dipendance entre la tempkra- 
ture et les effets isotopiques sur la cinktique de solvolyse. [Traduit par le journal] 

Can. J .  Chem.. 52,903 (1974) 

Introduction as in ion pair formation (2), the overall isotope 
The mechanism of solvolytic reactions with effect is the product of an equilibrium and a 

characters between the two extremes of SN1 and kinetic isotope effect and unless one of the 
SN2 ( I ) ,  the "borderline" cases, is still not isotope effects can be calculated or  measured 
clearly resolved. Reaction schemes of varying separately, the overall isotope effect becomes a 
complexity have been proposed (2-6). less useful parameter. 

The simplest mechanism involves a single To  explain experimental observations a model 
transition state with a high degree of charge for the transition state may be proposed. An 
separation (7). The other more complex mechan- example is Ingold's (1) model for second order 
isms for the borderline cases supposedly follow nucleophilic substitution reactions. 
a mixture of two competing reaction paths. The By use of well known computational methods 
first path leads via the traditional (1) SN2 (12-19) a suitable model of reasonable geometry 
transition state to products while the second may and bonding (force field) should then reproduce 
involve several carbonium ion-like species (2, 5). the observed isotope effects (12-14). For large 

The kinetic isotope effect method has been transition states it has been shown (12) that 
used extensively to obtain information about parts of the molecule which are not  directly 
the mechanism of nucleophilic substitution involved in the reaction may be ignored and the 
reactions (8-1 I), mainly because the effects may molecule "abbreviated". 
provide details about the bonding and geometry As in essence proposed previously (20,21), the 
of the transition state (12). If the reaction path S,1 and S,2 transition states can be represented 
involves several transition states and inter- by essentially the same model if the sum of the 
mediates the observed isotope effect may become bbnd orders, n,, between the incoming nucleo- 
a complex quantity which is difficult to interpret phile, the leaving group, and the carbon atom at 
unambiguously. For example, if the formation the seat of displacement is zero and unity 
of products is preceded by a rapid equilibrium, respectively. Borderline mechanisms may then 
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BRON: CALCULATIONS O F  KINETIC ISOTOPE EFFECTS 905 

involve a transition state where n, is between 
zero and unity and with the same planar con- 
figuration around the central carbon atom (1). 

For this collective model to be acceptable it 
should at least be able to  reproduce the observed 
trends in carbon- 13 and a-deuterium isotope 
effects in nucleophilic substitution reactions. 
Therefore, by assigning a reasonable geometry 
and bonding which change continuously with 
changing bond orders, the model has been 
investigated in detail. It must be emphasized, 
however, that all discussions will be limited to 
reactions unlikely to involve unstable inter- 
mediates. 

The Cal'culation of Carbon-13 and Deuterium 
Isotope Effects 

Calculations based on a suitable model for the 
initial and transition states of kinetic isotope 
effects in nucleophilic substitution reactions 
should confirm the following observations con- 
cerning carbon-13 and deuterium isotope effects: 

(I) Near room temperature the 13C kinetic 
isotope effect, k12/k,,, of typical SN2 reactions 
is about 1.05, while nucleophilic displacement 
reactions exhibiting considerable carbonium ion 
character can have k12/k13 less than unity ( 1  I ) .  

(2) The value of k12/kl,  for SN2 reactions 
decreases with increasing temperature and in- 
creases with increasing temperature for reactions 
believed to proceed through an SN1 mechanism 
(1 1). 

(3) Near room temperature the cr-deuterium 
isotope effect, kH/kD, of typical SN2 reactions is 
approximately 1 .O, while kH/kD for SN 1 reactions 
is about 1.15 (8). 

Furthermore, it is reasonable to assume (22) 
that the variation of bond lengths and force 
constants with changing bond order follow the 
relationships given by Johnston (23) and 
Pauling (24) and that the model representing the 
transition state should be a statistical average 
over all states available to the transition state 
(25). 

An abbreviated model for the transition state 
in the solvolysis of benzyl bromide (1 1) that 
reproduces the above experimental observations 
and follows these bond order - force constant 
and bond order - bond length relationships is 
given in Table 1 together with that for the 
initial state. The bond lengths, internal coordi- 
nates, and force fields for these states are also 

included in Table 1. The phenyl group in the 
initial and transition states is represented by a 
single carbon atom, labelled C, and C2 re- 
spectively, and the solvent molecule in the transi- 
tion state by an oxygen atom (0,). Sims et al. 
(27) proposed a similar transition state in which, 
however, the bond order around the carbon atom 
at the seat of displacement was kept constant. 

In the transition state the bond order of the 
C,-Br, bond is n,, the bond order of the 
C,-0, bond n2 and the sum of n, and n, is n,. 
In the calculations, n, has been varied from 0 to 1 
to give a series of transition states with varying 
degrees of carbonium ion character. If n, is zero 
the central carbon atom has a full positive 
charge, which may be delocalized into the phenyl 
ring. The corresponding negative charge will 
then be on the leaving group (the bromide ion). 
Also, for values of n, smaller than one, the 
central carbon atom can carry a fractional 
positive charge of (1 - n,)ef, which, similarly 
may be delocalized into the phenyl ring. If the 
percentage of delocalization is p, then the bond 
order of the C,-C, bond in the transition state 
will be (1 + p(l - n,)/100). 

If the force constant of the single C-C bond 
is 3.68 mdyn/A, then f , , ,  the stretching force 
constant of the C,-C, bond in the transition 
state, will be 3.68(1 + p(l - n,)/100). The ex- 
pression for f,, in Table 1 corresponds to p 
equals 60%. 

The transition state in Table 1 with n, = 0 is 
taken as a model for a limiting SN1 process. The 
transition states with a value of n, between 0 and 
1 will correspond to processes with characters 
intermediate between pure SN1 and SN2 mecha- 
nisms. 

The choice of internal coordinates deserves 
additional comment. A set of 3N - 6 linearly 
independent internal coordinates is sufficient to 
describe the vibrational motion of the atoms in 
a molecule-fixed coordinate system (27). One 
must choose, however, the most significant set 
of internal coordinates (28, 29) and the best 
choice is not always easy. Although bond 
stretching coordinates never form a linearly 
dependent set, valence angle bending internal 
coordinates can easily form such a set, such as 
the non-linear valence angle bending coordinates 
in the initial state in Table 1 (29). Since calcula- 
tions showed that kH/kD is strongly dependent 
upon the choice of bending coordinates while 
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k12/k13 is unaffected, a redundancy of coordi- 
nates has been used to be sure that the most 
important coordinates were included. If there 
are i redundant coordinates, and the molecule is 
stable, 3N - 6 non-zero frequencies will be 
obtained from the secular determinant and i 
zero ones. Therefore the redundancy is easily 
removed by neglecting the zero frequencies. For 
non-linear transition states 3N - 7 non-zero, 
real frequencies are obtained. The force field 
that fits best is that described in Table 1. The 
force field for the initial state is diagonal. Except 
for the interaction force constant f,,(= fj,) all 
off-diagonal F matrix elements for the transition 
state are also zero. All force constants of the 
single bonds have been determined by Badger's 
rule (23). 

The theoretical expression for kinetic isotope 
effects [I], using transition state theory and 
statistical mechanics, is 

("nh '"i/2'l)] 
sinh (uii2), ,, 
sinh (u ,/2), 

In this expression the subscript 1 refers to the 
lighter isotope, while 2 refers to the heavier one. 
M i  is the molecular weight, I ,  the principal 
moment of inertia, mi the normal frequency, n 
the number of atoms in the initial state (IS), rrr 
the number of atoms in the transition state (TS) 
and 

ui = (hcoi)/(kT) 

A computer program has been written to  
calculate the isotope effect. The normal fre- 
quencies mi have been evaluated from the 
matrix equation (29). 

121 GFL = LA 

The G matrix elements have been determined by 
use of the expression 

The B matrix elements have been evaluated 
using the method of Pariseau et al. (30). Al-. 
though there are other ways (12, 31, 32) to 
obtain a zero or an imaginary frequency for the 
transition state, the force field in Table 1 was 
found the most satisfactory. 

Results and Discussion 

The primary purpose of these model calcula- 
tions is to  investigate a collective representation 
of the transition state in nucleophilic substitution 
reactions in the condensed phase for which there 
is no direct experimental evidence for unstable 
intermediates. Therefore, it is suggested, that  
the model should not be considered to represent 
the transition state of benzyl bromide in nucleo- 
philic substitution reactions only, but should 
be interpreted similarly to  Fry's (21) "symbolic 
model". The force constants in the initial state 
and transition state vary from system to system 
and are not necessarily equal t o  those in Table 1. 
However, by a systematic study of the impor- 
tance of a force constant or a set of force con- 
stants some insight can be gained into their role 
in the determination of the magnitude of kinetic 
isotope effects. 

Figure 1 shows the dependence of k12/k13 a n d  
k,/k, on n,, the  sum of the bond orders of  the  
C-0 and C-Br bonds. For n, = 0, S,1, the  
carbon-13 isotope effect is about  0.98 and the  
deuterium isotope effect 1.18, while for n, = 1, 
S,2, the carbon-13 isotope effect is 1.05 and the 
deuterium isotope effect 1.00. The temperature 
is 300 OK and n1 is equal to 0.4n1. The results 
are in agreement with experimental trends (8, 11) 
and it is particularly worth noting that the  
relationship between isotope effect and n, is 
almost linear. 

Calculations showed that k12/k13 may b e  
quite dependent upon the relative magnitudes 
of n1 and n,, or, phrased differently, whether 
the transition state is reactant- or product-like. 
Figure 2 shows the dependence to be greatest 

FIG. 1. The dependence of kl,/kl, and kH/kD on n,, 
with nl equal to  0.4n,. 
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BRON: CALCULATIONS OF KINETIC ISOTOPE EFFECTS 907 

FIG. 2. kI2/kl3 as a function of the product or 
reactant like character of the transition state (n, + n, = 
4. 

for n, = 0.6 and smallest for n, = 0.1. The 
decrease in importance of the product- or 
reactant-like character of the transition state 
with decreasing n, follows from the force constant 
relationships used to define the force field of the 
transition state and the first quantum correction 
(12, 23). However, the maximum at n, = 0.6 is 
not readily explained without ambiguity and 
deserves further investigation. 

The plots in Fig. 2 are linear for n, < 0.6 and 
become curved for larger values of n,. Since 
curvature is largest for n, = I, only this curve 
has been shown to represent n, > 0.6. Contrary 
to the results reported by Sims et al. (26) the 
curve corresponding to n, = 1 does not show a 
maximum. The reasons for this difference are 
not clear because the required details of their 
calculations have not been included in their 
paper. The deuterium isotope effect is insensitive 
towards relative changes in n, and n,; even for 
n, = 0.6 the effect changes by less than 0.01 if 
n, is varied from 0.2 to 0.8. This result is not 
surprising since it can be readily shown by means 
of the first quantum correction, in terms of F 
and G matrix elements and the high temperature 
limit (12), that the deuterium isotope effect 
should be almost insensitive towards changes 
in n ,  for a particular value of n, and for the 
investigated model for the transition state. 

Figure 3 shows the dependence of k,,/k,, 
upon f,,, the interaction force constant of the 
internal coordinates of the transition state that 
are defined by the change in the C-0 and the 
C-Br bonds. A clear trend can be noted. As 
f,, increases, kl,/k13 increases for both n, = 
0.1 and n, = 1.0. If f,, is equal to zero, however, 

FIG. 3. k12/k13 US. the interaction force constant, 
f 4 ~ .  off44 andfss. 

the force field predicts that SN1 and SN2 reactions 
exhibit nearly equal isotope effects, which, by 
changing the force constants, cannot be made to 
agree with experimental 13C and 'H isotope 
effects at the same time. Therefore f,, may p!ay 
an important role in determining the magnitude 
of kinetic isotope effects. The deuterium isotope 
effect is remarkably insensitive towards f,,, and 
indeed in all calculations it has been found that 
k,/k,, as a rule, is almost exclusively dependent 
upon all bending force constants (f,, - f,,.,,) 
and shows little dependence upon f,,, f,,, and 
f,,. The situation is entirely different for k,,/k,, 
which shows a strong dependence upon the 
reaction coordinate, defined by f,,, f,,, and f,,, 
and a smaller dependence upon the bending and 
stretching force constants. The calculations 
suggest that, experimentally, k,/k, gives infor- 
mation about changes in the bending force 
constants with respect t o  some standard reaction, 
which is in agreement with the findings of other 
workers (34), while k, ,/k,, supplies details about 
the reaction coordinate defined above. 

It has been proposed (11) that overlap of a 
vacant p orbital with the phenyl ring in the 
transition states in solvolytic reactions of benzyl 
halides may explain the large difference in k1,/kl3 
for SN1 and SN2 reactions. These model calcula- 
tions suggest that f,, (C--C bond) is much less 
important than previously suspected (21). In 
fact k,,/k,, decreases linearly by less than 0.02 
(n, = 0.1 ; n, = 0.04) when f,, is varied from 
3 to 7 mdyn/& while the deuterium isotope 
effect is insensitive towards changes in f, ,. 

It was found, in general, that the explanation 
of isotope effects in terms of a single force 
constant or set of equivalent force constants, like 
f,, - f,,,,, and f,, - fa,, may not be sufficient. 
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908 C A N .  J .  C H E M .  

To explain an isotope effect a comparison of 
force constants in the transition state with force 
constants in the initial state is not possible, 
because the transition state does not generally 
contain the same number of atoms. Therefore. 
except in unimolecular decompositions, the 
transition state does not have the same number 
of internal coordinates and force constants (29). 

It has been suggested (1 I) that the temperature 
dependence of kI2 /k l3  may be used to distinguish 
between SN2 reactions and reactions that proceed 
through or approach a limiting SN1 mechanism. 
The present calculations clearly support this 
notion. Figure 4 shows a non-linear increase for 
k,, /k13 with increasing temperature when n, is 
equal to 0.1. For n, = I the trend is in the 
opposite direction since k12/k13 decreases with 
increasing temperature. For n ,  = 0.3, k12/k13 
only changes from 1.000 to 1.003 by raising the 
temperature from 200 to 500 O K .  An inversion of 
the temperature dependence takes place if n, is 
about 0.3. At this value for n,, k12/kl ,  is almost 
temperature independent. 

The temperature dependence of the calculated 
deuterium isotope effect is shown in Fig. 5 for 
n ,  = 0.1. Clearly the deuterium isotope effect 
decreases rapidly with increasing temperature. 
For n, = 1, however kH/kD is 1.002 at 200 and 
0.998 at 500 O K .  The temperature dependence of 
the a-deuterium isotope effect suggests that it 
may be ambiguous to deduce from a single 
measurement of kH/k, at a particular tempera- 
ture the detailed mechanism of a given reaction 
without measuring the temperature dependence 
of the isotope effect. This, of course, also holds 
for the carbon-13 isotope effects and for the 
isotopic method in general (31). 

The calculations show that the replacement of 

FIG. 4 The change of k I 2 / k I 3  with temperature. 

VOL. 52,  1974 

1 . 4  

k ~ ' k ~  

1.2 

FIG. 5. k,/k, as a function of temperature. 

Br by C1 in the initial and transition states 
increases kl , /k13 by 0.009 for n, = 0.1 and 0.006 
for n ,  = 1. The deuterium isotope effect decreases 
by less than 0.002 for all values of n,. The 
geometry and force field are basically the same 
in both cases with only the relevant bond length 
and force constant changed. The bond order 
n ,  is, again, 0.4 n ,  and the temperature 300 O K .  

This result suggests that for solvolytic reactions 
k12/k,,  and kH/kD may not be particularly 
sensitive to the halide leaving group, if the 
geometry and force field of the initial and 
transition states (or reaction mechanism) are 
basically the same. The effect of the leaving 
group on the magnitude of cr-deuterium isotope 
effects for solvolytic reactions believed to have a 
limiting mechanism has been discussed by 
Shiner et ul. (34). 
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The Kinetic Activation Volumes for the Binding of Iodide to Cobalamin 
(Vitamin BI 2) Studied on a High Pressure Laser Temperature Jump Apparatus1 

BRIAN B .  HAS IN OFF^ 
Utliversiry Cl~er~zical LrrDorarory, Uui\,ersity of  Kerlt at Car~terblrry, Catlter-brrry, Kerlt, Englanrl 

Received August 7, 1973 

The relaxation kinetics of the reaction of iodide with cobalamin (vitamin B12) were 
studied on a high pressure laser temperature jump apparatus in aqueous solution at  25" 
and ionic strength 0.2 M .  Analysis of the pressure dependence of the formation and 
dissociation rate constants gave their respective volumes of activation to be: ~ V I *  = 
5.5 * 0.8 cm"ol-' and IV,,:': = 11.5 f 1.6 cm:' mol-'. The positive activation volume 
for formation of the complex, A V , * ,  after appropriate correction for the volume change 
due to formation of an outer sphere complex, is consistent with a dissociative type 
mechanism in which the metal ion - water bond is stretched in the activated complex. 

Les relaxations cindtiques de  la rdaction d'iodure avec la cobalamine (vitamine BIZ) ont 
CtC Ctudides sur un appareil laser A haute pression A tempkrature discontinue en solution 
aqueuse A 25" et B une concentration ionique de 0.2 M .  L'analyse de la dCpendance de la 
pression suivant les constantes des vitesses d e  formation et d e  dissociation donne leur 
volume respectif d'activation : AV,* = 5.5 f- 0.8 c m b o l - '  et A V I *  = 11.5 * 1.6 cd 
mol-'. Le  volume d'activation positif pour la formation du complexe AVt* ,  aprks correc- 
tion appropriCe pour le changement du volume dO a la formation d'un complexe d e  sphZre 
externe, est conforme B un mCcanismc type dissociant oh la liaison l'ion du mCtal - eau 
est allongde dans le complexe activC. [Traduit par le journal] 

Can. J .  Chern., 52,910(1974) 

Introduction 
The macrocyclic corrin compound confers un- 

usual properties to the ligand substitution kinet- 
ics of the Co(II1) derivative. For example, the 
second order rate constant for ligand substitution 
is about lo7 faster on cobalamin (vitamin B, , )  
than on other simple Co(II1) compounds (1). 
Previous work has measured the kinetics of the 
reaction of cobalamin with N3-, OCN-, and 
SCN- (2, 3) as well as more recently the kinetics 
and activation parameters for I-, Br-, S,032-, 
HS03-, and SO,'- (4, 5). 

The benzimidazole side chain on cobalamin 
coordinates with the Co3+ in one of the axial 
positions preventing formation of 2 : 1 complexes 
with small ligands; this is often a complicating 
factor in studying the ligand substitution kinetics 
on other metal ion macrocyclic complexes such 
as porphyrins (1). 

By measuring the influence of pressure on the 
rate constant of a reaction, 

'This work has been supported by the Science Research 
Council (Great Britain) by Research Grant  B/SR/8667. 

'Present address: Department of Physical Sciences, 
Notre Dame University of Nelson, Nelson, British 
Columbia. 

it is possible to obtain the activation volume, 
A V*,  the difference between the molar volume 
of the transition state and the ground state of 
the reactants. From AV* inferences can be made 
about the mechanism of ligand substitution (6-8). 
Previous pressure studies on the kinetics of sub- 
stitution on labile metal ions, including Ni2+, 
Co2+, Zn2+, and Cu2+ (9, 10) with ligands in- 
cluding NH,, PADA (pyridine-2-azodimethyl- 
aniline), and glycinate-, gave activation volumes 
that were consistent with the generally accepted 
dissociative mechanism (1 1). That is, in the 
activated complex, ligand bound water dissociates 
from the metal ion. 

Experimental 
Materials 

All reagents used, cobalamin (vitamine B,,,, cryst. 
puriss, Fluka A.G.), K N 0 3  (Fisons AR), KI (Fisons L a b  
R,  99% min), and Napthol Green B (BDH Stains), were of 
highest purity available. All solutions were prepared with 
triply distilled water on a molar concentration scale. F o r  
the purposes of the  pressure work, the rate and equilib- 
rium constants a r e  on a molality scale reduced to molarity 
a t  I bar (6-8); that  is, no correction was made for the 
compression of t he  solvent. The total ionic strength was 
kept constant a t  0.2 M by the addition of appropriate 
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HASINOFF: ON KINETIC ACTIVATION VOLUMES 911 

amounts of KNO,. Generally, kinetic relaxation experi- 
ments were conducted on solutions within 1 h of prepara- 
tion. 

Kinetic and Equilibrium Measurements 
The high pressure laser temperature jump apparatus 

used in previous studies (9,lO) has been described in some 
detail (12). I t  is sufficient to say that therelaxation kinetics 
of I -  substitution on cobalamin were followed spectro- 
photometrically a t  570 nm (13) on a Tektronix 549 stor- 
age oscilloscope. The ruby laser pulse was 90% complete 
in 500 ps and was much faster than the observed chemical 
relaxation. 

The sample solution was contained in a cylindrical 
Pyrex spectrophotometric cell sealed by a KEL-F piston 
and a rubber O-ring (12). 

The exponential traces, obtained upon perturbation of 
the equilibrium between cobalamin and I-, were measured 
by a trace matching method to  obtain 7-I, the reciprocal 
relaxation time (12). The temperature of the stainless steel 
pressure vessel was maintained constant to within 0.1" and 
was such that the final temperature of the solution was 
25.0" after the application of the temperature perturba- 
tion from the ruby laser. 

All reaction solutions contained equal concentrations 
of the inert dye, Napthol Green B, to absorb the light 
energy from the laser pulse and produce a 4.2" tempera- 
ture jump (12). The concentration of Napthol Green B, 
which was present a t  a very low concentration, was such 
that its absorbanceat694 nm, thewavelength a t  which the 
ruby laser emits light, was 1.14 cm-I. Differential spectro- 
photometric measurements, conducted with a tandem cell 
arrangement in a thermostatted recording spectrophoto- 
meter (Perkin-Elmer 402), indicated that the spectra of 
Napthol Green B was not measurably affected by the 
presence of cobalamin, K I  o r  KNO,. Similarly, the 
spectra of cobalamin or its equilibrium with I -  was also 
not measurably affected by the presence of the dye 
absorber. 

The concentration of cobalamin in all kinetic experi- 
ments was kept constant a t  5.9 x lo-' M ;  that of I- was 
much larger, in the range 0.01 t o  0.2 M. The measured 
p H  of all solutions was 5.5 or slightly lower so  that the 
concentration of the hydroxide complex of cobalamin was 
kinetically insignificant (4). 

Equilibrium measurements for the reaction of cobala- 
min and I- were conducted on the recording spectro- 
photometer thermostatted at  25.0" and at a wavelength of 
560 nm in the manner described by Pratt and Thorp (13). 

Results 

The reaction of cobalamin (CBM) with I- is 
given by 

k¶ 
[21 CBM + I- CBM-I 

kd 

where k, is a second order formation rate con- 
stant and k, is a first order dissociation rate con- 
stant (2-5). The relaxation expression for reac- 
tion 2 is (4) 

13 1 T-' = k,([CBM] + [I-]) + k, 

where [ ] represents an equilibrium concentration. 
However, under the conditions of this study, 
[I-] >> [CBM] so that 

Hence a plot of T-' us. [I-] gives k, as  the slope 
and k, as the intercept. Results, obtained at a 
series of constant pressures, are shown in Fig. 1 ; 
the straight lines are those calculated from 
weighted linear least squares analyses of eq. 4. 
The value of k, is with its standard deviation 
(2.6 + 0.2) x lo3 M - ' s-' at 1 bar, 25.0°, and 
ionic strength 0.2 M. This compares t o  the value 
of k, previously determined of 1.4 x lo3 M-' 
s-' at 1 bar, 25.5", and ionic strength 0.5 M, 
which is in good agreement if allowance is made 
for the effect of ionic strength on the rate con- 
stant (4). Similarly, the value of k, is 42 + 6 s-' 
which also compares well to the previously de- 
termined value of 35 s- '  obtained under slightly 
different conditions (4). 

The formation equilibrium constant for reac- 
tion 2, 

K = [CBM-I]/[CBM:J[I-1, 

was determined to have a value of 53 M-'  at 
1 bar under the conditions that the kinetic experi- 
ments were conducted. Since from reaction 1 
K = k,/k,, the kinetically determined value of K 
from the plot of the data of Fig. 1 (slope/inter- 
cept) is calculated to be 61 + 10 M - I  a t  1 bar, in 
good agreement with that determined spectro- 
photometrically. 

Generally, the pressure dependence of log k is 
analyzed with either of two equations (6-8): 

FIG. 1. 7-I as a function of [I-] a t  25.0" and ionic 
strength 0.2 M. Best fit linear least squares calculated lines 
are from the top, at constant pressures of: 0.001, 0.34, 
0.69, 1.03, and 1.38 kbar respectively. Slopes and inter- 
cepts give kt and k,. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



912 CAN.  J .  CHEM. VOL. 52, 1974 

log k = a + bP 
or 

log k = a + bP + cP2 

The latter equation assumes that a plot of log k 
is curved with pressure; that is AV* itself is a 
linear function of pressure. In cases where there 
is little curvature or the curvature is only poorly 
determined, it is common to use the equation that 
is linear in P only. In the analysis of both the log 
k, and log k, pressure data the parabolic equa- 
tion gives a better fit than the linear equation. 
There are substantial grounds, however, for re- 
jecting the more complex three parameter fit 
over the simpler two parameter linear fit. The 
standard deviation in log k, and log k, are for the 
linear fits: 0.020 and 0.028 respectively. By com- 
parison the parabolic fit gives for the standard 
deviation in log k, and log k, values of 0.01 1 and 
0.010 respectively. The standard deviations of 
log k, and log k, at each pressure were measured 
independently from the slopes and intercepts 
obtained by linear least squares analysis of the 
plots of T-' vs. [I-] at each successive pressure. 
The average standard deviations from these re- 
sults are 0.026 and 0.055, respectively. These 
values are more comparable in size to the values 
obtained from the linear fit than from the para- 
bolic fit. This indicates that even though the 
parabolic equation provides a better fit to the 
data there is no justification for going to the more 
complex model to rationalize the data. 

Further, the values calculated for thechange in 
compressibility of the transition state, 

AP* = - (aAV*/aP),(I/A V*) 

from the parameters b and c in the parabolic 
equation are for the formation and dissociation 
reaction: (5.8 f 3.5) x bar-' and (- 165 f 
418) x bar-'. Since the standard devia- 
tions on these parameters are as large as the 
parameters themselves they are only very poorly 
determined. It should be noted in the latter case 
the sign of the change in the compressibility of 
the transition state is inconsistent with the 
reasonable physical model in which the molecular 
species become more incompressible at higher 
pressures. The best fit weighted linear least 
squaTes analyses of the data, plotted as log k,, 
log k,, and log K us. P., are shown in Fig. 2. 

Values of the activation volumes determined, 
are with their standard deviations 

1 1.30 
0.5 1-0 

P ( k b a r )  
FIG. 2. log k r ,  log K, and log k., as a function of P at  

25.0" and ionic strength 0.2 M. Thestraight lines are those 
calculated from linear least squares analyses. Error bars 
are standard deviations calculated from the linear least 
squares analyses of the data in Fig. 1 .  The slopes of the 
straight lines give AVr*, AVO, AV,*, respectively, from 
eq. 1 .  

AV,* = 11.5f 1.6 cm3 mol-' 
and 

AVO = - 5.8f2.3 cm3 mol-' 

As was the case with the systems studied by 
Thusius (4),a fast prior change in absorption (here 
observed to be complete in less than 500 ps, the 
resolution time of the laser temperature jump 
apparatus, and of amplitude comparable to the 
chemical relaxation) was observed in addition to  
the single chemical relaxation, .r, for the binding 
of I-  to cobalamin. The origin of this fast absorp- 
tion change (which was determined to be faster 
than 20 ps for CBM-SCN on Thusius' modified 
joule heating temperature jump apparatus (4)) 
has not been satisfactorily resolved but could be 
due to either temperature dependent molar 
absorptivities of cobalamin or  a fast intramolec- 
ular transformation in the corrin ring. 

Discussion 
It appears that a number of ligand substitution 

reactions on metal ions are consistent with 
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HASINOFF: ON KINETIC ACTIVATION VOLUMES 913 

Eigen and Wilkins' mechanism (11) in which 
after prior formation of an outer sphere com- 
plex, ligand water dissociates from the metal ion 
in the transition state. There is some evidence to 
indicate that cobalamin contains water in its 
sixth axial coordination position (1, 4). This 
mechanism would be: 

[S ]  CBM-OHz+ 
K o s  k~ + I- S CBM-0H2+,I- + CBM-I 

k d  

where CBM-OH2+ is cobalamin now shown as 
the aquo complex with its overall charge and 
CBM-0H2+,I- is an outer sphere complex. 
This mechanism predicts (1 1) when Kos[I-] << 1 
that: 

where KO, is the equilibrium constant for forma- 
tion of the outer sphere complex and kHz, is the 
first order rate constant for the dissociation of 
water from cobalamin in the outer sphere com- 
plex (11). From eq. 6 it is apparent that 

Hemmes (14) developed a theoretical expression 
for AVO: which gave reasonable agreement with 
experiment, 

where R is the gas constant; z+ and z- are the 
charges on the two ions; a is the distance of 
closest approach, D is the dielectric constant; k 
is Boltzmann's constant, and P is the solution 
compressibility. There is some ambiguity in 
choosing a value of z+z-  appropriate for the 
outer sphere complex between cobalamin and 
I-.  When all charges on cobalamin are taken in- 
to account, at the p H  at which this study was 
conducted, cobalamin formally has a charge of 
+ 1; obtained from the sum of + 3  from the 
Co(II1) ion, - 1 from the corrin ring, and - 1 
from a phosphate ester side group. Following 
previous work (lo), and taking a as 0.5 nm; for 
z+z- = - 1, eq. 8 predicts that AVO: = 1 . I  
cm3 mol-l. Since the phosphate group is quite 
distant from the site of the metal ion where the 
outer sphere complex is presumably formed, it 
may be more reasonable to treat the outer sphere 

complex as having a z+z- effectively equal to 
-2. Equation 8 now predicts that AV,; = 3.2 
cm3 mol-l. It should be noted that either value 
of AVO: chosen does not change the qualitative 
nature of the following discussion. 

From eq. 7 AVHzo* is calculated t o  be (5.5 - 
3.2) = 2.3 cm3 mol-I when z+z- = -2. The 
positive value of AVHz0* so calculated is consis- 
tent with a dissociative type mechanism in which 
in the activated complex there is stretching of the 
metal ion - water bond (6-8). 

The positive value of A Vf* is consistent with a 
dissociative mechanism even if the simple Eigen 
mechanism is inoperative for this complex 
Co(II1) cation. 

Values of AV,,,,* and AVf* for ligand sub- 
stitution on a number of other metal ions, as- 
suming a dissociative type mechanism, are given 
in Table 1 for comparison. 

It is interesting t o  note that AV,,,* for the 
cobalamin reaction is similar in magnitude to 
that for solvent water exchange on Co(NH,),- 
OHZ3+. The mechanism of substitution on this 
Co(II1) complex is presumed to proceed through 
a dissociative interchange mechanism (15, 16). 

The small value of AVHzO* for cobalamin may 
indicate that H 2 0  in cobalamin is only weakly 
CO-ordinated to the central cobalt ion, necessi- 
tating only a small volume change for formation 
of the transition state. This might also explain, 
in part, why the activation enthalpies for ligand 
binding to cobalamin are anomalously low for a 
Co(II1) complex. 

It is likely that it is the presence of the corrin 
ring that increases the reactivity of Co(II1) to- 
wards ligand substitution. In this regard, the 
activation volume, AVH,,*, for CO binding to 
heme, a Fe(I1) protoporphyrin IX complex, is 
similar to that for cobalamin (Table 1). This 
shows that there may be a common effect due to 
the presence.of a highly conjugated ring system. 
Ligand substitution on heme was presumed to 
proceed through an activated complex in which 
water was, at best, only loosely bound to the 
central metal ion. 

The kinetically determined value of AVO of 
- 5.8 k 2.3 cm3 mol- ' cannot be explained in 
terms of volume changes expected on simple 
electrostatic models for reactions between simple 
oppositely charged ions (6-8). Generally, charge 
neutralization is accompanied by an increase in 
volume due to the release of electrostricted sol- 
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TABLE 1. Calculated values of AVH2,* assuming a dissociative 
mechanism for ligand substitution 

A VH,O* A Vf* 
Metal complex Metal Ligand (cm3 mol-') (cm3 mol-') 

Cobalamin + Co(II1) 
Co(NH3)OHZ3 + Co(II1) 
CoZ + Co(I1) 

I -"  
H20b 
PADA' 
NH3' 
Glycinate-d 
coe 
C1 -J 
PADAc 
NH3' 
GlycinateCd 
Glycinate-d 
Glycinate-d 

'This work. Overall charge o n  cobalarnin indicated. 
bReference 15. 
<Reference 9. 
dReference. 10. 
'E. F. Caldin and B. B. Hasinoff. Submitted for publication. Reaction medium: 80% v/v ethylene 

glycol - water. 
J B .  B. Hasinoff. In preparation. 

vent water about the ions. The failure of 
Cr(H20),0H2+ and Co(NH,),0H2+ in reac- 
tion with H+ to likewise give values of AVO ex- 
pected on the basis of simple application of 
electrostatic theory have been pointed out (17) 
and attributed to the effective spreading out ofthe 
+ 3  charge over the surface of a large sphere. 

If there is in fact a fast intramolecular process 
in cobalamin, the anomalous volume change ob- 
served for the reaction of cobalamin and I- 
could be due to this process occurring in addition 
to a simple ligand substitution. If this were the 
case eq. 7 would then become: AVf* = AVO: 
+ AVint.mol.O + A VHZO*, where A Vint.mol.O is the 
volume change for the presumed intramolecular 
process. If AVin,.mol,O were comparable in size 
to AVHz0*, then the interpretation of AVf* is 
more complex than indicated. 

I would like to acknowledge the advice and encourage- 
ment of Professor E. F .  Caldin in the course of this work. 
I am also grateful for helpful discussions with Dr. M. 
Grant. 
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Etude comparee des spectres d'absorption dans le proche infrarouge des 
complexes 1-1 entre l'eau et les bases, en melanges ternairesl 

A N D R ~  BURNEAU ET JACQUES CORSET 
Ltrbororoir.~ tle .S/)rc~~roc.hir~iir MolCcr~ltrirr. Bdrii,ic~irr F ,  Uiri~~c,r.sirP tle Ptrris V I .  75230 Poris Ctt1e.r 05, el 

LtrDor~tr/air~c~ tle Cliiirri~, PIIJsI 'c~II~~,  C . N . R . S . ,  2 r11r He11r.i D ~ I I I L I I I ~ ,  94320 Tlrittis, FPLIIICP 

Requ le 29 octobre 1973 

Les spectres des complexes entre une mol6cule d'eau et une mol6cule d'accepteur d e  
proton sont obtenus B partir de mtlanges ternaires eau - base - tttrachlorure d e  
carbone. L'attribution vibrationnelle de ces spectres est faite en s'aidant d'un calcul 
realis6 anttrieurement et en examinant la forme des absorptions et leur frCquence 
suivant la base. Avec les complexes HOH . . . B, on observe que les bandes correspondant 
aux combinaisons ~ ( 0 1 1 ) ,  qui mettent en jeu le vibrateur OH libre, sont plus Ctroites 
qpe ~ ( 1 1 0 )  et ont toujours un coefficient d'extinction plus grand. Au contraire, dans la 
regton 7000-7300 cm-', I'absorption la plus intense est la combinaison ~ ( 1 0 1 )  avec les 
bases faibles, et I'harmonique ~ ( 0 0 2 )  avec les bases fortes. 

The spectra of the complexes involving a water molecule and a proton acceptor 
molecule are obtained by using ternary mixtures water - base - carbon tetrachloride. 
The vibrational assignment of these spectra is performed through a prior calculation 
and by examining the shape of the absorptions and their frequencies according to the 
base. With the complexes HOH . . . B, it is observed that the bands related to the 
~ ( 0 1 1 )  combinations, which involve the free OH group, are narrower than ~ ( 1 1 0 )  and 
have always a larger extinction coefficient. In the 7000-7300 cm-' region, the most 
intense absorption is the ~ ( 1 0 1 )  combination with the weak bases, but the ~ ( 0 0 2 )  
overtone with the strong ones. 

Can. J. Chern., 52,915 (1974) 

1 Introduction 
On sait que dans un melange eau - base(B) - 

tttrachlorure de  carbone suffisamment dilut en 
eau, la moltcule d'eau peut &tre soit quasi libre, 
soit engagte dans des complexes 1-1 (HOH ... B) 
ou 1-2 (B ... HOH ... B) (1-3); la proportion des 
esp2ces dtpend de  la nature de la base et de sa 
concentration dans le melange ternaire. Le but 
de  cette t tude est de gtntraliser les analyses que 
nous avons faites anttrieurement en utilisant 
l'hexamtthylphosphorotriamide (2) et l'acetone 
(3), et de preciser l'interprttation des spectres 
des complexes 1-1 en fonction de  la force de la 
base. 

Afin de connaitre la gamme de concentrations 
oh le complexe 1-1 prtdomine, il faut analyser 
l'tvolution du spectre de l'eau en fonction de  la 
proportion de basedans chaquemtlange ternaire.2 

Les spectres des complexes DOD ... B, HOD ... B 
et B...HOD ont t t t  ttudies en faisant varier le 
taux isotopique de l'eau suivant une mkthode 

'Avec la collaboration technique de Jean Limouzi. 
2L'ensemble de ce travail a Cte resume sous forme de 

figures dans la ref. 4 ;  il ne sera pas repris ici. 

qui permet, dans certains cas, d'attribuer le 
spectre malgrt la coexistence de  10 especes (2). 

Conditions experimentales 
Les solvants organiques utilises comme accepteurs de 

protons ainsi que leurs provenancessont indiques ci-apres: 
1 : acetonitrile (Prolabo, pour spectrophotometrie); 2:acC- 
tone (Prolabo, pour spectrophotumCtrie); 3: methyl- 
isoamyl-cetone (MIC) ou methyl-5 hexanone-2 (Light et 
Co, redistillke); 4:p-dioxanne (Merck, Uvasole); 5: tetra- 
hydrofuranne (THF) (Carlo Erba, pur); 6 :  tetrahydro- 
pyranne (THP) (Fluka, purum); 7:eucalyptol (Prolabo, 
pur); 8: N,N-dimethylacetamide (DMA) (Fluka, puriss); 
9:dimethylsulfoxyde (DMSO) (Prolabo, pour chroma- 
tographie en phase gazeuse); 10:hexamethyIphosphoro- 
triamide (HMPT) (Prolabo, pour chromatographie en 
phase gazeuse). En outre nous avons utilise le tetra- 
chlorure de carbone pour spectrophotornetrie, de chez 
Prolabo. Ces solvants ont t t e  dessiches sur tamis mole- 
culaire 4A. L'hydroquinone utilisee pour stabiliser le 
THF, a un taux de 0.05% environ, etait en fait totalement 
oxydte en quinone; nous avons observe la reduction de 
la quinone dans le melange H20-THF-CCI,: une bande 
vers 7064 cm-I,  caracteristique de I'hydroquinone, 
apparaissait en effet avec le temps. Pour cette raison les 
spectres discutts ici ont e te  enregistres immediatement 
a p r k  preparation de la solution, avant la formation de 
traces apprCciables d'hydroquinone. 

Les solvants deuteries, utilisis a cause de leur trans- 
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TABLEAU 1. Frtquences des transitions v(v1v2v3) observtes* 

HOH HOH ... B 

Acdtone 

1 621 

3 530 
3 689 

(5 139) 
5 288 
6 850 

7 150 

MIC 

3 535 
3 692 

5 135 
5 287 
6 850 

7 151 

THF THP 

1 620 1 620 

3 490 3 492 
3 689 3 689 

5 093 5 099 
5 288 5 287 
6 852 6 849 

7 133 7 134 

DMA 

3 215 
3 464 
3 687 

5 080 
5 291 
6 855 

7 118 

HMFT 

1 630 2 
3 216 2 
3 385 1- 
3 684 0 
4 760 " 
5 008 
5 297 ' 

6 866 2 
T 

(7 070) Z 

*Frequences en cm-'; les valeurs approchees sont indiquees enlre parenthtses. 
tRef6rences 7, 11-14. 
SReference 2. 
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BURNEAU E T  CORSET: ETUDE COMPARBE DES  SPECTRES D'ABSORPTION 917 

TABLEAU 2. Frequences des transitions v ( u ~ u ~ u ~ )  observees* 

D O D  D O D  ... B 
- 

vl v2 u3 Vapeurt SolutionCCI,$ Acetonitrile Acttone T H F  DMSO-d6 HMPT 

'Frkquences en cm-'; les valeurs approchkes sont indiqutes entre parenth8ses. 
tRkfkrence 7. 
SRtfkrence 2. 

parence, ont Cte fournis par C.E.A. France (taux iso- 
topique 99.3 a 99.8z). Nous n'avons pas t tudi t  le 
melange H,0-(CD3)2CO-CC14 parce qu'il s'y produit 
assez rapidement un Cchange isotopique entre I'eau et 
I'acetone. Les frequences portees dans les tableaux 2 et 3 
pour les melanges D,0-(CH3)2CO-CC14 et HOD- 
(CH3),CO-CCI4 ne sont donc donnees qu'a titre indicatif. 

Les spectres ont ttC enregistres a l'aide de spectrome- 
tres Perkin-Elmer 225, Beckman IR 12 et Cary 14, 
celui-ci Ctant equip6 d'un potentiometre d'tchelle 0-2 ou 
0-0.2 unites d'absorbance. En outre nous avons utilisk un 
dispositif permettant I'observation du spectre sous une 
epaisseur Cquivalente a 100 cm (5) pour montrer que les 
absorptions vers 8 710 - 8 730 et 10 490 - 10 500 cm-' 
n'impliquent pas seulement les molCcules H 2 0  libres, 
mais aussi les complexes 1-l(4). 

La temperature d'tquilibre des solutions dans les 
faisceaux du Cary 14 est d'environ 30 "C. La largeur de 
fente spectrale a generalement CtC maintenue a une valeur 
Bgale au dixieme de la largeur a mi-hauteur de la bande 
observee. 

La precision de la mesure du nombre d'ondes au 
maximum d'absorption est estimte, sauf indication 
contraire, de 1 a 5 cm-l, suivant la forme de la bande. 
Mais, quand il y a recouvrement de  bandes, ou quand 
ces dernieres sont larges, il est possible que le maximum 
d'absorption ne corresponde que de f a ~ o n  approchke a 
la position de la transition Ctudiee. De  plus, la frequence 
du maximum de certaines bandes, faisant intervenir un 
vibrateur associt, varie avec la concentration du melange. 

Resultats 
Les tableaux 1 a 3 rtsument l'attribution 

vibrationnelle pour les complexes HOH.. .B, 
DOD ... B, HOD ... B et DOH ... B. Les spectres 
les plus caracttristiques des complexes HOH ... B 
sont rassemblis dans la figure 1 ; nous avons 
choisi ceux qui prtsentent des traces de com- 
plexes 1-2, contribuant relativement peu a la 
rtgion 6400-7400 cm-l, plutat que ceux oh 

existe une quantitt notable d'eau libre qui 
complique I'interprttation. De ce fait, ces spectres 
comportent en gtntral une absorption entre les 
transitions v(011) et v(110) du complexe 1-1, 
dans la rtgion 5000-5300 cm-' : cette absorption 
doit Stre attribute aux complexes 1-2 (2). 

Les coefficients d'anharmonicitt x,, et x,,. 
ont Ctt CvaluCs en utilisant les relations dija 
dtfinies (6). Pour utiliser celles-ci dans les 
meilleures conditions, il faudrait connaitre les 
friquences purement vibrationnelles des transi- 
tions, corrigtes des rtsonances tventuelles, ce 
qui est difficile pour les phases condenstes. I1 y 
a cependant cohtrence entre les valeurs calcultes 
a partir de relations mettant en jeu des transitions 
diffirentes (tableaux 4 et 5): la precision des 
coefficients d7anharmonicitC est d'autant meil- 
leure qu'ils sont obtenus a partir de bandes 
impliquant le vibrateur libre, relativement 
Ctroites et peu sensibles a I'environnement. 

Discussion 
L'ensemble des rtsultats obtenus permet de 

gtniraliser la plupart des remarques faites B 
partir des complexes 1-1 entre I'eau et le HMPT 
ou l'acttone (2, 3, 6). 

Pour tous les complexes HOD ... B et  DOH ... B 
Ctudits, les coefficients d'anharmonicitk x,, sont 
voisins respectivement de 83 et 43 cm-l, valeurs 
observtes a l'ttat gazeux (7),; I1anharmonicitC 
des vibrateurs OH ou OD restts libres dans ces 

3En ce qui concerne les notations, rappelons que la 
coordonnee normale q, met essentiellement en jeu le 
groupement O H  ou O D  libre (2). 
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TABLEAU 3. Frequences des transitions v ( u ~ u ~ u ~ )  observees* 

HOD 
- 

Vapeurt Solution CC1,J Acetonitrile Acetone THF-d8 DMSO-d6 HMPT 

HOD ... B 
0 

Acetonitrile Acetone THF-d8 DMSO-d6 HMPT z 
1410  1 403 1 404 1400 L-( 

(2 626) 2 500 $ 
3 673 3 675 3 677 3 675 3 676 m 

5 
(4 029) e 
5 053 5 056 5 054 5 052 5 053 

6 406 
Id - 
w 

7 180 7 184 7 185 7 182 7188 2 
*Frequences en cm-I;  les valeurs approchees sont indiquees entre parenthbes. 
tRkferences 7. 15. 
SRkfkrence 2. 
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BURNEAU ET CORSET: ETUDE C O M P A R ~ E  DES SPECTRES D'ABSORPTION 

FIG. I. Spectres de la rnoltcule H,O engagte dans des complexes 1-1 avec les bases dans des mtlanges base - 
tetrachlorure de carbone. 
- 

Epaisseur de cuve 
Fraction rnolaire Concentration en eau (M) ( 4  

en 
Courbes Base base A B C A B C 

-- 
a Acdtonitrile 0.17 0.03 0.05 0.05 0.2 5 10 
b Acttone 0.25 0.04 0.04 0.12 0.2 5 10 
c p-Dioxanne 0.14 0.025 0.025 0.025 0.2 5 5 
d THF 0.28 0.05 0.05 0.05 0.1 5 5 
e THP 0.24 0.06 0.03 0.03 0.1 5 5 
fi Eucalypt01 0.37 0.075 0.075 0.075 0.06 2 2 
fi Eucalypt01 0.16 0.04 0.04 0.04 0.1 5 5 
6 1  DMA 0.21 0.1 0.1 0.1 0.06 2 2 
g2 DMA 0.04 0.02 0.02 0.02 0.2 10 10 
h DMSO 0.038 0.02 0.02 0.02 0.5 10 10 
i l ,  i HMPT 0.03 0.03 0.01 0.05 0.2 20 20 
i z  HMPT 0.03 0.05 20 

Les ordonntes i. gauche de chaque courbe correspondent a 0.2 ou 0.02 unitd d'absorbance pour les courbes - ou--- 
respectivement. Ces courbes ont etC obtenues en soustrayant le spectre du solvant mixte du spectre de la solution 
ternaire, dans les rtgions oh le solvant n'absorbe que modQtment. Les parties de courbes douteuses sont indiqukes 
par des tirets (---). 
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TABLEAU 4. Coefficients d'anharmonicite x,,, (en cm-')* 

H O H  H O H  ... B 

x .  Relationt Vapeurl Acetonitrile-d3 AcCtone MIC p-Dioxanne T H F  THP Eucalypt01 DMA DMSO-ds HMFT 

*Les valeurs approchkes sont indiqukes entre parenthises. 
tPour  les molkcules d'eau en solution, il s'agit des coefficients apparents; le chiffre entre parenthises carrkes indique alors celle desrelations [ I ]  I 191 de  la ref. 6 ayant servi a calculer les coefficients 

figurant sur  la ligne. 
$Coefficients corriges des rksonances kventuelles d'aprts ref. 7. 
§Pour le complexe 1-1 avec I'acktone, le desaccord entre les valeurs obtenues a partir des relations [61 et 171 peut provenir de I'impr6cision de la frequence ~ ( 1 1 0 )  (tableau I); pour les coefficients 

X I , ,  x , ,  et xz3 .  nous adoptons les valeurs (24), 69 et  22 cm-1; ils indiquent en effet que la frequence mesurke pour la transition ~ ( 1 1 0 )  pourrait Otre 12 cm-' trop grande, a cause de la bande 3 vCO 
de I'acetone. 
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BURNEAU ET CORSET: ETUDE COMPAREE DES SPECTRES D'ABSORPTION 921 

TABLEAU 5. Coefficients d'anharrnonicitt x,,,* (en crn-') 
- 

Valeur 

DOD ... B 
- - - - - 

xssf Relationt DOD Acttonitrile Acttone THF  DMSO HMPT 

Valeur 

HOD ... B 

XSS, Relationt HOD Acttonitrile Acttone THF  DMSO HMPT 

x11 43 
XZ z [41 12 12 
x3 3 [1 1 83 83 83 84, 5 84 82 
x12 [61 9 

13 
(7) 

x13 
X2 3 [6] 20 30 26 27 23 

Valeur, B...HOD 

XSS, Relationt Acttonitrile Acttone THF DMSO HMPT 

*Les valeurs approchees sont indiquees entre parenthbses. 
?Pour les molecules d'eau en solution, il s'agit des coefficients apparents; le chiffre entre parentheses carrees indique alors celle des relations 

[I1 a [91 de la ref. 6,ayant servi A calculer les coefficients sur la ligne. 
tcoeffic~ents corr~ges des resonances .5ventuelles d'apres ref. 7. 

complexes est donc bien 5 peu pres indtpendante 
de la complexation sur l'autre liaison (6). 
Cependant l'interaction d'une moltcule de base 
avec HOD entraine toujours, par rapport aux 
valeurs dans le tttrachlorure de carbone, une 
augmentation de frtquence d'une dizaine de 
cm-I pour l'klongation du vibrateur restt libre 
(tableau 3). Pour chaque complexe HOH ... B, la 
transition v(Oll), mettant en jeu le vibrateur libre 
a un coefficient d'extinction beaucoup plus 
grand que la transition v(110) (fig. I). Mais la 
rtsonance entre les niveaux (v,, v,, v,) et (7.1, + 1, 
v, - 2, v,) n'est pas observte avec les solvants 
moins basiques que le DMA (tableau I). 

La validitt du calcul effectut (8) pour prtvoir 
l'influence de la formation du complexe 1-1 sur 
les frtquences des transitions et les coefficients 
d'anharmonicitt, en fonction de la force de la 

liaison hydroghe, est ~on f i rmte .~  La fig. 2 
montre que l'tvolution des valeurs observtes 
pour v,, x,, et x , ,  est en bon accord avec celle 
que prtvoit le calcul. Les courbes calcultes 
pourraient Etre raffintes en tenant compte des 
variations de longueur de liaison, d'angle et de 
constante d'interaction f,, qui modifient le 
dtcouplage des vibrateurs et les coefficients 
d'anharmonicitt (8); mais dtj5 l'ensemble de la 
fig. 2 apparait assez significatif, surtout si l'on 
tient compte de la prtcision des mesures: pour 
H 2 0  et D20 ,  la diminution de symttrie entraine 
le dtcouplage des deux vibrateurs O H  ou OD, 

4Pour d6finir la diminution de constante de force f, 
associte ti chaque liaison hydrogene, les frtquences 
exptrimentales ont tte placees sur la courbe calculte pour 
vl, dans les figs. 2 et 3 (9). 
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FIG. 2. Evolution des frequences fondamentales et 
des coefficients d'anharmonicitd de la molicule H20 
engagie dans des complexes 1-1 en fonction de la diminu- 
tion relative de constantedeforcedu vibrateur associi. + : 
points expirimentaux; -: courbes calculdes (8). 

qui se traduit par la diminution de x , ,  et 
l'augmentation de x,,, ce dernier coefficient 
prenant a la limite la valeur caracteristique d'un 
vibrateur OH ou OD isolt (tableaux 4 et 5). 

L'absorption vers 7150 cm-' du complexe 
HOH ... 0=C(CH3), doit Etre attribuke a la 
combinaison v(101) et non pas a l'harmonique 
v(002) comme nous l'avions d'abord fait (3) en 
gCnCralisant directement les risultats obtenus 
avec une base forte telle que le HMPT (2). Pour 
le complexe HOH ... B, il convient en effet 
d'analyser la region 6800-7300 cm-' avec une 
attention particulitre (fig. 1). La bande vers 

FIG. 3. Evolution de diverses transitions fonda- 
mentales et harrnoniques de la moldcule H20 engagCe 
dans des complexes 1-1, en fonction de la diminution 
relative de constante de force du vibrateur associd. + : 
points expirimentaux; -: courbes calculies en ndgligeant 
la correction due a I'inergie cinitique d'interaction 
vibration-rotation: ---: courbe obtenue en admettant 
pour le complexe 1-1 la correction calculie pour I'etat 
vapeur (10). 

6850 cm-' est commune a tous les spectres et est 
attribuee a la combinaison ~(021).  En opposition 
au-dessus de 7000 cm-', le profil du spectre du  
complexe 1-1 depend de la nature de la base. 
Avec le DMSO comme avec le HMPT (2), 
I'intensitP: de la transition v(002) vers 7200 
cm-' est plus grande que celle de v(101) vers 
7100 cm-l; elle lui est tgale avec le DMA. 
Avec les solvants moins basiques que le THP 
ou le THF, c'est v(101) qui prkdomine, v(002) 
n'6tant plus distinguie. L'Cvolution du rapport 
d'intensitk des transitions v(101) et v(002) peut 
Etre interprktee de la f a ~ o n  suivante. Lorsque la 
diminution de constante de force est 
suptrieure a 1 1 %, valeur observCe avec le DMA 
(fig. 2), le dCcouplage entre les vibrateurs est 
suffisant pour que les coordonntes normales 9, 
et q3 n'aient pratiquement plus leur caracttre de 
symCtrie A ,  et B,: les bandes v(002) impliquent 
essentiellement le vibrateur libre et sont Ctroites 
comme v(001). En opposition, pour une diminu- 
tion de constante de force infkrieure a 8% environ, 
cas du dioxanne, la molCcule H 2 0  conserve un 
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BURNEAU E T  CORSET: E T U D E  COMPAREE DES SPECTRES D'ABSORPTION 923 

TABLEAU 6. Coefficients d'extinc- Remarquons enfin que la frequence de la 
tion estimCs pour les complexes transition v(101) est moins abaissCe que celle de 
H O H  ... B: 100 x E (en I mol-' 

cm-') v(100): cette difference provient des modifica- 
tions d'anharmonicite des vibrations normales 

B ~ ( 1 0 1 )  ~ ( 0 0 2 )  lorsque la molCcule H,O devient dissymetrique 

HMPT 11 33 
(8). 

En rCsumC, lorsque les moltcules H,O et D,O 
DMSO 29 3 7 

28 30 
sont dans un environnernent tel qu'elles n'ont 

DMA 
Eucalypt01 48 38 plus exactement la symetrie C,,, les deux 
T H P  50 10 vibrateurs OH o u  OD sont partiellement 
p-Dioxanne 50 - dCcouples. Ce dCcouplage intervient a la fois 
AcCtone 60 - 

-- pour dCfinir la valeur des coefficients d'anhar- 
monicitC, donc la frtquence des transitions, et 

certain caractkre de symCtrie C,,, et les transitions l'intensitk de ces transitions. 
les plus intenses sont alors virtuellement de type 
B,:  la transition ,,(002) ne peut plus etre dis- NOUS exprimons notre gratitude a Mademoiselle 

Josien, Professeur a I'UniversitC de Paris VI, pour 
tingute dans le 'pectre cause de I'intCr&t avec Ieque] a suivi de  ce travail. 
importante du coefficient d'extinction de v(101) 

6)y et du recOuvrement des bandes' Le I. P. SAUMAGNE et M. L. JOSIEN. Bull. SOC. Chlm. Fr. 
rapport d'intensite des transitions ~ ( 0 0 2 )  et 8 13 (1958). P. SAUMAGNE. Thltse d' Etat. Bordeaux. 
v(101) varie de la mEme faqon pour les complexes 1961. S.  C. MOHR, W. D. WILK et G. M. BARROW. J. 
DOD ... B. Am. Chern. Soc. 87. 3048 (1965). G. V .  YUKNEVICH,  

cette attribution est confirmee par la A. V.  KARYAKIN et A. V. PETROV. Zh. Prikl. Spek- 
trosk. 3 142 (1965). D .  N. GLEW et  N. S. RATH. Can. 

paraison des frCquences des absorptions v(101) 
J ,  CheL, 49, 837 (197 

et ~ ( 0 0 2 )  avec celles prCvues par le calcul (8) 2. A. BURNEAU et J. CORSET. J. Chim. Phys. 
(fig. 3). L'Cvolution des frkquences est plus Physicochim. Biol. 69, 142 (1972). 
significative que leurs valeurs propres a cause de 3. A.  B u R N E A u  et J .  CORsET. J .  Phys. Chem. 76, 449 

(1972). certaines de calcul. La 'Onstante de 4, A, BURNEAU, Thtse  d'Etat, C.N.R.S. A.0 ,  6526, 
force du vibrateur libre dans les complexes 1-1 Paris V1, 1973. 
expkrimentalement CtudiCs est voisine de la 5. A. BURNEAU. J. CORSET et J .  LIMOUZI. Meth. Phys. 
valeur f: = 8.275 mdyn/A, CvaluCe pour l'eau Analyse(G.A.M.S.), 7.33(1971). 

en solution dans le titrachlorure de carbone (6), ~ i y ~ ~ : ~ ~ , u B i ~ ~ ,  6i; l ~ q ~ ~ ~ ~ i ,  Phys. 

alors que le calcul a etC fait avec la valeurAO = 7. W. S.  BENEDICT, N. GAILAR et E. K .  PLYLER. J. 
8.453 mdyn/A, associCe a la molCcule d'eau a Chem. Phys. 24, 1 139 ( 1956). 
1'Ctat vapeur. En outre, la correction due la 8. A. BURNEAU et J .  CORSET. J .  Chim. Phys. 
partie Cnergie cinktique de l'hamiltonien (10) a Physicochim. Biol. 69, 153 

9. J .  LAURANSAN, J. CORSET et M. T. FOREL. Ann. CtC nCgligCe; pour la molCcule H,O a 1'Ctat Chim. (Paris), 3, ( 1968), 
gazeux, cette correction est nulle pour ~ ( 1 0 0 )  et 10. B. T. DARLING et D. M. DENNISON. P ~ V S .  Rev. 57. 
faible pour v(001) et ~ ( 1 0 1 ) ;  elle contribue un 128 (1940). W. F. LIBBY.  J. Chem. ~ h y s .  11, I O ~  

peu plus a v(002), et de faqon importante a (1943). 
11. G. HERZBERG. Infrared and Rarnan spectra. Van Nos- v(021) dont les valeurs calculCes doivent Etre trand, New York. 1945. 

envirOn loo cm-I trap faib1es (8). est 12. W. S. BENEDICT et E. K. PLYLER. J. Res. Natl. Bur. 
confirm6 en attribuant a ~(021)  la bande vers Stand. 46.246 (1951). , , 

6850 cm-' peu sensible a la force de la liaison 13. 0. C. MOHLERet W. S .  BENEDICT. Phys. Rev. 74,702 
(1948). hydrogene: On peut la dme 

14. R. C. NELSON et W. S. BENEDICT. Phys. Rev. 74.703 
correction pour la molCcule d'eau isolCe ou dans (1948). 
le cornplexe 1-1, correction a partir de laquelle 15. N .  M. G A I L A R ~ ~  F. P. DICKEY. J. MOI. ~pec t rosc .  4 ,1  
a ttC obtenue la courbe en pointillCs (fig. 3). ( 1960). 
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A Carbon-13 Nuclear Magnetic Resonance Study of Binding of Copper(I1) 
to Pyrimidine Nucleotides and Nucleosidesl 

GEORGE KOTOWYCZ 
Deprrrrmer~t of Clzernistry, Urziversity ofAlbertrr, Edrnorllan, Alberlrr T6G2G2 

Received September 19, 1973 

The influence of paramagnetic Cu" ions on the proton decoupled 'T n.m.r. spectra 
of pyrimidine nucleosides and nucleotides has been studied. For  5'-CMP, the C5 
resonance is broadened first on  the addition of Cu2+ ions followed by the C2, C4, and 
C1' resonances. From a comparison of the transverse and longitudinal relaxation rates 
of the base carbon nuclei due to the presence of Cu2+ ions, binding of Cuz+ t o  the N3 
nitrogen of 5'-CMP is predicted. A similar broadening behavior is observed for 5'-UMP, 
5'-TMP, cytidine, and uridine. This indicates that the Cu2+ ion is located near the N3 
nitrogen in these Cu2+-nucleoside and -nucleotide complexes. 

On a CtudiB l'influence des ions Cu2+ pararnagnktiques sur les spectres r.m.n. du "C 
de nucliosides de pyrimidine et de nucliotides dans lesquels les protons Btaient dB- 
couplBs. Dans le cas du 5'-CMP, I'addition des ions Cu" tlargit premikrement la 
rtsonance en C5  suivie par les rksonances en C2, C 4  et Cl'. En se basant sur les temps 
de relaxation transversale et longitudinale du carbone de la base dfi i la prCsence d'ion 
Cu" on prtdit que la fixation du CuZ+ se fait sur l'azote N3 du  5'-CMP. On observe un 
ilargissement semblable des bandes pour les 5'-UMP, 5'-TMP, pour la cytidine et  I'uri- 
dine. Ceci indique que les ions Cu" se localisent prks de I'azote N3 dans ces complexes 
entre Cu2+ et les nuclCosides et les nucl6otide.s. [Traduit par le  journal] 

Can. J. Chem., 52, 924 (1974) 

Copper(I1) ions have significant and different 
effects on polyribonucleotides and deoxyribo- 
nucleic acid (DNA). Polyribonucleotides are 
degraded into small oligonucleotides when 
heated with copper ions (1) by the cleavage of 
phosphate bonds. Cu2+ ions have an influence on 
the mean temperature of denaturation of DNA 
(2). The effect of Cu2+ ions on DNA melting has 
now been extensively studied (3-1 1). Cu2+ ions 
interact with DNA in two places, namely the 
phosphate groups and nitrogen bases. 

31P n.m.r. shows the binding of Cu2+ ions to 
the phosphate portion of the nucleotides (12-1 5). 
Metal interactions with the base portion of the 
nucleotides have also been extensively studied. 
Cu2+ ions preferentially broaden the H5 reso- 
nance of -5'CMP and 5'-dCMP (13) indicating a 
binding to N3. The p.m.r. spectrum of 5'-TMP 
was not affected leading to the interpretation 
that Cu2+ is not bound to this deoxyribonucleo- 
tide. Proton magnetic resonance spectra have 
also been obtained for a series of deoxyribo- 
nucleosides in DMSO-d6 (13). The effect of 

'Paper number 4 in a series on nuclear magnetic 
resonance studies of nucleoside- and nucleotide-metal 
interactions. 

Cu2+ ions on the carbon-bound protons was 
generally the same as with the deoxyribonucleo- 
tides in D20.  The NH and NH, resonances are 
relatively unaffected suggesting that the amino 
group is not involved in the binding in deoxycyti- 
dine or cytidine. The N3 proton was unaffected 
in deoxythymidine indicating no binding to this 
nucleoside. These studies were extended to an 
investigation of Cu2+ ion interactions with 
uridine in DMSO-d6 and 5'-UMP in D 2 0  (16). 
Broadening of the N3 and C5 proton resonances 
of uridine and the H5 proton resonance of 
5'-UMP was interpreted in terms of Cu2+ ions 
binding to the base near N3 and C5 and possibly 
to the oxygen at  C4. 

Since Cu2+ ions produce such interesting 
effects on nucleic acids, we wished to study the 
nature of the Cu2+-nucleotide interaction. A 
shortcoming of studying these interactions by 
means of p.m.r. measurements is that in D 2 0  
solutions only the H5, H6, and  H1' resonances 
are clearly observed. In the present study, the 
Fourier transform, natural abundance, 13C n.m.r. 
approach is used. Thus we have a large number 
of nuclear probes which can be used to yield 
information about the metal binding site. 
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KOTOWYCZ: A I3C N.M.R. STUDY 

TABLE 1. Values of l /Tlp  and l/Tzp (s-I) for the base carbon nuclei of 5'-CMP* 
--- -- -- -- 

Carbon ~ / T I  .obs 11T1.o ~ / T I , ,  l/Tz,obr 1ITz.o 11Tzp 

*The measurements were made on a 0.87 M 5'-CMPsample containing 2.5 x MCu2+ ions in a D 2 0  solution at a 
OD of 7.4. T = 35 "C. All measurements were carried out at 25.15 MHz. 

Experimental 
All nucleotides and nucleosides were obtained from 

Sigma Chemical Company and were used without further 
purification. The solutions for the 13C n.m.r. experiments 
were prepared in DzO (obtained from Columbia Organic 
Chemicals) and the p H  was adjusted to 7.0 (pD = 7.4) 
(17). The nucleotides 5'-CMP, 5'-UMP, and 5'-TMP and 
nucleosides cytidine and uridine were studied at  concen- 
trations between 0.75 to 0.80 M. Stock solutions of CuCIZ 
were prepared and were added to the above solutions 
using H. E. Pedersen micropipettes. The nucleotide 
solutions for the 31P n.m.r. experiments were prepared in 
distilled water and were adjusted to a p H  of 7.0. 

The proton decoupled 13C n.m.r. spectra for the con- 
centration and temperature experiments were obtained 
using a Bruker HFX-90 n.m.r. spectrometer (22.63 MHz) 
operating in the Fourier transform mode and equipped 
with a Nicolet 1085 computer. The deuterium resonance 
from the solvent DzO was used for the heteronuclear lock 
signal. The free induction decay signals were accumulated 
in 16K data points of the computer and 1024 accumula- 
tions were carried out. The frequency range of the Fourier 
transformed spectra was 3000 Hz for cytidine, uridine, 
5'-CMP, and 5'-UMP (0.37 Hzlpoint) and 5000 Hz for 
5'-TMP (0.61 Hzlpoint). The I3C chemical shifts are 
calibrated with respect to the internal dioxane resonance 
and are accurate to f 0.1 p.p.m. For resonances with a 
line width at  half height less than 10 Hz, the line width 
measurements are accurate to  f 1 Hz. However, for 
resonances with a line width greater than 10 Hz, the line 
width measurements are accurate to  + 3 Hz. The 3'P 
n.m.r. spectra were measured at  36.43 MHz and the 
proton resonance from the solvent H 2 0  was used for the 
heteronuclear lock. The free induction decay signals were 
accumulated in 8K data points and the frequency range 
of the Fourier transformed spectra was 5000 Hz (1.2 
Hzlpoint). The temperature for all measurements as a 
function of CuZ+ ion concentration was maintained at 
28 "C. The temperature for all experiments was deter- 
mined directly using the Bruker temperature control 
unit. 

The spin-lattice relaxation times were determined from 
proton decoupled partially relaxed Fourier transform 
spectra using the (-180"-r-90"-T-), pulse sequence 
(18-25). These experiments were obtained using the 
Varian HA-100-15 NMR spectrometer (25.15 MHz) inter- 
faced with a Digilab FTSINMR-3 data system, FTSINMR 
400-2 pulse unit, and a Nova 1200 computer. The deu- 
terium resonance of the solvent D,O was used for the 
lock signal. Least squares analyses of the data were 
carried out on 8 to 12 different values of r from which TI 
values were obtained. This technique yields TI values 

which are accurate to about 10%. The experimental 
details have been described elsewhere (50). Spin-spin 
relaxation times were also obtained from the line widths 
at  half height from normal proton decoupled I3C Fourier 
transform spectra with a resolution of 0.31 Hzlpoint at a 
frequency of 25.15 MHz a t  35 "C. The error limits are 
given in Table 1. 

Results 
The proton-decoupled 13C n.m.r. spectrum of 

5'-CMP and the effect of progressive addition of 
Cu2+ ions on the spectrum is shown in Fig. 1. 
The results of the line broadening experiments on 
5'-CMP, 5'-UMP, and 5'-TMP are shown in 
Fig. 2 and those of cytidine and uridine are shown 
in Fig. 4. These figures illustrate the selective 
broadening of the 13C resonances which closely 
follows a linear dependence on the concentration 
ofCu2+ ions. The 13C n.m.r. line assignments are 
based on those reported in the literature for 
nucleosides (26-28), 5'-nucleotides (29), uridine 
monophosphates and polyuridylic acid (30). The 
13C chemical shifts with respect to  internal 
dioxane have been reported previously (3 1, 32) 
together with the observed 31~- '3C coupling 
constants (29-33). The 13C chemical shifts were 
not affected by the presence of the Cu2+  ions. 
The 31P n.m.r, chemical shifts for all the nucleo- 
tides occur at 109.2 f 0.5 p.p.m. to high field of 
the external P,O, capillary. The 31P n.m.r. line- 
widths increase linearly from 15 f 3 Hz for the 
pure nucleotide solutions to about 190 f 20 Hz 
for solutions with a metal concentration about 
2 x M. 

The temperature dependence of Av,,, metal 
for the base carbon nuclei that are affected by the 
presence of Cu2+ ions is seen in Fig. 3. Values of 
the spin-lattice and spin-spin relaxation times 
obtained at 25.15 MHz are tabulated in Table 1. 

Discussion 
The influence of paramagnetic ions o n  nuclear 

relaxation times has been extensively studied 
(34-38). For Cu2+ complexes, the spin-lattice 
relaxation rate l/Tl, and spin-spin relaxation 
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926 C A N .  J .  CHEM.  VOL. 5 2 ,  1974 

I O - ~  lo-3 
cu2+ ION CONCENTRATION (M) 

FIG. 2. The dependance of Avllz metal on the C u Z +  
ion concentration for the carbon nuclei of 5'-CMP, 

q)m, 5'-UMP, and 5'-TMP that are affected by the presence of 
Cu2+ ions. 

FIG. 1. The effect of Cu2+ ions on the natural abun- 
dance, Fourier transform, proton decoupled 13C n.m.r. tion, y ,  is the nuclear magnetogyric ratio, S the 
spectra of 5'-CMP in D,O (PD 7.4) at  25 "C. The top electron spin, A/h is the contact coupling con- 
spectrum is for the metal-free solution and the Cu2+ ion 
concentration is indicated for the remaining spectra. The stant in radians per second, g is theg value of the 
recycle time for the experiment is 2.6 s. The operating P is the the BOhr magnet0n, Tc 
frequency is 22.63 MHz. R is the reference dioxane and T, are the correlation times for the dipolar 
resonance. and contact interactions, respectively. The 

rate 1/T2, due to the presence of paramagnetic 
ions are given by (36) 

where ri is the average electron nuclear separa- 

electron paramagnetic resonance frequency is 
designated by w,. In deriving these equations, it 
is assumed that w:r$ >> 1. The first term in the 
above equations represents the dipolar relaxation 
rate. For the transverse relaxation rate 1/T2, the 
second term is the relaxation rate due to hyper- 
fine interactions. For the dipole-dipole inter- 
action, relaxation times are extremely sensitive to  
the distance between the metal ion and the 
nucleus under study. The scalar interaction is 
sensitive to the nature of the intervening bonds. 
If the dipole-dipole interaction is predominant, 
the measurement of l/TIM and 1/T2, will yield 
important information about the location of the 
metal ion binding site. 

The line widths and therefore the transverse 
relaxation rates of each 13C and 31P resonance 
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FIG. 3. The temperature dependence of Av,,, metal 
for the C2, C4, and C5 carbon nuclei of 5'-CMP. The 
concentration of 5'-CMP is 0.87 M in D 2 0  (pD 7.4) 
whereas the Cu2+ ion concentration is 2.5 x M for 
a [nucleotide]/[metal ion] ratio of 3.5 x lo3. The free 
induction decay signals are accumulated in 16K data 
points of the computer (1024 accumulations) and the 
frequency range of the Fourier transformed spectra is 
3000 Hz. For Av,,, (metal) < 10 Hz, the error limits are 
+ I  Hz. When Av,,, (metal) increases to 10-20 Hz, the 
error limits are + 3 Hz and increase to + 10 Hz for 
A V , , ~  (metal) > 20 Hz. 

were studied with the progressive addition of the 
Cu2+ ions (39). The Cu2+ ion concentration is 
much less than that of the nucleotide and the 
rapid exchange of molecules in solution causes 
all nucleotides to be equally affected by the metal 
ions. 

As seen from the 31P line broadening results, 
Cu2+ ions definitely bind to the phosphate 
groups of the nucleotides under study. In addi- 
tion, the metal interaction with the ring must be 
considered. As has been previously observed 
(31, 32), 13C n.m.r. linewidths are very sensitive 
to the presence of Mn2+ ions in solution. 
Specific line broadening effects were observed 
that depend on the nature of the Mn2+ ion 
binding site. Specific line broadening effects have 

I t I I I ~ l t ~ l d  I ~ l ~ ~ ~ d  
10-b 10-s I O - ~  l o 2  

cu2* ION CONCENTRATION ( M )  

FIG. 4. The dependance of Av,,? metal o n  the Cu2+ 
ion concentration for the carbon nuclei of cytidine and 
uridine that are affected by the presence of Cu" ions. 

now also been observed with Cu2+ ions. When 
Cu2+ ions were added to 5'-CMP (Figs. 1 and 2) 
the C5 resonance broadened first followed by the 
C2, C4, and CI ' resonances at higher Cu2' ion 
metal concentrations, indicating a metal ion 
interaction with the base portion of the nucleo- 
tide. The C6 base carbon resonance, the re- 
mainder of the ribose carbon resonances as well 
as the dioxane reference signal are unaffected. 

The increase in line width measured at half 
height due to ~a rama~ne t i c  metal ions, Av,/, 
metal, may be expressed as 

where A v ~ ~ ~ , ~ ~ ~  (I/KT~,~,,~) is the observed line 
width at half height when metal ions are present, 
AvIl2,, (1/xT2,,) is the line width at half height 
for the same resonance without metal ions, and 
1/T2, is the total transverse relaxation rate of a 
nucleus due to the presence of the paramagnetic 
ions. In Fig. 2, AvlI2 metal is plotted us. the 
Cu2+ ion concentration for the carbon reso- 
nances which showed an appreciable broadening 
for 5'-CMP, 5'-UMP, and 5'-TMP. 

A temperature study of Av,!, metal of the base 
13C resonances of 5'-CMP in the presence of 
Cu2+ ions was carried out and the results are 
shown in Fig. 3. The temperature dependence of 
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Av,,, metal in the presence of the metal ion is 
determined by the temperature dependence ofthe 
average lifetime of a molecule coordinated at any 
site (T,) and the relaxation time of the nuclei 
when the nucleotide is coordinated to the metal 
ion (1/TZM) (40). At high temperatures the 
positive slope of the curves for all three nuclei 
indicates that 1/T,, is controlled by the nuclear 
relaxation rate l/T,,. At lower temperatures the 
negative slope indicates that this is the exchange 
controlled region T,. 

From Fig. 3, the values of 1/T,, at 35 "C for 
nuclei C2 and C4 are in the 1/T,, region whereas 
both 1/T2, and T, contribute to 1/T,, for C5. 
Then it is also true that 1/T,, = l /TIM for nuclei 
C2 and C4 (41). 1/TlP is defined as 

c41 
1 - 1 1 

Tl ,obs Tl ,O 

where 1/T, ,,,, is the observed longitudinal relaxa- 
tion rate for a nucleus in the presence of metal 
ions and l/T1 ,o is the longitudinal relaxation rate 
for the same resonance without metal ions, and 
1/TlP is the total longitudinal relaxation rate of a 
nucleus due to the presence of the paramagnetic 
ions. The values of l/Tlp and 1/T,, evaluated at 
35 "C are tabulated in Table 1. From an analysis 
of the data in Table 1, T,,/T,, = 3.3 for C2 and 
2.0 for C4. For such small ratios, the dipole- 
dipole relaxation process is the predominant 
relaxation mechanism for these two nuclei (36). 
In addition, from eq. 1, Tlp(C2)/Tlp(C4) = 
r6(C2)/r6(c4) SO that r(C2)/r(C4) = 1.01, indi- 
cating that the CuZ+ ion is equidistant from both 
C2 and C4 and binds to N3. This implies that 
T, (C2) = T, (C4) which is expected when the 
binding is at N3. This is in excellent agreement 
with the structure determined for the cupric 
chloride complex of cytosine (42) in which Cu2+ 
forms a strong bond to N3. The binding of Cu2+ 
ions to the N3 nitrogen of 5'-CMP was also 
postulated from p.m.r. studies (1 3). 

The strong broadening of the C5 resonance of 
5'-CMP is due to  the hyperfine interaction. The 
C5 nucleus is much further removed from the 
binding site than are C2 and C4. Proton mag- 
netic resonance measurements (13) on 5'-dCMP 
showed that the H5 resonance is greatly 
broadened by the presence of Cu2+ ions whereas 
the H6 resonance is only slightly broadened and 
the coupling between the H5 and H6 nuclei is 
still apparent from the splitting observed for H6. 
Hence H5 is seeing a change in the transverse 

relaxation time with little change in its longi- 
tudinal relaxation time since a significant change 
in the longitudinal relaxation time would cause 
the doublet H6 structure to broaden and 
coalesce. Therefore the transverse relaxation is 
controlled by the contact interaction at H5 and 
hence at C5. This is also illustrated by the 1/T,, 
and 1/T,, data in Table 1. 1/T,, for C5 is 
2.8 s-I whereas the line width of C5 increases by 
a factor of ten on adding the CuZ+  ions (l/T,, = 
122 f 15 sf1). Miller and McClung (43) ob- 
served that the effect of the paramagnetic 
vanadyl ion is larger on the distant N-CH, 
protons than on the neighboring C-CH, 
protons for solutions of vanadyl ions in di- 
methylacetamide. It was found that the N- 
methyl protons are predominantly relaxed by 
hyperfine interactions while the major contribu- 
tion to C-methyl proton relaxation is dipolar. 

Similar line broadening behavior for the three 
nucleotides 5'-UMP, 5'-TMP, and 5'-CMP 
(Fig. 2) indicates that CuZf ions bind to the base 
portion of these nucleotides a t  the same position. 
In addition, the line broadening behavior ob- 
served for cytidine and uridine (Fig. 4) is 
similar to that observed for the nucleotides. This 
indicates that the metal ion is located near the 
N3 position of the nucleosides. CuZ+ ions have 
broadened the ,C2' and C3' ribose resonances of 
5'-UMP, indicating a metal ion interaction with 
the ribose hydroxyl groups also. CuZ+ com- 
plexes with 5'-TMP have previously not been 
detected using p.m.r. (13) and i.r. (44) tech- 
niques. 

Proton magnetic resonance measurements (1 3) 
as well as 13C n.m.r. measurements have been 
carried out on highly concentrated solutions of 
nucleotides and nucleosides. I n  the present work, 
the nucleotide - metal ion ratio is about 5,000 : 1. 
Under these conditions, the nucleosides and 
nucleotides stack in aqueous solution (45, 46). I n  
addition, the presence of metal(M)-ligand(L) 
complexes of the type ML, ML,, M,L, could be 
considered (47, 48). Unfortunately, stability con- 
stants are not known for the complexes under 
study and hence it is not possible to know the 
solution compositions as have been tabulated for 
M ~ ~ + - A T P  complexes (49). 

The spectra in Fig. 1 indicate an additional 
interesting feature. As the Cu2+  ion concentra- 
tion increases, the C4' and C5' resonances 
become sharp and the 'P-' 3C couplings 
disappear. As the CuZ+ ions bind to the phos- 
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phate g roups ,  t hey  shorten the p h o s p h o r u s  
nuclei  longi tudinal  re laxat ion t ime  and t h e  
coup l ing  to t h e  13C nuclei  is  removed. This effect 
has previously been  observed wi th  Mn2+ ions 
(31, 32). 

Thanks are extended to Dr.  Tom Nakashima and Mr. 
Yiu-Fai Lam for their assistance with the TI measure- 
ments, to Dr. 0. Suzuki for his assistance with several of 
the 13C measurements, to Dr. G. P. P. Kuntzand Mr. F. 
Lluch for valuable discussions, and to the National 
Research Council of Canada for financial assistance. 
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Anodic Charging of Electrodes at Low Temperatures Studied by Electron Spin 
Resonance 

C.  L. GARDNER AND E. J .  CASEY 
EI~.ctricrrl Polver Solaces Divisiorl, Defe~lce Researrll E s t ~ b l i s h ~ ? ~ e ~ i t ,  O l l r ~ l o ~ ,  Cri11(1r/ri KIA 024 

Received October 18, 1973 

A study of anodic oxidation processes at several electrodes at low temperatures in 
KOH solutions is presented. The techniques of electron spin resonance have been used 
to identify intermediates. From a detailed kinetic analysis of the information obtained, 
the role of the formation and decay of 0 , -  and certain metallic oxide radicals in the 
anodic charging of metal (hydr)oxide electrodes has been deduced. 

The formation of 03- and/or 02-, or neither, during anodic oxygen evolution seems to 
be controlled by the tightness of binding of OH to the surface (hydr)oxide which 
changes with the metal in the (inferred) order of increasing binding strength Cd, Pb, 
Ni. Pt. - -, 

Once formed in solution, 0:,- decays slowly below 0 "C, slower the higher the KOH 
concentration. Primary dissociation, influenced by ion pair formation and by hydrolysis, 
controls the rate. 

Le produit O c  se dtgage de plusieurs metaux dans 1'Blectrolyte KOH., durant I'oxi- 
dation anodique B basses temperatures. On peut mesurer la quantitt d'O; par la r.p.e., 
et ensuite faire une analyse cinttique des rtactions lorsqu'il se dttruit. Le comportement 
varie selon les metaux utilists durant les expiriences. L'ion CuOn2- se produit du cuivre, 
et 1'0.- ou 1'0:,- se produit du cadmium selon les conditions exptrimentales. L'O; est le 
seul produit qui peut Ctre ditectt par la r.p.e. de I'argent. 

En frais de rtsultats, on propose que I'inergie &adsorption de I'OH determine les 
produits, soit I'oxide bien chargi soil les radicaux libres dans I'electrolyte. I1 nous semble 
que l'ordre de lier I'OH serait Cd < Ag < Pb < Ni < Pt, une fonction de la structure 
des (hydr)oxides h la surface. Pour emmagasiner plus de charge anodique sur les 
electrodes il faut supprimer la formation de ]'On- et 1'01. 

L'03- se dttruit lentement B basses temperatures (<0 "C). La vitesse baisse si la con- 
centration de KOH est plus forte. Un modtle thtorique est propose pour dtcrire les 
resultats. 

Can. J .  Chem., 52,930(1974) 

Introduction The present work was directed towards a better 
Problems such as the slow rate of charge understanding of the processes which can and d o  

ceptance encountered in the electrical recharging Occur during some anodic oxidations (positive- 
of aqueous battery systems at low temperatures plate charging reactions) at low temperature. 

are due to a number ofcauses. ~ i ~ ~ t ,  a decrease i n  Fortunately, certain free-radical intermediates 
temperature causes relative changes in the re- which are produced during the anodic oxidation 
versible electrode potentials of the reactions pas- at low temperatures in aqueous JSOH electrolyte 
sible. Secondly, increased polarizations and decay rather slowly and can be detected and their 

higher potentials at the anode and cathode occur, concentration followed by e.s.r. techniques. Thus 

because of kinetic and compositional barriers, in an earlier note (4) we indicated identification of 
increase in electrolyte viscosity, etc. AS a result, 0 3 -  as a radical produced anodically on silver 
alternate side reactions, such as oxygen evolution and gave some of its properties in cold aqueous 
and even oxidation of the anions of the electro- 
lyte, can more easily occur (1-3). To improve the Since the problem of slow recharge of positive 
low temperature properties of a battery active material is closely related to the relative 
system it is necessary to find ways to decrease the ease with which the alternative reaction, oxygen 
polarizations of the electrodes and/or to inhibit evolutiOn, can take place, we have now made a 
the unwanted side reactions. detailed study, using electrochemical and e.s.r. 

techniques combined, of anodic reactions on 
'DREO Report No. 69, October, 1973. several metals under a variety of conditions at 
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GARDNER AND CASEY: ANODIC CHARGING O F  ELECTRODES 

low temperatures, following the radical concen- 
tration changes where possible. 

From a detailed analysis some tentative con- 
clusions have been drawn about the anodic oxida- 
tion process at low temperatures. 

-SILICD SDMPLE 
TUBE 

. . Methods and Results 
Electron Spin Resonance and 

Electrochemical Measurements 
The potassium hydroxide used in these experi- CDTHODE 

ments was Fisher certified 45% KOH solution. 
In most of the experiments this solution was used 
without further dilution or purification. The 
metals used as electrodes were all of high purity 
(99.99% or better) with the exception of the 
copper which was of a commercial grade. All of 
the glass apparatus used in these experiments 

GLASS FRlT 
was constructed of Pyrex glass (7740) which has 
a low transition metal content (<0.1%). In addi- 
tion, in all experiments the KOH used was cold FIG. 1. Apparatus used to anodize metals in aqueous 
(-40 to -20 oC) and kept in contact with glass KOH a t  temperatures 25 to -40 OC and to trap and 

quick-freeze a sample of the anolyte for e.s.r. measure- during preparation and experiment at most 2-3 h. ments. 
There was little likelihood of impurities affecting 
the principal results. 

A Varian V-4500 e.s.r. spectrometer equipped 
with a Varian fieldial was used to record the e.s.r. 
spectra. The g-values were determined with refer- 
ence to a DPPH sample for which g = 2.0036. 

For some of the e.s.r. measurements at 77 OK, 
a sample cell of the design shown in Fig. 1 was 
used. In this case a silver or platinum wire was 
anodized at -25 mA/cm2 in 45% KOH solution 
which had been cooled to -40 "C. During this 
oxidation, oxygen evolution occurred and, in the 
case of silver, a yellow color could be observed 
streaming away from the anode, and eventually 
the whole anode compartment became yellow. 
After several minutes' oxidation, the e.s.r. sample 
tube (Fig. I )  was cooled with liquid nitrogen ;nd 
the solution tipped into this tube and frozen at 
77 OK as rapidly as possible. The liquid nitrogen 
Dewar containing the sample was then inserted 
into the microwave cavity and the spectrum 
measured. 

In other experiments measurements were made 
by plunging a cooled, open-ended 4-mm quartz 
sampling tube close to the anode of a cell in 
which a foil electrode was being anodized at 
-40 "C. The solution contained in the sampling 
tube was then removed and frozen by direct im- 
mersion in liquid N,. 

The apparatus used to obtain e.s.r. spectra of 
the species in solution during and after anodic 

oxidation is shown in Fig. 2. In these experiments 
the electrodes were continuously anodized in an 
upper reservoir containing KOH, a t  about 90 
mA/cm2 in 45% KOH at -20", for example. A 
portion of this solution was then allowed to trans- 
fer rapidly (forced by a syringe) to or through a 
Scanlon low temperature aqueous cell mounted 
in the Varian variable temperature accessory that 
fitted inside the e.s.r. cavity. The e.s.r. spectrum 
of the electrolvte s a m ~ l e  was then measured. In 
some experiments a reference electrode was added 
close to the anode so that the onset of formation 
of the species could be correlated with oxidation 
potential. 

Silver Electrodes 
Anodic oxidation of a silver foil electrode in 

45% KOH at -20 "C and high (-90 mA/cm2) 
current densities resulted in the formation of a 
paramagnetic yellow species that was stable for 
several minutes and that could be easily detected 
using e.s.r. Continued anodization of  silver at 
high current densities resulted in dissolution of 
the electrode and formation of the very stable, 
yellow species that has been assigned (5) to the 
tetrahydroxyargentite ion. (This second species 
is not paramagnetic.) 

The e.s.r. spectrum of a sample prepared by 
the first experimental method, and recorded at 
77 OK, is shown in Fig. 3. The spectrum can be 
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QOUEOUS SOLUTION 

t 
TO SYRINGE 

FIG. 2. Apparatus used to measure the e.s.r. spectra 
of samples of the anolyte at various temperatures. 

FIG. 3. Electron spin resonance spectrum of 0,- at  
77 OK, produced anodically on Ag in 45% KOH at 
-40 "C. H. indicates the free electron field value. 

VOL. 5 2 ,  1974 

TABLE 1. Electron spin resonance spectral 
parameters of 0,- formed anodically 

compared with those from different sources 

Matrix ~ X X  ~ Y Y  .?LL 

KC10,(7) 2.0174 2.0113 2.0025 
KC104(7) 2.018 2.011 2.0034 
Na03(6) 2.015 2.015 2.003 
This work 2.0181 2.0112 2.0019 

described in terms of a species having an aniso- 
tropic g-tensor with principal values as shown in 
Table 1. The species can be identified as the 
ozonide ion (0,-)  by comparison with the spectra 
of alkali metal ozonides (6) ,  of y-irradiated 
KC10,,(7) of u.v.-irradiated alkaline glasses con- 
taining H 2 0 2  (8), and of 0,- formed on an MgO 
surface (9). 

An intense signal was also obtained for 0,- in 
solution, using the apparatus shown in Fig. 2, 
during anodic oxidation at -20 OC. The spec- 
trum consisted of a single symmetrical line with 
g = 2.0108 f 0.0010. This is in agreement with 
thevalueofgiso = 1/3(g,, + g, ,  + g,,) = 2.0104 
+ 0.0010 obtained from the spectrum of 0,- at  
77 OK. 

In order that a correlation could be made be- 
tween oxidation potential and the appearance of 
the e.s.r. signal for 0,-, the silver electrode was 
maintained at a constant potential while the 
sample was monitored for the appearance of the 
e.s.r. signal. It was found that the 0,- was not 
formed at potentials lower than that correspond- 
ing to the onset of visible oxygen evolution (1.40 V 
us. Hg/HgO reference elect rode at - 20 OC). 
Methanol, a good scavenger for OH, suppressed 
the appearance of 0,- at the silver anode, even 
at high potentials. 

In almost all of the spectra observed at 77 OK 
an additional sharp peak called species X, was ob- 
served at g = 2.003. This peak showed different 
saturation behavior from the 0,- and is thought 
probably to be due to conduction-electron reson- 
ance (10) in small colloidal metal particles pro- 
duced during the electrolysis. However, it could 
be due to an impurity in the KOH, or possibly 
due to solvated (trapped) electrons ( I  I). More 
work is needed to obtain a positive identification. 

A kinetic study was made of the decay of 0,- 
in several KOH concentrations and at several 
temperatures. In all cases the decay was found 
to be closely first order. Thus as illustrated by 
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GARDNER AND CASEY: ANODIC CHARGING O F  ELECTRODES 

FIG. 4. Typical decay rate measurement of 03-: ex- 
ponential loss of intensity of e.s.r. signal with time at  
- 15 "C. 

Fig. 4 for one case, the standard deviation from 
linearity, as obtained from a least-squares fit of 
the data, is 0.01. The decay-rate was also found 
to depend approximately exponentially on KOH 
concentration (Fig. 5). The results of certain 
self-consistent, carefully performed experiments 
(such as those shown in Fig. 6) seemed to indicate 
that the activation energy for the decay increased 
with increasing KOH concentration, but the 
results were not sufficiently reproducible to 
demonstrate unequivocally this effect. 

Since carbonate is likely to be the most im- 
portant impurity in the KOH, the effect of car- 
bonate concentration on the decay kinetics was 

FIG. 5. Dependence of rate of loss of 0,- (half-life) 
on KOH concentration: log TI;, (in s) us. molality. 

FIG. 6. Temperature dependence of rate of loss of 
0,- at different concentrations: In TI,, (in min) us. l /T°K. 

measured. Results of measurements made on 
solutions with carbonate concentration up to 6 
equiv.% (equiv. CO, -/total equiv, basicity) indi- 
cated that, in this range of concentration, the 
carbonate has little or n o  effect on the formation 
or rate of decay of the 0,-. 

Lead, Nickel, and Platinum Electrodes 
Anodic oxidation of the above metals in 45% 

KOH at low temperatures gave rise to the  forma- 
tion of small amounts of 0, - and/or the species X 
as indicated in Table 2. Also indicated in this 
table are the relative concentrations of the species 
produced. The decay of species X formed on Ni 
or Pt was found to be quite rapid (half-life a few 
seconds), whereas formed on Ag it sometimes 
persisted for hours. The g-value, 2.003, is con- 
sistent with X being solvated electrons, but it 
could be a metal colloid equally well. Distin- 
guishing quantitative measurements have not yet 
been made. 

Copper Electrodes 
During the anodic oxidation of copper a 

TABLE 2. Relative amounts of 03- 
and species X formed anodically 
on different metal hydr(oxide) 

surfaces 
-- 

Anode material Species detected* 

Silver O~-(S)  ; X(W) 
Cadmium 0s-(s) ; X(W) 
Lead On-(w); X(w) 
Nickel x(w) 
Platinum x(w) 
Copper CuOZ2-(s); X(w) 

*w = weak; s = strong e.s.r. signal. 
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soluble, blue species could be observed forming 
at the anode below the oxygen evolution poten- 
tial. This phenomenon has been reported pre- 
viously (12) and assigned to the cuprite ion 
(HCu0,- in weak base or CuOZ2- in strong 
base). Electron spin resonance measurements 
made on this blue solution have an intense e.s.r. 
spectrum shown in Fig. 7. A sample of this solu- 
tion frozen at 77 OK gave rise to the spectrum 
shown in Fig. 8. Spin Hamiltonian parameters, 
obtained by computer simulation ofthe spectrum, 
for this species are given in Table 3. The species 
can be identified as a Cu2+-containing species 
having non-axial symmetry, which is consistent 
with the assignment to C U O , ~ - ,  but not to a 
planar or tetrahedral hydroxy species such as 
CU(OH),~-. However measurements made at 
various KOH concentrations failed to elicit the 
expected e.s.r. spectra changes due to a shift in 
the following equilibrium. 

HCUOZ- + OH- C U O ~ ~ -  + HZO 

Jt is possible that the equilibrium was already 
shifted far to the right even at the lowest concen- 
tration measured, - 1 M. The CuOZ2- species is 
very stable and will last for days even at room 
temperature. 

When anodic oxidation was carried out at  
much higher current densities so that oxygen 
evolution occurred, a fairly stable yellow solution 
resulted. Electron spin resonance measurements 
indicated only the presence of a lesser quantity 
of CUO,~ - ,  as well as species X. It is tentatively 
suggested that the yellow coloration might result 
from the formation of a non-paramagnetic Cu3+ 
species such as Cu(OH),- (13) in solution, 

I -- I 

FIG. 7. Electron spin resonance spectrum of para- 
magnetic species (CuOZ2-) formed anodically on Cu in 
KOH at room temperature. 

FIG. 8. AS in Fig. 7, but frozen to 77 OK. Weaker low- 
field lines shown at a gain 8  x that of lines in g = 2  region. 

TABLE 3. Electron spin resonance 
spectral parameters of CuOZZ- 

formed anodically 

g, = 2.27 A, = 186.4 gauss 
g y = 2 . 0 6  A ,=26 .1  
g, = 2.00 A: = 2.0 

analogous to  the tetrahydroxyargenite ion. 
Ag(OH),-, obtained from oxidation of silver ai 
high current densities (5). Like Ag3+, Cu3 + forms 
stable complexes with certain organic ligands (14) 

Cadmium Electrodes 
Anodic oxidation of cadmium in 45% KOH a1 

low temperatures produced large amounts oi 
0,- as well as the species X. The rate of decay 01 
the 0,- was found to be the same as that pro. 
duced from the anodic oxidation of silver in 452  
KOH at the same temperature. 

The decay of 0,- formed on cadmium in 302 
KOH, even a t  -40°, must be very rapid because 
the species could not be detected using the ap. 
paratus for kinetic measurements. Jf, however 
one takes a sample by plunging a cooled samplt 
tube into the electrolyte in the vicinity of the 
anode and freezes this sample at 77 OK as rapid11 
as possible, reasonably intense e.s.r. signals f o ~  
0,- can be obtained. Figure 9 shows a series o' 
samples taken in this way a t  different tempera, 
tures of the anolyte between -40 and - 10 "C 
Notice that the major product changes from 0,- 
at -40 "C to a species with the parameter! 
(Table 4) of 0,- at - 10 "C. Spectra at inter. 
mediate temperature show a n  overlap of the twc 
species. 

We were unable to detect 0,- during the anodic 
oxidation of Ag, Pb, Ni, and Pt in 30% K O H  
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GARDNER AND CASEY: ANODIC CHARGING OF ELECTRODES 935 

FIG. 9. Spectra showing 0,- and 0,- formed during 
anodic oxygen evolution from cadmium at different tem- 
peratures in 30% KOH: (a) -35 "C: 0 3 - ;  (6) -25 OC: 
0,- and 02- ; (c) - 13 OC: 0,-. High-gain (6.4 x ) traces 
of low-field region also shown. 

TABLE 4. Electron spin resonance spectral parameters of 
0,- formed anodically on Cd at  - 13 "C, compared 

with those from different sources 
-- 

Matrix g~ g~ gz Reference 

KNO3 1.958 1.958 2.408 28 

Adsorbed on 2.005 2.009 2.057 29 
B a y  zeolite 

Adsorbed on 2.002 2.007 2.113 29 
M a y  zeolite 

This work 2.01 2.01 2.11 

Formation and Decay of 0,- 
Anodic Formation 

The controlled-potential measurements indi- 
cate that 0,- is formed during the oxygen evolu- 
tion process. The mechanism of oxygen evolution 
(1 5) in alkaline solution is generally considered to 
involve discharge of adsorbed hydroxyl ions as 
the primary step. 

In strong alkali, other steps could follow: 

[21 O H  + OH- -+ 0- + H,O 

All these species are adsorbed except 0, which 
disengages. 

The 0,- formed in our system could arise (9) 
from the reaction of adsorbed 0- with 0, 

151 0- + 0, + 0,- 

or alternatively 0,- could be produced by dis- 
sociation of HO, to 0,- in strong base following 
the reaction of oxygen with adsorbed OH 

This scheme of reactions is very similar to that 

postulated (16, 17) for the formation of 0,- in 
the radiolysis of oxygenated alkali solutions, 
where the primary step is thought to be 

171 OH- *OH + e -  

reactions 2 and 5 then following to yield 0,- .  
This type of mechanism, involving either OH 

or 0 - ,  is supported by the observation that addi- 
tion of a small amount of methanol almost com- 
pletely eliminates the signal due to O, -. Since it is 
well known (16) that the formation of 0,- during 
the radiolysis of alkaline solutions can be sup- 
pressed by the addition of a hydroxyl-radical 
scavenger such as methanol, this observation 
provides strong evidence that hydroxyl radicals 
are a precursor to the anodic formation 0,- as 
well. 

The mechanism of oxygen evolution on many 
metals can be considered (18) to involve the for- 
mation and decomposition of unstable surface 
oxides. The general case (18) and the case of 
silver (19) have been reviewed in some depth 
elsewhere. For silver, one scheme proposed is 
as follows: an unstable higher silver oxide, 
Ag203 is produced by the reaction 

involving intermediate steps such as 

Fa1 A g o  + OH- i- AgO(OH) + e- 

The Ag,O, then decomposes to liberate oxygen 
as follows in the decomposition reaction 

Alternatively, adsorbed 0- could be oxidized 
anodically directly to adsorbed 0 

[lo] AgO(0-) + AgO(0) + e-  

with oxygen being then formed by combination 
of oxygen atoms on the A g o  surface 

[ I l l  2Ag0(0) -+ 0, + 2Ag0 

Taub's oxygen-tracer studies discussed in ref. 18 
seem to support a mechanism of this type. How- 
ever, recent photoelectrochemical work (20) sug- 
gests two adjacent Ago sites on which a n  extra 
oxygen atom is shared d o  indeed rearrange to 
form the phase-oxide Ag,O,. Thus it can then 
disproportionate according to reaction 9. Prob- 
ably [9] and [lo] both occur, even on the same 
sample of active material undergoing anodic 
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oxygen evolution. In any case it is easy to see that -d[o,-] 
the surface oxides are probably well charged with [I7] d t  
the species necessary for the formation of 0,- 
by reactions 3 to  6. 

- 
{kl, + k16[Ht1} [S]k-,[03-] 

- ko, 
Kinetics of Decay 

ks[Ozl + k13 + k16[Hil [s] 
The mechanism of decay of 0,- formed by K~~ 

radiolysis in alkaline solutions has been studied where 
by several workers and was recently reviewed by 
Czapski (21). For low concentrations of 0,- the 
decay has been found to be first order (17). All 
the results that we obtained concerninganodically 
formed 0,- are in agreement with this finding. 
(At high concentrations of radiolytically formed 
0,- ,  the decay has been found (22) to be mixed 
first and second order.) The first order rate con- 
stant has been found (22) to be inversely pro- 
portional to [O,], the oxygen concentration in 
solution as inferred through Henry's law from the 
partial pressure above the solution. It has also 
been observed (16, 17) that the rate of decay de- 
creases markedly with increasing hydroxyl ion 
concentration. 

Felix et al. (22) have suggested that O, - decays 
by unimolecular dissociation of the ozonide ion 
by the reverse of reaction 5 I 

the active species 0- being then removed by 
1 reaction with an unspetified scavenger S: 

[I31 0- + S + Products 

These reactions enabled them to describe the 
first-order decay and the inverse dependence of 
the rate constant on oxygen pressure. The devia- 
tion from first-order at high concentrations of 
0,- was ascribed by them to 

[14] 0- + 0,- + O2 + OZ2- (or 2 0 2 - )  

But we have never observed the deviation in our 
studies on anodically formed 0,-. 

The above mechanism does not explain the 
observed decrease in decay rate with increasing 
KOH concentration. If however one considers 
that the following reactions also contribute to 

Under certain conditions (i.e. [O,] high), the 
observed approximate linear relation between log 
t 1 1 2  and mKoH can be explained in terms of [ I  71 
since it is known (23, 24) that a,,,, a,,,, and 
[O,] all have an approximate exponential de- 
pendence on  m,,,, in the concentration range 
used even a t  the low temperatures of this investi- 
gation (25). 

It should be noted however that it has been 
found by Landi and Heidt (26) that the rate 
constant k, (for the reaction 0,- -' 0, + 0-: 
decreases markedly with increasing NaOH con- 
centration. These workers suggested that thi: 
decrease in k5  is caused by the formation of stablc 
ion pairs NaO,, the decay of 0,- occurring o n l ~  
through free 0,-. 

In treating our data then we assume that, be. 
cause of the salting out effect, the concentratior 
of oxygen was sufficiently low in the concentratec 
KOH solutions used that the decay rates we havc 
measured are  unaffected by [O,], the rate con 
trolling reaction being simply the unimolecula 
decay rate for the process 0,- -' 0, + 0- (se~ 
eq. 17). Following Landi and  Heidt we assuml 
that the stabilization of 0,- with increasin; 
[KOH] is a result of the formation of stable ioi 
pairs. 

The rate of decay can then be written 

where 
Keq = a~ +a03 -la,o3 

the of '3- ihen the can become pH Figure 10 that the decay rate has an ay 
dependent. proximate linear dependence on [Kt ]y +,. In thl 

I 1151 0- + H 2 0  + OH + OH- analysis and apparently in that of Landi an  

1161 OH + S + Products Heidt y has been assumed to be independer 
of TKOH1. 

The general rate equation in this case can be  he mechanism proposed by Kazarnovskii et a 
written (21) (27), namely, the hydrolysis of 0,- ,  was als 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GARDNER AND CASEY: ANODIC CHARGING OF ELECTRODES 937 

than for their formation on silver or cadmium. . The conclusion is that 0,,,- and OH,,, are 
strongly bound on nickel and platinum (hydr)- 
oxide surfaces during oxygen evolution but are 
weakly bound on the silver and cadmium. Lead 
is intermediate. 

lo5M The formation of 0,- on cadmium is ascribed 
to the high concentration of OH at the surface as 
indicated by the high concentration of 0,- pro- 
duced. Under these conditions the formation of 

I Z M  
hydrogen peroxide via the bimolecular reaction 
21 becomes more probable. 

/ SLOPE : 1 3 

FIG. 10. Linear dependence of log r,,' (in s) on log 
My,' at -20 "C: a test of expression 19 in text. 

considered 

It of course leads to a similar quantitative 
description of the mechanism, since it is a combi- 
nation of processes 2 and 3 above. Although less 
explicit it promoted considerable thought about 
possible molecular arrangements during the de- 
composition step. 

General Inferences 

The observation that 0,- is formed during 
oxygen evolution of "active" metals such as 
silver and cadmium, but weakly or not at all on 
copper, nickel, and platinum can be explained on 
the basis of the relative strengths of binding of 
0- and/or OH to the surface (hydr)oxides. If the 
0- formed in reaction 86 is weakly bound, it can 
leave the surface accompanied by 0, to form 0,- 
by reaction 5; but if it is strongly bound then it is 
discharged to O,,, instead, [lo] for example, and 
little or no 0,- can be produced, although higher 
phase-oxides could'be formed. Similar arguments 
hold for OH. The evidence for anodically formed 
higher oxides on nickel and platinum is better 

[211 20H + H 2 0 2  

0,- can then be formed as follows (21) 

[22I Hz02 + OH- + HOz- + Hz0 

[231 HO2- + O H  + 0 2 -  + Hz0 

The general inference is that OH,,, is the key 
actor. Its binding strength to the surface (hydr)- 
oxides during anodic oxygen seems to vary with 
the metallic component, increasing qualitatively 
in the series Cd, Ag, Pb, Cu, Ni, and Pt. The 
more tightly OH and 0 are held the greater the 
possibility of their incorporation into higher- 
valence phase-oxides. 

It is probably no coincidence that the order 
given above is the order of increasing passivity 
ofthe metal as well. Thus Cd and Ag, and Cu too, 
anodically oxidize to considerable depths in 
aqueous KOH, but Pt and Ni little or not at all. 
Many authors (30,31) have inferred that the final 
closure of the surface of a metal to (further) 
anodic oxidation is caused by anodically formed 
OH,,,. Unfortunately, so far no one has been able 
to any direct evidence of its existence on 
the surface. 

In this paper we have been very cautious about 
identity of species X which appears, sometimes 
strongly, in many spectra, as a simple sharp 
absorption band at g = 2.003. As has been men- 
tioned previously, it is thought possible that this 
peak could be due to conduction electron reson- 
ance in small colloidal metal particles, it could 
be due to solvated electrons (although there is 
disagreement (32, 33) currently over the evidence 
that electrons can be produced anodically in 
aqueous solutions), or possibly due to a KOH 
impurity. The single, sharp band alone simply 
provides too little information to permit identifi- 
cation. 
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The Master Equation for the Dissociation of a Dilute Diatomic Gas. XI. 
Vibrational Freezing in a Nozzle Plow 

NABIL I. LABIB AND HUW 0. PRITCHARD 
Cenrrefor Resenrch in Experitnenral Space Science, York University, Do\vnsvierr~, Onrario M3J 1 P3 

Received September 17, 1973 

A previously reported calculation on a model expansion in a nozzle flow is extended 
to  the point where the whole vibrational energy "freezes" and the behavior of the vibra- 
tional relaxation time is examined. Starting with the high levels, each individual 
vibrational energy level becomes decoupled from the ground state in sequence, down to  
and including u = 1; under these conditions, all measures of the vibrational relaxation 
time fail, but perhaps surprisingly the rate constant for recombination remains well 
defined. 

Un calcul prtalablement dCcrit sur une expansion modkle dans une "buse de  courant" 
est dtveloppt au point oh toute 1'Bnergie vibrationnelle "gkle" et le comportement du 
temps de  relaxation vibrationnelle est examint. Partant des niveaux Clevts, chaque niveau 
particulier d'tnergie vibrationnelle devient dtcouplt, en skrie, de l'ttat fondamental 
diminuant jusqu'a u = 1 inclusivement; dans ces conditions, toutes les mesures du temps 
de  relaxation vibrationnelle font d t faut  mais, ce qui peut t tre surprenant, la constante de 
vitesse de  recombinaison reste bien d6finie. [Traduit par le journal] 

Can. J .  Chem., 52,939(1974) 

In an earlier paper (l), we reported the results 
of a calculation on a model flow in which a 
H2/He mixture was cooled by a nozzle expansion 
from 3900 to 1500 OK; we now report the 
extension of this model calculation down to 
685 OK because it demonstrates three interesting 
features. 

We had found in earlier model calculations on 
the vibration-dissociation coupling in a shock 
wave (2) that the second eigenvalue (dn-,) of 
the relaxation matrix was related to the vibra- 
tional relaxation time through 

Furthermore, at low temperatures, this eigen- 
value relation was equivalent to the ordinary 
harmonic-oscillator formula 

although above about 1500 OK, these two diverged 
somewhat because of increasing complexity of 
the relaxation process (2, 3): this is apparent in 
Fig. 1. In the nozzle calculation, however, it was 
found (1) that one could not define a vibrational 
relaxation time using the conventional concept 
of a vibrational temperature because of the 
severity of the flow conditions and the rapidity 
of the resulting vibrational population changes; 
on the other hand, the well-known formula 

which defines the relaxation time in terms of the 
rate of loss of vibrational energy remained in 
acceptable agreement with eq. 1, although the 

FIG. I .  Comparison of vibrational relaxation times 
for the model flow calculated from the rate of loss of 
vibrational energy (eq. 3) with the correct values (eq. 1); 
numerical values refer to a constant density, see ref. 1 for 
further details. 
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agreement in fact became poorer as the flow 
progressed (1). The recent implementation of 
q~adruple-length arithmetic on our IBM 370 
computing machine has enabled us to continue 
this calculation with good accuracy down to 
790 OK, and with limited accuracy (c.a. 2 
decimal places on most populations) down as 
far as 685 OK, confirming in fact that this diver- 
gence between eqs. 1 and 3 is caused by the 
onset of "freezing" and not by computational 
deficiencies. 

We may summarize the results of this extended 
calculation' under the following three headings. 

(i) The Recombination Rate Constant 
The flow continues to be virtually frozen in 

respect of recombination, and the top-most 
vibrational levels continue to  be in good 
equilibrium with the local atom concentration, 
which is in fact decreasing mainly because of the 
expansion, but partly also because of a small 
amount of recombination. Throughout the cal- 
culation, the phenomenological rate constant 
for recombination, calculated from the net 
recombination flux remains in excellent agree- 
ment with that calculated from the smallest 
eigenvalue (d,- ,) of the system of relaxation 
equations. It may seem surprising that even 
though the vibrational relaxation time becomes 
ill-defined as described below, the rate constant 
remains well behaved: in fact the reaction is very 
far from equilibrium in respect of recombination, 
and this behavior can be understood in terms of 
Boyd's recent analysis of the rate-quotient law 
(4). 

(ii) Consecutive Freezing 
As the flow progresses, the upper vibrational 

level populations cease to be coupled to the 
ground-state population in monotonic succession. 
We had suggested previously that the over- 
population of a particular level by a factor of 
about three with respect to the ground state 
could be regarded as a reasonable criterion for 
the freezing of that level in a vibrational relaxa- 
tion (1): Table 1 shows such freezing points for 
each vibrational level in the column headed 
"criterion 1 ". However, because in this calculation 

'Tables of the gasdynamic properties of this flow and 
the population distributions can be obtained, at a nominal 
charge, from The Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada, KIA 0S2. 

TABLE 1. Freezing points of individual 
vibrational energy levels in the nozzle flow 

TCK) 
Vibrational level 

u Criterion 1 Criterion 2 

we have the upper vibrational levels strongly 
coupled to a source of new molecules through 
recombination of atoms, a second more dramatic 
criterion for freezing arises: shortly after a 
particular level becomes essentially decoupled 
from the ground state according to criterion 1, 
the supply of molecules from the reservoir of 
newly formed highly excited molecules causes 
the population of that level t o  cease falling and 
to rise again. Thus the level is completely and 
absolutely decoupled from the ground state as  
its population is now rising although the 
translational temperature is falling: these ab- 
solute freezing points are listed in Table 1 under 
the heading "criterion 2" and it is seen that this 
behavior also progresses monotonically down- 
wards in v until it reaches the v = 1 state; 
criterion 2, however, is not applicable to the 
high vibrational levels where the dominating 
trend is a fall in population related to the fall 
in atom concentration caused by the expansion. 

(iii) The Vibrational Relaxation Time 
It is clear that as soon as the populations of 

aN states are rising whereas the translational 
temperature is falling, which happens at about 
700 OK in this experiment, calculation of the 
vibrational relaxation time via eq. 3 must also 
fail, since dsvi,/dt passes through zero and 
therefore qi,-' becomes negative! Figure 1 
compares the behavior of the practical vibration- 
al relaxation time, calculated according to eq. 3, 
with the other two theoretical measures, i.e. eqs. 
1 and 2. Equation 3 departs soon after the 
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commencement of the ex~ansion at 3900 O K  from 1. N. I .  LABIB, D. L. S. MCELWAIN, and H. 0. PRITCH- 
the true relaxation time Ieq. I), and although it ARD. Can. J. Chem. 3832(1972). Part "I1. 

2. D. L. S. MCELWAIN and H. 0. PRITCHARD. Thir- is '0' ideallY apparent from the logarithmic plot teenth Symposium (International) on combustion. 
shown in Fig. 1, the disagreement between the The Combustion Institute. 1971. D. 37. Part 111. 
two equations becomes progressively greater as 3. A. G. GAYDON and I. R. HURL;. The shock tube in 
the flow evolves: the error becomes a factor of 2 high-temperature chemical physics. Chapman and 

HalI, London. 1963. p. 196. 
near loo0 OK' and eq' diverges to 4. R. K. BOYD. J. Chern. Phys. To be published. infinity at 700 O K .  
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The Microwave Spectrum of Trifluoromethyl Hypofluorite 

P. BUCKLEY A N D  J. P. WEBER 
D/por!et ,~et~r  rle Cllitnie el Cetlrre rle Recl~ercl~es sr~r 1c.s Arot,les el les MolPc~~les ,  Ut~iivrsirP Luvrrl, Qrr/bec 10, QrlPOec 

G I K  7P4 

Received February 5, 1973' 

The microwave spectrum of trifluoromethyl hypofluorite (CF30F)  has been analyzed in the 
region 8 4 0  GHz. Only p. R-type transitions were observed despite a careful search and using 
double-resonance techniques. These determine the following rotational constants: A = 5600 
+ 100, B = 3108.13 t 0.02, C = 3049.25 t 0.02 MHz. The dipole moments determined 
from Stark effect measurements are p. = 0.30 f 0.02, pb = 0.10 + 0.06, pc = 0 D. The 
u = 1 state of the CF3 torsion has also been measured; relative intensity measurements lead 
to  a potential barrier of 3.9 kcal/mol, somewhat higher than the electron diffraction results. 

On a analyst le spectre du trifluoromtthyl hypofluorite dans la rtgion de 8 A 40 GHz.  Seules 
des transitions de type R p. ont pu t tre observtes malgrt un balayage minutieux et l'emploi de 
la technique de double rtsonance. Les constantes rotationnelles sont les suivantes: A = 5600 
t 100, B = 3108.13 + 0.02, C = 3049.25 k 0.02 MHz. Les moments dipolaires obtenus par 
effet Stark sont: p, = 0.30 + 0.02, pb = 0.10 f 0.06, p, = 0 D. Le spectre de 1'Ctat u = 1 
de la torsion CF3 a egalement Cte mesure; les mesures d'intensite relative conduisent a une 
barriere de potentiel de 3.9 kcal/mol, ce qui est un peu plus Blevt que les rtsultats obtenus par 
diffraction des tlectrons. 

Can. J .  Chern., 52,942(1974) 

The microwave spectrum was observed on a conven- 
tional 100 kHz square-wave Stark modulation spectro- 
meter built in this laboratory. The source was a Hewlett- 
Packard model 8690A sweep oscillator using appropriate 
plug-in R F  units, covering the range 8 to 40 GHz. Precise 
frequency measurements were achieved by phase-locking 
the oscillator to a Microwave Systems Frequency Stabi- 

'Revision received October 26, 1973. 

Introduction 
Trifluoromethyl hypofluorite (CF,OF) is an 

important reagent in the synthesis of organic and 
inorganic fluorine compounds and its properties 
and reactions have been extensively studied (1). 
Prior to undertaking this microwave investiga- 
tion, the only structural data available were based 
on the i.r. and Raman spectra (2-4). These 
medium-resolution studies included a band con- 
tour analysis from which an accidentally sym- 
metric prolate top structure was derived. A band 
at 56 cm-' was assigned as the 1 c 0 transition 
of the CF, torsion and a potential barrier of 395 
cm-' (1.13 kcal/mol) was determined with an 
assumed geometry. While our work was in prog- 
ress, the structure of the molecule was deter- 
mined by electron diffraction (5). The results 
indicated a CF, group tilt of 4.1 0.8" and a 
potential barrier of 2.5 + 0.5 kcal/mol. 

Experimental 

lizer model MOS-V. Markers were derived from the 
electronic counter. The frequencies are  accurate to 50 kHz. 

A sample of C F 3 0 F  was purchased from Peninsular 
Chem Research Inc. Impurities detected by gas chromato- 
graphy included small amounts of CF4 and COF,. Ini- 
tially, only the spectrum of COF, could be observed. This 
source of COF, could be eliminated by keeping the sample 
in contact with water for long periods (several days): 
C F 3 0 F  itself undergoes only very slow hydrolysis. How- 
ever, the intensity of the COF, lines increased with time 
indicating that the C F 3 0 F  was decomposing in the cell, 
the probable reaction being: CF,OF + COF, t: F2.  
Upon cooling to Dry Ice temperature, the rate of decom- 
position was slowed down appreciably, especially after 
the cell had been filled repeatedly with large quantities 
of CF3OF. 

Results and Discussion 
Ground State Spectrum 

Preliminary calculations using an assumed 
structure (2) indicated that CF,OF is a nearly 
symmetric prolate top with rotational constants 
A - 5700 MHz, B 1. C - 3100 MHz. From the 
assumed structure and tabulated bond moments 
(6), the principal dipole moments were evaluated 
asp, = 0 .4D,pb  = 0.2D,and p, = 0.0D. 

Transition frequencies were calculated from 
the assumed moments of inertia using an asym- 
metric rotor program written in APL/360. An 
a-type R branch was predicted, with J 's  between 
1 and 5 in the region 12 to 36 GHz. 

The observed spectrum is characteristic of a 
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BUCKLEY AND WEBER: SPECTRUM OF TRIFLUOROMETHYL HYPOFLUORITE 943 

prolate asymmetric rotor with a-type selection 
rules. Only the R(0,l) typeqransitions were ob- 
served. They were readily identified by their 
characteristic pattern, and Stark effect of the 
K = 1 (K = K-,) lines. 

Fitting the observed lines to rigid rotor theory 
through a least-squares procedure produced the 
rotational constants shown in Table 1. The low 
J ,  R-branch transition frequencies are nearly in- 
dependent of A, thus only B and C could be cal- 
culated with great accuracy. Variations of 0.04 
MHz in the value of B.or C affected the calcu- 
lated spectrum as much as variations of 100 MHz 
in A. A comparison of observed and calculated 
transition frequencies for the ground state is 
given in Table 2. Small differences for higher J's 
and K's are due to centrifugal distortion. These 
differences are too small for calculation of 
centrifugal constants. 

To determine A more precisely a thorough 
search was carried out for other transitions, 
especially p, Q-type transitions, but none were 
found using conventional techniques. 

Double-resonance experiments were per- 
formed using an experimental arrangement simi- 
lar to that described by Cox et al. (7). The pump- 
ing source was the HP sweep oscillator with 4-8 
and 8-12.5 GHz plug-in units yielding power 
levels of approximately 50 mW. An OK1 24V10 
reflex klystron was phase-locked on the peak of 
selected R p, lines. The resultant signal was re- 
corded while the pumping source was swept 
through the appropriate frequency region. Reson- 
ance would be indicated by a dip or rise in the 
recorded trace. Rotational constant A being 
known within 200 MHz it was possible to cal- 
culate the frequency domain of the Q p, transi- 
tions as shown in Table 3. The absence of anv 
observable resonances indicated that the p, is 
extremely small such that much higher pumping 
powers are necessary. 

Although no structural information can be 
obtained from the present results, the inertial 
constants are consistent with the structure deter- 
mined by electron diffraction (5). Using struc- 

TABLE 2. Ground state spectrum of C F 3 0 F  

Transition vobs (MHz) vobs - v.,~. (MHz) 

TABLE 3. Some double-resonance schemes for C F 3 0 F  

Pumped 
Observed transition transition v(MHz)* 

'Frequency range with A = 5500 to A = 5700 MHz. 

tural parameters obtained from electron diffrac- 
tion we calculated the following rotational con- 
stants: A = 5640 + 50, B = 3070 + 50, C = 
3040 + 50 MHz. It must be mentioned, how- 
ever, that these constants are derived from r, 
parameters whereas ours are ground rotational 
state constants. 

Excited State Spectrum 
Each ground state line was accompanied by a 

satellite line having a relative intensity of about 
0.4 at - 79 "C (Dry Ice). Several transitions in 
the vibrationally excited state were measured 
and the derived rotational constants listed in 
Table 1. Observed transitions are shown in 
Table 4. 

TABLE 1. ~ o t a t i o n a l  constant of CF3OF (in MHz) The lowest frequency vibration is expected to 
be the torsion about the C-0 axis. That torsion 

u A B C was assigned to a very weak band in the i.r. spec- 

o 5600+ 100 3108.11 20.02 3049.24+0.02 trum of the vapor (2). Such a frequency corre- 
1 5530+100 3100.49+0.03 3048.87+0.03 sponds to a relative intensity of 0.65 a t  the tem- 

perature of our measurements. Careful relative 
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944 CAN. J .  CHEM. VOL. 52,  1974 

TABLE 4. First excited state spectrum of CF30F 

Transition Vobr (MHz) vobs - vC.lc (MHz) 

intensity measurements on the J = 2, 3, K = 1 
lines yielded an average value of 0.4. The diffi- 
culties of relative intensity measurements are 
well known (8) but the experimental errors are 
not large enough to explain this discrepancy. Our 
results correspond to a torsional frequency of 
approximately 120 cm-l. Using the electron 
diffraction structure to determine the reduced 
moment of inertia for internal rotation, rl,, to- 
gether with 1 + 0 frequency of 120 cm-', we 
obtain a potential barrier of about 3.9 kcal/mol 
which is somewhat higher than the value V, = 
2.5 + 0.5 kcal/mol from electron diffraction. 

Intensities of torsional bands are notoriously 
weak because of the small changes in dipole 
moment for such motions. Moreover, measure- 
ments in the far i.r. region are difficult and 
spurious absorptions are often detected. 

The next highest vibrational frequencies are 
those of the A' and A" CF, rocking modes at 
227 and 250 cm-l, respectively. A second, much 
weaker satellite is observed for the more intense 
transitions. This may be the second excited state 
of the torsion or one of the rocking modes. This 
question was not further explored. 

Dipole Moment 
Stark effect measurements were carried out on 

the M = l , 2  lobes of the J = 2, K = 1 lines and 
on the M = 2, 3 lobes of the J = 3, K = 1 lines. 
(The M = 1 lobes on the latter pair of lines were 
too small for their frequency displacement to be 
followed with accuracy.) The electric field was 
calibrated before and after measurements with 
the 2 + 1 transition of OCS, p(0CS) being taken 
as 0.71 521 D (9). The frequency displacement for 
each lobe was measured as a function of the field 

TABLE 5. Stark coefficients and dipole moment 
of CF30F* 

-- 

Av/E2 x lo5 MHz ( V / C ~ ) ~  

Transition M 0 bserved Calculated 

212 + 313 1 0.343&0.002 0.315 
2 1 .287k0.01 1.268 

211 + 312 1 -0.328+0.002 -0.315 
-1 .193k0.05 - 1.253 

313 + 414 2 0.160+0.002 0 .144 
3 0 .359k0.01 0.326 

312 + 413 2 -0.160+0.002 -0.144 
3 -0 .359k0.01 -0.322 

*pa = 0.30 + 0.02 D, p, = 0.10 + 0.06 D, p, = 0 D (assumed). 

at intervals of approximately 100 V/cm, from 
400 V/cm to the point where the resulting field 
inhomogeneity so broadened the lobe that it be- 
came lost in the background noise. We thus ob- 
tained between six and twenty experimental 
points for each lobe. Maximum displacements 
achieved were of the order of 20 MHz for the 
J = M = 2 lobes and 5-8 MHz for the others. 
The second-order Stark coefficients were calcu- 
lated by performing a linear least-squares fit on 
the frequency displacement as a function of the 
square of the electric field. These coefficients are 
given in Table 5 along with the standard error of 
estimate and the derived dipole moments. The de- 
viations appear to be large enough to warrant a 
fourth-order perturbation calculation, but this 
has not been attempted here. 

The symmetry of the molecule is such that one 
of the components of the dipole moment is neces- 
sarily zero. For  most molecular models (in- 
cluding those obtained by electron diffraction), it 
would appear that the c-component vanishes. 
However it is difficult to positively locate axes 
b and c since corresponding moments of inertia 
are almost identical. Setting y, at 0 led to an  
imaginary p,, therefore we set y, at 0. The very 
small dipole moment obtained for p, explains 
why it was impossible to observe transitions 
other than a-type. 

The authors wish to thank Professor L. Bartell for 
communicating his results before publication. One of us 
(J.W.) wishes to thank the National Research Council of  
Canada for a bursary and we are grateful to the NRCC 
and DRBC for operating grants. 
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Drop Calorimetry of the Complex Compounds CsMnCls,CszMnC14, and CszZrCls 

A. S. K ~ C H A R S K I  AND S.  N. FLENGAS 
Departmetzt of Metallurgy and Materials Science, University of Toronto, Torotzro, Orzrario M5S 1.44 

Received October 22, 1973 

Enthalpies of fusion, heat contents, and heat capacities, for the compounds CsMnCI,, 
Cs2MnCI4, and Cs2ZrC16 have been determined by drop calorimetry. The following results 
were obtained for the enthalpies of fusion: 

The heat capacities were determined as 

CsMnC1, C,(,, = 34.587 for 866 2 T K  > 437 
C,(,) = 37.937 1076 > T K 2 866 

CsZMnCl4 Cp(,,  = 23.091 for 811 2 T K  > 592 
Cp(l)  = 27.354 1059 > T K 2 811 

CszZrC16 Cp(,,  = 56.717 + 13.586T for 1082 2 T K  > 537 
C,(,, = 73.426 1180 > T K 2 1082 

Les enthalpies de fusion, les enthalpies et les capacites calorifiques des composes CsMnCl,, 
CszMnCI4 et CsZZrC1, ont etk Btablies par abaissement calorimetrique. Les resultats suivants 
sont obtenus pour les enthalpies de fusion: 

Cs2MnC14 AH, = 6.29 & 0.80 kcal/mol-' a 81 1 K 

Les capacitb calorifiques ont ete evaluees a :  

CsMnCI3 C,,,,, = 34.587 pour 866 2 T K > 437 
Cp(l) = 37.937 1076 > T K 2 866 

Cs2MnCI4 Cp(,,  = 23.091 pour 81 1 2 T K > 592 
Cp(l) = 27.354 1059>  T K ?  811 

Cs2ZrC1, Cp(,)  = 56.717 + 13.5867 pour 1082 2 T K > 537 
C P ( , )  = 73.426 1180 > T K  2 1082 

[Traduit par le journal] 

Can. J. Chem., 52,946(1974) 

Introduction 
Recently a model has been developed to 

account for the enthalpies of mixing for charge 
asymmetrical systems of the type MC1,-AC1 (I), 
where M and A are the transition metal and 
alkali metal cations, respectively. The free 
energies, enthalpies, and entropies of mixing for 
the MnC1,-ACl systems where A = Li, Na, K,  
and Cs have been reported (2) as well as the 
electrical conductivities and molar volumes of 
these systems (3). 

The interpretation of these results has been 

based on the formation of a tetrahedrally co- 
ordinated chloride complex via the reaction 

where A = Li, Na, K, Rb, and Cs. 
Also, the formation of the octahedrally co- 

ordinated chloride complexes with tetravalent 
transition metal cations has been shown to  
decrease the activity of MCl, vapor (4) by 
reactions of the type 
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KUCHARSKI AND FLENGAS: ON DROP CALORIMETRY 947 

where A = Li, Na, K, and Cs and M = Ti or TABLE 1. The enthalpy content of SiO, and Pt 

Zr . at 1000 K ( l  cal,, = 4.184 J) 

The thermal properties for the Li2ZrCl,, 
Li2HfC1,, Na2ZrC1,, and K,ZrCl, have been HIOOO - H29e0  

measured in this laboratory (5). However, Compound (cal/mol) Reference 
accurate heat capacity and heat of fusion data 

-- 

for cesium complexes of these types are generally SiOz I0 260 This work 
10 280 7 

lacking. 
Pt  4 808 This work 

Experimental 4 -- 660 7 

The design and operation of the calorimeter used in 
this work has been reported from this laboratory (6). The The previous constant (6) was determined a s  2885 + 35 
preparation of anhydrous MnCI,, KC], and CsCl used in cal/mV. The molar enthalpy content relative to  25 "C for 
the present investigation has also been described pre- pure fused SiOz and Pt was calculated at  1000 K uslng 
viously (2). TheZrCI4 was purified by sublimation and the eqs. 3 and 4 incorporating the new calorimetric constant. 
Cs,ZrC16 complex compound was formed by reacting The calculated and literature values (7) are compared in 
ZrCI, vapor with a weighed amount of CsCl in a closed Table 1. The enthalpy contents for SiO, and  Pt differ 
system (10). from the literature values (7) by 0.2and 3.2%, respectively. 

The manganese complexes were formed by weighing out 
the salts in the correct stoichiometric proportions into Results and Discussion 
fused silica capsules. The silica capsule was sealed under 
vacuum. The salts were always handled in a dry box in The enthalpy 'Ontents of the compounds at the 
order to avoid contact with moisture. corresponding temperatures are shown in Table 2 

Calibration 
and plotted in Fig. 1. These data were fitted by 

The drop calorimeter was recalibrated using the method least 'quare to entha'py functions of the 
employed previously (6). Synthetic sapphire obtained type 
from the U.S. Bureau of Standards was used as a 
standard. [6] HT - HZ9, = a, + a,T + a , ~ '  

The synthetic sapphire was enclosed in a fused silica 
capsule. The silica and the sapphire were separated by a 
thin platinum foil liner to prevent their reaction. Thus, the 
silica, platinum, and sapphire contribute to the total heat 
content of the capsule. To separate these effects, the silica 
portion was determined by dropping a pure solid silica 
slug. The data were fitted by least squares to equation 

where Vslo, is the thermopile signal in mV per g of silica 
and T is the temperature in K. The standard deviation 
for the data is 0.474 x 10-%V/g. 

Similarly, the part of the signal due to the heat content 
of platinum was determined as  

[4] V,,  = -3.3756 x lod3  + 1.1604 
x 10-5T + 1.4084 x 10-'OT2 

with a standard deviation of 0.978 x lo-, mV/g. These 
results for the silica and the platinum vary from the 
previously reported results (6) a t  1000 K by only 2.8 and 
0.3%, respectively. 

The calorimeter constant was determined from the 
accurate known enthalpy content of sapphire given as 

[5] HT - Ho = 148.5704T - 1.7106 
x 10-3T-2 - 46994.87 log T + 82146.1 

Equation 6 corresponds to the heat capacity 
given by eq. 7 where T represents temperature 
in K. 

[71 C ,  = a, + 2a2T 

The standard deviation for these fits were 
calculated using the equation 

The average calorimetric constant from eleven sapphire 
determinations was computed to  be 2945.4 + 143 cal/mV. 

FIG. 1. H T  - HZg8 as  a function of temperature for 
the compounds Cs2ZrC16, Cs,MnCI,, and CsMnCI,. 
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TABLE 2. Enthalpy contents of CsMnCI,, Cs2MnC14, and CszZrC16 (1 cal,, = 4.184 J) 

Solid 
264 
355 
40 1 
422 
455 
476 
559 
642 
675 
716 
755 
788 
802 

Liquid 
822 
853 
894 
833 
880 
907 

where s is the sum of squares, N is the number of 
data points, and M is the number of coefficients. 
Thus, the standard deviation reflects the number 
of coefficients used in the function to fit the data. 

The standard deviation for the heat of fusion 
was determined by taking the square root of the 
sum of squares of the standard deviation for 
liquid and solid lines. The coefficients determined 
by the least square fits are shown in Table 3 
along with the enthalpies and entropies of fusion 
for the cesium compounds. 

For systems of the type MnC1,-CsCI it has 
been suggested (1-3) that the compound 
Cs2MnC1, is formed in the molten state accor- 
ding to reaction 1. Hence for liquid compositions 
X M n C l ,  _< 113, the only species that can exist in 
the melt are MnC1,'-, Csf ,  and excess C1- ions. 
For compositions X M C  2 1 3  only the 
MnC1,'-, Mn2+, and Csf ion species are 
possible. Thus upon fusion the CsMnCl, and the 
Cs2MnC14 complexes each form 3 moles of ions. 
The entropy of fusion can be estimated by using 
the general rule that upon fusion each particle 
contributes 2 to 4 entropy units to  account for 
the total of 6 to 12 entropy units. It is apparent 

from Table 3 that the entropy of fusion for the 
Cs2MnC1, complex lies within this range. The 
fact that the entropy of fusion for the CsMnC1, 
complex is somewhat higher and outside this 
range can be attributed to the different solid 
state crystal structure of this complex. The solid 
statecrystal structure of CsMnCl, and Cs2MnCl4 
has been reviewed by Papatheodorou (8). The 
CsMnCl, complex is hexagonal with the Mn2+ 
ion octahedrally coordinated while the P- 
Cs2MnC1, complex is orthorhombic and tetra- 
hedrally coordinated. This solid state structural 
evidence indicates that the fusion process for the 
CsMnCl, complex breaks more bonds on fusion 
than the Cs2MnC1, complex and  thus has a more 
profound effect on entropy of fusion. 

The drop calorimetry results for the MgC12- 
ACl system (A = K, Rb, Cs) reported by Holm 
et al. (9) are compared with this study in Table 4. 
It is seen that the entropy of fusion for the 
Cs2MgC1, and CsMgCl, compounds parallels 
the trends for the analogous MnCl, compounds. 

The enthalpies for alkali chlorozirconates 
taken from the work of Dutrizac and Flengas (5) 
are listed in Table 5 along with the enthalpy for 
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KUCHARSKl AND FLENGAS: ON DROP CALORIMETRY 949 

TABLE 3. Least square fit for enthalpy functions HT - HZgs = a. + a l T  + azT2 (1 calth = 4.184 J) 

Standard t c AHc ASr  
Compound ao a1 a, x 103 deviation ("C) (kcal/mol) (cal/mol K) 

- 

CszZrC16 (solid) - 19 985 56.717 6.793 300 808.7 17.53k0.58 15.9 
Cs2ZrC16 (liquid) - 12 579 73.426 460 

CsMnCI, (solid) - 10 890 34.587 
CsMnCla (liquid) 1911 37.937 

CszMnC14 (solid) - 6 269 23.091 
Cs2MnC14 (liquid) - 3 433 27.354 

TABLE 4. Enthalpies of fusion for the I : 1 and 2: 1 congruent compounds formed in the 
MgC12-AC1 and MnCI2-ACI systems (A = K, Rb, or Cs) (1 cal,,, = 4.184 J) 

A H c  A S r  
Compound (kcal mol-') (e.u.) Structure 

15.3 Tetragonal 
16.3 Tetragonal 
11.6 Orthorhombic 
13.7 Hexagonal 
14.9 Hexagonal 
15.5 Hexagonal 
7.8 Orthorhombics 

14.2 
18.0 Hexagonal 

*Reference 9. 
?This work. 
$Reference 1 1. 
§Reference 8. 

TABLE 5. Enthalpy and entropies of transformation for the alkali chlorozirconate compounds 
(1 cal,, = 4.184 J) 

-- -- 

Temperature Enthalpy Entropy 
Compound Type of transformation ("c) (kcal mol-') (e.u.) 

'Reference 5. 
tThis work. 

Cs2ZrC1, complex determined in the present The financial assistance to one of the authors (A.S.K.) 
work. No solid state transformation was ob- by the National Research Council of Canada is gratefully 

served in Cs2ZrC1, compound in contrast to 
other alkali chlorozirconates shown in Table 5. 
This result is substantiated by the phase diagram 1. S. N. FLENGAS and A. S. KUCHARSKI. Can. J. Chem. 

49,24(1971). 
studies On CsC1-Cs2ZrC16 systems (lo) in this 2. A. S. KUCHARSKI and S. N. FLENGAS. J. Elec- 
laboratory. trochem. Soc. 119, 1170(1972). 
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Quaternary Nitrogen Heterocycles. IV. The 1-Methyl-4-nitroquinolinium and 
4,4-Diiodo-1,l-dimethyl-1,4-dihydroquinolnium Cations, Two Methylation 

Products of 4-Nitroquinoline and their Reactions in Aqueous Solutions 

JOHN W. BUNTING A N D  WILLIAM G. MEATHREL 
Deptrrt~netlt of Clrenrist,y, Unitvl'sity of Tor~or~ro, Torotlto, Onrnrio MSS / A /  

Received August 30, 1973 

Methylation of 4-nitroquinoline wth methyl fluorosulfonate ("magic methyl") gives 
the expected 1-methyl-4-nitroquinolinium fluorosulfonate. However, methylation with 
methyl iodide gives an unexpected product (C11HI?13N) which is shown to be 4,4-diiodo- 
1,l-dimethyl-l,4-dihydroquinolinium iodide. This latter salt readily loses a molecule of 
methyl iodide in aqueous alkaline solution and forms 4-hydroxy-4-iodo-1-methyl-1,4- 
dihydroquinoline. This latter product reacts in aqueous solution with excess silver iodide 
or bromide in the presence of silver nitrate to give 3-iodo-1-methyl-4-quinolone or the 
corresponding 3-bromo derivative. The 1-methyl-4-nitroquinolinium cation readily forms 
a pseudobase in aqueous solution ( ~ K R O I I  = 5.31; ~ K R o -  = 10.95). Kinetic and spectro- 
scopic data are consistent with the predominant neutral pseudobase species being 
4-hydroxy-1-methyl-4-nitro-1,4-dihydroquinoline, while the predominant pseudobase 
anion is the alkoxide ion of 2-hydroxy-1-methyl-4-nitro-l,2-dihydroquinoline. 

La methylation du nitro-4 quinoltine avec du mtthyle fluorosulfonate ("mtthyle 
magique") donne, comme pr6vu, le sulfonate fluort du methyl-1 nitro-4 quinoltinium. 
Pourtant, la mtthylation avec de l'iodure de mtthyle donne un produit inattendu 
(CI1Hl2I3N) qui est I'iodure du diiodo-4,4 dimethyl-1,l dihydro-1,4 quinoleinium. C e  
dernier sel perd aistment une moltcule d'iodure de mtthyle dans une solution aqueuse 
alcaline et forme du hydroxy-4 iodo-4 mtthyl-1 dihydro-1,4 quinolkine. Ce dernier pro- 
duit, dans une solution aqueuse avec de I'iodure ou du bromure d'argent en excts, rtagit 
en prtsence du nitrate d'argent pour donner l'iodo-3 mtthyl-1 quinolone-4 ou le dtr ivt  
bromo-3 correspondant. Le cation methyl-1 nitro-4 quinoltinium forme aisiment une 
pseudobase dans une solution aqueuse ( ~ K R O H  = 5.31; pKno- = 10.95). Les donn6es 
cinetiques et spectroscopiques sont en accord avec I'esptce de pseudobase neutre pr6- 
dominante qui est l'hydroxy-4 methyl-1 nitro-4 dihydro-1,4 quinol6ine alors que l'anion 
pseudobase predominant est l'ion alcoolate du hydroxy-2 methyl-1 nitro-4 dihydro-1,2 
quinoliine. [Ttaduit par le journal] 

Can. J. Chem., 52,951 (1974) 

We wish to report a dramatic difference be- 
tween the methylation products obtained upon 
treatment of Cnitroquinoline with methyl iodide 
and methyl fluorosulfonate ("magic methyl"). 
Each of these products undergoes an interesting 
series of facile reactions in aqueous solution and 
we also report a detailed study of these trans- 
formations. 

Treatment of Cnitroquinoline with methyl 
fluorosulfonate gave a product whose p.m.r. spec- 
trum in trifluoroacetic acid could be assigned to 
the 1-methyl-4-nitroquinolinium cation (1): 6 
4.97 (N-CH,, S, 3H), 8.24-8.73 (H - 3 + H- 5 
+H-6+H-7+H-8,  m, 5H), 9.60H-2, d, lH,  
J2 ,  = 6.5 Hz). This spectrum is very similar to 
that of Cnitroquinoline in trifluoroacetic acid, i.e 

'For Part 111, see ref. 16. 

the Cnitroquinolinium cation (Table 1). Further- 
more, the U.V. spectrum of 1 in water is also very 
similar to that of the Cnitroquinolinium cation 
(h,,, 325 and 322 nm, respectively). 

Treatment of Cnitroquinoline with methyl io- 
dide, either neat or in acetone solution, produced 
quite a different product. Elemental analysis in- 
dicated the presence of 3 atoms of iodine per 
quinoline moiety (C,,H,,I,N). Titration of a 
suspension of this product with silver nitrate so- 
lution in neutral aqueous solution indicated that 
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only one of these iodine atoms was present as io- 
dide ion. The p.m.r. spectrum in both trifluoro- 
acetic acid (Fig. 1 and Table 1) and acetone 
(Table 1) indicated the presence of two nonequiv- 
alent methyl groups. The chemical shifts of both 
of these methyl groups are typical of quaternary 
N-methyl protons in a heterocyclic cation (for 
1-methylquinolinium cation N-CH, 6 4.67 
(D20)). In both solvents a pair of one-proton 
doublets (coupling constant 7 Hz) is evident, 
one at higher field and the other at lower field 
than the four-proton multiplet for the protons on 
the aromatic homocyclic ring. The chemical 
shifts of these doublets show a considerable sol- 
vent dependence. We assign this spectrum to the 
4,4-diiodo- 1 , l  -dimethyl- l,4-dihydroquinolin- 
ium cation, 2, with the downfield doublet (6 8.70 
in trifluoroacetic acid) being assigned to the pro- 
ton on C-2 and the higher field doublet (6 7.35 in 
trifluoroacetic acid) to the proton on C-3. The 
positively charged nitrogen atom would be ex- 
pected to cause the signal from C2-H to occur 
at much lower field than that from C,-H. The 
coupling constant, J2, = 7 Hz, is consistent with 
similar values for other 1,4-dihydroquinolines 
(1, 2). We assume that the nonequivalent N- 
methyl groups are a reflection of the conforma- 
tion taken up by the 1,4-dihydropyridine ring. 

An attractive route for the formation of the 
4,4-diiodo- I ,  1 -dimethyl- 1,4-dihydroquinolin- 

C H E M I C A L  S H I F T  6 
FIG. 1. Proton magnetic resonance spectrum (in tri- 

fluoroacetic acid) of the product from the methylation of 
4-nitroquinoline with methyl iodide - 4,4-diiodo-l,l- 
dimethyl-l,4-dihydroquinolinium iodide. 

ium cation (2) from the methylation of 4-nitro- 
quinoline is outlined in Scheme 1. This route as- 
sumes the formation of the 1-methyl-Cnitroquin- 
olinium cation (1) as the initial product which 
can then undergo subsequent reactions as in- 
dicated. To test this proposal, we have refluxed 
1 -methyl - 4 - nitroquinolinium fluorosulfonate 
with methyl iodide, both in the absence and pre- 
sence of potassium iodide as a source of iodide 
ions. However, the only product that could be 
isolated from these reaction mixtures was 1- 
methyl-4-quinolone, to which the above fluoro- 
sulfonate salt is rapidly degraded even at room 
temperature. In the absence of a detailed investi- 
gation of this reaction, it is not clear at present 
whether the cation 1 is not an intermediate in this 
reaction or whether the fluorosulfonate salt of 1 
decomposes too rapidly under the reaction condi- 
tions to allow the formation of significant 
amounts of 2. 

Reactions of the 4,4-Diiodo-1,l-dimethyl-1,4- 
dihydroquinolinium Cation in Aqueous 
Solution 

During attempts to confirm chemically the pre- 
sence of two iodine atoms on C-4 in 2, we have 
observed that this cation undergoes a series of 
facile reactions in aqueous solution. Although 2 
is relatively insoluble in water, when a suspension 
is heated in dilute aqueous sodium hydroxide 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. IV 955 

with 2, whereas the second must arise by displace- 
ment from C-4 in alkaline solution. Extraction 

,OH of the brown suspension into chloroform gave a 
product with p.m.r. spectrum (Table 1) quite 
similar to that of 2, except that only one N-meth- 
yl signal is present. We formulate this product as 
the hydroiodide salt, 4, of the pseudobase of the 
4-iodo-1-methylquinolinium cation. This sug- 
gests that in alkaline solution, the species present 
i s 3  (X = OH or 0 - ;  Y = I). 

CHEMICAL SHIFT 6 
FIG. 2. Proton magnetic resonance spectrum immedi- 

ately after dissolution of  4,4-diiodo-1,l-dimethyl-l,4- 
dihydroquinolinium iodide in NaOD-DZO. 

(0.03 M) a clear yellow solution is obtained. The 
p.m.r. spectrum of this solution (NaOD-D,O) 
(Fig. 2 and Table 1) is consistent with the pre- 
sence of a 4,4-disubstituted 1-methyl-1,Cdihy- 
droquinoline (3). However, there is an additional 

three-proton singlet (6 3.37) in the p.m.r. spec- 
trum which has the same chemical shift as the 
methyl protons of methanol in this solvent. The 
upfield shift of the C-2, C-3, and N-methyl pro- 
tons relative to the corresponding protons in 2 
indicates that the nitrogen atom no longer bears 
a positive charge. This is consistent with nucleo- 
philic attack by hydroxide ion (or water) on one 
of the methyl groups in 2 to produce methanol 
and thus the singlet at 6 3.37. 

Neutralization of such an alkaline solution 
gives a suspension of a brown solid. Careful titra- 
tion of this solid with standard silver nitrate solu- 
tion,and using the complete solution of the brown 
solid as an end point, indicates the presence of 2 
iodide ions per molecule of iodide salt of 2 orig- 
inally present. One of these iodide ions is, of 
course, the counterion that is originally present 

Addition of a small amount of potassium chro- 
mate solution as indicator, after the addition of 2 
equiv. of silver nitrate in the above titration, al- 
lows the titration of a third equivalent of iodide 
ion to the ~ o h r  end point (4). After filtering off 
silver iodide and silver chromate and basifying, 
extraction with chloroform gave a mixture of two 
products which could be separated chromato- 
graphically. Blank experiments indicated that the 
presence of the chromate ion did not influence the 
formation of these products. One of the products 
was readily identified as 1-methyl-4-quinolone. 
The second product contained 1 atom of iodine 
per quinoline moiety and had similar U.V. (A,,, 
288, 303, 334, 348 in ethanol) and p.m.r. (Table 
I)  spectra to 1-methyl-4-quinolone (A,,, 281,291, 
326, 340 in ethanol). However, the C-2 and C-3 
proton doublets in the p.m.r. spectrum of the 
latter compound were replaced by a one-proton 
singlet at 6 8.00 in the iodine-containingproduct. 
This product was believed to be either 2-iodo- 
or 3-iodo-1-methyl-4-quinolone, 5 and 6, respec- 
tively. 

0 0 

5 6 

3-Iodo-4-quinolone has previously been syn- 
thesized by treatment of 4-quinolone with iodine 
monochloride and has been unambiguously 
shown to be the 3-iodo rather than the 2-iodo 
derivative (5). We therefore treated l-methyl-4- 
quinolone with iodine monochloride under the 
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same reaction conditions and isolated an iodine- that the silver ion is involved in this very facile 
containing product identical with the compound rearrangement of 3 (X = OH; Y = I) to 6 and 
obtained above from the degradation of 2. By the reaction may be formally written as eq. 1. We 
analogy with the iodination product from 4- 
quinolone, this is expected to be the 3-iodo deriv- 
ative, 6. This is borne out by a comparison of the I l l  0 p.m.r. spectra of this product and 3-iodo-4- &:Ag+ - &i 
quinolone (Table 1). The chemical shifts for the I I 
C-2 protons are almost identical (6 8.25 and 8.27). 
Furthermore, the chemical shift for the C-3 pro- 
ton in a 2-iodo-4-quinolone would be expected 
to be at considerably higher field (by more than 
1 ~ . ~ . m . ) '  than that for the C-2 proton in a 3-iodo 
derivative. Thus 6 is firmly established as the 
second product from the degradation of 2. 

The ratio of 1-methyl-4-quinolone to 3-iodo-l- 
methyl-4-quinolone in the product mixture varied 
to some extent from run to run, between 2 : 1 and 
1 : 3 based on the relative intensities of the C2-H 
proton of 6 and the C,-H proton of l-methyl-4- 
quinolone in the p.m.r. spectrum of the mixture. 
This ratio was somewhat sensitive to a number of 
experimental variables, particularly the time that 
the solution of 2 was maintained basic prior to 
neutralization. Prolonged treatment of 2 in basic 
solution resulted in complete conversion to 1- 
methyl-4-quinolone by loss of hydrogen iodide 
from the pseudobase, 3 (X = OH; Y = I). 

The formation of a substantial amount of io- 
dine-containing organic product appears to be 
inconsistent with the titration with silver nitrate 
solution of 3 atoms of iodine per molecule of the 
iodide salt of 2. Collection of the silver iodide 
produced in the above titration with 3 equiv. of 
silver nitrate indicated the formation of only 
2.4 + 0.1 equiv. of silver iodide per mol of 2, 
assuming all the precipitate to be silver iodide. 
Thus 0.6 equiv. of the three equivalents of silver 
ion used in the titration (to the Mohr end point) 
are unaccounted for in the gravimetric analysis. 
The gravimetric analysis is consistent, however, 
with the conversion of approximately 60% of 2 
to 3-iodo-I-methyl-4-quinolone, 6.  It appears 

'Compare the chemical shifts of C3-H (6 6.27) and 
CI-H (6  7.58) in 1-methyl-4-quinolone (in CD(J3). The 
effect upon the chemical shift of the remaining proton, 
of individually replacing one of these protons by an 
iodine atom should be independent of whether iodine is 
introduced at C-2 or -3, since in each case the iodine atom 
can be considered to be a cis-olefinic substituent to the 
proton under observation (6). Thus the difference of ap- 
proximately 1.3 p.p.m. between the chemical shifts of the 
C-2 and C-3 protons in I-methyl-Cquinolone should be 
retained in the iodo derivatives. 

assume that the ultimate fate of the silver ion in 
eq. 1 is as a deposit of silver on the walls of the 
reaction vessel. This is not obvious to the eye, 
however, at the concentrations a t  which we have 
been able to work. 

We have been able to show that the rearrange- 
ment of iodine from C-4 to -3 is not mechanistic- 
ally a totally intramolecular reaction as might be 
inferred from eq. 1. Thus, treatment of 4 with 
silver nitrate in the presence of a large excess of 
silver bromide gave a mixture of 6 and the corres- 
ponding 3-bromo-I-methyl-4-quinolone. This 
ability to replace iodine with bromine clearly in- 
dicates that at least some of 6 arises by attack of 
iodine (chemical form unspecified) from solution 
rather than by an intramolecular migration of 
iodine from C-4 to -3. Treatment of l-methyl-4- 
quinolone with silver nitrate and excess silver 
iodide did not produce any 6, s o  that pathways 
for formation of 6 which involve the iodination 
of I-methyl-4-quinolone can be eliminated. The 
rearrangement of 3 (X = OH; Y = I) to 6 may 
possibly be formulated as an electrophilic attack 
by iodine at C-3, followed by elimination of hy- 
drogen iodide (Scheme 2). The electrophilic 
species is assumed to be a silver-iodine complex3 
of unknown structure which is concomitantly 
reduced to silver. This assumption is consistent 
with our observation that it is possible to intro- 
duce bromine by the use of excess silver bromide. 

Although the detailed mechanism of the in- 
volvement of silver ion in this reaction is not 
known at present, it is clear that it is not a case 
of a silver ion catalyzed rearrangement similar to 
reactions of the type that have recently been 
studied in considerable detail by Paquette (7). 
The requirement for equimolar amounts of silver 

3Species such as Ag,If are known to be formed by the 
interaction of silver iodide with silver ions (14, 15). The 
reaction of Ag,I+ + 2Ag + I +  is formally consistent 
with our current suggestions. 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. IV 957 

W A V E L E N G T H  ( n m )  

FIG. 3. The  pH dependence o f  the U.V. spectrum o f  the 1-methyl-4-nitroquinolinium cation (1) in aqueous solution: 
I ,  pH3.0;  2, pH 5.3; 3, pH 9 .5;  4,  pH 10.3; 5 ,  pH 11.3; 6, pH 13.0. 

ion consumed, and 3-iodo-1-methyl-4-quinolone 
produced, clearly distinguishes the present re- 
action from those rearrangements which require 
only the presence of a trace of silver ion as a 
catalyst. 

Reactions of the I-Methyl-4-nitroquinolinium 
Cation (1) in Aqueous Solution 

The u.v. spectrum of 1 in aqueous solution is 
p H  dependent (Fig. 3). These spectral changes 
are reversible upon acidification, and from the 
p H  dependence of these spectra pK, values of 
5.31 f 0.06 and 10.95 f 0.06 have been mea- 
sured at  25". 

The p.m.r. spectrum of 1 in aqueous alkaline 
solution (0.5 N NaOD-D,O) seems to indicate 
the presence of a mixture of two products: 6 
3.05(s), 3.80(s), 4.92 (d, J = 3 Hz), 6.27 (d, J = 8 
Hz), 7.0-8.5(m). The relative intensity of the 

singlets at 6 3.05 and 3.80 is time dependent 
and eventually the signals at  6 3.05 and  4.92 dis- 
appear. One of these products can readily be as- 
signed as 1-methyl-4-quinolone (cf. Table l), 
while the other we assign as 1,2-dihydro-2-hy- 
droxy-1-methyl-4-nitroquinoline (7) or more 
likely its alkoxide anion : 6 3.05 (N-Me, s), 4.92 

(H-2, d, J,, = 3 HZ), 7.0-8.0 (H- 3 + H-5+H 
- 6 + H - 7 + H - 8, m). Such an assignment is in 
good agreement with the spectrum of the anion 
of 1,2-dihydro-2-hydroxy-1-methylquinoxaline 
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(8) : (NaOD-D20) 6 3.05 (N-Me, s), 5.15 (H-2, 
d, JZ3 = 3 HZ), 6.7-7.3 (H- 5 + H - 6 + H  -7 
+ H -  8, m), 7.67 (H-3, d, = 3 Hz) (8). The 
I-methyl-4-quinolone is presumably formed 
through loss of nitrite ion and a proton from the 
pseudobase, 1,4-dihydro-4-hydroxy-1-methyl-4- 
nitroquinoline (9). Thus appreciable amounts 

9 

of the pseudobases from both C-2 and -4 attack 
by hydroxide ion appear to be formed in aqueous 
solutions of 1. 

Pseudobase formation proved to be too rapid 
to allow observation by the stopped-flow tech- 
nique upon mixing solutions of the l-methyl-4- 
nitroquinolinium cation with aqueous buffers in 
the p H  range 5-9.5. This in itself is not surprising, 
since numerous other examples of the attainment 
of pseudobase-cation equilibria so rapidly that 
the reaction cannot be observed by the stopped- 
flow technique, have been documented (9); how- 
ever, at higher p H  values relatively slow attain- 
ment of equilibrium is observable by the stopped- 
flow technique. The dependence of the observed 
first-order rate constants on p H  is indicated in 
Fig. 4A. Since the reaction in this region seems 
to be related to the observed pK, = 10.95, this 
pK, value cannot be merely associated with the 
ionization of the pseudobase to an alkoxide ion 
since such proton transfer reactions are too rapid 
to allow observation by the stopped-flow tech- 
nique. The observed rates suggest that this ion- 
ization must also be associated with some form 
of molecular rearrangement. 

Further evidence that this ionization constant 
does not merely reflect a deprotonation was ob- 
tained from studies of the conversion of the 
species present in solutions of p H  8 and p H  13 
respectively back to the cation 1 by rapid acidifi- 
cation in the stopped-flow apparatus. Thus, 
acidification of a p H  8 solution resulted in an 
instantaneous (not observable by stopped-flow) 
formation of 1, whereas acidification of a p H  13 
solution led to an  observable reaction in the 
stopped-flow spectrophotometer (tIlz = 71 ms 
at p H  1.53) and the U.V. spectrum of the product 
is that of cation 1. 

We suggest that these phenomena arise from 
differences in the relative stabilities of the pseudo- 

FIG. 4. ( A )  The p H  dependence of the observed pseudo 
first-order rate constant, I(,,,, upon mixing a solution of 
the I-methyl-4-nitroquinolinium cation (1) with various 
buffer solutions. (B) The p H  dependence of k, and k ,  
which are calculated from k,,, as described in the text. 

bases 7 and 9, and their corresponding alkoxide 
ions. The presence of the alkoxide ion of 7 in 
strongly alkaline solutions of 1 as is indicated by 
the p.m.r. spectral data discussed above, suggests 
that this is the predominant pseudobase anion 
that is present in such solutions. The gradual 
conversion of this anion to 1-methyl-4-quinolone 
is then consistent with the presence of smaller 
amounts of the alkoxide anion from 9 which 
would be expected to undergo rapid elimination 
of nitrite ion. We further suggest that in solutions 
of theneutral pseudobase, species gpredominates. 
Thus, the changes in U.V. spectrum that are associ- 
ated with pK, = 10.95 seem to  be  too great to be  
merely reflecting alkoxide ion formation. The 
longer wavelength absorption in more alkaline 
solution is also consistent with the well estab- 
lished differences in the spectra of isomeric 1,2- 
and 1 ,4-dihydroquinolines (1-3). 

These ideas are summarized in Scheme 3. The 
two measured pK, values then correspond t o  
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pKRdOH = 5.31 for formation of pseudobase 9 where k, and k, are pseudo first-order rate con- 
(Q40H) (predominantly) from cation 1 and stants. Thus, k,,, = k, + k,, and since at equili- 
pK:gt = 10.95 which is a composite equilibrium brium 
constant, defined by 

k , [ Q 4 0 ~ ]  = kr[Q20-] 

if the neutral pseubodase 9 and the alkoxide 
anion of 7 predominate in neutral and basic solu- 
tion, respectively. 

Our kinetic studies seem to support the above 
interpretations; thus the rearrangement of 9 to 
the isomeric pseudobase, 1,2-dihydro-2-hydroxy- 
1-methyl-4-nitroquinoline, presumably via the 
cation 1, would provide the relatively slow molec- 
ular rearrangement required prior to deprotona- 
tion, and so account for the observable kinetic 
changes that are associated with the pK, = 10.95. 

If in Scheme 3 we assume that the equilibrium 
between Q40H and Q' is attained much more 
rapidly than the equilibrium between Q 2 0 H  and 
Q' and also that Q40H and Q20-  predominate 
in neutral and alkaline solutions, respectively, 
then the observed rate constants in the region 
p H  > 9.5 in Fig. 4A refer to the attainment of 
equilibrium between Q40H (9) and Q 2 0 -  (7) 

Therefore 

and 

Values of k, and k ,  calculated in this way are 
given in Fig. 4B. 
For Scheme 3 

- - KRzO-kl 
Kw 

[OH-I2CQ'I 

Also 
d 

-(Q~O-) d t  = ~ , (cQ+I  + ~ ~ ~ 0 ~ 1 1  
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Hence wise with stirring while the temperature of the reaction 
mixture was maintained below 5". After stirring for a 

[OH-l2 further 15 min, the reaction mixture was poured into ice 
water (200 ml). The ethyl acetate layer was removed, and 
the aqueous solution was extracted with further ethyl 

i.e. kf = 
KRZ0- k l  [OH-]' acetate (2 x 100 ml) .The combined ethyl acetate solu- 

tions were washed with 107, aqueous sodium sulfite (2 x 
75 mi), 57, aqueous sodium hydroxide (2 x 75 ml) and 
water (2 x 100 ml) and then dried over anhydrous mag- 
nesium sulfate. After removal of the solvent (rotary - -- K~20-kl  [OH-] 
evaporation) the residue was recrystallized from petrol- 

K ~ 4 0 ~  eum ether to yield 4-nitroquinoline (2.9 g, 67%) m.p. 
83-84" (lit. (13) m.p. 87"). 

for p H  >> pKR40H I-Methyl-4-nitroquinoliniurn Fluorosulfonate 
Thus Scheme 3 predicts that in alkaline solution ~ ~ i t r o q u i n o l i n e  (300 mg) was dissolved in a mixture of 
kf should be linearly dependent on [OH-] which anhydrous ether (10 ml) and chloroform (10ml). Methyl 
is consistent with the observed dependence in fluorosulfonate(2 ml) wasadded and after 20 minat room 

temperature, the yellow product was filtered and washed Fig'4B' since k r  = kf [H+IIKibp-> scheme with anhydrous ether. Yield ] 64 (33%), mm. 110". This 
3 predicts that in alkaline solution salt is relatively unstable. even at room temperature, and  

i.e. pH  independent, in agreement with the ex- 
perimental data in Fig. 4B. 

4-Nitroquinoline 
Ochiai (10a) describes a p;ocedure based on 

the report of Nakayama (1 1) which is claimed to 
give Cnitroquinoline in quantitative yield from 
the deoxygenation of 4-nitroquinoline-1 -oxide 
with phosphorus tribromide in chloroform. By 
this procedure, we have consistently obtained a 
product that has a similar melting point to 4- 
nitroquinoline, but on the basis of its mass spec- 
trum this product is clearly a mixture of 4-nitro- 
quinoline (M+ 174) and a dibromoquinoline 
(M+ 285, 287, and 289). A number of other 
workers have observed the formation of 2,4- 
dibromoquinoline from this reaction under simi- 
lar reaction conditions (12, 13), although Filippi 
has obtained pure 4-nitroquinoline by carrying 
out the reaction below - 10" (13). Even at this , , 
temperature we have obtained a contaminated 
product, from which we have been unable to ob- 
tain pure 4-nitroquinoline by recrystallization or 
chromatography. However, treatment of 4-nitro- 
quinoline-1-oxide with phosphorus tribromide in 
ethyl acetate below 10" did consistently give un- 
contaminated Cnitroquinoline (compare ref. 3 
and 12) and we recommend this procedure for 
the most efficient deoxygenation of this N-oxide. 

Experimental 
4-Nitroquinoline 

CNitroquinoline-1-oxide (4.7 g) (lob) was dissolved in 
ethyl acetate (100 ml) and cooled to 5". Phosphorus tri- 
bromide (6 ml) in ethyl acetate (30 ml) was added drop- 

gradually decokposes to 1 - m e t h ~ l - 4 - ~ u i n o l ~ n e . ~  Only rel- 
atively poor analytical data could be obtained. 

Anal. Calcd. for CIOH9FN20SS:  C ,  41.7; H, 3.12; N, 
9.72. Found: C, 40.5; H, 3.77; N, 9.32. 

4,4- Diiodo-l,l-dimethyl-1,4-dihydroquinoinium Iodide 
4-Nitroquinoline (1.0 g) was refluxed in methyl iodide 

(5 ml) either neat or in acetone solution for 24 h. After 
cooling, the acetone and methyl iodide were removed o n  
the rotary evaporator and the residue was recrystallized 
from ethanol, 1.67 g (5473, m.p. 142-143". 

Anal. Calcd. for CI1Hl2I3N: C, 24.5; H, 2.23; N, 2.60; 
I ,  70.7. Found: C ,  23.5; H, 2.05; N, 2.81; I, 70.8. 

Attempted Conversion of I-Methyl-4-nitroquinolinium 
Fluorosulfonate to the Iodide Salt of 2 

A freshly prepared sample of 1-methyl-4-nitroquino- 
linium fluorosulfonate (50 mg) was treated with methyl 
iodide as described above for 4-nitroquinoline both in the 
absence and presence of potassium iodide (100 mg). In  
each case, the only identifiable product obtained was 1- 
methyl-4-quinolone. 

3-Iodo-I-methyl-4-quinolone 
1-Methyl-4-quinolone (500 mg) was dissolved in 3 ml 

glacial acetic acid and heated to 75  "C. Iodine mono- 
chloride (1 ml) was added and the solution was heated to  
approximately 85 "C for 5 min. Aqueous sodium hy- 
droxide (5 ml; 10 N )  was added (causing a dark red pre- 
cipitate to form). The cooled basic solution was extracted 
with chloroform (3 x 20 ml). The CHCI, extracts were 
evaporated and the residue was chromatographed on 
silica gel eluting with acetone to yield 3-iodo-l-methyl-4- 
quinolone, 760 mg (85x1, m.p. 197-199". 

Anal. Calcd. for CloHsINO: C, 42.1 ; H, 2.81 ; N, 4.92; 
I ,  44.6. Found C, 428 ;  H, 3.11; N, 4.99; I, 43.7. 

Degradation of 4,4-Diiodo-],I-dimethyCI,4- 
dihydroquinolinium Iodide 

The iodide salt (100 mg) was heated in aqueous sodium 

4This decomposition seems to involve the interaction of 
the fluorosulfonate anion with the very electron-deficient 
I-methyl-4-nitroquinolinium cation. Prolonged storage (I 
week or longer) of  samples of this salt resulted in con- 
siderable etching of the glass vial and  also a strong odor 
of sulfur dioxide upon removal of the  stopper. 
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hydroxide (25 ml; 0.03 M )  until dissolved. Upon neutral- 
ization with nitric acid, a brown solid separated which 
was removed by extraction into chloroform. After re- 
moval of the chloroform on the rotary evaporator, the 
p.m.r. spectrum of the residue in acetone could be as- 
signed to 4-hydroxy-4-iodo-1-methyl-l,4-dihydroquino- 
linium iodide (Table 1). 

In another experiment, excess silver nitrate solution (10 
ml ; 0. I M )  was immediately added to the suspension ob- 
tained upon neutralization. Precipitated silver iodide was 
filtered off and the aqueous filtrate was extracted with 
chloroform (2 x I5 ml). The chloroform was removed, 
and the residue was chromatographed on a silica gel 
column, eluting with acetone. 3-Iodo-1-methyl-4-quino- 
lone (identical to the authentic material prepared as de- 
scribed above) was eluted first, followed by l-methyl-4- 
quinolone. Repetition of this experiment in a blackened 
flask gave the same result, and so it is unlikely that the 
formation of 3-iodo-1-methyl-4-quinolone involves a 
photochemical reaction. 

Argentimetric Titration 
An alkaline solution of the iodide salt of 2 was prepared 

and neutralized as described above. This stirred suspen- 
sion was then carefully titrated with standard silver nitrate 
solution (0.1 M)until the brown precipitate had dissolved. 
Although this is a somewhat difficult end point, repetitive 
experiments indicated the requirement for 2.0 & 0.1 
equivalents of silver ions. A few drops of potassium chro- 
mate solution were added, and the titration continued to 
the Mohr end point, which required a further 1.0 + 0.1 
equivalents of silver ions. 

Gravimetric Analysis 
A sample of the iodide salt of 2 of known mass, was 

treated as described above under "Degradation". The 
precipitated silver iodide was isolated by filtration through 
a tared sintered-glass funnel (medium porosity) and 
washed with water and dilute nitric acid. The funnel and 
contents were dried to constant weight. Repeated analyses 
indicated the presence of 2.4 k 0.1 rnol of silver iodide 
per mol of iodide salt of 2. The product was completely 
soluble in aqueous potassium cyanide, and hot aqueous 
sodium thiosulfate. 

Blank experiments on the determination of iodide ion in 
I-methylquinolinium iod~de gave gravimetric iodine anal- 
yses that were 98-100% of the titrimetric values. 

Degradation of 4 in the Presence of Silver Bromide 
The iodide salt of 2 (100 rng) was heated in aqueous 

sodium hydroxide (25 ml; 0.03 M )  until dissolved. After 
neutralization with nitric acid, the brown precipitate was 
filtered off and washed with water. This product (50 mg) 
was suspended in water (50 ml) containing sodium bro- 
mide (-100 rng). Excess aqueous silver nitrate solution 
was added. After filtering off the silver salts, the filtrate 
was extracted with chloroform. Evaporation of the chlo- 
roform gave a solid residue which consisted of a mixture 
of 3-iodo-1-methyl-4-quinolone (6) and 3-bromo-1-meth- 
yl-4-quinolone. The presence of the bromo derivative was 
established from the mass spectrum of the mixture. The 

mass spectrum of 6 consists of a molecular ion peak 
(mle 285) and a series of peaks for fragments which do not 
contain iodine. The mass spectrum of the mixture ob- 
tained above consisted of this same set of peaks plus twin 
peaks a t  masses 237 and 239 (each of approximately the 
same intensity as the 285 peak) which are assigned as the 
molecular ion peaks for 3-bromo-I-methyl-4-quinolone 
containing the two predominant isotopes of bromine 
(79Br and 81Br). The assignment of these peaks to the bro- 
mine derivative corresponding to 6 is consistent with the 
occurrence of the same fragments lacking halogen in the 
mass spectrum, and almost identical p.m.r. and U.V. 

spectra for the mixture and an authentic sample of 6. 

Proton magnetic resonance spectra were recorded on a 
Varian T-60 instrument using tetramethylsilane as in- 
ternal reference in CDCI,, acetone, and trifluoroacetic 
acid and sodium 2,2-dimethyl-2-silapentane-5-sulfonate in 
D,O. 

Stopped-flow kinetic studies were carried out on a 
Durrum-Gibson stopped-flow spectrophotometer at 25' 
and using buffers of ionic strength 0.1 as previously de- 
scribed (9); = 296 nm;  concentration, 4.1 x lo-' 
M. 

This research was supported by an operating grant 
from the National Research Council of Canada, and by 
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Equilibrium constants (pKRoH) have been measured for pseudobase formation from the 
1-methyl-x-nitroquinolinium cations (x = 5-8), the N,N1-dimethyl-1,5-, -1,6-, and  -2,7-naph- 
thyridinium dications and various N-substituted quinolinium, isoquinolinium, 5-nitroiso- 
quinolinium, and 1,8-naphthyridinium cations. The pKRoH values for N-substituted 5-nitro- 
isoquinolinium and 1,s-naphthyridinium cations are correlated by the equations pKRoH = 
- 3.7cr* + 11.6 and pKRoH = -4.9cr* + 12.5, respectively (cr* is Taft'ssubstituent constant for 
the substituent on nitrogen). 

Proton magnetic resonance and u.v. spectral data have been used to assign the structures of 
the pseudobases formed from each of the above cations. In several cases ylide formation rather 
than pseudobase formation has been observed. The N,N1-dimethylnaphthyridinium dications 
are shown to form zwitterionic alkoxide ions in strongly basic aqueous solution, rather than 
undergoing attack by a second hydroxide ion. 

Equilibration between cation and pseudobase occurs at  rates near or beyond the limit of the 
stopped-flow technique for all the above cations, except the 2-cyanomethyl-5-nitroisoquinoli- 
nium cation. An analysis of the pH--rate profiles for reversible pseudobase formation from this 
latter cation is given. 

On a determine les constantes d'tquilibre (pKRoH) pour la formation de pseudobases a partir 
des cations mtthyl-1 nitro-x quinoleiniums (x = 5-8) des dications N,N'-dimethyl naphtyridi- 
niums-1,5, -1,6, -2,7, et de divers cations N-substitutts quinoleiniums, isoquinoleiniums, 
nitro-5 isoquinolCiniums et naphtyridiniums-1,s. On a relit les valeurs de pKRo,, des cations 
N-substituts nitro-5 isoquinoltiniums et naphtyridiniums-1,s par les equations suivantes: 
pKROH = -3.7cr* + 11.6 et pKRoH = -4.9cr* + 12.5 (cr* est la constante de substituant de 
Taft pour le substituant sur l'azote). 

On a utilist les spectres r.m.n. et u.v. pour attribuer les structures des pseudobases obtenues 
de chaque cation mentionnt ci-haut. Dans plusieurs cas on a observe la formation d'ylides 
plutBt que de pseudo-bases. On a montre que les cations N,N1-dimethyl naphtyridiniums 
forment, dans des solutions fortement basiques, des alcoolates ampholytes au lieu de subir 
une attaque par un second ion hydroxyde. 

Pour tous les cations ttudits, except6 le cation cyanomtthyl-2 nitro-5 isoquinoleinium, 
l'equilibre se fait a une vitesse proche ou au-dela de la limite d e  la technique a d tbi t  arr&tC. On 
mentionne une analyse de la courbe de p H  pour la formation rdversible de pseudobase i~ partir 
de ce cation. [Traduit pa r  le journal] 

Can. J .  Chem., 52,962 (1974) 

As a further extension of our quantitative 
studies (1, 2) of pseudobase formation from 
heteroaromatic cations, we now wish to present 
equilibrium data for some substituent effects on 
pseudobase formation from substituted quinoli- 
nium, isoquinolinium, and related cations. In 
addition to measuring pKRoH values for each 
cation, in each case we have investigated the 
reaction by U.V. and p.m.r. spectroscopy to en- 
sure that pseudobase formation is the predomi- 
nant reaction that is under observation. In a 
number of cases competing reactions were 

'For Part IV, see ref. 19. 

observed, and the products of these reactions are 
interpreted from the spectroscopic data. 

Cooksey and Johnson (3) have previously 
studied the effects of substituents in the homo- 
cyclic ring on the pKRoH value for pseudobase 
formation from I-cyanoquinolinium cations and 
have also reported some very approximate values 
for a few similarly substituted l-methylquinoli- 
nium cations. Apart from this comparison of 
pairs of similarly substituted N-methyl and N- 
cyano cations; there has been no attempt to  de- 
fine the dependence of pK,,, on the nature of 
the substituent on nitrogen in these systems. The 
present study reports such a n  investigation for 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. V 

TABLE I .  Proton magnetic resonance spectra of I-methyl-x-nitroquinolinium 
cations in basic methanol-d4 (0.1 M NaOCD,) 

- 

6 

x H-2 H-3 H-4--H-8 N-CH, J 2  3 J2 4 

TABLE 2. pKRoH and U.V. spectral data for I-methyl-x-nitroquinolinium cations 

"Reference 3 reports 12.3. 

various substituents on nitrogen and also ac- 
curate pKRo, values for the l-methyl-x-nitro- 
quinolinium ions (x = 5-8). In addition, we 
have investigated the effects upon pseudobase 
formation of a second positive charge in a bicyclic 
system, by measuring pKRo, values for the 
N,N1-dimethyl dications of 1 5 ,  1,6-, and 2,7- 
naphthyridines. 

For most of these heterocyclic cations, equili- 
bration between the cation and pseudobase was 
found to  occur too rapidly to allow a study of 
the kinetics of these reactions by the stopped- 
flow technique. In only one case, namely the 
2-cyanomethylisoquinolinium cation, could a 
detailed pH-rate profile be obtained. 

Results and Discussion 
I-Methyl-x-nitroquinolinium Cations 

Proton magnetic resonance spectral data for 
the 1-methyl-x-nitroquinolinium cations (x = 
5-8) in basic methanol-d4 (0.1 M NaOCD,) are 
given in Table 1.'  These spectra are consistent 
with the C-2 methoxide adducts 1 (R = CD,) 

ZA direct p.m.r. investigation of pseudobase species in 
basic aqueous solution is not possible, because solids 
and/or oils (including products from irreversible reactions) 
separate from such solutions at p.m.r. spectral concentra- 
tions (cf: ref. I). 

being the predominant species present in these 
solutions for each of these cations. In particular, 
the coupling constants J,, - 10 Hz and  J2, -5 
Hz are typical of 1,2-dihydroquinolines, and the 
chemical shifts of the various protons are con- 
sistent with those previously observed (1) for 
2-methoxy-1-methyl-] ,2-dihydroquinoline(6 5.70 
(H-2), 5.66 (H-3), 6.6-7.3 ( H - 6 H - 8 ) ,  3.12 
(N-CH,)) when allowance is made for  the in- 
fluence of the nitro groups. 

Reversible U.V. spectral changes are observed 
when aqueous solutions of these cations are 
b a ~ i f i e d . ~  The U.V. spectra in basic aqueous and 
methanolic solutions (Table 2) are quite similar 
in each case and together with the p.m.r. spectral 
data in Table 1, this indicates that the pseudo- 
bases 1 (R = H) are the predominant species in 
these aqueous solutions. 

From the p H  dependence of the U.V. spectrum, 
the value of pKRo, has been calculated for each 
ion and these are also included in Table 2. These 
pKRoH values are somewhat similar t o  those of 
the corresponding N-methyl- 1 ,x-naphthyridi- 
nium cations (I), which is consistent with the 
general observation that a pyridine-type ring 
nitrogen atom has approximately the same elec- 
tronic effect as a nitro group in a homocyclic 

3Contrary to an earlier report (3) that "the product of 
methylation of 6-nitroquinoline . . . reacts irreversibly 
with alkali," we observe reversible pH-dependent U.V. 

spectra for the I-methyl-6-nitroquinolinium cation up 
to p H  14. 
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I TABLE 3. Equilibrium and U.V. spectral data for naphthyridinium cations in aqueous solutions 
I -- 

1 Cation PKROH PKRO - h,,,nm(log E )  
I 

pH 
- 

1,5-Dimethyl-1,5- 4 .93k0 .06  11.75k0.06 272(3.73), 309(4.03), 321(4.16) 1 
naphthyridinium 268(3.98), 374(3.82) 8 

274(3.98), 390(3.63) 14 
1,6-Dimethyl-1,6- 2 .15k0 .08  11 .72k0 .02  259(3.52), 315(3.70) 

naphthyridinium 297(3.95) 
306(3.96) 

2,7-Dimethyl-2,7- 3 .84+0.07 10 .9+0 .1  313, 327 
naphthyridinium 328, 392 

347,400 
2-MethyI-2,7- 10.52+0.04 

naphthyridinium 

ring (cf. o, = 0.78 (for NO,) (4) and 0.83 (for 
-N=) (5)). For the 1-methyl-l,5-naphthyridi- 
nium and 1-methyl-5-nitroquinolinium cations 
which are directly comparable, the pKRoH values 
are 12.67 (I) and 12.04 respectively. The greatest 
deviation from this generalization arises with 
the 1 -methyl- 1,8-naphthyridinium (pKRoH = 
12.44 (1)) and the 1-methyl-8-nitroquinolinium 

i 
(pKRoH = 9.67) cations. Thus, this latter cation 
is considerably more susceptible to  pseudobase 
formation than one might predict from its 
naphthyridine analog. We feel that this arises : from the unfavorable peri-interactions between 
the 8-nitro and 1-methyl substituents in the ca- 
tion which are considerably relieved upon 

I pseudobase formation. The observation of 
Cooksey and Johnson (3) that an 8-methoxy 
substituent increases the susceptibility of the 
I-cyanoquinolinium cation to pseudobase forma- 
tion, whereas methoxy substituents in other 
positions have the opposite effect is consistent 
with this hypothesis. 

The effects of some substituents other than 
nitro groups in the homocyclic ring of the 1- 
methylquinolinium cation mere investigated t o  
some extent but in general pKRoH values mere 
not sufficiently low to  allow their measurement 
in a p H  range where subsequent irreversible re- 
actions do not occur. Thus, the U.V. spectra of 
each of the 6-halo(C1, Br, 1)-1-methylquinolinium 
cations mere p H  independent below p H  14, which 
is consistent with an estimate that the pKRoH 
values for these cations are 2 15 (3). 

N,N1-~imeth~lna~hth~ridinium Dications 
To  further illustrate the effect of strongly 

electron-withdrawing substituents on pseudobase 
formation we have investigated the reactions of 

the N,N1-dimethyl dications of 1,5-, 1,6-, and 
2,7-naphthyridine in aqueous solution. While 
this work was in progress, Pokorny and Paudler 
(6) reported a p.m.r. spectral investigation of 
these and other N,N1-dimethylnaphthyridinium 
dications. They concluded that the p.m.r. spectra 
of 0.5 M NaOD-D,O solutions of these cations 
are consistent with the presence of the pseudo- 
bases 2,3, and 4 being predominantly present but 
did not attempt to  measure equilibrium constants 
for the reactions. 

The pH dependences of the U.V. spectra of the 
N,N1-dimethyl dications of each of the 1,5-, 
1,6-, and 2,7-naphthyridines indicate that two 
reactions occur over the p H  range 0-14. pK,  
values for each of these reactions have been 
measured and are indicated in Table 3, along 
with U.V. spectral data for each pure species. T h e  
pKRoH value and U.V. spectral data for pseudo- 
base formation from the 2-methyl-2,7-naph- 
thyridinium cation are also included in Table 3 
since these data have not been previously 
reported. 

Proton magnetic resonance spectral data for  
the 1,5- and 1,6-naphthyridinium dications in 
unbuffered D,O, D,O buffered at pD 10, and  
1 M NaOD-D,O are presented in Table 4. T h e  
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. V 965 

TABLE 4. Proton magnetic resonance spectral data for 1,s- and 1,6-naphthyridinium dications 
-- -- --- ----- 

6 

Dication 
- - -  

Solvent H-2 H-3 H-4 H-5 H-6 H-7 H-8 N-CH, J,, J3, 

1,5-Dimethyl-1.5- D2O 9.90 8.80 9.80 - 9.90 8 .809 .804 .99 ,4 .99  
naphthyridinium D20-pD 10 5 . 7 6 6 . 6 5 7 . 3 0  - 7 . 5 0 e + 8 . 0 5 3 . 3 0 , 4 . 2 8  

1 M NaOD-D20 5.50 6.62 6.98 - 7.45 s 7.92 3.16, 4.17 
0 .1MNaOCD3-CD30D 5 .686 .607 .68  - 7.49 8.18 3.33, 4.34 

0 - 6.90 7.36 - - 6.90 7.36 3.75, 3.75 

1,6-Dimethyl-1,6- D2O 9.87 8.57 9.63 10.30 - 9.19 9.00 4.75,4.85 
naphthyridinium DZO-pD 10 5.75 6.45 6.82 8.19 - 8.19 7.20 3.40,4.10 

1 M N~OD-6,0 5.60 6.10 6.50 7.48 - 7.88 6.79 3.20,3.92 
0.1MNaOCD3-CD30D 5 . 8 0 6 . 2 0 6 . 9 7  8.24 - 8 .247 .193 .34 ,4 .07  

a - 6.62 7.40 - - 8.21 6.30 3.57,3.60 

--Product from oxidation of d~cation w~th aqueous alkaline K,Fe(CN)6. 

spectrum of the 1,5-dimethyl-1,5-naphthyridi- 
nium dication a t  pD 10 is readily interpreted as 
that of the monopseudobase 2 that is produced 
by addition of hydroxide ion to C-2 of one of 
the equivalent pyridinium rings of the parent 
dication. This spectrum is in good agreement 
with that assigned previously to  the C-2 meth- 
oxide adduct of the 1-methyl-l,5-naphthyridi- 
nium cation (I), when suitable allowance is 
made for the downfield shifts due to the presence 
of the positive charge on N-5 of 2. Thus, the 
observed ionization with pK, = 4.93 is in fact 
the pKRoH value for this dication. In more 
strongly alkaline solutions (1 M NaOD-D20) 
the p.m.r. spectrum is little different from that 
at pD 10. The small downfield shifts of some 
signals in the more basic solution are consistent 
with the second ionization constant being that 
for the ionization of the pseudobase 2 t o  its 
alkoxide ion (i.e. pKRo - = 11.75) (actually a 
zwitterion) rather than the addition of a second 
hydroxide ion at C-6 (as in 5), or elsewhere, to  
give a dipseudobase. The slight change in U.V. 

spectrum between pH 8 and 14 is also consistent 
with this interpretation. The other p.m.r. and 
u.v. spectral data in Tables 3 and 4 can likewise 
be used to  assign the equilibrium constants for 
the N,N1-dimethyl-1,6- and -2,7-naphthyridi- 
nium dications as being pKRoH and pKRo - values 

for the formation of 3 and 4, respectively, and 
their alkoxide zwitterions. 

The data in Table 4 in 1 M NaOD-D,O agree 
well with the data for these two dications in 0.5 
M NaOD-D20 as reported by Pokorny and 
Paudler (6). The ionization of each of the 
pseudobases in the present study with pKRo - < 
12, suggests that all the data in Table 2 of refer- 
ence (6) actually refer t o  the pseudobase alkoxide 
ions (zwitterions) rather than to the pseudobases 
themselves. 

The spectral data in Tables 3 and 4 indicate 
that dipseudobase species such as 5 a n d  6 must 
be relatively minor components of these solu- 
tions even at pH 14. This further confirms the 
inherent stability of pyridinium cations towards 
pseudobase f ~ r m a t i o n . ~  The presence of 5 and 6 
as minor components of alkaline solutions of 
the 1,5-dimethyl-1,5-naphthyridinium and 1,6- 
dimethyl-1,6-naphthyridinium dications may be 
inferred, however, from the isolation of 7 and 8 
(p.m.r. spectra in Table 4) when such alkaline 

solutions are oxidized with potassium ferricycan- 
ide.5 The isolation o f  7 and 8, from solutions 

41n 1 M NaOCD3-CD90D the p.m.r. spectra indicate 
that only monomethoxide adducts are formed. 

5Compound 7 has also been obtained by Rapoport and 
Batcho (7) by oxidation of the 5-methyl cation of 1- 
methyl-2-naphthyridone with aqueous alkaline potas- 
sium ferricyanide solution. 
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966 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

TABLE 5. pKROH and U.V. spectral data (1 M NaOD-D20) for some N-alkyl heterocyclic cations 
- - . . 

5-Nitroisoquinoliniurn 1,8-Naphthyridiniurn 8-Nitroquinoliniurn 
cations cations cations 

N-Alkvl 
substituent PKKOH hmax(nrn) PKROH hmax(nm) PKROH h,,,,(nrn) 
-- - 

Methyl 11.7 +0 .1  325, 430 12.44k0.03 335 9.67 + 0.03 260, 302, 422 
Ethyl 1 1 . 8 k 0 . 1  326,429 12.81+0.05 335 9.83k0.06 260, 304, 418 
n-Propyl 11.84+0.09 328,429 12.81k0.04 337 
Isopropyl 13.7 +0 .1  330 
sec-Butyl 12.61 kO.01 330, 410 

which we have shown can contain only very 
minor amounts of 5 and 6, further emphasizes 
the caution that is necessary in accepting the 
products from oxidation studies as being repre- 
sentative of the major pseudobase species that 
are present in solution (1). 

The pKRo, values for the N,N1-dimethyl-1,5-, 
-1,6-, and -2,7-naphthyridinium dications are 
much lower than those for the corresponding 
N-methyl monocations (12.67 (I), 12.33 (I), and 
10.52, respectively). Thus the presence of a 
second positive charge in these ions increases the 
equilibrium constants for pseudobase formation 
by factors of 107-1010 relative to  the correspond- 
ing monocations, and clearly strongly activates 
these systems towards nucleophilic attack. 

Influence of the N-Substituent on Pseudobase 
Formation 

The pKRoH values for various N-alkyl 5-nitro- 
isoquinolinium, 1,8-naphthyridinium, and 8- 
nitroquinolinium cations and also u.v. spectral 
data for each cation in aqueous alkaline solution 
are listed in Table 5. The similarity of the U.V. 
spectra of the pseudobases of all N-alkyl cations 
of each heterocycle indicates that predominant 
hydroxide attack occurs at the same position 
irrespective of the nature of the alkyl substituent. 
From detailed studies on the N-methyl cations of 
each heterocycle, these positions have been 
identified as C-2 for 1,8-naphthyridine (1) and 
8-nitroquinoline (Table 1) and C-1 for 5-nitro- 
isoquinoline (Table 8). The data in Table 5 
indicate that increasing the size of a primary 
alkyl N-substituent has less effect on the pKRoH 
value than replacing a primary alkyl group by a 
secondary alkyl substituent (isopropyl or sec- 
butyl). In all cases the pseudobase formation is 
less favored upon replacement of an N-methyl 
group by any other alkyl substituent which is 
consistent with the relative electronic effects of 

various alkyl groups. However, the much larger 
difference between primary and  secondary alkyl 
groups must be attributed to  steric and/or solva- 
tion effects. The increase in pKRoH for the 
secondary alkyl groups is consistent with these 
bulkier N-alkyl substituents being more effective 
than the primary alkyl groups in shielding the  
a-carbon atom from hydroxide ion attack. Differ- 
ences in solvation of the cation and pseudobase 
will also be influenced by the nature of the sub- 
stituent on nitrogen but the probable magnitude 
of these effects is difficult to estimate. 

Further evidence for the importance of peri- 
interactions which were postulated above to  be 
important in the destabilization of 1,8-disubsti- 
tuted quinolinium cations was obtained in at- 
tempts to extend the series of N-alkyl-substituted 
8-nitroquinolinium cations. Thus attempts t o  
produce 1-isopropyl-8-nitroquinolinium iodide by 
treatment of 8-nitroquinoline with isopropyl 
iodide were unsuccessful, and considerably 
longer reaction times were necessary for the 
quaternization of 8-nitroquinoline with ethyl 
iodide than for methyl iodide. Corresponding 
differences were not apparent in the alkylation 
of the electronically similar 1,8-naphthyridine. 

In order t o  study a wider range of N-substi- 
tuents, quinoline, isoquinoline, 5-nitroisoquino- 
line, and 1,8-naphthyridine were quaternized 
with each of iodoacetonitrile, bromoaceto- 
phenone, benzyl and p-nitrobenzyl bromides, 
and iodoacetamide. No identifiable quateriza- 
tion products could be obtained for the reactions 
of quinoline and 1,8-naphthyridine with iodo- 
acetonitrile. The pKRoH values calculated from 
the p H  dependence of the U.V. spectra of these 
various N-substituted cations are collected in 
Table 6 and relevant U.V. a n d  p.m.r. spectral 
data for these cations are given in Tables 7 and 8. 

The N-(2',4'-dinitropheny1)quinolinium and 
isoquinolinium and N-(2',4',6'-trinitropheny1)- 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. V 967 

TABLE 6. P K R ~ H  values for N-substituted heterocyclic cations in aqueous solutions 
-- -- --- 

Quinolinium Isoquinolinium 5-Nitroisoquinolinium l,8-Naphthyridinium 
N-Substituent cations cations cations cations 

aEstimated values from ref. I .  
*Possibly for formation of an intramolecular adduct (see text). 
CYlide formation (see text). 
dFrom ref. 3. 
'From ref. 16. 

quinolinium cations were also prepared. How- 
ever, in aqueous solution each of these cations 
immediately decomposed to the neutral hetero- 
cycle and corresponding di- or trinitrophenol. 
Thus, the pH dependence of the U.V. spectrum of 
each of these cations was identical with that of a 
1 : 1 mixture of the corresponding heterocycle and 
phenol. I t  is clear that in these cases hydroxide 
attack on the highly electron-deficient phenyl 
substituent on nitrogen predominates over at- 
tack in the heterocyclic ring. The resulr is an 
aromatic nucleophilic substitution via the Meis- 
enheimer complex (9) (8-1 1 ) .  These reactions are 
quite analogous to the conversion of 2,4-dinitro- 
chlorobenzene to 2,4-dinitrophenol (12). 

N-Substituted 5-Nitroisoquinolinium Cations 
The p.m.r. spectrum of the 2-methyl-5-nitro- 

isoquinolinium cation in basic methanol-d4 solu- 
tion (Table 8) is readily assigned to the C-l 
methoxide adduct (10) by comparison with the 

tions in Table 7 to that of the N-methyl cation 
suggest that in each case similar nucleophilic 
addition reactions occur at C-I. 

The p.m.r. spectra of the 2-carbamoylmethyl-, 
2-benzyl-, and 2-p-nitrobenzyl-5-nitroisoquino- 
linium cations in basic methanol-d4 are consistent 
with methoxide attack at  the C-1 position of 
each of these cations (Table 8). The chemical 
shifts and coupling constants (J,, = 7.5 Hz) for 
these 2-substituted 5-nitroisoquinolinium cations 
in basic methanol are similar to the p.m.r. spec- 
tral assignments for I ,2-dihydro-2-methyl-I- 
trideuteromethoxy-5-nitroisoquinoline. 

A red precipitate formed when alkali was 
added to  solutions of the 5-nitro-2-phenacyliso- 
quinolinium cation. This red precipitate was not 
sufficiently soluble in deuterochloroform to al- 
low a p.m.r. spectral identification. Similar in- 
soluble precipitates formed when alkali was 
added to the N-phenacylquinolinium and iso- 
quinolinium cations. For  these latter two  cations, 
on the basis of U.V. and p.m.r. spectral evidence, 
the product is suggested (see later discussion) 
to be the ylide which is formed by proton abstrac- 
tion from the methylene group of the phenacyl 
moiety. The red solid formed from the 5-nitro-2- 
phenacylisoquinoliniun~ cation is possibly the 
analogous ylide 11, and this is supported by its 
dissolution in acid to  regenerate a p.m.r. spec- 
trum which is identical with that of the cation 
except for the absence of the methylene protons 
which have undergone deuterium exchange. 
However, the similarity of the u.v. spectra of this 

0 
corresponding data for the 2-methylisoquinoli- 
nium cation (I). The similarities in the U.V. 

&y-cH-$a 

spectra of the other 5-nitroisoquinolinium ca- I I 
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TABLE 8. Proton magnetic resonance spectral data for N-substituted heterocyclic cations 
in basic methanol-cl, (0.1 M NaOCD3) 

-- 

6 

N-Substituent Product H-1 H-2 H-3 H-4 H-5-H-8 Other H 

(i) Quinolinirini catio~ts 
C-2 adduct - 5.70 5.70 " 
C-2 adduct - 5.84 5.84 " 

(ii) Isoquinoliniun~ cations 
17 4.27 - 6.05 5.44 

C-ladduct 5.91 - 6.63 5.61 

(iii) 5-Nitroisoquinolinium cations 
C-ladduct 5 .80 - 6.77 6 .40 
C-1 adduct 5 .92 - 6.95 6.27 
C-1 adduct 6.04 - 6.89 6 .32  

(iu) 1,s-Naphtl~yridiniun~ cation 
C-2 adduct - 5.62 0 

aHidden under H-5-H-8 rnultiplet. 
*Benzylic CH2 protons. 
CPhenyl protons o f  benzyl group. 
*CH, protons readily exchange with solvent deuterium. 
CPhenyl protons o f  p-nitrobenzyl group; both signals are 2H doublet (J  = 9 H7). 
'CHI protons obscured by solvent signal (6 4.7-5.2). 
r6 7.89-8.15 (H-5 + H-7 + H-3',5', rn, 4H), 7.32-7.52 (H-4 + H-2',6', rn, 3H), 6.56-6.95 (H-3 + H-6, rn, 2H). 

cation in basic methanol and water to those of 
species which have been definitely established as 
C-1 adducts (Table 7) suggests that it? solution 
the pseudobase (12: R = H) and methoxide ad- 
ducts (12: R = CH,) are formed preferentially 
to the ylide 11. 

12 

No solid separated from alkaline solutions of 
the 2-cyanomethyl-5-nitroisoquinolinium cation 
a t  p.m.r. spectral concentrations; however, no 
signals were present in the p.m.r. spectrum of 
this alkaline solution and this suggests that 
unidentified radical species may be present. 
Nevertheless, there is little doubt that at  U.V. 
spectral concentrations, the predominant species 
present is the C-1 pseudobase (Table 7). 

N-Substituted Quinolinium Cations 
The u.v. spectra of the l-carbamoylmethyl- 

and 1-p-nitrobenzylquinolinium cations in basic 
methanol (Table 7) are similar to the U.V. spec- 
trum of the C-2 methoxide adduct of the 1- 
methylquinolinium cation. The u.v. spectra of 

aqueous alkaline and basic methanolic solutions 
of the 1-phenacylquinolinium cation are quite 
different to those of  the other N-substituted 
quinolinium cations and have long wavelength 
maxima in the visible region of the spectrum (455 
and 491 nm, respectively). 

The p.m.r. spectra of the 1-benzyl- and l-p- 
nitrobenzylquinolinium cations in basic meth- 
anol-& are consistent with methoxide attack at 
the C-2 ~os i t ion .  The  chemical shifts of these 
C-2 methoxy adducts are similar to the  chemical 
shifts for 1,2-dihydro- 1 -methyl-Z-trideuterometh- 
oxyquinoline (1). The U.V. spectra o f  the l-p- 
nitrobenzvlauinolinium cation in basic methanol 

< .  

and in aqueous alkaline solutions are similar and 
therefore indicate that the C-2 pseudobase of the 
1-p-nitrobenzylquinolinium cation predominates 
in aqueous alkaline solution. 

A red precipitate was collected f rom alkaline 
solutions of the 1-phenacylquinolinium cation 
(hmaX(CH3O--CH,OH) 491 nm). This  precipi- 
tate was insufficiently soluble in p.m.r. solvents 
to allow structure identification by p.m.r. spec- 
troscopy. When a sample of this precipitate from 
NaOD-D20 was dissolved in acid, the p.m.r. 
spectrum of the starting cation was regenerated, 
except for the absence of the peak corresponding 
to the methylene protons of the phenacylmoieti. 
This suggests that these protons have undergone 
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I I 
-CH 

I 1  
CH e 

I I I 
CH ct etc. 

C=O C -0- 
I 

C=O 

hydrogen-deuterium exchange in basic solution, 
and a likely route for such an exchange would be 
via the resonance-stabilized ylide 13. It is possible 
that the red product from basic solutions is this 
highly conjugated ylide species, and such an  
ionic structure is also consistent with the in- 
solubility of this product in organic solvents. 

Yellow precipitates were produced from basic 
aqueous and methanolic solutions of the l-carba- 
moylmethylquinolinium cation, and again these 
products were not soluble in suitable p.m.r. 
solvents. In light of the above discussion, the 
ylide structure 14 should be considered, although 

I I 
-CH - CH - crc. 

I I I 
C = O  C - 0  

I 
NH2 

I 
NH2 

14 

the zwitterion 15 is also possible. The u.v. spectra 
(Table 8) suggest however that in solution the 
C-2 adducts predominate. 

I 

CH2 . C H2 
I I 

C = O  c-o- 
I I I 

-NH N H 
15 

N-Substituted Isoquinolinium Cations 
The u.v. spectra of the Zsubstituted isoquino- 

linium cations in aqueous alkali and basic meth- 
anol solutions indicate greater differences than 
the corresponding spectra of the z-substituted 
5-nitroisoquinolinium cations (Table 7). The C-I 
methoxide adduct of the 2-methylisoquinolinium 
cation has U.V. maxima similar to those observed 
for basic methanolic solutions of the 2-p-nitro- 
benzylisoquinolinium cation. The U.V. spectrum 
of basic methanolic solutions of the 2-benzyl- 

isoquinolinium cation (A,,, 305 nm) is identical 
to that of the cation in neutral methanol a n d  
indicates that methoxide attack does not occur 
on this cation in 0.05 M sodium methoxide solu- 
tions. This result is consistent with the pKRoH 
value being > 14 (Table 5) for this cation. The 
long wavelength u.v. maximum observed in 
alkaline solutions of the 2-phenacylisoquino- 
linium cation (Table 7) (A,,, 414 nm) (H,O) and 
455 nm (CH30H)  is analogous to that observed 
for the corresponding quinolinium cation, and so  
suggests that the  ylide 16 is formed preferentially 
to  nucleophilic attack in these solutions also. 

The p.m.r. spectra of the 2-benzyl- and 2-p- 
nitrobenzylisoquinolinium cations in basic meth- 
anol-d4 are consistent with methoxide attack a t  
the C-1 position of these cations (Table 8). The 
chemical shifts and coupling constant (J,, = 7.5 
Hz) are typical of a I ,2-dihydroisoquinoline 
structure and are similar to the  p.m.r. spectral 
assignments f o r  1,2-dihydro-2-methyl- l- tr i-  
deuteromethoxyisoquinoline (1). As was the case 
for the 2-cyanomethyl-5-nitroisoquinolinium ca- 
tion in alkali, no p.m.r. spectrum could be 
observed for alkaline solutions of the 2-cyano- 
methylisoquinolinium cation. 

The p.m.r. spectrum of the 2-carbamoylmethyl- 
isoquinolinium cation in basic methanol-d4 is 
characteristic o f  a 1,2-dihydroisoquinoline struc- 
ture with the doublets (J,, = 7.5 Hz) for H-3 
and H-4 readily assigned with chemical shifts 
(CD,OD) 6 6.05 and 5.44, respectively. However, 
the peak for the C-1 proton occurs at abnormally 
high field (6 4.27) in comparison with the chemi- 
cal shift for the C-1 proton of 1,2-dihydro-1- 
methoxy-2-methylisoquinoline (6 6.10). We sug- 
gest that the p.m.r. spectrum of the 2-carbamoyl- 
methylisoquinolinium cation in basic methanol- 
4 is consistent with structure 17 which results 
from intramolecular cyclization by nucleophilic 
attack by  the amide nitrogen atom (presumably 
as the anion) a t  the C-1 position of the isoquino- 
line ring followed by ionization of the amide in 

'OH 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. V 97 1 

strong alkali. This is analogous to the report by 
Finch and Gemenden (13) that the N-3'-amino- 
propylisoquinolinium cation reacts in aqueous 
base to  give a 95% yield of the intramolecular 
cyclization product 18. 

N-Substituted I,8-Naphthyridinium Cations 
The U.V. spectra of the 1-substituted 1,8- 

naphthyridinium cations in aqueous alkali and 
in basic methanol are similar and have U.V. 
maxima in the region of 330 nm which is typical 
of a 1,2-dihydro-1,8-naphthyridine structure (1). 

The p.m.r. spectra of the l-carbamoylmethyl- 
and 1-p-nitrobenzyl- 1,8-naphthyridinium cations 
in basic methanol-d4 (Table 8) are consistent 
with a 1,2-dihydro-l,8-naphthyridine structure 
and have been assigned to the C-2 methoxide 
adducts. The chemical shifts for these 1,2- 
dihydro- 1,8-naphthyridine structures are similar 
to the chemical shifts for 1,2-dihydro-2-methoxy- 
1-methyl-1,8-naphthyridine (1). No p.m.r. spec- 
trum was recorded for the I-phenacyl-1,8-naph- 
thyridinium cation in basic methanol-d4 since an 
oily black solid separated from the basic solution. 

Correlation of pKRoH with Substituent Effects 
Lindquist and Cordes (14) have reported that 

the association constants for N-substituted 3- 
carbamoylpyridinium cations with cyanide ion 
to give the 1,4-dihydro adducts are linearly cor- 
related with Taft's o* substituent constants (15) 
with p * = - 3.7. We have therefore sought a 
similar correlation of pKRoH with a* for the 
N-substituted 5-nitroisoquinolinium and 1,8- 
naphthyridinium cations using the data in 
Tables 5 and 6. Plots of pKRoH for these two 
series of cations against a* are shown in Fig. 1. 
In each case reasonable linear correlations are 
apparent. Least squares fitting of the data gives: 
5-nitroisoquinolinium cations, pKRoH = - 3.7 
o* + 11.6 (correlation coefficient 0.982 for nine 
substituents); 1,8-naphthyridinium cations, 
pKRoH = -4.9 a* + 12.5 (correlation coefficient 
0.977 for seven substituents). These correlations 
are surprisingly good in view of the fact that o* 
reflects only electronic inductive effects of the 
substituents and thus steric and solvation effects 
are ignored. 

The large negative p * values in these two cor- 

FIG I .  Dependence of pKRokl on o* for N-substituted 
5-nitroisoquinolinium (0) and 1,8-naphthyridinium (a) 
cations. Values of o* a r e  from ref. I7 except f0r.p-nitro- 
benzyl, estimated from o*(XC,H,~It,) = 0.326 on(x) + 

(18); carbamoylmethyl and phenacyl, estl- 
mated from o* ,-,,, = 0.360 oR* (1 5). 

relations clearly indicate the expected strong 
sensitivity of nucleophilic attack on these hetero- 
cyclic systems to electron-withdrawing substitu- 
ents. A further striking indication of this effect 
is obtained from a comparison of the pKRoH 
values for the 2-cyanomethylisoquinolinium 
(10.14) and 2-cyanoisoquinolinium cations (-2.0 
(16)). Thus the insertion of a methylene group 
between the ring-nitrogen atom and  its sub- 
stituent in the latter cation reduces its suscepti- 
bility to pseudobase formation by a factor 
of 1012. 

Kinetic Studies 
For many of the cations that are included in 

this study, the pseudobase-cation equilibrium 
was established too rapidly to allow a kinetic 
study by the stopped-flow technique. In some 
cases, the equilibration was sufficiently slow that 
the rate could be measured at pH values in the 
vicinity of pKRoH, where the pH-rate profiles 
for these reactions typically pass through minima 
(2), but detailed kinetic studies were still not 
possible. The limited data available for all the 
cations in these two classes are summarized in 
Table 9. 

For the 2-cyanomethyl-5-nitroisoquinolinium 
cation, reaction was sufficiently slow to allow a 
more detailed study. The pH-dependence of the 
first-order rate constant, k,,,, for attainment of 
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TABLE 9. Rapid cation-pseudobase equilibration 
-- -- 

Cation p H  k.b.(~-') 

I -Methyl-5-nitroquinolinium 11.6 > 200 
1-Methyl-6-nitroquinolinium 10.6 117 
I -Methyl-7-nitroquinolinium 12.0 > 200 
I -Methyl-8-nitroquinolinium 10.0 > 200 
2-Methyl-5-nitroisoquinolinium 12.0 > 200 
1,s-Dimethyl-1,s-naphthyridinium 5.15 48 
1,6-Dimethyl- 1,6-naphthyridinium 2.45 170 
I -Phenacylquinolinium 10.4 171 
1-Carbamoylmethylquinolinium 12.0 > 200 
I-(p-Nitrobenzyl)quinolinium 12.0 > 200 
2-Phenacylisoquinolinium 9.95 151 
2-Carbamoylmethylisoquinolinium 12.0 > 200 
2-(p-Nitrobenzyl)isoquinolinium 12.0 7 200 
2-Cyanomethylisoquinolinium 10.0 > 200 
2-Phenacyl-5-nitroisoquinolinium 8.56 50 
2-Carbamoylmethyl-5-nitroisoquinolinium 9.94 55 
2-Benzyl-5-nitroisoquinolinium 11.0 162 
2-(p-Nitrobenzy1)-5-nitroisoquinolinium 9.41 15 
I-Phenacyl-1,s-naphthyridinium 7.48 >200 
I-(p-Nitrobenzy1)-1 ,I-naphthyridini~~m 1 1 . 1  58 

equilibrium between this cation and its pseudo- where 
base is indicated in Fig. 2. The rate constant, kl  = kll/KaO 
k,,,, is the sum of the pseudo first-order rate 
constants, k, and k, respectively, for the forma- Also W = k,([QOH] + [HQOH+]) 
tion and decomposition of the pseudobase. The dt 
individual rate constants, kf and k,, may be CH'] 
evaluated (2) from: = kd[l + F ]  CQOHI 

The pH dependences of k, and k, evaluated in 
this way are also indicated in Fig. 2. These 
curves are of somewhat different shape to those 
previously observed for other cations (2). Despite 
the scatter in the data (possibly arising from 
buffer effects (2)), the kob, and kd appear to be 
pH independent at low pH compared with a 
linear dependence on [H'] in this region that is 
observed in other cases, whereas k, is inversely 
proportional to [H+]  rather than the more usual 
pH independence at low pH (2). The pH profiles 
in Fig. 2 are consistent, however, with the re- 
actions outlined in Scheme 1. 

Since k, and kd have been individually evalu- 
ated, we may consider pseudobase formation 
and decomposition individually in Scheme 1. 
Thus 

Hence k, 1 + 7 = k2 + klCH+I [ 
At low pH, [H+]/KaN >> 1, k,  [H+]  >> k,, and 
k, w klKaN i.e. pH independent as is observed 
in Fig. 2. 

Also 

= (k4 + k3 [OH-I)[Q+l 
and 

d [QOH lldt = kr [Q+ I 

hence k - k4 + k,[OH-] 
- 1 + [H+] /K,~  

w k4KaN/[H+] for low pH 

([H']/KaN >> 1, k4 >> k,[OH-I) 

For high pH, the dependences of k, and kd 
on pH simplify to k, = k, [OH-] and kd = k2; 
Thus k2 = 0.54 s-' and k, = 1.9 x lo6 M -  
s-' may be evaluated. 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. V 

NO2 NO2 NO2 

H OH 

( H ~ O H )  

H OH, 

( ~ 6 ~ 2 )  
SCHEME I 

parameters, and give a reasonable fit to the 
experimental data. 

Thus the differences in the pH-rate profiles 
for the 2-cyanomethyl-1-nitroisoquinolinium ca- 

o o tion and those species studied earlier (2) arise 
from the greater basicity of the pseudobase to- 

o - o  o  wards N-protonation in the present case. In the 
- earlier study (2), species equivalent to  HQOH' 

2 - 

1 - 

would not be expected to be present in signifi- - cant amounts in the experimentally observable - pH ranges. 
1 

Experimental ' 
Unless specifically discussed below, quaternary salts 

were prepared by refluxing the parent heterocycle with 
an appropriate alkyl halide, either neat or in a suitable 
solvent (acetone or ethanol). After recrystallization, com- 
pounds were obtained which had melting points con- 
sistent with literature data and p.m.r. spectra ( D 2 0  or 
TFA) in accord with the expected cation structure. 

Naphthyridinium Dications 
Each of 1,5-, 1,6-, and 2,7-naphthyridine was heated 

I - with excess dimethyl sulfate for approximately 4 h. After 
4 5 6 7 8 9 10 addition of water, excess dimethyl sulfate was removed 

P H by extraction with chloroform. The methyl sulfate anion 
FIG. 2. pH-rate profiles for reversible pseudobase was exchanged for iodide ion by passing the aqueous 

formation from the 2-cyanomethyl-5-nitroisoquinolinium solution of the dication through a column of Dowex 
cation (25"; ionic strength 0.1). 2-X8 anion exchange resin which had previously been 

saturated with sodium iodide. The aqueous solvent was 
From the low pH data, k1KaN = 3.2 s-' and evaporated to dryness to yield the solid diiodidesalt with 

k4KaN = 1.1 x M s-' may also be esti- the exception of the 2,7-dimethyl-2,7-naphthyridiniurn 
mated. ~h~ parameters k , ,  k4, K,N cannot be dication which could not be obtained solid, and so was 

individually evaluated from the available data. handled as  an  aqueous solution. The p.m.r. spectral data 
for these naphthyridinium dications in D,O were in 

if we assume that k,/k4 for this cation agreement with the data given by Pokorny and Paudler 
is similar to the value previously found for the (6). 
related 2-methyl-4-nitroisoquinolinium cation I~phenacylquinolinium Bromide 
(8.8 lo6 (211, then k1 = 6.4 x lo6 M - '  s-'9 Quinoline (2 ml) was refluxed in acetone (10 ml) with 
k4 = 0.22 s-' and KaN = 5.0 X M are excess bromoacetophenone for 1 h. After removal of the 
obtained. Thus p ~ , N  for N-protonation of the solvent, the residue was dissolved in absolute ethanol, and 

pseudobase QOH in scheme 1 is estimated to be anhydrous ether was added to give red crystals which 
were recrystallized from absolute ethanol. Yield 3.8 g 6'30 which seems a for such a (6873, m.p. 193-195"; p.m.r. (TFA): 6 9.169.42 (H-2 + 

substituted amine. The lines in Fig. 2 are calcu- H-4, m, 2H), 7.33-8.53 (all other aromatic protons, m, 
lated using the above values for the various loH), 6.94 (CH,, s, 2H). 
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Anal. Calcd. C, 62.2; H, 4.27; N, 4.27. Found : C, 62.1 ; 
H, 4.12: N, 4.26. 

I-Phenacyl-1,8-naphthyridinium Bromide 
This was similarly prepared. Yield 1.5 g (25%), viscous 

gum; p.m.r. (TFA): 6 7.7-9.8 (all aromatic protons, m, 
11 H), 7.07 (CH,, S, 2H). 

2-Pl~enacylisoquinolir~iun~ Bromide 
Isoquinoline (2 ml) was mixed with excess 2-bromo- 

acetophenone in acetone (10 ml). After 10 min, a white 
solid separated from solution; recrystallization from 
ethanol gave 4 g (72%), m.p. 210-212"; p.m.r. (TFA): 
6 9.79 (H-1, s, IH), 7.6-8.6 (all other aromatic protons, 
rn, I IH), 6.70 (CH,, s, 2H). 

Anal. Calcd. C, 62.2; H, 4.27; N,4.27; Br, 24.4 Found: 
C, 62.4; H, 4.83; N, 4.38; Br, 24.2. 

2-Pllenacyl-5-nitroisoqrrinoliniiinl Bromide 
This was similarly prepared. Yield 3.4 g (5573, m.p. 

190-191"; p.m.r. (TFA): 6 10.01 (H-1, s, IH), 7.G9.5 
(other aromatic protons, m, ]OH), 6.79 (CH,, s, 2H). 

Anal. Calcd. C, 54.7; H, 3.51; N, 7.51. Found: C, 54.2; 
H, 3.74; N, 7.39. 

I-Carbamoyln~ethylquinolir~iun~ Iodide. 
Yield 58%, m.p. 226-228"; p.m.r. (TFA): 6 9.18-9.43 

(H-2 + H-4, m, 2H), 8.04-8.53 (other aromatic protons, 
m, 5H), 6.25 (CH,, s, 2H). 

Anal. Calcd. C, 42.0; H, 3.50; N, 8.92. Fpund: C, 42.2; 
H, 3.70; N, 8.73. 

2-Carbamoylmet/~ylisoqiiinolinium Iodide 
Yield 48%, m.p. 194-196"; p.m.r. (TFA): 6 9.90 (H-1, 

s, IH), 8.34-8.67 (other aromatic protons, m, 6H), 6.10 
(CH2, s, 2H). 

Anal. Calcd. H, 3.81 ; N, 8.92; I, 40.5. Found : H, 3.66; 
N, 8.92; I, 40.5. 

2-CarbamoylmethyC5-nitroisoquir~olinirtm Iodide 
Yield 31y0, m.p. 233"; p.m.r. (TFA): 6 8.3-9.6 (aro- 

matic protons, m, 5H), 7.86 (H-7, m, lH),  6.90 (CH,, s, 
2H). - - 

Anal. Calcd. C, 36.8; H, 2.81 ; N, 1 1.70. Found: C, 
36.8; H, 3.20; N, 11.78. 

I-Carbamoylmethyl-l,8-nuphthyridinium Iodide 
Yield 18%, m.p. 210"; p.m.r. (TFA): 6 8.1-9.6 (aro- 

matic protons, m, 6H), 6.33 (CH,, s, 2H). 

I-(p-Nitrobenzyl)quinoliniun~ Bromide 
Yield 31%, m.p. 168"; p.m.r. (TFA): 6 9.29-9.58 (H-2 

+ H-4, m, 2H), 8.19-8.54 (other quinoline protons + 
H-3'. 5', m, 7H), 7.60 (H-2',6', d, 2H, J = 9 Hz), 6.60 
(CHz, s, 2H). 

2-(p-Nitrobenzyl)isoquir~olinium Bromide 
Yield 25%, m.p. 201-202"; p.m.r. (TFA): 6 9.87 (H-1, 

s, IH), 8.32-8.62 (other isoquinoline protons + H-3',5', 
m, 8H), 7.63 (H-2',6', d, 2H, J = 9 Hz), 6.24 (CH,, s, 
2H). 

Anal. Calcd. H, 3.80; N, 8.12; Br, 23.2. Found: H, 
3.97; N, 7.78; Br, 22.9. 

I-(p-Nitrobet1zyl)-1,8-naphthyridiniu1n Bromide 
Yield 9%, m.p. 217-218"; p.m.r. (TFA): 8.05-9.89 

(naphthyridine protons + H-3',5', m, 8H), 7.84 (H-2',6', 
d, 2H, J = 9 HZ), 6.74 (CH,, S, 2H). 

Anal. Calcd. C, 52.0; H, 3.50; N, 12.13; Br, 23.1. 
Found: C, 51.7; H, 3.95; N, 11.93; Br, 23.1. 

2-Cya~romethylisoquinolir~ium Iodide 
Yield 17%, m.p. 161-162"; p.m.r. (TFA): 6 9.70 (H-1, 

s, lH), 8.39-8.57 (other aromatic protons, m, 6H), 5.86 
(CH2, s, 2H). 

Anal. Calcd. C, 44.6; H, 3.06; N, 9.47; I, 43.2. Found: 
C, 44.6; H, 3.44; N, 9.52; I, 43.0. 

2-Cymzome~hy~-5-nitroisoq~ino~it1ium Iodide 
Yield 12%, m.p. 169-170"; p.m.r. (TFA): 6 10.00 

(H-1, s, IH), 8.21-9.57 (other aromatic protons, m, SH), 
6.00 (CH2, S, 2H). 

Anal. Calcd. H ,  2.36; N, 12.32. Found: H, 2.72; N, 
12.17. 

Methods 
Equilibrium and kinetic studies were performed a s  

previously described (1,2). All eq~lilibrium constants were 
measured spectrophotometrically a t  25', ionic strength 
0.01. Kinetic data  were obtained at 25" in buffers of ionic 
strength 0.1. 

We appreciate the continued support of this work by 
a grant from the National Research Council of Canada, 
and the award of a University of Toronto Open Fellow- 
ship to W.G.M. 
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Quaternary Nitrogen Heterocycles. VI. Equilibria and Kinetics of 
- 

Pseudobase Formation from some Heteroaromatic Dications 

JOHN W. BUNTING A N D  WILLIAM G. MEATHREL 
Deptrrtttlet~t of C/~ert~istry,  U t ~ i ~ ~ e r s i t y  of Torotlto, Torot~to, Otrtnrio MSS / A /  

Received October 5. 1973 

Equilibrium constants (~Knon) and the kinetics of cation-pseudobase equilibration 
have been measured for pseudobase formation by the 5,6-dihydropyrazino[1,2,3,4-lmn]- 
1,lO-phenanthrolinium (1; pKaon = 9.54), SH-6,7-dihydro-1,4-diazepino[1,2,3,4-lmn]- 
1,lO-phenanthrolinium (2; pKlto~ = 9.17), and pyrazino[l,2,3,4-lmnl-1,lO-phenanthro- 
linium (3; ~Knolr = 6.22) dications. Ultraviolet and p.m.r. spectral studies indicate that 
in strongly basic methanolic solutions 1 and 2 form bismethoxide adducts whereas in 
aqueous alkaline solutions these cations form the monopseudobase alkoxide ions (zwit- 
terions) rather than the dipseudobases. The lower pKnorr value for 2 than for 1 is 
suggested to arise from strain in the dication 2, which is relieved upon pseudobase 
formation. 

Les constantes dlCquilibre (pKnoH) et la cinitique de l'tquilibration cation-pseudobase 
ont CtC mesurCes lors de la formation de la pseudobase B partir des dications, dihydro-5,6 
pyrazino-[1.2.3.4-Imn] phCnantrolium-1,lO (1:pKnorr = 9.54), 5Hdihydro-6,7 diazepino- 
1,4[1,2,3,4-/mn] phknanthrolinium-l,lO (2; pKno~ = 9.17) et pyrazino [1,2,3,4-Imn] 
phtnanthrolinium-1,lO (3; pKnorr = 6.22). Des Ctudes 5 l'aide de la spectroscopie U.V. 

et r.m.p. ont montrC que dans des solutions mCthanoliques fortement basiques, 1 et 2 
conduisent 5 des composCs d'addition bismCthoxyde alors que dans des solutions alca- 
lines aqueuses ces cations conduisent aux ions alkoxydes monopseudobasiques (zwit- 
terions) plutbt qu'aux dipseudobases. On suggkre que la valeur de p K n o ~  plus faible pour 
2 que pour 1 provient de contraintes B I'intCrieur de dication 2 qui sont perdues lors de 
la formation de la pseudobase. [Traduit par le journal] 

Can. J. Chem .52.  975 (1974) 

During the course of our studies (1, 2) on the 
dependence of pKRoH values for pseudobase 
formation upon the structure of the heterocyclic &$ +: ?+ & +: y t  cation, we recently noted (2) that N,N1-dimethyl- CH2-CH2 CHI CH2 
naphthyridinium dications are more susceptible \ 1 

to pseudobase formation by factors of 1 0 ~ - 1 0 ' ~  CH2 

than the corresponding N-methylnaphthyridi- 1 
2 

nium monocations. This strong activation of 
heteroaromatic cations to nucleophilic attack by 
the presence of a second positive charge else- & +N@+ 
where in the molecule has prompted us to extend 
these studies to other heteroaromatic dications. 3 

In the present study, we report equilibrium, 
kinetic, and spectral data for pseudobase forma- aqueous solutions below pH 14. This indicates 

tion from the dications 1, 2, and 3 which are that the pKROH for pseudobase formation 

derived from l,lO-phenanthroline, and also this 'ation is b 15. The P.m.r. 'Pectrum of 

more limited studies on some other related in basic methanol-d, (0.1 M NaOCD,) is 

cations. readily assignable to the methoxide adduct 5 as 

Results and Discussion 
The U.V. spectrum of the 1-methyl-1,lO- 

phenanthrolinium cation 4 is p H  independent in @ m OCD, 
CH3 CH3 

'For Part V, see ref. 2. 4 5 
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the predominant species present in this solution: 
F 3.88 (N-CH3, S, 3H); 5.60 (H-2, d, lH, JZ3 = 
5.5 HZ), 6.01 (H-3, dd, lH, J2, = 5.5 HZ, J,, = 
9 Hz), 7.00(H-4, d, 1H,J3, = 9 Hz), 7.24-7.45 
(H-5 + H-6 + H-8, m, 3H), 8.09 (H-7, m, IH), 
8.77 (H-9, m, 1H). Thus nucleophilic attack on 4 
occurs predominantly at C-2 as in the l-methyl- 
quinolinium cation and the N-10 nitrogen atom 
is apparently sufficiently removed from the 
nucleophilic center that it has little effect on the 
susceptibility of C-2 to nucleophilic attack (for 
the methylquinolinium cation pKRoH - 16.5 
(1)). This result may be compared to the N- 
methylnaphthyridinium cations in which the 
presence of a nitrogen atom in the adjacent 
aromatic ring activates C-2 to nucleophilic 
attack to such an extent that pKRoH values of 
12.67 and 12.44 are observed for the l-methyl- 
1,5- and -1,8-naphthyridinium cations, respec- 
tively (1). 

The p H  dependence of the U.V. spectrum of 
the 5,6-dihydropyrazino[1,2,3,4-lmnl-1,lO-phen- 
anthrolinium dication (1) indicates the occur- 
rence of two successive equilibria in basic solu- 
tions. We assign these U.V. spectral changes to 
formation of the pseudobase 6 (R = H) (pKROH 
= 9.54 + 0.03) and its ionization to an alkoxide 
ion (actually a zwitterion) (pKRo- - 13.5) on 
the basis of the following spectral evidence. 

The p.m.r. spectrum of a basic methanol-d4 
(0.01 M NaOCD,) solution of this dication is 
consistent with the formation of a monomethox- 
ide adduct (6; R = CD,): F 4.1 5 (N1-CH2-, 
t, 2H), 5.10 (NIO-CH2-, t, 2H), 5.88 (H-2, d, 
lH,  JZ3 = 5.5 HZ), 6.30(H-3, dd, lH,  JZ3 = 5.5 
HZ, J,, = 9.5 HZ), 7.22 (H-4, d, lH,  J,, = 9.5 
Hz), 7.67-8.10 (H-5 + H-6 + H-8, m, 3H), 
8.97-9.20 (H-7, H-9, m, 2H). The U.V. spectrum 
of the monomethoxide adduct (A,,, 303 nm) 
is similar to the U.V. spectrum of a p H  10 solu- 
tion of this 1 ,lo-phenanthrolinium dication (h,,, 
302 nm). 

The p.m.r, spectrum of this dication in more 
basic methanol-d4 solution (1.5 M NaOCD,) is 
consistent with the formation of the dimethoxide 
adduct (7; R = OCD,): F 3.82 (-CH2-CH2-, 

S, 4H), 5.84 (H-3, H-8, d, 2H, J34 = J78 = 10 
HZ), 6.75 (H-5 + H-6, S, 2H), 6.99 (H-4 + H-7, 
d, 2H, J,, = J,, = 10 Hz). It is evident that the 
H-2 and -9 protons have exchanged with solvent 

deuterium. The p.m.r. spectrum of the product 
from the lithium aluminum hydride reduction 
of this 1,lO-phenanthrolinium dication is con- 
sistent with the formation of a 1,2,9,10-tetra- 
hydro reduction product (7; R = H): (in 
CDC1,) F 3.20 (-CH2-CH,-, S, 4H), 3.75 
(H-2 + H-8, dd, 4H, J2, = J,, = 4 HZ, JZ4 = 
J,, = 1.8 Hz), 5.57-5.82 (H-3 + H-8, m, 2H), 
6.19-6.39 (H-4 + H-5 + H-6 + H-7, m, 4H). 

The U.V. spectrum of the dimethoxide adduct 
(7; R = OCH,) (h,,, (1.5 M NaOCH,) 260, 
310, 323, 380 nm) differs from the U.V. spectrum 
of a p H  14 solution of this 1,lO-phenanthroli- 
nium dication (h,,, 312 nm). A bathochromic 
shift of 10 nm from h,,, (pH 10) 302 nm to I,,, 
(pH 14) 312 nm would be consistent with 
ionization of the initially formed pseudobase 
rather than the addition of a second hydroxide 
ion. This result is similar to the ionization of the 
pseudobase of the naphthyridinium dications 
rather than the addition of a second hydroxide 
ion to the remaining quaternized ring (2). 
However, even in strongly basic methanolic 
solution (1 M NaOCH,), the naphthyridinium 
dications form only a monomethoxide adduct, 
whereas the 5,6-dihydropyrazino[1,2,3,4-lmnl- 
1,lO-phenanthrolinium dication forms a di- 
methoxide adduct by methoxide ion attack a t  
both the C-2 and -9 positions. These results can 
be rationalized in terms of the greater suscepti- 
bility of the quinolinium system (in 6; R = 
OCH,) than the pyridinium moiety (in 8) to 
nucleophilic attack by methoxide ion. 

For the 5H-6,7-dihydro-l ,Cdiazepino[l,2,3,4- 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. VI 977 

Imnl-I, 10-phenanthrolinium dication (2) a pK,,, 
value of 9.17 + 0.03 was calculated from the 
p H  dependence of the U.V. spectrum. The p.m.r. 
spectrum of a basic methanol-d4 solution 
(0.01 M NaOCD,) of this dication is consistent 
with the formation of a monomethoxide C-2 
adduct 9 (R = CD,): 6 2.87 (-CH2-, m, 2H), 
3.92 (N1-CH2-, m, 2H), 5.12 (NIO-CH2-, 
m, 2H), 5.59 (H-2, d, IH, J,, = 5.5 Hz), 6.30 
(H-3, dd, IH, JZ3 = 5.5 HZ, J34  = 9.5 HZ), 
7.14 (H-4, d, IH, J34  = 9.5 HZ), 7.79-8.04 (H-5 
+ H-6 + H-8, m, 3H), 8.95-9.30 (H-7 + H-9, 
m, 2H). 

The U.V. spectra of 9 (R = CH,) in methanol 
and a p H  10 aqueous solution of this dication 
are similar (h,,, 303.5 and 303 nm, respectively). 
These u.v. spectral maxima are also similar to 
those observed for the C-2 mono adducts of the 
$6-dihydropyrazino[1,2,3,4-lmnl- 1,lO-phenan- 
throlinium dication (1) (h,,, (0.01 M NaOCH,) 
303 nm and h,,,, (pH 10) 302 nm). 

In more basic methanol-d4 (1 M NaOCD,), 
the dimethoxide adduct (10; R = OCD,) is 
formed as evident by its p.m.r. spectrum. It is 
evident that the C-2 and -9 protons, the sites of 
methoxide attack, have exchanged in this 
strongly basic deuterated solvent (1): 6 2.18 
(-CH2-, m, 2H), 3.94 (N-CH,-, m, 4H), 
5.90 (H-3 + H-8, d, 2H, J,, = J7, = 10 HZ), 
6.78-7.14 (H-4 + H-5 + H-6 + H-7, m, 4H). 

The U.V. spectrum of this dimethoxide adduct 
(h,,,, (1 M NaOCH,) 268, 316, 380 nm) differs 
from the U.V. spectrum of a 1 M potassium 
hydroxide solution of this dication (h,,, 308 
nm). This result indicates that the initially 
formed pseudobase is ionized in strongly 
alkaline solution more readily than the addition 

of a second hydroxide ion to the cation. The 
bathochromic shift in the u.v. spectral maxima 
of aqueous solutions of pH  11.7 and 14 from 
303 to 308 nm would be consistent with such 
an ionization. This result is also consistent with 
the ionization of the pseudobase from the naph- 
thyridinium dications and the 5,6-dihydropyra? 
zino-[I ,2,3,4-lmnl-1,lO-phenanthrolinium dicat- 
ion which were discussed earlier. 

When the 5H-6,7-dihydro-l,4-diazepino[l,2,- 
3,4-lmnl-1,lO-phenanthrolinium dication was re- 
duced with lithium aluminum hydride, the 1,2,9,- 
10-tetrahydro reduction product 10 (R = H) 
was obtained as evident by its p.m.r. spectrum: 
(in CDCI,) 6 1.57-1.97 (-CH2-, m, 2H), 
3.27-3.87 (-CH2-N, t, 4H), 3.87 (H-2 + H-9, 
dd, 4H, JZ3 = JB9 = 4 HZ, J 2 4  = J7, = 1.8 HZ), 
5.52-5.82 (H-3 + H-8, m, 2H), 6.24-6.45 (H-4 
+ H-5 + H-6 + H-7, m, 4H). 

Comparison of the pK,,, values for 1 (9.54) 
- ~.~ 

and 2 (9.17) indicates that the latter cation is 
slightly more susceptible to pseudobase forma- 
tion than the former. In such systems, the elec- 
tronic effect of a positive charge in one pyri- 
dinium ring is transmitted to the other ring 
through both the aromatic system and the 
saturated bridge. One would predict that 
electronic effects transmitted via the aromatic 
ring should be the same for each cation, while 
the relative effects transmitted via the saturated 
bridge would be greater in 1 than in 2 as a 
result of the insulating effect of the additional 
methylene group in 2. Thus the pK,,, value for 
2 would be predicted to be greater than for 1 
which is contrary to  the present observations. 
An explanation of this apparent anomaly can 
be suggested on the basis of model building 
studies of these two dications. Thus, for a 
trimethylene bridge (2), space-filling Corey- 
Pauling-Koltun models suggest that it is not 
possible to insert three methylene groups 
between the nitrogen atoms of 1,lO-phenan- 
throline without seriously distorting the three 
rings of the aromatic system out of coplanarity. 
No such distortion is indicated when only two 
methylene groups (1) are inserted. The models 
indicate that the interactions that produce this 
effect in 2 are considerably relieved upon 
pseudobase formation and so the unusually 
high susceptibility of this dication to pseudobase 
formation is apparently due to the strained 
nature of the dication. The effects of the strain 
induced upon inserting an additional methylene 
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group into the saturated bridge in 1 apparently 
outweigh the decrease in transmission of 
electronic charge through the saturated bridge 
as discussed above., 

To illustrate further the importance of this 
effect we have compared the pKRoH values of the 
two cations (11; n = 2, 3) as a model for the 
transmission of charge through dimethylene 
and trimethylene bridges. From the pH- 

dependence of the U.V. spectrum of 11 (n = 2) 
a pKRoH value of 10.84 f 0.06 was calculated. 
This is consistent with pKRoH values observed 
for other isoquinolinium cations that have 
strongly electron-withdrawing substituents on 
the nitrogen atom (2) and is considerably less 
than the value (15.3) estimated for the 2- 
methylisoquinolinium cation (1). Unfortunately, 
aqueous alkaline solutions of 11 (n = 3) rapidly 
become turbid and an accurate determination 
of pKRo, is not possible for this cation, but can 
only be estimated as 3 12. Thus, 11 (n = 3) is at 
least 10 times less susceptible to pseudobase 
formation than 11 (n = 2) which is consistent 
with the greater attenuation of charge for a 
trimethylene than a dimethylene bridge in these 
strain-free systems. 

From the pH-dependence of the U.V. spectrum 
of the pyrazino[l,2,3,4-lmnl- 1, lo-phenanthroli- 
nium dication (3) a pKRoH value of 6.22 + 0.05 
was calculated. Black and Summers have 
previously proposed that this dication forms 
the pseudobase (12) by hydroxide ion attack at 
the C-5 position of the pyrazine ring (3). 

'Attempts to synthesize the 1,lO-phenanthrolinium 
dication, in which the N-1 and -10 hetero atoms are 
coupled through a single methylene group, by condensa- 
tion of 1,lO-phenanthroline with methylene iodide were 
unsuccessful. Space-filling models of the I ,lo-phenanthro- 
linium dications also indicate that a single methylene 
bridge cannot be placed between the two hetero atoms 
without severely distorting the aromatic ring system out 
of planarity. 

The p.m.r. spectra of solutions of this dication 
in basic methanol-d, and basic deuterium oxide 
have peaks of low intensity due to the low 
solubility of the basic product(s) in the p.m.r. 
solvents. Thus identification of the pseudobase 
12 in alkaline solutions by p.m.r, spectroscopy 
was not possible. Pseudobase formation by 
hydroxide attack in the pyrazine ring yields a 
highly conjugated nonaromatic system which is 
consistent with the U.V. spectrum of aqueous 
alkaline solutions of this dication having a n  
absorbance maximum in the visible region 
(A,,, - 500 nm) of the spectrum. The carbon 
atoms of the pyrazine ring of 3 are extremely 
electron deficient due to the presence of the two 
positively charged nitrogen atoms. Nucleophilic 
attack in the pyrazinium rather than one of the 
pyridinium rings to give an adduct analogous to 
6 and 9 is also consistent with the observation 
that quinoxalinium cations are approximately 
lo8 times more susceptible to pseudobase 
formation than the corresponding quinolinium 
cations (1). 

In view of this latter fact, it is noteworthy that 
the pKRoH value for 3 is only 3.5 units lower than 
for 1. However, an important offsetting factor in 
the formation of 12 compared with 6 or 9 is the 
loss of aromatic character in all four rings of 3 
upon pseudobase formation. 

Kinetic Studies 
The equilibration of each of the cations 1, 2, 

and 3 with their respective pseudobases followed 
pseudo first-order kinetics over the pH ranges 
examined. The individual pseudo first-order rate 
constants for formation (k,) and decomposition 
(k,) of the pseudobases are plotted as a function 
of p H  in Figs. 1-3. These pH-rate profiles may 
be fitted by equations of the form 

and the evaluated parameters k,, k,, k,, and k, 
for each cation are listed in Table 1.  Equations 
of this form have also been observed for cation- 
pseudobase equilibration for a number of other 
cations (4) and the mechanistic implications of 
the parameters have previously been considered 
in some detail. In particular, k, and k4 refer t o  
attack on the heterocyclic cation by hydroxide 
ion and neutral water molecules, respectively. 
Comparison of the data for 1 and 3 indicates 
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BUNTING A N D  MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. VI 979 

TABLE 1. Kinetic parameters for reversible pseudobase formation4 

Cation PKROH k l  (M-I s - ' )  k2 (s-') k 3 ( M - l s - l )  k4(sc1) 

1 9.54 2 . 6 x 1 0 8  25 5 . 5 ~  lo5 0.059 
2 9.17 1 . 9 ~  lo8 14 9 . 4 ~  lo5 0.12 
3 6.22 1 . 9 ~  lo5 0.032 1 .5  x lo6 0.115 

"At 25", buffer ionic strength 0.1. 

FIG. 1. The p H  dependence of the pseudo first-order 
rate constants for formation (k,) and decomposition 
(kd) of the pseudobase of the 5,6-dihydropyrazino- 
[1,2,3,4-lmnl-1,lO-phenanthrolinium dication (1) (kd, kr  
in s-I). 

FIG. 2. The p H  dependence of the pseudo first-order 
rate constants for formation (k,) and decomposition 
(kd) of the pseudobase of the 5H-6,7-dihydro-1,4- 
diazepino[l,2,3,4-lmnl-1 ,lo-phenanthrolinium dication (2) 
(kd, kc in S-I). 

I I I 
1 I 6 I I 9 10 

pH 

FIG. 3 .  The p H  dependence of the pseudo first-order 
rate constants for the formation (k,) and decomposition 
(kd) of the pseudobase of  the pyrazino[l,2,3,4-ltnn,r]-1,lO- 
phenanthrolinium dication (3) (kd, kc in s-I) .  

that although the equilibrium constant for 
hydroxide addition t o  3 is approximately 2000 
times greater than for 1, the rate constant for 
hydroxide attack on 3 is only three-fold greater 
than for 1.  Such a lack of correspondence be- 
tween rate and equilibrium effects is not unusual 
in cation-anion combination reactions (5,6). 
Comparison of the rates of hydroxide and water 
attack on these cations gives log k, /k ,  = 7.0, 
6.9, and 7.1 for 1, 2, and 3, respectively. This 
ratio is similar to that previously observed for 
the 2-methyl-4-nitroisoquinolinium cation (6.9 
(4)) but considerably greater than Ritchie's N +  
value (4.5) for the hydroxide ion (5,6). 

Experimental 
Materials 
5,6-Dihydropyrazino[1,2,3,4-lmn]-l,l0-phenanthrolin- 

ium dibromide (7), SH-6,7-dihydro-l,4-diazepino[l,2,- 
3,4-lmnl-1,lO-phenanthrolinium dibromide (7), and pyra- 
zino[1,2,3,4-lmn]-1,l0-phenanthrolinium dibromide (3) 
were prepared as described in the literature. 
Dimethylenebis-2,2'-isoquinolinium Dibromide 
Isoquinoline (13 ml) was refluxed with 1,2-dibromo- 

ethane (4.3 ml) in absolute ethanol (20 ml) fo r  16 h. The 
solvent was evaporzted to  yield a dark brown residue 
which was recrystallized from ethanol and washed with 
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anhydrous ether to yield light brown crystals (10.3 g, 
46%), m.p. 260-262" (lit. ( 8 )  268"). 

Trimethylenebis-2,2'-isoquinolinium Dibromide 
This was similarly prepared (83% yield), m.p. 241" 

(lit. ( 8 )  244"). 

Methods 
Equilibrium and kinetic measurements were made as  

previously described (1,4). The rate constants k r  and k d  
were calculated (4)  from 

kr = km,l(l + [H+IIKRoH) 
and 

kd = kobsl(l + KROHI[H+I)  

Analytical wavelengths used were 1, 302 nm; 2,  303 nm; 
3, 282 nm. 

We appreciate the continued support of this work by 
an operating grant from the National Research Council 
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Quaternary Nitrogen Heterocycles. VII. Reactions of some Tricyclic 
Heteroaromatic Cations in Basic Solutions 

JOHN W. BUNTING A N D  WILLIAM G. MEATHREL 
Depcrrtti~errt of Chclt,iistry, Ut~i l '~~~.s i t . v  of Tor~tr to ,  Torot~to.  Ot~tcrrio MjS / A /  

Received October 5, 1973 

Pseudobase formation and methoxide ion addition have been investigated spectro- 
scopically for some N-methylacridinium, -phenanthridinium, and -benzoquinolinium 
cations. Susceptibility to nucleophilic attack decreases in the order 10-methylacridinium 
(pKnorr = 9.86) > 5-methylphenanthridinium (pKnoa = 11.94) > 1-methyl-5,6-benzo- 
quinolinium = 1-methyl-7,8-benzoquinolinium (~Knorr > 14).  A qualitative correlation 
of pKnorr with loss of resonance energy upon pseudobase formation is shown to exist. 
For the 9,lO-dimethylacridinium cation, the C-9 pseudobase (or methoxide adduct) is 
the kinetically preferred product in basic solutions but this is subsequently converted to  
the thermodynamically more stable anhydrobase. With the corresponding 9-ethyl- and 
9-benzyl-10-methylacridinium cations, the pseudobase, rather than the anhydrobase, 
seems to predominate at  equilibrium. 

On a examine B l'aide de la spectroscopie la formation de pseudobases et l'addition 
d'ion mtthylate pour quelques cations tels N-m&thylacridinium, phtnanthridinium et 
benzoquinoltinium. La susceptibilitt de I'attaque nucltophile diminue dans l'ordre 
mtthyl-10 acridinium (pKnorr = 9.86) > methyl-5 phtnanthridinium ( p K n o ~  = 11.94) 
> mtthyl-1 benzoquinoltinium-5,6 z mtthyl-1 benzoquinoltinium-7,8 (pKno11 > 14). 
On a montrt  qu'une relation existe entre le p K n o ~  et la perte d'tnergie de rkonnance 
lors de la formation de pseudobases. En solution basique, la pseudobase C-9 (ou I'addi- 
tion de mtthylate sur) du cation dimtthyl-9,10 acridinium est obtenue par contrble 
cinttique, mais elle est transformte en anhydrobase thermodynamiquement plus stable. 
Parcontre la pseudobase plutbt que l'anhydrobase semble &tre majoritaire B l'equilibre 
pour les cations tthyl-9 et benzyl-9 mtthyl-10 acridiniums. [Traduit par le journal] 

Can. J. Chem., 52,981 (1974) 

Although Hantzsch and Kalb (1) first recog- 
nized the formation of the pseudobase (2; R = 
H) by hydroxide ion addition to the 10-methyl- 
acridinium cation (1; R = H) in 1899, it was not 

both this cation and the 10-methyl-9-phenylacri- 
dinium cation (1; R = C,H,). 

Magrath and Phillips (5) have also reported 
equilibrium constants for pseudobase formation 
from the 5-methylphenanthridinium (3; R = H; 
pKRoH = 10.4) and 5,6-dimethylphenanthridin- 
ium (3; R = CH,; pKRoH = 10.1) cations which 
suggest that the N-methylphenanthridinium 
cation is only slightly less susceptible t o  pseudo- 
base formation than its acridinium isomer. 

1 2 

until 1949 that Goldacre and Phillips (2) mea- 
sured the equilibrium constant (pKRoH = 9.75) 
for this reaction. We obtained (3) a similar value I I 
(pKRoH = 9.86; ionic strength 0.01 and 25") CH3 CH3 
during the course of our studies of the de- 3 4 

pendence of the equilibrium constant for pseudo- We have now extended these studies to  a series 
base formation upon the structure of the hetero- of 9-substituted-10-methvlacridinium cations and 
cyclic cation andwe later measured (4) the rates some other tricyclic caiions that are isomeric 
of pseudobase formation and decomposition for with 1 (R = H). Owing to thegeneral insolubility 

of the pseudobases in aqueous solution at p.m.r. 
'For Part VI, see preceding paper. spectral concentrations, we have again employed 
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TABLE 1. The U.V. spectra and pKRoH values of some N-methyl tricyclic cations 

Amax (1% E) 

Cation PKROH' PH Aqueous solution 0.1 M NaOCH3-CH30H 

. .. . . 

9,10-Dimethylacridinium b 7 342(3.41 j, 360(3.70), 400(3.16), 420(3.16) 
1 2d 283(3.51), 39X3.13) 289(3.74), 303(3.75), 375(3. 66)d 

9-Ethyl-10-methylacridinium 9.99k0.06' 7 341(3.93), 357(4.23), 398(3.65), 4.16(3.65) 
12 283(4.12) 283(4.19), 315(3.58) 

9-Benzyl-10-methylacridinium b 7 346(3.67), 361(3.97), 
400(3 .46), 420(3 .47) 

12 285(3.96) 284(4.07), 320(3.43) 
10-Methyl-9-phenylacridinium 11.03k0.04 7 344(3.37), 362(3.69), 

406(s) (3.13), 424(3.21) 
12 285(3.56) 285(3.65) 

5-Methylphenanthridinium 11.94+_0.06 7 3 16.5(3.87), 358(3.58) 
14 263(4.04), 273(4.03), 325(3.75) 260(s), 327 

5-Methyl-6-phenylphenan thridinium ~ 1 3 . 5 ~  7 321(3.87), 376(3.74) 
14 270(s) (3. SO), 345(3.69) 275, 349 

O A t  25". ionic strength 0.01. 
'Solulion turbidity prevents accurate measurement. 
CAt 25'. ionic strength 0.1. 
dEquilibrium spectrum. 
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BUNTING AND MEATHREL: QUATERNARY NITROGEN HETEROCYCLES. VI1 983 

the strategy (3) of assigning structures to the 
methoxide adducts in basic methanol on the 
basis of their p.m.r. spectra and then comparing 
the U.V. spectra of corresponding methoxide ad- 
ducts and pseudobases to ascertain that the pre- 
dominant adducts in methanol and water arise by 
nucleophilic attack at the same site in the hetero- 
cyclic cation. 

Results and Discussion 

Acridinium Cations 
The U.V. spectra of the N-methylacridinium 

cations that were examined were pH dependent. 
For each cation these pH-dependent spectral 
changes were readily reversible upon acidification, 
and, where possible, equilibrium constants 
(pKRo,) have been calculated and are given in 
Table 1. In some cases rapid precipitation of the 
pseudobase did not allow the measurement of an 
accurate equilibrium constant. The U.V. spectra 
of each cation in neutral and basic aqueous solu- 
tions and also in basic methanol (0.1 N NaOCH,) 
are also compared in Table 1. In all cases there 
is a close correspondence between the spectra in 
basic aqueous and methanolic solutions; it should 
be noted that the maxima which occur in the 
vicinity of 320 nm in basic methanolic solutions 
of the acridinium cations occur only as broad 
shoulders of similar intensity in aqueous base. 
The intense peak in the vicinity of 280 nm which 
occurs in the spectra of the basic solutions of all 
of the acridinium ions, except the 9,lO-dimethyl- 
acridinium cation, is typical of a 9,lO-dihydro- 
acridine structure (e .g.  9,lO-dihydro-10-methyl- 
acridine; A,,, (ethanol) = 284 nm (log E = 4.1) 
(6)). Thus these U.V. spectral data indicate that 
the C-9 methoxide and hydroxide adducts (2) 
are present in basic solutions of these cations. 
The U.V. spectra of the 9,lO-dimethylacridinium 
cation (1; R = CH,) in basic aqueous and meth- 
anolic solutions at equilibrium differ from those 
of the other acridinium ions in Table 1, in that 
the maximum at 283 nm is less intense than ex- 
pected and furthermore a long-wavelength ab- 
sorption maximum (395 nm in water; 375 nm in 
methanol) is also present. This long-wavelength 
absorption maximum suggests a more highly 
conjugated species than the 9,lO-dihydroacridine 
system. 

A closer investigation of the U.V. spectrum of 
the 9,lO-dimethylacridinium cation in basic solu- 
tion revealed that in both methanol and water 

time-dependent spectral changes were observable 
before the final establishment of the equilibrium 
spectra that are given in Table 1. This phenome- 
non is illustrated in Fig. 1 for the 9,lO-dimethyl- 
acridinium cation in 0.04 M sodium methoxide 
in methanol. Initially the spectrum has a high 
absorbance maximum at 282 nm (log E = 4.05) 
typical of a 9,lO-dihydroacridine, as discussed 
above, and it seems reasonable to assign this 
spectrum to the usual C-9 methoxide adduct of 
these acridinium cations. This maximum grad- 
ually decreases in intensity over a period of 1 h 
and is replaced by a very broad maximum in the 
region 289-303 nm and much longer wavelength 
maximum at 375 nm. The time-dependent spectra 
in Fig. 1 have three clearly defined isosbestic 
points (264, 299, and 327 nm) which suggests an 
equilibration between two species, with a half- 
time of approximately 7 min for their intercon- 
version under these conditions. Similar time- 
dependent U.V. spectral changes occur in basic 
aqueous solutions of this cation. The initial spec- 
trum suggests the presence of the C-9 pseudobase 
and the half-time for equilibration of the pseudo- 
base with the final species is approximately 2.5 
min at p H  12. 

The p.m.r. spectra of basic methanolic solu- 
tions (0.1 M NaOCD,-CD,OD) of the 10- 
methylacridinium cations are given in Table 2. 
Solids separated when sodium methoxide was ad- 
ded to methanolic solutions of the 9,lO-dimethyl- 
and 10-methyl-9-phenylacridinium cations, and 
the spectra in Table 2 in these two cases are for 
these solids in chloroform solution. The p.m.r. 
spectrum of the 10-methylacridinium cation in 
basic methanol-d4 is readily reconciled with the 
C-9 methoxide adduct: 6 3.54 (N-CH,, s, 3H), 
5.40 (H-9, s, 1 H), 6.87-7.55 (aromatic protons, m, 
8H). The spectra of the 9-ethyl- and 9-benzyl- 
substituted cations in Table 2, and also of the 
solid obtained from the 10-methyl-9-phenylacri- 
dinium cation are also quite consistent with the 
analogous C-9 methoxide adducts. With the 
latter cation, the 0-methyl protons appear as a 
three-proton singlet (6 3.00) if the experiment is 
carried out in methanol rather than methanol-d4, 
and this further confirms these assignments. The 
spectrum of the solid obtained from the 9,lO- 
dimethylacridinium cation contains a two-proton 
singlet at 6 5.26 which cannot be rationalized 
with the C-9 methoxide adduct of this cation. 
The C-9 methyl protons of such a n  adduct 
would be expected to have a chemical shift 6 -- 1.5 
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FIG. 1. The time-dependent U.V. spectrum of the 9,lO-dimethylacridiniurn cation in 0.04 M NaOCH, in methanol: 
(1) 0.25 min; (2) 2 min; (3) 5 min; (4) 10 min; (5) 65 min (scan time, 30 s). 

TABLE 2. The p.m.r. spectral data for some tricyclic monocations in basic methanol-d4 

6 (~.p.m.)" 

Cation 
Aromatic 
protons 

-- - 

10-Methylacridiniurn 3.54 5.40(H-9) 6.87-7.55 
9,lO-Dimethylacridiniumb 3.47 5. 26(=CH2) 6.78-7.70 
9-Ethyl-10-methylacridinium 3.40 1.87(CHz)0 .45(CH3) 6.90-8.25 
9-Benzyl-10-methylacridinium 2.74' 3.03(-CHz) 6.75-7.89 
10-Methyl-9-phenylacridiniumb 3.54 6.78-7.44 

C 3.54 3.00(0-CH,) 6.78-7.44 
5-Methylphenanthridinium 3.23 5.64(H-6) 6.8C7.97 
5-Methyl-6-phenylphenanthridiniumb 2.70 6.7C8.04 

C 2.70 2.94(0-CH3) 6.70-8.04 

"In 0.1 M NaOCD3-CD30D. 
bSpectrum (jn CDC13) of solid from basic methanol-d, solution. 
cSpectrum ( ~ n  CDCIJ of solid from basic methanol solution. 
dModels suggest that the protons of the N-methyl group in this case will be shielded by the aromatic ring o f  the 9-benzyl 

substituent. 

(cf. 6 1.87 for the methylene protons of the cor- 
responding 9-ethyl derivative (Table I)), and 
furthermore no additional singlet lror 0-methyl 
protons is observed if methanol is used in place of 
methanol-d,. We suggest that the product from 
the 9,lO-dimethylacridinium cation is the anhy- 
drobase 5 and this is consistent with the two- 
proton singlet (6 5.26) arising from the exocyclic 
methylene protons. 

The U.V. spectral data discussed above for the 
9,lO-dimethylacridinium cation in basic aqueous 
and methanolic solutions can also be rationalized 
in terms of the anhydrobase 5 being the pre- 
dominant species that is present in these solu- 
tions at equilibrium. Thus, the time dependence 
of these spectra (e.g. Fig. 1) can be rationalized 
in terms of the pseudobase (or methoxide adduct) 
being the kinetically controlled product, whereas 
the anhydrobase is the thermodynamically more 

stable product. Thus, the equilibration in Fig. 1 
is of the C-9 methoxide adduct to the anhydro- 
base. It is reasonable that anhydrobase formation 
should be slower than pseudobase formation, 
since the former involves a relatively slow C-H 
ionization (7), whereas pseudobase formation 
has been established to be quite rapid in these 
systems (4). Furthermore, the increased conju- 
gation that is present in 5 from the presence of 
an additional C=C chromophore is also consis- 
tent with the observed long-wavelength absorp- 
tion in these solutions. 
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The concept of anhydrobase formation by pro- 
ton abstraction from a C-alkyl group of a hetero- 
aromatic cation is well-established in heterocyclic 
chemistry (8-10) and this reaction must be 
considered as a possible competitor with pseudo- 
base formation when an alkyl group is present on 
a carbon atom that is also susceptible to nucleo- 
philic attack. Furthermore, our data on the 
9,lO-dimethylacridinium cation suggest that the 
kinetically and thermodynamically controlled 
products may be quite different in such systems. 
It is interesting that we have only observed an- 
hydrobase formation for the 9-methyl cation, 
although the corresponding 9-ethyl and 9-benzyl 
cations might also-be expected to form anhy- 
drobases. It is not clear whether in these two 
cases the pseudobases are thermodynamically 
favored over the anhydrobases or alternatively 
the pseudobase - anhydrobase equilibrium is 
established much more slowly than for the 
9,lO-dimethylacridinium cation. In this regard, 
it should be noted that we have not been able to 
establish the equilibrium anhydrobase-pseudo- 
base ratio for this latter cation but can only say 
that a significant proportion of anhydrobase is 
present at equilibrium. The fact that the solid 
obtained from basic solutions of this cation is 
essentially all anhydrobase (by p.m.r. spectros- 
copy) may be dictated by solubility considera- 
tions, and does not necessarily reflect the situa- 
tion in s o l ~ t i o n . ~  Replacement of one of the 
exocyclic methylene hydrogen atoms by a larger 
substituent may result in unfavorable nonbonded 
interactions with the C-1 and -8 hydrogen atoms 
of the acridine system and so sufficiently reduce 
the stability of the anhydrobase relative to the 
corresponding pseudobase, that the latter pre- 
dominates in the 9-ethyl and 9-benzyl systems. 
Similar interactions may be invoked to explain 
the observation that the plane of the phenyl ring 
in 9-phenylacridine makes an angle of greater 
than 40" with the plane of the acridine system 
(16). 

Phenanthridinium Cations 
The U.V. and p.m.r. spectral data for the 5- 

methylphenanthridinium (3; R = H) and 5- 
methyl-6-phenylphenanthridinium (3; R = 

'In an early study, Decker and Hock (11) reported the 
isolation of the anhydrobase of the 9-benzyl-10-methyl- 
acridinium cation, under somewhat different reaction 
conditions. 

C,H,) cations are included in Tables 1 and 2. 
Oxidation of the 5-methylphenanthridinium 
cation to 5-methyl-6-phenanthridone has pre- 
viously been observed (12, 13) and indicates the 
presence of at least some of the pseudobase 4 
(R = H) in basic aqueous solutions of this cation 
(14). The p.m.r. spectral data for this cation in 
Table 2 are consistent with the corresponding 
methoxide adduct being the predominant species 
in basic methanolic solutions, and the similar 
U.V. spectra in basic methanolic and aqueous 
solutions (Table 1) further substantiate 4 (R = 
H) as the predominant species present in aqueous 
alkaline solutions of this cation. The p.m.r. spec- 
trum of the product that precipitates from basic 
methanolic solutions of the 5-methyl-6-phenyl- 
phenanthridinium cation (Table 2) is also quite 
consistent with the methoxide adduct correspond- 
ing to 4 (R = C,H,) and in fact, a solid which 
precipitated from basic aqueous solutions of this 
cation had the same p.m.r. spectrum as the 
trideuteriomethoxy adduct and so can be readily 
assigned to the pseudobase 4 (R = C,H,). 

We have measured a pKRo, value of 11.94 for 
the 5-methylphenanthridinium cation. This value 
is considerably higher than a value (10.4) re- 
ported some years ago by Magrath and Phillips 
(5)3 and suggests that the phenanthridinium sys- 
tem is approximately 100 times less susceptible 
to pseudobase formation than the corresponding 
acridinium system. We have been unable to mea- 
sure an accurate pKRoH value for the 5-methyl-6- 
phenylphenanthridinium cation because of the 
insolubility of the pseudobase but have estimated 
pKRoH -- 13.5. The influence of the phenyl sub- 
stituent in this system is thus somewhat similar 
to that previously observed in the acridinium ca- 
tions (Table 1). 

Other Cations 
The U.V. spectra of both the 1-methyl-5,6- 

ben~o~uinolinium (6) and 1-methyl-7,8-benzo- 
quinolinium (7) cations are p H  independent be- 
low p H  14. Thus, the pKRoH values for  each of 
these two cations are > 14, and they are com- 
parable with the 1-methylquinolinium cation 

'Magrath and Phillips (5) also reported P K R ~ H  = 10.1 
for the 5,6-dimethylphenanthridinium cation. However, 
since their pKR,, value for the 5-methylphenanthridinium 
cation appears to be in considerable error, their value for 
the 5,6-dimethylphenanthridinium cation is also in doubt. 
Furthermore, it is also possible that the predominant 
species in basic aqueous solutions of this latter cation is 
the anhydrobase, rather than the pseudobase. 
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that the resonance energy of the pseudobases of 
1 and 3 can reasonably be approximated by the 
resonance energies of two isolated benzene rings 
(i.e., 2 x 36 = 72 kcal/mol), while the resonance 
energies of species such as 9 and 10 are probably 
somewhat similar to the resonance energy of 
naphthalene (61 kcal/mol (17)). If it is assumed 

(pKRoH - 16.5 (3)) in this regard. This is consis- 
tent with our recent observations on the l-methyl- 
1 ,lo-phenanthrolinium (8) cation which has 
pKRo, 2 14 (15). 

that these isomeric tricyclic cations have approxi- 
mately equal resonance energies, this suggests 
that 6 and 7 lose about 10 kcal/mol more in res- 
onance energy upon pseudobase formation than 
do 1 and 3. The above assumptions are clearly 
crude approximations, but d o  allow a rational- 
ization of the observed susceptibilities to nucleo- 
philic attack. 

Experimental 
Materials 

Acridine, phenanthridine and the benzoquinolines were 
obtained commercially. 6-Phenylphenanthridine was 
synthesized as described by Stackun (18). The 9-sub- 
stituted acridines were synthesized by condensation of 
diphenylamine with the appropriate carboxylic acid by  
the method described by Albert (19). Each of these hetero- 
cyclic bases (except 9-ethyl- and 9-benzylacridine) was 
methylated by refluxing with methyl iodide in ethanol. 
Methylation with methyl iodide was slow with these latter 
two bases, and it was found moreconvenient to methylate 
with methyl fluorosulfonate(Magic Methyl) in 1 : 1 chloro- 
form -anhydrous ether. A11 salts were recrystallized to  
constant melting point, and their identity confirmed by 
p.m.r. spectroscopy. 

The p.m.r. spectrum of the residue from a basic 
methanol-d4 (1 M NaOCD,) solution of 6 is 
consistent with methoxide attack at C-2 to give 9: 
(in CDCI,) 6 3.12 (N-CH,, s, 3H), 4.72 (H-2, d, 
1 H, J2, = 4 HZ), 5.94 (H-3, dd, 1 H,-J2, = 4 HZ, 
J,, = 9.5 Hz), 7.04-8.19 (aromatic protons + 
H-4, m, 7H). Under the same conditions 7 gives 
10: (in CDC1,) 6 3.45 (N-CH,, s, 3H), 4.72 
(H-2, d, IH, J2, = 6Hz), 5.89 (H-3, dd, lH,  
Jz3 = 6 HZ, J34  = 9 HZ), 6.89 (H-4, d, lH, J34 

= 9 Hz), 7.1 1-8.20 (aromatic protons, rn, 6H). 
Thus the presence of an additional annelated 
aromatic ring on the 1-methylquinolinium cation 
does not appear to influence the preference for 
nucleophilic attack at C-2 rather than C-4 in these 
quinolinium systems. 

Methods 
pKRo14 values were measured spectrophotometrically a s  

previously described (3). Reported values are averages of 
at least eight values and the error quoted is the maximum 
deviation from the average. Proton magnetic resonance 
spectra were obtained on a T-60 spectrometer using tetra- 
methylsilane as internal standard in both CDCI3 and 
CD,OD. The U.V. spectra were recorded on a Unicam 
SP-8 spectrophotometer and absorption maxima were 
checked manually ona Beckman DU-2 spectrophotometer. 

We appreciate the continued support of this research 
by the National Research Council of Canada, and the 
award of a University of Toronto Open Fellowship to  
W.G.M. We thank Mr. E. P-C. Wong and Mr. J. Duran 
for the synthesis of the 9-substituted acridines. It is clear that the tricyclic 10-methylacridinium 

(1; R = H) (pKRoH = 9.86) and 5-methylphen- 
anthridinium (3; R = H) (pKRoH = 11.94) ca- 
tions are considerably more susceptible to pseu- 
dobase formation than the isomeric N-methyl- 
benzoquinolinium cations (6 and 7) (pKRoH > 
14). The loss in resonance energy upon pseudo- 
base formation is expected to be one of the major 
factors involved in considerations of the relative 
susceptibilities of heterocyclic cations to pseudo- 
base formation. In this regard, it should be noted 
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Base Catalyzed Isomerization of Epoxides to Bicyclic Allylic Alcohols, 
Potential Intermediates for the Total Synthesis of the DI.-Aldohexoses 

Depcr~~~~ierlr  qf C/IL,I~I~S~I:\', U~~ii~er.sify qfAlbertcr, Erlrno~l/o~l. AIher/tr 
Received September 28, 1973 

Treatment of the epoxide 2-deoxy-1,6:3,4-dianhydro-p-OL-riho-hexopyranose (3)  with 
11-butyllithium, and the epoxides 2-deoxy-l,6:3,4-dianhydro-p-DL-lywo-hexopyranose (5) 
and 4-deoxy-l,6:2,3-dianhydro-p-DL-lywo-hexopyranose (7) with lithium diethylamide has 
provided 1,6-anhydro-2,3-dideo~y-~~-erytI1ro-hex-2-enopyranose (4), 1,6-anhydro-2,3- 
dideoxy-p-DL-rhreo-hex-2-enopyranose (6), and 1,6-anhydro-3,4-dideoxy-p-DL-threo-hex- 
3-enopyranose (8)  in yields of 65, 50, and 20%, respectively. These allylic alcohols are 
potential intermediates for the synthesis of the various DL-aldohexoses. 

La rtaction de I'tpoxyde dtoxy-2 dianhydro-1,6:3,4-P-DL-riho hexopyrannose (3) avec le 
n-butyllithium de m&me que les reactions des tpoxydes deoxy-2 dianhydro-1,6:3,4 P-DL- 
hexopyrannose (5) et dtoxy-4 dianhydro-1,6:2,3-a-DL-hexopyrannose (7) avec I'amidure 
diethyl lithium ont conduit respectivement a I'anhydro-1,6 didioxy-2,3-rJ-~~-~ry//1ro-hex-tno-2 
pyrannose (4) anhydro-1,6 didtoxy-2,3-p-DL-thrko-hex-6110-3 pyrannose (6) et anhydro-1,6 
dideoxy-3,4-p-DL-thrko-hex-Cno-3 pyrannose (8) avec des rendements 65, 50 et 20%. Ces 
alcools allyliques sont des intermtdiaires possibles pour les synthkses de divers aldohexose-DL. 

[Traduit par le journa]] 

Can. J. Chem., 52,988 (1974) 

Introduction isomeric DL-aldohexoses, as well as several 

Recent reports from this laboratory (1, 2a) mono- and dideox~-~~-aldohexoses. This paper 

have shown that n-butyllithium effected the con- describes the results of our work on t h e ~ r e ~ a r a -  

version of 4-deoxy-1,6 :2,3-dianhydro-P-~~-ribo- tion of these allylic alcohols. 

hexopyranose (1) to the allylic alcohol 1,6- 
anhydro-3,4-dideoxy-P-DL-erythro-hex-3-enopy- 
ranose (2). The latter could be converted to DL- 

glucose (1, 2a) and to DL-allose and DL-galactose 

Q @ @  
0 

(26). We have now explored the feasibility of a 3 5 7 

4 6 8 similar conversion of the isomeric epoxides 3,5, 
to the 43 6 ,  The oxide, 3, previously synthesized (3), and compounds which could be used as intermediates 

for the preparation of most if not all of the eight the oxides 5 and 7, both prepared by advanta- 
geous modifications of the procedure reported 

'Postdoctoral Fellow; present address: the Department for the preparation of the isomer of (4)3 were 
of Chemistry at  Banares Hindu University, ~aranas; -5 ,  first each subjected to treatment with n-butyl- 
U.P. India. lithium according to the directions which had 

2Postdoctoral Fellow; present address: Rohm and been used for the conversion of 1 to 2 (1, za). 
Haas, Philadelphia, Pennsylvania. 

Vostdoctoral Fellow; present address: the Department This procedure was successful for 3, giving 4 in 
of Science, Florence State University, Florence, Alabama, 65% yield. However for both 5 and 7, n-but~l-  
35630. lithium was quite unsatisfactory since apparently 
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RANGANAYAKULU E T  AL.: CARBOHYDRATE EPOXIDES 

the attack by then-butylcarbanion on the epoxide Grating Spectrophotometer, by Mr. Robert Swindlehurst 
ring itself competed s;ccessfully, and littl; if any this department. 

Solvents were removed by rotary evaporator under 
of the Or  be water pump vacuum. Organic solutions were dried with 
The reagent lithium diethylamide, however, pro- magnesium sulfate, 
vided 6 and 8 from 5 and 7 in yields of 50 and 
20%, respectively. 

The use of sodium hydride on benzene, toluene, 
or 1,2-dimethoxyethane solutions of the oxides 
or the application of the strong base 1,5- 
diazabicyclo[4.3.0]non-5-ene (5) was in each case 
quite unsuccessful. 

Since pyrolysis of amine oxides has been used 
to prepare similar allylic alcohols in carbohydrate 
syntheses (6-8) we attempted a similar sequence 
of reactions on the epoxide 7 in order to obtain 
a better yield of 8. Amination of 7 gave two pro- 
ducts, 9 and 10, isolable in yields of 60 and 30% 
respectively, based on 7 (Scheme 1). Conversion 
of the amine 9 to the amine oxide 11 (not isolated), 
followed by pyrolysis of the latter, gave 8 in 10% 
yield based on 9. The bulk of 11 appeared to de- 
compose to a charred mass. It is clear that the 
reaction of lithium diethylamide with 7 is pre- 
ferred over the amination and pyrolysis route. 

Experimental 

All melting points and boiling points are uncorrected. 
Elemental analyses were made by Mrs. D. Mahlow of this 
department.Thep.m.r.spectraanddecouplingexperiments 
were made with a Varian Associates H R  100 Spectrometer 
by Mr. Glen Bigam of this department. Tetramethylsilane 
was used as  the internal standard. Observed couplings are 
reported. 

The g.1.c. analyses were made with a Wilkins Autoprep 
Model A 700 using a column & in. x 10 ft packed with a 
1 : 1 mixtureof butanediolsuccinateandsiliconerubberSE 
30 (F and M Scientific Corp., Avondale Pa.), total 20%, 
on Carbowax 4000 (W. H. Curtin and Co., Houston, 
Texas). Helium was the carrier gas at  a flow rate of 60-90 
ml/min. 

The i.r. spectra were obtained with a Perkin-Elmer 421 

Preparation of the Epoxides 3, 5, 7 
2-Deoxy-1,6: 3,4-dionhydro-(3-~~-ribo-hexopyro1fose (3) 
This compound was prepared according t o  published 

directions (3). 

2- Deoxy-1,6: 3,4-dionhydro-P-DL-lyxo-hexopyranose 
( 5 )  

Conversion of 7.16 g (0.4 ml) of the epoxide, 3, to 
1,6-anhydro-2-deoxy-(3-~~-arabino-hexopyranose was ac- 
complished by using the reported procedure (3), modified 
as follows to obtain a better yield of product in a much 
shorter time (112 day rather than 3 days). After the reac- 
tion mixture was neutralized to p H  8, the  resulting 
aqueous solution was freed from water and the residue 
was dissolved in 100 ml of methanol. Precipitated sodium 
chloride was removed and  the solution freed from meth- 
anol. The oily residue was dissolved in 100 ml of methanol 
again and the second precipitate of sodium chloride was 
removed. The methanol was distilled from the  filtrate and 
the residue dissolved in 200 ml of chloroform. The solu- 
tion was dried, freed from solid and solvent, and the resi- 
due purified by sublimation as previously described (3), 
giving a 90% yield of pure 1,6-anhydro-2-deoxy-P-DL- 
arobino-hexopyranose. 

The above arabino-hexopyranose was converted to a 
mixture of the mono- and ditosylated derivatives using 
the following modification of a reported tosylation pro- 
cedure (9). A stirred mixture of 15.95 g (0.1 1 mol) of 
1,6-anhydro-2-deoxy-(3-~~-arabino-hexopyranose, 300 ml 
of dry pyridine, and 400 ml of dry acetone, cooled to 10" 
was treated with a total of 29.38 g(0.13 mol) ofp-toluene- 
sulfonyl chloride, added in small portions. When addition 
was complete, the mixture was allowed to stand for 5 days 
at 10-12" and then at room temperature for a n  additional 
2 days. This temperature and time minimized the for- 
mation of the ditosylated product and allowed completion 
of reaction. The mixture was then reduced t o  3 its volume, 
and the residue was diluted with 400 ml o f  water and 
allowed to  stand. The precipitate of ditosylated byproduct 
was removed. The mother liquor, on standing for 2 h in a 
refrigerator, deposited additional ditosylated product. 
The combined ditosylate, dissolved in chloroform, was 
washed thoroughly with cold 1% aqueous hydrochloric 
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acid (to remove pyridine) and then with water. The dried 
solution was freed from solid and solvent, and provided a 
colorless amorphous solid which was crystallized from 
ethanol to give 4 g (8%) of pure I,6-anhydro-2-deoxy-3,4- 
di-O-p-ioluet~esulfonyl-~-~~-arabino-hexopyrat~ose, m.p. 
146-148". 

Anal. Calcd. for CzoHZZOsSz: C, 52.85; H, 4.88; S, 
14.1. Found: C, 52.80; H,  4.85; S, 13.81. 

Both the i.r. and p.m.r. spectra agreed completely with 
the structure designated. 

The mother liquor from the ditosyl compound above 
was extracted repeated1 y with chloroform and the com- 
bined chloroform solutions were freed from solvent.The 
residue, again dissolved in 300 ml of chloroform, was 
washed carefully several times with cold 1% aqueous 
hydrochloric acid. After a final water wash, the solution 
was dried. Removal of the dryingagent and solvent gave a 
residue which solidified on standing. This crude 1,6- 
anhydro-2-deoxy-4- 0 -p- foluenesulfonyl- 8-DL-arabino- 
hexopyranose (yield, 76%) melted at 58-60' but contained 
a small amount of pyridine (odor) probably as part of the 
crystalline structure. Attempts at  further purification by 
repetition of the washing procedure produced a syrupy 
material which gave unsatisfactory elemental analyses. 
A similar observation has been reported for an analogous 
compound (9). However the crude material was quite 
satisfactory for the subsequent epoxide formation. 

The 100 MHz p.m.r. spectrum of this crude material in 
CDCI, was surprisingly clean and clearly verified the 
structure. Signals occurred a t  6 7.84 and 7.36 (two doub- 
lets as an AB quartet for 4H, aromatic), 5.55 (narrow 
multiplet for H-1, wllz - 4 Hz, J,,, < 0.5 Hz, Jl,z.,d, - 
2 Hz, J,.z,,, < 0.5 Hz); 4.48 (complex doublet for H-5); 
4.42 (narrow multiplet for H-4, wll, - 5.0 Hz); 4.19 
(doublet of narrow doublets for H-6,.do, J 6 c x o , ~ c n d o  - 7.5 
Hz, J 6 c n d o , 5  - 1 HZ); 3.95-3.65 (complex multiplet for 
H-3); 3.62 (quartet for H-6 ,,,, J6 .,,, , - 5 Hz); 3.28 (doub- 
let for C3-OH,J3,0H - 6 Hz); 2.41 (singlet for CH,); 
2.08 (doublet of quartets for H-2,,,,, J1 .2endo - 2 HZ. 
Jzcnda.zcXo - 15 Hz, Jzendo., - 6 HZ); 1.82 (doublet for 
H - 2 d .  

The crude monotosyl compound above (22.5 g) in 300 
ml of chloroform was added with stirring to  100 ml of dry 
methanol, previously treated with 4 g of sodium metal. 
The solution was kept at  room temperature and stirred for 
12 h, then poured into cold water (200 ml). The organic 
layer was separated and the aqueous layer was extracted 
repeatedly with chloroform. The combined chloroform 
extracts and organic layer were dried, then freed from 
solid and solvent. The residue on distillation gave pure 
2-deoxy-1,6:3,4-diat1ltydro-~-~~-lyxo-hexopyranose, b.p. 
45" at  0.3 mm. Yield, 8 g (83%). 

Anal. Calcd. for C6H803:  C, 56.25; H,  6.29. Found: 
C, 56.32; H, 6.44. 

The 100 MHz p.m.r. spectrum in CDC13 showed signals 
nearly identical to those reported for the same compound 
obtained as a minor product and contaminated with a 
small amount of the ribo isomer (3). 

The epoxide 4-deoxy-1,6: 2,3-dianhydro-0-DL-ribo-hex- 
opyranose (lo), (7.1 g, 0.4 mol) was converted to  1,6- 
anhydro-4-deoxy-0-DL-xylo-hexopyranose following the 

modified procedure described above for the reaction of 
epoxide 3 to form 1,6-anhydro-2-deoxy-8-~~-arabino- 
hexopyranose. Thexylo isomer, identical to that described 
previously (lo), was obtained in a much shorter time and  
in -90% yield. 

The 1,6-anhydro-4-deoxy-0-DL-xylo-hexopyranose (3.6 
g) was converted to a mixture of mono- and ditosylated 
derivatives according to  the method used above for the 
arabino isomer, but with the following modification, re- 
quired because of the different solubility and melting 
point properties. After the reacting mixture had stood for 
5 days, it was diluted with water (100 ml) and then ex- 
tracted thoroughly with chloroform. The combined chlo- 
roform extracts were washed carefully with cold l z  
aqueous hydrochloric acid, then with water, and finally 
dried. Removal of the solid and solvent provided a crude 
product which showed only two spots on t.1.c. (chloroform 
-ethyl acetate, 2 :  1). Separation was carried out by 
chromatography o n  a silica gel column usingchloroform - 
ethyl acetate, 2: 1, as solvent. The first fraction gave a 
solid which when crystallized from dichloromethane-n- 
hexane produced 5.5 g (75%) of pure 1,6-anhydro-4- 
deoxy-2-O-p-folrtenesulfot1yl-~-~~-xylo-hexopyranose a s  
colorless needles, m.p. 123-124". 

Anal. Calcd. for C13H1606S: C ,  52.0; H, 5.33; S ,  
10.66. Found: C, 51.97; H, 5.27; S, 11.04. 

The 100 MHz p.m.r. spectrum in CDCI, showed signals 
at  6 7.82 and 7.34 (AB quartet for 4H,  aromatic, J - 8 
Hz); 5.27 (narrow multiplet for H-1, tollz - 5 Hz, J1.z - 
1.0 Hz); 4.68-4.50 (triplet for H-5, J5.4cxo - 5 Hz,Js,~~,,~, ,  

1.0 HZ, Js,6enda < 1.0 HZ, Js,6ex0 5.0 HZ); 4.25 
(narrow multiplet for H-2, lo,,, - 4.5 Hz); 4.21 (doublet 
for H-6end0, J6cndo,6exo 7.0 HZ); 3.94 (multiplet for H-3, 
J3,4.,, - 5.0 HZ); 3.73 (triplet of doublets for H-6 ,,,, 
J 4 , a e r o  - 1.5 HZ); 2.98 (singlet for O H ,  tvl lz  ,- 2.5 Hz); 
2.53 (singlet for CH,); 2.31 (multiplet for H-4.,., J4cxa.4endo - 15.0 HZ); 1.70 (doublet of narrow doublets for H-4.,d.). 

The second fraction, eluted with a 1 : 1 mixture of chlo- 
roform and ethyl acetate, gave 1,6-anl~ydro-4-deoxy-di- 
0-p-folrienesulfonyl- 8 -DL-xylo - hexopyrat~ose; colorless 
needles from dichloromethane-11-hexane; m.p. 46-47'; 
yield, 0.51 g (4.573. 

Anal. Calcd. for CZOHZZ08SZ: C ,  52.85; H, 4.88; S, 
14.1. Found: C, 53.11; H, 4.97; S, 14.29. 

The 100 MHz p.m.r. spectrum in CDCI, showed signals 
a t  6 7.80and 7.40 ( a  doublet of quartets for 8H, aromatic); 
5.27 (singlet for H-l,wllz - 4 Hz, JlV2 - 1.0 HZ); 4.74 
(doublet of triplets for H-3, J3,,,,, - 4.5 Hz, J3.4endo - 
1.5 Hz, J3,, - 1.5 Hz); 4.56 (multiplet for H-5, J5,6cx0 - 
5.0 - 1.0 HZ, J5.4exo - 4.0 HZ); 4.28 (narrow 
doublet for H-2, wllz -4.5 Hz); 4.15 (doublet for H- 
6cndo, J 6 c n d 0 , 6 ~ ~ 0  - 7 HZ); 3.75 (two overlapping quartets 
for H - 6 4 ;  2.57 (singlet for two CH,, overlapping signal 
for H-4,,,); 2.48 (doublet of triplets for H-4.,,, J4cxo.4cnda 

-lS.OHz, J4 ,,.. 6.,,-I.5H~): 1.95 (doublet for ~.~~ ~ 

H-6e"do). 
The monotosylated compound (7.8 g) from the first 

fraction was converted to the epoxide 7 by the same pro- 
cedure used above to obtain epoxide 5 from the corres- 
ponding monotosylated compound. The pale yellow 
syrup obtained after removal of the chloroform solvent 
was purified by sublimation at  90-95" a t  0.3-0.5 mm. 
There was obtained 3.0 g (94%) of 7 a s  colorless needles, 
m.p. 73-74" (lit. (4) m.p. for the D-enantiomer, 69-70?. 
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RANGANAYAKULU ET AL.: CARBOHYDRATE EPOXIDES 99 1 

Anal. Calcd. for C6HsO3: C, 56.25; H, 6.29. Found: Hz, J3,5 - 2.0 Hz); 5.48 (doublet for H-I, J,,, - 3.0 HZ, 
C, 56.18; H, 6.11. J,,, - 1.0 HZ); 4.73 (multiplet for H-4, J3,4 =: JZv4 z 

The 100 MHz p.m.r. spectrum of 7 in CDCI, showed J4,6exo - 1.5 HZ, J4,5 - 5.0 Hz); 4.48 (multiplet for H-5 
signals a t  6 5.70 (doublet for H-1, JlV2 - 3.0 Hz); 4.47 J5,3 n. J5,6endo - 2.0 Hz); 4.18 (doublet of quartets for 
(complicated quartet for H-5, J5,,.,, - 5.5 Hz, J5,6exo - H-6endo,J6endo.6exo - 8.0 Hz,J5.~=,,do - 2.0 HZ, JL,6cndo- 
3.5 Hz, J3,, < 1.0 Hz, J4,,,,,, < 1.0 Hz); 3.75 (apparent 0.5 Hz); 3.86 (doublet of quartets for H-6 ..., J6 ,,,, - 1.5 
singlet for H-6.,d0, w1l2 - 1.5 Hz, Jscxo.6endo - 0.0 HZ); H z , J ~ ~ ~ ~ , ~  - 6.0 HZ); 3.34 (singlet for OH, w,,, - 3 HZ). 
3.73 (doublet for H-6 ..,, Js .,,, - 3.5 HZ); 3.42 (triplet 
for H-2, J,,2 - 3 Hz, JzS3 - 4 Hz); 3.20 (triplet for H-3, ~~6-A~h~d~0-3,4-did~ox~-~-~~-t/1reo-l~ex-3-eno~~rat~ose 

J3.4.x.-3.0Hz, J2 ,3%4Hz,  J3,5 < 1.OHz); 2.32 f 8 )  
(doublet of quartets for H-4,,,, J , ,~~ , ,  - 5.5 HZ, This compound was prepared by the following two 
J4exo,4cndo - 16 HZ, J3,4exo - 3 HZ); 2.03 (doublet of methods. 
narrow doublets for H-4.nd0, J5,4endo < I .O HZ). Procedure A 
Preparation of the Allylic Alcohols 4, 6, and 8 The epoxide 4-deoxy-1,6 : 2,3-dianhydro-p-DL-lyxo-hex- 

1,6-Anhydro-2,3-dideoxy-B-~~-erythro-hex-2-eno~~ra- OPYranose (7) (1.28 g, 0.01 mol) was converted to 8 by 
nose (4)  the same procedure used to obtain 6 above. After a second 

A solution of 7.68 g (0.06 mol) of 2-deoxy-1,6:3,4- distillation to remove traces of contaminating epoxide 7, 
dianhydro-13-DL-ribo-hexopyranose (3) (3) in 50 ml of dry 0.26 g (20%) of 1,6-anhydr0-3,4-dideoxy-p-~~-threo-hex- 
ether was treated with n-butyllithium (0.123 mol) accord- 3-enopyranose (8)  was obtained boiling at 43-44" at 0.1 
ing to published directions (2a), but with the fol- mm. This was about 9% pure. An analytical sample was 
lowing modification. The oil left after the removal of the prepared by preparative g.1.c. on a column packed with 
solvent from the dried solution, was fractionally distilled butanediol succinate and S.E. 30, operating at 160 "C 
to give 5 g (65%) of pure 1,6-anhydro-2,3-dideoxy-B-~~- with a helium gas flow rate of 60 ml/min. 
erythro-hex-2-enopyranose (4)  b.p. 69' at 0.3 mm. Anal. Calcd. for C6H803:  C, 56.25; H, 6.25. Found: 

Anal. Calcd. for c 6 H 8 0 3 :  C, 56.25; H, 6.29. Found: C. 55.94; H7 6.10. 
C, 55.08; H, 6.39. The 100 MHz p.m.r. spectrum in CDCI, verified the 

The 100 MHz spectrum in CDC13 agreed completely assigned structure, showing signals at  6 6.14 (doublet of 
with the assigned structure and showed signals a t  66.02 doublets for H-4, J4.5 4.0 Hz, J4.3 10.0 Hz, J4.2 

(doublet of doublets for H-2, J2,, - 10 HZ, Jlg2 - 3.5 1.0 Hz); 5.72 (doublet of triplets for H-3, J3.1 -J3,2 - 
Hz); 5.82 (complicated doublet of doublets for H-3, J3,4 2.0 Hz, J3.1 < 1.0 Hz); 5.53 (narrow multiplet for H-1, 
-4.0 HZ, J3,5 - 1.5 HZ, JlV3 - 1.0 HZ); 5.51 (narrow 'V112 " ~ . ~ H z , J I , z  -3.5 Hz,J l , ,  -2.0Hz);4.66(triplet 
doublet of doublets for H-1, Jl ,2  - 3.5 Hz, J,,, - 1.0 for H-5, J4.5 -4.0 Hz, J s , L ~ ~ ~  -4.0 HZ); 4.33 (narrow 
Hz); 4.65 (multiplet for H-5, J5,6cxo - 6.5 HZ, J5,6endo - mulf i~le t  for H-2, I V I I Z  - 6.5 Hz, Jz , ,  - 3.5 Hz, J2 .3  - 
2.0 Hz, JSsLendo - 2.0 HZ); 3.92 (doublet of doublets for 2.0Hz,Jz.4 < 1.0 HZ); 3.85(doubletfor H-6endo,J6endo.6cxo 
H-6.,,, J6.xo,6cndo - 8.0 HZ); 3.75-3.52 (multiplet for " 6.5 Hz, J6endo.5 < 1.0 HZ); 3.73 (doublet of doublets 
H-4); 3.43 (doublet of doublets for H-6c,d,); 3.30-2.90 for H-6.,,); 2.31 (singlet for OH, ~ v , , ,  - 2.5 Hz). 
(broad signal for OH). 

1,6-An/1ydro-2,3-dideoxy-~-~~-threo-hex-2-enopyranose 
f 61 

A solution of 1.28 g (0.01 mol) of 2-deoxy-1,6:3,4- 
dianhydro-13-DL-lyxo-hexopyranose (5) in 10 ml of dry 
benzene, was added all a t  once to a stirred solution of 
lithium diethylamide, previously prepared by the addition 
of 10.5 ml of 22.3% n-butyllithium to a solution of 2.25 g 
of diethylamine in a mixture of 10 ml of dry benzene and 
10 ml of dry hexane (1 1). All operations were carried out 
under nitrogen. The stirred solution stood for 18 h a t  
room temperature, and then was heated under reflux for 
1 h. The solution was cooled and treated with 10 ml of 
water. The aqueous layer was extracted with methylene 
chloride (3 x 50 ml) and then continuously extracted 
with methylene chloride for 24 h to remove the somewhat 
water-soluble allylic alcohol. The combined extracts and 
organic layer were dried. Removal of the solid and solvent 
gave a brown oil which was fractionally distilled to pro- 
vide 0.64 g (50%) of pure 1,6-anhydro-2,3-dideoxy-p-DL- 
threo-hex-2-enopyranose, 6, b.p. 65-60' at 0.05 mm. 

Anal. Calcd. for C6H803:  C, 56.25; H, 6.25. Found: 
C, 56.13; H, 6.46. 

The p.m.r. spectrum in CDC13 agreed with the proposed 
structure, showing signals a t  6 5.87 (doublet of quartets 
f 0 r H - 2 , J ~ , ~ - 3 H z , J ~ , ~ - 1 0 H z , J ~ , ~ - 1 . 5 H z ) ; 5 . 6 7  
(double of multiplets for H-3, J3,1 - 1.0 HZ, J3,4 - 2.0 

Procedure B 
A mixture of 2.56g (0.02 mol) of 4-deoxy-1,6:2,3- 

dianhydro-13-DL-lyxo-hexopyranose and 20 rnl of 2 0 z  
dimethylamine in water was allowed to stand for 72 h at  
room temperature. The water and excess dimethylamine 
were then removed. The residue solidified o n  standing. 
The 100 MHz p.m.r. spectrum of this crude material 
showed two signals in the anomeric proton region, of 
area ratio -1:2, indicative of two products. The two 
substances were separated by repeated crystallization 
using dry ether as solvent and provided the two amines 9 
and 10. Compound 9 was purified by sublimation at  0.1 
mm, bath temperature 80-90'. There was obtained 2.1 g 
(60z based on 7) of pure 1,6-anhydro-3,4-dideoxy-3- 
dimethylamino-p-DL-arabino-l~esopyranos, 9, melting a t  
108-109". 

Anal. Calcd. for CsH1503N:  C, 55.47; H ,  8.73; N, 
8.09. Found: C, 55.27; H ,  8.76; N, 7.86. 

The 100 MHz p.m.r. spectrum in CDC1,-acetone-d6 
showed signals at 6 5.23 (narrow doublet for H-1, J,,, - 
2.0 Hz); 4.66-4.48 (multiplet for H-5); 3.78 (doublet for 
H-6end0, J6cnd0.5 1 Hz, J 6 c n d o . 6 ~ ~ 0  7.0 HZ); 3.65 
(doublet of doublets for H-6,x,,5 - 5.0 Hz); 6.57 (doub- 
let of doublets for H-2, JzS3 - 9.0 HZ); 3.00-2.50 (multi- 
plet for H-3, J3,,., z J3,4ax - 8 HZ); 2.27 (singlet for 
(CH,),N) ; 1.50-1.90 (multiplet for H-4.,, and H-4,,,,, 
J4eq,5 z J4ax.5 2 HZ). 
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The Complete Stereostructure of Capsidiol. X-Ray Analysis and 13C Nuclear 
Magnetic Resonance of Eremophilane Derivatives Having 

trans-Vicinal Methyl G r o ~ p s l , ~ , ~  
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Deportrne11t of Chemistry, University of Western Ot~tnr io,  Lotzdor~, Ontnrio 

Received November 30, 1973 

T o  define the stereochemistry of capsidiol (I), an antifungal sesquiterpene isolated from 
sweet peppers, a detailed 13C n.m.r. investigation was carried out. From the results for 1 and  
a series of its derivatives (2-6) compared with those for several well-defined model compounds 
(7-21) it has been established that the vicinal methyl groups are trans, in contrast to all other 
previously described eremophilanes. This was confirmed by an X-ray structure analysis of 1 
which also established the stereochemistry of the isopropenyl group as well as the detailed 
conformations of the two rings. 

The I3C spectra for the series 1-21 have been completely analyzed and  these results are  
discussed in terms of the observed substituent effects. Further evidence of deshielding syn-axial 
6 effects is presented. 

On a rCalise une ttude dttaillCe par r.m.n. de 13C afin de definir la stCrCochimie du capsidiol 
(I), un sesquiterpene fongicide extrait des piments doux. Par comparaison des risultats obtenus 
avec 1 et une sCrie de ses dCrivCs ( 2 4 )  avec ceux obtenus pour plusieurs composCs modeles 
bien dtfinis (7-21) on a pu Ctablir que les groupes mCthyles vicinaux sont trans et ceci en op- 
position avec tous les eremophilanes dkcrits antkrieurement. Ce rtsultat a CtB confirm6 pa r  
une analyse structural aux rayons-X de 1 qui a aussi Ctabli la stertochimie du groupe iso- 
propCnyle de meme que les conformations dCtaillkes des deux noyaux. 

Les spectres 13C pour tous les composes 1-21 ont CtC cornpletement analysks et ces rksultats 
sont discutis en termes des effets de substituents qui ont et6 observks. On presente des preuves 
supplCmentaires au  sujet des effets de deblindages syn-axial 6. [Traduit par le journal] 

Can. J .  Chem., 52,993 (1974) 

The gross structure of capsidiol (1) and of C-10. Since alternative conformations for 1 could 
several derivatives (2, 6 6 )  had been determined not be rigorously excluded with the available 
and, as described in the earlier report (1), the pro- data, conclusive evidence was sought from a de- 
ton spectral data indicated that this series of anti- tailed analysis of the 13C spectra of this series of 
fungal sesquiterpenes differed from all previously compounds. It is well established that the shield- 
described eremophilanes in that the vicinal methyl 
groups (C-14 and -15) are in a trans disposition. 
The key assumption, on which this interpretation 
was based, requires that the saturated ring exist in 
a chair conformation, although undoubtedly 
somewhat flattened because of its sp2 center at 

'Issued as NRCC No. 13769; Contribution No. 565 
from the Research Institute. 

'Part VIII in the series Post-infectional Inhibitors from 
Plants; for Part VII, see ref. 28. 

3Part 40 in the series 13C NMR Studies; for Part 39, 
see ref. 29; for Part 38, see ref. 15. 

ings of methyl carbons are remarkably sensitive 
to their spatial orientation with respect to their y 
neighbors (2). More recently it has been demon- 
strated that similarly distinctive, although direc- 
tionally opposed, effects are observed for methyl 
carbons in syn-axial orientations relative to their 
F neighbors (3). Thus, it appeared that a compari- 
son of the methyl shieldings for 1-6 with the 
corresponding data for the model compounds 
(7-21) of known stereochemistry would provide 
definitive evidence to confirm or refute our earlier 
interpretation. 
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In this report we wish to present the methyl 
shielding data which establish that the vicinal 
methyl carbons, C-14 and -15, in 1-6 are trans- 
diaxial; consequently, the saturated ring must 
exist in the chair conformation. As the 13C n.m.r. 
study was completed, an X-ray examination of 1 
was undertaken t o  confirm this conclusion une- 
quivocally and to establish the stereochemistry of 
the isopropenyl group, a feature which could be 
inferred but not established from the 13C n.m.r. 
data. Another result of the X-ray study is the 
precise description of the conformations of the 
two rings and the distortions caused by some of 
the substituents. Since the series 8-21 permitted 
detailed comparison of substituent effects in 
closely related compounds, the I3C results provide 
further evidence of the consistency of these trends 
which should prove useful for signal assignments 
in related systems. Similarly the results for 1-7 
provide reference data for the spectral analysis 
and structural elucidation of other eremophilane 
derivatives. 

Experimental 
Materials 

With the exception of epicapsidiol (3), the capsidiol 
derivatives have been described previously (1). The model 
compounds included in this study were known materials 
but slightly modified preparations for 10 and 16 are des- 
cribed below. All separations by thin-layer chromatog- 
raphy (t.1.c.) were done on silica gel (Camag DF5). Ele- 
mental analyses were performed by C. DaesslC, Montreal, 
Quebec. 

Epicap.ridio1 (3) 
A stirred solution of 4 (122 mg) in i-PrOH (12 ml) at  

room temperature was treated dropwise with sodium 
borohydride solution (0.07 M in i-PrOH) until reduction 
was complete (2 h ;  13 ml reagent) as judged by t.1.c. The 
reaction mixture was poured into water (30ml), just 
acidified with 6 M acetic acid, and the product extracted 
with ether. Recrystallization from chloroform by the addi- 
tion of carbon tetrachloride gave pure 3, m.p. 151-152"; 

+ 24" (c, 1.0 in CHC13); v,,, (KBr) 3520, 3450, 
1650,1460,1380,1318,1135,1129,1075,1050,1041,101 5 
and 889cm-I. 'H  n.m.r. (CDCI,): 0.93 (3H, H-14) 
J = 7.1 HZ; 1.12 (3H, H-15); 1.73 (3H, H-13); 4.24 (IH, 
H-3) J = 4.6, 4.6, 12.4 HZ; 4.34 ( lH,  H-1) J = 1.9, 2.7, 
5.2, 11.4 Hz; 5.94 ( IH,  H-9) J = 1.9, 1.9, 6.3 Hz; 4.69, 
4.72 (1H each, H-12) J = 2 Hz. A small amount of 1 was 
detected by t.1.c. in the mother liquors of crystallization. 

Anal. Calcd. for CZsHZ4O2: C, 76.22; H,  10.24. Found: 
C, 76.30; H,  10.14. 

Decal01 10 
Reduction of 9 (104 mg) with sodium borohydride as  

above afforded a single isomer of 10 (65 mg) having the 
expected physical properties (4). The 13C spectrum 
showed it to be the equatorial isomer as  discussed below. 

Octal0118 
Crude racemic 2-bromo-tranh-10-methyldecal-3-one (5) 

(500 mg) was converted to (k)-As-10-methyldecal-4-one 
as described for the (-)-isomer (6). The  octalone product 
(173 mg), isolated by preparative t.1.c. (ether - light petro- 
leum, l : 3) and identified by 'H and U.V. spectra, was 
reduced as described for 3. Octalol 18 was isolated by 
ether extraction and purified by preparative t.1.c. (ether - 
light petroleum, 1 : 1) to furnish a liquid, v,,, (liquid film) 
3380, 3080, 1092, and 1070 cm-';  m/e 168 (MC,  5%), 
153 (M - 15, I]%), 150 (M - 18, 75%) and 135 
(M - (15 + 18), base peak). The I3C and 'H spectra 
indicated the presence of a single isomer. The proton 
spectrum contained a diffuse doublet (4.18 p.p.m.) for 
one proton, with the largest J = 12 Hz, and also coupled 
to the lone olefinic proton (5.65 p.p.m.) with J = 2 Hz. 
A single methyl singlet appeared a t  1.03 p.p.m. 

Spectra 
The proton spectra were determined in CDCI, solutions 

with Varian A60A and HA100 spectrometers. The 13C 
spectra were obtained by Fourier transform operation 
with a Varian XL-100-15 system using 5- or 10-mm 
sample tubes and 5G100 mg of material in CDC13 solu- 
tions. Capsidiol (1) was also examined in CD30D solu- 
tion. In most cases one or two thousand transients sufficed 
to produce spectra with good signal-to-noise ratio. Off- 
resonance spectra were obtained by  off-setting the de- 
coupler frequency from the optimum value by I kHz 
without noise modulation and usually doubling the 
number of transients. Single frequency, selective decoup- 
ling experiments were performed for  1 to correlate its 
methyl signals with specific proton absorptions; these 
were done with C D 3 0 D  solutions. 

X-Ray Analysis of Capsidiol 
The material was crystallized from ethyl acetate to  give 

colorless prisms, m.p. 152-153". Precession photographs 
showed the following systematic absences: hOO when 
h = 2n + 1, OkO when k =  2 n +  1, 001=211+ 1 ;  the 
space group was, therefore, unambiguously determined 
to be P2,2,2,. A crystal fragment with dimensions 
0.30 x 0.35 x 0.50 mm was mounted along the prism (c) 
axis on an automated Picker four-circle diffractometer 
and the following crystal data were obtained. 

C I S H Z ~ O Z  Mol. wt. = 236.3 
Orthorhombic, a = 16.043 + 0.002, b = 12.406 + 0.002, 
c = 6.968 + 0.003 A, V =  1386.8A3, Dm = 1 . 1 3 g ~ m - ~ ,  
Z =  4, D, = 1.132gcm-3(210C;CuKal, h = 1.54051 A;  
CuKa2, h = 1.54433 A), F(000) = 520, p(CuKa) = 
5.78 cm-'. 

Monochromatization was achieved by a nickel filter 
and a pulse-height analyzer. The moving-crystal - mov- 
ing-counter (0-28 scan) method was employed with Z0 
scans for 0 < 28 5 100" and 3" scans for 100 < 20 I 
130". There was n o  indication of any deterioration of the 
crystal during the data collection. Of  the 1386 reflections 
with 20 5 130°, 1346 (97%) were considered observed. 
A net count of 90 or 5% of the background, whichever 
was higher, were determined to be threshold intensities. 

The structure was solved by direct methods developed 
for noncentrosymmetric space groups (7). The procedure 
was similar to that described by Kennard et al. (8). An E 
map calculated with the phases obtained from the tangent 
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BIRNBAUM ET AL.: STEREOS TRUCTURE OF CAPSIDIOL 995 

refinement of one of the starting sets revealed the positions 
of all 17 nonhydrogen atoms. 

The block diagonal approximation of the least-squares 
method was used to refine the atomic parameters. The 
quantity Zw(F, - FJZ was minimized and a shift factor 
of 0.8 was used throughout. The atomic scattering factors 
of Hanson et al. (9) were used for C and 0 and those of 
Stewart et al. (10) for bonded H. All but one hydrogen 
atoms were located on subsequent difference Fourier 
maps; the missing atom was one of those attached to the 
strongly vibrating C-13. The contributions of the 23 
hydrogen atoms were included in structure-factor calcu- 
lations but their parameters were not refined. The refine- 
ment converged to a conventional agreement index 
R = 0.052 and a weighted factor R'(= X,V(AF)~/ 
ZwFoZ)llZ = 0.062 for 1340 observed reflections. The 
average coordinate shift at  the end of the last cycle was 
0.10 o and the maximum shift equalled 0.55 o. The final 
difference Fourier map showed no significant features. 

The final atomic coordinates and temperature para- 
meters are listed in Table 1. The estimated standard 
deviations (shown everywhere in parentheses and refer- 
ring always to the last digit) were derived from the inverse 
of the least-squares matrix. Table 2 lists the observed and 
calculated structure  factor^.^ 

Results and Discussion 
The 13C shieldings for the sesquiterpenes 1-7 

are collected in Table 3 and the data for the model 
compounds 8-21 appear in Table 4. For each 
compound off-resonance decoupled spectra were 
determined to distinguish between quaternary, 
methine, methylene, and methyl signals. Assign- 
ments for specific signals were then obtained by 
comparison of the results for closely related com- 
pounds throughout the series from the simpler 
systems to the most highly substituted cases. In 
this manner a consistent set of assignments fol- 
lowed readily with little ambiguity for all of the 
skeletal carbons. The well-established substituent 
effects of carbonyl, hydroxyl, and methyl groups 
(2) and those of the olefinic bond (2) in cyclo- 
hexane systems are evident throughout the series 
and further examples of downfield shifts asso- 
ciated with syn-axial interactions of neighboring 
groups (3) are discussed. Since the methyl protons 
in capsidiol(1) have significantly different shield- 
i n g ~  (I), selective decoupling experiments were 
carried out to identify the methyl carbons une- 
quivocally. These spectra were obtained for 
CD30D solutions because of the higher solubility 
of 1 thereby reducing the sampling time required. 

Comparison of the methyl shieldings for 1-6 with 
those in a variety of related compounds clearly 
establishes the relative orientation of the vicinal 
methyls (C-14 and -1 5). These data are discussed 
in the following section while the trends found 
for the skeletal carbons are presented in a second 
section. 

The preparation and characterization of epi- 
capsidiol (3), isomeric with 1, is described in the 
Experimental Section. It may be noted that these 
two diols are nearly indistinguishable from their 
m.p., [a],, and i.r. spectra but are easily identi- 
fied from their n.m.r. spectra. The absorption 
pattern for the C-1 proton contained a 11.4 Hz 
coupling to one of the vicinal methylene protons, 
an allylic coupling of 1.9 Hz and a homoallylic 
coupling of 2.7 Hz. These data clearly establish 
its axialorientation. The angular methyl proton 
absorptions for 1 and 3 differ by 0.25 p.p.m. and 
the 3-protons by 0.35 p.p.m. (To be consistent 
with popular usage the numbering scheme em- 
ployed for 1-7 in this paper has been altered from 
that used in our earlier report (1)) I n  their 13C 
spectra, the olefinic methyl carbons are  the only 
centers exhibiting identical shieldings. While the 
change in orientation of the 1-hydroxyl group 
from axial (1) to equatorial (3) was expected to 
produce marked differences in the shieldings of 
the carbons within three bonds of this group, 
significant differences were found for more re- 
mote carbons. The differences for all centers range 
from 0.1 to 9.9 p.p.m. illustrating the remarkable 
sensitivity of carbon shieldings to molecular 
geometry and conformation. 

(a) Methyl Carbon Shieldings 
In 1, the methyl carbons at 8.9, 21 .O, and 32.1 

p.p.m. arise from C-14, -13, and -15, respectively, 
as was established by selective decoupling. From 
these data, the olefinic methyl absorptions at 
20.9 $. 0.1 p.p.m. for 3-7 were identified; the 
position is unexceptional (2). The vicinal methyl 
carbons (C-1 1, -12) in 8 were also distinguished by 
selective decoupling from which the consistent 
appearance of methyl absorption at 15.5 $. 0.2 
p.p.m. for 7-10 and 12 led to its assignment to 
C-1 1. The structural variations at C-3, -4, and -5 
in 8-10 would not be expected to have significant 
effects on the shielding of an equatorial methyl 
carbon at C-9 nor would the change i n  geometry 

4Table 2 may be obtained at  a nominal charge from the 
Depository of Unpublished Data, National Science at the ring junction in 12. The methyl signal near 
Library, National Research Council of Canada, Ottawa, 30 P.P.m. in the spectra of 3-6 was assigned to 
Canada KIA 0.32. C-15. In this way the individual methyl assign- 
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TABLE 1. Final fractional coordinates and thermal parameters (AZ) 

Nonhydrogen atomsa 

105x loSy 105z 104ul l  lo4uzz 104U33 1o4(2uZ3) 1oz(2u1 104(2u, 2 )  

C(1) 62648(15) 371 50(23) 47705(38) 374(10) 589(14) 359(12) 134(23) - 120(21) - 52(21) 
c(2) 66171(15) 37763(24) 27466(38) 334(10) 600(14) 391(12) - 106(24) 27(20) 62(22) 

63445(14) 47978(22) 17432(31) 349(10) 575(13) 238(9) - 53(21) 48(17) - 193(20) 
C(3) c(4) 53877(14) 48635(22) 1563606) 347(10) 521(13) 342(11) 198(21) - 39(18) - 152(19) 

49727(14) 47774(18) 35892(34) 321 (9) 356(10) 368(10) - 32(19) 40(18) - 104(17) 
c(5) C(6) 40085(14) 46843(21) 34219(42) 317(10) 441(12) 514(13) - 1 1 O(24) 74(20) - 2(18) 
C(7) 36680(14) 35328(21) 33530(38) 329(10) 476(12) 419(12) - 131(22) 123(20) - 187(19) 
C(8) 391 99(17) 29687(23) 52041 (43) 473(13) 51 5(13) 479(14) 43(25) 147(24) - 328(23) 
c(9) 48528(17) 30451 (22) 54290(36) 490(13) 494(13) 359(11) 158(22) - 12(22) - 122(22) 
C(10) 53234(14) 38203(20) 46801(32) 361(10) 444(12) 256(10) - 60(19) 18(17) - 86(18) 0 > 
C(11) 27346(16) 35071 (25) 2951 2(46) 357(10) 596(15) 547(15) - 72(27) 106(23) - 238(22) z 
C(12) 24387(20) 29078(31) 14879(57) 499(14) 81 5(21) 676(20) - 195(36) - 153(32) - 299(30) b 

C(13) 21889(19) 41 109(41) 41868(86) 334(13) 1085(30) 1312(41) - 1069(63) 234(37) - 175(31) 0 
C(14) 50693(17) 40508(31) 980(36) 406(12) 1018(22) 268(10) - 118(28) - 35(20) -431(28) x 
C(15) 51 340(17) 58308(23) 47065(53) 433(12) 490(13) 743(19) - 373(30) 188(28) - 214(22) 
O(1) 66659(12) 45578(21) 58298(24) 422(8) 960(15) 268(7) 34(18) - 84(14) -410(20) 

1 
o(2) 66978(11) 48749(22) - 1344(25) 416(9) 1078(16) 275(7) 59(21) 93(15) - 441 (20) 0 

< 
r 

Hydrogen atomsb VI N - 
1 0 3 ~  lo3y 103z ~ o ~ u ~ , ~  103x 1 0 3 ~  I O ~ Z  lo3 u,,, .l e \O 

H(11) 642 279 521 51 H(122) 283 258 62 63 
H(21) 642 312 220 43 H(131) 241 473 52 1 76 
H(22) 723 371 292 43 H(132) 173 416 359 76 
H(31) 646 537 258 45 H(141) 449 41 1 - 19 53 
H(41) 532 575 124 49 H(142) 509 317 53 53 
H(61) 382 502 459 46 H(143) 536 403 - 105 53 
H(62) 3 84 500 22 5 46 H(151) 567 594 474 56 
H(71) 399 304 230 45 H(152) 478 650 383 56 
H(81) 380 223 478 49 H(153) 488 583 612 56 
H(82) 364 344 622 49 656 450 694 46 
H(91) 509 245 617 50 479 17 54 
H(121) 179 285 120 63 

'The thermal vibration parameters are expressed as exp [-2na (U,,h1a*2 + U22k2b*2 + U33I2c*' + 2U~3klb*c* + 2U13hla*c* + 2U,~hka*b*)l. 
bcoordinates from difference Fourier maps. 
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BIRNBAUM ET AL.: STEREOSTRUCTURE OF CAPSIDIOL 997 

TABLE 3. 13C shieldingsa of capsidiol, its derivatives and aristolochene 

Carbon lb 1 2 3 4 5 6 7 

1 75.4 75.0 75.2 (67.2) 200.8 145.8 189.3 32.6 
2 36.8 36.3 36.3 39.8 (43.0) 122.9 127.4 27.9 
3 65.8 65.3 65.4 (67.0) 66.4 202.7 154.0 (31.2) 
4 48.9 47.7 47.7 47.1 46.4  55.2  44.7 44.1 
5 40.0  39.1 38.8 38.7 38.8 39.7 39.5 38.7 
6 46.4 44.9 43.7 44.3 (44.4) 41.4  41.5 43.3 
7 41.4  40.2  39.3 39.4 40.6 4 1 . 4  40.0 37.7 
8 31.4 30.4 29.2  29.9 30.3 31.2  30.5 (31.3) 
9 128.9 128.8 129.1 118.9 134.8 135.4 135.4 122.9 

10 141.2 140.3 140.2 140.6 141.4 138.8 139.6 144.3 
1 1  150.3 149.1 32.8 149.4 148.0 148.3 148.3 150.3 
12 109.0 108.7 19.9 108.6 109.4 109.4 109.2 108.2 
13 21.1 21 .O 20.0  21 .O 20.9 21 .O 20.8 20.9 
14 9 . 5  8 . 9  9 .1  9 . 4  8 .9  14.8 16.7 15.7 
15 32.4 32.1 32.4  30.1 30.9 30.7 31 .O 18.1 

aIn p.p.m. from TMS, CDC13 solutions (5-15% w/v). Values i n  parentheses may be interchanged. 
*Measured in CD30D solution. 

ments were completed. The nonequivalence of 
the isopropyl methyl carbons of 2 is typical (2). 

The shieldings of the vicinal methyl carbons in 
the sesquiterpenes are instructive. By comparison 
with the results for 7-21, the angular methyl 
absorption near 32 p.p.m. for 1 and 2 is remark- 
ably low. Since the shieldings of vicinal methyl 
groups depend markedly on their relative orien- 
tation (2, 11) and the angular methyl carbons in 
7-10 and 12 are substantially upfield from the 
C-15 signals in 1 4 ,  it follows that C-14 and -15 
must be trans-diaxial in capsidiol and its deriva- 
tives (1-6). The magnitude of the shielding asso- 
ciated with a gauche arrangement of vicinal 
methyls in these systems is indicated by the angu- 
lar methyl shieldings in 8 us. 14,9 us. 15, 10 us. 13, 
and 8 vs. 11. An angular methyl carbon is also 
shielded by its gauche interactions with the ring 
carbons (2,12,13) as shown by the 6 p.p.m. shifts 
found for 8 us. 9 and 10; the olefinic bond in 8 
eliminates one of these interactions relative to the 
situation in 9 and 10. Two gauche interactions are 
lacking in 12 relative to 9 and the downfield shift 
of 11.4 p.p.m. is typical for this change in geo- 
metry (14). The deshielding influence of the axial 
1-hydroxyl group in 1 and 2 is shown by the 
results for 3; a comparable difference was found 
for 16 and 17. These are examples of the deshield- 
ing trends caused by syn-axial interactions of 
groups separated by four bonds (3). Because of 
the flexibility of the unsaturated ring in 7, the 
favored conformation will be that having an 
equatorial isopropenyl group and, therefore, this 
group should have little effect on the angular 

methyl shielding. The 2 p.p.m. difference for this 
carbon in 7 and 8 may be ascribed to the carbonyl 
group in the latter since 3-0x0 groups shield C-19 
in steroids (2). From these comparisons, it is clear 
that C-15 in capsidiol must be well separated 
from C-14 and therefore a trans-diaxial orienta- 
tion is required. With this point established the 
relative orientation of the hydroxyl groups are as 
indicated with the ring in a chair conformation as 
had been concluded from the proton results (I). 
Possible twist forms are inconsistent with the 
n.m.r. data. 

From the angular methyl shielding of 7, the 
C-15 shielding in 1 can be estimated o n  the basis 
of the data for the model compounds. From the 
trends noted above and the results for 11, achange 
in the C-14configuration from cis to transshould 
lead to a downfield shift of the angular methyl 
carbon of 6-8 p.p.m. Since the axial 1-hydroxyl 
group presumably causes a shift of -2 p.p.m. 
and the equatorial 3-hydroxyl deshields C-15 by - 1 p.p.m., from the results for 19 and 20, the net 
effect at C-15 is estimated as 9-1 1 p.p.m., assum- 
ing additivity of these three contributions in 1 
relative to 7. Thus, the predicted shielding for 
C-15 in 1 is 27-29 p.p.m., somewhat upfield from 
that observed. An additional feature, however, 
requires consideration. Because of the flexibility 
of the unsaturated ring in 1, structures 22 and 23 
are possible, differing in the configuration of the 
isopropenyl group with respect to C-15. Aristolo- 
chene (7) corresponds to 23 and with its angular 
methyl as the base value the predicted shielding 
for C- 15 in 1 is upfield from the observed value. 
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TABLE 4. 13C shieldingsa of the decalin derivativesb 8-21 

Compound C-l C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-I0 C-1 1 C-12 

8 35.5 34.0 199.4 123.9 171 .O 33.3 26.5 30.5 43.1 39.0 15.3 16.0 
9 (38.1) (38.5) 211.6 44.6 46.2 29.4 26.3 30.6 42.5 36.0 15.6 9.8 

10 38.3 31.6 71.4 37.1 43.0 29.1 26.8 30.9 44.5 35.9 15.5 10.6 
11 32.1 34.3 199.2 126.0 170.0 31.8 20.8 28.6 39.5 39.4 16.4 23.8 
12 (36.3) (37.3) 212.8 42.5 43.2 27.4 20.6 30.6 30.1 34.9 15.5 21.2 

13 40.0 31.2 71 .O 38.1 43.1 28.7 26.7 21.8 41.1 33.0 15.7 
14 38.1 34.0 199.1 123.9 170.2 32.8 27.2 21.8 41.6 36.0 22.1 
15 40.3 38.1 210.6 44.8 44.6 29.0 26.0 21.6 41 .O 33.1 14.9 
16 (41.2) 20.4 36.6 70.0 52.4 23.0 26.7 21.7 (41.9) 34.8 16.8 
17 43.7 16.9 34.1 71.8 48.5 26.0 27.3 21.9 41.7 33.7 19.1 
18 40.2 18.8 25.7 115.6 145.3 69.4 37.9 20.5 41.4 35.6 25.1 
19 50.9 66.9 36.4 (27.9) 44.9 (28.1) 26.9 21.2 41.6 34.7 16.6 
20 42.1 22.1 27.2 29.3 45.8 29.3 27.2 22.1 42.1 33.9 15.7 
21 40.2 19.1 26.0 119.2 143.6 32.8 28.7 22.5 42.3 34.8 24.4 

.In p.p.m. from TMS, CDCI, solutions (5-10% wlv). Values in parentheses may be interchanged. 
'For ease of comparison, the steroid numbering scheme has been employed for these derivatives. 
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A comparison of 22 with 23, however, shows that 
the relative orientation of C-7 and - 15 is different 
in each and the angular methyl carbon for these 
should exhibit different shieldings with that in 22 
at lower field. On this basis, it may be proposed 

I that 1 is best represented by 22 with the isopro- 
penyl group cis with respect to C-15. Although 
this interpretation is permissive rather than com- 
pelling, the results of the X-ray examination have 

I established that 22 is indeed the correct repre- 
sentation of 1 in the crystal. 

The relatively high field position of C-14 in 1-4 
compared with the results for C-11 in 8-10 is 
undoubtedly due, in large part, to the neighboring 
gauche hydroxyl group. It may be noted that the 
angular methyl shieldings in the isomeric 10- 
methyl-trans-decal-1-01s are 9.8 and 16.1 p.p.m. 
(15) for gauche and anti arrangements of the 
hydroxyl and methyl groups, respectively. The 
gauche interactions of axial and equatorial methyl 
carbons at C-4 in 1-4 would not be expected to be 
greatly different since the C-14 . - . C-2 inter- 
action for the former is replaced by the gauche 
Me . . . Me interaction for the latter. The C-14 
shieldings in 5 and 6, therefore, seem unexcep- 
tional. 

(b) Skeletal Carbons 
The consideration of specific assignments for 

the skeletal carbons in these compounds began 
with the saturated monomethyldecalin deriva- 

, tives 13, 15-17, and 19 since the shieldings of the 
individual methylene carbons in the unsubsti- 
tuted ring, C-6 to -9 should be comparable to 
those in 20 for which the assignments were known 
(12). For ease of comparison within the series and 
with related materials the steroidal numbering 

scheme has been adopted for 8-21. The average 
shieldings for these centers were found to be: C-6, 
28.8 f 0.4 (excluding 16 and 17); C-7, 26.8k0.3 ; 
C-8, 21.7k0.2 and C-9, 41.6f 0.3 p.p.m. In the 
4-decalols 16 and 17, C-6 is more shielded because 
of they gauche effect of the 4-hydroxyl group. The 
greater shielding of C-6 in 16 relative to that in 17 
may be indicative of some distortion in the latter 
compound arising from the syn-axial interaction 
between the methyl and hydroxyl groups. The re- 
maining methylene signals were assigned from the 
characteristic substituent effects of the carbonyl 
and hydroxyl groups (2); the a-methylene carbons 
exhibit downfield shifts of - 15 and -9 p.p.m., 
respectively, as expected. Further confirmation of 
some of the methylene assignments was provided 
by considerations of the y effects of hydroxyl 
groups. Equatorial hydroxyls tend to shield y- 
carbons by ca. -2 p.p.m. (16) (e.g. C-1 in 13), 
while axial hydroxyls shield these centers by ca. 
- 5 p.p.m. (2) (C-2 in 17). From the off-resonance 
decoupled spectra, the methine and quaternary 
signals were identified and the carbonyl and car- 
binyl absorptions distinguished by their charac- 
teristic shieldings. It is interesting that the car- 
binyl carbon bearing the axial hydroxyl in 17 is 
deshielded relative to the corresponding carbon 
bearing an equatorial hydroxyl in 16. This is the 
opposite trend t o  that generally observed in less 
hindered cyclohexanols (17) and decalols (15) 
but arises from the syn-axial interaction of the 
methyl and hydroxyl groups in 17 as shown for a 
variety of model systems (3). 

With these assignments complete, the methy- 
lene shieldings for 9 and 10 were next considered. 
The additional equatorial methyl group at C-9 
was expected to  affect the shieldings of C-1 and -8 
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BIRNBAUM ET AL.: STEREOSTRUCTURE OF CAPSIDIOL 1001 

appreciably on the basis of the results for a 
variety of methyldecalins (12) whereas the re- 
maining methylene carbons should be compar- 
able to the corresponding centers in 15 and 13, 
respectively. The appropriate data (12) for trans- 
decalin, its 1-methyl, 2-methyl and 1,3-dimethyl 
derivatives indicated that in 9 and 10 C-1 should 
be shielded by ca. - 3 p.p.m. with C-8 deshielded 
by ca. 10 p.p.m. On this basis, the methylene 
assignments given in Table 4 follow. The signals 
f ~ r  the remaining skeletal carbons were assigned 
from off-resonance decoupled spectra. The cis- 
decalone 12 was only examined in a mixture with 
9 and the high field region of the decoupled 
spectrum contained 20 separately resolved signals 
indicating two overlapping signals at  30.6 and 
42.5 p.p.m. From the shifts observed for the A 
and B ring carbons in a series of isomeric 5cr and 
5P steroids (14), the assignments for 12 followed 
by comparison with the data for 9, since similar 
shifts may be anticipated. The observed shifts 
9 -+ 12, together with the corresponding results 
for the steroid series, in parentheses, were: C-1, 
- 1.8 (-1.5); C-2, - 1.1 (-1.0); C-3, +1.2 
(+ 1.3); C-4, -2.1 (-2.3); C-5, -3.0 (-2.4); 
C-6, -2.0 (-3.3); C-7, -5.7 (-4.5); C-8, 0.0 
(0.0); C-9, - 12.4 (- 13.0); C-10, - 1.1 (-0.8) 
p.p.m. 

The assignments for the methylene signals in 
the saturated ring of 14 and 21 were made by 
comparison with the data for 2,2-dimethyl- 
methylenecyclohexane (1 8) in which C-6 absorbs 
at 33.2 p.p.m., C-5 at  28.8, C-4 at 22.7, and C-3 
at  41.6 p.p.m. The values listed in Table 4 for C-6 
to -9 in 14 and 21 agree nicely with these as 
expected. The methylene signals near 40 p.p.m. 
were assigned to C-1, since the lowest field methy- 
lene signal in 8 and 11 is near 35 p.p.m. and the 
absence of a C-9 methyl in 14 and 21 will deshield 
this position. The remaining methylene signals 
for 21 were assigned by comparison with 20. The 
methylene assignments for 8 followed from the 
characteristic shifts produced by the introduction 
of an equatorial methyl at  C-9 as discussed above 
for the saturated series. Specifically, C-9 and -8 
will be deshielded by ca. 2 and 9 p.p.m., respec- 
tively, and C-1 shielded by ca. -3 p.p.m. relative 
to the results for 14, while the remaining methy- 
lenes should be little affected. An axial methyl 
group at C-9 in this skeleton would be expected 
to shield C-7 appreciably because of the gauche 
effect thus the signal at  20.8 p.p.m. in the spec- 
trum of 11 was readily assigned. Since C-2 and -7 

should be little affected by the axial 9-methyl 
while C-1 should be comparable to that in 8, the 
methylene assignments for 11 were completed. 
The remaining skeletal signals observed were 
readily assigned from off-resonance decoupled 
spectra and their characteristic absorption posi- 
tions. 

For 18, the methylene signals at  18.8 and 20.5 
p.p.m. were assigned to  C-2 and -8, respectively, 
since the latter value agrees nicely with that for 
C-2 in 16, while those a t  40.2and 41.4 p.p.rn. were 
assigned to C-1 and -9. For each of these pairs the 
more shielded signal arises from carbon in the 
unsaturated ring as anticipated for the hornoal- 
lylic shielding effect exerted by the olefinic bond 
as first recognized in terpene spectra (19). The 
rnethylene signal at 37.9 p.p.m. fits nicely for C-7 
since the neighboring hydroxyl group should de- 
shield this position by ca. 10 p.p.m. Finally, C-3 
must give rise to the 25.7 p.p.m. signal, in good 
agreement with the C-3 absorption for cyclo- 
hexene, as expected, since alkyl substitution on 
the cyclohexene ring has been shown t o  have little 
effect a t  carbons two or  more bonds from the site 
of substitution (2). The remaining signals were 
readily assigned from the peak positions. The 
similarity of the carbinyl carbon shielding with 
that in 16 indicates an equatorial hydroxyl group 
as confirmed by the carbinyl proton absorption 
for 18 (see Experimental Section) which contained 
a diaxial vicinal coupling of 12 Hz and an allylic 
coupling of 2 Hz, consistent only with an axial 
carbinyl proton. Additional evidence of an equa- 
torial hydroxyl group is provided by the marked 
upfield shifts of the olefinic rnethine (C-4) signal 
relative to that in 21 (see below). 

From the foregoing results the assignments of 
the skeletal carbons in the sesquiterpenes 1-7 
were made. Beginning with aristolochene (7) the 
lowest field methylene signal, 43.3 p.p.m., was 
assigned to C-6 since this rnethylene carbon is 
expected to experience the strongest deshielding 
effects. In each of 1-6, a similarly shielded carbon 
was observed in support of this assignment since 
substitution differences at C-1 - -3 should have 
minimal effects at C-6. For similar reasons, the 
methylene signal in the range 29.9-3 1.2 p.p.m. 
was assigned to C-8 in each of 1-7. The assign- 
ments for C- 1, -2, and -3 in 7 followed from those 
for the corresponding carbons in 8. The two 
methine signals at 37.7 and 44.1 p.p.m. were 
assigned to C-7 and -4, respectively, since ana- 
logous signals appeared in the ranges 39.3-40.6 
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FIG. 1. Stereoscopic view of the structure; the ellipsoids include 50% probability. 

and 46.4-47.7 p.p.m. for 1-4. Introduction of an 
equatorial hydroxyl at C-3 is expected to de- 
shield C-4 in 1-4 relative to that in 7 but the shift 
is small (ca. 3 p.p.m.) because of the gauche inter- 
action of the hydroxyl with the axial 4-methyl 
group. The quaternary olefiniccarbons (C- 10, -1 1) 
were distinguished for 1-7 from the spectrum of 2 
which lacks the exocyclic double bond. Off- 
resonance decoupling readily identified C-12 for 
the series. The remaining methylene signal in the 
spectra of 1-4 arises from C-2 whose shieldings 
agree well with those reported for the 1,3-cyclo- 
hexanediols (20) after allowance for the y effect 
of the axial 4-methyl group (ca. - 6 p.p.m.). The 
remaining sp3-methine signals for 5 and 6 are 
those of C-4. In this series, the quaternary C-5 
signals were uniquely defined by off-resonance 
decoupling. 

Of the two carbinyl signals for 1 and 2, the 
lower field peak at 75 p.p.m. was assigned to C-1 
by comparison with 17; the 3 p.p.m. downfield 
shift is readily ascribed to the neighboring double 
bond. The second carbinyl signal for 1 and 2, 
near 65 p.p.m., is shielded relative to that in 19 
indicating that they effect of the axial 1-hydroxyl 
group is greater than the P effect of the axial 4- 
methyl. Although axial methyls exhibit P effects 
of ca. 5.5 p.p.m. (13), the gauche interaction be- 
tween the 4-methyl and 3-hydroxyl groups will 
attenuate the p effect of the methyl. The down- 
field shift found for C-3 in 3, relative to 1 and 2, 
together with the fact that this shielding is com- 
parable to that in 19, indicates that the P effect of 
the 4-methyl group is ca. 2.5 p.p.m.; the equa- 
torial l-hydroxyl group may be expected to shield 
C-3 by ca. -2.5 p.p.m. (16). The much more 
shielded C-1 carbinyl carbon in 3 compared to 
1 and 2 appears contrary to the general tendency 
for carbinyl carbons bearing axial and equatorial 
hydroxyls (17), as noted earlier for 16 and 17. The 
rather large shift for the change 1 -+ 3 presumably 
arises from the combined effects of the syn-axial 

Me . . . OH interaction in 1, tending to deshield 
C-1, and the gauche eclipsed interaction between 
the hydroxyl and C-9 in 3, increasing the deshield- 
ing of C-1. A clear indication of an appreciable 
steric interaction for the latter centers is the - 10 
p.p.m. shift found for C-9 in 3 relative to 1. The 
carbonyl shieldings for 4 and 6 are typical of 
conjugated and cross-conjugated systems in six- 
membered rings (2). The protonated olefinic car- 
bons in 5 and 6 were assigned by analogy with 
simpler cyclohexenones (2) with the signals near 
135 p.p.m. in each case assigned to C-9 from its 
shielding in 4. 

A stereoscopic diagram of capsidiol is shown in 
Fig. 1. Ring A has a chair conformation which is 
slightly distorted owing to a 1,3-interaction, the 
presence of the sp2-hybridized C-10, and the fact 
that ring B is in sofa form. The  hydroxy group 
attached to C-3 is in equatorial orientation while 
the other three substituents are in  axial positions. 
The structure analysis has thus confirmed the 
novel anti-periplanar orientation of the two 
methyl groups. Ring B has a somewhat distorted 
sofa conformation with C-7 displaced from the 
mean plane through the other atoms in the ring. 
The isopropylene group is in  an equatorial 
orientation. 

It  may be of interest to assess the distortions in 
the two rings, and this can be best done on the 
basis of torsional angles. The fact that C-5, -6, -9, 
and -10 are coplanar within 0.01 A causes a flat- 
tening of that part of ring A which is adjacent t o  
ring B. This is evidenced by decreased absolute 
values of three torsional angles (Fig. 2) which may 
be compared with the value f 55.9" obtained from 
an electron diffraction study o f  gaseous cyclo- 
hexane (21). An  additional flattening may have 
been expected as  a result of the presence of three 
axial substituents. From an electron diffraction 
study of 1,l-dimethylcyclohexane Geise et al. (22) 
determined an average endocyclic torsional angle 
of 51.7" and they attributed the flattening pri- 
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BIRNBAUM ET AL.: STEREOS TRUCTURE OF CAPSIDIOL 

CHI 
I I 
CHz 

FIG. 2. (a) Bond lengths and torsional angles. Unless 
otherwise indicated the e.s.d.'s are 0.003-0.004 A and 
0.3", respectively. (6)  Bond angles. All e.s.d.'s are 0.2" 
except at C(11) where they are 0.3". 

marily to  the axial substituent. In view of these 
considerations the extent of puckering in ring A, 
indicated by an average torsional angle of 54.0°, is 
surprisingly high. There is a strong interaction 
between the two syn-axial substituents on ring A 
which may be assessed by considering the follow- 
ing intramolecular distances: C(l) . . . . C(5) 
2.591(3), O(1) . - . .  C(15) 3.024(4)A.Thisrepul- 
sion affects not only the conformation of ring A, 
but it also distorts the B ring. 

Theoretical calculations have indicated (23,24) 
that the energy of the sofa conformation of cyclo- 
hexene is only 1-2 kcal/mol higher than that of 
the most stable half-chair form. As a consequence 
of being fused to ring A, the B ring in capsidiol 
differs substantially from the half-chair form but 
only slightly from the sofa form. This observation 
has a bearing on the discussion of conformations 
of many natural products, such as A4-steroids, 
which incorporate the A1*9-octalin system (25). 
The distortion from the sofa form is due to the 
nonplanarity of the endocyclic double-bond sys- 
tem, a feature for which precise structural data 
are rare (26), and a rotation about the C(5)-C(10) 
bond. The latter serves to  increase the short dis- 
tance between 0-1 and C-15. The four carbon 
atoms in the exocyclic double-bond system are 
coplanar and that plane forms a dihedral angle of 
82.2" with the mean plane through ring B. The 
conformation of this substituent is shown in a 
Newman projection (Fig. 3). 

FIG. 3. Newman projection along the C(7)-C(l I )  
bond. 

Most bond lengths and bond angles (Fig. 2) 
agree with expected values. The abnormally short 
value for the C(11)-C(13) bond undoubtedly re- 
flects the strong vibration of the latter atom. The 
fact that all bonds involving C-5 appear longer 
than normal can be ascribed to the full substitu- 
tion of that atom. Several other bonds are also 
elongated as a result of steric effects. Such bond 
stretching is well known and occasionally gives 
rise to extreme values, such as the C-C bond of 
1.628(2) A which was recently encountered (27). 
Apart from the necessary increase a t  C-10 the 
bond angles in ring A agree fairly well with those 
in a chair-shaped cyclohexane ring. It is more 
difficult to assess the angles in ring B since the cal- 
culated values for a sofa conformation (23, 24) 
differ by as much as 3.2". Nevertheless, it appears 
that the angle at C-5 is smaller than normal while 
that a t  C-6 is larger than normal. The abnormally 
small angles C(2)-C(1)-O(1) and C(6)-C(5)- 
C(15) are further manifestations of the  repulsion 
between the two syn-axial substituents. Similarly, 
the angle C(5)-C(4)-C(14) indicates that C-14 
is bent away from ring B, thus increasing its dis- 
tance to  C-7 to 3.257(4) A. 

There are two intermolecular hydrogen bonds 
in the crystal structure (Table 5). T h e  hydroxyl 
group attached to C- 1 donates a proton to 0 - 2  in 
the molecule related by a c translation. It also 
accepts a proton from 0 - 2  in the molecule related 
by a twofold screw axis parallel to z. The latter 
bond is indicated in the packing diagram (Fig. 4). 
The crystal structure may be described as con- 
sisting of ribbons parallel to z, formed by hydro- 
gen-bonded molecules. Apart from the hydrogen 
bonds, there are no intermolecular distances be- 
tween nonhydrogen atoms which are shorter than 
3.5 A. 

Conclusions 

On the basis of these 13C n.m.r. data for the 
entire series, 1-21, the stereochemistry of the 
vicinal methyl groups (C-14 and -15) in 1-6 must 
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TABLE 5. Geometry of hydrogen bonds 

0-H (A) 0.80 
H . . . .  0 (A) 2.10 
o . . . .  0 (A) 2.840 
0-H . . % .  0 (deg) 154 
0 . . . . 0-H (deg) 19 
0 . .  . . o . .  . . H (deg) 7 

'I: x. y, 1 + I; 11: 312 - x, 1 - y. - 112 + z. 

FIG. 4. Stereoscopic view along z of the contents of a unit cell. The directions of the axes a r e  .r + (0.25-1.25), 
y t  (0-1.0) and z 0. 
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The Near-ultraviolet AbsorptionSpectrum of Diimide Vapor 
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Received September 5, 1973 

Absorption spectra of N 2 H 2  and N2D2 in the gas phase have been obtained in the region 
3000-4300 A, consisting of about 30 diffuse bands for each compound. Long progressions in 
the spectra are attributed to excitation of the H-N=N bending mode, v2', in the upper state, 
with much shorter progressions arising from the N=N stretching mode, v,'; values of vz' = 
1215 and 910cm-' and v,' = 1550 and 1440 cm-I were estimated for NzH2 and N2D2 
respectively. 

The spectra are attributed to the 'B, c ' A ,  (n* t n,) transition of trans diimide, probably 
made allowed by vibronic interaction. From Franck-Condon calculations the H-N=N 
angle in the upper state was estimated to be 132 2", an increase of 25" from the ground-state 
value; the increase in the N=N bond length was estimated to be about 0.05 A. 

Les spectres d'absorption de NzH2 et NzD2 en phase gazeuse ont  BtC obtenus dans la region 
spectrale 3000-4300 A, ceux-qui presentent environ 30 bandes diffuses pour chaque produit. 
Les progressions longues dans les spectres sont attribuies a I'excitation du mode de deformation 
angulaire H-N=N, vzf,  dans 1'8tat excite; les progressions plus courtes venant du mode de 
valence N=N, v,'; les valeurs de v2' = 1215 et 910 cm-', et v3' = 1550 et 1440 cm-' ont etk 
estimees pour NzHz  et N2D2 respectivement. 

Les spectres sont attribuks a la transition 'B, t ' A ,  (n* c n,) de la diimide trans, probable- 
ment permise par l'interaction vibronique. Apres des calculs de type Franck-Condon, l'angle 
H-N=N de l'etat excite a etC estime Ctre 132 2 2", une augmentation de 25" par rapport a la 
valeur pour 1'Ctat fondamental ; l'augmentation dans la longueur de la liaison N=N a t t e  estimee 
Ctre environ 0.05 A. 
Can. I .  Chem., 52, 1006(1974) 

Introduction 

The absorption spectrum of diimide vapor has 
been studied in some detail in the infrared (1-3) 
and vacuum ultraviolet (2) regions. A partial 
rotational analysis of the latter system suggested 
a 3B,  ground-state (2), but there is now sub- 
stantial evidence, summarized recently (4), for a 
singlet rather than a triplet ground-state. This 
conclusion is supported by a recent rotational 
analysis of the N-H and N-D stretching 
bands in the high-resolution infrared spectrum 
of N2H2 and N2D, (3), which shows clearly that 
the molecule has a trans structure and that the 
electronic ground-state is totally symmetric ( 'A , ) .  

Considerable work has also been done on the 
infrared spectrum of diimide in solids and mat- 
rices, recently reviewed by Bondybey and Nibler 
(5). Much of the interpretation has been in- 
accurate because of the failure to recognize that 

'NRCC No. 13562. 

diimide is usually hydrogen-bonded except in 
very dilute matrices. Rosengren and Pimentel (6) 
have identified the H-N=N bending frequency 
by careful work with 15N substitution, while 
Bondybey and Nibler have observed the Raman 
spectrum (5). All the ground-state frequencies 
except the torsional frequency are  now reason- 
ably well established (5). 

Trombetti, in addition to his observations in 
the infrared and vacuum ultraviolet, reported a 
very weak absorption near 3500 i\ in diimide 
vapor generated at low pressures in a flow 
system (2). This absorption appeared continuous 
but was too weak to permit closer investigation. 
In  a recent study of the chemistry of diimide, 
much higher pressures of the vapor were ob- 
tained, and the near ultraviolet absorption was 
shown to have a strongly banded structure (4). 
There has been much interest recently in the 
photochemistry and electronic structure of 
simple azo compounds, particularly with regard 
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to the weak transition in the near ultraviolet. 
The corresponding transition in diimide, the 
prototype azo compound, is of obvious interest, 
especially as it is the first azo compound to show 
sufficiently well-developed structure in its spec- 
trum to permit a complete vibrational analysis 
and thence to provide information about the 
upper state of the transition. The present paper 
gives a detailed account of the spectrum and the 
vibrational analysis. 

Experimental 
The preparation and handling of diimide have been 

described (4). N,H2 was prepared from anhydrous N,H4 
(Matheson, Coleman, and Bell), and N2D2 from an- 
hydrous N,D, obtained from Merck, Sharp, and Dohme 
of Canada Ltd. with 99 at. % D content. 

Spectra were obtained with a medium-dispersion Hilger 
quartz spectrograph, using an absorption cell 2 m long 
equipped with multiple-reflection aluminum mirrors to 
give a total light path of 72 m. A large sample of diimide, 
together with a 10-fold excess of ammonia, was rapidly 
vaporized into the 7 liter cell to give a total pressure of 
about 500 Torr. The diimide decomposed over a period of 
minutes and spectra were photographed a t  intervals 
during the decay. 

Results 
Spectra of N,H, and N2D2 are shown in 

Fig. 1, and corresponding microdensitometer 
traces in Figs. 2 and 3. Both spectra are strongly 
banded, with apparently little or no underlying 
continuous absorption. The bands appear to be 
completely diffuse, and spectra taken at higher 
resolution confirm the absence of rotational fine 
structure. 

FIG. 2. Microdensitometer trace of N2H2 spectrum. 
Vertical scale is arbitrary. 

WAVELENGTH (A) 
FIG. 3. Microdensitometer trace of N2D2 spectrum. 

Vertical scale is arbitrary. 

The bands in both spectra fall fairly obviously 
into three main progressions as shown, the first 
two about equally strong and the third rather 
weak. In Tables I and 2 are listed wavenumbers 
of the band centers. the vertical columns corre- 
sponding to the three main progressions. Wave- 
number differences are tabulated and vibrational 
assignments presented. The only unusual feature 
is an apparent doubling of the higher members 
of the third progression in the N,D, spectrum.2 
The data show considerable scatter, particularly 
in the weaker third progressions, which can be 
attributed to the uncertainty in locating the 
centers of the rather broad and often overlapping 
absorption bands. 

Vibrational Analysis 

The six fundamental vibrations of trans di- 
imide are:3 v,(a,) N-H stretching, v2,(a,) 
H-N=N bending, v,(a,) N=N stretching, 
v,(au) torsion, v5(bu) N-H stretching, and 
v,(b,) H-N=N bending. The frequencies for 
these vibrations in the ground state are sum- 
marized by Bondybey and Nibler (5). 

The main progressions in the near ultraviolet 
spectrum are assigned to the H-N=N sym- 
metric bending mode v,' in the excited state on 
the basis of the magnitudes of the vibrational 

'A possible cause of this splitting is the  near coinci- 
dence of the sum of the v,' and v3' frequencies (Table 3) 
with that of v,' the N-D stretching vibration. 

3There is still some uncertainty concerning the assign- 
ments for v2 and v3 in the ground state, so the numberings 
of these vibrations are provisional. 
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TABLE 1. Wavenumbers of band centers and vibrational assignments for the 3000-4300 8, band 
system of N2H2* 

Average 
differences - (1 170) (1 548) (1 140) ( 1  546) (1 135) 

*All wavenumbers in cm-1 in uacuo. Wavenumber differences a re  given in parentheses. ul' values are taken f rom Fig. 4, as 
discussed in text. Values in square brackets are less certain. 

?Denotes strongest band in each main progression. 

frequencies and the deuterium isotope effect. 
In a similar manner the short progressions are 
assigned to the N=N stretching mode v,'. In 
the short progressions the intensity distribution 
indicates quite clearly that the first bands in each 
progression can be assigned the quantum num- 
ber v,' = 0. In the longer progressions the 
numbering is less certain, and depends on the 
nature of the electronic transition which is dis- 
cussed below. The lengths of the progressions 
indicate that there is a fairly large change in the 
H-N=N angle, but a small change in the N=N 
bond length, between the ground and excited 
states. The values of the vibrational frequencies 
in the two states, and also in the upper state of 
the vacuum ultraviolet bands, are summarized 
in Table 3. 

It appears that no transitions from vibration- 
ally excited levels of the ground-state are ob- 
served in the present spectra. Such "hot bands" 
might be expected through favorable Franck- 
Condon factors arising from the large change in 
geometry, but the magnitude of the v, quanta 
apparently makes the Boltzman term prohibitive 
at room temperature (the spectrum of N,H, 
was also obtained at 160 "C and was essentially 

unchanged from that at 25 "C). There are no 
bands of significant intensity unaccounted for, 
which also appears to rule out excitation of any 
vibrational modes in the upper state other than 
v,' and v3'. 

Nature of the Electronic Transition 

According to the simple molecular-orbital 
considerations of Walsh (7) the electron con- 
figuration and term type for the ground state of 
trans diimide should be 

(3N-H(2aS)' ' ~iN-E1(2bu)~ ' (5N-N(3ag)' ' n-(36")' 
 la,)' . n + (4a,)', ' A ,  

Walsh's prediction of the relative energies of the 
three highest orbitals for the observed H-N=N 
angle of 107" is not clear, but more recent cal- 
culations (8-10) show that the n+ orbital is 
undoubtedly the highest, with the n- orbital 
probably lying a t  a lower energy than the K 

orbital. The lowest excited singlet state should 
then be 

... n-(36,)'. x(la,) ' .  n+(4a,) . n*(lb,), 'B ,  

The first singlet-singlet transition, K* +- n+,  will 
be of the type 'B, c 'A , ,  and should lead to a 
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TABLE 2. Wavenumbers and vibrational assignments for the 320C4300 A band system of N2D,* 

v3' 
v2 0 1 2 

12 
Average 

differences 

'All wavenumbers in cm-1 irr vacuo. Wavenumber differences are given in parentheses. vl' values are taken from Fig. 4, as 
discussed in text. 

tDenotes strongest band in each main progression. 

TABLE 3. Vibration frequencies for diimide (cm-') 

v2 v3 
(symmetric H-N=N (symmetric N=N 

bending mode) stretching mode) Reference 

Upper state, 
near-U.V. transition, 

(gas phase) 
N2H2 1215+15 
N2D2 910+ 10 

1550+20 
1440+ 20 Present work 

Ground state 
(low-temperature 

matrices) 
NzH2 1583 
NzD2 1215 

1529 Bondybey and 
1539 Nibler (5) 

Upper state, 
vacuum-u.v. transition, 

(gas phase) 
N2H2 1192 
N2D2 955 

1874 
- Trombetti (2) 
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large increase in the H-N=N bond angle and 
a small increase in the N=N bond length (7). 
The transition is forbidden by the electric dipole 
selection rules, but can become active by vibronic 
mixing with allowed transitions. Alternatively, 
it is permitted as a magnetic dipole transition; 
magnetic dipole bands have been seen in the 
near-ultraviolet spectrum of formaldehyde under 
similar conditions of path length and pressure, 
although they were considerably weaker than 
the vibronically induced bands (1 1, 12). Detailed 
calculations by Robin, Hart, and Kuebler (8) and 
by Ditchfield, Del Bene, and Pople (9) confirm 
that the first singlet-singlet transition should be 
n* + n,, and predict energies of 3.92 and 
3.37 eV respectively. Robin et al. also predicted 
that the next singlet-singlet transitions, n* + n 
and n* + n-, should lie higher than 7 eV, and 
there seems little doubt that the near ultraviolet 
bands described in the present paper arise from 
the n* + n,, 'B ,  + ' A ,  transition of trans di- 
imide.4 

Geometry of the Excited State 

In the absence of rotational fine structure, the 
only deductions which can be made concerning 
the geometry of the excited state must be derived 
from the magnitudes of the vibrational fre- 
quencies and from Franck-Condon considera- 
tions. For N,H, and N,D, the N=N stretching 
frequencies in the excited state are 1550 and 
1440 cm-' respectively; the isotope shift is 
similar to that for the C=C stretching fre- 
quencies of C,H, and C2D2 in the trans bent 
excited state, 1385 and 1299 cm-' respectively 
(14). Comparison with the ground-state N=N 
stretching frequencies (5) for N2H2 (1529 cm-') 
and N,D, (1539 cm-') is complicated by an 

41t should be noted that the corresponding transition in 
cis diimide (point group C,,) is ' B ,  e ' A , ,  and is 
allowed by the electronic selection rules (8). The trans 
isomer is known to be the predominant form of diimide as 
prepared in the present experiments and there is no 
evidence for the presence of even low concentrations of 
the cis isomer in the gas phase. The close similarity of the 
extinction coefficient of diimide in the near ultraviolet to 
that of trans azomethane (4) also suggests that trans 
diimide is the absorbing species. However, we cannot 
rigorously exclude the possibility that a small fraction of 
the cis isomer, with an extinction coefficient 10 or 20 
times that of the trans isomer (cf. azomethane (13)), is 
responsible for the bands. 

anomalous isotope effect,' and it can be said 
only that the frequency in the excited state is 
similar to that in the ground state. The v,' = 0 
and v,' = 1 progressions are of comparable 
intensity, while that for v,' = 2 is considerably 
weaker6 and the v,' = 3 progression is not 
observed. From Franck-Condon considerations, 
using a simplistic diatomic model and the con- 
venient tables of Bates (15), a change in the 
N=N bond length of about 0.05 A may be 
estimated, in reasonable agreement with the 
increase predicted in a recent ab initio calcula- 
tion by Baird and Swenson (10). 

The length and intensity distribution of the 
main progressions point to a large change in the 
H-N=N angle, presumably an increase, as 
predicted (7, lo), since a large decrease from the 
ground-state value of 107" seems unlikely. To  
determine the magnitude of the change it is first 
necessary to establish the origins of these pro- 
gressions. If the transition is allowed (e.g.,  as a 
magnetic dipole transition), this is done by a 
simple extrapolation of the v,' = 0 progressions 
for N2H2 and N2D2 to near convergence (shown 
in Fig. 4), so that the difference in the frequencies 
of the 0-0 bands corresponds t o  the net differ- 
ence in the zero-point energies. The 0-0 band 
for the deuterated species usually lies at a slightly 
higher frequency ; for example, in the first ultra- 
violet band system of acetylene (1 4) v,:,'(C,D,) - 
v0,,'(C,H2) = 62 cm-'. On this baas the values 
of v,' shown in Fig. 4 were obtained. The relative 
positions of the plots for N2H2 and N2D2 in 
Fig. 4 are somewhat arbitrary, since the N2D2 
data could be shifted by one o r  more quantum 
numbers to the left or right relative to the N2H2 
data, leading to other near convergences a t  
higher or lower frequencies. The former is im- 
possible since it would lead to negative quantum 
numbers for some of the observed bands; the 
latter (shown as the dashed line in Fig. 4) would 
lead to quantum numbers larger by 3 and 4 for 
N,H, and N,D, respectively, which seems 
unlikely. 

If the transition is electronically forbidden but 

'This has been explained in terms of an interaction 
between vz and v, ( 5 ) ,  but may reflect an error in one o r  
both of the assignments. 

6Relative intensities of the 3 progressions should be 
compared at the strongest bands in each progression, as 
the relative intensities appear to depend on the value o f  
uz'. 
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BACK ET AL.: SPECTRUM OF DIIMIDE VAPOR 1011 

FIG. 4. Extrapolation of first v,' progressions in 
N2H2 and N2D2 spectra, to establish vibrational quantum 
numbers and positions of origins. The dashed line shows 
an alternative plot of the N,D, data. 

permitted by the vibronic selection rules, the 
u,' = 0 progressions in N,H, and N,D, must 
be extrapolated to their respective vibronic 
origins. The separation, then, between the u2'=0 
bands must take into account not only the differ- 
ence in the zero-point energies but also the iso- 
tope shift in the u' = 1 level of the inducing 
mode. For the n* + n+ ,  'Bg c ' A g  transition of 
trans diimide, the possible inducing modes are 
vql(au), vst(b,), and vG1(b,). For v,' and v,', 
isotope shifts of about 800 and 300 cm-' can be 
estimated. The frequency of the torsional mode, 
v,', is not known but the isotope shift should 
probably not exceed 300 cm-' and may well be 
very much less than this. If v,' is the inducing 
mode, reasonable vibronic origins are obtained 
if the quantum numbers for N2H2 shown in 
Fig. 4 are retained while those for N 2 D 2  are 
increased by one, as shown by the dashed-line. 
If v,' is the inducing mode, a decrease of one in 
the quantum numbers for both species appears 
most reasonable: a less likely possibility is an 
increase of one and two respectively for N,H2 
and N2D2. If v,' is the inducing mode, for an 
isotope shift of 300 cm-', a decrease of one in 
the quantum numbers for both species is reason- 
able while, if the torsional frequency is low, the 
numbers remain unchanged from those shown 
in Fig. 4. 

From the discussion above it is seen that there 
is a probable uncertainty in the u,' numbering 
for N,H, of + 1 and that the origin (0-0 band 
or vibronic origin) lies at 20 240 $ 1 200 cm-'. 
Thus in the strongest band of the u,' = 0 pro- 
gression which lies near 27 450 cm-', there is a 
vibrational excitation AE in the v,' mode of the 
upper state of 7 200 + 1 200 cm-'. Assuming 
that the strongest band corresponds to  a transi- 
tion vertical with respect to the H-N=N angle, 
AE can be equated to 2 x 4 f H N N  (A€)),, where 
f H N N  is the bending force constant in the excited 
state and A0 is the difference in the H-N=N 
angle between the ground and excited states. 
Using the eq~~at ions given by Kohlrausch (16) 
for the a, vibrations of a trans HAAH molecule, 
and taking v,' = 3130 cm-' (assumed), v,' = 
1215cm-', and v,' = 1550cm-', a value for 

f H N N  can be obtained. In the initial calculation 
the geometrical parameters in the excited state 
were assumed to be the same as for the ground 
state, viz. r ,-,, = 1.028 A, = 1.252 A, 
H-N=N = 106" 51 ' (3), and a value for A0 
obtained. The value for the H-N=N angle in 
the excited state was then revised and the cal- 
culation repeated until no further change was 
obtained. In this way, a value of A0 = 25 + 2" 
was determined, corresponding to an H-N=N 
angle in the excited state of 132 $- 2". The 
Franck-Condon calculation was repeated for 
N2D2 and a similar change in angle was obtained. 
Calculations were also made assuming a cis 
config~~ration and gave a value of A0 = 22 2". 
These can be compared to the recent calculations 
of Baird and Swenson (10) who predicted values 
for A0 of 12 and 18", and H-N=N angles of 
121 and 133", for the first excited singlet states of 
trans and cis diimide, respectively. 

Finally, it must be considered whether diimide 
in the excited state retains the planar configura- 
tion of the ground state, as has been tacitly 
assumed in the foregoing discussion, or becomes 
non-planar. Both ethylene and formaldehyde 
become non-planar in their first excited singlet 
states (1 1, 17, 18), and for reasons discussed by 
Walsh (7) one might expect a similar tendency in 
isoelectronic diimide. If the excited state of di- 
imide in the present system were non-planar, 
one would expect to observe progressions in the 
spectra corresponding to excitation of the v,' 
torsional vibration, but as noted earlier there are 
no unassigned bands of significant intensity. It 
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might be argued that the long progressions 
assigned to v,' should in fact be assigned to 
v,', but then the absence of bending progressions 
must be explained; the frequencies also appear 
high for a molecule in which the double bond is 
weakened sufficiently to permit a twisted struc- 
ture (cf. ethylene (17)):The lack of any features 
in the spectra which can reasonably be attributed 
to excitation of the torsional vibration suggests 
that the excited state is planar. Baird and Swen- 
son have in fact predicted a planar structure 
(lo), but with a rather flat potential curve corre- 
sponding to a low torsional frequency. If the 
torsional frequency is very low, it is possible that 
the bands involving the torsional vibration might 
be obscured in the rather broad band structures 
of the present spectrum. 

Concluding Remarks 
While there is some uncertainty in the precise 

interpretation of the near-ultraviolet spectrum 
of diimide, the main features are clear. The 
assignment to the ' B ,  c ' A ,  (x* c n+) transi- 
tion of trans diimide appears reasonably certain, 
and the transition is probably induced through 
vibronic interaction. There is a large increase (25 
+ 2") in the H-N=N angle and a small change 
(-0.05 A) in the N=N bond length in the transi- 
tion, and the excited state probably remains 
planar although this is less sure. 

The diffuseness of the N,H, and N,D,,spectra 
indicates that the individual rotational l~nes are 
broad, probably > 1 cm-' in width, and that the 
lifetime in the excited state is very short, 
< 5 x 10-l2 S. It is not clear whether this can be 
attributed to a true predissociation or to a rapid 
intersystem crossing, perhaps to the x* c n+ 
triplet state; there is some evidence for the latter 
process in the photochemistry of the azoalkanes 
(19). If a true predissociation is involved, the 
dissociation energy must be less than that of the 
first observed band at 22794 cm-', i.e. <65 
kcal/mol or 2.83 eV. The photodissociation pro- 

cess to which this limit applies is not known; 
dissociation to H + N2H or 2H + N, could be 
expected by analogy with the azoalkanes, but a 
molecular decomposition (to N, + H,) might 
well occur in diimide as it does in formaldehyde. 

We are indebted to M. Barnett and W. Goetz for 
assistance with the spectroscopic work. We are also 
grateful to Dr. A. Trombetti and Dr .  N. C. Baird for 
communicating results to us prior to  publication. 
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Influence of Lewis Acids on the Diels-Alder Reaction. VII. The Reaction 
of Furan with Ethyl Propiolatel 
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Reaction of furan and ethyl propiolate at 130" affords a low yield of 2,6-dicarbethoxy- 
9-oxatetracyclo[3.2.1.1 ?~.S022']non-6-en (4 ) .  This structure was confirmed by 'H and I3C 
n.m.r. spectroscopy. In the presence of AlCln the same addends give only a mixture of 
the Diels-Alder endo-endo 10 and endo-exo 11 diadducts. Isomer 11 is decomposed 
by AICL, the rate of decomposition, and therefore the product ratio 10:11, being as 
expected dependent on time, temperature, and reactant concentrations. 

La reaction du furanne avec le propiolate d'ithyle B 130" conduit avec un mauvais 
rendement au dicarbethoxy-2,6 oxa-9 tetracyclo[3.2.1.1~."0'~'] nonkne-6 (4 ) .  La structure 
de ce compose est confirmie par spectroscopie r.m.n. du 'H et du 'T. En presence du 
AICI, les deux rtactifs conduisent B un mtlange des composts de double addition de 
Diels-Alder 5 savoir les produits endo-endo (10) et endo-exo (11) .  L'isom6re 11 se 
decompose en presence de AICla; le taux de decomposition et donc le rapport des 
produits 10:l l  varie en fonction du temps de la tempirature et de la concentration des 
reactifs. [Traduit par le journal] 
Can. J. Chem., 52, 1013 (1974) 

Introduction 
In a previous communication we discussed 

the reaction of furan with dimethyl acetylenedi- 
carboxylate (DMAD) (1). Studies on the 
corresponding reaction of furan with ethyl 
propiolate (EP), described in this article, reveal 
significant differences in the two reactions. 

Results and Discussion 
Thermal Reaction 

The uncatalyzed combination of furan with 
EP is very slow: no reaction was observed in 6 
months at 25'. The only recognizable product 
isolated after 20 h reaction at 130' was 2,6- 
dicarbethoxy-9-oxatetracyclo[3.2.1.1 .3.802.4]non- 
6-ene (4) (9%). No Diels-Alder addition products 
(1, 2, or 3) were detected. This is in direct 

contrast to the thermal reaction of furan and 
DMAD which under the same conditions 
affords a monoadduct, three diadducts, and 
four triadducts, but no product of type 4 (1). 

Formation of 4 would be expected to involve 

'NRCC No. 13765. 

homoconjugate addition of EP to 1. However, 
our studies on the analogous compound 5, a 
product of the thermal reaction of 2,5-dimethyl- 
furan and EP, indicate that this compound does 
not arise by direct addition, but is formed chiefly 
by dimerization of adduct 6 and subsequent 
retrocleavage of 2,5-dimethylfuran (Scheme 1) 
(2). The same mechanism may apply to the 
formation of 4 from 1, as well as to the forma- 
tion of compound 7 which was isolated by Solo 
et al. from the reaction of methyl propiolate 
with methyl bicyclo[2.2.1]heptadiene-2-carboxy- 
late at 107' (3). 

AIC1,-promoted Reaction 
The reaction of furan and DMAD in the 

presence of AICl, gave essentially two products, 
the monoadduct 8 and endo-exo diadduct 9 (1). 

In contrast, reaction of furan and EP under 
the same conditions afforded a mixture of the 
endo-endo diadduct 10 and endo-exo diadduct 
11, and no monoadduct 1 was detected. Com- 
pounds 10 and 11 are formed by Diels-Alder 
additions of furan t o  the activated double bond 
of 1, the steric course of both additions being 
controlled by the dienophile (1, 4, 5). 

The product ratio 1 0 : l l  is dependent on the 
reaction temperature and reactant concentra- 
tions (Table 1). This can be rationalized in terms 
of the unexpected instability of the endo-exo 
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product 11 towards the Lewis acid (see Experi- 
mental). 

Since 11 is labile towards AlCl, it follows that 
the product ratio 10: 11 will increase under any 
conditions where increasing concentrations of 
the Lewis acid are present. Use of an excess of 
EP, which forms a complex with AlCl,, leads 
to a reduction in the concentration of AlCl, 
available to catalyze the decomposition. Under 
such conditions the ratio 1 0 : l l  decreases 
dramatically and indeed isomer 11 can be made 
to predominate. 

The rate of decomposition is markedly 
enhanced by a relatively small increase in 
temperature. The ratio 10: l l  is of  course also 

time dependent (see Experimental). Use of a 
high concentration of the diene has little effect 
on  the product ratio, indicating that it does not 
compete favorably for AlC1,. 

The reason for the contrasting stabilities of 
10 and 11 is not clear. Perhaps the proximity of 
the bridge and ester carbonyl oxygen atoms in 
11 favors the formation of a complex with the 
ester carbonyl which could initiate the decom- 
position pathway shown in Scheme 2.2 Such 
assistance to complex formation would not occur 
with 10. In the case of 9, although the complex 
might be favored, retrogression would be 
inhibited by the electron-withdrawing substituent 
a t  the second ring-juncture position. In accord 
with this, both 9 and 10 are quite stable to AICI, 
under the conditions used. 

The isolation of 9 as essentially the only 
diadduct from the catalyzed reaction of furan 
and DMAD was in fact attributed to the 
formation of a stable diadduct-AIC1, complex 
which prevented retrogression and equilibration 
(1). Although this is not the case in the furan-EP 
reaction, the endo-exo isomer 11 is still the 
kinetically favored product. Catalyzed decom- 
position of 11 and recombination of the addends 
(furan and 1) may lead to the  more stable 
endo-endo isomer 10. 

'The resultant diene is of course susceptible to poly- 
merization: the monoadduct can again react as a dieno- " 

phile to give 10 or  11. 
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MCCULLOCH E T  AL.: DIELS-ALDER REACTION 1015 

TABLE 1. Effect of temperature and reactant concentrations* 
- - 

Reactant ratios Temperature Overall yield Product ratiot 
furan-EP-A1C1, ("c) (%) 10 : 11 

Reaction mixture 0.2 M in EPS 
2:l:l - 10 19 1.8 
2:l:l 0 31 2.0 
2:l:l 12 33 2.3 
2: 1 : 1 27 27 6.7 

1:1:1 0 24 1.9 
2: 1 : 1 0 31 2.0 
3:l:l 0 31 1.6 

2:l:O.S 0 20 1.1 
2:l:l 0 3 1 2.0 
2:l:l.S 0 30 2.4 
2:1:2 0 22 2.6 

Reaction mixture 0.2 M in firrar~$ 
1:1:1 0 48 1.9 
1:2:1 0 62 0.9 
1:5:1 0 53 0.5 

'All reactions were carried out in CHICll and were terminated after 30 min. 
tDetermined from integrated intensities of p.rn.r. signals for r~ng-juncture hydrogens. 
$Yields based on EP. 
§Yields based on furan. 

A distinguishing feature of the reaction (ther- 
mal or AlCl, catalyzed) between furan and EP 
is the failure to isolate the adduct 1. This is due 
in part to the lesser reactivity of EP as a dieno- 
phile compared to DMAD (6). A second 
contributing factor is the enhanced reactivity of 
1, which is a substituted acrylate, and therefore 
a more powerful dienophile than the corre- 
sponding maleate 8 (6). 

Nuclear Magnetic Resonance Spectroscopy 
Diadducts 10 and I 1  
The parameters (Table 2), confirmed by 

spectral simulation, are entirely consistent with 
the assigned structures. The two isomers could 
be differentiated on the basis of symmetry 
considerations and the multiplicity of the signal 
for the ring-juncture hydrogen. Absence of 

coupling between the latter and the adjacent 
bridgehead hydrogens is observed when the 
ring-juncture proton is endo (1, 7, 8). Irradiation 
of H, and H, in 10 produced a 13% enhance- 
ment (nuclear Overhauser effect) in the signal 
for H,, and thus allowed unambiguous assign- 
ment of the chemical shift of these protons. 

Compound 4 
The 100 MHz spectrum of 4 (Table 3) showed, 

as expected, resonances for two carbethoxyl 
groups and for six single hydrogens. Multiple 
irradiation experiments established the coupling 
parameters. The shifts of four of the hydrogens 
(2.34, 2.97, 3.12, and 7.05 6) and the couplings 
between them are very similar to the corre- 
sponding parameters (2.30, 2.97, 3.02, and 
7.09 6) for the four ring hydrogens of the 3,8- 
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TABLE 2. Proton magnetic resonance parameters for 10 and 11 (60 MHz, solvent CDC13) 

.I 

Parameter* Value Parameter* Value Parameter Value 

-. -.- 
J8.4a 0 . 0  

Jz.3 = Js.7 5.8 Jz.3 5.7 J6.7 5.8 
J2.4 = J5.7 0 .0  Jz.4 0.0 J5.7 0 . 4  

J7.43 0.1 
J3.4 = J s , ~  1.7 J3.4 1.7 J s , ~  1.5 

J6.41 0 .1  
J5.4a 4.8 

-OCH2CH3(6) 4.07(q) -OCHzCH3(6) 4.18(q) 
-OCHzCH3(6) 1 .22(t) -OCHZCH3(6) 1 .28(t) 

'In these cases the spectra were analyzed as four-spin (H,H2H3H,) systems. The couplings J, . , ,  and J ,  ., were of the order o f  0.2 Hz. 
+For computer purposes the chemical shift o f  the highest field proton (or protons when chemically eq~hvalent) was empirically given a value 

o f  0.0 Hz and all others were measured relative to it. 

dimethyl analog 5 (2). The p.m.r. data are 
consistent with those reported for structurally 
related compounds (3, 9, 10). 

Carbon-13 n.m.r. spectroscopy was used to 
confirm the structure of 4, and the availability of 
5 for comparison purposes simplified spectral 
assignments (Table 4). The carbonyl, olefinic, 
and ethoxy carbons were readily assigned. The 
high-field shifts (I la, 12-14) and  high J I ~ ~ - ~  
values (1 16, 12) characteristic of cyclopropyl ring 
carbons facilitated unequivocal assignment of 
C-2, -3, and -4. The data for the remaining 
carbons were consistent with those obtained for 
similarly located carbons in other polycyclic 
systems (I lb, 14). 

Experimental 
Proton magnetic resonance spectra were recorded on a 

Varian A-60A (V-6058 A spin-decoupler) spectrometer 
and a Varian HA-100 spectrometer equipped with a 
Spectrosystem 100. The tetramethylsilane resonance was 
used to provide the field-frequency lock for the HA-100. 

13C n.m.r. spectra at 25.16 MHz were obtained on a 
Varian XL-100-15 spectrometer equipped with a VT-100 
data system (16 K). Samples (500 mg) in benzene-ds 
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MCCULLOCH E T  AL.: DIELS-ALDER REACTION 

TABLE 3. Proton magnetic resonance (100 MHz; solvent benzene-d6) 
parameters for 4 

Chemical shifts Coupling constants 
- 

Hydrogens 6 JPP Value J,, Value 
(Hz) (Hz) 

TABLE 4. 13C n.m.r. data for 4 and 5 (25.16 MHz; solvent benzene-d6) 

Carbons 

CH3 
CH3 
-0CH2CH3 
-OCH2CH3 
C-4 
C-2 
C-5 and 

C- 1 
-OCHZCH3 
-0CH2CH3 
C-3 
C-8 
C-6 
C-7 
EtO-CO-C=CH 
-C-CO-OEt 

- 
- 

14.1 (q) 
14.2 (q) 
34.8 (d) 
41 .4 (s) 
48.8 (d) 
50. 1 (d) 
60.3 (t) 
60.5 (t) 
71.3 (d) 
91.4 (d) 

138.6 (s) 
142.5 (d) 
163.5 (s) 
169.6 (s) 

11.4 (q) 
12.7 (q) 
14.2 (q) 
14.2 (q) 
41.9 (d) 
47.6 (s) 
54.4 (d) 
55.8 (d) 
60.3 (t) 
60.4 (t) 
78.1 (s) 
99.2 (s) 

139.9 (s) 
143 .7  (d) 
163.9 (s) 
169.7 (s) 

*The coupling constants are judged to have an accuracy o f  rf: 0.7 Hz. 
t s  = singlet, d = doublet, t = triplet, q = quartet. 

were contained in 12 mm tubes. The deuterium resonance 
from the solvent was used for the field-frequency lock. 
Spectral width was 5120 Hz, with an acquisition time of 
0.8 s, and using an 8 K transform. In addition to proton 
noise decoupled spectra, off resonance single frequency 
decoupled spectra were recorded to assist in signal 
assignments. Coupling constants (J13c-1,,) were measured 
from high resolution spectra enhanced by gated noise 
decoupling. 

The i.r. absorptions were measured on a Perkin-Elmer 
521 spectrometer, and the mass spectra recorded using 
a Dupont-C.E.C. 21-491 instrument. Chromatographic 
separations were carried out on Mallinckrodt silicic acid 
(10Ck150 mesh). 

Reaction of Furan with EP 
Thermal Reaction 
(i) Equimolar amounts of furan and EP contained in a 

sealed n.m.r, tube wereallowed to stand at room tempera- 
ture. Monitoring by p.m.r. revealed no reaction during 6 
months. 

(ii) A mixture of furan (21.0 g, 0.31 mol) and EP 
(10.0 g, 0.10 mol) was heated for 20 h in a Baskerville 
high pressure autoclave at 130". The brown glassy product 
was chromatographed (CHCI3). Early fractions yielded 4 
as a pale yellow oil (2.28 g, 9%). Ion of highest mass at 
mle 264 (14%) (C14H1605 requires 264); base peak at 
mle 235; strong ions at mle 219 (71%), 218 (81%), 207 
(55%), 191 (45%), 190 (67%), 179 (38x1, 163 (26%), 162 
(48%), 145 (38x1, 118 (33%), 105 (19%), and 89 (38%); 
v,,, (liquid film) 1725 cm-l. Full n.m.r. data ('H and 
13C) for 4 is detailed in Tables 3 and 4. 

AIC13-promoted Reaction 
(i) A solution containing A1C13 (5.32 g, 0.04 mol) and 

EP (7.84 g, 0.08 mol) in CH2C12 (140 ml) was cooled to 
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0". To this was added a pre-cooled solution of furan withdrawn at regular intervals, worked up in the usual 
(2.72 g, 0.04 mol) in CH2C12 (60 ml). The mixture was way and assayed for 10 and 11 by p.m.r. These showed 
allowed to stand at 0" for 30 min and was then washed that the ratio 10: 11 increased slowly during the first 60 
with water. Separation of the organic layer, followed by rnin reaction at 0" (from ca. 1.3 during the first 3 min t o  
drying (Na2S04), and evaporation of solvent gave a ca. 1.8 after 60 min). After 5 min reaction at  27" the ratio 
brown gummy residue which was chromatographed 10: 11 was ca. 3 : 1,  whereas only a small amount of 11 
(CHCI,). could be detected after I h. 

~ar lyfract ions  yielded a cream-colored solid (899 mg). 
Further purification by preparative t.1.c. on silica gel G 
(5% CH,OH-CHCI,) gave pure endo-exo diadduct 11 a s  
a colorless solid (732 mg, 16% based on furan), m.p. 
108-109". Very weak parent ion (4%) a t  mle 234 (C1,- 
H1404 requires 234), base peak at  mle 68 (C4H40f ) ;  
strong ions at mle 188 (17%), 160 (2079, 138 (30%), 121 
(27%), 110 (33%/,), 95 (237% 66 (25%); v,,. (CCJ4) 1740, 
1708 cm-'. 

Intermediate fractions gave a colorless solid (0.239 g), 
shown by p.m.r. to be a 1 : 1 mixture of 10 and 11. Later 
fractions afforded a cream-colored solid (1.11 g), p.m.r. 
of which showed it to be predominantly 10 (see below). 

(ii) The reaction was repeated under the same condi- 
tions as in i above, but using AICI, (2.66 g, 0.02 mol), 
E P  (2.00 g, 0.02 mol), and furan (1.36 g, 0.02 mol) in 
CH2C12 (100 ml). In this case early chromatographic 
fractions (289 mg) were rich in 11. 

Later fractions were purified by preparative t.1.c. (see 
above) to give the etrdo-endo diadduct 10 as  a colorless 
solid (399 mg, 17% based on furan), m.p. 165-166". 
Weak molecular ion (15%) at  mle 234 (C1,H,,O4 
requires 234); base peak at mle 68 (C4H40 +); strong ions 
at mle 166 (2073, 138 (23%), 121 (30x1, 110 (30z), 66 
(20%); v,,. (CC14) 1738, 1710 cm-'. 

(iii) Effect of Reactiot~ Temperature and Reactant 
Ratios. The following standard procedure was adopted 
and used throughout. Solutions of furan and of EP-AlCI, 
complex were maintained for 10 min at  the desired 
reaction temperature before mixing. Unit concentration 
(of either furan or EP) was taken as 0.2 M, and the 
concentrations of the other reactants adjusted accord- 
ingly. All reactions were allowed to proceed for 30 min 
and were then stopped by addition of water. The residue 
obtained by evaporation of solvent from the dried 
organic phase was in each case applied to  a 20 x 8 in. 
t.1.c. plate coated with silica gel G.(1.5 mm layer), which 
was then developed with 5% CH,OH-CHCI,. A broad 
band, Rr 4-8, which was thoroughly extracted with 
warm CHCl,, gave a residue containing only diadducts 
10 and 11. The relative amounts of the two isomers were 
determined by measurement of the p.m.r. integrals for 
the ring-juncture hydrogens (for 10 a singlet at 6 2.36; for 
11 a doublet at  6 3.05). Reactions were carried out using 
a furan-EP-AlC1, ratio of 2: 1 : 1 a t  - 10, 0, 10, and 27" 
to  determine the effect of temperature. The effect of 
varying the reactant ratios was determined by reactions 
at  0". The results (overall yields, product ratios) are 
detailed in Table 1. 

(iu) Effect of Reactiot~ Time. Standard reactionsas in iii 
above employing a reactant ratio of 2 :  1 : 1 were carried 
out at  0 and 27". Aliquots of each reaction mixture were 

Stability of Comporrtzds 10 and I 1  Towards AICI, 
(i) A solution of 10 (234 mg, 1 mmol) in CH2C12 (5 ml) 

was added to a suspension of AICI, (1 55 mg, 1 .I5 mmol). 
The mixture was allowed to stand with occasional shaking 
for 1 h at room temperature and was then washed with 
water. Separation of the organic layer, drying, and 
evaporation gave a pale yellow solid (230 mg); p.m.r. 
showed almost totally unreacted 10. 

(ii) Under identical conditions to  i above isomer 11 
yielded a brown gummy material; p.m.r. showed no 
recognizable products. 

(iii) When the reaction described in ii above was 
carried out at On, the material recovered after 1 h was 
mainly unreacted 11, although some decomposition had 
obviously occurred. 

We wish to acknowledge the excellent technical 
assistance of Mrs. M. G. Flack. Our thanks are also due 
t o  Dr. J. A. Walter for measurement of the 13C n.m.r. 
spectra. 
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Les aminochromes rtagissent avec les thiols dans la rigion de p H  3 i 4 pour donner 
principalement les dihydroxy-5,6 indoles thiosubstituCs en position 4 (ou les dihydroxy- 
5,6 indolines correspondant) ainsi que les produits de rtduction (dihydroxy-5,6 indoles 
ou dihydroxy-5,6 indolines). I1 y a aussi quelques Cvidences, dans cet intervalle de p H ,  
pour la formation d'un produit d'addition concernant directement un des groupes 
carbonyles de I'aminochrome. Dans  des conditions quelque peu moins acides (pH 5-6), 
les principaux produits formts initialement sont, en gtntral, des thio-3a dihydro-3a,4 
aminochromes. Ces produits, formts  rtversiblement, sont graduellement remplacts dans  
le n~t lange rtactionnel par les produits indoliques, formts irrtversiblement. La vitesse 
&levee de formation des dihydroxy-5,6 indoles thiosubstituts en position 4 i des pH 
plus bas, est probablement due i une augmentation de la protonation de l'oxygkne d u  
carboxyle C-6. Les thio-3a dihydro-3a,4 aminochromes peuvent &tre formts plus ais6- 
ment i des pH plus ClevEs par une ionisation augmentte du thiol. 

[Traduit par le journal] 
Can. J. Chem.,52, 1019(1974) 

Chemistry of Aminochromes. Part XVIII. The Effects of pH and 
Substituents on some Aminochrome-Thiol Reactions13' 

W. S. POW ELL^'^'^ A N D  R. A. HEACOCK~ 
Clre171i.rr13~ Depcrrrrrrerir, Dtrllrorrsi~ Urrii.er.sily, H(rl(f(r.v, Noiw Scorio tr~rtl 

Arltrf~lic Regiontrl Loborcr1or.v. Nrr~iotrrrl Resenrch Co~~trcil  oj'Cnrrrttlo, Htrlifrr.~, iVoi30 Scoricr 
Received April 5, 1973' 

Aminochromes react with thiols in the p H  range ca. 3-4 to give mainly 4-thiosubsti- 
tuted-5,6-dihydroxyindoles (or the corresponding 5,6-dihydroxyindolines) along with 
reduction products (5,6-dihydroxyindoles or 5,6-dihydroxyindolines). There is also some 
evidence, in this pH range, for the formation of an addition product involving one o f  
the aminochrome carbonyl groups directly. Under somewhat less acidic conditions ( p H  
5-6), however, the major products formed initially are, in general, 3a-thiosubstituted- 
3a,4-dihydroaminochrornes. These products, which are formed reversibly, are gradually 
replaced in the reaction mixture by the indolic products, which are formed irreversibly. 
The increased rate of formation of the 4-thiosubstituted-5,6-dihydroxyindoles a t  lower 
pH's is probably due to the increased protonation of the C-6 carbonyl oxygen. The 3a- 
thiosubstituted-3a,4-dihydroaminochromes may be formed more readily at higher pH's 
due to the increased ionization of the thiol. 

Arninochrornes have been shown to react with 
thiols to  give three major types of products. 
Almost all arninochrornes react with these re- 
agents at intermediate p H  values (pH 4-6) to give 
addition products (i.e. a 3a-thiosubstituted-3a,4- 
dihydroaminochrorne (1, 2)). Arninochrornes 
which have either a hydroxyl or an alkoxyl sub- 
stituent in the 3-position also react with thiols to 
give 4-thiosubstituted-5,6-dihydroxyindoles (3, 
4) and 5,6-dihydroxyindoles (5, 6); with no such 

'For Part XVII, see ref. 2. 
'Issued as NRCC No. 13745. 
3Taken from the Ph.D. Thesis of W. S. Powell, 

Dalhousie University 1972. 
'Holder of NRCC Scholarship (1967-1971). 
'Present address: Dept. of Chemistry, Karolinska 

Institutet, S 104 01 Stockholm 60, Sweden. 
6Correspondence and reprint requests should be sent to 

this author (R.A.H.) at  the Atlantic Regional Laboratory. 
'Revision received November 21, 1973. 

group in this position (e.g. as in the case of 
epinochrorne), 4-thiosubstituted-5,6-dihydroxy- 
indolines and 5,6-dihydroxyindolines are formed 
(7). 

An attempt has been made to determine the 
effects of p H  and of some of the structural fea- 
tures of both the anirnochrorne and the thiol 
upon the overall rates of several arninochrome- 
thiol reactions. This has been done by following 
the decrease in the absorbance at ca. 490 nm, due 
to the aminochrorne, in the visible region of the 
spectrum of the reaction mixture. The absorb- 
ances were then plotted against the reaction time 
and the half times of the reactions were de- 
termined. The reciprocals of the half times were 
plotted against the pH of the reaction mixture 
for each of the reactions investigated (see Figs. 1 
and 4). The absorbances of the reaction mixtures 
in the region of 360 nrn due to the addition prod- 
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ucts were also measured as the reactions pro- 
gressed. Since these compounds (i.e. the addition 
products) have never been isolated (other than 
as their arylhydrazone derivatives (1, 2)) it was 
impossible to determine their actual concentra- 
tions in the reaction mixture. 

All the reactions were carried out with a ratio 
of thiol to aminochrome of 2: 1 in the p H  range 
2.7-5.9. At p H  values lower than this, dark 
colored insoluble products, probably melanins, 
are formed and at higher pH's aminochromes 
undergo a rearrangement reaction (cf. ref. 8). A 
ratio of thiol to aminochrome of 2: 1 was chosen 
in order to minimize the effects due to competing 
reactions (e.g. rearrangements of the amino- 
chromes) and to optimize the conditions for the 
aminochrome-thiol reactions. 

It can be seen from Fig. 1 that the reaction be- 
tween adrenochrome (1) and N-acetylcysteines 

I = 1-~sopropylnoradrcnochromr 

A = AdTenOcllrome 

E  = Epinocbrome 

An = AdrcnOchr~mc methyl e t h e r  

NAC = x - a c e t y l c y s t c i n c  

GSil  = G l u t a t h i o n e  

FIG. 1. Effect of p H  upon the reciprocals of the half 
times of some aminochrome-thiol reactions. The concen- 
trations of the reactants were increased fourfold in the 
case of the epinochrome-N-acetylcysteine reaction. 

8N-Acetylcysteine was used in these studies, instead of 
the simpler thiol cysteine, after preliminary experiments 
had shown that very complex mixtures of products were 
obtained by the interaction of cysteine with the arnino- 
chromes studied. This may have been due to  additional 
reactions involving the amino group of cysteine, leading 
to the formation of more complex cyclic structures (cf. 
refs. 9, 10). 

is slowest in the p H  range 4.0-4.5, but is faster a t  
either lower (i.e. p H  3 4 )  or higher pH's (i.e. p H  
5-6). At low pH's the peak due to adrenochrome 
(1) at 301 nm was replaced by a peak at 308 nm 
(see Fig. 2), probably due mainly to 4-S-(N- 
acetylcysteiny1)-5,6-dihydroxy-1-methylindole (2) 
(cf. ref. 11) along with some 5,6-dihydroxy-1- 
methylindole (3). An extract containing the acid 
fraction of the reaction mixture, which consisted 
mainly of 2 along with N-acetylcysteine and its 
disulfide(i.e. N,N'-diacety1cysteine)also exhibited 
a A,,, at 308 nm in aqueous solution (4. ref. 1 I). 

An addition product (or products) appeared to 
be formed fairly rapidly in the initial stages of the 
reactions carried out at lower pH's, but after 
about 4 min its concentration began to decline 
(see Figs. 2 and 3). This was presumably due to a 
shift in the equilibrium caused by the removal of 
adrenochrome (1) as a result of the irreversible 
formation of 2 and 3. This addition product is 
probably not identical to that (i.e. 4) which is 
formed at higher pH's (cf. refs. 1, 2) since the 
A,,, of the former compound i s  in the region of 
376 nm (when the reaction was carried out at p H  
2.80) whereas the A,,, of 4 was found to be 357 
nm (see Table 2). It is unlikely that the A,,, value 
of the addition product 4 would undergo a 
bathochromic shift of this magnitude due to the 
low p H  of the reaction mixture, since no such 
shift is observed in the spectrum of sodium 3a,4- 
dihydroadrenochrome-3a-sulfonate (i.e. the ad- 
renochrome - sodium bisulfite addition product 
(5)) in acidic solutions. 

Although the structure of the second type of 

, 
300 360 420 480 540 

WAVELENGTH (nrn) 

FIG. 2. Ultraviolet-visible spectra of adrenochrome 
(A) and the products of the adrenochrome-N-acetylcys- 
teine reaction (pH 2.8) after 4 min and  after 35 min. 
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POWELL AND HEACOCK: AMINOCHROMES. XVlII 

TIME i m ~ n  I 

FIG. 3. Absorbances (corrected for adrenochrome absorption) of the addition product(s) us. reaction time for the 
reactions between adrenochrome and N-acetylcysteine at various pH's (see Experimental section for details of pro- 
cedure) (AAp = corrected absorbance of addition product). 

2 Rl  = Me; Rz = H 
11 R1 = isoPr; R2 = H 
21 R1 = H;  R 2  = Me 

4 R1 = Me;R2 = H ; R 3  = OH 
15 R1 = Me; R, = H; R3 = 0Me3 
19 R1 = Me; Rz = H ;  R3 = H 
23 R1 = H;  R2 = Me; R3 = OH 

I 

Rl 

7 R1 = Me; RZ = H ;  R3 = OH; R4 = CH2CH(NHAc)COOH 
13 R1 = isoPr; R2 = H ;  R3 = OH; R4 = CHZCH(NHAc)COOH 
16 R1 = Me; R2 = H ;  R3 = OMe; R4 = CH2CH(NHAc)COOH 
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addition product has not yet been established 
with certainty, the following arguments suggest 
that  it may be formed by addition of the thiol to 
the C-5 carbonyl group of the aminochrome. 
Addition of the thiol to C-7a is unlikely since this 
carbon is part of a vinylogous amide system. 
Moreover, addition products are not formed 
with 4-methyladrenochrome (6), the 4-methyl 
group of which would not greatly influence the 
reactivity of the 7 a  carbon atom. Addition t o  
C-7 would be expected to lead to the formation 
of a 7-thiosubstituted-5,6-dihydroxyindole. Such 
products d o  not appear to be formed in amino- 
chrome-thiol reactions (3). Addition to either 
C-3a or C-4 can be eliminated since the products 
formed by such reactions have already been iso- 
lated and identified. This leaves the C-5 and C-6 
carbonyl groups as the only possible points of 
attack by the thiol. Since C-6 is also part of the 
vinylogous amide system, addition at  this posi- 
tion is unlikely. As a result of the above process 
of elimination C-5 remains the most likely posi- 
tion where addition could have occurred. 

8 

This conclusion is supported by the fact that 
4-methyladrenochrome (6) reacts extremely slow- 
ly with N-acetylcysteine a t  all the p H  values in- 
vestigated (cf. ref. 3). N o  product having a hqax 
value in the range 370-380 nm could be detected, 
as would have been expected (if addition had 
occurred a t  the C-5 carbonyl group) due to the 
proximity of the C-4 methyl group. The second 
type of addition product may therefore be the 
mercaptal 7, the formation of which would be 
acid catalyzed (cf, ref. 12).9 

The acceleration of the reaction rate at  lower 
pH's would appear to be largely due to a n  in- 
crease in the rate of formation of the indole 
thioether 2. This can be explained by an increase 
in the concentration of the conjugate acid 8, 
although this species would only be present in 
very low  concentration^'^ it would be much more 

gThe formation of the more stable mercaptal from the 
unstable hemimercaptal requires a lower p H  than the 
formation of the hemimercaptal from the ketone (cf. ref. 
12). 

''The u.v.-visible spectrum of adrenochrome (1) and of 
other aminochromes does not change appreciably in the 
p H  range investigated. 

VOL.  5 2 ,  1974 

reactive than the unprotonated form 1. The posi- 
tive charge at C-4 would be considerably greater 
in 8 than that o n  the corresponding carbon atom 
in the unprotonated species 1,  thus the rate o f  
formation of the  4-thiosubstituted-trihydroxyin- 
doline 9 would be enhanced. 3,5,6-Trihydroxy- 
indolines of this type are known to dehydrate t o  
the corresponding 5,6-dihydroxyindoles very 
readily (cf. ref. 8) and in the case of 9 this ten- 
dency would be increased by the electron 
donating thiol substituent. This dehydration re- 
action (i.e. 9 + 2) would also be  acid catalyzed 
(see Scheme 1). 

Under less acidic conditions (i.e. p H  5-6), 
however, the peaks due to  adrenochrome (1) a t  
301 and 489 n m  were supplanted by a peak a t  
357 nm, due t o  the formation of the addition 
product 4 (cf, ref. 2). Although this product was 
eventually replaced in the reaction mixture by 
the indolic products (h,,, 310 nm) its lifetime 
under these conditions was much longer than 
that of the addition product which was produced 
in more acidic solutions (see Fig. 3). This is pre- 
sumably due t o  the much slower rate of forma- 
tion of the indole thioether 2 under less acidic 
conditions. The increased rate of  disappearance 
of adrenochrome (1) which is observed in this 
p H  range (see Fig. 1) would thus appear to  be 
almost completely due to an enhancement in the 
rate of formation of 4. This may be explained by 
the greater degree of ionization of the thiol a t  
relatively higher p H  values." Since the degree of 
protonation of the  C-6 carbonyl group would be 
very small under these conditions, the rate of 
formation of 2 would be much reduced. In sum- 
mary it can be postulated that the  formation of 
the 4-thiosubstituted-5,6-dihydroxyindole deriv- 
ative (i.e. 2) at low p H  values involves attack of 
the thiol on the protonated aminochrome, which 
is more reactive in the 4-position than in the 
3a-position. Formation of the addition product 
(i.e. 4) at  higher p H  values, on the other hand, 
involves interaction of the thiol with the un- 
protonated aminochrome which is more reactive 
in the 3a-position than in the 4-position. 

The effect of pH upon the overall rate of the 
reaction between adrenochrome and glutathione 
(GSH) was found to  be quite similar to that 

"The attacking species would almost certainly be RSH 
at low pH's (i.e. 3-4) but at higher p H  values (4 or 5-6) it 
may be RS-, which, although present in very low con- 
centrations, would be much more reactive than the union- 
ized thiol. 
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POWELL AND HEACOCK: AMINOCHROMES. XVIII 

OH OH 

12 R I  = isoPr; R, = H; R, = O H  
18 R1 = Me; R2  = H ;  R, = H 
25 R1 = H; R2 = Me; R 3  = OH 

TABLE 1. The h,,, values and extinction coeflicients in 
the visible spectra of aminochromes in 0.1 M citrate 

buffer ( p H  2.7-6.0)* 
- 

Aminochrome hmax (nm) E 

Adrenochrome (1) 489 41 70 
1-Isopropylnoradrenochrome (10) 495 4300 
Adrenochrome methyl ether (14) 49 1 4270 
Epinochrome (17)t 476 4070 
2-Methylnoradrenochrome (20) 488 3490 

- 
*No changes were observed in the spectra of  these arninochrornes 

in the p H  range under investigation. 
tSpectrurn in 0.25 M citrate buffer. 

which was observed for the adrenochrome-N- 
acetylcysteine reaction (see Fig. 1). The rate was 
minimal at a pH  of ca. 4 and was faster at pH  
values both above and below 4. Adrenochrome 
reacted more slowlv with GSH than with N- 
acetylcysteine at all the pH's investigated, prob- 
ably due to the greater bulk of the GSH mole- 
cule. The addition product (4: 7) was formed to 
a lesser extent with GSH and the A,,, observed 
for the addition product at low pH's was only 
6 nm higher than that observed for the addition 
product formed at higher pH's (see Table 1). 
This may indicate that a greater proportion of 
the addition product formed at low pH's in the 

adrenochrome-GSH reaction is the one involv- 
ing the 3a-carbon of adrenochrome (cf. 4), rather 
than the second type of addition product (cf. 7) 
which is formed in the reaction between adreno- 
chrome and N-acetylcysteine. The formation of 
the mercaptal would be expected to be more sen- 
sitive to the bulk of the thiol than that of the 
3a-thiosubstituted addition product, since forma- 
tion of the former involves the addition of two 
thiol molecules. The increase in the overall re- 
action rate at higher pH's was due to  an increase 
in the rate of formation of the addition product 
involving the 3a-carbon of adrenochrome (cf. 4). 
The rate of formation of this compound increased 
with increasing pH in the range investigated and 
apparently does not form optimally at a pH of 
ca. 4.7 as had been reported earlier (13). 

Adrenochrome reacted very slowly with thio- 
glycollic acid in the p H  range 2.8-5.9 at the con- 
centrations employed (i.e. 1 x l ou2  M adreno- 
chrome and 2 x l o p 2  M thioglycollic acid) and 
the half times could not be readily determined. 
The slower reaction rate at lower pH's is prob- 
ably due to a decrease in the nucleophilicity of 
the thiol group in thioglycollic acid due to the 
electronegative effect of the a-carboxylic acid 
group. At higher pH's, on the other hand, 
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ionization of the thiol group would be repressed 
by the proximity of the ionized carboxyl group.12 

The reaction between l-isopropylnoradreno- 
chrome (10) and N-acetylcysteine was consider- 
ably faster than that of adrenochrome (1) with 
this thiol, especially at low pH's (see Fig. 1). This 
is probably due to an increase in the rate of for- 
mation of the 5,6-dihydroxyindole thioether 11. 
This may be due to the relief in the steric inter- 
action between the 1-isopropyl group and the 
7-proton which would occur in going from the 
planar vinylogous amide system of the amino- 
chrome to the tetrahedral nitrogen of the thio- 
substituted indoline 12. This relief would be 
greater in the case of 10 than with adrenochrome 
(1) which has a 1-methyl group rather than a 
1-isopropyl group. An alternate explanation of 
the increased reactivity of 10 could be the poorer 
solvation of its amino group. Thus the conversion 
of 10 to the thiosubstituted indoline 12 with its 
uncharged amino group would be more favor- 
able than the conversion of an aminochrome 
with a more highly solvated amino group to the 
corresponding indoline. A compound (cf. 13) 
analogous to the addition product (cf. 7) formed 
between adrenochrome (1) and N-acetylcysteine 
at low pH's was also observed when the reaction 
between 1-isopropylnoradrenochrome (10) and 
N-acetylcysteine was carried out a t  similar p H  
values. 

Adrenochrome methyl ether (14) reacted much 
more rapidly with N-acetylcysteine at lower pH's 
than did adrenochrome (I), but much more 
slowly at higher pH's due to an increase in the 
rate of formation of the indole thioether 2 and a 
decrease in the rate of formation of the addition 
product 15. It is rather difficult to  explain the 
increased rate of formation of 2 in this case. The 
decrease in the rate of formation of 15 would be 
due to the steric interaction between the attack- 
ing thiol molecule and the methoxyl group. There 
was also evidence for the formation of the second 
addition product (cf. 16) at low p H  values. 

The reaction between epinochrome (17) and 
N-acetylcysteine was much slower than the one 
involving adrenochrome (1) and consequently 
the concentrations of both the aminochrome and 
the thiol had to be increased fourfold to obtain 
meaningful results. The formation of the indoline 

12The pK, values for the -SH groups of thioglycollic 
acid, glutathione, and N-formylcysteine are 10.4, 8.65- 
8.93, and 9.5, respectively (cf. ref. 14). 

VOL. 52, 1974 

R 3  

10 R1 = isoPr; R2 = H ;  R 3  = OH 
14 R1 = Me; R2 = H ;  R 3  = OMe 
17 R1 = Me; R2 = H ;  R 3  = H 
20 R1 = H ;  R 2  = Me; R 3  = OH 

thioether 18 would be less favored since the 
partial positive charge on the 4-carbon atom of 
epinochrome would be reduced due to: (a) the re- 
placement of the electronegative hydroxyl group 
by a proton and (6) the greater hyperconjugative 
effect of the C-3 methylene group. The formation 
of the addition product 19 would be less favored 
due to a decrease in the partial positive charge on 
the 3a-carbon atom, which can also be explained 
by theeffect of theC-3 methylenegroup ashas been 
discussed above. The unfavorable electronic ef- 
fects caused by the absence of the hydroxyl (or al- 
koxyl) group in the 3-position of epinochrome 
wouldappearto outweigh theadvantageof thelow 
steric effect of the 3-methylene group of this 
compound. 

2-Methylnoradrenochrome (20) reacts with N- 

FIG. 4. Effect of p H  upon the reciprocals of the half 
times of the reactions between (a) adrenochrome and (b) 
2-methylnoradrenochrome with N-acetylcysteine. 2-AMN 
= 2-Methylnoradrenochrome; A = Adrenochrome; 
NAC = N-acetylcysteine. 
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POWELL AND HEACOCK: AMINOCHROMES. XVIII 

TABLE 2. The h,,, values of the addition products formed in some 
aminochrome-thiol reactions at various pH's 

- 

Reaction pH h,,, (nm) p H  h,,,,, (nm) 

'The concentration of the reactants were increased fourfold in this case. 

Adrenochrome methyl ether- 2 .74 3 74 4 . 7 0  365 
N-acetylcysteine 3.38 3 74 5 .30  362 

4.08 370 5 .93 361 

Epinochrome-N-acetylcysteine* 2.71 365 (sh) 
4.28 360 (sh) 
5.42 360 (sh) 

acetylcysteine much more rapidly in the p H  range with this thiol. Although the vinylogous amide 
covered by this investigation than any other system of 20 (which contains a secondary nitro- 
aminochrome studied (see Fig. 4). The major gen atom) would be protonated less readily than 
product was quite soluble in aqueous sodium those of the other aminochromes studied (which 
bicarbonate but could be extracted from acid contain tertiary nitrogen atoms), the reactivity of 
solution by ethyl acetate, suggesting that it con- the protonated species 24 would be greater than 
tained a free carboxylic acid group. It behaved those of the other protonated aminochromes. The 
like an indole and a phenol with chromogenic positive charge on the nitrogen of 23  would be 
reagents (positive reactions with Ehrlich's and relatively greater, leading to a greater partial 
Gibb's reagents and the Folin-Ciocalteu reagent) positive charge on the 4-carbon and therefore to 
and had a A,,, at 310 nm with a shoulder at an increase in the rate of formation of 25, which 
300 nm. It would appear therefore, that this would immediately lose the elements of water to 
product is4-S-(N-acetylcysteiny1)-5,6-dihydroxy- give 21. 
2-methylindole (21). A small amount of the re- 
duction product, 5,6-dihydroxy-2-methyindole 
(22), was also produced. This was identified on HO O&Me -N 
the basis of the similarity of its U.V. spectroscopic, I 
chromatographic, and chemical properties with 

H 

those of the ether soluble product of the reaction 24 

between 20 and ascorbic acid. An addition prod- Experimental uct (i.e. 23) (h,,, 357 nm) was produced at 
I 

higher pHYs but was 11' Gzr",!-,ochrome (IS), 4-methy]adrenochroma (16), 
The for the the 20 adrenochrome methyl ether (17), l-isopropylnoradreno- 
with N-acetylcysteine is the increase in the rate of chrome (17), epinochrome (7), 2-methylnoradrenochrome 
formation of the indole thioether 21. I t  is some- (18), and sodium 3a,4-dihydroadrenochrome-3a-sulfonate 
what difficult to explain the observed magnitude (19) were prepared by methods described in the literature. 

The u.v.-visible absorption spectra were measured on a of the increase in the rate of reaction of this Beckman DK-2 recording spectrophotometer and the pH 
1 aminochrome with N-acet~lc~steine over the values were determined using a Fisher Accumet 320 ex- 

rates of the reactions of N-alkylaminochromes panded scale research p H  meter. 
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Rate Studies 
All reactions were carried out in duplicate in a water 

bath maintained at 27". The aminochrome mol) 
was dissolved in 0.1 M citrate buffer13 (5 ml) a t  the re- 
quired pH. A solution of the thiol (2 x mol) in 0.1 
M citrate buffer (5 ml) a t  the same p H  was immediately 
added. Aliquots (0.5 ml) were taken from the reaction 
mixture at various time intervals and were diluted to 50 
ml with the corresponding buffer. 

For  the experiments with epinochrome, however, the 
concentrations of epinochrome and of N-acetylcysteine 
were greater by a factor of four and 0.25 M citrate buffer 
was used. Aliquots (0.125 ml) were taken from the re- 
action mixture and were diluted to 50 ml with buffer. 

The absorbances of the diluted samples a t  the h,,, of 
the aminochrome (ca. 490 nm) and a t  the h,,, of the 
addition product (ca. 360 nm) were measured as quickly 
as possible. The h,,, and extinction coefficient in the 
visible spectrum of each of the aminochromes investigated 
were found not to change noticeably with respect to  the 
pHof  the solution within the range studied. Consequently, 
for each aminochrome, the same value could be used in 
the calculation of its concentrations a t  different pH's (see 
Table 2). 

The I,,, values for the addition products were de- 
termined by carrying out a preliminary reaction a t  each 
p H  and scanning the spectra of the samples diluted a t  
varying time intervals. The h,,, values found for the addi- 
tion products formed in each of the reactions at different 
pH's are given in Table 2. The absorbance for each of the 
addition products a t  its h,,, was determined by subtract- 
ing the absorbance due to  the unreacted aminochrome at 
the corresponding wavelength from the total absorbance 
a t  that wavelength. This correction was only significant 
in the early stages of the reaction. 

The half times of the reactions were determined by 
plotting the concentration of the aminochrome in the 

I3The decomposition of each of the aminochromes 
studied, in buffer alone a t  every p H  investigated, was 
found to be sufficiently slow so as not t o  compete with 
the reaction of the aminochrome with the thiol. 

reaction mixture against the reaction time and determin- 
ing the time a t  which the aminochrome concentration was 
equal to  one half of its original value. 
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COMMUNICATIONS 

The Isolation of an Episelenurane from the Reaction of 4-Tolueneselenenyl 
Chloride with Ethylene' 

DENNIS G. GARRATT A N D  GEORGE H. SCHMID 
Depcrrtrner~t of Clzert~istry, University of Toror~to,  Torc~r~to.  CJrrtr~r.io h15S / A /  

Received November 19, 1973 

The structure of the first product from the addition of 4-tolueneselenenyl chloride t o  
1-90% '"C ethylene in methylene chloride or chloroform has been assigned as l-chloro- 
1-(4'-tolyl)selenocyclopropane ( 1 )  on the basis of its n.m.r. and c.m.r. data. In par- 
ticular the chemical shifts and '"C-"Se spin-spin coupling constants serve to distinguish 
it from its isomer 2-chloroethyl 4-tolyl selenide (2)  which is slowly formed from 1. 

En se basant sur les spectres r.m.n. du proton et du "'C on attribue la structure chloro-1 
(tolyl-4')-1 sbl6nocyclopropane (1)  au premier produit qui se forme lorsque le chlorure d e  
p-tolu&nesClCnyle est additionne i de I'Cthyltne (contenant 30% de '"C en position 1 )  
en solution dans le chlorure de  mkthyltne ou le chloroforme. On utilise en particulier 
les dCplacements chimiques et les constantes de  couplage spin-spin 'T-"Se pour dis- 
tinguer le premier produit de son isomkre le sClCnure de chloro6thyl-2 et de tolyl-4 (2)  
qui se forme lentement B partir de 1. [Traduit par le journal] 

Can. J. Chem., 52, 1027(1974) 

The addition of 4-tolueneselenenyl chloride to 
ethylene in methylene chloride or chloroform at 
25" in an atmosphere of anhydrous, deoxygenated 
nitrogen yields quantitatively the 1 : 1 adduct 1 as 
a fine white powder, m.p. 103" (dec.) (Anal. 
Calcd. for C,Hl ,SeCl: C, 46.28 ; H, 4.75. Found : 
C, 46.25 ; H, 4.57), mol wt 234 by electron impact 
and chemical ionization. Upon standing for a 
few days at 25" 1 isomerizes to 2, a tan solid, m.p. 
35" (dec.) (Anal. Found: C, 46.32; H, 4.45). The 
structures of 1 and 2 have been assigned as 
1-chloro-1-(4'-tolyl)selenocyclopropane and 2- 
chloroethyl4'-tolyl selenide, respectively, on the 
basis of the n.m.r. data in Table 1. 

C H I ~ S ~ C I  + HIC=CH2 + 

'Organo selenium chemistry, Part 11. For  Part I, see 
ref. 9. 

The p.m.r. spectrum of 2 is almost superim- 
posable on that of 2-chloroethyl4'-tolyl sulfide in 
accord with previous results (1). This firmly esta- 
blishes that 2 is the selenium analog of the usual 
arenesulfenyl chloride adduct to  alkenes (2). The 
methylene protons of 1 appear as a tightly coupled 
AA'BB' system in contrast to  the two distinct 
groups observed in 2 which arise from protons 
adjacent to chlorine or selenium. In  general the 
chemical shifts of the protons in 1 are deshielded 
relative to those in 2. These downfield shifts are 
consistent with oxidation of Se" t o  Se'" (3). A 
similar result is found by comparing the 13Cn.m.r. 
spectra of 1 and 2. 

Further structural information is available 
from the 13C-77Se spin-spin coupling constants 
obtained from the spectrum of a sample of 1 pre- 
pared from 1-90% 13C ethylene. Both methylene 
carbons of 1 show 13C-77Se spin-spin coupling 
while 2 shows 13C-77~e coupling only for the 
carbon attached to  selenium. No 77Se-C-1 3C 
coupling is observed. This result strongly supports 
the cyclic structure of 1. 

The 13C-H spin-spin coupling constants are in 
accord with the proposed structures of 1 and 2. 
The magnitude ofJ,-. for the carbon attached to 
Se in 2 is quite similar to those of reported acyclic 
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TABLE 1. Calculated n.m.r. chemical shifts and coupling constants for I-chloro-1-(4'-tolyl)selenocyclopropane 
and 2-chloroethyl 4'-tolyl selenide* 

Chemical shifts 

Compound 614 6,. SH(A~)  SH(CH,) SC Sc. Spin-spin coupling constants (Hz) 

Ar H2'i\ se / 
4.37 4.53 7 .89  2 . 4 0 , s  65.20, 38.06, Js~c~+59.25;Js.c~,+.18.~4;Jcc~37.25;Jcs~c,13.84; 

7.38 t(t) t(t) -'H(A.), 9 . 0  

H2c/ ' CI 
AA'BB' A2B2 JCH. 152.03; JC~H, ,  155.23; JCC.H, 3.18; JC.CII, 4.38; 

JHH-, 8 . 0 ,  4 .5 ,  1.5 

AA'BB' JCH, 145.55; JcH*, 1 5 5 . 6 0 ; J ~ ~ , ~ . ,  4.22, 6.84; 
Jc,cH, 4.80, 7.80 

'Chemical shifts S p.p.m. relative lo TMS; s = singlet, t = triplet, dd = doublet o f  doublets; t(t) = Jw,,.,,I.,. J c c ~ .  , ,I .I~, .  

selenides (4). For example (CH,),Se, 140.3; 
CH,SeH, 142.7; and (CH,),Se+ 145.8 Hz. Simi- 
larly the value of JcH for the carbon bonded to 
chlorine is of the normal magnitude. The simi- 
larity of the values of Jc-, for both carbons in 1 
rules out an acyclic structure. The increase in the 
value of Jc-, for carbons bonded to selenium in 1 
relative to the one in 2 is consistent with the 
change of oxidation state of the selenium in 2 as 
can be seen from the relative magnitudes of JC-, 
in the S, Se, and P analogs. For example (CH3),S, 
138; (CH3),S+, 146 Hz; and P(CH,), 127; 
P+(CH,), 134 Hz (5). 

It is thus our belief that this data is in agreement 
with a cyclic structure for 1, which contains non- 
equivalent positions in the three-membered ring. 
On the basis of the known stereochemistry about 
selenium in SeIV compounds (6), the structure of 1 
may be tentatively assigned as a triagonal bi- 
pyramid. If the assumption is made that those 
factors which govern the stability of isomeric 
trigonal bipyramidal phosphoranes (7) are also 
applicable for selenuranes the three-membered 
ring will prefer to span an apical-equatorial posi- 
tion and the electronegative chlorine atom the 
remaining apical position. 

The results reported here suggest that in the 
analogous addition of arenesulfenyl chlorides to 
alkenes, an episulfurane may be the first formed 
intermediate. Evidence for such an intermediate 
has recently been claimed (8). 
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Infrared spectra of polycrystalline K2CuCI,.2H,0 at  different degrees of deuteration 
were recorded, between 4000 and 300 cm-', at temperatures from -160 to 90 "C. The 
spectra confirm the existence of only o?e crystallographically distinct type of water 
molecule in the structure, on sites of symmetry C?,.. Vibrational coupling of the bending 
fundamentals of the water molecule has been analyzed in detail. It is shown that the 
existence and magnitude of such coupling may be used to predict, from the spectrum of 
a hydrate, the manner in which a water molecule participates in the crystal structure. 
The structure and the vibrational spectra of K,CuC1,.2H20 are compared with those of 
the closely related CuCl2.2H-O. 

Les spectres infrarouges de KzCuClr.2H.O ont kt6 enregistres entre 4000 et 300 cm-' 
h difftrentes temperatures et difftrents degrts de deuttration. Ces spectres confirment 
I'existence, dans la structure cristalline de ce compost, d'un seul type distinct de rnol6cule 
d'eau sur des sites de symttrie CW. L'analyse dCtaill6e du couplage vibrationnel des 
dtformations fondamentales de la molecule d'eau a Ct6 realishe. L'existence et I'ordre d e  
grandeur d'un tel couplage peuvent servir B prevoir, i partir du spectre de I'hydrate, d e  
quelle manikre la molCcule d'eau participe i la structure cristalline. On compare l a  
structure et les spectres vibrationnels de K,CuC1,.2HZO avec ceux du compost apparent& 
C~Cl2.2H20. 

Can. I. Chem.. 52. 1029(1974) 

Potassium tetrachlorocuprate(I1) dihydrate 
(PTD), K2CuC14.2H20, is the best known 
member of the isostructural series of tetragonal 
compounds M,CuX4.2H2O, where M = K, 
NH,, Rb, Cs and X = Cl or Br (1-3). It occurs 
also in nature as the mineral mitscherlichite. The 
crystal structure o f  PTD has been determined 
both by X-ray (I, 2,4) and neutron (5) diffraction 
(Table 1, Fig. I), and there are also n.m.r. studies 
(1 1-13). The water molecules in PTD are all 

'NRCC No. 13375. 
'Summer student assistant in 1968 and 1969. 

crystallographically equivalent and occupy sites 
of the undiminished symmetry of the free water 
molecule, C,,. 

In the structure of PTD the nearest neighbors 
of each Cu atom (B, Fig. 1) are two Cl(1) atoms 
(C, D) at ca. 2.28 A and the oxygen atoms 
(C, D) of two water molecules at ca. 1.97 A. The 
resulting coordination groupings CUCI(I)~(H,- 
O), of symmetry mmm are arranged in a linear 
chain located in a vertical mirror plane which 
also contains the Cl(2) atoms (A, B). The chains, 
which are parallel to the c axis, are not cross- 
linked by "short bonds"; their positions relative 
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C A N .  J .  CHEM. VOL. 5 2 ,  1974 

FIG. 1 .  Projection of a portion of the crystal structure of K2CuCI,~2H20 (as reported in ref. 5) on the 100 (top) 
and 001 (bottom) planes. The fractional coordinates have been multiplied by 1000. Atoms with coordinates as listed in 
Table 1 are labelled A (A' when in a neighboring unit cell); atoms in positions derived from A by symmetry oper- 
ations are labelled B, C etc. The distances and angles are not corrected for thermal motion. 
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THOMAS ET AL.: I.R. STUDIES OF WATER 

FIG. 2. Projection of a portion of the crystal structure of CuCIZ.2H,0 (as reported in refs. 6 and 8) on the 001 
(A) and 010 ( B )  planes. The projection in Cis essentially along CID-OD-CI"' of B. The coordination of the Cuatom 
in KZCuC1,~2Hz0 is shown for comparison (D); the projection is along the C1(2)D-OD-C1(2)C section of Fig. 1 
(bottom). In C the uncorrected distances and angles are based on positional and lattice parameter values of ref. 8 
(Table 1). 

to one another are shown in the xy projection of The trigonal coordination of the water mole- 
Fig. 1. The smallest interatomic distance between cule, C1(2)2A~B-H2G~HOD-C~B (Fig. 2D), and 
chains is Cu-C1(2), ca. 2.90 A, the two Cl(2) the arrangement of atoms within the planar 
atoms C and D at z = 3 completing the coordi- chains are remarkably similar to those in CuCI,. 
nation octahedron C ~ C l ( l ) ~ C 1 ( 2 ) ~ 0 ~  about the 2H,O (CCD; the mineral eriochalcite) (Fig. 2C). 
Cu atom. In CCD the chains are not completely planar, 
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1032 CAN.  J .  CHEM. VOL.  52 ,  1974 

TABLE 1. Positional parameters and site symmetries of atoms in K2CuC14.2H20 
(neutron diffraction, ref. 5) and CuCI2.2H2O (neutron (6) and X-ray (8) diffraction) 

Atom Equipoint Site symmetry x Y z 

K2CuCI4.2H2O* (P4,/mnm, No. 136) 
mmm 

4 

CuC12.2H20t (Pbmn,$ No. 53) 

2/m 0 0 
m 0.2402 0 

0.2402(2) 0 
2 0 0.2390 

0 0.2408(4) 
1 0.0822 0.3065 

* Z  = 2; a = 7.477(13) A, c = 7.935(19) A (5); a = 7.454(1) A, c = 7.909(1) A (7). 
tZ = 2; a = 7.440(14) A. b = 8.126(16) A c = 3.764(10) A.  These are the lattice parameters (with twice the un- 

certainty quoted by the author) used in ref.'8 to calculate interatomic distances and bond angles. It i s  not clear 
whether the values used for this purpose by Peterson and Levy (6) were those o f  ref. 9 or o f  ref. 10, both o f  which 
are significantly smaller than those o f  ref. 8. In particular, they lead to an (uncorrected) Cu-0 distance about 0.02 A 
shorter than the values o f  ref. 8. 

$This is the setting used in ref. 6. The tabulated standard setting Pnina used by Engberg (8) has been converted to 
Pbnin for convenience o f  comparison. 

consistent with the lower site symmetry of the 
oxygen atom (Table 1), but the deviation from 
planarity is slight (Fig. 2B).3 The main difference 
between the dimeric groupings in the two com- 

C1 . . . . 
H' H 
/ \ 

- C u - 0  
\ 

. . 
Fu- 

H H . . 
'rl' -* 

pounds appears to be in the (uncorrected) 
H . . . C1 distance, which is 2.16(4) A in PTD and 
2.26 A in CCD, and in the 0-H-Cl angle, ca. 
175" in PTD and ca. 170" in CCD (Fig. 2 C, D). 
The other distances and angles are the same 
within the limits of the experimental accuracy.4 

Such planar chains are also a common feature 
of the crystal structures of MX2 . 2 H 2 0  dihalides 

of the first transition-element series. In the 
Mn-CI (IS), Mn-Br (16), Fe-Cl(1 S), Co-C1 
(17, 18), Co-Br (16), and Cu-F (19) members 
of the isostructural (C2/m) series the chains are 
of the type present in CCD; a less symmetric 
arrangement exists in NiCl, - 2 H 2 0  (20). The 
variations, with M, in the two (unequal) M-X 
distances and in the M-0 distance appear to  
reflect the 3d-orbital occupancy in the M atoms. 

The similarity of the surroundings of the 
water molecule in these dihydrates and its 
participation as  a link in the planar chains lends 
special interest to the study of the vibrational 
frequencies of H 2 0  in these structures. Owing t o  
their high crystallographic symmetry, PTD and 
its isostructural cognates are particularly suited 
for a detailed analysis. The full symmetry of the 
free water molecule is retained in these structures, 
and the vibrational coupling between equivalent 
water molecules can be expected to be very 
simple, all the water molecules in the unit cell 

'The angle of inclination the H-H vector makes with being of the same type and each related to the 
the a axis (38.5" (6), Fig. 28)  agrees with the value others by several symmetry operations. Investi- estimated from n.m.r. measurements (1 1, 12). 

4There are significant differences between the two sets gation of the effective range inter- 
of unit-cell dimensions for PTD, and likewise actions within and between the planar chains is 
f 0 r . c ~ ~  (cf. Table 1). Proper attention will have to be thus not ruled out from theoutset by complexities 
paid to the factors responsible for this variation (cf. ref. 8) of the experimental spectra, which is important 
if a closer comparison of bond distances and angles is to for an of the ' ~ ~ ~ ~ i ~ ~ l ~  situation 
be made, the variation being a major source of un- 
certainty in these quantities. The same probably applies in these structures. 
to the other MX2.2H,0 compounds. The Raman spectra of CCD and PTD have 
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THOMAS ET AL.: I.R..STUDIES OF WATER 1033 

been studied by several authors (21, 22), as have 
their far-infrared spectra (23-27). Fifer and 
Schiffer (28-30) have reported the mid-infrared 
spectra of CCD at different degrees of deutera- 
tion. We have now examined the mid-infrared 
spectra of unoriented polycrystalline PTD, with 
particular attention to the spectrum of isotopi- 
cally dilute H20 ,  HDO, and D,O, to see how 
much of the information of interest in the above 
context can be obtained from this type of 
spectroscopic e~ idence .~  

darken to brown-black and their i.r. spectra show 
features different from those observed with PTD mulls. 
Here the color change is undoubtedly due to  chemical 
interaction and seems to be common to C u 2 +  in the 
presence of solid KBr; the color of KCuBr,, for example, 
ranges from red to  black. This has been observed for 
other cupric salts (32), and we have had a similar ex- 
perience with CuS04.5H20.  

Spectra were recorded on a Perkin-Elmer model 521 
spectrophotometer from 4000 to 350 cm-'  for KC1 
pellets and to 300 cm-' for Nujol mulls, at 30 and 
- 160 "C; a few were recorded also at 90 "C. Lowering of 
temperature caused a considerable narrowing of most 
bands, but no new bands appeared. Frequency shifts 

Experimental were very small, averaging about f0 .02 cm-' deg-' for 
the bending and only about f 0 . 0 1  cm-' deg-' for the 

of PTD were as in refs' and 2' by stretching fundamentals. The frequencies quoted in the 
allowing an aqueous solution of stoichiometric quantities text are for 30 "C. of KC1 and CuC12.2H20 (Mallinckrodt, analytical The approximate H:D ratio was determined from the grade) to evaporate at room temperature. The turquoise integrated intensities of the bands in the OH and OD crystals, which appeared after 3 days, were authenticated stretching regions (cf. ref. 33). 
by their X-ray powder diffraction pattern and their i.r. 
spectra were recorded using ~ u j o l - m u l l  and KC1 pellet 
techniques. No differences were observed between the 
spectra of mulls and pellets, o r  between the spectra of 
different samples of PTD, including a commercial 
sample (J. F. Baker Chemical Co.). The spectra were 1 also identical with the survey spectrum published by 

I Nyqvist and Kagel (31). 
I Pellets of PTD in KC1 were also prepared directly by 

/ pressing CuCI, with a large excess of KCI. Anhydrous 
CuCI2 and KC1 were ground together in proportion of 

, 1 :loo, exposed to water vapor for about 5 min and 
pressed into pellets at 90 000 p.s.i. in the usual manner. 
The spectrum of such pellets was identical with that of 
pellets prepared with PTD and KC1 (Fig. 3 A ,  B), no 
residual bands being detected. This rapid method was 
particularly convenient for the preparation in siru of a 
series of samples with different deuterium contents (Fig. 
3 C-H). 

When PTD or CCD crystals (or the pale brown 
anhydrous CuCl,) are ground with KCI, a very pale 
yellow powder results. Pellets pressed from this powder 
are pale honey-colored. This change in color initially 
caused some concern. Investigation showed, however, 
that the pale blue PTD ifself turns pale green to pale 
brown on grinding in an agate mortar in atmospheric air. 
This color change appears to be caused by partial, 
reversible dehydration to the brown anhydrous K2CuCI4 
at  the surface of the PTD particles. The freshly ground 
pale green PTD powder still analyzed to 11.4% H 2 0  
(11.3% required for K,CuCl,.2H20), and X-ray powder 
photographs of the pale brown material were visually 
indistinguishable from those of any other PTD sample. 
On exposure to water vapor the color of the ground 
powder reverted to very pale blue. A similar color change 
from pale blue to rich reddish brown is observed, after 
several days, in PTD crystals on standing in dry air; 

I even though the dehydration may affect the bulk of the 
crystal, the original PTD color is restored eventually on 
exposure to atmospheric air. 

On grinding PTD or CCD with KBr the powder turns 
brown. The dark-brown pellets pressed from it gradually 
-- 

'A partial account of our results has been included in 
a recent review (14). 

Results and Discussion 
Stretching Vibrations 

The vibrationally isolated OH and OD 
stretching fundamentals of isotopically dilute 
HDO gave rise to sharp single bands at all 
temperatures studied (Fig. 3 C, H). The fre- 
quencies at room temperature are 3262 and 2428 
cm-I, respectively. The singlets confirm the 
equivalence of the two hydrogens, consistent 
with the C,, site symmetry of the water molecule 
as determined by crystallography. 

At intermediate isotopic concentrations the 
spectrum in the stretching region shows evidence 
of coupled vibrations of HDO-HDO pairs which 
give rise to shoulders on the sides of the peaks 
due to the vibrationally isolated HDO. A de- 
tailed analysis of this coupling is difficult. The 
broad shoulders observed include a contribution 
from vibrations of isotopically dilute H 2 0  (or 
D,O in the OD stretching region), and further 
complications arise from possible Fermi reso- 
nance of the latter with the overtone of the H 2 0  
(or D 2 0 )  bending vibration. For undeuterated 
or fully deuterated PTD, on the other hand, the 
rules of factor-group splitting (Fig. 4) apply and 
the spectrum becomes tractable. 

The observed Raman and i.r. features in the 
OH stretching region can be assigned on the 
assumption that v, > v, (Table 2). The Raman 
band at  3250 cm-I is of E, species and must 
therefore belong to v, (Fig. 4),6 along with the 

6 0 u r  designation of symmetry species follows the 
convention of Adams and Newton (26). The designations 
used by Mathieu and Couture-Mathieu (21), in which 
the B ,  and B2 modes are  interchanged, have been 
converted to  the usage of ref. 26. 
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FREQUENCY, cm.-' 

FIG. 3. Infrared spectra of K2CuC14.2H,0 (KC1 pellets) at  different deuterium contents. A a n d  B, 0% D ;  C, 0.6% 
D ;  D, 16% D ;  E, 39% D ;  F, 51% D ;  G, 73% D; H, 91% D. Sample A was obtained by dispersing K2CuC14.2H20 
in KCI; samples B to H were obtained by pressing anhydrous CuCI, with excess KC1 after exposure to water vapor 
of appropriate D content. 

i.r. feature at 3350 cm-' which we assign to the all of them A , ,  species), three i.r. components 
E, species. The remaining Raman and i.r. (two observed), and three inactive and un- 
bands must then belong to factor-group compo- observable components. The undetected Raman 
nents of v,, in Fermi resonance with the over- components could probably be made visible by a 
tones and other binary combinations of the low-temperature single-crystal study.7 
factor-group components of v,. 

Group-theoretical considerations of direct Bending Vibrations : Partially Deuterated Crystals 

products of irreducible representations of the At low isotopic concentrations the bending 
fundamentals of H,O, HDO, and D,O give group D,, lead to the distribution of species, - 

after Fermi resonance, shown in Table 3:  a 7The Raman spectra reported in ref. 21 were recorded 
total of eight Raman components (four observed, a t  room temperature. 
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THOMAS ET AL.: 1.R. STUDIES OF WATER 

Vibra t ion  Czv D4 h 

/* lq  1 
v,,  v2, TZ 

R, ( twis t )  

V3.  Tx, Ry ( r o c k )  

Ty, R x ( w o g )  

Ramon 
act ive 

inactive 

i.r.active 

FIG. 4. Correlation of the symmetry species of the 
molecular (C,,), site (Cz,), and factor (D4h) groups of 
H 2 0  fundamentals in K2CuC14.2H20 (see footnote 6). 

rise to single bands at 161 6, 1430, and 1 193 cm- ', 
respectively (Fig. 3). These frequencies are due 
to the nearly independent motions of water 
molecules whose nearest molecular neighbors 
belong to other isotopic species. The fact that 
these vibrationally isolated bending funda- 
mentals are singlets, even at liquid-nitrogen 
temperatures, confirms the existence of only one 
crystallographically distinct type of water mole- 
cule in PTD. 

At somewhat higher concentrations of a 
given isotopic species one may expect additional 
peaks due to coupled vibrations of H20-H20 
(or HDO-HDO or D20-D20) pairs. In principle, 
every possible type of pair of water molecules 
of like isotopic species should couple vibration- 
ally. However, the magnitude of the coupling 
should diminish rapidly with the inter-pair 
distance; it should also depend on the relative 
orientation of the molecules in a given pair as 
well as on the details of intermolecular bonding. 
The water-water pairs in PTD which correspond 
to the six shortest 0-0 distances can be seen 
in Fig. 5.' 

Coupling to several types of neighboring 
molecules may be expected to give rise to 
broadened bands with many unresolved or 
partially resolved features changing in a compli- 
cated manner with increasing isotopic concen- 
tration as triplets, and larger groupings, of 

'In Fig. 5 the oxygen atoms I ,  2, 3, 4 correspond to 
oxygens B (or B'), A (or A'), D, C respectively of Fig. 1. 
The approximate 0-0 distances are 1-2', 3.93 A; 1-2, 
3.99 A; 1-4, 5.28 A; 1-3, 6.60 A; I-3', 6.61 A; I-I', 
7.92 A. 

FIG. 5. Orientation of the four water molecules 1, 2, 
3, 4 ( c j  footnote 8) in the unit cell of K2CuCI4.2H2O. 
The modulo translations E, C2, i, a relating these molecules 
form a group isomorphic with C2h. They arise from 
coalescence of the 16 symmetry operations of the space 
group D4,14 (no. 136): {E ,  C2(z), od(l lo), ad(iT0)) -+ 

E; {Cdx), C2(~)1-S41(z), S43(z)) -t C2; {i, OI(XY), 
c2( 1 1  lo), c2( 1 1  10) 1 +i; {G"(.Y~), G~(YZ), C4l(z), 
c 4 3 ( ~ )  } + C. 

vibrationally coupled molecules begin t o  occur. 
However, for the bending fundamentals in PTD 
the spectra at intermediate concentrations of 
each isotopic species are extremely simple: only 
one additional peak appears, at 1601 cm-' for 
H20,  1421 cm-' for HDO, and 1185 cm-' for 
D20.  The intensity of this peak, relative to the 
peak belonging to the respective vibrationally 
isolated molecule, increases with the concentra- 
tion of the isotopic species, while its frequency 
is independent of the concentration. This 
indicates that appreciable vibrational coupling 
arises from only one type of water pair. 

The relatively large inter-pair distances rule 
out from consideration inter-chain pairs such 
as 1-4, 1-3, and 1-3', as well as second-nearest 
neighbors within a chain such as 1-1' and 
certainly more distant pairs. The vibrationally 
interacting pairs may thus be identified with 
the intra-chain pairs of type 1-2 or 1-2'. Both 
types possess centers of ~ymrnetry,~ hence the 

half of the HDO-HDO pairs do not  possess 
centers of symmetry. 
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1036 CAN.  J .  CHEM.  VOL. 5 2 ,  1974 

TABLE 2. Vibrational frequencies of water in K2CuCI,.2H20 
between 350 and 4000 cm-I a t  room temperature 

-- --- ------ 
H Z ~  

- HDO D2O 
Raman (21) 1.r. 1.r. 1.r. 

O H  stretch { 3250 vJ E , ~  3260 vl Az.*tf 32628 

O D  stretch 

Vz + V L  

vz (isolated) 

v2 (coupled) 

VL Wag 
Twist iRock 

v, (Cu-0 stretch) 1 404 A,, (25) 440 Azu (428)$$ (417)$$ 
395 B,, (25) 

'In Fermi resonance with overtones and binary combinations of vl. 
tsyrflmetry species assigned from vibrational analysis. 
%Ass~gnment based on the assumption that v3 > v,. 
llsotopically isolated spectra. 
Illnactive component; frequency estimated on  the assumption that the mean freauency of  the  four factor-group components equals the iso- . . ~ ~ 

topically isolated frequency.. 
llln ref. 21 this band was observed more clearly for Rb2CuCI,~2H20 a n d  ( N H J ) ~ C U C I J . ~ H ~ O .  

**Largely out-of-plane H motion. 
t tLargely out-of-plane D motion. 
%%Calculated value; region blocked by more intense H D O  and D1O bands. The corresponding Raman A , ,  frequency is 387 cm-'  (26). 

TABLE 3. Factor-group components of vl  and 2vZ 
which may undergo Fermi resonance 
--- -> 

Components of "2vZM Components of v 

in-phase coupled vibration can be expected to  
be i.r.-inactive while the out-of-phase coupled 
vibration would give rise to a single i.r. peak, 
as observed. 

BI, x B1, = A,, =k- A,, (Raman) Bzu X Bzu = Alg 

Combinations 

A,, x Bz, = Bzu. - 
+B,, (inactive) 

A z ~  X 8 1 ~  = Bzu 

Bending Vibrations : Isotopically Pure Crystals 
For crystals containing only H20 or only D20, 

factor-group analysis (Fig. 4) predicts the 
bending fundamental to split into one i.r. 
active component, A,,, two Raman-active 
components, A , ,  and B,,, and one inactive 
component, B,,. For H 2 0  bending, the three 
active frequencies are known (Table 2) and the 
inactive B,, frequency may be estimated by 
assuming that the average of the frequencies of 
the four coupled components equals the fre- 
quency of the isolated fundamental (cf. ref. 30). 
These four coupled bending vibrations involve 
the following in-phase (+) and out-of-phase 
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I THOMAS ET AL.: 1.R STUDIES OF WATER 1037 

(-) vibratio~~s of the molecules in two neigh- expects bands due to the three rotational 
boring chains (two unit cells shown, as in Fig. 5): vibrations (librations) of the H,O molecule and 

the highest translatory vibration, that corre- 
+ +  + -  + +  + - sponding to Cu-0 stretching. Under the factor- 
+ +  + -  - - - + group selection rules these four vibrations should 
+ +  + -  + +  + - 
+ +  + -  - - - + yield a total of twelve components, five of which 

A I ,  B I ,  A z ,  Bzu are Raman active and three i.r. active. 
1628 1630 1601 1605 cm-' Earlier assignments for PTD show discre- 

In the two g vibrations the motions of neigh- 
boring water molecules in each chain are in 
phase, while in the two u vibrations they are out 
of phase. The frequency difference between the 
B,, and A,, motions (2 cm-'), or between the 
B2, and A,,  motions (4 cm-') is small. By 
contrast, there is a 26 cm-' difference between 
the mean of the frequencies of the two g vibra- 
tions and the mean for the two u vibrations. We 
conclude that appreciable vibrational coupling 
only occurs for the intra-chain pairs 1-2 and 
1-2' (=3-4), whereas inter-chain pairs such as 
1-3 and 1 4  appear to vibrate nearly inde- 
pendently. This agrees with the independent 
conclusion from the analysis of the i.r. spectra 
of partially deuterated PTD samples. An 
analogous situation appears to exist in CCD, 
whose spectra also show large frequency dif- 
ferences between the g and u motions, but much 
smaller differences between the A and B motions 
(30). 

Unfortunately there seems to be no way of 
determining which of the two pairs 1-2 and 
1-2' is actually responsible for the main coupling 
of the bending motions, either in PTD or CCD. 
Fifer and Schiffer (30) carried out a calculation 
of the intermolecular force constants for the 
coupling of the bending motions of the four 
water molecules in the unit cell of CCD. How- 
ever, as in PTD, a single coupling force constant 
F12 includes contributions from both 1-2 and 
1-2' interactions, and there appears no way to 
estimate the individual magnitudes of these two 
interactions. It may be added that F12 must be 
equal to F3, since by definition (30) each mea- 
sures the coupling between a water molecule 
and all the water molecules related to it by 
inversion in centers of symmetry. As all water 
molecules in these crystals are equivalent, F12 
and F3, are equal by symmetry and cannot be 
different as has been implied by Fifer and 
Schiffer (ref. 30, footnote 16). 

Rotatory and Translatory Vibrations 
In the region between 350 and 700 cm-' one 

pancies  able 5) stemming in part from the 
failure of the authors of refs. 23-26 to make use 
of the complete Raman study of PTD published 
in 1953 (21) and to examine spectra of fully and 
partially deuterated samples. While assignments 
in this region are notoriously difficult, our 
assignment (Table 2 and discussion below) is 
the best that can be made on the basis of the 
evidence available at present. 

The translational vibration should be dis- 
tinguishable by the H 2 0 / D 2 0  frequency ratio 
of about (20/18)'12 = 1.05, in contrast to the 
ratio of 1.35-1.41 for the librations. If the i.r. 
band at 440 cm-' were due to a libration, one 
would expect the corresponding D 2 0  band near 
320 cm-'; if it were due to a translational 
vibration, the D 2 0  band would be expected 
near 417 cm-' and the HDO band, near 428 
cm-'. Since there are no detectable bands near 
320 cm-' in the i.r. spectrum of the deuterated 
hydrate (Fig. 3), we must conclude that the 
440 cm-I band cannot arise from a libration. 
Its assignment to the translatory vibration, on 
the other hand, is consistent with the effect of 
deuteration, the spectrum near 417 and 428 
cm-' showing strong absorption due to D 2 0  
and HDO respectively. The two Raman bands 
in this region (both at  396 cm-' in ref. 21 and 
at 395 and 404 cm-' in ref. 26) are unequivocally 
assigned to components of the z-axis (Ilc-axis 
of the crystal) translation on the basis of their 
symmetry species A,, and B,,. The assignment 
of the 440 cm-' i.r. band to the A , ,  component 
(26) leads to a reasonable value for the maximal 
factor-group splitting of 440 - 395 = 45 cm-'. 

The Raman band at  about 550 cm-'  in the 
spectrum of ref. 21 has the symmetry species 
B,, and can therefore be unequivocally assigned 
to the twisting libration. This libration has no 
i.r. active component. 

The remaining two Raman bands a t  633 and 
685 cm-' in the spectrum of ref. 21 belong 
clearly to the rocking and wagging librations. 
However, as they both are of the same species, 
E,, they cannot be distinguished by symmetry, 
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TABLE 4. Vibrational assignments by previous authors in the 350-700 cm-' region of K2CuCI,.2H20 

Raman 1.r. 1.r. Raman 1.r. 
Mode (ref. 21) (refs. 23, 24) (ref. 25) (ref. 26) (ref. 26) 

685 Ex 395 E, 
H 2 0  librations *I633 Eg 575 E, 

Twist 550 B2x 

Cu-0 stretch 445 AZu 404 Alg 
395 B,. 445 Am 

--- 
-- 

*Order uncertain. 

and some other consideration must be employed. the rocking mode. Comparison with the HDO 
The order of their frequencies, or of their spectrum leads us to assign this band to the 
relative intensities in the i.r. or Raman spectra, E, component of the wagging libration. This 
is not a useful guide in the assignment, for both assignment agrees far better with the expected 
the frequency and the intensity of the absorp- relations between frequencies and intensities of 
tions due to these two modes seem to depend 
on details of the force field about the water 
molecule. For example, in vibrational assign- 
ments reported to-date the rocking frequency 
has been placed about as often above the 
wagging frequency (34-39) as below it (22, 25, 
40-43). It may be commented in passing that 
many of the assignments in these references are 
far from conclusively proven. 

One means of distinguishing between the 
rocking and wagging vibrations depends on the 
cation effect. As suggested by Adams and 
Lock (25), in hydrate structures related to PTD 
the wagging frequency may be expected to be 

the librational modes (Fig. 6). Assignment of 
the 573 cm-' band to wagging also yields a 
reasonable value for the correlation-field split- 
ting of this mode, 633 - 573 = 60 cm-'. The 
alternative assignment to the rocking would have 
led to an unexpectedly large value of the cor- 
relation-field splitting of 685 - 573 = 112 cm-'. 
The HDO frequencies at 562 (observable a t  
high deuterations) and 414 cm-' (observable at  
low deuterations) correspond clearly to the H 
and D out-of-plane motions respectively (a and 
b, Fig. 6). 

Finally, the assignment of the very weak 
shoulder at 700 cm-' to the Eu component of 

sensitive to replacement of the cation, while the the H 2 0  rocking frequency is less certain than 
rocking frequency should be relatively insensitive the other assignments. 
to such change. The Raman spectra of ref. 21 In the above discussion we have neglected 
clearly show that in the serie; (NH,),CuCl,.- mixing of the wagging and rocking vibrations, 
2 H 2 0  - K2CuC14.2H20 - Rb2CuC1,.2H,0 the which is in principle possible, a s  the factor-group 
lower-frequency band shifts from 625 to 633 to components of these two librations belong to 
635 cm-', while the higher-frequency band the same symmetry species (Fig. 4). We note, 
remains stationary at 685 cm-'. Adams and however, that of the two Raman-active E, bands 
Lock's suggestion would lead to the assignment one exhibits a very pronounced cation effect 
.of the 633 cm-' band to wagging and the 685 while the other does not: appreciable mixing of 
cm-' to rocking. the two librations would have led to two bands 

The intense i.r. band at 573 cm-' has pre- with comparable cation effects. Furthermore, 
viously been assigned, incorrectly, to Cu-0 there is only one i.r. active band of appreciable 
stretching (Table 4). This interpretation rested intensity, whereas mixing of the two librational 
on an assignment of the i.r. band at 562 cm-' modes would tend to give rise t o  a pair of bands 
to the corresponding D 2 0  band (24). Our study of comparable intensity. 
shows, however, that this band disappears at 
high deuterium contents, hence it belongs to Combination Modes Involving Librations 
HDO. The corresponding D 2 0  band is actually The factor-group components of the three 
at 417 cm-' and the ratio of 5731417 = 1.374 librational modes of H 2 0  can, in principle, 
requires this band to be assigned to a libration. appear as combination modes with various 
It could correspond either to the wagging or to factor-group components of the bending vibra- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



THOMAS ET AL.: I.R. STUDIES OF WATER 

IN- PLANE MOTION OUT-OF- P L A N E  MOTION 

R O C K  W A G  

TWIST 

H 
W A G  I 

J I TWIST 

'1 I /  ' ,  

J (H-MOTION)'  , I I (D-MOTION) 

FIG. 6.  Relation between the motions and the frequencies of the librational modes of H20 ,  HDO, and D 2 0  in 
K2CuCI,.2H20. The frequencies shown could refer either to the mean frequencies of  factor-group components or to 
those of vibrationally isolated water molecules. 

tion, v,' + v,', with components of the transla- 
tory modes, v,' + v,', or with themselves, 
v , ~ '  + v,j.l0 
 he observed band at 2260 cm-' for H,O 

corresponds clearly to the combination v, + v,. 
As there are four factor-group components of 
the bending vibration v, (A,, + A, ,  + B,, + 
B,,) and eight factor-group components of the 
various librations (A,, + A,, + B,, + B,, + 
2E, + 2Eu), 32 distinct combinations of the 
type v,' + v,' are possible. Eight of these modes 
belong to E, and are in principle i.r. active. 
The calculated frequencies of these eight modes 
are 2201, 2203, 2234, 2238, 2286, 2290, 2328, 
and 2330, with a mean frequency of 2263 cm-'. 
The observed band, centered at 2260 cm-', 
does not correspond to any of the individual 
calculated frequencies, but seems to represent a 
superposition of many, or most, of the allowed 
components. 

The observed broadbands in the region 1075- 
950 cm-' for H,O correspond to the combina- 
tions v, + v, and v, + v,. There are 36 
distinct combinations of the type vLi + v:, of 
which eight are true overtones (i = j). Con- 

1°The superscripts refer to the individual factor-group 
components. 

sidering the representation of the direct product 
shows that these 36 combinations give rise to 66 
distinct components, of which 14 are i.r. active, 
6A2, + 8EU: The 64 possible combinations of 
the type v,' + v,J give rise to 112 components, 
24 of which are i.r. active, 8A2, + 16E,. The 
values of many of these combination frequencies 
cannot be estimated, since the frequencies of 
three components of the fundamental librations, 
and five of the translations, are not available. 
The observed bands, with their complex shapes 
and complicated changes upon deuteration, 
appear to be the superpositions of many of the 
allowed components. 

Comparison of the Structural Environment and of 
the Vibrational Spectrum of Water in PTD 
and CCD 

The fundamental frequencies of water in 
PTD and CCD are compared in Table 5. The 
lower OH and OD stretching frequencies in 
PTD are consistent with the stronger hydrogen 
bonding in this hydrate. The 0 .  . .Cl  distance 
estimated from the correlation of stretching 
frequency and 0 . .  .Cl separation (14) is 3.21(3) 
A for CCD and 3.14(3) A for PTD; the differ- 
ence, 0.07(5) A, agrees with the value derived 
from the neutron diffraction studies, 0.08(1) A. 
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TABLE 5. Comparison of the stretching, bending, and librational 
frequencies (cm-') of water in K2CuC14.2H,0 and CuC12.2Hz0 

Mode 

Frequencies 

K2CuC14.2H20* CuC12.2H20 

Stretching 
OH of HDO 
OD of HDO 

Bending 
HOH 
HOD 
DOD 

HzO librations 
Rock (Raman) 

Wag (Raman) 

Wag (i.r.) 

Average 

'See Table 2. 
tThe most intense component. 
tFrom Nujol mulls of CCD in this work. 

If other effects can /be neglected, stronger 
hydrogen bonding would be expected to raise 
the bending and librational frequencies. The 
bending frequencies in PTD are indeed higher 
than in CCD. The librational frequencies, on 
the other hand, are lower in PTD by an average 
of about 80 cm-I." This shows that the fre- 
quencies of the librational motions must depend 
strongly on details of inter-chain packing in the 
two structures. A qualitative consideration of 
bonding about the C1 atoms that are ligated to 
the water molecule (Figs. 1 and 2) shows that 
movement of these atoms to follow the motions 
of the hydrogens in the wag and twist librations 
is opposed by the force constant of the Cu-CI 
bond in CCD, whereas in PTD it is essentially 
unopposed. This could explain the higher 
frequency, in CCD, of the wag and possibly also 
of the rock, since the wag and rock librations in 
CCD are of the same symmetry species and some 
mixing of the two motions can be expected. 

While there is no  simple relation between 
librational frequencies and hydrogen bonding 
about water in hydrate structures in general (14), 

"Several of the factor-group components are not 
known, and the twist mode has not been clearly observed 
for CCD. Nevertheless, it seems unlikely that omission 
of inactive and unobserved frequencies can reduce the 
average librational frequency in CCD below that of PTD. 

the stretching and librational frequencies of 
H 2 0  may be correlated in isostructural series of 
compounds. This is observed, for example, in 
M S 0 , . H 2 0  sulfates of the kieserite type (44). 
However, as the present results show, outside 
such series the correlation fails even for struc- 
tures in which the nearest-neighbor environ- 
ments of the water molecule are  as similar as 
those in CCD and PTD. The libration fre- 
quencies of water are thus seen to depend 
significantly on details of crystal structure 
beyond the nearest hydrogen-bonded neighbors. 

Coupling of Bending Vibrations in Crystalline 
Hydrates 

It appears that in PTD and C C D  appreciable 
coupling of bending, and very likely also of 
stretching, vibrations of water molecules may be 
limited to fairly near H 2 0  neighbors. We have 
surveyed the small number of hydrates for which 
spectroscopic information on coupling of the 
bending vibrations exists. Although the evidence 
available to-date is scant, in all the cases where 
the existence of such coupling has  been demon- 
strated the water molecules are "connected7' 
either directly, through a hydrogen bond, o r  
indirectly, by hydrogen or water-metal "bonds" 
to a common atom. If additional investigations 
confirm that coupling of bending vibrations is 
limited to "connected" water molecules, the 
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presence or absence of the coupling will be of 
value in making structural predictions from 
vibrational spectra. 

We thank Mr.  P. F. Seto for assistance with the 
experimental work and Dr.  D .  A. Othen for helpful 
comments on the manuscript. 
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A Stereospecific Synthesis of the Denudatine Skeleton: Stereospecificity of 
the C/D Ring Construction by Diene Addition 
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The diene 20 synthesized by the aziridine rearrangement method was shown to add 
maleic anhydride with complete stereospecificity to yield the adduct 21. The causes of 
this stereospecificity and its implications for the synthesis of denudatine type compounds 
are discussed. 

On montre que le ditne 20 synthCtisC par la mtthode du rkarrangement de l'aziridine 
donne par rtaction avec l'anhydride maltique, une addition cornplttement stCrtospCci- 
fique conduisant au produit 21. On discute des causes de cette sttrtosptcificitt et de ses 
implications pour la synthtse de compos6s du type dtnatudine. 

rrraduit par le journal] 
Can. J. Chem., 52, 1042(1974) 

Introduction reliable planning of such a synthesis is lacking. 

A stereospecific synthesis of the denudatine 
skeleton is quite important. It may lead not only 
to  the synthesis of denudatine (i) itself, but also 
to  the synthesis of polysubstituted compounds 
such as ii. Ejection of the leaving group X from 
ii may in turn lead by a biogenetic type re- 
arrangement to  the product iii which is a simple 
functional derivative of the alkaloid chasmanine. 

Such a rearrangement was realized for the 
first time experimentally when Johnston and 
Oveston ( I )  converted the atisine derivative iv to 
the product v in excellent yield by pyrolysis. A 
short time later similar rearrangements were 
accomplished by Ayer and Deshpande (2). 

Recently we have worked out  synthetic 
methods for the aromatic intermediates vi and 
vii (3, 4) .  In  these syntheses all the substituents 
materialized automatically in the desired posi- 
tions simultaneously with the stereospecific 
construction of the skeleton. Consequently the 
functional group system of compounds i and ii 
should pose no problem. 

However, it is first necessary t o  find an 
efficient conversion of the benzene ring in the 
aromatic intermediates to  the substituted C/D 
ring system of compounds i and i i .  

It is n ~ t - ~ u i t e  clear what the-stereochemistry of 
the adduct between diene 20 a n d  a dienophile 
would be. If the Diels-Alder addition is gov- 
erned by steric hindrance to  t h e  approach of 
the dienophile, inspection of the model reveals 
that  both possible adducts might be formed. On 
the other hand, the  well known preference of the 
bicycloheptene system for exo attack in ionic 
reactions gives one, in spite o f  the lack of 
precedent, the feeling that the  Diels-Alder 
reaction would be stereospecific and that the 
dienophile would approach the diene from the 
p side. 

In order to  solve this preliminary but crucial 
stereochemical problem we have decided to  syn- 
thesize the unsubstituted diene 20 and t o  
investigate the stereospecificity of the Diels- 
Alder reaction between this compound and 
maleic anhydride. 

The starting material for the synthesis of the 
diene 20 was compound 1. We have described in 
a recent publication (4) the synthesis of this 
material, which is in principle a mixture of four 
diastereoisomers, and its conversion to the 
aromatic intermediate vi. Since the alcoholic 
group of compound 1 was not needed in the 
present synthesis, it was mesylated and the 
kesylate 2 was reduced with lithium aluminum 

Discussion hydride to  compound 3 which behaved as  
The most obvious possibility by which this homogeneous material in thin-layer chroma- 

might be accomplished very simply is the addi- tography. This last product was now converted 
tion of a suitable dienophile t o  a diene of the t o  the aromatic compound 15 via the inter- 
type 20. mediates 4-14. This synthesis is only formally 

However, fundamental knowledge for the new as it is precisely analogous t o  the synthesis 
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i i i iii  

OMe 

vi i  

SCHEME 1 

of vi (4) and we record the preparation of the 
relevant intermediates in the Experimental. The 
advantage of removing the future ring A func- 
tional group at  an  early stage rather than 
reducing simply the alcoholic group in com- 
pound vi is the greater simplicity of several 
work-ups since all the intermediates starting 
with compound 7 are sterically homogeneous. 
Compound 15 was now subjected to a Birch 
reduction followed by a reacetylation and the 
resulting dihydroderivative 16 was hydrolyzed 
with dilute oxalic acid to the crude P,y-un- 
saturated ketone 17 in a yield of 95%. This 
relatively unstable product was immediately 
reduced with sodium borohydride to the alcohol 
18. 

Mesylation of this last material gave the oily 
I mesylate 19 which on treatment with potassium 

t-butoxide in dimethyl sulfoxide yielded the 

unstable diene 20. The diene showed the 
expected U.V. spectrum (h ,,;,, E'OH = 274 nm, 
log E 4.06) and molecular ion in mass spectrom- 
etry but it had to be used immediately in the 
next step. Thus, the diene was fully charac- 
terized as its beautifully crystalline Diels-Alder 
adduct 21 which was the final product of the 
present synthesis. 

The  Diels-Alder addition between the diene 
20 and maleic anhydride in refluxing benzene 
gave a single homogeneous product, which after 
chromatography and recrystallization, was ob- 
tained in a yield of 60%. The configuration of 
this product is portrayed by the structure 21. 
The dienophile has added to the P face of the 
molecule with complete stereospecificity and as 
expected the anhydride was orientated endo with 
respect to the diene system. The correctness of 
this configuration follows from the n.m.r. signal 
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$: 'Me 

R2 R1 

9a R1 = OAc; R2 = H 
9b RI = H; R2 = 0.4~ 

/H 14 Rl  = H; RZ = 0 ;  R3 = HZ 
11 R = ,C=C 0 

H  OM^ 1 I 
12 R = COOMe 15 Rl  = C-Me; R2 = R3 = H2 
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WIESNER ET AL.: DITERPENE ALKALOIDS 1045 

specificity was observed and Dr. Blount's 
analysis proved rigorously that the dienophile 

QQ4: (+?@: 
added to the P or exo face of the molecule. 

The preference of bicycloheptenes for reaction 
from the exo side was discussed a few years ago 
by Schleyer (5). In the case of carbonium ions 

Me ~e derived from the 1,2,2-bicycloheptane system 
17 R = =O 20 this preference is usually ascribed to bond 
18 R = OH delocalization resulting in the nonclassical 

0 character of such ions. However, this clearly 
I I 

19 R = 0-S-Me cannot be the whole story since the same 
I I 
0 selectivity is also observed in the preferential 

base catalyzed exchange of the exo hydrogen in 
norcamphor (cf. ref. 5). We feel that whatever 

0 directional forces are at work in all these cases 
(and Schleyer's explanation seems to us to be at 
least a part of the truth) are also responsible for 
the stereospecific outcome of the Diels-Alder 
additions described in this article. 

The significance of the present work for the 
planning of syntheses of denudatine type com- 
pounds is clear. The a branch of the 2,2,2- 
bicyclooctane system in compounds i or ii must 

21 be derived from the ring containing the diene 
SCHEME 4 system and the p branch from the dienophile. 

Consequently, it is necessary to place into the 
of the apex hydrogen marked with an arrow in ring containing the diene functions which are 
formula 21. This hydrogen is experiencing the capable of a simple elaboration into the func- 
deshielding field of the anhydride group and tionality of the final product. 
consequently its signal which is a broad singlet In this connection the ingenious device dis- 
is shifted significantly downfield (r = 6.48 p.p.m.1 covered by Deslongchamps (6) comes to mind. 
in comparison with, for example, the same The aromatic intermediate xiii can be converted 
hydrogen in compound 18 (r = 6.87 P . P . ~ . ) .  by the Deslongchamps method in one step to the 

In view of the importance of this result both quinonoid diene xi" which seems to be an 
fundamentally and for the planning of our eminently suitable candidate for our purposes. 
synthetic work, we had hoped to corroborate the 
configuration of compound 21 by an X-ray Experimental 
structure determination. However, in spite of 

P,epa,a,ion of r,,e Mesy,are 
21 refused The alcohol 1 (14.0 g) was dissolved in anhydrous 

yield to X-ray methods. Fortunately, a second pyridine (50 ml) and methane sulfonyl chloride (6.0g) 
project which proceeded in our laboratories was added at 0°C. The mixture was stirred at this 

simultaneously made this corro~oration un- temperature for 2 h and worked up in the usual manner. 
The mesylate 2 was obtained in quantitative yield as a necessary. In an attempt to work out an alter- colorless oil, homogeneous i n  t.l.c. 

native synthesis of the CID ring system of Mol. Wt. Calcd. for C2,H3,05S: 442. Found (rnle): 
songorine Dr. R. C. Jain performed the syn- 442. 
thesis of compound xii starting with the dime Infrared (CHCI,): 1340, l175cm-I (sulfonyl); n.m.r. 

"iii via the intermediates ix, x, and xi. The con- (CDCI3): 4.42 (m, 1H, Proton deshiek-led by mes~late), 
6.18 (s, 3H, aromatic methoxyl), 6.95 (s, 3H, -SO,CH,), figuration of xii was determined by Dr. J .  F. 8.77 p.p.m. (d, 3H, methyl). 

Blount, Hoffmann-La Roche, Nutley, New 
Jersey, by single crystal X-ray analysis. The step Cornpoltnd 

An excess of LiAIH4 (2.0 g) was added in one portion viii * ix of this 'ynthesis was a to a stirred solutionofthe mesylate2 (16.5 g) in  anhydrous 
addition of acetoxyacrylo nitrile followed by ether (300 ml). The mixture was stirred at room tempera- 
hydrolysis. Also, in this case complete stereo- ture overnight and the excess of hydride was decomposed 
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viii ix x 

xi xii 

xiii xiv 

SCHEME 5 

by addition of methanol (15 ml). The white precipitate 
was removed by filtration and washed with ether. The 
combined filtrates were evaporated to give 12.8 g of the 
reduction product 3. 

Mol. Wt. Calcd. for C24HZa02: 348. Found (tnle): 348. 
Infrared (CCI4): 1600 cm- (double bond); n.m.r. 

(CDCI,) 7 3.22 (m, 2H, vinylic protons), 6.25 (s, 3H, 
aromatic methoxyl), 8.78 p.p.m. (d, 3H, methyl protons). 

Preparation of the Rearranged Product 4 
A mixture of the olefin 3 (12.5 g) and an excess of 

benzenesulfonyl azide (10 g) in dry benzene (15 ml) was 
stirred at  room temperature for 2 days. Glacial acetic acid 
(10 ml) was then added and the reaction mixture was kept 
at  room temperature for an additional 2 days. Benzene 
and most of the acetic acid were removed in uacuo. The 
residue was dissolved in benzene-hexane and the re- 
arranged product 4crystallized on standing. Recrystalliza- 
tion from benzene yielded 14.5 g (74%) of 4, m.p. 158 "C. 

Anal. Calcd. for C,,H,,O,NS (mol. wt. 563): C, 68.19; 
H, 6.62; N, 2.49. Found (mle 563): C, 68.21 ; H, 6.55; N, 
2.41. 

Infrared (CHCI,): 3375 (NH), 1742cm-I (acetate); 
I 

n.m.r.(CDC13):r4.53(d,J= 11 Hz, lH,-N-H),5.33 
(rn, IH, proton unshielded by acetoxyl), 6.27 (s, 3H, 
aromatic methoxyl), 7.12 (broad s, l H ,  benzylic bridge- 
head proton), 7.90 p.p.m. (s, 3H, acetoxy methyl). 

Conuersion of 4 to the Acefatnide 5 
A mixture of compound 4 (1 3.0 g) and LiAIH, (9.0 g) 

in anhydrousdioxane (450ml) was refluxed under nitrogen 
for 20 h. When the mixture was cooled to  ice temperature, 
methanol (5 ml) and water (3 ml) were added dropwise. 
The white precipitate was filtered and washed with tetra- 
hydrofuran (4 x 100 ml). The combined filtrates were 
evaporated to dryness and the residue was acetylated with 
acetic anhydride (5 ml) in methanol (50 ml) at  room 
temperature for 3 h. The mixture was diluted with water 
and extracted with chloroform. The combined extracts 
were washed with dilute aqueous sodium bicarbonate and 
water. After drying over anhydrous sodium sulfate, evap- 
oration gave a light yellow residue which was chromato- 
graphed on silica gel. Elution with benzene-ether (1 : 1) 
recovered 3.9 g (32x)  of hydroxy sulfonamide and further 
elution with benzene-acetone (1 : I) yielded 6.3 g (65z )  
of the acetamide 5 as a thick oil homogeneous in t.1.c. 
The yield was 9 1 z  (based on the starting material con- 
sumed). 

Mol. Wt. Calcd. for C2,H3,O4N: 423.3725. Found: 
(high resolution mass spectroscopy): 423.3713. 

Infrared (CHCI,) : 3610, 3410 (hydroxyl, NH) 1669 
cm-I (amide); n.m.r. (CDCI,): 7 5.48 (s, 2H, benzylic 
protons), 6.27 (s, 3H,  aromatic methoxyl), 6.93 (broad s,  
IH,  benzylic bridgehead proton), 8.14 p.p.m. (s, 3H, 

0 
I l l  

-N-C-CH3). 
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WIESNER ET AL.: DITERPENE ALKALOIDS 1047 

Preparation of the Diol6 Photondditiorl of Vinyl Acetate to Compound 8 
Compound 5 (9.0 g) was dissolved in methanol (50 ml) A solution of the a,p-unsaturated ketone 8 (700 mg) 

and 10% palladium-on-charcoal (1.0 g) was added. The and excess vinyl acetate (21 ml) in freshly distilled tetra- 
mixture was hydrogenated at  atmospheric pressure and hydrofuran (21 ml) was irradiated with a 100 W Hanovia 
room temperature for I+ h. The catalyst was removed by Mercury lamp (Pyrex was used as filter) a t  - 10 OC for 
filtration through Celite and the solvent was evaporated 20 h under nitrogen. After removal of the vinyl acetate 
in vacuo. The crude product was crystallized from ethyl and solvent, the crude product was crystallized from 
acetate and gave pure 6 (6.54 g, 9773, m.p. 170 "C. benzene and yielded 560 mg of the pure photoadduct 9a 

Anal. Calcd. for C19H,,04N: C, 68.44; H, 8.16; N, (m.p. 246 "C). Chromatography of the mother liquor by 
4.19. Found: C, 68.41; H, 8.22; N, 4.21. preparative t.1.c. on silica gel with benzene-ethyl 

Infrared (CHCI,): 3610, 3400 (hydroxyl, NH), 1670 acetate (1 :4) gave another 69 rng of 9a and 142 mg of 96 
cm-' (amide); n.m.r. (CDCI,): r 2.23 (d, J = 9 Hz, lH ,  (crystallized from benzene, m.p. 241 "C). The ratio of 

I these two epimers was 4.5: 1 and the total yield was 909,. 
-N-H), 6.24 (s, 3H, aromatic methoxyl), 6.89 (broad s, 
IH, benzylic bridgehead proton), 8.03 (s, 3H, Ph0t0adducr9a 

0 Anal. Calcd. for CZ3H2,05N:  C, 69.50; H, 6.85; N, 
I I I  3.52. Found: C, 69.37; H, 6.77; N, 3.62. 
I 1 1  

-N-C-CH,), 8.83 p.p.m. (d, 3H, methyl). Infrared (CHCI,): 3420 (NH), 1740 (ketone and ace- 
tate). 1680 cm-'  (amide): n.m.r. (CDCI,): r 4.63 (a, 

Preparation of the Diketone 7 J ='8  Hz, J = 4 Hz, l ~ , ' p r o t o n  unihielded by acetoxylj; 
The diol 6 (5.0 g) in pyridine (40 ml) was added to a 6.19 (s, 3H, aromatic methoxyl), 6.23 (broad s, l H ,  

stirred solution of chromium trioxide - pyridine complex benzylic bridgehead proton), 7.82 (s, 3H, acetoxy methyl), 
(7.5 g) in pyridine (50 ml). The mixture was stirred at 0 
room temperature overnight. It was then dissolved in 1 1 1  
chloroform and the brown precipitate was removed by 8.08 (s, 3H, -N-C-CH,), 9.65 p.p.m. (s, 3H, methyl 
filtration. The filtrate was washed with dilute hydrochloric shielded by benzene ring). 
acid, dilute aqueous sodium bicarbonate, and finally with 
water. Removal of the solvent and filtration through a 
short neutral alumina column gave the crystalline dike- 
tone 7. The compound melted a t  149.5-150 "C (3.95 g, 
80%) after recrystallization from benzene. 

Anal. Calcd. for C19H2304N: C, 69.27; H, 7.04; N, 
4.25. Found: C, 69.29; H, 7.11; N, 4.24. 

Infrared (CHCI,): 3440 (NH), 1750 (five-membered 
ketone), 1715, 1675 cm- (ketone, amide); n.m.r. 
(CDCI,): r 6.14 (s, 3H, aromatic methoxyl), 6.41 (broad 
s, IH, benzylic bridgehead proton), 7.82 (s, 3H, 

0 0 
I I I I1 

-C-CH,), 8.00 p.p.m. (s, 3H, -N-C-CH,). 

Aldol Cor~densatiorl o f7  to 8 
A solution of compound 7 (4.4g) and potassium 

hydroxide (2.0 g) in methanol (200 ml) was refluxed in a 
nitrogen atmosphere for 5 h, after which time it was 
neutralized with dilute hydrochloric acid. Most of the 
solvent was removed in oucuo and the residue was 
extracted with chloroform. The extract was washed with 
water, dried over anhydrous magnesium sulfate, and 
evaporated to dryness. The crude product was crystallized 
from benzene and gave the a,D-unsaturated ketone 8 
(3.67 g, 89x1, m.p. 191 "C. 

Anal. Calcd. for C19H2,03N:  C, 73.29; H, 6.80; N, 
4.50. Found: C, 73.34; H, 6.75; N, 4.49. 

Infrared (CHC13): 3430 (NH), 1725 (conjugated five- 
membered ketone), 1680, 1660 cm-' (amide and con- 
jugated double bond); u.v.: X,,,,,E'OH = 236 nm (log E 

4.04); n.m.r. (CDCI,) r 3.88 (d, J = 9 Hz, IH, 
I 

-N-H), 6.45 (broad s, IH, benzylic bridgehead proton), 
7.87 (s, 3H, 

Photoadd~rct 96 
Anal. Calcd. for CZ3H2,O5N: C, 69.50; H, 6.85; N, 

3.52. Found: C, 69.46; H, 6.79; N, 3.60. 
The mass spectra of both epimers were identical; i.r. 

(CHCI,): 3420 (NH), 1740 (ketone and acetate), 1680 
cm-I (amide); n.m.r. (CDCI,): r 4.81 (t, J = 8 Hz, IH, 
proton unshielded by acetoxyl), 6.19 (s, 3H, aromatic 
methoxyl), 6.38 (broad s, IH, benzylic bridgehead 
proton), 7.86 (s, 3H, acetoxy methyl), 8.08 (s, 3H, 

0 
I I I  

-N-C-CH,), 9.60 p.p.m. (s, 3H, methyl shielded by 
benzene ring). 

Hydrolysis of Con~polrnds 90 and 96 to tile Aldehyde I 0  
The photoadduct 9 a  (2.74 g) was hydrolyzed in 1% 

methanolic potassium hydroxide (60 ml) for 30 min a t  
0 "C. After this time the mixture was poured into water, 
extracted with chloroform, the extract was washed with 
water, dried over anhydrous magnesium sulfate and 
evaoorated to dryness. The oroduct crvstallized from 
beniene and gave-2.38 g ( 9 7 ~ j  of the aldehyde 10, m.p. 
180 "C. -.- -. 

Anal. Calcd. for Cz1H2,04N:  C, 70.96; H, 7.09; N, 
3.94. Found: C, 70.86; H, 7.04; N, 3.91. 

Infrared (CHCI,): 3440 (NH), 2720 (aldehydic C-H), 
1740 (five-membered ketone), 1720(aldehyde), 1680cm-' 
(amide); n.m.r. (CDCI,): r 0.16 (t, 1 H, aldehydic proton), 
6.53 (broad s, IH, benzylic bridgehead proton), 8.00 (s, 

0 
I I \  

3H, -N-C-CH,), 9.50 p.p.m. (s, 3H, methyl shielded 
by benzene ring). 

Under the same conditions, hydrolysis of 96 (225 mg) 
gave the identical compound 10 in quantitative yield. 

Preparation of the En01 Ether I 1  
A solution of compound 10 (2.10 g), trimethyl ortho- 

formate (2 ml), methanol (2 ml) and p-toluenesulfonic 
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1048 C A N .  J. C H E M .  

acid (15 mg) in dioxane (40 ml) was stirred at  room 
temperature for 2 h, after which time two drops of 
pyridine were added and the  solution was evaporated to 
dryness in vacuo. The residue was heated under reflux for 
45 min in xylene (60 ml). The solution was diluted with 
ether, washed with water, dried over anhydrous mag- 
nesium sulfate and evaporated to dryness. The crude 
product crystallized from benzene to give 1.52 g (80%) of 
pure 11, m.p. 214-215 "C. 

Mol. Wt. Calcd. for CZzHz704N:  369.1940. Found 
(high resolution mass spectroscopy): 369.1949. 

Infrared (CHCI,): 3450 (NH), 1740 (five-membered 
ketone), 1680, 1660 cm-I (amide and enol ether); n.m.r. 
(CDCI,): T 3.75 (d, J = 13 Hz, l H, vinylic proton), 4.67 
(d, J = 13 Hz, IH, vinylic proton), 6.17 (s, 3H, aromatic 
methoxyl), 6.47 (s, 3H, methoxyl), 7.96 (s, 3H, 

0 
I I I  

-N-C-CH,), 9.53 p.p.m. (s, 3H, methyl shielded by 
benzene ring). 

Cleauage of Compound I 1  to the Keto Ester 12 
A solution of compound 11 (1.72 g) in acetone (100 ml) 

was added to a stirred solution of sodium metaperiodate 
(5.0 g), potassium permanganate (50 mg) and potassium 
carbonate (1.0 g) in water (150 ml) (7). The reaction 
mixture was stirred at room temperature overnight. The 
solution was poured into ice water, acidified with dilute 
hydrochloric acid and extracted with chloroform (5 x 100 
ml). The combined extracts were washed with water, dried 
and evaporated to dryness. The residue was dissolved in 
methanol (25 ml) and treated with excess diazomethane. 
After removal of the solvent, crystallization of the crude 
product from benzene gave the pure keto ester 12 (1.39 g, 
80%). m.p. 235-236 "C. 

Anal. ~ a l c d .  for CZIHz5O5N: C, 67.90; H, 6.78; N, 
3.77. Found: C, 67.99; H, 6.67; N, 3.69. 

Infrared (CHCI,): 3440 (NH), 1745 (five-membered 
ketone), 1720 (ester), 1680 cm-I (amide); n.m.r. (CDCI,): 
T 6.19 (s, 3H, aromatic methoxyl), 6.30 (s, 3H, methyl 

0 
I I 1  

ester), 7.97 (s, 3H, -N-C-CH,), 9.41 p.p.m. (s, 3H, 
methyl shielded by benzene ring). 

Cyclization of 12 ro /Ire Keto Lactum I3  
The keto ester 12 (1.46 g) dissolved in 5 2  methanolic 

potassium hydroxide (100 ml) was allowed to stand at 
room temperature under nitrogen for a week. The reac- 
tion mixture was diluted with water and extracted with 
chloroform (3 x 150 ml). The extracts were washed with 
water, dried over anhydrous magnesium sulfate and 
evaporated to dryness. The solid residue was crystallized 
from chloroform - ethyl acetate to yield 1.06 g (89%) of 
the keto lactam 13, m.p. 280-281 "C. 

Mol. Wt. Calcd. for C18Hl ,03N:  297.1365. Found 
(high resolution mass spectroscopy): 297.1362. 

Infrared (CHCI,) : 34 10 (NH), 1750 (five-membered 
ketone), 1670cm-I (lactam); n.m.r. (CDCI,): T 6.18 
(s, 3H, aromatic methoxyl), 6.25 (broad s, IH, benzylic 
bridgehead proton), 8.65 p.p.m. (s, 3H, tertiary methyl). 

Wolff-Kishner Reduction of Cornpound I3 ( 8 )  
A solution of the keto lactam 13 (863 mg), 9 5 2  

hydrazine (7.0 g), hydrazine dihydrochloride (1.7 g) in 
triethylene glycol (70 ml) was heated at  140°C with 

VOL. 5 2 .  1974 

stirring for 2 h, after which time potassium hydroxide 
pellets were added in portions with stirring. The tempera- 
ture was gradually raised to 210 "C (oil bath temperature) 
and the solution was maintained at this temperature for 
2 h. The reaction mixture was cooled and  extracted with 
ether (3 x 100 ml). The ethereal extract was washed, dried 
and evaporated to dryness. Crystallization of the crude 
product from chloroform - ethyl acetate gave 695 mg 
(85%) of 14, m.p. 217-218 "C. 

Anal. Calcd. for C ,8HZ10zN:  C, 76.29; H, 7.47; N, 
4.94. Found: C, 76.18; H, 7.24; N, 4.93. 

Infrared (CHC1,): 3410 (NH), 1660 cm-I (lactam); 
I 

n.m.r. (CDCI,):T 3.41 (broads, lH,-N-H),6.20(s, 3H, 
aromatic methoxyl), 6.80 (m, IH, benzylic bridgehead 
proton), 8.78 p.p.m. (s, 3H, tertiary methyl). 

Reductiorz of Cornpound 14 to I5 
The secondary lactam 14 (200 mg) was dissolved in 

anhydrous dioxane (10 ml). An excess o f  lithium alumi- 
num hydride (160 mg) was added and the resulting sus- 
pension was refluxed under a. nitrogen atmosphere for 
22 h. The excess of hydride was destroyed with methanol 
and the milky solution was diluted with ether (200 ml). 
The precipitate was filtered off and washed with ether. 
The filtrate was evaporated to dryness under reduced 
pressure. The oily residue was acetylated with acetic 
anhydride (0.5 ml) in methanol (3 ml) a t  room tempera- 
ture for 20min. Removal of the solvent and volatile 
material ill vacuo left the crude product (230 mg) which 
was purified by preparative t.1.c. on silica gel with 
acetone-hexane (1 :2) as  solvent. 198 mg (84%) of the pure 
15 was obtained as a thick oil, honlogeneous in t.1.c. 

Mol. Wt. Calcd. for CzoHZ50,N:  311.2435. Found 
(high resolution mass spectroscopy): 31 1.2439. 

Infrared (CHCI,): 1625 cm-I (tertiary lactam); n.m.r. 
(CDCI,): T 6.17 (s, 3H, aromatic methoxyl), 7.90 (s, 3H, 

0 
I l l  

-N-C-CH,), 9.01 p.p.m. (s, 3H, tertiary methyl). 

Birch Red~rctiorr of Cornpolr~rd I5 to the Diene 16 
A solution of 15 (330 mg) in tetrahydrofuran (8 nil) and 

t-butanol (8 ml) was added dropwise to a stirred solution 
of lithium metal (600 mg) in distilled liquid ammonia 
(60 ml). The mixture was stirred at acetone - Dry Ice 
temperature for 16 h ,  after which time methanol was 
added until the blue color disappeared. T h e  ammonia was 
allowed to evaporate and the mixture was worked up by 
the standard procedure. The oily residue (305 mg) was 
acetylated immediately with acetic anhydride (0.4 ml) in 
pyridine (I ml). After work-up in the usual manner, the 
pure diene 16 (238 mg, 72%) was obtained by preparative 
t.1.c. on neutral alumina as an oil homogeneous in t.1.c. 

Mol. Wt. Calcd. for C,,HZ7O2N: 313. Found ( ~ n l e ) :  
3 13. 

Infrared (CHCI,): 1622 cm-' (tertiary lactam); n.m.r. 
(CDCI,): T 5.31 (m, lH ,  vinylic proton), 6.42 (s, 3H, 

0 
I I 1  

methoxyl), 7.89 p.p.m. (s, 3H, -N-C-CH,). 

Conversion of Co~npound 16 to the A l ~ ~ o h o l 1 8  
Compound 16 (238 mg) was dissolved in methanol 

(20 ml). Oxalic acid (200 mg) in water (5 ml) was added 
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Kinetics of the Nitrosation of Pyrrolidine and Proline 

A. O K A N Y ,  T .  F .  MASSIAH, A N D  L. J .  RUBIN 
Ctrtzotltr PocXer..s Lir~litecl, Reseorcli ct~rtl D~ ,vc~ lopt~ ie~ l t  Lobo~.trtorie.s. 

221 I St .  Clnir A~~errrrc~ West, Tor.o/lto, Olrtorio M6N I K4 

AND 

K. YATES 
De/)trr/uzetrt ofClre~tristry. Utri~~ersity of Toronto, 80 St.  Gt~orgc Str.eet, Torotrto, Onttrrio 1M5.5 I A l  

Received May 29, 1973' 

The kinetics of the nitrosation of pyrrolidine and proline have been investigated in 
buffer solutions of mildly acidic pH's in the temperature range 40-100 "C. The rate 
constants were determined and the enthalpy and the entropy of activation were calcu- 
lated for both reactions. Examples are presented in which are estimated the maximum 
amounts of nitroso compounds formed under conditions relevant t o  meat processing. 

Les cinitiques de la nitrosation de la pyrrolidine et de la proline ont CtC CtudiCes dans 
des solutions tamponnCes i des pHs faiblement acides et  i des tempkratures entre 40 et 
100 "C. Les constantes de rtactions Ctaient dCterminCes et I'enthalpie et l'entropie 
d'activation Ctaient calculCes pour les deux rCactions. On a prCsentC des exemples dans 
lesquels on a estimC les quantitCs maximum des composCs nitroso formis  sous les conditions 
qui existent durant la traitement de la viande. 

Can. J. Chern., 52, 1050(1974) 

Introduction under mildly acidic conditions (pH 4.15.5, and 6). 

since the reported 2) carcinogenic effect of in the temperature range of 40-100 'c. ~ i n e t i c  

certain ,-,itrosamines (in animal experiments), data on the nitrosation of proline are also given. 

there has been a surge of interest in N-nitroso Proline was selected since it seemed to be the most 

compounds. ~h~ occurrence of nitrosamines in likely precursor of N-nitrosopyrrolidine in cured 

food products (3-6), the conditions necessary for meat products. 

their formation (7-9), their stability (10, 11), and 
their biological effect (12-15) havi been studied. 

Earlier work on the kinetics of nitrosation was 
Experimental 

mainly in connection with diazotization. This M " p ~ ~ ~ ~ ~ d i n e  (BDH), (NBCo), sodium nitrite 
work has been reviewed T u r n e ~  and Wright (Fisher), and N-nitrosopyrrolidine (K & K Laboratories 
(16) and also by Ridd (17). Recently, Mirvish in- Inc.) were of analytical purity. N-Nitrosoproline was pre- 
vestigated the kinetics of the nitrosation of di- pared from proline by the method of Sander (22). 
methylamine (18) and the formation of some Bufer ~olut ions 
nitroSamides (19). Fan and Tannenbaum gave an Acetate buffers a t  a 0.25 M sodium acetate level were 

account on the kinetics of the nitrosation of mor- wed in experiments. 

pholine (20). Schweinsberg and Sander (21) Nitro,[jon o f ~ y r r - ~ f i d i n e  

studied the kinetics of the reactions between The reactions up to  70 "C were performed in a con- 
tertiary amines and nitrite. stant-temperature -water bath (f i "C) in Erlenmeyer 

Small amounts of N-nitrosopyrrolidine (< 0. flasks equipped with pressure-release tubes. The reactions 
a t  the boiling point were carried out in Erlenmeyer flasks 

p.p.m.) have recently been reported to  be present equipped with reflux condensers. 
in samples of fried bacon (3,4). This fact prompt- Aliquots (49 ml) o f  the pyrrolidine solutions of the 
ed us to investigate the kinetics of the formation specified concentrations were equilibrated in the water 

of ~ - ~ i t ~ ~ ~ ~ ~ ~ ~ ~ ~ l i d i ~ ~ ,  under conditions rele- bath for 1 h ;  the required concentrations of sodium 
nitrite were pipetted, in 1 ml volume, into the pyrrolidine 

vant to cured meat processing. solutions and the flasks were shaken. After the required 
This Paper reports kinetic res~llts, obtained for time had elapsed, the solutions were made 3 N in sodium 

the reaction between pyrrolidine and nitrite, hydroxide and 75% of the alkaline solution was distilled. 
-- Under these conditions an average of 90% of the N-nitro- 

'Revision received December 7, 1973. sopyrrolidine distilled over. 
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Nitrosation of Mixtures of Proline and Pyrrolidine 
Pyrrolidine (0.25 mol/l) and proline (0.25 mol/l) were 

dissolved in acetate buffer. Aliquots (49 ml) of the solu- 
tion were equilibrated in the water bath for 1 h (or were 
brought to boiling under reflux), then sodium nitrite 
solution (1 ml) was introduced to give a 0.05 mol/l con- 
centration in the reaction mixture. The solutions were 
left in the water bath (or under reflux) for the specified 
time period. Sodium hydroxide (6 g) or sodium chloride 
(10 g) was added and 75% of the volume of the solution 
was distilled. Recovery of N-nitrosopyrrolidine in the 
distillate from the sodium hydroxide solution was 90%, 
and in the distillate from the sodium chloride solution 
66%. N-Nitrosoproline was recovered from the distilla- 
tion residues in 57 and 66% yields, respectively. All 
reaction mixtures were prepared in duplicate and the two 
samples were processed by the two different methods. 

Determination of' N-Nitrosopyrrolidine 
N-Nitrosopyrrolidine was determined in the acidified 

distillates spectrophotometrically a t  230 nm (7) against 
the distillate of a blank experiment. A standard absorp- 
tion curve was prepared using the commercial N-nitro- 
sopyrrolidine sample. 

Deter1?7ination of N-Nitrosoproline 
The distillation residues were dissolved in water. The 

resulting solutions were acidified to p H  = 1.4 with 3 N 
sulfuric acid and the volume was made up to  100 ml. 
Aliquots (2 ml) of the solution were extracted with dis- 
tilled ethyl acetate (10 ml) in a stoppered centrifuge tube. 
The aqueous layer was removed, and the ethyl acetate 
solution was washed with water (1 ml). An appropriate 
aliquot of the ethyl acetate layer was transferred into 
another stoppered tube and the ethyl acetate was removed 
under a stream of nitrogen. The residue was dissolved in 
water and diluted to the proper concentration for optical 
density measurement, at  235 nm, against a blank treated 
similarly. The N-nitrosoproline concentrations were esti- 
mated from a calibration curve and were corrected for the 
recovery values determined previously. 

Results 
The kinetic order of the reaction between pyr- 

rolidine and sodium nitrite at pH 4.15 was deter- 
mined by the Ostwald isolation method (23). The 
reaction followed first-order kinetics with respect 
to pyrrolidine and was second order with respect 
to nitrite. The overall third-order character of the 
reaction was confirmed by the constancy of the 
rate constant with time, as calculated from the 
integrated form of the third-order rate equation 
for a reaction of the type A + B -t product (24). 

The rate constants for the nitrosation of pyr- 
rolidine at different pH's and temperatures are 
shown in Table 1.  It is known (17) that the nitro- 
sation of amines takes place between unproton- 
ated amine and free nitrous acid. Ourcalculations, 
therefore, were based on the actual concentrations 
of the reactive species of both pyrrolidine and 

TABLE 1. Rate constants for the nitrosation of 
pyrrolidine in acetate buffers ([CH,COONa] = 

0.25 mol/l). [Py], = 0.2 mol/l; 
[NaNO2lo = 0.05 mol/l 

-- 
---- - 

Temperature 
PC) PH k ( m ~ l - ~  l2 min-') 

nitrite at a given pH, estimated from their stoi- 
chiometric concentrations, and pk, values of 
11.27 for pyrrolidine and 3.37 for nitrous acid 
(25). (The temperature dependence of pk, was 
neglected.) 

The rate constant for the nitrosation of proline 
was determined by simultaneous nitrosation of 
proline and pyrrolidine in a reaction mixture con- 
taining less than the stoichiometric amount of 
sodium nitrite.2 The amounts of N-nitrosoproline 
and N-nitrosopyrrolidine formed under different 
conditions and their ratios are shown in Table 2. 

Discussion 
The rate constants for the nitrosation of pyrro- 

lidine are independent of the pH in  the range 
studied ; their value depends only on the tempera- 
ture at constant salt concentrations (Table 1). 

Based on the foregoing results and in accord- 
ance with earlier publications on the nitrosation 
of dimethylamine (18) and morpholine (20) the 
reaction mechanism shown in eqs. 1-3 is suggested 
for the nitrosation of pyrrolidine. 

The concentrations of the reactive species are 
determined by the hydrogen ion concentration, 
according to the equilibria. la and 6. The rate- 
determining step is probably the attack of the 
nitrosating agent (nitrous anhydride formed from 
nitrous acid) on the unshared electron pair of the 
non-protonated pyrrolidine molecule. Conse- 

2The competition method was used because the pres- 
ence of unreacted nitrite complicated the method of 
N-nitrosoproline analysis. 
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TABLE 2. Rate constants for the nitrosation of proline, as determined by simultaneous nitrosation 
of proline and pyrrolidine (acetate buffers [CH3COONa] = 0.25 mol/l), [Pylo = 0.25 mol/l; 

[Pro],, = 0.25 mol/l; and [NaNO,lo = 0.05 mol/l 
- 

Nitroso compounds (mol/l) 
Temperature [NNPro] k 

("c) pH [NNProl x 10' lNNPyl x lo3 lNNPy1 ( m ~ l - ~ l ~  min-') 

H : H 
(reactive) 

[ I ]  (h) NaNOz + H +  HNO, + ~ a +  

(reactive) 
(21 2 H N 0 2  N203 + HzO 

LJ + N203 - 
quently, the amount of nitrosopyrrolidine formed 
in a given time is proportional to the product 
[Pyr,,,,iy,] [HN0212 at any p H  and reaches a 
maximum at p H  3.4 as was suggested by Fan and 
Tannenbaum for amines of pk, values greater 
than 5 (20). 

The rate constant for the nitrosation of proline 
was determined by the competition method (23). 
The assumption was made that the reaction fol- 
lows a kinetic order similar to that for the nitro- 
sation of pyrrolidine. If, therefore, the concen- 
tration of nitrite is kept sufficiently low in the 
reaction mixture with proline and pyrrolidine, the 
quotient ofthe rate equations for the two competi- 
tive reactions approximates the form : [NNPy]/ 
[NNPro] = k, [Py,]/k, [Pro,] where [NNPy] and 
[NNPro] are theconcentrations ofthe two nitroso 
compounds, k ,  and k, are the rate constants for 
the nitrosation of pyrrolidine and proline, respec- 
tively, and [Py,]/[Pro,] represent the concentra- 
tion ratio of the reactive species of pyrrolidine to 
that of proline, as calculated from their stoichio- 

metric concentrations and their pk, values 
(pk, , = 1.95 and pk,, = 10.60 for  proline (25)). 

The N-nitrosoproline to N-nitrosopyrrolidine 
ratios and the rate constants for the  nitrosation of 
proline, determined at different temperatures and 
pH's, are shown in Table 2. 

The p H  independence of the rate constant, for 
the nitrosation of proline, is observed only at 
p H  5 and 6. At p H  4.15, the values are somewhat 
higher and a different mechanism may be opera- 
tive; the possibility of nitrosyl acetate, as a nitro- 
sating agent, in acetate buffers has been suggested 
by Hughes et al. (26). 

The values of the kinetic parameters obtained 
from the Arrhenius plot for the nitrosation re- 
actions are: AH* = 19.3 kcal mol-',  AS* = 
28.5 cal mol-' deg-' for pyrrolidine, and 
AH* = 14.5 kcal mol-', AS* = 14.6 cal mol-' 
deg-' for proline. 

From the foregoing kinetic results we can esti- 
mate the maximum amounts of N-nitrosopyrro- 
lidine or N-nitrosoproline which would be 
formed under a variety of conditions of tempera- 
ture and pH. 

For example, i t  is estimated that,  assuming a 
50 p.p.m. proline and a 150 p.p.m. sodium nitrite 
concentration in a medium of p H  6 containing 
2% inorganic salt a t  54 "C (processing conditions 
for bacon), less then 0.9 p.p.b. of N-nitrosopro- 
line will form in 4 h ;  it was estimated that, assum- 
ing 100 p.p.m. pyrrolidine and 150 p.p.m. sodium 
nitrite in a medium of p H  5.7 containing 2% 
inorganic salts a t  71 "C (processing condition for 
ham), less than 2.36 p.p.b. N-nitrosopyrrolidine 
would form in 3 h. 
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We wish to thank Miss T. R. Khomasurya for calcu- 
lating the values of the rate constants. 
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Nitrogen-Sulfur Ligand Systems via Reduction of Schiff's Base - Zinc 
Complexes Derived from Benzothiazolinesl 

JAMES L. CORBIN~ AND DALE E. WORK 
Charles F. Kelleritig Research Laboratory, Yellow Spritzgs, Ohio 45387 

Received October 4, 1973 

The coordinated imine groups of the Schiff's base - zinc complexes derived from 
various 2-substituted benzothiazolines are easily reduced with sodium borohydride to 
the corresponding amines. Removal of the metal ion from these reduced complexes 
yields the free ligands, providing a simple route to novel aminomercaptan chelating 
agents. Compounds of bi-, tri-, and tetradentate types were prepared in this manner. 

Evidence is given for a disproportionation of 2,2'-dimethyl-2,2'-bibenzothiazolinyl 
into 2-methylbenzothiazoline and 2-methylbenzothiazole in chloroform solution. 

Les groupes imines de bases de Schiff coordonnts avec des complexes de zinc dkrivCs 
de plusieurs benzothiazolines substituts en position 2 sont facilement rCduits p a r  le 
borohydrure de sodium en amines correspondantes. L'Climination de l'ion mCtallique de 
ces complexes rtduits fournit les ligands libCrCs et assure ainsi une route simple pour 
obtenir des arninomercaptans qui peuvent agir comme agents chklatants. Des composCs 
du type bi-, tri- et tktradentate ont CtC prCparCs de cette manikre. 

On fournit des preuves pour supporter l'idte qu'une disproportionnation d u  di- 
mCthyl-2,2' bibenzo-2' thiazolinyle en mCthyl-2 benzothiazoline et  mtthyl-2 benzothiazole 
se produit en solution chloroformique. [Traduit par le journal] 

Can. J. Chern., 52, 1054 (1974) 

We were interested in preparing the unknown 
bis(2-mercaptoanilino)ethanes, 1, as a part of our 
studies on novel nitrogen-sulfur tetradentate 
chelating agents. Potentially, the most attractive 
route appeared to be through the formation of 
the corresponding coordinated Schiff's bases (2) ,  
which if reducible, would yield the desired com- 
pounds upon removal of the metal ions. The 
free Schiff's bases of this type are not isolatable 
compounds. However they apparently exist as 
equilibrium amounts in solutions of the isolat- 
able bibenzothiazolinyls (3), as evidenced by their 
behavior in alkaline solution or with metal ions3 

The appropriate metal complexes are well 
known for 2a and 2b (M = Zn or Cd (2-4) and 
Ni (5, 6)) and more recently were reported for 2c 
(M = Ni, Zn (7)). Except for 2c, they are pre- 
pared by reaction of the metal ion with the cor- 
responding benzothiazoline (3). 

While reduction of thecoordinated imine group 
to a secondary amine has been carried out with 
sodium borohydride for another type of ligand 

'Contribution No. 508 from the Charles F. Kettering 
Research Laboratory. 

2To whom correspondence should be addressed. 
3A general discussion including the influence of metal 

ions appears in review form (1). 

(8), the nickel complex of 2a, unfortunately, has 
been reported (9) to give only a partially- 
reduced, oxygen-sensitive product with this rea- 
gent. However, we wish to report that the highly 
colored zinc complexes, 2a and 2b,  are smoothly 
reduced with sodium borohydride in DMF- 
ethanol or as a slurry in ethanol t o  the colorless 
complexes, 4a and 4b,  in good yield. These com- 
pounds were sufficiently soluble in DMSO-dG4 
for n.m.r. spectra to be obtained, which sup- 
ported the assigned structures. The zinc was 
readily removed from the reduced complexes by 
treatment with 2 mol of NaOH (DMF-H,O) and 
filtration of the precipitated Zn(OH),. Acidifica- 
tion of the filtrate gave the desired tetradentates 
l a  and l b ,  characterized by n.m.r., i.r., molecular 
weight, and elemental analysis. 

Some insight into the lack of stereospecificity 
of the reduction step is provided by the complex 
4b  in which two asymmetric carbons are formed. 
The methyl region of the n.m.r. spectrum con- 
sists of two sets of doublets of ca. equal intensity, 
probably corresponding to a mixture of dl and 
meso diasteroeisomers. Although the n.m.r. data 

44a, 4b, and also 3b could be recovered (> 90%) un- 
changed from DMSO. This precludes possible oxidation 
by this solvent, a point raised by one of  the referees. 
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and narrow boiling point range of the free ligand 
l b  appear to argue against this conclusion, use 
of a lanthanide shift reagent gives results that 
agree with it. Thus, Eu(FOD), shifts the methyl 
doublet of l b  downfield and splits it into two 
doublets of about equal area. 

The orange zinc complex, purportedly 2c (7), 
was also reduced but the gummy product would 
not crystallize. Removal of the zinc as above 
gave the bidentate N-benzyl-2-mercaptoaniline 
(5) as the only product. Because the expected 
tetradentate was not obtained, the original for- 
mulation for 2c must have been incorrect or else 
carbon-carbon bond cleavage occurred during 
the reduction. The latter was not particularly 
likely in view of the mild conditions and reducing 
agent employed. In addition, the method cited 
for preparation of 2c involves only refluxing 2- 
phenylbenzothiazoline and the metal ion in meth- 

a n ~ l , ~  which might be expected to yield a com- 
plex containing two of the bidentate imines in- 
stead of the tetradentate Schiff base. Jadamus 
et al. (3) had earlier tried to make 2c using what 
they thought was the corresponding benzothiazo- 
line (3c), but with no success. Their starting ma- 
terial was later shown to be 2-phenylbenzothia- 
zole by Bayer and Breitmaier (10). 

A number of other complexes of the zinc- 
mercaptoimine type are reported (1, 1 1) and ap- 
plication of our procedure to these could provide 
a route to other novel chelating agents. We 
selected one of these (6)  of the tridentate type to 
explore this possibility. The reduction went as 
expected, yielding the previously unknown tri- 
dentate 7 after removal of the zinc from the 
intermediate reduced complex. It seems reason- 
able to assume the general utility of this reaction 
sequence for related preparations. 

During the course of these studies a pertinent 
observation was made concerning one of the bi- 
benzothiazolinyls used as a precursor. Bayer and 
Breitmaier (4) questioned the structure of the 
benzothiazoline 3b based on n.m.r. data in 
CDCl, solution and inferred an equilibrium be- 
tween several isomeric species. We found that a 
freshly prepared, recrystallized sample of this 
compound was only slightly soluble in this sol- 
vent, but that slow solution occurred (ca. 24 h 
under argon, much faster in air). The n.m.r. 
spectrum of this solution eventually stabilized 
(Fig. 1 b) and resembled that published by Bayer 
and Breitmaier (4) but with different peak ratios. 
The singlet at 2.80 p.p.m. and the doublet at 1.53 
and 1.62 p.p.m. were in a 1 : 1 ratio and this ratio 
did not change further in the absence of air. Also, 
spectra at  intermediate times (Fig. la) contained 
an additional singlet (1.80 p.p.m.) which de- 
creased as the others increased, eventually disap- 
pearing. This signal probably arises from the 
methyl of real 3b (see below). Further examina- 
tion of the spectrum indicated the results would 
be easily explained by formation of a 1 : 1 mixture 
of 2-methylbenzothiazoline and 2-methylbenzo- 
thiazole (Scheme 1). This was confirmed using a 
1 : 1 mixture of the authentic compounds as well 
as g.1.c. examination. I n  the presence of air the 
thiazoline methyl doublet (1.53, 1.62) slowly dis- 
appears as oxidation to the thiazole occurs. 

5The reaction time to be used was not clear; i .e. ,  ref. 76 
cites "prolonged heating" while ref. 7a says "briefly 
heated." We used both 30 min and 70 h reaction times 
and got identical products (see Experimental). 
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FIG. 1. Nuclear magnetic resonance spectrum of 36 
(CDCI,) at ca. (a) 35 h and (b) 48 h after mixing. 

Therefore, it appears that some type of dispro- 
portionation of 36 occurs in chloroform. Inhibi- 
tion of this reaction by adding Galvinoxyl sug- 
gests a free radical mechanism, perhaps induced 
by traces of oxygen. 2-Alkylbenzothiazolines are 
known to decompose to the thiazole and cor- 
responding alkane (12) but only at elevated 
temperatures. The nature of the disproportiona- 
tion products from 36 would tend to support the 
thiazoline structure questioned by Bayer and 
Breitmaier and also explains their n.m.r. data. 
Compound 3a does not exhibit this phenomenon. 
Disproportionation of 36 evidently does not 
occur in DMSO-d,, and only a single methyl 
peak is seen (1.79 p.p.m.) and is not affected by 
air. This signal probably corresponds to the de- 
caying 1.80 p.p.m. peak seen in CDCI,. 

Experimental 
Nuclear magnetic resonance spectra were obtained with 

a Varian A-60 instrument (35") and tetramethylsilane was 
the internal standard. A Hewlett-Packard 302B vapor 
pressure osmometer (37") was used for molecular weight 
data. The H-P Model 185 C,H,N Analyzer was used for 
the elemental rnicroanalyses. Gas-liquid chromatography 
was performed on an H-P 5750 dual flame instrument. 
Infrared spectra were run as KBr pellets on a Beckrnan 
IR-20A. All evaporations were done at  or near room 
temperature on a rotary vacuum evaporator. 2-Methyl- 
benzothiazoline was prepared according to LarivC et al. 
(13) and 2-phenylbenzothiazoline was synthesized by the 
method described by Lankelma and Sharnoff (14). All 
other chemicals were reagent grade. 

2,2'-Bibenzothiazolinyls (3a and b) 
These compounds were prepared by the reaction of 2- 

aminobenzenethiol and glyoxal or 2,3-butanedione as 
described by Bayer and Breitmaier (4). The reactions as  
well as the recrystallizations were conducted under argon 
and the products were used as soon as possible. 

Glyoxal- and 2,3-Butanedionebis(2-mercaptoani1)- 
Zinc(I1) (2a and b) 

The general procedure of Bayer and  Breitrnaier (4) 
was followed except that the solvent was altered to allow 
for larger scale preparations without the inconvenience of 
very large volumes, i.e., 0.10 mol of the appropriate 
bibenzothiazolinyl (3) was dissolved in 400 ml of 1 : 1 
dioxane-methanol a t  reflux (argon) and  then 0.10 mol of 
zinc acetate (dihydrate) in 175 ml of methanol added. 
Yields were typically 2 4 %  lower using this mixed solvent 
instead of methanol only. 

'Benzilbis(2-mercaptoani/)-Zinc(I1) (2c)" 
The orange complex reported by Kochin et al. (7) was 

obtained by adding 0.01 mol of zinc acetate (30 rnl meth- 
anol) to a refluxing solution of 0.02 mol of 2-phenyl- 
benzothiazoline (14) in 35 ml of methanol. The yield was 
67% (m.p. 252-255" corrected; lit. (7) m.p. 249-250") and 
the product was the same (i.r., m.p.) with 30 min or 70 h 
reaction time. 

2,3-Bis(2-mercaptoanilit10) britane-Zinc (11) (4b) 
A slurry of 26 (14.9 g, 0.0407 mol) in 50 rnl of dimethyl- 

formamide and 13 ml absolute ethanol was cooled in ice 
and a solution of sodium borohydride (0.875 g, 0.023 
mol) in 7 ml of D M F  was dropped in over 5-10 min. 
Stirring was continued for 30 min at  room temperature 
and the light orange-brown solution was filtered and 140 
ml of methanol added. After chilling (freezer) overnight, 
the nearly white crystals of the product were filtered and 
washed with methanol to  give 12.0 g (80.2%) after vacuum 
drying; n.m.r. (DMSO-d6): 1.10, 1.18 (two doublets, J = 
7, 6 Hz, 6H, CH,-), ca. 3.0 (m, 2H, -CH-), 6.25 (b-d, 
2H, exchangeable with D 2 0 ,  -NH), 6.8-7.5 p.p.m. (m, 
8H, ArH). An analytical sample was vacuum dried for 2 h 
at  100". Some residual D M F  was still evident (n.m.r.). 

Anal. Calcd. for CL6HlgN2S2Z~:  C ,  52.25; H, 4.93; 
N,  7.61. Found: C, 52.48; H, 5.14; N ,  7.61. 

1,2-Bis(2-mercaptoat1ilino)etlrane-Zinc(II) (4a) 
The above procedure gave a very dark reaction mixture 

and tan-brown product in only 60% yield when applied to 
2a. A better method was to add solid NaBH, (1.5 g) to a 
stirred suspension of 2a (10.0 g, 0.030 rnol) in 100 ml 
absolute ethanol. After stirring overnight the gray to 
purple-gray product was filtered off and washed with 
ethanol. To remove any remaining color, this product was 
dissolved in ca. 45 ml of DMF at 5G60° (filtering if neces- 
sary) and more NaBH, added to give a pale yellow solu- 
tion. The product was recovered by the addition of rneth- 
an01 (4 volumes) to  give an overall yield of 80-85% of 
white solid; n.m.r. (DMSO-d6): 2.95 (b-d, 4H, -CH2-), 
6.42 (b-t, 2H, D 2 0  exchangeable, NH),  6.8-7.6 p.p.m. 
(m, 8H, ArH). For  analysis 1 g was recrystallized (4 ml 
D M F  and 5 ml isopropanol) and vacuum dried at 100" 
(2 h). 

Anal. Calcd. for Cl4HL4N2S2Zn: C, 49.49; H, 4.15; 
N, 8.24. Found: C, 49.88; H, 4.45; N ,  8.27. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CORBIN AND WORK: MERCAPTOANILINES 1057 

BisiN-(2-picolyl) -2-mercaptoanilino]-Zinc(I1) 
Reduction of the known (1 5) complex 6 (45.4 mmol in 

100 ml of DMF) by the procedure used for 46 gave an 
83.8% yield of the white zinc complex. An analytical 
sample was recrystallized (DMF-methanol) and vacuum- 
dried (100"); n.m.r. (DMSO-d6): 4.25 (b, 2H, -CH2-), 
6.07 (b, lH ,  D 2 0  exchangeable, NH), 6.50-8.55 p.p.m. 
(m, 8H, Ar-H). 

Anal. Calcd. for C24H22N3S2Zn: C, 58.12; H ,  4.47; 
N, 11.30. Found: C, 57.76; H ,  4.63; N, 11.33. 

Removal of the Zinc fiom the Reduced Complexes 
The reduced complex (0.05 rnol) was dissolved in D M F  

(ca. 75 ml) and then 50 ml of 2.0 N NaOH was dropped 
in with stirring. After addition of 100 ml of H,O, the 
zinc hydroxide was filtered (Celite) and the filtrate neu- 
tralized with 100 rnl of 1.0 N HCI. After standing a few 
minutes the supernate could be decanted from the gummy 
product. This was taken up in 100 ml of rnethylene chlo- 
ride, washed twice with H 2 0 ,  and dried (Na2S04). Final 
purification of the product is given below under the in- 
dividual compounds. 

1,2-Bis(2-mercaptoani1ino)ethane ( l a )  
The rnethylene chloride solution was evaporated and 

the residue was recrystallized from absolute ethanol (64 
ml) and chloroform (16 ml) to yield 9.80 g (71%) of yellow 
prisms, rn.p. 84-86" (corrected); n.m.r. (CDCl,): 3.47 (s, 
4H, -CH2CH2-), 5.67.5 (m, 8H, Ar-H), 2.5-4.5 
p.p.m. (extremely broad, 4H by exchange with D 2 0 ,  NH 
and SH); i.r.: 3495 (NH), 2515 (SH), 750 cm-' (1,2- 
disubstituted benzene). An analytical sample was recrys- 
tallized and vacuum dried at  25". 

Anal. Calcd. for C14H16N2S2 (mol. wt. 276): C, 60.83; 
H ,  5.83; N, 10.13. Found (mol. wt. 288, 1,2-dichloro- 
ethane): C, 60.69; H,  5.99; N,  10.13. 

2,3-Bis(2-mercaptoanilino) butane ( l b )  
The solvent was removed from the dried methylene 

chloride solution and the residual golden oil distilled (no 
column) to give 11.2 g (83%) of light yellow oil (178- 
182"/0.05 mm); n.m.r. (CDCI,) : 1.20, 1.30 (6H, CH,-),6 
3.73 (m, 2H, -CH), 2.0-5.0 (extremely broad, 4H by 
exchange with D 2 0 ,  N H  and SH), 6.4-7.4 p.p.m. (m, 8H, 
ArH); i.r. 3390 (NH), 2520 (SH), 750cm-I (1,2-disub- 
stituted benzene). 

Anal. Calcd. for C16H2,N2S2 (mol. wt. 304): C, 63.12; 
H, 6.62; N, 9.20. Found (mol. wt. 289,1,2-dichloroethane): 
C, 62.92; H, 6.70; N, 9.17. 

N- (2-Picolyl) -2-mercaptoaniline (7)  
The methylene chloride solution was evaporated and 

the residual oil distilled (no column) to give 14.2 g (65%) 
of yellow oil (146-156"/0.04 mm). A thiol determination 
(iodine) gave 99% of the expected value; n.m.r. (CDCI,): 
4.47 (s, 2H, -CHI-), 4.30 (b, 2H, D 2 0  exchangeable, 
N H  and SH), 6.47-8.67 p.p.m. (m, 8H, Ar-H); i.r. 3390 
(NH), 2540 (SH), 750cm-' (1,2-disubstituted benzene). 

Anal. Calcd. for C12H12N2S (mol. wt. 216): C, 66.63; 
H,  5.59; N, 12.95. Found (mol. wt. 227, 1,2-dichloro- 
ethane): C, 66.41; H, 5.37; N, 12.99. 

N-Benzyl-2-tnercaptoaniline (5 )  fiom "2c" 
The orange zinc complex thought to be 2c (8.69 g, 

0.0178 mol) in 45 ml D M F  and 18 ml absolute ethanol 
was reduced according to the above procedure. No solid 
could be obtained, even with addition of 400 ml of meth- 
anol, so the solvent was evaporated and the  metal ion 
was removed as follows: the residual pale yellow gum 
was dissolved (readily) in 50 ml methanol: 17.8 ml of 
2.0 N NaOH was added slowly, and the precipitated zinc 
hydroxide filtered off (Celite); 17.8 ml of 2.0 N HCI was 
added to neutralize the filtrate and the solvent was re- 
moved. The residue was dissolved by swirling with 75 ml 
of chloroform and 25 ml of H 2 0 .  The organic layer was 
washed with H 2 0  (25 rnl), dried (Na2S04), the solvent 
removed, and the residual oil subjected to simple distilla- 
tion (139-145"/0.5 mm; 3.61 g of colorless oil). This ma- 
terial was shown to be N-benzyl-2-mercaptoaniline (16) 
by n.m.r. (CDCI,): 4.33 (s, 2H, -CH2-), ca. 2.6-4.7 
(extremely broad, 2H by exchange with D 2 0 ,  -NH and 
-SH), 7.28 (s, 5H, phenyl); 6.5-7.4 p.p.m. (m, 4H, 
Ar-H). A molecular weight of 198 (theory 215) was 
found (1,2-dichloroethane) and supported by a thiol de- 
termination with iodine. 

Disproportionation of 2,2'- Dimethyl-2,2'-bibenzo- 
thiazolinyl (36) 

A sample of 3b (101 mg) was placed in an  n.m.r. tube, 
stoppered with a serum cap, and flushed well with argon 
by evacuation. CDCI, (1.0 ml) was added through the 
serum cap and the contents mixed by continual inversion 
on a slowly rotating wheel. After ca. 24 h n o  solid re- 
mained and the colorless solution was monitored by n.m.r. 
(Fig. 1). After ca. another 24 h the spectrum showed no 
further change. The same spectrum was obtained from a 
1 : 1 mixture of 2-methylbenzothiazole and 2-methylbenzo- 
thiazoline. The n.m.r. solution was examined by a.1.c. 
(6 ft. x Q in. column, 10% silicone gum on ~ h r o m o i o r b  
W, 161°, 25 ml/min of He), and showed two peaks cor- 
responding to the above two compounds (retention times 
4.6 and 6.8 min respectively) in ca. 1 : l ratio. 

In a parallel experiment in the presence of Galvinoxyl 
(17) (25 mg) most of the solid still remained after 50 h. 
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The Rate of Ionization of Some Aromatic Hydrocarbons in Ethanolic 
Dimethyl Sulfoxide 

A. ALBAGLI, J .  R. JONES, A N D  ROSS STEWART 
Deportt~lent of Cllenzistry, University of Bvitish Colt~tnbin, Vrrncorrver, British Colrot~birr 

Received October 22, 1973 

The rates of detritiation of triphenlymethane, 9-phenylxanthene, fluorene, 9-ethyl- 
fluorene, 9-phenylfluorene, and 2,3-benzofluorene have been measured in ethanolic 
dimethyl sulfoxide (DMSO) containing sodium ethoxide. When the logarithm of the 
ionization rate is plotted against the logarithm of the ionization rate of DMSO a straight 
line of near-to-unit slope is obtained in each case. There are significant differences, 
however, between relative ionization rates and equilibrium acidities. 

Les taux d'Climinations du tritium du triphknylmkthane, du phinyl-9 xanthtne, du 
fluorkne, de I'ethyl-9 fluorhe, d u  phCnyl-9 fluorkne et du benz-[2,3] f luorhe  ont Ct6 
mesurCs dans un mClange d'Cthanol et de dimithyle sulfoxide (DMSO) contenant de 
l'ithylate de sodium. Quant on porte le logarithme de  la vitesse d'ionisation en abcisse 
et le logarithme de la vitesse d'ionisation d u  DMSO en ordonnk on obtient dans chaque 
cas une ligne droite ayant une pente prks de  I'unitC. On note toutefois des diffirences 
nettes entre les vitesses relatives d'ionisation et les aciditCs d'Cquilibre. 

[Traduit par le journal] 
Can. J.  Chern., 52, 1059 (1974) 

In connection with earlier work on the rate of the convenient range of concentrations in which 
ionization of dimethyl sulfoxide (DMSO) in each compound was studied we can make esti- 
aqueous and alcoholic DMSO mixtures (1) we mates of the rates of ionization of hydrocarbons 
had occasion to measure the rates of ionization of of widely varying strengths. On this basis the 
several hydrocarbons. Some recent work on the range of rates between the strongest acid studied, 
equilibrium acidities of these compounds (2-4) 9-phenylfluorene (pKHA = 18.5) (2) to the weak- 
has induced us to report briefly the results of our est, triphenylmethane (pKHA = 3 1.5) (2) is 7.2 
earlier study. Despite its somewhat fragmented powers of 10, compared to the ApK of 13.0. 
character several interesting points emerge from Discrepancies between the order of equilibrium 
the work. and kinetic acidities soon reveal themselves, how- 

ever. For example, 9-ethylfluorene and fluorene 
Results and Discussion have almost the same acid strengths (3,4) but the 

The ionization of DMSO in aqueous and alco- 9-ethyl compound is ionized some 10 times more 
holic DMSO mixtures containing a fixed amount 
of base (HOP, CH,O-, or C,H,O-) is linear in 
H- (based on the ionization of aromatic amines) 
with near-to-unit slope over a remarkable range 
(some 8 powers of 10 in the rate and some 8.6 
powers of 10 in the equilibrium acidity) (la). The 
great variation in rates meant that measurements 
in concentrated DMSO had half-lives of seconds 
while those in very dilute DMSO had half-lives of 
many years. 

The ionization rates of several hydrocarbons in 
ethanolic DMSO (Table 1) can be correlated with 
the rate of ionization of DMSO itself, as shown in 
Fig. 1. The slopes of the lines vary (randomly) in 
the range 0.90-1.03 and are linear to a fairly high 
degree of precision. If we use the average slope 
(0.944) and assume it remains constant outside 

slowly than the parent compound. (There is a 
six-fold difference in methanolic methoxide (5)). 
A more striking inconsistency appears when 
DMSO itself is compared to triphenylmethane. 
There is evidence to indicate that their equili- 
brium acidities are fairly near one another in most 
media, with DMSO being the weaker of the two 
(la, 2, 6). Yet DMSO reacts with base about 200 
times faster than does triphenylmethane. This 
probably has two causes: a smaller change in ge- 
ometry at the acidic carbon atom accompanying 
the ionization of DMSO, and more ready access 
of the base to the ionizing proton in the case of 
DMSO, the smaller molecule. A corollary of these 
results is that protonation of the triphenylmethide 
anion is much slower than diffusion-controlled in 
ethanolic DMSO. (See ref. 7 for a general discus- 
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1060 C A N .  J .  CHEM. 

TABLE 1. Rate of detritiation of various hydrocarbons 
at 25" in mixtures of ethanol and DMSO 

containing sodium ethoxide 

M o l Z  [OEtl- 
Compound DMSO (M) I mol-' s- '  

Fluorene 10.0 
12.5 
20.2 
24.4 
30.3 
35.0 
39.2 
44.6 

Triphenylmethane* 83.5 0.0100 6.45 x 
87.0 0.0100 1.28 x 
90.6 0.01oo 5.99 x 10-3 

A referee has kindly drawn our attention to the possibility o f  
tritium being introduced into the rings o f  triphenylmethane as a 
consequence o f  the tritiation method employed for this compound. 
The low residual activity observed at late stages of  the detritiation 
reaction suggests that this was not a serious source o f  error in deter- 
mining reaction rates. 

sion of solvent effects on rate of protonation of 
carbanions.) 

The activation parameters for the ionization of 
four of the carbon acids are given in Table 2. It 
can be seen that the weaker the acid the larger is 
A H * .  Changes in AS* are less important and in 
most cases, they oppose the change in enthalpy. 
In previous work with carbon acids (8) it was also 
found that changes in AH* were more important 
than changes in AS* in determining relative ioni- 
zation rates. The increased exchange rate that 
accompanies an increase in the DMSO content 

VOL. 5 2 ,  1974 

FIG. 1. Plot of logk (detritiation of hydrocarbon) 
against log k (DMSO exchange) in DMSO-ethanol con- 
taining 0.01 M sodium ethoxide; rate constants in units 
of 1 mol-' s-I. The compounds are, from left to right, 
9-phenylfluorene, 2,3-benzofluorene, fluorene, 9-ethyl- 
fluorene, 9-phenylxanthene, and triphenylmethane. The 
slopes and correlation coefficients (in parentheses) are, 
respectively, 0.983(0.999), 0.904(0.999), 0.914(0.999), 
0.908(0.998), 0.928(0.999), and 1.029(0.999). 

of the solution is likewise caused chiefly by a 
change in enthalpy. 

The activation of hydroxide that results from 
the use of polar aprotic solvents is usually attri- 
buted to the inability of the solvent molecules to 
form hydrogen bonds with the small anion, a 
further factor being the increased solvating ability 
of polar aprotic solvents towards large, charge- 
dispersed anions (9). Both factors would lead one 
to expect AH* t o  decrease as the DMSO content 
increases, as is observed. 

Experimental 
Materials 

The unlabelled hydrocarbons were obtained from com- 
mercial sources, except for 9-ethylfluorene, which was 
prepared by the method of Cuvigny and Normant (10) 
and 9-phenylxanthene, which was prepared as follows. 
Treatment of xanthenone with phenylmagnesium bromide 
in dry benzene gave 9-phenylxanthenol, which was re- 
duced by a formic acid - sodium formate mixture to give 
9-phenylxanthene. The product was recrystallized from 
benzene-ethanol and then sublimed and recrystallized, 
m.p. 144.5-145", (lit. (1 1) 145"). 

The tritiated hydrocarbons were prepared by the 
method of Jones (1 2), except for triphenylmethane-t. This 
compound was made by treating triphenylcarbinol with 
acetyl chloride in benzene followed by treatment with 
sodium amalgam in ether to give triphenylmethylsodium; 
addition of HTO gave the tritiated hydrocarbon. After 
filtering off the precipitate of sodium hydroxide the sol- 
vent was evaporated, the product was redissolved in ether 
and refiltered. This procedure was repeated once more 
and the product then recrystallized from ethanol. 
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ALBAGLI E T  AL.: HYDROCARBON ACIDITY 

TABLE 2. Activation parameters for the detritiation of hydrocarbon in mixtures of 
ethanol and DMSO containing 0.01 M sodium ethoxide 

Mol% AH* AS* 
Compound (pK)* DMSO (kcal mol-I) (e.u.) 

Triphenylmethane (31.5) 62.5 23.3 -2 .3  

Fluorene (22.1 ; 22.7) 62.5 14.4 - 10.2 
10.0 17.2 - 12.4 

'References 2-4. 

Exchange Measurements 
A weighed amount (20-30 mg) of tritiated hydrocarbon 

was dissolved in 100 ml of the appropriate DMSO- 
ethanol solution in a glass-stoppered 125 ml flask im- 
mersed in a thermostatted bath. After thermal equilibra- 
tion was reached 1.0 ml of a 1 M solution of sodium 
ethoxide in ethanol was added. Aliquots were withdrawn 
at appropriate time intervals and introduced into a 125 ml 
separatory funnel containing 50 ml of cold water and 
15 ml of liquid scintillator (3.5 g of 2,s-diphenyloxazole 
per liter of toluene). The funnel was shaken, the layers 
separated, and the toluene layer dried over anhydrous 
magnesium sulfate. An aliquot (10ml) of the dried 
toluene solution was transferred to a counting vial and 
counted for 20 min in a Nuclear Chicago Mark 1 model 
6860 liquid scintillation counter.' The counting efficiency 
was roughly determined for each sample by the external 
standard technique utilizing the built-in '33Ba source. All 
vials which did not have close to the average efficiency 
were discarded. The usual count at time zero was around 
500 000 counts per min. In general the reactions were 
taken to about 70% completion. However, for each hydro- 
carbon at least one run was allowed to proceed to greater 
than 90% completion. 

The financial support of the National Research Council 
of Canada is gratefully acknowledged. 
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Chemistry of 2-Substituted Adamantanes. V.' Photolysis of 2-Adamantyl 
Azidoformate 

J.  W. GREIDANUS 
Departtnenr of Cl~emistry, School of Natl~ral Sciences, University of Zambia, P .O.  Box 2379, Lusaka, Zar~zbicc 

Received March 6 ,  1973' 

In an attempt to prepare adamanto[l,2-d]oxazolidin-2-one (2),  2-adamantyl azido- 
formate was subjected to photolysis in cyclohexane. The main product 8 (yield 41%)  
is formed by intermolecular insertion of the nitrene in the solvent. The only other pure 
compound isolated (yield 1 5 % )  is a product of intramolecular insertion. T h e  i.r. 
spectrum of the latter supports the presence of a five-membered cyclic carbamate. The 
fact that intermolecular insertion is the main reaction is unexpected in view of the 
results reported by others. 

Afin de priparer l'adamantano [1,2-d]oxazolidinone-2 (2) on a soumis l'azydoformate 
d'adamantyle-2 en solution dans le cyclohexane i une photolyse. Le produit principal 
de la &action, 8, (rendement 4 1 % )  est fo rmi  par une insertion intermoliculaire du 
nitrtne dans le solvant. Le seul autre produit pur is016 (rendement 15%)  est un produit 
d'insertion intramol6culaire. Le spectre infrarouge de ce dernier indiquerait la prtsence 
d'un carbamate dans un cycle i cinq membres. Le fait que I'insertion intermolCculaire 
est la rCaction principale est inattendue considkrant les risultats rapport& par d'autres 
autours. [Traduit par le journal] 

Can. J .  Chem., 52.1062 (1974) 

Insertion reactions of nitrene intermediates, o o 
especially of carbonylnitrenes, can lead to 
synthetically useful processes and the topic has F o  
been thoroughly reviewed (1): The photolytic 
decomposition of I-adamantyl azidoformate in 
cyclohexane (2,3) gives a 45% yield of adamanto- 
[2,1-d]oxazolidin-2-one (1). Intermolecular inser- 
tion of the intermediate carbalkoxynitrene into Hlb 1 022 2 
the solvent is a minor process giving only 4% of 
1-adamantyl N-cyclohexylcarbamate and the 
three methylene groups adjacent to  the substi- 
tuted bridgehead in the azidoformate compete 
effectively with those in cyclohexane for the 
nitrene. 

J 

We were interested in the isomeric adamanto- 
[1,2-d]oxazolidin-2-one (2) and decided to  at- 

into the bridgehead C-H bond of adamantane 

tempt its synthesis in a way completely analogous has been demonstrated clearly3 and it was hoped 
that this would be the dominant factor and 

to  that used for 1 (2,3). Solely on statistical would result in a good yield of Z. 
grounds the chances for the formation of 2 are 

AS will be shown below, the photolysis of 
one-third those for the cyclization leading to 1 2-adamantyl was highly disap- 
(assuming that 3 is not formed). pointing from the standpoint of satisfactorily 
Cyclization of the intermediate nitrene to the preparing 2. tetrahydro-1,3-oxazin-2-one derivative 3 is also 
a possibility, as several examples of the forma- Results 
tion of this ring system by acylnitrene insertion The compound 2-adamantyl P - ~ ~ ~ ~ ~ P ~ ~ ~ Y ~  
have been reported (4). The considerable carbonate (4) and the carbazate 5 were prepared 
preference of ethoxycarbonylnitrene for insertion relative reactivity of the tertiary C-H bond in 

adamantane was found to be more than six times that of a 
'For Part IV see ref. 15. secondary C-H bond in its reaction with ethoxycar- 
'Revision received November 12, 1973. bonylnitrene (5). 
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GREIDANUS: CHEMISTRY OF ADAMANTANES. V 

(yields, respectively, 66 and 89%) following the 
procedures reported for the corresponding 1- 
adamantyl isomers (3) but with some experi- 
mental modifications. The carbazate 5 could 
also be prepared (yield 82%) from 2-adamantyl 
chloroformate (6). The crude chloroformate 6 
was obtained from 2-adamantanol and phosgene4 
but the yields were variable and low (28-42%). 

The carbazate 5 was treated with nitrous acid 
and gave 2-adamantyl azidoformate (7), as 
shown in Scheme 1, with a yield of 78Xs5 The 
photolysis of 7 was carried out in a quartz tube 
at 253.7 nm and was found to be complete after 
90-100 min. 

Two pure products could be isolated. The 
first and most easily obtained product CllH,,- 
NO,, m.p. 135-136", has like its isomer 1 a 
rather low solubility in cyclohexane (3) and is 
obtained by filtration with a maximum yield of 
15%. Although its i.r. spectrum seems to indicate 
the presence of a five-membered cyclic carbamate 
we cannot at this stage assign structure 2 to it 
with certainty (see Discussion). 

hv in 
[I] 7 -- C l l H , 5 N 0 2  + 

cyclohexane 

+ Unknown products 

8 

Insertion of the nitrene intermediate into the 
solvent appeared to be the main reaction, giving 
a 4 1 % yield of 2-adamantyl N-cyclohexylcarba- 
mate (8), isolated after chromatography on 
alumina (eluent benzene). Continued elution 
- 

4Compare with the preparation of I-adamantyl 
chloroformate (6,7). 

51t is not necessary to  isolate 7 for the next photolysis 
step (compare with ref. 3) but we often did so in order 
to get more accurate information about the yield of the 
photolysis products. 

with more polar solvents gave a variety of 
small and mostly very viscous residues, the i.r. 
spectra of which indicated the presence of 
amide-like compounds as well as some 2- 
adamantanol. These were not further investi- 
gated. 

Discussion 
In the absence of skeletal rearrangements6 

intramolecular insertion of the nitrene inter- 
mediate from 7 will give rise to a 2-oxazolidinone 
ring, as in 2, or to a tetrahydro-l,3-oxazin-2-one 
ring, as in 3.' 

A photolysis product C , ,  H, ,NO, resulting 
from intramolecular nitrene insertion and iso- 
lated with a yield of 15%, shows in its i.r. 
spectrum a split carbonyl absorption band with 
maxima at  1715 and 1755 cm-' (both very 
strong). Compound 1 shows also two maxima, 
at 1724 and 1754 cm- ' (3), and a double band 
has been reported for other five- and six- 
membered cyclic carbarnates (9,lO). The carbonyl 
absorption in five-membered carbarnate rings 
occurs about 40 wavenumbers higher than in 
six-membered rings (9-1 1). In the case of 2- 
oxazolidinone, the values 1724 (12) and 1730 
cm-' (10) have been reported; the six-membered 
cyclic carbamate tetrahydro- l,3-oxazin-2-one 
absorbs a t  1699 cm- ' , while 2-oxa-4-azabicyclo- 
[3.3.l]nonan-3-one absorbs at 1686 and 1646 
cm-' (10). The last compound, especially, is of 
interest as  its bicyclic structure is part  of 3. A 
- 

'jThe possibility of a skeletal rearrangement has been 
suggested by one of the referees and can of course not be 
ruled out, although it seems unlikely to the  present 
author. I-Adamantyl cations and free radicals appear to 
have considerable stability and skeletal isomerizations of 
adamantane compounds (including degenerate isomeri- 
zations) are interpreted as reactions of the 2-adamantyl 
carbonium ion (8). 

'The author is not aware of any intramolecular 
carbalkoxynitrene insertion leading to a four-membered 
cyclic carbamate and considers its formation from 7 also 
very unlikely. 
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five-membered ring is indicated by the i.r. 
spectrum of C,  , H ,  ,NO,. 

Compound 3 should show two one-proton 
absorptions in its n.m.r. spectrum for hydrogen 
at C-2 and -4. The n.m.r. spectrum of the 
product C,,H,,NO, (CDCI,) does not show 
these peaks but neither does it all by itself prove 
structure 2. In addition to a massive multiplet 
(6 1.1-2.6, 13 protons) four minor peaks occur 
at 6 6.22, 5.14, 4.78, and 4.1 1, together repre- 
senting two protons. The peaks at 6 6.22 and 
5.14 amount together to one proton, they can be 
removed by exchange with D,O-NaOD, have 
the broad shape of an amide proton, and appear 
to have aromatic solvent-induced shifts of 
opposite sign in perdeuteriobenzene. These data 
would be compatible with structure 2 only if we 
were dealing with a mixture of invertomers. As 
the barrier to nitrogen inversion in amides is 
generally low,' this explanation would be 
sufficiently unusual to require confirmation which 
is outside the scope of the original project and 
at present not yet available. 

Our finding that intermolecular insertion of 
the nitrene intermediate into the solvent cyclo- 
hexane competes so effectively with intramole- 
cular insertion in the photolysis of 2-adamantyl 
azidoformate is unexpected in view of the 
behavior of its 1-adamantyl isomer under 
identical reaction conditions (3) and because of 
the observation (5) that, in its reaction with 
ethoxycarbonylnitrene, the tertiary C-H bond 
in adamantane is much more reactive than the 
secondary. 

Intermolecular insertion of nitrene in cyclo- 
hexane appeared to be the main reaction in the 
photolysis of I-adamantyl carbamoyl azide (14) 
and it is clear that the conditions for successful 
intramolecular nitrene insertion in adamantane 
derivatives are not well understood and will 
require further investigation. 

Experimental 
Photolyses were carried out in a quartz reaction tube 

in a Rayonet photochemical reactor equipped with eight 
low-pressure mercury lamps giving 84% of their emission 
a t  253.7 nm. Melting points were determined in sealed 
capillary tubes and are uncorrected. The i.r. spectra were 
run in KBr pellets unless otherwise specified and were 
recorded on a Perkin-Elmer spectrophotometer, model 

8Ring strain and a hetero atom bonded to  nitrogen are 
normally required for the stabilization of the nitrogen 
pyramid in order to give stable invertomers (13). 

337, or a Unicam S P  200G instrument. Mass spectral 
data were obtained with a Varian-Mat CH-15 instrument 
at an ionization energy of 70 eV. The n.m.r. spectra were 
recorded on Varian A-60 and HA-100 spectrometers of 
the Department of Chemistry, University of Calgary and 
on the Varian A-60 D instrument of the National Council 
for Scientific Research of Zambia in the Chemistry 
Department of the University of Zambia. Tetramethyl- 
silane was used as a n  internal standard (6 = 0 p.p.m.) in 
the indicated solvent. Elemental analyses were carried 
out by the Analytical Laboratory of the Department of 
Chemistry or the Analytical Service of the Department 
of Chemical Engineering, both of the University of 
Calgary. 

2-Adamantyl p-Nilrophetryl Carbonate (4) 
A solution of p-nitrophenyl chloroformate (24.0 g, 

119 mmol) in dichloromethane (60 ml) was added drop- 
wise in 1 h to a well-stirred solution of 2-adamantanol 
(18.0 g, 118 mmol) and quinoline (15.5 g, 120 mmol) in 
dichloromethane (180 ml). The reaction mixture was left 
standing at 25" for 3 days, extracted with water (twice, 
600 ml), with 0.25 N HCI (twice, 600 ml), and dried 
(anhydrous MgSO,). After evaporation of the solvent 
the residue (38.4 g) was redissolved in boiling dichloro- 
methane (100 ml), treated with charcoal, and filtered. 
Petroleum ether (150 ml) was added to  the filtrate and 
after cooling to O0 2-adamantyl p-nitrophenyl carbonate 
(4) (24.6 g, 65.5%), m.p. 124-127", was obtained. After 
repeated recrystallization the m.p. was unchanged. 

Anal. Calcd. for C17HIt,N05: C, 64.35; H, 6.04; N, 
4.41. Found: C, 63.99; H,6.01;N,4.47. 

The i.r. spectrum v,,,: 1765 (C=O), and 1525 and 
1350 cm-I (NO,), all very strong; n.m.r. 6 (CDCI,): 
7.86 (4H, center of aromatic quartet), 4.96 (broad singlet, 
l H  at C-2), 1.45-2.35 (massive multiplet, 14H). 

2-Adamantyl Carbazate (5) 
Procedure A. 2-Adamantyl p-nitrophenyl carbonate 

(32.2 g, 101 mmol) was added to a mixture of hydrazine 
(20.0 g, 0.62 mol) and dry methanol (800 ml). The 
reaction mixture was stirred for 65 h, then heated to  
reflux for 3 h. After removal of the solvent (under 
reduced pressure), ether (900 ml) was added which 
dissolved part of the red oily residue. The ethereal 
solution was extracted with 10% NaOH (six times, 600 
ml) and water (three times, 600 ml), dried (anhydrous 
MgSO,), and after evaporation gave a residue of 2- 
adamantyl carbazate (18.9 g, 89%), m.p. 69-70". Re- 
crystallization from ether-hexane (1 : 2) gave an analytical 
sample with unchanged m.p. 

Anal. Calcd. for C, 1H11NZ02: C, 62.83; H, 8.63; N,  
13.32. Found: C, 63.03; H, 8.79; N, 13.00. 

The i.r. spectrum v,,,: 1720 cm-I (C=O); n.m.r. 6 
(CDCI3): 6.16 (1 H, broad singlet, -NH-), 4.87 (1H a t  
C-2), 3.55 (2H, broad singlet, -NH,), 1.30-2.85 (massive 
multiplet, 14H). 

Procedure B. Following a published method for the 
preparation of I-adamantyl chloroformate (6), 2- 
adamantanol (8.0 g, 53 mmol) was allowed to react a t  
0-5" with a mixture of liquid phosgene (30 g, 0.3 mol) 
and benzene (200 ml) in the presence of pyridine. After 
washing, drying, and evaporation of the solvent at  25' 
under reduced pressure (CAUTION: large quantities of 
excess phosgene escape), crude 2-adamantyl chlorofor- 
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GREIDANUS: CHEMISTRY OF ADAMANTANES. V 1065 

mate (6) (7.2 g) was obtained, m.p. 40-42". After recry- 
stallization from petroleum ether at -20°, 4.8 g (42%), 
m.p. 42-44" was obtained. A small sample of 6, repeatedly 
recrystallized, had a m.p. 44-45", but no fully satisfactory 
elemental analysis could be obtained for this chloro- 
formate for which the following spectral data were 
recorded; i.r. v,,,: 1775 (C=O) and 1170 cm-I (broad, 
C-0); n.m.r. 6 (CCI,): 4.95 (singlet, 1H at C-2), 1.3-2.4 
(massive multiplet, 14H). 

Reaction of 6 with anhydrous hydrazine in rert- 
butyl alcohol- benzene according to the published 
procedure (6) for I-adamantyl carbazate gave an 82% 
yield of 5, identical with the product obtained in Procedure 
A. 

2-Adamanryl Azidoformafe ( 7 )  
2-Adamantyl carbazate (1.05 g, 5.0 mmol) was dis- 

solved in a mixture of acetic acid (15 ml), water (50 ml), 
and concentrated hydrochloric acid (3.3 ml). T o  this 
solution, cooled to O0, was added dropwise a solution of 
sodium nitrite (0.37 g, 5.4 mmol) in cold water (4 ml). 
The reaction mixture was extracted with cyclohexane 
(three times, 50 ml). The extract was washed with water, 
5% aqueous NaHC03, water again, and dried (MgSO,). 
Evaporation of the solvent at 20" gave a residue of 2- 
adamantyl azidoformate (0.86 g, 78%), m.p. 52-54". Two 
recrystallizations from ethanol (at -20") raised the m.p. 
to 55-56". 

Anal. Calcd. for Cl lH15N302:  C, 59.71; H, 6.83; N, 
18.99. Found: C, 59.58; H, 7.05; N, 18.68. 

The i.r. spectrum v,,,: 2420(w), 2200(s), and 2145 (s, 
-N3), 1730(vs, C=O), 1238 cm-I (vs, C-0 in ester); 
n.m.r. 6 (CDC13): 5.09 (s, l H  at C-2), 1.40-2.20 (massive 
multiplet, 14H). 

Photolysis of 2-Adamanryl Azidofortnate ( 7 )  in Cyclo- 
hexaize 

A solution of 2-adamantyl azidoformate (3.51 g, 15.9 
mmol) in cyclohexane was subjected to photolysis for 
100 min, when it was found that no azidoformate was 
present any more. Most of the solvent was evaporated 
under reduced pressure (rotary evaporator) and an oily 
semisolid residue (4.6 g) was obtained. When some 
cyclohexane (15 ml) was added to this material not all 
redissolved at 20" and after filtration 473 mg of product 
with m.p. 133-134.5" was obtained. Recrystallization 
from ethyl acetate gave an analytical sample (m.p. 
135-136") of Cl lH15N02.  

Anal. Calcd. for CIlH15N02:  C, 68.37; H, 7.82; N, 
7.25. Found: C, 68.30; H, 8.07; N, 7.27. 

The i.r. spectrum v,,,: 3400(m), 3320(w), 3255(m) with 
weak shoulder at 3130 (NH, free and bonded), 1755 and 
1715 (vs, C=O), and the following major peaks below 
1700 cm-I: 1625(m), 1465(m), 1412(s), 1375(s), 1340(s), 
1248(m), 121 3(m), 1142(s), 1100(m), 1060(s), 1030(m), 
980(m), and 948(m) cm-'. Mass spectrum rille 193 (M+). 
For the n.m.r. spectrum (10% solution in CDCI3) see 
text. 

The concentrated filtered solution from which the 
product Cl1Hl5NO2 had been obtained was subjected to 
chromatography on an alumina column. Elution with 
benzene yielded 2-adamantyl N-cyclohexylcarbamate (8) 
(1.81 g, 41%), m.p. 119-120.5". After crystallization from 
95% aqueous methanol m.p. 121-122". 

Anal. Calcd. for C17HZ7N02:  C, 73.61; H, 9.81; N, 
5.05. Found: C, 73.75; H ,  9.49; N, 5.18. 

The i.r. spectrum v,,,: 3310(s) and 3060(w, NH), 
1695(vs, C=O), 1545(s, "amide 11"); n.m.r. 6 (CDCI3): 
4.80(s, 1H at C-2 of adamantane), 4.54(s, broad, IH, NH, 
exchangeable), 3.48(s, broad, IH, adjacent to NH), 
1.0-2.4(massive multiplet, 24H). 
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Reactivity of Organophosphates. IV. Acid-catalyzed Hydrolysis of 
Triethyl Phosphate: a Comparison with Ethyl Acetate1 

EDWARD P. LYZNICKI, JR., KIYOTAKA OYAMA, AND THOMAS T. TIDWELL 
Department of Chemistry, University of Toronto, Scarborough College, West  Hill, Ontario MIC 1A4 

Received May 1, 1973= 

The hydrolysis of triethyl phosphate in water and in 35% dioxane - 65% water has  been 
examined. Hydrolysis in neutral water proceeds with a rate constant of 8.35 x s-I at 
10l0, AH* = 23.4 kcal/mol, AS* = -20 e.u., a solvent isotope effect kHz0/kD20 of 1.3, C-0 
bond cleavage as shown by I8O labeling, and no catalysis by 0.5 M sulfuric acid. These results 
are consistent with the BAL2 mechanism of hydrolysis and the same pathway is indicated for 
the reaction in neutral 35% dioxane- 65% water. Perchloric acid catalyzes the reaction in 
dioxane-water with C-0 bond cleavage in 0.904 M acid, AH* = 24.1 kcal/mol, AS* = - 17 
e.u., and the solvent isotope effect kH20/kD20 = 0.6 in 0.556 M acid. These results indicate that 
the AAL2 pathway of hydrolysis is followed under these conditions. The reactivity of triethyl 
phosphate is compared with that of ethyl acetate. 

On a examine I'hydrolyse du phosphate de trikthyle dans I'eau et dans un mClange con- 
tenant 35% de dioxanne et 65% d'eau. En milieu neutre l'hydrolyse se produit avec une constante 
de vitesse de 8.35 x s-I  a 10l0, un AH* = 23.4 kcal/mol, un AS* = -20 u.e., avec 
un effet isotopique de solvant KHzo/KDzo de 1.3, avec un bris du lien C-0 tel que dCmontrC 
par marquage avec 180 et sans catalyse par I'acide sulfurique 0.5 M. Ces resultats sont en 
accord avec un micanisme d'hydrolyse du type BAL2 et il apparait que la reaction se produit 
de la m&me maniere dans le melange 35% dioxanne - 65% d'eau a un pH neutre. L'acide per- 
chlorique catalyse la reaction dans le melange dioxanne-eau et la reaction se produit avec 
rupture du lien C-0 dans de I'acide de 0.904 M e t  avec un AH* = 24.1 kcal/mol, u n  AS* = 
- 17 u.e. et un effet isotopique de solvant KHZ0/KDz0 = 0.6 dans de I'acide 0.556 M. Ces 
rCsultats indiquent que I'hydrolyse se produit dans ces conditions par I'intermediaire d'un 
mecanisme AAL2. On compare la rkactivite du phosphate d'ethyle avec celle de I'acttate 
d'ethyle. [Traduit par le journal] 

Can. J .  Chem., 52, 1066 (1974) 

Ester hydrolysis has perhaps received more 
mechanistic study than any other organic re- 
action, and this attention is justified in view of the 
pervasive importance of this reaction in organic 
chemistry and biochemistry. Carboxylate esters 
have received the most attention (1) but phos- 
phate esters have also been examined by many 
investigators (2). Study of the phosphates is of 
importance because of the biological significance 
of these materials and also because the compari- 
son of phosphate and carboxylate esters has been 
instructive (3). Ethyl acetate hydrolysis has been 
examined intensively and is the reference to 
which many other compounds have been com- 

'This investigation was initiated at the University of 
South Carolina and was supported by U.S. Public Health 
Service Research Grant No. 1 R01 G M  16818 from the 
National Institute of General Medical Sciences. Present 

pared. Triethyl phosphate is a suitable model in 
the phosphate series for comparison but, although 
there have been several studies o f  the neutral and 
acid-catalyzed reactivity of this compound (4), 
the mechanism of its hydrolysis is still not clear. 
The reasons for this deficiency are the low sus- 
ceptibility of the  compound t o  acid-catalyzed 
hydrolysis, the lack of good analytical methods 
for examining the kinetics of triethyl phosphate 
reactivity (particularly in strong acids), and the 
failure to apply isotopic labeling techniques to  
elucidate the position of bond cleavage in the 
hydrolysis reaction. Accordingly we have ex- 
amined the reactivity of this compound in more 
detail to establish its mechanism of hydrolysis, 
with particular emphasis on the comparison with 
ethyl acetate. 

Results 
research support from the National Research Council of 
Canada is gratefully acknowledged. For  Part 111, see Rate were obtained for the 
ref. 3c. of triethyl phosphate in various solvents by titra- 

'Revision received December 17, 1973. tion of theliberated diethyl phosphoric acid and 
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TABLE 1. Hydrolysis of triethyl phosphate in water 

Temperature [H2S04](M) Solvent k(s-l x lo6)" 

- - 

'Rate constants were reproducible to + 3% for neutral reactions 
and + 10% for acid-catalyzed reactions. 

TABLE 2. Hydrolysis of triethyl phosphate in 
35% dioxane - 65% water 

kc-,, 
Temperature [HC104](M) Solvent (s-I x lo6)" 

of bond cleavage using ''0 labeled water are 
recorded in   able 4. ~ n a l ~ s e s  were carried out by 
first making the solution basic and extracting 
with ether. Ethanol was isolated from the ether 
extracts by distillation and v.p.c. The aqueous 
layer was acidified, extracted with ether, and 
treated with diazomethane. Vapor phase chroma- 
tography separation yielded methyl diethyl phos- 
phate. The ethanol and the phosphate were ana- 
lyzed for 180 content by mass spectrometry. A 
control experiment shewed that exchange of 
diethyl phosphoric acid with the solvent under 
these conditions was negligible. 

The reaction of ethyl acetate in pure water at 
101" was monitored bv titration of the liberated 
acetic acid. When these data were plotted as a 
first-order reaction a curved line was obtained 
due to autocatalysis by the product acetic acid. 
Extrapolation of the rate curve to zero time gave 
an initial rate constant of 5 x s- '. 

Discussion 
101 .O 0.234 H z 0  4.40 
101 .O 0.370 H z 0  7.14 The absence of a systematic increase in the rate 
101 .O 0.537 H z 0  8.22 of hydrolysis of triethyl phosphate in water with 
101 .o 0.556 DzO 13.3" increasing concentration of acid indicates that 
101 .O 0.791 H z 0  10.3 the reaction is not acid catalyzed at the concen- 
101 .O 0.904 H z 0  13.0 
79.7 - H z 0  0.293 

trations used. Higher concentrations of acid 
79.7 0.234 H z 0  0.499 could not be used to obtain titrimetric rates and 
79.7 0.904 HzO 1.91 attempts to measure the rate by monitoring the 

URateconstants were reproducible to + 59., with the exception o f  the 
runs at 0.904 M acid, which were reproducible to f 10%. 

bFor comparison the rate constants for reaction in H,O-containing 
solvent at 0.165 and 0.556 M HClO were interpolated from a plot 
o f  k us. [HCIOdI. and were found to be 3.70 and 8.45 x s-I .  
respectively. 

are tabulated in Tables 1 and 2. Rates were fol- 
lowed for only about 20% reaction to avoid com- 
plications due to the further hydrolysis of diethyl 
phosphoric acid. Below 0.3 M acid rates were re- 
producible to + 5%; at higher concentrations of 
acid, where relatively larger amounts of base 
were needed to neutralize the acid catalyst, repro- 
ducibility was + 10%. Activation parameters 
derived from rate measurements for fixed acidi- 
ties at different temperatures are reported in 
Table 3. Rate constants for the acid-catalyzed 
hydrolysis in 35% dioxane - 65% water corres- 
ponding to 0.165 and 0.556 M HC10, were ob- 
tained from a plot of the observed rate constants 
versus acid concentration for comparison with 
the corresponding measured rates in deuterated 
solvent. 

Isotope labeling experiments on the position 

U.V. absorption were not successful. The isotopic 
labeling experiments show that C-0 bond 
cleavage is involved, indicating that the reaction 
in pure water proceeds by an S,2 displacement 
(BA,2 in the terminology of ester hydrolysis (la)) 
as depicted in eq. 1. The entropy of activation, 

II 7 - 
[I] (Et0)2P-O-CH2 OH, + (EtO),POz - 

-20 e.u., and the solvent isotope effect, kHz,/ 
k,,, = 1.3, are also in the range expected for 
such a reaction (5,6). This is the same mechanism 
proposed for the neutral hydrolysis of trimethyl 
phosphate (7), which has a reported rate constant 
at 100" of 4.23 x s-', compared to the 
value of 0.835 x lo-' for triethyl phosphate at 
101°, leading to a calculated rate ratio of 5.0 for 
trimethyl phosphate - triethyl phosphate. 

In aqueous dioxane solution the rate of re- 
action increased markedly with increasing acid 
concentration, as anticipated from the previous 
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TABLE 3. Activation parameters for triethyl phosphate hydrolysis 

Solvent [HCIO,] ( M )  AH* (kcallrn01)~ AS*(e.u.)" 

H,Oa - 23.4 - 20 
35% dioxane - 65% water - 24.6 - 19 
35% dioxane - 65% water 0.234 24.6 - 18 

0.370 22.8 - 22 
0.904 24.1 - 17 

QIncludes the data in Table 1 as well as that reported in ref. 4a and c. 
bStandard deviations did not'exceed 0.05 kcal/rnol for AH* and 0.1 e.u. for AS*. 

TABLE 4. Isotopic content of products of reaction of (Et0)3P0 with H2180 

% excess 1 8 0  content 
% excess 180 content 

(solvent H 2 0 )  Solvent Acid (Et0)2P02H EtOH 

3 . 5 k 0 . 2  H 2 0  - 0 . 0 + 0 . 1  4 . 0 k 0 . 3  

3 .52k0 .20  35% dioxane - 65% water 1 . 0 2 M  O.Ok0.2  3 .58k0 .04  
HCIO, 

report (4a) of a five-fold increase in the rate of 
triethyl phosphate in 60% aqueous dioxane on 
the addition of 0.27 N HCIO,. 

The emergence of the acid-catalyzed reaction 
in the presence of an organic cosolvent has been 
examined for the case of trimethyl phosphate (7b) 
and was attributed to a combination of a diminu- 
tion of the water activity and an enhancement of 
the proton activity by the organic cosolvent. In 
contrast, ethyl dihydrogen phosphate has an 
acid-catalyzed component to the overall hydroly- 
sis which is observable in completely aqueous 
solutions (8). 

A plot of k,,, us. the concentration of HClO, 
is shown in Fig. 1. The scatter of the points sug- 
gests that a comparison of the rate dependence 
on [H+]  and the Ho acidity function would not 
provide a reliable criterion of mechanism in this 
case, especially since the higher acidities at which 
the Ho scale becomes significantly different from 
-log [H+]  are not accessible for triethyl phos- 
phate by our rate measurements. By contrast, 
for ethyl acetate plots of log k,,, us. -log [H+] 
are close to linear with unit slope in water (9a) 
and aqueous dioxane (9b), supporting an A2 
mechanism for this compound. 

The decisive criterion of mechanism for the 
acid-catalyzed hydrolysis of triethyl phosphate 
is the isotope labeling experiments (Table 4) 
which show exclusive C-0 bond fission. The 
possibility of a unimolecular reaction to form an 
ethyl cation under these conditions is negligible 
(lo), so the isotope labeling results combined 

FIG. 1 .  Hydrolysis of triethyl phosphate in 35% 
dioxane - 65% water catalyzed by HC104 at  101". Error 
bars represent estimated precision of measured rate 
constants. 

with the observed acid-catalysis require unam- 
biguously the AAL2 pathway for hydrolysis. It is 
also known that trlethyl phosphate undergoes 
preferential protonation on phosphoryl oxygen 
in acid (1 l), so that the overall pathway shown in 
eqs. 2 and 3 is indicated. 
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K + tions. Thus the acid-catalyzed hydrolysis of ethyl 
[21 ( E t 0 ) ~ p O  + H +  + (Et0)3POH acetate in water is calculated to be at least 4100 

OH times that of triethyl phosphate. Furthermore the 
I n k  phosphoryl group is known to be more basic than 

[3] (Et0)2P-O-CH2 OH2 + (Et0)2P02H the carbonyl group: measurements of the heats + I slow 
CH3 

+ of protonation of ethyl acetate and triethyl phos- + CH3CHzOHZ 
phate in fluorosulfuric acid give pK, values for 

The negative activation entropies at various ionization of the corresponding conjugate acids 
acidities and the solvent isotope effect kHz,/ of - 6.5 and -4.5, respectively (14). Thus triethyl 
k,,, = 0.6 at 0.556 M perchloric acid are also phosphate is 100 times more basic than ethyl 
supportive of an A2 mechanism (6), but these acetate, and hence the rate-determining attack 
parameters cannot be used as the primary indi- of water on the protonated carbonyl group in the 
cators of mechanism due to the imprecise data hydrolysis of ethyl acetate (eq. 5 )  must be at least 
from which they are derived. 4.1 x 1 O5 times as favorable as the corresponding 

The initial curvature in the k,,, us. [Hf ] plot step in the hydrolysis of triethyl phosphate 
is felt to be genuine and to represent a decrease in (eq. 6). 
the neutral hydrolysis due to decreased water k + 
activity on addition of the electrolyte perchloric L51 CH3C02Et + H+ * CH3C(0H)0Et 

acid. Similar effects have been established for ~ H ~ O  + fast 
trimethyl phosphate (76). - CH3C(OH)(OH2)0Et ---4 Products 

Several informative comparisons may be made slow 

between the reactivities of triethyl phosphate and k + 
ethyl acetate. Whereas the phosphate reaction [61 (Ef0)3P0 + H+ * (Et0)3P0H 

with neutral water proceeds by S,2 displacement ~ H ~ O  + fast 
(eq. l), the uncatalyzed reaction of ethyl acetate -+ (EtO)3P02H3 + Products 

presumably (12) occurs by a BA,2 pathway slow 

(eq. 4). Even though these compounds react by Experimental 
0 OH Materials 

11 I Commercial samples of triethyl phosphate were puri- 
[4] CH3COEt + H 2 0  -* CH3COEt + CH3C02H fied by distillation, b.p. 99-100" (20 mm). Dioxane was 

1 purified by a literature method (15). Solutions of per- 
O H  + EtOH chloric acid in aaueous dioxane were ~ r e ~ a r e d  from con- 

different pathways, the difference in their reacti- 
vity is not great. The rate constant for hydrolysis 
of ethyl acetate by neutral water has been re- 
ported (1 3) as 2.4 x 10- '' s-' at 25", and the 
neutral rate for triethyl phosphate extrapolated 
to this temperature is 2.4 x s-I,  giving a 
ratio k~E,o,,,o/kE,oA, of 10 for neutral hydrolysis 
in pure water. The corresponding ratio from the 
data reported herein at 101" is 16. The phosphate 
is a better leaving group and promotes displace- 
ment on the ethyl group, whereas attack at 
phosphorus is not favored, as discussed below. 

No acid catalysis oftriethyl phosphate hydroly- 
sis was observed in water, so the upper limit for 
this rate constant, corresponding to the observed 
rate in 1 N sulfuric acid at 101°, is 8.2 x 
M-Is - ' ,  as compared to the value for ethyl 
acetate3 of 2.40 x lop2  under the same condi- 

3Calculated from the data of Tommila and Hella 
quoted on p. 533 of ref. Ib. 

centrated H C I O ~ ~ ( ~ O % )  (Baker ~ e a g e n t )  and standardized 
with dilute potassium hydroxide to a phenolphthalein end 
point. Solvent isotope effects were measured using either 
99.7% D 2 0  or 99.7% D f i  in dioxane, acidified as neces- 
sary with 70% HC10,. Water containing 3.5% 180 was 
obtained from ICN Corporation and Miles Laboratory, 
and was acidified as necessary with 70% HC10,. Dilution 
of the enriched solvent by the H 2 0  in the HCIO, 
amounted to 5%, and values were corrected accordingly. 
Ether was distilled from sodium to remove any ethanol 
present. 

Kinetics 
Solutions of 0.06 M triethyl phosphate in the solvents 

specified were divided into 4-ml aliquots which were 
sealed in ampoules under nitrogen. Ten minutes were 
allowed for thermal equilibrium after placing the samples 
in a constant temperature bath. Samples were removed at 
intervals and calibrated amounts (3.76 ml) were removed 
with a constant volume pipet and titrated with dilute 
potassium hydroxide solution. Reactions were carried 
only t o  a point representing 20% reaction t o  avoid com- 
plications from further hydrolysis. Exclusion of air from 
the ampoules is necessary t o  prevent oxidation of dioxane 
at  these temperatures. Activation parameters (Table 3) 
were derived from the rate constants in Tables 1 and 2 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1070 C A N .  J .  CHEM.  VOL.  52 ,  1974 

without correction for the neutral reaction and in view 
of this fact and the relatively low precision of the rate 
constants the low standard deviations of these parameters 
must be partly fortuitous. 

Product Analysis from Triethyl Phosphate 
Neutral Hydrolysis 
A solution of 0.857 g (4.7 mmol) triethyl phos- 

phate in 6.0 ml of 3.5 at. pl, 180 water was sealed 
in an ampoule under nitrogen and heated at 101" 
for 46 h. The solution was cooled and brought 
to pH 11 with dilute KOH, and was extracted 
with five 50-ml portions of ether. The combined 
extracts were dried over MgSO, and concen- 
trated to a volume of 5 ml by distillation through 
a 30 cm Vigreaux column. Ethanol was separated 
by v.p.c. (25 ft x ;) in. 20% Carbowax 2b M on 
Chromosorb W at 165" and 100 ml/min of He) 
at a retention time of 11.5 min and analyzed by 
mass spectrometry. The aqueous layer from the 
extraction was acidified with HCI to pH 2 and 
was subjected to continuous ether extraction. The 
ether extract was dried over MgSO, and evap- 
orated leaving 0.1 12 g of crude diethyl hydrogen 
phosphate which was treated with excess ethereal 
diazomethane. The ether was evaporated and the 
residue purified by v.p.c. (10 ft x 2 in. SE-52 on 
Chromosorb W at 155" and 120 ml/min of He) to 
give 0.025 g of diethyl methyl phosphate which 
was analyzed by mass spectrometry. 

Acid Hydrolysis 
A solution of 0.867 g (4.8 mmol) triethyl phos- 

phate in 5.0 ml of 3.5 at. pl, 180 water (acidified 
to 1.02 N with 70% HCIO,) and 2.7 ml dioxane 
was sealed in an ampoule and heated to 101" for 
12.0 h. Products were isolated as in the neutral 
hydrol~sis .~ 

In a control experiment diethyl hydrogen phos- 
phate was prepared by hydrolysis of diethyl 
chlorophosphate and was treated with 180 water 
as in the acid hydrolysis procedure. Mass spectral 
analysis of the resultant diethyl methyl phosphate 
revealed the presence of 0.0Z excess 1 8 0 .  For 
mass spectral comparison a sample of 1.00 g 
diethyl chlorophosphate was hydrolyzed by 
1.0 ml of 180 water. The product was isolated by 

4Ethanol is not expected to  exchange with the medium 
under these conditions, since n-butanol, which should be 
approximately as reactive as ethanol, has a rate of ex- 
change in 0.9 N sulfuric acid at  125" of 5.6 x lO-'s-'  
(17). 

dissolving in ether, extracting with water and 
drying over MgSO,. Evaporation of the ether 
and treatment with diazomethane gave diethyl 
methyl phosphate. 

Mass Spectral Studies 
These were carried out using a Perkin-Elmer 

RMU instrument. Isotopic compositions were 
calculated from the ratio of the mass spectral ions 
M f  + 2/Mf by the procedure of Swain et al. 
(16). At least four determinations were made for 
each sample. More accurate results for ethanol 
from acid-catalyzed hydrolysis were obtained 
with an AEI-MS902 instrument. 
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The Low Temperature Oxidation of Humic Substances1 

MORRIS SCHNITZER AND STEWART I.  M. SKINNER 
Soil Resrrrrch rrt~rl Cherr~istry ctnd Biology Research It~sritrrtes, Agricrrlt~rre Crrt~orlrr, Ottall~rr, Car2adrr K I A  0C6 

Rece~ved October 4, 1973 

In attempts to uncover a relatively mild method for the oxidative degradation of 
humic substances, a humic and a fulvic acid were oxidized with peracetic acid at  40 "C 
for 8 days. The oxidation products were extracted into organic solvents, methylated, 
separated by column-, thin layer-, and preparative gas-chromatography, and identified by 
matching their mass and micro-i.r. spectra with those of authentic specimens. 

The major humic acid oxidation products were phenolic acids (isolated in fully 
methylated forms, 8.4%), benzenecarboxylic acids (as methyl esters, 16.0%), and 
aliphatic acids (as methyl esters, 3 .4%).  The fulvic acid yielded 11.5% phenolic com- 
pounds, 8.4% benzenecarboxylic acids (as methyl esters), and 2.6% aliphatic acids (as 
methyl esters). These data indicated a more phenolic character for  the fulvic acid than 
for the humic acid. In addition, small amounts of 2-methyl-3,4-furandicarboxylic acid 
were tentatively identified as dimethyl esters among humic and fulvic acid oxidation 
products. As far as total yields of oxidation products were concerned, peracetic acid 
oxidation at  40 " C  of untreated humic and fulvic acids compared favorably with per- 
manganate oxidation of methylated humic materials at  about 100 "C, but was more time 
consuming. 

The results of this and earlier oxidative degradation studies show that the oxidation 
of humic substances produces phenolic and benzenecarboxylic acids as  major products 
in addition to smaller amounts of aliphatic dicarboxylic acids. Whether these products 
arise from more complex structures of lignin or microbial origin o r  whether they occur 
in the forms in which they were isolated but held together by  hydrogen-bonding or 
Van der Waal's forces requires further investigation. 

Dans le but de trouver une mtthode douce de  digradation par voie d'oxydation des 
substances humiques, un acide humique et fulvique ont CtC oxydts par l'acide peracktique 
B 40 "C pendant 8 jours. Les produits d'oxydation furent extraits par des solvants 
organiques, puis mCthylCs et sCparCs par chromatographie sur colonne, sur couche mince 
et par chromatographie prCparative en phase gazeuse. 11s ont CtC identifiCs en comparant 
leurs masses et leurs spectres micro-infrarouges avec ceux de composCs connus. 

Les principaux produits obtenus de l'oxydation des acides humiques sont des acides 
phCnoliques (isolts B l'ttat complttement mCthylC, 8.4%), des acides carboxyliques dCrivCs 
du benztne (sous forme d'esters mkthyliques, 16.0%) et des acides aliphatiques (sous 
forme d'esters mCthyliques, 3.4%). On obtient 11.5% de composCs phCnoliques lors de 
l'oxydation des acides fulviques, ainsi que 8.4% d'acides carboxyliques dCrivts du 
benztne (sous forme d'esters mCthyliques) et  2.6% d'acides aliphatiques (sous forme 
d'esters mkthyliques). Ces donnCes montrent que l'acide fulvique posstde un caracttre 
phtnolique plus grand que I'acide humique. De  plus, on a tent6 d'identifier de petites 
quantitCs d'acide mCthyl-2 dicarboxylique-3,4 furanne sous forme d'esters dimtthyliques 
lors de l'oxydation des acides humiques et fulviques. Les quantitCs de produits obtenus 
par l'oxydation directe des acides humiques et fulviques, B l'aide de l'acide peracttique 
B 40 " C  peuvent Ctre comparCes avantageusement avec celles obtenus par l'oxydation 
des acides humiques mCthylCs B l'aide du permanganate B 100 "C, bien que la premitre 
rCaction soit plus lente. 

Ces rCsultats et les rCcentes Ctudes de dkgradation par voie d'oxydation montrent que 
l'oxydation des substances humiques donnent, comme produits principaux, des acides 
phinoliques, des acides dCrivCs du benztne et des diacides aliphatiques en plus petites 
quantitCs. D'autres recherches seraient utiles pour expliquer si ces produits rCsultent de 
structures plus complexes de la lignine ou de souches microbiennes; ou si ces substances 
se trouvent sous leurs formes isolCes, mais likes ensemble par des liaisons hydrogkne ou 
des forces de Van der Waal. [Traduit par le journal] 

Can. J .  Chem., 52. 1072 (1974) 

'Contribution No. 469. Soil Research Institute. 
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Introduction 
To throw light on the chemical structure of - 

humic substances, which are complex organic 
materials widely occurring in soils and waters, 
oxidative, reductive, and biological degradation 
methods have been used (1). The intention in 

\ ,  
I ~ each instance was to produce simpler compounds 

that could be identified and whose chemical struc- 
tures would be related to those of the initial ma- 
terials. So far oxidative methods have been more 
useful for this purpose than reductive and bio- 
logical ones (1). The principal oxidative degrada- 
tion methods that have been used are oxidation 
with: (a) alkaline nitrobenzene; (6) CuO-NaOH; 
(c) alkaline KMnO,; (d) HNO,; (e) H 2 0 2 ;  and 
(f) CuO-NaOH and KMnO, oxidations of 
methylated humic materials (1). Most of these 
procedures are usually done in alkaline solutions 
and at elevated temperatures (100 to 170°C). 

I These somewhat drastic conditions could lead to 
serious alterations in the chemical structures of 
the initial humic materials and to the formation 
of artifacts. Thus, the use of oxidants that operate 
under milder conditions and that would most 
likelv minimize the extent of undesirable chemical 
modifications and so provide more comprehen- 
sive information on the chemical structure of 
humic substances seemed worthy of investiga- 
tion. One reagent that appeared to be suitable for 
this purpose was peracetic acid, which has been 
used for many years for the oxidation of ethylenic 
compounds to oxiranes and a-glycols (2a). 
Aqueous peracetic acid has also been employed 
by wood chemists for the preparation of holo- 
cellulose and fibrous pulps (26). Reactions of 
known phenols and phenolic ethers lead first to 
ring hydroxylation, then to oxidation to ortho- 
and para-quinones, and finally, by oxidative ring 
opening to muconic acid and ester structures 
(2c). With some phenols, maleic and fumaric acid 
derivatives are the final products (2c). The per- 
acetic oxidation of lignin leads to the oxidative 
ring opening of aromatic rings and to the forma- 
tion of muconic acid derivatives and lactones (2c). 
Recently, Meneghel et al. (2d) oxidized a peat 
humic acid with peracetic acid at 40 "C for 8 
days. Five amino acids and five sugars were iso- 

1 lated as oxidation products but no phenolic or 
otherwise aromatic compounds were found (2d). ' 1 Since the experimental conditions employed by 

I Meneghel et al. were relatively mild (low tempera- 
ture, acidic solutions) and since only ten simple 

aliphatic compounds were identified among the 
oxidation products, we thought it worthwhile to 
re-examine the possible usefulness of peracetic 
acid oxidation for humic substances. Thus, we 
set out to oxidize a humic acid (HA) and a fulvic 
acid (FA) with peracetic acid, using the condi- 
tions employed by Meneghel et al. (2d). Follow- 
ing oxidation, the products were separated by 
column-, and thin layer-, and preparative gas 
chromatography and identified by matching their 
mass and micro-i.r. spectra with those of authentic 
specimens. 

Experimental 
Humic Acid and Fuloic Acid 

The HA was extracted from the Ah horizon (0-25 cm) 
of the Beaverhills, a Black Chernozemic soil (6.1% C, p H  
(H20)  6.4) in Central Alberta. The FA originated from the 
Bh horizon (15-21 cm) of the Armadale, a poorly drained 
Podzol (4.2% C, p H  (H20)4.0)  in Prince Edward Island. 
Methods of extraction, fractionation, and purification of 
the HA and FA as well as a number of analytical charac- 
teristics have been described previously (3). The two 
humic preparations mentioned above were selected for 
this investigation because (a) they are considered by most 
soil scientists to be the best developed naturally occurring 
(almost "ideal") HA and FA, respectively, and (b) we 
have assembled a considerable amount of analytical data 
(3) on these two preparations, and this, we hoped, would 
help us in interpreting the results obtained. 

Peracetic Acid Oxidation 
T o  110 ml of glacial acetic acid in a 500 ml 3-necked 

ground glass flask, equipped with a reflux condenser, 
dropping funnel, and stirrer and submerged in a water 
bath maintained at 40 _+ 0.1 OC, 1.0 g of H A  or FA was 
added. Ten ml of 30% H 2 0 2  was then added dropwise 
over a period of 3 h while the solution was stirred gently. 
Another 10 ml of 30% H 2 0 2  was added 24 h later. Two 
more 10 ml aliquots of 30% H 2 0 2  were added after 120 
and 144 h. The reaction was allowed to proceed for 192 h. 
At theend of this period of time, thesupernatant solutions 
were separated from the residues (Ii and IIi, see Fig. I) by 
filtration. The supernatant solutions were freeze-dried and 
yielded yellowish gums (Is and 11s). After dissolution in 
small volumes of CH30H,  fractions Is and  11s were 
methylated with an ether solution of diazomethane. 

Separation and Idehtification of Degradation Products 
Methylated fractions Is  and 11s were separated over 

A1203 (grade I, 40.0 g), using the following sequence of 
solvents (100 ml of each): hexane (Ia and IIa), benzene 
(Ib and IIb), ethyl acetate (Ic and IIc), and methanol (Id 
and IId). Because they were still too complex, fractions Id  
and IId were further separated by t.1.c. on  A120, with 
toluene - ethyl acetate (1 : 1) to give fractions Id1 to Id3 
and IIdl to IId3. The fractionation procedure is sum- 
marized in Fig. 1. 

The gas chromatographic, mass spectrometric, and 
micro-i.r. spectrophotometric methods used for the iden- 
tification of the oxidation products were the same as 
those described earlier (4). 
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SCHNITZER AND SKINNER: OXIDATION OF HUMIC SUBSTANCES 1075 

Results prior to chromatographic separations (see Fig. l), 
Types and Yields of Oxidation Products and in view of the low 0CH3-content of the un- 

Yields and chemical structures of the HA and treated HA (0.9%) and FA (0.3%), it is likely that 
FA oxidation products identified are listed in most of the CO2H and OH groups occurred in 

Tables 1 and 2 and in Fig. 2, respectively. the original humic materials as carboxyls and 
AS shown in Table 1, the most abundant are- phenolic h ~ d r o x ~ l s  rather than as esters and 

matic compounds isolated from the HA oxida- ethers. It may, therefore, be more realistic to refer, 
tion products were benzenecarboxylic acid in the context of this discussion, to the compounds 
methyl esters 22, 9, and 27. Major fully methyl- isolated as benzenecarboxylic and phenolic acids 
ated phenolic acids identified were 25,19, and 14. rather than as esters and ethers. 
The most prominent aliphatic compounds were AS shown in Tables 1 and 2, benzenecarboxylic 

4,7, and 13. Aliphatic compounds accounted for acids were the major oxidation products formed 

only 11.6% of the compounds identified, pheno- by the whereas the FA yielded phenolic 
lic compounds for 25.3%, and benzenecarboxylic acids as products. Aliphatic compounds 
ones for 58.1z. The identification of compound accounted for 11% the compounds 
8 (5.0%) was tentative only since we were unable identified from the two humic materials. There 
to obtain an authentic specimen for comparative were some differences in the types and yields of 
purposes. The mass spectrum of 8 showed a products isolated from the HA and from the FA. 
molecular ion (M+) at 198. ~h~ base peak Thus, the peracetic acid oxidation of the HA 
was at 167 (M+ -ocH,). ~~j~~ fragment yielded substantial amounts of the di-, penta-, 
ions appeared at 166 (M+ - CH,OH), 139 and tetra-forms of benzenecarboxylic acids. The 
(Mf - C02CH,), 137, 133, 109, 107, 82, 81, 80, FA, by contrast, yielded large amounts of hy- 
79, 59, 54, 53, 52, 51, 44, 43, 42, 41, 40, 39. The drox~lated benzenetetracarbox~lic acids and, in 
mass spectrum was very similar to that of 2- general, more phenolic acids than did the HA. 
methyl-3,4-furandicarboxylic acid dimethyl ester Weight ratios of benzenecarboxylic t o  ~henolic 
(5). The identity of 8 was also confirmed by j.r. acids isolated were 1.9 for the HA (see   able 3, 
spectrophotometry. The i.r. spectrum (KBr pel- 4, but O.7 for the FA (Table 49 

let) showed the following bands: 3570 (w), 3480 column 41, indicating a more phenolic character 

(W), 2900 (rn), 2500 (m), 1730 (str), 1640 (str), for the FA. Weight ratios of aromatic t o  aliphatic 
1610 (m), 1590 (m), 1490 (str), 1470 (m), 1400 compounds were similar (7.7 for the HA us. 7.2 

(rn), 1390 (m), 1280 (rn), 1235 (str), 11 10 (rn), for the FA). Of special interest was the isolation 
1085 (w), 1025 (w), 950 (m), 890 (w), 795 (m), of 7,13, and 8. Compound 7 has been isolated as 
780 (m), and 712 (m), where m stands for medium, an oxidation product of HCl-lignin or cuproxam 
str for strong, and w for weak. This spectrum lignin (6) and may originate from cyclolignans or 

strongly resembled Sadtler Standard Spectra No. a-conidendin-t~~e structures (6). The origins of 
26082 (2,5-dimethyl-3,4-furandicarboxylic acid 13 and 8 are difficult t o  assess at this time. TO the 

dimethyl ester). best of our knowledge this is the first time that 
The most prominent benzenecarboxylic acid furan derivative 8 has been tentatively identified 

methyl esters produced by the oxidation of FA among oxidation products resulting from humic 

(Table 2) were 29,27, and 22. The most abundant substances. In addition to aliphatic dicarboxylic 
fully methylated phenolic acids were 25, 19, and acids, small amounts of n-fatty acid methyl 
28, whereas among aliphatic compounds 3, 4, esters (n-C16 and n-C18) were isolated from the 

and 13 were isolated in highest yields. Aliphatic FA oxidation products. It is likely the fatty acids 

compounds accounted for 11.2%, phenolic corn- are adsorbed on the large FA surface (7) and are 
pounds for 50.0%, benzenecarboxylic acid methyl 
esters for 36. I%, and furan derivative 8 for 2.7z varying the ~ ~ ~ d i ~ i ~ ~ ~  oxidation 
ofthe compounds identified. From the FA oxida- To better understand the degradative action of 
tion products we isolated also small amounts of peracetic acid at 40 OC, it may be instructive to 
methyl palmitate and methyl stearate. compare the types and yields of products re- 

sulting from oxidation under a variety of condi- 
Discussion tions. The data in Table 3 shows that peracetic 

Major Oxidation Products acid oxidation at 40 "C of untreated HA pro- 
Since the oxidation products were methylated duced greater amounts of aliphatic and benzene- 
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TABLE 1. Compounds produced by the oxidation of 1.0 g of HA 

Component 
number Compound 

Isolated from fractions (mg) 
Total 

I a  Ib Ic Id1 to Id3 (mg) 
- - 

n-CI2 to tl-C2,, fatty acid methyl esters 
Dimethyl malonate 
Dimethyl succinate 
Dimethyl glutarate 
Dimethyl adipate 
1,2,3-Propanetricarboxylic acid trimethyl ester 
Methyl-3,4-furandicarboxylic acid dimethyl ester 
1,2-Benzenedicarboxylic acid dimethyl ester 
1,3-Benzenedicarboxylic acid dimethyl ester 
2-Carbomethoxy-phenylacetic acid methyl ester 
3-Methoxy-1,2-benzenedicarboxylic acid dimethyl ester 
1,2,3,4-Butanetetracarboxylic acid tetramethyl ester 
2-Methoxy-1,s-benzenedicarboxylic acid dimethyl ester 
1,2,3-Benzenetricarboxylic acid trimethyl ester 
1,2,4-Benzenetricarboxylic acid trimethyl ester 
1,3,5-Benzenetricarboxylic acid trimethyl ester 
3,4-Dimethoxy-1,s-benzenedicarboxylic acid dimethyl ester 
3-Methoxy-l,2,4-benzenetricarboxylic acid trimethyl ester 
2-Methoxy-1,3,5-benzenetricarboxylic acid trimethyl ester 
5-Methoxy-l,2,4-benzenetricarboxylic acid trimethyl ester 
1,2,3,4-Benzenetetracarboxylic acid tetramethyl ester 
1,2,4,5-Benzenetetracarboxylic acid tetramethyl ester 
1,2,3,5-Benzenetetracarboxylic acid tetramethyl ester 
5-Methoxy-1,2,3,4-benzenetetracarboxylic acid tetramethyl ester 
2-Methoxy-1,3,4,5-benzenetetracarboxylic acid tetramethyl ester 
Benzenepentacarboxylic acid pentamethyl ester 
Methoxybenzenepentacarboxylic acid pentamethyl ester 
Benzenehexacarboxylic acid hexamethyl ester 

Total identified (mg) 
Weight of methylated fractions 
% identified 
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TABLE 2. Compounds produced by the oxidation of 1.0 g of FA 

Component 
number Compound 

Isolated from fractions (mg) 
Total 

IIb IIc IIdl  to  IId3 (mg) 

Dimethyl succinate 
Dimethyl glutarate 
Dimethyl adipate 
Dimethyl pimelate 
1,2,3-Propanetricarboxylic acid trimethyl ester 
Methyl-3,4-furandicarboxylic acid dimethyl ester 
1,2-Benzenedicarboxylic acid dimethyl ester 
Methyl palmitate 
3-Methoxy-1,2-benzenedicarboxylic acid dimethyl ester 
1,2,3,4-Butanetetracarboxylic acid tetramethyl ester 
2-Methoxy-1,5-benzenedicarboxylic acid dimethyl ester 
Methyl stearate 
1,2,3-Benzenetricarboxylic acid trimethyl ester 
1,2,4-Benzenetricarboxylic acid trimethyl ester 
1,3,5-Benzenetricarboxylic acid trimethyl ester 
3,4-Dimethoxy-1,5-benzenedicarboxylic acid dimethyl ester 
3-Methoxy-l,2,4-benzenetricarboxylic acid trimethyl ester 
2-Methoxy-1,3,5-benzenetricarboxylic acid trimethyl ester 
5-Methoxy-l,2,4-benzenetricarboxylic acid trimethyl ester 
1,2,3,4-Benzenetetracarboxylic acid tetramethyl ester 
1,2,4,5-Benzenetetracarboxylic acid tetramethyl ester 
1,2,3,5-Benzenetetracarboxylic acid tetramethyl ester 
5-Methoxy-1,2,3,4-benzenetetracarboxylic acid tetramethyl ester 
2-Methoxy-1,3,4,5-benzenetetracarboxylic acid tetramethyl ester 
Benzenepentacarboxylic acid pentamethyl ester 
Methoxybenzenepentacarboxylic acid pentamethyl ester 
Benzenehexacarboxylic acid hexamethyl ester 

Total identified (mg) 
Weight of methylated fractions 

identified 
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CH,-CO~CH~ 

R R3 
R*2 R4 

9. RI = R 2  = C02CH3;R3 = R4 = RS = R6 = H 
10. RI = Rg = C02CH3; R2 = R4 = RS = R6 = H 
11. RI = CH2C02CH3; R2 = C02CH3; R3 = R4 = R5 = R6 = H 
12. R I  = R2 = C02CH3; R3 = 0 c H 3 ;  R4 = R~ = R~ = H 

14. R I  = RS = C02CH3; R2 = 0CH3;  R3 = R4 = R6 = H 
15. Rl  = R2 = R3 = C02CH3;R4 = R5 = R6 = H 
16. RI = R2 = R4 = C02CH3; R3 = R5 = R6 = H 
17. RI = R3 = RS = C02CH3; R2 = R~ = R~ = H 
18. RI = RS = C02CH3; R3 = R4 = 0CH3; R2 = R6 = H 
19. RI = R2 = R4 = C02CH3; R3 = 0CH3; Rs = R6 = H 
20. Rl = Rg = RS = C02CH3; R2 = 0CH3; R4 = R6 = H 
21. RI = R2 = R4 = C02CH3; R5 = 0CH3; R3 = R6 = H 
22. Rl = R2 = R3 = R4 = C02CH3; R5 = R6 = H 
23. Rl = R2 = R4 = RS = C02CH3; R3 = R6 = H 
24. R1 = R2 = R3 = Rs = C02CH3; R4 = R6 = H 
25. RI = Rz = R3 = R4 = C02CH3; Rs = 0CH3; R6 = H 
26. R I  = Rs = R4 = R5 = C02CH3; R2 = OCHj; R6 = H 
27. RI = R2 = R3 = R4 = R5 = C 0 2 ~ ~ 3 ;  R~ = H 
28. R, = R2 = R3 = R4 = R5 = C02CH3; R6 = 0CH3 
29. Rl = R2 = R3 = R4 = Rs = R6 = C02CH3 

FIG. 2. Chemical structures of compounds identified. 

carboxylic acids than did permanganate oxida- smaller quantities of phenolic and aliphatic acids 
tion (pH 10) of methylated HA. On the other than did peracetic acid oxidation at 40 O C .  As far 
hand, oxidation with 10% (vlv) aqueous peracetic as total yields of oxidation products were con- 
acid solution at 80 "C (8) yielded approximately cerned, peracetic acid oxidation at 40 "C was the 
equal amounts of benzenecarboxylic acids but most effective procedure. Table 4 presents com- 
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SCHNITZER AND SKINNER: OXIDATION OF HUMIC SUBSTANCES 

TABLE 3. Compounds produced by the oxidation of 1.0 g of H A  with 
alkaline KMnO, (3) and peracetic acid at  80 "C (8) and 40 "C 

Peracetic acid (mg) 
KMn04* 

Types of compounds (mi?) 80 "C 40 "C 

Aliphatic 15.8 13.4 34.0 
Phenolic 96.4 43.4 84.2 
Benzenecarboxylic 137.4 152.4 160.1 

Total 249.6 209.2 278.3 
Weight ratio of 

benzenecarboxylic to phenolic 1.4 3.5 1.9 

*Oxidation of methylated HA. 

TABLE 4. Compounds produced by the oxidation of 1.0 g of FA with CuO-NaOH (8), 
K M n 0 4  (3) and peracetic acid at  80 O C  (8) and at  40 "C 

Peracetic acid (mg) 
CuO-NaOH* KMnO,* 

Types of compounds (mg) (mg) 80 "C 40 "C 

Aliphatic 
Phenolic 
Benzenecarboxylic 

Total 145.8 204.4 136.2 224.9 
Weight ratio of 

benzenecarboxylic to phenolic 0 .2  1 . 3  1 .8  0.7 

'Oxidation of methylated FA. 

parisons of the types and quantities of major 
compounds produced by KMnO, (3) and CuO- 
NaOH (8) oxidations of methylated FA and per- 
acetic acid oxidation of untreated FA at  40 and 
80 "C. Both types of peracetic acid oxidations 
yielded greater amounts of aliphatic compounds 
than did the alkaline methods. Peracetic acid 
oxidation a t  40 OC and CuO-NaOH oxidation 
produced equal amounts of phenolic compounds; 
KMnO, was less effective in forming phenolic 
products and peracetic acid at 80 "C was the least 
effective reagent for this purpose. KMnO, oxida- 
tion produced the highest yield of benzenecar- 
boxylic acids, with the two types of peracetic oxi- 
dations forming smaller but approximately equal 
amounts, and CuO-NaOH being the least effec- 
tive reagent in this respect. Again, peracetic acid 
at 40 "C produced the highest yield of oxidation 
products per g of initial material. From the rela- 
tively low yields of phenolic compounds resulting 
from the peracetic acid oxidation at 80 OC (com- 
pared with peracetic acid oxidation at 40 "C, see 
Tables 3 and 4), it appears that phenolic com- 
pounds were degraded by the peracetic acid a t  the 
higher temperature. This is also indicated by the 
weight ratios of benzenecarboxylic to phenolic 

compounds isolated which are shown in Tables 
3 and 4. 

The data reported in this paper are  not in 
accord with the findings of Meneghel et al. (2) 
who failed to detect aromatic compounds among 
peracetic acid oxidation products from a peat 
humic acid. It is possible that their peat humic 
acid was less aromatic than the humic substances 
that we have oxidized and which we extracted 
from inorganic soils. 

We were unable t o  detect muconic acid-type 
compounds nor maleic or fumaric acid deriva- 
tives, which have been reported to result from the 
peracetic acid oxidation of known phenols, 
phenolic ethers, and lignins (2). It is unlikely that 
these compounds were formed in more than trace 
amounts. The data shown herein suggest that 
mechanistically the attack of peracetic acid on 
the humic materials is similar to that of KMnO,, 
that is, it is electrophilic, depending o n  the elec- 
trophilic character of the peroxy oxygen atom 
and the ease with which this oxygen can be trans- 
ferred t o  the nucleophilic humic materials (9). 

Experimentally, peracetic acid oxidation of 
humic substances is a mild but lengthy procedure 
which provides valuable information on the 
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chemical structure of these materials. In this 
respect it compares favorably with the perman- 
ganate oxidation of methylated humic substances. 
The latter procedure, however, is less time- 
consuming. 

The Chemical Structure of Humic Substances 
The results in Tables 3 and 4 and other oxida- 

tive degradation studies done in our laboratory 
over a period of many years (10) show that the 
oxidation of humic substances produces three 
types of compounds: (a) phenolic acids; (b) 
benzenecarboxylic acids; and (c) aliphatic dicar- 
boxylic acids, which are formed in much smaller 
amounts than the compounds listed under (a) 
and (b). The phenolic and benzenecarboxylic acids 
could have originated from lignin, condensed 
lignin, or complex aromatic products of rnicro- 
bial synthesis. On the other hand, it is also 
possible that the phenolic and benzenecarboxylic 
acids occur in the humic substances in the forms 
in which they were isolated, but joined by rela- 
tively weak bonds such as hydrogen-bonding or 
Van der Waal's forces to form polymeric struc- 
tures of considerable stability. Support for the 
latter view comes from long time observations 
which have shown that humic substances are 
readily dispersed or aggregated by changes in pH, 
salt concentration, and valence of cations. If the 
hypothesis that phenolic and benzenecarboxylic 
acids are the "building blocks" of humic sub- 
stances is correct, the next problem to be solved 
is to find out how the "building stones" fit to- 
gether and what type of structural arrangement 
is formed. If, however, the degradation products 
originate from more complex chemical struc- 
tures, further research in this field should be con- 

VOL.  5 2 .  1974 

cerned with the development of degradative pro- 
cedures that would permit the isolation and 
characterization of larger fragments of the humic 
molecules or molecular associations. It is possible 
that both types of structural arrangements co- 
exist in humic substances. 

We thank E. Vendette and D. Dobson for technical 
assistance. 
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Far Infrared Spectra of Crystalline Iodine Monobromide and Iodine Monochloride 

HSIAO-CHIAN LEUNG A N D  ANTHONY ANDERSON 
Deptrrtt~rerrt of Physics. Utli\,er:vity of Wtrterloo, Wtirc~rloo. Otlrtirir~ NZL 3Gl 

Received October 4, 1973 

Infrared spectra, in the range 20-400 cm-I, of thin polycrystalline films (at 80 OK) of iodine 
monobromide and the p-form of iodine monochloride have been recorded. For  IBr, the intra- 
molecular stretching region shows two peaks separated by 16 cm-' and shifted appreciably 
from the gas phase value. indicating strong intermolecular interactions. Four  lattice modes a r e  
also observed and assigned in accordance with group theoretical predictions. For p-1CI the  
spectrum of the stretching region confirms the presence of two distinct molecules with different 
bond lengths. The complexity of the ICI structure prevents an  assignment of the ten observed 
lattice absorptions. 

Les spectres infrarouge, dans I'intervalle de 20400  cm-' de fines pellicules polycrystallines 
(a 80 OK) du monobromure d'iode et de la forme P du monochlorure d'iode ont etk enregistres. 
Pour IBr, la region d'elongation intramolkculaire montre deux pics espacke par 16 cm-I e t  
dkplacks apprkciablement par rapport la valeur en phase gazeuse indiquant de fortes inter- 
actions intramolkculaires. Quatre modes de rkseaux sont aussi observks e t  attribuks selon les 
prkvisions thkoriques de groupe. Pour p-ICI le spectre de la region d'klongation confirme l a  
presence de deux molkcules distinctes avec des longueurs de liaison diffkrentes. La complexit6 
de la structure de ICI emp&che I'attribution des dix absorptions des reseaux observks. 

[Traduit par le journal] 

Can. J.  Chern., 52, 1081 (1974) 

Introduction 
Recently obtained Raman spectra of the halo- 

gen crystals, Cl,, Br,, and I, (1) have shown 
evidence for strengthening of the intermolecular 
forces with increase of mass. In iodine, this is 
manifested by a measurable increase in the molec- 
ular bond length in the crystal (2). Even for the 
chlorine crystal, there is evidence that the normal 
Van der Waals type of interaction is inadequate 
to describe the dynamical properties of the mole- 
cules in the crystal, and a charge transfer process 
had to be invoked (3) in order to obtain reasonable 
agreement with the experimentally observed lat- 
tice frequencies. 

There is thus considerable interest in obtaining 
further experimental data on the nature of the 
forces between the nonbonded halogen atoms in 
crystals, and spectroscopic studies of the di- 
atomic interhalogen compounds promise to be 
useful in this respect. Previous work has been con- 
fined to the electronic excitations (4-6), and the 
i.r. absorption in various solvents (7). Raman 
spectra of these crystals, at least with conven- 
tional techniques, are very difficult to obtain be- 
cause of their strong absorption of visible radia- 
tion and their high volatility and tendency to dis- 
sociate. The i.r. spectra, however, should be 
relatively straightforward to obtain, and more- 

over, because of the polar nature of the molecules, 
these spectra should provide data on both the 
translations and librations, in contrast to those 
for the pure halogens where only the translations 
are i.r. active (8). 

The crystal structure of IBr is orthorhombic, 
with space group Cctn2, (Ci:) (9). There are two 
molecules in the primitive unit cell on sites of C, 
symmetry, which form planar zig-zag chains as 
shown in Fig. 1. This structure is isomorphous to 
the low temperature phase of HCI and HBr (10) 
and differs from that of the halogen crystals 
(Cl,, Br,, and I,) only in the absence of a center 
of symmetry (1 1, 12, 2). The correlation diagram 
(Fig. 3, left) indicates that there are 7 i.r. active 
modes composed of 2 intramolecular stretches, 
3 librations, and 2 non-acoustic translations. 

There are two forms of crystalline 1C1, both 
monoclinic with space group P2,lc (C;,) and 
8 molecules in the unit cell. In both structures, 
there are chains of ICl molecules in zig-zagforma- 
tion, but these differ from those in crystals of the 
halogens and IBr in two important respects: 
firstly, there are chlorine atoms branching from 
the main chains (cis in the a-form (13) and trans 
in the p-form (14)), as  shown in Fig. 2; and 
secondly, the chains are non-planar, the degree of 
puckering being greater in the a-form. In both 
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FIG. 1. Crystal structure of IBr (from ref. 9). Pro- 
jection on ac plane, showing two adjacent mirror planes. 

FIG. 2. Crystal structures of a-ICI (left) and e-ICI 
(right) (from ref. 14). Projections on ac and bc planes 
respective] y. 

structures there are unusually short distances be- 
tween non-bonded atoms in the same chain, and 
the strong intermolecular forces result in marked 
differences between the bond lengths of molecules 
in the main chains (2.44 A) and those in the 
branches (2.37 A in a-ICl, 2.35 A in P-ICI). Both 
sets of 4 molecules are on general sites, and the 
correlation diagram for IC1 (a or P) is shown on 
the right of Fig. 3. This indicates that 21 modes 
are i.r. active, of which4 are stretches, 8 librations, 
and 9 non-acoustic translations. Appreciable mix- 
ing between lattice modes of like symmetry and 
similar frequency is to be expected. 

Experimental 
Far i.r. spectra were obtained with a Fourier Spectro- 

photometer (RIIC Beckman 620), using a Mylar beam 

divider (thickness 0.00025 or 0.005 in.) and Golay cell 
detector. The interferogram signal was led directly 
through an A/D converter to a Hewlett Packard 2116 
computer for processing. Spectra in the higher frequency 
range (> 200 cm-') were also checked with a grating 
spectrometer (Beckman IR 12). Substrates of crystal 
quartz and polyethylene were mounted in a conventional 
glass cryostat fitted with polyethylene outer windows, and 
cooled with liquid nitrogen. Temperatures were measured 
by a copper-constantan thermocouple o n  the substrate. 

Samples of ICI and IBr were obtained from Research 
Organic/Inorganic Corp. and were stated to be of better 
than 99% purity. These were vacuum distilled onto the 
substrate until the overall absorption (which is directly 
measured by the interferometer) reached a predetermined 
value. The samples were subsequently annealed before 
spectra were recorded. Observations o n  ICI, as it was 
warmed after the spectra were obtained, showed that its 
melting point was close to 13 "C, thus indicating the e- 
form. The or-form, which melts at  27 "C, could not be 
obtained in these experiments either by annealing, re- 
crystallizing, o r  variation of the deposition rate or sub- 
strate temperature. I t  appears that the small amount of 
iodine liberated by dissociation at  room temperature 
(0.42% at 25 "C) is instrumental in stabilizing the P-form 
(1 5). 

Spectra of solutions of IBr and ICI in CCI, and C6H6 
were also obtained. Standard liquid cells with polyethy- 
lene windows and a 1 mm Teflon spacer were used. 

Results 
Absorption spectra of polycrystalline IBr and 

P-IC1 at 80 OK in the range 40-400 cm-' are 
shown in Figs. 4 and 5 respectively. These are 
from samples absorbing approximately 50% of 
the overall radiation, and the spectral resolution 
is about 2.5 cm-'. Spectra at higher resolution 
and of thicker samples were also recorded but 
showed no new features. 

Frequencies of maximum absorption, esti- 
mated accurate to  + 1 cm-' except for very 
broad bands or shoulders, are listed in Tables 1 
and 2 with the widths at half intensity indicated 
in parentheses. Data from gas phase and solution 
studies are also included. 

Discussion 
ZBr 

In the stretching region, two strong peaks are 
observed separated by 16 cm-', with the band 
center displaced to lower frequency by about 
55 cm- ' from the gas phase value. The separation 
of the components from the different bromine 
isotopes is calculated to be less than 1.5 cm-' 
with approximately equal intensities, and was not 
seen either in solution or crystalline state. The 
observed splitting is a result of coupling between 
the two molecules in the unit cell, and its magni- 
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Crystal IBr .1 + ICI 

Mode 

Unit cell Site Molecule Site Unit cell 
Symmetry C2, Cs Cmu C I  C2 h 

Al (R, i.r.) 

' A '  (R, i.r.1- v, Tz;  X+ (R, i.r.) 

A2 (R) ..: \ A (R, i.r.1 A::: 
B~ (R, i.r.1 / Tu (i.r.1 

/ A ' '  (R, i.r.) - R,R,, T,T,; n (R, i.r.) 

B2 (R, i.r.) Bu (i.r.1 

FIG. 3. Correlation diagrams for IBr (left) and ICI (right) (R = Raman active, i.r. = infrared active). 
The double lines for ICI represent the two distinct sets of four molecules. 

I I I I I I I 
100 200 300 4 00 

FREQUENCY I C M " )  

action between the permanent dipoles of the inter- 
halogen molecules. As in iodine, an increase of 
about 0.05 A in the bond length of the molecule 
in the crystal has been found by X-ray diffraction 
(9), further evidence of the unusually strong inter- 
action between adjacent molecules in the same 
chain. 

The orientation of the dipoles (- f 35" to the 
chain axis) leads to the result that the in-phase 
mode (A,) involves the larger dipole moment 
change for a given amplitude and hence absorbs 
more strongly by a factor of about 2, (cot2 35). 
This identifies the lower frequency band as the A ,  
mode and the higher frequency one as the out-of- 
phase B,  mode. A much weaker peak at  280 cm- ' 
is probably a combination of the A ,  stretching 
mode and a libration. 

In the lattice region, 4 peaks are observed in- 

FIG. 4. Far  i.r. spectrum of crystalline IBr a t  80 O K .  

stead of the 5 predicted from group theory, 
although in several spectra an additional shoulder 
was resolved. For molecules with a permanent 

I I I 1 
100 2 00 300 4 00 

FREQUENCY I C M - ' )  

FIG. 5. Far i.r. spectrum of crystalline p-ICI a t  80 OK. 

tude is an indication of very strong intermolecular 
interactions. For comparison, the observed split- 
tings for the halogen stretching modes are 1, 5, 
and 8 cm-', and the displacements from the gas 
phasevalues are 16,23, and 33 cm-' for Cl,, Br,, 
and I, respectively (1). The fact that the values for 
IBr do not lie between those for Br, and I, is 
probably a consequence of the additional inter- 

dipole moment, one expects the librational modes 
in general to absorb more strongly than the trans- 
lations, as for example in the isomorphous hydro- 
gen halides (16). In addition, from considerations 
of the changes in separations between neighbor- 
ing non-bonded atoms in the same chain for 
given angular displacements about the centers of 
mass, one can deduce that the frequency sequence 
of the librations (from low to high) will be as 
follows: A, (out-of-plane, out-of-phase); A ,  (in- 
plane, out-of-phase) ; B, (out-of-plane, in-phase); 
and B,  (in-plane, in-phase). Similarly for the 
translations, oneexpects the sequence A,, A,, and 
B, where the non-acoustic modes all involve out- 
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TABLE 1. Frequencies of maximum absorption in IBr (with widths a t  
half intensity in parentheses) 

Mode 
Temperature 

State ("K) Frequency (cm- ') 

Stretch (v,) Gas* 295 265 
Stretch (v,) Solution CCI, 295 261 
Stretch (v,) Solution C6H6 295 251 

Stretch (v,) Solid 80 
210 
226 1 (53) ii 

Libration (vL) Solid 80 85(24)A, + Bz; 103(16)B1 
Translation (v,) Solid 80 60(12)A, ; 71(12)B, 
Combination 

(v, + VL) Solid 80 280(5) 

*From ref. 18. 

TABLE 2. Frequencies of maximum absorption in IC1 (with widths at  
half intensity in parentheses) 

Temperature 
Mode State ("K) Frequency (cm-')t 

Stretch (v,) Gas* 295 381 
Stretch (v,) Solution CCI, 295 375 
Stretch (vl) Solution C6Hh 295 355 . -. 

Stretch (v,) 

Libration (v,) 0-Solid 80 loo(&), 1 10(20j, 140(sh), 
153(28), 182(16) 

Translation (v,) 0-Solid 80 55(sh), 63(sh), 73(20) 
Mixed modes (?) 0-Solid 80 81(sh), 91(sh) 

*From ref. 18. 
tsh = shoulder. 

of-phase displacements along the directions y, x ,  
and z respectively. On the basis of these qualita- 
tive arguments (which in the case of the hydrogen 
halides have been confirmed by lattice dynamics 
calculations (17)), the assignments given in Table 
1 are proposed, where it is assumed that the 
broadest and strongest lattice absorption band 
includes contributions from two librations, A ,  
and B, (in a few spectra, an additional shoulder 
at 91 cm-' is observed). An alternative assign- 
ment consistent with these ideas is that the higher 
frequency translation (B,) has been obscured by 
the stronger libration ( A , )  at 71 cm-I. Lattice 
dynamics computations on IBr have been initiated 
in this laboratory to check these tentative assign- 
ments. 

p-ICl 
Two well separated partly resolved doublets 

are observed in the stretching region of this 
molecule. I t  seems clear that the main splitting is 
due to  the presence of two distinct molecules with 
different bond lengths. The higher frequency pair 

is assigned to the molecules in the branches of the 
chain (bond length 2.35 A), and the lower fre- 
quency pair to those in the main chain (bond 
length 2.44 A). The latter is over 100 cm-'  lower 
than the stretching frequency in the gas phase, 
where the bond length is 2.32 L% (18). There are 
two possible causes of the smaller splittings: the 
presence of the different isotopes j5C1 and j7C1 
in a 3 : 1 proportion should lead t o  peaks separated 
by about the magnitude observed, although the 
splitting of the higher frequency doublet would be 
expected to be slightly larger. The observed inten- 
sity ratios are much less than 3 : 1, but the accuracy 
for such broad, incompletely resolved, bands is 
perhaps not too reliable; the other possible ex- 
planation is that the splittings are due to couplings 
between molecules in the unit cell, which as dis- 
cussed above, is the dominant effect in IBr. How- 
ever, in P-ICI, the nearest neighbors of any given 
molecule are those of different bond length and 
different "natural" frequency, and hence the 
resonant interaction will be much reduced. An 
approximate analysis of coupled pendulums (19, 
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20) predicts that the splitting will be slightly larger 
for the lower frequency doublet. Although this 
has been experimentally observed, the differences 
are small, and since the measured splittings may 

I be appreciably influenced by overlap of the broad 
components, no firm conclusion can be reached. 

I Ten absorptions in the lattice region are ob- 
I served, but because of the complexity of the 

crystal structure and possible mixing allowed by 
its low symmetry, it is extremely difficult to  make 
even tentative assignments. One would again ex- 
pect the librational modes to be more intense, and 
if the pattern of the halogens and IBr is followed 
to be at higher frequencies. This is consistent with 
the observed spectra. The peaks above 100 cm-' 
probably originate from librational motions, 
those below 75 cm-' from translations, with 
those between these values being of uncertain or 
mixed origin. It  is rather doubtful whether con- 
ventional lattice dynamics calculations can throw 
light on these assignments, since it is unlikely that 

I any model potential, such as the Lennard-Jones 
or Buckingham type, can be realistically used for 
the very strong interactions between adjacent non- 
bonded atoms in the same chain. Polarized 
Raman spectra of a single crystal of IC1 would be 
useful for resolving this problem, but the experi- 
mental difficulties involved in such a study are 
formidable. 

1 We express our thanks to Drs, J. W. Leech and 
D. E. Irish for helpful discussions, to  Dr.  J. L. Ord  for 
assistance in setting up the computational system, and to 

the National Research Council of Canada for financial 
support. 
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The nature of the species undergoing exchange and the role of the buffer anion in the 
medium are not known precisely from previous investigations o n  the isotopic exchange 
of rare earth metal ions with their EDTA complexes confined to acetate medium only. 

Using terbium-160 as radiotracer, the kinetics of self-exchange of Tb(II1) in 
TbEDTA- has been studied in detail in 0.025 M acetate buffer. The exchange has  also 
been investigated in various other concentrations of acetate and phthalate buffer solu- 
tions, and also in benzoate buffer. 

In 0.025 M ammonium acetate solution the rate of exchange (R in mol 1-' s-') is 
expressed by 

over the concentration ranges employed. The predominant mode of exchange is the 
decomposition of the protonated complex TbHEDTA. 

It is concluded that the complex TbEDTA- is the only species undergoing exchange, 
although it is possible that mixed complexes formed between TbEDTA- and acetate ion 
may be present in the medium. Increasing charge on the buffer anion species accelerates 
the rate of exchange, while the effect of the buffer anion size is relatively insignificant. A 
small positive effect observed for the ionic strength on exchange has also been interpreted. 

La nature des esptces subissant 1'Cchange et  le r81e de l'anion-tampon dans le milieu 
ne sont pas prtcistment connus par les recherches antirieures sur l'tchange isotopique 
d'ions mttalliques des terres rares avec leurs complexes d'EDTA limitCes en milieu 
acetate seulement. 

Utilisant le terbium-160 comme traceur-radio, la cinttique du libre-tchange du 
Tb(II1) en  TbEDTA- a ttC Ctudite en dttail dans un tampon acttate de 0.025 M. 
L'tchange a aussi t t t  examint dans divers autres concentrations de solutions tampon 
d'acitate et de phtalate, et aussi dans le tampon benzoate. 

Dans la solution 0.025 M d'acttate d'ammonium la vitesse d'tchange (R e n  mol 
1-' S-') est exprimte par: 

pour les intervalles de concentrations utilists. Le mode prtdominant d'tchange est la 
dtcomposition du complexe TbHEDTA protont. 

11 a t t t  conclu que le complexe TbEDTA- est la seule des espkces subissant l'ichange, 
bien qu'il soit possible que des complexes mixtes formts entre TbEDTA- et l'ion acttate 
soient prtsents dans le milieu. L'augmentation de la charge sur  les types d'anions de 
tampon acctltre la vitesse d'Cchange tandis que l'effet de la grosseur de l'anion du 
tampon est relativement insignifiant. Un petit effet positif observC pour la force ionique 
sur 1'Cchange a aussi Ctt interprttt. [Traduit par le journal] 

Can. J .  Chern., 52, 1086(1974) 

Introduction (I), Ce(II1) and Pr(II1) (2); Ce(1II) (3), Ce(III), 
There have been several investigations on the and Lu(III) (4); Nd(III) (51, Eu(III) (6,719 Ho(II1) 

isotopic exchange reactions of rare earth metal (81, Lu(III) (9-1 11, and Tb(III) (12). Theexcharlge 
ions (M3+) with their ethylenediaminetetraace- of metal ions with their ML- complexes has been 
tale complexes (ML-) in aqueous acetate solu- carried out in the studies published under the 
tions, viz. La(III), Nd(III), Dy(III), and Yb(II1) following range of experimental conditions (1- 

12): pH, 4-6; concentrations of M3+ and ML-, 
'To whom all correspondence should be addressed. less than millimolar. One of the areas of current 
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interest in the chemistry of rare earths is the in- 
vestigation of possible mixed complex formation 
resulting from "coordination unsaturation" ex- 
hibited by the rare earth metal ions with their 
relatively high coordination number. Several 
reports have appeared recently in the literature 
on mixed complex formation by rare earth- 
polyaminopolycarboxylates with additional lig- 
ands present in the medium. It is important to 
examine the nature of the rare earth complex or 
complexes in the medium specified for the ex- 
change reactions (1-12) and characterize precisely 
the species participating in exchange. This aspect 
of the exchange reaction (M(III)/ML-) has ap- 
parently not been given enough consideration so 
far in the studies reported on this topic. 

Nature of the Rare Earth Complex Species in the 
Reaction Medium 

Although solid rare earth compounds of the 
type M4L3 (13) are reported to have been pre- 
pared under suitable experimental conditions, it 
appears doubtful that these species exist in solu- 
tion at  the concentration ranges of the reactants 
used for most isotopic exchange studies. The 
same consideration seems to rule out the possible 
formation (14) of the cationic species M2L2+.  In 
addition to studies on the formation (15) of hy- 
droxy complexes of ML-, complexes of (M3+- 
L4-) containing more than one ligand molecule 
have also been reported (16) in the literature. The 
hydroxy complexes are formed in basic media 
(15), and the h~gher EDTA complexes of rare 
earth metal ions are formed only in the presence 
of an excess of the ligand (1 6). Since the exchange 
experiments are conducted only in acidic medium, 
and since the complexing agent itself is never 
present in excess at any time, the possibility of 
the presence of M O H L ~ -  and MnL,(4m-3n)- for 
(nz > n) does not have to be considered. 

In addition to mixed complexes of the type 
mentioned above, there are several reports in the 
literature of complex formation between ML- 
and other ligands such as citric acid (17), tartaric 
acid (1 8), iminodiacetic acid (1 9), nitrilotriacetic 
acid (1 9), 8-oxyquinoline-5-sulfonate (19), etc. I t  
is evident from these studies on the formation of 
mixed complexes that neither the size nor the 
charge on the second ligand appears to  be a 
hindrance in the formation of mixed complexes. 
Also, it appears (20) that complex formation with 
a second ligand takes place by replacement of the 

coordinated water molecule and not by the sites 
that could be available due to the loosening of 
bonds (21) between the metal ion and the first 
ligand.' 

Further Galaktinov and Astakhov (23) have 
studied mixed complex formation between 
NdH(HMDTA) (HMDTA is hexamethylenedia- 
minetetraacetic acid) and acetate (0Ac)-.  These 
authors have reported a value of 16 for the sta- 
bility constant for the mixed complex species 
[NdH(HMDTA)(OAc)lP under experimental 
conditions comparable to those in most exchange 
reactions. Recently, Ryhl (21) has deduced from 
p.m.r. studies of LaL- in basic media the pre- 
sence and dissociation of the species LaL(0H)'- 
contributing to the decomposition of the  chelate 
LaL-. With respect t o  the bonding abilities of 
hydroxide and acetate as ligands in lanthanide 
complexation reactions, Karraker (24) states 
"the added stability of the resonating structures 
allows these ligands (uiz., bidentate acetate lig- 
ands) to  compete successfully with O H -  or H,O 
in the coordination sphere of the lanthanide ion". 
As a result of these considerations, the possibility 
of a mixed complex species formed between ML- 
and acetate ions in the exchange reaction medium 
has to be reckoned in considering the mechanism 
of exchange in the M(III)/ML- reaction. The 
possible role of the mixed complex, if any, in 
acetate medium becomes even more a relevant 
consideration in the light of the findings by Janes 
and Margerum (25) in multidentate kinetics that 
mixed complex formation between a multiden- 
tate chelate and other anions in the medium can 
result in an increased rate of the proton-assisted 
decomposition of the multidentate chelate. 
Although Glentworth et al. (3) report that the 
rate of metal ion exchange in the Ce(III)/CeL- 
reaction is catalyzed by acetate ion in the me- 
dium, it does not appear that enough considera- 
tion has been given in their investigation as to 
the nature of the chemical species undergoing 
exchange. 

ZLee (22) has carried ou t  an X-ray crystallographic in- 
vestigation of solid NaTbEDTA and it is suggested by 
this author that the dominant species of the EDTA com- 
plex of terbium in aqueous solutions of p H  - 4 is the 
nine coordinated TbEDTA(OH),),- type (EDTA is a sex- 
adentate in this species) as observed in solid NaTbEDTA. 
In the latter compound the entire chelating ligand is rele- 
gated to one hemisphere with the metal ion in the center, 
leaving ample space for three water molecules in  the other 
hemisphere (22). 
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Moreover, the previous exchange studies of 
M(III)/MLP reactions have been confined to 
acetate medium only. Therefore an investigation 
of exchange in other suitable buffer media (ben- 
zoate, phthalate, etc.) will be of interest per se 
and may even provide information on the effect 
of size and charge of the buffer anion on the rate 
of exchange. 

The predominant mode of exchange in 
M(III)/ML- reactions is the decomposition of 
the protonated complex MLH under the experi- 
mental conditions studied (1-12). It has been re- 
ported in some of the published investigations 
(3, 7, 9) that the rate-determining step during 
exchange by the predominant mode is the forma- 
tion of the protonated complex. However, an 
examination of the available evidence (3, 7, 9) on 
the mechanism of exchange does not appear to 
justify this conclusion, and it seemed therefore 
important to obtain further evidence concerning 
the mechanism of exchange in these reactions. 

For the reasons discussed above we have un- 
dertaken a comprehensive investigation of the 
exchange behavior of terbium in TbL- in 
aqueous medium as well as mixed solvent media 
consisting of acetone-water, and l-propanol- 
water. The choice of terbium as the element for 
this study was made for the reason that while 
there is relatively more information on the ex- 
change behavior of light and heavy rare earth 
elements, those from the mid region of the series 
have not been investigated in detail.3 This pub- 
lication presents results of a detailed study of the 
exchange behavior of terbium in TbL- in 
aqueous acetate solutions, and also in two other 
buffer systems, viz., phthalate and benzoate. The 
exchange behavior of terbium with TbL- in 
mixed solvent media will be reported separately. 

Experimental 
Materic~ls 

Reagent grade chemicals and deionized water only were 
used in the preparation of all solutions for use in exchange 
experiments. 

3Following a preliminary communication by the au- 
thors on some of the findings of this work on the exchange 
of terbium in TbL- (1 2a), Szarvas and Brucher (12b) have 
reported on the Tb(III)/TbL- reaction. However their 
investigation has not taken into account the following: 
(i) the nature of the chemical species undergoing exchange, 
(ii) the precise role of buffer anion during exchange and 
the effect of charge and size of buffer anion on the ex- 
change, (iii) the mechanism of exchange, and (io) the effect 
of ionic strength on the exchange rate. 

Terbium Cl~loride Solutiotls 
The purity of the terbium oxide sample (Tb,O,. BDH 

Reagent Grade) used in the preparation of terbium chlo- 
ride solution for exchange experiments was confirmed by 
a nuclear activation technique. Stock solutions of terbium 
chloride were suitably prepared by dissolving weighed 
amounts of the oxide in a slight excess of dilute hydro- 
chloric acid. No  further standardization was made of these 
solutions. Aliquots of the stock terbium chloride solution 
were evaporated to  dryness and the residue was dissolved 
in buffer solutions of the composition required for ex- 
change experiments. 

Wiffer Solutions 
Ammonium acetate buffer solutions of the desired con- 

centration and p H  were obtained by potentiometric titra- 
tion of standard acetic acid against standard ammonium 
hydroxide. Measurements of pH were made with a 
Beckman Expanded Scale p H  Meter to an accuracy of 
k0.015 p H  unit. Potassium hydrogen phthalate and 
benzoic acid (both of BDH Analar Grade) were used in 
the preparation of buffer solutions for exchange experi- 
ments in phthalate and benzoate media respectively. 
Potassium nitrate (BDH Analar Grade) was used as  the 
supporting electrolyte in exchange experiments carried 
out under constant ionic strength conditions. 

Solutions of the Chelating Agent EDTA 
The disodium salt of the ethylenediaminetetraacetic 

acid (BDH Analar Grade) was used in the preparation of 
solutions of the complexing agent EDTA. The solution 
obtained by dissolution in deionized water of a weighed 
amount of the salt was standardized by titration against 
standard zinc solution usingeriochrome black T indicator 
(26). 

Catiotz Exchai~ge Resin 
Dowex 50W-X8 cation exchange resin (Baker Analyzed 

Reagent) in the hydrogen form and 100-200 mesh size was 
water-graded to remove very fine particles and converted 
to  the ammonium form before use in the exchange experi- 
ments. 

The Exchange Reactiot~ 
Solutions of the complex TbL- were made essentially 

by mixing stoichiometric amounts of the  complexing agent 
and the metal ion in the buffer solution. Solutions pre- 
equilibrated for many hours and which contained the 
specified amounts of the complex and  metal ion for the 
exchange reaction in appropriate buffer solutions were 
brought to the required temperature in  a thermostat con- 
trolled to k0.01 OC. Isotopic exchange was initiated by 
adding I6OTb3+ tracer of high specific activity in about 
10 ~1 of the same buffer solution. At suitable time inter- 
vals, aliquots of the reaction mixture were withdrawn and 
separation of the anionic TbL- from the metal ion was 
carried out by using the Dowex 50-X8 cation exchange 
resin in a suitably designed column of size 25 x 7.5 mm 
i.d. The resin bed had been pre-treated with the appro- 
priate buffer solution. The reaction mixture was forced 
rapidly through the resin column and  the column was 
washed with the buffer solution (complete separation of 
the products was achieved in about 10-20 s and it was 
ascertained that the amount of further exchange in this 
time interval was insignificant under the experimental 
conditions). The voIume of the effluents was all combined 
in the counting vials and was adjusted to  a common level 
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before assaying its radioactivity. The isotopic exchange 
was followed for about three to four half-times (i.e. to 
more than 90% completion) and an infinite time sample 
was also taken the next day in most of the exchange experi- 
ments. The radiometric assay of the tracer was done using 
a NaI(T1) scintillation well-type counter and all samples 
were counted to 1% standard deviation. 

1 
I Results and Discussion 

The rate of exchange R was calculated by 
using the McKay equation (27) 

2 303 ab  
[ I ]  R =  - -X- 

t a + b  
x log (1 - F)  

where F is the fraction of exchange at time t and 
a and b  are the molar concentrations of the ini- 
tially unlabelled complex TbL- and the metal 
ion respectively. The fraction of exchange is 
given by the Norris equation (28) 

[2] F = 

activity per ml associated with TbL- 
-. . . . 

total activity per ml of reaction mixture 

when the exchange was initiated by adding the 
labelled metal ion. The fraction of exchange at 
zero time was found to be negligible within the 
limits of experimental error. A principal source 
of error in the exchange experiments was the un- 
certainty in the measurements of pH  (k0.015 
pH unit) which is a sensitive variable, and other 
errors of lesser significance such as inaccuracies 
in counting, volume measurements, sample tim- 
ings, and separation of the exchanged species. A 
variation of 0.015 in pH  can cause an error of 
3 4 %  in the exchange rate depending on the 
order of the latter with respect to the hydrogen 
ion concentration (see the discussion following). 
The magnitude of the errors from the other 
sources are estimated to less than about 2-3%. 
Exchange rates were reproducible with an aver- 
age deviation of about 3% and with a maximum 
deviation not exceeding 5% in most of the dupli- 
cate experiments. The reversibility of exchange in 
the Tb(III)/TbL- reaction was checked by ini- 
tiating the exchange instead with the terbium 
tracer in the labelled chelate form. The exchange 
rate obtained in this case agreed within the ex- 
perimental precision with those for exchange ex- 
periments using labelled terbium ions but other- 
wise done under identical conditions. 

At constant buffer concentration the rate of 

exchange in these reactions is known to depend 
(1) on the concentration of the complex, the 
metal ion, and H f .  Using 0.025 M acetate solu- 
tion as buffer the rate of exchange was studied 
over a range of concentration of each of these 
species and the results obtained from these experi- 
ments are summarized in Table 1. 

Ionic Strength in Exchange Experiments 
It was necessary for the exchange study in the 

mixed solvent media to  keep the concentration of 
external electrolytes to a minimum. Since the ex- 
change behavior of Tb(III)/TbL- in the aqueous 
medium and the mixed solvent media were to be 
correlated in our investigation, it was desirable 
to study the exchange reaction in the aqueous 
medium in the absence of anv external electro- 
lyte, wherever possible. When the ionic strength 
is not kept constant by the addition of a support- 
ing electrolyte, the degree of dissociation of acetic 
acid will vary with the hydrogen ion concentra- 
tion of the medium. This will result in changes 
in the ionic strength and the consequences of 
these changes in ionic strength were considered 
in the following manner. 

(i) The effect of changes in ionic strength on 
the activity of hydrogen ion and hence its con- 
centration was taken into account by the follow- 
ing procedure. 

As an initial approximation, the hydrogen ion 
concentration was obtained from the instru- 
mental p H  meter reading, pH  = -logl, [Hf].  
Using this value for [H+]  and the dissociation 
constant for acetic acid at infinite dilution (29). 

\ ,, 

the concentration of the acetate ion was calcu- 
lated and hence the ionic strength of the me- 
dium. The activity coefficient f of the single 
univalent ion (e.g. fH+) was determined at this 
ionic strength by using the Davies equation (29). 
With the initial value for fH+ a more accurate 
value for [Hf ] was obtained from the relation- 
ship (30, 31) 

[31 loglo [Hf ]  = pH + log fH, 

The corresponding concentration dissociation 
constant Kc (29) at this particular ionic strength 
was also calculated. Using the values for  Kc and 
[Hf ]  calculations were continued to obtain new 
values for OAc-, p, fH+, H + , and Kc. This pro- 
cess of refining these parameters was reiterated 
until a constant set of values was obtained for 
them. The difference between the instrumental 
pH value and the pHc calculated from the pro- 
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TABLE 1 .  Tb(III)/TbL- exchange at 20.5 O C ;  [Acetate] = 0.025 M 

R x lo8 

[TbL-] x lo4 [Tb3+] x lo4 Calculated 
(MI (MI pH,* Observed- (eq. 6) 

cedure outlined above was significant even in the 
light of the uncertainty in the measurement of 
the instrumental readings themselves. Therefore 
the exchange rates in this study are referred in 
Table 1 to the pH, values obtained in the cal- 
culation described above. 

The difference between the maximum and 
minimum of the ionic strength values in the reac- 
tion mixtures (0.025 M in total acetate) with the 
hydrogen ion concentration range in Table 1 is 
about 0.008 M; this is not of a sufficient magni- 
tude to cause its own effect on exchange, as 
demonstrated by a few separate experiments for 
studying the effect of ionic strength on exchange. 
The variations in acetate concentrations of the 

on the concentration of the reactants the rate can 
be expressed as 

at  constant buffer concentration. Using the R 
values in Table 1 obtained by independently 
varying the concentrations of H+,  TbL-, and 
Tb3+ the exponents a, 6, and c were determined 
by the method of least squares. F o r  the ranges of 
concentrations of the reactants indicated in Table 
1 the rate of exchange is best fitted to  the equation 
by 

[5] R = k [ ~ + ] l , l 3  f 0.05[~b~-]1 .00 f 0.02 

[Tb3+]0.13 f 0.02 

buffer (0.025 M) corresponding t o  different hy- 
drogen ion concentrations of the medium are and the values for  the exponents are expressed a t  

also not sufficiently large in most of the experi- 99% confidence limits. The variation of the rate 

ments to affect the rate of exchange to any ap- with the concentration of each of the reactants 

preciable extent. is shown separately in Figs. 1-3. Below a pH, 
value of about 5.2 hydrogen ion dependence of 

Dependence of Exchange Rate on the the rate appears to  be of a higher order than unity 
Concentration of H + ,  TbL-, and ~ 6 ~ '  (Fig. 1). Within the ranges of concentration in- 

T o  elucidate the dependence of exchange rate vestigated the rate appears to  be exactly first 
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I I I I I I I I I I [ 

2.1- , 0 [ ~ b ' + ] =  1 x 1 0 6 ~ ~  - 9.0 - 

+ - - 

W + 
2 1.3 - L 

w 7.0 - - 

S 
0.9 - L 

0 6 . 0 -  - 
I I I I d  0.5 I 

X 

4.8 5.0 5.2 5.4 5.6 5.8 6.0 W 
C 

pH, 
a 
tr 5.0 - - 

FIG. 1. Variation of log rate with pH, for the Tb(III)/ 
TbL- reaction at 20.5 "C ([Acetate] = 0.025 M, [TbL-] 
= 1 x M). 0 and A represent the experimental 4.0 
results. The solid lines correspond to a slope of - 1. 

2.2 

1.8 
+ - 
W 
k 1.4- u 
[L 

(3 

9 1.0- 

0.6- 

0 0.4 0.8 1.2 1.6 2.0 ; 
LOG [ T ~ ( E D T A ) -  M X I O ~ ]  LL - 

FIG. 2. Variation of rate with [TbL-] for the Tb(III)/ 
TbL- reaction at 20.5 "C ([Acetate] = 0.025 M, [Tb3+] 
= 1 x M, pH, = 5.37). 0 represents experimental 
results; the solid line is obtained by using the rate equa- I I I I 

tion (eq. 6). 1.0 2.0 3.0 4.0 5.0 

[ H + ]  x I O ~ M  
order in the concentration of the (Fig' 2, FIG, 4. Variation of rate with [H+] concentration for 
while only a slight dependence of the rate on the the T~( I I I ) / (T~L-  reaction a t  20.5 "C ([Acetate] = 0.025 
concentration of Tb3+ is observed (Fig. 3). M ,  [TbL-] = 1 x M) .  The straight lines in Fig. 4 

In Fig. 4 the rate R is shown as a function of drawn by inspection are extrapolated to zero [H+] con- 

hydrogen ion concentration in the medium. The centration. 

best fitting straight line, drawn by inspection in 
this case, when extrapolated to zero hydrogen fore no other acidic species protonates the com- 
ion concentration appears to  indicate that, with- plex. A similar conclusion has been reported also 
in experimental precision, there is no exchange for the exchange of Eu(II1) between La(1II) and 
at zero hydrogen ion concentration and there- LaL- (7). 

I I I I 
- 

2.0 I I I I 
- 0 3.0 6.0 9.0 12.0 15.0 18.0 

[ ~ b ~ + ]  M x lo5 

FIG. 3. Variation of rate with [Tb3+] for the Tb(III)/ - 
TbL- reaction at 20.5 "C ([Acetate] = 0.025 M, [TbL-] 
= 1 x M). 0 represents experimental results; the 
solid lines are obtained by using the rate equation (eq. 6). 

- 4.0 

I I 1 I 

0 [ T b 3 + ]  = I x M 

- a [ T b 3 + ]  = 5 x M 

3.0 - 

I I I I 

- 
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Rate Equation for Exchange in 0.025 M Acetate 
The most suitable rate equation leading to a 

plausible kinetic scheme for exchange was de- 
termined by a regression analysis with the kinetic 
data for exchange in Table 1. The following rate 
equation was found to be most suitable to fit all 
the exchange data for the reaction Tb(III)/TbL- 
in 0.025 M acetate in this study 

where k, = 47.0 + 2.2 1 mol-' s-', k, = 1.7 f 
0.4 x lo6 l2 mol-, s-', and k, = 3.4 f 0.7 x 
lo4 l2 mol-, s- '. The R values were calculated 
by using best fitting constants and the actual 
concentrations for the reactants and the calcu- 
lated R values are compared with the observed 
values in Table 1. The mean percent deviation 
between the observed rates and the calculated 
ones is about 5.5% which is comparable in mag- 
nitude to the uncertainties in the rate measure- 
ments themselves. The constants k,,  k,, and k3 
can be associated with the following modes of 
exchange. 

Mode 1 
k l  ' 

[71 T ~ L -  + H+ s T ~ L H  
k - , '  

k2' 
Is] TbLH -t Products 

Mode 2 
k3' 

P I  TbLH + H +  * TbLH,+ 
k-3' 

k4' 
[ lo] TbLH2+ -t Products 

Mode 3 
k,' 

[ i l l 4  TbLH + Tb3+ TbLHTb3 + 

k-5'  

4The formation of M2L2+ by direct reaction between 
ML- and M3+ is reported to take place only in media 
more basic than the condition of these experiments (15). 
The possibility (mode 3) of direct reaction between the 
neutral TbLH and Tb3 + may be justified by the following 
considerations: (i) regression analysis of the kinetic data 
does imply the association of hydrogen ion with exchange 
by mode 3, and ( i i )  the labile nature of the carboxylate - 
metal ion bonds in these chelates as observed by Ryhl(21), 
(iii) and evidence for the formation of a binuclear complex 
is also available from chemical shift data obtained by 
Brucher (32) on the n.m.r. spectra of ML-  complexes in 
the presence of excess metal ions. 

k g '  

I121 TbLHTb3+ -t Products 

Although the predominant contribution to ex- 
change arises from mode 1, experimental condi- 
tions have been varied sufficiently for exchange 
to discern significant contributions to exchange 
from modes 2 and 3 as indicated in Table 2. 

Role of Bufer Anion during Exchange 
(i) Exchange Experiments in Acetate Buffer 
The results obtained with variations in acetate 

concentration and at constant ionic strength 
(0.1M) are shown in Fig. 5. Since there were 
variations in the concentrations of the reac- 
tant species so that rate measurements can be 
made conveniently, the normalized quantity 
(R/[TbL-:I[H+][Tb3+]0.13) is shown in Fig. 5 as 
a function of buffer c~ncentration.~ The increase 
in exchange rate with increasing buffer concentra- 
tion may not be due to any effect on the lability 
of aquo metal ion arising from the presence of the 
buffer anion. This can be attributed to the obser- 
vation that complex formation between M3+ and 
EDTA, or the ligand replacement reaction be- 
tween any mono or bidentate complex of rare 
earth metal ion and EDTA is an extremely rapid 
process (33) compared to the half-time for metal 
ion exchange in the (M3+-ML-) system. Pos- 
sibly, the increase in the rate with increasing buf- 
fer concentration is due either to  the formation 
of a labile mixed complex between the chelate 
and the buffer anion or to an increase in the 
catalytic effect of the buffer anion on the decom- 
position of the chelate. The variation ofexchange 
rate with buffer concentration can be analyzed as 
below for the Dresence and effect of such mixed 
complex, if any, on the exchange. 

Now, let R , ,  R , ,  ..., Ri . . .R ,  be the rates of iso- 
topic exchange in experiments with the same 
molar concentrations of the complex TbL-, 
Tb3+, and H+  but in varied concentrations b i  
of buffer B, at constant ionic strength. The rate of 
exchange R,  at zero buffer concentration may be 
obtained by extrapolating to zero buffer concen- 
tration the linear graph for the variation of rate 

5pHc values for these experiments were above 5.2 (Fig. 
I). Also the exchange rates obtained a s  a function of [H+]  
indicate that the protonation of the complex TbL- by 
other acidic species (e.g. [HOAc]) is  negligible, if any 
(Fig. 4). The latter conclusion appears to be further sup- 
ported by the investigation of Glentworth er al. (3) on the 
effect of acetate concentration on the exchange of Ce(111) 
with its multidentate chelates. 
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TABLE 2. Exchange modes and exchange rates at 20.5 "C; [Acetate] = 0.025 M 

R Percent contribution 
Experimental conditions of R calculated for 

Calculated exchange modes 
[TbL-] x lo4 [Tb"] x lo4 Observed (eq. 6) 

pH= (M) (M) x lo8 x lo8 1 2 3 

I I r  I I 
I 

N 
o ACETATE 

1 2  f/ r PHTt inLATE 

0 
I I I I I I 

2.0 4.0 6.0 8.0 10.0 
[BUFFER] M x 10' 

FIG. 5. Variation of rate with buffer concentration 
for the Tb(III)/TbL- reaction at 20.5 "C (ionic strength = 
0.1 M). 

with the buffer concentration (in Fig. 5 the nor- 
malized quantity corresponding to R, will be ob- 
tained). Therefore, the quantity ARi (defined as 
ARi = Ri - R,) is the net exchange rate due to  
effect of buffer of concentration bi. 

Since the exchange experiments are considered 
under identical concentration conditions of all 
species except buffer, ARi a t  buffer concentration 
bi should be proportional to  the molar concentra- 
tion of the rate-determining mixed complex 
species TbHLB-, if any, prevailing at  the buffer 

I concentration b,, i .e.  
I 

[I31 ARi = k,[TbHLB-Ii 

where k,, is some rate constant. Similarly, 

j a t  another buffer concentration bj ,  and 

where m represents the molar concentration of 
the mixed complex species TbHLB-. Under the 
experimental conditions bi >> [TbHLB-Ii (since 
bi >> [TbL-] > {[TbHL] + [TbHLB-I}). The 
formation of a mixed complex between the buffer 
anion and TbHL can be represented by the equa- 
tion 

1161 T ~ H L  + B- e T ~ H L B -  

If C is the molar concentration of the complex 
TbHL and K is the formation constant for the 
mixed complex 

.. . 
(a t  buffer concentration bi) 

and 

[18] K =  m j  

(C - mj)bj 
(a t  buffer concent ration bj) 

Equating [17] and [18] 

Eliminating mi from eq. 19 in terms of eq.  15 and 
rearranging terms, the following quadratic equa- 
tion is obtained 

= 0 
Solving eq. 20 for m j  

where 
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ARi 
bi -- 

C221 Y =  
ARj bi 

AR, 
-(b, - bj) 
ARj 

Substituting eq. 21 in eq. 18 

Using eqs. 23 and 22, values for ARi/ARj at 
buffer concentrations bi and b; can be calculated 
for different values of the formation constant K. 
With bi and bj taken as 0.04 and 0.02 M respec- 
tively, the results of these calculations are re- 
corded in Table 3 for the formation constant 
values of interest in this discussion. 

In Table 3 the upper limit for an  estimate of K 
was chosen as comparable in magnitude to the 
formation constants for mixed complexes re- 
ported (17-19) in the literature, and the value of 

for K is also included as a corresponding 
lower limit. A value of 15 is the approximate 
magnitude of the formation constant for the 
mixed complex between NdHHMDTA and 
acetate ion in the pH, region of interest in the ex- 
change experiments (23). Since the experimental 
exchange rates are normalized to  identical 
concentration conditions of the reactants in the 
medium with exception of buffer concentration, 
values for ARi/ARj can be obtained from the 
ordinate in Fig. 5 for the buffer concentrations 
under consideration or  analytically by the meth- 
od of least squares. A value of 2 + 0.20 is found 
for the ratio ARi/ARj when bi and bj  are 0.04 and 
0.02 M respectively (cf. Table 3) and it indicates 
that there is no contribution to exchange by any 
labile mixed complex over the region of buffer 
concentration where the rate of exchange in- 
creases with increasing acetate concentration. 
These results can be confirmed by choosing any 
suitable buffer concentration for this purpose. 
Since a very significant amount of exchange takes 
place at  zero buffer concentration (see Fig. 5) and 
contribution to exchange of a labile mixed com- 
plex is not indicated over the region of acetate 
concentration investigated the only species par- 
ticipating in exchange is TbL-.  Glentworth et al. 
(3) have studied the effect of acetate concentra- 

61f the mixed complex is formed directly between 
TbL- and B- without the initial protonation of the 
former, the resulting expression for the stability constant 
will be the same as eq. 23. 

VOL.  52, 1974 

TABLE 3. Dependence of AR, /ARj  on 
the formation constant value for the 

mixed complex;* (b,  = 0.04 M 
and 6,  = 0.02 M )  

K Y AR,/ARJ 

lo6 0.0 0.010 
15 0.23 0.016 

2 x 0.020 
-- 

*ARi/AR, was calculaled from eqs. 23 and 22. 

tion on the exchange of Ce(I1I) with CeHyEDTA 
(HyEDTA:N1-(2-hydroxyethy1)ethylenediamine- 
N,N,N'-triacetate), CeDCTA (DCTA: 1,2- 
diaminocyclohexane-N,N,Nt,N'-tetraacetate) and 
CeL-, although no definite conclusion is in- 
dicated in their investigation regarding the pos- 
sible contribution to exchange from a mixed com- 
plex (formed between the multidentate chelate 
and acetate ion), if any, in the medium. We have 
applied quantitative formulations on the possible 
participation of a mixed complex in the exchange 
reaction in our paper to the experimental data on 
acetate concentration effect on Ce(II1) exchange 
with CeHyEDTA, CeDCTA-, and CeL- (the 
results in Fig. 1 1  of ref. 3 were used for this pur- 
pose with the help of a Ruscom Logics Graph 
Digitizer-Model 214-1). From this consideration 
we are led to conclude that there is no mixed 
complex (formed between acetate ion and the 
multidentate chelate concerned) that  contributes 
to  exchange, thereby indicating similarities in the 
role of buffer anion in these exchange reactions. 
I t  has been reported (20) that when mixed com- 
plex formation takes place with rare earth multi- 
dentate chelates it is by replacement of the water 
molecule or molecules coordinated to the metal 
ion. Presumably, in the case of  the protonated 
multidentate chelates under discussion the chel- 
ate itself is labilized during the formation of a 
mixed complex by the acetate ion.  

(ii) Exchange in Benzoate and Phthalate BufSer 
Media 

Since a detailed and thorough investigation of 
exchange in these buffer media has not been 
carried out as in the acetate medium, it is as- 
sumed that the role of buffer anion during ex- 
change in phthalate and benzoate buffer media 
would be similar to that of acetate ion in labiliz- 
ing the species undergoing exchange. Benzoic 
acid is a stronger acid than acetic acid (29) and 
therefore the benzoate anion (the conjugate base 
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1.0 r. I I I I 

U M E  ( MIN ) 

FIG. 6. Comparison of exchange rates and half-times 
( I , , , )  for the Tb(III)/TbL- reaction in different buffer 
systems at 20.5'C ([Tb3'] = 1 x 10-4M, (TbL-] = 
1 x ~ o - ~ M ) .  

of the former acid) will be relatively less basic 
than acetate ion. Hence the possibility of a mixed 
complex formed between TbL- and benzoate 
participating in the exchange reaction will be 
rather limited relative to the role of mixed com- 
plex, if any, in the acetate medium in which it has 
been proved that there is no mixed complex con- 
tributing to exchange. Therefore it is assumed 
that, under identical concentrations of buffer and 
other reactants in the medium, any difference in 
exchange behavior observed for acetate and ben- 
zoate media may possibly be attributed to the 
effect of different sizes of the buffer anions under 
consideration (it is to be noted that the molar 
concentration of benzoate anion is slightly 
greater than acetate under the same pHc and 
total acid concentration). From the comparison 
of exchange in acetate and benzoate media in 
Fig. 6 it appears that the size of buffer anion does 
not influence significantly the rate of exchange. 
In isomolar phthalate and acetate solutions at 
the same pHc value and ionic strength, the total 

:TWEEN TERBIUM ION AND ITS EDTA COMPLEX 1095 

molar concentration of anionic species in phthal- 
ate buffer (HPh- and Ph2-) is greater than in 
acetate solution (in 0.01 M phthalate solution at 
0.1 M ionic strength with a pH, of 5.32, the con- 
centration of Ph2- and HPh- are about 0.007 
and 0.003 M respectively; in a 0.01 M solution 
of acetate under the same conditions the concen- 
tration of acetate ion is about 0.008 M (29)). 
However, a comparison of exchange in phthal- 
ate and acetate buffer media as in Fig. 6 does 
seem to indicate that the rate of exchange is ac- 
celerated by increasing the charge on the buffer 
anion. This conclusion is also strengthened by 
the variation observed for the rate with phthal- 
ate concentration in Fig. 5. But it is t o  be noted 
that the same rate law is assumed in the latter 
case as in the acetate medium; also, since the 
exchange rates are rather high in phthalate 
medium (t,,', is about 10 min or less), the error 
in the R values is relatively greater. 

Slow Step During Exchange by the Predominant 
Mode 

It has been postulated in the literature (3,7,9) 
that the rate-determining step during exchange 
by the predominant mode (proton-assisted de- 
composition of the chelate ML-, mode 1) is the 
formation of the protonated complex MLH. 
However the experimental data in the studies 
cited do  not appear to justify this conclusion. 
From our study of the exchange of terbium with 
TbL- in mixed solvent media we have established 
clearly that the rate-determining step during ex- 
change by the predominant mode is the decom- 
position of the protonated complex and  not its 
formation.' Szarvas and Brucher (1 26) have 
stated that some significant change takes place on 
protonation of the complex and presumably this 
change occurs after pre-equilibration of the com- 
plex with the proton. The concentration of the 
structurally changed protonated intermediate 
undergoing decomposition may be very small 
indeed and the exchange appears to be better 
considered in terms of the steady-state theory. By 
applying the steady-state considerations to the 
concentrations of the species TbLH, TbLH2+, 
and TbLHTb3+ it can be shown that 

[24] R = K,k,'[TbL-][H+] 

+ K,K3k,'[TbL-][H+]2 
-t- K, K,k,'[TbL-][Hf ][Tb3+] 

7 N ~ ~ ~  ADDED IN PROOF: This has recently appeared in 
ref. 38. 
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where k,', k,', and k,' are the relevant rate con- 
stants (cf. eqs. 7-12) and K,, K,, and K3 are the 
ratios of the rate constants for opposing reactions 
leading to the formation and dissociation of the 
steady-state species TbLH, TbLH,', and 
TbLHTb3+, respectively. A comparison of eq. 24 
with eq. 6 will indicate the nature of the empirical 
rate constants in eq. 6. If the species involved in 
exchange through modes 2 and 3 is different from 
that in mode 1, which is a possibility, it can be 
shown that the resulting steady-state equation 
will have the same form as eq. 2 with the appro- 
priate "equilibrium constants" in this case. 

Influence of Ionic Strength on Exchange 
In order to examine the effect of ionic strength 

on the exchange the overall rate was expressed in 
the form 

for the pH, region 5.2-6.0 (cf. dependence of rate 
on [H+], Fig. 1). It is assumed here that eq. 25 is 
valid at all ionic strength values (Asano et al.  (9)). 
The experimental conditions maintained in this 
investigation for observing the effect of ionic 
strength on exchange were in favor of the ex- 
change taking place predominantly by mode 1. 
Therefore, it may be valid if the effect of ionic 
strength observed is considered as mainly due to 
the same on the rate constant k l  in eq. 6 or k,' 
in the steady-state equation for exchange (eq. 
24).' Since the decomposition of the uncharged 
protonated complex is the rate-determining step 
during exchange by the predominant mode, it is 
appropriate to consider the effect of ionic strength 
on the activity coefficient f of the neutral species 
TbLH (c). Using the Debye-McAulay (35) equa- 
tion for this purpose 

where b is a constant. The activated complex 
must have the same net charge as c ,  and its ac- 
tivity coefficient f ,  will be therefore given by an 
equation of the same form as eq. 26 but involving 
a constant b t  in this case. The rate constant k ,  
at ionic strength p is related to the rate constant 
k10  at infinite dilution by the equation (36) 

81n eq. 24 the value of K, associated with k2' would 
normally decrease (34) to a small extent with increasing 
ionic strength; this assumption implies that the quotient 
K, arising from steady-state consideration of exchange 
behaves as the conventional formation constant in this 
aspect. 

TABLE 4. Ionic strength 
and Tb(III)/TbL- 

exchange; [Acetate] = 
0.025 M, T = 20.5 "C 

M k' x 10-2 

1271 log k ,  = log k I 0  + log fcyt 
Substituting in eq. 27 the values for f in terms 
of eq. 26 

[28 1 log k l  = log k10 + (b,  - b *)p 

The b values are known to be in the order of the 
sum of reciprocals of radii of the species involved 
(37). Also, since the distance of separation be- 
tween the product components in the activated 
complex would be larger than in the reactant 
molecule it is reasonable to expect the term (b, - 
b*) to have a positive value resulting in an in- 
crease in the rate of reaction with increasing ionic 
strength. Thus the slight positive effect observed 
for ionic strength on the exchange (see Table 4) 
is in agreement with the conclusion from mixed 
solvent media that the rate-determining step is 
the decomposition of the protonated ~ o m p l e x . ~  
The effect of ionic strength on exchange appears 
thus to arise from activity coefficient considera- 
tions in addition to the possible catalytic effect 
of the nitrate anion (present in the supporting 
electrolyte KNO,) on the decomposition of the 
protonated complex as reported by Asano et al. 
(9). Interestingly, the latter authors associate the 
activation energy calculated from the effect of 
temperature on k '  with the initial protonation 
of the complex. In this case the protonation step 
becomes rate-determining, and therefore, the 
catalytic effect of NO,- ion on the decomposi- 
tion of MLH may not have any effect on the rate 
of exchange. 

We thank the National Research Council of Canada 
for financial support of this work. 
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Thermodynamics of Transfer of Organic Molecules from Water to Acid Solutions. 
The Effects of Nitro Substitution 
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The free energies, enthalpies, and entropies of transfer for a series of neutral aromatic 
solutes from water to aqueous sulfuric and perchloric acids have been determined by 
measuring the "medium effect" activity coefficient over a range of temperatures. The 
more negative free energies of transfer (salting-in) into perchloric acid relative to sulfuric 
acid are due to more favorable entropy terms, although enthalpies of transfer to per- 
chloric acid solutions are similar to or more positive than those for sulfuric acid solu- 
tions. The generally observed salting-in caused by substitution of a nitro group in a 
neutral solute (the nitro-group effect) results from a more favorable enthalpy of transfer, 
with a small amount of compensation from the entropy term. A brief discussion of the 
solute-solvent interactions responsible for these observations is presented. 

Les tnergies libres, les enthalpies et les entropies de transfert d'une serie de solut&s 
arornatiques neutres dans I'eau et jusque dans les acides sulfurique et perchlorique aqueux 
ont kt6 dttermintes par mesure du coefficient d'activitt "d'effet moyen" sur un intervalle 
de tempbratures. Les plus nigatives des energies libres de transfert (anti-relargage) 
dans I'acide perchlorique relativement 2 I'acide sulfurique sont dues 2 des termes d'en- 
tropie plus favorables, bien que les enthalpies de transfert aux solutions d'acide perchlo- 
rique sont sirnilaires ou plus positives que celles des solutions d'acide sulfurique. L'anti- 
relargage, gbntralement observt, caust par la substitution d'un groupement nitro dans 
un solute neutre (L'effet du groupe-nitro) r6sulte d'une enthalpie de transfert plus 
favorable, avec une petite quantitt de compensation provenant du terme entropique. 
Une brtve discussion des interactions solute-solvant, responsables de ces observations est 
presentee. [Traduit par le journal] 

Can. J. Chem., 52, 1098 (1974) 

In a recent article (1) we reviewed the con- This chemical potential can also be written 
siderable body of data that has accumulated in terms of a standard state in the acid solution 
concerning the activity coefficient behavior of itself. 
organic molecules and ions in aqueous mineral 
acids. This topic has considerable importance [21 ,cli(ci,cS> = ,cl,"(Ci = 1, cs = GO> 
for an understanding of protonation equilibria + RTln ,yi.Ci 
and acid-catalyzed reactions in these generally 
non-dilute solutions, since outside the pH In this equation the standard chemical potential 
region, activity coefficient variation cannot be spiO and the syi refer a 
neglected in any quantitative treatment. hypothetical standard state of an ideal 1 M 

The type of activity coefficient being discussed solution of i in the pure solvent CP. Since we 

i n  these terms is ..defined by the following are generally concerned with very dilute solu- 

equation for the chemical potential of a tions of organic solutes in these acids, the 

species i in an acid solution s. assumption is made that solute-solute inter- 
actions are negligible and that the solution is 

[ I ]  s~i(Ci,Cs) = wpiO(Ci = l , cs  = c$) not far from ideality when referred to this 

+ RT ln y i  Ci standard state (i.e. ,yi 1). On this basis, 
subtracting eq. 2 from eq. 1 gives 

In this equation Ci is the molar concentration 
of i and Cs refers to the acid composition; the [31 R T  In y i  = - ,p: 
activity coefficient y i  and the standard chemical Thus the activity coefficient yi is dependent only 
potential ,pi0 refer to a hypothetical standard on the difference in the standard chemical 
state of an ideal 1 M solution of i in pure water, potentials of i in the acid solution and water, 
cW0.  and for this reason can be described as a 
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"medium effect" activity coefficient since it is 
determined largely by solute-solvent interactions 

I 
1 and not solute-solute interactions. 

Another way of regarding yi in eq. 3 is in 
I 
I 

terms of the free energy change in transferring 
I one mole of i from a solution in water to a 
I solution in the acid solvent s, where both 
I solutions are in their respective standard states, 

that is the hypothetical ideal 1 M solution in 
the pure solvents. We will define this free energy 
term as [AG,,O(w,s)],, i.e. 

where the subscript c indicates the concentration 
units (molarity) used in defining the standard 
states. 

In this paper we wish to report an analysis of 
this free energy of transfer in terms of the 
enthalpy and entropy components. 

The enthalpy term is independent of the con- 
centration units employed, and in fact is the 
enthalpy change in transferring one mole of 
the solute species from an infinitely dilute 
solution in water to an infinitely dilute solution 
in the acid. This term was estimated from the 
temperature dependence of the free energy (i.e. 
activity coefficient). Although the result is not 
as precise as that obtained using other thermo- 
dynamic methods, one advantage of this method 
is that it permits a study of sparingly soluble 
substrates. Furthermore, this method is quite 
suitable for the present study, the objective of 
which is not to report a number of highly 
precise heats of transfer, but rather to examine 
the structural trends, if any exist, for a series of 
related com~ounds to see if further useful 
information can be obtained concerning the 
problem of organic activity coefficient variation 
in mineral acids. 

This sort of thermodynamic analysis was 
recently reported by Arnett and co-workers for 
a small number of compounds, both electrolytes 
and nonelectrolytes, for transfer from water to 
sulfuric acid solutions (2). These workers 
determined the enthalpy of transfer from the 
difference in the uartial molar heats of solution 
in the acid and pure water as measured using a 
calorimetric method. This work suggested that 
activitv coefficient variation in sulfuric acid 
solutions is mainly enthalpy controlled, partic- 
ularly in the more concentrated acids. Entropy 

OF TRANSFER OF ORGANIC MOLECULES 1099 

contributions were found to be more important 
in dilute acids but acted in the opposite direction 
to the enthalpy, to produce a moderating effect 
on the free energy. 

In this report two particular aspects of the 
activitv coefficient variation of neutral solutes in 
acid solutions have been explored. Firstly a 
comparison of the thermodynamics of transfer 
from water to two different mineral acid systems, 
sulfuric acid and perchloric acid, has been 
carried out, in order to  investigate the origin of 
the well-known salting-in1 effect of perchloric 
acid relative to sulfuric acid for neutral sub- 
strates (1, 3). 

Secondly, through the study of a series of 
progressively substituted nitrobenzenes, an in- 
vestigation was undertaken into "the nitro- 
group" effect (1, 4), that is, the pronounced and 
progressive salting-in effect of nitro-substitution 
in ;eutral aromatic substrates. This effect is of 
the utmost importance for the study of acidity 
functions and related protonation equilibria, 
since such studies usuallv involve the use of 
nitro-substituents to produce progressively weak- 
er indicator bases (5), leading to some concern 
over the validity of such acidity function scales 
(1). 

Experimental 
Materials 

Sulfuric and perchlorlc acid solutions were prepared by 
diluting either CIL reagent grade concentrated sulfuric 
acid o r  BDH Analar grade concentrated perchloric acid 
with distilled water. Concentrations were determined 
from densities a t  25.0 "C (6 ,  7), measured with an Anton 
Paar Precision Density Meter, Model No. DMA 02C. 
Fisher Certified A.C.S. grade cyclohexane was used, with 
no further purification. 

All compounds used in this study were commercially 
available. Liquids were dried using an appropriate agent 
and distilled before use. Solids were recrystallized and 
dried in a vacuum desiccator. 

Equipment 
A "LABCONCO" Fiberglass Glove Box was con- 

verted to  a constant temperature controlled box. This was 
done by fitting the built-in circulation duct with a 
"Muffin Fan" by Rotron Manufacturing Co., Glendale, 
California, which has a specified circulating capacity of 
100 cu ft per min. A 100-Watt wire heater was placed in 
front of the fan, and the box was thermostatically con- 
trolled by means of the heater which was connected to a 
thermoregulator through a solid-state relay box. The 

'The terms salting-in and salting-out derive from the 
solubility changes in these systems, which are directly 
related to  the activity coefficient variation a n d  thus free 
energy of transfer. In general terms, "salting-in" implies 
a more negative free energy of transfer. 
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exterior of the box was packed with insulating material to 
lower heat losses at  the higher temperatures. At lower 
temperatures cooling coils were found to be necessary to 
maintain constant temperature. With these modifications 
the temperature could be controlled to + 0.1 "C at  25 "C, 
ranging up to  k0 .2  "C a t  55 "C. Although better tem- 
perature control would be desirable for this type of study, 
the advantage of the glove box lies in the fact that the 
mechanical separations required can be conveniently 
carried out at  the same temperature as the equilibrations. 

Benzene Solubilities 
Mixtures of 5 ml of aqueous acid solution and 0.2-0.5 

ml of benzene were shaken for 2-4 h using a mechanical 
shaker, and allowed to separate overnight. Portions of the 
aqueous phases were then carefully removed and placed in 
stoppered U.V. cells of suitable path length. These were 
immediately transferred to  a Unicam SP  800 spectro- 
photometer thermostatted at  the same temperature as the 
glove box, and the spectra recorded in the wavelength 
range 245-265 nm. The concentrations of the saturated 
aqueous solutions were then determined from the absor- 
b a n c e ~  a t  the maxima at  247, 254, and 263 nm. The 
extinction coefficients a t  the appropriate temperature 
were determined from the absorbances of a standard 
solution in water. At 25.0°C no medium effect on the 
spectra was observed on substituting aqueous acid for 
water and this was assumed to be the case at  the other 
temperatures as well. 

Nitrobenzene Partition Coefficients 
Mixtures of 5 ml of aqueous acid solution and 5 ml of a 

solution of nitrobenzene in cyclohexane were shaken for 
2-4 h and allowed to separate overnight. Portions of the 
two phases were then placed in U.V. cells of suitable path 
length, and the spectra recorded at  the same temperature 
as the partitioning. The initial concentrations of nitro- 
benzene in the cyclohexane phase and the pathlengths of 
the U.V. cells were chosen so that the absorbances in the 
two phases could be conveniently measured without dilu- 
tion. The former ranged from 4 x to 2 x M. 
Concentrations in the two phases were determined from 
the absorbances at  the maxima in the two ohases 1253 nm 
in cyclohexane, 269-273 nm in aqueous acids). ~xt inc t ion  
coefficients in the appropriate solutions at  the appropriate 
temperature were determined from standard solutions. 
The partition coefficients were calculated from ratios of 
the concentrations in the aqueous phases to the concen- 
trations in cyclohexane. 

Solid Solubilities 
Mixtures of the aqueous acid solutions and an excess of 

solid were shaken overnight, and filtered through 
sintered glass. The aqueous phases were diluted by a 
known amount with water and the U.V. spectra recorded 
in 1 cm cells at 25.0°C. The concentrations of the 
saturated aqueous phases were determined from the 
absorbances at  the maxima and the known dilution 
factors, taking into account the density differences of the 
acid solution at  25 "C and at  the temperature of equi- 
libration. The extinction coefficients used were those in 
water a t  25.0 "C. This is justified since the large dilution 
used (factors of at  least twenty) ensures that there is 
virtually no medium effect on the spectra. Wavelengths 
used were: for m-dinitrobenzene, 254 nm; 1,3,5-trinitro- 

benzene, 245 nm; 4-nitrotoluene, 275 nm; and benz- 
hydrol, 220 nm. 

Precision of Measurements 
Three separate measurements were usually made in any 

acid at  any temperature. In general an agreement of + 1% 
was found. The nitrobenzene partition coefficients were 
more precise; some of the measurements involving 
benzene and 4-nitrotoluene showed poorer agreement. 

Results 

Activity CoeJicients 
Activity coefficients for a number of neutral 

aromatic solutes in sulfuric acid and perchloric 
acid solutions were determined at a series of 
temperatures over the range 25-55 "C. Solutes 
involved in sulfuric acid were benzene, nitro- 
benzene, m-dinitrobenzene, 1,3,5-trinitrobenzene, 
benzyhydrol, and 6nitrotoluene. In perchloric 
acid, benzene, nitrobenzene, and m-dinitro- 
benzene were studied. Values of the activity 
coefficients have been placed in the Depository 
of Unpublished Data.' With the exception of 
nitrobenzene, the activity coefficients were 
determined from the ratio of the solubility of 
the solute in water (So) to the solubility in the 
acid solution (S) (l), 

log yi = log Sols 
with the solubilities expressed in molarity units. 
With nitrobenzene a distribution method with 
cyclohexane as the organic phase was employed. 
The activity coefficient is then the ratio of the 
distribution coefficient in water (DO) to the 
distribution coefficient in the acid solution (D) 
(11, 
[71 log yi  = log DO/D 

where the distribution coefficients represent the 
ratios of the molar concentrations of the solute 
in the aqueous phases to the molar concentra- 
tions in cyclohexane. The solubilities or distri- 
bution coefficients in water are also stored in the 
Depository of Unpublished Data. 

The validity of these activity coefficients 
depends upon the assumption that the solutions 
involved are dilute enough that solute-solute 
interactions are negligible (8). There is no direct 
way of testing this assumption based only on 
these measurements. In general concentrations 

2Photocopies are available a t  a nominal charge from 
the Depository of Unpublished Data, National Science 
Laboratory, National Research Council of Canada, 
Ottawa, Canada K I A  0S2. 
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TABLE 1. Thermodynamics of transfer of benzene from water to sulfuric acid and perchloric acid solutions at 25 "C 

Sulfuric Acid Perchloric Acid 

'Units o f  kcalslmol. 
bStandard deviation in the slope o f  the plot o f  2.303R loglo/l  us. IIT. 

TABLE 2. Thermodynamics of transfer of nitrobenzene from water to sulfuric acid 
and perchloric acid solutions at 25 "C 

Sulfuric acid Perchloric acid 

%HzS04 [AGtrO(w,~)l=' AH,P(w,s)" [TAS~P(W,S)I~' %Hclo4 [AG,P(w,s)lc AHt,O(w,s) [TASt,O(w,s)lc 

10.0 0.09 0.18+0.06b 0.09 10.0 -0.26 0.05k0.04 0.31 
20.0 0.15 0.49k0.07 0.34 19.7 -0.47 0.38k0.10 0.85 
29.9 0.16 0.89+_0.09(1.05)' 0.73 30.1 -0.66 0.42k0.06 1.08 
39.9 0.02 0.58+0.05(0.65)' 0.56 39.6 -0.82 0.62k0.09 1.44 
50.1 -0.25 -0.28k0.04(0.30)' -0.03 49.3 -0.98 0.46k0.10 1.44 
60.1 -0.53 -0.74*0.14(-0.10)' -0.21 59.2 -1.13 0.62k0.10 1.75 
69.5 -0.83 -0.94+_0.08(-0.38)' -0.11 

"Units o f  kcalslmol. 
bStandard deviation in the slope o f  the plot of 2.303R log,, f, us. 1/T. 
'Enthalpies o f  transfer from ref. 2. 

I TABLE 3. Thermodynamics of transfer of m-dinitrobenzene from water to sulfuric 
I and perchloric acid solutions at 25 "C 
I 
I 

I Sulfuric acid Perchloric acid 

ZH2S04 [AG~,O(W,S)I~' AH~,O(W,SY [TAS~P(W,S)I~' zHC104 [AGtP(w,~)lc AHtP(w,s) [TAStP(w,s)Ic 

10.0 0.00 0.01 k0.03b 0.01 9.8  -0.47 -0.38k0.07 0.09 
20.0 -0.07 -0.09k0.02 -0.02 19.8 -0.87 -0.36k0.04 0.51 
29.9 -0.24 -0 .19k0.05 0.05 30.4 -1.26 -0.36k0.08 0.90 
39.9 -0.59 -1.11+0.11 -0.52 40.0 -1.62 -0.43k0.07 1.19 
50.1 -1.01 -2.28k0.05 -1.27 49.7 -1.92 -0.73k0.06 1.19 
60.1 -1.40 -2.44T0.18 -1.04 59.3 -2.27 -0.80k0.02 1.47 
69.5 - 1.74 -2 .72k0.05 -0.98 

'Units o f  kcals/mol. 
bStandard deviation in the slope o f  the plot of 2.303R log,,/, 1,s. 1/T. 

of the saturated solutions involved in the 
solubility measurements were less than 0.05 M. 
The concentrations involved in the distribution 
measurements were - M. 

The standard deviation in log yi is 0.006, 
based on an assignment of one percent as the 
error in the solubilities or distribution coeffi- 
cients. 

Thermodynamics of Transfer 
Tables 1-6 list the thermodynamic functions 

([AGt,O(w,s)l,, AH,P(w,s), and [TASt,O(w,s)l,) 
for the transfer of one mole of solute from pure 
water to the acid solutions at 25 "C, the standard 
states being defined in concentration units of 
molarity. 

The values for [ A ~ , ~ ( w , s ) ] ,  were determined 
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TABLE 4. Thermodynamics of transfer of 1,3,5-trinitrobenzene from water 
to sulfuric acid solutions at 25 "C 

- 

ZHzS04 [AGtr"(w,s)lca AHtr(w,s)" [TAStr"(w,s)lca 

@Units of kcal/rnol. 
bStandard deviation in the slope of the plot of 2.303R ft us. I/T. 

TABLE 5. Thermodynamics of transfer of 4-nitrotoluene from water to 
sulfuric acid solutions at 25 "C 
-- 
- 

ZHzS04 [AG~~"(W,S)I~" AHtr"(w,sY [TAStr"(w,s)lca 
- 

10.0 0.13 1 .39k0.44b 1.26 
20.0 0.25 2.47k0.29 2.22 
29.9 0.30 3.92k0.25 3.62 
39.9 0.07 2.00k0.24 1.93 
50.1 -0.22 1.82k0.37 2.04 
60.1 - 0.59 1.09k0.25 1.68 
69.5 -1.04 -0.34k 0.34 0.70 

"Units of kcal/rnol. 
bStandard deviation in the slope of the plot of 2.3038 log,, ft us. IIT. 

TABLE 6. Thermodynamics of transfer of benzhydrol from water to sulfuric 
acid solutions at 25 "C 

-- -- 

ZHZSOJ [AGtr"(w,~)l~" AHtr''(w,sY' [TAStr"(w,s)!," 

10.0 0.30 0.82+0. 15b 0.52 
20.0 0.55 1.52k0.26 0.97 
29.9 0.71 1.99k0.22 1.28 
39.9 0.67 1.54k0.17 0.87 

'Units of kcal/rnol. 
bStandard deviation in  the slope of the plot of 2.303R log,, fl us. IlT. 

directly from the activity coefficients at 25 "C where Ms is the molecular weight of the acid, 
(eq. 4). Errors in these terms are consequently and s is the percent by weight of the acid in the 
of the order of k0.01 kcal/mol. acid solution. Re-writing eq. 4 in terms of mole 

The enthalpies of transfer were obtained via fraction concentration units, the following 
the temperature variation in the activity coeffi- expression can be derived upon application of 
cients. In order to do  this the molarity activity the Gibbs-Helmholtz equation: 
coefficients were first converted t o -  a molk 
fraction scale using the relationship AH,,O(W,S) = 2.303R[d log,, fi/d(l/T)] 

log ji = log yi + log MHz0 d / R ,  do Thus plots of log,, fi us. 1/T allow the deter- 
mination of AH,:(w,s). If this were temperature .. . . . 

where do and d  are the densities of pure water dependent the pIots would be curved -and the 
and acid solution, MHI0 is the molecular weight enthalpy term would have to be estimated from 
of water, and R, is the average molecuIar weight the tangent to the curve at the appropriate 
in the acid solution, temperature (9). However for the data obtained 

here, no significant curvature can be observed 
100 - s 

rhi, = 1001 (-- + i) outside the range of experimental error, and 
M ~ 2 0  M s thus the values of AHt:(w,s) listed in TabIes 1 
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to  6 were determined from the least squares 
slopes of plots of 2.303R log,, f; us. 1/T. The 
least squares standard deviations in these slopes 
are listed alongside. Standard deviations of 
0.10-0.15 kcal/mol are expected, based on the 
precision of the solubilities and distribution 
coefficients and the temperature range involved. 
In Fig. 1, representative plots of log,, f i  us. 1/T 
using data for m-dinitrobenzene in sulfuric acid 
are illustrated. 

The entropies of transfer [TAS,;(w,s)], were 
then obtained from the difference in the free 
energy and enthalpy terms. The error in this 
term is essentially the same as that in the 
enthalpy, since the free energy is much more 
precisely determined. 

Included in Table 2 are the enthalpies of 
transfer obtained by Arnett and co-workers for 
nitrobenzene (2). Although the two sets of 
values display a similar trend, there are con- 
siderable differences, particularly in the more 
concentrated acids; differences which are outside 
the range of experimental uncertainty involved 
in the two methods. No obvious reason for this 
discrepancy is evident. Possibly certain errors 
were introduced in the direct measurements of 
the heats of solution due to  the low solubility of 
nitrobenzene in these aqueous solutions (ap- 

proximately 0.02 M). Interestingly the large 
decrease in AH,;(w,s) from 40% H 2 S 0 4  to  50% 
H,SO, found in this study, which is the major 
difference in the two sets of results, was also 
observed with m-dinitrobenzene and 1,3,5- 
trinitrobenzene. 

Discussion 

Suyuric Acid 
The thermodynamics of transfer from water 

to sulfuric acid solutions for four neutral solutes 
are shown in Fig. 2. In this and all following 
figures the entropy term is plotted in a negative 
sense (- [TAS,;(w,s)],), to aid visualization of 
its contribution to the total free energy of 
transfer. The free energy changes in sulfuric 
acid are apparently enthalpy controlled pro- 
cesses; that is, the direction of the free energy is 
generally the same as that of the enthalpy. This 
is true for all the solutes studied, from benzene, 
which has positive enthalpies and free energies, to 
1,3,5-trinitrobenzene, which has negative enthal- 
pies and free energies. Even with nitrobenzene, 
where the sign of the free energy term changes at 

2 - 0 1  ( 0 )  B e n z e n e  4 ( b )  Nit robenzene 4 

3.1 3.2 3.3 3.4 

lo3 ( i / ~ )  

FIG. 1. Temperature variation of log,, f, with (l/T) 
for m-dinitrobenzene in sulfuric acid. 

FIG. 2. Thermodynamics of transfer as a function of 
sulfuric acid concentration: [AG1P(w,s)lc (8 ) ;  AH,P(w,s) 
to); [- TAS,P(W,S)I, (01. 
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moderate acidity, the enthalpy term shows the 
same behavior. The free energy change, however, 
is never as great as the enthalpy contribution, 
since the entropy term is not small and acts in 
the opposite direction. This compensation of 
enthalpy and entropy is a very commonly 
observed phenomenon for aqueous solutions 
(9-ll), and is shown very strongly in this 
system. It has been suggested to arise because 
of the unusual structural properties of aqueous 
solutions (1 1). 

These results extend those of Arnett and co- 
workers (2). The general conclusion remains the 
same, namely that activity coefficient behavior 
in sulfuric acid solutions is enthalpy controlled. O 

However, contrary to Arnett's statement (2) that a 

the enthalpy and free energy are nearly equiva- 
lent at concentrations above 25% HH,S04, what 
is obvious from this study is that the importance 
of the entropy term in moderating the overall O 

free energy cannot be neglected at any acidity. 

Perchloric Acid 
Figure 3 depicts the variation of the thermo- 

dynamic properties for the three solutes studied 
in perchloric acid. Strikingly different behavior 
from that in sulfuric acid is observed. Benzene 
shows a very small change in the free energy 0 20 40 60 
term, due to an almost complete compensation '10 H CI 0, 
of the enthalpy and entropy. For nitrobenzene 
there is a negative free energy of FIG. 3. Thermodynamics of transfer as a function of  

perchloric acid concentration: [AGt:(w,s)], (a); transfer throughout; this is entropy controlled, AHt,,(w,s) (0), [-  TAS,,O(w,s)l, 
with a small amount of comvensation by the 
enthalpy term. For m-dinitrobenzene there is 
again a large negative free energy of transfer, 
but with this solute the enthalpy and entropy 
terms act to augment each other. Of the nine 
systems investigated in this study, this is the 
only example where there is no compensation 
effect. As will be seen shortly, this system is not 
really anomalous, and does show the pattern 
which would be expected for it on the basis of 
substitution and mineral acid. In summary no 
general observation can be made regarding the 
thermodynamics of transfer to perchloric acid, 
except that again the entropy variation cannot 
be neglected at any acidity. 

increasingly more negative in a regular manner 
as the number of nitro substituents on the 
aromatic ring increases, as has been found to be 
the general effect of nitro substitution in other 
neutral aromatic solutes (1). The enthalpies show 
the same pattern. The entropies change in the 
opposite direction with nitro-substitution. Thus 
the nitro-group effect is an essentially enthalpy 
controlled phenomenon. There is a small amount 
of compensation from the entropy terms so that 
the free energy change caused by introduction 
of the nitro-substituents is never as great as the 
enthalpy changes. 

This enthalpic origin of the nitro-group effect 
The Nitro-group Efect  is consistent with previous suggestions (1, 12) 

Figures 4 and 5 show the thermodynamic that the cause is a hydrogen-bonding interaction 
properties as a function of nitro-substitution. between the nitro-group acting as a hydrogen- 
The two acids (Fig. 4, sulfuric acid; and Fig. 5, bond acceptor and some acid species acting as 
perchloric acid) show qualitatively the same a hydrogen-bond donor. This type of interaction 
behavior. The free energies of transfer become also results in a more ordered situation so that 
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I I 

FIG. 4. The effect of nitro substitution on the thermo- 
dynamics of transfer from water to sulfuric acid solutions: 
benzene (O), nitrobenzene (a), rn-dinitrobenzene (O), 
1,3,5-trinitrobenzene (B). 

on the basis of this interpretation the more un- 
favorable entropy of transfer resulting from 
nitro-substitution is not surprising. One un- 
expected aspect of the nitro-group effect is that 
the two acid systems show qualitatively the same 
trends in all three thermodynamic functions with 
the addition of the nitro-substituents, despite the 
fact that for each individual solute there is a 
considerable difference in each of these functions. 
This suggests that the interactions giving rise to 
the nitro-group effect must have a similar 
origin in the two acids, a conclusion that is also 
consistent with the interpretation in terms of a 
hydrogen-bonding interaction, since in gross 
terms the two systems contain similar acid 
species. 

Eflect of D~flerent Mineral Acids 
The data for benzene, nitrobenzene, and rn- 

dinitrobenzene (Tables 1-3) allow a comparison 
of the three thermodynamic properties of transfer 
in the two different acids. The three solutes show 

I I I I I I I I 
0 10 20 30 40 50 60 

% HCI o4 
FIG. 5. The effect of nitro substitution o n  the thermo- 

dynamics of transfer from water to perchloric acid 
solutions: benzene (O), nitrobenzene (a), m-dinitro- 
benzene (0). 

similar behavior. At the same acid concentration 
the free energy of transfer is more negative in 
the perchloric acid solution, as is expected on 
the basis of previous studies (1, 3). This study 
shows this to be an entropy effect; entropies of 
transfer are substantially more positive in 
perchloric acid as compared with sulfuric acid. 
In dilute acids up to 30-40%, the enthalpies of 
transfer for benzene are approximateIy the same 
in the two acids, and for nitrobenzene and 
m-dinitrobenzene slightly more negative in per- 
chloric acid. At concentrations above 40% 
however the enthalpy of transfer to a perchloric 
acid solution actually is more positive than to a 
sulfuric acid solution, acting in the opposite 
direction to the free energy and thus showing 
some compensation to the entropy effect. 

This order of entropies in the two different 
acids probably has its origin in some solvent 
structuring effect. Neutral solutes such as those 
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investigated here tend to make structure in water 
(13) and the fact that the entropies of transfer 
from water to the acid solutions are not generally 
large and positive suggests that they are making 
structure there as well. Thus the more favorable 
entropy of transfer to perchloric acid relative to 
sulfuric acid implies that the neutral solutes are 
not able to make structure in perchloric acid 
solutions to the same extent as in sulfuric acid 
solutions. Because of the similar acidities of the 
two systems this effect probably originates with 
the anion. 

The perchlorate anion has been suggested to 
be a very strong structure breaker (14). If 
perchlorate does break solvent structure to a 
greater extent than bisulfate, it may be that in 
the perchloric acid solutions the neutral solutes 
are not able to make structure as well as they 
can in sulfuric acid solutions. This explanation 
requires that the degree to which a solute can 
make structure in an aqueous acid solution is 
proportional to the structure already present. 
Studies are currently being undertaken to 
investigate this problem. 

One final observation comes from Figs. 4c 
and 5c where the effect of nitro-substitution on 
the entropy of transfer to the two acids is shown. 
Both show a less favorable entropy as the number 
of nitro-substituents is increased, but this effect 
is less pronounced in perchloric acid, again 
consistent with a greater difficulty of forming 
ordered solute-solvent interactions in this 
system. 

Other Solutes 
In addition to the four compounds used to 

investigate the nitro-group effect, two additional 
solutes, benzhydrol and 4-nitrotoluene were 
studied in sulfuric acid. Measurements on the 
former could only be made up to 40% HH,S04 
before decomposition became too severe. How- 
ever, the data obtained show that the presence 
of the hydroxyl group does not alter the quali- 
tative pattern of the three thermodynamic 
functions significantly; the data in fact are quite 
similar to those obtained for benzene. 

The nitrotoluene was studied for comuarison 
with nitrobenzene. Although the free energies of 
transfer for the pair are very similar, the addition 
of the methyl substituent causes a dramatic 
increase in the enthalpy term, with of course an 
opposing effect on the entropy term. This effect 
is difficult to understand. On the basis of the 

FIG. 6. Plots of [TAS,,"(w,s)] us. AH,,O(w,s) for the 
transfer of solute to acid solutions: (a)  sulfuric acid 
solutions, (6)  perchloric acid solutions; (O), benzene; (O), 
nitrobenzene; (D), m-dinitrobenzene; (n), 1,3,5-trinitro- 
benzene; (A), 4-nitrotoluene; (A), benzhydrol. 

nitro-group effect a more favorable enthalpy 
might be expected since the methyl substituent 
should increase the capacity of the nitro-group 
to act as a hydrogen-bond acceptor. Conse- 
quently the explanation may lie in the effect of 
the methyl substituent on solvent structure. 

Compensation 
In recent years many linear plots of the entropy 

contribution to some free energy change vs. the 
enthalpy contribution have been observed (I I). 
Figure 6 plots [~AS,:(w,s:l], vs. AH,:(w,s) for 
the systems of this study. In sulfuric acid, the 
points for all the compounds except 4-nitro- 
toluene do lie near a common line, although 
some points in the more concentrated acids 
deviate. In perchloric acid no such common line 
exists for the three compounds studied. In fact 
even the plots for  the individual solutes are not 
especially linear. In summary then a linear 
compensation effect does exist for some of the 
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solutes in sulfuric acid, but this is not general 
for acid solutions. 

8 The continued financial support of the National 
Research Council of Canada is gratefully acknowledged. 
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The Preparation of cis-1,3-Bis (dimethy1arsino)-2,2,4,4-tetramethylcyclobutane 
and its Group VIB Metal Carbonyl Derivatives 

WILLIAM R. CULLEN' A N D  JOHN T. PRICE 
Co~ltri/xrtio~l f,.ol,r the Chelnist~y Departmet~t, Utziversity of British Colrr~nhio, V(lncolnvr8, British Collrr,lbin V6T I W5 

Received September 28, 1973 

The addition of tetramethyldiarsine to 2,2,4,4-tetramethylbicyclo[l.l.O] butane forms 
predominantly cis-l,3-bis(dimethylarsino)-2,2,4,4-tetramethylcyclobutane, L. The com- 
pound can behave as either a bridging or chelating ligand with group VIB metal car- 
bonyls depending upon the reaction conditions affording LM(CO).,  and LM?(CO),o (M 
= Cr, Mo, W) .  The structures of these derivatives are discussed. 

L'addition du tktramkthyldiarsine au  tktrarnkthyl-2,2,4,4, bicyclo[l.l.O] butane conduit 
principalement au cis bis(dimithylarsino) l,3-titramithyl-2,2,4,4 cyclobutane, L. DCpen- 
dant des conditions de la riaction ce composC peut agir soit comme pont ou agent de 
chklation avec les carbonyles de mktaux du groupe VIB pour fournir soit L M ( C O ) ,  ou 
LM,(CO)lo ( M  = Cr, Mo, W ) .  On discute des structures de ces dCrivks. 

[Traduit par le journal] 
Can. J .  Chem., 52, 1108 (1974) 

Introduction 
The photolytic addition of tetramethyldiarsine 

to acetylenic and olefinic compounds has been 
useful for the preparation of ditertiary arsine 
ligands (1, 2). 

Bicyclic and cyclic compounds with strained 
rings are unsaturated systems and have prop- 
erties similar to olefinic compounds reflected by 
the acidic nature of their C-H bonds, the 
stability of the carbanions formed, and the large 
J~ 3 C-H observed (3). Highly strained ring systems 
also have high rates of reactivity (3-6), large 
heats of combustion, and a tendency to undergo 
facile thermolytic rearrangements (5, 7). In 
particular, bicyclobutane has an exceptionally 
high ring strain energy (63.9 kcal/mol) and very 
large J,,,-, values which indicate a high 
percentage of s character in the bonding through- 
out the carbon skeleton (5). Thus bicyclobutane 
and substituted bicyclobutanes could be expected 
to behave like olefins and be excellent reagents 
for the preparation of new 1,3-ditertiary arsine 
ligands by the addition of tetramethyldiarsine. 

In this work we have prepared 1,3- 
bis(dimethy1arsino)-2,2,4,4-tetramethylcyclobu- 
tane (L) by the photolytic addition of tetra- 
methyldiarsine to  2,2,4,4-tetramethylbicyclo- 
[l .  1 .O]butane. Group VIB tetracarbonyi and 
pentacarbonyl derivatives of L have been pre- 
pared and their structures are discussed. 

'To whom correspondence should be addressed. 

Experimental 
A standard vacuum system was used for the manipula- 

tion of volatile reactants. Ultraviolet irradiations were 
performed using a 200 W Hanovia lamp situated -20 cm 
away from the reactants. Unless otherwise indicated all 
reactions were carried out in sealed Carius tubes. Micro- 
analyses were made by Mr. Peter Borda of this depart- 
ment. 

Melting points were determined using a Gallenkamp 
melting point apparatus and are uncorrected. The i.r. 
spectra of samples dissolved in cyclohexane were recorded 
on a Perkin-Elmer 457 spectrometer a n d  calibrated using 
polystyrene film. The n.m.r. spectra were measured on 
samples dissolved in CDCI, with -10% by volume TMS 
using a Varian T-60 instrument. The variable temperature 
n.m.r. experiment was performed using a Varian XL-100 
instrument. Chemical shifts are reported in p.p.m. down- 
field from TMS. Osmometric measurements were made 
on samples dissolved in CHCI3 using a Mechrolab Model 
301 A osmometer. Mass spectra were recorded on a n  
AEI MS9 spectrometer. 

All solvents were degassed by bubbling nitrogen 
through them prior to use. The petroleum ether boiled in 
the range 30-60". 

The Preparariotr o f  I,3-Bis(dimerhy1arsitlo) -2,2,4,4-terra- 
merl~lcyclob~ttane 

Tetramethyldiarsine (5 g) (8) and 2.5 g of 2,2,4,4-tetra- 
methylbicyclo[l .I .O]butane (9, 10) were irradiated with a 
200 W U.V. lamp for 48 h. The tube was opened to a 
vacuum system and  the volatile contents removed leaving 
an air sensitive residue which was dissolved in ether 
(10 ml). Cooling the ether solution t o  -7S0, gave 5.5 g 
(73%) of the colorless solid ditertiary arsine. This was 
used directly to make the group VIB carbonyl complexes 
and no further attempt was made to purify it. The n.m.r. 
spectrum showed major signals at 2.10, 2.07, 1.30, 1.23, 
1.13, and 0.88 p.p.m. 
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CULLEN AND PRICE: PREPARATION OF ~~S-~,~-BIS(DIMETHYLARSINO)-~,~,~,~-TETRAMETHYLCYCLOBUTANE 1109 

CH3 CH3 

\c' 
CH3 CH3 

/ \ (CH3)? AS - AS (CH3)2 
H \ / \C" \c/ H 

HC-CH C 
\ / (CH,)~  A< \c/ 'AS(CH,)~ 

/ \ 
CH3 CH3 

The Preparation of LM2(CO) l o  Complexes (L = 1,3- 
Bis(dimefhy1arsino) -2,2,4,4-tetramethylcyclobutune; 
M = Cr, Mo, W )  

Equimolar quantities of chromium hexacarbonyl(0.5 g) 
and L (0.75 g) in benzene (10-15 ml) were heated to 150" 
for 15 h. The tube was opened and unreacted metal hexa- 
carbonyl was removed by filtration. The filtrate was 
evaporated to dryness under vacuum. (An n.m.r. spec- 
trum of this residue indicated that a number of products 
were present.) Chromatography on a column of Florisil 
using petroleum etherlether (95: 5) as the eluent gave only 
one yellow colored fraction. This was evaporated to 
dryness and recrystallized from methylene chloride/hex- 
ane. The yield of the chromium complex was 0.4 g (47%). 

The molybdenum and tungsten analogs were similarly 
prepared except two moles of metal carbonyl were used 
for every mole of ligand. 

The Preparation of L M ( C 0 ) 4  ( M  = Cr, Mo, W )  
The ligand L (1.0 g) was added to an  equimolar quan- 

tity of norbornadiene metal tetracarbonyl C,H,M(CO), 
(11, 12) dissolved in methylcyclohexane (25 ml) and 
stirred under a nitrogen atmosphere at 90" for approxi- 
mately 10 min. The hot solution was filtered under 
nitrogen to remove the insoluble and polymeric materials 
that had precipitated. The filtrate was cooled in ice to 
precipitate the product. The chromium and molybdenum 
compounds were recrystallized directly from chloroform. 
The precipitate of the tungsten compound was found to 
be oily and initial purification was achieved by sublima- 
tion (140°, 0.01 mm) before recrystallization from chloro- 
form. 

Results and Discussion 
Scheme 1 shows the route used to prepare 

tetramethylbicyclo[l .l.O]butane (9, 10) and the 
final reaction shows the expected 1,3 addition of 
tetramethyldiarsine to afford 1,3-bis(dimethy1- 
arsino)-2,2,4,4-tetramethylcyclobutane, L. Al- 
though the air sensitive L was not fully charac- 
terized the isolation and complete characteriza- 
tion of derivatives of formula LM,(CO)lo and 
LM(CO), (M = Cr, Mo, W) (vide infra) leaves 

little doubt that the reaction goes as indicated. 
Furthermore, the X-ray structure of LCr(CO), 
(Fig. 2) confirms the 1,3 addition. 

Cyclobutane has been shown to  have a 
puckered structure by electron diffraction (13, 
14), spectroscopic, and thermodynamic measure- 
ments (15). The nonplanarity of the ring intro- 
duces two kinds of ~ositions in cvclobutane 
analogous to the axial and equatorial positions 
found in cyclohexanes. 

In 1.3 substituted cvclobutanes both cis and 
trans isomers are possible. The trans isomer has 
an axial-equatorial (ae) arrangement while the 
cis isomer can be either diequatorial (ee) or 
diaxial (aa). Simple Van der Waals calculations 
indicate that a methyl group would prefer an 
equatorial position to  an axial position, ana- 
logous to  cyclohexanes, and that the cis arrange- 
ment of 1,3 substituted cyclobutanes is more 
stable than the trans configuration (16). 

The 1,3 addition of tetramethyldiarsine to the 
bicyclobutane can therefore, in theory, form a 
product L that has cis and trans isomers and each 
isomer could be involved in a conformational 
equilibrium involving inversion of the ring. Un- 
like the two cis conformers which are different 
(aa and ee) the two trans isomers are identical 
(ae) and therefore of equal energy. 

The n.m.r. sDectrum of a locked trans con- 
former should &ow two ring 'methyl signals and 
two arsenic methyl signals; however, if rapid 
interconversion between conformers occurs. then 
only one ring methyl and one arsenic methyl 
signal would be expected. The cis isomer should 
show two ring methyl signals and one arsenic 
methyl signal with or without ring inversion. 

The n.m.r. spectrum of the ditertiary arsine, L, 
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TABLE I .  Analytical and spectra data of metal complexes 
0 

Analysis > z 
Molecular weights Mel!ing Carbon Hydrogen Chemical shifts from n.m.r. spectra7 LI 

point 
Compound Calcd. Osmom. M.S. ('C)* Calcd. Found Calcd. Found Carbonyl region of infrared (cm-I) Ring protons Ring methyls Arsenic methyls I 

m 
LCI(CO)~ 484 465 484 d. 150 39.70 39.42 5.38 5.24 2006(w) 1912(w) 1891(s) 1888(m) 2.23(2) I .61(6) 1.51(6) 1.36(12) 
LMo(CO)~ 528 498 528 d. 115 36.38 36.26 4.97 4.78 2020(w) 1918(w) 19036) 1897(m) 2.24(2) 1.60(12,br) 1.38(12) 
LW(CO)4 616 d.210 31.10 31.06 4.25 4.28 2015(w) 1912(w) 1893(s) 1890(s) 2.28(2) 1 .60(12) 1.48(12) 2 
LCr2(CO),, 748 724 d. 170 37.51 37.19 3.72 3.79 2060(w) 1943(s) 1936(s) 2.56(2) 1.58(6) 1.40(6) I .53(12) r 
LMo2(CO),, 792 765 792 d. 145 33.35 33.35 3.31 3.16 2067(w) 1945(s) 19396) 2.51(2) 1.58(6) 1.38(6) 1.51(12) cn 

LW2(CO)lo 968 1000 183 27.29 27.15 2.71 2.86 2077(~)1934(s )  1931(s) 2.56(2) 1.60(6) 1.38(6) 1.66(12) uN - 
*d. = decomposition. a 4 

?Relative areas given in parentheses. a 
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showed major signals at  2.10, 2.07, 1.30, 1.23, 
1.13, and 0.88 p.p.m. Only onesignal(0.88 p.p.m.) 
can be assigned to  the arsenic methyl groups 
suggesting that either the cis and trans isomers 
have arsenic methyl groups that give accidentally 
degenerate resonance signals (unlikely) or  only 
one of the isomers is obtained from the reaction. 

It seems reasonable to suggest that the major 
product of the photolytic addition is probably the 
cis isomer whose n.m.r. spectrum would show 
one ring proton signal (2.10 p.p.m.), two ring 
methyl signals (1.30 and 1.13 p.p.m.), and one 
arsenic methyl signal (0.88 p.p.m.). In view of the 
bulk of the dimethylarsino groups this should be 
predominantly (ee) in solution. 

Support for this comes from the finding that 
the addition of iodine to  bicyclobutane (5) or 1,3- 
dimethylbicyclobutane (1 7 )  gives 1,3-substituted 
products having predominantly cis configura- 
tions. A four center reaction mechanism has been 
proposed (5) and the predominant conformation 
of the cis product has been found to be (ee). 

The reaction of the group VIB hexacarbonyls 
with the 1,3-bis(dimethylarsino)cyclobutane af- 
fords complexes of formula LM,(CO),, (Table 
1). The compounds are monomeric and  the 
carbonyl stretching frequencies are charac- 
teristic of M(CO), moieties (18). The n.m.r. 
spectra of these complexes (Table 1) have one 
ring proton signal, two ring methyl signals, and 
one arsenic methyl signal (area ratio 1 : 6 : 6) and 
indicates these compounds are the cis isomers 
regardless of the conformer. The repulsive effect 
of the large metal pentacarbonyl groups pre- 
sumably causes the conformational equilibrium 
to lie well toward the (ee) conformer. 

The n.m.r. spectrum for the trans isomer of a 
LM,(CO), , complex would have two ring methyl 
and two arsenic methyl signals for an (ae) con- 
former. If ring inversion occurred then only one 
ring methyl and one arsenic methyl signal would 
be observed. No  spectrum corresponding t o  
these types was observed. The n.m.r. spectrum of 
the impure product (before chromatography) 
showed evidence for a second product which 
appeared to  have uncoordinated arsenic methyl 
groups. This material may have been a n  un- 
stable metal complex of the trans diarsine ligand 
and was not isolated although more likely it was 
an intermediate such as 1 (zlide infra). 

The i.r. spectra showed n o  evidence for any 
metal tetracarbonyl product when the diarsine 
ligand was reacted with metal hexacarbonyl thus 

chelation does not occur via this synthetic route. 
However, since a stepwise mechanism is prob- 
ably involved (19), the intermediate 1 (Y  = CO) 

1 
being formed first, the absence of chelation 
cannot be taken as evidence for a predominance 
of the (ee) conformer of the cis ligand in solution, 
since 1 wbuld be even more likely to  exist in this 
conformation. 

Chelate LM(CO), complexes are obtained when 
the norbornadiene derivatives C,H,M(CO), are 
heated with L in an inert solvent, the easy dis- 
placement of this diene affording conditions ideal 
for the formation of such complexes. Chemical 
analysis, mass spectra, and osmometric molec- 
ular weights (Table 1) confirm the formulation. 
Again little can be said about the (ee) + (aa) 
equilibrium in solutions of L on the basis of these 
results, even though chelation involves complex 
formation by the (aa) form, because little is 
known about the mechanism of displacement of 
dienes by ditertiary arsines (19). It is conceivable 
that if intermediates such as 1 are involved with, 
in this case, Y being a monocoordinated diene, 
products such as L,M(CO),, (LM(C0)J2, or 
even (LM(CO),),, could be expected. These were 
not observed. 

The chelation of the cis ligand to a metal - 
carbonyl forms complexes that have two six 
membered rings as well as the cyclobutane ring 
inherent in the ligand. All atoms in the  rings 
except the metal are four coordinate and should, 
ideally, have tetrahedral symmetry. The atoms of 
a six membered cyclohexane ring can attain 
tetrahedral symmetry in chair, boat, or skew boat 
conformers ( 1  6). Puckered chair conformers have 
been found to  predominate in six membered 
ring - metal complexes of diamines (20, 21 and 
references therein) and other ditertiary arsine 
complexes (22). The presence of the cyclobutane 
ring in this complex precludes the existence of 
skew boat conformers and  results in one of the 
six membered rings having an unstable (dis- 
torted) boat conformation if the other six 
membered ring is in the  more stable (distorted 
chair) conformer (Fig. 1). 
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Frc. 1. (n) and (b)  two equivalent conformers, 
(c) intermediate conformer having C2, symmetry. 

The n.m.r. spectrum of our LCr(CO), complex 
shows only one arsenic methyl resonance and 
two ring methyl resonances. The analogous 
molybdenum and tungsten complexes have only 
one arsenic methyl resonance and one (broad) 
ring methyl resonance, the two ring methyl 
resonances being probably accidentally degen- 
erate. 

If the complexes are effectively locked in one 
of the equivalent conformers (a) or (6) (Fig. 1) in 
solution two arsenic methyl resonances and four 
ring methyl resonances would be expected. Our 
n.m.r. results could indicate that the molecules 
interconvert between the equivalent conformers 
(a and 6) in solution. (Conformational equilibria 
between eauivalent chair conformers have been 
shown to occur in group VIB tetracarbonyl com- 
plexes of 1,3-bis(dimethy1arsino)-propane (22).) 
However, it is possible that the molecules have a 
structure that has a plane of symmetry which 
passes through the C-As-M-As-C portion 
of the complex (giving it C,, symmetry) (Fig. lc). 
Nuclear magnetic resonance spectra of the 
molybdenum complex run at temperatures be- 
tween 35" and -60" showed no significant 
temperature changes and suggest that the sym- 
metric (C,,) structure may predominate in solu- 
tion. Models of the com~lex indicate such a 
structure might be favored'because it lessens the 
repulsive force between the ring methyl groups 
and the axial metal carbonyl groups. In such a 
structure, however, the arsenic atoms might be 
expected to show a large deviation from tetra- 
hedral svmmetrv. 

The i.r. spectra are of little value in assigning a 
structure to the molecules in solution since four 
carbonyl bands are expected for the C,, structure 
as well as any structure of lower symmetry. 

The crystal structure of our LCr(CO), com- 
plex has recently been determined at - 150" (23) 
(Fig. 2). The compound has a structure with the 
arsenic atoms in an (aa) position relative to the 
cyclobutane ring which enables the ligand to 
chelate to the metal carbonyl, and this chelation 
has had little effect upon the folding of the 

FIG. 2. Crystal structure 

of (CH~)ZA~~HC(CH~)~CHAS(CH~)~~CH~)~C~(CO), 
(23). 

cyclobutane ring. The dihedral angle is 31.9" 
compared with 35' for cyclobutane and 33" for 
halogenated cyclobutanes (24). 

The bite of the ligand (the As-As distance) is 
3.36 A and is not significantly larger than the 
As-As distance in other diarsine - metal carbonyl 
complexes that contain 5 and 6 membered rings 
(25-27). 

The C-As-Cr-As-C portion of the com- 
plex is nearly planar; the maximum deviation of 
any atom is 0.10 A. The molecule in the solid 
state, however, has only a two-fold axis of 
symmetry. The two methyl groups on each arsenic 
atom are different and have quite different 
Cr-As-CH, bond angles (1 1 3.9" us. 1 1 8.5"). 
The molecule has only C, symmetry in the solid 
state and not C,,  symmetry as suggested by our 
n.m.r. results. Movement of atoms in solution 
probably causes the arsenic methyl groups to 
become equivalent on a time averaged basis. 

The chemical shifts of the ring protons and 
ring methyl groups show little variation with a 
change in metal substituent for either the penta- 
carbonyl or tetracarbonyl series of complex 
(although there are differences between the two 
series). The arsenic methyl groups have chemical 
shifts at lower field in the tungsten (pentacar- 
bony1 and tetracarbonyl) complexes than in the 
chromium or molybdenum analogs. 

We wish to thank the National Research Council of 
Canada for financial support of this work in the form of 
an operating grant to W.R.C. and  a Postdoctoral 
Fellowship to J.T.P. 
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Competition between Acid Catalyzed Interconversion and Solvolysis of Adducts of 
Dimethyl Azodicarboxylate and 2,5-Dimethyl-3,4-diphenylcyclopentadienone 

DONALD MACKAY AND CHARLES W. PILGER 
Depnrttnent of Chetnistty, University of Wnterloo, Waterloo, Otztario 

Received August 27, 1973 

Trifluoroacetic acid catalyzes the conversion of each of the isomers, the Diels-Alder 
adduct In, the 1,3,4-oxadiazine 2a, and the 1,2-diazetidine 3a into the others, with the 
exception of 3a + In. The isomerizations compete with solvolysis to the common end 
products, the 1,3,4-oxidiazinone 40 and methyl trifluoroacetate, directly in the case of 
l a  and 2n, but perhaps only by way of 2a in the case of 3a. The isomerization and 
solvolysis rates increase with acid concentration in dilute acid but in concentrated acid 
there is evidence that all the isomers are converted into a (probably) multi-protonated 
form of 2a, which is stable to isomerization and whose solvolysis rate decreases with 
increasing acid concentration. 

A l'exception de la transformation 30 vers In, I'acide trifluoroacttique catalyse la 
conversion de chaci~n des isomkres soit le produit d'addition de Diels-Alder l a ,  I'oxa- 
diazine-1,3,4 2rr et la diazttidine-1,2 30 dans toils les autres. Les isoniCrisations sont en 
compttition avec la solvolyse vers des produits finals identique, dans tous les cas 
l'oxydiazinone-1,3,4 4n et le trifluoroacktate de mtthyle qui se produiraient directenlent 
dans le cas de In et de 20 mais pent 2tre seulement par I'intermtdiaire de 2a dans le 
cas de 30. Les vitesses d'isomtrisation et de solvolyse augmentent avec la concentration 
d'acide en milieu dilut niais en milieu concentrt il semble que tous les isomkres sont 
transformks en une forme multi-protonte de 2n qui est stable vis A vis de I'isomCrisation 
et dont la vitesse de solvolyse din~inue avec une augmentation de la concentration de 
l'acide. [Traduit par le journal] 

Can. J .  Chem. ,  52. 1 1  14 ( 1974) 

Previous work has established that the thermal The present work shows that the processes of 
isomerization of the adducts of azodiacyls and 
cyclic 1,3-dienes to I ,3,4-oxadiazine derivatives 
is a reaction of some generality (1-3) and that the 
isomerization is extremelv sensitive to catalvsis 
by strong protic acids ordlewis acids (4). ~ b r e  
recently (5) we have shown that the analogous 
adducts 1 of azo esters and 2.5-dimethvl-3.4- 

s ,  

diphenylcyclopentadienone could also be ther- 
mally isomerized to the corresponding oxadi- 
azines 2 but that the isomerization was reversible. 
and furthermore that a competing, apparently 
irreversible, isomerization of 1 to the diazetidines 
3 made the latter in fact the final thermal end 
product (Scheme 1) 

Scheme I are also sensitive to catalysis by acid 
but that the isomerizations compete with a 
solvolytic dealkylation which probably occurs by 
more than one pathway. 

Our early attempts to obtain structural in- 
formation on the stable thermal isomers, which 
showed some puzzling spectroscopic features (5), 
included hydrolysis with aqueous ethanolic 
hydrochloric acid. Refluxing 3a with 2N acid 
gave a 93% yield of a compound with m.p. 
232.5-234'; a simpler synthesis involved keep- 
ing a solution of 3a in trifluoroacetic acid (TFA) 
at room temperature for several hours, in which 
case the yield was quantitative. The elemental 
analysis and mass spectrum (M+ 392) required 
the formula C,,H,,N,O,, corresponding to the 
loss of CH,, and along with spectroscopic 
evidence showed the product t o  be the 1,3,4- 
oxadiazin-Zone 4a, a relatively uncommon 
heterocyclic type (6, 7). 

The i.r. spectrum (CHCI,) had NH absorption 
at  3400 and three carbonyl peaks at 1780, 1750, 
and 1712 cm-l. The U.V. absorption maximum 
at 281 nm was indicative of survival of the P- 
phenyl-a-methyl enone chromophore present in 
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MACKAY AND PILGER: SOLVOLYSIS A ,ND ISOMERIZATION OF AZO ESTERS 1115 

the parent compound and its isomer 2a (8). The 
n.m.r. spectrum (CDCI,) contained an absorp- 
tion for one easily exchangeable proton at  3.1 
and vinylic and tert-methyl singlets at  7.86 and 
9.06 T, respectively, but only one methoxy sing- 
let, a t  6.25 T. In particular the anomalously high 
field methoxy absorption found in 3a (5) was 
absent. Since the reaction had not involved 
simple N-ester hydrolysis, which would have 
been accompanied by d e c a r b ~ x ~ l a t i o n ,  a more 
profound structural alteration must have oc- 
curred in which the diazetidine ring had been 
destroyed. The presence of an amide, rather than 
an amine, NH was indicated by the chemical 
shift of the exchangeable proton in the n.m.r. 
spectrum and by the fact that the compound 
could be dissolved in aaueous sodium hydroxide 
and reprecipitated unchanged with acid; there 
was no salt formation with strong acids. 

The chemical and s~ectroscooic evidence was 
accommodated reasonably only by the bicyclic 
structures 4a or 5a. The carbonyl bands at  
1712 and 1750 cm-' are readily identified with 
the enone and exocyclic urethane carbonyl 
groups respectively. The absorption at 1780 cm-' 
does not unambiguously distinguish between the 
5- or 6-membered ring forms (9). 

A decision between 4a and 5a by chemical 
means was reached by conversion of the amide 
into its N-methoxycarbonyl derivative. N o  reac- 
tion occurred on treatment with methyl chloro- 
formate in pyridine, even after long reflux. How- 
ever, conversion of the amide into the anion with 
sodium hydride in dimethoxyethane, followed by 
addition of methyl chloroformate a t  room 
temperature gave a nearly quantitative yield of 
the urethane. It resisted crystallization but could 
be purified as an amorphous solid of satisfactory 
elemental analysis by letting a solution of it 
slowly evaporate. Its n.m.r. spectrum had two 
sharp methoxy singlets a t  6.19 and 6.28 T (CCl,) 
and was therefore that of the derivative of 4a, in 
which chemical shift difference in the methoxy 
groups is expe-ted. The analogous derivative of 

5a would have isochronous methoxy groups, as a 
result of combinations of rotation and inversion 
at  nitrogen. 

The diazetidine 36 likewise gave the oxadiazi- 
none 4b, m.p. 166-167", on treatment with 
aqueous hydrochloric acid or with TFA.  The 
ethoxycarbonyl derivative of 46 was a glass, 
whose n.m.r. spectrum showed chemical shift 
difference in its ethoxy groups, both in the 
methylene quartets and the methyl triplets. 

Since the solvolysis product of 3a  had the 
same basic ring structure as the oxadiazine 2a, 
isomeric with 3a, we examined the reaction of 2a 
and the other isomer l a  with TFA at room 
temperature. Again 4a was formed quantitatively 
in each case. We accordingly decided to inves- 
tigate systematically the competition between 
isomerization and solvolysis of all the isomers 
la-3a with TFA. Analysis by n.m.r. was 
especially suitable since the aliphatic portion of 
the spectrum of mixtures of all the isomers and 
the product 4a contained only methyl singlets, no 
two of which were coincident in chloroform-d 
except the methoxy peaks of 2a. The high-field 
(tertiary) methyl peaks were routinely used in the 
analysis, peak heights being used as a measure of 
concentration. 

The reactions were run in chloroform-d, using 
0.25 M solutions of each of the isomers, in the 
presence of increasing amounts of T F A ,  from 
0.2% (v/v; 0.11 equiv.) up to 100%. The extent of 
the reaction with limited amounts o f  TFA in 
commercial chloroform-d was found t o  depend 
on the trace amounts of water present in the 
solvent. The reactions with 0.2 and 1% T F A  were 
therefore run in dry' chloroform and with 
chloroform-d saturated with D,O. 

The % molar compositions of the reaction 
mixtures are shown in each case for various 
times up to completion of the reaction (Tables 1 
and 2). Clearly the ratio of total isomerization to 
solvolysis for both l a  and 2a is always at a 
maximum at the beginning of the reaction (since 
the isomerization products themselves solvo- 
lyze). T o  obtain this maximum the ratios were 
plotted against time for the early stages of the 
reaction and extrapolated to zero time. These 

'This is a difficult solvent to dry rigorously. An easier 
choice in this regard is benzene, but the methyl peaks of 
the mixtures of products in benzene were not as well 
separated as in chloroform, making a quantitative ana- 
lysis difficult. Furthermore the amide 4a was rather 
insoluble in benzene and began to separate out in the 
n.m.r. tube at any early stage in the reaction. 
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TABLE 1. Product composition (%) with limited amounts of TFA in dry (wet) chloroform 

Time (min) 
Starting TFA 
isomer (%) Products 0.5 I 1.5 2 3 5 8 12 17 25 40 70 cu rOl,, 

.Separation of  solid 40 occurred. 
bFinal ester to methanol rnol ratio = 0.54. 
'Final ester to methanol rnol ratio = 2.0. 
dFinal ester to methanol mol ratio = 0.45. 
.Final ester to methanol rnol ratio = 0.20. 
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maximum values, roil,, are also shown in the 
Tables2 

In the presence of 0.2% TFA in dry chloro- 
form solvolysis occurred at about the same rate 
as isomerization for l a  as starting material, but 
solvolysis was much more rapid than isomeriza- 
tion in the case of 2a. In both experiments reac- 
tion ceased near the point where the theoretical 
amount of 4a (11%) had been formed. The 
formation of methyl trifluoroacetate was indi- 
cated by a peak at 6.03 T, authentic ester being 
prepared for comparison in the n.m.r. tube, from 
methanol and trifluoroacetic anhydride in 
chloroform. 

The presence of water had little effect on the 
partitioning of either l a  or 2a between iso- 
merization and solvolysis in the early stages of 
the reaction. However, hydrolysis could evi- 
dently compete with trifluoroacetolysis, so that 
consumption of acid was not as fast as in the dry 
reaction, thus allowing more starting material to 
react by isomerization. The occurrence of 
hydrolysis was confirmed by the presence of a 
methanol CH, peak at 6.51 T. The amount of 
solvolysis at the end of each reaction in conjunc- 
tion with the ester to methanol peak ratio 
(Table 1) was indicative of complete consump- 
tion of the acid. 

In dry chloroform containing 1% TFA both l a  
and 2a reacted rapidly. l a  was completely con- 
verted into 3a and 4a, but solvolysis of 2a 
greatly exceeded isomerization, the resulting con- 
sumption of acid thus stopping reaction before 
isomerization was complete., 

Water had little effect on the reaction of l a  in 
1% acid, 3a being stable to isomerization or 
solvolysis at low acid concentration, but as 
expected it caused extensive hydrolysis of 2a. 

Even at a starting concentration of 1% TFA 
the diazetidine was only slowly solvolyzed (33% 
in 2 days, after which reaction ceased); there was 
no detectable isomerization. 

'The ratio in the early stages was of course subject to 
the largest errors since the composition of the mixture 
was changing rapidly, but the trends in the limiting value 
at  zero time for both l a  and 2a in the presence of different 
amounts of acid and water were both clear and informa- 
tive. 

T h e  theoretical amount of 4a is 54%. The value for the 
reaction of l a  is high. The acid was introduced into the 
n.m.r. tubes using a microsyringe and errors of 2 or 3% 
are to be expected. However, the discrepancy here wasdue 
to inadvertent inclusion of moisture; a small methanol 
peak was observed in the spectrum. 

At acid levels higher than 1% there was an 
increase in both the roi,, (contrast the trend in 
dilute acid) and the overall rate of reaction of la,  
which was undetectable in acid of 4 z  strength or 
greater after the time taken (- 30 s) for addition 
of the acid and rapid scanning of the spectrum. 
The isomerization to 2a and 3a went increasingly 
in favor of the former and with 8-100% acid, 
only 2a and the solvolysis product 4a were 
observable when the spectrum was first run. The 
solvolyses thereafter were first order but the 
rates decreased markedly with increasing acid 
concentration. 

With the oxadiazine 2a as starting material 
isomerization to 3a, but not to la ,  was noted in 2 
or 4% TFA. In 8-100% acid only solvolysis 
occurred, the behavior being just that noted for 
la.  

The stability to acid of the diazetidine 3a, 
compared with l a  or 2a, still persisted in 2% TFA 
(tt -- 70 m), solvolysis but no isomerization 
be~ng observed. At acid levels >4% TFA, iso- 
merization, to 2a only, became the dominant 
process, followed by solvolysis, increasingly 
retarded by acid as before. 

The reactions of la ,  2a, and 3a in concentrated 
acid, after initial rapid isomerization in the case 
of la  and 3a, followed a common solvolytic 
pathway. We have described the precursor to 4a 
in each case as 2a but the spectra of the solutions 
suggested that the latter is not present in the free 
unprotonated form. While all absorptions in 2a 
and 4a showed the expected downfield shift in. 
neat TFA, their relative positions remained un- 
changed: except that one of the methoxy peaks 
derived from 2a, coincident in the absence of 
acid or in dilute acid, was shifted 0.71 p.p.m. 
from the other, down to 5.26 s. It seems most 
reasonable that this signal was due to the 
methoxy group on the protonated imidate func- 
tion of the oxadiazine. 

The rapid formation of protonated 2a in the 
reactions of either l a  or 3a with TFA suggested 
an alternative synthesis of 2a from either of these 
starting materials, which can each be easily made 
in one step from the cyclone and dimethyl 
azodicarboxylate (5). However, attempts to 

4The tert-methyl peaks in 2a and 4a used in the kinetic 
analysis not only had the same relative line positions but 
had exactly the samechemical shift difference in neat TFA 
as in chloroform. This superimposability was also found 
in the vinyl and the ester methyls. 
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TABLE 2. Product composition (%) with excess of T F A  in chloroform 

Time (rnin) 
Starting 
isomer ZTFA Products 0.5 1 1.5 2 3 4 5 7 9 13 

l a  2 l a  20 5 1 .8k0.3 
2a 16 10 3 
3a 27 30 30 30 30 29 29 28 28 
4a 37 55 67 70 70 71 71 72 72 

2a 2 2a 2 2 6 3 1  0.6k0.3 
3a 17 13 12 12 12 11 11 
4a 61 81 85 87 88 89 89 

3a 2 3a 99 97 96 94 91 89 86 83 78" 
4a 1 3 4 6 9 11 14 17 22 

l a  4 2a 33 25 19 13 7 4 2 2 .0k0.3 
3a 27 23 20 17 13 12 9 6 2 
4a 40 52 61 70 80 84 89 94 98 100 

2a 4 2a 45 18 10 3 0 .7k0.3 
3a 1 3 1 3 1 2 1 1  9 8 7 5 4 3 
4a 42 69 78 86 81 92 93 95 96 97 

3a 4 2a 6 10 12 13 10 9 7 3 1 1.1kO.2 
3a 88 79 72 65 58 51 45 38 32 24 
4a 6 11 16 22 32 40 48 59 67 76 

3a 8 2a 43 48 46 41 28 19 10 1 1 k 3  
3a 50 37 26 16 6 
4a 7 15 28 43 66 81 90 100 

l a  8 2a -+ 4a First-order ti = 1.2 rn 
2a 8 2a -+ 4a First-order ti = 1.1 rn 

20 2a -+ 4a First-order ti = 8.8 rn 
l a  100 2a -+ 4a First-order ti = 30 rn 
2a 100 2a -+ 4a First-order ti = 31 m 
3a 100 2a -+ 4a First-order ti = 28 m 

"Reaction not run to completion. 

quench the solutions obtained by adding TFA 
to 3a with excess of aqueous base (sodium 
hydrogen carbonate) or organic bases (triethyl- 
amine or pyridine) lead only to the isolation of 
4a. Demethylation to the stable amide linkage is 
thus faster than deprotonation. 

Control reactions showed that acid was 
necessary for hydrolysis, 2a being stable to 
chloroform saturated with water or to 0.001 M 
TFA over 3 days. Methyl tritluoroacetate was 
also stable to water under the reaction conditions 
but the rate of esterification of TFA by methanol 
was significant. The above reactions in the 
presence of water are thus slightly retarded due 
to loss of acid by esterification. Finally the 
solvolysis reactions were irreversible: 4a did not 
react with either methyl tritluoroacetate or 
methanol in the presence of TFA. 

The figures in the tables and the above dis- 
cussion are reconcilable with the following quali- 
tative facts. 

(i) l a ,  2a, and 3a can each isomerize directly 
to  either of the others, except for 3a -+ l a ;  iso- 
merization of 2a -+ l a  is slight in dilute acid but 
detectable. These results contrast markedly with 
the thermal isomerizations, in which the process 
2a -+ 3a could not be confirmed and to which 3a 
was inert (5).  

(ii) The overall isomerization rates of l a ,  2a, 
and 3a and, in particular, the isomerization rates 
of l a  and 3a to 2a increase with TFA concentra- 
tion; the isomkrization of 3a is, however, only 
significant at high acid levels. 

(iii) The trifluoroacetolysis rates of the iso- 
mers show the trend 2a > l a  >> 3 a ;  hydrolysis of 
2a is also much more efficient than that of the 
others. 

(iv) In dilute acid the trifluoroacetolysis rates 
of l a  and 2a increase with concentration and 
more rapidly than the isomerization rates; roils 
thus decreases. 

(v) In concentrated acid 2a undergoes pro- 
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MACKAY AND PILGER: SOLVOLYSIS AND ISOMERIZATION OF AZO ESTERS 1119 

tonation close to the solvolvsis site. The s~ecies 
formed resists isomerization, and its solvolysis 
rate decreases with increasing acid concentration. 
The combined effects of this and iv cause roi,, for 
l a  to pass through a minimum. 

(vi) Solvolysis of l a  and 2a to 4a occurs 
directly ; 5  solvolysis of 3a to 4a probably occurs 
only through 2a. 

In the thermal interconversions of l a ,  2a, and 
3a we proposed as a common intermediate the 
dipolar species 6 (5). In the present series of acid 
catalyzed reactions it seems reasonable to suggest 
an analogous protonated intermediate either 7 or 
8, the tautomeric forms of a bisurethane which 

could arise formally by protonation of the 
isomers on nitrogen or oxygen followed by ring 
opening. A decision between nitrogen and oxy- 
gen as the site of protonation is clear only in the 
case of 2a which has a recognizably basic 
nitrogen. In l a  and 3a protonation on an amide 
carbonyl oxygen leading to 8 may be c refer red.^ 
Either 7 or 8 can isomerize to the protonated 
isomers, la-H+ (by cyclization of Me-C+ to N), 
2a-H+ (Ph-C+ to 0), or 3a-H+ (Ph-C+ to N) 
or give 4a by solvolytic demethylation with the 
appropriate nucleophile (the counter-ion TFA-, 
TFA itself, or water) a t  the ester function 
together with cyclization. 

Alternatively 4a might be obtained by direct 

'The build-up of 4a from l a  seems too rapid to be 
explicable on the basis of the sequence l a  + 2a + 4a 
exclusively. 

6While protonation of simple amides is now well 
established as occurring on oxygen (lo), the general 
question of oxygen us. nitrogen protonation is not a fully 
resolved one in complex systems like these. Though we 
are showing 7 and 8 as the free protonated forms it is 
possible that in a medium such as dry chloroform only 
coordination of the amide group to the acid hydrogen 
occurs and that the acid OH bond is never broken. 

solvolysis of 9, the protonated oxadiazine 
(Scheme 2), a pathway consistent with the rapid 
formation of 4a in dilute acid by TFA or  water, 
since it does not involve ring opening and could 
thus occur in one step. 

Indeed solvolysis of all the isomers could pro- 
ceed through 9, this in no way conflicting with 
our earlier conclusion (point vi above) that l a  
solvolyzes directly to 4a. The sequence l a  -t 8 -, 
9 -, 4a does not involve the free oxadiazine. 

The low-field methoxy absorption in the spec- 
tra from solution of 2a in concentrated acid 
belongs to a species protonated on a n  imidate 
nitrogen but it is unlikely that this is the mono- 
protonated form 9, which we have judged to be 
very labile. At high acid levels multiprotonation 
may become important since there are a number 
of potential sites available in the isomers or their 
ring-opened intermediates, both in the enone and 
the azo derived portions. 

The increase in catalytic efficiency of TFA with 
its concentration in the isomerization reactions 
was expected (4) but there is no clear reason for 
the negative effect in solvolysis of the oxadia- 
~ i n e . ~  

A comment on the stereochemistry of the ring 
junction in the oxadiazines 2 and their solvolysis 
products 4 is in order. We have tacitly assumed 
(5) that the thermal reaction of 1 gave the cis- 
oxadiazines, by analogy with the isomerization of 
the adduct of azodibenzoyl and cyclopentadiene 
to an oxadiazine in which the cis stereochemistry 
was established by chemical degradation and 
which the concerted nature of the isomerization 
in any event dictated (1). No such structural 
proof has been provided for the oxadiazines 2. 

The formation of the trans isomer of 2a merely 
requires that the lifetime of the open structure 6 
be long enough to allow free conformational 
rotation. Our belief in the cis stereochemistry of 
both 2 and 4 rests entirely, and we feel con- 

'A referee has pointed out that if the solvolysis re- 
quires TFA-  the nucleophilic activity of the latter would 
be reduced in excess of TFA by acid to  anion hydrogen 
bonding. The occurrence of free TFA- in dry chloroform, 
however, is not certain. 
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vincingly, on the chemical shift values of their 
tert-methyl groups. 

The absorptions of the tert-methyl groups in 
the diazetidine 3a, in 2a, and in 4a occur very 
close together, at 8.86, 8.96, and 9.06 z. Since all 
three methyl groups are attached to carbon 
atoms with identical nearest neighbor atoms they 
must also all have the same stereochemistry with 
respect to the nearest phenyl group, that is, 2a 
and 4a, like 3a, must have a cis ring junction. 

A cis-phenyl group is expected to have a strong 
shielding effect on the adjacent methyl. The 
methyl groups in the trans isomers of 2a and 4a 
would resonate at much lower fields than in the 
cis isomers. The magnitude of the effect can be 
gauged from the spectra of the cis and trans 
alcohols 10, both of which are formed when 
diethyl ketone and benzil are condensed with 
Triton B as catalyst (5). Separation by fractional 
crystallization gave the cis and trans epimers with 
m.p. 129-129.5" and 153-154" respectively, and 
tert-methyl doublets at 9.28 and 8.78 z, a shift 
too large to be reconcilable with any stereo- 
chemical difference in the ring junctions of 
compounds la-4a.' 

Experimental 
The i.r. spectra were obtained on a Beckman IRlO and 

the U.V. spectra on a Coleman EPS-3T Hitachi spectrom- 
eter. All n.m.r. routine and kinetic analyses were done on 
a Varian T60 spectrometer against tetramethylsilane as 
internal standard (abbreviations: s, singlet; d, doublet; 
t, triplet; q, quartet; m, multiplet). For mass spectra a 
Perkin Elmer RM-U6E Hitachi spectrometer was used. 

Anhydrous magnesium sulfate was used as drying 
agent for solutions in organic solvents. Melting points are 
uncorrected. 

cis-4-Carbomethoxy-4a,6-dimethyl-7,7a-diphenyl- 
2,3,4,4a,5,7a-hexahydrocyclopenta-l,3,4-oxadiazin- 
2,5-dione (4a) 

From Diazetidine 3a 
A solution of 3a (122 mg, 0.30 rnmol) in 12 N hydro- 

chloric acid and methanol (1 : 5,3  ml) was refluxed for 2 h 
-- 

8Work with related cyclopentenederivatives epimeric at  
these two carbons indicates that this large shift difference 
in the methyl groups is quite general: for example 
0.57 p.p.m. in 2,5-dimethyl-3,4-diphenylcyclopent-2-enone 
and 0.40 p.p.m. in 2,5-dimethyl-3,4-diphenyl-l,4-dihy- 
droxycyclopent-2-ene (CI stereochemistry not known). 

and evaporated to  near dryness. Water was added and the 
product (93%) collected. Its i.r. spectrum was identical 
with that of material obtained as  almost colorless 
prisms, m.p. 232.5-234, from methanol or aqueous 
methanol. 

Alternatively, a solution of 3a (100 mg) was kept in 
TFA (1 ml) at  room temperature for  6 h and then 
evaporated. Addition of a few drops of methanol induced 
crystallization and the precipitate was collected and 
washed with very dilute ammonia, the yield being 
essentially quantitative. 

The oxadiazinone had v (CHCI,) 3400 (NH), 1780, 
1750, and 1712 cm-I (endocyclic and exocyclic urethane 
and enone C=O, respectively); h,,. (EtOH) 282 nm; 
T (CDC13) 2.3-3.0 (10 phenyl H), 3.25 (broad, NH), 6.23 
(s, OMe), 7.86 (s, vinyl Me), 9.06 p.p.m. (s, tert-Me); m/e 
392 (P+, 16%), 348 (Cz1HzoNz03+, 100%). 

Anal. Calcd. for C22H20N205:  C, 67.33; H, 5.15; N, 
7.14. Found: C, 67.09; H, 5.28; N, 6.82. 

A sample of the product was dissolved by warming it in 
1 Naqueous sodium hydroxide - methanol (1 : 1). Most of 
the methanol was removed by evaporation. Addition of 
dilute hydrochloric acid reprecipitated 4 a  in pure form. 

From Isomers l a  o r  2a 
The TFA method was used on the same scale and with 

the same work-up procedure; the yields were quantita- 
tive. The identity of the product as 4 a  was confirmed in 
each case by its spectra and its mixed m.p. with the 
product from 3a. 

The 4-Carboethoxy Derivative 46 
Either of the above methods on the  same scale gave 

excellent yields (1 90%) of 46 which formed colorless 
prisms from methanol, m.p. 166-167"; v (CCI,) 3420, 
1796, 1758, and 1712 cm-I (assignments as for 4a); h,,, 
(EtOH) 282 nm (E 12 600); T (CDCI,) 2.3-3.2 (10 phenyl 
H), 3.53 (broad, NH), 5.76 (q, 2 methy lene H, J = 7.5 Hz), 
7.86 (s, vinyl Me), 8.78 (t, 3 methyl H), 9.05p.p.m. (s, 
tert-Me); mle 406 (P+, 16%), 362 ( C Z Z H ~ ~ N ~ O ~ + ,  100%). 

Anal. Calcd. for C23H22N205:  C, 67.96; H, 5.46; N, 
6.89. Found: C, 67.42; H,  5.39; N, 7.13. 

cis-3,4-Dicarbomethoxy-4a,6-dimethyl-7,7a-diphenyl- 
2,3,4,4a,5,7a-hexahydrocyclopenta-l,3,4-oxadiazin- 
2,5-dione (Carbomethoxy Derivative of 4a) 

The compound 4a (100 mg) was recovered quantitatively 
after refluxing for 12 h in pyridine (5 ml) containing methyl 
chloroformate (0.5 ml), evaporating, and  adding water. 

Addition of 4a (98 mg, 0.25 mmol) to  a suspension of 
5 0 z  sodium hydride - mineral oil (26 mg, 0.55 mmol) in 
dry dimethoxyethane (2 ml) caused vigorous effervescence 
of hydrogen and formation of a yellow solution. Methyl 
chloroformate (29 pl, 0.37mmol) was injected with a 
microsyringe, causing the solution t o  become colorless, 
and the formation of a precipitate o f  sodiun~ chloride. 
After 3 h at  room temperature ether and water were 
added, the ether layer was shaken out  several times with 
water, then dried, and evaporated. The residue was 
washed with several portions of hexane to  remove the 
mineral oil (it was then of 90-957, purity as estimated by 
n.m.r. analysis) and then dissolved i n  ethyl acetate. The 
solution was filtered, 2-methylheptane was added until a 
second phase just appeared which was then removed by 
addition of a drop of ethyl acetate. T h e  clear solution was 
allowed to  evaporate slowly at  room temperature. The 
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amorphous material which separated slowly became 
brittle; it was ground up, filtered, washed liberally with 
2-methylheptane, and kept for a day in an evacuated 
desiccator over paraffin wax. It had v (CCI,) 1801, 1790 
(sh), 1762, and 1724 cm-I (three urethane and enone 
C 4 ) ;  h,,. (EtOH) 286 nm; r (CC1,) 2.3-3.1 (10 phenyl 
H), 6.19 (s, OMe), 6.28 (s, OMe), 7.94 (s, vinyl Me), 9.16 
p.p.m. (s, tert-Me). 

Anal. Calcd. for C2,HZ2N207: C, 64.00; H, 4.92; N, 
6.22. Found: C, 64.21; H, 5.15; N, 6.39. 

The Carboethoxy Derivative of 4b 
The method and scale were the same as those used for 

5a. The glassy product had v (CC14) 1804,1782,1752, and 
1722cm-' (three urethane and enone C=O); h,,. 
(EtOH) 286 nm; s (CCI,) 2.3-3.1 (10 phenyl H), 5.73 
(q, 2 methylene H, J = 8.0 Hz), 5.80 (q, 2 methylene H, 
J = 7.5 Hz), 7.93 (s, vinyl Me), 8.69 (t, 3 methyl H), 8.73 
(t, 3 methyl H), 9.16 p.p.m. (s, tert-Me). 

Kinetic Determinations 
Materials 
The trifluoroacetic acid used was Baker Reagent grade. 
Chloroform was dried by refluxing over phosphorous 

pentoxide for 2 h, fractionating and then stirring for 2 
days over molecular sieves (Type 4A, BDH). "Wet" 
chloroform-d was obtained by shaking with D 2 0 ,  re- 
moving the chloroform layer after all cloudiness had 
disappeared, and filtering it through a cotton wool plug. 

The purification of the isomers la ,  2a, and 3a has been 
described previously (5); l a  and 2a were recrystallized till 
each was free of traces of the other. 

Nuclear Magnetic Resonance Measurements 
Solutions of the isomers (50.0mg, 0.25 M )  in dry 

chloroform or wet chloroform-d (500 p1) were allowed to 
warm to the n.m.r. probe temperature (35") and the TFA 
added with a microsyringe. The 2, 4, and 8% solutions 
were made by injecting 10, 20, and 40 pl, respectively, of 
neat TFA; for the 20% solution containing 2a, 400 1 1  of 
chloroform were put in the tube and 10011 of pre- 
warmed neat TFA added. The 0.2 and 1% solutions were 
obtained by adding 10 and 50 11, respectively, of a 10% 
solution of TFA in the appropriate chloroform. 

Spectra of the tert-methyl region were recorded im- 
mediately and repeatedly after injection of the acid and 
mixing, first at rapid (10 Hz s-l) and later at slow 
(2 HZS-') scan. other regions of the spectrum were also 
examined as necessary. Radio frequency values were opti- 
mized to prevent saturation. 

Calculation of Composition of Mixture 
Analysis of suitable mixtures of l a ,  2a, 3a, and 4a 

showed that the tert-methyl peak heights (times a factor 
of one half for the symmetrical adduct la)  could be used 
as a measure of concentration (f 3%) except in the case 
of 4a whose peak was consistently less intense by about 
10%. This was corrected for when necessary. The peak 
positions for the compounds la-4a in chloroform-d were 
respectively 8.18, 8.96, 8.86, and 9.06 r. 

The percentage of each compound in a given run, as 
determined by peak heights, was plotted against time and 
a smooth curve drawn through the points. The % com- 
position of the mixture at representative times, as shown 
in Tables 1 and 2, was read off the curves by interpolation. 

The results for the reactions in concentrated or neat 

TFA involving only the process 2a-H+ -t 4a gave a first- 
order rate plot. 

Control Reactions 
Stability of 2a to Water or Very Dilute Acid. A solution 

of 2a (50 mg) in chloroform (0.50 ml) containing 1.2 p1 
D 2 0  (0.13 M)  showed no change in its spectrum over 
12 days. Similarly addition of 1.5 p1 of aqueous TFA 
(40: 1 v/v) to a solution of 2a (50 mg) in chloroform 
(0.50 ml; hence 0.001 M in acid) was without effect over 
3 davs). 

~s;e;ification of Methanol by Aqueous TFA. A solution 
0.13 M in each reagent was made by adding TFA (5 p1, 
I%), water (1.2 pl), and methanol (2.7 pl) to chloroform 
(0.50 ml) in the n.m.r. sample tube. The extent of esteri- 
fication was 24% in 2.5 h and 70% in 24 h. 

Stability of Methyl Trifluoroacetate to Aqueous TFA. A 
solution 0.13 M in each reagent was made by adding 
trifluoroacetic anhydride (9.5 pl) and methanol (2.7 pl) to 
chloroform (0.05 ml) in the n.m.r. tube. Esterification was 
complete in 20 h (90% in 5 h). Water (1.2 pl, 0.13 M) was 
then added; over a period of 30 h no methanol could be 
detected. 

Irreversibility of Solvolysis. A solution of 4a (50 mg) in 
chloroform (0.50 ml) was made 0.13 M in TFA, water 
and methanol (as in b). Over a 24-h period only esterifica- 
tion, and no reaction of 4a, was observed. Enough 
trifluoroacetic anhydride to destroy the water, and 
generate fresh acid and more ester, was then added. No 
trace of the isomers la ,  2a, 3a could be detected after 
15 h. 

Attempted Synthesis of 2a from 3a with TFA 
Samples of 3a (about 30 mg) were dissolved in TFA 

(0.2 ml) and treated as follows. 
(i) Methylene chloride and a large excess of aqueous 

sodium hydrogen carbonate were added and the organic 
layer was separated. 

(ii) Methylene chloride containing an excess of pyridine 
was added, followed by a large volume of water, and the 
organic layer was separated. 

(iii) An excess of pyridine was added directly, with 
cooling and the salt which precipitated was filtered off 
from the pyridine solution. 

In each case the n.m.r. spectrum of the organic solution 
showed the presence only of 4a. 

2,5- Dimethyl-3,4-diphenyl4-hydroxycyclopent-2-enone 
(Cis- and Trans-10) 

To a solution of benzil (20 g, 0.095 mol) in diethyl 
ketone (20 ml) was added 10 ml of a 40% solution in 
methanol of benzyltrimethylammonium hydroxide (Tri- 
ton B). There was an exothermic reaction and the whole 
was then refluxed for 0.5 h and poured into a n  excess of 
cold dilute hydrochloric acid. The product crystallized 
(r 95%) but its n.m.r. spectrum indicated the presence of 
both epimers in about equal amounts. Crystallization 
from aqueous ethanol gave the trans-alcohol, m.p. 153- 
154", as prisms (lit. (11) m.p. 150"). Repeated crystalliza- 
tion of the soluble fraction, with working-up of the 
mother liquors in each case, gave the cis-alcohol, which 
f~rmed prisms, m.p. 129-129.S0, from benzene-hexane. 

The trans-alcohol had 7 (CDCI,) 2.3-3.2 (10 phenyl H), 
7.35 (q, tert-H, J = 11 Hz), 7.4 (s, OH), 8.02 (s, vinyl Me), 
8.78 p.p.m. (d, tert-Me). 
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The Conformational Requirements for the Transition State of 
Bogert-Cook-Bardhan-Sengupta Cyclizations 

A N D  
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Chet~listry Deprrrttnet~t, Utriversity of Pritrce Ecl\c~orcl Islcir~d, C/7~rrlottetoll~rr, Prit~ce Etl~r'trrtl Islrrtrti 
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It is shown that the cyclizations discussed proceed through twist-boat shaped car- 
bonium ions, e.g. 9. Due to structural rigidity such a conformation cannot be assumed 
in a trarrs-fused decalin system and the reaction is arrested at the olefinic stage such as 9. 
The structure of ketoalcohol 9c is elucidated by X-ray crystallography. 

On dCmontre que les cyclisations discuttes se produisent par l'intermtdiaire d'ions 
carboniums ayant la forme bateau-croist. A cause de la rigiditt du systtme dtcalinique 
l i t  en trans une telle conformation n'est pas possible et la reaction s'arrtte au niveau 
d'une olCfine telle que 9. 

On b tlucidt la structure du cCtoalcoo1 9c par diffraction des rayons-X. 
I Can. J. Chern., 52, 1123 (1974) 
I 

I 
The title reactions (1, 2) designate the acid 

catalyzed cyclodehydration of phenylethylcyclo- 
hexanols 1 to mainly octahydrophenanthrene 
derivatives 2 accoinpanied by spiranes 3. 

An ample number of synthetic examples are 
known in the literature with various subsrituents 
in the cyclohexane ring and the aromatic nucleus. 
Recently the subject has been excellently re- 
viewed (2). In most of the cyclohexanols studied 
the hydroxyl group is located at position 1 or 2 

considered as evidence against the participation 
of an olefin only in those reactions where the 
OH is located at C-2 and the cyclohexane ring 
carries a minimum number of substituents. The 
cyclodehydrations of those compounds which 
carry the hydroxyl group at position 1 (in formula 
1) are more heavily substituted in thecyclohexane 
ring and might belong mechanistically to  an en- 
tirely different class of reactions. 

In the course of our synthetic work in the 
I (fo~mula I). terpene field we encountered an interesting case 

Perhaps the most controversial aspect of all which might be quite revealing with respect to 
mechanistic considerations has been the question the stereochemical requirements of the transition 
whether or not olefins are intermediates in these state of cyclodehydrations involving 1-(2-phenyl- 
reactions. ethyl)-cyclohexanols. 

Undeniably the most convincing evidence Our intention was to cyclize ketoalcohol 8 to 
against the participation of olefins has been compound 10 in an acidic medium. Refluxing 
presented by Barnes and Olin (3) demonstrating compound 8 in 85% formic acid led to the forma- 
that the cyclodehydration of optically active tion of olefin formate 9a as expected ( 5 ) .  How- 
alcohol 4 led to the formation of optically active 
phenanthrene derivative 5. 

Yet it has been shown by Haworth and co- 
workers (4) that olefins might be implicated at 
least in some of these reactions since olefin 6 

I 

could actually be cyclized to the octahydro- 
~henanthrene 7. The stereochemistrv of 7 is 
represented as assigned recently by the reviewer 
(2). 

It should be stated that the retention of stereo- 
chemical entity in Barnes' reaction 4 + 5 can be 

ever, the cyclization of the latter compound to 
phenanthrene derivative 10 did not take place 
under any conditions. Heating formate 9a in a 
solution of acetic acid and sulfuric acid for 8 h 
as applied by Haworth for compound 6 (4) led to 
the formation of a mixture of the formate 9a and 
the corresponding acetate 9b. The latter products 
were both converted to the readily isolable 
alcohol 9c by treatment with sodium methylate 
in methanol. In subsequent experiments it was 
found that refluxing in 85% formic acid for 8 h 
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was equivalent to and less damaging than the 
acetic acid - H,SO, treatment. But even under 

I 
I these conditions no cyclization to 10 took place 

and merely the starting material was recovered 
in 85%. Heating olefin 9c with polyphosphoric 
acid led to unidentifiable polymers only. 

The failure of converting 9a to 10 was quite 
unexpected. Yet it was believed that our negative 
results could illuminate the mechanism of the 
Bogert-Cook reaction provided that our stereo- 
chemical assignment of compound 9a was ascer- 
tained beyond doubt and the circumstances of 
the reaction were supported by a closely related 
positive example. 

In the second part of this paper the crystal- 
lographic analysis of 9c is described proving that 
our previous assignment was correct (5). 

It was surmised that the inability of olefin 9 
to cyclize might be attributable to 1,3-diaxial 
interactions in the transition state. Consequently 
we prepared tertiary alcohol 12 from the known 
acetylene 11 (6). Compound 12 is essentially 
analogous to 8 but must be devoid of 1,3-diaxial 

interactions in rhe transition state of its cycliza- 
tion. 

Tertiary alcohol 12 could be cyclized under 
very mild conditions t o  a 3 : 1 cis-trans mixture 
of octahydrophenanthrene 14 in 85% formic acid 
at room temperature. The same isomer ratios 
were found when the cyclization of 12 was car- 
ried out in a solution of acetic acid and sulfuric 
acid ar room temperature. 

From the n.m.r. of the cyclized producr 14 it 
was apparent that a mixture was formed. Since 
all attempts to separate the two components by 
preparative v.p.c. M.ere unsuccessful the product 
was subjected to Wenkert oxida~ion. The latter 
reaction is known to convert cis-fused octahvdro- 
phenenanthrenes to a-diketones whereas the cor- 
responding trans isomer furnishes a monokerone 
(7). Thus the cyclized material 14 was oxidized 
with chromic acid in CH,COOH-H,O to a 
mixture of monoketone 15 and diketone 16, 
which were readily separated by preparative 
thick-layer chromatography. 

Since monoketone 15 was not crystalline it was 
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subsequently converted to the crystalline di- 
ketone 16 by oxidation with SeO, in dioxane in 
terms of which it was characterized. Apparently 
the trans ring junction in 15 must have isomerized 
to the cis isomer during the oxidation. 

It is believed that this reaction 12 + 14 also 
involves an olefin, since the related cyclization 
6 -t 7 starts with an olefin and the attempted 
ring closure 8 + 10 is arrested at the olefin stage, 
9a. Unfortunately in the cyclization 12 + 14 we 
have not been able to isolate an olefin. 

We postulate that the cyclizations discussed 
here all proceed through a carbonium ion formed 
by the protonation of the corresponding olefin 
which appears to be the primary intermediate. 
The combined consideration of these three re- 
actions permits the following mechanistic ra- 
tionalization. 

Due to conformational inflexibility, the equa- 
torial and axial directions in structure 17 must 
be defined clearly. While the axial approach by 
the benzene ring to  carbonium ion 17 is quite 
hindered due to two 1,3-diaxial interactions the 
equatorial attack to the same carbonium ion 17 
should be as free as on carbonium ion 18a 
derived by the protonation of olefin 13. On the 

basis of the unsuccessful reaction 17 + 10. it is 
concluded that the Bogert-Cook reaction can- 
not take place from an equatorial direction. 
Furthermore carbonium ion 18a is not attacked 
from a distinct equatorial direction either. 

It might be suggested that the failure of the 
ring closure 8 -t 10 from the axial direction on 
carbonium ion 17 could be attributed to steric 
interference of the angular methyl and the for- 
myloxy group against the approaching phenyl 
group in the transition state. However, such an 
interaction must also have been involved in the 
cyclization 6 -t 7 (4). Since the latter reaction 
under the same conditions was successful this 
assumption is not justified. 

An examination of a Dreiding model of transi- 
tion state 18b shows that the overlap of the p 
orbital of carbonium ion with the electrons of 
the benzene ring leads to a demanding 1,3-diaxial 
interaction between the methyl and the ap- 
proaching phenyl group. A large proportion of 
this steric strain could be avoided by the assump- 
tion of a twist form relieving the 1,3-diaxial 
interaction and at the same time providing a 
better geometry for the o complex. 

Therefore in the authors' opinion the failure 
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of 17 to cyclize is attributable to the conforma- 
tional rigidity of the trans-decalin system which 
prevents the attainment of a twist-shaped transi- 
tion state. Correspondingly the facile conversion 
12 + 14 and the moderate conditions applied for 
6 -+ 7 are explained by the fact that both systems 
are flexible enough to assume a twist conforma- 
tion such as 19. 

The argument1 could be raised that the cycliza- 
tion of 9a to 10 failed since an axial attack in 
carbonium ion 17 was impeded by two 1,3-diaxial 
interactions as compared to only one in the 
cyclization 6 + 7. This possibility however, is 
quite unlikely since we found that diketone 9d 
lacking the 4-axial OH is recovered unchanged 
after standing in 90% formic acid at room tem- 
perature for 18 h. Under the same conditions 
the cyclization 12 + 14 readily proceeded. In 
refluxing formic acid the P,y-unsaturated di- 
ketone 9d merely isomerized to the a,P-unsatur- 
ated diketone 20. An attempt was made to cyclize 
diketone 20 in polyphosphoric acid; however, 
only an unidentifiable polymeric substance was 
formed. 

In most of these cyclizations as in 12 + 14 a 
cis-trans mixture is formed. This could be 
understood from the fact that the twist confor- 
mation of the carbonium ion could also be ap- 
proached from the quasiequatorial direction as 
well as from the auasiaxial direction. 

The preponderance of the cis isomer over the 
trans indicates that the quasiaxial approach is 
favored due to the stereoelectronic reasons. 

Synthetic Work 
All melting points were taken on a Fisher-John melting 

point apparatus and are uncorrected. The elemental 
analyses were carried out by Pascher Mikroanalytical 
Laboratorium, Bonn, West Germany and Schwarzhopf 
Mikroanalytical Laboratory, Woodside, N.Y. The i.r. 
spectra were recorded on a Perkin-Elmer Model 137B 
infracord spectrophotometer. The U.V. spectrograms 
were taken on a Coleman Hitachi Model 124 double- 
beam grating spectrophotometer. The n.m.r. spectra 
were recorded on a Varian Associates 56.4 MHz spectro- 
photometer. The mass spectra were obtained with a 
Hitachi Perkin-Elmer Model RMS-4 spectrometer. 

trar1s-Ia-(2-O-Methoxyphenylethyl)-I~, 4(3-dilgvdroxy- 
2a,5a,9p-trimet/5v/-8-deca/one ( 8 )  

Ten grams of the previously described acetylene 
trans-la-(O-methoxyphenylethynyl)-l(3,4~-dihydroxy-8,8- 
ethylenedioxy-2a,5a,9(3-trimethyldecalin (5) dissolved in 

'This possibility was also suggested by one of our 
referees. In the meantime we prepared compounds 9d and 
20 and thus excluded the alternative explanation. Never- 
theless we thank the referee for the suggestion. 

methanol (200 ml) was hydrogenated for 18 h in the 
presence of 5% Pd-on-charcoal (100 mg). After filtration 
20 ml of water and 300 mg of p-toluenesulfonic acid was 
added to the filtrate and the solution was stirred at room 
temperature for 18 h. The  reaction mixture was then 
diluted with water (300 ml) and extracted with chloroform 
(4 x 300 ml). The combined extracts were washed with 
water, dried (MgS04), and evaporated to dryness furnish- 
ing 8.5 g (80%) of crystalline homogeneous product, 
m.p. 165". 

An analytical sample was prepared by recrystallizing 
from benzene-chloroform, m.p. 171". Mass spectrum 
(70 eV) m/e (relative intensity) no parent peak, 342 (30), 
324 (20), 309 (lo), 219 (loo), 203 (80); i.r. (CHCL,) 3500, 
2950, 1 690,' 1480, 1460, 1240, 1040,960,910, 840 cm- ; 
u.v.,,, ( 9 6 z  CZH50H) 221 nm (E 6700), 272 (2230), 278 
(2000); n.m.r. a t  60 MHz (CDCl,) r 9.00 (d, 3, J = 6 Hz), 
8.70 (d, 3, J = 6 Hz), 8.50 (s, 3, angular methyl), 6.13 
(s, 3, CH,O), 5.75 (m, 1, CHOH), 3 (m, 4, aromatic 
protons). 

Anal. Calcd. for C ~ z H 3 ~ 0 4 :  C, 73.30; H, 8.95. Found: 
C, 73.13; H, 9.01. 

Dehydration of .Alcohol 8 to olefin 9a 
One gram of alcohol 8 dissolved in 20 ml of 85% formic 

acid was refluxed for 4 h. The reaction mixture was 
poured on  water (100 ml). The ether extracts were 
washed successively with saline, 5% sodium bicarbonate 
and saline. The dried (MgSO,) ether extracts were 
evaporated to dryness. The  residue was recrystallized 
from benzene-pentane furnishing 720 ,mg (70%) of 
crystalline olefin formate, m.p. 120°, which was pre- 
viously characterized (5). 

trat1s-I-(2-O-Metl1oxyphenylef/1yl)-4(3-/zydroxy-2, 5a, 9(3- 
trimethyl-I-octal-8-one (9c) 

A solution of 2.1 g of formate 9a in methanol (20 ml) 
was allowed to stand for 3 h in the presence of sodium 
methylate (200 mg of Na dissolved in 5 ml of methanol). 
The reaction mixture was poured on water (50 ml) and 
extracted with ether (4 x 50 ml). The combined ether 
extracts were washed with water then dried (MgS0,) and 
evaporated to dryness resulting in 1.95 g of t.1.c. homo- 
geneous crystalline product (yield, 90%) m.p. 161". 

An analytical sample was prepared by recrystallization 
from benzene-pentane, m.p. 168". Mass spectrum (70 eV) 
m/e (relative intensity) 342 (35, parent peak), 324 (60), 
309 (40) 291 (30), 281 (15), 221 (loo), 203 (80); i.r. 
(CHCI,) 3500, 2950, 1710, 1600, 1490, 1480, 1240, 11 10: 
1030, 960,920, 860 cm-I;  u.v.mer (96% C I H ~ O H )  224 nm 
(E 6980), 273 (2325), 278 (1995); n.m.r. a t  60 MHz, 
(CDCI,) r 9.02 (d, 3, J = 6 Hz, 5-methyl), 8.26 (s, 3, 
angular methyl), 8.13 (s, 3;  2-methyl), 6.13 (s, 3, CH,O), 
5.60 (m. 1, CHOH), 3.00 (m, 3, aromatic protons). 

Anal. Calcd. for CZZHJ0o3: C, 77.16; H, 8.83. Found: 
C, 77.01 ; H, 8.71. 

Cyclization Experiments with 9a 
(a) One gram of formate 9a was refluxed f o r  5 h with 

glacial acetic acid (15 ml) and  concentrated sulfuric acid 
(+ ml). The reaction mixture was poured on water (250 
ml) and extracted with ether (4 x 100 ml). The combined 
extracts were washed with NaHCO, solution until 
neutrality and dried (MgSO,). After evaporation the 

'The unusually low C=O stretching is probably due 
to hydrogen bonding. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1128 CAN.  J .  CHEM. VOL.  5 2 ,  1974 

residue was found to be a two-component mixture by 
t.1.c. The n.m.r. of the product revealed the presence of 
acetate 96 as well as formate 9c. 

The mixture was dissolved in methanol (15 ml) and 
treated with sodium methylate (200 rng in 5 ml of meth- 
anol) for 18 h. After the same work-up as applied for 
9c, 900 mg of alcohol 9c (85%) was recovered. 

(b) Refluxing 500 mg of formate 9a in 10 ml of 85% 
formic acid for 8 h resulted in the recovery of the starting 
material only (420 mg). 

A solution of acetylene 11 (6) (9.5 g) in methanol 
(200 ml) was hydrogenated overnight in the presence of 
400 mg of 5% palladium-on-charcoal. After filtering the 
catalyst and evaporation to dryness of colorless oil was 
obtained (8.7 g, 92%); t.1.c. examination showed the 
presence of one component. Mass spectrum (70 ev) m/e 
(relative intensity) 262 (10, parent) 244 (95), 205 ( l l ) ,  
135 (21), 134 (21), 123 (24), 122 (loo), 109 (20), 91 (80); 
i.r. (CHCI,) 3571, 2900, 1595, 1486, 1456, 1238, 1046, 
1028, 952, 941 cm-I ;  u.v .,,, (95% C2H50H) 278 nm 
(E 2132), 271.5 (2234), 221 (9784): n.m.r. (CDCI,) 7 9.07 
(d, 6, J = 6 Hz, methyls), 8.57 (cyclohexane protons), 6.23 
(s, 3, 0CH3), 3.1 (m, 4, aromatic). The product was 
characterized in terms of crystalline diketone 16. 

1,2,3,4,4a,9,10,10a-Octahydro-1,4a-dimethyl-8- 
methoxyphenanthrene (14) 

(a) Preparation 
Tertiary alcohol 12 (8.7 g) was stirred magnetically 

with 200 ml of 80% formic acid overnight at  room tem- 
perature. The product was diluted with water and 
extracted with ether (3 x 200 ml). The organic layer was 
washed in succession with 10% sodium bicarbonate until 
neutrality, then with saline. The dried solution (MgSO,) 
was evaporated to dryness (7 g, 86%). Thin-layer chroma- 
tography examination showed the product to be homo- 
geneous: however, n.m.r. revealed the presence of cis 
and trans isomers. Mass spectrum (70 ev) mle (relative 
intensity) 244 (51, parent) 229 (30), 201 (13); i.r. (CHCI,) 
2817, 1575, 1450 (broad), 1242 (broad), 1059 c m V L ;  
u.v.,., (96% C2H50H)  280 nm (E 1635), 272 (1561) 
222 (7700); n.m.r. (CDCI,) T 9.13 (broad, 3, CH-CH,), 
8.87 (2 peaks, 3, angular methyl), 6.27 (s, 3, OCH,), 3.07 
(m, 3, aromatic protons). The product was characterized 
in terms of crystalline diketone 16. 

(b) Oxidation of 1 4  to 15 and 1 6  
A sample of tricyclic hydrocarbon 14 (1.2 g) was dis- 

solved in glacial acetic acid (10 ml) and cooled with ice 
water. To this solution 1.8 g of chromium trioxide dis- 
solved in 10 ml of 4: 1 acetic acid -water was dripped in 
10 min. The reaction mixture was stirred at  room tem- 
perature for 24 h. After dilution with water t o  50 ml 
the products were extracted with methylene chloride 
(3 x 20 ml). The organic layer was washed in succession 
with 10% sodium bicarbonate, and saline. The dried 
(MgS04) solution was evaporated to  dryness (1.067 g, 
82%). Thin-layer chromatography analysis distinguished 
two components. 

The mixture was separated on silica gel preparative 
plates. Diketone 16 was isolated in crystalline form a s  
the more polar component (420 mg). I ts  characterization 
is described below. 

The less polar component (130 rng) is monoketone 15 
as  identified by the following data. Mass spectrum (70 
ev) m/e (relative intensity) 258 (60 parent), 229 (52), 225 
(50), 201 (64), 187 (52), 161 (100); i.r. (CHCI,) 2800 
(broad), 1660, 1587, 1450, 1258, 1053 cm-'; u.v .,,, 
(95% C2H50H) 320 nm (E 3791), 259 (8055), 217 (15, 
606); n.m.r. (CDCI,) 7 8.95 (d, 3, J = 6 Hz, Ch-CH,), 
8.53 (s, 3, angular methyl), 6.13 (s, 3,  OCH,), 3.0 (m, 3, 
aromatic). Monoketone 15 was oxidized to the crystal- 
line diketone 16a in terms of which its composition was 
characterized. 

1,2,3,4,4a,IOaa-Hexahydro-la,4aa-dimethyl-8- 
methoxyphenanfhret~equinone (1 6) 

A solution of monoketone 15 (350 mg) in dioxane 
(20 ml) was refluxed with sublimed selenium oxide (300 
mg) and a drop of water for 5 h. When the oxidation was 
complete (t.l.c.), the product was filtered, diluted with 
ether and washed with saline. Thin-layer chromatography 
examination showed the presence of one major and two 
minor products, which were separated by preparative 
chromatography on silica gel plates using 1:4 ether- 
benzene for development. The yellow a-diketone 16a 
(210 mg) was recrystallized from ether, m.p. 113-1 14 "C. 
The minor components could not b e  recovered in suffi- 
cient quantities. Mass spectrum (70 ev) m/e (relative 
intensity) 272 (22, parent), 257 (5), 244 (48), 229 (loo), 
201 (51); i.r. (CHCI,) 2800, 1724, 1667, 1587, 1450, 1307, 
1264, 1503 cm-'; u.v.,,, (95% C2H50H)  353 nm ( E  

3497), 290 (6476) 250 (3238), 217 (9590), 207 (11, 916); 
n.m.r. (CDCI,) T 9.18 (d, 3, J = 8 Hz, 1-methyl), 8.75 
(s, 3, angular methyl) 7.45 (d, 1, J = 10 Hz, proton a t  
C-lOa), 6.03 (s, 3, OCH,), 2.73 (m, 3, aromatic ring). 

Anal. Calcd. for C17H2003: C, 75.07; H, 7.41. Found: 
C, 74.91 ; H, 7.38. 

trans-I-(2-O-Methoxyphenylethyl-2,5a,9~- 
trimethyl-I-octal-4,8-dione (9d) 

A solution of 2.5 g of keto alcohol 9c in acetone 
(50 ml) was magnetically stirred a t  room temperature 
and titrated until the appearance o f  permanent brown 
color with Jones' reagent. The reaction mixture was 
poured on 150 ml of water and extracted with chloroform 
(4 x 50 ml). The combined extracts were washed in suc- 
cession with water, 5% sodium bicarbonate solution and 
water. After drying (MgSO,) and evaporation the crys- 
talline residue was found homogeneous (yield, 2.1 g; 
85%), m.p. 131". An analytical sample was obtained by 
recrystallizing from benzene-pentane, the crystals were 
washed with methanol, m.p. 135". Mass spectrum (70 ev) 
m/e relative intensity) 340 (30, parent peak), 322 (70), 
307 (loo), 218 (70); i.r. (CHCI,) 2950, 1710, 1490, 1460, 
1380,1240,1150,1110, 1030cm-';u.v.,,,(96~C2H50H) 
222 nm (E 7020), 273 (2210), 278 (2010); n.m.r. at 60 
MHz (CDCI,) 7 9.25 (d, 3, J = 6 HZ,  CH-CH,), 8.75 
(s, 3, angular methyl), 8.23 (s, 3, =C-CH,), 6.27 (s, 3, 
CH30),  3.00 (m, 3, aromatic protons). 

Anal. Calcd. for C2,H2,03: C, 77.61; H,  8.29. Found: 
C, 77.59; H, 8.3. 

An Attetnpt to Cyclize Diketone 9d 
A solution of p,y-unsaturated ketone 9d (100 mg) in 

90% formic acid (5 ml) was stirred a t  room temperature 
for 18 h. After dilution with water the product was 
extracted with chloroform (4 x 50 ml). The organic layer 
was washed with 5% NaHCO, solution and dried 
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TABLE 1. Statistical averages of the normalized structure factors 

Theoretical* 

Observed Centrosymmetric Noncentrosymmetric 

(IEI) 0.772 0.798 0.886 
(IE2 - 11) 1.029 0.968 0.736 
<H2) 1.016 1 .OOO 1.000 

*See ref. 9. 

(MgSO,). After evaporation a crystalline material was there was no sign of deterioration of the crystal over the 
obtained which proved to be identical with the starting duration of the data collection. All the intensities were 
material 9d. corrected for background and olaced on a common scale. 

trans-l-(2-O-Methoxyphenylethyl-2,5a,9~- 
trimethyl-2-octal-4,8-dione ( 2 0 )  

A solution of 8,y-unsaturated ketone 9d (300 mg) was 
refluxed for 8 h in 90% formic acid (15 ml). The reaction 
mixture was poured on water (100 ml) and extracted 
with chloroform (4 x 50 ml). After washing with 
5% NaHC03  solution and drying (MgS0,) the 
chloroform solution was concentrated. The oily t.1.c. 
homogeneous solution resisted all attempts of crystalliza- 
tion. It was therefore microdistilled a t  135"/0.2 mm Hg 
(yield, 200 mg; 66%). Mass spectrum (70 ev) m/e (rela- 
tive intensity) 340 (100, parent), 322 (30), 312 (35); i.r. 
(CHCI,) 2950, 1700, 1685, 1600, 1480, 1350, 1220, 1100, 
1020, 900, 850 cm-'; u.v.,,, (96%, C2H,0H) 223 nm 
( E  7500), 235 (8100), 275 (2100), 278 (1900); n.m.r. at 
60 MHz (CDCl,) r 8.65 (s, 3, angular methyl), 8.57 (d, 3, 
J = 6 HZ, CH-CH,), 7.93 (s, 3, =C-CH,), 6.13 (s, 3, 
OCH,), 4.23 (s, I ,  olefinic), 3.00 (m, 4, aromatic protons). 

Anal. Calcd. for C22H2803:  C, 77.61; H, 8.29. Found: 
C, 77.98; H, 8.05. 

A sample of diketone 20 (200 mg) was heated with 
polyphosphoric acid for 25 min a t  120". After the usual 
work-up only a polymeric substance was recovered de- 
void of carbonyl stretching (i.r.) having a molecular 
weight higher than 600. 

Crystallographic Studies 
Well developed prismatic crystals of 9c were obtained 

by slow evaporation from a methanol solution. Preces- 
sion photographs revealed that the crystals belonged to 
the orthorhombic system, space group Pbca. The unit cell 
dimensions were obtained at  20(1) "C by a least-squares 
refinement of the angular measurements of 12 reflections 
centered on the Picker diffractometer. The wavelength 
for the CuKa, radiation, h = 1.54056 A, was taken from 
Bearden (8). 
Crystal data. 
C22H3003 f . ~ .  = 342.48 
a = 10.254(2), b = 15.740(3), c = 24.164(4) A, V = 
3899.8 A3, D. = 1.167 g cmV3, Z = 8, F(000) = 1488 
(CuKa = 5.73 cm-I). Space group, Pbca. 

Three dimensional intensity data were collected with 
an automatic Picker diffractometer using a graphite 
monochromator and CuKa radiation with a take off angle 
of 2". Intensity data were collected by the 8-28 scan 
technique, with scan width varying from 1.70 to 2.80" 
as 8 increased. Backgrounds of 20 s were measured at 
both scan limits. The three nearly orthogonal standard 
reflections, remeasured every 30 reflections, indicated that 

- 
The standard deviation for the net intensity of a reflec- 
tion was calculated according to a(1) = [T + (t/80)2B + 
(0.03 N)2]1/2, T being the total count, B the total back- 
ground count, N the net count, and t the scanning time 
over one reflection. Of the 3128 independent reflections 
measured up to 28 = 125", only 2075 reflections (66.0%) 
were considered observed, i.e. N/o(l) > 1.96. Lorentz 
and polarization corrections were made, but since the 
crystal was of small dimensions (0.17 x 0.20 x 0.30 
mm3), no absorption correction was applied. 

Str~tcture Determir~atiori of Compound 9c 
A set of normalized structure factors \El was obtained 

after isotropic temperature factor correction. T h e  statisti- 
cal averages of the normalized structure factors, shown in 
Table 1, indicate a centrosymmetrical distribution in 
agreement with the space group determination. The signs 
of 329 reflections with IEl > 1.65 were determined using 
the MULTAN symbolic addition program of Main et al. 
(10). The E-map, calculated with the set of signs with the 
highest absolute figure of merit of 1.168 and a n  R-Karle 
value (1 1) of 0.252, revealed 17 peaks forming a bonded 
fragment constituted of two fused six-membered rings. 
There were some other relatively strong peaks visible on 
the E-map but they were not  considered since they did 
not seem to  belong to the expected structure. The  set of 
structure factors calculated with the coordinates of the 
17 "carbon" atoms and an overall temperature factor of 
3.48 A2 gave an R-value of 0.53 which decreased to 0.48 
in two cycles of isotropic refinement. A Fourier differ- 
ence map indicated peaks at the positions already 
observed in the first E-map but not taken in to  account 
then. A critical look at  the peak distribution and at the 
synthesis reactions led us t o  the conclusion that the 25 
peaks corresponded to a structure very close to  9c. In 
retrospect, these peaks were among the first 26 strongest 
peaks of the original E-map. 

Two cycles of isotropic refinement of the coordinates 
of 25 heavy atoms gave an R-factor of 0.186. The three 
oxygen atoms were identified from the behavior of their 
temperature factors. Two more cycles with anisotropic 
temperature factors decreased R to 0.143. 

Seventeen hydrogen atoms were located on a Fourier 
difference map computed at  this stage. When these atoms 
were included in the refinement, the R factor dropped in 
four cycles to 0.080. A succession of Fourier difference 
maps and structure factor calculations finally yielded 
most of the H atoms. For each of the three methyl groups 
C(20), C(21), and C(22), (see Fig. 2 for numbering) only 
one hydrogen could be found; the positions of  the two 
others were calculated assuming sp3 geometry and a 
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TABLE 2. Positional and thermal parameters of the heavy atoms in olefin 9c* 
-- -- 

Atom X Y Z UI I U 2  2  u3 3 u 1 2  UI 3 u 2  3 

28695(13) 3281 l(7) 13 167(5) 576(9) 284(7) 639(8) 323) 38(3) 53(3) 
O(') o(2) 17853(13) 65508(7) 10564(5) 664(9) 276(7) 659(9) 41(3) -79(4) -0(3) 
O(3) - 25993(14) 32733(9) 18499(5) 706(10) 823(11) 453(8) - 118(4) 41(4) -11(4) 

(31) 30385(17) 38939(11) 10188(7) 364(11) 283(10) 394(10) 5(4) -4(4) - 15(4) 
41897(19) 39551(12) 6345(8) 437(12) 358(11) 627(14) 47(5) 68(5) - l(5) 

C(2) c(3) 50503(19) 47108(13) 8073(8) 337(11) 536(13) 61 l(14) 7(5) 69(5) 24(5) 

c(4) 43090(18) 55353(12) 8992(8) 358(12) 377(11) 51 l(12) - 19(5) 16(5) lO(5) 
c(5) 31554(17) 53607(10) 12874(7) 319(11) 282( 9) 351(10) 3(4) - 20(4) 8(4) 
C(6) 24465(19) 61413(11) 15041(7) 378(11) 314(10) 508(12) O(5) -38(5) - 36(4) 

c(7) 15281(19) 58766(12) 19578(8) 396(11) 450(12) 490(12) 33(5) - 16(5) - 80(5) 
C(8) 7458(18) 50833(12) 18420(7) 342(11) 435(12) 387(11) lO(5) 13(4) - 16(5) 
c(9) 10081(18) 45569(10) 14265(7) 297(10) 293(10) 361(10) 9(4) O(4) 14(4) 

C(10) 21801(17) 46910(10) 10487(6) 313(10) 221( 8) 328(10) 3(4) l(4) o(4) 
c(11) 1123(18) 38160(11) 12839(7) 327(11) 357(10) 428(11) - 25(4) 13(4) 9(4) 
C(12) - 12103(18) 40940(12) 10378(7) 369(12) 404(11) 517(12) - 15(5) -27(5) 12(5) 

C(13) -20840(17) 33488(11) 9095(7) 291(10) 347(11) 483(12) O(4) -7(4) -0(4) 
C(14) - 22450(19) 30460(12) 3774(7) 438(12) 454(12) 466(12) 5(5) 21(5) l(5) 
C(15) - 30434(19) 23629(13) 2571 (8) 510(13) 477(13) 601 (13) - l(6) -20(6) - 70(5) 

C(16) - 36875(19) 19639(13) 6786(9) 401(13) 417(12) 847(16) - 38(5) lO(6) - 58(6) 
C(17) - 3551 5(19) 22434(13) 12179(8) 361(12) 514(13) 641 (14) - 38(5) 33(5) 39(6) 
C(18) -27645(18) 29371(12) 13329(7) 338(11) 434(11) 495(12) - 12(5) 3(5) -6(5) 

C(19) 16698(18) 49024(11) 4609(7) 406(11) 326(11) 394(11) O(5) -5(5) 12(4) 
C(20) 52329(22) 62164(15) 11251(10) 499(14) 642(15) 947(19) - 138(6) 38(7) - 1 l(7) 
C(21) - 3534(22) 49539(16) 22443(9) 586(16) 961(20) 571(14) - 62(7) 114(6) -90(7) 

C(22) - 331 56(29) 291 57(19) 22963(10) 1299(25) 1093(23) 586(16) - 129(11) l09(9) 22(8) 
-- 

'The coordinates are in fractions of unit cell edges x lo5. The thermal parameters are given x 10'. The standard deviations refer to the least 
significant digits. The temperature factor is of the form T = exp(-2nZ(U, ,hZ - A*= + ... + 2UL2/rkA*B* + ... ). 

FIG. 1. Stereoscopic pair of drawing showing the molecule. 
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TABLE 3. Positional and thermal parameters of 
the hydrogen atoms in olefin 9c* 

Atom X Y Z UUSO, 
I 

H(2 1) 3866(18) 4037(11) 233(7) 625(61) 
H(22) 4641(14) 3405(10) 652(6) 404(50) 

I H(31) 5523(16) 4570(10) 1175(6) 449(53) 
H(32) 5744(15) 4777(10) 538(6) 386(50) 

3949(15) 5751(10) 543(6) 413(53) 
H(41) H(51) 3541(15) 5068(9) 1631(6) 294(46) 
H(61) 3141(14) 6552(10) 1658(6) 351(47) 
H(71) 2035(15) 5768(9) 2316(6) 403(51) 
~ ( 7 2 )  921(15) 6360(10) 2040(6) 486(54) 
H(111) 552(14) 3424(9) 988(6) 333(47) 
H(112) - 64(15) 3455(10) 1610(6) 413(51) 
H(121) - 1035(16) 4424(10) 695(6) 439(53) 
H(122) - 1658(17) 4516(10) 1314(6) 549(58) 
H(141) - 1758(16) 3304(11) 84(6) 562(58) 
H(151) - 3150(17) 2187(12) - 143(7) 696(65) 
H(161) -4279(17) 1493(11) 615(7) 623(62) 
H(171) - 401 l(17) 1975(10) 1504(6) 505(55) 
H(191) 1063(15) 5354(10) 483(6) 402(50) 
H(192) 1192(15) 4400(10) 300(6) 424(52) 
H(193) 2369(17) 5060(10) 200(6) 424(51) 

I H(201) 6027(19) 6221(13) 897(8) 836(73) 
I H(202) 4831(21) 6855(14) 1 119(8) 1040(85) 

H(203) 5536(21) 6026(13) 1507(9) 1041 (85) 
H(211) - 858(19) 4395(13) 2209(7) 833(76) 
H(212) - 1030(24) 5331(16) 2168(9) 1246(96) 
H(213) -71(24) 5085(14) 2618(10) 1182(91) 
H(221) - 3089(22) 2315(15) 2320(9) 1356(91) 
H(222) - 4229(24) 2948(17) 2207(9) 1457(97) 
H(223) - 2994(22) 3217(15) 2620(10) 1394(93) 
OH(1) 1648(23) 7079(15) 1 150(8) 1 106(90) 

*Thecoord~nates are in fract~ons of  unit cell edges x 10'. T h e  thermal 
parameters are glven x lo1. The standard deviations refer to  the least 
significant dlg~ts .  The temperature factor is of the form 

T =- exp(-8rrZUIsB sinZO/hZ). 

C-H bond distance of 1.00 A. When all atomic co- 
ordinates and temperature factors were allowed to vary, 
R decreased to 0.067. This value is for observed reflec- 
tions only, each having unit weight. In three more cycles, 
using weights w = l/02(F) and reduced parameter shifts, 
R decreased to 0.048 and R, was found to be 0.038. For 

all measured reflections R = 0.081 and R, = 0.042. The 
overall standard deviation o(F) = [ZHwHAFZ/(n - rn)]1'2, 
where n is the number of reflections and 172 the number of 
parameters, was 1.38 at the end of the refinement and the 
final secondary extinction parameter g was 0.288(6) x 

A final difference electron density map showed no 
significant residual density, the maximum density being 
0.17 e/A3, the minimum -0.21 e/A3. 

The scattering factors for the heavy atoms were those 
of Cromer and Waber (12) and those of Stewart el al. (13) 
for H. The programs used in this work were the NRC set 
of crystallographic programs of Ahmed el al. (14) and 
NUCLS, originally ORFLS, modified by Doedens and 
I bers. 

Results and Discussion3 

The atomic coordinates, the vibrational pa- 
rameters and their standard deviations are listed 
in Table 2 for the heavy atoms and in Table 3 for 
the hydrogen atoms. The molecular structure is 
represented by the pair of stereoscopic drawings 
in Fig. 1. 

The two steroid rings are trans fused and the 
C(20) and C(21) methyl groups are in equatorial 
positions while the C(19) methyl and O(2) hydro- 
gen are attached in axial positions. 

Bond Distances and Angles 
The interatomic distances and angles between 

nonhydrogen atoms are summarized in Figs. 2a 
and b respectively. The distances and angles, 
calculated from the final refined coordinates, are 
not corrected for thermal motion. The estimated 
standard deviations have been doubled to allow 
for the block-diagonal approximation; they are 
of the order of 0.006 A and 0.4" for the distances 
and angles respectively, for non-hydrogen atoms. 

The average distances in the molecule are 
compared below with the value given by Sutton 
(15). 

Average distance Sutton's values 
Bond type Number (A) (A) 

C(~P~)-C(~P') 9 1.534 1.537(5) 
C(SP~)--~(SP') 7 1.515 1 .506(5) 
C(s~'&C(sp') 6 1.383 1.394(5) 

(benzene) 
C(~P')--C(~P~) 1 1.329 1.335(5) 
C(sp2)=0 1 1.216 1 .215(5) 
C(sp2)-0-CH3 1 1.367 1.358(5) 
C(sp3)-0- 2 1.426 1.426(5) 

Some of the bond distances of the C(sp3)- 
3The structure factor table is available, a t  a nominal C(sp3) type (C(5)-C(10) = C(6)-C(7) = charge, from the Depository of Unpublished Data, 

1.504, C(10)-C(19) = 1.550 A) deviate by more National Science Library, National Research Council of 
than 3 standard deviations from the average Canada, Ottawa, Canada K I A  OS2. 

I 
I 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1132 C A N .  J .  C H E M .  VOL. 51, 1974 

FIG. 2. (a) Bond distances. (b) Bond angles. 

TABLE 4. Comparison of bond distances 
in a number of steroids 

C(5)-C(l0) C(l0)-C(l9) C(l0)-C(9) 
(A) (A) (A) Reference 

1 .563(6) 1.550(6) 1.524(6)* This work 
1 .567(8) 1 .546(8) 1 .559(8) 16 
1.562(11) 1.550(11) 1 .567(11) 16 
1 .546(9) 1 .557(9) 1 .553(9) 17 
1.520(6)* 1 .562(6) 1 .562(6) 18 
1 .525(5)* 1 .564(5) 1 .566(5) 19 
1 .526(5)* 1 .553(6) 1.571(6) 20 

*One o f  the atoms o f  the bond is o f  the C(sp2) type. 

value quoted by Sutton. The C(9)-C(10) bond, 
of the C(sp2)-C(sp3) type, is also longer than 
expected. Such a lengthening of the bonds 
around C(10) has already been observed in a 
number of steroids. For comparison purpose 
some of these values are presented in Table 4. 

The average bond angle around C(sp3) atoms 
is 11 1.2"; the individual angles vary in the range 
101.6-1 1 5.7". The average bond angles around 

TABLE 5. Torsion angles* in the steroid part 
of the molecule 

Ring A Ring B 

Bond B(M-N) Bond 0(M-N) 

*O(M-N) is the torsion angle L-M-N-P, when the two other 
atoms L and Pare in the ring in question. 

C(sp2) atoms is 120.0" with a range of 113.0- 
124.0". 

The distances and angles for bonds involving 
hydrogen atoms have also been calculated. The 
standard deviations are estimated to be 0.06 A 
for the C-H distances for the  C(20), C(21), 
C(22) methyl groups, and O(2)-H, and 0.04 A 
for all the other C-H bond distances. A sum- 
mary of the distances involving hydrogen atoms 
is shown below. 

Average distance Extreme distances 
Bond type Number (A) (4 
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TABLE 6. Mean planes 
-- 

Plane I Plane I1 

Atom Deviation Atom Deviation Atom Deviation 

Equations for least-squares planes* 
Plane1 0 .3892X-  0 .0446Y-  0 .92012+ 3.0835 = 0 
Plane I1 -0.7736X + 0.6187Y - 0.13692 - 4.6165 = 0 

*The planes are in the form / X  + nr Y + nZ - p = 0, where X. Y, Z and p are in A units. The 
X, Y and Z axes are parallel to the a, b, and c axes, respectively. 

tAtorns not included in the least-squares plane calculation. 

FIG. 3. Molecular packing projected on (001) showing the hydrogen bonding of the molecules. 

Torsional Angles 
Some of the torsional angles calculated for 

the steroid part of the molecule are listed in 
, Table 5. In ring A (atoms C(1) through C(5) and 

C(10)) the average absolute value of the torsional 
angles, 57.3", remains close to the expected value 

I 
for the symmetrically staggered configuration. 

, The distortion due to the double bond between 
C(l) and O(1) is reflected in 0(2,3) and 0(3,4) 

I while 0(1,2) and O(1,IO) are seemingly not 
I 

affected. In ring B (atoms C(5) through C(I0)) 
the double bond at C(8)-C(9), which causes the 

, torsional angle 0(8,9) to assume nearly an eclipsed 
i configuration, also affects very significantly 
, 0(7,8) and 0(9,10). 

The C(19) and (C20) methyl groups deviate by 

an average of 16 and 20°, respectively, from the 
staggered configuration. 

Mean Planes 
As can be observed in Table 6, the methoxy 

phenyl group is very nearly planar (Plane 1). 
The hydrogen atoms are slightly farther away 
from this ring mainly because of more important 
errors in the determination of their coordinates. 
It is interesting to note that H(221) and H(222) 
of the C(22) methyl group are located o n  either 
side of Plane I although not exactly equidistant 
from the plane since (C22) is off by about 0.1 A. 
H(223) is itself in Plane I, pointing away from 
H(171) to reduce H-H interaction. 

The four carbon atoms making up Plane I1 
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form a planar zigzag chain as found in poly- 
ethylene with hydrogen atoms symmetrically 
placed on either side of the chain. 

Molecular Packing 
The molecular packing projected on (001) is 

shown in Fig. 3. None of the carbon-carbon or 
carbon-oxygen contacts is shorter than 3.30 A. 
However there is one short 0-0 contact at 
2.817(6) A. The oxygen atoms involved are O(1) 
in the symmetry position (XYZ) and O(2) in the 
position (f - X, f + Y, Z). The O(1) . . . H- 
(OH 1) distance is 2.00(5) A and the O(1) . . . 
H(OH 1)-O(2) angle is 154.8". 

In the solid state the molecules are held to- 
gether in chains by hydrogen bonding. 
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Spectra and Decay of Trichloromethyl Radicals in Aqueous Solution 
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Frnr1c.e 

Received November 15, 1973 

Trichloromethyl radicals (h,,, < 230 nm, E,,, ., = 2300 f 450 M- '  cm-I) are formed by 
the pulse radiolysis of aqueous carbon tetrachloride solutions. At concentrations of the order 
of M and p H  5.5-12.4, CC13 disappears by a second-order process with 2k = (7.4 + 1.8) 
x lo8 M - I  s-I and without detectable hydrolysis. Both CCI, and CHCI, are believed to be  
formed by the pulse radiolysis of aqueous chloroform solutions but at wavelengths greater than 
230 nm only absorption attributable to CCI, was observed. 

Les radicaux trichloromtthyles (h,,, < 230 nm, E , , ~  nm = 2300 f 450 M-I  cm-I) sont 
formes par la radiolyse a impulsion des solutions aqueuses de tttrachlorure de carbone. A des 
concentrations de I'ordre de M et de pH 5.5-12.4, CCI3 disparait par un procedt d u  
second ordre avec 2k = (7.4 + 1.8) x 108 M - '  s-' , et sans hydrolyse dtcelable. On considere 
que ces deux produits CCI3 et CHCI, sont formts par la radiolyse a impulsion de solutions 
aqueuses de chloroforme, mais a des longueurs d'onde superieures A 230 nm, seule une absorp- 
tion attribuable au  CCI3 est observte. [Traduit par le journal] 

Can. J .  Chern., 52, 1135 (1974) 

The reactions of photochemically produced 
trichloromethyl radicals have been studied ex- 
tensively in the gas phase (1) and, to a lesser extent, 
in organic solvents but have received little atten- 
tion in aqueous media, where hydrolysis may be 
one of the processes involved. Trichloromethyl 
radicals can be produced in aqueous solution by 
the radiolysis of carbon tetrachloride solutions 
(2), taking advantage of the efficient reaction be- 
tween aliphatic chlorine compounds and hydrated 
electrons (3), 

Dichloromethyl radicals will be formed via the 
corresponding reaction with chloroform, 

[2] e,,- + CHCI, -> CHCI, + C1- 
k ,  = 3.0 x loL0 M-I  s-' (4) 

The present paper describes the pulse radiolysis 
of aqueous carbon tetrachloride solutions and re- 
ports absorption in the 230-280 nm region which 
is attributed to CCI,. The decay of the absorbing 
species from 2 to 90 ps after the pulse is consistent 
with CCI, dimerization without hydrolysis. Pulse 
radiolysis of aqueous chloroform solutions ap- 
pears to  produce the same absorbing species, 
which decays by a second-order process but more 

'On leave from the Department of Chemistry and 
Chemical Engineering, University of Saskatchewan, 
Saskatoon, Saskatchewan, 1972-1973. 

rapidly than when formed by the radiolysis of 
CCI, solutions. 

Experimental 
Saturated solutions were prepared by shaking reagent 

grade carbon tetrachloride (Prolabo) or chloroform 
(Merck) with triple-distilled water (discarding the first 
five washings) and were purged with argon saturated with 
the solute and water vapor. Solutions were irradiated as 
described previously (5) in 2.5 or 5 mm thick silica cells 
(optical path length, 2.5 cm) by 12 ns pulses of 1.8 MeV 
electrons from a modified (6) Febetron 707. The system 
included a Zeiss M4 QIII prism monochromator for 
which the scattered light a t  230-300nm was less than 0.1% 
(makers specification, confirmed by experiment). At 230 
nm with a slit width of 0.9 mm (the largest used) the 
bandwidth of the monochromator was 2.3 nm. Absorbed 
dose (5-100 krad per pulse) was estimated using 0.1 M 
potassium ferrocyanide solutions saturated with nitrous 
oxide taking E = 600 M - '  cm-I at 440 nm (7) and G = 
5.5 (8) for ferricyanide. 

Results 
Absorption spectra of transient species present 

in 5 x lo-, M CCl, solutions (initial pH 5.5) 
-30 ns (curve A )  and 2 ps (curve B) after an 
electron pulse are plotted in Fig. 1. The absorp- 
tion spectrum of hydroxyl radicals (9) formed 
during the pulse (Go, = 2.75), assuming that 
none have disappeared by subsequent reaction, is 
also shown. Transitory absorption which decayed 
with a half-life of less than 10 ns was observed at 
550 nm and attributed to  the hydrated electron 
but no longer-lived absorption was found at 
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FIG. 1 .  Transient spectra in 5 x M aqueous 
CC14 solution; initial pH5.5,  100 krad/pulse. Curve A, 
at -30 ns; curve B at 2 MS. Curve C, predicted absorption 
of 2.85 x M OH (9). 

wavelengths above 350 nm. The absorption at 
230-250 nm decayed rapidly during the first 1-2 
ps following the pulse (Fig. 2a), then more slowly 
by a second-order process (Fig. 3) having 2 k l ~  = 
3.2 x 10' cm s-  ' at 230 I nm. 

An extinction coefficient of 2300 f 450 M-' 
cm-' at 230 f 1 nm was estimated for the longer 
lived transient in a separate series of experiments 
in which the absorbed dose for each pulse was 
monitored using a Faraday cup coupled with a 
capacitive shunt and placed immediately behind 
the silica irradiation cell; the value of the shunt 
was calibrated in terms of absorbed dose using 
the ferrocyanide dosimeter. This system was not 
available for the experiments depicted in Figs. 1 
and 4, for which a mean absorbed dose was de- 
termined by dosimetry before and after a series of 
runs with CCI, or CHCl, solutions. In calculat- 
ing the extinction coefficient it was assumed that 
the initial absorption was due to OH and a 
longer-lived transient formed with G values of 
2.75 and 2.7, respectively (I 0). Small corrections 
were made to these G values to allow for radical 
reactions occurring during the first 30 ns follow- 

ing the pulse; calculations were carried out with 
a Hewlett-Packard 9100B calculator equipped 
with a 9101A Extended Memory and were based 
on a mechanism made up of reaction 1 and re- 
actions 3-6. 

[3] e,,- + OH + OH- 
k3 = 3.0 x 10IOM-' S-' (3) 

[6] OH + CCI, + Products 
k6 = 2 x lo9 M-' s-' (estimated below) 

The mechanism includes only the more impor- 
tant reactions influencing the G values but is 
adequate since the corrections are  small, e.g. ,  
for a 20 krad electron pulse (the median dose in 
this set of experiments), G(OH),, ., = 2.70 and 
G(e,,- + CCI,),, ., = 2.64. A small correction 
was made for absorption due to  hydrogen per- 
oxide formed during (G = 0.7) and after the 
pulse. 

If it is assumed that curve B of Fig. 1 relates 
to a single species with E = 2300 f 450 M-' 
cm-' at 230 nm, the mean rate constant for the 
slower decay measured from 230 to 245 nm 
(pH 5.5) is 2k = (7.4 f 1.8) x 10' M-'  s-' in- 
dependent of wavelength. 

Data for 7 x lo-' M CHC1, solutions (ini- 
tial pH 5.3) are plotted in Fig. 4. With these 
solutions the absorption observed in the 230-250 
nm region decayed in an essentially uniform, 
second order, manner (Fig. 2b) without the more 
rapid initial decay found with CCI, solutions 
(Fig. 2a); at 230 nm, the slope of a second-order 
decay plot (corresponding to 2 k l ~  for a single 
species) was 6 x I O5 cm S- '. 

Discussion 
The initial absorption in the 230-300 nm re- 

gion for CCI, solutions (Fig. 1, curve A) is at- 
tributed to CC1, formed by reaction 1 and OH 
produced during the pulse. The latter disappear 
largely by reaction 5, whose rate constant sets a 
maximum half-life of -600 ns for OH in the 
present system, although this will be reduced by 
the occurrence of other hydroxyl radical reac- 
tions, e.g., 3 and 6. Additional CCI, will be pro- 
duced if hydrogen atoms produced by irradiation 
abstract chlorine from CCl,, 

[71 H + CCI4 + CCI3 + HCl 
k, = 4.8 x 10, M-I S-I  (12) 
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FIG. 2. Transient absorption produced in (a)  5 x M aqueous CCI,, (b) 7 x 10-2 M aqueous CHCI, solution 
by electron irradiation (initial p H  5.3-5.5, -100 krad/pulse, 230 nrn, 20 rnV per vertical division, 2 ps per horizontal 
division). 

FIG. 3. Second-order decay plot for the longer-lived 
transient produced by electron irradiation of aqueous 
CCI, solutions (230 nrn). 

However, the relatively low rate constant for 
reaction 7 and the lower optical densities which 
we observe at pH 1.1 (Table l), where 90x of the 
hydrated electrons are converted to H by reaction 
with H 3 0 + ,  suggest that only a small proportion 
(< 5 7 9  of the hydrogen atoms formed react with 
CCI,. The remainder probably dimerize or react 
with the relatively high concentration of OH 
present, 

Thus, apart from a small contribution from hy- 
drogen peroxide amounting to 2-4% of the total 
absorption, curve B of Fig. 1 is believed to repre- 
sent the absorption spectrum of CCl, in water. 

In aqueous solution CCl, might be expected 
to undergo hydrolysis in a similar manner to 
CFCl,, CF,Cl, and CF, (13, 14). However, it 

 WAVELENGTH(^^) 

FIG. 4. Transient spectra in 7 x lo-' M aqueous 
CHCI, solution; initial p H  5.3, LOO krad/pulse. Curve A ,  
at -30 ns; curve Bat  2 ps. Curve C,  predicted absorption 
of 2.85 x lo-, M OH (9). 
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TABLE 1. Effect of pH on the pulse 
radiolysis of CCll solutions* 

Mean optical densityt 
Initial Mean 2k l~ t  

PH -30 ns 2 ps (cm-Is-') 

VOL. 52,  1974 

and acid solutions; the rate of decay is that found 
after 2 ps at lower pH and attributed to CCl, 
dimerization. The range of pH in which the opti- 
cal density increases is that in which reaction 11 
becomes significant, 

' 5  x 10-3 M CCI,, p H  adjusted with Ba(OH), or HCIO.,; 
100 krad/pulse. 

t230 nm. Values are the mean for three determinations except 
for those at p H  5.5, which are the mean for 14 experiments. 

appears that CCl, disappears predominantly by 
combination under our conditions (radical con- 
centration -2 x M)  since the decay fol- 
lows closely a second-order law (e.g. Fig. 3). The 
second-order rate constant, (7.4 + 1.8) x 10' 
M- '  s-', is of the same order of magnitude as 
values determined by the rotating sector tech- 
nique for the dimerization of CCl, in organic 
media which range from (0.5-14) x lo7 (15) to 
(- 1-3) x lo9 M - '  s-' (16). The rate constant 
for reaction 9 (13) must be less than 5 x 10, s-' 
or our second-order decay plots (e.g. Fig. 3) 
would show a significant deviation from linearity. 

[91 CCI, + H,O -t CC120H + H* + Cl- 

An upper limit of - 10, M -' s- ' is established 
for klO by the observation that CCl, decay at pH 
11.8-12.4 (Table 1) is second order with, within 
experimental limits, the same rate constant as at 
pH 5.5. 

[lo] CCI, + OH- + CCI,OH + C1- 

The order of magnitude of k, is estimated to be 
-2 x lo9 M -  ' s- ' from the decrease in absorp- 
tion at 230 nm between 30 ns and 2 ps after the 
electron pulse, i.e. from the difference between 
curves A and B of Fig. 1. In making the estimate 
it is assumed that all OH will have reacted in 2 ps 
and that CCl, will have reacted in part by re- 
action 6 and by dimerization (2k = 7.4 x 10' 
M-1 s - l  1. 

At high pH, an increase was observed in the 
optical density 2 ps after the pulse (Table 1) 
which is too great to be due entirely to scaveng- 
ing reactions in the spurs. Furthermore, the de- 
cay of absorption is essentially uniform (as in 
Fig. 26) and cannot be broken down into faster 
and slower components as is the case in neutral 

and the increased absorption may be due to 0- 
(hm,,240nm with E = 240 M- '  cm-'(18)), which 
decays more slowly (2k = 9 x 10' M- '  s- l )  
(1 1) than OH or, possibly, to the formation of 
additional CCl, by, 

A reaction of this type has been proposed to ac- 
count for an increase in the yield of C1- + 
OCI- from aqueous chloroform solutions irradi- 
ated at high pH (19). 

Aqueous chloroform solutions were examined 
in the expectation, based on published rate con- 
stants for reactions 2 and 13, that the initial 
absorption spectrum obtained upon pulse radiol- 
ysis would be due to OH and CHCI,. However 

the spectra observed strongly suggest that k13 has 
a higher value than reported, probably above 
10' M- '  s-', since the initial absorption be- 
tween 240-300 nm (Fig. 4, curve A )  is lower than 
expected if most of the OH have not yet reacted, 
and since the rapid decay associated with reac- 
tions such as 5 and 8 is absent. Within experi- 
mental limits, the absorption spectra (Fig. 4) are 
identical with that found after 2 ps with CCl, 
solutions and attributed to CCl,, although the 
rate of decay is about 1.9 times as great as in 
CCl, solution. These observations are most 
readily explained if reactions 2 and 13 are both 
essentially complete within 30 ns, giving a mix- 
ture of CHCl, and CCl,, and if CHCl, absorbs 
only weakly between 230 and 280 nm (the CCl, 
formed would be sufficient to account for the 
absorption observed). Decay of CCl, would be 
more rapid than in CCl, solution, although still 
second order, because of the additional possibil- 
ity of reaction with CHCl, present in approxi- 
mately equal concentration. 
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Structure cristalline et moleculaire du cyclopentadienyle-carbonyle- 
bistriphenylphosphine-mangankse (benzenate), M n C s H s C O [ P ( c 6 H s ) 3 ] 2  ' C 6 H 6  

CLAUDE BARBEAU ET RAM JANAM DUBEY 
Diparrrr~lerlt cic Cllituie, Ulliversitl Lovnl, (L~~ibec., Q~r ibec  

R e p  le 30 aofit, 1973 

La structure cristalline et moleculaire du cyclopentadienyle-carbonyle-bistriphCnylphosphine- 
manganese (benzenate), MnC5H,CO[P(C6H5)3]z~C6H6, aCtC obtenue apres analyse de donnees 
tridimensionnelles de rayons X recueillies sur films de charnbre de precession. Les cristaux rec- 
tangulaires rouges sont tricliniques, groupe d'espace Pi, avec les parametres de la rnaille unitaire 
a = 9.83(2) A, b = 14.79(1) A, c = 11.36(2) A, a = 69.44(8)", = 66.48(8)", y = 67.57(10)", 
et z = 2. Le facteur de disaccord final est 0.087 pour 4554 reflexions independantes utiliskes 
dans I'affinement par moindres carrts. La structure consiste en des molCcules individuelles de 
MnC5H5cO[P(C6H5),],. La distance Mn-Cc5,,,est de 2.16(1) A. Le coordinat CO(Mn-C: 
1.748(9) A, C-0: 1.172(11) A) se situe perpendtculairernent au plan des phosphores et du 
manganese. 

La caractiristique importante est I'angle P-Mn-P de 104(1)" (Mn-P: 2.237(3) A). L'ouver- 
ture angulaire de 14" est vue cornrne une consequence d'une repulsion electrostatique entre les 
deux atornes donneurs P. 

The crystal and molecular structure of cyclopentadienylcarbonyl-bis(triphenylphosphine)- 
manganese(benzenate), MnC5H5CO[P(C6H,),12.C6H6, has been obtained from analysis of 
three dimensional X-ray data obtained with a precession camera. The  red, rectangular crystals 
are triclinic, space group PI ,  and have a unit cell with the following parameters: a = 9.83(2) A, 
b = 14.79(1) A, c = 11.36(2) A, a = 69.44(8)", J3 = 66.48(8)", y = 67.57(10)", and z = 2. The 
final residual factor is 0.087 for the 4554 independent reflections used in the least squares refine- 
ment. The structure consists of individual molecules of Mn(C5H5)CO[P(C6H5)3]2. The distance 
Mn-Cc5,, is 2.16(1) A. The coordinate CO (Mn-C: 1.748(9) A, C-0: 1.172(11) A)  is per- 
pendicular to the plane of the phosphorous and manganese atoms. 

The important characteristic is the angle P-Mn-P of 104(1)" (Mn-P: 2.237(3) A). The 
angular opening of 14" is considered to be a consequence of an electrostatic repulsion between 
the two donor P atoms. [Journal translation] 

Can. J. Chern., 52, 1140 (1974) 

Introduction 

Lors de l'ttude structurale du compost 
MnC,H,(CO),P(C,H,)3 (I), nous avons cons- 
tat6 que les parametres atomiques communs de 
MnC,H,(CO), (2) et du monosubstitut avaient 
subi tres peu de changements. Pour faire suite B 
cette premiere etude, nous prtsentons la struc- 
ture cristalline et moltculaire du compost bisubs- 
titut MnC,H,CO[P(C,H,),], dont les caracttris- 
tiques tel que stabilite, moment dipolaire et frt- 
quences vibrationnelles (3) sont difftrentes de 
celles du monosubstitut. 

Partie ExpCrimentale 
Lecornpose MnC5H5CO[P(C6H5),IZ (4) s'obtient sous 

forrne de poudre lors de  I'irradiation a 3360 A (larnpe a 
mercure) d'une solution de 1 rnrnol de MnC5H5(CO), et 
de 5 mrnol de P(C6H5), dans 70 rnl d'tthanol. Une solu- 
tion du precipite dans le benzene est soumise a une dif- 
fusion lente d'isopentane pour donner des cristaux rouges 
de  forrne rectangulaire. Le cornpose cristallise avec une 
molCcule de solvant comme I'indique I'analyse elernentaire 

(C,,l,.,c: 76.7%, C,,,,..: 76.3%) et ainsi que I'a prouv6 
l'elucidation de la structure. Donnees cristallines: 

C42H35MnOP~.C6H6 rn.rn. 750.4 
Triclinique Pi, a = 9.83(2), b = 14.79(1), c = 11.36(2) A ;  
a = 69.44(8), P = 66.48(8), y = 67.57(10)".' p = 4.6 
cm-I,  V =  1923A3, p , =  1.25(1), z =  2, p, = 1.29 
(20 "C, MoKti, Ir. = 0.71069 A). 

La rnesure de la densit6 s'est faite selon la mCthode de  
flottaison dans un melange iodobutane-methanol. Les 
pararnetres cristallins ont etC rnesures sur trois cliches de  
niveau zero obtenus avec I'aide d'unecharnbrea precession 
de  Buerger (apres calibrage avec un cristal de chlorure de  
sodium). Le compose se dksintegrant rapidernent sous les 
rayons X, nous avons utilisi, en rnoyenne, un cristal par 
stratettudiee. Trois temps d'exposition (0.5,4 et 8 h) pour 
chacune des trente-deux strates (4 le long de a, 6 le long 
de b, 6 le long de c, 6 le long de [011], 9 le long de [Oi I] et 
[012]) ont permis d e  recueillir plus de 18 000 intensitts. La 
mesure des intensites s'est faite a I'aide d'un rnicroden- 
sitornetredu type Wooster Mark 1V. LescristauxernployCs, 

'Les dimensions de  la rnaille reduite selon Delaunay (5) 
sont: a = 9.83A, b = 14.97A, c = 15.12A, a = 97.18, 

= 103.08 et y = 112.43". 
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ayantcomme dimension moyenne 0.4 X 0.3 x 0.2 mm et Les facteurs de diffusion atomique utillsts 
le coefficient d'absorption lineaire p Ctant inferieur a prOviennent de la 8. L~~ coordonn~es et les 
5 cm-', seules les corrections rksultant des facteurs de 
Lorentz et ceux de polarisation ont apportees aux facteurs d'agitation thermique affints sont prt- 
intensites mesurees. La mise sur echelle commune a kt6 sent& dans le Tableau 1. La liste des facteurs de 

~~~ 

rkalisee selon la methode de Hamilton, Rollet, et Sparks 
(6). Des7723 reflexionsindependantes obtenues, 4568 pos- 
stdaient une intensitk mesurable. Les calculs ont kt6 effec- 
tues sur ordinateur IBM 360150 a I'aide des programmes 
du systeme X-RAY-70 de Stewart, Kundell et Baldwin (7) 
en employant exclusivement les reflexions observkes. 

DCterrnination de la structure 
Apres avoir localist la position de I'atome de 

manganese gr2ce a la fonction tridimensionnelle 
de Patterson, deux syntheses de Fourier ont 
t t t  suffisantes pour mettre en tvidence le reste 
de la moltcule (indice rtsiduel R = x((FoI - 
lFc l l /x lFo l  = 0.35). 

L'affinement des parametres atomiques et des 
coefficients d'agitation thermique s'est effectut 
selon la mtthode des moindres carres (matrice 
complite). La quantitt minimiste est la suivante: 
S = xw(lFoJ - lFlc)2. L'indice rtsiduel R a t t t  
ament 0.134 en quatre cycles d'affinement avec 
des poids w unitaires et des coefficients de tem- 
ptrature isotropes. Le poids arbitraire w a t t t  
d b  lors exprimt en termes de o (w = 110') selon 
I'expression o = 0.1 15 Fo + 1.063 + 3.000/F0. 
L'attribution de ce nouveau poids A chaque 
rtflexion observte n'a apportt aucun changement 
au facteur de dtsaccord R. A ce stade, une 
synthese de Fourier-difftrence a fait apparaitre 
six pics de densitt variant entre 2.0 et 2.7 e/A3 et 
formant un hexagone rtgulier. L'affinement du 
nombre de moltcules de benzene en la position 
de I'hexagone a donnt 0.75 moltcule et a ament 
R a 0.098. Une deuxieme synthese de Fourier- 
difftrence a montrt un autre hexagone rCgulier 
(p = I .2 e/A3) tris voisin du premier. Un nouvel 
affinement du degrt d'occupation a donnt 0.25 
moltcule en cette position et un facteur rtsiduel 
de 0.092. Apres le rejet des 14 rtflexions observtes 
qui presentaient un tcart IFo/ - JFcJ suptrieur ?I 
30, deux cycles d'affinement en isotropie thermi- 
que pour les carbones des groupements phtnyles 
et de la moltcule incluse C6H6 et en anisotropie 
thermique pour les dix autres atomes non-hy- 
drogene, ont amen& le facteur de dtsaccord ?I 
0.087 et 0.087. Les coefficients d'agitation thermi- 
que et les coordonntes atomiques n'ont pas t t t  
modifits par plus de O.lo lors de ces deux der- 
nieres itbrations. Une synthbe de Fourier- 
difference n'a rtvtlC aucun pic suptrieur a 0.76 
e/A3. 

structure observts et calcults a t t t  verste au 
dep6t des donntes n ~ n ~ u b l i k e s . ~  

Description de la structure 

La Fig. 1 schtmatise la disposition des molB 
cules dans la maille. Les moltcules d u  solvant 
occupent I'espace libre. Dans les deux positions 
prtftrentielles t ra~tes ,  la distance minimale entre 
un atome de benzene et un atome du compost 
MnC5H5CO[P(C6H5)3]2 est de 3.6 A et elle 
implique deux atomes de  carbone. La plus courte 
distance intermoltculaire est de 3.5 A (C-C). 
Les deux atomes Mn sont distants de 7.5 A. 

La Fig. 2 montre les moltcules MnC5H5(CO),- 
[P(C6H5),I3-, (x = 3, 2, 1) projettes sur un plan 
parallele au cycle cyclopentaditnyle. Le Tableau 
2 contient les longueurs de liaison et les angles de 
valence et le Tableau 3 prtsente les tquations des 
plans et les distances des atomes B leur plan. 

Dans MnC5H5CO[P(C6H5)3]2 (]I), les groupe- 
ments phtnyles C et F sont parall2les I'un a 
l'autre, distants de 4 A, et presque perpendicu- 
laires au cycle C5H5. Ce cycle forme un plan 
distant de 1.77(2) A de I'atome central Mn. Les 
carbones de C5H5 presentent des coefficients 
d'agitation thermique uniformes, contrairement A 
ceux des composts MnC5H5(CO)2P(C,H5)3 (I) 
et MnC,H,(CO), (Ill) o i ~  unelibrationimportante 
du cycle confirait des valeurs d'agitation thermi- 
que anisotropes variables et tlevtes. Les distances 
Mn-CcSHs et C,5,5-C,5H5 sont cependant les 
m@mes dans les trois composts et la position du 
cycle est demeurte inchangte par rapport a C(2). 
Ce dernier aspect est conforme avec I'approche de 
Bennett et a[. (9) concernant la localisation des 
liaisons qui se forment entre le coordinat C5H5 
et un metal. 

La distance moyenne Mn-P (2.237(3) A) et 
les parametres structuraux de la triphenylphos- 
phine sont les memes dans II et 1. La distance 
intramoltculaire minimale entre un atorne de 
phosphore et un atome de carbone est de  2.9 A et 
elle se manifeste a I'intbieur du groupement 

2 0 n  peut obtenir la serie complete des tableaux a un 
prix nominal, en s'adressant au DepGt des donnies non 
publikes, Bibliotheque scientifique national, Conseil 
national de recherches du Canada, Ottawa, Canada 
KIA 0S2. 
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-- -- 

Atorne 

1. Coordonnkes atorniques ( x  lo4) et coefficients 
d'agitation therrniquet 

X Y z B(W 
-- 

3780(2) 3 137(1) 2300(1) * 
5276(3) 1891(2) 1567(2) * 
5 1 94(3) 3183(2) 3072(2) * 
2232(10) 1768(7) 3875(6) * 
2927(10) 2284(7) 3248(6) * 
3852(13) 4567(7) 1305(8) * 
2762(13) 4716(8) 2208(8) * 
1578(14) 4276(9) 2435(9) * 
1971(13) 3815(9) 1648(9) * 
3340(13) 4020(7) 0991 (7) * 
4093(12) 1591(8) 1094(7) 3 .6(2) 
2730(14) 1380(9) 1705(8) 4.5(2) 
1799(18) 1168(11) 1350(11) 5.9(3) 
2214(20) 1216(13) 0416(12) 6.7(3) 
3516(19) 1471(12) -0190(11) 6.3(3) 
4508(16) 1656(10) 01 14(9) 5.0(2) 
6186(11) 0645(7) 221 6(6) 3.0(2) 
7632(13) 0459(8) 2277(8) 3.8(2) 
8362(14) -0470(9) 2766(8) 4.3(2) 
7641(16) - 1209(11) 3200(10) 5.3(3) 
6174(18) - 1027(11) 3162(10) 5.7(3) 
5465(16) -0138(10) 2667(9) 4.9(2) 
6965(11) 2039(7) 0525(7) 3.3(2) 
7958(13) 1234(8) 0121(7) 3.7(2) 
9233(16) 1347(10) - 0645(9) 5.1(3) 
9543(15) 2272(9) - 1046(9) 4.7(2) 
8616(13) 3041(9) -0651(8) 4.1(2) 
73 15(12) 2947(7) 01 35(7) 3.3(2) 
4 130(10) 3605(7) 4 1 67(6) 2.8(1) 
4954(14) 3666(9)- 4702(8) 4.2(2) 
4168(16) 39 1 l(10) 5549(9) 5.1(3) 
2543(17) 4156(10) 5905(10) 5.3(3) 
1748(16) 41 15(10) 5412(9) 4.9(2) 
2538(13) 3821(8) 4542(8) 3.9(2) 
6548( 10) 2056(6) 3570(6) 2.7(2) 
8123(12) 1934(8) 3376(7) 3.5(2) 
9017(13) 1070(9) 3834(8) 4.0(2) 
8371(13) 0337(8) 4466(8) 3.9(2) 
6810(13) 0457(8) 4663(7) 3.8(2) 
5914(12) 1303(8) 4222(7) 3.6(2) 
6327(11) 4081(7) 2397(7) 3.0(2) 
7625(12) 3871(8) 1649(7) 3.4(2) 
8424(15) 4582(9) 1043(9) 4.5(2) 
7836(17) 5554(1 1) 1215(10) 5.6(3) 
6580(15) 5775(9) 1962(9) 4.7(2) 
5805(13) 5048(8) 2554(8) 4.0(2) 
2583(22) 7595(22) 2533(14) 6.3(4) 
1730(29) 7038(18) 3217(19) 7.6(5) 
1374(23) 7046(15) 4124(15) 7.1(4) 
1637(19) 7852(12) 4335(11) 5.8(3) 
2352(24) 8474(17) 3584(19) 7.3(4) 
2895(28) 8339(18) 2670(19) 7.5(5) 
2363(79) 7 190(48) 2806(51) 5.3(9) 
2066(35) 6706(22) 3578(22) 2.9(5) 
1728(43) 7137(28) 4401(26) 5.3(6) 
2470(55) 8039(38) 3978(35) 5.8(7) 
2663(89) 8551 (51) 3024(65) 7.5(9) 
2576(51) 8 113(42) 2457(30) 5.0(7) 
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BARBEAU E T  DUBEY: STRUCTURE DU M~CSHSCO[P(C~HS)J]~.C~H~ 

TABLEAU 1 (Conclu). 
-- - 

Atome U,, U,, u33 
-- 

u 1 2  
-- 

u 1 3  u 2  3 

Mn 25(1) 30(1) 30(1) -5(1) - ll(1) -6(1) 
P(l) 31(1) 34(1) 34(1) - lO(1) - 12(1) -7(1) 
P(2) 31(1) 31(1) 31r1) - lO(1) -9(1) -7(1) 
o(2) 53(5) 74(5) 57(5) -31(4) - 12(4) 4(4) 
c(2) 28(4) 48(5) 37(4) - 16(3) - I l(4) 1(4) 
C(4) 59(6) 34(4) 51(5) -8(4) -31(5) -6(4) 
c(5) 50(6) 36(5) 53(6) 2(4) - 16(5) -6(5) 
(76) 54(7) 53(6) 59(7) 9(5) -22(6) - 13(5) 
C(7) 40(5) 56(6) 63(7) - l(5) -28(5) -4(5) 
C(8) 52(6) 380)  49(5) - 5(4) -26(5) -4(4) 

'Le facteur de tempbrature de chacun de ces atomes est de la forme 
exp. ( -  2n2(a*21r2U,, f b*2k2Uzz f c * ~ I ~ U ? ~  + 2a*bthkUl2 + 2a*c*1tlUl3 + 
Zb*c*klUl3)) .  Chaque coeffic~ent U est mul t~p l~b  par 10'. 

tLes  &carts-types sont donnes entre parentheses. 
SAtorne de solvant en position A (7573. 
BAtome de solvant en position B ( 2 5 Z ) .  

TABLEAU 2. Distances interatomiques et angles de valence* 
-- -- 

Liaison Distance (A) Liaison Angle (deg) 

C-C : t c-c-c : t 

'Les ecarts-types sont donnbs entre parentheses. 
tValeurs extremes et  valeur rnoyenne des carbones des groupements C6H5. 
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TABLEAU 3. Plans moyens 

(a) Coefficients des equations des plans: IX + mY + nZ - p = O* 

Plan I m n P x 2  

*Le s y s t h e  orthonorme des axes de rCference comprend X le long de a, Y dans le plan ab et Z le long de c*. 

(b) Distances (A) de chacun des atomes i leur plan 

Plan A Plan B Plan C Plan D Plan E Plan F Plan G 

C(4) 0.0033 C(9) - 0.01 12 C(15) -0.0006 C(21) 0.0071 C(27) 0.0020 C(33) 0.0017 C(39) 0.0047 
C(5) -0.0063 C(10) 0.0189 C(16) -0.0045 C(22) -0.0016 C(28) 0.0100 C(34) 0.0000 C(40) -0.0026 
C(6) 0.0081 , C(l1) -0.0123 C(17) 0.0039 C(23) -0.0125 C(29) -0.0187 C(35) -0.0037 C(41) -0.0066 
C(7) -0.0050 C(12) -0.0143 C(18) 0.0058 C(24) 0.0148 C(30) 0.0047 C(36) 0.0039 C(42) 0.0179 
C(8) 0.0008 C(13) 0.0199 C(19) -0.0173 C(25) -0.0039 C(31) 0.0129 C(37) -0.0010 C(43) -0.0083 

C(14) 0.0042 C(20) 0.01 18 C(26) -0.0053 C(32) -0.0122 C(38) -0.0021 C(44) -0.0023 
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BARBEAU ET DUBEY: STRUCTURE DU M~C~HSCO[P(C~HS)~]~.C~H~ 

c1231Ac,25, 

FIG. 1 .  Disposition des molCcules dans la maille selon une projection dans le plan bc. 

P(C,H,),. Aussi, sauf pour la distance P(1)-P(2) 
qui est inftrieure de 0.3 8( A la somme des rayons 
van der Waals, aucun empechement sterique sem- 
ble resulter de la presence, en position cis, des 
deux coordinats P(C,H,),. 

La difftrence majeure entre les composts 11 et I 
apparaPt au niveau des angles de liaison impli- 
quant I'atome central et le coordinat P(C6H,),. 
Considerant trois axes orthogonaux dont le point 
commun est Mn, on constate (Fig. 2) que les 
coordinats CO se situent le long des axes, que 
P(C,H,), dans I forme la liaison Mn-P le long 
d'un axe mais que les atomes P(1) et P(2) de 11 
s'tcartent, dans le plan P-Mn-P, de 7" de la 
direction axiale. Cette ouverture angulaire pour- 
rait constituer le facteur determinant dans la 
faible stabilite du compose bisubstitue, tant en 
solution qu'i I'etat solide, comparee a la grande 
stabilitt du compose monosubstitut. La cause de 
cette ouverture d'angle ne peut resider unique- 
ment dans I'empechement sttrique du type van 
der Waals. En effet, les distances C-C des co- 
ordinats CO dans I et 111 sont inferieures de 0.7 
8( a la somme des rayons de van der Waals sans 

que I'angle C-Mn-C s'accroisse de plus de 2", 
tandis que la distance P(I)-P(2) serait, elle aussi, 
inftrieure de 0.7 A a la somme des rayons de van 
der Waals si I'angle P-Mn-P etait de 90". 

Dans les complexes donneur-accepteur, les 
liaisons ont un caractPre polaire Clevt, comme en 
font foi les moments dipolaires des composts 
derives des mttaux carbonyle (10). Les charges 
rtsiduelles porttes par les atomes donneurs de 
coordinats tel que P(C,H,), entrainent certaine- 
ment des repulsions Clectrostatiques q ~ ~ i  s'ajou- 
tent, sous la forme de forces de Keesom, aux 
rtpulsions electrostatiques normales de  van der 
Waals. La presence de dipales tlevts, resultant 
de fortes liaisons L-M, pourrait provoquer des 
rtpulsions importantes si les atomes donneurs 
sont en position cis comme c'est le cas des atomes 
P dans le compost MnC,H5CO[P(C6H,),],. 

Conclusion 
Le remplacement de groupements CO dans 

MnC,H,(CO), par P(C,H,), n'entrafne aucune 
modification importante impliquant le cycle 
C,H,. L'apparition d'une ouverture angulaire de 
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C A N .  J .  C H E M .  VOL. 52, 1974 

.,.. +., 14" dans le composi bisubstituk dans le plan 
,.,/ P-Mn-P laisse entrevoir des rtpulsions elec- 

trostatiques impliquant les atomes donneurs 
comme facteurs importants dans la stabilite du 
composC MnC,H,CO[P(C,H,),],. 

Nous sommes reconnaissants au Ministire de I'Educa- 
tion du Quebec et a u  Conseil national d e  recherches du 
Canada d'avoir supporte financierement ce projet. Les 
auteurs remercient egalement Monsieur K.S. Dichmann 
pour sa contribution aux calculs. 
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FIG. 2. Projection orthogonale dans un plan parallele 
B celui du cycle C 5 H 5  des composes MnC5H5(C0)3, 
MnC5H5(CO)2P(C6Hs)3 et M ~ C , H S C O [ P ( C ~ H S ) ~ I ~ .  
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The State of Hydrogen Desorbing from Intermediates Formed 
by Ammonia Interaction with Tungsten Surfaces 

Deprrrtinetlt of Chet?~isr,?r r111d It~srir~rrr for Mnrerirrls Reserrtcll. McMrr.cte1 Utriversiry, Hrrt7rilro11. Otzrrrrio, L8S 4MI 
I Received September 27, 1973 

Ammonia interaction with a tungsten surface can generate dense adlayers containing 
nitrogen and hydrogen, i.e. an q-species of surface stoichiometry WS,N,H. In thermal desorp- 
tion mass spectrometry experiments, hydrogen desorbing from the q-species interacts with 
the glass wall in a manner similar to that previously observed for atomic hydrogen. This paper 
describes two mass spectrometric techniques designed to confirm this conclusion directly. The  
first method uses a line-of-sight geometry between the tungsten filament and the ionization source 
of the mass spectrometer and the results indicate that, a t  least, part of the hydrogen desorbing 
from the q-species does so  atomically. In the second method a multiple wall collision geometry 
is used but prior saturation of the wall with D atoms will result in an H D +  ion current fo r  
desorbing H atoms. The results suggest that 2 6 z  of the hydrogen desorbs atomically. Hydrogen 
atom desorption from the q-species occurs a t  tungsten filament temperatures below those 
required for hydrogen atom evaporation from a pure hydrogen adlayer. It is proposed that a 
reduced binding energy for adsorbed hydrogen atoms and a reduced mobility of these adatoms 
arises from the presence of a largesurfaceconcentration of nitrogen. This will result in the rates o f  
atomic hydrogen desorption and bimolecular recombination becoming comparable at tempera- 
tures lower than is the case for pure hydrogen interaction with tungsten. The implications o f  
these results for the ammonia synthesis reaction are discussed. 

L'interaction de  I'ammoniac avec une surface de tungstene peut produire des couches adsor- 
bantes denses contenant de I'azote et de I'hydrogene c'est-a-dire ilne q-variett de stoechio- 
mCtrie de surface WS2NaH. Dans les experiences de spectrometrie de masse de desorption 
thermique, I'hydrogene disorbant du q-varietk agit sur la paroi en verre d'une maniere similaire 
a celle anterieurement observee pour I'hydrogene atomique. Cette publication decrit deux 
techniques de spectrometrie de masse concues pour confirmer directement cette conclusion. 
La premiere mCthode utilise une geomktrie a rayon visuel entre le filament de tungstene et l a  
source d'ionisation du spectrometre de masse et les rksultats montrent que, a u  moins, une partie 
de l'hydrogene qui se dCsorbe du q-varikte se fait atomiquement. Dans la seconde mCthode, une 
geometric de collision multiple sur les parois est utilisee mais une saturation prealable des parois 
avec des atomes D conduit a un courant d'ions H D +  pour les atomes H qui desorbent. Les 
resultats suggerent que 26% de I'hydrogene dCsorbe atomiquement. La desorption d'atomes 
d'hydrogene du q-variete se produit a des temperatures dl1 filament de tungstene en-dessous d e  
celles nkcessaires pour I'Cvaporation d'atomes d'hydrogene d'une pure couche adsorbante 
d'hydrogene. I1 est suggCrC qu'une energie de  liaison reduite pour les atomes d'hydrogene ad- 
sorb& et une mobilitC reduite de ces atomes adsorbes resultent de la presence d'une grande 
concentration de surfaced'azote. Ceci c o n d ~ ~ i r a  auxvitesses dedisorption d'hydrogeneatomique 
et une recombinaison bimolCculaire devenant comparable aux temperatures plus basses qu'est 
le cas de I'interaction de l'hydrogene pur avec le tungstene. Les consequences de ces resultats 
pour la reaction de la synthese de I'ammoniac sont examinees. [Traduit par le journal] 

Can. J.  Chem.. 52, 1147 (1974) 

Introduction mechanism (I I) is inadequate. Ammonia inter- 

The catalytic decomposition of ammonia on 
tungsten surfaces is an approximately zero order 
reaction (1-3) with a large hydrogen isotope 
effect (4, 5) and therefore a process of con- 
siderable interest. The application of modern 
techniques has shown (6-10) that the simple 
interpretation by a Langmuir-Hinshelwood 

'To whom all correspondence should be addressed. 

acts in a complex fashion with tungsten to 
produce surface species of estimated stoi- 
chiometry W\N(P), WW(&), and W>N3H(q). 
At low reactant pressure the overall reaction 
kinetics will correspond to those for a 6-nitrogen 
adlayer and there should be no isotope effect, 
whereas at high reactant pressure q-formation 
and desorption will represent the decomposition 
mechanism (8-10). Most studies of the overall 
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1148 C A N .  J .  CHEM.  

kinetics have been determined at pressures where 
an q-species will be formed. The q-species 
contains hydrogen and thus one c a n  readily 
understand the observed isotope effect as a 
consequence of N-H bond breaking in the rate 
limiting step (8-10). 

The conclusion that hydrogen desorption occurs 
in the atomic state is based on the mode of 
interaction of the desorbed hydrogen with the 
glass walls of the reaction vessel (8). While the 
evidence is fairly conclusive, it is indirect. This 
paper describes experiments designed to test 
these observations directly. In view of the 
principle of microscopic reversibility it is 
important to establish whether for ammonia 
synthesis the only route to  the formation of the 
q-species is via atomic hydrogen, uiz. does all, or 
only a fraction, of the hydrogen desorb in the 
atomic state? 

Experimental Methods 
Two different approaches have been used in this 

investigation. The first is a direct method using an 
experimental arrangement with line-of-sight between the 
sample filament and the ionization chamber of the mass 
spectrometer. In this experiment the fraction of desorbed 
species detected before interacting with the reaction 
vessel walls can be large, in contrast with the previous 
experimental method (8) which necessitated multiple 
wall collisions for all desorbing particles before detection. 
In the second method a multiple wall collision geometry 
was again used but, by prior saturation of the wall with 
deuterium atoms, any hydrogen atom desorption followed 
by wall interaction to produce molecules should result in, 
an H D f ,  mass 3, component in the desorption spectrum. 

Line-of-Sigl~t Experinlent 
The bakeable ultra-high vacuum apparatus used is 

shown in Fig. 1 .  The sample filament, F,  was a 12 cm 
length of 0.025 cm diameter tungsten wire (Phillips 
Elmet) mounted as a coil, 1.2 cm in length, parallel to 
the ionization chamber opening, 0.4 cm in diameter, of 
the mass spectrometer, M, and 0.5 cm distant from it. 
The quadrupole mass spectrometer was an  Ultek/EAI 
Quad 150, modified to permit variation of the electron 
accelerating voltage; the ionizer was operated at  60 eV 
and 50 pA emission current. The mass spectrometer and 
ion gauge, G, were both provided with low work function 
emitters to minimize their operating temperatures. The 
system was pumped by a 20 1 s - '  ion pump through a I in. 
metal valve, V1. Purified ammonia, hydrogen, and 
deuterium could be introduced from storage bulbs via 
the 112 in. metal valve, V2. Anhydrous ammonia 
(Matheson) was further purified by vacuum distillation 
whereas hydrogen and deuterium (99.5% D;  Matheson) 
were purified by diffusion through palladium. 

Thermal desorption spectra were obtained using a 
linear heating rate obtained by using a motorized 

TO GAS 

TO ION 
PUMP 

FIG. 1. Ultra-high vacuum apparatus with line-of- 
sight between the sample filament and ionization source 
of the quadrupole mass spectrometer. 

potentiometer as the comparison resistor in an auto- 
matic Kelvin double-bridge temperature control circuit. 
A mechanical switch allowed alternate monitoring of 
the mass 1 and mass 2 ion currents by changing the d.c. 
voltage to the quadrupole. This switch simultaneously 
changed the sensitivity of the recording system so that the 
mass I ion current was monitored a t  10 times the 
sensitivity of mass 2. 

Deuterirrm Satrrrated Wall Method 
The experimental arrangement used ensures multiple 

wall collisions by desorbing particles prior to detection 
by separating the mass spectrometer from the reaction 
vessel, and has been described previously (9). The glass 
wall of the freshly-baked system was saturated with 
deuterium atoms by allowing deuterium gas to flow 
through the reaction vessel for several hours at  a pressure 
of 2 x Torr with the sample filament maintained at  
about 2000 "K to atomize the gas. After the deuterium 
gas flow was stopped, the system was evacuated overnight 
before allowing ammonia gas to interact with the filament. 
The reactant gas was pumped out to a pressure of 5 x 
lo-' Torr and then desorption spectra were generated as 
described previously, monitoring the mass 2, 3, and 4 ion 
currents simultaneously. 

Results 
Effect of Varying Heating Rate on the 

Desorption Spectra for the q-Species 
The hydrogen and nitrogen desorption spectra 

shown in Fig. 2 (full lines) were obtained after a 
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PENG A N D  DAWSON: AMMONIA IN 

I ' I 

TEMPERATURE C 'K 1 

FIG. 2. Hydrogen and nitrogen desorption spectra 
following adsorption of ammonia a t  Torr for 10 
min at 700 OK. The heating rates were 50 deg s-I (full 
line) and 10.5 deg s-I (broken line). The high temperature 
hydrogen peaks (*) arise from interaction of a small 
residue of ammonia gas in the reaction vessel with the 
hot filament and d o  not represent a primary desorption 
process for the q-adlayer. 

10 min interaction of ammonia at Torr with 
the tungsten filament at 700 OK, using a heating 
rate of 50 deg s-'.  As discussed previously (8), 
the areas of the first order desorption peaks a t  
970 OK (mass 14) and 985 OK (mass 2) suggest 
that the desorption process for the q-species has 
the stoichiometry indicated by reaction 1.  The 
observation that the mass 2 peak was much 
reduced when the reaction vessel wall was 
freshly baked, o r  maintained at 77 OK, led to the 
conclusion that the hydrogen desorbed atomi- 
cally (8). The q-hydrogen desorption peak lags 
that for q-nitrogen by 15 deg for a heating rate 
of 50 deg s-' and this can be attributed to the 
greater residence time on the reaction vessel 
walls for hydrogen in the atomic state. This 
conclusion is supported by the observation that 
with a slower heating rate of 10.5 deg s- '  
(broken lines, Fig. 2) the delay in the hydrogen 
peak is reduced from 15 deg to 5 deg. Thus the 
lag times in the two experiments, 0.30 and 0.48 
s, are the same within experimental error. Taken 
with a value of 7.5 x for the surface 
recombination efficiency (12), the lag time 
suggests a binding energy for H atoms on the 
wall of - 13 kcal; this does not seem unreason- 
able. 
Line-of-Sight Experiment 

Since the cracking pattern of molecular 
hydrogen has a mass 1 component, with a 
magnitude which could depend on the experi- 
mental conditions, this experiment was carried 
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out in a comparative way. The mass 2 and mass 
1 ion currents were monitored simultaneously 
during desorption from adlayers generated by 
ammonia interaction with the filament first at 
300 "K, for which the hydrogen desorption 
shows no peculiarities and is expected to be 
molecular, and then at 700 OK. Typical desorp- 
tion spectra are shown in Fig. 3. Clearly there is 
a greater mass 1 component in the desorption 
of the q-species (700 'K interaction) than in the 
low temperature hydrogen desorption peak. 
Unfortunately the results were not reproducible, 
forcing us to repeat the experiment many times 
to obtain a statistically meaningful result. The 
experiment was repeated 30 times at 700 OK and 
22 times at 300 OK and the mass 2 to  mass 1 
peak height ratio determined for each experiment. 
The probability of occurrence of a given (mass 
2)/(mass 1) ratio is shown in Fig. 4 a s  a function 
of (mass 2)/(mass 1) ratio. It can be seen that 
for interaction at 300 OK over 80% of these 
ratios range between 80 and 140. Since the ratio 
obtained from the cracking pattern o f  molecular 
hydrogen gas is 110, it can be concluded that the 
hydrogen desorbing from the surface species 
produced at 300 OK does so in the molecular 
state. The (mass 2)/(mass I) ratio in the  hydrogen 
desorbing from the q-species formed by inter- 
action a t  700 OK does have considerably lower 
values; approximately 80% of the (mass 2)/(mass 
1) ratios fall in the range from 20 to 80. Thus, at 
least, a substantial fraction of the hydrogen 
desorbs in the atomic state. 

The (mass 2)/(mass 1) ratio observed will 
depend on (a) the fraction of desorbing particles 
which can enter the ionization chamber directly, 

T E M P E R A T U R E  ( ' K )  

FIG. 3. Atomic and molecular hydrogen desorption 
spectra obtained with line-of-sight geometry after adsorp- 
tion of ammonia at Torr for 10 min a t  (a) 300 'K 
and (6)  700 OK. Mass 1 was recorded at 10 times higher 
sensitivity than mass 2. 
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MASS2 TO MASS1 RATIO 

FIG. 4. Histograms for (mass 2)/(mass I )  ratios 
obtained from the peak maxima in desorption spectra 
typified by those shown in Fig. 3. (a) At 300 "K the 
mean value observed is 94 with a standard deviation of 
20; (b) At 700 "K the mean value is 57 with a standard 
deviation of 23. 

0.021 for the present geometry, (b) the ratio of 
the mass 2 and mass 1 sensitivities, which is 
approximately 1.5 (13) and (c) on the pumping 
speeds for molecules and atoms from the ioniza- 
tion chamber. Since the pumping speeds cannot 
be determined with sufficient precision, it is 
impossible to calculate the fraction desorbing 
atomically from these experiments. An experi- 
mental geometry in which all desorbing particles 
not passing directly through the ionization 
chamber were efficiently pumped (i.e. a molecular 
beam) would permit such a calculation. 

Deuterium Saturated Wall Method 
This experiment was also carried out in a 

comparative manner. With the reaction vessel 
walls saturated with deuterium as described 

earlier, ammonia gas at l op2  Torr was allowed 
to interact for 10 min with the tungsten filament 
at 300 "K and 700 OK, i.e. the same conditions as 
used in the line-of-sight experiment. Desorption 
spectra were obtained by monitoring the mass 
2, 3, and 4 ion currents simultaneously and are 
shown in Fig. 5. This experiment was then 
repeated and the (mass 3/(mass 2) ion current 
ratios were determined for each of the four sets 
of desorption spectra. The (mass 3/(mass 2) 
ratios for hydrogen desorbing from the 300 O K  

adlayer were 0.08 in both cases whereas those 
determined for the q-species, 700 O K  adlayer, 
were 0.38 and 0.3 1. This experiment again estab- 
lishes conclusively that part of this hydrogen 
desorbs atomically. The mass 3 peak cannot arise 
from a molecular desorption followed by atomi- 
zation on the hot tungsten filament since this 
effect becomes appreciable only a t  temperatures 
in excess of 100 "K (14). 

Hickmott has shown (15) that bimolecular 
surface recombination of H atoms adsorbed on 
a glass surface is very slow, particularly when 
compared with recombination by reaction of an 
adsorbed H atom with an H atom colliding from 

a 

moss 3 

W 200 400 600 800 1000 

"1 mass 4 1 
TEMPERATURE C O K  I 

FIG. 5. Mass 2, 3, and 4 desorption spectra obtained 
simultaneously following NH3 adsorption at Torr 
for 10 min at (a) 300 "K and (b) 700 O K ,  in a reaction 
vessel with the wall saturated with deuterium. 
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the gas phase. Thus H atoms colliding with a 
glass wall can either stick if they collide with a 
vacant site or recombine if they collide with an 
adsorbed H atom. Since both adsorption and 
removal of adsorbed H atoms will be first order 
in the gas phase H atom concentration, the 
saturation coverage of hydrogen atoms on the 
wall will be such that the overall recombination 
probability for impacting H atoms will be one- 
half, independent of the H atom pressure. In the 
present experiments, the deuterium concentra- 
tion on the wall will reach a steady state value 
during preparation such that the probability of 
recombination for impacting atoms will be 
one-half. Thus H atoms desorbinrr from the 

u 

q-species will also have an equal chance of 
sticking and recombining with wall deuterium. 

If the q-hydrogen desorbed completely in the 
atomic state, we would predict that it would be 
detected completely as HD, mass 3, since the 
number of deuterium atoms on the wall far 
exceeds the number of H atoms in the q-species. 
Experimentally, the mass 3 signal represents 
only about 35% of the H,, mass 2 signal. If a 
fraction, f, of the q-hydrogen desorbs as atoms, 
the observed (mass 3)/(mass 2) ratio will be 
(f/2)/((1 - f)/2), since half the desorbing H 
atoms will stick on the wall. Thus the observed 
(mass 3)/(mass 2) ratios indicate that approxi- 
mately 26% of the q-hydrogen desorbs atomi- 
cally. There are experimental uncertainties which 
could make this calculated fraction too small. 

First the glass wall may not be saturated with 
deuterium. Based on Hickmott's results (l5), the 
method employed in this experiment generates 
more than enough D atoms to saturate the glass 
walls. However, after saturation with deuterium 
the system was evacuated overnight during which 
time the slow surface recombination of deuterium 
atoms could reduce the wall concentration and 
make the overall recombination probability less 
than one-half. Calculations show that this effect 
will be small (1 5). A fraction of the hydrogen on 
the wall will be H, rather than D, because of 
the 0.5% hydrogen in the deuterium gas and also 
because hydrogen is a large component in the 
residual gases following bakeout. Also, since 
ammonia can be adsorbed strongly on the walls, 
the introduction of NH, to generate the q-species 
could lead to an exchange process and the 
replacement of adsorbed D by H, 

NH3(g) + D(a) F? NH2D(g) + H(a) 

It has been reported (16) that a random distri- 

bution of hydrogen over ND, molecules was 
observed when ND, was introduced into a mass 
spectrometer operating at a sufficiently low 
electron-energy that only the parent ion peak 
was observed in the spectrum. The observed 
randomization was interpreted as the result of 
an exchange reaction between ND, and H 
trapped in the system. In additional experiments, 
not reported here, in which a nickel film was 
present in the reaction system, such a randomi- 
zation was observed in the ammonia mass 
spectrum; however, in the experiments described 
in this paper, i.e. Fig. 5, no nickel film was 
present and such an effect was not detected. This 
should not be construed to indicate that the 
only species on the wall with which H atoms can 
interact is D. Ammonia is quite strongly bound 
to the glass wall and exchange reactions could 
take place without desorption of isotopic 
ammonia. Furthermore, it is quite possible for 
the impacting H atoms to interact directly with 
adsorbed NH, to produce molecular hydrogen. 
No data is available for this process t o  establish 
its efficiency. 

A second effect which can lead to low values 
for the fraction of hydrogen desorbing as atoms 
is isotopic scrambling of hydrogen itself, i.e. 
masses 2, 3, and 4. This can occur o n  the hot 
filament in the mass spectrometer, the grid of 
the ionization gauge and the metal walls of the 
system. Such an effect was observed, as  shown 
in Fig. 6. When hydrogen and deuterium were 
allowed to flow through the system from 
separate reservoirs, an HD', mass 3, peak was 

1 H2in D2 in ' H ~  stopped I 
TIME SWEEP 

FIG. 6.  Relative mass 2, 3, and 4 ion current observed 
when hydrogen and deuterium gases were flowed through 
the system from separate gas reservoirs. The sweep rate 
was 1 s per mass number. 
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observed instantaneously. Consequently, any 
HD resulting from a recombination of H atoms 
desorbing from the q-species with D atoms on 
the wall would give rise to mass 2 and mass 4 
peaks and a reduction in the amount of HD. As 
can be seen in Fig. 5b, the mass 4 spectrum is 
detectable, though quite small; the peak height 
is only -- 10% of that for mass 3. N o  correction 
has been applied for this effect since an opposite 
effect of comparable magnitude was observed in 
the 300 OK spectra; i.e. a mass 3 signal equal to 
8% of that for mass 2. It cannot be assumed that 
a similar mass 3 signal will not be generated in 
the 700 OK experiment. 

The results described in this paper establish 
conclusively that an appreciable fraction of the 
hydrogen desorbing from the q-species, gener- 
ated from ammonia interaction with a tungsten 
surface, does so in the atomic state. 

Discussion 
The equilibrium concentration of atomic 

hydrogen in the gas phase can be calculated. At 
298 OK, the equilibrium concentration is trivial; 
even at  a pressure as low as Torr the mole 
fraction of atomic hydrogen, x,, calculated from 
the free energy of formation is 1.55 x 10-12. 
This corresponds to two atoms per liter of gas. 
Even for the gas at  1 000 OK and Torr x,  = 
2 x as calculated from the equilibrium 
constant (17). Clearly, if the gas desorbs at  
equilibrium the fraction desorbing atomically 
will be negligible. Conversely, if the gas desorbs 
atomically it is to be expected that a step in the 
surface recombination process is sufficiently slow 
to prevent the attainment of equilibrium. 

Adsorption, Deso~.ption, and Atomization of 
Pure Hydrogen or7 Tungsten 

Hydrogen interaction with tungsten has been 
extensively investigated for a long time and with 
a recent increase in interest. The binding states, 
populated at  room temperature, p-states, are 
currently considered to be almost exclusively 
atomic (18, 19) which is consistent with the low 
binding energy anticipated for adsorbed molecu- 
lar hydrogen. Desorption of adsorbed atomic 
hydrogen from polycrystalline tungsten filaments 
occurs between 300 and 700 OK (19,20) and there 
exists no evidence to  suggest that the desorbing 
gas is not molecular. Desorption from the (loo), 
(1 lo), and (1 11) single crystal planes of tungsten 
also occurs in this same temperature interval 

and nearly all the desorption peaks show the 
characteristic features for second order desorp- 
tion processes (19). This is again to be expected 
for adsorbed adatoms which field electron 
emission studies have shown t o  be mobile at  
temperatures above 200 OK (21). The rate of 
recombination of migrating adatoms to form 
hydrogen molecules is faster than the desorption 
rate of hydrogen atoms. 

The general features of the adsorption- 
desorption of pure hydrogen would seem t o  be 
well understood ; hydrogen adsorbs dissociatively 
and desorbs associatively. Atomic hydrogen 
desorption from a pure hydrogen adlayer can 
occur when hydrogen gas interacts with a 
tungsten surface at  temperatures in excess of 
1050 OK (14). T h e  rate of formation of atomic 
hydrogen varies with the square root of the 
hydrogen pressure at  high pressures but linearly 
a t  low pressure, reflecting a transition from 
adatom recombination to impingement rates 
being rate limiting respectively (14, 22, 23). A 
relatively straightforward interpretation emerges. 
Hydrogen atom evaporation only occurs from a 
sufficiently dilute surface layer that the rate of 
recombination by collision of migrating adatoms 
becomes sufficiently reduced that  the rate of 
evaporation of atomic hydrogen can become 
significant. 

Desorption of Hydrogen following Interaction of 
Ammonia with Tungsten 

The stoichiometry (8) and kinetic parameters 
(9, 24) for the  reactions of ammonia with 
tungsten have been reported. The reactions 
which occur with desorption o f  hydrogen and 
production of adlayers of steadily increasing 
density can be represented as 

[21 2WS + NH,(g) -. Ws2N(B) + 4 H2(g) 

[31 W52N(D) + N H J g )  + 2W5N(6) + 4 

[41 2WsN(6) + NH,(g) + WZ,N,H(q) + H2(g) 

The hydrogen atom remaining in the q-species 
is lost in the q-desorption process, reaction 1. 

Ammonia will adsorb to the equivalent of a 
half-monolayer of nitrogen, WS,NH,, at 200 OK 

(6-8). Field electron emission microscope ob- 
servations show that surface dissociation of  
hydrogen from chemisorbed ammonia occurs 
over the temperature interval 200-400 O K ,  being 
more rapid on crystallographic planes of low 
electron affinity (6). The adsorbed hydrogen 
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starts to desorb, reaction 2, at 285 OK (8) and is 
thus indistinguishable from the desorption of 
pure P-hydrogen from a polycrystalline tungsten 
surface. Desorption of the P-nitrogen left behind 
does not commence until 1150 OK. Thus the 
surface dissociation of the hydrogen from 
chemisorbed ammonia requires little activation 
energy up to this coverage and, moreover, 
surface diffusion and recombination of hydrogen 
adatoms is inappreciably restricted by the 
presence of a half-monolayer of nitrogen. 

As the temperature of interaction is progres- 
sively raised the nitrogen coverage steadily 
increases, reaction 3, and the desorption of 
hydrogen progressively shifts to higher tempera- 
tures (8). The increasing stability of the surface 
phase towards hydrogen desorption could be 
caused by a decreased efficiency of hydrogen 
adatom recombination as the nitrogen coverage 
increases. Alternatively, a reduction in the ability 
of adjacent tungsten atoms to participate in 
transition states could increase the stability of 

I the adsorbed NH, intermediates towards N-H 
bond breaking. Nevertheless, reaction 3 is rapid 

i at 700 OK in contrast to reaction 4 which has an 
1 initial reaction probability of only (8) and 
I requires an activation energy of 12 kcal mol-' 
1 (24). It is tempting to consider that the mobility 

of hydrogen adatoms and, possibly, the ability 
i of adjacent tungsten atoms to participate in 
j transition states, is so reduced that desorption ' of hydrogen in reaction 4 is essentially a localized 
1 process; the hydrogen molecule which desorbs 

originates from a single ammonia molecule. The 
remaining hydrogen atom per adsorbed am- 
monia molecule is incorporated into the q-species 
and its desorption, reaction 1, is depicted in the 
spectra of Fig. 2. Two possible structures have 
been proposed (8, 10) for the q-species, WsN2H. 
WsN and WW2. WsNH; both structures can 
account for the thermal desorption results but 
the magnitude of the hydrogen isotope effect 
involved in this reaction supports the first of 
these structures (10). In this case, the q-desorp- 
tion process can be represented as 

The activation energy for the q-desorption pro- 
cess is 35 kcal mol-' (24), the same as that 

1 observed for the overall decomposition process 
(1 ,  2, 4). It is possible to account for the desorp- 
tion of hydrogen in the atomic state by assuming 

that the ability of adjacent tungsten atoms to 
participate in the breaking of the N-H bond is 
reduced to zero at this adatom density. This 
would leave the hydrogen atom no alternative 
but to dissociate directly into the gas phase. 
Since such a process would be expected to 
require an activation energy approaching the 
N-H bond energy, i.e. much greater than 35 
kcal mol-', we propose an additional mechanism 
involving an intermediate adsorbed state for 
hydrogen 

[ l a ]  W'N2H.WsN(q) -- WW2.WSN + H(a) 

The desorption of hydrogen as atoms, reaction 
16, and by bimolecular recombination as 
moleculep, reaction lc, are both assumed to take 
place from a surface crowded by co-adsorbed 
nitrogen. At large nitrogen coverages we would 
expect that the binding energy of co-adsorbed 
hydrogen atoms would be less than that  for a 
pure hydrogen adlayer at the same hydrogen 
coverage; this will lead to an enhancement in 
the desorption rate of hydrogen atoms, [lb]. It 
is also to  be expected that for steric reasons the 
surface migration of hydrogen atoms will be 
retarded in adlayers crowded by co-adsorbed 
nitrogen; this will reduce the rate of bimolecular 
recombination, [lc]. In this way it is possible for 
the rates of reactions 16 and l c  to be comparable 
at temperatures much below those required in 
the absence of adsorbed nitrogen. 

The experimental results reported here suggest 
that only one-quarter of the adsorbed hydrogen 
desorbs atomically. The desorption spectra 
shown in Figs. 2 and 3 suggest a constant fraction 
desorbing atomically, independent o f  surface 
coverage. With decreasing coverage of nitrogen 
and hydrogen the rates of migration will increase 
but the collision rate may decrease because of 
the decrease in concentration of diffusing 
hydrogen atoms. It is thus quite possible that the 
rates of reactions 1b and Ic  both decrease to a 
comparable extent as a result of a decrease in 
surface concentration. 

Role of Absorbed Hydrogen in Desorption of the 
q-Species 

We have recently observed (25) that the 
ammonia decomposition reaction is 113 order 
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in the ammonia pressure over such a wide range 
in pressure that a Langmuir-Hinshelwood 
mechanism involving progressive saturation of 
the surface with the q-species seems unlikely. It 
was proposed (25) that absorbed hydrogen, 
H(*), in equilibrium with gaseous ammania, 
participates in desorption of the q-species, 

to account for these observations. Such hydrogen 
absorption accompanies nitriding of the tung- 
sten, but only at higher temperatures and 
pressures than used to  form the q-species in these 
experiments (8, 24). Thus reaction 5 does not 
account for the fraction which desorbs molecu- 
larly in the present experiments; however, it is 
impossible to  distinguish surface and sub-surface 
hydrogen atom migration in the bimolecular 
recombination process [lc]. 

The Ammonia Synthesis Reaction 
If the hydrogen desorbing from the q-species 

did so exclusively in the atomic state, then, by 
the principle of microscopic reversibility, one 
would deduce that ammonia synthesis would 
occur by the reverse path, i.e. interaction of 
atomic hydrogen gas with a dense nitrogen 
adlayer. Since the concentration of atomic 
hydrogen in the gas phase is minute under. 
synthesis conditions, i.e. moderate temperature 
and high pressure, it would be concluded that 
the q-species played a negligible role in the 
ammonia synthesis reaction. That is, unless the 
catalyst were polyfunctional (polycrystalline or 
with added promoters) such that some portion of 
the catalyst surface were to dissociate adsorbed 
molecular hydrogen and the resulting hydrogen 
atoms diffused to the active surface where the 
q-species could be generated. The observation 
that only one-quarter of the hydrogen desorbs 
atomically obviates this involved process; mo- 
lecular hydrogen gas can generate the q-species. 
However, this result is subject to  considerable 
uncertainty. Therefore, it is worth noting that 
even if the fraction desorbing molecularly in the 
thermal desorption experiments were so small as 
to be undetectable, though not zero, molecular 
hydrogen can still generate the q-species. If the 
rate of reaction Ib was orders of magnitude less 
than the rate of Ic  then a negligible fraction of 
molecular hydrogen would be detected in a 
thermal desorption experiment. However, in a 

totally different situation, such as during am- 
monia synthesis, where the gas phase hydrogen 
atom concentration was negligible compared to  
the concentration of molecules, the rate of the 
reverse of lc  could become orders of magnitude 
greater than that for the reverse of lb, and 
possibly large enough to sustain the q-species 
on the surface. The role of the q-species in the 
ammonia synthesis process could best be 
determined directly, by identifying the surface 
species which are generated by  nitrogen and 
hydrogen gas mixtures under synthesis condi- 
tions. 

The authors wish to thank the National Research 
Council of Canada for their support of this research. 
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Crystals of synthetic Mg-whitlockite, Ca,8Mg2H2(P04)14, have been grown by hydro- 
thermal techniques and their structure refined by full-matrix least-squares methods, using 1626 
unique reflections measured with a Syntex PT automatic diffractometer, to  a final R value of 
0.046. The crystals have space group R3c with Z, = 1, a = 13.765(8) A and a = 44.25(5)" 
with the equivalent hexagonal parameters a = 10.350(5), c = 37.085(12) A and ZFl = 3. The 
structure, although similar to that of (3Ca3(P04),, differs significantly. The structure contains 
interconnected infinite chains of polyhedra paralleling the hexagonal c axis with links in the 
chains consisting of three CaO, polyhedra separated by two PO, tetrahedra. Six of these chains 
surround a chain of Mg06  octahedra and P 0 4 H  groups which lie on the three-fold axes. These 
chains however contain only half the formula unit density of the calcium containing ones and a 
proton, presumably disordered, is attached to the oxygen atom on the triad axes. 

Des cristaux de Mg-whitlockite synthetique Ca18MgZH2(P04)14 ont i t6  developpes par des 
techniques calorimetriques et leur structure raffinee par une matrice complete des methodes de 
moindres carris, utilisant la reflection unique 1626 mesurke par un diffractornetre automatique 
Syntex PT, a une valeur finale R de 0.046. Les cristaux ont un groupe d'espace R3c avecZ, = 1, 
a = 13.765(8) A et a = 44.25(5)" avec les parametres hexagonaux equivalents a = 10.350(5), 
c = 37.085(12) A et ZH = 3. La structure, bien que similaire a celle de (3Ca,(P04)2, en differe 
grandement. La structure contient des chaines infinies rkticutees de polyedres paralleles a I'axe 
hexagonal c avec des maillons de chaines qui consistent en trois polyedres de  CaO, separes par 
deux tetraedres de PO4. Six de ces chaines entourent une chaine de MgO6 octaidrique et des 
groupes de P 0 4 H  qui reposent sur les axes d'ordre 3. Pourtant on trouve dans ces chaines 
seulement la moitie de la densite unitaire en calcium des formules qui en contiennent et un 
proton, probablement desordonne, est attache a I'atorne d'oxygene sur les axes ternaires. 

[Traduit par le journal] 
Can. J. Chem., 52, 1155 (1974) 

Introduction 
The problem of the structure and stoichiom- 

etry of whitlockite, originally posed by Frondel 
(1, 2) has only recently been resolved. Gopal and 
Calvo (3) showed that the mineral from Palermo 
Quarry is, in fact, a solid solution of essentially 
Ca,,(Mg,Fe),Ca(PO,),, and Ca1,(Mg,Fe)zH,- 
(PO,),, in a ratio of about 1 to 4. The primary 
structural difference between the two end-mem- 
bers involves a reorientation of the PO, groups 
on the triad axes, one in every seven, to permit 
the replacement of a phosphate oxygen atom 
bonded to three calcium ions with a P-0-H 

"p calcium orthophosphate" (PCa,P,O,) have 
been used interchangeably to characterize the 
structures of the entire range of compositions. 
Prior to this study the structure of synthetic 
whitlockite had not been reported, although 
Keppler (4) prepared Fe-whitlockite and he sug- 
gested that the name X-whitlockite be reserved 
for Ca,,X,H2(PO4),,. Since "whitlockite" has 
been found in abnormal human and animal calci- 
fication (5) and dental caries (6, 7) a detailed 
resolution of the structural parameters would be 
important in understanding the stability field and 
perhaps the role of impurities in the stabilization 

group. of this phase. Because of the solid solution nature 
Because of the similarities in the Debye- of the mineral the synthetic system offers a more 

Scherrer patterns, the name "whitlockite" and suitable framework for this investigation. 
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TABLE 1. A chemical analysis of Mg-whitlockite (Cal,Mg,H2(P04)14) in 
weight percent compared with the mineral* 

-- 

Synthetic Mg-whitlockite WhitlockiteS 

Chemical Structure 
Theory Found analysis analysis 

COO, SrO 48.03 47 .0 t  47.15 47.77 
P20,,  S i02  47.28 46.87 46.53 
MgO, FeO, MnO 3.84 3 .93t  3.95 3.76 
H z 0  $. 0.86 0.96(5) 0.65(4) 0.68 
HZO- 0.08(1) 0.04(1) 

*For the mineral the various oxides are calculated as the oxide. in italics. 
tcourtesy of Dr. D. Walker, Department ofGeological Sciences, Harvard University, Cambridge, 

Mass. 
SC. Calvo and R. Gopal (1974). ref. 17. 

have the PCa,P20, structure. 

Experiments 

A nomenclature which would distinguish the 
structures of the end members of the whitlockite 12 

solid solution, Ca , ,Mg2H2(P0,), , and Ca ,  ,- 
Mg2Ca(P0,),,, would be useful since it is antici- 
pated that the proton in the former would be 8 

biologically important. In this paper the former ;1 
will be referred to  as having the synthetic Mg- < 
whitlockite structure and the latter will be said to 9 4 -  

- 

- 
- ( a )  s y n .  

distilled water and the top crimped shut. The optimum 
conditions for the synthesis of coarse crystalline Mg- 
whitlockite are 300 "C, 1.5 kb for 2 weeks. Mixtures with 
other stoichiometries, but with Ca and Mg in a molar 
ratio maintained at 9 to 1, afforded single phase com- 
pounds but always with very small crystals. 

A chemical analysis of the synthetic Mg-whitlockite 
demonstrated that it is a compound consisting of Ca9- 
MgH(P04),. lts composition is compared to that of the 

Crystals of Mg-whitlockite up to 0.5 mm on a side were 
grown hydrothermally by heating an amorphous phos- g 
phate gel in a stainless steel bomb with a capacity of 25 : 
ml. The gel was precipitated from a slightly acidic solution 2 4 

(150 ml) containing 14 m M  of NH4H4P04, 18 m M  of 
Ca(NO&, and 2 m M  Mg(N03),, by rapidly adding 25 
ml of concentrated ammonia. The resulting precipitate, a 
gel, was separated by centrifuging, then spread on filter 
paper and dried in air at  110 OC. The crushed dried gel 

mineral in Table 1. The Mg to Ca ratio was determined by 
microprobe analysis through the kindness of Dr. D. 
Wa1ker.l The water content of both materials was de- 
termined by the electrolytic method described by Wilkins 
and Sabine (8). This method was also used to determine 
their thermal dehydration curves. As shown in Fig. I, 
both undergo the same two major dehydration events 
centered at  about 780 and 1035 "C. All the water released 
at  these high temperatures is undoubtedly essential and 

Details are available from Dr. D. Walker, Department 
of Geological Sciences, Harvard University, Cambridge, 
Mass. 02138. 

- . - . . - - . . . . - . - - . - - - - . . . . - . - - 

FIG. 1. Thermal dehydration curves of (a) synthetic 
Mg-whitlockite and  (b) natural whitlockite from the 
Palermo Quarry, New Hampshire. Both curves were ob- 
tained using a heating rate of 15 "C/min, a dry nitrogen 
carrier gas at  4 psig pressure, and a n  electrolytic PzOs 
detector. The total amount of water released by each 
sample, or the amount released over a given temperature 
range, is directly proportional to the area under its curve. 

half-filled a gold tube, 6 mm in diameter and 10 cm long, 

1; (9, 100 3 0 0  500 700 900 1100 L,, 1300 1500 

with one end welded. The remaining space was filled with TEMPERATURE ('c I 

is designated as H 2 0 +  while the minor amount released 
below 560 "C is considered non-essential (H20-). These 
results constitute the first direct evidence that hydrogen 
occurs in both natural and synthetic whitlockite a s  a n  
integral part of their structures although the structural 
studies of the mineral strongly suggested its presence (9). 

Complete dehydration of the synthetic whitlockite, 
however, produced only small changes in its unit cell 
dimensions. The following values for the hexagonal cell 
parameters were obtained from a least-squares refinement 
of powder diffraction data (CUKE = 1.5432 A) using a 
program written by Evans, Appleman, and Handwerker 
(10): 
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GOPAL ET AL.: CRYSTAL STRUCTURE OF Ca,,Mg,H,(W,),, 

Composition a (A) c (A) volume (A3) 

C ~ ~ ~ M ~ Z H ~ P ~ ~ O , ,  (before dehydration) 10.347(1) 37.099(5) 3440.2(6) 

CalaMg2P14055 (after dehydration) 10.303(1) 37.272(5) 3426.8(7) 

Preliminary results of structure analysis of Mg-whitlockite 
at room temperature after heating to 900 OC and again 
after heating to 1200 OC indicates that it has adopted the 
the BCa3P2O8 structure (1 1). 

Equidimensional crystals, with mean diameters of about 
0.20 mm were chosen for X-ray examination. The data 
were taken with graphite monochromatized MoKa radia- 
tion on a Syntex P i  automatic diffractometer. 3548 reflec- 
tions were recorded from the first crystal and an addition- 
al 1675 were taken from the second crystal to check the 
reproducibility of the crystals and measurements. These 
data sets were combined since the deviations between the 
sets were of the same order as the deviations between 
symmetry equivalent reflections within a set. Peaks were 
scanned at a rate between 2 and 24" per min, a value de- 
pendent upon peak intensity, and a scan range from I" 
below the u l  to l o  above the u2  peak. Backgrounds were 
determined at either side and l o  removed from the peak. 
Resultant intensities greater than three times the esti- 
mated standard deviations derived from counting statis- 
tics were considered observed and the remainder as un- 
observed. Amongst the latter those whose intensity mea- 
sure was less than zero after correction for background 
were dropped from the refinement to save computing 
cost. The remaining 1626 reflections were used in the re- 
finement and of these 1157 were observed. All the data 
were corrected for Lorentz, polarization, absorption, 
(1R = 0.33) based upon a spherical crystal shape, and 
extinction, using the procedure of Larson (12). Sym- 
metry equivalent reflections in each set were averaged 
with the average discrepancy in structure factor of 2%. 

15 reflections were accurately centered and their 20 
values, measured with MoKu radiation (h = 0.71069 A) 
at 21 "C, fitted by a least-squares method to obtain the 
lattice parameters. 

Crystal data 
C ~ I ~ M ~ Z H Z ( P O ~ ) , ~  
Rhombohedral, a, = 13.765(8) A, a = 44.25(5)", 

ZR = I ,  V = 1154.5 A3. 
Hexagonal, a, = 10.350(5), c, = 37.085(11) A, Z,, = 3. 
Space group R3c, p, = 3.033 g/cm3. 

The positional parameters for the mineral, given by 
Gopal (9), were used as initial atomic parameters. 
Weights, o ,  were chosen so that olF, - Fc12 would local- 
ly be independent of F, and the function obtained was 
o = [14.9 - 0.077F. + 0.0005 FO2]-I. This distribution 
paralleled the curve obtained by plotting the difference in 
the structure factors for the two sets of observed data rs. 
F,. The atomic parameters, including isotropic thermal 
parameters, were refined to a minimum in o R  and then 
the anisotropic components were varied together with the 
positional parameters. Atomic scattering factors were 
chosen from Cromer and Waber (13) and corrected for 
dispersion using the values of Cromer (14). When all the 
calculated shifts were less than 0.2 of the estimated 
standard deviations the refinement was terminated. The 
final R value is 0.049 and includes all reflections. The value 

of o R  = ( ZwlF, - FCl2/ ToF,2)L12 is 0.039. The observed 
and calculated structure factors are inTable 2 and the final 
positional and thermal parameters are in Tables 3 and 4.' 

Description of the Structure 
The structure of Mg-whitlockite can easily be 

related to that of Ba3P208 (15) (Fig. 2). The 
latter structure is composed of chains, paralleling 
the c axis, with links consisting of three Ba ions 
in a row terminated at either end with tetrahedral 
PO, groups. The chain has 3m symmetry with 
the central barium ion, Ba(I), lying at a center of 
~ymmet ry .~  Three O(I1) atoms of each phosphate 
group lie on mirror planes while the fourth, O(I), 
also lies on the three-fold axis. Each chain is sur- 
rounded by six others, related to it by the rhom- 
bohedral centering. Ba(1) is coordinated octa- 
hedrally to six O(I1) atoms, contributed by six 
PO, groups lying on neighboring chains. In this 
structure the O(1) atoms on these phosphate 
groups are too far away to form significant bonds 
(3.22 A). Each Ba(I1) ion shares a face with one 
of these Ba(1)-O(II), octahedra, an O(1) atom 
with a phosphorus atom in the same chain and 
three O(I1)-O(I1) edges with phosphate groups 
lying on neighboring three-fold axes. The atoms 
of the O(I1)-O(I1) edge and the O(I1) shared be- 
tween a given Ba(I1) and Ba(1) arise from PO, 
groups in an adjacent chain. 

Mg-whitlockite has two types of chains in a 
cell with axes about double those in Ba,P208 and 
thus about eight times the volume. The A chains 
contain MgHPO, units alternating with empty 
sites, when compared with the chains in Ba,P,08 
while the B chains are much as those just de- 
scribed. Each A chain is surrounded by six B 
chains while each B chain has two A chains on 
opposite sides in addition to four B chains as 
neighbors, as shown in Fig. 3. 

If the present compound were structurally like 

2Table 2 is available, a t  a nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa 
Canada, KIA 0S2. 

3Roman numerals have been used instead of the arabic 
ones of Siisse and Buerger (20) in describing the isotypic 
Ba3V208 and the analogous atoms are labelled similarly 
in the present compound. 
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TABLE 3. Atomic positions for Ca18MgZH2(P04)14 with estimated 
standard deviations in parentheses 
--- 

Atom x* Y z 

'Coordinates are based upon a hexagonal cell. 

TABLE 4. Thermal parameters for Ca18Mg2H2(P04),, with estimated standard deviations in parentheses* 
~- 

-- 

A tom UII  UZ z u3 3 UIZ u13 u2 3 

'Thermal factor equals exp -2n2 [b2/~2Ul + ... + 2b1b2hkUll + ... ] and the b,'s are reciprocal lattice vectors of the hexagonal cell. 

Ba3Pz08, except for doubled axes lengths, it 
would have twenty-four divalent cations, with 
2H' taken as equivalent to one CaZ', and six- 
teen phosphate groups rather than twenty-one 
cations and fourteen phosphate groups. The 
smaller radius of Ca2+, compared with Ba2', 
introduces instabilities in the Ba3P208 structure 
because of the repulsion between cation (I) and 
cation (11) on the same chain since they share 
three O(I1) atoms (16). Further, the reduction in 
the average cation - oxygen atom bond length 
enhances the repulsion between the oxygen atoms 

of the three O(I1)-O(I1) edges of the PO, groups 
shared with type I1 cations. 

The loss of 3Ca2+ and 2 phosphate groups 
from the A chains of every rhombohedra1 cell 
relieves some of these repulsive interactions yield- 
ing Ca(IB), Ca(IIB1) and Ca(IIB2) coordinated 
to  5, 9, and 8 oxygen atoms. This results from 
the loss of one of the three O(I1) shared between 
Ca(1B) and Ca(IIB1) and one of the three 
O(I1)-O(I1) edges about Ca(IIB2). Coordina- 
tions of 8 are obtained for these cations, as shown 
in Fig. 4, by the rotation of the P(A)O, group so 
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GOPAL ET AL.: CRYSTAL STRUCTURE OF Cal,Mg,H,(P04)14 

I 
Barn. 

Ram. 

Ba[Q. 

m 
FIG. 2. (a) A view of the Ba3P,0, structure. The circles represent Ba ions and the tetrahedra are PO, groups. 

The cross hatched tetrahedra and the filled circles are on the same chain and surrounded by six other chains. The 
octahedron about Ba(1) is shown. The Ba(I1) ion lies in a hexagon and shares one edge with each of the three neigh- 
boring PO, groups. (b)  The Ba3(P0,), structure is shown projected down the hexagonal axis. The PO, groups are 
shown. The dotted lines indicate the Ba(l1)-O(I1) bonds of the Ba(I1)-0, hexagon indicated in (a). (c) The chain 
structure in the Ba3(P0,), structure is shown. 

that it shares a corner, rather than an edge, with 
1 Ca(IlB1) and the formation of three Ca(lB)- 
) O(1) bonds with O(1) atoms from phosphate 

groups on neighboring chains. The bonds in 
I Ba3V208 comparable to these latter ones are 

very weak. 
Mg occupies the cation site in the A chain as 

shown in Fig. 5 and is octahedrally coordinated 
showing two unique Mg-0 bond lengths of 
2.057(5) and 2.077(5) A. The octahedron is elon- 
gated parallel to its three-fold axis, as seen by the 
deviation of the O(IIB5)-Mg-O(IIB6) angles 
from 90" and 180" (Table 5). The P(A)O, groups 
are inverted through a plane perpendicular to  the c 
axis relative to the tetrahedron's configuration in 
Ca3V,08 (16), permitting the hydrogen atom to 
bond strongly to O(1A) and weakly to O(IB1) 
(O(1A)-O(IB1) = 2.774(7) A). In Ca3V,08 
O(1A) is bonded to three Ca(1B) ions. The P(A)- 
O(IA) and P(A)-O(I1A) bond distances, at 
1.580(9) and 1.532(6) A, are comparable to those 
reported in the mineral (17). It is of interest to 
note thatsutor (1 8) recently reported a P-0(-H) 
bond lengths of 1.588(5) A in MgHP04.3H20. 

The P(BI)-0, and P(B2)-0, tetrahedra 
have average P-0 bond lengths of 1.537 and 
1.535 A. The P-O(1B) bonds of these tetrahedra 
subtend angles of 29.0 and 29.5" with the c axis 
and their centers are displaced from the 1/3,1/6,z 
axis by 0.21 and 0.24 A for the P(Bl)04 and 
P(B2)0, groups, respectively. The P(A)O, group 
is distorted as if the effect of the hydrogen atom, 
assumed to be bonded to O(IA), is to repel the 
phosphorus atom by about 0.04 A along the c 
axis towards the plane of the three O(I1A) oxygen 
atoms. The Ca ions have moved from colinearity 
in order to accommodate the displacements 
and rotations of the PO, groups in the structure. 
Each of the Ca(I1B) ions shares two edges with 
two PO, groups on neighboring B chains. Un- 
like the situation in the Ba3P208 structure, each 
Ca(1) share three O(1)-O(I1) edges with phos- 
phate groups in neighboring chains. 

Discussion 

The existence of hydrogen atoms in the struc- 
ture is clearly shown by the results of our  chemi- 
cal analysis and thermal dehydration studies. 
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C A N .  J .  C H E M .  VOL. 52, 1974 

FIG. 3. The PO, groups upper half cell of Mg whit- 
lockite are shown in projection down the hexagonal c 
axis. The oxygen atoms about P(B1) and P(B2) are la- 
belled. The three-fold axes pass through the non-superim- 
posed PO, groups. One of the three possible assumed hy- 
drogen atom positions is shown bonded to the PO, group 
at the origin. 

The role of the hydrogen atom in the structure, 
as can be seen in the difference between the whit- 

I 
fi3 , ?6 

FIG. 4. The environment of a B chain in Mg-whit- 
lockite viewed along [TiO]. The circles are calcium ions 
and the PO, groups are shown as tetrahedra. The Ca-0 
bonds are shown and the oxygen a toms at the corners of 
the tetrahedra are labelled. 

lockite and PCa3P,08 structures (isostructural 
with Ca3V208), is to invert the P(A)O, group so whitlockite is similar to that of the mineral, the 
as to allow hydrogen bonding between O(1A) structure of Mg-whitlockite above 780 "C is not 
and O(IB1). The structural changes upon heating, the same as the mineral at room temperature. 
particularly caused by the loss of 20% of the hy- Thus, these studies do not permit one to conclude 
drogen near 780 "C and the remainder near 1035 the special conditions which leads to the solid 
"C is not known. However, the stoichiometry of solution in the naturally occurring mineral. How- 
the transformation ever, further chemical syntheses may resolve this 

problem. Because the water evolution profile is 
Ca18Mg2H2(P04)14 + Ca18Mg2(P04)12P207 + H 2 0  so characteristic. it should be ~ossible to show 

suggests that P20 ,  should result from this change. whether the "whitlockite" occurring in vivo has 
Figure 1 shows that the changes of the same the present structure, that of PCa3P208 or a solid 
magnitude occur at the same temperatures in the solution as in the mineral, but perhaps with a 
mineral as in synthetic whitlockite. Although the different component ratio. 
composition after the initial water loss in Mg- The geometry of the PO, groups in the mineral 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GOPAL ET AL.: CRYSTAL STRUCTURE OF Ca,,Mg,H,(PO,),, 1161 

to have compensated for this by an exceptionally 
strong bond to the other cations. 

A detailed comparison of the bond lengths in 
Mg-whitlockite with other structures in this series 
will appear elsewhere (17). However, a few points 
should be made here. All the individual Ca-0 
bond lengths are the same within 5 0  in the 
Ca, ,(Mg,Fe),H,(PO,), , portion of the mineral 
and the present structure save for Ca(IB1)- 
O(IB1). This bond is 2.550(4) A in the former 
case compared with 2.503(4) A in the present 
case. Generally, as with other structures in this 
series, those Ca-0 bond lengths nearly in the 
equatorial plane of the cation, that is, those of 
the type Ca(1B)-O(1) and those of the type 
Ca(I1B)-O(II), where the oxygen atoms are 
part of the shared PO, edge system, are longer 
than the others. This is expected from the O(I1)- 
O(I1) repulsions. Unlike the Ba3P208-type struc- 
ture case the Ca(I1B)-0(1) bonds are normal 
suggesting that it was the underbonding of O(1) 
which was responsible for the short Ba(l1)-O(1) 

The M-0, octahedron is elongated along c 
as is the case in Pb3P208 (19), Ba3V208 (20), and 
the Ca3X208 systems. Some of this elongation is 
attributable to repulsion between cations which 
share the octahedral face, but in the present 
structure and in the Ca3X208 compounds the 
effect persists albeit somewhat diminished. The 
Mg-whitlockite differs from the mineral in that the 
Mg-O(IIB5) bond length is shorter than the 
Mg-O(IIB6) bond, whereas the analogous dis- 
tances are 2.088(5) and 2.077(5) A in the mineral. 
In the latter case, this site contains almost as much 
Fez+ and Mn2+ as Mg2+,  but it is not certain 

FIG. 5. The environment of the A chain in Mg-whit- 
lockite is shown. The Mg is represented as filled circles that the composition effects the reversal in these 
and the Ca ions as open circles. The phosphate groups are lengths. 
shown as tetrahedra. The octahedron about the Mg is It is clear that Mg is analogous to the type 1 
shown as is one of the ordered hydrogen atom positions. cation in Ba3P208 since it is nearly half a rhom- 

bohedral axis length from Ca(1B). The P(A)O, 
group, however, is translated by about 1.6 A 

and the Mg-whitlockite are similar with most from the predicted position based upon the B 
bond lengths differing by less than 20. In particu- chain structure. Thus the A chain has room for 
lar, the P(B1)-O(IIB1) is the shortest in both substitution of suitably charged ions. Thus for 
cases and may be related to the long bond this oxy- example, sodium ions can occur in the structure 
gen atom shares with Ca(JIB1). The P(A)-O(IA) near either 0,0, +z  with z -- 0.10 in com- 
bond differ between these structures. pensation for tetravalent ions substituted for 

Each oxygen atom in the structure, except P, in lieu of Mg2+ or  both if trivalent ions 
O(IA), is bonded to three cations and a phos- substitute for divalent cations. In this regard 
phorus atom, with the proton considered as it should be noted that the mineral contains 
a cation and assumed bonded weakly to O(IB1). some sodium (2) while some whitlockite 
O(I1A) is bonded weakly to Ca(IB) but does seem meteorites, presumably with the PCa3P20, 
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TABLE 5. Bond lengths and angles in synthetic whitlockite with standard errors in parentheses* 
.- 

Bond Distance (A) Bond Distance (A) Bond Distance (A) 

Ca(1B)-O(IIB3)r 2.394(6) Ca(IIB1)-O(IIB3)h 2.499(6) Ca(I1 B2)-O(IIB3)r 2.368(6) 
-O(IIB2)h 2.365(6) -O(IIB5)h 2.479(4) -O(IIB2)r 2.646(6) 
-O(IIB4)i 2.662(7) -O(IIB5)i 2.452(6) -O(IIB4)r 2.626(5) 
-O(IIBl)p 2.394(6) -0(lIB2)/1 2.472(6) -O(IIBl)p 2.469(7) 
-O(IBI)r 2.503 (4) -0(IIB4)i 2.316(7) -O(IBl )a 2.379(6) 

-O(IIBl)I 2.753(5) 
-O(IIA)c 2.93 3(6) -O(IB2)e 2.436(6) -O(IIA)c 2.383(5) 
-O(IB2)h 2.544(4) -O(IIA)a 2.472(4) -O(II B6)p 2.479(6) 
-O(IB2)i 2.467(6) -O(IIB6)r 2.444(5) 

Bonds Angle (Deg) Bonds Angle (Deg) Bonds Angle (Deg) 
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TABLE 5. (Concluded) 

Bonds Angle (Deg) Bonds Angle (Deg) Bonds Angle (Deg) 

O(1IBl)p-Ca(1B)-O(IB 1)r 102.3(2) -O(IIA)a 84.6(2) -O(IIA)c 72.8(2) 
-O(IIA)c 64.5(2) O(IIB 1)j-Ca(IIB1)--O(IB2)e 72.5(2) -O(IIB6)p 90.5(2) 
-0(IB2)11 77.0(2) -O(IIA)a 66.7(2) -O(IIB6)r 125.3(2) 
-0(IB2)i 142.2(3) O(IB2)e-Ca(IIB1)-O(I1A)a 72.3(2) O(IB1)a-Ca(IIB2)-O(1IA)c 88.4(2) 

O(1Bl)r-Ca(1B)-O(11A)c 129.2(2) -O(IIB6)p 80.2(2) 2 
-O(IB2)h 1 66.2(2) -O(IIB6)r 87.5(2) p 
-O(IB2)i 8 1 .6(2) O(1IA)c-Ca(IIB2)-O(IIB6)p 138.2(2) 2 

O(IIA)~-C~(IB)-O(IB~)/I 63.3(2) -O(IIB6)r 151.5(2) r 
-O(IB2)i 8 3 .7(2) O(IIB6)p-Ca(IIB2)-O(IIB6)r 68.5(2) 

O(IB2)/1-Ca(1B)-O(IB2)i 107.5(1) n 

Bond Distance (A) Bond Distance (A) Bond 
z 

Distance (A) 2 
r 

Mg-O(IIB5) 2.057(5) 3 x P(A)-O(IA) 1 .580(9) P(B1)-O(IIB3) 1.537(5) 
-O(IIB6) 2.077(5) 3 x -O(IIA) 1.532(6) 3 x -O(IIB5) 1.549(4) 2 

-O(IIBI) 1.522(6) 
P(B2)-O(lIB2) 1.539(6) -O(IBl) 1.533(7) 2 

-O(II B4) 1 .533(5) 2 
-O(IIB6) 1 .533(4) 
-O(IB2) 1 .538(6) % 

n 

Bonds Angle (Deg) Bonds Angle (Deg) Bonds Angle(Deg) 
h 

O(IIB5)-Mg-O(IIB5) 84.1(2) O(IA)-P(A)-O(IIA) 107.5(3) O(IB1)-P(B1)-O(IIB2) 112.4(4) 
-O(IIB6) 97.7(2) O(I1A)-P(b)-O(IIA) 111.4(3) -O(IIB3) 106.4(3) 3 
-O(IIB6) 177.6(2) O(IB2)-P(B2)-O(IIB2) 107.0(3) -O(IIB5) 111.3(3) 2 
-O(IIR6) 94.5(2) -O(IIB4) 107.6(3) O(IIB1)-P(B1)-O(IIB3) 113.5(3) ' 

O(IIB6)-Mg-O(IIB6) 83.7(2) -0(IIB6) 1 12.7(3) -O(IIB5) 107.5(3) 
O(II B2)-P-O(II B4) 114.9(4) O(IIB3)-P(B1)-O(IIB5) 105.6(3) 

-0(IIB6) 107.3(3) 
O(IIB4)--P-O(IIB6) 107.4(3) 

'Symmetry transformations a b ... r :  x y, z. -J, x - j r  I. y - x - x z .  -- y - x 112 + r. r x -jr 112 + I; y - x y 112 + r; 113 + x, 213 + y, 213 + Z ;  113 - J,, 213 + 1 - Y, 213 + 2; 
113 + y  - x.213 - x ,2 /3  + 2;'1/3 - y , i / 3  ' x ,  176 + z:'l;3 + x , i / 3  +'x'- J 8 , i / 6  +'z; 113 +'1'- x.273 i y ,  116 + z ; i l j  + x ,  113 + y ,  113 + z ; 2 / 3  - y, 113 + x - y, 113 + z ; 2 / 3  + y - x ,  
113 - x,  113 + z ;  213 - y ,  113 - x, 516 + z ;  213 + x, 113 + x - y ,  516 + 2; 213 + Y - x, 113 + Y ,  516 + Z. 
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structure, have both ME and two Na in their 8. R. W. T. WILKINS and W. K. SABINE. Am. Mineral. 
strilcture(21, 22) and a-lunar whitlockite con- 583 508(1973). 

9. R. GOPAL. Ph.D. Thesis, McMaster University, tains a considerable amount of trivalent rare Hamilton, Ontario, 1972. 
earth ions (23). It is not surprising that Mg and lo. H. T. EVANS, D. E. APPLEMAN, and P. S. HAND- 
other small radii divalent ions, stabilizes the WERKER. Amer. Cryst. Assoc. Annual Meeting, Cam- 
whitlockite phase (5) because of its solubility in bridge) Mass.,42(1963). 

the octahedral site. Further studies will be needed I:: 2: " , ~ , " d S ~ ~ ~ ~ ~ ~ ~ ~ ~ $ ~ ~ ~ ~ s 6 6 4  
to ascertain the role of the other impurities in the 13. D. T. cRoMER and J. T, WABER. Acts crvst. lo4 
structure. (1 965). 
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' 3C Nuclear Magnetic Resonance Studies of Organometallic Compounds. IV. 
cis-Dimethylplatinum(I1) Derivatives1 

HOWARD CHARLES CLARK, LEO ERNEST M A N Z E R , ~  A N D  JOHN EDWARD HENRY WARD, 
Deportment of Cl~etnistry, The University of Western Ontnrio, Lotlciot~, Otltrrrio N6A 3K7 

Received October 19, 1973 

Data derived from the '"C n.m.r. spectra of seven neutral cis-dimethylplatinum(I1) 
derivatives of the type cis-(CH:,).'PtLS and cis-(CH,)rPt(L-L) (where L and L-L are 
neutral donors) are discussed and compared with data derived from the 'H n.m.r. 
spectra of the complexes. Simultaneous variations in L or L-L reveal that the n.m.r. 
trans-influence rather than the n.m.r. cis-influence is dominant. The suggestion that the 
n.m.r. cis- and trans-influences may be additive is discussed. In contrast with data 
obtained by other workers, it is shown that the ' J V H  values of the platinum methyl groups 
are essentially insensitive to variations in the remaining ligands. 

On discute les rtsultats obtenus par r.m.n. du I3C de sept dCrivts neutres du type cis 
(CH,),PtL2 et cis (CH:,)?Pt(L-L) (dans lesquels I, et L-L sont des donneurs neutres) 
et I'on compare ces donntes avec celles obtenues par r.m.n. du proton de  ces complexes. 
Des variations simultanCes dans L ou L-L montrent que I'influence trans de la r.m.n. 
prtdornine plut6t sur I'influence cis. On discute de la suggestion selon laquelle les 
influences cis et trans de la r.m.n. peuvent &tre additives. Par opposition avec les rtsultats 
obtenus par d'autres chercheurs on a dCrnontrC que les valeurs 'Jra entre le platine et 
les groupes mtthyles sont essentiellement insensibles aux variations dans les autres 
ligands. [Traduit par le journal] 

Can. J. Chem., 52, 1165 (1974) 

Introduction 
As part of a general study of the cis- and trans- 

influences (2, 3) by 13C nuclear magnetic reson- 
ance spectroscopy, we have examined several 
series of methylplatinum(l1) derivatives. For 
complexes of the type trans-[(CH3)Pt(Q2)L]+- 
PF,- (4, 5) ,  where Q is As(CH,), or P(CH,),- 
(C,H,) and L is a neutral ligand, and trans- 
[(C6H5)Pt(As(CH3)3)2L]+PF6- (6) we presented 
substantial evidence supporting the theory that 
the n.m.r. trans-influence is governed by the 
rehybridization of platinum o-orbitals in the 
two trans bonds. In particular, for the trimethyl- 
arsine series of trans-methylplatinum derivatives, 
it was found that substitution of the ligand trans 
to the methyl group resulted in large parallel 
changes in 'Jptc and 2Jp,cH while 'JCH was in- 
variant. This evidence supports the notion that 
changes in apt2,  the s character of the hybrid 
platinum o-bonding orbitals in the Pt-C bonds, 
are mainly responsible for alterations in 'JPtc 
and 2Jp,cH. 

'For the previous paper in this series see ref. 1. 
ZPresent address: Central Research Department, 

Experimental Station, E. I. DuPont de Nemours and Co., 
Wilmington, Delaware 19898, U.S.A. 

3To whom correspondence should be addressed. 

In contrast, our 13C n.m.r. studies of cis sub- 
stituted methylplatinurn(l1) derivatives (1) of the 
type [DIARSP~(CH,)L]+PF,- (DIARS is o- 
phenylenebis(dimethylarsine), where L is also 
a neutral ligand, have revealed a significantly 
different behavior. A plot of 'Jptc (trans to L) us. 
'JPtc (cis to L) for the analogous trans-[(CH,)Pt- 
(As(CH3),),L]+PF6- and cis-[DIARSPt(CH,)- 
L]+PF,- derivatives produced a wide scatter of 
points. Furthermore, a plot of 'JPtc us. 2 ~ p t , ,  for 
the methyl group of [DIARSP~(CH,)L]+PF,- 
also failed to yield a discernible relationship. 
This evidence supports the idea that the n.m.r. 
cis-influence is not strongly related to the n.m.r. 
trans-influence, and that it is not clearly related 
to the rehybridization of platinum o-orbitals in 
the platinum-carbon bonds. 

In order to derive further information about 
the relationships of the n.m.r, cis- and trans- 
influences, we have obtained the 13C n.m.r. 
spectra of neutral platinum(I1) derivatives of the 
type cis-(CH,),PtL, and cis-(CH,),Pt(L-L), 
where L and L-L are neutral donors. In this 
series, a given platinum methyl group will under- 
go variations of ligands cis and trans to itself, so 
that results will reflect a simultaneous variation 
in both the n.m.r. cis- and trans-influences. 
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CLARK ET AL.: "C N.M.R. STUDIES. I V  

FIG. 1. I3C n.m.r. spectrum (25.2 MHz) of (CH,),Pt (norbornadiene) 1 in chloroform-d solution. 

Cheney et al. (7) have already examined two 
derivatives of this type, where L is dimethyl- 
phenylphosphine and  dimethylphenylarsine. 
Their results indicate, in contrast with those 
derived from our trans-methylplatinum(I1) deri- 
vatives, that o-orbitals in the C-H bonds of the 
methyl groups may be rehybridizing, since 'JCH 
as well as 'J,,, and *J,,,, vary on changing from 
the phosphorus to  arsenic donors. Thus, we have 
also obtained the 'JCH values of the cis-dimethyl- 
platinum derivatives examined here, with the 
hope of rationalizing and resolving the apparently 
contradictory observations. 

Results 

The 13C shieldings and 1 9 5 ~ t - 1 3 C  coupling 
constants obtained from the spectra o f  the cis- 
dimethylplatinum(l1) derivat'ives are summarized 
in Table 1. For comparative purposes, this table 
also includes the relevant data presented by 
Cheney et ul. (7). The 13C n.m.r. spectrum of the 
norbornadiene derivative 1 is a typical example, 
which is shown in Fig. 1. Since we have not 
determined the relative signs of the 13C-'95Pt 
coupling constants, the absolute values of these 
parameters, which are  adequate for the argu- 
ments that we will present later, are provided in 

Experimental Table I. 
All the cis-dimethylplatinurn(11) derivatives, (CH,)2- In all cases, the high field resonances in the 

Pt(As(CH,),), (8), (CH,),P~DIARS (I ) ,  (cH,),P~- spectra were assigned t o  the carbons o f  the plati- 
(p-CH3C6H,NC), (9), (CH3),Pt(l,5-cyclooctadiene) (9), num methyl groups of 1-5, on the basis of their 
and (CH,),pt(norbornadiene) (10) were obtained by similarity with a host of  related methylplatinum- 
established procedures. The I3C n.m.r. spectra were (11) derivatives (I ,  4, 5). These platinum methyl 
measured on a Varian XL-100-15 spectrometer operating 
in the pulsed Fourier transform mode at 25.2 MHz. All resonances are flanked by widely spaced 195Pt 
spectra were determined with noise-modulated proton de- satellites of ca. one-fourth intensity, whose 
cbup~ing, and proton-coupled spectra were obtained by separation appears to  be sensitive to the  nature 
off-setting the decoupling frequency by co. 30 kHz. The of L or L-L. 
spectra were taken on chloroform-d, methylene chloride- 
d,,  and/or acetone-d6 solutions in 5 mm sample tubes and In certain instances, assignments of  the 13C 
were calibrated using the solvent resonances as secondary the ligands were carried O u t  by 
standards (11). comparing the shielding of the coordinated and 
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uncoordinated species and from off-resonance 
1 3  C-{I H} experiments. For example, the similar 

coordinated (uncoordinated) shieldings of the 
saturated carbons of norbornadiene (13, 14) are 
C ,  ,, 49.4 (50.9) and C, 73.2 (75.4) p.p.m. These 
data, together with the relative intensities of the 
signals, provide the basis for the specific assign- 
ments. The intense signals arising from the four 
unsaturated carbons, C2,3,5,6 88.3 (143.4) are 
shifted considerably upfield; this is consistent 
with our observations on a series of metal- 
coordinated olefinic and acetylenic systems (15). 
The signals arising from the 1,5-cyclooctadiene 
ligand were assigned by similar arguments. The 
specific assignments of the DIARS and trimethyl- 
arsine carbons have been discussed previously 
(1, 4, 6). Finally, there have apparently been no 
reports of I3C n.m.r. data for aromatic isocyanide 
derivatives, such as phenylisocyanide or p-tolyl- 
isocyanide. Thus, we have been unable to speci- 
fically assign the carbon resonances of the latter 
ligand in 5. 

Discussion 
The n.m.r. data for 1-7 reveal that with varia- 

tions in the ligands, relatively large fluctuations in 
the 13C n.m.r. parameters may occur. For ex- 
ample, when norbornadiene is replaced by two 
p-tolylisocyanide donors, the methyl carbon 
shieldings shift upfield from + 5.9 to - 5.7 p.p.m., 
while the 'J,,, values decrease from ca. 816 to 
590 Hz, and the 'J,, values remain constant (ca. 
124 (+2) Hz). 

From the 'J,,, values of the platinum methyl 
groups, we may formulate a combined n.m.r. 
cis- and trans-influence series for the ligands 
used in 1-7: 

% DIARS % 2As(CH3),(C6H5) > 

This series approximately follows the trend 

phosphine > isocyanide > arsine > olefin 

which we have observed for complexes of the 
Sort trans- [(CH~)P~(P(CH~)~(C~H~))~L]+PF~- 
(4). Hence there appears to  be some relationship 
between the combined n.m.r. cis- and trans- 

influences and the n.m.r. trans-influence for the 
ligands we are considering here. However, it 
differs from the order 

isocyanide z arsine > phosphine 

which we have observed for then.m.r. cis-influence 
of related ligands (1). Nevertheless, since the 
n.m.r. cis-influence series is formulated from 
'J,,, values falling within a much smaller range 
than those values used to derive analogous n.m.r. 
trans-influence series, such a cis trend may well be 
effectively masked. 

If the n.m.r. cis- and trans-influences are addi- 
tive in the cis-dimethylplatinum(II) derivatives 
here, we may algebraically manipulate some of 
these 'J,, ,  values in order to  determine the 
expected ordering of the ligands in the combined 
cis- and trans-influence series. F o r  example, the 
'J,,, value for the platinum methyl group in 
trans- [(CH3)Pt(As(CH3),) ,L]+PF6- (4) in- 
creases by 29 Hz, (from 446 to  475 Hz), when a 
triphenylphosphine donor is replaced by ethyl- 
isocyanide. On the  other hand, when the same 
two ligands are considered in the cis-DIARS 
derivatives (I), a decrease of 33 H z  is observed 
(from 533 to 500 Hz). Thus, there is an effective 
mutual cancelling of the combined cis- and trans- 
influences of these two ligands. l f  we can extend 
a similar argument to the p-tolylisocyanide and 
dimethylphenylphosphine derivatives examined 
here, we may well anticipate that the 'J,,, values 
will be very similar, and indeed, this is the case. 
Our additivity argument would predict a differ- 
ence of -4 Hz on replacing a phosphine by an 
isocyanide donor, while the actual difference is 
also -4  Hz, in embarrassingly good agreement. 
This agreement may be fortuitous, since directly 
analogous compounds were not considered. 

All the 'J,, values of the platinum methyl 
groups ofthe cis-dimethylplatinum(I1) derivatives 
lie within the experimental error o f  124 Hz, except 
that for the dimethylphenylphosphine derivative 
7, reported by Cheney et al. (7). Therefore, it 
seems that these derivatives are behaving simi- 
larly to the trans- [(CH3)Pt(As(CH3),),L] + PF, - 
(4) complexes we have already examined. While 
the platinum o-orbital of the Pt-C bond ap- 
pears to  undergo rehybridization with ligand 
variations, the hybridizations o f  the o-bonding 
C-H orbitals appear to remain constant. The 
'J,, vaIue of 132.0 Hzfor the bis(dimethylpheny1- 

4For the value of 446 Hz, see footnote in ref. 1. 
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CLARK ET AL.: I3C N.M.R. STUDIES. IV 1169 

phosphine) complex 7 thus seems anomalous, 
and the observation that both 'Jplc and 'JcH 800- 

values change with ligand variations does not 
seem to have any generality.' 

Next, we examined the relationship of the 
m- 'JPtc and 2 ~ p , c H  values for the derivatives 1-7. 

A plot of those data is shown in Fig. 2 and a 
linear regression analysis6 of the data is given 
in eq. 1. -7 

600 - 
[I]  ' J ~ ~ ~  = 10.5 (k0.6) 2 ~ p t C H  - 135.8 (k44.6) r 

The reasonable linear correlation indicates that -( 60 
the n.m.r. trans-influence of a given ligand out- ~ J P ~ C H  HZ 
weighs its n.m.r. cis-influence, since the latter 
does not yield a linear relationship in an analo- 
gous comparison with cis-methylplatinum deriva- 
tives (1). The distinctly poorer correlation coeffi- 
cient for this series (r = 0.949) compared with 
those derived from data obtained from series (4) 
in which only the trans ligand is varied (r = 0.997, 
0.994, and 0.986) probably reflects the superim- 
position of the non-linearly related cis-influence 
components. In addition, the fact that the plot 
here of 'J,,, us. 2Jp,c, does not pass through the 
origin adds further evidence to this proposal, 
since similar plots for trans-methylplatinum(1I) 
analogs (4) pass much closer to the origin. 

Finally, we should comment on our brief 
examination of the solvent dependences of the 
13C n.m.r. parameters. In contrast with results 

1 
'A referee has pointed out that the 'JcH values (I 24 (f 2) 

Hz) for 1-6 are consistently lower than those values 
I (131(?2) Hz) (16) obtained by ' H  n.m.r. for the platinum 

methyl groups of theseries ~~U~IS-['~CH,P~((C~H~)~P)~X]. 
That higher ' J C H  values are observed only for the bis- 
(triphenylphosphine) complexes and for the bis(dimethy1- 
phenylphosphine) complex 7 leads us to speculate that 
the presence of phenyl substituted phosphines cis to a 
platinum methyl group may be important in causing these 
differences. For example, we have indicated (1) that 
"steric" interactions of ligands with a c i ~  platinum methyl 
group may have a bearing on the magnitude of 'Jptc for 
that group. Perhaps a similar behavior may be invoked 
to account for the higher 'Jet, values observed for the 
bis(phosphine) derivatives. 

6The average deviations of the slope and intercept for 
the linear equation presented here are calculated on the 
basis of the maximum possible error due to the inherent 
uncertainty of the experimental measurements. These 
errors havealready been cited in Table I .  It is worthwhile 
noting that these variations represent the maximum error 
in precision and that as such they may be generous esti- 
mates. All the data points are derived from "C and 'H 
n.m.r. data obtained in CDC13 solutions except for those 
of 6 and 7 which were run in CH,CI,. 

FIG. 2. Plot of 'JplC I S .  2JprC,I for the cir-diniethyl- 
platinum(1l) derivatives 1-7. 

we obtained for series of trans- (4) and cis- (1) 
methylplatinum derivatives, the 'J,,, values vary 
over a considerably greater range than that en- 
compassed by the inherent experimental error. 
For example, the bis(trimethy1arsino) derivative 
4 yields a 'JPtc value of 668 (+2) Hz in chloro- 
form-d, which increases to 689 (+ 1) Hz when the 
spectrum is obtained in acetone-&. The other 
derivatives 2 and 3 whose spectra were determined 
in a number of solvents exhibit similar, but less 
marked behavior. In addition, the I3C shieldings 
of the methylplatinum carbons also vary in 
ranges greater than that dictated by the experi- 
mental uncertaintv of measurement. Thus. an 
effort should be made to evaluate the sollent 
dependence of 13C n.m.r. parameters before 
quantitative relationships are considered. It 
would be particularly appropriate to  use data 
derived from spectra determined in a single 
solvent. 
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Shock Tube Studies of the Reactions of Hydrogen Atoms. I. 
The Reaction H + NH3 + H2 + NH2 

JOHN E. DOVE A N D  WING S. NIP 
Depcrrttnet~t of Chetnistry, University of Toronto, T o m t ~ t o ,  Otltcirio M5S / A /  

Received August 23, 1973 

The partial equilibrium state following the branched-chain explosion of shock-heated 
rich Hs/02/diluent mixtures contains a high concentration of H atoms. The conditions 
under which this state can be used as a source of H atoms for the study of elementary 
reactions have been investigated. A small amount of NH3 was added to H,/Oa/inert gas 
mixtures in order to measure the rate of the reaction H ,+ NH:I -+ H2 + NH,. The  
pseudo-first order decay of NH, in an approximately ten-fold excess of H atoms was 
followed by a time-of-flight mass spectrometer which sampled from the reflected shock 
region in a shock tube. The rate coefficient for this reaction, determined over the tem- 
perature range 1500-2150 OK, is 10':'."tO.'a exp - ( I7  400 f 1 300 cal mol-')/RT cm3 
mol-' s-'. 

It is pointed out that, under certain stated conditions, the method can also be extended 
to study the rates of elementary reactions involving 0 atoms and OH radicals. From our  
experiments, upper limits on the rate coefficients of the reactions OH + NH, + H 2 0  + 
NH2 and 0 + NH,, + OH + NH, over the temperature range 1620-1920 "K a re  
8 X 10°P."exp (-1100/RT) and 1 X lot3 exp (-6600/RT), respectively. 

L'Ctat d'tquilibre partiel rtsultant de l'explosion en chaine multiple de  mklanges riches 
en H2/02/diluant ii la suite d'un effet choc-chaleur, contient une concentration tlevte e n  
atomes d'hydrogtne. On a Ctudit des conditions expirimentales permettant I'utilisation 
de cet ktat comme source d'atomes d'hydrogtne pour l'ttude de rtactions tltmentaires. 
Une faible quantiti de NH, fut ajoutte a des mtlanges HI'/02/gaz inerte afin de mesurer 
la vitesse de la rtaction H + NH:, + H.. + NH?. La dicroissance du  pseudo-premier 
ordre de NH, dans un excts (d'environ dix fois) d'atomes d'hydrogtne a kt6 suivie h 
l'aide d'un spectromttre de masse, mesurant la dur te  de la trajectoire, dont la source 
d'tchantillons correspond A la rtgion de riflexion des chocs dans un  tube h ondes d e  
chocs. Le coefficient de vitesse pour cette rtaction, dttermint pour des temperatures 
allant de 1500 i 2150 OK, est 10'".""O~'U exp - (  17 400 r 1 300 cal mol-')/RT cm3 
mol-' s-'. 

I1 est remarquer que, dans certaines conditions, la mtthode peut Ctre utilisie pour 
l'ttude des vitesses de riactions tlkmentaires impliquant des atomes 0 et des radicaux 
OH. A partir de nos exptriences, les limites suptrieures des coefficients de vitesse des 
rtactions OH + NH. -+ H 3 0  + NH, et 0 + NH, + O H  + NH, sont tvaluies h 
8 X 10" P." exp (-1 100/RT) et 1 X 10':' exp (-6 600/RT) respectivement pour des 
temptratures allant de 1620 B 1920 OK. [Traduit par le journal] 

Can. J .  Chem., 52, 1171 (1974) 

Introduction 
The elementary reaction 

191 H + NH3 + H z  + NH2 

almost certainly plays a role in the high tempera- 
ture chemistry of ammonia. However, the im- 
portance of this role is a subject of dispute (1-3) 
because so little is known about the rate of 
reaction 9. There have been no measurements of 
k ,  at high temperatures, and there is disagree- 
ment among the various low temperature data. 

Early attempts (4-6) to study the reaction at 
room temperature failed to  detect any reaction at  

all. More recent work (7, 8) has used e.s.r. detec- 
tion to  study H + NH, in flow systems at  
temperatures up to 800 OK, but the rate of reac- 
tion was found to be too low to measure, and 
only upper limits on k ,  could be given. However, 
values of k g  have been deduced from studies of 
explosion limits (9) and  radiolysis (lo), but these 
values are substantially higher than the upper 
limits obtained by the more direct e.s.r. method. 
The only data on reaction 9 above 1000 OK come 
from a computer simulation of ammonia pyro- 
lysis (3) in which the proposed value of kg was 
calculated from simple collision theory using an 
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TABLE 1 .  Mechanism and rate expressions used in  the computer simulation* 

Reference for 
Reaction Rate expression Equilibrium constant expression rate expression 

- - 

1 . 7 0 ~  lOI3 exp (-48 150/RT) 
2.19 x l o t 3  exp ( -5  150/RT) 
1.38 x loL3  exp (- 16 400/RT) 
1 . 7 4 ~  1014 exp ( - 9  450/RT) 
5.75 x l o L 3  exp (- 18 000/RT)  
5.01 x loL4  exp (- 105 000/RT)  
2.23 x 10'2T112 exp (-92 600/RT) 
3.60 x 10LsT-I exp (- 118 000/RT) 
2.46 x 1O1%xp (- 17 071/RT) 
3.981 x 1013 exp (- 12 000/RT) 

- - 

2.63 x 10' exp (- 17 770/RT)  
2.60 x lo-' exp (+ 14 950/RT) 
1 . 1 2 5 ~  10' exp (-15 513/RT) 
2.370 exp (- 21 50/RT)  
9.204 exp (- 16 800/RT) 
1 . 6 0 ~  101exp(-119200/RT)  
2.233 x 104T-' exp (- 108 821/RT) 
1.151 x 10ST-' exp (- 121 940/RT) 
4.554 exp (+ 3 853/RT) 
3.296T-' exp (76 970/RT) 

This work 
23 

*Concentration units mol cm-'. Activitaion energies in cal mol-I. All equilibrium constants are from ref. 35. 
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DOVE AND NIP: SH( )CK TUBE STUDIES. I 1173 

empirically-obtained activation energy. Though 
a qualitative explanation of the experimental 
pyrolysis data was achieved, there seems to  be no 
direct quantitative justification of this value of 
kg. 

While working on the interpretation of recent 
shock-tube data (1 1) on the pyrolysis of NH,, we 
needed to have a high temperature value of kg. 
Because of doubts about the validity of literature 
data on reaction 9, we sought to measure kg 
independently by as direct a method as possible. 
For such a measurement, the reaction between 
hydrogen and oxygen is a possible source of 
hydrogen atoms. Baldwin et a[. (12-14) have 
shown that the concentrations of H ,  0 ,  OH, and 
HO, in slowly reacting hydrogen-oxygen mix- 
tures can be accurately calculated, and they have 
made use of this fact to study the reactions of 
these reactive species with small amounts of 
added substances. Unfortunately their particular 
methods can only be applied below 800 OK, well 
below the temperature of our NH, pyrolysis 
experiments. However, a related possibility is 
that of using the large quasi-stationary concen- 
tration of hydrogen atoms in the "partial equi- 
librium" mixture (15) formed by the high 
temperature branched-chain explosion of hydro- 
gen-oxygen mixtures. Gardiner et al. (16) have 
recently used such a mixture in a study of the 
reaction H + CO, -, O H  + CO. In the present 
work we have investigated conditions under 
which the partial equilibrium of hydrogen- 
oxygen mixtures can be used to study reactions 
of H, 0 ,  and OH in shock waves and we have 
applied the results of this investigation to a 
measurement of the rate of reaction 9. 

Partial Equilibria in Hydrogen-Oxygen 
Mixtures 

If a mixture of hydrogen and oxygen is heated 
to a suitably high temperature, e.g. in a shock 
tube, a branched-chain explosion occurs in 
which the main elementary reactions are [I]-[5] 
(Table 1). The reaction proceeds rapidly to a 
partial equilibrium (p.e.) state in which the 
forward and reverse Drocesses of reactions 1-5 
are balanced, but t i e  concentrations of the 
species H, 0 ,  and OH greatly exceed their true 
equilibrium values. Complete thermodynamic 
equilibrium can only be attained through three- 
body recombination processes such as [-61 to 
[-81 (Table 1). However under conditions 
typical of our experiments, i.e. temperatures of 

1500-2100 OK, reactant concentrations lo-' to 
lo-' mol cme3, and total gas concentrations 
about mol cm-,, the three-body recombi- 
nations (including the formation of HO,) are 
very slow. Thus, after the explosion, the concen- 
trations of H, 0 ,  and O H  remain almost con- 
stant a t  their p.e. values for a considerable time. 

The branched-chain explosion, attainment of 
partial equilibrium, and subsequent recombina- 
tion, can be simulated by numerical integration 
of the reaction rate equations (cf. Table I and 
Fig. 1). The typical behavior is an initiation 
phase followed by exponential growth of radical 
and product concentrations until a transition 
occurs to the almost constant concentrations of 
the p.e. state. The basic experimental method 
that we have used is t o  add a small amount of 
another molecular species to the initial reaction 
mixture. The reaction between the added species 
and the known constant p.e. concentrations of 
free radicals can then be studied, provided of 
course that the added species does not  signifi- 
cantly perturb the p.e. state and is not destroyed 
before p.e. is attained. 

TIME ( p  s e c )  

FIG. 1 .  Concentration profiles of a shock-heated 
hydrogen - oxygen - diluent mixture simulated by com- 
puter integration of the rate equations for reactions 1 to 8 
and the corresponding reverse reactions in Table 1. 
H,/02/Kr = 5.5/5.5/89; temperature = 1500 OK; pres- 
sure = 300 Torr; total gas concentration = 3.2 x 
mol 
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Atom and radical concentrations in the p.e 
state can be calculated from the rate equations or 
from thermodynamic data (I 5); the latter method 
was used in most of our work that is described 
below. Incidentally, it can be shown that 
(neglecting recombination effects) the composi- 
tion of the p.e. state depends only on the 
temperature and the initial ratio of hydrogen to 
oxygen concentrations, and not on the concen- 
tration of inert diluents or the total concentra- 
tion. 

Besides the fact that high concentrations of 
radicals can be achieved, two other features of the 
p.e. state make the high temperature H,/O,/dil- 
uent system a useful medium for the study of 
reactions between an added species and H, 0 ,  
or OH. Firstly, a large range of relative concen- 
trations of the reactive species is attainable. A 
hydrogen-rich mixture will produce a high con- 
centration of H atoms but much lower concentra- 
tions of 0 and OH. In oxygen-rich mixtures, on 
the other hand, 0 atoms are the most abundant 
reactive species. Figure 2 illustrates the wide 
range of concentrations of H, 0 ,  and OH that 
can be obtained by simply varying the initial H, 

FIG. 2. Calculated partial equilibrium concentrations 
of H ,  0, and O H  expressed as a fraction of initial reactant 
concentration and plotted against the logarithm of the 
initial hydrogen:oxygen ratio, T = 1500°K. The corre- 
sponding plot for 2000 "K shows very similar features. 

to 0, ratio in the test gas. Thus in principle, by 
using three different mixtures, the rate coefficients 
for the reactions of H, 0 ,  and O H  with an added 
species can be determined. Secondly, since the 
p.e. state concentrations are known through 
thermodynamics (15), they are within reason 
independent of uncertainties in the rate co- 
efficients of individual elementary reactions. 

There are, however, some limitations to the 
method. The reactions of the added species with 
H, 0 ,  and OH must be substantially slower than 
the chain propagation or branching steps. Other- 
wise much of the consumption of the added 
species will occur during the explosion and 
transition periods; a detailed knowledge of 
elementary reaction rates in H2 /02  will be 
needed in order to  make a meaningful analysis of 
this consumption. However, if the reaction of 
added species is very slow, there will not be any 
observable change in the concentration of addi- 
tive within the available test time in a shock tube. 
The rate of reaction of added species can be 
enhanced by increasing the concentrations of 
other reactants. This has the additional advan- 
tage of reducing the H2/02 induction period 
which is "dead time" as far as measurement of 
the reaction of added species is concerned. There 
is however a limit to this increase in concentra- 
tion since third order recombination reactions of 
radicals will eventually become important and 
partial equilibrium will not be well maintained. 
Also, even though the relative concentrations of 
H, 0 ,  and OH can be varied over a wide range, 
the fact that all three species are always present 
introduces some complications. 

Experimental 
The apparatus consisted of a 2.5 c m  i.d. stainless steel 

shock tube mounted into the ion source of a Bendix 
time-of-flight mass spectrometer. Reacting gas mixtures 
were continuously sampled from behind reflected shock 
waves by expansion through a 0.1 mm orifice in the end 
wall of the shock tube. Details of this apparatus have been 
given previously (24). 

Matheson U H P  hydrogen and oxygen and research 
grade neon, krypton, and argon were used. Anhydrous 
ammonia, also from Matheson, was further purified by 
fractional distillation from liquid nitrogen and a Dry 
Ice - acetone bath (about -40 "C). T h e  stated purity of 
all gases used was better than 99.99%. Two reaction 
mixtures were used: mixture A:  0.99% 02, 8.96% H z ,  
0.19% NH, ,  18.94% Kr, 68.89% Ne, 2 .052Ar;  mixture B: 
1.09% 02, 5.46% H z ,  0.19% NHs, 0.18% Ar, 20.06% Kr, 
73.01% Ne. 

Experiments were carried out at  two different total 
concentrations, about 1.0 x lo-" and 3.3 x lo-" mol 
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DOVE AND NIP: SHOCK TUBE STUDIES. I 

TABLE 2. Mole fraction of H, OH,  and 0 in gas mixtures A and B in the partial 
equilibrium state. [MI = total gas concentration 

1500 "K 2000 "K 

Ratio Mixture A Mixture B Mixture A Mixture B 

[HI 
[MI 

1.95 x 2 . 0 2 ~  lo -z  1.91 x lo-,  1.87 x 

~ I T - ~ ,  a t  temperatures of 1500-2100 OK. The chosen com- 
positions of mixtures A and B give about the same H 
atom concentration but very different 0 atom and O H  
radical concentrations (Table 2). Each mixture produced 
about 2% H atoms in the p.e. state. Under our conditions, 
the calculated effects of atom recombination and of 
temperature change during the course of reaction were 
small. 

We also made experiments to examine the attainment 
of partial equilibrium in the absence of added NH3. Two 
mixtures were used: mixture C: 1.00% O,, 8.96% H,, 
19.99% Kr, 68.81% Ne, 1.23% Ar; mixture D:  I .00% 0 2 ,  
9.01% H,, 88.96% Kr,  1.03% Ar. Mixture C was similar 
to mixture A but without added NH3. Mixt~tre D was used 
to check whether a change of noble gas altered the 
observed kinetic behavior. Argon was used as a mass 
spectrometric internal standard in all mixtures. 

Results and Discussion 

Induction Period Kinetics 
The induction period kinetics in H , /02  are 

mainly determined by reactions I to  5. Although 
a knowledge of individual reaction rates is not 
needed for a calculation of the p.e. state, we 
wanted to  check that k ,  to  k ,  correctly pre- 
dicted the observed induction kinetics. There 
were two reasons for making this check, (i) we 
wanted to use k ,  to  k ,  to  calculate the time of 
establishment of p.e. which is also the starting 
time for measuring NH,  consumption, and (ii) 
we later used k ,  t o  k j  and other rate coefficients 
in a computer simulation of NH, profiles in 
order to check our measured value of k,. 
Accordingly we measured the time dependence 
of [H,O] in mixtures C and D at two different 
total concentrations, 1.0 x and 3.3 x 
mol cm-), at  temperatures of 1550-2390 O K .  

The observed H 2 0  concentration profiles were 
similar to the calculated profile of Fig. 1 .  We 
defined an induction period r as the time taken 
for [H,O] to  reach 5"j,f its p.e. value. Our 
measurements are plotted as log ([02],s) against 
1/T in Fig. 3. It is known (25) that under the 

FIG. 3 .  Plot of log ([o,],,~) US. 104/T. [O,],,T in mol 
cn1r3 s. Points are experimental values: 0, mixture C, 
total gas concentration -1 x mol ~ m - ~ ;  0, mix- 
ture C, total gas concentration -3.3 x mol cn1r3; 
A, mixture D, total gas concentration -1 x lov6  mol 
cm-'. The  solid line represents values computed using the 
rate equations for reactions 1 to 6 in Table 1. 

conditions of our experiments such a plot 
produces a linear relationship. The rate equations 
corresponding to reactions 1 to  6 in Table I 
were then numerically integrated t o  simulate 
H 2 0  concentration profiles of several experi- 
ments. (Reaction 6 was actually included, but 
other calculations showed that it and other 
recombir?ation reactions had no significant effect 
on the resuits.) An induction period, as  defined 
above, was determined from each computation. 
The plot of the computed values of log ([02],r) 
against 1/T is shown a s  the solid line in Fig. 3. 

It can be seen that the experimentally observed 
and the computer simulated induction periods 
agree very well, especially at  1550-2100 "I;, 
approximately the temperature range of our 
experiments with added NH,. This res~il t  gave us 
confidence in the use o f  the rate coefficients k ,  to 
k j .  Comparison of mixtures C and D indicated 
that the induction kinetics are independent of the 
diluent under our conditions. 
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Measurement of the Rate of Reaction of Hydrogen 
Atoms with NH, 

Figure 4 is a first order plot of the measured 
NH, concentration from one of our experiments. 
The graph can be divided into three regions. 
Initially there is an induction period in which the 
NH, concentration remains fairly constant. This 
induction period agrees well with that calculated 
for the same mixture but without NH,. There 
then occurs a relatively rapid decay which corre- 
sponds to the pseudo-first order reaction between 
NH, and the excess of H atoms in the p.e. state. 
Finally there is a region in which the plot tends to 
level off. We attribute this levelling off to the 
occurrence of a significant amount of the back 
reaction [-91 NH, + Hz + NH, + H in the 
large excess of Hz. 

The approximately linear slope immediately 
following the induction period, in the first order 
plot, represents the rate of reaction of NH, with 
a concentration of H atoms closely equal to the 
p.e. concentration of H atoms in the absence of 

sponding values with NH, added were 0.202 and 
0.207.) The rate coefficient of reaction 9 was 
found from the maximum slope, using the 
relationship 

2.303 d log [NH,]/dt = kg[H] = 0.21 x kg[H2], 

An  Arrhenius plot of k, for mixture A. is 
shown in Fig. 5. I t  will be seen that  there is good 
agreement between the high concentration and 
low concentration experiments. This agreement 
indicates that our assumption of  pseudo-first 
order kinetics is correct; it also confirms the 
conclusion from our  computations that the effects 
of H atom recombination, which should be 
enhanced at  the higher concentration, were not 
important under our experimental conditions. A 
least squares fit t o  the Arrhenius plot over the 
temperature range 1500-2150 OK gives kg, for 
mixture A 

kg, = 10L3.39*0.21 exp -(I7 100 

+ 1 7 0 0 ) l ~ ~ c m ~  mol-I s - I  
ammonia. Since the quantity [H],,,,/[H2]o was 
almost independent of temperature in mixture A, with the activation energy in cal  mol-'. The  

its value was set at  0.21 throughout the whole quoted uncertainties are standard deviations. 

temperature range. (The kinetic calculations We next considered whether the small p.e. 

described later indicated that in the absence of concentrations of 0 and O H  could have signifi- 

NH, the quantity [H]/[H,], reached a value of cantly affected our observed rates of NH, 

0.214 at 1923 O K  and 0.217 a t  1620 O K ;  the corre- removal. Because of the lack of literature data on 
the reactions 

[ I l l  O H  + NH3 -t products 

and 

11 21 0 + NH, -t products 

0 100 2 00 300 
TIME ( p  s e c )  

FIG. 4. Comparison of experimentally observed and 
computer simulated [NH3]/[H2I0 profiles. Circles repre- 
sent observed [NH,]/[H210 ratios in an experiment with 
mixture A. Temperahre = 1923 O K ;  total gas concentra- 
tion = 3.7 x mol Line A represents com- 
puter simulation of [NH,]/[H,], profile in above experi- 
ment using reaction rate coefficients given in Table I. 
Lines B and C are calculated in the same way as line A 
except that rate coefficient for reaction 9 was doubled and 
halved respectively. 

- 
0 

- 
0 

'0.5-- - , , , , , 1 , , , , I , , , , 1 7 
4.5 5.0 5.5 6.0 6.5 

lo4/ T 

FIG. 5. Arrhenius plot of values of k g  obtained with 
mixture A. 0, higher density experiments (total gas 
concentration about 3.3 x mol ~ m - ~ ) ;  0, lower 
density experiments (total gas concentration -1 x 
mol cm-9. 
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in our temperature range, we had to estimate the RT) cm3 mol-' s- '  which is only 20% of the 
range of likely values of k , ,  and k,,. From these value from a Johnston and Parr calculation (26). 
estimates we concluded that, while reactions 1 1  Similarly an upper limit on k,, in the same 
and 12 were probably unimportant, there was temperature range was found to be 1 x 1013 
some possibility that they contributed signifi- exp (-6600/RT). This is about two and one-half 
cantly to our observed rates. We therefore times the extrapolated low temperature result of 
decided to examine the effects of these radicals Kurylo et al. (8). 
experimentally. To do this, mixture B was used. 
The calculated p.e. concentrations of 0 and OH 
for this mixture were each several times larger 
than for mixture A (Table 2). 

The same experimental procedure and anal- 
ysis as described above for mixture A were then 
repeated with mixture B. Figure 6 shows an 
Arrhenius plot of the results. The solid line 
represents a least squares fit to the data, giving 
kg* = 1013.62+0.28 exp - (1 8 800 -t 2 300)lRT 

kg, is also shown in Fig. 6 as a dashed line. It 
will be seen that the agreement between kg, and 
kg, is very close, indicating that the larger con- 
centration of 0 and OH in mixture B had a 
negligible effect on the observed rate of removal 
of NH,. We conclude that the measured kg does 
indeed represent the rate coefficient of reaction 9. 
A least squares fit to the combined data from 
mixtures A and B then gave 

From our results we have also estimated upper 
limits for the rates of reactions I I and 12. We 
find that in the temperature range 1620-1923 "K 
k l l  must be less than 8 x 1 0 9 ~ 0 . 6 8  exp ( -  1 1001 

FIG. 6. Arrhenius plot of values of k ,  obtained with 
mixture B. The solid line is the least squares fit for this 
mixture, and the dashed line is k ,  from the experiments 
with mixture A. 

Reaction Products 
The principal nitrogen-containing products 

which we detected were NO and N,. NO 
accounted for about 10% of the NH, consumed 
in mixture A and about 2 5 a n  mixture B. Both 
NO and N, became detectable at the end of the 
induction period. We have not investigated the 
mechanism of formation of NO and N,, but we 
have assumed that thev are ~roduced  in secon- 
dary reactions which do no; significantly affect 
the rate of NH, removal. 

Computer Sinwlation o f  Reaction Pvofiles o f  N H3 
In order to test for consistency of the com- 

plete profiles of observed NH, concentration 
against time with the value of kg deduced from 
parts of those profiles, the full profiles were 
simulated by numerical integration of  the reac- 
tion rate equations using the kinetic data in 
Table I .  Reaction I0 was included as a termina- 
tion step to remove NH,. The agreement be- 
tween computed and experimental profiles was 
found to be satisfactory, as illustrated by Fig. 4. 

Since the experimentally measured quantity in 
these experiments was the slope of the pseudo- 
first order decay plot of ammonia, we felt that it 
was very important to make sure that this 
characteristic of the profile does depend strongly 
on the value of kg and is only weakly dependent 
on the other rate coefficients. The effect of 
changing the rate coefficients by factors of two 
on the maximum slope in the computer simu- 
lated plot of log [NH,] against time is shown in 
Fig. 7. Each rate expression from k,  to  k, ,  was 
individually changed by a factor of 2 and then by 
4 and the ammonia concentration profile simu- 
lated in each case by a computer. It can be seen 
that the maximum slope is very sensitive to the 
numerical value of kg whereas small uncertain- 
ties in the other rate coefficients are of only 
secondary importance. 

Comparison with Literature Data 
Figure 8 is an Arrhenius plot showing our 

results and the rather sparse data on k, reported 
by other workers. 
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zX1o4 

- 

2 x 1 3  R E A C T I O N  N U M B E R  

FIG. 7. Sensitivity of the pseudo-first order NH3 
decay rates, computed using the reaction scheme in 
Table I ,  to variation of individual rate coefficients. To 
test the sensitivity of the decay rate, each of the reaction 
rate coefficients in Table 1 was individually halved and 
then doubled. The length of each bar represents the total 
resulting change in the maximum slope of a plot of 
log [NH,] against time. The horizontal dotted line repre- 
sents the slope using the unchanged rate coefficients of 
Table 1. Temperature = 1923 OK. Total concentration = 
3.7 x 10-"101 ~ m - ~ .  

FIG. 8. Comparison of various calculated and experi- 
mental values of I(,. J, ref. 3 ;  A, upper limits from ref. 7; 
K, upper limit from ref. 8 ;  N, ref. 9 ;  W, ref. 10; M, calcu- 
lated value from ref. 26; S, ref. 29; DN, present work. 

A theoretical value of kg  has been calculated by 
Mayer and co-worker (26,27). However this value 
must surely be wrong since it is in such serious 
conflict with all of the experiments. 

Our values of kg  are considerably larger than 
the extrapolated high temperature results of 
Johnson (3). However, for the reasons mentioned 
in the Introduction, we are doubtful about the 
quantitative significance of Johnson's value. We 
therefore believe that our result is the first 
quantitative determination of k, above 1000 OK. 

The rate of the related isotopic reaction 

VOL. 5 2 ,  1974 

has been deduced by Lifshitz e t  al. (28) from 
studies of the exchange reaction between NH, 
and D, at 1150-1450 OK. Their rate coefficients, 
when extrapolated to the temperature range of 
our experiments, are about 2.5 times those 
deduced, from our results, for the isotopic 
analog 

However we note that in Lifshitz' analysis it was 
assumed that the reaction 

is very much slower than 

whereas recent work (8) has indicated that in 
reality reaction 13 is rapid and would be sub- 
stantially faster than reaction 9" a t  1 150-1450 OK. 
We therefore believe that the data of Lifshitz 
give only an upper limit to the rate of reaction 
- 9' and are not in conflict with our value of kg .  

It is interesting to consider what insight our 
results can give into the conflicting data below 
1000°K. Our extrapolated kg is substantially 
smaller than the value obtained by Agnesyan and 
Nalbandyan (9) from a study of the effect of 
NH, on H,/O, explosion limits. However we 
note that their value of kg  depends on the 
correctness of an  assumed mechanism for a 
fairly complex reaction. Their analysis assumes 
that reaction 9 is responsible for the observed 
inhibition of explosion. However since they used 
stoichiometric hydrogen-oxygen, substantial 
amounts of OH and 0 would be present. It 
therefore seems very possible that reactions 
other than [9] were contributing appreciably to 
the observed inhibition, and that their value of k g  
should more properly be considered an upper 
limit. 

Further extrapolation of our results to 800- 
750 OK gives a value very close to the upper 
limits observed by Albers et al. (7) and Kurylo 
et al. (8). Extrapolation to still lower tempera- 
tures does not produce any conflict with Albers' 
(7) upper limit value at 500 OK but does appear 
to conflict with the value of Schiavello and co- 
worker (29). However this extrapolation is much 
too long to be made with any confidence. 

The low temperature value of Willis et al. (lo), 
when extrapolated, intersects with our results but 
our activation energy is considerably larger than 
theirs. 

One possibility that should be considered is 
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that the Arrhenius plot for kg is curved. Several pendent of total gas concentration over the range 
authors have recently reported (30-34), in both 1.0 x l o p 6  to 3.3 x mol ~ m - ~ .  
experimental and theoretical studies, non- From our experimental results, an upper 
Arrhenius behavior in hydrogen abstraction re- limiting value for the rate coefficient of reaction 
actions. However, if we propose a smooth curve 
joining our results to those of Willis et al., and 
agreeing approximately with our Arrhenius 
activation energy as well as theirs, we have to 
assume that the upper limit estimates of Albers 
et al. and Kurylo et al. are grossly wrong. We 
thus conclude that our results, considered alone, 
do not permit a clear choice among the con- 
flicting data at lower temperatures. Nevertheless 
it is hard to see how, using the relatively direct 
e.s.r. method, both Albers et al. and Kurylo et al. 
could have failed to find a measurable rate at 
about 800 OK if k, at that temperature is indeed 
as large as stated by Agnesyan and Nalbandyan. 
Therefore, taking all factors into account, we are 
inclined to think that the available data may be 
best interpreted by proposing an Arrhenius line 
which passes close to our results and to the upper 
limiting values of Albers et al. and Kurylo et al. 
at about 800 OK, and which may show some 
concave upwards curvature. However further 
work on this interesting reaction, particularly at 
low and intermediate temperatures, is clearly 
desirable. 

Conclusions 
The present work has demonstrated that the 

large concentration of H atoms in the partial 
equilibrium state of a shock-heated hydrogen-rich 
H,/O,/diluent mixture can be used to study the 
elementary reaction between H and a small con- 
centration of added NH,. The method should be 
applicable to other elementary reactions of 0 
and OH as well as H, provided that certain 
conditions are met. 

For the temperature range 1500-21 50 OK a 
least squares fit of the results from two different 
H,/O,/NH,/diluent mixtures gave the following 
rate coefficient for reaction 9, H + NH, -, H, + 
NH2 

kg = 1013.44'0.16 exp - (1 7 400 

Our results appear to be first direct measurement 
of the rate of reaction 9 above 1000 OK. The 
observed value of k, was also found to be: 
(i) independent of initial H,:O, ratio over the 
range studied by us (5 : 1 to 9:  I), and (ii) inde- 

[ I l l  O H  + N H 3  + products 

over the temperature range 1620 to 1923 OK is 

k l l  = 8 x 1 0 9 ~ 0 . 6 8  
x exp (- 1100/RT) cm3 mol- ' s-I 

For reaction 

[I21 0 + N H 3  + products 

over the same temperature range, the upper limit 
is 

k12 = I x 1013 
x exp (- 6600/RT) cm3 mol- ' s-' 

These upper limits of course apply equally to the 
elementary processes 

and 

t12al 0 + N H 3  -> O H  + NH2, 

respectively. 
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Radiolysis of Liquid Di-n-propyl Ether: Alcohol Formation 
and Solvated Electrons 

REBECCA ARRIETA VERMEER A N D  GORDON R. FREEMAN 
Clzetnislty Depo~.tmerlr, University of Alhertcr, Edrnontotz, Albertci T6G 2G2 

Received October 29, 1973 

In they radiolysis of pure di-11-propyl ether at 296 K, G(n-propanol) = 2.5 + 0.1. The pro- 
panol yield was reduced by the addition of an electron scavenger (SF,) or proton scavenger 
(C3H7NH2), but was not affected by the addition of hydrogen chloride or propylene. In the  
absence of additives the geminate neutralization reaction [7] R 2 0 H +  + e,,,,- + ROH + R 
gave 1.8 G units of alcohol. The charge scavenging reactions of SF, and C3H7NH2 were con- 
sistent with the nonhomogeneous kinetics model reported earlier. The optical absorbance of 
solvated electrons in di-tz-propyl ether increased with wavelength up to 1.6 y, the practical limit 
of the detector, at all temperatures in the liquid range, including the liquid supercooled to 140 K 
(f.p. = 151 K). The kinetics of electron reactions could be measured by observing theabsorption 
at 0.9 y. The optical absorbance observed as a function of time r at all temperatures was con- 
sistent with the kinetics model and had the general form: absorbance = b(t-'I2 + c)e- ", where 
b is a proportionality constant, c is related to the free ion yield and k is a first order decay con- 
stant that describes the decay of the solvated electron free ions. At 273 K, k(e,,,,- + SF,) = 
4.5 x 10" M - '  s-' and the activation energy is 3.2 + 0.3 kcal/mol. 

Le rendement en 12-propanol, G(n-propanol) = 2.5 0.1, provenant de I'irradiation gamma 
du di-n-propyle ether a 296 K, diminue par I'addition d'un capteur d'electrons (SF,) ou de pro- 
tons (C3H,NH,), mais n'est pas influence par I'addition d'acide chlorhydrique ou de propylene. 
Dans I'ether pur, la neutralisation [7] R,OH+ + e,,,,- -> ROH + R a un rendement en alcool 
de 1.8 unite G. Les reactions decapture de charges dces au SF, et C,H7NH2 sont compatibles 
avec un modele de cinitique nonhomogene propose precedemment. L'absorption optique 
pour I'electron solvate dans le di-n-propyle ether liquide augmente en fonction de la longueur 
d'onde jusqu'i 1.6 y, la limite pratique du spectrophotometre, et ce mtme dans le liquide sur- 
fondu a 140 K (la temperature de fusion est 151 K). La cinetique des reactions de I'electron 
est suivie par ]'observation a 0.9 y de son absorption optique. La variation de celle-ci en fonc- 
tion du temps r est en accord avec le modele de cinetique non homogene, et est de la forme: 
absorbance = b(tr112 + c)e-", oh b est une constante de proportionnalite, c une grandeur 
like au rendement en ion libres, et k une constante de vitesse du premier order caractkrisant la  
disparition des electrons libres solvates. A 273 K, k(e,,,,- + SF,) = 4.5 x 1 0 ' " M - ' s - ' ;  
I'energie d'activation de la reaction est 3.2 ? 0.3 kcal/mol. 

Can. J. Chem., 52, 1181 (1974) 

Introduction 
The alcohol ROH is one of the major products 

of y radiolysis of an ether R,O (1, 2), although 
the mechanism of its formation is uncertain. 
Ethanol formation during the radiolysis of di- 
ethyl ether was reduced to  one half by the addi- 
tion of I ,3-pentadiene (2), but it was not certain 
whether the inhibition was due to reactions of 
free radicals or of solvated electrons. T o  obtain 
more information about this mechanism, the 

I formation of n-propanol in di-n-propyl ether has 
1 been studied. It now appears that the effect of 

1,3-pentadiene in diethyl ether was due to  the 
scavenging of electrons. 
-- 

I 

'Supported by the National Research Council of 
I Canada. 

The absorption spectrum of e,,,,- in the ether, 
and the value of the rate constant and activation 
energy for reaction with sulfur hexafluoride, were 
also determined. 

Experimental 
Mareriols 

Di-n-propyl ether was obtained from Eastman Organic 
Chemicals and from Aldrich Chemical Co. (Gold Label 
quality). The main impurities were peroxide, propionalde- 
hyde, tz-propanol, and 1,l-dipropoxypropane, each at a 
concentration of M. Theliquid was passed through 
a 14 in. x 314 in. column of neutral Woelm alumina to 
remove peroxide, then refluxed for 20 h with 1.5 g of 
2,4-dinitrophenylhydrazine and 2 ml of concentrated sul- 
furic acid per 700 ml of ether. It was then fractionally 
distilled through a 24 in. column packed with glass beads. 
About 300 ml of the prime distillate was passed through 
two 14 in. x 314 in. columns of neutral Woelm alumina. 
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No impurities M) could be detected in the result- 
ant ether, which was then degassed and stored under 
vacuum in contact with a sodium mirror. 

Sulfur hexafluoride from Matheson of Canada was 
purified by sublimation under vacuum. 

Anhydrous hydrogen chloride (Matheson of Canada) 
was passed over copper foil to remove chlorine, then sub- 
limed under vacuum. 

Propylene (Matheson of Canada) was thoroughly de- 
gassed prior to use. 

tz-Propylamine (Eastman Organic) was purified by 
fractional distillation, followed by thorough degassing. It 
was stored in a Pyrex reservoir fitted with a Hoke valve 
(stainless steel needle and Teflon seat). 

1,l-Dipropoxypropane was prepared by putting I0  g of 
anhydrous copper sulfate into 500 ml of a solution con- 
taining 25% pprpionaldehyde and 75% n-propanol. The 
solution was shaken and then allowed to stand overnight. 
The copper sulfate was removed by centrifugation, and 
the excess alcohol by rotary evaporation. The crude pro- 
duct was fractionally distilled at about 60 p pressure, with 
the pot at room temperature and the receiver at -78 "C. 
The final material was 96% pure. 

Anhydrous copper sulfate was prepared by heating 
copper sulfate hydrate to 200°C under vacuum, until 
colorless. 

Sulfuric acid (C.I.L.), tl-propanol (Fisher Scientific, 
Certified Reagent), and propionaldehyde (Eastman 
Organic) were used as received. 

Procedrnes for Steady Srafe Rodiolysis atzd Prod~rcf 
At~alysi~ 

Two ml samples were prepared by standard vacuum 
techniques. Most additives were measured in the vapor 
phase. Sulfuric acid was delivered quickly into the cell 
from a syringe with a stainless steel needle. The acid was 
frozen with liquid nitrogen, then degassed by successive 
pump-thaw-freeze cycles. A known amount of degassed 
ether was then distilled into the cell and the cell sealed off. 

The radiation source was a "Co Gamn~acell-220 
(Atomic Energy of Canada). The dose was 4 x 1019 eV/g 
and the temperature 296 K. 

Products were analyzed by gas chromatography, using 
a flame ionization detector. Calibrating solutions were 
used daily. A 6 ft x 118 in. stainless steel colu~nn packed 
with 10 wt% 1,2,3-tris(2-cyanoethoxy)propane (TCEP) on 
Chromosorb W.A.W. was used at 338-373 K to measure 
propanol and 1,l-dipropoxypropane in all samples except 
those containing a high concentration of n-propylamine 
or hydrogen chloride. A 2 ft x 118 in. glass column 
packed with Porapak Q was used at 393 K for the former 
and a 4 ft x 118 in. stainless steel column packed with 
Porapak T at  408 K for thelatter. Acid was removed from 
samples by injection onto a 1 in. x 114 in. pre-column 
packed with potassium hydroxide pellets. Propionalde- 
hyde was analyzed on a 6 ft x 118 in. stainless steel col- 
umn containing 10 wt% Carbowax 1540 on Porapak P, at 
358 K. 

The relative density of di-n-propyl ether was measured 
at 161, 186, 231, and 273 K. Using d = 0.766 g/cm3 at 
273 K (3) one obtains ddldf = -9.1 x glcm3 deg 
over the entire range. 

The Ostwald absorption coefficient a of sulfur hexa- 
fluoride in di-n-propyl ether was measured a t  197, 273, 

and 298 K (4). The respective values obtained were 9.4, 
2.2, and 1.7. All of the sulfur hexafluoride was assumed to 
be dissolved in the supercooled liquid ether at 140 K. 

P~rlse Radiolysis Procedrr~,es 
The equipment used for pulse radiolysis (I ps pulses of 

1.7 MeV electrons, -6 x 101%V/g) and optical spectros- 
copy has been described elsewhere (5), with the following 
exceptions. 

Two Bausch and Lomb grating monochromators were 
used, one to cover the range 350-800 nm and the other 
700-1600 nm. Corning filters #3-74, 3-66, and 7/56 were 
used to remove higher order diffractions with wavelengths 
below 400, 560, and 800 nm, respectively. The gratings 
were calibrated with a He-Ne laser, using the first order 
632.8 nm and second order 1265.5 nm lines. 

The photodetectors were EG & G model SGD444 
(silicon) for 400-1000 nm and ENL type 653 (germanium) 
for 700-1600 nrn. The  response time of the former was 
70 ns. The response from the latter occurred in two steps, 
the first in i 1 ps and the second over many ps. Four 
ENL653 detectors were purchased and the one with the 
largest first step (0.58 of the final signal) was used. The 
measurements with the ENL653 were then normalized by 
dividing them by 0.58. The normalization was checked by 
matching the results with those from the SGD444 in the 
overlapping range 700-1000 nm. 

All studies of absorbance decay rates were done with 
the fast detector, SGD444. 

Results 
Alcohol Fornzation 

In samples that contained acid, part of the 
alcohol reacted with the product aldehyde to 
form the acetal I,l-dipropoxypropane. In pure 
ether the yields were G(n-propanol) = 2.5 + 0.1, 
G(propiona1dehyde) = 0.3, and G(1,l-dipro- 
poxypropane) = 0.01; the irradiated samples 
were stable for many hours. In samples that con- 
tained sulfur hexafluoride, the measured amounts 
of'alcohol and aldehyde decreased over a period 
of hours, while that of the acetal increased by a 
corresponding amount. Acetal formation was 
presumably catalyzed by hydrogen fluoride pro- 
duced by reaction of sulfur hexafluoride with 
electrons. 

H + 

[I]  C 2 H 5 C H 0  + 2C3H,0H -> 

C2HSCH(OC3H,)Z f H z 0  

The initial alcohol yield was therefore taken as 
G(n-C3H70H), = G(n-C3H70H),,, + 2G(C,H,- 
CH(OC3H7),),,,, where the observed yields were 
measured at the same time. 

The initial yield of propanol decreased with 
increasing sulfur hexafluoride concentration 
reaching a lower limit of about 0.7 units at > 0.1 
M sulfur hexafluoride (Fig. 1). 

Hydrogen chloride had no effect on the radiol- 
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3 r - "  I 3 1 '  t I 

o L ,  I I I I 
-OD - 4  -3  -2 -1 0 

log [solute] [MI 0-la L -3 -2 -1 0 

FIG. 1. Yield of n-oro~anol as a function of solute 109 [ C ~ H ~ N H ? ]  (MI - - - ,  - - .  

concentration. T = 2 9 6 ~ . ' ~ o l u t e :  0, sulfur hexafluoride; 
0, hydrogen chloride; A, propylene. The curve through FIG. 2. Yield of l z -~ro~ano l  as a function o f  11-prop~l- 
the sulfur  hexafluoride ooints was calculated using ea. amine concentration at 296 K. The curve was calculated - .  
9 and p = 9 x 1014 V I C ~ ~ .  using eq. 9 and p = 1.0 x 10'' V/cmL. 

ysis yield of propanol (Fig. 1). At [HCl] > 0.1 M 
the acid catalyzed decomposition of the ether to 
propanol and chloropropane was appreciable. In 
this case the amount of chloropropane was sub- 
tracted from the amount of alcohol before cal- 
culating the radiolysis yield of the latter. The 
correction was 15% at 0.6 M hydrogen chloride. 

[2] (C3H7)zO + HCI + CsH70H f C3H7CI 

Sulfuric acid dissolved in the ether but reacted 
relatively rapidly to form propanol and propyl 
hydrogen sulfate. It therefore could not be used 
in the radiolysis study. Propyl hydrogen sulfate 
was identified by its physical characteristics: 
denser than ether and only slightly soluble in 
ether, so it precipitated and settled to the bottom 
as a colorless, very viscous liquid; it was very 
soluble in water, and acidic. It decomposed upon 
gentle heating, presumably to form dipropyl sul- 
fate and water. 

Addition of up to 0.02 M n-propylamine had 
no effect on propanol formation, but higher con- 
centrations decreased the alcohol yield (Fig. 2). 

Propylene had no effect on the yield of alcohol 
(Fig. 1). 

Soluated Electron Spectrum 
The optical absorption spectrum of the liquid 

was measuredat the endof 1 pspulsesofelectrons. 
The spectra recorded at 273, 200, and 140 K are 
shown in Fig. 3. The rate of decay of the absor- 
bance was greatly increased by the addition of 

M sulfur hexafluoride, an efficient electron 
scavenger (Fig. 4). The absorbance was attri- 

FIG. 3. Optical absorption spectra of solvated elec- 
trons in liquid di-t~-propyl ether. The liquid a t  140 K was 
supercooled by 1 lo. 

buted to solvated electrons. Similar spectra have 
been observed in other ethers (6). 

The absorbance observed at the end of a 1 ps 
pulse increased only slightly when the ether was 
cooled from 273 to 200 K, but increased greatly 
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FIG. 4. Optical absorbance at 920 nm as a function of 
time in propyl ether at 200 K :  (0) no additive, time = 1 
pslmain div.; (b) [SF,] = 0.5 x M, time = 1 ps/ 
main div.; (c )  [SF,) = 1.1 x M, time = 0.5 ps/ 
main div. 

when the liquid was cooled further to  140 K (Fig. 
3). Absorbance is given in arbitrary units because 
there is uncertainty about the infrared detector 
response. However, one arbitrary unit z 1 x lo4 
units of GE, esolv- MI100 eV cm. 

The normal freezing point of di-n-propyl ether 
is 151 K,  so the liquid at 140 K was supercooled. 
Sudden freezing of the supercooled liquid caused 
the light signal to disappear; thawing such a 
sample usually broke the cell. 

At 273 K the absorption spectrum decayed by 
simple first order kinetics within the time resolu- 
tion of the apparatus (Fig. 5). The order of the 
decay at 200 K (Fig. 5) and 149 K (Fig. 6) was 
complex, presumably due to the observation of 

FIG. 6. Optical absorbance at 900 nm as a function of 
time in propyl ether at 149 K. 0, observed; ---, approxi- 
mate first order line; m, difference between observed and 
approximate first order values. The full line wascalculated 
from eq. 15. 

the final portion of the geminate neutralization 
reaction. 

k(es01"- + SF,) 
The first order decay of the free-ion solvated- 

electrons in the absence of sulfur hexafluoride 
was presumably due to reaction with an impurity 
S : 

Fig. 5. Optical absorbance at 900 nm as a function of where A = absorbance. 
time in propyl ether: A, observed at 273 K ;  0, observed 
at 200 K ;  ---, approximate first order line; m, difference Measurements were made at 273, 2007 and 140 
between observed and approximate first order values. The K. An Arrhenius plot of the values of k5 is shown 
full lines were calculated from eq. 15. in Fig. 7. At 273 K, k5 = 4.5 x 10l0 M-Is - ' .  

- 
L? .- 
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'\ - 
0'. 

- \* '. - 
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At low temperatures the final part of thegeminate 
neutralization reaction was also observed: 

[41 e,,,,- + M +  -> products 

Reaction with added sulfur hexafluoride was 
O 

superimposed upon [3] and [4]: 

151 e,,,,- + SF, -> SF6- 

The value of the rate constant k ,  of reaction 5 
was determined from the difference in the ob- 
served rates in the presence and  absence of sul- 
fur hexaffuoride. 

- dA 
161 k5 = 

with SF6 

-dA - - 
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1 t81 RNHz + RzOH+ + RNHs+ + RzO 7. Assuming f = 1, the best value of p was 1.0 x 
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T ( K )  For the present treatment the total ionization 
yield in the liquid ether is assumed to equal that 
in the gas phase, although ionization yields in 
liquids might in general be somewhat greater 
than those in the corresponding gases (7). The 
gas phase ionization yields in di-ethyl and di- 
isopropyl ether are each G(ionization) = 4.3 (8), 
so that in di-n-propyl ether is taken t o  be the 
same. The scavengeable yield of alcohol indi- 
cates that only about 40% of the ions and elec- 
trons lead to alcohol formation; the rest may 
form other products, such as hydrogen (2, 9). 

The free ion yield in propyl ether should be in 
the vicinity of G f i  = 0.3 (2, 10, l I) which could 
contribute 0.1 units to the alcohol yield. However, 
the free-ion solvated-electrons were probably 
scavenged by a trace of impurity in the absence 
of additive, so reaction 7 can be assumed to have 
occurred exclusively in the spurs. 

The sulfur hexafluoride curve in Fig. 1 was 
calculated using a stochastic model of nonhomo- 
geneous kinetics (12). The decrease i n  alcohol 
yield is given by [9]. 

[9] AG(R0H) = - G,CF(y) (1 - e-'Iy)$ 

10'1 

lo10 

- - 
"7 - 
L - 
ul 

A 

109 

108 

where G7 = 1.8 is the yield of [7] in the absence 
~ o ~ / T ( K ]  of additive, F b )  is fraction of thermalized 

FIG. 7. Arrhenius plot of k, ,  (0). Values of k = electron-ion pairs that have an initial intrapair 
k 3 [ s ]  from eq. 15, multiplied by 7 x lo4 to make the separation distancey, r = C2/&k~ ,  6 is the charge 
point at 273 K coincide with k , ,  and corrected for the on an  electron, is the dielectric constant of the change in density so that [S] remains at the 273 K value, 
are shown for comparison, (+). liquid, k is Boltzmann's constant, T is the abso- 

lute temperature, and I$ is the probability that Values of k 3  [S], normalized to the value of k, at reaction occurs before [71. 273 K and to constant [S] with change in density, 
are also shown in Fig. 7 for comparison. The [lo] 4 = 1 - (1 - f N,)Pv 
activation energies of [5] and [3] are E3 % E, = 
3.2 f 0.3 kcal/mol. where f is the encounter efficiency of [5] (assumed 

to be unity), N, is the mole fraction of scavenger, 
Discussion p is an adjustable parameter that indicates the 

Alcohol Formation scavenging efficiency and 
Approximately 70% of the alcohol formation 

is inhibitable by the addition of the electron [I1] v =  1.4 x 1 0 7 ~ y 3  

scavenger sulfur hexafluoride (Fig. 1). Thus eke- The distribution F(y) was assumed t o  be the 
trolls are precursors of about 1.8 G units of al- same as that in n-hexane, adjusted for the dif- 
cohol, probably by way of reaction 7. ference in densities (12). 
[71 RzOHC + e,.,,- + ROH + R The best value of P was 9 x 1014 V/cm2, which 

is slightly larger than the value 6 x 1014 V/cm2 
This reaction would not be inhibited by the addi- obtained for electron scavenging by nitrous oxide 

of an acid Or an ~ l ~ f i n ,  in agreement with the in cyclohexane (13) and methylcyclopentane(14). 
behavior of the alcohol yields (Fig. 1). The in- ~h~ curve for positive ion scavenging in ~ i ~ .  2 
hibition caused the addition of propylamine was also calculated from eq. 9, with $ represent- 
(Fig. 2) may be ascribed to  [8]. ing the probability that reaction 8 occurs before 

293 200 149 140 
- . , I I 1 .  

1 - 

e - - 
- - 

- 

, - 
I - - I 

- - 
- - 
- - 

= - - - - - - - - 
- 
- - 

- 
1 

0 
I 1 I I 

3 4 5 6 7 
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loL3  V/cm2. The analogous value for positive ion 
scavenging by ND, in methylcyclopentane was 
somewhat larger, 4 x 1013 V/cm2 (14). The 
greater scavenging efficiency by ND, in the hy- 
drocarbon might be related to a greater difference 
in proton affinities between the ND, and alkyl 
radical than between the amine and ether (15). 

Decay of esol,- Spectrum 
The decay of the optical absorption at 900 nm 

was simple first order at 273 K (Fig. 5). This was 
verified by showing that the absorption did not 
fit a second order plot, which would have been a 
linear variation of absorbance-' with time. The 
decay is attributed to  reaction 3. 

At 200 and 149 K the decay was neither simple 
first nor second order (Figs. 5,  6, 8, and 9). The 
downward curvature of these lines in Figs. 8 and 
9 does not imply that the order of the reaction 
was greater than two, but that more than one de- 
cay mechanism was occurring (12). The absorb- 
ance above the approximate first order line at 
short times in Figs. 5 and 6 was due to electrons 
that were undergoing geminate neutralization 
[4]. The rate of [4] is such that the final portion 
of it in a pure system follows eq. 12 (12, 16). 

where [esolv-I,,' is the concentration of solvated 

FIG. 9. Plot of absorbance-' us. time at 149 K. The 
data are the same as those in Fig. 6. The  line was calcu- 
lated from [15]. 

electrons that will undergo geminate neutraliza- 
tion but have not yet done so a t  time t, and a is a 
constant. The total electron concentration in the 
system would be : 

where [esolv-] represents the free ions. The 
.occurrence of a first order reaction, such as a 
reaction with the solvent or the pseudo first order 
[3], would cause the time dependence of the total 
electron concentration to be: 

- t 
[I41 [esolv I,,, = {at-112 + [eso lv - l~ i l e -~~  

where k is the first order decay constant and pre- 
sumably equals k, [S]. 

In dipropyl ether neither the free ion yield nor 
the optical extinction coefficient of solvated 
electrons is known, so to  test whether the ob- 
served absorbance decay was consistent with [14] 
a general form of the equation was used: 

[I51 absorbance = b(t-'I2 + ~ ) e - ~ '  

where b and c are constants that depend on the 

FIG. 8. Plot of absorbance-' us. time. The data and temperature. 
symbols are the same as those in Fig. 5. The lines were The decay a t  all temperatures did indeed agree 
calculated from [15]. with [I 51. Using us as the unit o f t  and arbitrarily 
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TABLE I. Electron mobilities and liquid viscosities 

11, rl 
Solvent T ( K )  (cm2/V s) (mp) rl i t ,  

NH3 240 0.0091" 2.5 0.023 
P r 2 0  273 0.004h 5.2 0.021 
H2O 298 0 .0O2Oc 8 .9  0.016 
MeOH 298 0.003d 5 .4  0.016' 
EtOH 298 O.OO1,d 10.8 0.016" 

aCalculated from results o f  Burns (22). 
*Present work. 
[Reference 23. 
'Estimated from qfr.. 
<Assumed. 

taking t = 0 at the center of the pulse, the full 
curves in Figs. 5 and 6 were calculated from [15] 
with the following parameter values: T = 273, 
bc =0 .36 ,c>> l , k  = 0 .64 ;T=  200,b = 0.17, 
c = 0.6, k = 0.036; T = 149, b = 0.97, c = 0.16, 
k = 0.0066. 

It should be noted that the observed absorb- 
ance decay at 200 K could be empirically divided 
into two simple first order portions (Fig. 5), and 
the decay at 149 K could be divided into three 
approximately first order portions (Fig. 6). Such 
a subdivision into a series of first order contribu- 
tions has no theoretical significance. Further- 
more, the decay constant obtained in this way for 
the solvated electron free ions may be too large 
due to incomplete separation of the geminate 
neutralization reaction. 

k(e,,,,- + SF6) and the Electron Mobility 
The value k, = 4.5 x 10'' M- '  s- '  at 273 K 

corresponds to a diffusion controlled reaction 
with the sum of the diffusion coefficients (DSF6 + 
D,) = 12 x lo-, cm2/s, assuming a reaction 
radius of 5 A :  k = 4nDrN/1000, where N = 
Avogadro's number. The viscosity of propyl 
ether at 273 K is 0.5 cP (17), so one may assume 
DSF6 z 2 x cm2/s, whence D, = 10 x l o e 5  
cm2/s. The electron mobility at 273 K is therefore 
u, = 0.004 cm2/Vs. 

It is interesting that the product of the electron 
mobility and the liquid viscosity is approximately 
constant for the polar liquids ammonia, propyl 
ether, and water (Table 1). By assunling the prod- 
uct to have about the same value for the alcohols 
one obtains u, =: 0.003 cm2/V s in methanol and 
0.001, in ethanol at 298 K (Table I). These 
values are five-fold larger than those estimated 
(18) from results of Fowles (19) and data from 
Conway (20). Thus the electron mobility in an 
alcohol at 298 K appears to be several-fold larger 
than that of the alkoxide ion. The same con- 
clusion has been reported for higher alcohols (21). 

The activation energy of [5] is 3.2 f 0.3 
kcal/mol, which is greater than that of viscosity, 
1.9 kcal/mol (1 7). 

The authors wish to express their gratitude to the staff 
of the Radiation Research Center for aid with the elec- 
tronics. 
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Comment: On the Whiteway-Smith-Masson and Flory-Stockmayer 
Theories of Polymerization 

R. F .  T. STEPTO 
Drpco.cttletlt vfPolvtnrr N I I ~  Fibre Scirtlce, Tile Utliv~,:c.it~~ of Motlcllesrer Itlsrirrrre of Scierlce clt~tl Tec~lltlology, 

Mtrt~chesro., Et~glntltl 

Received July 1 1, 1973 

An error in the Whiteway-Smith-Masson (W.S.M.) theory of random polymerization 
is noted. The  application of the W.S.M. theory and the Flory-Stockniayer (F.S.) theory to 
experimental data is discussed, and no grounds for the rejection of the F.S. theory are 
found. A method of simulating the self-polymerization of RAr monomers is proposed 
which should be capable of resolving differences between the two theories. 

On note une erreur dans la thCorie de la polimCrisation au  hasard diveloppte par 
Whiteway-Smith-Masson (W.S.M.). On d i s c ~ ~ t e  de I'application de la thCorie W.S.M. et 
de la thCorie de Flory-Stockniayer (F.S.) aux risultats exp6rimentaux et on ne  trouve 
aucune raison de rejeter la thtorie F.S. On propose une mCthode pour sirnuler la 
polimCrisation S L I ~  eux-m&nies de monomire RAr  et cette mCthode devrait perrnettre de 
risoudre les difftrences entre les deux thCories. [Traduit par le journal] 

Can. J. Chem., 52. 1188 (1974) 

Recently a series of papers have been published 
by Whiteway, Smith, and Masson (W.S.M.) 
( 1 4 )  which challenge the established Flory- 
Stockmayer (F.S.) theory of the distribution of 
molecular sizes in polycondensations (5-1 1). 
Both theories refer to reactions in which func- 
tional groups are of equal reactivity, and in 
which no intramolecular reaction occurs. In the 
F.S. theory the latter condition is relaxed when 
the gel point is reached. That is, in the self- 
polycondensation of RAf monomers, when the 
extent of reaction a = I/(f - 1). In contrast, 
the W.S.M. theory perpetuates the misconcep- 
tion that gelation, or network formation occurs 
only when all the monomer units have combined 
to form a single molecule. That is, when a = 2/f, 
this being the maximum reaction allowed. Such 
a growth towards a large single molecule before 
complete reaction (a = 1) is contrary to the 
assumption of equal reactivity of the unreacted 
groups. Equal reactivity must require that the 
larger molecules grow at the expense of smaller 
molecules, and therefore that unlimited mole- 
cules, or gel, form before the combination of all 
molecules into a single species. 

There has been much discussion concerning 
the W.S.M. theory, some unpublished and some 
published (12, 13). Quite rightly the arguments 
have been concerned with the basis of the theory 
itself rather than its ability to  explain experi- 
mental data. However the latter aspect should 

not be neglected, and it is with the application 
of the W.S.M. and of the F.S. theories t o  
experimental data that the present communica- 
tion is concerned. 

Whiteway, Smith, and Masson (2, 4) have 
shown that data on silicate melts are not con- 
sistent with the F.S. gel point, a = I/(f - 1). 
However, it may be noted that they are also not  
consistent with the W.S.M. concept of maximum 
reaction at a = 2/J: The continuation of reaction 
beyond this point is attributed by Whiteway, 
Smith, and Masson to intramolecular reaction. 
Such reaction may well be significant, but if s o  
the data cannot prove or disprove the F.S. 
theory. What should be tested is one of the later 
develo~ments of the F.S. theorv which account 
for ring formation, at least ap&-oximately (14- 
17). 

Contrary to the statements o f  Whiteway et al. 
(I) ,  the occurrence of a gel point in organic 
polymers and the effects of intramolecular 
reaction caused by the dilution o f  reactivegroups, 
are well-documented (5 ,  8, 18-22). In general, 
with sufficient dilution, it is possible to delay 
gelation to beyond complete reaction (a = l ) ,  
so that the gel point is not observed. Only in the 
limit of infinite concentration o f  reactive groups 
is the F.S. theory obeyed. Further, it has been 
shown (22) that the experimental gel point is the 
point at which insoluble polymer is first formed. 

In view of the results with organic polymers i t  
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STEPTO: 

would seem feasible that the properties of 
silicate melts are explicable in terms o f  the F.S. 
theory and any peculiarities of the systems (e.g. 
ease of ring formation, unequal reactivities). 

It  must be recognized that there is a basic 
difficulty in attempting to distinguish rigorously 
between the two theories on the basis of data 
from actual polymerizations as both are limiting 
theories in the sense that they neglect intra- 
molecular reaction. However, it should be 
possible to simulate the polymerization of RA, 
monomers with ring formation excluded, and to 
use the resulting distribution of molecular sizes 
to distinguish between them. Such a simulation 
could be conducted by having a large array of 
numbers each member of which represents a 
reactive -A group. If the polymerization of RA, 
monomers is being considered then numbers 1, 
2, 3 are taken to represent the reactive groups of 
one monomer, 4, 5, 6 those of another, and so 
on. A pair of numbers is chosen randomly to 
represent a pair of groups about to react. A 
record of the pairs which have reacted previously 

I 
is kept, and provided the groups about to react 
do not belong to the same molecule their reaction I is allowed. In this way intramolecular reaction 

, can be excluded. Once a pair has reacted it is 
removed from the population, and the polymeri- 1 zation continues by the choosing of a further 

I pair of groups. Periodically, at chosen extents of 
I reaction, the record of reactions is analyzed to 

find the distribution of molecular sizes. 
, To ensure that the results of such a simulation 
1 are statistically significant a large population 
I (say lo4 numbers) would be required, and the 

simulation would have to be repeated several 
times. A computer would be needed. 

The preceding method of simulating a poly- 
merization is offered as a means by which the 
distribution of molecular sizes can be calculated 
based on premises common to both theories, 
namely, equal reactivity (random choice of 
pairs of groups) and exclusion of intramolecular 
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reaction. Provided the simulation is restricted to 
the range of values of a in which both theories 
predict only finite species (0 a < I/(f - I)), 
the results should show in an unbiased fashion 
which theory correctly describes the distribution 
of molecular sizes. This would be in contrast to 
some calculations and simulations attempted by 
Whiteway, Smith, and Masson (I), which were 
restricted to the point ct = 2/f. 

I. S. G.  WHITEWAY, I. B. SMITH, and C.  R. MASSON. 
Can. J .  Chem. 48,33 (1970). 

2. C. R. MASSON, I. B. SMITH,  and S .  G. WHITEWAY. 
Can. J.  Chem. 48,201 (1970). 

3. S .  G. WHITEWAY. Can. J. Chem. 48, 1432 (1970). 
4. C. R. MASSON, I. B. SMITH,  and S .  G. WHITEWAY. 

Can. J. Chem. 48, 1456 (1970). 
5. P. J. FLORY. J .  Am.Chem. Soc. 63,3083 (1941). 
6. P .  J. FLORY. J .  Am. Chem. Soc. 63, 3091 (1941); 63, 

3096 (1941). 
7. W. H. STOCKMAYER. J.  Chem. Phys. 11,45(1943). 
8. P. J. FLORY. Chem. Rev. 39, 137 (1946). 
9. P. J. FLORY. J .  Amer. Chem. Soc. 69, 30  (1947), 74, 

2718 (1952). 
10. W. H. STOCKMAYER. J .  Polymer Sci. 9 , 69  (1952). 
11. P. J. FLORY. Principles of polymer chemistry, Cornell 

Univ. Press, Ithaca, 1953. Chapt. IX. 
12. M. GORDON and M. JWDD. Nature, 234,96 (1971). 
13. C .  R. MASSON, I. B. SMITH,  and S .  G. WHITEWAY. 

Nature.234.97 (1971). 
14. F. E. HARRIS. J. Chem. Phvs. 23, 1518(1955). 
15. H. L. FRISCH. presented-at 128th Meeting Amer. 

Chem. Soc. (Polymer Division), Minneapolis. 1955. 
16. R. W. KILB. J. Phys. Chem. 62,969 (1958). 
17. W. B. TEMPLE. Makromol. Chem. 160,277 (1972). 
18. R. H. KIENLE, P. A. V A N  DER MEULEN, and F. E. 

PETKE. J. Am. Chem. Soc. 61, 2258, (1939); 61, 2268 
(1939); R. H.  KIENLE and F. E. PETKE. J. Am. Chem. 
SOC. 62, 1053 (1940); 63,481 (1941). 

19. W. H. STOCKMAYER and L. L. WEIL. 111 Advancing 
fronts in chemistry. Edited by S. B. Twiss. Reinhold 
Publ. Corp., New York. 1945. Chapt. 6. 

20. F .  P. PRICE, J. H. GIBBS, and B. H. ZIMM. J. Phys. 
Chem. 62,972 (1958); F. P. PRICE. J .  Phys. Chem. 62, 
977 (1958); B. H. Z IMM,  F. P.  PRICE, and J. P. BIAN- 
CHI .  J. Phys. Chem. 62,979(1958). 

21. R. H. PETERS and R. F .  T .  S T E ~ O .  Irr The chemistry 
of polymerisation processes. Monograph No. 20., 
Soc. Chem. Ind. London. 1965. p. 157. 

22. R. F .  BATES and G. J .  HOWARD. J. Polymer Sci. Part 
C ,  16,921 (1967). C

an
. J

. C
he

m
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
21

0.
87

.2
54

.4
2 

on
 0

9/
05

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Reply to Comment: On the Whiteway-Smith-Masson 
and Flory-Stockmayer Theories of Polymerization1 

C. R. MASSON AND S. G .  WHITEWAY 
Atlnntic Regional Laboratory, Nationcil Resectrch Coiincil of Conado, Halifnx, Nova Scotici B3H321 

Received November I ,  1973 

A computer simulation of random polymerization reveals that the FloryStockmayer 
expression describes a model where functional groups are of equal reactivity and all  chain 
and ring configurations are allowed. The Whiteway-Smith-Masson expression describes 
a model in which rings are formally forbidden by a technique that requires departure from 
the principle of equal reactivity. The apparent conflict between the two theories thus is 
resolved, and each appears to have application in describing various real systems. 

Une simulation ordinateur de la polymtrisation au hasard montre que 1'6quation de 
FloryStockmayer dtcrit un modkle dans lequel les groupes fonctionnels sont tous de 
rCactivit6 Cgale et dans lequel toutes les chaines et toutes les configurations d e  cycle 
sont permises. Par ailleur 1'6quation de WhitewaySmith-Masson d6crit un modble dans 
lequel les cycles sont prohibis d'une manikre formelle par une technique qui d tvie  du 
principe de la rtactivitt tgale de tous les groupes fonctionnels. On tlimine ainsi les 
conflits apparents entre les deux thtories et  il semble que chacune permet de dtcrire 
divers systkmes r6els. [Traduit par le journal] 

Can. J .  Chern., 52. 1190 (1974) 

The preceding comment (1) serves to reveal a 
difference in concept and applicability between 
the Flory-Stockmayer (F.S.) theory and ours. 
The source of the difficulty is that in real systems 
it is impossible to satisfy simultaneously the 
requirements of (a) no rings and (b) equal 
reactivity of functional groups over the range 
0 < ci < 21' where ci is the fraction of functional 
groups which have condensed. Thus in the 
computer simulation proposed by Stepto some 
pairs of groups chosen as candidates for reaction 
are declared unreacted when it is discovered they 
belong to the same molecule. Although this is 
necessary in order to preserve the characteristics 
of the model, it is obviously contary to the 
requirement of equal reactivity of groups. 

In the F.S. theory, the use of ci to denote the 
probability that a group has reacted implies 
that no restriction is imposed on the system and 
that therefore intramolecular condensation (in- 
cluding, it may be noted, self-condensation of 
groups on the same monomer or dimer) is 
allowed. Our method adheres to the principle of 
no ring formation and, it is now recognized, does 
so at the partial expense of the principle of equal 
reactivity. It is no longer surprising therefore 
that the two methods yield different results or 

'NRCC No. 13784. 

that each appears to have application in describ- 
ing various real systems. 

Computer simulations similar to the one 
suggested by Stepto have been in progress in our 
laboratory for some time (2). Results for the 
weight fraction of monomer and dimer in the 
self-polymerization of RA,, in the limit of an 
infinite population of groups, are shown in Fig. 1. 
The following points are observed: (a) in the 
region 0 < cr < I/(f - 1) the results agree with 
the F.S. expression rather than ours; (b) in the 
region l/(f - 1) < ci < 2/f the results lie inter- 
mediate between the two expressions. Agreement 
with the F.S. expression in the region 0 < cr < 
I/(f - 1) is a consequence of the fact that, for 
an infinite population, intramolecular conden- 
sation does not occur in this region. 

Other simulations, details of which will be 
published separately, show that for an infinite 
number of groups, (a) the F.S. results can be 
reproduced over the entire range 0 < ci < 2/f 
when ring formation is allowed and (b) our 
result can be reproduced over the same range 
when an artifice is introduced which, in effect, 
prohibits the choice of functional groups on the 
same molecule as candidates for reaction, and 
thus forbids ring-formation. 

Our result was derived to  interpret the 
behavior of silicate melts and evolved from an 
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MASSON AND WHITEWAY: REPLY TO COMMENT 1191 

earlier approach (3) in which silicate melts were 
discussed in terms of the sol and gel fractions - 
required by the F.S. theory. Our expressions 

- appear particularly useful for describing the 

features of silicate polymerization in the region 
- 

approaching a = 21' It is possible that, due to 
- their polyelectrolyte nature, silicates exhibit a 

smaller tendency towards cyclization than un- 
MONOMER - charged organic polymers. This appears to be 

true also for phosphates. - 
Finally, it should be mentioned that we have 

Z - - never expressed the view that gelation occurs at 
- * 
V a = 2/f: Our theory predicts that, for a system 
: 0 2 -  - 

in which ring formation is excluded, the prob- 
C 

D ability of branching is I/(f - I) when a = 2/f. 
% But, as we have also pointed out (4), this is 

not within the physically realizable range of a 
allowed by our theory and cannot be equated 
with experimental gel points. 

I I 
We are grateful to Dr. M. Falk who kindly allowed us 

o to quote the results of his computer simulations prior to 

FIG. 1. Weight fraction of monomer (upper curve) 
and dimer (lower curve) for f = 3. Solid curves according 
to Flory-Stockmayer; dashed curves according to  
Whiteway, Smith, and Masson; the bars are the results of 
the computer simulation and their height represents the 
standard error. 

R.  F. T. STEPTO. Can. J. Chem. This issue. 
M. FALK and R. THOMAS. Unpublished results. 
C. R. MASSON. J. Am. Ceram. Soc. 51, 134 (1968). 
S. G. WHITEWAY, I.  B. SMITH, and C. R. MASSON. 
Can. J. Chem. 48,33 (1970). 
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Juvenile Hormone Analogs in Conifers. 11. Isolation, Identification, and 
Biological Activity of cis -4-[l '(R)-5'-Dimethyl-3'-oxohexyl]- 

cyclohexane-1-carboxylic Acid and (+)-4(R)-[l '(R)-5'-Dimethyl-3'-0xohexyl]-l- 
cyclohexene-1-carboxylic Acid from Douglas-fir Wood 

I. H. ROGERS* A N D  J .  F. M A N V I L L E ~  
Deprtrtment of the Environn?erlt, Crtrlrrrlin~~ Forestly Service, Western Forest Prodltcts L ~ h o r o t o ~ y ,  V[~nco~rver ,  British 

Col~~rnl~irr  

A N D  

T. SAHOTA 
Departmerlt of the Dn~irunment,  Ctrnarlicrn Forestry Service, PrrciJic Forest Research Centre, Victorirr, British Co1111nbirr 

Received November 5, 1973 

The petroleum ether extract from the whole-wood meal of a number of British 
Columbia Interior-Intermediate variety Douglas-fir trees have yielded two carboxylic 
acids (+)-todomatuic acid (36) and cis-dihydrotodomatuic acid (4b) which a s  their 
methyl esters are potentially useful juvenile hormone analogs. These compounds possess 
the R,R and R stereoconfigurations, respectively. The configuration at  C-1' is opposite 
to  that reported by others for "(+)-juvabione" isolated from Abies balsamea grown in 
Czechoslovakia. Whereas (+)-juvabione naturally occurs as and  is the methyl ester of 
(+)-todomatuic acid (4b) ,  in this variety of Douglas-fir these compounds appear as  the 
free acids. Results of biological assays on certain insects indicate that the methyl ester 
derivatives of these acids are effective ovicides and juvenilizing hormones. 

L'extraction par 1'Cther de pit;ole d'une farine de bois entier d'un certain nombre de 
sapin Douglas de la Colombie Britannique variCt6 int6rieure intermidiaire fourni deux 
acides carboxyliques soit I'acide (+)-todomatuique (36) et l'acide cis-dihydrotodoma- 
tuique (46)  dont les esters methyliques sont des analogues d'hormones juvCniles qui 
pourraient s'avtrer utiles. Ces composis posskdent respectivement les stCrCoconfigurations 
RR et R. La configuration en C-1' est I'inverse de celle rapportCe par d'autres pour la 
"(+)-juvabione" qui a Cte isoli de 1'Abies balsamea cultiv6 e n  TchCcoslovaquie. Alors 
que la (+)-juvabione se retrouve dans la nature comme, et est, l'ester mCthylique de  
I'acide (+)-todomatuique (4b)  ces composCs existeraient dans l e  sapin de Douglas sous 
forme d'acides libres. Les rtsultats des essais biologiques sur certains insectes indiquent 
que les esters mCthyliques dCriv6s de ces acides sont des ovicides et des hormones 
juveniles efficaces. [Traduit par le journal] 

Can. J .  Chem., 52, 1192 (1974) 

Although there is widespread current research compounds in wood of coniferous species and 
activity by chemists interested in insect juvenile 
hormones, most efforts are directed towards the 
synthesis of analogs which mimic the activity of 
the naturally occurring compounds. Such sub- 
stances may eventually have utility as third- 
generation insecticides, active against selected 
insect pests and with the advantage of full bio- 
degradability. The natural occurrence of such 

'Presented a t  the Northwest Regional Meeting of the 
American Chemical Society at  Corvallis, Oregon, June, 
1972. A preliminary report (1) has been published. 

ZPresent address: Pacific Environment Institute, West 
Vancouver, B.C. 

3To whom inquiries should be sent. 

the biological implications of their presence to 
forestry has effectively been ignored since the 
discoveries of juvabione (la) and "dehydro- 
juvabione" (2) in balsam fir [Abies balsamea (L.) 
Miller] grown in North America (2) and Czecho- 
slovakia (3) respectively. This also applies to the 
much earlier isolation (4) of (+)-todomatuic acid 
(lb) from bisulfite-treated pulp oil of a Japanese 
fir (Abies sachalinensis Schmidt). 

This paper describes the structural identifica- 
tion and biological activity of the methyl esters 
of two compounds, cis-dihydro- (36) and (+)- 
todomatuic (46) acids present in the whole wood 
of Interior-Intermediate variety (9) Douglas-fir 
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ROGERS ET AL.: JUVENILE HORMONE ANALOGS. I1 1193 

Interior-Intermediate variety of Douglas-fir 
whole-wood meal was a mobile, pale-yellow oil. 
This was partially separated by ion-exchange 
chromatography on DEAE-Sephadex A-25 ac- 

COOR COOCH, cording to the method of Zinkel and Rowe (lo), 

1 2 resulting in the removal of the neutrals fraction 
from the mixed resin and fatty acids. Separation 

a R  =CH3 of the resin acids from the fatty acid methyl 
b R = H  esters was achieved by partial esterification of the 

trees [Pseudorsuga menziesii var. glauca (Beissn.) acidic fraction with methanol and sulfuric acid. 
Franco] grown in British Columbia. Gas chromatographic analysis revealed the 

Subsequent to the completion of our own presence of two major components (compounds 
work, two preliminary communications by Sakai 3a and 40) which did not correspond to any of 
and Hirose ( 5 )  have appeared. Their work con- the common fatty acids (1 1). These two corn- 
firms our assignments' of structure and stereo- pounds were recovered as a pair by use of the 
configuration for 3b and 4b. Moreover they have familiar Girard-T reaction and were clearly the 
reversed the [R,S] stereoconfigurational assign- methyl esters of two keto acids. The keto esters 
ments (6, 7) of "natural (+)-juvabione" back to were finally separated from each other by pre- 
the [R,R] stereoconfiguration, as originally parative thick-layer argentative chromatography 
assigned by Nakazaki and Isoe (8). We accept and were colorless oils which distilled easily 
this correction pointing out that the names under reduced pressure. 
assigned to those compounds isolated by others ~~~~~~~d 3a 
(3) from "Abies balsamea grown" in Czechoslo- ~ h ,  compoun~,  which emerged 
vakia and the naming of the four stereoisomers first from the gas c ~ r o m a t o g r a p ~ i c  column, had 
of juvabione, synthesized by Pawson and co- the empirical formula C,,H,,03 as determined 
workers (6, 719 are incorrect. It is now evident by elemental analysis and mass spectrometry. 
that and cO-workers (2) the The i.r. spectrum contained a broad unresolved 
compound responsible for the "paper factor" band i n  the region 1730 to ,700 c m - ~ ,  ap- 
and named it (+)-juvabione- They correctly parently arising from an ester and a ketone 
identified it as the methylester of (+)-todomatuic function+ N~ signals attributable to hydroxyl or 
acid which was subsequently and correctly olefinic groupings were observed. 
assigned the R,R stereoconfiguration (8). The The p.m.r. spectrum measured at 220 MHz 
compound isolated by C e r n ~  and co-workers (3) [(CD,),CO] (Fig. 1) was most informative. The 
and identified as the R ,S  isomer by Pawson and numbers and magnitudes (quintet, ca. 4 Hz) of 
cO-wOrkers (7) was named and as- the vicinal couplings, observed in the lowest field 
sumed be (+I-juvabione. it is multiplet and assigned to HI,  indicated that the 
(+)-epijuvabione [R,Sl. Thus there must exist in carboxylic acid methyl ester group was in an 
nature at least two epimers of juvabione the R,R axial orientation. ~ h ~ ~ ,  it is most probable that 
form being found in North America and the R,S 3, has a cis with the bulky side 
form in Europe. chain in an equatorial position. It unfortunately 

Sakai and Hirose (5) the finding was not possible to confirm this assumption by 
of other related se~~uiterpenes: including the observing the couplings in H,, since H, was 
methyl ester analogs of 3b and 4b, in the volatile hidden amongst the ring hydrogens; however, this 
oil of the whole wood from a Coastal variety of proven by chemical synthesis (vide infra). 
Douglas-fir grown in British Columbia. The two methylene protons, resonating a t  6 2.41 
Isolation and 2.18, assigned to H, ,, and H,,,, respectively, 

The petroleum ether soluble fraction from an were observed to be magnetically nonequivalent, 
indicating that the asymmetric center was 

41t was most fortuitous that no chemical transforma- adjacent. ~h~ remaining side-chain methylene 
tions of these labile molecules occurred inside these logs 
that were exposed for more than one year while enroute protons (H,,, and H,,,), also deshielded by a 
to or  part of British Columbia's EXPO '70 pavilion at carbony1 group, resonated together as a doublet, 
Osaka. indicating the remoteness of the asymmetric 
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FIG. 1. Partial 220 MHz p.m.r. spectrum of 3a in (CD&CO solution. 

center. The two methine protons H I ,  and H,, 
were assigned on the basis of the magnitude of 
their observed and estimated vicinal couplings. 
Nuclear magnetic double resonance experiments 
(100 MHz) confirmed that H, ,  wasat 6 1.95, H,, 
at 6 2.13, and that the C- 1 ' methyl group protons 
resonated at 6 0.8 1. Interestingly, the two methyl 
groups on C-5' were magnetically nonequiva- 
lent, possibly due to the asymmetric center at 
C-1'. This nonequivalence indicated to us that 
this molecule in solution adopts a conformation 
in which these methyl groups approach more 
closely C-1' than does C-4'. 

Much structural information was gleaned 
from consideration of the mass spectral frag- 
mentation behavior of the ester which included 
an abundant crop of metastable ions. The 
molecular ion (mle 268) underwent homolytic 
cleavages in the carbomethoxy group to yield 
satellite ions of low abundance at mle 237 
(M - 31) and 209 (M - 59). Fragments at mle 
226 (M - 42), 21 1 (M - 57), 183 (M - 85), and 
the base peak at mle 168 (M - 100) were as- 
sociated with various cleavages within an eight- 
carbon side chain containing a carbonyl group. 
Further evidence supporting the presence of this 
structural feature includes an abundant fragment 
(twin base peak) at mle 127 comprising the 
entire side chain and various ionic species in 
which side-chain cleavages are combined with 
scissions within the carbomethoxy group (mle 
179, 151, 136, 123, and 108). The interrelation- 
ships of the various cleavage products are 

rationalized in Scheme 1 in which structure 3a 
has been assumed. Although no deuterium 
labelling studies were performed, most of the 
cleavages indicated were supported by the 
presence of the appropriate metastable ions. 

The mass spectral fragmentation of "juva- 
bione" (epijuvabione) has been discussed by 
Cerny and co-workers (3). Besides the molecular 
ion mle 266, abundant fragments were observed 
at mle 207, 177, 167, 166, 127, 85, 79, 59, and 57. 
These were all present in the spectrum of 3a 
except that the first five species listed were dis- 
placed by two additional mass units. 

Base catalyzed epimerization of compound 3a 
yielded a mixture of two compounds in the ratio 
1 to 2. Upon methylation the less plentiful com- 
ponent eluted faster from the g.1.c. column and 
had the same retention time as the starting 
material. It was therefore anticipated that 36 has 
the side chain in the cis configuration relative t o  
the carboxyl group, since cis isomers in general 
have shorter retention times than trans isomers 
and epimerization generally favors formation of 
the more thermodynamically stable trans form. 

Hydrogenation of an authentic sample of 
"(+)-juvabione" proceeded smoothly and the 
reaction product contained two components in 
the ratio 3 to 7, with retention times identical 
with those of the two components arising from 
the epimerization reaction. Application of the 
epimerization reaction to this mixture caused a 
shift in concentration to 1 to 4 in favor of the 
isomer with longer retention time. This was 
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ROGERS ET AL.: JUVENILE HORMONE ANALOGS. I1 

m k  211 mle 183 

H +- 
mle 127 m le 209 mle 237 

m.184.3 

considered proof that 3b contains the juvabione 
skeleton and that the side chain is arranged cis 
to the carboxyl group. 

The optical rotary dispersion (0.r.d.) curve 
measured on compound 3a is illustrated in Fig. 2. 
The negative Cotton effect was quenched very 
slowly in the presence of mineral acid, indicating 
a considerable degree of steric hindrance in the 
neighborhood of the carbonyl group. Of major 
significance was the observation that the mixture 
of epimers, derived from 36 by treatment with 
base, possessed the 0.r.d. curve identical in shape 
and amplitude with that of the starting material. 
This can only happen if the point of attachment 
of the side chain is the 4 position with respect to 
the carboxyl group, in which case this center lies 
in a plane of symmetry. We therefore ascribe the 
following structure to 3b which may be described 

COOR 

as the cis-dihydro analog of (+)-todomatuic acid 
and is cis-4-[1'(R)-5'-dimethyl-3'-oxohexyl]cy- 
clohexane-1-carboxylic acid. It is the first exam- 
ple of a naturally occurring hydrogenated analog 
of (+)-juvabione. 

Compound 4a 
This compound had the empirical formula 

C1,H2,O3 as determined by elemental analysis 
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FIG. 2. Optical rotatory dispersion curve for 3a. 

and mass spectrometry. The p.m.r. spectrum in- 
dicated the presence of a trisubstituted olefinic 
double bond, a methyl ester, two terminal 
methyls (isopropyl) and one other secondary 
methyl group. The mass spectrum contained a 
series of prominent fragments similar to those 
reported by other authors for juvabione (2) and 
its various diastereoisomers (3,7), and it was 
thus tempting to consider that 4a is the parent 
unsaturated analog of 3a. 

Hydrogenation of 4a yielded a mixture of cis- 
and trans-dihydroisomers, the 0.r.d. curve of 
which was identical with that observed for 3a. 
Thus these two compounds isolated from 
Douglas-fir have the identical configuration at 
C-1'. The structural elucidation of 46 was com- 
pleted by measuring the c.d. curve of its methyl 
ester (4a) which was identical to that reported by 
Pawson et al. (7) for "(+)-epijuvabione" (R,R). 
It should be noted (vide infra) that the corrected 
(5) name for this R,R (46) isomer is (+)-todo- 
matuic acid and not (+)-epitodomatuic acid (7). 
Compound 46 is therefore (+)-4(R)-[l1(R)-5'- 

dimethyl-3'-oxohexylJ-1-cyclohexene-1-carboxylic 
acid. 

Bioassays 
The existence of these juvabione-related com- 

pounds in Douglas-fir, the host tree for the 
Douglas-fir beetle (Dendroctonus pseudotsugae), 
coupled with the variability in the resistance by 
these trees to beetle attack, prompted us to test 
3a for possible female sterilizing effects. Certain 
juvenile hormone analogs have been shown (12) 
to cause female sterility in some insects; how- 
ever, in this case there was an appreciableincrease 
in fecundity of treated beetles (Table I). A num- 
ber of other juvenile hormone analogs have 
caused similar effects on Douglas-fir beetles 
tested at the Pacific Forest Research Centre. 
However the same juvenile hormone analogs, 
when made available to larval stages of Douglas- 
fir beetles by direct application to the phloem, 
interfere with the larval development and cause 
appreciable larval mortality. Thus, the result of 
the present experiments, where 3a was applied 
only to female parent adults, does not necessarily 
mean that this compound is not involved in 
reducing the brood production of Douglas-fir 
beetles in Douglas-fir trees. Therefore, 3a will be 
tested for its activity against all life-history stages 
of Douglas-fir beetles. Testing of the naturally 
occurring free acids (36 and 46) will also be 
undertaken to ascertain if esterification altered 
the activities of these substances. Thujic acid is 
more active as a juvenile hormone analog than 
its methyl ester (13). It is anticipated that the free 
acids present in Douglas-fir wood will also be 
more active and therefore effect a diminished 
brood production of Douglas-fir beetles. 

Tests with the eggs of Christoneura fumi- 
ferana, a lepidopteran pest, demonstrated that 3a 
reduced the percentage hatch of these eggs 
(Table 1). 

In Tenebrio molitor, application of 0.25 
pl/pupa of 4a caused morphogenetic deformity 
in 90% of the adults emerging from the treated 
pupae. Similar doses of the methyl ester of 
(+)-todomatuic acid resulted in 80% of the 
adults being deformed. Thus these two com- 
pounds were very similar in their activity. 
Compound 3a was not quite a s  active, causing 
deformities in only 60% of the adults when 
applied at the above dosage. When tested5 on 

'C.  M. Williams. Private communication. 
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TABLE 1. Bioassay results 

Type of 
Doselinsect Test material No. of activity Quantitative expression 

Compound or egg mass (insect or eggs) observations tested of activity 
-- 

4a* 0.25 p1 T. molitor pupae 10 Morphogenetic 80% deformity 
4a 0.25 p1 T. nzolifor pupae 20 Morphogenetic 90% deformity 
3a 0.25 p1 T. molifor pupae 20 Morphogenetic 60% deformity 
3a 10 pg C. fumiferar~a eggs 264 Ovicidal 0% reduction in egg hatch 
3a 50 pg C. fumiferana eggs 260 Ovicidal 80% reduction in egg hatch 
3a 100 pg C. fumiferana eggs 254 Ovicidal 82% reduction in egg hatch 
3a 100 pgt D. pseudotsugae adults 9 pairs Female sterility 81% increase in fecundity 

over the controls 
-- - 

'Methylated (CHIN,) sample o f  natural (+)-todomatuic acid (46). 
tResults for smaller doses are not reported because the highest doses used In these experiments failed t o  produce any female ster~lity. 

Pyrrhocoris apterw, 0.5 f 0.2 pg of 3a and 
0.6 + 0.2 pg 4a per insect caused 50% morpho- 
genetic deformity. Similar effects were produced5 
by 10 pg of 4a on Oncopeltus fasciatus. Both 
compounds were ineffective5 when applied to the 
lepidopteran pupae of Manduca sexta and 
Antheraea polyphemus. Juvabione has been 
shown to be effective on P. apterus, 0. fasciatus 
(14), and T. molitor (15). Thus both compounds 
reported in this paper show typical juvabione- 
type activities. 

Results of the biological assays indicate that 
the methyl ester derivatives of these acids are 
effective ovicides and juvenilizing hormones. 
Moreover, the results also indicate a profound 
selectivity in their action on the various insects 
tested. The naturally occurring Douglas-fir 

, wood acids may have practical significance in 
I terms of being able to control insect pests 

selectively. 

Experimental 
Most p.m.r. spectra were determined in deuterio- 

chloroform using a Varian HA-100 spectrometer with 
tetramethylsilane as internal standard. Also, the p.m.r. 
spectrum of 3a was obtained in acetone-d, and CDCI, at 
the Canad~an 220 MHz Centre, Ontario Research 
Foundation, Sheridan Park, Ont. Mass spectra were 
recorded in the Department of Chemistry and Chemical 
Engineering, University of Saskatchewan, using an 
AEI-MS-I2 spectrometer. Samples for i.r. spectra were 
prepared as liquid films on the surface of KBr disks and 
were recorded on a Perkin-Elmer 521 spectrophotometer. 
The 0.r.d. curves were measured on a JASCO Model 
ORD/UV-5 spectropolarimeter. Circular dichroism (c.d.) 
measurements were made with a JASCO 5-20 auto- 
matic recording spectropolarimeter calibrated against 
a standard solution of (+)-10-camphorsulfonic acid. 
These two instruments were kindly made available to  us 

1 by the Departments of Biochemistry and Chemistry, 
respectively, of the University of British Columbia. 
Elemental analyses were conducted by M-H-W Labora- 

tories, Inc., Garden City, Mich. Gas-liquid chromato- 
graphic analyses were performed on a Hewlett Packard 
Model 7620A equipped with flame ionization detector. 
The column used was 6 ft x 118 in. 0.d. stainless steel 
packed with 10% EGSS-X on 100-120 mesh Gas  Chrom 
P purchased from Applied Science Laboratories, Inc. The 
column was held isothermally at 185". The nitrogen 
carrier-gas flow rate was 48 ml!min. The injector port was 
maintained at 270'. 

Isolafiorz and Purification 
A 12-in.-diameter butt log was obtained from a 164- 

year-old Interior-Intermediate variety Douglas-fir tree 
grown near Savona, British Columbia. The  tree was 
felled in late May, 1971. Debarked whole wood was air 
dried and ground in a Wiley mill to pass a 3-mm screen. 
The wood meal (6420 g, air-dry) was extracted 24 h in an 
all-glass Soxhlet apparatus with petroleum ether 
(b.p. 65-1 10'). Recovered 56.05 g yellow oil (yield 1.60% 
on oven-dry wood). Methylation of an aliquot with 
diazomethane followed by g.1.c. showed the presence of 
fatty acids, resin acids and  two unknown major com- 
ponents (R ,,,,,,,,,,,,,, 2.42 and 6.00, respectively) (1 I). The 
oil was redissolved in ether-methanol (9 : 1) a n d  chroma- 
tographed on a column of DEAE-Sephadex-A25 ac- 
cording to  an established procedure (10). Elution with the 
starting solvent yielded a neutrals fraction (30.45 g).6 
Saturation of this solvent with carbon dioxide followed by 
further elution of the column yielded a mixed acid frac- 
tion (23.82 g, yield 0.68% o n  oven-dry wood). This frac- 
tion was treated under reflux in methanol (1 100 mi) con- 
taining H,S04 (201111) for 1 h. The solution was neu- 
tralized with NaOH and evaporated to dryness under 
reduced pressure. Water (500 ml) was added to the residue, 

6Detailed g.1.c. examination of the neutrals fraction, 
following Sephadex-A25 chromatographic separation, 
revealed two very minor peaks with the retention times 
corresponding to 3a and 4a. AGC-MS was not  available 
for confirmation. The amount represented by these peaks 
would, however, be in the range 0.001-0.0001% of oven- 
dry wood, whereas 36 and 46 are major extractives and 
are as abundant as the resin or fatty acids (11). Un- 
fortunately Sakai and Hirose (5) did not list relative 
amounts for these and related compounds isolated in 
their studies. 
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p H  adjusted to 10, and the fatty acid ester fraction 
extracted with petroleum &her. Yield was 6.415 g. 
Analysis by g.1.c. confirmed the presence of 3a and 4a. 
This fraction was treated under reflux 1.5 h with Girard's 
T reagent (3 g), acetic acid (5 ml), and ethanol (50 ml) and 
the reaction mixture diluted with water and extracted 
three times with ether. The aqueous phase was then 
acidified with HCI to p H  2, heated on the steam cone 
10 rnin to decompose the complex, and the mixture 
(3a and 4a, 2 :  1) of two keto esters recovered by ether 
extraction (yield 1.45 g). Separation was achieved at 
about 40% recovery by preparative thick-layer chroma- 
tography on silica gel impregnated with 12%silver nitrate. 
Thick-layer plates were developed in chloroform, sprayed 
with Rhodamine-6G for band visualization, and the 
bands scraped off and extracted with chloroform. The 
individual esters were finally purified by reduced-pressure 
distillation using a hot oil bath (b.p. 150" at 0.5 mm Hg). 

Compourzd 3a 
Compound 3a was a colorless oil, b.p. 150°C at 0.5 mm, 

[aIDz3 (c 1.0 CHCI,) 2: 0". The 0.r.d. (c 1.0, MeOH, 23") 
[@Ixo - 107, -749, [@Izs2O, [@I260 + 1584, and 
[@1230 +780°; molecular amplitude -23.3. Addition of 1 
drop HCI gave rise to 31% quenching of amplitude of 
Cotton effect after 70 min. The u.v,,,, showed no hydroxyl 
or olefinic bands, 1700-1730 (unresolved carbonyl and 
ester bands) cm-I. The p.m.r. (220 MHz, CDCI,) 6 3.66 
(3H, singlet, methyl ester), 2.61 ( lH,  quintet, J 2 4 Hz, 
HI),  2.41 ( lH,  quartet, J z ~ , , z ~ 2  = 15.8 Hz, J2.,,1,, = 4.5 
Hz, Hz,,), 2.26 (2H, doublet, J,,, = 6.7 Hz, H,., and 
H,,,), 2.41 (IH, quartet, JZ,I.2,2 = 15.8 Hz, J2,1.1p2 = 9.0 
Hz, Hz.,), 2.13 (IH, multiplet, H,.), 1.95 ( lH ,  multiplet, 
HI,), 1.5 (5H, broad band, ring protons), 1.2 (4H, broad 
band, ring protons), 0.914 (3H, doublet, J = 6.7 Hz, C-5' 
methyl), 0.90, (3H, doublet, J = 6.7 Hz, C-5' methyl), 
and 0.83 (3H, doublet, J = 6.7 Hz, C-1' methyl). Mass 
spectrum (mle) 268(4%)[M], 237(8)[M - 311, 211(50) 
[M - 571, 209(5)[M - 591, 168(100)[M - 1001, 179(20), 
169(26), 151(18), 137(22), 136(53), 133(15), 127(100), 
l09(58), l08(94), 85(34), 79(15), 69(12), 67(34)., 57(70), 
43(18), and 41(46). Metastable ions observed are listed in 
Scheme 1. 

Anal. Calcd. for C16H2803 (mol. wt. 268): C, 71.64; 
H, 10.44; 0 ,  17.91. Found (268, mass spectrum): C, 
71.85; H, 10.59; 0 ,  17.68. 

Epimerization of Compound 3a 
Compound 3a (25 mg) was epimerized by treatment 

under reflux (I h) with Na metal (20 rng) in methanol 
(2 ml). Upon cooling, a solution of KOH (150 mg) in 
water (I ml) was added to the reaction flask and refluxing 
continued an additional 3 h. The methanol was removed 
by distillation, the residue acidified with HC1, and the 
product extracted into ether. After esterification with 
excess diazornethane, g.1.c. analysis showed two peaks 
(R, 583 and 810 s) in the ratio 1 to 2. 

Hydrogenation and Epimerization of " ( + )-juvabione" 
A standard sample of "(+)-juvabione" (48 mg) was 

dissolved in methanol (9 ml) in the presence of palladium- 
on-charcoal (10% Pd, 90 mg). Hydrogenation was con- 
ducted at room temperature at 100 p.s.i. in a Parr bomb 
for 3 h. After removal of the catalyst by filtration, the 
product was recovered. Gas-liquid chromatography 

showed complete reaction with two products (R, 564 and 
815 s) in the ratio 3 to 7 (compound 3a, R, 570 s). The 
reduction product (50 mg) was epimerized as described 
above to yield a mixture of the same two compounds but 
in a different ratio (1 to 4). 

Compound 4a 
Compound 4a was a colorless oil, b.p. 150" at 0.5 mm, 

[aIDz3 (C 1.01 CHC13) + 65.9' The 0.r.d. (c 1.5 and 0.3, 
methanol, 23") + 355, + 443, + 320, 

+3260, [@IZ,~  + 3901. The c.d. (c 1.96, methanol, 
23') [@I330 0 ,  [@I290 -994, [@I262 0. [@I230 +2686, 
[@Izl, +7253, [@Izo5 +5642. The p.m.r. (100 MHz) 
6 6.96 ( lH,  multiplet, Hz) 3.72 (3H, singlet, methyl ester), 
0.90 (6H, doublet, J = 6 Hz, C-5' methyls), 0.86 (3H, 
doublet, J = 6 Hz, C-1' methyl), 2.8-1.1 (13H). Mass 
spectrum (mle): 266(3%) [MI, 234(13.5) [M - 321, 
206(6) [M - 601, 167(21) [M - 991, 166(24) [M - 1001, 
139(19), 135(14), 134(100), 127(12.5), 107(29), 105(14), 
91(18), 85(27), 79(47), 77(26), 69(7), 67(10), 57(15), 43(17), 
and 41(20). 

Anal. Calcd. for C16H2603 (mol. wt. 266): C, 72.18; 
H, 9.77; 0 ,  18.04. Found (266, mass spectrum): C, 72.35; 
H, 9.86; 0 ,  18.24. 

Hydrogenation of 4 a  
Compound 4a was hydrogenated a s  described above 

for "(+)-juvabione". Gas-liquid chromatography showed 
complete reaction with two products (R, 568 and 812 s) in 
the ratio 3 to 8. The 0.r.d. curve of this mixture was the 
same as that observed for compound 3a. 

Bioassays 
Bioassays were mainly conducted on insects which have 

been routinely used (14, 15) by others for testing mor- 
phogenetic activity of juvabione. Insects included in this 
group were P. apterus, 0. fasciatus, A .  polyphemus, M. 
sexta (14), and T. molitor (15). Tests were also conducted 
on adult female, D. pseudotsugae for possible sterilizing 
and ovicidal effects, and on eggs of C.  funliferana for 
possible ovicidal effects. 

Test compounds were delivered to the insects or  egg 
masses in acetone solution. Doses of test compounds 
delivered to various insects are listed in bioassay results or 
in Table 1. For testing morphogenetic activity of these 
compounds, methods described by Bowersand Thompson 
(15) and Slama and  Williams (14) were used. When 
treated insects moulted into the next instar, percentage 
morphogenetic deformity was determined and compared 
to controls. In D. pse~rdotsu~ae, test material was de- 
livered to adult females. The number of eggs laid per 
female and percentage hatching of eggs was determined. 
In C.  firmiferana, test material was applied to egg masses 
and their percentage hatch was recorded. 

We wish to thank B. A. Pawson for a sample of 
"(_+)-juvabione", W. S. Bowers for a sample of natural 
(+)-todomatuic acid, and A. Retnakaran, of the Insect 
Pathology Research Institute, for testing 3a on the eggs 
of C.  fi~miferana. 
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Surface Area Effects on the Sorption of Hydrogen by Palladium1 
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Pressure-composition isotherms for dilute solutions of hydrogen in palladium have 
been measured at temperatures between 100 and 240 "C at pressures of up to 1000 Torr 
using a conventional volumetric technique. For  palladium foil the isotherms are con- 
sistent with data over lower temperature ranges and with existing theoretical isotherms. 
With samples having appreciable surface area, however, a higher sorptive capacity is 
found which, it is suggested, is due to  the formation of a layer of adsorbed hydrogen 
on the metal surface. It is demonstrated that correction can be made for this effect, to  
some extent, giving better agreement between the experimental data and the theoretical 
isotherm. 

The variation of partial molar enthalpy of absorbed hydrogen with hydrogen content 
is also affected by this surface phenomenon, although the data available at present are 
not sufficiently accurate for a detailed discussion. 

Les isothermes de pression-composition pour des solutions dilutes d'hydrogkne dans 
du palladium ont Ctt mesurkes 5 des temptratures entre 100 et 240 "C et des pressions 
allant jusqu'i 1000 Torr 5 l'aide d'une technique volumttrique classique. Pour l a  lame 
de palladium les isothermes sont compatibles avec les donntes pour des intervalles de 
temptratures plus basses et avec les isothermes thtoriques existant. Avec des Cchan- 
tillons ayant une surface apprtciable, cependant, une capacitt d'adsorption superieure 
est trouvte qui, croit-on, est due B la formation d'une couche d'hydrogkne absorb6 sur 
la surface du mttal. I1 est montrt qu'une correction, dans une certaine mesure, peut 
&tre faite pour cet effet, donnant un meilleur accord entre les donntes exptrimentales et 
les isothermes thtoriques. 

La variation de I'enthalpie molaire partielle de l'hydrogkne adsorb6 avec la teneur en 
hydrogkne est aussi influencte par le phtnomkne de surface, bien que les donnies dis- 
ponibles actuellement ne sont pas suflisamment prtcises pour une discussion dCtaillCe. 

[Traduit par le journal.] 
Can. J. Chem., 52, 1200 (1974) 

Introduction 
The palladium + hydrogen system has been 

the most extensively studied of all metal + hydro- 
gen systems. Despite the attention the system has 
received, there are a number of aspects of its be- 
havior that are not clearly understood. This, plus 
the fact that increasing use is being made of palla- 
dium and palladium alloy membranes to produce 
high purity hydrogen in industry, accounts for 
the continued interest in the system. 

At low hydrogen concentrations pressure-com- 
position isotherms (1-6) obey Sieverts' law 
reasonably well, the amount of hydrogen ab- 
sorbed by the metal being proportional to the 
square root ofthe pressure, suggesting that hydro- 
gen is in a dissociated state in the metal. Magnetic 
(7) and electrical properties (8) of the system lead 
to the conclusion that the hydrogen is dissociated 

'Presented, in part, a t  the 56th Canadian Chemical 
Conference, Montreal, June 1973. 

into protons, the electrons from the hydrogen 
being accommodated in the unfilled d-band of 
the metal. Some doubt has, however, been ex- 
pressed concerning the latter conclusion (9). 

Deviations from Sieverts' law as the concen- 
tration of absorbed hydrogen increases can be 
explained if there is an attractive interaction be- 
tween the absorbed species. This assumption is 
used in deriving Lacher's equation (lo), which, if 
it is also assumed that the maximum hydrogen 
content corresponds to the hydride PdH, can be 
expressed in the form 

where r is the amount of hydrogen absorbed, ex- 
pressed as the atomic ratio HjPd, in equilibrium 
with hydrogen gas at pressure p. A is a renipera- 
ture dependent parameter and B a constant pro- 
portional to the attractive interaction between 
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EVANS: SORPTION O F  HYDROGEN BY PALLADIUM 

TABLE 1. Palladium samples 
-- 

Purity Surface area rads 
Sample No. Form of metal (%> (m2 g-') (HIP4  

I Powder 99.999 0 . 2  0.0004 
I1 Sintered black 2.4 0.0051 

I11 Sponge > 99 0.2 0.0004 
IV Foil 99.999 6.5  x 0 

*Geometric area. 

neighboring absorbed species. Subsequent theo- Torr a t  temperatures between 100 "C and 240°C. Prior 
retical treatments of the system (1 1-1 3) yield to each isotherm the metal was degassed for several hours 

until the pressure fell below Torr, equilibrated with similar equations which can be expressed in the about 150 T~~~ of hydrogen gas to remove any surface 
form given in eq. 1, a t  least at low hydrogen con- oxygen and finally evacuated for 3 h, all a t  300°C. 
centrations in the u-phase. B.E.T. surface areas were measured using the conven- 

Published data for low concentrations of hv- tional low temperature nitrogen adsorption method. 

drogen fit the above equation reasonably well but 
there are instances of considerable differences 
between the results obtained by various workers 
in this cr-phase region. Hydrogen absorption iso- 
therms obtained using palladium samples of high 
surface area (14-17) indicate that the amount of 
hydrogen adsorbed on the surface of the metal 
can make a significant contribution to  the total 
amount of hydrogen taken up by the metal and 
should be considered when analyzing isotherms. 
An investigation of this effect on isotherms in the 
u-phase region has been made in this study. 

Experimental 
M a t e r i a l s  

Palladium black (British Drug Houses Ltd.) was sin- 
tered by prolonged heating in fiacuo at 320 "C to prevent 
any further change in surface area while degassing the 
sample a t  300 "C prior to the measurement of absorption 
isotherms. Palladium sponge (Fluka A.G.) was sieved to  
remove large and small particles. The sample used was 
50-80 mesh. Palladium powder (<60  mesh) and I sq in. 
of 10 mil palladium foil (both from Alfa Inorganics) were 
used as received. Details of the samples are summarized 
in Table 1. 

Hydrogen gas (high purity grade) was purified by pas- 
sage through a heated palladium-silver diffusion thimble 
and stored in a grease-free section of the apparatus. High 
purity helium and nitrogen were used in dead space 
calibrations and surface area determinations. 
Apparatrrs and Techniques 

The volumetric apparatus and experimental techniques 
employed were essentially similar to those used by 
Everett and Nordon (18) except that greaseless metal 
valves (Hoke bellows-sealed valve) were used to  admit 
hydrogen into the gas measuring buret and into the 
sample bulb, and a quartz spiral gauge manometer 
(Texas Instruments Inc., Model No. 144) was used to 
measure the pressure in the absorption section. 

Pressure-conlposition isotherms were measured for 
the four palladium samples in the pressure range 0-1000 

Results and Discussion 
At low pressures (< 100Torr) the experi- 

mental data follow Sieverts' law fairly closely, as 
expected for dilute solutions of hydrogen in palla- 
dium. Deviations from Sieverts' law occur as the 
concentration of absorbed hydrogen increases as 
can be seen in Fig. 1, where isotherms obtained 
at several temperatures using palladium foil 
(sample IV) are shown. 

The statistical equation derived by Lacher (10) 
assuming that an attraction exists between neigh- 
boring protons in the lattice, eq. 1, can be re- 
arranged to give 

which, a t  low values of I-, can be reduced to 

The experimental data obtained in this study 
have been compared with this approximate form 
of Lacher's equation. Figures 2 and 3 show the 
results for samples IV and Ilplotted as 1 0 ~ , , p ' / ~ / r  
against r .  The data in Fig. 2 fit eq. 3 well over the 
range shown. At higher values of r, deviations 
from straight line behavior would be  expected 
since the term In (1 - r )  has been neglected in 
going from eq. 2 to eq. 3. However, the  data for 
sintered palladium black shown in Fig. 3 deviate 
considerably from eq. 3 at very low values of r, 
indicating that the sample has a greater sorptive 
capacity for hydrogen a t  very low pressures than 
is predicted by Lacher's equation. Similar beha- 
vior was found for samples I and 111, although the 
deviations were smaller. 
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1202 CAN.  J .  CHEM. VOL. 52,  1974 

FIG. 1. Variation in hydrogen concentration, r(H/Pd), 
as a function of the square root of the hydrogen pressure 
for sample IV at various temperatures. Filled circles 
denote a second run at 200 "C. 

FIG. 2. Plot of loglop1/2/r against r for sample IV to 
test eq. 2. 

FIG. 3.  Plot of loglop1/2/r against r for sample I1 to 
test eq. 2. 

From the study of supported palladium cata- 
lysts and palladium black, Aben (19) concluded 
that a number of hydrogen atoms approximately 
equal to the number of surface metal atoms was 
adsorbed by the metal at 70 "C and 1 Torr pres- 
sure of hydrogen. Both Aben and, more recently, 
Sermon (16), using a slightly different approach, 
determined surface areas of palladium samples 
based on this conclusion which were in good 
agreement with B.E.T. surface areas. 

Taking Aben's estimate of the average density 
of surface palladium atoms, 1.21 x 1015 atoms/ 
cm2, the atomic ratio of adsorbed hydrogen on a 
surface of area C m2 g-' will be 0.00212 x C 
if the surface is completely covered. If it is 
assumed that the surface layer is complete even 
at the lowest Dressures at which isothermal data 
were obtained, subtracting this amount from the 
total hydrogen uptake should give the amount of 
hydrogen absorbed into the metal lattice. It is 
this value of r that should be used in Lacher's 
equation. 

For the foil sample the amount of hydrogen 
adsorbed is negligible if the surface area is not 
much greater than the geometric area of the 
sample (6.5 cm2 g-'). However, this is not the 
case for the other three samples whose surface 
areas are given in Table 1. The data for sample I1 
plotted in Fig. 3 are re-plotted in  Fig. 4 for r 
values below 0.04 after subtracting the amount 
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EVANS: SORPTION OF HYDROGEN BY PALLADIUM 1203 

TABLE 2. Intercepts, A ,  of graphs of log,, p1I2/r 
against r 

- -- 

Sample number 
Temperature 

("C) I I1 I11 IV 

100 2.82 2.84 
110 2.86 
1 20 2.89 2.93 2.946 
130 2.93 
140 2.99 3.01 3.010 
170 3.13 3.087 
180 3.14 
200 3.20 3.155 
240 3.30 

2.6 - 

I I I I 

0 0.01 0.02 0.03 0.04 
A - 

r 

FIG. 4. Plot of loglo p'I2/r against r for sample 11 in 3.0 - 
which r is the total hydrogen uptake less rvds given in 
Table 1. Note that the range of r shown is half that in 
Fig. 3. 

- 

of hydrogen adsorbed given as r,,, in Table 1. It 2.8 - 
can be seen that agreement with eq. 3 is improved I I I 8 I I 1 1 

down to r values of about 0.01, below which 2.0 2.2 2.4 2.6 

deviations in the opposite direction now occur. lo3 / T (deg K ) - '  
~xtrapolation of the linear portions of the graphs FIG. 5. Temperature dependence of A (eq. 2, using 
in Fig. 4 to zero hydrogen content gives inter- log,, instead of natural logarithms) for all samples: 
cepts which agree closely with those found for 0, sample I ;  0, sample 11; A, sample 111; x , sample IV. 

the foil gives the of the obtained while for sample 111, sintered palladium 
intercepts obtained in this way for all the samples. black, significantly higher values of were found. 
The temperature dependence of this Parameter is using the average value of B for the foil sample 
shown in Fig. 5. and the equation of the line drawn in Fig. 5 for 

It would appear from Fig. 4, and from similar the variation of A for the foil with temperature, 
graphs with data for I and the isotherms for this sample are closely des- 
thar the metal surface is not completely saturated cribed up to values of of at least 0.04 HIPd by 
at the lowest pressures measured at these tern- the equation 
peratures. If one were to assume that the adsorp- 
tion of hydrogen by palladium followed the [5] log,, (p /~or r )1 '2  = 
Langmuir isotherm, for instance, the data could 545 2090 
be made to follow Lacher's equation even more log,, r + 4.31 - --- - ---- r 

T T 
closely at low pressures. However, as there is con- where r is the total hydrogen uptake. Written in 
siderable uncertainty in the surface area and in the form used by Simons and Flanagan (5), who 
the number of hydrogen sites on the po l~c r~s t a l -  measured isotherms at temperatures ranging 
line metal surface, further analysis was not con- from 0 to 90 oc using an electrochemical tech- 
sidered worthwhile. nique with palladium foil, eq. 5 becomes 

The slopes of the graphs in Fig. 2, BIT, give an 
almost constant value of B for the foil sample [61 In (platm) = 
over the temperature range studied. For sample I, 2510 9 6 2 5  + 

( r ) 13.19 - ---- - -. 
palladium powder, slightly lower B values were T T 1 - r  
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which agrees fairly closely with equation of 
Simons and Flanagan 

The agreement between these equations and the 
results of Wicke and Nernst (6), who used a 
volumetric technique with palladium foil be- 
tween -78 "C and +75 "C, is also good and 
demonstrates that consistent data can be ob- 
tained over a wide temperature range for palla- 
dium foil samples. However, although it has been 
shown that the data for the other samples can be 
made to follow Lacher's equation more closely 
by correcting for the amount of hydrogen held on 
the surface, the resulting fitted equations still 
differ significantly from eq. 6. For sample I the 
best fit is found using the equation 

while for sample I1 

In both equations r is the total hydrogen uptake 
less the amount given as r,,, in Table 1. The best 
straight line through the values of A for samples I 
and I1 shown in Fig. 5 was used to calculate the 
variation of A with T. 

It appears that in addition to the surface ad- 
sorption effect, other factors are involved which 
result in different forms of the metal having 
different sorptive properties in the a-phase. If 
the surface effect were alone responsible for the 
observed differences in behavior, a single iso- 
therm would be obtained when correction was 
made for the amount of hydrogen adsorbed, 
which is clearly not the case here. The much 
higher sorptive capacity of a sample of palladium 
sponge used by Lambert and Gates (20) and sub- 
sequently by Everett and Nordon (1 8) and Evans 
(4) cannot be explained in terms of a surface ad- 
sorption effect either. The possibility that lattice 
strain influences the absorption process has been 
discussed by Burch and Lewis (13, 21). These 
authors suggest that deviations from behavior 
predicted by Lacher's model (lo), which assumes 

a random occupation of interstitial sites by hydro- 
gen, occur because strain energy in the system 
may be reduced by the pairing of occupied sites. 
MacQuillan (22) has also demonstrated that de- 
viations from predicted behavior of dilute solu- 
tions of hydrogen in body-centered cubic metals 
can be explained by pair formation. The existence 
of pairs in this case was argued on electronic 
grounds. Further studies, particularly in thecr + P 
phase transition region, are planned to investi- 
gate such effects. 

Applying the Clausius-Clapeyron equation to  
Lacher's equation, an expression for the partial 
molar enthalpy of absorbed hydrogen is obtained. 
The equation predicts that this quantity should 
become more negative (higher isosteric heat of 
absorption) as the concentration of absorbed 
hydrogen increases. From eq. 6 it is found that 
for sample IV 

[lo] AR,, = - 4988 - 19 127r cal/mol H z  

Thus, as r increases from 0 to 0.04, ARH, changes 
from - 4988 to - 5753 cal/mol H, . This function 
can also be calculated from the variation of 
In p with l/Tobtained directly from theisotherms. 
A similar change is found although there is some 
scatter in the points. The data of Simons and 
Flanagan (5) and Wicke and Nernst (6) give 
similar variations of ARH, with r but their values 
at zero hydrogen content are about 7% lower. 
Closer agreement is found with the more 
recent results of Clewley et al. (17), who measured 
isochores for the system using massive palladium 
samples over a large temperature range. The 
partial molar enthalpy was found to show little 
variation between 200 and 500 "K for dilute solu- 
tions containing up  to 0.003 H/Pd hydrogen, the 
average value being -4774 cal/mol Hz. 

For samples I and 11, the partial molar enthalpy 
of absorbed hydrogen calculated from eqs. 8 and 
9 is - 5922 cal/mol Hz at zero uptake, falling to 
- 6598 cal/mol H z  for sample I and - 6837 call 
mol Hz for sample I1 at r = 0.04 H/Pd. Values 
obtained by plotting l np  against 1/T for the 
various isotherms are in reasonable agreement 
for sampler, but for sample11 Kg,, is considerably 
more negative than predicted a t  very low r, 
reaches a maximum when r is approximately 
0.02 H/Pd and then falls as predicted above in the 
range 0.02 to 0.04 H/Pd. It is believed that the 
more negative enthalpy values for these two 
samples, and the anomalous variation with up- 
take found for sample 11, are a consequence of 
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EVANS: SORPTION OF HYDROGEN BY PALLADIUM 1205 

the heat of adsorption of hydrogen which makes 
a considerable contribution to the isosteric heat 
unless the surface area of the metal sample is low. 

Summary and Conclusions 

The absorption of hydrogen by palladium foil 
is well described in Lacher's equation at concen- 
trations of up to at least 0.04 H/Pd in the tem- 
perature range 120-240 "C. Agreement with 
earlier studies at lower temperatures is good. 

For samples having larger surface area, agree- 
ment between data obtained and Lacher's equa- 
tion is poor but can be greatly improved if allow- 
ance is made for the amount of hydrogen ad- 
sorbed on the surface. Deviations which still exist 
at very low concentrations presumably indicate 
that the surface is not completely covered by 
adsorbed hydrogen under these conditions. 

For palladium foil and a powder sample having 
a low surface area, the partial molar enthalpy of 
absorbed hydrogen increases in magnitude as the 
hydrogen content increases, as predicted by 
Lacher's equation. However, the sorption pro- 
cess is apparently more exothermic for the pow- 
der sample than for the foil. For a sample of 
sintered palladium black having a much larger 
surface area than the powder, the isosteric heat 
is even more exothermic at very low hydrogen 
content, the heat falling rapidly to a minimum as 
the hydrogen uptake is increased before showing 
an increase similar to that found for the powder 
sample. It is suggested that these effects are a 
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Structure of Radicals Produced by y-Radiolysis. Part 3. Radicals Derived 
from Adamantane, Adamantyl Derivatives, and Diamantane 

GEORGE J.  HYFANTIS, JR. AND A. CAMPBELL LING' 
Depcirtt~zent of Cheniistty, West Virgitlin University. Morgntltowt~, W .  Virgit~icr, 26506 

Received November 13, 1973 

The effects of y-radiolysis on adamantane, perdeuterated adamantane, diamantane, 1- and 2- 
chloroadamantane, 1- and 2-bromoadamantane, 1-cyanoadamantane, 1- and 2-adamantanol, 
1- and 2-adamantylamine have been examined via electron spin resonance techniques, and the 
nature of the predominant species produced is discussed. Spin-scavenging experiments using 
2-methyl-2-nitrosopropane have been used, together with previously reported Br, scavenging 
experiments, to identify the nature of the predominant species produced when purified solid 
adamantane is subjected to radiolysis. Data indicate that this is the I-adamantyl radical. A 
possible reason for the controversial nature of data on this subject reported previously by 
other investigators is given. 

Les effets de radiolyse y de l'adamantane, de  I'adamantane perdeutkrit, de la diamantane, du 
chloro-1 et -2 adamantane, du bromo-I et -2 adamantane, du cyano-1 adamantane, de  l'ada- 
mantanol-l et -2, de I'adamantylamine-1 et -2 ont CtC examinks par les techniques de resonnance 
de spin Clectronique et la nature d'especes predominantes produites est discutee. Des experiences 
de balayage de spin utilisant le mCthyl-2 nitroso-2 propane ainsi que  I'experience de balayage 
de Br, mentionnee prCcCdemment, furent utilisCes afin d'identifier la nature des espirces pre- 
dominantes produites lorsque I'adamantane solide purifii est radiolysie. Les donnkes indiquent 
que c'est le radical de I'adamantyl-I. Une cause probable de la nature de contreverse des donnees 
a ce sujet, mentionnees precedemment par d'autres chercheurs, est traitCe. 

[Traduit par le journal] 
Can. J. Chern., 52, 1206 (1974) 

Introduction 
The use of adamantane as an isolation matrix 

is now well established but considerable contro- 
versy has occurred in the recent literature as to 
the nature of the radiolysis process in adaman- 
tane itself (1-8). The success, or failure to resolve 
adequately the hyperfine splitting from e.s.r. 
studies of pure phase adamantane samples has 
led to a variety of claims and counter claims 
concerning the identity of the majority species 
produced. 

The most recent reports from Filby and 
Gunther (6) and Filby2 favor formation of the 
1-adamantyl radical. This postulation was based 
on data obtained from well resolved e.s.r. 
spectra taken over a wide range of temperature 
(77-400 OK) and from both high LET (electron 
beam) and low LET (Co-60 y-source) radiolysis 
of carefully purified adamantane samples. How- 
ever, their reported hyperfine coupling constants 
do not agree with those reported by Krusic and 
co-workers (9) for authentic 1-adamantyl radicals 
generated by photochemical means, a point 
already commented on by Marx (7). In opposi- 

'To whom correspondence should be addressed. 
'W. G. Filby. Personal communication. 

tion to this assignment, Ferrell et al. (3) postulate 
formation of the 2-adamantyl radical, a hypo- 
thesis supported by Lloyd and Rogers (8) via 
consideration of data obtained by double- 
resonance ENDOR techniques. As an alternate 
to either of these postulations, Bonnazola and 
Marx (2) have suggested that a substituted 
cyclohexadienyl radical may be formed by C-C 
bond cleavage, rather than a radical resulting 
from the more usual C-H bond cleavage 
exhibited by the majority of hydrocarbons. That 
C-C bond cleavage on radiolysis of adamantane 
is possible is shown by product analyses by 
Hattenbach and vom Baur (10). We have 
reported recently (1 1) the results of preliminary 
experiments utilizing classical radiation chem- 
istry techniques to determine the nature of the 
predominant species produced by radiolysis of 
solid adamantane and concluded that the 1- 
adamantyl radical was the most probable species. 
We report here additional data supporting this 
assignment and further details pertinent to that 
communication. 

Experimental 
Radiolyses were performed using a 150 Ci Co-60 

water-well source, dose rates were ca. 3 x l o i 6  eV g- '  
min-' (Fricke dosimetry) and total doses varied between 
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HYFANTIS AND LING: y-RADIOLYSIS. PART 3 1207 

10'' and 10'' eV g-'. Photolyses were performed using 
a Bausch and Lomb 200 W high pressure Hg arc mono- 
chromator source yielding ca. 5 x 1016 photons/s 
(potassium ferrioxalate actinometry). 

Adamantane, perdeuterated adamantane? diaman- 
tane," 1- and 2-adamantanol, 1- and 2-adamantylamine 
hydrochlorides, 1- and 2-chloroadamantane, and 1- and 
Zbromoadamantane, were obtained from commercial 
sources. All compounds were recrystallized from purified 
cyclohexane (benzene and methylcyclohexane were also 
used, to check that no solvent had been introduced by 
the recrystallization process) and then transferred to a 
vacuum line. The adamantylamine derivatives were 
liberated from their hydrochloride compounds by dis- 
solving them in water, adding stoichiometric quantities 
of NaOH to liberate the free base, extracting the free base 
with cyclohexane, and evaporating to dryness under 
reduced pressure using a rotary evaporator. The solid 
amine was then recrystallized from cyclohexane and 
transferred to a vacuum line as  above. The samples were 
pumped and gently warmed to  remove traces of excess 
solvent, and except where indicated in the text below, 
used directly in this form. As previously noted (see ref. 
12, p. 3983), cyclohexane does not lead to any charac- 
teristic e.s.r. signal when adamantane recrystallized from 
this solvent is subjected to radiolysis. This technique 
provides a convenient method of preliminary purification 
for commercially supplied samples. 2-Methylpentane 
(2MP) was used as an isolation matrix for studies at  77°K. 
Purification of 2MP was effected by multiple passages of 
the liquid through a column (12 in. x + in.) of activated 
silica gel containing approximately 10% w/w AgNOa 
crystals, followed by distillation from a sodium mirror 
surface under vacuum into a storage vessel containing a 
further sodium mirror, and subsequent degassing to 
remove 0, and C 0 2 .  This latter component is adequately 
removed by extensive pumping over the surface of the 
cooled, but liquid, hydrocarbon at temperatures up to 
273 OK. Repetitive "freeze-pump thaw-pump" cycles, 
together with renewal of the Na mirror at  frequent 
intervals during the degassing led to a 2MP sample with 
an optical density of 1.0 at 194 nm. 

Samples were prepared for irradiation in several ways. 
Adamantane and adamantane derivatives were prepared 
by simply irradiating the compounds as polycrystalline 
solids in stoppered Pyrex vials under normal atmospheric 
conditions5 and the irradiated samples transferred to 
silica e.s.r. tubes (A in. i.d. "suprasil" quartz) for moni- 
toring. A second set of samples was prepared by adding 
the solid to  an e.s.r. cell (ca. 10-16 in. in length overall), 
degassing the sample and sealing off the cell via conven- 

thank Professor J. K. S. Wan of Queen's Univer- 
sity, Ontario, for the gift of perdeuterated adamantane. 

4We thank Professor P. v. R. Schleyer of Princeton 
University, New Jersey, for the gift of a sample of 
diamantane. 

'Work in progress on radiolysis processes in adaman- 
tane, and radiolyses of solutes held in adamantane, while 
under controlled atmospheres of various gases, both 
before and after radiolysis, will be reported at  a later 
date. No gross qualitative differences in e.s.r. spectra of 
radicals were detected when samples were irradiated in 
vacuo relative to  irradiation under atmospheric pressure 
or even pressures of 0, gas up to  ca. 2 atm. 

tional vacuum-line techniques under pressures of < 
Torr. The tube was inverted and the sample irradiated at 
the Pyrex end of the tube. Prior to monitoring the sample 
in an e.s.r. spectrometer, the sample tube was returned 
to the upright position with the quartz e.s.r. cell at the 
bottom allowing the solid sample to fall back down into 
the quartz cell. This method minimized interference from 
cell signals generated by radiolysis of the quartz envelope. 
All cells were initially flamed extensively to remove any 
trapped color centers generated in previous radiolyses 
before use in succeeding experiments. Irradiation temper- 
atures were 77 OK, 195 OK, or room temperature. Matrix 
isolation samples using 2MP as the glassy matrix were 
prepared by standard techniques, solute concentrations 
were in the range lo-' mol % to saturation (ca. 10 rnol 
%). All samples were degassed and evacuated to a pres- 
sure of < 1 0 - V o r r  prior to  sealing. Electron spin 
resonance signals generated via y-radiolyses were 
compared to signals generated in control samples prepared 
and irradiated under identical conditions, and containing 
only 2MP, in order to eliminate possible contributions 
from the cell and/or matrix itself. 2-Methyl-2-nitroso- 
propane ("t-nitroso" trap) dimer was prepared by the 
following sequence of reactions as described in the 
literature. N-Benzylidine-t-butylamine prepared by the 
method of Emling et al. (13) was reacted with peracetic 
acid to  form 2-butyl-3-phenyloxazirane (14). The 
oxazirane was then hydrolyzed to the hydroxylamine 
followed by formation of the t-nitrosobutane dimer (15). 
The dimer is "activated" (conversion to the monomer) 
via U.V. light, mild heating, or by the radiolysis process 
itself (16). The t-nitroso spin-trap was purified by pre- 
parative gas chromatography. 

Samples for spin trapping were prepared by two differ- 
ent methods. One method utilized a "break-seal" tube 
with an  e.s.r. quartz cell attached to the lower part of 
the seal into which was transferred approximately 0.5 ml 
of degassed solvent (n-hexane) containing the t-nitroso 
spin-trap a t  lo-, M. The lower part of the cell was then 
sealed off under a pressure of ca. Torr. T h e  top part 
of the "break-seal" cell was utilized to irradiate a small 
quantity of purified solid adamantane, or adamantane 
derivative. After the top section had been degassed and 
sealed off a t  < 10-"orr pressure, the Pyrex top-half of 
this composite cell, containing the solid adamantane, 
was irradiated at room temperature and the cell mounted 
in the e.s.r. cavity with the solid sample section upper- 
most, the e.s.r. cell containing solvent and spin trap in 
the e.s.r. resonant cavity at  the bottom. After the solvent 
had been cooled to - 80 "C the "break-seal" device could 
be broken to  allow mixing between the irradiated solid 
and the solution; the resultant scavenging of  the free 
radicals by the spin trap could then be monitored via 
e.s.r. spectrometry. The second method used in the 
spin-trap experiments required that the adamantane or 
adamantane derivative be dissolved (saturation) in 
n-hexane containing M spin trap. The solution was 
degassed and sealed at  a pressure of < 1 0 - V o r r .  The 
cell was then irradiated a t  195 "K and monitored via 
e.s.r. a t  ca. 195 "K to room temperature. A control 
sample containing only n-hexane solvent and spin-trap 
was used to identify data resulting from spin-trapping of 
radicals derived from the solvent molecules. 

Similar techniques were used for scavenger studies with 
bromine. Bromine (0.1 mol z) was dissolved in  purified 
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cyclohexane and placed in the lower half of a "break- 
seal" cell. Enough adamantane was placed in the upper 
portion of the cell to make its concentration when dis- 
solved approximately 1 mol %. The inverted cell was 
irradiated as in the spin-trapping technique but the seal 
was broken at ambient temperature and suitable aliquots 
withdrawn (through a septum) and subjected to analyses 
via g.1.c. techniques. A second method involved direct 
irradiation of a three-component system (solvent- 
scavenger-solute). A third method of sample preparation 
used for bromine scavenging experiments was to irradiate 
approximately 1 g of the adamantane in a Pyrex vial 
while open to atmospheric pressure and at room tempera- 
ture and then add this irradiated solid to approximately 
5 ml ofO.1 m o l z  Br2 in cyclohexane to allow any radicals 
to be scavenged by the bromine. 

Photolyses were performed directly on polycrystalline 
samples, glassy matrix isolated samples, and spin-trap 
solutions, together with photolyses of pressed pellets of 
the polycrystalline solids as described by Volman and 
co-workers (17). Solid adamantyl derivatives were 
incorporated into adamantane matrices by co-evapora- 
tion; various concentrations of each solid were mixed 
with solid adamantane and the whole dissolved in cyclo- 
hexane; the solution was then evaporated to dryness using 
a rotary evaporator under slightly reduced pressures. 

Electron spin resonance spectra were obtained via a 
Varian E.3 spectrometer utilizing a Varian gas-flow 
variable temperature controller; gas chromatographic 
analyses were carried O L I ~  using a Bendix ChromaLab 
2100 instrument (f.i.d., with either a 4- in. x 6 ft stainless 
steel column, 5% wlw SE-30 on 60-80 mesh Chromo- 
Sorb G,  or -$- in. x 12 ft glass column with 5% w/w 
diisodecylphthalate on 100-120 mesh ChromoSorb G). 
Computer simulations were obtained via an IBM-360175 
Computer and CalCornp accessory using a program 
written by one of us (18). 

Results and Discussion 

Radiolyses of Adamanfane and Diamantane6 
Adamantane has been used successfully by 

many groups as an  isolation matrix to  study both 
qualitative and quantitative properties of radi- 
cals derived from various solute molecules. 
Radical lifetimes vary between approximately 
10 min to l00h at  room tempera t~~re  and radicals 
appear to decay by a pure second-order process 
over more than 5 half-lives, although no evidence 
was found for any new radical growing in as the 
other decayed.' While resolution of e.s.r. signals 

6Also known as "congressane", pentacyc1[7.3.1 
O2,'.OG~''] tetradecane, m.pt. 244-245 "C. 

'M. E. Manzuk and A. C. Ling. Unpublished work. 

in adamantane does not compare with that from 
liquid phase studies, line-widths are sufficiently 
small8 to allow adequate structural assignments 
to be made and are far superior to standard 
glassy or  polycrystallinematrixisolation methods. 
Unfortunately, this resolution is inadequate to 
resolve the controversy concerning the nature of 
the radical generated from adamantane itself. 
We have shown already (1 1) that  line-widths of 
ca. 1.4 G or larger for the adamantyl radical in 
adamantane matrices lead to serious degenera- 
tion of the 448 closely spaced lines (9) and that 
a t  only 1.8 G o r  so, the envelope of the e.s.r. 
spectrum is essentially a broad singlet with little 
o r  no discernible features. The experimentally 
derived spectrum from y-irradiated adamantane 
that has been purified by multiple recrystalliza- 
tion from cyclohexane is shown in Fig. la. We  
utilized zone refining techniques, but have been 
unable to duplicate the results obtained by 
Bonnazola and Marx (2) or  those of Filby and 
co-workers (4-6).2 Use of preparative gas chro- 
matography, particularly multiple passages of 
the collected fraction back through the separa- 
tion cycle, and collection ofonly the central 50% 
of the product at each cycle, led to slightly 
improved resolution (or at  least, the appearance 
of distinguishable fine structure). However, this 
did not allow any reasonable assignment of 
radical structure to be made and spectra re- 
sembled those obtained from adamantane 
samples by irradiation and monitoring at 77 OK 
(1 1). Radiolysis of perdeuterated adamantane, 
purified by recrystallization techniques only, led 
to the spectra shown in Figs. 16 and c but we 
have been unable to simulate spectra matching 
these in any respects using either 1-adamantyl 
parameters or  2-adamantyl  parameter^.^ Simi- 
larly, radiolysis of diamantane leads to a feature- 
less singlet envelope with parameters almost 

have found that the majority of radicals exhibit a 
FWHM Lorentzian line width of ca.  1.1-1.3 G, with a 
lower limit of 0.7 G for N,N,N',N'-tetramethyl-p- 
phenylenediamine cation (Wurster's Blue Cation) in 
adarnantane and ca. 0.4 G for C,H,CH, in perdeuter- 
ated adamantane, at  room temperatures. 

'Primary efforts were directed towards I-adamantyl, 
using values from Krusic ef al. (9) for protonated 
adamantane reduced by a factor of ca. 0.15; typical 
parameters used were: I -adarnantyl (perdeuterated), 
aDD(6) 1.1 G, amD(3) 0.7 G, and amD(3) 0.5 G ;  2-adamantyl 
(perdeuterated), amD(I) 3.5 G, aDD(2) 1.1 G, amD(4) 0.5 G. 
Line widths were varied from 1-4 G, and hyperfine 
coupling constants by ca. t 50%. 
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FIG. 1. First derivative e.s.r. spectral envelopes 
following radiolysis of adamantane and diamantane. 
(a) Radiolysis and monitoring at  room temperatiire of 
adamantane. (b) Radiolysis and monitoring of per- 
deuterated adamantane at  room temperature. (c) Radio- 
lysis and monitoring of perde~iterated adamantane at 
78 OK. (d) Radiolysis and monitoring of adamantane at 
room temperature after a prolonged radiolysis to ca. 
l o i 9  eV g - '  dose. (e) Radiolysis and monitoring of 
diamantane at room temperature. The y-dose to samples 
a through c, and r ,  was ca. 1018 eV g-I. 

identical to those obtained for adamantane 
(Fig. le). Diamantane has basically two different 

I bridgehead positions, one of which has an 
identical environment to that in adamantane; it 
is not surprising, therefore, that the e.s.r. signal 
from dia~iiantane resembles that from adaman- 
tane when both systems are subjected to radio- 
lvsis under similar conditions.1° In view of the 
controversy concerning the nature of this radical 
derived from the ada~nantyl skeleton, classical 
radiation chemistry techniques of scavenger 
studies, and comparative radiolyses, were used to 
sLlpport the post~rlation that the 1-adamantyl 
radical (bridgehead position) was formed as the 
predominant species (1 1). Comparative radiolyses 
of a variety of adamantyl derivatives, reported 
below, d o  support this post~rlatron, and in addi- 
tion to the bromine scavenger work already 

lo,,' iamantane may be ~itilized as an isolation matrix in 

the same manner as adamantane, but resolution is either 
comparable or inferior to adamantane, and cost factors 
are significantly higher. 

reported, we have further data from spin- 
scavenging experiments. 

Finally, with regard to radiolyses of adaman- 
tane itself, we offer a possible reason for the 
controversy concerning the identity of the radical 
produced and in particular for the conflicting 
experimental data. We have already reported 
that bromine scavenging experiments appear to 
show production of both I-adamantyl ancl 2- 
adamantyl species in an approximate ratio of 
3 : 1, respectively (I I). However, e.s.r. data from 
samples s~rbjected to approximately 1 018 eV g- '  
absorbed dose (Fig. la) indicate formation of 
the I-adamantyl radical with no discernible 
contribution from the 2-adamantyl spectrum. 
Prolonged radiolysis of adamantane samples 
(recrystallized from cyclohexane) to an  absorbed 
dose of 1019 eV g- '  (5-6 h) leads t o  the e.s.r. 
spectrum shown in Fig. Id. This is similar to 
that reported by Wood and co-workers (3) and 
identical to the spectra obtained from 2-ada- 
mantyl derivatives that are thought to yield 
2-adamantyl radicals (see below). In contrast to 
the report by Wood and co-workers (3), however, 
the radical found by us is definitely stable at room 
temperature, albeit with a lifetime of ca. 10 
min, compared to approximately 60 min for the 
radical producing the "singlet" e.s.r. spectrum. 
This effect does not appear to be a dose-rate 
phenomenon, since Filby et a/. (4-6) report 
essentially identical results from both electron- 
beam and y-source radiolyses of adamantane. 
Since p rev io~~s  workers have not reported their 
absorbed doses, we merely offer this as a possible 
explanation for the reported data but, in view of 
the fact that the I-adamantyl radical is more 
stable than the 2-adamantyl species (19,20), we 
have no explanation as to why prolonged radio- 
lysis will enhance the population of the less 
stable species at the expense of the more stable 
entity. 

Radiolyses of Vario~ls Solid Ada1?7antyl 
Deriuatives 

Various solid adamantyl derivatives were 
s~~bjected to y-radiolysis (ca. 10'' eV g-') at 
room temperature in a n  attempt to obtain com- 
parative e.s.r. spectra that wo~rld aid in deter- 
mining the processes occ~~r r ing  in adamantane 
itself. In view of the well-substantiated dis- 
sociative electron attachment reactions of alkyl 
halides, initial experiments were directed at the 
1- and 2-chloro- and bromoadamantanes. Data 
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obtained were both distinctive and very charac- 
teristic of the 1- or Z-substituted derivatives, and 
appear to substantiate the dissociative electron 
attachment mode even for moieties as large as 
the adamantyl residue. A broad singlet, overall 
width approximately 50 G, and with an apparent 
peak-to-peak "line width" of the first derivative 
spectrum of ca. 12 G, was obtained from the 
I-adamantyl derivative (1-C1, 1-Br, and 1-CN). 
This compares favorably with the parameters 
reported by Krusic et al. (9), since using their 
reported coupling constants for authentic 1- 
adamantyl radicals produced photochemically, 
and peak-to-peak first derivative line widths for 
individual lines of 1.8 G or greater (FWHM line 
widths of l.G G or greater for a Lorentzian line 
shape), a reasonable match can be obtained 
between computer-simulated spectra and the 
experimental spectral envelope observed. Elec- 
tron spin resonance spectra from polycrystalline 
2-adamantyl derivatives (2-C1 and 2-Br) display 
a "doublet" pattern, characteristic of a strong 
coupling to one proton, and thus suggesting that 
2-adamantyl radicals had been formed by 
dissociative electron attachment reactions, the 
a-hydrogen providing the necessary single 
species of spin t. In an attempt to improve 
resolution of the e.s.r. signals fromthe 1- and 
2-adamantyl halides, experiments were tried 
where adamantyl derivatives were held in 
adamantane matrices (rather than a matrix of 
the halide itself, since these may be sufficiently 
asymmetric and/or polar as to inhibit free 
isotropic rotation) and then subjected to 
radiolysis. Varying concentrations of l-chloro- 
adamantane (between 1-5 mol x)  in adamantane 
were prepared by dissolving both components in 
cyclohexane, and then removing the solvent by 
rotary evaporation under reduced pressures. 
Electron spin resonance signals following radio- 
lysis from samples prepared by co-evaporation 
were virtually identical to those from pure-phase 
adamantyl derivatives. However, signal levels 
were significantly higher with the co-evaporat- 
tion samples compared to adamantane itself, 
indicating clearly the presence of the dissociative 
electron attachment mode of reaction for these 
cases. 

Examination of the data from radiolyses of 
other derivatives further substantiates these 
findings. For example, previous reports on the 
radiolyses of alkyl amines and alkyl alcohols 
indicate that the a-carbon is the most probable 

site for attack. Thus, if this reaction mode 
obtains for adamantyl species 2-adamantanol 
should lead to a radical whose e.s.r. fine structure 
will resemble that for the 1-adamantyl radical. 
This is exactly the experimental result found. On 
the other hand, 2-adamantylamine will be 
expected to yield an a-carbon radical, and 
although there will undoubtedly be some form 
of coupling to the nitrogen atom, it is not ex- 
pected that the resulting equal intensity triplet 
will be resolved. This would lead to a broad 
singlet envelope for the e.s.r. spectrum, as was 
found experimentally." 

In contrast to the relatively simple assignments 
and/or predictions possible for the 2-adamantyl 
derivatives, both 1 -adamantan01 and 1 -adaman- 
tylamine provide an increased degree of compli- 
cation. Excluding C-C bond cleavage, which 
we discount in view of the restrictive cage 
effects operating and the relatively strong 
adamantyl frameworks involved, there are four 
probable modes of radical formation in these 
I-substituted derivatives. 

A. Loss of Functional Group 
This would lead immediately t o  1-adamantyl 

radicals from both systems and a predicted broad 
singlet e.s.r. envelope; in general terms this is an 
unusual reaction, and is not substantiated here 
by the experimental results. I t  is therefore 
eliminated from further consideration. 

B. Loss of a Hydrogen Atom from a Site 
Removed from the Vicinity o f  the Functional 
Group 

This is tantamount to radiolysis of adaman- 
tane itself, the functional group playing no part 

FIG. 2. First derivative e.s.r. spectral envelopes 
following radiolysis of some adamantyl derivatives. 
Radiolysis and monitoring at room temperature (dose 
ca. eV g-I) of (a) Zadamantanol, (b) I-adamantanol, 
(c) 1-adamantylamine. 
-- 

llRadiolyses of I-adamantylamine-hydrochloride and 
2-adamantylamine-hydrochloride as pure-phase poly- 
crystalline solids at  room temperature did not lead to the 
development of any characteristic or distinctive e.s.r. 
signals. 
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in the overall radical formation process. This is 
unusual. Moreover, if this were so, we would 
expect the same results from 1-adamantanol, 1- 
adamantylamine, and adamantane itself. This is 
manifestly untrue, since comparison of e.s.r. 
spectra in Figs. 26 and c, and la, show obvious 
differences immediately. We therefore eliminate 
this mode of radical formation from further 
consideration. 

C. Loss of a Hydrogen Atom from the 
Functional Group Itself \ This would lead to a radical -C-0- o r  

\ / 
-c-NH. This mode of reaction for adaman- 
/ 
tan01 can be discounted, since in general it is an 
unusual reaction mode for aliphatic alcohols, 
and because the e.s.r. signal observed cannot 
easily be correlated with the structure postu- 
lated. However, for the imino radical postulated, 
although the basic structure resembles that of 
the radical obtained by radiolysis of 2-adamanty- 

\ lamine (cf. -c-NH,), the spin density a t  the 
/ 

nitrogen is probably sufficiently high to lead to a 
significant coupling constant that may be 
resolvable under the conditions of these experi- 
ments. Computer simulations using aN coupling 
constants of 10 $. 5 G with a N H H  coupling 
constants of 10 F 5 G, and aCHH of 3 G for the 
six equivalent hydrogen atoms adjacent to the 
functional group, showed that for line widths in 
the range 1.5-4.0 G, no reasonable agreement 
could be found between the experimental spec- 
trum and the simulations. A three-peak envelope 
is obtained from spectra with aN = 15 G ,  a N H H  = 

5 G, aCHH = 3 G, line widths 3 3.5 G, but the 
relative intensities of each "line" of the envelope 
are in the ratios of approximtely 2: 1 : 2  rather 
than 1 :2: 1 as observed. 

D. Loss of a Hydrogen Atom Adjacent to the 
Functional Group 

This would lead to the formation of 2-ada- 
mantyl radicals directly, and should lead to a 
doublet envelope pattern seen already in the 
dissociative electron attachment reactions of 
2-Cl and 2-Br derivatives. This is seen to be the 
case for 1-adamantanol and provides a reason- 
able interpretation of the observed spectrum. 
However, the data from 2-adamantylamine do 
not fit this hypothesis and the explanation offered 
above in C is preferred at  this time. 

The results of y-radiolyses in adamantyl de- 
rivatives are summarized in Table 1, and typical 
e.s.r. spectral envelopes are displayed in Fig. 2. 
In addition, spectra were obtained for  all deri- 
vatives after radiolysis and monitoring at 77 O K ,  

and at  various temperatures between 77 and 
273 OK, but no significant data were obtained 
over and above that from the room temperature 
experiments already described. 

Matrix Isolation Studies and Pliotolyses 
Experiments 

In view of the rewarding results obtained by 
Volman and co-workers (17,21) via photolysis 
of solutes held in adamantane matrices, it was 
felt to be of interest to  investigate this technique 
for adamantane derivatives themselves. Accord- 
ingly, samples were prepared by the following 
methods. (a)  Solid adamantyl derivatives (1- and 
2- chloro- and -bromoadamantanes) were re- 
crystallized from cyclohexane and sealed under 
vacuum in standard e.s.r. cells. (b) Solid deriva- 
tives were recrystallized as above, the excess 
solvent removed by pumping the gently warmed 
solid, and then pressed into pellets a s  per the 
technique described by Volman and co-worker 
(17) via a hand press at  ca. 7 kbars pressure 
(which is lower than the ca. 10 kbar pressure 
utilized by Volman and  co-workers). (c) Conven- 
tional glassy matrix isolated samples in 2- 
methylpentane (2MP)" were prepared, using 
solute concentrations in the range 2 molx  to 
saturation (ca. 20 mol "j , t  78 O K ) ,  and data 
were compared to control samples containing 
only 2 M P  photolyzed under identical conditions. 
Methods a and b gave no distinguishable e.s.r. 
signals after several hours exposure at  room 
temperature and method c produced a weak 
spectrum that appeared to consist of contribu- 
tions from the matrix molecule and a broad 
envelope similar to those already reported. 
Equally, radiolysis o f  glassy matrix isolated 
samples did not lead to any significant results, 
e.s.r. spectra being obtained that were directly 
atlributable to radicals derived from the 2MP 
matrix with an unresolved singlet envelope 

12Preferred to 3-methylpentane (3MP) matrices, since 
2MP is below its glass transition region (m. 8 0  OK) and 
approximately one order of magnitude harder than 3MP 
at customary experimental temperatures (22.23) (liquid 
nitrogen at 77.5-78 OK), thus leading to a n  additional 
stabilization factor for trapped radical species compared 
to 3MP (T ,  at cn. 77 OK). 
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TABLE 1. Summary of results obtained from y-radiolysis of 1- and 2-adamantyl 
derivatives as polycrystalline solids at  room temperatures 

-pppp 

--pppp 

- 

Electron spin resonance 

Derivative 
Spectrum found 

Radical expected Spectrum expected experimentally 

1-Adaman tanol 

X = C1, Br, CN 

+ x- A broad doublet Type B of fig. 2 

X = CI, Br 

A broad singlet Type A of fig. 2 

X = OH, NH2 

PH A broad doublet Type B of fig. 2 

Type C of fig. 2 

superimposed on top. Photolysis of 1- and 2- 
chloroadamantane in liquid n-hexane in the 
presence of spin trap at temperatures down to 
173 OK did not lead to any radical scavenging by 
any of the spin traps utilized. 

Spin-scavenging Experiments 
We have already reported (I 1) on the success- 

ful use of classical Br, scavenging experiments 
with irradiated adamantane. Williams and 
co-worker (16) have shown that the spin- 
scavenging techniques described by Janzen (23) 
and McConnell and co-worker (24) can be suc- 
cessfully applied to radiation chemistry uses and 
we have utilized similar techniques in an attempt 
to clarify the controversy concerning the nature 
of the adamantyl radical produced by radiolysis. 
Various spin scavengers were investigated (2,2- 

dimethylpropionitrile oxide, 2,4,6-trimethylben- 
zonitrile oxide, and 2-methyl-2-nitrosopropane, 
all prepared by conventional techniques) but 
only 2-methyl-2-nitrosopropane gave any evi- 
dence of spin scavenging on radiolysis. The data 
from spin-scavenging experiments with l-chloro- 
and 2-chloroadamantane are shown in Fig. 3, 
data from adamantane and diamantane in Fig. 
4, and expanded views of the central line from 
spin-scavenging experiments with l-chloroada- 
mantane, adamantane, and diamantane, are 
shown in Fig. 5. 

The data clearly indicate that the radical from 
adamantane and diamantane are almost certainly 
identical, and that this radical is similar to, if not 
identical with, the radical seen by radiolysis of 
I-chloroadamantane. The nitrogen hyperfine 
constant (aN = 14.85 0.1 G) is similar to that 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HYFANTIS AND LING: y-RADIOLYSIS. PART 3 

FIG. 3. First derivative e.s.r. spectra of radicals from adarnantyl derivatives spin trapped by 2-methyl-2-nitroso- 
propane scavenger. 

FIG. 4. First derivative e.s.r. spectra of radicals produced from adarnantane and diarnantane spin trapped by 
2-methyl-2-nitrosopropane. 

reported by Williams and co-worker (16) 
(14.5 G )  and the fine structure due to the 
scavenged radical species is attributable to six 
equivalent nuclei with spin 4 and coupling 
constant aH = 0.45 + 0.02 G with a first- 
derivative peak-to-peak line width of ca. 0.3 G .  
This agrees well with the predicted spectrum for 
1-adamantyl species, with little or no coupling 
being distinguishable from the y-hydrogens of 
1-adamantyl. No contribution from 2-adamantyl 
can be distinguished. Indeed, radiolysis and 
spin-scavenging experiments with 2-chloroada- 
mantane d o  not show any spectra attributable 
to the 2-adamantyl radical at  all (Fig. 3b). This 
is again a good indication of the instability of 
the 2-radical in solution (19) and the inability 
of this spin trap to scavenge these radicals prior 
to reaction. The fine structure exhibited in Fig. 
36 appears to be interpretable in terms of 
radicals derived from the solvent (n-hexane) and 
could be d ~ ~ e  to hydrogen abstraction reactions, 
or other modes, by 2-adamantyl radicals on 
surrounding solvent molecules prior to scaven- 
ging. 

In terms of experimental convenience, it was 
noted that best results (i.e. in terms of signal-to- 
noise ratio and radical populations produced) 
were obtained by direct radiolysis of degassed 
three-component systems under vacuum (ada- 
mantyl derivative at ca. 5-10 moI%, spin trap 
at  M, in a solvent such as 17-hexane). 
Comparison with blank samples containing only 
spin trap in n-hexane showed that little or no 
spin scavenging of fragments from the solvent 
occurred, but that in the presence of either 1- 
chloroadamantane, or 2-chloroadamantane, in- 
tense (ca. 10-100 fold more intense) e.s.r. spectra 
resulted. The disadvantage of this method is that 
a possible mode of radical production from the 
adamantyl solute is via hydrogen abstraction 
initiated by solvent radicals. However, in view 
of the vastly different results from the 2-chloro- 
adamantane relative t o  the 1-chloroadamantane, 
and the large increase in radical concentration 
over that observed for solvent alone, we feel 
that this reaction mode is, at best, a small 
contribution to the direct dissociative electron 
attachment mode believed to provide the major 
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FIG. 5. The center line of the first derivative e.s.r. 
spectra from spin trapping by 2-methyl-2-nitrosopropane 
of radicals generated by radiolysis of (a) l-chloro- 
adamantane, (b) adamantane, and (c) diamantane. 

source of radicals. Moreover, this form of 
secondary reaction is not possible for those 
cases where solid adamantyl derivatives were 
irradiated and then added to spin-trap solutions, 
an experimental technique that yielded quali- 
tatively identical data. In view of the obvious 
analogies that this type of three-component 
system has with liquid scintillation counting 
techniques, it is possible that benzene would 
have made a better solvent system than n-hexane, 
reducing the possibility of solvent fragmentation, 
and increasing the energy transfer characteristics 
of the system as a whole. 

In summary, due to long range coupling in 
the adamantane skeleton (9), a phenomenon 
apparently common to three-dimensional cage- 
type structures (26,27), it has not been possible 
to resolve adequately the hyperfine structure of 
e.s.r. signals from adamantane or adamantane 
derivatives, and thus to unequivocally identify 
the radical species produced by radiolysis in 
each molecule. However, fundamentally in- 
ferential evidence from a three-fold approach 
to  this problem, involving Br, scavenging, 
spin scavenging, and comparative radiolyses of 

VOL. 5 2 ,  1974 

selected derivatives, has allowed us to make a 
reasonably consistent interpretation of the data. 
Even though resolution is so poor, computer 
simulations and direct comparison of envelopes 
to  the e.s.r. spectra has proven to  be a ~ a l u a b l e  
adjunct in assigning structures, a n d  has provided 
excellent supporting data in postulating forma- 
tion of the l-adamantyl radical a t  doses below 
ca. 3 x 1018 eV g-I. Nevertheless, at least one 
anomaly seems to  exist. Although spin trapping 
appears to  deny the formation of 2-adamantyl 
species in solution, even from 2-adamantyl 
derivatives, Br, scavenging experiments show 
formation of both 1- and 2-adamantyl radicals 
on radiolysis of purified adamantane, albeit in a 
ratio of 3 : 1, respectively, but direct examination 
of e.s.r. spectra from radiolysis of adamantane 
itself discloses n o  discernible contribution. 
Nevertheless, prolonged radiolyses (ca. 5 h, 
10'' eV g-') exhibit a typical spectrum from 
adamantane that in the light of the  above data 
can only be explained by formation of the 2- 
adamantyl radical. We have no explanation of 
why the less stable species is enhanced at the 
expense of the more stable one on prolonged 
radiolysis. 

~ a d i o l ~ s e s  of adamantyl derivatives has pro- 
vided several interesting points. Firstly, although 
it is known that electron scavenging efficiency 
falls off as the molecular weight rises (28), both 
1- and 2-adamantyl bromides and chlorides 
appear to undergo dissociative electron attach- 
ment quite readily (together with the 1-cyano 
derivative studied). Equally, 2-adamantanol and 
2-adamantylamine appear to behave identically 
to  simple aliphatic systems, with adamantanol 
resembling norborneol (27) directly, i.e. a- 
carbon radical formation. On the  other hand, 
1-adamantanol and 1-adamantylamine which 
lack the a-hydrogen, lead to vastly different 
behavior. By comparison of resulting envelopes, 
I -adamantan01 appears to produce a 2-adamantyl 
radical, which can be attributed to simple 
hydrogen loss a t  the P-position t o  the functional 
group (as is seen in radiolysis of t-butanol). On 
the other hand, 1-adamantylamine produces a 
spectral envelope quite unlike any  from other 
derivatives. Attempts to explain this spectrum by 
loss of hydrogen from the -NH, group and  
consequent formation of an -NH radical have 
not been successful. Finally it is noted that 
direct radiolysis of purified diamantane (re- 
crystallization), together with spin-trapping 
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HYFANTIS AND LING 

evidence using Zmethyl-2-nitroso propane in 
solution, indicates that diamantane on radiolysis 
yields a similar radical to that from adamantane, 
the corresponding bridgehead radical (4-dia- 
mantyl). 

We wish to thank The Research Corporation, The 
Dreyfus Foundation, and the American Cancer Society 
for partial support of this project and the Department of 
Chemical Engineering of W. Virginia University for use 
of their facilities. Material presented herein was taken 
from work submitted by GJH in partial fulfillment of 
the requirements for the M.S. degree at West Virginia 
University, 1973. 
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The high resolution photoelectron spectra for the following iodine-containing molecules 
have been measured: iodomethane, iodoethane, 1-iodopropane, 1-iodobutane, l-iodopen- 
tane, 1-iodohexane, 2-methyl-1-iodopropane, 3-methyl-1-iodobutane, 2-iodopropane, iodo- 
cyclopentane, iodocyclohexane, 2-methyl-2-iodopropane, trifluoroiodomethane, 2,2,2- 
trifluoro-1-iodoethane, pentafluoroiodoethane, 3,3,3,2,2,1,1-heptafluoro-1-iodopropane, 
iodobenzene, pentafluoroiodobenzene, vinyl iodide, ally1 iodide. The spectra are discussed 
in terms of extended Hiickel ( E H )  molecular orbital calculations and of the qualitative 
changes upon variation of the alkyl group. 

On a mesurt les spectres de photo6lectrons i haute rtsolution des iodures suivantes: 
iodomithane, iodotthane, iodo-1 propane, iodo-l butane, iodo-1 pentane, iodo-1 hexane, 
methyl-2 iodo-1 propane, mtthyl-3 iodo-1 butane, iodo-2 propane, iodocyclopentane, 
iodocyclohexane, mtthyl-2 iodo-2 propane, trifluoroiodomtthane, trifluoro-2,2,2 iodo-1 
tthane, pentafluoroiodotthane, heptafluoro-l,l,2,2,3,3,3 iodo-1 propane, iodobenzsne, 
pentafluoroiodobenzGme, iodure de vinyle et iodure d'allyle. On discute les spectres a 
I'aide des calculs d'orbitales molCculaires dans l'approximation de Hiickel ttendue e t  
aussi en fonction des changements qualitatifs lors de la variation du groupe alkyle. 

[Traduit par le journal] 

Can. J. Chem., 52, 1217 (1974) 

Introduction 
We have recently presented the far U.V. spectra 

of a large number of simple molecules containing 
a single iodine atom (1, 2). In these papers we 
found it useful to  make comparisons with the 
photoelectron (p.e.) spectra and discussed some 
of the principle features of the latter. In the 
present paper we present the high resolution p.e. 
spectra in their own right. These are in almost all 
respects simpler than the U.V. spectra and give 
directly the ionization potentials (i.p.'s) of the 
molecule and (in the approximation of Koop- 

mans' theorem (3)) the orbital energies, that is, 
the experimental quantities corresponding to the 
eigen values of the Hartree-Fock equations. 

The molecules studied are (iodomethane), 
iodoethane, (1-iodopropane), (1-iodobutane), 
(1-iodopentane), 1-iodohexane, 2-methyl-1-iodo- 
propane, (3-methyl-1-iodobutane), 2-iodopro- 
pane, iodocyclopentane, iodocyclohexane, (2- 
methyl-2-iodopropane), trifluoroiodomethane, 
2,2,2-trifluoro-1-iodoethane, pentafluoroiodo- 
ethane, 3,3,3,2,2,1,1-heptafluoro-1-iodopropane, 
iodobenzene, pentafluoroiodobenzene, vinyl io- 
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dide, ally1 iodide. Because of space restrictions 
the spectra of the molecules in parentheses are 
not presented here. ' 

Some of these molecules have been studied in 
part by previous workers. The p.e, spectrum of 
iodomethane is well known (4-8). It is included 
here for com~leteness and since correlations will 
be drawn with it in the discussion of the remain- 
ing spectra. The spectra of the I-iodoalkanes 
(C,,H,,,+ , I ;  n = 1-5) and a few branched mole- 
cules have been measured (9-1 1) and the first 
two i.p.'s discussed in terms of the coinpetition 
between spin-orbit coupling and conjugation; 
however, the discussion so far has been limited 
to the two lowest bands. Baker et al. (10) pre- 
sented the spectra of iodoethane, I-iodopropane, 
2-iodopropane, and I-iodopentane and discussed 
them very briefly. Very recently Kimura et al. 
(11) studied the spectra of RX (R = ethyl, 
n-propyl, n-butyl; X = Cl, Br, 1) and attempted 
to correlate the spectra with the Pauling electro- 
negativity of the halogen atom and gave an inter- 
pretation in terms of equivalent orbitals. A cor- 
relation diagram for the vinyl halides including 
vinyl iodide has been given by Turner et al. (12) 
without presenting the spectra themselves. The 
iodobenzene spectrum is known (12). Below we 
give an interpretation of some of the higher bands 
which differs from that of ref. 12. The spectrum of 
2,2,2-trifluoro- I -iodoethane has been- presented 
by Turner (4) with, however, only a very brief 
discussion of the spin-orbit splitting of the first 
two bands. 

The unifying feature of the present work is of 
course the presence of the iodine atom and the 
behavior of the various bands upon changing of 
the alkyl group. Below we attempt to give a con- 
sistent assignment for most of the bands out to 
about 18 eV. The assignment of the methyl 
iodide spectrum is quite straightforward. For the 
other molecules, with the exception of the work 
by Kimura et al. (1 1) on ethyl, propyl, and butyl 
iodide, virtually no attempt has been made to 
assign the bands at higher .energy. Also since 
many of our spectra are better resolved than 
those available in the literature we feel that any 
repetition implied in the last paragraph is 
justified. 

'The spectra are available at  a nominal charge from 
the Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada K I A  OS2. The spectra are numbered D l  to D6 
in the order in which they appear above. 

To help in our interpretation of the spectra 
we have carried out molecular orbital (m.0.) 
calculations of the extended Huckel (EH) type 
(13) for all of the molecules. 

Experimental and Computational Methods 
The p.e. spectra were measured with a Perkin-Elmer 

PS 16 instrument using a He1 source and a n  electrostatic 
analyzer with a sector field of 127". The resolution was 
approximately 20 mV. All chemicals were from Koch- 
Light or Fluka A.G. and were purified by gas-phase 
chronlatography before use. 

The EH program was based on a standard program 
(14) modified to calculate overlap integrals involving 5s 
and 5p orbitals (15, 16). The orbital exponents used were 
those proposed by Burns (17) which we have found usual- 
ly give better overall agreement with observed p.e. spectra 
than the usual Slater values. A value of 1.5 for the con- 
stant k which enters the off-diagonal matrix elements 
was found to give the best results. 

Calculations using a modified C N D O  method (18) 
were also carried out; however, the agreement between 
these and the observed spectra was not nearly as good as  
that of the EH calculations. A re-evaluation of the param- 
eters which enter the C N D O  method or the inclusion of 
one-center exchange integrals to yield an iNDO method 
could conceivably improve the agreement. Below we 
report only the EH results. For the fluorinated molecules 
the EH results failed to correlate with the observed 
spectra. This is a usual situation for EH calculations o n  
molecules containing highly electronegative atoms. The 
EH results are not given in these cases but rather qualita- 
tive considerations are used to assign the bands. 

Results and Discussion 

Those spectra which we present are in Fig. 1 
and the observed maxima (vertical i.p.'s) for all 
of the molecules, including those whose spectra 
are in the Depository of Unpublished Data, are 
gathered in Table 1 along with the results of the 
calculations. In all cases where the i.p.'s were 
also determined from Rydberg series in the far- 
u.v. spectrum (1) the two values agree within 
the experimental uncertainty. The molecules 
may be conveniently divided into four categories, 
viz., normal iodoalkanes, branched and cyclic 
iodoalkanes, fluoroiodoalkanes, and iodoalkenes. 

Normal lodoalkanes 
The prototype of this series is methyl iodide, 

the p.e. spectrum of which is well documented 
(4-8). We will give a brief description of this 
spectrum since the succeeding spectra may then 
be discussed with reference to it. The valence 
electronic configuration of ground-state methyl 
iodide (C,, symmetry) is 

(lal)2(2al)2(le)4(3a1)2(2e)4 
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BOSCHl A N D  SALAHUB:  PHOTOELECTRON SPECTRA 1219 

The lowest lying m.o.'s l a ,  and 2a, are essen- 
tially the in-phase and out-of-phase combina- 
tions, respectively, of carbon 2s and iodine 5s 
atomic orbitals. The  l e  m.0. may be regarded 
as a degenerate C H  bonding orbital; the 3a, m.o. 
corresponds to the CI bond and the 2e level to  
the 5p lone pairs of iodine which have n sym- 
metry with respect to  the CI  bond. 

The presence of the iodine atom leads to  large 
interactions between electron spin and orbital 
angular momenta so that configurations involv- 
ing unpaired electrons in degenerate m.o.'s with 
large coefficients on the iodine must be treated 
using double groups (19). Thus removal of an 
electron from 2e gives rise to E3/, and El states 
which are observed at  9.54 and 10.14 eV, respec- 
tively. Ionization from 3a, occurs at 12.5 while 
the two Jahn-Teller split components of l e  are 
observed at 14.7 and 15.5 (shoulder). A peak at 
19.5 eV is assigned to  2a, .  Ionization from la ,  
has not yet been observed. Price2 predicts a 
value of about 21 to 21.5 eV for HI on the basis 
of an extrapolation in the series XH,, (17 = 0, 1, 2, 
3, 4) across a row in the periodic table. Since 
a carbon 2s electron is more tightly bo~ lnd  than 
a hydrogen Is we would expect l a ,  to  be a bit 
deeper than this in CH31, perhaps at around 22 
or 23 eV. The He11 spectrum would locate this 
level. For CH3Br, ,&brink3 in fact found the 
lowest band in the Hell spectrum just a b o ~ ~ t  
1 eV lower than the value which Price predicted 
for HBr. 

Thus the whole of the p.e. spectrum of methyl 
iodide is qualitatively understood. The EH calcu- 
lations mirror the observed spectrum very well, 
except of course for the spIitting of the 2e and I e 
levels due to spin-orbit coupling and Jahn- 
Teller distortion, respectively. 

What happens when the symmetry of the 
moIecule is lowered by substituting a longer 
alkyl group for the methyl group? lnasfar as the 
first two bands (corresponding to E,;, and El l ,  
of CH31+) are concerned the question has been 
studied by Brogli and Heilbronner (9). If we as- 
sume C, symmetry for the I-iodoalkanes, then 
the 2e level is split into an a' and an a" level, both 
yielding E,,, states of the molecular cation, the 
a' orbital belng less tightly bound. For the case 
of zero spin-orbit coupling this is the only effect. 
The a'-a" energy difference found in the E H  

ZProfessor W. C. Price. Personal communication. 
3Dr. L. Asbrink. Personal communication. 

results indicates that this split is rather small. 
The observed split is nearly the same as  that of 
CH,I (between 0.58 and 0.56 eV for all the 
I-iodoalkanes) so it seems that the orbital is very 
much localized on the iodine atom a n d  "sees" 
only the local cylindrical symmetry about the CI 
bond and that the orbital angular momentum is 
only slightly quenched by the alkyl group. 

The observed and calculated i.p.'s for the five 
lowest states are shown in Fig. 2 as a function of 
the number of carbon atoms in the alkyl group. 
The gradual shift to lower i.p. and smaller spin- 
orbit splitting for the first two bands with in- 
creasing length of the alkyl chain can both be 
explained by a slight delocalization o f  the lone 
pair onto the alkyl group. This shift to  lower i.p. 
is present but less accent~~ated in the E H  results. 
The pop~~la t ion  on the iodine atom in the a' 
orbital is 92, 91, 89, 87, 87, and 8 6 x  a s  the series 
is ascended. This slight delocalization is also con- 
sistent with the short vibrational progressions 
observed. Each of the bands shows a spacing 
near 1100 cm-'  which is assigned t o  a CH, 
wagging vibration ( I ,  p. 289). 

The third band in all of these spectra is in 
analogy with CH31 and as supported by the EH 
r e s ~ ~ l t s  assigned to ionization of a C I  2po, f 
5pal bonding electron. It too ~ ~ n d e r g o e s  a shift 
to lower i.p. as the length of the alkyl group in- 
creases. This behavior is shown in Fig. 2, along 
with the EH results which reflect the shift satis- 
factorily. The shift is due to a gradual increase 
in the delocalization of the orbital over the 
moIecule. 

The following bands out to about 18 eV are 
due to  ionizations from the CH and C C  bonds. 
With the delocalized m.o.'s obtained from the 
EH calculations it is often not possible t o  identify 
orbitals corresponding t o  localized bonds so that 
when we speak of C C  and CH bonds below it 
should be understood that we are referring to 
m.o.'s which are mainly bonding con~binations 
of atomic orbitals between carbons o r  carbon 
and hydrogen. 

For iodoethane and iodopropane there is a 
one-to-one correspondence between the  calcu- 
lated levels and the observed maxima while for 
the larger n~olecules fewer maxima are observed 
than calculated indicating an overlapping of 
close-lying bands. It would be interesting to 
know which of these peaks corresponds t o  mainly 
C C  and which to CH orbitals. Calculations using 
the equivalent orbital method which is based on 
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BOSCHI AND SALAHUB: PHOTOELECTRON SPECTRA 1221 

FIG. 1. The photoelectron spectra o r  (a) iodoethane, (b) I-iodohexane, (c) 2-methyl-I-iodopropane, (d )  2-iodopro- 
pane, ( r )  iodocyclopentane. (f) iodocyclohexane, (g) trifluoroiodomethane, ( / I )  2,2,2-trifluoro-1-iodoethane, ( i )  penta- 
fluoroiodoethane, ( 1 )  3,3,3,2,2,1 , I  -heptafluoro-I -iodopropane, (k) iodobenzene, (I) pentafluoroiodobenzene. ( 1 1 1 )  vinyl 
iodide. ( 1 7 )  ally1 iodide. 

the concept of interacting bonds and is "cali- 
brated" with observed spectra could be interest- 
ing in this respect. Kimura et al. ( I  I) came to  the 
conclusion, on the basis of a type of equivalent 
orbital calculation, that in ethyl iodide the ion- 
ization from the CC orbital precedes that from 
a CH orbital. They made several drastic simplifi- 
cations, however, and we show below that in 
the case of ethyl iodide the substitution of 
fluorine for some or all of the hydrogens allows 

us to  make this distinction assigning the bands 
at 12.9, 14.9, and 15.5 eV to CH orbitals, and 
that at 13.7 eV to the CC bonding electron. 
Similarly for propyl iodide the band a t  12.9 eV 
is assigned to ionization from a CC orbital and 
that a t  12.3 eV to a CH orbital. Throughout the 
series of I-iodoalkanes the two bands which 
appear at  12.9 and 13.7 eV in iodoethane appear 
with nearly the same form only shifted slowly to 
lower i.p. This shift is well accounted for by the 
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TABLE I. Observed and calculated (extended Hiickel) ionization potentials (eV) and symmetry species for iodine 
containing molecules 

Ionization potential Ionization potential 
Symmetry - Symmetry 

Molecule Obs. Calcd. species Molecule Obs. Calcd. species 
- - 

C6H131 (C,) (confd.) 11 . 5  12.48 
13.10 
13.34 
13.78 
13.89 
13.91 
13.93 
14.20 
14.71 
14.78 
15.23 
15.58 
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BOSCHI AND SALAHUB: PHOTOELECTRON SPECTRA 1223 

TABLE I. (Concluded) 
.- -- . -- - 

Ionization potential Ionization potential 
- Symmetry - Symmetry 

Molecule Obs. Calcd. species Molecule Obs. Calcd. species 
-. 

c-C5Hl ,I (C,) (cotztd.) 13.69 a t-C,HJ (C3") 
14.15 : 9.87 e a 
14.33 a 10.75 11.14 a ,  

14.40 14.40 a 
15.01 a 

16.3 15.40 a 
c - C S H ~ ~ I  (C,) 
Equatorial 8.91 9 .88 a" 

Axial 

Iodobenzene (C,,) 8.67 
9 .39 
9.66 

10.46 

Vinyl iodide (C,) 9 .32  
10.09 
11.55 
12.2 
14.6 
15.7 

Allyl iodide (C,) 9 .32  
9 .72  

10.26 
12.25 
12.75 
13.9 
14.7 
15.8 

O B S E R V E D  

FIG. 2. Calculated and observed i.p.'s of 1-iodoalkanes as a function of the number of carbon atoms in the alkyl group. 
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EH calculations; however the order of the CH one correspondence between the observed and 
and CC levels is reversed from what we expect calculated bands, only one calculated level being 
on the basis of the spectra of the fluorinated unaccounted for in the spectrum. This is pre- 
molecules, the uppermost calculated m.0. being dicted to occur in the 14-15 eV region where the 
primarily in the CC bonds. They are, however, spectrum consists of broad overlapping bands 
reasonably close in energy and in view of the and is surely present although unresolved. 
simple nature of the calculations it is not sur- 
prising to find inversion of some close-lying Fluoroiodoalkanes 
levels. We believe the qualitative arguments Brundle and co-workers (20, 21) have ex- 
given below are in this instance more reliable amined the effect on p.e. spectra of substituting 
than the calculations. so that we assign the first fluorine for all of the hydrogens of a molecule. 
of these bands to ionization from a CH orbital Their main conclusion was that in planar mole- 
and the second to a CC orbital. For the larger cules perfluorination causes the i.p.'s to shift 
n~olecules this area of the spectr~~m degenerates upwards by 0-1 eV for n electrons and by 2-3 eV 
into a single broad band because of the presence for (3 electrons. In nonplanar molecules the 
of a large number ofclose-lying levels (see Fig. 1 b). above distinction cannot be made; however, it 

As was the case for methyl iodide there is then has been observed that all the levels are shifted 
a large gap in the spectrum until the onset of to higher i.p. by varying amounts. 
ionization from levels involving carbon 2s and The spectra of CF31 (I), CF3CH,I (2), C,F,I 
iodine 5s orbitals. (3), and C3F,I (4) are shown in Fig. 1g;j. Below 

we discuss the effect of fluorination on the posi- 
Branclled and Cvclic Alkanes tion of the lone-pair bands and their spin--orbit 

As was the case for the U.V. spectra (I,  p. 735) splitting and the effect on the CC and CH levels. 
the p.e. spectra of the slightly branched mole- The region above about 15.5 eV is complex owing 
cules, 2-methyl-I-iodopropane and 3-methyl-1- to  the presence of bands due to the ionization of 
iodobutane, are very similar to those of their fluorine lone pairs and electrons in CF bonds 
straight-chain isomers so that the discussion (see Fig. lg). No attempt is made t o  analyze this 
above holds. region. As stated above, rhe EH calculations are 

When the iodine is attached to a secondary or not much help in this respect so that we prefer 
tertiary carbon (Fig. Id-f) the mixing of the to  use qualitative arguments. 
lone-pair orbitals with the alkyl group is pre- The presence of two relatively sharp bands 
sumably greater and results in a slight lowering separated by nearly the same amount as the two 
of the first i.p. and a small decrease in the spin- lone-pair bands in the perhydrogeno compounds 
orbit splitting. The appearance of the first com- leaves the assignment of the first peaks of 1-4 
ponent is essentially unaltered whereas the to lone-pair ionizations beyond reasonable 
second has lost its discrete fine structure. A doubt. The center of gravity of these two bands 
similar diffuseness was noted for the Rydberg has ~~ndergone a shift of 1.25-1.35 eV for the 
bands leading to this i.p. (1, p. 735) and may be perfluoro compounds and of 0.65 eV for the 
attributed to predissociation. The lowering of partially fluorinated molecule 2. 
the i.p. for the first two bands is reflected in the The most striking difference in these peaks is 
EH results in a reasonable manner. The calcu- that they have become much broader and exhibit 
lated first i.p. for cyclopentyl iodide is a bit too some poorly resolved fine structure. This broad- 
low compared with the other values. ening is of course least for 2 where the bands still 

The next band is once again assigned to ion- resemble those of iodoethane, except that now 
ization of a CI bonding electron. It too has the 1-0 transition has gained significantly in 
undergone a shift to lower i.p. with respect to intensity. This fine structure indicates that the 
the 1-iodoalkanes and once again these shifts are "lone pairs" are in fact somewhat delocalized 
closely paralleled by the EH results. The remain- over the molecule. 
ing peaks out to 18 eV are due to ionization of The splitting between the bands has, however, 
CC and CH bonding electrons although it is not remained practically constant being 0.56, 0.62, 
easy to make definite assignments. 0.62, and 0.60 eV for 1-4 (taken between the most 

For isopropyl iodide there is nearly a one-to- intense vibrational peak of each band) and 0.62, 
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BOSCHI AND SALAHUB: PHOTOELECTRON SPECTRA 

0.58, and 0.57 eV for iodomethane, iodoethane, 
and iodopropane, respectively. A mechanism 
similar to that proposed by Brogli and Heil- 
bronner (9) may be applicable. That is, we know 
that the orbital is delocalized because of the 
broadness of the band and the vibrational struc- 
ture. We would therefore expect the spin-orbit 
splitting to be smaller. The inclusion of spatial 
effects, however, (by coincidence) nearly cancels 
this out. As the interaction with the rest of the 
molecule increases we would expect to see larger 
splittings dominated by the conjugative effects 
(see vinyl iodide below). 

The following band in all the spectra is well 
separated .both from the lone-pair bands and 
from the bands at higher i.p. and is assigned to 
ionization of a CI bonding electron. The shifts 
undergone with respect the perhydrogen' FIG. 3. Con~parison of the spectra of iodoethane (c), 
molecules are 0.85, 1.5, 1.15, and 1.2 eV for 1-4. 2,2,2-trifluoro-1-iodoethgne (b), and pentafluoroiodo- 
I t  is not immediately apparent why the largest ethane (a)  shifted so that the bands due to ionization of 
shift occurs for the partially fluorinated mole- the CI bonding electrons coincide. 

cule. A plausible explanation in terms of equiva- propyl iodide is absent i n  the (shifted) spectrum 
lent orbitals proceeds as follows. The self-energy of and is thus assigned to a CH orbi tal .  
of the CI bond becomes more negative upon 
inclusion of fluorine. The presence of  fluorines 
in the cr position then leads to large interaction 
matrix elements with the fluorine lone pairs and 
the CF  bonds causing a shift to lower i.p. for the 
perfluoro compounds but not for 2 since it only 
has fluorines in the p position. A study of further 
partially fluorinated iodides might throw some 
light on this. 

The position of bands due to the CC and CH 
electrons is not obvious as these fall in the same 
region as the fluorine ionizations. However, a 
comparison of the spectra of C2H,I, 2, and 3 is 
illuminating. Let us assume that in each molecule 
the CI and the CC bond undergo nearly the same 
shift upon fluorination. This is not unreasonable 
since they have the same symmetry and not too 
different energies. I f  we then shift the spectra so 
that the CI bands coincide (Fig. 3) we see that 
the 12.9 eV band of ethyl iodide becomes weaker 
for 2 and disappears altogether for 3 indicating 
that this band is due to ionization of a CH elec- 
tron. This band is followed by a band which very 
nearly coincides in the three (shifted) spectra and 
is reasonably assigned to a CC electron. In a 
similar manner the band at 14.3 eV of 4, which 
is now clearly separated from the fluorine bands 
is assigned to a CC orbital as is the 12.9 eV band 
of n-propyl iodide. The band at 12.3 eV in n- 

Unsaturated Molecules 
For most of the iodoalkanes discussed above 

it was rather easy to identify the bands due to the 
iodine lone-pair electrons. The lone pairs are 
reasonably well localized on the iodine atom and 
are influenced by a potential due to  the alkyl 
group which has nearly C,, symmetry so that a 
discussion in terms of spin-orbit coupling is 
meaningful and in fact the lone-pair bands are 
very similar to those in methyl iodide. 

The situation in unsaturated iodides is some- 
what more complicated since large conjugative 
effects may come into play, yielding rather de- 
localized lone pairs which give bands in the p.e. 
spectrum which have lost some of their character- 
istic sharpness. 

We start our discussion of the unsaturated 
molecules with iodobenzene (Fig. Ik) since our 
discussion of vinyl iodide (Fig. 1\77) will depend 
to some extent on this. 

The p.e. spectrum of benzene is well known 
(22) and has bands at 9.6, 1 1.4, and 12.1 eV which 
are assigned to e,,(n), e,,(o) and a2,(x) orbitals, 
respectively. I f  a halogen atom is now substituted 
for one of the hydrogens one of the lone pairs 
(out-of-plane) can conjugate with the n system 
of the ring. The other lone pair (in-plane) has 
o symmetry and would interact with the ring CJ 
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electrons. We would expect this interaction to be eV A E (  b 2 ( n ) - b , ( n ) )  
less and might expect an energy level diagram, 
such as that of Scheme 1, to result. I , 

FIG. 4. Splitting of halogen lone-pair orbitals in 
halobenzenes us. the separation of the unperturbed levels 
(ev). 

SCHEME I 

t rum and exhibits some vibrational structure so  
  he e, ,  level of benzene is split through mixing we must assign the 9.66 eV band of iodobenzene 
with the iodine x lone pair giving b~ and a2 levels. t o  the b2(n) orbital. In summary then we agree 
The a2 orbital has a node running through the with the assignments of Turner et al. (12) for the 
iodine atom so that this level should be quite first four bands as b,(n), a,(n), b,(n), b,(n). 
close to the degenerate e, ,  level of benzene. The T~~~~~ then assigned the fo l lowing  band a t  
b, orbitals are mixtures of ring and halogen 11.4 eV to the third n level (a,, in benzene). 
orbitals, the relative weights depending on which H~~~~~~ it is now thought that the  highest 
halogen is considered. orbital precedes the lowest n (22) a n d  the bands 

It is instructive to consider the behavior of in benzene at 11.4 and 12.1 e~ a re  assigned to 
these levels throughout the series of halobenzenes ionization from the 3e2,(o) and 1 levels, 
(C6H5X; X = C1, Br, 1). In Table 2 we have respectively. We make the analogous assignment 
gathered the i.p.'s for the b ~ ( n ) ,  a2(n), b2(n), for the bands at 11.4 and 12.2 in iodobenzene. 
and b,(n) levels for all of the molecules. These (I t  should be mentioned that agreement is not 
are taken from Turner's book (12) or  the present unanimous on this ordering (23).) The 3e2, 
work. The difference between the a2(n) and b2(n) level should of course be split under the lower 
levels may be taken as the difference between the symmetry; however the magnitude of the split- 
unperturbed orbitals. In Fig. 4 we have plotted ting is liable to be small for o electrons and is 
the energy shift of the n lone-pair orbital us. the not resolved. Further confirmation of  this assign- 
distance between the unperturbed levels for the ment comes from the  spectrum of pentafluoro- 
three halobenzenes. The variation is monotonic iodobenzene (see below), Here the deepest x level 
and we will use this figure later on in the discus- occurs at  13.20 eV and the upperlnost o orbital 
sion of vinyl iodide. a t  13.9. The above assignment then gives shifts 

I t  might at  first sight seem strange to have on  perfluorination of  1.0 and 2.5 eV which are 
assigned the band at  9.39 eV to the a2(n) level typical values for x and o electrons, respectively 
since this level was much closer to 9.7 eV in the (20,21). The three other possible orderings of the 
chloro and bromo compounds, and in fact there lowest n and the highest o orbitals in iodoben- 
is a band at  9.66 in the iodobenzene spectrum. zene and pentafluoroiodobenzene would lead to  
However in both chloro- and bromobenzene the shifts of the n level by 2.5, 1.8, and 1.7 eV and of  
lone-pair band is the strongest band in the spec- the o level by 1.0, 1.7, and 1.8 eV, respectively, 

which are not in keeping with previous ex- 
TABLE 2. Ionization potentials of halobenzenes (eV) perience. 

We would expect ionization of a CI bonding 
Ionization potential (ev) electron to give rise to a band somewhere near 

Molecule 12.5 eV. There is a well pronounced shoulder on 
b1(7t) a2(d  bz(n) bl(n) - the high-energy side of the peak a t  12.2 eV and  

CsH6 9.6  9 .6  we tentatively assign this to expulsion of an  
C6H,C1 9.06 9.69 11.32 11.69 electron from the C I  bond. 
C6H5Br 9.05 9.67 10.61 11.18 We have seen above the effect o f  fluorination 
C ~ H S I  8.67 9.39 9.66 10.46 - on  the spectra of ethyl and propyl iodide. As 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOSCHI AND SALAHUB: PHOTOELECTRON SPECTRA 

TABLE 3. Predicted ionization potentials of vinyl halides (eV) 

Ionization potential (eV) 

Molecule a* b c d e f 

'a, the unperturbed rr level; b. the unperturbed lone-pair level (values taken from cor- 
respon~ling halobenzene); c, b - a ;  d, the predicted shift of the a" lone pair (taken from 
Fig. 4); e, predicted value of  a"  lone pair; f, observed values. 

Brundle et al. (21) pointed out, in aromatic 
molecules perfluorination usually affects the n 
levels only slightly while shifting the o levels to 
higher energy by about 2-4 eV. Thus in per- 
fluorobenzene (12, 21) we find that the el, level 
occurs at 10.1 eV (a shift of 0.5 eV). This is 
followed by a gap of about 2.5 eV until a band 
at 12.8 eV which is due to the e2,(n) orbital (21). 
In iodobenzene the corresponding "gap" was 
about 3 eV and was filled with the two lone-pair 
bands separated by about 0.8 eV. We would 
expect to find these somewhat shifted in the 
fluorinated molecule. 

In fact the first two n bands in pentafluoroio- 
dobenzene occur at 9.84 and 10.25 eV and show 
some vibrational structure. These are shifted with 

This region is complicated; however, there is a 
small peak just at 13.7 eV. 

We now turn to vinyl iodide (Fig. Im). This is 
quite similar to the case of iodobenzene, one of 
the iodine lone pairs (a" symmetry) mixing with 
the double bond and the other (a' symmetry) 
remaining relatively unaffected. 

Let us also refer to the spectra of vinyl chloride 
(24) and vinyl bromide (25). The relevant data 
are gathered in Table 3. If we take the value for 
the unperturbed lone pair from the corresponding 
halobenzene and the unperturbed n level as the 
ethylene value 10.51 eV (12) and use Fig. 4 we 
can predict the location of the lone-pair bands. 
We see that the agreement (Table 3) is quite 
reasonable. Note that in vinyl iodide the un- 

respect to the corresponding bands in iodo- perturbed lone pair has a lower i.p. than ethylene 
benzene by 1.1 and 0.9 eV, respectively, which so we would expect the uppermost orbital to be 
are reasonable values for n electrons. We then mostly on the iodine, in vinyl bromide the two 
look for the third n band about 3 eV higher and 
assign the band at 13.20 accordingly. 

This leaves two bands in the gap at 10.96 and 
11.72 eV which are assigned to the in-plane and 
out-of-plane lone pairs, respectively. These are 
both shifted by about 1.3 eV. The band at 10.96 
eV is sharp and the strongest in the spectra and 
must be assigned to the lone pair in the molecular 
plane. The shift of 1.3 eV is rather small for a o 
electron so we presume this lone pair to be 

are very close and highly mixed i~ a n d  lone-pair 
orbitals would result, while in vinyl chloride the 
uppermost level will be mostly the  C=C n 
orbital. The mixing can be seen in the  shape of 
the bands in the vinyl iodide spectrum, the 
second band being very sharp and intense, a 
typical lone-pair band, while the first and 
especially the third are somewhat broader indi- 
cating a larger mixing. The first band is still, 
however, reasonably sharp and is surely pre- 

reasonably well localized and in fact the band is dominately a lone-pair band. 
sharp and shows only a limited fine structure. The next band at 12.2 eV is assigned to ex- 
The band at 11.72 on the other hand is consider- pulsion of a CI bonding electron (1 2.5 eV in 
ably wider and shows three or four vibrational CH,I, 11.6 eV in C2H51). The remaining bands 
components indicating a larger degree of de- at 14.6 and 15.7 eV are due to ionization from o 
localization for this n lone pair. The following levels in the CC and C H  bonds. Both the EH 
band at 13.9 is then assigned to the uppermost o and CNDO calculations indicate that  the pre- 
ring orbital as explained above. dominately CC orbital has a lower i.p. than the 

As for the CI ionization, in the C2H,I-C2H51 CH; however, this should be treated cautiously. 
case this band was shifted by 1.2 eV so we might A study of CF,CFI might be illuminating in this 
look for it around 13.7 eV in the present case. respect. 
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In ally1 iodide (C, symmetry) direct conjuga- The award of post-doctorate fellowships from the U.S. 

tion is not possible and because of the low sym- Air Force (to R.A.B.) and the National Research Council 
of Canada (to D.R.S.) are gratefully acknowledged. We metry we expect a large amount of mixing thank Messrs. G. King and B. Wilkins for measuring 

the The structure of ally1 iodide is some of the spectra and Professor W. C. Price and Dr. 
(26) L. Asbrink for useful discussions 

so that rather large "through space" interaction 
of the iodine with the double bond might be 
expected. 

In fact the spectrum shows three reasonably 
sharp structureless close-lying bands at 9.32, 
9.72, and 10.26 eV which should be due to  
mixtures of iodine lone pairs and the ethylenic 
link. The second band is somewhat broader and 
less intense than the first or  third. Since lone-pair 
bands are normally the sharpest and most intense 
bands of a spectrum we assign the bands at 9.32 
and 10.26 eV to ionizations from m.o.'s with 
appreciable populations on the iodine. The 
difference between these, 0.94 eV, when com- 
pared with the spin-orbit split in CH,I (0.62 eV) 
indicates that the degree of delocalization is 
large. 

There then follows a gap in the spectrum until 
a band at 12.25 eV which is likely due to  expul- 
sion of a CI bonding electron. This band is 
followed by at  least four bands before 18 eV 
which are due to C C  o and CH electrons al- 
though definite assignments cannot be made. 

T o  summarize our work, the high resolution 
photoelectron spectra of a large number of iodine 
containing molecules were presented. Extended 
Hiickel molecular orbital calculations were used 
to  help in the interpretation of these spectra and 
with some exceptions gave remarkably good 
agreement with the observed spectra in light of 
the severe approximations made in the method. 
These results co~lpled with some qualitative 
arguments led to reasonable interpretations of a 
large number of bands out to 18 eV. The utility 
of studying molecules in which some or  all of 
the hydrogens are replaced by fluorines was 
further demonstrated. 

This work was carried out in part at the University of 
Sussex and we would like to thank Professors M. F. 
Lappert and J.  N. Murrell for their hospitality. Most of 
the spectra were measured on the PS-16 at  the Perkin- 
Elmer Laboratories, Beaconsfield, and we would like to  
thank Dr. N. Ridyard for experimental assistance. 
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Synthesis of Substituted 9,lO-Dihydroanthracenes by the Reduction of 
Anthraquinones in Hydriodic Acid ' 

ROGER N. RENAUD A N D  J. CAMPBELL STEPHENS 
Dilisiotr oj'Clret?~istr:\.. Nrrtiotlrrl Re.ser/rc.lr Cor~tlcil qf'Ctrt~r/rl(r, Ot t r~~l~r r ,  Ctrtrtrtln K I A  OR6 

Received December 18. 1973 

Substituted 9,lO-dihydrox~thrnccnes wcre synthesized by reducing the corresponding 
anthraquinone with a mixture of hydriodic acid, phosphorus, and iodine. 

La synthtse de  quelques dihydro-9,10 anthractnes par rkduction de I'anthraquinone 
correspondante avec le systtrne acide iodhydrique - phosphore - iode est exposte. 

Can. J .  Chern., 52, 1229 (1974) 

In connection with a spectroscopic investiga- 
tion, we became interested in the synthesis of 
1- and 2-substituted 9,lO-dihydroanthracenes. 
Since many substituted anthraquinones are 
easily available, we decided to utilize these com- 
pounds as precursors for the 9,10-dihydro 
derivatives. Reducing agents such as  lithium 
aluminum hydride (1, 2), sodium borohydride 
(3), aluminum alkoxides (4), diborane (5), zinc 
dust in basic medium (6), cyclohexyl-p-toluene 
sulfonate (7), diphenylsilane (S), sodium hydro- 
sulfite (9), and nickel-aluminum alloy (10) give 
mainly 9,lO-dihydroxy-9,lO-dihydroanthracene, 
9,lO-dihydroxyanthracene, anthrone, anthrol, 
and/or anthracene. Organotin hydrides (1 1) do  
not reduce anthraquinone. 

Sanchorawala and co-workers (12) have con- 
ducted an elaborate study of the reduction of 
2-substituted anthraquinones by sodium boro- 
hydride in the absence and in the presence of 
aluminum chloride or  boron fluoride. They ob- 
tained a very low yield of 9,lO-dihydroanthra- 
cene when the substituent was hydrogen, and 
no dihydro compounds when the substituent was 
either chlorine, methyl, methoxy, or t-butyl. 

The reduction of quinones in general under 
Wolff-Kishner conditions gives phenolic prod- 
ucts resulting from the decomposition of the 
monosemicarbazone intermediate in presence of 
potassium hydroxide (13). Backer and co- 
workers (14) prepared polyaryl- and poly- 
methyl-9,lO-dihydroanthracenes by the Clem- 
mensen reaction. Even though high yields of 
product can be obtained by this method, it 
requires long heating periods during which con- 

tinuous addition of concentrated hydrochloric 
acid is required. 

I t  is well known that  a mixture o f  hydriodic 
acid and phosphorus reduces a variety of organic 
substrates including aryl olefins, arylcarbinols, 
aryl ketones, benzils, glycols, a-haloketones, and 
a,P-epoxyketones. In addition, a few quinones 
have also been reduced by this reagent to the 
corresponding hydrocarbons (1 5, 16). However, 
the reduction of substituted anthraquinones is 
reported to give anthrone (14) and/or anthracene 
(6), depending on the experimental conditions. 

Our  preliminary study with hydriodic acid and 
phosphorus at different temperatures and con- 
centrations has revealed that anthraquinone can 
be reduced to 9,lO-dihydroanthracene in good 
yields. The best result is obtained when a small 
amount of elemental iodine is present in the 
original mixture. However, the action of elemen- 
tal iodine is not well understood. Under the 
best experimental conditions for anthraquinone 
(Table 1, run 1) many substituted anthra- 
quinones were reduced to the 9,lO-dihydro 
derivatives. The crude products obtained are 
usually better than 95% pure. Analytically pure 
compounds can be obtained by recrystallization 
or by direct sublimation. Only the product of 
reduction of 1-chloroanthraquinone, which was 
an oil containing some nonchlorinated com- 
pounds, was purified with difficulty. The  purifi- 
cation was done by a fractional distillation under 
reduced pressure in a Spath bulb. 

The only quinone of the series which could not 
be reduced to the dihydro derivative was 
1-hydroxyanthraquinone. An unidentified prod- 
uct containing an equivalent of six methylene 

'NRCC No. 13800. groups in addition t o  two keto groups was ob- 
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TABLE 1. Reduction of substituted anthraquinones to substituted 9,lO-dihydroanthracenes 

Elemental analysis (%) 

Melting C H C1 
point? 

Run Substituent Yield* ("C) Found Calcd. Found Calcd. Found Calcd. 

1 H 77 108-109 92.98 93.33 6.65 6.67 
[lo81 (6) 

2 1 -CI 50 Oil 77.93 77.32 5.04 5.12 16.39 16.56 
3 2-CI 90 65-66 77.92 78.32 4.91 5.12 16.21 16.56 
4 2-CH3 92 53-54 92.45 92.78 7.31 7.22 

I511 (17) 
5 2-COOH 15 182-183 80.11 80.35 5.26 5.35 
6 2-C(CH3), 88 43-44 91.30 91.52 8.36 8.48 

'The yields are based on purified products. 
?The numbers in square brackets correspond to the values reported in the literature. 

tained. Pleus (18) claimed that he had prepared 
9,IO-dihydro-1-hydroxyanthracene from quini- 
zarin in the presence of hydriodic acid and phos- 
phorus at 0". However, the reduction of I-hy- 
droxyanthraquinone, done under the same 
experimental conditions as Pleus, gave only the 
starting material. 

Unfortunately, this method is not applicable 
to the reduction of deuterated anthraquinones, 
since rapid exchange occurs between the ar- 
omatic deuterium and the hydriodic acid proton. 
For instance, 1,4,5,8-tetradeuterioanthraquinone 
(96.8% d4) (17) gave a product whose analysis 
was 3% d2,  17% d, ,  and 80% do. However, 
1,4,5,8-tetradeuterio-9,lO-dihydroanthracene can 
be prepared in 65% yield under the Clemmensen 
reduction conditions (14) from the corresponding 
quinone, without any deuterium scrambling. 

Experimental 
A stirred mixture of red phosphorus (4.2g), iodine 

(1 g), 47% solution of hydriodic acid (30 rnl), and quinone 
(15 mmol) was heated in an oil bath at 140 "C for 24 h. 
The mixture was allowed to  cool down to room tempera- 
ture and diluted with 200 ml of water. The resulting 
suspension was collected in a Buchner funnel and ex- 
tracted with ether. The ethereal solution was washed 
with a solution of sodium thiosulfate, a solution of 
sodium bicarbonate and finally with water. (In the case 

I of 9,lO-dihydroanthracene-2-carboxylic acid, the 
washings with sodium thiosulfate and with sodium bicar- 
bonate were omitted.) The solution was dried over 

1 sodium sulfate and evaporated to dryness. The product 
I obtained was in general over 95% pure. Further purifica- 

tion was accomplished either by sublimation or  by 
recrystallization from ethanol. 

We are grateful to Dr.  R. B. Layton (Postdoctorate 
Fellow) for helpful discussions. 
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Formation of Adducts in the Nitration of 2,3- and 3,4-Dimethylbenzonitriles, 
and their Rearomatization. A 1,3-Nitro Shift 

ALFRED FISCHER A N D  COLIN CAMPBELL GREIG 
Depnrtrnerzt of Chernislry, U~~i rvrs i ty  of Victorin, Victoria, British Col~r?lhin 

Received October 9. 1973 

Nitration of 2,3-dimethylbenzonitrile in acetic anhydride gives the adduct  2-cyano-3,4- 
dimethyl-4-nitro-l,4-dihydrophenyl acetate a s  well a s  the expected nitro substitution 
products. Similarly 3,4-dimethylbenzonitrile affords 2-cyano-4,5-dirnethyI-4-nitro-1,4-di- 
hydrophenyl acetate as well as  the 3,4-dimethylnitrobenzonitriles. The~.niolysis or deconi- 
position in acetic acid of the adducts gives the original dimethylbenzonitrile and i ts  
5-nitro derivative a s  the major products, the latter apparently being formed by an  intra- 
molecular 1,3-shift of the nitro group. Decomposition of the adducts ~ ~ n d e r  more strongly 
acidic conditions results in the elimination of nitrous acid and the formation o f  
2-cyano-3,4-dimethylphenyl acetate and 2-cyano-4,5-dimethylphenyl ace:ate, respectively. 
In acidified methanol the adducts undergo transesterification a t  the acetate function a n d  
2-cyano-3,4-din1ethyI-4-nitro-1,4-dihydrophenol and  2-cyano-4,5-dirnethyl-4-nitro-1,4-di- 
hydrophenol a re  obtained. 

La nitration d u  dimethyl-2,3 benzonitrile daos I'anhydride acetique conduit en  plus 
des produits de s~~bs t i tu t ion  attendus au derive d'addition acdtate d e  cyano-2 dimCthyl-3,4 
nitro-4 dihydro-1,4 phenyle. D e  la rneme maniere le din~kthyl-3,4 benzonitrile fournit  
I'acetate d e  cyano-2 dimethyl-4,s nitro-4 dihydro-1,4 d e  phenyle d e  m&me que les di-  
methyl-3,4 nitrobenzonitrile. L a  therniolyse OLI la decon~posit ion e n  acide acCtique d e s  
produits d'additions conduit au dimethylbenzonitrile original et i s o n  derive substitu6 
par  un groupe nitro en  position 5 comrne produit majeur; ce dernier se formerai t  
senible-t-il par  un diplacement in t ra rnol ic~~la i re  1-3 d u  groupe nitro. La dCcomposition 
des produits d'additions dans des conditions plus acides rCsultent dans l'elimination 
d'acide nitreux et la formation d e  I'acetate de cyano-2 din~ethyl-3,4 phinyle et de 
I'acetate cyano-2 din~kthyl-4,5 phCnyle respectiven~ent. Dans le mCthanol acidifit5 les  
produits d'additions se transestkrifient au niveau d e  la fonction acetate et I'on obtient  
les cyano-2 dimethyl-3,4 nitro-4 dihydro-1,4 phenol et cyano-2 dinlkthyl-4,s nitro-4 
dihydro-1,4 phenol. [Traduit par  le journal] 

Can. J .  Chem., 52, 1231 (1974) 

Introduction 
Aromatic hydrocarbons containing appropri- 

ately located methyl (or methylene) substituents 
when allowed to react with nitric acid in acetic 
anhydride give acetyl nitrate adducts containing 
the4-nitro-1,Cdihydro-p-tolyl acetate moiety (1). 
Adducts in which the nitro group is attached to 
an unsubstituted nuclear position have not been 
observed and it is consistent with this that only 
those substrates in which the methyl (methylene) 
substituted position is not substantially less 
activated than an unsubstituted position form 
adducts. Thus o-xylene forms the diastereo- 
isomeric adducts 1 in more than 5017, yield but 
m-xylene gives over 99% of the nitro substitution 
products (2). In o-xylene the ips0 1-position is 
activated by the ortho 2-methyl group and is of 
-- 

'For  a preliminary communication, see ref. Ig. 

comparable activation to the ~~nsubstituted 3- 
and Cpositions. In m-xylene the ipso 1-position 
is weakly activated by the nieta 3-methyl group 
whereas there is strong activation of the un- 
substituted 2-position by two ortllo methyl 
groups, and of the unsubstituted Cposition by 
ortllo and para methyl groups. 

The mechanism of adduct formation appears 
to involve the same initial step as nuclear sub- 
stitution: addition of the nitronium o r  incipient 
nitronium ion but at a methyl (or methylene) 
substituted position. Since the methyl substitu- 
ent, unlike hydrogen, is not readily lost as a 
positive species, the resulting phenonium ion 
adds acetate, presumably as acetic acid, to 
achieve the stable electrically-neutral state. If 
the reactivity of a substituted position relative 
to the unsubstituted positions is high then 
adducts should be formed even when the sub- 
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C N 
H OAc H OAc 

strate is only weakly activated or is even de- 
activated relative to benzene. The present work 
supports this hypothesis. 

Decomposition of acetyl nitrate adducts of 
aromatic compounds results in rearomatization. 
A variety of rearomatization pathways has been 
observed. Thus the adducts of toluene, o-xylene, 
1,2,3-trimethylbenzene, indane, and tetralin 
undergo 1,4-elimination of nitrous acid to give 
the appropriate aryl acetate (1). In strong acid 
the o-xylene adduct has been shown to  lose 
acetic acid and undergo a 1,2-shift of the nitro 
group to give 3-nitro-o-xylene (3). The  p-xylene 
adduct cannot rearomatize by simple loss of 
nitrous acid and in this case the elimination of 
nitrous acid is accompanied by migration of the 
acetate group to  give 2,5-dimethylphenylacetate 
(Ib). Loss of acetic acid and SN2' substitution of 
nitro by external nucleophiles also occurs to  
form p-methylbenzyl derivatives (4). Adducts 
from 1,4-dimethylnaphthalene likewise undergo 
rearomatization by loss of nitrous acid and 
migration of the acetate group t o  form 1,4- 
dimethyl-2-naphthyl acetate and t o  a greater 
extent, by loss of acetic acid and intermolecular 
migration of the nitro group (through SN2' 
substitution of the nitro group by nitrous acid) 
to  form 4-nitromethyl-I-methylnaphthalene ( le ,  
4). Decomposition of the adducts obtained in the 
present work reveals a new pathway of aroma- 
tization: loss of acetic acid and apparent intra- 
molecular 1,3-migration of the nitro group. 

Results and Discussion 

2,3-Dimethylbenzonitrile reacted slowly with 
nitric acid in acetic anhydride to give a mixture 
of adduct 2 (44%) and 2,3-dimethyl-4-(8%), 
-5-(32%), and -6-nitrobenzonitrile (16%). In 
o-xylene the ipso positions are more activated 
towards electrophilic attack by the nitronium 

ion than the unsubstituted positions.' Intro- 
duction of the 3-cyano group should reduce the 
reactivity at all positions but deactivation (rela- 
tive to o-xylene) should be least a n d  equivalent 
at  positions meta t o  the cyano, i .e. ,  using the 
numbering appropriate to 2,3-dimethylbenzo- 
nitrile, at  C-3 (ipso t o  methyl) a n d  -5 (unsub- 
stituted). Thus the 3-position should be most 
susceptible to  electrophilic attack followed by 
the 5-, 2-(ipso), 6-, and 4-positions. The order 
in the case of the last three positions follows 
from the activating effects of the methyl groups 
(2 > 6 > 4, corresponding to 1 > 4 > 3 in 
o-xylene (5)) and the greater p a r a  than ortho 
deactivation by cyano (6), i.e. C-4 more de- 
activated than C-2 and -6. N o  evidence for the 
formation of any adduct by attack of nitronium 
ion at C-2 was obtained but in the  absence of 
knowledge of the precise n.m.r. spectrum of the 
product and of its ease of decomposition o n  
work-up, it is not possible to  say that  it was not 
formed in small amount. The yields of the other 
products d o  indeed follow the predicted order. 

3,4-Dimethylbenzonitrile when reacted with 
nitric acid in acetic anhydride gave adduct 3 
(50%) and 3,4-dimethyl-2- (14%), -5- (28%), and 
-6-nitrobenzonitrile (9%). Nitration of 3,4-di- 
methylbenzonitrile would be predicted to occur 
preferentially at  position 3 (ipso) followed by 
5, 6, 2, and 4 (ipso). Aside from the  ranking of 
positions 2 and 6 being reversed, this was the 
order observed. Ignoring steric a n d  other prox- 
imity effects, attack at positions 2 and 6 should 
be in the ratio of the ortko:para methyl partial 
rate factors, i.e. 0.8:l (2), whereas the 2-nitro 
substitution product constituted 14% and the 

23,4-Dimethylphenylacetate, formed via the adduct 1, 
is obtained in greater yield than the nitro substitution 
products (2, 5). 
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FISCHER AND GREIG: DII 

6-nitro 9% of the product mixture. No adduct 
resulting from ipso attack at the 4-position was 
detected but this is in accord with expectation 
as the 4-position, being para to the cyano group, 
is the least reactive. 

The adducts 2 and 3, which are secondary 
acetates, exhibit a much greater variety of re- 
actions than the similar adducts of toluene ( I f )  
and o-xylene (la). Reactions involve acid- 
catalyzed loss of either the nitro or acetoxy 
groups. Loss of the acetate from the toluene or 
o-xylene adducts would be expected to occur by 
protonation at the ester function and uni- 
molecular fission to generate the phenonium ion, 
4, in the case of the o-xylene adduct 1. The pre- 
dominant reaction of 1 is not this but rather the 
elimination of nitrous acid to form 3,4-dimethyl- 
phenylacetate and the analogous reaction occurs 
in the case of the toluene adduct. The loss of the 
nitro group probably occurs in a bimolecular 
(E2) process in which the 1-H is removed at the 
same time. Only weak bases (e.g. acetic acid) 
are available to remove the proton and thus the 
transition state would be expected to be E2 
verging towards El,  and may be treated as a 
quasi-phenonium ion which would reflect the 
charge distribution of the classical phenonium 
ion 5. The ester function is much more basic 
than a nitro group and thus protonation of the 
acetate and loss of acetic acid to form 4, leading 
to 3-nitro-o-xylene (3), would be expected to be 
more facile than acid-catalyzed unimolecular 
fission (El) of the nitro group to form the 
phenonium ion 5, and, eventually, aryl acetate. 
It is presumably because of the assistance pro- 
vided by the removal of the 1-H concurrently 
with the loss of the nitro group which makes the 
elimination to the aryl acetate preferred under 
most (weakly acidic) conditions. In sulfuric acid 
solution, the basicity of the medium is very low 
and this assistance is greatly attenuated. Con- 
sequently, loss of acetate is now the preferred 
pathway of rearomatization. Using the number- 
ing appropriate to the adduct 1, the positive 
charge in the phenonium ion 4 is concentrated 
on carbons 1, 3, and 5, whereas in 5 it is located 
mainly at carbons 2, 4, and 6. 

Adducts 2 and 3 are much more stable and 
resistant to rearomatization than the adducts of 
toluene, o-xylene, and hemimellitene. Introduc- 
tion of the electron-withdrawing cyano sub- 
stituent would be expected to destabilize the 
transition state leading to 4 and also the E2 

transition state which reflects the electron dis- 
tribution in 5. This effect is so marked that on 
treatment with acidified methanol AA,2 trans- 
esterification of 2 to form 6 and of 3 to form 7 
occurs in preference to the AA,l exchange of 
OAc for OMe via the cyano-substituted phe- 
nonium ions, which would otherwise be expected 
(4). It is evident that 2 and 3 undergo parallel 
methanolysis reactions. It is much more note- 
worthy that the rearomatization reactions of 2 
and 3 (Scheme 1) parallel each other. Moreover, 
the presence of the cyano substituent has a 
striking influence on the course taken by these 
rearomatization reactions. Reference to the 
intermediates and products of the series of 
reactions undergone by 3 is made in parentheses 
in the following discussion. Thermolysis of 2 (3), 
or heating in inert solvent or in acetic acid, gives 
the original dimethylbenzonitrile 11 (16) and its 
5-nitro derivative 13 (18) as the major products 
with, at most, only a small amount of the 
nitrous acid elimination product, the 2-cyano- 
dimethylphenyl acetate 9 (14). The elimination 
transition state with a charge distribution similar 
to that of 5 would have the cyano group attached 
to a carbon (C-2) on which positive charge is 
concentrated. In contrast, the phenonium ion 
10 (15) (cyano-substituted 4), formed by loss of 
acetate, would have the cyano substituent 
attached to a carbon which does not carry a 
formal positive charge. It would therefore be 
expected that the transition state leading to the 
phenonium ion would be of lower energy than 
that leading to the aryl acetate. The phenonium 
ion 10 (15), once formed, can either lose a 
nitronium ion in the reverse of the initial ipso 
nitration step to yield the original dimethyl- 
benzonitrile 11 (16) or the nitro group may under- 
go a 1,3-shift to give a new phenonium ion 12 (17) 
which on loss of a proton gives the dimethyl- 
nitrobenzonitrile 13 (18). Loss of nitronium ion 
does not occur from phenonium ion 4 but o- 
xylene would be expected to be a poorer leaving 
group than the cyano-o-xylene, i.e. formation of 
the nitrophenonium ion 10 (15) from the corre- 
sponding dimethylbenzonitrile is more likely 
to be reversible than formation of 4 from o- 
xylene. It is reasonable that 10 (15) should under- 
go a 1,3-nitro shift to give 12 (17) rather than a 
1,2-nitro shift as does 4. A 1,2-shift of the nitro 
group in 10 (15) would result in the carbon atom 
to which the nitrile group is attached acquiring 
a formal positive charge. This would be an 
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FISCHER AND GREIG: DIE 

energetically unfavorable process compared to 
the 1,3-shift which preserves the formal zero 
charge on this carbon. The 1,3-nitro shift appears 
to  be an intramolecular process since (i) there 
was no evidence for the formation of other nitro- 
substitution products expected if 13 (18) had 
been formed by a dissociation-renitration process 
and (ii) the formation of 13 (18) was not sup- 
pressed when the reaction was carried out in the 
presence of reactive arenes (toluene and mesi- 
tylene). 

Hahn and Groen (7) have recently reported 
that the rearomatization in sulfuric acid of the 
adduct 8 gives the nitroarene resulting from a 
formal 1,3-nitro shift as well as the expected 
product from a 1,2-nitro shift. They argue that 
the formal 1,3-shift occurs by two successive 
1,2-shifts. Direct evidence for nitro group migra- 
tion in nitrohexamethylphenonium ion has been 
obtained by Olah and co-workers (8). Tempera- 
ture dependent n.m.r. spectra show that the 
position of the nitro group is not fixed and it is 
claimed that the nitro group migrates around 
the ring by a series of 1,2-shifts. However, the 
1,3-nitro shift in 10 to give 12 cannot occur by 
two consecutive 1,2-shifts since the initial 1,2- 
shift would give the phenonium ion precursor 
to 2,3-dimethyl-4-nitrobenzonitrile and the latter 
would then be obtained as a product of the 
rearomatization reaction, whereas only the 
5-nitro derivative is formed. Similarly a 1,2-nitro 
shift in the opposite direction in 15 would give 
the phenonium ion precursor to 3,4-dimethyl-2- 
nitrobenzonitrile, yet the latter product is not 
formed. Clearly, the 1,3-nitro shift by which 
10 (15) is converted into 12 (17) does not pro- 
ceed through two consecutive 1,2-shifts. 

When the adduct 2 (3) is decomposed under 
somewhat more acidic conditions, 5% sulfuric 
acid in acetic acid, or trifluoroacetic acid, elimin- 
ation of nitrous acid to give the aryl acetate 
9 (14) takes place in preference to the loss of 
acetate which leads via 10 (15) to 11 (16) and 
13 (18). The explanation for this dramatic change 
in the reaction pathway with a relatively minor 
alternation in the reaction conditions is not 
obvious. We suggest that the acid-catalyzed loss 
of the nitro group, unlike the loss of acetate, 
does not occur via the conjugate acid form. 
Only a very small amount of this form would be 
present in these mixtures since nitro compounds, 
in contrast to acetates, are extremely weak bases. 
Rather, the acid catalysis is exhibited through a 

hydrogen-bonding solvation of the nitro group 
and such solvation is likely to be more sensitive 
to the acidity of the medium than is the equilib- 
rium protonation of the acetate function. Thus 
as the  acidity of the medium is increased, the 
possibility arises of a switchover from acid- 
catalyzed (via equilibrium protonation) loss of 
the acetate to acid-catalyzed (via hydrogen- 
bonding solvation) loss of the nitro function. 
The ability of trifluoroacetic acid, o r  of acetic 
acid in the presence of 57, sulfuric acid, to ab- 
stract a proton is probably not greatly reduced 
from that of acetic acid in pure acetic acid and 
the bimolecular requirements of the nitrous acid 
elimination can be fulfilled in these media. Form- 
ation of the aryl acetate 9 (14) in the  sulfuric 
acid in acetic acid solution is complicated by 
further reaction to form the corresponding 
phenol, which is subsequently nitrated (or nitro- 
sated and the product oxidized) to the 6-nitro 
derivative (scheme 2). It appears that acetic 
acid is capable of cleaving the aryl acetate 9 (14) 
to form the corresponding phenol and acetic 
anhvdride. Confirmation that the nitrophenol 
was formed by an intermolecular reaction was 
provided by the observation that addition of 
mesitvlene to the reaction mixture from 3 , - 

reduced the amount of nitrophenol product 
relative to phenol and resulted in the formation 
of nitromesitylene. 

Experimental 
Ultraviolet spectra were determined on a Cary 17 

spectrometer using cells of I-mm path-length. Infrared 
spectra were obtained on a Beckman IR 20 spectrometer. 
Nuclear magnetic resonance spectra a t  60  MHz were 
obtained on Perkin-Elmer R12A and Varian HA-60-IL 
spectrometers and at 220 MHz on the Varian HR 200 
spectrometer a t  the Ontario Research Foundation, 
Sheridan Park, Ontario. Tetramethylsilane was used as 
an internal standard. Molecular weights were determined 
in methylene dibromide using an Hitachi Perkin-Elmer 
Model 115 molec~~lar weight apparatus (vapor pressure 
osmometer). Mass spectra were obtained on Hitachi 
Perkin-Elmer RMU7 and AEI MS902 spectrometers. 
Dipole moments (p) were derived by use of Higasi's 
equation (9) from dielectric constant measurements (Ic) 
of benzene solutions of the dienes. The dielectric con- 
stants were measured with a Sargent Chemical Oscillo- 
meter Model V with inductive cell compensator. Micro- 
analyses were by Dr. A. D. Campbell, University of 
Otago, Dunedin, New Zealand and Microanalyses 
Laboratories Ltd., Toronto, Ontario. Vapor phase 
chromatography analyses were performed on  a Micro 
Tek M T  220 gas chromatograph using QF1 and PEGA 
(5% w/w) on Varaport-30. Nitric acid was purified by 
distilling the fuming acid (300 cm3) a t  100 Pa (pascal) 
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Me NO2 Me Me 

H + Q Me H N 0 3  &Me 

H OAc 
CN O2N CN 

OAc OH O H  

H+ A c O H  N O 3  

-Ac?O 
CN CN 

0 Ac 0 H OH 

from urea (10 g) and sulfuric acid (500 cm3). Alumina 
was deactivated with 3% of 10% acetic acid. Ether and 
pentane were dried by distillation from sodium and phos- 
phorus pentoxide, respectively. The  2,3- and 3,4-di- 
methylbenzonitrile were from Aldrich Chemical Com- 
pany, Inc. The 3,4-dimethylbenzonitrile (technical grade) 
was purified by chromatography on alumina and re- 
crystallization frorn pentane, m.p. 65-66 "C (65.7 "C (10)). 

Nitraiiot~ of 2,3-Ditt1etI1ylbetrzotiiide it1 Acetic Atlliydride 
A solution of freshly distilled nitric acid (9.8 cm3, 

0.2 mol) in acetic anhydride (30 cm3) was prepared at 
- 10 "C and added to a stirred solution of 2,3-dimethyl- 
benzonitrile (13 g, 0.1 mol) in acetic anhydride (30 cm3) 
a t  0 "C. The resulting mixture was allowed to stand at 
12 " C  for 24 h, at which time the n.m.r. spec t run~ indi- 
cated that approximately 25% of the material present was 
diene. The mixture was quenched with ammonia and 
worked up in the manner previously dcscribed (Ic) to 
yield 17 g of a red oil whose n.m.r. spectrum indicated the 
following composition: 50% 2,3-dimethylbenzonitrile, 
22% diene, 16% 5-, 8% 6-, and 4% 4-nitro-2,3-dimethyl- 
benzonitrile. Chromatography on  alumina a t  0 "C and 
elution with ether-pentane mixtures gave unreacted 
2,3-dimethylbenzonitrile in the 0-10% ether fractions, 
nitro compounds in the 20-407, ether fractions, and a 
diene in the 50-602 ether fractions. 

Recrystallization from carbon tetrachloride of the 
residue obtained after removal of the solvent from the 
50 and 60% ether fractions gave colorless cubes of 2- 
cyano-3,4-dimethyl-4-nitro-I ,4-dihydrophenyl acetate (2), 
m.p. 98-99 "C; U.V. (CHIOH) 208 nm ( E  1400 m 2  mol-I); 
i.r. (Nujol) 2230 (CN), 1750 and 1230 (OCOCH,), 1550 
and 1385 cnl-'  (NO,); n.nl.r. (CDCI,) r 3.58 (m, 1, 
6-H),3.67(m, 1,5-H),3.88(m, I, I-H),7.81 (m,6,3-CH,,  
and OCOCH,), and 8.20 p.p.n~.  (s, 3, 4-CH,); J,, 
= 0.12, J t 6  = 3.36, J 1 , 3 - ~ , , ,  = 1.42, JS6 = 9.96 HZ; 
addition of the shift reagent tris-(I, 1,1,2,2,3,3,-hepta- 
fluoro-7,7-[ZH6]dimethyl-4,6-[2H3]octanedionato)e~~ropi- 
um(I11) {E~([~H,] fod) ,  J shifted the I-H t o  lowest field 
and moved the 6-H sufficiently far downfield from the 
5-H t o  produce a 1st order spectrum. Decoupling of the 
3-CH, from the I-H allowed all of the couplings between 
the nuclear protons t o  be read from the spectrum and 
these coupling constants were then used to simulate the 

original spectrum, the  simulation then being refined t o  
give the parameters listed above; mass spectrum (70 eV) 
tnle (relative intensity) 190 (3, M - NO,), 148 (100); p 
10.1 x 10-30C m (3.02 D). 

Anal. Calcd. for C l l H 1 2 N , 0 ,  ( M ,  236): C, 55.93; 
H ,  5.12; N, 11.86. Found (238): C ,  56.19; H,  5.19; N, 
11.84. 

The  residue from the 20% ether fraction frorn the  
column was recrystallized from ethanol to yield 2,3- 
dimethyl-5-nitrobenzonitrile, m.p. 131-133 "C (131-132 
"C (1 1)); i.r. (Nujol) 2230 (CN), 1525 and 1360 cn1-' 
(NO,); n.m.r. (CDCI,) r 1.67 (nq, 1, J = 2.4 Hz, 6-H),  
1.74 (nq, 1, J = 2.4 Hz ,  4-H), 7.44 (s, 3, 2-CH,), 7.56 
p.p.m. (s, 3, 3-CH,); mass spectrum (70 eV) t~r/e (relative 
intensity) 176 (97, M), 146 (34, M - NO),  130 (83, M - 
NO,), 1 18 (29), 1 16 (22), 104 (49), 103 (1 OO), 91 (39). 

T h e  residue from the  307, ether fraction was recrystal- 
lized from ethanol t o  give 2,3-dimethyl-6-nitrobenzo- 
nitrile, n1.p. 109.5-1 10.5 "C (1 1 1  "C (I  I)) ;  i.r. (Nujol) 
2225 (CN), 1530 and 1350 cm-'  (NO,); n.m.r. (CDCI,) 
r 1.96 (nq, I ,  J = 8.6 Hz,  5-H), 2.46 (nq ,  1, J = 8.6 Hz, 
4-H),  7.40 (s, 3, CH,), 7.55 p.p.m. (s, 3, CH,); mass 
spectrum (70eV) ttrle (relative intensity) 176 (55, M)  146 
(51, M - NO), 130 (19, M - NO,), 118 (9), 116 (14), 
104 (24), 103 (loo), 91 (19), metastable peaks at 121.2 
(176 -> 146) and 82 (130 -> 103, loss of HCN).  

Also present in the  30% ether fraction was a small 
quantity of a c o n ~ p o u n d  whose n.m.r. spectrum showed 
a sharp resonance a t  T 2.4. The identification of this 
conlpound as 2,3-dimethyl-4-nitrobenzonitrile was con- 
firmed by synthesis (12) of an  authentic specimen from 
2,3-dimethyl-4-nitroanilinevia the diazoniumsalt. The 2,3- 
dimethyl-4-nitrobenzonitrile had m.p. 87-89 "C (90-91 "C 
(1 2)); i.r. (Nujol) 2230 (CN), 1530 and 1375 cnl-'  (NO,); 
n.nl.r. (CDCI,) r2.42(~,2;5-Hand6-H),7.42(~,3,CH,), 
and  7.61 p.p.m. (s, 3,  CH,); addition o f  E ~ ( [ ~ H , ] f o d ) ,  
caused the two coincident aromatic resonances to split 
into an AB quartet with J = 8.3 Hz;  m a s s  spectrum (70 
eV) ttile (relative intensity) 176 (39, M), 159 (100, M - 
O H ) ,  131 (57) 130 (16, M - NO,), 115 (9), 104 (68), 103 
( 5 9 ,  91 (13). 

T h e  i.r., n.m.r., molecular weight a n d  elemental ana- 
lytical data confirm the  presence of the substituents and 
functionalities depicted in 2. That  the adduct is a 1,4- 
rather than a 1,3-diene is demonstrated by the U.V. 
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FISCHER AND GREIG: DIME 

absorption maximum (208 nm). Conjugated cyclohex- 
adienes absorb at 253 nm or greater (13). There are six 
structurally isomeric I ,4-cyclohexadienes which might be 
obtained by 1,4-addition of nitro and acetoxy groups 
from acetyl nitrate to2,3-dimethylbenzonitrile. Thesemay 
be sub-classified into three pairs of structural isomers, the 
members of each pair differing in that the locations of the 
acetoxy and nitro groups are interchanged. For conveni- 
ence the members of a pair will be described as locational 
isomers. Coupling constants from the n.m.r. spectrum 
are consistent with structure 2 and its locational isomer 
but not with 19 nor 20 nor their locational isomers. 
Structures 2 and 20 have adjacent vinyl protons which 
would exhibit the observed 10 Hz coupling, and an allylic 
proton, which would exhibit three- (2.6-6.6 Hz) and four- 
bond (-2.6-3.9 Hz) couplings to the vinyl protons (14), 
as is also observed. On the other hand, structure 19 
with non-adjacent vinyl protons should exhibit two three- 
bond vinyl-allylic couplings (2.6-6.6 Hz) and a smaller 
(1-2 Hz) coupling between the vinyl protons. The absence 
of coupling between the methyl groups (and between the 
allylic proton and both methyl groups) shows that those 
cannot be in a cis-2-butene relationship as in 20 and thus 
only 2 and its locational isomer are compatible with the 
full n.m.r. spectrum. Addition of the shift reagent 
E ~ ( [ ~ H ~ ] f o d ) ,  caused the allylic proton to move down- 
field more rapidly than the vinyl protons. This shows that 
the allylic proton is closest to site of coordination of the 
europium atom, the acetoxy group. The shift reagent is 
known to coordinate at acetoxy in preference to nitro 
and cyano substituents (15) and confirmation that the 
coordination did in fact take place there with E L I ( [ ~ H ~ ] -  
fod), was provided by the observation that the acetate 
methyl moved downfield much more rapidly than the 
other methyl groups on addition of the reagent. Thus the 
adduct has structure 2 rather than that of the locational 
isomer. The latter is ~lnlikely on chemical grounds since 
the proton r* to the nitro group should be readily removed 
by the ammonia during work-up, with concurrent loss of 
acetate, to form 6-nitro-2,3-dimethylbenzonitrile. 

The nitro substitution products have established struc- 
tures and these are confirnied by the spectral information. 
The 5-nitro isonier is ~lnique in having rr~eta-co~~pled 
protons ( J  = 2.4 Hz). The 4- and 6-nitro isonlers both 
have ortlro-coupled protons ( J  = 8.3 and 8.6 Hz, respec- 
tively) and are distinguished by their mass spectra which 
show the expected loss of OH for adjacent nitro and 
methyl groups (I 6) in the case of the 4-isomer, indeed this 
is the base peak, and no such peak in the case of the 6- 
isomer. The mass spectra of the 5- and 6-isomers are 
similar with both showing the loss of NO appropriate for 
nitrotoluene derivatives with non-adjacent nitro and 
methyl groups (16) and a base peak at 103 for loss of NO, 
plus HCN. 

Nitratio11 of 3,4- Ditt?ethylbet~zo~~itrile it? Aceric Atllzydrirle 
A solution of freshly distilled nitric acid (23.0 cm3, 

0.36 mol) in acetic anhydride (50 cm3) was prepared at 

- 10 "C and added to a solution of 3,4-dirnethylbenzo- 
nitrile (1 5 g, 0.1 1 mol) in acetic anhydride (60 cm3) at 
0 "C. The reaction mixture was allowed to react at I5 "C 
for 24 h at which time the n.m.r. spectrum showed that 
approximately 30% of the material present was diene. The 
mixture was worked up as previously described (Ic) to 
give 23 g of a dark red oil, whose n.m.r. spectrum indi- 
cated the composition 41% 3,4-dimethylbenzonitrile, 29% 
diene, 16% 5-, 8% 2-, and 5% 6-nitro-3,4-dirnethylbenzo- 
nitrile. Chromatography on alumina at 0 'C  and elution 
with ether-pentane mixtures gave unreacted 3,4-dimethyl- 
benzonitrile in the 10% ether fraction, nitro compounds 
in the 20-40% ether fractions and a diene in the 50% 
ether fraction. 

Recrystallization from carbon tetrachloride of the 
residue obtained after removal of the solvent from the 
50% ether fraction gave white cubes of 2-cyano-4,5-di- 
methyl-4-nitro-l,4-dihydrophenyl acetate (3), m.p. 87.5- 
88.5 "C, L I . ~ .  (CH,OH) 207 nm (E 1230 mZ mol-I); i.r. 
(Nujol) 2230 (CN), 1750 and 1230 (OCOCH,), 1550 and 
1380 cm-I (NO,); n.m.r. (220 MHz, CDCI,) r 3.20 (d, 
1, 3-H), 4.08 (m, 1, 6-H), 4.17 (m, I, I-H) 7.83 (s, 3, 
OCOCH,), 8.14 (m, 3, 5-CH,), 8.18 p.p.m. (s, 3, 4-CH,); 
J 1 3  = 1.43, J 1 6  = 3.24, J1,5-cl13 = 1.55, Jc j .5-CH,  = 
1.48 Hz; irradiation at 8.14 collapsed the peak at 4.08 to a 
doublet and that at 4.17 to a quartet;p 11.4 x C rn 
(3.42 D). 

Anal. Calcd. for C I I H 1 7 N Z 0 4  (Mr 236): C, 55.93; 
H, 5.12; N, 11.86. Found (Mr 238): C, 56.09; H, 5.22; 
N,  11.92. 

The resid~le from the 20% ether fraction froni the 
colunin was recrystallized from ethyl acetate to give 
3.4-diniethyl-5-nitrobenzonitrile, m.p. 116-1 18 "C (1 18.5- 
121 "C (1 I)); i.r. (Nujol) 2240 (CN) 1530 and 1370 cm-' 
(NOZ); n.ni.r. (CDCI,) r 2.17 (d, I, J =  1.8 Hz, 6-H), 
2.40 (d, I ,  J = 1.8 Hz, 2-H) 7.59 p.p.m. (s, 6, 3-CH3 and 
4-CH,); irradiation at r 7.59 sharpened the signals at 2.17 
and 2.40 p.p.m. and allowed precise evaluation of the 
coupling constant; mass spectrum (70 eV) tn/e (relative 
intensity) 176 (49, M) 159 (100, M - OH) 13 1 (47) 104 
(71), metastable peak at 143.5 for 176 -> 159 (loss of OH). 

The residue from the 25% ether fraction o n  recrystal- 
lization from ethanol afforded 3.4-dimethyl-6-nitro- 
benzonitrilc, n1.p. 179-181 "C (170 "C (17)); i.r. (Nujol) 
2235 (CN), 1525 and 1380 cnl-I (NO,); n.m.r. (CDC:,) 
r 1.95 (s, I ,  5-H),2.41 (s, I, 2-H),7.55p.p.m. (s, 6, 3-CH, 
and 4-CH,); mass spectrum (70 eV) tt~/e (relative inten- 
sity) 176 (35, M), 146 (35, M - NO), 130 (20), 118 (IS), 
116 (ZO), 104 (32), 103 (78), 91 (43), 77 (100). 

The mother liquors from the recrystallizations of the 
foregoing two nitro compounds contained a third nitro 
compound, which was isolated after further chromatog- 
raphy of the residue of the combined mother l iq~~ors.  
Recrystallization from methylene chloride - pentane gave 
colorless crystals of 3.4-dimethyl-2-nitrobenzonitrile, 
m.p. 72-75 "C, unchanged by sublimation; i.r. (Nujol) 
2230 (CN), 1525 and 1355 cm-I (NO,); n.ni.r. (CDCI,) 
r 2.48 (nq, 1, J = 8 Hz, 6-H), 2.56(nq, 1, J = 8 Hz, 5-H), 
7.56 (s, 3, 3-CH,), 7.72 p.p.m. (s, 3, 4-CH,) ; mass spec- 
tr~lni (70 eV) ttt/e (relative intensity) 176 (18, M), 159.052 
(56, M, (1ZC91H,L4N~1016)  = 159.056, M - OH), 131 
(63), 104 (100). 

The i.r., n.m.r., molecular weight, and elemental 
analytical data confirm the presence of the substituents 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1238 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

and functionalities depicted in 3, and the U.V. spectrum Temperature-programmed vapor phase chromatography 
(A,,, 207 nm), the 1,4- rather than 1,3- arrangement of at 170-200°C on PEGA showed peaks for mesitylene, 
double bonds. Again, three pairs of structurally isomeric 2,3-dimethylbenzonitrile, 6-acetoxy-2,3-dimethylbenzo- 
1,4-adducts (3, 21, 22, and their locational isomers) can nitrile (trace), and 2,3-dimethyl-5-nitrobenzonitrile but 

none for 2-nitromesitylene. The mol ratio of dimethyl- 

M~~ My3$'2 
on benzonitrile alumina to at nitro -30°C derivative gave mesitylene was 3:2. Chromatography in the pentane 

Me Me 
fraction, 2,3-dimethylbenzonitrile (15 mg, 0.11 mmol) in 

H OAc OAc the 20% ether fraction and 2,3-dimethyl-5-nitrobenzo- 
nitrile (18 mg, 0.10 mmol) in the 40% ether fraction. 

21 2 2 In a similar experiment in toluene 2,3-dimethylbenzo- 
nitrile and 2,3-dimethyl-5-nitrobenzonitrile were obtained 

be conceived but only 3 and its locational isomer are but no nitrotoluenes were detected. 
consistent with the '.m.r. spectrum. Structure 22 has 
adjacent vinyl protons which would give a 10 Hz coup- 
ling, whereas the largest coupling observed is 3 Hz. Each 
of the three ring protons of structure21 should becoupled 
to the other two, two of these should be coupled to both 
methyl groups and, moreover, the methyl groups should 
be coupled to each other. However, in the observed spec- 
trum only one methyl group is split and only one ring 
proton is coupled to both other ring protons, consistent 
only with structure 3. The locational isomer of 3 would 
be expected to undergo facile loss of acetic acid under the 
basic work-up conditions and thus only structure 3 
itself conforms to the chemistry of the adduct. The three 
nitro substitution products have definitive n.m.r. spectra. 
3,4-Dimethyl-2-nitrobenzonitrile has two ortho aromatic 
protons and accordingly exhibits an 8 Hz coupling. Its 
5-nitro isomer has r,~eta protons and a 1.8 Hz coupling 
and the 6-nitro isomer has para protons which appear as 
two singlets. The mass spectra of the 2-nitro and 5-nitro 
isomers each exhibit an intense 159 peak, a consequence 
of losing OH from the parent ion, as expected for com- 
pounds containing ortho nitro and methyl groups. A 
metastable peak for this transition is observed in the 
spectrum of the 5-nitro compound. The 159 peak is not 
present in the spectrum of the 6-nitro isomer. Instead, 
characteristic 146 (loss of NO) and 103 peaks (loss of NO, 
and HCN) are exhibited. 

Pyro l~~ .~ i s  of 2-Cyano-3,4-dirnetlr)~l-4-nitro-I,4-dihydro- 
plretryl Acetate ( 2 )  

The diene was sufficiently thermally stable to be sub- 
limed unchanged on heating. A sample (60 mg, 0.25 
mmol) was decomposed by covering with sand and heat- 
ing in a small scale sublimation apparatus at 200°C for 
10 min at a pressure of less than 10 Pa. After cooling the 
sand was extracted with ether and the ether evaporated. 
The n.m.r. spectrum of the residue showed that 2,3- 
dimethylbenzonitrile and 2,3-dimethyl-5-nitrobenzonitrile 
had been formed. Pyrolysis was also carried out by 
injecting a sample of the diene in acetone solution into 
the inlet, at 275 "C, of the vapor phase chromatograph. 
A small peak attributed to 6-acetoxy-2,3-dimethyl- 
benzonitrile (trace) and major peaks from 2,3-dimethyl- 
benzonitrile (759,) and its 5-nitro derivative (259,) were 
observed in the chromatogram. The identifications were 
confirmed by correspondence of retention times with 
authentic samples. Other nitro isomers were not present. 

Decotnposition of 2-Cyano-3,4-rlirnetI1yI-4-tritro-I,4- 
dihydrophetryl Acetate ( 2 )  irr Mesityletre arrd it1 
Tolrrene 

The diene (60 mg, 0.25 mmol) was dissolved in mesity- 
lene (3 cm3) and heated under reflux at  165 "C for 1 h. 

Decot?rpositior~ o f 2  in Acetic Acid 
The diene (150 mg) was heated under reflux in acetic 

acid (2.5 cm3) for 2 h. Ether was added and the solution 
washed with water and dilute ammonium hydroxide. 
The ethereal solution was dried and the ether evaporated. 
The residue contained 2,3-dimethylbenzonitrile and 2,3- 
dimethyl-5-nitrobenzonitrile in approximately equal 
amounts (by n.m.r.). The compounds were separated by 
chromatography on alumina and their identities con- 
firmed by n.m.r. and, for the 5-nitro derivative, by m.p. 

Decomposition of 2 in Acetic Acid Cor~taining S~rlfirric Acid 
The diene (50 mg) was dissolved in a solution of 5% of 

sulfuric acid in acetic acid (0.4 cm3) and kept at ambient 
temperature. After 6 h 30% of the diene had decomposed 
and absorptions at 1.96 (s, 9%) and at 2.64 and 3.03 p.p.m. 
(HA and H, of AB quartet, J = 8 Hz, 21 z) had appeared. 
After 27 h 74% of the diene had decomposed. The peak 
at  1.96 p.p.m. had increased to 21%. A second AB 
quartet had appeared slightly upfield of the original and 
of approximately equal intensity (26%) to  the remaining 
original quartet. The new quartet exhibited absorption 
at 2.89 and 3.31 p.p.m. ( J  = 8 Hz). After 93 h all of the 
diene had decomposed, the 1.96 absorption had increased 
to 29%, the original AB quartet had decreased to 13% 
and the higher field quartet had increased to 58%. When 
the experiment was repeated in CD3C0,D containing 
20% acetic anhydride and 5% sulfuric acid neither the 
lower field quartet nor the characteristic pattern of three 
singlets in the methyl region expected for 2-cyano-3,4- 
dimethylphenyl acetate were observed. The reaction 
mixture was quenched with a solution of ammonia in 
methylene chloride at  -78 "C and the excess ammonia 
pumped off at the same temperature. T h e  mixture was 
filtered, the residue dissolved in water and the resulting 
solution extracted with ether. Evaporation of the filtrate 
gave a mixture of 94% of 2-cyano-3,4-dimethylphenol 
(see below); n.m.r. (CDCI,) T 2.86 (nq, 1 ,  5-H), 3.30 (nq, 
1, 6-H), 7.61 (s, 3, 3-CH,), 7.81 p.p.m. ( s ,  3,4-CH,), and 
6% of the compound which exhibited a singlet at 1.96 
p.p.m. and also had methyl absorption at 7.47 and 7.69 
p.p.m. Evaporation of the ethereal extract gave a mixture 
of 46% of the 2-cyano-3,4-dimethylphenol and 54x of the 
second compound, identified as 2-cyano-3,4-dimethyl-6- 
nirrophenol; i.r. 3540 and 3420 (OH), 1545 cm-' (NO,); 
n.m.r. (CDCI,) T 1.96 (s, 1, 5-H), 7.47 (s, 3, 3-CH,) 
7.69 p.p.m. (s, 3, 4-CH,); mass spectrum rnle 192.046 
( M ,  (12C91H814N2'603) = 192.053), 162 (M - NO). 

Decon~position of 2 in Trif~roroacetic Acid 
The diene (300 mg) was dissolved in trifluoroacetic acid 

(2 cm3). Decomposition was complete in 15 min, after 
which time the n.m.r. spectrum had no peaks in the diene 
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FISCHER AND GREIG: DIP 

region and two sets of AB quartet resonances had ap- 
peared in thearomatic region. The trifluoroacetic acid was 
evaporated. The residue had i.r. (Nujol) 1780 and 1230 
cm-I (OCOCH3); n.m.r. (CDCI3) s 2.68 (nq, 1, J = 8.4 
Hz, 5-H), 3.04 (nq, 1, J = 8.4 Hz, 6-H), 7.56 (s, 3, 3-CH3), 
7.65 (s, 3, 0COCH3), 7.72 (s, 3, 4-CH3), and 2.83 (nq, 
I ,  J = 2.5 Hz), 2.89 p.p.m. (nq, 1, J = 2.5 Hz), methyl 
region obscured. Vapor phase chromatography on PEGA 
at 200 "C showed the presence of two components in a 3:l 
ratio, the same as that indicated by the integral of the 
two AB quartets in the aromatic region of the n.m.r. The 
major component was identified as 2-cyano-3,4-dimethyl- 
phenyl acetate (see below) by n.m.r. and v.p.c. The reten- 
tion time on v.p.c., the n.m.r. spectrum and the absence 
of peaks for any other functionalities in the i.r. are con- 
sistent with the minor component being 3-cyano-4,5-di- 
methylphenyl acetate. Chromatography on alumina at  
- 30 "C gave substantially pure 2-cyano-3,4-dimethyl- 
phenyl acetate. 

Decomposition of 2 in Acidified Methanol 
The diene (50 mg) was dissolved in a solution of 

methanol (1 cm3) containing 1% sulfuric acid. This 
mixture was left at ambient temperature for 100 h, then 
cooled to - 50 OC and neutralized by condensing gaseous 
ammonia into the solution. The solution was filtered to 
remove the precipitated ammonium sulfate and the 
filtrateevaporated. The residue was extracted with methyl- 
ene chloride, the resulting solution dried (MgSO,) and 
evaporated to give 2-cyano-3,4-dimethyl-4-nitro-] ,4- 
dihydrophenol (6 ) ;  i.r. (film) 3420 and 1050 (OH), 2230 
(CN), 1555 and 1350 cm-I (NO,); n.m.r. (CDCI,) 
s 3.76 (q, 1, 6-H), 4.06 (q, 1, 5-H), 5.38 (m, 1, 1-H), 7.12 
(b, 1, OH), 7.87 (d, 3, 3-CH,), 8.22 p.p.m. (s, 3, 4-CH,); 
J l s  = 0.9, J 1 6  = 3.1, J I , I - O H  = 8.5, J 1 , 3 - C H 3  = 1.5, 
Js6 = 9.65 Hz; irradiation at 7.87 sharpened the multi- 
plet at  5.38 and D 2 0  exchange caused the disappearance 
of the multiplet at  7.12 and sharpened the multiplet at 
5.38, mass spectrum (70 eV) m/e (relative intensity) 176 
(4), 148 (48), 147 (71), 133 (24), 132 (loo), 116 (46). 

When the decomposition of the diene in acidified 
methanol was carried out by heating under reflux for 
24 h and the residue obtained on work-up chromato- 
graphed on silica, 2-cyano-3,4-dimethylphenol (6-hy- 
droxy-2,3-dimethylbenzonitrile) was obtained, m.p. 135- 
137 "C; U.V. (CH30H) 307 (E 310 m2 mol-I) at  p H  2, 
335 nm (E 440 m2 mol-I) at  p H  10; i.r. (Nujol) 3310 and 
3220 (OH), 2225 cm-I (CN); n.m.r. (CDCI3) s 2.84 (nq, 
1, J = 8.5 Hz, 5-H), 3.27 (nq, 1, J = 8.5 Hz, 6-H), 3.6 
(broad, 1, OH), 7.62 (s, 3, 3-CH3), 7.82 p.p.m. (s, 3, 
4-CH,); the broad peak at 3.6 p.p.m. disappeared on addi- 
tion of D,O; mass spectrum (70 eV) m/e (relative inten- 
sity) 147.071 (69, M, (12C91H914N160) = 147.068), 132 
(100, M - CH,). The phenol was acetylated by heating 
under reflux in acetic anhydride for 1 h to give 2-cyano- 
3,4-dimethylphenyl acetate, m.p. 69-71.5 "C; i.r. (Nujol) 
2225 (CN), 1780 and 1190cm-I (OCOCH,); n.m.r. 
(CDC13) s 2.73 (nq, 1, J = 8.5 Hz, 5-H), 3.08 (nq, 1, 
J = 8.5 HZ, 6-H), 7.58 (s, 3, 3-CH3), 7.68 (s, 3, OCOCH,), 
7.75 p.p.m. (s, 3,4-CH,); mass spectrum (70 eV) m/e 
(relative intensity) 189 (10, M), 147.072 (100, M,(l2Cg1H9- 
"Nl60) = 147.068), 132 (51). 

Pyrolysis of2-Cyano-4,5-dimethyl-4-nitro-I,4-dihydro- 
phenyl Acetate ( 3 )  

The diene (200 mg) was heated under sand a t  150 "C for 

15 min and worked up as described above for the 3,4- 
dimethyl isomer. The n.m.r. spectrum showed that 3,4- 
dimethylbenzonitrile (-50%) and 3,4-dimethyl-5-nitro- 
benzonitrile (-50%) had been formed together with a 
small amount of 2-cyano-4,5-dimethylphenyl acetate 
(-2%). 

Pyrolysis in the inlet of the vapor phase chromatograph 
at 275 "C gave 3,4-dimethylbenzonitrile, 2-cyano-4,5- 
dimethylphenyl acetate, and 3,4-dimethyl-5-nitrobenzo- 
nitrile. 3,4-Dimethylbenzonitrile was the predominant 
product and the acetate was a minor constituent (-3%) 
but the actual proportions of products varied when pyro- 
lyses were carried out a t  different times, presumably 
because the conditions of pyrolysis were not reproducible. 

Decompositiori of2-Cyatzo-4,5-diniethyl-4-nitro-1,4-di- 
hydrophenyl Acetate ( 3 )  in Mesitylene 

The diene (60 mg) was dissolved in mesitylene (2 cm3) 
and heated under reflux for 1 h. Vapor phase chromatog- 
raphy on QFI at 175 "C and on FFAP at 200 OC showed 
peaks for 3,4-dimethylbenzonitrile (70%) and 3,4-di- 
methyl-5-nitrobenzonitrile (30%). No 2-nitromesitylene 
was detected. Chromatography on alumina and elution 
with pentane and then ether gave only mesitylene in the 
pentane fraction and a mixture of 3,4-dimethylbenzo- 
nitrile and 3,4-dimethyl-5-nitrobenzonitrile in the ether, 
confirmed by n.m.r. 

Decornpositiotz o f 3  iri Acetic Acid 
The diene (50 mg) was heated under reflux in acetic 

acid (5 cm3) for 4 h. The mixture was worked up as de- 
scribed above for the 3,4-dimetllyl isomer. The n.m.r 
spectrum showed that 3,4-dimethylbenzonitrile and 3,4- 
dimethyl-5-nitrobenzonitrile were formed in approxi- 
mately equal amounts and v.p.c. analysis showed 3,4- 
dimethylbenzonitrile (-40%), 2-cyano-4,5 -dimethyl- 
phenyl acetate (-lo%), and 3,4-dimethyl-5-nitrobenzo- 
nitrile (-50%). 

Decotnpositioti of3  it1 Acetic Acid Cot~taining Sulfi~ric Acid 
The diene (50 mg) was dissolved in a solution (0.4 cm3) 

of 5% sulfuric acid in CD3C02D and maintained at 37 "C. 
After 4 h a doublet at s 3.15 p.p.m. had appeared and the 
diene peaks were reduced in intensity. After 96 h the 
doublet at  3.15 and the original vinyl resonances had 
disappeared and three new resonances at 2.45 (45% for 
1 aromatic proton), 2.75 and 3.12 p.p.m. (55% for 2 
aromatic protons) had appeared. On standing at ambient 
temperature colorless crystals of 2-cyano-4,5-dimethyl- 
phenol formed; n.m.r. (CD,OD) r 2.85 (s, 1, 3-H), 3.32 
(s, I, 6-H), 7.80 (s, 3, 5-CH3), 7.86 p.p.m. (s, 3, 4-CH,). 
The downfield singlet in the n.m.r. spectrum of the 
reaction mixture was assigned to 2-cyano-4,s-dimethyl-6- 
nitrophenol. The reaction mixture was quenched with a 
solution of liquid ammonia in methylene chloride at 
-78 "C and the excess ammonia pumped off at the same 
temperature. The residue was extracted with chloroform 
and passed through a short column of silica. Removal of 
the solvent gave a mixture of 2-cyano-4,5-dimethylphenol 
and 2-cyano-4,5-dimethyl-6-nitrophenol; mass spectrum 
m/e 192.050 (M, (12Cp'H8'"N2L603) = 192.053). 

When this experiment was carried out with the addition 
of mesitylene (65 mg) the nitrocyanophenol (15%) and 
phenol (85%) were formed and 2-nitromesitylene was 
detected by v.p.c. of the product on QFI a t  185 "C. 
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Decot~rposition of 3 it1 Triflrroroacetic Acid 
The diene (100 mg) was dissolved in trifluoroacetic acid 

(2 cm3). Decomposition was complete in 10 min, the 
n.m.r. spectrum exhibited no peaks in the diene region but 
showed that 2-cyano-4,5-dimethylphenyl acetate ( r  2.55, 
2.94) had been formed. Vapor phase chromatography 
showed that a small amount of 3,4-dimethyl-5-nitro- 
benzonitrile was also present. Chromatography on alu- 
mina at  - 20 "C gave the acetate as a clear oil; i.r. (film) 
2220 (CN), 1775 and 1180cm-' (OCOCH,); n.m.r. 
(CDCI,) T 2.61 (s, I, 3-H), 2.99 (s, 1, 6-H), 7.65 (s, 3, 
OCOCH,), 7.70 (s, 3, 5-CH3) and 7.73 p.p.m. (s, 3, 
4-CH,); the absence of c o ~ ~ p l i n g  (> 1 Hz) between the 
aromatic protons confirms that they are para to each 
other; mass spectrum (70 eV) tn/e (relative intensity) 
189.0794 (18, M, ( lZCl  l 'H1  114N1604) = 189.0790), 
147 (100, M - COCH,) 132 (51). Methanolysis of the 
acetate with 10% sulfilric acid in methanol gave after 
work-up and chromatography on silica, 2-cyano-4,5- 
dimethylphenol, m.p. 197.5-199 "C; i.r. (Nujol) 3260 
(OH), 2225 cm-' (CN); n.m.r. (CD,OD-CDCI,) r 2.82 
(s, I, 3-H), 3.23 (s, 1, 6-H), 7.74 (s, 3, 5-CH,), 7.83 p.p.m. 
(s, 3, 4-CH,); mass spectrum (70 eV), n ~ / e  (relative 
intensity) 147.069 (100, M, (1ZC9iH9i4Ni60)  = 147.068), 
146 (54, M - H), 132 (98, M - CH,), 118 (22), 104 (13), 
91 (21). 

Decotnpositiotz of 3 in Acidfied Metlzattol 
The diene (250 mg) was dissolved in a solution of 

methanol (5 cm3) containing 1% sulf~~ricacid.  The result- 
ing solution was allowed to stand at ambient temperature 
for 12 h and then worked up as described above for the 
3,4-dimethyl isomer to give 2-cyano-4,5-dimethyl-4-nitro- 
1,4-dihydrophenol (7) (145 mg, 8673, m.p. 67-69 "C; 
i.r. (Nujol) 3440 (broad, OH), 2230 (CN), 1550 and 1355 
cm-' (NO,); n.m.r. (CDCI,) r 3.35 (d, 1, 3-H), 4.04 (m, 
1,6-H),5.45(m, I, I-H),6.9(m, I, OH), 8.20(t, 3,4-CH3), 
8.24 p.p.m. (s, 3, 5-CH,); J,, = 1.1, J16 = 3.45, 
Jl,s-cci3 = 1.5, Jl,l-oii = 8, J6.5-c1i3 = 1.5 HZ; D20 
exchange caused the disappearance of the resonance at 
6.9 and sharpened the multiplet at 5.45 p.p.m., and 
irradiation at 8.20 collapsed the multiplet at 4.04 to a 
doublet; mass spectrum (70eV) m/e (relative intensity) 
147 (30, M - HNO?), 132 (45), 131 (62), 1 16 (100). 

We thank the National Research Council of Canada 
and the University of Victoria for financial support. 
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Interaction of Palladium(I1) Acetate with Sodium and 
Lithium Acetate in Acetic Acid1 

RAJ N.  P A N D E Y ~  AND PATRICK M. HENRY 
Deprrrttnetrt of  Chet~1istr.y. Utrii~ersity of  Glrelph, Grrelph, Otrrrrrio NI C 2WI 

Received October 22, 1973 

Palladium(I1) acetate in acetic acid in the absence of acetate ion exists as the trimeric species 
Pd,(OAc),. The reaction of the trimer with NaOAc o r  LiOAc at 25" was not instantaneous. 
Spectral studies on fully equilibrated systems indicated the first equilibria involved transforma- 
tion of trimer to dimer 

K3 2 

2 P d 3 ( 0 A ~ ) ~  + 6NaOAc - 3 ~ a ~ P d ~ ( O A c ) ~  

with K32 = 7.77 x lo4 M - 5  and K132 = 1.76 x lo2 M-'.  The kinetics of theslow transforma- 
tion of trimer to dimer was studied. The reaction has the rate expression: rate = [Pd3(OAc),] 
(k + k'[MOAc]) (M = Li or Na). This rate expression is consistent with substitution pro- 
cesses suggesting the slow step of the reaction is the S N 2  attack of solvent or acetate on a 
Pd(I1)-acetate bond to break one of the acetate bridges. 

In the NaOAc system conversion of trimer to dimer was complete at 0.2 M  NaOAc. Further 
addition of NaOAc caused the dimer to be converted to monomer. 

L'acetate de palladium(I1) dans I'acide acetique, en l'absence d'ions acetate, existe sous la 
forme d'un trimere Pd3(OAc)6. La reaction du trimere avec NaOAc ou LiOAc a 25" n'ktait pas 
instantanee. Des etudes spectrales sur des systemes completement equilibrts indiquaient que 
le premier equilibre impliquait la transformation du trimere en dimere. 

avec K32 = 7.77 x lo4 M - 5  et K'32 = 1.76 x lo2 M - 5 .  La cinetique de la transformation 
lente du trimere en dimere a etC Ctudiee. L'expression de la vitesse de reaction est: vitesse = 
[Pd,(OAc),] (k + k'[MOAc]) (M = Li ou Na). L'expression de vitesse est coherente avec le 
processus de substitution qui suggere que I'etape lente de la reaction est I'attaque SN2 du solvant 
ou de I'acetate sur une liaison Pd(I1)-acetate pour briser un des ponts acetate. 

Dans le cas du systeme NaOAc, la conversion du trirnere en dimere etait complete a 0.2 M 
NaOAc. Une nouvelle addition de NaOAc provoquait la conversion du dirnere en monomere. 

KZl tgale 7.6 x M-' a 25 "C. [Traduit par le journal] 

Can. J. Chem., 52, 1241 (1974) 

Introduction recent review, see refs. 1 and 12) as witnessed by 

In the past several years the field of Pd(1l) the discovery of many new 

catalysis has made considerable progress (for a Many the new Pd(ll) are 
carried out in acetic acid solvent. In order to 
arrive at an understanding of the mechanism of 

'Presented in part at the 164th National meeting of the 
American Chemical Society, New York, August, 1972, these reactions it is necessary to know the 
Abstract page INOR 29. various Pd(I1) species present in this solvent. A 

2Postdoctoral Fellow. previous study determined the interaction of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1242 C A N .  J .  CHEM. 

Pd(l1) with LiCl in this solvent (2). This informa- 
tion was useful in interpreting the kinetics of 
exchange reactions (3). The present work is 
concerned with the interaction of palladium(I1) 
acetate with lithium and sodium acetates in the 
chloride-free system. This system has also been 
used in studies of olefin oxidation (4, 5). 

T o  the authors' knowledge the only previous 
work on this system was a brief study by 
McCaskie (6). His results suggested that the 
equilibrium involved conversion of a trimeric 
palladium(ll) acetate species to a dimer by 
sodium acetate. Also the reaction of trimer to 
dimer was found to be a slow reaction. However 
his studies were too incomplete to conclusively 
define the equilibria over t h e  whole range of 
acetate concentrations 

Experimental 
Mnterinls 

Palladium acetate (purchased from Engelhard Cheni- 
icals and Catalysts, New Jersey) was purified by the 
method of Stephenson et 01. (7). The acetic acid of high 
purity (Baker Chemical Co.) was dried by refluxing over 
triacetylborate, B(OAc),, and distilled (8). The Karl 
Fisher analysis of several preparations showed water 
contents of less than 0.01%. Lithium acetate (City 
Chemical Corporation, New York) and sodium acetate 
(Baker Chemical Co.) wereall reagent grade. The reported 
amount of water in lithium acetate was 1%. Prior to 
making up solutions the salt was treated with calculated 
amounts of acetic anhydride and warmed. The Pd(I1) 
stock solutions were analyzed by the dimethylglyoxinie 
technique (9). 

The nlolecular weights were measured using a Mechro- 
lab vapor pressure osmometer, Model 301A as described 
previously (2). 

Erluilibviirr?i Mensraet?ieri/s 
The majority of spectra were recorded on a Unicam 

S.P. 800 spectrophotometer using a 10 mni optical 
pathlength cell. A Cary 14 instrument was used when 
measurements requiring cells of 1, 5, and 100 mm 
pathlengths were made. 

The addition of sodium or lithium acetate to solutions 
of palladium(I1) acetate in acetic acid did not give an 
instantaneous change in spectra. In fact the solutions 
took periods of hours to come to equilibrium indicating 
the reaction of initial Pd(I1) species with acetate was a 
slow reaction. For that reason equilibrium studies were 
carried out on solutions which were allowed to stand for 
a sufficient period of time to allow then1 to come to 
equilibrium. Spectra were measured in the 400 to 250 nm 
region. The acetic acid and metal acetates are transparent 
in this region. 

The absorbance spectra of a series of completely 
equilibrated solutions of constant palladium(I1) acetate 
concentration but varying [NaOAc] showed isosbestic 
points at  320 and 385 nm up to [NaOAc] = cn. 0.2 M a t  
25". At this concentration the spectra showed little change 
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with further increase in [NaOAc] to ca. 0.4 M. These 
results indicated one Pd(I1) species was being completely 
converted to another species. At still higher [NaOAc] 
further changes in spectra occurred with new isosbestic 
points indicating the intermediate species was being 
converted to a third species. 

Since molecular weight measurements indicated the 
Pd(I1) species present in the absence of metal acetate is the 
trimer the first equilibrium must be represented by one of 
the following equilibria. 

where 

[Na, Pd(OAc),] 
[GI K 3 1  = [Pd,(OAc),II [ N ~ O A C ] ~  

[Na, Pd,(OAc),] [Na, Pd(OAc),] 
C71 K 3 2 1 =  [P~,(OAC),][N~OAC]" 

The extinction coefficient of the trimer, E, , ,  at various 
wavelengths can be obtained from measurements in the 
absence of acetate while that of the other species, whether 
it be dimer or monomer, can be obtained from the region 
of [NaOAc] at  which the intermediate species is the only 
Pd(I1) species present. Then by the usual techniques 
values of K32, K3,, K32 , ,  and K33 can be calculated a t  
various total palladi~~m(II) and acetate concentrations. 
Sample calculations for the values of K3, and K3, are 
shown at one wavelength in Table 1 .  As can be seen K3, 
varies considerably while K3, remains constant. The 
average value for a number of measurements is 7.7 x 
lo4 M-5.  Similar data are shown for lithium acetate in 
Table 2. 

The average value in this system is 1.76 x lo2 M-'. 
The values of K321 and K3, (not shown in the tables) were 
calculated. The K32, values for sodium acetate varied 
from 56 to 139 M - 3  whereas for lithium acetate, from 
0.75 to 2.2 M-3. Similarly the values for K33 for sodium 
and lithiuni acetates were 175 to 422 and 24 to 38, 
respectively. These results then indicated the conversion 
of trinier to dimer as the first step equilibria. 

The second equilibrium was not as readily calculated 
because it did not go to completion even in saturated 
solutions of sodium or  lithiuni acetate. AImost certainly 
this equilibrium consisted of the conversion of dimer to 
monomer where 
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PANDEY AND HENRY: INTERACTION OF Pd(OAc)2 WITH NaOAc AND LiOAc 1243 

TABLE I .  Calculated values of the equilibrium constants K3, and K s ~  at 25 "C, 
for the sodium acetate system at 360 nm* 

Dimer equilibria1 Monomer equilibria$ 

DI  [pd~(oAc)6]0 x ~O"[P~~(OAC)~],, x 103 [NaOAc],, x 10' K3, x lo-' [NaOAc],, x lo2 K3,  x lo-' 
1 3 6 o n m  (MI (MI (MI (M-5) (MI (M-') 

TABLE 2. Calculated values of the equilibrium constants K3' and K31 
at 25 "C for the lithium acetate system at 360 nm* 

Dimer equilibria? Monomer equilibria: 
- 

Di [Pd3(OAc)6]0 x 103 [Pd3(0Ac)],, x lo3 [LiOAc] x 10' K3, x lo-' [LiOAc],, x 10' K3, 
A360 n m  (MI (MI (MI (M-? (MI ( M  

*atr lmrr  = 394 M-I cm-1. 
tad,,., = 641 M-' cm-I ;  [Li2Pd2fOAc)ol = 3/2([Pd,(OAc)6Io - [Pd~(OAc)61~~). 
XE,...,., = 320.5 M - '  cm-' ;  [Li2Pd(OAc)~l = ~ ( [ P ~ , ( O A C ) ~ I ~  - [Pd3(OAc)61.,). 

K2 I [I31 T,,, = +P2 + +PI 
[9] Na2Pd2(OAc)6 + ~ N ~ O A C ~ ~ N ~ ~ P ~ ( O A C ) ,  

Equations 11 to 13 can be combined to give eq. 14. 
K,, is given by eq. 10. 

[Na, Pd(OAc),12 

[lo] K21 = 
(L2K2 1 )  [I41 Di = (&PI - ~ E P ~ )  7 

The data were treated by the method of least-squares, 
L~K, ,  +dT+  1.5f T,, ,K~, + I.SE,,T,,, 

estimation of non-linear oaranleters (10) was similar to . , 

that used previously (2). Defining thefollowingquantities: 
T,,, = the total molar concentration of trimer The non-linear least-squares treatme2t was applied to 
( + [ P ~ ( O A C ) ~ ] ~ ) ;  L = the concentration of free acetate (as eq. 14. The program predicts the value, Di, of a dependent 
NaOAc or LiOAc); P, = the concentration of mono- variable Di by a suitable choice of parameters &pl,  E P , ,  

meric species [Na,Pd(OAc),]; p2 = the concentration of and Kz I in eq. 14. The program computes the least- 
dinlericspecies [Na,Pd2(OAc)6]; &,,= the molar absorp- Squares estimates of the parameters and adjusts these to 
tivity of dimer; E,, = the molar absorptivity of monomer minimize  (Di  - hi)', As an  example a set of data at 
eq. 10 can be rewritten. i =  I 

[ I l l  
one wavelength the computed values of these parameters 

K 2 ,  = P12/P2L2 are given in Table 3. Absorbance data at five wavelengths 
The following relationships can immediately be written: ( 1  = 380, 365, 350, 340, 330 mu), obtained at Pd(ll) 

concentrations, 7.00 x 12.25 x 2.92 x 
[I21 Di  = + cp2 1.28 x lo- '  M, and [NaOAc] in the range 0.20 to 1.0 M 
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TABLE 3. Typical calculation of K,, from spectral data using the Marquardt 
non-linear least square technique* 

Absorbance at ?L365 m,,  

[NaOAc] - [Na2Pd(OAc),,] x lo5 
(M)  Observed Calculatedt 

.. 
(MI 

0.20 0.610 0.608 3.58 
0.40 0.575 0.582 6.06 
0.60 0.570 0.564 7.74 
0.80 0.555 0.552 8.90 
l .OO 0.540 0.543 9.70 

[ N ~ , P ~ , ( O A C ) ~ ]  x lo5 % Dimer K2, x lo4 
(M) dissociated (M-') 
- 

4.34 29.19 
3.10 49.37 7.38 
2.26 63.17 
1.68 72.62 
1.28 79.17 

*[Pd(OAc)~lo = 12.25 x lo-' M, optical pathlength = 100 mm, temperatt~re = 25 'C.  
tad,,., = 1053 M-'cm-I; E ,,.,,,,,,, =. 422 M-'cm-'. 

TABLE 4. Effect of trimer concentration on k,,, at fixed [NaOAc] and [LiOAc] 
-- 

[Pd3(0Ac),] x lo3 [NaOAc] [LiOAc] k,,, x lo4 
(MI (MI (MI (s-'> 

were treated in the above fashion. The groups of data 
characterized by a given value for T,,, yielded K,, with 
relative variation of about + 10% from the average value 
of K2, which was 7.6 x M- ' .  

Kinetic Measuret~ietits 
The interaction between trimeric palladium acetate and 

sodium or lithium acetate was followed spectrophoto- 
metrically by repetitive scans over a wavelength range 
370-275 mp. Reactants thermostatted at 25' were mixed 
and transferred rapidly (mixing time <0.5 min) to the 
cell for spectral measurements. This cell was also thermo- 
statted at 25'. 

Since the acetate salts were always in considerable 
excess the reaction was pseudo first order in trimer. The 
pseudo first order rate constant k,,,,, was evaluated from 
the slope of the plot of log (Dm - D,) us. time at 
v = 365 nm. In order to avoid complications resulting 
from incomplete reaction acetate concentrations at which 
trimer was completely converted to dimer were used. 

As shown in Table 4 the value of k,,, did not change 
with initial trimer concentration indicating the reaction is 
strictly first order in trimer. 

Results 
The molecular weight of palladium(I1) acetate 

in dry acetic acid in the absence of acetate was 
found to be 667, which is very close to that 
expected for a trimeric species Pd,(OAc),. 
Based on this result and the spectral studies 
carried out at 25", the two equilibria in this 
system can be shown to be represented by 

eqs. 15 and 16 (M = Li or Na) 

with the value of K,, for M = N a  (7.77 x lo4 
M-5)  being much higher than when M = Li 
(1.76 x lo2 MP5). The second equilibrium was 
studied only with NaOAc since K,, for LiOAc 
was too small for accurate determination. Even 
at the highest [LiOAc] the conversion to mono- 
mer was small. The K,, for NaOAc is 7.6 x 

M - I .  
The values of the K,,'s are such that the dimer 

is practically the only species present in the 
NaOAc system at  0.2 M NaOAc while in the 
LiOAc system the corresponding value is 0.5 M 
LiOAc. At a total Pd(I1) concentration of 
0.0128 M and at 1.0 M NaOAc the dimer is only 
about 16% converted to monomer. However, 
because of the nature of the equilibrium the 
conversion is higher at lower Pd(I1). Thus, as 
shown in Table 3, at [Pd(II)] = 1.225 x 
the conversion at 1.0 M NaOAc is 79%. 

The kinetics of the slow reaction of trimer with 
sodium or lithium acetate to form dimer (eq. 15) 
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PANDEY A N D  HENRY: INTERACTION 

was also studied. The reaction of sodium 
acetate with dimer to form monomer (eq. 16) was 
also slow but because of the complications 
arising from the fact this reaction did not go to 
completion, its kinetics were not studied. 

The dependence of the pseudo first order rate 
constant, k,,,, on NaOAc or LiOAc concentra- 
tion is shown in Figs. 1 and 2, respectively. The 
dependence is linear for both with a positive 
intercept. Since the first order rate constant, k,,,, 
did not change with initial [ p d , ( o A ~ ) ~ ]  in either 
system the reaction is strictly first order in 
trimer. The complete rate expression is thus: 

where the k for both LiOAc and NaOAc is about 
1 x s-' and k t  for LiOAc is 2.7 x lo-, 
M-Is - '  and 2.9 x M - '  s- '  for NaOAc. 

To determine if association of lithium acetate 
is important its molecular weight was measured 
at two concentrations in the absence of Pd(l1). 
At 0.05 M a value of 66 was obtained while at 
0.1 M the value was 67. 

FIG. 1. Plot of k,,, us. [NaOAc] at fixed [ P ~ , ( O A C ) ~ ]  
(=O.M092 M), temperature = 25 "C. 

O F  Pd(0Ac)z WITH NaOAc A N D  LiOAc 1245 

FIG. 2. Plot of CS. [LiOAc] at fixed [Pd,(OAc),] 
(=0.00122 M), temperature = 25 "C. 

Discussion 
The palladium(I1) acetate system in acetic acid 

differs from the chloride system in two important 
aspects. First the equilibria are more complicated. 
Thus in the chloride-containing system only a 
dimeric and a monomeric palladiun~(II) chloride 
species need be considered (2) while in the acetate 
system trimeric, dimeric, and monomeric pal- 
ladium(l1) acetate species are found. Secondly, 
the conversion of dimer to monomer by chloride 
is rapid while the conversion of trimer to dimer 
and then to monomer by acetate is a slow reaction. 

The reason for these differences must be 
related to the difference in the nature of chloride 
and acetate as bridging ligands. Thus palla- 
dium(I1) acetate also exists as a trimer in 
benzene at 37" (7) and a crystal structure deter- 
mination indicates the trimer molecule consists 
of a nearly equilateral triangle of palladium 
atoms (1 1). The Pd-Pd distance (ca. 3.15 A) is 
such that the coordination at the metal atoms is 
approximately square planar. The geometry of 
the double acetate bridges apparently allows the 
palladium to achieve the favored coordination in 
the trimer while the chloride bridges do not 
permit this with the usual Pd-C1-Pd bond 
angles of 90" (ref. 12, pp. 43 to 46). 
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CH3COO- (or CH3COOH) CH3 CH3 

/ I 
C=O 

I 
C=O 

The rate expression for the reaction of acetate 
with the trimer (eq. 17) is of the form usually 
found for reaction of square planar complexes 
and indicates a solvent path as well as a reagent 
dependent path (13). The rate determining step 
almost certainly involves an SN2 attack of 
acetate or acetic acid on one of the Pd(I1)- 
oxygen bonds. This type of substitution is found 
for most square planar complexes (13). 

The present results are in reasonable agree- 
ment with the preliminary studies of McCaskie 
(6). Thus his value of K,, for NaOAc is 5.4 x lo5 
M - 5  while the value found in the present work is 
7.7 x lo4 M - ~ .  This difference is not too large 
considering the complicated equilibrium. The 
difference is due to the fact that he used a 
[NaOAc] of 0.797 M to determine the extinction 
coefficient of the dimer and at this concentration 
appreciable amounts of monomer are present. 
Also he found a rate expression of the form of 
eq. 17 for reaction of trimer with NaOAc. His 
constants are k = 6.0 x lop5  s-' and k' = 1.8 
x M -  ' s-' at 21" as compared with the 
present values of 1.0 x s - '  and 3.2 
x M-' s-' at 25". 

One other difference between the acetate 
system and the chloride system is that in the 
latter the dimerization of LiCl must be taken into 
account. For that reason the molecular weight 
of LiOAc was measured. At 0.05 and 0.1 M the 
molecular weights found at 37.5" were 66 and 67, 
the same as the monomer (66) within experi- 
mental error. For comparison the measured 
molecular weight of LiCl at 0.1 M was about 
1 5 z  higher than the monomeric species. Thus 
LiOAc is much less associated than LiCl and it 
was assumed that this as well as NaOAc is not 
appreciably associated in HOAc. On the other 
hand, in anhydrous acetic acid the salts are only 
slightly ionized with ionization constants of 
2.63 x M for IVaOAc and 1.59 x M 
for lithium acetate (14, 15). Thus the undisso- 
ciated salts would be expected to be the reactive 

species. In the case of the reaction of acetate 
with trimer this must be the case; for if free 
acetate ion were the reactant the rate expression 
would show a [MOAC]''~ term, since free acetate 
would be proportional to the square root of the 
metal acetate concentration. 

Finally the differences in equilibria between 
the chloride and acetate systems may well result 
in differences in the catalytic activity of,Pd(II) in 
the two systems. The first requirement ib  that the 
metal acetate and palladium(I1) acetate be 
allowed to come to equilibrium before organic 
reagent is added otherwise the reaction scheme 
will be very complicated. There is no assurance 
that this has always been done in the past. Even if 
equilibrium between Pd(I1) and acetate has been 
achieved still further complications would arise 
if organic substrate was required to break the 
non-labile bridging acetates to form reactive 
intermediates. 

The present study does not provide any 
information concerning the lability of the non- 
bridging acetates in the dimer and monomer. 
However they would be expected to react much 
more rapidly than bridging acetates. 
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An Electron Spin Resonance Study of Radicals Formed by y-Irradiation 
of 1-Substituted 5-Nitro-amino and 5-Nitroso-aminotetrazoles 

RICHARD C. CATTON 
Depcrrtmetrt of Chemistry, Mnlnspirrcr College, Nnnniriio, British Col~rtnbirr 

AND 

RICHARD N. BUTLER 
Depc~rtmerit of Ct~ernislty, University College, G N I I I J ~ I Y ,  Ireltrt~d 

Received October 2, 1973 

y-Irradiation of 1-methyl-5-methylnitro-aminotetrazole 1 and 1-methyl-5-nitro-aminotetra- 
zole 2 resulted in cleavage of the exocyclic N-N bond giving only one detectable radical (NO,') 
in each case. The stability and motion of the NO,' radicals formed in these systems was 
studied. The NO,' radical obtained from compound 1 was immobile in the lattice while that 
obtained from compound 2 was rotating about the y-axis. Irradiation of I-methyl-5-methyl- 
nitroso-aminotetrazole 3 and I-phenyl-5-nitroso-aminotetrazole 4 did not give a simple N-N 
bond cleavage and radicals which could not be fully identified were encountered. The radical 
obtained from conlpound 3 appeared to bea nitroxide radical and that obtainedfromcompound 
4 appeared to arise from electron capture by the nitrosamino moiety. 

L'irradiation y methyl-l nitromtthyl-5 aminotetrazol 1 et du methyl-1 nitro-5 aminotetrazol 
2 conduit a la rupture de la liaison endocyclique N-N donnant seulement un radical detectable 
(NO,') dans chaque cas. La stabilite et le mouvement des radicaux NOz'  form& dans ces sys- 
temes sont CtudiCs. Le radical NOz' obtenu a partir du compose 1 est fixe dans le reseau alors 
que celui obtenu a partir du compose 2 tourne autour de I'axe y. L'irradiation du methyl-1 
nitrosomtthyl-5 aminotetrazol 3 et du phknyl-1 nitroso-5 aminotetrazol 4 n'a pas donne une 
simple rupture du lien N-N; des radicaux, qui n'ont pas pu Ctrecompletement identifies, sont 
rencontrb. Le radical obtenu a partir du compose 3 semble Ctre un radical d'oxyde d'azote et 
celui obtenu a partir du compose 4 semble provenir d'une fixation d'electrons par le fragment 
nitrosarnine. [Traduit par le journal] 

Can. J .  Chem., 52, 1248(1974) 

Although tetrazole derivatives are useful as 
photographic sensitizers ( I )  the photochemistry 
of these compounds was investigated only 
recently, mainly by Scheiner (2), who studied U.V. 
photolytic reactions in solution. We have 
previously reported on low temperature y- 
irradiation of a series of alkyl substituted 
tetrazoles where the alkyl sites were the most 
reactive (3). With the single alkyl nitro-amino- 
tetrazole included in our previous study the 
exocyclic N-N bond was the reactive site. In 
this present work we intended to investigate the 
radicals formed by y-irradiation of the primary 
and secondary nitro-amino and nitroso-amino- 
tetrazoles 1 to 4 in order to distinguish between 
the behavior of nitro-amino and nitroso-amino 
groups in lattices where hydrogen bonding is 
both present and absent. 

Experimental 
The compounds 1 to 4 were prepared as previously 

described (4, 5). The samples were sealed in evacuated 

\ 
N-N 

Me N-N 

'O-N--N--C 
\ 

R' N-N 
I 

N-N 
I 

R' 
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CATTON AND BUTLER: AN E.S.R. STUDY O F  RADICALS 1249 

TABLE I.  Electron spin resonance data for the NO2' radical in various media 

Compound/ Temperature 
matrix ("K) gx g z gnvc A x  A Y A , Also 

N204 
NaNO, 
Argon 
NaNO, 

'Reference 3. 
bThis work. 
<Reference 19. 

quartz tubes and exposed to 60Co y-rays at  298 and 77 "K 
from a Vickrad source at  a dose rate of cn. 4 Mrad h-' for 
periods ranging from 1 to 8 h. The radiation time had no 
effect on the nature of the radicals formed. The e.s.r. 
signals described were detected only for irradiation at  
77 OK. The e.s.r. spectra were measured a t  temperatures 
between 298 and 77 "K on a Varian E3 and a conventional 
X-band spectrometer, operating at  approximately 9.3 
GHz, using a Varian Variable Temperature Accessory. 
The g-values were determined with an accuracy of 
+0.0002 using solid diphenyl-dipicrylhydrazyl (g = 
2.0036) as a standard. 

Results and Discussion 

5-Nitro-aminotetrazoles 
y-Irradiation of compounds 1 and 2 resulted in 

cleavage of the exocyclic N-N bond yielding 
radicals which were identified as NO,'. An 
interesting aspect of the study of these NO,. 
radicals was the apparent role of the lattice in 
governing their stability and motion. In the case 
of compound 1 the NO,' radical was rigid 
(immobile) in the lattice and was not bonded 
preferentially in any specific direction (3), as 
shown by the completely anisotropic g-tensor 
and the nitrogen hyperfine tensor. On warming 
the signal decayed and was completely annealed 
at 200 OK. 

With compound 2, on the other hand, the 
NO,' radical was initially rotating in the lattice 
and was more stable since it was visible at room 
temperature and remained for some time before 
gradually decaying. The experimental parameters 
(Table 1) obtained from the e.s.r. spectrum 
(Fig. la) possessed axial symmetry due to the 
rapid rotation or reorientation of the molecule 
about the y axis, which we take to be parallel to 
the 0-0 direction. (We will also assign the z 
axis as the direction bisecting the 0-N-0 

I I I I 
3225 3275 3325 3375 H(gouss1 

FIG. 1. First derivative X-band e.s.r. spectra of y- 
irradiated nitraminotetrazoles (v = 9267.6 Mc/s). (a) 
Compound 2 irradiated and measured at 77 "K. (b) Com- 
pound 2 irradiated at  77 OK, warmed to ca. 150 OK, and 
then measured at 77 OK. (c) Compound 1 irradiated and 
measured a t  77 "K and compound 2 irradiated a t  77 OK, 
warmed to 298 OK, and then measured at 77 OK. 

angle and the x axis as the direction perpendic- 
ular to the 0-N-0 plane of the radical.) 
Rotation of NO,' about the y axis has been 
shown to occur in various media (6, 7). In the 
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present case it may arise from hydrogen bonding 
between the lattice and the radical as follows 

Spectra from samples of compound 2 which 
were heated to intermediate temperatures and 
remeasured at 77 OK indicated the presence of 
both NO,' radicals rotating about they axis and 
also stationary NO; radicals (Fig. 16). When the 
sample was equilibrated at room temperature 
and the spectrum recorded at 77OK only the 
stationary radicals comparable to those from 
compound 1 were detected. (Experimental g- 
and A- values for these NO; radicals are in 
Table 1 . )  

A comparison of the e.s.r. spectra (Fig. 1) of 
the NO,' radical in compound 2 shows that the 
spectrum of the rotating radical can readily be 
derived from the experimental e.s.r. parameters 
of the immobile species using g, = $(g, + g,), 
g l l  = g, and A, = $(A, + A = ) ,  A , ,  = A,. In the 
axially symmetric case we obtained spectral lines 
from the assigned x and z directions (Fig. Ic) 
which coalesce into one line at the position half- 
way between the x and z peaks in Fig. la. The 
position of the lines associated with the axis of 
rotation however did not change. These formulas 
give calculated values of A, = 57.7 G, g, = 
2.0038, and g l l  = 1.9917 which are in good 
agreement with the experimentally determined 
values of 56.6 G, 2.0035, and 1.9920, respectively. 

The production of the two types of NO,' 
radicals on heating may be due to changes in the 
lattice structure which include cleavage of the 
weak hydrogen bonds with the radicals. The 
existence of two inequivalent NO,' radicals in a 
lattice has previously been explained (7) in terms 
of different types of sites where the radical may 
rotate freely and where such rotation is im- 
possible. A similar phenomenon could also 
possibly occur with compound 2. 

The e.s.r. spectrum of compound 2, when 
recorded at  298 OK, consisted of an isotropic 
triplet which may be due to a freely rotating 
NO,' radical. The isotropic splitting (AiSO = 
37.2 G) when compared to A,,, for the original 
NO; radicals from both compounds 1 and 2 at 
77 OK (Table I )  is unusually low but such low 
values have been observed previously (8). The 
signal could also possibly arise from a different 
nitrogen containing radical and indeed it has 

been suggested that some previously assigned 
NO,' radicals with low values of A,,, were in fact 
NO,'- radicals (9). However, we favor the 
former explanation since on recooling to 77 OK 
the sample re-exhibits a non-axially symmetric 
NO,' radical. Hence both signals appear to be 
due to the same chemical species since they are 
readily interchangeable and one is not lost when 
converted to the other by a temperature change. 
The extra stability to thermal bleaching of the 
NO,' radical in compound 2 may be due to the 
presence of hydrogen bonding in the lattice. 

5-Nitroso-aminotetrazoles 3 and 4 
In contrast to the 5-nitro-aminotetrazoles, 

exocyclic N-N bond cleavage was not the major 
interaction detected with compounds 3 and 4 and 
more complex radicals, which could not be fully 
identified, were encountered. When compound 3 
was irradiated at 77 OK and the e.s.r. spectrum 
measured at the same temperature, signals due to 
two separate radicals (which we shall refer to as 
A and B) were observed (Fig. 2a). Heating the 
samples simplified the spectra and at  167 OK the 
species A was fully annealed leaving the second 
radical B (Fig. 26) which decayed on warming to 
298 OK. The spectrum of the radical A was 
typical of a nitroxide radical, being charac- 
terized by a large nitrogen triplet with Aiso, ca., 
12 G (Table 2) (10, 11). The possibility of g- 
anisotropy being involved was eliminated by 
using S-band spectrometry. Since only the 
nitrogen hyperfine splitting could be observed, 
the exact structure of the nitroxide radical could 
not be determined other than establishing its 
nitroxide nature. We tentatively suggest that a 
nitroxide radical such as 5a could possibly arise 
by nitroso trapping (10, 12) of a methyl radical. 
We have previously (3) detected methyl radicals 
in y-irradiated alkyltetrazoles. The secondary 
splittings to be expected from a methyl group and 
a nitrogen atom bonded directly t o  the nitroxide 
function may be obscured in the linewidth of 
ca. 8 G. For example, the secondary splitting due 
to the nitrogen atom bonded directly to the 
nitroxide function of the radical 6 was found to 
be only 1.67 G and splitting from the ortho 
protons of the phenyl group bonded to the 
nitroxide function was not observable (13). A 
nitroxide radical of type 56 in which the absence 
of the proton splitting may be due to a rapid 
proton exchange is also a possibility (14), 
though less likely in our opinion, in view of our 
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CATTON AND BIJTLER: AN E.S.R. STUDY OF RADICALS 1251 

TABLE 2. Electron spin resonance data for radicals found in y-irradiated nitroso-aminotetrazoles 
- 

Compound Radical &'L ~ I I  &'a"c AL (GI ,411 (GI 
-- -- 

A150 (GI 

3 A 2.0050 2.0023 2.0041 3" 30.8 12.3 
B 2.0061 H = 26.7 

N = 8.1 

4 C 2.0100 2.0041 2.0080 - 46.1 16-18 b 

Secondary splittings b - 11.6(N) 
b - 5.2(H) 

"The maximum value of A 1  which is determined by  t h e  lincwidth of the I feature. 
bNot resolved. The linewidth is co. 13  G given A 1  a maximum value of co. 4 G .  

previous work (3). The e.s.r. spectrum of the 
radical B (Fig. 2b) appeared to  be completely 
isotropic both a t  77 and 298 O K .  This suggests 
that the radical is either still rotating at  77 "K or 
that the I features only are visible, the ( 1  features 
being too broad. The isotropic sextet, partially 
distorted by a broad unidentified peak, appears 
t o  arise from splittings due to nitrogen (8.1 G )  
and hydrogen (26.7 G)  nuclei and is centered at 

I I I I I 
3210 3250 3290 H(gouss1 

FIG. 2. X-band e.s.r. spectra of compound 3 y- 
irradiated at 77 "K (v = 9124.5 Mc/s). (a) Measured at 
77 OK. (b) Warmed to ca. 180 "K and measured at 77 OK. 

g = 2.0061. Radical B therefore may be a 
species of the type H O N -  which is isoelectronic 
with HOO' but a more precise assignment cannot 
be made. The formation of such a fragment 
would be of interest in view of the previously 
reported (15) loss of the fragment "[HON]" on 
U.V. photolysis of secondary nitrosamines of the 
type R-CH,-N(N0)R in acidic media. 

Compound 4, although not directly analogous 
to 3 b e c a ~ ~ s e  of the replacement of the I-N- 
methyl group by a phenyl group, is used here for 
colnparison purposes. This compound is a 
primary nitrosan~ine and is exceptional insofar as 
such species are considered to be highly reactive 
intermediates in the diazotization process. We 
have recently prepared some such tetrazoles ( 5 )  
and have established that the predominant 
s t ruc t~~ra l  contributions come from forms 4a and 
4b. We ( 5 ) ,  and others (16), were unable to pre- 
pare the comparable compo~lnd with the  phenyl 
substituent replaced by a methyl group despite 
earlier claims of its isolation (17). y-Irradiation 
of co~npound 4 yielded a radical characterized by 
a major nitrogen splitting accompanied by 
secondary splittings due to nitrogen and hy- 
drogen which are visible on the 1 )  features only. 
The I features of primary or secondary split- 
tings could not be resolved (Fig. 3). This radical, 
C, appears to have a structure such as -0-N'- 
NH-R and co~lld arise by electron capture by 
the nitroso-amino moiety. The radical is similar 
to those observed in other secondary nitrosa- 
mines (18) and the magnitude of the nitrogen 
hyperfine splittings is in reasonable agreement. 
The radical decayed rapidly on heating. 

The differences in the spectra due to the 
radicals A and C indicate that the species 
responsible for the spectra are not of the  same 
type, the major difference being the presence of 
secondary nitrogen and hydrogen hyperfine 
structure from the radical C. The different 
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The y-Radiolysis of Liquid Cyclohexane Containing Di-n-Propyl Disulfide 

Cl1c~/fli.c.t1:\. Dc~po~.tir~c,/~t, Q~/ec~tl's Utri~lc.r.tity, Ki~rg.stotr. Otlttr/.io 

Received August 14, 1973 

Di-11-propyl disulfide is an electron, positive ion, and free radical scavenger in y-irradiated 
liquid cyclohexane. The efficiency of electron scavenging is comparable with that of sulfurhexa- 
fluoride and the efficiency of H atom scavenging is comparable with that of ethylene. The 
expected product of cyclohexyl radical scavenging, namely cyclohexylpropyl sulfide, accounts 
for only about one quarter of these radicals which disappear. No other sulfur-containing 
products are found. In cyclohexane solutions containing two different disulfides or a disulfide 
and a thiol a rapid equilibration of the thiyl groups leads to their statistical distribution 
between the sulfur-containing species. 

Dans le cyclohexane liquide y-irradik le disulfure de di-n-propyle agit comme piege pour les 
electrons, les ions positifs et les radicaux libres. Son efficacitt conime piege pour les tlectrons 
est comparable celle de I'hexafluorure de soufre alors que son efficacite a pieger les atomes 
d'hydrogenes est comparable a celle de ]'ethylene. Le produit attendu lorsque le radical 
cyclohexyle est piegi a savoir le sulfure de cyclohexyle et de propyle correspond a seulement un 
quart de ces radicaux qui disparaissent. On ne trouve aucun autre produit contenant d u  
soufre. Dans des solutions de cyclohexanes contenant deux disulfures differents ou u n  
disulfure et un thiol un equilibre rapide des groupes thiyles conduit a leurs distributions 
statistiques parmi les differentes especes contenant du soufre. [Traduit par le journal] 

Can. J. Chern., 52, 1253 (1974) 

Introduction 

Propanethiol in y-irradiated liquid cyclohexane 
behaves mainly as a scavenger of cyclohexyl 
radicals, the major product being di-17-propyl 
disulfide which is formed by combination of thiyl 
radicals (1). 

At low propanethiol concentrations the disul- 
fide yields are nonlinear with dose signifying a 
competition with the thiol for radicals or their 
precursors. 

Both thiols and disulfides are important pro- 
tection agents in biological systems. Since the 
protective properties of disulfides in nonaqueous 
liquid systems have received little attention we 
have studied the behavior of di-17-propyl disulfide 
in y-irradiated cyclohexane to complement our 
previous study with n-propanethiol. 

Experimental 
Di-ti-propyl disulfide was prepared by the iodine oxida- 

tion of 11-propanethiol. The results obtained with this 
material were indistinguishable from those obtained using 
Eastnian Reagent Grade material. The disulfide was 
always fractionally distilled immediately prior to sample 
preparation. Two small impurity peaks were observed in 
the gas-liquid chromatogram of the disulfide, one before 

and one after the dis~~lfide peak. Their total area was less 
than 1 z  that of the disulfide peak and they did not change 
in area measurably during radiolysis. 

Cyclohexane (Phillips Pure Grade) was shaken with 
concentrated sulfuric acid, washed, dried, and distilled to 
rcduce the cyclohexene content to an undetectable level 
(<  M). Cyclohexylpropyl sulfide was prepared from 
cyclohexanethiol and propyl bromide in basic ethanol. 
After fractional distillation the purity was found by 
gas-liquid chromatography to be better than 98%. 

Sample preparation and irradiation procedures have 
been described previously (1). 

Results 
The yields of all products are linear with dose 

from 0.5 to 2 x evil  at 0.1 M di-n-propyl 
disulfide. The same is true at 2.62 x M 
when, however, the propanethiol yield is very 
small and no dose dependence can be determined. 

Figure 1 shows the effect of disulfide on the 
yields of products originating from cyclohexane 
alone, while Fig. 2 shows the corresponding 
yields of the new products, cyclohexylpropyl 
sulfide and n-propanethiol. No hydrogen sulfide 
or propane were detected (G < 0.05) and no 
other products were found. The disappearance 
of disulfide was measured at several of the lower 
concentrations, the results being shown in Table 
1 .  The error limits quoted are the standard devia- 
tions for five or more measurements. 
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TABLE 1. T h e  disappearance of di-11-propyl disulfide 

Di-11-propyl disulfide D o s e  x 
(mol/l) G(-di-n-propyl disulfide) (eV/l) 

0.05 0.10 0.15 0.20 
Dl-n-PROPYL DlSULFlDE I r n o l / l l  

FIG. 1. The  yields of hydrogen (a), cyclohexene ( x ) ,  
and bicyclohexyl(0) as functions of di-n-propyl disulfide 
concentration. The  curve through the hydrogen points is 
calculated as described in the text. (Dose = l o L 9  eV g- ' )  

I 0 J 

2DI-n-PRDPY: DlSULFlDE 16rnal/l l x lo2' 
10 

FIG. 3. The reduction in the N Z  yield by di-n-propyl 
disulfide from a solution 4.2 x M in nitrous oxide. 
(Dose = l o L 9  eV g - l )  

Frc. 2. The  yields of cyclohexylpropyl sulfide (@) and 
?I-propanethiol (@) as functions of di-n-propyl disulfide 
concentration. The broken line shows the yield of pro- o 1.0 2 .a 
panethiol expected from H atom scavenging. (Dose = 

0 1 - ~ P R O P Y L  DISULFIDE (md/ L 1 x 10 
10'' eV g-') 

FIG. 4. The  reduction in the propane yield by di-11- 
D i - n - ~ r O ~ ~ l  disulfide reduces G(N2) from a propyl disulfide f rom a solution 0.16 M in cyclopropane 

solution containing a fixed concentration of and  0.27 M in carbon tetrachloride. (Dose  = lOI9 eV - ,  

nitrous oxide ( ~ i ~ . - 3 ) ,  while @propane) is re- 
duced in a solution containing a fixed concen- surable change in the overall thiol concentration 

tration of cyclopropane (Fig. 4). after this irradiation; the concentrations of the 

Radiolysis of cyclohexane containing both individual thiols were not determined. 

di-n-proiyl disulfide and diethyl disulfide leads Discussion 
to the very rapid production of the mixed disul- 
fide (Fig. 5). The same product is obtained from Cyclopropane in irradiated liquid cyclohexane 

a solution initially containing ethanethiol and yields propane by Hz transfer (2). 

di-n-propyl disulfide (Fig. 6). h e r e  is no mea- [3] c-C,H,,+ + c-C,H6 + c-C6HIof + C,HR 
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STONE AND ESSER: y-RADIOLYSIS 1255 

FIG. 5. Theequilibration of thiyl groups in a solution 
initially 5.1 x M in di-tl-propyl disulfide and 
5.4 x M in ethanethiol. The broken lines show the 
calculated statistical distribution; ( x )  ethyl disulfide, 
(0) ethylpropyl disulfide, (0 )  di-tl-propyl disulfide. 

Competition for c-C,H, ,+ between cyclopro- 
pane and di-n-propyl disulfide is shown by the 
reduction ofG(propane)from solutionscontaining 
a fixed concentration of cyclopropane (Fig. 4). 
Carbon tetrachloride is added to prevent electron 
scavenging by the disulfide. This latter property is 
shown by the reduction in nitrogen yield from a 
nitrous oxide solution (Fig. 3). 

Di-n-propyl disulfide is, therefore, both an  
electron and a positive ion scavenger in liquid 
alkanes. Shida (3,4) has obtained spectroscopic 
evidence for the formation of alkyl disulfide 
cations and anions in y-irradiated alkane glasses 

at 77 OK and has used the yield of anions to ob- 
tain a measure of the W value of solid alkanes. 
Electron scavenging by the disulfide group has 
also received much study in aqueous radiation 
chemistry (5). 

Efficient electron scavengers such as methyl 
iodide, methyl bromide, and sulfurhexafluoride 
react a t  or near diffusion controlled rates in 
irradiated liquid cyclohexane (6). Di-17-propyl 
disulfide is even more effective at  the same con- 
centration than any of those solutes in reducing 
G(H2), e.g. G(H2) = 2.9 for 0.19 M methyl 
bromide (6) whereas the value is 2.1 fo r  the same 
concentration of di-n-propyl disulfide. We pro- 
pose that the reduction in hydrogen yield is due to 
the scavenging of both electrons and H atoms. 
Although positive ion scavenging is also occurring 
this will not contribute significantly to the re- 
duction in G(H2) since the resulting disulfide 
cations will be almost exclusively neutralized by 
disulfide anions. A detailed theoretical study of 
such scavenging has been made by Rzad (7). 

G(H atoms) in y-irradiated cyclohexane is 
1.46, 6 1 z  of this yield having ionic precursors 
(1,6). When electron scavenging occurs the yield 
of H atoms will decrease. The experimental 
points for the hydrogen yield in Fig. 1 have been 
fitted by the empirical electron scavenging 
expression of Asmus et a/. (6) together with a 
term for H atom scavenging. It is assumed that 
hydrogen is formed with unit efficiency upon 
electron-ion neutralization in the pure hydro- 
carbon and that none is formed when thedisulfide 

1 T,JUL FIG. 6. The equilibration of thiyl groups in a solution 
initially 6.5 x M in diethyl disulfide and  4.58 x 

M in di-11-propyl disulfide. The broken lines show 0.89Ggi (, - &&)I 
the calculated statistical distribution; (0) ethyl disulfide, Gfi f Ggi 
( 6 ) )  ethylpropyl disulfide, ( x ) di-11-propyl disulfide. r 1 1 

anion is involved. Where k4  and k ,  a re  the rate 
constants for reactions 4 and 5, respectively; 

[4] H' + C - C ~ H I Z  HZ + C - C ~ H I I '  

151 H- + C3H7SSC3H7 -> NO Hz 

cr is a n  empirical parameter which describes the 
competition between electron capture by the 
disulfide and geminate ion - electron combina- 
tion; and Gfi and Ggi are the free ion and gemi- 
nate ion yields with values of 0. I and 3.8, respec- 
tively (6). The best fit is obtained with cr = 15 
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M - '  and k4/k5 = 0.003. Di-n-propyl disulfide 
is therefore one of the most efficient electron 
scavengers in cyclohexane comparable with 
methyl bromide and sulfurhexafluoride for both 
of which ci = 16 M - '  (8). As an H atom scaven- 
ger the disulfide is comparable to ethylene for 
which the equivalent of k4/k5 has a value of 
0.0048 (6). 

The expected product of reaction (5) is n-pro- 
panethiol which is formed with increasing yield as 
the disulfide concentration is increased (Fig. 2). 
Except at the highest concentrations, however, 
the yield is lower than expected for the known 
yield of H atoms. This could be due to  the disap- 
pearance of the thiol by reaction with cyclohexyl 
radicals when the disulfide concentration is low. 
We were not able to verify this hypothesis since 
the precision of the colorimetric thiol determina- 
tion was not good. Gas-liquid chromatography 
could not be used since the thiol peaks were not 
reproducible and, in fact, for low concentrations 
(5 x M or less) often failed to appear. It 
was ascertained that this behavior had no effect 
on any of the chromatographic determinations 
of the other products. The low thiol yield is dis- 
cussed later. 

The alkyl radical scavenging ability of the 
disulfide is illustrated by Fig. 1 .  At the lowest 
solute concentration, when G(H,) has been re- 
duced to only a small extent, the yields of cyclo- 
hexene and bicyclohexyl are reduced consider- 
ably. AG(cyclohexene)/AG(bicyclohexyl) = 1 
which is close to the value of 1.1 for the ratio of 
rate constants for disproportionation and com- 
bination of cyclohexyl radicals (9). The reduction 
in these yields at low disulfide concentrations 
may be ascribed with confidence to radical 
scavenging. The expected product of this reaction 
is cyclohexylpropyl sulfide. However the yield 

[61 c-C6H1 I .  + C3H7SSC3H7 -> C-C,jHI ISC3H7 
+ C3H7S. 

of this product is far lower than expected and 
never attains a G value greater than unity while 
from the decreases in cyclohexene and bicyclo- 
hexyl yields at the lowest disulfide concentration 
G(radica1s scavenged) w 4. A small fraction of 
the missing radicals may be scavenged by product 
thiol leading to regeneration of cyclohexane and 
disulfide (reactions 1 and 2). Such reactions can 
make only a minor contribution at low disulfide 
concentrations as shown by the expected thiol 
yield in Fig. 2. At higher disulfide concentrations 

VOL. 5 2 .  1974 

scavenging by product thiol does not compete 
with that by disulfide since it is measured as a 
major product. 

We considered the possibility that a contribu- 
tion to the scavenging might be made by thiol 
either present initially as impurity in the disulfide 
or during sample preparation. No 
propanethiol was observable by gas-liquid chro- 
matography in the freshly distilled disulfide. 
Pro~anethiol added at a concentration of 
moll1 to the disulfide gave a chromatbgraphic 
peak which was observable but was smaller than 
expected and was irreproducible in area. Thiol 
was not observable in a freshly prepared but 
unirradiated sample and the disulfide chroma- 
tographic peak area was the same as that of the 
stock solution which had been kept in the dark. 
We are, therefore, confident that reduction of the 
disulfide prior to irradiation did not occur and 
that the initial thiol concentration was negligibly 
small. 

If allowance is made for radical scavenging by 
product thiol then it is expected that G(-c- 
C 6 H I 1  -) - 1.8 G(-C3H7SSC3H7) at low disul- 
fide concentration. The experimental value for 
G(-C3H7SSC3H7) is about a factor of two too 
low for the number of cyclohexyl radicals 
scavenged and only about one half of the disulfide 
that disappears is accounted for as  the product 
cyclohexylpropyl sulfide. A possible explanation 
for some of the missing sulfur-containing prod- 
ucts and the low yield of the expected product 
could be that radical attack occurs on hydrogen 
as well as on sulfur in the disulfide, the resulting 
radicals either disproportionating o r  combining. 

C3H7SSC3H6 would have a secondary struc- 
ture and if k8,/k8, is taken as 1.63, the value sug- 
gested for the ratio of disproportionation to 
combination for iso-propyl radicals (lo), 477, of 
the missing cyclohexyl radicals are accounted for. 

Disulfides have seen much use as chain transfer 
agents in free radical polymerizations and al- 
though the rate constants for radical transfer are 
reasonably well known the site of radical attack 
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has seldom been determined. Pryor and Guard 
(1 1) have shown that attack by phenyl radicals is 
predominantly on sulfur for the lower alkyl 
disulfides but the attack shifts to hydrogen as the 
alkyl groups increase in size. For di-n-propyl 
disulfide 90% of the attack is on sulfur. We have 
found no information on the position of attack 
by alkyl radicals but expected that attack on sulfur 
should be favored. 

The olefinic disulfide formed in [Sa] would 
have chromatographic properties similar to the 
disulfide and might not be easily separable from 
it. We were not able to detect this possible prod- 
uct by using different chromatographic stationary 
phases with widely different polarities. The only 
clue to a so far unidentified product is an increase 
in the absorption band of the disulfide at 250 mp. 
The concentration of disulfide actually decreases 
(Table 1). After correcting for this expected 
decrease the increase in absorption corresponds 
to a product with a G value of -4, if its molar 
extinction coefficient is the same as that of the 
disulfide, which is of course highly unlikely. We 
have no evidence for the formation of polysulfides 
which are known to absorb in this region. 
Standard samples of tri- and tetrasulfides were 
observable by gas-liquid chromatography. 

With increasing disulfide concentration the 
hydrogen yield decreases but the cyclohexyl- 
propyl sulfide yield remains constant. This im- 
plies either that the yield of scavengeable cyclo- 
hexyl radicals remains constant as cationic and 
anionic reactions of the disulfide become in- 
creasingly important (as shown by the decreasing 
hydrogen yield) or that, fortuitously, the de- 
crease in yield of this product from radical 
scavenging is exactly compensated for by a yield 
from a new source. 

The well-known mobility of thiyl groups in 

disulfides and thiols is illustrated by Figs. 5 and 6. 
Such reactions have been initiated thermally (12) 
and photolytically (13) and are thought to be due 
to a chain reaction involving the thiyl radical. In 
the ethanethiol - di-n-propyl disulfide solution 
(Fig. 6) the first point for ethylpropyl sulfide at 
low dose gives a G value of 35. At the higher doses 
the system reaches an equilibrium situation when 
the thiyI groups are distributed, within experi- 
mental error, statistically between the thiols and 
disulfides. In the diethyl disulfide - di-n-propyl 
disulfide system (Fig. 5) equilibration is achieved 
even more rapidly. The initial G value for the 
mixed disulfide formation is 130 and again a 
statistical distribution of the three disulfides 
appears to be attained. 

T h e  authors thank the National Research Council of 
Canada and the Defence Research Board for  financial 
support. 
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Elimination, Oxidation, and Transposition Reactions in Conformationally Biased 
Carbohydrates: Methyl 4,6-0-Benzylidene-a-D-altropyranosides Containing 

the Phenylthio GroupL 

STEPHEN HANESSIAN A N D  A. P. A.  STAUB 
Depor!r7re11! qf C / I P I ) I ~ S ! I . ) ~ .  Ut~iversi!)~ ofMo11tren1, iMo~r!recrl, Q~iebec 

Received September 7 ,  1973 

The title compound containing a phenylthio group at C-3 and a methanesulfonate group 
at C-2 undergoes a quantitative transposition reaction in refluxing benzene to give the 
diequatorial isomer. In DMSO, a complex reaction takes place leading to elimination 
and oxidation at  C-2. Oxidation of the title compound containing a phenylthio group at 
C-2, with acetic anhydride - DMSO gives the corresponding 3-uloside. With the isomeric 
3-phenylthio derivative the en01 acetate is formed. These results are rationalized based 
on mechanistic considerations. 

Le compose ci-dessus nommC contenant les groupes phenylthio en C-3 et mCthane- 
sulfonate en C-2 subit une rCaction de transposition quantitative par chauffage au reflux 
dans le benztne pour donner l'isomtre diiquatorial. Dans le DMSO une rCaction com- 
plexe a lieu conduisant aux composCs rCsultant d'une Climination et  d'une oxydation en 
position 2. L'oxydation du composi ci-dessus nommi contenant le groupe phenylthio 
en position 2 par le couple anhydride acCtique - DMSO permet d'obtenir I'uloside-3 
correspondant. Dans le cas du dCrivC isomtre phenlythio-3, on obtient I'acCtate d'inol. 
L'Ctude du micanisme de ces riactions permet d'interpriter les rtsultats obtenus. 

Can. J. Chem., 52, 1258 (1974) 

Introduction phenyl-2-thio- and 3-S-phenyl-3-thio-a-D-altro- 

In a previous publication ( l ) ,  we described the pyranoside "lfonates. 

preparation of methyl 4,6-0-benzylidene-a-D- Results 
altropyranosides containing a phenylthio group 
at C-2 and -3, respectively, by the ring opening When a of 4,6-O-benz~lidene- 
of appropriate epoxides with sodium thiophen- 2-0-methanesulfonyl-3-S-phenyl-3-thio-a-D-al- 

oxide. The sulfonate esters of these compounds t r O ~ ~ r a n o s i d e ( l )  (l)washeated i n  benzene at  

were found to undergo a variety of preparatively fef lux Overnight, a new 

and interesting reactions (2, 3) isomeric with 1, was isolated in quantitative 
that seemed to depend on the location of the yield. Nuclear magnetic resonance data revealed 
phenylthio and sulfonyloxy groups. Our rationale that the product was methyl 4,6-0-benzylidene-3- 
for investigating the chemistry of phenylthio O-methanesulfonyl-2-S-phenyl-2-thio-a-~-g1~1~0- 
ethers of polyfunctional compounds such as pyranoside (2). This assignment was corrob- 

carbohydrates was based on the fact that the only Orated by the transformation Of into the 
proton a disposed to the sulfur atom was situated saturated derivative 8 in which the phenylthio 
on the carbohydrate moiety. A primary objective groL'P is situated at C-2 (I). The same type Of 

was the exploration of reactions that be transposition reaction was observed in the case of 
triggered by the removal of a favorably disposed the 2-benzenesu1fonate and 2-p-to1uenesu1- 

proton, the premise being that the sulfur atom in fonate derivatives (Scheme 1). Under the same 

the phenylthio would play an impor tan t  conditions, the configurationally related deriva- 

role in stabilizing (4) incipient charged species in tive l1 remained mostly unchanged.' In polar 

the transition state. Following our announced a ~ r o t i c  such as dimethyl sulfoxide 

objective, we report the details of observations in (DMSO) and N,N-dimethylformamide (DMF) a 

the case of the conformationally and configura- reverse but partia1 transposition was observed 
tionally related methyl 4,6-0-benzylidene-2-S- with 2, giving equal amounts of  

1 and 2. A notable difference in the reactions that 
'Part of a series on preparative and exploratory carbo- 

hydrate chemistry. 'Traces of  elimination products are formed (1, 2). 
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PllS I 
OMe 

I R = M s  
3 R -. S02Ph 
5 R Z L T s  
7 R - H  

PIIS I 
OMe 

O M e  
PllS 

I 2  13 

RO I UMSU, 80' 
OMe 

pyr~dine lACZ0 
phLQ,e \o - 

AcO SPh 

were conducted in DMSO, was the formation of 
a minor amount (-4%) of the 3-uloside 9. The 
mechanistic significance of these results will be 
discussed in the following section. Heating a solu- 
tion of 1 or 11 in DMSO alone (at 80') gave the 
highly insoluble 3-uloside 9 in approximately 
10-12% yield, in addition to the unsaturated 
products 8, 12, 13, and a small amount of the 
transposed product 2 (Scheme 2). The uloside 9 
was prepared independently by oxidation of 
methyl 4,6-O-benzylidene-2-S-phenyl-2-thio-a-~- 
altropyranoside 10 (11, in DMSO containing 
acetic anhydride. An excellent yield of the highly 
insoluble 9 was thus obtained. Reduction of 9 

with sodium borohydride in a mixture of meth- 
anol and DMF gave the D-all0 derivative 14, as 
indicated by n.m.r. data. Oxidation of 14 with 
DMSO - acetic anhydride gave back the uloside 
9, thus confirming the epimerization a t  C-2 in the 
original oxidized product. Treatment of the ulo- 
side 9 with acetic anhydride in pyridine gave an 
86% yield of the crystalline en01 acetate deriva- 
tive 16. 

When the 3-phenylthio derivative 7 was ox- 
idized by the same procedure as described above, 
the major product was the en01 acetate derivative 
17. A minor amount of the 2-methylthiomethyl 
ether was also formed. Oxidation of  7 to the 
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1 EY?:T*& A c 2 O l  

pyridine 

OMe 
18 

desired ketone was accomplished with the 
Pfitzner-Moffatt procedure (5) and a crude prod- 
uct corresponding to 18 was isolated in 71% 
yield. Treatment of the latter with acetic anhy- 
dride in pyridine effected a smooth transforma- 
tion into the en01 acetate 17, in 87% yield 
(Scheme 3). 

In an extension of our transposition studies, the 
tosylate and benzenesulfonates 5 and 3, respec- 
tively, were heated in anhydrous pyridine. The 
products in both cases were the crystalline methyl 
4,6-0-benzylidene- 2-deoxy-2-N-pyridinium - 3 - 
S-phenyl-3-thio-a-D-altropyranoside sulfonates 
19 and 20, respectively (Scheme 4). Formation of 
19 was also observed when the diequatorial phen- 
ylthio tosylate 6 was heated in pyridine. Treat- 
ment of 19 with aqueous sodium benzoate or with 
sodium azide in methylcellosolve, at room temper- 
ature or at 80" gave unchanged starting material. 
However, in aqueous sodium hydroxide, or in 
aqueous sodium azide at 70°, a crystalline product 
was obtained in 90% yield that was identified as 
methyl 2,3-anhydro-4,6-0-benzylidene-a-D-man- 
nopyranoside 21 (6). 

Discussion 
The transformations of the sulfonate deriva- 

tives 1, 3, and 5 into their isomeric analogs 2, 4, 

and 6 involve double transposition of phenylthio 
and sulfonate groups with concomitant configura- 
tional inversion at the respective ring carbon 
atoms. While the intervention of2,3-episulfonium 
ions is evident, the nature of the products seems 
to depend on the polarity of the solvent. In ben- 
zene, the reaction proceeds, in all probability, via 
a tight ion pair in which there is minimum separa- 
tion of charged species and the product is the 
thermodynamically more stable diequatorial iso- 
mer. In such a diaxial-diequatorial rearrange- 
ment, steric decompression between the axial C-1 
methoxyl and C-3 phenylthio group is an impor- 
tant driving force (Scheme 5). Although well 
known (7), the diaxial-diequatorial rearrange- 
ment has few precedents involving the phenylthio 
group (8,9) and none, to our knowledge, in which 
the departing anionic species is a group of low 
nucleophilicity, such as alkyl and aryl sulfonates, 
and the assisting group is phenylthio. These re- 
sults are of particular preparative significance 
since the rearrangement provides access to a 
selective and predetermined substitution pattern 
in the transposed products, which now comprise 
a vicinal diequatorial arrangement of substit- 
uents. Because of inherent structural and elec- 
tronic properties, the participating ability of the 
sulfur atom in the phenylthio group is somewhat 
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I 

OMe 

curtailed when compared to alkylthio and benzyl- 
thio analogs (10). The significance of this com- 
parison can be appreciated if it is recalled that 
mesylation or tosylation of vicinally disposed 
alkylthio and alcohol groups frequently leads to  
the corresponding chlorides, rather than the sul- 
fonates, as a result of the intervention of episul- 
fonium ions and subsequent attack by chloride 
ion (1 1). The phenylthio group offers the advan- 
tage of having a sulfur atom that is of reduced 
nucleophilicity under normel conditions, allow- 
ing such reactions as sulfonylation to take place; 
yet, its participating ability can be called into play 
in polar solvents, or in nonpolar solvents, but at 
moderately elevated temperatures. The partial 
transposition of groups from the stable diequa- 
torial, to the diaxial orientation in polar solvents 
such as DMSO and DMF denotes a certain 
separation of charges rendering the return to di- 
equatorial orientation not as favored a pathway 
as in benzene. The intervention of DMSO as a 
competing nucleophile in these reactions seems 
evident in the formation of the uloside 9 from 1, 
2, or 11. The episulfonium ion, common to all 
three, can be attacked by the solvent to give two 
possible oxydimethylsulfonium ions (Scheme 5), 
that have the necessary structural features for 
oxidation to 9 by the generally accepted ylid 
pathway (5). The absence of the uloside 18 in these 
reactions demonstrates a certain preference for 
the equatorial oxydimethylsulfonium ion inter- 
mediate (Scheme 5). In view of the favorable dis- 
positions of the phenylthio group for episul- 
fonium ion formation in 1,2 ,  and 11, a direct dis- 
placement of the 3-methanesulfonate group by 

PllS I 
OMe 

DMSO can be excluded. In support of the above 
suggested intervention by the solvent as a re- 
actant, it is of interest that no ulosides were 
formed when DMF was the solvent. The major 
product (-50%) was the diequatorial derivative 
2. 

The formation of the unsaturated compounds 
8and 12 by the treatment of appropriate sulfonate 
esters with bases or by heating in aprotic solvents 
alone, represents an interesting example of syn- 
elimination (12-14). T o  the best of our knowledge, 
there are no precedents to this type of elimination 
reaction with trans vicinally-oriented phenylthio 
and sulfonate groups. Base-catalyzed elimina- 
tions are well known in the corresponding sulfones 
in the cyclohexane series (12, 15). Although the 
precise mechanism of syn-eliminations (concerted 
or carbanionic) is not known with certainty (13) 
it would appear that the acquisition of carb- 
anionic character of the C-2 and -3 ring carbon 
atoms bearing the phenylthio group in the res- 
pective derivatives would be favored in the transi- 
tion state of these elimination reactions. Attempts 
to incorporate a deuterium atom on the ring car- 
bon atom cr to the phenylthio group in the elimina- 
tion of 11 were not successful. This is not sur- 
prising, since it is known that elimination in such 
cases can proceed at much faster rates than incor- 
poration of deuterium (15, 16). 

Alternatively, it is interesting to speculate that 
the unsaturated compounds arise, in part, from a 
common episulfonium ion intermediate such as 
l a  (Scheme 5). For example, the formation of 
8, among other products, in the DMSO-mediated 
elimination reaction of 1, necessitates a pre- 
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liminary rearrangement to 2 followed by a syn- 
elimination, or an abstraction of a proton at the 
episulfonium ion stage. The unexpected forma- 
tion of 13 from 11 during base treatment in 
DMSO, could be explained on the basis of a 
seemingly favored extrusion of the phenylthio 
group from an intermediate such as l a  or a con- 
certed-type elimination of the mesyloxy and 
phenylthio groups. The latter possibility is 
reminiscent of the formation of olefins in the base- 
catalyzed eliminations of aliphatic phenylthio 
ethers (17a), and in the formation of unsaturated 
compounds from episulfonium ions (1 76). 

Irrespective of the actual mechanistic pathway 
(s), it appears that the underlying reasons for the 
different behavior of 1 relative to the configura- 
tionally related 11 in these and other reactions 
(I), are steric in nature. A projection along the 
C2-C, bond in both derivatives reveals a severe 
interaction between the diaxial substituents at 
C-1 and -3 in 1, which is presumably relieved in 
the transposed product 2 or the unsaturated 
products 12 and 13. The same factors can be 
operative in the caseof 11 insofar as some elimina- 
tion reactions are concerned, steric relief being 
derived from loss of the axial mesyloxy group. 
The formation of unsaturated derivatives may 
also depend on the relative acidities of the protons 
situated on C-2 and -3 in 11 and 1, respectively, in 
the presence of bases. 

The regiospecific formation of the2-pyridinium 
salts 19 and 20 follows other well-established 
patterns of ring-opening reactions in the anal- 
ogous episulfonium ions (10). It was hoped that 
these salts would lend themselves to nucleophilic 
displacement reactions via 2,3-episulfonium ions, 
much the same way as they were formed, in the 
presence of pyridine as a nucleophile. The in- 
solubility of these salts, even in aprotic solvents, 
precluded such a study.The unexpected formation 
of the epoxide 21 in the presence of aqueous 
sodium azide or aqueous base is reminiscent of 
the formation of 21 in the attempted methylation 
of 7 with methyl iodide and silver oxide (1). Al- 
though the two reactions are unrelated insofar as 
the reagents are concerned, it appears that the 
phenylthio group is somehow activated and is 
lost by intramolecular attack by an hydroxyl 
group at C-2. It is of interest that the displacement 
of an equatorially disposed pyridinium group in a 
compound related to 19, but containing an oxi- 
mino group at C-3 instead of the phenylthio 
group, could be effected with sodium benzoate in 
DMF at room temperature (18): 

The transformations of 10 and 11 into 9 with 
DMSO-Ac20 and DMSO, respectively, are ac- 
companied by an epimerization at C-2. The same 
process takes place during the oxidation of 7 
into 18 with DMSO-DCC. The corresponding 
enolic forms are therefore protonated from the 
least hindered P-side, so as-to give the thermo- 
dynamically more stable equatorial epimers. 

Epimerization has also been observed in the 
oxidation of other carbohydrate derivatives con- 
taining an axially-oriented azide or  amide func- 
tion, vicinal to an alcohol group (21, 22). The 
formation of an en01 acetate in the oxidation of 
7,  but not of 10, with DMSO-Ac20 can be 
rationalized on the basis of a more favorable 
stereoelectronic protonation (19, 20) of the en01 
A compared to that of en01 B, in which the ap- 
proach of the proton from the "a"- side is 
hindered (Scheme 6). The latter is consequently 
trapped as the en01 acetate 17. In the presence of 
acetic anhydride and pyridine, the enols derived 
from 9 and 18, respectively, are much more sus- 
ceptible to acetylation compared to the same 
process in DMSO as solvent, where the effective 
concentration of hydrogen ions is greater. 

Experimental 
General 

Melting points are  uncorrected. Nuclear magnetic 
resonance spectra were recorded for solutions in chloro- 
form-d (unless otherwise stated) at 60 o r  100 MHz, with 
tetramethylsilane as the internal standard. Infrared 
spectra were recorded with a Becknian IR-8 spectrometer. 
Optical rotation were measured with a Perkin-Elmer 
Model 141 automatic polarimeter. Thin-layer chroma- 
tography (t.1.c.) was performed with plates coated with 
silica gel GF,,, and the spots were detected with a sul- 
furic acid spray and with the acidic ammonium molybdate 
spray (23). Conventional processing or processing in the 
usual manner signifies drying organic solutions with an- 
hydrous sodium sulfate, filtration and evaporation of the 
filtrate under diminished pressure. 

Merhyl4,6-O-Bet~zylirlene-3-O-me/l~yIs~1Ifo~2-S- 
pl1etlyl-2-lhio-a-~-g/ucopyra,~oside (2) 

A solution of 1, m.p. 101-102° (1.137 g, 2.5mmol), in 
25 ml of dry benzene was heated under reflux for 18 h. 
Removal of the solvent afforded 1.10 g (99%) of the title 
compound, which could be distinguished from 1 by t.1.c. 
(CHC1,-2,2,4-trimethylpentane-MeOH, 10:5:0.6). Re- 
crystallization from absolute ethanol gave an analytical 
sample, m.p. 142-143"; [g]Dz5 -66.4' (c, 1.78 CHCI3); 
n.m.1.: 5.51 (s, CHPh),  5.07 (dd, J3,, = 10.6 Hz; J3+ = 
9.4 HZ, H-3), 4.91 (d, J1 ,, = 3.1 HZ, H-1), 5.41 (s, OCH3), 
5.28 (q, J,,, = 10.6 H z ;  Jz,l = 3.1 Hz, H-2), 2.89 p.p.m. 
(s, 0 S 0 2 C H 3 )  etc. 

Anal. Calcd. for C,IH,40,S2: C, 55.73; H ,  5.34; S, 
14.17. Found: C, 55.40; H, 5.62; S, 13.87. 

Treatment of 2 with I ,5-diazabicyclo[5.3.O]nonene (24) 
in DMSO at 80" gave the known crystalline 8 (m.p. and 
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mixture m.p.) (I). When a solution of 2 (0.1 g, 0.21 mmol) 
was heated in 3 ml of DMSO at 80' during 24 h, a I: 1 
mixture of 1 and 2 resulted. Separation by preparative 
t.1.c. gave 40 mg of 1 (m.p. and mixture m.p.). A small 
amount (4.1%) of the uloside 9, as well as traces of the 
unsaturated derivatives 8, 12, and 13 were also formed. 
When the reaction was done in DMF, a 1: I mixture of 1 
and 2 (80%) was formed, as well as traces of 8,12, and 13, 
which were isolated and characterized. When 1 was 
heated in D M F  (75"; 12 h), the major product was 2 
(-50%). 

Methyl 2-O-Bet~ze t~esu/ fo t~~~1-4 ,6-O-het i zy l i r /  
pllet1y/-3-t/rio-a-~-fl/tropy,.ntloside (3) 

To a solution of 7 (3.74 g, 10 mmol) in 15 ml of pyri- 
dine were added 3.6 ml (5.3 g, 30 mmol) of benzenesul- 
fonyl chloride with cooling and stirring. After stirring at 
room temperature overnight, the solution was poured 
into ice water, the precipitate was filtered, washed and 
dried to give the title compound (4.2 g, 81%). Thin-layer 
chromatography (CHCI,-2,2,4-trimethylpentane-MeOH, 
10:5: 1) indicated a slight contamination with the trans- 
posed product 4. Recrystallization in ether-dichloro- 
methane gave 3.9 g (75% of pure product, m.p. 114-1 15" 
(dec.); [aIDz5 + 10.50 (c, 2.0 1 CHCI,). 

Anal. Calcd. for C20H2607Sz: S, 12.46. Found: 12.46. 

Metl~gl3-O-Bettzet1esulfon)'/-4,6-O-bet1zylidet~e-2-S- 
p/tetl~~/-2-t~1io-a-~-g/llcop~~rntioside ( 4 )  

A solution containing 0.3 g (0.583 mmol) of 3, m.p. 
114-115", in 5 ml of benzene was refluxed for 2 days. 
Evaporation of the solvent gave 0.298 g (99%) of the 
transposed product 4, which was recrystallized from hot 
methanol, m.p. 120-121" (dec.); [aIDz5 - 77.33" (c, 1.31 
CHCI,). 

Anal. Calcd. for C26H2607S2: C, 60.68; H, 5.09; S, 
12.46. Found: C, 60.44; H, 5.13; S, 12.61. 

Met l1y l4 ,6 -0 -Benzy l ide~1e -2 -S -p l~e t~y l -2 - th io -~o-  
l1exopyrnnoside-3-~ilose (9)  

T o  a solution of 10 (1.55 g, 3.09 mn~ol)  (1) in 4 ml of 
DMSO was slowly added 3 ml of acetic anhydride. After 
stirring at room temperature for 12 h, the thick slurry was 

poured into ice water (30 ml) and the pale-yellow solid 
was filtered, washed well with water, then with warm 
hexane. The highly insoluble colorless p r o d ~ ~ c t  (9) (1.06 g, 
92%) was cnalytically pure, m.p. 204-205' (dec.); 
h,,,,K1" 1735 cm-' (C=O). 

Anal. Calcd. for CZ0HZOOSS: C, 64.50; H, 5.41; S, 
8.61. Found: C, 64.30; H,  5.38; S, 8.60. 

Metltyl 3-Acelo,vy-4,6-0-bet1z~~lidet~e-2-S-p/1ett~~l-2-t/~io- 
a-~-eryt/lro-~le.v-2-ellopyrn11osi~/e (16) 

Acetic anhydride (1.8 nll) was added to a cold suspen- 
sion of 9 (0.575 g, 1.54 mmol) in 6 ml of pyridine. The 
suspension became homogeneous after 6 h and after 
stirring for a total of 24 h, the solution was poured into 
ice water, the crystalline product was filtered and washed 
with water to give the title compound (0.55 g ,  86%). Re- 
crystallization from hot ethanol gavean analytical sample, 
m.p. 113-1 14"; [aIDz5 - 89.3" (c, 2.30 chloroform); 
h,,,,K"' 1760 cm-'  (enol acetate); n.m.1.: 5.55 (s, CHPh), 
4.74 (s, H-I), 3.50 (s, OCH,), 2.1 1 p.p.ni. (s, OCOCHJ), 
etc. 

Anal. Calcd. for CZ2H2,OGS: C, 63.75; H, 5.35; S, 
7.73. Found: C, 63.59; H ,  5.18; S, 7.73. 

Metliyl 4,6-O-Betrzylidetie-2-S-p/letr~~/-2-t/1io-a-~- 
nllopyrnttoside (14) 

A sus~ension of 9 (2.232 g. 6 mmol) in 300 ml of 
methanoi and 5 nil of D M F  was  treated with sodium 
borohydride (3 g) over a period of 15 niin. After stirring 
for 1.5 h, the solution was evaporated to dryness, the 
solid residue was partitioned between 200 ml of chloro- 
form and 200 ml of water, and the organic phase was 
processed in the usual manner to give the title compound 
as colorless crystals (2.01 g ,  92%). Recrystallization from 
hot ethanol gave an analytical sample, m.p. 167-169"; 
[aIDz5 - 47.9" (c, 2.17 chloroform); hmaXKBr 3480 c n r  
(hydroxyl); n.m.r.: 5.51 (s, CHPh), 4.85 (d, J,.z = 3.75 
Hz, H-I), 3.50 p.p.m. (s, OCH,), etc. 

Anal. Calcd. for C20H2205S:  C, 64.15; H, 5.92; S, 
8.56. Found: C, 64.17; H,  5.74; S, 8.44. 

Oxidation of 14 with acetic anhydride in DMSO gave 
the ulose derivative 9, in 57% yield (m.p., mixture m.p., 
i.r.1. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1264 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

Methyl 4,6-0-Benzylide11e-3-O-r,ier/iyls~rlfo11y1-2-S- 
phenyl-2-thio-a-D-allopyranoside (15)  

To a stirred solution containing 14 (0.1 17 g, 0.31 mmol) 
in 2 ml of anhydrous pyridine, was slowly added 0.08 ml 
(1 mmol) of methanesulfonyl chloride with cooling. After 
standing 36 h at  5', the solution was poured into ice water 
and the resulting crystalline product was recovered by 
filtration. The solid was washed with aqueous sodium bi- 
carbonate, then with water and dried to give the title 
compound (0.1 15 g, 827,), m.p. 76-78". Recrystallization 
from ethanol gave material having, m.p. 77-78"; 
-79.1" (c, 0.32 chloroform); n.m.r.: 5.52 (s, CHPh),  5.19 
(t, J 3 . 2  = J3,4 = ~ H z ;  H-3), 4.91 (d, J l , 2  = 3.75Hz, 
H-I), 3.42 (s, OCH,), 3.35 (dd, Jz. ,  = 3.75 HZ, J 2 . 3  = 
3 Hz, H-2), 3.03 p.p.m. (s, 0S02CH3) ,  etc. 

Anal. Calcd. for C2,H2,07S2: C, 55.73; H, 5.34; S, 
14.17. Found: C, 55.74; H, 5.30; S, 14.27. 

Treatment of 15 with 1,5-diazabicyclo[5.3.0]nonene 
(DBN) in DMSO gave the known ( I )  crystalline 8 (m.p. 
and mixture m.p.). 

Methyl 4 ,6 -0 -Benzy / i dene -3 -S -pher1y / -3 -k -~ -  
arakirzopyrat~oside-2-rrlose (18)  

A solution of 7 (0.374 g, 1 mmol) (1) in a mixture of 
DMSO (1.5 ml) and anhydrous benzene (1.5 ml) was 
treated sequentially with 0.08 ml (1 mmol) of trifluoro- 
acetic acid and 0.62 g (3 mmol) of N,N-dicyclohexyl- 
carbodiimide. After stirring at room temperature for 
24 h, the solution was diluted with ether (25 mi), washed 
with aqueous sodium bicarbonate and the organic phase 
was processed as usual to give a syrup that crystallized 
after trituration with cold ether; yield (0.268 g, 71%) of 
crude 18, homogeneous on t.1.c. (chloroform-2,2,4-tri- 
methylpentane-methanol, 30: 15:O: 3). 

Methyl 2 - A c e t o x y - 4 , 6 - 0 - b e t ~ z y l i d e 1 l e - 3 - S - p ~ -  
a-~-er)~thro-hex-2-e110p)~ranoside (17)  

A. From (7). 
A solution containing 0.5 g (1.33 mmol) of 7 in 3 ml of 

DMSO was treated with 2 ml of acetic anhydride. After 
stirring at room temperature for 24 h, the solution was 
poured into ice water, and processing was continued by 
extraction with ether. Evaporation of the organic phase 
gave the title compound (0.410g) contaminated with a 
small amount of the 2-methylthiomethyl ether derivative 
of 7. The crystalline mixture was separated by preparative 
t.1.c. (benzene - ethyl acetate, 15: 1) to give the pure prod- 
uct 17, m.p. 121.5-122.5"; f45.3" (c, 2.35 chloro- 
form); h.,,,""' 1755 cm- '  (enol acetate); n.m.r.: 5.52 (s, 
H-I), 5.38 (s, CHPh), 3.38 (s, OCH,), 2.05p.p.m. 
(s, OCOCH,), etc. 

Anal. Calcd. for C2zH220,S: C, 63.75; H, 5.35; S, 
7.73. Found: C, 63.48; H, 5.68; S, 7.69. 

B. From (18). 
Treatment of a solution of 18 (0.134 g, 0.34 mmol) in 

pyridine with acetic anhydride and processing as for 
compound 16 gave 0.1 12 (877,) of crystalline 17 (m.p. 
and mixture m.p.). 

Methyl 4,6-O-Ber~z)~lirlene-2-deoxy-3-S-phen~~M-N- 
pyridit~i~rrn-3-thio-a-~-aItropyra11oside 
p-Toluenes~rlfot~ate (19 )  

A solution of methyl 4,6-0-benzylidene-3-S-phenyl-3- 
thio-2-0-p-toluenesulfonyl-a-D-altropyranode 5 (0.2 g, 
0.38 nimol) (25) in 5 ml of anhydrous pyridine was heated 

with stirring at  80-90" for 24 h, whereupon a crystalline 
product had separated out of solution. Filtration and re- 
crystallization from boiling methanol gave the title com- 
pound in the form of needles (0.15 g), m.p. 225" (dec.); 
[a]D2' -23.77" (c, 0.53 MeOH). 

Anal. Calcd. for C32H3307S2N: C, 63.24; H, 5.47; S, 
10.55; N, 2.30. Found: C, 63.49; H, 5.36; S, 10.88; 
N, 2.13. 

Similar treatment of the 3-toluenesulfonate 6 and the 
2-benzenesulfonate 4 gave the respective 2-pyridinium 
salts 19 (927,) and 20 (87)7,), m.p. 240" (dec.); 
-24.24 (c, 0.66 MeOH). 

Anal. Calcd. for C31H3107S2N: C, 62.82; H, 5.10; S, 
10.82; H, 2.36. Found: 62.49; H, 5.36; S, 10.88; N, 
2.13. 

Treatment of Metllyl 4,6-0-Benzyliderle-2-deoxy-3-S- 
phenyl-2-N-pyridi11ium-3-thio-a-~-al~ 
p-Tolrrenesulfonate 19 with Aqueous Sodirrni Azide 

A solution containing the title compound (60 mg, 
0.1 mmol) and sodium azide (33 mg, 0.5 mmol) in 2 ml of 
water was heated at 70" overnight. The crystalline preci- 
pitate that resulted was filtered, washed with water, and 
dried to give 25 mg (907,) of methyl 2,3-anhydro-4,6-0- 
benzylidene-a-D-mannopyranoside (21) m.p. and mixture 
m.p. 144". The product was identical (i.r., n.m.r., t.1.c.) 
to  an authentic sample. 

The same results were obtained in 0.1 N sodium hy- 
droxide (25"; 12 h). 

Treatment of 19 with aqueous sodium benzoate, 
sodium azide in methanol or in methylcellosolve (80") 
gave unchanged starting material. 

Treatt~ient of Methyl 4,6-O-Benzylider1e-2-O-nietI1a11e- 
s u l f o r l y / - 3 - S - p h e 1 i y / - 3 - r / l i o - a - ~ - a / ~  I  arld 
the Isonreric I1 with Din~etllyl Slrlfoxide 

A solution of 1 (0.18 g, 0.4 mmol) in 5 ml of DMSO 
was heated at 80' until the disappearance (t.1.c.) of starting 
material (ca. 3.5 h). The  solution was poured into 30 ml 
of ice water and the solution was extracted with chloro- 
form and processed in the usual manner t o  give a syrup. 
Trituration with 957, ethanol gave crystalline 9 (10 mg, 
107,); m.p. and mixture m.p. 203-204". The mother 
liquors consisted of a conlplex mixture o f  products con- 
taining four major products, (t.l.c.), 8, 2, 12, 13. 

Treatment of the isomeric 11 under the same conditions 
gave the uloside 9 in 127, yield. The mother liquors con- 
sisted of the same mixture of products as  above. 
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Carbanions in Carbohydrate Chemistry: Synthesis of C-Glycosyl Malonatesl 

STEPHEN HANESSIAN A N D  ANDRE G. PERNET' 
Dc,ptrr.!t?letz! of Cl~etnistty. Urri~,eisi!y of Mor~!ieol, Mor~!rerrl, Qitebec 

Received September 7, 1973 

The condensation of 2,3,4,6-tetra-0-acetyl-a-D-glucopyranosyl bromide with sodio diethyl 
malonate led to crystalline diethyl 2-(2,3,4,6-tetra-0-acetyl-(3-o-glucopyranosyl) malonate. The 
corresponding dibenzyl ester proved to be a versatile intermediate for the preparation of 
crystalline e-D-glucopyranosyl malonic acid and P-D-glucopyranosyl acetic acid derivatives. 
The anomeric configuration in these C-glycosides was determined by a chemical correlation. 
With 2,3,4,6-tetra-0-acetyl-0-D-glucopyranosyl chloride and sodio diethyl malonate, the major 
product was a 1,2-0-ketal derivative resulting from an attack of the carbanion on the 1,2- 
acetoxonium ion. The condensation of 2,3,4,6-tetra-0-benzyl-a-o-glucopyranosyl bromide 
with sodio diethyl malonate was conducted with, and without added bromide ion and the 
mechanistic implications of the results are discpssed. C-Glycosides were also prepared in the 
D-mannofuranose series and their transformation into the D-lyxofuranose series (anomeric 
mixture) is described. The utility of n.m.r. shift reagents, and a n  apparent differential 
complexation by Eu(DPM), and Eu(FOD),-d,, is demonstrated. 

La condensation du bromure de 2,3,4,6-tetra-0-acetyl-a-D-glucopyrannosyle avec lemalonate 
de diethyle sodt a conduit au diethyl 2-(2,3,4,6-tetra-0-acetyl-m-glucopyrannosyle) malonate 
cristallin. L'ester dibenzylique correspondant s'est revele un intermediaire general pour la 
preparation des derives des acides P-D-glucopyrannosyle malonique et 0-D-glucopyrannosyle 
acetique cristallins. La configuration anomerique de ces C-glycosides fut determinee par 
correlation chimiqile. Avec le chlorure de 2,3,4,6-tetra-0-ac~ty~-~-~-g~ucopyrannosye et le 
malonate de diethyle sode le produit prkpondtrant fut le derive 0-acetal-1,2 resultant de 
I'attaque du carbanion sur I'ion acetoxonium-1,2. La condensation du  bromure de 2,3,4,6- 
tetra-0-benzy le-a-D-glucopyrannosyle avec le malonate de ditthyle sod6 fut effectute B l a  fois 
en presence et en I'absence d'ion bromure externe et les applications mecanistiques sont 
discutees. Les C-glycosides furent Cgalement prepares dans la serie D-mannofurannose e t  leur 
transformation en D-lyxofurannose (melange anomerique) est decrite. On demontre I'utilite 
des reactifs qui indilisent des deplacements en 1.m.n. ainsi que la complexation differentielle 
apparente par Eu(DPM), et Eu(FOD),-d2,. 

Can. J .  Chem., 52, 1266 (1974) 

As part of a program on the exploration of 
newer synthetic methods, we have been interested 
in functionalized C-glycosyl compounds ( I )  as 
intermediates in the synthesis of naturally- 
occurring C-nucleosides and their analogs (2). 
The few known members of this class of com- 
pounds possess diverse biological properties that 
are, in several instances, of medicinal signi- 
ficance. 

The well-known C-alkyl and -aryl glycosyl 
compounds (3) are of limited synthetic utility, 
since these groups do not lend themselves to 
facile transformations into other more versatile 
functional groups such as ketonic, aldehydic, and 

'Part of a series on "Preparative and exploratory 
carbohydrate chemistry." Taken from the Ph.D. thesis 
of A.G.P., 1973. 

'NRCC and France-Quebec fellow. 

carboxylic groups.3 Such functionalized C- 
glycosyl compounds would be ideal precursors to 
C-nucleosides and related compounds (4). In a 
previous short communication ( I ) ,  we had 
reported on a general method for the synthesis of 
functionalized C-glycosyl compounds by the 
condensation of sodio malonates with glycosyl 
halide derivatives. In this paper, we disclose 
details of this and subsequent work in the D- 

glucose and D-mannose series, and we discuss 
the relevant synthetic and mechanistic aspects of 
the reaction. The feasibility of such condensa- 
tions with the relatively unstable acylglycosyI 
halides was initially explored with appropriately 
substituted D-glucopyranosyl halides. Inasmuch 
as the ultimately desired products were P-C- 

3See, however, ref. 4. 
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glycosyl compounds, the selection of D-gluco- 
pyranosyl halides with participating acyloxy 
groups a t  C-2 would permit the study of the 
stereochemistry of the reaction at  the anomeric 
center (5). It was of interest to see whether the 
participating ability of the 2-acetoxy groups in 
u-acetobromoglucose 1 -would lead to the same 
stereochemical result in C-glycosidation, as with 
related 0- and N-glycosidations. 

T o  the best of our knowledge, there are very 
few precedents for the reaction of cyclic u- 
haloethers with car bani on^.^ Thus, the reaction 
of 2-chlorotetrahydropyran with sodio diethyl 
malonate gave the 2-diethyl malonate derivative 
that could be further transformed into the 
corresponding acetic acid derivative by decar- 
boxylation (6). In another report (7), u-aceto- 
bromoglucose was heated with sodio u-form- 
amido diethyl malonate in ethanol and a product 
was isolated to which the structure of 2-(P-D- 
glucopyranosyl) glycine was assigned. In our 
hands, this reaction led to a complex mixture of 
products and subsequent condensations with 
acylglycosyl halides were done, with few 
exceptions, in non-hydroxylic solvents. N o  re- 
action was observed between u-acetobromo- 
glucose and sodio diethyl malonate in benzene at  
room temDerature. In tetrahvdrofuran or di- 
methoxyethane, starting halide was recovered in 
high yield (- 80%) but small amounts of 2,3,4,6- 
tetra-0-acetyl-D-glucal, formed by a base- 
catalyzed dehydrobromination, and the expected 
C-glycosyl malonate were formed. Another by- 
product, presumably formed by a transesterifica- 
tion reaction with the reagent, was also formed in 
some cases. This syrupy product had a higher 
content of diethyl malonyl residues with respect 
to acetate groups and was not further invksti- 
gated. The distribution and nature of products in 
the condensation reaction (Scheme I )  were quite 
sensitive to the nature of the solvent and ti the 
ratio of carbanion to halide. Optimum condi- 
tions were attained in 1,2-dimethoxyethane as 
solvent, in which the carbanion is soluble and 
not highly aggregated as it is in benzene (8). The 
maximal yield of crystalline product, designated 
as diethyl 2-(2,3,4,6-tetra-0-acetyl-P-D-gluco- 
pyranosyl) malonate (2), was 20%. Although 

"While this manuscript was in preparation, the syn- 
thesis of a C-glycosyl malonate based on our initial 
approach ( I )  was reported, see ref. 32. 

this product c o ~ ~ l d  be crystallized directly from 
processed reaction mixtures after seeding, alter- 
nate methods of its isolation were also investi- 
gated. Since the product 2 was contaminated 
with the halide 1 (- 20%) and the transesterifica- 
tion product and because of the similarities in 
chromatographic mobilities, the methods of 
separation were primarily concerned with selec- 
tive transformations of 1 into products that had 
different polarities compared to 2. Thus  in one 
method, the remaining halide 1 in the mixture 
was converted into tetra-0-acetyl-D-glucopyra- 
nose and the resulting mixture was purified by 
chromatography. In another method, the halide 1 
was transformed into 2,3,4,6-tetra-0-acetyl-D- 
glucal and the jatter was removed from the 
mixture by ozonolysis. The desired C-glycoside 2 
was obtained in approximately 207, yield by both 
methods. 

Attempts to  deacetylate the product 2 or to 
selectively hydrolyze the malonic ester groups, 
under mildly basic o r  acidic conditions, led to 
mixtures. These difficulties were attributed, in 
part, to the presence of the acidic malonic ester 
proton, which once removed in the basic 
medium, would afford a carbanionic species that 
would in turn undergo further reactions. This 
conclusion was supported by the observation 
that analogous compounds in another series (9), 
in which the malonate proton was absent, under- 
went smooth deacylation. Since our a im was to 
introduce functionalized substituents at  the 
anomeric center capable of undergoing a variety 
of transformations that  would eventually lead to 
C-nucleosides, we turned our attention to the 
dibenzyl ester analog of 2 as a more versatile 
source of C-glycosyl compounds. Condensation 
of 1 with sodio dibenzyl malonate in 1,2- 
dimethoxyethane gave a good yield of the C- 
glycosyl malonate 3 (Scheme 1). Some starting 
halide (-20%) was present in the crude product 
but no other-side-product was detected. Hydro- 
genation of the mixture over 207, palladium-on- 
charcoal gave crystalline 2-(2,3,4,6-tetra-0- 
acetyl-P-D-glucopyranosyl) malonic acid 4 in 51% 
overall yield (based on  the halide 1). The struc- 
tural and anomeric configurational relationships 
between 2 and 3 were ascertained by esterifica- 
tion of the diacid 4 with triethyloxonium fluoro- 
borate (10) and isolation of crystalline 2. The 
diacid derivative 4 could also be decarboxylated 
quantitatively in refluxing acetic acid and the 
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CH2(COOEt)2 

NaH CH(COOEt)2 

CH2(COOCH2Pll)2 1 NaH 

+ - 
Br 

COOH AcO 

NaOAc A c ~ c ~  
A 

DMF 
OAc 

SOC12, Br2 A C : ~ W  

MeOH ' 
Ac 0 COOMe 

8 

SCHEME I 

resulting monoacid 5 was isolated i n  crystalline 
form. 

Although the preparative merit of the above 
reactions was demonstrated, there remained to 
assign the anomeric configuration to the C- 
glycosyl compounds 2 and 3. Spectroscopic and 
polarimetric data, which can be reliably used for 
such assignments in 0- and N-glucosyl deriva- 
tives, were not too informative in the case of 2 
or 3. Thus, even at 220 MHz the region of the 
anomeric and C-2 protons remained obscured by 
the H-6,6' and the methylene protons of the 
malonic ester portion. In the presence of 
Eu(DPM), and Eu(FOD),-rl,,, however, charac- 
teristic paramagnetic shifts of some of the 
hydrogen atoms were observed, thus simplifying 

the otherwise complex spectrum of 2 (Fig. 1).  At 
a finite concentration of shift reagent, attained by 
incremental additions, the patterns of H,,,, H-I, 
and H-6,6' were all resolved and allowed a first- 
order analysis. The H-6,6' signals underwent a 
large downfield shift, relative to other signals. 
This behavior was in agreement with similar 
observations in the spectra of peracetylated 
carbohydrates in the presence of Eu(DPM), (1 1). 
Although the H-1 and H, signals could be 
adequately analyzed, a definitive anomeric 
assignment could not be made because the H-2 
signal was still unresolved. The relatively large 
H-1 ,H-2 coupling constant could not be taken as 
an unambiguous indication of a 1,2-trans 
arrangement of protons, because of the lack of 
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HANESSIAN AND PERNET:  C-GLYCOSYL MALONATES 

C H 2  

FIG. I .  Nuclear magnetic resonance spectrum of diethyl 2-(2,3,4,6-tetra-0-acetyl-13-D-glucopyranosy) rnalonate 2 
(lower spectrum) and in the presence of EU(DPM)~ ,  in CDCI, at 60 MHz (upper spectrum). H, refers to the rnalonic 
ester proton. 

adequate models in the series. In the presence of 
Eu(FOD),-d2,, a different pattern of para- 
magnetic shifts was observed (Fig. 2). Incre- 
mental addition of the reagent caused a rapid 
shift of the H.-2 triplet, from which a coupling 
constant could be calculated and correlated with 
that found in the H-1 pattern. 

The two shift reagents were apparently inter- 
acting at different sites of the polyfunctional 
substrate 2. From the above data, a P-configura- 
tion could be assigned to 2 with reasonable 
assurance. Chemical proof for the anomeric 
assignment was nevertheless obtained by a 
correlation with the reference compound 7 (12). 
Application of the modified Hundsdiecker re- 
action (13) to the acid 5 gave the crystalline 
bromide 6 in 87% yield. The latter was solvolyzed 
in the presence of anhydrous sodium acetate in 
N,N-dimethylformamide to give the known 

crystalline 1,3,4,5,7-penta-0-acetyl-2,6-anhydro- 
~-glucitol 7, thus conclusively establishing the 
structure, as well as the p-anomeric configura- 
tion of 2 (and 3). 

The mass spectrum of 2 was in accord with its 
structure, and revealed a fragmentation pattern 
that was characteristic of its structure. Whereas a 
common fragmentation pathway of hexopyra- 
nose peracetates (14) involves cleavage of the 
glycosyloxy bond and the formation of  a cyclic 
glycosyl oxonium ion at mle 331, the corre- 
sponding C-glycosyl malonates do not give such 
an ion but fragment to give an ion that retains a 
portion of the C-1 substituent. Some of these 
fragments are shown in Scheme 2. 

Having access to the anomerically substituted 
malonic and acetic acid derivatives (Scheme l) ,  
experiments were attempted in order to introduce 
a versatile functional group such as a halogen 
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FIG. 2. Partial n.m.r. spectra of diethyl 2-(2,3,4,6-tetra-0-acetyl-@-glucopyranosyl) malonate 2 (upper spectrum) 
and in the presence of incremental amounts of Eu(FOD),-[I,, (lower spectra), in CDCI, at 60 MHz. H,,, refers to the 
malonic ester proton. 

atom in the Zposition of the anomeric substi- 
tuent. Treatment of the acid 5 with bromine in 
carbon tetrachloride ( 1  5), or with sulfuryl 
chloride and thionyl chloride (16), o r  with N- 
bromosuccinimide ( 1  7) were unsuccessful. How- 
ever, when the malonic acid derivative 4 was 
treated with bromine in thionyl chloride ( I  8) and 
the product was then treated with methanol, a 
57% yield of the crystalline cc-bromoester 8 was 
obtained. The above discussed reactions dernon- 
strate not only the feasibility of C-C condensa- 
tion reactions at the anomeric center but also 

illustrate the possibility of effecting various 
selective transformations in the C-aglycon por- 
tion. The functionalized anomeric substituents in 
these and related C-glycosyl conlpounds could 
then be used in the elaboration of various 
P-oriented heterocyclic systems, including those 
found in the medicinally important C-nucleo- 
sides. 

The formation of  P-C-glucosyl compounds can 
be explained by considering the following possi- 
bilities (Scheme 3):  (a) a direct S,2-type reaction 
on the anomeric carbon atom of the halide 1 or 
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HANESSIAN AND PERNET' C-GLYCOSYL MALONATES 1271 

(Scheme 4). The intervention of a 1,2-acetoxo- 
nium ion intermediate was therefore evident. In 
view of the absence of any ketal product in the 

I 

I 
reaction of 1 and the carbanion In 1,2-di- 
methoxyethane, it can be concluded that  acetoxo- 

OAc OAC nium ions are not ~nvolved in the formation of 
1 M m/e 490  nl/e 331  

-0Et '  
I \ AcO 

the P-C-glucosyl compounds 2 and 3. Most 

I likely then, the mechanism involves attack on an 
-OAC' ion-pair specles ~n which the bromide has an 

-oE~'  a-orientation as in A. T o  test this hypothesis and 

t~l/C' 40' 
to f ~ ~ r t h e r  study the role of the solvent, the 

ACO condensation of 1 and sodio diethyl malonate was 

0 Ac 
carried out in N,N-dimethylformamide, which 
would promote a better charge separation of 

rrl/e + 43  paired ionic species and would allow a more 

/co 
effective participation of  the C-2 acetoxy group. 
The product in this case consisted of a mixture of 
the C-glycoside 2 (-20%), the ketal 10 (-30"ii,)), 
and 2,3,4,6-tetra-O-acetyl-~-glucal( > 50%). These 
results imply the initial formation, in part, of an 
acetoxonium ion and the products 2 and 10 
could arise by way of a mixed pathway. A direct 

OAC attack of the carbanion on the anomeric carbon 
r~i le 4 17 atom of the acetoxonium ion C in this solvent 

SCHEME 2 cannot be excluded. 
The structure of 10 was proved b y  spectro- 

on an  on-pair in which the bromide ion has a scopic and chemical means. ~ ~ ~ ~ ~ l ~ ~ i ~  gave 
I s~ecl f ic  a-0rientati0n (A); ( b )  formation of  a n  a-~-glucose  pentaacetate 14 (Scheme 4), as would 

oxonium ion with possible stabilization by be expected of a 1,2-ketal but not a C-glycoside.8 
electronegative atoms in the solvent,' followed ~~~~~l was isolated and identified In  
by P attack by the carbanion6 (B) ; (c) fornlation this reaction. Conclusive proof of the  ],2-ketal 
of a 1,2-acetoxonium ion from the oxonium ion structure was obtained by sequential methyla- 

l 
and subsequent attack of the carbanion On  the tion, hydrolysis (19), and oxidation t o  a lactone 
anomeric carbon a tom;  (d) irreversible epi- with bromine, The phenylhydrazide 
merization of an  initially-formed a-C-glucosyl derivative 13, obtained from the lactone, was 
compound.' In order to gain further insight into identical with an authentic sample of 3,4,6-tri-0- 
some of these mechanistic possibilities, a model m e t ~ y ~ - D - g ~ u c o n ~ c  acid phenylhydrazide (20). 
reaction was chosen, that would in all proba- A of the reaction of sodio diethy] 
bility, proceed by way of 1,2-acetoxonium ions rnalonate with glycosyl halides containing non- 
(5). When P-acetochloroglucose was allowed to participating substituents was next undertaken, 
react with sodiO diethyl i n  primarily for mechanistic reasons. Condensation 
dimethoxethane or N,N-dimeth~lformamide, the 2,3,4,6 - tetra- 0 - benzyl - a  - D - glucopyranosyl 
sole product of the reaction was the ketal 10 bromide 15 (21) with sodio diethy] i n  

diethyl malonate afforded the anomeric C- 
5For a discussion of the formation of discrete oxonium glucosyl 16 in high yield (scheme 5). 

intermediates with ether-type solvents in displacement 
reactions, see refs. 33 and 34; see also ref. 35. After hydrogenation and acetylation, a mixture 

I 6Anomerization, by return of bromide ion is con- was obtained that was  richer in the p-anomer 
1 sidered somewhat unlikely because of the format~on of  (approximately 3: 1 P t o  a ratio). TWO pathways 
I the relatively insoluble sodium bromide during the could be envisaged to account for this result. A 

reaction. The effective concentration of bromide ions in 
I solution would be negligible. partial anomerization of the bromide 15 via ion- 

'Epimerization of this type has been experimentally 
I 

1 observed in the D-ribofuranose serles, see ref. 9 and 8Acetolysis of 2 under the same conditions gave un- 

I references cited therein. changed product. 
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@/ ......... 0, 
CCT 

AcO . 
fir-" "0 

I 
Me 

Me 
A I3 

C 

pair intermediates or oxonium-ion species, attack of the carbanion on oxonium-ion species, 
followed by attack of the carbanion on the possibly stabilized by solvent molecules (malo- 
anomeric carbon atom of two ion-paired nate). In view of the relative insolubility of the 
species, in which the bromide ions were specifi- formed sodium bromide in the reaction mixture, 
cally a- and P-oriented (Scheme 3, D and E). appreciable anomerization by bromide ion return 
Alternatively, the products could arise from is somewhat unlikely and the alternative mech- 
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HANESSIAN AND PERNET: C-GLYCOSYL MALONATES 1273 

TABLE 1. Condensation of 15 with sodio diethyl malonate in 
the presence of added bromide ion" 

- -- - - - - - --- 

Malonate Salt added [a], of a t o p  Yield 
(equiv.) (equiv.) mixtureb ratio (%I 

10 - 0.6" 23 : 77 8 1 
10 NaBr (10) +4.3" 27:73 92 
10 n-Bu4NBr (1) +28.5" 56:44 92 
10 r7-Bu4NBr (5) +39.g0 69:31 72 
10 n-Bu4NBr (10) +42.0° 72: 28 85 

OFor reaction conditions see Experimental. 
boptical rotation o f  the mixture after hydrogenation and acetylation. 

'It is also evident from the data in Table 1, that the 
addition of sodium bromide is of negligible effect. This 
further supports the need for the presence of a soluble 
source of bromide ions. 

anism may be operative. In order to test the 
mechanistic consequence of an induced ano- 
merization, the condensation was done in the 
Dresence of a soluble source of bromide ion. the 
premise being that the return of the bromide ion 
from the P-side would create a finite concentra- 
tion of the more reactive P-bromide in the equi- 
librium D F? E (Scheme 3). This assumption was 
based on published data that P - ~ - g l ~ ~ ~ p y r a n ~ ~ y l  
halides, containing non-participating substi- 
tuents at  C-2, underwent alcoholysis more 
rapidly than did the cr-anomers (21a, 22). If this 
type of reactivity were to be operative in the 
present case, where the nucleophile is a carbanion, 
then a higher proportion b f  the cr-C-gluco- 
pyranosyl malonate should form in the presence 
of added bromide ion. The addition of 10 equiv. 
of tetra-n-butylammonium bromide to the solu- 
tion containing 15, prior to the addition of the 
carbanion, led to a mixture in which the cr-anomer 
was indeed predominant (Table Crystalline 

diethyl 2-(2,3,4,6-tetra-0-acetyl-cr-D-glucopyran- 
osyl) malonate 19 was isolated in 31% yieldFrom 
such a condensation, after hydrogenolysis and 
acetylation. This result supports the contention 
that in the presence of added bromide ion, some 
P-bromide is formed either by direct anomeriza- 
tion o r  by attack of bromide ion on a solvated 
oxonium-ion intermediate. Since the equilibrium 
is in favor of the cl-anomer because of the 
anomeric effect (23), the preponderance of the 
cr-C-glucosyl compound must be the result of a 
faster reaction with the P-halide (Scheme 3, E). 
A crystalline by-product in the reactions where 
excess bromide ion was present was found to be 
tetraethyl 1,1,2,2,-ethanetetracarboxylate. The 
same compound was isolated from the  reaction 
of 1,2-dibromocyclohexane with sodio diethyl 
n~alonate (24). Authentic product was obtained 
by treatment of a solution of sodio diethyl 
malonate with iodine. 

The optical rotations of the crystalline C- 
glucosyl compounds 2 and 19 show that 
Hudson's rules (25) a re  obeyed in this class of 
compounds. Chemical evidence for the  anomeric 
purity was obtained from periodate oxidation of 
the C-glycosyl malonates 17 and 18, respectively, 
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,,Io4 O H C W H o  The preponderant formation of the p-anomer 
18 24 can again be explained by invoking a direct 

OH~+H(COOEI)~  attack of the carbanion on the anomeric carbon 
atom in 22 or  in a tightly-paired ionic species, in 

H which the bromide ion has an a-orientation. 
20 Epimerization, if taking place at all, must be in 

favor of the minor a-anomer, because of the 
bulky isopropylidene groups. In a more polar 
solvent such as ethanol, the reaction gave 23 
and 24 in addition to the corresponding ano- 
meric 0-ethyl glycosides in approximately equal 

CH(COOEt), amounts. Although the reaction is not particu- 
2 1 larly useful from the preparative standpoint, it 

SCHEME 6 demonstrates the role of the solvent and the 
relative nucleophilicities of the alkoxide and the 

and the isolation of the epimeric dialdehydes 20 carbanion. The higher proportion of cr-O- and 
and 21 (Scheme 6). -C-glycosides can be explained by a more effec- 

The availability of 2,3:5,6-di-O-iso~ro~~1i- tive separatioll of charges i n  the transition state 
dene-D-mannofuranosyl halides (26, 27) P ~ O ~ P -  leading to a more favored (less hindered) a 
ted a study of their reactions with sodio diethyl attack. 
malOnate. Treatment the bromide 22 (Scheme The ~ - ~ a n n o f ~ ~ ~ ~ o s ~  structure can be used a s  
7) with the carbanion in diethy' malonate as a precursor to the D-lyxo series. ~h~ mixtLlre of  
solvent gave the expected C - g l ~ c o s ~ l  C-g]ycosyl compounds 23 and 24, rich i n  the 
as a n  anomeric mixture in  high yield. The p-anomer, was treated with dilute acetic acid t o  
preponderant anomer was the Panomer.  Both a- give the dial 25. The latter was oxidized with 
and p-anomers were isolated from the mixture by periodate and the 5-aldehyde derivative 
chromatography and their anomeric assign- was reduced with sodium borohydride to  give a 
merits were based on ~olari lnetric and n.m.r. mixture of the anomer ic  diethyl 2-(2,3-0-isopro- 

data. The P-allomer showed a py~idene-~-]yxofuranosy]) rnalonates 26. 
higher negative rotation compared to the 
a-anomer. A larger H,-H, coupling constant Experimental 
and a more deshielded malonic ester proton were 

Cetieral found in  the 'pectrum of the p-anolner. In the Melting points are ~~ncorrected. Infrared spectra were 
spectrum of the a-anomer however, H-4 was recorded on a Beckman IR-8 spectrometer. Nuclear 
distinctly deshielded compared to the p-anomer. magnetic resonance spectra wereobtained in chloroform-d 
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HANESSIAN AND PERNET: C-GLYCOSYL MALONATES 1275 

unless otherwise stated, at 60 and 220 MHz, with tetra- 
methylsilane as internal reference (s, singlet; d, doublet; 
t, triplet; q, quartet; o, octet; m, multiplet; b, broad). 
Optical rotations were measured with a Perkin-Elmer 
model 141 automatic polarimeter. Mass spectra were done 
at  low resolution on a Hitachi-Perkin-Elmer RMU-6D 
spectrometer with direct introduction of the sample in the 
ionizing chamber. Conventional processing, or pro- 
cessing in the usual manner, signifies drying of organic 
solution over anhydrous sodium sulfate, filtration, and 
evaporation under diminished pressure. 

Chromatography 
Thin-layer chromatography (t.1.c.) was done with 

plates coated with silica gel GFZS4  and with silica gel 
containing 2% boric acid (by weight). The following 
solvent systems were used: solvent A, chloroform-2,2,4- 
trimethylpentane-methanol(10 :5 :0.2); solvent B,chloro- 
forni-methanol (10: 1); solvent C, toluene - ethyl acetate 
( lo : ] ) .  The detection of C-glycosyl malonates was done 
with sulfuric acid in ethanol (20% by volume), followed by 
heating the plate at 100-1 10". 

The C-glycosyl malonates of the type described in this 
work appeared at first as orange-colored spots that 
eventually changed to dark brown on further heating. 
Glycosyl halides were detected by spraying the plates with 
a solution containing 20 g of silver nitrate and 20 ml of 
nitric acid in 100 ml of water. Black spots were produced 
within a few minutes at room temperature. 

Column chromatography was performed with silica gel 
GF2s4 (with or without added 2 x  boric acid) by applica- 
tion of moderate suction. The conventional colunln was 
replaced by one fitted with a fritted disc (medium poro- 
sity) and a ground glass point that was connected to an 
appropriate suction flask. For the separation of com- 
ponents differing by 0.05 R, units, a ratio of I 120 of 
silica gel to substrate was found satisfactory. 

Soloetrls arid Hatidlit~g of' Carbanions 
Due to the sensitivity of the glycosyl halides and the 

carbanions to moisture, all solvents used in the condensa- 
tion reactions were dried rigorously prior to use. The 
preparation of the carbanions was done in a dry box and 
subsequent handling and transfers were perfornied with 
minimum exposure to air. These conditions are not 
mandatory for all condensations but they are advisable in 
the case of unstable glycosyl halides. 

Dielhyl 2- ( 2 , 3 , 4 , 6 - T e t r a - O - a c e l ) ~ / - ~ - ~ - g ~ u c o p y ~ i )  
Malotrale (2) 

To a suspension of sodium hydride (10 g, 0.42 mol; 
previously washed with pentane) in 300 ml of 1,2- 
dimethoxyethane (DME) was added 65 ml of diethyl 
malonate, in portions and with stirring, until the evolu- 
tion of hydrogen ceased, and the solution became clear. 
A solution of a-acetobromoglucose (56 g, 0.14 niol) in 
50 ml of DME was slowly added, and after stirring over- 
night at room temperature, the solution was diluted with 
2 I of ether and washed with water several times until the 
washings were neutral. The organic layer was then dried 
and processed as usual to give a mobile liquid, from which 
excess diethyl malonate was removed by distillation (30" 
at Torr). A viscous yellowish syrup (32 g) was 
obtained that showed essentially three spots on t.1.c. 
(5 x 20 cm plate, solvent A), consisting of starting 

material 1 (-2073, and equal amounts of the title com- 
pound and a transesterified unknown product. Upon 
spraying the plate with sulfuric acid and heating, the spot 
corresponding to the title conipo~~nd gave an orange 
color that turned to brown upon further heating. 

A portion of the syrup (2 g) was dissolved in enough 
95% ethanol to render it mobile, the solution was then 
seeded1' and left at -20' for a few days, where~~pon the 
title product 2 crystall~zed; yield 0.9 g, 20"7,; two recry- 
stallizations fronl the rnininii~m volume of 95% ethanol 
gave niaterial having m.p. 88.5-89'; [aIDZs - 18.5" (c, 3.0 
CHCI,); n.ni.r. (at 220 MHz): 1.27, 1.29 (t, J = 7 Hz, 
CH3CHz); 3.61 (d, J ,,,, , = 6.2Hz; H,,,); 3.71 p.p.nl. 
(0, J5.4 = 9 HZ; J5,6 = 5 HZ, J5,6. = 2.5 HZ;  H-5). For 
spectra in the presence of n.ni.r. shift reagents, see 
Figs. 1, 2. ELI (DPM)~:  H,,, (d, J ,,,,, = 6.2 Hz); H I  
(dd, JI  ,,,, = 6.2 HZ; J Is2 = 9.75 HZ); t ~ ( F o D ) ~ - d , , :  H,,, 
(d, J ,,,, 1 = 6.2 HZ); HI (dd, J1 ,,,, = 6.2 HZ; J , , r  = 9.75 
Hz); H2  (tlH2., = Hz,,  = 9.75 Hz). Mass spectral data: 
m/e 445 (M ? - EtO'); 417 (M f - Et0'-CO). 

Anal. Calcd. forC2,H3.013:  C, 51.43; H, 6.17. F o ~ ~ n d :  
C, 51.21 ; H, 6.18. 

Alternate methods for obtaining 2 involve preliminary 
transformation of the residual acetobromogl~~cose into 
tetra-0-acetyl-D-glucose (nietliod A) and tetra-o-acetyl- 
D-glucose (method B). 

Method A 
The syrup (32 g) resulting fronl a similar condensation 

to that described above was treated with Nal-Et3N 
according to Ferrier and Sankey (28) and the conversion 
of residual I into tetra-0-acetyl-D-glilcal was followed by 
t.1.c. The resulting dark brown syrup was dissolved in 
methanol (100 rnl) and the solution was treated with 
ozone for 3 h. After diluting with 500 ml of  dichloro- 
methane, the colorless solution was washed with alkaline 
hydrogen peroxide (30 vol. in N NaOH), then with water. 
The organic phase was processed as ilsual to give a 
syri~p (32 g) that contained the C-glycoside 2 and 
presuniably a transesterification product in approxi- 
niately equal amo~lnts. A portion (1.02 g) of the sy1.11~ was 
separated by chromatography on silica gel (Grace 
Davidson G 950; substrate-adsorbent ratio -1 :300) 
with chloroform as the developing solvent. The title 
compound 2 was obtained from the appropriate fractions 
after evaporation to a sy r i~p  and keeping at 0" for a few 
days; yield 0.4 g (20%). 

Mellrod B 
A portion (2 g) of the above syrup resulting from the 

condensation reaction was dissolved in a mixtilre of 1 : 3  
water-acetone and the solution was treated with 0.3 g of 
silver nitrate and 0.106 g of silver carbonate. After 
stirring at  room temperature for 2 h, the suspension was 
filtered and the combined filtrates and washings were 
evaporated to a small volunie. The solution was extracted 
with chloroform and the extracts were processed in the 
i~sual manner to give a syrup that showed 2 ( R ,  -0.8). the 
transesterified product ( R ,  -0.85), and tetra-O-acety1-o- 
glucose (R, -0.5) in solvent A (20 cni plate). The C- 
glycoside 2 was separated by column chromatography as 
described under B and was obtained in 20% yield. 

''Seed cl.ystals were obtained by preparative t.1.c. on 
0.1 g of sample; the syrup so obtained crystallized at O". 
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The R ,  0.85 component was separated and isolated as a 
colorless syrup. Its n.m.r. spectrum showed a much larger 
ratio of ethyl hydrogens to acetyl methyl hydrogens. This 
product, assumed to arise by transesterification, was not 
investigated further. 

2-(2,3,4,6-Tetra-0-ncetyl-13-D-glrrcopyranosyl) Mnlorlic 
Acid (4) 

To a s~~spension of sodium hydride (3.5 g, 0.2 mol; 
previously washed with pentane) in 130 ml of 1,2- 
dimethoxyethane (DME) was added dibenzyl malonate 
(45 ml) ~ ~ n t i l  the evolution of hydrogen ceased. Aceto- 
bromoglucose (20 g, 49 mmol) dissolved in the minimum 
volume of DME was added to the clear solution and the 
whole was stirred at room temperature for 48 h. After 
the solution was concentrated (below 30") to a small 
volume, ether (500 rnl) was added and the solution was 
washed successively with N HC1 (100 nil) and water. The 
organic phase was dried and evaporated to a syrup that 
was tri t~~rated with pentane several times to remove 
residual dibenzyl nialonate. The remaining syrup (-807,) 
consisted essentially of rliberlzyl 2-(2,3,4,6-tetra-0-acetj~l- 
13-D-glucopj~rnr~osyl) nialor~ate (3) as evidenced by t.1.c. 
(solvent A). The syrup was dissolved in ethanol and 
hydrogenated in the presence of 207, palladium-on- 
charcoal (29) (4.0 g). After 20 h, the catalyst was filtered 
and the filtrate was evaporated to a syrup that was dis- 
solved in acetone, filtered, and the filtrate was evaporated. 
The title conipo~~nd crystallized spontaneo~~sly and was 
recrystallized froni ether to give 4 in several crops (10.5 g, 
517,), m.p. 139-141". After two recrystallizations, an 
analytical sample was obtained having m.p. 147" (with gas 
evolution): lalnZ5 - 18" (c. 1.17 EtOH): n.m.r. (DMSO- ,, - A -  

d'): 3.38 (d, J ,,,, = 7 . 5 ~ 2 ,  H,,,); 1.93; 2.02 P:P.m. (s, 
CH3COO), etc. 

Anal. Calcd. for C ,7H22013 :  C, 47.01 ; H, 5.1 I. Found: 
C, 46.89; H, 5.33. 

2-(2,3,4,6-Tetra-0-acetyl-(3-~-~11rcopyrnr10syl) 
Acetic Acid (5) 

The above described product 4 (1.0 g, 2.3 mmol) was 
dissolved in 20 ml of glacial acetic acid and the solution 
was heated under reflux for 3 h. Evaporation of the 
solution to dryness gave the title compound in quantita- 
tive yield. Recrystallization froni ether-pentane gave 
material having m.p. 104.5-105.5". Three recrystalliza- 
tions from the same solvent mixture gave pure material, 
m.p. 120-120.5"; [c1IDz5 -4.3" (c, 1.95 CHC13); n.m.r.: 
2.05, 2.10, 2.12 (s, CH3COO); 2.62 (d, J =  6H2,  
CH2COOH); 10.55 p.p.m. (s, COOH). 

Anal. Calcd. for C16H2201  : C, 49.23; H, 5.68. Found : 
C, 49.29; H, 5.96. 

Esterification of 4 with Trietl~yloxoniurn Flrroroborate 
An amount of 4 (30 mg) was dissolved in 2 ml of 

dichloromethane, the solution was cooled to 0" and 
treated with 0.2 g of triethyloxonium fluoroborate (10). 
After standing at 0" for 1 h, the solution was poured into 
aqueous sodium bicarbonate and chloroform was added. 
Processing the organic phase gave a syrup (20 nig, 597,) 
that had identical chromatographic and n.m.r. spectral 
properties to the diester 2. Crystallization from the 
minimum volume of 95% ethanol gave 2, m.p. and 
mixture m.p. 89-90". 

3,4,5,7-Tetra-O-ncetyl-2,6-nnl1ydro- I-bromo-I-deoxy-D- 
glycero-D-gulo-I~eptitol (6) 

A solution of 5 (54 mg, 0.14 mmol) in 1 rnl of carbon 
tetrachloride was treated with 30 mg of yellow mercuric 
oxide and 1 ml of carbon tetrachloride containing 40 mg 
of bromine and the mixture was heated under reflux in the 
dark for 3 h. The suspension was filtered through a bed 
(2 x 2 cm) of silica gel and the adsorbent was developed 
with chloroform. Evaporation of the chloroform solution 
gave the title cornpo~lnd which crystallized. The crystal- 
line mass was triturated with cold ethanol and the 
crystals were filtered; yield 51 mg (877,). Two recrystal- 
lizations from 957, ethanol gave material having m.p. 
119.5-120"; [aIDz5 - 12.4' (c, 1.1 CHC13); n.m.r.: 2.05, 
2.09, 2.1 1, 2.13 (s, CH3COO), 3.45 p.p.m. (bs, CH2Br), 
etc. 

Anal. Calcd. for C15H2109Br: C, 42.37; H, 4.98. 
Found : C, 42.39; H, 5.05. 

1,3,4,5,7-Per1ta-O-acetyl-2,6-nn/1ydro-~-glyce,.o-~- 
glrlo-heptitol (7) 

The above mentioned bromide 6 (30 mg, 0.07 rnmol) 
was solvolyzed in 2 ml of D M F  containing 30 mg 
(0.4 mmol) of anhydrous sodium acetate at 110" (36 h). 
The solvent was removed by azeotropic evaporation with 
1-butanol, the resulting residue was dissolved in chloro- 
form, and the solution was washed with water. Pro- 
cessing the organic phase in the usual way gave a syrup 
that crystallized; yield 20 mg (707,). Two recrystalliza- 
tions from 2-propanol gave 7, m.p. 94" (sublimes); 
[aIDz5 0 + lo  (c, 1.0 CHC13), (lit. (12), m.p. 89" 0" 
(CHCl3)). 

Methyl 2- (2 ,3 ,4 ,6-Tetra-0-ncety l -p-D-gl ircopyi )  
2-Brornoncetate ( 8 )  

T o  a solution of the diacid 4 (0.25 g, 0.57 rnmol) in 5 ml 
of dry thionyl chloride, were added 0.5 ml of bromine and 
3 drops of a 1 : 1 acetic acid - hydrochloric mixture. The 
solution was heated at  reflux for 3 h and then i t  was 
evaporated. After this process was repeated three times, 
the residue crystallized and the product was recrystallized 
from hot methanol to give the title compound (0.155 g, 
577,); m.p. 145.5-146"; mass spectral data (AEI MS 902, 
at  high resolution): M +  482.0419 and 484.0407 (Br iso- 
tope); calcd. for C,,HZ2O1,Br: M +  482.0424 and 
484.0404. 

1,2-0- (2,2- Dicarbethoxy-I-methylet11 ylidi11e)-3,4,6-tri-0- 
acetyl-a-D-glucopyra11ose (10) arld i t s  Acetolysis 
Prodrrct 

T o  a solution containing sodium diethyl rnalonate 
(from 0.75 g of sodium and 6.0 ml of diethyl rnalonate) in 
30 ml of N,N-dimethylformamide, were added 4 g 
(1 1 mmol) of 13-acetochloroglucose 9 (30). After stirring 
a t  room temperature overnight, the solution was concen- 
trated under vacuum, the residue was taken up in 
chloroform, and the solution was washed with water. 
Processing the organic layer in the usual manner gave the 
title compound as a chromatographically homogeneous 
syrup. The yield varied between 5 and 7 g (80-100%). 
Nuclear magnetic resonance: 1.30 (t, J = 7.5 Hz, 
CH3CH2); 1.89 (s, CH3-C); 2.1 1, 2.1 3 (s, CH3COO); 
3.73 (s, H,,,); 4.90 (q, J 4 . 5  = 8.25 HZ; J4 .3  = 3 HZ, H-4); 
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HANESSIAN AND PERNET: C-GLYCOSYL MALONATES 1277 

5.20(t,J3+ = .I3,, = 3 HZ, H-3); 5.75 p.p.m. (d, J = 5.2, 
H-1). 

Acetolysis of 10 (50 mg in 1 ml of acetic anhydride, I ml 
of glacial acetic acid containing a micro drop of concen- 
trated sulfuric acid, room temperature for 24 h, followed 
by conventional processing (aqueous sodium bicarbonate, 
extraction, etc.)) gave a-D-glucose pentaacetate (16 mg, 
40%), m.p. 1 12-1 13" (from ethanol). 

The mother liquors from the above described crystalliz- 
ation were concentrated to a syrup and the latter was 
extracted with pentane to give a mobile liquid that had an 
n.m.r. spectrum identical to acetyl diethylmalonate 14; 
2,4-dinitrophenylhydrazone derivative, m.p. and mixture 
m.p. 147" (lit. (31) m.p. 146-148"); n.m.r. for 14: 1.28, 
1.30 (t, CH3CH,); 2.04, 2.13, 2.21 (s, CH3C-C and 

I I 
0 

CH3C=C); 3.40 (s, H,,,, integration corresponds to 
\ 

0- 
-0.8 H due to presence of enolic forms); 4.25 p.p.m. 
(m, CH3CH2).  

Acid hydrolysis (N HCI; reflux; 2 h) of 10 gave a single 
sugar that was identified as glucose by chronlatography in 
common solvent systems. 

1,2-0- (2,2-Dicarbetl1oxy-I-1?1ethylet/1yliclt1re)-cc-~- 
pl~rcopyvanose (11) 

A solution containing 4.2 g of 10 in 30 ml of ethanol 
was treated dropwise with a I N solution of sodium 
ethylate until a p H  of 7.5-9 was attained. The p H  was 
checked periodically, and after 2 h the solution was 
neutralized with Dowex-5O(H+) and the filtrate was 
processed in the usi~al manner to give a colorless chroma- 
tographically homogeneous syrup in quantitative yield; 
n.m.r.: 1.80 (s, CH3-C); 5.75 p.p.n~. (d, J,,, = 5 Hz, 
H-1 etc. 

3,4,6-Tri-O-metl1yl-~-g11rcot1ic Acid Pl1e11yll~)~drnzicic. (13) 
f,.01?l 11 

The above obtained product 11 (0.74 g, 2 mmol) was 
methylated with 2 ml of methyl iodide and I .5 g of silver 
oxide in 10 ml of N,N-dimethylformamide. After stirring 
at room temperature for 24 h, the suspension was 
filtered, the precipitate was washed with chloroform, and 
the filtrate and washings were evaporated to dryness to 
give the tri-0-methyl derivative of 11 a s  a chromatogra- 
phically homogeneous syrup (0.7 g, 86%); n.m.r.: 5.92, 
5.96, 6.0 (s, OCH,); 5.70 p.p.m. (d, = 6 Hz, H-I). A 
portion (0.5 g) of the above mentioned product was 
hydrolyzed according to a literature procedure (19) to 
give 3,4,6-tri-0-methyl-D-glucose (12) (0.2 g). The latter 
was oxidized in carbon tetrachloride (I ml) containing 2 
drops of bromine. After 24 h at room temperature, the 
solution was evaporated to dryness; the residue was 
treated with 0.3 ml of phenylhydrazine and the resulting 
solution was heated on a steam bath for 2-3 min. The 
phenylhydrazide derivative 13 crystallized on cooling and 
i t  was recrystallized from ether-chloroform to give the 
pure product, m.p. and mixture n1.p. 126" (lit. (20), m.p. 
126-127"). 

2,3,4,6-Tetra-0-benzyl-a-D-gltrcopy,a Bvonlicle (15) 
Anhydrous hydrogen bromide was bubbled into a solu- 

tion of 2,3,4,6-tetra-0-benzyl-I-0-p-nitrobenzoyl-a-D- 
glucopyranose (0.1 g) (210) in 2 ml of anhydrous dichloro- 
methane. After 4-5 min, the precipitated p-nitrobenzoic 
acid was removed by filtration on a sintered-glass funnel 
and the filtrate was evaporated to dryness. The  title com- 
pound (2 I) was obtained as a colorless syrup in quantita- 
tive yield; n.m.r.: 3.50 p.p.m. (d, Jl.z = 4.5 Hz, H-I). 

C o ~ l d e ~ ~ s a t i o ~ ~  of 2,3,4,6-Tetrn-O-be11zy/-cc-~-~~luco- 
pyra~zo~yl  Bromide with Sodio Diethy1 Malo~mte. 
Sy~lthesis o fDietlgvl2- (2,3,4,6-Tetra-0-ncet)ll-a-D- 
glucopyra11osyl) Mnlonnte (19) 

A. Witllorrt Arkled Bro~?~ide  lo11 
Finely cut sodium (0.23 g, 10 mmol; previously washed 

with pentane) was added to  diethyl malonate (30 ml) and 
the solution was heated a t  50" for I h and then cooled. 
The mixture was added t o  a solution of the bromide 15 
(prepared from 0.7 g, I mmol, of the corresponding I-p- 
nitrobenzoate) in the minimum volunle of diethyl 
malonate and the whole was stirred at room temperature 
for 40 h. The solution was diluted with 200 ml of ether, 
washed with water, and the organic phase was processed 
as usual to give a mobile liquid from which excess diethyl 
malonate was removed by distillation (30" a t  50 x 
Torr). The residual visco~is colorless syrup consisted 
entirely of a mixture of anon~eric C-glycosides, namely 
diethyl 2-(2,3,4,6-tetra-0-benzyl-cc,~-~-gli1copyranosyl) 
malonates, as evidenced by t.1.c. and n.nl.r. data. 

The syrup was dissolved in ethanol and hydrogenated 
in the presence of 20% palladiunl-on-charcoal during 
24 h. After filtration of the catalyst and evaporation of the 
filtrate, a syrup (0.31 g, quantitative) was obtained that 
consisted of a 3 :  1 e to cc ratio o f  C-glycosides (estimated 
from polarimetric data on an acetylated sample, see 
Table 1). The anomers could be readily distinguished by 
t.1.c. on silica gel containing 2 z  boric acid (solvent B); 
Rr 0.4 for the e-anomer and Rr 0.5 for the a-anomer. A 
portion (0.15 g) of thesyrup was separated by preparative 
t.1.c. on the same support (20 x 20 cm plates) to give 
diethyl 2-(a-~-glrccop)~rat105~~I) ~ n a l o ~ ~ n ~ c ~  17 and rlietl~yl 
2- (~ -~ -g / r lc .op)~rn1fos~~/ )  1~1nlo11ate 18 as colorless SyriIps. 
These compounds wereeach converted into the crystalline 
acetates 19 and 2, respectively, in essentially quantitative 
yield. 

B. In tlle Prese~lce of Arlrk~I Brotnide 1011 

The previous experiment was repeated as described in A 
except that 10 equiv. of tetra-11-butylammonium bromide 
were added to a solution of the bromide 15 (from 0.33 g, 
0.5 mmol, of the corresponding I-p-nitrobenzoate) in 
diethyl malonate, approximately I0 nlin prior to the 
addition of the carbanion (from 0.1 15 g of sodium in 
20 rill of diethyl malonate, 5 mmol). The same isolation 
procedure was followed a s  in A, except that the hydro- 
genated product was partitioned between ether and water. 
The ether phase afforded crystalline tetraethyl 1,1,2,2- 
ethanetetracarboxylate (approximately in a 1 : 5 ratio with 
respect to  the sodio diethyl nlalonate used), m.p. and 
mixture m.p. 75-76" (lit. (24) m.p. 76"); n.m.r.: 1.27 
(t, J = 7.5 Hz, CH3CH2); 4.25 (q, J = 7.5 Hz, CH3CH2); 
4.12 p.p.m. (s, H,,,). 

The aqueous solution was evaporated to dryness and 
the residue was acetylated with acetic anhydride (1 ml) in 
pyridine (room ten~peratu~.e, 24 h). Conventional pro- 
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cessing gave a s y r i ~ p '  (0.25 g, 85%) that crystallized from 
a mixture of ether and pentane a t  0' to give dietllyl 2- 
(2,3,4,6-tetro-0-ocety~-a-~-g~1rcopyrot1osy/) t?mlot~ate 19 
(0.16 g, 31"j), m.p. 59-60" (resolidifies and melts a t  
72-73"); [a]D25 66.2 (c, 3.9 CHCI,); n.m.r.: 1.27, 1.28 
(t, CH,CH,); 2.0, 2.07 (s, CH,COO); 3.87 p.p.m. 
(d, J ,,,,, = 10.5 Hz, H,,,)etc. 

Anal. Calcd. for C ~ ~ H ~ ~ 0 1 3 :  C, 51.43; H,  6.17. 
Found: C, 51.17; H,  6.17. 

Tetroet/~yl /,l,2,2-Ethot1etrtrocarboxylo/e 
Sodi i~m (2.3 g, 0.1 mol) was dissolved in I0  eqilivalents 

of diethyl rnalonate and the solution was treated dropwise 
with iodine until the color persisted (-1 h). After 
standing a t  room temperature overnight, the solution was 
diluted with ether, washed with water, and the organic 
layer was processed as i~sua l  to give a mobile liquid from 
which excess diethyl malonate was removed by distilla- 
tion. The crystalline residue consisted of the title com- 
pound; yield 32 g (quantitative, based on  the amount of 
sod iun~ used). Recrystallization from ether-pentane gave 
material with m.p. 75-76" (lit. (24), m.p. 76"). 

Periodate Osirla/iot~ atlrl At~otneric Cot~fig~mntiot~al 
Assigtrtnen/ of C-Glrrcosyl M n l o n a / ~ s  1 7  and 18. 
Isolotioti of Epitneric Dioldel~ydes 

Dialdel~yde 20 
An anlount of 18 (80 mg) was dissolved in 2 m l  of 

ethanol and the solution was treated with 3 equiv. of 
sodium metaperiodate in 2 ml of water. After 4 days in 
the dark,  the soliltion was filtered, the precipitate was 
washed with ethanol, and the filtrate and washings were 
evaporated to dryness. The  residue was extracted with 
chloroform, residual salts were removed by filtration, and 
the filtrate was evaporated to a syrup that was separated 
from traces of impurities by preparative t.1.c. (solvent B) 
to give the dialdehyde 2 0  (32 mg) as a syrup;  R, -0.7 
(silica gel - boric acid, solvent C);  [a]D15 -24" (c, 2.1 
CHCI,). 

Dialdri~yrlr 21 
The  same procedure was applied to 17, t o  give the 

dialdehyde 21  as a syrup (R, -0.7); [a]D25 26' (c, 0.8 
CHCI,). 

Dietl~yl 2- (2,3:5,6- Di-0-isopropylid~~tle-a- atld 
~ - ~ - t ~ l ~ l t l ~ f u r a t l ~ ~ y /  ma lot rate^ (23, 24) 

Finely cut sodiilm (1.67 g) was dissolved in 100 ml of 
diethyl malonate a t  50-60". The  cooled solution was 
added to a solution of 2,3 :5,6-di-0-isopropylidene-WD- 
mannofuranosyl bromide 22 (6.7 g) (26, 27) in the mini- 
mum volume of diethyl malonate. The solution was 
stirred a t  room temperature overnight, diluted with a 
large excess of ether, and processed in the ilsual manner. 
Residual diethyl malonate was removed by distillation. 
The remaining colorless syrup (8.5 g, quantitative) con- 
sisted of an  anonleric mixture of the title conlpounds in a 
ratio of 9 :  1 in favor of the a-anomer (n.m.r.). A portion 
of the syrup (O.2g) was separated by preparative t.1.c. 
(solvent C) and the respective anomers were obtained as 
colorless syrups. 

"Polarimetric studies indicated an  a t o  p ratio of 
approximately 3 : 1, see Table 1. 

osyl) Malot~n/e (23) ; R, -0.7 (solvent C);  [aIDz5 
1 7 k  0.2" (c, 3.6 CHCI,); n.m.r.: 1.50 (m, CH,C, 
CH3CH2); 3.66 (d, J ,,,, , = 9 HZ, H,,,); 4.05 (dd, J,,, = 5 
H z ;  J4,, = 2.5 Hz, H-4); 4.73 (d, J, ,,,, = 9 Hz, H-1); 4.93 
(d, J,,, = 2.5 Hz, H-3); t ~ l e  387 ( M +  - CH3). Diethyl 
2- (2,3:5,6- Di-0-isopropylidene-~-~-t?~ot1nofirronosy) mal- 
otlate (24); R, -0.75 (solvent C) ;  -45.5" (c, 7.2 
CHCI,); n.m.r.: 1.40 (m, CH,C, CH,CH,); 3.62 (d, d,  
54.3 = 3 HZ; J4,5 = 7. H-4); 3.87 (d, J ,,,, 1 = 10.5, 
H-m);  4.3 (m, CH3CH2,  H-I ,  H-5, H-6,6'); 4.85 (d, 
d, J2,1 = 3 HZ, J2,, = ~ H z ,  H-2); 5.05 p.p.ni. (d.d, 
J3.2 = 6 Hz;  J,,, = 3 Hz, H-3); tnle 387 (MS - CH,); 
tnlr 329 (M' - CH,  - CH3COCH3). 

When the above described condensation was carried 
o u t  in ethanol (6.6 mniol of sodium a n d  2.2 mmol of the 
bromide 22), a syrup (0.8 g) was obtained that consisted 
of approximately equal  amounts of four  compounds as 
estimated from the relative intensities of the charred spots 
(t.1.c. solvent C). A portion of the product  was separated 
by preparative t.1.c. t o  give 23  (90 mg); 2 4  (78 mg) and the 
syrupy anomeric ethyl 2,3:5,6-di-0-isopropylidene-D- 
mannofilranosides; a-anomer (35 mg; R f  -0.8); p- 
anomer (60 n ~ g ,  R, -0.65). The n.m.r. spectra of the 
0-glycosides were compatible with their structures. 

Dietl1yl2- (2,3-0-lsopropy/idene-a,p-D-/yxofio.otiosy/) 
Molot~n/es (26) 

T h e  syrupy mixture of 23 and 24 (1 : 9  ratio) (2.7 g, 6.2 
nlmol) was dissolved in 30 ml of 70% aqueous acetic acid 
and  the solution was heated a t  50-60" for 70 min. T h e  
solution was concentrated to dryness by azeotropic 
distillation with toluene to give the diol 2 5  as a colorless 
chron1atographically homogeneous syrup (quantitative). 
T h e  n.m.r. spectrum of  this product was i n  agreement with 
its structure. 

A n  amount of this syrup (2.03 g, 6.2 mmol) was dis- 
solved in 40 ml of 50% aqueous methanol containing 1.8 
(8.4 mmol) of sodium metaperiodate. After  standing in 
the dark for 2 h the soliltion was filtered and the filtrate 
was evaporated to dryness. The residue was taken up in 
ether, the salts were filtered, and the filtrate was eva- 
porated to a syrup (quantitative) that w a s  homogeneous 
by t.1.c. (Rr -0.5, solvent C). An n.m.r. spectrum of  the 
product showed a singlet a t  9.50 p.p.m., indicative of the 
aldehyde group at C-5. 

A portion of the product (0.862 g, 2.6 mmol) was dis- 
solved in 30 ml of methanol, 0.5 g (10 rnmol) of sodium 
borohydride was added  and the solution was stirred a t  
room temperature for  40 min. The  solution was neutra- 
lized with a few drops  of glacial acetic acid and eva- 
porated to dryness. T h e  residue was taken up in ether a n d  
the solution was processed to give diethyl 2-(2,3-0- 
isopropylidene-a,p-D-lyxofuranosyl) malonate (26) a s  a 
colorless syrup (0.447 g, 5773, R, 0.5 (solvent C). T h e  
corresponding 5-methanesulfonate, obtained as a color- 
less syrup in the usual way showed t h e  expected n.m.r. 
spectral characteristics and correct integration. 

Financial assistance from the National Research 
Council of Canada a n d  a France-Quebec fellowship for  
A.G.P. are gratefully acknowledged. The 220 M H z  
spectra were recorded a t  the Ontario Research Founda- 
tion, Sheridan Park, Ontario. 
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Carbanions in Carbohydrate Chemistry: Approaches to Chemical 
Precursors of C-Nucle~sidesl~~ 

STEPHEN HANESSIAN AND ANDRE G. PER NET^ 

Received September 10, 1973 

The condensation of D-ribofuranosyl halides containing participating (benzoate) and non- 
participating (benzyl) substituents, with sodio dialkyl malonates and sodio triethyl 1,1,2- 
ethanetricarboxylate is described. In the presence of participating groups at  C-2, the major 
and sometimes exclusive products were the 1,2-ketal derivatives. Both a- and a-anomeric 
D-ribofuranosyl malonates were formed in the non-participating series. The possibility of 
epimerization (anomerization) was experimentally demonstrated. 

Similar results were obtained with the more highly functionalized tricarbethoxy carbanion. 
For the participating series however, 20% of C-glycoside was obtained. Condensations with 
sodio diethyl malonate were also done in the D-arabino series (0-benzyl protecting group) and 
the anomeric C-glycosyl compounds were isolated and characterized. The mechanistic aspects 
of these condensations are discussed. 

La condensation des halogCnures de D-ribofurannosyle contenant des groupes participant 
(benzoate) et non-participant (benzyle) avec les sels de sodium des malonates de dialkyle et 
de I'tthane tricarboxylate-1,1,2 de triethyle est dCcrite. En presence de  groupes participants en 
position-2, les produits majoritaires et dans certains cas uniques furent les acCtals-1,2. Les 
deux anomtres a- et a-ribofurannosyle malonates furent formts lorsque I'on a utilist les 
groupes non-participants. La possibilite d'une epimerisation (anomtrisation) a ete demontree 
expCrimentalement. 

Des rksultats semblables ont C t C  obtenus avec les carbanions tricarbethoxy les plus sub- 
stituees; cependant, dans le cas de groupes participants on a obtenu 20% de C-glycoside. On 
decrit tgalement les condensations du malonate de diethyle sod6 dans la serie D-arabitro (le 
substituant 0-benzyle Ctant utilise comme groupe protecteur) et les composes anomtres C- 
glycosyles furent isoles et caractkrists. Les aspects mecanistiques de  ces condensations sont 
discutts. 

Can. J. Chem., 52, 1280 (1974) 

A new class of naturally occurring nucleosides, result of interesting modes of action at the 
called C-nucleosides has emerged in recent years, molecular level. 
in  which the glycosyl portion is attached to the The recently reported syntheses of formycin B 
heterocyclic moiety by a C-C bond (2) (Scheme (8), oxoformycin ( a  C-2 0x0 analog of formycin 
1). The few members of this class of con ipo~~nds ,  B) (9), and a suggested route to  pyrazomycin 
with the exception of pseudo~lridine, possess a (lo), utilized I-cyano-P-D-ribofuranose triben- 
variety of biological properties that are of 
medicinal importance. Thus, pyrazomycin (3) 
has significant antiviral activity, while formycin 
A and B (4, 5) and oxazinomycin (6) exhibit in 
addition, a n t i t ~ ~ m o r  activity. Showdomycin (7) 
is reported to have a n t i t ~ ~ m o r  as well as anti- 
bacterial activity. In addition, the varied chemo- 
therapeutic activity of these C-nucleosides is the 

'Part of a series on "Preparative and exploratory 
carbohydrate chemistry", see also refs. 1 and 17. Taken 
from the Ph.D. Thesis of A. G. Pernet, 1973. 

2Reported in part at  the VI International Symposium 
on Carbohydrate Chemistry, at  Madison, Wisconsin, 
U.S.A., August 1972. 

3Holder of NRCC and France-Quebec fellowships. 

zoate as a key starting material (1 I ) .  In a series 
of reactions, the latter was transformed into 1- 
amino-2,5-anhydro-I-deoxy-D-allonic acid tri- 
0-benzyl ether (12) which was ~~l t imate ly  used 
to  cons t r~~c t  the heterocyclic ring. In another 
synthesis of formycin B, the C-1 functionalized 
carbohydrate moiety was prepared by a multi- 
step synthesis leading to 2,5-anhydro-3,5-di-0- 
benzyl-D-allose diniethyl acetal (I 3). A synthesis 
of a racemic precursor with the same general 
structure has also been reported (14). The syn- 
thetic approach t o  showdomycin (15) demon- 
strates an indirect, yet practical method, con- 
sisting of the ozonolysis of a C-aryl ribofuranose 
derivative, for the introduction of a four- 
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HANESSIAN AND PERNET: C-NUCLEOSIDES 1281 

Forrnycin B Pyrazomycin Showdomycin Oxazinomycin 

carbon fi~nctionalized C-substituent a t  the order to ensure a P-linkage in the product, a 
anomeric center. Another synthesis utilizes 1- predominantly a-linked D-ribofuranosyl halide 
cyano-P-D-ribofuranose tribenzoate as starting was required. 
material to elaborate the heterocyclic ring (16). 

A consideration of the presently available 
synthetic routes to C-ni~cleosides reveals that 
access to appropriately fi~nctionalized p-orien- 
tated C-substituents at  the anomeric carbon 
atom is a crucial aspect. In  this connection, it 
can be seen that in the showdomycin, oxazino- 
mycin and pseudouridine types, the anomeric 
carbon atom is attached to a three-carbon unit 
as part of the heterocyclic ring, while in the 
formycins and pyrazomycin, the corresponding 
three contiguous atoms comprise two carbon 
atoms and one nitrogen atom. The design of 
versatile synthetic precursors to C-nucleosides 
must take these striicti~ral features into account 
and the C-l si~bstitilents must lend themselves 
to transformations that would lead to the above- 
mentioned arrangement of atoms. With these 
considerations in mind, we investigated the 
reaction between carbanions and glycosyl halide 
derivatives, as general routes to C-1 functional- 
ized C-glycosyl compounds. As indicated in the 
preceding paper (17), there were very few prece- 
dents (18) to the reaction of a-halo cyclic ethers 
with carbanions at  the outset of this stildy in 
1969 and none, to our knowledge, in the furanose 
~ e r i e s . ~  

It  was shown in the preceding paper (17) that 
in addition to the nature of the C-2 substituent, 
the anomeric disposition of the starting halide 
derivative had an important bearing on  the 
stereochemical outcome of the condensation 
reaction with carbanions. It was evident that in 

4While this manuscript was in preparation a synthetic 
route to C-nucleosides based on our initial approach (1) 
was announced, see ref. 19. 

Results 
The preparation of 2,3,5-tri-0-benzoyl-D- 

ribofuranosyl chloride or bromide by published 
procedures (20) gave prodi~cts that were, at best, 
1: I anomeric mixtures (Table 1). The  highest 
proportion of a-bromide (60x1 was obtained by 
an adaptation of a procedure (12) in which 
~-0-acety~-2,3,~-tri-O-benzoy~-~~-ribofuranose 
was treated with dry hydrogen bromide in 
benzene at  0". Treatment of the P-chloride 1 or 
the bromide 2 (Scheme 2) with sodio diethyl 
malonate in 1,2-dimethoxyethane o r  N,N- 
dimethylformamide a t  room temperature, gave 
the ketal 3 in quantitative yield. T h e  same 
product was obtained when the condensation 
was carried out in the presence of  tetra-12- 
butylammonium chloride. The structure of 3 
was deduced from n.m.r. spectroscopic data and 
from its conversion into 4 by acetolysis. Treat- 
ment of the bromide 2 (approximately 60% a- 
anomer, n.m.r.) with sodio diethyl malonate in 
diethyl nlalonate as solvent, gave the ketal 3 in 
35% yield and a crystalline product (65% by 
n.m.r.; 43% isolated) that  was assigned structure 
5. Its structure was derived from spectroscopic 
and microanalytical data,  and by a chemical 
correlation that will be elaborated o n  in the 
Discussion section. Other malonic esters were 
also used. Isopropylidene malonate (21) was 
found to undergo hydrolysis during the conden- 
sation, while sodio benzylidene malonate did not 
have suitable solubility and dispersion properties 
in solvents of medium polarity. Condensation of 
the bromide 2 with mono- (22) and di-t-butyl 
malonates (23) gave in each case the  ketal 
derivative corresponding to 3 and variable 
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C A N .  J .  CHEM.  VOL. 5 2 ,  1974 

TABLE 1. Anomeric 2,3,5-tri-0-benzoyl-D-ribofuranosyl halides 

Anomeric substituent Halidea Solvent Time a: (3 ratiob 
-- 

Acetate C1 Ether 4-1 1 days 0: 100 
Acetate C1 Benzene 1.5 h 20: 80 
Acetate Br CHCI3 3 min 15: 85 
Acetate Br Benzene 30 min GO : 40 
p-Nitrobenzoate Br CH,CI, 3.5 min 50: 50 

'ISource of halide is HCI or HBr gas. 
bEstimated by n.m.r. 

BzO OBz COOR 

1 X = (3-Chloride 3 R = E t  5 R = E t  
2 X = n,o-Bromide 6 R = CH2Ph 7 R = CHzPh 
4 X = (3-Acetate 

SCHEME 2 

amounts of the lactone-type structure. The 
ketals were easily transformed into 4 by aceto- 
lysis. 

When the bromide 2 was treated with sodio 
dibenzyl malonate in benzene or in dibenzyl 
malonate as solvent, again the product was 
almost exclusively the ketal 6. Hydrogenolysis of 
6 and heating the resulting diacid in acetic acid 
gave 4, as did an acetolysis reaction. Treatment 
of the bromide 2 with sodio dibenzyl malonate 
in 1,2-dimethoxyethane gave a mixture that 
contained predominantly the ketal 6. A crystal- 
line product was also isolated and assigned 
structure 7. The structural relationship between 
5 and 7 was established by chemical conversion. 

It was apparent from these results that the 
participating ability of the C-2 benzoate group 
and the formation of the lactone by-product in 
these condensations imposed a severe limitation 
on the synthetic scope of the reaction. Attention 
was then focused on the reaction of 2,3,5-tri-0- 
benzyl-D-ribofuranosyi halides with sodio malo- 
nates (Scheme 3). The P-chloride 8 was used in 
the condensation, since the corresponding bro- 
mide was found to be unstable. Treatment of 8 
with sodio diethyl malonate in diethyl malonate 
as solvent gave a syrup in high yield, containing 
the products 9 and 10, that could not be separ- 
ated by chromatography. After hydrogenolysis 
of the 0-benzyl groups, and chromatographic 
examination on silica gel support containing 2% 
of boric acid, the two components 11 and 12 

could be readily distinguished and they were 
separated by preparative t.1.c. or column 
chromatography (small scale). Diethyl 2-(P-D- 
ribofuranosyl)malonate (11) and the lactone 12 
were isolated as colorless homogeneous syrups. 
The structure of 11 was confirmed by n.m.r. 
spectroscopic analysis of the tribenzoate 13 
(Fig. l), by mass spectrometric analysis at high 
resolution of the triacetate 14, and by chemical 
transformations. The mass spectrum of 14 
showed a molecular ion peak at mle 418.1450 
(calcd. 418.1475) corresponding t o  the expected 
molecular formula, C,8H,,0, ,. Condensation 
of 8 with sodio diethyl malonate in 1,2-dimeth- 
oxyethane also gave a syrup in high yield. 
Chromatographic examination of the hydro- 
genolysis product revealed the formation of 11 
and 12, and a third product that was designated 
as the a-anomer 16. These were separated by 
preparative t.1.c. to  give 11 (-467,) and diethyl 
2-(a-D-ribofuranosyl)malonate, 16 (- 3 1%), as 
homogeneous syrups. The third minor compo- 
nent (- 15%) was the lactone 12. Alternatively, 
the three products could be separated by 
chromatography, as their benzoate derivatives 
13, 17, and 5, respectively. The n.m.r. spectra of 
13 and 17 are shown in Fig. I .  

The proton assignments in both spectra were 
confirmed by spin decoupling experiments. Con- 
clusive evidence for the anomeric identities of 
11 and 16 was obtained from a comparison of 
the optical rotation of the periodate oxidized 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HANESSIAN AND PERNET: C-NUCLEOSIDES 

RO Q ~ ~ ( ~ ~ ~ ~ ~ ) ~  R(2' BnOuc' NaCH(COOEt)2 0 

COOEt 

BnO OBn RO OR RO CH(COOEt)* 

FIG. I .  Nuclear magnetic resonance spectra (at 60 
MHz in CDCI,) of diethyl 2-(2,3,5-tri-0-benzoyl-P-D- 
ribofuranosyl) nialonate (13) (upper spectrum) and 
diethyl 2-(2,3,5-tri-0-benzoyl-a-D-ribofuranosy) malon- 
ate (17) (lower spectruni). 

product from 11, with that of the known (17) 
dialdehyde 19 obtained from 20 (Scheme 4). 

The instability of 0-acylated C-ribofuranosyl 
malonates in protic basic media, coupled with 
the formation of mixtures in the condensation 
reactions in the 0-benzylated series, prompted 
us to investigate the reaction of the halides 2 and 
8 with sodio triethyl 1,1,2-ethanetricarboxylate. 
It was anticipated that the resillting C-glycosyl 
compounds would be stable towards ethanolysis 
conditions, because of the absence of a rnalonic 
ester type hydrogen atom. Furthermore, the 
product would have a potential four-carbon 
fragment at  the anomeric center, with the desired 
state of oxidation for an eventual cyclization to 
the C-nucleoside showdomycin and its analogs. 
Condensation of the bromide 2 with sodio 
triethyl I ,]  ,2-ethanetricarboxylate in  1,2-di- 
methoxyethane gave a syrup that consisted of 
the C-glycosyl compound 21 and the  ketal 22 
(Scheme 5) in an approximate ratio of 1 :2 
(n.m.r.). Separation by column chromatography 
gave a 2 0 x  yield (non-optimized) of triethyl 1 -  
(2,3,5-tri-0-benzoyl-P-D-ribofuranosy1)-1 ,l,2-eth- 
anetricarboxylate (21), as a homogeneous syrup. 
The optical rotation of 21 was found to be of 
the same sign and relative magnitude as  that of 
13. Their n.m.r. spectra (Fig. 2) were also similar 
with allowance made for the differences in the 
aglycone portion. Thus, in the spectrum of 21, 
the anomeric proton was a doublet and  the high 
field methylene singlet was characteristic of the 
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COOEt 

COOEt 

, Bzo-- OEt + 

BzO OBz 

2 1 

COOEt 
22 

RO 

COOEt 
COOE t COOEt 

COOEt 
26 R = Bn 
27 R =  H 30 

triester group and its point of attachment to the 
sugar. As could be anticipated, compound 21 
was debenzoylated with sodium ethoxide without 
difficulty. The acetate derivative 25 gave a mass 
spectrum that was in accord with the structure 
(Mf  at  n ~ l e  504.1828; calcd. 504.1843). The 
ketal22 was isolated as  a syrup and characterized 
by n.m.r. spectral studies and by its transforma- 
tion into 4 by acetolysis. 

Treatment of 8 with sodio triethyl 1,1,2- 
ethanetricarboxylate in 1,2-dimethoxyethane and 
hydrogenation of the resulting product, gave a 
mixture of 24 (identified as its tribenzoate 21 and 
its triacetate 25) and another product that was 
assigned the lactone structure 27. The latter, 
formed in preponderance, was isolated as a 
homogeneous syrup. Its i.r. and n.m.r. spectral 
characteristics were in accord with the structure. 

The n.m.r. spectrum of the corresponding di- 
benzoate derivative 29 is shown in Fig. 2. 
Acetylation gave the diacetate 28, analyzed by 
high resolution mass spectrometry (Mf at n?/e 
416.1323; calcd. 416.131 8). Treatment of the 
lactone 27 with a solution of sodium ethylate in 
ethanol afforded a syrup that was benzoylated 
to  give the a-anorner 30. The n.m.r. spectrum of 
this product was compatible with the structure, 
indicating that the opening of the lactone ring 
in 27 had proceeded in the manner anticipated. 

The proven importance of D-arabinofi~ranosyl 
nucleosides (2,25) such as 9-(P-D-arabinofiirano- 
sy1)adenine and I-(P-D-arabinofuranosy1)cytosine 
as  antiviral and antitumor agents, prompted us 
t o  extend our reactions to the ~-arabi170 series 
with the aim of preparing C-arabinofuranosyl 
malonates as precursors to C-nucleosides. Al- 
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HANESSIAN AND PE RNET: C-NUCLEOSIDES 1285 

FIG. 2. Nucleal. magnetic resonance spectra (at 60 
MHz in CDCI,) of diethyl I-(a-D-ribof~lranosy1)-1,l ,2- 
ethanetricarboxylate, a-lactone dibenzoate (29) (upper 
spectrum) and triethyl I-(b-D-ribofuranosyl) 1,1,2- 
ethanetricarboxylate tribenzoate (21) (lower s p e c t r ~ ~ m ) .  

tho~lgh this class of compounds has not been 
enco~~ntered in nature as yet in this series, the 
synthesis of some analogs was deemed of 
interest in view of their potential biochemical 
properties. The synthesis of a C-D-arabinofi~r- 
anosyl imidazole from the corresponding 1 -  
cyano derivative has been recently reported (26). 
Treatment of 2,3,5-tri-0-benzyl-a-D-arabinosyl 
chloride 31 (27) with sodio diethyl ~nalonate 
in diethyl ~nalonate gave the expected C- 
glycoside 32 as a syrupy anomeric mixture, in 
quantitative yield. Hydrogenolysis of tlie benzyl 
groups gave a syrup that consisted of the 
respective anoniers. These were separated by 
chromatography and obtained as homogeneous 
syrups. Again the similarity of  the n.ni.r. spectra 
of the respective acetates 35 and 36 precluded 
an anomeric assignment and recourse was made 
to a chemical correlation. Thus, periodate oxida- 
tion of the anomer whose acetate derivative had 
the more negative optical rotation value gave the 
sanie dialdehyde that was obtained from the 

known dietliyl 2-(P-D-gl~~copyranosyl) malonate. 
Here too, Hudson's r ~ ~ l e s  as formulated for 0- 
glycosides, were obeyed (Schenie 6). 

Discussion 
Two general pathways could be envisaged in 

these condensation reactions (Schenie 7). Attack 
of the carbanion and/or internal ~ a r t i c i ~ a t i o n  
c o ~ ~ l d  take place with d- and P-oriehted io'n-pair 
species (A-C). Alternatively, abstraction of 
halide ion bv the cation5 w o ~ ~ l d  lead to an 
oxonium-ion type D, with the carbanion as the 
tight counter-ion, and with possible stabilization 
by electronegative atoms in the solvent molecule6 
and by neighboring s~lbstituents (ethers oresters). 
The relative proportions of N- and P-ion pairs 
will d e ~ e n d  on the anomeric c o ~ n ~ o s i t i o n  of the 
original halide and the possibility of anomeriza- 
tion in solution. In view of the apparent insolu- 
bility of the formed sodium halide, it is diflic~~lt 
to assess the extent of anonierization, i f  any, in 
the presence of the reagent (17). The nature and 
coniuosition of ~ r o d u c t s  in these condensation 
reactions will thus depend upon the  relative 
reactivities of the v a r i o ~ ~ s  intermediates (Scheme 
7) vis-i-vis the prevailing n~~cleophiles. Another 
noteworthy consideration is the state of aggre- 
gation and solvation (29) of tlie carbanions in 
solution and their effective sizes. It is known 
that in the presence of a solvent such as I,?- 
diniethoxyethane, the rates of alkylation by 
carbanions are greatly increased, compared to 
those in inert solvents. This acceleratioli is due, 
in major part, to the ability of tlie solvelit to 
solvate the cation bv a bidentate donor mechan- 
isni (29), thus causing a dissociation of the 
aggregates and increasing the effectiveness of the 
carbanion as a nucleophile. The possibility of an 
"interconversion" between products, partic~~larly 
in the case of C-glycosyl nialonates (19), intro- 
duces yet another paranieter and precludes tlie 
designation of a definitive and ~~n i f i ed  pathway 
for these reactions. 

The formation of the ketal3 in the reaction of 
the chloride 1 with sodio dialkyl malonates, 
~ ~ n d e r  a variety of conditions, indicates that the 
formation of 1,2-benzoxonium ions o f  type C 

51nsoluble sodium halide separates out  in t h e  reaction 
n3ixt~ll-e. 

6For a discussion of discrete oxonium intermediates 
with ether-type solvents in displacement reactions, see 
ref. 28. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1286 C A N .  J .  C H E M .  VOL. 5 2 ,  1974 

BnO 

31 

0 / 

B BzOu/.;q 
BzO OBz 

(R = Bz, CH2Ph) 

(Scheme 7) is heavily favored. Even in the 
presence of added chloride ion (to promote 
anomerization), intramolecular attack appears 
to  be faster than that of the carbanion on the 
anomeric carbon atom. The lower proportion o f  
ketal in the reaction of the bromide 2 with sodio 
diethyl malonate in diethyl malonate as  solvent, 
compared to that of the P-chloride in the same 
solvent points to the importance of the nature 
and the stereochemical arrangement of halogen 
atoms on C- l  in determining the nature of the 

products. The role of the solvent a n d  the state of 
aggregation of the carbanion can be appreciated 
when comparing the  products from the reaction 
of 2 with sodio diethyl malonate in 1,2-di- 
methoxyethane and  in diethyl malonate as  
solvent respectively. I t  seemed reasonable t o  
assume that initially formed C-glycosyl malon- 
ates were the precursors of the lactones 5, 7, and 
10, in their respective reactions. This hypothesis 
was experimentally verified by treatment of a 
mixture of the benzoates 13 and 17 with sodio 
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diethyl malonate, in a reaction simulating the 
actual reaction conditions. The sole product was 
indeed the lactone 5, and it was isolated in 
crvstalline form. It was therefore evident that 
C-glycoside formation was actually taking place 
in the condensation of 2 with sodio diethyl 
malonate in diethyl malonate, but that the 
products were undergoing fi~rther transfornia- 
tion in the reaction mixture. A pla~~sible  mechan- 
ism for the formation of the lactone is illustrated 
in Schenie 8. The base-catalyzed epimerization, 
triggered by the formation of the nialonate anion 
takes place via the open-chain oxanion. The 
latter could react with excess diethyl nialonate 
in a transesterification step and ultimately lead 
to the lactone 5. Support in favor of the pathway 
suggested in ~ c h e ~ n e  8 was gained b y  interre- 
lating the lactones 5, 7, and 10. Thus, hydro- 
genolysis of the tribenzyl ester 7 and esterifica- 
tion of the resulting diacid with trietliyloxonium 
fluoroborate (30) gave the lactone 5. Alterna- 
tively, hydrogenolysis of 10 followed by benzoyl- 
ation of the trio1 12 also gave crystalline 5. The 
integrity of carbon atonis 2,3,4 bearing the 
0 - s ~ ~ b s t i t ~ ~ e n t s  in the original halide 2 was there- 
fore preserved in the respective lactones.' The 
lactone was extreniely sensitive to basic condi- 
tions and attempts to effect selective hydrolysis 
with aqueous or  alcoholic acid solutions failed. 
It was stable to acetolysis however, and it could 
be recovered unchanged. Microanalytical data 
were consistent with a n iolec~~lar  f o r m ~ ~ l a  cor- 
responding to C,,H,,O,,; however efforts to 
obtain mass spectral data on the corresponding 

'The configurations of the carbon atoms bearing the 
branches are still unknown a t  this tinie. 

acetate derivative were not s~~ccessful due to the 
deconiposition of the sample. Nuclear magnetic 
resonance spectra of 5 were not well resolved, 
even at  100 MHz and were informative onlv with 
respect to the ratio of benzoate to ethyl protons. 

The formation of  both a- and P-C-ribo- 
furanosyl rnalonates in tlie reaction of 8 with 
sodio diethyl malonate in 1,2-dimethoxyethane 
was not ~~nexpected in view of a similar exper- 
ience in the D-glucopyranose series (17). The 
carbanion co~lld attack one of several ion-paired 
species in solution (Schenie 7, 0-benzyl analog), 
including solvent-stabilized oxonium ions of 
type D. The possibility of epinierization (ano- 
nierization) of an initially formed preponderant 
a-anonier cannot be excluded (Scheme 8, R = 

Bn). The lactone 5 was a niinor product in these 
condensations. The formation of tlie P-C- 
glycoside 9 and the lactone 10 but not the 
a-C-glycoside, in the condensation of the P- 
halide 8 in diethyl malonate as solvent, can be 
attributed to a highly selective P-attack of the 
bulky carbanion aggregate on an a-oriented 
ion pair (Schenie 7) or to the irreversible 
epimerization of an initially formed a-anonier.' 
In a competing reaction, the oxanion (Scheme 8) 
could be diverted from the epinierization path- 
way to give the lactone 10 via a transesterification 
reaction with the solvent. Presuniably, one or 
both of these pathways is favored when the 
condensation is carried O L I ~  in diethyl malonate 
as solvent. 

The acetate and benzoate derivatives 13 and 

sThe formation of lactone types at the expense of the 
a-C-glycosides (Scheme 8) is an interesting possibility. 
These epimerization reactions are presently under study. 
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14, respectively, were particularly sensitive to 
bases in protic media, ~~ndoubtedly due to 
abstraction of the malonic ester proton and sub- 
sequent transformations. A similar observation 
was encountered in the attempted deacetylation 
of diethyl 2-(2,3,4,6-tetra-0-acetyl-P-D-glucopy- 
ranosyl) malonate (I 7) and in the debenzoylation 
of l-cyano-2,3,5-tri-0-benzoyl-~-~-ribof~1ranose 
(12, 31). 

Whereas the reaction of the bromide 2 with 
sodio diethyl malonates in 1,2-dimethoxyethane 
led to ketals almost exclusively, the analogous 
reaction with sodio triethyl 1,1,2-ethanetricar- 
boxylate led to appreciable C-C condensation 
at the anomeric carbon atom. This could reflect, 
to sonie extent, the affinity of the carbanion for 
positive centers i n  the benzoxonium ion and 
oxonium ion intermediates (Scheme 7, C). The 
structural relationship between 14 and 25 was 
nicely demonstrated by mass spectrometry. Loss 
of ethyl radical and ketene from the molecular 
ion of 25, situated at m/e 504.1828 (calcd. 
504.1843) gave the ion at n?/e 417.1336 (calcd. 
41 7.1395) differing from the molecular ion of 14 
(m/e 418.1475, calcd. 418.1450) by 1 a.m.u. 

Although the C-glycoside 21 was obtained in 
a relatively modest yield (-20%), the simplicity 
of its preparation and isolation, coupled with 
the desirable structural features in the aglycone 
portion, make it a promising precursor to the 
C-nucleoside antibiotic showdomycin (Scheme 1 )  
and its analogs. In the 0-benzylated series, the 
preponderant formation of the a-C-glycoside 26 
can be assumed from the amount of lactone 27, 
formed after removal of the 0-benzyl groups. 
The lactone is presumably formed by a spon- 
taneous cyclization of the corresponding a-C- 
glycoside. Irrespective of the actual mechanistic 
pathway, (Scheme 7, 0-benzyl analogs) the high 
preference for a-attack by the bulky carbanion 
is somewhat surprising. 

The extensive studies of Fletcher and co- 
workers (32) on the solvolysis of D-arabinosyl 
halides containing non-participating substituents 
at C-2 have led to the general conclusion that 
0-D-arabinofuranosides are preponderant pro- 
ducts, irrespective of the anomeric composition 
of the starting halide. The results have been 
rationalized on the basis of a higher stability of 
a-oriented ion pairs. The formation of approxi- 
mately equal amounts of a-  and 0-D-arabino- 
furanosyl malonates 32 from the a-halide again 
calls for the intervention, at least in part, of 

oxonium-ion intermediates. Since the incorpora- 
tion of chloride ion (as tetra-n-butylammoni~~m 
chloride) did not change the proportion of 
products, it could be assumed that a P-oriented 
chloride (formed via anomerization), cannot be 
the direct precursor of the a-C-glycoside and the 
latter niust arise by a different pathway. A a- 
oriented halide and/or specifically solvated oxon- 
iuni intermediates could thus account for the 
two products. The possibility of epimerization 
of an initially formed p-aiiomer, to the less 
hindered a-anomer, cannot be excluded; how- 
ever, no trace of lactone-type products were 
detected in the D-urubitio series, even when the 
condensations were carried out in diethyl 
malonate as solvent. 

To  summarize, although the feasibility of C- 
C condensation reactions of carbanions with 
appropriately substituted pentofuranosyl halides 
was demonstrated, two drawbacks are apparent. 
Firstly, i n  the presence of participating groups 
at C-2, variable amounts of 1,2-ketal derivatives 
are formed that are synthetic impasses. Secondly, 
in the presence of non-participating groups, the 
C-glycosyl compounds that are formed are 
invariably mixtures of ci- and 0-anomers. Thus, 
the inherent structural features of the O-substi- 
tuents in the two types of glycosyl halides, make 
the above discussed shortcomings somewhat 
unavoidable. Further, owing to the very similar 
chromatographic properties of some of the 
anomeric (epimeric) C-glycosyl malonates, their 
separation was effected on small scale in some 
cases for characterization purposes and yields 
are not optimized. The recorded spectroscopic 
and other physical characteristics should never- 
theless serve as useful analyticalcriteriafor related 
compounds. 

Experimental 
Get~eral 

Melting points are uncorrected. Infrared spectra were 
recorded on a Beckman 1R-8 spectrometer. Nuclear 
magnetic resonance spectra were obtained in chloroform- 
d unless otherwise stated, at 60 and 100 MHz with 
tetramethysilane as internal reference (s, singlet; d ,  
doublet; t, triplet; q, quartet; m, multiplet; b, broad). 
Optical rotations were measured with a Perkin-Elmer 
Model 141 polarimeter. Mass spectra were done at low 
resolution on a Hitachi-Perkin Elmer RMU-6D spectrom- 
eter and at high resolution on an AEI MS-902 spectrom- 
eter, with direct introduction of the sample in the ionizing 
chamber. Conventional processing, or processing in the 
usual way signifies drying of organic solutions over 
anhydrous sodium sulfate, filtration, and  evaporation 
under diminished pressure. 
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Cl~rornatograpl~y 
Pertinent details are given in the preceding paper (17). 

Solvent systems: solvent A, chloroform-2,2,4-trimethyl- 
pentane-methanol ( l0 :5  :0.2); solvent B, chloroform- 
methanol (lo:  I);  solvent C, chloroform-acetone (10: 1); 
solvent D, acetone -carbon tetrachloride (1 : 10). All 
C-glycosyl malonates described in this work gave 
orange-colored spots when the plates were sprayed with 
sulfuric acid and heated gradually. On further heating, 
the color changed to dark brown. 

Soluetlts atrd Harldli~rg of Carbarriotrs 
Pertinent details are given in the previous publication 

(17). Pentofuranosyl halides (ester and 0-benzyl ethers) 
are particularly prone to hydrolysis by traces of moisture 
and all condensation reactions were carried out with 
rigorously dried solvents. The use of a dry-box for 
handling the carbanion (manipulations with sodium, 
sodium hydride, etc,) is recommended. 

C/~oracterizatiot~ oj'Sjlr14py Cotrrpornrds 
The syrupy C-glycosyl conIpounds could not be distilled 

and their purification for analytical purposes was done 
by chromatographic means. Microanalytical data in these 
cases were substituted by high resolution mass spectral 
data and these are included in appropriate sections. 

Preparation and Anonleric Assigtmlerrt of 2,3,5-Tri-0- 
benzoyl-D-ribofrrranosyl Halides 

Bromides 
Anhydrous hydrogen bromide was bubbled through a 

solution of 1-0-acetyl-2,3,5-tri-0-benzoyl-w-ribofura- 
nose (4), in chlorofornl. After 3 lnin the solution was 
rapidly evaporated to a syrup that consisted of the 
bromide 2 in an a;(3 anomeric ratio of I :3  ( f  573, as 
determined by n.m.r.; for the cr-anomer; 5.40 (dd, J,., = 
4.5 Hz; J,,, = 6.75 Hz; H-2); 5.70 (dd, 5 3 . 2  = 6.75 Hz; 
J,., = 3 Hz; H-3); 6.75 p.p.m. (d, J,,, = 4.5 Hz; H-1); 
for the (3-anomer: 6.10(nl, H-2, H-3): 6.45 p.p.m. (s, H-I). 
The ratio of anomers was determined from the area under 
the peaks corresponding to the anomeric hydrogens, and 
they were checked for correctness of integration, based 
on the area under the H-2 peak in the spectrum of the 
a-anomer. 

When hydrogen bromide was bubbled through the 
solution as described above, but at  0' for 30 min according 
to a literature procedure (12), and the solution was left 
at room temperature for an additional 30 min, the ratio 
of anomeric bromides in the product was found to be 
3:2 ( f  5 z )  in favor of the cr-anomer. The condensations 
described in this work were done with the bromide 
prepared in this manner. When hydrogen bromide was 
passed into a solution containing the corresponding 1-0- 
p-nitrobenzoate derivative in dichloromethane (33) the 
anomeric ratio was 1: 1 (+ 5%). Addition of small 
amounts of tetra-n-butylammonium bromide to the 
solutions caused partial equilibration to a mixture that 
was richer in the (3-anomer (a/(3 ratio -1 :4). 

Clr lor ides 
Anhydrous hydrogen chloride was bubbled through a 

solution containing the I-acetate 4 and the solution was 
kept at 0' for 4-1 1 days (34). Evaporation of the solution 
and analysis of the syrupy residue by n.m.r. spectroscopy 
showed the presence of the (3-anomer exclusively; n.m.r. 

data (I00 MHz); 5.98 (d, J,,, = ~ 0 . 5 ;  I,,, = 5 HZ; 
H-2); 6.15 (dd, J,,, = 5 Hz; J3,, = 7.5 HZ,  H-3); 6.88 
p.p.m. (s, H-1). 

When anhydrous hydrogen chloride was passed 
through a solution of the I-acetate 4 for 70-80 min at 
room temperature, the resulting product was richer in 
the p-anomer (alp ratio, 1 :4.  t 5 % ) .  Addition of tetra-n- 
butylammonium chloride caused complete equilibration 
to the (3-anomer within 10 min (n.m.r.). 

Cotrdensatior~ of 2,3,5-Tri-O-be11zoyl-~-,.ibofira11osyl 
Halides with Sodio Malonatr Esters 

1,2-0- (2,2'- Dicorbetlroxy-I-~t~etl~yle/lrylidet~e)-a-D- 
ribofio.anose Dibrnzoate (3) 

T o  a solution of 2,3.5-tri-0-benzoyl-p-D-ribofuranosyl 
chloride 1 (0.628 g, 1.48 mmol) in 2 ml of 1,2-dimethoxy- 
ethane was added a solution of sodio diethyl malonate 
(prepared from 0.1 g of sodium and 0.5 rnl of diethyl 
malonate; 4.44 mmol). After stirring at room temperature 
overnight, the solution was diluted with a large excess of 
ether, and i t  was washed with water until the washings 
were neutral. Excess diethyl rnalonate was removed by 
distillation leaving 3 as a colo~.less syrup (0.79 g, quanti- 
tative) that was chron~atographically homogeneous; 
n.m.r.: 1.20(m, CH,CH,); 3.96(s, H,,,);4.90(dd,J3,, = 
5.3 Hz; J,,, = 9 Hz, H-3); 5.29 (dd, J,,, = 4.5 Hz; 
J l V 3 = 5 . 3  HZ, H-2); 6.30 p.p.m. (dd, J , . l = 4 . 5  Hz, 
H-I) etc. The same product was obtained when the 
condensation was carried out in N,N-dirnethylformamide. 

Acetolysis of 3 (0.3 g) in 10 ml of a 1 : 1 acetic acid - 
acetic anhydride mixture containing 1 drop of sulfuric 
acid, followed by dilution with ether, neutralization 
(NaHCO,), and processing in the usual way, gave a 
syrup (62Dj,) that was chromatographically and spectro- 
scopically (n.m.r.) identical to 4. The syrup crystallized 
from a mixture of ether and pentane, m.p. and mixture 
m.p. with 4, 130". 

3-Carbetlroxy-5,6-drydro-7- ( ~ ~ ~ ~ ~ o x y t f 1 e t h y ~ ) - 2 - o x o - 4 -  
oxepat~edietl~yl Malonate, Tribrnzoatr (5) 

A solution of the bromide 2 (cr/(3 ratio, 3 :  2) prepared 
from 3 g of the corresponding I-acetate 4, in 5 rnl of 
diethyl malonate, was treated with a solution of sodium 
diethyl malonate prepared from 0.72 g of sodium and 35 
ml of diethyl malonate. The sol~~t ion was stirred at room 
temperature overnight, a large excess of ether was added, 
and the solution was washed with water. Residual diethyl 
malonate was removed from the processed organic phase 
by distillation and the remaining syrup was found to 
consist of two products (t.1.c. and n.m.r.). T h e  syrup was 
dissolved in ether, pentane was added and the solution 
was stored at - 20" for 3 days. Thecrystalline product that 
separated (1.55 g) was assigned structure 5. The mother 
liquors were chromatographed on silica gel and the 
fractions corresponding to  5 were collected, combined, 
and processed to give an  additional 0.73 g of product 
(combined yield, 1.885 g, 4373; m.p. 98-98.5"; 1.5 
f 0.2" (c 3.5, CHCI,); n.m.r.: 1.13, 1.17, 1.25 (t, CH3- 
CH,); 4.2 (m, 9 protons); 4.85 (m, 3 protons, CH2CH); 
6.0 (m, 2 protons, CH-OBz); 7.5,g.l p.p.m. (15 protons, 
C6H5CO), etc. A mass spectrum of this product or its 
corresoondine, acetate could not be obtained due to 
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From the remaining fractions of the chromatographic 
separation, a -30% yield of 3 was obtained. 

The product 5 could be revealed on t.1.c. plates (solvent 
A) with the sulfuric acid spray, but only after prolonged 
heating. It had an Rf that was very close to the ketal 
derivative 3. Attempted debenzoylation with sodium 
ethylate in ethanol even under controlled conditions 
(pH, temperature) revealed the formation of a series of 
more polar products (t.1.c.) and eventually no product(s) 
could be isolated. The same lability was noticed towards 
bases in general. Under conditions of acetolysis however, 
it was recovered unchanged. Mild acid treatment was 
without effect but upon heating (2 N HCI), degradation 
took place and no products could be isolated. 

1,2-0-(2,2'- Dicarbo,ry-l-t11e/hylethylidet1e)-3,5-di-O- 
betlzoyl-a-D-ribofirrntlose Dibetlzj~l Ester ( 6 )  

Sodium (65 mg, 2.8 mmol) was dissolved in 1 ml of 
dibenzyl malonate and 10 ml of dry benzene. The homo- 
geneous solutiong was added to a solution of the bromide 
2 (0.5 g, 1 mmol) in 3 ml of benzene. After stirring at room 
temperature overnight, the solution was diluted with 
excess ether, washed with water, and the organic phase 
was processed as usual to  give a mobile syrup. Excess 
dibenzyl malonate was removed by trituration with 
petroleum ether (b.p. 30-60") and the resulting syrup 
(>  95%) was shown to consist almost exclusively of the 
title compound (t.l.c., n.m.r.). 

Acetolysis of a sample led to 4, m.p. and mixture m.p. 
130". Alternatively, 0.5 g of 6 were hydrogenated in 
ethanol (20% palladium-on-charcoal, 0.2 g) (35) over- 
night and the processed solution was refluxed in acetic 
acid for 2 h. Evaporation to dryness gave the acetate 4 
(0.188 g, 53%); m.p. and mixture m.p. 130". 

3-Carhoxy-5,6-dihydro- 7- (hydro.v.vtnethyI) -2-0x0-4- 
oxepanenlnlotric Acid Tribetizyl Ester, Tribenzonte (7) 

A solution containing 2 (5 g, 10 mmol) and sodium 
dibenzyl malonate (50 mmol, from 20 ml) in 20 ml of 
1,2-diniethoxyethane was stirred at room temperature 
overnight and the solution was processed as described in 
the above preparation. Excess dibenzyl malonate was 
removed by passing the mobile syrup through a bed of 
silica gel, using first pentane as eluent, then chloroform. 
Evaporation of the chloroform eluates gave a syrup that 
showed the presence of 6 in addition to another com- 
pound that was difficult to reveal with the sulfuric acid 
spray (t.l.c., solvent A). The syrup was dissolved in a 
mixture of ether and pentane after storing at On, a 
crystalline product separated out to which structure 7 
was assigned; yield 0.5 g (6%); m.p. 100.5-101" (from 
ether-pentane); n.m.r. (at 100 MHz): 3.87 (s, H5; H-6); 
4.12p.p.m.(d,J3, ,= 7 Hz, H-3),etc. 

Anal. Calcd. for CJOH52014: C, 70.21; H, 5.08. 
Found: C, 70.62; H, 4.83. 

Hydrogenolysis of 7 (0.2 g) in ethanol in the presence 
of 20% Pd-C, in the usual way, gave a syrup in quanti- 
tative yield (0.15 g). A portion of this triacid (0.1 g) was 
dissolved in 2 ml of dicliloromethane and treated at 0" 
with 0.1 g of triethyloxonium fluoroborate (30). The 
solution was stirred at room temperature for 1 h, i t  was 
neutralized with aqueous sodium bicarbonate and 
processed by extraction with chloroform. After drying 

'Sodio dibenzyl malonate was soluble in benzene in 
contrast to the diethyl derivative. 

and evaporation, the lactone 5 was obtained, first as a 
syrup (90 mg, 60%), then as a crystalline product, n1.p. 
and mixture m.p. 91.92" (from ether-pentane). 

Cot~detlsation of 2,3.5-Tri-O-benzoj~l-~-ribof~1ra11osy/ 
Halides ~vith Sodio Trietlryl 1,1,2-Ethnnetricarboxy- 
late 

Triethyl 1-(2,3,5-Tri-0-bet1zoy~-~-~-ribofir,a110~~~/) 
1,1,2-Et/1at1etricn1.bo,~yla~ (21 )  

To a solution of the bromide 2 (from 1 g, 2.4 nimol of 
the corresponding I-acetate 4) in the minimum volume 
of 1,2-dimethoxyethane was added a solution of sodio 
triethyl 1,1,2-ethanetricarboxylate (prepared from 0.17 g, 
7.4 mmol of sodium and 1.8 g of the triester) in 5 ml of 
the same solvent. After stirring overnight at room 
temperature, excess ether was added, and the solution 
was processed by washing i t  with water, etc. Excess 
reagent was removed by distillation and the remaining 
syrup (quantitative) was examined by t.1.c. in solvent A. 
Two components, having Rf -0.8 (title compound 21) 
and R,  -0.75 (ketal derivative) were present in an 
approximate ratio of 1 :2 (estimated by n.m.r.). A 
portion of the syrup (0.8 g) was separated by chromatog- 
raphy on silica gel GF,,, using chloroform as developer. 
Fractions containing 21  were combined and evaporated 
to a colorless syrup (0.17 g, 20%, based o n  4); + 
21.6" (c  6.9, CHC13); n.m.r. (Fig. 2): 1.20 (m, CH3CH2); 
3.20 (s, Clf2COO); 5.0 (d, J1 .2  = 4.3 HZ,  H-I): 5.73 
( t , J3 ,2  = 5.5 Hz, H-3); 6.22p.p.m. (dd, J2,,= 5.5 Hz; 
J2., = 4.3 Hz, H-2) etc; tiile 645.1959 (calcd. for M t  - 
EtO' 64.5.1972). 

The triacetate 25, obtained as a chromatographically 
homogeneous syrup, by debenzoylation (NaOEt, EtOH) 
of 21 and acetylation (acetic anhydride - pyridine, see 
later) gave a satisfactory mass spectrum a t  high resolu- 
tion: M t  504.1828 (calcd. for C 2 2  H12 013, M f  
504.1843); t t~ / e  459.1528 ( M t  - EtO'); nl/e 417.1336 
(Mf  - EtO' -CH2CO), etc. 

Fractions containing the ketal derivative 22 were 
collected, and processed to give a syrup; n.m.r.: 3.10 (s, 
CH,COO), 5.13 (dd, J,., = 10 Hz; J 3 . 2  = 4 HZ; H-3); 
5.57 (t, 52 .1  = J2.3 = 4 HZ; H-2); 6.54 p.p.m. (d, J,,, = 
4 Hz, H-1) etc. Acetolysis of a portion of 22 afforded the 
I-acetate 4, identical with an authentic sample. 

Condensation of 2,3,5-Tri-O-bet1zyl-u-ribojl1ratios.vl 
Cllloride with Sodio Diethy1 Malotlate 

Diethy1 2-(8-D-Ribofurnnosyl) Malotlate (11)  and its 
Tribetlzoare (13 )  

T o  a solution of 2,3,5-tri-0-benzyl-m-ribofuranosyl 
chloride 8 (36) (0.447 g, 0.79 mmol) in the minimum 
volume of diethyl malonate, was added a solution of 
sodio diethyl malonate (prepared from 70 mg, 3 mmol, 
of sodium and 5 ml of diethyl malonate) under rigorously 
anhydrous conditions (see general comnients under 
Experimental). The solution was stirred at  room tempera- 
ture overnight, and a large excess of ether was added. 
The processing was continued by washing with water, 
etc. Excess diethyl malonate was removed from the final 
syrup by distillation. A thick colorless syrup was ob- 
tained (0.558 g) that showed a single spot on t.1.c. 
(solvent A). The syrup was dissolved in ethanol and the 
solution was hydrogenated in the presence of 20% Pd-C 
for 12 h. The catalyst was filtered, washed with ethanol 
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and the filtrates were combined and evaporated to a 
syrup (quantitative). Chromatography on silica gel 
containing boric acid (solvent B) revealed two compo- 
nents, Rr -0.5 and R,  -0.3, in approximately equal 
amounts (estimated from zone intensities after charring 
and by n.m.r.). Separation (0.1 g) by preparative t.1.c. 
gave the R, 0.5 component as a homogeneous syrup (30 
mg) that was identified as the oxepane derivative 12 
Benzoylation of this product afforded the crystalline 
tribenzoate 5. Acetylation of 12 and attempted investi- 
gation of the syrupy acetate by mass spectrometry was 
unsuccessf~~l, due to decomposition, even at  50°. 

The R ,  -0.3 component was likewise obtained as a 
syrup (25 mg) and proved to  be the title compound 11. 
Acetylation in the usual way (acetic anhydride, pyridine) 
gave the acetate 14 as the sole product (colorless syrup): 
mass spectral data: M +  418.1450 (calcd. for C,, HZ6 
011, 418.1475); m/e 285.0973 (M - COOEt), etc. 

Benzoylation of 11 in the usual way gave diethyl 
2-(2,3,5-tri-O-berrzoyl-13-~-ribofu,a/) tnalonate (13), 
as a chromatographically homogeneous s y r ~ ~ p ;  R, -0.8 
(solvent A); [aIDz5 +21.8' (C 4.1, CHCI,): n.m.r. (at 100 
MHz): 3.84 (d, J ,,,, 1 = 7 . 0  HZ, H,,,); 4.92 (dd, J , , z  = 
4.5 Hz; J1 ,,,, = 7.5 Hz, H-I); 5.90 p.p.m. (m, H-2, H-3); 
etc. These assignments were confirmed by internuclear 
spin decoupling experiments (See also Fig. 1); M t  - 
CH2 0COC6 m/e 469.1495 (calcd. for M t  - CH2 
0COC6H5 469.1498); m/e 482.1579 calcd. for M t  - 
C6H5COOH 482.1576). 

Diethyl 2-(a-D-Ribofraanosyl) Mulorlate (16)  and its 
Tribenzoute ( 1  7 )  

The same procedure as described for the preparation 
of 9 was repeated with the exception that 1,2-dime- 
thoxyethane was used as solvent. Thus, from 2.23 g (4 
mmol) of the halide 8 and 0.35 g (15 mmol) of sodium 
and 3.15 ml of diethyl malonate in 30 ml of 1,2-dime- 
thoxyethane, a syrup was obtained in high yield. After 
hydrogenation as described above, the syrup obtained 
after work-up (0.985 g) showed the presence of three 
components when chromatographed on silica gel con- 
taining boric acid (solvent B). The R, -0.6 and R,  -0.3 
components were identified as compounds 12 and 11, 
respectively. The third component, Rr -0.55 was found 
to be the title compound 16. A portion of the syrup 
(0.11 g) was separated by preparative t.1.c. on silica gel 
containing boric acid (solvent B), using eight 20 x 20 
cm plates. Diethyl 2-(a-D-ribojrrat~osyl) malonate (16) 
was thus obtained as a clear syrup (44 mg, 31%, based 
on the reacted halidelo). The 13-C-glycoside 11 was 
isolated in the same way and it was obtained as a syrup 
(66 mg, 46%). 

A portion of 16 was benzoylated in the usual manner 
(benzoyl chloride, pyridine) to give dietl~yl 2-(2,3,5-tri- 
0-be~lzoyka-~-r ibof i r ra~~osy/)  nlalonate (17), as a syrup; 
R,  -0.82 (solvent A); +71.6" (c 3.9, CHC13); 
n.m.r. (at 100 MHz): 4.08 (d, J ,,,, = 10.5 Hz, H,,,); 
5.12 (dd, J l , z  = 4.0 HZ; Jl , , ,  = 10.5 HZ, H-I);  6.00 
(t, J3 .2  = J3,4 = 4 HZ, H-3); 6.30 p.p.m. (t, JzV1 = 

1°In some experiments, hydrolysis of the halide prior 
to condensation led to variable amounts of 2,3,5-tri-0- 
benzyl-D-ribose. This could be minimized with proper 
precautions in handling. 

J2,, = 4 HZ, H-2), etc. These assignments were confirmed 
by internuclear spin decoupling experiments (see also 
Fig. 1). 

Alternatively, the hydrogenolysis product containing 
the compounds 12,11, and  16 could be benzoylated and 
the resulting benzoates, 5, 13, and 17, respectively, could 
be separated by a combination of column and t.1.c. 
(solvent A). 

Anomeric Confgurational Assigntnent of the C-Glycosyl 
Malorlate (11)  

A sample (35 mg) of diethyl 2-(p-D-ribofuranosyl) 
malonate 11 (purified by preparative t.1.c.) was dissolved 
in 2 ml of ethanol and the solution was treated with 4 
equiv. of sodium metaperiodate in 2 ml of  water. After 
standing at  room temperature in the dark for 2 h, the 
solution was filtered, and  the filtrate was evaporated to 
dryness. The solid residue was dissolved in chloroform, 
the solution was filtered through a sintered-glass funnel 
and the clear, colorless filtrate was evaporated to a syrup 
that showed essentially one spot on t.1.c. After preparative 
t.1.c. (solvent B), a syrup (23 mg) was obtained that 
showed [aIDz5 -21" (c 2.3, CHCI,). Authentic dialdehyde 
19 showed [a]DZ5 -24O (c 2.1, CHCI,) while the epimeric 
analog (17) showed [aIDZ5 +26" (CHCI,). 

Transformation of tlle C-Glycosyl Malonates 13 and 17 
into the Oxepa~le Derivative 5 

Equal amounts (20 rng each) of 11 and 16 were dis- 
solved in 2 ml of pyridineand benzoyl chloride was added. 
The mixture of benzoates 13 and 17 was isolated as a 
colorless syrup. The latter was dissolved in a solution of 
sodium diethyl malonate (from 10 mg of sodium and 2 
ml of the ester). After storing at room temperature 
overnight the solution was diluted with ether, washed 
with water, and the organic layer was processed as usual 
to give a syrup (20 mg) that had the same chromato- 
graphic properties as the oxepane 5 (solvent A), as well 
as identical spectroscopic properties. Crystalline 5 was 
obtained from a mixture of ether and penlane at 03; 
yield 10 mg; m.p. and mixture m.p. 93-95". The mother 
liquors contained additional amounts of 5, but further 
crystalline crops were not obtained. 

Condensation of 2,3,5-tri-0-benzyl-13-D-ribofirranosyl 
Chloride wit11 Sodio Triethyl1,1,2-Etllunetricarboxy- 
lute 

Diethyl I-(a-D-Ribofrrranosyl)-1,1,2-etllanetricarboxy- 
late a-Lactone ( 2 7 ) ,  its Diacetate ( 2 8 ) ,  atld 
Dibenzonte (29)  

T o  a solution of the chloride 8 (prepared from 0.57 g, 
1 mmol of the corresponding 1-p-nitrobenzoate) in the 
minimum volume of 1,2-dimethoxyethane, was added a 
solution of sodio triethyl 1,1,2-ethanetricarboxylate (pre- 
pared from 70 mg, 3 mmol of sodium and 0.944 g, 4 mmol 
of the ester) in 8 ml of the same solvent. After stirring at 
room temperature for 20 h, the solution was diluted with 
a large excess of ether, then it was washed with water, 
and the organic phase was processed to give a mobile 
liquid, from which excess ester was removed by distilla- 
tion (80°, Torr). The resulting colorless syrup 
(0.65 g) showed two components on t.1.c. (solvent A) of 
which the more polar was 2,3,5-tri-0-benzyl-D-ribo- 
furanose (-30%). The syrup was subjected to hydro- 
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genolysis in 80% aqueous ethanol in the presence of 20% 
Pd-C for 6 h. The catalyst was filtered and the filtrate 
was evaporated to a syrup that was dissolved in chloro- 
form and the so l~~ t ion  was extracted with water to remove 
D-ribose. Processing the organic phase gave a syrup 
(0.18 g, 50%) that consisted of two components, Rf -0.6 
and Rr -0.57 (t.1.c. on silica eel containing boric acid. 
solveni B), corresponding to t r i e~hy l1 - (~ -~ - r i bo f i ~ ra t~o . cy l )~  
1,1,2-ethatret1~icar~boxylnte 24 and the title compound 27, 
respectively. 

Benzoylation (benzoyl chloride, pyridine) of an 
aliquot, and examination by n.m.r., showed a ratio of 
4:  1 for the benzoates 29 and 21, respectively. 

The original syrup (90 mg) was separated by prepara- 
tive t.1.c. (silica gel containing boric acid, solvent C) 
to give 24 as a syrup, characterized as its tribenzoate 21 
(n.m.r.) and triacetate 25 (mass spectrum). The title 
compound 27, obtained as a colorless syrup (30 mg), was 
converted into its diacetate 28 (acetic anhydride, pyridine) 
and the latter was obtained as a clear syrup (quantitative); 

+ 159' (c 0.9 CHC13); n.m.r.: 1.23 (1, CH3CH,); 
2.02, 2.08 (s, CH,COO); 3.0 p.p.m. (q, J ,.,,, = 18 Hz 
CH2COO); etc. Mass spectral data: M ?  416.1323 
(calcd. for Cl,H2,Ol1 : 416.1318); tn/e 371.0974 ( M t  - 
Eto'); m/e 343.1025 ( M t  - Et0'-CO'), etc. 

Benzoylation (benzoyl chloride, pyridine) of the 
lactone 27 gave the corresponding dibenzoate 29 as a 
colorless syrup in high yield; [aIDz5 + 144" (c 4.13, 
CHCI,); h,:,, 1790 (lactone), 1730 cm-' (ester); n.m.r.: 
1.20, 1.23 (1, CH3CH,); 3.17 (q, J ,,:,, = 18 Hz, CHI- 
COO); 5.50 p.p.m. (m, H-1, H-2, H-3), etc; see Fig. 2. 

Triethyl I-(a-D-Ribofrrrat~osyl) 1,1,2-Ethat1etricnr5oxylate 
(25) atld its Tribenzonte 30 

A solution of the lactone 27 (10 mg) in 1 ml of ethanol 
containing a catalytic amount of sodium methylate was 
left standing at room temperature for 3 h. The solution 
was neutralized with Dowex-50 (Ht) ,  filtered and the 
filtrate was evaporated to dryness to give crude 25. The 
resulting syrup was benzoylated in the usual way, and the 
reaction mixture was processed to give 30 as a colorless 
syrup. Purification by preparative t.1.c. (solvent D) gave 
a syrup (15 mg, 90%) that was chromatographically 
different from the p-anomer 21 (compare R, -0.70, sol- 
vent D); n.m.r.: p.p.m. 3.10 (s, CH2COO). The corre- 
sponding triacetate (syrup) showed Mf, 504.1823 (calcd. 
504.1843). 

Condensation it1 the D-Arabhio Series 
Dietllyl2-(a- and 13-D-Arabit~ofrrratiosyl) Malonntes 

33 and 34, and their Acetates 
Sodium (0.2 g, 9 mmol) was dissolved in 25 ml of 

diethyl malonate and the solution was added to a 
solution of freshly prepared 2,3,5-tri-0-benzyl-a-D- 
arabinofuranosyl chloride (31) (from 1 g, 1.75 mmol of 
the corresponding I-p-nitrobenzoate derivative) in 1 ml 
of diethyl malonate. The solution was stirred at room 
temperature overnight, then it was diluted with excess 
ether, and processing was continued by washing with 
water, etc. The organic phase was evaporated to a 
mobile liquid from which diethyl malonate was removed 
by distillation. The syrup (I g, quantitative) that re- 
mained consisted of the expected diethyl 2-(2,3,5-tri-0- 
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benzyl-a$-D-arabinofuranosyl) malonates (32), and 
showed a single spot on t.1.c. (solvent A). The syrup was 
dissolved in ethanol and hydrogenated in the presence of 
20% Pd-C. After IOh, the catalyst was filtered and the 
filtrate was evaporated to a syrup (0.5 g, quantitative) 
that showed two spots on t.1.c. (solvent B) with R, -0.4 
and R, -0.45, corresponding to the a- and a-anomeric 
title compounds respectively. Separation of 0.2 g by 
preparative t.1.c. (solvent B) gave equal amounts (30 mg) 
each of syrup dietllyl 2-(a-D-nrnbit~ofirr.anosyl) ttlalotlate 
(33) and diethyl 2-(~-~-nrnbi t1of i r ratzosy~) tnnlotinte (34). 
Acetylation of each product gave the corresponding 
acetates 35 and 36 as syrups, in high yield. Dietl~yl 2- 
(2,3,5-t,,i-0-acetyl-a-D-arabinofrrranosyl) trinlotlate (35) 
had +28" + 0.2" (c 5.9, CHCI,); n.m.r.: 1.28 (t, 
CH3CH2); 2.10 (3, CH3COO); 3.74 (d, J ,,,, I = 9.7 HZ, 
H,,,); 4.25 (m, H-4, H-5,5), 4.70 (dd, J ,.,,, = 9.7 Hz;  
Jl,2 = 3 Hz, H-I); 5.12 (m, H-3); 5.38 p.p.ni. (t, J2,3 = 

J2., = 3 HZ, H-2)etc; tn/e 419 ( M t  + l ) ;  tn/e 373 ( M t  
- EtO'); tn/e 345 ( M ?  - CH,OAc); nl/e 358 ( M t  - 
CH3COOH), etc. 

Diethyl2-(2,3,5-tri-O-acet~~l-~-~-arabit1of11rnt1os~~l) nln- 

lotlate (36), had [a],25 -2" + 0.2" (c 6.4, CHCI,); 
n.m.r.: 1.24, 1.28 (t, CH3CH2); 2.08 (s, CH,COO); 
3.71 (d, J ,,,. , = 9.9 H,  H,,,); 4.20 (m, CH3CH2;  H-5,5'; 
H-4); 4.71 (dd, J l . 2  = 3.8; JI ,,,, = 9.9, H-I); 4.89 (dd, 
J 3 . 2  = 0.8; J3,, = 2.25 Hz, H-3); 5.40p.p.m.(dd, J,,, = 
3.8; J 2 . 3  = 0.8, H-2), etc. Mass spectral data were ob- 
tained as above. 

Anotneric Configlrrational Assigrrrtletrt of the C-Glycosyl 
Malonnte 33 

A sample of 33 (40 mg) was dissolved in 2 ml of 
ethanol and two equivalents of sodium metaperiodate in 
2 ml of water were added. After 20 h in the dark, the 
solution was filtered, the precipitate was washed with 
ethanol, and the filtrate and washings were evaporated 
to a syrup. The latter was redissolved in chloroform, the 
solution was filtered from a trace of inorganic salts, and 
evaporated to a syrup that was purified by preparative 
t.1.c. (solvent C). The dialdehyde 19 was obtained as a 
colorless syrup (36 mg); [a],'' +29.2" (c 3.6, CHCI,). 
Authentic dialdehyde (17) obtained from the p-C- 
glucosyl malonate derivative 20 showed [aIDZ5 -24' 
(CHCI,) while the epimeric dialdehyde showed [a]D2' 
+ 26' (CHCI3). 
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The Wittig Synthesis and Photocyclodehydrogenation of 3-(2-Ary1)vinylindole 
Derivatives 

S. OSMUND DE SILVA A N D  VICTOR SNIECKUS 
Deprrrttjro~t o f  Cllc~~llisrry. Ut~i~,er:c.ity r>fWtrtr~,loo. Waterloo, Ot~torio 

Received December 4 .  1973 

Wittig condensation of indole-l-(p-toluenesulfonyl)-3-methyltriphenylphosphonium 
iodide (8) with aromatic and heterocyclic aldehydes gives good yields of the 3-(2-ary1)- 
vinylindole derivatives 9a-g (Scheme I ) .  Compounds l l a  and l l h  are obtained similarly 
starting with the known indole-I-methyl-3-methyltriphenylphosphonium salt 10 and 
pyridine-3- and -4-aldehydes. An  alternate Perkin-type condensation route provides 
the trisubstituted 3-vinylindoles 15a and 156 (Scheme 2 )  which cannot be synthesized 
by the Wittig route. 

Compounds 9a and 90; 9e and 116; 13, 15a, and 15b; as well as the previously known 
12a-c undergo photocyclodehydrogenation to give benzo- and pyridocarbazole deriva- 
tives 16a and 16b; 18a and 19a, 180 and 19b; 17n, 176, and 17c; and 16c-e, respec- 
tively in fair to good yields (Scheme 3). Compounds 9d, 9f, and l l a  fail to photocyclize. 
The reasons for these failures are briefly explored and discussed. 

La condensation de Wittig de l'iodure d'indole (p-to1~1knesulfonyl)-1 mCthyltriphCnyl- 
phosphonium-3 (8)  avec les aldthydes aromatiques et hCtCrocycliques conduit avec de 
bons rendements aux (aryl-2)-3 vinylindoles 9a-g (schima 1 ) .  Les con1posCs l l a  et l l h  
ont CtC obtenus d'une manikre similaire en partant des sels connus de l'indole mCthyl-1 
mCthyltriphCnylphosphonium-3 (10)  et des pyridinecarboxaldChydes-3 et -4. L'utilisation 
de la condensation de Perkin fournit une mkthode supplCmentaire pour obtenir les 
vinyl-3 indoles trisubstituis 15n et 15b (schema 2 )  qui n'ont pu Ctre obtenus par la 
synihkse de Wittig. 

Les comoosCs 9a et 96: 9e et 116: 13. 15a et 15b: de m&nie que les composCs dCi8 
~ ~ 

connus 12;-c subissent des photo~ycl~d~shydrog&tion pour bonner les'benzo kt 
pyrido-carbazoles 160 et 16b; 180 et 190, 18b et 196; 17n, 17b et 17c; et 16c-e, respec- 
tivement avec des rendements variant entre acceptable et bon (schtma 3) .  Les com- 
poses 9d, 9f et l l a  ne subissent pas la photocyclisation. On examine et discute les 
raisons de ces insuccks. [Traduit par le journal] 

Can. J .  Chern., 52, 1294 (1974) 

As a sequel to our investigations of the Wittig 
reaction for chain extension at the 2-position of 
the indole ring to yield 2-vinylindoles, e.g.  1 (l), 
we report on the analogous extension method at 
the indole 3-position. Aside from the desirable 
synthetic methodology, we were interested in the 
potential utility of the resulting 3-(2-ary1)vinyl- 
indoles (2, Ar = Ph, Pyridyl) for the develop- 
ment of an improved preparation of more highly 
condensed synthetic and naturally occurring 
heterocyclic systems by a photochemical route.2 

Extensions of the classical aldol synthesis of 
3-nitrovinylindoles (3, 4) and, to a lesser extent, 

'Extracted in part from the Ph.D. Thesis of S. 0. de S., 
University of Waterloo, 1973. 

'We have previously reported on the photocyclode- 
hydrogenation of the corresponding 2-(2-aryl)vinylindoles 
to benzo[c]carbazole and some pyridocarbazole deriva- 
tives (2). 

alkenylation of indoles with ketones possessing 
at least one enolizable a-hydrogen have been 
used to prepare 3-vinylindole derivatives of the 
type 3 (X = CN, C02Et;  R' = H or Me; 
R2 = H, Me, or Ph (5)) and 4 (X = H or CN; 
Y = CN, CO,Et, COAlkyl, CONH,, Ph, and 
COAr; R1 = H or Me; R2 = Me or Ph; 
R3 = H, Me, or Ph (6), respectively). The con- 
densation of indole-3-aldehyde with a-picolinium 
salts has provided a number of 3-vinylindoles 
possessing basic structure 5 (7). The same reac- 
tion has been demonstrated for some corre- 
sponding y-picolinium salts (7). Recently, the 
synthesis of 1-(3-indoly1)-2-phenylethylene (2, 
Ar = Ph) has been reported by two new routes: 
Wittig reaction of indole-3-aldehyde with 
(Ph),P=CHPh (8) and a two-step sequence 
involving condensation of isatin with LiC_CPh 
followed by lithium aluminum hydride reduction 
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DE SlLVA A N D  SNIECKI US: WITTIG SYNTHESIS 1295 

(9). It is clear that there is a lack of general and 
direct methods for the preparation of 3-(2- 
ary1)vinylindoles which are disubstituted at the 
ring-interconnecting double bond, i.e. 2. The 
3-[2-(2-pyridyl)vinyl]indoles (and the corre- 
sponding 4-pyridyl isomers) can be obtained only 
as the quaternary salts (e.g. 5).3 The Wittig 
synthesis (8), in addition to suffering from low 
yields, has the formidable disadvantage in that the 
somewhat inaccessible and unexplored pyridine 
phosphonium methylides4 would be required for 
its extension to the preparation of 3-(2-pyridy1)- 
vinylindoles (2, Ar = Pyridyl). Finally, it should 
be noted in passing that the chemistry of vinyl- 
indole derivatives remains largely an unexplored 
area (12, see also ref. 3, p. 125). 

Wittig Syntl~esis of 3- (2-Ar~~l)~~inylit7dole 
Deriratires 9a-g and I I a  and b 

The developnient of the Wittig synthesis in 
reverse to that used by Suvorov and co-workers 
(8) required that the expected graniine-type 
fragmentation (13) of the known (14) 3-methyl- 
indole phosphonium iodide under the basic con- 
ditions of the reaction be avoided (6, arrows). 

3Attempts to condense indole-3-aldehyde with 2- and 
4-picoline under conditions used for the preparation of 5 
failed although a 15% yield of  the N-oxide of 3-[2-(4- 
pyridyl)vinyl]indole was prepared using y-picoline N- 
oxide. This N-oxide was deoxygenated to 9f. Additionally, 
conlpound 5, R1 = Me; R2 = H, was demethylated to 
9d. The low yields make both methods synthetically un- 
desirable (see Experimental section). 

4For recent examples, see ref. 10: for a method by 
which they are conveniently generated ill sir[ / ,  see ref. I I .  

Indeed, when 6 was treated with pyridine-4- 
aldehyde in methanol in the presence of sodium 
methoxide, only a quantitative yield of triphenyl- 
phosphine was ~ b t a i n e d . ~  This problem was 
overcome by taking advantage of the method 
recently described for indole N-protection by 
tosylation (16).6 The N-tosyl salt 8, prepared in 
three steps from gramine (7)7 when subjected to 
the ~ i t t i g  reaction with aromatic and hetero- 
cyclic aldehydes followed by treatment with base 
gave the 3-vinylindole derivatives 9a-g in good 
yield (Scheme 1). Since the intermediate N-tosyl 
compounds were usually noncrystalline and un- 
stable substances and since it appeared that they 
were undergoing partial detosylation under the 
conditions of the reaction, their isolation was 
avoided and the adducts 9 were directly obtained 
by base treatment of the crude Wittig reaction 
product. The best yields of Wittig adducts were 
obtained by using sodium hydride in DMF; an 
alternate set of conditions, I ,5-diazabicyclo- 
[3.4.0]nonene-5 (DBN) in DMSO which was 
successful in our synthesis of 2-vinylindoles (I), 
led mainly to detosylation and thus triphenyl- 
phosphine formation. For example, under these 
conditions the reaction of 8 with pyridine-4- 
aldehyde gave only a 17% yield of adduct 9f'and 
triphenylphosphine in 80%. 

The N-methyl Wittig adducts l l a  and b were 
also prepared using the known (14) phos- 
phoniuni salt 10 and the requisite aldehydes. 
Compounds 9a-g and i l a  and O were charac- 
terized by analytical and spectral data (Table 1). 
The colnplex overlap of the vinyl and aromatic 
proton region of the n.m.r. spectra precluded 
configurational assignment of the central double 
bond. However, trans-configuration is assumed 
for all adducts on the basis of their stability in  

'In contrast, this type of behavior was not observed in 
the Wittig reactions of 2-methylindole phosphoniuni 
iodide ( 1 )  in agreement with other experimental (13) and 
theoretical (15) comparisons of the graniine and iso- 
gramine systems. 

'N-Acetyl- and N-benzoylindoles may also be ~ ~ s e f u l  
N-protecting groups for some (17, 18) but not all (811) 
base-catalyzed reactions. 

'A product (i)  which may have utility in indole 
chemistry was obtained when gramine (7) was treated 
with 2 equiv. of tosyl chloride (see Experimental section). 
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TABLE 1 (Co~~cluded) 
.. ..... 

- -- . - ................ -- - - - ....... 

Melticg point r values (DMSO-d6) 

v 
C A.,.,(EtOH) nm 

Compounds yield (solvent) (€1 N- Hb Pyridine a - H  Other 
- ... . ................... 

12cd.J 93 185 239(15 250) -2.15 1.4-2.8 (m, I l H ,  aromatic and vinyl H) 
(EtOH) 258(sh, 11 650) 

283(sh, 8200) 
340(13 750) 

13d 42 183-185 225(28 000) -1.55 1.35 (br d. 2H, J = 6 Hz) 2.12 (m, 2H, pyridine 0-H) 
(EtOH) 267(9200) 2.2-3.15 (m, 5H, aromatic H) 

335(13 000) 3.32 (s, IH.  vinyl H) 
5.57 (q, 2H, J = 7 Hz, CH2) f! 
8.76 (t, 3H, J = 7 Hz, CH,) z 

r < 
140d 68 139-1 40 228(22 650) 1.3 (d, 2H, J - 7 Hz) 1.4-1.7, 1.9-2.8 (m, 8H, aromatic, vinyl > 

(EtOH) 264(17 600) and pyridine 0-H) > 
319(19 050) 7.28 (s, 3H, COCH,), 7.62 (s, 3H, CH,) Z 

0 
14bd 3 8 4 8  163-164 228(22 650) 1.35 (d, 2H, J = 7 Hz) 1.5-2.87 (m, 8H, aromatic, vinyl, and pyridine 8-H) 

(EtOH) 264(17 600) 7.1 (q. 2H, J = 7 Hz, CH2) 2 m 
320(19 050) 7.25 (s, 3H, COCH,) 0 

8.9 (1, 3H, J = 7 Hz, CH,) X 

150 81 214-215 235(18 350) -1.6 0.6 (d, 2H. J - 7 Hz) 
C, 

1.8-3.0 (m, 8H, aromatic, vinyl, and pyridine 0-H) 
" 

(EtOH) 288(8050) 7.63 (s, 3H, CH,) 5 
342(12 100) 4 

2 
ISb . 91 231-232 232(18 400) - 1 . 6  1.4 (d, 2H, J = 7 Hz) 2.0-2.93 (m, 8H, aromatic, vinyl, and pyridine 8-H) 

(EtOH) 285(8050) 7.16 (q, 2H, J = 7.5 Hz. CH2)  V] 

< 
....... (1, .. 3H, J = 7.5 ....... Hz, CH,) 

........ -- 

Z 
4 

aAnalytical data:  96: Anal. Calcd. for C , , H ,  , 5.62. Found: C, 81.87; H, 6.01; I 
9r :  Anal. Calcd. for C 1 6 H 1 2 N 1 0 2 :  C, 72.72; 
9 r :  Anal. Calcd. for C L S H t 2 N 2 :  C 81.79. H 2 
9)': Anal. Calcd. for C , , H , , N Z :  ~ . ' 81 .791  H,' v1 

99: Anal. Calcd. for C I A H I  I N O :  C. 80.36. H 5 . 3 0  N 6.69. Found:  C 80.20. H 5.28. N 6.71. 
I l o :  Anal. Calcd. for C l l  H , , N , :  C,  82.02'; H, 6.02': N' 11.96. Found: k 82.1'0. H 6.60. k, 11.87. 
l l b C H , 1 :  Anal. Calcd. tor C k N21: C 54.25. H 2.52. N 7 . 4 6  1 3j.79. Fbund:  C '54.17: H 4.54; N, 7.48; 1, 33.80. 
13: Anal. Calcd. for C , ~ H , , , ~ ~ O ~ ~ ? C ,  73.9;; H i.52' N d.09: FouAd': C 73.87. H 5.4i .  N 9.19: 
140: Anal. Calcd. for C ,HH, ,NZO:  C1 78.24: H: 5.84. N: 10.14. Found:  i', 78.4k; H, 5.9i; k, 10.37. 
150: Anal. Calcd. for C, , ,H, ,N,:  C 82.02. H 6.02. N 11.96. Found:  C 81.88. H 6.01. N 12.1 1. 
156: Anal. Calcd. for C , , H , , . N ~ :  C: 82.22, H: 6.491 N: 11.28. Found:  C: 82.341 H: 6.75'; N: 11.16. 
bBroad s~nglct ,  I H,  exchange;~blc w~tlr D,O. 
CLiterature (8, 9) m.p. 193-194'C and u.v. and n.m.r. spectra. 
"nfrared: v,,,,(KBr) cm-I :  91.: 1500. 1335 (NO,): 120: 1670 (CO) ;  126: 3400 (NH).  1690 (CO); 121.: 2200 (CN);  13: 3100 (NI-1). 1700 (CO); 140: 1715 (CO); 146: 1715 (CO). 
'Characterized by formation o f  methiodide, m.p. 274 "C (dec.) lit. m.p. 273 "C, (:I. ref. 36. 
,Air sensitive compound. 
gMethiodide, m.p. 233-235 "C. 
hLiterature (56) m.p. 213 OC. 
'Literature (5c) m.p. 142.5-143.5 "C and 537, yield. 
JLiterature (5c) m.p. 185 OC and 93X yield. 
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I - 

(1)NaH. DMF 

(2)OH- 
Ts + ArCHO H 

8 9 

T a Ar = Ph 
(1) NaH, TsCI, b Ar = p-MeOPh 

DMF, -15" c Ar = p-N0,Ph 

( 2 )  MeI, PhH 

(3) Ph3P, DMF 

acidic solution and our previous results in the 
analogous preparation of 2-(2-ary1)vinylindole 
systems (1) (2). 

Attempts to extend the Wittig synthesis to 
selected ketones (ethyl-4-pyridyl ketone, N- 
methyl-4-piperidone, and methyl vinyl ketone) 
failed. Finally, compound 8 with phthalic an- 
hydride produced only small amounts of indole- 
3-aldehyde and triphenylphosphine, a reaction 
which may be of some mechanistic interest. 

Preparation of Coil~pounds 12a-c, 13, and 
15a and b 

In order to explore more extensively the 
photochemistry of the 3-(2-ary1)vinylindole deri- 
vatives (cide infra), compounds 12a-c, 13, and 
15a and b were also prepared by non-Wittig 
routes. Compounds 12a-c were known whereas 

13 was obtained by a slight modification of the 
literature method (see Experimental section). O n  
the other hand, 15a and b were synthesized by 
adaptation of a route (Scheme 2) which, although 
also previously described (19), deserves further 
e ~ ~ l o i t a t i o n . ~  However, since this Perkin-like 
condensation failed for the preparation of 15, 
R = H = 9f, the utility of the Wittig synthesis 
for this c o i ~ o u n d  is maintained. 

Physical and spectral data f o r  compounds 
12a-c, 13,14a and b, and 15a and b are included 
in Table 1. In all cases single isomers were 
obtained after crystallization (homogeneous by 
t.1.c. in several solvent systems) which are 
assumed to possess the stereochemistry shown in 
the structures (2-isomers). 

Photocyclizationg 
By analogy with the photochemical behavior of 

2-(2-ary1)vinylindole derivatives (1) (2), irradia- 
tion of the corresponding 3-indolyl series (2) was 
expected to provide relatively short  routes to 
benzo[a]- and a variety of pyridocarbazoles 
(16-19), compounds which were either un- 
known or prepared earlier by laborious methods 
(21-24). An additional incentive for  the photo- 
chemical study was provided by the  report of the 
isolation of an indole alkaloid, subincanine 

8Cornpound 156 was first prepared in Dr.  J. A. Joule's 
laboratories (Manchester). We are grateful to him for 
drawing our attention to this method and for experi- 
mental details. 

'Few intramolecular photocyclization reactions of 
indoles are known. cj:  ref. 20. 
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DE S l L V A  A N D  S N I E C K U S :  W I T T I C  S Y N T H E S I S  

a R = M e  

OH- & R = E t  

120 R' = C02H;  R2 = H  16 
126 R' = C02Et; R2 = H  
12c R' = CN; R2 = H  R ' = R 2 = H  

b R ' = H ; R 2 = O M e  
c R ' = C 0 , H : R 2 = H  

EtOH, 
H 0 2  or I2 

13 R  = CO,Et 
15a R  = Me 
156 R  = Et 17 

a R = CO2Et 
b R = M e  
c R = E t  

q 
N EtOH 

R 02 or 1, N, R - . .  
9e R = H  

l l b  R  = Me 
18 19 

a R = H  
b R = M e  

SCHEME 3 

whose structure has a pyrido[3,2-alcarbazole (17) 16c-e, respectively (Scheme 3). Irradiation of 9c 
unit incorporated within it (25). led to  recovery of starting material. In the case of 

We first examined the series of compounds 9g, extensive decomposition was observed, a 
which do not possess a pyridine moiety. Pho- result which is probably due to the sensitivity of 
tolysis of 9a  and b, and 12a-c in the presence of the furan ring to photooxidation (26). Results are 
iodine or oxygen produced the corresponding summarized in Table 2. 
cyclodehydrogenated products 16a and b, and Bizarre results were observed in the  3-(2- 
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W 
0 
0 

TABLE 2. Photochem~cal preparation of benzo- and pyr~docarbazoles 
-- - 

- 

r values (DMSO-(1,) 

Compound' Zyleld Other 

16a 36 227-229~ 0 3 2 4-3 2 (m. IOH, aromat~c H) 
(EtOH) 

166 24 221-223 258(43 000) 1 7  0 46 (9, 1 H. CI-H) 
(ELOH) 283(34 000) 0 93-2 8 (m, 8H, aromatrc H) 

288(42 000) 
304(32 000) 
342(8000) 
361(8200) 

245(sh. 34 300) 
255(36 300) 
284(46 550) 
304(19 900) 
328(9700) 
342(9400) 
358(7750) 

240(41 000) 
248(sh, 40 000) 
267(24 000) 
285(42 000) 
303(28 000) 
33 l(9000) 
345(11 200) 

222-223 
(80'/: aqueous EtOH) 

190 
(EtOH) 

0.9 (s, 1 H, C6-H) 
0.5-2.8 (m. 8H, aromatic H) 
3.9 (br, I H, COZH, exchangeable with DzO) > 

z 
+ 

0.77 (m, IH, CI-H) 
0.93 (s, lH, Co-H) 
1.65 (d, 2H. J = 8 Hz. C4-H) 
2.1-2.8 (m, 6H, aromatic H) 
5.52 (q, 2H, J = 7 Hz, CHI) 
8.56 (1, 3H. J - 7 Hz, CH3) 

33 1 
(EtOH) 

237-238 
(EtOH) 

1.0 (s, 1 H, C6-H) 
1.3-2.8 (m. 8H. aromatic H) 

0.56 (s, I H, C6-H) 
0.72 (s, I H, C1-H) 
1.0-2.7 (m, 6H, aromatic H) 
5.55 (q, 2H, J = 7 Hz, CH,) 
8.65 (t, 3t1, J = 7 Hz, CHg) 
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TABLE 2 (Concluded) 
.. . pp--p-.- ppp..--...... .. . . 

-. 
..- .. .. ........................ 

Melting point T values (DMSO-do) 
"C  ?.,,,,,(EtOH) nm 

Compounda 2 yield (solvent) (E) N-Hb Other 
-. ~p p-p-...... ......... ............ . . ... 

176 28 292-293 238(40 150) 0.0 1.28 (br d, I H ,  J = 6 Hz, CI-H) 
(EtOH) 250(sh, 20 100) 1.6 (br s, I H ,  C,-H) 

255(sh, 28 700) 1.65-2.8 (m, 6H, aromatic H )  
287(38 650) 7.28 (s, 3H, CHI)  
307(sh. 16 700) 
366(6600) 

251-252g 
(ELOH) 

172-173h h 0.95 (br  d, l H ,  J = 7 Hz, C2-H) 
1.35-3.0 (m, 8H, aromatic H) 

128-1 30 238(38 000) 
(EtOH) 256(34 000) 

290(43 000) 
333(13 000) 
346(10 000) 
363(9000) 

1.0-2.8 (m, IOH, aromatic and indole N-H) 266-2671 
(EtOH) 

195-197 
(EtOH) 

1.4-2.9 (m, 9H. aromatic H) 
6.6 (s, 3H, CHI)  

. ~~"~.., .. 
<Literature (23) m.p. 227-228 "C;  U.V. spicyrum identical to that reported (23). 
dlnfrared: v.,,,(KBr) cm- ' :  1 6 ~ :  3420 (NH),  1675 (CO); 16rl: 3360 (NH),  1680 (CO); 1 6 ~ :  3450 (NH),  2220 (( 
.This compound was esterified under Fischer-Spe~tr conditions to  16rI. ~ d e n t ~ c a l  m.p. and rnlxture n1.p. 
fThis  compound precipitated as  needles at  the completion o f  the irradiation. 
gldentical by m.p. and mixture n1.p. with a samp!e provided by Dr. J .  A. Joule, r.1: footnote 10 in text. 
hLiterature (22) m.p. 172-173 "C: U.V. spectrum identical to  that reported (23). Mixture n1.p. undepressed \villi 
'Not  determined due to insolubility. 
]Literature (21) m.p. 265-266OC; u.v. spectrum identical to  that reported (23). Mixture m.p. undepressed with 

1N); 171:: 1700 (CO). 

an authentic sample 

an  authentic sample 

provided 

provided 

Dr ,  

Dr.  

Manske. 

Manske. 
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pyridy1)vinylindole series (9d-h l l a  and 6, 13, 
and 15a and 6). The photolysis of the 3-pyridyl 
derivatives 9r and 116 proceeded predictably to 
give mixtures of the expected pyridocarbazoles 
18a and 19a, and 186 and 196, respectively. 
Likewise the 4-pyridyl derivatives 13, 15a, and 
156 yielded compounds 17a, 176, and 17c, 
respe~tively.'~ However, compound 9d showed 
no indication of pyridocarbazole (18 or 19) 
formation as evidenced by lack of development 
of typical aromatic fine structure absorption in 
the U.V. spectrum. Instead, strong absorption at 
440 nm developed over an extended period of 
time which then partially diminished. Work-up 
of the reaction mixture gave a high recovery of 
starting material. An almost identical behavior 
was observed for compound 9f. A possible 
explanation for the failure of 9d and 9f to 
photocyclize may be the accumulation of a 
photostable intermediate (r.g. 20a) produced by 
a prototropic shift. It could then be argued that 
the success of the photocyclization of the 3- 
pyridyl case (9r) is due to its inability to form an 
analogous intermediate. However, this analysis 
is not supported by the following observations: 
(a) the U.V.  spectrum of the anhydro base 206 has 
been recorded (27) and shows no similarity to 
that developed during the photolysis of coin- 
pound 9d; (6) the N-methyl derivative l l a  which 
cannot form an analogous uncharged photo- 
intermediate also failed to photocyclize. Further- 
more, the pyridinium salt 5, R1 = Me; R2 = H, 
was stable to prolonged irradiation. The sug- 
gestion" that the lack of photocyclization is due 
to the inefficiency of the prior required trans + cis 
isomerizatioii step (28) was pursued by a n-n* 
sensitization experiment. Using compound (9f) 
and biacetyl as the sensitizer, no evidence for 
photocyclization or trans + cis isoinerization was 
obtained by U.V. spectral measurements. Finally, 
consideration was given to the possibility that the 
expected dihydro intermediate (i.r. 21) is being 
produced but is stable to the nornial oxidation 
conditions and thermally reverts tc  starting 
material. We tested this by following a literature 
precedent (29) in which exactly such a difficulty 
was overcome by using atomic iodine as the 

'OThe photochemical synthesis of 17c was also carried 
out  in Dr. Joule's laboratories (35). We warmly thank 
him for a sample of 17c. 

I1We thank Professor D. G .  Whitten for his interest in 
this problem. 

oxidant. Ultraviolet and t.1.c. evidence indicated 
that the pyridocarbazole (17, R = H) was slowly 
produced from 9fthus offering some support for 
the above hypothesis. However, since the con- 
version is so low as to preclude its isolation, no 
firm conclusion may be drawn regarding the 
potential intermediacy of 21. 

The contrasting photocheniical behavior of 
compounds 9d and 9f when compared to 9e and 
especially 13 and 15a and b raise interesting 
mechanistic questions which require further 
exploration. In the present work, the synthetic 
utility of the photocheniical route to benzo- and 
pyridocarbazoles 16-19 has been demonstrated. 

Experimental 
General experimental procedures m a y  be found in a 

previous paper (1) except as  follows. D M F  and D M S O  
were dried by refluxing over calcium hydride followed by 
distillation. Anhydrous ethanol and methanol were pre- 
pared by refluxing the respective commercial absolute 
grade solvents over magnesium activated by iodine. Thin- 
layer chromatography was erected with Merck silica gel 
HF-254. Solvent systems routinely employed were 
dichloromethane-methanol. 10: 1 and chloroform-nieth- 
anol, 10: 1. Preparative-layer chromatography (p.1.c.) 
was carried out with Merck silica gel GF-254. Column 
chromatography was  carried out with Merck alumina 
(basic o r  neutral as  specified) deactivated to activity I l l .  
The pyridine aldehydes were purchased from Aldrich 
Chemical Co. and were dried (Na,SO,) and distilled im- 
mediately before use. 

Photochemical reactions were carried O L I ~  in Pyrex 
vessels placed centrally in a Rayonet Photochemical 
Reactor e q ~ ~ i p p e d  with 3500A lamps and internally 
cooled to 15-20' by a cold-finger condenser unless other- 
wise specified. 

IIIC/O/C- I -  ( ~ - ~ o / I ~ L ~ ~ I c . ~ I I ~ ~ ~ I ~ / )  -~?-t~i~~//~~~//t~ip/~et~~~~/~o~- 
~ / I O I I ~ I I I I I  Iodide ( 8 )  

I -p-Tol~~enes~~l fonyl  gramine was prepared by a 
modification of the procedure described by S~lvorov and 
co-workers for the synthesis of I -p - to l~~enes~~l fonyl  indole 
(30). S o d i ~ ~ m  hydride (5Oz dispersion in mineral oil) 
(5.28 g, l I0 mmol) placed in a flask under a slow stream 
of nitrogen was washed twice with dry  petroleum ether 
(35-60"). The flask was  immersed into a D r y  I c e  carbon- 
tetrachloride bath ( -  15") and 200 n ~ l  of D M F  (freshly 
distilled) was added. T o  the stirred mixture was added 
dropwise a solution of 16.9 g (100 m n ~ o l )  of gramine in 
50 1111 of dry D M F  a n d  stirring was continued for 1.5 h a t  
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- 15". A solution of vacu~~rn-dried p-toluenesulfonyl Anal. Calcd. for C24H:4N204S2: C, 61.07: H, 5.17: N, 
chloride (19.1 g, 100 mmol) in 50 nil of dry D M F  was 6.04; S, 13.79. Found: C, 61.01; H, 5.20; N, 6.14; S, 
added dro~wise  with stirring while maintaining the 13.71. - - 
temperature at - 15". Stirring was cont in~~ed at  that 
temperature for 2 h, at 0 OC for a further period of 2 h, 
and at room temperature for 3 h. The solution was 
poured into 1.5 1 of ice water and allowed to stand for 8 h. 
The aqueous layer was decanted and the remaining 
yellowish gum was extracted with methylene chloride 
(300 ml). The methylene chloride extract was washed with 
water (300 ml) and dried (Na2S0,). Chromatography on 

I a short column (6 in. x 314 in.) of neutral alumina 
I (grade 111; methylene chloride) gave 1-p-toluenesulfonyl 
I 

I 
gramine as a yellow oil (30.1 g, 91%) which was horno- 
geneous by t.1.c. in several solvent systems. A small 

I sample of this oil when triturated with ice-cold cyclo- 
hexane deposited a white crystalline sol~d. Recrystalliza- 
tion from cyclohexane gave a sample, m.p. 71"; 11.v. 
I,,,, (EtOH), 252 (11 500), 284 (sh, 9100), 291 nm (sh, 
8500); n.rn.1. (CDC1,) T 1.9-3.0 (m, 9H, aromatic H), 6.5 
(br s, 2H, CH,), 7.75 (br s, 9H, CH,). 

The yellow oil (30 g, 91.4 mmol) obtained above was 
dissolved in dry benzene (400 ml) and treated with methyl 
iodide (17.0 g, 134 mmol). Stirring at  room temperature 
for 6 h produced a bulky white solid. Filtration and 
vacuum-drying gave 1-p-toluenesulfonyl gramine methio- 
dide as a white powder (40.2 g, 98%). Recrystallization of 
a sample from methanol-benzene (1 : 1) gave an analytical 
sample, m.p. 235" (sinter), 241" (dec.). 

Anal. Calcd. for C19H23N2S021: C, 48.51; H, 4.89; N, 
5.96; S, 6.81; I, 27.02. Found: C, 48.42; H, 4.80; N, 5.89; 
S, 6.76; I, 26.95. 

A solution of 9.4g (20 rnmol) of 1-p-toluenesulfonyl 
gramine methiodide and 6.6 g (25 mmol) of triphenyl- 
phosphine in D M F  (150 ml) was refluxed (oil bath at 150') 
for 20 h under an atmosphere of nitrogen. The solvent 
was removed in oncrro and the brown gum-like residue was 
washed with benzene (2 x 100ml). The gum was 
vigorously triturated with isopropanol (30 ml) to give 
compound 8 as a cream-colored solid (9.41 g, 70%). An 
analytical sample was prepared by repeated recrystalliza- 
tion from isopropanol, m.p. 134-135"; L I . ~ .  IL.,,, (EtOH) 
238 (16 loo), 258 (sh, 15 OOO), 263 (sh, 14 300), 271 (sh, 
10 loo), 288 (9700), 295nm (9000); n.ni.r. (CDCI,) 
T 2.0-3.2 (m, 24H, aromatic H), 4.67 (br d, 2H, J = 14 Hz, 
CH2P), 7.75 (br s, 3H, CH,). 

Anal. Calcd. for C34H2,NOzPSI: C, 60.63; H,  4.31 ; N, 
2.08: P, 4.60; S, 4.76; I, 18.87. Found: C, 60.60; H, 4.27; 
N ,  2.01; P, 4.57; S, 4.78; I, 18.81. 

I-p-Tolrrer~esrrlfo~iyl-3- (N-r?ietlryl-N-p-toluenesrr/fo~l) - 
arriirror?ietl~yl I~idole ( i )  

Gramine (7) (1.69 g, 10 mmol) was treated with sodium 
hydride (0.72 g, 15 mmol) and p-tol~~enesulfonyl chloride 
(3.82 g, 20 rnmol) in dry D M F  according to the condi- 
tions described for the preparation of 1-p-toluenesulfonyl 
grarnine above. The reaction mixture was poured into 
water (1.5 I) and the resulting precipitate was recrystal- 
lized from ethanol - methylene chloride (1 : 1) to give 1.0 g 
(21.5x) of the title compound, m.p. 238"; i.r. v ,,:,, 1370, 
1175 cm-' (NS0,R); U.V. b,,, (MeOH) 254 (1 1 600), 284 
(9200), 291 nm (8700); n.m.r. (CDCI,) T 1.9 (br d, 4H, 
tosyl-o-H), 2.0-3.0 (m, 9H, aromatic H) 4.72 (br s, 2H, 
CH,), 7.0 (br s, 3H, NCH,), 7.76 (br s, 6H, tosyl CH,). 

Witti, Syntlleses of 3-(2-Acvl) oir~ylindole Derivatives 90-g 
and I l n  nrid B 

Compounds 90-g and l l n  and 0 were prepared 
according to the general directions described for 9dand 9e 
below, using 1-8 mmol of starting phosphoni~~m salt (8) 
and a two-fold excess of aldehyde in approximately 100 ml 
of DMF.  The reaction mixtures were invariably stirred at 
room temperature for 4-20 h and then at 80" for addi- 
tional 4-20 h. The isolation of the intermediate N-p- 
toluenesulfonyl derivative of 9d is given; however, in all 
other cases direct hydrolysis to the 3-vinylindoles was 
effected as described for compound 9e. Compounds 9c-g 
and 110 were obtained as solids upon work-up; com- 
p o ~ ~ n d  110 was obtained as a gum and was p~~rified by 
column chromatography over basic alumina (dichloro- 
methane) to give a yellow homogeneous (t.1.c.) oil. 

3-[2-(2-Pyri~vl)vi11yl.~i1idole (9d) 
To a stirred solulion of l-p-toluenes~~lfonyI-indole-3- 

methyltriphenylphosphonium iodide (8) (1.35 g ,  2 mmol) 
in 110 ml of dry D M F  under nitrogen there was added 
sodium hydride (50x dispersion in mineral oil) (0.096 g, 
2 mmol) followed by a solution of pyridine-2-aldehyde 
(0.43 g, 4 mniol) in 15 ml of DMF. The mixture was 
stirred at  room temperature for 10 h and then at 80' 
(oil bath temperature) for 14 h. The solvent was removed 
in ucrcrro and the residual gum was suspended in water 
(200 ml), and extracted with ether (200 ml). T h e  organic 
extract was shaken vigorously with 2 N hydrochloric acid 
(100 ml) and the layers were separated. The acid layer was 
basified with solid sodium carbonate and extracted with 
ether (200 ml). The ether solution was dried (Na,S04)and 
evaporated. The resulting residue was chromatographed 
over basic alumina (grade 111; dichloromethane) to afford 
a gum (0.565 g) which was homogeneous by t.1.c. in 
several solvent systems; n.m.r. (CDCI,) showed i t  to be 
I-p-toluenesulfonyl-3-[2-(2-pyridyl)vinyl]indole: T 1.9 (br 
d, lH, pyridine a-H), 2-3.3 (m, 14H, vinyl and aromatic 
H), 7.84 (s, 3H, CH,). 

The gum (0.565 g) was dissolved in ethanol (50 ml) and 
10% aqueous sodium hydroxide solution (100 ml) was 
added. The mixture was heated at 70" until it became 
homogeneous. Excess alkali was neutralized with dilute 
hydrochloric acid and the solution was rendered basic 
with solid sodium carbonate. Cooling in ice provided a 
yellow solid which was filtered and recrystallized from 
methanol to give 0.147 g (47%) of compound 9d. 

3-[2- (3-PyrirlJ~I) cir~yl jiridole (9e) 
The reaction was carried out as described for the 

preparation of 9d using 2.69 g (4 mmol) of phosphonium 
salt 8,0.19 g (4 mmol) of sodium hydride (50% dispersion 
in mineral oil), 0.86 g (8 mmol) of pyridinz-3-aldehyde, 
and 125 ml of dry DMF. After stirring at room tempera- 
ture for 4 h and at 80' for 20  h, the solvent was removed 
in vacrro. The residual gum was suspended in 2 N sodium 
hydroxide solution (100 ml) and the mixture was refluxed 
for 1 h. Thesolution was acidified with 2 N hydrochloric 
acid (500 ml) and washed with ether (3 x 100 ml). The 
aqueous solution was basified with solid sodium carbo- 
nate and extracted with ether (400 mi). The ether extract 
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was dried (Na2S0,) and evaporated to dryness. The 
resulting yellow gum was triturated with ethanol to give 
0.45 g (519,) of 9e as a crystalline solid. 

Attet~ipted Wittig Reaction bet~vec~n Phosphotrirrttr Salt 8 
a t ~ d  Plrtlralic Atrllydt.ide 

Compound 8 (1.35 g, 2 mmol), sod i~~rn  hydride (0.092 g, 
2 mmol), and phthalic anhydride (0.296 g, 4 mmol) in 
100 ml of D M F  were allowed to react as described for the 
preparation of 9e. After stirring at room temperature for 
6 h and at 70-80" for 14 h, the solvent was removed br 
uacuo and the residue was dissolved in 100 ml of nieth- 
anol. To  this mixture was added 50 ml of a 69, aqueous 
solution of sodium hydroxide and the whole was stirred 
at 60-70" for 3 h. The bulk of the methanol was removed 
br vaciro and the remaining solution was diluted with 
200 ml of water. Extraction of this basic solution with 
dichloromethane and subsequent chromatography over 
neutral alumina (dichlorornethane) gave 0.024g of 
triphenylphosphine identified by comparison with an 
authentic sample. 

The above basic solution was acidified with 2 N 
hydrochloric acid. Extraction with dichloromethane 
followed by chromatography over neutral alumina 
(dichloromethane) yielded 0.028 g of indole-3-carbox- 
aldehyde identical with authentic material as shown by 
spectral, m.p., and mixture m.p. comparison. 

Notr- Wittig S~arthc~sc~s of Cott~po~orrls 9f; 9d, 120-c, 13, atrd 
150 otrd b 

3-[2-(l-Pyridyl)uit1~~l~itrdole (9f) 
The N-oxide of the title compound was prepared by 

adoption of a literature method (31). Indole-3-carbox- 
aldehyde (I .45 g, 10 mmol), 4-picoline N-oxide (2.18 g, 
20 mmol), piperidine (0.5 ml), and acetic acid (0.4 ml) 
were suspended in 25 ml of dry toluene and refluxed for 
17 h under a Dean-Stark trap. The dark brown reaction 
mixture was cooled and the yellow solid was collected and 
washed with ice-cold ethanol. Recrystallization from 
ethanol gave 0.25 g (15z )  of bright yellow crystals, m.p. 
266" (dec.); 11.v. I,,,, (EtOH) 288 (38 OOO), 389 (26 000) 
nm; n.m.r. (DMSO-(1,) t - 1.65 (br s, 1H, exchanged 
with D 2 0 ,  NH), 1.87 (br d, 2H, J = 6 Hz, pyridine 
a-H), 2.2-3.1 (m, 9H, aromatic- and vinyl-H). This com- 
pound was subjected to deoxygenation according to the 
method described by Howard and Olszewski (32). An 
intimate mixture of the N-oxide (0.236 g, 1 mmol) and 
tripheny!phosphine (0.258 g, 1.1 mmol) was heated at 
250" for 45 min under an atmosphere of nitrogen. The 
reaction mixture was allowed to cool and was triturated 
with hot benzene (50 ml). The yellow solid was collected 
by filtration and crystallized from ethano!. There was 
obtained 0.076 g (359,) of 9f, shown to be identical to an 
authentic sample by m.p. and mixture m.p. determina- 
tion. 

3-[2-(2-pyridyl) ~ b ~ y l j b r d ~ l c ~  (9d) 
According to the method of H o  (33) a mixture of the 

known (see footnote e, Table 1) salt 5, R'  = Me; R2 = H, 
(0.362 g, 1 mmol) and 1,4-diazabicyclo[2.2.2]octane 
(DABCO) (0.224 g, 2 nimol) in dry D M F  (5 ml) was 
refluxed for 3 h. The reaction mixture was allowed to cool 
and was poured into water (30 ml). The resulting solution 
was extracted with ether (50 ml). The ether solution was 
extracted with 2 N hydrochloric acid and the acid extract 

was basified and extracted with ether (50 ml). Evaporation 
of the solvent afforded a yellow gum which on trituration 
with methanol deposited compound 9 d a s  a yellow crystal- 
line solid, 0.022 g (1073, shown to be  identical to an 
authentic sample prepared by the Wittig reaction. 

2-Pl1o1yl-3-(3-itrdolyl) acrylic Acid (12a) 
A mixture of 2.72 g (20 mmol) of phenyl acetic acid, 

1.45 g (10 mmol) of indole-3-aldehyde, 1.64 g (20 mmol) 
of sodium acetate, and 60 rnl of acetic anhydride was 
gently refluxed under nitrogen in an oil bath for 12 h. The 
reaction mixture was poured into water (750 ml) and the 
resulting mixture was stirred vigorously for 3 h. The solid 
product was collected by filtration and then dissolved in 
ether (700 ml). The ether solution was extracted with 
3 x 200 ml portions of 10% sodium bicarbonate solution. 
The combined basic extract was acidified with dilute 
hydrochloric acid solution and the resulting colorless 
solid was collected by filtration. Recrystallization from 
ethanol gave 0.82 g (26%) of 2-pl1etr.vl-3-[3-(l-ace/yl)- 
~trdoI~~l]acrylic acid (m.p. 265" (dec.); i.r. v,,, (KBr) 1705 
(CO), 1680cm-' ( C 0 2 H ) ;  11.v. h ,,.,, (EtOH) 227 (sh, 
23 370), 248 (sh, 17 840), 314 nm (14080)) which was 
deacetylated as follows. A suspension of the acrylic acid 
derivative (0.540 g, 1.8 mmol) in 10% aqueous sodium 
hydroxide solution (70 ml) was heated on a steam bath 
for 40 min and the resulting yellow solution was cooled in 
ice and carefully acidified with dilute hydrochloric acid. 
The yellow solid was collected by filtration and recrystal- 
lized from ethanol-water (2: 1) to give 0.355 g (83x1 of 
compound 120. 

Compounds 120 and 12c were prepared by a literature 
method (5c). 

Etlry12- (4-Pyridyl) -3-(3-~trdol~~l)acrylate (13) 
Etlry14-pyridylacetnte. The method of Uskokovii: and 

co-workers (34) for the preparation o f  ethyl 3-ethyl-4- 
pyridylacetate was employed.I2 Into a 3-necked 2-1 
round-bottom flask flushed with nitrogen was added 70ml 
(0.17 mol) of 11-butyllithium in hexane. The solution was 
cooled to -60" and 18.2 g (0.18 mol) of freshly distilled 
(from NaH) diisopropylamine was added dropwise with 
stirring. After 10 min, 7.7 g (0.083 mol) of y-picoline 
(freshly distilled from CaH,) in T H F  (100 ml) was added 
dropwise. Stirring was continued for another period of 
10 lnin and 30g (0.26 mol) of diethyl carbonate in dry 
T H F  (100 ml) was added dropwise. The resultingdark-red 
solution was stirred a t  -60' for 30 min and then at room 
temperature for 2 h. Benzene(lO0 ml) was added followed 
by 10 ml of a saturated solution of sodiunl sulfate. The 
mixture was dried (Na2S0,) and filtered. The filtrate was 
evaporated br uac~ro to  yield a brown oil which wasshaken 
with a mixture of 20 ml of ice water and  17 ml of con- 
centrated hydrochloric acid. The acid extract was sepa- 
rated, cooled in ice, and basified with concentrated 
ammonium hydroxide. The ~nixture was  extracted with 
dichloromethane (3 x 50 ml) and the extract was dried 
(sodium sulfate) and evaporated hr z,ncuo to give 2, brown 
oil. High-vacuum distillation gave 8.2 g (60x1 of etlryl 
4-pyridylncetate as an  oil, b.p. 98-101" (0.4 mm); i.r. v ,,,, 
1700 cm- ' ; n.m.r. (CDCI,) r 1.45 (br d ,  2H, J = 6 Hz, 
pyridine a-H), 2.77 (br d, 2H, pyridine p-H), 5.8 (q, 2H, 

"We are grateful to Dr. Uskokovit for providing 
experimental details. 
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J = 7 Hz, CH,CH,), 6.4 (s, 2H, CH2C0,Et), 8.8 (t, 3H, 
J = 7 Hz, CH,). . .. 

For the preparation of 13, the procedure of Blume and 
Lindwall (5c) was adopted. A mixture of ethyl 4-pyridyl- 
acetate (4.95 g, 30 mmol), indole-3-aldehyde (4.35 g, 
30 mmol), piperidine (10 ml), and pyridine (1 nil) was 
heated at 80" (oil bath temperature) for I2 h. The solution 
was evaporated to dryness it: uaclro and the resulting 
brown gum was triturated with hot water (100 nil). The 
aqueous layer was decanted and the remaining gum was 
dissolved in ether (400 ml). The ether solution was 
extracted with 2 N hydrochloric acid (4 x 100 nil). The 
acidic extract was basified with solid sodium carbonate. 
The resulting solid was collected and recrystallized from 
ethanol to give 3.64 g (42%) of 13 as yellow needles. 

I-Acetyl-3[2-n:etl1~~l-2-(4-pyridyl)vitz.vljit:dole (140) 
The procedure communicated to us by Joules was 

modified as follows. A mixture of 1.45 g (10 mmol) of 
indole-3-aldehyde, 4.3 g (10 mmol) of 4-ethylpyridine 
hydrochloride, and 25 ml of acetic anhydride was refluxed 
gently in an oil bath under a blanket of nitrogen for 2.5 h. 
The reaction mixture was evaporated to dryness it: vac~ro 
and the residue was basified with a saturated sodium 
carbonate solution and extracted with ether (500 nil). An 
ether insoluble solid was collected by filtration. The ether 
solution was extracted with 2 x 500 ml of 2 N hydro- 
chloric acid and the combined acid extract was basified 
with solid sodium carbonate. Extraction with ether gave, 
after evaporation, a solid which was combined with ether 
insoluble materials above and the whole was recrystallized 
froni ethanol to give 1.89 g (68%) of compound 140. 
3-[2-Met/:yC2-(4-pyridj~/)virryl]it1do/e (150) 
A solution of 1.38 g (5 mmol) of 14a in 100 nil of 

ethanol was added to a solution of 0.68 g (10 nlniol) of 
sodium ethoxide in 50 ml of ethanol and the mixture was 
refluxed with stirring for 30 min. The reaction mixture 
was cooled and acidified with 2 N aqueous hydrochloric 
acid. Most of the ethanol was removed bl uac~ro and the 
resulting solution was basified with a lO%aqueous sodium 
carbonate solution. Cooling in ice brought about precipi- 
tation of an off-white solid which was collected and 
recrystallized from ethanol to give 0.95 g (81%) of coni- 
pound 15a. 

Compounds 146 and 156 were prepared similarly. 

Pl~otocyclizatiot: to Benzo- atld Pyridocarbnzoles Ida-e, 
17a-c, 18a at:(/ b, at:d 19a and b 

Irradiations were carried out as previously described (2) 
on 100-500 nig scale. Ratios of 3-vinylindole-iodine- 
EtOH were typically 10: I : 10 (w/w/v). All products were 
obtained as crystalline solids upon work-LIP with the 
exception of the mixtures 18a and 19a, and 186 and 196 
which were separated by preparative-layer chromatog- 
raphy as described for one case beIow. 

1 IH-Pyrido[2,3-alcarbde (180) arrrl I1  H-Pj~rirlo- 
[4,3-a]carbazole (19a) 

A solution of 150 mg of 3-[2-(3-pyridyl)vinyl]indole (9e) 
and 30 mg of iodine in 150 ml of ethanol was irradiated 
for 40 h. Enough sodium thiosulfate solution was added 
to destroy any remaining iodine and the solution was 
basified with solid sodium carbonate. Removal of solvent 
itr uac~ro followed by preparative layer chromatography 
(silica gel GF-254)(dichloromethane-methanol,9: I) gave 
35 mg (23%) of 180 and 28 mg (19%) of 190. 

Pl~otoiysis of 3-12- (2-Pyridyi) uitrj~/]itzdo/e (9d) 
A mixture of 100 mg of 9rl and 20 mg of iodine in 

100 nil of ethanol was irradiated. Ultraviolet examination 
of the reaction niixture after 2 h of irradiation showed a 
new peak at 440 nm. Further irradiation (9 h) showed no 
further change in the U.V. spectrum. On prolonged irradia- 
tion (24 h), the peak at 440 nm decreased in intensity. At 
no stage was there detected the characteristic 11.v. absorp- 
tion ()in,,, (EtOH) 238 (40 loo), 250 (sh, 28 720), 255 (sh, 
20020), 287 (38 600), 306 (sh, 16 670), 366 nni (6600)) of 
the expected product, I IH-pyrido[3,2-alcarbazole. Irradi- 
ation was discontinued and enough sodiuni thiosulfate 
solution was added to destroy the iodine. The mixture was 
basified with solid sodium carbonate and the solvent was 
removed it: vac~ro. The residue was extracted with 
dichloromethane and the extract was dried (Na2S0,) and 
evaporated. The resulting yellow residue was recrystal- 
lized froni ethanol to give 91 nig of recovered 9rI. 

The same results were observed when a mixture of 
10 rng of 9rland 0.5 mg of iodine in 40 ml of cyclohexane 
was irradiated at room temperature or at 0'. 

Attempts to obtain isolable amounts of 11 H-pyrido- 
[3,4-a]ca~.bazole by irradiation of 9/ using (a) biacetyl as 
the sensitizer (NiSO, filter, I,, 3500 A, 24 h)  (28) and 
(b) atomic iodine as the oxidant (NiS04 filter, I,, 3500 A 
and Hanovia C-H 3 (85 W), 108 h) (29) were ~~nsuccessful. 
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I The Synthesis of 1,7- and 1,8-Dimethylphenazines 

ALFRED TAURINS A N D  ANDREW DAVENPORT LONG' 
D~prrrttlret~t of Clrenli.stry, McCill Utr i~~r t~s i ty ,  P .O.  Box 6070, Stotiotr A ,  Motrtrc,rrl. Qrrehec H3C3C;I 

Received November 6 ,  1973 

I 
I The cyclization of 2',4- and 2',5-dimethyl-2-nitrodiphenylamine with sulfur in boiling 

diphenyl ether gave 1,7- (1) and 1,8-dimethylphenazine (2), respectively. A mixture of 
1 and 2, obtained by the condensation of 3,4-diaminotoluene with 3-methylcatechol, was 
separated into components by chromatography. The U.V. and i.r. spectra of 1 and 2 
were recorded. 

La cyclisation des dimtthyl-2',4 et -2',5 nitro-2 diphtnylamine avec le soufre dans de 
I'tther diphtnylique bouillant conduit respectivement aux dimtthyl-1,7 (1)  et dimkthyl-1,8 
(2) phenazines. Le mClange de 1 et de 2 obtenu par condensation du diamino-3,4 
tolukne avec le n~Cthyl-3 catkchol peut &tre sCparC en ses constituants par chroniato- 
graphie. On rapporte les spectres U.V. et i.r. des composts I et 2. 

[Traduit par le journal] 
Can. J .  Chem., 52, 1307 (1974) 

Introduction 
I n  a framework of a major  s t ~ ~ d y  of  the  reac- 

tivity of methyl groups attached t o  the phenazine 
nucleus in various positions, it was necessary t o  
prepare several dimethylphenazines. In the  g r o u p  
o f  10 possible isomers, 6 dimethylphenazines 
have been mentioned in the  literature, mainly as  
derivatives o f  various o-quinones, without s t ~ ~ d y -  
ing their chemical and  physical characteristics. 
Among the four  unknown isomers (1,4-, 1,7-, 
1,8-, a n d  1,9-dimethylphenazines) 1,7- (1) a n d  
I ,8-dimethylphenazine (2) have been prepared ( I )  
only as  a m i x t ~ ~ r e  by the Merz-Ris reaction (2, 3) 
f rom 3,4-diaminotoluene (3) a n d  3-methylcate- 
chol  (4), a n d  the m i x t ~ ~ r e  has  been tested (1) for  
their combined pesticide action without a separa- 
tion of the isomers 1 a n d  2 beforehand. 

In  this work, 1,7- (1) a n d  1,8-dimethylphena- 
zine (2) were prepared for  the first t ime in pure 
state by two procedures. First, they were syn- 
thesized by  u n e q ~ ~ i v o c a l  reactions involving the 
Waterman-Vivian (4) cyclization a n d  secondly, a 
mixture of both isomers 1 a n d  2 was obtained by 
the Merz-Ris (2, 3) reaction and  then the  com- 
ponents were separated by extensive chromatog-  
raphy. T h e  ~1.v. and i.r. spectra of  1 a n d  2 were 
recorded. 

Discussion 

(a) Synthesis of  1,7- (1) a n d  1,8-DinletIlyl- 
phenazitle (2) by Unequivocal Reactions 

T h e  key intermediate fo r  the synthesis of  1,7- 

'Deceased. 

dimethylphenazine (1) was  2',4-dimethyl-2-nitro- 
diphenylamine (5) which was prepared by the 
condensation of  4-cliloro-3-nitrotol~~etie (7) with 
o-toluidine (8) in t h e  presence of anhydrous 
sodium acetate (4). Repeated experiments pro- 
duced the  compound 5 always in low yields. Two 
explanations may be offered to this effect. The 
reaction between 7 a n d  8 could be inhibited bv 
the steric hindrance o f  the methyl g r o u p  in o- 
toluidine (8) o r  by the destabilization o f  the car- 
banion-type intermediate (Meisenheimer com- 
plex (10)) b y  the methyl g roup  in the r ing originat- 
ing f r o m  7. 

I ,8-Dimethylphenazine (2) was obtained froin 
2',5-dimethyl-2-~iitrodiphenylamine (6)  which 
was prepared by the condensation of o-toluidine 
(8) with 3,4-diiiitrotol~tene (9). T h e  yields of  6 
were only in a range o f  20%, probably d u e  to the 
low reactivity of  o-dinitrobenzenes towards  nu- 
cleophilic s ~ ~ b s t i t u t i o n  by  a n  aniline. 

T h e  cyclization of 2',4- (5) a n d  2',5-di~iiethyl- 
2-nitrodiphenylamine ( 6 )  into 1,7- (1) (Scheme I )  
and  1,8-dimethylpheiiazi~ie (2) (Scheme 2), re- 
spectively, was carried o u t  by heating these s~ tb-  
stances with s ~ ~ l f i ~ r  in refluxing diphenyl  ether 
following the general scheme of the Watermaii- 
Vivian reaction (4). T h e  yields of 1 a n d  2 were 20 
and  8 x ,  respectively. T h e  compounds were puri- 
fied by chromatography and  vacuum sublima- 
tion. 

(b) Preparation of1,7- (1) a n d  1,8-Di171etl1yl- 
pkenazine (2) by C l ~ r o n ~ n t o g r a p l ~ i c  
Separatiotl 

T h e  separation of t h e  mixture of 1,7- (1) and 
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1,8-diniethylphenazines (2), obtained by the tals of 2',4-dimethyl-2-nitrodiphenylamine (9, m.p. 92.5- 
M e r z - ~ i s  reaction (2, 3), by a repeated extensive 93.5". Vacuum sublimation raised the melting point of 5 to 

93.0-95.0". was possibly due to the fact that  Anal. Calcd, for C14H14N202:  C, 69.4; H, 5.8; N, 
the high-meltillg isomer 2 was retained longer on I 1.6. Found: C, 69.7; H, 5.9; N, 11.7. 
an alumina column than the low-melting one (1) Infrared (KBr): 1640w, 1575m, 1520s, 1410111, 1345s, 
when ethyl ether - benzene (1  :do) was used as an 1 2 6 0 ~ ~ ~  1200w, 1150s, 1070w, 950m, 865w, 828m, 780m, 

eluant. 760m, 745vs. 

Experimental 
2',4-Di1nef/~~~l-2-1lif1.odil.,I1e11~~101?1ite (5) 

A mixture of 17.5 g (0.102 niol) of 4-chloro-3-nitro- 
toluene (7), 12.1 g (0.1 13 mol) of o-toluidine (8), and 
17.0 g (0.207 mol) of anhydrous sodiuni acetate, in a 
100-ml flask fitted for stirring and reflux, was heated in an 
oil-bath at 190-218' for 24 h and then at 218-228' for 
further 24 h. The dark red product was cooled to room 
temperature, mixed with 400 ml of ethyl ether and 200 nil 
of water, and the aqueous layer discarded. The ethyl ether 
layer then was extracted with water (3 x 200 ml), 5% 
hydrochloric acid (5 x 200 ml), and water (3 x 200 ml). 
Evaporation of the ether solution left a dark oily residue 
which was distilled with superheated steam. The first 1.5 1 
of the distillate contained only the starting materials. The 
next I0 1 contained an orange-red solid material, which 
was extracted with ether. The solvent was evaporated to 
give 1.7 g (6.9%) of a red-orange compound, m.p. 85-89". 
Recrystallization from methanol (30mI) with Nuchar 
carbon gave 1.05 g (yield 4.3%) of bright orange-red crys- 

1,7- Di~~lefl~ylphetrozit~e 
A mixture of 3.26 g (0.0135 mol) of 2',4-dimethyl-2- 

nitrodiphenylamine (5), 8.64 g (0.268 gram-atom) of sul- 
fur, and 100 ml of diphenyl ether was stirred and refluxed 
for 5 h. The niixture was cooled, diluted to 300 ml with 
benzene, refrigerated overnight, and filtered. The red- 
brown filtrate was extracted with water (100 ml) and 20% 
hydrochloric acid (5 x 100 ml). The acid extract was 
treated with Norit and the deep-orange filtrate made basic 
with 160 ml of 50% sodium hydroxide solution. The pre- 
cipitate was filtered off, washed with water, and dried at 
reduced pressure to obtain 1.04 g of a brown solid, melt- 
ing in the range of 90-100". 

Vacuum sublimation of the material obtained (bath 
temperature 90") gave 0.61 g of yellow crystals, melting 
range 100-1 10". Chromatography of the sublimate on 
100 g of alumina (Fisher A-540) using benzene as eluant 
gave 0.58 g of a yellow solid, m.p. 113-1 15", which was 
sublimed to obtain 0.56 g (yield 20%) of 1,7-dimethyl- 
phenazine (I), m.p. 114-1 17". A sample prepared by the 
catechol route melted at 117-1 18'and the  mixturemelting 
point of the two samples was 116.5-117.5". 
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TAURlNS AND LONG: DIMETHYLPHENAZINES 1309 

Anal. Calcd. for C,,H,,N,: C ,  80.7; H ,  5.8; N ,  13.5. 
Found: C, 81.0; H ,  5.9; N ,  13.5. 

Mass spectrum: m/e 208, intense peaks at M - 1 and 
M - 2; i,r. (KBr): 3050m, 3020w, 2970s, 2950s, 2915vs, 
1632m, 1650w, 1520m, 1482s, 1450m, 1433111, 1372111, 
1348m, 1215w, 1128s, 11 17m, 1067w, 1052111, 1032w, 
1005w, 908w, 874w, 860s, 830111, SIOvs, 770vs, 758s, 848s, 
638111, 603s, 580m, 555w, 538w, 520m, 412w, 370w; 1r.v. 
(methanol): h,,, 210 (log E 4.30), 254 (log E 5.10), 364 
nrn (log E 4.06). 

2',5-Dime//7yl-2-17itrodip/1e11yIa1nin (6) 
Nitrobenzene (5 ml) was added to a mixture of 0.91 g 

(5 mmol) of 3,4-dinitrotoluene (9), 1.4 g (1.5 nirnol) of 
o-toluidine (S), and 0.50 g of anhydrous sodium acetate 
and the mixture was heated a t  152-158" for 48 h. T h e  dark 
red mixture was then steam distilled to obtain two frac- 
tions: (i) 1800 ml, containing a n  orange red oil and  (ii) 
3700 ml, with an  orange-red solid. The  second fraction 
was extracted with ethyl ether (3 x 500 ml). The  solution 
was dried over anhydrous sodium sulfate and the solvent 
was evaporated to give red crystals which, on recrystalliza- 
tion from 10 ml of methanol (Norit), gave 0.18 g (yield 
14.8'7,) of orange-red crystals, m.p. 81-85", of 2',5-di- 
methyl-2-nitrodiphenylamine (6). Chromatography of the 
material on alumina, using benzene a s  the solvent and 
n-hexane a s  the eluent, raised the melting point of 6 to 
82-88". An analytically pure sample of 6, m.p. 89-90", 
was obtained by recrystallization from n-hexane. 

Anal. Calcd. for C 1 4 H , , N 2 0 2 :  C,  69.4; H, 5.8; N,  
11.6. Found: C,  69.6; H ,  5.7; N ,  11.7. 

Infrared (KBr): l620s, 1575m, 1520s, 1495s, 1435s. 
1260vs, 1185w, 1 IOOw, 1075w, 1035rn,955w, 925w, 755vs. 

1,8- Dir~refhylp/r~~~~ozi~re (2) 
A mixture of 2.42 g (0.01 rnol) of 2',5-dimethyl-2-nitro- 

diphenylaniine (6), 6.40 g of sulfur, and 75 ml of diphenyl 
ether was heated in a flask equipped with a stirrer and con- 
denser, and refluxed for 2.5 h. The  dark orange reaction 
mixture was cooled, filtered (residue I on the filter) and 
the filtrate vacuum distilled (bath temperature 80-1001, 
pressure 3 mm/Hg) to give a yellow distillate containing 
diphenyl ether and some 1,s-dirnethylphenazine (2), and a 
residue 2 in the distilling flask. T h e  distillate was extracted 
with 20% hydrochloric acid (6 x 50 ml), the acid solut iol~ 
made alkaline with concentrated ammonia solution (150 
ml), and extracted with chloroform (3 x 50 1111). The  
solvent was evaporated to give a yellow oil (residue 3). 
The  residues 1, 2, and 3 were combined and subjected to 
distillation with superheated steani. 

T h e  middle fraction of the distillates containing 1,s- 
dimethylphenazine (2) was evaporated and the ~.esidue 
dissolved in 15 ml of 1: 1 }I-hexane-benzenc and placed 
on  a chromatography colunin of 100 g of alumina (Fisher 
No. A-540). The  chromatogram as eluted with 1 : 1 
n-hexane-benzene solution (1200 ml) to obtain 12 frac- 

tions. T h e  fractions 4 to I I from the second run were 
combined, evaporated, and the residue vacililrn si~blimed 
(bath temperature 120°, pressure 3 mm!Hg) to obtain 
0.196 g (yield 9.4'7,) of yellow crystals, m.p.  141-144'. 
This material was rechromatographed on 50 g of alumina 
using 700 ml l : 1 17-hexane-benzene, followed by 100 ml 
benzene, a s  eluants. Ten fractions were obtained in this 
third run. The fractions 4 t o  9 werecombined, evaporated 
and the residue vacuum sublimed to produce 0.165 g 
(yield 7.9%) of 1,s-dimethylphenazine, m.p. 146.5-147.0. 

Anal. Calcd. for Cl ,H, ,N2:  C,  80.7; H, 5.8;  N,  13.5. 
Found:  C ,  81.0; H ,  5.8; N ,  13.5. 

Mass spectrum: rrrle 208;  intense peaks M - I and 
M - 2 ;  i.r. (KBr): 3045m, 2970s, 2950s, 2910vs, 1630m, 
1518m, 1480w, 1428w, 1375m, 1362m, 1340111, 1195vw, 
1065vw, 1052vw, 1032w, 1005w, 912w, 895w, 855% 830s, 
772s, 752111, 642m, 602w, 555w, 528w, 520m,412w, 345w; 
n.v. (rnethariol): ? ,,,,,, 210 (log E 4.42), 254 ( log E 5.08), 
364 nm (log E 4.12). 

Cl1ro11~o/ogrpl7ic Seporofion qf 1,7- ( I )  n~rcl 
1,8-Dh~ret/7)~/p/re1lnzirrr (2) Ob~nirrerl by tlre 
Merz-Ris Reocli017 

A mixture of 1 and 2 w a s  prepared from 3,4-diamino- 
toluene (3) (53.7 g, 0.44 mol) and 3-methylcatechol (4) 
(43.4 g, 0.35 11101). 

It was established that the separation of I ,7- and 1,8- 
diniethylphenazine can best be achieved by using alumina 
asabsorbent (Voelm Grade  I o r  Fisher No. 540), in a ratio 
si~bstance-aluniina, 1 :200-300. The eluant used consisted 
of diethyl ether - benzene 1 :40. During the chroliiatog- 
raphy, the eluerit was collected in small fractions, 2.5, 5, 
and 10 ml. The  solvent was  evaporated and the  melting 
points of residues determined. Thc residual samples were 
combined according to their melting point ranges, and the 
combined fractions rechromatonraohed. The chromatoa- - .  
raphy was repeated five times, until the t w o  fractions, 
low melting (1) at 117-1 18" and high melting (2) at 147- 
148'., did not change on a f i~r ther  chro~i~a tography .  At the 
later stages of the chro~iiatograpliy, the i.r. spectra werc 
also used to follow the separation. The isomer 1 showed 
four characteristic strong bands a t  SlOvs, 7 7 0 ~ s .  758s. and 
748s c m - ' ,  while the 2 isomer had only two bands in the 
same region, a t  772vs and 752vs cnl- ' .  

We are grateful to the National Research Council of 
Canada for financial assistance. 
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The Electron Pair in Chemistry 

R.  DAUDEL 
Cr1rr1.r tlr iLfPcti/ric/r~r 01rtlriltr1oi1.e App1iqrrc;e tle C . N . R . S . ,  Poris, Frrr~lce 

A N D  

Received October 11, 1973 

The reality of the electron pair as a fundamental unit in the electronic structure of molecular 
systems is evidenced by calc~llations which show that the most probable partitioning of a system 
is the one which localizes pairs of electrons in well-defined spatial regions or loges. The loges in 
turn, correspond to those regions of space generally associated with core, bonded, and non- 
bonded electrons. In terms of information theory, they yield the maximum amount of informa- 
tion concerning the localizability of the electrons. The most probable three-loge partitioning of 
the six-electron BH(XIZ+) system, for example, is dominated by the event which places two 
electrons in each of three loges, the location and shape of the loges being such as to justify the 
labelling of the electron pairs they localize as core, bonded and nonbonded. Since the loges are 
defined in real space and are totally nonoverlapping, one may define the volume of space oc- 
cupied by pairs of electrons. In BH, for example, the volume of space required to contain 95% 
of the nonbonded pair of electrons is over two times larger than that required to contain 95% of 
the bonded pair. It is possible to define core loges which exhibit pair occupation probabilities 
ranging in value from 95% in LiH+ to 85% in BH. Corresponding probabilities ranging in value 
from 7 5 z  to 90% are obtained for bonded and nonbonded loges. In the set of molecules studied 
here, the occurrence of events with such high probabilities is found only for loges which rnaxi- 
mire the probability of a pair occupation. 

Le fait qile le doublet tlectronique est une unit6 fondamentale de la structure tlectronique de 
systemes moleculaires est Ctabli par des calculs qili rnontrent que la repartition la plus probable 
d'un systeme est celle qui localise les doublets Clectroniques dans des regions de I'espace bien 
definies 011 loges. Les loges aux electrons lies 011 non-lies, a leur tour correspondent a ces 
regions de I'espace generalement associees au noyau. Par rapport aux donnees de la theorie, on 
obtient le maximum de renseignements concernant la maniere de localiser les electrons. La 
repartition la plus probable en trois loges des six electrons du systtme BH (XIZ+)  par exernple, 
est dominee par le cas qui place deux electrons dans chacune des trois loges; I'emplacement et 
la forme des loges sont tels qu'ils justifient la denomination des doublets electroniques, lies ou 
non-lies, et qu'ils les localisent comme noyau. Puisque les loges sont definies dans un espace 
reel et sont entierement sans recouvrement, on peut definir le volume de I'espace occupe par les 
doublets Clectroniques. Pour BH par exemple, le volume de I'espace necessaire pour contenir 
95% dd'n doublet &lectronique non-lie depasse en importance, deux fois celui qui est necessaire 
pour contenir 95% d'un doublet electronique lit. 11 est possible de dtfinir des loges du noyau qui 
prtsentent des possibilites d'occupation d'un doublet de valeurs allant de 95% dans le L iH+ a 
85% dans le BH. Des probabilitks similaires de valeurs allant de 75% 90% sont obtenues pour 
des loges likes 011 non-likes. Dans I'ensemble des molCcules CtudiCes ici, la presence de cas avec 
de telles probabilites tlevees est trouvte seulement pour des loges qui maximisent une probabi- 
lite d'occupation d'un doublet. [Traduit par le journal] 

Can. J .  Chem., 52, 1310 (1974) 

Introduction 
Since the electron pair was first postulated to 

be of fundamental importance by Lewis (1) it has 
played a dominant role in the conceptual devel- 
opment of chemistry. The origins of the concepts 
bonded pair, unshared pair, and core of electrons 
are to be found in his paper, "The Atom and the 
Molecule" published in 1916. Nonetheless, the 
extent to which the distribution of electrons in a 
molecular system resembles pairs of electrons 

localized in specific spatial regions has not been 
determined.' Since the electronic wavefunction 
and charge distribution ofa many-electron system 

'A description of a system in terms of a localized set 
of molecular orbitals does not provide an  answer to this 
question. Every orbital in a system extends over all space, 
and even within a localized set, there is a nontrivial over- 
lap of r l~e  charge dis~ribrrrions arising from different 
orbitals. Furthermore, the occupation number of the 
orbital is fixed at two and thus a test of the importance of 
the pair concept is not possible. 
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DAUDEL ET AL.: THE ELEC TRON PAIR I N  CHEMISTRY 1311 

are everywhere nonzero and pervade all space, 
there can be no partitioning of a system into 
completely localized groups of electrons. How- 
ever, one can, within the framework of quantum 
mechanics, inquire as to the probability of an 
event which localizes fixed numbers of electrons 
in fixed spatial regions. If the electron pair con- 
cept is indeed fundamental, then one should find 
that of all possible events, the dominant one 
localizes pairs of electrons in some set of spatial 
regions. This probabilistic measure of the extent 
of localization within a system was proposed by 
Daudel (2). 

Daudel and co-workers (2-4) have reasoned 
that there should be some "best" decomposition 
of the physical space of a system into a number 
of mutually exclusive spaces, called loges. The 
"best" loges were to represent the most probable 
(in a quant~im mechanical sense) division of the 
physical space of the system into localized groups 
of electrons. This paper is concerned with deter- 
mining the "best" loge decon~position of simple 
molecular systems and determining their prop- 
erties. Does the dominant event indeed corre- 
spond to a partitioning into pairs? If so, to what 
extent, and are the loges containing these pairs 
spatially localized in such a way that they corre- 
spond to the usual concepts of core, bonded and 
unshared pairs of electrons? 

consider the partitioning of a total system 
containing N electrons into two mutually ex- 
clusive volumes (loges) R and R'. Then the 
probability of the event that ti electrons will be 
found in the loge R when the remaining (N - 17) 
are confined to R' is 

where T',) is a diagonal element of the spinless 
N-particle density matrix, 

and the primes denote products of space and 
spin variables, xir = xioi.  The binomial coeffi- 
cient in eq. 1 accounts for the indistinguishability 
of the electrons, so that it matters not which n 
electrons are considered to be in R when the 

remaining (N - n) are in R'. Since the wave- 
function is assumed to  be normalized, one has 

The average nuniber of particles in a given loge is 

a result which, as indicated in eq. 3, must be 
equivalent to the integration of the charge density 
p(x) over the same volume of space. If a single 
event has a dominant probability, it is referred 
to as the leading event. If Pn(R) is a leading event 
and the probability distribution of the other 
events is symmetrical about P1,(R), in particular 
if the probabilities of the satellite events PI,- , (a)  
and P,,+ ,(R) are equal to  one another, then R(R) 
will equaln. In other words, one must distinguish 
between the number of electrons localized in a 
given loge to yield a leading event and the 
average occupation number of the loge. 

More recently, Aslangul(5) has proposed that 
the concepts of information theory be ~ised to 
define the "best" division of a system into loges. 
According to this theory (6) our knowledge about 
a given system is a maximum when the "missing 
information function" I(P1,,R) is minimized, 
where 

If the probability of one particular event (n 
particles in R) approaches a certainty, then 

In this instance.our knowledge of the system 
would be maximal as we would know with cer- 
tainty that n electrons are in R and (N - n )  in 
R'. Correspondingly, in this case I(P,R) ap- 
proaches zero. At the other extreme, when all 
events are equally probable, our knowledge of 
the specific state of the system is minimal and the 
missing information function is maximized. 

With this definition of the best set of loges one 
is still faced with the problem of finding that 
partitioning which does indeed minimize I(P,Q). 
It is an additional aim of the present paper to 
find what properties of a system may be em- 
ployed to yield loges minimizing the missing 
information function. In particular, we report 
on results which indicate that the boundaries of 
the "best" loges may in some cases be determined 
by the topographical features of the electronic 
charge distribution. 

Bader and co-workers (7, 8) have proposed a 
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partitioning of a molecular system based on just ~. 

such properties of the charge distribution. 
Specifically, the surface is defined by the gradient 
paths, traced out by the vectors Vp(x), which pass 
through a null point Vp(x) = 0 between a pair 
of adjacent nuclei. Thus, the surfaces are defined 
by the sets of paths of steepest descent through the . ,  ..... , x .--. 

\~.--, charge distribution starting from the internuclear 
minima. Since the partitioning surfaces S(x) are 
defined by Vp(x), they have the property that 

d p(x)/dn = 0 Vx E S(x) . , , . 

where n is the unit vector normal to S(x). Hence 
they are called surfaces of zero flux. This p a r t  
tioning of a system into fragments enables one 

. to partition any molecular property into fragment \ ..-. - ~ 

contributions. In particular, it yields values for . 1.----- 

the kinetic and potential energies of the fragments 
which are not only well-defined, but satisfy the ,.-- ~ . -  .. , 

/ --- -.. -3 

quantum-mechanical virial theorem. These frag- ., ,/ ,,- ,- -~ I- -.; : .I-~ - .:~~- . . -. ,,, ,,, ,,,. . ~ - .  ~; '.. ~ 

ments represent spatially localized electron ,, ,, ,,,, -;~ .. r ~ ~ . %  . , . 

populations in the sense that the fragments are \--:. - ~ 

" L<%J.'$; , , 5 

\\\,v?5i/: .., ' separated from one another by the minima in the , , ,  I , , ' >  *>,,/ 

electronic charge distribution. The question , , , ,,,,\.,~\.,, ~ ; -~  ' ,  , , 
\ ' i \_ ,.' ! 

, 1 ,  

naturally arises as to whether or not such frag- \,I<, \--. , \~ 
. -  
\ .. 
; '.__ -. 

ments correspond to the "best" loges for the \._. , 

system, i.e., is I(P,R) minimized? This would 
require that an essential part of the information 
contained in the many-electron probabilities be 
retained in just the charge distribution p(x), 
which is a one-electron probability function. 
(p(x) is N times the probability density of one 
electron being at x, with the other electrons any- 
where in the total space of the system.) 

The systems investigated here are LiH+- 
(X2C+), LiH(XIC+), BeH+(X'Cf), BeH(X2C+), 
BH(XICf) (ref. 9a), and BeH2(X'Zgf) (9b).' 
Their charge distributions are displayed in Fig. 1 
and the principal featuresof these distributions are 
usefully summarized in terms of their virial frag- 
ment properties (10) which are given in Table 1. 

The virial partitioning of LiHf and LiH yield 
average populations very close to two for the (Li) 
fragments and close to one and two for the (H) 
fragments, respectively. Thus the minima in p(x) 
in LiHf and LiH partition the systems into a core 
distribution on Li with one and two bonding 
electrons, respectively, contained in the (H) 
fragment. The separation of the total charge into 
two fragment pairs is not as pronounced in 
BeH+ as in the isoelectronic molecule LiH. Even 

*All functions are close to the Hartree-Fock limit. 

FIG. 1. Contour maps of the electronic charge dis- 
tributions for (reading from left to right on succeeding 
rows) LiH+(X2Z+), LiH(XIC+), BeH+(XIZ+), 
BeH(X2C+), and BH(XIZ+).  In each diagram the curve 
indicated by short dashes denotes the virial partitioning 
surface of zero-flux which defines the (A) and (H) frag- 
ments. The circle denoted by the longer dashes defines 
the boundary of the "best" spherical loge centered on the 
A nucleus. The contours in this figure and  Fig. 3 (in a.u.) 
increase in value from the outermost contour inwards in 
steps of 2 x lon, 4 x lon, 8 x 10". The smallest contour 
is 0.002 with n increasing in steps of  unity to yield a 
maximum contour value of 20. 

so, the net charge on the (Be) fragment in BeHf 
is + 1.743. The charge transfer from A + H is 
only slightly less in BeH and BH than in LiH. 
One would anticipate that the leading event for 
such a partitioning into fragments (loges) would 
be one which placed two electrons in (H) and 
three and four, respectively, in the (Be) and (B) 
fragments, these latter populations corresponding 
to a two-electron core (clearly discernible in 
Fig. 1) and one unshared valence electron in (Be) 
and an unshared pair in (B). The distinguishing 
feature of the charge distributions of BeH and 
BH is the extent to which the unshared valence 
density is confined to the nonbonded side of the 
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DAUDEL E T  AL.: T H E  ELECTRON PAIR IN CHEMISTRY 

TABLE 1. Characteristics of the charge distributions 
-- -- 

Bond 
lengths 

AH (a.u.) m(A) m(H) 

LiH+(XZE+) 3.015 2.037 0.963 
LiH(XIE+) 3.015 2.089 1.911 
BeH+(XIE+)  2.479 2.257 1.743 
BeH(X2E+) 2.538 3.132 1.868 
BH(XIZ+)  2.336 4.246 1.754 
BeH2(X1X:) 2.540 2.278 1.861 

-- -- 

Be and B nuclei and the very diffuse and extended 0 I 

nature of this region of the distribution (10). If 
we define the nonbonded charge on (A) as the ,- , - 

charge in the FIG. 2. The variation in the probabilities P,,(Q), the 
on the nonbonded side of a plane through the A missing information function I(P,Q) and the fluctuation 
nucleus and perpendicular to the internuclear of N(Cl), A(N,R) for a spherical loge of variable radius r 
axis, we obtain the figures listed as such in  Table (in a . ~ . )  centered on the boron nucleus in BH(XIE+) .  The 

positions of the maxima in the P,,(Q) values for each value Such a a 'Ore density of rz are indicated on the plot showing the variation in 
(yielding nonbonded populations of -unity for I(P,n) and ~ ( g , a ) .  
(Li)) and indicates that 96% and 88% of the un- 
shared valence density is localized in the non- the system. Note that maximizing a single event, 
bonded regions of the (Be) in BeH and the (B) in for example Pl(R), does not necessarily lead to a 
BH, respectively. minimum in I(P,R). In the case of the maximum 

in P,(R), the satellite events of zero and two 
Core Loge electrons in R, have relatively high probabilities 

We illustrate a number of the principles and I(P,R) attains a maximum value for this 
involved in the loge partitioning method by particular loge. The reality of the core electron 
detailing our search for core loges in diatomic pair concept as a dominant entity in electronic 
molecules. The six electron BH(XIC+) molecule structure is evidenced in the maximum value of 
is among the simplest systems which should P2(R) being so much in excess of the maxima 
exhibit all three kinds of electron pairs, core, observed for P,(R), P3(R), etc. Thus, while one 
bonded, and nonbonded. can find a region of space which will localize a 

Figure 2 illustrates results of a search for the pair of electrons with an  85% probability, the 
best spherical loge in a two-loge partitioning of maximum probability of localizing three or four 
this system. Plotted in Fig. 2 are the values of the electrons in a volume element of similar shape is 
P,(R) and I(P,R), where the volume R refers to a only 43% or 38%, respectively. 
spherical loge centered on the boron nucleus of Note that the variation in the missing informa- 
variable radius r.. Also plotted, is the fluguation tion f~inction I(P,R) parallels the fluctuation in 
in N(R), A(N,R) where A(N,R) = N2(R) - R(R), A(N,R). The use of the fluctuation in a loge 
(N(R))2. Aside from the trivial peaks in P,(R) population as a measure of the extent of the 
for r = 0 and in P,(R) for r. = a, the single most localization of the electrons has been proposed by 
probable event is obtained for a loge of radius Denis et al. (1 I). 
0.7 a.u. which simultaneously maximizes P,(R) Table 2 lists the properties of the best spherical 
and minimizes I(P,R). The satellite events Pl(R) core loges for the diatomic systems considered 
and P3(R) have small and almost equal prob- here. Only the probabilities for the leading event 
abilities and thus N(R), the average number of and the two satelliteevents are listed as thesealone 
electrons in this most probable core loge, is two, account for over 99% of the total probability. In 
as determined by the leading event P2(R). In this each case, I(P,R) is minimized by a loge whose 
two-loge partitioning there is an 85% probability radius maximizes the probability of the pair 
of finding two electrons in a core loge of radius occupation of the core loge. The probability of 
0.70 a.u. and four electrons in the remainder of the satellite events P l (R)  and P3(R) a r e  nearly 
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A H  
-- 

LiH + 

LiH 
BeH + 

BeH 
BH 

TABLE 2. Properties of best spherical core loges in AH 
- -- - 

I'c P,(Q) P,(R) P3(W 

1.55 0.0286 0.9427 0.0285 1.999 
1.42 0.0438 0.9123 0.0428 1.999 
1 .OO 0.0455 0.8969 0.0561 2.011 
0.95 0.0584 0.8804 0.0589 2.001 
0.70 0.0714 0.8532 0.0716 2.002 

TABLE 3. Properties of virially defined (A) fragments 
-- - -- - 

Bonded 
radius of 

AH A(a.u.) P , (A)  PAA) P 4 A )  W A )  I(P,A) 

LiH+ 1.408 0.0054 0.9527 0.0418 2.036 0.2070 

LiH 1 ,344 0.0069 0.8995 0.0912 2.089 0.3622 

BeH + 1 .049 0.0034 0.7536 0.2261 2.257 0.6379 
P2(A) P3(A) P4(A) 

BeH 1.072 0.0426 0.7903 0.1591 3.132 0.6526 
P,(A) P d A )  P 4 A )  

BH 1.001 0.0494 0.6757 0.2503 4.246 0.8549 

equal to one another in all the cases and hence 
N(Q) = 2.00. Note that the continuous decrease 
in P2(Q) from its value in LiH+ to that in BH, 
parallels the extent to which the spherical loge 
encompasses the majority of the density in the 
(A) fragment. The greater degree of isolation of 
the core electrons from the remainder of the 
system found in LiH+ as compared to BH is 
reflected in the A(R,Q) values. In LiH+, the 
fluctuation is only 0.05 compared to a value of 
0.16 in BH.3 

Table 3 lists the probabilities for a two-loge 
partitioning of the same molecules, using the 
surfaces of zero-flux to define the loges. For 
LiH+ where the virial fragments possess near 
integer average populations, the missing in- 
formation function I(P,Q) attains a value signi- 
ficantly less than that obtained for the best 
spherical core loge. In LiH, the spherical core 
loge and the virial partitioning yield comparable 
results. In the remaining systems, the average 
populations of the virial fragments deviate more 
from integer values in the order BeH, BeH+ and 
BH and P2(H) (= P2(Be) in BeHf, P3(Be) in 
BeH, and P,(B) in BH) decreases in the same 
order. Clearly, in those cases where the virial 

3Core loges and their corresponding probabilities have 
been previously determined by Daudel for Li2 (12). 

partitioning method yields fragments which 
approximate a pair of core or bonded electrons, 
then the surfaces of zero-flux appear to yield the 
best decomposition of the system into loges, e .g . ,  
LiH+ and LiH. In general, however, the virial 
fragments contain both core and valence density 
with populations differing from integer values. 
In these cases, it is thus possible t o  define a core 
loge with a pair occupancy which surpasses in 
probability that for the virial fragment. Further 
discussion of the virial fragments is deferred until 
a consideration of the loge decomposition of the 
valence density. 

The distance of the minimum in p(x) along the 
internuclear axis from the A nucleus (the bonded 
radius of the (A) fragment) is listed in Table 3. 
The virial fragment partitioning gives the "best" 
loges in those two cases, LiH+ and LiH, where the 
radius of the spherical loge required to maximize 
P2(Q), and hence minimize I(P,R), exceeds in 
value the bonded radius of (A). These examples 
suggest that the "minima in p(x)", the zero-flux 
surfaces, represent ultimate boundaries for the 
definition of the "best" loges. 

The maximum values for P2(R) and corre- 
sponding minimum values for I(P,Q) reported in 
Tables 2 and 3 represent the best two-loge parti- 
tioning of these systems obtained from a large 
number of trials using surfaces which yielded 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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loges of various shapes and average numbers of 
electrons. The dominant requirement for the best 
loge appears to be one which maximizes P2(R), 
the pair occupation ~ r o b a b i l i t ~ . ~  For example, 
the charge distribution in the core region of B 
in BH is slightly ellipsoidal in shape, with the 
major axis directed along the internuclear axis. 
A loge was defined such that its surface coincided 
with a contour line of constant density. This 
yielded a core loge which reflected the quadru- 
polar distortion of the charge distribution. The 
missing information fi~nction was minimized 
when the boundary contour was such that P,(R) 
was again maximized. The value of P2(R) ob- 
tained for this more elaborate loge is slightly less 
than that obtained for the spherical core (0.8384 
compared to 0.8532) and correspondingly, 
I(P,Q) was increased slightly over the spherical 
core (0.5748 as compared to  0.5364). 

In summary, the above results indicate that 
the most probable two-loge partitioning of a 
molecular system is one which isolates as  one of 
the loges a core distribution, of shape and size 
such that P2(R) is maximized. The average popu- 
lation of the loge need not necessarily be equal 
to 2.00 (e.g., the (Li) fragment loges in LiHf and 
LiH). A doubly occupied core is a very probable 
entity in electronic structure. The charge dis- 
tribution of LiHf may be partitioned by the 
surface of zero-flux into a doubly occupied core 
loge and a singly occupied bond loge with a 
probability in excess of 95%. Similarly, the dis- 
tributions of LiH and BeHf may be partitioned 
to  yield a doubly occupied core loge and a doubly 
occupied bond loge with probabilities of 91% and 
9 0 z ,  respectively. The pair concept is clearly 
dominant in these systems. In systems with an odd 
number of electrons, the pair occupancy require- 
ment is greater for the core loge than it is for the 
bond loge (e.g., L iHf )  and the same requirement 
for a bond loge exceeds that for a loge containing 
the nonbonded density (e.g., see BeH below). 
This ordering is the one expected on energetic 
grounds. 

41n only two cases did we obtain a loge which, while 
niaximizing P 2 ( R ) ,  did not jield the lowest value obtained 
for I (P ,R) ,  i.e., was not the "best" loge. In both cases the 
"best"loge and the one which maximized P 2 ( R )  were very 
similar, and  the differences in their P,(R) and  I ( P , R )  
values very small. One example is the "best" core loge in 
LiH as defined by the surface of zero-flux, with P 2 ( R )  = 
0.90 and I ( P , R )  = 0.3622 and  the best of the spherical 
core loges with P 2 ( R )  = 0.91 a n d  I (P ,R)  = 0.3635. 

Partitioning of the Valence Charge Distribution 
With the definition of the best spherical core 

loges in BH and BeH, we turn to  the question of 
whether or  not the valence electrons exhibit a 
correspondingly high probability o f  pairwise 
separation. If the pair concept is valid for the 
valence charge distribution, one would anticipate 
a two-loge partitioning of the remaining charge 
density to  yield a bonded pair and a n  unshared 
pair in BH, and a bonded pair and a single non- 
bonded electron in BeH. The nonbonded popula- 
tions of the (Be) and (B) fragments previously 
referred to, indicate that  only a small increase in 
the volume of the nonbonded region defined by 
the planar surface will yield loges which, with the 
core loge excluded, will possess average popula- 
tions of one and two electrons in BeH and BH, 
respectively. Accordingly, a radial partitioning 
surface was defined, centered on the Be or B 
nucleus, making an angle ci with the internuclear 
axis and extending from the surface o f  the core 
loge to infinity (see Fig. 3). Thus, an intuitively 
probable three-loge partitioning of BeH and B H  
may be defined in terms of the core r a d i ~ ~ s  r, and 
the angle ci. Both r, and  ci were varied indepen- 
dently t o  minimize the missing information 
function yielding the results listed in Table 4. 

We shall denote a given event with t h e  symbol 
(tiC,tin,tib) indicating that 17, electrons are in the 
core loge, 11, in the nonbonded loge, and  ti, in the 
bond loge. Correspondingly, the probabilities of 
the events are indicated by a double subscript as 
P ,,c,,,,, (Rc,Rn) where necessarily ti, = N - (11, + 
11,). The "best" core loge radius was found to  be 
the same as that obtained for the two-loge parti- 
tioning of BH, the value maximizing P,(R,). The 
value of I(P,Rc,Rn) was minimized when r, and a 
were varied to maximize the probability of the 
event (2,2,2), a pair occupation of each loge. The 
probabilities of the most important events are 
given in Table 4. (Together they account for 99% 
of the total probability.) Note the dominant 
probability obtained for the event (2,2,2). Since 
the probabilities of all eight satellite events are 
close t o  being symmetrically paired with respect 
to (2,2,2), the average populations o f  all three 
loges equal 2.00. 

Similar results were obtained for the five- 
electron system BeH. I n  this system the dominant 
event is (2,1,2), the unpaired electron being most 
likely found in the nonbonded loge. Thus,  there is 
a 69% probability of spatially localizing the six 
electrons in BH into three pairs, the three loges 
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TABLE 4. (0) Three-loge partitioning in BH 

(i) Probabilities of events ( ) I , ,  >I,, a,)* 

7- 

( i i )  Maximum two-loge probabilities and I(P,R) values 
-- -- ~- 

Core Nonbonded Bonded 

(6)  Three-loge partitioning in BeH 

FIG. 3. Contour maps of the electronic charge dis- 
tributions in BH(XIZ+), BeH(X2Z+), and BeH2(X1X:) 
showing the boundaries of the best three-loge partitioning 
of these systems (the long dashed lines) and, for com- 
parison, the surfaces of zero-flux defining the (A) and 
(H) fragments (in short dashed lines). The angle CY is 
measured (counterclockwise) from the internuclear axis 
up to the position of the radial line separating the bonded 
and nonbonded loges. 

corresponding to core, nonbonded, and bonded 
regions of space. Similarly, in BeH there is a 77% 
probability of localizing two pairs of electrons 
in a core and bond loge while confining the re- 
maining electron to  a loge in the nonbonded 
region of space. 

T o  illustrate that the important requirement for 
the minimization of I(P,Q) is the maximization 
of P,(Q),  rather than simply obtaining loges with 
average occupations of 2.00, we report another 
three-loge partitioning of BH. In this case the 

(i) Probabilities of events (~r,,n,,r~,)* 

0 1 n, 2 
----- 

(ii) Maximum two-loge probabilities and I(P,Q) values 
-- -- --- --- ----A- - 

Core Nonbonded Bonded 
----- 

Pn(fi) 0.8804(?1 = 2) 0.8328(11 = 1) O.S297(tz = 2) 
I(P,fi) 0.4602 0.5800 0.5931 

systern (with the exception of the core loge) was 
symmetrically halved by a o, symmetry plane. 
This yielded two identical valence loges, and 
average populations of 2.00 for all three loges. 
The value of I(P,Q) increases from its "best" 
value of 1.2328 t o  1.9408. In the  case of the 
symmetrical valence loges, the events (2,1,3) and 
(2,3,1) are almost as probable a s  (2,2,2), their 
values being 0.213,0.213, and 0.320, respectively. 
The average population of 2.00 obtained for the 
two valence electron pairs arises as an average 
over three events of comparable probability, 
rather than being the result of one leading event. 
Clearly, if one does not distinguish between 
bonded and nonbonded regions of space, one 
sacrifices possible information about the system. 

In  both BH and  BeH, the radial surface parti- 
tioning the valence charge distribution into 
bonded and nonbonded loges, approximates 
closely a surface traversing the minimum in the 
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"trough" which occurs in this region of the greater number of satellite events in the former 
charge distribution. This pinched effect in the case, all with finite probabilities. One may obtain 
contours of p(x) provides a "natural" parti- the corresponding two-loge probabilities for any 
tioning of the valence charge distribution into of the three loges by collapsing two of the loges 
bonded and nonbonded loges. into one and summing over all possible events for 

The outer contour illustrated in the contour the combined loge. For example, the value of 
maps of the charge distribution has the value of P2(R) for the nonbonded loge in BH is given by 
0.002 a.u. This particular contour is chosen since 

4 
it defines a nonbonded size and shape for a mole- 
cule which agrees well with experimental esti- P2(Q") = 2 P,,c,2(~,>Q") 

,I, = 0 

mates of these quantities (13). In general, it 
envelopes a region of space containing over 98% The probabilities of the leading events obtained 
of the total charge present in the system. The for the core, nonbonded and bonded loge for a 
0.002 a.u. contour, together with the parti- corresponding two-loge partitioning are  listed in 
tioning surfaces, define boundaries for the Table 4 together with their I(P,R) values. A 
bonded and nonbonded loges, thereby enabling meaningfill comparison of probabilities is pos- 
one to determine the volume of space occupied sible only if the number of loges is held constant 
by the pairs of electrons in these two loges. With and a comparison of I(P,R) values requires that 
this physical definition of size, one finds that in the total number of events, i.e., the number of 
BH, the nonbonded or "lone pair" electrons loges and the total number of electrons, be the 
occupy a volume of space considerably larger same in the systems compared. Probabilities ob- 
than that required to contain the bonded pair, tained for a loge in a two-loge partitioning (i.e., 
the ratio of the volumes of the nonbonded to loge of interest plus the remainder of the system) 
bonded loges being 1.51, Even in BeH where there will be referred to as "the probabilities" for that 
is but a single electron in the nonbonded loge as loge. 
compared to the pair in the bonded loge, the In both BeH and BH, the core loge exhibits a 
ratio of loge volumes, nonbonded to  bonded, is higher probability than either of the  valence 
equal to 0.962. These volume ratios would clearly loges. This greater degree of Iocalizability of the 
be enhanced if a contour of smaller value, say core electrons is also evident in the probabilities 
0.001 a.u. was used to define the outer boundaries of the three-loge partitioning probabilities. In 
of the loges, since the charge density falls off both BH and BeH, the principal satellite events 
more rapidly in the outer regions of the bonded are those which retain a pair of electrons in the 
loge than it does for the nonbonded loge.' This core loge. 
disparity in the volumes of space filled by non- Reference to Fig. 3 indicates that in both BH 
bonded and bonded pairs ofelectrons is in accord and BeH the surfaces defining the "best" bond 
with one of the basic pos t~~la tes  of Gillespie3s loges closely miniic in shape and lie adjacent to 
theory of molec~~lar  geometry (that lone pairs of the -~ero-flux s~lrfaces defining the (Be) and (H) 
electrons occupy a larger volunle of space than fragments. Thus, the ( H )  fragments in these two 
do bonded pairs (I 5)). molec~~les,  as defined by the paths o f  steepest 

The probability of the leading event in a three- descellt through P(-Y), sho~lld be good approxi- 
loge partitioning is generally less than that ob- mations to  the "best" bond loges. Reference to 
tained in a two-loge partitioning because of the Tables 3 and 4 indicates that the probabilities of 

the leading events and I(P,R) values are com- 
50ne could define a ratio of loge volumes by demanding parable in the two cases. This is particularly true 

that the boundary contours be chosen such that the same for B ~ H  for which p , ( ~ )  p , ( ~ ~ )  = 0.79 with 
percentage of the total loge population be included in 
each volume. In BH, the 0.002 a.u. contour of the bonded I(P,H) = 0.6526 compared to P2(Rb) = 0.83 and 
loge defines a volun~e containing 95% of the bonded pair, I(P7Rb) 0.5931. 
while for the nonbonded loge, one must integrate out to We consider next the partitioning o f  the six- 
the 0.001 a.u. contour to obtain the same fraction of its electron system, BeH,. On  the basis of the  results 
pair of electrons. This yields a ratio of nonbonded to obtained for B ~ H ,  one would ant ic i -  
bonded loge volunles equal to 2.1 1. Robb el  a/. (14) have 
proposed a definition of the size of nonbonded and pate the best three-loge part i t ioning to yield a 
bonded pairs of electrons based on the r.m.s. radii of core loge and two bond loges all with average 
localized molecular orbitals. populations of 2.00. If a core loge with m(Rc) = 
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2.00 is to be retained, then the two identical bond 
loges are necessarily defined by a planar surface 
(originating at  the surface of the core loge) per- 
pendicular to the internuclear axis at  the molec- 
ular mid-point. With u fixed at  90°, the only 
variable in this case is the radius of the core loge, 
and I(P,R) was minimized for rc = 0.93 a.u., a 
value slightly less than that f o ~ ~ n d  for BeH. A 
summary of the res~llts for this symmetrical 
partitioning is given in Table 5. The results are 
surprising. While the event (2,2,2) is the leading 
one, its probability is greatly reduced, to 33% 
compared to a value of 69% for (2,2,2) in BH and 
77% for (2,1,2) in BeH. In BeH,, the satellite 
events (2,1,3) and (2,3,1) have probabilities of 
2 2 x  indicating an appreciable f luc t~~at ion in the 
populations of the bond loges. A comparison of 
the P2(R) values for core and bond loges in BeH 
and BeH, in a two-loge partitioning, indicates 
that the localizability of the core loge is as well 
defined in BeH, as in BeH, but the bond loges in 
BeH, have P2(Rb) values of only 37% (compared 
to 83% i i i  BeH) and P, (Rb)  and P3(Rb) values of 
2 5 z .  The changes in the dimensions of the bond 
loge in passing from BeH to BeH, are very small, 
a is increased by 5" and r ,  decreased by 0.02 a.u. 
Certainly, the disposition of the charge distribu- 
tion in the bond loges is very similar in the two 
cases, a fact which is considered in more detail 
later. If u is set e q ~ ~ a l  to 90" in BeH itself, the 
changes in the probability distribution and 
I(P,R) values are very small, the probability of 
the event (2,1,2) decreasing to 0.7682 and the 
value I(P,Rc,Rb) increasing to 0.9694. The only 
significant difference between the two situations 
is that in one case the bond loge borders a singly 
occupied nonbonded loge, while in the other, it 
borders a doubly occupied bonded loge. 

A rather remarkable increase in the probability 
of the bond loge is obtained if one sacrifices the 
concept of the traditional tight spherical core, the 
most probable single pair in the system. If one 
transfers directly the boundary of the best bond 
loge in BeH to BeH,, that is, a surface defined by 
the radial arms (a  = 85") and their intersection 
with the spherical core (r, = 0.95 a.u.), then the 
"core" is extended to include an annular region 
of valence density (Fig. 3). This yields a three-loge 
partitioning of BeH, with a probability of 78% 
for its leading event (2,2,2), compared to  77% for 
the event (2,1,2) in BeH itself. The  pair prob- 
ability for this expanded core decreases to 83% 
from its "best" value of@%, but this is more than 

TABLE 5. Three-loge partitioning in 
BeH2(X1Z:)  

(a) Symmetrical partitioning* 

( i )  Probability of events (iz,,n,,nb,) 
.- 

7-- 

( i i )  Leading events for two-loge 
partitioning and I(P,Q) values 

Core Bonded 

(b) Extended core loge partitioning* 

(i) Probability of events (nc,nb,nb,) 

lib 
n, I 2 3 

1 0.0007 0.0242 0.0242 
2 0.0235 ( 0.0235 
3 0.0563 0.0563 0.0008 

( i i )  Maximum two-loge probabilities and 
Z(P,.Q) values 

Core Bonded 

(c) Virial partitioning* 

( i )  Probability of events (n,,tzb,nb.) 

12b 

11, 1 2 3 

1 0.0001 0.0032 0.0032 
2 0.0189 10.7003) 0.0189 
3 0.1125 0.1125 0.0015 

(ii) Maximum two-loge probabilities and 
Z(P,Q) values 

Core Bonded 

P 2 ( w  0.7384 0.8204 
I ( p , Q )  0.6972 0.5702 

*m(c) = 2.277, R(b) = 1.861, fl(b') = 1.861, 
I(P,R,,R,) = 1.0783. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DAUDEL ET AL.: THE ELEC TRON PAIR IN CHEMISTRY 1319 

compensated for by a dramatic rise in the pair 
probability for the bond loge to 86%. The average 
loge populations are now necessarily different 
from 2.00, being 2.075 for the core and 1.963 for 
the bond loges with corresponding unsym- 
metrical distributions in the probabilities of the 
satellite events P,(R) and P3(R) for all three loges. 
The value of P3(!2,) contributes 11% to the total 
probability of this extended core distribution. 
Since the spherical core has a high individual pair 
probability, one must assume that there is a 
significant probability that a single electron 
occupy the annular valence region between the 
two bond loges, and that this electron fluctuates 
between this region and the bond loges. Thus, the 
leading satellite event for the bond loges is 
P,(R,) (with a value of 8%) as opposed to P3(Rc) 
for the core loge. Clearly, what is the "best" 
definable core loge for a system is not necessarily 
the best in a total partitioning of the system. 

Any attempt to define a corresponding ex- 
panded core loge, to include a portion of the 
valence charge density, in the isoelectronic system 
BH, caused a dramatic decrease in the probability 
of the event (2,2,2) and a corresponding increase 
in I(P,R,,R,). It would appear from these limited 
examples that an expanded core loge is only 
necessary as a buffer between two otherwise 
neighboring bond loges. 

The final set of entries in Table 5 refer to the 
three-loge partitioning of BeH,, using the sur- 
faces of zero-flux to define (H) and (Be) fragment 
loges (Fig. 3). The general nature of these results 
is similar to those obtained in the "best" three- 
loge partitioning, but the probability of the 
leading event (2,2,2) is lower by 8'j: and the value 
of I(P,R,,R,) is increased in value from 0.9391 to 
1.0783. As in  the "best" case, the leading satellite 
events are (3,1,2) and (3,2,1), corresponding to a 
fluctuation of an electron between a bond loge 
and the valence region of the expanded core. 

I n  summary, we have been able to partition 
the space of a small niolecular system into regions 
which provide the maximi~m possible information 
regarding the localizability of the electrons and 
exhibit a minimum in the fluctuation of the num- 
ber of electrons which they contain. In some 
cases the boundaries of these "best" loges are 
determined by the surfaces of zero-flux in p(x); 
in all cases the boundaries of the "best" bond 
loges lie near such surfaces (see Fig. 3). From the 
present examples, it would appear that the virially 
defined fragments provide good approximations 

to the "best" loges. Thus, in addition to ex- 
hibiting the maximum information regarding the 
localizability of the electrons in a system and a 
minimum fluctuation in N, the "best" loges also 
exhibit or approximate the properties of the virial 
fragments, isatisfaction of thevirial relationship 
and a maximum degree of transferability be- 
tween different systems (7, 8), as evidenced here 
by the (H) fragment in BeH and BeH,. 

Calculations 

T(N)(x,,x2,...xN) was calculated using a Har- 
tree-Fock wave function (9). In such a case, the 
calculation of the probability of an event, P,,(R), 
reduces to the evali~ation of a sum of prodi~cts of 
terms, each term representing the extent of over- 
lap of a pair of orbitals over a loge. The overlap 
integrals between all possible pairs of orbitals 
over all the loges in a system were first evaluated 
by numerical integration using Gaussion quadra- 
ture techniques. These integrals were then 
grouped into products of terms as determined by 
the expression for a given P,,(R) or P ,,.,,. (R,R1). 
The number of such products in a diagonal 
element of the spinless N-electron density matrix 
is N!N,!Np!, where N, and N,, are the nunlber of 
cr and p electrons, respectively. Determining, 
ordering, and manipi~lating such a large number 
of prodi~cts is the factor which at the moment 
limits the size of system which can be con- 
veniently studied in the manner described here. 

The accuracy of the numerical resitlts was such 
that the sun1 of the P,,(R) or P,,,,,,(R,Q') vali~es 
never differed from unity by more than $. 0.00005 
(eq. (2)) and the values of N(R) as calculated in 
terms of the P,,(R) and by a direct numerical 
integration of p(x) (eq. 3) in general agreed to 
within $.0.0003. All compiltations were per- 
formed on a CDC 6400 computer. 
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Intramolecular Bromoamination. Part I 

DONALD E. HORNING A N D  JOSEPH M. MUCHOWSKI' 
Bri.srol Lrrbor.a~ories of Crrtrnrln, Cntitlioc, Qrreh~c 

Received October 10, 1973 

The  addition of bromine to 2,2-diphenyl-4-pentenylan~ine ( 8 0 )  resulted in the formation 
of 2-bromomethyl-4,4-diphenylpyrrolidine hydrobromide (IOn), the structure of which 
was established by its mass spectrum and other properties. Analogous products were ob- 
tained from the corresponding methyl secondary amine and two methyl-substituted 
primary amines. 

The  bromomethylpyrrolidines IOa and 10c gave the aziridines I l n  a n d  I l b  on treatment 
with sodium hydride in DMF. D r y  hydrogen bromide converted the unsubstituted aziridine 
l l a  to  3,3-diphenyl-5-bromopiperidine hydrobromide ( 1 2 0 ) .  Liberation of the methyl sub- 
stituted bromomethylpyrrolidine l o b  f rom the hydrobromide salt resulted in the spon- 
taneous transformation to  a single 2-methyl-3-bromopiperidine (12b)  of unestablished 
stereochemistry. 

L'addition d u  brome sur la diphinyl-2,2 penttnyl-4 nmine (80)  conduit au brom- 
hydrate de la brornomCthy1-2 diphenyl-4,4 pyrrolidine ( Ion)  dont la structtire a CtC dCter- 
minCe par spectrometric de masse ainsi que par  d'aulres propri6tCs. Des produits 
analogues ont  ttC obtenus h partir d e  la methylamine secondail'e correspondante ainsi 
que de deux amines primaires substituCes par des groupes mithyles. 

Les bromomCthylpyrrolidines Ion et 10c par traitement avec de I'hydrure de sodium 
dans le DMF conduisent aux aziridines l l a  et l l b .  L'acide bromhydrique sec transforme 
l'aziridine non-substitut 1 l a  en brornhydrate de diphenyl-3,3 bromo-5 p ip i r idhe  ( 1 2 a ) .  
L a  neutralisation de l'acide bromhydrique libtre la bromom6thylpyrrolidine substituC p a r  
un groupe mCthyle ( l o b )  qui se transforme spontanement en une seule mCthyl-2 bromo-3 
p iphid ine  (120)  de sttrCochin1ie non dCterminCe. 

[Traduit par le journal] 
Can. J. Chem., 52, 1321 (1974) 

The first intramolecular haloamination reac- 
tions were carried out almost a century ago by 
Ladenburg (1,2) and Merling (3) but the struc- 
tures of the products were not assigned correctly 
until 1900. At that time Willstatter (4) demon- 
strated that the zinc and hydroiodic acid reduc- 
tion of the products obtained from dimethyl- 
amino-4-pentene (1, R' = R2 = CH,) and bro- 
mine or iodine gave 1,1,2-trimethylpy~rolidinium 
iodide (3, R' = R' = CH3). The five-membered 

I 2 3 

cyclic structure 2 (R1 = R2 = CH3; X = Br, I) 
was assigned to the adducts on the basis of this 
observation. The intramolecular haloamination 
reaction does not appear to have been examined 

'To whom enquiries should be addressed. Present 
address: Syntex, S.A., Division de Investigacion, Calle 
Carretera Mexico-Toluca No.  2822, Apartado Postal 
10-820, Mexico 10, D. F. 

further until 1962. In connection with their 
interest in the kinetics of the iodocyclization of 
various unsaturated systems, Shilov and co- 
workers (5) reported that primary as well as 
tertiary 4-pentenyl amines underwent the cycli- 
zation reaction. Subsequent publications (6-8) 
from that laboratory were devoted t o  a further 
elaboration of the mechanism and the generality 
of the r e a ~ t i o n . ~  In all cases the products were 
assigned five-membered cyclic structures (2), 
presumably on the basis of Willstatter's obser- 
vation and by mechanistic analogy to other 
halocyclization reactions (9).3 

In relation to studies (14,15) concerning 

'The existence of this reaction has evidently not been 
generally recognized in the chemical literature of the 
western world. Recent s tandard (!) reference texts (10-13) 
state only that, depending o n  the conditions untilized and 
the degree of N-substitution, amines undergo N-halo- 
genation and/or oxidation to  imines, nitriles, o r  carbonyl 
compounds in the presence of halogens. In point of fact, 
we t o o  were unaware o f  the existence of this reaction 
until after3 our studies were completed. 

3We thank Dr. T. Conway of these laboratories for 
bringing ref. 9 to  our attention. 
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various polycyclic antidepressants, it became of bromine at room temperature t o  a dichloro- 
necessary to prepare 4-aminomethylpyrrolidines methane solution of various 2,2-diphenyl-4- 
of type 5. Of several synthetic sequences which pentenylamines g6 (Scheme 1) gave fair to 
were expected to provide 5, that proceeding via excellent yields (see Table 1) of bromo hydro- 

bromide salts to which the five-membered 

GAr ApA @ structures 10 were assigned on mechanistic A I. grounds (see below, however). 
Treatment of these salts with 2 mol of sodium 

N - R  

N - R  c o  
NH2 hydride in dimethylformamide gave the aziridines 

C H ~ N R :  l l a  and 116 (Scheme 2), the structures of which 
4 5 6 were established by elemental analyses and 

spectroscopic techniques. The n.m.r. spectra, in 
particular, were uniquely consistent with a &J+ 1 -azabicyclo[3.1 .O]hexane system. For  the parent 
compound (lla),  the two apparent doublets 
(Fig. 1) centered a t  6 1.41 ( J  % 2.8 Hz) and 6 

c o  
1.85 ( J  % 5.5 H z ) ~  were assigned to the C-6 
endo and exo protons, respectively. As expected, 

7 replacement of the bridgehead proton by a 
methyl group as in Plb (Fig. 2) resulted in the 

an aziridinium salt 4 (R = H, alkylI4 or a collapse of the above multiplet to two apparent 
suitable Precursor thereof (ex.  a P-haloamine), singlets (6 1.57 and 1.62). The multiplets 
appeared to be especially attractive in view of centered at  6 2.53 and 2.79 clearly were due to 
the studies of Nagata et al. (17). These authors the C-5 and -4 protons since, for the 5-methyl 
showed that certain &,&-unsaturated amines compound, the former absorption was no longer 
(e.g. 6) gave aziridines, when treated with lead present and the latter was replaced by an AB 
tetraacetate and potassium carbonate or aziridi- quartet (JAB = 13.8) centered at  6 2.82. The 
nium salts (e.g. 7), when subjected to the action low-field AB quartet (JAB = 12.2 Hz) with 
of N-chlorosuccinimide (NCS). Speculation con- doublets centered a t  6 3.44 and 4.02 was neces- 
cerning the mechanism5 of the latter reaction led sarily assigned to the protons at  C-2 since it 
to the prediction that halogens alone ought to remained essentially unaltered in the 5-methyl 
convert 6,~-unsaturated amines to 2-halomethyl- compound (JAB = 12.7 Hz with doublets center- 
pyrrolidinium salts,2 which are well-known ed at  6 3.57 and 4.18). Finally, it should be noted 
precursors of aziridines and/or aziridinium salts. that the absorption for the protons in both 
It was indeed gratifying to find that the addition I l a  (6 1.85) and 116 (6 1.62) were significantly 

broadened. This was probably due to long 
4For a recent paper on the synthesis of compounds of range coupling (20) with the equatorial proton 

type 5 from aziridinium salts see ref. 16. a t  C-4, and on this basis the high (6 2.47) and 
'We reasoned that one interpretation of the formation the low (6 3.18) absorptions for lib were of the aziridinium salt 7 was that NCS had served as a 

source of Clf to provide the chloronium ion i, which assigned to the C-4 equatorial and axial protons, 
had then cyclized to the P-haloamine ii (the other product respectively. 
being succinimide). The intramolecular displacement of If the parent aziridine was subjected to the 

6These amines were prepared (see Table I) by standard 

+ & techniques from the corresponding nitriles. 
'These coupling constants were obtained by direct 

t -1  CI measurement and therefore they cannot be considered 
. . to be very accurate. The  geminal coupling constant must 

I 11 be 1 0 . 5  Hz. This value and the other Jvaluescited above 
chloride ion from ii could then have produced the were almost identical to those reported (19) for 2- 
aziridinium salt 7. It has recently been disclosed (IS), phenylaziridine wherein J,,.,,,, J,,,, and J,,,,, were 3.6, 
however, that the N-chloroamine is the precursor of 7. 6.0, and 0.6 Hz, respectively. Furthermore, the proton 
Therefore, in this case at  least, intermediates such as i or at  C-2 resonated at 6 2.66, while the C-3 hydrogens trans 
i i  cannot intervene, and, in fact, this reaction is now and cis to this proton appeared at 6 1.48 and 1.86, 
thought to be of the "nitrenoid" type. respectively. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HORNING AND MUCHOWSKI: INTRAMOLECULAR BROMOAMINATION. PART I 1323 

TABLE 1. Yields and physical constants of some substituted 4-pentenylamines 

Analysis 

Melting point Calcd. Found 
Compound r C )  of - 

NO. R1 RZ R3 Yield (z)" hydrobromide C H N C H N 
-- 

8a H H H 88 223-225" 64.15 6.34 4.40 63.96 6.29 4.47 
86 H H CH3 93 235-236b 65.07 6.67 4.21 65.08 6.78 4.39 
8c H CH3 H 89 225-226b 65.07 6.67 4.21 65.29 6.69 4.40 
8d CH3 H H 89 224-226' 65.07 6.67 4.21 65.03 6.54 4.35 

--- 
I "Yields of  the crude undistilled bases. 

bCr~stallized from 2-propanol. 
CCr~stalllzed from acetonitrlle. 

H Br - 
C-- 

N a H  Br 
R3 

SCHEME 2 

action of dry hydrogen bromide, a salt isomeric Although the structures assigned t o  10a and 
with 10a was produced (Scheme 2). The six- 12a were reasonable o n  mechanistic grounds, 
membered structure 12a was assigned to  this more definitive evidence for the ring size in these 
compound on the expectation that the aziridi- compounds was desired. The n.m.r. spectra (free 
nium salt would be opened in a manner such bases, see Figs. 3 a n d  4), though distinctly 
that the product derived from the thermodynam- different and not inconsistent with structures 10a 
ically more stable secondary carbonium ion and 12a, were of a complexity8 such tha t  a clear 
would be obtained. Treatment of 12a with 
sodium hydride in D M F  regenerated the 8This complexity persisted at 100 MHz: decoupling 
aziridine l l a .  experiments did not lead to useful information. 
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FIG. 1. The n.m.r. spectrum of the aliphatic protons of l l a  in CDCI,. 
FIG. 2. The n.m.r. spectrum of the aliphatic protons of l l b  in CDCI,. 

TABLE 2. Yields and physical constants of some 2-bromomethylpyrrolidinium bromides (10) 
and 3-bromopiperidinium bromides (12) 

10 12 
- 

- 

Analysis 

Calcd. Found 
Compound Melting point 

No. R L  RZ R3 Yield ( Z Y  ( " O b  C H N C H N 

10a H H H 88-95 241-243' 51.40 4 .82  3.53 51.31 4.76 3.47 
lob H H CH3 69 194-1 96 52.59 5 .14  3.40 52.51 5.20 3.45 
1 0 ~  H CH3 H 68-71 1 62-1 64 52.59 5.14 3.40 52.58 5.04 3.41 
10d CH3 H H 33 21 1-21 3 52.59 5 .14 3.40 52.48 5.10 3.58 
12a - H H 63 225-226 51.40 4 .82  3.53 51.51 4.77 3.62 
126 - H CH3 75 199-202 52.59 5 . 1 4  3.40 52.70 5.04 3.48 

OYields o f  once crystallized products. 
bMelting point o f  analytical specimen. 
"his salt was crystallized from 2-propanol; all the others were crystallized from acelonilrile. 

cut decision concerning the annular size in the Table 3). In addition to the weak molecular ion 
two isomers could not be reached. The mass peaks at mle 315 and 317, the spectrum showed 
spectrum of 10a was, however, consonant only an intense fragment due to the loss of the 
with the bromomethylpyrrolidine structure (see bromomethyl group at mle 222 (32% of the base 
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HORNING A N D  MUCHOWSKI: INTRAMOLECULAR BROMOAMINATION. PART I 1325 

FIG. 3. The n.m.r. spectrum of the aliphatic protons of 10a in CDCI, (after D 2 0  exchange). 
FIG. 4. The n.m.r. spectrum of the aliphatic protons of 12a in CDCI, (after D 2 0  exchange). 

peak at mle 56). This fragmentation mode is 
characteristic (ref. 21, p. 312) of a-substituted 
pyrrolidines. The above process was evidently 
of even greater importance for compounds lob 
(mle 222; 85% of base peak at m/e 70) and 10c 
(mle 236; 54% of base peak at mle 70), and for 
the latter compound, the loss of the bromo- 
methyl group was immensely favored over the 
alternative loss of the methyl group (mle 316, 
314; 1%). The base peaks at m/e 56 and 70 
shown by compounds 10a, and lob and 10c, 
respectively, must have stemmed from a process 
which involved an initial P-cleavage to a stable 
diphenylmethyl radical ion. Finally, the spectra 
of each of the pyrrolidine derivatives had a 
strong peak at mle 165 (fluorenyl cation) which 
is typical (ref. 21, p. 89) of compounds which 
contain a diphenylmethyl moiety. 

Unfortunately, when the above spectra were 
measured, a specimen of 12a was no longer 
available. The mass spectrum of 12b was, 
however, fully consistent (see below) with the 
six-membered structure. 

At one stage during this investigation, a 

chemical proof of the ring size in compounds 
10 and 12 was contemplated. Since the majority 
of the methods which were considered required 
conversion of the salts to the free bases, it was 
necessary to establish the stability of the latter 
substances. As determined from an examination 
of the n.m.r. spectra, the free base corresponding 
to 12a was stable in deuteriochloroform at probe 
temperature (37"), while that of 10a underwent 
slight decomposition after several hours (peak 
broadening and appearance of weak new absorp- 
tions). In contrast to the parent system, libera- 
tion of the methyl derivative lob from its salt 
(ti,,, = 1.80) resulted in the immediate ap- 
pearance of two methyl doublets centered at 
6 1.67 and 1.18. The latter absorption continued 
to grow at .the expense of the former until, after 
45 min the integral ratio was 85: 15 in  favor of 
the latter. If such a solution was treated with 
gaseous hydrogen bromide a salt (6,,, = 1.50), 
isomericg with the original one, could be isolated 

gThe n.m.r. spectrum of the crude bromination product 
of 2,2-diphenyl-4-hexenylamine showed that this isomer 
constituted about 9 x  of the product mixture. 
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TABLE 3. Mass spectra" of some 2-bromomethylpyrrolidini~~m bromides (10) and 
2-methyl-3-bromo-5,5-diphenylpiperidini~1m bromide (12b) 

(104 (lob) ( 1 0 ~ )  (12b) 

tn/e (Relative intensity)" tn/e (Relative intensity) tn/e (Relative intensity) tn/e (Relative intensity) 

aMeasi~red with an Atlas CH-7 spectrometer using an ionization energy o f  70  eV. The spectrum o f  (100) was measured at room temperature 
on the free base, whereas the spectra o f  the remaining compounds were determined on the salts using the heated inlet (120-140") techn~que. 

blntensities rounded OK to the nearest percent. With the exception of the molecular ions, peaks with a relative intensity o f  less than 8% were 
not tabulated. 

in good yield. The enhanced rate of isomeriza- 
tion in this case, over that of the parent com- 
pound is consistent with the rate increase to be 
expected in the solvolysis of a secondary us. a 
primary alkyl bromide (22). The six-membered 
structure 126 was assigned to this compund on 
mechanistic grounds, and was strongly supported 
by the mass spectrum. In addition to the 
expected fragment at  250 (13% of base peak at 
mle 59) due to the loss of Br., cleavage of the 
six-membered ring appears to have taken place 
so as to give two isomeric diphenylmethyl 
radical ions. The major cleavage occurred be- 
tween C-5 and -6 and this ion then fragmented 
by two pathways. One of these (ref. 21, p. 314) 
led to the base peak at  mle 58, while the other 
(ref. 21, p. 313) gave rise to  the intense (60%) 
fragment (diphenylethylene) at mle 180. To  
account for the ion at  mle 222 (19%) it is neces- 
sary to postulate an initial cleavage between 

C-4 and -5. After the transfer of H.  from C-6 to 
C-4, cleavage rr to the nitrogen occurred (loss of 
(CH,CHBr)' with the formation of the mle 222 

+ 
fragment ((C,H,),C=CHNH=CHCH,)). 

In a precisely executed study, Lattes and co- 
workers (23-27) showed that olefins reacted 
with primary or secondary amines in the presence 
of mercuric salts. Both the intermolecular (23, 
24)" and intramolecular (25-28) variants of this 
reaction were shown to occur, the former giving 
rise to  2-aminoethyl mercuric salts. G,E-Unsatu- 
rated amines cyclized predominantly" or exclu- 
sively to 2-substituted pyrrolidines, while E,S- 
unsaturated amines gave piperidine derivatives 
as the sole products. These reactions were said 
to  proceed via cleavage of an initially formed 

'OHall et al. (33) have recently reported this reaction 
as well. 

"The minor products were six-membered. 
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TABLE 4. Yields and properties of some levulinonitriles y 
R2 

Boiling point ("/mm) 
Infrared 

R ' RZ Yield (%) Observed Reported (cm-'Y 

H H 90 116-119/0.01 129-131/1.5' 2238, 1645,930 
CH3 H 8 5 1 18-120/0.03 126-127/0.03' 2240, 1654, 913 
H CH3 88 127-128/0.0Id - 2236, 1674(w), 974 

'Recorded as neat liquids. 
*See ref. 29. 
 see ref. 30. 
dAnal. Calcd. for C,,H,,N: C, 87.41; H, 5.66. Found: C. 87.62; H, 5.64. 

mercurinium ion 13 (X = HgCl, HgOCOCH,) 
and, in the case of the 8,s-unsaturated amines, 
the five-membered product 14 (X = HgCl, 
HgOCOCH,) was formed by a stereospecific 
trans opening of this mercurinium ion. 

In view of the studies of Shilov et al. (5-7, 9 )  
and Lattes and co-workers (23-28), it is highly 
probable that the intramolecular bromoamina- 
tion reactions described in this work occurred 
via bromonium ion intermediates. On this basis, 
the bromination product lob of 86, would have 
structure 14 (R' = H;  R2 = C6H5; X = Br), 
but this assignment cannot be considered to be 
established in the absence of supporting evidence. 

In closing, it is of value to point out that we 
are not unaware of the synthetic potential of the 
intrarn~lecular'~ bromoamination reaction and 

12The intermolecular variant of this reaction always 
gave l,2-dibromoalkanes. 

future  publication^'^ will elaborate o n  this and 
other aspects of the reaction. 

Experimental 
The melting points were determined in a Gallenkamp 

melting point apparatus and are not corrected. The i.r. 
spectra were measured with a Unicam SP-2OOG i.r. 
spectrophotometer. 

Preparation of the Nitriles 
A 55% dispersion of sodium hydride in mineral oil 

(100 mmol) was washed free of the carrier with hexane, 
layered with anhydrous D M F  (125 ml), and then cooled 
to 0'. Solid diphenylacetonitrile (100 mmol) was then 
added portionwise with stirring, and when gas evolution 
had ceased, the requisite allylic halide (100 mmol) 
dissolved in D M F  (50 ml) was added in a dropwise 
manner. The cooling bath was removed, and after 2-3 h 
at room temperature the solution was poured into ice 
water and extracted with benzene. The extract was 
washed well with water, dried over sodium sulfate, and 
the solvent was then removed it7 U ~ C U O .  The residual oil 
was distilled itr vacr~o. For the yields and physical 
properties of these nitriles see Table 4. 

Preparatiotz of the Prit~lary Atnines 8a-8c 
The nitrile (40 mmol) in dry ether (50 ml) was added 

dropwise at room temperature to a stirred suspension of 
lithium aluminum hydride (80 mmol) in dry ether (150 
mi). After 2 h at room temperature, water was cautiously 
added a t  0' to decompose the excess hydride, then 20x 
sodium hydroxide solution was added until a granular 
precipitate was obtained. The ether phase was decanted, 
combined with an ether washing of the solid residue, and 
then extracted with 10% hydrochloric acid. The acid 
phase was made basic with sodium hydroxide solution, 
and the product was extracted into dichloromethane. The 

131ndeed, a recent p~~blication (32) from these labora- 
tories has described the application of the principles 
delineated herein as a central and vital portion of the 
total synthesis of several 14-hydroxymorphinans. 
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TABLE 5. N.m.r. spectra of some 2-bromomethylpyrrolidinium bromides (10) 
and 3-bromopiperidinium bromides (12) 

Compound 
No. RL RZ R3 Solvent Nuclear magnetic resonance (6)" 

'Recorded with a Varian A60-A spectrometer in solvents containing tetramethylsilane as an internal standard. 
bd, doublet; m,  multiplet; q,  quartet: s, singlet. The  J values and peak widths at half height are given in Hz. 

extract was dried over sodium sulfate, and evaporated 
in vacuo. The residual oil was sufficiently pure to be used 
in the next step. The amines were characterized as 
hydrobromide salts which were prepared in ether and 
crystallized from an appropriate solvent (see Table 1). 
The i.r. spectra of the neat bases had bands a t  3383 f 15 
and 3314 f 4 cm-I. 

Preparation of the Secondary Atnine 8d 
The procedure of Johnstone et al. (31) was used. 
The primary amine 8a (20 mmol) in dry dichloro- 

methane was treated dropwise with trifluoroacetic 
anhydride (8 ml) at 15-25". After 15 min, the solution 
was washed with dilute sodium bicarbonate solution and 
then with water. The dried solution was evaporated in 
vaclro, and the residue was taken up in dry acetone (80 
ml) containing methyl iodide (80 mmol). The solution 
was warmed almost to reflux temperature, powdered 
potassium hydroxide (80 mmol) was then added, and the 
mixture was then heated a t  reflux temperature for 10 min. 
The solvent was removed in uacuo, water was added to 
the residue, and the product was then extracted into 
dichloromethane. Evaporation of the dried extract gave 
the oily alkylated trifluoroacetamide. This material was 
dissolved in methanol (120 ml), 1 N sodium hydroxide 
solution (60 ml) was added, and the resultant was 
maintained at  reflux temperature for 4 h. The cooled 
solution was evaporated to a small volume in uacuo and 
the residue was diluted with water. The product was 
extracted into dichloromethane, the extract was dried 
over sodium sulfate and evaporated in vacuo. The 

residual oil was pure enough to be used in the next step. 
The i.r. spectrum (neat) had a band a t  3330(w) cm-I. 
The amine was characterized as the hydrobromide salt 
(see Table 1). 

Brominatio~~ of the Unsaturated Amines 
A solution of bromine (50 mmol) in dichloromethane 

(50 mi) was added dropwise at room temperature to  a 
stirred solution of the amine (50 mmol) in dichlorometh- 
ane (150 ml). The solvent was then removed in vaczro and 
the residue was crystallized from a suitable solvent. For 
the yields and properties of these salts see Table 2. The 
n.m.r. spectra of the salts are recorded in Table 5. 

Preparation of the Aziridines 
A 55% dispersion of sodium hydride in mineral oil (20 

mmol) was freed of the carrier with hexane, layered with 
dry DMF (80 ml), and then cooled to  0" in a nitrogen 
atmosphere. The solid salt (IOU, 10c, o r  12a; 10 mmol) 
was added portionwise at 0°, and then the mixture was 
stirred at room temperature for 1-1.5 h. The mixture was 
poured into a large volume of ice water, the product was 
extracted into benzene, the extract was washed well with 
water, and then dried. Evaporation of  the solvent in 
vacuo gave oils which crystallized spontaneously. These 
aziridines were stable for prolonged periods at 0". They 
could not be recrystallized; for analysis a small portion 
was sublimed under high vacuum. See Table 6 for the 
physical properties and yields of these compounds. The 
n.m.r. spectra of the aliphatic region of the aziridines are 
shown in Figs. 1 and 2. 
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HORNING A N D  MUCHOWSKI: INTRAMOLECULAR BROMOAMINATION. PART I 

TABLE 6. Yields and physical constants of some bicyclic aziridines 

11 

Analysis 
- 

Calcd. Found 
Compound Melting point 

No. R Yield (%)' (Oc)b  C H N C H N 

l l n  H 95' 74-7Sd 86.77 7.28 5.95 86.62 7 . 2 4  5.93 

116 CH3 97 65-66" 86.70 7.68 5.62 86.68 7.71 5.57 

'Yield of the crude crystalline product. 
bMelting point of the analytical specimen. 
=The yield was 98z from the 6-membered bromo compound IZo. 
"After sublimation a1 G0°/0.05 mm. 

3,3- Diphenyl-5-brotnopiperidine Hydrobrotnide (12a) 
A solution of the aziridine l l a  (930 mg, 3.95 mmol) in 

dry 1,2-dichloroethane (15 ml) was cooled to -20" and 
hydrogen bromide dissolved in the same solvent (17 
mg/ml, 25 mi) was added at - 10 to -20". The cooling 
bath was removed, and after 2 h at room temperature the 
solvent was removed it1 vaclro and the residue was 
crystallized from acetonitrile. The yield and physical 
constants of this c o m ~ o u n d  are recorded in Table 2. The 
n.m.r. spectrum is recorded in Table 5. 

2-Me!hyl-3-bromo-5,5-cliphet1ylpiperidit~e Hydrobron~ide 

The pyrrolidinium salt lob  was dissolved in water and 
the solution was made basic with sodium carbonate 
solution. The base was extracted with chloroform, the 
solvent was dried over sodium sulfate, filtered, and then 
left at room temperature for 5 h. Dry hydrogen bromide 
was passed through the solution, the solvent was evapo- 
rated it1 vnclro, and the residue was crystallized from 
acetonitrile. The yield and physical constants of this 
compound are given in Table 2. The n.m.r. spectrum is 
recorded in Table 5. 

We are indebted to Dr. M. Maddox and Dr. L. Tokes, 
Syntex Research, Palo Alto, California, for measuring 
the mass spectra, and for assisting in the interpretation 
thereof. 
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Etude conformationnelle des alcCnyl phCnylcCtones par spectrographies 
infrarouge, ultraviolette et par l'u tilisation de l'effet Overhauser 
nuclbaire et de complexe de lanthanide Eu(dpm)3 en resonance 

magnCtique nuclCaire 

Par les Ctudes spectrographiques (i.r., u.v., effet Overhauser nuclCaire et I'utilisation 
des chilates d'europiun~ en r.m.n.), nous avons montrC que, du fait de  l'encombrement 
stkrique du noyau benzinique, les alcCnyl phCnylcttones CtudiCes R,R,C=CR:,COCUH:, 
existent de prCftrence sous la conformation privilCgiCe s-cis. Quand ces cCtones posskdent 
un substituant alkyle (R, = Me, E t )  sur le carbone en a du carbonyle, la molCcule 
n'est plus plane. La  torsion de la rnolCcule se fait dans ce cas non pas autour de la 
liaison CO-CoH,, mais CO-C=. L'angle dikdre ainsi form6 est voisin de 65". Nous 
avons proposC en particulier un systkme d'abaques qui, avec l'emploi de Eu(dpm):,, 
perrnet une determination rapide de  la conformation prCfCrentielle de cktones a,p 
Cthyltniques de structure non rigide et d'apprkcier dans le cas d'une conformation non 
plane l'ordre de grandeur de l'angle dikdre entre les chromophores C = C  et C=O. 

By the use of i.r., u.v. and n.rn.r. (n.0.e.  and europium chelates) we have shown that 
a series of phenyl ketones (R,R,C=CR:-CO-C,,H;.) exist within the s-cis conformation 
probably because of the steric bulk of the benzene ring. When these ketones have an  
alkyl substituent (R:, = Me, Et) on the carbon atom a to the carbonyl group, the molecule 
is no longer planar. The molecular torsion in this case is not around the CO-CoH; bond 
but rather at the CO-C= bond. The  resulting dihedral angle is about 65". We propose 
a tabular method which together with the use of Eu(dpm):, allows rapid determination 
of the preferred conformation of non rigid a,p-unsaturated ketones and in the case of 
non-planar conformations allows the estimation of the dihedral angle between the C = C  
and C = O  chromophores. [Journal translation] 

Can. J .  Chem., 52, 1331 (1974) 

Les ttudes de structure et de conformation 
des cttones a,p tthyltniques ont t t t  nombreuses 
tant par infrarouge (I),, ultraviolette (2) que 
par rtsonance magnttique nucltaire (3);4 pour- 
tant peu a Ctt entrepris (le, 3b) sur les alctnyl 
phtnylcCtones h conjugaison croisCe de type 
R,R,C=CR,-CO-C,H,. Voir fig. 1. Ainsi 
il a Ctt montrC que la phtnyl-1 propene-2 one-1 
(R, = H) est de conformation s-cis (le), tandis 
que la mCthyl-2 phtnyl-1 butkne-2 one-1 (R, = 
Me) est, d'apres Combaut et Giral (3c) de 
conformation prCftrentielle s-trans. Des deux 

simple passage de R, = H a R, = Me entraine 
un changement structural important: d'une 
conformation s-cis on passe une conformation 
s-trans. En l'absence d'ttudes systtmatiques, il 
nous semble intiressant de prtciser dans une 
Ctude plus gtnCrale, la conformation de cette 
strie de cttones en fonction des substituants R,, 
R,, R, sur la liaison CthylCnique (tableau I).  

L'Ctude par infrarouge et ultraviolette nous a 
permis de dCgager deux cas bien distincts 
suivant que le carbone en a du carbonyle est 
porteur de l'hydrogene (R, = H) ou d'un 

exemples p r ~ c i t ~ s  nous remarquons que le substituant alkyle (R, = ~ k ,  Et). Dans le 
-- premier cas les moltcules sont planes et de 

'A qui toute correspondance devra &tre adressCe. conformation prCdominante s-cis, dans le second 
' ~ d i e s s e  actuelle: unite de Recherches de Pharma- cas elles ne sont pas planes, et la torsion s'opkre 

cologie Chirnique de llI.N.S.E.R.M., laboratoire rattache auteur de la liaison -c&c=. ces ,.ksultats sent 
a 1'U.E.R. No  70 Broussais, HBtel-Dieu de I'universitk I I 

de Paris VI. 17 rue du fer a moulin, 75005 Paris, France. I1 
3Pour une etude par spectrographie Raman, voir ref. l i .  0 
4En particulier par I'effet de solvant en r.m.n. (3e-311). confirmts par les mtthodes spectrales rioentes: 
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TABLEAU 1. Caracteristiques infrarouges et ultraviolette des cttones 1-11 
A- 

-- 

Infrarouge (em- ') Ultraviolette (nm) 

NO compose VC=O V C = C  vco - vcc hmaxEfoH E 

1 CH2 : CH-CO-CsH5 
2 CH3-CH : CH-CO-C6H5(E) 
3 CH3-CH: CH-CO-C6H5(Z) 
4 (CH3)zC: CH-CO-C6HS 
5 CH2 : CCH3-CO-CsH5 
6 CH3-CH: CCH3-CO-C6H5(E) 
7 CHZ : CEt-CO-C6Hs 
8 CH2 : CCH3-CHz-CO-C6H5 
9 CH3-CO-CsH5 

10 CH3-CH: CCH3R 
11 CH2 : CCH3R 

- 

'Valeurs donnees par (Ic). 
bLiterature A = 247 nm, E = 13 000 (3c). 
CValeurs donnees par L. B. Bellamy (Ib). 
dValeurs donnees par (15). 

effet Overhauser (4) et complexes B l'europium 
(5)5 en rtsonance magnttique nucltaire. Pour 
la dernikre mtthode nous avons propost un 
systtme d'abaques qui permet une dttermination 
rapide de la conformation prtftrentielle des 
cttones a,p ethyltniques de structure non 
rigide et d'apprtcier dans le cas d'une confor- 
mation non plane l'ordre de grandeur de l'angle 
ditdre entre les chromophores C=C et C=O. 

Etude par spectrographies infrarouge et 
ultraviolette 

Dans le tableau 1, nous avons relevt les 
bandes de vibration de valence vC=, et vc=,, 
prises en solution dans le tttrachlorure de car- 
bone. On voit distinctement que ces cttones sont 
grouptes en deux familles. 

Famille 1, cttones sans substituant sur le 
carbone C,. Les bandes de vibration de valence 
vcx0 sont toutes voisines de 1675 cm-' et les 
bandes de vibration de valence vc=, sont 
voisines de 1615 cm-I. La t&te de file de cette 
famille est la phenyl-1 proptne-2 one-1 dont la 
conformation s-cis prtftrentielle a t t t  bien 
etablie (le), on peut dtduire raisonnablement 
que les autres cttones de la famille ont aussi la 
conformation prtftrentielle s-cis. L'analogie se 
trouve Cgalement dans les spectres u.v. de ces 
cttones (tableau 1) oh l'on remarque d'une part 

'Nous n'avons pas utilise I'effet de solvant en r.m.n. 
car s'il permet de distinguer une conformation s-cis d'une 
conformation s-trans (3e, 3f, 3h), il ne permet pas de 
preciser le cas d'une conformation non plane (3g), 
surtout quand le solute comporte un noyau aromatique 
riche en electrons (3i). 

un coefficient d'extinction moliculaire de m@me 
ordre de grandeur (E  = 10 000) d'autre part un 
effet bathochrome rtgulier par substituant ainsi 
qu'un effet hyperchrome. 

Famille 2, cttones porteuses d'un substituant 
alkyle sur le carbone C,. Ces cttones ont des 
bandes de vibration vC=, et vC=, voisines de 
1700 cm-' et 1650 cm-I, respectivement. 
Ces bandes sont plus tlevtes que les bandes 
correspondantes dans la famille 1 et elles sont 
proches de celles des cttones 8 et 9 oh i l  
n'y a pas de conjugaison entre les liaisons 
C=O et C=C. Cette absence de  conjugaison 
est relevte tgalement par spectrographie u.v. oh 
l'on observe une diminution du coefficient 
d'extinction moltculaire et une bande d'absorp- 
tion maximale plus faible que la valeur thtorique 
obtenue par incrtment. Ces observations, et 
compte tenu des comparaisons avec les cttones 
connues du tableau 1, nous conduisent B conclure 
que dans la famille 2, le systkme conjugut est 
limitt au groupe C,H,-CO- et  que la dtcon- 
jugaison entre les liaisons C=O et C=C est 
due B la non plantitt entre ces chromophores. 
En comparant les coefficients d'extinction moli- 
culaire des cttones 5 et 1 de structure tquivalente, 
la relation de Braude (Ic) donne un angle ditdre 
$ entre les chromophores C=O et C=C de 73" 
environ. Cet angle est de 74" pour la cCtone 6. 

Etude par rksonance magnktique nuclkaire 
Eff'et Overhauser nucleaire (e.0.n.) (voirfig. 1 ) .  

Pour compltter les observations tirtes des 
spectres infrarouges et ultraviolets, nous avons 
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THOAI E T  CHAU: ETUDE C( 

\ 

FIG. 1. Les rnodeles molCculaires. 

Ctudit I'effet Overhauser que pouvait produire 
une irradiation successive des differents sub- 
stituants R, ,  R,, R, sur la rCsonance du proton 
H, ortlzo du  phCnyle. Pour la cCtone 4 de  la 
famille l6 (R,  = R2 = Me; R, = H), on 
remarque que l'irradiation du proton (R, = H) 
sur le carbone C, provoque sur H, une exaltation 
d'intensitC de 15%, ce qui signifie que la distance 
entre les protons en question est infkrieure A 3 A. 
Cette distance est compatible avec une confor- 
mation s-cis concordante avec les conclusions 
tirCes des spectres infrarouges et ultraviolets. Par 
contre aucun e.0.n. n'est observC quand on 
irradie successivement les diffirents substituants 
R , ,  R,, R, des cCtones 5 et 6. Mises a part  les 
autres causes d'absence de  e.O.n., on peut, du 
point de vue des distances interatomiques, 
supposer qu'aucun des protons des groupes 
mCthyles R ,  et R, ne se trouvait au voisinage 
des protons H, ortho du phCnyle. Or sur modiles 
molCculaires7 on trouve que cette situation n'est 
compatible ni avec une conformation s-cis, ni 
avec une conformation s-trans.' Toujours sur 
modiles molCculaires. une distance d > 3 A 
n'est observable que sur une conformation ou 
la liaison CthylCnique est tordue d'un angle de 
90" par rapport au systkme conjuguk C6H5- 
C=O, nous sommes donc en droit de supposer 

6Pour les cetones 2 et 3 de la rnCrne farnille, la proxi- 
mite des signaux des protons ethyleniques et benzeniques 
ne nous a pas permis de proceder a une irradiation 
selective de ces protons. 

'Pour Ies mesures sur rnodeles rnolCculaires, voir la 
partie exptrirnentale et la ref. 13. 

8Les modeles molCculaires montrent que dans le cas 
d'une conformation s-trat~s avec un noyau aromatique 
non coplanaire, les protons du groupement R l  se trouvent 
tres proche de I'axe D,  du benzene donc tres dkblindes 
(fig. 1). Cette Cventualite n'etant pas observe, les protons 
CthylCniques dans le cas des cetones 5, 6 et 7 ont des 
deplacements chimiques norrnaux. 

INFORMATIONNELLE 1333 

que la structure vraie est proche de cette valeur 
de 90". 

Dtplacernent chimique 
Proton (p.p.m.) par rapport 

Cetone Cthylenique au TMS Solvant 

5 R ,  = H  5.90 CDCl3 
6 R l  = H 6.42 CDC13 
7 R1  = H  5.75 CCI, 

Etude par complexe ci I'europiunz Eu(dpm) , 
L'emploi des chClates de terre rare en r.m.n. 

est un autre moyen pour apprCcier les structures 
gComCtriques des molCcules. Si I'on admet que 
le dCplacement chimique induit par le complexe 
est essentiellement dO A une interaction de type 
pseudocontact (5c) et  qu'il suit approximative- 
ment la relation de McConnell et Robertson (5d) 
chaque proton i d'une molCcule peut &tre 
caractCrisC par son terme gComCtrique 

Le probleme pratique est celui de l'apprtciation 
des angles 8; et des distances ri qui ne  seraient 
mesurables que sur un complexe dCfini. En 
I'absence de cette possibilitt, plusieurs modiles 
approchCs ont CtC envisagis (6) ,  il semble que 
le modele qui rCpondrait le mieux A l a  relation 
de McConnell pour une cCtone est celui oh 
I'atome paramagnitique de terre rare est placC 
sur I'axe du C=O a une distance voisine de 3 8, 
de l'atome d'oxygine. Nous avons essayC cette 
approche sur des cCtones Cthyliniques de struc- 
ture bien connue, cCtones 12-19. Voir tableau 2 
ob sont figurCs Cgalement les dkplacements 
chimiques induits des protons situes e n  R,, R2, 
R, et leurs rapports deux 6 deux F,,,, F,,,, F,,,.  9 

gCes rapports ne sont pas independants. Deux suffisent, 
nous donnons neanrnoins ici les trois rapports car ils 
permettent dans la pratique une lecture rapide des 
rCsultats sur abaques. 
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TABLEAU 2. Les dtplacements chimiques 
-- -- -- 

NO. C O ~ P O S ~  F1.z F 3 , 2  F3 ,1  

( 3 . 2 )  
C H I  H ( 1 7 . 2 )  

2 w 6.9 5.4 0.8 

H 3 r Q  

Fi,z 1 F3.2 >> F3.1 

(72)  0 
(18) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



THOAl E T  CHAU: BTUDE CONFORMATIONNELLE 

TABLEAU 2. ( C O I Z C I U )  

N O .  Cornpos6 F1,z F3.2 F3.1 

Pour chaque moltcule, gr2ce aux modtles 
moltculaires (l3), nous avons calcult les facteurs 
gtomitriques Gi correspondants aux confor- 
mations types: angle ditdre \Ir = .O, 45, 90, 135, 
180" et nous portons les rapports Fij en fonction 
de l'angle ditdre \Ir sur des graphiques (fig. 2). 
Comme les variations des rapports Gi/Gi = g($) . 
sont continues, on peut lier 1;s points reprtsenta- 
tifs par une courbe continue donnant les rapports 
FiPj = Gi/Gj en fonction de l'angle ditdre \Ir. 
L'ensemble constitue les abaques de la fig. 2 A-D. 
Si on considtre par exemple les abaques de 
fig. 2B correspondants 2. la cttone 15, on observe 
trois zones: 

zone (a) oh F3,, > F,,, >> F3,, 
\Ir de 0 a 60" -t s-cis 

zone (b) oh F,,, > F3,, > F 3 , 2  

\Ir de 60 a 150" -t croist 

zone (c) oh F3,, > F,,, > F3,, 
\Ir de 150 A 180" -t s-trans 

Le produit 15 ayant F3,, = 2.3 > F,,, = 1.9 > 
F3,, = 1.3, sa conformation correspondrait a 

la zone (c), angle \Ir de 150 h 180°, c'est a dire a 
une conformation s-trans. De la meme f a ~ o n  
nous avons fait pour toutes les cttones de 
rtfirence du tableau 2, cttones 12, 16 (fig. 2C) 
13, 17, 19 (fig. 2D), pour chacune d'elle les 
correspondances marqutes sur les graphiques 
sont tout a fait satisfaisantes, que ces cttones 
soient de conformation s-cis ou s-trans prt- 
dominante. Compte tenu de ces rtsultats, ces 
abaques pouvaient servir d'outil pour remonter, 
des dtplacements chimiques induits A la con- 
formation priviltgite d'une cttone cr,p ethylt- 
nique. Nous avons par constquent applique 
cette technique aux cttones 2, 4, 5 et 6 (tableau 
2) pour lesquelles nous avons Cgalement calcult 
les rapports FiPj des dtplacements chimiques 
induits. Les correspondances entre l'ordre 
relatif des quantitts FiPj calcultes avec les zones 
des abaques pour chaque type de cttone con- 
sidtrte sont porttes sur les zones hachurtes. 
Ainsi la cttone 2 (fig. 2C) et la cttone 4 (fig. 2 0 )  
ont des angles ditdres $ voisins de 0". Elles ont la 
conformation s-cis predominante. Pour la cttone 
5 (F,,, - F,,, > F,,,) fig. 2A et la cttone 6 
(F,,, -- F,,, > F,,,) fig. 2B, l'ordre e t  l'ampli- 
tude de dtcroissance des Fir, ne permettent pas 
de les placer dans la zone des angles \Ir N 0 ou - 
180°, mais dans une zone oh l'angle \Ir est voisin 
de 60". Compte tenu des erreurs et d e  l'imprt- 
cision des dtterminations gtomttriques, ces 
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H, /CH3 
C =c  

/ \ 
H COR 

A 

0 45 90 135 180 6 0 150 
'P ( O )  

s - C I S  S-trans 

FIG. 2. Les rapports en fonction Fi, de I'angle diedre v: F,, (-- .-), F3,, (---), F3,2 (-trait plein). A ,  cttones 5 
et 14; B, cetones 6 et 15; C, cetones 2, 12 et 16; D, cttones 4, 13, 17 et 19. 

rtsultats sont tout A fait concordants avec ceux 
des etudes par infrarouge, ultraviolet et par effet 
Overhauser.'' 

Conclusion 
En conclusion, chacune des mtthodes utilistes: 

i.r., u.v., r.m.n. apporte des renseignements sur 

'OA priori, rien n'indique que I'Cquilibre conformation- 
nel des cetones libres et a I'etat de cornplexe soit le mCme 
(14a,b), nkanmoins pour chaque proton d'une molCcule 
CtudiCe les courbes des dtplacements chimiques induits 
par Eu(dpm), en fonction des rapports croissant de S/L 
(substrat-ligand) dans les limites de 0.050 a 0.400 sont 
toutes des droites, ce qui laisserait supposer que I'Cquilibre 
conformationnel n'est pas perturbe par le complexant 
(14c). 

la conformation des alcenyl phtnylcttones 
R,R,C=CR,-CO-C,H,. Ces renseignements 
se confondent et se compl?tent comme en 
ttmoignent les rCsultats portts dans le tableau 
ci-dessous. 

Effet Eu- 
CCtone Infrarouge Ultraviolet Overhauser (dpm), 

2 s-cis s-cis 0" -r s-cis 
4 s-cis s-cis positif Oo -> s-cis 
5 croisee y -73" negatif y - 60" 

v -- 90" 
6 croisee v -74" nCgatif y - 60" 

ly -90" 
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THOAI ET CHAU: ETUDE CONFORMATIONNELLE 1337 

La concordance des rtsultats obtenus par ces 
difftrentes mtthodes montre en particulier 
I'inttret de la methode des abaques dans l'ttude 
conformationnelle de cttones u,P tthyltniques. 
Pour ces cttones, la conformation s-cis est 
priviltgite quand il n'existe pas de substituant 
alkyle sur le carbone tthyltnique en u du car- 
bonyle. Quand la moltcule possede en cet 
endroit un groupement alkyle (R, = Me, Et), 
elle n'est pas plane. La torsion s'effectue dans ce 
cas non pas autour de la liaison C6H,-CO, 
mais autour de la liaison CO-C= (3g). L'angle 
diedre des deux plans ainsi form6 est de l'ordre 
de 60-7O0.' ' 

Mesrrres specfrales 
Itfrarouge 
Les spectres infrarouges ont ete enregistres a I'aide des 

appareils Perkin-Elmer, rnodele 21 a prisrne de chlorure 
de sodium ou rnodele 137G rCseau sur des Cchantillons 
en solution a 10% dans le tetrachlorure de carbone avec 
le polystyrene en reference. 

Ulfraviolef re 
Les spectres d'absorption ultraviolette ont etC en- 

registres sur un appareil Unicam SP 800 a double 
faisceau avec des cuves en quartz de transversee optique 
de 1 crn, avec des tchantillons en solution dans I'alcoo!. 
Rhsor~at~ce magt~ktiqlre nucliaire 

Effe! Overhalrser r~lrclhaire (e.0.n.) 
Les spectres ont ete enregistres sur un appareil Varian 

HA 100 avec le tetramethyl silane cornrne reference 
interne. Les solvants utilisCs sont soit le benzene-d6, soit 
le deuterochloroforme pour comrnodite de lecture du 
spectre dans la region Ctudiee. Chaque solution est 
degazCe 15 mn par un courant d'azote avant chaque 
enregistrernent. 

Elr(dptn), 
Les spectres ont etC enregistres sur un appareil Varian 

A 60 sur des Cchantillons en solution dans le tetrachlorure 
de carbone. avec le tetramCthylsilane cornrne reference 
interne. Le cornplexe Eu(dpm), a ttC prepare suivant la 
mtthode de Eisentraut-Sievers (7). sublime et rnaintenu 
en atmosphere anhydre avant chaque mesure. Les valeurs 
des deplacements induits en ppm sont des valeurs extra- 
polees a une mole de concentration hypothetique en 
chelate, obtenues a partir de cinq a six rnesures en con- 
centration croissante (rapport substrat-ligand de  I'ordre 
de 0.050 a 0.400) de chelate de lanthanide. 

"I1 est intkressant de noter que pour les alcenyl 
alkylcCtones, Faulk et Fry (3d) avaient signale un angle 
diedre de 90" entre les liaisons C=O et C=C, c'est a 
dire qu'il y a rupture totale de conjugaison entre les deux 
chrornophores. Dans notre cas, l'extention de la con- 
jugaison a un noyau arornatique semble avoir pour effet 
de rarnener cette rupture totale vers une rupture partielle 
de conjugaison. 

Syrzth2se 
La pureti des produits a ete verifiee par un appareil 

Varian HiFi 1200 a detecteur a ionisation de  flarnrne 
avec une colonne de 3 rn a 15% de silicone sur  Chrorno- 
sorb W. Tous les composes Ctudies ont fourni des rCsul- 
tats analytiques correspondant a la forrnule a +0.2% au 
plus pour C et H. 

Les alcenyl phenylcetones de 2 a 8 ont e t t  preparees 
selon la methode classique E. P. Fuson ef al. (8) a partir 
des chlorures d'acidecorrespondants (9). La cyclopentenyl 
phtnylcetone 18 a etC preparCe selon (10). Les aldehydes 
de 12 a 15, de rn&rne que la methyl-4 pentene-3 one-1 (17) 
et la cCtone 19 sont des produits cornrnerciaux, purifies 
soit par distillation soit par chrornatographie en phase 
gazeuse. 

Les configurations (E) et  (Z )  des cetones 2 e t  3 ont CtC 
determinees par synthtse ditnique (I I) avec le diphenyl- 
1,3 isobenzofurane donnant, respectivernent, le diphenyl- 
1,4 benzoyl-2 methyl-3 0x0-1,4 tetrahydro-1,2,3,4 
naphtalene (E) et (2 )  (1 2). 

ci-Erhylid2ne !h!ralone 16 
A 4 g de  K O H  dans 100 ml d'ethanol sont ajoutes 26 g 

de tetralone. Le melange est refroidi par bain de glace 
vers 5 "C. On ajoute ensuite 100 rnl d'acetaldehyde. On 
laisse le melange rkactionnel sous agitation pendant 12 h. 
La solution obtenue est neutraliske par I'acide acetique, 
dkant te ,  filtree, sechee sur MgSO,, puis distillte, 
Eb,5 = 149-152 "C. Le melange brut est compose de 
30% dd'ismere (Z) et de 70% d'isornere (E) qu i  ont etC 
separts par chrornatographie en phase gazeuse (carbowax, 
220 "C). Analyse: C,,H,,O; i.r. vco = 1675 cm-', 
vcc = 1620 crn-'; r.rn.n. (CCI,) (p.p.rn.) (a) doublet, 3 
protons, 1.9 (E), 2.1 (Z);  (b) quadruplet, 1 proton, 6.9 
(E), 6.1 (Z);  (c) multiplet, 4 protons, 2.8 (E), 2.8 (Z);  
(d) multiplet, 3 protons, 7.4 (E), 7.4 (Z);  (e )  multiplet, 
1 proton, 8.1 (E), 8.1 (2) ;  couplage, 'Jab = 7 Hz. 

Mod2le tnoliculaire 
Les distances interatomiques et les angles diedres ont 

etC rnesurCs sur les rnodeles de Dreiding en nous inspirant 
de la methode de ApSirnon (13). 
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Etude de la formation d'exciplexes du 1'3'6'8-tetraphenylpyrene et du 
1'2'3'4-tetraphknylnaphtalene 

CLAUDE R U L L I ~ R E  ET MARGUERITE-MARIE DENARIEZ-ROBERGE 
Lnhomtoire rle Reclrercl~e ell Optir/rrc, er Lost.,, D6p~rrtetrlc~tlt (I(. Phy.sir/r~e, Utlil~er.sitc; L o ~ ~ n l ,  QctPhec 10 

R e ~ u  le 21 novembre 1973 

Nous prtsentons ici l'ttude de la formation de  complexes fluorescents entre d'une 
part le 1,3,6,8-tetraphBnylpyr6ne et le 1,2,3,4-tetraphCnylnaphtal6ne et d'autre part le 
N,N-dimtthylaniline. L'influence du substituant sur la formation des complexes est 
discutte ainsi que la possibilitk d'obtenir l'effet laser B partir du niveau excite de ces 
complexes. Enfin on dCduit de ces mesures I'affinitt Clectronique de ces composts. 

We wish to report the formation of fluorescent complexes of 1,3,6,8-tetraphenyl- 
pyrene and 1,2,3,4-tetraphenylnaphtalene with N,N-dimethylaniline. T h e  effect of sub- 
stitution on the formation of and the possibility of laser action from this complex is 
discussed. An indirect measurement of the electron affinity is deduced. 

Can. J .  Chem., 52, 1339 (1974) 

Introduction Conditions et dispositifs experimentaux 
Knibbe et a[ .  (1) ont montrC aue ]'introduction Le 1,2,3,4-tetraphenylnaphtaleneet 1,3,6,8-tetraphenyl- , , 

de N,N-dimtthylaniline dans u'e solution de cer- pyrene (obtenus de la com~agn ie  K et K Inc.) ant ete 
purifies par chromatographie sur colonne d'alumine. Le tains c o m ~ O s C s  ~ r g a n ~ q u e ~ ,  cOnduisait a l ' a ~ ~ a r i -  N,N-dimethYlaniline (obtenu de la compagnie A]drich 

tion, dans le spectre de fluorescence de la solu- Chemical) Ctait ourifie Dar distillation sores addition 
tion, d'une nouvelle bande d9Cmission dC~lacCe d'anhydribe a c ~ t k u e .  L; solvent  tili list &ait du cyclo- 
vers-le rouge. I1 expliqua cette nouvelle baide de 
fluorescence par la formation d'un complexe, 
stable seulement A 1'Ctat excite, appelC exciplexe. 
Ce complexe se formait pas transfert de charge 
et son existence Ctait like a des conditions sur 
I'affinitC Clectronique et le potentiel d'ionisation 
des corps mis en presence. Plus tard Tavares (2) 
etudia les exciplexes de plusieurs composCs aro- 
matiques. Ce dernier expliqi~ait 1'Cchec obtenu 
dans la recherche des exciplexes du benzphknan- 
trene par une perte de planeit6 de la molCcule. 

Pour notre Ctude nous avons sClectionnC deux 
molCcules (1,2,3,4-tetraphCnylnaphtalkne et 
1,3,6,8-tetraphenylpyrkne) pour dei~x raisons: 
d'une part, A cause de l'effet de substitution, la 
planeit6 de ces molCcules est moindre que celle 
des composCs non substituis et il Ctait donc in- 
tCressant de voir si la formation d'exciplexes, 
connue pour le pyrene et le naphtalene (2, 3), 
serait affectCe par des substituants; d'autre part, 

hexan; de qualitt ~pectroscopique. Le N,N-dim~thylani- 
line etait garde a I'abri de  la luniiere sous atmosphere 
d'azote. Les solutions etaient preparees en lumiere rouge 
et degazees par barbotage d'azote. Les differents spectres 
d'absorption et de fluorescence ont ete mesurks respective- 
ment sur un appareil spectronic 505 et un fluorimetre 
Aminco type 768H. Les mesures de temps de vie ont ete 
effectuees a I'aide du dispositif experimental suivant: la 
seconde harmonique d'un laser a rubis declenche, d'une 
d u k e  de 20 x 10-'s sert a exciter la solution B etudier. 
La fluorescence emise est recueillie sur un monochroma- 
teur Bausch and Lonib. U n  photom~~ltiplicateur RCA de 
type IP  28 et un oscilloscope Tektronix 7904 permet de 
mesurer l'evolution dans le temps de cette fluorescence 
avec une resolution temporelle de quelques nanosecondes. 
Pour les spectres de fluorescence, la l o n g u e ~ ~ r  d'onde 
excitatrice etait choisie de telle sorte que seul I'hydrocar- 
bure aromatique soit excitk. Ceci etait aise pour le 1,3,6,8- 
tetraphenylpyrene, car sa bande d'absorption est nette- 
ment distincte de celle du N,N-dimethylaniline. Par contre 
pour le 1,2,3,4-tetraphinylnaphtalene ceci etait plus diffi- 
cile et nous avons joue sur Ies rapports des coefficients 
d'extinction, en travaillant avec une forte concentration 
d'hydrocarbure Mil). 

dans le cadre d'une Ctude sur les lasers colo- 
rants, nous avons montrk (4) qu'un bon effet laser RCsultats 

Ctait possible avec le 1,3,6,8-tetraphenylpyrene. Spectres d'e'n~ission de l'exciplexe 
Afin d'Ctendre l'effet laser de ce colorant dans le Les figs. 1 et 2 montrent les changements ob- 
rouge, i l  Ctait intiresant de connaitre les carac- tenus dans les spectres de fli~orescence des solu- 
teristiques cinetiques d'un Cventuel exciplexe de tions pour des concentrations croissantes de 
ce corps, pour voir si un effc'- laser serait aussi N,N-dimkthylaniline, la concentration de I'hy- 
possible a partir du niveau excitt de cet exciplexe. drocarbure aromatique restant constante. Ces 
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FIG. I .  Spectre de fluorescence d'une solution de 
1,2,3,4-tetraphenylnaphtalene MI]) dans le cyclo- 
hexane pour differentes concentrations de N,N-dimethyl- 
aniline. Courbes (1) [DMA] = 0 ;  (2) [DMA] = 2.37 x 
lo-' Mll; (3) [DMA] = 4.74 x lo-' M/1; (4) [DMA] = 
7.11 x 10-2 M/1; (5) spectre de I'exciplexe obtenu par 
difference entre 1 et 4. 

FIG. 2. Spectre de fluorescence d'une solution de 
1,3,6,8-tetraphenylpyrene (2.5 x Mll) dans le cyclo- 
hexane pour differentes concentrations de N,N-di- 
mtthylaniline. Courbes (1) [DMA] = 0; (2) [DMA] = 
0.23 Mll;  (3) [DMA] = 0.323 Mll;  (4) [DMA] = 0.576 
Mll; (5) spectre de l'exciplexe obtenu par difference entre 
I el 4. 

spectres ne sont pas corrigts pour la sensibilitt 
spectrale de l'appareil et sont normalists a la 
bande de fluorescence de l'hvdrocarbure aroma- 
tique pur. Nous avons vtrifit que les spectres 

d'absorption des difftrentes solutions ne mon- 
trent pas de nouvelle bande lors de I'addition de 
N,N-dimtthylaniline alors que les figs. 2 et 3 
prtsentent la croissance d'une nouvelle bande 
dlCmission. Dtsignons par A l'hydrocarbure aro- 
matique et par DMA le N,N-dimtthylaniline. 
Considtrons le schtma cinttique classique de la 
formation d'un exciplexe en nous limitant aux 
rtactions suivantes. 

k 
111 A + hv + A* excitation de  A 

kc 
121 A* -* A + hvf fluorescence d e  A* 

k, 
[3] A* -* A desexcitation non radiative de A* 

k ,  
[4] A* + DMA + (ADMA)* formation de l'exciplexe 

kfC 
[5] (ADMA)* -* 

ADMA + hv, fluorescence de l'exciplexe 

kl, 
[6] (ADMA)* + 

ADMA dtsexcitation non radiative de I'exciplexe 

Dans nos conditions exptrimentales, ttant en 
rtgime stationnaire nous pouvons Ccrire 

d[ADMA]* 
C71 d" 

= k,[A*] [DMA] 

D'autre part, dans le domaine des concentrations 
ttudites, l'intensitt des bandes de  fluorescence 
est proportionnelle a la concentration de la subs- 
tance emissive. Nous pouvons donc tcrire en 
dtsignant par I, et I, les intensitks d'tmission 
respectives du complexe et de l'hydrocarbure 
aromatique et par Ki des constantes de propor- 
tionnalitt 

- - K ~ k q  [[DMA] = K[DMA] 
K~(k,c  + kie) 

soit donc pour le rapport IJI, une loi lintaire en 
fonction de la concentration de N,N-dimtthyl- 
aniline. C'est bien ce que nous montre les figs. 
3a et b. 

L'apparition d'une nouvelle bande de fluores- 
cence, l'absence de nouvelle bande dans les 
spectres d'absorption et la croissailce lintaire du 
rapport IE/IA nous montrent que nous sommes 
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RULLIERE E T  DENARIEZ-ROBERGE: EXCIPLEXES DE DMA 

log I 
$ .- .- 
fl 

20 0 

FIG. 3. Courbes IE/IA en fonction de [DMA]: (a) 
1,2,3,4-tetraphtnylnaphtalene; (b) 1,3,6,8-tetraphinyl- 
pyrene. 

FIG. 4. (a) Profil du pulse excitateur; 20 ns/div; (b) 
profil de I'emission de I'exciplexe du 1,3,6,8-tetraphenyl- 
pyrtne. h = 4800 8,; [DMA] = 0.576 M/l; 20 ns/div. 

bien en presence d'un exciplexe tel que dtcrit par 
Knibbe et al. (1) et Tavares (2). 

Mesure des temps de vie 
Les figs. 4a et b nous montrent respectivement 

le profil de l'impulsion excitatrice et la variation 
temporelle correspondante de l'tmission de 
l'exciplexe du 1,3,6,8-tetraphtnylpyrtne. En 
prenant en considtration seulement la partie de 
la courbe situte aprts le passage de l'impulsion, 
nous avons mis en tvidence pour nos deux com- 

FIG. 5. Intensite de I'Cmission de I'exciplexe en fonc- 
tion du temps. Courbes (1) tetraphknylpyrene; h = 4800 
8,; [DMA] = 0.576 M/l; (2) tetraphenylnaphtalkne; h = 
4000 8,; [DMA] = 7.11 x 10-'M/1. 

posts une dtcroissance exponentielle d e  l'inten- 
sitt en fonction du temps correspondant a des 
temps de vie de 38 2 ns pour le I ,3,6,8-tetra- 
phtnylpyrtne et 20 t 2 ns pour le 1,2,3,4-tetra- 
phtnylnaphtaltne (fig. 5). 

Discussion 

Influence du substituant 
I1 est a remarquer que, par exemple pour le 

I ,3,6,8-tetraphtnylpyrene, la fluorescence de 
l'exciplexe commence B Ctre importante pour des 
concentrations respectives en hydrocarbure aro- 
matique et en N,N-dimtthylaniline de  2.5 x 

et lo- '  M/1, alors que Tavares (2) pour le 
pyrtne travaille avec des concentrations respec- 
tives de 5 x et l o p 3  M/1. Nous travaillons 
donc a une concentration de N,N-dimtthylaniline 
environ 100 fois plus grande. Ce fait semblerait 
indiquer, en supposant les mCmes sections effi- 
caces d'tmission dans les composts substituts et 
non substituts, que l'exciplexe a plus de diffi- 
cultts se former pour nos compods. En fait le 
nombre d'exciplexes formt dtpend de la quantitt 
k, [DMA] [A*], soit d u  rapport k, [DMA]/(k, 
+ k,). Pour le tetraphtnylpyrene (k, + ki)- l  = 
2.28 ns (5) et pour le pyrtne (k, + ki)- '  = 200 
ns (5) ce qui thkoriquement nous oblige a travail- 
ler avec une concentration de N,N-dimtthyl- 
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1342 C A N .  J .  C H E M .  

aniline 100 fois plus grande pour la rnenie valeur 
de la constante k,. En adrnettant que la diffusion 
intervient de la rnErne rnaniere dans les deux cas, 
i l  en risulte que la probabilitk de formation de 
l'exciplexe n'est pas affectCe par l'effet de substi- 
tution. On pourrait rnontrer que ceci est aussi 
virifie pour le tetraphCnylnaphtaltne. On voit 
donc que la perte de planCitC de la molecule ne 
sernble pas rCduire la formation d'exciplexe. 

PossibilitP d'effet laser 
En ce qui concerne la possibilite d'effet laser 

sur I'exciplexe du I ,3,6,8-tetraphCnylpyrene, nos 
rCsultats expkrirnentaux indiquent que ceci est 
improbable: d'une part, le temps de vie radiatif 
supCrieur a 38 ns conduit a une section efficace 
d'Crnission trop faible pour obtenir un effet laser 
avec les energies de pornpage dont nous dis- 
posons actuellernent; d'autre part, rnerne en ad- 
rnettant qu'il soit possible d'obtenir un fort 
peuplernent de l'exciplexe, on sait que dans le cas 
d'une densit6 d'exciplexes ClevCe, il existe une 
forte intCraction entre ces derniers qui conduit A 
une dtsexcitation non radiative (6). Pour obtenir 
le seuil de I'effet laser il faudrait donc pouvoir dis- 
perser les exciplexes sur une tres grande longueur. 

Mesure indirec~e de I'afJinitP Plectronique 
Tavares (2) a montrC que la relation linCaire 

existante entre d'une part 1'affinitC Clectronique de 
l'accepteuret d'autre part la frCquence d'Crnission 
de l'exciplexe, Ctait vtrifiCe dans son cas. Travail- 
lant avec le mime solvant et le rnerne donneur, 
nous pouvons donc porter sur sa courbe EA = 
f(lzv,) nos valeurs de hv, et dkduire ainsi I'affinitC 

Clectroniquedenos cornposCs. Nous avons obtenu 
ainsi une valeur de 0.24 + 0.02 eV pour le 1,2,3,4- 
tetraphenylnaphtaltne et de 0.68 + 0.02 eV pour 
le 1,3,6,8-tetraphCnylpyrtne. Ces valeurs nous 
sernblent donner une bonne rnesure de 1'affinitC 
Clectronique de ces corps. I1 est rernarquer que 
ces valeurs sont plus ClevCes que les valeurs res- 
pective~ de l'affinitk Clectronique mesurte pour 
le naphtaltne et pyrtne non substituCs. Mais 
l'affinitk Clectronique d'un cornposC est d'autant 
plus grande que I'Cnergie du premier niveau non 
occupC de la rnolCcule est faible (7). Or l'effet de 
substitution sur les rnoltcules tend a abaisser 
I'Cnergie du premier niveau non occupC, cornme 
le montre le deplacernent vers le rouge du spectre 
d'absorption des dCrivCs substituks. I1 s'en suit 
donc, cornme nous le notons dans notre cas, une 
augmentation de 1'affinitC Clectronique. 

Nous tenons a remercier M. Brunet pour le prCt du  
f luo rh i t r e  et le Dr. P. C. Roberge pour ses conseils lors 
de la prkparation et la purification des produits et solu- 
tions. 
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The Acylation of P-Keto Ester Dianions 

STUART NICHOLAS HUCKIN A N D  LARRY WEILER' 
Depcrrt~~ler~t of Chenlistq,  Ul~it~ersi ty of British Colr~r~~hirr, V(~tzr.orrl~~'r 8, Britislz Collrr~zhirr 

Received October 31. 1973 

A method for the successful acylation of the dianion of simple 8-keto esters to yield 
p,G-diketo esters has been developed. The dianion of methyl acetoacetate also reacts with 
the monoanion of methyl acetoacetate to give a triketo ester which cyclizes to methyl 
orsellinate. These dianions also add to nitriles to give 5-amino-3-keto-4-pentenoates which 
may in some cases cyclize to 4-hydroxypyridones. 

On a mis au point une mCthode qui permet l'acylation des dianions de 8-cCto esters 
simples afin d'obtenir des p,~-dic6to esters. Le dianion de I'acCtoacCtate de mCthyle rCagit 
aussi avec le monoanion de l'acCtoacCtate de mCthyle pour donner un ester tricetonique 
qui se cyclise pour fournir l'orsellinate de methyle. Ces dianions s'additionne aussi aux 
nitriles pour fournir les amino-5 cCto-3 pentknoates qui dans certains cas se cyclisent en  
hydroxy-4 pyridones. [Traduit par le journal] 

Can. J .  Chem., 52, 1343 (1974) 

The acylation of the dianion of P-diketones 
has been the subject of several investigations in 
the past decade or so (1-9). This has been the 
most extensively investigated reaction of car- 
bonyl multiple carbanions but it has also proved 
to be the most challenging and difficult to achieve 
in good yield. The interest in this reaction stems 
from the postulated intermediacy of P-poly- 
ketones in the biosynthesis of phenolic com- 
pounds (10, 11). The initial report which indi- 
cated the polycarbonyl origin of some phenolic 
compounds was the observation that heptane- 
2,4,6-trione (1) cyclizes to orcinol(2) (12), which 
was later confirmed by other workers (13, 14). 

The laboratory synthesis of these postulated 
biosynthetic intermediates (3) has developed 

along two separate lines. One approach has 
involved the synthesis of polycarbonyl com- 
pounds in which the reactivity of the ketone 
groups is protected as a pyrone (15-18). The 

'Author to whom correspondence should be addressed. 

second approach has involved the direct synthesis 
of polycarbonyl compounds involving acylation 
of the multiple carbanions of smaller polycar- 
bonyl precursors (7, 9). The results of both 
routes indicate that the conversion of either 
protected analogs of 3 or the acyclic compounds 
(3) to phenolic compounds is possible. 

The major difficulty in the acylation of the 
dianion from a P-diketone, for example 4, arises 
from the fact that the intial condensation pro- 
duct 5 possesses a more acidic proton than the 

0 0 
R'COOR" 

lq  ) u L R  

monoanion of the starting material. Thus a 
proton will be transferred from the monoanion 
5 to the dianion 4 to give the dianion 6 .  Since 
the alkoxide that is formed during the condensa- 
tion is not a sufficiently strong base to regenerate 
the dianion 4 from the corresponding mono- 
anion, the maximum yield of product, based on 
the P-diketone, is 50%. In the initial acylations 
of P-keto dianions an excess of dianion was used 
(1); however, this approach would be unsatis- 
factory in a synthetic sequence in which the 
diketone is a valuable reagent. Addition of 
excess base, such as the metal amides, to  these 
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reactions often had deleterious effects (3) and 
occasionally improved the yield of triketone 6 
(2). The yield of aroylation product (6, R"= 
Aryl) can be very good using sodium hydride as 
the base in reaction 1 (5). However, this method 
is apparently limited to aroylations only. Similar- 
ly, acylation of the dianion of P-keto aldehydes 
is limited to aromatic esters (8). 

Prior to our work (19) the only reported 
acylation of the dianion of a P-keto ester 
involved condensation of dianion 7 with methyl 
benzoate to give acid 8 or pyrone 9, in 48 and 
1 1 %  respectively, depending on the reaction 
conditions (20). Earlier we had developed a very 

0 0 0 
C H COOMe ),,COOE~ -6L~  COO^ 

- - C 6 H ~  

efficient method to  generate the dianion of a 
range of P-keto esters (21). This involved treat- 
ment of the P-keto ester with I equiv. of sodium 
hydride followed by 1 equiv. of n-butyllithium 
or, alternately, with 2 equiv. of lithium diisopro- 
pylamide to produce the dianion of the P-keto 
ester. It was found that these intermediates 
undergo a variety of carbanion-type reactions 
to produce several novel and useful compounds 
(19,21,22). 

In our initial studies it was found that the 
dianion 10 from methyl acetoacetate reacts 
violently with acyl halides even a t  -78 "C and 

this reaction gave a complex mixture of pro- 
ducts. Accordingly, less reactive acylating agents 
were investigated and it was found that dianion 
10 reacts smoothly at 0 "C to give P,G-diketo 
esters 11. However, the yield in these condensa- 
tions was not satisfactory (30-40%) in spite of 
their simplicity. N o  doubt one of the compli- 

RCOOR' 

R &COOMe 

cations in this reaction was proton transfer from 
the monoanion of 11 to dianion 10  (vide szrpra). 

Attempts to overcome this difficulty by 
employing an additional equivalent of base in 
the reaction were not successful, as any base 
strong enough t o  form the dianion was also 
sufficiently nucleophilic to attack the ester. 
For  example lithium diisopropylamide and 
lithium N-isopropylcyclohexy1 amide produced 
no reaction of dianion 10 with methyl acetate, 
whereas with methyl benzoate, good yields of 
the corresponding amides were obtained. The 
formation of these carboxamides was not un- 
expected (23). Hopefully the use of the recently 
reported H' arpoon bases would obviate this 
difficulty (24) but this has not been investigated 
to date. 

I t  was then envisaged that the degree of con- 
version of dianion 10 to diketo ester 11 could be 
raised, if, after the addition of + equiv. of the 
ester, the quenched dianion was regenerated by 
addition of more base before adding further 
ester. Three equivalents of base a r e  required for 
complete conversion of dianion 10 to 11. But, 
after addition of 3 equiv. of ester, only 4 equiv. 
of base is needed to  fully regenerate the dianion 
10. Such an addition would raise the maximum 
theoretical yield t o  75%, whereupon addition of 
$ equiv. of base would regenerate the dianion 
10 completely. While it is possible that alternate 
additions of ester and base in ever decreasing 
amounts would eventually give complete con- 
version of dianion to diketo ester 11, such a 
procedure would be very time consuming and 
tedious. It was found that reaction of dianion 
10 with 4 equiv. of ester, followed by addition 
of 4 equiv. of n-butyllithium a n d  finally by a 
further ) equiv. of ester, did give yields of 11 in 
excess of 50%. 

Then it was adventitiously discovered that 
addition of 1 equiv. of base, after the addition 
of the first portion of ester, gave even higher 
yields of 11. Thus the most convenient procedure 
involved reaction of dianion 10 with 4 equiv. of 
ester, addition o f  1 equiv. more of base, and 
finally the remaining 4 equiv. of ester. In this 
manner, reaction of 10 with methyl acetate gave 
methyl 3,5-dioxohexanoate (11, R = Me) in 
71% yield and with methyl butanoate gave 
methyl 3,5-dioxooctanoate (11, R = n-Pr) in 
67% yield. 

The product 11 (R = H), arising from the 
condensation of dianion 10 and methyl formate, 
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HUCKIN A N D  WEILER: P,S-DIKETO ESTERS 1345 

decomposed on all attempts to purify it and was 
consequently characterized by spectral data only. 
When the dianion 10 was reacted with ethyl 
butanoate a mixture of methyl and ethyl 3,5- 
dioxooctanoate was isolated, the latter product 
arising from transesterification during the reac- 
tion. To avoid this complication all subsequent 
reactions were performed with methyl esters. 

It was also found that the yields of the diketo 
esters from the condensation of aromatic esters 
with dianion 10 were low. Reinvestigation of the 
crude product from these reactions revealed that 
the corresponding carboxylic acid 12 was formed 

0 0 

A r IULCOOH 
12 

in significant amounts. We could only detect 
carboxylic acid products in the condensations 
with aromatic esters. Wolfe et al. were able to 
isolate only the carboxylic acid 12 (Ar = C,H,) 
from the aroylation of ethyl acetoacetate with 
methyl benzoate using sodium hydride in 1,2- 
dimethoxyethane (20). The mechanism of this 
hydrolysis, in both cases, remains obscure. 

Recently it has been reported that very power- 
ful nucleophiles, such as di- and trianions, react 
with the monoanions of P-keto esters to  yield the 
acylated product (25). For example, it was 
possible to condense the dianion of l-phenyl- 
butane-1,3-dione with the monoanion of ethyl 
benzoylacetate and ethyl acetoacetate t o  produce 
tetraketones (eq. 2) (25). This could involve 

either a direct condensation of the dianion with 
a monoanion or elimination of ethoxide from 
the keto ester monoanion and condensation of 
the resulting acylketene with the dianion. 

We have found that a similar acylation of 
methyl acetoacetate may be achieved. If, in 
generation of the dianion of methyl acetoacetate, 
only 3 equiv. of n-butyllithium is added and the 
reaction left at room temperature for a consider- 
able time (5 days) before quenching, the methyl 
acetoacetate undergoes self-condensation and 
methyl orsellinate (13) is obtained (eq. 3). The 

HOq 
COOMe 

reaction time may be shortened considerably by 
raising the reaction temperature but as yet the 
maximum yield obtained is only 23%. It was 
also possible to isolate the intermediate triketo 
ester 14 by quenching the reaction carefully with 
a phosphate buffer (pH 6.5). The triketo ester 
14 was characterized by its spectral properties 
but this compound was not sufficiently stable 
for elemental analysis. This material underwent 
spontaneous conversion to methyl orsellinate 
(13) on standing at 0 "C for 12 h. The triketo 
ester 14 has been synthesized via thecarboxylation 

of the trianion of diacetylacetone and the 
cyclization of 14 to 13 was also reported in this 
work (26). 

The n.m.r. spectra of all the acylated P- 
keto esters indicated that they existed, in solution 
at least, with the P-diketone mainly in the en01 
form. The n.m.r. spectra, or other spectroscopic 
data, did not permit a clear decision to be made 
as to which enol, or enols, are formed. 

The reaction of dianion 10 with a nitrile also 
offers the possibility of adding an acyl group to 
the keto ester (eq. 4). 
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0 NH2 0 
R'CN &COOR - &COOR 

- - R ' 

Recently it has been reported that ethyl aceto- 
acetate may be condensed with benzonitrile 
using 2 equiv. of sodium amide to give the 
enamine 15 (R' = C6H5; R = Et) but the 
reaction is complicated by nucleophilic attack 
of the amide ion on the nitrile and subsequent 
condensation of the benzamidine with the keto 
ester to give the pyrimidone 16. 

We found that the reaction between dianion 
10 and benzonitrile was sluggish and extended 
reaction times were necessary to produce reason- 
able amounts of product. After 12 h at room 
temperature methyl 5-amino-3-0x0-5-phenyl- 
pent-4-enoate (15, R' = C6H5; R = Me) was 
isolated in good yield (66%) along with some 
(29%) hydroxypyridone 17, which arises from 
cyclization of 15 (R' = C6H5; R = Me). In 

fact, this cyclization occurred i n  quantitative 
yield on attempted distillation of 15 (R' = 
C6H5; R = Me) and provides a ready route to 
17. Extension of this reaction to the condensation 
of acetonitrile with dianion 10 gave the enamine 
15 (R' = R = Me) in high yield and no evidence 
for the formation of the corresponding hydroxy- 
pyridone was observed. In fact this enamine (15, 
R' = R = Me) appears to be quite stable to 
thermolysis and under a variety of conditions 
15 (R' = R = Me) sublimed unchanged. 

The synthesis of the esters of 3,5-dioxo- 
hexanoic acid has been reported as early as 1906 
(27a) and more recently in the photolysis of 

triacetic acid lactone (27b). However, the above 
acylation of the dianion of P-keto esters offers a 
new route to a wide range of P,G-diketo esters 
which now can be prepared in reasonable yield. 
These intermediates may undergo further re- 
actions and their chemistry awaits additional 
exploitation. The dianion of P-keto esters also 
undergoes condensation with nitriles to give the 
enamines 15 which may, in the case of R' = 
C6H5, be cyclized to  the hydroxypyridone 17. 

Experimental 
All melting points, which were recorded on a Kofler 

micro hot stage, and boiling points are uncorrected and 
are reported in "C. The  i.r. spectra were recorded on a 
Perkin-Elmer Model 700 spectrometer and were cali- 
brated with the 1601 cm-' band of polystyrene. The 
U.V. spectra were recorded on a Unicam Model SP 800 
o r  a Cary Model I 4  spectrophotometer. The proton 
nuclear magnetic resonance spectra were recorded on 
either a Varian T-60 or HA-100 spectrometer and the 
chemical shifts are reported in 6 units from internal 
tetramethylsilane. Low resolution mass spectra were 
recorded on an AEI MS-9 or  an Atlas CH-4b mass 
spectrometer, and the high resolution spectra were 
recorded on the MS-9 spectrometer. Both instruments 
were operated at an ionizing potential of 70 eV. Vapor 
phase chromatograms were obtained on a Varian- 
Aerograph Model 90  P3 chromatograph using a 5 ft x 
4 in. column of 5% QF-I on 60-80 mesh Chromosorb W. 

The support used for all micro thin-layer and prepara- 
tive thin-layer chromatography was silica gel PF,,, 
(Merck). Merck silica <0.03 mm or finer than 200 mesh 
was used for column chromatography. Microanalyses 
were performed by Mr.  Peter Borda, University of British 
Columbia, Vancouver. 

All solvents were dried and distilled immediately before 
use. All reactions were run under a n  atmosphere of 
nitrogen or argon. Commerical sodium hydride (50-57% 
mineral oil) was used without prior washing to remove 
the mineral oil. Commercial solutions of 11-butyllithium 
in hexane were used directly and were standardized by 
double titration (28) or  direct titration (29). 

Methyl 3,5-Dioxohexanoa/e (IZ, R = Me)  
Sodium hydride (0.467 g, 11.0 mmol), as a 57% 

mineral oil dispersion, was weighed into a 50 ml oven- 
dried flask and tetrahydrofuran (cn. 25 ml) was distilled 
directly into this flask from lithium aluminum hydride. 
The  flask was equipped with a magnetic stirrer, stoppered 
(septum cap), cooled in ice, and flushed with nitrogen. 
Methyl acetoacetate (1.160 g, 10.0 mmol) was added 
dropwise to the cooled slurry and the reaction allowed to 
stir for 10 min after the addition was complete. 
n-Butyllithium (5 ml, 10.5 mmol), as a 2.1 M solution in 
hexane, was added dropwise to the reaction and after 
10 min the first portion of methyl acetate (0.372 g, 5.0 
mmol) was added. After a further 15 min, additional n- 
butyllithium (5 ml, 10.5 mmol) was added very slowly. 
A further period of 15 min was allowed to elapse before 
the second portion of methyl acetate (0.371 g, 5.0 mmol) 
was added and the reaction stirred fo r  a final 15 min 
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HUCKIN AND WEILE IR: P.8-DIKETO ESTERS 1347 

before being quenched with concentrated hydrochloric 
acid (3 ml). The reaction was worked up by the addition 
of ether (35 ml) and water (10 ml). The aqueous phase 
was separated and further extracted with ether (2 x 35 
ml). The ethereal extracts were combined, washed with 
saturated sodium hydrogen carbonate solution (2 x 10 
ml) and with saturated sodium chloride solution (4 x 
15 ml), dried over anhydrous sodium sulfate and filtered. 
Thc solvents were removed under reduced pressure and 
the resulting yellow oil distilled under vacuum to give 
1.120 g (71%) of 11 (R = Me); b.p. 44-46 "C (0.3 mm), 
(lit. (276) b.p. 65"/11 mm); i.r. (CHCI,) 3450, 1740, and 
1600 crn-'; n.m.r. (CDCI,) 6 14.2 (broad s, exchangeable 
D 2 0 ,  ]I;), 5.62 (s, 0.67H), 3.79 (s, 3H), 3.57 (s, 0.64H), 
3.35 (s, 2H), 2.27 (s, 0.95 H), and 2.10 p.p.m. (s, 2.13H), 
68% enol; mass spectrum, m/e (relative intensity) 158(6), 
12716), 126(8), 1 16(8), 107(8), 101(6), 98(9), 91(9), 85(43), 
77(6), 69(21), 59(10) and 43(100). 

Anal. Calcd. for C,H,,O,: C, 53.16; H, 6.37. Found: 
C, 53.14; H, 6.26. 

Methyl 3,5-Dioxoocfanoate (11, R = n-Pr) 
This compound was prepared by the same procedure 

as that employed in the preparation of methyl 33-  
dioxohexanoate (11, R = Me). The reagents used in the 
preparation were sodium hydride (0.465 g, 11.0 mmol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.161 g, 10.0 mmol), two portions of 11-butyllithium 
(4.6 ml, 10.6 mmol), as a 2.35 M solution in hexane, 
which gave 1.250 g (67%) of 11 (R = 11-Pr), b.p. 83-85 
"C (0.1 mm); i.r. (CC1,) 3500, 1740, and 1595 cm-I; 
n.m.r. (CCI,) 6 14.3 (broad s, 0.97H), 5.52 (s, 0.98H), 
3.66 (s, 3H), 3.20 (s, 1.96H), 2.26 (t, J  = 7 Hz, 2.OH), 
1.66 (m, 2.OH) and 0.96 p.p.m. (t, J  = 7 Hz, 3.OH), 97% 
enol; mass spectrum, m/e (relative intensity) 186(41), 
172(22), 158(68), 157(.57), 143(81), 126(73), 115(62), 
113(92), 101(100), 97(28), 85(73), 84(72), 71(90), 69(51), 
59(81), and 43(17). 

Anal. Calcd. for CgH1404: C, 58.05; H, 7.58. Found: 
C, 58.35; H, 7.47. 

Cor~densation qf'Et11yl Brltatroate ~12itl1 Dianiot~ 10 
This reaction was performed in a similar manner to 

that in which methyl 3,5-dioxohexanoate was prepared. 
The reagents used were sodium hydride (0.466 g, 11.0 
mmol), as a 57% mineral oil dispersion, methyl aceto- 
acetate (1.61 g, 10.0 mmol), two portions of n-butylli- 
thium (4.5 ml, 10.6 mmol), as a 2.35 M solution in hexane, 
and two portions of ethyl butanoate (0.582 g, 5.0 mmol), 
which gave 1.441 g of a pale yellow oil. Vapor phase 
chromatographic analysis (140 "C) of this oil showed it 
to contain two components. Distillation through a short 
Vigreux column gave partial separation of these compo- 
nents and repeated distillation (three more times), 
although accompanied by considerable resinification of 
the oil, gave the purc components identified as methyl 
3,5-dioxooctanoate (11, R = n-Pr) (0.619 g, 33%) by 
comparison of i.r. and n.m.r. spectra with those of 11 
(R = 11-Pr) prepared above, and ethyl 3,5-dioxooctanoate 
(0.223 g, 1 lz), b.p. 94-96 "C (0.1 mm); i.r. (CCJ,) 3500, 
1740, and 1600 cm-l ;  n.m.r. (CCI,) 6 14.6 (broad s, 
exchangeabie D 2 0 ,  IH), 5.57 (s, IH), 4.13 (q, J = 7 Hz, 
2H), 3.08 (s, 2H), 2.27 (t, J = 7 Hz, 2H), 1.65 (m, 2H), 
1.27 (t, J  = 7 Hz, 2H)and 0.95 p.p.m. (t, J  = 7 Hz, 3H); 
mass spectrum, n ~ / e  (relative intensity) 200(20), 156(47), 

143(78), 126(70), 115(64), 113(80), 101(100), 97(30), 
85(74), 84(70), 71(85), 69(15), 59(60), and 43(28). 

Anal. Calcd. for CloHl,O,: C, 59.98; H, 8.05. Found: 
C, 59.98; H, 8.08. 

Methyl 3,5-Dioxopetrtatroate (11, R = H )  
This compound was prepared by the same procedure 

as that employed in the preparation of methyl 3,5- 
dioxohexanoate (11, R = Me). The reagents used in the 
preparation were sodium hydride (0.466 g, 11.0 mmol), 
a s . a  57% mineral oil dispersion, methyl acetoacetate 
(1.160 g, 10.0 mrnol), two portions of IT-butyllithium (4.5 
ml, 10.6 mmol), as a 2.35 M solution in hexane, and two 
portions of methyl formate (0.300 g, 5.0 mrnol), which 
gave 0.993 g (69z) of I1  (R = H) b.p. 55-56 "C (0.1 
mm); i.r. (CCI,) 3500, 1740, 1640, and 1590 cm- ' ;  n.m.r. 
(CCI,) 6 13.5 (broad s, exchangeable D 2 0 ,  IH), 7.72 
(d, J =  5 Hz, lH),5.63 (d, J =  5 Hz, IH), 3.72(s,3H), 
and 3.32 p.p.m. (s, 2H); mass spectrum, I?I/C (a) high 
resolution calcd. for C6H8O4: 144.0422 a.m.u.; found: 
144.0421 a.m.u.; (b) n ~ j e  (relative intensity) 144(5), 
131(3), 127(2), 126(11), 113(15), 112(17), 101(100), 
97(30), 85(67), 71(63), 59(43), and 43(28). 

Condetl~ation of Metl(v1 Berlzoate loit11 Diat~ior~ I 0  
Sodium hydride (0.468 g, 11.0 mmol), as a 57% 

mineral oil dispersion, was weighed into a 50 ml oven 
dried flask and tetrahydrofuran fca. 25 ml) was distilled 
directly into this flask from lithium aluminum hydride. 
The flask was equipped with a magnetic stirrer, stoppered 
(septum cap), cooled in ice, and flushed with nitrogen. 
Methyl acetoacetate (1.164 g, 10.0 mmol) was added 
dropwise to the cooled slurry and after the addition was 
complete the reaction was allowed to stir for 10 min. 
11-Butyllithium (5 ml, 10.5 mmol), as a 2.1 M solution in 
hexane, was added dropwise to the reaction and after 
10 min the first portion of methyl benzoate (0.680 g, 
5.0 mmol) was added. After a further 15 min additional 
11-butyllithium (5 ml, 10.5 mmol) was added very slowly. 
A further period of 15 min was allowed to elapse before 
the second portion of methyl benzoate (0.680 g, 5.0 
mmol) was added and the reaction was stirred for a final 
15 min before being quenched with concentrated hydro- 
chloric acid (3 ml). The reaction was worked up by the 
addition of ether (35 ml) and water (10 ml). The  aqueous 
phase was separated and further extracted with ether (2 
x 35 ml). The ethereal extracts were combined, washed 
with saturated sodium hydrogen carbonate solution (4 x 
15 ml) and with saturated sodium chloride solution (2 x 
15 ml), dried over anhydrous sodium sulfate, and filtered. 
The solvents were removed under reduced pressure and 
the resulting red oil distilled under vact~um to give 0.8 17 g 
(3773 of methyl 3,5-dioxo-5-phenylpentanoate (11, R = 
C6H5), b.p. 127-129 "C (0.1 mm); i.r. (CCI,) 3450, 1740, 
and 1600 cm-';  U.V. (CH,OH) 322 nm (1.3 x lo3); 
n.m.r. (CCI,) 6 14.3 (broad s, exchangeable D 2 0 ,  IH), 
7.87 (m, 2H), 7.37 (m, 3H), 6.26 (s, IH), 3.70 (s, 3H), 
and 3.38 p.p.m. (s, 2H); mass spectrum, mlc (relative 
intensity) 220 (21), 205( 1 I), 203(34), 189(26), 188(65), 
174(16), 173(1 l), 163(57), 161 (58), 147(74), 105(100), 
85(15), 77(48), 69(51), 51(37), and 43(28). 

Anal. Calcd. for C12H, ,04:  C, 65.45; H, 5.49. 
Found: C ,  65.42; H,  5.65. 

The basic aqueous extract (saturated sodium hydrogen 
carbonate washings) was acidified to pH 2 by addition of 
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146(23), 145(32), 129(19), 128(19), 118(36), 117(41), solution (20 ml), dried over anhydrous sodium sulfate, 
115(33), 105(72), 103(35), 85(33), 79(35), 78(44), 76(93), and filtered. The solvents were removed under reduced 
56(83), and 54(100). pressure and the resulting oil chroniatographed on silica 

The mother liquors from the recrystallization were gel, using a mixture of benzene and ethyl acetate (1 : I  
found by v.p.c. analysis (200 "C) to contain methyl 3,5- v/v) as eluent. Three components were obtained from the 
dioxo-5-phenylpentanoate and were subjected to chroma- chromatography, and these, in order of their elution, 
tography on silica gel, using chloroform as eluent. The were niethyl 3,5,7-trioxooctanoate (14) (83 mg, 873, as a 
major component isolated from this chromatography pale yellow, unstable oil, which on standing overnight at 
was methyl 3,5-dioxo-5-phenylpentanoate (11, R = 0 "C was converted to methyl orsellinate in quantitative 
C6H,) (0.085 g, 873, identified by comparison of its i.r. yield, methyl orsellinate (13) (155 mg, 17%) as cream 
spectrum with that of previously prepared material. colored needles, m.p. 138-140 "C; and methyl aceto- 

acetate (0.679 g, 59%). Methyl 3,5,7-trioxooctanoate was 
Cot~derrsatiolt of the Motzoatriotz of Metl~yl Acetoacetate characterized by; i.[, (CHCI,) 3400, 1740, 1720, 1640, 

with Diat~ion 10 1620 and 1600 cm- ' ;  n.ni.r. (CCI,) 6 14.60 (broad s, 
(a) A! Roorir Temnperat~lre, Acid Qr/cnclrir~g exchangeable D,O, 1 H), 6.20 (ni, l H), 3.96 (s, 3H), 3.70 
Sodium hydride (0.466 g, 11 .O mmol), as a 57% mineral (s, 2H), 3.67 (s, 2H) and 2.43 p.p.m. (s, 3H): mass 

oil dispersion, was weighed into an oven-dried flask and spectrum, tn/e (relative intensity) 184(9), 182(4), 151(4), 
freed from mineral oil by washing with hexane (cn. 15 ml) 150(13), 143(7), 142(26), 127(40), 1 17(9), 1 13(27), 101(9), 
and decantation. The washing procedure was repeated 100(24), 85(100), 73(21), 69(20), 61(34), and 43(100). 
twice with hexane and the residual hexane was removed (,) R~,~~,,~ T ~ ~ ~ ~ ~ , . ~ ~ ~ , . ~  
by washing with tetrahydrofuran. After decantation of ~~~~~i~~ mixtllre obtained s i n l i l a r l y  to b was allowed 
the tetrahydrofuran, fresh tetrahydrofuran was distilled to warm to roonl tenlperatllre, ~h~ flask was then 
directly into the flask from lithium aluminum hydride. transferred to a bag where, under an  atmosphere of 
 he flask was equipped with a magnetic stirrer, stoppered the septum cap was renioved and replaced with 
(septum cap), cooled in ice, and R~lshed with nitrogen. a I.eflux condenser, the top of which was stoppered with 
Methyl acetoacetate (1.162 g, 10.0 nlnlol) was added a fresh septum cap and heated under nitrogen until a 
dropwise to the cooled slurry and after the addition was moderate rate of reflux was obtained. ~f~~~ 2 h a t  reflux 
coniplete the reaction was allowed to stand for a period temperatlire,the heating was discontinlled and the flask 
of about 10 niin. n-Butyllithium (2.2 ml, 5.1 mniol), as a cooled i n  ice to 0 -rhe reaction was qllenched with 
2.3 sollltion in  hexane, was added the concentrated hydrochloric acid (ca. 1.5 ml) and  worked 
reaction which was then allowed to warm to room temper- up  by the ofether (35 m l )  water (5 -rhe 
ature. After a period of 24 h the reaction was qilenched by aq~leous phase was separated and further extracted with 
addition of concentrated hydrochloric acid (en. 1.5 nil) ether (2 35 ~h~ ethereal extracts were combined, 
and worked LIP by addition of ether (35 rill) and water washed with saturated sodillnl chloride solution (4 x 20 
(5 ml). The aqlreoL1s phase, the pH which was 2, ml), dried over anhydrous sodi~ini sulfate, and  filtered. 
was separated and further extracted w i t h  ether (2 35 The solvents were removed ~inder reduced pressure and 
nll). The ethereal extracts were combined, washed with disti\lation of the re-Lllting oil  at reduced pressure gave 
saturated sodii~m chloride so l~~ t ion  (4 x 20 rill), dried 0,821 g (71%) of nlethy] acetoacetate, b.p, 46-48 "C (14 
over anhydrous sodium sulfate, and filtered. The solvents nlm), identified by comparison of i t s  i.r. spectrLlm with 
were removed under reduced pressure to give 0.983 !Z of that of authentic and a brown residue, which on 
brown oil. Distillation of this oil at reduced pressure gave t i t r a t i o n  with nlethanol gave 0,213 (23%) of 
0.716 g (62%) of niethyl acetoacetate, b . ~ .  45-47 "C (14 orsellinate (13), as pale yellow needles, identified by 
nm), identified by comparison of its i.r. and n.nl.r. conlparison of its i.1. spectrunl with that of  authentic 
spectra with those of authentic material, and a brown 
solid residue which was crystallized from methanol to 
give 0.220 g (24%) of niethyl orsellinate (131, m.P. 138- Cotl&t~.ratiot~ of Berlzotrit~il~~ ~i~i!lr Diotriotr 10 
140 "C (lit. (31) m.p. 138-139 "C); mixt~lre n1.P. 138-140 Sodium hydride (0.467 g, 11.0 mmol), as a 57% mineral 
"C. oil dispersion, was weighed into a 50 ml oven-dried flask 

(b) A! Rootir Tct?~pc~rat~rr.e, B~/flered Q~lrrrchitrg and tetrahydrofiiran (en. 25 nil) was distilled directly into 
This reaction was performed in the same manner as this flask from lithium aluminum hydride. The flask was 

the preceding reaction. The reagents employed were equipped with a magnetic stirrer, stoppered (septum 
sodium hydride (0.463 g, 11.0 mmol), as a 57% mineral cap), cooled in ice, and flushed with nitrogen. Methyl 
oil dispersion, methyl acetoacetate (1.160 g, 10.0 mniol), acetoacetate (1.160 g, 10.0 mmol) was added dropwise 
and 11-butyllithium (2.5 nil, 5.2 niniol), as a 2.1 M solution to the cooled slurry and the reaction allowed to stir for 
in hexane. After the 24 h reaction period, the reaction 10 min after the addition was coniplete. 11-Butyllithi~lm 
was quenched by adding it, via a stainless steel cannula, (5 ml, 10.5 n~mol), as a 2.1 M solution in hexane, was 
to a vigorously stirred n~ixture of ether (50 nil) and buffer added dropwise to the reaction and after 10 min benzo- 
solution (prepared by dissolving sodium dihydrogen nitrile (1.031 g, 10.0 mmol) was added. The reaction 
orthophosphate (4 g) and disodiuni hydrogen ortho- mixture was allowed to warm to room temperature and 
phosphate (4 g) in water (20 ml)). The aqueous phase was stirred for 12 h before being quenched with concentrated 
separated, saturated with sodium chloride, and further hydrochloric acid (2 ml). The reaction was worked up by 
extracted with ether (3 x 20 ml). The ethereal layers the addition of ether (35 ml) and water (10 tnl) and the 
were combined, washed with saturated sodium chloride resulting precipitate filtered off. The ~recipitate was 
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washed with acetone (2 x 10 ml), air dried, and sublimed 
at  150 "C (0.2 mm) to give 0.547 g (29%) of 4-hydroxy-6- 
phenylpyridone (17) as colorless spars, m.p. 314-316 "C 
(lit. (32) m.p. 315-318 "C); i.r. (KBr disc) 1640, 1620, 
1595, and 1560 cm-I;  U.V. (C2H50H) 310 and 255 nm, 
(C2H50H + NaOH) 240 nm: mass spectrum, rnle 
(relative intensity) 188(16), 187(100), 186(17), 160(6), 
159(15), 158(10), 147(11), 146(6), 130(19), 104(33), 
103(33), 91(14), 77(21), 69(9), and 51(15). 

The aqueous phase of the filtrate was separated and 
further extracted with ether (2 x 35 ml). The ethereal 
extracts were combined, washed with saturated sodium 
chloride solution (6 x 15 ml), dried over anhydrous 
sodium sulfate, and filtered. The solvents were removed 
under reduced pressure and the resulting oil chromato- 
graphed on silica gel using ethyl acetate as eluent. The 
major fraction from this chromatography was collected, 
and freed from eluent by distillation at room temperature 
under reduced pressure to give 1.466 g (66%) of methyl 
5-amino-3-0x0-5-phenyl-pent-4-enoate (15, R = Me; R '  
= C6H5) as a pale yellow oil; i.r. (CHC13) 3550, 1740, 
1615, and 1600 cm-I;  U.V. (C2H50H) 325 nm; n.m.r. 
(CCI,) 6 8.00 (broad s, exchangeable D 2 0 ,  IH), 7.41 (m, 
SH), 6.20 (broad s, exchangeable D,O, l H), 5.37 (s, l H), 
3.60 (s, 3H), and 3.27 p.p.m. (s, 2H); mass spectrum 
(a) high resolution calcd. for CI2HL3NO3:  219.0895 
a.m.u.; found: 21 9.0896 a.m.11.; (h) low resolution m/e 
(relative intensity) 219(26), 159(15), 146(47), 127(35), 
121(32), 119(95), 118(95), 103(30), 84(52), 82(22), 59(46), 
and 43(100). 

Thertr7olysis of Methyl 5-Atr1in0-3-0,~0-5-phenyIpetif-4- 
enoate (15,  R = Me; R' = C6H5) 

Enamine 15 (R = Me; R '  = C6H5) (156 mg, 0.71 
mmol) was placed in a bulb-to-bulb distillation apparatus 
and heated to 150 "C under reduced pressure (0.2 mm). 
After 4 h the starting material had completely disappeared 
and white spars had been deposited on the cooler parts 
of the apparatus. These crystals were collected and found 
to amount to 134 mg (100%) of 4-hydroxy-6-phenyl- 
pyridone (17), which exhibited identical m.p., and i.r. 
and U.V. spectra to that obtained previously. 

Methyl 5-An7bio-3-oxohex-4-e,loo/e (15,  R = R' = Me) 
Reaction was run as above using sodium hydride 

(0.467 g, 11.0 mmol), methyl acetoacetate (1.160 g, 10.0 
mmol), n-butyllithium (5 ml of 2.1 M, 10.5 mmol), and 
acetonitrile (0.409 g, 10.0 mmol). The reaction mixture 
was allowed to warm to room temperature and stirred 
for 16 h before being quenched with concentrated hydro- 
chloric acid (2 ml). The reaction was worked up by the 
addition of ether (35 ml) and water (10 mi). The aqueous 
phase was separated and further extracted with ether 
(2 x 35 ml). The ethereal extracts were combined, 
washed with saturated sodium chloride solution (4 x 15 
ml), dried over anhydrous magnesium sulfate, and 
filtered. The solvents were removed under reduced 
pressure. The resulting semi-solid was crystallized from 
chloroform to give 1.490 g (86%) of 15 (R = R'  = Me) 
as long yellow needles, m.p. 103-104 "C. Sublimation at 
175 "C (0.2 mm) gave colorless spars but did not raise the 
melting point; i.r. (CHCI,) 3550, 1740, 1625, and 1610 
cm- ' ;  U.V. (CH30H) 303 nm (16.8 x lo3) and (CH3OH 
+ NaOH) 274 nm; n.m.r. (CDCI,) 6 10.0 (broad s, 

exchangeable D 2 0 ,  IH),  5.10 (s, lH),  3.70 (s, 3H), 3.33 
(s, 2H), and 1.97 p.p.m. (s, 3H); mass spectrum, nile 
(relative intensity) 158(3), 157(26), 126(2), 125(3), 85(7), 
84(100), 83(2), 70(2), 68(2), 54(2), 43(3), 42(5) and 41(4). 

Anal. Calcd. for C,H, ,03N:  C, 53.49; H, 7.05; N,  
8.91. Found:C,53.18; H,6.99; N,8.84. 

We are grateful to the University of British Columbia 
and the National Research Council of Canada for support 
of this work. 
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The Transformation of Carvone into Racemic Grandisol 

WILLIAM A. AYER A N D  LOIS M. BROWNE 
Clret?~i.sr,:v Depo~.tttletlt, Uni~jersity of Alhertci, Eclr,ro~~tor~, AIhe~.ta T6G ' E l  

Received November 16, 1973 

Grandisol (1 )  is one of the components of the pheromone complex emitted by the male 
boll weevil. We report the transformation of readily available eucarvone (3 ) ,  via the 
photoisomer 4, into grandisol in 20% overall yield. A key step in the synthesis is the 
Beckmann cleavage of oxime 15, derived in three steps from 4, to nitrile 16. Hydrolysis of 
16 followed by hydride reduction gives grandisol ( 1 ) .  

Le grandisol ( 1 )  est l'un des composants du complexe phCromone Cmis par l'antornone 
male. Nous rapportons la transformation de l'eucarvone ( 3 )  d'accks facile en grandisol; 
la synthtse se fait par l'internikdiaire du photoisornkre 4 et le rendement global est  de 
20%. Dans l'Ctape clef de la synthtse, l'oxime 15, obtenu en trois Ctapes 2 partir d e  4, 
subit un rearrangement de Beckmann pour conduire au nitrile 16. L'hydrolyse d e  ce 
dernier suivit d'une rCduction par l'hydrure de lithium aluminum conduit au grandisol (1). 

[Tmduit par le journal] 
Can. J. Chem.. 52, 1352 (1974) 

Grandisol (I)  is one of the components of the 
sex pheromone of the boll weevil ( I ) .  We wish to 
report a facile stereoselective synthesis of 
grandisol starting from the monoterpene ketone 
carvone (2). We believe that this synthesis has 
some advantages over those previously reported 

acH3 H3 fiFH3 
(1, 2) in that the starting material is readily 3  4 

available and inexpensive, and the overall yield 
is reasonably high. Earlier syntheses (1, 2) all 

involve an iritert~iolecular "2 + 2" cycloaddition 
in the construction of the cyclobutane ring. The 
synthesis reported herein differs from these in 
that it employs an efficient intramolecular 
cyclization for the formation of the 4-membered 
ring. 

The initial steps utilize the well-known 
transformation of carvone into eucarvone (3) 
(3) and the equally well-studied photochemical 
transformation of eucarvone into the photo- 
isomer 4 (4). The photoisomer 4 possesses not 
only the proper arrangement of carbon atoms 
but also has the required cis-relationship between 
the C-1 methyl and the C-5 hydrogen. The plan 
(Scheme 1) was to  modify 4 by hydrogenation 

and ketone transposition to give 5. Cleavage of 
the C,-C, bond in 5 and adjustment of func- 
tionality would lead to grandisol(1). The method 
by which this has been accomplished is described 
below. 

The first problem encountered was that of 
producing substantial amounts of  the photo- 
isomer 4 in a reasonably economical manner. 
In the original Buchi procedure (4a) the photo- 
isomer 4 was produced in 36% yield after 22 
days photolysis in ethanol. Later work (4c-e) has 
shown that the rate of formation of  4 is increased 
in more polar solvents. We have found that large 
scale photolysis in trifluoroethanol (4e) pro- 
ceeds to completion (complete disappearance of 
eucarvone) in 3 days. However the photolysis 
product is a complex mixture and separation of 
4 (in 48% yield) was tedious. This, coupled with 
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AYER AND BROWNE: SYNTHESIS OF GRANDISOL 

the relatively high cost of trifluoroethanol, led 
us to investigate other solvent systems. After 
some experimentation we have found that 
photolysis in ethylene glycol - trifluoroethanol 
(10: 1) is virtually complete in 7 days and that 
the photoisomer is easily isolated from the 
photolysis mixture (see Experimental) in 52% 
yield. Hydrogenation of 4 over palladium-on- 
charcoal (4a) gave 6 in virtually quantitative 
yield. 

Several methods (5) for effecting 1,2-ketone 
transposition were investigated. In one attempt 
the ketone 6 was first treated with lead tetra- 
acetate (6) in refluxing acetic acid to give in 89x  
yield the a-acetoxyketone 7. Attempted re- 
arrangement of 7 to the isomeric a-acetoxyketone 
7a under a variety of conditions (tetramethyl- 
ammonium acetate (7), alumina (8), methanolic 
sulfuric acid followed by acetylation (9)) was 
unsuccessful. Compound 7 was recovered in 
each case which suggests that it is the thermo- 
dynamically more stable of the two possible 
positional isomers. 

Another potential route (10) to the ketone 5 
involves formation of the a-benzylidene ketone 
8. In the cases reported (lo), reduction of the 
a-benzylidene ketone with lithium aluminum 

hydride - aluminum chloride leads t o  the cor- 
responding deoxy compound. In this case, 
however, the major reduction product was the 
a-benzyl ketone 9, the product of 1,4-addition of 
hydride. Reduction of 8 by the Nagata modifi- 
cation (1 1) of the Wolff-Kishner reaction gave 
in 58% yield the desired benzylidene compound 
10. However, all attempts at oxidative cleavage 
(ozone, KMn0,-Na 10, (1 2), RuC1,-NaOCI 
(13)) were unsuccessful, unreacted 10 being 
recovered in each case. The highly hindered 
nature of the double bond in the benzylidene 
compound 10 is reflected in its U.V.  spectrum 
(A,,,,, 249 nm, E 2150). Normally (5a), this type 

PhCHO - ii,'r;: LiALH4,AlC13 
KOH,MeOH 
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of compound absorbs at somewhat longer 
wavelength and with an extinction coefficient 
ten times as great. Presumably in this case steric 
crowding forces the chromophoric group to 
deviate from coplanarity. 

The ketone transformation method which 
proved successful involved an intermediate 
oximinoketone. Initially formation of the oxi- 
minoketone presented problems. Treatment of 
ketone 6 with n-butyl nitrite under acid catalysis 
(14) for 12 h gave only starting ketone, whereas 
use of isoamyl nitrite with potassium t-butoxide 
in anhydrous t-butyl alcohol (15) led to forma- 
tion of the oximinoketone 11. When the reaction 
was carried out on a larger scale, however, very 
low yields of oximinoketone were obtained. The 
major compound isolated was the acid nitrile 
12, the product of Beckmann cleavage. When the 
reaction was carried out in dry benzene as 
solvent utilizing potassium t-amylate (16) as 
the base the oximinoketone 11 (as a mixture of 
E and Z isomers) was obtained consistently in 
yields of greater than 80%. 

In an attempt to utilize Corey and Richman's 
ketone transposition method (17), the oximino- 
ketone was reduced quantitatively with sodium 
borohydride to the oximinoalcohol 13a. Mild 
acetylation gave an acetoximino alcohol 136. 
More vigorous acetylation gave a mixture of 
acetoximino acetate 13c and another compound 
which was tentatively identified as the cyano- 
aldehyde 14. Attempted mesylation of the 
acetoximino alcohol gave a mixture of the 
acetoximino mesylate 13dand the cyanoaldehyde. 
Although this compound was not isolated in pure 
form, fragmentation to a cyanoaldehyde is well 
documented for a-hydroxyoximes (1 8). Since 
neither the acetoximino acetate nor the acetoxi- 
mino mesylate could be prepared in good yield, 
reductive deoximation was attempted on the 
acetoximino alcohol. The product obtained after 
treatment with chromous acetate was shown by 
gas-liquid chromatography to be a mixture of 
at least eight components, the major of which 
was the cyanoaldehyde 14. 

Utilization of the Wolff-Kishner reaction 
enabled us to remove the carbonyl group in the 
oximinoketone. Heating the oximinoketone with 
excess hydrazine (19) led to isolation of only a 
small quantity of oxime 15; however, use of 
just 1; equiv. of hydrazine hydrate and excess 
base (20) gave the crystalline oxime in 82% yield. 
Deoximation with titanium trichloride (21) gave 
the transposed ketone 5 in high yield. 

l l  NH2NHz , wcr - TiC13 

KOH DME 

Although it is possible to envision methods for 
cleaving the C,-C, bond in the ketone 5 itself, 
Beckmann cleavage of the oxime 15 should 
proceed in the desired direction (22) and this 
route was explored first. 

When oxime 15 was treated with thionyl 
chloride in dirnethylfor~namide a t  0" for 2 h, 
the product was a mixture of two compounds. 
The components of the reaction product were 
separated by preparative gas-liquid chroma- 
tography and were identified as the isomeric 
nitriles 16 and 17 on the basis of the following 
spectral data. Compound 16, which was the 
minor component, shows nitrile absorption at 
2250 and exocyclic methylene at 1650 and 890 
cm-' in its i.r. The n.m.r. spectrum shows two 
vinyl protons as multiplets at r 5.10 and 5.23, a 
vinyl methyl group at r 8.33, and a methyl group 
at  -c 8.64. Compound 17, which was the major 
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component of the reaction mixture, shows 
nitrile absorption a t  2220 cm-'  in the i.r. The 
n.m.r. spectrum displays a two proton singlet at 
r 7.52 for the methylene adjacent to a cyano 
group, two three-proton multiplets for vinyl 
methyl groups a t  r 8.50 and 8.55, and a methyl 
singlet a t  r 8.62. When oxime 15 was treated with 
phosphorus pentachloride in dimethylforma- 
mide, withp-toluenesulfonyl chloride in refluxing 
pyridine, or  with Beckmann's mixture the same 
mixture was obtained although the product 
distribution varied. 

Use of phosphorus pentachloride in ether, 
ether-benzene, or alone gave, in addition to  the 
two isomeric nitriles 16 and 17, a third compound 
isolated in crystalline form. The crystalline 
compound was purified by chromatography and 
identified as lactam 18. The i.r. spectrum of 
lactam 18 shows N-H absorption at 3510 and 
3300 cm-' as well as lactam carbonyl a t  1660 
cm-'. The n.m.r. spectrum of compound 18 
shows three methyl singlets (r  8.72, 8.78, 8.90) 
and a two-proton singlet at r 7.55 assigned to 
the C-l methylene protons. Comparison of the 
chemical shift value of the C-l  methylene of 
lactam 18 with the C-5 methylene (r 7.60) of 
ethyl I-methyl-6-oxonepacotoate (19)' confirms 
that the methylene is a to the carbonyl rather 
than a to the nitrogen (C-2 methylene in 19 
appears as two doublets a t  r 6.42, 6.52). When 
the Beckmann cleavage was attempted using 
polyphosphoric acid or  polyphosphoric ester as 
a catalyst, the same three compounds were 
obtained but again the product distribution 
varied. 

cleavage 

'R. Dawe, these laboratories, private communication 

At  this stage it seemed desirable t o  ascertain 
the stereochemistry (E  or Z) of the  oxime. 
Spectroscopic methods (23) do  not  give an 
unambiguous answer, especially if only one 
isomer is available. Attempted transoximation 
caused no change in oxime 15. Direct oxime 
formation from ketone 5 furnished oxime 15. 
These experiments suggest that the less hindered 
and presumably more stable (E)-oxime is in 
hand. In addition the cleavage reactions de- 
scribed above give products expected to arise 
from the (E)-oxime. W e  thus turned our atten- 
tion to defining reaction conditions which would 
favor the formation of  nitrile 16. Reasoning that 
nitrile 17 may arise from proton-catalyzed re- 
arrangement of 16 and that lactam 18 is formed 
when water is present, the Beckmann reaction 
was catalyzed by phosphorus pentachloride 
(1.1 equiv.) in anhydrous ether in the  presence 
of 2,6-lutidine (2 equiv.). Work-up within 5 
min (longer reaction times led to  lower yields) 
gave nitrile 16 in ca. 85% yield. Since nitrile 16 
is quite volatile, the reaction product was not 
purified at  this stage but was directly hydrolyzed 
with potassium hydroxide in triglyme - ethylene 
glycol in a sealed tube. The carboxylic acid 20 
was isolated as its cyclohexylamine salt in 62% 
overall yield from oxime 15. The spectral data 
obtained for acid 20, an intermediate in one of 
the previous syntheses, is in good agreement 
with that  reported (2a). 

CH3 

1.1 equiv. pc15 GEi2 KoH 
15 

2$-lut1d1ne triglyme 
ether ethylene glycol 

CH3 

Finally, reduction of  the cyclohexylamine salt 
of acid 20 with lithium aluminum hydride gave 
compound 1 in 92% yield. The i.r. and  n.m.r. 
spectra of synthetic grandisol were identical with 
those published (1,2) for grandisol a n d  the mass 
spectra were very similar. The overall yield of 
grandisol (1) from eucarvone (3) was 202 .  
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Experimental 
Solutions were dried over anhydrous magnesium 

sulfate unless otherwise specified. Melting points were 
determined on a Fisher-Johns or Leitz-Wetzlar hot-stage 
melting point apparatus and are uncorrected. Micro- 
analyses were performed by the Microanalytical Labora- 
tory of this department. 

Infrared spectra were recorded on a Perkin-Elmer 
Model 337 grating i.r. spectrophotometer, a Unicam 
SPlOOO grating i.r. spectrophotometer, or a Perkin-Elmer 
Model 421 dual grating i.r. spectrophotometer. 

Nuclear magnetic resonance spectra were measured 
using a Varian Associates Model A-60 spectrometer or a 
Varian Model HR-100 spectrometer with tetramethyl- 
silane as internal standard. Deuterium exchangeable 
protons are noted in text as DZO. 

Mass spectra were recorded on an A.E.I. Model MS-9 
mass spectrometer or an A.E.I. Model GC/MS mass 
spectrometer with a WB separator and are reported as 
~ n / e  (relative intensity). 

The purity of all liquid products was monitored by gas 
chromatography utilizing a Varian Aerograph Gas 
Chromatograph Model A-90-P3 with helium as carrier 
gas on the following Chromsorb W (60-80 mesh) sup- 
ported columns: 10 ft by f in. polyester (10% PDEAS), 
5 ft by + in. polyethylene glycol (10% Carbowax 20M), 
5 ft by -k in. silicone oil (10% SE-30), 5 ft by ', in. Zonyl 
E-7. 

Prepurnti011 of E~rccrrvo~le (3) (3) 
Carvone (100 g) was added dropwise to a stirred, 

cooled solution of hydrobromic acid in glacial acetic acid 
(500 g, 30% HBr in glacial HOAc). The rate of addition 
was adjusted such that the temperature of the solution 
was maintained between 8 and 12". When addition was 
complete (approximately 0.5 h), the cooling bath was 
removed and stirring was continued a further 15 min. 
The solution was poured into water (800 ml). The lower 
organic layer was separated and the aqueous layer was 
extracted with ether. The organic fractions were com- 
bined, washed twice with water, neutralized (NaHCO,), 
washed with water, dried (NaZS04), then added dropwise 
to a stirred, cooled solution of potassium hydroxide (75 g) 
in methanol (300 ml). After addition was complete, the 
solution was concentrated on a steam bath, then poured 
onto a sulfuric acid (50 ml) - crushed ice (I : 1) mixture. 
Water was added to dissolve the inorganic salts. The 
upper oily layer was separated and the aqueous layer 
extracted with ether. The organic fractions were com- 
bined, washed with saturated sodium bicarbonate 
solution, water, and dried (Na,SO,). The solution was 
concentrated and the residual oil fractionated using a 
spinning band apparatus to give 65 g (65z )  eucarvone, 
3; b.p. 82" (7 mm); qD24 1.5050 (lit. (3) b . p  82.5-84' 
(8 mm); qD2" 1.5080). 

1,4,4-Tritnethylbicyclo[3.2.0]hept-6-e17-2-011e (4) (4) 
A stirred solution of eucarvone (13.0 g) in ethylene 

glycol (500 ml) and trifluoroethanol(50 ml) was irradiated 
in a Pyrex vessel with an immersible mercury vapor 
lamp (250 W, Hanovia medium pressure) for 7 days. 
The photolysis mixture was diluted with water (500 ml), 
then continuously extracted with pentane for 48 h. The 
pentane solution was dried, concentrated it1 vacrro at 

room temperature, and the residual oil was fractionated 
through a 40 cm spinning band column to give 6.8 g 
(52%) unsaturated ketone, 4;  b.p. 90-91" (35 mm); 
qDZ3 1.4561 (lit. (4a) b.p. 110-1 1 lo  (45 mm); qD2' 1.4556); 
i.r. (neat): 1740 cm-I (C-0); n.m.r. (CCI,): T 3.67 (d, 
I, J = 2 . 5  Hz, c isC=CH),3 .90(d ,  1 ,  J = 2 . 5  Hz, cis 
C=CH), 7.20 (d, 1, J = 17 Hz, getn CH,), 7.44 (s, 1,  
CH),  8.26 (d, I ,  J = 17 Hz, gem CH,), 8.78 (s, 3, CH,), 
8.92 (s, 3, CH,), 9.05 (s, 3, CH,); 2,4-dinitrophenyl- 
hydrazone derivative, m.p. 162-163" (lit. (4a) m.p. 
161.5-162.5"). 

1,4,4-Trbnet/ry/bicyclo[S.2.0]Aep/al1-2-ot1e (6) 
Unsaturated ketone 4 (5.8 g) was hydrogenated over 

30% palladized charcoal (0.1 g) in methanol (100 ml) at  
room temperature and atmospheric pressure. After 1 . 
equiv. of hydrogen had been consumed, the mixture was 
filtered and concentrated. The residual clear liquid (one 
compound by g.1.c. analysis (102 PDEAS, 10 ft x + in., 
column temperature 150D, flow rate 60 ml/min)) was 
used in subsequent steps without further purification. 
Yield of saturated ketone 6 was 5.6 g (95%); qDz4 1.4585 
(lit. (4a) qD2' 1.4556). 

Anal. Calcd. for C l o H 1 6 0 :  C, 78.90; H, 10.59. Found: 
C, 78.73; H, 10.35. 

The i.r. (neat): 1735 cm-'  (C-0); n.m.r. (CCI,): 
T 8.78 (s, 3, CH,), 8 . 9 7 ( ~ ,  3, CH,), 9.10 (s, 3, CH3); 
mass spectrum: m/e 152.1 194 (67) (calcd. for C10H160: 
152.1 201), 124(29), 109(89), 95(97), 82(100), 81(42), 
69(57), 55(28), 41(97), 39(37); 2,4-dinitrophenylhydrazone 
derivative m.p. 148.5-150.5" (lit. (4a) m.p. 147.5-148"). 

3-Acefoxy-1,4,4-trin1et/1~~Ibicyclo[3.2.0]11eptan-2-0ne (7) 
(6) 

A mixture of ketone 6 (3.95g), lead tetraacetate(14,Og), 
acetic acid (40 ml), and 1,2,2-trichloroethane (80 ml) was 
allowed to reflux for 4 days. The mixture was cooled and 
ethylene glycol (2 ml) was added to destroy excess lead 
tetraacetate. The mixture was then washed successively 
with water and sodium hydroxide solution (573. The 
aqueous fraction was backwashed with ether. The organic 
fractions were combined, dried, concentrated, and 
distilled to give 4.85 g (89%) acetoxy ketone 7; b.p. 
65-71 " (0.05 mm); qD2' 1.4607. 

Anal. Calcd. for C,2Hl8O3: C, 67.89; H ,  9.50. Found: 
C, 68.16; H,  9.53. 

The i.r. (neat): 1760 (C=O), 1750 (C=O), 1235 
(OCOCH,) cm-I;  n.m.r. (CCI,): T 4.36 (s, I, CHOAc), 
7.83 (s, 3, OCOCH,), 8.77 (s, 3, CH,), 8.84 (s, 3, CH,), 
9.20 (s, 3, CH,); mass spectrum: tnle 210.1250 (5) 
(calcd. for CIzH18O3: 210.1256), 167(16), 139(10), 
100(10), 72(50), 71(14), 43(100), 41(31). 

3 -, 
A stirred solution of ketone 6 (1.4 g ) ,  benzaldehyde 

(3 ml), sodium hydroxide (0.9 g), methanol (45 ml), and 
water (25 ml) was heated on a steam bath for 48 h. The 
reaction mixture was cooled, diluted with water and 
extracted with methylene chloride. The organic fraction 
was dried and concentrated to an oil (0.6 g), which was 
purified by chromatography over alumina (BDH). 
Elution with petroleum ether (b.p. 65") gave an oil which 
was a mixture of (2)- and (E)- benzylidene ketones. 
Further elution with petroleum ether gave (E)-benzylidene 
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AYER AND BROWNE: SYNTHESIS O F  GRANDISOL 1357 

ketone as a crystalline compo~lnd (m.p. 57-59"); total mother liquor was concentrated and a portion (0.16 g) 
yield 1.65 g (75%). chromatographed over silica gel (6 g). Elution with 

Anal. Calcd. for C 1 7 H 2 ~ 0 :  C, 84.96; H, 8.39. Found: chloroform gave a crystalline compound (0.085 g), 
C, 84.68; H ,  8.18. 1-methyl-2(1-methyl-1-cyanoethyl)cyciobutyl carboxylic 

The U.V. (95% EtOH): 290 nm (E 21 900), 226 nm acid, 12; m.p. 189-192"; i.r. (CHCI,): 3400-2500 (CO- 
(E 11 650); i.r. (CHCI,): 1710 (C-O), 1610 (C=C) OH), 2220 (C--N), 1710 (C=O) cm-' ; n.m.r. (CDCI,): 
cm- ' ;  n.m.r. (CDCI,) Z isomer: T 2.36 (s, 1, cis COC= T 8.86 (s, 3, CH,), 8.72 (s, 3, CH,), 8.57 (s, 3, CH,), 7.83 
CHI, 2.70 (s, 5, ArH), 8.12 (m, 51, 8.70 (s, 3, CH,), 8.75 (s, 4, CH2) ,  -1.95 (s, 1, COOH, D 2 0 ) ;  mass spectrum: 
(s, 3, CH,), 9.07 (s, 3, CH,); E isomer: T 3.43 (s, trntrs m/e 181.1 102 (5) (calcd. for C,,H,,NO,: 181.1103), 
COC=CH), 8.72 (s, CHS), 8.82 (s, CH,), 8.95 (s, CH3); 155(9), 135(1 l), l26(14), 109(29), 95(30), 87(21), 69(100), 
mass spectrum: tn/e 240.151 6 (100) (calcd. for C I 7 H 2 , 0 :  55(24), 41(86). 
240.1 514), 225(35), 21 2(51), 197(46), 184(25), 170(29), I,, B~~~~~~~ 
169(30), 155(32), 143(37), 129(80), 128(56), 115(33), Ketone 6 (5.1 g) in anhydrous benzene (10 ml) was 
97(51), 95(83), 91(73), 77(40), 69(48), 41(88), 39(40). added dropwise to a stirred, cooled solution of potassium 
3-Benzy/-],4,4-/r~tllet/ly~bicyc/o(3~2,Ojhep~all-2-otle (9) t - a m ~ l a t e  (7.5 g, 75 ml  0.85 potassium f - a m ~ l a t e  in 

Benzylidene ketone 8 (0.5 g) in ether (20 ml) was added benzene) (16) in anhydrous benzene, followed by drop- 
dropwise to a stirred suspension of l i thium a l u m i n u m  wise addition of isoamyl nitrite (3.75 g, distilled and 

hydride (0.2 g) and a l u m i n u m  chloride (0.98 g) in ether stored over molecular sieve 5A) in anhydrous benzene 
(70 ml). After addition was complete, the mixture was (10 ml). The purple solution was stirred at room tempera- 
refluxed for 24 h, then cooled. E~~~~~ hydride was ture for 24 h. The solution was cooled and diluted with 

destroyed by cautious addition of 3 N sodium hydroxide, 5% aqueous HCI. The upper layer was separated 

then water. ~h~ ether fraction was separated, dried, and and washed with saturated sodium bicarbonate solution. 

concentrated. The crude product was chromatographed The fraction was neut ra l i zed  (NaHC03) and 
over a l u m i n a  (BDH), ~ l ~ ~ i ~ ~  with petroleum ether extracted with methylene chloride. The organic fractions 
(b.p. 65") gave benzyl ketone 9, as a n  (0.29 g, 56.5%); were combined, washed w ~ t h  brine, dried, and concen- 

T ~ D ~ ~  1.5230. trated to an oil. The oil was chromatographed over 
Anal. Calcd. for c ~ ~ H ~ ~ o :  C, 84.25; H, 9.15. ~ ~ ~ ~ ~ d :  silicic acid (200 g) using a quartz column and a U.V. 

C, 84.10; H, 9.07. light to monitor the separation. Elution with chloroform 
The i.r. (film): 1730 (C=O), 1600, 1500 cm- l ;  n.m.r. (400 mi) gave a crystalline mixture of ( E ) -  and (z)- 

(CDCI,): 2.75 (s, 5, A ~ H ) ,  8.78 (s, 3, CH,), 9.13 (s, 3, oximinoketones (1.2 g). Further elution with chloroform 

CH,), 9.22 (s, 3, CH,): mass spectrum: nl/e 242.1678 (21) gave (E)-OximinoketOne (4.0 g); m.p. 128- 

(calcd. for C17H2,0:  242.1617), 173(100), 97(84), 91(43), 131.50. yield OximinOketOne was 5.2 g (88%). 
41(28). Anal. Calcd. for ClOH, ,NO2:  C, 66.27; H, 8.34; N, 

7.73. Found: C, 65.92; H ,  8.14; N, 7.55. 
3-Betrzylidetre-I,4,4-trit~~erlrylbicyclo[3.2.Ojlrep/ute (10) The i.r. (CHCI,) E isomer: 3560, 3360 (NOH), 1740 

Benzylidene ketone 8 (0.21 g), 85% hydrazine hydrate (C=O), 1630 (C=N) c m - ' ;  Z isomer: 3200 (NOH), 
(29 ml), hydrazine dihydrochloride (0.73 g), and tri- 1690 (C-0), 1580 (C=N) cm- ' ;  n.m.r. (CDCI,) E 
ethylene glycol (174 ml) were heated at 120" for 2 h. isomer: T 0.15 (br s, 1, NOH, D20) ,  8.59 (s, 3, CH,), 
Potassium hydroxide pellets (1.1 g) were added and the 8.75 (s, 6, CH,); Z isomer: s 8.65 (s, 3, CH,), 8.79 (s, 3, 
temperature was slowly raised to 230°, allowing the low CH,), 8.82 (s, 3, CH,): mass spectrum E isomer: tn/e 
boiling material to distil. The reaction mixture was held 181.1 100 (21) (calcd. for C loHlSNO2 : 181.1 103), 
at  that temperature for 1.5 h then cooled, diluted with 164(22), 136(33), 109(45), 97(74), 95(25), 69(23), 55(100), 
water, and extracted with petroleum ether. The petroleum 41(83), 39(36); Z isomer: nl/e 181.1 104 (19) (calcd. for 
ether fraction was washed with water, dried, concen- C l o H  ,, NO2 : 181.1103) 164(9), 136(31), 109(26), 98(25), 
trated, and the residual oil molec~llarly distilled (10O0/0.5 97(100), 95(14), 69(28), 67(3), 55(63), 41(63), 39(30). 
mm). Yield 0.1 1 g (58%). 

Anal. Calcd. for CI7H2, :  C, 90.20; H, 9.80. Found: C, 3-0ximino-1,4,4-trinrethylbicyc/o[3.2.0]/1epmn-2-ol (130) 
89.87; H ,  9.77. Sodium borohydride (0.050 g) in water (2 ml) was 

The U.V. (methanol): 249 nm (E 2150); i.r. (film): added dropwise to a stirred solution of oximinoketone 
1610 (conj. C=C), 1500 cm-I ;  n.m.r. (CDCI,): T 2.83 11 (0.226 g) in dimethoxyethane (8 ml). After addition 
(m, 6, A r H  and ArCH=C), 8.52 (s, 2), 8.73 (s, 6, CH,), was complete, stirring was continued for 30 min. The 
8.95 (s, 3, CH,); mass spectrum: tn/e 226.1715 (6) (calcd. solution was diluted with water, carefully acidified (HCI), 
for C l 7 H Z 2 :  226.1721), 198(9), 145(100), 129(1 I), 91(39). neutralized (NaHCO,), and extracted with methylene 

chloride. The organic fraction was dried and concentrated 
3-0xit~~ino-I,4,4-trinr~hylbicyclo[3.2.O]heptan-2-one (11) to give 0,545 (100%) of a crystalline oximino alcohol, 

In t-Bl~fyl Alcolrol 130; m.p. 69-72.5". 
Isoamyl nitrite (1.2 g) was added dropwise to a stirred Anal. Calcd. for C, ,Hl7NO2:  C, 65.54; H, 9.35; N, 

solution of ketone 6 (0.8 g) and potassium t-butoxide 7.64. Found: C, 65.11; H ,  9.25; N, 7.97. 
(1.2 g) in anhydrous t-butyl alcohol (15 ml) in a nitrogen The i.r. (CHCI,): 3580, 3300, 1070 (NOH, OH), 1680 
atmosphere. The red solution was allowed to stir for 20 h, (w, C=N) cm-I;  n.m.r. (CDCI,): T 5.65 (s, 1, CHOH), 
then was diluted with water, washed with ether, acidified 8.60 (s, 3, CH3), 8.65 (s, 3, CH,), 8.84 (s, 3, CH,); a 
(HCI), and extracted with ether. The ether fraction was small quantity of another epimer was present as shown 
dried and concentrated to an  oil (0.63 g). Crystallization by a signal at T 5.50 (CHOH);  mass spectrum: tn/e 
from ether gave oximinoketone 11, (0.25 g, 26%). The (M+ - OH) 166.1235 (16) (calcd. for C,,H,,NO: 
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Chromatography of the residue over alumina (BDH) 
gave a crystalline lactam 18 (0.047 g); m.p. 110-1 1 lo. 

Anal. Calcd. for CloHl ,NO:  C, 71.81; H, 10.25; N, 
8.37. Found: C, 72.14; H, 9.99; N, 8.23. 

The i.r. (CHCI,): 3510,3300 (NH), 1660 (C=O) cm- ' ;  
n.m.r. (CDCI,): T 7.55 (s, 2, CH2CO), 8.72 (s, 3, CH,), 
8.78 (s, 3, CH,), 8.90 (s, 3, CH,); mass spectrum: m/e 
167.1318 (3) (calcd. for C,,H,,NO: 167.1310), 152(100), 
124(50), 70(76), 58(34), 41(14), 40(12). 

2-Isopropet1yl-l-1~1e//1yIcyc/ob~rta11e Acetic Acid (20) 
Oxime 15 (0.500 g) in anhydrous ether (10 ml) was 

added dropwise to a stirred suspension of phosphorus 
pentachloride (0.680 g) and 2,6-lutidine (0.690 ml) in 
ether (50 ml). The reaction mixture was stirred in an 
atmosphere of nitrogen for 5 min, then quenched with a 
saturated ammonium chloride solution. The aqueous 
and ethereal layers were separated and the aqueous layer 
was washed with ether. The ether extracts were combined, 
washed (saturated NaHCO, solution), dried, and con- 
centrated by distillation through a 1 ft column packed 
with glass helices to give seconitrile 16. 

Crude seconitrile 16 was hydrolyzed with potassium 
hydroxide (2.5%) in ethylene glycol - triethylene glycol 
dimethyl ether (1: 1) in a sealed tube at 200" for 24 h. 
The reaction mixture was cooled, diluted with water, and 
washed with ether. The ether washing was extracted with 
sodium bicarbonate solution and the aqueous fractions 
combined. The aqueous fractions were acidified to p H  5 
with buffer solution and extracted with ether. The ether 
extract was washed (water) and dried. Cyclohexylamine 
(0.300 g) was added. The cyclohexylamine salt (0.491 g) 
of secocarboxylic acid 20 was collected (62% from 
oxime); m.p. 112.5-1 14.5". 

Anal. Calcd. for C16H29NOZ: C, 71.87; H,  10.93. 
Found: C, 71.68; H, 11.09. 

The i.r. (CHCI,): 3300-2400, 2000 ( k ~ , ) ,  1570 
(COO-) cm-' .  In another experiment, salt formation 
was omitted and secocarboxylic acid 20 was isolated as 
an oil; b.p. 108-1 10" (0.5 cm); i.r. (CC14): 3300-2500 
(COOH), 1710 (C=O), 1650, 890 (C=CH2) cm- ' ;  
n.m.r. (CC14): T 0.4 (1, m, COOH, D20) ,  5.16 (m, 1, 
C=CH2), 5.34 (m, 1, C=CH2), 8.33 (br s, 3, C=C- 
CH,), 8.67 (s, 3, CH,); mass spectrum: I I I / ~  168.1 146 (5) 
(calcd. for CloH1602 : 168.1 150), 125(29), 109(16), 108(92), 
93(23), 81 (28), 69(26), 68(100), 67(62), 43(26), 41 (28). 

c i s - 2 - 1 s o p r o p e n y l - l - n ~ e t / 1 ~ ~ / ~ ~ ~ c l o b ~ 1 e  E// I~IIo/  
(Grandisol) (I) 

A solution of lithium aluminum hydride in anhydrous 
ether (1 M, 2.5 ml) was added dropwise to a cooled 
(ice bath), stirred suspension of secocarboxylic acid 20 
cyclohexylamine salt (0.350 g) in anhydrous ether (25 
ml). The reaction mixture was stirred for 3 h then excess 
hydride destroyed by successive dropwise addition of 
water, 5% NaOH, and water. The precipitate was 
filtered and washed extensively with ether. The ether 
fractions were combined, washed successively with 5% 
HCI, brine, and dried. Excess solvent was removed by 
distillation through a 12 ft column packed with glass 
helices to give 0.189 g of an oil. Molecular distillation 
(I mm/10O0) gave racemic grandisol (0.186 g, 92%). The 
i.r. and n.m.r. are identical with the published spectra 
( lb);  i.r. (CCI,): 3620, 3500 (OH), 1640, 885 (C=C) 

cm-' ; n.m.r. (CC14): T 5.18 (m, 1, C=CH2), 5.37 (m, 1, 
C=CH2), 6.43 (t, 2, J = 7.5 HZ, CH2CH20H) ,  6.92 
(br s, 1, OH,  DrO), 8.33 (br s, 3, C=CCH3), 8.83 (s, 
3, CH,); mass spectrum: ttile 154.1354 (13) (calcd. for 
C I O H I ~ O :  154.1358), 139(1 I), 136(23), 121(25), 110(23), 
109(53), 93(22), 81(26), 69(18), 68(100), 67(53), 56(21), 
55(28), 53(27), 41(21), 39(26). 
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Mossbauer Spectra, Bonding, and Structure in Sn(1V) 
Acetylacetonates 

G. M. BAN CROFT^ A N D  T .  K.  SHAM 
Deprirfnretir qf'CIietlrisr,:v, Utii~.c.rsiry of Wc,.r!ertr Otircirio, Lotrilotr, Ot~lririo N 6 A  3K7 

Received October 1 1 .  1973 

'19Sn Mossba~~er  spectra have been recorded for sixteen acetylacetonates of the type 
R2-.CI,SnL2 (R = Me, Ph; L = anions of acetylacetone or s~~bstituted acetylacetone) and 
CI,SnHL. The q~radr~rpole splittings have been ~ ~ s e d  to assign stereochemistry for most of  
these compounds. The good correlation between q~radrupole splitting and center shift for the 
dimethyl analog~~es  shows that there is no appreciable Sn 5s character in the Sn-L bonds. The  
correlation between 'J~I~,.-,,,, and center shift for the dirnethyl compo~rnds is consistent 
with the above interpretation, and indicates that changes in [Y(O),,]' are dominant in deter- 
mining both the center shift and J val~res for these compo~rnds. The Mossba~rer parameters for 
the compo~rnds containing a n e ~ ~ t r a l  ligand show that the bonding properties of HL are very 
similar to those of L. 

The dimethyl compounds all show a prono~rnced Goldanskii Karyagin asylnn~etry in their 
spectra. The direction of this asymmetry is shown to be consistent with a positive quadr~~po le  
splitting for all the dimethyl compounds. 

Les spectres de I'effet Mossbauer du ' ' 3 n  ont etC enregistres po~rr seize acetylacetonates d u  
type R2-,CI,SnLZ (R = Me, Ph; L = anions de I'acetylacetone ou de I'ncetylacetone s ~ ~ b -  
stituke) et CI,SnHL. Les multiplicitts quadr~~polaires ont ete utilisees pour attrib~rer la stereo- 
chimie de la plupart de ces con~posCs. La bonne correlation cntre la rnultiplicite q~radrupolaire 
et le dtplacement ~ L I  centre po~rr les analogues du dirnethyle montre qu'il n'y a pas de caractere 
Sn 5s appreciable dans les liens Sn-L. La correlation entre 'JI19,,,-,,,, et le deplacement ~ L I  

centre pour les coniposes din.~ethyles est compatible avec I'interpretation precedcnte; elle 
i n d i q ~ ~ e  que les changements dans [y~(0),.]' sont dominants p o ~ ~ r  la determination du diplace- 
ment d ~ r  centre et des va!eurs de J de ces con~poses. Les parametres de I'elTet Mossba~~cr po~rr les 
cornposes contenant Lrn ligand neutre montrent que les propriktes de liaison de HL sont ires 
similaires 6 celles de L. 

Les coniposCs dimethyles montrent tous Lrne asymetrie marq~ree de Goldanskii-Karyagin 
dans leur spectre. II est rnontre que la direction de cette asymetrie est compatible avcc Line n l~~ l t i -  
plicite d'un quadrupole positif pour taus les colnposes din1etIiylCs. 

[ T r a d ~ ~ i t  par le jo~lrnal] 

Can. J .  Chem., 52, 1361 (1974) 

Introduction 
A recent structural determination of 

Me,Sn(acac), (1) confirms the trans-structure 
proposed from Mossbauer quadrupole splittings 
(2). However, there is still controversy over the 
structures of related compounds. For example, 
McGrady and Tobias (3) assigned the trans- 
configuration to  Ph,Sn(acac),, whereas Moss- 
bauer quadrupole splittings (2) strongly sug- 
gested the cis-structure. Also, the mixed Me, Cl 
and Ph, Cl complexes have been assigned the 
trans-structure in solution (4), whereas recent 
n.m.r. studies (5) strongly suggest that these 
compounds and Ph,Sn(acac), have the cis- 
configuration. A recent X-ray report also gives 
the cis-configuration for CI,Sn(acac), (6). 

'To whom all correspondence should be addressed. 

As discussed in ref. 1 ,  it is generally felt that in 
the trans-R,Sn compounds, most of the Sn 5s 
character will be concentrated in the Sn-R 
bonds, and the SnL, bonds will involve only 
Sn 5p character. However, Parish and  Platt (7) 
have pointed out that in cis-R2Sn linkages the 
Sn 5s character in the Sn--R bonds should be 
substantially less and Mossbauer center shift 
values were consistent with this interpretation. 

We have prepared and obtained Mossbauer 
spectra of sixteen substituted acetylacetonates of 
the type R,-,Cl,SnL, (R = Me, Ph, L = anions 
of acetylacetone (AcAc), trifluoroacetylacetone 
(TfAc), hexafluoroacetylacetone (HfAc), ben- 
zoylacetone (BzAc), and dibenzoylmethane 
(BzBz)) and C1,SnHL with two objectives in 
mind; first, to use Mossbauer quadrupole 
splittings to  assign the stereochemistry of these 
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compounds; and second, to use the variations in 
center shift (c.s.), quadrupole splitting (q .~ . ) ,  and 
2~119,,-,,, to examine the Sn-L and Sn-Me 
bond characteristics. In addition, we have been 
able to use the observed Goldanskii asymmetry 
in the spectra of the dimethyl compounds along 
with the recent X-ray data to determine the sign 
of the quadrupole splitting for the dimethyl 
compounds. 

Experimental 
The compounds were prepared using methods available 

in the literature (3, 4, 8-1 I), and the purity of the com- 
pounds was checked by m.p., infrared, n.m.r., chemical 
analyses, and Mossbauer spectra. The melting points and 
analyses (observed values in parentheses) for the new 
compounds are: ( cH , ) , sn (TfA~)~ ,  m.p. 105-106, C 32.3 
(32.0), H 3.14 (2.86); (C,H,)2Sn(TfAc)2, m.p. 66-68, 
C 45.6 (45.8), H 3.1 1 (2.95); and Cl,Sn(BzAc),, m.p. 
220-221, C 46.9 (47.7), H 3.51 (3.44). 

The tin proton 'J l lns , -cH3 coupling constants were 
obtained for the dimethyl acetylacetonates in deutero- 
chloroform solution. They are in good agreement with 
those reported in the literat~lre (3) (in parentheses). The 
ZJ119s,-c,3 values (in Hz) for these compounds are 
Me2Sn(AcAc),, 99.2 (99.3); Me,Sn(BzAc),, 98.4; 
Me2Sn(BzBz)2, 97.2 (96.9); Me,Sn(TfAc),, 101.0; 
Me,Sn(HfAc),, (103.4). Errors are i 0.2 Hz. 

Mossbauer spectra were obtained using a 5mCi 
BaSnO, source at room temperature and an Austin 
Science Associates spectrometer. All absorbers were at 
80 OK. Velocity calibration was carried out using a I mil 
99.99% icon foil. Spectra were fitted to Lorentzian line 
shapes using the program written by A. J. Stone. A 
typical spectrum is shown in Fig. I .  All center shifts are 
reported with respect to the center of a room temperature 
BaSn0,-BaSnO, spectrum. 

Results and Discussion 
Structure and Quaclrupofe Spfittitlgs 

The Mossbauer parameters for all compounds 
are reported in Table 1 along with the previously 
reported values for Me,Sn(AcAc), (I), 
Ph,Sn(AcAc), (6), Cl,Sn(AcAc), (11), the 
[Cl,SnAcAc]- compounds (15, 16) and related 
phenyl tin oxinate compounds (19, 20). Our 
parameters are in good agreement with these 
previously published values, but we have ob- 
tained a small quadrupole splitting for 
Cl,Sn(AcAc), which was previously not deter- 
mined. The large decrease in X2 on going from a 
one peak to  a two peak fit for c l , S n ( B z A ~ ) ~ ,  
CI2Sn(AcAc),,Cl4Sn(HAcAc), and CI4Sn(HBzAc) 
strongly supports the fitting of two peaks to these 
spectra. For example x2 decreased from 655 to 
547 for a one and two peak fit respectively to 
CI,Sn(AcAc),. The error in these small quad- 

V E L 3 C I T Y  (mm s - ' i  

FIG. 1. Mossbauer spectr~lm of CI,Sn(HBzAc) at 
80 OK. 

rupole splittings is, of course, much larger than 
for the resolved splittings. 

It is immediately apparent that  the dimethyl 
compounds have quadrupole splittings in the 
4 mm s-' range, while the diphenyl compounds 
have quadrupole splittings in the 2 mm s-' range. 
As discussed previously (2, 13), these splittings 
strongly indicate that the dimethyl compounds 
have trans-structures while the diphenyl com- 
pounds have cis-structures. The dichloro corn- 
pounds have already been assigned the cis- 
structure (6 ) ,  and the similarity of the  quadrupole 
splittings for C12Sn(AcAc), and Cl,Sn(HAcAc) 
which must be cis is entirely consistent with this 
cis-structure (13).' 

However, it is apparent that the  cis-Ph2SnL2 
isomers give substantially larger quadrupole 
splittings than that  expected on an additivity 
model basis, and the discrepancy between ob- 
served (q.s.) and that predicted increases as we 
increase the electronegativity of L. Thus, if we 
use the previously derived partial quadrupole 
splittings (p.q.s.) for  Me and Ph of - 1.03 mm s- '  
and -0.95 m m  s- ' respectively (14), we can 
derive p.q.s. values for AcAc/2, BzBz/2, and 

2Assuming the bonding properties of AcAc and HAcAc 
are identical. See next section. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BANCROFT A N D  SHAM: STRUCTURE O F  Sn(lV) ACETYLACETONATES 

TABLE 1. Mossbauer parameters for Sn(1V) acetylacetonates* 

Center Quadrupole 
Compound shift splitting 

1 tratzs-Me,Sn(AcAc), I .  16 ( I .  18).f +4.02 (3.93)i 
2 tratzs-Me,Sn(BzAc), 1.06 + 3.87 
3 tratls-Me,Sn(BzBz), 1.18 +4.08 
4 trntls-Me2Sn(TfAc), 1.32 +4.36 
5 fratrs-Me,Sn(HfAc), 1.43 $4.47 
6 cis-Ph,Sn(AcAc), 0.71 (0.74)t 2.07 (2.14)t 
7 cis-Ph,Sn(AcBz), 0.73 2.23 
8 ~is-Ph~Sn(BzBz)~ 0.73 2.15 
9 cis-Ph,Sn(TfAc), 0.89 2.53 

10 cis-Ph,Sn(HfAc), 1.18 2.71 
11 ci~-C1,Sn(AcAc)~ 0.15 (0.25)l 0 .54kO.  10 
12 ci~-Cl~Sn(BzAc)~ 0.08 0 .54+0.10 
13 cis-CI,Sn(HAcAc) 0.41 0.70+0.10 
14 cis-CI,Sn(HBzAc) 0.47 0 .65+0.10 
15 [CI,SnAcAc][PyH] (0.47)s (-0) 
16 [C14SnAcAc][Et3NH] (0 .495 (-0) 
17 cis-CISnMe(AcAc), 0.61+0.05 1 .78+0.05 
18 c i s -CIS~P~(ACAC)~  0.61 k0 .05  1 .77+0.05 
19 c i~-Ph~Sn(ox in )~  (0.73)11 (1.65))l 
20 ci~-C1SnPh(oxin)~ (0.67)11 (1.48)Il 

-. -- 
*In mm s - '  a t  80°K. Errors are t 0 . 0 2  mm s-I except where specified. Line widths 

for all spectra are 1.10 t 0.10 mm s- ' .  x 2  values for all speclra are 520 t 50 for - 500 
degrees of freedom. Values in parentheses have been reported previously. 

?Reference 2. 
SReference 29. 
$Reference 1 1 .  
\[Reference 13, Table XXXV. 

HfAc/2 of -0.03, -0.01, and +0.09 mm s-',  
respectively, from the trans-Me,Sn compounds. 
Using these values, we can predict the quad- 
rupole splittings for cis-Ph,Sn(AcAc),, cis- 
Ph,Sn(BzBz),, and cis-Ph,Sn(HfAc), of - 1.84, 
- 1.88, and -2.08 mm s-', compared to the 
observed quadrupole splittings of 2.07, 2.15, and 
2.71 mm s-', respectively. The signs of these 
quadrupole splittings are quite likely positive 
since other cis-Ph,Sn compounds have positive 
signs (15). The discrepancy in the magnitude of 
the quadrupole splittings (as is the proposed 
discrepancy in the signs (15)) may be due to 
increasing distortion from ideal geometry from 
L = AcAc to L = HfAc. 

The structure of CISnMe(AcAc), and 
CISnPh(AcAc), cannot be obtained from the 
quadrupole splittings. The predicted quadrupole 
splittings for the trails-Me and Ph isomers are 
+ 1.94 and + 1.78 mm s- '  respectively, while the 
predicted splittings for the cis-isomers are + 2.03 
and + 1.87 mm s-' respectively, compared to the 
observed values of I .78 and 1.77 mm s-'. Al- 
though the observed values are closer to  those 
predicted for the trans-isomers, the cis and trans 
predicted quadrupole splittings are too similar to 

assign these structures with any confidence from 
quadrupole splittings. From other evidence, it 
seems likely that these two conlpounds have the 
cis-structure. First, recent n.m.r. studies suggest 
that these con~pounds are the cis-isomer in 
solution (5), and dipole moment data (16) sug- 
gest that the related compound ClSnPh(oxin), 
(20, Table I )  has the cis-configuration. 

Finally, it is interesting to notice that the 
predicted quadrupole splitting for the cis-ClSnR 
isomer is larger than, and of the same sign as, the 
predicted quadrupole splitting for the traiis- 
isomer. It is apparent then that the trans-isomer 
need not always have the larger quadrupole 
splitting. 

Bonding: Center Shifts and ' ~ 1 1 9  ,,- ,,,, 
Tt is now generally recognized (I) that  bonding 

to the axial Me groups in trans-Me,Sn(AcAc), 
involves most of the S n  5s character, while the 
bonds to  the equatorial acetylacetonates involve 
mainly Sn 5p electrons. The center shift -quad- 
rupole splitting correlation (Fig. 2) strongly 
supports the above argument and moreover 
suggests that Me-Sn-Me bonds contain 
virtually all the Sn 5s character for all these 
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ez ez 
O AcAc 

Fro. 2. Plot of c.s. u s  q.s, for trotls-MeZSnLZ com- 
pounds. 

compounds, and that the Sn-L bonds only 
involve Sn 5p character. As the electronegativity 
of the eq~~a to r i a l  ligands increases the p orbital 
imbalance [ -  Npz + +(Np, + Np,.)] becomes more 
negative, the field gradient beconies more neg- 
ative, and the q ~ ~ a d r u p o l e  splitting becomes 
more positive (15). If the chelate ligands are only 
involved in bonding to  Sn 5p electrons, a with- 
drawal of p electrons increases [V(0)j,]2 by 
deshielding and the correlation between c.s. and 
q.s. with negative slope can be readily rational- 
ized. This correlation is very similar to that for 
IX c o m p o ~ ~ n d s  (X = Na, K,  Br, C1, 1) (17) in 
which the IX bond is thought to involve only I 5p 
orbitals. 

If the Sn-L bond contained any appreciable 
5s character, the c.s. would be expected to 
decrease with increase in electronegativity of L, 
because the c.s. is much more sensitive to 
changes in s orbital occupancy than p orbital 
occupancy (18). Thus, if there was any appreci- 
able s character in the Sn-L bonds, we would 
expect a c.s.-q.s. correlation of positive slope, as 
for Fe compounds (I 7). 

It is interesting that the c.s. and q.s. are much 
more sensitive to changes in L i n  these Sn com- 
pounds than in the subst i t~~ted Fe(AcAc), 
conipounds s t ~ ~ d i e d  earlier (19). This greater 
sensitivity is probably mainly accounted for by 
the lack of any s character in the Sn-L bonds, 
and the lower local3 symmetry in the Me2Sn- 
(AcAc), compounds than in the Fe(AcAc), 
compounds. 

Tonsidering just the nearest neighbor atoms to Sn 
and Fe. On this basis Fe(AcAc), has local octahedral 
symmetry of oxygen about the iron. 

The correlation between 2J, l 9  Sn- c H 3  and the 
center shift (Fig. 3) is entirely consistent with the 
lack of Sn 5s character in the Sn-L bonds in the 
dimethyl compounds. Assuming that  the domi- 
nant term determining 'J is the Fernii contact 
term, we assume with Pidcock et al. (20) that in a 
related series of compounds such a s  the dimethyl 
series, the factors affecting 2Jl19s,-,H3 are just 
[ V ( 0 ) j , ] S ~ ,  a2 (the s character in the Sn-C 
bond), and the degree of covalency in the tin- 
carbon bond. It is also convenient t o  separate the 
"'Sn center shift into similar terms: 

Center shift x [+(0)js] xbond5 ct2 x covalency 

Pidcock has pointed out (21) that  the n.m.r. 
[+(0),,12 refers to the square of the amplitude of 
the atomic wave function at  the nucleus, and the 
a2 and covalency expressions represent how 
much this orbital is pop~~la ted  by bonding. In 
contrast, the Mossbauer meaning o f  [Y(O)~,]' has 
it~cl~rdec/ these three terms, but when comparing 
'J and the C.S. it seems convenient t o  separate the 
C.S. as the J value. Since the c.s.-q.s. correlation 
indicates that v i r t~~a l ly  all the Sn 5s character is 
associated with the Sn-C bonds, cr2 and the 
covalency are constant. Changes in [$(0),,12 are 
thus dominant, and  [+(0)j,]2 only varies due to 
shielding effects, i.e., changes in 5p orbital 
populations. The positive correlation is consis- 
tent with this, i.e., as the electronegativ~ty of L 
increases, p electron density is delocalized onto 
the acetylacetonate ligands, [$(o)~,]' increases, 
and both the C.S. and J values increase. The 
correlation is in contrast to the  recent ones 
reported ( 1  2) in which the s character of the 
bonds and Bent's rule were dominant in deter- 
mining the magnitude of 'J. 

AcAc 

I I I I I I I 
1.0 1 1  I .  1.3 1.4 1.5 1.6 

C.S. ( rnm s" ) 

FIG. 3. Plot of 2J119,,-c,,, I : S  C.S. for MezSnLz 
compounds. 
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BANCROFT AND SHAM: STRUCTURE O F  Sn(1V) ACETYLACETONATES 1365 

The diphenyl compounds all have a substan- 
tially lower c.s. than the dimethyl compounds, 
and this smaller C.S. has been rationalized in 
terms of a smaller 5s character in the Sn-Ph 
bond than in the Sn-Me bond (7). On this 
argument, there will be an appreciable s charac- 
ter in the Sn-L bonds in-the diphenyl com- 
pounds, and as the electronegativity of L in- 
creases we would expect a much smaller increase 
in c.s. (or perhaps a decrease) than in the di- 
methyl compounds, and a poor or negative 
correlation between C.S. and q.s. The c.s.-q.s. 
correlation is not good, but there is still a 
substantial increase in c.s. as the electro- 
negativity of L increases, indicating that any 
change in Sn-L 5s character between the 
dimethyl and diphenyl compounds is very much 
smaller than suggested by the simple group 
theory arguments presented previously (7). 

Finally, it is interesting to note that the center 
shifts for the C1,SnHAcAc and [Cl,SnAcAc]- 
compounds are identical although the narrow 
line widths of 0.80 mm s-' for the [Cl,SnAcAc]- 
compounds indicate smaller q~ladrupole split- 
ting than for the C1,SnHAcAc compounds. These 
similar parameters indicate that the bonding 
properties of HAcAc and AcAc- are very 
similar in these tin compounds. 

Goldanskii-Karyagin Asymmetry 
All of the dimethyl compounds in this study 

I gave pronounced asymmetry in their powder 
I 

I random spectra. To ensure that orientation 
effects were minimized, some of the spectra were 

I taken on very finely ground powders which were 
dropped from a pipette into a plastic sample 
holder. The area ratio I,/I- (I, is the area of the 
line to positive velocities) was 0.85 + 0.05 for all 
dimethyl compounds with the standard deviation 

I in any one I,/I- being no larger than 0.05. The 
I area ratio for Me,Sn(AcAc), (0.86 0.05) is in 

reasonable agreement with that reported by 
Herber et al. (0.91) (22). Similar Goldanskii- 
Karyagin effects (23, 24) have been documented 
for organo-tin compounds (22, 25, 26) and iron 
compounds (27). Flinn et al. (28) showed that the 

I ratio of the areas of the two lines (R = I ;/I;) 
depends on the difference (Z2) - (X2), where I (Z)' and (X2) are the mean square vibrational 
amplitudes parallel and perpendicular, respec- 
tively, to the Z electric field gradient axis. In our 
trans-Me2SnL2 compounds, (Z2) corresponds to 
the mean square vibrational amplitude of the tin 

along the CH3-Sn-CH, bond axis (the Z EFG 
axis), while (X2) corresponds to the mean square 
vibrational amplitude in the plane of the 
acetylacetonates. If (Z2) > (X2), then R < 1; 
if (Z2) < (X2), then R > 1 (28). This result can 
be used in two important ways, if (Z2) - (X2) 
is known from crystallographic studies. First, if 
Mossbauer spectra can be obtained at room 
temperature, the crystallographic <z2) and 
(X2) can be used to calculate R to compare with 
the measured R (22, 25). Spectra cannot be 
obtained at room temperature for our com- 
pounds, so such quantitative comparison is 
ruled out. More qualitatively, i f  the sign of 
(Z2) - (X2) is known from crystallographic 
studies, R can be used to determine the sign of 
the quadrupole splitting (27). In our con~pounds, 
the X-ray study of Me2Sn(AcAc), shows that 
(Z2) > (X2), and R must be less than 1. This 
identifies the positive velocity line as the -k$ line, 
and immediately indicates that the sign of the 
q.s. for all the dimethyl compounds is positive. 

A positive value of the q.s. has already been 
measured for trans-Me,Sn(AcAc), using the 
magnetic field technique (15). However, our 
results do indicate the considerable potential use 
of the Goldanskii-Karyagin asymmetry for 
obtaining the sign of the q.s. in high symmetry 
compo~lnds if the sign of (Z2) - (X2) is known 
from a crystallographic study. 

We thank  the National Research Council of Canada 
for a n  operating grant, and Dr. A. Pidcock for a helpful 
discussion. 
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The Crystal Structure of cis-Chlorobis(triethy1phosphine)- 
1,lO-phenanthrolineplatinum(I1) fluoroborate, (PtCl(PEt3)z(phen))BF4, 

a Complex Containing Monodentate 1,lO-Phenanthroline 

GORDON W. BUSHNELL, KEITH R.  DIXON, A N D  MASOOD A. KHAN 
Deprrrt/netlt oJ 'Cl~e/ l~ ist ,y ,  Urlil~er.sity of Vic.!oricr, Victo/.icr, Brit isl~ Col1r/i7l>io 

Received October 22, 1973 

The crystal structure of cis-chlorobis(triethylphosphine)-l,lO-phenanthrolineplatinum(II) 
fluoroborate has been determined and refined to an R-value of 0.051. The space group is P2, Ic  
and the cell dimensions are a = 0.9215(2), b = 1.1991(3), c = 2.6832(6) nm, p = 99.38(3)", 
with4 molecules per unit cell. The interatomicdistances to Pt are: Pt-N(I), 213.7(19); Pt-N(2), 
284.3(20); Pt-P(I), 223.9(7); Pt-P(2), 224.1(6); Pt-CI, 236.1(6) pm. 

The coordination number and geometry is discussed in terms of 5-coordinate tetragonal 
pyramidal and 4-coordinate square planar models, the latter being regarded as the more accept- 
able. 

Monodentate o-phenanthroline is thus observed for the first time in the solid state. The struc- 
ture of the complex in solution is discussed with the aid of conductance and nuclear magnetic 
resonance results which suggest the possibility of a novel fluxional system. 

La structure cristalline du fluoroborate du cis-chlorobis(triethylphosphine)-1 ,lOphCnantroline 
de platine(I1) a etC determinee et affinCe B une valeur de  R = 0.051. Le groupe d'espace est  
P2,lc et les dimensions de la maille sont a = 0.9215(2), b = 1.1991(3), c = 2.6832(6) nm, 
0 = 99.38(3)", avec 4 molCcules par maille elementaire. Les distances interatomiques pa r  
rapport au Pt sont.  Pt-N(I), 213.7(19); Pt-N(2), 284.3(20); Pt-P(I), 223.9(7); Pt-P(2), 
224.1(6); Pt-CI, 236.1(6) pm. 

Le nombre de coordination et la gComCtrie sont traites en termes de modeles de pyramide 
tetragonale de coordonnCe-5 et de  plan carre de coordonee-4, le dernier est considere le plus 
acceptable. 

L'o-phenantroline monocoordonne est ainsi observe pour la premiere fois B l'etat solide. 
La structure de complexe en solution est Ctudiee B l'aide de res~lltats d e  conductance et d e  
resonnance magnetique nucleaire qui suggerent la possibilite d'un nouveau systeme B flux. 

[Traduit par le journal] 
Can. J .  Chem., 52, 1367 (1974) 

Introduction resonance spectra were recorded at  60 MHz in acetone/ 

~h~ most common mode of coordination of dichloromethane solution using tetramethylsilane as in- 
ternal reference on a Varian HA60 spectrometer with a 

platinum('') is a four coordinate 'quare planar variable low temperature accessory. 3 1 P  nuclear magnetic 
arrangement ( 1  1. The existence of five coordinate resonance spectra were recorded at 40.5 MHz in dichloro- 
complexes of platinum(I1) has also been reported methane solution using H ,Po4  as external reference on 

on the basis of spectroscopic (2-5) and X-ray a Varian XL-100 spectrometer with noise decoupling of 

diffraction (6-7) studies. In view of the rarity of P r ~ t O s ~ ; e s  of Weisanberg and Precession photographs 
five coordinate platinun~ complexes cveconsidered obtained using ~ ~ ~ ~ ~ ~ d i ~ ~ i ~ ~ ,  ~h~ space group 
it of interest to undertake a crystal structure study P2,/c was established unequivocally from the systematic 
of (PtCl(phen)(PEt,),)(BF,), since conductance 
and proton magnetic resonance studies had sug- 
gested a five-coordinate structure as the most 
likely for this complex in solution (8). However, 
the X-ray results for the solid show a very un- 
usual structure with essentially monodentate 
phenanthroline. To our knowledge this is the first 
example of such a system. 

Experimental 
The preparation and characterization of the complex 

have already been described (8). 'H nuclear magnetic 

absences. Cell parameters were measured using precession 
photographs. A crystal with dimensions (0.09 x 0.6 x 
0.07 mm) was mounted along the b axis on a Picker 4- 
circle diffractometer. A set of 52 28 measurements were 
obtained and the cell parameters were refined by the 
method of least squares using ?, = 71.069 pm. The crystal 
data are listed in Table 1. The density was measured by 
floating the crystals in a solution of carbon tetrachloride 
and bromoform. Intensity measurements were made 
manually at room temperature on a Picker 4-circle 
diffractometer using MoK-radiation and a Zr filter. 
Reflections were scanned in the 8/28 mode for  1 min at 
a rate of Z0/min in 28. The instrument was operated in the 
bisecting position with o = 0. Background measure- 
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T A ~ L E  1. Crystal data for [PtCl(pheu)(PEt3)~IBF4 compared to electron dens~ties of 13.2 x e pm-3 
-- . - - - - - - - - -- - _  - -_ __ for the P atom and 5.91 x 10-% for the N atom. 
System Monoc l~n~c  The final positional and temperature factor parameters 
Space group P2,lc (No. 14) are listed in Tables 2 and 3. The structure factor table IS 

Molecular formula c ~ , H ~ , ~ c ~ F , N , ~ , ~ ~  in the Depository for Unpublished Data.' 
Molecular weight 733 84 
Cell d~mens~ons  n = 0.9215 (2) nm Results 

8 = 1.1991 (3)  nm The crystal structure of [PtCl(phen)(PEt,),]- 
c = 2.6832 (6) nm 
a = 99.38 (3) deg BF, consists of separate [~tCl(phen)(PEt,),]+ 

Cell volunle 2.9253 ( 1  I )  nm3 cations and [BF,]- anions. The interatomic dis- 
Density (calculated) 1.656 _$ c n ~ - ~  tances, bond angles, and least squares planes are 
Density (observed) 1 657 g cm-3 given in Tables 4-7. A perspective view of the unit 
No. of molecules per unit cell 4 
Absorption coefficient (MoK?) 52 6 cm- 

cell contents is shown in Fig. 1. The cell origin is 
-- .- at the lower left back and the axes are labelled. 

Some important crystal packing forces are pro- 
ments were for 30 s at each end of the scan. The orienta- vided bv F . . . H C  tvDe contacts as listed in 
tion of the crystal was checked twice a day using three Table 8. The F . . , C contacts are shown as 
reflections chosen for this purpose. One of the three re- 
flections was used as an intensity standard and measured broken lines in Fig. 1 .  Assuming that the hydro- 
for every batch of 30 reflections. A total of 1859 inde- gen are placed On . . . lines, and a 
pendent reflections (28 I 35") was measured, 1512 re- C-H bond distance of 109 pnl, the F . . . H dis- 
flections were considered as "observed" using the cri- tances would vary between -220-250 pm. 
terion that the net count must be > l o ,  where o is the A stereoview of the [ p t ~ l ( ~ h ~ ~ ) ( p ~ t , ) , ] +  
standard deviation of the background count. The inten- 
sities were corrected for Lorentz and effects cation is shown in Fig. 2. theatomsare labelled 
but no absorption correction was applied. and the covalent bonds are indicated as solid 

St~.rrcflrre Defert l~i t~nfiot~ 
The structure was solved by the heavy atom method. A 

set of programs supplied by Penfold (9) was used for all 
the calculations. These programs are based upon ORFLS, 
FORDAP, ORTEP, and ORFFE. The fill1 matrixwas used 
in refinement and in thecalculation of standard deviations. 
The atomic scattering factor curves for Pt, P, and CI 
were thosecalculated by Cromer and Waber (10). Atomic 
scattering factors for F, N, C, and B were taken from the 
International Tables (I I). All the atoms were assumed 
to be uncharged, and a correction was applied for the 
anonlalous dispersion of Pt (12). A three-dimensional 
Patterson function was used to get the coordinates of the 
Pt atom. A subsequent Fourier synthesis showed the 
position of Cl, 2 P's, and 4 other non-hydrogen atoms. 
The coordinates of these 8 atoms and the scale factor 
were refined by minimization of w(lF0l - 1FLI)'. The 
weights were derived from the counting statistics and an 
experimentally determined instrument instability factor 
(0.04) using the formulae given by Stout and Jensen (13). 
No systematic variations of IIJ(IF~',( - IFc',)' were found 
during refinement. The "~~nobserved" reflections were 
included in the structure factor calculations but excluded 
from the least squares sums. The remaining light atoms 
were located using difference syntheses. The refinement 
was then continued with anisotropic temperature factors 
for the Pt, CI, P, and F atoms and isotropic temperature 
factors for other non-hydrogen atoms. The final R-values 
were 0.051 ("unobserved" reflections excluded) and 0.073 
(all reflections). Defining the weighted R value as 
( Z W A ' / ~ V F ~ ) ' / ~ ,  the corresponding weighted R-values 
were 0.060 and 0.068. Shifts on the final cycle were less 
than 3"/, of the standard deviations. A final difference map 
gave no indication of any nlisplaced atom. The maxinlunl 
electron density difference was 8.63 x lo-' e pm-3 as 

11nes. 
The interatomic distances between platinum 

and the five closest atoms are listed in Table 4(a). 
The first row gives the distances of the two phen 
nitrogen atoms from platinum. The two distances 
are unequal and indicate covalently bonded N( l )  
and almost uncoordinated N(2). The Pt-N(1) 
distance is consistent with the reported distances 
in [Pt(PEt,),(N0,)2] (210 pm) (14); PtC1,- 
(C5H5N)(C8Hl , N )  (210 pm) (15); PtC1(C5H5N)- 
(C,H, ,0)' (220 pm) (16). The second row lists 
the two Pt-P distances, which are equal and in 
accord with the disrances found in [PtCI,PEt,]- 
(222 pnl) (17); [P~ ,C~, (PE~, ) , ]~+  (225 pnl) (17); 
trans-[PtCl,(PEt,),] (230 pni) (18). A single en- 
try in the third row gives the plat in~~ni  to chlorine 
distance. This distance indicates that chlorine is 
bonded to platinum. The Pt-Cl distance in 
[~tCl(~hen)(PEt , ) , ]+ is consistent with the value 
of Pt-C1 bond lengths reported for [PtCl,PEt,]- 
(cis to P 230 pm, trans to P 238 pn?) (1 7); [Pt2Cl,- 
(PE~,),]" (240 pm) (1 7); trans- [PtCl,(PEt,),] 
(229 pm) (1 8). 

'Copies may be obtained at a nominal charge, upon 
request, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

,C5H5N = pyridine, C,H,,N = pyridinium prop- 
ylide, CBH,,O = 2-methoxycyclo-octa-1,5-dienyl. 
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B U S H N E L L  E T  AL.:  C R Y S T A L  STRUCTURE O F  (PtCI(PEtl)?(phen))BF4 

TABLE 2 

(a) Positional parameters* for heavy and F,-F, atoms 

Atom X Y Z 

'Estimated standard deviations in parenthesis. 

(b) Anisotropic temperature parameters* for heavy and Fl-F, atoms 
- .- .. . . 

Atom UI I u2 2 u3 3 u12 u13 u2 3 

Pt 41( 1) 57( 1) 51( 1) - I (  1) 13( 1) 9( 1) 
CI 44( 4) 90( 5) 90( 5) 2( 4) 11( 4) 11( 5) 
P(l) 49( 4) 59( 5) 64( 5) -4( 4) lo( 4) 6( 4) 
P(2) 55( 5) 58( 5) 76( 5) -3( 4) 12( 4) 6( 4) 
F(1) 168(18) 148(17) 179(19) - 97(16) -43(16) 52(15) 
F(2) 156(16) 185(20) 108(14) - 79(15) 14(12) 39(13) 
F(3) 21 6(27) 412(48) 175(24) 1 l(27) 88(20) - 104(26) 
F(4) 148(18) 127(20) 302(31) 8(15) 28(18) 33(19) 

.- 

*T =. exp - 2n2(U,lh2a*2 + U22k2b*2 f U3312~*2  t 2Ullhka*b* + 2Ul3kIa*c* + 2U2,klb*c*). Tabulated valuesshould 
be mult~plled by 10 to obtain mean square amplitudes In pm2. 

TABLE 3. Positional and isotropic temperature parameters* N(l), N(2), C(1)-C(24) 
and B atoms 
-- -- .- 

Atom X Y Z U x lo- '  ( ~ m ) ~  
. - - - 

N(1) -0.2583(18) 0.3759(15) 0.1420(7) 53(5) 
N(2) - 0.1850(20) 0.3756(17) 0.0427(7) 73(6) 
c(1) - 0.3243(25) - 0.0004(19) 0.0365(9) 63(8) 
c(2) - 0.2536(29) 0.0656(23) - 0.0064(10) 94(9) 
C(3) - 0.0538(25) - 0.0564(22) 0.1071(9) 70(8) 
c(4) - 0.0906(29) -0.1835(24) 0.0950(10) 95(10) 
c(5) -0.3511(28) - 0.0420(22) 0.1378(10) 80(9) 
C(6) - 0.2934(36) - 0.0274(29) 0.1939(13) 134(13) 
c(7) 0.0948(29) 0.1501(25) 0.2102(11) 9x9) 
C(8) 0.0138(33) 0.1857(25) 0.2509(12) 105(10) 
c(9) 0.0800(25) 0.3737(21) 0.1574(9) 70(8) 
c(10) 0.2495(27) 0.3920(22) 0.1741(10) 82(9) 
(711) 0.1659(26) 0.1642(21) 0.1100(10) 75@) 
c(12) 0.1289(28) 0.2015(23) 0.0570(10) 89(9) 
C(13) - 0.2675(23) 0.4609(19) 0.0576(8) 48(6) 
C(14) - 0.2994(22) 0.4657(20) 0.1073(8) 49(6) 
c(15) - 0.2859(23) 0.3849(19) 0.1876(9) 526) 
C(16) -0.3577(25) 0.4756(21) 0.2056(9) 65(8) 
~ ( 1 7 )  - 0.4047(23) 0.5639(19) 0.1715(9) 54(8) 
C(18) -0.3773(23) 0.5578(20) 0.1222(8) 53(6) 
C( 19) - 0.4288(25) 0.6455(22) 0.0863(9) 68(8) 
0 )  - 0.4047(25) 0.6347(21) 0.0384(9) 678) 
c(21) -0.3221(24) 0.5461 (20) 0.0216(9) 56(8) 
C(22) - 0.2977(24) 0.5379(21) - 0.0284(9) 62(8) 
C(23) - 0.21 67(25) 0.4532(21) - 0.0429(9) 66(8) 
c(24) -0.1585(26) 0.3700(22) -0.0053(10) 75(8) 
B - 0.2972(50) 0.3017(41) 0.3282(19) 96(13) 

'Estimated standard deviations are given in parentheses. 
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C A N .  J .  CHEM. VOL. 5 2 ,  1974 

(a) The platinum coordination -- - 

Bond Length (pm) Bond Length (pm) 

(b) The phenanthroline ligand bonds 

Bond Length (pm) Bond Length (pm) 
- 

N(1)-C(14) 143.3(26) N(2)-C(13) 137.3(26) 
N(1)-C(15) 129.4(26) N(2)-C(24) 135.1(27) 
C( 15)-C(16) 139.8(28) C(24)-C(23) 145.7(31) 
C(16)-C(I7) 142.0(28) C(23)-C(22) 135.5(29) 
C(17)-C(18) 138.9(26) C(22)-C(21) 139.9(28) 
C(I8)-C(19) 145.2(29) C(2 1)-C(20) 142.2(29) 
C(l8)-C(14) 141.1(27) C(21)-C(13) 143.9(28) 
C(13)-C(14) 141 .2(26) C(20)-C(19) 134.8(29) 

-- 

(c) The triethylphosphine ligand bonds 

Bond Length (pm) Bond Length (pm) 

p( 1 )-c( 1 ) 183.2(24) P(2)-C(7) 185.7(29) 
p(1 )-c(3) 1 87.1(24) P(2)--C(9) 185.8(25) 
p(1 )-C(s) 187.1(26) P(2)-C(I1) 192.2(25) 
c (  1 162.1(32) C(7)-C(8) 148.3(36) 
c(3)-c(4) 158.4(33) C(9)-C(I 0) 156.9(34) 
C(5)-C(6) 152.3(36) C(11)-C(12) 147.8(32) 

( d )  Tetrafluoroborate distances 
-- - 

Bond Length (pm) Bond Length (pm) 
-- 

B-F(I) 1 3 1 . O(42) B-F(2) 130.6(44) 
B-F(3) 121.8(43) B-F(4) 140.5(45) 
F(1 )-F(2) 2 1 8.4(25) F( 1 )-F(3) 212.7(32) 
F(1 )-F(4) 216.0(29) F(2)-F(3) 215.9(30) 
F(2)-F(4) 213.4(28) F(3)-F(4) 201.4(35) 

*Estimated standard deviation in parentheses in tenths o f  a pm. 

Since a five-coordinate (trigonal bipyramidal) 
structure was assigned previously (8) to the 
[PtCl(phen)(PEt,),]+ ion in solution we first 
consider the coordination number in the solid 
state. If the line Pt-N(2) were counted as a bond 
then the geometry around the Pt atom might be 
described as a distorted square pyramid with N(2) 
occupying the apical position. Elongation of the 
apical bond is quite common in square pyramidal 
complexes and several values are available for 
the ratio of the axial/equatorial bond lengths: 
[N~(CN),],-, 1.17, (19); [NiBr,(triarsine)], 1.16, 
(20); [PdBr,(2-PIPI)2],3 1.13, (21); [PtCl(phen)- 

(PEt,),]', 1.33, (this work). Since the ratio is 
considerably greater in our complex than in the 
other cases, and considering that the limited span 
of the phenanthroline ligand and the requirement 
of reasonable bond angles about N(1) set an 
upper limit on the Pt-N(2) length, we regard the 
platinum atom as four coordinate and approxi- 
mately square planar. 

Two other quantities, the non-bonded N(l) . . . 
N(2) bite and the N(1)-Pt-N(2) angle are con- 
sistent with this view. The N(1). . . N(2) bite in 
the [~tCl(phen)(PEt,),]+ ion is (285 pm) which 
can be compared with the average value of 
(266 pm) in a series of phen complexes (22). No 
data are available for the phen molecule, so we 
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BUSHNELL E T  AL.: CRYSTAL STRUCTURE O F  (PtCl(PEt3)2(phen))BFa 

TABLE 5. Bond angles in [PtCl(phen)(PEt3)2]BF4* 

(a) The platinum atom coordination 
.- - 

Bonds Angle (deg) Bonds Angle (deg) 

C1-Pt-P(2) 174.8(3) P(l )-Pt-N(I ) 162.5(5) 
C1-Pt-P(1) 85.5(2) CI-Pt-N(l) 8 1 .2(5) 
P(1)-Pt-P(2) 99.5(2) P(2)-Pt-N(1) 93.6(5) 

(b) The phenanthroline ligand 
-. -- -- 

Bonds Angle (deg) Bonds Angle (deg) 

(c) The triethylphosphine ligand 
- -- .- 

Bonds Angle (deg) Bonds Angle (deg) 

( d )  The tetrafluoroborate ion 
-- - - -- - -- -- - -- -. - 

Bonds Angle (deg) Bonds Angle (deg) 

F( I )-B-F(2) 113.2(39) F(2)-B-F(3) I I 7.5(44) 
F( I )-B-F(3) 114.5(41) F(2)-B-F(4) 103 .8(34) 
F(l t B - F ( 4 )  105.3(38) F(3)-B-F(4) 100.1(39) 

- - - 
*Estimated standard deviations are given in parentheses in tenths o f  a degree. 

calculated from the atomic coordinates (23, 24) 
the C . . . C and N . . . C bites in the structurally 
similar phenanthrene and 2,2'-bipyridine mole- 
cules to be 297 and 284 pm respectively. In the 
[PtCl(phen)(PEt3),]+ ion a low value of the 
N-M-N angle is also expected, owing to the 
more distant position of the uncoordinated end 
of the phen ligand. Thus the N-M-N angle is 
(68.2") in the [PtCl(phen)(PEt,),]' compared to 
the average value of (79.5") in ten phen or dmp 
conlplexes of known structure (22). The line 
Pt . . . N(2) forms an angle of 79.9" with the least 
squares plane: N(l), Cl, P(1), P(2). 

Table 5(a) lists the bond angles around plati- 
num. The first row gives the bond angle values 
for the ligands trans to  each other. The second 
and third rows list the bond angles for the ligands 
which are mutually cis. The deviations from the 
ideal values of 180" and 90" are quite significant. 

Table 6(a) gives two least squares planes con- 
cerning the platinum coordination. The x2 values 
indicate aconsiderable departure from planar it^.^ 
Presumably the non-bonded ligand-ligand re- 

4 x 2 -  - C,JP,2102(P,)~; P i  = perpendicular distance of 

atom i from the plane. (T = estimated standard deviation. 
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1372 C A N .  J .  C H E M .  VOL. 5 2 ,  1974 

TABLE 6. Least squares planes: k , x  + k 2 y  + k3z = k4* 

(0) Platinum coordinationt 
- . - - - - 

No. Plane k ,  k2 k  s  k4 x Z  Pp1 (pm) 

I Pt, C1, N(1), p(1), P(2) +0.351 +0.208 -0.913 -318 500 0.28 
2 c l ,  N(l), p(l), p(2) +0.351 +0.224 -0.909 -318 329 5.69 

. -. . . -- 
*.r, y, and r a r e  the  coordinates in prn along the orthogonal axis system, defined as x along a ,  y in the (a ,b)  plane, and r a long  c*.  
tAngle between plane 1,2 = 1.0". 

(b) The phenanthroline ligandt 
-- 
-- -- - - - - - - 

No. Plane k ,  k  7 k ,  I( 4 x 2  

tAngle between planes 2,3 = 5.6"; 2.4 = 3.4"; 3,4 = 2.2". 

T ~ B L F  7. D~stanccs of atoms from the 
phenanthrollne least squares plane* 

- - - 

Distance D~stance 
Atom (pm) Atom (pm) 

N(1) + 8 N(2)  - 8 
C( 15) + G C(24) - 7 
C( I 6) -2 C(23) + 3 
C( 17) - G C(22) + 8 
C( 18) - 3 C(2 1 ) + 2 
C(19) - 3 C(20) + 5 
C( 14) - I C(131 - 3 

*Estlrnated standard dev1,1t1011 1s about 2 pni 

pulsion is the main factor responsible for the 
distortion of the coordination square in the 
[PtCl(phen)(PEt,),]' ion. Some iniportant intra- 
ionic non-bonded distances are, N(1)-C(9) 
(307.6 pni) ; C(3)-C(l1) (322.1 pm) ; C(1)-C1 
(328.8 pm). There is little room for the ligands to 
move and form an ideal square configuration. 

Table 4(b) lists the bond lengths within the 
phen ligand. Column 1 is for one half of the mole- 
cule and column 2 is for the corresponding fea- 
tures in the other half, except for the last pair of 
entries. A disparity of the corresponding bond 
lengths in the first four rows is noticeable. Re- 
cently a detailed tabulation of bond distances of 
coordinated phen and dmp has been presented by 
Frenz and Ibers (22).5 Our values lie within the 
reported range. 

The bond angles of the phen ligand are given in 
Table 5(b). The values of the two halves of the 
molecule are entered in columns 1 and 2, respec- 

tively. In general, the deviation from 120" is slight. 
The phen bond angles in the [PtCl(phen)- 
(PEt,),]' ion are comparable with the values 
found in [Ni(phen),12' (22); [ZnC12(phen)] (25); 
[Ni{S2P(OC2H,),}2(phen)]6 (26), and in the 
analogoils phenanthrene (C14Hl ,) molecule (23). 

Table 6(b) presents varioils least squares planes 
of the phen ligand. The phen ligand is non-planar 
but the three individual rings are planar. The non- 
planarity of the phen ligand is also reported in 
many other phen complexes (22, 25,27,28), and 
even the phenanthrene molecule was found (23) 
non-planar in the crystal phase. In Table 7 we 
present the distances of various atoms from the 
mean plane of the phen ligand. The entries in 
Table 7 indicate an  approximate two-fold sym- 
metry axis passing through C(13)-C(14) and 
C(19)-C(20). Such two-fold symmetry axis is 
also reported in [Ni(phen),12' (22) and in the 
phenanthrene molecule (23). 

The bond lengths and bond angles of the tri- 
ethylphosphine ligands are listed in Tables 4(c) 
and 5(c), respectively. The entries in columns 1 
and 2 correspond to  the PEt, containing the P(l) 
and P(2) atoms respectively. These values are 
relatively inexact owing to the high thermal 
motion of the carbon atoms. The average P-C 
bond distance in [PtC1(PEt3)2phen]' is 187 pm 
as compared to the distances found in [PtC13- 
PEt3]- (184 pm) (17); [Pt2C12(PEt3),12' (154 
pm) (17); [n-C5H5CuPEt3] (188 pm) (29). The 
average C-C distance is 154 pm and indicates 
a single bond. The C-C distances in [PtCl- 

'drnp = 2,9-dimethyl phenanthroline. 
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BUSHNELL ET AL.: CRYSTAL STRUCTURE O F  (PtCI(PEtz)~(phen))BFa 

TABLE 8. F.....HC contacts* 

Contact Length (pm) Contact Length (pm) 
- .- - -- - - 

F(2) ..... C'(3) 315.8(29) F(3) ..... C1'(2) 340.8(38) 
F(2) ..... C(15) 322.8(29) F(3) ..... C"'(5) 348.6(37) 
F(2) ..... C(16) 324.9(30) C(17) ..... F1"(I) 329 2(28) 

--.- ~. -. 

'Eslimated standard deviations a re  given in parentheses in tenrhs of a pm. Roman numerals as 
superscripts refer to  the atoms with coordinates: I = - x ,  y ,  + - ~ z ;  11  - .r, ~ ~ J * ,  1 -L=; I l l  = 
- I  -x, + + y ,  f -2. 

(PEt,),phen]+ are con~parable with the data re- 
ported for [PtCI,PEt,]- (1 55 pm) (17); [Pt2CI2- 
(PEt3),I2+ (153 pm) (17); [T-C,H,CuPEt,] (154 
pm) (29). 

The values of bond angles given in Table 5(c) 
are in general close to 109" and show a tetra- 
hedral arrangement around phosphorus and car- 
bon atoms. These values are consistent wit11 the 
values reported (1 7, 18, 29). 

. Table 4(d) and 5(d) contain the values for bond 
lengths and bond angles respectively for the tetra- 
fluoroborate ion. The error of these values is 
generally high owing to the very high thermal 
motion of the fluorine atoms (a trend which is 
consistent with other crystal structures contain- 
ing the BF4- ion). The bond angles (Table 5(d)) 
indicate the tetrahedral configuration of the tetra- 
fluoroborate ion. The values of bond lengths and 
angles for the fluoroborate ion in our complex 
are in accord with the data reported for [CLI- 
(bipy),NH,]BF, (30), and [Ni(FB(ONCHC,H,- 
N),P)IBF4 (31).7 

Discussion 
The crystal structure results demonstrate for 

the first time that the ligand o-phenanthroline niay 
be monodentate in the solid state. Unless the dis- 
tinction between solids and solutions is clearly 
maintained any discussion becomes very compli- 
cated. For the solid state one can attempt to sur- 
vey the literature to find out how commorl it is 
for a potentially bidentate ligand to be mono- 
dentate. The definition of a potentially bidentate 
ligand gives immediate difficulty. A solution is to 
restrict the field to molecules having chemically 
equivalent donor sites when uncoordinated. Then 
the survey shows that monodentate behavior is 
relatively rare in general and unknown for some 
ligands. o-Phenanthroline was apparently in the 
latter category. Since the orderly extension of co- 
ordination chemistry relies heavily on the charac- 

terization of definite crystalline compounds and 
o-phenanthroline is often used, the simple fact 
that it has now been observed to be nionodentate 
in a crystalline compound is of some significance. 

An alternative coordination scheme for the 
complex was: 

We know this to be electronically reasonable 
since the ci~-[Pt(~~ridine),(PEt,),1~+ ion has 
been prepared (32). With the phenanthroline 
ligand there are steric difficulties between the 
aromatic rings and the PEt, ~ T O L I P S .  A COLIT- 
taulds model could not  be built and we would 
predict severe intra-ionic repulsion. When the 
title compound is refluxed in methanol there is a 
reaction, the first step of  which is presumed to be 
phosphine dissociation, with the chlorine ligand 
remaining coordinated (8). Thus there appears 
to be no tendency toward the alternative scheme, 
and some support for our  steric reasoning. 

A fruitless attempt was made to recognize 
significant differences in the C-C and  C-N 
bond lengths between the coordinated and un- 
coordinated ends of the o-phenanthroline ligand. 

The previous spectroscopic results (8) which 
pertain t o  the solid state, namely the infrared 
evidence for coordinated chlorine and  the cis 
arrangement of the PEt, groups, have been con- 
firmed. However, the X-ray structure determina- 
tion has raised an interesting q~~es t ion  concerning 
the structure of this complex in solution. Here 
the evidence is that chlorine is coordinated (con- 
ductance), that the two PEt, groups a re  chemi- 
cally inequivalent ( I  H magnetic resonance) and 
most important that the phen ligand shows no 
difference between the two halves of the molecule 
( 'H magnetic resonance). There are three possible 
explanations for these results. (a) that in solution 
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FIG. I .  The crystal packing in [PtCl(phen)(PEt,),]BF,. The Roman numeral superscripts on the Pt, B, and C(3) atoms refer to the ions with the following 
c o o r d i n a t e s : 1 = 1 + x , y , z ; I I = 1 + x , ~ + y , ~ - z : I I I = - x , ~ + y , ~ - ~ ; l V = 1 + s , ~ - y , ~ - - z : V = - x , l - y , 1 - z .  
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under observation does not change, (33). The 
31P spectrum of the complex consists of a poorly 
resolved central doublet a t  1.2 p.p.m. downfield 
from an external H 3 P 0 4  reference. The sidebands 
due to  couplingwith lg5Pt (34% abundant, I = 3) 
have a quartet structure and analysis a s  an ABX 
system by standard procedures, (34), gives the 
parameters 2Jp,-p, = 22 Hz, 'JPA-Pt = 3680 HZ, 
IJp,-pt = 3490 Hz and vA - v, = 14 H z . ~  These 
parameters were confirmed by showing that 
Z~pA-p,  and vA - v B  correctly predict the shape 
of the central doublet. Typical values for 'Jp,-, 
for phosphorus trans t o  chlorine in a four-co- 
ordinate complex are in the range 3 100-4200 Hz 
(33, 35). Our parameters for [PtCI(PEt,),(phen)]- 
[BF,] lie in the center of this range and therefore 

FIG. 2. A stereoview of the [PtCl(phen)(PEt3)zlf suggest that we are dealing with a four-coordinate 
cation. species but the width of the range makes a positive 

the complex is five-coordinate and trigonal bi- 
pyramidal, (b) that in solution the complex is 
four-coordinate with a monodentate phen rapidly 
exchanging its point of attachment between N(l )  
and N(2), (c) that the complex contains mono- 
dentate phenanthroline as in the solid state but 
the electronic difference between the coordinated 
and non-coordinated rings is too small to be de- 
tected by ' H  magnetic resonance spectroscopy. 
The last possibility may be rejected since we were 
previously able to distinguish easily between the 
two halvks of a coordinated phenanthroline in 
which the nitrogen atoms were trans t o  phos- 
phorus and chlorine respectively in the [PtCI- 
(phen)(PEt3)]+ cation (8). The electronic asym- 
metry produced by different trans influences 
would be much smaller than that produced by 
coordination or non-coordination. 

In attempts to distinguish between "a" and 
"b" we have carried out low temperature ' H  
n.m.r. studies and find no evidence of asym- 
metry, even at  -85O, the lowest temperature 
accessible before viscosity broadening of the 
spectrum and crystallization of the complex pre- 
vent further observation. Consequently, if ex- 
change is occurring it is very fast on the n.m.r. 
time scale. 

Information regarding the possibilities "a" 
and "6" is also potentially available from the 
magnitude of 'J,,-,. This coupling constant de- 
pends primarily on the s character of the Pt-P 
bond and is expected to decrease by -20% on 
changing from 4(sp2d) to 5(sp3d) coordination 
provided that the ligand trans to the phosphorus 

conclusion difficult. 
In conclusion, we believe that the very unusual 

solid state structure of this complex may be attri- 
buted mainly to the known preference of plati- 
num(I1) for square planar geometry, together 
with the steric difficulty of forming a [Pt(phen)- 
(PEt3),12+ cation. In solution, the situation is 
not clear cut but the results suggest the possi- 
bility of a novel fluxional system in which the 
phenanthroline very rapidly exchanges its point 
of attachment to platinum. 

We thank the University of Victoria and the National 
Research Council of Canada for research grants and 
Dr. E. J. Wells for access to  his ' 'P n.m.r, facilities. 
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COMMUNICATIONS 

Product Studies of the Mutual Termination Reactions of sec-Alkylperoxy 
Radicals: Evidence for Non-cyclic Termination 

JOHN E. BENNETT and RAYMOND SUMMERS 
Slrell Re.seot.ch Littriietl, Thortrtotr Re.seco.c.11 Cetrirr, P. 0. Bo.r I ,  Chester CHI 3 S H ,  Etrglorrtl 

Received October IS, 1973 

The yields of alcohol and ketone from the mutual termination reaction of sec-butyl-, 
sec-hexyl-, cyclopentyl-, and cycloheptylpesoxy radica!~ have been measured over the tem- 
perature range from -125 to + lo0  "C. The ratio of alcohol/ketone departs markedly from 
the value of unity predicted by the Russell mechanism, being greater (ca. 2.5) at +I00 "C 
and considerably less (ca. 0.1) at -125 "C. 

On a mesurt, 2 des temptratures entre -125 et + I00  "C, les rendements en alcool 
et en cCtone provenant des rtactions d'arr&t mutuel des radicaux sec-butyl-, sec-hexyl-, 
cyclopentyl- et cycloheptylperoxy. Les rapports d'alcool sur cttone s'tcartent d'une fa lon 
importante de la valeur de l'unitt qui est prtdite par le niCcanisme de Russell; cette 
valeur est plus grande (-2.5) B + l o 0  "C et considCrablement plus faible (-0.1) 2 
- 125 "C. [Traduit par le journal] 

Can. J .  Chem., 52, 1377 (1974) 

The mutual termination reactions of primary 
or secondary alkylperoxy radicals are generally 
assumed to proceed through a cyclic transition 
state (i.e., the Russell mechanism) (1-3) 

where the overall termination rate constant, 
2k, = 2k, k ,  k,/k-, k-,. On this basis it has 
been concluded from thermochemical calcula- 
tions that the overall activation energy, E,, 
should be negative (4). However, recent measure- 
ments (5) by electron spin resonance spectroscopy 
of 2k, for several see-alkylperoxy radicals have 
shown that E, is positive (2-4 kcal mol-') and 
that the Arrhenius plots are not linear a t  low 
temperatures. 

Product studies (6-8), mainly at ambient tem- 

perature, have shown that comparable yields of 
alcohol and ketone are formed as predicted by 
the Russell mechanism (eq. 1). However, de- 
tailed studies (9) have shown recently that at am- 
bient temperatures considerable fractions of 1- 
ethoxyethylperoxy radicals and 1,2-diphenyl- 
ethylperoxy radicals d o  not terminate by the 
Russell mechanism but form free alkoxy radicals 
by a route (eq. 2a) comparable to that postulated 
for the termination of tert-alkylperoxy radicals. 

In view of the anomalous temperature depen- 
dence of the rate constants (5) we have now made 
product studies over a comparable temperature 
range (- 125 to + 100 "C) for the see-alkylperoxy 
radicals from butane, hexane, cyclopentane, and 
cycloheptane. The peroxy radicals were formed 
by the photolysis of an oxygenated solution of 
di-tert-butyl peroxide (0.25 to 4%) in the appro- 
priate hydrocarbon (5) .  This method formed 
specific see-alkylperoxy radicals from butane, 
cyclopentane, and cycloheptane but gave a mix- 
ture of the 2- and 3-hexylperoxy radicals from 
hexane. The products were identified and their 
concentrations measured by gas-liquid chroma- 
tography. 

Detailed product analyses were made for the 
cyclopentylperoxy radical and appropriate con- 
trol experiments were carried out. The yields of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

I 

I I : I I / 2-coo. e -A-oooo-c- - i -co. + o2 + oc- 1 
I I I : I I I 
H H H I H H I 

I- .............................. Cage 

TABLE I. Effect of temperature on the yields of alcohol and ketone from the mutual termination 
of cyclopentylperoxy radicals 

-. . 
-- 

Temperature rerr-Butanol Cyclopentanol Cyclopentanone *lc0ho1* Total yield? 
("a niol I-') mol I - ' )  mol I - ' )  Ketone (%I 

'Ratio of cyciopentanol/cyclopentanone. 
t(Cyclopentano1 + cyclopentanone)/terf-buianol. 

the major products, cyclopentanol, cyclopen- 
tanone, and tert-butanol, are given in Table I. 
The yield of tert-butanol was used to determine 
the extent of photolysis and thus to provide a 
product balance. In addition, small amounts of 
pentanal, dicyclopentyl, and dicyclopentyl per- 
oxide ( ~ 5 %  each) were observed at most tem- 
peratures. 

Tn agreement with the published results (6-8) 
the yields of alcohol and ketone were approxi- 
mately equal at room temperature. As the tem- 
perature was increased the yield of cyclopentanol 
relative to that of cyclopentanone increased 
slightly but below room temperature the ratio de- 
creased rapidly with decreasing temperature 
(Table I). A similar effect (10) has been observed 
previously in the radiolytic oxidation of solid 
cyclohexane, for which the ratio of alcohol/ 
ketone was about 0.33 at -77 "C and 0.25 at 
- 196 "C. The similar trend observed by both 
methods shows that the low alcohol/ketone ratio 
is not merely an artefact of the photolytic system. 

Similar variations with temperature were found 
for the ratios of the yields of alcohol and ketone 
from the mutual termination of the sec-butyl-, 
sec-hexyl-, and cycloheptylperoxy radicals (Table 
2). 

The excess of alcohol at the higher tempera- 
tures can be accounted for by the occurrence of 
the non-terminating reaction 2a in addition to 
the Russell mechanism. At low temperatures the 
mutual termination reaction must proceed main- 
ly via an alternative route which leads to the ex- 
clusive formation of ketone. 

The formation of two hydroxyl radicals will not 
lead to termination. Although the elimination of 
molecular hydrogen has been observed in the de- 
composition of peroxides (9), the simultaneous 
formation of molecular hydrogen and oxygen 
from the tetroxide appears unlikely. The occur- 
rence of the termination reaction 3c is supported 
by the detection by colorimetric analysis ( I  I )  of 
hydrogen peroxide in the samples. The yield in- 
creased as the temperature was decreased but was 
always less than the amount of ketone (2[H,O,]/ 
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COMMUNICATIONS 

TABLE 2. Effect of temperature on the ratios of the yields of alcohol 
and ketone from the mutual termination of sec-alkylperoxy radicals 
--- - - . - -- -- 

Ratio of alcohol/ketone for 
Temperature 

(' c )  sec-Butyl sec-Hexyl* Cyclopentyl Cyclohept)l 
-- 

+ 100 - - - 2.5 
-1- 75 - - - 1.7 
+ 50 -- 1 .O 1 .4  I .O 
+ 25 - 0.63 0.95 0 .83 

0 - 0.50 0.71 0.67 
- 25 0.48 0.34 0 .40 - 
- 50 0.38 0.22 0.25 - 

- 75 0.20 0.16 0.14 - 
- 100 0.15 - 0.06 - 

- 125 0.11 - - - 
~~~~~ -- 

'Ratio is (2-hexanol + 3-hexanol)/(2-hexanone + 3-hexanone) though all four products 
were determined separately. 

I [Ketone] = 0.35-0.55, instead of unity as re- 
quired by reaction 3c). 

The present results show that at low tempera- 
tures the mutual termination of sec-alkylperoxy 
radicals does not proceed through a cyclic transi- 
tion state, as in the Russell mechanism, but 
through an alternative state, namely 

I .  G.  A. RUSSELL. J.  Am. Chem. Soc. 79,3871 (1957). 
2. J. A. HOWARD and K. U. INCOLD. J. Am. Chern. Soc. 

90, 1056 (1968);90,1058 (1968). 

3. R. E. KELLOCC. J .  Am. Chem. Soc. 91,5433 (1969). 
4. D. F. BOWMAN, T. GILLAN,  and K. U .  INCOLD. J. 

Am. Chem. Soc. 93,6555 (1971). 
5. J. A. HOWARD and J .  E. BENNETT. Can. J .  Chem. 50. 

2374 ( 1972). 
6. R. L. MCCARTHY and A. MACLACHLAN. J .  Chem. 

Phys. 35, 1625 (1961). 
7. W. A. CRACIER. J. Phys. Chem. 71, 1171 (1967). 
8. A. MACLACHLAN. J.  Am. Chem. Soc. 87,960(1965). 
9. D. LINDSAY, J .  A. HOWARD, E. C. HORSWILL, 

L. ITON, and K. U.  INCOLD. Can. J. Chem. 51, 870 
( 1973). 

10. R .  BLACKBURN and A. CHARLESBY. Trans. Faraday. 
SOC. 62. 1159 (1966). 

11. G. DOBSON and G. HUGHES. J. Phys. Chem. 69, 1814 
(1965). 

C-Acetylation of Ketones 

STUART NICHOLAS H U C K ~ N  A N D  LARRY W E I L E R ~  
Drprrrrnlent of Chetnistry, Utliversity of British Colrrtr~bin, V(rt~co~r~~er,  Britisl? Collrtnbitr V6T 1 W5 

Received January 11, 1974 

The action of 2 equiv. of methyllithium on the monoanion of simple P-keto esters gives the  
P-diketone in good yield. This represents a facile and new method to achieve the C-acylation of 
a ketone. 

La reaction de 2 Cquiv. de mCthyllithium avec le monoanion de a-cCto d'esters simples con- 
duit avec de bons rendements aux 0-dicktones. Cette approche reprCsente une mCthode nouvelle 
e t  facile pour provoquer une C-acylation d'une cCtone. [Traduit par le journal] 

Can. J. Chem., 52, 1379 (1974) 

Recently we have been interested in the (1-3) and in their chemistry (3-6). Usually we 
generation of the dianions from P-keto esters form these dianions by treating the correspond- 

ing P-keto esters with 1 equiv. of sodium hydride 
'Author to whom correspondence should be addressed. to give a monoanion which on subsequent treat- 
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TABLE 2. Effect of temperature on the ratios of the yields of alcohol 
and ketone from the mutual termination of sec-alkylperoxy radicals 
--- - - . - -- -- 

Ratio of alcohol/ketone for 
Temperature 

(' c )  sec-Butyl sec-Hexyl* Cyclopentyl Cyclohept)l 
-- 

+ 100 - - - 2.5 
-1- 75 - - - 1.7 
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+ 25 - 0.63 0.95 0 .83 

0 - 0.50 0.71 0.67 
- 25 0.48 0.34 0 .40 - 
- 50 0.38 0.22 0.25 - 

- 75 0.20 0.16 0.14 - 
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Recently we have been interested in the (1-3) and in their chemistry (3-6). Usually we 
generation of the dianions from P-keto esters form these dianions by treating the correspond- 

ing P-keto esters with 1 equiv. of sodium hydride 
'Author to whom correspondence should be addressed. to give a monoanion which on subsequent treat- 
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ment with 1 equiv. of n-butyllithium at 0" gives 0 0 0 
the dianion, for example, eq. 1 for methyl ,!-!,-,co~M~ NaHF )u 
acetoacetate (1). 2 MeLi 

1 

A slight excess of n-butyllithium at 0" does not 
react with these dianions. However, excess 
11-butyllithium at higher temperature does lead 
to a variety of carbonyl addition products (7). 

Hence we were intrigued by the reports of the 
addition of excess methyllithium to the mono- 
anions of fused 2-carboxymethylcyclohexanones 
which gave tertiary alcohols in a very clean 
reaction (eq. 2) (8,9). We have found that 

treatment of the monoanion of simple P-keto 
esters with only 1 equiv. of methyllithium leads 
to formation of the corresponding dianion in 
very good yield (2,3). Hence, it would appear 
that the P-keto ester dianion is an intermediate 
in the above reaction (eq. 2). This led us to study 
the reaction of the monoanion of a P-keto ester 
with exactly 2 equiv. of methyllithium. 

The monoanions of two simple P-keto esters, 
methyl acetoacetate (1) and methyl 2-oxocyclo- 
hexanecarboxylate (2), were prepared by treating 
a solution of the P-keto ester in dry tetrahydro- 
furan with 1 equiv. of sodium hydride at 0 "C. 
These monoanions were then treated with 2 
equiv. of methyllithium in hexane at 0 "C. After 
a +-h period the reaction mixture was quenched 
with acid and worked up. A v.p.c. analysis of 
the crude oil indicated that a new product had 
been formed in greater than 90% in each case. 
From the reaction of methyl acetoacetate (I), 
pentane-2,4-dione was isolated in 80% yield as 
its 2,4-dinitrophenylhydrazone derivative (m.p. 
207-209 "C). The analogous reaction with 
methyl 2-oxocyclohexanecarboxylate (2) gave 
2-acetylcyclohexanone (b.p. 106-108"/15 mm) in 
83% yield. 

This represents a novel method to formally 
achieve the C-acetylation of a ketone and avoids 
any problems of self-condensation inherent in 
the Claisen reaction or difficulties with 0- us. 
C-acylation of the P-keto esters (10). Also it was 
found that treatment of the monoanions of 1 
and 2 with 3 equiv. of methyllithium at 0" gave 
greater than 80x  yields of the expected (8,9) 
tertiary alcohols 3 and 4. In addition in these 

simple cases, it appears that excess methyllithium 
and higher reaction temperatures are  deleterious 
to the yield of tertiary alcohol. The availability 
and different reactivities of organolithium 
compounds (7) represent a drawback to the 
overall generality of these reactions and hence 
we are studying the reactivity of the dianions of 
P-keto esters with other organometallic reagents. 

We are grateful to  the National Research Council of 
Canada and the University of British Columbia for 
support of this work. 
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The discrepancy noted between theoretical and observational concentrations of 0:) in  
the mesosphere and stratosphere can be explained by an effect of hydrogen compounds 
and of nitrogen oxides. Solar radiation dissociates water vapor and methane in the ther- 
mosphere and upper mesosphere. In thc stratosphere the reaction of the excited oxygen 
atom O( 'D)  with methane and nitrous oxide leads to a destruction of these two molecules 
in the stratosphere which corresponds to a production of carbon monoxide with water 
vapor and of nitric oxide, respectively. Hydrogen and water v;~por molec~~ les  also react 
with the electronically excited oxygen atom O ( ' D )  leading to hydroxyl radicals. Irl sitzl 
sources of H, exist in the stratosphere and mesosphere: reaction of O H  with CHI,  photo- 
dissociation of formaldehyde, and also reaction between hydroperoxyl radicals and hydro- 
gen atoms. The vertical distribution of water vapor is not affected by its dissociation in the  
stratosphere and mesosphere since its reformation is rapid. 

The ratio of the hydroxyl and hydroperoxyl radical concentr;~tions cannot be deter- 
mined with adequate precision and complicates the calculation of the destruction of ozone 
which occurs through reactions of OH and HOl not only with atomic oxygen at the strato- 
pause but also directly in the niiddle stratosphere and with CO and N O  in the lpwer 
stratosphere. 

In addition to the various reactions involving nitric oxide and nitrogen dioxide, t he  
reactions leading to the production and destruction of nitric acid and nitrous acid must be  
considered. Nitric acid molecules are involved in an eddy diffusion transport from the lower 
stratosphere into the troposphere and are, therefore, responsible for the removal of nitric 
oxide which is produced in the stratosphere. Atmospheric conditions must be known a t  
the tropopause. 

La diffkrence que I'on note entre les concentrations theoriques et experimentales du 0:! 
dans la mesosph&re et la stratosphere peut &tre expliquCe par Line influence des coniposts 
d'hydrogtne et des oxydes d'azote. La radiation solaire dissocie la vapeur d'eau et l e  
methane dans la thermosphere et dans la mesosphtre superieure. Dans la stratosphere, 
la reaction de I'atome excite d'oxygtne O( 'D)  avec le methane et l'oxyde nitreux mkne 
B la destruction de ces deux niolCcules dans la stratosphere, ce q ~ ~ i  correspond ii la pro- 
duction respective du nionoxyde de carbone avec de la vapeur d'eau et de I'oxyde 
nitrique. L'hydrogene et les molecules de vapeur d'eau rCagissent aussi avec l'atome 
d'oxygene O ( ' D ) ,  excitC electroniquement, produisant des radicaux hydroxyles. D e s  
sources de H? existent irl sit11 dans la stratosphere et la mesosphere; la reaction du O H  
avec du CHI ,  la photodissociation du forn~aldehyde et a ~ ~ s s i  la reaction entre les r a d i c a ~ ~ x  
hydroperoxyles et les atonies d'hydrogene. La distribution verticale de la vapeur d'eau 
n'est pas nlodifie par sa dissociation dans la stratosphere et la mesosphere puisque s a  
reformation est rapide. 

Le rapport des concentrations des radicaux hydroxyle et hydroperoxyle ne peut &tre 

Can. J .  Chem.,  52, 1381 (1974) 
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Ctabli avec une precision convenable; il complique le calcul de la destruction de l'ozone 
qui se produit durant les rkactions du OH et du H.0, non seulement avec I'oxygkne 
atomiqiie h la stratopause, mais aussi directement dans la stratosphtre moyenne et avec 
du CO et du NO dans la stratosphtre infkrieure. 

En plus des diverses riactions concernant l'oxyde nitrique et le bioxyde d'azote, les rCac- 
tions qui conduisent B la production et B la destruction de l'acide nitrique et de l'acide 
nitreux devraient &tre envisagies. Les molicules d'acide nitrique sont impliquies dans  
un transport de diffusion turbulent de la stratosphtre infirieure B la troposphkre, et 
sont, par consiquent, la cause de l'ilimination de l'oxyde nitrique produit dans la 
stratosphkre. Les conditions atmosphiriques doivent &tre connues B la tropopause. 

[Traduit par le journal] 

Introduction 
Even if much detailed work remains to be 

done, there is a general understanding of the 
various factors which are involved in the forma- 
tion of the ozone layer and in the production of 
atomic oxygen. The researches of Chapnian 
(1, 2) have led to a knowledge of the photo- 
chemistry of atmospheric oxygen in a pure 
oxygen atmosphere. Bates and Nicolet (3) in their 
general survey of the photochemistry of water 
vapor have investigated the extent to which 
atomic hydrogen and certain radicals catalyze 
the formation of molecular oxygen. Vibration- 
rotation bands of the hydroxyl radical OH, 
which appear in the airglow, aroused interest in 
the photochemistry of hydrogen-oxygen com- 
pounds (4, 5) and in particular of niethane (6, 7) 
and of water vapor (3). Water vapor, which is 
quite abundant near ground level with a frac- 
tional volunie concentration reaching loT2 ,  
decreases in mixing ratio with altitude. The water 
vapor content is very small in the stratosphere; 
(4 f 1) x loT6  is not an unreasonable value to 
adopt for the order of magnitude of the fractional 
volunie concentration of water vapor (8-1 1) in 
the stratos~here.  Methane and molecular hvdro- 
gen, which have been found as permanent 
constituents of the troposphere, have continuous 
sources at  ground level. Their total amounts by 
volume are, respectively, 1.5 x (see ref. 12) 
and 0.5 x (see refs. 12, 13). Unlike water 
vapor, however, their fractional concentrations 
are practically not affected through the tropo- 
sphere. Consequently, above the tropopause, 
the combined H-atom content in CH, is more 
than 50% of the content in H,O. Thus, the total 
amount of free hydrogen in the lower stratosphere 
cannot be far from lo-'. 

If the photodissociation of water vapor and 
methane occurs in the mesosphere and thermo- 

sphere, the reaction of H,O with the electroni- 
cally excited atomic oxygen in the 'D state (14, 
15) leads to the possibility of its dissociation in 
the stratosphere and troposphere. The concen- 
trations of O('D) produced by ozone photolysis 
in the stratosphere and troposphere are suffi- 
ciently large to lead to O H  radicals not  only from 
water vapor but also from methane and molecu- 
lar hydrogen. 

While the desirability of similar studies of the 
effect of nitrogen compounds has long been 
realized, comparatively few have been made 
because of lack of basic data. The importance of 
nitrogen oxides in controlling the ozone con- 
centration was pointed out only in 1970 (16). 
Information on N 2 0  was given before by the 
calc~~lat ion of its photodissociation rate (7, 17) 
and on NO, NO,, and HNO, by the analysis of 
the principal reactions (18). Recently, new 
experimental and observational results have 
been obtained on nitrogen oxides, particularly by 
direct observation of the vertical distribution in 
the stratosphere of HNO, (19, 20), NO, (21), 
and NO (22, 23). 

The importance of methane has been generally 
realized since McConnell et a/. (24) showed that 
it was a major source of carbon monoxide in the 
troposphere through a reaction with hydroxyl 
radicals. Furthermore, these hydroxyl radicals 
are produced in sufficient concentration (25) to 
provide the destruction of carbon monoxide 
required by Weinstock (26). However, in moving 
through the latitudinal distribution of the 
tropopause, from high latitudes to  the tropical 
zone, very different atniospheric conditions are 
detected; the difference in altitude of the polar 
and equatorial tropopauses is of the order of 
10 k m ;  a folded tropopause at  mean latitudes 
may change the lower boundary conditions of 
the stratosphere. In other words, the nature of 
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NICOLET: AN OVERVIEW OF AERONOMIC PROCESSES 1383 

the tropopause is an important factor which 
must be introduced in the study of the lower [9] 9 + n(03)J3 - k2n(M)n(02)n(0) 
stratosphere. + k,n(O)n(O,) = 0 

Oxygen Photodissociation and Ozone Formation which lead to the general form 
Photodissociation of molecular oxygen is 

d"(o) dn(03i + 2kln(M)n2(0) produced by the absorption of solar radiation in [lo] 7 + - d t  
the weak Herzberg continuum beginning at 
2424 A, + 2k3n(03)n(0) = 2n(Q2)J2 

[ I 1  0 ,  + hv(h < 2424 A) -> 20(3P) where J, and J, are the photodissociation co- 
efficients of 0, and o , ,  respectively. 

which occurs in the stratosphere. In the strong It  seems appropriate to discuss the photo- 
Schumann-Runge continuum chemical behavior within the various atmo- 
[2] 0, + hv(h < 1759 A) -> 0 p P )  + O( 'D)  spheric layers where various regimes can be 

the dissociation occurs i n  the thermosphere. rn distinguished. In the lower thermosphere, atomic 

the spectral range of the Schumann-Runge Oxygen be~onles a constituent. In  the 

bands, where predissociation is observed, the part the n(0) > "('3) 

absorption is extremely variable and the dis- and there is a daytime photo-equilibrium for 
sociation occLlrs i n  the mesosphere and upper ozone with a photodissociation coefficient 

stratosphere. I J, I s-'. Thus, from [9] 

In the presence of a third body (N,, 0 , )  the 
atoms liberated by photodissociation recombine 

[31 ( k , ) ;  O  + O  + M -> 0 ,  + M  

or they unite with oxygen molecules 

[4] ( k 2 ) ;  0 + O z + M - > 0 3 + M  

forming ozone. This molecule is destroyed by a 
two-body collision process 

[51 ( k 3 ) ;  o + O3 -> 202 

and is also subject to photodissociation in the 
strong Hartley cont in~~um 

[6] 0 3  + hv(h < 3500 A) -> 0,  + O ( ' D )  

since J, > k,n(O), and from [lo], 

The time T, which is required in a sunlit atmo- 
sphere to reach about 50% of the photochemical 
equilibrium value (or to reach 80% from 507,) is 
given by 

and in the weak Chappuis bands in the visible [I31 ~ ~ ( 5 0 % )  = 0.275 
[71 O3 + hv(h < 8000 A) -> 0,  + o ( ~ P )  
An important aspect of the photodissociation of {[ /cln(M) + k3k2n(M)n(02)]n(02)~2} J3 

0, is the number of O('D) atoms produced or 
which react with H,O, H,, CH,, and N,O 
before they can be deactivated by atmospheric [I41 = 0.275ne(0)ln(02)J2 
N, and 0 , .  if ne(0) is the photochemical equilibrium con- 

Considering the theoretical problem oxygen centration. Application of [I41 leads to the 
dissociation and ozone formation, the equations following times: 
governing the rates of change of the concentra- 
tions n(0) and n(0,) are Altitude (km) 90 85 80 75 70 

Time (h) 200 90 32 12 4 

Thus, a t  the mesopause and above in  the lower 
thermos~here. the vertical distribution of atomic 

+ k,n(O,)n(O) = 2n(02)J2 + n(03)J3 oxygen concentration depends on the relative 
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importance of atmospheric transport conditions 
as compared with chemical conditions. 

During the night J2 and J, vanish; n(0) 
slowly decays and n(0,) increases to attain the 
value k2n(M)n(02)/lc3 but never exceeds the 
combined initial concentration n(0) + n(0,) of 
the odd oxygen atoms. Comparison of the 
observed and calculated ozone concentration in 
the mesosphere reveals that the calculated ozone 
concentration values are greater than those 
observed, particularly in the upper mesosphere. 
In an oxygen atmosphere, the steady state con- 
centration of ozone molecules in the mesosphere 
is between 1 x 10'' cm-3 and 8 x 10'' ~ m - ~ ,  
which is more than the observed values (27). 
The reason for the difference is that hydrogen 
acts as a catalyst for 'the destruction of odd 
oxygen atoms. The catalytic action of hydrogen 
was first introduced by Bates and Nicolet (3), 
and various other studies (28-31) have shown 
how the ozone behavior in the mesosphere may 
be affected by hydrogen compounds. 

Near the stratopause and in the whole strato- 
sphere 17(03) > n(0) and another regime is 
established. The equation normally used in 
studies of the main part of the ozone layer in a 
pure oxygen atmosphere is 

with n(0) in photochemical equilibrium. The 
differential eq. 15 indicates that the time z,, re- 
quired to attain equilibrium (in fact, to pass from 
zero concentration to 50% of the equilibrium 
value or from 50% to 80x1 is 

where n,(03) is the photochemical equilibrium 
value 

Figures l a  and 16 show the numerical results 
of eq. 16 for various solar conditions: over- 
head sun, 90"; 45" and 30". It can be seen 
immediately that the time required to reach 
photochemical equilibrium conditions is less 
than 1 day at the stratopause and more than 10 
years at 20 km. It is well known that the ozone 
concentration in the lower stratosphere does not 
reach equilibrium conditions and that its vertical 
and horizontal distribution depends on its 

transport conditions. Thus, there are important 
differences between the upper and lower strato- 
sphere; below the stratopause photochemical 
equilibrium conditions can be considered and 
above the tropopause a complete departure from 
steady state conditions must be observed. The 
results of the calculation of the ozone concentra- 
tion under photo-equilibrium conditions in an 
oxygen atmosphere are shown in Fig. 2. It is 
seen that it is difficult to obtain agreement 
between the calculated values and an average 
value (32) representing the observations. In the 
upper stratosphere, the limits of the observa- 
tional and theoretical uncertainties are such that 
the effect of hydrogen and nitrogen compounds 
must be taken into account. 

Reactions in a Hydrogen-Oxygen Atmosphere 

Inspection of the rates of the reactions 
introduced by Bates and Nicolet (3) indicates 

OZONE IN OXYGEN 

ATMOSPHERE 

x - 
3 ,- ,- 
6 

50 1 1 " " 1  ' ' 1 " " "  ' h l l ' " ' l  
100 1000 DAYS 

STRATOSPHERE 
'0 -  ~ e r  x = I  

- 
E - 

OZONE I N  OXYGEN 

x ATMOSPHERE - 
8 30-  
3 
+ + 

- 
6 

10' lo8 lo9 10" 
EOUILIBRIUM TIME SCALE Isl 

20 

10 

FIG. 1. (a) Eq~~ilibrium time scales for ozone in a 
pure oxygen atmosphere. Less than 1 day above 45 km, 
more than 1 year below 25 km (daytime). Overhead sun, 
sec x = 1, and 70°, sec x = 2. (b) E q ~ ~ i l i b r i ~ ~ m  time scales 
for ozone of a pure oxygen atmosphere in the lower 
stratosphere for vario~ls solar heights 90, 45, and 3 0 .  
With times greater than 1 year, there is always departure 
from photo-equilibrium conditions. 

- 

- 

1 l i l l l i l l  1 I I , < - I  1 1 I 1 I I I I l  8 I , , , t i ,  

10' lo5 lo6 I o7 lo8 

EOUILIBRIUM TlME SCALE I s  I 
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tant in the niesosphere, they are relatively un- 
important in the lower stratosphere where other 
processes involving ozone are more important. 

O R~~~~~~~ The chain reaction introduced by McGrath and 
X ACKERMbN 

PHOTO-EQUILIBRIUM Norrish (34) 

[21] (as); OH + O3 -> H 0 2  + O2 + 39 kcal 

and 

[22] (a,,); HO, + O3 -> OH + 2 0 2  + 31 kcal 

lo11 lo1? ,,,, must be finally considered after having been 
O2ONE C O N ~ ~ N ~ ~ A T I O N  lcrnll rejected (35). Very recent measurements have 

FIG. 2. Observed and calculated ozone profiles. been reported (36-38) with a, = 1.3 x lo-'' 
Calculations for various solar zenith angles, sec x = 1, 2, e-9501T cm3 S-  ' which leads to (5.5 1.5) x 
4, and 6, photo-equilibrium conditions. Range in ozone 10- 1 4  cm3 ~ - 1  at  room temperature and to ] to 
concentrations observed by Krueger (32) of 24 rocket 

14 cm3 s- I at  temperatures of the lower flights between 60" S and 64" N. Three observations by 
Randhawa (33) over White Sands and two observations Such are less than 
by Ackerman (private communication, 1973) over which were used in previous aeronomic studies. 
Aire-sur-I'Adour, France. An upper limit a, I 5 x 10-l3 cm3 s- '  at  room 

temperature (39) was adopted as the actual value 
that, in the mesosphere and stratosphere, a large in many studies of the stratosphere (28-31, 40, 
number of them can be ignored. 41). According to Simonaitis and Heicklen (42) 

In the stratosphere and mesosphere, a three- the reaction rate of [221 is 06,  3.3 x 
e- 1 O O O / T  

body reaction involving atomic hydrogen and cm3 s-'  which gives a value of 1.25 x 
molecular oxygen leads to  hydroperoxyl radicals cm3 s-' at  room temperature and low 

values of between 3 and 6 x 10-l6 cm3 s f 1  in 
[18] (a,); H + 0, + M -> H 0 2  + M + 46 kcal the lower stratosphere. 
In the upper stratosphere and mesosphere the Instead of reaction 22 in the upper stratosphere 
reaction of H with 0, is also important and mesosphere the reaction leading to OH 

involves atomic oxygen (39) 
[19] (a2); H + O3 -> O2 + OHusB + 77 kcal 

[23] (a,); 0 + H 0 2  -> 0, + OHus6 + 55 kcal I t  may be concluded that hydrogen atoms are 
immediately transformed into hydroperoxyl Kaufman (39) has suggested that a,  2 lo-'' 
radicals in the major part of the stratosphere cm3 s-'. Reactions 20 and 23 must b e  compared 
since reaction 18 is rapid. However, in the since they represent, in the upper part  of the 
neighborhood of the stratopause and in the stratosphere and in the mesosphere, the chain 
mesosphere, reaction 19 which leads to  O H  has reaction which is involved in the ozone destroy- 
an  important role. ing mechanism through the direct attack of 

An important reaction in the mesosphere and oxygen atoms and re-formation of oxygen 
at  the stratopause level which forms a chain molecules. Experimental data are needed in 
leading to the reformation of oxygen molecules order t o  determine the ratio aj /a,  which must be 
with the production of hydrogen atoms, in known accurately for the calculation of the ratio 
conjunction with reaction 19, is the bimolecular n(HO,)/n(OH) in the  upper stratosphere and 
process mesosphere. 

In  the mesosphere, where n(0) > n(03), the 
[20] (a5); OH + 0 -> H + 0, + 16.6 kcal differential equation for atomic oxygen is 

I t  is clear that if the effects of [20] are impor- written (43) 
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with 

C251 4 0 3 )  - - k,n(M)n(O,) - k,n(M)n(O,) 
n(0) J3 + k3n(0) + a,n(H) + a6n(OH) + a6,n(H02) - J3, 

and 

Such an equation 25 corresponds to photochemical equilibrium conditions in the lower thermosphere 
and in the upper nlesosphere. Numerical calculations near the mesopause level show that the rate 
coefficients are too small to lead to photochemical equilibrium conditions for atomic oxygen. Its 
vertical distribution in the lower thermosphere is subject to vertical transport conditions controlled 
by eddy diffusion. 

The minimum which is observed near 75 km in the ozone concentration by Hays and Roble (27) 
is due to the action of atomic hydrogen; the net effect of the action of hydroxyl and hydroperoxyl 
radicals on atomic oxygen is to cause an important decrease of the ozone concentration. 

In the region where atomic oxygen is in photochemical equilibrium, the conventional stratospheric 
equation 15 indicates that photochemical equilibrium values can be reached in the lower mesosphere 
and upper stratosphere. However, [ I  51 must be replaced in a hydrogen-oxygen atmosphere (43,44) 
bv 

If [27] is compared with [15], it is clear that the effect of hydrogen compounds is equivalent to an 
increase in the photodissociation coefficient J,. In other words, the ozone dissociation is increased 
by additional processes involving H, OH, and HO, so that the equivalent 0, photodissociation 
coefficient is written (43) 

where A is given by 

[29] 2J3k3n(03).A = a,n(H)k,n(M)n(O,) + a5n(OH) 
a5 J 3  

By assuming reasonable numerical values, it is 
easy to see that a6k2n(M)n(02)/a5J3 < I and 
a6ck2n(M)n(02)/a7J3 < I in the upper strato- 
sphere and mesosphere and > 1 in the lower 
stratosphere. Thus, at the stratopause, the con- 
ventional equation for equilibrium conditions is 

with the correction term n(H) being negligible, 

By assuming that the values of n(0H) and 

n(H0,) are known, it can be shown that the 
correction tern1 can be applied in  the mesosphere 
and at the stratopause where 2k3n(O3) - 
a,n(OH) + a,n(HO,). Below the stratopause it 
is difficult to see how a correction term could be 
introduced except if the OH and HO, concentra- 
tions were increased by a factor of 5, at least. By 
assuming that the values of n(0H) and n(H0,) 
are known, it is possible to see (Fig. 3) that the 
effect of hydroxyl and hydroperoxyl radicals can 
be considered in the lower stratosphere as loss 
processes for ozone. However, since the maxi- 
mum value of the loss coefficient is, between 15 
and 25 km, of the order of IO-'s- ' for sec x = I 
and s- '  for sec x = 2 the times which are 
required to reach chemical equilibrium are longer 
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NICOLET: A N  OVERVIEW OF AERONOMIC PROCESSES 1387 

30 , , , , , , , , I 'I / ' " " ' 1  ' I ' Y " "  production of O('D) atoms (47). At 3 130 A and 
STRATOSPHERE 25 "C the efficiency for 0( 'D) production was 

- 0. OH O O ~  HO, REACTIONS found to be 0.5 (48). However, at stratospheric 
WITH O Z O ~ E  temperatures it becomes very small (49). We - 

E 
3 - may consider (50) the following working value 

for the quenching rate coefficient 

[34] k Q ( ' D ) = 5 x 1 0 - " c m 3 s - '  

due to N2 and 0,. With this average value of 
lo-1t lo-'0 lo-q IO.Q I -  li,, the prod~iction rate of O('D) atoms leads to 

O, LOSS COEFFICIENT IS.'] the photo-equilibrium concentration for various 
FIG. 3. Comparison between the various reactions solar zenith angles illustrated i l l  Fig. 4 for a 

(with 0, OH, and HOz) leading to  the destruction of conventional vertical distribution of 0, (43). In 
ozone molecules. ~ f f e c t  of OH and HO2 is particularly the lower stratosphere, the concentration 17(0- 
important in the lower stratosphere for overhead sun (ID)) is the order of and a peak concent ra t ion  conditions. 

of more than 100 cmP3 occurs near the strato- 
than 1 year. An increase of n(OH) or n(H0,) pause. At the stratopause, the variation is small 
wo~lld be necessary in order to reduce the time with solar zenith angle, b~ l t  is very important in 
to less than I year. the lower stratosphere due to the sensitivity on 

the spectral efficiency of wavelengths near 3100 
Production of Hydroxyl and Hydroperoxyl A. 

Radicals The reaction of O('D) occurs not only with 
Water vapor can be dissociated by sunlight H20, but also with CH4 and H2. Thus, the 

and its photodissociation coefficient for zero Presence of O('D) atoms leads to the production 
optical depth is l o p 5  s- ' .  The photodissociation of H atoms and OH radicals by H20,  Hz, and 
occurs in the upper mesosphere due to the effect CH4 in the troposphere and withollt 
of Lyman-a and goes to the lower mesosphere by a direct photodissociation process. Recent 
absorption in the spectral range of the Schu- experimental analysis (51-55) leads to a rate 
mann-Runge bands. The photodissociation rate coefficient 
coefficient decreases in the mesosphere by a 
factor of the order of 1000 (43). [35] a* = (3 + 1) x lo-'' cm3 s - '  

In the stratosphere, the photodissociation 
process is less important than the oxidation The production of H O  radicals is illustrated in 
process. An effect caLlsed by oxygen atoms, in Fig. 5 where the minimum occurs at the trOp0- 
their normal state ,P, on H 2 0  has not been PaLise, chosen here at 15 km. 
detected since the reaction is endothermic, but 
atoms in their first excited state ' D  lead to (45) 5 0 ,  , , , , , , , , ,  , , , , , , , , ,  , , , , , , , , ,  , , ,,,,,,. ,, 
[32] O('D)  + H 2 0  -> OH + OH*(v 5 2 )  + 28.8 kcal 

01101 

The production of O('D) atoms by pliotolysis 'O 

of stratospheric ozone is important. A precise 
determination depends on the exact efficiency of 

I O('D) production in the processes 

[33a] O3 + hv(h < 3100 A) -> 0 2 ( ' A g )  + O('D)  

1 and 

[33b] 0 3  + hv(h < 4000 A) -> 0 2 ( 3 Z p - )  + O ( ' D )  
to-' I 10 lo1 

01'01 CONCENTRATION lcm.'l 

According to DeMore and Raper (46), FIG. 4. Concentration of oxygen atoms in the excited 
Oxygen atoms are O('D) at A 5 3100 A ;  for state ID produced by ozone photodissociation. Variation 

> 3100 A there is a drop in the efficiency of withsolarzenithangleforaconstantozoneconcentration. 
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t STRATOSPHERE 

OH PRODUCTION 

LO 

FIG. 5. Production of OH radicals in the stratosphere 
by reaction of O('D) atoms with H 2 0  (4 p.p.m.v.), CH, 
(1.5 p.p.m.v.), and H 2  (0.5 p.p.m.v.) for two solar zenith 
angles, sec x = 1 and 2. 

Reactions in a Nitrogen-Oxygen Atmosphere 
. - 

The theory of nitric oxide in the upper atmo- 
sphere is based on the ionospheric properties of 

the F and E regions (56-60). Ionic reactions lead 
to excited atoms N(,D) which react with 0, to 
form nitric oxide molecules. In the stratosphere, 
the reaction of the electronically excited oxygen 
atom O('D) with nitrous oxide (43, 62-65) is a 
natural source of nitric oxide. Cosmic rays 
(64, 66) must also be considered as a source 
particularly at high latitude since the production 
of nitrogen atoms is of the order of 1 atom per 
ion pair. Another source of nitric oxide at low 
levels (67, 68) is the reaction of OH radicals 
with NH,; depending on its concentration in the 
stratosphere, ammonia may be a n  additional 
source of nitric oxide in the lower stratosphere. 

If we consider the various reactions which are 
involved in the mesosphere and stratosphere 
(18, 62, 69-71), we write the differential equation 
for total odd nitrogen (N + NO + NO, + NO, 
+ 2N,O, + HNO, + HNO,): 

P(N) is the direct production of nitrogen atoms and P(N0)  is the direct production of nitric oxide 
molecules and 

Considering photo-equilibrium conditions, for each constituent we obtain 

1381 n(No2)[J~~2 + b,n(O)l + n(N03)J~o-oa + H(HNO~)JOH-N~ = n(N0)[b2n(M)n(0) 
+ b4n(03) + bl ,n(N03) + b,,n(M)n(OH) + b,,n(HO,) + c,,n(CH30,)1 

where 

[391 (bz); O + NO + M -> M + NO2 

[401 (b3); 0 + NO2 -> NO + 0 2  

[41 1 (b4); 0 3  + NO + NO2 + 0 2  

~421 (bll); NO + NO3 -+ 2N02  

[43] (bzl); NO + OH + M -> HNOz + M 

[441 (b29); NO + HOz -> O H  + NO2 

i45] ( ~ 5 ) ;  CH302 + NO + CH30 + NO2 

[461 (JNo-02); N o 3  + h~ + NO + 0 2  

[471 JN02; NO2 + h~ -> NO + O 

[481 JOH-NO; HNOz + h~ + O H  + NO 

Making the usual approximations appropriate for the stratosphere (43) and assuming that 

1491 n(N02)J~02 < n(03)J3 

[sol a,n(H) < a6n(OH) 
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NICOLET: AN OVERVIEW OF AERONOMIC PROCESSES 

the general equation for 0, may be simplified to yield 

+ a5n(OH) + a7n(H02) + a3,n(H202) + 2b3n(N02)1 )= 2n(02)J2 + n(NO)C2JNo 

+ blln(N03) + b21n(M)n(OH) + b,gn(H02) + c,,n(CH302)1 

- n(HNO2)JOH-NO - n(N03)CJN0-0, - J~02-01 
where 

If we compare [51] with [27] without the introduction of nitrogen oxide effects, it is clear that we 
must compare the effect of b,n(NO,) (nighttime and daytime reaction) with a,n(OH) + a,,n(HO,) 
(daytime reactions1 and also 2b3n(N02) with 2k3n(0,) + a5n(OH) + a7n(H02). 

The reaction of NO, with 0, has been studied in the laboratory (72, 73). Its rate coefficient is 
b, = 1.23 x lo-', e-24701T cm3 S - l  which leads to a rate of the order of lo-'* cm3 s-' in the 
lower stratosphere. Nevertheless, such a low value leads to an effect in the lower stratosphere 
which is of the same order of magnitude as a,n(OH) (see Fig. 3) for n(NO,)/n(M) = 3 x 
Since reaction of NO, with 0, plays its principal role for nighttime conditions, it seems that such 
a reaction cannot be neglected. 

The rate coefficient of reaction 40 has been determined very accurately (74-76) to be b, = 9.2 x 
lo-', cm3 s-l .  In order to compare the effects of reactions 40 and 52, b, has been compared with 
b3J3/k2n(M)n(02) = bje, in Fig. 6. The reaction between atomic oxygen and nitrogen dioxide is 
generally more important than the reaction between ozone and nitrogen dioxide except near the 
tropopause even though the absolute value of the rate coefficient b9 is only of the order of 10-l8 
cm3 s-l .  However, this very small value leads to a more important effect than the action of the 
reaction between atomic oxygen and ozone. Using the observational values of n(N0,) by Ackerman 
and Muller (21) it is possible to make the comparison which is shown in Fig. 7. When the sun is 
overhead, it seems that the action of hydroxyl and hydroperoxyl is of the same order of magnitude 
as the action of nitrogen oxides. Concentrations of NO, greater than 10' cmP3 have a more impor- 
tant role in the NO, reaction with atomic oxygen than w ~ t h  ozone. 

If we consider the production term in the general equation 51, there is in addition to the normal 
production by molecular oxygen 2n(02)J2 a general term depending on nitrogen oxides 

Neglecting the effect of NO, and using photo- 
equilibrium conditions for HNO,, [55] is 
written 

Cj61 n(NO)C2JNo + c5,n(CH302)I 

+ n(H02)Cb29i1(N0) - b3311(NO2)1 
where 

[57] (b33); HOz + NO2 + HN02 -t Oz 

The importance of [56] in the lower stratosphere 
depends on the values of c5,n(CH302) which is 
about 5 x S- I  according to calculated values 
(71) at 15 km. Since n(N0) < lo9 cm3 in the 

lower stratosphere the effect of CH302  is neg- 
ligible. However, it depends also on the differ- 
ence b,,n(NO) - b,,n(NO,) which seems to 
be positive in a sunlit atmosphere. According 
to Simonaitis (private communication, 1973) the 
ratio b,,/b,, = 7 + 2 and, therefore, for n(N0,) 
< 7n(NO) a positive term must be added to the 
production term 2n(02)J2. In the lower strato- . 
sphere there is a large variation of the photo- 
dissociation of molecular oxygen with the solar 
zenith angle; if the production for overhead sun 
conditions is 1 x lo5 and 1 x lo6 oxygen atoms 
cmP3 s-' at 15 and 20 km, respectively, the cor- 
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Production of Nitric Oxide FIG. 8. Production of nitrogen atoms and nitric 
oxide molecules. The production of nitrogen atoms is 

The reaction of the electronically excited atom given at Thule (Polar Cap) for maximum conditions 

o ( 1 ~ )  with nitrous oxide (43) is a natural source (1954) and minimum conditions (1958) and at  Bismark 
in 1965 (maxim~~m conditions). The production of nitric 

of nitric oxide in the stratosphere. It depends on oxide molecules from N,O and NH, is given for = 
the vertical distribution of N 2 0  molecules which and 2,  overhead sLln conditions and height sun = 30°, 
is related to the photodissociation rate and to respectively. Cosmic ray data from Neher (78, 79). 

1390 C A N .  J. CHEM.  VOL.  5 2 ,  1974 

5 0  , , , , , , , 

LO 

I 1 1 1 1 r 3 1 c ~  1 1 1 1 1 1 1 1  

STRATOSPHERE - 
NO2 - O3 

- 

/b3 

the variable flux of molecules from the tropo- 
sphere. There is practically no stratospheric 
source of N20,  a!id no transport of nitric oxide 
from the mesosphere is possible. A total pro- 

O.NO - ~ 0 r 0 ~ <  

2' 
b e - b  x J) 

3 -  3 kInIMln1021- 

LLL] , 1 1  1 1 1 ( 1 1  1 1 1  l l l l L ~  , , ,  , , , , ,  

duction of the order (I 0.5) x lo8 NO 
molecules is possible. It is clear that the exact 
value is related to the vertical distribution of 
N 2 0  which depends strongly on the values of 
the eddy diffusion coefficient which are adopted 
(6 1, 64). 

A second process which can produce nitric 
10.'~ 16" 

RATE COEFFICIENT I C ~ - ~ S - I I  

' oxide is the reaction of nitrogen atoms with 

FIG. 6. Rate coefficients of nitrogen oxide with ozone 
molecular oxygen. This leads, in less than 10 s 

and atomic oxygen, The eqLlivalent rate coefficient b3' in the lower stratosphere, to nitric oxide mole- 
increases with height and is far greater than b, in the cules. The production of llitrogen atoms is 
middle and upper stratosphere. related to the normal ionization by cosmic rays 

(64, 66). One nitrogen atom, and consequently 
one nitric oxide molecule, is produced per ion 
pair due to the cosmic rays (77). The production 

SPC x . 2  of N atoms is shown in Fig. 8 for Thule in 1954 
(solar activity minimum) and in 1958 (solar 
activity maximum) with a station of mean 
latitude Bismark in 1965 (solar activity mini- 

u 20 - mum). It is clear that the production of nitrogen 
atoms (day and night process) is always more 
important in the polar (or high latitude) lower 
stratosphere than the production of nitric oxide 
which is shown in Fig. 8 for two solar zenith 

I n9 I O - ~  10.' angles sec x = 1 and 2. 
0, LOSS COEFFICIE"I1 Is - ' )  

FIG. 7. Comparison of the v a r i o ~ ~ s  loss coefficients 
of ozone in the lower stratosphere when hydrogen and 
nitrogen con~pounds are involved; the NO, concentration 
is given by Ackerman and Muller (21). 

responding values for a solar zenith angle of 60" 20- 

are only 50 and 5 x lo3 ~ r n - ~  s- ' .  With 1UO 
concentrations of the order of 5 x lo8 cm-3 and % 
a rate coefficient which is perhaps not less than 15- 

2 x 10-l2 cm3 S-I, the addition of lo4 ozone ' 
Sei r. z 2  

molecules cm-3 s-' is possible. Thus, the 
aeronomic behavior must be discussed in detail 10- 

and special attention is required to consider the 
effect of the nitric oxide tern1 of [56] compared 
with 2n(02)J2 when there is an artificial injection 5 I 1 1 I I I I I I 

20 30 LO 50 

of nitrogen oxides in the stratosphere. N Or NO P R o O U C ~ ~ O ~  [ C ~ - ~ S - ~ I  
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NICOLET: AN OVERVIEW OF AERONOMIC PROCESSES 1391 

A third process for the produc'tion of nitric nitric oxide due to the oxidation of N H ,  by OH 
oxide in the stratosphere which can be con- occurs below 20 km. 
sidered is the oxidation of ammonia (67, 68, 80). Thus, it seems that the three sources which 
The oxidation is initiated by the reaction have been considered play a role in the produc- 

with a rate coefficient of (1.5 f 0.4) x lo-', 
cm3 s-' at  room temperature (68). According to 
Dove and Nip (81) its activation energy (mea- 
sured between 1500 and 2000 OK) would be l .  l 
kcal and the rate coefficient 

Such a formula leads to 1 x lo-', ~ 1 1 1 ~  S - '  a t  
300 OK in good agreement with the value 
deduced by Stuhl. 

The production of nitrogen oxide n~olecules 
may come directly from the following reaction 

[601 NH2 + 0, -> H2O + NO + 109 kcal 

[61] NH, + O2 + HNO + OH + 41 kcal 

with 

[62n] HNO + O2 -> H 0 2  + NO - 1 kcal 

[62bl -> OH + NOZ + 7 kcal 

The reactions should be studied in the laboratory 
in order to determine the exact oxidation paths 
of NH, and also the effect of 0, and NO. 

NH, concentrations a t  the ground have been 
presented by Junge (82) and mixing ratios of 
1.2 x have been observed above the trade 
wind inversion on Mauna Kea (3200 m) in 
Hawaii. Recent nleasi~rements by Georgii and 
Muller (83) lead to mixing ratios as low as 5 x 
lo-" to 1 x lo-' in the polar maritime air and 
to about 5 x lo-' over the continent. Winter 
and summer values at  3 km are about 2 x lo-' 
and 6 x lo-', respectively. 

A knowledge of the flux of NH, into the 
stratosphere is required in order to determine the 
exact production of nitric oxide molecules. If we 
adopt as a working value a mixing ratio of the 
order of in the lower stratosphere, we can 
determine the production of nitric oxide 
molecules if we know the concentration of O H  
radicals. Considering the O H  concentration 

tion of nitric oxide in the stratosphere. ~ b w e v e r ,  
there will be verv important differences with 
latit~lde and season. A stratospheric observation 
of NH,  is required. 

Oxidation of Methane and Production of 
Carbon Monoxide 

Methane is produced primarily by various 
bacterial decomposition processes leading to an 
average prod~iction (84) of 3.4 x 10" CH, 
molecules cm-2 s- l .  Since the total number of 
CH, molecules is about 3.2 x 10" ccm-, 
column, such a production corresponds to an 
estimated residence time of about 3 years (day 
and night). 

The daytime destruction process of CH, 
leads to the production of CO (24, 85) with an 
average residence time of 0.4 year for CO if its 
volume fractional concentration is of the order 
of 0. I p.p.m.v. The carbon monoxide molecules 
apparently could have a lifetime of the order of 
0.1 year (71, 86-88). The sink of methane is a 
source for formaldehyde (25, 88) which leads to 
the production of H, and CO. There a re  different 
ways to reduce the differences between the 
various results. However, there are still diffi- 
culties in the interpretation according t o  a recent 
analysis made by Warneck (89) of the distribution 
of CO mixing ratios with latitude in the northern 
and southern hemisphere which were measured 
by Seiler (90). 

Methane, which is mixed in the troposphere 
(1 2) is photodissociated in the mesosphere and is 
dissociated by oxidation processes in the strato- 
sphere. 

Atomic oxygen attacks nlethane through (64) 

1631 ( ( . I ) ;  0(3P) + CH, ->CH3 + OH - 2 kcal 

[64nl (el,*); O('D) + CH, -> CH, + O H  + 
43.5 kcal 

and 

which occurs to the extent of 9% (91). 
The other important reaction in the strato- 

sphere is 
which will be determined later, we have repre- 
sented in Fig. 8 the vertical distribution of the 1651 (c2); OH + CH4 -> CH3 + HZO + 15 kcal 

N O  productyon in the lower stratosphere. With In the lower stratosphere CO, is photodissociated 
such conditions, it is clear that the production of at  a very low rate and the production of CO 
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1392 C A N .  J .  CHEM.  

corresponds to the total oxidation process of 
CH, by reactions 64 and 65. The oxidation of 
carbon monoxide is attributed to 

[66] (a,,); OH + CO -> C 0 2  + H + 24 kcal 

Methyl radicals, which are produced by 
oxidation processes of CH,, react in~n~ediately 
with molec~~lar oxygen to form methylperoxy 
radicals 

[671 (~4,); CH3 + 0 2  + M -> CH302 + M + 26 
kcal 

Methylperoxy radicals react with NO (92) 
leading to 

[45a] (c,.); CH30Z + NO -> C H 3 0 2 N 0  

According to Spicer et at. (92), there was no 
evidence for CH30 radical production in their 
s t~~dies  and they concluded that reaction 45c did 
not occur, contrary to expectation from atmo- 
spheric evidence. Levy (71) has considered that 
45c is the reaction occurring with c,, 2 5 x 
10-l3 cm3 s - l .  In the same way the reactions 
with NO, are 

The photochemistry of formaldehyde (93, 94) 
indicates that two distinct primary processes 
occur 

[69a] ( 4 ;  H2C0 + hv -> HCO + H ; 
Jll-llco = 9.4 x lo-' S - I  

VOL.  5 2 ,  1974 

[69bl (c7,); -> CO + H Z ;  
Jco-kIZ = 1.3 x S - I  

which leads to the production of formyl and 
carbon monoxide with atomic and molecular 
hydrogen, respectively. In addition, a rapid 
reaction such as 

[70] (cs); OH + H 2 C 0  -> HCO + H 2 0  + 36 kcal 

must also be introduced. 
The formyl radical is photodissociated (95) 

[711 (ell); HCO + hv -> CO + H 

or reacts with 0, (96) 

[72] (el?); HCO + O2 ->CO + H 0 2  + 40 kcal 

or reacts with OH 

[73] (c13); HCO + OH -> H 2 0  + CO + 95 kcal 

Other reactions have been introduced (24, 71, 
80, 85, 88): 

[74] (~14); CH302 + CH302 -> 2CH3O + 0 2  

[75] (el5); CH30 + 0 2  -> HO2 + HzCO 

[76] ((.I6); CH302 + HO2 -> CH30zH + 0 2  

[77] (c17); CH302H + OH -> H20 + CH302 

[78] (cis); CH302H + AV -> CH3O + OH 

The two following reactions are also con- 
sidered 

[79] (c, 9); CH302NO + h~ -> CH30z + NO 

[80] , (('20); CH3OzNOz + hv -> CH302 + NO2 

Thus, with eqs. 63 to 80, it is possible to write 
for equilibrium conditions that 

If we consider the various reactions involving the production and loss mechanisms of H, OH, and 
HO, and use [81] we obtain 

+ c1,t7(CH3O2H)I = n(CH4)[cln(0) + cl*n(O*)][l + XI + n(CH30)cl,n(02) 
with 

The ratio X - 2JH-Hco/Jco-H, varies from 0.8 at 50 km to 0.7 near 15 km and is about 0.5 at  
ground level. Keeping only the important terms, the steady state conditions of eq. 82 lead to 

[84l +n(OH)c,n(CH,)[l - XI = n(CH,)[c,n(O) + cl*n(O*)][l + XI + ... 
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NICOLET: AN OVERVIEW OF AERONOMIC PROCESSES 1393 

which are the principal terms which must be introduced when methane is present. In the strato- 
sphere, oxidation leads to a decrease in the mixing ratio of CH,. However, the transport froni the 
troposphere is such that its vertical profile has a weak gradient, as is shown froni balloon samples 
and a rocket sample (12, 97). 

Removal of Hydroxyl Radicals 
The conlplexity of the chemical model requires an accurate determination of the profile of hydroxyl 

and hydroperoxyl radicals in the stratosphere and mesosphere. 
In addition to the previoi~s reactions disci~ssed it is necessary to consider the following reactions 

leading to the re-formation of H,O 

[851 ( a l 6 ) ;  OH + OH -> H 2 0  + 0 + 27 kcal 

and 

Reaction 86 is extremely important since recent measilrements by Hochanadel et al. (98) indicate 
a rate coefficient a , ,  = 2 x 10-lo cm3 s- I .  

In the discussion concerning the more important reactions of hydroxyl and hydroperoxyl radicals, 
the reactions involving HO, must be considered (43) 

1871 (nz7); HO, + H 0 2  -> H,O, + 0 ,  + 42 kcal 

1881 (a30); OH + H 2 0 z  -> HZO + HO, + 30 kcal 

[891 (a , , ) ;  OH + H ,  -. H 2 0  + H + 15 kcal 

Since photo-equilibrium conditions can be considered in the stratosphere where n(H) is small, 
the equation for n (0H)  is written as 

= ~I(H,O)[J,,-,,, + a*n(O*)] + t?(H,)a,,*n(O*) + t7(Ctl,) {c,*t~(O*) + c,*t7(0*)j 

The ratio n(OH)/n(HO,) is 

Equations 90 and 91 have been used to derive 
the ratio t7(OH)/t7(H02) and t7(OH) using the 
values of the rate coefficients which were adopted 
here. With the aim of illustrating the day 
eqi~ilibrii~m in the stratosphere varioils figures 
have been prepared. In Fig. 9, the varioils 
percentages of the different coefficients affecting 
n(0H) are given. In the upper troposphere and 
lower stratosphere the dominant path trans- 
forming OH to H + HO, is the reaction with 
CO. In the lower stratosphere when n(CO)/n(M) 
5 5 x and in the middle stratosphere, the 
reaction of OH with 0, plays the leading role 
(almost 100%). At the stratopause and in the 
upper stratosphere, the reaction with atomic 

oxygen transforming O H  to H + HO, becomes 
the principal reaction. The effect of H,, H,CO, 
and CH, may be neglected in the first approxi- 
mation although they can play a role in the 
lower troposphere. A remark milst be made 
concerning the effect of CO in the lower strato- 
sphere; the curve of Fig. 9 is deduced for a 
mixing ratio of in the troposphere and 
5 x in the stratosphere. A decrease of 
these values leads to an increase of the effect of 
the reaction of OH with 0, particillarly in the 
lower stratosphere. 

As far as HO, is concerned, it can be seen in 
Fig. 10 that, in the lower stratosphere, the 
reactions with nitric oxide cannot be neglected. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1394 C A N .  J. CHEM [ .  VOL. 5 2 ,  1974 

L O -  

O 

TROPOWUSE 

5 10 50 100 

PERCENTAGE 

Frc. 9. Profiles.(Y,) of the various terms affecting OH 
in the determination of the ratio II(HO,)/II(OH). CO 
effect due to its mixing ratio 5 x in the stratosphere. 

PERCENTAGE 

FIG. 10. Profiles (Y,) of the v a r i o ~ ~ s  terms affecting 
H 0 2  in the determination of the ratio II(HO,)/II(OH). 
NO effect due to a mixing ratio 3 x lo-' for NO,. 

Its exact role depends on the v a l ~ ~ e  of the rate 
coefficient and on the vertical distribution of its 
concentration which here is n(NO,)/n(M) = 
3 x As for OH, the effects of the reaction 
of HO, with 0, and 0 occur in the middle and 
upper stratosphere, respectively. However, it 
must be pointed out that the simultaneous 
effects of the reactions with OH, HO,, and 0 at 
30 km lead to a total of a b o ~ ~ t  30x  of the effect 
of all reactions. Another remark 11iust be niade 
concerning the effect of NO which depends 
strongly on the assumed value of the rate coeffi- 
cient b 2 ,  (here 3 x 10-13) (99) and on the 
vertical distribution of the nitric oxide con- 
centration in the lower stratosphere. A value of 
the order of lo-'' cm3 s-' or more for the 
reaction between NO and HO, would increase 
its effect and the OH concentration. 

Thus, the main features of Figs. 9 and 10 
correspond to the effect on OH and HO, of 
atomic oxygen at the stratopause and in the 
upper stratosphere, of ozone in the middle 
stratosphere and lower stratosphere, and of 
carbon monoxide and nitric oxide in the lower 
stratosphere. 

The essential features of the calculations ap- 
pear very sensitive in the lower stratosphere to 
the adopted values for the concentration of CO 
and NO. In Fig. 1 1  the ratio n(HO,)/n(OH) is 
represented for the condition illustrated in Figs. 
9 and 10. Another curve (NO = 0)  shows that 
for a relative concentration of NO, of 5 x 
lo-'', the ratio t7(H02)/n(OH) increases from 
15 to 60 at 15 kni. When the reaction with CO 
is reduced (mixing ratio lo-'), tlie ratio n(HO,)/ 
n(0H) becomes less than 10 at 15 krn. Thus, the 
behavior of OH and HO, in tlie lower strato- 
sphere requires an exact knowledge of their rate 
coefficients with N O  and NO,. 

With the ratio n(H02)/t7(OH) obtained from 
the numerical results illustrated in  Fig. 11, it is 
easy to determine the vertical profile of OH. 
From the various effects occ~irring in the 
troposphere and nlesosphere, we find that the 
reaction between OH and H 0 2  is the doininant 
path for removal of hydroxyl and hydroperoxyl 
radicals in the stratosphere. However, in  the 
lower stratosphere CH4 and HNO, are also of 
the same iiiiportance (Fig. 12). If the value of 
2 x lo-'' cni3 s- '  reported by Hochanadel 
et al. (98) is reduced by a factor of 4, the iinpor- 

- 

L O -  

- 
- 
E 
5 3 0 -  
W 
0 3 
+ - - + 
4 

20 - 

10 - 

Sec X = 

I 10 100 
H 0 2  and OH CONCENTRATION RATIO 

FIG. 11. Ratio II(HO~)/I~(OH) in the stratosphere. 
Curve (NO-HO,) using values given in Figs. 9 and 10. 
Curve NO = 0 when the mixing ratio of  NO, is reduced 
to 5 x Curve CO = 0, when C O  is neglected. 
Curve CO = 0, N O  = 0, neglecting the effect of CO 
and NO. 
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Reaction Kinetics Involving 0 and N Compounds 

H. N I K I  
Frirl  Si,iorc.r.s Deptrr.tt~rc,tr/, Scirtrt(1ilic. Rr.srtrrc,lr Stc!fl: Fort1 ~ M o t o ~ .  Cottr l~tr t r~.  Drorhor.tr, iMic lri,q/tr 48/21 

Received September 1 .  1973 

Experimental work performed during the past 4 years is reviewed briefly for aero- 
nomically interesting reactions involving ground electronic states of 0 and N compounds. 

On dicrit les travaux expirimentaux accomplis depuis 4 anntes sur des rkactions inte- 
ressantes du point de vue aironomique qui irnpliquent les Ctats Clectroniques fondamen- 
taux de composis 0 et N. [Traduit par le journal] 

Can. J .  Chern., 52, 1397 (1974) 

Introduction 
At the York IAGA symposium in 1968, Schiff 

(1) reviewed the status of laboratory work on 
neutral reactions involving oxygen and nitrogen. 
At that time it appeared that rate constants for 
many fast reactions involving simple N and 0 
compounds were reasonably well-established for 
aeronomic purposes. However, with recent phe- 
nomenal progress in atmospheric measurements 
and modeling calc~~lations, it has become appar- 
ent that highly accurate kinetic data are needed 
over the temperature range of 200-300 K for i these fast reactions and also for slow reactions 

I such as NO + 0, + NO, + O,, and NO, + 
0, -, NO, + 0,. Accordingly, kinetic studies of 

1 reactions involving N and 0 compounds in 
ground electronic states have been actively 

I 
pursued. This paper will attempt to discuss some 

~ of the recent significant developments in experi- 
mental methods and the ensuing kinetic data. 

Nitrogen- and oxygen-containing species of 
aeronomic interest include 0 ,  OH, O,, NO, NO,, 
NO,, N205,  HNO,, HNO,, and NH, (2). 
Kinetic studies of reactions among these 
numerous species clearly require a wide variety of 
experimental methods of production and detec- 
tion. Several experimental methods discussed by 
Schiff (1) and by Kaufman (3) at the last IAGA 
symposium have been employed with substan- 
tially improved accuracies. In particular, flow 
experiments have continued to enjoy wide 
popularity. Ground state atomic oxygen suffi- 1 ciently free of other reactive species has been 

1 produced by thermally decomposing N,O or 0, 
I 
I on a Nernst glower. The method of producing 
I "vibrationally cool" OH in a discharge-flow is by 
I the titration reaction H + NO, + OH + NO 
I (4). In addition to the now familiar detection 

methods such as electron spin resonance (e.s.r.), 
mass spectrometry, and 0 + NO chemilumine- 
scence, the resonance fluorescence method is 
widely used with great success for monitoring 
O(,P) and OH('II) in flow experiments (5, 6). In 
this method, a small fraction of these species 
present in a reaction system is selectively excited 
by resonance radiation and the ensuing fluore- 
scence emission is detected. Because of its 
excellent detection sensitivity, concentrations of 
the reactive species needed for kinetic studies are 
sufficiently low to largely eliminate otherwise 
complicating chemical conditions arising from 
side reactions of reactive impurities and reaction 
products. As an example, it is now possible to 
study reactions involving OH without inter- 
ference from the bimolecular reaction 20H + 

H,O + H. With the likely availability of various 
resonance lamps and tunable lasers in the near 
future, the resonance fluorescence method pro- 
mises to be a powerful general tool for the 
detection of atoms and simple radicals. Never- 
theless, in spite of these improved methods of 
production and generation, one should keep in 
mind that "plug-flow" experiments are subject to 
uncertainties associated with flow measurements, 
flow characteristics, and uncontrolled wall 
reactions (31. 

~ m o n ~ '  the most notable advances are the 
combined uses of (i) pulsed and modulated 
photolysis to generate reactive species selectively, 
(ii) emission and absorption spectroscopic tech- 
niques to monitor these species with high 
sensitivity and selectivity, and (iii) improved 
signal processing techniques such a s  photon 
counting, signal averaging, and phase sensitive 
detection. To illustrate, 0(,P) can be produced 
by collisional deactivation of photochemically 
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generated O('D), and similarly, OH (,lI) either 
by the O('D) reactions of H-containing com- 
pounds (e.g. O('D) + H,O = 2HO) or by direct 
photodissociation of H,O,. Notably, the extent 
to which photolysis provides a clean source of 0 
and OH depends greatly on the reaction under 
study. Hydrogenous impurities and excited 
species are often produced as photochemical side 
products, and thereby present a potential source 
of uncertainties in the kinetic data. Recently, a 
selective generation of 0(,P) by dye-laser flash 
photolysis of O, in the Chappius band has been 
successfully used to study the reaction 0 + 0, + 

20, (7). Typical detection techniques used in 
flash photolysis work include resonance fluore- 
scence for 0 and OH, chemiluminescence for 0 ,  
and U.V. absorption for OH, O,, and NO,. These 
combined methods of production and detection 
often allow accurate measurements of chemical 
lifetimes of the reactive species under chemically 
and physically well-defined conditions. As a 
result, kinetic data on a large number of reac- 
tions involving 0 and OH are now available over 
a wide range of pressures and temperatures. 
However, extreme care in gas handling is fre- 
quently necessary to ensure a high degree of 
accuracy for these values. Impurities in the 
sample, absorption and decomposition of sample 
gases on the reactor walls, and resulting in- 
accuracies in pressure measurements are common 
nagging problems for handling most of the N 
and 0 compounds. 

Direct kinetic studies are not readily feasible 
for reactions involving species such as NO,, 
N,O,, and HNO,, because of the difficulties 
associated with both generation and detection. 
As an example, N,O, is present in equilibrium 
with NO, and NO,, both of which pose potential 
interference to the reaction of N,O, under study. 
In some fortuitous circumstances, sufficiently 
reliable rate data can be obtained from indirect 
studies. Rate constants for the reactions 0 + 
NO, + M + NO, and NO, + NO + 2 N 0  have 
been derived from detailed kinetic analysis of 
NO, photolysis in a high pressure of N, (8). It 
appears at least for the time being that kinetic 
knowledge of these elusive reactions can be 
gained by methodical studies of complex reaction 
systems. 

Series (9) and CIAP Monograph (lo), this review 
will attempt to summarize some of the kinetic 
data reported since 1969. Reactions will be dis- 
cussed in the approximate order of the preceding 
introductory remarks on experimental methods 
beginning with 0 ,  OH, 0,,  O,, and NO,. Rate 
constants are given in molecule cm-3 concen- 
tration units, and enthalpy of reaction at 298 K ;  
AH0,, ,  is shown after each equation in kcal 
mol-I. Temperature coefficients are given in the 
Arrhenius form with the activation energy in 
kcal mol- '. 

This reaction provides a principal sink of 0 
atoms and also the sole source of O, in the 
mesophere and stratosphere. Prior to 1969, 
kinetic data on this reaction were obtained 
mainly by discharge and thermal decomposition 
flow methods. The reported rate constants 
scatter over a factor of 2 at all temperatures in the 
range 200-300 K. In contrast, nearly all recent 
studies have been made using time-resolved 
vacuum U.V. photolysis and the results at 300 K 
agree within 20%. In all cases, concentrations of 
0(3P) atoms generated by photodissociation of 
0, were kept sufficiently low to ensure negligible 
effects of side reactions such as 0 + 0 + M + 
0, + M, 0 + O3 + 20,, and O,('A) + 0, + 

0 + 20,. High precision exhibited by these 
photochemical studies can also be attributed, in 
part, to the use of a much wider range of M 
concentrations than attainable in flow experi- 
ments. 

Donovan et al. (1 1) observed 0-atom decay 
via resonance absorption transitions (2,P, - 3,S1) 
in flash photolysis (h > 1750 A) and obtained 
k, = 4.6 $ 2.6, 5.0 f 1.2,and4.9 k 2.1 x 
for M = He, Ar, and Kr, respectively, at 300 K 
(1 1). The indicated errors are 3 standard devia- 
tions. 

Slanger and Black (12) monitored the 0 atom 
decay by resonance fluorescence in a premixed 
bulk flow system. In this work, 0 atoms generated 
by a Xe lamp (h = 1470 A) were built up to a 
stationary state concentration prior to kinetic 
measurements. They reported k, = (4.4 + 0.6) 
x for M = Ar and (7.0 + 1.0) x 
for M = N, at 300 K. 

Review of Recent Rate Data Stuhl andNiki (13) used the 0 + CO chemi- 
Since extensive evaluations of kinetic data on luminescence detection method for 0 atoms in 

aeronomically important reactions are available their pulsed photolysis studies (h > 1050 A). 
in the NBS Chemical Kinetic Data Survey They obtained k ,  = 5.4 x for M = N2 
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NIKI:  REACTION KINETICS INVOLVING 0 AND N COMPOUNDS 1399 

and 6.4 x for M = 0, at 300 K with an and 1.3 x lo-', exp(-2.5/RT)for 0, + NO + 

overall uncertainty of 25%. NO, + 0,. The maximum possible error due to 
Huie et al. (14) carried out the most extensive O,('A,) + 0, + 20,  + 0 was estimated to be 

measurements of k, utilizing pulsed 0, photo- about an 8% underestimation. They reported 
dissociation and resonance fluorescence detec- k, = (7.5 f 0.6) x at 298 K and k, = 
tion. At 300 K the value of k, for M = Ar was (1.05 + 0.18) x 10-I exp[(-4.31 + O.IO)/RT] 
3.63 x with the relative M efficiencies of over the temperature 269-409 K, which is about 
Ar:He: N, = 1.0:0.92: 1.6. At 218 K the relative half that of Lundell et al. (18). 
efficiencies were Ar:N, = 1.0: 1.7. They ob- Davis et al. (7) used the technique of flash 
tained an Arrhenius expression k, = (6.57 f photolysis- resonance fluorescence. They avoided 
0.59) x exp[(l.014 + 0.046)/RT] for M = the problems of electronically excited 0 and 0, 
Ar over the temperature range 200-346 K. by generating O(,P) directly from dye-laser flash 

These recent results agree well with those ob- photolysis of 0, in the Chappius band at 6000 A. 
tained earlier at 300 K by Kaufman and Kelso The measured value of k, was 1.06 x 10-l4 at 
(15). However, the temperaturecoefficients deter- 300 K and k, = (2.0 t 0.8) x lo-" exp[-(4.52 
mined by Huie et al. for M = Ar are substan- f 0.15)lRTI. 
tially lower than those of Clyne et al. (16), The agreement between McCrumb and Kauf- 
k, = 2.4 x exp(l.SO/RT), and Mulcahy man (19) and Davis et al. (7) is within about 25% 
and Williams (17), k, = 4.7 x lo-,' exp(1.681 at both 298 K and 220 K. It appears, therefore, 
RT). This suggests that the production rate of O, that the value of k, is now known to a reasonably 
in the stratosphere could be nearly a factor of 2 high degree of accuracy. 
lower than that estimated from these previously [31 + NO + -> + AH = -73,2 
reported values. 

PI 
Baulch et al. (20) reviewed earlier discharge- 

O +  O3-+2o2;  A H =  -93.6 flow data on this reaction and recommended 
This is one of the major sinks for "odd" oxygen k, = 3.0 x exp(1.87/RT) for M = Ar, and 
and is therefore important in determining the 0, over the temperature range 200-500 K with 
vertical profile of 0 and 0, densities. Early an estimated uncertainty of 20%. Some of the 
attempts to measure k, directly by mixing 0 and relative M efficiencies determined by Kaufman 
O, in a flow system were largely unsuccessful and Kelso (15) are Ar : He: N 2 : 0 2  : H,O: N,O = 
because H atoms produced from hydrogenous 1.0:O.S: 1.5: 1.0:6.3:2.2 at 300 K. Recent photo- 
impurities in discharge sources contributed to the chemical studies give support to these previous 
removal of 0 atoms in the presence of O, by the conclusions. 
fast chain reactions H + O, -+ OH + 0, and Slanger and Black (12) measured a rate con- 
OH + 0 + H + O,, and also because metastable stant of 13.5 x for M = Ar a t  300 K in 
species such as O,('A,) were produced which their pulsed photolysis - resonance fluorescence 
reacted rapidly with 0, .  experiments. This value is approximately twice 

Lundell et a[. (18) and McCrumb and Kauf- that of the previous determinations. T o  account 
man (19) avoided some of these difficulties by for this large value, they suggested very rapid 
producing 0 by the thermal dissociation of N,O reaction (k - lo-'') of the vibrationally excited 
or O, over a Nernst glower. By a calorimetric NO, product with a second 0 atom. On this 
probe detection of 0 atoms, Lundell et a[. (18) basis, k, = (6.8 + 0.5) x was reported by 
obtained k, = (1.46 k 0.06) x 10-l4 at 296.2 K dividing the measured value by the stoichiometric 
and k, = 3.2 x lo-" exp(-4.5/RT) over the factor of 2. 
temperature range 273-343 K. However, their In a subsequent pulsed photolysis - chemi- 
results were subject to some uncertainties, be- luminescence study by Stuhl and Niki (13), 0- 
cadse the 0-atom decay due to wall effects was up atom lifetime was kept sufficiently short so that 
to 50% of the overall rate and also other heat the possible error due to the NO,(v > 0) 
producing reactions could not be ruled out product was less than a few percent. They give 
entirely. McCrumb and Kaufman (19) followed k, = 6.65 x for M = He at 300 K with a 
the 0-atom decay by 0 + NO chemilumines- claimed accuracy of 10%. Their value is in 
cence under [NO] [O] < [O,]. Values for k, reasonable agreement with the previous measure- 
were derived by fitting the observed decay of [0 ]  ments of 4.7 to 5.1 x (21, 22). 
and using 9.2 x 10-l2 for 0 + NO, -+ NO + 0, Atkinson and Cvetanovid (23) used a modu- 
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lated generation of 0(,P) by Hg(3Pl) + N,O -+ 

Hg('So) + N, + 0(3P) and chemiluminescence 
phase-shift measurements of 0-atom decay. For 
M = N,O they give k, = (14.2 + 1.1) x 
at 299 K and an Arrhenius expression k, = 9.4 
x exp[(l.60 f 0.3)/RT] over 300-470 K. 
These results combined with Kaufman's relative 
M efficiencies of Ar: N,O = 1.0:2.2 agree well 
with previous determinations. 

This constitutes a crucial step for the "cata- 
lytic" removal of atmospheric 0 , .  Until 1973, no 
value was available for k, below 280 K. Numer- 
ous discharge-flow data at 300 K exhibit a factor 
of 3 variation in k,. 

Davis et al. (24) have carried out the most 
extensive measurements of k, by the flash 
photolysis - resonance fluorescence method over 
the temperature range 230-339 K. The rate con- 
stant was found to be k, = (8.70 + 0.65) 
exp[(0.024 f 0.041)/RT]. A simple average of all 
of their data gives k, = (9.12 f 0.44) x lo-'', 
independent of temperature. They state that use 
of an all-glass reaction vessel is essential to avoid 
wall decomposition of NO, to NO. This may 
account, in part, for the lower value of lc, = 4.4 
x 10-l2 obtained by Stuhl and Niki (25) in a 
large (17 1) stainless steel reactor. Subsequently, 
Slanger et al. (26) took precautions to avoid 
effects of wall reactions of NO, and of the 
NO,-N,O, equilibrium. They photolyzed a 
premixture of 0,-NO-NO, in a Pyrex flow 
system by repetitive pulses of 1470 A radiation 
and detected 0(,P) by its chemiluminescent re- 
action with NO. They measured k, = 9.2 and 
10.5 x 10-l2 with error limits of f 15% at 296 K 
and 240 K, respectively, in excellent agreement 
with those of Davis et al. (24). The only discharge- 
flow study made since 1969 is that of Clyne and 
Cruse (6), who report k, = (6.1 + 0.6) x 10-l2 
at 298 K. They used a clean Pyrex reactor and 
detected 0(,P) by resonance fluorescence. The 
H-atom impurity in these experiments was less 
than 1% of 0 atoms. 

Harker and Johnston (8) obtained from NO, 
photolysis k3(M)/k, = 0.18 and0.20 for 1 atm N, 
and Ar, respectively, at 297 K in a long-path 
infrared cell. These ratios were based on the 
molecular modulation spectrum of NO, in a 
steady flow experiment. The relative M efficien- 
cies for k, are not consistent with those of 
Kaufman and Kelso (IS), Ar:N, = 1.0: 1.5. It 

appears that their value of k, would range from 9 
to 13 x lo-''. The most recent data on steady 
state photolysis of NO, in N, by Wu and Niki 
(28) gives k,(M)/k, = 0.32 for M = 1 atm N,, 
which supports a value of about 9 x lo-'' for 
k,. The NBS review (9) recommends k, = 9.1 
x lo-'' for the temperature range 220-500 K 
with estimated error limits of f 20%. Certainly 
more work should be done to narrow this un- 
certainty. 

This reaction channel is presumably distinct 
from reaction 4, and is intimately related to the 
corresponding isotope exchange reactions (27). 
Several determinations of the rate ratio, k,(M)/k,, 
indicate that this reaction occurs to the extent of 
20-30% of reaction 4 for M = 1 atm N, at  
300 K. 

Troe (29) measured the quantum yield of NO, 
at  h = 3660 A as a function of N, pressure up to  
200 atm. He observed third order kinetics up t o  
10 atm, and a limiting second order value of 
2 x 10-l1 above 100atm. His value fork,(M)/k, 
is (0.27 + 0.03) at  1 atm N,, in agreement with 
(0.33 + 0.08) reported earlier by Schuck et al. 
(30). . . 

Harker and Johnston (8) photolyzed NO, in 
1 atm N, and measured the NO, decay and 
N 2 0 5  formation by long-path i.r. spectroscopy. 
They found k,(M)/k, to be (0.221 f 0.005). 
Under similar experimental conditions, Wu and 
Niki (28) determined k,(M)/lc4 = 0.32 with an 
estimated error limit of 25%. This value is based 
on the kinetic analysis of NO formation as 
monitored by 0,-NO chemiluminescence. 

The simple average of these four measure- 
ments, k,(M)/k, = 0.28, in combination with 
k4 = 9.2 x lo-', gives k, = 1.0 x with a 
probably uncertainty of 30%. 

There is a factor of lo4 discrepancy for the 
values of k, between direct and indirect studies. 
Jaffe and Ford (60) inferred k, -- lo-" from 
overall quantum yield measurements in a steady 
state photolysis of NO2-HNO, mixtures at  
h = 3660 A. From a similar experiment at 
h = 2650 A, Berces and Forgeteg (31) derived 
k, - 10-lo. Morris and Niki (32) attempted a 
direct determination of k, by the discharge flow - 
mass spectrometry method. They were able to 
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assign only an upper limit k, 5 1.5 x 10-l4 at 
300 K. Morley and Smith (33) flash-photolyzed 
NO, in the presence of HNO, to observe the 
OH product by resonance absorption. Based on 
their negative results, they also deduced k, I 1.3 
x 10-14. Therefore, this reaction is less impor- 
tant than previously considered as a removal 
mechanism of HNO, in the stratosphere. 

Results of two recent discharge-flow studies 
are in reasonable agreement. Albers et al. (34) 
used both e.s.r. and mass spectrometry and 
determined k, = 2.5 x 1 0-l2 exp(- 6.OIRT) over 
the temperature range 300-910 K. In this work 
reaction 7 could not be separated from subse- 
quent reactions, and a correction factor of 2.9 
based on the observed stoichiometry, A(0)/ 
A(NH,), was used in the data analysis. Kurylo et 
al. (35) give k, = (6.7 + 1.5) x lo-'' exp(- 6.60 
+ 0.13/RT) over the temperature range 361- 
667 K. They derived k, from the 0-atom decay 
as observed by e.s.r. and a stoichiometric factor 
of 3.5 taken as a simple average of 2.9 by Albers 
et al. (34) and 4.4 by Wong and Potter (36). 
Benson (37) comments that the reported values 
of the A factor is about a factor of 10 too low, 
judged either on empirical or on theoretical 
grounds. More information is necessary to 
establish k, firmly. 

Davis (38) recently reported k < 2 x 10-l3 at 
298 K. In these experiments, N20,  was generated 
by reacting a known amount of NO, with excess 
0,.  Ground state atomic oxygen was produced 
by dye-laser flash photolysis of 0, at h = 5900 A, 
and was detected by resonance fluorescence. 
This value for k should be regarded as an upper 
limit because of the possible removal of 0 by 
NO, and NO, present in equilibrium with N,O, 
and 0, in this system. 

The hydroxyl radical is an important chain 
carrier in atmospheric oxidation reactions. This 
reaction may act as a chain termination step 
depending on the subsequent fate of the product 
HNO,. Five independent determinations of k, 
have been made since 1972, and all agree within 
+ 50%. 

Anderson and Kaufman (5) reported pre- 
liminary results obtained by the discharge flow - 

'OLVING 0 A N D  N COMPOUNDS 1401 

resonance fluorescence method. They give(4 rfr 2) 
and (2.5 + 1) x lo-,' for M = 5 and 10 Torr 
Ar, respectively, at 297 K. Morley and Smith 
(33) used flash photolysis of NO2-Hz-NO-He 
mixtures at 30 Torr total pressure, and U.V. 
absorption detection of OH. They found 
k, = (4.1 + 0.6) and (1.9 + 0.3) x lo-,' for 
M = He at 300 K and 41 6 K, respectively, which 
corresponds to an activation energy of -(1.6 f 
0.5) kcal mol-'. The relative M efficiencies of 
He: Hz  = 1.0:(2.3 + 0.9) were also determined. 
Stuhl and Niki (39) studied this reaction over 
5-82 Torr He at 300 K by the flash photolysis - 
resonance fluorescence method. The rate con- 
stant was found to be nonlinearly dependent on 
M = He in this pressure range. The values of k , ,  
given as termolecular rate constant range from 
5.2 x lo-,' at 5 Torr to 1.9 x lo-,' at  82Torr. 
Westenberg and deHaas (40) determined by dis- 
charge flow - e.s.r. method k, = 12, 8.0, and 
3.5 x lo-,' at 273, 298, and 395 K, respectively, 
over a range of 0.5-5 Torr He. They state that 
the rate constant with M = Ar was about a 
factor of 2 lower. 

Temperature coefficients and M efficiencies of 
this reaction should be determined more 
extensively. 

[lo] OH + NO, + M + H N 0 3  + M; A H =  -49.5 

This provides a major atmospheric source of 
HNO, and also acts as a chain-terminating step. 
Direct kinetic data on this reaction together with 
those of reaction 9 have been recently obtained 
by several groups. All these results agree within 
550% and suggest the transition from second to 
third order kinetics a t  relatively low diluent 
pressures. 

Morley and Smith (33) obtained k,, at 
(300 + 8) K and (416 + 10) K for M = 20-300 
Torr, and compared the experimental results 
with calculations based on the RRKM theory. 
Typically, the thermolecular rate constants at 
300 K were 1.4,0.8, and 0.4 x for M = 30, 
100, and 300 Torr He. They also determined the 
relative M efficiencies of He : H, : SF, = 1 .O: (4.0 
+ 1.0): (4.8 + 0.8). Anderson and Kaufman (5) 
report k , ,  at 297 K for M = 0.5-8 Torr N,. 
Their values for the termolecular rate constant 
are pressure independent up to about 4 Torr He, 
k,, = (1.0 + 0.3) x lo-,', and decrease with a 
further increase in Ar pressure. For M = 8 Torr 
N,, k,, was (2.0 f 0.5) x lo-,'. Westenberg 
and deHaas (40) obtained pressure independent 
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values ofk, ,  = 4.7, 2.9, and 1.3 x lo-,' at273, 
298, and 395 K,  respectively, for M = 1-5 Torr 
He. Data at 298 K for M = Ar were about a 
factor of 2 lower. 

Simonaitis and Heicklen (41) measured the 
quantum yield of CO, in the photolysis of 
NO,-H,O-CO-He mixtures at 300 K and 423 K, 
and derived k,,  relative to OH + CO -t CO, 
+ H, k = 7 x 10-l3 exp(- 1100/RT). They give 
a temperature independent value of k,, = 1.1 
x for M = H 2 0  in the low pressure limit. 
They found He to be about 118 as efficient as 
H 2 0 .  

This reaction may be important as a removal 
mechanism of NH, and also as a source for 
oxides of nitrogen in the atmosphere. Stuhl (42) 
reports k ,  , = (1.5 f 0.4) x 10-l3 at 298 K ,  as 
obtained by pulsed photolysis - resonance fluore- 
scence. This value is in reasonable agreement 
with a theoretical value of 5 x 10-l3 computed 
by Tunder et al. (43) using the Johnston-Parr 
method. Subsequent reactions of NH, with 
other atmospheric constituents are not known at 
the present time. 

Hanipson et a/. (9) reviewed all the kinetic data 
on this reaction available prior to 1970. They give 
a preferred value of Ic,, = 5 x lo-', at 300 K 
with an estimated uncertainty of a factor of 3. 
More recent flash photolysis - resonance ab- 
sorption work of Morley and Smith (33) reports 
k,, = (1.3 -t 0.5) x 10-l3 at 300 K, in good 
agreement with a previous value of 1.6 x 10-l3 
obtained by Hussain and Norrish (44) using a 
similar method. The steady-state photochemical 
study of HN03-NO, by Berces and Forgeteg(31) 
gives precisely a factor of 10 greater value, but 
appears to suffer from complications due to 
heterogenous reactions. 

Thermal oxidation of NO by this reaction 
displays third order kinetic behavior undera wide 
range of experimental conditions. All the kinetic 
data available prior to 1970 has been reviewed by 
Baulch et al. (20). The only recent work on this 
system is that of Stedman et al. (45). By the 
NO-0, chemiluminescence detection method of 
NO, they measured the decay of NO ranging 
from I Torr to 1 mTorr as a function of 0, 

pressure in a static reactor. The observed value of 
k, as defined by d[NO]/dt = k,/2[NO:I2[0,] was 
(2.0 t_ 0.1) x in agreement with previous 
measurements. 

This together with reaction 4 constitutes a key 
reaction in determining the atmospheric con- 
centration of both 0, and NO. The earliest study 
of this reaction was carried out by Johnston and 
Crosby (46) in 1954. They employed the stopped 
flow - U.V. absorption (h  = 2537 A) method and 
made measurements, 65 in all, a t  216 K and 
322 K. The data points scatter by 550%. An 
Arrhenius expression of k14 = 1.3 x 10-l2 
exp[-(2.5 -t 0.3)/RT] was given. 

In 1964, Clyne et al. (47) reported k14 = 
(1.6 f 0.1) x lo-', at 293 K and k , ,  = 9.5 x 
lo- ' ,  exp[- (2.46 + 0.15)/RT] over the range 
216-322 K. These values are based on O, decay 
as measured by NO + 0, chemiluminescence. A 
later work by Clough and Thrush (48) using the 
same technique differentiates between two com- 
petitive reaction channels, k,,, = (7.2 t_ 1.7) x 
10- exp[- (2.33 + 0.15)/RT] for the formation 
of the ground electronic state NO, ('A) and 
Ic,,, = (1.3 f 0.2) x 10-l2 exp[- (4.18 t_ 0.3)/ 
RT] for the excited NO, (,B) formation. 

Flow - mass spectrometry studies by Philips 
and Schiff (49) and by Sharma et al. (50) give 
k,, = (2.1 f 0.5) x 1 0-l4 at 298 K and (2.0 2 
0.2) x 10-l4 at 296 K,  respectively. 

Stedman and Niki (51) produced NO and 0, 
by steady-state photolysis of NO,-0, mixtures 
in a static reactor and monitored the subsequent 
decay of both reactants in the dark by 0,-NO 
chemilu~ninescence. Their value for k14 is 
(1.73 + 0.1) x 10-l4 at 300 K. This experiment 
has been repeated and verified by Wu and Niki 
(28), k,, = (1.85 + 0.1) x 1014. Ghormley et al. 
(54) produced NO in situ by the reaction of 
O('D) with N,O in flash photolysis of 0,-0,- 
N,O mixtures, and detected 0, and the product 
NO, by u.v. absorption. They found k,, = 
(1.4 f 0.1) x 10- l 4  at 298 K. 

Thus it appears that k,, = 1.8 x 10-l4 at  
300 K is reliable within 2 0 % .  Temperature 
coefficients warrant further study. 

The most extensive kinetic data available prior 
to 1969 are those of Johnston and Yost (52). 
They followed NO, by its absorption at 4400- 
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4800 A in a stopped flow reactor. Ozone concen- 
tration during the reaction was determined 
assuming a stoichiometry A(NO,)/A(O,) = 2. 
From the decay of O,, they obtained k,, = 6.1 
x 10-l7 at 294 K with a standard deviation of 
10%. An activation energy of 7.0 +_ 0.6 kcal 
mol-' was reported over the temperature range 
of 286-302 K, giving k = 9.8 x lo-'' exp(-7.0 
-t 6/RT). 

Ford et al. (53) measured k15 in a 50 1 stirred 
flow reactor using U.V. 9bsorption of 0, and wet 
chemical detection of NO,. The stoichiometry 
varied from 0.9 to 4.8. Although the individual 
determinations scatter over a factor of 4, they 
derived an average value of k, , = 3.3 x 10- 17. 
Ghormley et al. (54) observed 0, and NO, by 
U.V. absorption in flash photolysis of O3-o2- 
N,O mixtures. The average value of k15 at 
298 K, based on three runs, was (3.3 + 0.2) 
x 10-17. Wu et al. (55) determined k15 = 
(4.4 + 0.4) x lo-', at 299 + 1 K in a static 
reactor from the decay of 0, in excess NO,, as 
monitored by the NO-0, chemiluminescence 
detector. Davis (38) found k,, = (3.5 + 0.4) x 
10-l7 at 298 K in his stop flow - mass spectrom- 
etry work. Most recently, Graham and Johnston 
(56) obtained preliminary results of k15 = 
1.23 x 10-l3 exp(- 2.47/RT) between 230-270 K 
in a long path i.r. cell. Their data suggest that 
NO, undergoes polymerization beyond N,O, at 
these low temperatures. 

In summary, it appears that both the A factor 
and activation energy for k15 are considerably 
lower than that originally reported by Johnston 
and Yost. 

There are only indirect values available for k16 
at 300 K. Hisatsume et al. (57) examined the 
kinetics of the N205-NO system by i.r. spectros- 
copy. They obtained k,,/K = (0.60 + 0.06) s-' 
at 296 K, where K = ([N,O,]/[NO,][NO,]),,. 
This ratio in combination with K = 1.24 x 10-I 
cm-3 of Schott and Davidson (58) gives k,, = 
(7.4 + 0.7) x lo-',. 

Recently, Harker and Johnston (8) studied the 
kinetic behavior of the product N205  in a steady- 
state photolysis of NO,-N, by i.r. absorption. 
They found k16/K = 0.71 + 0.02 s-' at 296 K, 
and thus k16 = (8.8 + 1.8) x lo-'', in agree- 
ment with that of Hisatsume et al. (57). 

No new information is available for this 
reaction. Baulch et al. (59) gives a preferred value 
of k,, = 2.3 x 10-l3 exp(- 1600/RT) over the 
temperature range of 300-850 K. 

This occurs commonly in a NO2-0, mixture 
as a secondary reaction following reaction (15), 
and also maintains equilibrium concentrations of 
NO, and NO, in the N 2 0 5  system. However, no 
direct data is available on this reaction. Values of 
k,, can be calculated from the data on the re- 
verse reaction and the equilibrium constant. 
Baulch et al. (59) recommend k,, = 2.8 x low3' 
and 3.8 x 10-l2 as the limiting low and high 
pressure values, respectively, at 300 K. 

All the available kinetic data on this reaction 
date back to 1960. The review by Baulch et al. 
(59) gives k,, = 2.2 x lo-, exp(- 19.31RT) for 
M = N 2 0 5  plus NO over the range 300-340 K. 
Clearly, more work should be done t o  establish 
the M efficiencies and temperature coefficients 
for this reaction. 

Conclusion 

For the past 4 years, significant progress has 
been made on the knowledge of aeronomically 
interesting reactions involving oxygen and 
nitrogen compounds. Many of the simple atom- 
polecule reactions have been studied over a 
yider range of experimental conditions with 
substantially improved accuracy, primarily as a 
result of recent developments of sensitive detec- 
tion methods. Several slow, complex reactions 
have also been examined more extensively. 
However, adequate generation and production 
methods of reactive polyatomic species are still 
lacking and await future development. Computer- 
aided spectroscopic methods such as derivative, 
correlation, and Fourier transform spectroscopy, 
and also photoionization - mass spectrometry 
are some of the advanced techniques in sight. 
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A Kinetics Review of Atmospheric Reactions Involving KOy Compounds 

D. D. DAVIS 
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Some 49 reactions involving conlpounds of the type H,O, have been examined in terms 
of their possible significance to stratospheric and mesospheric chemistry. Of this set of 49, 
some 20 processes were evaluated to be of potential importance. Within this subset of 20, 
the rate constants for 8 of these reactions were indicated as either having undergone a 
significant reevaluation within the last 2 years or were due to be reevaluated based on new 
data. A discussion of new experimental data resulting in these reevaluations is presented. 
Finally, reconiniendations are made as to the need for new experimental work. 

Quelques 49 rtactions irnpliquant des composts de type H,O, ont  Ctk examintes en  
fonction de leur importance possible dans la chimie stratosphtrique et  nitsosphtrique. De 
ce nonibre, 20 rtactions se sont rtv6lCes d'un inttr&t potentiel. 

Dans ce sous-ensemble de 20, les constantes de vitesse de  8 de ces rtactions sont relikes 
soit h une 1.66valuation significative pendant les 2 dernitres annies, soit ttaient dues pour  
&tre rt tvalutes en se basant sur de  nouvelles donntes. On discute des nouvelles donnCes 
exptrirnentales rtsultant de ces rttvaluations. Finalenient des reconiniendations sont 
faites quant au besoin de nouveaux travaux exptrimentaux. [Traduit par le journal] 

Can. J .  Chem.,SZ, 1405(1974) 

Introduction 
In an effort to systematically examine the 

stratospheric and mesospheric reaction kinetics 
of H,O, compounds, this author has elected to 
classify these reactions into five major groups: 

[A] H,O, + H,Oy -> products x ,  y = 0,1,2 

[B] H,O, + H,O, -> products x ,  Y = 0,1,2; 
U, U = 0,1,2 

[C] H,O, + SO2 -> products x ,  y = 0,1,2 

[El H,Oy + CH, -f products x ,  y = 0,1,2 

The possible encounters of type A, B, C, D, and 
E have been summarized in the form of two 
reaction grids (see Table 1). 

From grid I, it can be seen that some 28 
independent reactions of type A and B must be 
considered. Grid I1 shows another 21 reactions 
of types C, D, and E. An immediate question, 
therefore, is whether or not all 49 processes are 
of atmospheric significance, and hence must be 
used in chemical modelling studies. Fortunately, 
the answer to this question is no. Many of those 
reactions listed can be ruled out on thermody- 
namic or kinetic grounds. For example, in the 
case of reaction 26, 0, + 0, -t O, + 0, the 
endothermicity of this process is -93 kcal/mol. 
Thus, an activation energy of at least 93 kcal/mol 

is to be expected. At the temperatures of the 
stratosphere and mesosphere, 21 0-273 OK, 

reaction 26 would clearly be unimportant. In 
the preceding example, a quick inspection of the 
thermodynamics of the reaction was sufficient to 
reject the process as not being of atmospheric 
importance. For a large number of reactions, 
however, careful kinetic comparisons need to be 
made with other possible competing reactions. 
In other cases, a modelling sensitivity test can 
be performed in which the rate constant for the 
reaction of interest is allowed to take on a range 
of values. The atmospheric importance of a 
partic~~lar reaction is then ascertained by a 
careful examination of the effect that this 
variation has on the output data of the model. 

In the case of the 49 reactions listed in grids I 
and 11, this author has used simple thermody- 
namic and kinetic arguments in conjunction with 
the modelling results of Crutzen ( l ) ,  Hesstvedt 
(2), Johnston (3), and Nicolet (4), t o  reduce this 
set to 20 key processes. These 20 reactions have 
been labelled in Table 1 by placing the reaction 
number in parentheses. The list includes proces- 
ses 3, 6 , 7 , 9 ,  10, 11, 13, 14, 16, 18, 20,23,24, 
25, 30, 31, 33, 37, 38, and 44. 

In the following text, Table 2 is presented 
which gives the experimental status of each of 
the above reactions. In each case, there is first a 
qualitative statement given as t o  why the 
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TABLE 1. Reaction grid showing possible encounters of the type* A, B, C, D, E 
--- 

H OH HOz H 2 0 2  0(3P) 0 2  0 3  

Grid I 
1 2 (3) 4 

8 (9) (10) 
(14) 15 

19 

Grid 11 
29 (30) (31) 3 2 
36 (37) (38) 39 
43 (44) 45 46 

'Parentheses indicate key reactions. 

reaction is considered to be important. Next, a 
list of all recent rate constant evaluations is 
presented. And finally, if any new kinetic data 
has been reported since the most recent evalua- 
tion, this work is cited and its possible influence 
on previous evaluations discussed. In those 
cases where the recommended value for a rate 
constant has changed significantly from one 
evaluation to another, further discussion is given 
explaining the basis for this change. 

Discussion 
Of the 20 reactions listed in the previous text, 

the rate constants for 8 of these have either 
recently undergone a significant reevaluation or 
would now appear to be due for one based on 
new rate data. The reactions of interest are 6, 
13, 18, 24, 33, 37, 38, and 44. 

Reaction 6 was recently reevaluated by the 
CIAP Kinetics review group (5), and was 
assigned a somewhat lower temperature de- 
pendence and a higher pre-exponential factor 
than given in the review by Baulch et al. (6) 
(CIAP, E = -680 cal/mol, A = 6.7 x 
Baulch et al., E = - 1000 cal/mol, A = 4.1 x 

for M = Ar or He). The new evaluation 
is based on the 300 OK data reviewed by Baulch 
et al. and the more recent low temperature work 
by Davis and Wong (7) and Kurylo (a), using 
flash photolysis - resonance fluorescence tech- 
niques. A quick calculation shows that at strato- 
spheric temperatures of 220 OK, the new rate 
constant would be nearly 1.5 times smaller than 
that given by the evaluation of Baulch et al. This 
is not the case, however, since the third body 
efficiency for N, reported by Davis and Wong 

(7) and Kurylo (8) is nearly 3 times larger than 
the old value quoted. The net effect, therefore, 
is a rate constant at stratospheric temperatures 
(for M = N,) which is - 1.5 times larger than 
that calculated from the previous evaluation by 
Baulch et al. 

Although the value of the rate constant for 
reaction 13 (OH + 0, + HO, + 0,) changed 
by nearly a factor of 20 from 1971 to 1973, its 
value is now considered to be reasonably well 
established. The new evaluation quoted is based 
on the work of DeMore (9) and Anderson and 
Kaufman (10). These results were recently 
corroborated at 300 OK from investigations by 
Kurylo (8) and Davis and Schiff (1 1). In all, 
three different experimental techniques have now 
been used to examine this system: low intensity 
steady-state photolysis; discharge-flow with 
resonance fluorescence detection; and flash 
photolysis - resonance fluorescence. 

Reaction 18 (HO, + 0, + OH + 20,) was 
believed for many years to be far too slow to be 
of any significance in atmospheric chemistry. 
The value of the rate constant now recommended, 
however, would indicate that this reaction may 
be of some importance. The latest results of 
Simonaitis and Heicklen (12), involving a 
relative rate study of the competing system 

HO2 + 0 3  -> OH + 2 0 2  
and 

HO2 + H 0 2  -> H202 + 0 2  

give a rate constant of -3.5 x 10-l6 cm3 
molecule-' s -  ' at 220 OK. This can be compared 
with the calculated value from the CIAP 
evaluation of -2.0 x 10-l6 cm3 molecule-' s-I. 
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DAVIS: KINETICS REVIEW OF ATMOSPHERIC REACTIONS 1407 

TABLE 2. Table of kinetic rate data* 

[3] H + H 0 2  + E2 + O2 (a) 

OH + OH (b) 

H z 0  + 0 (c) 
Atmospheric significance 

i. Important source of Hz in the middle and upper mesosphere 
ii. Of some importance in the mesosphere and upper stratosphere as a loss reaction for odd hydrogen 

Evaluations 
Baulch et a/. (6) 

CIAP (5) 

(a) 4.2 x lo-" exp (- 350/T) 290-800 "K 
(b) 4.2 x lo-" exp (- 950/T) 290-800 "K 
(c) No recommendation 
Same as above 

New rate data 
Westenberg and deHaas (17) (a) : (b) : 6 )  e.s.r.-discharge-flow technique 300 "K 

0.62:0.27:0.11 
Will not significantly influence CIAP value 

[6] H + 0 2  + M + HOz + M 
Atmospheric significance 

i. Major source of H 0 2  in the mesosphere and stratosphere 
ii. Major loss reaction for H atoms in the mesosphere and stratosphere 

Evaluations 
Baulch et a/. (6) 

CIAP (5) 

4.1 x exp (500/T) 300-2000 OK 
M = Ar; Ar(1 .O), He(1 .8), N2(2. I), 0,(1.7), H20(70) 
6.7 x exp (290/T) 203-404 OK 
M = Ar; Ar(1 .O), He(1 .O), N2(3. I), 0,(3.1), H20(25) 

New rate data: none 

[7] H + 0 3  + OH + 0 2  

Atmospheric significance 
i. Important OH source in the mesosphere and the middle and upper stratosphere 

ii. Moderately important loss reaction for H atoms in the mesosphere and upper stratosphere 

Evaluations 
NBS 2.6 x lo-" 300 OK 
CIAP (5) Same as above 

New rate data: None 

[9] OH + H02 -> H z 0  + 0 2  

Atmospheric significance 
i. Important source of H 2 0  in both the stratosphere and mesosphere 

ii. Major loss reaction for odd hydrogen (OH, HO2, H) 

Evaluations 
Kaufman (23) (estimate) 
Lloyd (19) (estimate) 
Hochanadel et a/. (24) 
CIAP (5) 

New rate data: None 

k = 1 x lo-" 300 OK 
1.7 x lo-" exp (- 500/T) 300 "K 
2 x 10-lo 300 O K  

2 x lo-" i k < 2 x 10-lo 300 OK 

[lo] OH + Hz02 + H,O + HOz 
Atmospheric significance 

i. Important loss reaction for OH throughout the stratosphere 
ii. Important loss reaction for H202 in the stratosphere 

Evaluations 
Baulch et a/. (6) 
NBS 
CIAP (5) 

New rate data: None 

1.7 x lo-" exp (-910/T) 30&800 "K 
Same as above 
Same as above 
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TABLE 2. (Continued) 

[ i l l  OH + 0 ( 3 ~ ) + 0 ~  + H 
Atmospheric significance 

i. Major source of H atoms in both the stratosphere and mesosphere 
ii. Major loss reaction for OH in both the stratosphere and mesosphere 

iii. Major loss reaction for 0 ( 3 P )  in the mesosphere 

Evaluations 
Baulch et al. (6)  
Wilson (21) 
CIAP (5)  

New rate data: None 

[13] OH + 0 3  + HOz + 0 2  

Atmospheric significance 
i. Possible important loss reaction for O 3  in the middle and upper stratosphere 

Evaluations 
NBS 1.6 x 10-l2 exp (- 1000/T) 220-450 "K 
CIAP (5) Same as above 

New rate data 
Kurylo (8) 5.0 x 10-l4 300°K 
Davis and Schiff ( 1  1 )  7 .5  x 10-l4 3 0 0 " ~  

[14] HOz + H02 -> Hz02 + OH 
Atmospheric significance 

i. Major source of H 2 0 2  in both the stratosphere and mesosphere 
ii. Moderately important loss reaction for odd hydrogen ( H ,  H 0 2 ,  O H )  in the lower and middle stratosphere 

Evaluations 
Baulch et al. (6) 3.3 x 10-l2 300 "K 
NBS 3 x 10-l1 exp (- 500/T) 300-1000 "K 
CIAP (5) 3 x 10-l1 exp (- 5OO/T) 300-1000 "K 

New rate data: None 

[16] H 0 2  + 0 ( 3 P )  -> OH + O 2  
Atmospheric significance 

i. One of the major loss reactions for H 0 2  in the mesosphere and the upper and middle stratosphere 
ii. One of the major OH sources in the mesosphere and the upper and middle stratosphere 

iii. One of the major loss reactions for odd oxygen [O(3P); 03] in the mesosphere and upper stratosphere 
Evaluations 

Lloyd (19) 8 x lo-" exp (- 500/T) (estimated) 
CIAP (5) Same as above 

New rate data: None 

[18] H02 + 0 3  ->OH + 202 
Atmospheric significance 

i .  A possible significant source of OH a t  mid-stratospheric altitudes (see discussion section) 
Evaluations 

CIAP (5) k = 1 x 10-l2 exp (-1875/T) 220450 "K 
New rate data 

Simonaitis and Heicklen (12) 3.3 x 10-l4 exp (-1000/T) 225-298 " K  
Relative rate measurement, klk., where k ,  is HOZ + H02 -> H 2 0 2  + O2 
Assumed k ,  had zero temperature dependence 

[20] H 2 0 2  + 0 ( 3 P )  -> OH + H 0 2  (a) 
-> H z 0  + 0 2  (b) 

Atmospheric significance 
i. Moderately important loss reaction for H 2 0 2  in the mesosphere and upper stratosphere 

Evaluations 
CIAP (5) k(a + b)  = 3.6 x lo- ' '  exp (-2950/T) 283-373 "K 

New rate data: None 
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TABLE 2. (Continued) 
--- 

[231 ~ ( ' P I  + ~ ( ' P I  + M -> 0, + M 
Atmospheric significance 

i. Moderately important loss reaction for 0(3P)  in the mesosphere and upper stratosphere 
Evaluations 

Johnston (3) 3.80 x T- '  exp (- 170/T) 1000 < T < 8000; M = Oz 
CIAP (5) Same as above 

New rate data 
Campbell and Gray (25) 4.8 x lo-'' 298 OK; M = N, 

10.1 x 196 OK; M = N, 
Should not alter evaluation by Johnston significantly 

[24] 0(3P) + 0 2  + M --f 0 3  + M 
Atmospheric significance 

i. Major reaction of 0(3P) in the stratosphere and mesosphere 
ii. Only known source of O3 in the stratosphere and mesosphere 

Evaluations 
Johnston (3) 4 .6  x exp (10SOIT) 200-1000 OK; M = 0 3  

1 . 2  x exp (1050/T); M = Ar 
CIAP (5) 6 .6  x exp (510/T); M = Ar; 200-346 "K 

Relative M efficiencies: Ar (1.0) N, (1.6) 0, (1.7) HzO (15) 
New rate data: None 

[25] 0(3P) + 0 3  -> 202 
Atmospheric significance 

i. An important loss reaction for 0' in the upper and middle stratosphere 
Evaluations 

Johnston (3) 2 .0  x lo- ' '  exp (-2410/T) 200-1000 "K 
NBS 2 .0  x lo- ' '  exp (-2410/T) 188-1000 OK 
CIAP (5) 1.9 x lo- ' '  exp (-2300/T) 220-1000 "K 

New rate data: None 

[30] OH + SO2 + M J HSO, + M 
Atmospheric significance 

i. A possible important reaction in the conversion of SO, to sulfuric acid aerosol 
Evaluations: None 

New rate data 
Davis et al. (20) -3 x lo-"; M = HZO; Relative rate measurement 300 "K (The 

reference reaction in this system was OH + 
CO -> COz + H) 

Davis and Schiff (I 1) Reaction is in the high Flash photolysis - resonance fluorescence 
pressure fall region 300 OK 

above -10 Torr of 
He. At 500 Torr He, 
the effective bimolec- 
ular rate constant is 
2.5 x 10-3 

Atmospheric significance 
i. A possible important 

[31] HOz + SO2 -> O H  + SO3 

reaction in the conversion of SOZ to  sulfuric acid aerosol 
Evaluations 

CIAP (5) 8.7 x lo-'= 300 "K 
New rate data: None 
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TABLE 2. (Concluded) 

[33] SO, + 0 ( 3 P )  + M + SO3 + M 
Atmospheric significance 

i. Considered to be of possible importance in the conversion of SO, to sulfuric acid aerosol 
Evaluations 

Schofield ( 1  5) 1 x exp (500/T) for M = Ar, O,, N2, He; 250-1000 "K 
CIAP (5) Same as above 

New rate data 
Davis el a[. (16) 3 . 4  x exp (- 1120/T) for M = N, 353-220 "K 

Flash photolysis - resonance fluorescence 
Relative efficiencies N,: He:Ar:SO, 1.0:0 .45:0 .87:60 

New data will have a significant effect on previous evaluations 

[37] OH + CO + COZ + H 
Atmospheric significance 

i. Only important atmospheric process known to convert CO to CO, in the stratosphere and mesosphere 
ii. Important loss reaction for OH in the lower stratosphere 

Evaluations 
Schofield (1 5) 1.1 x 10-l2 exp ( -515/T)  
Baulch, Drysdale, and Lloyd 9.3  x 10-l3 exp ( -540/T)  
Wilson (21) 5.1 x 10-l3 exp (- 300/T) 200-2000 "K 
CIAP (5) 5.1 x 10-l3 exp (- 300/T) 200-2000 OK 

New rate data 
Westernberg and deHaas (17) 1.33 x 10-I3 exp (-O.O/T) 450-300 "K 
Zellner and Smith (18) 2.1 x 10-l3 exp ( - 5 0 / T )  470-215 OK 
Davis et al. (16) 2.05 x 10-l3 exp ( - 7 0 / T )  373-220 "K 
New rate data will have a moderate effect on previous evaluations 

[38] HO, + CO -> CO, + OH 
Atmospheric significance 

i. Considered at one time to be of possible importance in the conversion of CO to COZ in the stratosphere 
Evaluations 

Lloyd (19) - 1  x 
CIAP (5)  - < I  x l o - l g  

New rate data: None 

[44] OH + CH4 -> CH, + H z 0  
Atmospheric significance 

i. Major initial step in the oxidation of CH, in the stratosphere 
Evaluations 

Wilson (21) 4.77 x lo-' '  exp (- 2500/T) 300-2000 "K 
CIAP (5)  Same as above 

New rate data 
Davis et al. (26) 2 .5  x 10-l2 exp (- 1700/T) 240-373 "K Flash photolysis - resonance fluorescence 
New data will have a significant effect on previous evaluation 

'The units for all rate constanls reported in this table are in cm3 molecule-' s - '  and cm6 molecule-2 s r 2 .  

Although the disagreement is only a factor of 2 it 
must be pointed out that all reported studies on 
this system have involved indirect measurements, 
with complex chemistry. It is not unreasonable, 
therefore, that the value of this rate constant 
could change in future evaluations by as much 
as a factor of 3. A final point that should be made 
in regards to reaction 18 is the role it might play 
in defining the ozone profile in the stratosphere. 
Whereas, it might first appear that an increase in 
the value of k , ,  would necessarily cause a reduc- 

tion in the predicted ozone profile, Crutzen (1) 
has recently carried out calculations which 
indicate something quite different. Crutzen's 
argument is that an increase in k, ,  would cause 
an increase in the stratospheric O H  concentra- 
tion and this in turn would reduce the level of 
NO, via the reaction 

OH + NOz + M + H N 0 3  + M 

The subsequent reduction in NO, could then 
cause a lowering of the efficiency of the NO- 
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NO, catalytic cycle and thereby preserve 0 , .  
His calculations show, in fact, that the faster 

I 

I value of k,, now being used could cause a very 
i slight increase in the predicted profile of 0 , .  

Reaction 24 is one of the key reactions in the 
I stratosphere. It is believed to be the single 
I 

I important source of ozone, and hence, any 
variation in the value of k,, has nearly a linear 
effect on an atmospheric model of the strato- 
sphere. From Table 2, it can be seen that a signi- 
ficant change in the rate expression for this 
process took place from the 1968 Johnston 
review to the 1973 CIAP evaluation. This re- 
evaluation was based on the recent work of 
Huie, Herron, and Davis (14), who made direct 
measurements of the rate constant for this 
system using the technique of flash photolysis - 
resonance fluorescence. The temperature range 
covered was 200-346 OK. From Fig. 1, it can be 

I seen that the agreement between Johnston's 
evaluation (derived from the equilibrium con- 

I ~ stant and the k value for the reverse reaction) 
and the results of Huie et al. is within 10% at 
298 OK. At stratospheric temperatures of 220 OK, 

the difference in /c values is a factor of 2, the 
newer value (5) being a factor of 2 lower. 

Reaction 33 has received considerable atten- 

x 50 torr 
o 100 torr / v 500 o r r  
0 I50 torr i 

FIG. 1. Arrhenius plot for the reaction 0(3P)  + O2 
+ M + O a + M ; -  Johnston (3), (-..-) Mul- 
cahy and Williams (27), (-----) Clyne e t a / .  (28), (- - -) 
Huie et a / .  (14). 

tion the last few years due to its possible impor- 
tance in the conversion of SO, to sulfuric acid 
aerosol in the now well-known Junge aerosol 
belt (1 6-22 km). Nearly all of the work reviewed 
by Schofield (15) was carried out at 300 "K and 
the experimental techniques employed were 
mainly either discharge flow systems with e.s.r. 
detection or indirect photochemical methods. 
Because the reaction was known to be third 
order, Schofield assigned a negative temperature 
dependence to the reaction of - 1000 cal/mol. 
More recently, Davis, Schiff, and Fischer (16) 
using the flash photolysis - resonance fluores- 
cence technique examined this reaction over a 
temperature range of 353-220 OK for M = N,, 
He, Ar, and SO,. In this study a static reaction 
cell configuration was employed in which 
pressures as high as 1500 Torr could be used. 
Their results indicated lower values for the third 
order rate constants at 300 OK for all M gases 
employed; most importantly, the results showed 
the reaction to have a positive temperature 
dependence of 2000 cal/mol. The explanation 
given for the observed positive temperature 
dependence was that the third order reaction 
proceeded via a two step mechanism. The first 
step would involve the formation of the spin 
allowed triplet SO, molecule. The second step, 
the intersystem crossing of the SO3 triplet to the 
single ground state SO,, could then give rise to 
the observed positive temperature dependence. 
A comparison of the rate constants at 220 OK 

shows the results of Davis et al. (16) nearly 2 
orders of magnitude lower than that predicted 
from Schofield's equation (15). If the results 
from this new study are correct, the importance 
of reaction 33 to the SO, aerosol conversion 
mechanism would appear to be negligible. A 
possible exception to this conclusion, however, 
would be if the reaction of triplet SO, with H,O 
was found to be much faster than for the same 
reaction involving ground state singlet SO3. The 
latter species would be formed from reaction 31 
(HO, + SO, + OH + SO,). 

The rate expression for the reaction of OH 
with CO (process 37) has undergone several 
changes in the last 10 years. In 1963, for example, 
the activation energy was listed as 10 kcal/mol; 
in 1965, 7.7 kcal/mol; in 1967, 2.5 kcal/mol; 
again in 1967, 1.0 kcal/mol; in 1972, 0.6 kcall 
mol; and finally in 1973, E:,,, -0.06 kcal/mol. 
The near zero activation energy now being 
suggested is the result of new studies in 1973 by 
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Westenberg and deHaas (17), Zellner and 
Smith (1 8), and Davis, Schiff, and Fischer (16). 
The techniques employed in these three inde- 
pendent studies include discharge flow - e.s.r. 
detection, flash photolysis - absorption spectros- 
copy, and flash photolysis - resonance fluores- 
cence. All three involved direct measurements 
of the O H  radical concentration us. reaction 
time. Below 373 O K ,  the data all lie within - JOY, 
of each other. Since the temperature dependence 
for this reaction now appears to be very small it 
is quite possible that it does not, in fact, reflect a 
small threshold energy for the reaction but rather 
a small temperature dependence in the pre- 
exponential factor. The fact that the low 
temperature data do  not extrapolate linearly into 
the high temperature results on this reaction 
could be due to two reasons: (I) the high tem- 
perature data are systematically in error because 
of the much more complex nature of the chem- 
istry a t  these temperatures; or (2) the simple 
Arrhenius expression is inadequate for treating 
this system over an extended temperature range. 
The latter possibility has been considered by 
both Westenberg and deHaas and Zellner and 
Smith who applied transition state theory to this 
system. Both sets of calculations predicted strong 
curvature in the In k us. l /Tplot  at temperatures 
above - 500 OK. 

The rate constant for the reaction of HO, 
with CO (process 38) has also undergone some 
enormous fluctuations in the last 2 years. This 
reaction was listed in the set of 20 important 
atmospheric reactions because of the recently 
reported k value for this process of lo-'' cm3 
molecule-' s-'. This result, reported by 
Westenberg and deHaas, would have made this 
reaction the single most important atmospheric 
oxidation path for conversion of C O  to CO,. 
Previous to the Westenberg and deHaas mea- 
surement, Lloyd's 197 l evaluation (1 9) (based 
primarily on high temperature data) listed the 
value of the rate constant as cm3 mole- 
cule- ' s- '. The 1973 CIAP evaluation is based 
on the newer results of Davis, Payne, and Stief 
(20) and Simonaitis and Heicklen (12). Both 
studies gave values in the range of lo-'' cm3 
molecule-I s - I ,  making reaction 38 of negligible 
importance to atmospheric modelling efforts. 
Two of the major differences between the 
experiments carried out by the latter two 
groups and those by Westenberg and deHaas 

were the total pressure and gas compositions. 
In Westenberg's experiments a low pressure 
discharge flow system with e.s.r, detection of H,  
0 ,  and O H  was employed, whereas Davis et al. 
(20) and Simonaitis and Heicklen (12) used 
high pressure photochemical methods containing 
large amounts of water vapor. I t  has been 
suggested by Davis et al. that a possible explana- 
tion for the 8 orders of magnitude difference 
might have been the presence of vibrationally 
and rotationally excited OH or HO, in Westen- 
berg's experiments (1 7). 

A final reaction whose rate expression would 
appear to be due for a reevaluation is process 
44. The 1972 evaluation by Wilson (21) gives 
the activation energy as -5 kcal/mol. This 
evaluation excluded (or minimized) the low 
temperature data of Greiner (22) and instead 
relied more upon the numerous high tempera- 
ture results. However, the newer low tempera- 
ture data (373-240 OK) of Davis, Schiff, and 
Fischer (16) corroborate the earlier results of 
Greiner, giving an  activation energy of -3.4 
kcal/mol. In the latter study by Davis et al., low 
flash energies which produced n o  more than 
1010-1011 O H  radicalslcc were used in combi- 
nation with resonance fluorescence detection. 
The probability of secondary reactions being 
important, therefore, appears to be quite small. 
As in the O H  f C O  system, the low tempera- 
ture data for process 44 do  not extrapolate 
linearly into the high temperature results. The 
explanation for this behavior is probably similar 
to  that for the OH-CO reaction. 

Recommendations for New Experimental Work 
Thus far very little has been said about the 

reliability of the rate constants quoted in the 
text. However, since the recommending of new 
experimental work necessarily reflects the un- 
certainty in available rate data, a n  acceptable 
magnitude for this uncertainty must now be 
indicated. In this case, those reactions which 
this author feels are  in need of additional work 
would typically have uncertainties of no smaller 
than f 50%, and in some cases the uncertainties 
might be as high as  plus or minus a factor of 5. 

I t  is this author's opinion that there are three 
general areas where additional experimental 
work would be desirable. These include: (1) 
ozone reactions, 7, 13, and 18 ; (2) SO, reactions, 
30, and 31 ; and (3) radical-radical reactions, 3, 
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9, 11, 14, and 16. In the case of the first group 
mentioned, there have been no direct measure- 
ments of the temperature dependence of process 
7 (presumably small) and only two measure- 
ments at 300 O K .  The value of the rate constant 
for reaction 13 appears to be well established at 
300 OK, but additional direct measurements of 
the temperature dependence of this process 
seem to be justified at this time. As pointed out 
earlier in the text, there have been no direct 
measurements of the reaction of HO, with 0 , .  

The two homogeneous gas phase reactions 
which now appear to provide a possible explana- 
tion for the presence and location of the Junge 
aerosol belt are processes 30 and 3 1. Only 
preliminary data at 300 OK are now available for 
reaction 30 and only relative rate measurements 
at 300 OK have been con~pleted for reaction 31. 
Both must be studied as a function of tempera- 
ture, and reaction 30 must be investigated also as 
a function of total pressure. 

One of the most neglected areas of experi- 
mental kinetics has been that of radical-radical 
reactions. These measurements are necessarily 
difficult since absolute concentrations of transi- 
ent species must be determined. In most cases, 
the rate constants quoted for these fast reactions 
have been estimated only. With the possible 
exception of reaction 14, very few direct mea- 
surements exist at 300 OK, and almost no ternper- 
ature de~endence studies have been carried out. 
~rocesse's 3, 9, 1 1, 14, and 16 are of critical 
importance to present modelling efforts since in 
many regions of the atmosphere they control 
the important ratios H0, :OH;  0 : O H ;  and 
H : OH. 
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review paper on atmospheric kinetics. He would also like 
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Photochemistry of NO, and HNO, Compounds 

HAROLD S .  JOHNSTON AND RICHARD GRAHAM 
Depcrrtt?lerlr of Che~?listry, Urli~v~.sit)l of Ccrliforrlicr or~cl Irlor.gcrr~ic Mntericils Resetrrch Divisiorl, 

Lo1vrrr1r.e Berkeley Lrrhorrrtory, Berkeley. Crrliforriirr 

Received November 20, 1973 

Cross sections for absorption of radiation between 190 and 700 nn1 are given for  
N?O, NO2, NO:,, N O ,  N?O;, HNOn, and HNO:,. The quantum yields and the primary 
products of photolysis of each of these substances are discussed. This article includes 
spectral data obtained in this laboratory for NO., NO:,, NzOa, HNO?, and HNOS and 
it includes spectral data from the literature for N 2 0  and N,O.,. The quantum yields are 
based both on results from this laboratory and from the literature. 

Les sections droites d'absorption de radiation entre 190 et 700 nm sont donnCes pour 
N,O, NO., NO:,, N,O,, N,O-,, HNO, et HNO:!. Les rendements quantiques et les produits 
initiaux de photolyse de chacune de ces substances sont discutis. Cet article comprend 
des donnCes spectrales obtenues dans ce laboratoire pour NO?, NO,,, N,O;, HNO2 e t  
HNO,, et il inclut des donnCes spectrales de la IittCrature pour N,O et N,OI. Les rende- 
ments quantiques sont basis B la fois sur des rCsultats dtduits de ce laboratoire et de l a  
littkrature. [Traduit par le journal] 

Can. J. Chem.,52, 1415(1974) 

Introduction 680 nm). This article briefly reviews the literature 

The photolysis of the oxides of nitrogen and of for the quantum yields for ~ ~ o ~ o ~ ~ ~ i s  of N2°, 

the oxyacids of nitrogen involves the absorption N2°4, and N2°5 ; and it  presents data from 

cross section o and the primary quantum yield this laboratory for the quantum yields of H N 0 3  

4, each a function of wavelength. The cross set- and HN02. The possible photolysis products 

t ion  is defined at the average wavelength by 
NO3 are discussed. This article does not discuss 
nitric oxide (NO), which is a separate, full-sized 

In Io(h)/I(h) = o(h)[A]L research problem all in itself and which is being 

where [A] is the concentration of substance A in 
molecules cmP3, L is the optical path length in 
cm, I, is the incident beam over the narrow wave- 
length band in units of photons cm-' s-', and I 
is the transmitted intensity. The cross section o is 
in units of cm2, depends on wavelength h, and for 
broad bands of radiation depends on the band 
width of radiation Ah. The huantum yield for 
photolysis of A is the ratio of molecules of A 
destroyed per photon of radiation absorbed 

molecules of A destroyed 
= photons of radiation absorbed 

The quantum yield for forming a given product P 
is the ratio of the number of molecules of P 
formed per photon of radiation absorbed by A. 

This article briefly reviews the literature for 
1 absorption cross sections of N,O (190-31 5 nm), 

HNO, (1 90-325 nm), N 2 0 4  (240-390 nm), N 2 0 5  
I (285-380 nm); and it presents data from this 

laboratory for NO, (190-420 nm), N 2 0 5  (210- 
I 290 nm), HNO, (300-400 nm), and NO3 (450- 

analyzed by others. 
The purpose of this article is to collect in one 

place the values of cross section o and quantum 
yield 4. The cross sections are given in Tables 1 to 
3 and in Figs. 1 to 5. The quantum yields are indi- 
cated on some of the figures and are discussed 
separately for each case. 

Experimental 
The apparatus ha; been described previously (1). It 

consists of a silica cell 15 cm in diameter and 2 n~ long. 
It is equipped with nickel-coated stainless-steel end caps 
and with three mirrors to  give multiple pass operation 
(White cell). Spectra were taken with optical paths be- 
tween 8.6 and 34 m. Deuterium arc sources were used for 
radiation between 190 and 420 nm, and tungsten filament 
sources were used above 420 nm. Wavelengths were cali- 
brated from a low-pressure mercury arc. A McPherson 
113 m vacuum spectrometer was used for NO, and NO3 
and a McPherson 1 m monochromator was used for 
NzOI and HNO,. 

Materials 
Oxygen was purified by passing through a silica tube 

with copper turnings at 600 "C, through a column con- 
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1416 C A N .  J .  CHEM. VOL. 52. 1974 

taining pellets of 5% palladiun~ on alumina at  350 "C, and 
then through columns of ascarite and phosphoric an- 
hydride (P205). Ozone was prepared by electric discharge 
through purified oxygen with continuous input into a 
1 atm flow system. Nitric oxide was purified by the 
method of Dinerman and Ewing (2). Nitrogen dioxide 
was purified as previously described (1). Dinitrogen pen- 
toxide was prepared from nitrogen dioxide and ozone by 
the reaction 

2N02 + 0 3  + N205 + 0 2  

The NO, radical was prepared in a low, steady state con- 
centration by mixing N,05 with an excess of ozone; in 
this system ozone undergoes a slow, catalytic decomposi- 
tion. Nitrous acid vapor was prepared a t  a low equili- 
brium concentration in a system with excess NO, small 
amounts of H,O, and very small amounts of NO, 

Discussion of Each Substance 

Nitrous Oxide 
The absorption cross sections for N,O were 

read from a graph by Bates and Hayes (3). These 
cross sections are entered in Table 1 and on Figs. 
1 and 2. The photolysis of nitrous oxide can give 
the following products as a function of wave- 
length 

Preston and Barr (4) state that the primary quan- 
tum yield for photolysis of nitrous oxide is 1.00 
at all wavelengths below 337 nm, and theprocess 
formingatomic nitrogen (reaction 3)isO.Ol or less. 

Nitrogen Dioxide 
The photochemistry of NO, has been thor- 

oughly reviewed by Hampson and Garvin (5). 
Here we present our data for the NO, spectrum 
and a summary of Hampson and Garvin's con- 
clusions about quantum yields. The absorption 
spectrum of NO, with 8.6 m optical path, 1.3 nm 
resolution (full width at half maximum), aver- 
aged over 1 nm, with (1-10) x 1014 molecules 
~ m - ~ ,  and at 294 OK is given by Fig. 2, and values 
at each 5 nm between 190 and 420 nm are listed 
in Table 1 .  The concentration of N 2 0 4  is less than 
10'' molecules cm-3 for the points taken below 
250 nm, and the contribution of N 2 0 4  to the 
spectrum of NO, should be immeasurably small. 

Hampson and Garvin (5) concluded that under 
atmospheric conditions ihe primary quantum 
yield for 

Wavelength Inm)  

FIG. 1. Absorption cross sections, o (cm2), as a func- 
tion of wavelength with principal, energetically possible 
primary dissociation fragments. Nitrous oxide, N,O. 

FIG. 2. Absorption cross sections, o (cm2), as a fi~nc- 
tion of wavelength with principal, energetically possible 
primary dissociation fragments. Nitrogen dioxide, NO,, 
and portions of the N 2 0  spectrum. 

is unity from 398 to 244 nm, and the primary 
quantum yield for 

is unity from 244 to 190 nm. There is some tem- 
perature and pressure dependent structure to the 
quantum yield above 398 nm. At 298 OK, above 
398 nm, Hampson and Garvin recommend as 
primary quantum yield for formation of 0(3P) 
the following values: 400, 0.70; 405, 0.29; 410, 
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JOHNSTON AND GRAHAM: PHOTOCHEMISTRY O F  NO, AND HNO, COMPOUNDS 

TABLE 1. Absorption cross sections, o (cm2), for NzO, NOz, HN03, NZ04 ,  and NzOs 
at  5 nm intervals from 190 to 420 nm 

-- 
- 

h NOz Nz04 
(nm) - NZO (1019 0) HNO3 ( loi9  0) 

- 
NZOS 

190 1.26(- 19) 6.12 1.32(-17) 
195 3.64 9.10(-18) 
200 4.46(-20) 3.19 5.50(- 18) 
205 4.27 2.55(-18) 
210 5.37(- 21) 4.52 9.70(- 19) 4.7(- 18) 
215 4.65 3.28(- 19) 3.2(-18) 
220 7.08(- 22) 4.38 1.44(- 19) 2.0(-18) 
225 3.71 8.51(-20) 1.3(-18) 
230 8,90(- 23) 2.52 5.63(-20) 9.6(- 19) 
23 5 1.36 3.74(- 20) 7.5(- 19) 
240 1 .90(- 23) 0.90 2.60(- 20) 10.7 6.0(-19) 
245 0.39 2.10(- 20) 4.7(-19) 
250 6.6(- 24) 0.34 1.95(- 20) 8.54 3.7(- 19) 
255 0.16 1 .94(- 20) 2.9(-19) 
260 4.67(-24) 0.18 1 .90(- 20) 7.97 2.4(-19) 
265 0.24 1 .go(- 20) 2.0(- 19) 
270 5.12(-24) 0.33 1.63(- 20) 7.11 1.7(- 19) 
275 0.42 1 .40(- 20) 1.3(- 19) 

8.9(- 20)" 
280 6.02(-24) 0.57 1.14(- 20) 5.69 

5 .  l(-20)b 
285 0.72 8.77(- 21) 
290 5.0(-24) 0.88 6.34(- 21) 4.12 4.2(- 20) 
295 1.07 4.26(- 21) 
300 5 .O(-24) 1.33 2.76(-21) 3.02 2.45(-20) 
305 1.65 1.68(-21) 2.85 
310 3 .2(- 24) 1.97 9.50(- 22) 3.02 1 .3(- 20) 
315 1(- 24) 2.24 4.70(- 22) 
320 2.61 1 .go(- 22) 4.27 7.5(-21) 
325 2.94 2(- 23) 
330 3.38 6.12 4.0(-21) 

OThis work, 210-280 nm. This  work gives 6 3 - 2 0 )  for 285 and 3.9(-20) for 290 nm. 
*Reference 10,285-380 nrn. 
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0.12; 415, 0.05; 420, 0.02; 425, 0.01 ; 435, 0.002; 
440, 0.001 ; above 440, 0. Although the threshold 
to form O('D) is 244 nm, the detailed pattern of 
quantum yield as a function of wavelength has 
not been reported. 

Ditzitrogen Tetroxide 
The absorption spectrum of N 2 0 4  was read 

from a graph by Hall and Blacet (6), and it is en- 
tered in Table 1 from 240 to 390 nm. Although 
240 nm is the lowest wavelength given by Hall 
and Blacet, there is evidence that N 2 0 4  has a 
strong absorption below 240 nm. 

The photolysis of N,O, can proceed by a t  least 
two paths 

Since NO, is in rapid equilibrium with N204 ,  
process 6 would be rapidly reversible, and would 
give an apparent qiiantum yield of zero. Reaction 
7 would be rapidly followed by 

to give a quantum yield of 2 for formation of 
nitric oxide. Holmes and Daniels (7) found the 
overall quantum yield of NO was 0.4 0.1 at  
265 nm and 0.2 + 0.1 at  280 nm. Presumably 
both processes 6 and 7 occur, and the resulting 
quantum yield is an average between 0 for one 
process and 2 for the other. 

Dinitrogen Pentoxide 
Dinitrogen pentoxide was prepared from nitro- 

gen dioxide and ozone. Pure nitrogen pentoxide 
can be frozen oiit of a system containing excess 
ozone and sublinied from the white crystals 
formed. Pure nitrogen pentoxide undergoes a 
fairly rapid thermal decomposition (8) to give 0, 
and NO,, which overlaps the N 2 0 5  spectrum. The 
NO, bands can be suppressed by excess ozone (9), 
but then the N 2 0 ,  spectrun~ has the 0, and the 
NO, spectra superimposed. The flow rates of N,, 
NO, in N,, He, and 0, were adjusted to give a 
slight excess of 0, in the system. The absorption 
due to 0, could then be corrected for by the 
structure found in its spectrum. 

The absorption spectrum of 2.1 x 1014 mole- 
cules cin-, of N,O,, between 210 and 290 nm, 
17.2 m optical path, 0.87 resolution, and 298 O K ,  

is listed in Table 1 and plotted on Fig. 3. Jones 
and Wulf (lo) have reported N,O, cross sections 
by means of photographic spectroscopy between 

FIG. 3. Absorption cross sections, o (cm2), as a func- 
tion of wavelength with principal, energetically possible 
primary dissociation fragments. Dinitrogen pentoxide, 
N2O5: (--), Jones and Wulf; (-), this study. Nitric acid, 
HNO3. 

285 and 380 nm. At 285 nm Jones and Wulf ob- 
tained a cross section of 5.1 x lo-,' cm2, and 
we obtained 6.5 x lo-,' cm2. T h e  data of Jones 
and Wulf are included in Table 1 and Fig. 3, and 
they are in satisfactory agreement with our data. 
The uncertainty in our N 2 0 5  spectrum, largely 
based on the uncertainty in correcting for O,, is 
estimated to be f 20%. 

Studies of the photochemistry of N,O, are 
greatly complicated by branching paths and by 
possible secondary chemical reactions. In pure 
N 2 0 5  (almost iinobtainable because of the ther- 
mal decomposition of N 2 0 5  to NO,) the reason- 
able primary processes are 

Reaction 10 could be followed by either 

Reaction 9 is reversed by 
M 

[I31 NO2 + NO, + N 2 0 5  

As NO, accun~ulates it may react with the oxygen 
atom 

N,05 rapidly reacts with nitric oxide by way of 
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JOHNSTON AND GRAHAM: PHOTOCHE [STRY O F  NO., AND HNO, COMPOUNDS 1419 

The net quantum yield of destruction of N 2 0 5  
varies with mechanism; [9], [13], zero; [lo], [l :I.], 
[13], [13], zero; [lo], [12], 2 ;  [lo], [8], [14], [I 5],2. 
Holmes and Daniels (7) observed a quantum yield 
for loss of N,O, at 280 nm in the absence of NO, 
of about 0.6. Murphy (1 l), as reported by 
Hampson ( I  2), found inert-gas dependent quan- 
tum yields between 0.3 and 0.6 at 280 nm. Al- 
though these low, pressure-dependent quantum 
yields may be interpreted in terms of long-lived 
photo-excited N 2 0 5 ,  it is also possible (and, we 
think, more probable) that it is a matter of com- 
plex secondary thermal reactions such as [I I] 
through [15]. 

The primary processes in the photolysis of 
N,O, are not understood at this time, nor are the 
secondary reactions of oxygen atoms with N,O, 
well understood. 

The NO,  Radical 
The NO, radical was prepared in steady state 

relationship to N,O, and excess 0, .  The chemis- 
try of NO, in this system has been reviewed in a 
textbook (1 3). There are four elementary chein- 
ical reactions 

Ozone was present in excess, so that NO and NO, 
were converted to N,O,. The amount of residual 
ozone was determined by its near ~~ltraviolet ab- 
sorption spectrum. For the spectrum presented 
in Table 2 and in Fig. 4, the cell concentratio~ls at 
22°C were: O,, 5.2 x l oL6 ;  N20, ,  7.2 x 1014; 
NO,, 1.6 x loL4 molecules cni-,. The NO, spec- 
trum has been corrected for the absorptio~i of 
visible light by ozone. 

The absorption spectrum of NO, as presented 
in Table 2 and Fig. 4 is estimated to be uncertain 
by + 50%. This large ~~ncertainty arises from the 
rate constants q and r entering the expression for 
the steady state concentration of NO, and from 
a 15% loss of N,Oj that reacted with water i n  the 
flowing gases to forni nitric acid. 

Schott and Davidson (14) nieasured the ab- 
sorption coefficient at 652 niii of NO, at high teni- 
peratures in a shock-tube experiment. They extra- 
polated their res~~lts  to 300 O K  to obtain 8.4 x 
lo-" cn12 as the cross section at 652 nm. We find 
2.1 x 10- l 9  at this wavelength. 

To photolyze NO, to nitrogen dioxide and a 
ground state oxygen atom 

NO3 + IIV -> ~0~ + o ( ~ P )  

requires a wavelength of 578 nm or shorter, and 
the peaks of ~iiaxini~~iii absorptio~i lie a t  longer 
wavelengths. The radical NO, has only slightly 

M lessenergy (about 5 or 6 kcal i o l - ' )  than ground 
[14] N205  -> NO2 + No3 state 0, and NO. The absorption spectrum in  

[NOZI[NO~I 
M [N,O;I Fig. 4 has e n o ~ ~ g h  energy to proceed as 

[13] NO2 + NO3 -> N205 NO3 + IIV -> NO + 01 ('E) 

The steady state concentration of NO, is 
No2 + 0 1 3 P l ~ ~ 0  + o ~ ~ ' z I  

[NO,] = (K~/~~)'~~[o,]'~~[N,o,]'~~ 

At 300 O K ,  the equilibrium constant K is 1.2 x jj , 020  

10" molecules ern-,, and the ratio q/2r is I .7. ; 
Thus in units of rnolec~~les cin-,, the conceiitra- 
tion of NO, is lo 2' 

[NO,] = (1.9 x 1011[03][N20j])113 
1 1  The absor~tion s~ectruni for NO, in the visible lo 22 

80 5k 510 540 560 580 6Ao 620 ' 640 6L0 680 

region (450 to 680 nin) was obtained in a flow W c i e l e n q l h  I n v l  

systeln at 1 atln tota[ pressure. ~h~ inpLlt gases FIG. 4. Absorptioil cross sections, o (cm2), a s  a func- 
tion of wavelength with principal, energetically possible were nitrogen "2 (and a snlall primary dissociation fragments, NO3 radical and the 

amount of NO, which was separately measured visible spectrum of ozone, 0 3 ,  for comparison (NO3 is 
and accounted for ) and nitrogen plus ozone. prepared from N 2 0 5  plus excess OX). 
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C A N  J C H E M  V O L  52. 1974 

Absorption cross section, (cm2), for the NO3 radical at 1 nm intervals from 450 to 680 nm 
- - -- -- - -- - 

- - - - -- - - -- - - - - -- - - -- - 

loL9 CJ L loL9 CJ ?, lo1' CJ L 1ol9o 
- -  - - - - - - - - - 

508 3.04 566 6 .77 624 26.3 
0.51 509 2.81 567 6.84 625 21.1 
0.72 510 3.12 568 6 .90 626 17.2 
0.57 51 1 3.80 569 6 .88 627 15.4 
0.73 512 4.26 570 6 .79 628 15.5 
0.61 513 4 08 571 6 .73  629 15.3 
0 .40 514 4.02 572 6.69 630 14.9 
0.51 515 3.79 573 6.65 63 1 12.6 
0.51 516 3.73 574 6 .67 632 8.73 
0.56 517 3.57 575 6 .95  633 6.00 
1.03 518 3.36 576 7.42 634 4.59 
1.07 519 3.35 577 7 .80 635 3.57 
1.19 520 3.77 578 7.81 636 3.29 
0.92 521 4.21 579 7.67 637 3.87 
0.67 522 4.53 580 7 .67 638 4.26 
0.95 523 4.62 58 1 8 .01 639 4.03 
1.06 524 4.06 582 8.10 640 3 10 
1.16 525 3.72 583 7.42 64 1 2.86 
1.32 526 3.64 584 6 .79  642 2.79 
1.34 527 3.79 585 6.61 643 2.28 
1.60 528 4.62 586 6 .96  644 2.31 
1.99 529 5.51 587 8.30 645 2.20 
2.13 530 5.80 588 10.3  646 2.20 
2.00 53 1 5.39 589 12.4 647 2.31 
1.82 532 5.01 590 13.4 648 2.22 
2.01 533 4.67 59 1 12.8 649 2.20 
2.27 534 4.61 592 11.9 650 2 17 
2.48 535 5.14 593 10 .8  65 1 2.11 
2.60 536 6.18 594 10 .0  652 2.08 
2.38 537 6.53 595 9 .44  653 2.31 
2.26 538 6.08 596 9.81 654 2.35 
2.24 539 5.13 597 10.0 655 2.59 
2.34 540 4.60 598 9 .42  656 3 31 
2.24 541 4.44 599 7 .94  657 4.10 
2.37 542 4.34 600 6 .83 658 4.72 
2.33 543 3.54 60 1 6 .45 659 6.73 
2.68 544 2.98 602 6.71 660 12.0 
2.73 545 3.70 603 7 .76 661 23.3 
2.64 546 4.57 604 8 . 9 2  662 34.7 
2.73 547 6.13 605 9 .78 663 40.2 
2.87 548 7.12 606 9 .05  664 29.1 
2.87 549 6.53 607 6 .90  665 18.5 
2.76 550 6.13 608 4 .98  666 13 4 
2.84 55 1 6.13 609 4.09 667 8.59 
2.61 552 6.06 610 3 .82  668 5.46 
2.65 553 6.21 611 4 .06 669 3 96 
2.89 554 6.47 612 4.47 670 3.34 
3.20 555 7.02 61 3 5.33 67 1 2.58 
3.22 556 7.52 614 5.67 672 2.50 
3.16 557 7.74 615 5 .46  673 2.25 
2.97 558 7.99 616 4 .87  674 2.14 
2.81 559 8.41 617 4 .44  675 2.17 
2.71 560 8.43 618 4.47 676 2.07 
2.63 56 1 7.65 619 4.89 677 2.21 
2.97 562 7.17 620 5.67 678 2.71 
3.19 563 6.94 621 8.35 679 2.55 
3.29 564 6.74 622 12.9 680 2.63 
3.25 565 6.69 623 22.0 
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JOHNSTON A N D  GRAHAM: PHOTOCHEMISTRY O F  NO., A N D  HNO, COMPOUNDS 1421 

TABLE 3. Absorption cross section, o (cm2), for n~trous  acid vapor, H N 0 2 ,  
at 1 nnl intervals from 300 to 400 nm 

- -- . . - - -- - - --- - - - -- - 
- -- - -- -- ---- 

h loZ0 0 h loZ0 0 h 10200 h 1 0 Z O o  

although the state of the products has not been 
identified. By a molecular modulation technique, 
we found (work still in progress) that above 600 
nm NO, dissociates to form NO, but the elec- 
tronic state of the product 0, was not determined. 
Ramsay (I 5) found the high resolution spectrum 
of NO, to show predissociation at all wave- 
lengths. Thus above 578 nm, NO, is photo- 
dissociated to NO and to some form of O,, prob- 
ably (but not necessarily) with a large quantum 
yield; but below 578 nm i t  is not known whether 
the products are NO, + 0 or NO + 0, .  

Nitrous Acid 
HNO, was prepared from mixtures of NO, 

NO,, H,O, and He. The concentration of HNO, 
present was calculated from thermochemical data 
(16) for the equilibrium 

The reactant gases NO and NO, were measured 
from their pressure in small glass pipettes, and 
they were added to the large (46 1) cell. Helium 
saturated with water vapor was added. There was 
a large excess of NO. The actual residual concen- 
tration of NO, was measured in terms of its 
known spectrum above 400 nm. The spectrum of 

N,O, between 300 and 400 nni was obtained in 
separate experiments, and it was subtracted from 
the observed total spectrum. Thus the observed 
relatively weak spectrum of HNO, was corrected 
for the spectrum of NO, and the intense con- 
tinuous spectrum of N 2 0 3 .  

The absorption spectrum of HNO, is presented 
in Table 3 and Fig. 5. It was obtained with the 
following conditions: NO, 3.0 x 1019 molec~~les 
cm-,; NO2, 1.1 x 10" molec~~les cmP3 ;  N203, 
1.3 x I O l 5  molecules cm-,; H20,  6.6 x 1016 
molecules cm-,; HNO, (calcd.), 1.22 x 1016 
molecules ~ m - ~ ;  298 OK; 8.6 m optical path; 
0.87 nm resolution. In other experiments several 
aliquots of He and H,O were added t o  a similar 
mixture of gases. Beer's law was obeyed over the 
experimental rangeof HNO,, (2-8) x 1015 mole- 
cules cmP3. The position of the peaks in the spec- 
trum agreed within 0.1 nm with those of King and 
Moule (17) whose high resolution study of the 
HNO, spectrum revealed no additional structure. 
The values of the cross sections in Table 3 and 
Fig. 5 are regarded as uncertain by +20%, on the 
basis of uncertainties in the corrections for 
N2°3. 

A study of the quantum yield and primary 
photolysis products of nitrous acid is underway 
in this laboratory. Preliminary results are given 
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1422 C A N .  J .  C H E M  

FIG. 5. Absorption cross sections, o (cm2), as a func- 
tion of wavelength with principal, energetically possible 
primary dissociation fragments. Nitric acid, HNO3, and 
nitrous acid, HN02.  

here. Since HNO, is unstable in the gas phase, it 
is necessary to have excess of NO, H,O, and NO, 
present in the system, with attendant small con- 
centrations of N,04 and N,O, also present. The 
substances NO,, N,O,, and N 2 0 4  all absorb 
radiation in the same region as HNO,. Thus it is 
desirable to minimize NO, as much as possible. 

The possible primary products of HNO, pho- 
tolysis include 

[201 -* HNO + 0 

The third alternative would lead to nitrous oxide 

The second alternative would probably be fol- 
lowed by H + NO, 4 HO + NO, and thus be 
indistinguishable from the first. The reaction 
of HO with NO to reform nitrous acid is rapid 

M 
HO + NO -* HNO2 

so that no net change would be observed in a 
static system. By addition of excess carbon 
monoxide to the system, the presence of hydroxyl 
radicals can be identified 

H O + C O - > C O z + H  
A few experiments have been carried out in 

which HNO, has been photolyzed at 355 nm, 
and the products have been analyzed by a high 
resolution mass spectrometer which could dif- 
ferentiate between N,O and CO,. In the absence 
of added CO, no N,O was observed. One run 

I .  VOL.  5 2 ,  1974 

was made with the following composition: CO, 
8.8 x 10''; He, 1.0 x lo1'; NO, 4.4 x 1017; 
H,O, 4.4 x IOl7; NO,, 3.2 x 1016; and HNO,, 
7.0 x 1016 molecules cm-,. Photolysis was car- 
ried out in a quartz cell 3.5 x 10 cm. No N,O 
was observed but a large amount of CO, was 
found. The apparent quantum yield (no correc- 
tion for the reaction 

M 
HO + NO + HN02) 

was 0.5. The indication is that either reaction 18 
or reaction 19 occurs with a quantum yield of the 
order of magnitude of unity. Further work is 
being carried out. 

Nitric Acid 
The cross sections for absorption of ultra- 

violet radiation by nitric acid have been pub- 
lished by Johnston and Graham (I), and the 
values are entered in Table 1 and Figs. 3 and 5. 
Quantum yields for the process 

HNOB + hv -t HO + NO2 

were determined by Johnston and Chang (I 8) in 
quartzcylinders with long exposure times to weak 
beams of monochromatic radiation and these 
results are reviewed here. Also, we photolyzed 
HNO, at 253.7 nm and observed the phase shift 
of NO, produced. The phase shift method (19) 
gave 1 molecule of NO, formed for 1 photon of 
253.7 radiationabsorbed by HNO,, and the phase 
corresponded to a primary photochemical prod- 
uct. Thus at this one wavelength we have a direct 
determination of unit quantum yield for NO, 
production from photolysis of HNO,. 

In a small quartz cylinder with long-term ex- 
posure of pure HNO, to monochromatic radia- 
tion, the quantum yield of NO, production is very 
low, about 0.1. The reason for this low quantum 
yield is that the products of nitric acid photolysis 
reform nitric acid under these conditions; the 
sequence of reactions is 

HN03 + hv -t HO + NO2 
HO + H N 0 3  -* H z 0  + NO3 

M 
NO2 + NO3 -* N205 

W 
H 2 0  + N205 + 2HN03 

net: no change 

where M refers to energy-transfer catalysts in the 
gas phase and W refers to the walls of the appa- 
ratus. The small degree of reaction that is ob- 
served is caused by thermal and photochemical 
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JOHNSTON AND GRAHAM: PHOTOCHEMISTRY O F  NO,, AND HNO., COMPOUNDS 1423 

reactions involving N,O, before it has a chance 
to react with water to reform HNO,. Thus, long- 
term photolysis of pure nitric acid (20) vapor is 
an unsatisfactory method for studying the pri- 
mary quantum yield for HNO, photolysis. 

Upon addition of excess carbon monoxide to 
the nitric acid, the hydroxyl radical reacts with 
CO to produce CO, 

HNO, + hv -> HO + NO, 

HO + CO -> COz + H 

H + NO2 -> NO + HO 

HO + CO -> CO, + H 

net: HNO, + 2C0 -> NO + 2C0, + H 

The interpretation of data in this system is some- 
what ambiguous, since the fate of the final hydro- 
gen atom is not known. If the second hydrogen 
atom does not react with nitric acid, the quantum 
yield to form carbon dioxide is 2, and the primary 
quantum yield for nitric acid destruction can be 
inferred. On the other hand, if the hydrogen atom 
attacks nitric acid, for example, 

HO + CO -> COZ + H 

net: HNO, + CO -> HNOZ + C02 

press this reaction. Extensive model calculations 
(18) with up to 40 elementary reactions confirmed 
that no known secondary reaction destroyed 
HNO, or NO,. With added CO and O,, the 
quantum yields of CO, and NO, were each 1.0 
at 200 nm, and that for NO, was 1.0 at 255 and 
300 nm. The quantum yield for the primary 
photolysis of HNO, to HO and NO, was 1.0 at 
all wavelengths. 

The preliminary studies of the formation of COz in the 
photolysis of I-INO, were carried out by Dr. Shih-Ger 
Chang and Mr. Ed Qi~itevis. This work was si~pported by 
the Climatic Impact Assessment Prograni by nieans of 
an interagency agreement between the Department of 
Transportation and the Atomic Energy Commission 
through the Inorganic Materials Research Division, 
Lawrence Berkeley Laboratory. 
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Photolysis of 0,,, HO.,, CO,,, and SO-, Compounds 
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Received November 3, 1973 

This paper gives a review of the homogenous gas phase photolysis of inorganic oxide com- 
pounds of aeronomic interest. The review is concerned with results of laboratory investigations 
at wavelengths from the visible to the Schumann vacuum ultraviolet at about 1050 A cor- 
responding to the lithium fluoride transmission limit. The discussion is confined largely to the 
photolytic primary processes which are mostly photodissociation in the systems of interest. As 
kinetic processes are covered by other papers, secondary reactions of photolysis p r o d ~ ~ c t s  are 
discussed here only in the context of the primary processes. The objective is to provide an 
overview of, and to critically assess, the state of knowledge as to the observations of dissociation 
processes and products, measurements of quantum yields, and studies of fragment energy dis- 
tributions. 

... 

Cette publication presente une revue de la photolyse honiogene en phase gazeuse d'oxydes 
inorganiques, composes a interkt aeronomique. Cette revue concerne les resultats de recherches 
de laboratoire a des !ongueurs d'onde allant du visible a I'ultraviolet dans le vide de Schunlann 
aux environs de 1050 A qui correspond a la limite de transmission ~ L I  fluorure de lithium. La 
discussion se limite essentiellement aux procedes photolytiq~les primaires qui sont avant tout 
une photodissociation dans les systemes d'interkt. Comine des procedis cinetiques sont et~ldiies 
dans d'autres publications, les reactions secondaires des produits de photolyse sont exanlintes 
ici dans le seul contexte des procedis primaires. Le but est de fournir Llnsurplusdeconnaissances 
des mesures de rendements quantiques et des etudes sur les distributions energitiques fragmen- 
taires, et aussi de determiner d'une f a ~ o n  critique I'etat des connaissances concernant les 
observations des modes de dissociation et des produits. [Traduit par le jo~lrnal]  

Introduction of the primary processes are not known, or not 

F~~ the lower regions of the atmo- known s~~fficiently well, to permit modelling of 

sphere, the subject of this symposiLIm, neLltral the stratospheric chemistry. In the list of species 

photocheliiistry is of particular interest. This in- for which qLlantL1ln yield data are req~lired are 

terest has grown during the last few years since found "lch as H02 and HCo 
the number of molecular constituents present or bu t  simp1e and molecules such 
expected to be present in the lower atmosphere as H 2 0 ,  SO2 and others. 

has dramatically increased. The photochemistry This paper is a brief review of laboratory 

and the theoretical aeronomic models have be- photolysis work 011 a n~lmber of aeroliolnicall~ 

come correspondingly conlplex and extensive. Important ~nolec~~les  in tlie L I . ~ .  and also vacuum 

~h~ models demand i n p u t  data on elementary ~lltraviolet at wavelengths > 100 nm. So~iiewhat 
processes, such as absorption coefficients, quan- we have O2, O3, I-12O2, 
turn yields of tlie photochemical primary pro- H02j "2, ''23 and Other imp0rtant 

cesses, alld reaction rate constants, to an molec~lles, listed for instance in  the report by 

and accuracy that is in Inany cases not yet avail- Garvin and H a m ~ s o n  ( I )  have been olnitted be- 
able. F~~ example, in the stratosphere a total of cause of the limited scope of the review. Diatomic 
34 chemically different diatolnic and polyatomic radicals s ~ ~ c h  as O H  and SO have also been left 
molec~llar species have been identified in a report OL1t although their photolysis lnay be aeronomi- 

by carvill and H~~~~~~~ as known, or sus- cally important. Photolytic studies have not yet 

petted, participants i n  the chemistry of this atmo- been performedon these species, as istrL1efor rad- 

spheric region. H ~ ~ ~ ~ ~ ~ ,  as indicated in  that re- icals in general. The photolysis of a molecule is 

port, for most of these species the quant~lm yields 'lnderstood the prilllary photo- 
chemical processes as well as secondary reac- 

'Present address: FakulWt fiir phys;k, Universi[dt tions. This review, however, essentially con- 
Bielefeld, Bielefeld, W. Germany. fined to the primary processes, i.e. their identifi- 
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WELGE: PHOTOLYSIS OF O.,. HO,, Cql-, AND SO.r COMPOUNDS 1425 

cation and quantum yields. Work on secondary 
reactions is included only as much as it is of 
direct interest for the primary process. Results 
are reported, rather than techniques and experi- 
mental details discussed. 

In general, quantum yield measurements have 
been limited to relatively few wavelengths in ex- 
tensive absorption regions, so that wavelength 
dependencies are largely unknown in detail. As 
to the reliability of existing data, it is difficult, if 
not impossible, in many cases to determine ob- 
jectively and quantitatively the margin of error 
or generally the degree of confidence. Precision 
limits on quantum yield data, us~ially given by 
the scatter of repeated measurements in a work, 
are seldom less than ? 10%. More serious is the 
problem of absolute accuracy. In our opinion the 
only practical way to estimate objectively the re- 
liability of quantum yield data is by comparison 
of measurements made by different workers 
using different techniques. 

The 0, absorption spectrum at wavelengths 
> 100 nm consists of three regions: (a) the 
Schumann-Runge (S.-R.) bands (175-200 nm) 
superi~nposed on the Herzberg continuum (1 85- 
260 nm), (6) the S.-R. continuum (175-1 35 nm), 
and (c) the heavily structured region at h < 135 
nm. A recent comprehensive review of spectro- 
scopic data and literature has been provided by 
Krupenie (2). The following dissociation proces- 
ses2 are energetically possible at h > 100 nm: 

[I]  O2 + h v - ~ 0  + 0 (242.4 nm) 

[21 0 + O('D) (175.0 nm) 

[3 1 O('D) + O('D) (137.0 nm) 

[41 0 + O(lS) (133.0 nm) 

At h > 175 nm, spectroscopic work (see for 
instance Hudson (3)) indicates strong predissocia- 
tion throughout the S.-R. bands, implying that 
process 1 has a quantum yield of practically 
unity. There has been a recent photochemical 
quantum yield study in the S.-R. band region at 
184.9 and 193.1 nm by Washida et al. (4). At 
184.9 nm they found a quantum yield for 0, for- 
mation of @(03) = 2 at 0, pressures 2 100 Torr. 

2Ground state species are given without term symbols. 
The wavelengths given in parentheses correspond to the 
t hermody narnic thresholds of the processes. 

This is consistent with a primary quantum yield 
of unity for the 0, dissociation. However, at 
193.1 nm @(03) = 0.3 was found at 0, pressures 
from 300 to 1200 Torr, indicating a quantum 
yield of less than unity at this wavelength. The 
apparent contradiction to the spectroscopic ob- 
servation would need clarification by additional 
photochemical studies in the S.-R. bands. 

It has been generally accepted that process 2 
has unit quantum yield in the S.-R. continuum. 
Indeed there is plenty of evidence, though mostly 
from indirect experiments, for [2] being the donii- 
nant process. For references see the paper by 
Noxon ( 9 ,  who identified the production of 
O('D) by observation of the 'D 4 3P emission 
at 630 nm. Systematic measurements of the O('D) 
yield as a function of wavelength throughout the 
S.-R. continuum, in  particular at the short and 
long wavelength wings, have not been reported. 
Also, the O('D) production at wavelengths 
shorter than in the S.-R. continuum has not been 
studied. 

Progress has been made with respect to O('S) 
formation. The production of O('S) has been 
qualitatively established by Filseth and Welge (6) 
who observed the 'S 4 'D emission at 557.7 nni 
in pulsed photolysis experiments at wavelengths 
between - 105 and 135 nm. Relative and absolute 
quantum yield measurements of O('S) formation 
have recently been made. Ridley et al. (7) have 
measured at 121.6 nnl the o('s) yield from 0, 
relative to that from N 2 0  and obtained an upper 
limit of @(IS, 0 2 ,  121.6) < 0.03 ? 0.01. McEwan 
and Lawrence (8) have made first absolute quan- 
tum yield measurements at eight wavelengths be- 
tween 120 and 88 nm. They found a maximum 
yield of about 10% at 109 and 104 nm. A relative- 
ly sudden increase of the yield with decreasing 
wavelength at 109 nm has been speculatively at- 
tributed to the occurrence of process 5, though 
this process would violate the spin co~lservation 
rule. The precision of these measurements was of 
the order of $- 30%. 

Because of the central importance of ozone in 
atmospheric chemistry we discuss its laboratory 
photolysis in some detail, though a comprehen- 
sive treatment and coverage of the many studies 
on this subject is beyond the scope of the paper. 
A review on the ozone photochemistry has re- 
cently been given by Schiff (9). At wavelengths 
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>200 nm, where most photolysis studies have flash photolysis. This, however, has been attrib- 
been performed, the absorption spectrum ex- uted to the secondary reaction I. The yield 
hibits the Chappuis (- 800-450 nm), Huggins @(- 0,)  = 2 together with the observation of 
(- 360-300 nm), and Hartley (- 300-200 nm) 0,' indicates that 0,' does not sensitize 0, de- 
regions. Absorption coefficient measurements at composition, but is instead collisionally relaxed 
room temperature in these regions by different by 0 , .  
workers are in good agreement. We refer to the 
paper on this subject by Griggs (10). Measure- 
ments in the vacuum u.v. have been reported by 
Watanabe (I I). The weak 0-0, bond, together 
with the several metastable electronic states of 0 
and O2 at rather low energies, make a large num- 
ber of dissociatioll orocesses and secondary re- 
actions thern~odynamically possible even in the 
near ultraviolet. The threshold wavelengths of 
some of the processes are shown in Table I .  
Parentheses indicate spin forbidden fragment 
combinations. 

T A B L E  1 .  Threshold wavelengths (nm)  o f  
O3 dissociation processes 

- - 

0' A, blX,+ 

1180 (611) (463) 
310 266 

(237) 199 

Plzotolysis it? the Visible 
In the Chappuis region 

is the only spin allowed process. Since the work 
by Castellano and Schumacher (12) this process 
has been accepted to have a quantum yield of 
unity at wavelengths of "red-yellow light" used 
in those experiments. The quantum yield of O, 
consumption, @(-O,), found to be 2, is ex- 
plained by process 1 followed by 

As 02(a1A,) reacts with 0, via 

the res~llt @(-0,) = 2 implies that 

does not occur to an appreciable extent in the 
Chappuis region. 

The distribution of the excess energy in [I] 
(for instance, I eV at the peak absorption in the 
Chappuis region) has not been investigated in de- 
tail. Ellis et al. (13) have observed highly vibra- 
tionally excited oxygen, O,', in the 0, visible 

Photolysis in the Ultraviolet 
Because of the strong continuum absorption in 

the Hartley region it is safe to assume that the 
photodissociation has a quantum yield of unity, 
and that dissociation occurs via spin allowed pro- 
cesses in this region. The allowed processes are 

1 1 1  0 3 + / ~ v - > 0  + o ,  (1 180 nm) 

[3 1 O ( ' D )  + 02(a1A,) ( 3 10 nm) 

[41 O ( ' D )  + 02(b1X,+) ( 266 nm) 

with threshold wavelengths given in parentheses. 
In the Huggins region the spin forbidden pro- 
cesses 

161 0 + 02(b1X,+) ( 463 nm) 

[71 O ( ' D )  + 0 2  ( 411 nm) 

must also be taken into account because of the 
weak absorption. It is generally assumed that [3] 
is the dominant dissociation in the Hartley band, 
although the basis for this evidence is not as con- 
clusive and consistent as would be desirable for 
this very important process. The quantum yield 
of [3] has been quoted often to be "~~nity". How- 
ever, the accuracy of previous work can only be 
interpreted, at best, to show that the yield is 
"close" to unity. 

Production of O2 (blCII+) 
The production of 02(b1C,+) by process 4 had 

been previously suggested to be important at h 5 
266 nm. The 02(b1C,+) yield, @('C), is, however, 
insignificant at wavelengths at least down to 
-240 nm. Gauthier and Snelling (14) have per- 
formed experiments at 253.7 nm and concluded 
that @('C) 5 0.05 at  this wavelength. Gilpin et al. 
(15) flash photolyzed 0, in the region -240-265 
nm and measured the relative yield of 02(b1X,+) 
and O('D) by comparing the ID -+ 3P emission 
with the blX,+ -t x3C,- emission. They obtained 
@('C)/@('D) 5 1/20. Quantum yield measure- 
ments of O,(blC,+) production a t  other wave- 
lengths are not known. 

P~~o~/uction of 0 (' D) 
Usually, two studies by DeMore and Raper 
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WELGE: PHOTOLYSIS OF O.,, H( 

(16, 17) have been used to show that @('D) = 1 
in the Hartley band at wavelengths up to -300 
nm. We therefore must discuss these studies in 
some detail. In the first work 0, was photolyzed 
in liquid N, at 14 wavelengths from 248 to 334 
nm and the production of N,O was measured. 
Below 300 nm the N,O yield was found to be 
constant within limits of error of about 25%. 
Between 300 and 302 nm the N,O yield de- 
creased by about a factor of 2, with a limit of 
error of 30%. At 334 nm the N,O yield again 
dropped by another factor ofabout 2. This depen- 
dence shows that three different mechanisms 
occurred in the corresponding three wavelength 
intervals. The work suggests that O('D) is a 
major fragment at h 5 300 nm. It does not 
however, provide an absolute O('D) quantum 
yield measurement. That @(ID) is unity at h 5 
300 nm has rather been inferred from the con- 
stancy of the N,O yield using the plausible ar- 
gument that it is unlikely that two processes, 
producing O('D) and 0(,P), would have a con- 
stant relative yield over the range from 248 to 300 
nm. Also, the drop of the N,O yield at 300-302 
nm by only 50% and not to zero, remains unex- 
plained, leaving an essential uncertainty in the 
photolysis mechanism. In the second work 
DeMore and Raper photolyzed 0, in liquid 
argon at 87 K. Two wavelengths, 253.7 and 
313.3 nm, were used and the quantum yield of 0, 
consumption, @(- O,), was measured as a func- 
tion of the 0, concentration. The result was a 
linear dependence of the inverse yield, I/@(- 0,)  
on the 0, concentration, [O,]. The mechanism 
proposed for this was such that the primary 
quantum yield of O('D) was given by the inter- 
cepts at [O,] = 0. The relative O('D) yields at 
the two wavelengths, @('D,3 13)/@('D,254), were 
given by the ratio of the slopes. As has been 
pointed out previously by Schiff (9), the preci- 
sion of the intercepts was practically insufficient 
to derive absolute yields. The slopes, however, 
were measured relatively precisely, indicating 
@('D,3 13)/@('D,254) = 0.27. 

Thegas phase photolysis of 0, has been studied 
in several laboratories by measurement of the 
quantum yield, @(-0,). In principle, such 
studies could be used to obtain the quantum 
yield of the primary products provided the mech- 
anism of secondary reactions is established. The 
results of all these studies have been explained by 
assuming that in the Hartley band at h 5 300 nm 
the dissociation [3] is the only primary process 

I.,, CO.l-, AND SO., COMPOUNDS 1427 

involved. However, the problem is that the re- 
sults of different groups show serious discrep- 
ancies. McGrath and Norrish (18) proposed the 
familiar chain mechanism: 
13'1 O3 + hv -> O('D) + Oz** 

where 0,** was o,(~'A, or blC,+) and the chain 
carrier O,* an excited 0, molecule in an un- 
specified state. 0,** has since been identified as 
O,(alA,). The chain mechanism has been sup- 
ported by Norrish and Wayne (19) in steady- 
state photolysis studies at 253.7 nm. A t  0, pres- 
sures 2 to 50 Torr they found with 0, alone a 
linear increase of @(- 0 , )  up to 16.7 a t  50 Torr. 
Extrapolation to low O, pressure yielded @(- 0, )  - 4. When N, or CO, was added the 0, yield 
decreased further to @(-0,) .- 2, an  observa- 
tion which does not agree with recent studies (see 
for instance the discussion by Lissi and Heicklen 
(20)). Jones and Wayne (21) essentially confirmed 
the chain mechanism at 253.7 nm. In a later study 
Jones and Wayne (22) performed experiments at 
248, 253.7,289/292,297/302,313.3, and 334.0 nm 
and again found @(- 0 , )  - 4 at low 0, pressure 
and chain decomposition with increasing pressure 
at all wavelengths 1 3 0 2  nm. Jones e t  al. (23) 
extended the @(- 0,) measurements at 253.7 nm 
to O, pressures between 2 and 0.05 Torr using 
photolysis in a flow system. They added 0, at 
partial concentrations from 10 to 90% and again 
obtained @(-0,) - 4, independent of the 0, 
concentration. The observation of a limiting 
value of @(-0,) - 4 at low 0, pressure has 
been attributed in the above studies to the termi- 
nation of the chain by the loss of the chain carrier 
species O,*. 

Ellenrieder et al. (24) photolyzed 0, at 253.7 
nm using O, pressures from 10 to 100 Torr. They 
obtained @(-0,) = 6 at all pressures. With the 
addition of N, @(-0,)  decreased to an extra- 
polated limiting value given as 4. The result 
@(- 0 , )  = 6 with 0, alone contradicts the chain 
mechanism. Ellenrieder et al. (24) explain their 
observation by replacing the reaction IV in the 
chain mechanism by 

where O,*, produced in the o('D) + 0, reaction 
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is, however, as   in specified a species as in the 
, chain mechanism. Lissi and Heicklen (20) have 

repeated 0, photolysis experiments by 0, quan- 
tum yield measurements at 228.8,253.7,280.0 nm 
 sing O, pressures from 0.1 to 2.7 Torr. With 0, 
alone and with added He they obtained an aver- 
age of @(-0,) = 5.5 at the three wavelengths 
with an error limit given in a later paper (25) as 
10.5.  In the presence of CO, and N, the 0, yield 
decreased to an average value of @(-0,) = 4.2 
+ 0.4. These results agree with those of Ellen- 
rieder et al. (24), though the different pressure 
regions of 0, must be noted. They disagree with 
those of Wayne and co-workers. Lissi and 
Heicklen also have proposed reaction IV' instead 
of IV. It must be noted, however, that yields of 6 
and 4 could also be explained by a mechanism 
suggested by Bair and his co-workers. Webster 
and Bair (26) have made relative yield measure- 
ments at 0, pressures of -0.2 Torr  s sing 253.7 
nm radiation. The quantum yield found with 0, 
alone and 0,-He mixtures exceeded that with 
0,-N, mixtures by about a factor of 2. The 
authors have attributed the difference to the pro- 
ducts of the reaction O('D) + 0, and suggested 
that these products would change with the ozone 
pressure, if at high 0, the chain mechanism were 
to occur. In a subsequent paper, Baiamonte et al. 
(27) indicated that the reaction between O('D) 
and 0, proceeds at low 0, pressure via 

where O,* is vibrationally excited in levels o" 
30. The branching ratio of the two channels was 
given as kv,lc,, 2 10. Bair and co-workers have 
speculated that their results could be reconciled 
with the chain mechanism by an intermediate 
complex (0,) resulting from O('D) + 0 , .  This 
complex would either decay at low 0, pressure 
via [V] and [VI], or react at high 0, pressure 
with O, to give O('D), 

o4 + 0 3  -. 0('D) + 3 0 2  

a reaction that does not look very appealing. 
The proposed gas phase mechanisms differ 

essentially in the products of the O('D) + 0, 
reaction. In that respect 0, photolysis studies 
have been concerned with the ground state 0 
atom production at "fast" rates, that is, much 
faster than that of reaction I. Giarchardi and 
Wayne (28) and Davenport et al. (29) have mea- 
sured the intermediate quantum yield, (p(,P), of 

VOL. 5 2 .  1974 

O(,P) production, where (p(,P) is defined as the 
number of 0(,P) produced in "fast" steps only. 
Giarchardi and Wayne reported (p(,P) - 0.7 
whereas Davenport et al. reported (p(,P) = 1, 
and later (30) extended their measurements to 
obtain (p(,P) = 1.00 1 0.06. Obviously, the gas 
phase photolysis of 0, has not yet been sufficient- 
ly established to serve as a satisfactory basis for 
absolute or relative O('D) quantum yield de- 
terminations. 

A substantial progress has been achieved re- 
cently with respect to the relative quantum yield 
of O('D) by Lin and DeMore (31) in experiments 
reported at this symposium. Using the insertion 
reaction technique they have made convincingly 
accurate measurements of the relative O('D) 
yield as a function of the wavelength from 275 to 
334 nm in the gas phase at a temperat~lre of -40 
"C. Within a scatter of a few percent the relative 
O('D) yield was found to be constant at h I 305 
nm dropping by 50% at 308 nm and by 90x  at 
3 13 nm. At 334 nm the yield is virtually zero. The 
work is particularly interesting with respect to 
the dependence of the O('D) yield in the thresh- 
old region of process 3. 

Serious discrepancies exist between results of 
previous studies on this matter. Simonaitis et al. 
(25) have reported the yield at 313 nm to be 
@('D,313) = 0.50 f 0.05. This result was ob- 
tained at 25 "C and the difference to Lin and 
DeMore's value could be attributed to the higher 
temperature. However, Jones and Wayne (21,22) 
also working at room temperat~~re obtained re- 
sults indicating @('D,313) to be of the order of 
-0.1, in agreement with Lin and DeMore. Fur- 
thermore, DeMore and Raper (16) found the 
O('D) yield to drop already at -- 300 nm, which 
could be attributed to the particular experimental 
copditions (liquid phase, low temperature). How- 
ever, the work by DeMore and Raper(] 7) carried 
out also in the liquid phase and a t  low tempera- 
ture indicates @('D,313) = 0.27, making the 
common assumption that @(ID) is unity at 253.7 
nm. The difference between that result and the 
present one by Lin and DeMore has an interest- 
ing implication with respect to  the absolute 
quantum yield: the difference is either due to the 
different experimental conditions of the two 
studies, or the O('D) yield is lower at 253.7 nm 
than at 275-302 nm by a factor of 2.7. Finally, 
Castellano and Schumacher (32) have reported 
@(ID) = 1 at 313 nm. The discrepancies among 
the previous studies can hardly all be explained 
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WELGE: PHOTOLYSIS OF O.,, H( ?,, C0,-, AND SO, COMPOUNDS 1429 

by the different experimental conditions used. 
Further studies are obviously needed, for in- 
stance by Lin and DeMore's method, to find out 
how the O('D) yield depends on the conditions 
such as pressure and temperature. 

Productioiz of 0, (alA,) 
The production of 02(a1A,) in the 0, photoly- 

sis has been well established at 253.7 nm by direct 
observation through detection of the 1270 nm 
emission, by Gauthier and Snelling (14) and by 
Jones and Wayne (33). Since addition of N2 and 
0, did not affect the emission, the production of 
02(a1A,) by reactions of O('D) with 0, has been 
excluded. The studies indicate that the 02(a1A,) 
yield is close to unity. This observation together 
with the fact that the 02(b1C,+) yield is practi- 
cally negligible rather safely proves that the O('D) 
is also unity at 253.7 nm, provided of course that 
spin allowed processes dominate, which is likely 
because of the strong absorption. 

At other wavelengths, 02(a1A,) has not been 
detected directly and much of the evidence for 
02(a1A,) is based on the same photolysis experi- 
ments concerned with the O('D) production and 
carried out by O, quantum yield measurements. 
The studies are, however, in better agreement 
about the 02(a1A,) production than about O('D). 
At wavelengths 5300  nm the 0, quantum yield 
has been observed to be reduced to @(-0,) -- 4 
in experiments by Lissi and Heicklen (20), 
Ellenrieder et al. (24), and also in recent experi- 
ments by Wayne and co-workers. The yield 
@(-0,) - 4 is explained by the high efficiency 
at which the added gases quench O('D) to O(,P) 
whereas 02(a1A,) isrelatively unaffected, i.e. the 
o('D) + 0, reaction is replaced by O(,P) + 0, .  

At wavelengths 2310 nm 02(a1A,) can be 
formed only by the spin forbidden dissociation 
[5]. The experiments by Jones and Wayne (22) 
and by Castellano and Schumacher (34) at 334 
nm agree in the observation of @(-0,) - 4. 
This is explained by the production of electroni- 
cally excited 0, fragments by process 5 or 6. An 
elecironically excited O2 is required since vibra- 
tionally excited 0, does not react with 0 , .  The 
branching ratio of the two possible processes has 
not yet been determined. 

Photolysis in the Vacuum Ultraviolet 
With one recent exception, photolysis experi- 

ments at wavelengths in the vacuum U.V. have 
not been reported. Ridley et al. (7) have mea- 
sured the O('S) quantum yield from 0, relative 

to that from N 2 0  at the Lyman-a line (1 21.6 nm). 
The yield is negligibly small: @(IS; 0,,121.6)/ 
@(IS; N20,121.6) < 0.03. 

A conipreliensive and detailed review of the 
photolysis ofwater vapor has been given by Dixon 
(35). The absorption coefficient has been mea- 
sured at wavelengths 5 185 nrn by Watanabe and 
Zelikoff (36). Above 185 nni the absorption 
coefficient drops steeply. It has been measured 
up to -- 194 nm by Tho~npson pt al. (37). The 
spectrum exhibits a first continuum ranging from 
the onset to -- 143 nm. Another continuum with 
some structure follows from - 143 nm to -- 125 
nm. Below this wavelength the absorption spec- 
trum shows a complex structure of strong pre- 
dissociation. The dissociation processes with 
their threshold wavelengths are: 

[I] HzO + 11v + H z  + 0 (247 nm) 

[2] H + O H  (242 nm) 

[31 Hz + O('D)  (176 nm) 

[41 H + OH(AZZ+) (136 nm) 

At wavelengths > 143 nm the dissociation [2] 
is apparently the dominant primary process. 
Rebbert et al. (38) have measured the quantilni 
yield of molecular hydrogen production, H 2 0  + 

Hz + 0 ,  and have obtained a value of 0.025 $ 
0.01 at 147 nm. Since one may assume that the 
overall quantum yield of dissociation is unity, 
the yield of process 2 would be correspondingly 
0.975 + 0.01 at this wavelength. Also, earlier 
work has indicated that [2] is the major process. 
From flash photolysis experiments in the region 
2 150 nm Black and Porter (39) concluded that 
[2] has a yield of at least 90%. Ung and Back (40) 
performed photolysis experiments at 185 nm and 
did not observe Hz production. Stief (4 1) photo- 
lyzed D 2 0  at 147 nm in the presence of C2H, as 
deuterium atom scavenger and found a yield of 
6% for D2 + 0 .  Studies by Cottin et al .  (42) in 
which H20-D2 and D20-Hz mixtures were 
photolyzed at 147 nm and 185 nm did not show 
evidence for molecular hydrogen formation in 
the primary step. In summary, (a) the measure- 
ment by Rebbert et al. (38) at 147 nm appears to 
be the most accurate, and (b) although the wave- 
length dependence has not been measured in 
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detail, one may assume that the yield of process Ha02 
2 is, within a couple of percent, close to unity at ~ h ,  absorption coefficient of H,O, has been 
wavelengths > 147 nm in the first absorption measured by Holt et al. (49) at 253.7 nm and in 
continuunl. At shorter wavelengths, processes the region 225-185 nm. Earlier measurements 
producing molec~llar hydrogen become increas- have been made by Urey et a[. (50) at 275-325 
ingly significant as shown by the work of Rebbert nm. 1, the range 275-185 nm the absorption 
et a[. (38). At 123.6 nm and 104.81106.7 nm the coefficient increases monotonically, with no ob- 
quantum yield of H 2  formation has been re- servable structure. Schiirgers and Welge (51) 
ported by these workers to be 0.13 * 0.02 and have made measurements in the region 200-120 
0.23 k 0.03, respectively. The value at 123.6 nm nm. There is, however, a discrepancy of about a 
is lower by about a factor of 2 than that obtained factor 2 between their and the previous measure- 
in a ~revious study by McNesby et a[. (43). Ac- ments at -200 nm. A reinvestigation of the 
cording to the spin selection rule, process 1 is not H,O, absorption at short wavelengths is sug- 
allowed and the 0 atom should be produced in gested. The H,O, molecule can undergo a num- 
the 'D or I S  state, depending on the wavelength. ber of dissociation processes. Some of these, with 
However, this has not yet been established. their threshold wavelengths, are: 

'The energy distribution in process 2 has been 
investigated by Welge and Stuhl (44) using [ I ]  H,O, + I,, , OH + OH (577 nm) 
vacuum u.v. flash photolysis and kinetic absorp- 

H2 + 0 2 ( a 1 A g )  (533 nm) tion spectroscopy. They found that the excess '21 

energy appears largely as translational energy of [31 H 2 0  + O('D)  (365 nm) 

the fragments with little internal excitation. L4]  H + H 0 2  (322 nrn) 
Photolysis experiments by Masanet and Vermeil 
(45) at 184.9, 147.0, and 123.6 nm are consistent [51 2H + 0 2  (213 nrn) 

with this observation. The production of [6] 0 H ( A 2 2 + )  + O H  (200 nrn) 
OH(A,C+) by process 4 has been well established 
by observation of the A,C+ + X 2 n  fluorescence Volman (52) has discussed the photolysis work 
at photolyzing wavelengths of 130.6, 123.6, and prior to 1963, consisting mostly of gas phase 
121.6 nm (46, 47). The yield of process 4 has not photolysis studies at 253.7 nm with product an- 
yet been well established, but appears to be of the alysis. As pointed out by Volman (52), the 
order of 5-10% in this wavelength range. The primary process a t  this wavelength can be as- 
OH(A,C+) radicals are produced rotationally sumed to be dissociation [ I . ]  since this and the 
highly excited with a peculiar, strongly nonequi- proposed reaction mechanism explain the ob- 
librium rotational distribution. served product distributions. Recent experiments 

A most interesting observation made by Clark by Gorse and Volman (53) are consistent with 
and Noxon (48) on the H,O photolysis must be the earlier findings. The production of OH at 
mentioned. Irradiating H,O vapor at  lo-, to 10 wavelengths 2200 nm has been established di- 
Torr in the wavelength region 150-170 nm, the rectly by ultraviolet flash photolysis and kinetic 
formation of micrometer-sized particles was ob- spectroscopy by Greiner (54), who observed the 
served. The particles have a density of only -0.2 OH radical with a time resolution that permitted 
g/cm3, and thus do not consist of ordinary water only a few collisions between production and de- 
liquid or solid phase, although they evidently are tection. The radicals were found only in the v" = 
the result of H,O photolysis. The process of for- 0 level, in rotational states K 7, and at equal 
mation is unknown; however, OH appears to be amounts in the electronic ground state doublet 
a necessary primary species. As to the rate of levels 211,,2 and 'n,,,. Greiner also showed that 
production, for instance at 10 Torr H,O, the the yield of process 3 is less than that of 1 by at 
particle mass growth rate was equal to the rate of least a factor of 5. Recently, HO, has been di- 
light absorption, indicating a quantum efficiency rectly observed in the H,O, photolysis at 253.7 
of unity. It is not obvious how this observation nm by Pauckert and Johnston (55). This workim- 
can be reconciled with the previous gas phase plicitly excludes HO, as a primary product since 
quantum yield measurements and further studies its production is shown to be due to secondary 
on this puzzling effect are warranted. reaction. 
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The vacuum U.V. photolysis has been investi- 
gated by Stief and DeCarlo (56) in steady-state 
experiments by product analysis. Experiments 
were performed at 253.7, 147.0, and 123.6 nm 
using C,D, at H atom scavenger to discriminate 
between H and H, production in the primary 
steps. Attempts were made to determine whether 
O('D) was produced, by adding N,O and analyz- 
ing the products for N,. At 253.7 and 147.0 nm 
the quantum yield of process 1 is found to be 
close to unity; at 123.6 nm the primary H, yield 
from all processes is given as 0.25, the yield of 
process 1 as 10.5, and that ofprocess 4 as 20.25. 
These quantum yield data may have a consider- 
able margin of uncertainty. They, however, sug- 
gest an increase of molecular hydrogen forma- 
tion at short wavelengths. Electronically excited 
OH(AZZ+) is produced in the vacuum U.V. as 
qualitatively established by observation of the 
A2Z+ + X2n fluorescence (47,56). According to 
Kley (47) the OH(A,Z+) radicals are formed 
highly rotationally excited. Quantum yields for 
the OH(A'Z+) production have not been re- 
ported. 

i HO? 
1 The photolysis of the HO, radical has not yet 

been investigated. Bond dissociation energies for 
H-0, and HO-0 of 47 and 64 kcal/mol re- 
spectively have been reported (see for instance 
Calvert and Pitts (57)). Photodissociation of the 
radical takes place in the ultraviolet, as shown by 
the continuum absorption observed at wave- 
lengths -280 to 185 nm. Troe (58) observed the 
HO, absorption between 280 and 220 nm, pro- 
ducing the radical by thermal decomposition of 
H,O, in a shock tube at -- 1000 "C. The absorp- 
tion has been observed and coefficients measured 
at room temperature by Pauckert and Johnston 
(55) and by Hochanadel et al. (59) at wave- 
lengths 195-245 nm and 185-260 nm, respectively. 
Pauckert and Johnston (55) produced the radical 
by H,O, photolysis at 253.7 nm, using the modu- 
lated photolysis technique. Hochanadel et al. (59) 
flash photolyzed H,O in the presence of 0, and 
an excess of H,, He, or Ar. According to both 
works the spectrum consists of a pure continuum 
with maximum absorption at 210 nm. The ab- 
sorption spectra agree with respect to their 
shapes, but the absolute values of the measured 
absorption coefficients differ by about 30%. 

CO, 
At wavelengths > 100 nm it is energetically 

possible for the CO, molecule to dissociate into 
CO + 0 and C + 0 , .  The latter process has not 
been observed in photolysis and therefore will 
not be considered further. The dissociation pro- 
cesses yielding CO and 0 ,  with their threshold 
wavelengths, are: 

[ I ]  C O z + h v - > C O + O  (227.5 nrn) 

[21 -> CO + O('D) (167.1 nrn) 

[3 I -> CO + O('S) (128.6 nrn) 

[41 -> CO(a3n) + 0 (108.2 nrn) 

For the CO, absorption spectrum and coefficients 
we refer to the paper by Rabalais et al. (60) which 
also may serve for previous references. The CO, 
photolysis has been a subject of many laboratory 
investigations often with conflicting results, par- 
ticularly as far as secondary reaction mechanisms 
are concerned. It is not possible to give a com- 
prehensive account in this paper. We refer to 
publications, for instance, by Preston and 
Cvetanovid (61), Slanger and Black (62), and 
Clark (63) that provide literature references and 
also discuss the controversial state of the CO, 
photolysis up to 1971. 

Photolysis at Wavelengths > 167 nm 
Most studies made in this wavelength region 

indicate that the primary quantum yield, 
a,(- CO,), of the CO, decomposition is unity. 
DeMore and Mosesman (64) photolyzed CO, at 
184.9 nm using high CO, pressures (65-800 
p.s.i.) with added 0,.  The production of 0, via 
0 + 0, + M + 0, + M served as a measure 
for the 0 atom yield of process 1 and thus for 
the CO, quantum yield. Inn and Heimerl (65) 
used a continuum light source and photolyzed 
CO, in the region 174-210 nm. They measured 
the CO yield by the resonance fluorescence of 
the 4th positive group excited with a C O  lamp. 
Kreszenski et al. (66) performed steady-state 
photolysis experiments at 184.9 nm and mea- 
sured product yields of 0, and CO gas chroma- 
tographically. The CO yield was found to be 
a (C0)  = (1.08 ) 0.12) at 184.9 nm. As ob- 
served in numerous other CO, photolysis studies 
by product analysis, the ratio of the 0, and CO 
yields was found to deviate from the theoretical 
value of 0.5 by a variable degree. More signifi- 
cantly, in this work evidence was presented that 
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indicates that the primary CO, quantum yield tion of O('D) has been indicated by indirect ex- 
can be less than unity, as a value of 0.16 was periments, the species has so far escaped direct 
found for the CO yield at 213.9 nni. Further in- identification in the laboratory. Noxon (5) re- 
vestigations of this interesting deviation from ported the observation of an emission at 630 nm 
unity quantum yield are warranted. in CO, photolysis experiments, but this was due 

to an experimental artifact, as found in later 
Pllotolysis at Wavels~gths 167-140 n171 studies by Clark and Noxon (48. 74). A convinc- 

There have been a few recent studies that would ing  and relatively unambiguous identification of 
indicate that the CO, primary quant~lm yield is o ( ~ D )  has been achieved by Quick and Cvetano- 
also less than unity at wavelengths in this re- v i ~  (72) at 157.5 and 163.3 nm by Llsing the in- 
gion. Inli and Heimerl (65) reported @(CO) =0.5 sertion reaction technique. Also in this work the 
at wavelengths 150-167 nm which would suggest o('D) quantum yield has been investigated and 
also @o(-CO2) = 0.5. It must be noted that this found to be clqse to  unity at these wavelengths. 
result has been obtained in the same work in  hi^ agrees with the work by slanger and Black 
which @(CO) = 1 was found at 174-210 nm. Inn (62) at 147.0 nm. Although O('S) can be pro- 
(67) ~lsing the same technique as in the work by duced by photodissociation only a t  wavelengths 
Inn and Heimerl(65) has reported @(CO) = 0.75 < 128.6 nm, Young ef a[. (70,75) and Noxon (5) 
at 147.0 nm. Most recent experiments by Filseth have reported o('s) emission at 557.7 nm i n  ~ 0 ,  
and (68) at 147.01 149.23 and n m j  photolysis experiments at longer wavelengths. 
also using the CO resonance fluorescence tech- o ther  experiments have not agreed with this 
nique, again seem to show that the CO yield is observation (76), and recently Clark and Noxon 
less than unity by variable amounts depending on (74) have found that the previous o(1s) emission 
the wavelength. On the other hand, most pre- had been caused by an experimental artifact. 
vious experiments have indicated that the CO, 
quantum yield is unity. In steady-state photolysis Photolysis a t  Wavelengths <I40 nm 
experiments with product analysis variable 0, Neither process 1 nor 2 has been observed in 
deficiencies usually occurred, and therefore this region. Process 3 has been established by the 
@(CO) was used as the measure for a,(-CO,). observation of 'S + 'D emission a t  557.7 nm in 
Studies at 147.0 nm that indicate @,(- CO,) = I numerous steady-state and flash photolysis ex- 
have been carried out for instance by Warneck periments. Progress has also been made recently 
(69), Young et al. (70, 75), Yang and Serviedo in the determination of the O('S) quantum yield. 
(71), and Slanger and Black (62). Quick and Ridley et al. (7) have measured the yield at 121.6 
CvetanoviC (72) performed experiments at 157.5 nm relative to that from the photolysis of N,O. 
and 163.3 nm that also indicated that the primary They obtained @(IS, CO,)/@('S, N,O) = 0.31 
CO, quantum yield is unity. As mentioned above, 2 0.06. This is consistent with more extensive 
in quantum yield experiments using end product absolute measurements by Lawrence (77) at  
analysis many inconsistencies are found in the several wavelengths from 121.6 t o  81.2 nm. At 
material balance. A recent study on this intricate 121.6 nm the yield was found to be 0.1, within an  
problem has been made by Loucks and Cvetano- order of magnitude. It rises to a maximum of 
viC (73) to whom we refer for a more detailed ac- about unity at wavelengths - 1 1  5-108 nm and 
count. Their work shows that material balance of decreases again with decreasing wavelength. 
0, can indeed be obtained, though only under Koyano et al. (78) have measured the relative 
special experimental conditions. This would lend wavelength dependence of the O('S) yield in 0.2 
support to studies in which the quantitative pro- nm steps through the heavily structured absorp- 
duction of CO has been used as a measure of the tion band from 116 to 108 nm. The dependence 
CO, primary yield. In summary, one must con- agrees mostly with that of Lawrence (77). 
clude that the CO, photolysis still needs further The dissociation 4 has been identified and the 
studies, with respect to the primary quantum absolute quantum yield of CO(a311) production 
yield as well as the reaction mechanism. has been measured in detail as a function ofwave- 

The production of O('D) and the secondary re- length by Lawrence (96). The yield is a smooth 
actions of this species in the CO, photolysis are function of the wavelength starting at the thresh- 
of special interest and have been the subjects of old and increasing continuously to a maximum of 
many contradictory studies. Though the produc- -0.5 at 92 nm. 
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The thermodynamic threshold energies for the 
dissociation processes of SO, into ground state 
fragments 

[1 1 SO, + IIV -> SO + 0 (221 nm) 

[21 i- S + 0, (207 nm) 

correspond to wavelengths at 221 and 207 nm, 
respectively. The SO, absorption beginning 
around 400 nm exhibits in the ~1.v. three char- 
acteristic regions: the forbidden triplet, and the 
first and second singlet regions, at  wavelengths of 
-400-340 nm, -320-240 nm, and < 240 nni, 
respectively. (For the absorption coefficients and 
spectra taken under low resol~~tioil a t  wave- 
lengths 2 220 nm see, for instance, a recent paper 
by Sidebottoni et al. (79).) Warneck et al. (80) 
have reported absorption coefficient measure- 
ments a t  wavelengths > 185 nm. At shorter 
wavelengths in the vacuum U.V. measurements 
have been made by G o l o ~ n b  et al. (81). 

The absorption of SO, in the triplet and partic- 
ularly the first singlet region leads to a great 
variety of primary and secondary processes in- 
volving excited SO, : fluorescence, no11 radiative 
intersystem crossing, intra- and intermolec~llar 
energy transfer, and reactive processes. The labor- 
atory photoche~nistry of SO, in these non- 
dissociative states, of great interest for the plioto- 
chemistry of sulfur compounds in the atnio- 
sphere, is a wide research area in itself, and a de- 
tailed survey is beyond the scope of this paper. 
We therefore indicate only a few recent investiga- 
tions concerning the radiative lifetimes and col- 
lisional quenching of SO, in these states. 

The radiative lifetime of the triplet state pro- 
duced in the 400-340 nm absorption region has 
been found to be of the order of 1 ms. Collier et 
al. (82) and Sidebottom et al. (83) have reported 
lifetime v a l ~ ~ e s  at zero pressure of (7.9 f 1.7) x 

s and (1.02 f 0.71) x lo-, s, respectively. 
Quenching coefficients for the triplet fl~~orescence 
have been m e a s ~ ~ r e d  for a number of added gases. 
(See for exalnples a paper by Mettee (84) and a 
number of papers by Calvert and co-workers 
(see Sidebottom et al. (79), and references there- 
in).) For instance, the quenching rate constants 
of the main atmospheric gases, N, and O,, are of 
the order of 1 x lo8 1 mol-' s- l .  

Absorption in the first singlet region involves 
two excited states, as  recently found by Brus and 

McDonald, according to a communication by 
Calvert (1973). The q ~ ~ e n c h i n g  of the singlet states 
has been the subject of a very large number of 
studies. It is a complex set of processes, involving 
internal radiationless transitions amongst the 
excited states as well as  external energy transfer 
and reactions. The overall quenching efficiency 
of the singlet fluorescence for many gases is of 
the order of 1 to 0.1 per gas kinetic collision. 
Details may be found in recent papers by, for 
instance, Mettee (84), Rao et al. (85), Calvert 
(1973), Stockburger et al. (86), and Sidebottoni 
et al. (79). 

Photolytically, the region <240 nm is of in- 
terest because it contains the dissociation thresh- 
olds of processes 1 and  2. Previous studies at 
wavelengths down to 200 nm have been incon- 
clusive and not specific as  to the onset of photo- 
dissociation. SO radicals have been observed in 
flash photolysis experiments in the second singlet 
region (87, 88) but a distinction between their 
formation by photodissociation or by secondary 
reactions of excited SO, was not possible. Re- 
cently, Okabe (89) and Hui and Rice (90) have 
established the dissociation threshold o f  process 
1 by investigating the wavelength dependence of 
the SO, fluorescence between 240 and 200 nm. 
Okabe observed the onset between 218.9 and 
220.8 nm where the fluorescence yield dropped 
sharply. However, weak fluorescence still occur- 
red at  200 nm indicating that the dissociation 
yield is not quite unity. Hui and Rice using higher 
resolution measured the fluorescence lifetime and 
yield. A t  h 2 221 nm the lifetime is -40 ns 
dropping to -5 ns at  215 nm. The fluorescence 
quantum yield is, for instance, close t o  ~ ~ n i t y  at 
h 2 225 nm decreasing to -0.1 at  215 nm. 

At shorter wavelengths a large number of dis- 
sociation channels become energetically possible, 
with the fragments of processes 1 and 2 in dif- 
ferent excited electronic states. It is n o t  known 
which processes do occur, however. Only few 
photolysis experiments have been carried out at 
wavelengths < 200 nm. Driscoll and Warneck 
(91) have photolyzed SO, at  184.9 nni a n d  mea- 
s ~ ~ r e d  the SO, quantum yield. They obtained 
@(SO,) = 0.50 f 0.07 and deduced for  process 
2 an upper limit of 50.50.  Lalo and Vermeil (92) 
have performed steady-state photolysis experi- 
ments a t  147.0 and 123.6 nm and observed the 
production of SO, and of free sulfur, the  latter 
being attributed speculatively to process 2 with 
the S a tom in the 'D state. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1434 C A N .  J .  C H E M .  VOL. 5 2 .  1974 

so3 19. R. G. W. NORRISH and R. P. WAYNE. Proc. R. Soc. 
Lond. A, 288, 200 (1965). 

The Of has been Observed 20. E. LISSI and J.  HEICKLEN. J. Photochem. 1,39(1972). 
F a j a n s  a n d  G o o d e v e  (93) consis t ing  o f  w e a k  dif- 21. I. T .  N. JONES and R. P. WAYNE. J .  Chem. Phys. 51, 
fu se  b a n d s  supe r imposed  o n  a c o n t i n u u m  back- 3617 (1969). 

ground. A measurement of the  absorption coeffi- 22. I. T .  N. JONES and R. P. WAYNE. Proc. R. Soc. Lond. 
A, 319, 273 (1970). 

cient from 230 to 150 nm at low has 23. I. T.  N. JONES, U. B. KACZMAR, and R. P. WAYNE. 
been r epo r t ed  in  the paper b y  La lo  a n d  Vermeil Proc. R. Soc. Lond. A, 316, 431 (1970). 
(92). T h e  SO, photolys is  h a s  been investigated 24. G. v. ELLENRIEDER,  E. CASTELLANO, and H.  J. 

very  little. Korn fe ld  (94) pe r fo rmed  expe r imen t s  SCHUMACHER. Chem. Phys. Lett. 9 ,  152 (1971). 

at wavelengths 2276 nm and found SO, forma- 25. R. S ~ M O N A ~ ~ ~ S ,  S .  BRASLAVSKY, J .  HEICKLEN, and 
M. NICOLET. Chem. Phys. Lett. 19, 601 (1973). 

tion. Norrish and O1dershaw (87) f lash  photo- 26. H.  WEBSIER 111 and E. J. BAIR. J. Chem. Phys. 53, 
lyzed SO, i n  t h e  quartz ul t raviole t  a n d  observed 4532 (1970). 
vibrationally excited SO radicals. A determina- 27. V. D. BAIAMONTE, L. G. HARTSHORN, and E. J. BAIR. 

J.  Chem. Phys. 55, 3617 (1971). t i o n  o f  t h e  react ion  mechan i sm a n d  t h u s  a l so  o f  
28, D. J ,  GIARCHARDl  and R, P, W A Y N E ,  Chern, Sot. 

the p r i m a r y  processes w a s  n o t  poss ib le .  M o r e  Faraday Disc. 53, 172, 230 (1972). 
recent  w o r k  is n o t  k n o w n ,  leaving the homoge-  29. J .  DAVENPORT, B. RIDLEY, H. I. SCHIFF, and K. H. 
n e o u s  SO, photolys is  a vi r tua l ly  o p e n  p rob lem.  WELGE. Chem. Soc. Faraday Disc. 53, 230 (1972). 

30. J. DAVENPORT, K. H.  WELGE, B. RIDLEY, and H .  I. 
I should like to thank Dr. R. F. Hampson and thegroup SCHIFF. Unpublished. 

of authors of the National Bureau of Standards who are 31. C. L. L IN and W. B. DEMoR~.  I.A.G.A. Symposium, 
concerned with the "Chemical Kinetics Data Survey". Kyoto, 1973. 
They assisted me very much in preparing this paper by 32. E. CASTELLANO and H. J. SCHUMACHER. Z. Phys. 
making preprint material of their forthcoming publica- Chem. N.F. 65, 62 (1969). 
tions in that survey available to me. The help of Dr. S. V. 33. I .  T. N. JONES and R. P. WAYNE. Proc. R. Soc. Lond. 
Filseth in preparing the section on photolysis of CO, is A, 321, 409 (1971). 
greatly appreciated. I should also like to thank Dr. J. 34. E. CASTELLANO and H. J. SCHUMACHER. Chem. 
McConnell for his friendly and stimulating help. Phys. Lett. 13, 625 (1972). 

35. R. S. DIXON. Radiation Res. Rev. 2,  237 (1970). 
I. D. GARVIN and R. F. HAMPSON. Proceedings of the 36. K.  WATANABE and M. ZELIKOFF. J. Opt. SOC. Am. 

Second Conference on the Climatic Assessment Pro- 43, 753 (1953). 
gram. E~li fc~cl l ,v  A. J. BRODERICK. 1972. p. 114. 37. B. A. THOMPSON, P. HARTECK, and R. R. REEVES. J. 

2. P. KRUPENIE.  J. Phys. Chem. Ref. Data, 1,423 (1972). Geophys. Res. 68, 6431 (1963). 
3. R. D. HUDSON. Rev. Geophys. Space Phys. 9,  305 38. R. E. REBBERT, R. L. LILLY, and P. A u s ~ o o s .  Ab- 

(1971). stract of paper given at ACS meeting, New York; 
4. N. WASHIDA, Y. MORI, and I. TANAKA. J. Chern. private communication. 

Phys. 54, 1119 (1971). 39. G.  BLACK^^^ G .  PORTER. Proc. R. Soc. Lond. A, 266, 
5. J .  F. N o x o ~ .  J. Chem. Phys. 52, 1852 (1970). I85 ( 1962). 
6. S.  V. FILSETH and K. H. WELGE. J. Chem. Phys. 51, 40. A. Y. M. UNG and R. A. BACK. Can. J. Chern. 42,753 

839 (1969). (1964). 
7. B. A. RIDLEY, R. ATKINSON, and K. H.  WELGE. J. 41. L. J .  STIEF. J .  Chem. Phys. 44, 277 (1966). 

Chern. Phys. 58, 3878 (1973). 42. M. COTTIN, C. VERMEIL, and J. MASANET. C. R. 263, 
8. M. J. MCEWAN and G. M. LAWRENCE. Preprint. 753 (1966);M. COTTIN, J. M A S A N E T , ~ ~ ~ ~ .  VERMEIL. 
9. H. I. SCHIFF. Ann. Geophys. 28, 67 (1972). J .  Chim. Phys. 63, 959 (1966). 

10. M. GRIGGS. J. Chem. Phys. 49, 857 (1968). 43. J .  R. MCNESBY, I. TANAKA, and H .  OKABE. J. Chem. 
11. K. WATANABE. Adv. Geophys. 5. 153 (1958). Phys. 36, 605 (1962). 
12. E. CASTELLANO and H. J. SCHUMACHER. J. Chem. 44. K. H. WELGE and F. STUHL. J. Chem. Phys. 46,2440 

Phys. 36, 2238 (1962); Z. Phys. Chem. N.F. 34, 198 (1967). 
( 1962). 45. J .  MASANET and C. VERMEIL. J. Chim. Phys. 66, 1249 

13. D. M. ELLIS, .I. J .  M C G A R V E Y , ~ ~ ~  W. D. MCGRATH. (1969). 
Nature P.S. 229, 153 (1971). 46. T.  CARRINGTON. J.  Chem. Phys. 41, 2012 (1964). 

14. M. GAUTHIER and D. R. SNELLINC. Chem. Phys. 47. D. KLEY. Thesis, University of Bonn. Bonn, West 
Lett. 5, 93 (1970); J. Chem. Phys. 54, 4317 (1971). Germany. 1967. 

15. R. GILPIN, H. I. SCHIFF, and K. H. WELGE. J .  Chem. 48. I .  D. CLARK and J. F. N o x o ~ .  Science, 174, 841 
Phys. 55, 1087 (1971). (1971). 

16. W. B. DEMO RE^^^ 0 .  F. RAPER. J. Chem. Phys. 37, 49. R. B. HOLT, C. K. MCLANE, and 0. OLDENBERG, J. 
2048 ( 1962). Chem. Phys. 16, 225, 638 (1948). 

17. W. B. DEMORE and 0. F. RAPER. J. Chem. Phys. 44, 50. H. C. UREY,  L. H.  DAWSEY, and F. 0. RICE. J.  Am. 
1780 (1966). Chem. Soc. 51, 1371 (1929). 

18. W. D. McGRATHand R. G. W. NORRISH. Nature, 182, 51. M. SCHWRGERS and K. H. WELCE. Z. Naturforsch. 
235 (1958); Proc. R. Soc. Lond. A, 254, 317 (1960). 23a, 1508 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WELGE: PHOTOLYSIS O F  0,. H 

52. H.  D. VOLMAN. Adv. Photochern. 1 ,43  (1963). 
53. R. A. GORSE and H.  D. VOLMAN. J.  Photochern. 1, 1 

(1972). 
54. N. R. GREINER. J. Chern. Phys. 45, 99 (1966). 
55. T.  T .  PAUKERT and H. S. JOHNSTON. J. Chern. Phys. 

56, 2824 (1972). 
56. L. J. STIEF and V. J.  DECARLO. J. Chern. Phys. 50, 

1234 (1969). 
57. J. C. CALVERT and J. N. PITTS, JR. Photochemistry. 

John Wiley and Sons, Inc., N.Y. 1967. p. 825. 
58. J. TROE. Ber. Bunsenges. Phys. Chern. 73,946(1969); 

H. KIJEWSKY and J.  TROE. Int. J .  Chern. Kin. 3, 223 
(1971). 

59. C. J. HOCHANADEL, J. A. GHORMLEY, and P. J. 
OGREN. J. Chern. Phys. 56, 4426 (1972). 

60. J. W. RABALAIS, J .  M. MCDONALD, V. SCHERR, and 
S. P. MCGLYNN. Chern. Rev. 71, 73 (1971). 

61. K. F. PRESTON and R. J. CVETANOVIC. Comprehen- 
sive Chern. Kind. 4, 47 (1972). 

62. T. G. SLANGER and G. BLACK. J.  Chern. Phys. 54, 
1889 (1971). 

63. I. D. CLARK. J .  Atrnos. Sci. 28, 847 (1971). 
61. W. B. DEMORE and M. MOSESMAN. J. Atrnos. Sci. 28, 

842 (1971). 
65. E. C. Y. INN and J. HEIMERL.  J. Atrnos. Sci. 28, 838 

(1971). 
66. D. C. KRESZENSKI, R. SIMONAITIS, and J. HEICKLEN. 

Planet. Space Sci. 1, 170 (1971). 
67. E. C. Y. INN.  J. Geophys. Res. 77, 1991 (1972). 
68. S. V. FILSETH and R. T. SLANGER. Private cornrnuni- 

cation. 
69. P. WARNECK. J. Chern. Phys. 41, 3435 (1961). 
70. R. A. YOUNG, G. BLACK, and T. G. SLANGER. J. 

Chern. Phys. 48, 2067 (1968). 
71. J. Y. YANG and F. M. SERVIEDO. Can. J. Chern. 46, 

338 (1968). 
72. L. M. QUICK and R. J. CVETANOVIC. Can. J .  Chern. 

49, 2193 (1971). 
73. L. F. L o u c ~ s  and R. J. CVETANOVIC. J. Chem. Phys. 

56, 321 (1972). 
74. I. D. CLARK and J. F. N o x o ~ .  J. Chern. Phys. 57,1033 

(1972). 

:O.,., CO.v, AND SO., COMPOUNDS 1435 

75. R. A. YOUNG, G. BLACK, and T. G. SLANGER.  J. 
Chern. Phys. 49, 4758 (1968). 

76. F.  STUHL and K. H. WELGE. Can. J .  Chern. 47, 1879 
(1 969). 

77. G.  M. LAWRENCE. J. Chern. Phys. 57, 5616 (1972). 
78. I. KOYANO. S. WAUCHOP. and K. H. WELGE. Unoub- 

lished. 
79. H .  W. SIDEBOTTOM, CH.  C. BADCOCK, G. E. JACK- 

SON, J.  G. CALVERT, G. W. REINHARDT, and E. K. 
DAMON. Envir. Sci. Technol. 6, 72 (1972). 

80. P. WARNECK, F. F. MARMO, and J. 0. SULLIVAN. J. 
Chern. Phys. 40, 1132 (1964). 

81. D. GOLOMB, K. WATANABE, and F. F. MARMO. J. 
Chern. Phys. 36, 958 (1962). 

82. S. S. COLLIER, A. MORIKAWA, D. H. SLATER, J .  G. 
CALVERT, G. W. REINHARDT, and E. K. DAMON. J. 
Am. Chern. Soc. 92, 217 (1970). 

83. H.  W. SIDEBOTTOM, C. C. BADCOCK, J .  G.  CALVERT, 
G. W. REINHARDT, B. R. RABE, and E. K. DAMON. J. 
Am. Chern. Soc. 93, 2581 (1971). 

84. H. D. METTEE. J. Phys. Chern. 73, 1071 (1969). 
85. S. N. RAO, S.  S.  COLLIER,^^^ J. G. CALVERT. J. Am. 

Chem. Soc. 91, 1616 (1969). 
86. L. STOCKBURGER, S.  BRASLAWSKY, and J. HEICK- 

L E N .  Preprint. 
87. R. G. W. NORRISH and G.  A. OLDERSHAW. Proc. R. 

Soc. Lond. A, 249, 498 (1959). 
88. N. B ~ s c o  and R. D. MORSE. Proc. R. Soc. Lond. A, 

321, 129 (1971). 
89. H .  OKABE. J .  Am. Chern. Soc. 93, 7095 (1971). 
90. M.-H. HUI and S. A. RICE. Chern. Phys. Lett. 17,474 

(1 972). 
91. J. N. DRISCOLL and P. WARNECK. J.  Phys. Chern. 72, 

3736 (1968). 
92. C. LALO and C. VERMEIL.  J. Photochern. 1, 321 

(1 972). 
93. E. FAJANS and C. F. GOODEVE. Trans. Farad. Soc. 32, 

51 1 (1936). 
94. G. KORNFELD. Trans. Farad. Soc. 33, 614 (1937k 
95. B. A. THOMPSON, R. R.  REEVES, and P. HARTECK. 

J .  Phys. Chern. 69, 3964 (1965). 
96. G. M. LAWRENCE. J. Chern. Phys. 56, 3435 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Energy Transfer Processes in the Stratosphere 
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During the past clecacle or  two considerable fundamental information has been 
acquired on the mechanisms and rates of molecular energy transfer among vibrational, 
rotational, and electronic states. I t  is a well-known fact that the rate and even the 
products of a chemical reaction can be n~arltedly influenced by the degree of internal 
state excitation of the reactants. Also, it is clear that many of the chemical processes 
occ~~r r ing  in the upper atmosphere produce atoms or n~olecules in excited states. I t  will 
be the purpose of this paper to review the state of knowledge of energy transfer 
nlechanisn~s and kinetic rates as it pertains to atmospheric constituents and to attempt to 
indicate possible important roles of energy, transfer in the physics and chemistry of the 
stratosphere. Some specific examples will rnclude vibrational relaxation of OH a n d  On, 
the possible role of atomic species as quenchants, and electronic/vibrational energy 
transfer processes. 

ALI cours des deus dernitres cltcennies, de l'information fonclamentale considtrable a 
6tc acquise sur les micanismes et les vitesse de transfert d'tnergie mol6culaire ent re  les 
ttats vibrationnels, rotationnels et Clectroniq~~es. C'est un fait bien connu que la vitesse 
et m&me les produits d'tlne rCaction chimique peuvent &tre profondtment influences par 
le degrt d'activation de l'itat interne des I-tactifs. Aussi, est-il clair que plusieurs cles 
processus chinriques survenant dans la haute atn1osphkr:e produisent cles atonles o u  des 
moltcules aux ttats excitts. 11 sera du but de  cette p~~blication de donner un cornpte 
rendu sur les connaissances des mtcanismes et des vitesses cinttiqlles de transfert 
d'tnergie conlme i l  apparlient aux const i t~~ants  a tmosphtr iq~~es  et de tenter cl'indiquer 
des r6les importants possibles de transfert d'tnergie dans la physique et la chimie de 
la stratosphkre. Quelques exemples prtcis comprenclront une relaxation vibrationnelle 
de OH el O:,, le r61e possible d'esptces a t o m i q ~ ~ e s  comme inhibiteurs et cles processus de 
transfer1 d'inergie tlectronique/vibrationnelle. [Traduit par le journal] 

Can. J. Chem.. 52, 1436(1974) 

I. Introduction I N 2 0  + /tv -> N, + O('D)  

Stimulated by the possibility of environmental P I  H + 0, - OH* + 0, 
effects of high flying supersonic aircraft, there is 
considerable current interest in the detailed kinet- produce products in electronically excited 
ic and transport processes in the stratosphere. An states, e.g., O('D) ,  or vibrationally excited states, 
a d e q ~ ~ a t e  description of the stratosphere will re- e.g., OH2:. These excited species can engage in 
quire detailed knowledge of many diverse pheno- further reactions. Because the rate of these s ~ ~ b -  
mena such as radiation transport, photochem- sequent reactions is a function of the state of 
istry, chemical kinetic rates and mechanisms, excitation of the reactants, it is important to 
molecular transport, turbulent diffusion coeffi- 
cients, and the proper " b o ~ ~ n d a r y  conditions" at 
the tropopause and mesopause. This paper con- 
cerns itself with one subset of this complex matrix 
of ~ ~ n k n o w n  quantities, the mechanisms and rate 
constants for molec~~lar  energy transfer pro- 
cesses. 

I t  is recognized that energy transfer processes 
can play an important role in any detailed under- 
standing of the chemistry of the stratosphere. 
Reactions which proceed in the stratosphere, 
such as 

know the kinetic history of this energy. It is the 
purpose of this paper to present the current state 
of knowledge of energy transfer, particularly 
vibrational energy processes, for the  major atrnos- 
pheric constituents. At the present time, the effect 
of reactant internal excitation o n  chemical rates 
in not well understood, although it is an active 
field of current research. 

In the next section of this paper a brief review 
is presented of the v a r i o ~ ~ s  mechanisms, defini- 
tions, and terms ~~sef i l l  in ~~nderstanding molecu- 
lar energy transfer. Section 111 reviews the present 
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TAYLOR: ENERGY TRANSFER PROCESSES IN THE STRATOSPHERE 1437 

state of knowledge of rate constants for lnolecular internal state excitation and that s ~ ~ c h  excitation 
energy transfer concentrating on vibrational can dramatically affect the rate and niechanisms 
energy processes. In the last section future areas of s~ ibseq~~ent  reactions. In any chemical kinetic 
of investigation are outlined. system as varied and rich as the stratosphere, the - 

possible importance of such effects should be 
'I. IMechanisms and Kinetics Of recognized. At present, our ~~nderstanding of the 

Energy Transfer detailed effects of internal state excitation on the 
It is customary to express the course of a 

chemical reaction as 

/<r 

where k ,  and k ,  are the rate constants for the re- 
action in the forward and reverse directions, 
respectively. I fA,  B, C, and D are molec~~les with 
various internal states, then clearly k, and k, are 
sums over the individual rate constants k,, for 
each internal state i, each rate constant weighted 
by its fractional population ,fi, e.g. 

I f  the internal state distribution can be described 
by Boltzmann statistics, then 

c51 f. = 
g i  exp (- Ei/kT ) 

' g j  exp (- E ~ / ~ T )  

where Ei is the energy of the it11 internal state, 
with degeneracy gi. 

The utility of the fundamental relations [3] to 
[5] obtains from the fact that, under many labor- 
atory experimental conditions, the internal states 
of a molecule are in  thermodynamic equilibrium, 
and the state of the svstem can be characterized 
by a unique temperature, T. In this situation a 
rate constant determination provides a unique 
value of k, but not, of course, for the individual 
ki. 

It has long been realized that many exothermic 
chemical reactions p rod~~ce  species in non- 
Boltzmann internal state distribution~. The very 
large and active field of chemical laser reasearch 
is evidence of this fact. Long suspected theoretic- 
ally but only recently concl~~sively demonstrated 
is the observation that an internal state rate con- 
stant k, may differ considerably from k. For ex- 
ample, the rate constant for a vibrationally ex- 
cited molecule may be orders of magnitude faster 
than for the ground state of that species (1-3). 
One might conclude that the vibrational excita- 
tion is providing some of the activation energy 

mechanism and rates of reactions is just begin- 
ning and provides spec~~lation at best. However, 
the rates and mechanisms by which excited in- 
ternal states of molecules, particularly vibrational 
states, come into local eq~~ilibriuiii with their sur- 
roundings is well ~~nderstood for many species of 
aeronomic interest. In this paper such informa- 
tion will be reviewed in order that chemists inight 
better be able to focus on the possible importance 
of energy transfer processes in the upper atnios- 
phere, partic~~larly the stratosphere. 

We will emphasize in this review vibrational 
energy transfer. That is not beca~~se electronic 
and rotational energy are not important in cheni- 
cal reactions. Aeronomists have long s t~~d ied  the 
production and s ~ ~ b s e q ~ ~ e n t  fate of excited elec- 
tronic states of atoms and niolec~~les, and these 
species are known to play a significant role in the 
~~nderstanding of many atniospheric phenoniena. 
However, considerably less is known about the 
details of electronic energy transfer to the other 
internal states of molecules (4, 5). Rotational 
energy also plays a significant role in the mech- 
anism and rate of a chemical reaction, particular- 
ly for species with a small moment of inertia. 
However, it is known that rotational energy is 
readily transferred to random thermal motion 
(translational energy) in a few collisions (6, 7); 
therefore except for very low pressure (high 
altitude) it will probably be an unimportant 
source of excitation. 

Vibrational energy transfer is a kinetic process 
and is describable by most of the terms and lan- 
guage ~ ~ s e d  by chemical kineticists. However, as 
with most fields of science, it has developed its 
own terminology. The following discussions at- 
tempt to explain and define some of this usage. 

Let us consider a vibrationally excited mole- 
c ~ ~ l e ,  A*. For example, the asterisk might denote 
one quantum of vibrational excitation. A* col- 
lides with a species M, and the vibrational energy 
is transferred into translational motion. This pro- 
cess may be expressed kinetically as 

for the reaction. Kr 

[61 A * + M F ? A + M  
It is clear that chemical reactions can produce 

r 
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where A represents the molecule in its ground 
state. If we further assume that the concentration 
of A* is small so that [A*] << [A], or [A] = 
constant = [A], then the simple integration of 
[6] yields 

k 
[7] [A*] =J[A],(l - exp (-kf[M]t)) 

k f 
+ CA*lo exp (-k,CMlt) 

It can be seen that the system shows exponential 
temporal behavior with a "time constant" 

[8 1 r = l/kf [MI 

turbed only slightly from equilibrium, a simple 
two level mechanism of vibrational relaxation 
(such as described by eqs. 6 to  8) suffices. How- 
ever, for systems characterized by w = kT, many 
vibrational levels of the molecules may have to 
be included in describing the correct mechanism. 

A complete description of the vibrational re- 
laxation of a diatomic molecule must include the 
collisional and radiative rate processes into and 
out of each vibrational level. Under conditions 
where collisional processes dominate, this mech- 
anism may be expressed kinetically as 

r is referred to as the relaxation time for the sys- ko l 
A , + M * A l + M  

tem. Since it contains a concentration, r must ~ I O  

always be referred to a specific pressure. Fre- 
quently, 1 atm is used for normalization, which k12 

A1 + M * A z + M  
leads to the con~mon symbolpr for the relaxation k2 I 
time of species A in I atm pressure of M at some 
specific temperature. K, , ,  n + l 

A" + M e . , ,  + I + M  
Another frequently employed description of k, + I ,  ,, 

the rate constant for vibrational energy transfer 
is the probability of transfer per collision, where each a particular vi- 
P. If a collision number ZAM is defined as the brational level of the molecule. In the mechanism 

number of gas kinetic collisions per second of represented by the set of eqs. 12, we have assumed 

molec~~le  A at  1 atm pressure of molecule M, that only nearest neighbor transitions take place, 

then i.e., 11 F? n $_ 1. This assumption appears reason- 
ably valid for most species when w > kT. If it is 

[91 P(A,M) = (P~ZAM)- '  further assumed that the relation between the 

ZAM may be calculated from gas kinetic theory as 

[lo] ZAM = (8rck~/p, , ) '~~ oAM2 NM 

where pAM is the reduced mass of the collision 
pair, oAM is the average gas kinetic collision dia- 
meter, and NM is the density of M molecules at  
1 atm pressure and temperature T. 

Although some of the terminology may be dif- 
ferent, vibrational energy transfer is a kinetic 
process, and a rate constant k, can easily be de- 
rived from the p r  or P's. For example, 

More fundamental to the understanding of the 
kinetics of vibrational energy transfer is the fact 
that the transfer of energy between internal 
modes frequently involves many states of the 
molecules. For aeronomic interest most of the 
simple diatomic and polyatoniic species have 
vibrational level spacing, w, much greater than 
kT. Hence, a t  stratospheric temperatures only 
the ground and perhaps the first excited states are 
appreciably populated. For s ~ ~ c h  systems, per- 

individual rate constants is given by the harmonic 
oscillator selection rules (a), then a vibrational 
energy relaxation equation can be  derived from 
the sum of eqs. 12 

[I31 EA(t) = EAm [ I  - exp (- t/r:~] 

where 

T, is the vibrational temperat~~re  of A and E," 
is the vibrational energy of A a t  thermal equi- 
librium, i.e. when Tv = T. 

It is evident that eqs. 13 and 14 are quite simi- 
lar to eqs. 7 and 8, the major difference being the 
term 1 - exp (-wA/kT) which arises from con- 
sideration of the complete manifold of levels. 
For wA > kT, this factor is essentially unity, and 
the similarity between eqs. 8 and 14 is clear. 

There are several different types of vibrational 
energy transfer processes that are mechanistically 
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TAYLOR: ENERGY TRANSFER PR( 3CESSES IN THE STRATOSPHERE 1439 

distinguishable. Process 6, in which the vibration- 
al energy is exchanged with the translational 
mode, is called a vibration-translation or V + T 
process. Since it is not yet possible to decide 
whether the vibrational energy goes directly into 
translational motion or into rotation of one or 
more of the collision partners and then into trans- 
lation, V + T processes are sometimes written 
V 4 R,T. Vibrational energy can also be ex- 
changed between the vibrational modes of two 
molecules : 

[I61 A * +  B e A A B *  

This is called a vibration-vibration (V -t V) pro- 
cess. Process 16 can be energy resonant depend- 
ing upon the level spacings. For w, # o,, the 
difference in energy, AE = w, - a,, must be 
exchanged with the translational mode. For poly- 
atomic molecules with many modes, vibrational 
energy may be collisionally transferred between 
modes, an intramolecular V -, V process. 

In recent years, it has become evident thst 
there are at least two major types of molecular 
interactions operative in vibrational energy 
transfer. For V -+ T and non-resonant V -, V 
(AE > -200 cm-I) processes, the important 
collisions are non-adiabatic or impulsive, and the 
short range, repulsive intermolecular forces dom- 
inate the interaction (8). For near-resonant V + 

V processes, the long range, multipolar forces are 
dominant (9). This difference in molecular inter- 
actions leads to large variations in the magnitudes 
of rate constants, the temperature dependences, 
and collision partner effects. 

It is customary in the field of vibrational ener- 
gy transfer to express all rate constants in the 
exothermic direction. The reverse rate constant 
is then simply related to the forward rate by the 
endothermicity of the process. Since the funda- 
mental molecular interactions in energy transfer 
processes provide large variation in temperature 
dependence, there is no "universal" rate expres- 
sion similar to the Arrhenius equation by which 
to correlate data. Instead one usually resorts to 
curve fits of data with complex expressions, the 
temperature form of which is believed to have 
some theoretical significance. 

In general, the larger the quantum of vibra- 
tional energy that must be transferred to  the 
translational mode, the slower will be the rate for 
that process. This is due to the poor coupling be- 
tween the fast vibrational motion and the slower 
translational motion leading to an adiabatic col- 

lision with little or no energy transfer. Hence, 
it is only the high velocity tail of the Boltzmann 
distribution that is effective in most V + T t r a w  
fer processes. Obviously, as one goes to higher 
gas temperatures (velocities) V + T transfer rates 
increase, in fact such processes generally show a 
very steep temperature dependence (8). 

V + V processes generally have much larger 
rate constants than V + T reactions due to the 
fact that by exchanging a quantum of energy be- 
tween different vibrational modes, less energy 
need be exchanged with translation. Energy reso- 
nant or near-resonant V + V processes are 
among the fastest of vibrational energy transfer 
reactions. Also, for V -t V processes inverse or 
modest positive temperature dependence is usual 
(9). 

As in most fields, there are always some excep- 
tions to the above generalizations. For example, 
V -, R 4 T exchange appears to be dominant 
in certain hydride-like molecules, such as HF, 
HCl, and possibly OH (10). For these cases, even 
though the vibrational quanta are large, the rate 
constants are also large, approaching gas kinetic. 
Also, other V -t T interactions, e .g . ,  with atoms 
or radicals, may involve chemical forces, "sticky" 
collisions, or incipient hydrogen bonding. At the 
moment, all these latter terms are used merely to 
indicate our ignorance of the actual details of the 
molecular interactions that are responsible for 
the fast rates observed. 

111. Status of Kinetic Rates for Atmospheric 
Constituents 

A. Major Species 
The mechanism for vibrational energy transfer 

within a gas mixture composed of N,, 0 , ,  CO,, 
and H,O is shown schematically in Fig. 1. Shown 
as an energy level diagram are, the first or first 
few vibrational levels for the vibrational modes 
of C0,(100), (OlO), and (OOI), the (01 O), (loo), 
and (001) modes of H,O, and the lower vibra- 
tional levels of N, and 0 , .  It must be recognized 
that the bending mode of C02(010) is doubly de- 
generate. The symmetric and asymmetric modes 
of H20(100) and (001) lie too high in energy 
(-3500 cm-I) to be significantly populated un- 
der stratospheric conditions. The various paths 
for vibrational energy transfer within this molec- 
ular system are indicated by the numbered ar- 
rows. The justification for this particular mech- 
anism is too lengthy to be discussed in this paper. 
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1440 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

V I B R A T I O N A L  MODES 

FIG. I .  Vibrational energy level diagralii for the mo- 
Iec~llar system N,, o , ,  CO,, and H,O. Shown as arrows 
are the assumed vibrational energy transfer processes. 

However, the mechanism is based on a combina- 
tion of theory and experimental measurements 
which primarily developed over the past decade 
in response to the growth of laser technology. 

The energy transfer paths shown on Fig. 1 can 
be grouped into various types of processes. 

V + T processes 

[I71 C0,(010) + M S C0,(000) + M + 667crn-' 

[I81 N,(u = I )  + M S N2(u = 0) + M + 2331 cni-' 

[I91 H,0(010) + M S H20(000) + M + 1595 crn-' 

V + V processes (intermolecular) 

[21] C02(001) + N2(u = 0) S C02(000) + N2(u = I) 
+ 18 crn-' 

[22] H20(010) + O,(u = 0) F? H2(000) + Oz(u = 1) 
+ 39 cn1-I 

[231 Nz(v = 1) + 0 2 ( ~  = 0) @ N ~ ( u  = 0) + 02(u = 1) 
+ 775 cn1-' 

[24] O,(u = 1) + CO,(OOO) S 02(u = 0) + C02(010) 
+ 889 cm-I 

V + V processes (intramolecular) 

[25] C0,(100) + M e C02(0200) + M + 102 cni-' 

The  numbers on the arrows of Fig. 1 correspond 
to the particular reactions 17 to 27, respectively. 
For  processes 17 to  20 and 25 to 27 M may be any 
other collision partner in the gas. Obviously, 
many other V -+ T and V -+ V processes may be 
added to Fig. 1. However, the mechanism chosen 
is based on current experimental a n d  theoretical 
understanding as summarized by  Taylor and 
Bitterman (I I). 

The rate constants for reactions 17 to 27 are  
listed in Table 1 for a temperature T = 300 OK. 
The  rate constants are all listed fo r  the exother- 
mic process. Data for vibrational energy transfer 
are currently only available for temperatures 
greater than 300 OK.' Hence, extrapolation must 
be used to predict rate constants for  the teiiipera- 
ture regime of interest for stratospheric applica- 
tion, i.e., 200 5 T 5 300°K. F o r  most of the 
listed processes the extrapolation below 300 OK 
will only change the rate constant by a factor of 
2 or  less. 

E q ~ ~ a t i o n s  by which to calculate the rate con- 
stants for arbitrary temperat~lres are listed in 
Table 2. These expressions may be ~ ~ s e d  to cal- 
culate the rate constants for specific temperatures 
of interest in the stratosphere. T h e  form of the 
rate constants listed in Table 2 has been obtained 
by fitting to experimental data where available 
and  s sing either a theoretical teniperature de- 
pendence or the temperature dependence sug- 
gested by the general trend of the data. 

One should not read too mi~ch  physical signifi- 
cance into the mathematical for111 of the rate ex- 
pressions listed in Table 2. For many V -+ T pro- 
cesses theory indicates an approximate teiiipera- 
t ~ ~ r e  dependence such as lc - A exp (- B / T ' / ~ )  
where A and B are  combinations of niolecular 
parameters (8). This is the form that has been 
chosen to fit most of the data for the  processes of 
Table 2. For V + V processes, particularly those 
in near energy resonance, theory indicates a 
much more co~nplex temperature dependence. 
However, for c o ~ n p ~ ~ t a t i o n a l  convenience, the 
simpler A exp (+ B / T ' / ~ )  form has been retained 
even for the V + V reactions. In two cases, re- 
actions 22 and 26, data only exist at  300 OK, 

'There are experiments presently underway in several 
laboratories to extend vibrational energy transfer rate 
data to ternperat~~res as  low as 100 OK. Some of these data 
will be relevant to reactions s ~ ~ c h  as [21] and [25] above. 
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TAYLOR: ENERGY TRANSFER PROCESSES IN THE STRATOSPHERE 1441 

TABLE 1. Vibrational transfer rates at 300 "K 
- --- - - --- 

ppp---p- 

Reaction 
number Reaction Rate constant (at 300 "K) (crn3/rnolecule s) 

- -- -- - -- ----- - 

17 C02(O10) + M G C02(000) + M M = CO2 4.8 x 10-l5 
M = N2,02 2.3  x 10-15 
M = H z 0  10-'I 

18 N2(u = 1) + M G N ~ ( u  = 0) + M M = Nz, 02, COr << lo-2o 
M = H z 0  3.1 x 1 0 - 1 ~  

19 H20(010) + M G H20(000) + M M = H z 0  -10- 1 1 

M = N2, CO2 1.5 x lo-" 
20 Oz(u = 1) + M G 02(u = 0) + M M = N2,02, COz 4.5 x 10-l9 

M = H ~ O  5 4  x 10-14 
21 C02(001) + N2(u = 0) F? C02(000) + N2(u = 1) 6.0 x 10-l3 
22 HzO(O1O) + 02(u = 0) F? H20(000) + 02(u = 1) -lo-'2 
23 Nz(u = 1) + Ol(v = 0) F't N2(u = 0) + OZ(U = 1) 6 x 
24 02(u = 1) + CO2(0O0) G 02(0 = 0) + CO,(OlO) 6 x J0- l5  
25 C02(100) + M G C0,(02°0) + M M = N,, O2 2 3  x 10-l1 
26 C02(001) + M @ C02(0310) + M M = N, 1 .5  x 10-l5 

M = 0 2  1 .9  x 10-15 
M = CO2 4.8 x 
M = CO 3.2 x l0- l5  
M = H,O 4.0 x 10-13 

27 H20(100) + M F! HzO(020) + M M = H20 -4 x 10-I' 
(see text) 

M = N2,02, COr -2 x 10-13 
(see text) 

28 CO(u = 1) + M G CO(u = 0) + M M = CO, N2, 0 2  < 
M = H z 0  2 x lo- '"  

(see text) 
29 N2(u = I) + CO(U = 0) G N2(u = 0) + CO(U = I) I 5 x 10-la 
30 CO(u = I) + 02(u = 0) 2 CO(u = 0) + 02(u = I) 3 x 10-Is 
31 c0,(001) + CO(V = 0) G co2(000) + CO(U = 1) 1 . 7  x 10-13 
33 NO(U = I )  + M F? NO(V = O) + M M = N,, o2 9 1 0 - l q  

M = NO 6.1 x lo-" 
M = co2 4 x 10-14 
M = H z 0  2 x 10-l2 
M = CO 6 x 10-l5 

34 N,(u = I )  + NO(u = 0) $ N2(u = 0) + NO(u = I )  1 . 0  x 10-l5 
35 CO(U = I )  + NO(U = 0) * CO(U = 0) + NO(U = I )  2.1 x 10-1" 
36 N,(u = 1) + N20(OOO) G N2(u = 0) + N20(001) 2 .5  x 1O-I3 
37 OH(u = I )  + M G OH(u = 0) + M M = Or 1 x 1 0 - l 5  

M = N, 3.6 x 10-l6 
M = NO 1 . 5 ~  lo-'' 
M = N2O 4.8 x 1 0 - 1 ~  
M = COI 2 4 x 1 0 - l 5  

M = H ~ O  2.0 x 10-14 
38 N2(u = I) + 0 G Nz(u = 0) + 0 3.1 x L0-l5 
39 o2(u = I )  + o G 02(u = 0) + o 7 x 1 0 - 1 4  

40 CO(U= I )  + OF?CO(U = 0) + o 2 x 1 0 - 1 5  

41 C02(010)+ OGCOz(OOO)+ 0 5 x 10-ls 
42 O3(IOO) + M Z? 03(001) + M M = N2, 0 2 ,  03, CO2 2 4 . 9  X lo-12 
43 03(100) + 03(001) F', 03(101) + 03(000) See text 
44 Oa(100)+ MZ?O3(OOO)+ M M = N, 2 4 x 10-la 

M = o2 2 9 x 10-I' 
M = 0 3  I . i  x 10-13 
M = CO, 1 . 9  x 10-13 

45 0 ~ ( 0 0 1 ) +  M ~ 0 3 ( 0 0 0 ) +  M See text 
50 cO2(Ool) + O3(OOO) G C02(100) + 03(100) 
---- - 

7.6 to 12 x 10-13 
- - - - - -- - - - -- - -- 
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TABLE 2. Rates of vibrational energy transfer processes 
-- . . .. . . . . . - - - . - 

Reaction 
number Reaction 

Temperature 
References range ("K) Reaction rate constant ( ~ m - ~  molecule- s- I) 

M = N z ,  02, C O z ;  k  = 8.53 x lo-' exp(-273. 10/T113) 
M = HzO; k = 1.07 x 10-lo exp(- 69.90/T1I3) 

M = HzO;  k = 1.0 x lo-" + 2.68 x lo-' 
exp(- 70. 00/Tlt3) 

M = N z ,  C O z ;  /C = 5.37 x 10-lo exp(- 70.00/T'I3) 
M = O2 (see process 22) 

M = N z ,  02, C 0 2 ;  k = 4.81 x lo-' exp(- 169.60/TIt3) 

11 (corrected by 
0. I), 62-64 

63 

M = N z ;  k = 1.00 x 10-l5 + 5.16 x lo-" 
exp(- 76. 75/T1I3) 

M = 02; k = 1.10 x 10-l5 + 7.31 x 10-l1 
exp(- 76. 75/T1I3) 

M = C O z ; k  = 3.0 x 10-l5 + 1.72 x lo-'' 
exp(- 76. 75/TJI3) 

M = CO;  k  = 2.20 x 10-l5 + 9.69 x lo-" 
exp(- 76. 75/Tlt3) 

M = H ~ O ;  = 4.0 x 10-l3 
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TABLE 2. (Cot~tinued) 
~ ~-~ ~~ - .. ~- ~ -- . - . . - . .. . - 

Reaction Temperature 
number Reaction References range (OK) Reaction rate constant ( ~ m - ~  molecule-' s - ' )  

. . . ~ ---- - . ~ -~ - 

27 H20(100) + M -> 12, 73 2000 < T < 4000 M = H 2 0 ;  k = 2.50 x To.' 
HzO(020) + M 

M = N2, 02, COz;  k z 1 .O x 10-l4 
Mechanism is author's 

preference 

28 CO(v = 1 )  + M -+ 13, 14, 60 200 < T < 5000 M = CO, N,, O 2 ;  k = 6.67 x lo-' exp(-208.30/T1I3) 
CO(u = 0) + M 

13, 14, 60 1000 < T < 3000 M = HzO; k = 3.12 x 10-lo exp(-64.99/T'I3) 

29 N,(u = 1 )  + CO -> 15-18 200 < T < 2000 k = 1.78 x lo-' e ~ p ( - 2 0 9 . 9 0 / T ' / ~ )  + 
N2(u = 0 )  + CO(u = 1 )  6.98 x 10-l3 exp(-25 .60/T'I3) 

30 CO(u = 1 )  + 0 2 ( v  = 0)  -> 15, 74 1000 < T < 3000 k = 3 .50 x 10-'O exp(- 124.00/T1i3) 
CO(u = 0)  + 02(v  = 1 )  

31 COz(OOl) + CO(v = 0)  -. 19-24 1000 < T < 3000 k = 1.56 x lo- ' '  exp(- 30. 12/T'I3) 
c02(000) + CO(u = 1 )  

32 CO(v = I )  + H20(000) -> Data can be interpreted as either a V -. T or V -> V 
CO(u = 0 )  + H20(010) process. See process 28 for V -. T interpretation 

3 3 NO(u = 1 )  + M -> 28, 75 200 < T < 2000 M = N,, 02; /c = 6.75 x lo-' exp(- 182.83/Tli3) 
NO(u = 0)  + M 

26-38 M = NO; k = 2.49 x lo- ' '  e ~ p ( - 4 0 . 1 9 / T ' / ~ )  
28 200 < T < 400 M = CO, ; k = 1.66 x lo-' exp(-40. 19/Tli3) 
28 M = H 2 0 ;  k = 7.47 x 10-lo exp(-40.19/T1") 
28, 76 M = CO; k = 2.49 x exp(-40. 19/T'I3) 

34 N2(v = 1 )  + NO(u = 0 )  -> 28, 76, 77 200 < T < 2000 k = 4.22 x 10-lo exp(- 86.35/TLi3) 
N2(v = 0) + NO(u = 1 )  

3 5 CO(v = I )  + NO(v = 0 )  -> 28, 76 ,  78 200 < T < 2000 k = 3.58 x lo-' '  exp(-49.93/T1I3) 
CO(v = 0)  + NO(u = 1 )  + 1.26 x exp(- 115. 13/T1I3) 

36 N2(u = 1 )  + NzO(OOO) + 2 1 ,  79-82 200 < T < 2000 k = 5.4 x 10-l4 e ~ p ( 1 0 . 2 / T ' ~ ~ )  
N ~ ( u  = 0) + NzO(001) 

37 OH(u = 1 )  + M -> 40, 41 T = 300 M = 02; k ( l )  = 1.0 x lo-'' 
OH(u = 0) + M = N 2 ;  = 3.6 x lo-'' 

= NO; = 1.5 x 1 0 - j 4  

= N 2 0 ;  = 4.8 x lo-'' 
= CO,; = 2.4 x 
= H ~ O ;  = 2.0 x 1 0 - l 4  
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TAYLOR: ENERGY TRANSFER PR( 3CESSES IN THE STRATOSPHERE 1445 

hence a temperature independent rate constant 
has been listed which should suffice for the tem- 
perature regime of 200-400 OK. 

Of all the processes 17 to 27 shown on Fig. 1, 
those involving the relaxation of the H,O mole- 
cule, processes 19 and 27, are presently least un- 
derstood. The V + T relaxation of the bending 
mode of H,0(010) (which may actually proceed 
via a V + R + T mechanism) has been studied 
around room temperature, but the actual rate 
constant is unknown to an order of magnitude 
and the temperature dependence is uncertain. 
The mechanism and rate constant for the high 
lying modes H,0(100) and (001) are even less 
well understood. One would expect that the latter 
two modes would V + V couple strongly due to 
their close energy spacing and perhaps relax by 
an intramolecular V + V process to H,0(020), 
reaction 27. There are recent, unpublished shock- 
tube data (12) which indicate that at 2000-4000 
OK, mode H,0(001) equilibrates in about 10-20 
collisions with H,O as a collision partner and in 
500-1000 collisions with Ar. Whether this rate 
reflects a V + V coupling to H,0(020) or a direct 
V + T process has not yet been established. 

From the entries in Tables 1 and 2 it can be 
seen that the magnitudes of the rate constants for 
vibrational energy transfer vary considerably. 
Therefore, any model for vibrational energy 
transfer among stratospheric species can be sim- 
plified and need not include all the processes 17 
to 27. For example, from the rates listed in Table 
1 for the stratospheric mixture of N,/O,/CO,/ 
H20 ,  vibrational energy will flow from N, and 
(or) 0, to CO, and H,O via fast V + V proces- 
ses 21 to 24. The CO, and H,O will subsequently 
transfer this energy into the translational mode 
via V + T processes from the low lying modes 
C0,(010) or H20(010), processes 17 and 19, 
respectively. 

B. Minor Species 
Except for CO there is considerably less experi- 

mental information about the vibrational relaxa- 
tion of the minor stratospheric species; CO, O,, 
NO,, and OH. Therefore, it was decided to dis- 
cuss each of these species separately rather than 
attempt an overall matrix such as Fig. 1. Further- 
more, the minor species are present in the strato- 
sphere in such small amounts that they will not 
affect the overall relaxation of the major com- 
ponents. However, since they may be formed 
vibrationally excited, it is of interest to determine 

how fast this excess energy may be lost to other 
species or to translational motion. 

co 
In most respects, CO is quite similar to N, in 

its vibrational relaxation behavior. C O  could 
replace N, in Fig. 1 and the major energy transfer 
processes and even rate constants would remain 
quite similar to those for N,. There are substan- 
tial data on the rates of vibrational energy trans- 
fer for CO (13). In analogy to N,, the important 
reaction paths are: 

V + T processes 

V + V processes 

There are good reliable data for process 28 with 
M = CO. Based on the Millikan and White (13) 
correlation scheme M = N,, 0 2 ,  and CO, 
should have essentially the same rate as CO as 
indicated in Table 1, although there are no direct 
measurements for 0, and CO,. For M = H,O, 
only the high temperature data of von Rosenberg 
et al. (14) exist. These data may be interpreted as 
either a V + T process 28 or V + V reaction 32. 
Following von Rosenberg we have selected the 
V + T interpretation. Extrapolation of the rate 
of this process to room temperature and below 
is not recommenedd since the mechanism has not 
been established. 

The rate of the V + V reaction 29 has been 
measured by several workers (1 5-1 8). However, 
there is substantial scatter in the high temperature 
results making the determination of a tempera- 
ture dependence difficult. We have chosen to use 
two separate expressions to cover the entire tem- 
perature range listed (Table 2). The room tem- 
perature rate measurement by Zittel and Moore 
(18) is considered reliable. 

The CO,/CO V + V process 31 has been the 
subject of many investigations (19-24), and its 
rate is quite well known over a large temperature 
range. It is to be noted that this rate, unlike the 
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analogous process 21 for CO,/N,, does not ex- 
hibit a negative temperature dependence. This 
has been explained theoretically by Rosser et al. 
(25). 

Based on its kinetic similarity to N, and its 
small concentration, it is unlikely that CO plays 
a significant role in vibrational energy transfer in 
the atmosphere. However, for completeness the 
rates for processes 28 to 32 are listed in Tables 
1 and 2. 

NO, 
There are some data for vibrational energy 

transfer for certain nitrogen/oxygen compounds, 
in particular NO and N,O. For NO the V + T 
process 

has been studied over a wide temperature range 
for M = Ar and NO (26-38). For M = H,O, 
CO,, N,, and CO there are only measurements 
at 300 "K (28). Of particular significance is the 
fact that, in contrast to the other diatomics N,, 
O,, and CO, the NO V + T process for M = 

NO is very fast at room temperature with k = 

6 x 10-l4 cm3/molecule s. Also, Billingsley and 
Callear (35, 36) have observed a very marked in- 
verse temperature dependence around room tem- 
perature. However, recent work by Stephenson 
(38) using the well-established laser fluorescent 
technique casts doubt on some aspects of the 
Billingsley and Callear result. The explanation 
of these observations is not clear at present and 
has been ascribed to NO dimer formation (26, 
36) or to spin-orbit coupling (39). In Table 2, a 
rate for M = N, is given based on some un- 
published data of the author. This result may be 
considered tentative. 

NO is known to V + V couple with N, and 
CO. 

The rates for these processes are listed in 
Tables 1 and 2. For NO,, there are no data on 
vibrational energy transfer processes. It might be 
expected that NO, would have a behavior be- 
tween that of CO, and O,, and hence would re- 
lax moderately quickly. There are many V + V 
reactions possible between the modes of NO, 
and the other atmospheric components. 

There are data and theoretical calculations for 
the V + V process between N,O and N,. 

This rate is listed in Tables 1 and 2. 
To this author's knowledge, there are no mea- 

surements of vibrational relaxation on any of the 
nitrogen oxyacids, HNO, HNO,, o r  HNO,, nor 
similarly, for the compounds NO, and N205.  
One would expect that all these species would 
relax very quickly, perhaps as fast as H,O. 

O H  
This is an interesting species because it is 

known that OH is formed vibrationally excited 
up to v = 9 via the reaction 

The subsequent fate of this vibrational excitation 
is important in understanding the ultimate kinetic 
role of OH radicals in the stratosphere. In anal- 
ogy to other hydride-like molecules, such as 
H,O, HF, HCI, etc., the V + T deexcitation of 
vibrationally excited OH might be expected to be 
fast and occur via a V + R + T process. How- 
ever, Worley et al. (40, 41) have measwed the 
rate of deactivation of v = 9 of O H  by many 
molecular species including M = O,, N,, NO, 
N,O, CO,, and H,O and find rate constants in 
the range of 0.36 t o  20 x 10-14 cm3/molecule s. 
Since the V + T deactivation of the u = 9 level 
should be approximately 9 times faster than for 
v = I,, the rates for the process 

should be in the range of 0.3 to 20 x 10-l5 cm3/ 
molecule s. This is surprisingly slow in view of 
the H20(010) V + T process 19 which has a rate 
of - lo-" cm3/molecule s at 300 OK. 

Welge et al. (42) have measured the collisional 
deactivation of u = 1 in the first excited electron- 
ic state of OH ( A 2 C + ) .  They found that the near 
resonant process 

occurs with a rate of - lo-" cm3/molecule s for 
M = Ar and N,. Since there are other resonant 
-- 

'The rate of V -> T deexcitation for any vibrational lev- 
el can be obtained from the relation k(v = 11) = nk(v = 1) 
which is most valid for  harmonic oscillators (8). 
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TAYLOR: ENERGY TRANSFER PROCESSES IN THE STRATOSPHERE 1447 

V -+ R processes possible in the OH molecule, it 
is conceivable that the data of Worley et al. for 
v = 9 cannot be extrapolated to lower vibration- 
al levels. However, until this question is resolved, 
we have chosen to use Worley's results in Tables 
1 and 2. 

V -+ V exchange between OH molecules, such 
as 

should be very rapid and will also change the 
vibrational distribution of OH initially formed in 
a non-Boltzmann distribution. However, the con- 
centration of OH radicals in the stratosphere is 
expected to be very small, and this intramode 
V -+ V process is probably unimportant. 

A tonls 
Although atoms themselves cannot have vibra- 

tional energy, then can act as very efficient col- 
lision partners for V -+ T processes. There are 
data which indicate that atomic 0 can be very 

I efficient in V -+ T processes involving N,, O,, 
I CO, and C0,(010). 

The rates for these processes are listed in Tables 
1 and 2. Although most of the lneasurements to 
date are at high temperatures, using shock-tube 
techniques, the data have been extrapolated to 
room temperatures by using the functional forms 
given in Table 2. Until we understand the funda- 
mental interactions producing these strong ef- 
fects, such a large temperature extrapolation is 
to be considered tentative. Although processes 38 
to 41 are probably not important in the strato- 
sphere where the 0-atom concentration is typi- 
cally small, i .e.,  10-l2 to lo-' mole fraction, at 
higher altitudes where the molecular 0, is pri- 
marily photodissociated, processes such as [38] 
may be very important in controlling the vibra- 
tional temperature of the molecular constituents. 

0 3  
Because of the obvious importance of 0, 

chemistry in the stratosphere, it is of current in- 
terest to understand the mechanisms and rate 
constants for vibrational energy transfer of the 
0, molecule, particularly in collisions with the 

major atmospheric constituents, N,, O,, and 
CO,. Recent experimental data (43) support 
earlier conclusions (44, 45) that vibrational exci- 
tation of O, occurs when O, is formed via three- 
body recombination. The subsequent fate of this 
vibrational energy could be of importance in 
understanding the chemistry of the 0, molecule. 

Until very recently, there were no data on the 
vibrational relaxation of 0 , .  However, recent 
exploitation of the coincidence between certain 
emission lines in the 9.4 p CO, laser band and 
absorption lines in the asymmetric stretching 
(001) vibration/rotation band of 0, has made it 
possible to use the well-developed laser fluores- 
cence technique to study 0, vibrational relaxa- 
ation (46). The results are very recent; the mecha- 
nism(~) are not definitive, but some initial fea- 
tures of the mechanism and rates of energy trans- 
fer for 0, are now available. 

A vibrational energy level diagram for the 
molecular system CO,, N,, O,, and 0, is shown 
in Fig. 2. This is similar to Fig. I except that 0, 
has replaced H 2 0 ,  and all the arrows [17] to [27] 
indicating previous reaction paths have been 
omitted in Fig. 2 for clarity. It can be seen that 
vibrational levels of 0, (47) generally lie low in  
energy compared to those for N,, O,, and CO,. 
The only exception is the close energy resonance 
between the C02(v2) and 03(v3) modes. Hence, 
one generalization can be made immediately: 
vibrational energy in low levels of 0, will not 

V I B R A T I O N A L  MODES 

FIG. 2. Vibrational energy level diagram for  the mo- 
lecular system N,, o,, COz, and 03. Shown as arrows 
are the various a s s~~med  vibrational energy transfer pro- 
cesses for the O3 molecule. 
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readily V + V transfer to other atmospheric 
species at stratospheric temperatures. 

The laser fluorescence experiment of Rosen and 
Cool (46) used a CO, laser to excite the 0,(001) 
mode at room temperature. However, the tem- 
poral history of this non-equilibrium excitation 
was followed by emission from the (101) com- 
bination state of 0, which exists at about 21 1 1  
cm-' (see Fig. 2). The data of Rosen and Cool 
indicate that there is rapid V + V coupling be- 
tween the (001) and (100) modes, most likely via 
process 

as well as rapid coupling to form the (101) state 

The sum of these processes occurs with a rate3 
2 4.9 x lo-', cm3/molecule s. 

Following this excitation, the slower relaxation 
of 0, could occur via two major paths. 

(I) Direct V + T deactivation of modes (100) 
and/or (001): 

(11) Intramolecular V + V transfer to mode 
(010) with subsequent V + T deactivation of 
this level: 

The Rosen and Cool experiment does not dis- 
tinguish between these alternate paths, but gives 
the overall rate of deactivation of the (100) and 
(001) states. For sinlplicity, mechanism I has 
been selected in listing the rate constants for 
M = N,, O,, O,, and CO, in Tables 1 and 2. 

CO, is seen to have a larger rate constant than 
the other collision partners in Tables 1 and 2. 
This could suggest the possible influence of the 
near resonant process 

and indicate that reaction path I1 may be more 
important than path I at least for CO,. However, 
this is speculation at present. 

There are also data on the deactivation of 
C0,(001) by 0, (46, 49, 50). The rate constant is 
fairly large, 7 to 12 x lo-', cm3/molecule s. 
There are various near resonant V + V processes 
that could be responsible for this rate. One shown 
on Fig. 2 is 

Other possibilities exist, since there are many 
combinations of CO, and 0, vibrational levels 
that match LIP to about 2300 cm-'. 

These data for 0, vibrational energy transfer 
are listed in Tables 1 and 2. Since data presently 
only exist at 300 OK and the mechanism is un- 
certain, no temperature dependence has been sug- 
gested. The rate constants listed in Tables I and 
2 are primarily from the data of Rosen and Cool 
(46). However, Stephenson (51) has reported to 
the author that he has recent data on 0, relax- 
ation which is consistent with that of Rosen and 
~ 0 0 1 . ~  

C.  Electronic Energy Transfer 
At present little can be definitely stated about 

the detailed mechanisms, rate constants, and tem- 
perature dependence of electronic + vibration 
energy transfer processes. For example, i t  is 
known that O('D) atoms are quenched very 
rapidly by N,. 

Conversly, O,('A) is quenched by N, very slowly 

with k < 1 x 10-19cm3/molecule s. It is not 
known how this electronic energy is partitioned 
among the various degrees of freedom of the 
product species. It has long been conjectured that 
a significant amount of the O('D) energy went in- 
to vibrational excitation of the N 2 .  If this were 
true, then O('D) atoms c o ~ ~ l d  contribute a signi- 
ficant amount of energy for atnlospheric species, 
and the subsequent relaxation of this vibrational 
energy w o ~ ~ l d  be of interest. 

Fisher and Bauer (4) have developed a theory 
of electronic + vibration energy transfer which 
treats the process as a curve crossing mechanism. 
In cases where the intermediate state has largely 
ionic character, such as in the reaction 

3The rapid rate for production of the 03(101) combina- 
tion state is consistent with a similar process for the CO, 
molecule (48). 

4The author wishes to thank Prof. Cool of Cornell 
University and Dr. Stephenson of NBS, Boulder, for 
permission to use their data prior to publication. 
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TAYLOR: ENERGY TRANSFER PROCESSES I N  THE STRATOSPHERE 1449 

1531 Na(3'P) + N, -> Na(3'S) + N2* OH (and perhaps also H,O) may vibrationally 

their theory predicts strong coLlpling with a signi- relax via a V + R process. This could lead to the 

ficant of the electronic energy going into preferential excitation of high rotational levels of 

vibrational excitation of the N2, These predic- molecules with rather large rotational level 

tions appear to be consistent with experimental spacing. Under these conditions, rotational re- 

data. laxation times c o ~ ~ l d  be significantly longer and 

However, i n  the case of reaction 51, the inter- chemical reactivity of  rotationally hot molecules 

mediate state is mostly covalent in character and may have to be considered. 

the Fisher and Bauer calculation indicates that 
less than 5% of the electronic excitation should IV. Conclusions 
be transferred into N, vibration. Initial experi- In the previo~~s  section the s t a t ~ ~ s  of energy 
n-~ents on the 0( 'D)/N2 system by Black and transfer mechanisms and rate constants for stra- 
Eckstrom (52) were inconclusive (53). However, tospheric species was reviewed. It is clear that a]- 
more recent, as yet ~lnpublished, data indicated though some important gaps still exist in our 
that about 35% of the O( 'D) electronic energy understanding, there are substantial data by 
may be transferred to the N2 vibrational mode which to model energy transfer processes, par- 
(54). Further, these same investigators claim that t ic~~lar ly  vibrational energy transfer. The most 
about 45Y, of the electronic energy is transferred important missing information is the extent to 
to vibration in the analogous reaction which non-Boltzniann energy distributions can 

[541 o('D) + co -> o ( ~ P )  + CO* affect the kinetics of reactions, both mechanisms 
and rate constants. It will probably be a few years 

An  experiment is presently underway on the before theory and experiment will provide the 
above Process by van Rosenberg and Trainor necessary ~~nders tanding of non-equilibrium kin- 
(55) but the res~llts are as yet inconclusive. Clear- ,tics to  provide a definitive statelllent on this 
ly, these recent data are in conflict with the Fisher phenomenon. Meanwhile, there are recent ex- 
and Bauer theory. Delos (5) has recently criti- periments which suggest that vibrational excita- 
cized certain aspects of the Fislier and B a ~ ~ e r  tion may increase the rate constant of a reaction 
theory, and concludes that a simple curve cross- by an order of magn i t ~ ~ d e  or more. Therefore 
ing mechanislll cannot readily explain the ob- the effects of non-Boltzmann energy distributions 
served cross section for reaction 51. on the kinetics of the stratosphere may well be- 

The field of electronic energy transfer is once come significant as detailed knowledge of chem- 
again very active. For exaln~le ,  experiments are istry, energy transfer, and their interaction be- 
currently underway on the processes come more evident. 

Hg(3Po) + CO - Hg('So) + CO* (ref. 56) For  the present practical problems of the pos- 
and sible stratospheric i~ilportance of aircraft ef- 

Na('P) + CO -> Na(2S) + CO* (ref. 57) fluents on stratospheric chemistry, the most im- 

Although s~lch processes are not directly relevant 
to aeronomic problems, their detailed investiga- 
tions should allow fi~rther development of gen- 
eral ~~nderstanding of electronic + vibration 
energy transfer processes. 

D. Rotatiorla1 EI IPI .~) ,  T~uIIs~L'I .  
It is not felt tliat rotational energy transfer is 

a significant kinetic problem in the stratosphere. 
In general, rotational thermalization times for 
species S L I C ~  as N,, O,, d o , ,  and H,O are only 
a few to a few tens of collisions at  300 OK (6, 7). 
Hence, these processes are very fast and should 
keep the rotational and translational tempera- 
tiires equilibrated. 

It should be kept in niind that a species like 

portant species are O H ,  H,O, -NO,, and 0,. 
From the data of Table 1 it can be seen that tliese 
species (except for H 2 0 )  will equilibrate their 
vibrational modes in a b o ~ ~ t  lo3 to lo4 collisio~~s 
under stratospheric conditions. H,O will relax 
more quickly, perhaps in as few as 10 collisions. 
Further, there are chemical processes for pro- 
ducing OH,  NO, and 0, with vibrational excita- 
tion in the stratospliere. I f  this vibrational energy 
is to affect the further chemistry of these species, 
then they must react in less than lo4 collisions 
after their production in an excited state. Since 
these species are all minor constituents of the 
stratosphere (<p.p.m.), they will predominately 
collide with the major constituents, N, and O,, 
before they can find a reactive partner. Hence, it 
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appears likely that these minor constituents will 
be collisionally deactivated before they engage in 
further chemical reactions. 

The recent measurements of Black (54), that 
indicate that a large fraction of the electronic 
excitation of O('D) may be transferred to  N, 
vibration, offers another potential source of non- 
equilibrium phenomena. N, equilibrates its vi- 
brational energy more slowly than any other 
atmospheric component. In particular, it prob- 
ably relaxes by V -t V transfer to other species, 
thereby providing a source of excitation to these 
latter molecules. Therefore, a possible energy 
path can be considered as solar flux -t electronic 
excitation O ( ' D )  -t N, vibration -t other strato- 
spheric species. This n;echanism might be signifi- 
cant at high a l t i t~~des  in the stratosphere and in 
the mesosphere where significant photodissocia- 
tion occurs producing O('D). 

At  the present time it does not appear that 
vibrational energy transfer provides any first 
order effects on the chemistry of the stratosphere. 
However, as knowledge of the mechanisms and 
rate constants for stratospheric chemistry be- 
come more detailed, the influence of non-equili- 
b r i ~ ~ m  distributions of energy can be assessed 
with more certainty. More research is currently 
needed on the processes of electronic -+ vibration 
energy transfer, the vibrational kinetics of im- 
portant stratospheric species such as OH and O,,  
and the kinetics of excited species including 
photochemical reactions. 
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Excited State Chemistry in the Stratosphere1 

R. J.  C V E T A N O V I ~  
Divisiorr t[f'Clrr~rr~i.s~,:\, N o ~ i o r ~ o l  Re.seor~c.lr Corrt~c.il ~f Ctrrrtrtlo, 011tni,tr, Corrtrtlo 

Received November 8, 1973 

Potential involven~ent of excited states of molecules and molecular fragments in the 
chemistry of the stratosphere is discussed, with particular emphasis on the chemical 
behavior of electronically excited oxygen atoms. 

On discute cie I'impliquation possible des &tats excit&s de molicules et des fragments 
mol6culaires dans la chinlie de la stratosphkre; on exallline particulikrement la rCactivitC 
chimique des atomes d'oxygkne excitCs electroniquement. [Traduit par le journal] 

Can .  J .  Chern.. 52, 1452 (1974) 

Introduction [6'] 0( lD2)  + H2(or CHJ) + OHik + H*(or CH3*) + 44 kcal/mol 
As a result of the appreciable exotliermicities 

of many chemical and pliotoclie~iiical reactions, i71 0(3P) + HOz -> OH" + 0 2 *  + 55 

the reaction ~ r o d u c t s  formed (niolec~~les and kcal/~llol 

molecular fragments) Frequently acquire energies 
in substantial excess of tlie amounts corre- P/7otochemical production of excited states is 

sponding to complete thermal e q ~ ~ i l i b r i ~ ~ m  at treated in detail in numerous photocheniical 

the ambient temperature. Such excited species and spectroscopic texts. C/7en?ical production of 

are e q ~ ~ a l l y  well formed in the chemical and excited states has been recently reviewed by 

photocliemical processes which occur in the Carrington and Garvin (I), with examples from 

stratosphere. For exaniple, the basic strato- tlie l i te ra t~~re  of experimental observations of 

spheric reactions of the Chapman mechanism clieniically generated excited states, including 

may be written as the vibrationally excited OH from some of the 
reactions mentioned here. 

[I] 0 2  + 1iv -> 0" + 0:': 

121 0 3  + ~ I V  (Ir < 400 nm) -i 02" + 0" 

13 1 0 + 0 2 + M  -> 0 3 *  + M+ 

The asterisks indicate potential presence of 
excess energy, but d o  not specify its form. Thus, 
all the products niay possess excess translational 
and, subject to some restrictions, electronic 
energy. The diatomic (0,'" and triatomic 
products (0,*) niay also be rotationally and 
vibrationally excited. Si~iiilarly, all other exo- 
thermic reactions in the stratosphere must form 
excited products. For exaniple, OH with up to 
2, 4, and 6 vibrational quanta respectively may 
be formed in the reactions 

[6] O('D2) + H20 + OH* + OH" + 29 
kcal/mol 

'NRCC No. 13718. 

The excitation energy indicated by asterisk5 
in the above reactions lnay be translational, 
rotational. vibrational. electronic. or some 
conibinatibn of these. To  specify it more pre- 
cisely, the symbol 0*('), for example, may be 
~ ~ s e d  for a translationally excited oxygen atom 
in the ground electronic state, 0(,P). O,*('~'~'~') 
is then an  0, molecule whicli is sim~~ltaneously 
translationally, rotationally, vibrationally, and  
electronically excited. Specifically, O,('A,)*"~'~" 
would stand for a n  0, niolec~~le in the ('A,) 
electronic state which is also translationally, 
rotationally, and vibrationally exicted. To be 
still more precise, it would be necessary in this 
case to state also the extent of the  latter three 
types of excitation, if known. I n  principle, 
therefore, a very large number of different 
excited states may be generated in the strato- 
sphere. The q ~ ~ e s t i o n  nat~~ral ly  arises to what 
extent they can make distinctive contributions 
and  whether it is necessary to consider explicitly 
and  individually a very substantial number of 
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excited states in q~iantitative discussions of 
stratospheric chemistry. 

An important role in the chemistry of the 
atmosphere is generally acknowledged for at  
least one excited species, the first electronically 
excited level of oxygen atoms, 0(21D2). How- 
ever, this excited species may be almost uniq~ie 
in this respect since apart from it and the two 
lowest singlets of 0,(0,('A,) and O,('C,+)) it 
is uncertain whether any other excited species 
may contribute significantly to  stratospheric 
chemistry. At the same time, potential chemical 
involvement of other excited species generated 
in the stratosphere cannot be definitely ruled out 
~ ~ i i t i l  adequate knowledge is obtained regarding 
the rates of their generation and loss (by 
radiation and collisional deexcitation) and 
particularly of their reaction rates at  different 
levels of excitation. At present, it would be 
difficult and would probably serve little ~ ~ s e f u l  
purpose to  attempt a detailed and systematic 
discussion of all the excited species which may 
possibly be present in the stratosphere (and at  
still higher altitudes) altho~igh such a discussion 
may ultimately be necessary. In the present 
paper, only the progress made in recent years in 
the understanding of the chemical behavior of 
0(2'D2) atoins will be briefly s~~mmar ized  and 
the potential implication of sonie other excited 
species in the chemistry of the stratosphere will 
be very briefly discussed. 

Translational Excitation 

Hot oxygen atoms in the ground electronic 
state are contiii~~ously generated in the atmos- 
phere, for example by photolysis of 0, at 
shorter wavelengths, by photolysis of ozone and 
of NO, in some spectral regions, and by 
q~lenching of O('D,) by 0, and especially by 
N,. Similarly, hot hydrogen atoms are perhaps 
generated to some extent in the reactions of  
O('D,) with H,, the exothermicity of which is 
about 44 kcal/mol, and in the reaction of oxygen 
atoms with O H  

[81 0 + OH -> o2 + H*"' 

which is some 17 kcal/mol exothermic. I t  is 
therefore necessary to try to assess whether 
these and other translationally excited species 
are likely to  play any role in the chemistry of 
the stratosphere. Their potential importance 

will have to  depend on the rates of their pro- 
duction, the aniount of the excess energy they 
possess, the rates of their cooling (moderation) 
by collisions with the cheniically inert molec~~les 
present, and the rates of their chemical reactioiis 
with the chemically reactive constit~ients of the 
stratosphere. Unfortunately, most of this infor- 
mation is at  present ~~navailable. Only a very 
tentative discussion may therefore be given here, 
in the hope that it may stimulate f ~ ~ r t h e r  t l i o~~gh t  
and perhaps also sonie additional experin~ental 
work. 

Considerable effort has been devoted in 
recent years to  studies of chemical and  physical 
behavior of kinetically excited atoms, in parti- 
cular of hot hydrogen atoms (2-4). I t  has been 
clearly demonstrated that hot atoms a re  capable 
of entering into some reactions whicli occur at 
best only very slowly with the inoderated 
("thermalized") atoms. Thus, most cheniical 
studies of the hot H, D ,  or T atoms have been 
based on their enhanced ability to react with 
different isotopic forms of molecular hydrogen, 
hydrocarbons. hydrogen halides, and halogens. 
The chemical reactions of hot hydrogen atoms 
with CO, and with N,O have been studied 
recently (5). Theoretical s t ~ ~ d i e s  of  varying 
degrees of sophistication have been carried out 
in an attempt to  characterize some of these 
reactions (6-1 1). 

Although there is some disagreement in the 
literat~ire about the exact mechanism of the 
cooling of hot atoms by some inert gases 
(12-14), the simple model of a coinpletely 
elastic transfer of energy in collisions with the 
molecules of the moderator (the "billiard-ball" 
model) will be ~ ~ s e d  here for illustration purposes. 
The average energy retained by the hot atom 
after n collisions, El,, is (1 5) 

111 E,, = E, exp (-an) 

where E, is the initial energy of the hot  atom and 

with 
y = 4 M M 1 / ( M  + M'), 

M and M'  are the masses of the hot atom and 
the moderator. 

For  hot hydrogen atoms it is calculated from 
these expressions that  E,,/E, is 0.93, 0.50, and 
9 x l o p 4  after 1, 10, and 100 collisions with 
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N,. For hot oxygen atoms the corresponding 
values are 0.45, 3.7 x and 4.4 x 
In both cases 0, is only a very slightly less 
efficient moderator than N,. Efficient cooling of 
these hot atoms must evidently occur in the 
stratosphere in only a relatively small number 
of collisions with N, and 0, .  (Should some 
inelastic energy transfer occur with these two 
moderators as well, their efficiency of modera- 
tion would be further enhanced.) 

The combined concentrations of 0, and N2 
in the stratosphere are some 5 to 6 orders of 
magnitude greater than the concentrations of 
the minor constituents which could possibly 
react chemically with hot atoms. Hot atoms 
generated in the stratosphere must therefore be 
rapidly thermalized by collisions with 0, and 
N, and it may be tempting to predict that their 
reactions are unlikely to be of importance under 
any circumstances. However, although this may 
indeed turn out to be largely true, it is not 
possible to be certain that hot atoms can never 
contribute significantly to stratospheric chem- 
istry, at least not until the rates of their reactions 
with different stratospheric constituents become 
known. A comparison with O('D) may be 
instructive in this connection. O('D) atoms are 
also destroyed in only a few collisions with N, 
and 0, but, as a result of their extreme reactivity, 
are evidently able to play an important role by 
reacting with such substances as CH,, H,, and 
H,O. If the rates of substantially translationally 
excited 0(,P) atoms with these substances 
happen to be somewhat comparable to those of 
O('D) atoms, although this may seem now not 
to be too probable, they could also make a 
significant contribution to stratospheric chemis- 
try. These rates do not appear to be known at 
present and until they are determined it would 
not be safe to draw any firm conclusions. 

An additional possibility which should be 
considered is that sufficiently translationally 
excited 0(,P) atoms might conceivably react 
with N, under some atmospheric conditions to 
form N,O. Such a reaction would require spin 
relaxation but it could be visualized in part as 
the reverse of the rapidly occurring collisional 
deexcitation of O('D,) by N,, which apparently 
involves a rapid crossing between a repulsive 
triplet and the attractive singlet surface of the 
ground electronic state of N,O. If such a reac- 
tion occurred even at a relatively low probability, 
its overall rate could be significant because of 

the very large concentration of N, in the 
atmosphere. However, Katakis and Taube (16) 
and Simonaitis et al. (17) could not detect any 
formation of N,O in the photolysis of small 
amounts of O, in the presence of up to about 
900 Torr of N,, although under such conditions 
substantial O*(" must have been formed. 
Gaedtke el al. (18), on the other hand, report 
measurable yields of N 2 0  even a t  1 atm, pre- 
sumed to be formed in the third order recombi- 
nation of O('D,) with N,. 

The recombination of O2 with hot 0(,P) 
atoms in the ozone forming reaction 

may be expected t o  be slower than with ther- 
malized oxygen atoms because of the additional 
energy which has to be removed by the third 
body (M). However, this is not likely to have an 
appreciable effect on the overall rate of ozone 
production because the third order combination 
of 0 with 0, is relatively slow under strato- 
spheric conditions even with thermalized oxygen 
atoms so that numerous collisions of 0 with 0, 
and N, precede a successful 0, forming ternary 
collision. 

Vibrational and Rotational Excitation 

Vibrationally and rotationally excited species 
can be generated in the stratosphere both in 
chemical and ~hotochemical reactions. Some of 
the excited species have been observed spectro- 
scopically in analogous reactions in laboratory 
experiments ( I ) ,  for example, as  mentioned 
earlier, the vibrationally excited O H  formed in 
the reactions of O('D,) with H,, CH,, and 
H,O. Highly vibrationally excited 0, has been 
observed in a number of photochemical and 
thermal reactions of aeronomic interest. 

The potential importance of the vibrational 
and rotational excitation in the chemical re- 
actions in the stratosphere depends on the 
relaxation times of the excited molecules and 
their reaction rates with the minor stratospheric 
constituents. The field of the collisional relaxa- 
tion of vibrational and rotational excitation has 
been reviewed by Callear and Lambert (19) and 
is discussed in detail in another paper at this 
Symposium (20). The degradation occurs by 
stepwise transfer of the excess energy into 
translation. rotation. and vibration of the 
deactivating molecules. In the stratosphere the 
latter will be the molecules of 0, and N,. 
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lnterconversion of vibrational energy into is more than two orders of magnitude larger 
translational energy is generally slow, especially than the corresponding rate constant for 
if the vibrational frequency is high. Millions of OH("'O) recently determined by Anderson and 
collisions may be required in some cases to de- Kaufman (28) (5.5 x 10-l4 cm3 molecule-' s-' 
activate a low ( e .g .  u = 1) vibrational level. at 297 OK). The difference between the rates of 
Vibration-vibration energy transfer is generally reaction of the two forms of OH with CH, is 
much faster and near resonant vibration- only very slight and any contribution of the 
vibration transfer tends to occur very efficiently. OH*(") to the overall reaction of OH with CH, 
Molecules with a large vibrational amplitude, in  the stratosphere should therefore be negligible. 
such as hydrides, are deactivated much more Reaction with other minor constituents of the 
easily. Light molecules are generally more effi- stratosphere may also be expected to  be negli- 
cient deactivators than are heavy molecules. The gible. 
theory of Schwartz, Slawsky, and Herzfeld (21) Rotational excitation relaxes much more 
reproduces correctly the order of magnit~~de of readily than vibrational excitation because 
many deactivation collision numbers and ac- rotational q ~ ~ a n t a  are much smaller. It is there- 
counts approximately for all the main features of fore likely that under stratosphericconditions the 
collisional relaxation of vibrational energy. rotationally excited species will be collisionally 

Very few (22-26) reaction rates have been degraded before they have a chance t o  interact 
measured for vibrationally excited species in the with molec~lles other than N, or 0 , .  
ground electronic state. Of particular aeronomic 
interest are the measurements of Worley, 
Coltharp, and Potter (22-25) of the rates of Electronic Excitation 
vibrationally excited OH radicals in the v = 9 A of electronically excited species, 
state, formed by the reaction of H atoms with such as for  ID,), o('s,), O ~ ( I A ~ ) ,  
ozone. (This particular state was selected 0 2 ( l z  +), 03*(e),  NO*(^), No2*(e), and possibly 
because of Some experimental advantages.) The other ilectronically excited molec~lles and niolec- 
rate Constants for collisional destr~~ction of ular fragments, could conceivably be involved 
OH*'""' byj for example, N2, 02,  CH4, NzO, to a smaller or greater extent in some chemical 
H20, and 0 3  are (22, 24, 25) (in units of lo-', reactions in the atmosphere. However, very few 
cm3 molecule -' S-') 0.36, 1.0, 1.4, 4.8, 20, and of these can be implicated at present with some 
770. These values represent sums of vibrational certainty i n  the chemistry of the stratosphere. 
deactivation and chemical reaction, but the O('D,) atoms are generally believed t o  play an 
relative extent of the two Processes and the important role and the first two electronically 
identity of reaction products when chemical excited states  of^, (o,('A,) and o , ( l ~ , + ) )  may 
reaction occurs are, unfortunately, not known. make a significant contribution by reacting with 
From these values some conclusions can be ozone. A possible involvement of O('So) atoms 
drawn, altho~lgh it has to  be remembered that has been suggested, as will be mentioned later, 
they pertain to a particular vibrational level of although it is Llncertain whether they are gener- 
OH. The effective value of the rate constant for ated in the stratosphere to an appreciable extent. 
OH*("=" destruction by air is 0.49 x lo-'' 
cm3 n~olecule-' s-'. Relative to this, the values O,('A,) ancl o,('C,+) 
for CH4, l\T,O, H,O, and O3 then become 2.9, The O,('A,) molec~~les are formed in the 
9.8, 41, and 1580. Thus, on the basis of these atmosphere mainly by the solar photolysis of 
values, if OH*("=') radicals are formed in the ozone in the Hartley continuum while the 
stratosphere, a b o ~ ~ t  0.05% of them would react O,('C,+) state is (29) probably formed in the 
with ozone at I5 km and about 2% at 40 km. stratosphere mainly in the reaction 
This calculation has only an illustrative value 

O ( I D )  + 0, -. o ( ~ P )  + o,('z,+) 
and is based on the ozone concentration profile 
given by Nicolet (27) as an example. Nevertheless, The radiative lifetime of O,('A,) is 60 min and 
i t  would seem to indicate that OH*(") may play a that of O,('C,+) 12 s. (The two states are 
role in the atmospheric chemistry of ozone responsible for the intense day-glow emissions 
although it should be mentioned that the above at 1.27 p (3Cg- 'Ag) and 762 nm (3Cg- + 

value of the rate constant of OH*'""' with O3 'C,+)). 
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The rate constants of the quenching of the 
O,('A,) state by 0, (30), N, (31), and 0, 
(31-34)are, respectively, 2 x lo-'*, 1.4 x lo-'', 
and 4 x 10-l5 cm3 molecule-' s-'. If the last 
value is taken as the rate constant of the reaction 

then the calculated fractions of the O,('A,) 
molecules which will react with stratospheric 
ozone at various altititdes (27) in reaction 9 
rather than being quenched by 0, and N, are 
approximately 0.2% at  15 km, 1.3% at 20 km, 
5.9% at 30 km, 8 .8z  at 40 km, and 3.3% at 50 
km. Any other chemical reactions of O,('A,) in 
the stratosphere would probably be very much 
slower. 

The rate constants for reactions of O,('C,+) 
with 0, and N, are (35) 4.5 x 10-l6 and 
1.8 x lo-'' cm3 molecule-' s-', respectively. 
The rates (35) of destruction of O,('C,+) by 
several minor stratospheric constituents, ex- 
pressed relative to the total quenching of 
O,('C,+) by 0, and N,, are then: CO, 288, 
CO 2.8, H,O 2157, CH, 72, N,O 46, NO 27, 
and H, 720. The corresponding value for ozone 
is 4580 or 15000 based respectively on the liter- 
ature values of the rate co~ista~it  for the O,('C,+) 
reaction with 0, of 7 x lo-', (36) or ca. 
2.4 x lo-" cc molecule-' s-' (60, 74). On the 
basis of these values, up to about 3% or even as 
much as 10% of the O,('C,+) molecules gen- 
erated in the stratosphere coilld react with ozone. 
The products of the reaction with ozone are 
probably 20,  + 0 .  

Electro~~ically Excited NO, 
Electronically excited NO, can at  best be 

only a very minor constituent of the stratosphere. 
Since NO,*(" is rapidly quenched (37) by 0, 
(at a specific rate of 2.0 x lo-" cc molecule-' 
s-'), its fate in the stratosphere would be almost 
entirely collisional deexcitation, with only a 
small fraction of the collisio~is leading to transfer 
of electronic energy to excite 0 , .  Frankiewicz 
and Berry (38) have recently studied the inter- 
action of NO2*(') (formed by irradiation with 
light of wavelengths between 405 and 700 nm) 
and have found that 7.5 and 0.14%, respectively, 
of the 0, collisions which quench NO,*'"' 
result in energy transfer with formation of 
O,('A,) and O,('C,+) molecules. Even at still 
shorter wavelengths, at which photodissociation 
into NO and 0(3P) occurs, there appears (39) 

to be some formation of an electronically excited 
form of NO, which does not decompose rapidly 
but can transfer its electronic excitation energy 
to 0,. 

0 (2' D,) Atoms 
Oxygen atoms in their first electronically 

excited state, the lowest singlet 0(2'D2) (or 
O('D), in short), are known to be present in the 
atmosphere and it is generally accepted that they 
play an important role in stratospheric chemistry. 
They possess about 45 kcal/mol more energy 
than the ground electronic state, 0(23P2), and 
their radiative transition to this state, with 
emission at 630 nm, is strongly forbidden. Their 
radiative lifetime is therefore relatively very long. 
On the other hand, they readily undergo colli- 
sional deexcitation and are in general chemically 
extremely reactive. O('D) atoms therefore gener- 
ally decay in the stratosphere by collisional 
deactivation and to  a much smaller extent by 
chemical reactions. The chemical reactions into 
which they enter, however, are aeronomically 
important. 

Because of their importance for the chemistry 
of the upper atmosphere, the chemical and 
physical behavior of O('D) atoms is of great 
current interest. Their direct observation and 
study, however, is made extremely diffici~lt as a 
result of the great ease of their destruction in 
collisions with other molecilles and the low 
probability of their forbidden emission at 630 
nm. A variety of indirect methods has therefore 
been frequently used in  their investigation. 
Proper understanding of the stratospheric role 
of O('D) atoms requires adequate knowledge 
not only of the rates of their collisional destruc- 
tion by various constituents of the stratosphere 
but also of the exact niechanisnis of the chemical 
reactions into which they enter. This type of 
information was almost entirely lacking only a 
few years ago. However, the progress made in 
the past decade has been very gratifying and the 
general chemical and physical behavior of 
O('D) atoms is now well understood. 

O('D) atoms are generated in the stratosphere 
mainly by photolysis of 0, and 0, and to a 
lesser extent by photolysis of N 2 0  and NO,. 
The same processes have been used for their 
generation in laboratory experiments. The 
photolysis of N,O has proved particularly con- 
venient for this purpose because of its relatively 
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low chemical reactivity and the possibility to 
assess readily the rate of generation of O('D) 
atoms by measuring the rate of production of 
nitrogen. The mechanism of photolysis of N,O 
(at least between about 215 and 185 nm) is 

with no more than 2-3% of the photolysis giving 
N, and 0(,P) instead (40). 

In the absence of other O('D) consuming 
reactants, reaction 10 is rapidly followed by 

where the ratio k , , ~ / k , , ,  is close to unity (41). 
The yield of N, per quantum of light absorbed 
(a,,) is therefore close to 1.5. However, in the 
presence of sufficient amounts of other sub- 
stances (Q) capable of destroying O('D) without 
producing N,, reactions I I a and 1 10 do not 
occur and the quantum yield of N2 is unity. The 
rate of N, formation provides then a direct 
measure (to within 2-3%) of the rate of genera- 
tion of O('D). By varying the [Q:I/[N,O] ratio, 
this system can be used to determine (from the 
variation of a,, between the limiting values of 
I and 1.5) the efficiency of destruction of O('D) 
by the added substance Q, i.e. 

1121 O('D) + Q -> destruction of O('D) 

N 2 0  photolysis was first used in this manner 
in 1963 by Yamazaki and CvetanoviC (42), who 
found that O('D) is very rapidly destroyed (at a 
rate comparable to its rate of attack on N,O) 
by some substances (Hz, CO,, Xe) but is affected 
extremely little or not at all by some other 
substances (SF,, C,F,, Kr). The importance of 
this finding, although it was largely qualitative 
at first, was that it provided a convenient 
indirect probe for the presence of O('D) atoms, 
which was badly needed at that time and which 
did indeed facilitate subsequent quantitative 
investigations. Yamazaki and Cvetanovid (43) 
obtained the early quantitative data by photoly- 
zing N,O in the presence of carbon dioxide 
isotopically labelled with "0 at wavelengths 
where CO, does not absorb light. In  this 
system O('D) atoms formed in reaction 10 
rapidly exchange (16) with ''0 in C'8,180,, i.e. 
(refs. 43,44) 

The ground state oxygen atoms formed, "0 
and 160, do not exchange with ~ ' ' ~ ' ~ 0 ,  and are 
in this system recovered after the photolysis as 
molecular oxygen. The ratio (R) of ['60]/['s0] 
in the recovered 0, is greater the more O('D) is 
removed in reaction with N,O and an added gas 
(Q). In fact this ratio is given by an expression 
of the form 

A,  B, and C are constants from which the ratios 
of the rate constants k,,  k,, and k, can be 
evaluated. Experimentally, R is first plotted us. 
[N20]/[CLs~"0,] at [Q] = 0, to obtain A and 
B, and then us. [ Q ] / [ c " ~ ~ ~ ~ , ]  a t  constant 
[N20]/[C"~''0,] to evaluate C. Using this 
procedure, relative rate constants (given in the 
following in parentheses) were obtained for 
O('D) reactions with CO, (1, taken as the basis 
for comparison), N,O (1.6), Xe (0.82), and SF, 
(0). 

The validity of these results had to be verified 
with alternative sources of O('D) in order to 
establish whether the N,O technique may be 
subject to some unknown systematic errors and 
complications, as questioned by some subsequent 
workers. This was done first in 1966 bv Preston 
and CvetanoviC (45), who used NO, photolysis 
at 214 nm as a source of O('D) and its exchange 
with C'8~'s0,  in a manner basically similar to 
that described above. From the appropriate plots 
of R = ['60]/['80] they obtained the following 
relative rate constants: CO, (l), N,O (1.1), Xe 
(0.78), N, (0.24), Kr (0.06), and SF, (0), which 
agreed satisfactorily with the results obtained 
by the N,O technique (43, 46). 

A third source of O('D), the flash photolysis 
of O, in the Hartley band region, was used by 
Scott and CvetanoviC (47) in 1971. The experi- 
ments were carried out in the presence of N,O 
and an added substance (Q) competing with N,O 
for O('D) atoms. In these experiments N,O was 
not photolyzed and N, was formed only by the 
attack of O('D), generated by the photolysis of 
O,, on N,O. The relative rate constants were 
evaluated from the yields of N, at different 
[Q]/[N,O] ratios. The relative values obtained 
agreed again within the likely experimental un- 
certainties with the results obtained by the other 

[13] lGO('D) + C18J802  -> 3 1 8 0  + f 1 6 0  two techniques, i.e. those with N,O and NO, as 
+ Q C16.180 + 3 C18Jsoz sources of O(lD). In addition, the ozone photo- 
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TABLE 1. Rate constants of O('Dz) reactions at 298 "K relative to C02  taken as unitya 

Authors Year Ref. O2 o3 CO C 0 2  N2 N 2 0  NO NOZ HZ H 2 0  CH4 CzHs C3H8 Neo-C5H12 Xe SF6 

Yamazaki, Cvetanovic 1964 43 1 1.6 0.82 0 
Yamazaki, Cvetanovic 1964 46 0.28 (1 .89) 0.89 0 
Preston, Cvetanovic 1966 45 1 0.24 1.10 1.62 4.67 0.78 0 
Snelling, Bair 1967 49 4.61 0.30 0.81 
Young et al. 1968 50 0.29 (1.72) 0.37 1.31 1.11 
Young et al. 1968 50 0.30 1 0.27 1.03 1.30 1.56 
Paraskevopoulos, 
Cvetanovik 1969 40 0.59 1 0.31 2.0 2.5 7.9 1.00 0 2 
DeMore 1970 53 0.23 0.41 1 0.23 1.14 z 
Donovan et al. 1970 54 1 0.37 1.6  3.2 3 .7  + 
Yamazki 1970 55 0.79 1 0.29 1.06 1 .OO o 
Loewenstein 1971 59 0.56 1 0.36 3 

rn 
Paraskevopoulos, 5 
Cvetanovic 1971 63 2.64 7.0 c 
Paraskevopoulos et al. 1971 64 0.37 1 I .24 1.50 0.67 0 
Paraskevopoulos et al. 1971 64 0.25 7.0 !- 
Scott, Cvetanovic 1971 47 (0.66) 1 1.84 2.75 7.9  1.09 0 
Slanger, Black 1971 65 1 0 .26 1.28 - 

V3 
Clark, Noxon 1972 66 0.39 0.14 (0.71) 0.30 -2 P 

Fortin et al. 1972 67 0.30 1.07 
Paraskevopoulos et al. 1972 70 1.02 7.0  
Simonaitis, Heicklen 1972 71 1.31 2.75 
Michaud et al. 1973 72 2.72 4.24 7.0 
Gauthier, Snelling 1973 73 0.37 2.96 0.35 1 0.27 1.22 1.5  1.85 1.9 4.0 5.2 
Snelling 1973 74 0.42 0.30 

Mean valuesh 0.35 3.79 0.46 1 0.30 1.31 1.07 1.56 1.86 2.21 2.42 2.72 4.30 7.00 0.89 0 
Standard deviation 0.10 1.17 0.24 - 0.05 0.29 0.06 0.08 0.81 0.74 0.94 - 0.34 1.56 0.15 - 

altalicized values were used to reduce indirectly the relative rates to  C 0 2  basis. 
T h e  values in parentheses and the italicized values are not used in the calculations of mean values. 
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cVETANOVIC: EXCITED STATE CHEMISTRY IN THE STRATOSPHERE 1459 

i TABLE 2. Summary of the mean relative rates and the absolute rate constants of reactions o f  
0( 'D2)  atoms at 298 "K 

I 

I Absolute rate constants x 10" (cc molecule-' s-') 
Mean relative ratesa 

Gilpin Heidner, 
Omnitabc Noxon et al. Husain Omnitabc Recommended 

Table lb (ref. 56) (ref. 60) (refs.76-79) values 
A B C D E F G H I 

0 2  0.35 0.42 0.41 0.620.3 0.70k0.05 0.88 0.60 0.74k0.15 
0 3 3.79 4.21 2.94 2.5f 1 2.7 k 0 . 2 9 . 8  4.3 5.3 22 .6  
CO 0.46 0.42 0.43 0.73k0.07 0.87 0.62 0.7720.15 
c02 1 1 1 2.1 2 0 . 2  2.10 1.45 1.8 k0.3 
Nz 0.30 0.30 0.30 0.69k0.06 0.64 0.44 0.54k0.15 
NzO 1.31 1.23 1.21 2.2 k 0 . 2  2.57 1.76 2 .2  k 0 . 4  
NO 1.07 1.16 0.92 0.85k0.10 2.44 1.33 1.7 k 0 . 9  
NO2 1.56 1.55 1.56 2.3 k 0 . 2  3.26 2.26 2.8 k0 .5  
NH3 -qe 
H2 1.86 1.63 1.61 2.7 k 0 . 3  3.43 2.33 2.9 k0 .5  
H2O 2.21 1.94 1.95 3.0 k0 .3  4.09 2.83 3.5 k 0 . 6  
Hz02 -5" 
CH4 2.42 2.26 2.21 3.1 k 0 . 4  4.74 3.20 4.0 k 0 . 9  
CzHs 2.72 2.71 2.68 5.68 3.88 4.8 k 0 . 9  
CBHB 4.30 4.47 4.43 9.38 6.42 8.0 k1.5 
neo-C,H12 7.0 6.94 6.86 14.6 9.94 12.3 k2 .3  
Xe 0.89 0.83 0.77 1.0 kO.1 1.74 1.12 1.4 k 0 . 4  

OExpressed relative to the CO,  rate taken as unity. 
*Mean values from Table 1. 
CLeast squares computations o f  the mean relative and absolute rate constants carried out at the National Bureau o f  Standards by D r .  Robert F. 

Hampson. Colrr,~~rr B :  Omnitab computations for the sets o f  data used in Table 1 (omitting the values for SF6 and,the values in parentheses 
f 0 r . 0 ~  and C,H,). Colurrins C and H: Omnitab computations o f  the mean relative and absolute rate constants, respect~vely, uslng the same data 
as In B plus all the absolute values in columns D. E, and F. Column G: The relative data of column B placed on  an absolute scale by tak~ng 
for COI the value o f  2.1 x 10-'0cc molecule-Is-'. 

dCorrected value o f  Heidner, Husain, and Wiesenfeld (75). 
CRoushly estimated by analogy, no measurements available. 

I lysis technique was used to obtain also the 
I relative rates for 0 2 ,  H20 ,  and neopentane. 

Numerous relative rate constants of 0( 'D) 
reactions have been measured in the meantime 

1 by a number of investigators (40, 42, 43, 45-74). 
It would not be practical to describe these 
studies here even very briefly. The author has 
recently collected most of the relative rates of 

I 0('D) reactions in the literature, in an attempt 
to evaluate for the forthcoming Climatic Impact 
Assessment Program Vol. I "The Natural 
Stratosphere, 1974", a consistent set of O('D) 

, rate constants, for the reactions of stratospheric 
interest. With a few omissions, these rate con- 
stants were reduced directly or indirectly to a 

I common base by taking the rate for CO, to be 

I unity and are summarized in Table 1. There is 
i evidently a reasonable mutual consistency of 

1 the data from very diverse sources. Again with 
I one or two omissions, as indicated, the mean 
I 
I values were evaluated for each compound and 

are listed in column A of Table 2. A more 
objective set of mean values from the same data 
(but before they were reduced to the common 

base) was computed by Dr. R. F. Hampson at 
the United States National Bureau of Standards 
using a least squares fitting computer program 
(termed Omnitab). The mean values obtained in 
this manner are listed in column B of Table 2. 

In order to place the relative values on an 
absolute scale, at least some reliable absolute 
rate constants of O('D) reactions are needed. 
Until very recently only two or three absolute 
values were available (56, 60) and their quoted 
experimental uncertainties were quite large. 
These values have now been supplemented by a 
number of recent determinations of Heidner, 
Husain, and Wiesenfeld (76-79), who have 
succeeded in monitoring directly the 0('D) 
atom concentrations by measuring their allowed 
0(3'D2) c 0(2'D2) absorption at 115.2 nm. 
These and the earlier (56, 60) absolute deter- 
minations are listed in columns D, E, and F of 
Table 2. When these absolute values are used in 
addition to the relative values in Omnitab 
computations, a new set of mean values is 
obtained. These are listed as relative values 
(with CO, taken as unity) in column C and as 
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absolute values in column H of Table 2. The 
last column, I, in Table 2 gives a set of recom- 
mended absolute values with a somewhat 
arbitrary but hopefully conservative estimate of 
their likely total uncertainties. 

An inspection of the data in Table 2 shows 
that most of the absolute values of the O('D) 
rate constants of stratospheric interest appear to 
be now known with considerable accuracy. Some 
valiies seem to be subject to greater uncertainty, 
notably the values for ozone and NO, and some 
are altogether lacking (for example for H 2 0 2  
and NH,) so that some further determinations 
would be highly desirable. 

The rate constants listed in Table 2 are based 
on experimental measurements at rooin tempera- 
ture. Since inost of the O('D) reactions of 
interest occur at close to each kinetic collision, 
it is likely that they do not require any activation 
energies. The values in Table 2 can then be used 
to a good approximatioil also for the lower 
temperatures in the stratosphere. Some support 
for this view comes from the observation that at 
least some of these reactions also occur rapidly 
even at liquid nitrogen temperature. It is 
possible, nevertheless, that some of the slower 
reactions do require small activation energies so 
that they may be slowed down even further at 
stratospheric temperatures. Thus, Simonaitis 
and Heicklen (71) have found an activation 
energy difference of about 1.2 kcal/mol for 
O('D) reactions with CO and H,O. However, 
this is an isolated result and further investigation 
is clearly necessary. 

As already pointed out, O('D) atoms when 
formed in the stratosphere nlay also be, to a 
smaller or greater extent, translationally excited. 
An effect of kinetically hot O('D) atoms on 
their reaction rates has been suggested (61, 68, 
80) although other recent attempts (81) to 
observe such effects have shown only minor 
differences, bordering on experimental un- 
certainties. Further experimental work is re- 
quired to obtain additional information. In the 
meantime it would seem justifiable to assume 
that the reactions of O('D) atoms in the strato- 
sphere should not be appreciably influenced by 
their initial translational excitation. 

Besides the need to know the rates at which 
O('D) atoms react, it is equally important to 
know the exact mechanisms of their reactions in 
the stratosphere. Experimental rate determina- 
tions generally give only the overall rates of 

destruction of O('D) atoms but d o  not specify 
whether they have been only deactivated to 
0(3P) or have been consumed in a chemical 
reaction or, if a chemical reaction takes place, 
what its products are. To obtain this information, 
special experiments are required to identify 
reaction products and determine their amounts. 
A number of experiments of this kind have been 
carried out. Only some of these will be mentioned 
here, for illustration purposes. 

In 1964 Yamazaki and CvetanoviC (46) 
studied the reaction of O('D) with propane and 
discovered that O('D) atoms, in contrast to 
0(,P) atoms, readily insert into the CH bonds 
of paraffins. However, because of the very high 
exothermicities of these reactions, of the order 
of 135-1 50 kcal/mol, the alcohols formed are 
highly vibrationally excited ("hot") and decom- 
pose if the total pressure of the gas is not suffi- 
ciently high to assure rapid collisional deactiva- 
tion. In the case of propane, appreciable cqn- 
centrations of the two alcohols, 17- and i- 
propanol, formed in the statistical ratio of 3 
primary to 1 secondary CH bond in propane, 
are observed only at pressures in excess of 
atmospheric. Their yields increase with the total 
pressure (of propane or of SF, added) but are 
far from reaching plateau values even at 2 to 3 
atm. Paraskevopoulos and CvetanoviC have 
subsequently found that, as anticipated, the hot 
alcohols obtained from higher alkanes are 
stabilized at lower pressure. Thus in the reaction 
of O('D) with isobutane (82) the plateau values 
of iso- and tert-butanol, formed in the statistical 
ratio of 9 primary to 1 tertiary CH bond in 
isobutane, are already reached at pressures close 
to atmospheric. In the case of neopentane (83), 
the plateau value of neopentanol is attained at 
150-200 Torr. The increasing ease of  stabilization 
of the vibrationally excited alcohols with the 
number of atoms (and thus of degrees of free- 
dom) in the molecule is in accord (84) with the 
theories of the unimolecular decomposition of 
the "chemically activated" (vibrationally hot) 
molecules. 

In the case of CH,, the O('D)-paraffin 
reaction of stratospheric interest, almost com- 
plete decomposition of the hot methanol, formed 
by O('D) insertion, would be expected under 
atmospheric conditions. Lin and DeMore (85) 
have indeed recently observed a yield of methanol 
per O('D) atom reacted of only 3% at a total 
pressure of 770 Torr (almost entirely CH,). The 
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CVETANOVIC: EXCITED STATE CHEMISTRY IN THE STRATOSPHERE 1461 

yield of methanol increased progressively with 
pressure to about 18% at 80 atm. At strato- 
spheric pressures, the hot methanol would 
therefore be expected to decompose essentially 
entirely into CH, and OH. 

Although an essentially indiscriminate inser- 
tion of O('D) into the CH bonds is the major 
mode of reaction of O('D) with paraffins, it is 
not the exclusive one. In the gas phase, the 
H-atom abstraction seems to be an important 
independent reaction path, persisting, for ex- 
ample, in the case of neopentane, well in excess 
of the pressure at which the alcohol appears to 
have attained its plateau value (83). (In the 
O('D)-methane reaction in the stratosphere the 
abstraction also gives CH, and OH, i.e., the 
same products as formed from the decomposi- 
tion of "hot" methanol, and it is therefore 
unimportant to know whether or not abstraction 
occurs as an independent process.) A third 
reaction path, first discovered by DeMore and 
Raper (86) in O('D) reaction with methane in 
liquid argon solution, is the molecular elimina- 
tion (to form H, and HCHO in this case). This 
reaction path is also observed in the gas phase. 
In the case of neopentane the products of 
molecular elimination are H, and pivalaldehyde, 
but their yields are very minor (83). On the 
other hand, Lin and DeMore (85) find for CH, 
in the gas phase a 9% molecular elimination (into 
H, and HCHO), which is roughly similar to the 
yield found by DeMore and Raper in liquid 
argon solution (86). 

The reaction of O('D) with neopentane has 
also proved very useful in experiments carried 
out by Paraskevopoulos and CvetanoviC (40) to 
establish whether collisional deactivation of 
O('D) to 0(3P) or its chemical consumption take 
place in the reactions of different gases with 
O('D). This is achieved by scavenging with 
excess neopentane essentially all the O('D) 
atoms and with very small amounts of butene-1 
essentially all the 0(3P) atoms. This is possible 
because 0(3P) atoms react much faster with 
butene-1 than with neopentane while O('D) 
reacts with the two hydrocarbons at roughly 
comparable rates. When various amounts of 
another gas capable of competing for O('D) 
(but not for 0(3P)) are added, the decrease in 
O('D) will result in decreased yields of neo- 
pentanol. At the same time, if any 0(3P) is 
formed in the reaction of the added gas with 
O('D), typical products of 0(3P) with butene-1 

(87) (a-butene oxide, n-butanal, and a little 
methyl ethyl ketone) are observed. From the 
yields of the products the quantum yields 
@O('D) and @0(3P) can be calculated and are 
summarized in Table 3. It is clear from the last 
two rows in Table 3 that SF, and He do not 
destroy O('D) (nor induce any 0(3P) formation), 
H, and CH, remove O('D) chemically, i .e .  with- 
out converting it to 0(3P), and N,, CO, CO,, 
and Xe collisionally deactivate O('D) to equi- 
valent amounts of 0(3P) without removing them 
chemically. These results were helpful, for 
example, in demonstrating the incorrect~less of 
some early suggestions that CO removed 
O('D) chen~ically, a process which would be 
intuitively i~nlikely in the gas phase a t  normal 
pressures. The data in Table 3 show clearly that 
CO does not remove O('D) chemically but 
deactivates it quantitatively into equivalent 
arnounts of 0(3P). Results consistent with this 
finding were obtained in subseq~~ent experiments 
of Slanger and Black (88), using a different 
technique. Similarly, Gaedtke and co-workers 
(18, 89) have found a very inefficient N,O 
formation from O('D) and N, at quite high 
pressures, although N,O formation is appreci- 
able in liquid nitrogen solutions. A t  strato- 
spheric pressures N,O formation should there- 
fore be negligible. 

The products of the reaction of O('D) with 
0, appear to be (29, 35, 51, 56, 90-93) o(~P),  
O,('C,+), O2('Zg+)*('"='), and 0,'"'") but the 
ratio of the last three is still uncertain. McCul- 
lough and McGrath (90) find large yields of 
O,*(") (with v i 14) while Snelling (74) finds a 
75% yield of O,('C,+) and Gauthier and 
Snelling (73) find that approximately 25 to 50% 
of it is formed in the first vibrational level, i .e .  
O,('C,+)*("='). In tile reaction of O('D) with 
ozone two reaction paths appear t o  be in 
competition, one leading to 0, i- 0, and the 
other to 0, i- 0 $ 0 .  Baiamonte e t  al. (94) 
conclude that the rate of the latter is more than 
10 times larger than the rate of the former 
reaction path while preliminary work of Daven- 
port, Schiff, and Welge (95) indicates that the 
ratio of these two reaction channels is approxi- 
mately unity. 

O('S,) Atoms 
The rate constants of some of the O('S) 

reactions of interest are (96) (at 300 OK, in units 
of cm3 molecule-' s-'): 0, 3 x 10-13 (7.4 x 
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TABLE 3. Discrimination between chemical removal and physical quenching of O('D,) atoms 
by different added gases (pressure of the added gas 615-630 Torr, N,O 20.3-20.7 Torr, neo- 
pentane 61.2-61.8 Torr, butene-1 2.2-2.3 Torr; total pressure close to  700 Torr; temperature 

25 + 2 "C). Based on the data of Paraskevopoulos and Cvetanovic (40) 

Quantum 
yieldsa SF6 He Hz CH4 N Z  Xe CO CO, 

@O('D) 0.97 0.97 0.27 0.23 0.69 0.43 0.55 0.43 
QO(~P)  0.03 0.02 0.03 0.03 0.29 0.55 0.45 0.58 
-A@O('D)b 0 0 0.70 0.74 0.28 0.54 0.42 0.54 
A Q O ( ~ P ) ~  0 0 0 0 0.26 0.52 0.42 0.54 

aBased on the O('D) and O('P) products formed in the presence o f  the added gas, a s  explained in the text. Mean 
values for each added gas are given. 

bDifferences o f  the quantum y~e lds  o f  the O('D) and OOP) products in the presence and absence o f  the added gas. 

10-ll),N, < 5 x lo-'' (5.4 x 10-11), 0, 5.8 x 
10-lo (5 x lo-''), H,O > 10-lo (3.5 x lo-''), 
CH, 2 x l o w 4  (4 x lo-''), N 2 0  1.4 x lo-" 
(2.2 x lo-''), NO 5.5 x 10-lo (1.7 x 10-lo), 
NH, 5 x 10-lo (probably about 4 x lo-''), 
CO, 3.8 x 10-l3 (1.8 x lo-''). The values in 
parentheses are the corresponding values for the 
O('D) rate constants from Table 2. It is evident 
that O('S) interacts much more slowly than 
O('D) with O,, N,, CH,, and CO, but at 
comparable or greater rates with O,, NO, NH,, 
and particularly H,O. For this reason, it was 
pointed out by Schiff (97) that O('S) may play a 
significant role in the stratosphere if its produc- 
tion rate is greater than 1% of O('D). Unfor- 
tunately it is not known whether O('S) is gener- 
ated in the stratosphere and, if it is, at  what rate, 
although it is energetically possible to produce 
O('S) in a spin-allowed process from O, 
photolysis at h < 199.5 nm. Of particular 
interest would be the reaction of O('S) with 
H,O. The reaction products are not known in 
any of these reactions, but it is probable that in 
the reaction with water the products are two 
OH radicals. Further investigation of the chemi- 
cal behavior of O('S) and of the potential rate 
of its generation in the stratosphere would 
evidently be very desirable. 

Concluding Remarks 
The object of this paper has been mainly to 

summarize briefly the progress made in recent 
years in the understanding of the chemical 
behavior of O('D,) atoms. Some general 
questions have also been raised, in the hope of 
stimulating further interest in the field of excited 
state chemistry in the stratosphere. It is clear 
that much remains to be done in this field. 
Potential involvement in stratospheric chemistry 
of some excited species not discussed here, such 

as for example of the low lying first triplet of 
ozone and of a low lying electronically excited 
state of HO, radical, has been occasionally 
suggested although such suggestions are of 
necessity still very tentative. Other excited 
molecules and molecular fragments may perhaps 
be involved as well and some are implicated in 
chemical processes at still higher altitudes in the 
atmosphere. Substantial further progress in this 
field may be expected through combined labora- 
tory experiments, field observations, and theoreti- 
cal work. 
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Absorption Cross Sections of Stratospheric Molecules 

N A S A ,  L. B .  Joht~son Space Center, Hous to t~ ,  Texas 
Received October 3, 1973 

Photoabsorption cross sections necessary for calculations of the equilibrium conditions 
in the stratosphere fall into two distinct classes: cross sections for molecular oxygen and 
ozone, which control the transmission of solar radiation; cross sections for minor atmo- 
spheric species which are optically thin to solar radiation, and which are needed to 
calculate their rates of dissociation. 

The principal absorption features of molecular oxygen are absorption bands of the 
Schumann-Runge system between 175 and 200 nm and a weak dissociation continuun~ 
which extends from 175 to 260 nnl. The band structure consists of many sharp rotational 
lines, and it is necessary to calculate cross sections using measured band parameters. 
Two measurements of the line widths for these bands have obtained large line widths 
(-1 cm-') indicating predissociation. The agreement between the two sets of data is 
good for only a few I~nes. This has in~plications in the calculation of the transmission of 
solar radiation to the lower stratosphere. The continua have been measured by four 
groups. The results agree, within the respective experimental errors, near 220 nm, but 
disagree near 250 nm. 

Ozone has a continuous absorption spectrum between 175 and 300 nm with band 
structure above 300 nm. Four sets of data are available which agree within *2%. The 
cross section above 300 nni is temperature dependent. The cross sections for the minor 
species are in general not as well known. In nitric oxide, carbon monoxide, ammonia, 
and sulfur dioxide, band structure dominates the absorption spectrum, and cross sections 
have been measured at insufficient spectral resolution. Other species, such as nitric acid, 
hydrogen peroxide, water vapor, carbon dioxide, nitrous oxide, and nitrogen dioxide, 
have continua over the entire spectra range from 175 to 300 nm. Cross sections for these 
species have been measured; however, cross sections for many molecules, e.g., NzO;, 
NO,, etc., have not been studied. 

Ides coupes de photoabsorption ntcessaires pour les calculs des conditions d'tquilibre 
dans la stratosphtre se rtpartissent en deux classes distinctes: les coupes de l'oxygtne et 
I'ozone moltculaires qui contr6lent la transmission des radiations solaires; les coupes 
d'esptces atmosphtriques secondaires qui sont optiquement poreuses aux radiations 
solaires et qui sont ntcessaires pour le calcul cle leur vitesse cle dissociation. 

Les principales caracttristiques d'absorption de l'oxygbne molCculaire sont cles bandes 
d'absorption du systtme Schumann-Runge entre 175 et 200 nm et une faible dissociation 
continu qui s'ttend de 175 h 260 nm. La structure de bandes consiste en plusieurs lignes 
fines de rotation et il est ntcessaire de calculer les sections droites en utilisant les 
paramttres de bandes mesurts. Deux mesures de largeurs des lignes de ces bandes 
montrent d'importantes largeurs des lignes (-1 cm-') indiquant une prtdissociation. 
L'accord entre les deux stries de donntes est bon pour quelques lignes seulement. Ceci 
comporte des implications dans le calcul de la transmission de radiation solaire i la 
stratosphtre inftrieure. La continuitt a t t t  mesurte par quatre groupes. Les risultats 
sont en accord, dans les limites des erreurs exptrimentales respectives, p r t s  de 220 nm, 
mais sont en dtsaccord prks de 250 nm. 

L'ozone a un spectre d'absorption continue entre 175 et 300 nm avec une bande de 
structure au-dessus de 300 nm. Quatre sCries de donntes sont connues et sont en accord 
B -C2% prts. Les sections droites au-dessus de 300 nni varient avec la temptrature. Les 
sections droites d'esptces secondaires ne sont pas, en gCnCral, aussi bien connues. Dans 
I'oxyde nitrique, I'oxyde de carbone, l'ammoniaque et l'anhydride sulfureux, la bande de 
structure domine sur le spectre d'absorption et des sections droites ont kt6 mesurtes 2 
une rtsolution spectrale insuffisante. D'autres esptces, telles que l'acide nitrique, le 
peroxyde d'hydrogtne, la vapeur d'eau, I'anhydride carbonique, l'oxyde nitreux et le 
bioxyde d'azote, ont des spectres entiers continus dans l'intervalle de 175 i 300 nm. 
Des sections droites pour ces esptces ont Ctt mesurtes; cependant, elles n'ont pas i t6 
CtudiCes pour beaucoup de molCcules, par exemple, N20;, NO,, etc. 

[Traduit par le journal] 
Can. J. Chem., 52. 1465 (1974) 
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Introduction 

This review is concerned with absolute total 
photo-absorption cross section measurements for 
molecules which are of importance in the strato- 
sphere, the derivation of partial cross sections for 
photodissociation, etc., having been dealt with in 
preceding review papers (Johnston (1), Welge (2)). 
Details of the experimental procedures used in the 
measurement of photo-absorption cross sections 
and a discussion of the experimental errors have 
been given in a previous review article by Hudson 
(3) and will not be repeated here. Limiting the 
scope of the review to the stratosphere has auto- 
matically placed a lower limit on the wavelength 
range that needs to be considered because of the 
large absorption cross sections for molecular oxy- 
gen below 175 nm. Thus, this review is intended 
to supplement the earlier review of Hudson (3), 
by placing the emphasis on the wavelength range 
above 175 nm. 

General Concepts 

The cross sections needed for the calculation 
of photochemical rates in the stratosphere fall 
into two distinct classes. The first class consists 
of molecular oxygen and ozone, for these species 
are optically thick over most of the ultraviolet 
and hence determine the flux of solar radiation 
that reaches a particular altitude. The second 
class consists of the remainder of the minor con- 
stituents. These molecules are optically thin 
throughout the stratosphere and the total photo- 
absorption cross sections, in conjunction with 
quantum yields and transmitted solar fluxes, are 
needed in order to compute photochemical rates. 
The division into these two classes has another 
significance with regard to the accuracy to which 
the cross sections need to be measured. The 
Lambert-Beer law states: 

where Y(h) is the optical depth, I(h) is the trans- 
mitted flux, and lo@) is the incident flux. Y(h) at 
an altitude, h, is given by 

where ni(h) is the number density and oi(h) is the 
total absorption cross section, respectively, of 
the ith component. For small errors in o we 
may write 

VOL. 5 2 .  1974 

[31 AI = -Io exp (-Y(h)) . AY 

or, dividing through by eq. 1, 

It will be noted that the fractional error in the 
computation of the transmission a t  a given alti- 
tude is not given by the fractional error in the 
optical depth, but by the product of the optical 
depth and the fractional error in the optical 
depth. Hence, if accurate values of the transmit- 
ted fluxes are required at large optical depths, 
i.e. at the lower altitudes, then the cross sections 
for molecular oxygen and ozone must be known 
to within a few per cent at least. On the other 
hand, the photochemical rates for the minor 
species are given simply by the product of the 
transmitted flux and the relevant cross sections, 
and the errors in these quantities are directly 
proportional to the errors in the cross sections. 
Of course, errors in the optical depth also depend 
on the altitude profiles assumed for the absorbing 
species, which in turn places some fairly stiff 
limits on the errors in these quantities that can 
be tolerated. 

Review of Published Cross Sections 
In preparing this review I have performed a 

literature research up to March 1973, therefore 
this review should be current as  of that date. 
Because of space limitations this review does not 
contain a complete set of cross section values for 
each molecule. The prepared figures and tables 
are used solely to  compare the results of several 
determinations o r  to point out where difficulties 
in interpretation might arise. Table 1 lists those 
papers from which cross section data were taken 
for this review. This table lists the authors and 
the species measured, the experimental tech- 
niques, and the author's estimate of the experi- 
mental error. Wherever a blank occurs under 
one of the headings it may be assumed that no 
account of the measurement technique or error 
was given in the paper. 

Most of the figures shown in this review were 
prepared by the Information Center at the Joint 
Institute for Laboratory Astrophysics, Univer- 
sity of Colorado. Almost all of the data repro- 
duced in these figures were presented in the 
original literature in graphical form. Blown up 
photographs of the figures were made and the 
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HUDSON: ABSORPTION CROSS SECTIONS OF STRATOSPHERIC MOLECULES 

TABLE 1. Summary of experimental parameters for papers discussed in  the review 

Authors Species Expe r imn ta l  Techniques Pressure Bandwidth, Errors Remarks 
Measurement A 

Hudson. e t  a l .  (1966)" 02 P h o t a u l t i p l i e r ;  158-195 nm; McLead gage <I750 A Random error, Cross sect ion 
continuum source bi=0.75 101; systematic measured a t  300, 

,1750 A e r ro r .  1; 600, and gOO-K 

Oga~a'  0. Photomul t ip l ier ;  170-235 nm; Mercury and ,075 
CO. continuum l i q h t  source o i l  manometer ,057 

Ackerman, e t  a l . '  02 Pho tomu l t i p l i e r ;  175-205 nm; Merrury mnometer Reso lu t i on  def ined 
l i n e  emission rource and McLeld ~ a a e  bv w i d t h  o f  . . 

emiss ion  l i ne r  

Oitchburn and Young (1g62)" 0~ Photographic; 185-250 nm; Constant e r r o r  
continuum source o f  1.0 x lo- ' *  cm2 

Blake, e t  a l .  (1966)' '  02 Pho tomu l t i p l i e r  or i o n  O i l  and mercury 1-2 51, 200-240 nm Used double beam 
chamber; 125-235 nm; manometers, McLeod and 125-175 nrn t echn ique  
continuum and l i n e  source gage 

- 

Shardanand" 0, Pho tomu l t i p l i e r ;  200-280 nm; High pressure gage 2.5 t 101  Pressure gage 
continuum l i g h t  source read ing  appears 

i n  e r r o r  bv 1 
atmospher< 

Hasson aod l l i c h o l l s "  02 Photomul t ip l ier ;  205-243 nm; 2-14 
continuum l i g h t  source 

Inn and Tanaka (1953)" 0 3 Photomul t ip l ier ;  200-350 nm; H25Oh manometer Crass section. 
continuum source 5:; wavelength 

Gr iggr  (1968)" 0 3 Pho tomu l t i p l i e r ;  200-360 ne; H,SO. manometer Sca t t e r  of r e s u l t s  
continuum source less than a1.5"d 

between 200 and 300 
nm; up t o  61  outs ide 
t h i s  range 

OeMore and Raper (1964)" 03 Pho tomu l t i p l i e r ;  200-310 nm Canversion o f  0, t o  4% 
l i n e  emission source 02; 01 pressure 

measured w i t h  gas 
buret  c a l i b r a t e d  
aqainst  McLeod gaqe 

Hearn (1961)" 0 3 Pho tomu l t i p l i e r ;  250-340 nm; Pyrex s p i r a l  mnom- F u l l  d iscussion 
l i n e  emission source e t e r  c a l i b r a t e d  o f  errors given 

against  McLeod gage for  each po in t  

V i g r o ~ x ' ~  0 1 Photographic; 230-350 nm aod T i t r a t i o n  w i t h  i od ine  Measured tempera- 
450-740 nm; contlnuvm and s o l u t i o n  t u r e  dependence 
l i n e  source 

Tanaka. e t  a1. (1953)" 0 1 Pho tomu l t i p l i e r ;  105-220 nrn H,SOb manometer 10% 

Marrno (1953)" NO Pho tomu l t i p l i e r ;  110-230 nm McLeod gage, 0.85 Oiscusser e f f e c t  
l i n e  and continuum source m r c v r y  manometer, o f  N20 impur i ty  

ion gaqe on the resu l t s  

Thompson. e t  a l .  (1963)2' 02. CO, Pho tomu l t i p l i e r ;  185-400 nm; Discussed p u r i f i -  
C01. H10, l i g h t  source no t  discussed c a t i o n  o f  gases 
ii2O. ilH1. 
ItO, SOn. CHI 

Ilakayam, e t  a1. (1959)26 110~ Pho tomu l t i p l i e r ;  108-270 nm; Micromanometer and 0.2 10-201 a t  wave- 
l i n e  and continuum source s i l i c o n e  o i l  manwn- lengths below 180 

e te r  nm; higher  a t  longer  
wavelenqthr 

H a l l  and Blacet  (1952)" NOi. NIO. Pho to rm l t i p l i e r ;  240-500 nm S i l i cone  manomter 2-5 Errors discussed 
o r  mercury mnone te r  bu t  no f iqures given 

Romnd and Mayence (1949)19 NIO Photographic emulsion; 140-250 ~anometekr  
q 

Ho l l i day  and Reuben" N20 Pho tomu l t i p l i e r ;  190-280 nm; Measured tempera- 
Continuum source t u re  dependence 

Ze l i ko f f .  e t  a l .  (1953)" 1120 Pho tomu l t i p l i e r ;  108-210 nm; 0.85 NO2 p u r i t y  checked 
l i n e  and continuum source w i t h  mass spectrom- 

e t e r  
- 

Schmidt, e t  a l . "  IIHO, Photomul t ip l ier ;  160-440 nm; 
continuum rource 

Tannenbaum, e t  a l .  (1953)'' NH, Photographic emulsion and 5-10: 
pho tomu l t i p l i e r ;  160-300 nm; 
continuum l i ~ h t  source 

Uatanabe and Z e l i k o f f  (1953)'5 H.0 Pho tomu l t i p l i e r ;  106-186 nm; Alphatran gage 1 Same possib le P u r i t y  o f  gas check- 
l i n e  and continuum source ca l i b ra ted  against  sources discuss- ed w i t h  mas5 spec- 

McLeod gage ed, bu t  no t r ome te r ;  pressure 
numbers given dur ing a run observ- 

- ed t o  v a r y  by 1WX 

Laufer and Mcllesby ( 1 9 6 5 ) ' V H . .  CH, Pho tomu l t i p l i e r ;  110-180 nm; Oi l  mnometer  6.6 
1 ine and continuum source - 

Schurgers and Uelge" Hz0 Pho tomu l t i p l i e r ;  120-200 nm; Capacitance w n a m t e r  2.5 t l O 1  
Hz02 l i n e  emission & continuum source 

Ho l t ,  e t  a l . "  Hz02 Photographic; 185-220 nm; T i t r a t i o n  w i t h  potassium * l o %  
continuum source p e m n g p a t e  

Heimerl I s  Co, Pho tomu l t i p l i e r ;  165.5-182.5 Ilercury manometer 3.4 fZ01  
nm; continuum source 

Uarneck, e t  a l .  (1964)'O 502 Pho tomu l t i p l i e r ;  184.9-315 nm; S i l i cone  o i l  manometer 1 
continuum and l i n e  source and d i a l  qage 

Golomb, e t  a l .  (1962)" 502 Photomul t ip l ier ;  105-217 nm: Micromanometer 1 F o r  wavelength P u r i t y  o f  sample 
l i n e  and continuum source above 135 nm, checked w i t h  

e r r o r  i s  10% mass Spectrometer 
where s t ruc tu re  
i s  d isp layed and 
l e s s  elsewhere 
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data were digitalized by means of a Gerber data 
reduction system. Once the digitalized data had 
been obtained, they were permanently stored on 
magnetic tape. The review figures were then 
photocomposed from these tapes on a DD 280 
cathode ray tube display. 

Molecular Oxygen, 0, 
The principal absorption features of molecular 

oxygen between 175 and 260 nrn are the absorp- 
tion bands of the Schumann-Runge system 
between 175 and 2 10 nrn and the weak Herzb-rg 
dissociation continuum which extends from 175 
to 260 nrn. Two measurements ofthe band param- 
eters are available, Ackerman and BiaumC (4) 
and Hudson and Mahle (5) .  Both measurements 
show large linewidths indicating predissociation, 
and a comparison of the linewidths obtained by 
these two groups is given in Table 2. I t  will be 
noted that the agreement for the broad lines, for 
example at  V' = 4, are good, but for the narrow 
lines there are large discrepancies. As the absorp- 
tion cross section in the wings of these lines will 
be directly proportional to  the linewidths, it will 
be appreciated that these differences represent a 
large change in the absorption cross section and 
hence an even larger discrepancy in the transmis- 
sion of solar radiation. The data of Hudson and 

Mahle (5) were obtained by fitting high resolution 
photoelectric band absorption profiles to a com- 
puter generated band model which included the 
triplet splitting of both the upper and  lower states. 
The data of Ackerman and BiaumC (4) were ob- 

\ z 

tained by measuring total linewidths from photo- 
graphic spectra obtained at high resolution. 
Where the lines are  unresolved, the triplet split- 
ting of each rotational level is comparable to  the 
predissociation broadening; therefore, one would 
expect the Ackerinan and BiaumC (4) data, in 
general, to  overestimate the widths. As the mea- 
surements of Hudson and Mahle (5) were ob- 
tained using band fitting procedures which take 
into account the triplet splitting, it is felt that their 
data are to  be preferred. 

Studies of the continua that  underlie the 
Schumann-Runge bands between 175 and 2 10 nrn 
have been made by Hudson et a1.(6), Ogawa (7), 
and Ackerman et al. (8). Hudson and Mahle ( 5 )  
have taken the data of Hudson et a[. (6) and 
Ogawa (7) and corrected the measured cross sec- 
tions for the contribution from the overlying 
band structure, using their measured linewidths 
for the rotational lines. The results of this calcu- 

TABLE 2. Predissociation line widths (full half- 
width) for the Schumann-Runge band system 
-- - 

Full half-width (cm-') 
-- -- 

Hudson and Ackerman and 
V' Mahle (5) Biaume (4) 
p- -- 

0 0.001* 1 .oo 
1 0.002* 1.10 
2 0.34+0.15 1.20 
3 1 .25k0.35 2.20 
4 3 .30k0.20 3.70 
5 2 .20k0.20 2.30 
6 1.70k0.10 1.90 
7 2 .2520.05 2.20 
8 2.21 k 0 . 2 0  2.00 
9 0 .72k0.08 1.10 

10 0 .34k0.05 1 .70 
11 1.8020.12 1.70 
12 0.48+0.05 1 .OO 
13 0.08+0.05 0.60 
14 0 .0620.05 0.50 
15 0.20+0.05 0.50 1760 1800 1840 1880 1920 1960 2000 2040 

16 0.25k0.05 0.50 i v a u c ~ e r , ~ ~ ~ l  (A)  

17 0.40* 0.50 
18 0.40* 

FIG. 1. Underlying continua between 176 and 204 
0.50 

19 0.40* '0.50 
nm;  0, data from column 4 of Table 3 from Hudson and 

.- . .. - Mahle (5); V, Hudson cr a/. (6); , Ditchburn and 
'Calculated values. Young (1 1). 
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HUDSON: ABSORPTION CROSS SECTIONS OF STRATOSPHERIC MOLECULES 1469 

\ 0-22 

- ; 19-23 
u 
4 

Z 
0 - 
b- 

U 
w 
V) 

V) 

V) 

0 10-24 
(Z 
U 

13-25 
25 0 24 0 230 220 21 0 200 

WAVELENGTH [ n m l  

FIG. 2. Con~parison of data for molecular oxygen, 210 to 260 nm; +, Acker~nan el 01. (8); -, Ditchburn 
Young (11); 0, Blake et a/. (12); x ,  Ogawa (7); 0, Hasson and Nicholls (14). 

and 

lation, taken from Hudson and Mahle ( 3 ,  are 
shown in Fig. I .  Between 175 and 185 nm, the 
curve in Fig. 1 could be closely approximated by 
two exponential functions, ascribed by Hudson 
and Mahle (5) to transitions from the V" = 0 
and V" = 1 rotational levels to the Schumann- 
Runge dissociation limit, and a reasonable extra- 
polation of the Herzberg continuum given by 
Jarmain and Nicholls (9). Hudson and Mahle (5) 
also found that if the cross sections at the V" = 0 
and V" = 1 dissociation edges, obtained from 
Fig. 1, were used to predict the continuum cross 
section at 600 OK, excellent agreement was ob- 
tained with the experimental results obtained by 
Hudson et a/. (6). These latter results are also 
consistent with the theoretical calculations of 
Allison et al. (10). Thus, it is felt that a self- 
consistent picture of the absorption in the region 
from 175 to 210 nm is obtained by using the band 
parameters and continuous absorption cross sec- 
tions given by Hudson and Mahle (5). 

The Herzberg continuum between 210 and 
240 nm has been measured by Ditchburn and 

Young (1 1), Blake et a/. (12), Ogawa (7), Sharda- 
nand (13), and Hasson and Nicholls (14). A com- 
parison of the data from four of these groups is 
shown in Fig. 2. The data of Shardanand (13) are 
not shown as it is felt that an error in the pressure 
measurement was made during the experiment. 
The cross section in this wavelength interval is 
small, approaching values expected for Rayleigh 
scattering. Measured cross sections have all been 
found to increase linearly with pressure, an effect 
ascribed to the formation of 0, molecules. A 
major problem in these measurements is the 
formation of ozone as a result of the dissociation 
of molec~llar oxygen in the absorption cell. 
Ozone has a cross section that increases to a 
maximum of lo-'' cm2 at 250 nm. and thus 
small amounts can have a large effect on the 
measurements. The largest discrepancies in the 
data shown in Fig. 2 occur below 215 nm, where 
the Schumann-Runge bands become important, 
and above 230 nm, where the possibility of ozone 
contamination exists. It is felt that the later data 
of Hasson and Nicholls (14) is to be preferred. 
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HUDSON: ABSORPTION CROSS SECTIONS O F  STRATOSPHERIC MOLECULES 

Ozone, O, 

WAVELENGTH (A) 
FIG. 3. Ozone cross sections, 300 to 360 nm; -, Griggs (16); ---, Inn and Tanaka 

~ e a s u r e m e n t s  of the ozone cross section can 
be conveniently divided into three regions, 175 to  
210 nm, 210 to  360 nrn, and 450 to 850 nm. The 
region from 210 to 360 nm has been studied by 
Inn and Tanaka (15), Griggs (16), and DeMore 
and Raper (17), who all used a continuum light 
source, and by Hearn ( I  8), who used a line ernis- 
sion source. These sets of data are in excellent 
agreement as is shown in Table 3. Vigroux (19) 
also studied ozone over this wavelength interval 
using photographic techniques.  is-data, also 
shown in Table 3, are consistently lower than 
those of the other authors. Vigroux (19), however, 
also studied the temperature dependence of the 
ozone cross section between 245 and 345 nm, 
that is, the region where an apparent continuum 
is overlaid by the Huggins bands, as illustrated in 
Fig. 3. The temperature effect that Vigroux (19) 
found as a function of wavelength is given in 
Table 4. I t  will be noted that the effect becomes 
much less at  the shorter wavelengths, where 
indeed it is probably within the experimental 
error, indicating that the temperature depen- 
dence arises from the bands and not from the 
continuum. Further evidence for this conclusion 
is given by a comparison of the change in cross 
section a t  331.2 and 239.9 nm, a maximum and 
minimum in the absorption curve. The minimum 

corresponds to  absorption by high rotational 
levels and thus, as observed, it should be more 
temperature dependent than the maximum. 

The region from 450 to 850 nrn has been 
investigated by Inn and Tanaka (IS), Griggs (l6), 
and Vigroux (19). The data of Griggs (16) and of 
Vigroux (19) are in excellent agreement while that 
of Inn and Tanaka ( 1  5) is consistently lower by 
a.bout 5-9%. Vigroux (19) also examined the 
temperature dependence of the cross section in 
this wavelength interval, but could detect none 

TABLE 4. Temperature dependence of ozone cross 
section from Vigroux (19) 

Cross section ratios 

Wavelength -- ~ ( 1 8 1 ° K )  - ~(214°K)  - ~~(243°K)  
(nm) a(300 OK) a(300 OK) a(300 OK) 
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I I I I 1 I I I I 

22 0 21 C 200 190 180 
WAVELENGTH (nrni  

FIG. 4. Comparison of ozone cross section data, 175 to 225 nm; A, Inn and Tanaka (15); B, Griggs (16). 

within his experimental error. In the wavelength 
range 175 to 210 nni, three sources of data are 
available. The data of Griggs (16), previously 
described, extends down to 200 nni, as does that 
of Inn and Tanaka (15). Tanaka et a/. (20) ob- 
tained data from 106 to 220 nm. A comparison 
of these sets of data is given in Fig. 4. The data 
of Inn and Tanaka ( 1  5) and Tanaka et 01. (20), 
not surprisingly, are consistent, while that of 
Griggs (l6), although in agreement at  210 nm, is 
almost a factor of 2 lower at  200 nni. It is recom- 
mended that the data of Tanaka et a/. (20) be 
used; .however, as this wavelength region is an 
important "window" to solar radiation, further 
cross section nieasurenients seem to be war- 
ranted. 

Nitric Oxide, NO 
Total absorption cross sections for nitric oxide 

have been nieasured between 175 and 235 nm by 
Marmo (21) and by Thompson et 01. (22). The 
absorption spectrum in this spectral region is 
characterized by strong band s t r i~ct i~re  which 
Marmo (21) observes to be strongly bandwidth 
dependent. In view of this fact, the published 
data are qualitative a t  best, and a set of best 
values cannot be conipiled. 

The aeronomic interest in this wavelength 

interval is centered on the predissociation of the 
nitric oxide gamma bands for V' = 4 and above. 
N o  measurements have been made of the predis- 
sociation linewidths; however, the line positions 
have been studied extensively (see Dressier and 
Meischer (23)) and  the oscillator strengths have 
been measured by Bethke (24), a n d  Hasson and 
Nicholls (25). 

Nitrogen Dioxide, NO, 
Three nleasurements of the absorption cross 

section for nitrogen dioxide have been made. 
Nakayama et 01. (26) have studied the region from 
108 to 270 nni and Hall and Blacet (27) from 
240 to 500 nm, and, more recently, Bass and 
Lai~fer (28) have measured the cross section be- 
tween 300 and 360 nni. The experiment is not 
straightforward since nitrogen dioxide at  room 
temperature consists of an equilibriuni niixture 
of NO, and N,O,, the equilibrium being pressure 
dependent. 

A comparison of the data of Ha11 and Blacet 
(27) and Bass and Lai~fer (28) shows differences of 
up to 2 5 z ,  but these differences a re  not uniform, 
as, for example, a t  300 nm the two sets agree 
within experiniental error. The da ta  of Hall and 
Blacet (27) and Nakayania et 01. (26) overlap for 
only 30 nni and, except in the region near 250 nni, 
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HUDSON: ABSORPTION CROSS SECTIONS OF STRATOSPHERIC MOLECULES 1473 

FIG. 5. Comparison of nitrous oxide cross section data, 175 to 250 nm; A and B, Romand and Mayence (29); t, 
Thompson et 01. (22); x , Holliday and Reuben (30). 
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where there is strong band structure, the agree- 
ment is within the respective experimental errors. 
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Nitrous Oxide, N,O 
This molecule has been studied by four 

groups in the region of interest. Romand and 
Mayence (29) performed measurements between 
I60 and 210 nm; Thompson et al. (22) between 
185 and 240 nni; Holliday and Reuben (30) be- 
tween 190 and 280 nm; and Zelikoff et al. (31) 
between I08 and 210 nm. A comparison of the 
data from these four groups obtained a t  room 
temperature is shown in Fig. 5. In general, the 
agreement is good, and within the experimental 
error of the respective groups. The data of 
Thompson et al. (22) does differ from the others 
above 220 nm, and it is felt that the data of 
Romand and Mayence (29) is to be preferred. 

The cross section for nitrous oxide is also 
temperature dependent. This dependence has 
been measured by Romand and Mayence (29) and 
by Holliday and Reuben (30), and where the data 
can be compared the agreement is good. Curves 

25 0 24 0 230 22 0 21 0 200 190 180 
WAVELENGTH (nml 

illustrating the temperature dependence are 
given in Fig. 6. 

Nitric Acid, HNO, 
Cross sections for nitric acid have been mea- 

sured by Johnson and Graham (32), who covered 
the spectral range from 175 to 300 nm,  and by 
Schmidt et al. (33), who covered the spectral 
range from 160 to 440 nm. The latter work, 
however, is labeled as preliminary, and could be 
subject to large errors due to corrections to the 
original data for NO2 and N 2 0 4  present in the 
nitric acid vapor. A comparison of the two sets 
of data between 180 and 320 nm is given in 
Fig. 7. 

Anirnonia, N H ,  
The absorption cross section of ammonia has 

been measured between 160 and 230 nm by 
Tannenbaum et al. (34) and by Thompson et 
al. (22). In this wavelength region the absorption 
spectrum of ammonia consists of strong band 
structure overlying a n  apparent continuum, 
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2 32 222 212 2 02 1 92 182 
WAVELENGTH (nml  

FIG. 6. Temperature dependence of nitrous oxide cross sections, 175 to 210 nm;  -, Romand and  Mayence (29); 
0 and x , Holliday and Reuben (30). 
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FIG. 7. Comparison of nitric acid cross section data, 180 to 300 nm; A,  Schmidt et al. (33); B, Johnston and 
Graham (32). 
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185 180 
WAVELENGTH (nm) 

FIG. 8. Comparison of water vapor cross section data, 175 to 190 nm; A, Lauferand McNesby (36); B, Watanabe 
and Zelikoff (35); C, Thompson et a1.(22); D, Schurgers and Welge (37). 

although this continuum could be the result of 
band overlap. Both groups report the measured 
cross sections to be bandwidth dependent, and 
that the total cross sections have essentially 
fallen to zero by 230 nm. It is felt that the data 
should be considered qualitative a t  best. 

Water Vapor, H,O 
Water vapor has a continuous spectrum be- 

tween 175 and 190 nm, the cross section falling 
off rapidly toward longer wavelengths. Four 
measurements have been made in this wavelength 
region; Watanabe and Zelikoff (33 ,  Laufer 
and McNesby (36), Thompson et al. (22), and 
Schurgers and Welge (37). A comparison of the 
results of these four measurements is given in 
Fig. 8. There is considerable scatter in the data, 
but it would appear that a smooth curve could 
be drawn through the data of Schurgers and 
Welge (37), Watanabe and Zelikoff ( 3 3 ,  and 
Thompson et al. (22). 

Hydroget1 Peroxide, H,O, 
Two measurements of the cross section for 

this molecule are available in the spectral range 
175 to 230 nm; Holt et al. (38) and Schurgers and 
Welge (37). A comparison of the data from these 
two groups is given in Fig. 9. The region of over- 
lap for these two sets of data is small, and within 
this region the argeement is not good. Holt  et 

al. (38) did not use a vacuum monochromator; 
their instrument was equipped with the means 
for circulating nitrogen in the optical path. This 
equipment was designed to avoid the difficulty 
of absorption by molecular oxygen in the light 
path, and the sudden rise in the data near 200 nm 
could indicate that the system did no t  work 
adequately. For this reason it is felt that for 
wavelengths below 200 nm the data of Schurgers 
and Welge (37) is to be preferred. 

Carbon Monoxide, CO 
Only one measurement of the absorption cross 

section for carbon monoxide has been made at 
wavelengths above 175 nm, namely, that by 
Thompson et al. (22). This region of the  spectrum 
is characterized by strong, sharp band structure 
and the data of Tho~npson et al. (22) is subject to 
considerable bandwidth dependence. The data 
should be considered qualitative a t  best. 

Carbon Dioxide, CO, 
Above 175 nm the absorption spectrum of 

carbon dioxide consists of a continui~m that 
falls off rapidly with increasing wavelength; 
superimposed on this is a weak band structure. 
Measurements have been made in this region by 
Thompson et al. (22), Heimerl (39), a n d  Ogawa 
(7). A comparison ofthese sets of measurements is 
given in Figs. 10 and 1 1. As the data of Ogawa (7) 
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WAVELENGTH (nm) 

FIG. 9. Comparison of hydrogen peroxide cross section data, 175 to 260 nm; + , Holt et al. (38); -, Schurgers and 
Welge (37). 

183 182 181 180 179 178 177 176 175 
WAVELENGTH lnml 

FIG. 10. Comparison of carbon dioxide cross section data, 175 to 183 nm; -, Ogawa (7); x , Heimerl (38). 
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1 0-2'1 I I I I I I I I 
22 0 21 0 200 190 183 

WAVELENGTH (nm) 

Comparison of carbon dioxide cross section data, 183 to 215 nm; A,  Thompson et 01. (22); 

215 21 0 205 2 0 0  

WAVELENGTH (nm) 

FIG. 12. Comparison of sulfur dioxide cross section data, 200 t o  215 nm; A ,  Warnek et 01. (40); B, Thompson 
et 01. (22). 
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are continuous, and were obtained at high 
spectral resolution, they are to be preferred. 

Sulfur Dioxide, SO,  
Measurements of the cross section of sulfur 

dioxide between 175 and 31 5 nm have been 
made by Warneck et al. (40), Golomb et al. (41), 
and by Thompson et al. (22). The data of War- 
neck et al. (40) and Golomb et al. (41) overlap 
over a narrow range and are self-consistent, 
coming from the same laboratory. The data of 
Thompson et al. (22), which covers the spectral 
range from 185 to 325 nm, differs markedly from 
the other two, both in the wavelength of the band 
structure that is observed and in the magnitude 
of the cross section. An example of this discre- 
pancy is shown in Fig. 12. It is recommended 
that the data of Warneck et al. (40) and Golomb 
et al. (41) be used, with the proviso that the cross 
sections are probably bandwidth dependent. 
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Stratospheric Aerosols Physicochemistry 

Lcrl~orntoire rle Pl~ysic/rre rles Aerosols, Ut~iversitP de Pcrris V I ,  1 I ,  Qrrai Sttitit-Bert~crrcl, 
Paris, F~(I~ICC 

Received October 3,  1973 

The stratospheric aerosol layer, a few kilometers thick and centered a few kilometers above 
the tropopause, is currently believed to be composed of Aitken nuclei, composed principally of  
ammonium sulfate, and large particles greater than 1 p ;  particles larger than 5 p contain little 
sulfate and are believed to be of meteoritic origin. 

With acceptance of the direct or indirect terrestrial origin of the stratospheric ammonium 
sulfate particles, three processes can be suggested for their occurrence in the stratosphere: 
(I) coagulation of stratospheric Aitken nuclei previously formed in the troposphere; (2) oxida- 
tion of SO, of terrestrial origin in the stratosphere to H,S04 followed by nucleation and 
internal growth; and (3) reactions involving hydrous stratospheric ions such as (H30)+ .tz(H,O) 
which act as primary nuclei and facilitate reaction of gaseous constituents of terrestrial origin 
such as NH,, O,,  and HCI. 

La couche d'akrosol stratospherique, Cpaisse de quelques kilometres, centree a quelques 
kilometres au dessus de la tropopause, est couramment consideree conlme etant composee d e  
noyaux d'Aitken. Ceux-ci sont principalement composCs de sulfate d'ammoniun~ et de grosses 
particules plus grandes que 1 p. Celles qui sont plus grandes que 5 p contiennent un peu de sul- 
fate et sont considtrees comme etant d'origine mtteoritique. 

En admettant I'origine terrestre directe ou indirecte des particules stratosphkriques du sulfate 
d'ammonium, trois procedes peuvent Ctre suggCrCs pour leur presence dans la stratosphere: 
(I) coagulation des noyaux stratospheriq~~es dlAitken prealablement forrnes dans la tropo- 
sphere; (2) oxydation de SO,, d'origine terrestre, dans la stratosphere, en  HrSO, suivie de  
production de germes et de croissance interne; (3) reactions faisant intervenir des ions strato- 
spheriques hydrates tels que (H,O)+ .II(H,O) qui agissent comme noyaux initiaux et facilitent 
la reaction de constituants gazeux, d'origine terrestre, tels que NH,, O2 et HCI. 

[Traduit par le journal] 

Can. J. Chern., 52, 1479( 1974) 

I. Introduction 
A few kilometers above the tropopause, there 

exists a highly structured layer of particles, 
several kilometers thick. Its existence has been 
established by studying from Earth the light 
scattered from the twilight sky, and verified by 
observing the light spread by search-lights or by 
alitude laser echo probing (lidar). These remote 
sensing techniques, reviewed by Rosen (I), allow 
detection of particles with diameters larger than 
0.1 p only, but do  not allow the determination of 
the ambient particle size distribution. However, 
they are interesting for the discussion of the 
results of in situ samplings to be presented 
below. 

Two recent remote sensing methods have sup- 
plied information on the stratospheric aerosol 
layer. Philipowsky et al. (2) determined the layer 
profile by a lidar (h  = 0.694 p) and simultane- 
ously measured in altitude the layer radiation in 

the i.r. spectrum (3 p < h < 100 p). Calcula- 
tions, er;-~ploying the size distribution function 
of the particles of radius R > 0.1 p in the layer 
obtained bv direct measurements. showed that 
the radiateb intensity values, between 3 and 
100 p, derived from both these data a n d  the pro- 
file values supplied by the lidar, did not agree 
with the measurements unless a large population 
of particles <O. 1 p was assumed in the particle 
size distribution. 

De Barry and Rossler (3), using rocket prob- 
ing, measured the scattered radiation from the 
daytime sky simultaneously under two different 
angles and with two different wavelengths. The 
results of these measurements also imply' an 
important concentration of particles less than 
0.1 p in diameter. 

These important results will be examined later. 
We shall now discuss if? situ sampling methods 
and examine the results. 
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11. Methods of in sit11 Sampling 
I .  Direct Detern~il~ation o f  Aitlcen Nuclei 

Concen frat ion 
The air sample containing the particles to be 

studied is introduced into a chamber saturated 
with vapor (usually water) and the mixture is 
cooled by adiabatic expansion until super- 
saturation is sufficient for the particles to act as 
condensation nuclei. Each nucleus is thus carry- 
ing a water droplet and becomes visible, a n d ~ a  
cloud is obtained in the expanding chamber with 
droplets with radii of several microns at  atmos- 
pheric pressure. Using this method, all suspended 
particles with radii larger than 0.001 p can be 
detected and counted in a known volume, but 
the particle sizes cannot be determtned. The 
optical counting methods used in in stratospheric 
measurements by Junge et al. (4) will not be 
described here. 

The difficulties met when using these tech- 
niques in the stratosphere are mainly losses of 
the droplets formed on the nuclei by later 
evaporation, and losses by diffusion of the drop- 
lets in pipes and taps. A decrease in the radii of 
the droplets formed on the nuclei a t  ambient 
(air) pressure, for a given supersat~~ration value 
(this effect remains unexplained so far (Schlarb 
effect)), entails a decrease of the scattered or 
absorbed light beam and therefore a noticeable 
counting loss. I t  should be noted that for strato- 
spheric conditions, the particle diffusion co- 
efficient is at  least 10 times as large as it would be 
at  normal pressure, and even at  normal pressure 
losses by diffusion might be important in con- 

I 
I densation nuclei counters. However. a correction 
I coefficient allowing for all these errors can be 

determined. 
Figure I ,  taken from Junge et al. (4), is an 

example of the data obtained using this method. 
The main result is that there is a slow unsteady 
decrease to 100/cm3 in the troposphere and a 
sharper decrease down to a value of a few par- 
ticles/cm3 at  5 km above the tropopause, the 
values being referred to ambient pressure. Only 
Junge et al. have carried out their measurements 
by this method; on the other hand, the remote 
sensing measurements by Philipowsky et al. (2) 
and De  Barry and Rossler (3) suggested large 
concentrations of particles with radii below 0.1 p. 
These results are inconsistent with Junge's direct 

i measurements and further direct measurements 
I 

should be carried out. 

P A R T I C L E  CONCENTRATION 

FIG. 1. Measured vertical profiles o f  Aitken nuclei 
(Published with the permission of Journal  of Metero- 
ology.) 

A new method for direct counting nuclei has 
been developed by Bricard et al. (5). A nuclei 
loaded air draught was sent through a methyl 
alcohol saturated chamber and chilled through 
a pipe maintained a t  the right temperature until 
supersat~~ration was enough for alcohol to con- 
dense on the condensation nuclei. Thanks to a n  
optical device similar to Rosen's ( I  8), the droplets 
formed on the nuclei contained in the  air draught 
flowing out of the nozzle could be counted one 
by one. This device allows continuous counting 
and decreases diffusion losses, bu t  has not yet 
been tried in the stratosphere. 

2. Particles wit17 Radii over 0.1 p 
The particles a re  collected on an adequate 

impaction surface and then observed with a n  
electron microscope for size distribution. It is 
assumed that no particles with radii below 0.1 p 
are collected. In fact, both the threshold, 0. I p, 
and the collection efficiencies were not clearly 
established in every case. 

The following collecting techniques have been 
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1 R O S E N  1968 PHOTOELECTRIC PARTICLE COUNTER 
2a J o N G E d a I  1961 BALLOON BORNE IMPACTOR 
2b JUNGEdMANSON 1961 AIRCRAFT I M P A C T O R  

D I A M E T E R  ( M I C R O N S )  

FIG. 2. Comparison of the results obtained by direct dust sampling methods. (Published with the pernlission of 
Space Science Reviews.) 

~ ~ s e d :  (i) filtration, stratospheric air is sent 
t h r o ~ ~ g h  a filter flown on aircraft (7-9); (ii) im- 
paction,  s sing a collector on aircraft perpen- 
dicular to the air draught (10-12) or  drawing 
the air t h r o ~ ~ g h  an appropriate impactor carried 
by balloons (13, 14); (iii) sedimentation on a 
horizontal plate exposed to the fall of the strato- 
spheric aerosol (15, 16) or  by h a ~ ~ l i n g  a balloon- 
borne plate (17); ( i u )  Rosen's photoelectric 
method (18) in which the particles with radii 
above 0.1 p suspended in an air d r a ~ ~ g h t  were 
c o ~ ~ n t e d  and measured one by one in the light 
against a dark background. 

(a) Figure 2, taken from Rosen, represents a 
comparison between the r e s ~ ~ l t s  thus obtained. 
All the samples had been taken in the strato- 
sphere but not all at the same altitude. A slight 
correction was applied to the samples not taken 
at  20 km. In spite of the wide spread of [he results 
due to uncertainty of accuracy in tlie nieasure- 
ments and mainly in collection, a discontin~~ity 
appears in tlie particle size distribution around 
R = 5 p ;  this allows the particles to be divided 
into two size classes. 

Using the average values given by these 
distributions, Roseii estimated the mass con- 
centration of smaller particles at 10-l3 g crW3 
of ambient air and that of larger particles at 
3.10-'4g~111-3. 

For smaller particles (R < 5 p) two different 
types of size distribution fiinctions were found. 

According to Junge and Manson (10) concen- 
tration s h o ~ ~ l d  be a continuously decreasing 
function of the particle radii, of the form 

d rl - .  = C R  - 2  
d log R 

in the range 0.1 11 < R < 1 p. 
These results are presented in Fig. 3, curve A 

(from Friend), the confidence limits resulting 
from uncer~ainty in the measurements being 
presented by curves A ' .  Fi.ieiid's results are 
presented in the same fig~lre (curves B); the 
confidence limits due to ~~ncertaiiity are intro- 
duced in curves B', corresponding to curves A ' .  
It can be seen that Friend's curves emphasize a 
peak concentration around 0.3 p ;  this does not 
appear in Junge's results, and that discrepancy 
between Friend and Junge is mainly ~iianifest 
i l l  the size range R < 0.2 p. Friend's concen- 
trations range between 0.012 and 0.069 particles/ 
ciii3, the mass concentration varying between 
5.0 x lo-' and 2.6 x pg/cm3 using a 
particle density of 2 g/cm3. It should be noted 
that tlie mass co~icentration peaks d o  not corre- 
spond to  the largest radii. 

Friend's nieasurements were in good agree- 
ment with Mossop's previous results ( I  I) which 
report a peak for R = 0.35 11 and particle con- 
centrations between 0.017 and 0.042 ~ r n - ~ .  

(6) Figure 4, from Junge et al. (4), shows an 
example of the variations of the concentration 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

FIG. 3. Comparison of particle size concentration 
distributions of stratospheric sulfate particles. Curve A :  
Junge er 01 . ;  curve B: Friend. (Published with the per- 
mission of Tellus.) Curve A ' :  Curve B': confidence 
limits of curve A ,  curve B. 

of the particles with radii iarger than about 0.1 y, 
as a function of altitude, resulting in a peak at 
about 20 km. It is, however, difficult to distin- 
guish these variations clearly since with impac- 
tion methods, especially, the collecting threshold 
(radius of the smallest particle collected) is not 
clearly established and varies with pressure, both 
concentration and size distribution remaining 
unchanged. An increase of apparent concentra- 
tions with increasing altitudes should result. The 
importance of the concentration peak can there- 
fore be subject to uncertainty but the concen- 
tration decrease with altitude cannot. 

Figure 5, from Rosen (I), represents the verti- 
cal concentration of aerosol with radii over 0.1 y 
at three different latitudes. It showed a peak con- 
centration a few kilometers above the tropo- 
pause, in agreement with Fig. 4. It is noteworthy 
that the variation of size distribution with alti- 
tude has not been investigated thoroughly, and 

this may explain the differences observed in the 
lower stratosphere - peak concentration (Junge, 
Friend, Mossop) and maximum diameter (19). 
In fact, Fig. 6 from Bigg shows the lack of a peak 
concentration of particles as a function of 
altitude, the low increase observed being at least 
partly due to variation in collection efficiencies 
as a function of pressure. Each flight is repre- 
sented by a point. Rough limits of concentra- 
tions are indicated by the shaded region. 

3. Physical Characteristics of the Particles 
An important fact obtained from Friend's, 

Mossop's, and Bigg's investigations is that 
because of the moisture content of the particles 
when collected, the evaporation residues are 
smaller in size than the real particles. According 
to Mossop and Friend this should explain their 
disagreement with Junge concerning size dis- 
tribution. Rosen also noticed a particle size 
decrease when the temperature of the air draught 
was raised before it entered the photoelectric 
counter. Another important fact noticed by Bigg, 
Friend, and Mossop was the existence in most 
particles of a solid nucleus; this will be discussed 
in Section 111.2. 

The recent observations of Bigg and Thomp- 
son (19), using an  aircraft flying at altitudes 
between 20 and 37 km, illustrate the difficulty in 
interpreting the sample data. The collection 
method was based on that of the Rantz and 
Wong cascade impactor (20) the particles being 
fixed on an electron microscope grid, a method 
widely used by investigators since Junge; col- 
lection efficiency was deemed to be in the range 
of 50% for 0.05 p particles at 20 km. The col- 
lected particles could be distributed into three 
classes: (i) central particle surrounded by a 
circular group of smaller discrete satellites; 
(ii) central particles surrounded by a nearly 
circular ring or stain without discrete satellites; 
(iii) simple particles without ring, stain, or 
satellites. 

Owing to this diversified classification, un- 
certainty in the methods, and above all on 
collection efficiencies, particle size distribution is 
quite difficult to obtain. 

111. Chemical Composition of the Particles 

I .  Method 
Up to now the chemical composition of the 

stratospheric aerosol has been determined by 
analyzing the filter or impactor samples. Accord- 
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C O N C E N T R A  T I O N ( C ~ - ~ )  . C E N T I G R A D E  

FIG. 4. Vertical profile of particles collected with impactor and the available temperature soundings closest in time 
and space. The vertical bars indicate the altitude interval over which the sample was collected. (Published with the 
permission of Journal of Meteorology.) 

FIG. 5. Vertical distribution of dust at three latitudes 
determined by the photoelectric particle counter. (Pub- 
lished with the permission of Journal of Geophysical 
Research.) 

ing to the investigators, several methods have 
been used : wet chemical analysis, electron micro- 
probe analysis, neutron activation analysis, and 
electron microscope analysis (observation and 
diffraction). 

It should be noted that since the amounts for 
analysis are very small, the filter and impactor 
surfaces must be free of any contaminants. As to 
the capacity of retention or absorption of minor 
constituents to  be found in the stratosphere, 
Cadle (21) has shown the different behavior of 
polystyrene filters and impregnated cellulose 
fibers against NO3- and silicon; results showed 

that little or no nitrate was found on the poly- 
styrene filters and impregnated filters lowered 
silicon concentrations. 

2. Results 
It has been generally observed (4, 10, 12,21,22) 

that sulfate was the main constituent of the aero- 
sol; since its concentration varies widely with the 
samples, differences cannot be due to the use of 
different methods. There is no significant gradi- 
ent in s~llfate concentration between the tropical 
and temperate stratosphere along the slope of 
the layer (21). Yet a decrease in absolute con- 
centration of several constituents was noticed 
by Cadle between 1969-1971, as shown by 
it1 sit11 results in Table I ,  and verified by lidar 
measurements carried out during that period. 

Nevertheless, the average concentration ex- 
pressed in equivalents can be considered 
to be in the range of 0.1 pg/m3 of ambient air. 
The values found by Junge were lower, but Cadle, 
by means of both impactors and filters, noticed 
that the former method supplied results lower 
by a factor of 5 than the latter method. The 
difference might be due to the fact tha t  unlike 
filters, impactors are inefficient for collecting 
Aitken nuclei. 

Sulfi~r was mainly found as SO:-, the am- 
monium sulfate or the sulfuric acid being recog- 
nized by electron microscopy (11, 12, 19). It 
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composition (which can be compared to physical 
changes), the efficiency of the collecting method 
may play a great part. Thus, it should be possible 
to  assume that the particles are different accord- 
ing to  size distribution, the smaller being made 
of sulfuric acid, the bigger of alnmonii~m sulfate. 

Cadle (21) has also determined NO,- con- 
centrations (Table I ) ,  but the high concentrations 
obtained, [NO3-]/[SO,'-] reaching a value of 
6, miglit result from the nature of  filters (ini- 
pregnated filters) which should retain nitric 
acid vapors. As to  the [Cl]/[Br] ratio, it was 
found by Cadle to be between 12 a n d  19, a value 
much lower than that  found by Diice (55) (about 
100 for aerosols collected near the sea surface). 

By carrying out dialysis of aerosols deposited 
on a membrane, Mossop (I I) has demonstrated 
that one or more insoluble nuclei exist in most 

2Q1 I collected particles. Several authors (I) have 

lo2 103 investigated which aerosols could b e  considered 
of cosmic origin. The  highest content is 10x of 

cONCEN TRA TION ( / - ' a t  ~ . [ q )  the total massof the  stratospheric aerosol. ~ L c h  
FIG. 6. Particle concentrations us. altitude determined a ,low proportion does prevent these con- 

by particle collection. Each flight is represented by a Stltllents from playing a large part in nucleation 
point. (Published with the permission of Tellus.) (see next Section). 

TABLE 1. IV. Mechanisms Resulting in a 
- - -- - - - - . - -- - - - . - - - Condensed Phase 

SO4' - NH4  NO^- 
Date ( ~ g - ~ )  (P C3) In the paragraph on the chemical compositio~i 

-. . -. -. -. - 
(P s - ~ )  

of stratospheric aerosols, a number of constitu- 
5.1 1.70 0.20 0.0033 0.36 ents havebeen listed. We shall now give some 

10.07.70 0.10 0.0025 
2.03.71 0.10 0.0000 

schemes of chemical transformations likely t o  
0.20 

2.08.71 0.028 0.0027 0.027 lead to the production of some o f  these con- 
-. -- .- stituents. 

should be noted that the H2S0,-H20 mixture 
presents a eutectic point at  -72 "C for a 38% 
weight H2S0,  composition (44) (see the obser- 
vation of liquid part in most particles, as noted in 
Section II.2b). Persulfate was also found by 
Friend. I t  must be noted that during laboratory 
experiments in tropospheric conditions, Bour- 
bigot et al. (23) demonstrated the formation of 
nitrosyl hydrogen sulfate particles, which might 
also occur in stratospheric conditions. 

According to Junge's s t ~ ~ d i e s  the [NH4+]/  
concentration ratio was between I and 

2, hence the assumption of ammoniunl sulfate 
as the main constituent of the stratospheric 
aerosol; recent sampling by Friend and  by Cadle 
have shown that the ratio was lower. Besides the 
changes with time in the stratospheric aerosol 

I .  Merul Comnpow7rls 

According to Gadsden (24) meteorites vola- 
tilized on their entry into the atmosphere may 
originate a layer containing metal ions at about 
93 km altitude. According to the  meteorite 
type, different proportions of ions, aluminum, 
nickel, and silicon compounds, a r e  to be ex- 
pected. Besides the  part of metal vapor to be 
found as ions, the remaining part might react 
quickly to give stable oxides such a s  Fe203,  FeO, 
A120,, according t o  the type of reaction 

MX + -&no2 -> MO,(gas) + ... 
where MX = nietal compound. 

If the oxides are  formed quickly enough for 
the supersaturation reached to exceed critical 
supersaturation in spite of diffusion, then metal 
oxide aerosols will be formed. I t  should be 
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TABLE 2. Comparison of some SOz photochemical reaction rate studies 

Reference 

Rate of SOz  
Relative consumption 

Initial [SO21 humidity (%) (% min- ') 

Gerhard and Johnstone (28) 5-30 p.p.m. 32-91 (1.7-3.3) x 
Renzetti and Doyle (57) 0.2-0.6 p.p.m. 50 0.11 
Urone and Schroder (29) 10-20 p.p.rn. 50 1 .4 x 
Hall (56) [SOz] = 56-230 mm Hg 0 8 x 

[Oz] = 5-200 rnrn Hg 
Urone and Schroder (29) 1000 p.p.rn. 0 3.9 x l o -4  

50 4.6 x l o - 4  
Bricard (35) 0 . 2  p.p.m. 0-90 to 7 x lo-"* 

- - 
'Values not adjusted to noonday sunlight. 

noted that part of the nietal ions t h ~ ~ s  created 
will neutralize to metal atonis which can then 
be oxidized by ozone (25). 

2. Sulfur Dioxide Transfornzatiorl 
Sulfates are major consti t~~ents of both tropo- 

spheric and stratospheric aerosols and result 
mainly from the oxidation of SO, and perhaps 
H,S, both of tropospheric origin. First oxidation 
of SO, into SO, occurs according to different 
mechanisms. 

(a) Oxidation by Atoniic Oxygen 
Oxidation by atomic oxygen takes place 

according to the reaction 

M being the third body. 
Mulcahy et al. (26) state a reaction rate 

constant of 7.4 x cin6/molec~~le2 s. 
(O) Photochemical Transformation of SO, 

into SO,* 
Photochemical transformation of SO, into 

SO,* (excited state) occurs by radiation absorp- 
tion followed by oxidation by molecular oxygen. 
This mechanism first suggested by Blacet (27) 
has been f~irther investigated by Gerhard and 
Johnstone (28), Uroile and Schroder (29), Buffa- 
lini (30), Sidebottoni et al. (31), and Allen et al. 
(32). 

(c) SO, Reaction with Excited Oxygen 
A proportion of oxygen molec~iles are to be 

found in an  excited state either by energy transfer 
of other molecules or by radiation absorption. 
In this case the reaction 

may lead to the same kind of substances as the 
reaction in (b). 

( d )  Ra~ljcal Oxidation 
Investigations on stratospheric chemistry have 

also demonstrated the importance of radicals 
such as HO,, and reactions such as 

are likely to occur. 

3. Results und Coniparison of the Mecl~unism 
The results of several investigators are listed 

in Table 2 (with respect to SO, conversion rate). 
The conditions of investigation explain the dis- 
crepancy of the results (which are often d i f i c ~ ~ l t  
to compare wlieii the conditions a r e  not well 
determined). Most quantitative s t ~ ~ d i e s  have been 
made with large concentrations of SO,, which 
makes extrapolation to the case of the atmos- 
phere unreliable. 

A compariso~i between mechanisms (a) and 
(b) has been made by Friend (33). If R A  and R, 
be SO, production rates according to (a) and (b) 
respectively, then 

d[So,l - d[sozl  
R ~ =  dt- -- dt  

In the stratosphere, the concentration of oxy- 
gen atoms is mainly determined by equilibrium 
between the two reactions 

o3 + l1v -> 0 2  + 0 
and 

0 z +  0 + M - > 0 3  

At  the altitude we are interested in  (20 km), 
Johnston's estimates are  [O] = 1.4 x lo5, [MI= 
1.8 x 10" and hence RA - 6.7 x 10-'OISO,]. 

On the other hand 
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R - d[SOJ - d[SO,] - @K,[SO,I especially with nitric acid vapors 
- dt dt NH,+(H,O),,, + 4 N 0 3  -> NH3N03(H,0),  + 

where cD is the quantum yield and K, the specific 
absorption rate equal to the product of irradi- 
ation by the absorption coefficient for the wave- 
length considered. 

At 20 km, K, = 2.5 x lo-, (34). The value 
of cD is estimated by Friend at Thus the 
ratio RA/RB = 250. Oxidation by atomic oxygen 
is therefore prevalent in sulfur dioxide photo- 
oxidation. 

The value of cD used in this estimate is con- 
siderably lower than values supplied by other 
investigators so far, hence the method leading to 
this result will now be discussed. 

The number of condensation nuclei was com- 
pared during two experiments. In the former 
experiment, the irradiation spectrum was 2200- 
5000A, and in the latter one 2500-4000 A. 
Because of this difference in irradiation, atomic 
oxygen was formed in much larger concentration 
in the former than in the latter. Now, in the 
latter experiment, there were no detectable 
condensation nuclei to verify the experimental 
results of Bricard et al. (35), whereas irradiation 
in the 2200-5000 A range resulted in a large 
number of condensation nuclei. If one assumes 
that condensation nuclei are indicators of the 
transformation SO, + H,S04, then the value 
estimated for the sulfur dioxide change according 
to mechanism (a) is much higher than for (b). 

4. Ionic Reactions Leading to Aggregate Forma- 
tion 

In the lower atmosphere small ions formed by 
irradiation are mainly found as oxonium ions. 
They grow larger with time and change according 
to the different gaseous impurities in the atmos- 
phere. Because of the concentration of these ions 
us. neutral particles in the lower troposphere they 
are quickly trapped and play a negligible part 
in the gas-aerosol conversion. Since the ionic 
concentration is rather high (47) in the strato- 
sphere, the case might be quite different. With 
this assumption, fast ionic mechanisms might 
play an important part. 

Coffey and Mohnen especially (37, 38) have 
demonstrated that oxonium ions reacted with 
ammonia traces according to 

H3O+(HzO),,,-n 
and with hydrogen chloride 

NH4+(H20), ,  + HCI -> NH,CI(HzO), + 
H ~ O + ( H Z O ) , ~ , - ~  

5. Addition Reactiot~s 
Some authors (37, 38) have noted that direct 

reactions are likely to occur between NH, and 
SO, and give a polymer of the form (NH,),- 
(SO,),,. However, with their experimental con- 
ditions, Bricard et al. (39) and Friend (33) have 
found that ammonia did not lead to  the forma- 
tion of new particles; in Bricard's experiment 
aerosol concentrations which originated from 
photolysis of air enriched with sulfur dioxide 
were much larger. 

After their formation NH4+HS0,- embryos 
should fix NH, and form saline embryos accord- 
ing to the reactions 

ernbrvo 
2S02 + 2 H z 0  + 0, - 2HzS04  (solution) 

NH4+ 

The products of the first two reactions are 
saline embryos; they constitute a medium leading 
to catalytic oxidation of SO,. Particle develop- 
ment is continuous as long as NH, is fixed and 
can neutralize the acid resulting from catalytic 
oxidation and SO, is fixed by the particle. This 
process should explain the origin of sulfate 
particles with radii larger than 0.1 p by con- 
densation either on  Aitken nuclei of tropospheric 
origin or Mossop insoluble particles, or by 
homogeneous nucleation (33). 

These fragmental results must be verified 
before being extended to the stratosphere. 

V. Origin of the Stratospheric Aerosol 
Since few experiments and samplings have 

been carried out up  to now, the present investi- 
gations have only led to more o r  less reliable 
assumptions. However, it can be admitted that 
condensation nuclei (particles with radii smaller 
than 0.1 p) have a tropospheric origin and par- 
ticles with large radii (about 5 p) have a meteoric 
origin. It remains to explain the kinetics of the 
middle-sized particles (from 0.1 to  5 p). The 

Such ions can lead to "explosive" reactions, kinetics, of course, will depend on  the assump- 
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tion made about their origins, either strato- The few data presently available on the com- 
spheric or tropospheric. position of stratospheric aerosol have been listed 

I .  Stratospheric Origin 
This is the assunlption most generally made. 

It has been noted above that, in most cases, 
average-sized aerosols were made of sulfur, 
either as sulfates or sulfuric acid, which should 
result from in situ oxidation by atomic oxygen of 
SO, of tropospheric origin. Experiments we have 
conducted in tropospheric conditions (35) have 
shown that the other mechanisms in which 
direct SO, photooxidation occurred hardly con- 
tributed to aerosol formation. These results have 
been extended to the lower stratosphere by 
Friend (33). 

One may assume homogeneous nucleation, 
i.e. direct formation of sulfuric acid particles 
from the vapor originated in situ. It can also be 
assumed that the sulfuric acid formed in situ 
is condensed on the condensation nuclei dis- 
covered by Junge or on the insoluble particles 
found by Mossop, Bigg, and Friend in sulfate 
particles. The latter assumption would be con- 
sistent with Rosen's results (6) and interpretation. 
Thus, according to Rosen, the mixing ratio (ratio 
of the total concentration of the stratospheric 
aerosols to the corresponding concentration of 
the air molec~~les) should be roughly constant 
as a function of altitude in the stratos~here. but 
this could occur only if the particle source was 
above and not below the stratosphere. This led 
him to ascribe an extra-terrestrial origin, i.e. 
above an altitude of 85 km. to the insoluble 
nuclei found in all the sulfate particles and thus 
to all stratospheric particles. 

Theoretically, investigations of the kinetics 
of phase changes in one-body systems have led 
to satisfying results (53, 54). Nucleation rates 
can thus be evaluated as a function of AG, the 
reversible operation required in order to produce 
an embryo of such a size as to be in equilibrium 
with the mother phase. This would lead to im- 
portant supersaturations (of several unities) in 
order to obtain noticeable nucleation rates. The 
nucleation theory has been taken up by Flood 
(48) and Reiss (49) in the case of several-body 
systems (heteromolecular condensation). It has 
been applied by Doyle (42) to the water - sul- 
furic acid mixture and his results have been 
lately developed by Kiang and Stauffer (43), who 
have specially studied the part played by relative 
moisture on nucleation rates. 

above. In order td discuss the likely mechanism 
occurring in the in situ formation of sulfuric acid 
originating from sulfiir dioxide and water vapor, 
the concentrations of both constit~~ents in the 
stratosphere should be known. However, little 
data are available on the subject. Table 3 shows 
recent results and estimations (51, 52) of the 
different component concentrations. All the data 
needed to calculate the nucleation rates, nucleus 
size, and composition are supplied by these 
theoretical investigations. However,  inc certainty 
about the macroscopic concept of l i q ~ ~ i d  droplets 
applied to nuclei with radii in the range of 10 A 
still remains, resulting in uncertainty in the 
value to be used for s~~rface tension and the 
saturated vapor pressure of sulfuric acid. 

Under normal temperat~lre and pressure con- 
ditions, this nucleation mechanism was com- 
pared quantitatively with the condensation of 
sulfuric acid on a pre-existing aerosol (45, 46) 
and the experimental results showed that the 
latter mechanism had practically no effect at 
relative moisture values above 50%; this result 
is consistent with the above theories, taking 
account of their uncertainty. 

These results also showed that for low relative 
moisture values, as in the stratosphere, hetero- 
geneous nucleation sho~ild play a predominant 
part. This would explain the part played by 
condensation nuclei or  insoluble particles. In 
stratospheric conditions (from 50 t o  100 mb, 
-60 "C), however, most data required for cal- 
culation are poorly known (surface tension, sul- 
furic acid water vapor pressure, the ratio of water 
vapor concentration us. sulfi~ric acid). So far, 
the use of calculations alone cannot determine 
whether heteromolecular or heterogeneous nucle- 

TABLE 3. 

Average 
Species volume mixing ratio 

Hz0  ( 3 . 0 f . 0 . 3 ) ~  
0 3  (4.8+ 1 .O)x 
HNO, ( 2 . 8 k 0 . 7 ) ~  
NzO (210+50)x 

(270+60)x 
NO, (22+8)x 

- 12) 
0 10-1, 
so2 0 . 2 ~  10-9 
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ation during the in situ transformation of sulfur 
dioxide occurs. 

Whichever the case, sulf~~ric acid particles are 
created which react with ammonia, according to 
a process described by Friend (33) : the formation 
of ammonium sulfate is followed by fast oxida- 
tion of SO, because of NH4+ acting as a catalyst 
(decrease in the pH). Growth should be faster 
as indicated by the laboratory investigations i n  
tropospheric conditions by Bricard et al. (39). 

The occurrence of such a mechanism is 
dependent on the relative abundance of sulfur 
dioxide and ammonia as well as on the relative 
variations through time. Froin this process, it 
must be admitted that the formation of large 
n~~cle i  is restricted by NH, concentration. It 
should then follow that larger particles be made 
of ammonium sulfate mainly, whereas smaller 
particles be made of sulfuric acid mainly, as 
apparently indicated by Cadle's results. Against 
this process, it is fairly difficult to think of am- 
monia arriving by "blasts" in the stratosphere, 
which would occur with SO, during volcanic 
eruptions. 

It has also been noted that ions might take 
part in the formation of chemical species. On 
account of their rather high concentration 
(several thousands per cm3) (50) they might be 
considered to affect nucleation. This is verified 
by a significant peak concentration of both ions 
and particles at an altitude of about 20 km. 

2. Tropospheric Origin 
From Martell's measurements (40) the radio- 

activity remaining i n  the stratosphere during 
times in the range of 1 year would be associated 
with particles smaller than 0.02 p above 27 km 
in altitude and with particles in the range of 0.1 p 
between 21 kni and the tropopause. Martell also 
observed that Manson's measurements (41) 
showed that the specific radioactivity of particles 
originating from the sulfate layer q~iickly de- 
creased with increasing particle radii. 

It can be easily admitted that radioactive 
products are fixed directly on the natural particles 
when brought together, just as H2S04 molecules 
formed by in situ oxidation can deposit pro- 
gressively on the sulfate particles during their 
development, if Junge's assun~ption and the 
other ones developed above are accepted. The 
specific radioactivity should thus be independent 
of the particle size, which is not consistent with 
observation. Therefore, the assumption of the 

development of sulfate particles by progressive 
condensation of vapor is not consistent with the 
results of radioactive measurenients. 

It has been noted that the concentration of the 
middle-sized particles (radii in the range 0.1-1 11) 
increased with altitude in the upper troposphere 
and the lower stratosphere with a significant peak 
between 3 and 9 km above the tropopause. On 
the other hand, the vertical profiles of Aitken 
nuclei showed a significant concentration de- 
crease till about 20 km. All these middle-sized 
or small particles were sulfates. 

These facts suggest that stratospheric aerosols 
could originate in the troposphere and enter the 
stratosphere by convective mixture. On the basis 
of this assumption, Aitken nuclei and strato- 
spheric particles are found to include a wide 
distribution of sulfate particles and the increase 
of the middle-sized particle population above 
10 km can be explained by coagulation of these 
Aitken nuclei. It should be noted, though they 
did not make this assumption, that Junge et al. 
(4) have shown by calculation the significance of 
the coagulation process for Aitken nuclei. 

An application of Schn~olukowsky's theory 
should allow calculation of the particle size 
distribution and residence time together at  
various altitudes. The nuniber distribution of 
larger particles us. altitude is shown in  Fig. 7, 
using Martell's results; y is the average life of 
a particle at a given level and the curve n'/y 
represents the total nuniber of middle-sized par- 
ticles [nixed and produced at every level or the 
total number of particles removed during a 

PARTICLE COMCEMTRATIOM 

FIG. 7. The approximate number distribution and 
residence time of large particles. y is the average atmos- 
pheric life of a particle at each level. T h e  curve (n' ly) t 
represents the total number of large particles mixed into 
and produced at each level, on the total number removed, 
in the time interval t .  (Published with the permission of 
Tellus.) 
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period of time. The distribution us. altitude curve 
is thus somewhat similar to Fig. 1 which gives 
experimental results directly. 

According to this approach, the nuclei found 
by Mossop, Friend, and Bigg in the large sulfate 
particles should not act as condensation nuclei 
but should be incorporated into the particles 
already developed. The same process should 
apply to radioactive products; this would ex- 
plain the decrease of the specific activity of the 
sulfate particles as a function of increasing radii, 
whereas the assumption of continuous condensa- 
tion and fixation on the pre-existent nuclei would 
result in a simlar fixation of radioactive pro- 
ducts and vapor n~olecules. 

The mechanism set forth by Martell has been 
rejected by several authors because concentration 
of condensation nuclei in the upper troposphere 
and lower stratosphere is not sufficient. We have 
seen that information on this point is not con- 
sistent, since the concentration range can vary 
noticeably according to different authors; more 
accurate data should allow the validity of Mar- 
tell's assumption to be decided. 

It can be noticed that little agreement has been 
reached so far on the origin of the stratospheric 
aerosol layer. No choice can be made between 
these assu~nptions as long as more accurate 
results on aerosol size distribution and the 
respective amounts of the various vapors found 
in the stratosphere are lacking. 
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The Ozone Distribution in the Atmosphere 

H .  U .  DUTSCH 
Ltr/~oro/ory,for. A ~ ~ i ~ o s p l r e r i c  Phy.rics, ETH, Ziirich, S~~~i/zer./trritl  

Received October 3 ,  1973 

The world wide distribution of total ozone and its changes with season are discussed as  
well as the variability on different time scales. A climatology of the vertical ozone distri- 
bution is presented and an attempt is made to derive some inference on ozone transport by 
the general circulation and its interaction with photochemical processes. It  is found that 
longer observational series in an improved network are needed for puttting such a deriva- 
tion on a firmer basis. The observed year-to-year changes of world wide total ozone and of 
the vertical distribution indicate the importance of the quasi-biennial variation of the cir- 
culation in the tropical stratosphere for the poleward ozone flux. The suggested variation 
of ozone concentration in the upper stratosphere with the sunspot cycle must be further 
substantiated. 

On traite de la distribution dans le monde entier de l'ozone total, de ses variations avec 
les saisons et de ses variations selon diffCrentes Cchelles de temps. 

On prCsente une climatologie de la distribution verticale d'ozone et l'on tente d'en tirer 
les cons6quences sur le transport d'ozone, la circulation gCnCrale et I'interaction avec des 
processus photochimiques. On en conclut qu'un nombre plus ClevC d'observations dans 
un rCseau amtliori serait nkcessaire afin d'Ctablir sur une base plus solide de telles 
relations. 

Les changements de la quantitC totale d'ozone observCs d'annCe en annCe dans le monde 
entier et de la distribution verticale montrent l'importance de la variation quasibiennale 
de la circulation dans la stratosphere tropicale pour le transport d'ozone vers les p6les. 
La relation suggerCe pour la concentration d'ozone dans la couche supkrieure de la  
stratosphere et le cycle des taches solaires doit &tre Ctablie plus solidement 

[Traduit par le journal] 

Can. J.  Chem., 52, 1491 (1974) 

Introduction Total Amount 
The emphasis in ozone research has, during the Observational Techniques 

past few years, shifted towards the theoretical The standard instrument for total ozone 
side in connection with the rapid new develop- observations is the Dobson spectrophotometer 
ments in photochemistry and also because of the with almost 100.units distributed over the world. 
prospects introduced by this of a possible Although the actual observation with this 
anthropogenic influence on the ozone layer. instrument is simple and rapid, good calibration 
Observational efforts have shifted towards and maintenance are rather difficult wherebv the 
measurements of other trace constituents which 
play a role in the new integrated photochemical 
system and which had hitherto not been directly 
observed at all at stratospheric levels. Although 
we already have a fairly broad knowledge of the 
ozone distribution in the atmosphere (which 
shall be reviewed in this paper) further and im- 
proved observations of the central substance of 
the new integrated photochemical system, 
namely the ozone, are still urgently needed. The 
intimate interaction between photochemical and 
transport processes demands comparison be- 
tween a rather detailed observational material 
and the model studies. 

optical wedge is the most critical part. An 
accurate determination of the instrument con- 
stant is a lengthy procedure and requires good 
observing conditions. The possibility of a transfer 
of that constant from one instrument to  others by 
easily transportable standard lamps is still 
debated and rather circumstantial. Direct com- 
parison can not be avoided if strict uniformity of 
data is to be maintained. 

Filter type instruments are also used routinely 
in part of the world network but their reliability 
is obviously less (1) and probably the falsification 
of results by bad observing conditions is greater 
than with the standard spectrophotometer. There 
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seems to be a tendency to overestimate extremes 
when filter instruments are used. 

Recently a newly designed spectrophotometer 
used by Brewer and co-workers (2) avoids the 
optical wedge and is much smaller and thus more 
easily transportable than the Dobson instrument. 
It should also be better suited to give reliable 
measurements under cloudy sky conditions. The 
new spectrometer is adapted to continuous, fully 
automatic, monitoring of total ozone. Interesting 
observations on rapid short time total ozone 
fluctuations have already been obtained but this 
instrumentation is still under development. 

Although the ground based network of total 
ozone stations has been growing until recently, it 
is still by no means adequate for synoptic 
representation of total ozone and monitoring of 
world wide or hemispheric ozone content of the 
atmosphere is still difficult. The solution to this 
problem will hopefully come from indirect 
satellite borne sensing, which has been success- 
fully tested on Nimbus 3 and 4. Measurements in 
the i.r. 9.6 p band (3) and of backscattered U.V. 

(b.u.v.) radiation (4) have been applied. Both 
methods cannot quite reach the accuracy of di- 
rect observations, but will nevertheless yield very 
important data especially, if ground based obser- 
vations are used for checking and calibration. 
Obviously the b.u.v. method cannot be applied 
during the polar night and meteorological condi- 
tions are such that i.r. measurements also be- 
come unreliable in the same regions. 

Variation of Total Ozone Content with Season and 
Latitude 

The strong dependence of total ozone on sea- 
son and latitude has been known since Dobson 
organized a small world network almost 50 years 
ago: a maximum in spring and in subpolar 
regions (where the peak-to-peak variation 
reaches almost 50% of the yearly average con- 
tent) and a minimum near the equator all year 
round (Fig. 1). The extension of the network 
since the IGY has shown considerable asym- 
metry between the hemispheres. The ozone 
maximum lies in the south about 10" closer to  the 
equator and the poleward decrease from there, 
which in the Northern hemisphere is almost nil, 
appears quite pronounced except a t  the turn 
from spring to summer. The seasonal increase in 
the Antarctic is delayed by 2-3 months com- 
pared to the north polar region; there is, however, 
no such phase difference in middle and lower 

1 2 1  2 3 4  5 6 7 8 9  1 0 1 1 1 2  
month 

FIG. 1. Total ozone content as a function of season 
and latitude (isopleths labeled in Dobson = cm 
ozone, normal temperature and pressure). Although the 
main features are presumably correct there is still some 
uncertainty on details with respect t o  the Southern 
hemisphere, because many series are t o o  short and the 
coverage is very poor between 50" and 60" S. 

latitudes. While the rise of total ozone during 
winter comprises the Northern hemisphere, al- 
most as a whole, this phenomenon, in the South 
does not extend over the polar circle. Only with 
the breakdown of the polar vortex in late spring, 
i.e. at a time when the poleward transport over 
lower latitudes has already ceased, does a strong 
ozone influx occur into the Antarctic. Also, with 
this delay the amplitude of the seasonal variation 
stays much smaller poleward of 55-60" than in 
the North, whereas there is not too much dif- 
ference in middle latitudes. 

Longitude Dependence 
Although the latitude dependence of ozone 

content is, together with its seasonal variation, 
undoubtedly the dominant feature, there is also 
an influence of geographic longitude (5) (Fig. 2) 
which obviously reflects the quasi-stationary 
features of the upper air flow which are imposed 
on the atmosphere by the sea-land distribution. 
The main upper air troughs over eastern 
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FIG. 2. Variation of total ozone content with longi- 
tude (annual mean). From London (5). 

America, along the east Asiatic coast, and to a 
lesser extent over eastern Europe correspond 
with equatorward extensions of the high latitude, 
high ozone values. This feature has its strongest 
development at the time of the ozone maximum 
in late winter and early spring. It has been 
claimed that it is connected with the earth's 
magnetic field ; however, this hypothesis does not 
explain the full complexity of the longitude 
dependence, and no suitable physical mechanism 
has been proposed to explain such a connection. 
There is, however, a very close relationship to the 
meteorological properties of the short time ozone 
fluctuations. 

Day-to-day Variations of Total Ozone 
In middle and high latitudes, in that part of the 

earth where the circulation is governed by 
moving pressure systems, i.e. by quasi-hori- 
zontal mass exchange between latitudes, a high 
variability of total ozone is observed (Table 1). 
Especially during the first half of the year, the 
variations of daily mean values within 1 month 
may exceed by far the seasonal variation (Fig. 3) 
and in extreme cases even the changes within 
1 day can be of that magnitude. Normally high 
values are observed in upper air troughs above a 
cold troposphere and low amounts in warm 
anticyclones and over a flow of subtropical air. 
Although this points, in view of the latitudinal 
gradient, to the importance of advection, the fact 

hour (16Lprtl 1962 ) 
7 8 9 10 1 1  I2 13 14 15 16 17 

"8 59 $0 61 62 63 6 4  65 66  67 68 69 7 0  71 
year af February mean 

-- -- 

rnanth 

1 
1 2 3 4 5 6 7 8 9 1 0 1 1  I 2 1  

dOY (Feb 1973) 

FIG. 3. Comparison between the seasonal variation 
(monthly mean values) (- ), the day-to-day changes 
within 1 month (February 1973), given by daily mean 
values (----), possible variation within 1 day (16 
April 1962, single readings) (- - - - -), and the differences 
between mean values of the same calendar month 
(February) from year-to-year (- -). 

TABLE 1. Monthly mean values and 
standard deviation of total ozone from 
45 years of observations at  Arosa, 
Switzerland (47"N) in Dobson cm 

normal temperature and pressure) 

Standard 
Values deviation 

I 
I1 
111 
IV 
v 
VI 
VII 
VIII 
I X  
X 
X I  
XI1 

that the differences between extremes are often 
much larger than differences in mean ozone 
content of the latitudes of origin proves the 
considerable contribution from the effect of 
vertical motion. 

Due to the described connection between 
weather situation and ozone content, big dif- 
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1935 year 40 45 50 55 60 65 1970 

FIG. 4. The variability of "trends" in ozone content with time and the dependence of the trend intensity on the 
length of the chosen trend period (the center date of the period is shown) computed from the observational series at 
Arosa. C wavelength data were used; after 1959 trends (5 year period) for AD data are shown for comparison. 

ferences between mean values for a given calendar 
month may occur from one year to the next. For 
February, where the variability is highest, these 
may be almost as large as the normal seasonal 
variation (Fig. 3). These deviations from normal 
are tied to circulation anomalies of regional 
extent and have a corresponding extension. 
Because of their occurrence a reasonably long 
series of observations is needed to  establish a 
reliable ozone climatology at a given station. 
Although on a hemispheric scale positive and 
negative deviations will normally largely balance 
each other, the existence of year-to-year dif- 
erences of the total hemispheric or even global 
ozone burden of the atmosphere is also indicated, 
apparently tied mainly to changes in the large 
scale stratospheric circulation from winter to 
winter. They will be discussed in the section 
Year-to-year Changes. 

Long Term Trends of Atmospheric Ozone Content 
All the "normal" variations in ozone distribu- 

tion discussed in the previous section must be 
kept in mind when statistical studies on possible 
"trends" in atmospheric ozone content are made. 
Such trends are presently of special interest in 
connection with the problem of an anthropogenic 
influence on the ozone layer. As shown by studies 
on the 45 year series of ozone observations at 
Arosa, Switzerland, the magnitude of observa- 
tional trends is rapidly decreasing with in- 
creasing length of the period for which the trend 
is computed (which has to be kept in mind if 
trends are compared) (Fig. 4). 

I t  is seen that considerably larger trends (of 
both signs) than observed during the sixties 

occurred around 1940. Whether this was a world 
wide feature as has been claimed for the sixties 
cannot be tested because of lack of data; rather, 
it is felt that it is regional, namely connected 
to the strong circulation anomaly over Europe 
during three successive winters. Undoubtedly on 
the basis of the present network a beginning 
influence of a supersonic transport fleet on the 
ozone layer could only be significantly proved 
after a relatively long period of years! 

Vertical Distribution 
Experimental Techniques 

Most of the experimental effort in ozone 
research during the past decade has gone into 
observations of the vertical distribution (which 
is obviously much more demanding than that of 
the total amount). After first attempts during the 
IGY, a number of regular observational pro- 
grams have been carried out since 1963; some of 
these are still continuing. 

While initially a rather broad spectrum of 
methods was used (direct and indirect ones), 
their number is now strongly reduced, namely to 
the Umkehr method as the only indirect pro- 
cedure applied from the earth's surface and to the 
use of some, only slightly differing, types of 
electrochemical instruments for direct soundings. 
To  obtain information on the upper part of the 
ozone layer (above about 10 mb) the satellite 
borne b.u.v. experiment (6) has been recently 
added and is promising for the future. None of 
the existing methods is perfect. Although in 
principle the electrochemical instruments are 
absolute, the most extensively used system, the 
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Brewer bubbler type, requires for a number of 
reasons simultaneously measured total amounts 
to which the results have to be adjusted by a 
single factor multiplication (7); a pump correc- 
tion also has to be applied at lower pressures; 
it amounts to 20% at 10 mb and is not very 
accurate. The carbon-iodine type, on the other 
hand, requires a correction in the troposphere. 
Nevertheless the instrument intercomparison at 
Hohenpeissenberg (7) showed that after applica- 
tion of the mentioned corrections the different 
types agreed within about 2% and, between 
instruments of the same type, the agreement is 
even better. The biggest relative uncertainty in 
climatological values obtained from sounding 
programs must be expected at the flight top in the 
middle stratosphere (i.e. around 10 mb and 
above) where errors may be of the order of 10%. 

Since 1965 all Umkehr measurements are 
evaluated centrally at the World Data Center in 
Toronto, Ontario, with the same objective 
procedure (8) : this ensures comparability al- 

5 0  

too  

2 0 0  

Ozone (pmb) 0 5 0  100 150 200  2 5 0  
-80"  -60"  -40"  -20" 0" 20' 40'C 

FIG. 5. Comparison between the vertical distribution 
obtained with a chemical ozone sonde (full line) and 
from simultaneous Umkehr observations (mean from 
morning and evening) over Switzerland: dotted line is the 
objectively derived block distribution which was then 
subjectively smoothed (dashed curve). (From ref. 9.) 
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though such data inversion is not necessarily 
unique. Most of the older data have been repro- 
cessed by the same program. Because the in- 
direct method is much cheaper than soundings, 
by far the largest world wide data set stems from 
it (about 75%). However, the vertical resolution 
obtained is poor because the information content 
of an Umkehr curve (Fig. 5) is limited ; even the 
main maximum, as comparison with simul- 
taneous direct soundings shows, is diminished by 
the inherent smoothing effect. Vertical distribu- 
tion derived from ~ m & h r  observations may also 
be affected by sky conditions and there is a 
definite good weather bias in such data. 

For these reasons most of our present con- 
ceptions of the three dimensional ozone distribu- 
tion and its variation in time is based o n  the less 
than 4000 soundings now available. Umkehr 
measurements are used to extend the distribu- 
tions so obtained (which reach to about 10 mb) 
upwards into the upper stratosphere. For this 
purpose they could in the near future be supple- 
mented by "Umkehr measurements from above," 
i.e. the world wide data from the b.u.v. satellite 
experiment. Ground based Umkehr would 
nevertheless not become obsolete. Careful 
Umkehr observations are important t o  detect 
long term ozone variations in the upper strato- 
sphere (as will be shown in a later section). 

Remarks on the Climatology of Vertical Ozone 
Distribution 

The variability of ozone distribution in space 
and time, especially in the lower stratosphere, is 
rather high; an enormously dense network 
(again in space and time) would thus be needed 
to make direct use of ozone as a tracer (its 
mixing ratio below about 25 km is a very con- 
servative property of a n  air parcel). Although 
such direct use is thus unrealistic (except maybe 
in some special experiments) ozone can (and 
must) nevertheless be used as a tracer i n  a more 
indirect way. From well-documented clima- 
tology, seasonal variation of vertical ozone 
distribution at different latitudes and longitudes 
of both hemispheres, including information on 
possible year-to-year differences, important in- 
ferences may be drawn on the properties of 
stratospheric circulation and especially on the 
interaction between photochemistry and  trans- 
port (which can be clearly seen at certain levels). 
The present data are by no means adequate for 
this purpose because only a few stations provide 
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FIG. 6. Mean vertical ozone distribution at different latitudes in spring (MarchIApril) (a) and fall (October/ 
November) (b). (From ref. 9.) 

an observational series which allows us to 
establish a really representative climatology. 

Preliminary studies on the Swiss observational 
series indicate that 1 sounding per week con- 
tinued over many years suffices to establish 
climatological mean values while a t  least 3 
soundings per week are needed if year-to-year 
variations are to be studied. 

Vertical Distribution at Dzrerent Latitudes 
By comparing the vertical distribution at 

different latitudes (Fig. 6) it is easily seen that the 
observed distribution of total ozone, and es- 
pecially its complete contrast to theoretical 
expectation (9), is produced by the strong pole- 
ward ozone increase in the lower stratosphere 
(at a level where photochemical relaxation times 
are so large that ozone redistribution by general 
circulation is the dominating factor). Above 
about 22 km, however, the meridional gradient is 
as predicted by theory (except in the inner Arctic 
in spring where circulation influences at still low 
sun apparently reach into the middle strato- 
sphere). Also it can be seen that the seasonal 
variation is in the first approximation produced 
by the changes in the lower stratosphere. 

The meridional cross section (Fig. 7) very 
clearly shows that the equatorial minimum in total 
ozone is mainly due to the high reaching tropical 
troposphere, which is still very poor in ozone at 
levels where the absolute maximum of the con- 
centration is measured in polar regions. The 
level of the ozone peak which shows a minimum 
over midlatitudes of the fall hemisphere slopes 
strongly downward from low to high latitudes. 
For this reason the mixing ratio cross section 
(Fig. 8) looks very different. Top  values are 

FIG. 7. Pole-to-pole cross section o f  vertical ozone 
distribution in MarchlApril. 
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9 0 1 ~ l " r  7 s  EOD 50- Gos 50. 20' los 0. 0 PO" D9 CCD 50' 60" 701 80° 90; 
1 ,  ~, 

500 

FIG. 8. Pole-to-pole cross section of ozone/air 
number mixing ratio for March/April. The upper part of 
this cross section is compiled from Umkehr data; there 
may be slight inconsistencies at the seam line. 

found in the tropical middle stratosphere around 
(or slightly above) the 30 km level while the 
absolute concentration maxima in polar regions 
occur at so much higher total pressure that the 
mixing ratio belonging to them is comparatively 
insignificant. In considering transport processes 
by mixing, it is important to note that in the 
lower stratosphere (up to  about 22 km) the 
mixing ratio isolines are sloping polewards, while 
above the horizontal gradient is reversed. It is 
interesting to note that the level of maximum 
mixing ratio ascends from low to high latitudes 
especially in fall; this agrees well with a 1 day 
cross section obtained from the satellite b.u.v. 
experiment. 

Model of the Ozone Budget 
Before the seasonal variation is discussed in 

more detail in the next sections, together with the 
implications on ozone transport which may be 
drawn from such data, a tentative general model 
of the ozone fluxes (Fig. 9) which, in their 
interaction with the photochemical processes, 
must explain the observations is given in the 
following. 

From the main source region, namely the 
tropical stratosphere, below the mixing ratio 
maximum, a flux of ozone is directed into the 
winter hemisphere; this flux also has a downward 
component. This leads to the observed increase 
of the total amount; part of this ozone is trans- 
ferred into the troposphere and destroyed 
(mainly) at the surface. The poleward flux ceases 
(after gradual decline) with the reversal of the 

Winter Summer 
hemisphere hemisphere 
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Slrotospher~c j / \ ~ ' " " '  Slrotospheric 
Werlerller 
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% .  . 

\, ,7 Region ' 

., .\ 
/' 

/--x,-, 
Tropopause 

__- -  

Ozone destrucl fon near ground 
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90' 60. 30' 0' 30' 60. 90. 

FIG. 9. Tentative model of ozone fluxes produced by 
the general circulation. (From ref. 13.) 

stratospheric circulation in spring. However, the 
loss towards the tropospherecontinues, as shown 
by the further increase of ozone in that layer, 
going along with an even enhanced destruction at 
the ground; thus total ozone now falls off. 

This general description does not say anything 
about the flux-producing mechanism. The easiest 
explanation would be a meridional cell and there 
is not much doubt any more that, especially at 
low latitudes, such processes give a major 
contribution. However, the single ascents in 
middle and high latitudes with their typical sand- 
wich structure (Fig. 10, curve b) which is especially 
found in winter, at the time of maximum fluxes, 
and in spring show that large scale (quasi-) 
horizontal mixing must also be important 
especially in the lower part of the stratosphere 
over midlatitudes; there is much less indication 
of this at low latitudes (Fig. 11). Also the 
mentioned transfer of ozone into the troposphere 
can be directly substantiated by soundings. 
Figure 12, curve b, shows it in the initial stage: a 
strong increase in ozone concentration below the 
conventional tropopause while the temperature 
regime is presumably already adapted to the 
lower layer by strong vertical divergence. 
Figure 12, curve a, pictures an intrusion which 
has already reached lower levels; such observa- 
tions are relatively rare because in the tropo- 
sphere sharp peaks are rapidly destroyed by 
strong vertical mixing. 

Seasonal Variation in Midlatitudes 
The time cross section in Fig. 13 gives a useful 

survey of the seasonal variation at different 
levels: the height variation with season by 2 to 
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Ozone (prnb) 0 5 0  100 150 2 0 0  250 

FIG. 10. Three types of vertical distributions over 
midlatitudes in winter and spring. (a) "Arctic" type, high 
single maximum at relatively low level. (b) Polar type, 
pronounced secondary maximum in the lower strato- 
sphere. (c) Subtropical type, weak secondary maximum, 
small ozone content in the lower stratosphere. 

3 km of the ozone maximum and the very rapid 
increase at that level in early winter and the 
downward propagation of this augmentation into 
the lower stratosphere and, with a larger delay, 
also into the troposphere are the most striking 
features; in addition we find a minimum con- 
centration at the top of the strongly mixed 
troposphere with an altitude variation going with 
that of the tropopause. 

Some of the details can be more easilv seen 
when the seasonal changes at  fixed levels are 
represented in Fig. 14. The transition between the 
late winter - spring maximum at lower levels and 
the summer peak in the middle stratosphere 
begins around 30 mb, i.e. close to the level where 
the latitudinal gradient changes sign. This means 
that at this height photochemical processes start 
to compete with the transport by the general 
circulation; at 10 mb photochemical influence 
dominates but there is still influence from ozone 
flux, as is shown by the clearly visible secondary 
maximum in January. In the upper stratosphere 
the seasonal maximum occurs around the 

3 0  

km 

2 5  

2 0  

15 

10 

5 

Ozone ( p b l  0 5 0  100 150 2 0 0  2 5 0  

FIG. 11 .  Typical single soundings a t  different lati- 
tudes. (a) The equatorial distribution (Canal Zone, 9" N) 
is relatively smooth; (b) The greatest variability with 
height is found over midlatitudes; (c) Arctic soundings 
may show this single peak low level maximum as well as 
pronounced secondary maxima. (From ref. 9.) 

equinoxes and is shifted further toward winter 
with increasing height; this is in agreement with 
the photochemical theory (temperature depen- 
dence of the ozone destroying reaction 0 + 0,). 

I n  the three year series at Boulder, Colorado, a t  
40" N (i.e. 7" further south) the secondary winter 
maximum is, however, absent at 10 mb (Fig. 15) 
and already weak at 15 mb. It is tempting to 
assume that this difference is due t o  the fact that 
in winter photochemical processes are consider- 
ably faster at the lower latitude (i.e. at higher 
sun); however, as the two data sets do not over- 
lap in time the influence of differences in strato- 
spheric circulation which existed between the two 
periods (occurence or absence of midwinter 
stratospheric warmings) cannot be completely 
ruled out as a reason for the contrasting behavior. 

The midwinter secondary maximum is also 
missing at 38" S a t  Aspendale where the observa- 
tion is fully in phase with photochemical expec- 
tations. At 52" N at  Berlin (Fig. 15) the winter 
increase at 10 mb is also observed but is only 
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DUTSCH: OZONE DISTRIBUTION IN THE ATMOSPHERE 1499 

FIG. 12. Transfer of ozone into the troposphere. (a) 
Tongue of stratospheric ozone reaching into the lower 
troposphere on the equatorward side of the jet stream. (b) 
Early stage of the intrusion near the center of a cut-off 
low. 

month 

FIG. 13. Time cross section of vertical ozone distribu- 
tion over Switzerland from 6 years of observations. (From 
ref. 14.) 

weakly separated from a further rise to a spring 
maximum which is also indicated by the still 
incomplete series at Oslo (60" N). I t  can be 
suggested that this spring maximum at higher 
latitudes is not photochemically produced but 
arises in connection with the Arctic final 
warming in the stratosphere; this would explain 
why this effect is strongest over T3 at 83' N. 
More complete and uniform series from high 
latitudes than presently available are urgently 
needed to answer these questions. 

In the lower part of the ozone layer (at and 
below the level of the maximum) the seasonal 
variation is clearly dominated by transport pro- 
cesses leading to the late winter - spring maxi- 
mum (Fig. 14b). Direct transport from the main 
source region, the tropical stratosphere, seems to 
produce the rapid growth of the ozone peak, 
whereby the stratospheric extension of the winter 
hemispheric Hadley cell apparently plays an 
important role. The ozone transport and thus the 
increase is obviously strongest around the solstice 
when the meridional cell has its maximum 
development. The increase in the lower strato- 
sphere seems to be produced by a different type 
of circulation; it is hardly due only to downward 
mixing from the maximum layer, although the 
strong upward increase of the mixing ratio could 
indicate this. The earlier start of the ozone rise at 
lower levels suggests that horizontal mixing from 
higher latitudes where concentrations are also 
higher at this time of the year at least contributes, 
whereby this mechanism becomes operative 
when the polar front disturbances intensify and 
extend further equatorward in fall. 

The sharpest increase in the lower stratosphere 
comes in late winter when maximum values have 
already been reached in the peak layer but when 
the concentrations at these low levels in polar 
regions have also become very high. The decline 
of high ozone values accumulated by the winter 
time transport process starts first at the level of 
the primary advection (30 to 40 mb) with the 
diminishing intensity of the Hadley cell while 
loss processes continue. The beginning of the 
strongest decrease is gradually delayed towards 
lower levels and comes latest just above the 
tropopause. This indicates the importance of 
downward transport by vertical mixing. 

One must, however, be careful with these 
arguments. Obviously the winter time transport 
has driven the ozone concentration far above the 
photochemical equilibrium level. With in- 
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MONTH 
8 3 1 0 1 1 1 2 1  2 3 4 5 6 7 8  

month 

FIG. 14. Variation of ozone concentration at different levels over Switzerland, 47" N The curves for 5.5, 2.8, and 
1.4 mb are from Umkehr observations; the values at the two top levels are multiplied by 2 and 4 respectively for better 
resolution. 

FIG. 15. Seasonal variation at lOmb at different 
latitudes. (a) Boulder, Colorado, 40" N, (b) Switzerland, 
47" N, (c) Berlin, 52" N, ( d )  Oslo, 60" N, (e)  T3, 83" N 
The latter two series are very short (1 year or less). 

creasing sun height the photochemical processes 
are accelerated and the question arises to what 
extent photochemical distribution of surplus 
ozone contributes to the observed loss, or down 
to what level such contribution is of any signi- 
ficance. In making conclusions about vertical 
transport this is of importance, especially with 
respect to the total transfer of ozone into the 
troposphere and its ultimate destruction at the 
ground, which are of main interest in the overall 
global ozone budget. 

The Longitude Efect  
Comparison between the seasonal variation 

over Switzerland (47"N) and over Sapporo, 
Japan (43" N) (Fig. 16), i.e. between a "normal" 
midlatitude station and one situated within the 
strong East-Asiatic upper air trough, shows that 
the "ridge" of total ozone connected with the 

trough is almost completely produced by much 
more pronounced accumulation of ozone in the 
lower stratosphere starting in early winter. Bed- 
ford in the vicinity of the East American trough 
shows intermediate values. 

Interhemispheric DifSerences 
As the total ozone regime differs considerably 

between the hemispheres it is of some interest to 
compare vertical distributions at the same lati- 
tude. The only Southern hemisphere station with 

0  
8 9 1 0 1 1 1 2 1  2 3 4 5 6 7 8  
month 

FIG. 16. Comparison of the seasonal variation at dif- 
ferent levels between soundings made a t  different longi- 
tudes (Switzerland, full line; Japan, dashed line). 
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month 

FIG. 17. Time cross section of the difference in ozone concentration between 38" N and 38" S (positive means 
higher values in the Northern hemisphere). At right: difference between yearly mean values (full line in nb, dashed line 
in 7%). 

a record long enough to establish a representative 
climatology is Aspendale at 38" S. For com- 
parison a weighted mean between Boulder, 
Colorado (40" N) and Albuquerque, New Mexico 
(35" N) is used. 

Obviously the main late winter maximum 
around the 40 mb level is more pronounced in the 
Northern hemisphere (Fig. 17), but its buildup 
starts later and it is also more rapidly destroyed 
(whether the latter statement is representative is, 
however, still questionable; the effect may be due 
to the weather pattern during the relatively short 
American observational series). In the Southern 
hemisphere there seems to be less of a delay 
between the increase in the peak layer and in the 
lower stratosphere. This may be because in the 
South the poleward ozone flux ends in mid- 
latitudes while in the North it continues in the 
inner Arctic and there is, as already mentioned, 
also some indication that at least part of the 
ozone flux into the lower stratosphere of mid- 
latitudes has taken this detour. Representative 
climatologies at higher midlatitudes are needed 
in both hemispheres in order to follow up this 
problem. 

Interestingly enough the largest difference 
(Fig. 17) between North and South (with higher 
values in the North) is found at 10 mb, i.e. at a 
level where at this latitude circulation influences 
seem to be minor and the distribution should be 

largely photochemically determined. The recent 
photochemistry could explain such differences by 
asymmetries in the distribution of other trace 
substances as NO,. I t  must be mentioned, how- 
ever, that the differences shown in Fig. 17 are 
hardly significant, considering the fact that the 
uncertainty of soundings is largest a t  this level. 
While there is not much difference in the ampli- 
tude of seasonal variation at stratospheric levels 
(with the exception possibly of the ozone peak 
layer) there is obviously much less variation in 
the Southern troposphere than in the North 
(while yearly means are very similar). Whether 
this indicates less transfer through the tropo- 
pause (10) has yet to be shown; such a theory 
would demand another explanation of the de- 
crease of ozone content from spring t o  summer 
than was put forward above (namely loss toward 
the troposphere). 

Seasonal Variation in Polar Regions 
It is most interesting to compare vertical 

distribution between hemispheres for polar 
regions because of the big differences in the 
seasonal variation of the total amount found at 
high latitudes. Although considerable effort has 
been made to obtain data from these regions the 
number of soundings is still rather limited and 
the set of data is quite inhomogeneous with 
respect to  instruments which were used as well as 
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FIG. 18. Comparison between vertical distribution at  T3 (83" N) and Amundsen-Scott (90" S). (a) FebruaryIMarch 
at T3 against August/September at  the South Pole. (b) May against November. 

the time of observations. In order to minimize 
effects possibly produced by these problems all 
observations poleward of 64" latitude for each 
hemisphere have been combined in the following 
discussion. 

The level of the ozone maximum lies con- 
siderably below 20 km all year round and is 
situated somewhat lower in the Southern hemi- 
sphere than in the North. The seasonal variation 
at  this level (and by this the attained maximum 
value) is considerably smaller in the South, 
where the phase difference already shown by the 
total amounts is very clear-cut. In the South the 
strong increase is delayed to late spring while in 
the North a first rise comes in early winter at  the 
time of strongest northward ozone flux from low 
latitudes, showing that in this hemisphere such 
flux extends into the inner Arctic. Another 
strong rise is indicated at the turn from winter to 
spring, which might be in connection with the 
final stratospheric warming which occurs earlier 
in the North. 

Also at higher levels a pronounced ozone in- 
crease is observed in the Arctic right at  the 
beginning of winter while in the South it is 
delayed to spring. In both hemispheres a rapid 
decrease from spring to summer indicates that 

up to  these levels; however, in view of the 
mentioned strong inhomogenity of the material 
which has strongest influence at the top, not too 
much emphasis should be put on this statement. 
The discussed differences in ozone regime be- 
tween Arctic and Antarctic are very drastically 
shown by comparing the vertical distribution 
obtained at T3 with that from the South Pole 
(Fig. 18). 

Inadequacy of the Available Ozone Climatology 
In summarizing we may say that we  possess, a t  

present, a reasonable conception of the three 
dimensional ozone distribution in the atmosphere 
and its variation in time; however, with few 
exceptions this knowledge is not accurate enough 
to allow us to draw definite conclusions about the 
ozone fluxes and thereby the flux producing 
mechanisms. What is still needed are  continuous 
and extended enough sounding series to derive 
representative climatological means at about 
every 10" of latitude (even denser in midlatitudes) 
in both hemispheres. At least in midlatitudes of 
the Northern hemisphere observations at  dif- 
ferent longitudes are urgently needed. 

Year-to-Year Changes 

this maximum, up to the middle stratosphere, is It  is shown that the considerable variationsof 
produced by transport even if it occurs as late as total ozone content from one year to the next, 
in the Antarctic. The mean values at  high levels related to large scale weather patterns, are 
seem much lower in the Antarctic; this is com- largely due to corresponding changes in the 
patible with a domination of circulation effects ozone concentration in the lower stratosphere 
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and thus have more regional significance. The 
6 year series over Switzerland, however, also 
shows (Fig. 19) a biennial variation at the level 
of the ozone maximum (between about 60 and 
30 mb) which is especially pronounced in the 
first half of the year and which is obviously 
independent of weather-related variations at 
lower levels. It is tempting to relate it to the 
quasi-biennial variation of the tropical strato- 
spheric circulation. There is actually the phase 
relationship to be expected: high values are 
found in those years when according to Reed's 
(11) theory the 26 months cycle leads to 
descending motion over the subtropics. The 
intensity of the stratospheric winter time Hadley 
cell would thus be increased or decreased in a 
biennial rhythm and with it the poleward ozone 
flux from low latitudes. This is in agreement with 
the idea that the poleward flux goes more or less 
directly into the layer of the ozone peak in mid- 
latitudes. A continuation of the observational 
series is, however, needed in order to further 
confirm such a relation. 

For the reasons given above single station 
observations of the total amount cannot be 
expected to show the biennial variation; how- 
ever, it should appear in hemispheric means. A 
study of the winter time ozone content of the 
regions north of 40" (12) showed first of all a 
clear-cut connection between total ozone content 
and stratospheric temperature within this area 
(positive temperature deviation going with high 
ozone) but it also yielded certain deviations from 
this correlation showing a biennial rhythm, indi- 
cating that the intensity of the ozone flux, 
although it is clearly dependent also on other 
circulation features (as f.i. midwinter sudden 
stratospheric warmings), is connected with the 
26 month cycle (Fig. 20). At present such studies 
are strongly hampered by the irregularity of total 
ozone observations in space and time and it is 
hoped that, in future, satellite monitoring of 
total ozone could provide a better basis for 
following the total ozone content of the atmo- 
sphere or of parts of it. 

Variations in the Upper Stratosphere 
The 15 year series of Umkehr observations at 

Arosa shows for the ozone concentration in the 
upper troposphere a variation which seems to be 
correlated with the sunspot number, whereby a 
certain time lag is indicated. The changes in 
ozone concentration were much stronger at the 
time of the very intense maximum during IGY 
than during that in the late sixties, which was 

9 1 0 1 1 1 2 1  2 3 4 5  6 7 8  

Monot 

FIG. 20. Influence of the biennial variation on total 
ozone content of the atmosphere north of 40" N: Mean 
ozone content at the time of easterlies a t  30 mb over 

'I 
1967 1968 1969 1970 !971 1972 Canton Island minus mean ozone content at the time of 

westerlies as a function of season (from 10 years of 
FIG. 19. Comparison between year-to-year variations observations). A significant difference is found in winter 

in different layers and of the total amount over Switzer- with about a 1 month delay against the time of strongest 
land 1967-1972. (From ref. 14.) poleward flux. (From ref. 12.) 
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much weaker than its predecessors. The correla- 
tion with this second maximum is, however, less 
well shown by the data obtained with a second 
instrument operated since 1967. Observations 
during another period are thus needed in order to 
confirm the reality of the correlation which could 
be produced by changes of U.V. radiation, by 
temperature variation, or also by alterations in 
the content of other trace substances. 

Surface Ozone 
Recently, sensors for continuously monitoring 

the ozone concentration at the surface have 
become available. As the ground is thought to be 
the main sink for stratosphere-borne ozone, it is 
hoped that the measurements of ozone at the 
surface could give additional useful information 
on the atmospheric ozone budget. This is, how- 
ever, only the case if it is possible to obtain from 
such continuous registration inference on the 
ozone concentration of the lower troposphere 
above the planetary boundary layer. Very careful 
selection of sites free from any pollution and 
from influences of inversions is needed. Moun- 
tain stations would seem especially useful but 
even there disturbances by local circulation 
effects are indicated. Careful comparison with 
available sounding series may lead to  useful 
concepts for finally evaluating destruction near 
the surface in connection with surface structure 

circulation mechanisms. First of all such an 
attempt is, at the present stage, hampered by the 
incompleteness of most sounding series, the 
factual absence of such observations at many 
latitudes, and last but not least the inhomogeneity 
of the sounding material which is available. But 
also on the basis of an improved material which 
it is hoped will become available in the not too 
distant future, qualitative reasoning as it was 
applied here can only be a first step, but a good 
starting point from which numerical models 
must be developed. The final goal is certainly the 
inclusion of ozone and its photochemistry in 
modelling experiments of the general circulation. 
Good observational series leading to a proven 
climatology of the world wide ozone distribution 
will then be an important tool for checking the 
consistency of such models (with respect t o  
dynamics and photochemistry) and for their 
further improvement. 
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Solar Ultraviolet Flux below 50 Kilometers 

M .  A C K E R M A N  
Itrs/i//t/ d'APt.u~lo/?ric? Sl)a/icclc, ( 1 ~  Bc,l,qicl/ip, B.  1180, Brii.s.se/.~, Brl,qicit,r 

Received August 2 2 ,  1973 

The available values of the solar flux lrom 1700 A to 4000 A are presented. The pene- 
tration of this radiation in the stratosphere is discussed and the role of scattering on direct 
and global radiation in the troposphere is emphasized. 

On prisente les valeurs disponibles du flux solaire de 1700 A i 4000 A. On discute de la 
pinitration de cette radiation dans la stratosphsre et on met en relief le rBle de la dif- 
fraction sur la radiation directe et globale au niveau de la  troposphtre. 

[Traduit par le journal] 
Can. J .  Chern.. 52, 1505 (1974) 

Introduction 
The solar ultraviolet radiation penetrating into 

the atmosphere below 50 km has various actions. 
It dissociates molecular oxygen in the 2000 A 
atmospheric window leading to the formation of 
ozone; it photodissociates minor constituents 
and has biological actions at ground level. The 
flux in the absence of absorption is a boundary 
condition of all the photochemical processes. Its 
stability as a function of time and solar condi- 
tions must also be known. Its penetration is 
controlled by various factors whose complexity 
increases with the atmospheric density. In the 
upper stratosphere the absorption is due to 
molecular processes related to the electronic 
spectra of oxygen and ozone. In the lower 
stratosphere and in the troposphere, Rayleigh 
scattering and interaction with aerosols also 
contribute to the filtering of the solar ultraviolet 
flux. 

These various aspects will be summarized here. 
The choice between different sets of values will be 
discussed with emphasis on the practical aspects 
leading to the definition of input data for 
photochemical evaluations. 

The Unabsorbed Flux 
The ultraviolet solar radiation of wavelengths 

larger than 1800 A is pertinent to the present 
subject. In the 2000 A atmospheric window the 
solar U.V. can be observed without too much 
attenuation from stratospheric balloon altitude 
(1). Balloon measurements (1) have shown a 
different intensity distribution versus wavelength 
than previously deduced values (2) shortward of 
2100 A. The flux increases by a factor of 7 from 

2000 to 2100 A. In addition, recent rocket 
flights (3) have yielded fluxes at 1700 8, in agree- 
ment with the lowest values obtained between 
1400 8, and 1900A (4). There should be an 
intensity change between 1950 A and 1900 A. 
Such a feature appears on high resolution rocket 
spectrograms obtained in 1957 (5). This feature 
is also supported by our balloon measurements 
below 1950 where, in spite of the low intensity 
and the already large absorption by oxygen, the 
data have been reduced taking into account the 
absorption in the Schumann-Runge bands (6). 
This latter spectral region is important for the 
photodissociation of nitric oxide in the F bands 
(7), as shown in Figs. 1 and 2, where the F bands 
of NO, the Schumann-Runge bands of O,, and 
the solar flux are simultaneously shown. Most 
of the dissociation of 0, of importance for the 
formation of O, takes place about 2000 A (10) 
in the atmospheric optical window. Recent 
rocket data obtained by Broadfoot (8) are in 
agreement at wavelengths larger than 2100 A 
with the data of Detwiler et al. (2)' even if these 
could have been based on underestimated carbon 
arc irradiance at short wavelengths (9). 

It has been suggested by Brewer and Wilson 
(1 1) that the values published by Detwiler et al. 
(2) should be multiplied from 1800 A t o  2400 A 
by 0.36. The mutual agreement shown in  Table 1 

lThe data obtained by Broadfoot (8) is in agreement 
with the Detwiler er al. data (2), as published by Brink- 
man, Barth, and Green (Jet Propulsion Laboratory Tech. 
Rep. 32-951,1966), not with the original report of the data 
(Table 1, ref. 2). There are substantial differences in the 
solar fluxes in the range h > 1700-2100 A a s  reported 
by Detwiler er al .  (2) and Brinkman et al. for  which no 
adequate reason has been given. 
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FIG. 1. Distribution of intensity of the NO lines in the 6(0-0) band and absorption cross section of 0 2  us. wave- 
number after Cieslik and Nicolet (7). The solar flux taken from McAllister (5) and adapted for a solar black body 
temperature of 4660 "K is also shown. The choice of the average value of the flux represented by the horizontal line 
would in this case lead to an overestimate of the photodissociation of NO of which the dissociation limit is at 52 400 
cm-'. 

FIG. 2. Distribution of intensity of the NO lines in the 6(1-0) band and absorption cross section of 0, us. wave- 
number after Cieslik and Nicolet (7). The solar flux taken from McAllister (5) and adapted for a solar black body 
temperature of 4580 OK is also shown. The choice of the average value represented by the horizontal line does not appear 
to introduce a large error in the photodissociation of NO even if an exact evaluation requires the use of the fine struc- 
ture of the solar flux. 
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ACKERMAN: SOLAR ULTRAVIOLET FLUX BELOW 50 KILOMETERS 

TABLE 1. Comparison between the most recent values of solar flux of interest to 
stratospheric ozone formation in the range of wavelength where they overlap 

Ratio between 
Wavelength Flux (8) x 10-l2 Flux (12) x 10-l2 values from 
interval (A) (hv cm-"s-l) (hv cm-" s-l) ref. 8 and ref. 12 

2105-2128 10.4 9.42 1.10 
2128-2150 11.2 10.6 1.05 
2150-2174 11.9 13.4 0.89 
2174-2198 15.0 13.2 1.14 
2198-2222 15.0 17.3 0.87 
2222-2247 20.6 18.0 1.14 
2247-2273 16.8 18.2 0.92 

between more recent values (8, 12) where they 
overlap implies that the proposed reduction can 
hardly be accepted. Brewer and Wilson, using the 
equivalent of a broad band filter, have made the 
assumption that the change of sensitivity with 
wavelength of their detector had no influence on 
their measurements. They have used an intensity 
distribution of the solar radiation without taking 
into account the 2085 A discontinuity and their 
ozone concentration above 30 km appears to be 
low. All these factors would have a tendency to 
bring their computed and observed integrated 
fluxes into better agreement. 

At wavelengths larger than 2700 A the ozone 
absorption decreases so much that the solar 
radiation reaches lower and lower altitudes in the 
stratosphere where the dissociation of ozone 
leads to significant (13) steady concentrations of 
excited oxygen atoms. These contribute to the 
transformation of molecules having their source 
at ground level, such as CH, and N,O, into 
other species that have, in turn, their source in 
the stratosphere itself. Between 2700 A and 
3500A determinations of the solar flux with 
relatively high spectral resolution have been 
performed (8, 14); the quality of these determina- 
tions has been discussed by Broadfoot (8). These 
values are in close agreement with the low 
resolution data published by Tousey (15) in 1963 
which are 10% higher on the average than those 
of Arvesen et al. (14). 

The solar U.V. flux has been measured over 
long periods of time from 1150 A to 3500 A by 
means of broad band detectors from Nimbus 3 
and 4 satellites. The data have been reported by 
Heath (16). It has been concluded that the varia- 
bility of the flux appears particularly for the 
radiation originating from the solar chromo- 
sphere, while it reaches the limits of detectability 

in the case of the photospheric flux. Some effect, 
of the order of a few percent, can be expected in 
the transition region below 2100 A relevant to 
the stratospheric photochemistry. It should affect 
the dissociation rate of 0, and of NO, for 
example. The magnitude of the possible resulting 
change in ozone us. time would be very small 
and most probably undetectable in the actual 
measurements. 

The Atmospheric Attenuation 
The attenuation of the solar u.v. in the 2000 A 

atmospheric optical window can be represented 
by the molecular absorptions due to 0, and 0, 
(12, 17). This has an  impact on the photo- 
dissociation of these latter constituents them- 
selves and also on minor constituents. The 
rapidly changing absorption cross section of 0, 
with wavelength and temperature in the Schu- 
mann-Runge bands is such that the photo- 
dissociation by the solar U.V. shortward of 
2000 A is specific to each set of aeronomic 
conditions, such as solar zenith angle, tempera- 
ture vertical profile, ozone vertical distribution, 
and absorption spectrum of the species whose 
photodissociation is considered. Typical condi- 
tions have been evaluated (18, 19,7,20) for H,O, 
NO, and HNO,. 

On the long wavelength side of the Hartley 
bands of ozone the attenuation of solar radiation 
in the stratosphere depends on ozone itself. The 
role of aerosols and air has to be added in the 
troposphere. As already pointed out by Larsen 
(21) the ozone effect can be separated from the 
other two since it mostly takes place well above 
the tropopause. Considerable work has been per- 
formed on scattering of solar radiation in the 
atmosphere with emphasis on polarization 
effects. Most of the considerations have been 
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given to the visible region of the spectrum and half of the radiation scattered is assumed to 
less work has been devoted to the ultraviolet with reach the surface. For this purpose an average 
special concern about the influence of scattering attenuation due to aerosols can be taken from 
on the operation of the Dobson spectrophotom- Elterman (22) and a scattering cross section for 
eter and on the topside ozone sounding from air can be used (23, 24). The various contribu- 
satellites. The solution of aeronomic problems of tions are shown in Fig. 3, where the resulting 
the troposphere requires the knowledge of the transmission for the radiation coming directly 
total number, by volume, of photons available from the sun and for the global radiation (sky 
for photochemical reactions. A theoretical evalu- added) are represented. The model is for a 
ation requires taking into account the trans- particular altitude, a zenith angle of 40°, and a 
parency of the atmosphere to evaluate the direct total ozone amount of 0.250 cm, since experi- 
solar radiation and integration of the radiation mental data are available for comparison. They 
scattered by the atmosphere over all directions. have been obtained by Bener at the observatory 
To evaluate the importance of this at ground of Davos. 
level a simple model can be constructed where The measured spectral distributions of global 

and sky U.V. fluxes received per unit area can be 

FIG. 3. Atmospheric optical transmission at an 
altitude of 1680 m, for a solar zenith angle of 40" and a 
total vertical ozone reduced thickness of 0.25 cm. The 
ozone contribution is represented by the line marked 
"ozone." The dot and dash line marked "aerosols" 
represents their contribution for an average amount (22), 
The transmission computed from the total air column and 
the scattering cross section (24) is represented by the line 
marked "direct," while an apparent transmission evalu- 
ated by assuming that one-half the scattered light reaches 
the ground is represented by the line marked "direct + 
diffuse." The curve "sun" indicates the resulting trans- 
mission for the direct solar radiation and can be compared 
to the values deduced from Bener's work (25) (e). The 
curve "sun + sky" shows the resulting transmission if the 
scattering component "direct + diffuse" is used and can 
be compared to the values deduced from Bener's work 
(25) (0). 

compared with the solar flux in absence of 
absorption (12) to  compute the transmission of 
direct radiation and the apparent transmission of 
global radiation. The results are represented by 
the points in Fig. 3. They indicate that a very 
crude model gives a satisfactory representation of 
reality. In the 3000 A region the flux received per 
unit surface from the sun is of the same order as 
the flux received from the sky so that computa- 
tions neglecting the latter underestimate the 
photochemical action by a factor of about 2. In 
addition, the ozone layer high in the strato- 
sphere is illuminated from below by the inte- 
grated scattered radiation coming from the 
troposphere. 

Conclusions 
Little attention has been paid to  the influence 

of scattered radiation on the actinic effects of 
solar U.V. Even if a full treatment of the subject 
implying complex radiation transfer mechanisms 
is not required these phenomena should be kept 
in mind. The accuracy reached now in the deter- 
mination of the absolute solar flux cannot be 
improved if the dimension of the efforts to 
measure it is not increased by a large factor. 
However, higher spectral resolution and higher 
accuracy of the measurements can still improve 
the actual situation. 
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Sampling of Stratospheric Trace Constituents 
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Received October 22. 1973 

The measurement of stable atmospheric trace constituents is often separated into two 
steps: ( a )  the collection of a representative sample and ( b )  the analysis of the trace 
constituents in the laboratory. The main advantage of this approach is that the most 
sensitive detection methods can be used. The main disadvantage is that only a relatively 
limited number of data points can be taken along one sampling profile. 

Basically two sampling techniques are used: ( a )  the collection of whole air samples 
or ( b )  the selective collection of one or more trace gases on a suitable trapping device. 
Whole air samples are taken either in the form of grab samples o r  by compression of 
air into pressure tanks or by condensing air in cryogenically cooled vessels. Stratospheric 
trace gases which have been measured by these methods include: CO,, CHI, CO, HnO, 
Ha, N20,  and the noble gases. Selective sampling is accomplished by passing air through 
molecular sieve beds, impregnated filters, or liquid nitrogen cooled traps. Trace gases 
retained and measured this way include COs, H 2 0 ,  N,O, HNOS. 

Whole air samplers have been flown on high-flying aircraft, balloons, and rockets. T h e  
maximum altitude to which this technique can be usefully extended is 80 km. Selective 
trace gas samplers have been operated aboard aircraft and on balloons up to  an  altitude 
of about 35  km. Examples of the resulting trace gas profiles will be reported. 

La  mesure des constituants stables contenus en traces dans l'atmosphbre est souvent 
divisCe en deux Ctapes: ( a )  le pr6lbvement d'un Cchantillon reprksentatif, ( b )  l'analyse 
des constituants en traces dans le laboratoire. Le principal avantage de cette approche 
est, que des mCthodes de dktection plus sensibles peuvent Btre utilisies. Le principal 
dCsavantage c'est que seulement un nombre relativement limit6 de points donnCs peuvent 
&tre retenus pour un Cchantillon en circluation. 

En principe deux technique d'Cchantillonnage sont utilisies: ( a )  le prClkvement 
d'Cchantillons d'air entier ou ( b )  le pr6lkvement sClectif d'un ou plusieurs gaz en traces 
sur un dispositif appropriC de captage. Les Cchantillons d'air entier sont pris soit en 
isolant tout simplement un volume definit d'air, soit par compression d'air dans des reser- 
voirs sous pression ou soit par condensation d'air dans des vases refroidis de manibre 
cryogbne. Les gaz contenus en traces dans la strastosphbre qui ont  CtC mesu1.6~ par ces 
mtthodes comprennent: CO?, C H I ,  CO, HI.O Hn, NaO et les gaz rares. Un Cchantillonnage 
silectif est rCalisC en faisant passer de l'air i travers une couche de tamis molCculaire, de 
filtres imprCgnCs, ou de pikges refroidis au moyen d'azote liquide. Les gaz en traces tels 
COa, HaO, NaO, HNO,, ont 6tt retenus et mesurCs de cette f a ~ o n .  

Les Cchantillonneurs d'air entier ont CtC fixCs sur des avions, des ballons et des fus6es 
volant A haute altitude. La hauteur maximum B laquelle cette technique peut &tre 
utilisCe de f a ~ o n  rentable est de 80 km. Certains Cchantillonneurs de gaz en traces ont 
CtC utilisks A bord d'une avion et sur des ballons au dessus d'une altitude d'environ 
35  km. Des exemples seront rapportis sur les profils qui rCsultent de 1'Ctude de ces gaz. 

[Traduit par le journal] 

Introduction 
A number of techniques have been devised to 

study atmospheric composition. One of the 
oldest is the direct sampling of air or selected 
atmospheric constituents. This method separates 
the determination into two steps: (a) the collec- 
tion of a representative sample and (b) the 

'The National Center for Atmospheric Research is 
sponsored by the National Science Foundation. 

analysis of the constituents in the laboratory. 
Sometimes analyses is also performed aboard the 
sampling platform. Most of the major atmo- 
spheric constituents have been measured in this 
manner but the method also is successful in 
measuring trace gases. The main advantage of 
this approach is that the collection devices used 
in the field can be kept simple and rugged and 
that the most sensitive laboratory detection 
methods can be utilized. The disadvantages are 
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that only a relatively limited set of data points 
can be taken along a given sampling mission, 
that its application is limited to those trace gases 
which are sufficiently stable to resist reaction 
during collection and storage, and that it is more 
sensitive to contamination than the remote tech- 
niques. 

Of the many variants of this method most are 
of historical interest only, and I will limit this 
review to those which have yielded useful in- 
formation on the trace gas distribution in the 
stratosphere. The collection techniques employed 
can be classified into two basic groups: (a) the 
collection of whole air samples and (b) the 
selective collection of one or more trace gases on 
a suitable trapping device. In the following sec- 
tions, each collection technique is described 
briefly, its problems with respect to sample 
integrity (i.e., fractionation and contamination) 
are identified, and the results obtained are shown. 

Whole Air Sampling 
As the term indicates, whole air sampling 

involves taking an air sample into a suitable 
container (ideally without fractionation of its 
constituents). This can be accomplished in 
several ways, the simplest being to expose a 
previously evacuated container to ambient air, 
and after pressure equilibration, to close it. In 
this way we obtain a so-called "grab sample" for 
which the sample pressure is that of ambient air 
at sampling altitude. 

The Grab Sample 
Because of its simplicity grab sampling can be 

carried out on any vehicle, aircraft, balloon, or 
rocket and the method has been used widely. For 
example, the atmospheric distribution of the 
noble gases was initially determined in this 
manner. In this case the only problem with 
sample integrity is that of fractionation due to 
mass discrimination during sample inhalation 
(cf. ref. 1). For other trace gases greater precau- 
tions are required to insure sample integrity. 
Reaction on the vessel walls have to be con- 
sidered for the more reactive species and for this 
reason grab sampling so far has been limited to 
the measurement of the more stable trace gases 
like CH,, CO, CO,, N,O, and Hz. But even for 
those the concentration might be altered by 
contamination. Contamination which is a prob- 
lem in all sampling techniques can be caused by 
external and internal sources. External con- 

tamination is that released by the sampling 
vehicle due to outgassing of the skin and 
emissions from engine or other components. 
This problem can usually be eliminated by 
proper location of the air sample intake. Internal 
contamination is that due to the outgassing of 
the surfaces in contact with the sample during its 
collection, storage, and measurement. The latter 
presents a serious problem for some gases. For 
example, stainless steel which is widely used in 
the construction of sample containers releases 
H,O, H,, CO, CO,, and CH, in significant 
amounts. Fortunately, electropolishing of the 
stainless steel surfaces and subsequent bake out 
at 400 "C serves to reduce outgassing rates for 
those gases by several orders of magnitude (2), 
and makes it possible to use stainless steel 
containers in stratospheric grab sampling (3). As 
an example I would like to discuss our measure- 
ments of molecular H, and CH, in the strato- 
sphere. To obtain vertical profiles, eight evacu- 
ated stainless steel cans of 4 1 volume were 
carried by balloon to an altitude of 30 km and 
opened at different altitudes during descent. The 
balloon sampling train is show11 in Fig. 1. The 
payload is suspended about 150 m below the 
balloon to prevent Hz, which is present in the He 
used for balloon inflation to about 0.1%, from 
reaching the intake. To  reduce contamination 
from the gondola itself, the sample intake is 
located about 6 m below and the inlet line is 
flushed about 20 times prior to sampling using a 
liquid N, cooled adsorption pump. (Most of the 
contamination from the gondola came from the 
battery pack which releases H,, especially under 
load. It was therefore enclosed in a vacuum tight 
container.) As an additional precaution sampling 
was done during descent only. This virtually 
eliminated any external contamination (4). How- 
ever, there were still internal sources of  contami- 
nation. The amount of contamination was 
determined by simulating the sampling and 
measurement sequence with blank samples con- 
sisting of H, and CH,-free N, and with samples 
of known composition. This was done in an 
environmental chamber simulating actual flight 
conditions (4). Such an evaluation of  the con- 
tributions of the sampling system to  the mea- 
sured signal is an indispensable part of the 
calibration procedure for all sampling tech- 
niques. 

The results for the balloon flights are sum- 
marized in Fig. 2. The balloons were launched 
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qck==-VALVE PACKAGE 

WINZEN 7 mil 1.5 x lo6 f t 3  

TERMINATE FITTING 

46' PARACHUTE 

CHUTE IMPACT NCAR TERMINATE PACKAGE 
SEPARATOR 

tk 2-5/32"x 14"x450' CABLE L A D D E R  

TRUCK FITTING 

4-1/8" C A B L E S  

INLET L 

-SCIENTIFIC GONDOLA 

2IKI 

+ 
FIG. 1. Balloon sampling train. Note that the gondola 

is suspended about 150 m below the balloon and the 
intake is extended 6 m below the gondola. 

from Palestine, Texas, at about 32" N. The CH, 
profiles, upper row, also include the data of 
Bainbridge and Heidt (5) after a small correction 
applied because their value for the CH, standard 
was somewhat high. In all cases the air samples 
collected below the tropopause have the same 
CH, mixing ratio as air samples obtained by 
aircraft flights in the upper troposphere over 
Texas. The data also agree well with the average 
tropospheric profile obtained over Scottsbluff, 
Nebraska, in 1966 which gave an average CH, 
mixing ratio of 1.32 p.p.m. The stratospheric 
portion of the CH, profiles shows a decrease in 
the mixing ratio us. altitude starting at the 
tropopause. It appears that the gradient for the 
CH, mixing ratio is somewhat steeper directly 

above the tropopause and becomes weaker above 
20 km. The standard error for the CH, strato- 
spheric mixing ratio data is $- 5%. 

The corresponding Hz profiles are plotted in 
the lower row. Both the directly measured H, 
concentrations and the Hz concentrations cor- 
rected for contamination are shown in order to 
indicate the magnitude of the corrections. The 
corrections are largest, approximately -1.3 
p.p.m. for the highest altitudes, and decrease 
inversely with atmospheric density for the lower 
altitudes. The errors due to these corrections are 
indicated by the bars and they also decrease with 
altitude. Prior to the flight on 6 June 1972, the H z  
releasing parts had been identified and removed; 
thus the corrections are much smaller, approxi- 
mately - 0.16 p.p.m. at the maximum altitude. 
These measurements have a standard error of 
+ 5%. Again the results for the balloon samples - 
collected below the tropopause agreed well with 
those for aircraft profiles over eastern Texas and 
with that of the average Scottsbluff profile in 
1966 with an average H, mixing ratio of 0.49 
p.p.m. The mixing ratio of H, appears to in- 
crease with altitude in the lower stratosphere. 
It  reaches a maximum at about 25-27 km and 
decreases above. This also was true for the 
profile of 6 June 1972 which provides the most 
reliable set of data. For the latter, however, the 
Hz maximum is much less pronounced, reaching 
only 0.75 p.p.m. compared to 1.4 p.p.m. and 
1.3 p.p.m. in the previous two profiles. This 
could indicate that the Hz contamination in the 
previous flights has been underestimated. To the 
best of our knowledge this was not the case. 
Furthermore the CH, profile on the same date 
also has an unusual shape, showing an increase 
between 25 and 29 km rather than the usual 
decrease. Both the low Hz maximum and the 
unusual CH, profile may be related to the very 
high tropopause of 18 km reported by the 
Palestine, Texas, balloon station for that day. In 
any case, all the H, profiles show an increase with 
altitude in the lower stratosphere, a maximum a t  
-27 km and a decrease above. 

The altitude range for grab sampling is 
limited. Because the sample pressure is that of 
ambient air, sample size decreases with altitude 
and the sensitivity of detection correspondingly 
decreases. On the other hand, internal contami- 
nation is practically independent of sample 
pressure and thus of altitude. Eventually the 
contribution of contamination to the signal be- 
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3 0  I 

3-15-65 7 -26-65  7-12-67 

2 0  - 

10 - - Scottsbluff Scottsbluff 

5, Profi le Prof i le  - 
0 --I I I I 

k 
I 3 0 -  " 2  

-- 

2 
W 
I 

2 0  - 

---- I - 

Tropopause I I 

lo T 
__ I -- I - 

Average Average 
4 

+ Scottsbluff Scottsbluff 
6 - 2 8 - 6 7  Profi le Prof i le  

0 I l l  I I I I I I 

0 0.5 1 1.5 0.5 1 1 5  0.5 1 1.5 0 5  1 1 5  0 .5  1 1.5 

VOLUME MIXING RATIO ( W M )  

FIG. 2. Tropospheric and stratospheric profiles of molecular H 2  and CH, over eastern Texas, -32" N. Crosses 
represent samples from aircraft flights collected on the lower dates; dots represent samples from balloon flights 
collected on the upper dates; triangles represent H 2  mixing ratios corrected for contamination; dashed lines connect 
them to the measured values; bars show errors for H2  (no bars indicate an error <5%). The two earliest CH, profiles 
are those of Bainbridge and Heidt (5). The other CH, data are from Ehhalt and Heidt (4). 

comes so large that the trace gas measurements 
are unreliable. Increasing the volume of the 
sample containers provides only a limited remedy 
because then surface area and total amount of 
contamination increase also. Finally there are 
trace gases like CO or N 2 0  which are present at 
lower concentration and thus more difficult to 
measure, thus requiring larger air samples. For 
all these reasons a number of attempts have been 
made to use some kind of compression to 
increase sample size. 

Compressed Samples 
One way of increasing the sample pressure is 

to use a compressor. Because of power require- 
ments, this technique is limited to aircraft as the 
sampling platform. Other drawbacks include the 
danger of contamination, especially from lubri- 
cants used in the compressors, as well as the 
possibility of sample modification as the result of 
heating during compression. However, it is 
possible to use compressor systems of aircraft for 
sampling purposes. Junge and co-workers are 
running a program to obtain H,, CO, and N,O 
measurements aboard Boeing 707 commercial 
airliners and other aircraft (6-8). These investi- 

gators do not collect whole air samples for 
laboratory analysis but analyze the Hz and CO 
concentration aboard the aircraft. N 2 0  is 
collected on a molecular sieve, a technique 
described below. In any case their success shows 
that the compression systems of these aircraft 
can be used for grab sampling. Seiler and 
Warneck's (8) results indicate a sharp decrease in 
the CO concentration above the tropopause, 
from a troposphericvalue of 0.16 p.p.m. down to 
0.04 p.p.m. at about 1 km above the tropopause. 
At higher altitudes the CO concentration re- 
mained constant up to about 3 km above the 
tropopause, their maximum level of measure- 
ment. The H, concentration changed very little 
across the tropopause in good agreement with 
our data. 

Cryogenic Samples 
Another way to increase the size of the whole 

air sample is condensation of air in liquid Ne, H,, 
or He cooled samplers. This collection technique 
has some definite advantages: the compression 
ratio can be very large. Thus a large air sample is 
contained in a small volume of small surface 
area. The problems of sample modification and 
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contamination are minimized. In fact, most gas 
reaction rates are slowed down considerably at 
the low temperatures so that a number of the 
more reactive constituents are preserved, at least 
as long as the air sample is kept cold. Finally the 
sampler requires very little power and can be 
carried on a variety of sample platforms. 

Several types of cryogenic samplers have been 
developed in the past and some of them have 
been flown (see ref. 9). But only two experiments, 
both flown on rockets, have returned useful data 
or show promise of returning useful data. I will 
first briefly describe the design and operation of 
a cryogenic rocket sampler, the ENCAR 
samplers, developed and flown by Martell and 
his associates (10). 

The cryogenic rocket sampler is a device 
designed to collect a large uncontaminated 
sample, of a few hundred liters at standard 
temperature and pressure (STP), of high altitude 
air for subsequent analyses of trace gases and 
radioactive fallout aerosol particles in the 
laboratory. Essentially, it is a large cryopump 
cooled with liquid Ne, which freezes out all of the 
atmospheric gases except H,, He, and Ne. The 
basic design is shown in Fig. 3. The sampler is 
carried aloft by an Aerobee rocket. Sampling 
intervals can be chosen between 40 and 80 km 
altitude. Air sampling is initiated by ejecting the 
split nose cone and pulling off the inlet cap at the 
threshold sampling altitude. The sampler is 
closed about 10 s later by rotating the "ball" 
closure valve clockwise and compressing the 
rounded surface into an O-ring sealed seat. 
Because radioactive fallout aerosol concentra- 
tions were too low, application of the sampler 
has been concentrated on the analysis of trace 
gases. 

The cryogenic sampler has some additional 
problems. Partly because of the initial require- 
ment that the air sample be collected quantita- 
tively, it was decided to sample during rocket 
ascent while the rocket is spin stabilized in a well- 
defined upright position. At that time the rocket 
is travelling at about 4 Mach which has a 
number of consequences on sampler design and 
operation. 

(a) A shock wave develops during sampling 
which heats the inhaled air to 1300 OK for about 
10 ms. (The location of the shock wave is above 
the first coil but below the closure valve.) As a 
consequence the more reactive gases may 
experience changes in their concentration due to 
enhanced reaction rates. 

:, : 
I i ,, 

I 

,i ii /SPLIT NOSE CONE 
1 ,  

CLOSURE VALVE 

CONDENSER COILS 

LIQUID HYDROGEN 

FINS 

I + -  _ _ I  
p_ .-.- (~_ .  . 

~~(KREFR~GERAN,  ,z?zL-rj VENTS 
i I- 

FIG. 3. Schematic drawing of "ENCAR" sampler 
flown on 4 September 1968 (ENCAR-ENclosed 
Cryocondenser for Air Recovery; cf. Denton (9)). 

(b) To accommodate the large heat load 
(- 100 1 of air STP have to be cooled from 
1300 OK to 30 OK in 10 s) a large heat exchange 
surface area is required: about 10 m2. Such a 
large surface is difficult to free from contami- 
nants, especially from H,O. 

(c) The sampler has to be opened and closed 
very quickly, resulting in the particular opening 
and closing procedure mentioned above. As a 
consequerce the poorly baked out exterior of the 
closure valve is open to the condenser part for an 
extended period prior to launch and results in 
some contamination of the sampler with H,O. 

Although most of the contamination problems 
can be corrected, these corrections require 
extensive auxiliary measurements; sampler prep- 
aration, bake out sample collection, and 
recovery procedures have to be simulated in the 
laboratory by running blank samples. 

The data obtained on the rocket flight of 
4 September 1968 are summarized in Table 1. 
The sampling altitude interval was between 
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I I I 
A Rocket Flight 

White Sands, N . M .  
Sept. 1968 

Average Over 4 Balloon .. Average Over 3 Balloon 
\ 
\ Flights 

Palestine, Texas \ 
\ 

'I 
\ 
\ 
\ 
\ 
\ 

\ 
\ 
\ 
\ 

Average Tropopause 

I 
I 
I 

Average Scottsbluff Profile 
9 6 6  1 Scottsbluff Profile 

VOLUME M I X I N G  RATIO (PPM.) 

I FIG. 4. Stratospheric H z  and CH, profiles averaged over the individual profiles in Fig. 2 are compared with the 1 results from the ENCAR rocket Right. Bars indicate mean standard deviation due to scatter in individual profiles. 
Dashed H, profile is from a model calculation by Hesstvedt (21). Heavy lines connect measured values. Thin lines 

! represent curves adopted as average. 
I 

TABLE 1. Average trace gas concentration between 44 
and 62 km altitude. Air sample was obtained on 

4 September 1968 by a cryogenic sampler 
carried on an Aerobee rocket 

1 Volume mixing 
1 Trace gas 
I ratio (p.p.m.) Reference 

H t  0.40 + 0.05 19 

co2 308 3 20 

N20  0.00 + 0.005 Unpublished 
'Measurement only allows setting o f  upper and lowerllmlts. 

44 km and 62 km. Thus the mean sampling 

I 
altitude was - 50 km. Except for H 2 0  for which 
the contamination was large and only limits on 

I the concentration can be given, the measured 
concentrations are rather accurate. In particular, 
estimates show that the brief heating in the shock 
wave does not alter the concentrations appre- 
ciably and the collected sample is indeed repre- 
sentative. At most 2.5% of the H, (4), 1.5% of the 
CH, ( l l ) ,  and less than that for N,O could be 

/ oxidized in the shock wave. None of these gases 

1 

should be produced. The H, and CH, measure- 
ment can be compared to the balloon profiles 
shown earlier. In Fig. 4, the data give the average 
for the four balloon flights in June and July. We 
see that the rocket results agree well with the 
relatively slow, linear decrease of CH, in the 
lower and middle stratosphere. For H2, the com- 
bined measurements show an increase in the 
mixing ratio from 0.5 p.p.m. at the tropopause to 
0.8 p.p.m. at 28 km with a decrease a t  higher 
altitudes. The latter decrease is not well defined, 
because data between 30 and 50 km altitude are 
lacking. In  fact a very recent balloon experiment 
indi.cates that the increase continues t o  some- 
what higher altitudes. In  Fig. 4 the data points 
between 30 and 50 k m  are connected with a 
straight line. 

Another successful rocket flight was made on 
May 23, 1973. The air sample is in the process of 
analysis and the results will be published soon. 

A different type of rocket-borne liquid Ne 
cooled cryogenic air sampler has been developed 
by BallardS2 This is a much smaller unit, de- 

21nformation acquired by private communication with 
H. N. Ballard, Atmospheric Science Laboratory, 
USAECOM, White Sar~ds Missile Range, N.M. in 1973. 
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signed to collect only 1 1 STP of ambient air, and 
carried on a small Arcas rocket. The design is 
simple. The heat exchanger which serves also as 
the liquid Ne reservoir is held inside an evacu- 
ated, thermally insulated vessel. A single 
sampling valve is opened and closed below 60 km 
during descent on a parachute. A small sampler 
has some advantages: it is flown on a much 
cheaper rocket and its construction is cheaper. 
Since air sampling is accomplished during 
descent the problems associated with shock 
waves are eliminated. The sample is large 
enough to allow all of the trace gas measure- 
ments done on the ENCAR sample, but because 
of the small sample size, isotopic analysis cannot 
be performed. Thus, in principle, the method is 
promising. However, the samples obtained have 
only been analyzed for CO, and so far give 
excessively high concentrations: 450 p.p.m.v. and 
higher., Obviously with the present sampler 
design fractionation must take place, possibly 
due to insufficient cooling capacity. 

This concludes the list of whole air samplers 
used in the past. I might mention in passing that 
we have recently installed a cryosampler on a 
balloon, replacing the grab sample bottles with 
liquid Ne cooled pressure cylinders of stainless 
steel. A first, successful flight was made in 
September 1973, for which the data are not yet 
available. We plan to measure vertical profiles of 
N,O, CO, and CO, in addition to profiles of H, 
and CH,. 

Selective Sampling 
There are trace substances of interest for 

which even compression cannot provide a 
sufficiently large sample for analysis and one 
must resort to methods which provide an enrich- 
ment of the substance of interest during the 
course of sampling, i.e. selective sampling. A 
well-known example is the filtration of aerosols, 
in which only the particles are deposited and 
retained on the filter and the air is pumped away. 
Large volumes of air can be processed in this 
manner and the "enrichment" can be substantial. 
Selective sampling has been applied for trace 
gases, mainly for isotopic measurements which 
require large amounts of a given trace substance, 

31nformation acquired by private communication with 
M. N. Ballard, Atmospheric Science Laboratory, 
USAECOM, White Sands Missile Range, N.M. in 1973. 

but a few measurements of stratospheric trace 
gas concentrations using enrichment techniques 
do exist. 

Enrichment by Freeze Out 
When air is passed through a liquid N, cooled 

cold trap a number of trace gases are frozen out 
essentially quantitatively at their partial pres- 
sures in the atmosphere, including CO,, H,O, 
N,O, NO,, HNO,, SO,, H,S, NH,, and higher 
organic molecules. Enrichment factors of the 
order of 1000 can easily be obtained for these 
gases (such cold traps typically have a volume of 
1 1 and allow flow rates of about 100 l/min; thus 
in a 10 min period 1000 1 of air can be processed). 
An enrichment factor of 1000 brings many of the 
above gases into a concentration range which 
allows their measurement. The method is most 
easily used on an aircraft where the ram pressure 
provides for the air flow. We have flown such 
traps aboard the NCAR Sabreliner up to 13 km 
altitude to collect H,O and CO, for isotopic 
analysis. As it turned out, the concentration 
measurement of N 2 0  is readily obtained as a by- 
product of these measurements. N,O follows 
CO, quantitatively during gas separation in the 
laboratory and the N,O/CO, ratio can be deter- 
mined in the mass spectrometer along with the 
measurement of 13C/12C and '0/160 isotope 
ratios. Thus we have obtained a number of N,O 
profiles in the upper troposphere and lower 
stratosphere; an example is shown in Fig. 5. In 
the upper troposphere the N,O concentration 
varies around 0.24 p.p.m., in good agreement 
with the tropospheric measurements of Schiitz 
et al. (7). 

Enrichment on MoIecular Sieves 
Many trace gases are adsorbed on molecular 

sieves with reasonable retention volumes. Thus 
air passed through a sieve bed will be stripped of 
such trace gases as CO,, H,O, N,O, SO,, NO, 
and NO,. These gases will be quantitatively re- 
tained until so much is accumulated on the sieve 
that breakthrough occurs. Proper dimensioning 
of the sieve bed allows collection of quite large 
samples at high flow rates without breakthrough. 

The trace gases are extracted in the laboratory 
by passing carrier gas through the heated sieve 
bed. Another technique involves the displace- 
ment of the trace gases by adding a gas which is 
preferentially adsorbed, such as  H20, to the 
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Balloon Fl~qhls, 1967. 1968 
Over N Gerrnony 

A A~rcralt  F l~qh l  14 Nov 1972 
Over Scoltsbluff, Nebraska 

010 0 15 0 20 0 25 0 30 

N20 VOLUME MIXING RATIO (pprn) 

FIG. 5. Vertical profile of NzO volume mixing ratio. 
The tropopause on all flights was near 11 km. The balloon 
data are from Schiitz et  al. (7). The aircraft data are our 
own unpublished results. 

carrier gas stream. In this way excessive heating 
and destruction of trace gases can be avoided. 
The use of sieve beds for the collection of CO, 
aboard balloons for 14C analysis has been 
described in detail by Ashenfelter et al. (12). The 
authors point out that their sampling device 
should also be useful for measuring SO,, NO,, 
water vapor, and hydrocarbons in the strato- 
sphere up to 37 km. The method can also be used 
on aircraft. 

So far the only work with molecular sieves has 
been carried out by Junge and co-workers on 
l V 2 0  in the stratosphere. To adsorb N,O, air was 
pumped through a tube filled with 5A molecular 
sieve after CO, and H,O had been taken out by 
first passing the air through tubes filled with 
sodium hydroxide, asbestos, and P205.  Suction 
was provided using an evacuated 87 1 sphere 
carried aboard the balloon (7). For analysis, the 
N 2 0  tube is heated to 300 OC and the N,O is 
pumped into a gas chromatograph. The results of 
these measurements also are shown in Fig. 5. The 
results show a marked decrease of the IV,O 
concentration in the lower stratosphere. This 
feature has been confirmed recently by Murcray 

et using a balloon-borne infrared spectrom- 
eter. 

Selective Sampling on Filters 
In studies of the stratospheric sulfate aerosol 

Lazrus et al. (1 3) sometimes observed nitrate ion 
present in higher concentrations than sulfate ion. 
Only cellulose filter showed such results. Poly- 
styrene filters always showed zero or very low 
NO,- concentrations. This excluded the possi- 
bility that the NO,- ion was associated with 
aerosols but indicated the presence of gaseous 
NO,-. Subsequent laboratory experiments con- 
firmed that HNO, is adsorbed on cellulose but 
not on polystyrene filters. At that time, of 
course, Murcray et al. (14) had discovered the 
presence of HNO, in the upper atmosphere, 
which made the finding of Lazrus et al. (13) 
quite plausible. In fact the NO, measurements, 
although not yet calibrated absolutely, agree 
fairly well with Murcray's data. Most of the 
Lazrus et al. data have been collected aboard 
RB 57F aircraft and provide a good latitudinal 
profile around 20 km altitude. Some NO,- data 
have been obtained on balloons and these allow 
the construction of a vertical profile, shown in 
Fig. 6. It indicates a steep increase in the HNO, 
volume mixing ratio between 0.6 p.p.b. at  18 km 
and 5 p.p.b. at 20 km. Both the position of this 
increase, as well as the concentration, agree well 
with the more detailed profiles published by 
Murcray et 

It is conceivable that filter sampling which 
allows processing of very large air volumes can 
be used to collect other trace gases as  well by 
impregnating filters with suitable reactants. Such 
techniques have been successfully used in tropo- 
spheric sampling. Natusch et al. (15) developed 
an AgNO, impregnated filter which allows col- 
lection of H,S and measurement down to con- 
centrations as low as 5 p.p.t. (5 x lo-''). Forrest 
and Newman (16) collected SO, on Whatrnan 
541 filters impregnated with a solution of KOH, 
and triethanolamine. Moore (17) adapted this 
method to NO, collection on filters (cf. also 
Levaggi et al. (18)) and also developed a tech- 
nique to collect NH, on filters. So far these 

4D. G. Murcray, A. Goldman, F. H. Murcray, W. J. 
Williams, J. N. Brooks, and D. B. Barker. Vertical dis- 
tribution of minor atmospheric constituents as derived 
from airborne measurements of atmospheric emission and 
absorption infrared spectra. Preprint. 
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0 I I -I 
2 3 4 5 

HNO, VOLUME MIXING RATIO (ppbl 

FIG. 6. Vertical profi!e of the HNO, volume mixing 
ratio obtained by NO, collections on  cellulose filters. 
Data are from Lazrus et a/. (13). Numbers indicate the 
number of samples included in the average. The samples 
were collected north of 30" N in different seasons and 
years. 

techniques have only been used near the earth's 
surface. In fact they require an appreciable 
relative humidity (>20%) and not too low a 
temperature to operate at full efficiency. Thus the 
filter technique will require modification and 
testing before it can be applied to stratospheric 
sampling. 

Conclusion 
This completes the list of air sampling tech- 

niques which have provided information on 
stratospheric trace gas concentrations. There are, 
of course, other techniques adaptable to strato- 
spheric sampling. One which is used widely in the 
troposphere involves the bubbling of air through 
absorber or chemically reactive solutions. How- 
ever, such methods are cumbersome and do not 
lend themselves readily to routine aircraft or 
balloon sampling to obtain vertical and lati- 
tudinal distributions. These methods, however, 
could be useful in exploratory studies of various 
minor atmospheric constituents. 
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Stratospheric Aerosol Determinations 
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This review consists of a summary and comparison of the results of ongoing programs to 
study the stratospheric aerosol by a variety of techniques. In view of the considerable degree of 
disagreement among various experimental techniques in the past, the importance of compara- 
tive studies is emphasized. Many of the results are still in preliminary form, and only relatively 
new results are presented. 

Both remote and in situ measurements are discussed; the former consist mainly of lidar ob- 
servations while the latter comprise impactor sampling and light-scattering particle detectors. 
Discussion is divided along traditional lines, i.e., by particle size, with "small" particles those 
of radii 50 .1  pm and "large" particles those of radii 20 .1  pm, with emphasis on the latter be- 
cause of the considerably greater body of knowledge available for these particles. 

Cette revue consiste en un resume et une comparaison des resultats de programmes anttrieurs 
qui Ctudient I'atrosol stratospherique par une variete de techniques. En vue du degrC conside- 
rable de disaccord parmi les techniques experimentales varikes dans le passe, I'importance des 
etudes comparatives est soulignke. Un grand nombre des resultats est encore sous une forme 
prkliminaire mais, seuls les resultats relativement recents sont prksentes. 

Les mesures distance et in situ sont toutes deux examinees; la premi&re consiste principale- 
ment en observations lidar alors que la derniere comprend un Cchantillonnage a percussion et 
des dttecteurs de particules a diffusion lumineuse. La discussion est repartie suivant les direc- 
tives traditionnelles, c'est B dire par la grosseur de la particule, avec les "petites" particules 
dont le rayon 50.1 pm et les "grosses" dont le rayon 20 .1  pm. On insiste sur ces dernieres B 
cause d'un ensemble de connaissances considCrablement plus grand disponible pour ces par- 
ticules. [Traduit par le journal] 

1 Can. J. Chem.,SZ, 1519(1974) 

I Introduction 
To review available stratospheric aerosol mea- ' 

surements at this time is a difficult task. Not be- 
cause very little is known; quite the contrary, a 
great deal is being learned about this important 
stratospheric constituent. Unfortunately, most 
of the significant results are very recent and thus 
of a preliminary nature at this writing and cannot 
all be included at this time. It thus behooves the 
author to discuss less recent results, while know- 
ing full well that they do not contain the whole 
story. 

Since its discovery by Junge et al. (I), the strato- 
spheric "sulfate layer" has remained a strange 
but prominent feature of the upper atmosphere. 
This layer, the major portion of which occurs be- 

] tween about 10 and 25 km altitude, depending on 
latitude and season, generally begins just above 
the local tropopause. The major constituent of 

I the particle layer is sulfur, generally thought to 
1 be in the form of sulfuric acid droplets. Its pres- 

ence does not become noticeable to the untrained 
eye, without the aid of sensitive instrumentation, 
unless a cataclysmic event such as a major vol- 
canic eruption injects into the stratosphere a sub- 
stantial amount of material in excess of the so- 
call "natural background" aerosol. It is, how- 
ever, this latter component that we are really 
interested in. Volcanic injections are transient 
events which, when averaged over time, are of a 
rather insignificant consequence; that is to say, 
uninteresting in a scientific sense except perhaps 
to serve as a tracer of stratospheric motions. At 
any rate, we can rest assured that the global 
climate will not be seriously and irreversibly 
altered by volcanism. The "natural background" 
aerosol or particulate content of the stratosphere, 
if indeed it exists (and most evidence now suggests 
that it does), is far more interesting since it in- 
volves a mechanism which is not well understood 
and is apparently related to a continuous natural 
process which is taking place. One must then be 
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TABLE 1. Climatic Impact Assessment Program aerosol research programs 

Aerosol property 
Platform measured Instrument Agency Remarks 

> 0.1 urn radius 

Dustsonde University of Wyoming Balloon Particle 
concentration 

Lidar NASA-ARC/SRI Ground level Scattering ratio 

Detects individual particles by light-scattering techniques 
during balloon ascent 

Tunable dye laser and pulsed ruby laser for atmospheric 
sounding 

Lidar 
Lidar 

NCAR 
NASA-LRC 

Aircraft Scattering ratio 
Ground level Scattering ratio 

Tunable dye laser for atmospheric sounding 
Pulsed ruby laser and neobidium laser for atmospheric n 

sounding > 
Z 

Impact filters. Analysis by gamma irradiation, X-ray ? 
fluorescence, and electron microscopy n 

T 

Sampler L ASL Aircraft Mass concentration 
and composition 

Sampler NCAR Aircraft Mass concentration 
and composition 

- 
Impact filters. Analysis by neutron activation, X-ray n 

fluorescence, and colorometric measurements ? 
C 

Impact electron microscope grids chemically treated 0 
!- 

Sampler CSIRO (Australia) Balloon Particle concentra- 
tion, size, and 
composition 

Solar extinction University of Wyoming Satellite Extinction coefficient Determines infrared extinction caused by aerosols at 4 

satellite sunrise and sunset 

~ 0 . 1  prn radius 

Balloon Particle Detects individual particles by light-scattering techniques 
concentration following growth by condensation 

Condensation nuclei University of Wyoming 
counter 

G E  Aitken nuclei TSC/GE/NOAA 
detector 

Aircraft Particle Detects particles by measuring integrated light scattering 
concentration following condensation 

Gerdien tube NO A A Aircraft Ion density Modified for aircraft use 

Gerdien tube University of Wyoming Balloon Ion density Uses balloon ascent for air flow 
Balloon Ion density Uses pump for air flow Gerdien tube University of Minnesota 

(Duluth) 
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HOFMANN: STRATOSPHERIC AEROSOL DETERMINATIONS 1521 

concerned else this natural balance be upset by 
some as yet unknown cause resulting from man's 
intrusion into this region of space. 

Research Methods and Monitoring Programs 

Table 1 summarizes current stratospheric aero- 
sol research techniques and organizations en- 
gaged in utilizing these techniques under the 
CIAPprogram. Although some of these programs 
are still in the early developmental stages, a num- 
ber of them are currently producing data and 
others have been for several years. 

Some of these efforts will be more or less 
limited while others are extensive in spatial and 
temporal scope. For example, the aircraft filter 
sampling programs involve seasonal surveys 
(Project Airstream) over a latitude range from 
75" N to 51" S and at six altitudes between 12 and 
19 km. 

The University of Wyoming's balloon pro- 
gram involves monthly soundings from Laramie, 
Wyoming, in addition to annual soundings from 
the ice island T-3 at 85" N and the South Pole 1 and bimonthly soundings from five other stations 
in Alaska, Canada, the United States, Panama, 
and Australia. In addition to particulates, ozone 
and water vapor are also measured. The latter 
program will be referred to extensively in this 
report as it is the one best known to the author. 

Aerosol Characteristics 
Although there are at least three rather distinct 

groups of particles (Aitken or condensation nuclei 
(r < 0.1 pm), medium particles (0.1 pm i r I 1 
pm), and large particles (r > I pm), the latter 
probably of meteoric origin (2) it is generally 
sufficient to divide them into two classes with a 
radius of 0.1 pm as the dividing size. While a 
wealth of measurements (though perhaps not 
knowledge) for the >O.l pm particles exists, a 
corresponding lack of measurements and knowl- 
edge concerning the <0.1 pm, commonly called 
condensation nuclei (c.n.), is evident. For this 
reason a proportionally small amount of space 
will be devoted to the latter component. 

Condensation Nuclei 
Rosen (3) has reviewed the available strato- 

spheric c.n. measurements and estimated the ap- 
plicable concentrations for the indirect measure- 
ments. His results are given in Table 2. The 

TABLE 2. Condensation nuclei measurements 

Estimated 
concentration 

Method (cm- 3, Reference 

Ion density 60 Kroening (1 5) 
Rosen (2) 

Condensation nuclei -1 Junge (20) 
counter 

Infrared emission 600 Pilipowskyj 
et al. (16) 

Solar aureole 300 Newkirk and 
Eddy (17) 

Sky brightness 80 DeBary and 
Rossler (18) 

several orders of magnitude difference between 
the direct measurement (c.n. counter) and the 
others is an apparent discrepancy. 

That c.n. may be present in relatively large 
numbers is one possible explanation of why 
simultaneous impactor and filter sulfate collec- 
tion disagree by at least an order of magnitude 
(4). In comparison to impactors, filters are much 
more efficient for collecting particles in  the c.n. 
size range. However, particle concentrations can- 
not be extracted from the filter analysis. Some 
of the indirect measurements could be significant- 
ly in error since they depend on the assumptions 
made concerning scattering due to larger par- 
ticles. The average c.n. concentration probably 
lies between 10 and 100 per cm3 at stratospheric 
heights. 

Little is known about the composition of c.n. 
A major portion is probably made u p  of the 
same material as the larger particles (i.e., sulfuric 
acid); however, inclusions in particles examined 
by electron microscopy by Bigg et al. (5) appeared 
electron dense and are probably micrometeoritic. 

Although the very small particles scatter in a 
Rayleigh manner and are probably not numerous 
enough to be important in the overall radiation 
picture, they may play a role in the formation of 
larger particles. In addition, since very small par- 
ticles may be an important product of jet engine 
exhaust in the stratosphere, the importance of 
the measurement of the current natural back- 
ground of c.n. is manifest. 

> 0.1 pm Radius Aerosol 
As mentioned earlier, a great deal of data by a 
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number of different techniques exists for these 
particles which constitute the conventional "sul- 
fate layer". Only recent results will be discussed 
here, relying on the general improvement of 
technique with age. 

Vertical Concentration Distribution 
The most complete vertical aerosol distribu- 

tions are obtained from balloon soundings and 
lidar soundings. Interpretation of the latter in 
terms of particle concentration, however, in- 
volves the use of an aerosol model; i.e., a size 
distribution and composition. In addition, the 
lidar return is subject to normalization ( a point 
in the atmosphere having zero aerosol concentra- 
tion must be assumed to correct for Rayleigh 
scattering from air molecules). Also, the Rayleigh 
component varies from day-to-day so that a mea- 
sure of atmospheric density or temperature is 
necessary. With the current low aerosol concen- 
trations (-- l/cm3), the lidar return due to aerosol 
is only about 10% of the Rayleigh return and 
small corrections such as those due to atmos- 
pheric density fluctuations and absorption of the 
signal as it passes through the aerosol itself must 
be considered. For these reasons, accurate ab- 
solute concentrations cannot at this time be ex- 

AEROSOL CONCENTRATION (No /&I 

FIG. 1. A comparison of the vertical distribution of 
aerosol particles having diameters greater than 0.3 pm 
over Laramie, Wyoming, in 1972. The smooth curves are 
lines of constant mixing ratio in units of particleslmg of 
air. 

tracted from the lidar data. On a relative basis, 
with accurate air density data, the instrument 
should be well suited for day-to-day monitoring 
since the aerosol characteristics do  not appear to  
change excessively with time. 

Figure 1 shows a comparison of the vertical 
distribution of particles having diameters greater 
than 0.3 pm for three balloon soundings of the 
dustsonde over Laramie by the University of 
Wyoming group during the summer of 1972. The 
tropopause occurred at about 13 km in these 
soundings and, as is usually observed, delineates 
the lower boundary of the stratospheric "sulfate 
layer" occurring between about 15 and 22 km 
with a typical particle concentration of l/cm3. 
The large variations in the troposphere are com- 
monly observed. Figure 1, from Rosen et al. (6), 
was used to show the decay of an apparent low- 
level dust cloud just below 10 k m  possibly in- 
jected by a volcano which erupted on  June 19. 

Size Distribution 
Although extensive efforts are currently being 

made to measure the aerosol size distribution in 
the 0.1-1 pm range, no definitive result exists as 
yet. The question of a maximum in  the spectrum 
remains, and from the dustsonde results for par- 
ticles with diameters greater than 0.3 pm and 
greater than 0.5 pm, one can conclude that the 
spectrum decreases monotonically above a dia- 
meter of 0.3 pm such that the concentration ratio 
of these two sizes is about 4 in the stratosphere. 

Composition 
Extensive composition measurements have 

been made possible by the filter sampling tech- 
nique. Cadle (4) has reviewed these measure- 
ments and Table 3 is taken from his work. The 
high nitrate (NO, -) concentrations observed are 
thought to be due to nitric acid vapor absorbed 

TABLE 3. Average chemical composition of IPC filter 
samples collected over the central United States 

at 17-1 8 km altitude* 

SO4'- NH4' NO,- 
Date (pg/m3) (pg/m3) (pg/m3) 

May 11, 1970 0.20 0.0033 0.36 
October 17, 1970 0.10 0.0025 0.12 
February 3, 1971 0.10 0.0000 0.20 
February 28, 1971 0.028 0.0027 0.027 

* ~ a t a i f  Lazrus et ol. (8, 19). 
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HOFMANN: STRATOSPHERIC 

by the IPC filters. The sulfate and ammonium 
ions are included since they are thought to be the 
important constituents of the stratospheric aero- 
sol. The sulfate dominates all other trace elements 
but its form as sulfuric acid or ammonium sulfate 
appears to depend on altitude with sulfuric acid 
dominating at the lower levels of the stratosphere 
(5). It is generally believed that the sulfate aerosol 
is formed in the stratosphere through gas-phase 
reactions (7) with SO, as the principal agent for 
oxidation. The SO, source has not as yet been 
determined. I t  could be due to volcanic injection 
and/or natural injection of tropospheric SO,. 

Discussion of Aerosol Observations 
Global Aerosol Distribution 

Although extensive programs to measure glob- 
al distribution of aerosol are underway, report- 
able results are few. While aircraft experiments 
are able to sample in an extensive latitude range, 
they are generally limited in vertical resolution. 
Balloon measurements suffer the reverse dis- 
advantage, having excellent vertical resolution 
but requiring numerous soundings to gain any 
latitude range. Remote sensing from a satellite 

AEROSOL CONCENTRATION (No /cn?) 

FIG. 2. The vertical distribution of aerosol particles 
having diameters greater than 0.3 pm over the ice island 
T-3 and the South Pole 6 weeks apart. Smooth curves are 
lines of constant mixing ratio in units of particles/mg of 
air. 

AEROSOL DETERMINATIONS 1523 

platform is the ultimate solution, but it is too far 
in the future to provide answers to some of the 
critical questions being posed now. 

Sulfate aerosol filter collections in the northern 
and southern hemispheres suggest no large differ- 
ences in concentration (8). Furthermore, the 
vertical distributions of aerosol in the two polar 
regions were found to be very similar by the 
University of Wyoming group (9). A comparison 
of soundings made from the ice island T-3 at 
85" N and the South Pole are shown in Fig. 2. 
Similar results were obtained a year earlier. The 
total particle loading at the poles is a t  least as 
great as that at midlatitudes, again suggesting 
the truly global nature of this phenomenon. 

The global consistency of the sulfate layer 
makes explanation of the sulfur origin some- 
what difficult. The northern hemisphere appears 
to be the dominant sulfur producer by at ieast a 
factor of 2 (10) with 93% of man-made SO, 
being produced in the northern hemisphere and a 
larger land mass in the northern hemisphere. 
Volcanic injection appears to be an improbable 
source of the particles observed in the polar re- 
gions since the vertical distribution at the South 
Pole did not change substantially when measured 
a year apart. 

The role of the oceans in the sulfur cycle is not 
well understood. They are presumed t o  provide 
a sulfur return to the land mass in the form of 
H,S. However, this component has not been 
measured. Dimethyl sulfide [(CH,),S] has re- 
cently been discovered in sea water by Lovelock 
et al. (11). This organosulfur compound may 
account for the missing ocean return and may 
also play a role as a stratospheric sulfur source. 
A source of such a global nature would be more 
readily reconcilable with the aerosol measure- 
ments. 

Aerosol Time Variations 
No presently utilized research techniques have 

been used extensively enough over the past 10 
years to give a clear picture of the time variations 
of the aerosol concentration. What data there is 
suggests a definite decrease in stratospheric par- 
ticulate loading since the late 1963 - early 1964, 
immediate post-Agung period. (Mt. Agung on 
Bali erupted in March 1963, apparently injecting 
a large amount of material into the stratosphere). 
Among this evidence are the twilight measure- 
ments of Volz (12), the lidar measurements of 
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Grams and Fiocco (13) during the post-Agung 
period compared to more recent lidar measure- 
ments by a number of groups, and the measure- 

- 3 0  A 
ments with the light-scattering dustsonde of 
Rosen (14). The latter instrument is the same as 
that used on the University of Wyoming's pro- 
gram and measurements date back to 1963. The u 

- 

magnitude of the decrease in total aerosol load- D 

ing (particles/cm2 column) over a 10 year period 
with this instrument is of the order of a factor of '"" ! 
4-5 for particles having diameters greater than 
about 0.3 pm. However, there are considerable 
fluctuations (by factors of at least 3) and the num- 
ber quoted above is an average. 

Monthly soundings from Laramie by the Uni- 
versity of Wyoming group have been conducted 
since late 1971 and these results are currently un- 
der study. Figure 3 is an example of three sound- 
ings, illustrating how the aerosol profile varies I 2 3 4 6 

with time. The arrows in the figure signify the AEROSOL CONCENTRATION ( N o / c d )  

height of the tropopause in each sounding. Al- 
though the soundings in Fig. 3 suggest little varia- FIG. 4. The vertical distribution of aerosol particles 

tion in the aerosol concentration above about having diameters greater than 0.3 pm over the ice island 
T-3 on two occasions a year apart. The arrow marks the 
observed tropopause position in 1971. Smooth curves are 
lines of constant mixing ratio in units of particles/mg of 
air. 

3 5  

20 km, the picture is somewhat more complicated 
3 0  A with the degree of variation apparently depend- 

ing on time; i.e., some periods display more 
variability than others. Definite connections with 

25 volcanic activity, meteor showers, seasonal ef- 
fects, etc. have not yet been established; however, 

20 the total aerosol loading at northern midlatitudes 
,,,, appears to be highest in winter and lowest in 

summer. 
15 The stratospheric aerosol in the polar regions 

has been measured by the University of Wyoming 

10 
group for the past two winters. The results from 
the ice island T-3 taken 1 year apart are shown 
in Fig. 4. Above an altitude of about 15 km, 

5 little change is evident. Below this altitude, the 
observed decrease is similar to that observed at 

o Laramie during this period. High concentrations 

AEROSOL WCENTRATION (NO/C~?I 
of particles in the lower atmosphere (below 9 km) 
were again observed in 1972, though not as exten- 

FIG. 3. A comparison of the vertical distribution of sive as those seen in 1971. The average particle size 
aerosol particles having diameters greater than 0.3 pm below 9 km altitude was observed to be smaller 
over Laramie, Wyoming, on three occasions. The arrows 
mark the observed position of the tropopause. The smooth than in the stratosphere. The source of this high 
curves are lines of constant mixing ratio in units of par- concentration of small particles in the Arctic 
ticleslmg of air. troposphere is unknown. 
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SOUTH P O L E  

T 

0 

- 2 0  E 

AEROSOL CONCENTRATION (No /cd 1 

FIG. 5. The vertical distribution of aerosol particles 
having diameters greater than 0.3 pm over the South Pole 
on two occasions a year apart. The arrows mark the ob- 
served tropopause positions. Smooth curves are lines of 
constant mixing ratio in units of particles/mg of air. 

Measurements by the University of Wyoming 
group of the stratospheric aerosol 1 year apart at 
the South Pole are shown in Fig. 5. Except for 
the sharp layer at about 3 km altitude in the 1973 
sounding, which was due to a low-lying cloud 
over the 2.8 km polar icecap, little change is seen 
at any altitude. Since no significant volcanic 
activity occurred during this period, profiles such 
as those in Figs. 2 and 5 may be indicative of the 
'6 natural" (i.e., non-volcanic) stratospheric aero- 
sol background in the polar regions. 

Comparative Studies 
A number of comparative studies have recently 

been carried out to check the consistency of the 
various techniques of measuring the stratospheric 
aerosol. Among these comparisons were the fol- 
lowing. 

(a) Comparison of the University of Wyoming 
balloon-borne aerosol counter and the CSIRO 
balloon-borne impactor with the NASAILRC 
and NCAR lidars and the NCAR and LASL 
filter samples on an RB57 aircraft. The studies 
were conducted at Laramie, Wyoming, in June 
and September, 1972. 

(b) Comparison of the NCAR lidar with 
NCAR and LASL filter samples on an RB57 
aircraft. This study was conducted in July 1972. 

(c) Comparison of the University of Wyoming 
balloon-borne aerosol counter and the CSIRO 
balloon-borne impactor on a number of oc- 
casions between December 1971 and September 
1972. 

Although the analyses are not complete at this 
time, general agreement among the results has 
been obtained. As indicated earlier, comparison 
(a) showed the importance of using the correct 
air density profile in analyzing the lidar return 
signal. Comparison (c) has shown in a prelim- 
inary manner that the electron microscope grid 
impactor analysis technique presently used is 
essentially correct. 

Complete agreement or explanation of dis- 
agreement among all techniques is a n  absolute 
necessity if a credible state of knowledge is to be 
reached. 

The University of Wyoming program is sponsored by 
the Climatic Impact Assessment Program of the United 
States Department of Transportation, the National 
Science Foundation, and the Office of Naval Research. 
The author would like to acknowledge the contribution 
of his co-investigators J. M. Rosen and T. J. Pepin in this 
research project. 
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, Water-vapor Measurements in the Lower Stratosphere 

H .  J .  MASTENBROOK 
Naval Research Laboratory, Washington, D.C. 20375 

Received October 19, 1973 

Nearly 10 years of water-vapor measurements to  heights of 30 k m  provide a basis 
for assessing the natural concentration of stratospheric water vapor and its variability. 
The measurements which began in 1964 have been made at  monthly intervals from the  
mid-latitude location of Washington, D.C., using a balloon-borne frost-point hygrometer. 
The observations show the mixing ratio of water-vapor mass to air mass in the strato- 
sphere to be in the general range of 1 to  4 p.p.m. with a modal concentration between 2 
and 3 p.p.m. An  annual cycle of mixing ratio is evident for the low stratosphere. A 
trend of water-vapor increase observed during the first 6 years does not persist beyond 
1969 or 1970. The 6 year increase was followed by a marked decrease in 1971, with 
mixing ratios remaining generally below 3 p.p.m. thereafter. The measurements of 
recent years suggest that the series of observations may have begun during a period of 
low water-vapor concentration in the stratosphere. 

Presque 10 annCes de mesures de  la vapeur d'eau jusqu'h des hauteurs de 30 km ont 
permis d'obtenir une base solide afin d'Cvaluer la concentration naturelle de la vapeur 
d'eau dans la stratosphtre et  ses changements. Les mesures qui ont commencCes en 
1964 ont CtC relevies B chaque mois B partir de l'emplacement B mi-latitude de Washing- 
ton, D.C., B l'aide d'un ballon-sonde CquipC d'un hygromktre (point de gelCe). Les 
observations montrent que le rapport de mtlange entre la masse de vapeur d'eau et la 
masse d'air se situe dans la stratosphtre gCnCralement aux environs de 1 B 4 p.p.m. avec 
une concentration modale de 2 B 3 p.p.m. Un  cycle annuel du rapport de mClange a i t 6  
enregistrC pour la basse stratosphtre. La tendance observCe vers une augmentation de la 
vapeur d'eau lors des 6 premitre annCes n'a pas continube aprts 1969 ou 1970. L'aug- 
mentation observCe durant 6 annCes a Ctt suivie de f a ~ o n  marquee par une diminution en 
1971 entrainant des rapports de milange qui se situent gCnCralement en-dessous de 3 
p.p.m. Les mesures enregistrCes durant ces dernisres annCes suggkrent que la skrie 
d'observations a peut Ctre commencCe durant une ptriode de basses concentrations e n  
vapeur d'eau dans l a  stratosphtre. [Traduit par le journal] 

Can. J .  Chern..52, 1527(1974) 

Introduction 
I 

I Water vapor plays a significant role in the 
radiation budget and chemistry of the strato- 
sphere and it is therefore important to determine 
its stratospheric distribution and variability. 
Systematic observations of the vertical distribu- 
tion of water vapor over Washington, D.C., have 
been conducted by personnel of the Naval 
Research Laboratory since January 1964. The 

1 observations are made at approximately 1 month 
I intervals and extend to altitudes of about 30 km. 

The instrumentation is a balloon-borne frost- 
I 
1 

point hygrometer, configured to measure am- 
bient frost-point temperature during a balloon 
descent. The descent sounding provides the 
means of avoiding extraneous water vapor which 

I evolves from the balloon and instrument train. 
The resulting information from this program 

of observations was reported after the accumu- 

lation of 2 years of data (1) and 6 years of data 
(2). With nearly a decade of data on hand, it is 
appropriate to update the earlier findings. 

Vertical Distribution 
All the data accumulated by NRL appear in 

Fig. 1 as frequency distributions of the mixing 
ratios for selected pressure levels. The class 
interval is 0.5 p.p.m. mixing ratio. Ninety percent 
or more of the observations at stratospheric levels 
fall within a narrow distribution range with a 
mode between 2 and 3 p.p.m. The distribution 
broadens at the 20 mb and 15 mb levels, but 
the mode remains essentially constant with height. 

For many applications it is necessary to select 
a single curve to represent the vertical distribu- 
tion. The average is frequently selected for this 
purpose, but averages of the level distributions 
do not give typical values for the 20 mb and 
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15 mb levels, due to a few cases of anomalously 
high mixing ratios at these levels. The anomalous 
cases are in the first 2 years of data and d a y  be 
attributed to problems which were encountered 
with the aspirating blowers early in the operation. 
The median of the distributions corresponds 
closely to the mode at all levels and is therefore 
a preferred measure of the vertical distribution. 
The vertical distribution of mixing ratio ex- 
pressed in terms of both the median and the av- 
erage appears in Table 1. 

Time Variation 
Data for the nearly 10 years of observa~ions 

appear as a time series in Fig. 2 for the 90 mb 
and 60 mb levels. The data symbols distinguish 
between the first 6 years of data and a time series 
analysis of that data, and data collected sub- 
sequent to the analysis. The*first 6 years of data 
were examined through a regression analysis for 
the best fit of a linear trend and a sinusoidai cycle 

MIXING RATIO (10.') 

FIG. 1. Frequency distribution of mixing ratio for 
selected pressurelevels for the period 1964-73 at Washing- 
ton, D.C. 

VOL. 52, 1974 

TABLE 1. Mixing ratio profile 
1964-1973* 

Mixing ratio (p.p.m.) 
Level 
(mb) Median Average 

15 2.73 4.07 (76) 
20 2.67 3 .29 (89) 
40 2.73 2.77 (95) 
60 2.61 2.68 (98) 
80 2.63 2.66 (97) 

100 2.68 2.77 (98) 

'Vertical profile of mixing ratio over 
Washington, for the data period 1964-73, 
expressed in terms of the median and the 
average. The  number of observations 
appears in parentheses after the averages. 

with a period of 1 year. A significant annual 
cycle was found to have a maximum amplitude 
near the base of the stratosphere. The cycle 
decreases in amplitude and the phase progresses 
in time with increase in altitude. The most inter- 
esting feature of the times series is the trend of 
mixing ratio increase of 1 p.p.m. which is signi- 
ficant at the 1% level. 

The data accumulated subsequent to the 
analysis show that the trend of increase does not 
continue beyond 1969 or 1970. The mixing ratio 
decreases in 1971 and remains generally below 
3 p.p.m. thereafter. The presence of trends of 
several years' duration in only 10 years of data 
suggests that more years of data are needed to 
assess the normality of water-vapor distribution 
and variability. 

Tropopause Control 
Dobson et al. (3) first proposed that the up- 

ward movement of air through the cold region 
of the tropical tropopause accounted for the 
dryness of the stratosphere since the saturation 
mixing ratios at the tropical tropopause agree 
well with the observed water-vapor mixing ratio 
in the stratosphere. If the tropical tropopause is 
indeed the principal determinant of stratospheric 
water-vapor concentration, then a correspon- 
dence should exist between trends of saturation 
mixing ratio in the tropical tropopause region 
and the observed trends of stratospheric water- 
vapor concentration. The meteorological data 
for several tropical stations over the same 6 year 
period were examined for evidence of this cor- 
respondence. 

Figure 3 shows the 3 month running averages 
of minimum saturation mixing ratios derived 
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MASTENBROOK: WATER-VAPOR MEASUREMENTS IN LOWER STRATOSPHERE 

FIG. 2. Mixing ratio data for two selected pressure levels over Washington, D.C. Each circle represents one observa- 
tion. The curves represent the best fit of a linear trend and annual cycle to  the first 6 years of data. Cross-marked 
circles are data collected after the time-series analysis. 

FIG. 3. Three month running averages of minimum saturation mixing ratios for tropical stations Trinidad, Canal 
Zone, and Kwajalein as determined from temperature and pressure data from the daily meteorological soundings. 

from temperature and pressure data for three 
tropical stations. An annual cycle of 1 to 2 p.p.m. 
amplitude is quite apparent for all stations. 
A quasi-biennial cycle is evident, and accounts 
for the low minimum at Kwajalein and the 
Canal Zone in the winter of 1965-66, as well as 
the higher minimum for the winter 1964-65. 
What is not observed is a long-term trend of in- 
crease in saturation mixing ratios corresponding 
to the increase in water vapor; in fact, the trends 
at all three stations show a small decrease in this 
ratio. 

Data records which begin in January 1960 are 

available for Singapore ( lo N). Figure 4 shows 
the 3 month running averages of saturation 
mixing ratio for the tropopause level a s  derived 
from tropopause temperatures and pressures. 
The curves for tropopause temperature and 
pressure are also shown to illustrate the strong 
correlation that exists between tropopause tem- 
perature, pressure, and saturation mixing ratio, 
which allows for the inference of saturation 
mixing ratio trends from trends in either the trop- 
opause temperature or pressure. 

During the 5 year period of record subsequent 
to 1 January 1964, when the trend of water-vapor 
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SINGAPORE I"20'N. 103"53' E TROPOPAUSE 
, a ,  I I I I I I I I 7 1  

FIG. 4. Three month running averages of pressure, temperature, and saturation mixing ratio at t h e  tropopause for 
Singapore. 

TABLE 2. Six year linear regression values* 
-- -- 

Singapore, tropopause Washington, D.C., 90 mb 
saturation mixing ratio observed mixing 

(p.p.m.1 ratio (p.p.m.) 
Six year 
period b AMR r b AMR r 

*Six year trends of saturation mixing ratio (MR) at the tropopause level for Singapore and 
6-year trends in the observed stratospheric mixing ratio at  the mid-latitude location of  ~ashin'gton 
D.C. The table gives the mixing ratio at the beginning of  the trend period (b) the6year change id  
mixing ratio (AMR), and the correlation coefficient ( r ) .  A 6 year increase o f  ip.p.m. in the tropo- 
pause saturation mixing at Singapore is followed by a similar increase in the stratospheric mixing 
ratio at mid-latitude with a lag o f  4 or 5 years. 

increase at mid-latitude was observed, the trend 
of tropopause saturation mixing ratio at Singa- 
pore has a slightly negative slope, in general 
agreement with the other tropical stations for 
this period. However, the linear trend for the 
6 year period starting with 1960 shows an in- 
crease of 1 p.p.m. in saturation mixing ratio for 
the tropical tropopause, just equal to the increase 
in observed water-vapor mixing ratio for the 
1964-69 period. 

The trend is largely influenced by the low 
saturation mixing ratio in 1960 and 1961. Angel1 
and Korshover (4) examined the trends of tropi- 
cal tropopause pressure and found a trend of 
tropopause pressure increase with time for Can- 
ton Island (3" S) which began at least as early as 
1957. An increase over the period of a decade was 

found for all the tropical stations which they 
examined. 

In examining the record of tropopause tem- 
perature and saturation mixing ratio for Singa- 
pore, it is also of interest to note that there is no 
evidence of a pronounced increase in the months 
following the Mt. Agung eruption in March 1963 
similar to the increase of stratospheric tempera- 
tures reported by Newel1 (5). If the increase in 
stratospheric temperature had extended down- 
ward to the tropical tropopause level, an increase 
in stratospheric water vapor might have occurred 
as suggested by Newell. 

The trends of saturation mixing ratio at  
Singapore, and the observed trend of water- 
vapor mixing ratio for the mid-latitude strato- 
sphere, are shown in Table 2 for running 6 year 
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MASTENBROOK: WATER-VAPOR MEASUREMENTS IN LOWER STRATOSPHERE 1531 

intervals. The 6 year increase in saturation 
mixing ratio at Singapore is greatest for the 
period 1960-65. The 6 year change decreases in 
successive 6 year intervals, becoming negative 
for the last interval. The observed stratospheric 
mixing ratio increase is greatest for the 1965-70 
interval with the change decreasing in successive 
intervals. A correspondence appears between the 
observed stratospheric mixing ratio in the mid- 
latitude stratosphere and the saturation mixing 
ratio at the tropical tropopause 4 or 5 years 
earlier. 

Conclusion 

range of 2.6 to 2.7 p.p.m. The temporal variation 
shows a significant annual cycle and a trend of 
increase during the first 6 years. This trend of 
increase comes to an end in 1969 or 1970, and is 
followed by a nearly level trend in the succeeding 
years. The trend of water-vapor increase at mid- 
latitudes was preceded by a corresponding in- 
crease in saturation mixing ratio at the tropical 
tropopause. 

1 .  H.  J.  MASTENBROOK. J. Atmos. Sci. 25, 299 (1968). 
2. H .  J. MASTENBROOK. J. Atmos. Sci. 28, 1495 (1971). 
3. G. M. B.  DOESON, A. W. BREWER, and B. M. 

CWILONG. ROC. Roy. Meteorol. Soc. A, 185, 144 
(1946). 

Water-vapor measurements in the stratosphere 4. J. K. ANGELL and J. KORSHOVER. 1974: Quasi- 
biennial and long-term fluctuations in tropopause 

Over a decade show the distribu- pressure and temperature. Mon. Weather Rev. (1974). 
tion of the mixing ratio to an altitude of 28 km to To be ~ublished. 
be essentially constant with a median value in the 5 .  R. E. NEWELL. J. Atmos. Sci. 27,977 (1970). 
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Recent Stratospheric Spectra of NO and NOz 

M. ACKERMAN, D. FRIMOUT,  C. MULLER,  D. NEVEJXNS 
11r.stitrrt rl'Ac;ro~loi~ric S[>trtiole tic Belgiclrri~, 3 ,  A~~etrrre C~I-c,oltri~?, B - 1180, Brrrsc~lles 

A N D  

J .  C .  FONTANELLA,  A. GIRARD,  L. GRAMONT,  A N D  N. LOUISNARD 
Qflice Notio~rtrl tl'Etrrdi~.s ct tle Roclrc~rt~lrcs APr~o.c.potitrl~~s, 29,  A I Y , I I I I ~  tle ltr l)i~~i.viorr L ~ c I P I ? .  Clrtrlillo~r, Fr.orlcc, 

Received August 22. 1973 

NO and NO? spectra obtained by means of a grid spectrometer from a balloon gondola 
and from a Concorde are presented. The corresponding stratospheric abundance of these 
species is deduced. 

On prisente les spectres de NO et NO? obtenus au moyen d'un spectromktre i grille 
placC dans une nacelle de ballon et un Concorde. On en dCduit I'importance de chacune 
de ces espkces dans la stratosphhre. [Traduit par le journal] 

Can. J. Chem., 52. 1532(1974) 

Introduction an aircraft (Concorde 001) will be discussed 

Interest in stratospheric chemistry has grown 
during the past few years. The lowest stratosphere 
had been particularly neglected from this point 
of view and was considered to be a region where 
photochemistry was unimportant. This con- 
clusion was based on the fact that ozone has a 
long lifetime in the low stratosphere even if most 
of the ozone molecules have a relatively short 
lifetime in the whole atmosphere. I t  is now 
recognized that active chemical processes take 
place throughout the stratosphere. They involve 
species for which the mixing ratios by volume are 
lower than 1 p.p.m. The analytical methods 
necessary to measure these constituents are not 
numerous and have to be selected by taking into 
account both the properties of the molecules to 
be measured and of the atmosphere itself. 

Infrared spectroscopy appears to be particu- 
larly well suited to satisfy both aspects by pre- 
senting a high specificity and by being well 
adapted to the atmospheric dimensions. These 
qualities have been recognized for a long time 
by many authors, and have been exploited by 
means of ground based instruments. Infrared 
spectrometers acquire even more versatility when 

here. 

Instrumentation and Experiments 
The spectra discussed have been obtained in absorption 

using the setting sun as a source. The  method has 
advantages that have already been pointed out (1). k 
complete description of the spectrometers will be given 
elsewhere for the balloon-borne as well a s  for the aircraft- 
borne (2) equipment. In the case of the balloon experi- 
ment it can be summarized as follows. Since the postu- 
lated amount of absorber on the optical path is small and 
a relatively fast wavelength scanning is necessary, the 
spectrometer used had to have the double advantage of 
large light input combined with high resolving power. 
Girard (3) developed this type of grid spectrometer. The 
!nstrument of 60 cm focal length was equipped with a 
6cm x 6cm "Yvon et  Jobin" grating ruled at 60 grooves/ 
mm and used in the sixth order. The foreoptics was a 
4.2 m focal length modified Cassegrain telescope of 32 cm 
diameter. The detector was a liquid nitrogen cooled 
"SAT" InSb photo element. An instrumental profile of 
0.1 cm-'  half width was achieved with a square grid of 
18 x 18 mm having a step of0.2 mm, T h e  instrument was 
mounted on a sun-seeker equipped with the electronics 
used for the synchronous detection of the detector output, 
with the voltage controlled oscillators, and with the 
transmitter used in the telemetry radio link. The 320 kg 
gondola was launched from Aire sur 1'Adour in the 
afternoon of May 14, 1973, with a n  11.6 x lo6 ft3 
"Winzen" balloon. 

operated from space platforms. The instrument used on Concorde 001 was similar. 

~ ~ t ~ ~ ~ i ~ ~ t i ~ ~ ~   of^^ and NO, are necessary Due to the limited dimension of the  CaF, window 
(10 cm diameter) adapted to the skin of the aircraft the to define their possible role in the stratospheric light input was smaller, giving a somewhat 

~hotochemistr~.  Absorption spectra of nitrogen signal-to-noise ratio. While the body of the balloon 
oxides obtained from a balloon gondola and from spectrometer was open to the ambient air, the aircraft 
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ACKERMAN E T  AL.: KECENTSTRATOSPHEKIC SPECTRA O F  N O  AND NO2 

FIG. 1. Intensity of solar radiation recorded at 40 km altitude us. wavenumber in cm-l.  The dotted line represents 
the spectrum at a solar zenith angle of 86". The continuous line represents the spectrum at a zenith angle of 94". The 
absorption lines due to stratospheric NO, CO,, and H,O are indicated. 

instrument was flushed with dry nitrogen. A sun seeker 
was mounted to bend the solar radiation at a right angle 
and to track the sun over amplitudes of azimuth and 
elevation angles of about 10". The spectra discussed here 
were obtained on constant heading trajectories travelled 
over at Mach 2 between the northwest of Spain and the 
west of Cornwall. 

Results 
Nitric Oxide 

Recording of the solar spectrum from the 
balloon gondola at an altitude of 40 km started 
when the solar zenith angle was 86". The spectra 
showed then little structure partly attributed to 
solar CO absorption lines (4). As shown in 
Fig. 1 telluric absorptions become more and 
more pronounced for solar zenith angles larger 
than 90" due to the increase of optical path 
reaching lower and lower altitudes in the strato- 
sphere. Absorption lines of NO, CO,, and H 2 0  
were mostly present. CO, and H 2 0  lines were 
identified on the basis of the AFCRL infrared 
compilation (5). For NO other laboratory data 
were used (6). The amount of NO on the optical 
path was deduced from the integrated line 
absorption cross sections for 220°K listed in 
Table 1 (7). The number density of NO us. 
altitude was inferred from the total amounts 
measured and represented in Fig. 2 by division 

10 0 
1 2 3 6 5 6 7 8  

1 0 ' ~  cm-2 

FIG. 2. Total number of NO molecules observed 
from the balloon gondola on the optical path us. grazing 
altitude of solar rays. 

of the atmosphere in successive layers of 3 km 
thickness. The deduced values are given in Table 
2 with the corresponding mixing ratios. The 
limits of error indicated correspond to the 
maximum scattering of the original data points 
taken for grazing ray altitudes from 38 to 15 km. 
The results are represented in Fig. 3 with other 
experimental data. O n  June 6, 1973, the aircraft 
spectrometer previously flown on board a Cara- 
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NUMBER DENSITY l ~ r n - ~ )  

FIG. 3. Experimental values of the number density of 
nitric oxide os. altitude in the chemosphere. The results 
published by Barth (9), Meira (lo), Hale (1 I), and Tisone 
(12) are shown with those presented here for the strato- 
sphere. 

TABLE 1. Wavenumbers and integrated 
absorption cross sections (220 OK) of the 

observed NO lines 

l /h  (cm-l) s (cm2 cm-l) 

1903.112 14.8 x 
1903.643 6.45 
1906.142 13.7 
1906.729 5.99 
1909.139 12.3 
1909.79 5.37 
1912.076 10.7 
1912.787 4.66 

TABLE 2. Nitric oxide results 

NO number NO mixing 
Altitude density ratio 

(km) (cm-9 (by volume) 

I I 1 , 1 1 1 1  

100 - - 

90 - - 

80 - - 

- 7 0 -  - 
E 
1 

in close agreement with those used bv Ackerman 

- 
W 
o 
2 6 0 -  - 
C J 

< 

velle airplane (8) was used on board the Concorde 
prototype 001, in the same spectral region and 
with the same resolving power. The integrated 
amounts of NO measured in this latter case along 
the optical path from 15.2 km are respectively at 

A 
A - 

solar zenith angles of 88 and 90°, equal to 
(3 f 1) x 1016 and (5.5 + 1) x lo t6  molecules/ 
cm2. The results are within experimental un- 
certainties in agreement with the data presented 
in Fig. 2. 

CHEMOSPHERIC NO - 

Nitrogen Dioxide 
Spectra of NO, in the 1617 cm-I band have 

been obtained from Concorde at an altitude of 
16 km on July 6, 1973. The zenith angle changed 
during the flight from 88 to 91". The spectrum 
for this latter case is shown in Fig. 4. The NO, 
lines have been identified according to recent 
data (13) based on molecular constants that are 

and ~ u l k r  (1, 14) to determine a iertical dis- 
tribution of NO, from stratospheric spectra. The 
computed total number of molecules in the 
optical path has been obtained by using the 
line strengths applied previously (1, 14) that 
agree within 20% with the more recent values 
(13). The total number of molecules observed 
from 16 km at zenith angles of 88 and 90" are 
respectively (3.2 f 1) x lot6 cm-2 and (4.2 f 
1.5) x 1016 cm-'. These numbers are within 
experimental uncertainties in agreement with the 
lowest values of the verticle profile published 
previously by Ackerman and Muller. 

Conclusion 
The results presented here indicate without 

ambiguity the presence of NO and NO, in the 
stratosphere. The measurements from balloon 
and aircraft are complementary, since in this 
particular case the molecules are photochemically 
linked. The comparison of the aircraft data 
obtained at low altitude and solar zenith angle 
smaller than 90" with the vertical profiles 
deduced from balloon measurements taken at 
solar zenith angle larger than 90" is particularly 
useful. It indicates that the transformation of NO 
into NO, in sunset conditions probably cannot 
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ACKERMAN E T  AL.: RECENTSTRATOSPHERIC SPECTRA O F  N O  AND NO? 1535 

WAVENUMBER 1crn"l 

Frc. 4. Solar spectrum recorded from Concorde 001 a t  an altitude of 16 km and a zenith angle of 91" between 1603 
and 1617 cm-'. Telluric water vapor (5) and nitrogen dioxide (13) lines are indicated. The computed relative intensities 
(1, 14) are represented for NO2 in the upper part of the figure. 

be neglected and that simultaneous measure- 
ments of both species have to be performed, 
especially because changes of NO, with time 
cannot be excluded. Such measurements present 
some technical difficulties that will soon be 
overcome in future flights. The limited number of 
measurements performed separately leaves at 
present a relatively large range of uncertainty. 
The method of Limb measurement that one is 
forced to use to observe constituents in very small 
concentrations also presents inherent uncertainty 
factors. Values of concentrations of H 2 0  and 
CO, deduced from the spectra obtained by 
means of the balloon-borne spectrometer, how- 
ever, give confidence in the results that can be 
obtained. Using the Jansson and Korb tables 
(15) the analysis of the H 2 0  absorption at 
1904.35 cm-' and at 1909.95 cm-' and of CO, 
at 1906.521 cm-' yields respective mixing ratios 
by volume of these two constituents between 25 
and 35 km equal to (3.4 f 0.7) x and 
(2.6 & 0.7) x in agreement with the gen- 
erally accepted values. 

under contract N00014-73-C-0076, by the "Centre 
National d'Etudes Spatiales", and by the "ComitC sur les 
ConsCquences des Vols Stratospheriques". 

1. M. ACKERMAN and C. MULLER. Pure Appl. Geophys. 
lO&lO8, 1325 (1973). 

2. N. LOUISNARD, L. GRAMONT, A. GIRARD, M. ACK- 
E R M A N ,  and D. FRIMOUT. Air borneand balloon borne 
spectroscopy for the study of atmospheric gas pollu- 
tants. 2nd AIAAINOAA Conferenceon the Sensing of 
Environmental Pollutants Proceedings. 1973. To be 
published. 

3. A. GIRARD. Appl. Opt. 2,79(1963). 
4. M. MIGEOTTE, L. NEVEN,  and J. SWENSON. Mem. 

Soc. R. Sci. Liege, Special Vol. 2 (1957). 
5 .  R. A. MCCLATCHEY, W. S. BENEDIC.~ ,  S. A. 

CLOUGH, D. E. BURCH, R. F. CALFEE, K.  FOX, L. S. 
ROTHMAN, and J .  S. GARING. Air Force Cambridge 
Research Laboratories infrared compilation. 1973. 

6. T. C. MICHELS. J. Quant. Spectrosc. Radiat. Trans- 
fer, 11, 1735 (1971). 

7. S .  CIESLIK and C. MULLER.  Aeronomics Acta A nr 
114(1973). 

8. A. GIRARD, J.  C. FONTANELLA, and L. GRAMONT. C. 
R. Acad. Sci. Paris, 276B, 845 (1973). 

9. C. A. BARTH. J. Geophys. Res. 69,3301 (1964). 
10. L. G. MEIRA, JR.  J .  Geophys. Res.76,202(1971). 
I I. L.  C. HALE. 111 McElroy, Proceedings of the survey 

conference. TSC-0,ST-72-13 U.S. Department of 
Transportation, ( I  972). 

Thanks are due to the flight test crews of Concorde 001 12. G. C. TISONE. J.  Geophys. Res. 78,746 (1973). 
for their help and for the accuracy achieved in performing 13. R. TOTH. Private communication. 
the trajectories required for the observations. This work 14. M. ACKERMAN and C. MULLER. Nature, 240, 300 
has been sponsored in part by the Climatic Impact (1972). 
Assessment Program office of the U.S. Department of 15. P. A. JANSSON and C.  L. KORB. J. Quant. Spectrosc. 
Transportation through the Office of Naval Research Radiat. Transfer, 8, 1399 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Measurements of NO, NO2, and HN03 in the Stratosphere 

H. I .  S C H I F F  
Yo1.1; Utli~'c~..si/y, Doi~'t~.s\'iei~', Otl/(irio 

Received December 6 ,  1973 

Atmospheric models designed to predict the effect on the ozone budget of the injection 
of nitric oxide into the stratosphere by high-flying aircraft require a knowledge of the N O  
concentration in the unperturbed atmosphere. Moreover, a monitoring program will 
require a base line against which to measure the magnitude of any future stratospheric 
pollution. A number of measurements have recently been reported, not only on NO, but 
also on NO?, and H N 0 3  which are interconverted by stratospheric photochemistry. All the 
methods but two employ "remote-sensing" optical absorption or  emission techniques. 
Infrared solar absorption using long optical paths a t  twilight has proven to be very sensi- 
tive in detecting trace atmospheric constituents but quantitative interpretation appears to 
be very difficult. Chemiluminescence and direct "particle" sampling have provided it1 situ 
measurements. 

The spread in the reported values of mixing ratios is very large for NOn, appreciable, but 
smaller for NO, and smallest for HNO:,. Insufficient data are available to assess how much 
of this spread is due to measurement errors and how much is due to natural variability in 
the mixing ratios. Intercomparisons of the measurements for different nitrogen compounds 
are made by consideration of the principal chemical reactions governing their relative 
concentrations. Discrepancies exist which should diminish as more accurate chemical rate 
data and synoptic stratospheric measurements become available. 

Des modkles atmosphiriques conGus pour privoir l'influence sur la quantiti de l'ozone, 
d'ijections d'oxydes nitriques dans la stratosphkre par des avions ?I haute altitude nicessite 
une connaissance de la concentration de N O  dans l'atmosphtre non perturbie. De plus, un 
programme contr6le nicessitera une ligne de base en fonction de laquelle on mesurera 
l'importance de n'importe quelle pollution stratosphirique ultirieure. Un nombre de 
mesures a kt6 ricemment donni, non seulement pour NO, mais aussi pour NO? et HNOa 
qui sont convertis l'un dans l'autre par la photochimie stratosphkrique. Toutes les mithodes 
B I'exception de deux, emploient les techniques de "tC1C-rkeption" d'absorption ou 
d'kmission optique. L'absorption infra-rouge solaire empruntant de longs chemins optiques 
en demi-obscuriti s'est montrC trts  sensible B la ditection de traces de constituants 
atmosphiriques mais une interprktation quantitative se rkvtle tr ts  difficile. La chimilu- 
minescence et  1'Cchantillonnage direct de "particule" ont fourni des mesures in situ. 

L'italement des valeurs indiquCes des rapports de milanges est t r t s  important pour Nos ,  
apprkciable mais plus petit pour NO, et le plus faible pour HN03. I1 est difficile d'estimer, 
en raison d'un manque de donnkes, la dipendance de cet italement e n  fonction des erreurs 
de mesures et de sa variabiliti naturelle. Des inter-relations des rnesures des diffkrents 
composks azotis sont faites en considirant les riactions chimiques principales qui rigissent 
leurs concentrations relatives. Les diffkrences existantes doivent diminuer pour que plus de 
donnkes cinktiques chimiques et  plus de mesures stratosphkriques sommaires deviennent 
disponibles. [Traduit par le journal] 

Can. J .  Chern.. 52,  1536 (1974) 

World attention has recently been drawn (1, 2) 
to the possibility of a serious depletion of the 
ozone shield in the stratosphere by the injection 
of nitric oxide by a fleet of supersonic aircraft. 
The determination of the natural abundance of 
NO in the stratosphere was soon recognized to 
be of paramount importance for a number of 
reasons. Obviously, the magnitude of the effect 
will depend on the percentage increase of NO 
from anthropogenic sources over those from 
natural sources. Secondly, a reliable base line of 

natural NO abundances must be provided in 
order to monitor any future increases. Finally, 
the most stringent test for theoretical models 
designed to predict the effect of artificial NO 
injection into the stratosphere is their ability to 
account for the ozone balance in an  unperturbed 
atmosphere. 

A great deal of effort has been expended in 
devising instrumentation to measure the very 
small NO concentrations anticipated in the 
stratosphere. Results are just becoming available, 
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SCHIFF: MEASUREMENTS O F  NO, i YO2. HNO, IN THE STRATOSPHERE 1537 

not only for the concentration of NO, but also 
for the related compounds, NO, and HNO,. 

These compounds, each containing one nitro- 
gen atom, are frequently referred to collectively 
as "NO," since they are interconverted by the 
photochemistry occurring in the stratosphere. 
The principal reactions believed to govern the 
relative abundance of NO and NO, are 

For steady state conditions 

where J,, the rate constant for reaction 3, is the 
product of the solar flux intensity, the NO, 
absorption coefficient, and the quantum yield of 
the reaction, all integrated over wavelength. The 
half-time to attain steady state is of the order of 
100 s in the daytime stratosphere. Since the life- 
time for eddy diffusion and other transport 
processes at these altitudes is approximately 
1 month, steady state should be a good approxi- 
mation. 

The principal reactions believed to govern the 
ratio of NO, to HNO, are 

For steady state conditions 

However, in this case the half-time to attain 
steady state is of the order of 1 month, approxi- 
mately the same as for atmospheric transport 
processes. Thus, the steady state approximation 
must be considered to have only marginal val- 
idity. 

With two exceptions all measurements of 
stratospheric NO, have been made by infrared 
spectroscopic techniques. These techniques are 
fully discussed by Farmer (3) in this issue and 
only a brief summary of the principal advantages 
and difficulties will be given here. 

Absorption of solar infrared radiation from 
balloons and aircraft at sunrise and sunset, when 

the solar zenith angle is greater than 90°, provides 
long, nearly horizontal, optical paths which not 
only increase sensitivity but also minimize com- 
plications due to changes in temperature and 
pressure. Although with this technique spectral 
features of very minor constituents can be 
observed, quantitative analysis of the data is 
very difficult. It is necessary to know many 
spectroscopic properties of the absorber includ- 
ing detailed spectral assignments, line strengths, 
and shapes. The line shape will not be constant 
throughout the column because of differences in 
temperature and pressure, both of which will 
change with solar zenith angle. It is difficult to 
find "clean" spectral regions which are not also 
overlapped within the resolution of the instru- 
ment by absorption features of other atmospheric 
constituents. The unfolding of the geometry 
factor to provide height profiles is difficult and 
care must be taken to account for refraction of 
the ray by the air mass. Height profile informa- 
tion is virtually unattainable from measurements 
with solar zenith angles at the height of the 
instruments smaller than 90". For this reason 
balloon measurements which reach higher alti- 
tudes and look down are to be preferred over 
aircraft measurements, which look horizontally 
or upwards. 

Although infrared emission spectra are even 
more difficult to interpret spectroscopically, the 
advent of more sensitive detectors mav make 
emission more sensitive than absorption. It may 
then become possible to make differential 
measurements at higher elevation angles and 
thereby obviate some of the problems associ- 
ated with long path-length absorption. 

In summary then, infrared absorption tech- 
niques are now capable of detecting NO, com- 
pounds in the stratosphere, but quantitative 
measurements appear to be extremely difficult. 

Absorption in the visible region has recently 
been used by Brewer et al. (4) to measure strato- 
spheric NO,. By taking ratios of intensities at 
three wavelengths, 437.7, 444.8, and 450.0 nm, 
which correspond to maxima and minima in the 
NO, absorption curves, the authors believe they 
have effectively discriminated against absorption 
by other molecules and against Rayleigh scatter- 
ing. Measurements were taken from a n  aircraft 
during ascent and descent at twilight and at noon 
using absorption from the clear zenith sky as 
well as from direct solar absorption. The method 
is analogous to that used on a routine basis for 
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1538 C A N .  J .  CHEM. 

ozone measurements from the ground and is 
described by Brewer (5). 

The methods described so far are all "remote 
sensing" methods. The only in situ measurement 
reported to date in the lower and middle strato- 
sphere are those of Lazrus et al. (10) using direct 
particle sampling for H N 0 3  and those of Ridley 
et al. (6) using chemiluminescence detection of 
NO. Since the chemiluminescence method is not 
described elsewhere in this symposium, it will 
now be described in some detail.- 

The method is based on the sequence of 
reactions 

The radiation emitted by the electronically 
excited NO,* molecule in reaction 8 is a con- 
tinuum extending from about 590 to 3000 nm. 
If the air to be analyzed is passed through a 
reaction vessel to which sufficient O3 is added so 
that reactions 7-9 are virtually complete within 
the volume viewed by a photomultiplier, the 
signal intensity, I, will be given by the expression 

where F is the mass flow rate of the air, P is the 
pressure, XNo is the mixing ratio of NO in the 
sampled air, and A is a constant involving geom- 
etry factors of the instrument, the response of 
the photometric detection system, and the rate 
constants of the reactions. 

Instruments based on this principle were con- 
structed for flights on balloons and on high-flying 
aircraft. A schematic diagram is shown in Fig. 1 
for the balloon configuration. Ambient air is 
drawn through a 2.4 m length of 7.6 cm i.d. 
black, anodized aluminum tube, a light baffle, 
and a heated annular space, into a gold-coated, 
Pyrex reaction vessel. After reaction with 03, 
added to the reaction vessel, the gas flows through 
additional light baffles into an analyzer region 
where its flow rate, pressure, temperature, and 
O3 content are monitored, and is exhausted 
through a 2.4 m length of tubing attached up- 
ward to the payload support lines. A mixture of 
approximately 7% O3 in Freon-13 is added either 
directly to the reaction region for measurements 
or upstream of the inlet light baffle to  remove all 
NO from the sampled air in order t o  provide a 

VOL. 52, 1974 

t 

FIG. 1 .  Schematic diagram of the chemiluminescence 
instrument used for the in sit11 NO measurement. 0 3 / F ,  
cylinder containing approximately 10% O3 in Freon; 
NO/N2, cylinder containing 1 p.p.m. N O  in N2 for cali- 
bration; V, on-off valves; R, diaphragm gas regulators; 
M, magnalatch valves; N, needle valves; CAP, ballast 
volume and capillary flow meters; P.M., photomultiplier; 
R.V., reaction vessel; B, light baffles; A, analyzer section; 
F, exhaust fan. 

true background photomultiplier reading. Pro- 
vision is made for "on-board" calibration by 
addition of small, known amounts of NO to 
the sampled air. 

The instrument is turned on and off by ground 
command. Once on, its operation is completely 
automatic through a programmed sequence of 
background measurements, and successive am- 
bient air and calibration measurements. The 
chemiluminescence is detected by a cooled photo- 
multiplier-filter combination. Photon counting is 
used, with the count rate recorded by an on-board 
tape recorder as well as being telemetered to the 
ground. 

The detection limit of the instrument is 0.02 
p.p.b.v. The total error produced by uncertainties 
in count rates, flow calibrations, and calibrating 
gas concentrations is estimated t o  be 60% for 
the low NO concentrations encountered. 

Three possible sources of error related to air 
sampling from the balloon configuration were 
considered. The first involves contamination by 
the balloon itself and the flight packages. To test 
this, measurements were taken from a single 
balloon flight during three cycles of ascent, 
float, and descent. The worst conditions for this 
type of contamination should be during the 
ascent mode when the sampler is moving through 
the balloon wake, and the best conditions should 
be during descent. Within the uncertainty of the 
measurements no differences were detected 
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SCHIFF: MEASUREMENTS OF NO, NO,. HNO, IN THE STRATOSPHERE 1539 

among the results obtained during these three 
flight modes of the balloon. This strongly sug- 
gests negligible contamination from the balloon. 

The second possibility is self-contamination 
I by the NO used for calibration and by the rela- 
1 tively large amounts of 0, used to produce the 

chemiluminescence. Again such contamination I should be greater during ascent than during 
descent. An additional test was made in a sub- 
sequent flight which also carried an ozone-sonde 
located near the sampler inlet tube. The NO 
sampler was turned on and off for 10 min inter- 
vals during the flight. The O, content of the 
ambient air was found to be the same whether 
or not NO and 0, were being passed through 
the NO sampler. This provided strong evidence 
against self-contamination. 

Finally, consideration was given to the possi- 
bilitv that the NO content of the s am~led  air 
was reduced by passage through the 2.4 m inlet 
tube, either by adsorption or by surface reaction 
with the stratospheric 0,. (Gas phase consump- 
tion of NO by reaction 7 during passage through 
the inlet tube amounts to about 10% and was 
included in the data reduction.) Laboratory 
experiments were performed under similar con- 
ditions of flow, pressure, temperature, NO and 
O, concentrations as those encountered in the 
stratosphere. These experiments showed differ- 
ences of less than 10% when 0.2 p.p.b, of NO was 
introduced at the front and at the back of the 
inlet tube. Therefore, no evidence has been 
found to date to suggest serious sampling errors 
in these "in situ" NO measurements. 

I 

1 
Results of Stratospheric NO, Measurements 

( a )  HNO, Measurenrents 
By far the most extensive NO, measurements 

to date are those of HNO, by Murcray and co- 
workers (7). Several of the infrared bands are 
relatively free from interference by other strato- 
spheric constituents. The band at 11.17 p has 
been observed both in emission and in absorp- 
tion. Figure 2 shows the envelope of results 
obtained by this group at mid-latitudes (ca. 
30" N) using either a grating spectrometer or a 
filter radiometer carried by balloons. On occa- 
sions when they have been flown together these 
instruments have shown differences as large as 
30%, attributable to difficulties inherent in mak- 

I ing absolute radiance measurements. The authors 
believe their results to have an accuracy of 
4_30%. The larger spread in the data in Fig. 2 

FIG. 2. Envelope of HNO, volume mixing ratios 
obtained by Murcray and co-workers from balloon 
measurements at mid-latitudes. It should be noted that 
this group usually report their results as mass mixing 
ratios (p.p.b.m.). 

must, therefore, represent real fluctuations in 
HNO, mixing ratios with time at the same 
location. Moreover, for a given flight, structure 
has been seen in the altitude profile, reminiscent 
of the layers observed routinely in the ozone 
height distribution. Murcray (8) has also made 
recent measurements in Fairbanks, Alaska, 
which gave somewhat higher mixing ratios and, 
in some cases, showed a layer at 14 km. The 
results of Harries (9) from emission in the sub- 
millimeter range and Lazrus et al. (10) I'rom 
particle samples are consistent with those of 
Fig. 2. 

( 6 )  NO, Measurements 
Goldman et al. (1 1) observed NO, in the 

stratosphere by observation of the v, band at 
6.25 p. Although this band is strong and relative- 
ly free from interference, the authors did not feel 
that the laboratory data was sufficiently well 
established to warrant quantitative analysis of 
their NO, observations. Ackerman and Muller 
(12, 13), however, did analyze the data of Gold- 
man et al. (11) along with their own balloon 
measurements of the v, + v, band at 3.4 p. This 
band is much weaker than the v, band and is also 
seriously overlapped by CH, bands. The results 
of the Ackerman and Muller's analysis is shown 
in Fig. 3. 

Farmer et al. (3) used an interferometer aboard 
Concorde to measure the 3.4 p absorption. They 
believe the resolution to be sufficient to permit 
them to differentiate between NO, and CH, 
absorptions. A tentative value for mixing ratio 
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of 1.8 + 0.5 p.p.b. over the 15-20 km range is 
reported. 

Ackerman et al. (14) measured the 6.25 p 
absorption from Concorde. They applied the 
same analytical procedure they used previously 
(12) and derived a total column density. Such 
measurements, looking horizontally, are in- 
capable of yielding height profiles. However, an 
average mixing ratio can be obtained for the 
altitude at, or above, the measurement height. 
From their total column density an average 
mixing ratio of 5 x 10-lo can be obtained above 
15 km. 

Murcray (8) has recently obtained new labor- 
atory data on the v, band of NO, which he has 
used to interpret the observations of Ackerman 
et al. (14) to  give an average mixing ratio of 
2-3 x 10-lo above 16 km. He also used this 
new laboratory data to analyze the earlier v, 
balloon measurements of Goldman et al. ( l l ) ,  
and gives an average mixing ratio at  or above 
30 km of 5 x Taken together these calcu- 
lations imply a layer of NO, at, or above, 30 km 
with a much lower mixing ratio below this 
altitude. 

Harries (9) interpretation of the emission 
spectrum in the submillimeter range, taken from 
Concorde, led to an initial value for NO, of 
20 p.p.b.v. with considerable uncertainty. More 
recently this group (15) have used the more 
intense Q branch during Concorde flights over 
South Africa, and into the Arctic Circle. Exact 
figures with errors are not yet available but their 
present estimate for the mixing ratio is below 
5 p.p.b.v. 

Brewer et al. (4) have recently reported results 
using absorption in the visible and the intensity 
ratio technique. Measurements were taken from 
the ground and from aircraft. The ground-based 
measurements are subject to interference by 
tropospheric NO, and Fig. 3 shows only the 
aircraft results. The authors believe the twilight 
results to be very reliable but give no error esti- 
mates. Their noontime curve shows two measure- 
ments in which they express confidence. Although 
they have less confidence in the noontime height 
profile, because of the greater difficulty in these 
measurements, they believe that the total vertical 
column density above the aircraft is correct. 
These results are very much higher than those 
of other observers. Their daytime measurements 
would be very difficult to reconcile with measured 
0, densities, since at 40 km such high values of 

NO, would lead to  an O, destruction rate some 
20 times the production rate. Moreover, the 
higher value at noon compared with twilight is 
contrary to the behavior predicted by present 
photochemical knowledge. Photodissociation of 
HNO, during the daytime cannot account for 
such diurnal variations because the photodis- 
sociation half-life is many weeks at  the lower 
altitudes. For similar reasons the authors' sug- 
gestion that NO, is converted to NO, by reaction 
with O, in the evening and reconverted to NO, 
by photodissociation of NO, in the morning is 
difficult to accept since the half-life of the NO-0, 
reaction in the stratosphere is more than 1 week. 
Until a satisfactory explanation can be offered 
these results must be treated with some caution. 

(c) NO Measurements 
Toth et al. (16) identified weak absorption 

features in the 5.3 p region as being due to NO. 
The observations were made on March 11, 1973, 
with an interferometer from an aircraft flying 
at  35" N latitude and an altitude of 12 km. The 
NO mixing ratio was reported to  have a con- 
stant value of 1.0 + 0.2 p.p.b.v. from 11 to 
26 km. This figure was later revised to 0.8 f 0.2 
p.p.b.v. The same group also made two addi- 
tional observations (3) from Concorde in June 
13, 1973, at 16 km and 45.50" N. They report 
mixing ratios of 0.2 and 0.4 p.p.b.v. at 12.8 and 
15.2 km respectively. 

Ackerman et al. (17) also observed these 
same absorption features with their grille spectro- 
photometer from Concorde at 16 k m  and from a 
balloon at altitudes up to 40 km. The balloon 
flight was made in May, 1973, in France a t  
43" N latitude. The height profiles they deduce 
are shown in Fig. 4. 

Murcray et al. (18) have drawn attention t o  
the fact that the NO lines used in the above 
estimates are coincident, within the resolution 
of the instruments, with the CO, satellite bands 
and with solar C O  emission lines. Thus, the 
estimates are likely to represent upper limits. 
Murcray et al. (18) failed in their attempt t o  
observe NO absorption up to 30 km and place 
an upper limit of 1.0 p.p.b.v. in the mixing ratio 
up to  this altitude. 

Figure 4 also shows the results of the in situ NO 
measurements (6) made by the chemiluminescent 
technique. They represent measurements taken 
from three balloon flights in New Mexico at  
33" N, two over the altitude range 17-24 km in 
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1 0  ' " " " ' I  ' " " '  
16" 10-9 

VOLUME MIXING RATIO 

FIG. 3. Volume mixing ratios of NO,. A, ref. 13; B, 
Brewer et  al. (4), twilight aircraft measurement; C, 
Brewer et  al. (4), mid-day aircraft measurement; D, 
Harries (15), upper limit from Concorde measurement; 
E, Ackerman et  al. (14), from Concorde, twilight measure- 
ment calculated from total column density, assuming 
constant mixing ratio above 15 km; F, Farmer et  al. (3), 
from Concorde, twilight measurements; G, Murcray (8) 
interpretation of balloon data assuming constant mixing 
ratio above 30 km; unlabelled shaded area "equivalent" 
NO, ratios calculated from the HNO, data of Fig. 2, 
from eq. B, as explained in text. 

December 1972 and March 1973, and the other 
over the altitude range 23-27 km on June 20, 
1973. The results were obtained during ascent, 
float, and descent over these altitude ranges. 

Intercomparison of Results 
There appears to be a wide spread in the results 

of the NO, measurements, an appreciable, but 
smaller spread in NO results, and the smallest 
spread for HNO,, although it must be remem- 
bered that in the case of HNO, most of the 
measurements were taken by the same group. 
In the case of NO it should be pointed out that 
the in situ chemiluminescence measurements 
were made during mid-day while all the infrared 
absorption measurements were made at twilight. 
It will be seen from expression A that this would 
have the effect of increasing the difference 
between these results. The magnitude of the 
difference due to changes in solar zenith angle is 
not known precisely. It is difficult to believe 
that it would be as large as that shown in Fig. 6 
of the paper by Hesstvedt (19) since this would 
result in unreasonably high values for mid-day 
NO concentrations derived from the twilight 
absorption measurements. 

No simultaneous NO, measurements taken 
from the same location by different groups using 

1 0 ~ ! ' " ' ! ' 1  ' 1 1 1 ' 1 1 '  ' " 1 1 ' 1 ' 1  ' 1 1 1 ' 1 1 1  
lo-l1 D-/o 1 0 ' ~  

VOLUME MIXING RATIO 

FIG. 4. Volume mixing ratios of NO. I ,  Farmer (3), 
from Concorde, twilight measurement; 2, Ackerman et al. 
(17), from Concorde, twilight measurement; 3, Toth 
et  al. (16), from aircraft, reported as constant mixing 
ratio over altitude range 11 to 26 km; 4, Ackerman et al. 
(17), from balloon, twilight; 5, Ridley et al. (6), in situ 
chemiluminescence measurement, mid-day; unlabelled 
shaded area "equivalent" NO ratios calculated from 
H N 0 3  data of Fig. 2 from eqs. A and B as explained in 
text. 

. . 
.I 1 -A- \ , l , l l ' ~  

10 ' ' ' ' l " ' l  1 ' 1 '  " " 1  1 ' "ll'l L 
/o-" lo-" 10-8 

VOLUME MIXING RATIO 

FIG. 5. Intercomparison of NO and NO2 data. NO 
data as  in Fig. 4, NO, data of Fig. 3 recalculated as 
"equivalent" NO from expression A in text. Numbers and 
letters are for the references given in Figs. 3 and 4. 

different techniques have yet been reported. 
Thus, it is not possible to decide how much of 
the spread shown in Figs. 2-4 is due to real 
variability of NO, mixing ratios. 

Figure 5 shows a comparison of the NO ob- 
servations of Fig. 4 with the NO , measurements 
recalculated as "equivalent" NO from expres- 
sion A. The NO, results appear to be consistently 
higher than those for NO. As mentioned earlier, 
the photochemical steady state approximation 
used to derive expression A should be a good one. 
The values of J and k, seem to be known with 
accuracies greater than the differences between 
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average values of the NO, and N O  measure- 
ments, although only one study (20) has been 
made of k, at  stratospheric temperatures. The 
remaining uncertainty in the use of expression 
A is the value of 0,. In Fig. 5 the average height 
profile given by Dutsch (21) for Spring, 35" N 
has been used. In this issue Dutsch (22) has 
pointed out that 0, densities may vary by more 
than 50% from one location to another at  the 
same time and at one location from day to day. 
Therefore, all NO, measurements should be 
accompanied by simultaneous 0, measurements 
taken at the same altitude. 

In Figs. 3 and 4, the HNO, mixing ratios are 
shown as equivalent NO, and NO respectively, 
as calculated from expression B. The upper 
bounds are calculated using the maximum H N 0 3  
measurements and the lowest reasonable limits 
for the HO density. The converse limits were 
used to obtain the lower bounds of the "equiva- 
lent" NO,. We have pointed out that in the case 
of expression B, the use of the steady state 
approximation is of marginal validity. A value 
of unity has been adopted in these calculations 
for the quantum yield of H N 0 3  dissociation 
involved in J,. Johnston (23) believes this to be 
the correct value for the quantum yield in the 
wavelength region 255-3 15 nm but there is less 
certainty in the shorter wavelength region 200- 
255 nm. There are also some uncertainties in 
the values of k, and k,. Finally, no  measure- 
ments are available for the HO concentrations 
at these altitudes and recourse must be made to 
values calculated from atmospheric models. The 
rate constants used to determine H O  densities 
in the models are still not well defined. The HO 
estimates are, however, not highly sensitive to 
the choice of these rate constants since self- 
regulation effects are operative in the HO 
chemistry. For example, if one tries to maximize 
the H O  density by adopting the lowest reported 
value for its main termination reaction 

then one finds that the HO, concentration will 
build up and, consequently, so will H 2 0 2  by the 
process 

HO2 + HO2 -> H202 + 0 2  

resulting in a decrease in HO by 

Finally, there is always the possibility that 
chemical reactions not yet included in the current 

models play important, if not dominant, roles. 
For example, NH, chemistry is not well under- 
stood (24). Oxidation may produce NO,, but 
may also provide a sink by reactions such as 

Observations of NO, mixing ratios in the 
stratosphere are currently too sparse and dis- 
parate to provide good tests for models aimed 
a t  explaining the 0, budget in the unperturbed 
statosphere or t o  provide predictions of the 
effects of additional amounts of N O  introduced 
by man. If present NO, levels a s  low as those 
reported by Ridley et al. (6) are confirmed then 
HO, chemistry plays an important role through- 
out the unperturbed lower stratosphere in deter- 
mining the 0, budget. If the higher values of 
NO, are correct then NO, destruction of 0, is 
more important in this region. I t  is hoped that 
results of simultaneous measurements using dif- 
ferent techniques on all NO, compounds and on 
0, will soon become available. Synoptic measure- 
ments of the altitude, temporal, and geographic 
dependencies of NO, will, of course, be required 
before true understanding of the  unperturbed 
stratosphere and predictions of anthropogenic 
perturbations can be achieved. 

The author would like to thank Prof. J. C. McConnell 
for helpful discussions and for providing many of the 
calculations used in the intercomparison of the measure- 
ments. 
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Infrared Measurements of Stratospheric Composition 

C. B. FARMER 
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Received December 7. 1973 

The observational techniques and results of i.r. measurements of the minor and trace 
molecular composition of the lower stratosphere are reviewed. Emphasis is given to 
those theoretical aspects of the formation of emission and absorption spectra which affect 
the quantitative interpretation of observational data in terms of the vertical distribution of 
observed molecular species. 

The principal experimental techniques currently being used a r e  briefly reviewed, fol- 
lowed by a detailed summary of current knowledge of the abundances and spatial varia- 
bility of the known minor constituents. The question of the determination of the minimum 
detectable concentration of a constituent molecule and its relationship to  the instrumental 
parameters, the molecular transition intensities, and observation geometry is discussed; 
upper limit concentrations are given for some additional species of importance in current 
stratospheric studies. 

Les techniques et  les rtsultats exptrimentaux des mesures infra-rouge de la composition 
moltculaire mineure et de trace de la plus basse stratosphkre sont analysts. On insiste sur 
ces aspects thtoriques de formation de spectres d'tmiksion et d'absorption qui influencent 
l'interprttation quantitative de  donntes exptrimentales en termes d e  distribution verticale 
d'esptces molCculaires observtes. 

Les principales techniques exptrimentales couramment utilistes sont brikvement 
analysies, suivies d'un rtsumk dktaillt de connaissances courantes des abondances e t  de 
variabilitt spatiale des constituants mineurs connus. La question d e  la dktermination de  la 
concentration minimum dtcelable d'une moltcule constituante et  son rapport avec les 
paramktres des appareils, les intensitts de transition moltculaires et  la gtomttrie d'observa- 
tion sont discutts; les concentrations de limite suptrieure sont donnte  pour des espkces 
additionnelles importantes en rapport avec les etudes stratosphtriques courantes. 

[Traduit par le journal] 
Can. J .  Chem.. 52. 1544(1974) 

Introduction 
Remote sensing measurements of the strato- 

sphere, by emission or absorption techniques at 
i.r. wavelengths, have provided the source of much 
of our present knowledge of the compositional 
structure of this atmospheric region. This is of 
course a direct consequence of the fact that the 
characteristic frequencies of molecular rotational 
and vibrational transitions lie in the i.r. range. 
Until quite recently there has been relatively little 
attention paid to the detailed composition of the 
stratosphere and most of the high resolution 
spectral observations ofthe atmosphere have been 
made from the surface of the Earth, under which 
condition the spectral features arising from strato- 
spheric molecules are masked by the intense ab- 
sorptions of the tropospheric gases. Notable ex- 
ceptions to this generalization, however, are the 
long established series of balloon observations of 
Murcray and his co-workers (I), the studies of 
stratospheric water vapor by Houghton's group 

at Oxford (see for example refs. 2 and 3), and the 
satellite observations of the ozone layer by 
Prabakhara et al. (4). 

The stimulus provided by the need to under- 
stand the detailed background composition of the 
lower stratosphere in the context of present day 
concerns over the possible climatic and physio- 
logical impact of introducing reactive species 
into the region, has occasioned a marked increase 
in recent years in the application of radiometric 
and high resolution spectroscopic techniques to  
the problem. Observations have been made from 
balloon and high altitude aircraft platforms al- 
though, as yet, there have been no satellite based 
studies of stratospheric composition other than 
for ozone and water vapor. 

An important aspect of the current studies of 
stratospheric aeronomy is the emphasis placed on 
the quantitative accuracy of the interpretation of 
the observational data. Consequently, in this re- 
view we shall give some attention t o  the theoretical 
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basis of the relationships between the total molec- where B[v,T,(h)] is the Planck function at fre- 
ular cross section and its distribution and the cor- quency v and temperature T. The corresponding 
responding observed atmospheric absorption or expression for the intensity at the observer view- 

I emission. In this way the relative advantages of ing the absorption of solar radiation is 
I 

I the different obserGation modes and analysis 
1 
I 

techniques can be better understood. Following 
1 this we shall describe the experimental methods 
I presently being used and summarize the present 

status of the compositional knowledge derived 
from them. 

Formation of Spectra 
In both spectroscopic and radiometric measure- 

ments, the problem can be stated generally as the 
interpretation of an observed variation of ra- 
diance with frequency, caused by the absorption 
or emission of radiation by a particular molecule 
(and identified by its precise frequency location), 
in terms of the distribution of the number density 
along the optical path of the observation. We 
shall consider radiation arriving at a point in the 
atmosphere from successive layers below or  above 
the altitude of observation. 

Let q(h) and k(v,h) be the molecular number 
density and the monochromatic extinction coeffi- 
cient at frequency v, at height 12 where the pressure 
and temperature arep(l7) and T(h) respectively. If 
more than one molecular species contributes to 

1 the absorption or emission of radiation at v, then 

the summation being taken over all species qi 
active at v. 

We define o(v,O,H,h) as the optical depth of the 
atmospheric path between /I and the observer at 
height H, at  a zenith distance 0. The optical depth 
is given by 

, h 

where g(O,hl) is the geometric factor relating the 
observation path to the radial path. The mono- 
chromatic transmittance of the atmospheric col- 
umn between H a n d  h is then simply 

The spectral intensity at the observer viewing 
the atmosphere in en7ission is 

a t  
x - (v, 0, H, h)dh 

ah 

[3] l,(v,0,H) = 1@(v)t(v,0,H,co) + le(v,O,H) 

where I0(v) is the intensity of solar radiation at 
the top of the atmosphere. The contribution from 
the second term, the atmospheric emission, can 
be neglected in comparison to the transmitted 
solar energy, except at the largest i.r. wavelengths 
in regions of very strong absorption. By combin- 
ing eq. 1 with eq. 2 or eq. 3 to obtain the full 
expression for emission or  absorption, it is seen 
that the unknown, q(h), appears under one sign 
of integration with respect to 12 for the absorption 
case whereas it appears under a double sign of 
integration over height in the emission case. 

In practice, the intensity is measured over a 
finite spectral interval, Av, defined by the instru- 
mental slit function in the spectroscopic case (the 
spectral resolution) or by the transmission char- 
acteristics of the optical filters used in the radio- 
metric case. For simplicity we shall assume that 
the instrumental function can be represented as a 
square passband of width Av. The observed in- 
tensity, denoted by f ,  is 

The observations can be made by recording the 
variation o f i  with respect to v for different zenith 
angles, 0, and base altitudes, H. In the following 
section we shall descuss briefly the way in which 
these three observation variables can be used to 
aidin the recovery ofthe total column abundance, 

and its vertical distribution, q(l7), from the mea- 
sured values of f .  Prior to this it will be useful to 
note a few of the characteristic properties of the 
intensity distribution in the two cases. 

Examination of eqs. 1 and 2 shows that a quan- 
titative interpretation of observations made in 
eniission requires that the measurements be made 
in absolute radiance terms, and the observational 
procedure must therefore include the appropriate 
intensity calibration. It  is also necessary that the 
variation of T with h be known in order to  make 
an objective determination of q(l7). The accuracy 
to which T(h) must be known depends on the 
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values of the effective emission temperatures 
through the range of frequencies covered by the 
particular spectral emission feature of interest. 
For example, if the line is isolated from adjacent 
lines of other atmospheric n~olecules, the de- 
termination of o will be relatively insensitive to 
errors in the assumed T(h) whereas, in the analysis 
of lines which are closely blended with others, 
small errors in T(h) can lead to very large errors in 
the determination of t(h) and hence q(h). 

In the absorption case, l0(v) can be eliminated 
by normalizing the observed intensities at all fre- 
quencies with respect to the measurements in the 
local continuum, where k(v) -t 0. Thus in absorp- 
tion we can obtain i(v) directly from the measure- 
ments, but here again the level of the true con- 
tinuum must be verified by determination of the 
contribution to the extinction by nearby features 
or by examination of the variation of i(v) with 0, 
in order to avoid errors in the derived value of o. 

Observation Modes: Properties of 
k(v,h), 0, and H 

We shall consider now the general description 
of the modes of observation of the stratosphere 
which have been employed in recent investigations 
using i.r. methods, and outline the properties of 
the observation variables, v, 0, and H,  in terms of 
their value in the derivation of the compositional 
profile, q(h). 

To date, three different measurement tech- 
niques have been used: medium and high resolu- 
tion emission spectroscopy, high resolution ab- 
sorption spectroscopy, using the Sun as the radia- 
tion source, and radiometry in emission. By 
radiometry, we refer to the use of a relatively 
broad band-pass optical filter to isolate a specific 
molecular band, or portion of a band, the emission 
intensity measurements being made both in the 
total filter bandwidth and in the adjacent (trans- 
parent) regions. Details of the experimental tech- 
niques involved in each of these are given in the 
following sections, together with some comments 
on more sophisticated methods, optimized for 
specific chosen molecules, which have evolved 
from the basic observational modes mentioned 
above; these are used in absorption and emission 
and include selective chopping radiometers, and 
optical and gas correlation filters. 

In general, for observations made within a 
finite spectral interval, it is not possible to derive 
from a single observation of the emission or ab- 
sorption spectrum(f(v,H,0) us. v for fixed 0 and H) 
a unique description of the variation of the 

molecular density with height, q(h), unless 
some a priori-knowledge of the scale height or 
altitude location of the absorber q is available. 
Likewise, as we shall see, it is possible in the ab- 
sorption case to determine from a single spectrum 
a close approximation to the total column abun- 
dance of the absorbing molecule, but any descrip- 
tion of the distribution of this abundance with 
altitude requires that an assumption be made re- 
garding the form of the distribution. It is thus 
necessary to make use of the other observational 
variables, zenith distance, 0, and the observation 
base height, H, to  obtain independent information 
from which the full description of q(h) can be 
determined. The manner in which v, 0, and H, 
contribute to the derivation of q(h) can be seen 
from the properties of the functions of which 
they are variables, namely k(v,h), gH(O,h), and 
o(v,O,H), respectively. 

Extinction CoefJicient 
In the stratosphere the width of spectral lines 

in the i.r. varies from the collision-broadened 
width at the lowest altitudes to the Doppler width 
at  near i.r. wavelengths for the higher altitudes. 
The shapes of individual lines are described in 
terms of the variation ofk(v) with frequency from 
the line center, v,, and the pressure and Doppler- 
broadened half widths, yL and y,. The line shapes 
are related to the extinction coefficient through 
the line intensity SO, viz. 

For Doppler-broadened lines, 

the Doppler half width (in cm-l) being given by 

k being the Boltzmann constant and m the molec- 
ular weight. For  collision-broadened lines, the 
full expression for the line shape (for all line center 
freauencies) is 

+ 

(v + vol2 + YL 
For most purposes the terms correcting for the 
asymmetry at long wavelengths and the induced 
emission can be neglected, and the simple Lorentz 
expression is used, viz. 
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However, for a large part of the range of condi- 
tions encountered in the stratosphere (p  % lo- '  
t o  a tm;  T z 220 to 270 OK) and over the 
range of frequencies covered by i.r. observations 
(v w 104cm-'(-1 p n ) t o  10cm-'(-1 mm)),the 
actual line shape is described by a convolution of 
the Doppler- and collision-broadened shapes. The 
properties of this combined line shape, the Voigt 
profile, have been tabulated both in terms of the 
variation of k(v) withv, and the dependence of the 
total integrated absorption or  emission over the 
line on the physical properties of the absorbing 
column of gas (5, 6). 

As an example of the range of overlap of the 
line-width regimes at  i.r. wavelengths in the 
stratosphere, a molecule of average molecular 
weight, CO. has line half-widths from Dressure 
broade'ning;arying from - lo-' cm-' at  10 km 
to  cm-'  at  50 km altitude, while its 
Doppler widths cover the range from lo-' t o  

cm-' over the range of wavelengths of in- 
terest. 

The intrinsic line strengths and half-widths are 
dependent on the local temperature conditions, 
also, and this must therefore be taken into account 
in the interpretation of the observed absorption 
or  emission in terms of molecular concentration. 
In terms of the manner in which the dependence 
ofk(v) on the local atmospheric conditions can be 
used as a discriminator in the determination of 
q(h), however, the predominant factor is the de- 
pendence of line half-width on pressure. The 
collision-broadened width is linearly related to 
pressure, viz. 

[lo1 YL = YLOP 

should note, however, that  in the presence ofother 
lines this discrimination will become very much 
less pronounced; nevertheless, in principle, for a 
single isolated line and with monochromatic ob- 
servation conditions, it is possible to use the de- 
pendence of k(v) on p in the pressure-broadened 
regime as a weighting function to determine q(h). 
Such conditions are approached in the  case of 
laser transmission or optical heterodyne radio- 
meter measurements. In practice, when observa- 
tions are made over a finite spectral interval, as 
has been the case to date, the integration over Av 
shown in eq. 4 has the effect of masking the  intrin- 
sic shape of the line. Thus as Av becomes large 
compared to the line width, measurements ofl(v) 
over intervals ofv within Av tend to  be redundant. 
Consequently the use of k(v) as a weighting func- 
tion for q(h) is strongly dependent on the  value of 
Av . 

Observation Geometry and Base Altitude 
Much of the emphasis in current remote sensing 

of the stratosphere is directed towards t h e  detec- 
tion and measurement of candidate molecular 
species whose relative abundances are small and 
the intensity variations. by which they may be 
studied, very weak. For this purpose the enhance- 
ment of the total column abundance along the 
line of sight when the observations are made at 
large zenith distances can be exploited. Under 
these conditions, if the  field of view covers the 
region close to the Earth's limb, an observation at 
a single zenith distance can provide a direct in- 
dication of the probable altitude location of the 
absorber, in addition to  an  approximate value for 
the integrated column density. To derive an 
unambigous solution for  the total abundance and 
its vertical distribution, however, the observa- 
tions must be made over several values of the and we may consider, for the purposes of illustra- 

tion, a pure Lorentz-shaped line and examine the zenith angle 8. The strong dependence o f  the geo- 
metrical factor, g(8,h) on zenith distance, for range of dependence of the extinction coefficient angular distances close to  90°, renders it the most on pressure between the line center and its extreme 

wing. From eqs. 5, 9, and 10 powerful of the weighting factors available for the 
determination of q(h). 

The well-known expression for the variation of 
[I 11 k(v) = %' [(v+) ' + p2] - ' the optical path length L with zenith angle, for 

n: large values of 8 in a spherical atmosphere, is 

so  that k(v) is proportional t o p  in the wing of the n r l i  
line (v - vo >> yLOp) and proportional to  l lp a t  

~ 1 2 3  L = 6 exp [h cos2 01 
the line center (v = v,). Consequently, in the 
formation of an  isolated spectral line, at  different x [ I  - e r f " J g ]  
values ofv  the extinction coefficient k(v) reaches a 
maximum value a t  different altitudes (p). We where r is the Earth's radius and Af the scale 
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! 

FIG. 1. Contribution to the optical path by the geo- 
metric factor g(8,l1, 611) for atmospheric layers above and 
below the observation altitude H, for 85" < 8 < 94". 
The figure is drawn for H = 21 kni and a n  elemental 
layer thickness 611 = 1 kni. 

height. Figure 1 shows the variation of the ratio 
of the geometric path to the radial path at height 
h, for different values of the zenith angle of ob- 
servation. It should be nozed that the figure repre- 
sents only the geometric factor, i.e. it does not 
contain the variation of density with height; q(i2) 
is defined here (eq. 1)  as the absolute number den- 
sity of species q and not the relative mixing ratio. 
From observations at a given H and v, for different 
values of 0 when 0 > 90°, it is possible to recover 
the structure of q as a function of h. The geometric 
factor should also include any contribution to the 
optical path resulting from refraction along the 
path. In practice this is negligible for observations 
in the stratosphere where the grazing altitude 
(altitude of closest approach) exceeds 15 km, i.e. 
the effect of refraction is negligible for virtually all 
stratospheric geometries. 

For observations made at varying H, i. e.with 
v and 0 held constant, the weighting functions are 
similar to those shown in Fig. 1 for the appropriate 
value of 0, but with the added advantage that, to 
obtain discrimination with respect to height h, 
the viewing angle 0 need not be restricted to angles 
larger than 90". 

In practice, a combination of the variation ofv, 
0, and H is used to obtain the necessary indepen- 
dence between the sets of observational data from 

VOL.  5 2 .  1974 

which the corresponding values for q(h) can be 
extracted. The methods of analysis ofthe observa- 
tional data are described briefly in  the following 
section, but it is appropriate in the discussion of 
the influence of observational geometry to illus- 
trate the general characteristics of the variation 
of I(v) with 0 for representative types of vertical 
mixing profile. 

Figure 2 shows the variation with zenith angle 
of the intensity of a weak spectral feature ob- 
served in absorption, for four different vertical 
distributions of a fixed total column abundance. 
Case (a) assumes the species to have a scale height 
3 equal to that of the bulk atmosphere, i.e. uni- 
form mixing. Case (b) represents the situation 
where the gas is restricted to a layer 5 km thick, 
the base of the layer being above the observation 
point. In cases (c) and (d) the bulk of the gas is in a 
5 km thick layer, with the observational level at 
the top of the layer (c) and 5 km above the layer 
(d). Thus, for observations made below the level 
of a layered species, for zenith angles less than 90" 
there is clearly very little discrimination from 
which to determine its scale height, but the obser- 
vation of a maximum at 90" is a unique indication 
that the gas is not uniformly mixed and that its 
effective lower altitude limit is above the observa- 
tion point. The greatest discrimination occurs of 
course where the observations are continued 
through 90"; the general shape of  the change of 
intensity distinguishes uniform from non-uniform 

ZENITH ANGLE 181, deg 

FIG. 2. Variation of total column density as  a 
function of zenith angle, for four different vertical distri- 
butions of the (fixed) total abundance. (For details of the 
distributions see text.) 
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mixing, and the angular positions ofthe onset and 

I maximum of the observed absorption give directly 

1 the altitude range of the constituent if it is layered 
below the observer. 

I In practice the discrimination provided by these ' characteristics is degraded by the finite angular 
size of the radiation source; the angular diameter 
of the Sun is shown in Fig. 2 to ~llustrate this effect, 
although it is usually possible to minimize this 
loss of vertical resolution by tracking a fixed por- 
tion of the Sun's disk during the period of each 
observation. 

Similar characteristics for the emission case 
with a modeled atmospheric temperature struc- 

ture have been examined by Harries (7), who 
shows that under certain circumstances the angu- 
lar range close to, but less than, 90" can provide 
height discrimination. This fact is of particular 
importance in the emission case, where the obser- 
vational data might be severely affected by the 
inclusion of the (hot) planetary limb in the instru- 
ment field of view. 

Analysis of Observational Data 

The full expressions for the observed emitted 
intensity 1, or absorption ii from eqs. 1-4, for a 
non-scattering optical path, are 

and 

While eqs. 13 and 14 are characteristically dif- 
ferent, they are both nonlinear in q(11) and must be 
solved numerically by iterative methods, the solu- 
tion being the profile, q(h) for which the computed 
intensity or absorption agrees with all the corres- 
ponding observations. We shall not attempt to 
give an account of the computational details in- 
volved in the analysis of the observational data, 
but will describe briefly the approaches which are 
most frequently adopted. 

I 
I General Method 
I The procedure in most cases is to divide a model 

atmosphere into a number of layers, assigning a 
mean temperature to each at the mean (Curtis- 
Godson) pressure of the layer. By means of "line- 
by-line" calculations, for each absorber qi active 
at frequency v, the optical extinction is computed 
at suitable small intervals, 6v, across the frequency 
rafige of interest, using the (known) values for the 
intrinsic transition strengths, their half-widths, 
and ground-state energies. Taking some starting 
assumption for the variation of mixing ratio with 
height, a theoretical mean value for the emitted 
intensity or the absorption is computed from [I31 
and 1141 by summation over all layers and over 
tb - frequency range of the instrument function. 

I These computed values are compared with the ob- 

1 served values at each frequency, and the values of 
I q(h) assigned to each layer adjusted in an iterative 

process until the mean value of the differences be- 
tween the observed and calculated values is mini- 
mized. In this procedure the difference remaining 
in the dominant layer for each observation, in- 
dicated by the geometric factorg(O,h), is given the 
greatest weight in driving the iteration t o  a solu- 
tion. Good examples of the application of this 
method can be seen in the work of Murcray et al. 
(8) in the determination of vertical mixing profiles 
for CO and N20.  

Equivalent Width Method 
It is not always necessary to reproduce thevari- 

ation ofi,(v) or G(v) us. v in detail: the integrated 
emission or absorption over the frequency extent 
of a feature is independent of the instrument func- 
tion, and this property provides a convenient 
parameter for comparison of the observed and 
calculated spectra. The use ofjG(v)dv, the "equiv- 
alent width" of a line o r  feature, must be treated 
with caution, however, since its independence of 
Av is valid only if the integration is taken between 
fimits where E(v) -, 0 (eq. 14). 

The equivalent width method is particularly 
useful in the analysis of isolated or very weak 
features in absorption spectra which are close to 
the detection limit. The relationship between the 
integrated absorption of a line and its Doppler- 
and pressure-broadened half-widths, intrinsic in- 
tensity, and the molecular cross section, can be 
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ilsed directly to determine an approximate value 
for the molecular abundance from the observed 
spectrum. This relationship (the "curve of 
growth") has been tabulated for lines of mixed 
Doppler and Lorentz profile by Jansson and Korb 
(6). For most transitions at near i.r. frequencies, 
the dependence of k(v) on temperature is small, 
over the range of temperatures encountered in the 
stratosphere (-220 to 270 OK). Thus, if a mean 
value for the effective pressure p, , , over the ob- 
servation path is assumed, and if the line strength 
and pressure-broadened half-width are known, 
the observed equivalent width can be directly con- 
verted to avalue for the total molecular abundance 
along the path. For an assumed constant mixing 
profile, and for small 8, p , ,  , = pH/2; for large 
values of 8,p,, , must be determined as a function 
of the geometric factor. The calculation can be 
repeated forp,, , = pH andp,, , = O.O1pH, say, to 
assess the error incurred by the assumption of the 
scale height or location of the absorber. By this 
procedure it is found that the uncertainty in the 
derived total vertical abundance is typically not 
greater than _+ 30%. Nevertheless, for weak spec- 
tral lines it is not possible to gain any information 
regarding the vertical distribution of the total 
abundance without making independent measure- 
ments at two or more values of the zenith angle 
or base altitude. 

Band Model Method 
An alternative method which has been used to 

reduce the computational complexity is the so- 
called "band model" method, where the distribu- 
tion of line strengths and spacings is represented 
by an appropriate function. A review of band 
models and their ranges of validity has been given 
by Goody (9). This procedure is particularly suited 
to molecular bands where the individual lines are 
closely packed or overlapping and where an em- 
pirical treatment of the variation of extinction 
coefficient with frequency can be substituted for 
(often unavailable) detailed quantum assignments. 
The method has been used in the past for radio- 
metric measurements of stratospheric water vapor 
(2) and, more recently, the interpretation of obser- 
vations of the nitric acid layer by Murcray et al. 
(8) (see later). 

Minimum Detectable Abundance 
The concept of the "minimum detectable abun- 

dance" of a particular molecule is of importance 
both in the design of observations and in setting 
an upper limit for its abundanceif it is not detected 

in the spectrum. The minimum detectable abun- 
dance is that amount of absorber which will pro- 
duce a change in the observed intensity or absorp- 
tion which is just discernable (by some stated 
statistical margin, n) against the random varia- 
tions (noise) in the observational data. For ab- 
sorption spectra this can be estimated in terms of 
the "noise equivalent width" of the instrument 
under given observation conditions; if N is the 
fractional noise level superimposed on the ob- 
served signal level, the noise equivalent width is 
nNAv. When the noise level is very small, the 
equivalent widths of lines which produce a maxi- 
mum change in the continuum level comparable 
to the noise fluctuations follow a linear relation- 
ship with the total absorber amount, i.e. 

where S(T) is the line strength at some mean 
stratospheric temperature. If Uis the total vertical 
column abundance then, assuming uniform mix- 
ing, the minimum detectable abundance Umi, is 
given by 

A similar estimate can be made for measurements 
in emission, but here the noise equivalent width 
must be given in terms of a specified emission 
temperature contrast between the line center and 
the adjacent continuum. For features of interest 
that are closely blended with stronger lines of 
other constituents, the noise equivalent width at 
the nominal frequency of the line may not be on 
the linear part of the curve of growth. Under these 
conditions upper limit concentrations from emis- 
sion spectra can only be safely estimated by a full 
calculation of the theoretical spectrum, for pro- 
gressively smaller total absorber amounts, until 
the noise equivalent intensity fluctuations are 
reached. 

Instrumentation and Experimental Methods 

In discussing the experimental techniques 
which have been employed for i.r. studies of 
stratospheric composition, it is perhaps useful to 
distinguish between two quite distinct measure- 
ment objectives. These might be termed "speci- 
fic" and "survey" measurements. In the first of 
these, the investigation is concerned with a de- 
tailed study of the distribution and temporal 
variability of a particular molecule, whose pres- 
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TABLE 1. Principal stratospheric infrared experimental groups 

Experimental group Instrument Platform Region Principal molecules 

Ackerman Grating Balloon Near i.r. CHZ, NOZ, NO 
3-4 pm 

Farmer Michelson Aircraft Near i.r. CH4, NO, NOz, NzO, 
1-7 pm HzO, CO, 0 3  

Girard 

Houghton 

Harries 

Kuhn 

Lowe 

Marten 

Murcray 

Grille 
spectrometer 

Radiometer 

Michelson 

Radiometer 

Grating 

Michelson 

Grating, 
radiometer 

Aircraft, 
balloon 

Balloon 

Aircraft 

Aircraft 

Aircraft 

Aircraft, 
balloon 

Balloon 

Near i.r. 
4-10 pm 

Mid i.r. 

Far i.r. 
10-30 cm-' 

Far i.r. 

Near i.r. 

Far i.r. 
30-200 cm-' 

Nearlmid i.r. 
3-30 pm 

ence as a minor constituent is already known to- 
gether with its approximate abundance. For such 
measurements an experimental technique can be 
used which is more economic in its use of obser- 
vational data to be acquired than is possible in 
the case of "survey" observations, where the 
spectrum must be recorded over a relatively large 
frequency range in order to search for evidence of 
suspected but previously undetected constituents. 
An example of this difference in approach can be 
seen in thedetection ofnitric acid(see next section) 
in absorption and emission spectra, and the sub- 
sequent study of its distribution by means of 
radiometers having optical pass-bands chosen to 
provide the maximum discrimination between the 
nitric acid features and the background. In this 
section weshall describe briefly the methods which 
are currently being used in i.r. measurements of 
the stratosphere; the principal groups of investi- 
gators and the salient features of their experi- 
mental techniques are summarized in Table 1. 

Radiometry 
As far as composition studies ofthe stratosphere 

are concerned (as opposed to remote sounding of 
the physical structure) the emission radiometry 
technique has been applied only to the more 
abundant species, water vapor and ozone (with 
the recent exception of nitric acid cited above). 
The reason for this will become apparent from 
consideration of the resolution requirements for 
the detection and measurement of the rarer 

species. It should be pointed out, however, that 
the techniques of selective filtering using Fabry- 
PerBt, gas correlation, and pressure-modulated 
filter radiometers, which are currently i n  use to 
provide improved height discrimination for tem- 
perature sounding, will undoubtedly find direct 
application to the measurement of the less abun- 
dant trace gases in the future. In addition to their 
selectivity such methods are able to achieve an 
effective spectral resolution comparable to the 
width ofthe lines ofthegas ofinterest under strato- 
spheric conditions, while having sufficient energy 
grasp to  allow the measurements to be made 
rapidly and with the required accuracy. Selective 
radiometers of this type have not as yet been used 
for atmospheric composition measurements, hut 
they are prime candidates for use in future remote 
monitoring of the upper atmosphere from space- 
craft. A detailed description of these techniques 
can be found in the review of remote sensing 
methods by Houghton and Taylor (10). 

The main application of broad band radiometry 
to detailed compositional studies of the strato- 
sphere to  date has been the balloon-borne mea- 
ments of downward radiation from water vapor by 
Houghton and his co-workers. The instrument 
used a gold-doped detector and filter, both cooled 
to liquid air temperature, the combination isolat- 
ing the whole of the 6.3 p band (i.e. between 1300 
and 1800 cm- '). The radiometer provided a rela- 
tively inexpensive means of monitoring the strato- 
spheric water vapor profile up to altitudes of 
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about 25 km. A detailed description of the radio- 
meter is given by Williamson and Houghton (2) 
and the results of the measurements are con- 
sidered in the next section together with those de- 
rived from other i.r. measurements. Kuhn has also 
studied stratospheric water vapor by emission 
radiometry, in this case using a pyroelectric 
(TGS) detector and filter to cover a portion of the 
rotational band between 18 and 23 p. A special 
emphasis of this work has been to investigate the 
injection of tropospheric water vapor into the 
stratosphere from the penetration of thunder 
clouds. The instrument, which was mounted in an 
aircraft, and the general measurement technique 
are described by Barrett et al. (1 I). 

Spectroscopic Methods 
Apart from water vapor, ozone, nitrous oxide, 

and methane, which are present in the lower 
stratosphere at volume mixing ratios of the order 
of 1 in lo6, the trace constituents of importance to 
current aeronomic studies are at  much lower 
concentrations, typically < 1 in lo9. As a result 
of this they appear in absorption or emission spec- 
tra as very weak features, which are often ob- 
scured bv the interference from bands of the more 
abundant species. The search for them must there- 
fore be made at high spectral resolutions and an 
estimate of the resolution required can be made 
using the minimum detectable criterion given in 
the previous section. 

Consider an i.r. transition having a (typical) 
line strength of 10-l9 cm-' (mol cm-,)-'. Un- 
der conditions of observation where a geometric 
path advantage of 100 can be gained (0 - 90°), 
the minimum detectable cross section for an in- 
strument having a 30 (random fluctuation) un- 
certainty level of lo-, is 

If we assume the gas to be uniformly mixed, with 
a scale height of - 6 km (pH = 0.1 atm), the mo- 
lecular concentration at the base altitude is 
10" Av/(6 x 10') = 1.6 x lo9 Av mol cm-,,. 
giving an equivalent minimum detectable mixing 
ratio of lo-' for an instrumental width of 0.6 
cm- '. This order of magnitude estimate illustrates 
the need for spectral resolutions of -0.1 cm-' 
for the detection and measurement of trace con- 
stituents which may be present in the lower strato- 
sphere at volume concentrations of less than a few 
parts per billion. 

In their work covering more than a decade of 
successful balloon observations, Murcray and his 
group at the University of Denver have used a 
conventional grating spectrometer covering the 
wavelength range from 3 to 30 p, viewing the 
atmosphere both in emission and absorption. The 
spectral resolution in their more recent observa- 
tions is -0.3 cm-' and the r.m.s. noise level in 
their spectra is < 2%. Examples of the results of 
this painstaking work can be seen in the published 
solar spectra covering the 700 to 2 100 cm-' range 
(1). This work has provided a wealth of informa- 
tion on several molecules, including CO, N 2 0 ,  
NO,, H,O, and CH,, but in retrospect perhaps 
the most important outcome of these observa- 
tions was the discovery in 1968 of stratospheric 
nitric acid, which was largely responsible for ini- 
tiating the present interest in its precursors, NO 
and NO,. Reference to these results will be found 
in the description of individual molecules in the 
next section. 

In an endeavor to achieve higher spectral 
resolution while keeping the observation time t o  a 
minimum, many groups have exploited techniques 
which provide the advantages of multiplexing the 
spectral information together with increasing the 
energy throughput of the instrument. In most 
cases this has involved the use of a suitably 
adapted version of the Michelson interferometer, 
the interferogram being recorded in the emission 
or the solar transmission modes, and  subsequent- 
ly transformed by fast Fourier techniques to the 
required spectrum. 

Harries and the group at the National Physical 
Laboratory have used a modular Michelson inter- 
ferometer of the type developed by Gebbie for 
atmospheric emission measurements, with a heli- 
um cooled Rollin bolometer to cover the submilli- 
meter range from 3 to 30 cm-'. The  unapodized 
spectral resolution achieved is 0.06 cm-' and the 
observations have been made principally from 
aircraft, a number of these having been from the 
Anglo-French SST Concorde prototype. These 
observations have yielded significant new data on 
the latitude variations of several species, notably 
HNO,, NO,, and H,O. A description of the in- 
strumentation in the form used for these measure- 
ments has been given by Harries et al. (12) and 
details of the results of the observations can be 
found in the relevant references cited in thefollow- 
ing sections. 

The author and the group at the Jet Propulsion 
Laboratory have developed a fast scanning 
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stepped interferometer covering the near i.r. re- 
gion from - 1 to 8 pm (a range of some 8000 
cm-I). The instrument, based initially on a modi- 
fication of the Connes interferometer by Beer (13), 
has been described by Schindler (14). The resolu- 
tion achieved is -0.2 cm-' (unapodized) and 
spectra covering the full frequency range at maxi- 
mum resolution can be recorded in 2 to 3 min. 
Measurements have been made from high altitude 
aircraft, viewing a portion of the Sun's disk with a 
tracking optical system. Some of these observa- 
tions have been made from the SST Concorde, the 
high speed of which has enabled the relative motion 
of the Sun to be reduced almost to zero over the 
period of recording each interferogram, thereby 
minimizing the uncertainty in defining the pre- 
cise optical path of each measurement. The noise 
level in solar spectra recorded with the instrument 
is typically between lo-, and of the back- 
ground intensity and the observations to  date 
have yielded information on the altitude and 
latitude variations of a number of stratospheric 
molecules, including N,O, NO, NO,, H,O, CO, 
CH,, together with revised upper limits for several 
others. An account of the use of the instrument in 
aircraft observations, and a discussion of the 
minimum concentrations which can be detected, 
has been given by Farmer et al. (15). 

Girard, at the Office National dYEtudes et de 
Recherches Aerospatiales has used a version of 
his grille spectrometer (16) to obtain the luminos- 
ity and resolution required for stratospheric ob- 
servations at high detectivity. The instrument has 
been used with a solar tracker to record the spec- 
trum in absorption from a balloon platform and 
from aircraft (Caravelle and Concorde). The 
overall spectral range, using nitrogen cooled InSb 
and HgCdTe detectors, is 4000 to 700 cm-', al- 
though the window used for the Concorde ob- 
servation limits this range to - 1250 cm-'. For a 
given observation, the selection of the entrance 
grille (which replaces the slit of a conventional 
grating spectrometer) restricts the frequency range 
to a few tens of cm-', but against this the spectral 
resolution is very high (-0.08 cm-') and the 
spectral scans can be made rapidly i.e. 0.2 cm-' 
per second. For the stratospheric observations to 
date, made in collaboration with Ackerman's 
group at the Institut d'Aeronomie, the instrument 
has been used in the 1900 cm-' region and has 
provided the most precise of the i.r. measurements 
of NO, from the many lines of the 1-0 band which 
it was able to resolve. The Girard instrument has 
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the advantage of great flexibility in its application 
to the current spectroscopic investigation of the 
stratosphere; once a spectral region of potential 
interest has been identified from broader range 
spectral surveys, the grille spectrometer can readi- 
ly be centered on the region and a more detailed 
high resolution study made, with corresponding 
economy in the use of the observational data. 

Discussion of the Results of Infrared 
Observations 

Nitrous Oxide 
Stratospheric nitrous oxide has been measured 

using in situ methods by Schutz et al. (17), by 
Harries (18) in the far i.r., and by Goldman et al. 
(19, 20), who observed the v, fundamental at 
2224 cm-' in the near i.r. region. The data of 
Schiitz et al. and Harries are in reasonable agree- 
ment, and indicate an N,O mixing ratio of about 
0.250 p.p.m.v. at the tropopause, decreasinggrad- 
ually to about 0.220 p.p.m.v. at 15 km. Harries' 
data cover a latitude range from 5" S to 48" N and 
show no significant latitude variation. 

The results of Goldman et al. are derived from 
two separate sets of observations. The more re- 
cent (1972) set, covering the greater range of 
stratospheric altitudes, shows a variation of from 
0.33 p.p.m.v. at the tropopause falling to about 
0.15 p.p.m.v. at 18 km. This is in comparison with 
a value of 0.11 p.p.m.v. at 13 km from the 1968 
observations. The large difference at the lower 
altitude between the two observation periods may 
perhaps be the result of temporal or seasonal 
variations. 

Our results were obtained from both thev, and 
2v1 (2560 cm-') bands for data obtained at 12 km 
and, in addition, the v, + v, (1880 cm-') band 
for observations at 16 km. From these we derive a 
value of 0.20 f 0.02 p.p.m.v. for the N,O mixing 
ratio, with no discernable variation between alti- 
tudes of 12 and 20 km in the latitude range from 
33" N to 68" N. This result refers only to the 
period of the year between March and June. It 
should be pointed out, however, that these obser- 
vations have so far been limited to two fixed al- 
titudes so that, taking into account the variation 
of tropopause height with altitude, the results 
could hide any small systematic increase in the 
mixing ratio with latitude at the tropopause 
height, if there were a compensating fall-off in the 
mixing ratio with height above the tropopause. In 
general the results are in good agreement with 
those of Schiitz et al. and Harries. In view of its 
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DATE: 3/11/73 
LATITUDE: 37 deg - 32 deg N SOLAR ELEVATION 

LONGITUDE: 107 d q  W A: 7.3 TO 8.1 deg 
AIRCRAFI  ALTITUDE: 12 k m  B: 3.5 TO 4.3 deg 

TROPOPAUSE: 10 k m  C: -0.6 TO -0.4 deg (HT = 11.0 km) 

(A) 

I 

1870 l88d 1890 1900 1910 1920 1930 

cm-1  

FIG. 3. Stratospheric solar spectra in the region of the 1 4  band at 1876 cm-'. Three of the weak NO features 
are indicated by vertical bars. 

probable role as the principal source of NO in the of constant mixing, a mean apparent mixing ratio 
lower stratosphere (see, for example, Nicolet and of 1.0 ) 0.2 p.p.b.v.' The NO features as they 
Peetermans (21)) it is of fundamental importance appear in the stratospheric spectrum are shown 
that the detailed seasonal and spatial variations in Fig. 3; the region illustrated is dominated by 
of N,O be determined to a greater degree of re- the v, band of H,O vapor and 3v, band of CO,. 
finement than is possible from the observations On March 16, 1973, Ridley et al. (23) obtained 
made to date. in situ data from a balloon-borne chemilumines- 

Nitric Oxide 
Among the expected trace molecular constit- 

uents of the lower stratosphere, nitric oxide is of 
particular importance because of the role it is 
thought to play in the net depletion of ozone in 
this region. A number of recent papers have been 
devoted to this question, but at the time when 
concern over the possible perturbation of this 
catalytic balance was first expressed no measure- 
ments of the abundance of NO in the lower strato- 
sphere had been made. It therefore became a 
prime molecular species for which to search in the 
continued high resolution spectroscopic investi- 
gation of the stratosphere. 

Nitric oxide was first detected from sunrise 
spectra taken during a flight on March 1 1, 1973, 
over Albuquerque, New Mexico; the result has 
been reported by Toth et al. (22). The observed 
NO features, in the R and Q branches of the 1-0 
fundamental at 1876 cm-', were very weak and 
close to the detection limit. Furthermore, the 
initial spectra were taken over a restricted range 
of observation conditions so that it was not possi- 
ble to extract with any accuracy the variation of 
NO mixing ratio with altitude. The derived total 
molecular cross section gave, on the assumption 

cense instrument at a latitude of 33", which 
yielded an NO mixing ratio of 0.1 p.p.b.v. with 
an estimated accuracy of ,60%. This result 
referred to the altitude range from 17.4 to 23 km. 
Subsequently, on May 14, 1973, Ackerman et al. 
(24) observed the 1-0 NO band with a balloon- 
borne grille spectrometer over Southern France 
(latitude -43" N). The Girard instrument was 
capable of a higher spectral resolution than that 
used by Toth et al. and this factor, together with 
the advantage gained from the balloon altitudes, 
enabled these observers to determine for the first 
time with precision the NO mixing ratio and its 
vertical profile. Ackerman et al. report values 
which vary from 0.07 p.p.b.v. a t  16.5 km to 
4.4 p.p.b.v. at 37.5 km. For these balloon ob- 
servations Girard chose to examine the region of 
the 1-0 band between 1900 and 1910 cm-I and 
an example of the spectra obtained from these 
flights is shown in Fig. 4. 

Farmer et al. (25) made two additional observa- 
tions of NO on the evening of June 13th with the 
instrument mounted in the French Concorde 

'This preliminary value was subsequently corrected by 
more extensive analysis to a revised value of 0.8 + 0.2 
p.p.b.v. 
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FIG. 4. Observation of stratospheric NO in the 1-0 band (after Ackerman et al. (24); published with the per- 
mission of the Editor, Aeronomica Acta). 

prototype 001, flying at an altitude 16 km be- 
tween 45 to 50" N latitude. At solar zenith dis- 
tances of 91.6" and 90.5", which correspond to 
tangential ray altitudes of 12.8 and 15.2 km, mix- 
ing ratios of 0.2 and 0.4 p.p.b.v., respectively, 
were obtained. 

The results summarized here show marked dif- 
ferences among the individual observations, which 
were made under widely differing conditions of 
location, season, and time of day. It is clear that 
more extensive observations of NO are required 
before any firm description of its spatial and 
temporal variations can be given. 

Nitrogen Dioxide 
Nitrogen dioxide was first observed in the grat- 

ing spectra of Goldman and co-workers (1, 26) 
covering the v, band (at 1617 cm- I). A quantita- 
tive analysis of these data, and additional lower 
resolution spectra covering the much weaker 
v, + v, band (2906 cm-I), was carried out by 
Ackerman and Muller (27) who derived mixing 
ratios ranging from an upper limit of 2.3 p.p.b.v. 
at 16.1 km to a (observed) value of 4.0 f 1.5 
p.p.b.v. at 28.3 km. Harries (18), from emission 
spectra covering the rotational lines in the 20 to 
30 cm-' region, reported an average mixing ratio 
of 20 p.p.b.v. for NO,, but pointed out that the 

accuracy of his measurement was severely limited 
by spectral assignment uncertainties. Harries has 
subsequently revised his value for the average 
mixing ratio to 5 p.p.b.v. (28). 

In the rotational region the NO, lines observed 
and reported to date are severely blended with the 
very much stronger lines of more abundant species 
such as H,O, N,O, O,, 0, and the spectrum in 
this region is consequently difficult to analyze. 
Thev, band at 161 7 cm- ' is strong and, a t  strato- 
spheric altitudes, is relatively free from inter- 
ference from the overlying 6.3 pm water vapor 
bands. The third band which can be used for i.r. 
observations of NO, (v, + v, at 2906 cm- ') is 
some 30 times weaker than the v, band and is 
severely blended with lines of the CH, bands in 
the 3 p region. Thus it would appear that the 
most favorable band for the investigation of NO, 
is v, although, until recently, the analysis of 
spectra obtained in this region (see, for example, 
Murcray et al. (1)) has not been attempted, per- 
haps as a result of difficulties associated with 
rotational quantum assignments for the band. 

From spectra obtained from the Concorde ob- 
servations, which covered the region of the v1 + 
v, band, Farmer et al. (25) were able to detect two 
features due to NO, which, after a thorough com- 
parison with high resolution CH, spectra, were 
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found to be sufficiently isolated to be amenable to 
unambiguous analysis. From these a tentative 
mixing ratio was derived for NO, of 1.8 f 0.5 
p.p.b.v. over the 15 to 20 km altitude range. The 
importance of this result lies in the fact that it was 
obtained simultaneously with the observations of 
NO (see previous section). The combination of 
these results yields a value for the ratio of NO, 
to NO (at 16 km), for sunset conditions, of 
(NO,/NO) = 4.5. 

Nitric Acid 
One of the most interesting, and at the time 

unexpected, discoveries in spectroscopic studies 
of the stratosphere was the observation of nitric 
acid by Murcray et al. (29) during a series of bal- 
loon flights in 1967-1968. The molecule was seen 
in absorption spectra (at a resolution of -0.3 
cm-I) in three separate bands, i.e. in the 7.5, 5.8, 
and 11.3 p regions. The band at 11.3 p was sub- 
sequently measured in emission, using both wide 
and narrow band radiometers (Av = 70 and 6 
cm-'). Nitric acid was later observed by Lazrus 
et al. (30) and by Harries (1 8) from submillimeter 
emission spectra taken with an aircraft mounted 
instrument having a resolution of -0.07 cm-I. 
The original results of Murcray et al. were in- 
terpreted with the aid of laboratory spectra of 
Rhine et al. (3 1) as being equivalent to an average 
mixing ratio of about 3.2 _+ 1.0 p.p.b.v., with a 
distribution similar to ozone. Lazrus et al. at 
20 km obtained HNO, mixing ratios between 2 
and 4 p.p.b.v. Harries' values, from the tropo- 
pause to about 16 km, were also scattered be- 
tween 2 and 4 p.p.b.v., averaging to a constant 
mixing ratio of 3 p.p.b.v. and showing no depen- 
dence on latitude. The later results reported by 
Murcray et al., as shown in their plot of mixing 
ratio us. altitude,,show a mixing ratio of about 
1 p.p.b.v. beginning at  12 km which gradually 
increases to a maximum of about 4.6 p.p.b.v. in 
the range of 20-24 km. There appears to be, 
however, some discrepancy between the range of 
concentrations given in their text and those shown 
in their plotted data. 

Water Vapor 
Stratospheric water vapor has been measured 

by Goldman et al. (32) from a region of the pure 
rotational band between 24 and 29 p, and by 
Harries (18) in the far i.r. between 300 and 1000 p 
(10 to 30 cm-I). The results of Goldman et al. 
indicate a change in the mixing ratio with altitude, 
with a broad minimum at 15 km and a maximum 

around 25 km; a t  the maximum, the values range 
from 6.9 to 9.7 p.p.m.v. Harries, however, found 
a constant mixing ratio for water vapor of 3 
p.p.m.v. in the stratosphere up to  altitudes of 
60 km. These results can be compared with the 
earlier values of Houghton (see, for example, Pick 
and Houghton (33)) and Mastenbrook (34) who 
give mixing ratios of 5 p.p.m.v. and  3-4 p.p.m.v., 
respectively. 

Our results using principally the v, band of 
H,O centered at  1594.73 cm-' indicate an ap- 
proximately constant mixing ratio of 2.4 f 0.30 
p.p.m.v. over the altitude range from 14 to 20 km. 
No significant variation with latitude was ob- 
served, apart from some indication of a trend to- 
wards an increase in the mixing ratio at the lowest 
latitudes of observation (i.e. - 30" N lat.) (see 
Fig. 5). The relatively small uncertainty quoted 
with these values is a result of the  wide range of 
line intensities observed in the spectra, which per- 
mit close fitting of the observed and calculated 
absorption. The values derived from the v, band 
were verified by additional analyses carried out for 
many other regions where the spectrum is char- 
acterized by water vapor features, viz. the 2v2, v,, 
and v, bands. 

Carbon Monoxide 
Carbon monoxide has been measured over the 

altitude range from 8 to 12.5 k m  by Seiler and 
Warneck (35) using in situ methods, and by re- 
mote sensing of the near i.r. (1-0) band from 12 to 
15 km by Murcray et al. (8). Seiler and Warneck's 
data show a sharp decline in the C O  mixing ratio 
at  the tropopause, leveling off in the stratosphere 
to a constant value of 0.04 p.p.m.v. From their 
data Murcray et al. obtained a similar value for 
the mixing ratio and extended the measurements 
to  15 km. 

0 I 
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FIG. 5. Stratospheric latitude variation of H 2 0  at 
16 km altitude. 
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Our observations, again for the 1-0 (2143 cm-l) 
band, confirm the constant vertical mixing profile 
above the tropopause, but show a marked de- 
crease in mixing ratio with latitude, from 0.068 
p.p.m.v. at 33" N to 0.021 p.p.m.v. at 76" N. 
These results, with the associated measurement 
uncertainties, are summarized in Fig. 6, from 
which it would appear that the Seiler and Warneck 
values, obtained at  50" N latitude, are consistent 
with this latitude variation, whereas the Murcray 
et al. value (30" N )  is considerably lower. 

Carbon Dioxide 
In recent years carbon dioxide has been mea- 

sured by numerous investigators, using a variety 
of experimental techniques and with remarkably 
concordant results. These measurements have 
shown in general that CO, is uniformly mixed 
vertically from the surface to as high as 62 km, 
with reported values for the mixing ratio ranging 
from 310 to 340 p.p.m.v. Our value of 325 f 20 
p.p.m.v., obtained from analysis of the 3v, band 
at 1932.5 cm-l, is in good agreement with these 
previous measurements, and no variation with 
latitude could be discerned. 

The important problem with respect to CO, is 
not so much further refinement of the absolute 
value,of its concentration as the determination of 
any long term variation or increase. This has been 
estimated as being of the order of 1 p.p.m. per 
year, the significance of the magnitude of such a 
change being the concomitant change to the radia- 
tion balance which it might ultimately cause. At 
present none of the remote observational tech- 
niques discussed here is capable of achieving the 
absolute accuracy required for such a measure- 
ment, although it may perhaps be possible to ex- 
tract long term variations by statistical methods 
from data taken over a period of some months. 

Methane 
Stratospheric methane has been measured by 

Ackerman and Muller (36) and Lowe and 

M U R C R A Y  

a 0 .02  
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McKinnon (37), by analysis of the near i.r. (v,) 
band at 3018 cm-l, and by Kyle et al. (38) using 
thev, band in the region of 1300 cm- '. Kyle et al. 
presented their data in terms of the "quantity of 
methane per air mass" above different levels in 
the stratosphere, and reported a decrease by a 
factor of 2 to 5 in this quantity at 30 km over that 
at sea level. Ackerman and Muller's values indi- 
cated a nearly constant mixing ratio (of about 2 
p.p.m.v.) to 25 km, decreasing to 0.75 f 0.4 
p.p.m.v. at 33.6 km. Lowe and McKinnon also 
reported constant mixing to 25 km, but their mean 
value of 0.94 f 0.16 p.p.m.v. for the mixing ratio 
was lower by a factor of 2 than that of Acketman 
and Muller in the same altitude range. Although 
Lowe and McKinnon's data were collected over a 
considerable range of latitudes, they saw no evi- 
dence for any latitude variation in the methane 
mixing ratio. 

Our data also indicate constant vertical mixing 
for methane between 1 I and 20 km, but with 
some latitude dependence. The results are sum- 
marized in Fig. 7. From the v, band we obtained 
mixing ratios varying from 1.2 0.05 p.p.m.v. 
at 17" N to 0.60 f 0.04p.p.m.v. at 76" N. This 
result is seemingly in disagreement with the lati- 
tude independence reported by Lowe and 
McKinnon; the difference may not be of any 
significance, however, in view of the limited data 
available to date, although it should be noted that 
a latitude and seasonal variation of stratospheric 
CH, is not unexpected considering its biogenic 
origin. 

o.4t DASHED LINES REPRESENT RESULTS 
OF LOWE AND McKlNNON i 

FIG. 6. Latitude variation of CO at 16 km altitude. 

0.2 
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FIG. 7. Latitude variation of CH, at 16 km altitude. 
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Other Molecules 
A number of other species, such as H,O,, 

H,CO, HCl, SO,, N205,  and NO,, have been 
postulated as important trace constituents in the 
stratosphere, but have not yet been detected in i.r. 
spectra. For several of these species, little or no 
laboratory data on the spectral assignments and 
line strengths exist, due either to the transitory 
nature of the species or the complexity of their 
spectral features, and as a consequence informa- 
tion concerning them cannot be extracted from 
the observational data. For others however, the 
required spectral information does exist and the 
reason that no detection has been made in these 
cases is that their abundances (if present at all) 
are below the current limits of detectability of the 
instrumentation. In this latter case, it is important 
for atmospheric modeling purposes that upper 
limits be reported which specify the minimum de- 
tectable amounts of the applicable species which 
could have been detected under the existing ex- 
perimental conditions, and hence that the amounts 
actually present are below these limits. 

We have recently undertaken the laboratory 
spectroscopic investigation of thev, andv, H,CO 
bands in the 2800 cm-' region and have made 
several spectral quantum assignments for lines in 
this region. Analysis of stratospheric spectra is 
complicated in this region as a result of severe 
blending with several weak bands of methane, 
and this has entailed further work on these bands 
in order to determine which H,CO lines are best 
suited to analysis. Although this work is not com- 
plete, by applying the results so far obtained to 
the analysis of our stratospheric spectra we can 
report that to date no positive detection has been 
made, and can place an upper limit on H,CO of 2 
p.p.b.v. Similarly, the spectra have been searched 
for evidence of the presence of HCl (in the region 
of the 1-0 band at 2886 cm-I). In this case the 
line intensities are well known and an upper limit 
to the HCl concentration in the lower stratosphere 
is placed at 0.18 p.p.b.v. 
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help given by his colleagues, Drs. M. T. Chahine and 
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Observations of Stratospheric Aerosol Layers by Optical Radar 
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Deprtrrtirer~r r?f Plrysics, Kyrrslrir Univer.sity, Fiikiiokrr, Jrrprrrr 

Received October 10, 1973 

A ruby laser radar has been constructed at  Fukuoka (33" N), south-west Japan, for the 
purpose of probing the upper atmosphere. Observations of stratospheric aerosol layers have 
been carried out since October 1972. Data obtained show that the layers of enhanced optical 
backscattering due to aerosols in the height range of 16-30 km were found throughout the 
period of observation. One of the layers always appeared at  about 20 km height and varied to 
some extent in its height, structure, and peak value of scattering, day-to-day and month-to- 
month. Other layers appeared in the region above 25 km and seemed more variable. Height 
profiles of non-Rayleigh backscattering cross section pM are calculated for each night and 
each month of the observation and compared with the temperature, wind velocity, and ozone 
concentration in the stratosphere. The individual scattering profile is most likely controlled by 
the large scale structure of the temperature profile of the night. The mean value of DM in the 
region around 20 km has its minimum in January and increases from winter to summer. Com- 
parison is also made with the geometrical cross section of the aerosols deduced from the small 
ion density data and the results show that a large fraction of the aerosol mass is in the range of 
Aitken particles. 

Un radar laser de rubis a etC construit Fukuoka (33" N) au sud-ouest du Japon, en vue d'ex- 
plorer la haute atmosphere. Des observations des couches d'akrosol stratospherique o n t  ttC 
effectukes depuis octobre 1972. Les donnees obtenues montrent que des couches de dispersion 
optique en retour dues aux akrosols dans I'intervalle de hauteur de 16-30 km ont etC observtes. 
Une des couches apparaissait toujours autour de 20 km de hauteur et, dans une certaine mesure, 
sa hauteur sa structure et la valeur de son pic de diffusion variaient de  jour en jour, de mois en 
mois. D'autres couches apparaissaient dans la region au-dessus de 25 km et paraissaient plus 
variables. Des profils de hauteur de sections droites pM de diffusion en retour de non-Rayleigh 
sont calculCs pour chaque nuit et chaque mois de I'observation et compares avec la tempera- 
ture, la vitesse du vent et la concentration de I'ozone dans la stratosphere. Le profil de diffusion 
individuel est, tres probablement, contrde par la grande Cchelle de structure de la courbe de la 
temperature de la nuit. La valeur moyenne de DM dans la region autour de 20 km est minimum 
en janvier et augmente de I'hiver a I'CtC. Une comparaison est aussi faite avec la coupe gto- 
mCtrique des aCrosols deduite de donntes de densit6 de petit ion et les rCsultats montrent qu'une 
grande fraction de la masse de I'arCosol se situe dans le domaine des particules d'Aitken. 

[Traduit par le journal] 
Can. J .  Chem., 52. 1560(1974) 

Introduction 
Laser radar has made possible the remote 

measurement of the aerosol layers in the upper 
atmosphere with the advantage of the ability to 
observe easily an atmospheric region of a large 
vertical extent without disturbing the state of the 
region. 

The existence of an aerosol layer in the lower 
stratosphere, called the 20 km sulfate layer, is 
well established. Investigations of this layer have 
been made by various methods including direct 
sampling (1, 2), in situ optical technique (3), twi- 
light sky measurement (4), and searchlight tech- 
nique (5). Laser radar was used for the observa- 
tion of this layer first by Fiocco and Grams (6) 
and then systematic routine studies by laser radar 
were made by several research groups such as 

those in Jamaica (7), Boulder (8), Adelaide (9), 
Fukuoka (lo), and Menlo Park (1 1). 

The main constituent of aerosols in the lower 
stratosphere has been shown to be sulfate or  
ammonium sulfate. However, the number den- 
sity, size distribution, and their variabilities in 
time and space are not yet known exactly. The 
mechanism of formation of the layer is also not 
fully understood. Many more observations are 
necessary to increase our knowledge about the 
layer. 

Increasing the knowledge about the strato- 
spheric aerosols is of significant importance since 
it is believed that the aerosols are not only good 
tracers of the atmospheric circulation but also 
catalytic for the variation of ozone concentration. 
Fiocco and Grams (6) found a negative correla- 
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tion between ozoneconcentration and the amount 
of aerosols in the stratosphere. Ozone in the 
stratosphere plays an important role in prevent- 

I ing harmful U.V. solar radiation from penetrating 
into the ground level atmosphere. Decreasing the 
ozone concentration therefore would possibly 
have some influence on human beings. 

In this paper, we report the results of observa- 
tions of the stratospheric aerosols by laser radar, 
carried out in Fukuoka (33" N, south-west Japan) 
since October 1972. The height profiles of the 
scattering ratio R(h) and non-Rayleigh back- 
scattering cross section PM(h) of each night are 
calculated and compared with the profiles of 
temperature and wind velocity measured by the 
Fukuoka Meteorological Observatory. The peak 
values of pM are 1 to 2 x 10-~/cm with variabili- 
ty from day-to-day and month-to-month. The 
heights of the layer peak are around 20 km and 
these also vary to some extent. Frequently, other 
layers appear even in the region above 25 km. 
The nightly profile of PM has a close relation with 
the large scale structure of the temperature pro- 
file of the night. Monthly mean values of PM of 
three height regions, 19.5-22.5 km, 22.5-25. 5km, 
and 25.5-28.5 km, are calculated and compared 
with the zonal wind, ozone concentration, and 
geometric cross section of the aerosols deduced 
from the small ion density. The data of the ozone 
concentration and small ion density observed by 
radiosonde over Kagoshima located at a dis tanc~ 
of about 200 km soith of Fukuoka are supplied 
by courtesy of the Meteorological Agency. In the 
lowest region, pM has its minimum value in 
January and seems to have a tendency to increase 
from winter to summer. In the upper regions, the 
variations of p, are less systematic. The ozone 
concentration shows a marked enhancement in 
January and reversal of zonal wind from westerly 
to easterly occurred in December and January in 
the upper regions. The size distribution of the 
aerosols is discussed, and the results of small ion 
data analysis are compared with the results of 
laser radar observations. It is shown that a large 
fraction of the aerosol mass involved is in the 
range of Aitken particles. 

Equipment, Method of Observation, and 
Analysis 

Characteristics of the laser radar system are 
summarized in Table 1. The transmitter consists 
of a ruby laser, a rotating shutter used to cut off 
the fluorescent emission from the ruby, and a 

TABLE 1. Characteristics of laser radar 
-- 

Transmitter 
*Laser 
Wavelength 
Output energy 
Pulse duration 
Maximum pulse repetition 

rate 
*Telescope 
Beam divergence 
*Rotating shutter 

Q-switched ruby laser 
6943 A 
1 J/pulse (single pulse) 
50 ns 

0.21s 
10 cm4 
1 mrad 
24 000 r.p.m. 

Receiver 
*Telescope 30 crn4 (Cassegrain) 
Field of view 1 rnrad 
*Filter bandwidth 7 A 
*Photomultiplier EM1 9558QB (S-20) 

refractive telescope of 10 cm+. The receiver con- 
sists of a reflective telescope of 30 cm+, an inter- 
ference filter, and a photomultiplier. The laser is 
fired at  a rate of 1 pulse every 20-30 s and the 
energy output is about 0.5 J/pulse. Additional 
details on the instrumentation were given in a 
previous paper (10). 

Return signals (output of the photomultiplier) 
are displayed on the synchroscope and its traces 
photographed. Photon counting in each 1.5 km 
height interval is available for a return from above 
12 km. The photon count C(h) originating at a 
small height interval Ah at a height h for the 
vertical sounding is given by 

where k is a constant for the particular laser 
radar including the transmission coefficient ofthe 
atmosphere, BR(h) the Rayleigh backscattering 
coefficient for the atmospheric molecules, and 
BM(h) the Mie backscattering coefficient for the 
aerosols. The height interval Ah can be absorbed 
in the constant K = kAh for the case of observa- 
tion over an equidistant range, which in our case 
is 1.5 km. 

The first step in the analysis of the data is to 
match the vertical profile of the observed photon 
count C(h) with that of the computed Rayleigh 
backscattering which is expected from the atmo- 
spheric molecules. Molecular densities were ob- 
tained using the' local scale height of the U.S. 
Standard Atmosphere 1962 starting from the 
base level density determined from the pressure 
and temperature measurements obtained by ra- 
diosonde in Fukuoka at each night the laser 
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observation was made. A typical result of the 
total photon count us. altitude is shown in Fig. l a  
along with the theoretical curve of the amount of 
Rayleigh backscattering. In most cases, the verti- 
cal gradients of the observational C(h) curve fit 
those of the theoretical curves almost completely 
between the height of 13 and 16 km. So this 
region appears to be a region of minimum aerosol 
content and we choose a height 15.75 or 15 km as 
the height of the normalization, which involves 

. VOL. 5 2 .  1974 

section PM(h) is given by 

PI PM(h) = 4nN(h)o,B,(h)lB~(h) 
= 4nN(h)oR(R(h) - 1) 

where N(h) is the number density of the atmo- 
sphere and o, the backscattering cross section 
per unit solid angle of a molecule. Figure I C  
shows the PM(h) calculated with the use of the 
values shown in Figs. l a  and b. 

negligible aerosol content. 
The second step is to calculate the vertical pro- 

files of the scattering ratio R(h) which shows the 
ratio of the total backscattering coefficient to the 
Rayleigh backscattering coefficient and is given 
by 

The R(h) profile deduced from the curves in Fig. 
l a  is shown in Fig. 16. 

Finally, the non-Rayleigh backscattering cross 

Helght (km) 

Observational Results and Discussions 
Excessive scattering occurred in the region of 

16-30 km every night observation was made; 
this showed the existence of aerosols. Figure 2 
shows the vertical profiles of the non-Rayleigh 
backscattering cross section of several nights in 
March and May and mean profiles for each 
month of observation are shown in Fig. 3. The 
existence of an aerosol layer near 20 km is clearly 
shown though the height of the peaks varies to  
some extent from day-to-day and from month- 
to-month. Peak values of P, are 1 t o  2 x lo-'/ 
cm, comparable to those observed in Menlo Park, 
California, during the same period of our ob- 
servation (11) and those observed in Adelaide 
during the period April 1969 to April 1970 (9) 
but much smaller than those observed before 

FIG. 1 .  Three steps of data analysis: (a) photon count 
us. height compared with theoretical curve (dashed line) Height (km) 
of Rayleigh backscattering, (b) scattering ratio, and (c )  
non-Rayleigh backscattering cross section per unit volume FIG. 2. Non-Rayleigh backscattering cross section 
us. height. observed in March 1973 and May 1973. 
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FIG. 3. Monthly mean profiles of non-Rayleigh backscattering cross section observed during the period October 
1972 to June 1973. 

1965 (12). It can also be seen from the figures 
that even in the region above 25 km aerosol 
layers exist which seem to be more variable in 
time. 

Comparison with the Meteorological Elements 
In Fig. 4 individual P,(h) profiles are compared 

with the corresponding temperature and wind 
velocity profiles obtained from local radiosonde 
flights carried out by the Fukuoka Meteorologi- 
cal Observatory. The peak of the lower layer 
(20 km layer) is always observed to appear at the 
height of the temperature minimum or a few 
kilometers above this height. The height of the 
peak has a positive correlation with the height 
of the temperature minimum; the coefficient of 
the correlation is calculated to be 0.42 + 0.20. 

The heights of the tropopause are also marked 
in Fig. 4. In winter and spring there appeared to 
be two tropopauses, one showing the extension 
of the equatorial tropopause and the other the 
polar tropopause. The height of the upper tropo- 
pause (and also the lower tropopause) does not 
seem to have significant correlation with the height 
of the layer peak. However, if we choose a tropo- 
pause above which there is no region of a few 
kilometers of mean temperature gradient less 
than -2 "C/km, then the height of the tropo- 
pause has a positive correlation which is esti- 
mated to be 0.39 + 0.19. We can conclude from 

TEMP. WIND V E L .  lB 
FIG. 4. Examples of height profile of non-Rayleigh 

backscattering cross section, temperature, and wind 
velocity. 
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FIG. 5. Time variability of (a) mean values of non-Rayleigh backscattering cross section in contrast to zonal 
winds, ozone concentrations and (b) geometrical cross section of aerosols deduced from small ion density. 

these facts that the large scale structure of the 
temperature profile has an important influence on 
the behavior of the 20 km layer. 

Sometimes the upper layers appeared at the 
height of the temperature inversion and some- 
times they did not. The relation between the 
height of these layers and the change of tempera- 
ture gradient is not yet clear. An appreciable 
relation between the height of the layer peak and 
the wind velocity profile is not found. 

Time Variability of PM, Wind Field, and Ozone 
Concentration in the Stratosphere 

To see the time variability of the non-Rayleigh 
backscattering cross section P,, we selected three 
height regions, 19.5-22.5 km, 22.5-25.5 km, and 
25.5-28.5 km, and calculated the mean values of 
them in every region for each month. The PM of a 
month is calculated from the total photon count 
C(h) of 3 or 4 nights of observation of the month. 
The height of the normalization was chosen, in 
this case, at 15 km. The results are summarized 
in Fig. 5. The zonal wind velocity at altitudes of 
50,30, and 20 mb measured at Fukuoka and the 
ozone concentrations a t  heights 21, 23, and 26 

k m  measured at Kagoshima are plotted in Fig. 
5a. 

I n  the region 19.5-22.5 km, PM shows mini- 
mum aerosol content in January and  seems to 
have a tendency to increase from winter to sum- 
mer. The result is very similar to that obtained a t  
Menlo Park (1 1). Ozone concentration shows a 
marked enhancement in January. Whether there 
is real causal relation of this enhancement to the 
minimum DM in January or not should be looked 
upon with some caution, until it is confirmed by 
fuller examination. 

The aerosol layers seem to be more variable in 
winter than in summer. This may be due to the 
transmission of the planetary waves through the 
stratosphere. In May and June, an easterly wind 
prevails and the layers seem to be more stable. 
An easterly wind prevents the transmission of the 
planetary waves from the troposphere (13). 

In  the upper regions, the variation of P, is less 
systematic. In the uppermost region, the zonal 
wind reverses its direction from westerly to  
easterly in December and January; the decrease 
of pM seems to accompany this reversal. Many 
more observations are necessary t o  make sure 
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whether the decrease of PM is related with the 
reversal of zonal wind and enhancement of ozone 
concentration or not. I t '  seems from the original 
data that the ratio of the photomultiplier noises 
to the return signals from the atmospheric mole- 
cules exceeds 1.0 at a height 33 km or higher. The 
SIN ratio around 27 km is estimated at about 3. 

Large values of PM in October and November 
in the upper regions have been inferred in our 
previous paper to depend at least in part on the 
dust of the comet Giacobini-Zinner. 

Comparison with the Small Ion Density 
Distribution in the Stratosphere 

The small ions, with molecular weight about 
100, are produced by cosmic rays in the strato- 
sphere (14). The flux of cosmic rays is a function 
of geomagnetic field at the place of observation 
and the interplanetary magnetic field distribution 
modulated mainly by the solar wind, which is 
considerably variable depending on the solar 
activity. The ion pair production per unit volume 
per second is denoted by q which takes the maxi- 
mum value in the lower stratosphere. Let the 
small ion number density be n,, then the continu- 
ity equation is written as 

where N denotes number density of particulates 
and a and q are the recombination coefficient of 
the ions and the attachment coefficient respec- 
tively. According to Kroening (15) and Rosen (3) 
the term containing q is important in determin- 
ing the ion density ni from eq. 4 after the erup- 
tion of Mt. Agung of Bali in 1963. The presence 
of particulates tends to decrease the ion density 
considerably. 

If the root mean square value of the radius of 
the existing particulates a is so small that 

then we have approximately in the stratosphere 

where G, denotes the most probable thermal 
velocity of the small ions, and na2 is taken as the 
mean cross section of the particulates. At an 
altitude 14 km just below the tropopause over our 
station, the aerosol density should take minimum 
value according to Rosen (3). The quasi steady 
state may be supposed in eq. 4 to let d/dt = 0, 
and we may take N = 0 on the right side of the 
equation at 14 km. It follows that 

q = an, 2 

We calculated ni from the radiosonde electrical 
conductivity data at Kagoshima, about 200 km 
south of Fukuoka, assuming the ion mobility 1.3 
cm2/V s at standard temperature and pressure 
(16). As shown in Fig. 6, ni at 14 km and sun spot 
numbers vary in the opposite sense, the correla- 
tion coefficient being - 0.50 + 0.18. This ten- 
dency is in accord with the variation of cosmic 
ray intensity with sun spot number for a longer 
period, for example 11 years (17). I n  the same 
figure the variation of CK, day-' is also shown. 
The correlation coefficient between ni (14 km) 
and CK, day-' is -0.23 + 0.25 for the whole 
period, but 0.41 f 0.23 if we eliminate the data 
on November 1 and December 6. Thus the sense 
of their variations are nearly the same except on 
a few days. The ion production seems to be mod- 
ulated by the variation in the magnetosphere or 
the solar wind near the earth to about the same 
extent as by solar activity. According to Neher 
and co-worker (18) the altitude distributions of q 
are shown at the geomagnetic latitudes 17" and 
25" in the years 1939 and 1940. From these data 
we deduced an average distribution o f  q in 1972 
and 1973 at 21" taking into account the solar 
activity as shown in Fig. 7. The q value, however, 

O c t .  Nov. Dec. Jan. Feb. Mar. 

FIG. 6.  Comparison of the small ion density at  14 krn 
with sunspot numbers and CK, day-' (J.G.R., Pro- 
visional). 
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FIG. 7. Ion pair production us. altitude at geomagnetic 
Iatitude 21". 

may change to  some extent according t o  sun spot 
numbers during half a year of the present obser- 
vation. We take, therefore 

[81 q(14 km) = ani(14 km)' 

as a first approximation of q value a t  14 km 
using observed values ofn, and theoretical values 
of a (19) as shown in Fig. 8. The mean value of 
q(14 km) for the period from October 1972 to  
April 1973 is 19.1 + 5.2 s-', which agrees 
fairly well with the value 19.8 cm-3 s - l  a t  14 km 
shown in Fig. 7. I t  should be noted that the 
standard deviation reaches 27 % which is some- 
what greater than the estimation on the basis of 
data of Neher and co-worker (17). 

The value of q at  any altitude is calculated in  
proportion to  q(14 km) assuming the similar 
shape of vertical distribution as Fig. 7. Using the 
q and ni  values and molecular weight 100 for the 
ions, from eq. 4 we obtain 

- q - ani2 
Nxa - 

Gini  

a t  any altitude, as shown in Fig. 5b. 
The obtained Nxa2 is only an approximate 

value, but of significant importance t o  show the 

FIG. 8. Calculated recombination coefficient us. alti- 
tude. 

order of magnitude of the aerosol content in- 
ferred from a different viewpoint. The mean 
values of Nxa2 and the corresponding laser radar 
backscattering cross sections for the whole period 
a t  three altitudes are shown in Table 2. It may be 
seen that the laser radar cross sections per unit 
volume is about 2% of Nxa2. T h e  ratio Q = 
PM/Nxa2 = o,/xa2 is usually called scattering 
efficiency and the numerical values were ob- 
tained by van de Hulst (20) and Deirmendjian 
(21) for many cases, including the case of non- 
absorbing spherical particles; the latter results 
for the refractive indices m = 1.55, 1.315 (ice), 
and 1.29 (water) are shown in Fig. 9 with x = 
2na/h, where h denotes wavelength. If the curves 
nz = 1.3 15 or 1.55 and Q = 0.02 are adopted, we 
have x = 0.47 or 0.63, which means a = 0.05 p. o r  
0.07 p. The values are smaller than the lower 
limit of the size distribution obtained by Junge 
(22), i.e. dN(r)/dr = cr-(' ' ') confined within 
the range 0.1 p < r < 2 p, with 6 = 3.5, where 
N(r) denotes number of particles with radius 
smaller than r and c is a constant. His sampling 
with impactors in 1959 yielded a mass concentra- 
tion of 0.003 to 0.012 pg/m3 sulfate a t  20 km; the 
Aitken counter yielded very few particulates 
smaller than 0.1 p.. 

Recently Lazrus et al. (2) have found much 
higher aerosol concentrations in 1970 and 1971 

FIG. 9. Calculated backscattering efficiency against 
x = 2nrlh (after Deirmendjian (21)). Note that r = a in 
the text. 
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TABLE 2. Mean values for the whole period 

Altitude (km) NnaZ (cm-') BM (an-') Q 

2 1 5.97 x 9.77 x 10-lo 1.64 x lo-' 
24 3.98 x 7.37 x 10-lo 1.85 x lo-' 
26 4.06 x 9.20 x 10-lo 2.27 x lo-' 

at 17-19 km by filter sampling, namely 0.1-0.2 
pg/m3 of S 0 2 -  and other compositions. They 
suggest that a large fraction of the aerosol seems 
to be Aitken nuclei with radius smaller than 
0.1 p to escape collection by impactors and that 
the old Aitken counter results are estimated to be 
incorrect for volatile particulates. This hypoth- 
esis is strongly supported by the recent study of 
Friend et al. (23). 

Let S, = Nna2, then the mass density of aero- 
sols per unit volume is given by 

where p denotes the density of the internal struc- 
ture of the particulates. If we take p - 1 g/cm3, 
S, = 6 x 10-8/cm, and a = 5 x cm, then 
it follows that M = 4 x 10-l3 g/cm3 = 0.4 
pg/m3, which is about twice the value obtained 
by Lazrus et al. at 18 km in May 1970 when laser 
radar echoes from the 20 km sulfate layer disap- 
peared. According to van de Hulst (20), it follows 
approximately that Q K a2 for x << 1. The non- 
Rayleigh echoes would decrease to about one- 
tenth if a decreases to about one-third of the 
above estimate even without change of S,; then 
the echoes would be hardly detectable. Thus our 
estimate that the effective mean radius a is rough- 
ly equal to one-half the Junge lower limit not 
only satisfies the requirement of the scattering 
efficiency but also meets the expectation of mass 
density measurements of filter sampling by 
Lazrus et al. At present we have no means to 
estimate the size distribution function, but it 
seems that most particulates are concentrated 
near the region 0.05 p < r < 0.07 p. This finding 
agrees well with the above-mentioned hypothesis 
of Lazrus et al. (2). Of course a much smaller 
number of particulates may be in the region of 
the old Junge distribution, but they would almost 
escape detection by laser radar. 

Conclusion 
Laser radar soundings have been conducted 

at Fukuoka for the purpose of investigating the 

stratospheric aerosols since October 1972. Con- 
clusions are summarized as follows. 

1. Layers of excess scattering due to aerosols 
appeared every night the observation was made 
in the lower stratosphere of up to 30 km. One 
of the layers always appeared at an  altitude of 
about 20 km and in most cases had the largest 
value of non-Rayleigh backscattering cross sec- 
tions, in the range 1 to 2 x 10-9/cm. This layer 
varied in its height and peak value day-to-day 
and month-to-month to some extent. In the re- 
gion above 25 km, there frequently appeared 
other layers which seemed to be more variable 
in time. 

2. The vertical profiles of PM of every night 
were compared with the profiles of temperature 
and wind velocity of the night. The large scale 
structure of the temperature profile of a night 
seemed to have an important influence on the 
20 km layer of the night. The height of tempera- 
ture minimum and the tropopause had positive 
correlation with the height of the layer peak. 
Coefficients of the correlation were estimated to 
be 0.42 + 0.20 and 0.39 + 0.19, respectively. 
(When there was more than one tropopause, we 
chose the one above which there was no  region of 
a few kilometers of mean temperature gradient 
less than -2"C/km.) The relation between the 
small scale structure of the temperature profile 
and the height of the upper layers was not clear. 

3. Monthly mean values of P, of three height 
regions were calculated and compared with the 
zonal wind field and ozone concentration in the 
regions. In the 19.5-22.5 km region, the monthly 
mean value of pM had its minimum value in 
January and increased from winter to  summer, 
contrary to the results of winter maximum ob- 
served in Adelaide (9). In the upper regions, the 
variation of pM is less systematic. The  enhance- 
ment of ozone content in January and the rever- 
sal of the zonal wind in the upper regions in 
December and January were noticeable. Much 
more observation is necessary to make sure of 
the relation between these phenomena. In our 
previous paper large values of PM in October and 
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November were inferred to be accompanied with 
the influx of the meteoric dust particles. 

4. The aerosol concentrations were also esti- 
mated from the small ion density distributions 
deduced by radiosonde in the stratosphere. From 
these data and backscattering cross sections by 
laser radar. we obtained the mean radius of the , ~ 

particulates and mass density of the aerosols 
which were about 0.05 JL and 0.4 pg/m3, respec- 
tively. These values, which show a rough order 
of magnitude, are consistent not only with the re- 
quirements of the theoretical scattering efficiency 
but also the expected values by filter sampling of 
Lazrus et al. (2). 

The authors are indebted to many members of the 
Meteorological Agency. The stratospheric wind and tem- 
perature data were supplied through courtesy of Fukuoka 
Meteorological Observatory and ozone and electrical con- 
ductivity data were supplied through courtesy of the 
Agency in Tokyo. 
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A Review of Upper Atmospheric Photochemistry 

Nrrriorrcrl Cerirer,fiw Att~~osplieric Re.recrrc11,' Boirlder, Colorrrrlo 80302 (rrirl University (?f'Colorc~do, 
Bo~llrlt'r., Colorrr~lo 80302 

Received November 30, 1973 

A review is given of the photochemical processes which determine the distribution 
of important minor constituents in the stratosphere and mesosphere. Although i t  is 
necessary to consider many reactions, it seems that for the first time satisfactory rate 
data are available for most of these processes. There is, however, a lack of knowledge 
about the detailed steps of the gas-phase oxidation of methane which affects theoretical 
results in the lower stratosphere. It is shown that rather fair agreement exists between 
the calculated and measured concentrations of several of the constituents. However, 
deviations exist concerning CHI, H., and the NO profile which was obtained with the 
chemiluminescent technique. 

Nitrogen oxides catalyze destruction of ozone and reduce total ozone in the atmo- 
sphere considerably. The reduction of ozone by other reactions is also discussed. Some 
estimates are presented of the ozone reductions which could result f rom the operation of  
large fleets of supersonic aircraft due to exhaust injections of nitrogen oxides into the 
stratosphere. 

It is indicated that total ozone is rather insensitive to variations in the stratospheric 
water vapor content (there is a slight increase in total ozone, when the H 2 0  content is 
increased). Total ozone is, however, much more sensitive to changes in the stratospheric 
NO, content. Variations in the stratospheric NO,- content over long periods may explain 
those variations which have taken place in total ozone. It is essential to nlonitor varia- 
tions in the solar output in the wavelength region 1750-2400 A, as these may change 
the stratospheric NO, content and ozone production rates. 

The reintroduction of the ozone-destroying reaction H 0 2  + O:, + O H  + 20,. leads to  
an I ' I IC~C~ISP in calculated total ozone. The reason for this surprising result is given. 

A discussion is given of the possible role of vibrationally excited H ~ n d  electronically 
excited O;, in the photochemistry of the mesosphere and thernlosphere. 

Nous passons en revue les processus photochimiques qui dkterminent la distribution 
des constituants mineurs important. de la stratosphkre et de la mksosphkre. Bien qu'il 
faille tenir compte de nombreuses rkactions, i l  semble que, pour la premikre fois, des 
donnies cinitiques satisfaisantes soient accessibles pour la plupart de ces processus. O n  
n'a, cependant, qu'une connaissance insuffisante du progrks dktaillk de I'oxydation e n  
phase gazeuse, du methane qui influe sur les risultats thkoriques de la basse stratosph6re. 
11 apparait que les concentrations calculkes ei mesurkes de plusieurs constituants concor- 
dent assez bien. Cependant, on constate des diffkrences en ce qui concerne CH,  et H?, e t  
la coupe verticale de NO qui est obtenue par la technique de chimiluminescence. 

Les oxydes d'azote catalysent la destruction de l'ozone et reduisent considirablement 
I'ozone total de l'atnlosphkre. Nous examinons kgalement la reduction de l'ozone par 
d'autres rkactions. Nous prksentons quelques calculs concernant des rkductions d'ozone 
qui pourraient rksulter de l'usage de groupes considkrables d'avions supersoniques h l a  
suite de l'injection d'oxydes d'azote dans la stratosph2re. 

11 apparait que I'ozone total ne reagit pas sensiblement aux variations de la teneur 
atrnosphkrique en vapeur d'ezu~ (il y a Line 1Cg2re a~~gmentat ion de l'ozone total quand 
la teneur en HI.O augmente). 

L'ozone total est cependant beaucoup plus sensible aux changements stratosphkriques 
de la teneur en NO,. Les variations de la teneur en NO, dans la stratosph2re sur de  
longues pkriodes peuvent expl iq~~er  celles qui se sont produites dans l'ozone total. I1 est 
indispensable de contr8ler les variations des radiations solaires entre les longueurs d'onde 
1750-2400 A, car elles peuvent changer la valeur en NO, stratosphkrique, et les vitesses 
de formation de l'ozone. 
Can. J. Chem.,S2, 1569(1974) 

'Present address: Institute of Meteorology, Arrhenius Laboratory, University of Stockholm, Bergiusvagen 65, 
Frescati, Stockholm, Sweden. 

lThe National Center for Atmospheric Research is sponsored by the National Science Foundation. 
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Si I'on rtintroduit la rCaction HO,. + O:, -t O H  + 203 qui dttruit  l'ozone on calcule 
une augmentation de I'ozone total. Nous donnons la raison de ce rtsultat surprenant. 

Nous exarninons le rBle possible de  H, excitt par des vibrations et de 0 3  excitt 
tlectroniquement dans la photochimie de la rntsosphkre et de la thermosphkre. 

Introduction 
Ozone is one of the most remarkable minor 

gases in the earth's atmosphere. Ozone is impor- 
tant for several reasons. (a) It provides a shield 
against lethal ultraviolet radiation below about 
310 nm (1). The question whether exhaust gases 
from high-flying aircraft can destroy ozone (2, 3) 
has, therefore, developed into a major concern. 
(b) In absorbing ultraviolet radiation at wave- 
lengths shorter than 3 100 A ozone constitutes the 
main energy source of the stratosphere and meso- 
sphere. Ozone is therefore important for the cli- 
mate of the upper atmosphere. (c) Its presence in 
the troposphere seems to be of importance for re- 
actions occurring within the nitrogen and carbon 
cycles of the troposphere (4-6). 

The first quantitative theory of upper atmos- 
pheric odd oxygen (atomic oxygen and ozone) 
was developed by Chapman (7). This theory ex- 
plains the distribution of atomic oxygen and 
ozone in terms of reactions 1 to 5 (see Table 1). 
For almost 30 years, Chapman's theory, comple- 
mented with considerations of transport, was 
very successful in describing the gross temporal 
and spatial behavior of atmospheric ozone (see 
e.g. ref. 8). However, especially after careful 
determinations of the rate coefficients k, and k, 
(9), it became clear that, in order to  explain the 

The catalysis by hydroxy particles was first postu- 
lated by Bates and Nicolet (1 1). In the mesosphere 
hydroxy particles are produced by reaction 6a, 
mainly under the action of Ly-cc radiation near 
1216 A. It was pointed out (12) that hydroxy 
particles could also be produced by reactions 19, 
20a, and 21, especially below 60 km. Following 
a suggestion by McGrath and Norrish (13), 
Hampson (14) proposed an additional catalytic 
chain of reactions 11 and 12 for the stratosphere. 
This idea was first taken up by Hunt (15) to 
compute the distribution of ozone in the strato- 
sphere. To obtain reasonable agreement between 
observed and theoretical total ozone, Hunt adop- 
ted a rate coefficient k,, = lo-', for reaction 12, 
which was expected to be the slowest and there- 
fore most critical reaction of the chain 11 11 and 
[12]. For several years to come, modelers adopted 
Hunt's rate coefficient to explain features of the 
observed ozone distributions in the atmosphere. 
However, only very recently have measurements 
been made of the rate constant for reaction 12. 
Laboratory experiments (16, 17) now indicate a 
stratospheric value of k,, of between 10-l6 and 
10-15. Such low values for k,, cannot explain 
the ozone observations. However, as will be dis- 
cussed later, this does not mean that reaction 12 
is unimportant. 

characteristics of upper atmospheric ozbne, it is Finally, it was proposed by Crutzen (18) that 
necessary to consider additional reactions to re- oxides of nitrogen were of crucial importance for 
duce atmospheric ozone. the ozone budget of the atmosphere, mainly due 

It is the main aim of this paper to give a review to the reaction chain 1241 and 1251. From mea- 
of the present status of our knowledge of the surements of nitric acid by Murcray and co- 
photochemistry of the upper atmosphere. The workers (19,20) it may be deduced that NO and 
standard set of reactions now thought to be of NO, are present in the stratosphere in large 
importance for describing the ozone chemistry of 
the stratosphere and mesosphere is presented in 
Table 1. Except for a few reactions, the rate coeffi- 
cients were all chosen to be equal to those recom- 
mended in NBS reports (10,48). Rate coefficients 
are listed (in cm molecule s units) only whenever 
rate coefficients were not recommended in the 
NBS reports or whenever coefficients based on 
very recent laboratory work became available. 

Catalytic Chains of Ozone Destruction 

enough quantities to affect critically the global 
abundance of ozone. Adopting recommended 
rate coefficients (20), it may now be concluded 
that mixing ratios for NO, (NO and NO, to- 
gether) of 1-10 p.p.b. between 10 and 40 km are 
very important for the ozone budget of the atmo- 
sphere below 40 km. Recent determinations of 
prevailing mixing ratios of NO, (21) and of NO 
(22) have shown that NO and NO, are present in 
the stratosphere with the required concentrations. 
Probably the most important source for strato- 

There is now general agreement that odd oxy- spheric NO is provided by the oxidation of N,O 
gen is mainly destroyed by catalytic reactions. by O('D) atoms via reactions 3a and 226 (2, 23, 
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CRUTZEN: REVIEW OF UPPER A 

24). Additional stratospheric NO may be pro- 
duced under the action of cosmic rays, mainly at 
high latitudes (25,26). The oxidation of NH, has 
been proposed as a significant source of NO, in 
the stratosphere (27). However, NH, is probably 
very efficiently removed by heterogeneous pro- 
cesses from the atmosphere, at least judging 
from the upper limit of 0.08 p.p.b. of its abun- 
dance above 1650 m reported by Kaplan (28). Its 
oxidation is therefore not a significant source for 
NO in the stratosphere, which contains sulfuric 
acid droplets. Large quantities of NO are pro- 
duced in the thermosphere by ionospheric re- 
actions (29). It has been argued (26, 30) that little 
of this thermospheric NO, can penetrate down 
into the stratosphere, due to  the pair of reactions 
27 and 28, despite the action of the NO-restoring 
reactions 29 to 32. Nevertheless, the possibiIity of 
significant downward transport of NO in the 
winter season at middle and high latitudes should 
not be entirely disregarded. 

It seems most likely that the question of the 
ozone balance of the upper atmosphere must be 
solved in terms of the chemical species introduced 
before. A catalytic role of SO, and other sulfur 
compounds may be ruled out, because of the en- 
dothermicity of the reaction SO, + 0 -+ SO + 
O,, the slow rate of the reaction SO, + 0, -+ 

SO, + 0, (lo), and the low mixing ratios (<3.5 
p.p.b.) of SO, in the stratosphere (32). 

Although it is known that oxides of Na, Br, and 
CI catalyze destruction of odd oxygen in the 
laboratory (33), this is unlikely to be important 
in the stratosphere. Chlorine compounds are 
occasionally injected into the stratosphere by 
volcanic eruptions. Their role in the ozone 
balance will, therefore, be discussed further in a 
later section. 

Description of the Adopted Model 

To test the reliability of our present knowledge 
of the photochemical processes taking place in 
the stratosphere and mesosphere, it is appro- 
priate to calculate the distributions of chemical 
constituents and to compare them with observa- 
tions. The model used for this purpose is one 
dimensional, so that the exchange of matter is 
simulated by the eddy diffusion concept which 
describes the steady-state concentration of any 
chemical constituent X by the equation 

[I] P x  - Dx 

.TMOSPHERIC PHOTOCHEMISTRY 1571 

where P,, D, = photochemical production, de- 
struction rates of the chemical species X (mole- 
cule cm-, s-'), z = altitude, [MI = concentra- 
tion of air molecules, and p, = [X]/[M] (par- 
ticle mixing ratio of the species X). 

104 cm2 s-' z < 50 km 
[11] K, = 

1 O4 exp{O.l3(z - 50)) z > 50 km 

Calculations were performed for the odd oxygen, 
odd hydrogen, and odd nitrogen compounds, and 
for H,, H,O, CH,, CO,, and CO. Applying eq. I ,  
the total odd hydrogen (H, OH, HO,, H202), 
odd oxygen (0 ,  O,), and odd nitrogen contents 
(N, NO, NO,, HNO,) were calculated at each 
level. Subsequently a subdivision took place by 
calculating each of the individual components, as 
described in an earlier paper (34). A constant 
solar zenith angle 9, such that sec 8 = 1.4, was 
applied. It is believed that the calculated profiles 
are most characteristic for the low latitudes. The 
adopted boundary conditions were as follows. 

(a) Lower boundary (tropopause) 

- 2.5 x 10-7 (35); pN20 - 
pNoDD = 2 x lo-'' (assumed) 

(b) Upper boundary (95 km) 

For H,, H,O, CO,, and O,, flux boundary con- 
ditions were applied according to the formula 

a 
[III] F = K[M] ,ZPX = DxHx 

where D, = photochemical destruction rate of 
X at top level and Hx = scale height of X (as- 
sumed to be equal to 5 km). The odd hydrogen, 
odd oxygen, and carbon monoxide concentra- 
tions were calculated with the mass-conservation 
relationships: 

PHODD = Z6.5 x l o p 6  - PH, - P",o) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Reaction 
number 

C A N .  I. CHEM.  VOL.  5 2 ,  1974 

TABLE 1. List of reactions to be considered in the chemistry of the upper atmosphere 
-- 

Reaction 

0 2  + hv + 2 0  
O f  0 2 - k  M - > 0 3 +  M 

0 3  f h~ -> O('D) + 0 2  

0 3  f h~ + 0 + 0 2  

0 + 0 3  + 202 
O + O + M + 0 2 + M  

Hz0 + hv + H + OH 
H 2 0  + hv + Hz + O('D) 
Of OH->H+ 0 2  

H + O z + M - > H O z + M  
HOZ + 0 -> OH + 0 2  

H f 0 3  -> OH* f 0 2  

OH f 0 3  + HO2 f 0 2  

H02  + O3 + OH + 202 
H02 + HO2 + Hz02 + 0 2  

Hz02 + h~ + 20H 
HOZ + OH -> Hz0  + 0 2  

H + HO2 + Hz0 + 0 
H + HO2 + Hz + 0 2  

Hz02 + OH -> HO2 + Hz0 
O('D) + M + 0 + M 

O('D) + Hz0 + 20H 
O('D) + CH4 -> CH3 + OH 
O('D) + CH4 + CHzO + Hz 

O('D) + Hz + H + OH 
O('D) + N20 + N2 + 0 2  

O('D) + N 2 0  + 2N0  
N 2 0  + hv -> N2 + O('D) 
NO + 0 3  + NO2 + 0 2  

N O z + O + N O + 0 2  
NO2 + hv -> NO + 0 
N O + h v - > N  + O  
N O + N + N z + O  

N + O + N O + h v  
N + 0 2 + N O + O  
N + 0 3 + N O + 0 2  

N f O H - > N O f H  
N + H 0 2  -> NO + OH 

NO2 + 0 3  + NO3 + 0 2  

NO3 + hv -> NO + 0 2  

NO3 + hv -> NO2 + 0 
NO3 + NO2 (+ M) + N205  (+ M) 

N205 + h~ + NO2 + NO3 
+NO + NO2 + 0 2  

+ 2N02 + 0 
NO3 + NO + 2N02 

OH f NO2 (f M) -> HNO3 (+ M) 
HNO3 + hv -> OH + NO2 

OH + HNO3 + Hz0  + NO3 
CH4 + OH -> CH3 + Hz0 

CHs + 0 2  (+ M) -> CH302 (+ M) 
CH302 + NO + CH30 + NO2 

CH302 + HO2 -> CH30zH + 0 2  

CH302H + kv + CH3O + OH 
CH30 + 0 2  -> CH20 + H02 
CH20 + IIV -> CO + Hz 
CH2O + IIV + H + HCO 

CH20 + OH -> CHO + Hz0 

kg = 2 x lo-" (assumed) 

k32 = 2 x 10-lo (assumed) 
k33 = 1.23 x 10-13 exp(-2470/T) (78) 
J340 = 6.6 x lo-' (79) 

k40 = 2.5 x 10-l2 exp (- 1650/T) (80) 
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CRUTZEN: REVIEW OF UPPER ATMOSPHERIC PHOTOCHEMISTRY 1573 

TABLE I. (Concluded) 
-- --- 

Reaction 
number Reaction 

CHO + 0 2  + CO + H 0 2  
CO + OH->CO2 + H  
CO2 + h v + C O +  0 

CH302 + NO, (+ M) -> C H 3 0 2 N 0 ,  (+ M) 
CH302 + NO, + CH2O + HNOx+ 1 

CH3O + NO, (+ M) + CH30NOx (+ M) 
CH3O + NO, + CH2O + HNO, 
C H 3 0  + H 0 2  -> CH30H + 0 2  

H + H + M + H Z + M  
H Z + O + H + O H  

Hz + OH -> H20 + H  
CH30H + hv + C H 2 0  + HZ 

CH30H + OH -> C H 3 0  + H 2 0  
CHjOH + 0 + CHlOH + OH 

For the numerical computations the atmosphere 
was divided into layers of 1 km thickness. 

The solar irradiance data and absorption cross 
sections for 0, and 0, were taken from Acker- 
man (43) and the penetration of solar radiation 
through the Schumann-Runge bands of 0, was 
simulated following Kockarts (44). The photo- 
dissociation coefficients for NO were interpolated 
from the tables published by Cieslik and Nicolet 
(31). Included in this study were recent data on 
the quantum yield of O('D) production by re- 
action 3a near 3100 A (45, 46). Both data sets 
agree well with previous work (47). Absorption 
cross sections for remaining species were taken 
from NBS reports (48). The albedo of the lower 
atmosphere of about 30% was taken into account 
for all wavelengths larger than 3300 A. 

Comparison of Theoretical and Observed 
Distributions of Important Chemical Species 

Ozone (Fig. 1 )  
A comparison shows very reasonable agree- 

ment between the theoretical and observed dis- 
tributions from Krueger et al. (49), the measured 
values being on the low side by about 10 to 20% 
above 25 km, in which region the distribution of 
ozone is dominated by photochemistry. These 
calculations were performed adopting presently 
recommended measured values for rate coeffi- 
cients. This may, therefore, indicate that the pres- 
ent photochemical theory for stratospheric ozone 
is satisfactory. But many more measurements, 
especially of the distribution of NO, particles in 
the stratosphere, are necessary to test this. 

45 b i  Calculated (This S t u d y )  

Measured (49) 
2 Z 0 N ,  158'W, Feb. 24. 1971 

I  I I I  I I I 
0 I 2 3 4 5 6 x 1 0 ' ~ ~ o l .  cm3 

OZONE CONCENTRATIONS 

FIG. 1. Calculated and measured vertical profiles of 
ozone concentrations. 

Odd Nitrogen Cot~ipouricls (Fig. 2) 
A theoretical distribution and some examples 

of observed distributions of NO (22, 50), NO, 
(21), and HNO, (83) are presented in Fig. 2. The 
HNO, data represent an average of several 
HNO, measurements obtained with the filter- 
collection technique. The agreement between the 
two HNO, profiles is fair, with the measured 
values somewhat on the low side. It should be 
added that there is still a question whether HNO, 
vapor is collected with unit efficiency on  the filter. 
In fact, HNO, profiles, obtained by solar infrared 
absorption technique (20), indicated somewhat 
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. , . . . . . . HNO, Calculated (Th15  Study) 

- HNO, Measured (Lazrusl 

I I I I I 

0 1 2  3 4 5 6 7 8x10.~ 
VOLUME MIXING RATIOS - NO. NO,. HNO, 

FIG. 2. Calculated and observed profiles of mixing 
ratios of NO, NOz, and HNO,. 

higher HNO, mixing ratios than those calculated. 
The height of maximum concentrations of nitric 
acid agree well in all these cases, being between 
24 and 26 km. 

The curve of measured NO, by Ackerman and 
Muller(21) in Fig.2 is drawn through the points at 
which those workers report NO, concentrations. 
Although altitude-averaged mixing ratios be- 
tween 20 and 30 km of calculated and reported 
NO, are similar, there is a rather large disagree- 
ment between the general shapes of the altitude 
profiles. The reason for this deviation is not clear, 
but it may be expected that the average of many 
NO, profiles, when these become available, will 
be much smoother and possibly more in line with 
the calculated profile. 

The Noconcentrations reported by Schiff et al. 
(50) agree badly with theoretical estimates. Pro- 
vided that the NO measurements are indeed 
correct, this seems to indicate a severe lack of 
knowledge of the chemistry taking place in the 

lower stratosphere. The agreement between the 
theoretical estimates and Ackerman's measured 
NO profile (22) is better, especially if we take into 
coilsideration that Ackerman's measurements 
were done at sunset, under which condition NO 
is partly converted to NO,. 

Metl~ane (Fig. 3) 
The calculated and measured CH, profiles (37, 

51) are in very good agreement below about 
30 km, if all curves are shifted to assume the same 
mixing ratio at the tropopause level. The profile 
by Kyle et al. (52), not shown in Fig. 3, indicates 
a much faster decrease of mixing ratio with alti- 
tude. Above about 30 km Ehhalt and Heidt's 
measurements (37) indicate much larger concen- 
trations of CH4 than those calculated, which may 
indicate that vertical mixing or mean motions 
above 30 km are much faster than adopted in this 
model (53). It is not possible t o  explain this 
feature with a revised chemical chain or revised 
rate coefficients. This problem will be discussed 
in a later section of this paper. 

Molecular Hydrogen (Fig. 4) 
The two profiles of H, show a similar general 

behavior with an increase of mixing ratio with 
altitude above the tropopause up t o  about 28 km; 
this can be explained by H, production as an  
intermediate in the methane oxidation cycle, 
mainly via reaction 46a (6). However, the experi- 

CH4 ' .......... Calculated ( T h i s  S t u d y )  
\ - -- Measured (371 

\ 
I 

I \ i  
10 

I I 

0 0 .5  1.0 1.5 2.0 2 5 * 1 0 - ~  

VOLUME MIXING RATIOS 

FIG. 3.  Calculated and measured profiles of mixing 
ratios of CH,. 
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CRUTZEN: REVIEW OF UPPER ATMOSPHERIC PHOTOCHEMISTRY 1575 

Calculated [This S tudy1  
Measured 138) / / i 

0 1 2 3 4 5 6 7 8x10-' 
H, VOLUME MIXING RATIOS 

FIG. 4. Calculated and measured vertical profiles of 
mixing ratios of Hz. 

mental profile shows a much larger increase with 
altitude than the theoretical one, indicating a 
larger production of H, than that following from 
the adopted photochemical chain and reaction 
coefficients. As a possible explanation of this 
feature it may be interesting to consider the forma- 
tion of methanol in the cold, lower stratosphere 
by the (probably very fast) reaction 

ing the most important reaction removing odd 
hydrogen particles, a lower value for k , ,  would 
result in larger computed concentrations of H, 
OH, and HO,. Calculations show that k , ,  = 
2 x lo- '  ' leads to much larger computed OH 
concentrations (2 x lo7 ~ m - ~ )  than those mea- 
sured. They also result in too small concentrations 
of ozone near 50 km (4.1 x 1010cm-3) corn- 
pared to the measurements (49); this is due to the 
increased catalytic reduction of ozone by in- 
creased quantities of H, OH, and HO,. The con- 
clusion is therefore that k , ,  has a value close to 
2 x 10-lo, as measured by Hochanadel et a/. 
(56). 

The calculated and measured N,O and CO 
profiles are shown in Figs. 5 and 6. They will not 
be discussed here (see refs. 35 and 76). 

On the Relative Role of H O ,  and NO,,; 
Particles in Reducing Odd Oxygen and the 

SST Problem 

As discussed previously destruction of ozone 
and atomic oxygen takes place by catalytic pro- 
cesses involving either H, OH, and HO, or NO 
and NO,. A comparison of the relative impor- 
tances of these processes has been carried out 
before (2, 18) and it was shown that catalytic 
destruction of ozone by NO, molecules below 
40 km, in which region almost all atmospheric 

[551 C H 3 0  + H 0 2  -> CH30H + O2 ozone'is located, was much more important than 

and dissociation of methanol according to by HO, particles. Furthermore, it was shown that 

[59] C H 3 0 H  + 11v + C H 2 0  + Hz h < 200 nm (54) 50 0 
-Ca lcu la led  (This Study) 

Additional reactions which must be considered Measured (35) 
are reactions 60a and 606. If these reactions are Trapopause assumed at 1 2  k m  

fast, then no appreciable production of H, may 
occur. The rate constant derived for reaction 606 
is based on indirect information. 40 h 
OH Concentrations (Table 2) 

Anderson (55) has measured OH concentra- 
tions in the altitude region from 45 to 70 km near 
5 x lo6 molecules/cm2 (with error bars: 2 to 
9 x lo6). As can be seen from Table 2 (columns 
8 and 9), the calculated OH concentrations fall 
within the limits of the experimental results. The 
calculated values were obtained by adopting a 
rate coefficient k,, = 2 x 10-lo for the reaction 

In the NBS report of recommended rate coeffi- VOLUME MIX ING RATIO OF N 2 0  

cients for modeling work (10) it is proposed that FIG. 5. Calculated and observed vertical mixing 
2 x lo-' '  < k,, < 2 x 10-lo. Reaction 15 be- ratios of N 2 0 .  
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TABLE 2. Calculated concentrations of 0 3 ,  OH, and NO, and ozone destruction rates (molecule cm-3 s-') 
by catalytic action of oxides of nitrogen (D,) and oxides of hydrogen (Dh)* 

- .- -- 

Height 
(km) 3 (0312 (OW1 (OW2 ( N o d l  (NOx)2 Dnl Dn2 Dh I 2 

Total ozone 7.1(18) 
(molecule cm - ') - 

*Subscript 1, calculated using the recommended value of rate coefficient k 1 2 ;  subscript 2, calculated neglecting this reaction. 

- Calculaled (Thfs Sludy) 

---- Calculate? 1751 

Measured (761 

VOLUME MIXING RATIO OF CO 

FIG. 6. Calculated and measured vertical profiles of 
mixing ratios of CO. 

HO, particles are important above 40 km and 
that the Chapman reaction 4 is important be- 
tween 40 and 60 km. However, in these studies the 
important reaction 

in the HO, catalytic cycle was completely re- 
moved as it was believed that the reaction was 
very slow. Recent measurements (I 6, 17) indicate 
a non-negligible rate for reaction 12. This reaction 
was therefore again included in the reaction 
scheme. The rates of ozone destruction (in niole- 
cule cm-3 s-') by NO, and HO, molecules, as 
calculated with the present model, are shown in 
Table 2 (column 8, D,,, and column 10, D ,,,, 
respectively). Again, it is shown that from 20 to 
40 km ozone destruction by NO and NO, is 
much more important than by the HO, particles. 

Through the formation of nitric acid in reaction 
38 there is a conversion of catalytic NO, into 
nitric acid molecules which do not react with 
atomic oxygen or  ozone. Therefore, it follows 
that the catalytic HO, molecules in fact protect 
ozone from more destruction by converting NO, 
into HNO,, mainly below about 35 km. It also 
means that an increase in the stratospheric water 
vapor content may result in an increase of total 
atmospheric ozone (2,6). Computations per- 
formed with the present model indeed indicated 
an increase in total ozone but only by about 1.5% 
when the stratospheric content of water vapor was 
as much as doubled. This low number seems to 
indicate that stratospheric ozone is surprisingly 
insensitive to changes in the stratospheric water 
vapor content. Therefore, it now seems very un- 
likely that the increase in stratospheric water 
vapor by about 5 0 z  from 1964-1 969 as measured 
by Mastenbrook (57) can explain the increase in 
total ozone during the last decade by about 6% 
(58, 59). Instead, an increase in ozone by this 
amount may be caused by variations in solar 
activity, for instance by changing the strato- 
spheric NO content (2), or by changes in thecircu- 
lation of the lower stratosphere. 

DeMore (16) has claimed, concluding from 
laboratory studies of an H,O-0, system, that 
reaction 12 should be very important in removing 
ozone from the atmosphere. Such an extrapola- 
tion should, however, be done with great caution. 
To show this, calculations were performed in 
which reaction 12 was neglected. The results of 
these calculations are shown in Table 2. The com- 
putations show that the deletion of the ozone- 
removing reaction 12 leads to less ozone. The 
explanation for this result is not difficult to find. 
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CRUTZEN: REVIEW OF UPPER ATMOSPHERIC PHOTOCHEMISTRY 1577 

Although reaction 12indeed removessome ozone, this study assumes that an immediate equilibrium 
it is also, in the lower stratosphere below 30 km, is established between tlie concentrations of 
the main reaction producing OH. With more O H  NO, NO,, and HNO,, while in reality it will 
present, more NO, is converted to nitric acid and take a year, t l i ~ ~ s  allowing for niore NO, and 
the catalytic destruction of ozone is reduced niore catalytic ozone destruction. 
( c o m ~ a r e  the results in Table 2). , . 

Stratospheric ozone is sensitive to the strato- 
spheric N O  content. This is clearly shown by the 
result of a computation in which the flux of N,O 
into the stratosphere was increased by only about 
20% (this was done by increasing the lower 
boundary mixing ratio of N,O from 2.5 x lo-' 
to 3.0 x lo-'). It was found that total ozone de- 
creased by 3%. Possible changes of N,O produc- 
tion in the soil may therefore feed back through 
changing the atmospheric ozone content and the 
penetration of solar ultraviolet radiation to 
ground levels (34). 

A problem of considerable concern is whether 
injections of exhaust gases from high-flying air- 
craft into the stratosphere may change the total 
atmospheric ozone content and thereby alter pro- 
tection at g r o ~ ~ n d  level from dangerous solar 
ultraviolet radiation (2, 3). Computations to  esti- 
mate the effect of NO injections were first per- 
formed by Johnston (3), adopting a pure photo- 
chemical model in which the influence of atmo- 
spheric motions were neglected, and by C r ~ ~ t z e n  
(34,60). These models did not consider the loss of 
NO, into HNO,, which should reduce the effects 
of injected NO, on the ozone. With the present 
model new estimates of the effect of NO, injec- 
tions on the ozone content were calculated, taking 
into acco~lnt the conversion of NO, into HNO,. 
Adopted were the results obtained.by ~ a h l n i a i  
(61) from a three-dimensional point-source tracer 
experiment and calc~~lations were performed for a 
latitude close to 30-40" N, where most of the 
injections from the point source accuniulated. 
This case tends to s im~~la te  conditions in the niid- 
l a t i t ~ ~ d e  regions, where air transport is most in- 
tensive. The following r e s ~ ~ l t s  were obtained. For 
a fleet of 500 U.S. SST's as projected in the 1960's, 
flying a b o ~ ~ t  7 h per day at  20 km, a decrease in 
total ozone by 8.5% was calculated. Assuming a 
similar dispersion pattern for Concorde effluents, 
it was calculated that a fleet of 200 Concordes 
flying at  18 kni (the a l t i t ~ ~ d e  of the injections is a 
significant factor (60)) for 7 h per day would cause 
a decrease in total ozone in the same l a t i t ~ ~ d e  belt 
by a b o ~ ~ t  I z .  From p ~ ~ r e l y  chemical considera- 
tions these estimates are underestimations of a 
real effect as the steady-state model adopted in 

Additional Topics 
Possible Long-te1.171 Variations in Solor 

Ultraviolet RacJiation 
According to measurements by Heath (62) 

there are variations in the solar ultraviolet O L I ~ P L I ~  

between 1200 and 3000 A with larger variations 
a t  shorter wavelengths. In order to estimate the 
effects of possible variations in the solar ultra- 
violet irradiance, model computations were per- 
formed in which the ~~ltraviolet  irradiances were 
increased in the wavelength regions 1750-2000 A 
(by 50%) and 2000-2400 A (by 20x) .  In the first 
case total ozone increased by 2.8%, in the second 
case by 3.2%. A combination of both events 
would thus lead to an increase by 6 z ,  as c-bserved 
in the Northern hemisphere (58,59,63), but uncer- 
tain in the S o ~ ~ t h e r n  hemisphere (63). T h e  largest 
effects showed LIP above 30 kn i .  The ca lc~~la ted  
increases in ozone brought about by increased 
irradiances from 1750-2000 A were mainly due 
to reductions in the N O  content of tlie upper 
stratosphere where NO is dissociated ~ ~ n d e r  the 
action of ~~ltraviolet radiation at  a b o ~ ~ t  191 0 A 
(reactions 27 and 28). It is therefore very impor- 
tant to monitor the ~~ltraviolet  region from 1750- 
2400 A for possible long-term variations in the 
solar O L I ~ P L I ~ .  

Lack of'Ktiori~lec/ge about Processes Leacling to 
the Oxiclation of' Methatie 

The oxidation of methane leads to important 
production of CO and H, (5, 60). There also is a 
question to what degree the methane oxidation 
forms a chain reaction with regard to O H  forma- 
tion or whether OH is lost via reaction 40 (60). 
T o  find O L I ~  tlie importance of this problem, it was 
decided to compare the r e s ~ ~ l t s  from two conipu- 
tations: one in which it was assumed that  there 
was a net gain of OH niolec~~les res~~l t ing from the 
methane oxidation (this is the standard assunip- 
tion, ~ ~ s e d  in all but one computation of this s t ~ ~ d y )  
and one in which it was a s s ~ ~ m e d  that O H  was lost 
in the methane oxidation cycle. The results of the 
computation showed that OH concentrations 
were reduced in the latter case by a factor of about 
2 at  17 km, 1.4 at 20 km, 1.15 at 25 km, and less 
above. The largest effects showed up, therefore, 
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at SST flight levels. Good knowledge of the way a very important constituent above 50 km. There 
in which methane is oxidized in the stratosphere are, however, some reasons why the altitude 
may therefore be of some importance when esti- profiles of H,O and H, may differ from those 
mating the environmental effect of high-flying shown in Fig. 7 by full lines. It is namely con- 
aircraft. ceivable that the H, formed in reactions 66. 166. 

and 56 is vibrationally excited, thus containing 
The Possible Role of Vibratioilallj~ Excited H ,  an  energy of at least kcal/mol for = 

in tile Mesospliere a17d Tl~ertnospl~ere possibly sufficient to make the reaction 
Molecular hydrogen in the mesosphere and 

lower thermosphere is formed by reactions 66, [ W *  HI+  + 0(3p)  -> H + OH, 

166, and 56 and destroyed by reactions 21, 57, kS7* = 2.9 x 10-" (assumed) 

and 58. Reaction 57 temperature independent. Calculations perform- 
[57] H 2  + 0 + H + OH, ed, making these assumptions, produced the re- 

kS7  = 2.9 x 10 - l1  exp(-42751~)  sults of the dashed curves in Fig. 7, which show 

is very slow in this region of the atmosphere d~ ;e  
to low ambient temperatures and a large activa- 
tion energy (8.5 kcal/mol). Reaction 166 being 
fast according to recent measurements (64), there 
is a large production of H, in the upper nieso- 
sphere, so that H, becomes the doininant hydro- 
gen species above 70 km (see Fig. 7, fill1 line 
curves). In this model water vapor falls off rather 

the buildup of H, appreciably reduced and much 
inore H,O near the mesopause. It was assumed in 
the calculations that deactivation of vibrationally 
excited H, by N, or 0, takes place with an effi- 
ciency of per collision. It is also possible that 
atomic oxygen, instead of reacting according to  
reaction 57, relaxes vibrationally excited H, to its 
ground state. 

rapidly with altitude, starting from about 50 krn Excited Ozone 
and reaching a mixing ratio of at 80 km. Theoretical calculations performed by Wahl 
These results were obtained neglecting reaction and Wilson (67) indicate that in reaction 2 ozone 
66, which probably yields H, with an  efficiency of molecules are formed initially in the  ground state 
13% (65), and production of H, in the photolysis O,('A,) and in the electronically excited state 
of CH, in the mesosphere (66). Thus, H, may be 03(3B2) with comparable probabilities. 

The internal energy of the excited state is equal to  
about 0.6 eV (- I4  kcal/mol). Radiation from the 
excited state is highly forbidden a n d  deactivation 
by collisions with 0, and N, may occur with 
probabilities between lo-, and per collision 
(67). Consequently, electronically excited 0, may 
be sufficiently long-lived near and above the 
mesopause to be of aeronomic interest. Possible 
reactions of 0,(,B2) include, for example, 

q 3 P )  f o ~ ( ~ B 2 )  -> 02(?)  f 02(?) 

0 3 ( 3 B ~ )  + h~ -> O(?) + 02(?) 

The first reaction may explain the O,('A,) 
nightglow emissions from the thermosphere be- 
tween 80 and 100 km (68). 

16 l o  ,:, 4:o 5:o 6,0110-1 D~fferetlt Clioice of Eddy D~ffusion Coej?cieilts 

Wofsy and McElroy (53) propose that mea- 
FIG. 7. Vertical distribution of mixing ratios of Hz 

and H 2 0 .  The profiles indicated by asterisks were sured high methane concentrations (37,39) in the 
calculated taking into account the possible formation of upper stratosphere should be explained i n  terms 
vibrationally excited H~ and its reaction with o(~P) .  of larger vertical mixing than hitherto believed. 
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In order to  test their hypothesis a computation 
was performed adopting their high eddy diffusion 
coefficients. The calculated CH, and also H, 
altitude distribution indeed came into much better 
agreement with the observations, thereby not 
affecting the calculated distributions of NO, 
NO,, HNO,, and 0, considerably. This model 
now allows for more flux of N O  downwards 
from the ionosphere to reach the stratosphere 
with an effect on total ozone. This could con- 
tribute to  variations in total ozone with periods 
related to the solar cycle periods (18, 2). How- 
ever, it is clearly necessary to study the distribu- 
tion of minor constituents at  least in a two- 
dimensional model, thereby taking into account 
both the effect of horizontal and vertical eddy 
motions and of mean meridional motions. 

Clzlorine Reactions 
As already stated it seems unlikely that chlorine 

oxides are present in the stratosphere in large 
enough concentrations to play a major role in the 
global ozone balance. Nevertheless, it has been 

I proposed that they may affect the atmospheric 
total ozone content (69). Therefore, it seems 
appropriate to discuss this niatter briefly. Some 
of the important reactions that should be con- 
sidered are: 

1 ~621  CIO + o3 +. OCIO + o2 
i k62 5 5 X lo-" at T = 295 "K (71) 

[641 0 + 0 ~ 1 0  -. CIO + 0, 
I 

kb4 = 5 x 10-13 at T = 295 "K (71) 

1651 CI + HO, -. HCI + 0 2  
I 

very fast, k65 x 4 x lo- '" ? 

[661 CI + CH4 -. HCI + CH3 
k6, = 8 x l o - ' '  exp(- 1910lT) (72) 

1671 OH + HCI -> HZ0 + CI 
k6, = 1.5 x lo- ' '  exp(- 1000/T) 

The rate coefficient for reaction 67 was esti- 
mated from that for the reaction O H  + HBr -* 
H,O + Br (73), a comparison of this rate con- 
stant with that for reaction 67 at  T -- 1900 OK 

(74), and consideration of the fact that the reac- 
tion of O H  with HC1 is less exothermic than that 
with HBr. Assuming that ozone is indeed mainly 
limited by the catalytic action of chlorine oxides 

it is possible to  estimate the concentrations of C1 
and C10 which are required t o  balance the  ozone 
production due to reactions I and 2 close to the 
center of main ozone production near 30 km. 
We find 

[CI],,, = 2J1[0,]/2k6, [O,] -- lo5 c m - 3  

assuming a fast rate constant k6, = 10-" cm3 
s-l .  

corresponding to a volume mixing ratio of about 
a t  30 km. 

Atoms of C1 are reactive to CH, and probably 
even more important to  HO, and it is necessary 
to investigate if these reactions are an efficient 
sink for C1 and C10 particles. It seems that the 
important reaction which can reform C1 from 
HCl is reaction 67, so that, neglecting reaction 
65, 

corresponding to  a volume mixing ratio of 
5 x lop9. Farmer (84) determined the mixing 
ratio of HC1 in the low stratosphere t o  be less 
than 10-lo. It seems, therefore, unlikely that 
C1 and C10 can affect the  global ozone distribu- 
tion critically. Furthermore, a negative correla- 
tion between volcanic activity and total ozone 
(63) is not very clear. One would expect rather 
strong variations in total ozone in a stratosphere 
in which ozone w o ~ ~ l d  be reduced t o  a large 
degree by the catalytic action of oxides of chlorine 
which derive their main source from sporadic 
volcanic injection of HC1 and CI,. Nevertheless, 
in regions close to  volcanic activity a n d  in the 
upper stratosphere and mesosphere, there may be 
a n  effect. 

Summary 

The results and discussions of this paper have 
indicated that our knowledge of the chemistry of 
the upper atniosphere has improved considerably 
over the last years. For  the first time it is now 
possible t o  calculate ozone profiles from a chemi- 
cal scheme containing few guesses of rate coeffi- 
cients. It is shown that the calculated ozone pro- 
file agrees remarkably well with the observed 
profile at  low latitudes. Also for some other 
species as HNO,, CH,, and N,O the agreement 
is rather satisfactory. There exist, however, some 
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severe discrepancies for NO, and especially NO, 
gases which are so important for the ozone budget 
of the upper atmosphere. However, with only a 
few measured vertical profiles of these and other 
constit~lents available, we may still not expect 
any close agreement. Only the average profile of 
a large set of measured ones should be compared 
with these theoretically estimated profiles. Any- 
how, it seems ~lnlikely that it is possible to con- 
struct a one-dimensional eddy diffusion model 
which yields satisfactory agreement between 
theoretical and observed profiles simultaneously 
for all important minor constituents. As stated 
before, it seems most likely that oxides of 
nitrogen are most important in reducing the 
atmospheric ozone content. Total ozone is sensi- 
tive to changes in the flux of N,O into the strato- 
sphere. Calculations indicate that total ozone 
may decrease by almost 1 %  due to the catalytic 
action of NO, injected by 200 Concorde-type 
aircraft flying at  an altitude of 18 km for 7 11 per 
day. Computations indicated that an  increase in 
stratospheric H,O may lead to a minor increase 
in total ozone. The reintroduction of the reaction 
HO, + 0, + OH + 20 ,  into the chemical 
chain leads to a slight increase in ozone, contrary 
to  what could be expected from laboratory ex- 
perience. Variation in the solar irradiance be- 
tween 1750 and 2400 A may have important 
effects on total ozone and may explain the increase 
in total ozone which took place over the last 
decade. A good knowledge of the way in which 
methane is oxidized in the atmosphere seems to 
be important also for environmental predictions 
connected with future SST flights. 

tn the upper inesosphere and lower thernio- 
sphere the effects of excited H, and 0, may be 
important. It has been indicated that H, may be 
by far the most important hydrogen species be- 
tween 70 and 120 km and that the mixing ratio of 
H,O may already start to fall off at  an altitude of 
50 km. 

This study was partly supported by the Atmospheric 
Sciences Section, National Science Foundation, and the 
Department of Transportation through NST Grant 
NO. GA-28688x2. 
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HO.,, NO,, and ClO,,: Their Role in Atmospheric Photochemistry 
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Sources of atn~ospheric odd nitrogen and hydrogen are reviewed and their role In 
ozone photochemistl-y is discussed. A model, containing few adjustable parameters, gives 
good agreement with observed distributions of stratospheric and mesospheric ozone. 
Nitric oxide emitted by supersonic aircraft would lead to a significant reduction in the 
concentration of atnlospheric ozone if the globally averaged source of NO should exceed 
2 X 10' molecules cnr '  s-'. A trafiic model projected by Broderick et  01. for 1990 could 
lead to a reduclion of about 2 %  in the column density of OCI. 

Sources of atmospheric chlorine are discussed. It is argued that HC1 should be the 
dominant form of atmospheric chlorine and that it is produced mainly from aerosols of 
marine origin. The atmospheric source strength is abo~l t  2 X 10' tons per year according 
to Chesselet et (11. and HC1 may be removed by gas phase reaction with NHrI. The role of 
chlorine compounds as a catalyst for recombination of odd oxygen is discussed and 
shown to play no major role in the normal atmosphere. Reactions of OH and H O I  with 
O:, may provide an important sink for tropospheric odd oxygen such that 0 3  may not be 
a passive tracer for tropospheric motions. 

Les sources de quelque azote et hydrogkne atmosphCriques sont revues et leur rBle 
dans la photochimie de l'ozone est Ctudii. Un modkle, contenant deux paramktres 
adjustables, est en bon accord avec les distributions d'azone stratosphCrique e t  mCso- 
sphirique observCes. L'oxyde nitrique imis par des avions supersoniques amknera une 
riduction significative de la concentration de I'ozone atmosphCrique si la moyenne 
globale de la source de N O  doit dipasser 2 X 10' mol6cules cn1-' s-'. Un modkle de 
traffic, projet de Broderick et  nl., pour 1990 pourra mener i une rCduction de prks de 
2% dans la densit6 de la colonne d'O:,. 

Les sources du chlore atmosphCrique sont CtudiCes. On dimontre que HCI est l a  forme 
dominante du chlore atmosphirique et qu'il est produit essentiellement d'aCrosols 
d'origine nlarine. D'aprks Chesselet et  dl . ,  la force de la source atmosphCrique est de 
prks de 2 x 10' tonnes par an, et le HCI peut etre CliminC par  une rtaction e n  phase 
gazeuse avec NH,,. Le rBle des composis du chlore comme catalyseur pour la recom- 
binaison de q~lelque oxygkne est CtudiC et dCmontre jouer aucun r81e majeur dans 
l'atmosphkre normale. Les rCactions du OH et du H 2 0  avec d u  O:, peuvent fournir un 
important affaiblissenlent pour quelque oxygkne troposphCrique tel que O:, ne pourra 
etre un traceur passif pour les diplacements troposphCriques. [Traduit par le journal] 

Can. J .  Chem., 52, 1582 (1974) 

Introduction chlorine compounds in the atmosphere. The work 

~h~ intent here is  to provide a brief summary on chlorine had a s  its impetus the possible modifi- 

of recent work on the transport and chemistry of cation of the stratosphere by the space shuttle. 

trace stratospheric gases which are now believed The now under and 
to play a role in determining the equilibrium con- scheduled for operation in the 19801s, will emit 
centration of atmospheric ozone, The summary HC1 as an exhaust product. A systenlatic 

is in no sense complete, neither in content nor i n  of its consequences is now in Progress under the 

reference to original More general re- auspices of the National Aeronautics and space 

views are given elsewhere i n  this volume by Administration. This paper offers an initial 

Crutzen (1)  and Nicolet (2). We shall emphasize attempt to define the problem and an attempt 

simple one-dimensional model studies carried focus on some of the major uncertainties and 

out in this laboratory and particularly highlight targets for future research. 

models which relate to  the possible perturbation 
of the stratosphere by future fleets of supersonic Ozone in the Normal Stratosphere 

aircraft. We shall offer a brief discussion of chem- Odd oxygen atoms are produced in the atmo- 
ical processes as they affect the distribution of sphere inainly by dissociation of 0, in the 
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Herzberg continuum: [I 11 NH2 + NO -> N2 + H 2 0  

1 They are removed in the statosphere by the as discussed by McConnell (9) and McConnell 
I simple reaction and McElroy (10). Further laboratory data are 

required to clarify the situation. In addition, 
[21 0 + O3 -> O2 + O2 there is an urgent need for atnlospheric measure- 
first discussed by Chapman (3), and by more ments of NH, and its possible products. Later 
complex reaction schemes terminating in in this paper we shall argue that formation of 

aerosols would provide a major sink for atmo- 
[31 0 + H 0 2 + O H  + O2 spheric NH,. Aerosol formation could be in- 
[41 O + O H  ->02 + H  itiated by a gas phase reaction of NH, with HC1 

and [I31 NH3 + HCI + M -> NH4CI + M 

[51 0 + NO2 -> NO + 0 2  

The importance of HO,, in the context of the 
ozone problem, was first recognized by Bates and 
Nicolet (4). The importance of NO, was identi- 
fied by Crutzen (5) .  For present purposes we 
define HO, as H + OH + HO,, NO, as N + 
NO + NO, + NO, + 2.N20, + HNO, + 
HNO,. 

The major source of stratospheric HO, is the 
reaction 

[61 O('D) + H 2 0  -> OH + OH 

with a small contribution from 

[71 O ~ D )  + H~ -> OH + H 

and a similar reaction with methane. 
NO, is formed by oxidation of N,O and NH,, 

and by dissociation of N, following absorption 
of cosmic rays. 

The primary oxidation process for N,O is 

and this source of stratospheric NO, has been 
relatively well characterized in the recent litera- 
ture (6-8). The contribution from NH, remains 
somewhat uncertain. Stratospheric ammonia is 
believed to be removed mainly by reactions such 
as 

and 

1101 hv + NH3 -> NH2 + H 

~ 
1 The subse~uent details of the reaction scheme are 

uncertain.*~t is reasonable to expect NO and 
NO, as major products. One cannot, however, 
rule out the possibility that [9] and [lo] might 
lead to a net sink for stratospheric NO,, through 
reactions such as 

or a similar reaction with HNO,. If further work 
confirms this possibility, it may be necessary to 
extend present chemical models for the strato- 
sphere to include reactions involving chlorine 
compounds, notably HCl, C10, Cl,, C1, and 
NH4Cl. In the meantime, the contribution of 
NH, chemistry to the stratospheric NO, budget 
remains uncertain. 

Absorption of cosmic rays initiates a complex 
chemistry (I I) in which NO, is formed by reac- 
tions such as 

[I41 N 2 + + e - z N + N  

[I51 NO+ + e --> N + 0 

[I61 N 2 +  e - > N + N  

The product atoms may be released in excited 
states and it is especially important to define the 
relative yields of N(4S) and N(,D). Excess pro- 
duction of the former can lead to net destruction 
of NO, by reactions such as 

The latter will be efficiently quenched in the 
stratosphere with production of NO by the re- 
action 

[211 N('D) + O 2  -> NO + 0 

Reaction 21 is the major source of N O  in the 
atmosphere above 100 km, while [17] is the domi- 
nant sink for mesospheric and thermospheric odd 
nitrogen. 

The potential importance of the cosmic ray 
related source of stratospheric NO, has been em- 
phasized in a recent paper by Ruderman and 
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Chamberlain (12). They pointed out that the 
cosmic ray flux reaching the atmosphere is larg- 
est at times of low solar activity and that its ef- 
fects are confined mostly to high geomagnetic 
latitudes. NO, produced a t  high latitudes must 
be t rans~or ted  to low latitudes before it can have 
any significant effect on 0,. Subsequent modifi- 
cation of 0, should be phase shifted with respect 
to the cosmic ray source, and Ruderman and 
Chamberlain (12) made some preliminary esti- 
mates of the magnitude of the phase shift. Their 
estimates are in satisfactory agreement with phase 
shifts observed by Angel1 and Korshover (I 3) in 
an analysis of ozone data taken a t  Tromso and 
Arosa (see also ref. 14). The importance of 
Rudernian and Chaniberlain's contribution is 
twofold. First. it ~ r o v i d e s  a reasonable mecha- , A 

nisni to account for the much discussed correla- 
tion not heretofore widely accepted by the nieteor- 
ological community. Second, the work implies 
that absorption of cosmic rays in the stratosphere 
may indeed lead to significant production of NO, 
which should be included in detailed attempts to 
model stratospheric chemistry and dynamics. A 
major uncertainty is the estimation of the rate of 
NO, production by cosmic rays, for which experi- 
mental data are lacking. 

Estimates for the concentration of major forms 
of NO, and HO, are given in Figs. 1 and 2. The 
results shown here were taken from the study by 
McElroy el  al. (15) and are intended to represent 
mean (24 h average) conditions at  a latitude of 
30" N, for a solar declination of + 12". The tropo- 
pause is at  16 km. In the context of 0, photo- 
chemistry we are particularly concerned with 
concentrations of N O  and NO, for the height 

NUMBER DENSITY ICK'I 

FIG. 1. Calculated vertical distributions of individual 
NO, constituents in the normal atmosphere, 30" N lati- 
tude, solar declination + 12". From McElroy et al. (15). 

?LC ' , ' d  10' ' " " " 1  i0' , m , , , , L L  10" ' L , L , , , , L  w9 ' d 
10"' 

NUMBER OEEISITY icrn' l  

FIG. 2. Calculated number densities (24 h average) for 
hydrogenous radicals, H202 ,  0(3P), and O('D) for the 
normal atmosphere, 30" N latitude, solar declination 
+ 12". The tropopause is at  16 km. From McElroy et al. 
(15). 

range 30 to 50 km,  and with concentrations of H 
and O H  above 50 km. The concentration of O, 
below 30 km is controlled mainly by dynamics. 
Reaction 5 is the major loss process for odd 
oxygen below 45 km. The Chapman reaction 2 is 
important between 45 and 55 km, whereas re- 
actions 3 and 4 dominate above 55 km. 

The concentration of NO, in the important 
height range 30 to 50 km is determined by a 
balance of input associated with oxidation of 
N,O, reaction 8, and removal by vertical trans- 
port. Analyses of the various uncertainties are 
given by McConnell and McElroy (10) and by 
McElroy et al. (15). They concluded that the 
concentration of NO, should be relatively well de- 
termined for this height range, although major 
uncertainties may remain at lower elevations. 
Vertical motion was treated using the expedient 
concept of eddy diffusion, with diffusivities 
chosen to reproduce observed concentrations of 
CH, and N,0  (16). 

McElroy et al. (1 5) used the concentrations of 
NO, and HO, given in Figs. 1 a n d  2 to compute 
concentrations of 0 , .  The calculation is relatively 
straightforward for the atmosphere above 30 km 
where photochemical processes dominate for odd 
oxygen. Results are shown in Fig. 3, which in- 
cludes also a comparison with observational da ta  
obtained by Johnson et al. (17), Hering and 
Borden (18), Hilsenrath et al. (19), and Krueger 
et al. (20). Theory agrees with experiment within 
permissible observational error limits. The agree- 
ment is taken as a measure of the  overall validity 
of the techniques employed to calculate NO, and 
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FIG. 3. Calculated ozone profiles are shown for the 
normal atmosphere, 30" N latitude, + 12" solar declina- 
tion. Curve A was calculated with the complete chemical 
model and computed NO, profiles; reactions involving 
NO, were omitted in curve B; reactions involving 
NO, and HO, were omitted in curve C. Curve D was the 
same model as A, but with a slower value for the reaction 
rate of NO with O3 (cf. ref. 15). Observations shown are 
as follows: Hilsenrath et al. (19), X ,  (with error bars) 
chemiluminescent rocketsonde, and 0, Mast-Brewer 
electrochemical balloonsonde, a t  Wallops Is. (38" N), 
Sept. 16, 1968; A, Johnson ef al. (17), as corrected by 

1 Evans et al., rocketsonde solar U.V. absorption from 
White Sands (32" N), June 14, 1949; +, Krueger ef al. 

I (20), rocketsonde solar U.V. absorption from Pt. Magu, 
Calif. (34" N), June 18, 1970: 0, Hering and Borden, 
Mast-Brewer balloonsondes from Tallahassee, Fla. 

I (30.4" N), 1966 summer average. F i g ~ ~ r e  taken from 
McElroy ef al. (15). 

I 

HO, and lends support to the general reliability 
of the theoretical model. 

Modification of Ozone by Supersonic Aircraft 
We shall model possible effects of NO, intro- 

duced into the stratosphere by high flying air- 
craft. We consider aircraft at cruise altitudes of 
17, 20, and 25 km. The lowest altitude is appro- 
priate for the Concorde. The intermediate value 
is adopted for an advanced version of the 
American supersonic transport (SST), and the 
highest value could apply for a conceptual future 
hypersonic transport (HST). We shall model the 
vertical distribution of NO, input for a given air- 
craft with a triangular shape function centered on 
the appropriate altitude. The triangular function 
is taken to give a vertical extent of 2 km at the 1 half-intensity point for the Concorde and HST. 
A somewhat broader width of 4 km is adopted 

I for the SST. 
I Emission rates of NO, are of course largely 

unknown for SST and HST. We adopted data 

1 
given by Broderick et al. (21) for the Concorde. 

From their emission rates we estimate that 
Concorde, carrying 100 passengers at a cruise 
speed of 2.1 x lo3 km h-  ' for approximately 7 h 
per day, would emit a globally averaged quantity 
of NO, equivalent to 7.74 x lo4 molecules cm-2 
s-'. Similarly, the corresponding NO, emission 
rate for SST would be 5.73 x 10' molecules 
cmP2 s-', with an assumption that the advanced 
SST should carry 600 passengers at a cruise speed 
of 3.2 x lo3 km h-', for 7 h a day. 

A summary of the various computations for 
0, in the perturbed atmosphere is given in Fig. 4. 
An effort was made in these computations to in- 
clude all of the possible feedback mechanisms 
which occur in the perturbed atmosphere. For 
example, a perturbation of ozone leads to a 
change in the transmission of the atmosphere at 
ultraviolet wavelengths, with a resulting altera- 
tion in the source of odd oxygen. A change in 
atmospheric transmission also affects the natural 
source of NO, associated with reactions 8 
through 10. Reduction in the concentration of 
0, leads to a decrease in computed values for 
stratospheric temperature with consequent effect 
on the rates of various chemical reactions. These 
feedback mechanisms were properly included in 
all computations for the perturbed environment. 
The consequence of thermal adjustment is shown 
explicitly in the figure. 

AIRCRAFT OZONE PERTURBATIONS -- 

ADVANCED SUPERSONIC TRANSPORT 120 km, 600 PASSENGERS) 
0 2 0 0  4 0 0  600  8 0 0  

F 1 XED 

PROFILE 

~ F l l l l l ~ i  O 1.5- 

lo8 2 5 k m  INJECTION 2 110' IHST1 
3 lo8 

i l i l l l l l l l l l l l i l l l l , I ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~ t ~ U ~ ~ l  
10' 20 k;.~~JECT,0N3.;$Tl 4x10e 5x10' 

i L L l l 3 l l I l 1 1 1 1 1 G 1 1 1 1 /  2.)3@ 4x10' 6.10~ 8 l l 0 '  10' 

17 km INJECTlOIr (CONCORDEI 
GLOBAL AVERAGE NOx EMISSION ( ~ m ~ ~ l ~ ' 1  

FIG. 4. Perturbations in ozone induced by artificial 
injections of NO,. A detailed discussion of the  various 
scales is given in the text. Figure taken from McElroy et 
01. (15). 
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The left vertical axis in Fig. 4 gives the column 
density computed for 0, in the atmosphere above 
28 km, at a latitude of 30" N for a solar declina- 
tion of 12". Results are shown for a varietv of 
NO, inputs as given by the separate scales for the 
bottom horizontal axis. We note that the pertur- 
bation in ozone expected for a given input of NO, 
is a moderately sensitive function of the height 
at which injection occurs. For example, an input 
of NO, equivalent to 2 x lo8 molecules 
s-I at 25 km leads to a reduction by approxi- 
mately 25% in the computed column density of 
0, above 28 km. The inputs required at 20 and 
17 km in order to provide a similar reduction in 
0, are 2.75 x lo8 and 5.5 x 108cm-' s- '  re- 
spectively. A fleet of 775 Concordes flying for 7 h 
a day at 17 km would reduce 0, above 28 km by 
3%. A traffic model projected by Broderick et al. 
(21) for 1990 would provide for a corresponding 
reduction of 2.4% for 0, above 28 km.' 

The right vertical axis in Fig. 4 shows an at- 
tempt to define the approximate change in total 
0, column due to aircraft operations. For pres- 
ent purposes we assume that the atmosphere 
consists of two distinct regions. Tn one zone 
chemical time constants for 0, are short com- 
pared with time constants for dynamics, and the 
concentration of 0, should be accurately mod- 
eled by a photochemical equilibrium theory. In 
the second zone, dynamical time constants are 
short compared with chemical values, and the 
distribution of 0, is set by the details of the 
atmospheric motion field. The boundary be- 
tween these two zones describes a surface whose 
height should be an increasing function of in- 
creasing latitude. Ozone is released into the dy- 
namical zone primarily at lower latitudes. A re- 
duction in 0, at the boundary between the chemi- 
cal and dynamical zones would lead to a re- 
duction in 0, at all locations within the dynami- 
cal zone. The reduction factor will be approxi- 
mately equal to the reduction which applies in 
the low latitude region of the boundary surface. 

lThe projected 1990 fleet would support an annual 
traffic volume of 5.9 x l o L Z  passenger km if aircraft were 
assumed to fly at all times with a fill1 complement of pas- 
sengers. This figure may be compared with the present 
traffic of 4.4 x loL1  passenger km per year. It is assumed 
that the bulk of air transport in 1990 will be carried by 
current or improved versions of existing aircraft such as 
B747 and DC 10. The estimated NO, emission rate 
adopted here for the 1990 fleet is 4.3 x lo7 molecules 

s-I and it is distributed over the height range 16- 
21 km. 

Somewhat arbitrarily, we identify the boundary 
surface with the level at which the chemical time 
constant for 0, is 15 days. Concentrations of O, 
along the boundary can then be derived with the 
photochemical model and concentrations below 
the boundary may be scaled accordingly. The re- 
duction factors indicated on the right hand verti- 
cal scale reflect this procedure. We believe that 
the procedures followed here are unlikely to lead 
to major error. In particular, our conclusions are 
relatively insensitive to the precise criterion used 
to define the boundary between the chemical and 
dynamical zones.' 

Origin and Chemistry of Atmospheric Chlorine 

There is little doubt that the atmosphere, at 
least in marine environments, contains signifi- 
cant quantities of gaseous chlorine. The gas was 
first identified by Junge (22) and was subsequent- 
ly observed by Duce (23), Buat-Menard and 
Chesselet (24), and Chesselet et al. (25). In all 
cases, combinations of molecular sieves and 
filters were used to  eliminate particles with radii 
greater than 0.1 p. In addition, Junge measured 
the concentration of Aitken nuclei and showed 
that at most 2% of the transmitted chlorine could 
be present in these particles. The mixing ratio 
(v/v) of total gaseous chlorine,, a t  least for the 
marine atmosphere near ground level, is ap- 
parently in the range 1-6 x lop9.  Junge (22) 
measured gaseous chlorine just above the trade- 
wind inversion at Hawaii and found concentra- 
tions which were approximately a factor of 2 less 
than values measured in the near surface area. 
Chesselet et al. (25) observed a decrease in the 
concentration of gaseous chlorine carried by an 
air mass of marine origin as the air mass passed 
over land in rural France. The French data may 
be interpreted to yield a lifetime for gaseous 
chlorine in the near surface atmosphere of about 
0.4 days, but probably reflects dilution of marine 
air by chlorine-poor air from aloft. 

The studies by Chesselet and associates (24-26) 
strongly support the hypothesis of a marine ori- 

2The analysis given here is not sufficiently precise to 
allow a quantitative estimate for O3 reduction at any 
particular latitude. The estimates in Fig. 4 should be 
useful at all latitudes. The reduction factor at high lati- 
tudes may be somewhat smaller than given here. The re- 
duction at equatorial latitudes could be a little larger than 
the mean estimates derived in the present analysis. 

3We assume here, as  justified below, that HCI is the 
major form of gaseous atmospheric chlorine. 
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gin for gaseous atmosphericchlorine. Under quiet reduction in the pH of the particles. The precise 
wind conditions the mixing ratio of gaseous mechanism remains unclear. Laboratory studies 
chlorine in marine air is relatively constant with a by Buat-Menard (26) leave little doubt, however, 
value between 1.2 and 2.4 x lo-'. Strong varia- that gaseous chlorine is indeed produced when 
tions in the gaseous mixing ratio were observed marine particles are exposed to common atmo- 
as the surface wind speed increased above about spheric air. Gaseous chlorine was not observed if 
20 knots. The increase in gas phase chlorine was procedures were implemented to eliminate gases 
accompanied by a slight decrease in the C1: Na such as SO, and H,SO, in the air stream to which 
observed in the particulate phase, and Chesselet the particle sample was exposed. 
et al. (25) estimated that approximately 3"/, of the If we adopt a mean value of 1.2 x lop9  for the 
chlorine initially present in the particulate phase mixing ratio of gaseous atmospheric HC1, con- 
was eventually released as gas. This figure implies sistent with the preceding discussion, we can 
a net global production of gaseous chlorine equal readily compute a mean value for the correspond- 
to about 2 x lo8 tons per year when combined ing atmospheric lifetime. If we consider a net 
with the estimate (25) of 6 x lo9 tons per year global HCI source of 2.2 x lo8 tons per year, we 
for the total quantity of particulate chlorine in- estimate a mean lifetime of 9.5 days: which may 
jected into the atmosphere, mainly by bubbling be compared with the empirical lifetime of 0.4 
at the sea surface (27). This production may be day derived by Chesselet et al. (25) over rural 
compared with the source from volcanoes esti- France. The two results can be reconciled if we 
mated to be approximately 9 x lo6 tons per year 
(28). Gaseous chlorine production associated 
with industrial activity, mainly HCl, can be esti- 
mated in various ways to give approximately lo7 
tons per year, a source strength comparable to 
the volcanic mechanism but small compared with 
marine aerosols. 

Earlier objections by Valach (29) to the hy- 
pothesis of marine origin were effectively an- 
swered by Duce (23). Valach argued that the ob- 

assume that the major sink for HC1 occurs over 
land and if we assume that only 15% of the land 
mass is effective as a sink for HC1. This figure 
might be reasonable if the sink involved a spatial- 
ly variable minor component of the atmosphere. 
Ammonia could be a suitable candidate and re- 
action 13 might provide a plausible mechanism. 
Measurements by Junge (22), Georgii (31), and 
Breeding et al. (32) indicate that the concentra- 
tion of NH3 is indeed variable and suggest that 

served deficit of chlorine in the particulate form the concentration over land may be significantly 
was not sufficient to account for the rather large higher than marine values. Establishment by 
concentrations of gaseous chlorine observed. The Kaplan (33) of a low upper limit (<0.08 p.p.b.) 
apparent contradiction is readily resolved. The for NH, above Mont-Louis is consistent with the 
lifetime for the gaseous component is much similar upper limit on HCl (<O.1 p.p.b.) near the 
longer than that for the particulate form. Thus tropopause determined by Farmer (34). Both 
even a small efficiency, 3%, for the conversion constituents must have quite short lifetimes (- 1 
from particle to gas is sufficient to account for day) if the concentrations are to fall off s o  drama- 
comparable abundances of chlorine in the sep- tically away from the near surface environment. 
arate phases of the atmosphere. This matter i s  
discussed further by Buat-Menard (26), Buat- 
Menard and Chesselet (24), and Chesselet r t  al. 
(25). 

Mechanisms for production of gaseous chlo- 
rine from marine particles are discussed by 
Robbins et al. (30) and by Eriksson (28). Rob- 
bins et al. believed that atmospheric NO, could 
be hydrolyzed in the vapor phase to form 
HNO,, with the latter dissolving in sea salt par- 

Further work is required in order to elucidate the 
chlorine removal process. In particular we need 
data on the global distribution of HCl and NH,, 
as well as measurements to define the efficiency 
of various soils as sinks for HC1. We may note, 
however, that the effective rate constant for re- 
action 13 need not be very large, cm6 S-'  

would suffice, to account for the observed HC1 
loss; Mohnen has suggested that NH,Cl aerosol 
formation is catalyzed by small ions and has ap- 

tic1es.-lowering the D H  of the ~articles. and sub- -- 
u 

sequ&tly releasingLHC1. favored 4This lifetime presumes a scale height of 7 k m  for gas- 
eous atmospheric chlorine. Junge's (22) Hawaiian data HC1 as the gaseous product but thought that "3 suggest that the actual scale height may be somewhat less, 

was a more likely candidate than HNO3 as the ~ e r h a ~ s  3 km. and the derived lifetime should be lowered . A 

absorbed species responsible for the necessary accordingly. 
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TABLE 1 .  Chlorine reactionsa 
~ 

pp- . , 
~ -- - 

Reaction No. Rate expression References and remarks Reaction 
~. ~ ~ - ~ p ~ ~ ~ -  

1 2.1 x lo-" exp (-1037lT) Takas and Glass (63) OH + HCI -. H,O + CI 

2 2 x l o - "  exp (-2164lT) Galante and Gislason (53) CI + H, + HCI + H 
Westenberg and deHaas (64) 

3 I x l o - '  ' exp (- 16051T) ( Benson er a/. (47) H + HCI -. Hz + CI 

4 1.88 x lo-" exp (-35731T) Wong and Belles (66) 0 + HCI ->OH + CI 

5 1.84 x lo-" Clyne and Watson' CI + 0, -> CIO + O2 

6 1.6 x lo-'' exp (800/T) Widman and DeGraff (65) CI + CI + M CI, + M 
Hippler and Troe (55) 

7 1.7 x lo-'' Johnston r /  (11. (37) C1 + 0, + M -. CIOO + M 
Nicholas and Norrish (58) 

8 1.3 x 10-" exp (- IOOOIT) Clyne and White (49) ClOO + M -. CI + 0, + M 
Johnston er nl. (37) 

9 1.3 x 10-"exp ( - I  ISOIT) Johnston rr (11. (37) CIO + CIO -> ClOO + CI 
Clyne and White (49) 
Clyne and Coxon (41 ) 

10 1.44 x lo-" Johnston er (11. (37) CI + CIOO - CIO + CIO 

I I 1.5 x 1 O - I 0  Johnston rr 01. (37) CI + CIOO -, CIz + 0, 

12 1.7 x lo-"  Clyne and Watson' CIO + N O  --, Cl + NO, 

14' 2.2 x lo-' Durie and Ramsay (39) CIO + hv - C1 + 0 
6.0 x Pannetier and Gaydon (38) 
2.4 x 10-0 Porter (40) 
1.5 x 10.' Johnslon PI al. (37) 

Clyne and Coxon (41) 

15' 2.0 x lo-', 1.9 x lo-', 0.. 0. Romand and Vodar (60) HCI + h v  -> H + CI 
Myer and Samson (57) 

16 5.3 x lo-" Bemnnd. Clyne. and Watson (42) 0 + CIO - C I  + 0, 

17' 1.6 x lo-', 1.4 x lo-' Gibson and Bayliss (54) Clz + IIV + CI + CI 
1.3 x lo-3, 1.3 x lo-J  Seery and Britton (61) 

22 5 x lo-'' Johnston rl 01. (37) CIO + CIO + M -> CI: + O2 + M 
Net reaction 

23' 1.9 x lo-', 9.8 x lo-', 0.. 0. Johnston rr 01. (37) CIOO + IIV -i CI + OL 

27 3.5 x lo-"  Stedman cr (11. (62) H + CI2 - HCI + CI 

28 1.36 x lo-" exp (-15601T) Niki and Weinstock (59) 0 + C12 -> CIO + CI 
Clyne and Coxon (48) 

30 0. Assumed CIO + O3 -> ClOO + O2 

32 1 x lo-" Estimate H + CIO -> HCI + 0 

34 I x l o - ' '  Estimate C1 + HO, -> HCI + 0, 

35 0. Assumed CIOO + O3 --+ ClO + 202  

37 5 x lo-" exp ( -  1791/T) Clyne and Walker (50) CI + CH, -* HCI + CH3 
Davis, Braun, and Bass (52) 

nAll concentrations are assumed in units of cm-3. 
bPhotolysis rates are 24 I1 means and are given at 50, 30. 15, and 0 krn altitudes. 
'Preliminary results communicated by R. T. Watson. 

parently observed particle formation (see ref. 35). 
The NH,Cl mechanism is consistent with Junge's 
(22) Hawaiian observations carried out at an 
elevation of 3 km. He found that the gaseous 
precursors of NH,', NO3-, C1-, and SO:- at 
3 km were all reduced relative to their ground 
level values in proportions consistent with re- 
moval of NH,Cl, NH4N03,  and (NH4),S04. 

It has been well known since the early work of 
Norrish and Neville (36) that gaseous chlorine 
can photosensitize recombination of 0,. A vari- 

ety of reactions has been studied more recently 
and many of the important rate constants have 
been measured (see for example ref. 37). Chlo- 
rine compounds are also known to react with 
other important minor constituents of the atmo- 
sphere, such as CH,, H,, NO, and  possibly N 2 0 .  
A summary of the various important reactions 
and rate constants is given in Table 1. In order to 
investigate their possible effect o n  atmospheric 
O,, we consider a situation in  which the mixing 
ratio of total chlorine has the value lo-', at all 
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altitudes. The consequent distribution of major 
chlorine compounds is shown in Fig. 5. 

The major components are HCI and CIO, at 
least with the particular reaction scheme adopted 
here. The important source reactions for HCI are 

1221 CI + Hz + HC1 + H 

and 

t231 C1 + CH4 + HCI + CH3 

The gas is removed by 

[241 OH + HCI -> H 2 0  + C1 

Reaction of C1 with 0, provides the dominant 
source of C10: 

The major sinks are 

t261 CIO + NO -> CI + NO2 

[271 CIO + 0 -> CI + O2 

and 

1281 C10 + hv -> CI + 0 - - 

with [26] playing a major role in the troposphere 
and lower stratosphere. The rate for photolysis 
of CIO is not well known. The weak near u.v. 
absorption bands (4,0), (3,0), .., (0,O) were not 
included in the present analysis since the upper 
levels were apparently observed in emission by 
Pannetier and Gaydon (38) and there is no evi- 
dence for predissociation (see also ref. 39). We 
extrapolated data by Johnston et a/. (37) and 
Porter (40) in order to estimate the contribution 
of longer wavelengths to the net photolysis rate. 
Despite these uncertainties, the results shown in 
Fig. 5 should be reasonably reliable. Photolysis 

NUMBER D E N S l T I  I ~ r n - ~ l  

FIG. 5. The distribution of gaseous chlorine constit- 
uents is shown as a function of altitude in the troposphere 
and stratosphere. The total mixing ratio of all gaseous 
chlorine compounds has been arbitrarily set at f = I x 
1 0 4  ( v ~ v ) .  

ofC10 makes only a minor contribution (< 10%) 
to the major chemical paths in the present model. 

We omitted possible formation of OClO by the 
reaction 

t291 CIO + o3 -> OC~O + o2 
The reaction is surely slow (cf. ref. 41) and would 
be followed by photolysis 

[301 /1v + OCIO -> 0 + C10 

although there might be some net loss of odd 
oxygen by the relatively slow reaction (42) 

t311 0 + OClO -> o2 + CIO 

The dominant chlorine removal of odd oxygen, 
however, is provided by [27], and reactions in- 
volving ClOO and OClO most likely make no 
more than a small contribution to the total 0 
removal rate. The radical ClOO is removed 
mainly by 

[321 CIOO + M -. CI + 0, + M 

with a small contribution due to photolysis 

[331 ClOO + hv -> C1 + 0, 

The possible effects of chlorine catalysis on 
atmospheric 0, are summarized in Fig. 6. The 
results given here were obtained following the 
procedures described by McElroy et a/. (15), 
modified to include the chlorine reactions in 
Table 1 .  Strengths of various loss processes for 
odd oxygen are shown in Fig. 7 for an assumed 
mixing ratio of Although effects of  chlorine 
catalysis extend over a wide height range, their 

FIG. 6. Catalytic reduction of ozone is shown as a 
function of the mixing ratio for all forms of gaseous 
chlorine. The ozone reduction was calculated by the 
method of McElroy et al. (15).  
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Chameides and Walker (43) discussed a possible 
source of tropospheric odd oxygen through the 
reaction sequence 

[371 H 0 2  + NO -> O H  + NO2 

[381 NO2 + h v - + N O  + 0 

followed by 

[391 O + O z + M + 0 3 + M  

The relative importance of the sources and sinks 
FIG. 7. Recombination of 0 and 0 3  is shown in represented by [35] through [39] depends on the 

terms of the elementary reaction rates. The mixing ratio of branching of HO, between reactions 35 and 37. 
total gaseous chlorine has been arbitrarily chosen as / = ~~~~~i~~~ 35 and-36 could provide a height in- 
1 x 1 0 - ~  (VIV). 

tegrated sink for tropospheric 0, of about 2 x 
influence is generally small colnpared with re- 10'' molecules s-l ,  comparable to the to- 
actions 3 through 5. ~f one accepts Farmer's (34) tal flux of 0, believed to emanate from the strato- 
upper limit for the mixing ratio of stratospheric sphere (44, 45). As a consequence of the large 
HCI, 10-10, and the results in  lzig. 5 which in- rates for [35] and [36], the distribution of tropo- 
dicate that HCI is the major chlorine compound, spheric 0 3  may be directly affected by local 
it would seem to follow that chlorine catalysis chemistry. This conclusion, drawn earlier by 
can at most play a minor role in  the normal Chameides and Walker (43) from a consideration 
atmosphere. It should be emphasized, however, of t r o ~ o s ~ h e r i c  source strengths, is in disagree- 
that the various sinks for HC] discussed here ment with con~entional views which regard 0 3  

(reaction NH,, rain out, wash out, hetero- as a passive tracer, both in the lower stratosphere 
geneous absorption) are effective only at low and troposphere. 
altitudes, below about 18 km. The space shuttle N~~~ ADDED I N  PI1OOF: ~f~~~ comp~etion of 
would provide a source of HCI which would ex- this work, we learned of a discussion of atmo- 
tend high altitudes, -50 km, where natural spheric chlorine by Stolarski and Cicerone which 
sources of HCl are either very small or totally in part presented at the IUGG meeting i n  
absent. The effects of such high altitude sources K ~ ~ ~ ~ .  ~ h ~ i ~  article also appears in  this issue of 
merit further study but cannot be reliably as- the canadian ~~~~~~l of chemistry. 
sessed until such time as the natural chlorine 

is better established. We may note that the Nien Dak Sze made valuable contributions to  the dis- 
space shuttle could affect the stratospheric NO, cussion of chlorine chemistry in this paper. We are in- 
budget by increasing the effective loss rate of debted also to James Friend for a useful discussion and to  
NH, through [13].  ti^^^ involving N,O, for Max Havlick for service beyond the call of duty in the 

example preparation of this manuscript. The work was supported 
jointly by the Atmospheric Sciences Division of the 

t341 CI + N 2 0  -> CIO + NZ National Science Foundation and the National Aero- 
nautics and Space Administration under grant numbers 

are also possible though not established. Finally GA 33990X and NGR 22-007-067 respectively to Harvard 

we note that chlorine from the shuttle could have University. 
Permission to reprint Figs. 1, 2, 3, and  4, which ori- an indirect influence if reactions such as 22 and ginally appeared in The Journal of the Atmospheric 
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Reduction of Stratospheric Ozone from High-flying Aircraft, 
Studied in a Two-dimensional Photochemical Model with Transport 

EIGIL HESSTVEDT 
I~zstitlcte of Geopllysics, University of Oslo, Blit~dern, Oslo 3, Norway 

Received October 3 ,  1973 

A steady state two-dimensional model of the stratospheric ozone layer is presented. 
Chemical reactions involving oxygen, hydrogen, and nitrogen are considered along with 
the effect of a parameterized, two-dimensional transport, by mean motion and by eddies. 
The model is in reasonable agreement with observed ozone data. The  reduction of ozone 
from emission of NO, from high flying aircraft is studied, assuming a fleet of 500 super- 
sonic aircraft in transatlantic operation, flying at  given altitudes. T h e  effect is found to 
depend critically upon flight level. For mid-latitude, summer, the ozone column density 
is reduced by 0.3% for a flight level of 18 km. For  flight levels of 23 and 28 km the 
reduction is 2 and 5%,  respectively. Accordingly, the increase in u.v. radiation amounts to 
approximately 0.6, 4, and 10% for the same flight levels. 

Un modkle bidimensionnel d'une couche d'ozone stratosphCrique est prCsentC k l'ktat 
stationnaire. Des rkactions chimiques impliquant l'oxygtne, l'hydrogkne et l'azote sont 
examintes en m&me temps que l'influence d'un transport bidimensionnel k paramktres, 
par mouvement moyen et par turbulences. Le modkle est en accord acceptable avec les 
donnCes observtes de l'ozone. Considtrant une flotte de 500 avions supersoniques en 
operation transatlantique, volant k une altitude donnte, la rMuction de l'ozone k partir  
d'tmission de NO, Cmanant d'avions k haute altitude est examinke. L'influence depend 
essentiellement du niveau du vol. Pour la mi-latitude, en CtC, la densitt de la colonne 
d'ozone diminue de 0.3% pour un niveau de vol de 18 km. Pour des niveaux de vol de 
23 et 28 km la diminution est respectivement de 2 et 5%.  En consCquence, l'augmentation 
des radiations u.v. s'tl&ve approximativement k 0.6, 4 et 10% pour  les mCmes niveaux 
de vol. [Traduit par le journal] 

Can. J. Chem., 52, 1592 (1974) 

Introduction of the ozone layer, i.e. below about 25 km. The 

The magnitude of the effect of future super- model presented here is an extension of a more 

sonic flights upon the ozone layer has been simplified model presented earlier this year (1). 

vigorously debated over the last 2 or 3 years. In that odd nitrogen profiles were 
The opinions cover a wide spectrum from ''a computed from one-dimensional models. Hori- 
negligible effect" to "catastrophe". The present zontal transport of NO, was disregarded; this 
study indicates that the effect lies between these made the model less suitable for studies of the 
two extremes and depends very strongly upon the effect NO, emissions aircraft. Only One 

flight level. For aircraft of the same category as case, and certainly an unrealistic one, could be 
the c ' c ~ ~ ~ ~ ~ ~ ~ - ,  with a cruising altitude of 18 studied, namely a uniform distribution over the 

km or lower, the ozone reduction is likely to be globe of all routes. In  the present 

only a few tenths of a per cent. However, the nitrogen com~Ounds,  as we11 as Ozone, 

effect increases very rapidly with increasing are allowed to move vertically and horizontally 

flight level. Although no immediate danger seems with the prescribed, parameterized 

to exist, the long term of increased u.v. This makes it possible to study a variety ofcases; 

radiation may be considerable if bigger aircraft only one is here, 500 aircraft are 

fly at  higher altitudes than say 20 km. assumed to fly zonally at 50" latitude, at heights 

One way to approach the problem is to use of 18, 23, and 28 km, respectively. 

photochemical models. since the lifetime of 
ozone is comparable to or longer than the Two-dimensional Transport Model 
characteristic time for atmospheric transport, The stratospheric model presented here is a 
such models must also include transport pro- two-dimensional steady state model with trans- 
cesses to give realistic results for the lower part port. Four versions of the model are computed: 
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two sets of transport data are used, and for 
each set models are computed for summer and 
winter conditions. The models range from the 
Equator to the Pole and from the tropopause up 
to 35 km. The differentials in the analytical 
expressions for the transport are replaced by 
finite differences. The distance between the grid 
points in the model is 1 km vertically and 5" 
latitude horizontally. A relaxation method is 
applied to compute steady state solutions. 

Standard profiles are used for temperature 
and density (2). The parameterized transport in 
the model is based upon data given by Gudiksen 
et a[. (3). Their data for the vertical eddy 
diffusion coefficient K,, have been modified, 
mainly in the upper part (4, 5). The K,, profiles 
used in the present model are given in Fig. I .  

Gudiksen's data, with the modified K,,, have 
been used below to compute the meridional 
ozone distribution for winter and summer. The 
results are shown in Fig. 2. It is readily seen that 
this model (model B) suffers from a serious 
deficiency, since it fails to reproduce an ozone 
layer in high latitudes. A closer agreement with 
observed ozone distribution requires a faster 
transport than given by Gudiksen et a[. This is 
true, in particular, for horizontal transport. In 
order to reproduce a realistic ozone distribution 
it was decided to use a modification of Gudiksen's 
data: all data for K,, and K,, were multiplied by 
8, while w was mult~plied by 2. This brings the 
transport data into better agreement with earlier 
data (6). The ozone distributions obtained from 
these modified data will be referred to below as 
model A. The resulting ozone distribution is 
shown in Fig. 3. Although the ozone values are 
on the whole on the high side, the theoretical 
distribution is now in much better agreement 
with the observed data. 

Vertrcal eddy d ~ f f u s ~ o n  c o e l l ~ c ~ e n t ,  cm' s-' 

FIG. 1. Profiles of vertical eddy diffusion coefficient. 

35  
SUMMER W I N T E R  

90' 75' 60' L5' 30' 15- 0' 15' 30' 15- 60' 75' 90. 

Lal t lude  

FIG. 2. Theoretical ozone distribution (units: loL2 
~ m - ~ ) ,  model B, based o n  transport data f rom Gudiksen 
el a[ .  

SUMMER WINTER 

90' 75 .  60' 15- 30' 15' 0' 15' 30' L5' 60- 75' 90' 

Lat i tude  

FIG. 3. Theoretical ozone distribution (units: loL2 
model A, based on a modification of the  data used 

in model B. 

Ozone Photochemistry 

The boundary conditions for ozone are as 
follows. At 35 km photochemical equilibrium is 
assumed. Data for the column density of ozone 
above 35 km are taken from time dependent 
photochemical models for the region 35-70 km 
recently computed by the author (unpublished). 
The data are given in Table 1. At the tropopause 
a constant value of 1012 cm-3 is taken for the 
ozone number density. The models are extended 
5" into the opposite hemisphere, and values 
computed for 5" latitude, winter, are used at the 
boundary in the summer model, and vice versa 
for the winter model. Over the Pole the horizontal 
flux of ozone is taken to be zero. 

The photochemical reactions included in our 
model are specified in Table 2. Other reactions 
were also considered, but were found to be of 
little importance for the present model. Recent 
data for reaction rates are used; most of 
them are taken from Chemical kinetics data 
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TABLE 1. Number densities of ozone ( x  10-l2 ~ m - ~ )  at 35 km and 
column density of ozone above 35 km ( x  lo-' ' ern-,) 

Summer Winter 

Column density 
( x  10-18) 1.03 1.08 1.14 1.21 0.86 0.75 0.48 

-- -- . -- - 
1.15 

-- - - -- - - - - 

TABLE 2. Reactions and reaction rate coefficients 
- - -- -. -- -- 
Reaction No. Reaction Rate constant 

0 ( 3 ~ )  + 0, + M -> o3 + M 
o(3p) + o3 + 2 o 2  
0, + hv -> 0 ( 3 ~ )  + o ( ~ P )  
0, + hv -> 0 ( 3 ~ )  + O ~ D )  
o3 + hv -> 0 ( 3 ~ )  + 0, 
O3 + hv -> O('D) + 0 2  

OH + 0 ( 3 ~ )  -> H + 0, 
HO, + 0 ( 3 ~ )  -> OH + 0, 
H + 0 2 +  M- .HO,+M 
H + 0 3 + O H + 0 2  
OH + HOz + Hz0 + o2 
HzOz + 11v -> 20H 
H0z + HOz + Hz02 + 0 2  

OH + H,O, -. H,O + HO, 
HzO + hv -> OH + H 
O ~ D )  + M -. o(=P) + M 
O('D) + H, ->OH + H 
HOz + 0 3  OH + 202 
OH + 0 3  + HOZ + 0 2  

0 ( 'D)  + Hz0 -> 2 0 H  
Hz + OH -> HzO + H 
O('D) + 0 3  + 202 
HO, + ilv + OH + o(=P) 
C O + O H - > H + C O z  
NO + HOz + OH + NO2 
NO + 0 3  + NO2 + 0 2  

NO, + h v - > N O + O  
NO, + 0 -. NO + 0, 
H N 0 3  + hv -P H 0 2  + NO 
HNO3 + /Iv -> OH + NO2 
OH + HN03 -. Hz0 + NO3 
NzO + hv -> Nz + 0 
N,O + O('D) -> NO + NO 
OH + NO, + M -> HNO3 + M 

k l  = 1.07 x exp (510/T) 
k, = 1 .9  x 10-l1 exp (-2300/T) 

175 nm < h i  242.4nm 
h  < 175 nm 
h  > 310 nrn 
h  < 310 nm 

k7 = 4.2 x lo-" 
ks = 7 x lo- ' '  
kg = 2.08 x exp (290/T) 
k l o  = 2.6 x lo-" 
k , ,  = 2 x 10-lo 

187.5 nm < h  < 382.5 nm 
k13 = 3 x 10-l1 exp (-500/T) 
k I 4  = 1.7 x 10-I' exp (-910/T) 

135 nm < h  < 237.5 nm 
k16 = 5.9 X 10-'I 
k17 = 2.9 x lo-'' 
k18 = eXp (- 1250/T) 
k19 = 1.6 x 10-"exp (-1000/T) 
kzo = 3.5 x 10-lo 
k z l  = 10-lo exp (- 2950/T) 
k,, = 5 x 10-lo 

kZ4 = 2.1 x 10-l3 exp (- 115/T) 
k,, = 2 x 10-13 

k,, = 9 x 10-l3 exp (-1200/T) 
JNOZ = 6 .5  x 

kZ8 = 9.12 x 10-l2 
h < 370 nm 
370 nm < h  < 546 nm 

k3 ,  = 1.7 x lo- ' '  exp (- 1650/T) 
h  < 390 nm 

k3, = 9 x lo-" 
k34 = 1.05 x lo-" exp (- 170/T).f where 

f = 4 x 10-11/(4 x 10-".[MI + 10'3/(1 + 5000/T)4) 

survey IV (7). Computations of dissociation NO + O3 -> NO, + O2 

rates are based upon Ackerman's data for the NO, + 0 - > N O  + 0, 
solar flux and absorption cross sections for 0, 
and 0, (8). Together with photodissociation o f  NO,, where- 

It is now well established that the net destruc- by N O  and 0 are reformed, these reactions form 
tion of ozone below 40 km is mainly due to a cycle within which the internal equilibri~lm 
reactions between nitrogen oxides and odd between NO and NO, is quickly established 
oxygen (9) (characteristic time - 100 s). If their sum, often 
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HESSTVEDT: REDUCTION OF STRATOSPHERIC OZONE 1595 

denoted by NO,, is known, the number densities 
of these two components are approximately 
given by 

L3.1 I [NO21 = k 2 6  [O,I~N~,ll(~~26[O,1 
+ k28[Ol + JN,, 

P.21 [NO1 = [NO,] - [NO21 

The net destruction of odd oxygen from reac- 
tions 26 to 28 is 

P.31 2k28[N021[01 

T o  a first approximation, the net rate of change 
of ozone (or, to be exact, of odd oxygen) is given 
by 

of NO, is distributed on the components HNO, 
(-70x1, NO, (-2073, and NO (- 10%). 

Vertical profiles of the NO, mixing ratio are 
given in Fig. 4 for different latitudes, summer 
and winter. In the part of the stratosphere which 
is of immediate interest to us here, the latitudinal 
variations are small, but by no means negligible 
(within about 25% from the mean for each level). 

As we go to  greater heights, HNO, is destroyed, 
mainly through photodissociation and  reaction 
with OH. At the upper boundary of our model 
there is only little HNO, left. The distribution of 
NO, upon the three components HNO,, NO,, 
and NO, is shown in Fig. 5, for 60" and 30°, 
summer. 

From the profiles of NO, shown in Fig. 4, one 
may compute vertical distributions of NO,, 
NO,, and NO. A most useful check o n  the vali- 

where is expressed above as a function of dity of the nitrogen chemistry in stratospheric 
[NO,], and [O] is given by models could be made if measurements of NO, 

P.51 Lo] = J3 [O,l/k, [M:1[021 and NO and their distributions in space were 

This gives for the photochemical equilibrium 

N 2 0  is of terrestrial origin. It has a relatively 60' summer 30' summer 45 

long lifetime and the rapid mixing in the tropo- ,, 40 

sphere ensures a constant mixing ratio in this 
35 part of the atmosphere. In our model the tropo- 2 3 5  

spheric value, assumed to  be 2.5 x lo-', is i 30 30 

taken for the N,O mixing ratio at the lower 1 2 5  

boundary (the tropopause). Upward diffusion of 
H N O ,  ) N,O also takes place in the stratosphere, but here 20 20 

the mixing is much slower and competes with , ,  ' photodissociation and with the reaction with 1 O('D) mentioned above. The odd nitrogen, 25 5  75 25 5  15 

I NO, (NO + NO2 + HNO3), which is initially FIG. 5. Distribution of NO, NO2, and HNO, in total 
I produced by the latter reaction by the formation NO, normalized to unity. 

value of ozone 70 

J2[021 . k l  ["I[021 60 
13.61 1 k28[N021 J3 

E 5 0 -  
x 

In combination with [3.1], the exp~zssion 
Lo 

[3.6], although simplified, demonstrates how ,p 

theoretical values of ozone are influenced by 30- 
uncertainties in the reaction rate coefficients k , ,  
k2,, k2,, J,, and J,. But perhaps the most un- 20- 
certain parameter is [NO,]. Since [O,] is inversely 

10 

- 

- 

proportional to this quantity, accurate knowl- lo-8 10" 

edge of its distribution in space is essential.  NO^ mixing r a t i o  

The main 'Ource of in  the is FIG. 4. Vertical of the NO, ratio, 
destruction of N,O through the reaction 
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available. Ackerman and Muller (10) have 
interpreted the NO, measurements of Ackerman 
and Frimont (I I) and Goldman et al. (12). Our 
computations are in reasonable agreement with 
their results, the only difference being that our 
maximum is found 2 km higher (the peak value 
is very close to the observed one, 8 x lo-' for 
the NO, mixing ratio) and that our minimum at 
about 20 km is less pronounced. I t  should, 
however, be remembered that the observation 
was made for solar zenith angles larger than 
91". It is therefore not unlikely that the observed 
distribution of NO, is indicative of the daytime 
distribution of NO,, rather than NO,. As 
already mentioned, the characteristic time for 
conversion of N O  to  NO, is short (1 110 s). 
This is demonstrated in Fig. 6, where the lifetime 
of N O  and the abundance of N O  (given as 
[NO]/[NO,]) is plotted against solar zenith 
angle. Just before sunset the equilibrium number 
density of N O  drops to very low values, and in 
view of the short lifetime, the time lag must be 
of secondary importance. Hence one can hardly 
use observations of NO, performed a t  low sun, 
as an indication of daytime NO. 

We shall now return to the ozone modeling. 
It is of great interest to consider the lifetimes of 
the components in the model. It has been found 
that O('D), 0(3P), H ,  and OH have very short 
lifetimes in the ozone layer: for O( 'D) it is less 
than 2 x s, for 0(3P) less than 0.2 s, for 
H less than 2 x s, and for O H  less than 
20 s, all for daytime conditions. Photochemical 
equilibrium is thus a good approximation for 
these components, which, like NO, all vanish at  
night. 

LA--, 
60' 70' 80' 9 0. 

Solar rentlh o n g l e  

O L -  

0 3 -  

- 
d - - 0 2 -  - 
0 Z - 

FIG. 6. Lifetime and decay of NO as  a function of 
solar zenith angle. 

. 

-. 

Photochem~co l  l i l c l ~ m e ,  s e c o n d s  

O ' l  

FIG. 7. Lifetimes of oxygen and hydrogen compo- 
nents, daytime conditions, 45", summer. 

The lifetimes of 0,, H,, and H,O are many 
years in the lower stratosphere (see Fig. 7). We  
may therefore assume that these components 
are mixed and take 0.2095, 5 x and 
5.5 x respectively, for their mixing ratios. 

HO, is in rapid exchange with H and OH. I n  
the computations it is convenient to consider 
the sum (odd hydrogen) of these three compo- 
nents, which has a lifetime of I hour or less. 
The assumption of photochen~ical equilibrium 
for daytime conditions is accordingly a fair 
approximation. The  lifetime of H,O, is less 
than 4 days in the region 10-35 krn. The photo- 
chemistry is therefore faster than the transport, 
and photochemical equilibrium gives sufficient 
accuracy for our problem. 

In  the computations, of course, complete 
expressions for loss and production are applied. 
Equation 3.4 represents a simplification of the 
ozone photochemistry. The complete loss terms 
contain a long series of reactions, most of which 
are of little importance. Beside reaction 28 only 
three of them, reactions 2, 18, a n d  19 in Table 
2, contribute significantly. At levels where the 
photochemistry of ozone is not dominated by 
the transport, i.e. above about 25 km, approxi- 
mately 2 0 x  of the total loss is through these 
three reactions. 

The nighttime chemistry of ozone is very slow 
in the ozone layer and may be neglected in 
comparison to the daytime photochenlistry. This 
simplifies the coniputations considerably. 

Theoretical Ozone Distribution 
The computed steady state distributions of 

ozone, for summer and winter, are shown in 
Figs. 2 and 3. A comparison of theoretical and 
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HESSTVEDT: REDUCTION OF STRATOSPHERIC OZONE 1597 

TABLE 3, Reduction (in %) of total ozone above 10 km, resulting from 
a fleet of 500 SST in transatlantic traffic 

- - - - -- 
- . --- -- -- -- -- -- 

Flight Latitude, summer Latitude, winter 
Model level 

(km) 75" 60" 45" 30" 15" 15" 30" 45" 60" 

observed ozone distribution seems to support 
the conclusion that our model is a ~lausible 
simulation of the processes which determine the 
mean ozone distribution in the real stratosphere. 

As already mentioned, model B, which is 
based upon the data of Gudiksen et al., gives too 
little ozone in high latitudes. A stronger pok- 
ward transport seems to be needed to produce 
a high-latitude ozone layer with a peak at 18 km. 
In model A all data for K,, and K,= are multiplied 
by 8, while w is multiplied by 2. This brings the 
theoretical distribution into much better agree- 
ment with observations, in particular in the 
summer hemisphere. ~ o w e v e r i  the model gives, 
in general, too high ozone values. A third model 
has been computed, where Gudiksen's data for 
K,, and K,, were multiplied by 8, while w was 
kept unchanged. This lowered the high-latitude 
peak values from 7.9 x 1012 to 6.6 x I0l2 
cm-3 for the summer, and from 8.5 x 1012 to 
6.5 x 1012 c n ~ - ~  for the winter. As far as ozone 
is concerned, this gives an even more realistic 
distribution than illode1 A. 

The photochemical lifetime of ozone increases 
rapidly with decreasing height. For 45", summer, 
it is 4 days at 35 km, 2; weeks at 30 km, 2; 
months at 25 km, 10 months at 20 km, and 2 
years at 10-1 5 km. Atmospheric transport 
therefore becomes increasingly important as we 
descend through the stratosphere. In the upper 
part of the model (30-35 km), ozone is nearly in 
photochemical equilibrium, while below about 
22 km the chemistry is dominated by transport. 
Arguments about the influence of SST upon the 
ozone layer have very often been based upon 
purely photocheniical models without the con- 
sideration of t rans~ort .  From what is said above. 
such models are quite unrealistic. Conclusions 
drawn from such models should be appraised 
with scepticism. 

Effect of Supersonic Transport upon the 
Ozone Layer 

The model described above may be ~ ~ s e d  to 
estimate the effect of emission of NO, from 
high-flying aircraft upon the ozone layer. Since 
values for the NO, eniissicn per unit weight of 
fuel are now available, a realistic prognosis for 
future traffic density and routing would make it 
possible to compute the perturbations in the 
NO, distribution and, as a consequence, the 
decrease in ozone column density as  a function 
of latitude and season. A computation along this 
line is presented here. 

The basis for our computation is: A reference 
fleet of 500 four-engine aircraft of the Concorde 
type is considered, each performing 3 flights of 
2; h per day. The fuel flow is assumed to be 
5.000 kg/h per engine. The emission of NO, 
(converted to NO,) is assumed to be  18.6 g/kg 
fuel. We shall further assume that all these 
aircraft operate on transatlantic routes. This is 
simulated in our model by the introduction of a 
"point" source (width 5" latitude and height 1 
km) at 50" latitude. Computations are made for 
three different flight levels, 18, 23, and 28 km, 
respectively. The ozone distributions thus ob- 
tained differ very little from the unperturbed 
distribution (shown in Fig. 3), the difference 
being of the order of a few per cent o r  less. The 
results are given in Table 3. It will be  seen that 
the effect of supersonic traffic upon stratospheric 
ozone is small in the  winter. The meridional 
transport is very fast and the excess NO, is 
transported polewards before it can diffuse up 
to the "sensitive zone" above about 22 km. In 
the summer the poleward transport is much 
slower, and the emitted NO, has time to diffuse 
to heights where it can affect the ozone. In this 
connection, it is very important to  remember 
that the influence of NO, may be small at the 
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level where it is emitted, since the ozone chem- 
istry here is very slow. A significant effect will 
occur when NO, has time to diffuse to greater 
heights. The ozone reduction at these heights 
will then, in turn, affect the ozone distribution 
at lower levels through transport. 

Even in summer the effect of stratospheric 
flights is found to be small for flight levels up to 
18 km. Most of the emitted NO, will then be 
transported downwards and lost to the tropo- 
sphere. It should, however, be remembered that 
our result depends to some extent on the data 
used for the vertical mixing (see Fig. 1). As we 
go to higher flight levels, the situation rapidly 
becomes more serious. For a flight level of 23 
km, ozone is reduced by about 2% (5% for 
model B), and for a flight level of 28 km the 
reduction is 5% for model A. Thus our compu- 
tations indicate that the choice of flight level for 
possible future supersonic transport is of the 
greatest importance. 

The figures given for ozone reduction may be 
converted to increase in erythemogenic U.V. 
radiation ( 1  3) by multiplying by 2: accordingly, 
for model A the increase in U.V. radiation is 
found to be 0.6,4, and 10% for flight levels of 18, 
23, and 28 km respectively. It appears from our 
computations that the emitted NO, to a certain 
extent is accumulated in the stratosphere during 
the summer, but is transported away during the 
winter. The time available for building ~ i p  a 
significant NO, perturbation is therefore long, 
but not infinitely long. The values given in 
Table 3 may thus be overestimates. The effect 
of the cutoff in NO, accumulation during the 

winter is now being studied in a time-dependent 
model. The results of these computations will be 
available later this year. 

The author thanks Dr. Ivar S. A. Isaksen for valuable 
discussions. Part of the work reported here is si~pported 
by NASA under contract: NGR 52-155-002. 
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The Interaction of Ozone Photochemistry and Dynamics in the Stratosphere. 
A Three-dimensional Atmospheric Model 
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Received October 3 1, 1973 

In the stratosphere the relaxation times for transport and ozone photochemistry in a n  
oxygen-hydrogen-nitrogen system are approximately comparable. Therefore, realistic 
models used to calculate ozone variations need to be based on the interaction of the  
photochemistry and dynamics in this region. 

The model used in the present study is the three-dimensional global circulation model 
developed at the National Center for Atmospheric Research. The photochemical calcula- 
tions for ozone are carried out as time dependent in a three-dimensional 0-H-N system. 

The dynamic model is started from an atmosphere initially at rest and then spun up t o  
a steady state circulation corresponding to mid-January. An initial observed ozone dis- 
tribution is added and the model is then run through 30 simulated days. Analysis of t he  
time variation of the ozone distribution shows that photochemistry dominates the ozone 
changes in the sub-solar middle stratosphere, and transport processes redistribute the  
ozone poleward and downward into the troposphere. Although the general pattern of  
ozone changes seem to be correct, the model produces too much ozone in the Southern 
hemisphere subtropical stratosphere and transports too much ozone into the Northern sub- 
tropical troposphere. The conlputed lower boundary flux of about 5 X 10'' cm-' s-' cor- 
responds quite well to estimates given in the literature. 

Dans la stratosphtre, les temps de relaxation de transport et la photochimie de l'ozone 
dans un systkme oxygene-hydrogtne-azote sont approximativement comparables. P a r  
consequent, des modeles rtalistes utilists pour calculer les variations d e  l'ozone se doivent 
d'Ctre basCs sur I'interaction de 121 photochimie et de la dynamique dans cette rCgion. 

Le modtle utilist dans 1'Ctude actuelle est le modtle tridimensionnel de circulation 
globale, dCveloppC au Centre National de Recherches AtmosphCriques. Les calculs photo- 
chimiques pour l'ozone sont effectuCs comme dCpendant du temps dans le systkme tri- 
dimensionnel o-H-N. 

Le modtle dynamique est parti d'une atmosphtre initiallement au repos et puis est  
tournC B une circulation en rCgime constant correspondant h la mi-janvier. Une distribution 
initiale d'ozone observCe est ajoutCe et le modtle est alors fait passer 2 travers 30 jours 
simulCs. L'analyse de la variation du temps de distribution de l'ozone rCvele que la photo- 
chimie doniine les transfornlations de I'ozone dans la stratosphtre sub-solaire moyenne, 
et le processus de transport redistribue l'ozone vers le haut et vers le bas dans la tropos- 
phtre. Bien que le type gCnCral des transformations de l'ozone sernble Ctre correct, le  
modtle produit trop d'ozone dans 1'hCmisphkre du sud de la stratosphere subtropicale e t  
transport trop d'ozone B la troposphtre subtropicale du nord. Le flux de limite infkrieure 
estimCe B environ 5 X 10'' cm-' s-' correspond bien aux estimations donnCes dans l a  
littkrature. [Traduit par le journal] 

Can. J. Chem.,52, 1599(1974) 

Introduction 
Early routine observations of atmospheric 

ozone showed that the total amount of ozone in 
a vertical column varies systematically with 
weather patterns (1, 2) and with season and lati- 
tude (3, 4). As a result of the development of a 
global network of total ozone observing stations, 
sufficient data became available to show that 
there is also a significant geographic variation in 
total ozone (5). The fact that the bulk of the ozone 
must be located in the upper atmosphere had al- 

ready been established by the careful measure- 
ments made in 1917 by Strutt (6). However, the 
photochemical explanation of its origin and ap- 
proximate vertical distribution did not come until 
1930 (7). Subsequent observations from the 
ground (8) and by use of balloons (9), verified the 
approximate height distribution predicted by 
Chapman and placed the ozone maximum at 
about 25 km. 

Although the approximate amount and  vertical 
distribution of atmospheric ozone could be ex- 
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plained by the photochemical theory, it was soon and 
recognized that the theory could not, by itself, 

[3] M ( g )  = photochemical production explain the maximum found during the spring 
and at high latitudes, and the large day-to-day ph inillus destructioi~ of 0, 

variations in total ozone. In an effort to  remove where M is the air particle density, Vis the three- 
this difficulty Chapman incorrectly attributed the dimensional wind vector, and DSub represents the 
observed latitudinal and seasonal variation in diffusion on a scale smaller than the scale of the 

Ozone changes in upper atm0- observed or computed wind velocities. The rela- 
spheric temperature (10). tive importance of [2] and [3] can be determined 

The first direct attempt at combining photo- froin the time scales associated with each of the 
chemical processes with atmospheric transport to processes : that is, the exchange time for atmo- 
reproduce the observed ozone distribution was spheric transport and the photochemical re- 
made by Prabhakara ( l l ) ,  who assumed equili- laxation time T,, In  the troposphere, the photo- 
brium ''pure oxygen" ~ h o t o c h e ~ ~ s t r ~  in a two- chemical relaxation time for ozone is long corn- 
dimensional time dependent model with param- pared to the exchange time for atmospheric trans- 
eterized mean and eddy motions. Subsequent port; this implies that the ozone distribution is 
two-dimensional studies by Gebhart ( 12, 13) in- primarily controlled by transport processes. In  
valved non-equilibriuln "oxygen" alld ''oxygen- the upper stratosphere (above about 35 km) T,, 
hydrogen" photochemistry. Three-dimensional is shorter than 
models were   resented by Br~on-Scott (14) for ~t heights of about 15-35 km the relaxation 
an ''oxygen only" atmosphere and by Hunt (15) times for transport and ozone photochemistry 
for an Oxygen-h~drOgen photochemical are comparable, at least as to order of magnitude. 
the latter making use of the 18 vertical level T ~ U S ,  realistic computations of stratospheric 
general circulation heiliispheric iiiodel developed ozone must involve the interaction of the photo- 
at the Geophysical Fluid Dynamics Laboratory ,-hemistry and dynamics of that region. 
(now of NOAA). 

It is presently recognized that ozone photo- The Transport Model 
chemistry in the stratosphere is far more compli- 
cated than given by the reaction scheme first sug- The transport used for the 
gested by Chapman (see, for instance, ref. 16). present study is the  three-dimensiona1 global 
Some attempts have been made to couple the (GCM) at IVCAR 

photochemistry of an oxygen-hydrogen-nitrogen (see refs. 18 and 19). The NCAR GCM is a 12 

system with atmospheric motions i n  a two-dimen- layer spherical global (0-36 km) with a 

sional model (see, for instance, ref. 17). ~h~ grid spacing of 3 km in the vertical and 5" of lati- 

present study discussed below is concerned with tude and longitude except near the poles. 

the evaluation of the ozone distribution involving The basic eqliations used i n  the GCM are the 

a three-dimensional model with interacting equations of motion for horizontal motions, uand 

o-~-,J p ~ o t o c ~ e m ~ s t r y  and atmospheric mo- U ;  the Richardson's equation for the vertical 

tions. wind, lo (derived from the hydrostatic, mass con- 
tinuity, and thermodynamic equations); the pres- 

Ozone Prediction Equation 
The continuity equation for ozone for a unit 

volume is given by 

where X, is the particle mixing ratio of ozone. 
The subscript "tr" and "ph" represent the con- 
tributions of transport and photochemical pro- 
cesses, i .e. ,  

sure tendency equation for pressure, p (derived 
from the hydrostatic and mass continuity equa- 
tions); the continuity equation for moisture, q ;  
the hydrostatic equation for air density, p ;  and 
the equation of state for temperature, T. 

The model incorporates radiational heating 
and cooling due to clouds, water vapor, carbon 
dioxide, and ozone, the latter based on a pre- 
scribed ozone distribution (from observations) in 
the troposphere and stratosphere. Also included 
in the model is a hydrological cycle involving 
evaporation, condensation, cloud formation, and 
precipitation. The sub-grid scale horizontal and 
vertical transports of momentum, sensible heat, 
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LONDON AND PARK: OZONE PHO TOCHEMISTRY AND DYNAMICS 1601 

and moisture are dealt with in the model using the 
same kinematic eddy diffusivity coefficients for 
each of the three properties mentioned (see ref. 
20). The model is started from an atmosphere at 
rest and allowed to come to equilibrium (after 60 
simulated days corresponding to January 15). 
The sun is then allowed to progress through the 
course of each day with varying declination from 
day-to-day. The model predicts atmospheric 
parameters every 6 min during each 24 h period. 
The wind fields, neutral density, and temperature 
thus predicted in the GCM are used for calculat- 
ing the ozone transport in the present study. 

The upper bo~indary is rigid at 36 km so that 
there is no upward flux at 36 km. The lower 
boundary is at the earth's surface with orography 
corresponding to an approximation of the topog- 
raphy of the earth's surface. Use is made of the 
condition of continuity between the Prandtl and 
Ekman layers in the lower boundary condition. 

The lower boundary condition for ozone (at 
z = 10 m) is slightly different from that used in 
the GCM. The sub-grid diffusion term D,,, in 
eq. 2 is given by 

C41 
1 aF 

Dsub = - -- M a z  + Dsub-H 

where Fis the vertical flux in the Ekman layer and 
D,,,-,, is the horizontal diffusion of ozone. 

The Ekman layer vertical flux of ozone is 
expressed as 

i and is set equal to the Prandtl layer flux, i.e., 

where x,, is the value of X, at the boundary 
(10 m), x~~ is the value of X, at the ground, C, is 

the drag coefficient, Ms and Vs the air density and 
horizontal wind in the boundary layer. 

The ozone mixing ratio at the ground (x,,) is 
assumed to be 213 of the amount at anemometer 
height (10 m) over the ocean and 113 over the land 
(see ref. 21). It is further assumed that the drag 
coefficient used for the Prandtl layer is over 
the ocean and 2 x l o p 3  over the land (22). 

The Photochemical Model for Ozone 

In the earth's atmosphere, ozone is formed by 
the photodissociation of molecular oxygen and 
the subsequent recombination of atomic and dia- 
tomic oxygen in the presence of a third body. The 
ozone is then destroyed by photodissociation and 
by recombination with atomic oxygen, hydrogen, 
and nitrogen products. The principal reactions 
involved in the chain of photochemical produc- 
tion and destruction of stratospheric ozone are 
listed in Table 1 and a schematic diagram showing 
the interactions of these oxygen, hydrogen, and 
nitrogen reactions is shown in Fig. 1. Reactions 
in the big circles (equilibrium cycles I, 11, and 111) 
are so fast that the particles in each cycle are in 
mutual equilibrium and therefore the ratios 
among them can be determined photochemically. 
Instead of considering individual reactive parti- 
cles, it is more appropriate and convenient to 
group several particle species which are in mutual 
equilibrium among themselves as shown in the 
diagram; that is, odd oxygen particles ([O,] = 
[O('D)] + [O(,P)] + [O,]), odd hydrogen parti- 
cles([HO,] = [HI + [OH] + [HO,] + [HNO,]), 
and odd nitrogen particles ([NO,] = [N] + 
[NO] + [NO,] + [HNO,] + [NO,]). Nitric acid 
will be treated not only as an odd nitrogen particle 
but also as an odd hydrogen particle. In a pure 
photochemical model, the time changes of [Ox], 
[HO,], and [NO,] are given by (the chemical 
species are given in units of particle density) 

C71 ( )  = [2(J, + J,)[O,] + J,[N02]] - [2Ic2[O() P)] . [O,] + *,[OH] . [O(3P)] 
ph 

+ k,[HO,I . PI1 + 2/~,[0(~D)]  . [O,] + /<,[HI . [O,] + kl0[OH] . [O,] 

+ k11CHO2I . + k,,[NOI . Ad . p)] + k20[N02] . [O(, P)] 

+ k21CNOI . Lo31 + k25CN021 * C03II 

+ k1 ,[OH] . CHO2I + kl,[Hl . [HOJ + k17[H02] - [H02] + k,,[HNO,] . [OH])] 
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TABLE 1. Principal reactions in the chain o f  photochemical production and destr~~ction o f  
stratospheric ozone 

-. - .- - -- -- - 

No. Reaction 

Chemical reactions and rate coefficients 

o ( ~ P )  + o2 + M = o3 + M k l  = 1.10 x eslo/' (c) 
o ( ~ P )  + 0 3  = 0 2  + 0 2  k 2 - - 1.90 x l o - 1 1  e-23001' (c) 
o ( ~ P )  + OH = H + 0 2  k3  = 4.2  (+ 1.7) x lo - ' '  (c) 
0 ( 3 P )  + HO2 = OH + 0 2  *k4 2 1 .OO X 10-I1 (k) 
O ( ' D )  + Nz = 0 ( 3 P )  + N 2  k j  = 2.90 x lo-" (c) 
O ( l D )  + 0 2  = o ( ~ P )  + o2 k6 = 4.50 X l o - ' '  (c) 
O ( ' D )  + H 2 0  = OH + OH k7 = 2.80 x (c) 
O ( ' D )  + 0 3  = 0, + 0 2  k8 = 2.50 x 10- l o  ( f )  
0 3  + H = OH + 0, k ,  = 2.60 x lo- ' '  (c) 
o3 + OH = HO, + 0, k l o  = 1.30 x 10-l2 e-956iT (a)  
0 3  + H02 = OH + 2 0 2  k l l  = 1.00 x 10-l3 e -12501T  ( m )  
OH + OH = H,O + o ( ~ P )  k 1 2  = 1 .OO x 10- l1  e-5501T (c) 
OH + HO, = H 2 0  + 0 2  k I 3  2 1 .OO X 10-I' (k) 
OH + Hz02 = H 0 2  + H 2 0  k 1 4  = 1.70 x 10-I' e -910iT (c) 
H + O , + M  = H 0 2 + M  k I 5  = 2.08 x eZg0lT (c) 
H + HO2 = HZ + 0 2  k I 6  = 4.20 x 10-'I e-3501T (c) 
H 0 2  + HO, = H 2 0 2  + 0 2  k I 7  = 3.00 x lo-" e - sOOIT  (c) 
N 2 0  + O( 'D)  = NO + NO k 1 8  = 6.60 x l o - ' '  (c) 
0 ( 3 P )  + NO + M = NO2 + M k lP  = 6.90 x I O - ~ , ( C )  
o ( ~ P )  +  NO^ = NO + 0, kz0  = 9.10 x 10-l2 (c) 
O3  + NO = NO2 + 0,  k z l  = 9.00 x 10-l3 e-12001T (c)  
OH + NO, + M = H N 0 3  + M k Z 2  = function o f  height ( c )  
H N O ~  + OH = H ~ O  + N O ,  k Z 3  1: 1.30 x 1 0 - l 3  (c)  
HN03 + q 3 P )  = OH + N o 3  k z 4  < 1.50 x 10- l 4  (c) 
0 3  + NO2 = NO3 + 0 2  k Z 5  = 1.23 x 10-l3 e-2470/T (h )  
N o 3  + NO = NO2 + NO2 k Z 6  = 8.70 x 10-l2 (c) 
N + 0, = O + N O  k27 = 1.02 x lo- '" Te -3 '301T  (c) 
N + NO = O + N ,  k28  = 5.10 x I O - I '  e-1701r (c)  
N o 3  + NO,(+ M) = N 2 0 s ( +  M )  k,, = function o f  height ( c )  
NO + H 0 2  = NO, + OH k30 = 2.00 x 10-l3 ( c )  

In eqs. 7, 8, and 9 the first bracket on the right is the net source and the second bracket is the net 
sink for each system. 

In the troposphere and stratosphere, O('D), o(~P), H, OH, H02 ,  and H 2 0 2  are in photochemical 
equilibrium (see ref. 23). Their number densities are therefore given by 
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LONDON AND PARK: OZONE PHOTOCHEMISTRY AND DYNAMICS 1603 

TABLE 1. (Coricluded) 

No. Reaction 

0, + hv 
0 2  + hv 
0, + /2v 
0, + hv 
0, + hv 
Hz0 + AV 
Hz02 + hv 
NO, + hv 
HNO, + /IV 
N20 + hv 
N20 + hv 
No3 + hv 
NO + hv 

Photodissociations and rates 

= o(,P) + o ( ~ P )  1750 < h < ~ O O O A ;  J, = 1.30 x see ref. n 
= o ( ~ P )  + o(,P) 2000 < A < 2424A; J, = 1.21 x (e) 
= O('D) + O2 h < 2600A; J, = 7.00 x (t) 
= O(ID) + 0, 2600 < h < 3100 A; J4 = 8.98 x lo-, (g) 
= o(,P) + 0, 3100 < h < 7600 A; J, = 4.44 x (r) 
= O H + H  1750 < h < 1950 A; J, = 1.72 x (q, n) 
= OH + OH 1875 < A < 3000 A;  J, = 1.63 x see ref. s 
= NO + o ( ~ P )  2900 < h < 4000A; J, = 8.78 x (1) 
= OH + NO2 1900 < h < 3150 A; J, = 1.37 x (J,  i) 
= NO + N(4S) 2100 < h < 2500A; J,, = 1.18 x (u, see ref. b) 
= N2 + O('D) 2900 < h < 3370A;J l l  = 1.62 x 10-8(u) 
= NO + 0 2  Visible; J,, = l .OO x 10- (c) 
= N + O  h < 1908 A (6 band); J,, = I .OO x (p, d) 
- -- -- -- - - - . -- 

NOTES: 'Estimate; k; units: cm31f,J molecule - I ( ' )  s-1; J, (top o f  atm) unit: s - ' .  
REFERENCES USED IN  TABLE I : 
a. J. G .  Anderson and F. Kaufman. Unpublished results. 
b. D. R .  Bates and P. B. Hays. Planet. Space Sci. 15. 189 (1967). 
c. Climatic Impact Assessment Program monograph I .  The  nalural stratosphere. U.S. Department o f  Transportation 1972. 
d. S. Cieslik and M. Nicolet. The  aeronbmic dissociation o f  nitric oxide, Aeronomics Acta A-N1 12-1973. Institul ~ ' a e r o n o m i e  

Spatiale de Belgique. 1973. 
e. R .  W. Ditchburn and P. A. Young. J. Atmos. Terrest. Phys. 24 127 (1962). 
f. R .  H. Gilpin, H. I. Schiff, and K. H. Welge. Unpublished resulis. 
g. E. C .  Y. Inn and Y. Tanaka. J. Opt. Soc. Am.  43 870 (1953). 
h. H. S. Johnston. Quarterly Progress Report, ~ l i m a d c  Impact Assessment Program. University ofCalifornia. Berkley. California. 

1977 .. 
i. H.  S. Johnston and S. G .  Chang. Photolysis o f  nitric acid vapor. Lawrence Berkley Laboratory. Reporr LBL-1865. 1973. 
j. H .  S. Johnston and R .  Graham. J. Phys. Chem. 77. 62 (1973). 
k .  F. Kaufman. Ann. Geophys. 20 106 (1964). 
I. P. A. Leighton. Photochemistry h a i r  pollution Academic Press New York. 1961. 
m. D.  Garvin (Editor). Chemical kinetics data suivey IV. Prelimiiary tables o f  chemical data  for modeling o f  the stratosphere, 

NBSIR-7173 1977 - - -. . - - - . . . . - . 
n. J. H.  Park. Ozone photochemistry and energy budget in the middle atmosphere, P1i.D. Thesis, Universily o f  Colorado.  1972. 
P. J. H .  Park. Unpublished results. 
q .  B. A. Thompson P. Harteck and R. R .  Reeves, Jr. J .  Geoohys. Res. 68, 6431 (1963). 
r. E. Vigroux. ~ n n . ' G e o p h y s .  9' 709 (1953). 
s. D. H. Volman. Adv. ~ h o t o c & m .  1, 43 (1963). 
1. K. Watanabe E. C. Y. Inn and M. Ze'likoff. J .  Chem. Phys. 21 1026 (1953). 
u. P. Young. ~ b c t o r a l  ~ h e s i s :  University of Reading, Reading, ~ n L l a n d .  1961. 

FIG. 1. Schematic diagram of the major oxygen-hydrogen-nitrogen reactions for ozone photochemistry in 
stratosphere. 
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The concentration of NO, is not in photochemical equilibrium. However, the ratios between [NO] 
and [NO,], between [NO,] and [NO,], and between [N] and [NO,] are assumed to be independent 
of atmospheric transport (see refs. 24 and 25); therefore, we can write 

The ratio between [HNO,] and [NO,] in the stratosphere is given by (24) 

However, because of its longer photochemical lifetime in the troposphere as compared to transport 
processes, an additional condition is used for the ratio ([HNO,]/[NO2]); that is, the ratio given by 
eq. 19 is modified so that the lowest four layers in the model (10.5, 7.5, 4.5, and 1.5 km) are always 
112, 115, 1/15, and 1/100 of the value of the fifth layer (13.5 km). This condition is equivalent to rain 
washout of HNO,, although the n ~ ~ m b e r s  used are somewhat arbitrary. 

The species [NO,], [NO], [NO,], [N], and [HNO,] are then computed by 

[201 [NO,] = [NO,]i(l + R, + R, + R3 + R4) 

C.211 [NO] = [NO,] . R1 

I221 [No31 = [NO,] . R2 

C231 CN1 = [NO21 . R3 

C241 [HNO,] = [NO,] . R4 

By using eq. 16, the change of [Ox] (eq. 7) is further simplified to 

Therefore, by knowing (or assuming) the initial eqs. 10 to 24 to converge for each point using the 
total amounts of O,, H,O, O,, and NO,, eqs. 10 conditions 
to 24 can be solved by iterations for [O('D)], [OH] 1 - 21 < l o p 3  
[o(~P>I,  [HI, ~ ~ 0 ~ 1 ,  [OH], [ H ~ o ~ I ,  [NO], [261 1 [OH], 
[NO,], [NO,], [N], and [HNO,]. When the and 
equilibrium values are substituted into eq. 25, 

< 10-3 (aO,/ar),, can be computed for the rate of photo- [271 1 1 -=I chemical change of 0 , .  
An average of 10 iterations were performed for where subscripts 1 and 2 denote the values com- 
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LONDON A N D  PARK: O Z O N E  PHI 3TOCHEMISTRY A N D  DYNAMICS 1605 

puted at  two subsequent iterations. With these 
convergence criteria (aO,/at),, can be computed 
with an error, arising from the numerical pro- 
cedure, of less than 0.1%. 

Computations 
Three sets of time dependent computations 

were carried out starting from an initial ozone 
distribution corresponding to a zonally averaged 
cross section of observed ozone (see Fig. 2) as 
given for December-January by Diitsch (26). 
These were: (a) photochemistry only-60 simu- 
lated days ; (6) transport only-60 simulated days ; 
(c) combined photochemistry and transport-30 
simulated days. 

The photochemical computations were made 
for every 30 min and for zenith angles ( 2 )  < 90". 
For Z 2 90" no photochemical computations 
were made, and the initial values at  sunrise were 
taken as the previous sunset concentrations. Thus, 
no  nighttime destruction of ozone (or other 
species) were included in the present photo- 
chemical scheme. The implications of this pro- 
cedure will be discussed below. The neutral den- 
sity and temperature as con~puted at  each time 
step in the G C M  was used for the photochemical 
computations. For the computations of ozone 
transport, u, u,  w, p, and T and the ozone flux 
terms were computed for every grid point a t  6 min 
intervals during the entire day. 

In the case of the combined photochemical and 
transport computation, every 5th time step con- 
tained a photochemical term. As above, the 
photochemical terms were included only for the 
sunlight hours, but the transports were carried 
for each 24 h period. 

The assumed water vapor distribution (held 

90 60 30 0 30 60 90 

L A T I T U D E  

FIG. 2. Initial ozone distribution (1012 ~ m - ~ )  (after 
Diitsch (26)). 

V O L U M E  M I X I N G  RAT IO  

FIG. 3. The assumed water vapor distribution (see 
text for references). 

constant with time) is shown in Fig. 3 a n d  is based 
on observations and summaries of Mastenbrook 
(27, 28), McKinnon and  Morewood (29), Scholtz 
et a[. (30), and London and Sasamori (31). The 
NO, volume mixing ratio was assumed to be 

from 50 km to 30 km, decreasing to 2 x 
lo-' a t  15 km, and then increasing to 7 x lo-' 
at the surface (32-37). This vertical profile 
represents an approximate average of the varied 
observed values. 

Results 
Photochemistry 

The net production of ozone in the real atmo- 
sphere (containing hydrogen and nitrogen prod- 
ucts) is always less than for an atmosphere assuin- 
ing oxygen as the only photochemically active 
gas. In the upper stratosphere and n~esosphere 
(above about 40 km) the hydrogen cycle is very 
effective in the reduction of the photochemically 
produced ozone. NO, interactions become more 
important in the region from 20 to  40 km. When 
both the hydrogen and  nitrogen p r o d ~ ~ c t s  are 
introduced into the ozone photochemical scheme, 
however, the reaction of O H  with NO, to form 
HNO, (at levels below 35 km) somewhat dimin- 
ished the effectiveness of each system i n  destroy- 
ing ozone. Thus, oxygen-hydrogen-nitrogen 
photochemistry is required for a realistic time 
dependent photochemical calculation fo r  strato- 
spheric ozone. 

The computed distribution of the net  photo- 
chemical ozone source for January 15 a n d  for the 
condition described above is given in Fig. 4. The 
maximum net production is in the summer polar 
regions above 35 km. From about 30" N to the 
South Pole there is relatively little net production 
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1606 C A N .  J .  CHEM 

L A T I T U D E  

FIG. 4. The net photochemical production of ozone 
(Jan. 15) (lo5 ~ m - ~  s-I). 

of ozone in the region of about 16-22 km. In the 
winter polar stratosphere and in the troposphere 
there is a net destruction, albeit small. The com- 
puted integrated net production over the globe 
for the prescribed initial condition and including 
estimated nighttime destruction (1 x 1012 cm-2 
s-') is 5 x 1012cm-2s- ' .  This is about 100 
times theestimated value of theglobal destruction 
of ozone at the ground (21). 

The net production rate decreases as the ozone 
concentration builds up and after 30 days the 
computed value is reduced to less than 1012 cm-2 
s-'. The computed net production rate is also 
quite sensitive to the assumed initial amount of 
NO,. For instance, a fivefold increase of NO, at 
all levels would result in a net global ozone pro- 
duction rate of about -2.5 x 1012 cm-2 (i.e., 
net destruction). Of course, this destruction rate 
would decrease as the ozone concentration de- 
creased. The photochemical distribution tends to 
a steady state value which, in each case, depends 
on the assumed concentrations of the photo- 
chemically active gases. 

The calculated ozone distribution after 30 days 
is shown in vertical cross section on Fig. 5. The 
major change from the initial distribution is the 
development of a strong maximum at sub-solar 
latitudes at a height of about 28 km. Comparison 
between the initial distribution given in Fig. 2 
with the computed values in Fig. 5 shows that in 
general there is a net increase of the ozone con- 
centration in the stratosphere centered around 
sub-solar latitudes. The ozone concentration is 
increased in the model down to about 24 km in 
the South Pole regions, and to 15 km in equatorial 
regions. 

As the ozone concentration at about 30 km and 

VOL.  5 2 ,  1974 

L 8 I 
90 60 30 30 60 9 0 

LATITUDE 

FIG. 5. The computed average ozone distribution 
(Feb. 5-14), photochemistry only (lOIZ ~ m - ~ ) .  

25" S builds up, however, the net production de- 
creases somewhat. This is indicated by the in- 
creased vertical gradient found a t  this height in 
the Southern hemisphere subtropics. Photo- 
chemical computations extended t o  60 days (not 
shown here) show that the photochemical distri- 
bution changes rather slowly. The initial distribu- 
tion, assumed from observations, was equivalent 
to an average ozone amount of about 0.32 cm 
(STP) (standard temperature and pressure). This 
value increased to about 0.38 cm (STP) in 30 days 
and 0.40 cm (STP) in 60 days. 

Comparison of Figs. 2 and 5 also show that 
there is a very slight ozone destruction in the 
polar stratosphere and everywhere in the tropo- 
sphere. The photochemical destruction is in- 
creased somewhat at lower levels, particularly in 
equatorial regions. At these latitudes solar U.V. 

radiation at wavelengths below 3 100 A can pene- 
trate down to the lower troposphere (because of 
smaller optical depths). Then, because there is a 
relatively large amount of water vapor in this 
region, sufficient O H  will be formed to have a 
noticeable effect on the ozone destruction rate. 

In the present photochemical model, nighttime 
ozonechemistry was not considered. After sunset, 
most of the species (O('D), o(,P), H, OH, HO,, 
N, and NO) disappear quickly (almost within an  
hour). The species H 2 0 2  and HNO, remain 
almost constant during the night and do not 
affect the ozone directly. Only the NO, particles 
will react with ozone (reaction 25) to produce 
NO, and 0, .  Then NO, and NO, recombine in 
the presence of a third body (reaction 29) to lead 
to  N20,.  For the chemical scheme (Table 1) 
adopted in this model, N 2 0 5  is considered as the 
sink reservoir for NO, particles during the night. 
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LONDON AND PARK: OZONE PHO TOCHEMISTRY AND DYNAMICS 1607 

LATITUDE 

FIG. 6. The computed average ozone distribution 
(Feb. 5-14), transport only (1012 ~ r n - ~ ) .  

The global nighttime average destruction rate 
of ozone by the mechanism discussed above is of 
the order of 1012 cm-2 s- ' for January condi- 
tions and for an NO, mixing ratio of 5 x 
This is the same order of magnitude as the average 
daytime net production rate as discussed above. 
Sample calculations show that the global amount 
of 0, can be overestimated by about 30% over a 
period of 100 days by neglecting nighttime ozone 
destruction. 

Transport 
The mean meridional and vertical circulation 

derived from the general circulation model for 
mean January conditions has been discussed by 
Kasahara et al. (20). Their results show a three- 
cell pattern in the troposphere with a weaker two- 
cell structure in the stratosphere. The circulation 
pattern is stronger in the Northern than Southern 
hemisphere, particularly with regard to the 
Hadley cell. Comparison with observations (e.g., 
ref. 38) indicate that the downward branch of the 
Hadley circulation in the Northern hemisphere 
as computed by the GCM is probably too large. 
This will tend to distort the vertical transport of 
ozone in the sub-tropics as will be discussed be- 
low. There are also some differences between the 
computed and observed distributions in the north 
and south polar regions. 

The calculated ozone distribution resulting 
from transport terms in eq. 2 along with lower 
boundary condition (eq. 6) is shown in Fig. 6 for 
the 10 day average, February 5-14. Comparison 
ofthe initial distribution shown in Fig. 2 with the 
derived distribution after 30 days of transport 
indicates what would happen to the ozone if there 

were no photochemistry and the ozone were 
sloshed back and forth by atmospheric motions. 

Ozone transport results in a divergence (deple- 
tion) in the equatorial stratosphere at the top of 
the Hadley cell and accumulation in polar regions. 
The strong influence of the Hadley circulation in 
the Northern hemisphere is clearly shown in the 
ozone intrusion through the sub-tropical tropo- 
pause region. However, the large amounts of 
ozone brought down into the sub-tropical tropo- 
sphere do not correspond to observed values. 
These are the result of too strong a return (down- 
ward) flow computed by the GCM as mentioned 
earlier. 

Comparison of Figs. 2 and 6 also reveals a 
peculiar buildup of ozone in the south polar 
troposphere at about 4-6 km. This is undoubtedly 
fictitious and is probably the consequence of an 
incorrect temperature and wind field prediction 
in that region. Also, sample experiments indicate 
that the numerical procedures used in the GCM 
could lead to incorrect vertical fluxes in the 
vicinity of the Antarctic Plateau (and the Hima- 
layas). 

It is obvious from the strong ozone buildup in 
the north polar regions that atmospheric trans- 
port plays the major role in maintaining the ob- 
served distribution. When the transport terms are 
separated into mean and eddy fluxes it is seen that 
the poleward transport is accomplished by the 
mean flux from equatorial to sub-tropical lati- 
tudes and large scale eddy flux in mid-latitudes. 
The manner in which the mean and eddy hori- 
zontal and vertical ozone fluxes contribute to the 
total transport has been discussed by Hunt (15) 
and by London and Park (39). 

The small decrease of ozone in the lower levels 
corresponds to the downward flux of ozone 
through the lower boundary. 

Photochemistry and Transport 
Combined effects of photochemistry in an 

oxygen-hydrogen-nitrogen system and atmo- 
spheric motions as derived from the general circu- 
lation model described above were computed for 
a period of 30 days. The resulting average distri- 
bution for the 10 day interval (corresponding to 
February 5-14) is shown on Fig. 7. 

Comparison with the initial distribution (Fig. 
2) shows that changes in the ozone concentration 
above about 24 km are largely produced by 
photochemical interactions whereas changes be- 
low that level are mostly associated with various 
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sphere, and a transport of the ozone poleward and 
downward into the troposphere where it is even- 
tually destroyed in contact with the ground. In 
steady state conditions, the sink a t  the surface 
must balance the source due to photochemical 

boundary flux was computed by use 
of eq. 6 where M,, x,,, and V, are computed at 
each time step by the GCM. The smoothed 
latitudinal distribution of the (downward) surface 
flux corresponding to January 15 is shown in 

LATITUDE The computed flux is a maximum of 7.0 x 
FIG. 7. The cornp~lted average ozone distribution 10'' s-' at  latitude 60" N decreasing t o  

(Feb. 5-14), photochelnistry and transport (10" 3.5 x 10'' cm-2 s-' at the equator, then in- 
creasing to amaximum ofabout 6.0 x 10'' cm-2 

stratospheric transport mechanisms. The ozone s-1 at about 30" S, and decreasing t o  a minimum 
concentration has increased in the layer above of 2.0 x 1010 cm-2 ~ - 1  at about 60" S. The 
22 knl at latitudes from the equator to about average surface flux is about 5 x 1010 cm-2 s- ' 
60" S. This is apparently in response to the exces- for the globe with slightly higher values computed 
sive net photochemical production in this region for the Northern as to the Southern 
as discussed above. It is also probable that the hemisphere. This value is the same as the estimate 
south poleward transport out of the southern sub- given by Fabian and Junge (21) as the annual 
tropical stratosphere has been somewhat under- global ozone sink at the surface. They also esti- 
estimated. There has been a strong ozone decrease mate a larger sink in the Northern hemisphere, 
centered at about 20 km and 30" N and an in- although their hemispheric difference is bigger 
crease at about 10 km at the same latitude. These than ours. 
changes are consistent with the observed circula- A global ozone sink of the order of 5 x 10" 
tion pattern in the sub-tropics. However, as c m - 2  s-1 represents an annual destruction rate 
already pointed out, the Hadley cell as derived in of the order of 20%. Large scale variations in the 
the GCM is somewhat stronger than the observed surface wind patterns could, therefore, noticeably 
circulation. AS a result, rhe decrease of ozone at affect the long-term storage of ozone, which in 
the top ofthe Hadley cell and the strong intri~sion turn could appear as periodic and/or aperiodic 
in the sub-tropical troposphere have been ex%- trends in total ozone. Since the global ozone sink 
gerated in the model. Ozone observations in the is quite well established, at least as  to order of 
sub-tropics (see, for instance, ref. 40) do not 
show the tropospheric distribution as indicated -7  

in Fig. 7. Numerical experiments performed with 
- 6  

the model have indicated that ozone is not -- 
exactly conserved in the model in this region. $ .5 

Thus, part of the fictitious buildup might be due S 
to the differencing scheme (and the mesh size) 2 - 4  

used in the model. Additional experiments are Qs 
now underway to correct this problem. - 3  

- 
The model is able to predict correctly the ", 

general buildup of ozone in the polar regions, 2 
although the strong increase immediately above - 1  

the Antarctic Plateau as shown in Fig. 7 is cer- 

- 

- 

- 

- 

- 

- 

tainly incorrect as discussed above. _A__ 

O- 30 0 30 62 90 
1.1 5 

Lower Boznzdary F h x  L a l i l u d e  

As pointed out earlier, there is a net photo- FIG. 8. The computed latitudinal variation of the 
chemical ozoneproduction in the sub-solar strato- downward ozone flux at the surface. 
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magnitude, we conclude that the net photo- 
chemical ozone production as computed in the 
present model from the observed ozone distribu- 
tion is at least 1 order of magnitude too high. 

Efforts are presently underway to refine the 
photochemistry by including nighttime destruc- 
tion and a realistic latitudinal variation of NO,. 
In addition, some improvements are being made 
in the finite differencing scheme in order to better 
conserve ozone mass in the transport calculations. 

Support for the research discussed above came from 
the Atmospheric Sciences Section, National Science 
Foundation, and the Department of Transportation 
through NSF  Grant GA-28688x2 and the Computing 
Facility of the National Center for Atmospheric Research. 
We would like to thank Julianna Chow, Gloria William- 
son, and Jean Kelley for programming and technical 
assistance. In addition, we have benefited from many 
discussions with our colleagues involved in the GCM 
program at  NCAR, especially Robert Dickinson, Takashi 
Sasamori, and Warren Washington. 
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Stratospheric Chlorine: a Possible Sink for Ozone 

R. S. STOLARSKI A N D  R. J. CICERONE 
Spoce Plr~sics liesenrrll Lribornro~y, Tl~e University of i\ciicl~igon, A I I ~  Arbor, Micl~igrrn 48105 
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This study proposes that the oxides of chlorine, ClO,, may constitute an important 
sink for stratospheric ozone. A photochemical scheme is devised which includes two 
catalytic cycles through which C10, destroys odd oxygen. The individual C1X constituents 
(HC1, C1, C10, and OC10) perform analogously to the respective constituents (HNOI,  
NO, NO?, and NO:,) in the NO, catalytic cycles, but the ozone destruction efficiency is 
higher for CIO,. Our photochemical scheme predicts that C10 is the dominant chlorine 
constituent in the lower and middle stratosphere and HCI dominates in the upper 
stratosphere. Sample calculations are performed for several CIX altitude profiles: an 
assumed 1 p.p.b. volume mixing ratio, a ground level source, and direct injection by 
volcanic explosions. Finally we discuss certain lin~itations of the present model: un- 
certainty in stratospheric O H  concentrations, the possibility that C 1 0 0  exists, the need to 
couple C10, cycles with NO, and HO, cycles, and possible heterogeneous reactions. 

Cette Ctude suggkre que les oxydes de chlore, ClO,, peuvent &tre une raison impor- 
tante de la diminution de I'ozone stratosphtrique. Un schtma photochimique est tlaborC, 
lequel inclut deux cycles catalytiques par l'intermtdiaire desquels CIO,. dktruit I'oxygtne 
impair. Les constituants individuels CIX (HCI, CI, C10 et OCIO) agissent de facon 
analogue aux constituants respectifs (HNO:,, NO, NO. et NO:,) dans les cycles cata- 
lytiques des NO,, mais la destruction de I'ozone est plus efficace pour CIO,. Notre schCma 
photochimique laisse prtvoir que C10 est le constituant chlore dominant dans la basse 
et moyenne stratosphkre et que HCI domine dans la haute strntosphkre. Des calculs 
types sont effectuks pour plusieurs profiles d'altitude des CIX: un rapport de mtlange en 
volume de 1 p.p.b. est considtrC, une source au niveau du terrain et des injections 
directes par des explosions volcaniques. Finalenlent nous discutons certaines limitations 
du modl.le prtsent: incertitude des concentrations en O H  dans la stratosphkre, la possi- 
bilitC de I'existence de C100,  le besoin de r6~1nir les cycles de C10, avec ceux des NO, 
et HO, et des reactions httirogknes possibles. [Traduit par le journal] 

Can. J. Chern.,52, 1610(1974) 

Introduction 
Recent studies have pointed out the crucial 

effect of catalytic cycles in stratospheric ozone 
chemistry (e.g., refs. 1-3). Extensive work has 
been done on the cycles of the nitrogen oxides, 
NO.,, and the hydrogen oxides, HO.,. Both are 
potential ozone destroyers through their cyclic 
reactions with ozone and atomic oxygen. It is 
likely that there are numerous other catalytic 
cycles potentially capable of influencing strato- 
spheric chemistry. Here we focus attention on 
one possibility, previously neglected, involving 
the oxides of chlorine, CIOs, and propose a 
chemical reaction scheme for gas-phase chlorine 
in the stratosphere which is analogous to the 
NO, catalytic cycle, but even more efficient for 
ozone destruction. 

Chlorine from ground level sources can diffuse 
upward through the troposphere into the 
stratosphere. Likely sources are industry, sea 

salt spray, and fumaroles. Also explosive volcanic 
eruptions and solid fuel rockets may directly 
inject chlorine into the stratosphere. 

We will show from source estimates that 
reasonable C10, levels can yield ozone destruc- 
tion rates comparable to those for NO.,. In 
reality, ozone destruction by C10, depends on all 
the complexities of stratospheric chemistry, e.g., 
interaction with NO, and HOx cycles. 

Gas-phase Chlorine Reactions 

Gas-phase chlorine injected or  transported 
into the stratosphere forms a number of different 
molecules the most important of which are HCl, 
C1, C10, OC10, C100, and Cl,. We shall define 
the sum of all of these as CIX. Reaction rates 
for transfer amongst the various ClX species are 
rapid and local steady-state chemistry may be 
used to calculate the ratio of each chlorine 
species to C1X independent of transport. Figure 
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STOLARSKI AND CICERONE: STRATOSPHERIC CHLORINE 

TABLE 1. Chlorine reactions in the stratosphere 
-- 

pa -- 

Reaction Rate (cm3 molecule-' s-I)* 

[ l ]  hv + HCI -> H + C1 
[2] hv + C1, -> C1 + C1 
[3] cl + 0 3  -> c10 + 0 2  

[4] C10 + 0 -> C1 + 0 2  

[5] c10 + 0 3  -> o c l o  + 0 2  

[6] CI + C10 + Clz + 0 
[7] OClO + 0 -> CIO + 0 2  

[8] hv + CIO -> CI + 0 
[9] hv + OClO + 0 + CIO 

[lo] Cl + CH, -> HCI + CH3 
[Ill  OH + HCI->HzO+ CI 
[12] C1 + 0 2  + M -> ClOO + M 
[13] ClOO + M -> CI + 0 2  + M 
[I41 HCI + 0 -> OH + CI 
[15] CIO + NO -> C1 + NOz 
[16] C1 + NH3 -> HCI + NH2 

Slow, see text 
Fast, see text 
4.3 x lo-" exp (-500/RT) 
1.2 x 10-'O exp (- 500/RT) 
1 5  x 
5 x lo-" 
5 x 10-13 
Slow, see text 
See text 
8.8 x 10-I' exp (-3800/RT) 
1.8 x exp (-2000/RT) 

6.8 x 10-I2 exp (-5100/RT) 
1.7 x lo-' ' 
1 x 10-l2 

*See text for rate references. 

1 shows our proposed CIX reaction scheme and 
Table 1 lists the reactions and their rates. The 
major ozone destroying catalytic cycle is the set 
of reactions 

P I  C10 + 0 -. CI + 0, 
.- -- I net 0, + 0 ->202 

The rate of [3] has been measured recently at 
room temperature by Watson' to be 1.85 x ' lo-" cm3 molecule-' s-'. Its maximum activa- 
tion energy is 1 kcal mol-' and we have assumed 
0.5 kcal mol-'. Rate [4] has been measured by 

I Bemand et al. (4) as 5.3 x lo-' '  cm3 molecule-' 
I s- '  at room temperature and again we have 

assumed an activation energy of 0.5 kcal mol-'. 
C10 is photodissociated in the ultraviolet by 
[8]. We used the cross section of Johnston et al. 
(5) and the solar intensities of Brinkmann el al. 
(6) to determine that [8] is 10 times slower than 
[4] at all altitudes. It has therefore been neglected. 

A second catalytic cycle is initiated by [5] 

[71 OCIO + o -. CIO + 0, 
~~~~~ 

net 0 + O3 -> 202 

Reaction 5 forms OC10, chlorine dioxide, 
1 distinct from the peroxy radical ClOO discussed 

later. The effect of this cycle is to lower the net 
I ozone destruction because a fraction of the total 
i available C1X is diverted to OClO and [7] is 

'R. T. Watson, personal communication, 1973. 

HCI 

3J I 
cao -2 r =L 

03(5) 

I - O C Q O  

FIG. I .  Chemical reaction scheme for gas-phase 
chlorine. 

two orders of magnitude slower than [4]. Even 
if 9 0 2  of the total CIX were OClO the odd 
oxygen destruction rate of the CI-C10 cycle 
would be larger than that of the C10-OC10 
cycle. Reaction 5 is slow with an upper limit 
rate (7) of 5 x I O - l 5  cm3 molecule-' s-I.  
Photodissociation of OClO [9] is probably faster 
than [7] and provides a return to C10 which 
gives no net destruction of ozone. Although we 
have performed some calculations including the 
CIO-OC10 cycle we show here only calculations 
for which k ,  = 0. 

C1 may also react with CH, and NH, to form 
HC1 

[lo] C1 + CHj -> HCI + CH3 

[I61 C1 + NH3 -> HCI + NH2 
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TABLE 2. Input data* 
-- - --- - -- 

-- 

High Low 
Altitude T (OK) lo1 [Chi [OH1 [OH1 

5 270 3(3) 3.3(11) 2(13) 
10 238 6.5(3) 4.3(11) 1(13) 
15 218 2.2(4) 6.5(11) s(12.1 
20 212 3.0(5) 1.8(12) 2.5(12) 
25 220 6.0(6) 4.3(12) 1 .2(12) 
30 232 2.7(7) 3.5(12) 5(11) 
35 243 1 .2(8) 1.7(12) 1.5(11) 
40 255 3 .8(6) 5.0(11) 400)  
45 265 1 .2(9) 1.5(11) 1(10) 
50 272 2.5(9) 5.0(10) 2(9) 
55 269 4.4(9) 1.8(10) l(9) 
60 255 7.0(9) 6.3(9) 
-- -- - 

4(8) 
--- 

*Concentrations are per crn3. Numbers in parentheses a re  powers of  10. 

Reaction 10 has been measured at room tempera- 
ture by Davis et al. (8) to have a rate of 1.7 x 
10-I3 cm3 molecule-' s-'. Its activation energy 
is 3.8 kcal mol-' (9). Kondratiev (10) gives an 
estimated rate for [I61 of - lo-', cm3 molec~~le-' 
s-'. Since ammonia concentrations in the 
stratosphere are small (I I )  we have chosen to 
neglect [I61 in our calculation. HCI is returned 
to C1 by reaction with 0 and OH 

[ I l l  HCI + OH -> CI + H 2 0  

I141 HCI + 0 -> OH + C1 

Reaction 1 1  measured by Takacs and Glass (12) 
is by far more important than [I41 which has 
been measured by Balakhnin ct al. (13). At 
altitudes of 50-60 km the rates of [I I] and [I41 
become comparable. HCI acts as a temporary 
storage tank for ClqY analogous to HN03  for 
NO,. 

The three-body reaction 12, has been s t~~died  
by Johnston et al. (5). They give an equilibrium 
constant of 3.64 x lo-,' cm3. This implies a 
[CIOO]/[Cl] ratio of < a t  stratospheric 
pressures and indicates that [I21 is unimportant. 
When one uses more recent values of thermo- 
dynamic constants one finds K, ,  - 4 x lo-'' 
at 300 K and 8 x lo-,' at 220 K., This indicates 
that ClOO could possibly be important if it is as 
reactive as C1, but this is not likely. 

The only CIX compound not yet mentioned is 
C1, which is rapidly photodissociated via [2] to 
2C1 in the visible and near ultraviolet. Seery and 
Britton's (14) cross section implies a lifetime 
for CI, of -400 s. Thus, concentrations will be 
low. 

Under all of the above assumptions, ratios of 
individual constituents to total CIX can be 
calculated for local, steady-state chemistry. They 
are 

'D. Garvin, personal communication, 1973. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



STOLARSKI AND CICERONE: STRATOSPHERIC CHLORINE 

TABLE 3. Ratios of chlorine compounds to  CIX 
-- -- -- -- - - - - -- 

High OH ratios Low OH ratios 

[HCIl [ClOI - LC11 -- [CIOI [HCI] - LC11 
Altitude [CIx] [ c lx l  [CIx] [CIx] [CIX] [CIx] 

- - - -- - 

5 0.90 0.10 2.3(-8) 0.90 0.10 2.6(-7) 
10 0.93 0.075 4.0(-8) 0.98 0.11 5.0(-7) 
15 0.89 0.11 8.6(-8) 0.57 0.43 9.8(-7) 
20 0.92 0.078 4.4(-7) 0.67 0.33 1.5(-5) 
25 0.84 0.16 3.4(-6) 0.70 0.30 3.3(-4) 
30 0.82 0.18 1.8(-5) 0.69 0.31 1.6(-3) 
3 5 0.73 0.27 1.5(-4) 0.50 0.50 5.2(-3) 
40 0 .50 0.50 l . l ( -3)  0.21 0.79 7.4(-3) 
45 0.27 0.72 6.3(-3) 0.12 0.87 0.014 
50 0 .20 0.77 0.028 0.12 0.86 0.030 
55 0.093 0.84 0.065 0.061 0.90 0.026 
60 0.052 0.78 0.17 0.037 0.84 0.024 

Reactions 3 and 4 control the ratio of C1 to C10 
at altititdes greater than -35 km. At lower 
altitudes reaction 15 meshes the C10, cycle with 
the NO, cycle3 

net 0 + 0 3  -> 202 

Since [I51 ties chlorine to the complex, incom- 
pletely understood NO, cycle it will be neglected 
in this paper. Reaction 15 is fast4 and will tend 
to convert C10 to C1 leading back to HC1. Thus 
the ratios in Table 3 would show higher fractions 
of HC1 at low altitudes. The last section of the 
paper will discuss the implications of neglect of 
interactions with NO.,, HO,, CO,, etc. 

Table 2 lists the input data used in the ratio 
calculation and Table 3 shows the ratios for two 
cases, high OH and low OH, corresponding to 
the extremes of the OH model calculations of 

I Wofsy et 01. ( 1  5). The OH concentration is very 
important because of its role in  returning 
chlorine from its storage tank, HCI, to the 
catalytic cycle of CI-C10. Another important 
factor governing the amount of chlorine in the 
HC1 tank is [I41 which is i~ni~sually slow for an 
0 atom reaction. If this rate were significantly 

I 

1 increased HC1 would be rapidly converted to C1. 
Reaction 15 below 30 kni will convert C10 to 

1 C1 more rapidly and tends to make more C1 
I available for forming HCI by [lo]. 

3D. Garvin, personal communication, 1973. 
4D. Garvin, personal communication, 1973. 

Ozone Destruction Rates 

Figure 2 shows calculated odd oxygen 
destruction rates OS. altitude for an assumed 
constant CIX mixing ratio of 1 p.p.b. Destruction 
rates for any other value of C1X can be linearly 
scaled. Also shown in Fig. 2 are the destruction 
rates for the Chapman mechanism reaction 

1211 0 f 0, -> 202 

and the two catalytic cycles of NO,; the NO- 
NO2 cycle and the NO2-NO, cycle. All of these 
were calculated using the rates and NO, profiles 
of McConnell and McElroy (3). The chlorine 
cycle, according to the present calculations, is 
not the dominant loss mechanism for odd oxygen 
but it is significant if CIX concentrations are 
near the 1 p.p.b. range. It should be noted that 
the NO, profiles used here represented mixing 

FIG. 2. Odd oxygen destruction rates us. altitude. 
(-.-) NO-NO2 cycle; (---) N02-NO3 cycle; (---) 
Chapman mechanism; (. . . ) CIO, volcanicsource;(---) 
CIO, 1 p.p.b. high OH; (---) CIO, 1 p.p.b. low OH; 
(--) CIO, ground level source. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1614 C A N .  J .  CHEM.  VOL. 5 2 .  1974 

ratios of more than 10 p.p.b. in the altitude 
region (>20 km) most important for ozone 
destruction. Thus Fig. 2 illustrates the fact that 
C10, is more efficient for ozone destruction than 
NO.,. In Table 4 we show the column-integrated 
odd oxygen destruction rates for each of the 
seven mechanisms graphed in Fig. 2. The cal- 
culations for stratospheric ozone destruction 
due to direct injection by volcanic explosions 
are described in the next section. 

Sources of Chlorine and Model Calculations 

A number of ground level chlorine sources 
exist. Fumaroles emit gaseous C1, and HCI (16). 
Sea salt spray contributes chlorine-containing 
particles (17), some of which lead to gaseous 
chlorine. Industrial processes emit chlorine in 
many forms, particularly HC1 (18). All of these 
contribute directly to the tropospheric chlorine 
budget and indirectly to the stratosphere via 
transport upward through the troposphere. 
Junge (19) has measured the gaseous chlorine 
content at sea level to be - 1 p.p.b. This con- 
centration will vary with altitude in the tropo- 
sphere because of loss through rainout of HCI 
but indicates that the assumed value for Fig. 3 
is reasonable. 

Other potential sources of stratospheric 
chlorine are direct injections by volcanic explo- 
sions (20, 21) and solid fuel rockets. Data on 
gaseous contents of eruptions are very sparse. 
Those explosive events which penetrate the 
tropopause are likely to involve large amounts 
of chlorine because they are often associated 
with intrusions of sea water (16). It is not known 
whether the chlorine will be in the gas phase or 
associated with ash cloud particles. Odd oxygen 
destruction rates were calculated for a volcanic 
injection source estimated in the following way. 
The data of Eaton (20) and Cronin (21) were 

TABLE 4. Column-integrated odd oxygen 
destruction rates (molecules cm-Z s- ')  

Chapman mechanism 3 x 
NO-NO, cycle 7 .5  x lot2 
NO,-NO, cycle 3.1 x 10" 

C10, cycle, 1 p.p.b. 
High OH 
Low OH 

C10, cycle 
Ground level source 4.4 x 10" 
Volcanic source 1.2 x 10l2 

FIG. 3. Total gaseous chlorine (CIX) us. altitude. The 
profiles due to ground level sources and  direct injection 
into the stratosphere by volcanoes were computed as 
described in the text. A profile corresponding to an 
assumed 1 p.p.b. mixing ratio is also shown. 

used to estimate a global and time averaged 
volcanic injection source strength of - 10" 
glyear. The injection rate certainly falls off 
rapidly with altitude and we guessed an ex- 
ponential falloff with an e-folding height of 7 km. 
This is not unlike an observed ash cloud-top 
height distribution (20). Although the source 
strength is not very large and the statistics are 
very uncertian, the potential importance of this 
source is the direct injection of chlorine to 
stratospheric altitudes where ozone destruction 
occurs. Large volcanic eruptions which penetrate 
to  the middle or upper stratosphere where most 
of the ozone destruction occurs could leave a 
noticeable local ozone hole. 

In order to evaluate the destruction rate for 
this volcanic injection profile we used steady- 
state results from a one-dimensional eddy 
diffusion model for CIX. The diffusion equation 
was solved by an implicit technique with 2 km 
altitude steps and 5 day time steps. Tests were 
run with 12 h time steps with no change in 
results. The eddy diffusion coefficient was the 
seasonal average of Hays and Olivero (22). The 
density was taken as zero at 120 km and the flux 
to the ground was proportional t o  the density at 
the ground. The proportionality constant is the 
diffusion velocity near the ground which we took 
as 0.007 cm/s (23). Loss due to rainout with a 30 
day period was included in the troposphere (24). 
This model was also used to evaluate a ground 
level source. These results were scaled to Junge's 
(19) measurement at the ground and the resulting 
ozone destruction rates are shown in Fig. 2. The 
ClX profile is given in Fig. 3 along with the CIX 
profile for the volcanic source described above 
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and a 1 p.p.b. constant mixing ratio. Figure 2 Maryland), Harold Johnston (University of California, 
shows the corresponding odd oxygen destruction Berkeley). and Andrew Nagy (University of ~ i c h i g a n )  

rates. for helpful discussions. 

Summary 
We have proposed a chemical scheme for gas- 

phase chlorine reactions in the stratosphere. We 
have shown that total C1X concentrations of - 1 
p.p.b. give significant ozone destruction rates. 
A C1X concentration of 1 p.p.b. at 16 km implies 
about 0.1 p.p.b. of HCl. This is equal to the 
upper limit set by Farmer's (25) measurement. 
Indications are, therefore, that Fig. 2 gives an 
upper limit to the C10, ozone destruction. More 
precise statements cannot be made until the 
details of the interaction of chlorine chemistrv 
with nitrogen, hydrogen, and carbon chemistry 
are investigated. Reaction 15 tying the CIO, and 
NO, cycles together tends to diminish the ozone 
destruction capacity of ClO.,. However, it con- 
verts NO to NO,, thereby increasing the destruc- 
tion of ozone by NO,. C1 reactions with carbon 
compounds have been discussed by Prinn (26) in 
relation to the CO, stability problem on Venus 
and should be considered in a more detailed 
evaluation of stratospheric Cl chemistry. Finally, 
the next stage of stratospheric chlorine calcula- 
tions should include a careful reevaluation of all 
possible chlorine sources and possible sinks such 
as adsorption on aerosols. 

NOTE ADDED IN PROOF: The role of chlorine 
oxides in the stratosphere has also been dis- 
cussed by M. J. Molina and F. S. Rowland in a 
paper submitted to Nature and is further elab- 
orated by P. Crutzen and by S. Wofsy and M. 
McElroy in this issue. 

We thank Donald Stedman (University of Michigan), 
Robert D. Hudson (NASA), David Garvin (National 
Bureau of Standards), Douglas Davis (University of 
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influences. The distinction then between internal 
system and external system is in general some- 
what arbitrary but becomes quite definite for a 
particular mathematical model where there is a 
clear distinction between the variables to be com- 
puted by the model and those that are externally 
prescribed. 

Figure 1 is used to indicate this partitioning 
between internal and external variables in current 
and future general circulation models (GCM's). 
The present paper will be largely concerned with 
the relationship of ozone, carbon dioxide, and 
stratospheric aerosols to climate. The distribu- 
tion of carbon dioxide provides an obvious 
example of an external variable in that all present 
and future projected GCM's specify it as fully 
mixed with a given mixing ratio. However, even 
the carbon dioxide does have sources and sinks 
and varies with time, albeit slowly, so that simple 
residence time box models of the atmosphere and 
oceans intended to predict CO, as an internal 
variable have been devised (e .g. ,  ref. 2). Strato- 
spheric aerosols presumably depend on the global 
circulation for providing their gaseousprecursors, 
as well as their redistribution within and removal 
from the stratosphere, but the mechanics of their 
formation is now sufficiently uncertain as to pre- 
clude immediate coupling to large-scale circula- 
tion models. 

Climate has been formally defined by Leith in 
terms of an ensemble of initial states such that all 
the climatic properties of the states are determined 
by the probability distribution of the climatic 
ensemble. Practically, if we make the fundamental 
assumption that different initial conditions will 
not lead to a different climatic regime, we can 

CLIMATIC  VARIABLES 

Density , Pressure 

1 Motions ' 1  Soil Moisture [surface Topography / 
1 Atmospheric ond I Ocean Temperature I C 0 2  I 

So11 Ternperatureq Snow- Ice Cover Land and Ocean 1 
1 Troposphere H 2 0  1 Strafospheric H 2 0  Albedo I 

I i 0, (ond N O x )  I 
Aerosol Distribution? I 

! 
- - -  

FIG. 1. The present and future partitioning of GCM 
variables into internal and external climatic variables. 

regard as climate the values of variables averaged 
over a fixed time interval after the noise com- 
ponent has been removed. For longer time inter- 
vals the noise component should be smaller. 
Lorenz (3) has discussed the possibility that many 
long time-scale fluctuations may be due only to 
the internal dynamics of the atmosphere-ocean- 
land-ice system without the need for any signifi- 
cant external changes. Such fluctuations in view 
of the above definition would be noise not re- 
moved by taking a long time average. The ques- 
tion as to what is noise is obviously very crucial to 
our understanding of climate and may be very 
difficult to  answer. Figure 2 from Mitchell (4) 
shows long-term trends of mean surface tempera- 
tures, indicating an increase of 0.6 "C between the 
1880's and the 1940's and a decrease of about 
0.3 "C from then to 1970. The increase has  some- 
times been interpreted as due to the observed 
trend of increasing C 0 2  and the decrease due to 
the trend of increasing tropospheric aerosol load- 
ing, both resulting from man's activities. This 
explanation cannot be ruled out and conceivably 
could be established quantitatively in a model 
which included various possible positive feed- 
backs on surface temperature by ice-albedo, 
water vapor mixing ratio, and cloudiness that I 
shall discuss later. However, our present know- 
ledge of climatic effects of CO, and aerosol 
changes is yet too inadequate to even evaluate to 
within a factor of 2 the expected global mean 
temperature trend. Indeed, wecannot say whether 
the observed temperature variations must have 
been due to any external influence. They may well 
be long period noise rather than variations in 
climate as defined here. 

FIG. 2. Mean annual temperature for various latitude 
bands from Mitchell (4). 
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Climatic Models 
The chemical composition of the stratosphere 

directly affects the absorption of solar and infra- 
red radiation. The next section shall go into 
further detail as to how CO,, O,, and aerosols 
modulate radiative fluxes. The convergence of 
these fluxes provides sources of heating of the 
atmosphere and surface, and it is by this heating 
that climate is affected. To make use of these 
fluxes, we must consider two distinct problems: 
first, how the present day values of these fluxes 
determine in part the current climate and second, 
and perhaps more importantly, how changes in 
these fluxes lead to  climate change. The effect of 
changes of these fluxes on climate is not easily 
evaluated but requires application of sophisti- 
cated mathematical models of climate. The de- 
velopment of such models is far from complete 
and the inadequacy of present models limits the 
accuracy by which climatic effects can be deter- 
mined. Thus, it is important to recognize what 
has been done in the development of climate 
models, what is currently available, and what 
models we can expect to be operational in the 
near future. A thorough review of the topic of 
climate modeling is now in preparation (5). I t  is 
possible to give only a brief overview here. I will 
distinguish between models that determine strato- 
spheric climate and those that are primarily useful 
for tropospheric climate. 

It is useful to categorize climate models accord- 
ing to the geometric degrees of freedom. The 
simplest models of climate are essentially one 
dimensional with dependence on other dimen- 
sions being parameterized or simply neglected. 
One type of model, to be discussed further, is 
analogous to the one-dimensional chemical 
models in that it neglects horizontal dependence 
or at  best assumes horizontal global averaging, 
but includes with fine resolution the vertical radia- 
tive and convective heat transfer processes. Other 
types of models completely parameterize the ver- 
tical dependence and determine variations with 
horizontal coordinates. Of the horizontal models, 
perhaps most important in the present context 
are those developed to describe statistics of the 
surface thermal balance. These could be used to 
study the role of stratospheric heat inputs on 
tropospheric climate. 

For  considering stratospheric climate in more 
than one dimension we may use certain types of 
dynamic models which treat only the strato- 
sphere and ignore coupling to the troposphere. 

However, an entirely adequate model, even for 
considering only the stratosphere, should begin 
at  the earth's surface and not only provide con- 
siderable vertical resolution for dynamic and 
radiative processes from there on into the strato- 
sphere but also be appropriately coupled to the 
surface energy budget. Current GCM's partly 
satisfy these requirements but are not  satisfactory 
climate models because sea surface temperatures 
and ice cover are prescribed rather than calculated 
and with existing computers it is only practical to  
solve the models for a year or two of simulated 
time. The computing time limitations of these 
models result from the fact that GCM's  describe 
climate through first generating all the details of 
day-to-day weather. More useful models for study 
of climate changes would treat this climatic noise 
statistically rather than in detail s o  that integra- 
tions of hundreds of years could be carried out 
with the ocean temperatures and ice cover in- 
cluded as internal variables of the system. These 
models are especially necessary for  evaluating the 
effect of possible changes of stratospheric com- 
position on tropospheric climate. Any such 
changes would probably have an immediate effect 
on tropospheric climate which would be rather 
small compared to natural noise, but which 
would become much more significant if they per- 
sisted on the time scale over which ocean tem- 
peratures and ice cover would adjust. 

Models capable of providing realistic descrip- 
tions of the change of climate in response to 
changing external conditions are not now avail- 
able and will require some time t o  develop. I t  is, 
however, possible to combine existing models to  
determine at  least whether climate is sensitive to  
possible changes in external conditions. 

The global averaged radiative convective 
models (e.g., ref. 6) provide one simple approach 
to  this question of sensitivity by determining as a 
function of the vertical coordinate the radiative 
fluxes and the mean temperature profile that 
allows balance between these fluxes and other 
vertical energy transfer processes. These models 
include the vertical distribution of absorbers and 
scatterers and so can be used t o  compare the 
changes of heating rates and surface temperature 
implied by possible changes in these parameters 
with those due t o  changes in solar constant and 
surface albedo. The distribution of  water vapor 
and the heat transfer by convection have been 
treated with simple and probably inadequate 
empirical pararneterizations. F o r  example, the 
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water vapor distribution has been assumed to 
conserve relative humidity, and convection, to 
keep the lapse rate from exceeding 6.5 "K/km. 
Much of our present knowledge of climate change 
due to variation in chemical composition has 
been derived from these or yet simpler models (7) 
so we shall discuss some of their conclusions in 
following sections. To answer whether a tempera- 
ture change predicted by such a model is observ- 
able, it is necessary to know the noise level of 
natural temperature fluctuations. Empirical stud- 
ies of GCM noise levels (8) together with theo- 
retical expressions for the rate of decrease of noise 
with increased averaging time (9) may be used 
for this purpose, but for longer intervals this pro- 
cedure will give a lower limit to the noise level 
since it does not allow for the increased long 
period noise due to coupling of atmosphere to 
oceans and ice. 

Surface heat balance models (10, 1 1) depending 
only on latitude may be used to calculate changes 
in surface temperature with changes in incident 
solar radiation. These models have parameterized 
ice cover in terms of surface tekera ture  thus 
providing a strong positive feedback on surface 
temperature, and increasing its sensitivity to 
changes in solar radiation. In other words de- 
creased incident radiation leads to more ice, 
hence higher albedo and further reduction in the 
net radiation absorbed by the atmosphere-earth 
svstem. The absence of this and other feedbacks 
in one-dimensional vertical models certainly in- 
creases the unreliability of their conclusions. On 
the other hand, existing surface heat balance 
models are too crude in their parameterization of 
vertical processes to yield information concerning 
the climatic effect of changes localized to the 
stratosphere with the possible exception of 
changed tropospheric solar heating due to 
changed aerosol content. 

The large GCM's, while not directly useful for 
studies of climatic change over many years, are 
now able to simulate much of the climatic detail 
of the present lower stratosphere and hence to 
provide considerable information as to what 
physical factors are most important in determin- 
ing the observed climate. Besides modeling the 
radiative role of CO, and 0, as discussed in the 
next section, these studies, e.g., refs. 12, 13, have 
confirmed the strong dynamic coupling between 
troposphere and stratosphere that has been sug- 
gested by many earlier theoretical and observa- 
tional studies. For example, much of the zonal 

asymmetry in the winter hemisphere and conse- 
quent large quasi-horizontal eddy transports de- 
rive from planetary waves propagating upward 
from the troposphere. Indeed the irregular topog- 
raphy of continental areas plays a large role in 
generating stratospheric eddies (12). The magni- 
tude of this effect is illustrated in Fig. 3 which 
shows the northward eddy heat transport ob- 
tained at  different levels in model simulation at 
NCAR with and without mountains. 

Effect of Composition and its Variation on 
Climate 

We now turn to the question of the determina- 
tion of mean climate by its stratospheric chemical 
constituents and of climatic changes occurring in 
response to chemical changes. The global mean 
temperature structure of the stratosphere depends 
primarily on the balance between incoming solar 
U.V. radiation and outgoing thermal radiation, 
the latter largely emitted by 15 p bands of CO, 
and to a lesser extent by 9.6 p bands of 0,. 
Figure 4 from Dickinson (14) shows the net infra- 
red cooling occurring between 30 and 80 km as 
calculated for the 9.6 p bands alone and for the 
sum of the 9.6 p bands and 15 p bands. The tem- 
perature profile assumed for the calculation was 
a 1962 US standard atmosphere, but below 70 km 
very similar results are obtained for a global 
mean profile. The profile for U.V. heating (at 
least up to 70 km) must be essentially similar 
since the temperature and hence infrared cooling 
adjust to balance this heating. The increase of the 
cooling with altitude in the stratosphere results 
largely from the vertical increase of temperature 
and reflects the increase of solar energy absorp- 
tion by ozone with decreasing U.V. optical depth. 
The upward decrease of cooling above 50 km 
(i.e., in the mesosphere) and corresponding de- 
crease of temDerature reflect the vertical decrease 
of ozone mixing ratios in conjunction with opti- 
cally thin U.V. absorption. 

For temperature changes which are relatively 
small in amplitude and which have a vertical scale 
of one-scale height or greater, the infrared cooling 
is essentially linear in the local temperature 
change and so given by the product of the tem- 
perature change and a ("Newtonian") cooling 
coefficient, shown in Fig. 5 from Dickinson (14). 
Hence we can simply evaluate temperature change 
dueto change in heating rates. Temperature relaxes 
back to its equilibrium value with an e-folding 
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STRATOSPHERE 
-WITH MOUNTAINS 10 hToPoSPHERE 

80 ---- WITHOUT MOUNTAINS 

601 

40t sn ,4z3?%k z.34.5 km ~ ~ 1 6 . 5  km 1 

LATITUDE 

FIG. 3. Eddy heat transport at different levels of the NCAR GCM (from ref. 12) showing difference 
without mountains. 

with and 

time of from 5 days at the stratopause to 15-20 
days or more in the lower stratosphere. 

Conventionally the global mean tropopause is 
regarded as the interface between a stratospheric 
temperature profile given by radiative equili- 
brium as described above and a tropospheric pro- 
file determined primarily by moist convection. 
Stone (15) on the other hand has argued, on the 
basis of a simple climate model involving hori- 
zontal and vertical eddy heat fluxes and ignoring 
moist convection, that the vertical heat transfer 
by large-scale eddies may be largely responsible 
for maintaining the tropospheric lapse rate. This 
issue as to whether vertical heat transfer by moist 
convection or by large-scale eddies is most in- 
fluential is very important for understanding such 
climatic features as cloudiness-albedo and can 
only be resolved by considering models that con- 
tain both. As a result of the strong negative feed- 
back of vertical eddy heat fluxes Stone's model 
predicts that the mean static stability (i.e., dif- 
ference between adiabatic temperature lapse rate 

and actual rate) should only change by a few per- 
cent with a factor of 2 change in solar radiation, 
even though the ground temperature changes by 
as much as 50-100 "C. On the other hand, if a 
moist convective lapse rate were to  be preserved, 
the static stability would be extremely sensitive to 
surface temperature, a change of surface tem- 
perature being amplified by a threefold factor in 
the upper troposphere according to Kraus (16). 
Numerical experiments currently being carried 
out with the GCM at NCAR by Washington and 
Schneider show relative humidity at 3 km, and 
hence cloudiness and cloud albedo to be nega- 
tively correlated with mean ocean temperature. 
Thus in the model there is such a large sensitivity 
of tropospheric static stability t o  variations in 
surface temperature through control of lapse rate 
by moist convection that cloudiness gives a posi- 
tive feedback effect on surface temperature. 

Manabe and Wetherald (6), assuming surface 
albedo, cloudiness, and the tropospheric lapse 
rate to be fixed, have derived vertical temperature 
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DICKINSON: CLIMATIC EFFECTS O F  STRATOSPHERIC CHEMISTRY 1621 

COOLING IDeg ~ a y " )  

FIG. 4. Infrared cooling between 30 and 80 km calcu- 
lated by Dickinson (14) for 15 p C 0 2  and 9.6 p O3 bands 
and 1962 US standard atmosphere. 

RELAXATION RATE \Day-'1 

FIG. 5. Perturbation infrared cooling rate per I degree 
temperature perturbation according to Dickinson (14). 

profiles between 0 and 40 km for a standard CO, 
distribution, half and double its value as shown in 
Fig. 6. Doubling CO, increases the infrared cool- 
ing and hence decreases temperature by as much 
as 10-20 "C above 30 km whereas the lower tropo- 
sphere is increased 2" by the increased "green- 
house" trapping of surface emission and to a 

TEMPERATURE (OK ) 

FIG. 6. Temperature profiles for 150, 300, and 600 
p.p.m. C 0 2  concentration calculated by Manabe and 
Wetherald (6) using radiative equilibrium and moist 
convective adjustment. 

lesser extent by exchange with the colder strato- 
sphere. The surface temperature likewise in- 
creases by -2 "C. The increased thermal trapping 
as given by the increase of water vapor concen- 
tration implied by the assumption of constant 
relative humidity doubles the surface temperature 
increase compared to that derived with constant 
absolute humidity. In the stratosphere, the 15 p 
cooling above 30 km is dominated by the emis- 
sion from nonoverlapping Lorentz lines so that 
on the basis of analytic expressions for cooling 
from such lines we expect the cooling and hence 
variation of temperature to scale like the square 
root of CO, concentration. 

To study the effect of large variations in ozone 
distributions Manabe and Wetherald (6) have 
used profiles of ozone observed for different lati- 
tudes in April (Fig. 7). The temperature profiles 
they computed for these different ozone profiles 
are shown in Fig. 8. The high equatorial profile 
gives a somewhat warmer stratosphere above 
22 km and a sharper and colder tropopause at 
100 mb. The equatorial profile reduces surface 
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OZONE AMOUNT ( cm/ km a t  STP) 
FIG. 7. Three different ozone profiles used by Manabe 

and Wetherald (6). 

temperature by 1" and the polar profile increases 
it by l o  relative to the mid-latitude profile. 

Carbon dioxide has been increasing from 290 
p.p.m. in the mid 19th century to present values 
of 325 p.p.m. and to extrapolated values of 400 
p.p.m. by the 21st century, suggesting a net cool- 
ing of the upper stratosphere from the pre-indus- 
trial value of 1-2 "C and 3-5 "C respectively, 
based on scaling from the calculations discussed 
above. The total ozone in the Northern Hemi- 
sphere has increased over the last decade at a rate 
of approximately 1% per year (cf. ref. 19). There 
is no reason to expect changes in the total ozone 
measurements to reflect changes in ozone above 
30 km, but if a 10% increase of ozone were to 
occur at the stratopause i t  would increase the 
global mean temperature at this level by nearly 
5 "C. 

The impact of industrial activity on aerosol 
concentrations appears largely localized to 

Northern Hemisphere continents and to the im- 
mediately downwind ocean areas. Thus varia- 
tions in stratospheric aerosol seem essentially 
controlled by volcanic activity, as  indicated in 
Fig. 9, showing year-to-year variations in trans- 
mittance of solar radiation at Mauna Loa and, in 
particular, a discontinuous 2Y, drop after the 
Mt. Agung eruption. Unfortunately the radiative 
properties of global stratospheric aerosol such as 
size distribution, number concentrations, and 
complex index of refraction are still too poorly 
known to allow derivation of stratospheric heat- 
ing rates. However, the effect on  tropospheric 
climate involves largely the diminution by these 
particles of total solar radiation reaching the 
troposphere which can be estimated from mea- 
sured variations in the attenuation of direct radia- 
tion. A 2% change in direct radiation corresponds 
to at least the 0.3% change in total radiation sug- 
gested by Budyko (10) depending on the aerosol 
size distribution and hence ratio of forward scat- 
tering to absorption and backscattering. A 1% 
reduction in solar radiation reaching the lower 
troposphere would produce essentially a 1 "C 
drop in global mean temperature if surface 

TEMPERATURE ( O K  ) 

FIG. 8. Temperature profiles calculated as in Fig. 6 
except with 300 p,p.m. CO, and the ozone profiles of 7. 
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TRANSMITTANCE O F  NORMAL o 
INCIDENCE SOLAR RADIATION 

Z 
73 

AT MAUNA LOA,(E!IIJ 8 Pueschel ,1971) 2 
t,, ( NOV. 1 9 7 0  t o  SEPT.  1 9 7 1  UNPUBLISHED ,. m G ?  ,, 5 

DATA. 1 

9 0  I  I  
1958 

T I M E  ( Y E A R S 1  

FIG. 9. Transmittance of solar radiation at Mauna Loa, from Mitchell (4). 

albedo, water vapor distribution, and cloudiness such changes. Quantitative dynamic models with 
were to remain fixed. However, the latitudinal longitudinal resolution need to be worked out to 
models with temperature - ice albedo coupling study such effects but are not presently available. 
indicate the positive feedback by ice cover gener- 
ates a threefold or greater enhancement of the 
temperature decrease, whereas conservation of 
relative humidity gives another factor of 2. Even 
without coupling of surface temperature to 
cloudiness there is consequently the possibility of 
an ice age with as little as 1 x  reduction in solar 
radiation if it were to persist long enough for 
ocean surface temperatures to come into equili- 
brium. 

I have not considered here stratospheric water 
vapor. Newel1 (17) has discussed the possible in- 
crease in mother-of-pearl clouds over Norway 
accompanying an increase of stratospheric humi- 
dity. The consequent change in global albedo and 
trapping of infrared radiation would be small but 
perhaps not negligible. 

The paper up to this point has concentrated 
primarily on the radiative effects of stratospheric 
change on tropospheric climate. It seems likely, 
however, that stratospheric changes could also 
have a significant impact on the troposphere 
through modification of dynamic coupling mech- 
anisms. Changes of stratospheric static stability, 
for example, would change the reflection and 
transmission coefficients of the stratosphere to 
planetary waves. The resulting phase shifts of 
these waves in the troposphere could significantly 
alter such climatic features as longitudinal varia- 
tions of rainfall. The frequency of mid-winter 
stratospheric warmings could also be sensitive to 

Impact of Climate on Stratospheric Chemistry 
In considering the effect of climate on strato- 

spheric chemistry I shall consider only the effect 
on ozone distribution, since the coupling between 
meteorology and other stratospheric chemicals of 
climatic importance is still too poorly known to 
say much about it. The climatic parameters most 
significant for the ozone distribution are tem- 
perature in the upper stratosphere and ozone 
transport in the lower stratosphere. 

Ozone depends on temperature through the 
temperature dependence of the chemical relations 
which determine its net chemical production and 
loss. The direct and catalytic loss processes for 
odd oxygen are accelerated by increased tempera- 
ture with consequent reduction in ozone concen- 
trations. Less ozone absorbs less u.v. radiation 
tending to again reduce stratospheric tempera- 
ture. Quantitative models of this negative feed- 
back have been constructed by Blake and Lindzen 
(18) which indicate that between the levels of 
30 and 50 km the temperature dependence of 
ozone is essentially as important as the tempera- 
ture dependence of infrared cooling in minimizing 
temperature excursions. 

The bulk of total ozone resides in the lower 
stratosphere as a rather unreactive species having 
been carried downward from the region of net 
ozone production between altitudes of  25 and 
30 krn. Most of this transport is carried out in the 
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winter hemisphere by disturbances generated in 
the troposphere which penetrate upward into the 
stratosphere. Climate trends in the statistics of 
these disturbances due to modification of their 
tropospheric sources or transmission into strato- 
sphere could possibly account for the observed 
trends of total ozone, but we need much more 
reliable climatic models of the average interaction 
between ozone chemistry and the general circula- 
tion before this speculation could be subjected to 
quantitative examination. 

Conclusion 

In conclusion, the details of the global aerosol 
distribution and its radiative properties are still 
too poorly known for long-term changes to be 
related to climate change. Ozone and CO, distri- 
butions are less of a problem. However, the most 
serious obstacle preventing determination of the 
possible climatic change due to changing strato- 
spheric composition is the absence of reliable 
quantitative models of climate. 

The permission of Authors and Publishers to 
reproduce Fig. 3 (from ref. 12), Figs. 6, 7, 8 (from 
ref. 6 ) ,  and Figs. 2, 9 (from ref. 4 )  is gratefully 
acknowledged. 
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Uncertainties in Stratospheric-Mesospheric Modeling 

J. C. MCCONNELL 
Deporrt~zet~t of'Physics, York Ulri~vrsity, Tororlto, Otrtrrrio 

Received January 14, 1974 

Some of the problems and uncertainties of stratospheric-mesospheric modeling are 
discussed in terms of the variables which constitute the continuity equation. The status 
of one- and two-dimensional eddy coefficients, required in the evaluation of the flux 
equation, are briefly reviewed. The production and loss terms are discussed both gen- 
erally and with respect to the particular uncertainties in the CHI, HZO-HOH, Nor, and 
O3 chemistries. 

Certains problkmes et incertitudes de la reprtsentation stratosphtrique-m6sosphCrique 
par modkle sont examints en fonction de variables qui constituent l'tquation de con- 
tinuitt. Les conditions des coefficients de turbulence B une et deux dimensions, ntces- 
saires pour l'tvaluation de l'tquation du flux sont brikvement revistes. Les termes d e  
production et de perte sont Ctudits d'une manikre gtntrale et aussi par rapport aux 
incertitudes particulikres dans la chimie de CHI, H20-HO,, NOx et 03. 

[Traduit par le journal] 

Can. J. Chem., 52, 1625 (1974) 

Introduction 
In the past few years there has appeared a 

plethora of atmospheric models, each using 
different assumptions concerning chemistry and 
dynamics such that the situation is sometimes 
confusing for those not in the mainstream of 
atmospheric modeling. Following the suggestion 
from the convener of the symposium, H. I. 
Schiff, I will attempt to outline some of the 

where Pi is the production rate of ni, Li (n, , . . ,  
n,, ... n,) is the loss frequency of n,, a n d  Qi is the 
flux of the ith constituent. The next few sections 
discuss the general problems involved in evalu- 
ating Qi, Pi, and L,, while the later sections discuss 
problems specific to CH,, HOX, NO,, and 0, 
chemistries. 

Flux Euuations and Trans~ort Data 
problems and limitations of the various ap- Experiments indicate that mo;ecular diffusion 
proaches used in modeling the stratosphere and is not adequate to describe the transport of mass 
mesosphere. Also I will discuss the uncertainties below about 90-100 k m  and one must invoke 
in the various parameters used which are crucial, transport by mean motions - circulation, and by 
such as eddy diffusion coefficients, chemical rate variation of atmospheric velocities about this 
coefficients, and fluxes. Part of what I temporal or average circulation - eddy transport. 

has been the previous In the stratosphere and mesosphere one 
reviewers. However, the following is an attempt normally assumes that eddy diffusion predomi- 
to highlight the problems in such a fashion that it nates over molecular diffusion. The usual one- 
will be useful to those not involved in atmospheric dimensional mixing length approx~mat~on to the 
modeling. vertical flux of a minor constituent is 

The determination of the properties of a fluid 
requires five equations, viz. the three equations of 
motion, the continuity equation, and the thermo- 
dynamic equation. Few studies attempt to solve 
all five equations simultaneously due to  their 
great complexity. Most aeronomic models use 
from one to three equations. The discussion 
following is centered on the equation of con- 
tinuity for k interacting constituents 

where f, is the mixing ratio (by number), M is the 
atmospheric number density, and K, is the vertical 
diffusion coefficient. HA, is the atmospheric scale 
height. The atmosphere is assumed to be at rest. 
Many dynamicists shudder at the thought of 
using one-dimensional eddy coefficients in a 
three-dimensional problem. Nevertheless, prop- 
erly used they are inexpensive, and can  assist in 
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determining the important processes occurring in 
the atmosphere. 

In two space dimensions (i.e. meridional and 
vertical) one no longer makes the a s s~~mpt ion  of 
a static background atmosphere. Allowing for 
mean motions and variations about the mean, 
Reed and German (1) suggested that the meri- 
dional flux be given by 

and the vertical flux be given by 

an,  i l ,  1 dn,  
[4] Q V i  = n,w - K Z E  - + - - K - az H dz  

where Kyy and KZ, are the horizontal and vertical 
eddy diffusion coefficients respectively. The 
vertical and horizontal components of the mean 
motion are MI and u respectively. Ky, is the term 
due to correlation between vertical and horizontal 
velocity fluctuations about the mean motion. 
Reed and German (1) show that K,, - EKyy, 
where E is the preferred or  mean mix~ng  slope. 
This means that if the mean mixing slope is greater 
than the mean mixing ratio slope (isoline) then 
contragradient transport can occur which is con- 
trary to  the simple Fickian diffusion model. 

The problem is in knowing how reliable the 
transDort data are. With this in mind the various 
methods of obtaining transport data are discussed 
along with the results obtained from some recent 
studies. 

Eddy transport coefficients are derived from 
manv sources. One method that has been em- 
ployed is the analysis of heat transport in the 
thermosphere and mesosphere (2). The main 
uncertainty is in the calc~llation of the heat 
sources. Vertical eddy coefficients have also been 
derived from analysis of gravity waves in the 
stratosphere and mesosphere (3, 4). The method 
used by Justus (4) is based on the relation be- 
tween KZ and the offset condition for dissipation 
of internal gravity waves obtained by Hines 
(5,6). The values obtained by Justus (4) probably 
represent upper limits to Kz.  Another method 
uses the result that the vertical distribution of 
some constituents depends sensitively on the 
interaction of chemistry and transport. By 
modeling the chemistry and varying K, one may 
compare the calculations with the measured 
vertical distribution of gas. Depending on the 
chemical lifetime of the gas one can probe dif- 
ferent regions of the atmosphere. This has been 

done using N 2 0  (7),  CH, (8), 0 ,  a n d  O2 (9). The 
reliability of this method depends very much on 
our knowledge of the chemical processes in- 
volved. Figure 1 shows some values of KZ now in 
use in atmospheric niodels. The consensus of the 
most recent st~tdies seems to indicate fairly rapid 
transport in the upper stratosphere and meso- 
sphere contrary t o  some older s t ~ ~ d i e s  (1 I). This 
means that many of the older aerononiic models 
may be inaccurate due to erroneous transport 
data. 

Heat transport data in the stratosphere have 
been utilized to d e d ~ ~ c e  two-dimensional K's 
(1, 12). Evaluation of these coefficients, however, 
is very susceptible to the availability of a large 
amount of reliable data. A colnparison of some 
eddy coefficients from two independent s t ~ ~ d i e s  
(1, 12), shown in Fig. 2, shows j ~ ~ s t  how sensitive 
the K's are to different data sets. T o  date the data 
compiled by Luther (12) seem t o  be the best 
available. Analysis of radioactivedebris deposited 
in the stratosphere has also yielded information 
o n  eddy coefficients. In this case the K's are varied 
to  obtain agreement between the measured and 
calculated distributions of radioactive debris. 
Some of the data from the study of Gudiksen 
et al. (10) are compared with the heat transport 
data in Fig. 2. Considering the complete set of 
data for 50 and 100 mb throughout the year, one 
finds that generally the largest values of Kyy and 
K,, are obtained by Reed and German (1) and the 
smallest values by Gudiksen et a/.  (10). For KEZ 
there is much less dispersion in the  three sets of 

w o ~ s v  a MCELROY 
A GLQXSEN erol 

JCXfNSOV 8 GOTTLEB ,',--] 
+ JUSTUS I 

FIG. I .  Vertical eddy diffusion coefficients us. altitude: 
Johnston and Gottlieb (2), Justus (4), Wofsy and McElroy 
(8), and Gudiksen et al. (10) (after Justus (4)). 
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I 

NORTH LATITUDE (DEGREES! 

FIG. 2. Profiles of two-dimensional eddy coefficients 
KzL,  KYI,  KsY US. latitude for the period January to March 
for a pressure of 50 mb. (- -) Reed and German (I); 
(--) Luther (12);  (---) Gudiksen et a / .  (10). 

data. The reliability of the data is such that for 
modeling it would seem appropriate to  investi- 
gate the effect of using all three data sets. 

Mean vertical and meridional velocity fields 
in the stratosphere and mesosphere have been 
deduced by Murgatroyd and Goody (13) and 
Murgatroyd and Singleton (14) on the basis of 
heat budget calculations, no allowance being 
made for eddy motions. More recent data has 
been analyzed by Vincent (15). He  calculated the 
mean meridional circulations from zonally 
averaged sources and sinks of momentum and 
heat. 

A few points are worth noting with regard to  
using K's in models. The observed mean wind 
fields and eddy coefficients are not independent 
since K,, is deduced on the basis of the mean 
deviation of the winds about the mean circulation. 
Thus it is not wholly consistent to  take a velocity 
field from one set of results and K's from another. 
Also transport data are a function of the space 
and time scales used to deduce them and so  K's 
obtained by s t ~ ~ d y i n g  large scale motions will be 
inappropriate for use in problems with a smaller 
scale, e.g. initial dispersal of a contaminant from 
an aircraft flying in the stratosphere. Lastly, we 
have implicitly assumed that the K's obtained by 
the different methods should be the same. This 

ATOSPHERIC-MESOSPHERIC MODELING 1627 

an air parcel (and so K)  will depend on the prop- 
erty of interest. For example the heat content of a 
parcel of air may equilibrate more or less rapidly 
with its surroundings than density. In addition to 
different K's for different properties, there may 
be different K's for different chemical species. 
This could occur due t o  different species under- 
going differing amounts of depletion inside the 
same air parcel because of different chemical 
lifetimes. A conlparison of the various relaxation 
times associated with mixing, chemistry, etc. 
would be illuniinating (cf: ref. 16). So f a r  this has 
not been done. 

A major problem with transport da ta  is that 
there is as yet no simple and inexpensive way of 
obtaining estimates of K, especially of the Kij. If 
this were so it w o ~ ~ l d  enable the models to much 
more readily incorporate feedback from the 
chemistry into the dynamics. 

Chemical Production and Loss 

The evaluation of Pi and Li in [ I ]  f r eq~~en t ly  
r eq~~i res  knowledge of solar fluxes and molecular 
absorption cross sections. Thus the uncertainty 
in these parameters will propagate nonlinearly 
into the solution for 1 7 ~ .  The status of solar fluxes 
and cross sections has been reviewed in detail at 
this conference (17, 18) and all 1 wish t o  do is to 
pick O L I ~  the most important points. 

Solar flux measurements are fairly well estab- 
lished in the spectral region A > 2100 A and for 
L, (17, 19,20). For A < 2100 A there still remains 
a problen~ particularly in the region A -1600 A, 
the region of the solar temperature minimum. 
This region, however, is not of direct interest to 
stratospheric and mesospheric chemistry. Rather 
it is the region 1800-2100A that is very impor- 
tant, since it is at these wavelengths that N O  and 
H 2 0  are dissociated in the mesosphere and that 
0, is dissociated in the stratosphere. 

It has recently been suggested that O, densities 
have been increasing in the past decade (21), and 
that the increase is due to  the gradual recovery of 
the stratosphere from NOx input by bomb tests 
in the period 1952-1962 (21, 22). In order to  dis- 
tinguish such variations of 0, (or a n y  other 
species) due to  man's activity from natural long 
term variability, it is important to know how solar 
radiation varies with time. According to  Heath 
(23), there is perhaps a 3% variation of solar 
radiation at about 3000 A, and about 6 x  vari- 
ation a t  about 1750 A with about a 22 month 

may not be so, since the effective mixing length of periodicity. Any longer term variations could have 
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been masked by the degradation of the instru- 
ments sensitivity. Obviously more work is required 
in order to obtain information on long term solar 
radiation variability. 

The attenuation of solar radiation in the 
stratosphere and mesosphere is dependent mainly 
on absorption by 0, and 0 , .  The main uncer- 
tainty is evaluation of the absorption of radiation 
by the Schuuman-Runge bands of 0, due to lack 
of accurate knowledge on the width of the lines in 
the bands (18). This appears to be an area which 
requires further experimental work. Absorption 
by CO, is also important in the upper mesosphere 
where CO, shields O,('A) from ionization (24). 
Absorption of L, by CH, and H,O is important 
in the mesosphere. Until the recent work of 
Ausloos et al. (cf. ref. 25) the dissociation prod- 
ucts had not been uniquely identified. Most of the 
cross section data for the more important reac- 
tions are reasonably well known. The most uncer- 
tain data is for the long wavelength tail of the H 2 0  
cross section. 

In addition to solar fluxes and cross sections, 
the solution of [ I ]  requires a fairly detailed 
knowledge of the reactions involved in the 
chemistry of n,. In the past few years there has 
been an explosion of work on reactions which are 
of interest to atmospheric chemistry. Most of this 
has been collected in National Bureau of Stan- 
dard Reports (26, 27) and has been carefully 
evaluated. One should caution, however, that the 
evaluators have sometimes been too intent on 
fitting rate data acquired over a large temperature 
range to a single Arrhenius' expression. This fre- 
quently results in expressions which are erroneous 
at stratospheric temperatures (e.g. CO, CH,). 

A point to note is that in the past many 
nlodelers have quoted other modelers' rate data 
without inquiring carefully into the pedigree of 
that data. This trait appears to have slowed down 
but I would still recommend checking carefully 
the information available for an important rate 
constant. 

There are still a good many reactions whose rate 
constants are not well determined. The reactions 
of importance are briefly discussed in a later 
section. In addition, there may be a good many 
reactions of which we are not aware, yet which are 
important to some aspect of stratospheric and 
mesospheric aeronomy. 

Approximations to the Continuity Equation 

There are various approximations used to solve 
the equation of continuity. The method fre- 

quently used in simplifying [l ] is to compare time 
constants associated with each term in the con- 
tinuity equation and retain those terms with the 
shortest time constants. Thus the time constant 
zc  associated with chemistry is l/Li (or nilpi). The 
diffusion time constant zK is approximately 
12/K where I is a length representative of the scale 
of the diffusion. Frequently the an/at term is 
driven by changes in solar insolation and so has 
a time constant -- 112 day except at sunset when it 
can become much shorter. 

The simplest approximation used is one of 
photochemical steady state which ignores 
motions and any time dependence. This seems 
reasonable if zc  << 1 day << zK for vertical mo- 
tion. One chooses a solar zenith angle and solves 
the equation. However, this approximation is also 
used if zc  > 1 day but with z, > zc,  i.e. one 
averages chemical production and loss over many 
days. A fixed solar zenith angle is assumed or else 
photodissociation rates are averaged over the day. 
This method seems quite reasonable in practice 
but has certain limitations. Choosing a fixed solar 
zenith or Joshua angle (Joshua 10.V13) can some- 
times lead to severe problems when the dissocia- 
tion rate is in the optically thick regime, e.g. the 
reason that the peak of the 0, distribution cal- 
culated by many authors is much higher than that 
observed, is that an average solar zenith angle of 
say 45-60" has been used when really most of the 
dissociation at a given altitude is occurring at 
much smaller angles. Another limitation is that 
the averaging process itself may not be appropri- 
ate. However, this turns out to be important only 
in the more complex systems (see later). 

In general in the stratosphere and mesosphere 
the time constants associated with diffusion are 
of the order of days or longer. Thus when flow is 
included in the continuity equation for calcula- 
tion of n,, i.e. V - Qi + 0, the common approxi- 
mation is to adopt average insolation conditions 
in order to avoid solving the complete time de- 
pendent problem. This again usualIy appears ade- 
quate but the previous caveats remain. Quite 
frequently in this type of calculation P i  and Li 
involve species nj, whose chemical time constants 
are much shorter than a day. In this case the 
photochemical steady state approximation is 
used to calculate the nj using conditions of 
averaged insolation and the nj are then used in 
Pi and Li. This type of averaging is more open to 
question. However, in many of the applications 
to date the calculations of the distribution of 
constituents ni with long time constants should 
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not differ by more than say 50% than those ob- 
tained from full (much more expensive) day-night 
time dependent models which are not normally 
run to steady state. For the constituents n j  (with 
zc << 1 day) the above calculations appear to 
yield reasonable average n j .  Obviously the daily 
variation of nj  will not be simulated. 

At first sight in the case with anitat =l= 0 one is 
limited in time stepping by the shortest time con- 
stant z,. However, this is not so, as reasonable (at 
least qualitatively) solutions may be obtained by 
taking large time steps if implicit-finite difference 
schemes ;re used to integrate. However, to my 
knowledge there does not appear to be, in the 
aeronomic literature, adequate documentation 
of the de~endence of either n: or the conservation 
properties of the solution on the values of the time 
step chosen (28, 29). 

In solving the continuity and flux equations for 
each constituent one requires two boundary con- 
ditions. The lower boundaries of many of the 
longer lived constituents are chosen to be fixed, 
eaual to the observed value if such is available. 
other conditions chosen are photochemical 
steady state, i.e. a boundary is chosen at a loca- 
tion where diffusion is not a controlling process. 
This is adequate for upper boundaries of con- 
stituents such as O,, and radicals such as OH, H, 
etc., in the stratosphere and mesosphere. Flux 
upper boundary conditions are also imposed on 
constituents such as CH,, N,O, etc. or NOx when 
one can better estimate the flux than a mixing 
ratio. 

For many of the modeling problems boundary 
conditions do not pose a major problem, but for 
constituents such as NOx, NH,, SO, tropo- 
spheric values of mixing ratios are not well deter- 
mined. Thus, picking a tropospheric value as 
representative of the base of the stratosphere is, at 
best, guessing. Since the errors in the boundary 
conditions can be expected to propagate into the 

FIG. 3. CH4-CO chemistry. 

region of interest this adds additional uncertainty 
to the calculations over and above that inherent 
in Qi, Pi, and L,. However, some of the potential 
uncertainties in ni due to boundary conditions 
are somewhat ameliorated by the presence of 
stratosphericsources which tend to overwhelm the 
effects due to boundary conditions. 

In the past, many modelers have chosen bound- 
ary conditions out of computational simplicity 
rather than with regard to the physics of the 
situation (cf. ref. 28). Consequently the results 
have been rather odd ! 

Individual Systems 

The following section is a brief discussion of 
the present status of our knowledge of the 
stratospheric and mesospheric cycles of relatively 
long lived constituents such as CH, and H,O and 
the reactions that occur as a result of their des- 
truction by sunlight or  radicals. 

CH4 
CH, is produced at the surface of the earth and 

is destroyed in the atmosphere. The reactions for 
the initial breaking of  the CH,-H bond, 

seem reasonably well identified (30, 31). In ad- 
dition, on the basis of laboratory chemistry, the 
eventual production of CH,O seems certain. 
Destruction of CH,O leads to CO and CO is, in 
turn, oxidized to CO, via 

This much seems reasonable since the calculated 
CH,O and CO densities tie in with measurements 
of these species in the air and in rainwater (cf. 
refs. 30, 32). Much less certain are the inter- 
mediate paths from CH,O, to CH,O. The sug- 
gestions to date are shown in Fig. 3, which 
schematically outlines CH, oxidation. The 
schemes to convert CH,O, to CH,O involve 
HO, and NO, radicals (31, 33) and thus CH, 
chemistry is linked to both HOx and NOx 
chemistry in a nonlinear fashion. Because of the 
lack of definitive rates this coupling has not been 
explored in detail although it could be of more 
importance than has been generally realized. 
CH, destruction also leads to production ofH, 
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and H,O (31) and thus to further coupling be- 
tween H,O and CH, cycles in the stratosphere 
and mesosphere. 

CH,, and CO in the lower stratosphere, have 
time constants long enough that transport 
process are very important in determining their 
distribution. A comparison of measured CH, and 
CO profiles with theory should lead to a better 
understanding of atmospheric dynamics. 

As pointed out by Burke (34) CH, may also be 
a source of ionization in the D region via photol- FIG. 4. H,O-HO, chemistry. 
ysis by L, 

(cf: ref. 25) followed by the chemionizing reaction 

H,O and HO, 
It was the classic work of Bates and Nicolet in 

1950 (35) that laid the cornerstone for aeronomy 
of H,O. In spite of the large amount of work 
devoted to study of H,O chemistry in the inter- 
vening years the most substantive theoretical 
developnient was the suggestion by Hampson 
(36) that O('D) (formed by photolysis of 0 , )  re- 
acting with H 2 0  was a source of HOx radicals in 
the stratosphere. The present chemical scheme is 
shown in Fig. 4. The main features are that there 
is a net transport of H,O to the troposphere and 
that the stratosphere probably acts as a source for 
H,. In addition both H,O and H, act as sources 
of the radicals H, OH, HO,. Some H,O flows 
upwards and is converted to H, and finally to H 
and escapes out the top of the atmosphere by 
Jeans escape (37). The basic flow pattern is shown 
in Fig. 5. This is based on the work of Hunten 
and Strobel (37). It does not include the H, 
source from CH, via CH,O which should modify 
the altitude of the flow reversals somewhat. 
Nevertheless the basic pattern should remain 
unchanged. 

The time constants involved for H,O and H, in 
the stratosphere and mesosphere range from a 
few thousand years in the lower stratosphere to a 
few days in the upper mesosphere and so the mix- 
ing ratios of H, and H,O must be determined 
using dynamics. However, the time constants in- 
volved in the production and loss of hydrogenous 
radicals HO, is usually much shorter and photo- 
chemical steady state calculations should be 
adequate for average daytime densities. A time 
dependent calculation is required, of course, to 
trace the radical densities throughout the night. 

FIG. 5. Flows of H 2 0 ,  Hz, and H us. altitude (after 
Hunten and Strobel (37)). 

Knowledge of the OH to HO, ratio is im- 
portant in the stratosphere (38). The  main reac- 
tions involved in determining this ratio in the 
mesosphere are 

M 
P I  H + 0 2  -. HOz 

and in the stratosphere 

Of the rate coefficients required for these schemes 
perhaps the most uncertain are [lo] and [I 1 ] 
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which are known only to within a factor of 3 [I61 N O +  h v - > N + O  

(26,27). Also, although of late the data on [I31 is [171 N + N O - N 2 + 0  
reasonably well determined at room temperature 
the activation energy is still not well known stratospheric NO from this source must be 
(39, 40) so that the OH/HO, rates cannot yet be from the ionosphere primarily 
well determined (by calculation) i n  the strata- during the polar nights. There is also much uncer- 
sphere. Other important reactions with poorly tainty concerning the N H 3  source since evalua- 
determined rates are the radical scavenging reac- tion of this source requires knowledge of NH3 
tions mixing ratios in the upper troposphere and this 

information is not available (however, see ref. 
[I41 O H  + HO, -> H 2 0  + 0, 51). In addition NH, low temperature oxidation 

[ I  51 H  + HOZ -> H2 + 0 2  
chemistry is not well known and one cannot pre- 
clude the possibility that destruction of NH3 

Knowledge of these rates is important in deter- leads to NO, destruction (44, 47, 52). 
mining the absolute OH, H 0 ,  densities and also our knowledge of boundary conditions of 
production ratesof H2O and H2. The latterquan- NO, leaves a lot to be desired. Knowledge of 
tities, however, are much less sensitive to changes NO, densities i n  ullpolluted environments i n  the 
in the rates of [I41 and 1151, since the production troposphere is very sparse, and in the past few 
rates are to a large extent determined by the rate year, we seem to have better height information 
of destruction of H 2 0  and H2, i.e. the V . Qi term 0, NO, in the stratosphere than in the tropo- 
does not dominate the continuity equation (cf. sphere (cf. ref. 53). The Llpper boundary con- 
ref. 37). dition is very important in determining meso- 

An important Process in the H2O cycle is the spheric NO densities (50). Normally either 
dissociation of H 2 0  which occurs primarily in assumed flux or measured mixing  ratios are 
the SchLluman-Runge (S.R.) and L~ applied (44). However, unless the model assump- 
regions. Calculation of the dissociation rate in the tions are wildly inaccurate, the uncertainty i n  the 
S.R. region is hindered through lack of accurate Upper boundary conditions does not propagate 

0 2  attenuation in the S.R. bands into the middle stratosphere (44). This is also the 
(18). In the L, region H2 is produced (cf. ref. 251, case for the tropopause boundary, i.e. for  reason- 
although many models have not included this able values of the tropopause mixing ratio the 
effect. error does not propagate more than some 5-6 km 
NO,  into the stratospher:. This is because strato- 

Nitrogen oxides, NO, ( = N O  + NO, + spheric sources of N,O dominated the effect of 
HNO,) have only recently been recognized as the boundary conditions (44, 54). 
playing an important role in stratospheric 0, The chemistry of NOx appropriate t o  the lower 
chemistry (41, 42). In solving the problem of the stratosphere is shown in Fig. 6. Many of the 
distribution of the oxides of nitrogen one finds important rates are reasonably well determined 
that there is a mixture of time constants involved. including the quantum yield for dissociation of 
The time constant for chemical distribution of 
NO, is much longer than a day while the time 
constants associated with conversion of one form 
of NOx to another are short, usually much less 
than a day. Hence it is usual to  assume steady 
state to calculate the internal distribution of NOx 
while including transport in the calculation of the 
vertical distribution of NO, (43, 44). 

The main sources of NO, are oxidation of 
N 2 0  (7,45,46) and NH, (44,47) and air fixation 
by cosmic rays (48). There is also the possibility 
of an NO source from ionospheric reactions 
(49). However, since the photolysis of N O  in the 
mesosphere leads to odd nitrogen destruction 
(5019 FIG. 6. NO, chemistry. 
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HNO, (Johnston, private communication, 1973). 
One parameter of importance not yet well deter- 
mined is the dissociation rate of NO in the 
6(0, 0) band (50, 55). As mentioned earlier there 
are still problems in calculating the attenuation 
by the 0, S.R. bands. Uncertainty in this param- 
eter will lead to deficiencies in attempting to 
model accurately NO, densities in the upper 
mesosphere. 

Below 30 km the time constant for photodis- 
sociation of HNO, is greater than 1 day. Thus 
below this height, HNO, should not, on average, 
change much due to daily variations in insola- 
tion, and day-night averaged dissociation rates 
should be appropriate for calculating HNO, 
densities. Such is not the case for NO, which has a 
dissociation rate - 100 s. Many calculations of 
NOx profiles have used average insolation con- 
ditions below 30 km to calculate NO, NO,, and 
H N 0 3  densities. This leads to problems when 
comparing calculated NO, densities with mea- 
surements, particularly NO and NO,. Con- 
verting the average NO, densities to equivalent 
daytime densities and comparing them 
with NO, densities calculated using insolation 
conditions more appropriate to a time dependent 
calculation, i.e. NOzD2, yields for the ratio of 
[NO,D2] to 

X is the [NO:l/[NO,] ratio, R is the [HN03]/ 
[NO,] ratio, both calculated for average insola- 
tion conditions, and ci is the ratio of daytime OH 
densities to 'average' densities. For altitudes 
30, 24, and 18 km, w = 1 .l, 1.3, 1.5 respectively. 
This also leads to inaccuracies in calculating odd 
oxygen loss rates. 

0 3 
The chemical time constants involved in the 0, 

or odd oxygen problem vary from a few hours at 
the mesospause to the order of a year at the 0, 
peak. Most models, because of this mixture of 
time constants, usually use average insolation 
conditions and ignore transport. As mentioned 
earlier a single average angle is usually not appro- 
priate due to the large 0, and 0, optical thick- 
nesses and generally leads to 0, peak heights 
which are not in agreement with observations. 

Photochemical steady state is appropriate 
down to about 30 km, since .c, >> r,,,, 2 1 h. 
Below 30 km, models with dynamics are re- 
quired. There have been some simple one- 
dimensional models (cf. ref. 33). However, the 
two-dimensional models of Prabhakara (56), Rao 
and Christie (57), and Hesstvedt (58) are more 
appropriate dynamically. The problems are 
uncertainty in the dynamical data and the inclu- 
sion of complex chemistry. From the point of 
view of examining key reactions and complex 
feedback mechanisms the one-dimensional 
models have not outlived their usefulness, but due 
regard should be given to their limitations. 

As has been discussed earlier 0 , ,  H,O, CH,, 
and NOx chemistries are all ultimately related. 
The largest chemical uncertainties at present 
pertain to reactions [lo], [l 1 ] in the mesosphere 
and the [12], [13] cycle in the stratosphere. This 
latter cycle itself is important not so much be- 
cause it destroys O,, but because O H  determines 
the amount of NOx tied up as H N 0 3  and HNO, 
does not directly affect 0, (44, 59). 

Recently Stolarski and Cicerone (60) and 
Wofsy and McElroy (61) have noted that chlorine 
containing compounds in the stratosphere could 
lead to a depletion of 0,. Much of the uncer- 
tainty in the conclusions is based on lack of 
knowledge of mixing ratios of C1 compounds in 
the upper troposphere. However, the agreement 
of the present models of 0, without C1 destruc- 
tion and 0, measurements above 30 km would 
seem to imply that C1 destruction of 0, is not a 
major loss for 0 , .  The main HO,, NO,, and 
C10, catalytic destruction cycles for 0, are 
shown in Fig. 7. 

Coupling 
The distribution of each of the species men- 

tioned previously is directlkor indirectly depen- 
dent on transport, and in turn each species is 
dependent on the interacting chemistries. Thus 
one cannot deal with the problem of determining 
the distribution of a stratospheric constituent 
in isolation. An example is the case of 0,-H,O 
chemistry where increasing H 2 0  leads to a de- 
crease in O,, but if the calculations are repeated 
including NO, in the scheme, 0, is increased. 
This is due to the O H  increase tying up more NO, 
as HNO,, resulting in less 0, destruction by NO, 
(33, 62). Another example is the N 2 0  source of 
stratospheric NO which is sensitive to 0, via 
optical thickness and OID effects (44). However, 
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u 
FIG. 7. O 3  chemistry. 

the change in N O  production concomitant with 
0, change is not as large as might have first been 
supposed (62). 

Another coupling mechanism is that due to 
temperature effects. Solar ultraviolet absorption 
by 0, is a major heat source in the stratosphere 
and several of the reactions in the 0, cycle are 
temperature sensitive. However, in this case the 
feedback is negative and a runaway effect is 
avoided when 0, is changed (57, 62). Thus a de- 
crease in O,, for example, leads to a decrease in 
heating and so temperature. A decrease in tem- 
perature leads to  a decrease in O, destruction 
compensating the original change. The dynamics 
of the stratosphere is a function of the 0, heating 
rate. Thus changing 0, will affect stratospheric 
motions which play a major role in the 0, budget 
in the lower stratosphere. The major chemical 
couplings between the various constituents them- 
selves and between them and temperature and 
dynamics are shown schematically in Fig. 8. 

w 
FIG. 8. Coupling in stratospheric-nlesospheric cheni- 

istry and dynan~ics. H and D represent heating and 
dynamics respectively. The double arrows indicate the 
more important couplings. 

The stratosphere-mesosphere region is not a 
closed box and so one must also be concerned 
with the relations between this region and the 
thermosphere and troposphere. The  thermo- 
sphere is a source of NO, which may affect O, 
chemistry. The biosphere is the source of many of 
the stratospheric species s~lch as N20(NO),  
CH,, Hz ,  and H 2 0 .  Thus changes in sources or 
sinks of speciessuch as these could lead t o  changes 
in 0, in the stratosphere in a time which would 
reflect the time constant of the species causing the 
change. In fact, it could be such changes that 
cause long term variations in 0, rather than solar 
insolation changes. 

Perturbations 

Underlying the current explosion of effort to 
explain the nat~lral stratosphere is the question 
'how will the stratosphere respond t o  a major 
influx of pollutants from anthropogenic sources 
such as  high-flying aircraft or space shuttles?' 
The main constituents which cause concern (at 
present) are H 2 0 ,  NO,, and C1 compounds. At 
present, no one has yet contradicted the con- 
clusion of Johnston (42) that introduction of 
NO, into the stratosphere in amounts com- 
parable to  nat~lral sources will lead to a reduction 
in 0,. Rather, it is the amount of the reduction 
which appears to  be the main cause for disagree- 
ment and even this appears to be coming to a 
consensus (perhaps prematurely considering our 
knowledge of stratospheric dynamics). H 2 0  from 
aircraft appears to be a much less serious hazard 
(33). The s i t~~a t ion  with regard to C1 from a 
shuttle could be serious. As for NOx, the  serious- 
ness depends on the number of flights per year 
(60, 61). 

What is at  least a little confusing in this highly 
political and controversial area is the lack of a 
standard in dealing with the effects of NOx (and 
C1) on stratospheric 0,. At present it would seem 
reasonable to use the data of Broderick et al. (63) 
on NO, emission projections for 1990 as a stan- 
dard against which other modelsco~~ld  bejudged; 
thus statements on the effects of SST fleets could 
be p ~ ~ t  in a much more reasonable perspective 
than they are at  present. 

This work was supported by a grant from the National 
Research Council of Canada. 
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The rate constant for the irreversible dehydration of a number of aromatic aldehyde 
hydrates has been measured. The hydrates were generated by constant potential elec- 
trolysis of the respective aromatic acid at a rotating disc electrode. The aldehydes a r e  
then further reduced to the alcohol. The rate constant can be calculated from the ratio 
of the concentration of intermediate aldehyde to the total concentration of products. 

The theory was further extended to include the reverse hydration of the aldehyde t o  
the hydrate and applied in the case of HZ-chlorobenzaldehyde. A value for the eq~~i l ibr ium 
constant of K = 1.30 2 0.25 was obtained for this reaction. 

On a mesurk les constantes de vitesse pour la dishydratation irrtversible d'un certain 
nombre d'hydrates d'aldthydes aromatiques. Les hydrates ttaient formts  par Clectrolyse 
i potentiel constant des acides aromatiques correspondants utilisant une tlectrode B 
disque rotatif. Les aldthydes peuvelit Ctre rtduits jusqu'au niveau de l'alcool. Les 
constantes de vitesse peuvent Ctre calcultes i partir des rapports de concentration d e  
I'aldthyde intermtdiaire sur la concentration totale des produits. 

On a tlargi la thiorie de f a ~ o n  i inclure I'hydratation de I'aldthyde pour reformer 
l'hydrate et cette thtorie a ttt appliquCe au cas du tn-chlorobenzaldthyde. On a obtenu 
une valeur de K = 1.30 t- 0.25 pour la constante d'iquilibre de cette rbaction. 

[Traduit par le journal] 

Can. J. Chem., 5.2, 1635 (1974) 

Introduction constant potential electrolysis at a rotating disc 

A method for determining the rate constant, electrode-has been published (1). The method 
was applied to the electroreduction of aromatic k,, for a chemical reaction coupled to an 

electrochemical reaction using the technique of carboxylic acids (2), an  example of the common 
ECE mechanism: 

OH H 
I 

H-C-OH 
I 

H-C-OH 

+ 2 e  + 2H' 4 

Where k,, k,, and P represent the rate con- is the heterogeneous rate constant for the first 
stants for the respective steps. The constant, k,, electron transfer, and f3 is the rate constant for 

'Present address: Research Chemistry Branch, Atomic the mass transfer conversion of 
Energy of Canada Limited, Whiteshell Nuclear Research D. 
Establishment, Pinawa, Manitoba ROE 1LO. The theory developed (2), was, however, 
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erroneously applied, and the data used were 
suspect due to the low buffer capacity employed. 
In the present communication the previously 
derived theory was reapplied to results obtained 
under more controlled conditions. 

Since such dehydration reactions have been 
shown to be reversible (2) an attempt to include 
this reversibility has been made. However only 
in the case of m-chlorobenzaldehyde was such 
an cxtension found to be feasible. 

electrode potential low so that the first electron 
transfer step is controlled by the heterogeneous 
electrochemical rate. If the degree of conversion 
of reactant to products is maintained below 
~ 5 %  then the reactant concentration can be 
taken as constant throughout the experiment. 

Condition (b) was applied in the present paper 
and values of k, were calculated using the derived 
expression for the ratio of concentrations, R, 
defined by (2) 

Theory [4] R = 
c,b + C,b 

The advantage of using the rotating disc C,b + C,b + CDb 

electrode is thacthe rate of convective diffusion - P2  - k2, - 2k2P exp (- Pt) + k22  exp (- Pt) 
of species to and from the electrode surface can 

- 
2P2 + tk2P2 - tPk2, - 2k2P 

be accurately controlled. Diffusion of species can 
be confined to a narrow layer of solution of where CXb are the bulk solution concentrations 
thickness 6 close to the electrode surface, where the respective species. 
6 is given by (3) Previously (2) the expression 

where D is the diffusion coefficient (cm2 s-') of 
the diffusing species, v the solution kinematic 
viscosity in (kg m- '  s-') x lo-' and o the 
angular rotation speed of the electrode in radians 
s-l .  

The rate constant for mass transfer is given 
by (4) 

C ~ I  !3 = DAlV6 s- '  

where A is the electrode area (cm2) and V the 
solution volume (cm3). 

The first electron transfer can be controlled by 
the rate of diffusion or the rate of electron 
transfer depending on the electrode potential. 
The second electron transfer is assumed to be 
always diffusion controlled at the potentials 
necessary to initiate step 1. The volume of 
solution is assumed large compared to that of 
the diffusion layer and the chemical step only 
takes place outside the diffusion layer. 

A number of different experimental conditions 
are possible; each necessitating a slightly 
different theoretical model. 

was used to estimate the value of k,. The 
proportionality constant for eq. 5 was calculated 
using a value of k, for benzaldehyde estimated 
from the data presented in Figs. 2 and 5 of 
ref. 2. k, for the other aldehydes was then 
calculated from eq. 5 by comparing the ratio R 
of that aldehyde at a number of values of Pt, 
to the value of R for benzaldehyde at the same 
value of pt. 

Equation 5 was obtained from eq. 4 by 
neglecting all the squared constant terms and 
limiting the analysis to times such that the 
linear terms in t can also be neglected. 

The terms in k2, and P' cannot, however, be 
eliminated since they are of the same order of 
magnitude as the exponential terms. 

Values of k, calculated using relationship [ 5 ]  
indicate that the rates of dehydration are in the 
following order for a series of ring-substituted 
aromatic acids: 

This is contrary to  the order expected on the 
basis of substituent effects. Also relationship I. Chemical Step - Irreversible [ 5 ]  implies that the largest instantaneous con- 

The for this situation has been pub- centration of intermediate be attained with 
lished (I). Two sets of experimental conditions the rate of dehydration This is opposite 
are possible. to the predictions of the theory presented (2). 

(a) The ~otent ial  is cathodic enough to make 
the first eiectron transfer step diffision con- 2. Chemical Step - Reversible 
trolled. The theory for the reversible case will only be 

(b) The reactant concentration is high and the solved for the experimental conditions actually 
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applied. These correspond to the assumptions The ratio, R, defined by the first equality in 
of l(b) above. The theory could be simply ex- eq. 4 will be independent of both lr, and (CAb) i .  
tended to include case l (a )  if necessary. Computation of eqs. 12 and 13 shows that the 

The scheme for the present situation can be individual values of C B b  and cCb become con- 
written as follows stant for larger values of Pt. Under these condi- 

C6l 
dC A= 0 tions dCBb/dt and dCCb/dt (eqs. 7 and 8) are both 

d t equal to zero; hence 

dC," - kfCBb - kbC," - PC," which leads to the relationship 
C8l ,t- 

c," k f 
d c,b -7=- 
-- 

~ 1 9 1  
CSl  - PC," 

C B  ( k b + P )  
d t 

For kb >> p ,  eq. 19 reduces to 
Equations 6 to 9 are subject to the followii~g 

conditions [201 C,b k f  
CT =kb 

[ l o ]  At t = 0 ;  CAb = (CAb)i Under these conditions the ratio of hydrate to 
[ l l ]  (C,b); = (C,bli = (CDb); = O aldehyde should be independent of electrode 

At t  > 0 ,  x = 8, all concentrations are equal 
to their bulk solution concentrations. 

(C,)i  refers to the initial concentration of 
species X. 

The above scheme can be solved by simple 
integration and by Laplace Transform to yield: 

1 exp (-crt) 
[13] ~ , b  = kfke(cAb)i 

ay  a(a - Y )  

where 

[ l 5 ]  cr = 0.5[0 + (8' - 4pkf )1 i2 ]  

[I61 y  = 0.5[8 - (8' - 4pkf)"'] 

and 

[I71 0  = ( k ,  + kb + p )  

rotation speed. 
For kb << p ,  eq. 19 becomes 

which is equivalent to the irreversible case. 
Equation 19 offers a simple means of separa- 

ting k f  and k,. For large enough values of P t  the 
slope of the plot of alcohol concentration (CDb) 
against t  should be linear yielding an estimate 
of Ccb. C B b  can then be obtained from the an- 
alyzed yield of aldehyde, CBb + Ccb.  If the 
analysis is repeated for a number of P values, 
kf  and kb can be calculated. 

The consistency of the values obtained could 
be checked in the following manner. Using the 
values of kf  and kb as calculated by the above 
method a value of the equilibrium constant, K, 
can be used to compute the theoretical product 
ratio, R, as a function of Pt for a series of kf  
values. Comparison with the experimental ratio 
would then enable k f  and k ,  to be calculated. 

Previously (2)  the separation of k ,  into kf  
and kb was affected using the equation 

For short times 

Equation 23 can be shown to apply, under the 
present conditions, only in the time interval 
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t 5 1 h; a range which is experimentally difficult 
to investigate. 

The method employed in this paper however 
uses the data obtained over the whole time range 
of the electrolysis. 

Experimental 
The experimental niethod previously applied (2) was 

again used to follow the concentrations of products. 
Since the theory is based on the conversion of less than 
5% of reactant to product the use of an "in sirlr" technique 
such as i.r. spectroscopy is subject to the disadvantage 
that the signals from the products are swamped by that 
of the reactant. Since concentrations of products rarely 
exceed M in solution, quantitative analysis using 
n.m.r. was not considered. 

Because both aldehyde and alcohol concentrations 
must be known as a function of time, any method of data 
acquisition not involving an interruption of the electrolysis 
current necessitates a sampling technique. 

G.1.c. was deemed the most i~seful technique to 
quantitatively separate the products from reactant since 
in this case treatment of the sample to remove excess un- 
reacted acid was not necessary. 

1.r. spectroscopy was found to  be useful only in the 
case of salicylic acid, where the aldehyde and alcohol 
absorbances aresufficiently distinct to be used for analysis. 
Even in this case error is introduced by the necessity to 
remove unreacted salicylic acid. 

The experimental set-up and electrode design have been 
previously described (2). A number of modifications were 
incorporated into the experimental procedure and these 
are explained below. 

W0rkirr.y Electrorle 
In the present work the electrode, once prepared by 

electroplating mercury on copper from acidic Hg(N03)2, 
was stored under mercury between runs, replating being 
unnecessary. On storing, copper amalgam separated out 
on the surface of the electrode but could be removed by 
excess mercury. This method of electrode maintenance 
led to better reproducibility than if the surface was re- 
plated between each run. 

The condition of the electrode surface changed slightly 
over the period of a long (9 h) electrolysis. This can be 
seen by the change in Tafel slope and the lowering of the 
overvoltage in 1 N HCI, Fig. 1. The slightly lower over- 
voltage on the plated electrode can be accounted for by 
the catalytic action of copper dissolved in the mercury 
(8). Figure 1, plots 3 and 4, indicate that the electrode 
deteriorates somewhat throughout the electrolysis. 

Apparatrrs 
Constant potential electrolyses were performed using 

a potentiostat (Wenking Model 70 HP  10 or Chemical 
Electronics Type TR 70-2A) and a Beckmann Rotating 
Disc electrode unit. Chemical analyses were performed 
on an F and M 402 Gas Chromatograph using a silicone 
gum rubber SE52 column, and on a Unicani SP 800 U.V. 

spectrophotometer. 

Analysis 
The main analytical method was g.1.c. as previously 

reported (2). The products from the electrolysis of 

POTENTIAL 

FIG. 1. Steady-state current Voltage plots recorded in 
1 N HCI for various electrode conditions; ( I )  pure H g  
pool electrode, Tafel slope = 120 mV; (2) Cu electrode, 
170 mV; (3) mercury-plated copper electrode prior to 
electrolysis; 140 mV; (4) plated electrode after a 3 h 
electrolysis, 150 mV. 

I :  , , ; .  
, m - SIIICILAIDEUYOE(~~ . t l s r )  

I !  
3 ,  , , 

..... I A l l C l l  ALCOHOL ( " . , . . IALICILAIE AN~DU (llwltmr) 

200 300 350 4 9 4  

R I Y E L E H G I H  

FIG. 2. U.V. characteristics of peaks used for analysis 
of electrolyzed salicylic acid solutions. 

salicylic acid were analyzed by U.V. spectrophotometry. 
Figure 2 shows the absorbance characteristics. 

The products were extracted into ether, and analyzed 
directly. In the case of salicylic acid the extract was 
neutralized with sodium carbonate to remove the acid. 
The acid was then estimated from the salicylate anion 
absorbance in aqueous solution. In all other cases the 
acid was estimated using g.1.c. as the methyl ester formed 
by reaction with diazomethane (5). 

Product identification has been previously described 
(2). However identification of the alcohols by re-oxidation 
to the acid was inconclusive. A more positive identifica- 
tion was achieved bq constant potential electrolysis of a 
standard aldehyde sample at the rotating disc electrode, 
a t  potentials on the plateau of the waves attributed to the 
reduction of aldehyde to alcohol (6, 7). Coulometric 
analysis showed that in all cases reported the number of 
electrons transferred n = 2 t 0.2. T h e  g.1.c. peaks 
obtained from the products coincided with those attri- 
buted to alcohol in the reduction of the acid at higher 
potentials. Further evidence was obtained by a second 
electrolysis of the sample (already electrolyzed) at lower 



Chemicals 
The aromatic acids were from Eastman Kodak 

(Highest Purity) and were used without further purifica- 
tion. The phosphate buffers were BDH (Analar grade) 
as was the HCI and boric acid. 
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Solutions 
The composition of the solutions was as follows; 

0.6 M KC]; 0.8 M phosphate buffers to p H  6.2; 0.1 M 
aromatic acid. Where necessary the p H  was adjusted to 
6.2 using 1 N HCI or 1 N NaOH. In the electrolysis of 
salicylic acid KC1 was 0.35 M and H3B03  0.25 M. The 
conditions for salicylic acid were identical to those used 
previously. During experiments a t  high buffer capacity 
the p H  was maintained by manual addition of HCI a t  
regular intervals. This was necessary because of the 
simultaneous hydrogen evolution. 

potentials where only Step 3 could occur (i.e. aldehyde 
2e+2H+ - alcohol). Subsequent g.1.c. analysis showed the 
aldehyde peak to have disappeared and the alcohol peak 

80 to have increased. 

Cl~oice oj'Esperin7ental Cotzditiot~s 
In order to obtain reasonably high concentrations of 

products a sufficiently cathodic potential was necessary. 
However, increasing the potential cathodically led to a 

large increase in the hydrogen evolution current. This 
had two effects. First the condition of the electrode 
deteriorated. This could be observed by a test similar to 
that demonstrated in Fig. 2. Secondly if the evolution of 
gas bubbles was too copious the results obtained became 
erratic. 

ALDEHYDE Y,ELD ,lDSMol,s 

Results and Discussion 
Figures 3 and 4 show the aldehyde and 

alcohol yields as a function of time for a number 
of aromatic carboxylic acids studied. Unlike the 
aldehyde yields obtained previously (2), the 
present plots, Fig. 3. attain a plateau value as 
predicted by the theory. 

Figure 5 shows the product ratio analyzed 
according to the irreversible scheme with the 
conditions stated in section 1(b) of the theory. 
The values of k ,  taken from this figure are 
tabulated in Table 1. 

The values of k ,  for benzoic acid and p-CH, 
benzoic acid can only be considered as order of 
magnitude estimates since they are close to the 
limits of applicability of the theory. The plot for 
salicylic acid was outside the range of the 
theory, and no value for k ,  can hence be esti- 
mated. 

Similar plots to those of Fig. 5 for data 
obtained in solutions of low buffer capacity (2) 
fall below the plots obtained in the present work. 
For benzaldehyde and p-methylbenzaldehyde 
they fall outside the range of the theory. The 

TIME 

FIG. 3. Aldehyde yields as a function of time for 
various aromatic carboxylic acids = s-' (a = 
2300 r.p.m.). 0, 177-chlorobenzoic acid electrolyzed at 
E = -1.95 V; 1, benzoic acid, E = -1.95 V; 0, 
salicylic acid, E = -1.95 V; r, p-methylbenzoic acid, 
E = - 2.01 V; 0, o-chlorobenzoic acid, E = -2.01 V. 

FIG. 4. Alcohol yields as a function of time. Legend 
same as Fig. 3. 
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TABLE 1. Values of the rate constant kz  
-- 

Compound k,  

Benzoic acid -]0-2 s - l  

p-CH, benzoic -10-2 s-1 
o-CI benzoic 6 x s-' 
ril-CI benzoic (1.5 to 2.0) x l o 4  s- '  

I -+-->,/>------ 
a / J n  

FIG. 5. Data of Fig. 3 and Fig. 4 plotted according 
to eq. 3 for the irreversible case. e, nl-chlorobenzoic acid; ., o-chlorobenzoic acid; V, benzoic acid; 0, p-methyl 
benzoic acid; 0, salicylic acid. Plots are theoretical 
curves for var~ing values of k z ;  (1) lod5  s- ' ;  (2) 2 x 

(3)4 x (4) 8 x (5) 1.6 x (6)  3.2 
x (7) 6.4 x (8) 1.024 x (9) 1.024. 

effect of the buffer capacity on the product ratio 
for benzaldehyde is shown in Fig. 6.  

For the values of k,, tabulated above, to be 
meaningful the product ratio must be inde- 
pendent of the buffer capacity. Unfortunately 
attempts to obtain data at higher buffer capacities 
were frustrated for the reasons stated-in the 
experimental section. 

However, confidence can be placed in the 
present results for the following reasons. 

1. The concentration of intermediates attains 
a plateau when plotted as a function of pt. 

2. Chemical analysis indicated yields in the 
range 85% to 90%, except in the case of salicylic 
acid. No dimeric or polymeric products were 
detected. Such an analysis, however, can only 
be considered approximate since it involved a 
calculation made on a very small conversion of 
reactant to products. Percentage yields based on 
synthetic scale experiments (9) were in the range 
70 to 80%, indicating a substantial loss of 
reactant via side reactions. However the last 
experiments were performed with much smaller 
buffer capacities than those employed in the 

VOL. 5 2 .  1974 

FIG. 6. Product Ratio, R, for electrolysis of benzoic 
acid at E = - 1.95 V in phosphate buffers (pH 6.2) for 
varying total buffer concentrations. (1) 0.8 M total buffer 
concentration + manual pH adjustment with 1 N HCI. 
(2) 0.15 M total buffer concentration + manual p H  
adjustment. (3) 0.074 M total buffer concentration + rro 
adjustment. 

present work, in order to obtain high current 
efficiencies. 

3. The coulometric experiments performed on 
the aldehydes yielded values for n = 2.0 + 0.2. 
This indicates that the conversion of aldehyde 
to alcohol proceeds efficiently with very little 
loss of material in side reactions. Hence any 
significant loss of material in the overall reduction 
of acid to alcohol must occur in the first electron 
transfer step. However the calculation of k, is 
independent of the rate of this step and only re- 
quires that it be constant. Hence loss of material 
in side reactions a t  this stage of the process will 
not affect the calculation of the chemical rate 
constant, providing the rate of production of 
intermediates is constant. That this is in fact 
the case can be seen by plotting the total product 
yield, CBb + CCb + CDb, as a function of time. 
Straight lines passing through the origin were 
obtained in all cases except that of salicylic acid. 
The slope of such a plot would in fact yield a 
value for k,. Deviations from linearity were 
observed for previously obtained, Figs. 1 and 
16 of ref. 2. 

For the solutions of low buffer capacity, Fig. 6 
plots 2 and 3, the aldehyde yields showed a 
peak when plotted against the electrolysis time. 
This could be accounted for by a decrease in the 
electrochemical rate for the first electron 
transfer step. This was also indicated by a 
corresponding decrease in the rate of production 
of alcohol and a fall in the percentage yield. 
The amount of acid converted to products, 
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TABLE 2. Data for ni-chlorobenzoic acid at - 1.95 V 

k r  and kb  
w(r.p.m.) 6 cm b s-' CCb/Csb (s-I  x lo4) 

(0) 500 2.25 x 4 . 6 4 ~  lo-' 1.10 (kr ;  4 .82;  10.78; 2.65) 
(6)  1285 1 .40x lo -3  7 . 5 ~ 1 0 - '  1.07 (k,,; 3.92; 10; 1.70) 
(c) 2300 1.05 x lo-4 0.98 (K; 1.23; 1.08; 1.56) 

however, did not fall substantially, as demon- 
strated by the analysis of unreduced acid. 

Hence the main effect of low buffer capacity 
would appear to be to cause a local p H  increase 
close to the electrode surface, leading to possible 
dimerization or polymerization products, rather 
than a decrease in the electrochemical rate. 

A similar decrease in the aldehyde to alcohol 
ratio was noted at low p H  values. In this case 
the ratio was not only dependent on the buffer 
capacity but was reduced even in well buffered 
solutions. This can be attributed to acid catalysis, 
leading to a large proportion of the chemical 
reaction taking place within the diffusion layer: 

OH 
I 

CHO 

The data obtained for salicylic acid did not 
permit the calculation of a value for k,. Possible 
explanations for this are : 

1. k, is very fast and a substantial degree of 
conversion of hydrate to aldehyde occurs within 
the diffusion layer. This would lead to an in- 
crease in the rate of diffusion of the aldehyde 
back to the electrode and hence a smaller pro- 
portion of aldehyde in the total analysed product. 

2. The estimated yield of product in the case 
of salicylic acid was around 70% under the 
conditions employed, indicating a possible loss 
of products to dimers and polymers. 

3. In the U.V. analysis for salicyl alcohol, 
unreduced acid was removed by treating the 
other extracts with dilute aqueous alkali. Loss 
of salicylaldehyde, which is soluble in alkali, 
could be observed by the decrease in its U.V. 
absorbance on successive treatments. The alcohol 
absorbance was unaffected. 

Reversible Analysis 
Equation 19 offers a means of examining the 

reversibility of the dehydration reaction. Varia- 
tion of the angular velocity of the electrode, and 
hence p, should yield data from which k, and 
k, can be calculated. However only in the case 
of m-chlorobenzaldehyde were the product 
yields sufficiently high to give reproducible 
changes in product ratio with changes in P. 

In the case of benzoic acid the experimental 
product ratio was insensitive to changes in P. 
This is equivalent to the condition expressed 
by eq. 20. Hence 

This is not a surprising result considering that 
when treated as irreversible the dehvdration 
rate constant, I<,, is at the upper limit of measure- 
ment for the theory. 

For o-chloro- and p-methylbenzoic acids the 
product yields were too small to yield meaningful 
changes in product ratio on changing P. This 
could be improved by an increase in cathodic 
~otential.    ow ever this leads to scattered data 
for the reasons stated in the experimental section. 

The results for m-chlorobenzaldehyde are 
listed in Table 2, yielding the k, and k, values 
shown. 

The values of k,, k ,  show a large spread when 
determined by this method. However, the 
equilibrium constants calculated on the basis of 
these values are quite accurate and can be used 
to calculate more accurate value for k ,  and k,. 

The data of Table 2 lead to the value 

Using a value of K = 1.3 a series of product 
ratio calibration plots were constructed. Fig. 7 
shows the experimental data and the closest 
fitting theoretical curve, yielding 



calibration curves for K = 1.05 and 1.55 and 9. D. w. SHOESMITH. Ph.D. Thesis. University of 
computing maximum and minimum values of Newcastle-upon-Tyne,~ngland, 1970. 

k, and k,. This, taken together with the spread 
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REVERSIBLE C H E M I C A L  REACTION of data around the theoretical product ratio, 
I I I leads to the estimated errors quoted above. 
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The Interaction of Electrochemically Produced Radical Cations with 
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Relatively stable radical cations of 9,lO-diphenylanthracene (DPA) were formed by con- 
trolled potential electrolysis of solutions in acetonitrile. The rates of decay of the ions were 
measured in the absence and presence of substituted styrenes, including a-methylstyrene, 
trans-13-methylstyrene, p-methylstyrene, and styrene. In rigorously dried solvent the radical 
cation was relatively stable, and its rate of decay was independent of its initial concentration. 
In the presence of monomers the rates of decay were increased greatly and were related to the 
position of the methyl substituent in the styrene structure. 

The rate was proportional to [DPA?][MI2. A mechanism is suggested and interpreted t o  
show that the rates of cation decay are indicative of the rates of propagation in the polymeri- 
zation process. 

L'Clectrolyse potentiels contr81es de solutions dans I'acetonitrile du diphCnyl-9,lO anthra- 
cene (DPA) pernlet d'en obtenir les radicaux cations qili sont relativement stables. Les taux d e  
dCcomposition des ions ont ete mesurCs en I'absence et en presence de styrenes substitues in- 
cluant I'a-mtthylstyrene, le B-methylstyrene-~I.~II.Y, le p-methy lstyrene et le styrene. Dans des 
solvants parfaitement anhydres le radical cation est relativement stable et son taux de dtcom- 
position est independant de sa concentration initiale. En presence de monomeres les taux d e  
dCcomposition augmentent considCrablement et sont relies a la position du substituant niethyle 
dans la structure du styrene. 

Le taux est proportionnel a [DPAt][MI2. On suggere un mecanisme qili est interprktk pour 
montrer que les taux de dCcomposition du cation representent les taux de propagation du pro- 
cessus de polymtrisation. [Traduit par le journal] 

Can. J .  Chem., 52. 1643 (1974) 

In electrochemically initiated polymerizations 
the electron transfer may take place directly to 
the monomer (1) or indirectly through the forma- 
tion of an  intermediate generated a t  the electrode 
(2, 3). If the intermediate is sufficiently stable 
diffusion from the electrode can be ignored as a 
rate-determining step. Under these conditions 
the interaction of the intermediate with the 
monomer can be studied under homogeneous 
conditions and the kinetics investigated in terms 
of elementary process steps. 

Although long-lived anions are well known 
(4), have been generated electrochemically (5, 6), 
and their subsequent interaction studied (7), 
corresponding studies on radical cations are 
relatively few. 

Mengoli and Vidotto (8, 9) have shown that 
long-lived cations can also be gznerated electro- 
chemically. In view of the fundamental impor- 
tance and generality of such studies we began 
an investigation to confirm some of Mengoli 
and Vidotto's results and to expand the study 
of stable radical cation interactions to  other 
monomers and systems. Our aim was to  apply 

the methods of competitive kinetics in a manner 
analogous to that employed in kinetic spectro- 
scopy. The decay of the radical cations can be 
measured in the oresence and absence of mono- 
mer. A comparison of the total decay rates is 
therefore obtained, which, for low concentration 
of monomer, should yield the rate constant for 
the initial step in the polymerization process. 

Experimental 
The electrolyses were performed at constant electrode 

potential in the cell shown in Fig. 1. During the electro- 
lysis a characteristic deep blue color of the  diphenyl- 
anthracene (DPA?) radical cation was observed. 

The decay kinetics were measured at a rotating disc 
electrode sealed into the same cell. For the kinetic studies 
various amounts of monomer were injected into the cell 
and the rate of radical cation decay was measured as 
before. A Model 170 Electrochemistry System (Princeton 
Applied Research Corporation) was used ,both for the 
generation of the radical cation and for the electro- 
analytical determination of the rate of decay. 

The reference electrode was a Ag-AgC10, couple in 
CH,CN saturated with LiCIO,. The cations were 
generated at a controlled potential of 1.3 V relative to 
this couple. Electrolysis for a period of 5-10 min pro- 
duced a concentration of radical cations of 2-3 x lo-, M 
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FIG. I .  Electrolytic cell with: (0) rotating disc 
electrode; (b) Ag-AgC10, reference electrode; (c) analy- 
tical counter electrode; electrolytic working electrode; 
(d)  electrolytic counter electrode; ( P )  magnetic stirrer, 
(f) carbon b r ~ ~ s h  contact; (g) burette. 

in a solution volume of 30 ml. The temperature was 
maintained at 0 'C by circ~~lation of thermostatically 
controlled coolant t h r o ~ ~ g h  the outer jacket of the 
reaction cell. 

For the analytical deterniinations of [DPA?] a Pt 
rotating disc electrode. 2-nini diarneler, was polarized at 
0.8 V and the liniiting current was measured. 

Mn/e~,irrl~ 
Monomers, s ~ ~ b s t i t ~ ~ t e d  styrenes, were dr~ed over CaHZ, 

then passed t h r o ~ ~ g h  an alumina co i~~n in ,  and finally 
fractionally distilled at reduced pressure. Acetonitr~le 
was dried over CaSO,, fractionally distilled, and stored 
over a molec~llar sieve. Methylene chloride was dried 
over PZO, prior to fractionation and s to~age.  Tetra- 
butqlammonium perchlorate (TBAP) was dried In vacLlo 
at 90 C. 9,IO-Diphenylanthracene (DPA) was obta~ned 
in high p ~ ~ r i t y  (Aldrich) and c~ys~allized From alcohol 
before use. 

It was essential to confirm that the rotating 
disc electrode was providing reliable analytical 
data, and that these data were comparable to 
those obtained with diffusion limited electro- 
analytical techniques. The c r ~ ~ c i a l  experimental 
test is the check of the predicted linearity of the 
square root of the rotation rate versus the limit- 
ing current ( I  I). This test is shown in Fig. 2. 
Furthermore, an independent check by means of 
a stationary electrode, with periodic renewal of 
the diffusion layer, provided resi~lts which were 

FIG. 2. Variation of limiting current with for the 
oxidation of M DPA at the RDE; [TBAP] = 5 x 
lo-' M in CH3CN; T = 0 "C. 

in agreement with those obtained a t  the rotating 
disc electrode. It was therefore concluded that 
the analytical technique was reliable. 

The rate of decay of D P A i  in CH,CI\I (in 
the absence of monomer) was found to be 
independent of its initial concentration and t o  
proceed at  a constant rate, in keeping with zero 
order kinetics. The data in Table I show a rate 
of decay which is essentially constant over a 
250:7, change in initial concentration. 

TABLE I. Decay of DPAt in absence of monomer 
. - - - - - -- - 

- - - -- -- -- 

[DPA+Io x 10'' Rate of decay x 10' 
(mol I - ' )  (mol I - '  min-I) 

- - 

This r e s ~ ~ l t  was unexpected and quite surpris- 
ing. Mengoli and Vidotto (9) a n d  Sioda (10) 
have both recorded first-order decay. However, 
on re-examination of their experi~nental condi- 
tions it was noted that such behavior was 
obtained onlv on addition of water to the 
reacting system. The  equation given by Sioda is 

The  second term becomes negligible only a t  
concentrations of water > I M. 
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TABLE 2. Rate of D P A t  reaction in presence of monomers 

p-Methylstyrene trans-p-Methyls tyrene 

Apparent Apparent 
[Mlo rate constant [Mlo rate constant 

(niol 1-') (min-l) (mol I - ' )  (mind')  

In the presence of monomer however, the rate 
of DPA: decay becomes of first order. The 
data at 0 "C for a number of initial concentra- 
tions of monomer are shown in Figs. 3 and 4 
for styrene and a-methylstyrene. The relevant 
pseudo first-order constants (from the slopes of 
such curves) are listed in Table 2. A number of 
points are immediately evident from the data. 
The rates of disappearance of the radical cations 
show a first-order dependence on [DPA*], are 
sensitive to the concentration of monomer, and 
depend on the structure of the monomer. Each 
of these points deserves further elucidation and 
comment. 

FIG. 3. Decay kinetics of DPAt  at 0 'C in the 
presence of variable concentrations of styrene; [TBAP] = 
5 x M in CH3CN. 

The dependence of the rate on the first power 
of the [DPA*] is in keeping with results of 
other studies (12) but should be contrasted with 
the results obtained in the absence of monomer. 
Results with three different initial concentrations 
of DPA: fall accurately on the same linear 
semi-log plot shown in Fig. 5 ,  and differ markedly 
from the concentration independent, zero-order 
data found in the absence of monomer. 

An inspection of the data in Table 2 and of 
Figs. 3 and 4 further shows that the rate de- 
pendence on monomer concentration is not 
linear or first order. Indeed the initial rate of 
disappearance of the radical cation depends on 
[MI:. This is shown quite conclusively in Fig. 6. 
Thus the overall kinetics were of the form 
-d [DPA*]/dt = k[DPAt][MI2. Inasmuch as 
the monomer was in considerable excess relative 
to the concentration of DPA* the concentration 
of monomer was essentially at its initial value 
[MI, during the experiment. 

It was also important to determine that the 

TIME ( m ~ n  ) 

5. Decav kinetics at various initial concentra- 
TI~:F , , . , : , , I  tions of DPA+ a t 0 " ~  with 0.47 Mstyrene and  5 x 

FIG. 4. Decay kinetics of DPAf at 0 "C in the M TBAP in CH3CN: 0, [DPA?Io = 2.5 x M; 
presence of variable concentrations of a-methylstyrene; m, [DPAt],  = 5.0 x M ;  A, [DPA+], = 7.5 x 
[TBAP] = 5 x M in CH3CN. 10-A M. 
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3;, 0,2 0,4 0,6 0,B 1: 1 . 4  1; 

FIG. 6. Second-order dependence on monomer con- 
centration at  0 "C of: A, p-methylstyrene; e, trans-8- 
methylstyrene; 0, styrene (top axis); 0, a-methyl- 
styrene; [TBAP] = 5 x lo-' M in CH,CN. 

TIME i l n ln l  

FIG. 7. Decay kinetics of D P A t  at  0 "C in the 
presence of a fixed concentration (0.1 M )  of several 
monomers: A, p-methylstyrene; e, tra1is-(3-methyl- 
styrene; 0, a-methylstyrene; 0, styrene; [TBAP] = 5 x 
10-2 M in CH,CN. 

supporting electrolyte was not interfering with 
the rate of DPA: decay or otherwise influencing 
the interaction with the monomer. Experiments 
were performed at several concelltrations of 
TBAP and no measurable change in rate of ion 
decay was observed. 

The effect of monomer structure on the rate 
of interaction with D P A i  is shown in Fig. 7. 
The rate decreases with decrease in the electron 
withdrawing power of the substituent group. 

A comparison of a-methylstyrene and trans- 
p-methylstyrene is particularly interesting. From 

the structures, it appears that the smaller steric 
hindrance of the trans-p-monomer accounts for 
its greater reactivity. 

Discussion 

In order to provide a rational interpretation of 
the kinetic results, one must consider mechan- 
isms which are compatible with zero-order decay 
of DPAi  in the absence of monomer and first- 
order decay when monomer is present. Further- 
more the mechanism must show second-order 
dependence on the monomer concentration. 

The zero-order decay of DPAt  is indicative 
of a surface or diffusion limited process and may 
be due to a low concentration of reactant inter- 
acting with the DPA:. Spontaneous change in 
the DPA: radical cation cannot occur as this 
would similarly introduce a concentration 
dependence. In the presence of traces of water 
or added nucleophiles the rate of radical cation 
decay is greatly accelerated and the rate becomes 
dependent on the D P A i  concentration. It is 
noteworthy that the concentration independent 
decay is observed only in systems where the 
D P A i  shows the longest life-time and where 
the impurity levels have been reduced to very 
low levels. 

The second-order dependence on  monomer 
concentration is consistent with the following 
mechanism. 

k l 
[I] A t  + M + A M +  

k-1 

k2 
[21 A M t  + M + A M z +  

On the stationary state assumption this leads 
to a rate 

d[Af] - k2kl[Ai][M]2 
d t k-1 + k,CMI 

The limiting rate when k- I >> k, [MI indicates 
that the rate constant is k,Kl (where K, is the 
equilibrium constant k,/k- ,). An alternative 
interpretation based on a fast pre-equilibrium 
followed by a slow reaction leads directly to the 
same formulation. The rate constant k, is 
identified with the rate constant for propagation 
of the polymer chain. 

Dietz and Larcombe (12) consider that the 
equilibrium constant K1 must be small. They 
note that with a nucleophile, Nu, the equilibrium 
is displaced to the left. They argue that when 2 
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is formed by electrochemical reduction of a 
dication, the nucleophile should be lost and the 
radical cation produced. Their cyclic voltammo- 
grams support this interpretation. 

At the inception of this work the intention 
was to compare the rates in the presence and 
absence of monomer according to the rate 
scheme 

k d  

PI A t  + X} Rate I 

k ,  
141 A t  + M + M ~  + A  

Rate 2 
k, 

[51 M t "  = M + Mt",,  

At low concentrations of M the rate constant ki  
was to be evaluated by extrapolation to zero 
concentration of monomer. 

The observed kinetics forced us to abandon 
this approach as the rate dependence was not 
that expected from previous studies. The rate 
constant can be interpreted as reflecting the 
propagation constant for the polymerization, 
k,, which is k2 of reaction 2. 

No fully satisfactory explanation is evident 
for the differences in kinetics found from those 
reported by Mengoli and Vidotto (9) and 
Sioda (10). Although Sioda reports that first- 
order decay is observed for DPAt  even in the 
absence of water, he limits his consideration to 
a minimum water content of <0.03% and his 
data are based on higher water contents. It is 
possible that the residual water leads to the 
kinetic differences observed. 

Preliminary studies with methylene chloride 

as solvent have shown that the choice of solvent 
will affect the rate of radical ion decay and of 
polymer formation. This is probably a mani- 
festation of the effect of dielectric constant on 
an ionic reaction. The role of ion pairs has not 
been considered in our kinetic treatment, but 
the rate constant for addition of monomer may 
reflect the ionic environment of the reacting 
entity. These effects will be investigated in 
further studies. They may account for the 
different kinetic behavior observed by Mengoli 
and Vidotto in some systems (9). 

In any polymerizing system the rate constant 
k2 is directly related to the rate constant for 
propagation. The addition steps in the poly- 
merization should occur in the same manner in 
electrochemically initiated polymerization as in 
other cationic polymerizations initiated by 
relatively stable radical cations. 

The authors thank the National Research Council of 
Canada for financial support. 
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SpectromCtrie de masse d'imines aliphatiques 

GILLES LEDUC ET YVES ROUSSEAU 
DPpc~rtement de chitnie, UtziversitP de Mot~trPrrl, C . P .  6128, Montre'rrl, QlrPbec 

Requ le 3 juillet 1973' 

Les principaux micanismes de fragmentation de quatre imines aliphatiques soumises 
a I'impact ilectronique sont rapportis. Ces micanismes sont supportis par les spectres 
enregistris pour les imines deuttriCes et par la ditermination des transitions mCtastables +. 
importantes. Pour I'ion (R,),  C=N (R,):,, I'Climination du radical R,' est prifirentielle 
si R,' et R2' sont des radicaux mithyles ou ithyles. On rapporte les potentiels d'ionisation 
des produits ttudiis. 

The electron impact induced fragmentation pattern of four aliphatic imines are re- 
ported. These are derived from studies involving deuteriated imines and from the 

L. 
7. 

observed metastable transitions. The elimination of the R,' radical from (RJ2 C=N (R43 
appears to be preferred provided R,' and R2' are methyl or ethyl radicals. The ionization 
potentials of the compounds studied have been determined. 

Can. J .  Chem.52,  1648(1974) 

Introduction 
Bien que la structure moltculaire des imines 

(RIR"C=N-R"') resemble a celle des com- 
posts carbonyles, ces derniers ont t t t  beaucoup 
plus ttudits en spectrometrie de masse. De fait, 
il y a peu d'ttudes rapporttes sur les modes de 
dtcomposition des imines par impact tlec- 
tronique; ceci est sans doute dQ ?i leur instabilitt. 
Toutefois il est possible d'ttablir un paralltlisme 
entre les processus de fragmentation de ces deux 
classes de composts; lorsque le radical R"'. 
est un mtthyle, la fragmentation des imines se 
fait d'une f a ~ o n  similaire ?i celle des composts 
carbonylts (1,2). Ainsi la liaison en cl du groupe- 
ment C=N se brise facilement pour donner un 
radical R'. et un ion contenant l'atome d'azote. 
Egalement si les radicaux R'. ou R". sont 
suffisament grands pour permettre une trans- 
position de McLafferty un ion correspondant ?i 
ce rtarrangement sera prtsent dans le spectre. 
Par contre la prtsence d'un radical R"'. plus 
grand favorise tgalement d'autres modes de 
clivage de ce c6tt de la moltcule. Ainsi i l  peut 
se produire un bris de la liaison en P de l'azote, 
ou si R " '  est suffisamment long, une trans- 
position de McLafferty. 

La prtsente ttude a donc pour but de mettre 
en evidence les principaux types de clivage de 
ces moltcules, de mesurer le potentiel d'ionisa- 

la prtsence d'un ion (M + l )+ s'explique par 
une rtaction ion-molecule. 

On donne au tableau 1 la liste des imines qui ont CtC 
prkparkes en utilisant iln systeme a vide afin d'iviter tout 
contact de ces composes avec I'air et pour permettre 
des distiliations a froid. La synthese se fait par condensa- 
tion directe de I'amine avec I'acetone 011 la propionaldt- 
hyde (3). On introduit les deux reactifs dans  le systeme a 
vide en prenant bien soin de pomper I'air emprisonnk 
dans les liquides. Les deux composes sont ensuite mis en  
presence dans un piege commun. Quinze minutes plus 
tard le melange reactionnel est transfer6 dans un ballon 
contenant du tamis molCculaire pour permettre la 
deshydratation. Ce melange est enfin distille; on laisse 
evaporer le liquide a la temperature de la piece et I'imine 
est condensee dans un piege (plongeant dans un bain 
liquide-solide au chloroforme, T = -63 "C). Les 
reactifs de depart sont ainsi elimines par pompage a 
cause de leur plus grande volatilite. Une dizaine de dis- 
tillations sont necessaires a la purification du produit. 
Les composes Ctudies ont une masse moleculaire de 99 e t  
une determination de la masse exacte a m / e  99 (a I'aide 
d'un spectrometre de masse MS-902 de  la compagnie 
A.E.I., en utilisant la methode de recouvrement de pics) 
permet de verifier la composition atomique comme etant 
C,H,BN. La determination de la masse exacte des autres 
ions est faite egalement a I'aide de cet appareil qui est 
aussi utilise pour determiner des transitions metastables 
en utilisant un dispositif a dtfocalisation commercial 
fourni par la compagnie A.E.I. Pour la determination des 
spectres a basse resolution, 1'Cvaluation des potentiels 
d'ionisation et la mise en evidence des reactions ions- 

tion des composts ttudites etAde dtmontrer que molCcules un spectrometre CEC-21-104 est utilise. Dans 
tous les cas le systeme d'injection des gaz s'est avCre 
adtquat et I'Cnergie des electrons ionisant Ctait de 70 eV, 

'Revision reque le 17 janvier 1974. Les potentiels d'ionisation ont ete evalues par la methode 
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LEDUC ET ROUSSEAU: SPECTROMETRIE DE MASSE 1649 

TABLEAU 1. Structure, potentiel d'ionisation, point d'Cbullition des imines etudikes 

NumCro du 
compose Structure 

(CH3)2C=NC3H7 
(CH3)ZC=NC3D7 
(CH3)2C=NC3H7-i 
(CH3)2C=NC3D7-i 
C2H,CH=NC3H7 
CzH5CH=NC3D7 
C2H5CH=NC3H7-i 

Potentiel 
d'ionisation 

Point d'ebullition (e) 

Trouve Litt. (3) 

106-107 107 

R 1 
\ +. /R, * ( A )  RI 

\ +. 
,C=N PC-R4 , 

\ CH- N = CH2 
RZ R 5 -C2H4 ~ 2 '  

de Warren (4), le standard interne Ctant le toluene mtthyles ou tthyles, les ions rtsultant du clivage 
(potentiel d'ionisation 8.82 eV (5)). de type B ont des intensitts relatives plus faibles 

RCsultats et discussions 

Me'canismes de fragmentation 
Les principaux mecanismes de fragmentation 

de l'ion moltculaire sont indiquts au schtma 1 et 
les intensitts relatives des ions sont donnees au 
Tableau 2; les ions resultant de ces fragmenta- 
tions se retrouvent A mle 98 (M.' - H.), 84 
(M.' - CH;), 70(M.+ - C2H;) et 71 (M.' - 
C2H4) pour les imines non deuttriees. I1 existe 
donc une compttition entre trois modes de 
clivages primaires, le premier, A,  est une trans- 
position de type McLafferty (mle 71) qui, bien 
qu'elle se semble pas &tre prtpondtrante, est 
une caracttristique de la structure moltculaire 
des composts. Les deux autres types de fragmen- 
tation sont des clivages simples donnant soit les 
ions b comme pour les composts carbonylts ou 
encore les ions c. Si on considere, pour les com- 
posts l a ,  16, 26, 36, 4, la perte des radicaux 

que-ceux issus d'un clivage de type C. 
Ceci s'explique par la plus grande stabilitt 

des ions resultant puisque les ions de type b, qui 
semblent moins intenses, sont cependant ceux 
qui donnent par un clivage ou rearrangement 
subsCquent les ions les plus intenses du spectre 
(mle 42 et 43). D'ailleurs les ions de type c sont 
probablement plus stables en raison de leur 
structure ionique permettant de rtpartir la charge 
sur trois atomes alors que pour les ions de types 
b la charge ne peut se rtpartir que sur deux 
atomes. 

Au schtma 2 on indique comment les ions b 
peuvent subir un clivage conduisant A la forma- 
tion des ions mle 56 (C,NH,), 43 (C3H,), 42 
(C2NH4), 28 (CNH,). D'ailleurs 1'Ctude des 
spectres des homologues.deuttrits ainsi que celle 
des transitions mttastables observtes confirment 
le mecanisme tel que dtcrit. En comparant les 
spectres on se rend compte que dans les cas oh 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



dant ces ions sont beaucoup moins intenses et 
leur spectre de transitions mttastables n'a pas 
CtC dttermint. 

I1 ne fait aucun doute que d'autres mtcanismes 
de fragmentation sont possibles, mais ceux 
dtcrits semblent les plus importants pour la 
caractirisation de  ces compods.  11s ont  CtC 
ditermints a l'aide des spectres des composts 
deuttries et de l'ttude des transitions mCta- 
stables. 11s indiquent, d'une facon gtnerale, que 
ces modes de fragmentation sont assez bien 
dtfinis. 

Re'actions ions-mole'cules 
Une t tude de la variation du rapport  de 

l'intensitt des ions ti mle 100 sur 17intensitC des 
ions a mle 99 montre que ce rapport varie avec 
la pression et l'extrapolation de la droite obtenue 
B pression nulle donne une valeur de 7 .3x  ce qqui 
correspond au rapport isotopique calcult pour 
ces moltcules. De  plus, si on  augmente le 
potentiel des tlectrodes qui poussent les ions 
hors de la chambre d'ionisation, le rapport 
I (~n le  100)/I (mle 99) diminue. Ces deux faits 
mettent donc en evidence que les ions a nzle 100 
sont en partie dus a des rkactions entre ions et 
molCcules et des ttudes prtsentement en cours 
devraient permettre d'ttablir la nature exacte 
de ces rtactions. 

Potentiels d'ionisation 
La reproductibilitt des mesures des potentiels 

d'ionisation se situe aux environs de kO.1 eV 
et la difftrence de  potentiel entre le standard 
interne (toluene) et l'imine t tant  de 0.3 et 0.5 eV, 
selon le compost t tudit ,  l'erreur sur la mesure 
du potentiel d'ionisation peut difficilement &tre 
plus grande que 0.2 eV. Les potentiels mesurts 
sont inftrieurs B celui du toluene alors que  ceux 

1 
second transfert de M' 
-C3M4 

+ 
CH2= NH2 

d'autres imines aliphatiques rapportts  par 
Turner et son collaborateur en 1964 (6) sont 
suptrieurs B celui du tolukne. 

L'ttude de la fragmentation des imines induite 
par impact tlectronique a permis de dtmontrer 
l'importance du clivage primaire de type B qui 
est caracttristique des imines ttudites. Ensuite, 
les ions de type b se fragmentent Cgalement pour 
donner les ions les plus intenses du  spectre a 
m/e 42 our 43 selon le cas. Ces clivages carac- 
t&istiques qui se traduisent par un spectre de 
masse bien dtfini apportent des indications 
prCcises sur la structure du composC. Pour ce 
qui est des potentiels d'ionisation o n  constate 
que les imines "cttoniques" ont des potentiels 
d'ionisation plus bas que les imines "aldehy- 
diques". Au chapitre des reactions ions- 
molCcules i l  est tvident que les ions B nz/e 100 
sont, en partie, des ions provenant de telles 
rtactions qui sont favoristes par la prtsence de 
l'atome d'azote qui est un site basique important 
sur la molCcule. 

Les auteurs liennent a rernercier particulierernent le 
Conseil National de Recherches du Canada pour I'aide 
financiere apportee sous forrne de bourses et  d'octrois. 
Ils rernercient egalement Monsieur A.S. Blair pour son 
assistance technique. 
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Synthetic Cardenolides and Related Products. 111. Isocardenolides2 

J. M. FERLAND 
Ayc,rst Re.srcrrcli L(rborntories, Mor~trc;nl, Q~c;bec 

Received November 1. 1973 

The synthesis of novel cardenolides, closely related to naturally-occurring cardiotonic 
agents, is described. They were obtained from 17p-[3-furyl]androstanes derived from digitoxi- 
genin, gitoxigenin, digoxigenin, and strophanthidin by hypohalous acid or organic peracid oxi- 
dation. The preparation of !3-D- and a-L-glycosidic derivatives is also reported. 

On a synthttise de nouveaux agents cardiotoniques, isomeres des cardenolides naturels. 11s 
ont t te  obtenus par I'oxidation a l'aide de l'acide hypohaleux ou des peracides organiques de 
[3-furylI-17!3 androstanes, derives de la digitoxigenine, la digoxigenine, la gitoxigenine et  la 
strophanthidine. Des dtrives B-D- et a-L-glycosidiques sont aussi decrits. 

Can. J .  Chem.,52. 1652(1974) 

As part of a program aimed to improve the 
therapeutic ratio of cardiotonic agents, we pre- 
pared novel i~ocardenolides,~ which possessed all 
the characteristics of the natural cardenolides 
except for the location of the 0x0 group of the 
5-membered lactone (3). In addition, 21-hydroxy- 
digitoxigenin was also synthesized. 

When 17P-[3-furyl]-5p-androstane-3P, 14P-diol 
3-acetate (26) was treated with a hypohalo~~s acid 
in aqueous dioxane, lactones 3a and 4 were iso- 
lated. The ma-ior product was 3a when 1 equiv. of 
the oxidant was used, while a larger excess of the 
reagent (2 equiv.) afforded mainly lactone 4. The 
structures were ascertained by spectral analyses 
(see Experimental). Furthermore, the aldehyde 4 
was converted to the acid 5 and to the corres- 
ponding saturated lactone-aldehyde 6 by reduc- 
ing the ene-dione system with zinc and acetic 
acid. Finally, 30 and 4 were both oxidized with 
potassium permanganate to the well-known ( 5 )  
a-ketolactone 7. This constit~~tes an unanibig~~ous 
proof of the 17P-stereocheniistry of lactone 3u 
(Scheme 1). 

Scheme 2 illustrates a likely mechanism for the 
formation of 3a and 4. Initially an electrophilic 
attack of X +  of the hypohalous acid on the less- 
hindered side of the furan ring, concerted with a 
n~~cleophilic addition of OH-, affords 9. Eliniina- 
tion of HX, followed by rearrangement of the re- 

'For Parts I and I1 see refs. l a  and b. 
'This work was presented in part at the 6th Inter- 

national Symposi~~m on the Chemistry of N a t ~ ~ r a l  
Products, Mexico, April 22, 1969 (20). 

30ther types of isocardenolides and modified buteno- 
lides have been reported in the literature (4). 

suiting hydroxyfuran 10, yields 3a. In a competi- 
tive pathway further oxidation of 9 gives the 
bromolactone4 11, which is converted into 4 by 
an internal attack of the 14-hydroxyl on the car- 
boxyl group with concomitant elimination of HX. 

The fury1 derivatives (2) were in general ob- 
tained by diisobutylaluminum hydride reduction 
of the natural cardenolides (1) (6). An  alternative 
process for the preparation of 2a was also used. 
Reduction of digitoxigenin l a  with an excess 
diisobutylalumin~~m hydride afforded the diol 8, 
which was oxidized to 2a with 1 equiv. triethyl- 
amine - sulfur trioxide complex (7) (Scheme I). 
In this last process the key step involves the forma- 
tion of an unstable lactol 13, which upon elimina- 
tion of water affords the furan ring. This lactol 
originates from the cyclization of the hydroxy- 
aldehyde 12 resulting from the oxidation of the 
diol 8 (Scheme 3). 

In Scheme 4 are outlined the furan derivatives 
(2) and the isomeric cardenolides (3) that were 
prepared from digitoxigenin (la), digoxin (lb), 
digoxigenin (lc), and gitoxigenin (Id). During 
the hypohalous acid oxidation of the furan, the 
3-alcohols had to be protected as esters. In order 
to be able to regenerate the 3-hydroxy derivatives 
3c, it was preferable to use chloroacetates rather 
than acetates. The latter could not be hydrolyzed 
under conditions (Na2C0, or NaOH) which 
woi~ld prevent the opening of the lactone. On the 
other hand the chloroacetates were readilv re- 
moved with potassii~ni bicarbonate. 

Since it is a well-established fact that cardiac 

40xidation of 17p-[3-f~~ryl] steroids in C / D  rr.arls series 
has yielded similar halolactones (2b). 
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FERLAND: SYNTHETIC CARDENOLIDES. I11 

OH 
AcO d H A ~ O '  d 

glycosides have greater therape~~t ic  applications 
than the cardiac aglycones (9), it was o b v i o ~ ~ s  that 
our modified cardenolides should be converted in- 
to  P-D- and a-L-pyranyloxy derivatives by a modi- 
fied Koenigs-Knorr synthesis. Accordingly 3c 
and 3/77 were condensed with 2,3,4,6-tetraacetyl- 
cx-D-glucopyranosyl bromide (12) to give as ex- 
pected (I 0, I I) the acetylated P-D-glucopyranosyl 
derivatives 3d and 3t1, and the orthoester 3f 

(characterized only in this case). Alcohol 3c was 
also condensed with 2,3,4-tribenzoyl-a-L-rham- 
nosy1 bromide (13) to  give, with net retention of 
config~~ration (10, 14), the a-L-rhaninopyranosyl- 
oxy analog 3g. The protecting esters were hydro- 
lyzed as described by Zorbach et al. (1 5). 

In a similar sequence of reactions digitoxin 16 
was reduced by di isob~~tyla lumin~~rn hydride to 
afford 2d. Prior to the hypoha lo~~s  acid oxidatiori 
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1654 CAN.  J. CHEM. VOL. 52, 1974 

the hydroxyl groups of the sugar portion were 
protected as acetates. Regeneration of the alco- 
hols was effected by mild hydrolysis with potas- 
sium bicarbonate at 37' for 15 days (17). 

Finally a slightly different process had to be 
used to obtain the isocardenolide analog 196 of 
strophanthidin 14. The 3-tetrahydropyranyl ether 
15 (18) was reduced with diisobutylaluminum 
hydride to give the 17P-[3-furyll-19-alcohol (16a) 
(identified as the 3,19-diacetate, 166), which was 

syloxy isocardenolides 3e, 317, 30, and 19d were 
confirmed by application of the Klyne rule of 
molecular rotational additivity (16). 

In order to obtain other modified lactones, 26 
was oxidized with organic peracides to yield 
lactones 20 and 21. The proportion of each was 
dependant on the experimental conditions. For 
example, lactone 20 was the major component 
when the solvent was acetone while in acetic acid 
21 was predominant. The structures were again 

oxidized with manganese dioxide (8) to  the alde- ascertained by spectral analysis. Furthermore 
hyde 17. Removal of the pyranyl ether and potassium permanganate oxidation of both lac- 
chloroacetylation afforded 18 which was con- tones afforded the known ketolactone 7. Finally, 
verted in the usual manner to the isocardenolide reduction of 20 with sodium borohydride fol- 
19a. The 3-alcohol 196 as well as the pyranosyl lowed by acid treatment yielded digitoxigenin 16. 
derivatives 19c and 19d were obtained as pre- This constitutes an  unequivocal proof of the 17P- 
viously described (Scheme 5). stereochemistry of 20 and a novel synthesis of 

~ h ;  anomeric configurations of the pyrano- natural cardenolides (Scheme 6). 
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FERLAND: SYNTHETIC CARDENOLIDES. 111 

I 

0 R = R , = R 2 = H  
(digitoxigenin) 

b R = Tridigiloxosyloxy; 
R ,  = R, = H 

(digitoxin) 
r R = R  I - - H ;  R L  = O H  

(digoxigenin) 
d R = R ,  = H ;  R 2  = O H  

(giloxigenin) 

1 1  

b R = CCH,;  R ,  = R, = H 

0 
I 

r R = CCH2CI;  R ,  = R 2  = H 

rl R = Tridigiloxosyloxy; 
R ,  = R, = H 

e R = Tridigitoxosyloxy 
relraacelale; R ,  = R 2  = H 

f R = R, = H ;  R ,  = O H  

0 0 
Il I1 

g R = CCH,;  R ,  = O C C H , ;  R, = H 

0 0 
!I 

ir R = C C H ~ C I ;  R ,  = O C C H ~ C I ;  R~ = H 

i R = R ,  = H ;  R 2  = O H  

0 0 
Il I 

j R = CCH,;  R, = O C C H , ;  R ,  = H 

R ,  = R, = H 

i R = Tridigiloxosyloxy letrancelntc; 
R ,  = R, = H 

H OH 

R ,  = O H ;  R >  = H 

0 0 
II II 

P R = CCH,; R2 = 0 C C H 3 ;  R ,  = H 
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166 3,19- Diacetate I 

- 
AcO AcO 
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FERLAND: SYNTHETI IC CARDENOLIDES. 111 1657 

Although two isomers of lactone 21 may exist 
(22 and 23), we assign structure 22 to the isolated 
compound on conformational grounds. 

Some of the results of the biological evaluation 
of our modified cardenolides have already been 
published (19) and will be described completely 
elsewhere. 

Experimental 
Melting points are uncorrected. The i.r. spectra were 

taken on a Perkin-Elmer 225 i.r. spectrophotometer and 
n.m.r. were recorded on a Varian-A-60A spectrometer 
operating at  60 MHz; TMS was used as internal standard. 
Merck silica gel 60 (60-230 niesh) was used. The [a], 
were taken at  20-23" in 1% chloroform solutions. Other- 
wise, the solvent is mentioned. 

17p-[3-F11ryl] Derivatives 
Diisobrrtylalumit~um Hydrirle Redr~ction 
The reduction of the cardenolides was carried out by 

the slightly modified method of Minata and Nagasaki (6). 
The following example will illustrate the procedure. 

17~-[3-F~1ryl]-3~-tetral~yrl,opyrotiylo.ry-5~, 14p- 
onrl,ostat1e-5,14,19-triol (160) 

A 27% solution of diisobutylaluminum hydride in 
hexane (20 ml) diluted with dry T H F  (20 ml) was added 
dropwise, over a period of 5 min, under nitrogen, to a 
stirred solution at -20" of strophanthidin T H P  ether 
(20) (3.15 g) in dry THF (130 ml). The reaction mixture 
was stirred at the same temperature for 30 more rnin and 
allowed to warm up to 0" while a saturated solution of 
sodium potassium tartrate was added dropwise. After 
stirring for 15 niin at room teniperature, the mixture was 
filtered and the salts washed with ethyl acetate. The fil- 
trate was washed to neutrality (salt saturated water), 
dried, and evaporated. The crude product was chromato- 
graphed on silica gel to give the title product (1.9 g). 

In a similar way reduction of digitoxin, digitoxigenin, 
digoxigenin, and gitoxigenin gave 2 4  20, 2 f ,  and 2i, 
respectively. 

Esters 

17~-[3-Fr1ryl]-5~,14~-at1drostat1e-3~,5,14,19-tetrol 
3,19-Diacetate (166) 

A solution of the 3-THP ether 160 (0.100 g) in ethanol 
(3 ml) and 0.1 N hydrochloric acid (0.1 ml) was stirred 
at 45-50" for 4 h. The mixture was then concentrated 
under reduced pressure to half its original volume and 
poured into ice cold water. It was extracted with ethyl 
acetate and the organic solution washed with salt 
saturated water, dried, and evaporated (0.080 g). 

The crude alcohol was acetylated in pyridine (1 ml) and 

acetic anhydride (0.5 ml) a t  rooni teniperature overnight. 
The solution was poured into ice cold water and ex- 
tracted with ethyl acetate. The organic solution was 
washed to neutrality, dried, and evaporated to give the 
title product. It was crystallized twice from methylene 
chloride -ether (0.057 g), m.p. 178-180°, [a], t41.6". 

Anal. Calcd. for C27H3807 :  C, 68.33; H, 8.07. Found: 
C, 68.44; H, 8.09. 

The i.r. v .,,, (CHCI,): 3570, 1720, and 865 cm-I ; n.m.r. 
(CDCI,): 0.73 (C-18, CH,), 2.06 and 2.11 (3- and 19- 
OAC), 3.20 (OH), 4.45 (C-19,-CHz-0), 6.50 (C-4, 
H-furyl) 7.27 (C-5, H-furyl), and 7.36 p.p.m. (C-2, H- 
furyl). 

In a similar way acetylation of 20, 2f, 2;. and 2d gave, 
respectively, after chromatography: 

26. Yield 60% froni l a ,  methanol-water, m.p. 155- 
157", [a],+ 17.5". 

Anal. Calcd. for C25H3804: C, 74.96; H, 9.06. Foi~nd:  
C, 74.61 ; H, 8.65. 

2g. Yield 35% froni l r ,  methanol-water, n1.p. 158- 
161°, [a], + 35.2". 

Anal. Calcd. for C17H3806: C, 70.71 ; H, 8.35. Found: 
C, 70.42; H, 8.07. 

2j.  Yield 359, from Id, methylene chloride -ether, m.p. 
170-172", [a], - 14.9". 

Anal. Calcd. for C27H3806: C, 70.72; H, 8.35. Foi~nd:  
C, 70.49; H, 8.56. 

2e. The crude 17p-furyl derivative 2d was acetylated for 
4 days at  room teniperature; yield 55% from lb ,  ethyl 
acetate - hexane, m.p. 169-17Io, [a], + 51.0". 

Anal. Calcd. for C 4 9 H 7 2 0 1 G :  C, 64.18; H,  7.91. Found: 
C, 63.89; H, 7.89. 

I 7p-[S-F~1ryl ~ - ~ ~ - ~ ~ ~ ~ O I I ~ ~ I ~ O ~ ) ~ ~ O I I J J I O , Y J ~ - ~ ,  I ~ - c / ~ / I J J ~ ~ ~ . Y J ~ -  
5~,14~-atir/rostatr-19-al (17) 

A mixture of the 19-alcohol (160) (3.4 g) in acetonitrile 
(680 ml) and activated neutral MnOz (68 g )  was stirred 
overnight at rooni temperature. It was then filtrated and 
the filtrate evaporated. The residue obtained was used as 
such for the following reaction. 

The n.ni.r. (CDCI,): 0.85 (C-18, CH,), 4.71 (3-H, M), 
6.4 (C-4, H-fury]) 7.17 (C-5, H-fi~ryl), 7.24 (C-2, H-furyl), 
and 10.2 p.p.ni. (CHO, S). 

17~-[3-F~1ryl]-3~,5,14-trilryrl,o.ry-5~,14~-nt1rl,ostat1- 
19-a1 3-Chloracetnte (18)  

A solution of the 3-THP ether (17) (2.8 g )  in ethanol 
(90 ml) and 0.1 N hydrochloric acid (30 ml) was stirred 
for 4 h at 45-50". The mixture was then concentrated bz 
vacuo to half its original volume and poured into ice cold 
water. The mixture was extracted with ethyl acetate and 
the organic solution washed with salt saturated water, 
dried, and evaporated to  give the 3-alcohol (2.3 g). 

That alcohol (1.8 g) in pyridine (1.3 ml) and dioxane 
(13 ml) at  10" was reacted with chloroacetyl chloride 
(1 ml) in dioxane (3 ml). The addition of the acid chloride 
was done over a period of 5 min. The mixture was then 
stirred at  the same temperature for 1 h and  neutralized 
with 10% ammonium hydroxide. It was diluted with water 
and extracted with ethyl acetate. The organic solution 
was washed with salt saturated water, dried, and evap- 
orated. The crude product (2.0 g) was chromatographed 
on silica gel (benzene - ethyl acetate 3: 1) to afford the 
title product (1.5 g). 
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The analytical sample crystallized twice from ethyl 
acetate - hexane, m.p. 21 1-213", [a], + 8.8". 

Anal. Calcd. for C25H33C106: C, 64.59; H, 7.15. 
Found: C, 64.85; H, 7.16. 

The i.r. v ,,,, (CHCI,): 3580, 1730, 1705, 1015, and 
865 cm-I;  n.m.r. (CDCI,): 0.8 (C-18, CH,), 4.06 

0 
/I 

(CICH,C-0, 2H), 6.4 (C-4, H-fury]), 7.17 (C-5, H-fury]), 
7.24 (C-2, H-fury]), and 10.2 p.p.m. (CHO, S). 

In a similar way chloroacetylation of 2a and 2f gave, 
respectively: 

2c. Yield 70% (from In ) ,  ether-hexane, m.p. 166-168". 

The n.m.r. (CDCI,): 4.04 p.p.m. (CICH,C-). After 
hydrolysis with sodium bicarbonate and acetylation, the 
product obtained was identical with 26. 

211. Yield 70% (from lc), benzene-ether-hexane, m.p. 
162-1 64", [a], + 24.7". 

Anal. Calcd. for C27H36C1206: C, 61.47; H, 6.87; 
C1, 13.44. Found: C, 61.34; H, 6.92; C1, 13.45. 

21,23-Ditior-5~,14~-chol-20-et1e-3~,14,20,24-tetrol(8a) 
T o  a stirred solution at - 20", of digitoxigenin (500 mg) 

in dry T H F  (10 ml) was added dropwise, under nitrogen, 
a solution of diisobutylaluminum hydride (30% in hexane, 
8.6 ml, diluted with dry T H F  (8.6 ml)). The solution was 
then stirred at  room temperature for I+ h. A saturated 
solution of Rochelle salt was then added and the solid 
obtained removed by filtration and washed carefully with 
chloroform-EtOH, 95:5. The filtrate was washed with 
salt saturated water, dried, and evaporated to give the 
crude title product 80. It was identified as the correspond- 
ing triacetate 86. That product was crystallized from 
CH2CI2-ether, m.p. 120-122". 

Anal. Calcd. for C2,H4,07: C, 69.02; H, 8.75. Found: 
C, 69.11, H, 9.10. 

The i.r. v,,,(CHCI,): 3600, 1732, 1220, and 1018 cm- ' ;  
n.m.r. (CDCI,): 0.8 (C-18, CH,), 0.95 (C-19, CH,), 2.05 
(acetates), 4.70 (C-24, CH,, J = 6 Hz, doublet), 4.75 
(C-20, CH,), and 5.75 p.p.m. (C-22 H, J = 6 Hz, triplet). 

17~-[3-Furyl/-5~,14~-at1drostat1e-3~,14-diol 
3-Acetate (26) 

To a stirred solution a t  15" of the crude tetrol (8a) 
(5.0 g) in DMSO (14 ml) and triethylamine (16 ml) was 
added dropwise a solution of triethylamine -sulfur tri- 
oxide complex (5.0 g) in DMSO (15 ml). After 15 min, 
the reaction was poured into water (200 ml) and the amine 
neutralized with 10% sulfuric acid. The mixture was ex- 
tracted with CHCI, and the organic layer washed with 
water, dried, and evaporated. The crude product obtained 
was acetylated and worked out the usual way. I t  was then 
crystallized from methanol to give the title product 
(3.5 g) as  proven by mixture melting point and i.r. 
analysis. 

17p-Isomeric Lactotles (3, 19) 
3~,I4,23-Trihydroxy-24-nor-5~,I4~-choI-2O-en-2I-oic 

Acid y-Lactone 3-Acetate (30) 
Procedure A. T o  a solution of the furyl derivative 26 

(2.00 g) in dioxane (100 ml) and water (8 ml) was added 
portionwise N-bromosuccinimide (0.90 g) over a period 
of 5 min. The solution was then stirred for 30 min and 

diluted with ether. The ethereal fraction was washed with 
salt saturated water, dried, and evaporated. The oil ob- 
tained was dissolved in acetic acid (100 ml) and stirred in 
the presence of zinc dust (10 g) for + h. The zinc was 
removed by filtration and the filtrate diluted with chloro- 
form. The organic solution was washed with water until 
neutral, dried, and evaporated. The product obtained 
was chromatographed on silica gel; the title product was 
crystallized from methylene chloride - ether, m.p. 172- 
1730, [a], -5.6". 

Anal. Calcd. for Cz5H3,O5: C, 72.08; H, 8.71. Found: 
C, 71.71; H, 8.46. . . 

The i.r. v,,,(CHCI,): 3620,3440,1753, 1737(inflexion), 
and 1725 cm-I ; n.m.r. (CDCI,): 0.80 (C-18, CH,), 1.0 
(C-19, CH,), 2.07 (C-3, OAc), 4.83 (C-23, CH,), and 
7.37 p.p.m. (C-22, CH). 

Proced~we B. A solution of N,N-dimethyldichloro- 
hydantoin (181 mg) in dioxane (6 ml) was added drop- 
wise, over a period of 10 min, to a stirred solution at 50" 
of 26 (0.750 g) in dioxane (14 ml), acetic acid (2 ml), and 
water (2 ml). The solution was stirred a t  the mentioned 
temperature for 5 more min and diluted with ether. The 
product was isolated, treated with zinc in aceticacid, and 
purified as in procedure A. The pure product was iden- 
tical with 3a as shown by mixture melting point and i.r. 
analysis, yield, 30%. 

The following products were made according to pro- 
cedure A. 3k. Yield 25%, methylene chloride - ether, 
m.p. 224-228", [a], + 25.7". 

Anal. Calcd. for C27H3807: C, 68.33; H, 8.07. Found: 
C, 67.97; H, 7.82. 

3p. Yield 25%, methylene chloride- ether, m.p. 228- 
230°, [a], + 6.3". 

Anal. Calcd. for C27H3807: C, 68.33; H, 8.07. Found: 
C, 68.03, H, 8.06. 

The following products were made according to pro- 
cedure B. 3i. Yield 45%, ether-hexane, m.p. 139-142", 
[a], +45.7". In this case 1.7 equiv. of N,N-dimethyl- 
hydantoin had to be used for optimum yield. 

Anal. Calcd. for C49H72017 : C, 63.07; H, 7.78. Found : 
C, 62.77; H, 7.91. 

36. Yield 55%, methylene chloride - ether-hexane, m.p. 

199-201". The n.m.r. (CDCI,): 4.07 p.p.m. (CICH2C-). 
31. Yield 50%, benzene-ether-hexane, m.p. 129-131". The 

n.m.r. (CDCI,): 4.07 and 4.18 p.p.m. (CICH~C-). 190. 
Yield 30%. That product, after chromatography, could 
not be crystallized and was used as such t o  get 196. 

Hydrolysis of Esters 
14,23-Dil1~drox~-3~ridigitoxosy/oxy-2-nor-5,14~- 

chol-20-en-21-oic Acid y-Lactotre (3j) 
A solution of the lactone 2i (3.0 g) and sodium bicar- 

bonate (3.14 g) in methanol (350 ml) and water (90 ml) 
was kept at 37" for 14 days. The methanol was then evap- 
orated and the aqueous solution extracted three times 
with CHC1,-EtOH, 2 : l .  The organic solution was 
washed with salt saturated water, dried, and  evaporated. 
The crude product was chromatographed (ethyl acetate - 
acetone, 75:25) to yield the title compound. Crystalliza- 
tion from CHCl,-ether - petroleum ether (30-65") gave 
the analytical sample (0.735 g), m.p. 185-19O0, [a], -8.5". 
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Anal. Calcd. for C41H640,: C, 63.47; H, 8.43. Found: 
C, 63.59; H, 8.60. 

The n.m.r. (CDCI,): 0.7 (C-18, CH,), 0.87 (C-19, CH,), 
4.82 (CH2-0-, lactone), and 7.47 p.p.m. (=CH, 
lactone). 

In a similar way was obtained 3tti. Yield 55%, acetone - 
ethyl acetate - hexane, m.p. 234-236", [a], + 2.5". 

Anal. Calcd. for C23H,405: C, 70.74; H, 8.78. Found: 
C, 70.67; H, 8.75. 

313, /4,23-Trihyr/vox~~-24-nor-5~,~4~-~/10/-2o-en-2~-0ic 
Acid y-Lactotle (312) 

A solution of the 3-chloroacetate 3b (14.6 g) and potas- 
sium bicarbonate (4.6 g) in methanol (1300 ml) and water 
(160 ml) was refluxed for 3 h. Most of the methanol was 
removed under reduced pressure, the mixture diluted with 
water, and extracted with ether. The ethereal solution 
was washed with salt-saturated water, dried, and evap- 
orated. The product obtained was chromatographed on 
silica gel (ethyl acetate - benzene, 1 : 1) to afford the title 
product. 

After acetylation, that compound was identical with 30 
as shown by mixture melting point and i.r. analysis. 

In a similar fashion was obtained 19b. Yield 70%, 
methanol, m.p. 201-204", [a], + 17.9". 

Anal. Calcd. for C,,H3,06 : C, 68.29; H, 7.97. Found : 
C, 68.48; H, 8.01. 

The n.m.r. (CDCI,): 0.8 (C-18, CH,), 3.45, 4.15 (OH), 
4.8 (CH2-0, lactone), 7.25 (=CH, lactone), and 10.02 
p.p.m. (CHO, S). 

Pyratlosyloxy Derivatives 
313-(13-~-Telraacety/g/1rcopyrat10~y/o,~y)-I4,23- 

dil~ydroxy-24-nor-5~,14~-~I1ol-20-eti-21-0ic Acid 
y-Laclotre (3d) 

A mixture of alcohol 3c (9.0 g), dried magnesium sulfate 
(27 g), acetobromoglucose (20 g) was stirred a t  room 
temperature, under nitrogen, protected from light, in dry 
dichloroethane (150 ml) (free from alcohols). After 15 
min, dry freshly prepared silver carbonate (15 g) was 
added and the mixture stirred for 1 h more. 

The silver and magnesium salts were removed by filtra- 
tion and the filtrate evaporated under vacuum. The crude 
product was dissolved in a minimum amount of methy- 
lene chloride, at room temperature, and precipitated with 
ether. Crystallization from CH2C12-ether gave the title 
product (4.0 g, 1st crop; 2.0 g, 2nd crop). 

The analytical sample was crystallized from methylene 
chloride - ethanol, m.p. 206-209", - 57.4". 

Anal. Calcd. for C37H,2013 : C, 63.05; H, 7.44. Found: 
C, 62.87; H, 7.14. 

The n.m.r. (CDCI,): 0.8 (C-18, CH,), 0.9 (C-19, CH,), 
0 

I 
2.0 and 2.08 (OC-CH,, 12 protons), 2.9 (C-14, OH), 
4.8 (CH2-0, lactone), and 7.28 p.p.m. (=CH, lactone). 

Mother liquors were chromatographed on silica gel to 
afford the orthoester (3f). Crystallization from pentane 
gave the analytical sample (l.Og), m.p. 105-107", 
[a], +24.4'. 

Anal. Calcd. for C27H52013:  C, 63.05; H, 7.44. Found: 
C, 63.19; H, 7.42. 

The n.m.r. (CDCI,): 0.8 (C-18, CH,), 0.92 (C-19, CH,), 
1.73 (orthoacetate, CH,), 2.78 (C-14, OH), 4.82 (CH,-0, 

lactone, triplet J = 2.5 Hz), and 7.3 p.p.m. (=CH, lac- 
tone, doublet J = 5.5 Hz). 

This product in acetone containing a trace of hydro- 
chloric acid gave 3c. 

3p-( p-D-Ghrcopyratrosy/oxy) -14,23-di/iydroxy-24-tior- 
513,14~-c/101-20-et1-21-0ic Acid y-Lactotie (3e) 

A solution of the acetylated glucosyl derivative 3d 
(1.0 g) and potassium bicarbonate (470 mg) in methanol 
(180 ml) and water (20 ml) was stirred at room tempera- 
ture for 10 days. Methanol was then evaporated at re- 
duced pressure (bath temperature < 30") until a precipi- 
tate appeared. The ni ix t~~re  was diluted with water and 
extracted with ether, chloroform, chloroform-ethanol 
(9: 1 3 x 100 ml fractions, 9:2 3 x 100 ml fractions). 
The last three fractions were evaporated (0.600 g) and the 
product crystallized from methanol-water (450 mg), 
m.p. 237-24O0, [aIDEfoF' - 39.4". 
[MI Calcd. for 3b + methyl 13-D-glucopyranoside: 
(- 2300") + (- 6600") = - 8900". [MI Calcd. for 36 + 
methyl a-D-glucopyranoside: -2300" + 30 800" = 
+ 28 500". Found for3e: -21 000". Theglycosidiclinkage 
in 3e has the p configuration. 

Anal. Calcd. for C29H4409: C, 64.90; H, 8.23. Found: 
C, 64.97; H, 8.25. 

The n.m.r. (CDCI,): 0.7 (C-18, CH,), 0.88 (C-19, CH,), 
3.27, 3.78, 4.71 (OH), 4.78 (CH2-0, lactone), and 
7.45 p.p.m. (=CH, lactone). 

14,23-Dil1yrl,.ox-y-3!3- ( ~ - ~ - ~ l l n t t t t l ~ p y ~ l ~ ~ y / ~ ~ J ~ )  -24- 
tior-5~,14~-cl10/-20-eti-2/-oi( Acirl y-Lrrctotie (311) 

The coupling of 3c (4.0 g) with tribenzoyl-a-L-rhamno- 
pyranosyl bromide was done as for 3d. The product iso- 
lated was chromatographed on silica gel to  give 14, 23- 
dil~ydroxy-38- ( t r i b e t ~ z o y l - a - ~ - r l ~ n t t ~ t ~ o p y r o t ~ o ~ ~ l o . ~ ) ~ )  -24- 
t1or-5(3,/4(3-c/10/-20-et1-21-oic ncirl y-lnctotie (3g) (4.0 g). 

3g was hydrolyzed as for 3e. The mixture obtained after 
evaporation of methanol and dilution with water was 
extracted with ether, chloroform, chloroform-isopro- 
panol, 4: 1 (3 x 200 ml fractions). The last three fractions 
were dried, evaporated, and crystallized from ethanol- 
hexane (2.5 g), n1.p. 225-228". The analytical sample, 
m.p. 228-230" was obtained from the same solvent mix- 
ture, [aIDEfoF' -55.4'. 

[MI Calcd. for 36 + methyl a-L-rhamnoside: (-2300") 
+ (-  1 1  100") = - 13 400". [MI Calcd. for 36 + methyl 
13-L-rhamoside: - 2300" + 14 600" = + 12 300". Found 
for 311: -29 000". The glycosidic linkage in 311 has the a 
configuration. 

Anal. Calcd. for C29H440,: C, 66.90; H, 8.52. Found: 
C, 66.82; H, 8.47. 

The n.m.r. (CDCI,): 0.7 (C-18, CH,), 0.88 (C-19, CH,), 
1.10 (C-6, rhamosyl CH,), 3.23, 3.90, 4.37, 4.53 (OH), 
4.65 (CH2-0, lactone), and 7.45 p.p.m. (=CH, lactone). 

3 ~ - ( ~ - ~ - G / r r c o p ) ~ r o t 1 o s ~ ~ ~ / o , ~  -12~,23-dil1ydro.~)~-24-t1or- 
513,1413-cllol-20-etl-21-oic Acid y-Lactone (30) 

A mixture of 3tt1 (1.7 g) anhydrous magnesium sulfate 
(4.3 g), and acetobromoglucose (4.0 g) was stirred under 
nitrogen at 45-50" in dry dichloroethane (100ml). The 
flask was protected from light and dry freshly prepared 
silver carbonate (2.8 g) was added and the whole stirred 
for 2 h. The product isolated as for 3d was chromato- 
graphed to give 3t1 (1.7 g). 

3t1 was hydrolyzed as for 3e. The mixture was extracted 
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with ether, chloroform, benzene-isopropanol, 9:  1, 9:2, 
and 9:3. The last three fractions were dried, evaporated, 
and crystallized twice from methanol, (350 mg), m.p. 
236-238", [aID"OH - 14.8. 

[MI Calcd. for 3111 + methyl a-D-glucopyranoside: 
980-6600" = -5620". [MI Calcd. for 3/11 + methyl a-D- 
glucopyranoside: 980 + 30 800" = +31 780". Found for 
3e: -8100. The glycosidic linkage in 30 has the @con- 
figuration. 

Anal. Calcd. for C29H44010:  C, 63.03; H, 8.02. Found: 
C, 63.07; H, 8.03. 

The n.m.r. (CDCI,): 0.66 (C-18, CH,), 0.93 (C-19, 
CH,), 4.93 (CH2-0-, lactone), and 7.60 p.p.m. (=CH, 
lactone). 

3 ~ - ( ~ - ~ - ~ / ) ~ c o p y r a t 1 o s y / o s y )  -5,14-di/1yr/roxy-19-oxo- 
24-t1or-5~,14~-cl1ol-20-et1-21-oic Acid y-Lnctone 
( 19d) 

The coupling of 196 (0.550 g) with acetobromoglucose 
was done as for 30. The product obtained was chromato- 
graphed on silica gel to give the tetrnacelylaled B-D- 
ghrcopy~~nr~osylo..ry derivatire 19c (320 nig). 19c was hydro- 
lyzed as for 3e. The niixti~re was extracted with ether, 
chloroform, chloroforni-isopropanol (9: 1, 9 : 2  (3 x 50 
nil fractions), 9:3 (3 x 50 ml fractions)). The last six 
fractions were dried, evaporated and crystallized from 
methanol-ether (180 mg), m.p. 233-235". [or]DE'O'l 
- 11.6". 

[MI Calcd. for 19b + methyl b-D-glucopyranoside: 
7200 - 6600" = +600°. [MI Calcd. for 19b + methyl 
a-D-glucopyranoside: 7200 + 30 800" = + 38 000". Found 
for 19d: -6200". The glycoside linkage in 19d has the 
P-configuration. 

Anal. Calcd. for C29H420 , ,  : C, 61.46; H, 7.46. Found : 
C, 61.30; H, 7.55. 

The n.ni.r. (DMSO-d): 0.67 (C-18, CH,), 4.66 
(CH2-0-, lactone), 7.47 (=CH-, lactone), and 
10.2 p.p.m. (CHO, S). 

3~,14-Dil1ydroxy-23-oso-24-1~0r-513,14~-chol-20-et1- 
21-oic Acid 6-Lactone 3-Acelate (4) 

To a solution of 30 (1.0 g) in dioxane (50 ml) and water 
(4 nil) was added N-bromosuccininiide (0.90 g) and the 
mixture stirred at room temperature for 5 min. The solu- 
tion was then diluted with ether and the ethereal solution 
washed with sodium bicarbonate, salt saturated water, 
dried, and evaporated. The crude product was crystallized 
several times from ether (0.350 g), m.p. 220" (dec.). That 
compound could not be analyzed but was identified from 
the two products 5 and 6 .  

The i.r. v,,,(KBr): 1721, 1705, 1675, 1623, and 760 
cm-'; n.m.r. (CDCI,): 1.0 (C-18 and 19, 2CH3), 6.87 
(=CH, 1 proton, J = 7 Hz doublet), and 10.3 p.p.ni. 
(CHO, J = 7 Hz doublet). 

3p, 14-Dil1ydroxy-23-oxo-24-nor-5B, 14~-cl1olarz-21-oic 
Acid 6-Lactot~e 3-Acetate (6)  

A solution of 4 (2.3 g) in acetic acid (230 ml) was 
stirred with zinc dust (23 g) at room temperature for 4 h. 
The zinc was removed by filtration and the filtrate diluted 
with chloroform. The organic solution was washed with 
water until neutral, dried, and evaporated. The residue 
was crystallized twice from acetone-hexane, m.p. 179- 
181°, [alp -43.9". 

Anal. Calcd. for CZ5H3605: C, 72.08; H, 8.71. Found: 
C, 72.14; H, 8.50. 

The i.r.: v,,,(CHCI,): 2840, 2730, and 1720 cm-'; 
n.m.r. (CDCI,): 9.80 p.p.m. (CHO). 

3~,14-Dil1ydro.~y-24-t1or-5~,14~-cl10/-20-ene-21,23- 
dioic Acid 6-Lactone 3-Acelale (5) 

T o  a solution of 4 (0.330 g) in ethanol (50 ml) was 
added silver nitrate (0.217 g) in water (7 ml). While the 
solution was vigorously stirred, a solution of sodium 
hydroxide (0.217 g) in water (7 ml) was added dropwise 
and the mixture stirred at  room temperature for 3 h. The 
silver oxide was then removed, the ethanol evaporated, 
and the solution poured into ice cold 20% sulfuric acid. 
The solid obtained was filtered, washed with water, and 
taken into chloroforni. The organic solution was ex- 
tracted with a 10% sodium carbonate solution and the 
latter acidified. It was then extracted with chloroform 
which was washed with water, dried, and evaporated. 
The residue (0.220 g) was crystallized twice from meth- 
ylene chloride - ether, m.p. 263-264", [a], - 17.5". 

Anal. Calcd. for Cz5H3406: C, 69.74; H, 7.96. Found: 
C, 70.04; H,  8.07. 

The i.r. v,,,(Nujol): 3450, 1700, and 1640 cm-'; the 
11.v. (EtOH): h ,,,, 232 nm, E 13 760. 

3~,14,215-Tril1ydroxy-513-cnrd-20(22)-enolide 
3,21- Dincetnte (20) 

(A) A mixture of 26 (1.0 g), sodium acetate (1.0 g), and 
peracetic acid (40% solution, 1.0 ml) was stirred at room 
temperature for 30 min in chloroform. It was then diluted 
with more chloroform and washed with water until free 
from peracid, dried, and evaporated. The  solid obtained 
was acetylated overnight. The solution was poured into 
ice cold water and the mixture extracted with ether. The 
ethereal solution was washed with diluted sulfuric acid, 
salt saturated water, dried, and evaporated. The crude 
product was crystallized twice from ether (0.180 g), n1.p. 
180-183", [a], -25.9". 

Anal. Calcd. for C2,H3g07: C, 68.33; H, 8.07. Found: 
C, 68.22; H, 7.95. 

The n.m.r. (CDC1,): 6.18 (=CH, lactone), and 6.66 
p.p.m. (C-21, H). 

(B) A mixture of 20 (0.100 g), sodium acetate (0.1 g), 
acetic acid (1.0 nil), and 112-chloroperbenzoic acid (0.125 g) 
in acetone (10 ml) was stirred at room temperature for 
5 h. The solvent was then evaporated t o  one third its 
initial volume, poured into water, and the solid obtained 
filtered, and taken in chloroform. The organic solution 
was washed with sodium bicarbonate solution, water, 
dried, and evaporated. The solid obtained was crystallized 
twice from methylene chloride - ether to  give 20 a s  
proven by mixture melting point and i.r. analysis, yield 
c nm 
J " / o .  

3 ~ , 2 1 - D i l 1 y d r o x y - 1 4 , 2 1 - 0 x i d o - 2 4 - 1 1 0 ~  
20-en-23-oic Acid y-Lnctot~e 3-Acetnte (21) 

(A) The mother liquors obtained from crystallization 
of 20 (method A) were chromatographed on silica gel t o  
give the title product after crystallization from methylene 
chloride - ether (0.150 g), m.p. 217-219", [aID +42.9". 

Anal. Calcd. for C25H3405: C, 72.44; H, 8.27. Found: 
C, 72.82; H, 8.04. 

Then.m.r. (CDCI,): 0.85 (C-18, CH,), 1.0 (C-19, CH,), 
2.03 (C-3, OAc), 5.66 (=CH, lactone), and 5.73 p.p.m. - - 

((2-21, H). 
(B) A mixture of 2b (2.0 a) sodium acetate (2.0 E) and 

m-chi~ro~erbenzoic acih (230 g) in acetic acid (l-do ml) 
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FERLAND: SYNTHE 

was stirred a t  room temperature for 4 h. It was then 
diluted with chloroform and washed with sodium bicar- 
bonate and water, dried, and evaporated. The oil obtained 
was crystallized from methylene chloride - ether (0.685 g), 
and proven to be identical with 21 by mixture melting 
point and i.r. analysis. 

3(3,14-Dihydroxy-5~-card-20-enolide 3-Acetate 
(Digitoxigenir~ Acetate ) (Ib) 

A solution of 20 (0.150 g) in methanol (7 ml) and water 
(1 ml) containing sodium hydroxide (0.014 g) was stirred 
at  0" in the presence of sodium borohydride (0. I50 g), for 
1 h. It was then poured into 5% ice cold sulfuric acid. 
The solid obtained was filtered, washed with water, dried, 
and crystallized from acetone-ether (0.120 g), m.p. 222- 
224", identical with digitoxigenin acetate as proven by 
mixture melting point and i.r. analysis. 
3~,14-Dit1ydroxy-20-o.~o-5~,14~-p1'egnat1-21-oic Acid 

y-Lactone 3-Acetate (7) 
To  a stirred solution of 20 (200 rng) in acetone (10 ml) 

was added powdered potassium permanganate (200 mg). 
More permanganate was added (100 and 50 mg) after 
10 and 50 min. The mixture was then stirred for If  h. 

The acetone was evaporated and the solid acidified to 
p H  4 with 5% sulfuric acid and extracted with nlethylene 
chloride. The organic solvent was evaporated to a volume 
of 10 rnl and diluted with ether. The mixture was washed 
with sodium bicarbonate, salt saturated water, dried, and 
evaporated. The residue was crystallized several times 
from acetone-hexane, (40 mg), rn.p. 235-237", [a], 
-67.3"; (lit. (7), m.p. 235-238", [a], -66.8"). 

Anal. Calcd. for C23H3205 :  C, 71.10; H, 8.30. Found: 
C, 70.73; H, 8.01. 

The same product was obtained under identical condi- 
tions from 3a, 4, and 21. 

The author wishes to thank Dr. G. Schilling and his 
associates for analytical data, Mr. R. Dinoi for invaluable 
technical assistance, Dr. Y. Lefebvre for stimulating 
discussions, and Dr. R. Deghenghi for encouragement and 
support. 
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Kinetics of the Abstraction of H from Group IV Methyls 
by CF3 and CD3 Radicals 
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CD3 radicals from the photolysis of hexadeuteroacetone abstract H atoms from group IV 
methyls 

CD3 + (CH3)4M + CD3H + CHZM(CH3)3 

Through additional work on the Sn and G e  systems, a comparison of the data for CF3 or C D 3  
+ (CH3),M (where M = C, Si, Ge, Sn) leads to the reactivity ratio RcF3 /Rc~ ,  - 58 at 373 K. 
Arrhenius parameters for the abstraction processes are reported. 

Les radicaux CD3 obtenus par photolyse de I'hexadeuteroacetone enlevent les atomes 
d'hydrogene des groupes mithyles des mCthyles mCtaux du groupe IV 

Grdce a des travaux additionnels dans des systemes contenant de1'Ctain et du germanium une 
comparaison a pu &tre faite pour les donnees concernant les reactions du  CF3 ou du CD3 avec 
les (CH3),M (dans lesquels M = C, Si, Ge et Sn); on peut tirer de ces donnCes que le rapport 
de reactivite RcF3/RcD3 x 58 a 373 K. On rapporte les parametres dlArrhenius pour les 
processus d'abstraction. [Traduit par le journal] 

Can. J. Chem.. 52, 1662 (1974) 

Introduction 

The reactivity of CF, relative to the CH, 
radical in H abstraction varies according to the 
nature of the substrate and appears to   depend 
on the protonic or  hydridic nature of the 
hydrogen atom, e.g. refs. 1, 2. We have pre- 
viously measured the Arrhenius parameters for 
CF, attack on the group IV methyls (3), and the 
present work completes measurements of the 
reactivity of CD, with these compounds. 

Of particular concern is whether changes in 
the central atom, from carbon through silicon, 
germanium, and tin, has a marked effect on the 
H abstraction reaction. Further we wish to re- 
examine the results of the methyl reactions 
obtained by Chaudrhy and Gowenlock (4). 

Experimental 
Materials 

Hexadeuteroacetone was obtained from Stohler 
Isotope Chemicals. Mass spectrometric analysis showed 
that the main impurity was CDzHCOCD3 present to 
about 5%. 

Hexadeuteroazomethane was obtained from Merck, 
Sharp and Dohme Ltd., and was purified by two distilla- 
tions, with that fraction collected a t  - 131" being retained 
for use and stored in a blackened bulb. 

Tetramethylstannane and tetramethylgermane were 
obtained from Alpha Inorganics Ltd. and subjected to 
distillation three times. The fraction collected at -98' 

was thoroughly degassed and stored for use in a blackened 
bulb. 

Apparatus and Procedure 
A greaseless vacuum system was employed, and 

reactions were carried out in an Ultrasil cell of 125.4 ml 
illuminated volume. The cell was enclosed in a furnace 
whose temperature was controlled to f 0.2'. The pholo- 
lytic light source was a P.E.K. 200 W high pressure 
mercury arc. The 3130 8, line was isolated through the 
filter combination, Corning CS754 with solution filters 
of nickel sulfate, potassium chromate, and potassium 
hydrogen phthalate (5). The 3660 A spectral region was 
isolated using a combination of filters (Corning CS760 
and 052) (6). 

In a typical experiment the radical source and substrate 
were admitted separately into the reaction vessel, and 
allowed to mix. Photolyses were carried out in the 
temperature range 25-15O0, after which the products 
were separated and analyzed by gas chromatography and 
mass spectrometry. 

Results 

The photolysis of hexadeuteroacetone is 
generally represented by 

hv 
[ l a ]  H D A  -z 2CD3 + CO 

At temperatures less than 100" the  stability of  
the acetyl radical is such that the production of  
methyl radicals is best represented by two steps, 
[ lb l  and [21, 
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BELL E T  AL.: ABSTRACTION O F  H FROM GROUP I V  METHYLS 1663 

[lb] HDA -> CD3 + CD3C0 

[21 CD3C0 -+ CD, + CO 

alone, R, = rate formation of a product from 
the photolysis of acetone plus substrate 

Due to isotopic impurity ( 5 7 3 ,  the additional Rt(CD3H) - Ra(CD3H) - - R(CD3H) 
species CD,H and CD,HCO will be formed. [93 R,(CD4) R,(CD4) R(CD4) 

When the rate of the acetyl decomposition, 
reaction 2, is high, the interpretation of the - - k7CM(CH3)41 = R 

k3 [Acl 
di f f  

kinetics of methane formation is straightfor- 
ward. This involves methyl radical attack on In experiments with acetone alone 
the parent molecule. The Arrhenius plot 
relevant to this process has extensive curvature [lo] R,(CD,)IR,"~(C,D~) = k,[A~]/k, ' /~  

below 100°, indicating an additional source of 
methane, of lower activation energy. This has 
been observed in both the case of acetone and 
hexadeuterocetone photolyses (7, 8). Several 
mechanistic interpretations for the additional 
methane have been proposed, including abstrac- 
tion from absorbed acetone on the walls, diffu- 
sion of radicals, and abstraction from acetyl by 
methyl radicals. An excellent summary is to be 
found in the monograph by Steacie (9). 

We feel H abstraction from acetyl is likely to 
be the greatest contributing factor in producing 
the additional methane under our experimental 
conditions, and with a desire to maintain 
simplicity have chosen to regard the methyl + 
acetyl abstraction reaction as the only 
complicating factor. Our kinetic analysis on this 
basis is compatible with the experimental 
results. 

Thus the following reactions are proposed for 
methane production, where Ac = Acd6 + Acd,. 

then 

The left hand side of eq. 11 is experimentally 
measurable to yield k7/k81f2. A test of the 
validity of eq. 9 was made at 100" for a constant 
concentration of acetone (30 Torr), with varying 
amounts of tetramethyl germane. A good 
straight line was obtained, Fig. 1, which also 
includes results at 73" (see below). 

At  temperatures where the acetyl radical 
concentration is important (< 100") the  kinetic 
analysis is complicated through methane forma- 
tion from reactions 6a, 66, 6c, 6d. Attempts to 
use hexadeuteroazomethane as a better low 
temperature radical source proved fruitless, in 
that the experimental data did not follow simple 
kinetics, presumably due to reaction between the 
azomethane and group IV alkyl. 

In the presence of substrate CD3H arises from 
u 

[71 C D ~  + M(cH~), + C D ~ H  rn 

Analysis of the ethane produced shows that the 
only important ethane producing reaction is 

10 20 30 40 50 

[81 CD3 + CDs -> C2Ds Pressure(Torr) 

At higher temperatures where acetone photolysis FIG. 1. Plot showing first order dependence of R,,,, 
on pressure of tetramethylgermane. represent experi- is [la], and the a ce t~ l  concentram ments a t  73 "C normalized to the results at  100 "C 

tion is negligible, we have, R, = rate f0rnIation (represented by a) from the slopes of the two separate 
of a product from the photolysis of acetone first order plots. 
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1664 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

The complexities of the kinetic analysis in the 
case of acetone may be simplified, however, by 
reasonable approximation, from which the rate 
constant of interest k, may be extracted. 

Taking into account the full reaction mechan- 
ism proposed which involves the acetyl radical 
in its isotopic forms, expressions may be derived 
for R,(CD,H)/R,(CD,) and R,(CD,H)/R,(CD,). 

These expressions may be simplified by sub- 
stitution, thus, for 95% isotopically pure HDA, 
[Acd,] - [0.05 Ac] and [CD,HII/[CD,] = 
[CD,HCO]/[CD,CO] - 0.025. From statistical 
consideration ASIA4 should be 116 and assuming 
additionally a kinetic isotope effect of K 

Similar arguments can be applied to reactions 
6a to 6d. The assumption of the same kinetic 
isotope effect of K should not lead to a large 
error in the magnitude of the values relating to 
the derived expressions. 

This leads to a new expression for Rdiff given 
by eq. 12, which differs from eq. 9, in the 
additional term containing the acetyl radical. 

From results on the acetone photolysis 
referred to above, the complication which we 
ascribe to the acetyl radical should be present at 
T < 100" where eq. 12 should apply. This 
raises the question whether the concentration 
[CD3CO] occurring in the denominator of eq. 
12 is affected by substrate concentration. As a 
test Rdiff was measured as a function of substrate 
concentration [Ge(CH3),] at 73" as well as 100". 
The results are included in Fig. 1 on a compara- 
tive basis, and show a good linear relationship 
within the same limits in both cases. We are 
confident therefore that the denominator in 
[12] is not sensitive to substrate within our 
experimental concentrations where [Ac] - [sub- 
strate] - 30 mm. In order to extract a value for 
I<, from the experimental data, an equation 
similar to [I 11 is required. When acetyl radicals 
are present 

(k,[Ac] + 1.02k6,[CD3CO]), 
k8'I2 

(substrate absent) 

Multiplying [I21 by [13] and rearranging terms 
leads to [14] 

Thus 

We have shown that the term (k,[Ac] + 
1.02 k,,[CD,CO]), is not sensitive to substrate 
concentration, and the temperature dependance 
of the numerator and denominator of this 
second term should be identical. Thus the second 
log term within which the low temperature 
complexities are collected should be unity. 
Hence the kinetic analysis should allow for a 
treatment of the data leading t o  a value of 
k,/k,'l2 from which k, may be extracted at the 
lower temperature. 

The results for a series of experiments in which 
HDA (30 mm) and either tetramethyl stannane 
30 mm or tetramethylgermane 30 mm, were 
photolyzed for periods 2-5 min, and the resultant 
products analyzed, are given in Table 1. An 
Arrhenius plot of log k,/k,'l2 11s. 1/T is shown 
in Fig. 2. 

The Arrhenius plot yields the following kinetic 
parameters, taking k,,,,,,, ,,,, ,, for CD, radicals 
- - 1013.35 

(10). 

Sn(CH3)4 
log A (ml mol-' s-') = 12.16 + 0.10 

E = 11.29 f 0.27 kcal mol-' 

Ge(CH3)4 
log A (ml mol-' s-') = 11.4 + 0.17 

E = 10.13 f 0.28 kcal mol-' 

The reactivity of these two compounds for H 
abstraction by methyl radicals is very little 
different. 
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BELL ET AL.: ABSTRACTION OF H FROM GROUP I V  METHYLS 1665 

TABLE 1 .  Rate data of H abstraction by CD3* 

k7/k8ll2 
from eq. 1 1  

Rt(CD3H) RR,CD3H 
Rdlcc = R,(CD4) R,CD4 (m,1~/2 m l - ~ ~ z  s - ~ / 2  (m11/2 m o l - ~ / ~  s - ~ / 2 )  

Temperature -- x l o G )  
("c) Ge(CH3I4 Sn(CH3I4 Acetone alone Ge(Me), Sn(CH44 

75 
2.790 
3.230 2.650 
3.138 

50 
1.409 1.641 

11.521 1.311 

25 
0.639 0.517 

10.732 0 .544 
-- 

'Pressure of substrate 30 Tort, acetone (d ,  -I- dg)  30 Torr i n  each case. 

be seen that EcD3 - EcF, varies between 2.6 
and 4.0 kcal, and that the reactivity of CF, 
radicals is considerably greater than that for 
CD, in H abstraction, on average RcF3/RcD3 = 

For a particular radical the reactivity, relative 
to Si(CH3), = 1.0 for H abstraction, is as 
follows. (Temperature = 400 K.) 

Reactivity 

M CD3 CF3 

Si 1 .O 1 .O 
2 4 2 8 3 2 Sn 0.77 0.67 

111.10~ Ge 0.57 0.57 
C 0 .43  0 .32  

FIG. 2. Arrhenius plot of loglo (k7/k8'l2 (m11/2 
m ~ l - l / ~  S-'I2)) US. l / T .  The reactivity toward each radical shows the 

It is of interest to compare the reactivities of 
other group IV methyls, and data are available 
for Si(CH,), (2), and also C(CH,), (1 1). 

We have previously measured (3) Arrhenius 
parameters for H abstraction by CF, radicals 
for the group IV methyls, and these can now be 
compared with the CD, radical reactions. 

The data is collected in Table 2 where it can 

same trend. 
Discussion 

The summary of the rate data contained in 
Table 2 for Group IV methyls involving H 
abstraction by both CF, and CD, radicals 
suggests that A factors are normal, and that 
overall, the results correlate well with one 
another. 
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TABLE 2. Summary of rate data for H abstraction from 
group I V  methyls CF3 and CD3 radicals* 

CD3 radicalst CF3 radicalst Relative 
A E  = reactivity 

Compound log A E log A E E C D ~  - E C F ~  R c F ~ I R c D ~  
- -- 

C(CH3)u 12.3 12.0 (ref. 8) 12.0 8.4 (ref. 3) 3 .6  48 
Si(CH3), 12.0 10.8 (ref. 2) 11.9 7.3 (ref. 3) 3.5 64 
Ge(CH3)4 11.4 10.1 11.7 7.4 (ref. 3) 2.7 64 
Sn(CH3), 12.2 11.3 11.7 7.3 (ref. 3) 4 .0  56 

*Units of A ml mol-1 s-'. Units of E kcal mol-1. 
fExperimental values. 

Chaudhry and Gowenlock in their observa- 
tions (4) suggested that A factors decreased along 
the series Si-Ge-Sn-Pb accompanied by cor- 
responding significant changes in E. They then 
correlated the change of activation energy with 
the J(13C-H) coupling constants, obtaining a 
smooth trend from Si-Ge-Sn-Pb. When the 
present results in Table 2 were plotted in a 
similar manner no smooth correlation was 
obtained. 

Unfortunately no experimental data or Ar- 
rhenius plots were included in the reported work 
of Chaudhry and Gowenlock, and it is therefore 
impossible to comment critically on this differ- 
ence in the observations. We might point out 
one difference in the two sets of experiments, 
Gowenlock used azomethane as a radical 
source, assumed a literature value for the 
Arrhenius parameters for H abstraction for 
methyl radicals from azomethane, and assumed 
simple kinetics. 

We have pointed out above that our attempts 
to use hexadeuterozomethane as a radical 
source were discarded because the data was 
inconsistent with the simple kinetic order 
expected for the H transfer process, despite a 
good Arrhenius plot. 

Thus while azomethane is a well known radical 
source which certainly behaves normally with 
Si(Me), (12), it is possible that the higher 
members of the group IV alkyls engage in some 
additional complicating molecular reaction, 
which occurs at a sufficiently fast rate that this 
interferes with the kinetic analysis applied to the 
formation of methane. In this context it should 
be noted that trimethylamine and trimethyl- 
phosphine often undergo molecular reactions at 
vastly differing rates with identical reagents. 

One of the purposes of the present work was 
to determine whether changes in the central 

changes in the reactivity of each compound 
toward CF, and CD, radical attack. Previously 
it has been shown (2, 13) that in this type of 
reaction polar effects can be significant in 
affecting the activation energy in the case of CF, 
radical attack, leading to marked differences in 
the relative reactivities RcF3/RcD3. In hydro- 
carbon systems EcF3 < EcH3 by some 3 kcal(l4). 
From Table 2 it is seen that a similar activation 
energy difference applies to the present work; 
indeed if it is assumed that the A factors are 
constant along the series, and these are normal- 
ized to 10'2.0 (m1 mol-' s-') the differences 
EcD, - EcF3 are essentially constant -3.2 kcal 
mol-'. 

The Arrhenius data are similar (8) to those for 
CF, and CD, attack on boron trimethyl where 
EcD3 - EcF3 - 3.4 kcal and the relative re- 
activity RcF3/RcD3 - 45. 

If polar effects are assumed to be negligible in 
the case of H abstraction by CD,, the Polanyi 
equation (1 5), 

may be used to give a reasonable estimate of the 
bond strength Dc-,. 

In the case of neopentane this yields DCpH - 
98 kcal (I I), and for the other group IV methyls 
a value - 96-97 kcal may be estimated. 

This leads to an exothermicity -9 kcal for H 
abstraction with an enthalpy difference for 
abstraction (AHcF, - AHcD3) for a given com- 
pound - 3 kcal. 

We have suggested previously (2) that ECD3 - 
EcF3 of the order of 3 kcal is a little high for 
such enthalpy differences, and that some 
enhancement of the CF, reactivity results from 
a lowering of EcF3 due to an attractive polar 
effect. 

atom of the metal alkyl gives rise to significant F 3 C" +- - -  -"H-R 
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We propose that this is the case in the present 
systems with the magnitude of the effect es- 
sentially constant. This is in contrast to systems 
containing hydrogen atoms more protonic in 
nature which leads to a much smaller activation 
energy difference due to a repulsive polar effect. 

The differences in reactivity of the metal 
alkyls towards H abstraction by both CF, and 
CD, varies but little along the series for each 
radical. Such differences as exist show a reactivity 
sequence Si > Sn > Ge > C with Si having 
approximately twice the reactivity of carbon. 
The above sequence follows the Allred Rochow 
electronegativity values (16) for the central atom 
Si 1.74, Sn 1.72, Ge 2.02, C 2.5. 

Previously (2, 3) we have noted, qualitatively, 
some correlation between reactivity and proton 
chemical shift, for hydrogen transfer purposes 
involving CF, and CD, radicals. These correla- 
tions are summarized in Fig. 3. 

Y 

'H CHEMICAL SHIFT (ppm) 

FIG. 3. Plot of loglo (kshs,rac,lon ml mol-' s - ' )  us. 
proton chemical shift at  373 K. 

3F H FROM GROUP I V  METHYLS 1667 

In summary, interpretation of the relative 
reactivities of CF, and CD, in H abstraction 
has been based on an enthalpy effect which 
includes Dc-, of the substrate and the products 
of reaction, together with an attractive or repul- 
sive polar effect in the case of CF,. Reference to 
Fig. 3 would indicate that in some way the 
chemical shift correlates with these parameters. 

We are grateful to the National Research Council of 
Canada for financial support. 
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The Determination and Statistical Mechanical Interpretation of the Solubility of 
Water in Benzene, Carbon Tetrachloride, and Cyclohexane 

SAUL GOLDMAN 
Depor.tr?rerlt of CIzertri.st,l\., U~ri~*er~.sity qf 'Girell~lr,  Cr1ell111, Otrtrrrio 

Received October 4. 1973 

The solubility of water in each of benzene, carbon tetrachloride, and cyclohexane, was 
determined at  5" intervals over the range 10 to 40 "C.  The solubilities were converted 
to Henry's law constants and these constants were interpreted by means of a statistical 
mechanical theory based on Zwanzig's perturbation theory of fluids. A fitting-parameter 
in the form of a correction factor to the water-solvent pairwise potential function was 
required. The  values of this parameter for the benzene-water and cyclohexane-water 
systems could be rationalized on the basis of anisotropy of solvent polarizability. The  
values of the parameter for the carbon tetrachloride - water system were consistent with 
a hydrogen-bonding interaction between water and carbon tetrachloride. 

La  solubilitt de l'eau dans le benztne, le tCtrachlorure de carbone, et le cyclohexane, 
a CtC dCterminCe A tous les 5 "  dans I'intervalle de 10 i 40 "C.  Les solubilitCs ont  CtC 
converties en constantes de la loi d'Henry et ces constantes ont CtC interprCtCes i I'aide 
d'une thCorie de mCcanique statistique basCe sur la thCorie de perturbation de Zwanzig 
des fluides. Un paramttre pouvant s'adapter, de la forme d'un facteur de correction, i 
la fonction de potentiel du couple eau-solvant, a CtC nicessaire. Les valeurs d e  ce 
pararnttre pour les systtmes benztne-eau et cyclohexane-eau pourraient &tre ration- 
nalisCes en s'appuyant sur l'anisotropie de la polarisabilitC du solvant. Les valeurs du 
paramttre pour le systtme tktrachlorure de carbone-eau Ctaient cohirente avec une 
interaction par des ponts hydrogtne entre l'eau et le tktrachlorure d e  carbone. 

[Traduit par le journal] 
Can. J .  Chem.,SZ. 1668(1974) 

Introduction serve as a reasonable approximation when 
Recent advances in the statistical mechanical applied to a real system. 

theory of hard-sphere fluids have facilitated the Zwanzig (9) first provided the formalism, in 
prediction, from molecular properties, of solu- the form of a perturbation theory of fluids, that 
bilities and related thermodynamic functions is required to correct a hard-sphere reference 
with an accuracy that was hitherto not possible. 
Scaled-particle theory (1-3) provides the equa- 
tions required for the calculation of the thermo- 
dynamic functions associated with cavity forma- 
tion in a hard-sphere fluid. A number of workers 
(4-6) have used the results of this theory to 
obtain the hard-sphere properties of real systems. 
However any reasonably accurate theoretical 
correction of a hard-sphere system to one that 
obeys a more realistic potential requires know- 
ledge of the two-body radial distribution func- 
tion. Lebowitz' (7) exact solution of the general- 
ized Percus-Yevick equation provides analytic 
expressions for the Laplace transform of the 
radial distribution function for a binary hard- 
sphere mixture. There is some evidence (8) that 
the structure of real liquids is closely approxi- 
mated by that of a hard-sphere fluid, so that a 
hard-sphere radial distribution function should 

fluid to one that obeys a more realistic potential. 
Zwanzig's formulation shows how the system 
Helmholtz free energy, in excess of that of the 
hard-sphere reference system, can be expressed 
as an infinite series in ( l /T ) ,  where T is tempera- 
ture. 

Recently several refinements t o  Zwanzig's 
theory have appeared. One approach, proposed 
almost simultaneously by Mansoori and co- 
workers (10-12), and by Rasaiah and Stell (l3), 
involves the application of the variational method 
to a truncated form of Zwanzig's equation. A 
second approach, which was introduced first by 
McQuarrie and Katz (14) and which was later 
refined by Leonard, Henderson, and Barker 
(15-17) involves expansion of the system confi- 
guration integral as a double Taylor series in two 
parameters. As with Zwanzig's method, one 
parameter varies the depth of a modified 
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potential in the attractive region. The second 
parameter varies the steepness of the modified 
potential in the repulsive region. Still another 
perturbation theory that incorporates Zwanzig's 
idea was recently proposed by Weeks, Chandler, 
and Andersen (18). These authors, whose theory 
pertains to a simple Lennard-Jones fluid, 
separate their intermolecular pair potential into 
two parts. One part (the reference part) includes 
all the repulsive forces in the Lennard-Jones 
potential, and the other part (the perturbation 
potential) contains all the attractive forces. 
Starting with this separation, Weeks, Chandler, 
and Andersen developed a relatively accurate 
and simple method for calculating the radial 
distribution function. Subsequently Verlet (19), 
and Verlet and Weis (20) tested the Weeks- 
Chandler-Andersen (W.C.A.) theory by com- 
parison with computer results. It was thereby 
shown that the basic assumptions of the W.C.A. 
model were justified. Verlet and Weis (20) also 
reexpressed the W.C.A. theory in an analytical 
form. 

The above extensions of the original Zwanzig 
idea have been shown to give good results when 
applied to simple systems. Recently Neff and 
McQuarrie applied the Leonard-Henderson- 
Barker theory to the system neon in argon and 
found that most of the ~redicted values ofthe 
solubility and related theirnodynamic functions 
were good (21). 

Therefore it seemed worthwhile to apply 
Zwanzig's theory, in some appropriate form, to 
more complex liquid solutions. Since the above 
theories are strictly applicable only to systems 
of spherical monatomic particles, it is unrealistic 
to expect ab initio predictions of thermodynamic 
functions for polyatomic anisotropic systems to 
be accurate. However. some information that 
reflects the dominant factors operative in such 
systems can be obtained by fitting the experi- 
mental results to a molecular theory that contains 
a physically interpretable parameter. This ap- 
proach will be taken here. 

The systems chosen for study were water in 
each of benzene, carbon tetrachloride, and 
cyclohexane. Lennard-Jones (6-12) parameters 
are available for each of these solvents and 
Stockmayer parameters are available for water. 
These molecules are not spherical but neither are 
they markedly elongated, so that a hard-sphere 
reference system should be roughly applicable. 
Solubility was chosen as the experimentally 

measured quantity both because it strongly 
reflects solute-solvent interactions and because 
it is now possible to measure the solubility of 
water in each of the chosen solvents with the 
requisite accuracy. Lastly, these specific systems 
were considered to be worthwhile because of 
their general chemical interest. 

Experimental 
Materials 

The solvents used were all certified grade, further 
purified as described below. Benzene was washed 
successively with concentrated sulfi~ric acid, water, 1 N 
sodium hydroxide solution, and finally with water. The 
product was dried with silica gel, and then distilled. 
Carbon tetrachloride was dried with calciun~ chloride 
and then distilled in the absence of light under an 
atmosphere of dry nitrogen. Cyclohexane was washed 
with water, dried with silica gel, and then distilled. A 4 ft 
silvered, vacuum-jacketed distilling column packed with 
Raschig rings was used for each distillation, and in each 
case the central fraction was retained for use. The  densities 
of the purified solvents at 25.00 + 0.02 "C were found to 
be: benzene, 0.87365 f 0.00002 (lit. (220, 23a) 0.87368, 
0.87370); carbon tetrachloride, 1.58416 F 0.00002 (lit. 
(226, 23a) 1.5842, 1.58426); cyclohexane, 0.77390 f 
0.00002 (lit. (23b) 0.7739). Distilled water was used for 
all the equilibrations. 

Apparatus attd Procedfrre 
The organic solvents were equilibrated with an excess 

of water in 175 ml milk-dilution bottles fitted with 
Bakelite screw caps having Teflon inserts. T h e  bottles 
were clamped lengthwise on  a Plexiglass rotor immersed 
in a water thermostat the temperature of which was 
maintained to within 0.02 "C of the required value. The 
bottles were given end-over-end rotation a t  20 r.p.m. 
Through the use of different equilibration times and by 
approaching equilibrium from both supersaturation and 
undersat~~ration (achieved by using pre-heated and pre- 
cooled saturated solutions respectively) it was found that 
equilibrium was achieved, for all systems, within 1 h. 
After equilibration the bottle was removed from the 
rotor, and was suspended vertically in the water bath, 
with only the cap and neck of the bottle above the water 
surface; the upper level of the lighter phase was well under 
the surface of the bath water. Aliquots (at least 5 ml) of 
the water-saturated organic solvent were taken for 
analysis with calibrated Hamilton syringes fitted with 
Chaney adaptors. These syringes were found to  deliver 
the solvents used here with an  accuracy of *0.2%. 

All the analyses for water were performed with an 
Aquatest I1 automatic Karl Fischer Titrator (model 702, 
Photovolt). The aliquot to  be analyzed was  injected 
directly into the titration vessel provided with the 
instrument. During the analyses the coulometer-current 
generated by the instrument was checked with an 
accurate milliameter to ensure that it had the proper 
value. 

Although it has been known for some time, it is 
apparently not widely realized that at room temperature, 
in the presence of light, a very slow reaction occurs 
between H,O and CC14 to produce HCI and other pro- 
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ducts (24). However it was found by careful testing that 
this problem was effectively avoided by purifying the 
CCI, in a darkened dry environment (see above) and by 
using darkened equilibration bottles and fresh reagents 
for the CCI, experiments. 

Results 
The solubilities of water in each of the sol- 

vents at the indicated temperatures are entered, 
on a molar basis, in columns 2, 6, and 10, of 
Table 1. Each of these entries represents the 
average of at least six independent solubility 
experiments. Thus a total of 137 separate 
equilibrations and analyses were carried out. 
The entries in columns 3, 7, and 11, of Table 1 
represent the respective sample standard devia- 
tions. For each solvent the variances of the 
solubilities were found, by a Hartley F,,,, test 
(25), to be homogeneous (not a function of 
temperature) at both the 5% and l x  levels of 
significance. Therefore the standard deviations 
for each solvent were pooled, and the means of 
the standard deviations (s.d.) are given under 
columns 3,7, and 1 1. 

Whereas a variety of values for the solubility 
of water in the solvents studied here have 
previously been reported (26), most of these 
values are based on methods that lack the 
accuracy which is now possible. In the past 
decade however, good values for several of the 
solubilities here sought have appeared, and these 
values are given in colulnns 4, 8, and 12, of 
Table 1.  A comparison of these solubilities with 
the corresponding values found here, shows 
that the agreement is satisfactory; in no case are 
the means (for the same solvent and temperature) 
significantly different. The relatively high percent 
error found with cyclohexane (both in the pres- 
ent work and in ref. 27) is a consequence of the 
combined effects of the very low solubility of 
water in this solvent, and the general problem 
associated with accurate water analysis. 

Treatment of the Data 

It has previously been shown (at 25 "C) that 
in a variety of solvents in which the solubility of 
water is low, the partial pressure of water dis- 
solved in these solvents is proportional to its 
molarity at all water concentrations up to and 
including saturation (27, 28). In particular, water 
has been found to exhibit this proportionality in 
each of benzene, carbon tetrachloride, and 
cyclohexane (27). Further, since the solubility of 

HIO IN ChHo, CC14 and C ~ H I I .  1671 

water is sufficiently low in each of these solvents 
so that its molarity is proportional to  its mole 
fraction (within the experimental error of both 
this work and that of ref. 27), the above pressure- 
molarity proportionality is in fact a manifesta- 
tion of Henry's law behavior. That is, water 
obeys Henry's law at all concentrations up to 
saturation in each of these solvents. If it is 
assumed that this behavior found at 25 "C (the 
middle of the present temperature range) occurs 
also at the other temperatures studied here, then 
for each of our water-saturated solutions we 
may write: 

where P = partial pressure of water over the 
water-saturated solution = vapor pressure of 
pure water, KH = Henry's law constant for 
water, X = solubility of water (mole fraction 
units). From their definitions it is clear that KH 
and X depend on both solvent and temperature, 
whereas P is a function only of temperature. The 
use of the vapor pressure of pure water for P 
in eq. 1 is an approximation since one should 
use the vapor pressure of water saturated with 
the organic solvent. Clearly however the solu- 
bilities of our solvents in water are so low, that 
the approximation is adequate. For example, 
the solubility of benzene in water at 25 "C is 
0.023 mol/l (29). Therefore the partial pressure 
of water over this benzene-saturated aqueous 
solution is less than the partial pressure of pure 
water at 25 "C by a factor of 0.9996. It is assumed 
in this calculation that the water in this water- 
rich benzene-saturated solution obeys Raoult's 
law. This correction (less than 0.1%) is negligible 
with respect to the present experimental error 
(at best 1%) and is therefore omitted. 

From the known vapor pressure (30) and 
second virial coefficient (31a) of water, the 
compressibility factor for water vapor over the 
range 10-40 "C may be shown to be -0.999- 
0.997. Therefore water vapor is sufficiently ideal 
under these conditions to  justify the omission of 
virial corrections. 

The values of the Henry's law constants for 
water, calculated by eq. 1, are given in Table 2. 
The solubilities (molar basis) from Table 1 were 
converted to mole fraction units with the solvent 
density used for the appropriate solution density. 
Again, this approximation is permissible because 
of the low water solubilities. The values for both 
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TABLE 2. Henry's law constants for water 

In KH 

Benzene Carbon tetrachloride Cyclohexane 
t 

("C) Observed* Calculatedt Observed* Calculated$ Observed* Calculated§ 

"Derived from the experimental data: K,, has units atm. 
tln K,, (calcd) = 11.017 - 2596.71T. 
$In K,, (calcd) = 10.856 - 2165.1/T. 
$In K,, (calcd) = 8.4035 - 1152.51T. 

the solvent density and the vapor pressure of 
water at  the required temperatures were taken 
from published tabulations (30, 32). 

I t  was found that the dependence of the 
Henry's law constant on temperature could be 
represented, for each solvent, by the familiar 
2-parameter equation : 

where T is temperature in O K .  Least-squares 
estimates of E and F for each solvent are given 
in Table 2 and the fit is demonstrated in Fig. 1. 
From the least-squares estimates of E and F, the 
standard state enthalpy and entropy of transfer 
for water have been calculated by eq. 3 and eq. 4:  

P I  AS,: = RE 

where R = 1.9872 cal/deg. mol and these values 
are given in Table 3. The entries in this table 
represent averages over the temperature range 
10-40 "C. The thermodynamic transfer functions 
AH,: and AS,: represent the change in enthalpy 
and entropy respectively that occur when 1 mol 
of water initially present in a hypothetical unit 
mole fraction solution of water in a solvent at  
te'mperature T is transferred to the state of an 
ideal. gas at  I atin and temperature T. The 
standard deviations given with AH,: and AS,: 
were calculated from the least-squares estimates 
of the standard deviations of F a n d  E respectively. 
These latter estimates were obtained by the 
application of the law of accumulation of errors 
(33) to eq. 2. 

- least-Squares fits 

FIG. 1. Variation of the Henry's law constant with 
temperature. 

TABLE 3. Thermodynamic transfer functions 
for water 

- - 

AH,? AStP 
Solvent (kcal/mol) (cal/mol deg) 

Benzene 5.16k0.07 21.89k0.23 
Carbon Tetrachloride 4.30k0.10 21.57f 0.35 
Cyclohexane 2.29k0.32 16.70k1 .06 
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Statistical Mechanical Analysis 

Background 
The Zwanzig equation for the system Helm- 

holtz free energy of a multicomponent mixture 
can be expressed in the form: 

where A is the Helmholtz free energy of the real 
system, A " ~  and giys(r) are respectively the 
Helmholtz free energy and two-body radial 
distribution function for the hard-sphere refer- 
ence mixture, dij is the hard-sphere diameter 
between particles i and j, ziij(r) is the potential 
energy of interaction between particles i and j, 
and p and N are the particle number density and 
number of particles respectively. In eq. 5 uij(r) 
and gij(r) are taken to be spherically symmetric. 
The higher order terms in eq. 5 involve higher 
order distribution functions which are presently 
unknown, and therefore the series, when applied 
to liquid solutions, is generally truncated after 
the first correction term. 

Whereas it may in principle be possible to 
apply one or more of the previously mentioned 
extensions of Zwanzig's theory (see Introduction) 
to the present problem, this is presently not 
feasible and therefore will not be done. For 
example, a rigorous extension of any of the 
refined theories to the present systems would 
have to take into account the angle-dependence 
of each of the radial distribution function, the 
dipole field of water, and the polarizability of 
benzene and cyclohexane. Such a task, given our 
present state of knowledge, is virtually impos- 
sible. Moreover, even if the calculation were 
possible, it still would not eliminate the addition- 
al uncertainties engendered by the application 
of a hard-sphere reference system to non- 
spherical polyatomic particles. 

In view of the foregoing considerations it is 
clear that a more modest, semi-empirical ap- 
proach is indicated. Thus eq. 5 truncated to the 
first order will be accepted as correct, and the 
required values of dij will be obtained by setting 
them equal to the corresponding Lennard-Jones 
(6-12) parameters oij. We will return to this 
point later (see Selection of ,Data). A fitting- 
parameter is introduced in the form of a factor 
that modifies the value of the water-solvent 

interaction energy. The values of this parameter 
will be adjusted in order to fit the theoretically 
calculated solubilities to those found experi- 
mentally. Therefore this parameter will absorb 
the effects of all the approximations in the 
theoretical development. Despite this, it will be 
shown that the values this parameter assumes 
can in fact be rationalized in terms of molecular 
properties. 

Derivation 
The solute will be denoted by the subscript 

"2" and the solvent by "1 ". The Zwanzig result, 
truncated to the first order, is used for the system 
Helmholtz free energy. Thus: 

[7] AcO" = 2.1 piNj Jm ~ . ~ s ~ ~ ( r ) ~ ~ ~ H ~ ( r )  
i .j d i j  

From eq. 6 and the definition of the chemical 
potential in a binary system 

it follows that 

where 

From thermodynamics 

where k is the Boltzmann constant. The super- 
script 0 denotes standard state, the outer 
subscript g denotes gas, and the absence of such 
a subscript denotes solution. The standard state 
for water in the gas is the ideal gas at 1 atm and 
temperature T, and its standard state in solution 
is the extrapolated hypothetical unit mole frac- 
tion solution at T. It will be assumed that the 
internal and rotational   art it ion functions for 
water are the same in solution as in the gas. 
Under this assumption these degrees of freedom 
don't contribute to KH and are therefore not 
included below. Hence : 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1674 CAN. J .  CHEM. VOL. 52, 1974 

where I? is Planck's constant and m2 is the mass of a water molecule. 
From thermodynamics 

[I21 p20 = lim [p, - kTln X2] 
X I - 0  

where X denotes mole fraction. 
Combining eqs. 9-12. and using the superscript to denote the limit as X2 4 0: 

Scaled-particle theory is used to calculate the properties of the hard-sphere reference system. TO 
facilitate a comparison with other work, the following definitions are made: 

If p2HS is expressed in terms of equations 2.7, 5.1, and 5.3 of ref. 3, and eq. 8 is applied to eqs. 6 and 
7, the result is 

C141 
t l S  8 c o r r  • 

InK, = In(RT/Vl) + (5) + (*) 
where (S). = -Il,(l - y) + R* 

In eq. 14 v, is the molar volume of the pure solvent. It is seen from a comparison of eq. 14 with 
eq. 23 of ref. 21 that our standard state and hard-sphere terms (first two terms on the right-hand side 
of eq. 14) are identical with those of ref. 21 but our correction term is different. 

In the derivation of eq. !4 it was assumed that the pairwise potential functions were all spherically 
symmetric. Whereas the solvent-solvent and water-solvent interaction potentials can be approxi- 
mated by spherically symmetric functions (see below), the water-water term cannot. However it is 
seen from eq. 14 that the water-water term doesn't enter into the expression for In K,,. Therefore 
this complication need not be considered. 

Calculations 
Explicit analytic expressions for ,g,Fs(r) are not in general available. However Lebowitz' solution 

of the Percus-Yevick equation for a hard-sphere mixture (7) provides accurate explicit expressions 
for the Laplace transform of rgi,liS(r). Therefore the integrals required for the calculation of (p2'On/ 
kT)@ were recast as follows (34): 

HS(r)\a dl. 
";;."I J'" r2u , I ]  1 = --- 

dl I fNI ,T ,v  
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GOLDMAN: SOLUBILITY OF Hz0 IN CaHn, CC14 and CnHll 

where 

Radial Distribution Function 
Explicit expressions for G I  ,(s) and G12(s) for a binary hard-sphere mixture of any composition 

have been given elsewhere (7, 21) and these expressions are not repeated here.' From these expres- 
sions it may be shown that 

ClSl 

with 

I~~termolecular Potential Energy 
A Lennard-Jones (6-12) potential is used for ull(r). Thus 

where E ,  , represents the depth of the potential well, and 0, , is the value of r at  which u, ,(r) is zero. 
From Laplace transform tables it may readily be shown that 

where L-'{ f(r))  represents the inverse Laplace transform of f(r). 

'In the present work, as in ref. 21, G,j(s) represents the Laplace transform of rg,,(r). I n  ref. 7 the Laplace transform 
of rg,,(r) is represented by [ G , , ( ~ ) / l 2 ( q ~ q ~ ) ~ ' ~ ] .  Equation 41 of ref. 7 for G,,(s) is missing a factor of 12 in the numerator. 
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For the water-solvent intermolecular potential energy it is assumed that the valence and dispersion 
contributions are given by a Lennard-Jones (6-12) potential, and the dipole-induced dipole contri- 
bution is given by 

In eqs. 20 and 21, D is the dielectric constant of the solvent, n, is the refractive index of water for 
sodiui light, u,* is the dipole moment of water in solution, u,* is the dipole moment of water in 
the gas phase, and ti, is the mean polarisability of the solvent. The expression for udi,(r) (eq. 20) 
represents the angle-averaged potential energy of interaction of a non-polarizable point-dipole with a 
particle of polarizability ti,. The angle-averaged potential used here is consistent with the present 
model wherein the water molecule in solution is assumed free to rotate. Due to the reaction field of 
the solvent acting on the polarizability of the water molecule, u,* is different from u,*. Equation 21, 
taken from classical electrostatic theory (35), gives an estimate of u,*. A dimensionless fitting- 
parameter f12 is introduced at this stage. This parameter is introduced t o  facilitate fitting the theoreti- 
cally derived expression for the Henry's law constant to the experimentally determined values of 
this constant. Hence 

and 

Method of Calculatiot7 
Gauss Quadrature was used to evaluate the 

integrals I,, and I,,. In each case the interval 
of integration (0 to a) was subdivided into 
seven smaller intervals. Each of these intervals 
was integrated separately using successively 10, 
20, and 40 Gaussian points. The Gaussian points 
used were of 15-figure accuracy and double- 
precision arithmetic was used throughout. In 
this way it was proven that the required integrals 
were known to at least 10-figure accuracy, an 
accuracy that is much higher than what is actually 
required. The accuracy of the programs used 
was further verified by applying them, tliutatis 
tnutat7rlis, to previously published work (ref. 21). 

Selectiot7 of Data 
The values of D and t7, required with eq. 21 

were taken from the literature (36), LI,;': was 1.85 
Debyes (31b), and the values for ti, were taken 
to be (37): 103.2 x cc, 105.0 x CC, 
and 108.7 x cc for benzene, carbon 
tetrachloride, and cyclohexane, respectively. 

The values of the solvent parameters E , ,  and 
o,, were taken from published tabulations (31c) 
and are given in Table 4. These parameters 
derive from gas-phase viscosity data. The  values 

selected from the available data were both 
consistent with the present work and were 
self-consistent. They were self-consistent in the 
sense that by using the values of o,, in Table 4, 

3 .  the ratio o , - , , ~ : ~ ~ ~ , ~  .oC6 ,,,, is quite close 
(within 57,) to the ratio of the molar volumes 
- - 
VC61,6: VCC14: Vc6H,2. At least a rough corre- 

spondence between these ratios is expected for 
liquids composed of near-spherical particles. 
Such a correspondence was not found with 
other values of o,, . 

The values given for water in Table 4 (H,O- 
H,O) are Stockmayer parameters, also derived 
from viscosity data  (316). These values are 

TABLE 4. Lennard-Jones (6-12) parameters 

Pair 
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GOLDMAN: SOLUBILITY O 

consistent with the present work, whereas 
parameters derived from the second virial 
coefficient of steam are not. The reason for this 
is unclear, but it may be a consequence of the 
smaller values of o obtained from viscosity data, 
and the present identification of o with d. 

The values of E,,  and o I2  were calculated by 
the approximate Lorentz-Berthelot combining 
rules : 

(J12 = (1/2)((311 + (322) 

The values of dij  were obtained by setting dij  
equal to o i j  Thus the reference system is hard- 
sphere-additive, and this is consistent with the 
Percus-Yevick equation for gijHs(r) (7). 

Sutnmary of Calct~lations 
The parameters in Table 4 together with eqs. 

14-23 give rise to the quantities entered in Table 
5. The values of f12  given in Table 5 are those 
values which, by modifying the values of I,, 
(see eqs. 15 and 23), cause the theoretically 
derived Henry's law constants to equal the 
appropriate smoothed Henry's law constants 
(Table 2 columns 3, 5, 7). Thus eq. 14 together 
with the values in Table 5 reproduce the least- 
squares lines in Fig. 1.  Statistical mechanical 
expressions for AH,: and AS,: were not 
derived because of the unknown theoretical 
temperature-dependence off;,. However inas- 
much as the entries in Table 5 reproduce both 
the solubilities and the temperature-dependence 
of the solubilities, these quantities are implicitly 
accounted for. 

Discussion 
The variation of f;, with temperature is 

demonstrated in Fig. 2. I t  is seen that with each 
solvent f 1 2  decreases with temperature. The 
curves are all slightly concave upward. If the 
model and the accompanying assumptions were 
perfect, f,, would be unity for all systems 
(dashed line). The value of  f 1 2  is nowhere grossly 
different from unity; the spread including all 
solvents and temperatures is 0.938 to  1.174. 
However the calculated solubilities are very 
sensitive to f 1 2  and therefore these values require 
comment. 

The behavior ofj;, may be due to the present 
application of scaled-particle theory and a hard- 
sphere radial distribution function to systems 
comprised of non-spherical particles. Unfor- 

F H z 0  IN ChHh, CCIJ and C I H I Z  1677 

FIG. 2. The variation off; ,  with temperature. 

tunately this possibility is very difficult to explore 
quantitatively, since appropriate non-spherical 
analogues of scaled-particle theory a n d  the hard- 
sphere radial distribution function are not 
available. Therefore this approach will not be 
pursued. Instead, as is implied by eq. 22, f I 2  will 
be interpreted as a correction factor to t~,,(r). 
It is shown below that  this approach, for the 
benzene-water and cyclohexane-water systems, 
is subject to a numerical check. 

The benzene-water and cyclohexane-water 
systems are considered first. Equation 22 can be 
written in the form 

Thus f 1 2  can be considered to be a correction 
factor common to both El and E,,. This  in turn 
suggests that when ,f12 is different from unity, 
the values used for a ,  and E~~ in the calculation 
of I,, are incorrect by the same proportion. A 
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TABLE 5. Calculated values of the various contributions to In KH* 

Benzene Carbon Tetrachloride Cyclohexane 0 
> 
z 

Temperature RT ( (  1 . 1  ~n (g) (g).  C 

("C) - 1 1 2  f l 2  - 1 1 2  f 1 2  I l l  - 1 2  f l 2  0 
32 
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GOLDMAN: SOLUBILITY O F  H:O IN C6Ha. CC14 and C6H11 

TABLE 6. Comparison of range of f 1 2  with solvent polarizability ratios 
- -- 

Solvent Range of f 1 2  

Benzene 0.615 1 .I93 1 .026-1.098 

Cvclohexane 0.815 1.075 0.938-1.018 

physical origin of this common correction factor 
to C, and E,, can be understood by the reference 
to the London formula for the dispersion energy. 
By equating the coefficient of the Lennard-Jones 
dispersion term (the coefficient of - l /r6) to the 
coefficient predicted by the London formula 
(31d): 

4 ~ , , o , , ~  = k1a,a2 
where 

and E,,,  Er2 are constants, approximately equal 
to the ionization energies of the molecules. Thus 
if a, (see below) and o , ,  (here identified with 
dl,) can be considered as constants: 

Equation 24 states that, other factors being 
constant, E, ,  and a ,  are proportional. Thus if 
as was done here, a ,  is taken to be the mean of 
the three principal components of polarizability 
of the solvent, then E,,  must correspond to the 
depth of the Lennard-Jones potential well 
reckoned with all solvent orientations equally 
likely. This situation was here approximated by 
using values of E,, derived from gas phase 
viscosities in conjunction with the mean solvent 
polarizability. However eq. 24 also implies that 
if the effective solvent polarizability a , '  is 
different from a, such that 

then both the values of E , ,  and a ,  used in the 
calculation of u,,(r) must be corrected by the 
same factor f,,. In view of eq. 25 it is seen that 
f,, represents the ratio of the effective solvent 
polarizability to the mean solvent polarizability. 

In the derivation the water molecule in 
solution was assumed free to rotate and therefore 
Z, was used for a,. This assumption has some 
justification since water is small relative to 
benzene or cyclohexane, it is nearly spherical in 
shape, and it is completely surrounded by solvent 

molecules. On the other hand, a solvent molecule 
(C6H6 or C6H12) next to a water molecule in 
solution is larger and less spherical than water 
and is surrounded both by other solvent mole- 
cules and a water molecule. Under such cir- 
cumstances the solvent molecule is unlikely to 
be free to rotate and therefore its effective or 
manifest polarizability a , '  is unlikely to equal 
- 
El. 

Since f,, is defined by eq. 25, limiting values 
of.f,, for each solvent can be calculated from 
the known components of polarizability of each 
solvent. Subsequently the values obtained for 
f,, for the benzene-water and cyclohexane-water 
systems (Table 5) can be compared with these 
limits. Both cyclohexane and benzene are mark- 
edly anisotropic with respect to polarizability. 
The principal components of polarizability (in 
cc) are: (63.5 x 123.1 x 123.1 x 

and (92.5 x 116.8 x loF2',  116.8 
x for benzene and cyclohexane respec- 
tively (37). The limits entered in columns 2 and 
3 of Table 6 are based on these values. The 
ranges of values of f,, entered in column 4 
Table 6 are taken from Table 5. 

It is clear froni Table 6 that the range of f 1 2  

for both the benzene-water and cyclohexane- 
water systems is well within the limits set by the 
maximum and minimum possible values of 
(a,/C,). Therefore only a slight off-average 
polarizability manifested by a solvent molecule 
next to a water molecule in solution can account 
for the calculated values off,,. The decrease in 
f,, (or a, ') with increasing temperature is also 
consistent with this explanation. At lower 
temperatures the central water molecule is more 
able to favorably turn a neighboring solvent 
molecule than at higher temperatures since 
increasing kT  reduces the influence of angle- 
dependent potentials. The specific geometries of 
the water and solvent molecules probably exert 
an increasingly important influence on the value 
of a , '  as the temperature increases. 

The foregoing argument cannot be used for 
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the carbon tetrachloride-water systems, since 
carbon tetrachloride is isotropic with respect to 
polarizability. However the behavior off , ,  for 
this system is similar to its behavior in the 
benzene-water and cyclohexane-water systems 
so that an analogous situation is likely to exist. 
It has been reported (38, 39) that aliphatic 
chlorine atoms can form weak hydrogen bonds 
in solution. Such specific interactions between 
molecules are only roughly taken into account 
by the combining rule used to obtain E , , .  

Therefore if such an interaction occurs to an 
extent beyond that predicted by the square root 
combining rule, the calculated values of u , , ( r )  
would be too small (insufficiently negative) and 
therefore the resultant values o f f , ,  would be 
positive, as was in fact the case. Furthermore 
since hydrogen bonds are strongly direction- 
dependent, this effect should diminish with 
increasing temperature and therefore f ,  , should 
decrease with increasing temperature. This also 
was found to occur. 

The author is grateful to the National Research Council 
of Canada and the Chemistry Department of the Univer- 
sity of Guelph for financial assistance. 
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The Photochemical Reactivity of Some Benzoylthiophenes. 11. Photocycloaddition' 

D. R.  A R N O L D ~ ,  R.  J .  BIRTWELL, A N D  B. M. CLARKE, JR. 
Photoihet~~i.s/ry Ut,i/, Depcirtt,letlt qf'Chet,zistty, University of Western Otltnrio, Loritlotr, Otltcirio N6A 3K7 

Received November 14, 1973 

The photochemical reactivity of 2- and 3-benzoylthiophene and their para-cyano and 
para-nlethoxy derivatives, upon irradiation in the presence of isobutylene, has been 
studied. All six ketones undergo photocycloaddition at  the carbonyl group nnder these 
conditions. The resulting oxetanes are thermally unstable; they eliminate formaldehyde 
and yield the 1-aryl-I-thienyl-2-nlethylpropene. The existing generalizations, potentially 
useful for predicting this photochenlical reactivity, are reviewed. 

On a CtudiC la rCactivitC photochimiq~~e des benzoyl-2 et -3 thiophknes et cle leurs 
dCrivCs ~nrn-cyano et ~ora-mtthoxy lors de leur irradiation en prtsence d'isobutylkne. 
Dans ces conditions les six cCtones subissent une photocycloaddition impliquant le 
groupement carbonyle. Les oxttanes qui en rtsultent sont thermiquement instables; ils 
expulsent de la formaldthyde et fournissent les aryl-l thitnyl-1 mtthyl-2 propknes. On 
passe en revue les gCnCralisations d t j i  proposies et qui sont potentionnellement utiles 
pour prtdire cette rCactivit6 photochimique. [Traduit par le journal] 

Can. J .  Chern., 52, 1681 (1974) 

Introduction 
A goal of the organic photochemist is to be able 

to predict the photochemical reactivity of a 11101- 

ecule based, preferably, upon the structure of the 
ground state and reasoning by analogy with re- 
lated compounds. The knowledge of the nature 
of the accessible electronic excited states, gleaned 
from spectroscopic studies, may also be useful. 
Extensive efforts have, in fact, resulted in several 
generalizations with regard to the photochemical 
reactivity of carbonyl compounds. In this paper 
we review these generalizations and compare the 
predictions with the observed reactivity of 2- and 
3-benzoylthiophene and their para-cyano and 
para-methoxy derivatives upon irradiation in the 
presence of isobutylene. In addition, the few 
previous reports concerning the photochemical 
reactivity of these and similar thiophene ketones 
will be reviewed in perspective. 

Part I of this series reported results of the study 
of the U.V. absorption and phosphoresence emis- 
sion spectra of these ketones which made possible 
the assignment of electronic configuration and 
energy for several of the electronic excited states 
(1). The lowest excited singlet in all cases in non- 
polar solvents, is an n,n* state of the carbonyl 
chromaphore. The lowest triplet of the2-benzoyl- 
thiophene derivatives (la-c) has n,n* character 

'Contribution No. 94 from the Photochemistry Unit. 
'Alfred P. Sloan Fellow 1972-1974. 

and is assigned to the 2-thienoyl moiety. The 3- 
benzoylthiophene derivatives (2a-c) have an n,n* 
triplet, associated with the carbonyl group, of 
lowest energy. These results are summarized in 
the partial state diagrams for these molecules 
which are shown in Fig. I .  

FIG. I .  Partial energy diagrams (:I) for the 2-benzoyl- 
thiophenes, (b) for the 3-benzoylthiophenes. 
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3 a-c 5 a-c 

2 a-c 

Results 
Irradiation of the 2- and 3-benzoylthiophenes 

studied ( la-c and 2a-c) in the presence of iso- 
butylene, results in photocycloaddition at the 
carbonyl group. The oxetanes (3a-c and 4a-c), 
formed initially, are thermally unstable; they eli- 
minate formaldehyde and give the olefins (5a-c 
and 6a-c). We were unable to isolate any of the 
oxetanes but could detect and characterize, by 
n.m.r., all but two (3a and B ) .  

The structures assigned to the olefins 5a-c and 
6a-c are consistent with the n.m.r. spectra. In the 
case of 5a, b and 6a, 6 ,  the structures have been 
firmly established by comparison with authentic 
samples synthesized by dehydration of alcohols 
made by the Grignard reaction of isopropyl mag- 
nesium bromide with the ketones l a ,  b and 2a, b. 

We found no evidence of photoisomerization 
of the thiophene ring in the product olefin or in 
recovered starting ketone. No cyclobutane prod- 
ucts which might have arisen from photocyclo- 
addition of the olefin to the thiophene ring were 
detected. However, the material balance was not 
always good and the n.m.r. spectrum of the crude 
reaction mixture indicated that in some cases 
products, which were not characterized, were 
formed in small amounts. 

Discussion 
The possible photochemical reactions of the 

benzoylthiophenes ( la-c,  2a-c) which must be 
considered include (I) photocycloaddition to the 
carbonyl group to give the oxetane; (2) photo- 
cycloaddition to the thiophene ring to give the 
cyclobutane, and; (3) photoisomerization of the 

4 a-c 6 a-c 

HEME 1 

thiophene ring. Obviously the possibility also 
exists that no photochemical reaction will occur. 
Of these possibilities photocycloaddition to the 
carbonyl group is the reaction observed. Armed 
with the considerable experience obtained from 
studies of related carbonyl compounds, would 
this photochemical reactivity have been pre- 
dictable? 

On the basis of structural considerations alone, 
and in view of the similarity of the ground state 
reactivity of thiophene and benzene, one might 
predict photochemical reactivity parallel to that 
observed for the analogous benzophenone deriv- 
atives. Benzophenone and 4,4'-dimethoxybenzo- 
phenone are known to form the oxetanes upon 
irradiation in the presence of isobutylene (2).  The 
photocycloadditionof4,4'-dicyanobenzophenone 
had not been previously studied; it also forms the 
oxetane under these  condition^.^ Thus, this first 
approximation, while correct in this instance, is 
certainly fortuitous in view of the difference in the 
nature of the lowest triplets for the 2- and 3- 
benzoylthiophene derivatives assigned on the 
basis of the spectroscopic study (1). 

One generalization of photochemical reactivity 
of carbonyl compounds that is widely accepted is 
that carbonyl singlet and triplet n,n* states are 
much more reactive toward photocycloaddition 

3The phosphoresence emission from 4,4'-dicyanobenzo- 
phenone (MCIP at 77 OK) has the vibrational structure 
(0-0 - 0-1 separation = 1640cm-') and is typical of  
an  n,x* triplet. The triplet energy ( E ,  = 63.4 kcal mol-I) 
is low compared with that of benzophenone (68.6 kcal 
mol -0  and 4-cyanobenzophenone (66.4 kcal mol-') (3) 
and reflects the strong electron withdrawing nature of the 
cyano group. 
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with olefins to give the oxetane than are states of rigorous, and perhaps least useful (in view of the 
other electronic configuration. Since the n,n* amount of information required), generaliza- 
singlet is usually short lived, due to rapid inter- tions of photochemical reactivity will be those 
system crossing, the n,n* triplet is usually the re- based uion extrapolation of characteristic re- 
active state in these reactions. A corollary there- activity in different types of reactions. For ex- 
fore is, carbonyl compounds which emit from an ample, carbonyl coinpounds that are efficiently 
n,n* triplet are generally reactive in this reaction. reduced, by hydrogen abstraction by the carbonyl 
It should be made clear that "reactivity" in this oxygen atom, upon irradiation in the presence of 
context refers to the rate controlling steps leading hydrogen donors should be expected t o  undergo 
to cycloaddition products and should not be inter- photocycloadditioil t o  olefins to form oxetanes. 
preted to mean high quantum yield or even good Furthermore, intramolecular hydrogen abstrac- 
yield of product, since many complicating factors tion, leading to Norrish type I1 cleavage or photo- 
(eg. reversible formation of an intermediate, life- enolization of P-alkyl-a, P-unsaturated carbonyl 
time of the excited state, competing reactions compounds should compete with oxetane forma- 
with comparable rates, etc.) are not taken into tion. This generalization assumes a n  "alkoxy 
account. Nevertheless, this corollary has been radical-like" state, regardless of electronic con- 
used and the products obtained from a large figuration, is responsible for these reactions. 
number ofcarbonyl c o ~ n ~ o u n d s  can be correlated There is little fundamental basis for this generali- 
with triplet emission (2,4). However, the products zation since it is now known that several different 
obtained upon irradiation of ketones la-c belie types of intermediates can precede any radical 
this generalization since the phosphorescence iniermediate that may be involved. Still, theprod- 
emission from these ketones is clearly n,n* in ucts obtained from a large number o f  carbonyl 
nature. compounds can be predicted on this basis. 

With some carbonyl compounds, aliphatic There have been very few reports concerning 
ketones for example, the intersystem crossing 
rate is known to be slow; bimolecular reactions 
of the n,n* singlet are then observed (5). The n,n* 
singlet could be responsible for the reactivity of 
la-c if intersystem crossing is slow enough. While 
we have no evidence on this point, the positioning 
of the excited states summarized in the energy 
level diagram (Fig. la), with the n,n* triplet rather 
close in energy and below the n,n* singlet 
( E  ,.,, , - En.,,, = 4300 cm-I), should lead to a 
rapid intersystem crossing process so that a bi- 
molecular reaction would be precluded (6). This 
need not be the case; the energy level diagram for 

the photochemical reactivity of thiophene car- 
bony1 compounds. For  alkyl thiophene ketones, 
enough is known so that a consistent reactivity 
pattern seems established. Both 2- and 3-acetyl- 
thiophene are known to  be stable to irradiation in 
isopropanol (8). Neckers and co-workers have 
recently found that 17-propyl-2-thiophene ketone 
and n-propyl-3-(2,5-dimethylthiophene) ketone4 
do  not undergo the Norrish type I1 reaction (9). 
Thus, these ketones are unreactive toward hydro- 
gen abstraction and are not to be expected to give 
the oxetanes upon irradiation in the presence of 
olefins. 

2-naphthaldehyde is similar to that for la-c, The photocycloaddition of 2-acetyl thiophene 
(the separation of the n,n* triplet and n,n* singlet to tetramethylethylene and isobutylene, shown 
is, however, significantly larger(En,,,I - En,,., = in Scheme 2, has recently been studied (10). The 
7000 cm-I)), and photocycloaddition has re- products were reported to be the cyclobutanes 
cently been shown to occur at the carbonyl group which result from cycloaddition of the olefin to 
and via an n,n* singlet reaction (7). the 2,3-position of the thiophene; no  oxetanes 

Ketones la-c join a growing list of carbonyl were d e t e ~ t e d . ~  
compounds, the photochemical reactivity bf 

4A cautionary note should be made with regard to the which is not predictable attr ibuting charac- expected similarity between the excited states of 3-thio- 
teristic reactivity to the accessible excited states. phene ketones and 3-(2,5-dimethy1thiophene) ketones. 
Furthermore, advances made in understanding While 3-benzoylthiophene emits from the carbonyl n,n* 
the mechanism(s) of the photocycloaddition re- triplet, the emission from 3-benzoyl-2,5-dimethylthio- 

action force a reevaluation of this generalization, phene is very different and is n,n* i n  nature. 
=In a private communication, Dr. Cantrell has ex- 

particularly when attempting to predict synthetic pressed doubt concerning the structure assignment of 
utility. some of the adducts reported in this preliminary com- 

It seems a priori reasonable that the most munication (10). 
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The only alkylthiophene ketone for which an 
emission spectrum is reported is 2-acetylthio- 
phene. In this case the lowest triplet has been 
assigned the x,x* configuration (10). There is 
good reason to expect the triplet of n-propyl-2- 
thiophene to be similar to that of 2-acetylthio- 
phene. It seems likely, in view of the small separa- 
tion of the n,x* and x,x* triplets in 3-benzoyl- 
thiophene that the lowest triplet of 3-alkylthio- 
phene ketones will also have the TC,TC* configura- 
tion. Thus, the lack of hydrogen abstraction by 
the carbonyl oxygen and the lack of photocyclo- 
addition to the carbonyl group are consistent 
with predictions based on characteristic reactivity 
and on the electronic configuration of the excited 
state. 

The reactivity of 2- and 3-benzoyltliiophene 
upon irradiation in hydrogen donating solvents 
is far from clear. Predictions based on the photo- 
cycloadditions reported here would be for hydro- 
gen abstraction by the carbonyl oxygen to occur. 
Traynard and Blanchi have studied the reactivity 
of 2- and 3-benzoylthiophene upon irradiation in 
isopropanol (1 1). They report quantum yields 
for the disappearance of the ketone of 0.17 for 
2-benzoylthiophene, and 0.25 for 3-benzoylthio- 
phene compared to 1.23 for benzophenone. How- 
ever, the products of these reactions, which they 
presumed to be the pinacols, were not isolated 
and were characterized only by U.V. spectra. 
Neckers, on the other hand, has been unable to 
detect photoreduction products from 2-benzoyl- 
thiophene under coniparable conditions (9). 
Further work is required to define the reactivity 
of these ketones toward hydrogen abstraction; it 
seems clear, however, that the reaction will not 
be useful for synthesis of the reduction products 
and, that if hydrogen abstraction does occur, the 
reaction is much less efficient than with benzo- 

photocycloaddition to give the cyclobutane anal- 
ogous to those obtained with 2-acetylthiophene; 
however, the product was not isolated and 
characterized5 (10). If the product is in fact the 
cyclobutane, the difference in conditions which 
lead to cyclobutane us. oxetane are not yet clear. 

There are several reported examples of posi- 
tional isomerization of substituted thiophenes. 
This reaction has been extensively studied by 
Wynberg and Kellogg and their co-workers and 
has recently been reviewed (12). The interchange 
of the thiophene carbons 2 and 3 of alkyl- and 
aryl-substituted thiophenes occurs via the inter- 
mediate cyclopropenyl thioketone or thioalde- 
hyde and is a fairly general reaction which appears 
to involve the lowest singlet (~ ,Tc :~ )  state. This 
reaction is apparently inhibited by carbonyl sub- 
stitution; thiophene aldehyde and acetylthio- 
phene do not photorearrange (13). This correla- 
tion is strengthened by the lack of photoisomeri- 
zation of la-c and 2a-c. 

The qualitative differences in  stability of the 
oxetanes 3a-c, 4a-c, toward loss of formaldehyde, 
encountered during attempted isolation indicates 
a decomposition mechanism in which positive 
charge develops on the benzylic, thienylic carbon. 
The two oxetanes which we are unable to detect, 
3a and 0, are those which potentially form the 
niost stable carbonium ion while the relative 
stability of 4c is a reflection of the electron with- 
drawing capability of the para-cyano group. This 
behavior has precedence since 2,2-di(4-metlioxy- 
pheny1)-3,3-diniethyloxetane is difficult to isolate; 
the olefin is obtained in high yield (2). The of 
values for 2- and 3-thienyl (-0.85 and -0.49, 
colnpared with of for methoxy -0.78), gleaned 
from solvolysis studies, indicate an  ability of the 
thiophene ring to stabilize an adjacent carbonium 
ion (14). 

p henone. 
There was one previous report of a photocyclo- Conclusions 

addition reaction between 2-benzoylthiophene The state diagrams for the 2- and 3-benzoyl- 
and an olefin, isobutylene. Cantrell reported thiophenes indicate significant differences in the 
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relative positions of analogous electronic excited Irrndintior~ of'2-(4-Methoxyberrzoyl)tlrio/1herre (Ib) 

states; in particular la-c have a lowest triplet of 
K,K* character while 2a-c have an n,x* triplet of 
lowest energy. Nevertheless, the qualitative be- 
havior of both series upon irradiation in the 
presence of isobutylene is the same, photocyclo- 
addition at the carbonyl group. Therefore, for 
synthetic purposes, the generalization of photo- 
chemical reactivity based upon the spectroscopic 
identification of accessible excited states is not 
yet useful. 

A question is raised conceriling the adequacy 
of predictions based upon reactivity in different 
types of reactions. Part 111 of this series reports 
thk extension of this study to 2-benzoyl-3-methyl- 
thiophene and 2-(2-methylpheny1)thiophene ke- 
tone where pl~otoenolization would be predicted 
to compete with photocycloaddition. In fact, 
while photoenolization cannot be observed, 
photocycloaddition of olefins to these ketones 
does occur. 

Experimental 
Gerzernl 

The synthesis o f  the ketones In-c and 20-c and the 
description o f  the gcneral experimental approach were 
reported i n  Part I (I ) .  Irradiations were carried O L I ~   sing 
a Hanovia 450-W niedi~~ni-pressure mercury vapor lamp 
(679A36) i n  a quartz cooling jacket which was immersed 
i n  a constant temperature bath at lo3. Tlie samples, 
contained i n  sealed quartz t ~ ~ b c s  (20 rnni diameter) having 
a volunie of  40 nil, were arranged around the lamp at a 
distance o f  25 m m ;  they were not degassed. 

Irrndintiotr of 2-Berrzogltlrioj)I1e11e (In) ,vitlr 
IsoDlrtylerre 

2-Benzoyltliiophene (0.16 g) was dissolved in  benzene 
(30 mi) in  a quartz irradiation tube and cooled i n  an ice 
bath. Isobutylcne was bubblcd t h r o ~ ~ g l i  the solution ~ ~ n t ~ l  
a gain in  wcight o f  4 g was observed and tlie tube was 
sealed with a rubber cap. Tlie sample was irradiated at 
10" for I 6  11, an a l i q ~ ~ o t  was withdrawn, and after re- 
moval o f  the benzene and isobutylene the n.li1.r. spectrum 
o f  the mixture was taken. This spectrum showed coniplex 
absorption in  thc aroniatic region (7.94-6.65 p.p.m.) and 
aliphatic region (2.3-0.7 p.p.m.) with two sharp singlets 
at 1.98 and 1.68 p.p.111. Irradiation for longer periods 
ca~~sed  l i t t le further change. - 

Chroniatography o f  the total reaction mixture after 
removal o f  the benzene and isobutylene, gave a fraction 
eluted with IOY, benzene-hexane which had the two 
singlets at 1.98 and 1.68 p.p.m. in  the n.m.r. Bulb-to- 
bulb distillation o f  this saniple gave 40 mg o f  I-phenyl-l- 
(2-thieny1)-2-methylpropene (50). The i.r. and n.ni.r. 
spectra o f  this material were identical to those o f  an 
a~~ then t i c  sample prepared by the Grignard niethod: 
i.r. v ,,.,, """, 1600, 1440, 1220, 1020, 830, 760, 700 cm- '  ; 
n.lii.r., 1.98 (s). I .68 (s), (allylic protons), 7.40-6.60 p.p.111. 
(complex), (thienyl and phenyl protons). 

Anal. Calcd. for C,,H,,S: C, 78.48; H, 6.59. F o ~ ~ n d :  
C, 78.31 ; H. 6.65. 

lviilz Isobrrtj~lerre 
2-(4-Methoxybenzoy 1)thiophene ( I  g) was dissolved i n  

a solution o f  25Y, isobutylene in benzene (40 nil) and 
irradiated in  a quartz tube at loo for 20 h. A n  a l i q ~ ~ o t  was 
withdrawn and after evaporation o f  the solvent and excess 
isobutylene the n.m.r. spectrum was taken. This spectruni 
had complex absorption i n  the aromatic and  aliphatic 
regions with two sharp singlets at 1.98 and 1.74 p.p.m. 

Chromatography of the crude reaction n i i x t ~ ~ r e ,  after 
evaporation o f  the solvent and excess isobutylene, on 
Shawinigans base washed alumina, gave a fraction *luting 
with 25Y, benzene-hexane, which retained the singlets at 
1.98 and 1.74p.p.m. Bulb-to-bulb distillation o f  this 
sample gave 50 mg o f  I-(4-niethoxypheny1)-I-(2-thienyl)- 
2-methylpropene. The i.r. and n.ni.r. spectra were iden- 
tical w i th  those o f  an a~~ then t i c  sample prepared by the, 
Grignard route: i.r. ~, , , , ,~ "~ '3 ,  1610; 1510,. 1470, -1450 
1300, 1290, 1180, 1115, 1035cm-I; n.ni.r., 3.71 (s), 
(niethoxyl); 1.98 (s), 1.74 (s), (allylic protons); 7.20-6.70 
p.p.m. (complex), (thienyl and plienyl protons). 

Irrnrl intior~ q/'2-(4-Cj~orroDerrzo~~I) tlrio/~lrerre ( I c )  ~ i i t l r  
Isobrr/j~lerre 

2-(4-Cyanobenzoy1)tliiophene (2.5 g) was dissolved in  
25Y, isobutylenc in benzene (300 nil) and irradiated 
t h r o ~ ~ g h  quartz in  an immersion well reactor (Ace Glass 
6515-25-03; 450 Hanovia W medium-press~~re mercury 
vapor lamp) for 20 h. A n  a l i q ~ ~ o t  was withdrawn and 
after renloval o f  the benzene and excess isobutylene tlie 
n.m.r. spectrum was determined. This s p e c t r ~ ~ m  was i n  
accord wi th formation o f  the oxetane in a b o ~ ~ t  90% yield. 
Oxetane formation was consistent with the i.r. spectrum 
which showed tlie carbonyl band had essentially dis- 
appeared while strong absorption developed a 980 cn i - I  
typical o f  oxetanes. i.r. v ,,,;,, C"C13, 2240, 1715, 1645, 1610, 
1500, 1465, 1415, 1370, 98Ocni-'; n.m.r., 4.52. 4.15 
(q~~a r te t ,  J =  5Hz),  (methylene protons); 1.12(s), 
1.01 p.p.ni. (s), (nietliyls 011 tlie oxetane). 

A n  attempt was made t o  p ~ ~ r i f y  the oxetane by crystal- 
lization fro111 niethanol, chroniatograpliy on Shaw~nigans 
basic alumina, and sublimation; howevcr, a l l  attempts 
led t o  decomposition o f  the oxetane to  1-(4-cya1iophcnyl)- 
I-(2-t1iienyl)-2-niethylpropene. l'liis product was tliere- 
fore sublimed (180, 0.01 nini) giving lemon yellow 
crystals. Recrystallization from nietlianol yielded 1.92 g 
(77x,) o f  thc olcfin as colorless Icaflets, 11i.p. 96-97 . 
i.r. v ,,,, ""', 2240, 1600, 1440, 1220, 870, S IS, 710, 700 
cni- I  ; n.m.r., 2.00 (s), 1.78 (s), (allylic protons), 7.75- 
6.75 p.p.m. (complex), (thienyl and phenyl protons). 

Anal. Calcd. for C, ,HI ,NS: C, 75.30; H, 5.48 F o ~ ~ n d :  
C, 75.10; H, 5.33. 

Irrnrlintiorl o/ 3-Ber1ro!~/ihiop/rc11e (20) i~.it/r 
Isoblr/y/erre 

3-Benzoylthioplicne (0.5 g) was dissolved in a 25Y, 
solution (by volunie) of  isobutylene in  benzene (40 nil) 
and irradiated i n  a quartz t ~ ~ b e  for 20 11. A sample was 
withdrawn and after removal o f  the solvent tlic n.1n.r. 
spectrum was determined. This spectruni showed a 
coniplex aliphatic arid aro~i iat ic region : however, there 
was a q ~ ~ a r t e t  at 4.40, 4.15 p.p.ni. ( J  = 5 Hz)  and a 
singlet at 1.05 p.p.ni. characteristic o f  the oxetane, and 
two singlets at 1.90 and I .74 p.p.ni. indicative o f  the 
olefin. 

Chromatography o f  the reaction m i x t ~ ~ r e  on  Sliawini- 
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gans base washed alumina gave a fraction eluting with 
20% benzene-hexane which showed the two singlets at  
1.90 and 1.74 p.p.m. N o  oxetane was obtained from the 
column. Bulb-to-bulb distillation of this fraction yielded 
60 mg of I-phenyl-I-(3-thienyl)-2-methylpropene. The i.r. 
and n.m.r. spectra of this material were identical to those 
of a n  authentic sample prepared by the Grignard route: 
i.r. v ,,,,, CDC13, 1605, 1490, 1450, 1285, and 1035cm-' ;  
n.m.r., 1.90 (s), 1.74 (s), (allylic protons): 7.45-6.64 p.p.m. 
(con~plex), (phenyl and thienyl protons). 

Irrnrlintiorr of 3-(4-Metlroxyberrzoyl) tlriopherre (2b) u~itlr 
I~oblrtylerre 

3-(4-Methoxybenzoyl)thiophene (1 g) was dissolved in 
a 25% solution (by volume) of isobutylene in benzene 
(40 ml) and irradiated in a q~lar tz  tube a t  10' for 20 h. 
A sample was withdrawn and after evaporation of the 
solvent the n.m.r. spectr~lm was determined. A q~lar te t  
at 4.20, 3.93 p.p.m. ( J  = 7 Hz) characteristic of oxetane 
formation, and two singlets in the aliphatic region at  
1.88 and 1.76 p.p.m. for the olefin were observed. 

Chromatography on  Shawinigans basic alumina gave 
a fraction eluted with 25% benzene-hexane which re- 
tained the two singlets a t  1.88 and 1.76 p.p.m. in the 
n.m.r. Bulb-to-bulb distillation of this fraction gave 
46 m g  of I -(4-methoxypheny I)- 143-thieny I)-2-methylpro- 
pene. The  i.r. and n.m.r. spectra of this sample were 
identical to  those of a sample prepared by the Grignard 
route: i.r. v ,,.,, C D C ' ~ ,  1610, 1515, 1250, 1180, and 1040 
cm- '  ; n.m.r., 1.88 (s), 1.76 (s), (allylic protons); 3.76 (s), 
(methoxyl); 7.16-6.71 p.p.m. (complex), (thienyl and 
phenyl protons). 

Irrrrrlintiotr of 3-(4-C~~otrobetrzoyl)ilrioplrerre ( 2 c )  )1'ii11 
IsoO~~tyletre 

3-(4-Cyanobenzoyl)thiophene (0.1 g) was dissolved in 
a 25% solution of isobutylene in benzene (20 ml) and 
irradiated in a quartz tube at  10" for 20 h. Removal of 
the solvent gave a dark oil, the n.m.r. spectra of which 
indicated the formation of the oxetane in about  90% 
yield with no concomitant olefin formation: n.m.r., 
4.39, 4.15 ( q ~ ~ a r t e t ,  J = 5 Hz), (n~ethylene protons), 1.07 
and 1.00 p.p.ni (s), (methyl groups on  oxetane). 

Attempted bulb-to-bulb distillation of the oxetane 
gave 1-(4-cyanophenyl)-l-(3-thienyl)-2-metl1ylpropene. i.r. 
\, ,,,, CDC'a, 2250, 1715, 1660, 1610, 1515, 1295, 1275, 
1175 cnl-I ; n.m.r., 1.90 (s), 1.73 (s), (allylic protons); 
8.20-6.70 p.p.m. (complex), (phenyl and thienyl protons). 

Anal. Calcd. for C15H,,NS: C, 75.30; H ,  5.48. F o ~ ~ n d :  
C, 75.1 3 ;  H, 5.49. 

Preparntiot1 of I-Plretr~~l-l-ilriet1~~I-I,2-~~el/r~~/prope11es 
The procedure developed by Garbisch was used (15). 
Magnesium (0.24 g), 2-bromopropane (I .24 g), and dry 

ether (15 ml) were placed in a dry flask fitted with a 
reflux condenser and drying tube. A crystal of  iodine was 
added and the reaction started, the ether boiled gently 
until nearly all the magnesium had dissolved and then 
the reaction was heated under reflux for 10 min. The 
reaction mixture was cooled and the benzoylthiophene 
(0.15 g) in dry ether (5 ml) was added with stirring. After 
10 min the reaction mixture was poured into 10% aqueous 
ammonium chloride (50 ml), the ether layer was separated 
and the aqueous layer extracted with two portions of 

ether  (50 ml). The combined ether extracts were washed 
with water and dried over anhydrous sodium sulfate. 
Removal of the ether left the alcohol as  a yellow oil. 

The  alcohol was not p~~rif ied but w a s  immediately 
dehydrated to the olefin by shaking with 25% sulfuric 
acid in acetic acid (5 ml) for 30 s. T h i s  mixture was 
poured into a mixt~lre of ether (50 ml) a n d  water (150 ml). 
The  ether layer was separated and t h e  aqueous layer 
extracted twice with ether (50 ml). The combined ether 
extracts were washed twice with 10% sodium bicarbonate 
(150 ml), followed by water (100 ml), a n d  then dried over 
anhydrous calcium chloride. Ren~oval  o f  the ether gave 
a red oil which was chromatographed o n  Shawinigans 
base washed alumina and  in all cases gave the olefin upon 
elution with 25% benzene-hexane. After removal of the 
solvent the samples were bulb-to-bulb distilled giving 
clear oils. 

I-Plrerryl-I- (2-thierryl) -2-rtreilrylproperre 
The  yield by the above procedure w a s  45 mg (26%). 

T h e  i.r. and n.m.r. spectra of this sample were essentially 
the same a s  those observed for the olefin obtained from 
the  irradiation of In  with isobutylene. 

I -  (4-Meilroxyplreryl) - I- (2-tlrietryl) -2-rtrethyll1rol~e,re 
T h e  yield of olefin by the above procedure was 62 m g  

(37%). The i.r. and n.m.r. spectra of this  olefin were 
essentially the same a s  those observed for the olefin 
obtained from the irradiation of l b  with isobutylene. 

Anal. Calcd. for C,,H,,OS: C, 73.75; H, 6.60. Found: 
C ,  73.61; H ,  6.72. 

l-Pl1er~~l-l-(3-il1ienyl) -2-rtreilrylpropette 
T h e  yield of olefin by the above procedure was 53 n ~ g  

(31%). The i.r. and n.m.r. spectra of this  olefin were 
essentially the same a s  those observed for the olefin 
obtained from the irradiation of 20 with isobutylene. 

Anal. Calcd. for C I 4 H l 4 S :  C, 78.48; H, 6.59. Found: 
C,  78.55; H ,  6.59. 

I- (4-hleihosy~~/retr~~/)  - 1- (3-thietijd) -2-ttleihylpropetle 
The  yield of olefin by the above procedure was 65 m g  

(39%). The i.r. and n.m.r. spectra of this  olefin were 
essentially the same a s  those observed for the olefin 
obtained from the irradiation of 2b with isobutylene. 

Anal. Calcd. for C 1 5 H 1 6 0 S :  C, 73.75; H, 6.60. Found: 
C ,  73.57; H,  6.84. 

This work was s ~ ~ p p o r t e d  by a grant f rom the National 
Research Council of Canada. 
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Electronic Chemiluminescence in M + X,  Reactions: Dissociation Energies of the 
Alkaline Earth Monohalides MX (M = Ca, Sr, Ba; X = F, C1, Br) 

MICHAEL MENZINGER 
Depor.tt~letlt q/'Cl~ettri.stry, Urriver.sity ~fTor .o t~to ,  Tnror~to, Otltnrio iMjS / A /  

Received October 23. 1973 

Electronic chemiluminescence has been observed for nine reactions of Group IIn metal 
atoms (M = Ca, Sr, Ba) with dihalogen molecules (X? = F?, C12, Br?) .  

In all cases one or more electronically excited states of the monohalide MX* were 
observed. Continuunl emission, presumably due to dihalides MX?::', was seen in all systems, 
and the emission intensity increased in the order F? < Cl? < Brr. Recombination to f o r m  
MX2z' appears thus to be a fairly general process in these systems. 

From the highest vibrational levels of M X  populated in the upper electronic state(s) we 
have calculated the following lower limits to the ground state dissociation energies DoO 
(MX)  (in kcal/mol) : 

Iniormation on the vibrational state distributions of the excited MX:"s discussed f r o m  
a qualitative point of view. Accordingly, the fluorides are formed with inverted vibrational 
distributions, which bear clear evidence of the direct nature of the interaction dynamics. 
The electronically excited chlorides and bromides, however, tend to be formed with 
monotonically decreasing, near-statistical distributions. This is consistent with the forma-  
tion of long lived collision complexes. Reasons for these trends are discussed in terms of 
the energetics of the complete deconlposition. 

La  chimiluminescence tlectronique a Ctt observCe pour neuf rtactions d'atomes m6tal- 
liques du groupe IIa ( M  = Ca, Sr, Ba) avec des n~ol tcules  dihalogCnCes (X:, = F?, CIS, Br-) .  

En tous cas, un OLI ~ lus i eu r s  Ctats excitCs tlectroniquement du monoha1ogCnul.e MX'"  
sont observCs. Une Cnlission continue, due probablement aux dihalogtnures MXI:', est 
observCe dans tous les systkmes el l'intensitt d'tnlission augmente selon l'ordre: F? 
< Cl? < Br,. Une recombinaison pour former le MX,':: parait i t re  ainsi un procCd6 assez 
gCntral dans ces systkmes. 

Des plus hauts niveaux vibrationnels du M X  peuplts dans 1'Ctat (ou les ttats) Clec- 
troniques supCrieur, nous avons calcult les limites infCrieures des Cnergies de dissociation 
h 1'Ctat fondanlental D,,O (MX) (en kcal/mol) : 

Des donntes sur les distributions de l'ttat vibrationnel du MX" excitt sont traitCes d'un 
point de vue qualitatif. Ainsi les fluorures sont fo rmts  avec des distributions vibrationnelles 
renversies, faisant clairement preuve de la nature directe de I'interaction dynamique. 
Pourtant, les chlorures et les bromures, excitts Clectroniquement, ont  tendance h se former  
avec des distributions quasi-statistiques diminuant rkgulitrement. Ceci est conforme h 
la formation de complexes h collision, de longue vie. Des raisons pour ces tendances sont 
traittes en fonction d'knergitique du proctdt  de  dtsinttgration. 

[Traduit par le journal] 

Can. J. Chem., 52, 1688 (1974) 
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Introduction 
The determination of dissociation energies DO 

for simple diatomic molecules is frequently 
fraught with difficulties, as can be seen from the 
wide discrepancies in some literature data. The 
alkaline earth halides form no exception: some 
values differ by as much as 50 kcal, and the ex- 
perimental data for CaCl, CaBr, SrCl, SrBr, and 
BaBr are so inadequate, that Gaydon (1 and 
references therein), refrains from recommending 
~ , ~ - v a l u e s .  The study of chemiluminescence 
spectra offers a relatively little explored (2-5) 
pathway for obtaining lower limit estimates of 
D,', and we report here a systematic study of dis- 
sociation energies for 9 alkaline earth halides. 

The reactions of the Group IIu metal atoms 
Ca, Sr, Ba with dihalogen molecules F,, Cl,, Br, 
are sufficiently exothermic for a fraction of the 
metal halide products to be formed in electroni- 
cally excited states (2). We have recorded the en- 
suing electronic chemiluminescence spectra (CL) 
for the matrix of 9 reactions (M = Ca, Sr, Ba; 
X = F, C1, Br). From an analysis of the C L  spec- 
tra, the highest populated vibrational level of the 
emitter was determined by direct level count, or  
else if vibrational structure was not resolved up 
to the highest level indirectly by calculating v,,, 
from the envelope of a vibrational sequence. 
Lower bounds of the metal monohalide dissocia- 
tion energies DoO(MX) were then deduced from 
energy conservation: 

where ADO0 is the difference in energies of the 
newly formed M X  bond and the old X, bond, E 
and Ware  translational and internal energies of 
reactants. The primed quantities refer to products. 
Neglecting product translation (and rotation),' 
eq. 1 reduces to  the inequality 

which becomes an  equality only in the limit where 
all the available energy is found as electronic- 
vibrational excitation in a detectable fraction of 
the products, and where v' is replaced by v,,,', 
the highest vibrational level populated. Whether 
this condition is actually fulfilled in our par- 

'For the present purposes, rotational energy is assumed 
to be negligible compared to vibration. 

ticular reactions, i.e. whether the energy parti- 
tioning favors the accumulation of essentially 
all the available energy in internal excitation of 
a detectable fraction of products, depends solely 
on the (a priori unknown) reaction dynamics. 

Information on partitioning of product energy 

can in principle be obtained from an analysis of 
the C L  spectra. From a qualitative point of view 
we discuss this in the last section but a auantita- 
tive analysis is in progress, and results will be 
published elsewhere. T h e  determination of dis- 
sociation energies is presented in the  Results 
section and these are discussed in the Discussion 
section. 

Experimental 
The experimental arrangement (4) consists of a I in. 

diameter quartz tube inside a resistance heated oven, 
which is evacuated by an oil-diffusion pump. On the up- 
stream end of the oven halogen gas was admitted through 
a needle valve while a pea size lump of alkaline earth 
(Ca, Sr, Ba: Alpha Inorganics, purity better than 99.0%) 
metal was evaporated at  -1000°K. The resulting flame 
was viewed through an upstream quartz window by a 
Spex 314 m Monochromator (grating 1200 grooveslmm, 
blazed at  5000 A). Detection was by a cooled (-40 "C) 
Photomultiplier (EM1 9558B (S20 response) for spectra 
extending into the i.r., particularly Sr and Ca halides, 
EM1 6256A (S13 response) for Ba halides), followed by 
an electrometer-stripchart recorder combination. The 
spectral slitwidth in all experiments was 0.2-1 A, as noted 
in the figure captions. The oven temperature, which was 
monitored by an Iron Constantan thermocouple located 
between the heating coils and the quartz-tube, could be 
kept constant within 2 5" over a period of 30 min without 
special regulation. Typical oven temperatures, ranging 
from 920-1030 OK, were chosen to give a reasonably in- 
tense flame without raising the metal vapor pressure be- 
yond practicable limits. The pressure was monitored by 
a capacitance manometer immediately downstream of the 
oven. Base pressures were less than 2 mTorr, and reagent 
gas pressures were less than 1 mTorr. At these pressures 
vibrational and electronic quenching of M X *  are negli- 
gible (see below), while there is a certain degree (6) of 
quenching of continuous emission ascribed to dihalides 
MX,*. Although the equilibrium vapor pressure of metal 
(7) at these temperatures lies in the 10-50 mTorr range, 
under flow conditions the steady state vapor pressure is 
appreciably lower, particularly as a salt film on the sur- 
face of the metal curtails the evaporation rate. This is 
also the reason why the flame intensity decreases slowly, 
limiting the running time to -90 min. 

Results 
All nine reactions gave clearly visible chemi- 

luminescence. The total light intensity increases 
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in the sequence Br z C1 + Fand Ca s Sr + Ba, mate of urn,,'. The approximate nature of this 
paralleling the trend of the total reaction cross procedure is obvious, as we were unable to 
sections as predicted by the harpooning model. ascertain how far the sequence folds back upon 
MX* emission bands from one or more of the itself beyond the turning point. 
first electronically excited states (A, B, C, D de- The spectroscopic constants (T,, o,, o,x,) are 
pending on the system) are superimposed on a taken from Rosen (8) and the data relevant to the 
broad and more or less intense quasi-continuum analysis are collected in Table 1. Reactant ener- 
(2, 32), which has been ascribed to MX2* formed gies (E + W) were evaluated at 1000 OK by 
in two body radiative recombination (2) and assuming equipartition for translation2 and rota- 
which spans the entire visible region. The fluorine tion, and by using harmonic oscillator partition 
reactions differ from the rest in that Ca/F2 and functions for vibration. The halogen dissociation 
Sr/F2 show only weak MF2* continuum emis- energies used are DO0(~r2 )  = 45.44 kcal/mol 
sion, while in Ba/F2 it is weak in the blue and (lo), DO0(Cl2) = 57.08 kcal/mol (10, 11) and 
green part of the spectrum but a strong con- D O 0 ( ~ , )  = 37.1 kcal/mol (12). While the former 
tinuum appears in the 5000-8000 A region. two are highly accurate, there is still some discus- 

We describe here only the clearly identifiable sion (1, 8, 12) about the F2 value, and a readjust- 
alkaline earth monohalide bands. Sections of the ment of Do0(F2) would reflect itself in the 
spectra which are relevant here are reproduced in DoO(MF) values. 
Figs. 1 through 8. The full spectra, in particular Once urn,,' was known either by direct count or  
the continua ascribed (2) to electronically excited by the method just described, ~(v,,,'), the vibra- 
dihalides MX," will be discussed elsewhere. The tional energy was evaluated from the o,', o,'x,' 
qualitative features of the spectra from the first data. Calculation of DO0(MX) using eq. 3 was 
few excited states (A, B, C) of alkaline earth straightforward, and the results are presented in 
halides are as follows: The strongly ionic ground Table 1. 
state MX (x2C+) molecules have an unpaired A question ofcrucial importance in  the present 
nonbonding electron belonging to the metal work is whether the MX* emitters are in their 
atom. Its excitation is responsible for the lowest primary energy distribution, or whether the initial 
electronic states. Due to the essentially non- distribution has been relaxed by collisional 
bonding nature of the electron, the bond param- energy transfer. T o  test this point, Ba/C12 and 
eters (o,, o,x,, re) change only little in these Ca/C12 spectra were recorded (6) with -0.05 Torr 
transitions, a fact that strongly favors vibra- He or  N2 added as quenching gases. The MX* 
tional overlap in u '  = v" transitions. The promi- spectra were identical to the ones obtained with- 
nent features of all MX spectra are therefore out buffer gas and we conclude that a degradation 
intense Au = 0 sequences flanked by the much of the primary vibrational distribution did not 
weaker Au = f 1 pequences (except for the take place even at these high pressures. This is 
relatively high lying C('Il) states in the Ca and corroborated by the recent (13) lifetime measure- 
Sr-halides). The A and C states are 2rl whose 112 ments of the barium halides using a pulsed dye 
and 312 components are well seperated by spin- laser. The radiative lifetimes of BaX (X = F, C1, 
orbit interaction (Hund's case a), while the B Br, I) are about 15 ns. This is ca. 2-3 orders of 
state is 'c+ showing a small degree of spin- magnitude shorter than the time between succes- 
splitting (case 6) (5). The highest vibrational sive gasphase collisions, assuming realistic energy 
levels v,,,,,' were identified by direct count, and transfer cross sections. 
confirmed by comparison with calculated term -- 

values (8). In a number of cases, however, the 'The average energy of reaction is given (9) by 
sequences became dense (quasi-continuous) ~ , " ~ ( E , T ) E ' ~ ( E ) ~ E I ~ , "  f(E,T)Eo(E)dE 

the last band, where f(E,T) is the distribution function of 
as in the cases of CaCI(A), CaBr(A), SrCl(A), kinetic energy and o(E) is the reaction cross section. 
BaF(C), mainly due to a tightening of the se- Preliminary experiments with variable energy molecular 
quences andsthe piling up of bands at a turning beams have shown that o(E) varies sufficiently slowly 

point (head of heads). all these cases, the with collision energy to  justify taking o(E) outside the 
integral sign and replacing the expression by 3RT. The 

the head heads was thermal spread introduced by (W + E )  may contribute 
and the calculated quantum number of the to population of the highest 0' states. This is accounted 
turning point u,' was chosen as a lower limit esti- for by the Doo-error limits. 
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MENZINGER: ELECTRONIC CHEMILUMINESCENCE I N  M + X1 REACTIONS 1691 

( a  I II 

FIG. 1. (a) Tracing of CaF(B -> X) system. Spectral 
slitwidth: 0.8 A. (b) Detail of the CaF(B -t X)  Au = - 1 

I I I I 
5900 58 50 5800 5 7 5 0  

sequence. The spin splitting of the vibrational bands is 
clearly seen. The highest level identifiable in the Au = 0 
sequence is u,,,' = 32. Spectral slitwidth: 0.25 A. (c) 
The CaF(C -t X) system. The bond parameters (a,', r,') 
change substantially in the transition, thus the appreciable 
intensity of the Au = 0 sequences. Spectral slitwidth: 
1.5 A. 

CaF 
Three distinct band systems were observed in 

this reaction: the relatively dense A(213) + X in 
the 5800-6300 A region, the distinctly banded 
B(2X) + X between 5600-5800 A and the strong- 
ly banded C(211) + X at 3600-3800 A. A weak 
continuum is found at the blue side of the CaF 
bands. The Ca resonance line at 4226.7 A ( 'PI)  is 
observed. 

We have here the advantage of comparing two 
transitions with well resolved vibrational struc- 
ture, allowing a double check of the Do0 value. 
The Av = 0 sequence of the R branch (J = K + 
112 component) of the B(2X')-X(2X+) system at 
5291 A is flanked by the much weaker Av = + 1, 
- 1 sequences. Although there exists overlap be- 

Frc. 2. (a) SrF(A -> X)  system, Au = 0 sequence. 
Spectral slitwidth: 0.7 A. (b) SrF(B -> X)system, AL: = 0 
sequence. Spectral slitwidth: 0.75 A.  

4 , , r , l , ,  
YM 53R) 5073 5 M  W M  Y)io MY) 53ZD W10 W 4993 

FIG. 3.  BaF(C, -> X)  system. Spectral slitwidth: 
0.2 A. 

tween Av = 0, $1, the v' = v" = 32 band is seen 
superimposed on the Av = - 1 sequence (Fig. I b). 
The dissociation energy corresponding to u,,,' = 
32 is DoO(CaF) 2 129.1 kcal. 

In the C + X system (3150-3650 A), Av # 0 
transitions are quite prominent besides Av = 0 
and the sequences overlap somewhat (Fig. Ic) 
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FIG. 4. CaCI(B -> X) system. Spectral slitwidth: 
0.2 A. 

SrBr(A -+ X) system. Spectral slitwidth: 

0 

FIG. 5. SrCI(A -+ X) system. Spectral slitwidth: 
0.2 A. 

C O B ~ ( A , , , ~ ~  k2,3,2 - x 2 z + )  n v = o  
A,- - tX A2+X 

I I I 
5210 5200 5190 

' 
+80 

FIG. 8. (o) BaBr(C, -> X), Av = 0 sequence. Spectral 
slitwidth: 0.6 A.  This low intensity spectrum gives the 
general shape of the distribution. (6)  BaBr(C-> X), 
Au = 0. Higher v' are resolved in this tracing. 

vibrational quantum, and we recommend their 
mean value D O 0 ( C a ~ )  3 128.4 + 2 kcal. 

62- 6270 62'60 62'50 6210 6230 - SrF 
Similar to CaF, the A(~ I I ) ,  B(,c+), c('II) 

FIG. 6. C ~ B ~ ( A  -> X) system. Spectral slitwidth: states are populated here, giving rise to banded 
0.4 A .  emission in the ranges 6300-6900 A, 5600-5950 
making identification of v,,,' difficult. The A, and 3600-3800 A, respectively. We also ob- 
highest level discernible is the (7 -+ 4) band of serve a very weak continuum and the Sr resonance 
the A v  = + 3 sequence. With v,,,' = 7 we ob- lines at 4607 A ('P,), and 6892 A (3P,). 
tain Do0 3 127.6 kcal. The (A,, A, -+ X), A v  = 0 sequences (Fig. 2a) 

The two values derived above differ by one show resolved vibrational structure up to v' = 41 
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MENZINGER: ELECTRONIC CHEMILUMINESCENCE IN M + X2 REACTIONS 1693 

(a) Analysis of observed MF* bands 

State 
Molecule populated Intensity vmaz' E u r n )  E + W DOO Comment 

CaF C z n  Weak 7 10.0 6.0 127.6 
BZC+ Medium 32 44.1 129.1 
AzZI131z Strong Continuum very weak 
A I ~ I I ~ , ~  Strong 
XZC+ 

SrF C z n  
BZC + 

Azzn3/z 
A I ~ ~ I I Z  
XZC + 

BaF D'ZC + 

DZC+ 
czzn3/z 
C l z n l / z  
x2z+ 

Medium 13 
Medium 39 
Strong 40 
Strong 41 

Very weak 
Very weak 
Strong 
Strong 48k5  

16.4 6.0 127.1 
46.9 127.44 
47.8 122.76 r Continuum very weak 
48.7 122.86 

6.0 

i Strong BaFz* con- 
tinuum a t  6000- 

53.2k4.2 141.4_+ 5 7500 

(6) Analysis of observed MCI* bands 

State 
Molecule populated Intensity v,,,' E u m f )  E + W Do0 Comment 

CaCl BZC+ Medium 16 16.3 6.3 115.22 1 
AzZI131z Strong > 6 6.78 
AIZII,lz  Strong 
XZC + 

103.74 i Medium continuum 

SrCl C z n  Weak 
BZZ + Strong 
AzZI131~  Strong 38k2  29.9 6.3 123.4 r Strong continuum 
AIZII1lz  Strong 
XZC + 

BaCl CzzI13,z Strong 17 13.6 6.3 119.95 
C 1 2 ~ l l z  Strong Strong continuum 
X12C+ 

(c) Analysis of observed MBr* bands 

State 
Molecule populated Intensity v,,,' ' E + W Do0 Comment 

CaBr BZC+ Medium 6.6 
A z Z n 3 / 2  Strong 16 12.9 
AlZIII lz  Strong 16 12.9 97'4 ) strong continuum 

XZC + 

SrBr BzC+ Strong 6.6 
AzzI131z Strong 19 11.8 
Alz I I l I z  Strong 93 .5 ) strong continuum 

XZC + 

BaBr Cz211,1z Strong 20 6.6 104.6 
C121111z Strong 10.9 Strong continuum 
XZC+ 
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and 40 for A, and A,, respectively. The corres- 
ponding dissociation energies are DoO(SrC1) 2 
122.8 and 122.9 kcal, respectively. 

The B(,C) + X, R,-,/,, Av = 0 sequence is 
well resolved, giving a v,,,' = 39 by direct level 
count (Fig. 2a). The resulting dissociation energy 
is DoO(SrF) = 127.4 f 1.5 kcal/mol. 

In the C(,lI) + X band (14), the most promi- 
nent sequences are Av = 0, + 1 with v' = 14 as 
the highest level. The corresponding dissociation 
energy becomes DoO(SrF) = 127.1 f 1.5 kcall 
mol, in almost exact agreement with the value 
obtained from the B-state (Fig. 2b). 

The average D,O(S~F) 2 127.3 f 1.5 kcal/mol 
of these latter values is recommended over that 
derived from the A state. The reason for this 
apparent underpopulation of the A, !, states may 
be dynamical in nature, or may be s~mply due to 
our inability to resolve states of higher than 
v' = 40 and 41 in A, and A,. 

BaF 
The strongest BaF emission is due to the 

banded C(,lI) + X(,C) system at 4850-4130 A, 
while there exists a series of weak overlapping 
sequences in the 3600-4000 A region, due to the 
D(,C+) + X(,C+) transitions. No evidence could 
be found for A and B state emission (expected in 
the 7860-8740 A and 6720-7730 A regions, re- 
spectively (8)) although the EM1 9558 Photomul- 
tiplier response extends beyond 8500 A. A weak 
continuum, possibly due to BaF,*, extends from 
3200-6000 A, while intense continuum emission 
occurs over the 6000-8000 A region. A distin- 
guishing feature of the BaF spectrum is its ex- 
treme richness in atomic lines from highly excited 
Ba (compared to the much sparser Ba excitation 
in the Ba/Cl, system (6)). 

The Av = 0 sequences of both fine structure 
components Cl(211112) and C2(211312) form heads 
of heads, but the former (Fig. 3a) is spread out 
wider and better suited than the latter and we base 
our analysis on it. Vibrational levels up to v' = 
28 are well resolved, but the spectrum becomes 
noisy and dense thereafter, and bands pile up 
towards two successive heads of heads (turning 
points), one at 5072 A and the second one at 
5083 A. The former belongs to the Av = + 1 
sequence of the C2(211312) + X fine structure 
component, and the latter to the Cl(2rIl12) + X, 
Av = 0 sequence. Formation of the sharp turning 
points demonstrates that vibrational levels are 
populated, at least up to the turning point with 
v,,,' > v,' and that v' = 28 is not to  be identi- 

fied with urn;,,. The positions of the turning points 
were calculated from published spectroscopic 
data (5, 8, 13, 15, 16), and the computed values 
agree approximately with observation. The wave- 
lengths of the turning points and the vibrational 
quantum numbers (in brackets) are: Jenkins and 
Harvey (15): 5086.98 A (51); Rosen (8): 5088.7 A 
(53); Kushawaha et al. (16): 5049.9 A (24), and 
Cruse et al. (13): 5068.7 A (43). The observed 
turning point lies between Rosen's and Cruse's 
values, and we chose the average v,' > 48 f 5 
for the turning point quantum number. 

Setting v,,,' -- v,' is a conservative estimate, 
since it is very likely that the sequence folds back 
upon itself beyond v,'. The corresponding dis- 
sociation energy is D,O(B~F) 2 141.4 f 5 kcall 
mol. 

CaCl 
The prominent features are the A(,II) + Xand 

B(,C+) + X systems superimposed on a strong 
CaCl,* continuum extending from - 3100 A 
into the red. Also observed are the 4227 A ('P,) 
and 6537 A (3P1) Ca resonance lines. The B + 

X system is reproduced in Fig. 4. Vibrational 
structure in the A,,A, + X systems is only 
partially resolved due to the convergence of bands 
towards turning points (heads of heads) with 
v,' = 11 (17). Since the corresponding Do0 is 
much smaller than that obtainable from the 
B + X system, we base our analysis on the latter. 

In  the B + X, A v  = 0 sequence, the P-branch 
is head forming and vibrational structure is 
clearly resolved. Direct count gives v,,,' = 16, 
and DoO(CaC1) 2 1 15.0 f 1.5 kcal/mol. 

Sr Cl 
Emission from the A(,lI) states is superim- 

posed on a broad SrCI, continuum together with 
the Sr resonance lines at 4607 A ('P) and 6893 A 
(3P1). Figure 5 shows the A + X band. The 
B + Xsystem was not used for the present analy- 
sis because the sequences are much "tighter" due 
to small Am,, Amex,,  and the formation of turning 
points. The A + X main sequences show clear 
vibrational structure in the P and Q branches, up 
to v' = 11 and 13 for A, and A,, respectively. 
Thereafter the sequences become dense and decay 
into long, exponentially decreasing tails. It is ob- 
vious that higher vibrational levels than 11 and 13 
are populated and the occurrence of turning 
points (heads of heads) in the A, + X sequences 
allows a better estimate of v,,,: the Av = 0 se- 
quence has a turning point at h, = 6538 A. The 
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turning points calculated from literature data 
(8, 17-19) lie at considerably shorter wavelengths. 
This is not surprising, since the data were evalu- 
ated from lower vibrational levels, and extrapola- 
tion to higher v' is bound to lead to errors. As a 
conservative compromise for v,,,' 3 v,' we use 
the quantum number corresponding to the experi- 
mental h,, as calculated from Harrington's, 
Singh's and Novikov's data. The average of these 
values is v ,  = 35 f 3. 

The A, 4 X (Av = - 1) sequence exhibits vi- 
brational structure up till v' - 38 as well as a 
turning point, h, = 6425 A. Again, the calculated 
turning points (8, 17-19) deviate from the ob- 
served one, although less than in the main se- 
quence. Singh's (19) and Rosen's (8) data yield 
the lowest quantum numbers v1(h,) = 40 and 35. 
Again, we adopt the average, v,,, > v,  > 
v(h,) = 38 f 2 as a conservative estimate of 
v,,,, and in good agreement with the direct 
count. The corresponding dissociation energy is 
DO0(Sr~l)  3 123.9 f 3 kcal/mol. 

The faintly visible C(,fl) 4 X system in the 
3800-4100 A region consists of a series of over- 
lapping sequences without resolved structure. 
Determination of v,,,' if difficult here, but even 
if v,,,' = 0, the resulting dissociation energy 
would be DoO(SrCI) 3 123.4 kcal, in good agree- 
ment with the above value. This is considerably 
higher than previous values by Hildenbrand (20) 
Do0 = 95.9 kcal/mol, Jonah and Zare (2) Do0 3 
99 kcal/mol, Krasov and Karaseva (21) Do0 = 
108 f 10 kcal/mol, Ryabova and Gurvich (22) 
Do0 = 95.1 f 5.7 kcal/mol. In particular, it is 
surprising that DoO(SrCI) exceeds the value for 
BaCl, contrary to the expected homologous order. 
Whether this is due to specific bonding effects or 
to  the lower limit nature of the Do0 values, re- 
mains to  be seen. 

BaCl 
This molecule has been studied previously (2,4) 

but for completeness' sake we repeat the relevant 
information. The spectrum is dominated by the 
two C,, C, 4 X sequences Av = 0. The C, 4 X 
band at 5140 a is clearly resolved and is repro- 
duced in Fig. 1 of ref. 4. The highest vibrational 
level is v,,,' = 17 by direct count. The dissocia- 
tion energy becomes DoO(BaCl) 3 119.7 $- 1.5 
k ~ a l / m o l . ~  

31n the previous analysis (4) we reported DoO(BaCI) = 
121 kcal/mol. The difference stems from the previous 
neglect of the vibrational energy in W. 

vIINESCENCE I N  M + XI REACTIONS 1695 

CaBr 
Emission from the A1(2f1112), A2(211312), and 

B(,C+) states is superimposed on a broad struc- 
tureless CaBr2:k-continuum, apart from the 
4227 A ('P,) Ca resonance line. The B 4 X sys- 
tem is too dense for a meaningful analysis. The 
main sequences of the A 4 X system are repro- 
duced in Fig. 6. 

The lowest levels are clearly resolved in P and Q 
branches of, both fine structure components. 
Heads of heads (turning points) are apparent in 
both Q,  and Q, branches at h,(Q,) = 6272 A and 
h,(Q,) = 6248 A. These are in excellent agree- 
ment with Harrington's data (17), yielding 
v,,,' 3 v,' = 16 for both components. The dis- 
sociation energy corresponding to the A ,  state is 
DoO(CaBr) 3 97.4 f 1.5 kcal/mol. 

Sr Br 
We observe the ~ , , , ( ~ f l , ~ , , ~ ~ , )  4 x(,c+) and 

B(,C+) 4 X(,C+) band systems superimposed 
on an intense continuum that spans the entire 
visible region, as well as the Sr resonance lines 
4607 A ('P) and 6892 A (3P1). Part of the A 4 X 
system is reproduced in Fig. 7. 

In both the B 4 X and A, ,, 4 X main se- 
quences, vibrational structure is resolved up to a 
certain point (v' = 15, 13, 10 in the above order) 
beyond which bands merge into a long, expo- 
nentially decreasing, structureless tail. The Av = 
+ 1 sequence of the A, 4 X system, however, is 
clearly resolved up to v,,,' = 19. With this 
value, we obtain DoO(SrBr) 3 93.5 $- 2 kcall 
mol. 
BaBr 

Only the C, ,2(2fll12 4 X system and the 
Ba resonance lines at 5535 a ('PI) and 7906 a 
(3P1) appear relatively weakly on the very promi- 
nent BaBr,'" continuum which spans the entire 
visible region (- 3200- - 7000 a ) .  

A part of the C 4 X system is presented in 
Fig. 8. The C, 4 X, Av = 0 sequence is clearly 
resolved, while the C, 4 X, Av = 0 sequence is 
much tighter. This difference arises, as in the other 
MX ('l7 4 'C) transitions, from the vibrational 
dependence of the spin-orbit coupling constant 
A, and the difference between effective B, values 
in the two fine structure components. 

The highest resolved level in the C, system is 
v,,,' = 20 and the corresponding dissociation 
energy DoO(BaBr) 3 104.6 f 2 kcal/mol. 

Discussion 
The ground state dissociation energies for alka- 

line earth halides have been determined by various 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1696 CAN.  J .  CHEM.  VOL. 52. 1974 

TABLE 2. Comparison of Do (MX) data (in kcal/mol) 
-- 

LBS 
Flame 

This work Ionic bonding Mass spectra equilibria Corrected Uncorrected 

CaF 
SrF 
BaF 

CaCl 

SrCl 
BaCl 

CaBr 
SrBr 
BaBr 

OReference I .  
bReference 34. 
<Reference 24. 
=+Reference 22. 
'Reference 21. 
,Reference 20. 
gReference 23. 
"eference 26. 

methods over the past 40 years. A representative 
compilation of the most important determina- 
tions is given in Table 2. More data can be found 
in refs. 1 ,  8, 23 and references listed therein. For 
the fluorides and chlorides there exist a sizeable 
body of data, while published work on bromides 
is scant and of doubtful accuracy. 

The earliest determinations were spectroscopic 
in nature, based on predissociation data and on 
linear Birge-Sponer extrapolations (LBS) of band 
head data. Gaydon (1) summarized these attempts 
by pointing out that LBS strongly underestimate 
the true values in the predominantly ionic MX 
molecules. Nonlinear polynomial extrapolations 
of the Birge-Sponer variety also give higher and 
more realistic values (14, 25, 26). Hildenbrand 
(20, 24) has shown that an ionicity correction ap- 
plied to the LBS for the fluorides (24) and chlo- 
rides (20) brings the thus corrected values (Table 2 
Column 5) into remarkable agreement with the 
more trustworthy mass spectrometric determina- 
tions (Table 2 Column 3). The latter (1, 8,20, 24, 
26) rely on the rapid establishment of chemical 
and thermal equilibrium in a Knudsen effusion 
cell, a condition that should not be taken for 
granted. A further avenue to DoO(MX) is the 
study of flame equilibria (1, 22, 23) (Table 2 
Column 4). Departure from equilibrium as well 
as presence of interfering species in the flame may 
give rise to considerable errors. 

The dissociation energies recommended by 

Gaydon (1) and Rosen (8) are invariably based on 
either or both of these two equilibrium methods. 
The mass spectrometric and flame photometric 
values usually agree reasonably well with each 
other, although the latter are generally somewhat 
higher. In the case of the fluorides, the agreement 
of the present data DoO(CaF) 2 128.4 f 2 kcall 
mol, D,O(S~F) 3 127.3 f 1.5 kcal/mol and Do0 
(BaF) 3 141.4 f 5 kcal with Gaydon's (l), Ro- 
sen's (8) and HiIdenbrand's (14, 15) recom- 
mended values is surprisingly good. 

For the chlorides, the situation is already less 
homogenous: Rosen's values are all based on 
mass spectrometric studies, while Gaydon recom- 
mends only a value for BaC1, which is presumably 
heavily weighted by Ryabova and Gurvich's (22) 
flame study. The agreement with our (4, 26) 
DoO(~aCI)  3 119.7 1.5 kcal is gratifying. For 
both CaCl and SrC1, however, our  dissociation 
energies ~,O(caCl)  3 115.0 f 1.5 kcal/mol and 
DoO(SrCI) 3 123.9 f 3 kcal/mol lie consider- 
ably above Rosen's (8) values, and for that matter 
above any literature values reported previously. 
In the CaCl system there is little doubt about the 
validity of the present value since v,,, was deter- 
mined by direct level count. We recommend it 
over the previous values. Somewhat surprising is 
the high value for SrCI, which exceeds both CaCl 
and BaCl, although for a homologous series of 
molecules, Do0 is expected (21, 27) to increase in 
the order Ca < Sr < Ba. We have therefore re- 
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peated the experiments several times under dif- 
ferent conditions to ascertain whether the C state 
could be populated by a transfer process (e.g. 
SrC12* + SrCl -+ SrCI*(Cf) + SrCI,). Even at 
the lowest oven temperatures (i.e. Sr-pressures) 
and C1, pressures, the C -+ X system could be 
observed with the same relative intensity as in the 
standard runs. From this we conclude that 
SrC1(C211) is indeed formed in a bimolecular 
primary process, and that the suggested 
DoO(SrC1) 3 123.9 f 3 kcal/mol is correct. 

The literature on the bromide dissociation 
energies is scant: we are aware of only two sets of 
data: (a) linear Birge-Sponer extrapolations (23) 
which are known to strongly underestimate the 
Do0 of ionic molecules, and (b) theoretical esti- 
mates (21) based on the Rittner electrostatic 
model. With an appropriate choice of metal ion 
polarizabilities, this method works very well for 
the fluorides, but less so for chlorides and bro- 
mides. This is to be expected since covalent con- 
tributions may make the electrostatic model de- 
creasingly applicable in the order F -+ C1 -+ Br 
and Ba -t Sr -, Ca. The predictions for the bro- 
mides (Table 2 Column 2) must therefore be 
taken with caution. Our values lie well within the 
wide error limits of the model calculations, in all 
cases close to the upper limit. Their order Sr < 
Ca < Ba is somewhat surprising, particularly 
since here the apparent anomaly of SrBr is 
opposite that in the chlorides. 

An examination of the entire 3 x 3 matrix of 
Do0 values reveals the trends and irregularities: 
For each metal M, the dissociation energy in- 
creases as expected with increasing electronega- 
tivity of the halogen (Br < C1 < F), and the in- 
crease in bond energy varies between 30 and 
37 kcal in these sequences. The vertical sequences 
(same halogen, varying metal) show a less pro- 
nounced, and more erratic trend: Binding ener- 
gies increase by 5-13 kcal only in going from 
CaX -+ BaX, and the strontium halides, in all 
cases, interrupt the expected (27) monotonic in- 
crease of Do0 with decreasing metal ionization 
potential. Sr possesses a d l0  shell, and the well 
known decreased shielding of d-orbitals may be 
partly responsible for the observed  trend^.^ The 
fact, however, that SrBr < CaBr and SrF < CaF 
while SrCl > SrF shows that the effect of the 

4See for instance the oscillatory trends in ionization 
potentials of group IIIA atoms, which is customarily 
explained (27) by similar shielding effects. 
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electronic structure of M is quite subtle, and not 
well understood. 

A further point of caution is the fact that our 
D O  values are lower limit estimates only, depend- 
ing on how closely eq. 2 approaches an  equality. 
This is the case when all the available energy is 
released as excitation of the product molecules in 
a detectable fraction of MX*. As will be dis- 
cussed below in more detail, the chlorides and 
bromides show a tendency to form MX* via 
longlived statistically equilibrated collision com- 
plexes. This entails an (approximately) exponen- 
tially decreasing vibrational distribution which 
makes the higher quantum states more difficult to 
identify and suggests that our chloride and bro- 
mide values particularly may be appreciably be- 
low the true Do0. 

Energy Partitioning in Products 

The original goal of the present investigation 
was the study of energy partitioning between 
product states. A full report on this aspect will be 
published elsewhere, and we discuss here only 
preliminary conclusions and qualitative trends. 

In a previous communication (4) concerned 
with the Ba/C12 system we concluded that BaCl 
(C211) was formed vibrationally equilibrated, i.e. 
the vibrational distribution drops monotonically 
and near exponentially from v' = 0. This is in- 
dicative of reaction via a longlived collision com- 
plex. The curiously hermaphroditic aspect of that 
system lies in the fact that the electronic ground- 
state BaCI(X), however, is formed via a direct 
mechanism. This demonstrates the dependence 
of the interaction dynamics on the shape and 
energetics of the relevant potential energy 
surfaces. 

To interpret spectral intensities in terms of 
emitter state population in an unambiguous way, 
one first has to know (calculate) the transition 
probabilities (i.e. Franck-Condon Factors q,.,.. 
and for precise work the rarely accessible elec- 
tronic transition moment matrix element Re2) .  
Secondly, to account for the overlapping ofbands 
and particularly for the piling up towards heads 
of heads (or merely the tightening or loosening of 
sequences), a spectral simulation is necessary. 
For qualitative purposes, however, it suffices to 
realize that we can obtain a measure of the popu- 
lation N(vl), (without actually calculating FCF's) 
by summing the intensities of bands originating 
from v' over all final states v": N(vl) - xZ(v',v"). 
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In the majority of molecules considered here, the 
Franck-Condon parabolas are very narrow (ex- 
cept for the cases noted above) particularly for 
not too high u', and only one term (u" = of) needs 
to be considered in the summation. In this simp- 
lest approximation, the population is taken pro- 
portional to the area under a vibrational band in 
most intense Au = 0 sequence. 

The overlapping of bands poses a more serious 
problem, particularly where the sequences con- 
verge towards a turning point. A computer pro- 
gram for the synthesis of electronic spectra has 
been written by A. E. Redpath (to whom the 
author expresses his thanks). For a few systems, 
the synthesized spectra agree fairly well with 
experiments, while for the majority only prelimi- 
nary and qualitative results are available at the 
time of writing. In the absence of reliable spectro- 
scopic constants (particularly rotational con- 
stants) the iterative improvement of synthesized 
spectra becomes very time consuming. For this 
reason we discuss here only qualitative conclu- 
sions, while quantitative results will be published 
as they become available. 

The CaF(B -+ X), Av = 0, SrF(B -+ X), 
Av = 0, and BaF(C -+ X), Au = 0, sequences 
(Figs. la, 2b, 3) show strongly non-exponential 
envelopes. The calculations indicate non-Boltz- 
mann vibrational distributions that are. however. 
not as strongly inverted as the band envelopes 
would suggest. The population inversions are 
quite clear, however, indicating a strong contri- 
bution from a direct interaction mechanism, and 
a lifetime of the collision complexes that is short 
on the time scale of intramolecular relaxation. 

For CaCI(A -+ X), Au = 0, the occurrence of 
and convergence towards turning points aggra- 
vate the interpretation, but if one takes the piling 
up of bands into account, a monotonically de- 
creasing energy distribution is obtained, and a 
Boltzmann distribution is highly likely. In the 
CaCI(B + X), Ac = 0 system (Fig. 4), the expo- 
nential nature of the energy distributions is ap- 
parent from the band envelope (except for the 
apparent inversion of v' = 0,l). The SrCI(A -+ 

X) sequences (Fig. 5) ,  and eo ips0 the N(vl) show 
near exponential fall off, unaffected by the 
turning point in the A, -+ X subband. The 
B -+ X and C -+ X svstems are too little resolved 
for reaching a conclusion. The statistical (expo- 
nential) nature of the BaCI(C) distribution has 
been the subject of a previous communication 
(4),4 and recent computer results indicate that it 

can be characterized by a single vibrational tem- 
perature T, - 2000 + 100 OK. 

The CaBr(A + X) system (Fig. 6) sholvs a 
tightening of the sequences and convergence to- 
wards a head of heads (A,), which partly accounts 
for the non-exponential appearance ofthe bands. 
Preliminary computer simulations with estimated 
rotational constants strongly suggest an expo- 
nential N(v') distribution. The same holds for the 
SrBr(A,B -+ X) sequences (Fig. 7). For the 
BaBr(C -+ X), Av = 0, sequence a near statis- 
tical distribution is immediately apparent (Fig. 
8), and the spectral simulation using reasonable, 
estimated rotational constants gives a vibrational 
temperature of T, - 1100 + 100 OK. 

We conclude that the fluorides (CaF(B), 
SrF(B), BaF(C)) are formed with non-equili- 
brated, inverted N(ul) distributions, while the 
chlorides (CaCl(A, B), SrCl(A), BaCl(C)) and 
bromides (CaBr(A), SrBr(A), BaBr(C)), are 
formed vibrationally equilibrated. Molecular 
beam scattering experiments (28-30) in the M + 
(Cl,, Br,) systems have shown strongly asym- 
metric angular distributions for MX (forward 
scattering), indicating essentially direct inter- 
action dynamics. Since most of the MX are 
formed in their electronic groundstate (XZZ+), 
this means that in the groundstate channels re- 
action occurs by direct dynamics. Although no 
beam experiments on M + F, reactions have 
been reported to date, there is no reason why they 
should not follow the same general pattern. 

The internal equilibration and non-equilibra- 
tion respectively of collision complexes in dif- 
ferent systems is connected to their lifetime (33). 
Simple energetic considerations (4, 33) shed light 
on the lifetime of collision complexes: According 
to classical R.R.K. theory (31) the lifetime of a 
molecule with internal excitation E that lies 
E - Eo above the dissociation threshold Eo is 
proportional to 

where s is the effective number of oscillators. In 
the series of triatomic MX, * complexes we take 
s = 3 as constant. The lifetime problem then re- 
duces to a balance of the binding energy of the 
complex (- E) and the excess energy above dis- 
sociation threshold (E  - E,). The binding ener- 
gies are not known, particularly for the excited 
MX, * states involved. The contrast between 
MF* and MCl* vibrational distributions can be 
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understood on the basis of a simple 12. J .  BLAUER and W. SOLOMON. J. Chem. Phys. 57,3587 
(1972). argument: '2 has the lowest and all fluorides M F 
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The Formation of Dibenzoyl Peroxide in the Autoxidation of 
Benzaldehyde in the Presence of Lithium Chloride1 

K. BUHLER, W. DIESCH, A N D  A. K. GHOSH 
It~stitrrt.fiir. Olgcrt~iscl~e Chetnie, Bioc,hetnie rrtld Isotopet~orsch~rng cler Utliversit2it Strrttgrrrt, Stuttgnrt, W .  Certnatly 

Received June 18, 1973' 

During the autoxidation of benzaldehyde catalyzed by lithium chloride, 26% (by 
weight) dibenzoyl peroxide is formed. The lithium chloride is responsible for  the 
acceleration of the oxygen uptake and the formation of dibenzoyl peroxide. 

Au cours de I'autoxydation du benzaldkhyde, catalysCe par le chlorure de lithium, on 
forme 26% (en poid) de peroxyde de benzoyle. Le chlorure de lithium est responsable 
de l'accC1Cration de la consommation de I'oxygkne et de la formation du peroxyde de 
benzoyle. [Traduit par le journal] 

Can. J .  Chem.. 52, 1700(1974) 

During the investigation of the effect of 
halides on the autoxidation of organic com- 
pounds (1, 2), it was observed that lithium 
chloride accelerates the autoxidation of ben- 
zaldehyde if the aldehyde is mixed with a small 
amount of dibenzoyl peroxide. 

From curves 0 and 1 of Fig. 1, it is evident 
that dibenzoyl peroxide affects the autoxidation 
rate of benzaldehyde only to a small extent. The 
addition of 1% lithium chloride, however, 
catalyzes the autoxidation (cf. curve 2 of Fig. 1). 
After 5 h, the amount of oxygen consumed was 
almost twice as much as when lithium chloride 
was absent. Furthermore, analysis showed that 
the reaction product contained 22% dibenzoyl 
peroxide. When the product was allowed to 
stand in contact with air, the concentration of 
dibenzoyl peroxide rose to 26%. 

Dibenzoyl peroxide is also formed if a sus- 
pension of lithium chloride in pure benzaldehyde 
is autoxidized. The addition of dibenzoyl per- 
oxide to the suspension, however, makes the 
rate of oxygen consumption more reproducible. 
Table 1 shows the yields of dibenzoyl peroxide 
obtained under different conditions. 

Some patents (3-5) mentioned that dibenzoyl 
peroxide is prepared by the autoxidation of 
benzaldehyde - benzoic acid anhydride mixtures 
(according to Nef's (6) reaction) in the presence 
of lithium, magnesium, or other salts; hence, 
the effect of lithium benzoate on the autoxidation 
of a 3% solution of dibenzoyl peroxide in ben- 
zaldehyde was investigated. 

'Dedicated to Prof. Dr. Hellmut Bredereck on his 
70th birthday. 

2Revision received January 22, 1974. 

1 1  
100 300 500 Minutes 

FIG. 1. Autoxidation of benzaldehyde at 50"; curve 
0 (O) ,  10 ml pure benzaldehyde; curve 1 (x) ,  2 ml 
benzaldehyde, 3% (0.13 mol/l) dibenzoyl peroxide; curve 
2 (A), 2 ml benzaldehyde, 3% (0.13 rnol/l) dibenzoyl 
peroxide, 1% (0.24 rnol/l) lithium chloride; curve 3 (a), 
2 ml benzaldehyde, 3% (0.13 mol/l) dibenzoyl peroxide, 
and 3% (0.24 mol/l) lithium benzoate: curve 4 (@), 2 ml 
benzaldehyde, 3% (0.13 mol/l) dibenzoyl peroxide, and 
2.6% (0.24 mol/l) [N(CH3).JC1. 

If a 3% solution of dibenzoyl peroxide in 
benzaldehyde is autoxidized in the  presence of 
lithium benzoate (cf. curve 3 o f  Fig. I), the 
reaction product contains only 2% dibenzoyl 
peroxide; therefore, it is assumed that no 
additional peroxide is formed. Its formation 
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BUHLER E T  AL.: AUTOXIDATION O F  BENZALDEHYDE 

TABLE 1. Yield of peroxide 

Reactants 
Temperature 0, uptake Concentration 

("1 (ml) of peroxide (%) 

Benzaldehyde (10 ml) containing 

3% dibenzoyl peroxide 50 834 22 
1% lithium chloride 

3% dibenzoyl peroxide 40 7 89 13 
1% lithium chloride 

3% dibenzoyl peroxide 50 900 22 
1% lithium chloride 

1% lithium chloride 50 987 20 
4% lithium benzoate 

3% dibenzoyl peroxide 
3% lithium benzoate 50 795 16 
1% lithium chloride 

during the autoxidation (cJ curve 2 of Fig. 1) 
must have been due only to lithium chloride. 

The yield of dibenzoyl peroxide is dependent 
on the cation. Like LiC1, [N(CH,),] C1 accelerates 
the autoxidation of benzaldehyde (cJ curve 4 of 
Fig. 1) but the yield of dibenzoyl peroxide under 
comparable experimental conditions is only 3.6% 
(LiC1, 26%). The effect of KC1 is small and lies 
within experimental errors. Therefore, we postu- 
late that the solubility of LiCl in the reaction 
medium is optimum for the formation of di- 
benzoyl peroxide. 

The acceleration of the rate of autoxidation of 
benzaldehyde by lithium chloride and dibenzoyl 
peroxide is explained by the fact that the 
decomposition of dibenzoyl peroxide is catalyzed 
by chloride ions (7-9). The radicals (R . )  which 
are formed in the decomposition of dibenzoyl 
peroxide produce, by reaction with benzaldehyde, 
benzoyl radicals, as shown in eq. 1 .  

These benzoyl radicals react with oxygen, 
starting the chain reaction shown in eqs. 2 and 3. 

As Kirmse and Horner (10) observed that 
dibenzoyl peroxide is formed if sodium peroxy- 
benzoate reacts with benzenesulfochloride, it is 

possible that a certain part of the dibenzoyl 
peroxide, which is produced in the autoxidation, 
arises from the decomposition of peroxybenzoic 
acid, catalyzed by lithium chloride. 

If the autoxidation was interrupted after an 
0, uptake of 34% of the theoretical value, the 
reaction mixture contained 10% (by weight) 
benzoic acid anhydride and 1.9% (by weight) 
dibenzoyl peroxide. Therefore, the main part of 
dibenzoyl peroxide is formed via benzoic acid 
anhydride. (A detailed mechanism for the 
formation of benzoic acid anhydride will be 
given in a later publication.) 

This benzoic acid anhydride acylates the 
peroxy-benzoic acid to dibenzoyl peroxide ( I  l), 
as shown in eq. 4. 

If the reaction mixtures, which were autoxi- 
dized at 50' in the presence of dibenzoyl peroxide 
and lithium chloride, were examined by t.l.c., no 
phenol could be detected. During the autoxida- 
tion of pure benzaldehyde, phenol is formed in 
such an amount that it can easily be detected by 
t.1.c. of the reaction mixture. A quantitative 
determination of phenol in one sample after 
extraction with 2 N KOH showed that in the 
presence of dibenzoyl peroxide and lithium 
chloride about ten times less phenol is formed 
than in the autoxidation of pure benzaldehyde. 
Further investigations will show whether this 
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low phenol content  is responsible fo r  the  higher 
conversion o f  benzaldehyde t o  benzoic acid. 

Experimental 
Materials 

Benzaldehyde was twice distilled at 10 Torr under 
highly purified nitrogen. Lithium chloride (D.A.B.6 
quality) was dried over KOH at 150" and Torr. 
Benzoyl peroxide was a gift of Elektrochemische Werke 
Miinchen. It was recrystallized from a chloroform- 
methanol mixture (12). The O2 uptake was measured 
with the apparatus developed by Bredereck and co- 
workers (1, 13). The concentration of dibenzoyl peroxide 
in the reaction mixtures was determined iodometrically 
( 1  3). 

Au/oxida/iotr o f  a Sol~~/iotz of 3% Dibenzoyl Peroxide it1 
Betrzaldehyde in /he Presetrce of Lilhirrm Cl~loride 

A suspension of 1.05 g (0.025 mol) lithium chloride in 
100 ml (0.99 mol) benzaldehyde containing 3.15 g (0.013 
mol) dibenzoyl peroxide was autoxidized at  50" for 5 h. 
Thereaction vessel was a three-necked flask with a gas 
inlet tube, a condenser, and an efficient stirrer. The 
oxygen was dried over KOH pellets. The reaction 
product was cooled overnight; then the concentration of 
dibenzoyl peroxide was determined iodometrically and 
was found to be 23.0% (by weight) dibenzoyl peroxide. 
The reaction product was poured into an open porcelain 
dish and allowed to stand in contact with air for 24 h. 
During this time, the concentration of dibenzoyl peroxide 
rose to 26.8z (determined iodometrically). 

The reaction product was stirred with a solution of 
100 g sodium carbonate in 400 ml water and the residue 
was filtered off. The residue (32.6 g) was crystallized from 
a chloroform-methanol mixture (I : I); yield, 25.0 g 
dibenzoyl peroxide, m.p. 104-105", mixture melting 
point with an authentic sample 104" (lit. (14) 103"). 

The filtrate contained an oil (8 g) which was extracted 
from the water by ether. After evaporation of the ether, 
the residue was separated by fractionating distillation in 
high vacuum into benzaldehyde (about 30%), benzoic 
acid anhydride (about 30%), and benzoic acid (about 
13%). By t.1.c. dibenzoyl peroxide (about 10%) was 
detected. A further ingredient was not identified. 

In a second experiment, a suspension of 10.0 g (0.24 
mol)lithium chloride in 1000 g (9.44 mo1)benzaldehyde 
(CI- concentration, 0.25 mol/l) was autoxidized at  SO". 
After an  O 2  uptake of about 51 g (1.6 mol or 34% of the 
theoretical value) the autoxidation was interrupted and 
the peroxide concentration determined iodometrically: 
1.9% dibenzoyl peroxide. 

Excess benzaldehyde was removed by distillation at 
33-34°/10-3 Torr. The residue was dissolved in ether and 
benzoic acid was extracted with a KOH solution. After 
evaporation of the ether, 120 g of a yellow oil remained. 
This oil was recrystallized from light petroleum; yield, 
90 g benzoic acid anhydride, m.p. 44", mixture melting 

point with an authentic sample 39" (lit. (15) 42"). By 
several fractional crystallizations of the filtrate, 10 g 
benzoic acid anhydride were isolated and dibenzoyl 
peroxide was enriched. 

The residue was separated by column chromatography 
(Pharmacia SR 25/45 column, filled with 100 g silica gel, 
benzene as eluent). From the first fractions 6 mg di- 
benzoyl peroxide was isolated and was identified by a 
mixture melting point with an authentic sample. The 
other fractions were analyzed by t.1.c.; they proved to be 
mixtures of dibenzoyl peroxide and benzoic acid an- 
hydride. 

The t.1.c. was made on sheets according to Stahl (16, 
17). All compounds were identified by u.v.-absorption. 
Dibenzoyl peroxide was further identified on sheets, 
which contained sodium fluorescein (17) as the spot of 
the peroxide turned gradually from reddish to colorless 
within a few days. 

Detertnitla/ion of Plret~ol 
In a third experiment the ether extract of 20 g reaction 

product was shaken with 20 ml of a 2 N KOH solution. 
The alkaline solution was washed with ether, acidified 
with perchloric acid and extracted with 20 ml ether. The 
ether was evaporated itr vacrro and the residue acidified 
with 1 drop of perchloric acid. The phenol was then 
titrated according to Siggia (18): the titration showed 4 
mg phenol. The reaction product, therefore, contained 
0.02% phenol. 

Pure benzaldehyde (10 ml) was autoxidized at 50" for 
3 h, Then the phenol concentration in 1 g of reaction 
product was determined according to the procedure of 
Siggia (18). The titration showed 0.2% phenol. 

We thank Prof. Dr. Hellmut Bredereck for the generous 
support of the investigations. 
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Studies of 6-Diketone Complexes of Rhenium. VI. The Crystal and Molecular 
Structure of cis-Dichloropentane-2,4-dionato- trans - 

bis(triphenylphosphine)rhenium(PII) 

I .  D. BROWN, C. J.  L. LOCK,!  A N D  CHE'NG W A N  
/ I I . Y / ~ / I ~ / ~ ~ , / ~ J I ~  tW(t/~ri(~t.~ R~~.sc~(r~.cIr, /WciV(~.s/c~r U~rii~(,r.\i/~, H { I I ~ I ~ / / ~ I I ,  Ot~/(rrio 

Received November 8, 1973 

A compound, obtained in large yields from the reaction of acetylacetone and oxodichloro- 
ethoxobis(triphenylphosphine)rheniu~n(V) in benzene, has been shown by single crystal X-ray 
diffraction to be cis-dichloropentane-2,4-dionato-~rat~s-bis(triphenylphosphine)rheniurn(III). 
The crystals are monoclinic with a = 13.06(1), b = 18.30(1), c = 16.55(1) A, and = 112.7(2)". 
The space group is P2,lc and there are four molecules per unit cell. A total of 3841 independent 
reflections, of which 2686 were observed, were exanlined by film methods, the intensities being 
measured with a microdensitometer. The structure was refined by full matrix least-squares 
analysis to an R, value of 0.068. The ligands are arranged around the rhenium atom in the 
manner described by the compound name to give a rough octahedron of nearest neighbours and 
the Re-CI (2.369 A av.), Re-0 (2.02 8, av.), and Re-P (2.474 8, av.) distances are as 
expected. 

Un composk, obtenu avec un bon rendement par la reaction de I'acCtylacCtone et de I'oxo- 
dichloroethoxobis(triph~nylphosphine) du rhCnium(V) dans du benzene, a ete etabli pa r  dif- 
fraction de rayons-X d'un cristal comnie Ctant du cis-dichloropentane dionato-2,-4 traru- 
bis(tripheny1phosphine) du rhenium(II1). Les cristaux sont monocliniques avec a = 13.06(1), 
1, = 18.30(1), c = 16.55(1) 8, et a = 112.7(2). Le groupe d'espace est P2,lc et on a q~ia t re  
nlolec~~les par maille. Un total de 3841 reflections independantes, dont 2686 observees, sont 
examinees par les methodes de film, les intensites sont niesurees a l'aide d'un microdensitornetre. 
La structure est raffinke par analyse de moindres carrts d'une matrice entiere a une valeur de 
R2 = 0.068. Les liaisons sont disposees autour de l'atome de rhenium de la maniere dkcrite par 
le con~pose cite pour donner un octaedre approximatif forme par les voisins les plus proches et, 
tel que prkvu, les distances moyennes sont Re-CI (2.369 A), Re-0 (2.02 8,) et Re-P 
(2.474 8,). [Traduit par le journal] 

Can. J. Chem.. 52 ,  1704(1974) 

Introduction 

Several types of P-ketoenenolate complexes 
of rhenium have been synthesized (1, 2). Many 
of the colnplexes synthesized by Grove et a(. (2) 
by the direct interaction of oxodichloroethoxo- 
bis(triphenylphosphine)rhenium(V) and P-dike- 
tones can exist in different isomeric forms. In 
order to understand the mechanism of the un- 
usual reaction which gives rise to so  many dif- 
ferent products, it is necessary to know the 
detailed ~nolecular structure of the products. To  
this end we have examined the crystal structures 
of  the reaction products by single crystal X-ray 
methods. 

The reaction of oxodichloroethoxobis(tri- 
phenylpliosphine)rhenium(V) with acetylacetone 
in benzene gave two products after short reaction 
times (2). Oxodichloropentane-2,4-dionato(tri- 
phenylphosphine)rhenium(V), the expected prod- 

'Author to whom correspondence should be addressed. 

uct, was obtained in rather low yields: the main 
product of the reaction was dichloropentane- 
2,4-dionatobis(triphenylphosphine)rhenium(I 11). 
This product was unexpected, particularly since 
the reduction has involved the removal of two 
trans groups and their replacement by a pentane- 
2,4-dionategroup which, if bidentate, mustoccupy 
two cis positions a t  the rhenium atom. Since there 
are three possible geometric isomers which could 
result from the reaction, we have examined the 
product by single crystal X-ray diffraction and our  
results are presented in this paper. 

Experiments 
ReCl,(acac)[P(C,H5),], was prepared by the method 

of Grove et at. (2).2 A solution of purple ReOCI,(OEt) 
[P(C,H5),I2 (3) (2 g )  and pentane-2,4-dione (2 ml) in 
benzene (30 ml) was boiled under reflux for 6 hours, con- 

'acac is the anion of the a-ketoenol form of acetyl- 
acetone, C5H,02- ; Et is the ethyl radical, C,H,. 
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centrated to 15 ml, and allowed to cool. The product was 
obtained as microcrystals and was separated by filtration. 
The crystals were washed with a little benzene and diethyl 
ether. 

Anal. Calcd. for C41H37CIZ02P2Re: C, 55,9; H,  4.2; 
CI, 8.1; P, 7.0. Found: C, 55.8; H, 4.4; CI, 8.0; P, 6.9. 

Single crystals were obtained by dissolving the micro- 
crystals in a dichloromethane and benzene mixture (2: 1 
volun~e ratio) and evaporating the solution slowly at  
room temperature. Crystals obtained by this method were 
orange plates. 

X-Ray Crystallog,;opl~~~ 
A crystal of ReCl,(acac)[P(C6H5),1,, showing sharp 

extinctions when viewed with polarized light, was cut 
into a rough cyclinder with dimensions 0.07, 0.09, 
0.13 mm. The specimen was mounted so that the longest 
dimension of the crystal, which was parallel to c*, was 
the rotation axis. Precession photographs showed the 
crystal was monoclinic, P2,jc; the systematic absences 
were, 1101, 1 = 211 + 1 and OkO, k = 211 + 1. Cell param- 
eters were obtained by calibrating precession photographs 
of the (Oltl) and (h01) zones with TiO, (rutile: a = 
4.5929(5) and c = 2.9591(3) A) (4). The density of a few 
crystals was determined by flotation in a carbon tetra- 
chloride - bromoforn~ mixture. The crystal data for 
R e C l , ( a ~ a c ) [ P ( C ~ H ~ ) ~ l ~  are 

C J ~ H ~ ~ C ~ ~ ~ ~ P ~ R ~  f . ~ .  880.75 
h?onoclinic, a = 13.06(1), b = 18.30(1), c = 16.55(1) A, 
(3 = 112.7(2)', V = 3649 A3, P2,lc (CZh5, NO. 14), po = 
1.61(8), Z = 4, p, = 1.60(1) (22"C, MoKa, h = 
0.71069A), = 37.9 cm-l. 

Reflection intensities for layers nkl, 11 = 0-4 and hurl, 
111 = 0-6, were obtained from films recorded on an 
integrating precession camera using zirconium filtered 
MoKa radiation. All intensities were measured using a 
Joyce-Loebl microdensitometer and then corrected for 
Lorentz and polarization effects. Absorption corrections 
were not applied and this could introduce a maximum 
error in F. of 11%; the average error would be consider- 
ably less. Standard errors, o ,  were assigned to  each 
reflection according to the methods of lbers (5) and 
Hughes (6) and weights, I V  = 1/02, were used throughout 
the refinement. 

Sohtiorl of /lie S/ruc/io.e 
The coordinates of the rhenium atoms were obtained 

from Patterson syntheses projected on (100) and (010). 
SIX more atoms, which formed a rough octahedron 
around rhenium, were found from a three-dimensional 
difference synthesis. The two smaller peaks were assigned 
as the oxygen atoms of the chelated (3-ketoenolate group 
because they were cis. Successive projection Fourier and 
electron density d~fferent syntheses did not reveal further 
atoms but all non-hydrogen atoms were detected in a 
three-dimensional synthesis using structure factors 

I 
I satisfying Fo/Fc I 1.5 (about 2500 in all). It was also 
I possible to distinguish the phosphorus atoms from the 

chlor~ne atoms at t h ~ s  point, since the atoms identified as 
I chlorine were more than 3.0 away from any phenyl 
I carbon atom. From this point, the phenyl rings were , 
I 

refined as rigid groups rather than as individual carbon 
atoms, using the rigid body approach of Scheringer (7), 

J O M P L E X E S  O F  RHENIUM.  VI 1705 

and Ibers and La Placa (8).3 Three cycles of refinement 
dropped R, and R, to 0.083.4 At this stage common 
reflections were averaged and unobserved reflections for 
which Fc < c,,,, were given zero weight. I n  addition, 
temperature factors, which previously were isotropic for 
all atoms, were made anisotropic for all atoms except 
carbon. No  attempt was made to locate hydrogen atoms 
in the crystal. Subsequent refinement was teminated when 
R, = 0.0771 and R, = 0.0680.5 For the last cycle of 
refinement no parameter shifted by more than 0.10. 

A three-dimensional difference showed the largest 
residual peak at 0.015, 0.15, 0.35 (-0.15 e/A3) and the 
largest valley at 0.1 5, 0.15, 0.25 (-0.1 e/A3), both be- 
tween the rhenium atom, PI and C12. 3841 independent 
reflections were measured and represent about 39% of the 
reflections theoretically accessible with a precession angle 
of 30". Of these reflections, 2686 were observed. 2789 
reflections were given non zero weight in the final refine- 
ment and included the observed reflections, except three 
which were of doubtful accuracy because they were near 
the back-stop shadow, and 116 unobserved reflections for 
which Fc > F,,,,,, (F,,,, was the minimum observed 
intensity in that region of reciprocal space). For these 
unobserved reflections the value of A, used in calculating 
the least-squares matrix, was defined as F, - 0.6F,,,,,. 

Throughout the refinement, the scattering curves for 
C, CI, 0 ,  and P were those tabulated in the International 
Tables (lo), while that for Re was taken from Cronler 
and Waber (11). Anomalous dispersion corrections for 
rhenium, chlorine, and phosphorus were taken from 
Cromer (12). 

The final atom parameters are shown in Table 1 and 
the values of F, and F, are given in Table 2.6 

Results and Discussion 
Figure l 7  shows one complete molecule and 

the principal intramolecular distance a n d  angles 
are given in Table 3. T h e  ligands which surround 
the rhenium atom are a t  the apices of a distorted 
-- 

'Each phenyl group was treated as an atomic unit of 
DGh symmetry, with each carbon atom 1.392 A (9) from 
the center of the ring. Six variable parameters were used 
to define the ring (three positional and three angular) and 
each carbon atom was assigned an individual variable 
isotropic temperature factor. The program used was 
GROUPLS, written by Dr. J. S. Ste~hens  for the CDC- 

'Another refinement was carried out omiiting the 116 
unobserved reflections for which F, > F,,, giving a total 
of 2683 reflections used in the refinement. Fo r  the final 
cycle R ,  = 0.0697 and R2 = 0.0655 and the a tom param- 
eters, bond lengths and bond angles did not differ signi- 
ficantly from those given herein. 

'Table 2 is available, a t  nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada K I A  0S2. 

7Figures 1 and 2 were prepared with the aid of the 
program ORTEP written by Johnson (21). 
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TABLE 1.  (a) Atom parameters for 
ReC12(acac)(P(C6H,),), ( x lo3)* 

- 

X Y z 
- 

282.13(5) 146.54(3) 216.33(4) 
243.5(3) 28.4(2) 256.4(3) 
357.5(3) 197.0(2) 359.1(3) 

92.4(3) 186.5(2) 197.3(3) 
471 .8(3) 106.6(2) 238.8(3) 
312.6(9) 242.6(5) 171.9(7) 
218.3(8) 113.5(5) 88.4(6) 
300(1) 261(1) 9 2 ~ )  
262(1) 216(1) 22(1) 
219(1) 148(1) ]%I) 
334(2) 340(1) 83(1) 
168(2) 102(1) - 62(1) 

- 141(1) 125(1) - 84(1) 
- 117(1) 198(1) -62(1) 
- 49(1) 218(1) 2x1)  

-5(1) 164(1) 86(1) 
- 29(1) 91(1) 64( 1) 
-97(1) -21(1) 
- 59(1) 71(1) 96U) 388(1) 

55(1) 109(1) 415(1) 
98(1) 133(1) 356(1) 
28(1) 146(1) 269(1) 

- 85(1) 134(1) 242(1) 
- 129(1) 109(1) 301(1) 

5(1) 431(1) 205(1) 
-60(1) 377(1) 221(1) 
-33(1) 304(1) 222(1) 

61(1) 284(1) 206(1) 
127(1) 338(1) 190(1) 
9% 1) 411(1) 190(1) 

704(1) 47(1) 521(1) 
729(1) 108(1) 482(1) 
660(1) 128(1) 397(1) 
567(1) 351(1) 
540(1) 87(1) 26( 1) 390(I) 
609(1) 6(1) 475(1) 
512(1) - 106(1) 103(1) 
602(1) - 76(1) 171(1) 
590(1) - I ](I) 21 l(1) 
488(1) 24U) 182(1) 
397(1) -6(1) 1 13(1) 
409(1) -70(1) 73(1) 
654(1) 290(1) 152(1) 
616(1) 303(1) 219(1) 
562(1) 248(1) 2 4 4  1 ) 
545(1) 180(1) 204(1) 
583(1) 167(1) 137(1) 
637(1) 222(1) 11 l(1) 

( 6 )  Anisotrop~c temperature factors U,, ( x lo3)? 
- - -A- -- - -- - -- - - - -- -- 

Atom u11 UZ 2 u33 U I Z  UI 3 
. . . .. - . . . . .~ - -- 

u23 
- 

Re 30.5(4) 28.5(4) 29.7(3) - 2.2(5) 12.9(2) -0.8(4) 
CI I 41(2) 29(2) 49(2) 2(3) 16(2) 3(2) 
CIZ 372)  47(3) 36(2) - 6(3) 14(2) - 12(2) 
PI 26(2) 22(2) 29(2) 4 0 )  11(2) O(2) 
P2 37(3) 28(2) 34(2) - 5(3) 18(2) - 9(2) 
0 1 47(7) 24(6) 47(6) 5(7) 29(6) - 20) 
0 2  30(6) 24(5) 36(6) - 6(6) - lO(5) 

~ ~ .. 
15(5) 

-- 
'Estimated standard deviations from the least squares programs are given in brackets. The atoms C I  I .  C12, ..... C16; C21, C22, ..... C26: elc.. were refined as six groups and the eslimated standard deviationsgivenare derived 

from the group refinement. 
?The temperature factor parameters U were obtained from D,, = 2x1bib U where 0 's appear as a tempera- 

ture eKect through exp[-(D,,hZ t . . . .  +2~,,hk+... .)]  in the structure facto:e;~resrion i k d  b; are the reciprocal 
lattice vectors. 
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BROWN ET AL.: p-DIKETONE 

A6 

FIG. 1. The molecular structure of ReC12(C5H,0,)- 
(P(,H,),),. The numbering of the atoms is as in Table I .  

octahedron and the bulky triphenylphosphine 
groups are trans as expected. The Re-CI (2.37 
A av.) and Re-0 (2.03 A av.) distances found 
here are close to those observed in Re(acac),CI, 
(Re-CI 2.33 A and Re-0, 1.99 A av.) (13). 
The Re-P lengths of 2.485(4) and 2.469(5) A 
are longer than the M-P distance for most 
second and third row transition metals (14) but 
agree well with those found in other rhenium 
compounds containing triphenylphosphine or 
diethylphenylphosphine groups (14-18). Similar 
Re-P distances have been noted previously by 
Bright and Ibers (19) who postulated the ap- 
parent lengthening was caused by steric hin- 
drance. However, all the Re-(bonded atom) 
distances are consistent with a rhenium covalent 
radius of 1.37 + .O1 A and thus the Re-P 
distances may not be unduly long. 

Bond distances and angles in the acetylaceto- 
nate group are normal (20) and bond distances 
of the equivalent sets within the acetylacetonate 
group do not differ by more than 1.50 in the 
extreme case. The atoms 01CIC2C302 are 
coplanar and the dihedral angle between this 
plane and the 01Re02 plane is 6", such that the 
rhenium atom is 0.16 A out of the first plane. 
The two methyl carbon atoms are also ap- 
parently displaced from the same plane in the 

COMPLEXES OF RHENIUM.  VI 1707 

TABLE 3. Interatomic distances and bond angles in 
R ~ ( ~ C ~ C ) C I ~ ( P ( C ~ H ~ ) ~ ) Z *  

(a) Ztzteratonlic distances 

Atom pair 
Distance 

(A) 

Bonded 
Re-0 1 
Re-02 
Re-CI 1 
Re-C12 
Re-PI 
Re-P2 
01-C1 
02-C3 
C1-C2 

Atom pair 
--- 

C2-C3 
CI-C4 
C3-C5 
P1-C14 
P 1 -C24 
P1-C34 
P2-C44 
P2-C54 
P2-C64 

Distance 
(A) 

NOH-bonded distances 
C11-02 3.09(1) PI-CII 3.425(5) 
C12-0 1 3.04(1) PI-C12 3.470(5) 
Cll-C12 3.559(6) P2-0 1 3.16(1) 
01-02 2.77(1) P2-02 3.29(1) 
PI-01 3.23(1) P2-CI I 3.41 8(7) 
P1-02 3.17(1) P2-C12 3.348(7) 

(b) Botzd arzgles 
- 

Bonds Angle(") Bonds Angle(") 

'Estimated standard deviations are  given in brackets and are in 
parts o f  the last place o f  the value given. 

opposite direction to the rhenium atom, C4 by 
0.13 A and C5 by 0.08 A. The P-C bond 
lengths and C-P-C angles for the two tri- 
phenylphosphine groups are within the range 
that has been observed in a number of com- 
plexes of triphenylphosphine (16). 

The packing of the molecules within the unit 
cell is shown in Figure 2. In the a direction, 
molecules with identical rhenium y, z values 
form chains, the intermolecular contact being 
made between the phenyl rings. Considering a 
single molecule, the arrangement of the phenyl 
groups on each phosphine appears random but 
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n 

FIG. 2. Stereogram (stereoscopic pair of perspective projections) of four molecules of R ~ ( ~ c ~ c ) C I ~ ( P ( C G H ~ ) ~ ) ~  in 
the unit cell viewed down the c* axis. The a and b axes run parallel to the horizontal and vertical edges of the paper, 
respectively. 

the packing diagram shows clearly that the 
orientation is such that rings on neighbouring 
molecules lie parallel and in contact. 

Packing in the b direction is quite similar to 
that in the c* direction. In the b direction mole- 
cules with roughly the same rhenium z values 
are arranged such that the phenyl rings of one 
molecule fit into the "equatorial" belt (defined 
by the P-ketoenolate ring and the chlorine 
atoms) of the next molecule. In the c* direction 
a similar effect is observed for molecules in a 
given half of the cell (defined by 1/26), although 
at  b = 0 and 112 packing in the c* direction is 
primarily determined by the phenyl ring con- 
tacts. The principal difference in the packing in 
the b and c* directions is that the molecules are 
arranged such that the molecular dipoles lie 
very roughly in the c* direction, thus maxi- 
mizing the dipole-dipole interactions. 

We thank the National Research Council of Canada 
for financial support. 
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Apparent Molal Volumes and Heat Capacities of Urea and Methyl-Substituted 
Ureas in H 2 0  and D20 at 25 "C 

PATRICK R. PHILIP ,  GERALD P E R R O N ,  AND JACQUES E. DESNOYERS~ 
Depor(t?retr/ ctf Chetr~i .str~,  Ut~i\'c~r.sitc; tlc Sllerhrooke, Slrerh,wol,e. ( ,)~~c;hpc J I K  ZRI  

Received October 22, 1973 

The apparent molal volumes and heat capacities of urea, 1,l-  and 1,3-dimethylurea, 
and tetramethylurea were measured in H?O and DL.O at 25 "C.  From these data, urea- 
water interactions seem to cause an  overall structure-breaking effect and the substituted 
ureas, an  overall structure-making effect. The effect of the hydrogen-bonding interactions 
to the volume and heat capacity seems to be small compared with the intrinsic and 
hydrophobic contributions of a methylene group, as  reflected by the isotope effect. 
Furthermore, transfer values seem to show a significant specificity to  the degree and 
position of methyl substitution. 

Les volumes molaires apparents et les capacitis calorifiques de I'urke, de la di- 
mkthyl-1,1 et -1,3 urCe et de la tttramethyluree ont CtC mesuris dans  H,O et D,O B 
25 "C.  A partir de ces donnies, les interactions urie-eau semblent causer un effet global 
de deformation de structure et les urkes substitukes, un effet global de formation d e  
structure. L'influence des interactions des ponts hydrogknes sur le volume et la capacitk 
calorifique semble &tre faible comparte avec les contributions intrinstque et hydrophobe 
d'un groupe mCthyltne, tel que reflet6 par I'effet isotopique. En outre les valeurs de transfert 
semblent montrer une spCcificit.6 significative au degrC et i la position de la substitution 
par un groupe mCthyle. 

Can. J .  Chem., 52, 1709(1974) 

Introduction functions (24) may be evaluated; below 3.3 t?7 in 

An understanding of amide-water interactions 
is important in many fields of chemistry and 
biochemistry as, for instance, in the problems 
related to the conformational stability of poly- 
peptides (1). As a result, numerous studies of 
aqueous solutions of amides, urea, and alkyl- 
substituted ureas have been undertaken by 
spectroscopic (2-4), thermodynamic (5-12), 
transport (13-18), and n.m.r. (19, 20) techniques. 

These solutes interact with water through 
hydrogen bonds with N-H and C=O groups. 
These interactions are probably short ranged 
and short lived, as indicated by the temperature 
dependence of the chemical shift and the con- 
centration dependence of the 14N rotational 
correlation time (20). The great solubility (21) 
of urea in water and the similarity between the 
enthalpy of solution of urea in water (5-1 1 )  and 
the enthalpies of fusion of water (22) and urea 
(23) suggest that urea-water interactions are 
similar to water-water interactions. From 
osmotic and activity coefficients (12) and en- 
thalpies of dilution (1 l), excess thermodynamic 
-- 

'To whom correspondence should be addressed. 

, ,  - 
urea, the excess entropies are negative indicating 
significant urea-water interactions. Ab inilio 
moleci~lar orbital calculations (25) o n  amide- 
water and water-water dimers show similar 
stability of NH ..... OH,, CO ..... H O H ,  and 
H,O ..... HOH hydrogen bonds. 

It is well known and generally observed that 
the energy of a hydrogen bond is decreased by 
the deuterium isotope substitution and con- 
sequently that hydrogen bonding interactions 
are strengthened, at least at  low temperatures; 
typical cases where this has been inferred are 
studies of hydrophobic hydration (26-28), 
alcohol-water (29) o r  tetrahydrofuran-water 
mixtures (30), helix - random coil transforma- 
tion (31, 32), and self-association of N-methyl- 
acematide in CC1, (33). It was therefore felt that 
a comparative thermodynamic study of urea 
and alkyl-substituted ureas in H,O and D,O 
could yield useful information on the  N-H 
and C=O bonds with water. 

The chosen properties were apparent molal 
volumes and heat capacities. These properties 
can now be measured precisely (8-35) and have 
proven to  be useful for the study o f  solute- 
solvent and solute-solute interactions (9-28). 
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TABLE 1. Apparent molal volumes and heat capacities of 
methyl-substituted ureas in water at 25 "C 

103 (d - do)* Q V  QC 

Molality (g cm3) Io3 (9)' (cm3 mol-l) (J K-I mol-l) 

1,l-  Ditnethylurea 
- o.955 
- 1.765 
- 9.505 
- 18.97 
- 36.25 
- 44.84 

1,3-Dimethylurea 
- 0.738 
- 1.503 
- 6.112 
- 13.53 
- 26.39 
- 38.51 
- 65.44 
- 82.64 

Tetramethylurea 
- 0.632 
- 1.168 
- 6.006 
- 13.51 
- 32.41 
- 49.58 
- 87.78 
-123.92 

*The subscript 0 refers to the pure solvent. 

Experimental and Results 
Densities (d) were measured to t 3  x g 

with two digital densimeters (34, 35) and differences in 
volumetric specific heats (o) to & 7  x J K- '  ~ m - ~  
with a flow microcalorimeter (8). The chemicals, urea 
(Fisher certified) and substituted ureas (Eastman Kodak), 
were purified as follows: urea was dried under vacuum 
at 60 "C for 48 h;  1,l- and 1,3-dimethylurea, respectively, 
were recrystallized from a 50-50 methanol-water mixture 
and from pure methanol and dried in the same way as 
urea; tetramethylurea was used as such. The deuterated 
samples (urea and dimethylureas) were prepared by 
dissolving the protonated forms in an excess of D 2 0  
twice, followed each time by evaporation and drying 
under vacuum. The protons on the nitrogen atom were 
96 + 2 z exchanged as checked by n.m.r. analysis. Light 
water was redistilled from an alkaline permanganate 
solution and D 2 0  (Stohler Isotope Chemicals, 99.8 z )  
was used as such. All solutions were prepared by weight. 

The ranges of measurements in H,O were, respectively, 
0.05-2.58, 0.05-6.35, and 0.05-7 rn for 1,l-dimethylurea, 
1,3-dimethylurea, and tetramethylurea. In D 2 0  only two 
measurements on deuterated samples were made at 0.1 
and 0.5 aquamolal (number of mol of solute per 55.51 
mol of solvent) and the infinite dilution values obtained 

by linear extrapolation. This was justified sincein H,O the 
concentration dependence of the apparent molal volumes 
(Qv) and apparent molal heat capacities (4,) of the pro- 
tonated solutes is very nearly linear below 0.5 ttr. The 
experimental data in H,O and D 2 0  are given in Tables 1 
and 2. The derived +v  and Qc are given in a quadratic 
function, along with the data for urea in H 2 0  (8, lo), in 
Table 3. The excess volumes and heat capacities in H 2 0  
and D 2 0  were estimated from the concentration de- 
pendence, assuming a linear behavior with both solvents 
below 0.5 t?7. The derived standard and excess transfer 
functions are summarized in Table 4. In H,O, theexpected 
uncertainties are 0.05 cm3 mol-' and 0.5 J K-I mol-I 
for +v and 4,; in D 2 0 ,  they are probably somewhat 
larger. The transfer functions are reliable to about 0.1 
cm3 mol-I and 1.0 J K - '  mol-I in the best conditions. 

Discussion 

Nonpolar solutes or large tetraalkylammonium 
cation;, which are usually considered hydro- 
phobic, exhibit anomalous large positive stan- 
dard partial molal capacities C: (= 42) (26, 
36), positive AC,,; ( H 2 0  -t D 2 0 )  (28) and 
AV,: ( H 2 0  -t D 2 0 )  (37), and negative Vex 
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PHILIP E T  AL.: ON APPARENT MOLAL HEAT CAPACITIES AND VOLUMES 171 1 

TABLE 2. Apparent molal volumes and heat capacities of methyl-substituted 
ureas in D 2 0  at 25 "C 

Aquamolality lo3 (d - do) 4" r$c 

Deuterated urea 
1.674 - 2.76 
7.808 -12.57 

Deuterated 1 ,I-din~ethylurea 
0.363 - 2.68 
1.783 -12.40 

Deuterated 1,3-dirnethylurea 
0.179 - 1.75 
1.008 - 8.84 

Tetramethylurea 
- 1.262 - 2.00 
-5.137 -10.02 

g cmM3 
J K-I  g-' 

TABLE 3. Apparent molal volumes and heat capacities of urea and substituted ureas in H z 0  
at 25 "C;  polynomial coefficients of r$, = r$,O + A,nl + Bym2 

Volumes Heat capacities 

+vO Av Bv +cO A c Bc 
(cm3 m01-') (J K-'  mol-') ))lmnx 

Urea (1 0,8) 44.24 0.1 159 -0.0032 87.45 5.566 -0.3283 10 
1,l-Dimethylurea 78.88 -0.506 +0.058 247.77 - 6.991 i-1.200 2.5 
1,3-Dimethylurea 80.04 -0.489 +0.043 274.40 - 2.784 -0.290 6.4 
Tetramethylurea 115.30 -0.733 +0.063 434.57 -20.708 +1.024 7.0 

TABLE 4. Standard and excess volumes and heat capacities of transfer from H 2 0  to D 2 0  
of urea and methyl-substituted ureas at 25 "C 
c-- 

.- 

A  v,: ac,,: 
(cm3 mol- I )  (J K-' mol-') A  V , P x i  A c n t P x i  

Urea -0.36 (- 4.4)* +0.38 + 7.6 
1,l-Dimethylurea -0.22 (+ 6.2) -0.02 - I . ,  
1,3-Dimethylurea -0.02 (+17.8) -o.04 - 6.2 
Tetramethylurea +0.2,, +22., -1.38 -15., 

- -- - -- - - -- - - 
*Values between parentheses are not corrected for the small d~fference between lnlrlnslc values of the protonated 

and deuterated molecules. 
tThe excess transfer funct~ons are defined by AY,," = Av(D20) - A,(H20)  In the concentration range 0-0.5 n r .  

(38), AV,,'" ( H 2 0  + D 2 0 )  (28), and AC,,,"' 
( H 2 0  4 D20)  (28). Information on solute- 
solvent interactions in aqueous solutions can be 
deduced from these thermodynamic properties 
and from H 2 0  to D 2 0  transfer functions. 

Partial molal heat capacities are usually 
compared with the intrinsic heat capacities 
C,(in) of the solutes. In the case of the present 
solutes, exact C,(in) are unknown but can be 

reasonably approximated by the molar heat 
capacity of the pure substances: urea 93 (39), 
dimethylureas 140,' and tetramethylurea 2533 J 
K-' mol-'. For deuterated molecules we can 
estimate them from the isotopic mass differences. 
Then we must add 6 and 3 J K - '  mol-', 

2Estimated from the variation of the heat of solution 
with temperature (5) and the present c:. 

3Measured to k0.5 % with the flow calorimeter. 
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TABLE 5. Average effects of substituting a -H atom by a -CH3 group on methyl-substituted ureas 
- - -- -- -- 

6 V0(H20) 6 V,? 6C,,"(H20) 6C,,,O 
(cm3 mol-I) (cm3 mol-') (J K-' mol-I) (J K-' mol-') 

112 (l,l-Dimethylurea-urea) 17.3 
112 (1,3-Dimethylurea- urea) 17.9 
114 (Tetramethylurea-urea) 17.8 

respectively, to  obtain the intrinsic values of 
deuterated urea and dimethylureas; the Ac,,; 
values in Table 4 corrected for this isotope 
effect should be - lo.,, +3., and + 14., J K -  ' 
mol-' for urea, and 1,l-and 1,3-dimethylurea, 
respectively. The intrinsic volumes v(in) can be 
considered, in first approximation, equal for the 
deuterated and protonated molecules and thus 
the AV,; need not be corrected. 

The positive C: - Cp(in) and AC,,;, and 
negative V e x ,  AV,,'", and ACpIrex of alkyl- 
substituted ureas are analogous to  those of 
n-Bu,NBr (28) which is usually considered an 
overall hydrophobic solute;, the only anomaly 
is the AV,: which is negative with dimethylureas. 
With urea, C: - Cp(in) is negative (= - 5 JK-  ' 
mol-') in H,O; all the other transfer and excess 
functions of urea have also an opposite sign 
with respect to substituted ureas. By analogy 
with the behavior of structure-breaking ions, 
urea would be called an overall structure breaker; 
there is obviously an increase in ordering of 
water n~olecules from the new urea-water 
interactions but the overall number of hydrogen- 
bonding interactions has decreased. 

Supporting evidence for this overall structure- 
breaking effect of urea comes from the B,, 
viscosity coefficient (42-44); the deviation from 
Einstein's law is negative in H,O (-0.076 (18)) 
and even more so in D 2 0  (-0.086 (44)). 
Similarly, B,, increases with temperature in both 
H,O and D 2 0  (dB,,/dT (H,O) = +0.0010 (1 7); 
dB,,/dT (D,O) = f0.0012 (44)). 

It has been observed that the addition of 
hydrogen-bonding groups such as -OH (45,46) 
and -COONa (46) on a hydrophobic solute 
reduces C: significantly and makes CPex positive 
at 25 "C (46, 47). Similarly the addition of a 
-NH2 group on an alkyl chain (6) reduces 
C: by 187 J K - I  mol-I. 

4Like the substituted ureas, n-Bu4NBr shows a negative 
C,'X (negative deviation from the Debye-Huckel limiting 
law) at 25 "C. However, at 5 "C, n-Bu,NBr now shows a 
slightly positive C,Cx (40), as in the case of linear-chain 
alcohols (41). We must therefore be careful a t  this stage 
in drawing conclusions from the sign of C,'". 

However, in the case of urea, the small values 
of 2'; - C,(in) and AC,,; suggest that the 
hydrogen-bonding group contributes a relatively 
small amount to the decrease in heat capacity 
and that the large changes in CpO and Cpex 
accompanying the addition of a n  hydrogen- 
bonding group on alkyl chain is probably due 
to  some kind of interference or competition 
between water in the hydrophobic hydration 
layer and that hydrogen bonded t o  the polar 
group. 

A closer examination of the alkyl-substitution 
effect may throw some light on the  value and 
relative importance of these hydrogen-bonding 
interactions. Methyl substitution on amino 
groups has three effects: (i) a contribution from 
the methyl group itself (intrinsic and  hydropho- 
bic), (ii) a hindrance of hydrogen-bonding 
ability of the substituted amino group, (iii) a 
decrease of hydrogen-bonding ability of the 
carbonyl group a s  indicated by the dipole 
moments (48) and the nuclear quadrupole 
resonance (49). 

The average methylene contributions (-CH, 
minus -H) to volumes and heat capacities for 
the different alkyl-substituted ureas are shown in 
Table 5. 

The addition of a methylene group on an  
alkyl chain increases v0 and C O by 15.9 cm3 
mol-' (50) and 90 J K- '  m 0 l - ~ ~ ( 6 ,  26, 28, 45, 
51) in H 2 0 .  For transfer functions the only 
valuable data based on tetraalkylammonium 
cations (28, 37) are:  6 V,; = 0.1 cm3 mol-I and 
6cP1: = 5 J K-'  mol-I (in agreement with the 
values of Kresheck et al. (26) for alkanes). From 
the values in Table 5, it is obvious that  the main 
contributions to the addition of a methylene 
group are the intrinsic value and the hydro- 
phobic hydration. There are, however, significant 
differences between the alkyl-substituted ureas, 
especially with heat capacities. If the  hydrogen- 
bonding interactions had no effect o r  no specifi- 
city among the various homologs, the methylene 
group contribution would be the same for all 
ureas. Except for 1,1 -dimethylurea, 6 V,: and 
6C,,: (Table 5) are greater than the expected 
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PHILIP E T  AL.: ON APPARENT MOLAL H E A T  CAPACITIES AND VOLUMES 1713 

values, probably due to interactions between 
water and N-H and C=O groups which exist 
with the unsubstituted molecule and are hindered 
or decreased with 1,3-dimethylurea and tetra- 
methylurea. Furthermore, with respect to heat 
capacities, the difference is larger with 1,3-di- 
methylurea than tetramethylurea. Concerning 
these two molecules, the hydrogen-bonding 
ability of amino groups is hindered and only the 
carbonyl-water interactions can be considered. 
A possible explanation is that the C=O-water 
interactions are the most important and that they 
are maximal when the dipole moment is the great- 
est (1,3-dimethylurea larger than tetramethylurea 
(48, 49)). 

W e  a re  grateful to  the National Research C o u ~ i c i l  of 
Canada  and  Environment Canada  for  financial support  
of  this project. W e  would also like t o  thank D r .  A.  H a d e  
of  the Universite d u  Quebec B MontrCal for  t h e  loan of 
a n  Anton Paar  digital densimeter Model  D M A  02C. 
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Preparation and Nuclear Magnetic Resonance Study of Phosphorus Compounds 
Containing Alkenyl Functional Groups1 

PETER W. CLARK, JOHN L. S. CURTIS, PHILIP E. GARROU, AND GEORGE E. HART WELL^ 
D e p n r ~ m e n ~  qf'C/iernislry, Iritlinna Unitrersily, Bloo~ninglon, Iridirrnn 47401 

Received October 3, 1973 

The phosphines PPh,,(CH,CH,CH=CH,)3-n, n = 2-0, PPh,,(CH,CH2CH2CH=CH2),-,,, 
n = 1 or 2, and PPh,CH,CH=CH, have been synthesized and studied by ' H  and , 'P mag- 
netic resonance. The n.m.r. spectra of PPh,(OCH,CH=CH2), its oxide, O=PPh,(OCH,- 
CH=CH,), and its Arbuzov rearrangement product, 0=PPh2(CH2CH=CH2), have been 
investigated by , 'P  decoupling of the proton spectrum, selective proton decoupling of the , 'P 
spectrum, and comparison with computer-simulated spectra to determine the spin-spin cou- 
pling constants. The n.m.r. spectra of the related oxides O=PPh,CH,CH,CH=CH,, O=P- 
(CHZCH2CH=CH2),, and O=P(OCH,CH=CH,), are also assigned. The data indicate that 
,JPH > ,JpH for alkenylphosphines, 2Jp,, is larger for phosphine oxides than for phosphines, and 
,Jell is little changed in comparing phosphorus(II1) with phosphorus(V) compounds. 

On a synthktise les phosphines PPh,,(CH2CH2CH=CH2),-,,, ti = 2-0, PPh,,(CH,CH2CH,- 
CH=CH,),-,,, n = 1 ou 2 et PPh,CH,CH=CH, et etudie leurs spectres de resonance ma- 
gnetique du proton et du ,IP. Les spectres r.m.n. du PPh,(OCH,CH=CH,), de son oxyde 
0=PPh,(OCH,CH=CH2) et de son produit de rearrangement d'Arbuzov O=PPh,(CH,- 
CH=CH,), ont i te  examine en decouplant le phosphore du spectre du proton, en decouplant 
d'une f a ~ o n  selective des protons du spectre du P et par comparaison avec des spectres simules 
par ordinateur pour determiner les constantes de couplage spin-spin. Les spectres 1.m.n. des 
oxydes 0=PPh2CH2CH2CH=CH2, 0=P(CH2CH,CH=CH2), et O=P(OCH,CH=CH,), 
ont aussi ete attribues. Les donnees indiquent que ,Jp,, > 'JpH pour les alkCnylphosphines que 
'Jptl est plus grand pour les oxydes de phosphine que pour les phosphines et que le ,JPH ne subit 
que peu de changement lorsque I'on compare les composCs du phosphore(II1) avec les com- 
poses du phosphore(V). [Traduit par le journal] 

Can. J. Chem., 52, 1714(1974) 

Introduction 
The use of phosphine and phosphite com- 

pounds as ligands in low-valent transition metal 
complexes has increased steadily during the last 
decade (1). Tertiary phosphorus compo~lnds are 
able to stabilize electron rich metal atoms since 
phosphor~~s participates in o donation to the 
metal and may also accept electron density from 
the metal into energetically favorable d orbitals. 
In spite of the widespread use of phosphorus 
compounds as ligands, little n.m.r. data on 
phosphines containing alkenyl groups is avail- 
able even though they have been shown to func- 
tion as chelates with a large n ~ ~ m b e r  of transi- 
tion metals (2-8). The determination of the 
structure of metal-phosphorus complexes is 
frequently based on the assignment of their 'H  
and 31P spectra. In general, a corresponding 
amount of data concerning the uncomplexed 

phosphor~~s ligands has not appeared. We wish 
to report the 'H and 3'P magnetic resonance 
spectra of a representative series of phosphine, 
phosphinite, and phosphite complexes and to  
present generalizations concerning the chemical 
shift and coupling data (Fig. I )  for these poten- 
tial ligands. 

Experimental 
All reactions were run under an atmosphere of argon 

using freshly distilled reactants and solvents. Due to the 
air sensititivity of the phosphorus(II1) compounds, all 
manipulations were carried out under an inert atmo- 
sphere. All phosphines were stored under argon and 
were removed by syringe while under an argon flow. 

PCIPh,, PCI,Ph, and PCI, were purchased from 
Aldrich Chemical Co. 4-Bromo-I-butene and 5-bron1o-l- 
butene were purchased from Pierce Chemical Co. The 
phosphites P(OCH,CH=CH,), and O=P(OCH,CH= 
CH,), were a gift from the Weston Chemical Co. 

3 1 P  spectra were recorded on a Varian XL-100 sp-c- 
trometer using 50% by volume solutions in CHCI,. ' H  
spectra were obtained on a Varian HR 220 spectron~eter 

'Contribution No. 2352. Department of Chemistry, using 50% solutions in CDCI,. Phosphorus decoupling 
Indiana University. power was generated using standard components: an 

'To whom inquiries should be addressed. HP-5100B frequency synthesizer, an HP-10515A fre- 
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CLARK ET AL.: PHOSPHORUS ORGANIC COMPOUNDS 1715 

TABLE 1. Preparation of phosphorus(111) compounds 
.- 

Boiling point 
Compound Alkene Chlorophosphine ("c) Yield (%) 

PPh,(OCHzCH=CH,) HOCH2CH=CH2 PClPhz 92 
PPh,-CH,CH=CH, CICH,CH=CH, PCIPh, 11 8-1 28(0.2 Torr) 80 
PPh,((CH,),CH=CH,) Br(CH,),CH=CH, PCIPh, 11 5 (0.1 Torr) 8 5 
PPh2((CH2)3CH=CH2) Br(CH2),CH=CH2 PCIPh, 152-1 54(0.8 Torr) 67 
PPh((CH,),CH=CH,), Br(CH,),CH=CH, PC1,Ph 120-122(0.2 Torr) 79 
PPh((CH,),CH=CH,), Br(CH,),CH=CH, PCI,Ph 131-133(1 . O  Torr) 84 
P((CH2)2CH=CH2)3 Br(CH,),CH=CH, PCI, 65- 75(1 . O  Torr) 54 

quency doubler, an HP-230B tuned amplifier, and an 
EN1 10 W broad band power amplifier. The additional 
equipment necessary, a probe matching network, attenu- 
ator, and a through-line power SWR meter allowed 
generation of up to 10 W decoupling power at 89 MHz 
for the HR 220 probe while observing proton decoupling 
in the frequency sweep mode. 

Theoretical spectra were obtained using a Nicolet 
n.m.r. spectrum calculation program (NMRCAL) NIC- 
801s-7117-0. 

Preparntiorl of P(CH,CH,CH=CH,) , 
All of the PR, ligands were prepared by the general 

method outlined here for P(CH,CH,CH=CH,),. The 
specific alkene and phosphine chloride used are tabulated 
in Table 1 along with boiling points and yields. 

A Grignard reagent was prepared under argon in a 
predried reaction vessel by the slow addition of 4-bromo- 
I -butene (66.0 g, 0.489 mol) in 150 ml of predried ether 
to magnesium turnings (13.2 g, 0.544 mol) in 300 ml of 
refluxing ethyl ether. When the formation of the Grignard 
reagent was complete, phosphorus trichloride (18.7g, 
0.136 mol) in 250 ml of ethyl ether was added dropwise 
to the solution while maintaining the temperature at 
0 "C. Upon completion of the addition, the excess Grig- 
nard reagent was hydrolyzed with 50 g of NH4CI in 
250 ml of water. The organic layer was siphoned into a 
second flask, dried over Na2S04, and distilled under 
reduced pressure. A11 manipulations were carried out 
under a flow of argon since the phosphine is air sensitive. 

All reported oxides were prepared by air oxidation. 
They were then washed with hexane, dried, and checked 
for purity by examination of their ' H  and , ' P  n.m.r. 
spectra. O=PPh,(CH,CH=CH,) was also prepared by 
Arbuzov rearrangement of PPh,(OCH,CH==CH,) as 
described below. 

Prepnration of PPIz2(OCH2CH=CH2) 
This reaction was carried out in a manner similar to 

that previously reported (9) under a flow of argon in a 
predried reaction vessel using freshly distilled allyl 
alcohol and PCIPh,. Allyl alcohol (2.8 ml, 0.041 mol), 
pyridine (3.2 ml, 0.041 mol), and 40 ml of dry ethyl ether 
were chilled to 0" in an ice bath. PCIPh, (7.1 ml, 0.040 
mol) in ether (4 ml) was added over a period of 30 min. 
The solution was allowed to stir for 20 min and the 
pyridine hydrochloride, which had precipitated, was then 
separated by filtration using standard Schlenk technique. 
The excess reagents and ethyl ether were removed under 
vacuum. The liquid product cannot be distilled due to 
extensive Arbuzov rearrangement to O=P(CH,CH= 

CH,) when heated (10). Purity was checked by ' H  n.1n.r. 
integration and by the absence, in the , 'P n.m.r. spectra, 
of resonances due to species produced by rearrangement 
or oxidation. 

Allowing PPh2(OCH2CH=CH2) to come into con- 
tact with air for 12 h resulted in its oxidation to 
O=PPh,(OCH,CH=CH,) which may also be syn- 
thesized by reacting diphenylphosphinic chloride with 
ally1 alcohol in the presence of triethylamine in ether (1 I). 

Results and Discussion 

Nuclear Magnetic Resonance Cl7ernical Sllifts 
A considerable effort has been spent in the 

interpretation of 3 'P  chemical shifts (12, 13). 
Changes in the number of substitilents and their 
electronegativities, the degree of K-bonding, and 
the resultant bond angles about the phosphorus 
have all been considered. The interrelationships 
among these parameters and the importance of 
each have, however, not been established for 
even the symmetrically substituted phosphines, 
PR,. For i~nsymmetrically substituted com- 
pounds the problem is more difficult. 

The phosphorus chemical shift values listed 
in Table 2 can, however, be separated into three 
groups: PR,, 6 = + 16 to +30.7 p.p.m.; 
O=PR,, O=P(OR)R,, and O=P(OR),, 6 = 
-45.9 to + 1.9 p.p.m.; and P(OR)R, and 
P(OR),, 6 = - 1 13 to - 138.8 p.p.m. The large 
chemical shift difference between groupings is 
of value for qualitative (12) and semi-quantita- 
tive determination of sample purity for these 
compounds. 

Examination of the ' H  n.m.r. spectra of the 
13 phosphorus compounds shows three olefinic 
protons in the region 4.1 1 to 5.14 7; methylene 
protons are observed in the region 7.65 to 8.56 7 

for butenyl and pentenyl, ca. 7 z fo r  allyldi- 
phenylphosphine and allyldiphenylphosphine 
oxide, and ca. 5.5-5.7 .r for phosphinites, phos- 
phites, and their oxides. 

The phenyl resonance consists of two multi- 
plets, ratio 2: 3, consistent with the usual assign- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 2. Nuclear magnetic resonance data 
- .- 

3J 3J 3J 
Compound' 3 'P H 1 Hz H3 H4 H 5 H6 H7 Hs (H,-H3) (Hz-H.4 ( H 3 - W  2 J ~  3 J ~ ~  

PPh20CH2CH=CH2b - 1 13.0 4.81 4.99 4.21 5.74 2.53 2.72 17.0 10.3 5 .2  9 .6  
(map) 

0=PPh10CH2CH=CHz -30.9 4.73 4.83 4.13 5.53 2.20 2.63 17.0 10.4 5.6 8.6 
(mapo) 

P[OCH2CH=CH,13c -138.8 4.76 4.90 4.15 5.72 17.0 10.4 5 .2  8.0 
(tap) 

O=P[OCHzCH=CHxI3 f 1.9 4.69 4.81 4.11 5.50 17.0 10.4 5.6 8.8 
(tape) 

PPhZCHICH=CH1 + 17.1 5.10 5.14 4.31 7.23 2.60 2.74 17.0 10.3 7.0 5 0 . 8  6.0 
( ~ P P )  

O=PPhZCHICH-CH2 -28.2 4.85 4.85 4.23 6.87 2.20 2.48 7.4 14.4 6.0 
( ~ P P O )  

PPh2(CH2)2CH=CH2 + 16.5 5.06 5.11 4.19 7.9 7.9 2.60 2.70 17.0 10.3 5.9 7 . 5  
(mbp) 

0=PPh2(CH1)1CH=CH~ -30.8 5.03 5.11 4.25 7.65 7.65 2.27 2.61 17.0 10.3 5.4 
(mbpo) 

PPh2(CH2),CH=CH2 1- 17.6 5.06 5.13 4.28 7.91 8.51 8.02 2.66 2.86 17.2 10.3 6.6 5 0 . 8  8 .0  
( ~ P P )  

PPh[(CH2)2CH=CH212d +25.4 5.00 5.08 4.17 7.92 8.20 2.52 2.68 17.2 10.2 6.6 5 0 . 8  
(dbp) 

PPh[(CH2)3CH=CH212' f 26.3 5.10 5.12 4.32 7.95 8.56 8.36 2.58 2.75 17.0 10.4 6.6 5 0 . 8  8.5 
( ~ P P )  

P[(CH2)2CH=CH213f f 30.2 4.98 5.06 4.18 7.86 8.53 17.1 10.2 6.0 C 0 . 8  7.8 
(tbp) 

0=P[(CH2)2CH=CH1]3g -45.9 4.90 4.98 4.24 7.57 8.25 17.1 10.3 10.6 
(tbpo) 

aThe 'H n.m.r. spectra of  all compounds were analyzed at  16OC at 220 MHz in 50% (vol.) CDC13 with TMS as reference at  r 10.0. 3'P chemical shifts (+0 .3  p.p.m.) are relative to 85% H3P04. 
Chemical shifts are for the center o f  the multiplet. All peak intensities were checked by integration. 

bAdditional coupling constants are: 4J(P-H3) 5 0.8 Hz, 5J(P-H,) and 5J(P-Hz) c I Hz. 
<Additional coupling constants are:4J(P-H3) c 0.8 Hz 5J(P-H,) and 5J(P-Hz) 5 1 Hz. 
dAdditional coupling constants are: 3J(H4-H5') = 3 ~ ( ~ ; ' - ~ 5 )  = 7.0 Hz, 3J(H;-H;) = J(H,-H,) = 8.0 Hz. ZJ(P-H,) = 2J(P-H;) 5 0.8. 
'Additional coupling constants are: 3J(H,-H6') = 3J(H5'-H6) = 7.0 Hz 3J(H;-H,') = 'J(H5-H6) = 8.0 Hz, 2J(P-H6) = ZJ(P-H6') s 0.8. 
,Additional coupling constanls are: 3J(H~-Hs')  = 3J(H4'-H,) = 6.0 HZ: 3J(H;'-H5') = 3J(H,-H5) = 10.5 Hz, ZJ(H4-H4') = 2J(I-15-H5') = 10 HZ, ZJ(P-H5) = ZJ(P-H5') 5 0.8 HZ. 
9Additional couplins constants are: 3J(H~-H5')  = IJ(H4'-H5) = 6.0 Hz, )J(H,'-H5') = 3J(H4-H5) = 10.5 Hz, 2J(H4-H,') = 2J(H5-H5') = 10 HZ, lJ(P-H5) = 2J(P-H5') = 10.6 HZ. 
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CLARK ET AL.: PHOSPHORUS ORGANIC COMPOUNDS 

mbp Y = Lone pair; R=R'=C6H5 m p p  Y = Lone pair; R=C6H5 
mbpo Y = Oxygen; R=Rf=C6HS dpp Y = Lone pair; R=C5H, 
dbp Y = Lone pair; R=C6H5; R'=C4H7 
tbp Y = Lone pair; R=Rf=C4H7 
tbpo Y = Oxygen; R=R'=C4H7 

app  Y = Lone pair; R=C6H5 map Y = Lone pair; R=Rf-C6H5 
a p p o  Y = Oxygen; R=C6Hs mapo Y = Oxygen; R=Rf=C6H5 

tap Y = Lone  pair; R=R1=OC3H5 
tap0 Y = Oxygen; R=R'=OC3H5 

I FIG. I .  Numbering system for the protons of the compounds studied. 

ment of two lower field ortho protons and three 
higher field meta-para protons. The ortho pro- 
tons in the oxides are shifted to lower fields, 
2.20-2.27 r, than the corresponding phos- 
phorus(lI1) compounds, 2.52-2.66 r. This dif- 
ference in chemical shifts for the ortho protons 
is helpfi~l in the determination of sample purity. 

Nuclear Magtieric Resotlatlce Spiti-Spin 
Co~tpling Cotlsratirs 

The reported variations in the ~ n a g n i t ~ ~ d e  of 
I 

P-H couplings are large. In phosphine coni- 
pounds, PR,, the observed vicinal c o ~ ~ p l i n g  
constant is larger than the geminal c o ~ ~ p l i n g  
constant ,JPH > 'JpH; e.g. In P(CH2CH3),, 
,JPH = + 13.65 and 'JPH = +0.5 (12); and in 
P[CH(CH,),],, ,J,, = + 1 1.73 and 'J,, = 

-2.27 HZ (14). 
The magnitudes of both the geminal and 

vicinal phosphorus-hydrogen coupling con- 
stants have been shown to have angular depen- 
dence. The ge~ninal coupling constants in a rigid 
structure like that for I-phenyl-3,4-dimethyl- 
phosphocyclo-3-pe~itene vary between + 25 Hz 
for 'JPH at  a dihedral angle of 9" from the phos- 
phine lone pair to the geminal hydrogen to 
-6 Hz for 'JPH where the hydrogen is a t  a 

dihedral angle of 1 1  l o  (15). In compounds 
where free rotation a b o ~ ~ t  the P-C bond is 
possible 'J,,, represents the weighted average of 
the c o ~ ~ p l i n g  constants, depending upon the 
populations of the v a r i o ~ ~ s  conformers. Vicinal 
coupling constants in cyclic compounds con- 
taining the P-0-C linkage have been related 
to the P-0-C-H dihedral angle with 3J,,, 
reaching a maximum when p h o s p h o r ~ ~ s  is trctt7.s 
to hydrogen and a minimum in the gaucl7e 
position (16). Another s t ~ ~ d y  (17) on such cyclic 
conipounds has shown vicinal coupling con- 
stants can also be related to the stereochemistry 
of the phosphorus lolie pair. Values a s  large as 
33 Hz have been observed (18). In systems with 
fast rotation a b o ~ ~ t  the 0-C bond axis, average 
,JPH c o ~ ~ p l i n g  constants were observed (12), 
e.g. O=P(OCH,CH,),, 8.7 Hz a n d  P(Ph)- 
(OCH,CH,),, 6.9 Hz. 

The presence of only one methylene group in 
allyldiphenylphosphinite (map) and tris(ally1)- 
phosphite (tap) permitted the interpretation and 
assignment of all phospliorus-hydrogen COLI- 
plings (Table 2). The assignment of the larger 
coupling in the methylene resonance (Fig. 2) to 
,JP,, for map was confirmed by , 'P  partial de- 
coupling of the 'H n.ni.r. spectrum resulting in 
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C A N .  J .  CHEM. VOL.  5 2 ,  1974 

J Lh -J I F..I 
..A. .. - -i 
'.? 5 . ?  i .7 '1.4 

FIG. 2. The 220 M H z  ' H  n.rn.r. spectrum of the 
methylene region of allyldiphenylphosphinite (map): (a) 
phosphorus decoupled, (b) normal. 

FIG. 3. The 220 MHz ' H  n.m.r. spectra of the H, 
olefinic proton in: (a) allyldiphenylphosphinite (map), 
computer simulated, (a') observed; (b) trialiylphosphate 
(tapo), computer simulated, (b') observed. 

collapse of the quartet of triplets to a pseudo 
doublet of triplets. The larger remaining cou- 
pling in this methylene resonance (Fig. 2a) was 
assigned as vicinal coupling to the olefinic pro- 
ton, H,, ,J(H,-H,) = 5.2 Hz, confirmed by 
comparison with the computer simulated spec- 
trum (Fig. 3a). The vicinal phosphorus-hydrogen 

coupling for tap was confirmed by observation 
of the hydrogen coupled 3 1 ~  resonance at 6 = 
- 138.8 in which a septet (single peak w,,, = 

2.2 Hz) is observed due to coupling to six 
equivalent methylene protons with 3Jp,l = 8.0 
Hz. Additional coupling, ,J(H,-H,) = 5.3 Hz, 
was assigned by comparison of the 'H n.m.r. 
spectrum to the synthesized spectrum (Fig. 36); 
broadening of the multiplet may be due to addi- 
tional H-H coupling across phosphorus. The 
long range phosphorus-hydrogen coupling in 
map and tap is4J(P-H,) < 0.8 Hz, 5J(P-Hl) and 
'J(P-H,) < 1 Hz. Surprisingly, for the oxides of 
map and tap, ,JPH = 8.6 and 8.8 Hz, respec- 
tively, varying less than 1 Hz from the corre- 
sponding coupling in map and tap. 

The assignment of the coupling in the phos- 
phine compounds reported in Table 2 resulted 
in values of ,J,, < 0.8 Hz and ,JPH = 6.0- 
8.5 Hz. No effort was made to determine the 
signs of the geminal coupling constants since the 
values are quite small. The vicinal coupling 
constants were assumed to be positive. The inter- 
pretation of the n~ultiplets for the methylene 
protons becomes increasingly complicated with 
increasing numbers of methylene groups due to  
overlap of the resonances. The assignment of 
2Jp11 < 0.8 and ,JpH = 6.0 HZ for the methylene 
protons in allyldiphenylphosphine (app) is based 
upon analysis of the 'H n.m.r. sp, -ctrum as an 
A,BCDX system (A, = H,, H,'; B = H , ;  
C = H I ;  D = H,; X = P) and is confirmed, 
with assignment of ,J(II,,H4) = 7.0 Hz, by 
comparison of the H, resonance to the com- 
puted spectrum. In the butenyl-and pentenylphos- 
phines the vicinal coupling between Id3 and the 
adjacent methylene protons, H,, was obtained 
from analysis of the H, resonance. Phosphorus- 
hydrogen coupling of similar magnitude to that 
in app occurs in the other phosphines, for 
example in tbp 'J,,, < 0.8 and ,JPH = 7.8 HZ. 
However, in the oxides of these phosphines the 
magnitude of the geminal coupling is much 
greater. In allyldiphenylphosphine oxide (appo) 
,JPH = 14.4 and 3Jp,, = 6.0, and in tributenyl- 
phosphine oxide (tbpo) ,JPH = 10.6 Hz. This 
behavior has been previo~~sly observed upon 
complexation of phosphorus(III) compounds to  
transition metals (19). Thus the large change in 
2Jp,, (from ca. 0 to ca. 10-14) is valuable in 
indicating an increase in oxidation state or 
coordination number of the phosphorus. 

The ' H  n.m.r. spectra of tributenylphosphine 
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CLARK ET AL.: PHOSPHORUS ORGANIC COMPOUNDS 1719 

n P H ,' H,  

FIG. 4. The220 MHz ' H  n.m.r. spectra of the methy- 
lene protons, H,, for tributenylphosphine (tbp): (o )  
computer simulated, (b) observed. 

(tbp) and tributenylphosphine oxide (tbpo) 
revealed the expected nonequivalence of the 
methylene protons. These protons appear as 
part of a pseudo AA'BB'MX pattern (A,A1 = 
Hj ,H j f ;  B,B' = H,,H,'; M = H,; X = P) 
since the coupling through the phosphor~~s and 
that to H ,  and H, is relatively small. For tbp, 
the spectrum of these methylene protons was 
computer simulated as a six-spin system using 
the data in Table 2. Figure 4 compares the cal- 
culated and observed spectra of the H protons 
at 8.53 r. The H, resonance at 7.86 r was also 
synthesized with the phosphorus coupling deter- 
mined by ,'P decoupling of the 'H  n.m.r. and by 
observation of the methylene proton coupling 
in the 31P n.m.r. spectrum. The 'H n.m.r. spec- 
trum of tbp did not change between - 50 and 
50". The spectrum of tbpo was similar except 
for the effect of the change of ,JPH, from G0.5 
for t b ~ ,  to 10.6 Hz for tbpo. The vicinal meth- 

I I I I I I  

FIG. 5. Possible conformers of PCH2-CH2R. 

In contrast, the calculated spectra for the H j  
resonances of dibutenylphenylphosphine (dbp) 
and dipentenylphenylphosphine (dpp) require 
average vicinal methylene coupling constants of 
7 and 8 Hz. These values are also consistent with 
a rapid rotation about the axis of the two meth- 
ylene groups but with a nearly equal population 
of the three conformers. 

Vicinal methylene coupling constants could 
not be determined for butenyldiphenylphosphine 
(mbp) or pentenyldiphenylphosphine (mpp) due 
to overlap of resonances. 

Practically no variation was observed in the 
magnitude of the trans or cis coupling constants 
for the olefinic protons. The gelninal coupling 
was less than 1.5 Hz. 

To conclude, the previously reported be- 
havior showing ,JP,, > ,JpH for non-cyclized 
phosphines also occurs in the alkenyl phos- 
phines reported in this work. For the two phos- 
phine oxides in which ,J,, could be determined, 
appo and tbpo, the magnitude is much larger 
than in the corresponding phosphine. In the 
three compounds for which i t  was possible to 
obtain 3 ~ p H  for both the phosphorus(I1I) and the 
phosphorus(V) compounds, the change was 
minimal. Thus, ,JPH in the phosphine oxides 
studied is greater than ,JPH. For all of the com- 
pounds only minimal changes in the olefinic 
coupling constants were observed. 
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Nuclear Magnetic Resonance Studies of Solvation of Halides: 
I9F Studies of Solvent and Counterion Effects on Chemical Shift I 

D o p c i r t r ~ ~ ~ r ~ t  of 'Ch~t~~ist l :v,  C(ir1etoti U t ~ i ~ ~ ~ . x i t y ,  Ott(~lv(i, C(it~(i(I(i K I S  5B6 

A N D  

Received July 25, 1973 

W e  report new measurements adding to the literature o n  solvent and counter ion  
dependence of 'OF- chemical shift. These are compared to earlier r e s ~ ~ l t s  for "'CI-, "'Br-, 
anel "'I-. The  observations support the following points: ( 1 )  there a r e  few systematic 
differences between behavior of anion shifts in dilute and nioclerately concentrated 
aqueous solution, ( 2 )  anion shifts c o n ~ n ~ o n l y  show larger sensitivity to solvent than 
counter ion over convenient ranges of variation so  that "solvent shift" may be easily 
measurecl. Using the concept of collision effects on shifts cleveloped by Richards and  
his collaborators, it is possible to separate, in many cases, the large effects arising f r o m  
contact, o r  primary solvation sphere, collisions f rom the smaller effects of outer sphere 
interactions. 

W e  find no preferential solvation of F- by H.0 in mixtures with CH:,OH; a t  most, 
small preferecce over CI.H,OH and formamide, and a small opposite preference in favor  
of diols. However, water appears strongly preferred in the primary solvation shell over 
acetone, acetonitrile, dioxane, and  (in contrast t o  other ha!ides), clin~ethylsulfoxicle. 
Solvation by amines involving both outer and inner sphere site occupation is considered. 

T h e  inter-anion effects on  fluoride ion chemical shifts tend to undermine the concept 
of additivity of ionic effects o n  shifts. 

O n  rnpporte d e  nouvelles nlesures q ~ ~ i  s'ajoutent i la litterature q i ~ i  traite cle l a  
dipendance clu diplacement chimique de '"F- par rapport au solvant e t  B I'ion conlplt-  
mentaire. Elles sont compartes avec des rCsultats anterieurs pour 'r'CI-, "'Br- et "'I-. Les  
observations soutiennent les points suivants: ( I )  il y a pen de difftl-ences systCmatiq~~es 
entre le comportenlent des cleplacements cles anions en  solution aqueuse diluee e t  peu 
concentree, ( 2 )  dans cles intervalles convenables d e  variation les dtplacements cles anions 
montrent f req~~enin ien t  ilne plus grancle sensibilitt ail solvnnt que c e u s  des ions complt-  
mentail-es pour ces intervalles; le dtplacenient d i ~  ail solvant peut &tre facilement niesur.6. 
Utilisant le concept des effets cle collision sui- les clCplacernents, cltvelopp6 par Richards 
et ses collaborateurs, il est possible d e  stparer ,  clans plusieurs cas, les elfets importants 
provenant d'iln contact, OLI cle solvation priniaire d e  sphtres et cle collisions provenant 
des effets plus petits d'interactions de I'extCrieur des sphkres. 

On ne trouve pas cle solvatation prifirenlielle d e  F-- par H1O dans des melanges avec 
CH.#OH;  a u  plus, il y a line petite p r t f t rence  sul. C ,H,OH et la forn~amicle,  et une petite 
p r i f t rence  en faveur cles diols. Cepenclant, dans la solvatation primaire de I'enveloppe, 
l'eau apparait forten-ient favorisee :I I'acttone, l'acttonitrile, le dioxanne, et (B  I 'oppost 
des autres halogtnures)  le climtthylsulfoxyde. La solvatation par les aniines impliquant 
l'occupation cl'un site i l'exttrieur et h I'inttrieur d e  la sphtl-e est considtr te .  

Les effets entre anions sur les tltplacements chinliques cle I'ion fluorure tendent k 
soulever le  concept d'additivitt des effets ioniques sur  les dtplacements. 

[Traduit  par le journal] 
Can. J .  Chern., 52 ,  1721 (1974) 

Introduction to an  n.1n.r. line width method that the  chemical 

since the 1965 paper of Frankel, Stengle, and shift of the central atom of a sylnmetrical com- 

Langford (I), which showed by cross reference plex be used to probe the intimate solva- 
tion environment of a solute species, several 

'Financial support from the National Research Coun- authors have extended the application of the 
cil of Canada and the U.S. Air Force Office of Scientific ideas to  the study of the solvation of simple ions 
Research is acknowledged. of alkali nietals (2-4) and halides (4-6). Espe- 
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cially in the case of the halides of chlorine, bro- 
mine, and iodine, the idea has been fruitful, 
because it has (happily) been the case that the 
chemical shift of these ions is much more 
sensitive to solvent than to counter ions (5, 6) 
which simplifies the necessary separation of 
effects that must precede an analysis of solva- 
tion. On the other side of the ledger, the chemical 
shifts of these three halides are not easily 
measured with precision, which renders weaker 
interactions (such as those involving outer 
solvation spheres) unmeasurable and thus limit 
the precision of discussion. For example, we 
have2 carried out a quantitative comparison of 
the "preferential" solvation of chloride by water 
Llersus acetonitrile with the gas phase mass 
spectrometer solvent to ion association data of 
~ e b a r l e  and his colleagues (7). A simplest model, 
which assumes that the occupation of any one 
site in contact with an  ion is independent of the 
occupant of any other, yields close agreement 
between observed n.m.r. preferential solvation 
curves and those calculated using Kebarle's 
gas phase interaction energies in conjunction 
with experimental data on the bulk activity of 
the solvents derived from measurements on 
liquid mixtures in the absence of solute. The 
difference between the simple model and the 
experiments suggests only that there is a small 
complementarity in which a solvatingwater mole- 
cule in the inner shell favors another. But, it is 
not clear whether this is a real deviation from 
the simple model or  is a reflection of the lirnita- 
tion of the approximation that only the solvent 
molecules in the immediate neighborhood of the 
ion contribute to its chemical shift. Thus. we are 
motivated to examine fluoride chemical shifts 
further. It is possible to d o  fluoride work at  high 
field so that an easily measurable number of 
hertz represents a very small value in terms of 
p.p.m. Sensitivity to all factors is available. 

One must admit, a t  once, that sensitivity has a 
price. When all relevant factors become easily 
measurable, confusion is a likely result. In the 
case of fluorine n.m.r., papers exist (8) which 
have examined medium effects on fluorine nuclei 
in molecules. These are at  least an order of mag- 
nitude smaller than the effects we intend to dis- 
cuss here, once it is understood that our subject 
is the symmetrical 'S species, 19F-. We must also 
note that previous data on fluoride chemical 

'Unpublished work. 

shifts (9) have led to  suggestions which must be 
considered suspect unless fluoride is a radically 
different case from related simple closed shell 
ions. Since there is strong evidence to believe 
that  fluoride chemical shifts are dominated by 
the paramagnetic term (like those of other 
halides and alkali metal ions), we should develop 
a theory of fluoride shifts in a fashion consistent 
with the work of Richards and his colleagues 
(10-12) on the other ions. This is a theory which 
emphasizes the importance of "collisional" 
interaction on the dynamic electron distribution 
about the nucleus under observation. It is a 
theory of short range effects. One mainstay of 
the support of this view is the frequent observa- 
tion that counterion effects on the chemical shift 
of  a given ion remain nearly linear to  concentra- 
tions approaching the "wet solid" (10, 1 l), and 
in some cases a re  extrapolated from dilute 
solution to  the crystal (13). This rules out a large 
role for factors such as long range bulk solvent 
ordering because eflects remain comparable up to 
a concentration in which bulk is sirnplj) non- 
existent. In this regard, we have a circumstance 
in which experiment is supporting pure theory 
in that the most reasonable theory of shifts is 
dominated by the paramagnetic term and re- 
quires attention t o  short range interactions. 

There remains only one question: how shall 
we understand more complex behavior of 
chemical shift dependence on concentration in 
cases where sensitivity is high and subtle effects 
are accessible? The  aim of this paper is to show 
(for I9F-) that the smaller effects c a n  be accom- 
modated within accepted theory of  "collisional" 
effects by recognizing that the tnolec~rles in col- 
lision with a particular observed nuclelrs (as that 
of 1 9 F ' - )  are subjected to perturbations by  
neighbors (in the outer soluarion sphere of 
,fluoride). That is, first sphere neighbors perturb 
F- but second sphere molecules perturb the 
first sphere molecules and thus have a second 
order effect on F-. The success o f  our attempt 
t o  bring small effects into the theory depends on  
the existence of a rational sequence of in- 
creasing effects from cross ion (other anion on 
anion), to secondary solvating molecules, t o  
cations and to primary solvating molecules. We 
are convinced that the data below are consis- 
tently (although possibly not uniquely) inter- 
pretable under such a scheme. We present them 
in such a context (as opposed to others) 
because of the strong emphasis o n  short range 
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TONG ET AL.: ON SOLVATION OF HALIDES 1723 

factors imposed by the original work of Richards 
and collaborators (10-12) and supported by 
many others (2, 14, 15). 

The development of this interpretation will 
begin with the analysis of solvent effects in which 
we attempt to distinguish smaller effects from 
larger ones, and then interpret them in com- 
parison with the large effects that have been 
reported for the remaining halide ions. Fol- 
lowing this, we turn to an extension of earlier 
discussions of the effects of other ions on 
fluoride shifts. With an overall interpretation, it 
is finally possible to make some remarks on the 
factors affecting solvent distribution around the 
fluoride ion. We call such distribution "preferen- 
tial solvation"; zero preference is simply a 
special case. 

Results and Discussion 
(I) Fluoride ShSfts in Mixed Aq~reo~rs Organic 

Solrjents 
The fluoride chemical shifts (referred to the 

100x aqueous solution of the same molarity) 
were obtained in binary aqueous organic mixed 
solvent systems of various compositions (ex- 
pressed in mole percent of the organic solvent) 
when solubility of the fluoride salt, KF in most 
of our studies, and the miscibility of the binary 
solvent system in the presence of the fluoride 
permitted. The solvent composition shifts are 
plotted in Figs. 1, 2 and 3. Special attention is 
drawn to the difference of the scales of the 
chemical shifts. Positive values of fluoride chem- 
ical shifts, o, are at higher fields relative to the 
reference while negative ones are at lower fields. 

In the case of the aqueous dipolar aprotic and 
aniine mixed solvent systems (and including 
t-butanol), phase separation or precipitation (in 
the case of N,N-dimethylformamide) occurs at 
below 45 moly, of the organic component for 
fluoride concentrations kept as low as 0.08 M. 
The fluoride shifts are plotted as a function of 
solvent conlpositions in Figs. 1 and 2. The lack 
of knowledge of the shift in pure organic solvent, 
o(ORG), limits a study of preferential s ~ l v a t i o n . ~  
Despite such difficulties, the nature of solvation 
of the fluoride ion in these solvent systems may 
be accommodated consistently in the framework 
outlined above. 

There are two noteworthy points: (i) there is a 

3This point will be obvious later where the usual equa- 
tion for preferential solvation appears. 

mole O/O (org. solv.) 

FIG. 1 .  lqF-  n.m.r. chemical shifts of 0.08 M KF in 
mixed aqueous organic solutions at 32.5'. 0, N,N- 
dimethylformamide; 0, acetone; A, acetonitrile; 0, 
1,4-dioxane; a, I-butanol ; @, dimethylsulfoxide. 

I ethylenediamine 

mole (org.solv.1 

FIG. 2. I T F -  n.m.r. chemical shifts of 0.08 M K F  in 
aqueous organic amine solutions at 32.5'. 0, methyl- 
amine; a, ethylamine; A, ethylenediamine; 0; 1,3- 
diaminopropane. 

striking similarity of the magnitudes of fluoride 
ion shifts on the addition of acetonitrile, 1,4- 
dioxane, N,N-dimethylformamide, and acetone 
to water; and (ii) the magnitude (regardless of the 
sign) of these shifts is small (Fig. 1). I n  order to 
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I 

Fz. ethanol 
KVS 

forrnamide 

0-29M KF 
0.13M 

mole O/O (org. M~v.) 

FIG. 3. I9F- n.m.1. chemical shifts of K F  in mixed 
aqueous protic organic solvent solutions at  32.5'. 0, 
0.2 M K F  (methanol); 0, 0.08 M (ethanol); A, 0.08 M 
K F  (ethyleneglycol); A, 0.08 M K F  (glycerol); 0, 0.4 M 
K F  (formamide). 

demonstrate the smallness of the magnitudes, a 
table of aiwraged initial slli ft gradients with 
respect to mole percent of organic solvents is 
prepared as in Table 1.  These averages are taken 
from the data points for each mixed solvent 
system (for consistency) in the region of the 
curves between pure water and a point where a 
change of slope (if any) becomes significant. The 
averaged initial shift gradients of these solvents 
are similar, varying between 0.023 to 0.033 
p.p.m. per mole percent organic component. 
Such values are approximately an order of mag- 
nitude smaller than those for alcohols and 
formamide, regardless of the sign. There are two 
possibilities, either: ( i )  the action of all these 
organic solvents on the ion is extremely similar 
to water, as, for example, would be expected for 
D,O, or ( i i )  the perturbation of tl7eJuoride ion 
by the orga17ic solvent is indirect (an outer sphere 
perturbation). 

The fluoride ion is similar to  the rest of the 
halide ions: chloride, bromide, and iodide, in 
the sense of being a mononegative ion having a 
'S ground state electronic configuration. If the 

V O L .  5 2 ,  1974 

solvent is interacting with the halide ions in 
similar ways, the magnitude of the solvent shifts, 
due to the ion-solvent interaction, would in- 
crease as F- < C1- < Br- < I- ,  following the 
decrease in the A E  terms in the paramagnetic 
term in the Ramsey equation for chemical shift 
(16). Such a trend appears for solvents: D,O, 
methanol, dimethylsulfoxide, acetonitrile, and 
N,N-dimethylformamide, as far as literature 
is available (6, 17, 18). From Table 2, the trend 
is obvious, with the exception of the iodide ion 
in methanol. In fact, the correlation of the sol- 
vent shifts of the halide ions in a particular 
solvent to  their corresponding shifts in DzO is 
reasonably linear in all cases but that of iodide 
in methanol (Fig. 4). If such a correlation is 
general, one would expect tile Juorirle ion sllij? 
in acetonitrile, N,N-din?etl?ylJbr1nan7i~/e, and di- 
metl~yls!rlfoxi~/e to be  between - 20 t o  -30p.p.rn., 
or -0.2 to -0.3 p.p.m. per n?o lx  for zero 
preferential solvation. Experience does not sug- 
gest similarity of the four organic solvents: 

loo, ,y "3CN 

DMF 

FIG. 4. Correlation of halide ion chemical shifts in 
solvents to D,O referring to their corresponding aqueoLls 
solutions of the same concentration. 0, methanol; El, 
acetonitrile; A, N,N-dimethylformarnide; 0, dirnethyl- 
sulfoxide. 
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TONG ET AL.: ON SOLVATION OF HALIDES 

TABLE 1. Averaged solvent composition shift gradient of fluoride ion in 
binary aqueous organic mixed solvent systems 

Limit of 
solvent corn- Shift gradient Correlation 

Organic solvent position range (p.p.m./mol%) coefficient (%) 

CH30H 100% 0.308 99.98 
C Z H 5 0 H  50% 0.123 99.93 
t-Butanol 50% -0.043 -98.22 
Ethyleneglycol 50% 0.210 99.81 
Glycerol 50% 0.172 99.08 
CH3NHZ 20% 0.05 99.97 
CzHsNHz 23% -0.0017 -96.15 
Ethylenediamine 12% - 0.039 -99.73 
1,3-Diaminopropane 12% -0.045 -99.29 
Formamide 50% -0.207 -99.77 
D M F  50% 0.023 99.79 
Acetone 50% 0.028 97.03 
DMSO 50% -0.078 99.49 
Acetonitrile 50% 0.033 99.85 
Dioxane 50% 0.030 98.58 
DZO* 100% 0.030 - 

*References 14 and 17. 

TABLE 2. Halide ion chemical shifts in various solvents (ref. aqueous solutions of same 
salts and same concentrations) 

Solvent F - C1- Br- I- 

DzO* 2. 96('41 4.7(17) 8.3(17) 13. 2(17' 
MeOH 30.61 60'18) 120(18) 35(6) 
DMSOf - - 63'6) - 137"' - 233'6' 
CH,CNf - -31'6' - 57'6) -81'6' 
DMFf - -40'6) -88'6) - 142'6' 

*Results are from sodium o r  potassium halides. 
?This work, with KF. 
$Results are from 0.2 M o r  0.25 M tetraethylammonium halides. 

N,N-diinethylformainide, acetonitrile, acetone, 
and 1,4-dioxane, to water. We find that ex- 
pected fluoride shifts (Fig. 4) in two of these 
solvents are large negative, while those observed 
are all small positive and siinilar. 

To understand the observed contradiction, 
we propose the secondary solvent effect on the 
fluoride ion chemical shifts, an outer sphere 
effect, or perturbation. The organic solvent 
molecules in the outer sphere are perturbing the 
water molecules in contact with the fluoride ion, 
and thereby the fluoride ion. Such an outer 
sphere interaction may give rise to an upfield or 
downfield shift, but in any case, one of a mag- 
nitude smaller than a typical primary sphere 
interaction. (Note that this means that water is 
strongly preferred in the primary sphere of the 
fluoride ion in any of these dipolar aprotic sol- 
vents, at  least up to 50 molx  of the organic 
component.) 

In the previous examples, further addition of 
an organic solvent never results in a change of 
sign of the chemical shift. Such a change of sign 
would indicate a different character of interac- 
tion and a change of solvent shift m e ~ h a n i s m . ~  
With this additional idea, the results for aqueous 
amines may be understood in a similar fashion. 
Methylamine looks similar to methanol (cjicie 
injia), but other amines have a downfield shift 
region first, followed by a region of upfield 
shifts. An entirely plausible reason for the initial 
downfield region of these curves is that at low 
mole fractions of the amines, they fail to com- 
pete effectively for primary solvation sites. 
Comparing the dipolar aprotic solvents just 
discussed, that hydrogen bond donor anlines 
produce outer sphere shifts the opposite of outer 
sphere shifts produced by hydrogen bond 

4This point will be elaborated below. 
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acceptor dipolar aprotics is quite reasonable. 
The change of sign of shift in the aqueous 
ethylamine system is an example clearly indi- 
cating the change of solvent shift mechanism at 
some stage of solvent composition, most plau- 
sibly from outer sphere interaction to primary. 

The fluoride ion shifts in aqueous t-butanol 
are shown in Fig. 1. The earlier part of this curve, 
below 10 molx, has been obtained before in 
detail (19) and is consistent with our extrapola- 
tion. Examining the curve and Table 1 ,  it would 
appear to contrast to the other alcohols studied 
in having a small and downfield shift. This could 
be similar to the outer sphere shift shown by the 
amines. Water is probably the preferred solvent 
adjacent to the fluoride ion in this mixed solvent 
system. 

The extrapolated fluoride shift in pure di- 
methylsulfoxide is about -25 p.p.m. (Fig. 4). 
From the intermediate magnitude of the ob- 
served shifts (Fig. 1 and Table l), we cannot 
assign the cause of the observed fluoride shifts 
with any confidence. If o(0RG) is taken as 
-25 p.p.m., it seems that, up to 40 molx of 
dimethylsulfoxide, water is still the preferred 
solvent at the fluoride ion. 

Within our category of organic solvents, 
methanol, ethanol, ethyleneglycol, glycerol, and 
formamide allowed a full range solvent com- 
position study; and the results are summarized 
in Fig. 3. From Fig. 3 and Table 1, it is recog- 
nized that the effect of these solvents on the 
fluoride chemical shift is of an order of magni- 
tude greater than those we previously attributed 
to outer sphere interactions. It is then logical to 
assign these shifts as the consequence of primary 
solvation sphere interactions of the fluoride ion 
with the organic solvents. 

Now, outer sphere interactions do  also occur 
in the aqueous alcohols and formamide systems, 
and affect the fluoride ion shifts, but the much 
larger shifts due to inner sphere interactions 
may render them nearly unnoticeable. The dis- 
cussion below is based on this assumption. 
According to the model adopted to  a greater 
or lesser degree by many workers (1-4, 6), which 
intrinsically assumed a unique mechanism of 
shift and solvation, the average composition 
(mole fraction) of the organic component in the 
solvation sphere, Xs(ORG), of the probe solute, 
the fluoride ion in this paper, is taken to be 
given by the following relationship: 

where o is the observed chemical shift of the 
probe solute in the binary solvent, and o(H20) 
and o(0RG) are the shifts in pure water and 
pure organic solvent respectively. Taking the 
chemical shift in water as reference, and hence 
setting o(H20) equal to zero, we simply have the 
solvation sphere solvent composition directly 
proportional to the chemical shift, o ;  but the 
knowledge of o(0RG)  is required in order to  
derive some understanding of the preferential 
solvation phenomenon. When o(0RG) is 
known, the preferential solvation of the probe 
solute in the mixed solvents can be understood 
from the variation of a with respect to the bulk 
solvent composition, again is the mole fraction 
of the organic component. It must be noted that 
the quantity Xs(ORG) should vary between 0 
and 1, and so is the quantity o/o(ORG); there- 
fore, a should bear the same sign as o(0RG) 
throughout (i.e. no  change of sign of shift) unless 
there is a change of "mechanism" of shift. 

Assuming outer sphere contribution to fluo- 
ride chemical shift is negligible as  compared to 
those of primary solvation sphere, we can com- 
ment on the preference of the fluoride ion for 
these solvents as compared to water in the mix- 
tures with reference to Fig. 3. In aqueous 
methanol, the chemical shifts are definitely 
linear with the bulk solvent composition, which 
is an indication of no preference of the fluoride 
ion for either solvent. Slight preference for water 
over the organic component is indicated in both 
aqueous ethanol and aqueous formamide solvent 
systems. In both aqueous ethyleneglycol and 
aqueous glycerol solvent systems, there is an 
indication of some preference of the organic 
components to water. Such an effect has been 
understood as resulting from the chelating 
power of the glycols (9). 

The lack of preferential solvation in the 
aqueous methanol system does not, however, 
imply equality of energetics of interaction of 
the two solvent molecules with fluoride. Simple 
models have been developed by Frankel, 
Langford, and Stengle (20) and Covington, 
Lilley, Newman, and Porthouse (4), where 
identifiable thermodynamic parameters were 
obtained. Both give similar results. We have (in 
the notation of ref. 4): 
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TONG ET AL.: ON SOL .VATION OF HALIDES 1727 

where K is defined as the equilibrium constant 
for the following solvation process, assuming n 
solvation sites at the fluoride ion for both water 
and the organic solvent, 

and Y is the bulk activity ratio of the organic 
component to water in their mixture, [a(ORG)/ 
a(H20)]. Equation 2 may be rearranged to be 
expressed in terms of mole fraction of the organic 
component, X(ORG), and bulk activity coeffi- 
cients, f (0RG)  and f(H20), of both solvents 
for a direct comparison to experimental ob- 
servations. 

For no preferential solvation cases, according to 
eq. 3, the term K'1"[f(O~G)/f(H20)] must 
equal unity. The activity coefficient ratio of 
methanol to water in their binary mixtures, at 
39.g0, may be calculated from literature data 
(21). It is not equal to unity, nor is it constant 
with varying bulk solvent composition; this 
implies that K'l" is not independent of the com- 
position. Thus, the lack of preferential solvation 
by methanol should not be taken to imply 
equivalence of interaction energies between the 
fluoride ion and water molecules or methanol 
molecules. The population of the primary solva- 
tion sphere is determined not only by energetics 
of ion solvent interaction but also by other 
factors. 

In order to confirm that the observed fluoride 
ion shifts in the above mixed solvents is mainly a 
consequence of ion-solvent interactions, the 
fluoride salt (KF) concentration and the cation 
of the fluorides (Kf ,  Cs', and CH,Nf) were 
varied. It must be emphasized that such points 
are not expected to lie on the original curves, 
because fluoride shifts have been demonstrated 
to be dependent on salt concentrations as well 
as the nature of the counterions, in water (in this 
paper and ref. 22) as well as in mixed solvents 
(9). In addition, the preference of the preferen- 
tial solvation behavior may change somewhat 

when the solute concentration varies, especially 
at concentrations where overlap of co-spheres 
of the solute takes place (23). It is found, how- 
ever, that the data points so obtained (Fig. 3) 
dtfer little enough from the ones discussed to 
suggest no n?od$cation of interpretations. 

As a final point to compare primary sphere 
solvent shifts to outer sphere solvent shifts, it is 
interesting to note that the t-butanol and those 
parts of amine curves assigned to outer sphere 
effects produce small negative shifts (Table l), 
which is to be contrasted to the positive values 
associated with placing alcohols or amines into 
the primary solvation sphere. The simplest 
interpretation which is plausible is that alcohols 
or amines in the secondary sphere render the 
F...H hydrogen bond in the primary sphere 
stronger. If this is so, the opposite is probably 
correct for the dipolar aprotic solvents, namely: 
N,N-dimethylformamide, acetonitrile, acetone, 
and 1,4-dioxane. These appear to render the 
F...H hydrogen bond to solvating water mole- 
cules less strong. 

Finally, it is probably worth noting that 
attempts to correlate the shifts to bulk solvent 
parameters, like dielectric constant and  dipole 
moment (24), acidity (pK,) (25), Gutman's 
donar number (26), CTTS to iodide (27), solvent 
polarity parameter (2-value) (28), and even heat 
of vaporization (29), failed. If hydrogen bonding 
is the chief fluoride solvent interaction, which is 
plausible just from the solubility point of view, 
one might correlate the fluoride ion shifts to the 
hydrogen bond donicity of the solvents; but we 
have failed to find an independent measure of 
that parameter. 

(II) Effects of Ions on 19F- Chemical Shifts 
in Aqueous Solutions 

Figures 5 through 9 summarize our measure- 
ments on counter-ion dependence of 19F- 
chemical shifts (compare ref. 11) and add new 
observations on anion effects as well. The 
fluoride chemical shifts reported in these studies 
were referred to the infinite dilution shift of 
fluoride ion in water as established by NaF, for 
the sharpness of the resonance signal even in 
dilute solutions and the good linearity of shift 
with molarity at several other temperatures 
studied (between 35" to  83"). 

Figure 5 illustrates again the monotonic 
dependence of shift on the salt concentration 
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0 1 2 3 4 5 

M 
FIG. 5. Concentration dependence of ITF- n.m.r. 

chemical shifts of various aqueous fluoride salts solutions 
at 32.5". 

0.2 
0 0.2 04 0.6 0.8 1.0 

M 
FIG. 6.  "F- n.m.r. chemical shifts in aqueous NaF 

solutions at 32.5" as a function of added sodium salts 
with other anions keeping total Na+ concentration at 
0.88 M. (The point at 0 M is a real data point, corre- 
sponding to 0.88 M NaF solution.) 

VOL.  32. 1974 

(compare ref. 11). The effect on I9F- shift appears 
to be increasingly paramagnetic in the order 
Li' << Na' < (H20)  < K' < Rb' < Cs' 
< NH,', and is in some minor contrast to 
previous observations with other halide ions 
(1 1). It is consistent with the trend of solid state 
fluoride ion shifts (1 3), wit11 the exception of LiF. 

Fluoride ion is nearly as strong a base as 
ammonium ion is an acid in water; but according 
to our observations, the fluoride shifts in aqueous 
NH,F solutions are due largely, if not com- 
pletely, to ion-ion interactions. Should hydrol- 
ysis be important, it would cause an upfield 
shift, because the products of hydrolysis, HF and 
HF,- are at very high fields (44 t o  55 p.p.m. for 
the former and 32 p.p.m. for the latter) relative 
to the aqueous fluoride ion (13, 30, 31). Simple 
equilibrium calculations confirm that HF and 
HF2- are unimportant. 

The most important results of Fig. 5 are the 
implications of a simple dependence of fluoride 
shifts on ionic concentrations from very dilute 
to quite concentrated solutions. This is not con- 
sistent with bulk water structure affecting shifts. 
It is more easily understood in terms of short 
range cation-anion interactions, which, ac- 
cording to the collisional repulsive overlap model 
(10-12), would in fact predict the above order 
of fluoride shifts. However, we must mention 
that at very high concentrations of aqueous K F  
solutions, Connick and Poulson (22) observed 
the shift of fluoride resonance t o  higher field 
after a minimum a t  ca. 5 M. This turnovtr was 
interpreted in terms of outer sphere collisions 
at lower concentrations and inner sphere (con- 
tact) collisions at higher concentrations. (Note 
that K' has small effects at lower concentra- 
tions.) Deverell and Richards observed similar 
behavior with aqueous LiCl solutions, where 
3 5 ~ ~ -  was the probe ion (1 1). 

The extraordinary high field shifting effect of 
lithium ion suggests the possibility of local 
hydrolysis of the fluoride ion by the highly polar 
lithium ion (32, 33), where the process may be 
represented as : 

Li+ + HzO + F- =$ Li+ ... OH- ... H +  ... F- 

These observations indicate that simple ionic 
collision is not enough to account for all the 
concentration dependence of ionic shifts. Our 
observations do not give us a parallel to the 
classes of solvent effects that would permit 
detailed classification. The observed order, how- 
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ppm I 

SOLVATION OF HALIDES 

-46 PPm c 

FIG. 9. I9F- n.m.r. chemical shifts in aqueous 
NH4F solution at 32.5' as  a function of added NH4CI 

- 1 2 '  

keeping total NH4+ concentration at 2 M. 
0 0.5 1.0 1.5 

ever, suggests most effects are from contact, 
M 

FIG. 7. 19F- n.m.r. chemical shifts in aqueous K F  
solutions a t  32.5" as a function of added potassium salts 
with other anions keeping total K +  concentrations at 
1 M and 2 M respectively. (The points at  0 M are real 
data points, corresponding to I M and 2 M K F  solutions 
respectively.) 

- - - - 

0 0.5 1.0 1.5 2.0 
M 

FIG. 8. 19F- n.m.r. chemical shifts in aqueous CsF 
solutions at  32.5" as a function of added CsI keeping total 
Cs+ concentrations at  0.66 M and 1.31 M respectively. 

which is especially reasonable for the larger ions, 
Rb', Cs', and NH,', since they are only 
weakly hydrated. 

The remaining Figs. 6 to 9 show that anion 
effects on 19F- are smaller than cation effects 
(as expected) but readily observable. Figures 6 
and 7 suggest an anion order toward increasing 
paramagnetic shift of NO,- < (F-) c C1- < 
Br- < I-,  which is as  expected (11). Such an 
order could reflect effects of direct anion-anion 
collisions, but closer inspection reveals that 
anion effects are cation dependent. 

To provide a clear indication, numerical 
results are presented in Table 3 to supplement 
the Figs. 6 through 9. In Table 3, the values in 
the fourth column are extrapolated fluoride ion 
shifts a t  infinite dilution in the given concentra- 
tion of the added electrolyte. (Of course, this 
does not apply to the fluoride salt.) The fifth 
column is the net fluoride ion shift due to the 
added anion, which is the difference between the 
fluoride shift in the pure fluoride salt solution, 
cr(FP), and the extrapolated fluoride shift in the 
pure added electrolyte, o, of the same cation and 
same concentration. The last column is the 
anion effect normalized to 1.0 M of the elec- 
trolyte solutions, merely for the sake of com- 
parison; linear variation is not claimed nor 
implied. 

Examining the normalized anion induced 
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TABLE 3. Anion effects on 19F- chemical shifts in aqueous solutions at  32.5" 

Anion effect Normalized 
Concentration Shift(o) o - o(F-) anion effect 

Cation Anion (MI ( P . P . ~ . )  ( P . P . ~ . )  to 1.0 M 

Na + F -  
NO3- 
CI- 
Br- 
I -  

F -  
NO3- 
C1- 
Br- 
I - 

F -  
NO3- 
C1- 
Br- 
I -  

Cs + F -  
I - 

F - 
I -  

NH,+ F -  
C1- 

TABLE 4. Sources and quality of solvents 
-- -- -. 

Solvent Manufacturer Grade Remarks 

CH30H 
CzHSOH 
t-Butanol 
Ethyleneglycol 

Glycerol 
CH3NHZ 

Ethylenediamine 

1,3-Diaminopropane 
Formamide 

.N,N-Dimethylformamide 
(DMF) 

Acetone 

Dimethylsulfoxide (DMSO) 
Acetonitrile 
1,4-Dioxane 
Water 

Fisher 
Gooderham & Worts 
Fisher 
Eastman Organic 

Fisher 
Fisher 

Eastman Organic 

Fisher 

Aldrich 
Fisher 

Aldrich 

Aldrich 

Fisher 
Fisher 
Fisher 

Spectral 
Absolute 
Cert. reagent 

Cert. reagent 
Reagent 

Certified anhydrous 

1.r. analyzed 
Cert. reagent 

Spectral 

Spectral 
Cert. reagent 
Cert. reagent 

No further purification 
No further purification 
No further purification 
Dried with CaO and BaO, 

vacuum distilled 
Claimed 99.9% mol  purity 
Claimed to be 30-35% in water. 

Estimated by p.m.r. signal 
integration a s  to  contain 
69.8% of water by weight 

Claimed to be 70% in water. 
p.m.r. signal integration 
estimated 37.1% of water by 
weight 

Dried with Type 5A molecular 
sieve, then CaO and BaO; 
distillated 

No further purification 
Dried with CaO and BaO. 

Vacuum distilled 
Dried with Type 4A molecular 

sieve, and vacuum distilled 
Claimed maximum water con- 

tent as  0.05% 
Assumed zero water content 
Assumed zero water content 
Claimed 99% mol  purity 
Doubly distilled 
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shifts in Table 3, one may notice that the effect 
of the same anions on the fluoride shifts are 
similar (though differing) in magnitude and 
direction with sodium and potassium as the 
cations. However, the effect of iodide in CsI 
solutions is a few times larger in magnitude than, 
and opposite in direction to, those in NaI and 
KI solutions. In addition, the chloride effect in 
NH,Cl solutions is very much larger than that in 
both NaCl and KC1 solutions. 

This has two consequences: first, it under- 
mines the commonly assumed "additivity" 
principle (9, 11) for cation and anion contribu- 
tions to shift; and second, it suggests that an 
important aspect of anion effect is not from 
anion-anion collision but from effects of anions 
on the collisions of cations with the probe anion. 

Experimental 
The sources of fluoride ions in the mixed aqueous sol- 

vent studies were K F  (Fisher KF.2H20),  CsF (Alfa, 
99.8% purity), and (CH,),NF (Eastman Organic, 
(CH3),NF.3H20). In the study of aqueous fluoride salt 
solutions and the effects of added electrolytes, the sources 
of fluoride ion, in addition, were reagent grade LiF, NaF  
(Fisher), RbF  (Alfa), NH4F (Fisher NH4F.2H20, but 
found to be NH4F); and the other electrolytes were 
NaCl (Fisher), NaBr (Anachemia), NaI, NaNO, (Fisher); 
KC1 (Fisher), KBr (Merck), KI (Analar), KNO, (Fisher); 
Csl (Alfa) and NH,CI (Fisher). The salts were used with- 
out further purification. The fluoride stock solutions 
were standardized by conductometric titration with 
Ca(NO& solution previously standardized by anhydrous 
NaF. These determinations were accurate to + 1 to 3%. 
The stock solutions were stored in polyethylene bottles. 
It was found that there was no  significant change in 
chemical shift of the solution after four months storage. 
Sample solutions were prepared in glass volumetric 
flasks, and used when freshly prepared, but no significant 
change in chemical shift occurred in 3 days time at  room 
temperature. The solvents used were of known water 
content if purification happened to be undesirable. Their 
sources are tabulated in Table 4. 

In mixed solvent studies, samples were prepared to 
known concentrations by volume in terms of molarity, 
then weighed for calculation of solvent compositions in 
mole percents. Diamagnetic susceptibility corrections 
relative to the fluoride shift in the pure aqueous solution 
of the same concentrations of fluoride in terms of 
molarity have been estimated. The corrections were all 
small. 

The fluoride chemical shifts were observed on a Varian 
XL-100 n.m.r. spectrometer at  32.5' and referred to an 
arbitrary external reference sample of 7.39 tn aqueous 
K F  solution. Positive values of fluoride chemical shifts, 
o, are higher field shifts, and negative ones are lower 
field shifts, with respect to a chosen reference. 
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A Sequence of Attaching the Unit CH2CH2COCH3 to 
2,2,6-Trimethylcyclohexanone 

CIRILL SCHMIDT, KEIR LEIGH ADAMS, A N D  UWE FECHNER 
Deprirttnet~t of Chetnistry, Utlii~ersity of Prince Edivnrd Islnt~d, Ckrrrlottetoivtl, Prince Ed~vrird Islatld 

Received November 19, 1973 

A method is described of joining the 2-0x0-butyl group to  a ketone. The sequence is illustrated 
by the synthesis of dihydro-p-ionone (2) from 2,2,6-trimethylcyclohexanone (1). 

On decrit une mkthode permettant d'ajouter un groupe 0x0-2 butyle a une citone. Les etapes 
sont illustrees grice a la synthese de la dihydro 0-ionone (2) a partir de la trimithyl-2,2,6 
cyclohexanone (1). [Traduit par le journal] 

Can. J. Chem., 52, 1732 (1974) 

In the course of our synthetic studies in the 
terpene field we required a method which would 
allow the attachment of a four carbon atom unit 
to a ketone in such a manner as exemplified by 
the conversion of 2,2,6-trimethylcyclohexanone 
(1) to  dihydro-P-ionone (2). Similar synthetic 
goals were undertaken for the synthesis of xan- 
thatin but the successful methods reported joined 
only one or two carbon atom fragments in several 
steps (1). Our intention was to add four carbon 
atoms in one step with a minimum amount of 
subsequent change in functionality. 

It was obvious that the vast experience con- 
cerning the chemistry of ionone should be of 
great help in this work. Consequently we selected 
our synthetic path via the well-known p-ionor~e 
13. The latter compound is manufactured on a 
multi-ton scale by the acid cyclization of pseudo- 
ionone (2a). Other very efficient methods starting 
with P-cyclocitral are also known (2b). However, 
the synthesis of p-ionone starting from 2,2,6- 
trimethylcyclohexanone has not been reported 
yet, although it was attempted by Miki and Hara 
(3). 

The present communication reports on the 
synthesis of p-ionone 13 and dihydro-P-ionone 2 
and correlates our data with the previous investi- 
gations concerning some pertinent p-ionone de- 
rivatives. 

In a Nef reaction we reacted the recently re- 
ported acetylene ketal3 (4) with ketone 1 leading 
to a single, crystalline adduct 4 in a good yield. 
The stereochemistry of the latter compound is 
assigned as drawn assuming an axial attack on 
the most stable conformation of 2,2,6-trimethyl- 
cyclohexanone (1). 

The readily obtainable acetylenic ketone 5' 
was then hydrogenated catalytically in the hope 
of obtaining hydroxyketone 6 which could have 
been dehydrated to  the unsaturated ketone 2. 
According to our spectral data, however, the pro- 
duct was present almost exclusively in the form 
of spiroketal 7. The stereochemistry of the latter 
compound was not  investigated. 

I t  became obvious that the two oxygen func- 
tions in compound 5 could not be handled simul- 
taneously if both of them were unprotected. 
Therefore we attempted to hydrogenate dioxo- 
lane 4 in the presence of Raney nickel and also 
with palladium-on-charcoal. Unfortunately only 
1 mol of hydrogen was consumed by 4, apparent- 
ly due to steric hindrance. 

Since our plan t o  retain the keto group in the 
free or protected form proved to b e  incompatible 
with the subsequent steps, we reduced ketone 5 
to acetylene diol 8a  with LiAlH, a t  room tem- 
perature. It was assumed that in refluxing tetra- 
hydrofuran with the same reagent the corres- 
ponding ethylenic diol could have been formed. 
The acetylenic diol 8a, however, was recovered 
unchanged even after 24 h of refluxing in tetra- 
hydrofuran with LiAlH,. Since propargylic al- 
cohols can readily be reduced by LiAIH, to ally1 
alcohols (5), the inertness of 8a towards further 
reduction is attributed to electrostatic repulsion 
by an alcoholate ion at C-I. 

The acetylene diol 8a was also prepared by 

'The same ketone 5 was reported by Attenburrow et a / .  
(lo), prepared by a different sequence. However, the 
quoted U.V. maxima (219 mp and 298 mp) are different 
from ours. Since we carried our sequence to conclusive 
identification, we d o  not doubt our results. 
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SCHMIDT E T  AL.: SYNTHESIS O F  p-IONONE 

7 8 9 
a R = H  
b R  = COCH3 
c R  = CH(CH3)0  Butyl 
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Miki and Hara by the Grignard reagent of 1- 
butyne-3-01 on ketone 1 (3). We found that the 
Nef reaction of the butoxy-ethyl ether of the same 
acetylene alcohol on ketone 1 followed by hy- 
drolysis was more convenient for the preparation 
of the same compound (8c -, 8a). 

While we have been unable to reduce acetyl- 
enediol8a in refluxing tetrahydrofuran, Miki and 
Hara (3) claimed to have reduced the same com- 
pound to allene 9 in ether. In our hands a treat- 
ment of 8a with a large excess of LiAlH, in ether 
as well as in tetrahydrofuran led to the recovery 
of the starting material only. The discrepancy 
might be attributable to some contaminants in the 
LiAlH, supply of the earlier experimenters.' 

It was advisable to prepare acetate 86 since it 
is known that during the catalytic reduction of 
acetylenic 1,4-diols even the two hydroxyl groups 
interact to form inert furan derivatives (6). The 
hydrogenation of 86 however, stopped at the 
olefinic stage furnishing cornpound 10, similar to 
the behavior of dioxolane 4 which also consumed 
only 1 mol of hydrogen. 

A literature survey revealed that cis-p-ionone 
has so far been noticed only as an intermediate in 
the photochemical isomerization of trans-p- 
ionone (7a and b) to the corresponding pyrane or 
as a valence isomer being in equilibrium with the 
same pyrane in temperature-dependent n.m.r. 
studies (7c). We attempted, therefore, to convert 
acetate 10 to cis-p-ionone. Unfortunately our re- 
sults failed at the dehydration of 10. 

When the acetylenic acetate 86 was heated in 
pyridine with POCI,, olefin 11 was formed in a 
good yield. The reduction of 11 with LiAlH, led 
to p-ion01 12 adducing evidence for the conten- 
tion that diol 8a could not be reduced to com- 
pound 9 because of electrostatic repulsion. Com- 
pound 12 was identified by comparison with an 
authentic sample of p-ion01 (8). A sequence simi- 
lar to 86 + 11 + 12 was used in the synthesis of 
zeaxanthin (9). 

Oxidation of allylic alcohol 12 with active 
MnO, (10) in acetone led to p-ionone identified 
with an authentic sample. 

The reduction of p-ionone 13 to dihydro-B 
ionol 14 was previously carried out by reduction 
with sodium in refluxing ethanol (1 1). We re- 
peated the same experiment but with the more 
modern analytical methods found that the yield 

'The question is currently being investigated in our 
laboratory. 

did not exceed 40x .  After considerable experi- 
mentation it was found that the reduction could 
be carried out in a yield of 80% in a mixture of 
(CH,),COH and tetrahydrofuran. The choice of 
our experimental conditions was aided by some 
recent data obtained by House and co-workers 
(12) on the reduction of cc,P-unsaturated ketones. 

Recently in a preliminary communication it 
was claimed without any experimental details 
that p-ionone 13 could be reduced to dihydro-P- 
ionol with NaBH, (13). However, it was not 
mentioned what solvent was used. Therefore, we 
used methyl alcohol but the product isolated 
proved to be the expected p-ion01 12 only. 

The virtually quantitative oxidation of alcohol 
14 to dihydro-P-ionone (2) with Jones reagent 
completed the sequence. An authentic sample of 
dihydro-P-ionone was prepared by the catalytic 
hydrogenation of p-ionone with which our com- 
pound 2 was identical (14). 

The application of catalytic hydrogentation to  
achieve the conversion of p-ionone 13 to dihydro- 
p-ionone 2 is obviously less advantageous than 
the route outlined here since a certain amount of 
tetrahydroionone always contaminates the de- 
sired product. 

The preferential reduction of an  cc,P-double 
bond compared to a y,6-double bond in a con- 
jugated cc,P,y,6-dienone is probably unique to P- 
ionone 13 and related systems since in 3-keto 
steroids the y,6-double bond is reduced (15). 
Presently we are in the process of establishing 
the scope and limitations of the sequence by ap- 
plying it to other ketones. 

Experimental 
All melting points were taken on a Fisher-Johns melting 

point apparatus and are uncorrected. T h e  elemental an- 
alyses were carried out by Pascher Mikroanalytical 
Laboratorium, Bonn, West Germany and Schwarzhopf 
Mikroanalytical Laboratory, Woodside, N.Y. The i.r. 
spectra were recorded on a Perkin-Elmer Model 137B in- 
fracord spectrophotometer. The U.V. spectrograms were 
taken on a Coleman Hitachi Model 124 double-beam 
grating spectrophotometer. The n.m.r. spectra were re- 
corded on a Varian Associates 56.4 M H z  spectrophoto- 
meter. The mass spectra were obtained with a Hitachi 
Perkin-Elmer Model RMS-4 spectrometer. 

2,2-Etiiylenedioxy-4- (I-iiydroxy-2,2,6- 
1rit~1ethylcyclohex-I-yl)-3-b~rtytie ( 4 )  

A solution of 13 g of 2,2-ethylenedioxy-3-butyne (4) in 
anhydrous tetrahydrofuran (30 ml) was added to liquid 
ammonia (600 ml) containing4.88 g of sodium amide (17). 

T o  the latter solution 9.5 g of 2,2,6-trimethylcyclo- 
hexanone dissolved in anhydrous tetrahydrofuran (20 ml) 
was added dropwise in 20 min. The solution was stirred 
magnetically and allowed to react for 7 h. Then NH4CI 
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(70 g) was added and the ammonia was evaporated. The 
residue was dissolved in water (200 ml) and ether (100 ml) 
and the water layer was extracted with ether (4 x 200 ml). 
The ether extracts were washed with saline and dried 
(MgSO,). After evaporation a t.1.c. homogeneous oil was 
obtained which crystallized in 3 days (yield: 16.50 g, 
98%; m.p. 42'). An analytical sample was prepared by re- 
crystallizing from benzene-pentane, m.p. 47"; mass spec- 
trum (70 eV) nile (relative intensity) 252 (30, parent), 237 
(43,  219 (39,  209 (20), 191 (20), 137 (100); i.r. (CHCI,) 
3500,2950,2200,1450,1360,1320,1220,1170,1100,1020, 
970, 940, 850, cm-' ; u.v., end absorption; n.m.r. at 60 
MHz (CDCI,) 9.03 (s, 3, Lmethyl), 9.00 (s, 3,2-methyl), 
8.9 (d, 3, J = 3 Hz, 6-methyl), 8.3 (s, 3, dioxolane-methyl), 
6.00 (s, 4, 0-CH2-CH2-0). 

Anal. Calcd. for Cl5HZ40, : C, 71.39; H, 9.59. Found: 
C, 71.21 ; H, 9.53. 
Hydroge~~ation of Dioxolatle 4 

A solution of 0.5 g of dioxolane 4 dissolved in ethanol 
(100 ml) was hydrogenated in the presence of Raney 
nickel (100 mg) at 30 p.s.i. room temperature for 18 h. 
Only 1 equiv. of hydrogen was consumed and the n.m.r. 
of the product revealed the presence of olefinic protons. 
The same observation was made in the presence of pal- 
ladium 10% - charcoal. 

4-(1-Hydroxy-2,2,6-trime/hylcyclol1ex-1-yl)-3-bufy11e- 
2-one (5) 

A solution of 1.75 g of dioxolane 4 in methanol (30 ml) 
and water (5 ml) was stirred magnetically at room temper- 
ature for 18 h in the presence of p-toluenesulfonic acid 
(200 mg). The solution was then diluted to 100 ml with 
water and extracted with chloroform (4 x 100 ml). The 
combined extracts were washed with 5% NaHC03 solu- 
tion, then with saline. After drying (MgSO,) and evapora- 
tion a t.1.c. homogeneous oil was obtained, (yield: 1.42 g, 
97%); mass spectrum (70 eV) mle (relative intensity) 208 
(15, parent), 193 (30), 175 (22), 165 (30), 110 (100); i.r. 
(CHCI,) 3500, 2950, 2200, 1680, 1460, 1350, 1220, 1040, 
970, 780 cm-'; u.v.,,, (96% C2H50H) 230 nm (E 5050); 
n.m.r. at 60 MHz (CDCI,) .r 9.00 (d, 3, J = 3 Hz, 6- 
methyl), 8.9 (s, 6, 1,l-dimethyl), 7.67 (s, 3, COCH,). 

This compound was already prepared by a different 
route (10) but our U.V. data disagree with those reported 
previously. Its composition is characterized in terms of 
acetylenic diol 8a. 

4-(1-Hydroxy-2,2,6-tri1nethy1cyclohex-l-yl)-3-b11fyrr-2-ol 
( 8a) 

(A) Reducfiot~ of Kefone 5 
To  a solution of 3.33 g of ketone 5 in dry tetrahydro- 

furan (30 ml) 10.93 of LiAl(0-tert-butyl),H or 3.2 g of 
LiAIH, was added. The mixture was stirred magnetically 
a t  room temperature for 20 h. Then the reaction mixture 
was poured on ice, filtered through celite, and extracted 
with ether (4 x 150 ml). The combined extracts were 
washed with water, dried (MgSO,), and evaporated to 
dryness. The t.1.c. homogeneous product crystallized on 
standing (yield: 3.02 g, 90%; m.p. 95"). An analytical 
sample was obtained by recrystallizing from benzene- 
pentane; m.p. 105-106"; mass spectrum (70 eV) tnle (rela- 
tive intensity) 210 (30, parent), 193 (30), 177 (loo), 149 
(100); i.r. (CHCI,) 3400, 2930, 1450, 1370, 1325, 1240, 
11 15,1075,970,950,900,820 cm-I;  u.v., end absorption; 
n.m.r. at 50 MHz (CDCI,) .r 9.05 (s, 6,2,2-dimethyl), 8.95 
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(d, 3, J = 3 Hz, 6-methyl), 8.6 (d, 3, J = 6 Hz, CHOH- 
CH,), 5.60 (m, 1, CHOH). I 

Anal. Calcd. for C13H22O2: C, 74.24; H, 10.54. Found: 
C, 73.92; H, 10.54. 

(B) Nef Reacfiotz otz 2,2,6-Trimefl~ylcyclohexanone (I) 
To a solution of sodium amide (17) prepared from so- 

dium (290 mg) in liquid ammonia (300 ml) 3-(1-butoxy-p- 
ethoxy)-but-1-yne (6) (2.18 g dissolved in lOml of dry 
THF) was added. After stirring magnetically for 4. h 
ketone 1 (500 mg dissolved in 5 ml of dry THF) was 
dripped into theacetylide solution in 20 min. Thereaction 
mixture was stirred for 4 h then decomposed with NH,CI 
(3 g). After the ammonia had been evaporated the product 
was dissolved in water (100 ml) and extracted with ether 
(4 x 60 ml). After evaporation and drying (MgSO,) a 
yellow oil (3 g) was obtained which was devoid of car- 
bony1 (i.r.) and consisted of the adduct and the excess 
acetylene only (t.1.c.). The mixture was hydrolyzed with- 
out isolation in methanol (100 ml) and water (10 ml) in 
the presence of p-toluensulfonic acid (100 mg) by stirring 
magnetically at room temperature for 18 h. 

The reaction mixture was diluted with water (100 ml) 
and extracted with chloroform (4 x 70 ml). T h e  combined 
extracts were dried (MgSO,) and all volatile components 
were removed by evacuation at 0.5-0.2 mm H g  for 1 h, 
leaving a crystalline residue. This was recrystallized from 
benzene-pentane yielding 0.565 g of acetylene diol 8a 
(70%, m.p. 105"). Spectroscopic properties were identical 
to those described in the preceding paragraph. 

Attempted Reducfion of8a 
Acetylenediol 8a (0.5 g) was refluxed with LiAIH, (1 g) 

in tetrahydrofuran (30 ml) for 24 h, and worked up as 
described for the preparation of 80, only the  starting 
material was recovered. The same result was obtained 
with anhydrous ether as the solvent. 

4-(l-Hydroxy-2,2,6-frit~zet/zylcyclohex-l-yl)-3-bufy11-2-yl 
Acefafe (86) 

A solution of 3.09 g of acetylenediol 8a in pyridine (25 
ml) and acetic anhydride (25 ml) was allowed t o  stand at 
room temperature 'overnight. The reaction mixture was 
then poured on ice and extracted with ether (4 x 75 ml). 
The combined ether extracts were washed in the  presence 
of ice with 10% H2S04, then in succession with 5% 
NaCH03 solution and water. After drying (MgSO,) and 
evaporating the ether, a t.1.c. homogeneous oil was ob- 
tained (yield: 3.56 g, 96%); mass spectrum (70 eV) mle 
(relative intensity) 252 (30, parent), 237 (40), 234 (100); 
i.r. (CHCI,) 3580, 2950, 1740, 1450, 1365, 1330, 1240, 
1140, 1100, 1030, 970, 950 cm-'; u.v., end absorption; 
n.m.r. a t  60 MHz (CDCI,) T 9.06 (d, 3, J = 3 Hz, 6- 
methyl), 8.99 (s, 3, 2-methyl), 8.93 (s, 3, 2-methyl), 8.50 
(d, 3, J = 8 HZ, C=C-CH-CH3), 8 .00(~,  3,OOCCH3), 
4.50 (g, 1, CH-OCOCH,). 

The acetylenic acetate 86 was characterized in terms of 
crystalline dihydro derivative 10. 

4-(2,6,6-Trimethylcyclohex-l-a1-I-yl)-3-bufyrr-2-yl 
Acefafe (11) 

To a solution of 3.2 g of acetate alcohol 86 in pyridine 
(20 ml) 3.8 ml of POCI, was added in 10 min. The  reaction 
mixture was heated at 90" for 18 h under dry nitrogen and 
stirred magnetically. Then the solution was cooled and 
poured on ice. The product was extracted with chloroform 
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(4 x 100ml). The combined extracts were washed with 
10% sulfuric acid in the presence of ice. After washing with 
5% NaHCO, and then with water, the chloroform solu- 
tion was dried (MgSO,) and concentrated in vacuo, 
furnishing a t.1.c. homogeneous oily product (yield: 2.48 
g, 80%); mass spectrum (70eV) ~ n / e  (relative intensity) 234 
(25, parent) 177 (83), 159 (loo), 131 (40), 91 (86); i.r. 
(CHCI,) 2910, 2210, 1730, 1440, 1360, 1330, 1240, 1075, 
1020,950 cm- ' ; u.v..,,,, (96% C2H,0H) 234 nm (E 7300); 
n.m.r. at 60 MHz (CDCI,) T 8.9'(s, 6; 6,6-dimethyl), 8.5 
( d , 3 , J  = 8 Hz,CHCH3),8.17(s,3,2-methyl),7.90(~,3, 
COCH,), 4.5 (m, 1, CHOCOCH,). This product was 
characterized in terms of a-ionone 13. 

trans-8-Ionol ( 1  2 )  
T o  a solution of 0.6 g of acetate 11 in dry tetrahydro- 

furan (30 ml) 1.2 g of LiAIH, was added while cooling 
with ice and stirring magnetically. The reaction mixture 
was then stirred and refluxed for 18 h. After cooling with 
ice the excess reagent was destroyed by the addition of 
water. Then the reaction mixture was filtered with celite 
and washed with chloroform. The water phase was ex- 
tracted with chloroform (4 x 70 ml). The combined ex- 
tracts were washed with water, dried (MgSO,), and con- 
centrated. A t.1.c. homogeneous oil was obtained (yield : 
0.425 g, 85%) which was distilled at 105"/2 mm Hg; mass 
spect r~~m (70 eV) ~ i / e  (relative intensity) 194 (15, parent), 
176 (loo), 161 (80), 146 (70); i.r. (CDCI,) 3450,2920, 1450, 
1350, 1240, 1130, 1040, 970, 940, 910, 860; u.v .,,,, (96% 
CZHSOH) 237 nm (E 4200); n.m.r. at 60 MHz (CDCI,) T 
9.03 (s, 6,2,2-dimethyl), 8.73 (d, 3, J = 6 Hz, CH--CH3), 
8.37 (s, 3, ]-methyl), 5.70 (m, I, CHOH), 4.57 (d of d, 1, 
olefinic), 3.95 (d, 1, J = 14 Hz, olefinic). The product was 
identical in every respect with 8-ionol prepared by the 
NaBH, reduction of authentic 8-ionone (8). 

cis-4- (l-Hydroxy-2,2,6-trimethylcyclo/1e,v-I-yl) -but-3-en- 
2-yl Acetate ( 1 0 )  

A so l~~ t ion  of 0.3 g of acetylene acetate 86 in ethyl 
acetate (70 ml) was hydrogenated at room ten~pera t~~re  
for 18 h at 30 p.s.i. in the presence of 5% Pd-C (30 mg). 
After filtration and evaporation the t.1.c. homogeneous 
product crystallized on standing (yield: 0.285 g, 95%; 
m.p. 68"). An analytical sample was obtained by recrys- 
tallizing from benzene-pentane, m.p. 77"; mass spectrum 
(70 eV) ~ n l e  (relative intensity) 254 (20, parent), 194 (loo), 
179 (15); i.r. (CHCI,) 3450, 2950, 1725, 1460, 1370, 1260, 
960cm-I;  U.V. end absorption; n.m.r. at 60 MHz 
(CDCI,) T 9.1 1 (s, 3, 2-methyl), 8.94 (s, 3, 2-methyl), 8.7 
(d, 3, J = 7 Hz, CH-CH,), 7.95 (s, 3, COCH,), 4.5 (m, 
1, CHOCHOCH,), 3.80 (m, 2, olefinic). 

Anal. Calcd. for C I S H 2 6 0 3 :  C, 70.83; H, 10.30. Found: 
C, 71.02; H, 10.25. 

trans-8-Ionone ( 1 3 )  
A solution of 0.21 1 g of alcohol 12 dissolved in acetone 

(25 ml) was stirred magnetically at room temperature for 
8 h with active MnO, (10). After filtration and evapora- 
tion an oil was obtained, which was purified on silica gel 
thick layer preparatory plates furnishing 0.180 g of pure 
product (yield: 0.18 g, 85%), mass spectrum (70 eV) tn/e 
(relative intensity) 192 (80, parent), 177 (loo), 162 (70); 
i.r. (CHCI,) 2900, 1650, 1600, 1450, 1350, 1250, 1160, 
1120, 950, 900 cm-'; u.v .,,;,, (96% C2H,0H) 295 nm (E 
1050), 228 (6450); n.m.r. at 60 MHz (CDCI,) T 8.9 (s, 6, 

2,2-dimethyl), 8.23 (s, 3, 6-methyl), 7.73 (s, 3, COCH,), 
3.86 (d, 1, J = 17 Hz, olefinic), 2.66 (d, 1, J = 17 Hz, 
olefinic). The product was identical in terms of all spectral 
data with an authentic sampleof B-ionone purchased from 
Aldrich Chemical Co., Milwaukee, U.S.A. 

Dihyho-8-ion01 ( 1 4 )  
A solution of 1.42 g of B-ionone 13 dissolved in (CH,),- 

COH (45 ml) and tetrahydrofuran (100 ml) was stirred 
magnetically under dry nitrogen for 18 h with cut pieces of 
Na (2 g) at room temperature. The remaining pieces of Na  
were destroyed by the addition of methanol (20 ml). The 
yellow reaction mixture was diluted with water (200 ml) 
and extracted with ether (3 x 150ml). The combined 
ether extracts were washed with water, dried (MgSO,) and 
concentrated ill vacrro leading to 1.15 g of t.1.c. homo- 
geneous dihydro-B-ion01 (yield: 80%), mass spectrum (70 
eV) tn/e (relative intensity) 196 (40, parent), 181 (20), 166 
(100); i.r. (CHCI,) 3500,1600,1450,1350, 1250, 1100,940 
cm-I ;  u.v., end absorption; n.m.r. at 60 MHz (CDCI,) T 
9.00(s, 6,2,2-dimethyl), 8.77(d,3,J = 6 H z ,  HOCHCH,), 
8.37 (s, 3,6-methyl), 6.20 (m, I, CHOH). The product was 
characterized in terms of dihydro-8-ionone 2 whose com- 
position was based o n  trans-B-ionone 13. 

Dilzydro-B-ionone (2) 
A solution of 0.3 g of dihydro-8-ionol (14) dissolved in 

acetone (30 ml) was titrated at room temperature, while 
stirring magnetically, with Jones reagent (16) until a per- 
manently brown solution resulted. After dilution with 
water (100 ml) the solution was extracted with chloroform 
(4 x 50 ml). The combined chloroform extracts were 
washed with 5% NaHC0,  solution, dried (MgSO,), and 
concentrated ill vacua to a t.1.c. homogeneous oil (yield: 
0.27 g, 89%); mass spectrum (70 eV) m/e (relative inten- 
sity) 194 (30, parent), 179 (40), 164 (100); i.r. (CHCI,) 
2950,1710,1450, 1350, 1250,1150 cm- ' ;  u.v.,endabsorp- 
tion; n.m.r. at 60 MHz (CDC1,) r 9.05 (s, 6,2,2-dimethyl), 
8.43 (s, 3,2-methyl), 7.85 (s, 3, COCH,). The product was 
found identical in terms of all spectroscopic data with an 
authentic sample of dihydroionone prepared from 8- 
ionone by partial hydrogenation (14). 

2-H~~dro,~y-2,6,6,lO-tetra1netl~yl-I-oxa-spiro[4,5]- 
decnrle (7) 

A solution of acetylene ketone 5 (0.24 g) in methanol 
(70 ml) was hydrogenated in the presence of 5% Pd-C (50 
mg) at  room ternperat~~re and at a pressure of 30 p.s.i. 
After filtration and evaporation the oily residue was dis- 
solved in chloroform, dried (MgSO,), and concentrated ill 
vacrro again (yield: 220 mg, 90%); mass spectrum (70 eV) 
mle (relative intensity) 212 (0, no parent peak), 194 (loo), 
179 (30), 161 (30); i.r. (CHCI,) 3350, 2950, 1705 (weak), 
1440, 1360, 1100, 1050, 970, 860 cm-'  ; L I . ~ . ,  end absorp- 
tion; n.m.r. at 60 M H z  (CDCI,) T 9.20 (s, 3, 2-methyl), 
9.00 (d, 3, J = 6 Hz, 6-methyl), 8.66 (s, 3, 2-methyl), 8.50 
(s, 3, HOCCH,). An analytical sample was prepared by 
distilling the sample a t  approximately 100°/0.5 mm Hg. 

Anal. Calcd. for C ,  ,H2,02: C, 73.54; H, 11.39. F o ~ ~ n d :  
C, 73.24; H, 11.51. 

We want to thank Mr. A. Mak for technical help. The 
financial assistance of the National Research Council of 
Canada and the Senate Research Committee of the Uni- 
versity of Prince Edward Island is greatly appreciated. 
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Some Reactions of Isothiazoline-3- and -5-thiones 
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Depnrttnet~t of Chetnistry, Ut~iversity of Manitobn, Witittipeg, Monitobri R372N2 

Received November 13, 1973 

Reactions of certain 3-bromothio-l,2-dithiolium bromides with primary arnines 
produce isothiazoline-5-thiones. These compounds form adducts of varying stability with 
acetylenic reagents. Comparison of their reactivity with the isomeric isothiazoline-3- 
thiones indicates that while the former react rapidly to form only monoadducts, the 
latter react more slowly to form monoadducts which react more rapidly to form 
diadducts. 

La rtaction de certains bromures de bromothio-3 dithioliurn-1,2 avec des arnines 
primaires conduit aux isothiazolinethiones-5. Ces composts forment des produits d'addi- 
tion de stabiliti variable avec des rtactifs acttyltniques. La comparaison de leurs 
rCactivitCs avec celles de leurs isomkres isothiazolinethiones-3 montre que les premikres 
rtagissent rapidement pour conduire h des produits de monoaddition alors que les 
dernikres rtagissent plus lentement pour former des produits de monoaddition qui 
rtagissent plus rapidement pour former des produits de diaddition. 

[Traduit par le journal] 
Can. J .  Chern.. 52, 1738 (1974) 

Although cycloaddition reactions of 1,2- 
dithiole-3-thiones with various acetylenic and 
other reagents have been widely studied (1-4), 
much less has been reported on these reactions 
applied to the isoelectronic and structurally re- 
lated isothiazoline-3- (I) and -5-thiones (2). 

a R = Me; R ,  = P h ; R ,  = H 
b R = R, = Ph; R, = H 
c R = Me; R ,  = R, = Ph 

a R = P h  
b R = M e  
c R = PhCH, 
d R = (CH,),CH 
e R = CH2-(CH,),-CH- 
f R = C ~ H ~ V C H ~  
g R = C6H4tnCH3 
h R = C6H,pCH3 
i R = C6HipOCH3 

Reactions of two N-alkylisothiazoline-5-thi- 
ones and one 5-iininoisothiazoline with dimethyl 
acetylenedicarboxylate are reported (5) to give 
1,3-dithio!es and thiazole derivatives, respective- 
ly, and 2,4-diphenylisothiazoline-5-thione (2a) 
reacted similarly with dimethyl acetylenedicar- 
boxylate (6). Only one such reaction is reported 
for the isomeric isothiazoline-3-thiones. The 2- 
methyl-5-phenyl compound (la) reacted with 
benzonitrile oxide to form an unstable adduct 
which decomposed to form 2-methyl-5-phenyl- 
isothiazoline-3-one and phenylisothiocyanate (7). 

Within recent years certain isothiazoline-3- 
and -5-thiones have become available through a 
variety of syntheses. N-Alkyl-3-thiones are pre- 
pared (8) by reaction of 3-alkylthio-l,2-dithiol- 
ium salts with aliphatic anlines or  by sulfuriza- 
tion of N-alkylisothiazolium salts (6) but these 
n~ethods are inapplicable to the synthesis of N- 
arylisothiazoline-3-thiones, as 1,2-dithiole-3-im- 
ines are obtained instead (6, 9). Recently (10) 
however, a synthesis of a 2,5-diphenyl-3-methyl- 
thioisothiazolium salt by oxidation of a P-amino- 
thione was reported and we have found that 
dealkylation of this in pyridine gave the desired 
isothiazoline-3-thione lb .  

N-Alkylisothiazoline-5-thiones are available 
by treatment of certain imines with carbon disul- 
fide (11) but this method is inapplicable to the 
N-aryl compounds. These may be prepared by 
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dealkylation of the corresponding 5-alkylthioiso- 
thiazolium salts (6) or in one case by treatment of 
3 - bromothio-4-phenyl-1,2-dithiolium bromide 
with aniline. We have found that this reaction is 
also applicable to other aromatic amines and to 
aliphatic amines. The bromide salt reacts vigor- 
ously with alcoholic solutions of primary amines 
to form the new thiones 26-i conveniently and in 
good yield. Since the preparation of a wide varie- 
ty of isothiazolinethiones is now feasible, it 
seemed desirable to study in more detail their 
cycloaddition reactions to determine to what ex- 
tent these paralleled those of the 1,2-dithiole-3- 
thiones, in particular with respect to the effect of 
the ring nitrogen, and the effect, if any, of sub- 
stituents on reactivity and products. 

n R = Ph; R,  = R, = COPh 
b R = R 1  = P h ; R , = H  
c R = Ph; R1 = H;  R z  = Ph 
d R = Me; R,  = Rz = COzMe 
e R N  = 0 ;  R, = R, = C0,Me 
f R = Ph; R I  = R2 = C02Me 

Ph, 0 

2,4-Diphenylisothiazoline-5-thione (2a) re- 
acted rapidly with dibenzoylacetylene to  give a 
dibenzoyl-1,3-dithiole derivative (3a), similarly 
to known (12) reactions of dithiolethiones. It also 
reacted with phenylacetylene but we were unable 
to crystallize the adduct formed. In this case re- 
action of the thione with the unsymmetrically 
substituted acetylene could give two geometrical- 
ly isomeric products (13) 3b and c. These prob- 
ably mutually interfere with crystallization. The 

I adduct also appears to be unstable and reverts to 
starting material, for although a satisfactory mass 
spectrum indicating the parent ion was obtained, 
starting thione was always detectable on chroma- 
tography, even after repeated attempts of purifi- 
cation. Reaction with diphenylacetylene was simi- 

lar. Chromatography indicated the formation of 
a red compound but attempted crystallization 
gave only starting material. Reaction of the thi- 
one with N-phenylmaleimide gave an adduct 
which appears to be the 1,3-dithiolanedicarboxi- 
mide 4 but reaction with diethyl azodicarboxylate 
gave only decomposition products. 

Reaction of N-alkylisothiazoline-5-thiones 
with dimethyl acetylenedicarboxylate also pro- 
ceeded rapidly. The thione 26 gave a crystalline 
aldimine adduct 3d in good yield but from the re- 
action of the N-benzyl compound 2c an oil was 
obtained. Trituration of this with ethanol gave 
only the aldehyde 3e, presumably by hydrolysis 
of the initially formed aldimine. This aldehyde 
had been previously reported as a product from 
the reaction of 4-phenyl- l,2-dithiole-3-thione 
with dimethyl acetylenedicarboxylate (14). 

In contrast to the above rapid reactions of the 
5-thiones, the 3-thiones (1) reacted much more 
slowly with dimethyl acetylenedicarboxylate. 
Treatment of 2-methyl-5-phenylisothiazoline-3- 
thione (la) with the ester in boiling benzene for 
24 h gave a mixture of products from which were 
obtained starting thione and an orange oil, 
formed by combination of thione with 2 mol of 
ester. This is probably the spiran diadduct 5a. Ini- 
tial reaction of the thione l a  with ester would 
have given a monoadduct 6a and further reaction 
with more ester would provide 5a. No  monoad- 
duct 6a was obtained, suggesting that the rate of 
the second reaction is greater than that of the 
first. These reactions correspond to reactions in 
the dithiole series (13) and it is interesting that 
reactions of 3-phenylimino-l,2-dithioles with 
dimethyl acetylenedicarboxylate give only diad- 
ducts of type 5. None of the intermediate mono- 
adducts of type 6 was obtained there either. One 
possibility is that the 2-methyl-5-phenylisothiaz- 
oline-3-thione could undergo thermal rearrange- 
ment to 2-methylimino-5-phenyl-1,2-dithiole, as 
has been found for the benzo-compound (14) and 
that the iminodithiole underwent the subsequent 
reactions. However. the isothia~olinethion~ was 
unchanged in boiling benzene indicating that it is 
a direct precursor of the mono- and diadducts. 

The marked difference in reactivity of the two 
isoelectronic thionesystems 1 and 2 with dimethyl 
acetylenedicarboxylate is interesting. For reac- 
tions of the thiones 2, structures such as 8, in- 
volving sulfur d-orbital participation are possible, 
corresponding to contributing structures of 2- 
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MeOzC COzMe 2-thiophenacylidene-1,3-dithioles t o  3-thiophen- 
acylidene-1,2-dithioles (thiathiophthenes) (16). 

- 2,5-Diphenylisothiazoline-3-thione (16) also 
C02Me s3f02Me P h 

reacted with dimethyl acetylenedicarboxylate. 
kz The product here was the known (13) diadduct 

5 
5c. Once more no monoadduct was obtained. 

Attempts to synthesize diadducts from the 
a K, = H ;  R, = Me 
b R, = Ph; R2 = Me imine adducts (3) formed from the isothiazoline- 
c R ,  = H ;  R, = Ph 5-thiones were unsuccessful. Thus 3f was re- 

covered from further treatment with dimethyl 
R acetylenedicarboxylate, 3d gave the  aldehyde 3e  

by hydrolysis during the work-up. These results 

P h v r R 2  
are comparable to  those of Behringer et al. (5) 
and may reflect the different electronic effects of 

R3 the !~itrogen and sulfur containing side chains in 
the isomeric systems 3 and 6. 

6 T o  enable synthesis of thioacylmethylene- 

a R ,  = R2 = C0,Me;  R = Me; R, = H thiazoles 6 from the  thiones 1, a reagent is re- 
b R 1  = R, = C 0 2 M e ;  R = Me; R3 = Ph quired which does not undergo further reaction 
c R l  = R2 = C0,Me;  R = R3 = Ph with the thiazole. Accordingly, treatment of la 
d R,  = H ; R 2  = P h ; R 3  = H , R  = Me with phenacylidenetriphenylphosphorane or p- 
e R ,  = H ;  R, = p ~ o l ;  R, = H :  R = Me methylphenacylidenetriphenylphosphorane gave 

the thiazoles 6dand e, respectively, a n d  triphenyl- 
COzMe phosphine oxide. Similar reactions of phos- 

MeOzC s#cr,:.e \ 
phoranes with azides are known (17). The re- 
action probably proceeds via the adduct 9, with Nuv subsequent extrusion oftriphenylphosphineoxide 

Ph Ph 
to  form the thiazole. 

8 

thioacylmethylene-l,3-dithioles, or intermediates 
in their formation from 1,2-dithiole-3-thiones 
(15). Since no such intermediates are possible in 
the reactions of compounds 1 the reaction may 
proceed with greater difficulty. 

2-Methyl -4,5-diphenylisothiazoline -3-thione 
(lc) also reacted with the ester. A crystalline di- 
adduct 56 was obtained, along with a small 
amount of deep red material. The mass spectrum 
and analysis indicated that it contains one sulfur 
atom less than the spiran diadduct. O n  this basis 
and because of its deep color we tentatively as- 
sign to  it the conjugated thiopyran structive 7, 
which could have arisen from the diadduct by 
extrusion of sulfur by a mechanism analogous to 
a step in the sulfur catalyzed rearrangements of 

Experimental 
Thin-layer chromatography was performed o n  

"Camag" silica gel type D.S.F. 5, supplied by Mondray 
Ltd. Development of plates was performed in benzene. 
The i.r. spectra were performed on a Perkin-Elmer model 
337 spectrophotometer and n.m.r. spectra were obtained 
on a Varian model 56/60A spectrometer in deuteriochlo- 
roform using tetramethylsilane as an internal standard. 

Preparation of 2-Alkyl-l-phenylisot/1iazoline-5-t/1ior1es 
(2b-i) 

4-Phenyl-l,2-dithiole-3-thione (2.1 g, 0.01 mol) (18) dis- 
solved in carbon tetrachloride (50 ml) was slowly treated 
with a solution of bromine (1.76 g, 0.01 1 mol) in carbon 
tetrachloride (20 ml) with stirring. Theyellow solid formed 
was collected, washed with carbon tetrachloride, and 
briefly dried to remove excess carbon tetrachloride. The 
solid was added portionwise to solutions of the desired 
amines (-0.05 mol) in ethanol (50 ml). A vigorous re- 
action ensued. After 5 min the mixture was  diluted with 
water and the product stirred with 10% hydrochloric acid. 
The products crystallized immediately o r  on trituration 
with ethanol and were recrystallized from ethanol o r  
benzene - petroleum ether 1 : 1 mixture. The  results are 
summarized in Table 1. 

Reaction of 2,4-D@/1enylisotl1iazoline-5-t/1ione 11,itlr 
Dibenzoylacetylene 

The thione (26.9 mg, 0.1 mmol) in benzene (2 ml) was 
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added to a solution of dibenzoylacetylene (23.4 mg, 0.1 The n.m.r. spectrum: T 6.46 (3H doublet, the nitrogen 
mmol) in hot benzene (2 ml). The solution turned red methyl, J = 2.0 Hz), 6.25 and 6.16 (two 3H singlets, the 
immediately. The solution was boiled briefly, then evap- estsr methyls), 2.68 (5H singlet, the aromatic protons), 
orated. A red oil was obtained which crystallized on 2.07 (1 H doublet, the aldimine proton, J = 2.0 Hz); the 
standing. The product was recrystallized from toluene- i.r. spectrum: 1705 cm-I (C=O); the mass spectrum: M+ 
ethanol, 1: 1 mixture as red prisms. m.u. 162-163' (95%). 349. calcd. 349. 

~na1:Calcd. for c ~ ~ H ~ ~ o ~ s ~ N ~  c,-73.96; H, 4.16; S ,  
12.70; N, 2.77. Found: C, 73.85; H ,  4.30; S, 12.63; N, 
2.91. 

The mass spectrum : M + 503, calcd. 503. 

Reactiotz oj'2,4-Dip/1etyli~ot/ziazoline-5-t/1iotze with 
Phenylacetylet~e 

To the thione (269 mg, 1 mmol) in benzene (10 ml) was 
added phenylacetylene (102 mg, 1 mmol) and the mixture 
was refluxed 24 h. Chromatography gave initially an 
orange band which was purified by rechromatography to 
give a red oil (20 mg). This could not be crystallized and 
appears on chromatography to revert partially to starting 
material. 

Reaction of Dimethyl 2-(1-Pl1etzyl-2-t~ietl1ylinlit1oetliyl- 
idene)-1,3-dithiole-4,5-dicarboxylate with 
Dimethyl Acetylenedicarboxyl~e 

The dithiole (359 mg, 1 mmol) and the ester (142 mg, 1 
mmol) in benzene (20 ml) were ref uxed 48 h. Examination 
by t.1.c. indicated that some decomposition had occurred 
but the product was mainly the aldehyde 3e (56%). 

Reactiotz of Dimethyl 2-(1-Pl1et~l-2-pl1et~limit1oetl1~~l- 
idet1e)-1,3-dithiole-4,5-dicarboxylnte with 
Dimethyl Acetylet~edicarbosy/~e 

Treatment of equimolar quantities in boiling benzene 
for 48 h gave only starting material. 

The mass spectrum: M +  371, calcd. 371; the n.m.r. 
spectrum: T 3.48, 3.21 (1 H singlets, the vinyl protons), Reaction of  2-Betizyl-4-plzet~lisot/1iazolit1e-5-t/iiot1e 111ith 

Ditnetliyl Acetylet~edicarboxy/de to Form Dit?lethyl 
2'95-2'45 (30H bands, the protons), (two ~~P/le~lylfo~~~7y/~le~/ly~e~le-~,3-~i~/l~o/~-4,~- 
superimposed 1H singlets, the aldimine protons). 

dicarboxylate (3e)  
Reactiotz of 2,4-Diphet1y/isotl1iazoline-5-t/1ione with 

Dipl~etzylacetylene 
The thione (269 mg, I mmol) and the acetylene (178 

mg, 1 mmol) in benzene were refluxed 26 h. Chromatog- 
raphy indicated the formation of a red product but at- 
tempted isolation gave only starting materials. 

Reactiotl of 2,4-Diphet1y/isothiazoline-5-t/iiot1e with 
N-Pliyet~ylt,~aleitnide to  fort,^ Addltct 4 

The thione (269 mg, 1 mmol) and N-phenylmaleimide 
(173 mg, 1 mmol) in benzene were refluxed 3 h. Evapora- 
tion gave a yellow solid which was recrystallized from 
toluene as fine yellow crystals, m.p. 180-182" (76%). 

Anal. Calcd. for CZ5H180ZNZSZ:  C, 67.87; H, 4.07; 
N, 6.33; S, 14.49. Found: C, 67.69; H, 4.1 I ;  N,  6.45; S, 
14.67. 

The n.m.r. spectrum: T 5.30 and 5.03 (2H doublets, the 
dithiolane ring protons, J = 7.5 Hz), 2.82-2.40 (15 H 
bands, the aromatic protons), 1.82 (1H singlet, the aldi- 
mine proton); the i.r. spectrum: 1710 cm-' (C=O str). 
The mass spectrum: M +  442, calcd. 442. 

Reaction of 2,4-Dipl1et1.vlisotl1iazolit1e-5-t/1iot1e with 
Diethyl Azodicarboxylate 

The thione (269 mg, 1 mmol) and the ester (174 mg, 1 
mmol) in benzene (10 ml) were refluxed together 10 h. 
Chromatography gave only starting material and dark 
decomposition products. 

Reactiotl of 2-MetI1yl-4-pl1et1ylisot/1iazoline-5-thione with 
Dimethyl Acetylet~edicarboxylate to fort11 3d  

The thione (207 mg, 1 mmol) in benzene (10 ml) was 
mixed with a solution of the ester (142 mg, 1 mmol) in 
benzene (10 ml) and warmed briefly. The red solution was 
evaporated to yield an orange oil which crystallized on 
trituration under ethanol. The product was crystallized 
from ethanol as red needles, m.p. 11 l o  (82%). 

Anal. Calcd. for C16H1504NSZ: C, 54.95; H,  4.29; N, 
4.02; S, 18.05. Found: C, 55.05; H ,  4.30; N, 3.90; S, 
18.21. 

The thione (283 mg, 1 mmol) in benzene (10 ml) was 
treated with dimethyl acetylenedicarboxylate (142 mg, 1 
mmol). The solution turned red immediately and was 
evaporated to give a red oil. This could not be crystallized, 
even after t.l.c., but trituration under ethanol gave the 
aldehyde 3e as orange prisms, m.p. 127-129", from ben- 
zene (61%). The product was identical (mixture m.p., i.r., 
and n.m.r.) to an authentic sample (14). 

Reactiotl of 2-Metl~l-5-pl1et5v/isot/1iazo/it1e-3-t1i01e r~,itll 
Dit,ietl~yl Acetylet~edicarbo.~yIate 

The thione (207 mg, I mmol) and the ester (142 mg, I 
mmol) in benzene (I0 ml) were refluxed 24 h. The mixture 
gradually turned dark. Chromatography using chloroform 
as an  eluent yielded three main fractions. T h e  first eluted 
gave starting material (30%) and a second orange band 
which was purified by further chromatography. Evapora- 
tion yielded 50 as an orange oil which could not be crys- 
tallized (37%). 

The n.m.r. spectrum: T 7.16 (3H singlet, the  N-methyl), 
6.32-6.08 (four 3H singlets, the ester protons, not proper- 
ly resolved), 3.56 (1H singlet, the methine proton), 2.60- 
2.51 (5H bands, thearomatic protons; themass spectrum: 
M +  491, calcd. 491. 

A third dark fraction appears to consist of polymeric 
material and was not further investigated. 

Reactiotl of 2-Metl1yl-4,5-dipl1et1y/isotl1iazoline-3-tl1iot1e 
with Dit,iethyl Acetylenedicarboxylaie 

The thione (283 mg, 1 mmol) was treated with the ester 
(142 mg, 1 mmol) as above. Chromatography using chlo- 
roform as an eluent gave a number of bands. The first 
eluted was starting thione (50%). An orange band next 
eluted gave on evaporation a red oil, which crystallized 
from methanol as red prisms, m.p. 159-160" (21%). Useof 
a two-fold excess of ester increased the yield to 68%. 

Anal. Calcd. for Cz8Hz5NOsS2: C, 59.26; H, 4.40; N, 
2.46; S, 11.28. Found: C, 59.36; H, 4.28; N, 2.51, S, 
11.18. 

The n.m.r. spectrum: T 7.26 (3H singlet, t he  N-methyl), 
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TABLE 1. Preparation of isothiazoline-Sthiones 

Analysis ( W )  

Calculated Found 
Melting Yield 

Compound point ( )  Formula C H N S C H N S 
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6.30 and 6.24 (two 6H singlets, the ester methyls, not 
properly resolved), 2.70 (10H singlet, the aromatic pro- 
tons): the mass spectrum: M +  567, calcd. 567. 

Examination of another more strongly adsorbed band 
gave a dark red solid which crystallized as dark red 
needles, m.p. 255", from methanol (7 mg). The mass 
spectrum: M +  535, calcd. for CZ2HIONO4S 535. The 
compound was not further investigated. 

Preparatiot~ of 2,5-Diphet1ylisot/riazolit1e-3-t/1ione 
2,5 -Diphenyl-3 -methylthioisothiazolium perchlorate 

(10) (383.5 mg, 1 mmol) in pyridine (10 ml) was refluxed 
for 5 min. The mixture was poured into water and ether 
extracted. The ether layer was washed with dilute hydro- 
chloric acid, dried, and evaporated to give yellow crystals. 
The product was recrystallized from acetic acid as yellow 
flakes, m.p. 160" (30%). 

Anal. Calcd. for CISHIINS2:  C, 66.91; H, 4.09; N, 
5.20; S, 23.79. Found: .C, 66.74; H, 4.17; N, 5.29; S, 
23.68. 

The mass spectrum: M +  269, calcd. 269. 

Reaction of 2,5-Diphet1ylisor/1iazolitre-3-t/riot1e with 
Dbnct/gvl Acetylet~edicarboxylate 

2,5-Diphenylisothiazoline-3-thione (26.9 mg, 0.1 mmol) 
and the ester (14.2 mg, 0.1 mmol) in benzene (15 ml) were 
refluxed 24 h. The solvent on evaporation gave a yellow 
oil, which on chromatography yielded the spiran diadduct 
5c (51%), identical (mixture m.p. and mass spectrum) to 
an authentic specimen (13). 

Reaction of 2-Methyl-5-p/ret1ylisot/1iazoline-3-tlrite wiflr 
Pllenacyliclene Trip/~enylphosp/rorarre 

The thione (207 mg, 1 mmol) and the phosphorane (380 
mg, 1 mmol) were melted together and heated under nitro- 
gen for 1 h at 180". The red mixture was dissolved in 
benzene and chromatographed. A number of bands were 
obtained but the first red band eluted gave a red oil which 
crystallized on standing and was recrystallized from ben- 
zene as orange prisms, m.p. 144-145" (36%). 

Anal. Calcd. for C,,H,,NS2: C, 69.85; H, 4.85; N, 
4.53;S,20.62.Found:C,70.04;H,4.71; N,4.54;S,20.84. 

The n.m.r. spectrum: r 6.44 (3H singlet, the methyl 
protons), 3.57 (1 H doublet, the exocyclic methine proton, 
split by the thiazoline proton, J = I Hz), 2.90-2.06 (1 l H  
bands, the aromatic protons and the thiazoline proton); 
the mass spectrum: M + 309, calcd. 309. 

Other bands from the chromatogram gave starting 
thione and triphenylphosphine oxide. 

Reactiotr of 2-Met/1yl-5-p/renylisot/riazoline-3-t/1iotre with 
p-Met/rylp/retracylidet~et~'ip/~etr~~lp/rosp/ro~'ut~~~ 

The reaction carried out as above gave the thioacyli- 

denethiazole as red prisms, m.p. 185', from toluene (41%). 
Anal. Calcd. for CIOH17NSZ: C, 70.59; H, 5.26; N, 

4.33; S, 19.81; Found: C, 70.41; H, 5.28; N, 4.36; S, 
19.66. 

The n.m.r. spectrum: r 7.55 (3H singlet, the aromatic 
methyl), 6.39 (3H singlet, the N-methyl), 3.50 (1 H doublet, 
J = 1.0 Hz), 2.79-2.05 (IOH bands, the aromatic and 
thiazoline protons); the mass spectrum: M +  323. calcd. 
323. 

We wish to thank Mr. M. Arneson for the preparation 
of mass spectra and Mr. R. Dickinson for n.m.r. spectra. 
Financial support by the National Research Council of 
Canada is also gratefully acknowledged. 
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Selective Hydrolysis and Oxidation of the Bismethylenedioxy Protective Group 
During Angular Methyl Migration in Corticosteroid Analogs 

L. P. MAKHUBU,  Z. G. HAJOS, A N D G .  R. DUNCAN' 
Frrcrrlry of Phlrrrillrcy, Urli\vrsitj' of Tororzro, Tororlto, Orltrrrio M5S I A l  

Received October 23, 1973 

An attempt to achieve a 10p + 9p methyl migration in a 9,llu-epoxy-4,4-dimethylated 
derivative of cortisol (3) using BF,, failed to result in a clean reaction product. Incontrast a 9a- 
amino-11-0x0 derivative (9) rearranged smoothly to 20(R)-3~-acetoxy-9~-methyl-l7~,20- 
methylenedioxy-19-norpregn-5(10)-en-20-ol-ll-one-2l-oic acid (10) with sodium nitrite and 
acetic acid. During the migration, the protecting bismethylenedioxy group underwent selective 
hydrolysis and oxidation. The structure of the product has been established by i.r., n.m.r., and 
mass spectra analyses and a mechanism has been proposed for its formation. The product is an 
intermediate in the synthesis of 4,4-dimethylcucurbitacin and cortisol analogs, the goal o f  this 
chemical and biological investigation. 

Au cours de nos essais en vue de faire migrer le mkthyle de la position 100 vers 9 a e n  faisant 
reagir du BF, sur I'epoxy-9,llu dimethyl-4,4 cortisol (3) aucun produit preponderant n'est 
forme. Par opposition a cette reaction le derive amino-9a 0x0-11 (9) se rearrange facilement 
sous l'influence du nitrite de sodium et de l'acide acktique pour donner l'acide acitoxy-3P 
methyl-9p methylenedioxy-17u,20 nor-19 pregnen-5(10) 01-20(R) one-11 oique-21 (10). Au 
cours de cette migration le groupe protecteur bismethylenedioxy a subi une hydrolyse selective 
et une oxydation. On a Ctabli la structure du produit par infrarouge, r.m.n. et par des analyses 
de spectrometric de masse et on propose un micanisme pour sa formation. Le produit est un 
intermediaire dans la synthese d'analogues du dimethyl-4,4 cucurbitacine et cortisol qui est le 
but de cette etude chimique et biologique. [Traduit par le journal] 

Can. J .  Chem., 52,1744(1974) 

In view of the structural and biological simi- 
larities between glucocorticoids and cucurbita- 
cins .we have recently synthesized steroids which 
possess a blend of certain cortisol and cucur- 
bitacin functionalities. En route to one of these 
(I), a selective hydrolysis and oxidation of the 
bismethylenedioxy (BMD) protective group 
during a C,,  + C, methyl migration was en- 
countered and is reported herein. 

HICGH 

Initially (Scheme 1) it was planned to arrive 
at the desired 4,4,9P-trimethyl derivative (4) by a 
rearrangement of the epoxide 3. Such a re- 
arrangement had been previously described by 
ApSimon and Rosenfeld (1) on an androst-5-en- 
3,17-dione derivative. We converted therefore 
the known (2) BMD derivative of cortisol (2) in a 

'To whom all correspondence should be directed. 

three-step synthesis to 17a,20:20,21-bismethyl- 
enedioxy-9,l la-epoxy-4-pregnen-3-one (3). The 
three steps involved introduction of the 9(11)- 
double bond, epoxidation of the latter, and C-4 
dimethylation of the 4(5)-unsaturated 3-one as 
shown in Scheme 1 (for details see Experimental 
section). The n.m.r. spectrum of 3 had a well- 
resolved doublet a t  6 3.17 p.p.m. (J =: 5 Hz) 
which was assigned to the C-11P proton, which 
couples with the C-12P proton only. The C-1lP 
and C-12a protons are roughly a t  right angles 
and do  not couple. An unresolved multiplet due 
to the C-6 proton occurred at  5.7 p.p.m., while 
the BMD group appeared at 6 3.98 (s, 2, 21-H), 
5.02 (s, 2, 17-0-CH2-0-),. 5.07 (s, 1, 21- 
0-C-0-), and 5.19 (s, 1, 21-0-C-0-) in  
/ \ / \  

H H H H 
agreement with previous observations (3). Di- 
methylation caused an upfield shift of the n.m.r. 
signal of the C-10 methyl group from 1.50 to  
1.26 p.p.m., which is most likely due to steric 
interaction with the 4P axial methyl group in the 
molecule. The two C-4 methyl groups appeared 
as a singlet at 1.20 p.p.m. in the CDCl, solvent 
system. 
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MAKHUBU ET AL.: CORTICOSTEROID ANALOGS 1745 & ) (2)  (1)  methylchlorosulfite; rn-chloroperbenzoic acid; pyridine, chloroform, 3-5 "C 3 "C 

(3)  K / t  - BuOH; THF, CHJ, N2, 20 "C h& 

0 0 ,- 

2 3 

,P--? 
HO-C, ,O c---0 

AcO 

N a N 0 2  HOAc - 
AcO 

7 
a R = H  
b R = A c  

I 
Ac20; DMSO 

NaBH4, CoBr2, 
bipyridyl, EtOH 

5 rnin 

We attempted rearrangement of the epoxy 
compound 3 using a small amount of BF, gas 
and also with BF, etherate in benzene as previ- 
ously described (1, 4). It was expected that the 
opening of the a-epoxide would be accompanied 
by the migration of the C-1OP methyl group to the 
C-9 position and thus result in the formation of 
the BIC-cis fused derivative 4, an analog of the 
cucurbitacins. However, only inseparable mix- 
tures were obtained. We assume that our nega- 
tive results may be due to the rather complex 

C-17 side chain system. Similar negative results 
have been reported in the attempted rearrange- 
ment of several lanostane derivatives, whereas 
simple 17-0x0 compounds have been found to 
undergo smooth rearrangement. 

At this point we decided to try to construct 
the desired molecular skeleton via rearrange- 
ment of a 9cr-amino-1OP-methyl compound (5). 
The starting material of our synthesis was the 
known ( 6 )  9P,llP-epoxide 5 (Scheme 2). In 
contrast to the above described n.m.r. spectrum 
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1746 CAN.  J .  CHEM 

of the isomeric 9a, 1 1 a-epoxy derivative 3, the sig- 
nal of the C-1 l a  proton appeared as a distorted 
quartet at 6 3.42 p.p.m. in the n.m.r. spectrum of 
5, indicating coupling with both protons at C-12. 
The stereochemistry of the epoxide was im- 
portant, since it determined the direction of 
addition of the azido group to the C-9a position. 

From the known 9P,llP-epoxide 5, sodium 
borohydride reduction in pyridine (7) followed 
by acetylation gave the 3P-acetoxy compound 6. 
Nuclear magnetic resonance spectroscopy estab- 
lished the AIB-trans configuration of the com- 
pound (6) by the appearance of the C-10 methyl 
signal at 6 0.99 p.p.m. The C-3a axial proton 
appeared at 4.68 p.p.m. as a broad multiplet in 
agreement with two-large a,a-couplings with the 
C-2 and C-4P axial protons in the molecule. 

Epoxide ring opening of 6 with lithium azide 
followed by oxidation of the 11P axial hydroxyl 
group of 76 using acetic anhydride and dimethyl 
sulfoxide (8) gave the 9a-azido- 1 1 -keto-BMD 
derivative 8. Reduction of the keto azide with 
sodium borohydride, cobaltous bromide, and 
bipyridyl (9) gave the desired 9a-amino-1OP- 
methyl-BMD derivative 9 in 48Y, yield. This 
procedure gave in our hands a cleaner reduction 
product than by using catalytic hydrogenation 
(5). The pattern of the proton signals of the BMD 
group in the n.m.r. spectrum of 9 was essentially 
identical with that of the above discussed BMD 
derivative 3 (Scheme 1). This fact deserves 
special mention since the change in this pattern 
helped in the elucidation of the structure of the 
rearrangement product 10. 

We attempted rearrangement of the C-1OP 
methyl group of 9 to the desired C-9P methyl 
position under the reaction conditions previously 
reported in the literature (5), i.e. with sodium 
nitrite and acetic acid. The most striking feature 
in the n.m.r. spectrum of the rearrangement 
product 10 was the complete absence of the 
aforementioned complex pattern of the BMD 
protons. Only the sharp singlet representing the 
methylene protons between the C-17 and C-20 
oxygen atoms was still present in the spectrum 
but even this was shifted downfield from 5.02 to 
5.30 p.p.m. due to the rearrangement in the 
remainder of the BMD group. Infrared spectros- 
copy showed a broad band between 3400-3600 
cm-' due to carboxylic acid absorption. A 
broad band at 1650 cm-' of the i.r. spectrum 
suggested an H-bonded hydroxy acid, a feature 
possible with the proposed structure (10). The 

. VOL. 52, 1974 

aforementioned downfield shift of the 17,20- 
methylene protons in the n.m.r. spectrum of 10 
also supports the suggested structural change 
from a methylenedioxy to a hydroxy acid func- 
tion. A singlet of six protons at 6 1.22 p.p.m. was 
assigned to the C-13 and to the C-9P methyl 
groups. The downfield shift of the C-13 methyl 
signal from 1.09 to 1.22 p.p.m. is also in agree- 
ment with the postulated structure (10). The 
fact that the position of the 9p methyl signal 
coincided with that of the C-1OP methyl signal 
of compound 9 is in agreement with similar 
findings of the literature (10). The p-orientation 
of the C-9 methyl is in accord with the topside 
migration of the C-1OP methyl group and txpul- 
sion of the a-oriented 9-amino substituent. The 
absence of a signal in the olefinic region indi- 
cated that it was not the C-1 but rather the C-5 
proton which participated in the rearrangement, 
thereby placing the double bond in the indicated 
5(10) position. A singlet of three protons at 
6 2.10 p.p.m. was due to the 3P-acetate methyl 
protons. 

Mass spectral analysis of the hydroxy acid 10 
was also in agreement with the suggested formula. 
It revealed the parent ion at 448 inle and the 
fragmentation pattern is shown in Fig. 1. 

As to the mechanism of the observed re- 
arrangement we would like to propose initial 
protonation at the most exposed (least hindered) 
C-21 oxygen atom of the BMD ring system as 
shown in Scheme 3. Ring opening under the 
acidic reaction conditions should lead to the 
alcohol B, with the simultaneous expulsion of 
formaldehyde, and the introduction of the C-20 
hydroxyl group from the less hindered outer (a) 
side of the molecule by an SN2-type of attack. 
The selective opening of the C-20,21-dioxolane 
ring is quite likely due to relief of steric inter- 
action with the p-axial C-13 methyl group. In 
agreement with data of the literature ( I  I) we 
indicate compound 9 (partial structure A) in its 
20(R) absolute configuration. 

The resulting primary alcohol B undergoes 
dehydrogenation t o  the corresponding aldehyde 
C. Oxidation of the latter in the presence of 
sodium nitrite then gives the rearrangement 
product 10 (partial structure D). The oxidation 
sequence may be promoted by anchimeric 
assistance provided by the C-20 hydroxyl group. 

We believe that the above described selective 
hydrolysis and oxidation of the bismethylene- 
dioxy (BMD) protective group is without 
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MAKHUBU E T  AL.:  CORTICOSTEKOID ANALOGS 

-HOCH20H - HOAc 
448 - 400 - 340 

- 1-CH,CO 
- C4H203 -HOCH20H 

196 4 294 342 
e d 

Mass spectral fragmentation pathway of compound 10. 

d 

NaONO 
1 

HOAc 

NaONO 

o 

precedent. It enabled us to secure the rearrange- sidered an intermediate towards the synthesis of 
ment of the 100 methyl group to the 9P position the 4,4-dimethylcucurbitacin and cortisol ana- 
with the concomitant formation of the C-20 logs, the object of our synthetic and physiologi- 
carboxylic acid derivative of the 17,20-protected cal investigation. 
corticoid side chain. Since the 4.4-dialkvlation 
of 19-norsteroids has already been reported Experimental 
(12a*b)y lo (20(R)-3p-acet0x~-9p- A[] melting points were determined using a Kofler 

7a,20-meth~lenediox~-19-nor~regn- block and are corrected. Absorption spectra were deter- 
5(10)-en-20-01-1 I-on-21-oic acid) may be con- mined in methanol using a Zeiss PMQ I1 U.V. spectro- 
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photometer, in methylene chloride using a Beckman IR-8 
i.r. spectrophotometer, and in CDCI, with TMS as 
internal standard using a Varian HA-100 n.m.r. spectro- 
photometer. Optical rotations were determined using a 
Bellingham & Stanley Pepol 60 spectropolarimeter with 
chloroform as the solvent unless otherwise stated. Ele- 
mental analyses were performed by A. B. Gygli, Micro- 
analysis Laboratory, Toronto or by H. Thornmen, 
University of Basel, Basel, Switzerland. 

"Worked up as usual" will mean a solution of the 
material in a water immiscible organic solvent is washed 
in turn with 1 N hydrochloric acid, 5% sodium carbonate 
and water (two or three times), dried over anhydrous 
sodium su:fate, and evaporated to dryness in uacrro. 

Acetylation "as usual" was performed as  follows: x mg 
of substance was dissolved in lox  ml of dry pyridine and 
8x ml of acetic anhydride was added. The mixture was 
allowed to stand at room temperature for 16 h in the dark 
after which lOOx ml of methanol was added with cooling. 
The mixture was then "worked up as usual". 

17a,20:20,21-Bistnet/1ylet1edioxy-4,4-ditnet/1yl-9,1 l a -  
epoxy-5-pregnet~-3-otze (3) 

(a) Dehydration 
17a,20:20,21-Bismethylenedioxy-llp hydroxy-4- 

pregnen-3-one (2) (2) (1.0 g) and pyridine (30 ml) in 
tetrahydrofuran (75 ml) were cooled to  3-5'. Methyl 
chlorosulfite (3 ml) was added (13) dropwise and the 
mixture was stirred for 30 min. It was then allowed to 
come to room temperature and poured into water. After 
the usual work-LID, recrystallization from methylene 

Methyl Migratiotz Attempt on Compound 3 
17a,20:20,21-Bismethylenedioxy-9a,l la-epoxy-4,4-di- 

methyl-5-pregnen-3-one (100 mg) in anhydrous benzene 
(30 ml) was treated with boron trifluoridc etherate (6 ml). 
The mixture was stirred at room temperature for 10 min. 
Upon evaporation of the benzene, a tarry material was 
obtained. N o  major product was observed on thin-layer 
chromatography (silica gel, benzene-acetone 9:l) .  

The above reaction was repeated. Instead of the ether- 
ate, BF, gas was bubbled through the solution of the 
steroid for 5 min. O n  evaporating the solvent a tarry 
material was again obtained. 

17a,20:20,21-Bistnethylet1edioxy-9,11 p-epoxy-5a-pregt~nn- 
3p-01 Acetnte (6) 

17a,20:20,21-Bismethylenedioxy-9p,l1 p-epoxy-4-preg- 
nen-3-one (5) (6) (1.3 g) and sodium borohydride (400 mg) 
in dry pyridine (15 ml) were stirred at room temperature 
for 4.5 h (7). The mixture was poured into water and 
worked up as usual. The viscous oil obtained lacked the 
carbonvl absorotion in the i.r. This material was acetvl- 
ated a; usual. 'Chromatography on a silica gel column 
using benzene-acetone as eluent (0, 3, and 5% acetone, 
respectively) gave 6 (220 mg, 15%) ; m.p. 198-201" 
(MeOH); v,,, 1730, 1247 (acetate), 1114, 1089, 1059, 
1029, 1007 cm-' (BMD group); n.m.r. signals at  6 0.99 
(s, 3, 18-H), 1.02 (s, 3, 19-H), 1.99 (s, 3,  COCH,), 3.45 
(q, 1, l la-H),  3.96 (s, 2,21-H), 4.68 (m, 1, 3a-H), 5.04 and 
5.20 (s, 2, 21-OCH,O-), and 5.02 (s, 2, 17-0CH20-). 

Anal. Calcd. for C25H3607 :  C, 66.93 ; H, 8.10. Found: 
C, 66.49; H, 8.34. 

chloride methanol gave la&e crystalline prisms (900 mg, 
88%); m.p. 21 8-220"; v,,,,, 1658 cm- 1 (A4-3-keto group); 1 7 a , 2 0 : 2 0 , 2 1 - B i s t n e t / z y l e n e d i o x y - 9 ~ t 1 -  
[aIDz3 -24" (c 1); h,,, 240 nm (E 16 210); n.m.r. signals 3p,llp-diol(7a) 
at 6 0.80 (s, 3, 18-H), 1.33 (s, 3, 19-H), 3.98 (s, 2, 21-H), Acetate 6 (800 mg) was reacted with lithium azide in 
5.03 (s, 2, ~~-o-cH,-o), 5.07 and 5.19 (s, 2, 21-0- N,N-dimethylformamide at  155 "C for 25 h. The azido 

CH2-0-), 5.40 (m, 1, 11-H), and 5.72 (d, 1, 4-H). alcohol 7a was isolated in 30% yield (120 mg); m.p. 
Anal. Calcd. for C2,H,,O5: C, 71.46; H, 7.71. Found: 240-241"; V,,,, 3636, 3509 (OH), 2105 cm-I (-N,); 

C, 71.71 ; H, 7.62. [aIDz3 -62.40, (c 1.0). 

(b) Epoxidntion 
Anal. Calcd. for C23H35N306:  C, 61.02; H, 7.71; N, 

17a,20:20,21-Bismethylenedioxy-4,9(ll)-pregnadien-3- 
9.35. Found: C, 61.13; H, 8.01; N, 9.08. 

one (1.12 g) and HI-chloroperbenzoic acid (4) (560 mg) in 
Also isolated was the azido acetate 17a,20:20,21-bis- 

chloroform (75 n,l) were stirred a t  50 for 48 h. After the 
meth~lenediox~-IlP-h~drox~-9a-azido-5a-~regnan-3B-ol 

usual work-up and recrystallization from methylene 
acetate (7b), in.42% yield (168 mg); m.p. 235-238". 

chloride - acetone, rhombic crystals were obtained Anal. Calcd. for C25H37N307:  C, 61.06; H, 7.52; 

(550 mg, 52%), m.p. 257-2643"; v,,,, 1667 cm-'  (A4-3- 
N,8.53.Found:C,61.20;H,7.41;N,8.57. 

CO); n.m.r. signals at 0.94 (s, 3, 18-H), (s* 3, 19-H), 17a,20:20,2/-B~sl,let/~y/ened~oxy~3~cetoxy-9a-az~~o~~~~ 
3.20 (d, 1, Il-H), 4.01 (s, 2, 21-H)7 5.02 (s, 2, 17- pregnan-ll-olle (8)  
OCHzO-), 5.07 and 5.18 (s, 2, 21-OCHzO-), and 5.86 compound 76 (300 mg) was oxidized in acetic an- 
(d, 1, 4-H). hydride and dimethyl sulfoxide to give 8 in 66% yield; 

Anal. Calcd. for Cz3H3006: C, 68.67; H, 7.45. Found: m.p. 210-2150; v,,, 2123 (N,), 1739 1727 c m - ~  
C, 68.61; H, 7.44. (1 1 - 0 )  

(c) 4,4- Dimethylation 
17a,20:20,21-Bismethylenedioxy-9a,l la-epoxy-4-preg- 

nen-3-one (550 mg) in tetrahydrofuran (50 ml) was methyl- 
ated (14) using potassium metal (1.0g) in tert-butyl alcohol 
(50 ml) followed by methyl iodide (2.0 ml). The product 
was recrystallized from methylene chloride - methanol to 
give 3 as crystalline plates (345 mg, 70%); m.p. 273-275"; 
v,,, 1698 cm-I (3-CO); [aIDz3 - 12" (c 1.0). For n.m.r. 
spectrum cJ theoretical part. 

Anal. Calcd. for C25H3606: C, 69.42; H, 8.40. Found: 
C, 69.69; H, 8.07. 

,-- --,. 
Anal. Calcd. for CZ5H35N307 :  C, 61.32; H, 7.23; N, 

8.58.Found:C,61.37; H,7.23;N,8.60. 

17a,20:20,21-Bismethy/e11edioxy-3~3-acetoxy-9a-a1~1it1o-5a- 
pregnatl-11-one (9) 

Cobaltous bromide (14 mg) and bipyridyl(26 mg) were 
added successively into 2 ml of 95% ethanol. The azide 8 
(70 mg) was then added followed by the cautious addition 
of sodium borohydride (21 mg) (9). (The solution turned 
from pink to dark blue, with evolution of gas.) After 
5 min, excess sodium borohydride was destroyed and the 
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MAKHUBU ET AL.: CORTICOSTEROID ANALOGS 1749 

solution was poured into water and extracted with chloro- The authors wish to express their thanks to the Medical 
form. The chloroform extract was washed with water, Research Council of Canada for s~~ppor t ing  this research 
dried over anhydrous sodium sulfate, and evaporated and to  Merck-Frosst Laboratories, Montreal, Canada, 
itz vacuo. Recrystallization of the residue from methanol for their generous gift of steroids. 
gave the arnine 9 (30mg, 48%); m.p. 264-266"; v,,, 
(KBr) 3610, 3546 (NH,), 1727 (acetate), 1698 cm-' 
(11-CO); n.m.r. signals at 6 1.09 (s, 3, 18-H), 1.18 (s, 
2, NH,), 1.22 (s, 3, 19-H), 2.01 (s, 3, COCH,), 3.98 (s, 2, 
21-H), 4.70 (m, 1, 3a-H), 5.04 (s, 2, 17-OCH,O-), 5.22 
and 5.30 (s, 2, 21-OCH,O-). The signal at 6 1.18 dis- 
appeared upon addition of D,O. 

Anal. Calcd. for CZ5H3,N07:  C, 64.76; H, 8.06; N, 
3.03. Found: C, 64.35; H, 7.87; N, 3.10. 

20(R)-3~-Acetoxy-9~-metl1yl-17a,20-t?1etl~y/et1edioxy-19- 
norpregtz-5(10)-en-20-ol-ll-otz-21-oic Acid (10) 

The amine 9 (18 mg) was dissolved in glacial acetic acid 
(1 ml) and water (1 ml). The mixture was cooled to 
0 "C. To  this was added a solution of sodium nitrite 
(1 10 mg) in water (1 ml), also at 0 "C. The solution was 
stirred at this temperature for 3 h. After the usual work- 
up, column chromatography on silica gel (benzene- 
acetone, 0, 2, and 3% acetone) gave 10 mg of the major 
product as an amorphous solid. Thin-layer chromatog- 
raphy on silica gel in benzene-acetone 4:1, and benzene - 
ethyl acetate 5:2 showed the product to be homogeneous. 
The i.r., n.m.r., and mass spectral data of thecompound 
are described in detail above (cf. theoretical part). In 
addition the relative intensity of the M + 1 and M + 2 
peaks with respect to the parent ion M +  in the mass 
spectrum was 25.80 and 5.02x, respectively, in good 
agreement with expected (15) values of 26.76 and 5.04% 
(however, see footnote 2). 

,Reference 15, p. VIII line 3 should read wz instead of 
wx and p. IX line 5 sho~lld be 2.0048 x lo-, instead of 
2.0048 x lo-,. 
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The Reaction of 2,4,6-Trinitrotoluene and 2,4,6-Trinitrotoluene-d3 with Sodium 
Isopropoxide in Isopropyl Alcohol 

E. B U N C E L , ~  A. R.  NORRIS, K. E. RUSSELL, P. SHERIDAN, A N D  H. WILSON 
I)epnr./rrlert/ r?f'Cherr~is/r.y, Qrreerr's Urliver.si/)~, Kirlgstor~, 01zttrr.io K7L 3N6 

Received August 30, 1973 

The reaction of sodium isopropoxide with 2,4,6-trinitrotoluene (TNT) and TNT-d, (deu- 
terated methyl group) in isopropanol has been investigated using stopped-flow techniques. 
Two absorbing species, identified as a o-complex and the TNT anion (TNT-) are formed in this 
reaction. The formation of TNT-  involves a rate determining proton transfer as shown by 
the observation of an isotope effect (kTNT/kTNT-d3 = 8.4 + 1.4 at 30 "C). A spectrum of the 
o-complex was calculated from initial rate data and was observed experimentally a t  low 
temperatures (h,,, = 435, 495 nm). The effects of added salts on rates and equilibria of 
o-complex and TNT- formation have been determined. 

In this study the possible involvement of free alkoxide ions and ion-pairs in the reactions has 
been evaluated. The free alkoxide ion is the more reactive species in deuteron transfer whilst 
in o-conlplex formation the free ions and ion-pairs have comparable reactivity. A rationale of 
this behavior is presented. 

The kinetic parameters are, for deuteron transfer: k tD = 850 + 100 M - '  s- '  at  3 0  "C, 
A H *  = 14.9 _+ 1.1 kcal mol-', AS* = 5.1 _+ 2.9 cal deg-' mol-I; for o-complex formation: 
k' = 1870 + 150 M - '  s - '  at  30 "C, AH,* = 10.2 +. 0.3 kcal mol- ' ,  AS." = -9.8 +. 1.1 
cal deg-I mol-I. 

On a etudik la reaction de I'isopropylate de sodium avec la trinitro-2,4,6 toluene (TNT) et 
le TNT-d3 (le groupe methyl est deutere) dans I'alcool isopropylique utilisant les techniques 
de "flux stoppe". Deux especes qui absorbent se forment au cours de  cette reaction; elles ont 
ete identifiees comme etant le complexe o et I'anion ~ L I  TNT (TNT-). La formation de  I'ion 
TNT- implique tin transfert de proton dans l'etape dtterminante de la reaction telle que 
demontre par I'observation d'un effet isotopique ( / c ~ ~ ~ / ~ T N T - ~ ,  = 8.4 t 1.4 a 30 "C). On a 
calcule un spectre du complexe o a partir des donnees impliquant les vitesses initiales et ce 
spectre f i ~ t  observe experimentalement a basse temperature (h,,, = 435 et 495 nm). On a 
deternline les effets d'addition de sels sur les vitesses et sur I'equilibre du complexe o e t  de la 
formation de I'ion TNT-. 

ALI cours de cette etude on a evalue I'implication possible d'ions alcoolates libres et de 
paires d'ions dans les reactions. L'ion alcoolate libre est I'espece la plus reactive pour le 
transfert du deuteriunl alors que pour la formation du complexe o les ions libres et les paires 
d'ions ont une reactivite comparable. On prtsente une rationalisation de ce comporlement. 

Les parametres cinetiques sont, pour le transfert du deuterium: k iD  = 850 + 100 M-'  s-' 
i 30 'C, A H *  = 14.9 f 1.1 kcal mol-I; AS* = 5.1 + 2.9 cal deg-' mol-I; et pour la forma- 
tion du complexe: k '  = 1870 + 150 M-I  s-I a 30°C, AH.* = 10.2 + 0.3 kcal mol-', AS,* = 
-9.8 + 1.1 cal deg-I mol-I. [Traduit par le journal] 

Can. J. Chem., 52, 1750(1974) 

CH3 
Introduction O2N i) , - ,  NO2 O:N &$2 

8 - 
Alkoxide ions in alcoholic solution can .-, . - 

NO2 NO2 
OR 

participate in proton abstraction, o-complex 
formation, and radical anion production in 1 2 (I 
their reactions with nitroaromatic compounds C H 3 0 R  CH3 
(2). Such reactions with 2,4,6-trinitrotoluene 
(TNT) would produce the species 1, 2, and 3, 0 2 ~  -3 N o 2  O2N ,-& N o 2  

respectively. The anion 1 could react further with . -*  

TNT to give a Janovsky (3) complex 4. NO2 NO2 
2 h 3 

'For previous paper in this series see ref. I .  I t  has proven difficult to correlate the different 
2Author to whom correspondence should be addressed. colors produced in these reactions with the above 
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BUNCEL ET AL.: u-CI DMPLEX FORMATION 1751 

species (1,2). Direct observation of the species 
1-4 by n.m.r. has thus far not proven possible. 

Bernasconi (4) observed the formation of a 
Janovsky complex when an  excess of T N T  was 
reacted with sodium ethoxide in ethanol. The 
complex was identified by its characteristic 
spectrum but it was not possible to decide 
whether substitution occurred in the 1- or 3- 
position. The ability of 1 to act as a nucleophile 
was recently demonstrated in some synthetic 
work (5a); TNT-  is also involved in H / D  ex- 
change (5b). 

At low concentrations of T N T  ( - lo - '  M) 
and alkoxide (- M )  a purple species is 
produced. Past reviewers (2) concluded that the 
anion 1 was responsible for the purple coloration. 
This conclusion has been substantiated in a 
recent study ( I )  which showed purple formation 
to be associated with a large primary isotope 
effect. 

In addition to the purple, a brown coloration 
often forms in these reactions and has been 
variously attributed to a radical anion 3, a charge 
transfer complex, or a o-complex 2 (2). Identi- 
fication with a o-complex seems possible, 
especially since cyanide and  s~~ l f i t e  ions have 
been shown to form o-complexes with T N T  (6). 
The formation of the o-coniplex was postulated 
in our earlier investigation of the TNT-ethoxide 
system (I )  ([TNT] = 5 x lo-' to M ,  
[NaOEt] = 4 x lo-, to 4 x M),  even 
though it was not directly observed, in order to 
explain the kinetic behavior. Bernasconi (4) 
using T-jump techniques observed a rapid pre- 
equilibrium in this system and tentatively 
associated it with o-complex formation. Kinetic 
data for this process could not be derived 
accurately and no spectral characteristics of the 
proposed a-coniplex were obtained. 

The kinetics of the reaction of sodium iso- 
propoxide in isopropanol with T N T  and TNT-d, 
have been investigated a t  various wavelengths 
and a variety of temperatures using stopped- 
flow techniques. The effects of added salts have 
also been determined. As in our previous study, 

we attempted to rationalize the data in terms of 
simultaneous formation of a-complex 2 and 
anion 1. 

k' 
[I] TNT + R O -  TNT.OR- (brown) 

kb' 

k 
[2] TNT + R O -  ROH + TNT- (purple) 

k b 

However the results indicate this scheme to be 
inadequate. It has been found necessary to 
consider the individual roles of free ions and 
ion-pairs in both o-complex formation and the 
proton transfer. 

Results 

When a solution of sodium isopropoxide in 
isopropanol (4 x M) is added to a sol~~t ion 
of T N T  (2 x lo-' M) in isopropanol, one 
observes during the first instant a hint of a 
transient brownish coloration. Almost imniedi- 
ately this brown color disappears and one is left 
with a deep purple solution. If the experiment is 
performed with TNT-d,, the brown color 
persists for several seconds but is thereafter 
replaced by the permanent purple. When TNT- 
d, is reacted with sodium isopropoxide in iso- 
propanol at low temperatures (ca. - 60") it is 
possible to obtain a spectrum of the brown 
species (Fig. 1). The wavelengths of the absorp- 
tion maxima, as well as the extinction coefficients, 
are fully characteristic of a-complexes in the 
trinitrobenzene series. where such com~lexes  
could be unambiguously identified by n.ni'r. (2). 
Identification of the brown species as a o-complex 
is made on this basis. 

FIG. I .  Spectral characteristics of p r o d ~ ~ c t s  of inter- 
action of 2,4,6-trinitrotoluene with sodium isopropoxide 
in isopropanol: measured spectrum of TNT- at 30" (-); 
measured low-temperature spectruni of o-complex (---); 
calculated values (eq. 17) of extinction coefficients of 
o-complex (0). 
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A study of the kinetics of the formation of the A 

linear plots of (log - iii US. time 
are given in Table 1. The observed rate constants 
were found to be linearly related to the stoichio- 
metric base concentration, i.e., 

[31 k,,," = kl[NaOR], + k,' 

These experiments were repeated at various 
temperatures and kf,kb', and K' (= k'lk,') were 
calculated from plots of k,,," us. [NaOR], 
(Table 2). Activation parameters were obtained 
in the normal manner. For the forward reaction, 
AHu* = 10.2 + 0.3 kcal mol-', ASu* = -9.8 f 
I .  I cal deg- ' mol-', and for the reverse reaction 
AH,* = 9.3 + 1.0 kcal mol-', AS,* = -24.6 + 
3.5 cal deg-' mol-'. 

Inspection of the oscilloscope traces obtained 
at different wavelengths and on different time 
scales (Fig. 2) revealed that two reactions were 
occurring: a rapid formation of the brown 
species accompanied by a much slower formation 
of purple. It was desirable to obtain rate data 
for the slow stage, i.e., the proton (deuteron) 
transfer process. However, with TNT as sub- 
strate, non-first-order kinetics resulted; on the 
other hand the reaction of TNT-d, gave satis- 
factory first-order kinetics when followed at 665 
nm. At this wavelength interference from the 
brown species is negligible. Plots of log - 

US. time were linear after the initial 5% of 

TABLE 1. Observed first-order rate 
constants (k,,,) for o-complex forma- 

tion at 30 "C and 435 nrn 

[NaORIo x lo3 (M) kobr (s-')O 

OLinear least-squares analysis gave errors of  + 14. in slopes from which kob, values were calculated. 

FIG. 2. Representative oscilloscope traces for reaction 
of TNT-d3 with sodium isopropoxide in isopropanol at  
30 "C. Vertical scale 0-100% transmission: ( A )  [NaORIo 
= 1.37 x M, [TNT-d3]o = 2.48 x lo-' M, 535 
nm, horizontal scales 0.01, 0.1, and 1.0 sldivision. (B) 
[NaOR], = 1.37 x M, [TNT-d3l0 = 2.48 x lo-' 
M ,  435 nrn, horizontal scales 0.01,0.1, and  1.0 sldivision. 
( C )  [NaORIo = 1.37 x M, [TNT-d3], = 2.48 x 

M, 665 nrn, horizontal scales 0.005, 0.05, 0.5, and 
5.0 sldivision. (D) [NaOR], = 1.17 x M, [NaCIO,] 
= 13.5 x M, [TNT-d3], = 5.69 x lo-' M, ho1.i- 
zontal scales 0.02, 0.1, 1.0, and 5.0 sldivision. 

reaction and values of kObsTNT- were calculated 
from the linear portions of the graphs. The data 
are given in Table 3. 

As stated previously, when TNT was used as 
the substrate non-first-order kinetics were ob- 
served both in o-complex formation (at 435 nm) 
and in anion formation (at 665 nm). However 
it was possible to derive kinetic parameters using 
initial rate methods (see Experimental). The 
initial rate data, obtained at various wave- 
lengths, are presented in Table 4 as values of 
(IR),, defined by eq. 4. Corresponding values of 

(IR),, obtained using TNT-d,, are also presented 
in Table 4. Determination of (IR), as a func- 
tion of initial base concentration showed that 
the value of (IR), decreased with increasing 
[NaOR],. For example, using absorbance data 
recorded at 535 nm, (IR), decreased from a value 
of 9.0 x I O7 at 1.37 x lo-, M base concentra- 
tion to a value of 7.3 x lo7 at 6.85 x M 
base. 
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BUNCEL E T  AL.: v-COMPLEX FORMATION 

TABLE 2. Determination of rate and equilibrium constants for 
o-complex formation as a function of temperature 

Temperature ("C) k' (M-'  s-')" kb' (s-')" K'(M-I)" 

@Errors from least-squares analysis. 
bError estimated from reproducibility of runs. 

TABLE 3. Observed and calculated first-order rate constants for 
reaction of TNT-d, with sodium isopropoxide followed at  665 nm and 30 "C 

-- 

kobsTNT-d3 (s-I) 

Calculatedb 

[NaOR], x lo3 (M) Measured" I I1 I11 

"Errors froni least-squares analysis of data. 
'1, asstlrnes n o  ion-pairing, klD = 310 M- I  s-I  and K '  = 440 M - l ;  11, assumes all reactivity due 

10 free ion K ,  - 2.78 x 10" M-1. K' = 440 it+-', and k,D - 848 114-1 s-1; 111, assumes all re- 
activity du; td ion-pair, K,  = 2.76 x 10" M-'. K '  = 440 M-'. and k, ,D  - 360 A4-' s-'. 

Since isopropanol has a reasonably low 
dielectric constant, 19.4 (7), it was deemed 
necessary to study the effects of added salts 
(NaCIO, and NaBPh,) upon reaction rates in 
order to examine the role of ion-pairing effects. 
Reactions using TNT-d3 were followed a t  665 
nni, the total electrolyte being kept constant 
(i.e., [NaOR], -I- [Salt], = constant), and 
kObsTNT- values were calculated as described 
previously (Table 5). Similar measurements at 
435 nm revealed that the effect of added salt 
upon o-complex formation was more pro- 
nounced than a t  665 nm;  thus the equilibrium 
absorbance was much lower than expected. 

Figure 2 illustrates a n  oscilloscope trace ob- 
tained a t  low base (1.17 x M )  and high 
salt (1.35 x lo-' M )  concentration. 

Approximate values of the equilibrium con- 
stant for formation of the brown species were 
obtained froni the equilibrium absorbance 
readings at 435 nm (suitably corrected for 
contribution from the anion as given in the 
Experimental). The data  indicate (Table 6) that 
the added salts have the more pronounced effect 
on the back reaction. The relative amount of 
brown species formed in the initial fast part of 
the reaction is much less than in the salt-free 
system but it still proved possible to analyse this 
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1754 C A N .  J .  CHEM. VOL. 52, 1974 

TABLE 4. Initial rate measurements on 
TNTa and TNT-d3b (30 "C) 

x ( I R ) ~  x l o - 7  (IR)D x l o -7  
(nm) (M-2 S-I) (M-2 S-I) 

reaction kinetically. For ease of comparison 
with the salt-free system both sets of data are 
plotted in Fig. 3. 

Discussion 

The reaction scheme proposed for the TNT- 
ethoxide system (eqs. 1 and 2) to account for 
o-complex and TNT- formation, is found to be 
inadequate for the TNT-isopropoxide system. 
Thus, (i) the variation of kobsTNT- with [NaOR], 
is not of the expected form; (ii) the slight decrease 
in (IR), with increasing [NaOR], is unexpected, 
and (iii) the effects of added salts upon rates and 
equilibria are not predicted. However a modified 

FIG. 3. Variation of lc",,, with base concentration for 
reaction of TNT-d, with sodium isopropoxide followed 
at 435 nm at 30": with no added salt (-); with added 
NaCIO, (a); with added NaBPh, (0). 

scheme may be presented which is in accord 
with all the current observations. This scheme 
will be discussed in two sections, one referring 
to o-complex formation and the other to the 
deuteron transfer. 

o- Coinplex Forination 
Scheme 1 is proposed for o-complex forma- 

tion. This considers the possibility that sodium 
isopropoxide, in its reaction with TNT, can 
have different reactivities in its associated and 
dissociated states. It is a more generalized 
scheme than that advanced by Crampton and 
Khan (8) for the reaction of alkali metal meth- 
oxides with nitroanisoles in methanol. It is 
assumed, in both cases, that the o-complex and 
its ion-pair, (TNT.OR-; Na'), have identical 
visible spectra. 

kl' 
TNT + RO- + ~ a +  e T N T . O R -  + Naf 

TNT + (RO- , ~ a + )  *(TNT.OR-, N a f )  

The observed equilibrium constant for o- 
complex formation is given by eqs. 5 and 6 ;  

[TNT.OR-I + [(TNT-OR-, Na')] 
~ 5 1  K~~~ = [TNTII([RO- I + [(RO- , Na+ )]) 

where Ki' = ki'/k,,i' and K t i p  = k i p ' / k ' p , i p .  Ex- 
perimentally it was observed that the eq~lllibrium 
constant for a-complex formation decreased as 
salts were added (see Figs. 2 and 3). This could 
indicate that K ,  > K,, i.e., that in isopropanol 
the formation of the base ion-pair (RO-, M + )  
is favored over formation of ion-pairs of the 
o-complex. 

Scheme 1 is also consistent with the observed 
first-order kinetics for o-complex formation. If 
f is the fraction of base existing in the dissociated 
state then koObs is given by eq. 7 (cc eq. 3). The 
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BUNCEL E T  AL.: u-COMPLEX FORMATION 1755 

TABLE 5. Effects of added salts on observed rate constants for reactlon of 
TNT-d3 with sod~um isopropoxide at 30 "C 

- -- - - - -- . - - - - -- -- -- - . 

[NaORIo x lo3 (A4) [Salt] x lo3 (M) kebsNnC1Or (s-I) kob5NrBP"i (s-') ~ o b r Y o " ' l  Is-') 

TABLE 6. Variation of equilibrium constant (K,,,) for c3-complex formation with added NaBPh, 
- - - - - - - -- - -- -- 

- - - - -- -- . - - - -- - 
[NaORIo x lo3 (M) [NaBPh,] x lo3 (M) k,,," (s- I) KO,, (M- ')" k' ( M -  ' s-') '  k,' ( s - ' ) ~  

- - - --- - -- - -- 

1.17 13.7 13.3 152 1710 11.3 
2.93 11.7 16.7 156 1880 11.4 
5.86 8.78 20.0 180 1750 9 7 
8.78 5.86 24.7 266 1970 7.4 

-- 
11.7 2.93 29.1 514 21 10 

. - -- -- 
4.1 

--- - .- - - -- - -- - -- 

"See Experimenlal for details of calculajion; assumes c - 1.6 x lo-' IM-I  cm-'. 
bAssumes that  kob, = k'[NaORl, -+ k b  entl I(,,,, = kyk;. 

base is known to have a high association con- expected increase in rate w o ~ ~ l d  be only about 
stant (K, = 1.91 x lo4 M - I  at 25 "C) (9) and 18%. In practice the rate almost d o ~ ~ b l e d  at high 
if K ,  and f have relatively small values then the salt concentrations. Although the possibility 
contribution of the free alkoxide ion to the that the sodium alkoxide ion-pair is the more 
overall rate will be small so that lc",,, will be reactive species cannot be rigoro~~sly excluded, 
given by eq. 8. the present results are entirely consistent with 

[8 I 
equal reactivity of ion-pairs and free ions. 

lcoOb, = /ci,'[NaOR], + k'b,i  

Plots of /cob, us. [NaOR], are in fact linear (see 
e.g., Fig. 3). Such linearity however is also 
consistent with the assumption tliat the reactivity 
of the (RO-,  N a + )  species is comparable to 
tliat of the free base in o-complex formation, 
i.e., l c i f  = kip1.  The possibility that the free 
alkoxide ion has high reactivity and is respon- 
sible for the major part of the reaction can be 
discounted since that would require a linear 
relationship between k",,, and [NaOR]o'12. 

It is found tliat addition of salts (NaCIO,, 
NaBPh,), at a given base concentration, leqds 
to an increase in k",,,. It was shown earlier (see 
Table 6) that the increase in k",,, is due to an 
increased rate of the back reaction. This c o ~ ~ l d  
simply be due to increased activity of the 
o-complex, although a similar r e s ~ ~ l t  was ex- 
plained by Crampton in terms of specific 
interactions involving the cation (8). One might 
also have ascribed the increased rate to larger 
reactivity of the ion-pairs, as compared to the 
free alkoxide ions, but since even at the lowest 
base concentrations used ion-pairs already 
constitute 85% of the base present, the maximum 

De~cteiw7 Timisfei 
As in the case of o-complex formation, one 

must take into account the possible involve- 
ments of ion-pairs and free ions in proposing a 
kinetic scheme for deuteron transfer. This isdone 
in Scheme 2. 

kcD 
TNT-r13 + RO- + N ~ + & T N T - ~ / ~ -  + N a +  + ROH 

TNT-d3 + (RO-, ~ a + )  ~ ( T N T - ~ ~ - ,  Na +)  + ROH 
/cD,.., 

We consider three ~oss ib le  situations in which 
the species responsible for the proton transfer 
process have different reactivities, a treatment 
somewhat analogous to that used above for 
o-complex formation. Firstly we shall consider 
the possibility that the free alkoxide ion is 
entirely responsible for TlVT- formation; then 
the ion pair is assumed to carry out  this role 
and, finally, the two species are considered to 
have comparable reactivities. 

For  the case that the free alkoxide ion is the 
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only species responsible for TNT- formation 
one can derive eq. 13. This requires several 
algebraic transpositions, starting with eq. 9. 

The latter assumes that one may ignore the back 
reactions. This is probably valid, since under all 
experimental conditions investigated virtually 
complete conversion of the TNT to anion 
occurred. The pre-equilibriunl formation of 
o-complex is also assumed, with an equilibrium 
constant KO,, defined by eq. 5. Equation 9 may 
be transformed into [I 01 directly. 

From the definition of the association constant 
for the alkoxide ion-pair, K,, it follows that 

Furthermore it is apparent from eq. 6 that KO,, 
(1 + K,[Na+]) = Kif ( I  + K2[Na+]) and there- 
fore, 

If, as assumed earlier, K2[Nat] << I ,  then 

One can calculate the values of [RO-] from the 
known value of the association constant, K,, 
and the plot of (kobsTNT-)-I US. [RO-]-I can be 
constructed and exhibits the linearity predicted 
for this mechanistic scheme. 

We now proceed to the case where the ion pair 
is taken to be the sole reactive form of the base. 
Using a procedure similar to that outlined above 
it can readily be shown that eq. 14 must hold. 

VOL.  5 2 ,  1974 

This predicts that the plots of [(ROT, Na+)]/ 
kobsTNT- US. [RONa],/(l + K,[Na+]) should be 
linear. The concentrations of the various species 
were calculated from the known value of 
K,. The resulting plot is non-linear which ap- 
pears to discount this possibility. 

For the situation in which the free ions and 
ion pairs have equal reactivity the rate expression 
9 becomes 

This predicts that the plot of i/kObsTNT- us. 
I/[RONa], should be linear. The plots were 
constructed for data at several temperatures and 
showed marked deviations from linearity in all 
cases. 

A tentative conclusion may be drawn on the 
basis of these kinetic treatments. It is seen that 
only in the case where the free alkoxide ions are 
considered as the reactive s~ec ies  can the 
experimental data be correlated over the whole 
range of base concentration investigated. The 
superiority of this mechanism is further il- 
lustrated by comparison of the observed and 
calculated rate constants for TNT-  formation 
shown in Table 3. In the following discussion 
we assume the free alkoxide to be the reactive 
species and proceed to analyze the data accord- 
ingly. 

It is possible to  calculate the variation of the 
association constant, K,, with temperature 
under conditions where the isopropoxide exists 
predominantly as ion pairs. For such a situation, 
[RO-] - [RONa]'12/K3112 and hence3 

T N T -  - 1 K i t  + - [I6] ) = k i D [ ~ ~ ~ a ] l / 2  kiD 

Plots of I/kObsTNT- US. [RONaI-'I2 exhibit 
satisfactory linearity at all temperatures studied 
(Fig. 4). From the intercepts values of ~ , / k , ~  at 
different temperatures are obtained. One can 
then calculate the variation of kiD with tempera- 
ture, provided that K,' is given by k'/kbf, which 
is the ratio of slope to intercept in the kobs us. 
[RONa], plot for o-complex formation. These 
data are given in Table 7 and yield the following 
values of the activation parameters for the 
deuteron transfer: AH* = 14.9 $ 1.1 kcal 

3This is a very good approximation a t  the higher base 
concentrations when the degree of dissociation is low. It 
is realized however that this approximation breaks down 
a t  the lower base concentrations and consequently these 
points are given less emphasis in the plots in Fig. 4. 
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BUNCEL ET AL.: a-COMPLEX FORMATION 1757 

TABLE 7. Variation of rate constant for deuteron trans- 
1 2  fer (kiD) and the ion-pair association constant (K3) with 

temperature 
I 0  . .. - . - 

Temperature PC) kiD(M-I s-I ) K~ x ~ o - ~ ( M - ' )  
8 

- 
I G 

8 .4  121 2.08 
- 12.7 167 3.08 - 
+ m =- 16.2 262 6.37 
-*- 4 20.9 344 4.74 - 

21.5 400 5.66 
z 25.1 550 7.04 
I 26.6 630 8.94 

4. plot of (~,,,TNT-)-I [NaOR]O-~~2  for the primary kinetic isotope effect for this process. 
reaction of TNT-d, with sodium isopropoxide (665 nm) In addition, the results can be used t o  derive a 
at  various temperatures. spectrum of the o-complex. 

mol-I, AS* = 5.1 f 2.9 cal deg-' mol-I. 
Similar values were obtained by Ainscough and 
Caldin (2) for the TNT-ethoxide system. Also 
from the slopes of these plots K, can be evaluated 
since k iD is now known. It is thus found that K, 
increases with increasing temperature, as ex- 
pected for ion-pair formation (10). The values 
of K, which are so derived (Table 7) are com- 
parable to those obtained conductimetrically 
(9). The thermodynamic parameters for the 
association are: AH0 = 12.4 f 0.6 kcal mol- ' ,  
AS0 = 59 f 2 cal deg- ' mol- '. The AH' value 
appears reasonable for ion-pair formation (10). 

The effect of added NaBPh, and NaClO, on 
TNT- formation remains to be explained. 
According to eq. 13, which is applicable to the 
preferred mechanism,, one would predict two 
opposing effects on kobsTNT-. Thus addition of 
the salts reduces the concentration of free 
alkoxide ion but, simultaneously, KO,, also 
decreases. The experimental observations (see 
Results, Table 5)  are in qualitative agreement 
with this analysis. Since the dissociation con- 
stants of the salts in isopropanol are unknown 
it is not feasible to attempt a quantitative treat- 
ment without making undue assumptions. 

Initial Rare Studies 
From the initial rate studies (see Results) one 

can obtain further evidence of the involvement 
of free ions in proton transfer, and also evaluate 

4Considering the alternative mechanism in which ion- 
pairs are responsible for the proton transfer, eq. 14 may 
be rewritten as 

k o b s ~ ~ ~ -  = k ,, D [(Na+, OR-)]/(I + K,b,[NaOR]o) 

so that addition of salt should always lead to an increase 
in the rate constant. 

The evidence for the involveme~lt of dis- 
sociated alkoxide in proton transfer lies in the 
variation of (IR), with base concentration. It 
was found that (IR), decreased with increasing 
concentration of base. Such behavior is to be 
expected if alkoxide ion is the reactive species 
since (IR), is given by eq. 17, where I is the cell 

path length and E,, E, are the molar extinction 
coefficients of TNT- and o-complex, respectively. 

Initial rate measurements offer a method for 
derivation of the kinetic isotope effect in the 
proton transfer process. If it is assumed that 
o-complex formation is associated with a 
negligible isotope effect (1 J), then 

This equation reduces rather conveniently under 
the conditions of measurement ([NaORIoD = 
4[NaORIoH) to eq. 19 using the experimental 
value lo4 for K,. A plot of (IR), - (IR), us. 

should be linear with slope = (2kiH - kiD)/8. 

The resulting plot exhibits some scatter, though 
not outside the limits of accuracy expected for a 
method based on initial rates. Using the value 
of kiD obtained earlier, k i H  can be calculated and 
hence the isotope effect: kiH/kiD = 8.4 f 1.4 at 
30 "C. 

It is possible to derive a theoretical spectrum 
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of the brown species which is ascribed to the 
o-complex from the known (IR), values. With 
TNT-d, as the substrate the initial reaction 
leads almost exclusively to o-complex formation 
since the rate of the proton transfer process is 
depressed as a result of the kinetic isotope effect. 
The expression for (IR),, analogous to eq. 17, 
contains E ,  as the only unknown term. Values of 
E, were calculated at different wavelengths and 
the spectrum so obtained is shown in Fig. 1. 
The general shape of this calculated curve is in 
satisfactory agreement with that obtained ex- 
perimentally and is characteristic of a o-complex 
(2). 

Mechanistic Concl~tsions 
The above discussion shows that all the ex- 

perimental data can be rationalized in terms of 
a mechanism in which free alkoxide ion is 
largely responsible for the proton transfer. It 
remains to be explained why the free ion should 
be the more reactive species in proton transfer 
when it has comparable reactivity to the ion-pair 
in a-complex formation. 

Both the proton transfer and o-complex 
formation involve development of negative 
charge in the aromatic system. Hence one can 
envisage the cation being involved in transition 
state stabilization (12). One would expect that 
the free metal cation would be equally capable 
of stabilizing developing negative charge, in both 
processes. The ion-pair, however, can fulfil the 
role in o-complex formation (13) but not nearly 
as adequately i n  proton transfer. This is seen by 
referring to structures 5 and 6, for o-complex 
formation and proton transfer, respectively. In 
the former we have a six-membered cyclic transi- 
tion state which should be much more favorable 
than the eight-membered structure in the latter 
case (14). 

The ion-pairing effects described in this system 
were not detected in the ethoxide ion reaction 

largely as a result of the considerably lower ion- 
pair association constants i n  the ethanolic 
medium (9). However the inductive argument 
given in  that study, concerning the pre-equili- 
briuni formation of a o-complex, has been fully 
substantiated in the present work. Moreover, 
even though rigorous identification of the purple 
species has thus far not proven possible, the 
observation of the large isotope effect may be 
taken as strong evidence that the purple species 
is in fact the 2,4,6-trinitrobenzyl anion formed 
by rate-determining proton transfer. 

Experimental 
M~~t r r io l s  

The preparation and p~~rification of T N T  and TNT-d3 
were as previously described (I). The melting points were 
rechecked and f o ~ ~ n d  to be as previously listed and n.m.1. 
analysis of TNT-[I3 revealed an extent of deuteration of 
-99%. Spectroquality isopropanol was dried over 4A 
molec~~lar  sieves and fractionally distilled (82.4 "C) from 
anhydrous barium oxide. The solvent was stored under 
dry nitrogen. Stock solutions of sodium isopropoxide 
were prepared from freshly cut sodium and isopropanol 
and stored under an  atmosphere of dry nitrogen: they 
were standardized immediately before use. All solutions 
were used within a few days of preparation. The s o d i ~ ~ n i  
perchlorate and tetraphenylboron were dried ~ ~ n d e r  
vacuuni before use. 

Procedlrrr 
Kinetic measurements were made with a Durrum- 

Gibson stopped-flow spectrophotometer. The tempera- 
ture in the cell compartment and drive syringe chamber 
was thermostatically controlled to k0 .1  'C. Reactions 
were monitored by photographing traces of  % transmission 
us. time on the oscilloscope at various wavelengths. A 
calibration curve, correlating the reading on the photo- 
graph to the absorbance obtained on a Cary 14 spectro- 
photometer for the same solution, was used to obtain 
true values of the absorbance. P s e ~ ~ d o  first-order rate con- 
stants were obtained in the normal way. The concen- 
trations of base and s~~bst ra te  were in the same range 
as employed in the ethoxide studies ( I ) .  

Initial rate measurements were made using three 
methods, as given below. (i) Values of absorbance for 
the first 20% of reaction were plotted us .  time. The best 
smooth curve through the experimental points was 
drawn and the tangent at the origin estimated by sight. 
The slope of this tangent gave the initial rate. (ii) Proce- 
dure (i) was repeated but the slope of the tangent was 
checked using the straight edge- mirror techniq~~e (15). 
(iii) Data for the first 20% of reaction weresubjected to a 
curve fitting procedure and the initial rates were obtained 
by applying the Differentiated Gregory-Newton Method 
(16) to the resulting smooth curve. The initial rates used 
in calculating values of (IR) are the niean of the values 
obtained by each of the above methods. At low base 
concentrations ( < 5  x M )  the initial rates are 
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reproducible within 3-5%, while at  higher base concen- 
trations, and particularly in the T N T  case, the error 
involved is as  high as _+ 10%. 

The low temperature spectrum was obtained by 
placing 0.1 ml of a solution of TNT-d3 in isopropanol 
into a cell which was surrounded by a chloroform slush. 
A similar slush was used to cool the base solution before 
adding it to the cell. Concentrations were chosen so as 
to reproduce conditions of the kinetic runs. Whilst 
mixing the two reagents, nitrogen was bubbled through 
the cell to facilitate dispersion of the colored species 
throughout the viscous medium. The brown color of the 
solution persisted for several minutes. In this type of 
experiment the actual concentration of o-complex is not 
known accurately and hence extinction coefficients could 
not be evaluated. 

The spectrum of the purple anion was obtained by 
reacting a known concentration of T N T  in isopropanol 
with a 100-fold excess of sodium isopropoxide. Under 
these conditions the TNT is quantitatively converted to 
the purple anion. The reactions were followed at  various 
wavelengths on the stopped-flow spectrophotorneter and 
the extinction coefficients were calculated from the 
respective A ,  values. 

An approximate value of KO,,, the equilibrium constant 
for o-complex formation, was calculated from traces at  
435 nm and 665 nm with TNT-d3 as substrate. From the 
trace at 435 nm an estimate of A,, and the time required 
to reach the equilibrium position was made. The absor- 
bance at  665 nm (mostly due to TNT-)  was estimated 
at  this given time and thus the apparent equilibrium 
absorbance at  435 nm could be corrected for the contri- 
bution from the purple species. Thus the equilibrium 
concentration of o-complex and KO,, are given by 
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Nitrosation with Lithium Nitrite1 

M. F. CHEN* A N D  S.  F. MACDONALD 
Dir~isior~ of Biologicnl Scierlces, Notiorin1 Resenrc/~ Co~rrlcil of Cnrlnd(r, Ottmvcr, Oritnrio KIA  OR6 

Received December 14, 1973 

Alcoholic lithium nitrite and 1 mol of HCl  may be used to  nitrosate ketones. The 
yields are comparable to those obtained when alkyl nitrites a re  used with catalytic 
amounts of HCI. 

On peut utiliser le nitrite de lithium alcoolique avec 1 mol de  HC1 pour effectuer la 
nitrosation des cCtones. Les rendements se comparent avantageusement avec ceux obtenus 
lorsque cette rCaction est effectuCe avec des nitrites d'alkyles en prCsence d'une quantite 
catalytique de HC1. [Traduit par le journal] 

Can. J .  Chem., 52, 1760 (1974) 

There are disadvantages attending the use of 
alkyl nitrites and HC1 in nitrosating reactive 
methylene groups (1, 2), Alkyl nitrites are toxic 
and unstable, the lower members are gases, and 
the higher ones leave an alcohol in the product. 
The solubility of lithium nitrite in dimethyl- 
formamide makes it the reagent of choice for 
converting alkyl halides to nitro compounds (3). 
We find that its solubility in alcohols can be 
exploited similarly to generate in situ the alkyl 
nitrites required for nitrosations. Lithium nitrite 
is ridiculously expensive but it is easily obtained 
from barium nitrite and lithium sulfate. The 
examples below show that typical nitrosations, 
usually carried out with an alkyl nitrite and HC1, 
are conveniently done with alcoholic solutions of 
lithium nitrite and molar amounts of HC1. 

2-Butanone and 3-pentanone were nitrosated 
in this way. We also attempted to nitrosate 
n-butyraldehyde because aldehydes, in contrast to 
ketones, do not appear to have been nitrosated 
directly (cf. ref. 4). The nature of the product 
suggests an explanation. Whether lithium nitrite 
and ethanolic HCI were used or the latter alone, 
the n.m.r. spectrum of the product showed that 
it was the polymeric aldehyde, presumably n1- or 
p-butyraldehyde (cf. ref. 5). 

Levulinic acid and its ethyl ester give their 
5-chloro-5-oximino derivatives (5%) with nitrosyl 

0x0-pentanoate (60x1, the structure of which 
was confirmed by its conversion t o  2,4-dimethyl- 
3-carbethoxy-5-carbethoxymethylpyrrole. 

We were particularly interested in the pyrroles 
1 and 2 obtained by nitrosating diethyl 3-oxoglu- 
tarate and diethyl P-ketoadipate, respectively, 
then reducing the crude products and benzyl 
acetoacetate with zinc dust and acetic acid 
(Knorr synthesis) (9). When lithium nitrite was 
used instead of amyl nitrite, the yields of 1 were 
somewhat lower but those of 2 were higher. The 
use of sodium nitrite and acetic acid resulted, 
as expected, in definitely lower yields, 25 and 
46%, respectively. We took this occasion to con- 
firm our suspicion that the ritual addition of 
ammonium acetate has no effect on  these Knorr 
syntheses. 

Experimental 
Litl~iio?~ Nitrite (10, 11)  

A solution of lithium nitrite, free of barium and s ~ ~ l f a t e  
ions, was obtained by mixing equivalent amounts of 
saturated aqueous barium nitrite (City Chemical Corp.) 
and lithium sulfate. After removing the barium sulfate 
(centrifuge), the solution was evaporated (rotary), and 
the residue was dried over KOH (20°, 0.2 mm). Titration 

chloride (6) but the 3- and 5-oximino derivatives with permanganate (12) revealed the nitrite content and 

are obtained indirectly by nitrosating acetyl- thus the degree of hydration (Li NO,.ca. 1H2O). The 
solubilities of  the monohydrate and of the anhydrous salt 

succinic acid (40%) (7) and P-ketOadi~ic  acid (8), in absolute ethanol are  about 0.6 and 0.4 mol per 100 m], 
respectively. The lithium nitrite method con- resDectively: both are more i n  methanol. - .  
verted ethyl levulinate into ethyl 3-oximino-4- rg,yo;i-o ,yir,7in oarrone 

Lithium nitrite monohydrate (7.2 g, 0.1 mol) in 15 ml 
'Issued as NRCC No. 13863. of  ethanol and HCl (4 g, 1.1 mol) in 10 rnl of ethanol 
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CHEN AND MAcDONALD : NITRl 3SATION WITH LITHIUM NITRITE 1761 

were added in alternate portions to 2-butanone (7.2 g, 
0.1 mol), stirring at 15-20". The solution was then stirred 
I h longer, ethanol was removed (rotary), and the residue 
was sublimed (65", 12 mm) as colorless crystals, 65% 
(lit. (1) 50-74% using alkyl nitrites), m.p. 75-76" (lit. (13) 
m.p. 76.5"). 

2-Oximiilo-3-0x0-penfane 
3-Pentanone (0.1 mol) was nitrosated as above but at 

30-35" and with methanol (2 x 10ml) as the solvent. 
The residue left after removing the methanol was shaken 
with ether and water. The dried (MgSO,) ether layer was 
concentrated and the crystalline product was filtered off. 
Yield 55% ((lit. (1) 30-70% usingamyl nitrite), m.p. 60-61" 
(lit. (4) m.p. 59-62", (14) m.p. 69-72"). 

Ethyl 3-Osin~ino-4-0x0-pen farloate 
Solutions of lithium nitrite (0.05 mol) and of HCI 

(0.055 mol) in ethanol were gradually added to ethyl 
levulinate (0.05 mol) at 25-35'. The temperature was then 
allowed to rise while stirring continued until the KI-starch 
test was negative. The ethanol was removed (rotary, 3S0), 
the residue was shaken with ether and water, and the 
dried (Na2S04) ether layer was evaporated. The solution 
of the residue in ether-hexane (1  :lo) was filtered through 
a column of activated silica gel, the solvent was removed, 
and the residuedistilled at 1 x lo-, mm. Ethyl levulinate 
(1.4 g, b.p. 63") was followed by the product (5.4 g, 60%, 
b.p. 97"). It was a pale yellow oil which darkened on 
standing; n.m.r. (CDCI,) CH, at 6 2.35, no CH2CH2 at 
1 7  
L.I.  

Anal. Calcd. for C,H, ,NO4: C, 48.55; H,6.40; N,8.09. 
Found: C, 48.52; H, 6.55; N, 8.03. 

2,4- D i ~ n r t l 1 y l - 3 - c a r b e , / l o x y - S - c a r b e ~ r r o l e  
(a) A Knorr synthesis (cf. below) was carried O L I ~  with 

ethyl-3-oximino-4-0x0-pentanoate (1.73 g), ethyl aceto- 
acetate (1.43 g), acetic acid ( I0  ml), and zinc dust (2.5 g) 
at 65". The crude product was recrystallized as colorless 
needles (43%), m.p. 86-87", Ehrlich's reaction positive. 

Anal. Calcd. for C, ,HI9NO4:  C, 61.64; H, 7.56; N, 
5.53. Found: C, 61.47; H, 7.66; N, 5.68. 

(b)  (By reductive alkylation (cf. IS).) 2,4-Dimethyl-3- 
carbethoxypyrrole (1 g) was dissolved in a stirred solution 
made up from acetic anhydride (5 ml), hydriodic acid 
(66%, 5 ml), and hypophosphorous acid (50%, 1.5 ml). 
Glyoxylic acid ( I  g) was then added in portions at 20", 
after which stirringwascontinued for 1 h. Thesolution was 
poured into water to precipitate 2,4-dimethyl-3-car- 
bethoxy-5-carboxymethylpyrrole (60%). m.p. 157-159" 
(lit. (16) m.p. 152-153"). This was left overnight in 10% 
ethanolic HCI at 20". The ethanol was evaporated and the 
residue was stirred with water, separated, dried, and 
recrystallized from hexane (thimble) The product formed 
colorless needles (7973, m.p. 86-87". 

The products of a and b had identical n.m.r. spectra and 
the mixture m.p. was unchanged. 

Berlzyl2-Me/hyl-4-carberl~oxyn1e/I1yI-S- 
carbefl~oxypyrrole-3-carboxylate ( I )  

Diethyl p-ketoglutarate (202 g, 1 mol) (17) was stirred 
and cooled in an ice bath while solutions of lithium nitrite 
(71 g, l mol) in 200 ml of ethanol and HCI (40 g) in 
100 ml of ethanol were dropped in at a rate which main- 

tained the temperature at 20'. The reaction was completed 
(KI-starch test) by stirring for a further 2 h a t  20". 

Acetic acid (1 I) and benzyl acetoacetate (200 g) were 
stirred in a bath of ice water while the above solution and 
zinc dust (250 g) were added at a rate which kept the 
temperature at 65'. The bath was then removed and more 
zinc was added until there was no further temperature 
rise. The mixture was then maintained 2 h a t  95' and the 
supernatant was added to 5 1 of ice water, the zinc being 
washed with hot acetic acid. When the oil solidified it was 
separated and recrystallized from 300 ml of ethanol. 
Yield 49-51%, m.p. 1 19-12O0, remelt 125" (lit. (9) 55%, 
m.p. 120-125"). 

Ber1zyl2-Me/hyl-4-(2-carbe/l1oxyethyl)-S- 
carbefl1o,rypyrrole-3-car.boxylafe (2) 

As in the preceding preparation, diethyl a-ketoadipate 
(0.7 mol) (obtained by method ii in ref. 18) was nitrosated 
with lithium nitrite (0.7 mol) in 105 ml of ethanol and 
HCI (0.77 mol) in 70 ml of ethanol. This product was 
converted into the pyrrole using 700 ml of acetic acid, 
140g of benzyl acetoacetate, 150 g of zinc dust, and 3.5 I of 
ice water. The pyrrole was separated, dried, and recrystal- 
lized from 1 . 1  1 of ethanol. Yield 75%) m.p. 143-146" 
(lit. (9) 682 ,  m.p. 140-142"). Using amyl nitrite and 
adding ammonium acetate we regularly get 60-65%, m.p. 
145-146", in 2.5 M runs. 
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Preparation and Characterization of Nitrogen Bonded Nitrile and Arnide 
Complexes of Pentaamminecobalt(III)-Linkage Isomers of Cyanopyridines 

ROBERT J .  BALAHURA 
The Departtnetzt of Chetriistty, Universify of Guelph, G ~ e l p h ,  Ontario 

Received September 6 ,  1973 

The preparation, characterization, and properties of pentaamminecobalt(II1) com- 
plexes with 1,2-dicyanobenzene, 1,3-dicyanobenzene, 1,4-dicyanobenzene; 3- and 4-cyano- 
benzaldehyde; 4-acetylbenzonitrile; and 2-, 3-, and 4-cyanopyridine are described. The 
ligands are all bonded to cobalt via the nitrile nitrogen and undergo facile hydrolysis 
to the corresponding carboxamides according to the equation: 

(NH,,),CoN=C-R'" + OH- + (NH:I),C~NHCOR'+ 

Production of a carboxamido complex provides a chemical proof for bonding via the 
nitrile nitrogen. For the ambidentate cyanopyridines this has been used to assign nitrile 
bonding. For the 4-cyanopyridine ligand the linkage isomer bonded through the pyridine 
nitrogen has also been prepared and characterized. 

On dCcrit la preparation, la caractirisation et les propriCtCs des complexes du pen- 
taaminocobalt(1II) avec le dicyano-1,2 benzkne, le dicyano-1,3 benzkne, le dicyano-1,4 
benzkne, les cyano-3 et -4 benzaldihydes, l'acityl-4 benzonitrile e t  les cyano-2, -3 e t  -4 
pyridines. Tous les ligands sont attaches au cobalt par l'intermidiaire de I'azote du 
groupe nitrile et chacun subit facilement l'hydrolyse pour fournir la carboxamide cor- 
respondante d'aprks l'tquation: 

(NH:,),CoN =C-EL+ + OH- + (NH:I):C~NHCORz+ 

La formation des complexes carboxamido fournit une preuve chimique que la liaison 
se fait par l'intermidiaire de l'azote du groupe nitrile. Dans le cas des cyanopyridines 
ambidentates cette propriiti a CtC utilisCe pour determiner le fait que la liaison se fait 
par le groupe nitrile. [Traduit par le journal] 

Can. 1. Chem.. 52, 1762(1974) 

Introduction Our studies on nitrile complexes were initiated 

Previous studies involving transition-metal in order to investigate their oxidation-reduction 

complexes of organic nitriles have primarily been properties (I4) .  However, during the purification 

concerned with establishing the nature of the procedure it was found that the nitrile coordinated 

nitrile-metal bond (1-6). Clarke and Ford (7) cOm~lexes  were easily (I5) in 

have prepared a series of rutheniLlm(II) and basic solution to form a new class of carbox- 

ruthenium(II1) complexes with organic nitriles as amido compounds. We now wish to  report the 

possible models for molecular nitrogen characterization and properties of these nitrile 

pounds. These authors (X), as well as many others and carboxamid' 

(9-1 3), have also investigated various metal com- In addition, the hydrolysis reaction referred to 

plexes containing cyanopyridines. Since a cyano- above provides an unambiguous means 

pyridine is an ambidentate ligand the latter work of distinguishing between the linkage isomers of 

was primarily concerned with establishing un- the 'yanopyridine 

ambiguously the coordinating atom. Such as- Experimental 
signments have relied predominantly on infrared 

Reagents 
evidence of the com~lexed Organic nitriles were purchased from the Aldrich 
and uncomplexed ligand stretching frequencies. Chemical Co. and were used without further purification. 
However, the shifts observed depend upon in- Nitrosyl tetrafluoroborate was obtained from the Re- 

ductive, resonance, and steric effects (9) as well search Inorganic Organic Chemical Corporation. Rexyn 
102(H) cation exchange resin was obtained from Fisher as 'POn the particular and its Oxidation Scientific and the Sephadex resins from Pharnlacia 

state (7, 8). Therefore, the as to the Chemicals, Montreal. Elemental analyses were performed 
isomer involved can sometimes be ambiguous. by M-H-W Laboratories, Garden City, Michigan. 
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BALAHURA: ON PENTAAMMINECOBALT(II1) COMPLEXES 1763 

Syt~theses 
AzidopentaamminecobaIt(III) chloride was prepared by 

a modification of the method of Linhard and Flygare (16). 
The perchloratesalt was obtained by adding a slight excess 
of a saturated solution of silver perchlorate to a slurry of 
the chloride salt, filtering off the precipitated silver chlo- 
ride, then adding sodium perchlorate to the filtrate and 
cooling to  0 OC. 

I. S~rbstitrrted Bet~zotlitriles 
[(NH,) 5Co(J,3-dicyat~obenzet~e)](CI04) 
Four grams of nitrosyl tetrafluoroborate was added to 

75 ml of triethylphosphate (TEP) containing 4A molecu- 
lar sieves and the solution was allowed to stir for 1 h. 
Traces of water in the TEP will cause the initially colorless 
solution to turn light blue to gieen (depending on the 
amount of water present) due to reaction with the nitrosyl 
tetrafluoroborate. To  this solution 8.0 g of [Co(NH,),N,]- 
(CIO,), was added slowly with stirring over a period of 
20 min. The solution was stirred for a further 2 h and then 
20 g of 1,3-dicyanobenzene was added. The resulting solu- 
tion was heated on a steam bath for 2 h. The solution was 
filtered while hot, allowed to  cool and filtered again to 
remove any ~~nreacted  ligand. The filtrate was then added 
to a stirred solution of 500 ml of 2-butanol and 500 ml of 
diethyl ether. The resulting precipitate was filtered and 
recrystallized by dissolving in warm water to which a few 
drops of concentrated HCI had been added, filtering, and 
adding concentrated HCIO,. The addition of HClO4 pre- 
cipitated a yellow product composed primarily of the 
desired nitrile. Addition of solid NaCIO, to the filtrate 
from above resulted in a second fraction (orange) con- 
taining at least three different complexes. Recrystallization 
of the first fraction from dilute HCIO, yielded the pure 
nitrile. 

Anal. Calcd. for [CO(NH~)~(C,H,N,)](CIO~)~: C, 
16.8; H, 3.33; N, 17.2. Found: C, 17.0; H, 3.58; N, 17.7. 

The second fraction was subjected to cation exchange 
chromatography on Rexyn 102(H) in the sodium ion 
form. Elution was carried out with increasing concentra- 
tion of sodium chloride up to 1.0 M. Three bands were 
obtained: an orange band that moved down the colunln 
with thecharacteristics of a 2+ ion, a yellow band charac- 
teristic of a 3 + , and  a higher charged orangespecies which 
did not move down the column. These bands were separ- 
ated physically and the complexes recovered as described 
previously (17). On the weakly acid column the yellow 
nitrilecomplex band is slowly depleted to form the orange 
band of the 2 +  ion. This particular compound was found 
to be the pentaamminecobalt(II1) complex of the conju- 
gate base of 3-carboxamidobenzonitrile. It was recrystal- 
lized from dilute NaC10, solution a t  a p H  of 7.0. 

Anal. Calcd. for [CO(NH,)~(NHCOC~H~CN)](CIO~)Z:  
C,  19.7; H,4.10;N,20.1.Found: C,19.6;H,3.97;N, 19.8. 

[(NH,), Co( 1,4-dicyat1obet1zet1e)](C/O~) 
This complex was prepared and purified as described 

earlier (14), as well as being prepared by the same proce- 
dure as described for the 1,3-dicyanobenzene compound. 
Since difficulty had been encountered in obtaining a pure 
sample of the nitrile complex by purification on the weak- 
ly acidic resin, Rexyn 102(H), in the sodium ion form, the 
complex was chromatographed on a SP-Sephadex C-25 
cation exchange resin. The latter resin is strongly acidic 
and prevents hydrolysis of the nitrile on the colunln. 

Elution wascarried out with aqueous NaCl starting with a 
0.05 M solution and gradually increasing the  concentra- 
tion to  0.2 M. This gave a partial separation of orange and 
yellow fractions with apparent 3+ charges. These two 
bands were well separated from a yellow band ofa higher 
charged species. The bands were separated physically and 
the overlap portion of the two 3 + bands discarded. The 
complexes were then rsmoved from tha resin using a 
solution 2.0 M in NaCl and 0.1 M in HCI. The yellow 
(3+)  coniplex was precipitated from solution by the addi- 
tion of concentrated HCIO, and recrystallized from dilute 
HCIO,. This fraction yielded the desired nitrile complex. 

Anal. Calcd. for [CO(NH~)~(NCC,H.CN)](CIO,),: C, 
16.8; H, 3.33; N, 17.2. Found:  C, 16.9; H, 3.87; N, 17.9. 

The orange (3+)  complex was also isolated as above 
but was recrystallized from dilute NaCIO, a t  pH7.0. This 
gave the conjugate base of the carboxan~ido complex. 
Apparently, the latter complex is protonated while on the 
resin and thus behaves as a 3 + ion. 

Anal. Calcd. for [CO(NH,)~(NHCOC,H,CN)]~C!O,),: 
C, 19.7; H,4.lO; N,20.l .Found: C, 19.6; H,3.95;N,19.9. 

[(NH,) 5Co(l,2-dicyanobet~zene) j(CI0,) 
This compound was prepared using thesame procedure 

as outlined for the I ,3-dicyanobenzene complex. Selective 
recrystallization with NaCI0,--HCIO, gave two fractions, 
a first yellow fraction of the nitrile and a second orange- 
yellow fraction containing a t  least three other components. 
The first fraction was recrystallized twice from d i l ~ ~ t e  per- 
chloric acid and gave the required nitrile. 

Anal. Calcd. for [CO(NH~)~(NCC,H,CN)](C~~~)~: C, 
16.8; H ,  3.33; N, 17.2. Found:  C, 16.3; H,3 .78;N,  17.0. 

Cation exchange chromatography did not yieldany car- 
boxamido complex as in the previous cases and  the prod- 
ucts in the second fraction were not fully characterized. 

[(NH,) 5Co(4-cyot~obenzoldet~yde) .~(CIO4) 3 

Five grams of NOBF, were added to 50 ml of TEP 
containing4A molecular sieves. The solution was allowed 
to stir for 0.5 h. Eight grams of [(NH3)5CoN3](CIOJ)~ 
was added slowly and the m i x t ~ ~ r e  allowed to  stir for 2 h. 
At this point 15 g of 4-cyanobenzaldehyde was added and 
the s o l ~ ~ t i o n  heated to 60-70 "C for 1.5 h. The  solution 
was then cooled, filtered, and added to 1000 ml of a 1 : 1 
mixture of 2-butanol and diethyl ether. The resulting pre- 
cipitate was filtered and washed with 95% ethanol, ether, 
and air  dried. The crude complex was recrystallized once 
by dissolving it in warm water acidified with HCI, fil- 
tering, and adding concentrated perchloric acid to effect 
precipitation. This complex was then subjected to cation 
exchange chromatography on both Rexyn 102(H) in tlre 
sodium ion form and on SP-Sephadex C-25. O n  Rexyn,a 
separation into two bands was observed; the faster moving 
band was orange in color and was eluted as a 2 + ion and 
was followed by a slower moving (3+) yellow band. On 
Sephadex, similar behavior was observed as for the 1,4- 
dicyanobenzene complex. A third band (< 5%) was ob- 
tained on Rexyn which did not move down the column. 
No attempt was made to isolate the band. The 2+ and 3+ 
bands were separated as before and the 3 + recrystallized 
from dilute HCIO,. 

Anal. Calcd. for [ C O ( N H ~ ) ~ ( N C C ~ H ~ C H O ) ] ( C I O ~ ) ~ :  
C, 16.7; H ,  3.49; N, 14.7. Found: C, 16.8; H, 3.50; N, 
14.5. 

The 2+ band was recrystallized from dilute NaC10, at 
pH 7.0. However, continued recrystallization and ele- 
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mental analyses showed that the solid obtained was a mix- 
ture of [CO(NH~)~(NH~COC~H,CHO)I (C~O, )~  and 
[Co(NHs)5(NHCOC,H4CHo)](C10,)2 (I 5). 

Recrystallization from a neutral solution containing 
NaI gave a satisfactory analysis for the iodide salt of the 
conjugate base. 

Anal. Calcd. for [CO(NH~)~(NHCOC,H,CHO)]I~. 
H 2 0 :  C, 17.0; H, 3.73; N, 14.9. Found: C, 16.9; H, 3.84; 
N, 14.9. 

[Co (NH3) (3-c)~attobenzaldellyde) ] (C/O4) 
This complex was prepared and purified exactly as the 

4-cyanobenzaldehyde compound, except that the reaction 
time was 2.5 h at  65-70 "C. The yellow nitrile band was 
recrystallized from dilute perchloric acid. 

Anal. Calcd. for [CO(NH~)~(NCC~H,CHO)](CIO,)~: 
C, 16.7; H, 3.49; N, 14.7. Found: C, 16.7; H, 3.56; N, 
14.5. 

The orange 2+  band was isolated as the perchlorate 
salt and was shown to precipitate as a mixture of acid and 
base forms of the carboxamido complex. The iodide salt 
gave a satisfactory analysis (15). 

ICo(NH3) (4-acefylbet1zonifrile)](CIO,)~ 
The 4-acetylbenzonitrile complex was prepared using 

the same procedure as described above except that the re- 
action mixture was heated on a steam bath for 1.5 h. Re- 
crystallization from dilute HCIO, yielded two fractions; 
the less soluble yellow fraction contained the desired 
nitrile complex and the remaining fraction contained a 
mixture of complexes. The first fraction was recrystallized 
twice from dilute HCIO,. 

Anal. Calcd. for [Co(NH3),(NCC6H,COCH3)]- 
(C104)3: C, 18.4; H, 3.75; N, 14.3. Found: C, 18.7; H, 
3.85; N, 14.2. 

Chromatography of the second fraction gave more 
nitrile complex and the corresponding carboxamido com- 
plex. The latter complex was converted to the iodide salt 
as before. 

Anal. Calcd. for [Co(NH3),(NHCOC,H,COCH3)]I;: 
C, 19.3;H,4.11;N,15.0.Found: C,19.1;H,4.06;N,14.7. 

II .  Cyanopyridines 
4-Cyatzopyridit~e 
The initial part of the preparation was as  described 

previously in I. The crude product was recrystallized from 
water acidified with a few drops of concentrated HCI by 
adding solid NaC10,. The first addition of NaCIO, pre- 
cipitates a yellow solid sparingly soluble in perchlorate 
media. This fraction was filtered and recrystallized twice 
from dilute NaC10, and finally subjected to cation ex- 
change chromatography on the weakly acidic resin CM- 
Sephadex C-25-120. Elution with 0.2 M NaCl gave a 
separation into two components: an orange band which 
eluted with the characteristics of a 2+ ion and a yellow 
band which moved as a 3 + ion. The complexes were iso- 
lated as described in Section I. The yellow 3+  ion was 
recrystallized from H 2 0  by addition of solid NaCIO,. 
This fraction was the required nitrilecoordinated complex 
(referred to as complex 1 in the following sections). 

Anal. Calcd. for [CO(NH~),(C~H,N~)](CIO~)~:  C, 
13.2; H, 3.48; N, 17.9. Found: C, 13.1; H, 3.60; N, 17.7. 

The 2+ ion was recrystallized from NaCI0,-HCIO, 
and was shown to be the carboxamido complex 

[ ( N H , ) , C O N H C ( O ) ~ H I ( C ~ ~ ? ] .  O n  the column 

this complex was deproronated and eluted as  a 2+ ion. 

Anal. Calcd. for [ C O ( N H ~ ) ~ ( C ~ H ~ N , O ) ] ( C ~ ~ , ) ~ :  C, 
12.8; H, 3.72; N, 17.4. Found: C, 12.6; H,3.64; N,17.1. 

After proceeding with the first fraction as outlined 
above, more solid NaCIO, was added to the filtrate until 
an orange precipitate was obtained. This fraction was 
subjected to cation exchange chromatography on Rexyn 
102(H) in the sodium ion form. Elution with NaCl in- 
creasing in concentration from 0.1 to 0.6 M separated 
three bands. The first band moved down the column as a 
2+  ion and was shown to be the carboxamido complex 
isolated above. The second band eluted with the charac- 
teristics of a 3+  ion and separated from more highly 
charged species which remained at the top of the column. 
This complex was the pyridine bonded isomer and will be 
referred to as complex 2. 

Anal. Calcd. for [CO(NH~)~(C~H~N~)](CIO~)~.H~O: 
C, 12.8; H, 3.72; N, 17.4. Found: C, 12.6; H, 3.91; N, 
17.4. 

No attempt was made to isolate the higher charged 
species which could have been the 6+ dimer expected if 
both nitrile and pyridine nitrogens were coordinated to  
(NY3)5C03+. 

If the reaction mixture was heated to 65 "C for 15 min 
approximately 50% more of complex 1 was isolated. At  
best, the preparation described yields approximately 500 
mg of complex 1, 2 g of complex 2, and 4 g of carbox- 
amido complex. 

3-Cyanopj~ridifre 
The same initial procedure was carried out here as for 

4-cyanopyridine. Initial recrystallization yielded two 
main fractions. The first yellow fraction was further re- 
crystallized by dissolving the complex in dilute HCI and 
precipitating the compound with concentrated HCIO,. 
This procedure was repeated twice to yield the desired 
nitrile complex. 

Anal. Calcd. for [ C O ( N H ~ ) , ( C ~ H ~ N ~ ) ] ( C I O ~ ) ~ :  C, 
13.2; H, 3.48; N, 17.9. Found: C, 12.9; H ,  3.51; N, 17.7. 

In a second preparation this fraction was chromato- 
graphed on SP-Sephadex C-25 resin and a n  identical prod- 
uct obtained. 

Found: C, 13.4; H, 3.72; N, 17.6. 
The second fraction was submitted to cation exchange 

chromatography on Rexyn 102(H) as described for the 
4-cyanopyridine complexes. This yielded the correspond- 
ing carboxamido complex. 

Anal. Calcd. for [CO(NH,),(C~H~N,O)](CIO~)~~H~O: 
C, 12.4; H, 3.61; N, 16.9. Found: C, 12.0; H, 3.60; N, 
16.4. 

A small amount of yellow nitrile complex was also 
isolated which was identical to the recrystallized fraction 
collected earlier. 

2- Cyanop yr idine 
The same procedure was used here as for the 4- 

cyanopyridine complex. The first yellow fraction was re- 
crystallized twice from dilute HClO, to yield the required 
nitrile. 

Anal. Calcd. for [CO(NH~)~(C~H~H,)](CIO~)~~H~O: 
C, 12.8; H, 3.72; N, 17.4. Found: C, 12.8; H, 3.34; N, 
17.3. 

Repeated attempts t o  chromatograph this material pro- 
duced only carboxamido complex due t o  hydrolysis of 
the nitrile on the ion exchange resin. 

The second orange fraction was submitted to cation ex- 
change chromatography on Rexyn 102(H) in the sodium 
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BALAHURA: ON PENTAAMMINECOBALT(II1) COMPLEXES 1765 

ion form. This procedure allowed isolation of the car- available: the coordinated nitrogen and the re- 
boxamido complex. mote pyridine nitrogen. Evidence to be presented 

Anal. Calcd. for [ C O ( N H ~ ) ~ ( C ~ H ~ N ~ O ) ] ( C I O ~ ) ~ :  C, 
12.8; H, 3.72; N, 17.4. Found: C, 12,7; H, 3.76; N, 17.4. in the following sections indicates protonation 

at the latter site. 
Plzysical Measur.etnents 

Electronic spectra were recorded with a Beckman Acta Infrared Spectra 
CIII spectrophotometer. The infrared spectra were ob- ~ h ,  CFN stretching frequency can provide a 
tained with a Beckman IR12. 

Proton magnetic resonance spectra were recorded with good indication of the mode of coordination to 
a Varian A-60A spectrometer. the metal. Table 1 gives the v(C_N) for the 

Potentiometric titrations were carried out using a complexes and the ligands. For the aromatic 
Radiometer model 26 p H  meter. nitrile complexes an increase (18) in v ( C r N )  of 

Results 55-70 cm-'  is observed with respect to  the free 
ligand. For the disubstituted nitriles two bands 

Rexyn 102(H) and CM-Sephadex C-25 are were observed for the complexes. One band may 
weakly acidic cation exchange resins and in the be attributed to the coordinated nitrile and the 
sodium ion form exist at a PH of approximate other to the free nitrile. The free nitrile stretching 
7-8. Chromatography on these resins gave two frequency was very close to that observed in the 
well separated complexes: an orange complex uncomplexed ligand and was assigned on this 
with characteristics of a 2 +  ion and a yellow basis. The carbonyl stretching frequencies due to 
complex which moved down the column as a 3+ the remote substituents in 3- and 4-cyanobenzal- 
ion. Furthermore, if the separation procedure dehyde and 4-acetylbenzonitrile appear at 1684, 
was prolonged, the 3+ ion was depleted and 1700(doublet); 1686, 1700(sh); and 1676 cm- ' 
produced the 2+ ion. Chromatography of this respectively. 
mixture of complexes on the strongly acidic resin, For the corresponding carboxamido corn- 
SP-Se~hadex C-25, produced only a partial seP- plexes no coordinated nitrile band was observed 
aration of the orange and yellow bands noted in the infrared spectrum as expected. Fo r  the 3- 
above and also indicated that the two bands and 4-cyanobenzene carboxamido complexes, 
C O L I ~ ~  be associated with 3 + ions. These observa- (NH,),C~NHCOC,H,CN~+, a nitrile band was 
tions indicated that the yellow 3 + band is consis- observed at 2236 and 2234 cm-I respectively and 
tent with the characteristics of the expected ni- assigned to the remote cyan0 grOLlp. This fact 

complex 1 and that the 2+ orange band confirms that only the coordinated nitrile group 
(3+ on SP-Sephadex) is consistent with its for- has been hydrolyzed. Also, in the case of the 4- 
mulation as the conjugate base of the correspond- acety], 3- and 4-formylbenzene carboxamido 
ing coordinated carboxamid0 complex 2 (vide complexes, no nitrile stretching frequency was 
infra). Furthermore, the nitrile complex 1 reacts 
under Or basic TABLE 1. Stretching frequencies for nitrile complexes of 

R R (NH3)5C03+ 
1 3+ 7 2+ O\ C - 3 - 

C C H\ I / H 
Ill 

v(C=N), cm-'  
/ \ N 

N N H3N\ 1 /NH3 Ligand Complex Free ligand 
H,N\ I /NH3 H3N\ I /NH3 CO\ -- 

Co 
/ \ FO\ ~ 3 ~ / i ~ ~  NH3 1,2-Dicyanobenrene 2290(s) 2235(m) 

H3N 1 NH3 H3N I NH3 
NH3 NH3 2240(m)b 

3 
1,3-Dicyanobenzene 

2 
2295(s) 2235(m) 

1 2245(m)h 
1,4-Dicyanobenzene 2295(s) 2230(ni) 

yield complex2. The observations on SP-Sephadex 2235(m)b 
also indicate that complex 2 can be protonated 4-Cyanobenzaldehyde 2290(s) 2220(n1) 
to form the acidic complex 3. The charges on the ~~~'~$'~'~~'!!~~~ 2295(s) 2230(m) 

2290(s) 2230(m) 
complexes have been determined by comparison 2-cyanopyridine 2295(m) 2240(m) 
with the elution properties of complexes of 3-Cpanopyridine 2310(m) 2230(w) 
known charge and are consistent with the micro- 4-Cyanopyridine 1 2305(m) 2235(w) 

analytical data. It should be pointed out that for 2 2250(w) 

the carboxamido complexes derived from the 'Spectra were obtained using Nuiol mulls. 
*This is assigned to  the uncoordinated C k N  from comparison to 

cyanopyridines two sites for protonation are the free ligand. 
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TABLE 2. Wavelengths and extinction coefficients of maxima in the visible 
spectra of (NH3),Co3+ nitrile complexesa 
-- -- -- - 

Ligand Wavelength, nm (extinction coefficient, M-'  cm-') 

469(79); 330 (82) 
466(66); -328 (shoulder) 
466(75); 330 (74) 
469(79); 329 (87) 
472(78); -340 (shoulder) 
472(76); -330 (shoulder) 
468(79) 
471 (73); -335 (shoulder) 
472(66); -340 (shoulder) 
469(66) 

nAll spectra in  aqueous solution. 
bSee ref. 17. 
<See ref. 14. 
dWang and Could (29) 

complex of (NH,),Co'+. 
report 

observed. For these particular compounds the 
carbonyl stretching frequencies of the remote 
group were observed at 1685, 1700, and 1690 
cm-' respectively. The v(C=O) for the car- 
boxamido carbonyl (adjacent to the cobalt) oc- 
curred at about 1600 cm-' and was obscured by 
the NH, bending modes of the ammine ligands. 

Substantial increases in  v(C_N) were ob- 
served for coordinated 2- and 3-cyanopyridine 
and for complex 1 with 4-cyanopyridine indi- 
cating that the ligands are bonded through the 
nitrile nitrogen. Complex 2 with 4-cyanopyridine 
shows only a small increase in v(C=N) and its 
bonding atom cannot be assigned. 

The pyridine bands in the 1400-1600 cm- ' re- 
gion due to symmetric and anti-symmetric in- 
plane ring deformations of the C-C and C-N 
stretching vibrations are also expected to be 
sensitive to the bonding atom. Coordination 
th ro~~gh the pyridine nitrogen causes these bands 
to shift to higher energy whereas coordination 
through the nitrile group should not affect the 
bands. In this region of the spectrum complex 2 
had bands at 1624, 1550, 1505, and 1426 cm- 
whereas for complex 1 only three bands could be 
definitely observed at 1600, 1550, and 1417 cm-I. 
Comparison to the free ligand bands which occur 
at 159 1, 1545, 1495, and 1415 cm-' implies that 
complex 2 is coordinated through the pyridine 
nitrogen while complex 1 is nitrile bonded. In 
view of the small shifts involved further evidence 
is required to differentiate between the isomers. 

Electronic Spectra 
The wavelengths and extinction coefficients 

for the peak maxima of the nitriles in the visible 

') for a 

region are summarized i n  Table 2. The maxima 
for the ' A , ,  -. ' T I ,  band all lie a t  wavelengths 
less than that observed for Co(NH,),,+ as ex- 
pected for coordinated nitrile ligands. The spectra 
of the substituted benzonitrile complexes are 
identical i n  both H,O and 1 M HCIO,. However, 
the spectral changes upon addition of base in- 
dicate the "fast"' formation of a new complex. 
Figure 1 shows the visible region of the spectrum 
of the 1,3-dicyanobenzene complex of Co- 
(NH3),3+ and also the spectrum obtained upon 
addition of base. The change from neutral to 
basic medium produced a completely new spec- 
trum shifting the low energy band from 466 nin 

Fro. ].Visible spectrum of [(NH,)~CONCQ](CIO~), 

'CN 
in H,O (L); in base, pH 9 (---); and spectrum produced 
by addition of acid to the basic solution to pH I (...). 
[Co(III)] = 1.97 x 1 0-3, 5 cm cells. 

'The formation of the complex can be followed with a 
stopped-flow spectrometer. 
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BALAHURA: ON PENTAAMMINECOBALT(II1) COMPLEXES 

to 483 nm and the ' A , ,  + IT,, band from 330 nm 
to 345 nm. Figure 1 also shows the spectrum ob- 
tained by making this basic solution acidic 
(-pH 1). If this acidic solution was then in turn 
made basic, the previous spectrum was regen- 
erated indicating a reversible reaction. These ob- 
servations can be explained in terms of the re- 
actions summarized below: 

( N H ~ ) ~ C O N = C  + OH- + 

[II 
C=N 

H 0 

( N H , ) F o ? - ! q  .+ 

C--N 0 

~ E N ~ +  

0 5! 

I 
0 31 

r 
(NH3I5 CON-C o 1, 

0L  _A 

H 300 350 400 450 5<0- 5 5 0  605  

WARLENGTH (nm) 

The carboxamido complexes, isolated chroma- FIG. 2, spectrum of 
tographically had identical spectra to those ob- 
tained from hydrolysis of the nitrile complexes as ( A )  (NH,)~CON=C 
described above. The visible spectral data for the 
carboxamido complexes are summarized in Table (B) (NH 
3. 

The cyanopyridine complexes show similar 
behavior to that above. However, small changes 
in the extinction coefficients ( < I T )  were ob- 
served for identical samples recorded at p H  7 and 
p H  1. The pK,'s for 2-, 3-, and 4-cyanopyridine 
are -0.26, 1.35, and 1.90 respectively (19). For 
the complexes the pK,,'s might be expected to be 
about 1-1.5 pK, units less2 than those for the free 
ligands. Therefore, a small amount of the pro- 
tonated 4+ complex could be responsible for the 
observed changes in E. 

Figure 2a, b, c shows the visible spectra of the 
nitrile-bonded cyanopyridine complexes in H 2 0  
and in basic solution (pH 10). The spectra in 
basic solution are identical to the spectra of the 
carboxamido complexes obtained by cation ex- 
change chromatography of the crude products. 

ZpKa's were enhanced by approximately 1-1.5 units for 
cyanophenol complexes of (NH3),Co3+ and similar 
changes might be expected for the cyanopyridines. See 
ref. 15. 

- and dilute base ---, respectively. 

The change in the spectra is due to hydrolysis 
of the coordinated nitrile in analogy with the sub- 
stituted benzonitrile complexes. This hydrolysis 
provides the best evidence for assigning nitrile 
bonded structures to the 2- and 3-cyanopyridine 
complexes as well as complex 1 with 4-cyano- 
pyridine. 

Complex 2 with 4-cyanopyridine has two 
clearly defined peak maxima at 474 and 335 nm 
with extinction coefficients of 63 and 66 M-' 
cm-' respectively. Addition of base to an aque- 
ous solution of this complex does not produce an 
instantaneous change a s  described above. Thus 
we assign the pyridine bonded structure to coni- 
plex 2 with 4-cyanopyridine. However, addition 
of base to the pyridine bonded isomer does cause 
a slow reaction to occur over a period of  20 min. 
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TABLE 3. Wavelengths and extinction coefficients of maxima in the visible spectra of  
car boxamido complexes of (NH3)5C03 + a 

Complex Wavelength, nm (extinction coefficient, M-'  crn-') 

H 0 
2+ 

487(79); -340 (shoulder) 

c=o 
I 
H 

'All spectra run in H,O. 
0.1 M HCIO,. The peak a t  approximately 345 nm is complelely masked by a charge transfer band. 

For the first 15 min good isosbestic points are respectively. This could possibly be the pyridine 
obtained and the spectrum produced has A,,, bonded isonicotinic acid complex formed by slow 
(E,,,) at 480 (60) and 337 nm (61 M-'  cm-'). hydrolysis of the free nitrile group. Ion exchange 
Addition of acid at this point produces a spec- of reaction mixt~ires indicated the presence of at 
trum with peak maxima at 476 and 338 nm with least two compIexes and some uncoordinated 
extinction coefficients of 57 and 59 M-' cm-' organic ligand. The following scheme is consis- 
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BALAHURA: ON PENTAAMMINECOBALT(II1) COMPLEXES 

TABLL 4. Equilibrium constants for some carboxamidopentaammine- 
cobalt(I11) complexesa 

- - - - - - - -- -- -- - 

Complex pK, (25 "C) Free amide pK, (20 "C) 

-. 

OpK,'s determined potentiometr~cally at p = 0.01 M according to ref. 30. 
bSee ref. 19, p. 146. 
Cp = 0.02 M. 

tent with the observations: 

H 0 
( N H ~ ) ~ C O N D C - N ~ + *  

[ 31 OH- 
Complex 2 

1 

It should be emphasized that addition of base to 

I complex 1 instantaneously produced a quantita- 

I tive yield of carboxamido complex. 
The visible spectra of the carboxamidopyridino 

I complexes are also p H  sensitive but in this case 
the following equilibrium is postulated 

where protonation is now at the remote pyridine 
N rather than as shown in 2. The equilibrium 
constants were obtained by potentiometric titra- 
tion of the acid form of the complexes with 
standard potassium hydroxide. These results are 
given in Table 4 along with the corresponding 
values for picolinamide, nicotinamide, and iso- 
nicotinamide. Also included in Table 4 are values 
for complexes where protonation occurs at the 
coordinated nitrogen as  opposed to a remote site. 
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TABLE 5. Proton magnetic resonance spectra of (NH3)5Co(nitrile)3+ in (I6-DMSOa 
. .- -- - - 

Chemical shift 

Ligand cis-NH, trnrrs-NH, Others 

2-Cyanopyridine 
3-Cyanopyridine 
4-Cyanopyridine 

complex 1 
coniplex 2 

- 

C6H4 I .90  (center of multiplet) 
C6H4 1.65 (center of multiplet) 
c6H4 1.83 
C6H4 1.77 
C-H -0.17 
C6H4 I .68 (center of niultiplet) 
C-H -0.13 
C6H4 1.78 (center of multiplet) 
CHa 7.37 
C5H4N 1 .65 (center of multiplet) 
C5H4N 1 .36 (center of niultiplet) 

aAll chemical shifts are relative to  the solvent pcak at  T 7.48. 

Although comparison of the equilibrium con- plexes seems to be always much less than for the 
stants obtained for the complexes to those of the corresponding nitrile complexes and this may be 
free amides is not strictly applicable it does sug- useful in the characterization of these complexes. 
gest that protonation occurs at the pyridine 
nitrogen rather than at the coordinated nitrogen. Discussion 

Proto11 Magnetic Resonance Spectra 
The chemical shifts of the various protons of 

the nitrile complexes are shown in  Table 5. These 
serve primarily to confirm the presence of the 
groups derived from the organic ligand. The spec- 
tra are typical of those observed for other nitrile 
bonded complexes (14). 

The spectra of the carboxamido complexes are 
summarized in Table 6. A peak due to the N--H 
proton appears while the remaining ligand peaks 
are little changed from the corresponding nitrile 
n.1n.r. spectra. This indicates that the -N_C- 
linkage has been replaced by the -NHCO- 
grouping. 

For the 4-carboxamido complex the conjugate 

base (NH,),coNHC(O) G N 2 *  gave a rather broad 

peak at 1.30 T and a doublet at 2.23, 2.33 T due 
to the pyridine protons. However, in the acid 
form of the complex the peaks were sliifteci down- 
field and the expected AA'XX' pattcrn was ob- 
tained. This provides more direct evidence for 
protonation occurring at the pyridine nitrogen. 

It should also be noted that the difference be- 
tween the cis- and trans-NH, resonances follows 
the empirical rule proposed earlier (20) for nitro- 
gen bonded complexes. Also, qualitatively, the 
cis-trans difference in the carboxamido com- 

The visible spectra of the nitrile complexes are 
consistent with their formulation as nitrile 
bonded as discussed in the results section. The 
most significant observation is the dramatic - 
change that occurs in  the visible spectrum upon 
addition of base to a solution of a nitrile com- 
plex. The peaks are shifted irreversibly to lower 
wavelengths by as  much as 15 nm. The observa- 
tions are consistent with hydrolysis of the co- 
ordinated nitrile to the coordinated conjugate 
base of the corresponding amide. The reaction 
may be visualized as a nucleophilic attack of 
hydroxide ion on the nitrile carbon as shown 
below: 

(OH 
H 
I 

2+ 

M-N~c-R" 3 M-N, 

Evidently this process is made facile by polariza- 
tion of the NEC bond by the (NH3)5C03C group 
thus making the nitrile carbon quite electro- 
philic and susceptible to attack by nucleopl~iles. 
This reaction appears to be instantaneous when 
taking routine spectra and a stopped-flow study 
of the kinetics of the hydrolysis was undertaken. 
The second order rate constants for hydrolysis a t  
25 "C are approximately 100-300 M-' s-' (21). 
The reaction is analogous to base hydrolysis of 
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BALAHURA: ON PENTAAMMINECOBALT(II1) COMPLEXES 1771 

TABLE 6. Proton magnetic resonance spectra of carboxa~nido complexes of (NH3),Co3+ in d6-DMSO" 
--- -- 

Chemical shift 

Complex cis-N H3 rratis-NH3 Others 

N H  5.19 
C6H4 2.08 (center of rnultiplet) 

NH 5.16 
C H  -0.11 
C6H4 2 .O1 (center of rnuitiplet) 

N-H 5.90 
p4 NH 4.60 
CS H4N 1 .65 (center of rnultiplet) 

N-H 5.88 
pyNH 4.67 
CSH4N 0.83, 1.83 (multiplet) 

N-H 5.11 
CSH4N 1.30,2.23,2.33 

N-H 6.12 
pyNH 4.63 
CSH4N 0.83, 0.93, 1.68, 1.78 

OAll chemical shifts are relative to the solvent peak at  r 7.48. 

the free ligands but can be carried out uncier The fact that the nitrile-coordinated complexes, 
much milder conditions. In fact, a rate enhance- (NH,),C~(nitri le)~+, readily undergo hydrolysis 
ment of about lo6 to 10" is observed with re- to the analogous carboxamido compounds pro- 
spect to hydrolysis of the free ligands (15,22). vides an unequivocal chemical proof that co- 
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ordination takes place through the nitrile nitro- 
gen. This has been clearly demonstrated for the 
substituted aromatic nitrile complexes. For 
multisi~bstituted nitriles in which more than one 
donor group is available this fact can be used to 
differentiate between the possible isomers. For 
example, the cyanopyridines can coordinate 
either through the nitrile or pyridine nitrogens 
and many studies have concerned themselves 
with the problem of determining which nitrogen 
atom is coordinated to the metal. For coordina- 
tion through the nitrile nitrogen, hydrolysis to 
form the coordinated carboxamide should be 
observed. Using this criterion we have been able 
to assign unambiguously the bonding atom for 
the (NH3),Co3+ complexes of the cyanopyri- 
dines. We find the 2- and 3-cyanopyridine com- 
plexes are coordinated via the nitrile nitrogen. 
The main product isolated with the 4-cyanopyri- 
dine does not undergo fast base hydrolysis to 
form the carboxaniido analog and is thus co- 
ordinated through the pyridine nitrogen (com- 
plex 2). The remaining 3+ ion isolated is the 
linkage isomer coordinated through the nitrile 
nitrogen (conlplex 1). Considering the basicities 
of 3- and 4-cyanopyridine, we should also expect 
to obtain the linkage isomer (bonded through the 
pyridine nitrogen) with 3-cyanopyridine. This 
was not observed. Also, one would expect 2- 
cyanopyridine to coordinate via the nitrile nitro- 
gen because steric factors make the lone pair on 
the pyridine nitrogen inaccessible. 

The visible spectra of the amide complexes, 
isolated from the preparative procedure via ion 
exchange chromatography are identical with the 
spectra obtained by adding dilute base to solu- 
tions of the nitrile complexes. Addition of acid to 
either of the above solutions also causes further 
shifts in the spectra. These observations are 
readily explained if protonation occurs at the co- 
ordinated nitrogen as shown in eq. 2. The pro- 
tonated forms of the complexes are all very 
strong acids, and as has been discussed previoi~sly 
(17)3, this fact provides support for the coordi- 
nated nitrogen being the site of protonation. 
Siniilar changes have been observed for the 
(NH3),Co3 + complexes of formamide ( 1  7), acet- 
amide (23),3 and sulfamate (24). The acidity of 
the NH, protons in these latter complexed lig- 

3However, for the (NH3)&o3+ complex with aceta- 
mide, evidence has been presented in favor of protonation 
at the carbonyl oxygen. See ref. 28. 

ands has been increased by I O l 4  with respect to 
the free amides. Spectrophotometric data indi- 
cate that the pK,,'s of the carboxamido complexes 
reported herein are all around 2. This is consis- 
tent with the value of 1.65 determined for the 
(NH,),CONH,COC,H,~+ complex (15). 

The carboxamidopyridine complexes also have 
pK,'s -2-4 but in this case protonation occurs at 
the uncoordinated pyridine nitrogen as indicated 
in eq. 4. Apparently the coordinated nitrogen is 
much too acidic to be protonated. However, 
small differences in the ultraviolet spectra of 
solutions with [H+]  = 0. I and [H+]  = 1.0 M at 
constant ionic strength indicate that protonation 
does take place at  the coordinated nitrogen to a 
small extent in these acidic solutions. 

The results obtained for the 1,2-dicyanoben- 
zene complex do not seem to conform to the 
general reactions outlined previously. In this 
case, hydrolysis of the nitrile in dilute NaOH and 
subsequent ion exchange gave a product which 
did not have a nitrile stretching frequency in the 
infrared. Presumably both nitriles are rapidly 
hydrolyzed. Also, other hydrolysis products were 
isolated from this preparation and these will be 
disci~ssed elsewhere. 

The nitrile complexes synthesized in this study 
provide a new synthetic route t o  carboxamido 
complexes of (NH3),Co3+ via base hydrolysis. 
In addition, the hydrolysis reaction allows an 
ilneqi~ivocal assignment of nitrile coordination 
where more than one coordination site is avail- 
able. As evidenced by the facility of the hydrol- 
ysis (even on the cation-exchange column) care 
rnust be taken in order to obtain pure nitrile 
complexes. In view of the many examples of hy- 
drolysis of nitriles involving metal complexes 
(25-27) this reaction may be of more general 
synthetic value. 

The author wishes to acknowledge the financial support 
of this research from the National Research Council of 
Canada. 
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Autoprotolysis Constants of Water-N-Methylacetamide Mixtures. A New 
Application of the Hammett Relationship to Acidity Constants 
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Labororoire de Physicochirnie des Sol~rrions (Pr .  R .  SchaoI) E.N.S.C.P. ,  1 1  rue Pierre er Marie Curie 75231 Pnris 

cedes 05 
Received September 24, 1973 

The hydrogen electrode can be used to measure proton activities of both acid and basic solu- 
tions in water-N-methylacetamide (NMA) mixtures. and hence to calculate autoprotolysis 
constants for the different mixtures. The intermediate acidities between the acid and basic 
regions are established by the use of buffer solutions of vario~~sly substituted phenols, whose 
acidities in the different water-NMA mixtures have been established. The diminution o f  the 
acidity constants with increasing concentrations of N-methylacetamide cannot be explained by 
the increased dielectric constants of the solution. Instead, we propose a new adaptation o f  the 
Hammett relationship (pK,, - pKx = po,), which places N-methylacetamide between water 
and DMSO, and close to alcohols, which have a dielectric constant 5-fold smaller. Because of 
its precision, this method of analysis allows one to classify into one or more homogeneous 
families compounds having the sanie chemical function which w o ~ ~ l d  be classified together by  the 
classical treatment of Hammett. 

En plus de la mesure du produit ionique apparent, le bon fonctionnement de I'electrode 
d'hydrogene nous a permis la construction, dans chacun des melanges eau-NMA, d'une echelle 
d'acidite reliant les milieux acides aux milieux basiques. Pour cela, nous avons calibre des solu- 
tions tamponnees preparees a partir de phenols diversement s~~bsti tues.  Comme il s'avere que 
['augmentation de la constante dii lectriq~~e du milieu ne rend pas compte de la diminution d e  la 
plupart des constantes d'acidite lorsque le melange s'enrichit en NMA, nous proposons une 
nouvelle adaptation de  la relation de Hammett (pK, - pKx = pox) qui conduit a placer le 
NMA entre I'eau et le DMSO, tres pres des alcools dont la constante diilectrique est pourtant 5 
fois plus faible. De par sa precision, la methode permet par ailleurs I'amelioration du classe- 
ment, en une ou plusieurs familles homogenes, des composes de mCme fonction chimique, 
classement provenant du traitement plus classique de I'Cquation de Hammett. 

Can. J. Chern., 52, 1774 (1974) 

Because of the failure of different electrostatic 
theories to take account of the effect of changes 
in solvent, the overall dielectric constant of a 
mixed solvent is no longer considered the 
principal variable in explaining the dissociation 
of acids (1-3). A new solvent parameter g(S) 
based on solubility measurements, has been 
developed which characterizes each solvent mix- 
ture S. This has been found to give an excellent 
linear correlation with ApK; for a large number 
of compounds, referred to the PK,,~ of a reference 
compound; the intercept and slope of the lines 
depends only on the nature of the solute (3, 4). 
However, because the dielectric constant of the 
mixed organic-water solvents tested up until 
now has been less than that of water, it was 
desirable to verify the theory with solvent mix- 
tures having a dielectric constant greater than 
80. Then, we have chosen mixtures of water 
with N-methylacetamide, which has a dielectric 
constant of 178.9 at 30' (5, 6). Such solvent mix- 
tures are also of interest for comparison with 
water - dimethyl sulfoxide mixtures (7, 8). The 

greater basicity of N-methylacetamide (9-1 1) 
and its capability of forming hydrogen bonds, 
would be expected to make the acid-base prop- 
erties of water-NMA mixtures quite different 
from those of water - dimethyl sulfoxide mix- 
tures. 

In order to determine pK: values of an acid 
HA in a mixed solvent S, it is necessary to have 
an acidity scale pS' (= - log as+, where as+ 
represents the activity of the solvated protons), 
and this in turn .requires the determination of 
the ionic product K, (= as+ . as-, where as- 
represents all the possible anionic forms of the 
solvent molecules) of each solvent mixture. 

Determination of Autoprotolysis Constant of 
Water-NMA Mixtures 

In pure NMA, the hydrogen electrode can be 
used to indicate the activity of the solvated 
proton (12), so that we have made use of a 
method which has already proved adequate for 
many solvent mixtures (7, 13, 14). In the cell 
utilized: 
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J 
Calomel, satd. aqueous ) satd. KC1 in I Test soln., H2(g, 1 atrn); Pt 

KC1 solvent S in S 

the potential of the hydrogen electrode is mea- 
sured in relation to an internal reference in the 
solvent S[Ref.(S)]. This is justified by the perfect 
stability and reproducibility of the junction J. 
The measurement of the electromotive force of 
the cells A and B shown below: 

J' 
Ref.(S) I HCl (a)' in S, H2(g, 1 atm); Pt A 

J" 
Ref.(S) / NaOH (b) in S, H, (g, 1 atm); Pt B 

leads immediately, in the special case when the 
concentrations of acid and base are equal 
( a  = b = c), to the ionic product Ks of the sol- 
vent mixture, by extrapolating to zero ionic 
strength the expression 

1 
= -(E ,. - E ,,,) + pKs + 2 log f* 

Ll 

where z r  = 2.3 RTIF = 0.0582 V at 20 "C. 
The linearity of the graphs of Y plotted against 
f i  (Fig. 1) justifies the approximation of the 
mean activity coefficient f, by the simplified 
Debye-Hiickel expression : log f, E - B 3 On 
the other hand, the measurement acidity of the 
buffer solutions shows that under our operating 
conditions (same ionic strength I in the compart- 
ments containing the hydrogen electrode) the 
junction potentials E,, and Ej,, are identicaL2 

Table 1 gives the extrapolated pKs values.' The 
ionic product of the water-NMA mixtures 
diminishes with increasing content of organic 
solvent, and the variations observed, though less 
than those which characterize water-DMSO 
mixtures, are comparable to those observed for 
water-alcohol mixtures (13, 15) (Fig. 2). On the 
other hand, with about 10x  of NMA by weight, 
the pKs values pass through a shallow minimum, 

'The use of hydrochloric acid to obtain acid solutions 
is justified by its complete dissociation in NMA (12). 

'The details of the experimental techniq~te used for the 
determination of pS+ values of buffer solutions and the 
e.m.f. of cells A and B are available, at  a nominal charge, 
from the Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa, Canada K I A  0S2. 

which is due to the fact that the proton exchange 
reaction between water and NMA ( H 2 0  + 
NMA 5 OH- + NMA,Hf)  competes with the 
autoprotolysis constant of water in  the value of 
the ionic product of the mixture. This situation 
is similar to one previously encountered in the 
methanol-DMSO mixtures (14), but different 
to that observed in the case of water-DMSO 
mixtures because of the weaker basicity of 
DMSO (9-1 1). 

Table 1 also contains the numerical values of 
the coefficient B in  the simplified Debye-Hiickel 
expression. These values, which are given by 
the half-slope of the curves Y = ~ ( J c ) ,  are 
(though not very precise) sufficient for calcula- 
ting activity coefficients. While the mixtures rich 
in water are characterized by insignificant varia- 
tion in B, beyond 7 0 z  NMA by weight, a rapid 
decrease of this coefficient occurs, so that i t  
approaches zero in  a mixture containing 94.8x 
of NMA by weight. These results point out the 
impossibility of calculating the B coefficient 

FIG. 1 .  Determination of autoprotolysis constant in 
water-NMA mixtures at 20 "C by extrapolation to zero 
ionic strength of Y = (l/rr)(E, - ED) - 2 log c. Curves 
a t o g  correspond to mix t~~res  containing 9.15, 27.2, 45.1, 
66.2, 75.6, 85.1, and 94.8% (w/w), respectively, of NMA. 
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TABLE I .  pKs and B values for 
water-NMA mixtures at 20 "C 

% orqanic solvent IWIWJ 

number of acidities in intermediate region by 
potentiometry, using a hydrogen electrode or, 
when the compounds are easily reducible by 
hydrogen (nitro compounds), a glass electrode. 

The selection of acids to be used for preparing 
buffer solutions is conditioned by the wish to 
obtain in each mixed solvent an acidity scale as 
extended as possible, with the differences be- 
tween the pS+ values of successive buffers not 
greater than 0.5 p K  unit. On the other hand, in 
order to establish Hammett-type correlations 
between the acidity constants determined in 
water-NMA mixtures with those in water, we 
have restricted ourselves to compounds of the 
same chemical functionality. For this reason 
we have chosen mono- and poly-substituted 
phenols which offer a very extended range of 
acidities. 

Since the pS+ values of the buffers depend on 
the acidity constants of the buffer acids2, only 
the numerical values of the pKaS are given 
(Table 2). Besides phenols, we have also studied 
benzoic acid, in order to relate our  determina- 
tions to those carried out by Reynaud at 25 "C 
(5). The two series of measurements agree very 
well (as would be expected since in this tempera- 
ture region, variation of pK, with temperature 
is negligible). 

Influence of the Content of NMA on Acidities 

It is usual to represent the effect of a sub- 
stitutent X on the ionization of a chemical 
function in a medium S by means of the empirical 
relationship of Hammett (21): 

FIG. 2. Comparison of autoprotolysis constants of 
mixtures of water with (a) N-methylacetamide; (b) isopro- The influence the is in the 
panol; (c)  dimethyl sulfoxide. reaction constant pS (which depends also on the . . 

functional group ionizing and-on the tempera- 
a priori making use of the measured overall ture). The elimination of the substituent con- 
dielectric constant of the mixture (5), probably stant ox between two solvents S,  and S2 allows 
because this calculation does not take into us to group compounds belonging to the same 
account the preferential solvation of ions. chemical type into one or more homogeneous 

families. The relation : 
Determination of Acidity in Water-NMA s2 

Mixtures [3] PKxS2 = e sl  p ~ , ~ '  + p~~~~ - - P:: pKHS1 
In water-NMA mixtures the measurement P CI 

of acidity constants by U.V. or visible spectro- requires graphs of the relationship: pKxS2 = 
photometry is limited to narrow domains of f(pKxS'), to be linear with slope and intercept 
pS+ from 1 to 3 obtained with strong acids and depending only on the solvents. We have 
pS+ = pKs - 3 to pKs - 1 obtained with already examined from this point of view the 
strong bases. In order to bridge these regions of influence of change of solvent on the ionization 
acidity and basicity, we have measured a large of various compounds, particularly in the case 
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HALLE ET AL.: AUTOPROTOLYSIS CONSTANTS 1777 

TABLE 2. pK.? values of benzoic acid and substituted phenols in water-WMA mixti~res at 20 OC 
-- 

A - . -- -- 
- --- - - 

pK,S at NMA (w/w) = 

Number Compound 
- 

0" 

1 Benzoic acid 4 .  20f 
2 p-Methoxyphenol 10.21b 
3 Phenol 10.OOh 
4 p-Chlorophenol 9.42h 
5 o-Bromophenol 8.44h 
6 p-Cyanophenol 7.97' 
7 o-Cyanophenol 7.18 
8 2,4-Dichlorophenol 7.89" 
9 2,6-Dichlorophenol 6 .  79d 

10 2,4,6-Trichlorophenol 6.4" 
11 171-Nitrophenol 8 .  38h 
12 p-Ni trophenol 7.1Sh 
13 2,s-Dinitrophenol 5.22/ 
14 2,4-Dinitrophenol 4.09/ 
15 2,6-Dichloro-4-nitrophenol 3 .  5Sg 

-. - -- -. 

"At 25 "C 
bReference 16. 
<Reference 17. 
"eference 18. 
ZReference 2. 
,Reference 19. 
QReference 20. 
Vmoluble. 

when the solvent is progressively changed from 
water t o  DMSO (22-24). If, for each water- 
NMA mixture, we plot the pK: of phenols 
against their pK, in water (PK,,~),  we obtained 
a good linear correlation (Fig. 3). As expected 
from the eq. 3, the values of the ratio pS/pW 
deduced directly from the slope of the various 
straight lines observed are consistent with those 
calculated from the intercepts by substituting 
into pKHS - (pS/pW)pKHW with the appropriate 
pKH values. The situation is then identical to 
that found for water-DMSO mixtures, where 
the ortho-substituted phenols seem to  belong 
to the same homogeneous family, but where the 
variations of the reaction constant pS become 
smaller when the mixture contains more than 
50% of the organic solvent (Fig. 4).3 However, 

31t should be pointed out that the increase in pS as the 
solvent mixtures become richer in NMA excludes the 
possibility of the existence of an acidity function in the 
tertiary mixtures water-NMA-OH- governing phenol 

because phenols whose aqueous acidities are 
very close (p-nitro and o-cyano, nz-nitro and 
o-bromo) show in water-NMA mixtures dif- 
ferences in acidity too big to be compatible with 
variations of pS (cJ Table 2 and Fig. 3), we 
questioned the precision of the proposed rela- 
tionship (which might be due to the fact that 
ApKaS values were small), and sought a more 
rigourous one. We therefore reconsidered the 
problem by eliminating this time the  reaction 
constant pS. In each solvent S the fact that the 
substituted compounds X and Y belong to the 
same family as the non-substituted compound 
H, taken as the reference, implies the  equality: 

The graphs of pKHS - pKyS plotted as a function 
of pKHS - pKxS are of  interest for two  reasons: 
if the compounds belong to the same family of 
Hammett indicators, the experimental points 
should fit on straight lines passing through the 

indicators, because the equidistance between curves of origin;4 and furthermore the correlations thus 
PK, as a function of percentage NMA is not observed established should be capable of good precision over any part of the range of mixtures. A similar situation 
characterizes most aqueous solvents, notably water- because the slopes (= o~/o, )  can be of  reason- 
DMSO mixtures. where the invariance of the reaction able magnitude. 
constant with medium has never been observed, in spite We have applied this treatment t o  acidities 
of the diversity of acids studied (phenols, substituted determined inwater-NMA mixtures by choosing 
acetic and benzoic acids, indoles, polynitroanilines p-nitrophenol as the base (X (NH F? N-), and anilinium ions) (8, 22-25). Such ob- 
servations must rob any acidity functions constructed 
in these solvent mixtures of fundamental thermodynamic 4The origin of the axes represents a hypothetical 
significance. medium where the reaction constant would b e  zero. 
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I  

Q f ,2.5> 
p-NO,). The fact that the graphs for the meta- 

Ti/ and para-substituted phenols (compounds 2, 4, 
14 - 6,  11) and the 2,4- and 2,5-dintirophenols (13, 

14) gave straight lines passing through the origin 
allows us to conclude that these compounds 
constitute with phenol (3) and p-nitrophenol 

12 - (12) a perfectly homogeneous family (Fig. 5). 
On the other hand, to the extent that the 

points representing o-bromo and o-cyanophenol 

10- 
(5, 7) and the dichloro- and trichloro-substituted 
phenols (8,9, 10, 15) fit on curved lines, we must 

m m 
Y - _ exclude these indicators from the preceding 
n family. This new method of analyzing the data 

8 - - leads to a classification more precise than corre- 
lations of pKS = f (pKW). It is our opinion that 

- the existence of these curved lines of Fig. 5 is not 
fortuitous and that we are not observing statist- 
ical scatter of experimental error (estimated at 
0.1 logarithmic unit). Furthermore, the applica- 
tion of this analysis to pK values of benzoic acids 

- measured in water-DMSO mixtures (where the 
correlation pKS = f(pKW) has already per- 

I  
4 10 

- mitted the differentiation of ortilo isomers (24) 
p e '  shows again much curvature (26). On the other 

FIG. 3.  Correlation of ~K.,s  with p ~ : , ~  for variously hand, in those cases when correlations are 
substituted phenols (numbered as in Table 2) in aqueous linear, the curves obtained are independent of 
mixt~~res  containing (a) 9 .15%~ (b) 27.27% (c) 45.1%, (4 the co~nposition and of the nature of the mixed 
66.2%, (e) 75.6%, and (f) 85.1% NMA (w/w). For clarity 
curves b to f have been shifted vertically to extents indi- 
cated on the graph. 

9 

8 

7 

6 

1.8 - 

5 

- 
rn 

5 4 -  

1.6 - - m x  

%OI 3 . - 
Y) 
OI 

2 
1.4 - 

' - 

1.2 - 0 

- 

, 
- 

- 

- 

- 

- 

- 
, , 

' ,' , , 
- , I , ,' 

/ I 

/ '  /' -. ,' - , 
_ *  _,- , .- ,,,*' ,, , .' 
a - . b b d 

- ,;/ ,,,' - - 
,g:-;:. - -  -0 __ -- . . - - .  - _ _ _ _ _  -0- 

1 

1 
I 2 3 4 

P K ~ -  P K : ~ ~ ,  

1 I I I I I I  I I  
20 60 

% orqanic solvent (wlw) 
FIG. 5. Influence o f  substituent Y o n  the acidity of 

phenol (numbered as  in Table 2), p-nitrophenol being 
FIG. 4. Variation of ratio pS/pW for phenols with con- taken as standard. Composition of water-NMA mix- 

tent of organic solvent in (a) water-NMA and (b) water- tures: (a) O x ,  (b) 9.15%, (c) 27.2%, (d) 45.1%, (e) 66.2%, 
DMSO mixtures. (f 75.6%, (g) 85.1Z ',MA (w/w). 
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FIG. 6. Influence ofp-chloro and p-cyano substituents 
on acidity of phenol in water-NMA (+) and water- 
DMSO (@). 

solvent used; an example is given in Fig. 6. This 
feature, a consequence of eq. 4 is related to the 
nature of the solvent variable g(S), since the 
effects of substituents are directly proportional 
to g(S), which can be used to fix their numerical 
values (3). The comparison of the effects of 
substituents in different families in several mixed 
solvents will be covered in a later article. How- 
ever for the present we may note that water- 
NMA mixtures have properties incompatible 
with the electrostatic theories, since the acidities 
of acids of type AH decrease very rapidly while 
the dielectric constant of a medium increases, 
but accommodated by the g(S) treatment, which 
relates the differentiating power of the solvent 
(exaltation of effects of substituents) to its 
solubilizing power. From this point of view, 
N-methylacetamide appears as a moderately 
differentiating solvent, having properties inter- 
mediate between those of methanol and of 
dimethyl sulfoxide, in spite of its very high 
dielectric constant. 

Experimental 
N-Methylacetamide (Schuchardt) was purified by the 

procedure of Pucci et (11. (27); the criterion of purity was 
that of Reynaud (5). Because of the melting point of 
NMA (29.5 "C) (6, 12), water-NMA solutions were pre- 
pared using a stock solution made up of 5% water and 
95% NMA by volume. Mixtures containing less than 50% 
NMA by weight were obtained by adding an accurately 
known volume of carbon dioxide-free water to a known 
volume of the stock solution. With the exception of the 
mixture containing 94.8% NMA by weight, prepared by 
weighing pure NMA, the other solutions were prepared 
by the inverse procedure. 

The phenols werecommercial products, recrystallized to 
constant melting point and absorption spectrum. Buffered 
solutions were prepared by ten-fold dilution of stock 
solutions ( I  = 0.1 M), introducing the quantity of NMA 
necessary to obtain the desired percentage. These stock 

TABLE 3. Influence of dimethyl sulfoxide and of 
N-methylacetamide content on the normal 

potential E,,S (in mV) of the glass electrode 
(Radiometer G 202 B), with reference 

to its value E,," in water 

EoSW - E,,S at % ww/ = 
Organic 
solvent 20 40 60 70 8 0  90 

DMSO 15 30 45 52 60  68 

NMA 23 47 64 70 9 4  106 

solutions, often made LIP with mixed media for  reasons 
of solubility, were obtained by weighing the phenol and 
half-neutralizing it with sodium hydroxide. They were 
sufficiently stable to be used for up to one week after their 
preparation. 

The electrochemical vessel used has already been de- 
scribed by us (7, 13). In the pSC regions studied, the glass 
electrode used (Radiometer G 202 B with a n  aqueous 
filling) has a good reversibility. Previous study (28) indi- 
cated little or no variations for the normal potential E,,, 
of the glass electrode in aqueous-organic media, and 
particularly in aqueous alcoholic solvents. This led Morel 
(29) to  postulate the invariance of this potential in 
different mixtures. Our results (Table 3) show that this 
proposition is not verified in aprotic dipolar solvents, and 
that the variations of E,:, already noticeable in the 
presence of DMSO, become considerable in the  presence 
of N-methylacetamide which implied a standardization 
of the glass electrode in each mixed ~ o l v e n t . ~  

We are grateful to Professor J. T. Edward (McGill 
University) for fruitful discussion and for help in writing 
this article. 
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Evidence for Restricted Rotation in the 'H and ' 9F Nuclear Magnetic Resonance 
Spectra of Cyclopentadienylperfluoroalkyliron and Nickel Complexes 

K. STANLEY, R. A. ZELONKA, J. THOMSON, P. FIESS, AND M. C. BAIRD 
Deprrrtment of Cl~emistty, Qrree~l's University, Kingston, Ontnrio K7L 3N6 

Received November 13, 1973 

Several series of conipounds CpFeCOLR,, CpNiPPh,R,, and mer-Fe(CO),LR,:I (R, = 
CF,, CF2CF3, CF(CF,),; L = PPh,, PMePh,, PMe,Ph), some of them new conipo~~nds, have 
been prepared and characterized. Evidence for restricted rotation about both metal-alkyl a n d  
phosphorus-aryl bonds is deduced from the variable temperature [H  and I9F n.1n.r. spectra of 
the complexes. The presence of two vCo in the i.r. spectra of tlie pseudotetrahedral iron com- 
plexes suggests that these compounds exist as diastereomers, tlie coordinated phosphine and the 
nickel constituting chiral centers. 

On a prepare et caractiris6 plusieurs series de composis du typeCpFeCOLRF, CpNiPPh3RF 
et mer-Fe(CO),LR,I (R, = CF,, CF,CF,, CF(CF,),; et L = PPh,, PMePh,, et PMe2Ph), 
dont quelques uns sont des nouveaux produits. En se basant sur les spectres r.m.n. du proton et 
du fluor des complexes determinks a diverses tempCratures, on deduit que la rotation est ern- 
pichte autour des liens metals-alkyle et phosphore alkyle. La presence de deux freqi~ences v m  
dans le spectre infrarouge des complexes psei~dotCtraedriqi~es du fer indique que ces composes 
existent sous forme de diastCreoisonieres dans lesquels la phosphine coordonnee et le nickel 
constituent les centres chiro. [Traduit par le journal] 

Can.  J.  Chern., 52, 1781 (1974) 

Introduction 
We have previously utilized n.m.r. data to 

demonstrate hindered rotation and preferred 
conformations in a number of cyclopentadienyl- 
iron, cobalt, nickel, and rhodium complexes 
containing tertiary phosphines and either alkyl 
or perfluoroalkyl groups (1, 2). Arguments were 
based largely on temperature dependences of 
line widths and vicinal coupling constants be- 
tween phosphorus and the a-hydrogen(s) or 
a-fluorine(s) of the alkyl group, and suggested 
that bulky phosphines can force a coordinated 
alkyl group to favor a particular conformation, 
although rotation about a metal-carbon o-bond 
is apparently relatively unhindered in complexes 
containing smaller ligands. 

We now present data for series of perfluoro- 
alkyl nickel and iron complexes of the general 
formulae CpNiLR,, CpFe(CO)LRF, and Fe- 
(CO),R,IL (L = tertiary phosphine; RF = 

CF,, CF,CF,, CF(CF,),). The first two series 
complement work done on a nickel alkyl series 
(I) and the isoelectronic cobalt series, CpColLR, 
(2), while the last represents an initial attempt, 
albeit largely unsuccessful, to extend our work 
to octahedral systems. 

Experimental 
Infrared spectra were run on Perkin-Elmer 180 and 

Beckman IR-I0 spectrometers, n.m.r. spectra on a 

Bruker HXGO instrument with internal lock. Fluorine 
spectra were generally run on niethylene chloride solu- 
tions locked on CFCI, or C6F6; chemical shifts are 
reported relative to tlie former, i~pfield shifts being 
positive. Melting points were done on a Gallenkanip 
Melting Point Apparatils, while chemical analyses were 
done by Schwarzkopf Microanalytical Laboratory, 
Woodside, New York. 

The compounds CpFeCOPPh,CF, (3), CpFeCOPPh,- 
CFZCF3 (3), CpFeCOPPh,CF(CF,), (3), Fe(C0)3- 
IPPh3CF(CF3), (4), CpNiPPh3CF3 ( 5 ) ,  and CpNiPPI1,- 
CF,CF3 (6) were prepared as described in the literature. 
The new compound CpFeCOPMePh2CF(CF3), was 
prepared by irradiation of a solution of CpFe(CO),CF- 
(CF,), with the phosphine (3), while the new compo~~nds 
Fe(C0)31LCF(CF3)2 (L = PMePh,, PMe,Ph) were 
prepared by treating benzene solutions of Fe(C0)JCF- 
(CF,), with the appropriate phosphine (4). The com- 
pound CpNiPPh3CF(CF3)2 was prepared by the same 
method as the perfluoromethyl and ethyl analogs (5, 6), 
while attempts to prepare CpFeCOPMePh,CF,CF,, 
CpFeCOPMe,PhCF,CF,, and CpFeCOPMe,PhCF- 
(CF,), were unsuccessful. Analytical data and physical 
properties are listed in Table I .  

Results 
Proton n.m.r. data are listed in Table 2. In all 

cases, the cyclopentadienyl resonances of the 
nickel compounds were singlets, while those of 
the iron compounds were doublets because of 
coupling to phosphorus. The chemical shifts of 
the methyl resonances of the compounds were 
generally as expected with the exception of that 
of the compound CpFeCOPMePh,CF(CF,),, 
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1782 CAN.  J .  CHEM. VOL. 52, 1974 

TABLE 1. Analytical data and physical properties of the new compounds 

Melting Found (%I 
point 

Compound Color 
. - -- 

("0 C H 

CpFeCOPMePh,CF(CF3), Orange-brown 100-108 50.95 3.52 
Fe(C0)31PMePh2CF(CF3)2 Brown 128-130(d) 36.02 2.16 
Fe(C0)31PMe2P1~CF(CF3)z Black 106-107(d) 29.47 1.93 
CpNiPPh,CF(CF,), Golden-brown 132-134 56.00 3.66 

-- 

Calculated 
(%I 

TABLE 2. Proton n.m.r. data at 300 "K in CDC13 
-- 

Other 
Conlpound 7 ~ ~ 1 1 ~  T ~ , , ~ ( J  in Hz)* resonances ( r )  

-- 

CpFeCOPPh3CF3 5.50(d, J = 1.5) - -2.5(m) 
CpFeCOPPh3CF2CF3 5.5l(d, J = 1.4) - -2.5(m) 
CpFeCOPPh3CF(CF3), 5.52(d, J = 1.8) - -2 .5(rn) 
CpFeCOPMePh2CF(CF3), 5.50(d, J = 1.6) 8.07(dd, J,,, = 2.3, J,,, = 9.2) -2.6(rn) 
Fe(CO),IPPh,CF(CF,)yt - -2.7(m) 
Fe(C0)31PMePh2CF(CF3)21- - 8.12(d, Jp , ,  = 9.5) -2.8(rn) 
Fe(C0)31PMe2PhCF(CF3)2'i- - 8.65(d, J,,p = 10) -3.O(rn) 
CpNiPPh3CF3 5.08 - -2.6(rn) 
CpNiPPh3CF2CF3 5.08 - -2. G(m) 
CpNiPPh3CF(CF3), 5.08 - -2.6(rn) 

-. - -- -- - .- - - 
*d - doublet, dd = double doublet, m = nlultiplct. 
tin C6D6 

for which long range coupling to the a-fluorine 
was also observed. Similar couplings have been 
noted previously in the n.m.r. spectra of the 
compounds CpColPMePh,CF,CF,, CpCoIP- 
MePh,CF(CF,),, and CpColPMe,PhCF(CF,), 
(2), although they are obviously not a general 
feature of the spectra of most of the compounds 
discussed here and in ref. 2. 

The phenyl resonances of the compounds at 
room temperature were, as expected, complex 
multiplets. In the case of CpFeCOPPh,CF- 
(CF,),, which contains the bulkiest phosphine 
and perfluoroalkyl groups studied, the phenyl 
resonances broadened and coalesced into two 
broad bands in the tenlperature range 290- 
300 OK. Similar observations have been made 
previously for the compounds CpColPPh3RF 
(RF = CF,, CF,CF,, CF(CF,)?) !2), coales- 
cence occurring at about 220, 240, and 300 OK 
respectively (2). In the cases of the nickel com- 
pounds, coalescence of the phenyl resonances 
occurred at about 220 (CF(CF,),), 210 
(CF,CF,) and <210 "K (CF,). 

The 19F n.m.r. data are listed in Table 3. The 
1 9 ~  spectrum of CpFeCOPPh,CF, has been dis- 
cussed previously ( I ) .  It contains a doublet at  
- 13.5 p.p.m. (J,, = 2.9 Hz at room tempera- 

tures), which broadens and coalesces at low 
temperatures. Presumably at lower temperatures, 
the CF, resonance would have been resolved 
into an ABC system, as is observed in some 
fluorinated halocarbons (7); the data certainly 
suggested temperature and solvent dependence 
of vicinal phosphorus-fluorine couplings. 

The "F n.m.r. spectrum of CpFeCOPPh,- 
CF,CF, consists of an ABX,M (X, = CF,, 
M = ,lP) system, the two a-fluorine atoms 
being diastereotopic because of the chiral iron 
atom. The CF,-decoupled spectrum was very 
similar to that illustrated in ref. 2. As before (2), 
the chemical shifts and coupling constants were 
calculated using the appropriate equations (ref. 
8, p. 69), identification of the correct solution 
being made using INDOR techniques based on 
population transfer (ref. 8, p. 45). 

The 19F spectral parameters changed very 
little in the temperature range 300-193 OK, as is 
shown in Table 3. In particular, the temperature 
dependences of the chemical shifts of the 
a-fluorine atoms and their vicinal coupling con- 
stants to the phosphorus varied somewhat less 
than was observed for the isoelectronic con~plex, 
CpCoIPPh3CFzCF,(2). 

The two trifluoromethyl groups of the per- 
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STANLEY ET AL.: EVIDENCE FOR RESTRICTED ROTATION 1783 

TABLE 3. I'F n.m.r. data at room temperature 
-. -- - - -- - - - - - -- -- - - - - - - 

Compound G(a-CF, CF2, CF3; J in Hz)* G(P-CF3 ; J in Hz)* 

*d = doublet, t = triplet, dd = double doublet, dq = double quar te t ,  m = multiplet. 

fluoroisopropyl complexes are diastereotopic change in ,JPF was observed, in contrast to the 
because of the chiral iron atoms, and thus the pseudotetrahedral cyclopentadienyliron and 
fluorine atoms of these complexes comprise cobalt conlpounds. 
AM,M,'X-type systems. In contrast to the The i.r. spectra of all the complexes were 
isoelectronic cobalt complexes (2), selective generally consistent with the formulations and, 
decoupling of the CF, resonances permitted except for the carbonyl stretching region, are of 
accurate measurement of the vicinal coupling little interest in the present context. Carbonyl 
between the a fluorine atom and thephosphorus stretching frequencies for the carbonyl ~0111- 

in each. In the case of the triphenylphosphine pounds are presented in Table 4. 
complex, ,JPF changed negligibly (< 1 Hz) in the 
range 200-300 O K ;  in the case of the methyl- Discussion 
diphenylphosphine complex, ,JPF decreased The small temperature-dependence for both 
regularly from 30.0 Hz at  350 O K  (in toluene) to values of ,JP, of the conlpound CpFeCOPPh,- 
18.3 Hz at 210 O K  in methylene chloride. Solvent CF,CF, is in accord with previous suggestions 
effects were relatively small. (1 ,  2) that primary alkyl conlpounds of this type 

The 19F n.m.r. spectra of the pseudotrigonal exist predominantly in conformation I, although 
nickel compounds were all less complex than other rotaniers may populate. 
their pseudotetrahedral iron and cobalt analogs 
because the nickel atoms are not chiral. In the F C? F 
case of the trifluoro~nethyl complex, the chemical 
shift of the CF, resonance changed from - 3.14 
to -2.80 p.p.ni. in the temperature range 293 to 
183 O K ;  the value of ,JPF remained constant. 

The CF, chemical shift of the perfluoroethyl 

- y 
OC' PPh3 

CF3 

complex was also constant in the temperature 
range 293-173 O K ,  although the CF, resonance Although analogous iron compounds with 
shifted from 80.2 to 81.9 p.p.m. Again ,JPF re- smaller phosphines could not be isolated, the 
mained constant. Although the CF, chemical large variations with temperature of 3JpF of the 
shift, J,--,,, and ,JPF of the perfluoroisopropyl compounds CpFeCOPMePh,CF(CF,), (see be- 
complex remained unchanged in the range 293 low) and CpCoIPMePh,CF,CF, (2) show quite 
to 185 OK, the C F  resonance shifted from 188.0 clearly that niajor changes in the relative popu- 
to 191.2 p.p.m. lations of rotamers can cause quite large changes 

The 19F n.m.r. spectra of the octahedral corn- in the vicinal coupling constants. 
plexes, Fe(CO),LCF(CF,),I, were noteworthy The large difference in the two values of ,JPF 
only for their close similarity. Virtually no for the compound CpFeCOPPh,CF,CF, are 
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TABLE 4. Infrared data for the carbonyl complexes 
p~ - . - -- 

Compound vco(cn~-', in cyclohexane)* 

CpFeCOPPh3CF3 
CpFeCOPPh3CF2CF3 
CpFeCOPPh3CF(CF3)2 
CpFeCOPMePh2CF(CF3)2 
Fe(C0)3TPPh3CF(CF3)2 
Fe(CO)31PMePh2CF(CF3)2 
Fe(CO)31PMe2PhCF(CF3)2 

---- -- 
*sh - shoulder, br = broad, ni - 

1944 (Av,,? =: 12 cm-') 
1959, -1956 (asymmetric: Avllz =: I4 cm- ' )  
1972, 1956 (Av,,, 2 8 cm-') 
1965(br), 1952(br) (AvlIZ N 15 cm-') 
21 30(w), 2070(s), 2055(m) 
2 1 15(m), 20GO(s), 2045(s,sh) 
21 20(m), 206O(s), -2050(m,sh) 

- - - - - - -- - -- - 

nied~urn, s - strong 

also consistent with rotamer 1, as trans and 
gauclle coupling constants would probably be 
cluite different. Distinction between the two 
cannot be made at present. 

The constant value of ,JPF of the compound 
CpFeCOPPh,CF(CF,), suggests that it also 
exists predominantly in a single conformation, 
an expected conclusion as this compound should 
be even more crowded then the perfluoroethyl 
analog. If, as previously suggested (l), the order 
of decreasing steric requirements of the other 
ligands on the iron is Cp > PPh, > CO, then 
the preferred rotamer would be 

The observed value of ,J,,, 37.9 Hz, would 
then correspond to a gauche coupling constant, 
and it is tempting to assign the larger value of 
,JPF of the perfluoroethyl compound (43.6 Hz) 
also to a gauclle coupling constant. The large 
difference in ,JFF of the perfluorethyl (2.1 Hz) 
and isopropyl complexes (I  I Hz) indicate, how- 
ever, that substituent effects can have quite 
large effects on vicinal coupling constants. 
Furthermore, in the cobalt series, no correlation 
of gauche or trans coupling constants was 
apparent in the CF,, CF,CF,, and CF(CF,), 
compounds and certainly the time-averaged 
value of ,JPF of CpFeCOPPh,CF, (2.9 Hz) 
cannot be an average of the gauche and trans 
vicinal coupling constants of the perfluoroethyl 
compound. 

The large change with temperature of ,JPF of 
CpFeCOPMePh2CF(CF3)2 suggests that this 
compound does exist as an equilibrium mixture 
of rotamers, the relative populations of which 

are strongly temperature dependent. We have 
previously suggested that the major factors 
affecting the relative rotamer stabilities are 
steric interactions between the ligands. Thus it 
is not surprising that rotation about the iron- 
carbon bond becomes more hindered on going 
from the methyldiphenylphosphine to the tri- 
phenylphosphine complex. Similar effects were 
noted in the series CpColLCF,CF, (L = PPh,, 
PMePh,, PMe,Ph) (2). 

Results with the nickel series were mildly 
disappointing. An extensive series of similar, 
non-fluorinated compounds has been thoroughly 
studied (I), and it was hoped that the two series 
would correlate with each other. Indeed, the lack 
of temperature dependence of ,J,, in the spec- 
trum of CpNiPPh,CF(CF,), is in accord with 
previous conclusions ( I )  that secondary alkyl 
compounds in this series exist predominantly in 
configuration 3. 

However, by analogy with the 'H n.ni.r. spec- 
trum of CpNiPPh,CH,SiMe, (I), it was antici- 
pated that the value of ,J,, for CpNiPPh3CFz- 
CF, would be temperature dependent, indicating 
some steric hindrance to rotation and population 
of more than one rotamer. The lack of tenipera- 
ture dependence of ,JPF might thus suggest 
virtually free rotation about the nickel carbon 
bond, perhaps not a surprising conclusion, as the 
CF, group is undoubtedly significantly smaller 
than a trimethyIsily1 group. 

The 'H n.m.r. and i.r. spectra of the triphenyl- 
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phosphine complexes provided evidence for 
hindered rotation about the phosphorus-carbon 
bonds also. As was observed for the series 
CpCoIPPh3RF (RF = CF3, CF2CF3, CF(CF3),) 
(2), the phenyl resonances are complex, well- 
resolved time-averaged multiplets at ambient 
temperatures, but broaden and coalesce into 
broad, featureless bands a t  lower temperatures. 
Approximate coalescence temperatures decrease 
in the order CpFeCOPPh,CF(CF,), - CpCoI- 
PPh,CF(CF,), > CpCoIPPh,CF,CF, > Cp- 
CoIPPh,CF, - CpNiPPh,CF(CF,), > CpNi- 
PPh,CF,CF, > CpNiPPh,CF,. This is the 
expected order of decreasing crowding about the 
metal atoms, and it seems that the data are best 
explained in terms of restricted rotation about 
the phosphorus-aryl bonds. Similar observations 
have been made for triphenylphosphoniuni salts 
(9) and complexes of benzylphenylphosphines 
(10). 

The presence of two carbonyl stretching bands 
of similar intensities in the i.r. spectra of the iron 
monocarbonyl complexes is noteworthy; the 
broadness of the band in the spectruni of the 
trifluoromethyl derivative probably also indi- 
cates the presence of two unresolved bands. 
Similar doubling of carbonyl bands in similar 
compounds has been attributed to the presence 
of more than one staggered rotamer (1 1-13), a 
conclusion which, in the case of CpFeCOPMe- 
Ph,CF(CF,),, is in accord with the 19F n.m.r. 
evidence. The trifluoromethyl compound, how- 
ever, can exist only in one staggered conforma- 
tion, and the I9F  n.m.r. data are in accord with 
the perfluoroethyl and triphenylphosphine-iso- 
propyl derivatives also existing predominantly in 
only one staggered conformation. As suggested 
previously (2), however, a coordinated triphenyl- 
phosphine is chiral because of the two possible 
twists about the phosphorus-aryl bonds, and thus 
the compounds should all exist as diastereomers 
on the i.r. time scale.' Ample precedents exist for 
this phenomenon (14-17), which explains the i.r. 
spectra and which might also contribute to  the 
unusual broadness of the carbonyl bands in the 
i.r. spectrum of CpFeCOPMePh,CF(CF,),. 

As pointed out previously (I), conformational 
effects on vicinal phosphorus-fluorine and -hy- 
drogen coupling constants may be expected to 

'Although not on the n.m.r, time scale, as rotation 
about the phosphorus-aryl bonds is rapid on the n.m.r. 
time scale (see above). 

FOR RESTRICTED ROTATION 1785 

occur in planar and octahedral complexes when 
an alkyl group is cis t o  the phosphine(s) but not 
trans. Although the stereochemistry of tertiary 
phosphine derivatives of the compounds Fe- 
(CO),RFI (RF = CF,, CF,CF,, CF(CF,),) was 
not known, it was hoped that they would be 
suitable for studies of the type discussed above. 
Perfluoroisopropyl derivatives of three phos- 
phines of quite different steric requirements were 
chosen for initial studies. 

The parent tetracarbonyl derivatives are all 
known compounds (4, 18, 19). Their i.r. spectra 
in the carbonyl stretching region are very similar 
(Table 5), consisting of one strong a n d  several 
weak bands. Although the multiplicity of bands 
has been taken as evidence that the compounds 
are probably the cis isomers, (18, 19), the pattern 
is much more like that of trans- than of cis- 
Fe(CO),I, (20) (Table 5). The presence of only 
one strong band certainly seems inconsistent 
with a cis structure, for which four bands of 
approxiniately equal intensity would be expected, 
while one strong and one weak band would be " 
expected for trans isomers, with local C,, sym- 
metry. The presence of a perfluoroalkyl ligand, 
which does not have four-fold symnietry, might 
well lower the overall symnietry sufficiently that 
other modes could become weakly allowed as 
well. 

Assuming a trans structure, the most obvious 
structure for the monophosphine complexes is 4. 

OC \Fe/CO I 
OC' 1 'L 

The i.r. spectra are consistent with this structure, 
in which the perfluoroisopropyl group is cis to 
the phosphine, although other isomers cannot 
be ruled out. The similarity of the i.r. spectra of 
the three compounds prepared certainly suggests 
that they have the same structure. T h e  lack of 
variation in ,J,, among the three compounds 
studied suggests that all exist in the sanie con- 
formation,-i.~. either all exist predominantly in 
one conformation, o r  all experience essentially 
unhindered rotation about the iron-carbon 
bonds. Space-filling molecular models suggest 
that the latter possibility is much more likely; a 
single cis phosphine does little to hinder rotation 
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TABLE 5. Infrared data for octahedral tetracarbonyliron(I1) complexes 
- -- -pp-p..p- 

Compound vc0 (cm-') Reference 
- - - -- - -- - - -- - 

~ i s - F e ( C 0 ) ~ I ~  21 3 1 (s), 2087(vs), 2085(sh), 2062(s) 20 
/mn~-Fe(CO)~1, 2 102(vw), 208 ~(vs) ,  2047(vw) 20 
Fe(C0)4CF31 2147(w), 2107(vw), 2087(vs), 2054(w) 19 
Fe(CO)4CF2CF31 21 46(w), 2 140(w), 21 12(vw), 2087(vs), 2056(w) 19 
Fe(C0)4CF(CF3)21 2146(w), 21 18(w), 2086(vs), 2052(w) 18 

TABLE 6. Rotational barriers and 2.3 kcal/mol, the trans form (5) being 
-- - - . - - --- - - - -- - - - - - - - - - - - - favoured in all cases in non-polar solvents. 

Barrier 
Compound 

-- -- 

Cp3UCHMeZ 
MeMn(CO), 
[CPMO(CO),IZ 
[CPF~(CO)ZIZ 

(unbridged 
isomer) 

CF3CX2CF3 
(X = CI, Br, 

(kcal mol- I) Bond Reference 
- - - - - - .-- -- 

10.5 k 0 .5  U-CHMe, 21 
2.7 + 0 .5  Mn-CH, 22 

1 5 . 3 k l  Mo-MO 23 
-7 Fe-Fe 23 

5.1-7.1 C-C 7 
1) 

of the alkyl group, as most possible conforma- 
tions can be achieved without a CF, group 
eclipsing the phosphine. 

In summary, the n.m.r. data are consistent 
with hindered rotation about both metal-carbon 
and phosphorus-carbon bonds in phosphine- 
substituted perfluoroalkyl compounds. In addi- 
tion, certain rotamers appear to be more highly 
populated than others, although separate rota- 
mers could not be detected at low temperatures. 
Although the results of our investigations so far 
have been somewhat frustrating in that we have 
been unable to estimate either barriers to rota- 
tion or relative rotamer populations, we list in 
Table 6 a few rotational barriers which have 
been reported in the literature for similar com- 
pounds, and note that the 5-10 kcal/mol barriers 
which our conclusions would require are not as 
unlikely as has been suggested (9). In addition, 
we note that for the compounds CpFe(CO),- 
SiC1,Me (12) and CpFe(CO),GeX,R (X = C1, 
Br, I: R = Me, Et, n-Pr, i-Pr) (13), the enthalpy 
differences between rotamers vary between 0.7 
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Synthesis of Nucleotides from 02,2'-Cyclouridinel 

KELVIN K. OGILVIE A N D  DONALD J. I W A C H A ~  
Department of Chernistty, University of Mar~iioba, Winnipeg, Maniiobn R3M 2N2 

Received November 28, 1973 

Procedures for the synthesis of protected 02,2'-cyclouridines and their incorporation 
into dinucleoside monophosphates have been developed. The properties of these mole- 
cules with snake venom and spleen phosphodiesterases have been investigated. T h e  
cyclonucleotides are easily converted into arabinouridine nucleotides and thus provide 
a convenient route to these compounds. 

On a diveloppi des mithodes pour synthtse de  cyclouridines-02,2' protigis et pour 
leur incorporation dans des monophosphates de dinuclioside. On a examini les pro- 
prii t is  de ces molicules vis h vis le venin de serpent et les phosphodiestirases de l a  
rate. Les cyclonuclCotides sont facilement transformts en nucliotides d'arabinouridine 
et fournissent ainsi une mtthode simple d'arrivte B ces composis. 

[Traduit par le journal] 

Can. J. Chern.,52, 1787(1974) 

Introduction 

A great deal of interest has developed in 
arabinonucleotides. The activity of arabino- 
nucleotides toward enzymes (1-4), their anti- 
tumor and antiviral activities (5, 6), and the role 
of the arabino 2'-hydroxyl group in nucleotide 
structure and activity (7, 8) have generated a 
need for the rapid synthesis of oligoarabino- 
nucleotides. While there have been several 
reports on the synthesis of nucleotides containing 
arabinonucleoside units (I, 9, I O), there has been 
much less attention paid to the stepwise syn- 
thesis of oligoarabinonucleotides of predeter- 
mined sequence. 

It had occurred to us that the cyclopyrimidine 
nucleosides as intermediates might provide an 
attractive route to the synthesis of oligoarabino- 
nucleotides. For example 02,2'-cyclouridine (I), 
which is readily available in high yield from 
uridine (1 1), closely resembles a deoxynucleoside 
in the carbohydrate portion of the molecule. 
Further it is known that mild acid (12) or base 
(13) treatment readily converts 1 into arabinouri- 
dine (2). Thus it would seem that the versatile 
methods which are available for the synthesis of 
oligodeoxynucleotides (14, 15), should be directly 
applicable to the synthesis of oligocyclopyrimi- 
dines which should be easily converted by mild 
acid or base into the corresponding oligoarabino- 

'Part XI1 in a series on anhydronucleosides. Part XI is 
ref. 20. 

'NRCC Scholarship Holder 1968-1972. 

ac~d  

or base 

nucleotides. Further, the cyclonucleotides thern- 
selves are of interest due to the modification of 
the pyrimidine ring. 

In this manuscript we describe the synthesis 
of dinucleoside monophosphates containing 
cyclouridine units, their interaction with spleen 
and snake venom phosphodiesterases, and, their 
conversion to arabinouridine nucleotides. A 
preliminary account of one of these reactions 
has previously been reported ( 1  6). 

Except for our initial report (1 6) O2,2'- 
cyclopyrimidines have not been used in a step- 
wise synthesis of nucleotides. Nagyvary and 
Provenzale (10, 17) have converted existing 
pyrimidine nucleotides into arabinonucleotides 
via the cyclopyrimidine intermediate. Schramm 
and Ulmer-Schurnbrand (1 8) have converted 
uridylic acid into polyarabinouridylic acids via 
the 02,2'-cyclouridylate intermediates. Ikehara 
and Tezuka (19) have described the synthesis of 
06,2'-cyclouridylyl-(3'-5')-06,2'-cyclouridine (3). 
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The properties of this latter nucleotide toward 
phosphodiesterases are of interest when com- 
pared to the corresponding nucleotide of O2,2'- 
cyclouridine (15, see below). There have also been 
two major reports on the incorporation of 8,2'- 
thioanhydropurine nucleosides into dinucleoside 
monophosphate units (20, 21). 

Results and Discussion 
Syntllesis of 0~ ,2 ' -~~c lour id ine  Nucleotides 

The same general approach as used in the 
synthesis of deoxynucleotides ( 1  4, 15) was 
considered for the cyclouridines: the phosphory- 
lation of a suitable 5'-protected cyclonucleoside 
(4) followed by condensation with a 3'-protected 
cyclonucleoside (6). 

The triphenylmethyl protecting groups have 
been generally used (22, 23) for selectively 
protecting the 5'-hydroxyl groups in nucleosides. 
When 1 was treated with triphenylmethyl 
chloride (Scheme 1) in hot pyridine 4a was not 
obtained. Rather the cyclolinkage had been 
destroyed and after removal of the trityl group 
2'-chloro-2'-deoxyuridine was obtained. This 
compound could also be obtained by treating 1 
with pyridinium hydrochloride. Compound 4a 
was obtained by treating 5'-0-trityluridine (7a) 
with diphenyl carbonate in D M F  (11). The 
trityl group itself turned out to be too resistant 
to acid hydrolysis to be generally useful since 
hydrolysis of the cyclolinkage occurred simul- 
taneously with hydrolysis of the trityl group. 

Compound 4b was obtained from 7b as above 
or by treating 1 with monomethoxytrityl chloride 
at  room temperature in pyridine. Conditions for 

VOL. 52, 1974 

removal of the monomethoxytrityl group (80% 
HOAc, I +  h at room temperature (23)) did not 
affect the cyclouridine linkage. 

Two base labile protecting groups which have 
been used in nucleotide synthesis are the acetyl 
(24) and the P-benzoylpropionyl (25) groups. 
Both of these groups can be removed with mild 
base while the P-benzoylpropionyl group can 
be selectively removed with hydrazine. Thus 4b 
was converted into 5a and b which yielded 6a 
and b on treatment with 80% acetic acid at room 
temperature. 

With the protected cyclouridines 4 and 6 being 
readily available, the phosphorylation of these 
compounds was investigated. In  the first 
sequence (Scheme 2), 4b and P-cyanoethyl 
phosphate (PCEP) were condensed using di- 
cyclohexylcarbodiimide (DCC) and the resulting 
intermediate was condensed directly with iso- 
propylidineuridine (U-ISP) using triisopropyl- 
benzenesulfonyl chloride (TPS). The  cyanoethyl 
derivative of 5'-O-monomethoxytrityl-02,2'-cy- 
clouridylyl-(3'-5')-isopropylidineuridine (8a) was 
obtained in 27% isolated yield. O n  treatment 
with 80% acetic acid at room temperature 
followed by pyridine - ammonium hydroxide 
(5 : 2) 8a was converted into 9a. The treatment of 
the nucleotides containing cyclouridine units 
with phosphodiesterases will be discussed to- 
gether below. Compound 9a was converted to  
10a or b on treatment with sodium hydroxide 
and/or hot acetic acid. Both 10a and b were 
completely degraded by phosphodiesterases to  
the expected products. These results confirm the 
identity of con~pound 9. 

The P,P,P-trichloroethyl group has also been 
used as a phosphate protecting group (26). As a 
result compound 8b was synthesized from 4b 
using a procedure (Scheme 2) very similar to 
the one used by Neilson and Werstiuk in the 
ribonucleotide area (27). Removal of the 
monomethoxytrityl group with acetic acid 
produced 9b. Treatment of 8b with hot acetic 
acid followed by treatment with zinc and acetic 
acid gave lob. 

Compound 9a was obtained in a n  overall yield 
of 40% from 4b by (I) phosphorylating 4b with 
trichloroethyl phosphate using TPS, (2) removing 
the trichloroethyl group at this point with copper 
zinc in DMF, and (3) condensing the product with 
U-ISP and triphenyl phosphine-2,2'-dithiodi- 
pyridine (TPP-PDS (28)). Removal of the 
monomethoxytrityl group gave 9a. It  is interest- 
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OGILVIE AND IWACHA: ARABINOURIDINE NUCLEOTIDES 1789 

RCI 

(40)2C0 
DMF 

$ DCC 

Tr  = Triphenylmethyl 
MTr = p-Methoxyphenyldiphenylmethyl 
BZE = p-Benzoylethyl 
DCC = Dicyclohexylcarbodiimide 

ing to note that in these syntheses only small 
amounts of cyclonucleoside 3'-phosphates were 
detected in the final products. This might indi- 
cate that condensation yields were quite high 
but poor recovery of products was experienced. 
Most losses probably occur at extraction stages 
in the procedures. However, we have not been 
able to significantly improve isolated yields. 

To determine whether the cyclonucleoside unit 
could be added to the 3'-end of a nucleotide 
chain, compound 12 was synthesized. The 
condensation of 11 with 6a using TPP-DPS 
followed by removal of protecting groups gave 
12 in 23% yield. Compound 12 was treated with 
hot acetic acid to produce thymidylyl-(3'-5')- 
arabinouridine (TpaU) which gave complete 

degration to thymidine 3'-phosphate and ara- 
binouridine with spleen enzyme. With snake 
venom enzyme TpaU was degraded to the 
extent of 72% after 24 h. The undegraded 
material was completely degraded with either 
spleen enzyme or on prolonged treatment with 
snake venom. Previous reports have indicated 
(I) that dinucleoside monophosphates containing 
arabinonucleosides required more enzyme and 
longer incubation times than the corresponding 
ribonucleotides in order to achieve complete 
degradation. 

The route to the dicyclouridine monophos- 
phate (15) is outlined in Scheme 3. The important 
intermediate in the reaction is compound 14 
which is readily obtained from 13 using copper- 
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(A)( / )  BCEP, DCC 
(2) U-ISRTPS 

( B )  (1) TCEP,TPS 

(2) U-[SP, TPS  

I 
O=P-OR 

a R=CE 
b R-TCE 

( ~ ) 8 0 %  HOAc or (B)Zn,HOAc 

a R - lsopropylidine 

zinc in DMF. Compound 13 was prepared by 
condensing the cyclohexylammonium salt (26) 
of P,P,P-trichloroethyl phosphate with 46 using 
TPS. We were unable to obtain any 13 using 
either DCC or TPP-DPS as condensing agents. 
Apparently cyclohexylamine is too strong a 
base to be displaced using these latter reagents. 
All three condensing agents gave quantitative 

phosphorylation of 46 by the pyridinium salt of 
PCEP. However, the conditions required to 
remove the cyanoethyl group (7 M NH,OH (29) 
or 1 N NaOH (23)) also cause hydrolysis of the 
cyclonucleoside. Methanol-pyrrolidine (9 : I )  has 
been used (30) to remove the cyanoethyl group 
from phosphodiesters but this reagent also 
caused degradation of 1. 
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OGILVIE AND IWACHA: ARABINOURIDINE NUCLEOTIDES 179 1 

Condensation between 14 and 6a followed by 
removal of protecting groups gave 39 and 46% 
isolated yields of 15 using DCC or TPP-DPS as 
condensing agents. Again no cyclouridine 3'- 
phosphate was observed in the products of the 
reaction. Compound 15 was converted to 
arabinouridylyl-(3'-5')-arabinouridine (16) by 
sodium hydroxide. Compound 16 was com- 
pletely degraded to arabinouridine 3'-phosphate 
and arabinouridine by spleen enzyme and was 
slowly degraded by snake venom enzyme to 
arabinouridine 5'-phosphate and arabinouridine. 

1 Enzyme Studies on Nucleotides Containing 

I Cyclouridine 
I cUpU-ISP (9a) was completely degraded by 

snake venom enzyme to cU and pU-ISP. 
However, spleen enzyme which operates from 
the 5'-end of a nucleotide did not degrade the 
molecule at all. TpcU (12) on the other hand 
was completely degraded by spleen enzyme but 
was not degraded by snake venom. However 
after 7 h (at 37 "C and p H  9.2) with snake 
venom 7% of 12 had been converted to the 
arabinonucleotide which is degraded by the 
enzyme to thymidine and arabinouridine 5'- 

I 
phosphate. After 24 h 35% of the cyclouridine 
nucleotide had been hydrolyzed by the basic 

( I )  TPP-DPS ____, 
(2) 80% HOAc 
(3) NH3 

by Ikehara and Tezuka (19) for compound 3; 
they reported that this molecule was degraded 
by snake venom phosphodiesterase. 

The difference in reactivities of 3 and 15 might 
imply that snake venom phosphodiesterase 
requires the anti conformation of the base for 
recognition. In 3 the base is nearly anti while 
in 15 it is close to the syn conformation. Of 
course there is a significant change in electronic 
and H-bonding characteristics of 15 as compared 
to 3. Further it has been observed that the 
cyclopurine nucleotides are not substrates for 
either snake venom or spleen phosphodiesterases 
(20). In the cyclopurines the base is constrained 
in a near anti conformation. 

We have found (35) that 12, 1, and 9a are 
weak competitive inhibitors of snake venom 
phosphodiesterase with their effectiveness as 
inhibitors being in the ratio of 1 :2:25. They are 
also weak competitive inhibitors of spleen 
phosphodiesterase in the ratio 10: 1.2: 1 .  

In summary, methods have been developed 
which incorporate cyclouridine into dinucleoside 
monophosphate units. These compounds are of 
interest as analogues of natural nucleotides and 
provide a convenient route to arabinouridine 
nucleotides. 

medium to the arabinbnucleotide -which was Experimental 
degraded by the enzyme. The A complete description of all our general methods, 
(15) was not degraded by either spleen or snake reagents and chemicals, enzyme assays, and general 
venom. Clearly the presence of a cU moiety in procedures has been given in ref. 20 with the following 
the chain blocks the recognition ability of the exceptions. 

enzymes and prevents degradation. These results G~,,~, I  Metho& 
make an interesting contrast to those obtained Column chromatography was carried out on silica gel 
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(l)(A)DCC 
or (B)TPP - 

DPS 

( 2 )  HOAc 

(3)NH3 

(60-200 mesh) from Fisher Scientific. A slurry of silica 
gel was allowed to settle under its own weight at  the 
desired flow rate. The eluant was monitored by thin-layer 
chromatography. 

For  aqueous solutions containing nucleosides, the 
absorption maxima and corresponding extinction co- 
efficients used were: 02,2'-cyclouridine (250 nm, 7820 
(13)); uridine (262 nm, 10 100 130)); arabinouridine 
(263 nm, 10 500 (12)); and thymidine (267 nm, 9650 (30)). 

The term 0.D. unit refers to the extinction of a nucleotide 
solution at  neutral pH in 1 ml of solution using a I-crn 
light path quartz cell. A number in subscript refers to the 
wavelength used in determination of the O.D. unit. Mass 
spectra were obtained on a Finnigan 1015 mass spectrom- 
eter. 

Reagents and Cl~etnicals 
The dicyclohexylarnmonium salt of p,p,p-trichloroethyl 
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phosphate was prepared by dropping the phosphoro- 
dichloridate into a cooled solution of water-dioxane(1 : 1). 
After removal of the solvents, the residue was dissolved 
in ethanol-dioxane (I : 1) and cyclohexylamine was added. 
The precipitated product was recrystallized from ethanol- 
dioxane (m.p. 194-1 98 "C (26)). 

0z,2'-Cyclouridine (m.p. 244-248 "C, 83% (ll)) ,  
5'-0-trityluridine (m.p. 114.5-1 16 "C, 89%, (22)), 
5'-0-monomethoxytrityluridine (m.p. 98-102 "C, 76%, 
(31)), 2',3'-0-isopropylidineuridine (1n.p. 161-162.5 "C, 
69%, (32)), and 5'-0-monomethoxytritylthymidine (m.p. 
103-105 "C, 85%, (23)) were prepared by established 
procedures. 

2'-Cliloro-2'-deoxy1rridine (dU-Cl) 
(A) 02,2'-Cyclouridine (3.4 g, 15 mmol) and trityl 

chloride (4.6 g, 16.1 mmol) were dissolved in pyridine 
(50 ml) and the solution was refluxed for 2 h. The solution 
was poured into ice water (500 ml) with stirring. The 
precipitate was collected by filtration and washed with 
petroleum ether (40 ml). The precipitate was dissolved in 
chloroform and dried over anhydrous sodium sulfate 
The solvents were removed under reduced pressure and 
the residue was crystallized from ethyl alcohol to yield 
3.9 g (52%) of material (m.p. 164-166.5 "C, R, 0.70 
(ethylacetate)) assumed to be 5'-0-trityl-2'-chloro-2'- 
deoxyuridine (h,,,,(E'OH), 259 nm (10 700)). A sample of 
this material (200 mg) was dissolved in 80% acetic acid 
and the solution heated on a steam bath for 20 min. The 
solvents were removed at reduced pressure and the last 
traces of acetic acid were removed by evaporation of 
ethanol. The residue was crystallized from ethanol 
(EtOH) to yield 69 ~ n g  (66%) of 2'-chloro-2'-deoxyuridine 
(m.p. 202-206 "C, lit. (33) m.p. 205-206 "C; R, 0.21 
(ethylacetate); h,,,,'E'OH: 260 nm). 
. (B) 02,2'-Cyclouridine (50 mg) was dissolved in 
pyridine (4 ml), 1 drop of concentrated hydrochloric acid 
was added, and the solution was heated on a steam bath 
for 2 h. The solvents were removed at reduced pressure 
and the residue was crystallized from ethyl acetate to give 
25 mg of dU-CI (mixture m.p. 200-205 "C). 

As further proof of the identity of dU-CI, 25 mg of the 
material and methanol (0.3 ml) containing sodium 
methoxide (8.1 mg) were dissolved in dimethylformamide 
and the solution was heated at  70-75 "C for 2 h. The 
solution was cooled and triturated with ether - petroleum 
ether (2:3, 50 ml). The solvent was decanted and the 
residue crystallired from ethanol to give O2,2'-cyclouri- 
dine (5.2 mg, 24%). 

5'-0.Trityl.0z,2'-c)~clouriditre (4n) 
5'-0-Trityluridine (670 mg, 1.36 mn~ol) was dissolved 

in dimethylformamide (1.5 ml) and treated with diphenyl 
carbonate (390 mg, 1.8 mmol) and sodium bicarbonate 
(10 mg). The mixture was heated at 150" for 30 min and 
then was poured into ether. The precipitated gum was 
crystallized from ethanol to yield 400 mg (62.5%) of 4n 
(m.p. 2.5-218^, l i t .  (13) m.p. 217-219°C). 

Stnbility af'the Cyclolhkoge to Acid 
10% Acetk Acid 
Compound 4n (10 mg) was dissolved in 10% acetic acid 

(1 ml) and the solution was heated on a steam bath for 
10 min. In addition to unreacted 4a, two non-trityl 
containing nucleosides were present and identified as 1 
and 2 in the ratio of  2: I. 

8 0 x  Aceiic Acid 
Compound 4n (10 mg) was dissolved in 80% acetic acid 

(I ml) and the solution was stirred at room temperature 
for 21 h. In addition to 40, compounds 1 and 2 were 
present in a ratio of 7: 1. 

5'-O-Mo~i0t~ietl1oxytrityl-O~,2'-cyclo1trirli,re (46) 
(A) 0z,2'-Cyclouridine (4.35 g, 19.2 niniol) and mono- 

methoxytrityl chloride (6.0 g, 19.5 mmol) were stirred in 
pyridine (100 ml) for 4 days. The solvent was removed at 
reduced pressure and the residue was dissolved in a mix- 
ture of chloroform-water (600 nil. 1 : 1). The chlo~.oforni 
layer was separated and washed with water (2 x 50 nil). 
The organic solution was dried over anhrdrous sodiuni 
sulfate and then concentrated. ~rystallization occurred to 
yield 5.70 g (60%) of 4b; m.p. 155-1 58 'C; h,,,,,'E'O"' 229 
nm (1 6 800); R(0.26 (tetrahydrof~~ran); principal bands in 
the i.r. spectrum (KBr disk) occurred at 6.06. 6.13. and 
14.2 p. 

Anal. Calcd. for C2,H2,H2O,: C, 69.87; H, 5.26; N, 
5.62. Found: C. 70.23; H,  5.28: N ,  5.53. 

(B) 5'-0-~o~omethoxytri~~luridine (730 mg, 1.41 
mmol) was dissolved in dimethylformamide (0.7 nil) and 
was treated with diphenyl carbonate (392 nig, 1.82 mmol) 
and sodium bicarbonate (7 mg). The mix t~~re  was heated 
at 150" for 30 min. After cooling, the mixture was poured 
into ether. The precipitated gum was crystallized from 
ethanol to yield 91 mg of 46. 

5'-0-Motiot~~etlio.vytrilyl-3'-O-ncetyl-O~,2'-cyclor1~irli,1e 
( 5 4  

Compound 4b (2.5 g, 5.0 mmol) and acetic anhydride 
(0.8 ml, 8.5 mmol) were dissolved in pyridine (1 5 1111) and 
the solution was stirred for 18 h and poured into ice water 
(500 mI) with stirring. The precipitated product was 
collected by filtration and dissolved in chloroform. Con- 
centration of the solution to a small volume followed by 
the addition of hexane yielded 2.57 g (95%) of 50:  m.p. 
104-107 "C; h,,,,'E'O1l' 230 nm (19 000); Rf 0.36 (THF); 
principal bands in the i.r. spectrum (KBr disk) occurred 
at 5.70, 6.08, and 14.2 p. 

Anal. Calcd. for C,,Hz8N20,:  C, 68.88; H ,  5.22; N, 
5.18. Found: C, 68.78; H, 5.14; N,  5.08. 

3'-0-Acetyl-02,2'-cyclortriditie (6a) 
Compound 46 (21.7 g, 40 mmol) was dissolved in 80% 

acetic acid and the solution was stirred for 4 h. The 
solvent was removed at reduced pressure and the last 
trace of acetic acid was removed by evaporation of 
ethanol. The residue was dissolved in ethanol-chloroform 
and the solution was poured into ether. The precipitate 
was filtered to yield 8.35 g (83%) of 60; m.p. 205-208 "C; 
h,,,(ELO"' 249 (8220) and 224 nm (9600); Rf 0.13 (THF); 
principal band in the i.r. spectrum (KBr disk) occurred 
at 5.73 and 6.10 p. 

Anal. Calcd. for C , l H , 2 N 3 0 6 :  C, 49.25; H, 4.51; N, 
10.44. Found: C, 49.10; H ,  4.50; N, 10.26. 

5 ' -O-Mot to tnet / roxy t r i ty l -3 ' -O- (~-be, lzo~1y l ) -  
02,2'-cyclortridir~e (56) 

Compound 46 (4.0 g, 9.0 mmol), 3-benzoylpropionic 
acid (4.28 g, 24.0 mmol), and dicyclohexylcarbodiimide 
(6.6 g, 32.0 mmol) were dissolved in pyridine (80 ml) and 
the solution was stirred for 13 h. Cold water (24 ml) was 
added and the mixture was stirred for 6 h. T h e  insoluble 
dicyclohexylurea was removed by filtration and was 
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washed with pyridine-water (1 : I ,  50 ml). The filtrate 
and washings were extracted with chloroform (3 x 200 
ml) and the aqueous layer discarded. The chloroform 
layer was extracted with saturated sodium bicarbonate 
solution (2 x 150 ml), washed once with water, con- 
centrated to a small volume, and applied to a silica gel 
column (3.5 x 46 cm) in ether. The column was eluted 
first with ether (4.5 1) followed by tetrahydrofi~ran (3.5 1). 
Pure 5b was obtained in the tetrahydrofi~ran fractions. 
Concentration of the solution followed by precipitation 
of the product with hexane yielded 4.3 g (82.5%) of 5b; 
m.p. 94.97 "C; hm,,(E1OH) 236 nm (29000); R, 0.42 
(THF); principal bands in the i.r. spectrum occurred at 
5.71, 5.93, 6.06, and 14.2 p. 

Anal. Calcd. for C30H3JNZOs: C, 71.1 1 ; H, 5.20; N, 
4.25. Found: C, 70.68; H, 5.27; N, 4.42. 

3'-0-(e-Benzoylpropiony1)-02,2'-cyclorrriclitre (66) 
Compound 5b (4.02 g, 6.1 mmol) was dissolved in 80% 

acetic acid and the solution was stirred for 4.5 h. The 
solvent was removed at reduced pressure and the last 
trace of acetic acid was removed by evaporation of 
ethanol. The residue was dissolved in ethanol and applied 
to 15 thick-layer plates. The plates were developed in 
ethyl acetate and in tetrahydrofuran. The nucleoside band 
at R, 0.15 was eluted from the plates with tetrahydro- 
furan. Concentration of the solution followed by addition 
of hexane to precipitate the product yielded 66 (2 g, 85%); 
m.p. 178-180 "C; hm.,,(ELOkl) 244 and 18 700); R, 0.16 
(THF); principal bands in the i.r. spectrum occurred at 
5.72, 5.92, 6.17, and 13.3 p.  

Anal. Calcd. for C 1 9 H 1 8 N Z 0 7 ~ - ~ H Z O :  C, 57.72; H,  
4.84; N ,  7.08. Found: C, 57.61; H, 4.70; N, 7.03. 

The e-C.vanoethy1 Deriuatice of 5'-O-Mot1ometlrox)~- 
trityl-0 2,2 ' -~)~~ lo~t r ic ly l )~ l - (3 ' -5 ' )  -2',3'-0- SO- 
propylic/er~ertriclit~e (80) 

a-Cyanoethyl phosphate (9.0 nmol) was dried by 
evaporation of pyridine (2 x 10 ml). 5'-0-Monc- 
methoxytrityl-0z,2'-cyclouridine (1.0 g, 2.0 mmol), 
dicyclohexylcarbodiimide (6.6 g, 32 mmol). and pyridine 
(10 ml) were added and the mixture was stirred for 3 days. 
After the addition of cold water (14 ml), stirring was 
continued for 16 h. The mixture was filtered to remove 
dicyclohexylurea and the residue was washed with 
pyridine-water (I : I, 35 ml). The combined filtrates were 
extracted with chloroform-ethanol (5: 1, 400 ml). After 
separation of the layers, the organic layer was con- 
centrated to a volume of -75 rnl. The organic layer was 
extracted with saturated aqueous sodium chloride (10 ml) 
and then concentrated at reduced pressure. Pyridine 
(10 ml) was added to dissolve the MTr-cUp(CE). The 
mixture was filtered to remove undissolved salts and 
dicyclohexylurea and the filtrate was concentrated to a 
gum at reduced pressure. 

The gum was dried by evaporation of pyridine (2 x I0 
ml). 2',3'-0-Isopropylideneuridine (900 rng, 3.16 mmol) 
was added and the mixture was dried by evaporation of 
pyridine (2 x 10 ml). Triisopropylbenzenesulfonyl chlo- 
ride (1.2 g, 4.0 mmol) and pyridine (10 ml) were added 
and the solution was concentrated to a volume of -5 rnl. 
The solution was stirred for 18 h. Pyridine (7 ml) was 
added to increase the volume of the solution. After the 
addition of cold water (8 ml), stirring was continued for 
1 h. The solution was extracted with chloroform and the 

layers were separated. The organic layer was concentrated 
to a small volume and the solution was poured into ether 
with stirring. The residue was dissolved in tetrahydrofuran 
and applied to 20 thick-layer, plates. The plates were 
developed in ethyl acetate and tetrahydrofuran. The 
nucleotide band with R, 0.23 was eluted with tetrahydro- 
furan and ethanol followed by concentration and addition 
of hexane to yield 480 mg (27%) of 80; m.p. 140-150 "C 
with softening at 134 "C (34); ?L,,,,iE'O") 232 (25 500), 
250 nm (sh); R,." 0.94; principal bands in the i.r. spectrum 
(KBr disk) occurred at  4.42, 5.89, 6.05, and 14.1 11. 

Anal. Calcd. for C4;H4,N5Ol4P: C,  58.86; H, 4.94; 
N, 7.80. Found: C, 58.63; H, 5.03; N, 7.75. 

0 2,2'-Cyclorrric/y/yl- (3'-5')-2',3'-0-isopropyIic/et1e~r~icli1~e 
( 9a) 

Compound 80 (30 mg) was dissolved in 80% acetic 
acid (0.5 mi) and the solution was stirred for 2 h. The 
solvent was removed at reduced pressure. The residue 
was dissolved in pyridine ammonium hydroxide (5:2) 
and the solution was stirred for 30 min. T h e  solution was 
applied to Whatman papers and developed in Solvent B. 
The product 9a (R, 0.69) was eluted with water and 
applied to Whatman electrophoretic paper. The product 
(RmTP 0.33) was eluted with water and identified through 
its paper chromatographic and electrophoretic properties 
and its L I . ~ .  spectrum (Table 1). Snake venom enzyme 
degraded 9a to cU (R," 0.71; 2.80 O.D.,,, units) and 
isopropylidineuridine 5'-phosphate (pU-ISP) (R,Q.60; 
3.65 0.D.,6, units) with pU-ISP/cU = 1.01. Spleen 
enzyme did not degrade 90 at all. The structure of 90 was 
further confirmed by its conversion to the arabinonucleo- 
tides 100 and lob below. 

Arnbitrorrriclylyl- (3'-5') -2',3'-O-isoprop~~liclet1e11ric/it1e 
( 100) 

Compound 9n (4.80 O.D.,,, units) was dissolved in 
1 N sodium hydroxide and the solution was stirred for 
1 h. The solution was neutralized with Dowex 50W-X8 
resin, filtered, and applied to Whatman paper developed 
in solvent A. The product (R," 0.28) was eluted with water 
and characterized by its paper chromatographic and 
electrophoretic properties (Table I) and its hydrolysis by 

TABLE 1 .  Physical properties of 
cyclouridine nucleotides 

R, Values on paper 
chromatography* 

-- 

Solvent 

Compound A B Rmt hm,,0'20) (nm) 

9a 0.30 0.66 0.35 255 
10a 0.28 0.66 0.38 262 
lob  0.15 0.60 0.38 262 
1 2  0.17 0.61 0.35 260 
TpaU 0.14 0.60 0.36 264 
15  - - 0.37 250, 223 
16 0.16 - 0.36 263 

*Whatman 3 M M  paper. Solvent A, isopropyl alcohol-concen- 
trated ammonium hydroxide - water (7 : I  : 2, v/v/v); solvent B, 
ethanol-water (7 :3, v/v). 

tElectrophoretic mobility relative to thymidine 3'-phosphate (Tp) 
in  triethylammonium bicarbonate buffer (pH 7.5). 
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spleen phosphodiesterase. Spleen enzyme degraded 10a 
to arabinouridine 3'-phosphate (aUp) (2.45 o.D.26, 
units; R," 0.03) and isopropylidineuridine (U-ISP) 
(2.17 0.D.262 units; RIA 0.72) with aUp/U-ISP = 1.1. 

Arabinorrridy1.vl-(3'-5')-~rridine (ZOb) 
(A) Compound 8a (16 mg) was dissolved in 80% 

acetic acid (5 ml) and the solution was refluxed for 2 h. 
The solvent was removed at reduced pressure, the residue 
was dissolved in pyridine - ammonium hydroxide (5: 2, 
2 ml), applied to Whatman paper, and developed in 
solvent A. The product lob was eluted from the paper 
with water and characterized by its chromatographic and 
electrophoretic properties and by its U.V. spectrum 
(Table 1). Snake venom degraded lob to arabinouridine 
(2) (5.24 O.D.Z63 units; RiA0.49) and uridine 5'-phosphate 
(pU) (5.79 0.D.262 units; R," 0.04) with pU/2 = 1.1. 

(B) Compound 9a  was heated with 80% acetic acid on 
a steam bath for 2.5 h. The product, lob, was identical 
with the material produced by method A above. 

Tlie p ,p ,p -Tr i c l i l o~ l~y l  Ester of5'-O-Mot1ot~iethoxy- 
trivl-02,2'-cyclorrridylyl- (3'-5') -2',3'-0-iso- 
propylidene~rriclir~e (86) 

!3,!3,P-TrichIoroethyl phosphate (420 mg, 1.0 mmol 
cyclohexylammonium salt) was dissolved in dry pyridine 
(25 ml) and converted to the pyridinium salt by evapora- 
tion of pyridine (2 x 25 ml). Triisopropylbenzenesulfonyl 
chloride (450 mg, 1.5 mmol) and pyridine (25 ml) were 
added and the solution was stirred for 30 min. 5'-0- 
Monomethoxytrityl-02,2'-cyclouridine (250 mg, 0.5 
mmol) was added and the solution was stirred for 4 h. 
After the addition of more TPS (225 mg, 0.75 mmol), the 
solution was stirred for 17 h. The solution was cooled, 
cold water (5 ml) was added, and the resulting solution 
was stirred for 30 min and then poured into ice water 
(50 ml). The solution was extracted with methylene 
chloride (4 x 25 ml) and the combined methylene 
chloride extracts were washed with water (4 x 25 ml) 
and concentrated to a gum at reduced pressure. 

The gum was dried by evaporation of pyridine at  
reduced pressure (2 x 25 mi). TPS (225 mg, 0.75 mmol) 
and pyridine (25 ml) were added and the solution was 
stirred for 30 min. 2',3'-0-Isopropylidenei~ridine (280 
mg, 1.0 mmol) was added and the solution was stirred 
for 6 h. After the addition of more TPS (100 mg, 0.30 
mmol). stirring was continued for 19 h. Cold water (5 ml) 
was added and after stirring for 30 min the solution was 
poured into ice water (50 ml). After extraction with 
methylene chloride (4 x 25 ml), the combined methylene 
chloride extracts were washed with water (4 x 25 ml) 
and concentrated at  reduced pressure to a small volume. 
The solution was applied to 10 thick-layer plates and 
developed in ethyl acetate and tetrahydrofuran.,The band 
with Ri 0.43 was eluted with tetrahydrofuran which was 
concentrated and upon the addition of hexane a white 
precipitate formed, identified as 86 (111 mg, 232 ,  n1.p. 
140-150 "C). Physical properties are listed in Table 1. 

Anal. Calcd. for C43H42C13N4014P: C. 52.91; H, 
4.34; N, 5.74. Found: C, 53.06; H, 4.46; N, 5.61. 

Tlie P,B,p-Tricl~loroethyl Derivative of O2,2'- 
Cyclo~rridylyl- (3'-5') -2',3'-0-isopropylidineuridine 
(96) 

Compound 86 (48 mg) was dissolved in 80% acetic acid 

and the solution was stirred for 4.5 h. After removal of 
the solvent at reduced pressure the residue was dissolved 
in a small volume of ethanol and applied to  Whatman 
paper which was developed in solvent C. T h e  nucleotide 
band appeared at RiC 0.62 and was eluted with water 
which on lyophilization gave 9b (30 mg, 86%); Ri 0.20 
(THF); h,,,,(1'20) 255 nm. The structure was further 
confirmed by conversion of 96 to 90 below. 

02,2'-Cyclo~rridylyl-(3'-5') -2',3'-O-isopropylideire11ridit1e 
(9a) 

Compound 9b (4.6 mg) was dissolved in 80% acetic 
acid (0.5 ml). Zinc (5 mg) was added and the mixture 
was stirred for 1 h. After filtration, the solvent was 
evaporated at reduced pressure. The residue was dis- 
solved in ethanol-water and applied to  Whatman 
electrophoresis paper. A nucleotide band occurred at 
R,,TP 0.28 and was eluted with water to yield 90. Spleen 
enzyme did not affect this nucleotide but snake venom 
degraded a sample to 1 (3.5 O.D.,,, units) and pU-ISP 
(4.5 O.D.,,, units) with pU-ISPI1 = 0.99. 

One-half of the above product was hydrolyzed with 
base to 10a which was completely degraded by both 
snake and spleen enzymes in the correct manner and 
ratios. 

Direct Synthesis of 90fioni 46 
Compound 46 (50 mg) was phosphorylated with 

p,e,!3-trichloroethyl phosphate (cyclohexylammonium 
salt) using TPS (150 mg) in pyridine (5 ml) a s  described 
above. After quenching the reaction in the normal way 
the product was extracted into methylene chloride. Thin- 
layer chromatography showed no 4b remaining. After 
removal of solvents, the residue was treated with Cu-Zn 
in D M F  at 50 "C for 30 min. The solution was filtered, 
the residue washed with 50% aqueous pyridine (100 ml), 
and the combined washings and filtrate were passed 
through a Dowex 50W-X8 (pyridinium form) column. 
The eluant was concentrated to a small volume and added 
dropwise to ether (250 ml). The precipitate was collected 
by filtration and dried overnight over P205. 

This residue was further dried by evaporation of 
pyridine (3 x 2 ml) and condensed with isopropyli- 
dineuridine (0.11 mmol) using triphenylphosphine (1 30 
mg) and 2,2'-dithiodipyridine ( I  10 mg) in pyridine ( I  ml) 
at room temperature. After 18 h, water (2 ml) was added 
and stirring continued for 2 h. The reaction mixture 
was then poured into ether, the solvents decanted, and 
the residue treated with 80% HOAc for 4 h at room 
temperature. The solution was applied to Whatman paper 
which was developed in solvent C. The nucleotide band 
at RiC 0.12 was eluted and identified as 90 (0.04 mmol 
determined spectroscopically). Very little ( <  10%) c u p  
was detected. Presumably most of the loss of  material 
occurs a t  the extraction steps. 

Thymidylyl-(3'-5')-02,2'-cyclouri(Iitie (TpcU, I 2 )  
5'-0-Monomethoxytritylthymidine (80 mg, 0.15 mmol) 

was phosphorylated with p-cyanoethyl phosphate (0.3 
mrnol) and mesitylenesulfonyl chloride (MS) (130 mg, 
0.6 mmol) in the usual way. The cyanoethyl group was 
removed with 7 M  ammonium hydroxideat 70°Cfor 1.5 h. 
The product was dried by evaporation of pyridine and 
condensed with 6n (20 mg, 0.3 mmol) in pyridine (0.7 ml). 
The solution was stirred for 6.5 h. After the addition of 
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cold water (0.7 ml), stirring was continued for 16 h 
whereupon the solvents were removed at reduced pressure 
and the residue was dissolved in chloroform (4 ml). The 
chloroform solution was washed with water (3 x 1 ml) 
and then evaporated. The residue was treated with 80% 
HOAc at room temperature for 2.5 h to remove the 
trityl group and the products were isolated by chroma- 
tography on Whatman paper in solvent B. The product 
appeared at RKB 0.52 and was separated from a trace of 
Tp by preparative paper electrophoresis at  p H  7.5. To 
remove the acetyl group, this product was treated with 
15% ammonium hydroxide in ethanol for 90 min. 
Removal of solvents gave TpcU (12, 23%, see Table 1). 

Compound 12 was completely degraded by spleen 
enzyme to T p  (RrU 0.58; 7.75 0.D.26, units) and cU 
(RrB 0.69; 6.28 0.D.z50 units) with Tp/cU = 1.01. 
Incubation of TpcU with snake venom enzyme partially 
hydrolyzed the TpcU to TpaU and yielded TpcU (Rru 
0.61; 8.2 O.D.26" units; 9373, and paU (RrQ.44; 0.4 
0.D.163 units) and T (RrU 0.75; 0.3 O.D.267 units) with 
paU/T = 1.23. Incubation of 12 with snake venom for 
24 h caused a 35% hydrolysis to TpaU which was 
degraded to T and paU with paU/T = 0.86. 

Thyn1idylyl-(3'-5')-arnbit1orrriditze (TpaU) 
Compound 12 was treated with 80% HOAc on a steam 

bath for 2 h. and the product, TpaU, was isolated by 
paper chromatography in solvent A. The product was 
completely degraded by spleen enzyme to Tp (Rr" 0.05; 
4.87 0.D.267 units) and arabinouridine (aU) (RrA 0.52; 
4.80 0.D.Z6, units) with Tp/aU = 1.1. TpaU was 
slowly hydrolyzed to arabinouridine 5'-phosphate (paw) 
(RrA 0.02; hm,,(Hfl) 263 nm) and T (RIA 0.63) with paU/T 
= 0.99. For example after 24 h, TpaU was 72% hydro- 
lyzed by snake venom. The remaining material could be 
completely degraded either by further treatment with 
snake venom or by treatment with spleen enzyme and to 
the expected products. 

Srrtdies on rhe Phosplzorylatiot~ of46 
(A) Compound 4a (100 mg, 0.2 mmol) and P,P,P- 

trichloroethyl phosphate (cyclohexylammonium salt, 0.4 
mmol) were condensed using TPS (0.8 mmol) in pyridine 
(10 ml) as described previously. The product was treated 
with Cu-Zn in DMF at 50 "C for 30 min. Paper electro- 
phoresis showed complete conversion of the initial 
product 13 (RmTp 0.13) to compound 14 (RmTP 0.55). 
No other nucleoside material was present. Compound 
14 was converted to cyclouridine 3'-phosphate (R.,TP 1.0; 
hm,,'H20' 250 nm) on treatment with 80% HOAc at room 
temperature for 3 h. 

(B) Compound 46 could not be phosphorylated with 
b,P,!3-trichloroethy1 phosphate (cyclohexylammonium 
salt) using either DCC or  TPP-DPS as condensing agents 
in the standard procedures. 

(C) All three condensing agents (TPS, DCC, and TPP- 
DPS) quantitatively phosphorylated 46 using the pyri- 
dinium salt of P-cyanoethyl phosphate in the standard 
procedures. 

Trearnienr of  Cyclouridine with MethrrnoCPyrrolidine 
Cyclouridine (5 mg) was treated with methanol- 

pyrrolidine (9: 1) under gentle reflux (80-85 "C) for 4 h. 
After 4 h the products were isolated by chromatography 
on Whatman paper in solvent C. None of the products 

contained the cyclouridine structure since the hm,,'H20) 
of all products was near 260 and not 250 nm. 

dine (15, cUpcU) 
( A )  5'-O-Monomethoxvtritvl-0z,2'-cvclouridine (250 

m i ,  0.5 mmol) was phosphor;lated with B,P,B-trichlbro- 
ethyl phosphate (cyclohexylammonium salt) (1.0 mmol) 
using triisopropylbenzenesulfonyl chloride (2.0 mmol) 
in pyridine (25 ml) in the usual manner. After the addition 
of cold water (5 ml), the solution was poured into ice 
water (50 ml), and the product extracted into methylene 
chloride (4 x 25 ml) which was washed with water (4 x 
25 ml). The solvents were removed by evaporation at  
reduced pressure and the residue was dissolved in di- 
methylformamide (10 ml); Cu-Zn was added and the 
mixture was heated, with stirring, at 50" for 30 min. 
After filtration, the residue was washed with 50% 
aqueous pyridine (25 ml). The combined filtrates were 
applied to a Dowex 50W-X8 (pyridinium form) column 
and the product, MMTr-cup, was eluted with 50% 
aqueous pyridine (200 ml). The solution was concentrated 
to a small volume and slowly dropped into ether (500 ml) 
with stirring. The ether was decanted and the residue was 
dissolved in pyridine (10 ml). 

The solvent was removed by evaporation at reduced 
pressure and the gum was dried by evaporation of 
pyridine (3 x 10 ml), 3'-0-Acetyl-02,2'-cyclouridine 
(125 mg, 0.46 mmol) was added and the compounds 
were dried by evaporation of pyridine (1 x 10 ml). 
Dicyclohexylcarbodiimide (10 mmol) and pyridine (10 
ml) were added and the mixture was stirred for 11 days. 
Cold water (10 ml) was added and stirring was continued 
for 12 h. After filtration. the residue was washed with 
50% aqueous pyridine (10 ml) and the combined filtrates 
were evaporated at reduced pressure.  he residue was 
dissolved in 80% acetic acid and the solution was stirred 
for 4 h. The solvent was removed by evaporation at  
reduced pressure and the residue was dissolved in 
ammonium hydroxide - ethanol (1 :3). After stirring for 
1 h, the solution was applied to Whatman papers and 
developed in solvent C for 3 days. The nucleotide band 
with RrC 0.16 was eluted with water and  lyophilized to 
yield 93 mg (39%) of cUpcU (h,,,,("20) 250 and 223 nm, 
and h,,, 240 and 213 nm). The product was not degraded 
by spleen or snake venom phosphodiesterase. 

(B) 5'-0-Monomethoxytrityl-02,2'-cyclouridine 3'- 
phosphate (MTr-cup) was synthesized by phosphoryla- 
tion of 5'-O-monomethoxytrity1-02,2'-cycIouridine (250 
nm, 0.5 mmol) with trichloroethyl phosphate (cyclohexyl- 
ammonium salt, 1 mmol) followed by treatment with 
Cu-Zn in dimethylformamide at 50" in the manner 
described in method A. 

MMTr-cup was dried by evaporation of pyridine 
(3 x 10 ml), 3'-0-acetyl-0z,2'-cyclouridine (270 mg, 1.0 
mmol) was added, and the mixture was dried by evapora- 
tion of pyridine (1 x 10 ml). Triphenylphosphine and 
2,2'-dithiodipyridine (2.5 mmol each) were added with 
pyridine (5 ml) and the solution was stirred for 12 h. Cold 
water (2 ml) was added to the cooled solution and stirring 
was continued for 2 h. The solution was dropped into 
ether with stirring and the precipitate was dissolved in 
80% acetic acid. The solution was stirred for 4 h, the 
solvent was removed by evaporation at reduced pressure, 
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and the residue was dissolved in ammonium hydroxide - 7. J.  C. MAURIZOT, W. J.  WECHTER, J. BRAHMS, and 
ethanol (1 :3). After stirring for 1 h, the solution was C. SADRON. Nature, 219,377(1968). 
chromatographed on Whatman paper in solvent C for 8. J. BRAHMS, J. C. MAURIZOT, and J. PILET. Biochem. 
3 days. The nucleotide band with RrC 0.12 was eluted with Biophys. Acta, 186, 1 lO(1969). 
water and lyophilized to yield 118 mg (46z) of cUpcU 9. J. SMRT and F. SORM. Coll. Czech. Chern. Commun. 
(h,,,O'zO' 250 and 223 nm, and h,,, 240 and 214 nm). 32,3169(1967). 
The product was not degraded by snake venom or spleen 10. J. NAGYVARY and R. G. PROVENZALE. Biochemistry, 
phosphodiesterase. 8,4769 (1969). 

11. A. HAMPTON and A. W. NICHOL. Biochemistry, 5, 
Arabinouridylyl-(3'-5') -arabittouriditre (a Upa U, 16) 2076 ( 1966). 

CUPCU (15.8 mg) was dissolved in 2 N sodium hy- 12. D. M. BROWN, A. R. TODD, and S. VARADARAJAN. J. 
droxide (I ml) and the solution was stirred for 20 min. Chem. Soc. 2388 (1956). 
After neutralization with Dowex 50W-X8 resin (pyri- 13. J. J ,  and 1. WEMPEN, Tetrahedron ~ ~ t t .  643, 
dinium form) and filtration, the solution was applied to (1965). 
Whatman Papers and developed in solvent A. The band 14. T. M. JACOB and H. G. KHORANA. J. Am. Chem. Soc. 
with RfA 0.15 was eluted with water to yield aUpaU 86, 1630, (1965). 
(h,,,'H20) 260 nm). Incubation of aUpaU (10 0 .D .  ilnits) 15. R. L. LETSINGER and K. K. OGILVIE. J. Am. Chem. 
with spleen enzyme gave complete degradation to aUp SOC. 91,3350(1969). 
(Rf" 0.09; 5.01 0 .D.  units) and aU (Rf" 0.59; 4.84 0 .D .  16. K. K. OGILVIE and D. IWACHA. Can. J. Chem.48,862 
units) with aUp/aU = 1.03. Incubation with snake (1969). 
 eno om enzyme (for 7 h) gave P ~ U  (RrA 0.07; 1.63 0.D. 17. R. G. P R O V E N Z A L E ~ ~ ~  J. NAGYVARY. Biochemistry, 
units), aU  (R," 0.55; 1.71 O.D. units), and aUpaU 9, 1744 (1970). 
(RiA 0.16; 6.76 O.D. units; 687%) with paU/aU = 0.95. 18. G. SCHRAMM and I. ULMER-SCHURNBRAND. Bio- 
The undegraded aUpaU could be completely degraded chem. Biophys. Acta, 145,7 (1967). 
either by prolonged treatment with snake venom enzyme 19. M. IKEHARA and T. TEZUKA. J. Am. Chem. SOC. 95, 
or by spleen enzyme to give the expected products. 4054 ( 1973). 
Effect of Cyclouridines otr Snake Venom Enzymes ((.?5) 

Snake Venom 
Thep-nitrophenyl ester of thymidine 5'-phosphate was 

used as reference compound for snake venom hydrolyses 
(K,,, = 4.78 x M with V,,, = 7.25 pmol/min, mg). 
Lineweaver-Burke plots and regression line analysis 
showed that 12, 1, and 9a were all weak, competitive 
inhibitors of snake venom phosphodiesterase with 12 < 
1 < 9a (1:2:25). 

Spleet~ Enzyrne 
A simlar analysis of spleen phosphodiesterase using 

the p-nitrophenyl ester of thymidine 3'-phosphate as 
reference (K, = 4.55 x M, with V,,, = 0.33 
rlmol/min) showed that 12, 1, and 9a were weak compet- 
itiveinhibitorsoftheenzymewith 12 > 1 > 9a(lO: 1.2: 1). 
Full details of these studies will be reported elsewhere. 
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Bimolecular Reactions of Trapped Ions. VIII. Reactions in Propane 
and PropaneMethane Mixtures1 

BRUCE H .  SOLKA, ANDREW Y.-K. LAU,  AND ALEX. G. HARRISON 
Departnlent of Chemistry, Univemiiy of Toronto, Toronto, Ontario M5S IAI 

Received November 13, 1973 

The ion-molecule reactions in propane and in methane-propane mixtures have been studied 
using an ion-trapping technique and rate coefficients have been measured for the reactions 
occurring. In pure propane the C2Hsf primary ions react by H- transfer to form C3H7+ 
whereas C2H4+ reacts to form C3H6+ (25%) and C3H7+ (75%). Using isotopically labelled pro- 
panes it was found that both n-propyl and i-propyl ions were formed with the n-propyl ions 
reacting slowly to produce i-propyl ions. In various deuterium labelled methane-propane mix- 
tures C(H,D),+ reacts with the propane with a rate constant of -1.5 x cm3 molecule-' 
s- '  in agreement with the calculated collision rate. It is shown that no hydrogens from the 
CH5+ ion are incorporated in the product ions which are found to be C2Hs+ (70%), (CH3)2- 
CH+ (25%), and CH3CH2CH2+ (5%). 

Les reactions ion-molecule dans le propane et les melanges methane-propane ont etC etudiees 
en utilisant une technique qui consiste a pieger les ions. Les coefficients de vitesse pour les rtac- 
tions qui ont lieu ont ttC mesures. Dans le propane pur les ions primaires C2HS+ reagissent par 
un transfert de H- pour former C3H7+ pendant que C2H4+ reagit pour former C3H6+ (25%) 
et C3H7+ (75%). Utilisant des propanes marques par des isotopes, on trouve que les ions n-pro- 
pyles et i-propyles sont formes avec les ions TI-propyles qui reagissent lentement pour produire 
les ions i-propyles. Dans divers melanges methane-propane marques par le deuterium C(H,D), 
reagit avec le propane avec une constante de vitesse de-1.5 x 10-9cm3 m0l6cule-~ s l -  en 
accord avec la vitesse calculte de collision. Les hydroghes de I'ion CH,+ ne sont pas incorporks 
dans lesions produits, lesquels sont C2H5+ (70%), (CH3),CH+ (25%) et C H ~ C H Z C H Z +  (5%). 

[Traduit par le journal] 
Can. J .  Chern., 52, 1798 (1974) 

Introduction 
Recent work in this laboratory (1) has shown 

that CDSf reacts with ethane by Df transfer to 
form initially C,H6D+, the rate of reaction 
being only slightly lower than the collision rate 
estimated from the ion - induced dipole model 
of ion-molecule reactions (2). At the low pres- 
sures used a significant fraction of the C2H,D+ 
ions decomposed to form C2H,+ and C2H,D+, 
the relative abundances indicating essentially 
complete HID scrambling in C2H6Df prior to 
decomposition. 

The reactions of CH,' with higher hydro- 
carbons have been studied in less detail. Ausloos 
et al. (3) have studied the radiolysis of mixtures 
of methane with small amounts of propane, 
n-butane, i-butane, or n-pentane. From end- 
product analysis they concluded that the CH,+ 
ion produced in methane reacted with the added 
alkane to produce alkyl ions of lower carbon 

'Presented in part at the 56th Canadian Chemical 
Conference of the Chemical Institute of Canada, Mon- 
treal, Quebec, June, 1973. For part VII see ref. 22. 

content (i.e., C2H,+ in propane, C2H,+ and 
C3H7+ in n-butane, etc.). From isotopic 
labelling experiments they concluded that the 
hydrogen from CH,' was not incorporated in 
the ionic product, the reaction with propane-d,, 
for example, being given by 

The reaction can thus be described nominally as 
an alkide ion abstraction reaction. Ausloos et al. 
(3) made no measurements of the rate of reac- 
tion, nor did they report products resulting 
nominally from H- abstraction from the alkane. 
Such products have been observed in the reaction 
of H3+ with propane and the butanes (4, 5). 
Haynes and Kebarle (6) have observed forma- 
tion of both C2D,+ and C3D7+ in that or-particle 
radiolysis of methane (5 mm pressure) containing 
smail amounts (--100p.p.m.) of propane-d6. 
However both CH,' and C2H,+ were present 
as reactant ions and the 'product distribution 
from reaction of CH,+ cannot be established. 

Products resulting from nominal H- abstrac- 
tion as well as from nominal alkide ion ab- 
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straction have been observed in chemical 
ionization studies (7-9) of the reaction of CH5+ 
with C, and higher alkanes. No rate constants 
have been reported from these studies. In the 
case of n-decane it has been shown (9) by using 
CD5+ as the reactant that there is no incorpora- 
tion of hydrogens from the reactant ions in the 
products. 

The present work reports a detailed study, 
using an ion-trapping technique (lo), of the 
ion-molecule reactions in methane-propane 
mixtures. The rate coefficients of the reactions 
occurring have been determined and, using 
appropriate isotopic labelling, the relative yields 
of the products C,H5+, n-C3H7+, and i-C,H7+ 
from reaction of propane have been determined. 
A brief study of the reactions occurring in pure 
propane is also reported. 

Experimental 
The ion-trapping technique has been described in 

detail (10) and only a brief summary need be given here. 
Primary reactant ions are produced by a short pulse of 
electrons of suitable energy and are trapped in the nega- 
tive space charge of a continuous electron beam of -5 eV 
energy (insufficient to cause ionization) and -8 MA trap 
current. A known and variable time after the primary ion 
production a voltage pulse applied to the repeller elec- 
trode removes the ions for mass analysis using a cvpven- 
tional magnetic deflection mass spectrometer. Delay 
times between the ionizing and withdrawal pulges (and, 
hence, reaction times) of up to 4 ms have been employed. 

Source concentrations, usually approximately 1 x lOI3 
molecules ~ m - ~ ,  were not measured directly but were 
related to the sample inlet pressure through observations 
of the rate of decay of CH4+ with reaction time in pure 
CH4. All rate constants are therefore relative to the value 
(11) 1.20 x cm3 molecule-' s-' for the CH4+ + 
CH4 reaction. At the inlet and source pressures used gas 
flow both into and out of the ion source is molecular with 
the result that the gas composition in the ion source is the 
same as that in the inlet system. For experiments with 
gas mixtures two different approaches were used. In the 
first, a gas mixture was prepared accurately by volume 
and admitted through a single inlet system calibrated 
against methane. In the second, each component was 
admitted through a separate inlet system. Both inlet 
systems exhibited molecular flow and werecalibrated with 
methane. Comparable results were obtained by the two 
methods. 

The results are presented in the accompanying figures 
as a fraction of the total ionization where the total ioniza- 
tion represents the sum of the collected ion currents at 
each time delay setting. The errors quoted for the rate 
coefficients represent the standard deviations of three or 
more determinations. 

The propane and methane were research grade gases. 
Methane-d4, propane-2,2-d2, propane-1,1,1,3,3,3-d6, and 
propane-d, were obtained from Merck, Sharp, and 

Dohme, Montreal. All materials were carefully degassed 
before use. 

Results and Discl~ssion 

Reactions in Pure Propane 
Figure 1 shows typical results obtained in pure 

propane at ionizing electron energies such that 
C3H8+, C3H7+, C3H6+, C2H5+, and C2H4+ 
are the only primary ions. The C3H8+ Ion is 
essentially unreactive (k < 0.03 x cm3 
molecule-' s-I) whereas both C3H6+ and 
C,H7+ are produced by ion-molecule reactions 
but are themselves unreactive. These results are 
in agreement with the high-pressure studies of 
Munson et al. (12). 

In agreement with this pressure study we con- 
clude that C2H,+ reacts by H- abstraction to 
form C3H7+ whereas C2H4+ reacts both by H- 
abstraction and by H2-  abstraction to form 
C3H7+ and C3H6+, respectively. The plot of 

US. AICIH4+, the C2H4+ which had reacted2 
(Fig. 2) shows that 25 + 1% (average of three 
determinations) of the C2H4+ ions yield C3H6+ 

2This plot is most readily achieved by reversing the 
abscissa scale as shown in Fig. 2. 

0.001 I I I I I I I I I 
0 0.2 0.4 0.6 0.8 

T I M E  ( r n s )  

FIG. 1. Propane system: [C3H,] = 12.6 x 1012mole- 
cules 
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as a product, the remainder yielding C3H7+. 
Bone and Futrell (13), using a tandem mass 
spectrometer, found that the reaction of C2H4+ 
with propane gave C3H7+ and C3H,+ in the 
ratio 0.7:0.3 at -0.3 eV ion kinetic energy, 
with the ratio increasing dramatically with in- 
creasing ion kinetic energy. The ratio 0.75 : 0.25 
found in the present work provides still further 
evidence (10, 14) that the primary ion kinetic 
energy is approximately 0.4 eV in the trapped- 

Y 

w 
\ 0.06 
+ w 

Xi u 
Y 

0.04 

0.02 

O 

ion technique. 
Typical results for the CH3CD,CH3 and 

CD3CH2CD3 systems are shown in Figs. 3 and 
4, respectively. Several points are of interest. 
First, the major C3(H,D),+ product is C3D5H+ 
in the d, compound and C3DH5+ in the d, com- 
pound, indicating that the H,- abstraction 
specifically removes a methyl and methylene 
hydrogen. (This result is also in agreement with 
the results of Bone and Futrell (13).) In contrast 
the H- abstraction reactions are much less 
specific with both M - H+ and M - D' being 
observed in both cases. A further interesting 
observation is that in both the d, and the II, 
propane the ions formed by H-(D-) abstraction 
from a terminal methyl (i.e., C3H5D2+ in pro- 
pane-d, and C3D5H2+ in propane-&) are them- 
selves reactive as shown by the decrease at longer 
delay times. The reactions can be described by 

corresponding to conversion of the n-propyl ion 

I c 2 ~ 4 +  / and C,(H,D),+ ions are in good agreement with 
each other. The rate coefficient of 0.85 + 0.05 x 

FIG. 2. Ic,Hn+ us. - IC2114+, conditions as for Fig. 1. cm3 molecule-' s-' for reaction of 
C,H,+ is somewhat higher than the value of 
0.63 & 0.10 x lop9 cm3 molecule-' s- '  re- 
ported by Munson et al. (12); however the value 
of 0.56 + 0.06 x cm3 molecule-' s-' for 
reaction of C,H,+ is in good agreement with the 
value of 0.62 + 0.13 x lo-' cm3 molecule-' 
s-' obtained in the pressure studies by Munson 
et al. (13). The reaction of the n-propyl ions 
(reactions 2 and 3) are quite slow, the rate 
coefficients being -3 x lo-'' cm3 molecule-' 
.-I 

to the s-propyl ion. Since Bone and Futrell (13) 
have shown from their tandem experiments that 
the (presumably) s-propyl ion formed by dis- 
sociative ionization of propane is unreactive with 
propane the present observations provide strong 
circumstantial evidence that the n-propyl cation 
formed by H- abstraction does not rearrange to 
the s-propyl structure but is converted to the 
s-propyl structure by hydride abstraction ion- 
molecule reactions exemplified by [2] and [3]. 

The rate constants determined for the reac- 
tions in the various propanes studied are sum- 
marized in Table 1 .  The total rate coefficients for 

I I 

0 .  

Reactions it7 Methane-Propane Mixtures 
Two types of runs were carried out with 

methane-propane mixtures (including isotopic 
variants). The first type were on mixtures con- 
taining 10-20% propane and were designed to 
measure the rate coefficients for the reactions 
occurring. The second type involved the use of 
mixtures containing < 1% of the propane and 
were carried out at electron energies such that 

I 

TABLE 1. Rate coefficients for ion molecule reactions 
in propanes 

--- -- 

k x jog 
Reactant ion Neutral (cm3 molecule- s-  I )  

Slope = 0.24 / ! 
- - 

I 
0.lO 

I I I 
0.10 o disappearance of the various isotopic C,(H,D),+ 
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I T I M E  ( m s )  T I M E  ( m s  l 

FIG. 3. Propane-2,2-d2 system: [CH3CD2CH3] = 12.4 x 1012 molecules ~ m - ~ .  
FIG. 4. Propane-1,1,1,3,3,3-d, system: [CD3CH2CD3] = 12.0 x 1012 ~nolecules ~ m - ~ .  

I 

I C(H,D),+ was the only significant primary ion 
produced from methane. These runs were 

I designed to determine the product distribution 
from reaction of C(H,D),+ with the propane. 

Figures 5 and 6 show typical results obtained 
in a mixture containing 24.3z propane and 
75.7% methane-d,. As shown in Fig. 5 the 
CD,+ and CD,' primary ions produced from 
CD, react rapidly, primarily with CD, to pro- 
duce C,D,+ and CD,', respectively. It is well 
known (10, 15-17) that in pure methane (or 
methane-d,) neither the C,(H,D),+ nor the 
C(H,D), + ion undergoes further reaction and the 
decrease observed beyond 0.3 to 0.4 ms must be 
because of reaction with propane. From the 
linear portion of the semilogarithmic plots at 
longer delay times the rate coefficients for reac- 
tion of C(H,D),+ and C,(H,D),+ with the pro- 

I , pane present can be evaluated. Figure 6 shows 
the plot of the propane based ions for the CD,- 
C3H8 mixture described. It can be seen that the 
major product ions are C,H, +, which increases 

I in intensity throughout the time range studied, 
I and C,H,+, which shows an initial increase 
I 

I before decreasing at longer times due to reac- 

tion with propane. (The increase in C3H6+ is the 
result of the reaction of the C,H,+ primary ion 
produced from propane.) 

The rate coefficients measured for reaction of 
C(H,D),+ with the various propanes studied are 
summarized in Table 2. The experimental rate 
coefficients are all in reasonable agreement and, 
in addition, are in reasonable agreement with the 
collision rate calculated from the ion - induced 
dipole model (2). This model yields calculated 
collision rates varying from 1.56 x cm3 
molecule-' s- '  (CD,' + C,H,) to  1.66 x 
lop9  cm3 molecule-' s-' (CH,+ + C3H6D,). 
The results show that essentially every collision 
between C(H,D),+ and C,(H,D), leads to reac- 
tion; a similar result was found (1) for reaction 
of CD,+ with ethane. 

Table 3 summarizes the results obtained for 
reaction of C,(H,D),+ with C3(H,D),. There 
are two entries for each mixture in Table 3, one 
is that for reaction of the C,(H,D),+ secondary 
ion derived from reaction of C(H,D),+ with the 
methane while the other is that for reaction of 
the C,(H,D),+ primary ion produced largely by 
electron impact ionization of the propane. The 
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T l M E  ( r n s  ) 
0 0.4 0.8 1.2 1.6 2.0 

T I M E  ( m s )  

FIG. 5. Methane-d4-propane system: [CD,] = 9.53 x 10" molecules ~ m - ~ ;  [C3Ha] = 3.06 x 10" molecules 
c ~ n - ~ .  

FIG. 6. Methane-d4-propane system: conditions as for Fig. 5. 

TABLE 2. Rate coefficients for reaction C(H,D)s + + 
C3(H,D), + Products 

Reactant k x lo9 
System ion (cm3 molecule- s-I) 

rate coefficient for reaction of the latter ion was 
derived from the linear semilogarithmic plot at 
long reaction times since as shown in Fig. 6 
there is some production of the ion at  shorter 
reaction times. 

The rate coefficients measured for reactions 
of the primary and secondary ions are in reason- 
able agreement with each other and with the 
values obtained in the pure propanes (Table 1). 
This latter agreement provides reassurance that 
the mixture compositions were accurately deter- 
mined. The rate coefficients are all in the range 
0.5 to 0.6 x lo-' cm3 molecule-' s-  ', approxi- 
mately 40% of the collision rate coefficient of 

1.31 x lo-' to 1.42 x lo-' cm3 molecule-' 
s- '  (depending o n  reduced mass of colliding 
pair) calculated from the ion-induced dipole 
model (2). 

Table 4 summarizes the rate d a t a  for reaction 
of C2H,+ with the 17-alkanes. The thermoneutral 
reaction with ethane is relatively inefficient 
(- 20% of collisions lead to reaction), however, 
as the size' of the alkane increases the reaction 
efficiency rapidly approaches unity. The reaction 
of C2H,+ with propane to form (CH,),CH-' is 
-22 kcal mol-' exothermic and this reaction 
exothermicity increases slightly for higher 
alkanes. Similarly H -  abstraction to form a 
primary alkyl ion is - 10 kcal mol-' exothermic 
for propane and the higher n-alkanes. The lower 
reaction efficiency for propane a n d  butane is not 
entirely explained by the reaction energetics but 
appears to be related to the size of the neutral 
reactant. 

Product Distribution fron~ Reaction of CH, 
Figure 7 shows the plot of ion intensities t;s. 

reaction time, covering the range from 0.1 to 
1.0 ms for a 150 : 1 [CH,] : [CH3CD2CH,] mix- 
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TABLE 3. Rate coefficients for reaction 
C2(H,D), + + C3(H,D)s + Products 

k x 109 
System (cm3 molecule-' s-') Reactant ion 

C3H8 0.56 + 0.06 C2H5+ (primary) 

CD4-C3H8 0.62 + 0.05 C2HS+ (primary) 
0.63 _+ 0.05 C2D, + (secondary) 

CH4-C3D8 0.47 + 0.05 C2Ds + (primary) 
0.53 + 0.06 C2Hs+ (secondary) 

CH~-(CD~)ZCHZ 0.56 _+ 0.05 C2D3H2 + (primary) 
0.54 _+ 0.05 C2H, + (secondary) 

CH,-(CH~)~CDZ 0.58 + 0.07 C2D2H3 + (primary) 
0.64 + 0.03 C2H, + (secondary) 

TABLE 4. Rate coefficients for reaction of C2H,+ with 
n-alkanes 

- -. 
- 

k x 109 
(cm3 molecule-' s- ') 

kc,, -- 
Reactant pair Exp. (ref.) Calcd. k c v ~ e d  

'This work. 

ture at - 4 x 1013 molecule cm-3 total ion 
source concentration. The ionizing electron 
energy was adjusted so that only CH4+ was 
produced by electron impact ionization of 
methane. At the source concentrations used 
CH4+ had reacted completely with methane by 
0.1 ms with the result that CH,+ accounted for 
-90% of the total ionization at 0.1 ms. Beyond 
0.1 ms the decrease in CH,+ results from reac- 
tion with the propane-d,. The only product ions 
observed were C2H3D:+ (m/e 31), C3H,Dt 
(mle 44), and C3H,D2 (mle 45). Particularly 
noteworthy is the observation that the mle 30 
ion which could be C2H4D+ shows no increase 
but rather decreases with reaction time. It is 
probable that mle 30 is predominantly C,H,D,+ 
which reacts slowly with C3H,D2 to produce in 
part C3H,D+ (mle 42) which shows a slow and 
quite small increase with reaction time. 

Figure 8 shows a similar plot for a 150: 1 
[CH4]:[CD3CH2CD3] mixture at -4 x 1013 
n~olecule cm-3 total ion source concentration. 
The product ions which increase significantly 
with reaction time due to reaction with CH5+ 

are C2D3H2+ (mle 32), C3D6H+ (m/e 49), and 
C3D,H2+ (mle 48), in order of decreasing im- 
portance. There was no C2D4H+ (m/e 33) 
formed nor is there any increase in m/e 3 1 corre- 
sponding to formation of C2H3D2+. The de- 
crease in m/e 3 1 probably results from reaction 
of C2D3H+ which produces in part C3D5H+ 
according for some of the small increase at mle 
47. (The mle 47 will also be produced as 
C3D4H3+ from the d5 impurity ( ~ 3 % )  present 
in the propane.) 

The products formed were confirmed by runs 
in CD4-C3H8 mixtures where only C,H5+ and 
C3H,+ were observed as products and in CH4- 
C3D8 mixtures where only C2D5+ and C3D7+ 
were observed as products. In summary there 
was no evidence that the HID from C(H,D),+ 
was incorporated in any of the products nor was 
there any evidence for HID interchange in the 
partially labelled propane after reaction with 
CH5+ but prior to fragmentation. In particular 
no C3(H,D),+ was observed in methane-pro- 
pane systems analogous to the significant yield 
of C,(H,D),+ in methane-ethane systems. 

The fractional yields of products from reaction 
of CH,+ with the propanes may be determined 
by plotting the product ion intensities us. the 
CH,+ which has reacted. Such plots for the data 
of Figs. 7 and 8 are shown in Figs. 9 and 10 
where I(product)/CI is plotted against I(CH,+)/ 

As anticipated the plots give straight lines 
in the initial regions. The downward curvature 
of the C,(H,D),+ plot at greater extent of reac- 
tion results from reaction of this ion with the 

31n Figs. 9 and 10 the abscissa scale is reversed. This 
achieves the same result as plotting the product ion 
intensities us. AT,,,,, the CH, + which has reacted. 
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I' 01 I I I I I I I I 
0 0.2 0.4 0.6 0.8 1.0 0 0.4 0.8 1.2 1.6 

T I M E  ( r n s )  T I M E  ( r n s )  

FIG. 7. Methane-propane-2,2-d2 system: [CH,]: [CI-13CD2CH3] = 150: 1 ; total ion source concentration 2 3  5 x 
lo'= molecules ~ r n - ~ .  

FIG. 8. Methane-propane-I,l,1,3,3,3-d6 system: [CH,]: [CD3CH2CD3] = 150: 1 ;  total ion source concentration 
z3.5  x l O I 3  molecules ~ m - ~ .  

propane to give the two propyl ions which show 
an upward curvature over the same region. The 
fractional yields determined from such plots 
(average of three separate determinations for 
each propane) are recorded in Table 5. 

In the methane-propane system, as mentioned 
previously, there is no evidence for formation of 
C,(H,D),+ (protonated propane) analogous to 
C,(H,D),+ observed in the niethane-ethane 
system (1). In this latter system the C,(H,D),+ 
alkyl ion was shown to be formed by loss of 
(H,D), from the protonated ethane with essen- 
tially complete scrambling of the H/D in the pro- 
tonated ethane. A similar mechanism is not oper- 
ative in the propane system. Statistical loss of 
(H,D), from C,(H,D),+ would lead in the pro- 
pane-d, caseto [C,H,D,+]: [C,H,D+]: [C,H,+] 
= 3:2:0.4while the observed ratio is 1 : 5:O. In the 
propane-d6 case statistical loss of (H,D), would 
lead to [C,HD6+]: [C,H,D,+]: [C,H,D,'] = 

1 : 6: 5 compared to the experimental result of 
6: 1 :O.  

The formation of C,(H,D),+ by reaction of 
CH5+ with the partially labelled propanes is 

consistent only with specific loss of a secondary 
or a primary hydrogen (or deuterium) in com- 
bination with the hydrogen from CH,'. This is 
in agreement with the results obtained by Volpi 
and co-workers (5) from reaction of H,' with 
labelled propanes. However both these results 
differ from the conclusions reached by Pettersson 
and Lindholm (18) from a study of the reaction 
of CDO' with propane (C,H,) using a tandem 
mass spectrometer. They observed an increase 
in the tn/e  44 signal over that observed when 
CHO' was reacted with C3H8. They attributed 
this increase to formation of C,H,D+ produced 
by loss of H, from a C,H,D+ intermediate. 
They concluded that in this intermediate all 
H/D had become equivalent. However, they did 
no confirmatory experiments reacting CHO' 
with C,D, which would have been more con- 
clusive and in light of the present results and 
those of Volpi and co-workers (5) their con- 
clusions must be considered suspect. 

The C,(H,D),+ product ion is the major 
product accounting for -70% of the total reac- 
tion. Again this is a very specific reaction 
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SOLKA E T  AL.: REACTIONS OF TRAPPED IONS. VIII 1805 

FIG. 9. Methane-propane-d, system: I x + / Z I  us. - I c , , ~ + / Z I ;  data from Fig. 7. 
FIG. 10. Methane-propane-d, system: I x + / Z I  L;.Y. - I C I 1 5 + / Z I ,  data from Fig. 8. 

TABLE 5. The fractional yields of products from reaction of CH5+ and H3+ with propane 
- -- 

Fractional yield AH (reaction) 

CH5+ i- CH5+ i- H3+ i- CH5 + H3 + 

Product ion (CHS)ZCDZ (CD3)zCHz (CH,)zCDz* 
-- - 

Ethyl 0.75 , 0.09 0.71 + 0.01 0.68 - 13 - 38 
n-Propyl 0.05 + 0.02 0.04 + 0.01 0.17 - 6 -31 
i-Propyl 0.25 + 0.03 0.25 k 0.03 0.15 - 22 - 47 

*From ref. 5. 

forming only C2H3D2+ from CH3CD2CH3 and 
only C2D3H2+ from CD3CH2CD3. Scra~nbling 
of the HID in a C3(H,D),+ intermediate would 
lead to a large yield of C2DH4+ in the d2 case 
and to a large yield of C2HD4+ in the d, case. 
Similarly scrambling of the HID in the propane 
preceding loss of a methyl with the hydrogen 
from CH5+ would also produce high yields of 
C2DH4' and C2D4H', respectively. We con- 
clude that formation of the ethyl cation involves 
the specific loss of one of the terminal methyl 
groups which, for the reaction to be thermo- 
chemically allowed, must combine with the H 
from CH5+ to form methane. This conclusion 
is in agreement with that reached by Ausloos 

et al. (3) from studies of the radiolysis of 
methane-propane mixtures and also with the 
results of Volpi and co-workers (5) for reaction 
of H,+ (or D3+)  with propane. 

In the fourth colun~n of Table 5 we present the 
fractional yields obtained by Volpi and co- 
workers ( 5 )  for reaction of H3+ with propane- 
2,2-d2 from high pressure chemical ionization 
studies. The fractional yield of ethyl ions is 
practically identical for reaction of both H3' 
and CH,'. The major difference is that CH,' is 
much more specific in abstracting a secondary 
hydrogen to yield s-propyl' while H 3 +  shows 
little specificity and exhibits a much greater 
yield of n-propyl cation. 
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The explanation of the similarities and dif- 
ferences in the reactions of CH,' and H3+ are 
not clear. In the final two columns of Table 5 we 
summarize the exothermicity of the overall 
reaction of H 3 +  and CH,' to form the ob- 
served products. The formhtion of the ethyl 
cation is not the most exothermic reaction and 
the observation of this species as the most abun- 
dant product with the same yield in both systems 
argues against formation of a C3(H,D),+ com- 
plex in which the excess energy becomes ran- 
domized since in this case the most exothermic 
reaction should show the highest yield.4 This 
conclusion is in agreement with the isotopic 
labelling experiments. The specific formation of 
i-propyl' in the reaction of CH,' however may 
be related to the energetics df the reaction. The 
formation of n-propyl+ is only 6 kcal mol-' 
exothermic compared to 22 kcal mol-I exo- 
thermic for formation of i-propyl' and the 
specific forniation of i-propyl+ may be related 

hydrogen were less favorable and provide little 
evidence favoring one over the other. In all 
cases the interaction energies were much less 
than for the cyclic molecules containing hetero- 
atoms (20, 21) as would be expected. These cal- 
culations are in agreement with the experimental 
results for reaction of both CH,+ and H 3 +  
suggesting that indeed the interaction between 
the neutral propane and the approaching positive 
charge determines the direction of attack and the 
products resulting therefrom. 

The  authors are indebted to the National Research 
Council of Canada for continued financial support and t o  
Professor I. G. Csizmadia for useful discussions and for 
communication of results prior to publication. 
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The Rates and Products of Addition of 4-Chlorobenzenesulfenyl 
Chloride to a Series of Side Chain Methyl Substituted Styrenes1 

Deparrmetlt of Chetnistty, Ur~iversity of Torotlro, Torot~to, Ontario 
Received December 20, 1973 

The rates of addition and the product compositions have been determined for the addition o f  
4-chlorobenzenesulfenyl chloride to a series of seven side chain methyl substituted styrenes in 
1,1,2,2-tetrachloroethane at 25'. Unlike the addition to  the corresponding series of methylated 
ethylenes, the effect of the methyl groups is not cumulative. The effect of the methyl groups 
depends upon whether or not the 0-methyl group is cis to the phenyl. When it is cis, the rate o f  
addition is decreased compared to styrene and substitution of additional methyl groups has 
only a small effect on the rate of addition. In compounds lacking a cis-a-methyl group the rate 
of addition more closely resembles that for addition to  the methylated ethylenes. Steric hin- 
drance between the cis-methyl and phenyl groups is believed to be thecauseof thisdifferencein 
behavior between the ethylene and styrene series. 

On a determine, a 25" dans des solutions de tetrachloro-l,1,2,2 ethane les vitesses d'addition 
et la composition des produits form& par I'addition du chlorure de chloro-4 benzenesulfenyle 
sur une serie de sept styrenes substitues par des groupes mkthyles sur la chaine laterale. Con- 
trairement a ce qui a kt6 observe lors d'additions sur des series correspondantes d'ethylenes 
methyles, I'effet des groupes methyles n'est pas cumulatif. L'effet des groupes methyles depend 
de la position cis ou rratls du groupe mkthyle en a par rapport au phenyle. Quand i l  est cis la 
vitesse d'addition est diminuke par comparaison la vitesse d'addition au  styrene et la substi- 
tution de groupes methyles additionnels n'a alors que peu d'effet sur la vitesse d'addition. Dans  
les composCs oh il n'y a pas de groupe mkthyle cis par rapport au groupe phenyle la vitesse 
d'addition ressemble plus a celle observee pour des additions a des ethylenes methyles. On croit 
que les interferences steriques entre des groupes mkthyles cis et les groupes phenyles sont la 
cause de la difference dans la reactivitk entre les derives de I'ethylene et d u  styrene. 

[Traduit par le journal] 
Can. J. Chern., 52, 1807 (1974) 

It has recently been shown (2) that progres- 
sively substituting the hydrogens on ethylene 
by methyl groups causes a cumulative increase 
in the rate of addition of 4-chlorobenzenesul- 
fenyl chloride. As part of an investigation of the 
effect of alkene structure on the rates and prod- 
ucts of addition of arenesulfenyl chloride, we 
have examined the effect of progressively in- 
creasing the number of methyl groups on the side 
chain of styrene. This paper reports the results 
of that study. 

Results 
We have measured the rate of addition of 

4-chlorobenzenesulfenyl chloride to styrene (1) 
and all its methylated derivatives (2 and 3) in 
1,1,2,2-tetrachloroethane (TCE) at 25" by means 
of the stopped flow technique using a Durrum- 
Gibson stopped-flow spectrophotometer. The 
rate of disappearance of 4-chlorobenzenesulfenyl 

'Reactions of sulfenvl chlorides and their derivatives 

chloride was followed by measuring the de- 
crease in its absorption at 392.5 nm. The addi- 
tion was found to exhibit normal second-order 
kinetics, first order in olefin and first order in 
sulfenyl chloride, to 80% completion of the 
reaction. The rate data are presented in Table 1. 

The product composition was determined by 
means of p.m.r. spectroscopy. The assignment of 
chemical shift positions to the protons in the 

Part X. For Part IX sek ref. 1. products is based upon the fact that protons rx 
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TABLE I .  The specific rate constants for the addition of 4-chlorobenzenesulfenyl chloride 
to a series of side chain methyl substituted styrenes at 25" in 1,1,2,2-tetrachloroethane 

Alkene 

No. of 
methyl No. of 
groups kz  (M- '  s-') k r e ~  runs 

Styrene (1) 
2-Phenylpropene (2) 
cis- l -Phenylpropene (3) 
trans-1-Phenylpropene (4) 
(Z)-2-Phenylbutene-2 (5) 
(E)-2-Phenylbutene-2 (6) 
1-Phenyl-2-methylpropene (7) 
2-Phenyl-3-methylbutene-2 (8) 

or p to chlorine are considerably deshielded 
relative to those rx or p to sulfur (3, 4). This 
method has been extensively used by a number 
of workers (5, 6) and has been found to be 
applicable to the products of addition of arene- 
sulfenyl chlorides to cis- and trans- 1 -phenylpro- 
pene (7) and styrene (6). The p.m.r. data are 
given in Table 2 for all the adducts. 

The data in Table 2 as well as previously 
reported results for the addition of 4-chloroben- 
zenesulfenyl chloride to cis- and trans-l-phenyl- 
propene (7) are in accord with the nonregio- 
specific (8) but anti-stereospecific addition. For 
example, the p.m.r. spectrum of the initial prod- 
uct of addition to 2-phenylpropene (2) shows 
four single peaks. The two peaks at F 1.96 and 
3.85 disappear with time while the other two 
increase. Such a result is consistent with the 
isomerization of a pair of isomeric Markownik- 
off2 and anti-Markownikoff adducts. Such 
isomerizations are well documented (9). Con- 
sequently we assign the singlets at 6 1.96 and 
3.85 to the methyl and methine protons of the 
anti-Markownikoff isomer while the singlets at 
F 2.13 and 3.63 are assigned to the corresponding 
protons of the Markownikoff isomer. Similar 
assignments are made for the adducts to the 
other substituted styrenes. 

The kinetic controlled product composition 
was determined by immediate p.m.r. analysis 
of the reaction mixture. This in situ determina- 
tion of the adduct isomer ratio is necessary 
because of the known tendency of many P-chlo- 
rosulfides to isomerize. The thermodynamic 
controlled product composition was determined 

'In this series the compound with the chlorine attached 
to the benzylic carbon is defined as the Markownikoff 
adduct. 

by allowing the p.m.r. sample tubes to stand at  
25" until the product composition, as deter- 
mined by p.m.r., remained constant. The kinetic 
and thermodynamic controlled product com- 
positions are given in Table 3. 

Discussion 
On the basis of the kinetic results obtained 

for the addition of 4-chlorobenzenesulfeny 1 
chloride to a series of methylated ethylenes. a 
similar cumulative effect might be expected for 
the methylated styrenes. Examination of the 
data in Table 1 reveals that this expectation is 
not realized. In fact the effect of the methyl 
groups is varied. Sometimes substitution in- 
creases the rate; sometimes the rate is de- 
creased. A similar difference between the effect 
of substituting methyl groups on ethylene and 
styrene has been found in bromination (10). 

Another difference between the ethylene and 
styrene series is the relative rate of  addition to 
cis-trans isomers. In  the ethylene series and for 
alkyl substituted ethylenes in general the ratio 
kc /k t  > 1 while for the two styrene cases re- 
ported in Table 1 kc /k t  < 1. It has recently been 
claimed that a ratio kc /k ,  > 1 is diagnostic of a 
bridged transition state in the rate determining 
step of electrophilic additions to alkenes (1 1). 
All available evidence indicates that the rate 
determining transition states for all the additions 
of 4-chlorobenzenesulfenyl chloride to the sub- 
stituted styrenes in Table 1 are bridged yet 
kc /k t  < I .  Thus the magnitude of the kc/kt ratio 
appears to be a poor criterion of bridging. 

An understanding of the data can be obtained 
by dividing the compounds into two series as 
shown in Table 3. The two series differ in the 
location of the methyl substituent on the p-car- 
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SCHMID AND GARRATT: REACTIONS OF SULFENYL CHLORIDES 1809 

TABLE 2. Observed p.m.r. chemical shifts for adducts of 4-chlorobenzenesulfenyl chloride 
with methyl-substituted styrenes ( 6 )  

-- - 

Adduct Configuration H, HP H ,  J ~ P  J P ~  

threo 
erythro I I 

CI SAr 

4-CH-CH-cH, threo 
erythro I I 

SAr C1 

4-C(CH3)CHCH3 
I I 

C1 SAr 

4-C(CH,)CHCH, 
I I 

SAr CI 

4-CHC(CH,)z 
I I 

CI SAr 

4-CHC(CH3)2 
I \ 

threo 
erythro 

threo 
erythro 

SAr 'CI 

~-C(CH,)C(CH~)Z 
I I 

bon. In  series 2 each compound contains a 
methyl group cis to  the phenyl while in series 1 ,  
all the compounds lack this cis-methyl group. 
The presence of this cis-methyl group has a 
major effect upon the rate of addition. In series 1 ,  
the rate generally increases with increased 
methyl substitution. The effect of the methyl 
groups is about what is found for the addition to 
the methylated ethylenes. Thus substitution of 
one methyl group produces a threefold increase 
for the ethylenes while a n  increase of 1.9 or 4.3 
is found for the monosubstituted styrene de- 
pending upon its position. 

In series 2 substitution of methyl groups leads 
to a general decrease in the rate. The effect of the 
methyl groups in this series is opposite to their 
effect on  the rate of addition in the  ethylene 
series. Thus the increase in rate of addition 
between ethylene and 2-methylbutene-2 is a 
factor of 46 while the rate decrease between 
styrene and 2-phenyl-3-methylbutene-2 is a fac- 
tor of 7. 

The mechanism of addition of arene and 
alkane sulfenyl chiorides to  alkenes has been 
proposed to involve the  rate determining forma- 
tion of an episulfonium ion which upon  attack 
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TABLE 3. The kinetic and thermodynamic controlled products of the addition of 4-chlorobenzenesulfenyl chloride to a series of side chain 
methyl substituted styrenes at 25" in 1,1,2,2-tetrachloroethane 

Series 1 Series 2 

Product composition Product composition 

KCP* TCP* KCP* TCP* 

Alkene M s k,., M t  a M t  M t  a M t  Alkene k z ( M - I s - ' )  k,., M t  a M t  M t  a M t  

C6Hs\ , 9 4 3  
C 6 H ~ \  / H 118.3 1.9 100 0 62 38 /C=C 2 6 . 0 k 0 . 8  0.42 37 63 65 35 

/C=C H \ C H ~  
H \CH, 

C6Hs, ,,CH3 

CsH5\ / H 4 4 2 ? 5  7 . 1  88 12 94 6 ,C=C 4 2 . 0 k 0 . 3  0.68 36 64 87 13 

/ C = C  CHI \H 
CH3 > H ,  

C 6 H S \  ,,CH3 
"C =C 

\ 
9.05+0.01 0.15 55 45 $ $ 

CH3 CH, 
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TABLE 4. Analytical data for the adducts of 4-chlorobenzenesulfenyl chloride and side chain methylated styrenes 
-- -- - 

c (%) H (73 s (%) 

Alkene Calcd. Found Calcd. Found Calcd. Found 

Styrene 
2-Phenylpropene 
cis-1 -Phenylpropene 
trans-1-Phenylpropene 
(Z)-2-Phenylbutene-2 
(E)-2-Phenylbutene-2 
1-Phenyl-2-methylpropene 
2-Phenyl-3-n~ethylbutene-2 

by chloride ion forms the adduct in the product 
determining second step. The effect of methyl 

Rate determining step 

Product determining step 

groups on the rate of addition to compounds 1-8 
can be understood by examining their effect on 
the structure of the rate determining transition 
state. 

The effect of the P-methyl group in cis-l- 
phenylpropene is known to force the phenyl out 
of the plane of the ethylenic double bond. This 
effect is evident in the difference between the 
U.V. spectra of the cis-trans isomers (12). This 
effect should also be important in the addition 
reaction. Consequently in the rate determining 
transition state for compounds in series 1 ,  the 
phenyl group can exert its normal resonance 
effect, while in the rate determining transition 
state for compounds in series 2 it cannot. As a 
result the two transition states differ in their 
electronic structure. In series 1, the transition 
state is more unsymmetrical because of the 
ability of the phenyl group to delocalize the 
charge on the benzylic carbon and as a result it 
requires less bridging by the sulfur. This view is 
supported by the kinetic data in series 1.  The 
effect of the methyl group depends upon its 
position, an a-methyl having a more pronounced 
effect than one in the P-position. In fact, the 

and trans-1-phenylpropene is quite similar: an 
increase in the rate of 4.3 and 3.7, respectively. 

Further evidence for this structure of the 
transition state is provided by examining the 
kinetic controlled product composition for the 
com~ounds  in series 1. The structure of the 
episulfonium ion intermediate should be similar 
to the structure of the transition state leading to 
it. Thus for series 1, the structures of the episul- 
fonium ions should also be unsymmetrical. Thus 
kinetic controlled attack by chloride ion should 
occur at the benzylic carbon. According to the 
results in Table 3, this is exactly what is ob- 
served. 

The effect of methyl groups on the rate deter- 
mining transition state for the compounds in 
series 2 is not as clear cut. It can be argued that 
the phenyl group exerts only an inductive effect 
in series 2 and that this causes a decrease in the 
rate of addition which results in the ratio 
k, /k ,  < I. However, it is not clear why the sub- 
stitution of additional methyl groups does not 
increase the rate. The results of series 2 imply 
that the carbon atoms of the episulfonium-ion- 
like rate determining transition state, must bear 
little positive charge and consequently the 
methyl groups exert little polar effect. This im- 
plies a symmetrical transition state with strong 
bridging between sulfur and both carbons. 
Again tne kinetic controlled product com- 
position is in accord with such a structure for the 
rate determining transition state and inter- 
mediate e~isulfonium ion. Chloride ion attacks 
at both carbon atoms of the episulfonium ion 
which implies that the ions in series 2 are sym- 
metrical and more strongly bridged than those 
in series 1 .  

It is instructive to compare our results with 
those obtained for the addition of bromine to 

effect of adding an a-methyl group to styrene this same series of side chain methyl substituted 
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styrenes (13). Again it was found that there is no cis- and trans-2-~henyl-2-brtlenes 

simple relationship between the number of These compounds were prepared by the method of 
Yates and Rolston (13) and isolated by preparative g.1.c. methyl groups and the rate of bromine addition. on an SE-30 column at  1600. 

The additions are nonstereos~ecific although All other olefins were obtained commercially and their 
anti addition is favored. Styrenes with a-methyl purity was verified by g.1.c. 
groups were found to be substantially more 
reactive than those with only P-meth~l groups. Analytical samples were prepared as previously de- 
These results are taken as evidence that the scribed (2). Chemical analysis of the adducts is given in 
intermediates formed in the bromine addition to 
styrenes resemble open a-phenylcarbonium ions 
more than bromonium ions. These results are 
in contrast with ours and provide further evi- 
dence that bridged intermediates as well as 
bridged rate determining transition states are 
involved in the addition of arenesulfenyl chlo- 
rides to styrenes. 

The results of progressively substituting 
methyl groups for hydrogen on the rate and 
products of addition of 4-chlorobenzenesulfenyl 
chloride to styrene are entirely different from 
those observed for ethylene. In the case of 
ethylene the polar effect of the methyl groups is 
the dominant factor, steric effects are minimal. 
In the case of the styrene derivatives the steric 
effect of a cis-P-methyl group has a pronounced 
effect on both the rate of addition and the 
product composition. 

Experimental 
All melting and boiling points are uncorrected. Micro- 

analyses were carried out by A. B. Gygli Microanalysis 
Laboratory, Toronto, Ontario. 

Table 4. In the case of the adducts of cis- and ;runs-1- 
phenylpropene and (E) -  and (Z)-2-phenylbutene-2 the 
analytical samples were a mixture of the Markownikoff 
and anti-Markownikoff isomers. 

Continued financial support from the National Re- 
search Council of Canada is gratefully acknowledged. 
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Rearrangement Reactions in the Electron Impact Fragmentation of Isobutenel 
MARGARET S.-H. L I N  A N D  ALEX. G. HARRISON 

Depcrrttnrtlt ofC11rtnistry. Utliversity of Toror~ro, Tororlro, Otltnrio M5S I A l  

Received November 19, 1973 

The detailed mass spectrum of isobutene has been examined using both D and 13C 
labelling. It is shown that at  low average internal energies of the molecular ion complete 
randomization of hydrogens and of carbons occurs prior to fragmentation to form 
C3H,+. As the average internal energy of the molecular ion increases (by increasing the 
ionizing electron energy) the extent of both carbon and hydrogen randomization de- 
creases. Carbon scrambling is complete in the molecular ion prior t o  fragmentation t o  
form C2 ions under all conditions studied. The results are consistent with a skeletal 
isomerization of the isobutene molecular ion by a mechanism involving a series of 1,3 
ring closures to form methylcyclopropane type ions. 

On a examint en dttail le spectre de masse de l'isobutylkne utilisant les techniques 
de marquage au deuttrium et au "'C. On a montrC qu'h des niveaux d'tnergies internes 
relativement basse pour l'ion rnoltculaire il y a distribution au hasard des hydrogtnes 
et des atomes de carbone avant la fragmentation conduisant 2. I'ion CtHi+. A mesure 
que l'tnergie interne moyenne de l'ion moltculaire augrnente (en augmentant l'tnergie 
d'ionisation) le taux de distribution au hasard du carbone et de l'hydrogtne diminue. 
La redistribution des carbones est compltte dans l'ion moltculaire avant la fragmenta- 
tion pour conduire h des ions contenant deux atornes de carbone dans toutes les condi- 
tions Ctudites. Les rtsultats obtenus sont en accord avec l'hypothtse qu'il y a une isomt- 
risation au nivau du squelette de l'ion rnoltculaire de l'isobutylkne par un micanisme 
impliquant une strie de fermetures de cycles 1,3 pour donner des ions du type mtthyl- 
cyclopropane. [Traduit par le journal] 

Can. J .  Chem.,52. 1813 (1974) 

Introduction 
It is well known (1-4), from deuterium 

labelling studies, that considerable hydrogen 
rearrangement occurs in unsaturated hydrocar- 
bon molecular ions prior to fragmentation. The 
deuterium retention in the c,(H,D),+ ion 
formed from 1-butene-4-d3 near the appearance 
potential threshold (1, 4) can be explained only 
on the basis of randomization of all HID and is 
not consistent with a mechanism involving 1,3 
hydrogen shifts only. Similar results have been 
obtained (3) in a study of labelled pentenes and 
it has been suggested (3) that the hydrogen 
rearrangements occur predominantly by 1,2 
shifts. However, Meisels et al. (4) have shown 
that the 13C retention in the C3H5+ ion pro- 
duced near the appearance potential threshold 
from I-butene-4-13C is 75% demonstrating loss 
of carbon identity and rearrangement of the 
carbon skeleton.' Such skeletal rearrangements 

'The work reported here will constitute part of the 
Ph.D. Thesis to be submitted by M. S.-H. Lin to the 
University of Toronto. 

'By contrast, in the 75 eV mass spectrum of propene- 
3-'" (5) the C2H3+ and CH3+ fragment ions show 
-50Z ','C retention. This is not consistent with loss of 
carbon identity but has been rationalized in terms of 1,3 
hydrogen shifts. 

will also result in hydrogen rearrangement and 
implicate a mechanism(s) other than simple 1,2 
or 1,3 hydrogen shifts. Meisels et al. (4) have 
proposed a sequence of 1,3 ring closures to 
methylcyclopropane ions to explain the  skeletal 
isomerization in the I-butene molecular ion. 
Both the deuterium labelling studies (1 ,  4) and 
the I3C labelling study (4) present some evidence 
that the amount of hydrogen rearrangement and 
skeletal rearrangement decrease with increasing 
internal energy indicating that fragmentation 
becomes competitive with isomerization at 
higher internal energies. 

In connection with other studies we had 
available deuterium and I3C labelled isobutenes 
and we have carried out a detailed study of the 
electron impact fragmentation of isobutene. The 
results show that for low energy C,H,+ ions 
fragmenting to form C3H5' both carbon and 
hydrogen randomization are complete, whereas 
the extent of hydrogen and skeletal rearrange- 
ment clearly decreases for ions of higher excita- 
tion energy. In contrast carbon skeletal rear- 
rangement is complete prior to fragmentation to 
C,H,+ at all internal energies. The results are 
not consistent with hydrogen rearrangement by 
simple 1,2 or 1,3 shifts only but, in agreement 
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with the results for 1-butene (4), are consistent 
with a sequence of 1,3 ring closures to form 
methylcyclopropane ions. 

Experimental 
Low resolution spectra were obtained using a 90" 6 in. 

radius-of-curvature magnetic deflection mass spectrom- 
eter described previously (6). Samples were introduced 
through a room temperature inlet system to the source at 
-100 "C. The ionizing electron current was -10 FA with 
a repeller voltage of 3 V (1.1 eV ion exit energy) and the 
electron energy variable between 1 1  eV (nominal) and 
75 eV. For the 13C labelling studies mass spectra were 
obtained using an AEI MS-902 double focussing mass 
spectrometer at  a resolution (- 14000) sufficient to 
resolve I3C-CH do~lblets in the mass region of interest. 
The ratios '3CC,H,/C,+,H,+ were obtained from 
repeated measurements of the intensities of the relevant 
peaks. Samples were introduced through a room tem- 
perature inlet system with a source temperature of 
-1 50 "C. The ionizing electron current was 100 FA with 
the electron energy being varied between 20 eV (nominal) 
and 70 eV. Metastable peak intensities corresponding to 
fragmentation reactions occurring in the first drift region 
of the MS-902 were measured by the defocussing tech- 
nique described earlier (7). 

Unlabelled isobutene (Matheson research grade) was 
used without further purification. Isobutene-d2 (2-methyl- 
propene-1,l-d2) and isobutene-dc, (2-methyl-d3-propene- 
3,3,3-d3) were obtained from Merck, Sharp and Dohme, 
Montreal and were used without further purification. 
Low energy analysis in the molecular ion region showed 
the isobutene-rl, to be 96.8% d2, 0.9% d l ,  and 2.3% do, 
while the isobutene-dc, was 93.1% dr,  6.5% d5, 0.3% d4, 
and 0.1% do. Corrections for these isotopic impurities 
have been made only in the molecular ion region. Iso- 
butene-I3C (2-methylpropene-2-'T) was obtained from 
Merck, Sharp, and Dohme, Montreal. Repeated mea- 
surements at low electron energy and low resolution 
yielded the ratio 13CC3H8+/C4H8+ = 0.480 + 0.003; 
this ratio was confirmed by high resolution measurements 
at 70 eV. Assuming normal I3C isotopic abundance in the 
methyl and methylene positions this ratio yields the 
following % abundances. 

(CH3)zC = l3CH2 0.74% 

The mass spectrum (75 eV) of isobutene is 
shown in Fig. la. The major fragment ions are 
C,H,+ (tnle 41), C3H3+ (mle 39), and C2H4+ 
(mle 28) with other significant fragment ions 
being C4H7+ (mle 55), C3H4+ (mle 40), C2HSf 
(mle 29), and C2H3+ (tnle 27). Metastable peaks 
(first drift region) were observed for formation 
of C3H,+ and C3H4+ from the molecular ion. 
No metastable peaks were observed for forma- 

FIG. 1. Mass Spectra of (a) (CH3)C=CH2, (b) 
(CH3)2C=CD2, and (c) (CD3),C=CH2. 

tion of C2H4+ and it is probable that this ion 
also originates by direct fragmentation of the 
molecular ion. Consequently the major emphasis 
in the present work was directed toward a study 
of the label distribution in the C3HSf and 
C2H4+ ions since this gives the clearest indica- 
tion of the extent of rearrangement in the molec- 
ular ion prior to fragmentation. 'The results 
concerning formation of the C4H7+ ion were 
inconclusive because of the isotopic impurities 
present and the possibility of significant primary 
hydrogen-deuterium isotope effects. 

Mass Spectra of Isobutene-d2 and Isobutene-d, 
The 75 eV mass spectra of the two deuterium 

labelled isobutenes are shown in Figs. lb and 
c . ~  The mass spectra of isobutene and the 
labelled isobutenes in the C, region are presented 
in Table 1 as a function of electron energy. The 
spectra at each electron energy for the three 
compounds were determined immediately fol- 

3The complete spectra, in tabular form, are available, 
at  a nominal charge from the Depository of Unpublished 
Data,  National Science Library, National Research 
Council of Canada, Ottawa, Canada K I A  0S2. 
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lowing each other without alteration of any of 
the instrumental parameters. Also shown in 
Table 1 are the spectra observed for fragmenta- 
tion reactions occurring in the first drift region 
of the MS-902. 

The experimental results for the labelled 
isobutenes are compared in Table 1 with the ion 
intensities calculated assuming complete HID 
randomization in the C,(H,D),+ molecular ion 
prior to fragmentation. To carry out these cal- 
culations it was assumed that the total intensity 
for each C,(H,D),,+ species was the same as the 
intensity of C,H,,+ in the spectrum of the un- 
labelled isobutene at the same electron energy. 

As can be seen the metastable peak intensity 
data and the electron impact mass spectral data 
at 1 1.0 and 11.5 eV (nominal) for the labelled 
isobutenes are in good agreement with the dis- 
tribution calc~~lated assuming complete HID 
scrambling in the molecular ion prior to frag- 
mentation to form C,(H,D),+ and C,(H,D),+." 
AS the electron energy is increased the experi- 
mental distribution begins to deviate consider- 
ably from the distribution calculated ass~~rning 
complete scrambling. This is particularly notice- 
able for formation of the C3(H,D),+ ion where 
for isobutene-cl, the C3H3D2+ (m/e 43) and 
C,H,+ (tnle 41) intensities are considerably 
greater than the calculated intensities whereas 
the C3H4D+ (tnle 42) intensity is considerably 
less. Although part of the tnle 41 increase could 
be due to an abnormally high intensity for 
C3HD2+ ( i .  nonrandom distribution in 
forming C,(H,D),+) the mle 43 signal can only 
be C3H3D2+. The low intensity of C3H4+ (and 
thus C,(H,D),+) indicates that 'the decreased 
intensity at mle 42 relative to the calculated 
intensity cannct be entirely accounted for by 
nonrandom distribution in C,(H,D),+ (i.e. 
abnormally low intensity of C3H2D2+).  The 
results indicate that, compared to the complete 
randomization observed at low electron ener- 
gies, isobutene-2, preferentially loses CH, or 
CHD, (to form C,H,D,+ and C,H,+, respec- 
tively) at higher electron energies (14 eV and 
higher). 

This conclusion is confirmed by the results for 
the cl, isobutene. Of the C,(H,D),+ ions only 

4The fragmentation to form C,(H,D),+ could not be 
examined in the absence of C,(H,D),+ ions because the 
appearance potentials of the two species were found to be 
practically identical. 

C3H2D3+ (mle 44) suffers from interference 
(C,D,+) and since the total C,(H,D),+ intensity 
is relatively small this interference is minor. 
Comparing the experimental distributions in the 
region mle 44 to mle 46 at 14 eV or higher with 
those calculated ass~~ming  randomization we 
observe that the C,H,D,+ (rille 44) and C,D,+ 
(tn/e 46) intensities are higher than the calculated 
intensities while the C,HD,+ intensity is lower. 
Thus loss of CD, or CH2D is favored over loss 
of CDH,. Thus for both compounds the pre- 
ferred fragmentation at 14 eV or higher involves 
loss of the three methyl hydrogens or of the two 
ethylenic hydrogens along with one methyl 
hydrogen. Loss of two methyl hydrogens with 
one methylene hydrogen is of considerably lower 
probability. The latter loss can originate only by 
considerable isotopic exchange between the two 
positions. This aspect will be discussed fi~rther 
below in light of the 13C labelling results. 

Table 2 summarizes the mass spectral data for 
the C, ions as a filnction of electron energy for 
the unlabelled and deuterium labelled iso- 
butenes. The intensities are expressed as a of 
the total C, ion intensity. For each of the 
labelled compounds the experimental res~llts are 
compared with the relative intensities calc~llated 
ass~~ming complete HID scralnbling prior to 
formation of the C2(H,D),+ (x  = 2 to 5) ions. 
For these calculations the total intensities for 
each C,(H,D),+ species were assumed to be 
identical to that observed for the corresponding 
C2H,+ ion at the same electron energy. 

At the lowest electron energies only C2- 
(H,D),+ is observed and for the labelled coni- 
pounds it is observed that the experimental 
intensities are close to those calculated ass~~ming 
complete HID scrambling. As the electroll 
energy is increased and more C2 ions are ob- 
served the experimental distribution begins to 
differ from that calculated ass~~lning complete 
scrambling. In light of the observation (see 
below) that at 70eV tlie carbon retention is 
-50% for all C, ions (C2H3+ to C,H,+) indi- 
cating complete scrambling of the carbons the 
significance of the deviations from scrambling 
in the deuterium labelling results is not clear. Of 
the C, ions only C,H,+ appears to originate 
directly from the molec~llar ion with C,H,+ and 
C2H5 + originating by further fragmentation of 
the (M - 1)' species. It is possible that the 
deviations from scrambling reflect isotope effects 
in formation of the (M - H)+ and (M - D)+ 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 1. Mass spectra of isobutenes in C, region as function of energy (intensities Y, total C3 ions) 
-- 

Metastable spectra 11.0 eV 11.5 eV 14.0 eV 18.0 eV 30.0 eV 75.0 eV 
- 

nz/c Exp. Calcd. Exp. Ca!cd. Exp. Calcd. Exp. Calcd. Exp. Calcd. Exp. Calcd. Exp. Calcd. 
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LIN AND HARRISON : MASS SPECTRAL REARRANGEMENTS 1817 

TABLE 2. Mass spectra of isobutenes in C2 region (intensities CC, total ions) 
-- 

14.0 eV 18.0 eV 25.0 eV 75.0 eV 
-- 

mle Exp. Calcd. Exp. Calcd. Exp. Calcd. Exp. Calcd. 
pp - 

ions in the labelled isobutenes. Such isotope 
effects will correspondingly influence the inten- 
sity distributions in fragment ions originating by 
further decomposition of (M - H)+ and 
(M - D)'. 

Isobutet~e-I C (2- Methyl ~ r o ~ e t ~ e - 2 - I  C) 
Table 3 presents the intensity ratios 

(13CC,,- H,+/C,H,+) measured for various ions 
at 70 eV using the MS-902 at a resolution suf- 
ficient to resolve 13C-CH doublets. The sample 
contained 30.2% I3C in the 2-position. From the 
intensity ratios measured the % C2 retention in 
each fragment ion has been calculated and is 
shown in the final column of Table 3. The details 
of the method of calculation are given in the 
Appendix. 

Assuming loss of only a methyl or methylene 
carbon in formation of the C, ions one would 
expect 100% C2 retention, whereas assumption 
of complete scrambling of the carbons would 
lead to a prediction of 75% C2 retention. The 
C,H,+ and C,H,+ ions both show -86% C2 
retention indicating extensive skeletal rearrange- 
ment but not sufficient to result in complete 

carbon equivalence. On the other hand the C, 
ions all show - 50z  retention of C2, which is the 
value predicted assuming complete carbon 
scrambling. Surprisingly the C3H3+ ion shows 
almost complete retention of C, (96z) .  Meta- 
stable peaks were observed for the following 
reactions forming C,H,+. 

Since there are so many routes leading to forma- 
tion of C,H,+ the mechanistic conclusions to be 
drawn from the high retention result are not 
clear. 

Table 4 presents the 13C retention data for the 
C3H5+ ion as a function of electron energy. The 
13CC2H5+/C3H5' ratios from 70 to 20 eV 
(nominal) electron energy were obtained from 
the mass-resolved peaks. The ratio in the energy 
range 11.5 to 13.5 eV (nominal) was obtained 
from the low resolution spectra after correction 
of the tn/e 41 intensity C,H,+ for l3CC2H4+. 
This correction amounted as a maximum to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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TABLE 3. 13C retention data for ions in 141 I3CC3Hs+ --> 13CC2H5+ + CH3 

Intensity % C2 the metastable peak intensity ratio nz,*/n~,* was 
Ion species ratio retention found to be 0.358 + 0.020 for fragmentation 

I3CC3H,+ reactions occurring in the first drift region of the 
0.480+0.003 - 

C4H8 + 

double focussing mass spectrometer. This leads to 
a calculated C2 retention of 74.2 i 5% in agree- 

13CC2H,+ 
0.390+0.001 86.5 ment with the 75% retention calculated assuming 

C3H5 + complete carbon equivalence in C4H,+ prior to 
13CC2H4+ 

0.388+0.002 86.1 fragmentation. The results clearly show that the 
C3H4+ "?, retention of C2 decreases as the electron , - 

13CC2H3+ 
0.445+0.002 96.0 

energy, and hence, the average excitation energy 
C3H3+ of CdH8+, decreases. 

I3CCH5+ Over the nominal electron energy range 
CzH5 + 

0.198+0.002 49.6 10-13 eV the C2H4+ ion is the only significant 
13CCH4+ fragment ion in the C, region. The ratio 

0.196+0.003 
CzH,+ 

49.2 '3CCH,+/C2H4+ was found to be 0.198 + 
0.005 from which one obtains 5 1.4 1 C2 

13CCH3 + 
0 . 1 9 5 ~ 0 . 0 0 3  48.9 retention. This compares favorably with the 

C2H3+ result at 75 eV and both are in good agreement 
with the 50% retention calculated assuming 
complete carbon randomization. 

TABLE 4. 13C retention in C3H5+ as function of electron 
energy 

Electron energy 
(eV, nominal) 

70 
40 
30 
24 
22 
21 
20 

11.5-13.5 

% c.2 
retentron 

0.5% of the total n ~ / e  41 intensity and was cal- 
culated from the measured C3H4+ intensity 
assuming complete scrambling of the carbons in 
formation of C3H4+.5 Over the electron energy 
range 11.5 to 13.5 eV the observed ratio re- 
mained constant within experimental error. 

The Y, C2 retention in C3H,+ decreases from 
- 8 6 x  at 75 eV to -- 78% at low electron energy. 
For the two fragmentation reactions 

5The alternative of assuming 100% retention of C2 in 
the C3H4+ ion changes the measured I3CC2H5 + /C3H5 + 

ratio to 0.350 + 0.005 from the reported value of 0.344 + 
0.005. Since the retention in C3H4+ is -86% at 70 eV 
and appears to decrease with decreasing electron energy 
the assumption of complete scrambling appears more 
reasonable. 

Discussion 

The I3C labelling results clearly show that for 
the lowest energy C4H8+ ions fragmenting to 
form C3H5+ carbon skeletal isomerization has 
proceeded sufficiently prior to fragmentation to 
make all carbon atoms equivalent. Hence the % 
retention of C2 is that  predicted assuming com- 
plete randomization of the carbons. As the 
average internal energy of the C,H8+ ions is 
increased by increasing the electron energy the 
extent of skeletal rearrangement prior to frag- 
mentation decreases as shown by the  increased 
C2 retention in the C3H5+ fragment ion. In con- 
trast, over the entire electron energy range 
studied, skeletal rearrangement has led to com- 
plete randomization of carbons prior to fragmen- 
tation to form C2H4+. The deuterium labelling 
results parallel the 13C labelling results. At the 
lowest average internal energies resulting in 
fragmentation to form C3(H,D),+ complete 
H/D randomization has occurred prior to frag- 
mentation. As the average internal energy of the 
fragmenting ion increases the extent of HID 
randomization decreases. 

The results clearly show that the hydrogen and 
carbon randomization reactions a re  rate pro- 
cesses and that fragmentation of the  molecular 
ion becomes kinetically competitive with the 
randomization reactions as the internal energy 
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of the C,H,+ ions is increased. Although the 
hydrogen randomization can be rationalized in 
terms of a series of 1,2 or 1,3 hydrogen shifts, 
this cannot be the only isomerization reaction 
occurring since such hydrogen shifts will not lead 
to carbon randomization. In addition, appear- 
ance potential measurements (8) indicate that 
at the threshold the C3H,+ ion formed from 
isobutene has the allyl structure; such a structure 
cannot be achieved by simple 1,2 or 1,3 hydrogen 
shifts. A plausible mechanism for skeletal 
isomerization leading to carbon randomization 
and to formation of allyl ions on fragmentation 
involves a sequence of 1,3 ring closures to form 
methylcyclopropane ions as illustrated schemat- 
ically in Scheme This mechanism has been 
suggested by Wagner (9) to explain the radia- 
tion-induced rearrangement of solid pentenes 
and hexenes at 77 OK and by Meisels et al. (4) to 
explain the carbon skeletal rearrangement in the 
1-butene molecular ion at low ionizing energies. 
It is obvious that a number of ring closures and 
openings are necessary before complete ran- 

6For simplicity only the carbon skeleton is shown in 
Scheme 1 and the positive charge is omitted. 

domization of the carbons is attained with 
formation of allyl ion. Consequently it is not 
surprising that C,H,+ ions of high internal 
energy, with a consequent short lifetime with 
respect to fragmentation, do not achieve com- 
plete randomization. The sequence of ring 
closures and openings proposed i n  Scheme 1 also 
leads to hydrogen randomization and it is not 
necessary to post~~late 1,2 or 1,3 hydrogen shifts 
to explain the results, although such shifts are 
not precluded. 

The authors are indebted to the National Research 
Council of Canada for financial support. 

Appendix 
To calculate the ratio of '3CC2Hx+/C3Hx+ we 

consider the fragmentation of the unlabelled 
species (CH3),C=CH2 (67.57%) and the singly 
labelled species CH3('3CH3)C=CH2 (1.4973, 
(CH,),C=='~CH, (0.74%), and (CH3)2'3C=CH2 
(30.20%). In addition molecular ions containing 
two 13C labels also can contribute to formation 
of 13CC2H,+. The only significant 13C2C2H, 
species will contain a label at C2 and may be 
represented as 13CH3(CH3)'3C=CH2 with an 
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abundance of -3.3x of the (cH,),'~c=-CH, CH3 

species. In the following derivation ci represents 
the fraction of CIHvf ions containing C2. We ., .. 
further assume that for those C, ions containing 

/ 

CH 3 
C2 the remaining two carbons are selected at From these relative amounts one calculates the 
random from the remaining three carbons. The 
relation between the measured intensity ratio relation 

and ci may be derived as follows: '3CC,H,f - 0.0323 + 0.2846~ 
C,Hxf - 0.9777 - 0.2945~ 

13CH3 '3CC2H.x+ ((1 - a) + 3~1) 0.0149 
\ 7 Similar reasoning leads for the C, ions to the 

C=CH2 
/ 

expression 
I 

CH3 I3CC2H,+ (ja + (1 - a)) 0.0074 
\ 7 

C=I3CH, 

/ I 
CH3 C3H,+ (+a) 0.0074 

CH3 13CC2H,+ (a) 0.3020 
\ 7 
13C=CH, 

13CH3 13CC2H,+ (:a + (1 - a)) 0.0100 
\ /1 
' %=CH 2 

/ I 
CH3 CaH,+ 0 
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Acidity constants and stability constants of certain metal complexes (nickel(II), 
zinc(II) ,  and manganese(I1)) with ethylenediamine and glycine were determined a t  
25 OC and in 0.1 M ionic strength in mixed aqueous solutions of methanol (MeOH) ,  
dioxane (DOX) , acetonitrile (MeCN) , and dimethylformamide ( D M F )  . In general, t h e  
stability constants of the metal complexes and the first protonation constant of glycine 
increase with increasing composition of the co-solvent in the order 

H 2 0  < MeOH < MeCN ,- D M F  < DOX 

The protonation constants of ethylenediamine pass through a minimum at some particu- 
lar solvent composition, while the second protonation constant of glycine exhibits 
behavior characteristic of the particular solvent employed. 

These results are discussed in terms of medium and solvent effects and properties o f  
the solvent that might affect these, but find more satisfactory explanation in terms o f  
solvent displacement during the association reactions. The observations can be accounted 
for in terms of a complete equilibrium constant incorporating the concentration (activity) 
of each solvent substance. 

Les constantes d'aciditt et les constantes de stabilitt de complexes de certains metaux 
(nickel(II), zinc (11) et mangantse( l l ) )  avec l'tthyltnediamine et la glycine sont d6- 
termintes A 25 " C  et A une concentration de 0.1 M dans des solutions aqueuses d e  
mtthanol (MeOH),  de dioxanne (DOX),  d'acttonitrile (MeCN) et de dimtthyl- 
formamide (DMF) .  En gtntrale, les constantes de  stabilitt des complexes de mt taux 
et la constante de la premiere protonation de la glycine sont croissantes quand la 
composition de leur solvant augmente selon I'ordre 

H 2 0  < MeOH < MeCN ,- D M F  < DOX 

Les constantes de protonation de l'tthyltnediamine passe par u n  minimum B u n e  
certaine composition particulitre du solvant, alors que la constante de  la seconde pro- 
tonation de la glycine manifeste un comportement caracttristique du solvant particulier 
utilisi. 

Ces rtsultats sont discutts en termes du.milieu, des effets du solvant et des propritt6s 
du solvant qui pourraient influencer ces derniers; mais ils sont expliquts, de fafon plus 
satisfaisantes, en termes de dtplacement de solvant durant les rtactions d'association. 
Les observations peuvent Btre interprtties en termes de constante d'tquilibre complet 
incluant la concentration (activitt) de  chaque substance de solvant. 

[Traduit par le journal] 
Can. J. Chem., 52, 1821 (1974) 
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Introduction 
The possibility of utilizing mixed solvents to 

improve analytical methods involving complex 
formation have been noted elsewhere (1). 
Furthermore, studies of equilibrium and kinetics 
in mixed solvents may be of assistance in inter- 
preting the role of solvent in inorganic reactions. 
Previous studies of the solvent effect on complex 
equilibria have been concerned mainly with 
simple organic acids and metal chelates in selected 
solvents such as dioxane and alcohols of low 
molecular weight. Of the few metal ions and 
ligands studied, the metal complexes increased in 
stability as the concentration of non-aqueous 
solvent (co-solvent) increased. This trend also 
held good for protonation constants of ligands 
with a carboxylate group, but those with amine 
groups behaved differently. So far no systematic 
studies in different solvents with a wide range of 
solvent compositions have been made. 

As part of a larger study of free-energy corre- 
lations in coordination chemistry we have under- 
taken the measurement of complex equilibria 
for three metal ions (NiZt,  zn2 ' ,  and MnZt )  and 
the hydrogen ion with the ligands ethylenediamine 
and glycine in mixed aqueous solutions of four 
organic solvents, with composition of the latter 
ranging from 0 to 80% by volume. The solvents 
were chosen to  examine how such of their prop- 
erties as basicity, dielectric constant, and tendency 
to solvation might influence complex stability. 
The possible effects of hydrolysis of these solvents 
was also considered. 

Experimental 
Acidity and stability constants were determined by 

means of acid-base titration of the ligand with ethylene- 
diamine or potassium hydroxide (sodium hydroxide in the 
case of aqueous dioxane solution) as the titrant. In each 
titration 0.1 M potassium nitrate (or sodium perchlorate 
in aqueous dioxane solution) was employed as back- 
ground electrolyte. 

Reagents 
Standard 1 M solutions of KOH and NaOH were 

prepared from ampoules of British Drug Houses concen- 
trated volumetric solutions, and standardized by titra- 
tion. All chemicals were of analytical reagent grade unless 
otherwise indicated. Glycine was recrystallized (2), and 
ethylenediamine redistilled from sodium. Nickel(I1) per- 
chlorate was prepared by displacement from nickel(I1) 
nitrate by heating a solution of the latter to fumes in 
perchloric acid. Zinc perchlorate was prepared direct 
from zinc metal (Fisher certified) by dissolution in per- 
chloric acid. Manganese(I1) perchlorate was obtained 
from the G.F. Smith Chemical Co. Sodium perchlorate 

solution (1.0 M )  was prepared by neutralization of 
sodium carbonate with perchloric acid. The concentra- 
tions of Zn2+ and Mn2+ were determined by direct 
complexometric titration with EDTA (3), while Ni2+ was 
determined according to Schwarzenbach's procedure (4). 

Methanol was purified by redistillation and DMF by 
vacuum distillation (2). Dioxane was purified by the 
method of Kraus and Vingee (5). Baker's A.R. grade 
acetonitrile was used without further purification. 

Apparatus 
A Radiometer Model PHM4d p H  meter, equipped 

with a G202B glass electrode and a K401 saturated 
calomel electrode was used for the p H  titrations. The 
meter and electrodes were calibrated to  read p H  with 
two suitable buffers with any necessary correction to 
match the Nernst slope being made with the tempera- 
ture compensation control. All titrations were conducted 
in a water-jacketed cell compartment (6) thermostatted 
a t  25 + 0.1 "C. A stream of nitrogen gas, after passing 
through granules of Ascarite, was bubbled into the 
solution and formed an inert atmosphere over the solu- 
tions titrated. The p H  values were measured to k0.005 
unit. Titrants were added by an Agla microsyringe of 
total volume 0.5 cc (Burroughs and Wellcome Co. Ltd., 
London, England). 

The calomel electrode was cleaned and refilled fre- 
quently after working in the mixed solvents. For titrations 
in dioxane solutions when sodium perchlorate was the 
background electrolyte a sleeved electrode was used. 
This consisted of a glass tube of slightly greater diameter 
fitted over the calomel electrode and terminating in a 
small fritted disc. The sleeve was charged with 3.5 M 
ammonium chloride solution. Following each titration 
the glass and calomel electrodes were conditioned in 
0.1 M hydrochloric acid before re-use. 

Dielectric constants of the mixed solvents were mea- 
sured by a dipolmeter (Wissenschaftlich-Technische 
Werkstiillen, Germany) with the cells appropriate to the 
range of values measured. 

Solrrtions for Measurement 
Stock solutions of the metal nitrates and  perchlorates 

(0.1 M )  were prepared in slightly acidic media (pH 3-4). 
Solutions for potentiometric titrations were prepand by 
adding 10 cc of the supporting electrolyte (1.0 M solu- 
tions of KNO3 or NaCIO,) and a measured volume of the 
co-solvent to a 100 cc  volumetric flask which contained 
known amounts of the metal ion (CM), ligand (C,), and 
added acid (CH). The solution was made up to the mark 
with doubly distilled water. The mole fraction of co- 
solvent (n,) was calculated from the volume composition. 

Acidity Measurements 
The "activity" of hydrogen ion was measured by the 

p H  meter, but converted to concentration by an empirical 
factor r (7), which was determined fo r  each solvent 
composition and background electrolyte used by measure- 
ments of p H  of solutions of known hydrogen-ion con- 
centration 

(Compare Van Uitert and Haas factor U,, (8).) All 
acidity and other equilibrium constants were calculated 
a s  concentration quotients. 
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MU1 E T  AL.: STABILITY O F  S O M E  METAL COMPLEXES 1823 

TABLE 1. Dissociation constants of protonated ligands at 25 "C supporting electrolyte = 0.1 M K N 0 3  
(0.1 M NaCIO, in DOX) 

- 

Glycine Ethylenediamine 
System 
(v/v%) 12 2 E" l- P K I *  pKa2* P K I *  p K 2 *  

Aqueous 

MeOH 55 
60 
65 
70 
75 
80 

DOX 0 
20 
40 
50 
60 
70 
75 
80 

MeCN 20 
40 
50 
60 
70 
75 
80 

D M F  20 
40 
50 
60 
70 
75 
80 

[O. 8511 

0.572 
0.546 
0.528 
0.518 
0.527 
0.564 

0.890 
0.869 
0.827 
0.868 
1.03 
1.41 
1.89 
2.76 

0.94 
1.07 
1.22 
1.48 
2.02 
2.42 
3.12 

0.554 
0.330 
0.253 
0.196 
0.170 
0.174 
0.197 

It seems appropriate to furnish the following additional 
practical information concerning measurements o f  p H  in 
mixed solvents. It was repeatedly observed that in order to 
obtain steady, reproducible results, each measurement 
must be carried out with glass electrodes that had under- 
gone preconditioning as follows. Each electrode was 
immersed in a well-stirred mixed solvent for several days 
before use. At intervals the electrode was washed with 
distilled water and conditioned overnight in 0.1 M 
hydrochloric acid. The electrode was then tested with 
aqueous buffers. The procedure was repeated until 
reproducible rgsults were obtained. Before each titration 
in mixed solvent the electrodes were pre-conditioned for 
at least an hour in solvent of identical composition to 
that about to be titrated. Presumably this practice results 
in a reasonably consistent and appropriate hydrogen-ion 
activity in the outer layer of hydrated (solvated) gel in the 
glass membrane. 

Detert71itzation of Eqirilibriutn Consta?lts 
From the p H  titrations sets of corresponding values of 

C,,, p H  for the ligands alone, or  n,, pL for the metal 
complexes could be obtained by methods that have been 
fully described elsewhere, e.g., ref. 9. From this informa- 
tion acidity constants or  stability constants respectively 

c o ~ ~ l d  be derived either by Bjerrum's method of successive 
approximations, or by computerized calculations (10). 

Results 
In Table 1 are given values of the factor I-, 

measured dielectric constants E, and the  acidity 
constants for the two ligands at a number of 
compositions for each solvent. The variation of 
pK,, for each ligand is shown as a function of 
solvent composition in Fig. la and b. Values of all 
stability constants determined at the indicated 
solvent compositions are presented in  Table 2. 
Each value reported is the mean of a t  least two 
independent determinations. The variation of 
log K, values with solvent composition is shown 
in Fig. 2. 

Discussion 
Actiz~ity Measurements and Medium Erects 

Part of the information required t o  determine 
complex stability constants are the acidity con- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1824 C A N .  J .  CHEM. VOL. 52,  1974 

FIG. 1. Variation of first acid dissociation constants of 
ligands with composition of mixed solvents at  25 "C: 
(a) glycine; (b) ethylenediamine. 

stants of the ligands. A considerable body of the 
literature of reactions in non-aqueous or mixed 
solvents has been taken up with defining a scale 
or scales of acidity that may be applied in such 
varied media. The so-called "universal scale of 
acidity", which is based on the standard state 
for hydrogen-ion activity in water, has been 
discussed by a number of authors, and a good 
contemporary summary given by Bates (1 1 ) .  In 
order to relate our results to this theoretical 

approach we briefly review the significance of 
pH  measurements in solvents other than pure 
water. 

When the potential of an electrode reversible 
to an ion i is measured in a mixed solvent the 
indicated activity of the ion may be related to a 
standard state either in that solvent or in strictly 

L - I  1 I I 
0 1 02 0-3 0 4  0-5 0.6 

nx 

FIG. 2. Variation of first metal complex stability 
constants with composition of mixed solvents at 25 "C: 
(a) glycine complexes; (b) ethylenediamine complexes. 
The  uppermost set of  curves applies to nickel complexes, 
the middle set to zinc complexes, and the lowest set to 
manganese(I1) complexes. 
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TABLE 2. Stability constants of metal complexes in mixed aqueous organic solvents at 25 "C* 

(a) Aqueous methanol: (in 0.1 M KN03)  

Stability constants 

Ethylenediamine Glycine 
Volume 

(%I Ni(I1) Zn(I1) Mn(I1) Ni(I1) Zn(I1) Mn(I1) 

*Values are in the order o f  log K , ,  log K1, log KI; values in parentheses are o f  fair accuracy only: u - 0.1-0.2; 
values in square brackets are only approximate: u > 0.2. 

(6) Aqueous dioxane (in 0.1 M NaCIO,) 

Stability Constants 

Ethylenediamine Glycine 
Volume 

(%I Ni(I1) Zn(I1) Mn(I1) Ni(I1) Zn(I1) Mn(I1) 
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TABLE 2. (Concluded) 

(c)  Aqueous acetonitrile (in 0.1 M KN03)  

Stability constants 

Volume 
(%) 

Ethylenediamine Glycine 

(d) Aqueous D M F  (0.1 M KNOB) 

Stability constants 
- 

Ethylenediamine Glycine 
Volume 

(%) Ni(I1) Zn(I1) Mn(1 I) Ni(I1) Zn(I1) M n(I1) 
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aqueous solution. In the latter event, the activity 
of the ion ,ai* is related to the medium effect 
coefficient, Yi* as follows: 

[2 I w l  a ,*  = c i .  , y i*  

where Ci is the stoichiometric concentration of 
the ion and, Yi * is Harned and Owen's medium 
effect (12) given by the following relation 

[3] log (, Yi "1, Yi) = log , Yi + log (, Yi *I, Yi) 

where , Yi is the primary medium effect and , Yi * 
the secondary medium (salt) effect. Thus 

A pHmeasurement, pH(,,*, is a measure of the 
hydrogen-ion activity ,aH:% in the mixed solvent 
with reference to the aqueous standard state, 
given as follows 

[5 1 pH(,,': = Ej - log ,aH *: 
when Ej is a term incorporating the liquid junction 
potential, which depends on the solvent composi- 
tion. For a cell based on glass and calomel 
electrodes 

in which the asterisk indicates a value in the 
mixed solvent (13). The quantity 6 is defined (I I) 
as follows 

[7] pH,,,* - pSaHd' = Ej - log, YH = 6 

where ,aH* is the activity of hydrogen ion in the 
mixed solvent referred to the standard state in 
that solvent. When 6 is known for a particular 
solvent composition ,aH': can be determined from 
a pH-meter reading. 

This 6 is related to our log I' by the following 
equation 

Van Uitert and Haas (8) determined log I' in 
mixed solvents containing electrolyte at several 
ionic strengths, and by extrapolation of their 
values to zero ionic strength when , YH* -+ 1, a 
value of 6 was determined. From our results 6 
can only be estimated through an estimate of 
, YH * ; to make this we have employed the Davies' 
equation (14), recognizing that this has no estab- 
lished validity in solvents other than water. In 

I Table 3 are given our estimates of 6 for various 
compositions of three solvents. Those in methanol 
are comparatively small, suggesting that gj and 

TABLE 3. 8 values in mixed solvent systems 
-- 

8 for solvent = 

V ( % )  MeOH DOX MeCN 

0 -0.0614 -0.042 
20 -0.110 -0.0982 
40 -0.186 -0.178 
50 -0.311 - 0.248 
55 0.0713 
60 0.0834 -0.565 -0.353 
65 0.0873 
70 0.0838 - 1.088 -0.512 
75 0.0609 - 1 ,474 -0.603 
80 0.0145 -2.043 -0.729 

log ,YH must compensate to a considerable 
degree in this region of solvent composition. 

Solvent Effect on the Acidify Constants of Ligands 
As shown by the data of Table 1 and in Fig. 1, 

our results confirm those of other workers res- 
pecting the difference in behavior of the carboxyl- 
group ionization compared to that of the ammoni- 
um group (I, 15), and also show that these differ- 
ences are roughly found to apply in all four sol- 
vents examined. Thus for the dissociation of 
-COOH in glycine, pK,, increases more or less 
linearly with increasing concentration of co- 
solvent. The trend of dissociation of the substi- 
tuted ammonium hydrogen is non-linear, and in 
most cases passes through a maximum (minimum 
pK,) at some solvent composition. 

The variation in pKa, for glycine with solvent 
composition, like that for carboxylic acids in 
general, can be interpreted by an electrostatic 
model with the aid of the Born equation (16). 
The failure of the cationic acids of ethylene- 
diamine (H,en2 +, Hen +) to conform t o  the Born 
model has been discussed in terms of the relative 
importance of the solvent effect and dielectric 
effect, and the former is assumed to be greater in 
acids involving ENH + dissociation (1 7). Recent- 
ly the non-electrcstatic contribution to  thechange 
in pK, has been regarded as representing the sum 
of medium effects for individual ions (1). Evidence 
given later in this paper strongly links what has 
been regarded as the exceptional behavior of the 
amine group on protonation to an appreciable 
amount of interaction with the co-solvent. 

Solvent Effect on the Stabilities of Metal Com- 
plexes 

Figure 2 shows a parallelism in the  variation 
of the complex stability constants from one metal 
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to the next for a given solvent. Similar trends are 
observed for log K, and log K,. The relative 
solvent effect in increasing the stability constants 
of the metal complexes at a particular n, of 
solvent follows the order 

DOX > MeCN > MeOH > H 2 0  

From this ranking DMF has been omitted because 
observations in this solvent appear less regular 
and depend somewhat on the ligand. 

There is an apparent relative increase in stability 
in DMF solutions in passing from ML + ML, + 

ML,. This anomaly may possibly be the result 
of hydrolysis of DMF in aqueous solution. It is 
known that this substance is appreciably hydro- 
lyzed in alkaline aqueous solution, though less 
so in neutral and acidic solution. However, in 
most of our experiments with slightly buffered 
solutions in which pK,, or log K, was being 
measured, no serious unsteadiness or drift in 
DH readings was observed so that at the time - 
hydrolysis was not suspected as a problem. The 
result of this occurring would be to lower the pH 
of solutions, which would in turn lead to an 
overestimate in log K,,. The effect would be more 
serious as the pH became higher, as would be the 
case for measurement of log K,. 

An equation of the form 

[9] log KML" - log KML = an, + b 

in which a and b are constants that may be 
characteristic of the metal ion, ligand, or solvent 
(15), was of comparatively little value in corre- 
lating the present res~ilts. Evidently specific sol- 
vent-solute interactions necessitate that a and b 
must be functions of n,. In the next section the 
authors will discuss these results from the view- 
point of displacement of solvent molecules 
accompanying the complex-forming reaction. 

The order of dielectric constants of the solvents 

does not exactly follow the order of relative 
solvent effects as noted above. Thus a continuum 
model of solvent based on coulomb interactions 
is of only limited value in interpreting the present 
results (18). According to recent summaries (19, 
20) empirical solvent parameters from physical 
and chemical measurements on pure nonaqueous 
solvents have made it possible to establish the 
following polarity order 

H 2 0  > MeOH > MeCN > DMF > DOX 

which is very similar to the order of the solvent 
effect previously given. Kreshkov (21) found that 
the autoprotolysis constant (K,) of the solvent 
provides a measure of the "absolute scale" of 
acidity of solvents. The greater the value of pK, 
the less is the solvent ionized, the smaller the 
solvating capacity, and so forth. The magnitudes 
of K, (22) again follow closely the polarity order, 
differing only in the interchange of positions of 
MeCN and DMF. The foregoing evidence is all 
suggestive of the probable importance of inter- 
actions with solvent in the overall reactions of 
complex formation. 

Displacement of Solvent Molecules 
A recent communication (23) has stressed the 

importance of taking into account the elimination 
of coordinated water molecules as a cause con- 
tributing to the medium effect. Thus a reaction of 
complex formation may be described by the 
equation 

The increase in apparent stability of ML in an 
aqueous mixed solvent compared t o  that in water 
alone derives in some part from the lower activity 
(or concentration) of water in the mixed solvent 
compared to this value in pure water. A complete 
equilibrium constant (24) K*' will therefore 
include a term in the concentration of water, and 
will relate to the apparent formation constant 
K* as K'i:' = K*[H,O],", where [H,O], is the 
concentration of water in the mixed solvent. This 
explanation incorporates the assun~ption that 
solvation of the reacting species is almost ex- 
clusively by water molecules. 

Alternatively the possibility might be con- 
sidered that both water and co-solvent molecules 
could be involved in solvation. Thus in a mlxed 
solvent molecules of both kinds may be regarded 
as ligands that are coordinated to  or associated 
with each central ion or molecule. In general, 
formation of a complex BA,, may be written as 

A complete equilibrium constant is given by 

In aqueous solution b, a, t ,  and dare  all zero, and 
w will be represented in this case by a different 
symbol j. 
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Now if we set aside the secondary medium 
effect for the several species involved in formation 
of BA,, by working throughout in a constant and 
relatively high concentration of background elec- 
trolyte, the stoichiometric equilibrium constants 
(concentration quotients) K*' and K' in mixed 
solvent and water respectively can be related to 
the standard free energy of transfer and to the 
apparent equilibrium constants as follows: 

[13] log K*' - log K' = -AGRt/2.3RT 

+ log 
CH201,"CSld 

CH2OI' 
where 

Here AGit is the standard molar free energy of 
transfer of the species i from water to the mixed 
solvent, and Yi is the corresponding primary 
medium effect coefficient. 

It is commonly held that water molecules are 
preferentially, if not almost exclusively, solvated 
in mixed solvents (23, 25), although there is 
certainly evidence (26) that methanol molecules 
are capable of appreciable solvation froill aqueous 
methanol solutions. If the co-solvent is essentially 
inactive with respect to solvation in reaction 11, 
d - 0. In that case, from eqs. 13 and 14 

[15] log K* - log K = -AGRt/2.3RT 
- tv log [H20], + j log [H20]  

and if we assume in this case that w = j this 
becomes 

[15a] log K* - log K = -AGRt/2.3RT 

- w 1% ([H2Ols/[H2OI) 

Equation 15a should describe the variation of K* 
with solvent composition; if the medium effect 
is assignable strictly to variation in solvent com- 
position according to a mass law relationship, that 
is, if K*' is a proper equilibrium constant inde- 
pendent of the composition of the solvent, then 
AGRt must be a constant. Accordingly, a plot of 
log K" us. log [H20], should be linear with a slope 
equal to w.  This correlation was tested for all sets 
of data; it yielded approximately linear plots for 
all metal complexes in dioxane or acetonitrile, 

but poorer linear relationships in methanol. For 
the metal glycinates and for pKa, for glycine the 
values of the slopes of the best-fit lines for the 
solvents dioxane, acetonitrile, and dimethyl- 
formamide were about 2.5, while the average 
slopes for aqueous methanol solutions had lower 
values, around 1.0 to 1.7. For the metal ethylene- 
diamine complexes the average slopes in dioxane 
and acetonitrilewereagain around2.5, but smaller 
in D M F  and methanol, and no linear correlations 
were found for protonation of this ligand. 

The recurrence of a value about 2.5 (maximum 
3.0) for the slopes in the foregoing correlations 
with the solvents of lowest polarity, but of dis- 
tinctly lower values for the correlations in meth- 
anol prompted the testing of a second hypothesis. 
Suppose that j represents a solvent transfer 
number characteristic of the particular reaction 
being examined, but that part of this number 
could be attributed to  the transfer of co-solvent, 
i.e., to  d in reaction 1 1. Thus 

with d # 0 in the case of a more polar solvent 
such as methanol. From eqs. 13, 14, and 16 can 
be derived 

[17] (jlog [S] + log K*) - log K = 

- AGRt/2.3RT - w log ([H20],/[S]) 

+ j log [H201 

Equation 17 contains two unknown param- 
eters, j and w .  It could be used, as eq. 15a was, 
to find a value of w ,  provided a value o f j  could be 
assigned beforehand. There is no theoretical basis 
for doing this, but the previous correlations had 
suggested a value of w,,,, = 3, and on this account 
a trial value o f j  = 3 was put into eq. 17. Plots 
of ( j  log [S] + log K *) = Y us. log ([H,O],/ [S]) = 
X were then drawn, and disclosed remarkably 
good straight lines, of which examples are given 
in Fig. 3. Accordingly, it seemed reasonable to 
assign values of w t o  the gradients of Y on X. 
Values obtained in this way are shown in Table 4. 
With only two small exceptions these values of w 
are equal to or less than three. 

It is obvious that the values of w (and by infer- 
ence also of d) suggested in Table 4 cannot have 
any precise significance in view of the arbitrary 
choice o f j  in eq. 17. Nevertheless it is remarkable 
that the values of w approach 3 in those co- 
solvents, except as subsequently noted, in which 
on the basis of polarity one would expect mini- 
mum solvation, and that the values are  uniformly 
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120- 

110- 

Y 

diamine contrast with the non-linear relationships 
observed for n, (Fig. 1 b),  and the poor correlations 
found by the application of eq. 15a. With respect 
to these protonation reactions, the analysis in this 
paper assigns an appreciable amount of the 
medium effect to solvation of the bases by the 
co-solvent, or at least to an appreciable value of d 
in eq. 11. 

Values of AGRt are also found from this corre- 
lation; according to the values o f j  used and of w 
found, individual values of AGRt can be calculated 
for each solvent composition, and measures of 
dispersion about a mean value assigned. Results 
consonant with the values in Table 4 are given in 
Table 5. As previously mentioned, the significance 
of the apparent constancy of AGRt is that K*' is 
independent of solvent composition for any given 

8 o- system. Thus eq. 12 defines the complete equilib- 
rium constant in the mixed solvent, and contains 

0 0 2  0 4  0 6  0 8  10 12 14 
x terms that compensate for changes in solvent 

composition. It is also worth noting that when w 
approaches j, solvation by the co-solvent is un- 
important. In this event, the standard free energy 
of transfer to that solvent is very small. This 
follows from eq. 12 which shows that K*' and K' 
become equivalent as d -t 0. 

Recognizing the arbitrariness with which a 
value of j was selected in order to determine the 
values of w given in Table 4, the authors have 
considered the choice of j values by other criteria. 

9 0. A computer-assisted analysis showed that corre- 
lations obtained with eq. 17 were not particularly 
sensitive to the value of j assigned; reasonable 
linear regressions were obtained with values of j 
increasing in steps from 2 to 4, and corresponding 
values of w obtained. An objective basis for the 
choice of a value for j was that which gave a 
minimum variance in the value of w for each 
system. It is questionable, however, whether the 

6 0 
- 0 3  -02 -01 0 01 0 2  0 3  

experimental data are of sufficient accuracy to 
x permit such a procedure, for in the event it 

FIG. 3.  Correlations based o n  eq. 17. (0) Acidity produced considerable variations in the individual 
constants of ethylenediamine; (b) stablllty constants of values o f j  and w, including some negative values 
1 :1 complexes. of d (which might be significant), but thesevalues 

were much more difficult to rationalize with the 
smallest in methanolic solutions where, in spite character of the solvents and reactions concerned 
of some opinions to the contrary, solvation could than those given in Table 4. 
be significant. It is also remarkable that l~near The final question to be considered is what, if 
correlations based on eq. 17 were found for all K, any, physical significance should be attributed to 
and K2 values for the metal and proton complexes the values of w and d found in this way. They 
of both ligands in all four mixed solvents ex- certainly do not imply that the relative solvation 
amined. In particular, the correlations for pKa, of individual species is independent of solvent 
for glycine and for pK,, and pKa2 for ethylene- composition. The notion that a characteristic 

I 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MU1 E T  AL.: STABILITY O F  SOME METAL COMPLEXES 1831 

TABLE 4. Values of IV and Aw in solvent systems ( j  = 3.0) 

DOX MeCN D M F  MeOH 
Equilibrium 

Solute constant , $8 A w w Aw w A w w A IV 

Metal ethylenediamine 
Ni K I  2.77k0.02 0.01 2.68k0.02 0.09 2.11k0.10 -0.24 1.60k0.04 -0.03 

Kz 2.76k0.04 2.59k0.03 2.35k0.05 1.63k0.04 
Zn K I  2.82k0.02 -0.04 2.70k0.03 0.07 2.15k0.09 -0.12 1.48k0.03 -0.02 

Kz 2.86k0.03 2.63k0.04 2.27k0.07 1.50+0.03 
Mn K I  2.63k0.02 0.02 2.62k0.04 -0.22 2.26k0.04 0.28 1.41k0.06 -0.02 

Kz 2.61 k0.03 2.84k0.23 1.98k0.03 1.43k0.05 

Metal glycine 
Ni K I  3.07k0.04 0.15 2.76k0.03 0.10 2.64k0.07 -0.09 1.80+0.02 0.06 

Kz 2.92k0.08 2.66k0.04 2.73k0.03 1.74k0.02 
Zn K I  3.13k0.01 0.25 2.85k0.06 0.08 2.69k0.02 -0.19 1.87k0.03 0.08 

Kz 2.88+0.09 2.77k0.05 2.88k0.03 1.79+0.03 
Mn K I  2.91 k0.07 2.71k0.06 0.02 2.83k0.03 -0.02 1.88k0.03 0.03 

Kz 2.69k0.07 2.85k0.05 1.85k0.03 
Acid ligands 

H.en KO I 1.48k0.04 -0.15 1.78L0.06 -0.01 1.43k0.07 0.17 0.69k0.01 -0.01 
KO2 1.63k0.03 1.79+0.06 1.26k0.06 0.70k0.01 

H.G I KO I 2.94k0.01 0.98 2.74k0.02 0.71 2.99k0.06 1.15 2.16k0.09 1.18 
KO2 1.96L0.05 2.03k0.05 1.84k0.03 0.98k0.02 

TABLE 5. AGRr in complex equilibria (kcal/mol) 
. -- - 

AGRf for solvent = 
Equilibrium 

Solute constant DOX MeCN DMF MeOH 

Metal ethylenediamine 
Ni K I  

K2 
Zn K I  

K2 
Mn K I  

K2 
Metal glycine 

Ni K I  
K2 

Zn K I  
K2 

Mn K I  
K2 

Acid ligands 
H.en KO, 

KO 2 

H.G I KO I 

K. 2 

number of molecules of each solvent is eliminated and solvent molecules, for instance, whether the 
duringeach association reaction appears to  satisfy value of j is due only to  molecules in the primary 
the thermodynamic requirements of the data. This solvation or coordination zone, or includes mole- 
inference cannot, however, tell much about the cules external to but closely associated with these. 
nature of the association between solute species Some of the different opinions concerning, for 
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example, the solvation of ions by methanol in 
aqueous methanol solutions depend on altogether 
different experimental evidence (25, 26). 

Relationships Among Equilibrium Constants 
Rossotti and co-workers (23) have shown that 

forsystemslike thoseconsidered herecertain ratios 
of equilibrium constants are essentially indepen- 
dent of the solvent composition. This comes about 
because these ratios are themselves equilibrium 
constants of reactions, and their constancy in 
value results from the fact that these net reactions 
do not involve the release of any water molecules. 
We have adopted and extended these ideas to the 
data in this paper. 

Consider the reactions 

We put Aw = w,, - w,, and note that Ad = -Aw 
from eq. 16. Calling k the equilibrium constant 
for eq. 18 we have 

[I91 log k = log (KllK,,) + Aw log I[H,OI,/[Sl) 

Values of Aw have been worked out in Table 4. 
It is of interest to observe that for the reaction 

where Aw values are small for the metal complex 
formation the values of K1/K2 = k are almost 
constant, independent of solvent, although they 
depend on the nature of the metal ion. These are 
quickly accessible from the data of Table 2. For 
the dissociation constants of the acids, the 
equilibrium constants for the reaction 

are given by the values of K,,/K,,. From the data 
of Table 1 it is seen that for ethylenediamine 
pK,, - pK,, is roughly constant, independent of 
solvent composition, whereas for glycine the 
same quantity decreases with increasing con- 
centration of co-solvent. This striking result is in 
complete accord with the change of Aw values in 
the two sets of protonation reactions. In the 
former case Aw values are small, so that the effect 
of change in solvent composition on K,,/K,, 
predicted by eq. 19 will be small. In the second 
case the value of Aw - 1 will lead to an appreci- 
able modification of the 'ratio as the solvent 
composition changes. 

The equilibrium constants for the reactions of 
glycine 

M + H L = M L + H  kl 

when expressed to include the contribution of 
solvent appear as 

[ I  9a] log k ,  = log (Ki /Kal )  
+ Aw log ([H,OI,/[Sl) 

Upon examination it is found that values of log k i  
are independent of solvent composition in the 
whole concentration range investigated, though 
they vary with the nature of the metal complexes. 
A corresponding relationship cannot be found 
among the other stability and aciditv constants 
given ;n Tables 1 and 2.- he explanation again 
seems inherent in the w values which for Kq, of 
glycine are of comparable magnitudes to those 
of the metal coinplexes in the same solvents. 

In all of the foregoing discussion there has been 
the assumption that all these association reactions 
include the elimination of a fixed number of 
molecules of solvent; and that when the co- 
solvent is relatively non-polar these will be water 
molecules eliminated, but that when polar co- 
solvents are considered some of the molecules 
eliminated may be of these instead of water 
molecules. The evidence for these inferences is 
mainly the goodness of fit and wide applicability 
of the correlations suggested by eq. 17. The re- 
lationship in eq. 16 is an assumption also, but 
it finds some added credibility from the fact that 
where Aw is small in the combination of two 
equilibria the resultant k,/k,, is essentially con- 
stant irrespective of solvent composition. Now if 
on some grounds it can be deduced that Aw is 
small in this case, it is still necessary that Ad be 
small also for the ratio k,/k,, to remain constant. 
That so many instances of the constancy of this 
ratio were found among the data in this paper, 
even among cases where involvement of the co- 
solvent is quite plausible (e.g., in  methanolic 
solutions), supports the assumption that [Ad( - 
(Awl,  and that eq. 16 is reasonable. 

Representation of complex equilibria in mixed 
solvents by a complete equilibrium constant in 
which allowance is made for variation in com- 
position of both solvent partners appears to  
furnish a suitable explanation for a large share of 
the primary medium effect. This hypothesis will 
require considerable further testing before it can 
be adopted as a general principle. As a matter of 
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record it should be mentioned that Bjerrum and 
Jsrgensen (27) proposed a somewhat similar 
explanation of shifts in equilibrium constants 
with changes in composition of mixed solvents, 
but their ideas were not thought to be upheld by 
spectrophotometric evidence (28). 

The authors are grateful for financial support from the 
National Research Council of Canada. 
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Enthalpy-Entropy Compensation for Micellization and Other Hydrophobic 
Interactions in Aqueous Solutions 

CARMEL JOLICOEUR AND PATRICK R.  PHILIP 
De'partement de Chimie, Universite' de Sherbrooke, Sherbrooke, Que'bec 
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The temperature dependence of the critical micelle concentration for 26 ionic and 48 non- 
ionic surfactants in aqueous solutions has been reexamined and used to calculate AHmO and 
ASmO, the heats and entropies of micellization, at  25 and 50 "C. AHmO and ASmO values exhibit 
a significant correlation with compensation temperatures (T,)  of 319 and 222 "K at  25 "C fo r  the 
groups of ionic and non-ionic surfactants respectively. These results are compared with T,  
values which are expected to be characteristic of pairwise interactions between hydrophobic 
solutes. 

La dependance, vis-a-vis de la temperature, de la concentration critique de micellisation de 
26 detergents ioniques et de 48 detergents non ioniques, en solution aqueuse, a etC reexaminee et 
~~til isee pour calculer les enthalpies et entropies de micellisation, AH,' et AS,' a 25 et 50 OC. 
Ces valeurs de AHmO et ASmO presentent une correlation significative avec des temperatures 
respectives de compensation (T,)  de 3 19 et 222 "K pour les cornposCs ioniques et non ioniques a 
25 "C. Ces resultats sont compares avec des valeurs de T ,  considerees comme caracteristiques 
des interactions par paires entre solutes hydrophobes. 

Can. J .  Chem., 52, 1834(1974) 

Introduction 
Linear correlations between enthalpy and 

entropy changes have often been observed in 
studies of isothermal solution processes where, 
typically, the size of homologous solutes, or the 
composition of the solvent, is varied in a sys- 
tematic way (1-5). Such behavior has proven to 
be rather common for processes or reactions 
occurring in aqueous media, involving a variety 
of solute species ranging from rare gases to 
biological macromolecules. 

In a recent survey of the enthalpy-entropy 
(HIS) compensation phenomenon in aqueous 
solutions of small molecules and in biological 
systems, Lumry and Rajender (6) pointed to a 
large number of thermodynamic and kinetic 
(activation) measurements which exhibit linear 
HIS correlation. The slopes of the correlation 
lines (correlation temperature, T,) lie in a 
narrow range between 250 and 315 OK; for most 
systems in which the solvent is highly aqueous, 
Tc falls between 270 and 290 OK. 'This remarkable 
constancy is suggested to originate in a common 
process occurring in the solvent, and perturba- 
tion of the two-state equilibrium in liquid water 
provides an elegant means of explaining HIS 
compensation in aqueous media (7). 

Fitting in this general scheme, the solvation 
thermodynamics of hydrophobic solutes exhibit 
HIS compensation as illustrated by the standard 

entropies and enthalpies of hydration of various 
compounds containing alkyl groups of varying 
length (7). The recent suggestion by Friedman 
and co-worker (8) that some HIS compensation 
is also effective in the pairwise interaction be- 
tween hydrophobic solutes has prompted us to 
look for HIS correlation in the process of micelle 
formation. Since hydrophobic interactions con- 
tribute largely to the stability of micelles (9, lo), 
a general HIS correlation, if it exists, might 
yield a Tc value characteristic of such interactions. 

Treatment of Data and Calculations 
Each of the available sets of data on the 

temperature dependence of the c.m.c. (critical 
micelle concentration) for 48 non-ionic (1 1-14) 
and 26 ionic (1 1, 15) surfactants were fitted by 
least-square analyses to a third degree poly- 
nomial 

where [c.m.c.] is the c.m.c. on the mole fraction 
scale. In the association equilibrium model, the 
standard free energy change for the micellization 
of one mole of surfactant monomers is given by 
(16) 

Application of the Gibbs-Helmholtz equation 
to eq. 1 yields the standard heat of micellization 
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JOLICOEUR AND PHILIP: HYDROPHOBIC INTERACTIONS IN AQUEOUS SOLUTIONS 1835 

The molar entropy of micellization was obtained 
in the usual way, from 

AH,' - AG, o 
C4I AS,' = T 

Values of AH,' and AS,' are reported in Table 
1 along with other pertinent information on the 
temperature range and the number of c.m.c. 
measurements in the original investigation. 

In this study, all the available data were 
included, except those showing excessive scat- 
tering or discontinuity in d(1n [c.m.c.])/dT. Also, 
in a few cases where different data sets of 
similar precision were available for a given 
compound, we chose the results of experiments 
covering the largest temperature range. 

The relations used in calculating the thermo- 
dynamic quantities AH,' and AS,' are derived 
from the monomer-polymer equilibrium model 
of micellization (16). Since the model has been 
shown accurate only for systems in which the 
number of monomers per micellar aggregate is 
large, i.e. >20, and not strongly temperature- 
dependent (17, 18), the results obtained with 
short chain surfactants (R < C,H,,) must be 
regarded with caution. For  the lower homologs 
the c.m.c. is high and not as sharply defined as  
with the higher homologs (19, 20); thus, solu- 
tions of the former are likely to  contain a wide 
distribution of micelle sizes. 

Finally, because of the large change in the 
molar heat capacity of the surfactant upon 
micellization, the accuracy of the Gibbs- 
Helmholtz AH,,,' depends on the temperature 
interval between c.m.c. measurements. Any error 
introduced in the evaluation of AH,' will of 
course be carried over to AS,', shifting both 
values on the axes of the  correlation plots 
given below. 

Results and Discussion 
The standard enthalpies and entropies of 

micellization listed in Table 1 are divided into 
two groups, ionic and non-ionic. For  each 
category of solute, we plot AH,' against AS,' 
as  shown in Figs. I and 2. The least-square 
slopes of these correlation plots are given in 
Table 2, for experimental temperatures of 25 

and 50 "C, along with the relevant standard 
deviations o n  AH,' and T, (o, and o,) and the 
intercept on the AH,' axis, AH,*. A reasonably 
accurate HIS correlation is found in each case, 
and the Tc values for ionic and non-ionic 
surfactants differ by - 100 O K .  

The group of non-ionic surfactants, which are 
expected to  show the typical behavior of hydro- 
phobic solutes, exhibit a Tc value significantly 
lower than "Lumry's law", i.e. T, = 285 O K .  

This is a more general statement of a well known 
fact that, for these solutes, entropy effects 
dominate the micelle formation process near 
room temperature, much more so than in the 
many aqueous systems surveyed by Lumry and 
Rajender (6). For the group of ionic surfactants 
examined here, the Tc found is not significantly 
different from 285 OK in view of the magni t~~de 
of o, in this series. It is intriguing that the 
electrostatic effects, which are known to  contri- 
bute to  AG,' (19, 21, 22) of ionic surfactants, 
apparently bring these systems in the more 
general type of HIS compensation. 

T o  examine these results in the working scheme 
of Lumry and Rajender (6), we can picture the 
~nicellization process as made LIP of two parts: 
(a) the "solvent" part  (dehydration of the hydro- 
carbon chains) and (6)  the "chemical" part 
(aggregation of the hydrocarbon chains to form 
the micellar unit). This amounts t o  an over- 
simplification of the three contributions to 
AGmO considered by Poland and Scheraga (10). 
If the desolvation of the  inert hydrocarbon solutes 
involves only a shift of the eq~iilibriuln popula- 
tions of the two types of water species (c.J the 
relaxational contribution in Ben-Naim's treat- 
ment (23)), then it will show exact H I S  compen- 
sation a t  all experimental temperatures. Instead, 
the observation of a n  HIS relationship of the 
form 

AH,' = AH,* + TCASm0 

with both Tc and AH,* temperature dependent 
(Table 2), shows that the chemical pa r t  (5) and 
probably other contributions in the solvent part, 
have a more complicated behavior. 

As  is the purpose of this report, we  want to 
compare the Tc values characteristic of hydro- 
phobic interactions which lead to  clustering of 
the solute species ("bulk hydrophobic inter- 
actions" (24)) with those which can be related 
to pairwise interactions of hydrophobic solutes. 
We quote below several data on dilute aqueous 
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TABLE 1. Enthalpies and entropies of micellization of various surfactants in water at 25 "C 
-- --- -- 

- -- -- - -- 

Range of Number of 
temperature experimental A HmO ASmO 

Compound ("c) points (kcal mol-') (cal K -  ' rno1P1) Reference 
- .. -- 

N o n  ionic 
Dimethyl dodecyl amine oxide 1-50 7 1.74 26.2 11 
Octyl/oxyethylene/6 alcohol 15-45 8 3.49 29.0 11 
Octyl/oxyethylene/9 alcohol 1 5-35 3 3.31 27.7 1 I 
Decyl/oxyethylene/3 alcohol 15-35 3 2.38 30.7 11 
Decyl/oxyethylene/6 alcohol 15-45 6 4.86 38.3 11 
Decyl/oxyethylene/9 alcohol 15-35 3 2.15 28.5 I1 
Dodecyl/oxyethylene/6 alcohol 15-55 7 6.89 49.8 11 
Dodecyl/oxyethylene/7 alcohol 1-25 4 6.08 48.1 11 
Dodecyl/oxyethylene/30 alcohol 1-55 7 3.43 38.4 11 
Hexadecyl/oxyethylene/30 alcohol 1-55 7 6.93 54.0 11 
Decyl/oxyethylene/lO-0 alcohol 25-75 4 5.41 38.0 11 
Decyl/oxyethylene/ 14-9 alcohol 25-75 3 6.10 39.7 1 I 
Decyl/oxyethylene/20-0 alcohol 25-75 3 6.01 38.4 11 
Decyl/oxyethylene/29-4 alcohol 25-75 3 5.28 36.0 11 
Tridecyl/oxyethylene/5-2 alcohol 25-75 3 2.25 33.3 11 
Tridecyl/oxyethylene/lO-1 alcohol 25-75 3 1.59 30.9 I1 
Tridecyl/oxyethylene/15-2 alcohol 25-75 3 3.04 34.6 11 
Tridecyl/oxyethylene/20-0 alcohol 25-75 3 4.37 38.9 1 1  
Tridecyl/oxyethylene/30-6 alcohol 25-75 3 3.72 35.5 I1 
Hexyl/oxyethylene/6 alcohol 20-45 5 3 .26 24.0 1 1  
Dodecyl/oxyethylene/4 alcohol 5-45 4 5.58 46.8 1 1  
Dodecyl/oxyethylene/23 alcohol 5-45 4 4.40 42.1 11 
Ethyl butyl/oxyethylene/6 alcohol 20-40 3 1.25 16.9 I I 
Butyl hexyl/oxyethylene/6 alcohol 15-25 3 3.02 30.0 11 
Butyl hexyl/oxyethylene/9 alcohol 20-40 3 2.21 27.0 11 
Nonyl benzene/oxyethylene/5-0 alcohol 25-75 3 10.57 64.2 11 
Nonyl benzene/oxyethylene/15-4 alcohol 25-75 3 0 .80 29.5 11 
Nonyl benzene/oxyethylene/30-2 alcohol 25-75 3 1.67 31 .O 11 
Dodecyl benzene/oxyethylene/5-0 alcohol 25-75 3 4.03 43.5 11 
Dodecyl benzene/oxyethylene/lO-2 alcohol 25-75 3 6.92 53.4 11 
Dodecyl benzene/oxyethylene/15-1 alcohol 25-75 3 4.03 43.4 I1 
Dodecyl benzene/oxyethylene/20-1 alcohol 25-75 3 6.85 52.7 I I 
Dodecyl benzene/oxyethylenej30-6 alcohol 25-75 3 13.23 73.5 11 
p,tert-octyl benzene/oxyethylene/6 alcohol 15-85 8 1.59 29.8 1 I 
p,tert-octyl benzene/oxyethylene/7 alcohol 15-85 8 1.37 29.0 I I 
p,tert-octyl benzene/oxyethylene/8 alcohol 15-85 8 1.37 29.0 11 
p,tert-octyl benzene/oxyethylene/9 alcohol 15-85 8 1.35 29.0 11 
p,tert-octyl benzene/oxyethylene/10 alcohol 15-85 8 1.09 27.7 1 I 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1 (Concluded) 

Range of Number of 
temperature experimental A HmO ASmO 

("c) points (kcal mol-') (cal K- '  mol-') Reference 

Nonyl benzene/oxyethylene/15 alcohol 2 1 4 5  6 2.36 36.7 11 5 yj 
Decyl/oxyethylene/l2 oxymethyl 10-75 8 3.51 32.5 11 0 
Dodecyl/oxyethylene/12 oxymethyl 20-76 5 7.35 48.0 11 W 
Polyoxyethylene/l2 lauryl alcohol 25-65 5 1.46 30.5 12 5 
Polyoxyethylene/23 lauryl alcohol 25-65 4 2.00 33.0 12 
p,tert-octyl phenoxy/polyethoxy/9-10 ethanol 25-45 3 2 .1  32.0 13 % 
p,tert-octyl phenoxy/polyethoxy/l2-13 ethanol 2 5 4 5  3 2.1 32.0 
p.tert-octyl phenoxy/polyethoxy/30 ethanol 

13 
2 5 4 5  3 4 . 3  37.0 13 

p.ferf-nonyl phenoxy/polyethoxy/30 ethanol 25-45 3 4 . 0  38 .O 13 
Polyoxyethylenel28 tr-dodecanol 15-55 4 7.78 52.9 14 5 
Anionic x < 
Sodium dodecylsulfate 10-70 13 -0.05 17.3 11 s 
Sodium octylsulfate 10-55 10 0.15 12.5 11 
Sodium decylsulfate 0-65 14 0.35 16.0 
Sodium tetradecylsulfate 25-75 11 -0.68 18.0 

11 z 
11 

Sodium hexadecylsulfate 25-90 8 -8.31 -3 .6  11 t5 
Potassium decanoate 2 5 4 5  3 0.06 12.7 11 i 
Potassium dodecanoate 15-60 5 0.26 16.3 11 ;;i 
Sodium dodecanoate 20-50 7 1.63 20.7 11 N 
Potassium tetradecanoate 25-65 6 -0.27 17.1 11 $ 
Sodium p, octyl benzene sulfonate 25-60 4 -2.07 9 .9  

11 $ Sodium dodecyl benzene sulfonate 25-75 5 5.42 37.0 11 
Octyl-1-benzene sulfonate 23-50 4 0.03 11.8 11 z 
Decyl- 1-benzene sulfonate 22.5-80 11 -4.86 -2 .2  11 2 
Cutionic > 

f 3  

Decylammonium chloride 20-60 4 -1.66 8 .9  1 1  
Dodecylammonium chloride 15-60 7 0.38 17.7 
Tetradecylammonium chloride 25-60 4 -0.09 19.1 11 5 

1 1  

Octyl trimethylammonium bromide 20-60 4 6.37 32.7 11 
Decyl trimethylammonium bromide 25-60 4 -0.93 10.3 
Dodecyltrimethylammonium bromide 1-70 8 -0.16 15.8 11 s 11 $ 
Tetradecyltrimethylammonium bromide 30-70 3 -2.61 10.6 11 5 
Hexadecyltrimethylammonium bromide 25-70 5 -2.21 14.5 11 5 
Hexadecylpyridium chloride 13-80 4 - 1.29 17.6 I I 
Hexadecylpyridium bromide 25-55 6 -5.77 3 .7  I I 
Dodecylpyridium chloride 25-50 3 -5.12 -0.8 11 
Dodecylpyridium bromide 5-70 14 -0.73 14.4 11 
Dodecylpyridium iodide 20-40 G -2.97 5 . 4  15 ; 

W 
4 
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FIG. 1. Enthalpies and entropies of micellization for non-ionic aqueous surfactants a t  25 "C: 0, dimethyl dodecyl- 
amine oxide; @, alkyl oxyethylene/alcohols; 0, aryl oxyethylene/alcohols; A, alkyl oxyethylene/oxymethy1. 

mixtures containing inert or hydrophobic solutes 
0 ' 

and in which the heat and entropy effects can be : .  assumed to originate mainly from pairwise 
solute-solute interactions. 

The standard heats and entropies of transfer 
of argon, from water to aqueous ethanol solu- 
tions of increasing concentration, show linear 
HIS correlation with T, - 275 "K (6). Likewise, 
for the transfer of argon from water to aqueous 
solutions of the lower aliphatic alcohols (MeOH 
-+ nBuOH, mole fraction 0.015), the data of 
Ben-Naim (25) exhibit HIS correlation with 
T, -- 300 OK. Similar results are found in the 

FIG. 2. Enthalpies and entropies of micellization for 
ionic aqueous surfactants at  25°C: @, anionic; 0, 
cationic. 

TABLE 2. Results of enthalpy-entropy correlations in 
miceIlization of ionic (I) and non-ionic (NI) surfactants 

- -- 

Temperature 

25" 50" 

Correlation" 
-. -- - 

I NI * I  N I 

Tc CK) 319 222 311 242 
A H *  (kcal mol-I) -5.35 -4.32 -5.21 -5.28 
0 . r  (OK) 23 13 58 16 
o, (kcal mol- ') 1.05 0.99 1.06 1.19 

'Tc,  slope oTAHm0 rs. AS.," plot; AH*,  intercept oTAHmo rs. AS.,O 
plot; 0,. standard deviation on  Tc: all, standard dmiation on AH.,". 
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JOLICOEUR AND PHILIP: HYDROPHOBIC INTERACTIONS 1N AQUEOUS SOLUTIONS 1839 

transfer of hydrocarbons (Methane -, nButane) 
from water to aqueous solutions of R,NBr 
(R = Me -+ nBu) (26). There, the Tc value 
correlating the data for either the series of salts 
or the series of hydrocarbons is 285 "K (6). To 
the extent that the above data reflect dominantly 
the consequences of pairwise solute-solute 
interactions, it appears that the latter exhibit 
the more general type of HIS correlation, i.e. 
-285 OK, rather than the one found for the 
clustering of non-ionic micellar solutes. This 
may be thought of as a distinction criteria 
between the two types of interactions (pairwise 
us. cluster), but other results on the excess 
functions of alcohol-water mixt~lres do not fit 
in this simple classification. 

In the total excess functions of aqueous 
alcohol mixtures, the net predominance of the 
TS~' term had been pointed out (27), indicating 
that, if there exists a Tc value correlating a 
series of data for different alcohols, it would be 
well below 298 OK. In accordance with this, 
recent model calculations on the excess enthalpies 
and free energies of dilute solutions of aliphatic 
alcohols have shown that the solvent contribu- 
tion to the ROH-ROH interaction exhibits HIS 
correlation with Tc < 285 O K .  The calculated 
energy and entropy Gurney coefficients, which 
account for the effect of solvent displacement 
from the solvation co-spheres of the solute as 
they interact, yield a Tc value of -240 OK (8) 
(neglecting the data for MeOH). It is interesting 
to note that the latter value is less than Tc in 
"Lumry's law", while the results of model 
calculations pertain most directly to solvent 
effects in solute-solute interactions. Further 
data and model calculations on excess enthalpies 
and entropies of dilute solutions of hydrophobic 
solutes will most certainly help to attain a more 
accurate definition of the frequently invoked 
"solvent structural effects" in solute-solute 
interactions. 

Financial support from the Ministere de 1'Education du 
Quebec is gratefully acknowledged. 
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A Proton Spin-Lattice Relaxation Study of Molecular Motion in Several 
Addition Complexes of Trimethylamine and Trimethylphosphine 

T. T. ANGI A N D  B. A. DUNELL 
Chetnistry Depnrtrner~t, Ut~iversity of British Colrtrnbin, Vntzcortver, British Colrttnbin V6T I W5 

Received November 13, 1973 

The spin-lattice relaxation times of the solid conlplexes of trimethylamine with I?, 
IC1, Br,, BCl:,? and BBr:, and the relaxation null tinles of trimethylphosphine - boron 
trichloride and - boron tribromide have been measured over a range of temperature by 
pulsed proton magnetic resonance. A minimum in T ,  corresponding to  reorientation of 
the methyl groups ;~baut  the C-N bonds is observed in each complex, although i n  the 
case of Me,,NBr, the n~ininium corresponds to a combination of methyl group reorienta- 
tion and reorientation of the whole Me:,N moiety. The complexes with the boron tri- 
halides show a second minimum in T I .  These minima have been analyzed in terms of 
either of two possible motions, reorientation of NMe,, about its threefold axis, o r  that 
same motion combined with isotropic nlolecular tumbling. We favor the interpretation 
involving the simpler motion. Activation energies have been measured for all the 
motions. The  barriers to reorientation of methyl groups about the C-N bond i n  the 
moiety Me,,N appear to increase as the thermal stability of the complex decreases. 

Les temps de relaxation spin-rCseau des complexes solides de la trimkthylamine 
avec I,, ICI, Bra, BCl::, et BBr:! et les temps z t ro  de relaxation du trimtthylphos- 
phine - trichlorure de bore et tribromure de bore ont C t C  mesurts dans un intervalle de 
temptrature par la "rCsonance magnCtique du  proton par pulsation". Un minimum de TI 
qui correspond B la rkorientation des groupes methyles autour des liaisons C-N est 
observC dans chacun des complexes bien que dans le cas de Me:,NBr:: le minimum cor- 
respond 5 la combinaison de la rCorientation du groupe mCthyl e t  de la rtorientation de 
tout I'ensemble de Me,,N. Les conlplexes avec les trihalogtnures de bore nlontrent un 
second minimum de Ti. Ces minima ont C t t  analysts en fonction de I'un des deux 
mouvements possibles, rkorientation de NMe,, autour de son axe ternaire, ou encore le 
mbme mouvement associC B l'agitation molCculaire isotrope. Nous  prCftrons I'interprB 
tation impliquant le mouvement le plus simple. Les Cnergies d'activation ont Ctb rnesurCes 
pour tous les mouvements. Les barrikres la reorientation des groupes mCthyles autour 
de la liaison C-N dans la partie Me,,N tentent B augmenter lorsque la stabilitC ther- 
mique du coniplexe diminue. [Traduit par le journal] 

Can. J. Chem., 52, 1840 (1974) 

Nuclear magnetic resonance studies of me- (2), also by the wide-line method. These two 
thy1 group reorientation and other molecular groups also estimated activation energies from 
motions in solid addition complexes involving their line width data,  but as they point out, there 
methyl compounds of elements from main are approximations and uncertainties inherent in 
groups 111 and V have been made in several this method of obtaining activation energies so 
laboratories (1-5). As a further contribution to that the derived results must be regarded with 
these studies, we have measured activation some reservation. 
energies for the molecular motions in the com- Experimental 
plexes of trimethylamine with 12, lC1, Br2, 
BC13, and BBr3 and of trimethylphosphine with The halogen addition complexes were prepared by 

BC1, and BBr3. mixing anhydrous Me3N (Eastman Kodak) with reagent 
grade I,, Br, (Alfa Inorganics), or  ICI (BDH) and puri- 

An of the nature of the motions in fying according to the method of Stromme(6)and Hassel 
:he solid addition com~lexes  with the halogens and Hope (7). Analyses for C, H, N agreed well with 
was made by Fyfe and kipmeester (3) by broad- theoletical values. 

Anal. Calcd. for C3H912N: C, 1 1.52; H, 2.90; N, 4.48. line n.m.r. techniques, and of the motions in Found: C, H, 2.76; N, 4.32. 
Me3N.BCl3 and Me3N.BBr3 by Yim and Gilson Anal. Calcd. for C,H,CIIN: C. 16.27: H. 4.10: N. , . , , 

6.32. Found: C, 16.161 H, 4.17; N: 6.29. 
'Present address: School of Chemical Sciences, Anal. Calcd. for  C,H9Br2N: C, 16.45; H, 4.15; N, 

Universiti Sains Malaysia, Penang, Malaysia. 6.45. Found: C, 16.32; H, 4.13; N,,6.60. 
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ANG AND DUNELL: MOLECULAR h dOTION IN ADDITION COMPLEXES 1841 

The boron halide - amine complexes were prepared 
from Me3N (as above) and BC1, (Matheson) or BBr3 
(Alfa) according to literature methods (8, 9). The tri- 
chloride complex was recrystallized three times from 
absolute ethanol and the tribromide complex from ben- 
zene. Analyses for C, H, N again agreed well with 
theoretical values. 

Anal. Calcd. for C3H9BC13N: C, 20.44; H, 5.15; N, 
7.94. Found: C, 20.48; H, 5.09; N, 8.07. 

Anal. Calcd. for C3HyBBr3N: C, 11.62; H, 2.90; N, 
4.52. Found: C, 11.46; H, 3.11; N, 4.63. 

The boron halide trimethylphosphine complexes were 
formed from Me3P (Pfaltz and Bauer) and boron tri- 
halides (as above) by a literature method (10) and purified 
by vacuum sublimation onto a cold finger which was at  
room temperature. 

Anal. Calcd. for C3H9BC13P: C, 18.62; H, 4.69. 
Found: C, 18.57; H, 4.70. 

Proton spin-lattice relaxation times at a Larmor fre- 
quency of 30 MHz were measured, as described pre- 
viously (4), using a n-t-rc/2 series of pulses on a Bruker 
pulse spectrometer. The broad-line, C.W. spectra of the 
Me3P complexes were obtained at 16 MHz on a Varian 
spectrometer (4). Plots of log [(M, - M,)/2Mo] against 
t for the Me3P complexes were distinctly non-linear 
between about 80 and 200 K. Below 80 K and above 
200 K the non-linearity was less marked, and at and above 
210 K the decay of magnetization appeared to be a simple 
exponential. The parameter which has been analyzed for 
these complexes is to, the null-time, at which M ,  = 0. 
The correction to  to for the inhomogeneity of H ,  (I I) 
was small. For all the other complexes reported here the 
decay of magnetization was apparently exponential and 
the standard deviation for the slope of the straight line 
on the semilogarithmic plot was, from the least squares 
fit, less than 5% in all the samples studied. 

Results and Discussion 
The theoretical extension by Dunn and 

McDowell (5) of earlier developments (12-1 5) 
of Bloembergen, Purcell, and Pound (B.P.P.) 
theory (16) is particularly useful in considering 
systems in which there may be methyl group 
rotation (C, motion), reorientation of a moiety 
XMe, about its threefold axis (C,' motion), and 
isotropic tumbling of the whole molecule. For a 
tetrahedral configuration at the nitrogen atom 
in each of our compounds, eq. 1 of Dunn and 
McDowell becomes (their angle 6 = 70'32') 

where r,, is the correlation time for isotropic 
rotations; r,,-' = r,, - '  + r,-I, T, being the 
correlation time for C, rotation of a methyl 

group; rC4-' = r,,-' + rc2-', T,, being the 
correlation time for C,' rotation of the NMe, 
moiety; T,,-' = r,,- ' + r,-' + r,,-' and r is 
the interproton distance in the methyl group. 

The correlation times r,, r,,, and T,, will be 
assumed to have an Arrhenius dependence on 
the temperature with activation energies E, E,, 
and E,, respectively. Thus, 

[21 rc = rcO exp (EIRT) 

The Halogen Complexes 
The temperature dependence of the spin- 

lattice relaxation times of the three halogen 
complexes of trimethylamine is shown in Fig. I .  
The second moment studies of Fyfe and Rip- 
meester (3) lead us to suggest that the relaxation 
mechanism between 150 and 300 OK for the 

Temperature ( O K  ) 

104 150 200 250 , 400 
Scale forn 

\ 150 200 2 b  m I 

FIG. I .  Spin-lattice relaxation time as a function of 
reciprocal temperature for trimethylamine-halogen com- 
plexes. 0, Me3NI,; e, Me3NICI; A, Me3NBr2. Lines 
through the points are the best-fit lines described by the 
parameters in Table 1. 
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TABLE I .  Activation parameters for addition complexes of trimethylamine and trimethylphosphine 
-- - 

This work 

Motion E, from TI minimum (ms) 
causing C.W. studies* E, k0 

Compound relaxation (kcal/mol) (kcal/mol) 6 )  Observed Theoretical 

'See refs. 2 and 3. 
tiso signifies isotropic molecular tumbling. 
Slncludes an  intermethyl contribution. 
§Value shown is fo l ln  2:  Since the decay i n  M 2  is non-exponential, thc significance of this value is doublful. 
IlValue shown is ro/ln 2: Since the decay i n  M 2  is exponential here, t he  value is considered to be meaningful. 

iodine and iodine monochloride co~nplexes is 
probably C, motion of the methyl groups and 
for the bromine complex is probably a com- 
bined C, and C,' motion. For relaxation by the 
C, motion, the theoretical value of TI  is found by 
putting t,, = tc2 = co in eq. 1 .  At the TI 
minimum, where motc  = 0.616, the theoretical 
value of the relaxation time, neglecting inter- 
methyl interactions and the effects of cross cor- 
relations (17, 18), is T, = 17.4 nis for r = 1.79 
A and a Larnior frequency of 30 MHz. The solid 
lines for the I, and ICI complexes in Fig. 1 are 
the best fits of the experimental points to a 
B.P.P. relaxation mechanism involving a single 
motion, the coefficient of f (motc) being chosen 
for each case to produce the best fit. For the 
case of the Br, complex, the theoretical value of 
TI is assumed to be that obtained by putting 
r, = t,, and t,, = co in eq. 1. For this case, a 
minimum in T, requires motc  = 0.910, and if 
r = 1.79 A and v, = 30 MHz, the theoretical 
value of the minimum is 14.1 Ins, again con- 
sidering only interactions within a single methyl 
group. The solid line corresponds to 

T, - = ~r f (o , t , )  + (1 911 6) f(motc/2)i 
with K chosen to give the best fit to the experi- 

mental points, and t, given by [2]. The param- 
eters of best fit are listed in Table 1 together with 
activation energies obtained from line shape 
studies (3) for coniparison. Our values of the 
activation energies, which are shown with the 
standard deviations computed from the least 
squares fits, are uniformly smaller than the 
barrier heights obtained from c.w. spectra. One 
assumes that the disagreement is largest in the 
case of the iodine complex because here the line 
shape on the high temperature side of the transi- 
tion which is due to C, motion is considerably 
influenced by the C,' motion, whose transition 
is very close to that of the C, reorientation. 

Support of the assignments of C, motion to 
the relaxation mechanism for the I, and ICI 
complexes and of C, + C,' motion to the 
mechanism for the Br, complex can be inferred 
from the following considerations. The correla- 
tion time at the mid-point of the second moment 
transition for a particular motion should be 
approximately 

where M2 is the second moment a t  the mid-point. 
The mid-transition second moments and tem- 
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ANG AND DUNELL: MOLECULAR MOTION IN ADDITION COMPLEXES 1843 

FIG. 2. ~pin-lattice relaxation time as a function of for the case in which only intramethyl interac- 
temperature for trimethylamine-borontrichloride and tions are considered. The contribution of 
bromide. 0, ~e3NBC13,  *, Me3NBBr3. Lines through intermethyl interactions to the relaxation rate 
the points are the best-fit lines described by the param- 
eters in Table 1 .  may here be estimated (20) by assuming that 

when rc  << rc l  and rc2  the average position of 

, 10: 
d 

0 I 
m . 
a - 

E - 
I L 

0 1 - - 
E ,,, ,,3 ; lo2: 

I O T , . . . . ,  
100 140 180 220 260 300 340 380 420 

peratures for the three complexes are 17 G 2  at 
130 OK for C, motion in Me,N.I,; 18 G2 at 
154°K for C, motion in Me,N.ICl; and 15 G 2  
at 140°K for C, + C,' motion in Me,N.Br, 
(3). Using eqs. 2 and 3 and appropriate values of 
rcO and E,, from Table 1 ,  we predict the second 
moment mid-transition temperatures to be 118, 
138, and 129 OK, respectively. These agree ade- 
auatelv well with the observed values. 

-I@ into relaxation times characteristic of each of 
two mechanisms can be obtained on this 
assumption. Although Yim and Gilson con- 
clude that the higher temperature motion which 
they observe in their line shape studies (2) is 

102C 
probably C,' reorientation of the trimethylamine 

m group, their evidence leaves open the possibility 
that isotropic tumbling of the whole molecule 

+ may be involved. If we assume that C,' motion 
P - and isotropic rotation occur with equal cor- 

relation times in the region of the high tempera- 
- ture minimum, and that C, motion is very rapid, 

we may put sc = 0 and scl = rc2 in [I] and 
obtain 

y4h2 
[4] ( )  =- 

T I  i n t r ~  C H J  60m0r6 
460 

The theoretical values of 17.4 ms for the TI 
minimum in the I, and IC1 complex and of 
14.1 ms in the Br, complex do not agree very 
well with the experimental values of 30, 27, and 
20 ms. Gutowsky and his co-workers (19), how- 
ever, have attributed a disagreement of a similar 
kind in hexamethyldisilane to quantum mechan- 
ical effects in the torsional states of the methyl 
group modifying classical reorientation. 

Tempemture ( O K  x [f(wosCl) + Sf (w0s~l/2)1 

Trin~ethylatnine - Boron Trillalide Complexrs 
Spin-lattice relaxation times for Me,NBCI, 

and Me,NBBr, are plotted in Fig. 2 as functions 
of temperature. In the BC1, complex, the low 
temperature minimum can be described by a 
B.P.P. relaxation involving a single motion. 
Because the two minima are well separated in 
temperature, it can be assumed that the relaxa- 
tion mechanisms responsible for them are inde- 
pendent and that the rates of relaxation by each 
mechanism add in a simple manner. A resolution 

each proton of a methyl group is on the  C, rota- 
tion axis and that the three methyl groups 
interact as three superimposed 3-spin systems 
whose motion is rotation about one threefold 
axis combined with isotropic rotation. By 
appropriate manipulation of [I] (we could let a 
series of correlation times s' apply to the  motion 
of the "collapsed" methyl spins and put sC1 = 
rC2, rCl ' = rC1 , and r,,' = co) we get 

where r, is the distance between the collapsed 
methyl spins. Addition of [4] and [5] gives 

For simple C,' motion combined with very fast 
C, rotation of each methyl group the  rate of 
spin-lattice relaxation, including a contribution 
from intermethyl interactions, is 
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The high temperature TI minimum in Me,NBCl, 
can be fitted by the functional form of either [6] 
or [7]. The parameters of best fit for both the low 
and high temperature minima are shown in 
Table I. The choice of which motion best de- 
scribes the high temperature relaxation process 
must be made on the basis of the agreement be- 
tween the observed (best fit) and theoretical 
values of the T, minimum. TI is a minimum 
when wort, = 0.616 in [7], or, for the case of the 
NMe, moiety with r, = 3.02 A, when worcl = 
1.125 in [6]. The appropriate theoretical TI 
minima in Table 1 were calculated from [6] and 
[7]. For the BC1, complex, a C,' motion without 
isotropic tumbling agrees with the observed 
depth of minimum better than C,' motion plus 
isotropic tumbling with the same correlation 
time, but in either case the theoretical minimum 
is significantly smaller than the experimental 
value. Isotropic tumbling (with worcl -- 1) plus 
very fast C, and C,' motions would give, 
including intermethyl interactions, a TI mini- 
mum of 213 ms. This value, four times the ob- 
served value, seeins to exclude that combination 
of motions. Isotropic tumbling (worcl - 1) 
plus very fast C, motion and no C,' motion 
gives a T, minimum of 44 rns, which is better 
than any of the other values that have been con- 
sidered. Studies of motions in XMe, moieties in 
other compounds (19, 21, 22) suggest, however, 
that it is improbable that isotropic tumbling is 
much more rapid than C,' reorientation a t  a 
given temperature. 

The analysis for the BBr, complex is similar 
but is complicated by the fact that the low tem- 
perature minimum in T, is too broad to  be 
fitted by a single B.P.P. function with one relaxa- 
tion time. An attempt was made to fit the results 
to a Cole-Davidson distribution function (23, 
24) whose width was given by 6 = 2.8613.23, 
i.e., the ratio of the slopes of the straight lines on 
the low and high temperature sides of the mini- 
mum. This distribution gave, however, a T, 
minimum which was much lower and less broad 
than that observed. Satisfactory fits for the low 
temperature minimum can be found by assuming 
that it is the sum of two or more B.P.P. functions 
with slightly differing activation energies, rC0 
values, and minima. Appropriate values of 
these parameters to give fits to the experimental 
points can be obtained by application of a non- 
linear least squares computer program to all the 
data points (25). An X-ray crystal structure 
determination (26) shows a slight deviation from 

C,, symmetry and suggests that the most suitable 
fit may be given by two B.P.P. functions weighted 
in the ratio of 1 : 2 for C, reorientation involving 
one unique and two equal methyl groups plus 
a third B.P.P. function for the high temperature 
motion. The best fit parameters for such a 
scheme give the unique methyl group an activa- 
tion energy of 3.58 + 0.18 kcal/mol and the 
other two an activation energy of  2.70 + 0.07 
kcallmol. In the X-ray structure it is the unique 
methyl group which has the longer C-N bond 
and it might be expected to have the lower activa- 
tion energy. Internuclear distances calculated 
from theoretically generated proton positions 
show the same number of intermethyl proton- 
proton distances less than 2.5 A and also the 
same number of proton-bromine distances less 
than 3.0 A for each methyl group. The proton 
to bromine contacts are 2.84 A for  the unique 
methyl group and 2.70 A for the other methyl 
groups. An equally good fit is given by two 
quite independent B.P.P. functions for the lower 
temperature minimum plus a third B.P.P. func- 
tion for the high temperature process. One could 
rationalize such a scheme if there were two 
inequivalent molecules in the unit  cell. The 
positions of the light atoms in the BBr, complex 
are more uncertain than those in the  BC1, com- 
plex according to the X-ray results (26), and we 
suggest that this uncertainty may mask small 
differences in environment in the  tribromide 
complex. We list in Table 1 the parameters for 
the best fit of the whole curve t o  three unre- 
stricted B.P.P. functions. 

The crystal structure allows one to check the 
approximate second moments calculated by Yim 
and Gilson (2) for Me,NBCl, a n d  Me,NBBr, 
from the then known structure of the trifluoride 
complex. Proton positions were generated by a 
computer program from an assumed C-H bond 
length of 1.097 A and these coordinates were 
used in a second program to give interproton 
distances from which a rigid lattice second 
moment was calculated. The values for the BCl, 
and BBr, complexes were 27.1 and 26.8 G2,  
respectively, which are slightly smaller than 
Yim and Gilson's 30.2 G2. If their theoretical. 
high temperature value for C, + C,' motion is 
reduced proportionally, it becomes 1.6 G2, 
which agrees a little better with their observed 
1.25 G2, but still leaves open the question of the 
extent to which isotropic tumbling might be 
significant. 

As in the case of the halogen complexes, the 
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TABLE 2. Theoretical second moments (in GZ) for Me3NBX3 and Me3PBX3 

Theoretical second moment contribution 

Intramolecular but 
intermethyl Intermolecular Total 

-- 

Motion Intra-CH, Me3N Me3P Me3NBX3 Me3PBX3 Me3NBX3 Me3PBX3 

Rigid 21.5 3.3* 1.4*$ 2.25 2.2  27.0 25.1 
3.5t 2.05 27.0 

c3 5 . 4  2.8* 1.2$ 0.7  0 .7  8.9 7.3 

C3+ C3' 0 .6  0 .7  0 .3  0 .3  0 .3  I .6 1.2 

'Calculated by the method of ref. 27. 
tcalculated from assumed rigid lattice proton coordinates. 
$Includes a contribution of 0.2 G' for H-P interactions. 
§Value which makes the  total second moment equal to 27.0 G2, wliicli is a mean value calculated from proton eoordinates generated from 

the X-ray structures of Me3NBC13 and Me3NBRr3 (ref. 26) .  

correspondence between the spin-lattice relaxa- 
tion mechanisms and the motions which produce 
the second moment transitions can be checked by 
the aid of eq. 3 and the activation parameters 
obtained from the T, results. The experimental 
mid-points of the second moment transitions (2) 
are 97 and 235 O K  for Me,NBCl, and 100 and 
272 O K  for Me,NBBr,. The values predicted 
from relaxation studies are 90 and 246 O K  for the 
chloride and 86 O K  (with the (a) parameters) or 
101 O K  (with the (b) parameters) and 264 O K  for 
the bromide. The agreement is satisfactory. 

Trimethylphosphine - Boron Tril7alide Complexes 
The experimental second moments of 

Me,PBCI, and Me,PBBr, are shown as func- 
tions of temperature in Fig. 3. Theoretical 
second moments have been estimated for these 
complexes for various kinds of rotational 
motion and summarized in  Table 2. The in- 
tramethyl contribution is based on tetrahedral 
bond angles and a C-H bond length of 1.097 A ; 
a C-P bond length of 1.84 A was used in esti- 
mating the intramolecular, intermethyl contri- 
bution by Smith's method (27); and the inter- 

molecular contribution is assumed to be the 
same as that estimated for trimethylamine 
complexes. A contribution from nuclei outside a 
sphere of radius 6 A has been included, and so 
has the contribution from H-P interactions. The 
experimental second nioments at 80 O K  agree 
well with the theoretical value for C, motion of 
all the methyl groups, and the experimental 
values at high temperature are a little lower than 
the theoretical values for C, + C,' motion. 

The null times, to, obtained for the triphenyl- 
phosphine complexes from spin-lattice relaxa- 
tion studies are plotted against temperature in 
Fig. 4. In both complexes the low temperature 
minimum in to is believed to correspond to C, 
rotation of methyl groups. The high temperature 
minima lie within the range of temperature for 
which the Z-component of magnetization decays 
exponentially and T, and to are simply related 
by ro = T, In 2. The theoretical depths for a T, 
minimum due to C,' motion and for a minini~~m 
due to equally fast C,' motion and isolropic 
rotation are very nearly the same and are in 
moderately good agreement with the observed 
depths, so that the relaxation results d o  not dis- 

1, - tinguish whether the high temperature motion 
involves isotropic rotation. The activation 
parameters and experimental and theoretical 
depths of minima are listed in Table 1. Calcula- 
tion of the theoretical depths for the high tem- 

O perature minimum follows eqs. 6 and 7 in which 
co" 2- r* is taken to be 3.60A in the Me,P group. 

I , 60 100 140 180 220 260 300 340 380 420 
Albert and Ripmeester have noted (28) that 

Temperature (D K ) non-exponential behavior is modified or even 

FIG. 3. Second moment as a function of temperature 
eliminated if an overall molecular tumbling 

for trimethy]phosphine-borontrich]oride and bromide. is On a system in which the 
0, Me3PBC13; e, Me3PBBr3. principal relaxation mechanism is methyl group 
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TABLE 3. Comparison of thermal stability of trimethylamine complexes and the barriers to methyl group reorientation 
in their Me3N moieties 

Activation energy of 
C3 motion of N-methyl 

Substance groups (kcal/mol) Thermal stability of complex Reference 
- -- 

Me3N.BCI3 2.71 k 0 . 0 6  Stable on heating to 250 "C for I hour 8 
Me3N.BBr3 2 .89k0.19 Melts at 238 "C with some decomposition 9 

3 .17k0 .25  
Me3N.GaMe3 3 .10k0 .08  (ref. 29) Begins to show perceptible dissociation only above 3 1 

110°C 
Me3N.AlMe3 3.18 k 0.04 (ref. 29) Not perceptibly dissociated in the gas phase up to 32 

148 "C 
Me3N.IZ 3 .39k0 .20  Decomposes at 66 "C 6,33 
Me3N.BMe3 3.63k0.03 (ref. 4) K, = 0.472 for gas phase dissociation at  100 OC 34 
Me3N.ICI 4 .31k0 .20  Not very stable even at  room temperature 7 
Me3N.Brz 4 .71k0 .10  Decomposes slowly at  room temperature 3 3 
Me3N (solid) 5 .75k0.14 (ref. 30) 

TMP BBr, \b 

, , , , , , , I  
"'60 WO 1 4 0 7 k 0  220 2ffl 300 GO 380 420 460 503 

Temperature ("K ) 

FIG. 4. Spin-lattice relaxation "null-time" as a func- 
tion of temperature for trimethylphosphine-borontri- 
chlorideand bromide. 0, Me3PBC13; 0,  Me3PBBr3. The 
solid lines have been calculated from the parameters of 
best fit given in Table 1 for the high temperature relaxa- 
tion process, for which T, = to/ln 2. 

reorientation. They found that a correlation time 
as large as 0.4 s for the molecular tumbling 
motion was still effective in reducing the non- 
exponential character of the relaxations. We 
may comment that in Me,PBCl, the correlation 
time for the high temperature relaxation mech- 
anism is 0.1 s at 194 "K according to the param- 
eters given for that complex in Table 1. This 
is the temperature range in which the non- 
exponential relaxation disappears in Me,PBCl,. 
It is unclear as to whether we should interpret 
this as indicating that the high temperature 
motion involves molecular tumbling or that 

superimposing a C,' motion on methyl group 
reorientation also removes non-exponential 
relaxation behavior. We favor the latter view. 
In summary, then, the spin-lattice relaxation 
results are not definitive in determining whether 
molecular tumbling is involved in the motion 
that has been observed in the higher tempera- 
ture range of any of the BX, complexes studied 
here. On the whole, we favor Yim and Gilson's 
interpretation for all four conlplexes. 

T11e possibility of quantum mechanical tun- 
nelling by the methyl group (35-37) should 
probably not be ignored in these systems where 
the energy barriers to C, motion are small. Our 
measurements at relatively high temperatures 
(above 70 K) do not give, however, any clear 
indication of how important the tunnelling 
mechanism may be in these systems. 

The Barrier to Methyl Group Reorientation in 
the Me,N Moiety 

Increase in the activation energy for the C, 
reorientation of the methyl groups in the moiety 
Me,N in the complexes studied here and else- 
where is paralleled by a decrease in the thermal 
stability of the complexes. This trend is sum- 
marized in Table 3, in which we report the 
stability of each complex as best we can from 
the available references. We would suggest first 
that Table 3 indicates that the barriers to methyl 
group reorientation in the Me,N moiety are 
mainly of intramolecular origin. Our views on 
why the activation energy for methyl group 
rotation decreases with increasing stability of 
complex are entirely speculative. Valence shell 
electron pair repulsion theory (38) suggests that 
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IsomCrisation photochimique de l'azobenziine en solution. I 

Laborntoire de Plrotochirnie, U.E.R. de Sciences Exnctes et Natrrrelles et Ecole Notionale Supdrieure de Chimie, 
Utliversitd de Clertnont, Etlsernble Scientijique des Cdzenus, 631 70, Aubikre, France 

R e ~ u  le 24 juillet, 1973 

L'isomerisation photochimique de I'azobenzene en solution peut Etre sensibilisee par  des 
composes aromatiques (chrysene, phenanthrene, naphtalene) ou carbonyles (benzile, biacetyle). 
La comparaison des regimes photostationnaires et des rendements quantiques initiaux d'iso- 
merisation permet de proposer Lin mkcanisme de cette sensibilisation. Par transferts d'knergie 
triplet-triplet, contr6les par la diffusion, on peuple les niveaux triplets To1 et TllC des formes 
tram et cis. Ces niveaux se desactivent non radiativement sans donner lieu A une isomerisation; 
i l  intervient, dans la forlne cis, une conversion interne quantitative vers un niveau triplet T.', 
alors que dans la forme trans le niveau T,' subit une transition non radiative vers 1'Ctat fonda- 
mental. La conversion interne TP1 -> T,', dans cette forme tratls, a lieu avec une faible proba- 
bilite (0.04 A 0.06). Les niveaux T,' et T,= sont responsables de l'isomerisation; ils se desactivent 
vers les deux forrnes isomeres de I'azobenzene avec une Cgale probabilite. 

The photochemical isomerization of azobenzene can be sensitized by aromatic compounds 
(chrysene, phenanthrene, naphthalene) or by carbonyls (benzil, biacetyl). Comparison of the 
photostationary states and the initial quantum yields of isomerization leads to the deduction of 
a mechanism for this sensitization. The triplet levels To' and Toc of the trans and cis forms are 
populated by diffi~sion-controlled, triplet-triplet energy transfer. These levels are deactivated 
nonradiatively without giving rise to isomerization. The TDc level of the cis form undergoes a 
quantitative internal conversion to another triplet level Tac, while the Tof level of the trans form 
~~ndergoes a nonradiative transition to the ground state. The internal conversion T i  + T.' in 
the trans isomer occurs with low probability (0.04 to 0.06). The levels TZf and T,' are the inter- 
mediates in the isomerization; they are deactivated to the two isomeric forms of azobenzene 
with equal probability. [Journal translation] 

Can. J.  Chem., 52, 1848(1974) 

Introduction 
Le groupernent azo (-N=N-) intervient dans 

de nornbreux colorants et dans certaines subs- 
tances photochrornes. On peut envisager 1'Ctude 
de la rCactivitC photochirniq~~e de ce groupernent 
soit dans la serie des dCrivCs azoi'ques aliphati- 
ques (azoalcanes) soit dans celle des dCrivts 
arornatiques. 

Les azoalcanes sont essentiellernent le sitge de 
processus d'isomCrisation en phase liquide et de 

produits cornrnerciaux courants. 11 convient de 
dire, nkanrnoins, que I'azobenztne n'est pas une 
rnolCcule facile a aborder sur le plan theorique. 

L'azobenztne a dCja CtC I'objet de quelques 
Ctudes dCtailltes. Zirnmerrnan et ses collabora- 
teurs (3) ont rnesure les rendements quantiques 
d'isoinerisation directe 25 "C, en solution dans 
I'isooctane et ont examink les regimes photos- 
tationnaires obtenus. Les rnernes mesures ont 
CtC effectuCes ulterieurernent par Yamashita et al. 

processus photolytiq~ies en phase gazeuse (I, 2). (18) puis par Fischer et ses collaborateurs (19). 
La structure Clectroniq~~e de 1'Ctat fondarnental Les resultats de Yarnashita difftrent notablernent 
et des Ctats singulets S, et S, est relativernent de ceux obtenus par Zirnmerrnan et al. (3) et 
simple, rnais le deuxierne etat singulet n'est Fischer et ses collaborateurs (19). 
accessible qu'i t r b  courtes longueurs d'onde Rau a pu observer une fluorescence de la 
(inferieures a 200 nrn). Nous avons choisi d'Ctu- forrne trans de I'azobenztne en solutions trts 
dier I'azobenztne cis et trans (Ph-N=N-Ph) acides; a ternpkrature ambiante, le rendernent 
car on peut facilernent exciter cette rnolCcule q~~antique de fluorescence est infkrieur A 0.001. 
dans ses deux plus bas niveaux singulets S, et S, Ce rendernent q~lantique augrnenterait sensible- 
sans qu'il y ait de processus photolytiques. En rnent a basse tempirature (4, 5). Les reactions 
outre, I'azobenztne trans est une substance qui photochirniques de l'azobenztne dissous dans 
se prCte bien une ultrapurification par zone des solutions trts acides ont kt6 rCcernrnent 
fondue alors que les azoalcanes ne sont pas des dCcrites par Mauser et al. (6). Par  ailleurs, dans 
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RONAYETTE ET AL.: 

un solvant a hydrogene mobile comme l'iso- 
propanol, l'azobenzene peut &tre le siege de 
processus de photortduction; Hashimoto et 
Kano ont rtcemment Ctudit cette photortduction 
directe et sensibiliste (7). 

L'isomtrisation photosensibiliste des azo- 
benzenes susceptible d'apporter des dements de 
comprthension nouveaux conduit a des rtsultats 
ex~trimentaux et des conclusions contradictoires. 
Le tableau suivant rassemble les rtsultats ob- 
tenus par Jones et Hammond (8) en employant 
des sensibilisateurs non fluorescents et dont les 
ttats excites sont de nature nn*. 
- 

Regimes 
Sensibilisateur Energie du triplet photostationnaires 

6) (kcal mol - I )  (% cis)- 

3-AcCtylpyrkne 45 1 .8  
8- AcCtonaphtone 59.3 1 .5  
TriphCnylene 66.6 1 . 6  

Ces auteurs proposent le mtcanisme suivant, oa 
AT* est un ttat  excitt triplet qui n'a plus de 
caractere "cis" ou "trans". 

k ,  
S* + trans A -> S + AT* 

k 2  

S* + cis A + S f AT* 

k4 

AT* + cis A 

Soient t ,  et c,  les concentrations de trans et de 
cis B I'ttat photostationnaire. Dans des con- 
ditions de sensibilisation totale oh tous les 
photons sont absorbts par le donneur, on peut 
tcrire 

~ W / C C U  = k 2 k 3 / k ~ k 4 .  

Comme Hammond et son collaborateur (8) 
estiment que les transferts d'tnergie sont con- 
tr8lts par la diffusion, les constantes k, et k, 
sont tgales; cette expression se rCduit 5 

La valeur de k3/k, ainsi mesurte est tgale B 60. 
Si le peuplement du niveau triplet responsable de 
I'isomtrisation est quantitatif lors de l'excitation 
directe, on peut tcrire 

E, et E, ttant les coefficients d'extinction mo- 

laire des formes trans et cis de l'azobenzene. 
Dans ce cas, selon les mesures de Zimmerman 
et al. (3), le rapport k3/k4 est tgal B 4 pour une 
excitation dans la bande (nn*) et a 2 pour une 
excitation dans la bande (nn*). Pour interprtter 
les valeurs difftrentes du rapport k3/k, obtenues 
en sensibilisation totale et en excitation directe, 
Hammond et ses collaborateurs admettent que 
l'isomtrisation est en partie issue directement des 
ttats singulets lors de l'excitation directe. 

Fischer (9) a examine I'isomtrisation de l'azo- 
benzene sensibilist par le triphtnylene et le 
naphtalene; ils obtiennent B 313 nm des ttats 
stationnaires beaucoup plus riches en cis (de 20 
B 40%). Pour que la part d'intensite lumineuse 
absorbte par I'azobenzene soit rtduite, les sensi- 
bilisateurs ont Ctt utilists a fortes concentrations; 
dans ces conditions, la densitt optique a la 
longueur d'onde d'irradiation est tres suptrieure 
B 1 (70 par exemple). Le rapport des constantes 
de dtsactivation du triplet a t t t  trouvC voisin de 
4. Fischer conclue que le peuplement des triplets 
B partir des singulets est quantitatif et que 
l'isomtrisation directe ou sensibiliste implique 
seulement les niveaux triplets. 

La revue des travaux publits sur la rtactivitt 
photochimique de I'azobenzene montre que le 
mtcanisme de la photoisomtrisation n'est pas 
tlucidt; le nombre des niveaux triplets impliques 
et leur disposition n'avaient pu &tre prtcises. 
Dans un article rtcent consacre a la photochimie 
de l'azobenzkne et de ses dtrivts substituts, 
Griffiths (10) souligne egalement I'importance 
qu'il convient d'attribuer B l'ttude du mecanisme 
d'isomtrisation. Le travail present a 6tt  entre- 
pris dans le but de prtciser, autant que  faire se 
peut, les proprittts des niveaux triplets. 

Notons qu'en 1970 est parue une ttude thtori- 
que de la forme trans de I'azobenzene dans I'ttat 
fondamental et excitC de nature nn* par une 
methode de configuration d'interaction en champ 
autocohtrent. Les Cnergies du niveau singulet 
S(nn*) et du niveau triplet correspondant T(nn*) 
ont t t t  estimtes respectivement egales B 93.6 
et 46.5 kcal mol-' (1 1). 

I1 reste 2 signaler que pour interprtter les 
spectres d'absorption de I'azobenzkne trans et 
cis, Suzuki (12) a t tudit  par traitement mono- 
tlectronique les orbitales moltculaires de ces 
deux formes. L'azobenzene trans est une mole- 
cule plane o t ~  l'on prtvoit l'existence d'une tran- 
sition interdite nn* et d'une transition permise 
nn*. L'azobenzene cis est une moltcule oh 
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FIG. 1. Spectres d'absorption de I'azobenzene tram (-) et cis (---) en solution dans le cyclohexane. 

l'angle form6 par le plan des noyaux benzCniques 
est CvaluC B 56". Cette non-planCitC permet une 
interaction entre orbitales n et n et  les niveaux 
singulets n'ont plus de caractire nn* et nn* aussi 
precis que ceui de la forme trans. 

Techniques exphrimentales 
L'azobenzene tram utilise est une substance Ald rich 

ultra purifiee par zone fondue. L'azobenzene cis a ete 
prepare par photoisorntrisation de I'azobenzene trans 
et p~~ri f ie  par chrornatographie en phase liquide sur 
colonne de gel de silice. L'azobenzene cis contenait 
initialernent environ 2% d'azobenzene trans. Les spectres 
d'absorption de la forrne trans et de la forrne cis ainsi 
prepares (deduction faite de I'absorption due au trans) 
sont representes sur la fig. 1 ,  et le tableau 1 rassemble les 
valeurs des coefficients d'extinction rnolaire (en rnol-I 1 
crn-I) rnesurkes dans les differents solvants. 

Les solutions d'azobenzene soigneusernent degazees 
ont ete irradikes a I'aide d'un rnonochrornateur Bausch et 
Lomb equipe d'une larnpe a vapeur de rnercure "haute 
pression" Osram HBO 200 W. Nous avons mesure les 
rendernents quantiques d'isornerisation par dosages spec- 
trophotornttriques associks a une actinornetrie basee soit 
sur la photolyse de I'acide oxalique sensibilisee par le 
nitrate d'uranyle, soit sur la photoreduction de ferrioxa- 
late de potassium. 

A titre de verifications de nos techniques experi- 
rnentales, nous avons rnesure a nouveau les rendements 
quantiques initiaux d'isornkrisation directe de I'azoben- 
zene dissous dans du cyclohexane, cPO,,, et a',,,. 
Le tableau 2 rassernble nos resultats, resultats sensible- 
rnent identiques a ceux obtenus par Zirnrnerrnan et a / . ,  
dans I'isooctane. Dans les conditions d'excitation nn* 
nos rtsultats ne sont pas en accord avec ceux de Yama- 
shita et al. 

En outre, nous avons rnesure les rendernents quantiques 
d'isorntrisation directe dans differents solvants et verifie 
que ces rendernents ne dkpendaient pas de la concentra- 
tion d'azobenzene (cf. tableaux 3 et 4). 

TABLEAU I .  Coefficients d'extinction rnolaire (rnol- l 
crn-' log,,) d'azobenzene cis et trails dans les differents 

solvants 
-- - .. 

Cyclohexane Methanol Isopropanol 
h 

(nm) El - Ec El Ec EI Ec 

254 2200 8300 2240 7260 2520 7320 
313 21100 1160 20500 - 25200 1650 
334 17000 135 16600 - 20600 258 
345 9000 40 9260 - 11500 - 
365 120 39 - - 400 - 
436 390 1260 475 - 570 1580 

TABLEAU 2. Variation des rendernents quantiques 
initiaux d'isornerisation directe d'azobenzene dans du  
cyclohexane en fonction de la longueur d'onde 

d'excitation 
-- -- --- 

Mesures de 
Zirnrnerrnan (3) Nos rnesures 

h 
(nm) QOy+e @'=+I @O,+, Doc-+, 

Nous avons egalernent verifie par dosages spectro- 
photornttriques, dans de plus larges lirnites de concentra- 
tion (2 x a 4 x rnol que le regime photo- 
stationnaire ne dkpendait pas de la concentration initiale 
d'azobenzene et qu'il etait compatible avec les rende- 
rnents quantiques initiaux determines. 

Les rksultats precedents concernant I'isornerisation de 
la forrne cis ont etC acquis sur des echantillons d'azo- 
benzene cis purifik par chrornatographie. Mais la con- 
servation de cette forme s'est averee dificile, et nous avons 
prefere prtparer cet isorntre par irradiation de la forme 
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RONAYETTE ET AL.: ISOM~~RISATION.  I 1851 

TABLEAU 3. Rendements quantiques initiaux d'isomerisation directe d'azobenzene dans trois solvants 

Cyclohexane Isopropanol Mtthanol 
h -- 

TABLEAU 4. Variation du rendement 
quantique d'isomerisation directe 

d'azobenzene trans dans du 
cyclohexane en fonction de 

la concentration 
-. .- 

[Azobenzene trans] Qr,c 

(mol I-') (313 nm) 

trans a 345 nm. Nous avons Cgalement vCrifiC que le 
rendement quantique Q,,, restait constant avec le degre 
d'avancement de la reaction; il s'averait donc inutile de 
separer la forme cis du melange irradik. Cette remarque 
reste valable pour les experiences de sensibilisation. 

Toutes les tentatives d'inhibition de la photoisomerisa- 
tion de I'azobenzene par des substances k bas niveau 
triplet se sont averees negatives. I1 n'est donc pas etonnant 
que la presence d'une forme ne modifie pas la cinetique 
d'isomerisation de I'autre forme. 

/som&risation photosrnsibilis&e par les hydro- 
carbures arornatiques 

En photosensibilisation, il est difficile de 
limiter I'azobenztne a la seule fonction d'accep- 
teur car dans le domaine de longueur d'onde 
utilisable, les coefficients d'extinction molaire 
des formes cis et trans sont klevks. En employant 
des sensibilisateurs aromatiques A des densitks 
optiques convenables (D, < 1.5), on doit ac- 
cepter qu'un certain nombre de photons soit 
absorb6 par I'azobenztne. 

Nous avons vkrifik que les formes cis et trans 
de I'azobenztne aux concentrations employkes 
(voisines de mol 1-') ne modifient pas la 
fluorescence des donneurs aromatiques utilids. 
I1 convient, dts A present, de noter qu'aucun 
niveau singulet des sensibilisateurs employks ne 
peut Ctre dksactivk par les deux forrnes de I'azo- 
benzene dans le domaine de concentrations ex- 
plore, quelque soit le mkcanisme de dksactiva- 
tion eniployk (transfert singulet-singulet ou for- 

mation d'exciplexe). Les niveaux singulets des 
azobenztnes cis et trans ne peuvent donc pas 
Ctre produits en employant un sensibilisateur 
et ils ne sont pas impliquks dans les isomkrisations 
sensibiliskes. 

L'intervention d'exciplexes triplets dans le 
mkcanisme d'isornkrisation sensibiliske ne peut 
Ctre kcartke a priori. Quelques rares dksactiva- 
tions d'ktats triplets sont interprktkes dans la 
littkrature, en terrnes d'excirntres ou exciplexes 
triplets (13). 11 est raisonnable de faire intervenir 
un exciplexe quand les transferts triplet-triplet 
possibles sont endothermiques ou quand un 
processus spkcifique de I'exciplexe apparait. Dans 
notre ktude, i l  apparait raisonnable de supposer 
que les transferts d'knergies sont exotherrniques, 
une formation d'exciplexe n'a donc pas de cons6 
quences cinktiques particulitres. En outre, I'iso- 
rnkrisation cis-trans qui a lieu en excitation 
directe ne peut Ctre en sensibilisation un proces- 
sus spkcifique d'un exciplexe intermkdiaire. Nous 
acceptons donc un schkma cinktique classique 
irnpliquant uniquernent des transferts d'knergie 
triplet-triplet. Dans le cas le plus gCnkral, ce 
schema cinktique serait donc 

Qs(I.)s 
Sensibilisateur (So) + 11v Sensibilisateur (TIS) 

kd 
Sensibilisateur (TI) - Sensibilisateur (So) 

Sensibilisateur (TI) + azo trans (So) 

k,S 
+ Sensibilisateur (So) + azo  trans (T.') 

Sensibilisateur (TI) + azo cis (So) 

k,S 
+ Sensibilisateur (So) + azo  cis (Tmc) 

@ t ( I a ) t r a n s  

Azo trans (So) + 11v - Azo trans (T.') 

QC(f8)CiS 
Azo trans (So) + IIV , Azo cis (Tac) 

kl, 
Azo trans (T,') + Azo cis (So) 

kt, 
AZO trmls (Tar) + Azo trans (So) 
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kc, 
Azo cis (TmC) + Azo trans (So) 

kcc  
Azo cis (T.') + Azo cis (So) 

oh +S, +I,, +c sont respectivement les rendements 
quantiques de formation des triplets du sensi- 
bilisateur, de la forme trans et de la forme cis, 
TIS, T,', T:; k:, k: sont les constantes des 
transferts d'tnergie qui produisent les niveaux 
triplets T,', TUc responsables de I'isomCrisation. 
Si E ~ ,  E,, E, sont, respectivement, les coefficients 
d'extinction molaire du sensibilisateur, de la 
forme trans et de la forme cis la longueur 
d'onde d'irradiation, z est la durte de vie rtelle 
du sensibilisateur, c, et t, les concentrations des 
formes cis et trans en rtgime photostationnaire, 
on obtient 

Nous avons utilist comme sensibilisateur le 
naphtaltne, le phtnanthrtne et le chrystne dont 
les coefficients d'extinction molaire dans le 
cyclohexane, a la longueur d'onde d'excitation, 
31 3 nm, sont respectivement 136, 197 et 7230 
mol-' 1 cm-'. Les tnergies, les durtes de vie et 
les rendements quantiques de population des 
plus bas niveaux triplets de ces donneurs sont 
indiquts dans le tableau 5. 

Le chrystne et le phtnanthrtne sont les seuls 
hydro carbures aromatiques condenses non subs- 
tituts qui ne forment pas d'excimtres a partir 
de leur niveau singulet; ils ne prtsentent pas 
d'auto-dtsactivation de cet ttat excitt et la 
population de leur niveau triplet ne dtpend pas 
de leur concentration. L'ttat singulet du naph- 
taltne par contre, est autodtsactivt par forma- 
tion d'excimtre, la population de son niveau 
triplet est alors fonction de la concentration de 
l'ttat fondamental. 

TABLEAU 5. PropriCtCs physiques des sensibilisateurs 

ET 
(kcal mol-I) 7 6) as 

Naphtaltne 60.9 3 . 6 ~  0.80 (14) 
PhCnanthrtne 62.2 2 x 0.80 (15) 
Chrystne 57.2 - 0.82 (15) 

La figure 2 illustre les rtsultats concernant les 
regimes photostationnaires obtenus avec les 
trois sensibilisateurs aromatiques dans des solu- 
tions dtgaztes ou atrtes. Sur le plan exptrimental 
nos mesures les plus correctes sont obtenues 
quand la densitt optique a 3 13 nm est inftrieure 
ti 1.5. Ntanmoins, nous avons pu, avec le 
chrystne, faire des mesures jusqu'a une densitt 
optique calculte tgale a 6. Dans de telles con- 
ditions, un "effet de ,peauV est a redouter 
(absorption des photons dans les premieres 
couches de solution et annihilation des esptces 
excittes). I1 ne semble pas intervenir dans nos 
conditions exptrimentales. Dans les conditions 
de sensibilisation totale (Ds -, a), un calcul 
analogue au prtctdent conduit a l'expression 

Les valeurs maximales des rendements quanti- 
ques d'isomtrisation directe (voisines de 0.5) 
nous suggtrent d'admettre que les niveaux tripl- 
ets, T,' et TUc, responsables de l'isomtrisation, se 
dtsactivent vers les deux formes d e  l'azobenz6ne 
avec la mCme probabilitt (kt, - kt,; kc, - kc,). 
Comme nous le verrons plus loin, cette hypo- 
thgse fondamentale est compatible avec tous nos 
rtsultats exptrimentaux. Dans ce cas 

Pour atteindre le rapport des constantes de trans- 
fert k,S et k,S, on peut donc effectuer l'extra- 
polation des courbes exptrimentales qui reprB 
sentent les variations de c,/t, en  fonction de 
l/Ds et qui apparaissent Ctre 1inCaires pour le 
chrystne et le phCnanthr2ne (fig. 3). On obtient 
ainsi k:/k; = 0.04. Avec le naphtaltne, les 
variations de c,/t, en fonction de-l/Ds dans le 
domaine des grandes densitts optiques ne sont 
plus lintaires. I1 n'est pas possible, par extra- 
polation, d'obtenir une valeur correcte du rap- 
port des constantes de transfert (cf. fig. 3). 

Nous avons vtrifit que l'oxygtne dissous dans 
le cyclohexane a des concentrations voisines de 

mol 1-' n'a pas d'influence sur la vitesse 
d'isomtrisation directe. Comme le montre la 
fig. 3, l'oxygtne dissous inhibe l'isomtrisation 
sensibiliste sans la supprimer totalement. Une 
telle inhibition s'interprgte par une disactivation 
des niveaux triplets des aromatiques par l'oxy- 
gtne avec une vitesse vraise~nblablement proche 
de celle d'un processus contr6lt par  la diffusion. 
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cm - 
tm 

c, 

1 - 
0.1 0.5 4 0 1 5 , 9 

FIG. 2. Etude des regimes photostationnaires; i, et c,, concentrations d'azobenzene irons et c i s ;  DS, densitt 
optique du sensibilisateur; -, solution dkgazee; - - -, solution aCrCe; 0, phenanthrene; A, chrysene; 0, naphtalene 
(azobenzene initialement sous forme cis); H, naphtalene (azobenzene initialement sous forme iratrs). 

Frc. 3. Etude des regimes photostationnaires. Variations de c,/i, en fonction de  1/D, (solution degade);  0, 
phknanthrene; A, chrysene; H, naphtalene; 0; point determint par Fischer dans le cas du naphtalene. 

Comme il si~bsiste en prCsence d'oxygine une 
sensibilisation pour des concentrations d'azo- 
benzene proches de mol I-', la plus grande 
des constantes k: doit ttre voisine de 101° 
mol-' 1 s-'. 

En presence d'oxygine t,/c, est fonction 
IinCaire de Ds. L'expression 1 est compatible 
avec une telle IinCaritC car dans nos conditions 
expCrimentales, nous pouvons faire les approxi- 
mations suivantes. 

oh T,, voisin de lop 's  est la durte de vie des 
niveaux triplets des hydrocarbures aromatiques 
en prCsence d'oxygine. Donc 

La pente de la droite nous permet de vCrifier que 

k: est voisin de 101° mol- ' 1 s- ', ce qiii justifie 
notre approximation. 

Sensibilisation par des conipose's carbot7yles 
Le benzile 
Le benzile Ph-CO-CO-Ph prCsente en 

solution dans le cyclohexane deux bandes 
d'absorption dont les lnaximums sont a 260 et 
490 nm. L'Cnergie de son plus bas niveau triplet 
est voisine de 54 kcal/mol ( 1  6). Le benzile est 
excite dans son premier itat sing~~let S(nrc*) a 
365 nm en presence d'azobenzene. L'azobenzine 
doit ttre utilisC a une concentration suffisamment 
faible pour que les conditions d'une sensibilisa- 
tion totale soient rCalisCes, et suffisalnment forte 
pour que 1e dosage spectrophotom6trique soit 
possible et que le transfert d'tnergie ait une 
vitesse notable. 

En sensibilisation, nous obtenons plus rapide- 
ment I'Ctat stationnaire qu'en excitation directe 
a 365 nm mais cet Ctat est plus pauvre en azo- 
benzine cis (5% de cis contre 60% en excitation 
directe). La tangente B I'origine de la courbe de 
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TABLEAU 6. Rendements quantiques d'isomkrisation sensibiliske par du benzile 
-- - .. - 

[Benzile] [Azobenzene trans] [Azobenzene cis] 
(mol I-l) (mol I-') (mol I-') (@=,,C)O ( Q S C - , t )  

disparition ou d'apparition du trans nous permet 
d'obtenir le rendement quantique initial d'iso- 
mtrisation sensibiliste de la forme trans ((DS,,,)O 
et le rendement quantique d'isomtrisation de la 
forme cis (DSc,, a partir de melanges de composi- 
tion variable. Ces rendements (DSc,, ne dtpendent 
pas de la concentration initiale de forme trans et 
ils ont la mtrne signification cinttique que les 
rendements initiaux (+Sc,,)O. 

Dans nos conditions expCrimentales, le trans- 
fert dlCnergie vers l'azobenztne cis et trans est 
quantitatif, les rendernents quantiques ttant 
indtpendants de la concentration en azobenztne. 
~ a n i  ces conditions de sensibilisation totale. nos 
mesures sur l'ttat photostationnaire nous per- 
mettent d'acctder directement au rapport des 
constantes de transfert du benzile vers les ttats 
excites responsables de l'isomtrisation. Dans ce 
cas 

(c,)/(t,) = k?/k; = 0.05. 

En solution dans le cyclohexane, le benzile 
excitt a 390 nm tmet une phosphorescence dont 
le maximum est A 560 nm, l'tnergie du niveau 
triplet correspondant ttant voisine de 54 kcall 
mol. L'addition d'azobenztne trans ou cis pro- 
voque l'extinction de cette phosphorescence. On 
interprtte cette disactivation du niveau triplet 
du benzile par des transferts d'tnergie triplet- 
triplet exothermiques. En effet, l'tnergie du 
niveau triplet du benzile est voisine de 1'Cnergie 
du plus bas niveau singulet de l'azobenztne 
(54 kcal/mol); il existe donc dans les azobenztnes 
trans et cis un niveau triplet d'tnergie inftrieure 
A celle du triplet du benzile. Nous appellerons 
xtS et x;, les constantes de vitesse des transferts 
d'tnergie triplet-triplet entre le benzile et les 
formes trans et cis de l'azobenztne. 

Les mesures des variations de l'intensitt de 
phosphorescence du benzile avec la concentra- 

TABLEAU 7. Variation de I'intensiti de phosphorescence 
du benzile en fonction de la concentration d'azobenzene 

trans 

[Azobenzene trans] 
(mol I - ' )  I P O  I P  IPO/IP 

tion d'azobenzine trans ajoute, perrnettent de 
dtterminer la constante de transfert. La droite de 
Stern-Volmer correspondante a pour Cquation 

IpO/Ip = 1 + x,Szt 

oh IpO est I'intensitt de phosphorescence du 
benzile en l'absence d'azobenztne trans, I, est 
1'intensitC de phosphorescence d u  benzile en 
prtsence d'azobenztne trans, z est la duree de vie 
rtelle du triplet du benzile et test la concentration 
de l'azobenztne trans. 

Le tableau 7 rassemble nos rtsultats. 
La pente de la droite donne x ? t  = 5.9 x lo5. 

L'ordre de grandeur du produit x,Sz rnontre que 
l'extinctiondephosphorescence n'implique pas un 
transfert singulet-singulet. En effet, la disactiva- 
tion du niveau singulet du benzile de durte de 
vie voisine de lo-' s exigerait que la constante de 
transfert soit tgale a lo t4  mol-I 1 s-I ce qui est 
impossible mtme dans un transfert de resonance. 
La duke  de vie du  niveau triplet du benzile B 
25 "C en solution dans le cyclohexane est proche 
de s.' La constante X: du transfert triplet- 
triplet est donc voisine de celle d'une processus 
contrB1C par la diffusion. 

'J. F. Madet. Communication personnelle. 
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Pour examiner l'extinction de la phosphores- 
cence du benzile par l'azobenzene cis, il est 
ntcessaire de prtparer ce compost par irradia- 
tion prtalable de l'azobenzene trans B 345 nm. 
Apris addition de benzile au mtlange ainsi ob- 
tenu, on mesure la phosphorescence du benzile 
partiellement eteinte et on irradie ensuite le 
mtlange A 365 nm pour provoquer le retour de 
la forme cis vers la forme trans. On mesure au 
cours de cette irradiation la phosphorescence du 
benzile et on constate que I'intensitt de cette 
phosphorescence ne varie pas (cf. tableau 8 
relatif i deux exptriences indtpendantes). Cette 
exptrience permet de conclure que X: = X,S 

I1 convient de remarquer des A prtsent que le 
rapport des constantes X: et X: dtduites de 
l'extinction de phosphorescence est tgal B 1 alors 
que le rapport des constantes k: et k: dtduites 
de l'isomtrisation sensibiliste est tgal a 0.05. 
Nous donnerons plus loin une interprttation de 
ce rtsultat. ~ o t o n s  tgalement qu'apr&s une iso- 
mtrisation sensibiliste de la forme trans, il est 
toujours possible de provoquer un retour quanti- 
tatif de l'azobenzene cis vers la forme trans par 
simple chauffage thermique. I1 n'apparait donc 
pas de processus entrainant la disparition irrt- 
versible de l'azobenzene trans cornpetitif avec 
l'isomtrisation (s'il existait, un tel processus 
serait facilement observable lors d'ttude de 
longue durte du rtgime photostationnaire). 

Le biace'tyle 
On peut esptrer sensibiliser l'isomtrisation de 

l'azobenzene par le biacttyle CH,-CO-CO- 
CH,, un donneur carbonyle dont le niveau 
triplet est proche de celui du benzile (E = 55 a 
57 kcal/mol). D'ailleurs, la phosphorescence du 
biacCtyle est tteinte en presence d'azobenzene 
trans et cis. L'excitation du biacttyle se fait a 

TABLEAU 8 Invariance de la 
phosphorescence du benzile en 

oresence de concentrations . ~~ 

~ ~~ 

variables d'azobenzene cis 
et irntis 

-- 

[Azobenzene] 
(rnol I-I) % irat7s 1, 

465 nm et l'analyse de l'tmission a 520 nm. En 
faisant varier la concentration de I'azobenztne 
trans, nous obtenons une droite de Stern- 
Volmer dont la pente est X,Sr = 8.25 x 10' 
mol-' 1. Avec une durte de vie du triplet du 
biacttyle r = 2 x s, nous avons X,S = 4.1 
x 109 mol-' 1 s-'. 

On peut suivre la disparition de trans azo- 
benzene dans l'irradiation a 365 nm d'un 
mtlange de biacttyle en concentration 0.113 
mol I - '  et de trans azobenzkne en concentration 
tgale A lo-' mol I-'. En fait, A la photoiso- 
mtrisation sensibiliste se superpose un processus 
photochimique de disparition irrtversible de 
l'azobenzene (il s'agit tris vraisemblablement 
d'une photortduction de l'azobenzine cis par les 
radicaux issus de la rtaction du niveau triplet 
du biacttyle avec le solvant). Cette rtaction para- 
site rend le biacttyle impropre a toute ttude 
quantitative de l'isomtrisation sensibiliste. 

Interpre'tation des rbul tats expe'rimentaux 
Le benzile permet d'ttudier l'isomerisation 

sensibiliste sans &tre g&nt par les processus 
impliques dans l'excitation directe. L'extinction 
de la phosphorescence du benzile par les deux 
formes cis et trans de l'azobenzene est inter- 
prette en termes de transfert d'tnergie triplet- 
triplet. Les constantes X: et xtS de ce transfert 
du benzile vers les deux formes de l'azobenzene 
sont Cgales et voisines de celles d'un processus 
contra16 par la diffusion. 

Les rendements quantiques d'isomtrisation 
sensibiliste (@S,,,)O et (@Sc,t) sont indkpendants 
de la concentration en azobenzene. Le transfert 
triplet-triplet dans les deux cas est donc quanti- 
tatif. En outre, si l'on tient compte de notre 
hypothese fondamentale concernant 1'Cgale pro- 
babilite de dtsactivation des niveaux triplets 
responsable de l'isorntrisation en chacune des 
formes cis et trans, les valeurs tres diffkrentes de 
ces rendements d'isomtrisation (0.03 et 0.50, 
respectivement) montrent que le transfert d'tner- 
gie produit primairement un niveau triplet de 
configuration difftrente dans chaque forme de 
l'azobenzene. Le rendement ((DS,,,)O est voisin 
de 0.03. Comme le rendement de population du 
triplet du benzile est proche de 1 (0.92) (17), et 
que le transfert est quantitatif, nous admettrons 
que ce transfert d'tnergie produit un Ctat triplet 
Tpt  difftrent de l'ttat excitt triplet Tmt respon- 
sable de l'isomtrisation. La conversion interne 
Tpt 4 T,' a alors lieu avec une probabilitk voisine 
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l'azobenztne, que nous proposons, implique 
deux niveaux triplets de chacune des formes trans 
et cis: 

( i )  Les niveaux triplets Tpl et TpC, respective- 
ment des formes trans et cis, obtenus directement 
par transfert d'energie a partie de composes 
aromatiques ou carbonylis; ces niveauxse dtsac- 
tivent non radiativement sans donner lieu a une 
isomerisation cis-trans. 

( i i )  Les niveaux T,' et T,' des formes trans et 
cis que nous n'avons pas peuples, dans cette 
premiere partie, par transfert d'energie mais qui 
resultent de conversions internes des triplets Tp' 
T,', respectivenient; ces niveaux sont respon- 
sables de I'isornCrisation. 

La conversion interne Tpf -f T,' a lieu avec 
une faible probabilite (0.04 a 0.06) alors que la 
conversion interne Tpc -f TUc est quantitative. 
Les niveaux triplets de la forrne cis n'apparais- 
sent pas discernables sur le plan experimental. 
Si l'on se reftre au traiternent rnonoelectronique 
des niveaux singulets propose par Suzuki (1 2), on 
pourrait penser que les niveaux triplets de I'azo- 
benzene trans ont un caracttre n+n* et nn* bien 
dkfini et que to~lte conversion interne entre ces 
ktats est interdite. Les niveaux triplets de l'azo- 
benzene cis n'auraient plus de caracttre n-n* et 
nn* marque et les transitions entre ces etats 
seraient perrnises. 

Dans Line deuxitme partie, dont nous rappor- 
tons les resultats dans l'article suivant, nous 
avons examine la photoisomerisation de I'azo- 
benzene sensibilisee par des colorants et sa 
photoreduction. Nous pourrons preciser ainsi 
quelques proprietes des nivea~ix triplets de 
I'azobenztne trans et cis. I1 apparaitra alors 

possible de differencier experimentalement les 
niveaux triplets de la forme trans alors que les 
niveaux triplets de la forme cis resteront indis- 
cernables. I I apparaitra egalement necessaire 
de considerer, comme nous I'avons fait des.cet 
article, des niveaux triplets propres i. chaque 
forrne trans ou cis de l'azobenztne. 
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Isomkrisation ph~tosensibiliske par des colorants et photorkduction de l'azobenzene 
en solution. I1 

JACQUES RONAYETTE, RENE ARNAUD ET JACQUES LEMAIRE 
Lrrborcrtoire de Pllotocllirnie, U.E.R.  de Sciences Exactes et Natrrrelles et Ecole Ncrtior~ale Srrpirieure de Clzirnic, 

Uniiwrsite' de Clertnorzt. Ensernhle Scierltifiq~re des Cizecr1rs, 63170 Arthiere, France 

R e ~ u  le 24 juillet, 1973 

L'isomtrisation photochimique de I'azobenzene en solution peut &tre sensibilisee p a r  des 
colorants a bas niveau triplet (rose de Bengale, tosine Y, fluoresceine, bleu de methylene) mais 
ne peut Etre inhibte par de telles substances. Les niveaux triplets TpC et T,' de la forrne cis sont 
expCrimentalement indiscernables. Par contre, les resultats experimentaux obtenus permettent 
de verifier, dans la forme trans, l'existence de deux niveaux triplets TI,' et T,' a proprietts 
differentes; une population, par transfert d'energie, du triplet d'knergie inferieure T,' conduit 
a une isomerisation de rendement quantique voisin de 0.5 alors que  la population du triplet 
Tbr ne provoque qu'une isomerisation difficile (rendement quantique voisin de 0.03). La photo- 
reduction de I'azobenzene dans I'isopropanol a ete egalement examinee; seule la forme cis est 
photortductible et il apparait experimentalement tres difiicile de savoir si l'on peut sensibiliser 
cette photoreduction. Un diagramme de Jablonski de l'azobenzene sous ses deux formes est 
present&, en guise de conclusions. 

The photochemical isomerization of azobenzene in solution can be sensitized by dyes which 
have low-lying triplet states (rose Bengal, eosin Y, fluoroscein, methylene blue) but cannot be 
inhibited by such con~pounds. The two triplet levels, TpC and T,', of the cis form are  indis- 
tinguishable experimentally. On the other hand, the experimental results verify the existence 
of two triplet levels, T,' and T,', with different properties, in the trans form. Population, by 
energy transfer, of the lower triplet, T,', leads to isomerization with a quantum yield near  0.5, 
whereas population of the triplet T,,' only rarely leads to isomerization (quantum yield about 
0.03). 

The photoreduction of azobenzene in isopropanol also has been studied. Only the cis form 
is photoreducible and it is very difficult experin~entally to determine whether this photo- 
reduction can be sensitized. 

A Jablonski diagram of the two forms of azobenzene is presented to  correlate these observa- 
tions. [Journal translation] 

Can. J. Chern., 52, 1858(1974) 

Introduction 
Dans l'article prtctdent, nous avons proposk 

un mtcanisme d'isomtrisation de I'azobenztne 
en solution, sensibiliste par des composts 
aromatiques ou carbonylts. Pour la forme trans, 
ce mtcanisme impliquerait deux niveaux triplets 
B propriCtts diffkrentes, T,' et T,'; la conversion 
interne entre ces ttats interviendrait avec une 
faible probabilitt. Pour la forme cis, les deux 
niveaux triplets. T,' et T,' ne seraient plus 
exptrimentalement discernables. Pour, d'une 
part, confirmer ce mtcanisme et pour, d'autre 
part, prtciser autant que faire se peut les pro- 
prittes de ces niveaux triplets, nous avons 
entrepris I'ttude de I'isomtrisation de I'azo- 
benztne, sensibiliste ou in.hibte par des colorants. 

En milieu dCsoxygtnC, la photortduction de 
I'azobenztne dans des solvants a hydrogtne 

mobile est, avec I'isomtrisation la seule mani- 
festation des ttats excitts. S. Hashimoto et 
K. Kano (1) ont rtcemment ttudit  cette photo- 
rtduction directe et sensibiliste; elle est dtce- 
lable une fois le regime photostationnaireatteint 
et n'a lieu que pour des longueurs d'onde 
d'irradiation inftrieures Q 420 nm. Le produit 
de la photortduction est I'hydrazobenztne 
@-NH-NH-a. Selon ces auteurs, la photo- 
rtduction de l'azobenztne serait sensibiliste par 
le fluorene et des composts aromatiques car- 
bonylts, et inhibte par le thiophene, le benzo- 
nitrile et I'acide benzoique. I1 convient de noter 
qu'Hashimoto et Kana ayant utilist une lumi6re 
non monochromatique, ne peuvent prtciser 
I'importance de I'excitation directe devant les 
processus de sensibilisation. Cette etude reste 
d'ailleurs trts qualitative, aucun rendement 
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RONAYETTE ET AL.: ISOMERISATION. I1 1859 

quantique n'ayant CtC dCterniinC. Nous avons 
donc rCexaminC cette photorCduction en iious 
attachant a l'aspect quantitatif des phCnoiiiknes. 

Nous avons choisi d'utiliser des colorants dont 
le niveau triplet est B basse Cnergie. Les coloraiits 
xanthiniques einployCs et le bleu de mithyline 
ne sont pas tous des "sensibilisateurs" classiques 
car I'efficacitC de population de leur p l ~ ~ s  bas 
niveau triplet varie dans de grandes liinites; ce 
parametre nous a d'ailleurs seinblC interessant 
pour 1'Ctude de notre inCcanisnie. 

Ces colorants ne sont solubles que dans des 
solvants polaires. 11 faut donc &tre conscient 
d'une possible modification de la disposition 
CnergCtique des niveaux triplets de l'azobenzkne 
dans ces solvants. NCannioins, les inesures en 
excitations directes qui niontrent qile les rende- 
ments QO,,, et QO,,, sont independants du 
solvant laissent supposer que les mtcanismes de 
conversion interne des triplets, donc leur dis- 
position CnergCtique, ne sont pas sensiblement 
modifiCs par le changement de solvant. 

Les colorants xanthkniques utilists dans cette 

/ 
NaO 

Sel disodique de la fluoresctine 

~r$ a 

- / 

Br \ /  

NaO Br 
Sel disodique de I'tosine Y 

CI 

NaO I 

Rose de Bengale 

Ctude sont les sels disodiques de la fluoresciine 
et de  I'Cosine Y et le rose de Bengale B. 

Les Cnergies des niveaux triplets des formes 
ioniques correspondant a la fluoresciine, B 
l'eosine Y et au rose de  Bengale B sont,  respec- 
tivement, de 47.2, 45.5 et 43 kcal/mol; elles ont 
CtC dCterminCes par Kearns et Chambers (2, 3) 2 
partir de llCtude du spectre de phosphorescence 
de ces colorants a 77 OK en solution dans un 
melange d'ithanol et de mtthanol. Nous  avons 
Cgalement employ6 le bleu de mCthylene 
(chlorure de 3.9 dim~thylaminophCnazothio- 
nium) de formule 

dont le plus bas niveau triplet est situC vers 33 
kcal (2). 

Les spectres d'absorption de ces quatre sen- 
sibilisateurs sont prCsentCs sur les figs. 1 et 2. 

Dans  nos essais de sensibilisation, e n  solution 
dans le mCthanol, ces colorants ont CtC employes 
a des concentrations suffisamment faibles 

M) pour que l'on puisse nCgliger la forme 
dimere (1'Cnergie du niveau triplet d'une forme 
dimere serait d'ailleurs proche de celle d u  niveau 
correspondant du monomere, 1'Ccart Ctant voisin 
de 1.2 kcal/mol (3)). E n  outre, la fluorescence du 
rose de Bengale B, de  1'Cosine Y et d e  la fluores- 
cCine en prtsence d'azobenzene aux concentra- 
tions employCes dans les conditions d e  sensibili- 
sation n'est pratiquement pas modifiCe. 

FIG. 1. Spectre d'absorption du bleu de n~tthylene 
(5.7 x M) en solution dans le mtthanol. 
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FIG. 2. Spectre d'absorption des sels disodiques de la fluoresctine (-), de 1'Cosine Y (-----) et d u  rose de Bengale 
(-.-.-) en solution dans le mkthanol; fluoresctine = 4.8 x M; eosine Y = 0.85 x M; rose de Bengale = 
1.2 x lo-' M. 

TABLEAU 1. Isomerisation d'azobenztne tratls sensibiliste par le rose 
de Bengale dans du mkthanol; h,,,,, = 546 n m  

[Rose de Bengale] [Azobenztne tratls] 
(mol I-l) (mol I-l) (@S'+c)O 

Isomkrisation photosensibiliske par le rose de 
Bengale 

Aux concentrations d'azobenzine employCes, 
une irradiation du mClange A 546 nm permet de 
rCaliser des conditions de sensibilisation totale, 
les photons Ctant uniquement absorb& par le 
rose de Bengale (le coefficient d'extinction 
molaire de  cette substante a 546 n m  est 45 150 
mol-' 1 cm-I). 

Nos essais de photosensibilisation de l'isomt- 
risation sur la forme trans ont permis de  mesurer 
le rendement quantique (aS,,,) pour differentes 
concentrations initiales d'azobenzine. Pour des 
concentrations relativement ClevCes (suptrieures 
ou Cgales a 5.10-4 mol/l), nous avons mesurt 
I'apparition de cis par dosage spectrophoto- 
mCtrique a 436 nm. Aux concentrations de 
forme trans plus faibles, nous avons mesurC la 
vitesse de disparition de cette forme. 

Nos rCsultats sont rassemblCs dans le tableau 
1. Lorsque l'azobenztne trans est en concentra- 

tion suffisante, le rendement (QS,,,)O reste 
constant. 

Dans le domaine de concentrations de l'azo- 
benzine trans o h  le transfert d'Cnergie reste 
fonction de la concentration d'azobenzine, le 
rendement (@S,+,)O depend aussi de  la concen- 
tration du sensibilisateur. Pour des concentra- 
tions d'azobenzene trans voisines de 6.10-5 
mol I-', nous avons obtenu les rendements 
suivants (tableau 2). Le rendement quantique 

TABLEAU 2 .  Variation de (DSc,, en 
fonction de la concentration de 

rose de Bengale 

[Rose de Bengale] 
(mol 1- l) (@=,,C)O 
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TABLEAU 3. Variation de QS,,, en fonction de la concentration d'azobenzkne cis 

[Rose de Bengale] [Azobenzkne trans] [Azobenzkne cis] 
(mol 1-') (moll-') (moll-') ( Q S ~ + d  

d'isomCrisation sensibiliske augmente sensible- 
ment quand la concentration du donneur dCcroit. 
Ceci s'interprite aisCment par une autodksacti- 
vation du rose de Bengale, q i~ i  poimait conduire 
a la formation d i ~  dimere. Cette autodCsactiva- 
tion produit Lin deficit de la popillation du 
niveau triplet sensibilisateur. 

Les inesures faites partir de la forme cis 
correspondent au tableau 3. Nous considCrons 
que le rendement (QSC,,) devient indkpendant de 
la concentration d'azobenzene. Les determina- 
tions actinomCtriques 546 nm sont difficiles et 
introdi~isent des erreurs expCrimentales impor- 
tantes. 

NOLIS avons Cgalement constat6 qile le rCgiine 
photostationnaire obtenu dans I'isomCrisation 
sensibiliske est pauvre en azobenzi.ne cis (95% 
de tratis contre 5% de cis). Le rapport des 
constantes de transfert dCjA dCfinies ktS et kcS 
est alors voisin de 0.05. 

Isome'risation setisibilise'e uar I'e'ositie Y 
Nous irradions a 436 nm 1'Cosine en concen- 

tration voisine de 2.10-4 mol 1- '  en prCsence 
d'azobenzene. Le coefficient d'extinction rnolaire 
de 1'Cosine a 436 nm est 1780 mol-' 1 cm-'. Nous 
ne sommes alors pas dans des conditions de 
serlsibilisation totale; aussi pour dCterminer les 
rendement~ et ((DSc,,), i l  faudra tenir 
compte de I'intensitC absorbCe directement par 
l'azobenzene. La vitesse initiale mesilrCe est la 
somme d'une vitesse d7isornCrisation sensibilisie 
et d'une vitesse d'isomCrisation directe. 

Les mesures de vitesses initiales d'isomkrisa- 
tion sensibiliske de la forme trans mettent en 
Cvidence l'existence d'un maximirm dans la 
variation de (QS,,,)O en fonction de la concen- 
tration d'azobenzene (tableau 4). Par contre le 
rendement (@Sc,t) reste constant. 

Le rCgime photostationnaire atteint lors de la 
sensibilisation de la forme trans correspond 

un melange de 14% de cis et 86% de trans. I1 est 
diffirent de celui obtenu avec 1e benzile et rose 
de Bengale car nous n'opkrons pas dans des 
conditions de sensibilisation totale. Ce regime 
photostationnaire ne noils permet pas de calciiler 
une valeur correcte du rapport lr,s/lrcs. 

Isotne'risation set~sibilise'e par la fliioresce'ine 
La fliiorescCine perlnet Cgalement de rCaliser 

une isomCrisation sensibiliske de la forme trans 
de l'azobenzhe par irradiation a 436 nm. En 
soliltion M, la sensibilisation est partielle, 
aussi tenons-nous compte de la vitesse d'isom6 
risation directe pour dCterminer le rendement 
sensibilisC (iDSt,,)O. 

Comme pour 1'Cosine Y, le rendeinent (@S,,c)O 
varie avec la concentration d'azobenzene et 
passe par un maximum (tableau 5). 

Nous n'avons pu diterminer les valeurs du 
rendement (iDSc,,) car il s'avere impossible de 
mesurer par dosage spectrophotornCtrique simul- 
tanCment la fluoresckine et l'azobenzene cis; 
ces deux molCcules dans 1'Ctat fondamental 
forment Lin complexe qui se traduit par  une non 
additivitC des densitCs optiques dans le domaine 
visible. 

Isome'risation sensibilisde ou inhibe'e par le bleu 
de me'thy1;ne 

A 578 nm, le bleu de mCthyl6ne en concentra- 
tion voisine de mol 1-' peut photosensi- 
biliser 1'isomCrisation de la forme cis de l'azo- 
benzene. Le coefficient d'extinction molaire du 
bleu de mCthylene 578 nm est 31 600 mol-' 1 
cm-l. 

Nous avons rassemblC nos rCsultats dans le 
tableau 6. Bien que les conditions d'une sensi- 
bilisation totale soient pratiquement remplies, il 
a CtC tenu compte de la faible vitesse d'isomCri- 
sation directe. 

Avec la forme trans, pour des concentrations 
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TABLEAU 4. IsornCrisation d'azobenzine trans et cis sensibiliste par I'tosine Y dans 
du mtthanol; h,,,,, = 436 nrn 

[Eosine Y] [Azobenzine trans] [Azobenzene cis] (@"-,c)O (@S~-, t )  
(mol I -  l) (rnol 1-l) (rnol 1-l) 

TABLEAU 5. IsornCrisation d'azobenzkne trorls sensibiliste 
par la fl~~oresceine dans du rntthanol; h,,,,, = 436 nrn 

[Fluoresc6ine] [Azobenzkne trara] 
(mol 1-l) (mol 1-l) (@SI-,C)O 

TABLEAU 6. Sensibilisation d'isomtrisation d'azobenzine par le bleu de rntthylkne dans du 
mtthanol; h.,,,, = 578 nrn 

[Bleu de methyline] [Azobenzene ~raru]  [Azobenzkne cis] 
(rnol 1-l) (mol 1-l) (rnol 1- l) (@sc-,t) 

variant de 3. B rnol I-', les diffirentes 
irradiations a 578, 546 et 436 nm n'ont revel6 
aucune photosensibilisation. 

Nous avons Cgalement procedC a des essais 
d'inhibition de l'isomkrisation en irradiant de 
I'azobenztne 436 nm en presence de  bleu de 
methyltne. Nous n'avons pas excite dlective- 
ment l 'azobenzhe trans, aussi dans ces condi- 
tions expirimentales, I'azobenztne trans absor- 
bait 43% de la lumitre. Ces essais n'ont pu 
mettre en evidence une inhibition de  l'isomeri- 
sation. 

Etude de la photoreduction 
D'aprts S. Hashimoto et K.  Kano (I), 

l'azobenztne en solution dans l'isopropanol peut 
se photoreduire en donnant l'hydrazobenztne. 

hv 
a-N=N-Q, -- a-NH-NH-Q, 

iso pro pan01 

L'hydrazobenztne est dosC par technique spectro- 
photomCtrique a 242 nm, le coefficient d'extinc- 
tion molaire correspondant Ctant voisin de  
20 000 mol-' 1 cm-' .  A cette longueur d'onde, 
la forme cis de l'azobenztne prksente Cgalement 
un coefficient d'extinction ClevC (1 1 000 mol-' 
1 cm-l). Nous avons irradik I'azobenztne trans a 
3 13 nm (fig. 3, courbe I )  en suivant paralldement 
la disparition d'azobenztne trans e t  l'apparition 
d'hydrazobenztne. L'augmentation de la densit6 
optique 242 nm au dCbut de I'irradiation est 
due  a l'apparition de la forme cis, puis a la 
photoreduction lorsque 1e regime photostation- 
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RONAYETTE ET AL.: I 

FIG. 3. Photoreduction de l'azobenzene dans l'iso- 
propanol; I ,  courbe experimentale a 313 nm; 2, courbe 
experimentale a 345 nm; 3, courbe calculee en supposant 
la forme cis photoreductible a 345 nm; 4, courbe calculte 
en supposant la forme trans photortductible a 345 nm. 

naire d'isomtrisation est atteint. En fait, on 
atteint un regime "pseudo stationnaire" puisque 
la formation du produit de photoreduction 
entraine la consommation irreversible d'azo- 
benzene. Pour des irradiations suffisamment 
longues (au dela de 2 h dans nos conditions 
expirimentales), nous avons constate une dimi- 
nution de la densite optique a 242 nm; cette 
diminution est probabliment due a une photo- 
lyse de l'hydrazobenz&ne. 

L'etude de la photoreduction a cette unique 
longueur d'onde ne permet pas de preciser la 
forme de l'azobenzene qui est photoreductible. 
Nous avons alors irradie l'azobenztne en solu- 
tion dans l'isopropanol 345 nm. A cette 
longueur d'onde, l'absorption de la forme cis 
est negligeable devant celle de la forme trans. 
La fig. 3 montre qu'il n'y a pratiquement aucune 
photoreduction; ce phenomtne intervient donc 
a ~ a r t i r  d'un etat excite de la forme cis. 

Nous pouvons confirmer ce fait en analysant 
quantitativement les courbes de photoreduction 
2 313 et 345 nm. Si la photoreduction a 313 nm 
impliquait un etat excite de la forme trans, le 
rendement quantique de photoreduction serait 
voisin de 0.0029. Si, au contraire, la photore- 

duction impliquait un Ctat excite de la forme cis, 
le rendement quantique serait de 0.018. En 
admettant que les rendements quantiques de 
photoreduction ne varient pas pour un m&me 
etat excite, on peut alors calculer la vitesse de 
photoreduction a 345 nm des deux formes de 
l'azobenztne. La fig. 3 montre alors que la 
courbe experimentale 2 coincide avec la courbe 
calculee 3 en admettant que la fbrrne cis se 
photore'duit seule avec  in renclenlent de 0.018. La 
courbe 4 a etC calculie en admettant que la 
forme trans se photoreduirait s e ~ ~ l e  avec un 
rendement de 0.0029. 

Par ailleurs, nous avons irradie l'azobenztne 
en solution dans l'isopropanol, en excitant dans 
la bande d'absorption visible a 436 et 405 nm. 
Bien q~l 'a  cette longueur d'onde, l'absorption 
de la forme cis soit preponderante, nous n'avons 
decele aucune photoreduction. Une ttude quanti- 
tative de la sensibilisation de la photoreduction 
par le fluorene et le chrystne n'a pu @tre effecti~ee 
en utilisant une technique spectrophotometrique 
comme ~~n ique  moyen de dosage de I'hydrazo- 
benzene. 

Interpretation des resultats experimentaux 

Isorne'risation pl~otosensibilise'e 
Si I'on ne tient compte que des resultats acquis 

avec les hydrocarbures aromatiques et le benzile, 
on peut assurer que les deux formes cis et trans 
de l'azobenztne ont des niveaux triplets TpC et 
Tpf diffkrents. Ces deux niveaux se distinguent 
par la facilite de leur conversion interne vers les 
niveaux triplets T,' et Tat responsables de I'iso- 
merisation mais aucun argument experimental 
ne permet jusqu'ici de  penser que ces niveaux 
triplets TaC et Tat sont reellement distincts. Par 
emploi de colorants qui sont des sensibilisateurs 
dont les niveaux triplets sont a basse Cnergie, on 
peut alors espirer peupler par transfert d'tnergie 
ces niveaux Ta et tenter de les differencier. I1 
convient neanmoins de dire qu'il n'existe que 
peu de donnees quantitatives sur les niveaux 
triplets des colorants xantheniques employes 
(etat de protonation, duree de vie, energie ... ). 
Aussi devons-nous exploiter avec prudence les 
resultats acquis avec ces colorants. 

Dans nos conditions experimentales de sensi- 
bilisation, la fluorescence des colorants xanthe- 
niques n'etant pas modifite, nous pouvons 
accepter un schema cinetique classique impli- 
quant uniquement un transfert triplet-triplet. 
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On pourrait cependant penser que l'interaction ensuite indtpendant de la concentration en 
du niveau triplet des colorants et de lYazobenz6ne azobenzhe alors que les rendements quantiques 
dans l'ttat fondamental met en jeu un transfert d'isomtrisation sensibiliste pour la fluoresctine 
d'tlectrons dont le mtcanisme serait le suivant: et l'tosine Dassent Dar des maximums. 

3C* + A * C- + A +  + 'C  + A,,, + A' ,,,,, 

oh C reprtsente le colorant et A l'azobenzhe. 
Un tel mtcanisme intervient par exemple entre 
ces colorants xanthtniques et des donneurs 
classiques comme les amines aliphatiques (4). 
Un processus de transfert d'tlectrons est sensible 
a la polaritt du solvant. Nous n'avons pu 
utiliser ce crit6re experimental car les colorants 
xanthtniques utilists se dissolvent trks ma1 dans 
des solvants apolaires. Si un tel mtcanisme 
d'isomtrisation sensibiliste intervenait, on ne 
devrait plus utiliser les critires tnergttiques 
rtglant les transferts triplet-triplet et aucun 
renseignement sur les energies des niveaux 
triplets des deux formes d e  l'azobenzhe ne 
pourrait &tre obtenu. Mais dans ce cas, l'tosine 
Y qui prtsente des sites halogtnts devrait mani- 
fester, dans son niveau triplet, de meilleures 
proprittts acceptrices que la fluoresctine. Or, 
comme nous le verrons plus loin, si l'on tient 
compte de la population du plus bas niveau 
triplet de ces deux colorants, la fluoresctine est 
un sensibilisateur plus efficace que l'tosine Y 
pour la photo isomtrisation de la forme trans. 
Le rose de Bengale dont le rendement de 
population du plus bas niveau triplet est voisin 
de 1' est un sensibilisateur peu efficace de 
l'isomtrisation trans -+ cis. Or, 18 encore, ses 
bonnes proprittts d'accepteur devraient le faire 
participer B un transfert d'tlectrons facile. Nous 
tcartons donc l'intervention de ces transferts 
dans nos mtcanismes d'isomtrisation. 

Si l'on analyse de f a ~ o n  dttaillte les variations 
des rendements (@S,,c)O en fonction de la con- 
centration d'azobenzhe trans, on remarque que 
la fluoresctine et l'tosine Y se comportent trks 
difftremment du rose de Bengale. 11 apparait 
dans les trois cas, tout d'abord une augmentation 
de la vitesse du transfert d'tnergie triplet- 
triplet avec la concentration initiale d'azoben- 
zkne trans. Le rendement quantique d'isomtrisa- 
tion sensibiliste pour le rose de Bengale devient 

'Nous n'avons pas trouve dans la litterature la valeur 
du rendement depopulation du plus bas niveau triplet du 
rose de Bengale. Mais les valeurs admises pour la fluores- 
cCine (0.05), 1'Cosine (0.77 ou 0.43) et l'erythrosine (1.07) 
nous font penser que la population du triplet du rose de 
Bengale est quantitative. 

Pour l'gosine Y- et la fluoresctine, quelques 
mesures des rendements de population des 
niveaux triplets +,, ont CtC effectutes. Si pour 
la fluoresctine les rtsultats sont concordants, il 
n'en est pas de m&me pour l'tosine. 

Fluoresctine 
+,,,, = 0.05 $ 0.02 (5) en solution dans l'eau 

= 0.04 $ 0.005 (6) en solution dans 
30% d'eau et 70% 
d'tthanol 

Eosine Y 
+,,,, = 0.71 $ 0.10 (5) en solution dans l'eau 

= 0.43 $ 0.04 (6) en solution dans 
l'tthanol 

Si la fluoresctine et l'tosine Y ttaient susceptibles 
de produire par transfert triplet-triplet le 
niveau Tpf obtenu avec le benzile, les rendements 
quantiques d'isomtrisation sensibiliste devraient 
&tre, au maximum, 

Fluoresctine 
= 0.05 x 0.052 x 0 . 5 0 ~  = 0.0012 

Eosine 
(Qs,,,)O = 0.43 x 0.05 x 0.50 = 0.011 
ou = 0.71 x 0.05 x 0.50 = 0.018 

Ces valeurs sont tr2s inftrieures a celles mesurtes. 
11 faut donc admettre que le niveau atteint aprks 
transfert d'tnergie est le niveau triplet T,' 
responsable de l'isomtrisation, le niveau Tpt 
n'ttant pas alors peuplt pour de simples raisons 
tnergttiques. Ceci nous permet de situer le 
niveau Tpt B une tnergie comprise entre celle du 
niveau triplet de la fluoresctine (47 kcal mol-') 
et celle du niveau triplet du benzile (54 kcal 
mol-I). Dans le cas de la fluoresctine, la valeur 
maximum du rendement 0.03 cor- 
respond certainement B un transfert quantitatif 
puisqu'elle nous conduit 2 admettre cornme 
rendement de transition inter-systemes dans ce 
donneur: 

2Valeur moyenne mesurant la probabilitk de la conver- 
sion interne TBt + T,'. 

3Valeur admise comme probabilite d e  desactivation du 
T,' vers les deux formes. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RONAYETTE ET AL.: I 

valeur proche de celles publiees dans la littera- 
ture. 

Le transfert triplet-triplet qui intervient entre 
l'eosine Y et la forme cis de l'azobenztne est 
quantitatif car le rendement4 (OSc,,) devient 
independant de la concentration en azobenztne 
cis. On peut dkduire de cette rnesure une valeur 
du rendement de transition inter-systemes dans 
I'eosine Y en admettant aue. comrne dans le . , 

cas de benzile on peuple quantitativement le 
triplet T,' de la forme cis: 

valeur egale i celle mesuree par Porter (5) et 
que nous adopterons dorenavant. Les valeurs de 
+,,,, adoptees nous permettent de construire 
les courbes representant les variations de: 

en fonction de la concentration d'azobenztne, 
c'est-i-dire la probabilite de population du 
niveau Tat par transfert d'energie i partir de ces 
colorants (fig. 4). Les valeurs du maximum de 
la courbe relative B 1'Cosine Y montrent que la 
population du niveau Tat n'est pas quantitative. 
Ce fait est encore ~ l u s  evident i forte concen- 
tration d'azobenztne trans, tant pour ]'Cosine Y 
que pour la fluoresceine. Pour expliquer la 
partie decroissante de ces courbes de variations 
du rendement (OSr,c)O en fonction de la con- 
centration d'azobenztne trans, i l  est necessaire 
d'admettre que l'azobenzene peut desactiver un 
niveau precurseur du plus bas niveau triplet TI 
du colorant sans que ce processus conduise a 
une isomerisation sensibilisee efficace. Ce prC- 
curseur ne peut pas Ctre le niveau singulet St du 
colorant car celui-ci n'est pas dksactive par 
l'azobenzene aux concentrations employees. Ce 
precurseur pourrait Ctre un "deuxieme triplet" 
T, du colorant, de duree de vie plus courte que 
celle du plus bas niveau triplet TI (le rapport des 
deux duries de vie ne devrait pas excider 10). Ce 
deuxitme triplet serait alors dCsactivC par I'azo- 
benzene par un transfert d'knergie qui produirait 
le niveau Tpf conduisant i une isomirisation 

4Comme nous I'avons deja precise, le rendement as,,, 
determine avec des melanges contenant initialement des 
concentrations variables de forme trans est independant 
de la composition du mtlange et il a la m&me signification 
cinetique qu'un rendement initial. 

FIG. 4. Variation du  rendement de population du 
niveau triplet Tar en fonction de la concentration d'azo- 
benzine trans; fluoresceine; eosine Y. 

inefficace. Ce transfert d'energie inhibe, bien 
entendu, la population du plus bas niveau 
triplet du colorant et donc l'isornerisation rapide 
par transfert produisant le niveau T a r .  On ne 
peut obtenir une telle courbe avec la forme cis 
car quelque soit le niveau triplet peuple on 
parvient toujours quantitativernent au niveau 
TaC. I1 faut noter au passage qu'un tel effet 
inhibiteur de la concentration en azobenztne ne 
peut s'interprkter par un micanisme impliquant 
un transfert d'electrons. (Les deux triplets du 
colorant ainsi mis en jeu pourraient corres- 
pondre aux diffirents etats de protonation du 
colorant. Une etude ulterieure de I'isomerisation 
sensibilisee des azobenzines dans des milieux 
d'aciditis differentes pourrait nous fournir 
quelques indications sur une telle possibilite). 

Le fait experimental qui nous parait irnpor- 
tant concerne la possibilite de peupler directe- 
rnent le triplet de la forme trans Tar responsable 
de l'isorn6risation, avec la fluoresceine et l'eosine 
Y. I1 apparait au contraire impossible de 
provoquer une telle population avec le rose de 
Bengale qui ne conduit qu'a des isomCrisations 
tres inefficaces. L'interpretation des phenomenes 
observes avec le rose de Bengale est beaucoup 
plus delicate. Les resultats indiquks dans les 
tableaux 1 et 3 montrent que les transferts 
d'knergie vers ces formes cis et trans deviennent 
quantitatifs dts que la concentration en azoben- 
zine est superieure B 2 x mol I-'. 

Dans le cas de l'azobenzine cis (OSc,, = 0.35) 
on peuple quantitativernent le niveau TaC. Nous 
n'obtenons pas un rendement &gal i 0.50 car i l  
y a une certaine autodCsactivation du  rose de 
Bengale i la concentration employee (2 x 
mol I-'), autodtsactivation qui provoque un 
deficit dans la population du niveau triplet du 
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sensibilisateur. Dans le cas de I'azobenztne 
trans = 0.018) on peuple quantitative- 
ment le niveau Tpz et non le niveau Tat. La 
encore, on n'obtient pas un rendement Cgal i 
0.03 comme avec les sensibilisateurs "haute 
Cnergie" cause de I'autodCsactivation du rose 
de Bengale. L'Ctude du regime photostationnaire 
nous fournit un rapport des constantes kts/kCs 
Cgal i 0.05. Une telle valeur est bien caract6 
ristique d'une sensibilisation produisant le 
niveau Tpt de l'azobenztne trans. La population 
du niveau Tpt dont 1'Cnergie est supCrieure a 47 
kcal mol-', par un transfert issu du rose de 
Bengale, ne peut impliquer le plus bas niveau T,  
du rose de Bengale (43 kcal mol-') mais un 
deuxitme triplet d'knergie supirieure, prkcurseur 
du niveau T, .  11 est remarquer que meme aux 
faibles concentrations d'azobenztne, le niveau 
Tat n'est pas peuple a partir du niveau T I  du 
rose de Bengale. Un tel transfert dlCnergie peut 
Stre interdit pour des raisons gComCtriques ou 
CnergCtiques. L'Cnergie du niveau triplet Tat 
ayant CtC calculCe Cgale A 46.5 kcal mol-' (S), 
ce transfert d'Cnergie est plut6t interdit pour des 
raisons CnergCtiques. La comparaison avec la 
fluoresceine et 1'Cosine Y de structures molCcu- 
laires voisines nous induit a penser que les 
facteurs gComCtriques ne sont pas prCpondCrants. 

L'expCrience montre enfin que le bleu de 
methyltne dont 1'Cnergie du niveau triplet 
infkrieur de durCe de vie 6.10-5 s (7) est trts 
base, 33 kcal mol-' (2), ne peut sensibiliser que 
I'isomCrisation de l'azobenztne cis. Aux con- 
centrations d'azobenztne employCes, le transfert 
d'knergie n'est pas quantitatif et les faibles valeurs 
du rendement sensibilisi (@Sc,,)O pourraient 
traduire un transfert d'energie lCgtrement endo- 
thermique. 11 est remarquer que le transfert 
inverse, c'est-i-dire issu du niveau triplet Tat de 
l'azobenztne, CnergCtiquement possible, ne se 
manifeste pas sur le plan expirimental. 

Le diagramme CnergCtique suivant (schema 1) 
rCsume ces considCrations CnergCtiques. Nous 
avons place ?i titre trts indicatif le deuxitme ni- 
veau triplet des colorants xanthiniques. Pour 
interpreter les courbes de I'isomCrisation sensi- 
bilisCe, nous avons fait intervenir un deuxitme 
triplet T, dont le peuplement devrait se faire i 
partir du premier niveau singulet des colorants, 
toutes les irradiations ayant CtC faites dans leur 
bande d'absorption visible. Or, 17Cnergie de la 
transition &O correspondant au premier niveau 
singulet se situe vers 55 et 52 kcal mol- ' respec- 

Phknanthrtne (62 kcal mol-l) 

Chrystne (57 kcal mol-l) 

Benzile (54 kcal mol-l) 

Deuxiirme triplet des colorants 
xanthtniques (50-55 kcal mol-l) 

Tot Fluoresc6ine T1 (47 kcal mol-l) 

Eosine TI (45 kcal mol-l) 

Rose de Bengale T1 43 kcal mol-' r 
1.00 
2 

Bleu de mCthylene (33 kcal mol-l) T.' 

Azobenztne tratrs Sensibilisateur Azobenzene cis 

tivement pour la fluoresceine et l'C9sine Y (3); 
dans le cas du rose de Bengale, elle serait situCe 
vers 50 kcal mol-'. Le niveau Tgt  de l'azoben- 
ztne trans doit donc etre situC en dessous de 50 
kcal mol-'. 

Photoreduction 
L'Ctude exphimentale nous a montrC que la 

photorCduction Ctait un mCcanisme propre a la 
forme cis de l'azobenztne. Elle n'a lieu que 
lorsque l'azobenztne cis est excite dans la bande 
d'absorption S,(xx*). Le rendement quantique 
de la riduction photochimique est toujours 
faible (a, = 0.018), on ne peut rendre ce 
processus compktitif avec la photoisomCrisation 
et il devient trtis difficile a Ctudier quantitative- 
ment. I1 apparait en outre exptrimentalement 
trtis difficile d'Ctudier la sensibilisation de la 
photorCduction et les travaux prCcCdents ne 
peuvent @tre pris en considiration. 

La photorCduction peut etre issue soit directe- 
ment du deuxitme singulet S,(xn*), soit du 
triplet T< qui serait alors peuplt directement a 
partir du singulet S,(xn*) et non a partir du 
singulet S,(nx*). La photoriduction ne peut 
&tre issue du triplet TaC car les Ctudes d7isomCri- 
sation montrent qu'un tel triplet est peuplC 
quantitativement a partir de l'un quelconque 
des deux niveaux singulets S,(nx*) ou S,(nx*). 

Conclusions 

L'Ctude de I'isomCrisation sensibiliske et de la 
photorCduction nous a permis d e  prCciser dans 
une certaine mesure les propriktts des niveaux 
triplets des deux formes de l'azobenztine. En 
guise de conclusion, nous pouvons maintenant 
representer le micanisme d'isomkrisation directe 
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RONAYETTE ET AL.: 

azobenzene cis 

azobenzene tmns 

SCHBMA 2. Diagramme de Jablonski de I'azobenztne 
en solution. 

a l'aide du schema 2. Comme nous allons le voir, 
les rendements quantiques de transition inter- 
systtmes indiques sur ce diagramme sont donnes 
seulement h titre indicatif. 

Si l'on considere la forme trans, la conversion 
interne S,(xx*) 3 S,(nx*) n'est certainement 
pas quantitative puisqu'il y a effet de longueur 
d'onde sur le rendement quantique d'isomtrisa- 
tion directe. On ne peut acckder directement a la 
probabilite de cette transition car on ne peut 
observer ni fluorescence, ni processus issu 
specifiquement du niveau singulet Sl(nx*) dans 
les solvants utilises. On doit se contenter 
d'assurer que la probabilite de la conversion 
interne S, 3 S1 est comprise entre 0 et 0.42. 

Nous avons estime que la probabilite de la 
conversion interne Tpi -+ Tat est voisine de 0.05; 
compte tenu des resultats obtenus en isomerisa- 
tion directe, on peut en deduire les rendements 
de transition intersysttmes suivants: 

si l'on admet une population quantitative des 
niveaux triplets et une desactivation non radiative 
du triplet Tpf vers l'etat fondamental de l'azo- 
benztne trans (avec une probabilite de 0.95). En 
fait, on ne sait distinguer experimentalement une 
desactivation non radiative directe du singulet 
S,(n~c*) d'une dksactivation impliquant le niveau 
Tpf comme intermediaire. Le rendement +,, , Tat 

ne saurait @tre trts different de 0.50. Avec les 
mCmes hypothtses que prectdemment, et en 
tenant compte des limites du rendement quanti- 
que de la conversion interne S2 -+ S,, on peut 
determiner les limites de rendement de popula- 
tion des triplets TP1 et T,' a partir du niveau 

Si l'on considtre la forme cis, il n'y a pas 
d'effet de longueur d'onde significatif sur les 
rendements quantiques d'isomkrisation directe et 
tous nos resultats concernant les sensibilisation~ 
s'interpretent en admettant une conversion 
interne TpC -+ TUc quantitative. I1 apparait expe- 
rimentalement impossible de prtciser les rende- 
ments des diverses transitions inter-systemes. La 
seule concli~sion interessante est qile dans le cas 
d'une excitation directe ou d'une sensibilisation, 
le triplet Tat responsable de 1'isomCrisation est 
peilplt qilantitativement (abstraction faite du 
faible pourcentage de molCcules qui disparaissent 
par photoreduction dans les solvants appropries). 

11 convient de revenir sur notre hypothise 
fondamentale d'une dksactivation des deux 
niveaux triplets T,' et Tat avec une Cgale pro- 
babilitk vers les deux formes cis et trans dans 
l'etat fondamental. Dans la plupart des cas oh 
nous estimons que la population des niveaux 
Ta est quantitative, le rendement quantique 
d'isomkrisation est effectivement voisin de 0.50. 
Cette circonstance s'est prCsentee dans les cas 
suivants: (i) excitation de la forme cis dans les 
niveaux S,(nx*) et S2(nx*); (ii) sensibilisation de 
l'isomtrisation de la forme cis par le benzile; 
(iii) sensibilisation de l'isomerisation de  la forme 
trans par la fluoresckine. 

I1 convient de dire que le travail rapporte dans 
les deux articles presents n'est qu'une approche 
du probleme du comportement photochimique 
de l'azobenzene. Des experiences complemen- 
taires sur le mecanisme de photoreduction et sur 
l'isomerisation sensibilisee par des colorants 
sont actuellement en cours au laboratoire. 
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Isomerisation cis-trans de I'azobenzene catalysee par I'iode. I11 

Ltrhor.citoire tle Plrotochirnir, U.E.R. tle Scic.rlces Esncfes e f  Nat~o.elles et Ecole Natiot~nlr S~rpCrie~rre de Chirrlic., 
Urli~,ersitP de Clerrrlont, Erlsrrnhle Scic~r~tifiyue des CPzetrlrs, 63/70, Allbitre, Frnizce 

L'isomCrisation cis-tr.011~ de I'azobenzkne peut i t re  catalysie par I'iode. La constante de 
vitesse du processus de rtaction de I'azobenztne cis avec les atomes d'iode a CtC CvaluCe A 
2 * 1 x 10" mol-' 1 s-' soit une valeur trts  supkrieure A celle de la constante de vitesse cor- 
respondante d'autres systemes isomCrisables. Cette tr6s grande rCactivitC de l'azo- 
benzene cis permet de mettre en Cvidence des e f fe t s  de parois inattendus en phase 
liquide. U n e  mCthode de microdosage des atomes d'iode peut &tre basCe sur cette isomCri- 
sation catalysCe. 

-- 

T h e  cis-trrrt~s isomerization o f  azobenzene can be catalyzed by iodine. T h e  rate constant 
for the reaction o f  cis-azobenzene with iodine atoms was determined as 2 2 1 X 10" mol-' 
1 s-', i.e. a much larger value than that pertaining t o  other isomerizable systems. This  very 
high reactivity o f  cis-azobenzene allowed the demonstration o f  surface effects which were 
unexpected in the liquid phase. A method for estimating low concentrations o f  iodine atoms 
can be based o n  this catalyzed isomerization. [Journal translation] 

Can. J .  Chern., 52,1868 (1974) 

Dans le cadre p l~ls  gtntral  de nos ttudes du catalyse par l'iode rnoltculaire de l'isomtrisation 
cornportement photochimique de I'azobenzirne cis + trans de I'azobenzirne. De telles catalyses 
en solution, il apparaissait inttressant de dtter- sont bien connues, en particulier pour les molC- 
miner la durte de vie des niveaux triplets respon- cules tthylkniques (4-6); elles font intervenir des 
sables de l'isomtrisation (1, 2). Une technique 
possible consistait a ttudier l'inhibition de I'iso- 
mtrisation trans-cis de l'azobenzirne par I'iode 
moltculaire. L'tnergie du triplet responsable de 
I'isomtrisation dans la molecule trans a Cte 
tvalute a environ 44 kcal mol-'  (2); I'tnergie 
du triplet 3TIl, de I'iode est voisine de 38 kcal 
mol-' (3). Le transfert est donc tnergttiquement 
possible. Une telle inhibition a lieu effectivernent 
lorsque I'on excite stlectivernent de l'azobenzirne 
trans en prksence d'iode; elle persiste pour des 
concentrations d'iode voisines de M et elle 
disparait si la solution est atr te.  Ces deux aspects 
exptrimentaux laissent penser que l'inhibition 
observte ne rksulte pas d'un transfert d'tnergie 
triplet-triplet entre I'azobenzirne et l'iode; en 
effet (i) l'oxygirne ne serait pas susceptible d'tli- 
miner ce transfert sans dtsactiver l'azobenzirne; 
or nous avons lnontrt que I'oxygirne en concen- 
tration voisine de M ne dtsactivait pas le 
triplet de l'azobenzirne trans (I) ;  (ii) pour que le 
triplet de l'azobenzirne soit totalernent dksactivt 
par M d'iode, il faudrait q ~ l e  sa durte de vie 
soit suptrieure s, durke de vie incompati- 
ble avec de pricedents essais d'inhibition (2). 

Nous avons donc t t t  induits interprtter le 
phtnomirne d'inhibition comrne rksultant d'une 

atornes d'iode et se  dtroulent selon les processus 
suivants. 

cis + 1 g (cis-I) -> (trarls-I) g t ram  + I 

Resultats experimentaux 
Mise en e'vidence des effets de parois 

Au cours des t tudes preliminaires d'inhibition 
de I'isomtrisation trans-cis de I'azobenzirne par 
I'iode, nous avons remarqut une trirs grande 
irreproductibilitt des phtnomirnes exptrimen- 
taux. La fig. 1 illustre cette irreproductibilitt dans 
quelques experiences d'inhibition, rtalistes en  
mi lie^^ dtgazt, lors de l'irradiation avec une 
lumiirre rnonochromatique ( h  = 334 nm) d'un 
rntlange d'azobenzirne 8.2 x M et d'iode 
4 x M .  Sur cette figure, nous avons portt, 
en ordonnte, la densitt optique d e  la solution a 
345 nm, longueur d'onde oh nous pouvons doser 
stlectivelnent I'azobenzirne trans, e t  en abcisse le 
temps exprimt en min. Dans tous les cas, le 
temps d'irradiation est 12 min; aprirs la fin de 
I'excitation nous suivons I'kvolution de la densit6 
optique en fonction du temps. La  courbe 1 
reprtsente I'isorntrisation norrnale de l'azo- 
benzene en I'absence d'iode; les courbes 2,3, et 4 
rnontrent que, dans certaines conditions, une 
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ARNAUD E T  LEMAIRE: ISOM~RISATION. I11 1869 

FIG. 1. IrreproductibilitC de l'inhibition de I'isomB 
risation trans-cis de l'azobenzene par I'iode. 

-D,,, tiques correctes. Nous obtenons effectivement 

inhibition partielle de I'isomCrisation se mani- 
feste et la courbe 5 prCsente le cas d'une inhibi- 
tion totale de I'isomCrisation. 11 faut rernarquer 

0.90. 

que la courbe 4, qui correspond une concen- 
tration d'iode de 2.12 x M, traduit une 
inhibition plus importante que celles reprCsentCes 
par les courbes 2 et 3 pour lesquelles la concen- 
tration d'iode est voisine de M. 

Nous avons attribue ces irreproductibilitCs im- 
portantes a des effets de surface, les parois de la 

dans ces conditions, des mesures reproductibles 

cellule Ctant susceptibles de provoquer la dis- 
parition des atomes d'iode qui catalysent l'iso- 
mCrisation cis + trans de I'azobenztne. Ce n'est 
qu'apres traitement de la cellule de mesure avec 

des vitesses de photocatalyse. Des effets de parois 
semblables avaient CtC remarqub, en phase - 
gazeuse, lors de 1'Ctude de I'isomCrisation 
cis -, trans du 2-butene (7) et du dichloroethylene 
(13). 

du melange sulfo-chromique que nous avons pu 
obtenir des inhibitions reproductibles (en prenant 
en outre la prCcaution de ne rCaliser qu'une 
exptrience par cellule traitCe). Entre deux mani- 
pulations, nous avons conservt la cellule remplie 
du mClange sulfo-chromique. Avant utilisation, 
nous l'avons rincte 30 a 40 fois a I'eau distillee 
et nous I'avons longuement sCchCe par mise sous 
vide de pompe A diffusion de mercure. Dans la 
suite de nos expkriences, nous avons utilisC la 
technique d'irradiation a 334 nm du mClange 
azobenzene trans - iode comme test de contrble 
de propretC de la cellule; lorsque l'inhibition de 
I'isomCrisation trans 4 cis est totale (fig. 1, 
courbe 5), nous considCrons que 1'Ctat des parois 
de la cellule permet de rCaliser des mesures cine- 

Isome'risation cis -+ trans du stilb6ne 
photocatalyske par I'iode 

I1 convenait alors de savoir si, en Climinant ces 
effets de parois inattendus en phase liquide, nous 
obtiendrions des valeurs de constantes de vitesse 
sensiblernent voisines de celles ~ubliCes. Dans ce 
but, nous avons choisi d'examiner I'isoinCrisa- 
tion du stilbtne. Selon Mazzucato et ses colla- 
borateurs (8) le processus 

ki 
Stilbene cis + I -+ Stilbene trnrls + I 

aurait une constante de vitesse lci Cgale a 7.2 x 
lo4 mol-' I s - ' .  

L'isomCrisation cis -+ trans thermique du stil- 
bene, en I'absence d'iode, est une rCaction lente. 
A 20 "C les donnCes de la IittCrature (9) nous 
permettent de calculer la constante de vitesse qui 
est tgale 10-l3 s-'. Ainsi la forme cis du 
stilbene a une durCe de vie suffisaminent grande 
pour que l'on puisse mesurer quantitativement 
des effets catalytiques d'isomCrisation cis  -+ trans. 

Nous avons utilisC un dispositif comprenant 
une cellule en quartz de 1 cm d'kpaisseur con- 
tenant une solution 5 x lo-' M de  stilbene 
trans en solution dans le cyclohexane et un rC- 
servoir adjacent contenant une solution 4 x 
M d'iode rnolCculaire. On Climine I'oxygene 
dissous dans les solutions par congClation 
-20 "C suivie de pompage sous vide d'environ 
lo-' mm de mercure et d'un rkchauffement la 
temperature ambiante; on scelle la cellule aprts 
trois ou quatre cycles d'opkrations. O n  irradie 
alors la solution de stilbene trans a 313 nm de 
maniere A fabriquer du stilbene cis et l'on suit la 
rCaction d'isomCrisation trans -+ cis par mesure 
de la densit6 optique A 320 nm. A cette longueur 
d'onde les coefficients d'extinction molaire sont 
respectivement 15900 et 1 170 mol- ' 1 cm- ' pour 
les stilbenes trans et cis. Lorsque 1'Ctat photo- 
stationnaire est atteint, on mClange les solutions 
d'iode et de stilbene; on irradie la solution ainsi 
obtenue a 545 nm, longueur d'onde a laquelle 
seule I'iode absorbe avec un coefficient d'extinc- 
tion molaire Cgal a 800 mol-' 1 cm-'. On suit la 
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TABLEAU 1. Isomerisation cis-trans de I'azobenzene catalysCe par I'iode 
- - -- - - -- - pp ---- 

[cis] x lo5 x lo5 I, x lo6 (vPhlo x lo7 111 x lo9 k ,  x 
(mol I-') ( I  I ) (Einstein I - '  s - ' )  I I s )  (atorne-g I-') ( m o  1 s )  4, 

- - - - - - - - 

cinttique, en maintenant la solution a 20 "C, par 
mesure de la densiti optique a 320 nm; on dtter- 
mine ainsi la vitesse initiale d'isomtrisation 
catalyste uiO.  

Le schtma c in t t iq~~e  de l'isomtrisation photo- 
catalyste est bien connu et identiq~ie celui 
ecrit plus loin pour I'azobenzine. La vitesse 
d'isomtrisation s'tcrit 

oh I, est I'intensitt lumineuse absorbte par 
l'iode; 4 est le rendement quant iq~~e de photo- 
dissociation de l'iode moltculaire; /ri est la 
constante de vitesse ~ L I  processus 1 + stilbhe 
cis + I + stilbene trans; lc, est la constante de 
recombinaison des atomes d'iode; M est le 
partenaire d'un triple choc. 

On dttermine exptrimentalement (u,), et en 
utilisant les donntes de la litttrature + = 0.46 f 
0.07 (10, 11) et k,(M) = (1.30 f 0.16) x 10" 
mol-' 1 s-' (12), on peut ainsi calculer les 
valeurs de k,. 

Nos expiriences relatives ail stilbine nous ont 
conduits a la valeur ki = 6.6 x lo4 mol-' 1 s-', 
proche de celle mesuree par Mazzucato et ses 
collaborateurs (lei = 7.2 x lo4 mol-' 1 s-I). 

Ison7e'risation cis + trans de I1azobenzPne 
photocatalyse'e par I'iode 

La constante de vitesse d'isomtrisation thermi- 
que cis + trans de l'azobenzkne, en l'absence 
d'iode, est voisine de s-' (calculte d'apres 
les donntes de la litttrature (9)). Cette reaction 
est suffisamment lente pour ne pas perturber les 
etudes de photocatalyse. 

Le mime dispositif et la mime technique que 
dans le cas du stilbkne ont tte utilists. Toutes 
nos mesures ont t t t  effectutes a 20 "C. L'iode est 
excitte a 546 nm et on suit l'tvolution de la 
rtaction d'isomtrisation cis + trans par analyse 
spectrophotomitrique a 345 nm. A cette lon- 

gueur d'onde les coefficients d'extinction molaire 
de la forme trans et de la forme cis sont, respec- 
tivement, 9000 et 40 mol-' 1 cm-'. On peut donc 
mesurer les variations de concentration de 
l'azobenzkne trans et donc celles de l'azobenzine 
cis (on sait que I'isomtrisation est le seul pro- 
cessus photochimique de l'azobenzine en solu- 
tion dans le cyclohexane (1)). 

Apris mtlange des solutions d'iode et d'azo- 
benzine cis, la densitt optique croit avant que ne 
dtbute l'irradiation a 546 nm, mime si le mt-  
lange est conserve l'obscuritt totale; il  s'agit 
soit d'une isomCrisation catalyste thermique- 
ment par I'iode, soit d'une isomtrisation induite 
par les atomes d'iode provenant de la photolyse 
de l'iode moliculaire provoqute par le faisceau 
de mesure du spectrophotomktre. Durant la 
ptriode triscourte d'excitation de I'iode a 546 nrn 
(At de 10 a 60 s), I'isomtrisation est rapide et elle 
se poursuit longtemps aprcs la fin de I'irradia- 
tion. Les- mesures de densitt optique exigeant le 
diplacement de la cellule d'irradiation, il con- 
vient de tenir compte des variations de la densitt 
optique avant et apris l'excitation pour dtter- 
miner correctement la vitesse de la photocatalyse. 
Les mesures de cette vitesse sont, de ce fait, 
dtlicates. Notons que dans nos conditions expt- 
rimentales, au bout d'environ lo-' s, I'iode 
atteint 90% de sa concentration quasi-station- 
naire. On peut donc assurer q'un ttat quasi 
stationnaire est atteint mime dans les photolyses 
les plus breves. 

Le schtma cinttique de I'isomCrisation cis + 

trans de l'azobenzine photocatalyste par l'iode 
est le suivant. 

Amor~age photochimique 

4 Iu 
12 + hv + 21 

Isomtrisation 
k ,  

I + Azobenzene cis -> I + Azobenzene trnns 
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ARNAUD ET LEMAIRE: ISOM~RISATION !II 1871 

Rupture On peut donc meltre au point une methode de 
k, microdosage des atomes libres d'iode d'une 

21 + M -> I2 + M extreme sensibilite. 
On calcule aisCment les vitesses photochimi- 

J ,  RONAYETTE, R ,  ARNAUD,  P, LEBOURGEOIS et J. 
ques d'isomkrisation A l'instant initial LEMAIRE.  Can. J .  Chem. This issue. 

2. J .  RONAYETTE, R. ARNAUD et J. LEMAIRE.  Can. J. 
112 Chem. This issue. 

= ki (&I) -- [cis10 3. L.  MATHIESON et A. L. G. REEL J .  Chem. Phys. 25, 
753 (1956). 

4. W. J .  MUIZEBELT et R. J .  F. NIVARD. Chern. Com- 
L'analyse numerique de nos courbes experi- mun. 148 (1965). 

mentales obtenues 20 oc conduit aux  5. S .  YAMASHITA. Bull. Chem. Soc. Jap. 34,972 (1961). 

rassemblees en tableau 1. 6. G. ALOISI. G. CAUZZO et U.  MAZZUCATO. Trans. 
Faraday Soc. 65. 816 (1969). 

La constante de vitesse ki est nettenlent plus 7. R. B. CUNDALL et T. F. PALMER. Trans. Faladay 
grande que celle correspondant a d'autres SOC. 57, 1936 (1961). 
syst&lnes isomerisables (9). L'azobenz&ne cis 8. G. CAUZZO, U .  MAZZUCATO et G. ALOISI .  Gazz. 

Chim. Ital. 96. 721 (1966). prksente une rCactivit6 toute particuliere vis h vis 9. R. B ,  C U N D A L L ,  Progressin kinet ics ,  Val, 2. 
de l'iode. 1964. p. 172. 

En conclusion, l'iode catalyse avec une re- 10. D. BOOTH et R .  M. NOYES. J .  Am. Chem. Soc. 82, 
marquable facdite l'isomerisation cis + irans 1868 ( 1960). 
de j'azobenzene. ~ t ~ ~ t  donnee l a  rapid it^ des I I .  L. F. MEADOWS et R. M. NOYES. J .  Am. Chem. Soc. 

82, 1872 (1960). 
processus impliquks, les effets de ~ a r o i s  devien- 12. H. ROSMAN et R .  M .  NOYES. J .  ~ m .  Chem. ~ o c .  80. 

I nent perceptibles: i l  convient donc de travailler 
I 2410 (1958). 
1 dans des cellules traitkes avec le plus grand soin. 13. C. STEEL. J .  Phys. Chem. 64. 1588 (1960). 
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Structural Studies of Histamine RB Effector Molecules: The Crystal 
Structure of the Antihistaminic Drug (+)-Chlorpheniramine Maleate; 

[(+)-S-1-(p-Chloropheny1)-I-(Zpyridy1)-3-N ,N-dimethylpropylamine rnaleate] 

M. N.  G .  JAMES' AND G. J. B.  WILLIAMS^ 
Depnrtment qf Biocl~ernistry, University o f  Albertn, Edmonton, Albertn T6G 2E1 

Received November 16, 1973 

Dextrorotatory chlorpheniramine maleate crystallizes from warm ethyl acetate in a P2, 
cell containing two formula units of the salt, with unit cell dimensions; n = 5.7669(4) A, 
b = 20.338(2) A, c = 9.1347(8) A, = 103.73(2)". Diffractometer data were collected with 
CuK. radiation to 28 = 128". The structure was solved and refined to R = 0.050 and wR = 
0.066. The absolute configuration is confirmed as being S. The alkylamine chain is asymnletri- 
cally disposed to the two aryl rings, the p-chlorophenyl ring being more exposed and  the 
2-pyridyl ring partially occluded. The molecule has an open side to which both hydrogen 
bond and n orbital overlap linkages can occur. The maleate mono-anion is hydrogen bonded 
to the dimethylamino group via a normal N-H.. .O  linkage. The intramolecular hydrogen 
bond of the maleate ion is 2.444(5) A long and is asyn~metric. 

Le nlaleate chlorprophCnpyridan~ine dextrogyre cristallise dans ]'acetate d'kthyle chaud; 
le groupe d'espsce est P2,; la maille contient deux n~olecules du sel et a pour dimensions: 
rr = 5.7669(4) A, b = 20.338(2) A, r. = 9.1347(8) A, (3 = 103.73(2)". Les donntes d u  dif- 
fractometre sont recueillies avec la radiation CuK, i 20 = 128". La structure est dtterminte 
et raffinee aux valeurs R = 0.050 et njR = 0.066. La configuration absolue est confirnme 
comme etant S. La chaine alcoyl-amine est asyrnCtriqi~e aux deux cycles aryles; le cycle du p- 
chlorophenyle est plus ouvert et le cycle du pyridyl-2 est partiellenlent fernli. La ~nolecule est 
sans encombrement s i r  tin cot6 ou on peut avoir ilne liaison hydrogene et des liaisons de 
recouvrement d'orbitales n. Le mono-anion maleate est lie par I'hydrogene ail groupe dime- 
thylanine par ilne liaison normale N-H. . .O. La liaison intra~noleculaire et asymetrique de 
I'hydrogene et de l'ion ~naleate a i1ne longueur de 2.444(5) A.  [Traduit par le journal] 
Can. J .  Chem., 52, 1872 (1974) 

Introduction 
Numerous studies using various methods 

ranging from pharmacological screening (1, 2) 
through proton magnetic resonance (p.m.r.) (1, 
3, 4) to quantum mechanics (5, 6) have been 
made in the past in an attempt to  define both 
the pharmacodynamic moieties of histamine 
antagonists and their stereochemical relation- 
ships. These approaches have been fruitful in 
that generalized antihistamine forniulations have 
been proposed (2, 7) and speculative receptor 
sites have been published (8, 9). Reliable 
proposals on active co~iforniations and topology 
of receptor sites must, however, be based not 
only on a knowledge of the necessary che~iiical 
characteristics of an active drug but also on a 
firmly established knowledge of its permitted 
conformations. In an attempt to  supply data 

'Author to whoni correspondence should be addressed. 
2Present address: Department of Chemistry, Brook- 

haven National Laboratory, Upton, Long Island, New 
York 11973. 

relevant to this last point the X-ray crystallo- 
graphic technique has recently been applied to the 
problem. 

T o  date two structural descriptions of con- 
forniationally n~obi le  drugs have appeared in 
the literature (10, 11). Because histadyl crystal- 
lizes with two molecules per asymmetric unit 
the X-ray investigation afforded two deterniina- 
tions of the n~olecular geometry (11). This 
circumstance is not general, however, and to 
obtain corroborating evidence for  the conforma- 
tion found in one crystallographic analysis 
anothermustbe performed 011 a similarsubstance. 

Dextrorotatory chlorpheniramine maleate (la) 

n X = C1 Chlorpheniramine maleate 
b X = Br Bron~phenirarnine rnaleate 
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JAMES AND WILLIAMS: STRUCTURE OF 

was chosen as the next con~pound for study in 
our investigation into the structural character- 
istics of antihistaminic drugs for two reasons. 
The first was to  allow comparison with the, 
already determined, structure of dl-brompheni- 
ramine maleate (16) (lo), and the second was 
our intention to  re-establish the absolute con- 
figuration of (+)-chlorpheniramine maleate 
using anomalous dispersion of the chlorine atom. 

It  has been shown that the histamine H1- 
receptor site exhibits stereoselectivity with 
respect to the chirality of the pheniramines (12), 
and a chemical argument has been presented to 
show that the more active (+)-pheniramines 
have the S absolute configuration (13) according 
to  the convention of Cahn et al. (14). N o  fault 
could be found with this chemical argument but 
the stereochemistry of the previously designated 
(1 5 )  reference compound had not been estab- 
lished in a completely unambiguous way. 

Experimental 
Well shaped needles of the complex were grown by 

slowly cooling a solution in ethyl acetate. A colunlnar 
fragment was mounted along its length and photographed 
in the usual way. The diffraction symmetry, 2/m, and 
systematic absences, OkO with lc = 212 + I ,  together with 
the known optical activity of the compound defined the 
space group P2,.  The unit-cell dimensions were deter- 
mined from the accurately centered 28 values of twelve 
reflections in the range 90 < 28 < 120" by a least-squares 
procedure which also provided the orientation matrix of 
the crystal on a Picker FACS-1 diffractometer. These 
dimensions and some other data pertaining to this 
analysis are given in Table I .  

Intensity data were collected at room temperature 
(20 + 2 "C) from a single crystal of dimensions 0.26 x 
0.21 x 0.50 mm. The incident radiation was CuK.- 
monochromated from a highly oriented graphite crystal. 
The reflections were scanned in the 8-28 mode with a 
scan speed of 2" per min over a peak width of 1.5 + 0.285 
tan 8 degrees; two stationary crystal - stationary counter 
background counts of 10 s each were measured at  either 
end of the scan. Reflections were considered unobserved 
if o(l)/ l  > 0.35, where o(1) is given by ( T  + B + (kl)Z)"2 
and T is the total peak count, B the total background 
count, I the net intensity of the peak, and k is a small 
constant (0.04 in this case) included to allow for minor 
experimental errors. The unique part of reciprocal spsce 
limited by 4 < 28 < 128" was explored and of the 1784 
reflections obtained, 1679 were found to have intensities 
significantly above background. Lorentz and polarization 
corrections (16) were applied and observational weights 
were calculated according to the expression f i  = 2F0/ 
[ T  + (kl)' + B]"Z where T, I, B, and k are defined above. 

A three dimensional Patterson synthesis was computed 
using coefficients sharpened by the I/Lp function for a 
zero level of reciprocal space. Poor resolution was ob- 
served in this map; however, by comparison with an  

HISTAMINE HI EFFECTOR MOLECULES 

TABLE 1. Crystallographic data for 
(+)-chlorpheniramine maleate 

- -- 

Parameter 

Molecular formula 
Molecular weight 
Crystalline habit 
Space group 
n 
b 
C 

a 
v 
p,,,, (2 formula units/cell) 
p,,, (density gradient column) 
v(CuK,) 
h(CuK,) 
- . - . - -- - - - - - - 

Value 

CzoH23Nz04CI 
380.97 daltons 
Needles along n axis 
p21 (CzZ) 
5.7669(4) A 
20.338(2) A 
9.1347(8) A 
103.73(2)" 
1040.7 A3 
1 ,248 g/cln3 
1 .248(2) g/cni3 
18.5 cm-'  
1.54051 A 

unsharpened synthesis it was possible to arrive at two 
probable atomic locations, and a symmetry minimum 
superposition (17) map obtained from these two positions 
revealed the chlorobenze'ne fragment and the maleate 
ion. This initial model was expanded by the difference 
Fourier method and refined through two cycles of unit- 
weighted block-diagonal least-squares to yield a con- 
ventional R factor (R = Zl(F,I - JFc(J/ZIF,I) of 0.25. 
Throughout the refinement the y/b coordinate of the 
chlorine atom was fixed at  0.50. The scattering factors 
used were derived from the analytical coefficients of 
Cromer and Mann (18) except for the hydrogen curve 
which was that of Stewart et al. (19). The real part of 
anon~alous dispersion (A f") for the non-hydrogen atoms 
were applied here and subsequently. These quantities for 
CuK, radiation are CI = 0.375, 0 = 0.055, N = 

0.036, C = 0.021 electrons (20). The imaginary terms 
(A f ") for chlorine and oxygen, 0.685 and 0.034 electrons 
respectively (20), were applied later. 

Continued least-squares and difference Fourier refine- 
ment allowed: (I) sensible locations to be found for all 
hydrogen atoms except the second base dissociable 
proton of the maleate ion, and (2) the pyridyl ring 
nitrogen atom to be discerned from the six atoms which 
had hitherto all been treated as carbons. T h e  conven- 
tional residual R was thereby decreased to 0.068. 

In order to determine the absolute configuration, a 
Friedel pair analysis was performed. The original crystal 
was remounted on the diffractometer as it had been 
previously and I06 lrkl/l~l;l Friedel pairs of reflections 
collected. These data were processed in the normal way 
and structure factors were calc~~lated for them using the 
original parameter set and the enantiomorphous set 
derived by reflection of the original through the plane 
y = 0.5. The agreement summary for these calculations 
is given below. 

ZllFOl - I F C l l  ,, = R = ------- 
Model ZIFO~ 
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These figures and the fact that three contradictions and 
103 confirniations of the S model were found in the tabu- 
lation of structure factors from these calc~~lations clearly 
imply that the correct hand of the (+)-chlorpheniraniine 
niolecule is S (21). 

Five reflections with sniall Bragg angle and large 
intensities were deemed to be suffering froni secondary 
extinction and so were coded unobserved at  this point. A 
A F ~ n a p  computed on the basis of the parameter set of the 
S configuration revealed a peak of height 0.25 e/A3 in a 
chemically sensible locatio~i for the remaining hydrogen 
atom. Final convergence of the model was forced after 
4 more block-diagonal cycles, using relaxation factors of 
0.7 (22), by calculating 2 further cycles i l l  which parani- 
eter shifts were damped down by using shift m~~ltipliers 
of 0.5 and 0.4. The final weighted and ~~nweighted R 
factors over the included data are 0.064 and 0.050 respec- 
tively. Theabove mentioned Friedel pair tabulation and a 
listing of the observed structure anlplitudes and final cal- 
culated structure factors were ~on ip i l ed .~  

Results and Discussion 

The positional and thermal vibration parani- 
eters used to describe the final model are given 
in Tables 2 and 3. Bond distances and interbond 
angles for the non-hydrogen atoms are contained 
in Fig. 1 which also presents the numbering 
scheme and atomic coding adopted here. The 
comparable molecular parameters involving the 
hydrogen atoms are given in Table 4. Using X 
to denote a carbon, nitrogen, or oxygen atom, 
then the e.s.d.'s in the distances CI-X, X-X, 
and H-X average 0.005, 0.005, and 0.03 A 
respectively. Error estimates for the angles CI- 
X-X, X-X-X, X-X-H, H-X-H, and 
X-H-X average 0.3, 0.4, 3.0, 3.6, and 3.7" 
respectively. These e.s.d.'s were obtained from 
the atomic positional e.s.d.'s by the independent 
aton1 method of Ahmed ef al. (23). Because 
interatomic correlations were neglected both in 
the least-squares refinement process and in the 
derivation of the above e.s.d.'s these quantities 
are underestimated and should be treated with 
caution. 

Other authors have shown that the chlorine - 
aromatic carbon bond distance has a preferred 
magnitude of 1.737(16) A in cases where the 
halogen atom is univalent (24-26). The value of 
1.748(5) A obtained for the present compound 
is insignificantly different from this expected 
value and supports the conclusions of the above 

3These data are available, at a nominal charge, froni 
the Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 

F IG.  1. Bond distances and angles for the non-hydro- 
gen atoms of (f )-chlorpheniramine nialeate. 

citations that Sutton's (27) 1.70(1) A is an 
underestimate of this distance. 

The phenyl ring of this compound is planar 
with no member of this grouping displaced more 
than 0.01 A from the plane with equation 
-0.4624~ + 0.65351, - 0.59922 = 5.1817.4 The 
ring, however, does exhibit several distortions 
from ideality; of the six intra-ring CLC bonds 
three are within 0.005 A of 1.394 A and a 
fourth is within 3~ of this accepted value (27). 
However the C(1)-C(6) and C(2)-C(3) bonds 
are both abnormally short being 1.350(5) and 
1.369(5) A respectively. 
-- 

"This and similar equations in this paper are in the 
cosine form with referelice to an orthogonal axial system 
(n,b,c*) measured in Angstroms. 
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JAMES AND WILLIAMS: STRUCTURE OF HISTAMINE HI EFFECTOR MOLECULES 1875 

TABLE 2. Atomic positional and anisotropic thermal vibration parameters ( x  lo4) 
for the non-hydrogen atoms of (+)-chlorpheniramine maleate 

- 

Atom xla y lb  z/c UI I *  U2 2 u3 3 U I Z  u2 3 ui 3 

CI S55(3)t SOOO(0) 2772(2) 64 l(5) 564(5) 4966) - 8 1 (4) - 13 l(4) - 24(4) 
C(1) 2561(9) 5639(3) 3765(5) 430(11) 394(11) 316(8) 47(10) -4(8) -28(8) 
C(2) 4515(9) 5867(3) 3269(4) 41 l(11) 548(16) 278(8) 59(11) - 56(9) 90(8) 
C(3) 5829(7) 6374(2) 4031(4) 307(8) 488(13) 293(8) 53(9) 400) 104(6) 
C(4) 5286(6) 6672(2) 5278(3) 242(6) 360(9) 278(7) 4 1(6) 57(6) 75(6) 
C(5) 3301(6) 6427(2) 5735(4) 278(7) 424(11) 302(7) - 7(8) - 9(8) 97(6) 
C(6) 1991(7) 5908(3) 4985(5) 296(9) 496(14) 314(9) -15(9) 1 o(9) 60(7) 
C(7) 6818(5) 7220(2) 6120(4) 235(6) 349(9) 3 13(7) 26(6) 71(6) lOl(6) 
C(8) 7665(5) 7053(2) 7808(3) 228(6) 269(7) 3 16(7) 9(5) 67(6) 68(5) 
C(9) 9432(6) 7549(2) 8661(4) 237(6) 236(7) 379(8) 1(5) 67(6) 97(6) 
N(1) 10838(4) 7284(1) 101 33(3) 187(4) 197(5) 357(6) 1 l(4) - 1 l(4) 68(4) 
C(10) 9339(6) 7063(2) 1 1156(4) 250(6) 276(7) 303(7) 10(6) 24(6) 666) 
C(I1) 12632(6) 7772(2) 10887(5) 235(7) 25 1(7) 493(11) -2 1(6) - 47(8) 30(7) 
C(l') 5559(6) 7878(2) 5858(4) 249(6) 322(8) 329(8) -23(6) 102(7) 55(6) 
C(2') 6025(10) 8315(2) 4798(5) 541(15) 345(11) 31 3(8) -76(10) 59(8) 1 19(9) 
C(3') 4802(15) 8901(3) 4565(6) 863(28) 329(11) 401(13) -42(16) 152(11) 88( 15) 
C(4') 3 171(11) 9044(3) 5376(7) 496(16) 349(12) 589(17) 58(11) 157(12) 104(13) 
C(5') 2843(1 1) 8591(3) 6436(10) 438(14) 356(12) 923(29) 126(1 1 )  224(16) 288(17) 
N(6') 4003(8) 8022(2) 6669(6) 408(10) 396(11) 732(16) 138(9) 261(11) 324(11) 
O(l) 13788(4) 6330(1) 9640(3) 277(5) 206(4) 385(6) 5(4) - 14(4) 130(4) 
O(2) 10807(4) 5632(1) 8940(4) 208(4) 258(5) 753(12) 33(4) - 15(7) 99(6) 
O(3) 10289(4) 4441(1) 8735(5) 21 8(5) 267(6) 817(13) -36(5) - 84(7) 136(6) 
O(4) 12565(6) 359 [(I)  8769(6) 356(8) 229(5) 972(18) - 14(6) - 17(8) 236(10) 
Cm(l) 13011(5) 5770(1) 9293(3) 224(6) 215(6) 332(7) 5(5) 3 0 )  107(5) 
Cm(2) 14808(5) 5247(1) 9294(4) 18 l(5) 229(6) 43 l(9) - 5(5) - 33(6) 103(6) 
Cm(3) 14525(5) 4599(2) 9148(5) 203(6) 247(7) 470(10) 26(5) - 29(7) 1 16(6) ' Cm(4) 12348(6) 4180(2) 8866(5) 262(7) 211(6) 478(11) 9 ( 5 )  I - 19(7) 137(7) 

*These U,, values arecoeffic~ents In theexpress~on exp [ -  2rr2(a*2U,,l12 , 6*2U21h2 -1 ~*2U, , /2  - 2u*b*UI2/~h 1 26*c*U2,1tI / 2a*~*U1, /~ / ) ] .  
I tThe est~mated standard dev~at~ons  ~n the atomlc parameters are glven ~n p'irentheses and refer to the least s ~ ~ n ~ f i c a n t  d ~ g ~ t  ~n the parameter. 

TABLE 3. Atomic parameters ( x  lo3) for the hydrogen 
atoms of (+)-chlorpheniramine maleate 

Atom XI. ylb Z/C u,,, 

H(1) 1 127(5) 706(2) lOOO(3) 43 
H(2) 469(8) 559(2) 263(5) 82 
H(3) 700(7) 652(2) 370(4) 73 
H(5) 309(6) 657(2) 659(4) 60 
H(6) 90(7) 58 1(2) 532(4) 74 
H(7) 821(6) 728(2) 558(4) 58 
H(8 1) 643(5) 700(2) 823(3) 48 
H(82) 794(5) 668(1) 79x3) 48 
H(91) 1053(6) 762(2) 790(3) 56 
H(92) 864(6) 795(2) 890(3) 56 
H(111) 1338(6) 792(2) lOOl(4) 64 
H(112) 1334(7) 766(2) 1 180(4) 64 
H(113) 1 174(6) 8 19(2) 1115(4) 64 
H(101) 840(6) 667(2) 1062(4) 59 
H(102) 866(6) 741(2) I 167(4) 59 
H(103) 1042(6) 698(2) 1 197(4) 59 
H(2') 692(7) 8 12(2) 41 3(4) 75 
H(3') 532(6) 926(2) 387(4) 64 
W4') 248(6) 948(2) 528(4) 64 
H(5') 146(6) 873(2) 7 1 2(4) 64 
Hm(l) 1034(6) 486(2) 857(3) 57 
Hm(2) 1640(6) 538(2) 966(3) 54 
Hm(3) 1582(7) 429(2) 9 16(4) 74 
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TABLE 4* 

(a) Bond distances involving the hydrogen atoms of (+)-chlorpheniramine nlaleate 
-- - 

Distance Distance 
Bond (A) Bond (A) 

C(2)-H(2) 0.83 C(9)-H(92) 0 . 9 9  
C(3)-H(3) 0.86 N(I)-H(l) 0 .55  
C(5)-H(5) 0.87 C(10)-H(101) 1 .02 
C(6)-H(6) 0.79 C(10)-H(102) 0 .98 
Ci2')-H(2') 0.98 C(I0)-H(103) 0 .87  
C(3')-H(3 ') 1.06 C(1 I)-H(1 I I) I .04 
C(4')-H(4') 0.97 C(11)-H(112) 0 .86 
C(5')-H(5') 1.16 C(l1)-H(113) 1.05 
C(7)-H(7) 1.05 Cm(2)-Hm(2) 0 .94 
C(8)-H(8 1) 0.90 Cm(3)-Hm(3) 0 .97  
C(8)-H(82) 0.78 O(3)-Hm(1) 0 .87 
C(9)-H(91) 1.06 

(b) Interbond angles involving the hydrogen atoms of (+)-chlorpheniranline maleate 
. . -. . 

Angle Angle 
Bonds (deg) Bonds (deg) 

The 11-chlorophenyl system 
C(1 )-C(2)-H(2) I04 C(4)-C(5)-H(5) 
C(3)-C(2)-H(2) 136 C(6)-C(5)-H(5) 
C(2)-C(3)-H(3) I18 C(5)-C(6)-H(6) 
C(4)-C(3)-H(3) 119 C(l )-C(6)-H(6) 

Thc pyridyl system 
C(l ')-C(2')-H(2') 114 C(3 ')-C(4')-H(4') 
C(3')-C(2')-H(2') 126 C(5')-C(4')-H(4') 
C(2')-C(3 ')-H(3 ') 119 C(4')-C(5')-H(5 ') 
C(4')-C(3')-H(3') 121 N(6')-C(5')-H(5') 

Thc aliphatic portion 
C(4)-C(7)-H(7) 106 C(I0)-N(1)-H(1) 
C(l ')-C(7)-H(7) I03 C(l1)-N(1)-H(1) 
C(8)-C(7)-H(7) 114 N(1)-C(l0)-H(l0l) 
C(7)-C(8)-H(8 1 ) 112 N(1)-C(I0)-H(I02) 
C(7)-C(8)-H(82) 113 N(l)-C(10)-H(103) 
C(9)-C(8)-H(8 1 ) 114 H(I0I)-C(I0)-H(102) 
C(9)-C(8)- H(82) 118 H(I0I)-C(10)-H(103) 
H(8 1)-C(8)-H(82) 85 H(102)-C(10)-H(103) 
C(8)-C(9)-H(9 1 ) 100 N(l)-C(1l)-H(l I I) 
C(8)-C(9)-H(92) 112 N(1)-C(l I)-H(l 12) 
N(1)-C(9)-H(91) I I I N(1)-C(l1)-H(ll3) 
N(1)-C(9)-H(92) 106 H(l I I)-C(l1)-H(ll2) 
H(9 1 )-C(9)-H(92) 115 H(1 I I)-C(l I)-H(ll3) 
C(9)-N(1)-H(1) 106 H(l 12)-C(l I)-H(l 13) 

The maleatc ion 
O(2)-Hm(l )-O(3) 159 
Cm(1 )-Cm(2)-Hm(2) 115 
Cm(3)-Cm(2)-Hm(2) 114 
Cm(2)-Cm(3)-Hm(3) 1 24 
Cm(4)-Cm(3)-Hm(3) 104 

- . - 
'Standard deviations average 0.03 A for these distances and 3.0" for the angles. 
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FIG. 2. A stereo pair of the (+)-chlorpheniramine maleate complex. The correct S absolute configuration is 
shown. The two upper carbon atoms of the benzene ring are C(2) and C(3). 

The pyridyl ring is planar with a maximum 
exoplanar displacement of 0.01 A from the 
plane, defined by the six atoms of this grouping, 
with equation -0.5736~ - 0.431 1 y - 0.69552 
= - 1 1.6439. Although the interbond angles 
for this system fall close to expected values (28) 
some of the bond distances do not; C(3')-C(4') 
being shorter than 1.394 A by 0.034 A (-70). 

In both of these two rings the distortions from 
ideality may not be as large as are indicated 
because of the underestimated e.s.d.'s. It is 
possible however that uncorrected errors arising 
from absorption are partially responsible for 
these discrepancies. Another phenomenon which 
could be important in this regard is that of 
"inverse overlap" (29). Srinivasan has shown 
that centrosymmetric atomic groupings can 
lead to problems in least-squares refinement and 
it is thought that this effect may be partially 
responsible for these deviations from ideality. 
Serious effects on atomic positions, and thus 
bond distances, have been reported before (30). 

The bond distances and interbond angles for 
the alkylamine chain of (+)-chlorpheniran~ine 
are not significantly different from those 
obtained for dl-brompheniramine (10). In both 
cases the X-X-X angles at C(8) and C(9) 
are greater than the tetrahedral value of 109.5" 
and the C(8)-C(9) bonds are shorter than the 
1.54 expected here. That steric effects are not 
responsible for this is inferred from the fact that 
the angular distortions would tend to lengthen 
the chain whereas the bond distance distortion 
would shorten it. This observation must have its 
genesis in some electronic effect which imparts 
some measure of double bond character to the 
C(8)-C(9) linkage. 

One view of the ionic complex which indicates 
that the phenyl and pyridyl rings and the 

alkylamine chain adopt a similar arrangement 
to those in c//-brompheniramine maleate is given 
in the computer-drawn Fig. 2 (31). The dihedral 
angle between the two planar aryl systems is 
113.6". The dihedral angles which define the 
relationship of the aryl systems to the alkyl 
portion are given by C(5)-C(4)-C(7)-C(8) = 
53.7" and N(6')-C(l ')-C(7)-C(8) = -43.4.' 
The alkylamine chain is again oriented un- 
symlnetrically with respect to the two aromatic 
rings (Figs. 2 and 3). In this case, it is the 2- 
pyridyl ring which is partially obstructed by the 
dissylnlnetry and the p-chlorophenyl ring is 
exposed. In the previous structure (10) nitrogen 
atom N(l) was found to be 6.212 A fro111 the 
centroid of the exposed pyridyl ring and 5.568 A 

FIG. 3. A drawing of the (+)-chlorpheniramine 
nialeate structure viewed down the C(9)-C(8) bond 
direction. 

5These torsion angles are defined as follows: A-B- 
C-D is a set of atoms connected as shown, then the 
torsion angle A-B-C-D is the dihedral angle between 
the two planes defined by the positions of atoms ABC 
and BCD. A positive angle is one that requires a clock- 
wise rotation of atom A to  achieve superposition of the 
B-A and C-D bond vectors when viewed in the direc- 
tion B-C. 
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FIG. 4. A stereoscopic packing diagram of the crystal structure viewed parallel to a* 

from the centroid of the phenyl system. In the 
present case the alkylamine basic center (N(1)) 
is 6.154 A from the centroid of the exposed ring 
(p-chlorophenyl) and 5.402 A from the occluded 
2-pyridyl moiety. The similarity of these pairs 
of numbers is striking and, if the identity of the 
aryl systems is ignored Figs. 2 and 3 reveal that 
these two compounds adopt very similar solid 
state conformations and it is worthwhile noting 
here that in both species the drug nlolecule has 
an open side to which both a hydrogen bond 
acceptor and an aromatic system could interact. 

Apart from the &-H---O hydrogen bond be- 
tween the dimethylamino function and the 
maleate ion there are no specific intermolecular 
forces which can be singled out for mention. 
The stereoscopic packing diagram, Fig. 4, 
shows the structure viewed parallel to a* and 
although this diagram gives the illusion of an 
interaction between the chlorine atom and the 
n electron density of a pyridyl ring, the 4.2 A 
separation of these features implies that no 
such interaction occurs. 

Two interesting aspects of the maleate ion are 
worthy of note: (i) the intra-ion hydrogen bond 
is of length 2.444 A and is asymmetric; a finding 
which is in accord with our work on dl-brom- 
pheniramine maleate but at variance with that 
on other structures (32, 33); (ii) the two ends 
of the maleate ion have environments of quite 
different character. The hydrogen bond of 
length 2.689 A between N(1) and O(1) represents 
a predominantly polar interaction between the 
protonated nitrogen atom and an ionized 

carboxyl group. Oxygen atom 0(4), on the 
other hand, is approximately equidistant from 
three apolar carbon atoms which define the 
basal plane of the nitrogen pyramid in another 
molecule. This chain of alternating polar and 
non-polar bonding interactions which runs 
parallel to the crystallographic b axis is illustrated 
in Fig. 5. 

FIG. 5. The chain of polar and non-polar bonding 
interactions involving the maleate ion. This chain is not 
illustrated in Fig. 4. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JAMES AND WILLIAMS: STRUCTURE OF HISTAMINE HI EFFECTOR MOLECULES 1879 

The (+)-chlorpheniramine maleate sample used in 
this work was kindly supplied by Dr. J. G.  Topliss of 
the Schering Corporation. One of us (G.J.B.W.) thanks 
the University of Alberta for financial support in the form 
of Teaching Assistantships and Intersession Bursaries 
throughout his Ph.D. studies, of which this work forms a 
part. Mr. L. Goulden's photographic expertise is grate- 
fully acknowledged. The Medical Research Council of 
Canada has supported this research by a grant (#MA3406) 
to M.N.G.J. Grateful appreciation is also expressed to 
Dr.  F. R. Ahmed, National Research Council of Canada, 
Ottawa for his set of crystallographic computer programs. 

1. A. F. CASY and A. P. PARULKAR. Can. J .  Chem. 47, 
423 (1969). 

2. A. F. CASY and R. R. ISON. J .  Pharm. Pharmacol. 22, 
270 ( 1970). 

3. N. S .  HAM. J. Pharm. Sci. 60, 1764 (1971). 
4. A. F. CASY, R. R. ISON, and N. S. HAM. Chem. 

Commun. 1343 (1970). 
5. L. B. KIER. J. Med. Chem. 11,441 (1968). 
6. J.-L. COUBEILS, P. COURRIERE, and B. PULLMAN. C. 

R. ACAD.'PRZI(E, 272, 1813 (1971). 
7. D. T. W I T I A K . I ~  Medicinal chemistry. Vol. 2,3rd ed. 

Edited by A. Burger. Wiley, New York. 1970. Chapt. 
65. 

8. M. ROCHE E SILVA. Chemotherapia, 3, 544 (1961). 
9. W. TH NAUTA, R. F. REKKER, and A. F. HARMS. In 

"Physico-chemical aspects of drug action. Vol. 7. 
Edited by E. J. Ariens. Pergammon Press, U.K. 1968. 

10. M. N. G. JAMES and G. J.  B. WILLIAMS. J. Med. 
Chem. 14, 670 (1971). 

11. G. R. CLARK and G. J. PALENIK. J.  Am. Chem. SOC. 
94,4005 (1972). 

12. R. T. BRITTAIN, P. F. D'ARcY, and J. H. HUNT. 
Nature, 183, 734 (1959). 

13. A. SHAFIEE and G. HITE. J. Med. Chem. 12, 266 
(1969). 

14. R. S. CAHN, C. K. INGOLD, and V. PRELOG. Angew. 
Chem. Int. Ed. 5, 385 (1960). 

15. I. WEISZ and A. DUDAS. Monatsh. 91, 840 (1960). 
16. U .  W. ARNDT and B. T. M. WILLIS. Single crystal 

diffractometry. Cambridge University Press, New 
York, N.Y. 1966. p. 277. 

17. P. G. SIMPSON, R. D. DOBROTT, and W. N. LIPSCOMB. 
Acta Cryst. 16, 169 (1965). 

18. D. T. CROMER and J. B. MANN. Acta Cryst. A24,321 
(1968). 

19. R. F. STEWART, E. R. DAVIDSON, and W. T. SIMP- 
SON. J .  Chem. Phys. 42, 3175 (1965). 

20. D. T. CROMER and D. LIBERMAN. J. Chem. Phys. 53, 
1891 (1970). 

21. W. C. HAMILTON. Acta Cryst. 18, 502 (1965). 
22. L. I .  HODGSON and J. S. ROLLET. Acta Cryst. 16,329 

(1963). 
23. F. R. AHMED, M. E. PIPPY, S.  R. HALL, and C. P. 

HUBER. N.R.C. crystallographic programs for the 
IBMl360 system, world list of crystallographic com- 
puter programs; 2nd ed.  Appendix p. 52. 

24. R. RUDMAN. Acta Cryst. B27, 262 (1971). 
25. J. J .  H. MCDOWELL. Acta Cryst. B25, 2175 (1969). 
26. G. J. PALENIK, J. DONOHUE, and K. N. TRUEBLOOD, 

Acta Cryst. B24, 1139 (1968). 
27. L. E. SUTTON. (Editor). Tables of interatomic dis- 

tances and configuration in molecules and ions, Sup- 
plement 1956-1959. Special Publication No .  18, The 
Chemical Society, London. 1965. 

28. B. BAK, L. HANSEN-NYGAARD, and J .  RASTRUP- 
ANDERSON. J. Mo1. Spectrosc. 2, 361 (1958). 

29. R. SRINIVASAN. Acta Cryst. 14, 1163 (1961). 
30. R. PARTHASARATHY, J .  G. SIME, and R. C. SPEAK- 

MAN.  Acta Cryst. B25, 1201 (1969). 
31. C. K. JOHNSON. ORTEP, Report ORNL-3794, Oak 

Ridge National Laboratory, Oak Ridge, Tennessee. 
1965. 

32. R. D. ELLISON and H.  A. LEVY. Acta Cryst. 19,260 
(1 965). 

33. J .  P. G L U S K E R , ~ .  OREHOWSKY, C. A . C A S C I A T O , ~ ~ ~  
H.  L. CARRELL. Acta Cryst. B28, 419 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The Crystal and Molecular Structure of the Antihistaminic Drug 
Triprolidine Hydrochloride Monohydrate [trans-1-(p-Toly1)- 

1-(2-pyridy1)-3-(1-pyrro1idino)-prop- 1-ene] 

M. N. G. JAMES~ AND G. J. B.  WILLIAMS^ 
Deparltnent o f  Biochetnistry, UniversiTy of  Alberta, Edmorzton, Alberta T6G 2EI 

Received November 16, 1973 

T h e  title compound crystallizes from anisole with 4 molecules per unit cell. T h e  space group 
o f  this cell is P2,lc and the cell parameters are a = 14.777(2) A ,  b = 9.5785(8) A ,  c = 13.099(1) 
A, and = 90.48(2)". Diffractometer data with C u K ,  radiation t o  28 = 129' were collected 
and the structure solved and refined t o  weighted and unweighted R factors o f  0.077 and 0.051 
respectively. T h e  7-pyridyl ring and thep-tolyl system make dihedral angles o f  29.7 and 55.3" 
respectively with the plane o f  the double bond. T h e  inter-aryl dihedral angle is 106.5". T h e  
protonated tertiary nitrogen atom is hydrogen bonded t o  the chloride ion and two chloride 
ions are connected via hydrogen bonds in a distorted square planar arrangement by t w o  water 
molecules. T h e  pyridyl ring is involved in a i~ orbital overlap linkage with another pyridyl ring 
o n  the same side o f  the niolecule as is the hydrogen bond from the nitrogen function. Brief 
characteristics o f  a flexible receptor protein which will bind antihistamine drugs are given. 

Le compose d u  titre cristallise dans I'anisole avec qilatre molCcules par maille. Le groupe 
d'espace de cette maille est P2 , lc  et ses parametres sont:  a = 14.777(2) A, b = 9.5785(8)A,  
c = 13.099(1) A et /3 = 90.48(2)". Les donnees d u  diffractometre avec la radiation C u K ,  a 
28 = 129" sont recueillies et la structure est determinee et raffinke a u x  facteurs ponder& et non 
pondkres respectifs de R de 0.077 et 0.051. Le cycle pyridyle-2 et le systeme p-tolyle f o n t ,  avec 
le plan de la do~lb le  liaison, des angles diedres respectifs de 29.7 et 55.3". L'angle diedre entre 
les aryles est de 106.5". L'atome d'azote tertiaire protone est lie par I'hydrogene a I'ion chlorure 
et d e ~ ~ x  ions chlorures sont relies par liaisons d'hydrogene dans u n  arrangement plan carre 
defornie par d e ~ ~ x  molecules d'eau. Le cycle pyridyle est iniplique dans ~ l n e  liaison de recouvre- 
ment d'orbitales R ainsi qu'un autre cycle pyridyle du  m&me cBte d e  la lnolCci~le colnme I'est 
la liaison hydrogene de la fonction azote. De breves caracteristiques d'une protkine receptrice 
flexible qui reliera les coniposes antihistaminiques sont presentees. 

[Traduit par le journal] 
Can. J. Chern.,SZ. 1880(1974) 

Introduction 

The introduction of a double bond into the 
flexible alkylamine chain of antihistaminic drugs 
is one way of introducing some stereochemical 
rigidity into these cotnpounds without grossly 
changing their character. By suitable pharmaco- 
logical screening of the geotnetric isomers of 
these unsaturated drugs some progress has been 
made towards defining the active conformations 
of their saturated analogs (1-3). 

Triprolidine (1) was first synthesized as the p.- 
chlorophenyl analog and as a mixture of geomet- 
ric isomers (4). One of these isoniers was shown 
to be a much more potent antihistamine than the 
other (4) and a two-dimensional X-ray crystal- 
lographic study of the less active P isomer of the 

p-bromophenyl hydrobromide cotnpound re- 
vealed that the 2-pyridyl and alkylamine substit- 
uents of the double bond were cis (5). No detailed 
examination of the more active a isomer was per- 
formed but Adamson e t a / .  (4) had gathered evi- 
dence to show that these compounds were cis/ 
trans isomers and so it was inferred that the 
greater antihistaminic potency was derived from 
the trans arrangement of nitrogen containing sub- 
stituents of the double bond. 

Adamson and co-workers used comparative 
ultraviolet spectroscopy as a means of examining 
the conformation of their a and 0 isomers (4). 
By this means they were able to show that the 
more active a isotner probably adopted a con- 
formation similar to that of a vinyl pyridine and 
that the for111 of the cis PvICH,N isotner most - ,  & 

likely resembled a styrene derivative. The infer- 
'Au thor  t o  w h o m  correspondenceshould be addressed. ence drawn these results was that the 2- 2Present address: Department o f  Chemistry, Brook- 

haven National Laboratory, Upton ,  Long Island, New P Y ~ ~ ~ Y I  function o f  the active trans (a) compound 
Y o r k  11973. was probably nearly coplanar with the double 
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JAMES AND WILLIAMS: STRUCTURE OF TRIP 'ROLIDINE HYDROCHLORIDE MONOHYDRATE 1881 

bond and that the phenyl ring was significantly 
twisted out of this common plane. 

Kier (6) used this information in conjunction 
with that he had obtained from a molecular- 
orbital study of histamine to infer that the most 
probable active conformatioil of the agonist had 
a fully extended alkylamine chain. In this form 
an internitrogen separation of 4.55 A was realized 
by Kier (6) and by arranging a model of triproli- 
dine so that the closest reasonable approach of 
nitrogen atoms was obtained he was able to esti- 
mate the N-N distance as 4.8 $- 0.2 A. It was 
felt that these distances were sufficiently similar 
to allow analogous binding of these two inole- 
cules to the same site. Because of the apparent 
importance placed on the above argument it was 
decided to choose the crystalline drug triprolidine 
hydrochloride monohydrate as the next com- 
pound for study in our program of structural in- 
vestigations of this functional class of molecules. 

Experimental 
Crystals of good quality were obtained by slowly cool- 

ing a warm solution of the compound in anisole. Diffrac- 
tion symmetry (2/1lr) and systematic absences (AOI, I = 
2n + 1 ; 0k0, k = 2t1 + 1) were observed photographical- 
ly and the space group thereby deduced as P2,lc .  Refined 
unit cell constants were obtained as part of the alignment 
process o n  a Picker FACS-1 diffractometer; these and 
some other pertinent data are contained in Table 1. 

During the preliminary photography it was observed 
that the tendency of these crystals to become rose-colored 
on  standing in air was greatly enhanced by X-irradiation. 
T o  minimize the effects of any attendant decomposition 
due to the X-rays, the total exposure time during the data 
collection was minimized by: ( i )  choosing the fastest 8/20 
scan speed available, i.e. Z0/min in 28; (ii) decreasing the 
basic scan width to just accommodate the reflections. This 
width was 1.3" in 28 and was modified as a function of 8 to 
cope with the dispersion of the C u K ,  doublet (ref. 7, pp. 
173 174); (iii) taking fixed position background counts on 
either side of the Bragg reflection for only 4 s. each: (ill) 
first measuring those reflections with 28 < 100" and  then 
examining the region of reciprocal space with 100' < 
28 < 129". 

As well as  these stratagems the amount of short wave- 
length radiation falling on the crystal was diminished by 
using an incident beam graphite monochromator. 

Despite the coloration of the crystal, which became pro- 
gressively more severe as the intensity collection pro- 
ceeded, the monitor reflections had shown only insignifi- 
cant intensity changes a t  the end of the low 8 data set and 

TABLE 1. Some crystallographic constants for 
triprolidine hydrochloride monohydrate 

Formula C , 9 H 2 , N 2 + C I - - H 2 0  
Molecular weight 332.88 daltons 
Space group P 2  I / C  

a 14.777(2) A 
b 9.5785(8) 8, 
c 13.099(1) 8, 
I3 90.48(2)" 
z 4 
p,,, (dioxanelbenzene) 1.202(4) g/cm3 
Pcalcd 1 ,192 g/cm3 
~r (CuK .) 16.68 cm-'  

were still 98% of their original value a t  the end of the 
entire data collection. Of the  191 1 reflections measured in 
the first part 1716 (89z)  h a d  net intensities greater than 3 
times the standard error in the net intensity. I n  q similar 
manner 2516 ( 8 0 z )  of the 31 23 reciprocal lattice points 
comprising the full set were considered observed. 

Data  reduction procedi~res incorporated Lorentz and 
polarization corrections a s  appropriate to t h e  normal- 
beam equatorial geometry of the FACS-I system with 
partially polarized incident radiation (ref. 7, p .  277) and 
calculation of observational weights from the expression 
,fi= 2Fo/[T + (kl)' + B]'I2 (8). In this expression F. 
is the derived structure amplitude, 7, I, and B a r e  the total, 
net, and  background counts respectively, and /c is a small 
constant (0.04 in this case) included to allow for minor 
experimental errors. 

Structure solution was achieved without diffici~lty by 
means of a Patterson synthesis and a program (9) written 
to apply the symmetry minimum technique o f  Simpson 
el a/. (10). Refinement of the initial model by difference 
Fourier and  block-diagonal least-squares methods has 
resulted in weighted (observational weights) and iln- 
weighted R factors of 0.077 and 0.051 respectively for the 
2516 observed data of the con~ple te  set. During the least- 
squares part of this refinement the tenlperatilre parameters 
of the hydrogen atoms were held constant a t  the final 
isotropic value of the atom to which they were bonded. 
Scattering factor tables for the non-hydrogen atoms were 
derived from the analytical coefficients of Cromer and 
Mann (1 I)  and were corrected for the effects of anomalous 
dispersion by the terms Af,' = 0.055, Af,' = 0.036, 
A fc' = 0.021, A fCl f  = 0.375, and A f,," = 0.685 electrons 
(12). T h e  hydrogen atom curve used was that of Stewart 
P /  a/. ( 1 3). 

Tables 2 and 3 contain those atomic parameters used to 
describe the final model a n d  were based on least-squares 
refinement using all the observed data. T h e  observed 
structure amplitudes and the  structure factors calculated 
from t h e  final model were t a b ~ l a t e d . ~  

Results and Discussion 
Bond distances and interbond angles were cal- 

culated by the independent atom method (14) 

3These da ta  a re  available, a t  a nominal charge, from the 
Depository of Unpublished Data,  National Science Li- 
brary, National Research Council of Canada,  Ottawa, 
Canada K I A  0S2. 
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TABLE 2. Positional and anisotropic vibration* parameters ( x lo4) for the non-hydrogen atoms 
of triprolidine hydrochloride monohydrate? 

- 
- 

Atom xla )~ /b  Z / C  UL I*  UZ 2 u3 3 U I Z  u2 3 UI 3 

CI(1) 8588(l) 921(1) -702(1) 351(3) 6 19(4) 24 1 (2) 6(2) - 44(2) -21(2) 
O(I) 9295(2) - 1451(3) 9 1 O(2) 446(9) 477(9) 527(10) - 63(7) 45(8) 5x7)  
N(I0) 8699(1) 2 169(2) 1476(2) 188(5) 247(6) 187(5) - 16(4) 9(4) 

6549(2) 
C(7) 7222(2) 

559(3) 2359(2) 196(6) 178(6) 194(7) 22(5) - 1(5) 1 l(5) 
c(8) 1069(3) 1799(2) 206(7) 256(7) 192(7) O(6) 35(6) O(5) 0 

c(9) 8 1 86(2) 120 l(3) 2 140(2) 207(7) 3 13(8) 2 1 2(8) -27(6) 53(6) 1 O(6) 
> 

C(11) 8350(2) 3630(3) 1447(3) 258(8) 275(8) 377(10) 15(7) 41(7) - 27(7) 
? 
G. 

C(12) 9128(3) 446 1 (4) 1181(4) 332(11) 338(12) 932(24) - 67(9) 244( 13) - 36( 1 3) 
C(13) 9953(2) 3675(4) 13 15(3) 236(8) 377(11) 501(13) - 86(8) 54( 1 0) O(8) Z 

0 

C(14) 9682(2) 2287(3) 1749(2) 189(7) 3 1 O(9) 265(8) - 8(6) O(7) - 7(6) m 
C(l') 5623(2) 480(3) 1923(2) 1 90(6) 181(6) 192(7) 23(5) - 13(5) 17(5) 

5 
N(2') 5397(1) 1443(2) 12 1 7(2) 2 15(6) 248(6) 227(6) 29(5) 14(5) - 1 O(5) O < 

458 l(2) 
c(30 3957(2) 

1343(3) 794(2) 236(7) 285(8) 271(8) 56(6) 25(7) - 25(6) !- 
(24') 344(3) 1014(2) 219(7) 336(10) 293(9) 39(6) -71(7) - 22(6) VI 

CC5') 4 1 90(2) -641(3) 1742(3) 227(8) 266(8) 344(10) - 35(6) - 64(7) 38(7) - h) 

C(6 '1 5024(2) - 572(3) 220 I(2) 2 1 5(7) 240(7) 247(8) - 9(6) 6(6) w .I 
6703(2) 3412(2) 178(6) 1 97(6) 194(7) - 1 O(5) 7 6 )  5(5) P 

C(l)  c(2) 7330(2) - 1030(3) 7(3) 3610(2) 204(7) 213(7) 223(7) - 4(6) 
2(5) 37(6) 

16(6) 
C(3) 7438(2) - 1580(3) 4580(2) 226(7) 2 1 7(7) 237(7) - 3(6) - 38(6) 
C(4) 6930(2) - 1 1  19f3) 5382(2) 266(8) 246(8) 1 92(7) - 67(6) 33(6) - 16(6) 

6305(2) 
c(5) 61 97(2) 

- 48(3) 51 98(2) 244(7) 279(8) 207(7) -38(6) - 12(6) 35(6) 
C(6) 480(3) 4233(2) 21 2(7) 234(7) 232(7) 24(6) 8(6) 16(6) 
C(15) 701 6(2) - 1778(4) 641 3 3 )  363(10) 393(10) 278(9) - 92(8) 73(8) - 45(8) 

*These coefficients are defined by the expression: exp [ - - 2 1 r ~ ( U ~ ~ a * ~ h '  + + U 3 3 ~ * ~ / ~  + 2U12a*b*l!k + 2U13a11c*h/ + 2Uz3b*c*/~/)]. 
?The estimated standard deviations of the atomic parameters are siven in parentheses and refer to the least significant digit in the parameter. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JAMES AND WILLIAMS: STRUCTURE OF TRIPROLIDINE HYDROCHLORIDE MONOHYDRATE 1883 

TABLE 3. Positional and isotropic vibration parameters 
( x  lo3) for the hydrogen atoms of triprolidine 

hydrochloride monohydrate 

Atom sla ylb z/c UI,, 

and those involving the non-hydrogen atoms are 
displayed, together with the numbering schenie 
and atomic coding adopted, in Fig. I. Molecular 
parameters involving the hydrogen atoms are 
given in Table 4. Using X to denote a carbon, 
nitrogen, or oxygen atom, the e.s.d.'s in the dis- 
tances CI-X, X-X, and X-H average 0.003, 
0.003, and 0.03 A respectively. The angles 
X-X-X, H-X-X, C1-H-X, and H-X-H 
have average error estimates of 0.2, 1.6, 2.3, and 
2.5" respectively. 

Bond distances within the benzene ring average 
1.384 A and the four -C-C- bonds of the 
pyridyl ring average 1.378 A, the associated error 
estimate being 0.004A in each case. These o's 
were derived from the formula o,' = x(x - 
xj)'/t7(n - 1). Benzenoid rings typically exhibit 
-C-C- bond distances of 1.394 A, a value 
which is 2.50 greater than our average value. 
This marginally significant discrepancy may be 
due to systematic thermal motion effects which 
have not been corrected for in our model. 

The phenyl and pyridyl rings are individually 
planar. The maximum deviation of a defining 
atom from the phenyl plane, equation (in cosine 

form relative to a,b,c:'; orthogonal axes measured 
in A) -0.6958s - 0 .6892~  - 0 .2024~  = 
-7.7804, is 0.008 A. In the case of the  pyridyl 
ring the largest displacement is 0.003 A and the 
plane is defined by the equation 0 . 3 7 9 7 ~  - 
0 .5862~  - 0.71 572 = 1.0727. These two  planes 
have an interplanar dihedral angle of 106.5". De- 
spite the siiiiilarity of this quantity with the inter- 
aryl angles in dl-brompheniramine inaleate (15) 
(103.6") and (+)-chlorpheniramine maleate (16) 
(1 13.6") Fig. 2, which is a projection o f  the struc- 
ture down the C(9)-C(8) bond, shows that only 
the 2-pyridyl ring is similarly arranged with re- 
spect to the alkylamine chain. Torsion angles 
about the ring to  double bond linkages are given 
by N(2')-C(1 ')-C(7)-C(8) = 29.7" a n d  C(2)- 
C(1)-C(7)-C(8) = 55.304. In this case it will be 

'These torsion angles are defined as follows: if A-B- 
C-D is a set of atoms connected as shown then the 
torsion angle about the B-C bond is the dihedral angle 
between the two planes defined by the positions of ABC 
and BCD. A positive angle is one that requires a clock- 
wise rotation of atom A to achieve superposition of the 
BA and C D  bond vectors when viewed in the direction 
B -> C. 
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1884 C A N .  J. CHEM. VOL. 5 2 ,  1974 

Frc. 1 .  Bond distances and interbond angles for the 
non-hydrogen atoms of triprolidine. 

noticed that these two angles both have the same 
sign and the "butterfly wing" arrangement of aro- 
matic rings observed for the pheniramines is not 
evident here. 

The presence of a double bond between C(7) 
and C(8) forces coplanarity of the six atoms C(l), 
C(ll), C(7), C(8), C(9), and H(8). A least-squares 
plane defined by the positions of these six atoms 
was determined to have the equation 0 .1913~ - 
0.9107~ - 0.36612 = 0.2405 and a maximum 
displacement from the plane for a defining atom 
of 0.04(4) A for H(8). 

Of the two aromatic systems, the pyridyl ring 
is more nearly coplanar with the ethylenic system 
than is the p-tolyl function, the dihedral angles 
between the appropriate planes being 29.7 and 

FIG. 2. A view of the triprolidine hydrochloridestruc- 
ture seen in the C(9)-C(8) bond direction. The two upper 
atoms of the p-tolyl ring are C(2) and C(3). 

55.3", respectively. This finding is in agreement 
with those results obtained by Adamson el al. (4) 
and could have been predicted on steric grounds. 
The serious overcrowding involved in the close 
approaches of hydrogen atoms is evident when 
attempt is made t o  build a coplanar cis Ph/CH, 
ethylene system from space filling models. The 
lack of an orlho hydrogen substituent on the 2- 
pyridyl moiety and the fact that the cis substit- 
uent to the aromatic base is hydrogen, permits 
this greater approach to coplanarity of the pyr- 
idyl and ethylenic systems. The fact that the 
coplanarity is not perfect is probably a result of 
steric interference between H(8) and the unshared 
electron pair on the heterocyclic nitrogen, evi- 
dence for this comment being derived from the 
2.47(3) A distance between N(2') and H(8) and 
the fact that the closest approach expected on a 
van der Waal's radii basis is -2.7 A (17). It is 
possible that intermolecular base stacking inter- 
actions (see below) may be partially responsible 
for the 29.7" departure from coplanarity, but it is 
felt that the above mentioned close approach is 
probably more important in this regard. 

The two bonds from the aryl systems to the 
ethylenic bond differ by 0.014(3) A, the linkage 
to the more nearly coplanar pyridyl ring being 
the shorter. That the 29.7" torsion angle about 
the C(l ')-C(7) bond precludes extensive n elec- 
tron delocalization over these two systems is in- 
dicated by this small difference and the fact that 
the 1.334(3) A bonding distance between C(7) 
and C(8) is just that expected for an isolated 
C=C bond (18). That significant shortening of 
the bond joining an aromatic system to a copla- 
nar exocyclic double bond is expected is to be 
inferred from the 0.06 A difference in linkages of 
a similar nature observed by Fritchie and Wells 
(19). In their compound the torsion angle about 
the shorter bond was 6" and for the longer bond 
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JAMES AND WILLIAMS: STRUCTURE OF TRIPROLIDINE HYDROCHLORIDE MONOHYDRATE 1885 

TABLE 4. (n) Bond distances involving the hydrogen a.toms of triprolidine 
hydrochloride monohydrate* 

Bond Distance (A) Bond Distance (A) 

(b) Angles involving the hydrogen atoms of triprolidine hydrochloride 
monohydrate* 

-- 

Bonds Angle (deg) Bonds ~ n g l e ' ( d e ~ )  

The p-tolyl system 
C(1)-C(2)-H(2) 1 19.6 C(I )-C(6)-H(6) 
C(3)-C(2)-H(2) 119.4 C(4)-C(15)-H(151) 
C(2)-C(3)-H(3) 112.6 C(4)--C(15)-H(I52) 
C(4)-C(3)-H(3) 125.7 C(4)-C(15)-H(153) 
C(4)-C(5)-H(5) 125.4 H(151)-C(15)-H(152) 
C(6)-C(5)-H(5) 113.5 H(153)-C(I 5)-H(152) 
C(5)-C(6)-H(6) 121.7 H(151)-C(15)-H(153) 

The pyridyl system 
N(2')-C(3')-H(3 ') 125.1 C(4')-C(5')-H(5') 
C(4')-C(3 ')-H(3 ') 113.9 C(6')-C(5 ')-H(5 ') 
C(3')-C(4')-H(4') 122.5 C(5 ')-C(6')-H(6') 
C(5')-C(4')-H(4') 120.1 C(Ir)-C(6')-H(6') 

The aliphatic portion 

C(7fiC(8)-H(8) 117.2 C(l3)-C(I2)-H(121) 
C(9)-C(8)-H(8) 117.5 C(11)-C(12)-H(122) 
C(8)-C(9)-H(91) 108.8 C(13)-C( 12)-H( 122) 
N(I0)-C(9)-H(91) 104.1 H(12 1)-C(l2)--H(122) 
C(8)-C(9)-H(32) 107.3 C(12)-C(13)-H(I31) 
N(10)-C(9)-H(92) 105.2 C(14)-C(13)-H(131) 
C(9)-N(10)-H(10) 105.5 C(12)-C(I3)-H(132) 
C(l 1)-N(l0)-H(l0) 108.5 C(14)-C(13)-H(132) 
C(14)-N(10)-H(10) 109.6 H(131)-C(13)-H(132) 
N(lOhC(1 I)-H(1 1 I) 104.6 N(10)-C(14)-H(141) 
C(l2)-C(1 I)-H(l 1 I) 109.6 C(13)-C(14)-H(141) 
N(l0)-C(1 I)-H(ll2) 108.5 N(10)-C(14)-H(142) 
C(l2)-C(l I)-H(l 12) 112.5 C(I 3)-C(14)-H(142) 
H I  I I-C(1)-HI 2 116.4 H(141)-C(l4)-H(142) 
C(l1)-C(l2)-H(121) 117.8 

The water molecule 
WH(1)-O(1)-WH(2) 105 

'Estimated standard deviations average 0.03 A for the distances and, except for H-  
for the angles. For H-X-H the error estimates average 2.5'. 
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1886 C A N .  J .  CHEM. VOL. 52, 1974 

the aromatic plane was 89.5" from the plane of 
the double bond. 

As with the other antihistaminic drugs studied 
by the X-ray crystallographic method the con- 
formation about the C(8)-C(9) bond is trans. In 
the present case the N(10)-C(9)-C(8)-C(7) 
torsion angle is 162.5" (refer to Fig. 2). 

The pyrrolidino group as a whole is not planar, 
although the four carbon atoms do define a good 
plane with equation -0.0575~ - 0.3633~ - 
0.9299~ = -3.7422. The largest displacement 
of a defining atom is 0.02 A from this plane but 
N(10) is 0.46 A out of the plane. The conforma- 
tion of this ring could therefore be designated 
"E" (envelope) (20). An alternative description, 
although one that tends to obscure the essence of 
the conformation, may be given in terms of the 
torsion angles about the five bonds of this system. 
These torsion angles are: N(1O)-C(1 1)-C(12)- 
C(13) = 16. lo, C(11)-C(12)-C(13)-C(14) = 
2.5", C(12)-C(13)-C(14)-N(10) = - 20.1 ", 
C(l3)-C(I4)-N(10)-C(11) = 30.0°, and 
C(14)-N(I0)-C(11)-C(12) = 28.6". 

The centers of symmetry of this space group 
(P2,lc) fall into two non-equivalent classes and 
these are the loci of important intermolecular 
bonding interactions. Figure 3 portrays the im- 
mediate environment of centers equivalent to 
that at the origin. The water molecule is involved 
in two hydrogen bonds to chloride ions and each 
chloride ion is hydrogen bonded to two waters as 
well as the protonated nitrogen atom of the pyr- 
role ring. This cluster of polar bonding forces is 
instrumental in linking together the various mol- 
ecules of this structure and may be seen in the 
stereoscopic Fig. 4. The N +-H...CI - bond is 
3.094(3) A in length and has an angular deviation 
from linearity of 1.1" at the hydrogen atom. 

The arrangement of pyridyl rings around those 
inversion centers equivalent to that at the center 
of the cell represents another intermolecular 
bonding interaction which contributes to the 
stability of the crystals. The stacking of these 
aromatic systems is clearly seen near the viewer 
and slightly above the middle of Fig. 4. These 
planes are parallel and are separated by 3.466(3) 
A, the displacement of their centroids is 4.004(3) 
A and the closest approach of non-hydrogen 
atoms is the 3.533(3) A between C(3') and its in- 
verted equivalent. 

Inspection of Fig. 4 reveals another interesting 
point; the hydrogen bond and the n orbital over- 
lap linkages are both from the same side of the 

CI-3-CI= 9e-z313P 

FIG. 3. A drawing showing the immediate environ- 
ment of one class of  inversion centers in the crystals of 
triprolidine hydrochloride monohydrate. 

molecule. Because the antihistamine receptor site 
is presumed to bind the antagonist via the pyridyl 
ring and the tertiary nitrogen atom this observa- 
tion is probably important. The observed geom- 
etries of four diary1 antihistamines in five different 
crystallographic environments are shown in Fig. 
5. In each of these one side of the molecule is ex- 
posed and bears chemical entities to which both 
hydrogen bond and n orbital overlap linkages 
may be formed. Although the identity of the n 
electron binding group varies, it is thought to be 
the thenyl group in histadyl, the distance between 
the saturated nitrogen atom and the centroid of 
the exposed aromatic ring remains reasonably 
constant over the five structures. For the mole- 
cules of Fig. 5 these distances are 6.212, 6.154, 
6.013, 6.47, and 5.93 A for parts a,b,c,d, and e 
respectively. Because these drugs bind to the same 
site (22) they must have some sin~ilar structural 
features and it is thought that the above simi- 
larities probably reflect this common chemothera- 
peutic denominator. 

At least three spatially distinct druglreceptor 
interactions are necessary to explain the stereo- 
selectivity exhibited by the histamine HI recep- 
tor (23, 24) and the only reasonable candidate 
through which the third interaction may occur is 
the remaining aromatic ring. Because of the 
paucity of antihistaminically active drugs with 
nonaromatic substituents in positions equivalent 
to that of the tolyl group in triprolidine another 
n overlap linkage is implicated here. 

A fully extended histamine molecule ion has 
the centroid of its aromatic system separated by 
4.94 A from its alkylamine nitrogen atom (cal- 
culated from data given in ref. 25), and so cannot 
be expected to bind to the HI site in the same 
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JAMES AND WILLIAMS: STRUCTURE OF TRIPROLIDINE HYDROCHLORIDE MONOHYDRATE 1887 

FIG. 4. A stereoscopic pair packing diagram for triprolidine hydrochloride monohydrate. This is a computer 
produced diagram (21) and the viewer's line of sight is parallel to the b axis. 

FIG. 5. A composite diagram showing five antihis- 
taminic molecules viewed in the C(9)-C(8) (C,-C,,) 
bond direction. The structures labeled r r ,  6 ,  and c are 
brompheniramine maleate (l5), chlorpheniramine maleate 
(16), and triprolidine, respectively. The two independent 
molecules of histadyl(27) are denoted d and e. The thenyl 
ring of the histadyl molecule in e is disordered in the crys- 
tal and so  the two atoms denoted C, S refer to carbon and 
sulfur atoms in these positions (27). 

manner as an antihistamine molecule. Because of 
this fact, and also because of the greatly different 
physiological responses induced by the two 
classes of drugs, a flexible receptor protein is pro- 
posed which adopts different conformations 
when histamine and a n  antihistamine are  bound 
(26). 
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Secondary Isotope Effects on the Ionization of 2Nitropropane1 

A. J. KRESGE, D. A. DRAKE, A N D Y .  CHIANG 
Departmertt of Chemistty, Illinois Irzstitlrte of Technology, Chicago, Illinois 60616 

Received October 11, 1973 

The equilibrium isotope effect on the acid dissociation of 2-nitropropane in wholly 
aqueous solution at  25" was found to be K I I / K I )  = 1.23 C 0.03 for complete deuteration 
of both methyl groups; the kinetic isotope effect for reaction of the same substrate with 
hydroxide ion, k r ~ / k ~ )  = 1.09 2 0.01; and the kinetic isotope effect for reaction with 
tris-(hydroxymethy1)-methylamine, k ~ ~ / k l ,  = 1.10 -C 0.01; both of the latter also refer 
to wholly aqueous solution at 25" and are for complete deuteration of both methyl 
groups. It is shown that the equilibrium isotope effect is largely, and the kinetic isotope 
effects probably partly, hyperconjugative in origin, thus supporting a hyperconjugative 
explanation of the anomalous effect of methyl groups on nitroalkane ionization. 

I1 a CtC prouvC que l'effet de 1'Cquilibre de l'isotope sur la dissociation acide du nitro-2 
propane dans une solution entitrement aqueuse B 25" est k r ~ / k ~ )  = 1.23 2 0.03 pour 
une deutiriation complete des deux groupes mCthyles; l'effet cinktique de I'isotope pour 
une rCaction du mCme substrat avec l'ion hydroxyde est k11/k1)  = 1.09 0.01; et I'effet 
cinCtique de I'isotope pour une rCaction suivie avec le tris-(hydroxymCthy1)-mithylamine 
est k r ~ / k r ,  = 1.10 2 0.01; les deux derniers se rapportent aussi B une solution entierement 
aqueuse B 25" et sont pour une deuttriation complete des deux groupes mCthyles. On a 
prouvC que I'effet de I'tquilibre de I'isotope est essentiellement d'hyperconjugaison B 
l'origine, tandis que les effets cinitiques de I'isotope le sont en partie probablement; 
ainsi on est favorable B une explication par voie d'hyperconjugaison de  l'effet anormal 
des groupes mCthyles sur l'ionisation des nitroalcanes. [Traduit par le journal] 

Can. J. Chem., 52, 1889(1974) 

Methyl groups are usually electron-donating effect might be especially important here because 
relative to hydrogen when introduced into mole- the nitrogen end of the double bond is positively 
cules in solution, and their consequent acid- charged and therefore electron deficient (3). 
weakening properties are well known. Methyl This explanation is supported by the fact that 
substitution at the c/. position of nitroparaffins, methyl substitution has a normal, i.e. acid- 
however, has quite the opposite effect; for ex- weakening, effect on the ionization of the aci- 
ample, in the simple seriei nitromethane, pK, = 

10.22 (I), nitroethane, pK, = 8.60 ( I ) ,  and 
2-nitropropane, pK, = 7.74 (2), a marked in- 
crease in acidity accompanies methyl substi- 
tution. 

This unusual behavior was attributed some 
time ago to hyperconjugative stabilization of the 
C-N double bond in nitronate ions (eq. 1); this 

'This research was supported by grants from the 
National Science Foundation (GP-23578) and the 
Petroleum Research Fund of the American Chemical 
Society (521 5-AC4). 

nitro tautomers of these substances (eq. 2): in 
this case, the double bond and positive charge 
exist in the acids as well as in the nitronate ions, 
and the effect of hyperconjugation on this equi- 
librium should thus cancel (4). 

Hyperconjugation generally leads t o  sizeable 
secondary hydrogen isotope effects (5). In order 
to test this explanation, we have therefore mea- 
sured the secondary isotope effect on nitroalkane 
ionization. We used 2-nitropropane and its 
1,1,1,3,3,3-hexadeutero analog for this purpose, 
and determined the isotope effect on the rate of 
proton loss as well as on the acidity constant. 
Both kinetic and equilibrium isotope effects 
proved to be quite small, but they do support the 
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1890 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

hyperconjugative explanation. Their magnitude, aliquots were withdrawn and absorbance readings were 

moreover, is consistent with tile results of a taken (Cary 15 spectrometer) at 1 nm intervals over the 
region 230 to 240 nm.  Each o f  these absorbances was correlation of literature data On ni t roalkane then converted into a concentration, and the average o f  

ionization which sllows the hyperconjugative those was used to calculate the ratio o f  ionized to union- 
interaction to  be rather weak. ized forms o f  the nitro compound. 

Absorbance readings were converted into concentra- 
Experimental tions with the aid o f  'extinction coefficients determined 

M~terials 
2-Nitropropane-l,l,l,3,3,3-rlG was prepared by treating 

dei~terated isopropyl bromide, obtained froni hexadeu- 
teroacetone (Stohler, 99.5 atom D) via isopropyl 
alcohol ( 6 ) ,  with sodii~m nitrite (7).  In a typical synthesis, 
33 g o f  sodium nitrite, 33 g o f  phloroglucinol, and 37 g o f  
urea, all dried at 105" for 24 h ,  were added to a soliltion 
o f  36 g o f  isopropyl-rlG bromide in 230 ml reagent-grade 
dimethyl formamide. This mixture was stirred mag- 
netically in a closed flask at room temperature for 72 h, 
during which time it changed froni pale yellow to deep 
red-brown in color. The reaction mixture was then 
pollred into 1.2 1 o f  water, and the resulting soli~tion was 
extracted with four 150 ml portions o f  ether. Ether was 
removed fro111 the combined extracts and the residue was 
distilled rapidly at 15 m m  pressure into a receiver cooled 
by a Dry Ice - acetone slurry. The distillate, aboi~t 5 mi, 
was washed first with 25 ml saturated aqileous sodii~m 
chloride solution and then with 0.5 ml concentrated 
si~lfilric acid; it was then redistilled under reduced pres- 
sure. This gave 3.5 g o f  2-nitr0propane-r/~ (13% yield) 
containing no ilnpi~rities detectable by n.m.r. or v.p.c.; 
the isotopic purity as shown by n.m.r. was 99.2Z. 

Ordinary 2-nitropropane was prepared in the same 
way from commercial isopropyl bromide, and sariiples 
o f  this were used for the kinetic and equilibriilrn measure- 
ments. All other substances were best available commer- 
cia1 grades. Solutions were prcpared using deionized 
water which had been purified further by distillatio~l from 
alkaline pernianganate in glass apparatus. 

Eqliilibri~rril Mensu~~erilet~ts 
The position o f  equilibrii~m between 2-nitropropane 

and its acid dissociation products was nieasi~red by 
making use o f  the fact that the absorption band o f  the 
nitro conipound at h ,,,,, = 202 nni, E = 4.7 x lo3 M-I 
cni-I, is changed to h ,,,,, = 222 nm, E = 11.8 x lo3 
M - '  cm-I,  in the nitronate anion. The long-wavelength 
shoi~lder o f  the nitronate-ion band froni 230 to 240 nm, 
where the nitro compoi~nd has negligible absorption, was 
used to estimate the concentration o f  the ioniled form, 
and the concentration o f  i~nionized nitro compoi~nd was 
then obtained by difference. Total concentrations were 
determined for this purpose by measuring the absorbance 
o f  stock aqueoi~s solutions o f  nitro conipound at 200- 
205 nm where only the unionized form absorbs; the 
extent o f  dissociation o f  2-nitropropane was negligible in 
these solutions at the concentrations employed (cn. 

M I .  
Measurements were made in tris-(hydroxyn1ethyl)- 

methylamine buffers at an ionic strength o f  0.10 M and 
buffer ratios ( [ B H t ] / [ B ] )  o f  1.0 and 2.0 The  half-life o f  
the ionization reaction in these soli~tions is o f  the order 
o f  5 h ;  reaction mixtures were therefore allowed to 
equilibrate for 3 days in a constant temperature bath 
operating at 25.0 + 0.02". At the end o f  this time, 

for the normal and deuterated nitro conlpounds dissolved 
in water and for their nitronate ions in 0.10 M aqueous 
sodiilm hydroxide. N o  significant difference in extinction 
coefficient was found for the two i~nionized species over 
the region investigated, 200 to 210 nm. T h e  two nitronate 
ions likewise had identical extinction coefficients in the 
vicinity o f  h,,,,; at 222 nm, for example, E , , / E ,  = 1.0025 
+ 0.0085 (average o f  six determinations). Beyond this - 
region, however, the extinction coefficient o f  the dell- 
terated ion was found to drop with increasing wave- 
length more rapidly than the extinction coefficient o f  the 
normal species: at 230 nm, E , , / E ,  = 1 .O58 _+ 0.006 and 
at 240 nm, E ~ ~ / E D  = 1.134 f 0.012. 

Kirletic Mensrireirl~.r~/s 
Rates o f  ionization o f  2-nitropropane were determined 

spectroscopically by following the increase o f  absorbance 
due to nitronate ion. Experiments were done in sodium 
hydroxide solutions and in tris buffers; in both cases, the 
base concentration was varied but the ionic strength o f  
the solutions was kept constant through the addition o f  
sodii~m chloride. 

For the runs in sodium hydroxide, aqueous base con- 
tained in a I ~ 1 1 1  quartz ci~vette was first brought to 
thermal eqi~ilibriuni with the thermostatted (25.0 + 0.1") 
cell compartment o f  the spectrometer (Cary 15). Enoilgh 
o f  a 5% alcoholic solution o f  nitro compoilnd to make 
the reaction mixture co. M in substrate was then 
added, and the absorbance at 225 nm was recorded for 
3-4 half-lives(5-10min). Infinity readings were taken after 
8-10 half-lives. and rate constants were evaluated visi~allv 
as slopes o f  plots o f  log ( A ,  - A)  ur. time. 

The reactions in tris buffers, on the other hand, were 
much slower = cn. I day), and an initial rate 
method was therefore used here. Appropriate volun~es oi' 
substrate and buffer solutions, previoilsly brought to 
25 O", were combined, and an aliqi~ot o f  the resulting 
mixture was transferred to a cuvette and placed in the 
thermostatted cell conipartn~ent o f  the spectrometer. The  
absorbance at 235 n m  was then recorded for cn. 10 niin, 
which corresponded to about 1 %  reaction, and zero-order 
rate constants were calculated from the  slopes o f  these 
linear traces. These zero-order constants were then trans- 
formed into first-order rate constants b y  dividing by the 
initial concentration o f  the nitro compound in the reac- 
tion niixture (ca 5 x M ) .  

Results 
The equilibrium measurements are sum- 

marized in Table 1 .  The pK values listed there 
refer to the concentration quotients [H+][A-I/ 
[HA], with HA = Znitropropane and A -  = 
the corresponding nitronate anion, in tris-(hy- 
droxymethy1)-methylaniine buffers at an ionic 
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KRESGE ET  AL.: IONIZATION O F  2-NITROPROPANE 1891 

TABLE 1. Secondary isotope effect on the acid 
dissociation of 2-nitropropane" 
. 

-- . . .. ~ ~~ .. 

PK' 
Buffer --- 

ratioh (CH3)zCHNOz (CD3)zCHN02 

1 .O 7.449, 7.464 7.560, 7.561 
7.471, 7.495 7 605, 7.611 

2 .0  7.465, 7.471 7.535, 7.538 
7.489, 7.495 7.555, 7.561 

Av: 7.475f 0.006" 7.566_+0.010d 
KH/KU = 1.233f0.033" 

OMeasured in tris-(hydroxymethyl)-mclhylaniine buffers at  25":  
ionic srrenclh = [BH+CI-I = 0.10 M. 

'Buffer ratio = [BH+I/[Bl. 
'At p = 0.10 M. 
dError limits are standard deviations of mean values. 

strength of 0.10 M. The concentrations [HA] 
and [A-] were measured as described above, and 
[H'] was calculated using 8.069 as the pK,, of 
tris-(hydroxymethy1)-methylammoniu~ii ion (8) 
making no activity coefficient corrections; i.e. 
the activity coefficients of the tris-(hydroxy- 
methyl)-methylammonium and hydrogen ions 
were assulned to be equal and that of the un- 
protonated aniine was taken as unity. These 
assumptions are not unreasonable at  the ionic 
strength employed (0.10 M ) ,  and they are sup- 
ported by the fact tliat the result obtained for the 
normal substrate, when combined with activity 
coefficients calculated using the formilla log 
y c  = -0.5p'/2/(l + p'I2) + 0.1p, gives 7.70 as 
the zero-ionic strength pK, of 2-nitropropane, 
in good agreement with the published value 
7.74 (2). 

These assumptions, of course, have little effect 
on the isotope effect, for measurements on the 
normal and the deuterated substrate were 
always made in identical buffers of the same 
p H ;  any uncertainty in [H'] would therefore 
cancel in the ratio of equilibrium constants 
Kl,/KD. The activity coefficients of 2-nitropro- 
pane and its nitronate ion, moreover, are likely 
to be unaffected by isotopic substitution, and 
the activity coefficients of these species will there- 
fore also cancel in the ratio KH/KD. Thus, al- 
though the present measurements were made at  
p = 0.10 M, the result obtained, KH/KD = 
1.23 + 0.03, is likely to be a very good approxi- 
mation to the zero-ionic strength value of this 
isotope effect. ' 

The results of the kinetic measurements are 
given in Tables 2 and 3. In the experiments using 
hydroxide ion to remove a proton from 2-nitro- 

propane, the hydroxide ion concentration was 
always at  least two orders of magnitude greater 
than the concentration of nitro compound, and 
the second-order rate constants of Table 2 were 
therefore obtained simply by dividing observed 
first-order specific rates by hydroxide ion con- 
centrations. These data show no sensible varia- 
tion in second-order rate constant with hy- 
droxide ion concentration for either substrate. 
Linear least-squares fitting of first-order specific 
rates to hydroxide ion concentrations likewise 
gave good correlations with zero intercepts in 
both cases. The bimolecular rate constants ob- 
tained as slopes in the latter analysis were not 
significantly different from the simple averages 
given in Table 2, as was also the isotope effect: 
kH/kD = 1.086 k 0.007 (linear least squares) 1,s. 
1.088 + 0.005 (averages). The present value of 
k,,, 0.355 $ 0.002 M - '  s-', is somewhat higher 
than 0.316 $ 0.014 M - '  s- '  obtained in a 
recent previous measurement at an ionic strength 
of 0.20 M (9), but agrees well with the  result of 
another recent study at  an unspecified ionic 
strength, 0.34 + 0.01 M - '  s-' (10). 

In the experiments using tris-(hydroxymethy1)- 
niethylamine buffers, the concentration of buffer 
base was again at least an order of magnitude 
greater than the substrate concentration. These 
reactions, moreover, were followed only to about 
1% completion, and here again it is therefore 
permissible to consider the base concentration 
constant during a kinetic run. Second-order rate 
constants were evaluated by least-squares anal- 
ysis as slopes of plots of observed first-order rate 
constants 1:s. tris-(hydroxymethy1)-methylamine 
concentration. The results for the two  buffer 
ratios are in good agreement; they lead to 
lcH/kD = 1.092 $ 0.008 as the best value of the 
isotope effect for proton transfer from 2-nitro- 
propane to tris-(hydroxymethy1)-methylamine. 

The intercepts obtained in these least squares 
analyses of the buffer data represent the small 
amount of reaction which occurs through hy- 
droxide ion in these solutions. The hydroxide 
ion concentrations of the buffers were therefore 
estimated and hydroxide ion rate constants were 
evaluated. It was again assumed that there is no 
ionic strength effect o n  the dissociation of tris- 
(hydroxymethy1)-methylammonium ion and tliat 
the effect on the ionization of water can  be esti- 
mated with activity coefficients obtained from 
the formula log y, = -0.5 pli2/(l + pIi2) + 
0 . 1 ~ .  The results are in reasonable agreement 
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TABLE 2. Secondary isotope effect on the rate of reaction of 2-nitropropane 
with hydroxide iona 
- -- 

k, M - I  s-' 

[NaOH], M (CH~)ZCHNOZ (CD3)2CHN02 

OAt 25";  ionic s t r e n ~ t h  maintained at  0.10 M with NaCI; error limits a re  standard deviations 
of  mean values. 

TABLE 3. Secondary isotope effect on the reaction of 2-nitropropane with 
tris-(hydroxymethy1)-methylamine'? 
-- 

lo5 k, s-' 

[BH+]/[B] = 0.20 
0.0100 0.700,O. 702, 0.704 0.645, 0.648,0.652 
0.0200 I .03, 1.04, 1.05 0.972, 0.972,0.977 
0.0300 1.39, 1.40, 1.40 1.28, 1.28, 1.29 
0.0400 1.71, 1.71, 1.72 1.57, 1.58, 1.58 

lo5 kll(s-') = (O.363f 0.007) + (34.0f 0.3)[B] 
lo5 ~ D ( s - ' )  = (0.347f 0.006) + (30.9f O.2)[B] 

kll/kD = 1.087f0.010 

[BH+]/[B] = 0.10 
0.0100 0.99, 1.01, 1.01 0.93, 0.94,0.95 
0.0200 1.34, 1.34, 1.35 1.26, 1.26, 1.26 
0.0300 1.69, 1.70, 1.72 1.58, 1.58, 1.59 
0.0400 2.04, 2.04, 2.04 1.91, 1.91, 1.91 

10' kll(s-I) = (0.649f 0.007) + (34.9f 0.3)[B] 
loS k ~ ( s - ' )  = (0.618f0.004) + (32.1 f 0 .  I)[B] 

kt,/kD = 1.100+0.012 
kll/kD (weighted average) = 1.092f0.008 

"At 25"; ionic strenxth maintained at 0.10 &I with NaCI; error limits are standard 
deviations of  mean values. 

with the values measured directly in sodium 
hydroxide solutions: for the normal substrate, 
kH0 = 0.331 (B.R. = 0.1) and 0.370 (B.R. = 
0.2) as compared to  0.355 (NaOH), and for the 
deuterated species, k,, = 0.31 5 (B.R. = 0.1) 
and 0.354 (B.R. = 0.2) as compared to 0.326 
(NaOH). 

Discussion 
Isotope effects 

Secondary isotope effects of the magnitude 
observed here are known t o  be vibrational in 
origin, i.e. t o  be the result of changes in the force 
constants, and therefore the strength, of  the 
isotopically substituted bonds. There is less 
certainty about the mechanisms which produce 

the necessary differences in bond strength, but 
four effects seem t o  have been fairly well identi- 
fied; these involve changes in (1) hyperconjuga- 
tive interaction, (2) polar effect,' (3) steric 
crowding, and (4) hybridization (itself perhaps 
a steric effect). 

Bond hybridization in the methyl groups of 
2-nitropropane does not change during the 
ionization reaction, and differences in hybridiza- 

lThis is better known as inductive effect. That name, 
however, has been rendered rather inaccurate by recent 
work which indicates that polar erects in rnolec~~les are 
transmitted by field and not inductive mechanisms (11). 
We suggest, therefore, that the more general term "polar 
effect" be used for this source of secondary hydrogen 
isotope effects. 
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tion can therefore be ruled out as a possible 
cause of the isotope effects observed here. It is 
also unlikely that these isotope effects are steric 
in origin, even though it may be argued that the 
methyl groups move apart and thus relieve back 
strain as the carbon atoll1 to which they are 
bound changes from tetrahedral to trigonal 
during the ionization process. An isopropyl 
group, such as that in the system liere, is cer- 
tainly less crowded than a t-butyl group, and a 
strong case has been made out against any steric 
contribution to the secondary isotope effect on 
t-butyl chloride solvolysis (12). Even the solvol- 
ysis of neoperityldimethylcarbinyl chloride, a 
process quite definitely aided by strong steric 
acceleration, shows no steric isotope effect (13). 

It is quite likely, on the other hand, that polar 
effects do make a significant contribution to the 
present isotope effects. The generation of charge 
and its subsequent redistribution which accom- 
pany nitroalkane ionization are not unlike those 
occurring in the ionization of carboxylic acids, 
where small but significant secondary isotope 
effects of polar origin have been found. For 
example, Kt,/KD = 1.035 for the pair CH3C02H 
and CD3C02H (14), and KH/KD = 1.04 for 
(CH,),CCO,H and (CD3),CC02H (15). 

It is possible to estimate the niagnitude of the 
polar contribution in the present case by using 
the results of a recent critical survey of the rela- 
tively small number of authentic examples of 
this kind of isotope effect (16). This study, fol- 
lowing an idea proposed earlier (15), correlated 
these isotope effects with the Taft equation and 
showed that the CD, group has an effective 
sigma constant of -0.01 I ,3 i .e.  log KD/KH = 

-0.01 1 p. Values of p for the equilibrium ioniza- 
tion of nitroalkanes containing substituents 
capable only of polar interaction with the reac- 
tion center are available from the correlations 
described below. These varv from 0.12 to 0.40 
and provide isotope effect estimates in the range 
KH/KD = 1.006 to 1.021 for two CD, groups. 
Somewhat larger values of p have been obtained 

3This value should not be interpreted in the usual polar 
effect way, i.e. it should not be taken to mean that CD3 
is electron donating relative to CH3, for that would imply 
different potential energy surfaces for the CH, and CD3 
groups in violation of the Born-Oppenheimer approxi- 
mation. A better explanation is that polar effects in the 
rest of the molecule operate upon the methyl group in 
such a way as to cause an increase in negative charge to 
lower the force constants of the carbon-hydrogen bonds, 
and that makes K(CH3) > K(CD,) (17). 

in correlations of acidity constants of a-aryl 
nitroalkanes ( I  8): for nwta and para substituted 
phenylnitromethanes, p = 0.83 which leads to 
KH/KD = 1.043, whereas for similarily substi- 
tuted I-phenylnitroethanes, p = 1.03 and KFl/KD 
becomes 1.054. 

These estimates differ considerably among 
themselves, but they are nevertheless consistent 
in showing that changing polar effects can ac- 
count for only a minor portion of the equilibrium 
isotope effect observed here, KH/KD = 1.23 4 
0.03. This leaves changes in hyperconjugative 
interaction as the sole major cause of this effect. 

The origin of the kinetic isotope effect is less 
clear. Not enough rate data are available for a 
Taft correlation of substrates with substituents 
capable only of polar interaction with the reac- 
tion center, but values of p for kinetic correla- 
tions of the two a-aryl nitroalkane series 
mentioned above have been made (18). For 
arylnitromethanes reacting with hydroxide ion, 
p = 1.28 which leads to kt,//<, = 1.067 for two 
CD, groups; and for the same reaction of 
1-arylnitroethanes, p = 1.18 which gives 
kH/kD = 1.062. Correlations for these substrates 
reacting with various alnine bases have also 
been made (18); the p's range from 0.93 to 1.08 
and the isotope effects, from 1.048 to 1.056. 

These estimates approach the experimental 
values, ktl/kD = 1.09 + 0.01 and I .  10 4 0.01 
(Tables 2 and 3), and that leaves little room for 
hyperconjugative contributions to these isotope 
effects. It is possible, however, that these esti- 
mates of the polar contribution may be too 
large, for they use p's based upon correlations of 
substrates which contain substituents capable 
of resonance as well as  polar interaction with the 
reaction center; in the acidity constant correla- 
tions, these substrates gave p's consistently 
greater than those in which resonance interac- 
tions were not possible. A proportionate reduc- 
tion in p for the kinetic situation would lower 
these polar isotope effect estimates t o  the point 
where hyperconjugative contributions became 
important. Any such reduction, however, still 
leaves the polar effect with a greater share of the 
isotope effect on the rate than on the equilibrium, 
which is in good agreement with the hypothesis 
that negative charge builds up on the a-carbon 
atom while the proton is being transferred but is 
largely delocalized onto the nitro group once the 
nitronate ion is fully formed (19). 

This analysis leads to the conclusion that 
much of the equilibrium isotope effect found here 
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TABLE 4. Correlations of nitroalkane acid d~ssociation constants 
- .  --- PA 

-log K=/P" 

Substrate 
. - --  

1. (CH3)lCHN02 
2. CH3CH2CH(CH3)NOl 
3. CH3CHzNO2 
4. CH3CHlCH2N02 
5. CH3CHzCH2CH2NOI 
6. (CH3)2CHCHzNO, 
7. (CH3)2CHCH2CH2NOZ 
8. CsH5CH2CHZN02 
9. CNCH2CHZNO2 

10. NO2CH2CH,CHZNOZ 
- 

Calcd. 

Obsd. Eq. 3' 
.. 

7 .  746.e 7.87 
8.38/ 8.26 
8.90" 8.76 
9.28' 9.15 
9.16/ 9.15 
9.51" 9.53 
8.86" 9.16 
9 .08 '  9.04 
8.61' 8.66 
9.00' 8.94 

Eq. 4' 
-- 

8.45 
8.46 
8.95 
8.96 
8.96 
8.97 
8.96 
8.92 
8.79 
8.89 
-- 

r whollv aqueous solution at 25"; p is a statistical factor equal t o  the number o f  equivalent dis- ~ ~- ..,, .. 
sociable protons i n  the nitroalkane. 

*Calculated using & / p  = -7.87 + 0.35Zo* i 0.35 ( t r  - 6); this correlation does n o t  include CH,NO>. 
'Calculared using K,/II = -9.00 + 0.12Zo* - 0.94 ( N ) :  [his correlation doec include CH,N02. 
'Reference 2(b).  
,Reference 26. 
9Reference I. 
*Reference 27. 
'Reference 28. 
JReference 29. 

is hyperconjugative in origin, and perhaps signi- 
ficant portions of tlie kinetic effects are as well. 
The present effects, however, are much weaker 
than isotope effects generally attributed to 
hyperconjugation tend to be. For example, tlie 
limiting solvolysis of isopropyl tosylate gives 
Ic,//c, = 2.1 for two CD, groups (20). But 
methyl groups stabilize carbonium ions much 
more strongly than they do  carbon-nitrogen 
double bonds: the change in pKLl along the series 
nitromethane, nitroethane, 2-nitropropane ( I ,  
2), shows the effect on C-N double bonds to 
be about 2 kcal/mol, whereas methyl group 
stabilization of carbo~iium ions, though dif- 
ficult to evaluate precisely for these species in 
solution, is certainly an order of magnitude 
greater (21). It seems likely that this greater 
stabilization is the result of stronger hypercon- 
jugative interaction as well as an increased polar 
effect, and a greater hyperconjugative isotope 
effect is therefore to be expected. In support of 
this explanation is the fact that secondary 
isotope effects on the hydrolysis of dietliyl ketals, 
which have been attributed to hyperconjugation, 
are quite sniall: lc,,/lc, ranges fro111 1.10 to 1.25 
for four to six deuterium atoms (22); the car- 
bonium ion produced in the rate-determining 
step here is stabilized by first-order conjugation 
with an ethoxy group, and the demand for hyper- 
conjugative interaction is consequently dimin- 
ished. 

M~~I t ip le  Correlatiotis 
Direct evidence for the weakness of the 

hyperconjugative interaction in nitronate ions, 
and additional support for its existence, niay be 
obtained by analyzing literature data on nitro- 
alkane dissociation constants. T h e  values col- 
lected in Table 4 are limited to substrates which 
cannot interact with the reaction center by first- 
order conjugation. These data show no sensible 
relationship of the form log Kt,/p = u + p'kxo'k:  
least squares analysis gives a correlation coeffi- 
cient of only 0.174. However, when an additional 
term designed to allow for differences in liyper- 
co~ijugation is added (eq. 3) (23), a relationship 

[3] log K,,/I.' = u + p*xo* + (ti - 6)h 

with a correlation coefficient of 0.990 is obtained 
which reproduces the data with a standard 
deviation in K,, of 407,. In this treatment, 11 is the 
number of hydrogens in hyperconjugable posi- 
tion, i.e. attached to carbons P to the nitro 
group, and 11 is the magnitude of the liypercon- 
jugative interaction. The value o f  I1 obtained, 
0.35 + 0.04, corresponds to 0.48 + 0.05 kcall 
mol per C-H bond or about 1.5 kcal/mol per 
methyl group. This is a rather weak interaction. 
I t  is in fact similar to the value obtained from an 
analogous treatment of heats of hydrogenation 
of trans disubstituted ethylenes: 0.44 $ 0.05 
kcallmol per C-H bond (23), which suggests 
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that the interaction in nitronate ions is with an 
effectively neutral center, i.e. the formal positive 
charge on nitrogen does not increase the amount 
of hyperconjugative electron release. The value 
of p*, which measures the polar part of the 
interaction, is also small: 0.35 f 0.1 1; this 
reinforces the idea that the -NO,- group 
presents an essentially uncharged aspect to 
substituents attached to the u carbon atom of 
nitronate ions. 

It is interesting that the acidity constant of 
nitromethane does not fit this three-parameter 
correlation very well. The experimental value 
exceeds that calculated from the relationship 
based upon the ten substrates of Table 4 by an 
entire pK unit: pK;,(obsd) = 10.22 (1) and 
pK,,(calcd) = 9.17. Inclusion of nitromethane in 
the correlation increases the standard deviation 
in K,, to 120x (from 40x1 and also raises the 
uncertainties in the p* and h parameters (with- 
out, however, changing their values signifi- 
cantly): p* = 0.36 + 0.24 1;s. 0.35 f 0.1 1 and 
11 = 0.44 + 0.08 1)s. 0.35 f 0.04. The calculated 
pK, of nitromethane, 9.48, now agrees with the 
experimental value somewhat better, but the 
difference is still by far the largest deviation of 
the entire correlation. This suggests that the 
published acidity constant of nitromethane may 
be in error. 

Dewar has lately questioned the importance 
of hyperconjugation, and has advanced alterna- 
tive explanations for the phenomena generally 
taken as evidence in its support (24). In parti- 
cular, he has successfully accounted for dif- 
ferences in the heats of hydrogenation of un- 
saturated hydrocarbons on the assulnption that 
the energies of C-H and C-C bonds depend 
upon the state of hybridization of the carbon 
atoms involved and, in the case of C-H bonds, 
also on whether the bond is primary o r  secon- 
dary or tertiary (25). This analysis, when 
extended to the nitroalkane - nitronate ion 
equilibrium, places the substrates of Table 4 into 
two categories: those with one u hydrogen atom 
(entries 1 and 2) and those with two a hydrogens 
(entries 3 through lo), and it makes the predic- 
tion that the ionization reactions of the nitro- 
alkanes in the first category will be less endo- 
thermic than those of the substrates in the second 
by 0.81 kcal/mol. Normal polar effects will, of 
course, introduce further differences among the 
members of each category, but these should be 
proportional to the sun1 of sigma constants for 
the substituent groups. We have therefore tested 

this model by fitting the data of Table 4 to eq. 4 
with N = -0.8112.3RT for the first category 
defined above and N = 0 for the second. The 

[4] log K,/p = a + p*Cos: + b(N) 

result is a relationship with a correlation coeffi- 
cient of 0.972 which reproduces the data with a 
standard deviation in K,, of 80::. The  value of 
p* is 0.40 + 0.19 and b = 2.17 + 0.41. The 
latter puts the free energy of ionization of sub- 
strates in the first category 1.75 _+ 0.32 kcal/mol 
below that of those in the second, which is in the 
right direction and in reasonable, if not good, 
quantitative agreement with the 0.8 1 kcal/~iiol 
predicted by the recolnlnended bond energy 
changes. 

It is interesting that nitromethane fits into this 
treatment much better than it did the correlation 
based upon eq. 3. Bond energy changes put this 
substrate into a separate category with N = 

2.94/2.3RT. Use of this datum along with the 
values listed in Table 4 now gives a relationship 
with a slightly improved correlation coefficient, 
0.975 1;s. 0.972, although the standard deviation 
in K ,  is somewhat larger, 130x 11s. 8 0 z .  The 
uncertainty in p ' q a s  gone up, 0.12 + 0.24 1,s. 

0.40 f 0.19, while that  in b is down, 0.94 0.18 
cs. 2.17 + 0.41, and the calculated pK., of 
nitromethane, 10.44, now agrees well with the 
experimental value, 10.22. What is perhaps most 
significant of all, however, is the fact  that the 
value of b is now not significantly different from 
unity, 0.94 f 0.18, which means tha t  the cal- 
culated energy separations of the three categories 
are in excellent agreement with predicted values. 

It would appear, therefore, that the acidity 
constants of nitroalkanes fit Dewar's bond 
energy model just as well as a hyperconjugative 
scheme. It is difficult to see, however, how the 
bond energy model, at  least without modifica- 
tion, can lead to secondary isotope effects. 
Dewar, in his critique (24), did consider the 
evidence for hyperconjugation froni secondary 
isotope effects and found it wanting in several 
respects. In particular, he pointed out that 
isotopic substitution in a position from which 
hyperconjugation is not possible, i.e. u to the 
leaving group in the substrate of a carbonium 
ion forming reaction, also produces isotope 
effects, and he noted that steric and polar 
(inductive) explanations of secondary isotope 
effects had been proposed. In the decade fol- 
lowing Dewar's analysis, it has become clear 
that u-hydrogen isotope effects are the result of 
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changes in hybridization, and the scope of steric 
and polar isotope effects has been defined. As a 
result, secondary isotope effects now occupy the 
position of providing some of the strongest evi- 
dence in support of hyperconjugation. Since the 
isotope effects observed here cannot be fully 
understood in other than hyperconjugative 
terms, they would seem to indicate that hyper- 
conjugation does play a role in nitroalkane 
ionization, and that the hyperconjugative cor- 
relation is therefore to be preferred over the 
Dewar model. 
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The Nitroalkane Anomaly ' 
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The effect of substituents on the reaction of nitroalkanes with base is analyzed in terms of two  
interactions which influence both rate and equilibrium constants and two others which affect 
the rates alone. The results of these calculations serve to  explain the Bransted relation with 
negative exponent given by data for the series nitromethane, nitroethane, and 2-nitropropane 
reacting with hydroxide ion, and also the Bransted exponents greater than unity recently ob -  
served for the reactions of aryl-substituted nitroalkanes with hydroxide ion and other bases. 

L'effet des substituants sur la reaction de nitroalcanes avec des bases est analyst en termes d e  
deux interactions qui influencent e t  la constante de vitesse et la constante d'equilibre et deux 
autres qui affectent les vitesses seulement. Les resultats de ces calculs permettent d'expliquer l a  
relation de Bransted avec I'exposant negatif donne par les rtsultats obtenus pour la sCrie 
nitromethane, nitroethane et nitro-2 propane qui reagissent avec I'ion hydroxide et aussi les 
exposants de Bransted plus grand que l'unite qui ont kt6 observes recemment pour les reactions 
de nitroalcanes substituks par des groupes aryles avec l'ion hydroxide et d'autres bases. 

[Traduit par le journal] 
Can. J. Chem.,SZ. 1897(1974) 

Substituents usually have parallel effects on both directions. This follows from the fact that 
the rate and equilibrium constants of the same the sum of Bransted exponents for a proton 
reaction. This is not true, however, of the transfer and its reverse (eq. 2) must be unity: 
neutralization of simple nitroalkanes by hy- a + P = I .  With a greater than one, k, = 
droxide ion (eq. I ) .  G,(K,)", and the rate of the forward reaction 

[I ]  R2CHNOl + HO- 8 RZCN02- + H Z 0  
increases with increasing acidic properties (KA) 

For example, methyl substitution along the 
series nitromethane, nitroethane, and 2-nitro- 
propane slows the rate of this reaction by nearly 
two orders of magnitude while changing its 
equilibrium constant in the opposite direction by 
a somewhat greater factor. 

The data upon which this particular example 
of the nitroalkane anomaly is based have been 
in the literature for some time (I). Quite recently, 
however, they received renewed interest when 
it was pointed out that they lead to a Bransted 
relation with a negative exponent (2), and when 
other more extensive series of nitroalkanes were 
discovered which gave Bransted relations with 
exponents greater than unity (2, 3). 

Bransted exponents outside the limits zero to 
one present certain difficulties. They lead, for 
example, to the situation where a proton transfer 
reaction is acid-catalyzed (or base-catalyzed) in 

'This research was supported by grants from the 
National Science Foundation (GP-23578) and the 
Petroleum Research Fund of the American Chemical 
Society (5215-AC4). 

of the proton donor, i.e. the forward reaction 
is acid-catalyzed. But now, since a + P = I ,  
p must be negative, and k, = G ~ ( K , ) - ~  = 
GBf(K,)O; this has k, also increasing with the 
acidic, and not the basic, properties of the proton 
acceptor, and the reverse reaction is acid- 
catalyzed as well. With a negative, similar argu- 
ments lead to base-catalyzed proton transfer in 
both directions. 

Before the discovery of values less than zero 
and greater than one, it was widely believed that 
Brernsted exponents measured transition state 
structure, and in particular that they were 
numerically equal to the fractional extent of 
proton transfer at the transition state of the 
reaction being correlated. Exponents outside the 
range zero to one are clearly incompatible with 
this idea. 

Bransted exponents less than zero and greater 
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TABLE I .  Kinetic and equilibrium data for the reaction of nitroalkanes with hydroxide ion at 25" 
-- -. . -. - -. -- - 

kHo-  (ref. 8) AFoa AF*O 
Substrate pKa M-I s - ~  kcal/mol kcal/mol 

CH3N02 10.22 (ref. 6) 27.6 
CH3CH2NO2 8.60 (ref. 6) 5.19 
(CHJ)ZCHNOZ 7.74 (ref. I b, c) 0.316 

6RAF* = +1.00_+0.25b 6RAF0 = -2.02+0.43b 
- -- - -- - 
OFor substrate + HO- corrected for symmetry using factors o f  3 for CHINO*. 2 for CHxCHzNOz, and 1 for (CH,)zCHNOz. 
bError limits are  average deviations. 

than one also run into trouble with regard to 
expected relationships among substituent effects 
on initial, final, and transition states. Brsnsted 
relations are usually generated by making sub- 
stituent changes in one of the reaction partners 
(the catalyst), and it is easy to show that the 
Brernsted exponent is then equal to the sub- 
stituent effect on the free energy of activation, 
6,AF*, divided by the substituent effect on the 
standard free energy of reaction, ~ , A F '  (eq. 3) 
(4, 5). Since the structural changes which 

accompany a chemical reaction occur smoothly 
and continuously as the system moves from 
initial state through transition state to final 
state, the structure of the transition state must 
be intermediate between the structures of the 
initial and final states. The interaction of a sub- 
stituent with the system in the transition state 
will therefore also be intermediate between its 
interactions in the initial and final states, and the 
change which the substituent makes in the free 
energy of the transition state must thus lie be- 
tween the changes it makes in the free energies 
of the initial and final states. It follows from this 
that 6,AF* will be of the same sign as and less in 
absolute magnitude than 6,AF0, which requires 
a to be greater than zero and less than one. 

This argument, however, assumes that the 
substituent interacts with the rest of the system 
in just one way. If there are two or more dif- 
ferent kinds of interaction, and if these differ 
in sign and some lead or lag behind others, then 
they can easily combine to make a < 0 (6,AF' 
and ~ , A F '  of different sign) or a > 1 (6,AF' 
and ~ , A F '  similar in sign but (6,AF*( > 
16,AF01). Moreover, interactions can sometimes 
occur in the transition state without having 
initial state or final state counterparts; these con- 
tribute to 6,AF' but not to 6,AF0 and thus help 
put a outside the range zero to one. 

In this paper, we shall analyze the methyl 
group substituent effect on the nitroalkane- 
hydroxide ion reaction and show that four 
different interactions probably take place. Two 
of these occur only in the transition state. The 
net result is to make 6,AF* positive and ~,AF'  
negative, which makes a less than zero, in agree- 
ment with the observed value. One of these 
interactions, moreover, cannot contribute to the 
substituent effect in the newly discovered ex- 
amples of the nitroalkane anomaly, and its 
omission makes a positive and greater than 
unity; this again is consistent with experiment. 

Results 
Experimental data defining the effect of 

a-methyl substitution along the series nitro- 
methane, nitroethane, and 2-nitropropane are 
collected in Table 1. Only one of the acid dis- 
sociation constants, that for 2-nitropropane, 
seems to have been redetermined since the early 
work of Turnbull and Maron (16) and Wheland 
and Farr (Ic), whose results are summarized in 
the compilation by Pearson and Dillon (6). 
Although the recent value, pK, = 7.70 (7), 
is in good agreement with the earlier result, 
pK, = 7.74, it was measured at a much higher 
ionic strength (0.10 us. 0.004 to 0.007 M) and 
thus includes a less certain activity coefficient 
correction. The early value is therefore used 
here. The rates of reaction of these nitroalkanes 
with hydroxide ion, on the other hand, have 
been determined several times, the most recent 
results and those used here being due to Bell 
and Goodall (8). 

The acid dissociation constants were con- 
verted into equilibrium constants for the reaction 
of nitroalkane with hydroxide ion by dividing 
by the ion product of water, 10-14, and the latter 
as well as the rate constants were corrected for 
symmetry using statistical factors (number of 
ionizable protons) of 3, 2, and 1, respectively, for 
CH,NO,, CH,CH,NO,, and (CH3),CHN02. 
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The results give 6,AF* = + 1.0 kcal/mol and ofpolar effects (12), the polar effect of the methyl 
6,AF0 = -2.0 kcal/mol as the average experi- group was evaluated as the field (Coulomb) 
mentally observed effects of substitution of one interaction between its dipole and the charges 
methyl group; this leads to a = -0.5 + 0.1. on the atoms of the nitro group. These were 

Initial and Final State Interactions 
It is well known that the methyl group has an 

electron-donating and therefore acid-weakening 
polar effect in solution. Methyl substitution 
along the series of nitroalkanes of Table 1, how- 
ever, raises the acidity of these substances, and 
that implies that some other property of this 
group must also be operating. It was in fact 
suggested some time ago that the acid strength 
of simple nitroparaffins is controlled by hyper- 
conjugative stabilization of the C-N double 
bond in nitronate ions (1) (9), an explanation 

supported by the fact that the acidities of the 
aci-nitro tautomers of these substances fall in 
the normal polar-effect order: here the acids as 
well as their nitronate-ion conjugate bases con- 
tain the C-N double bond and hyperconjuga- 
tive effects therefore cancel (10). Additional 
evidence for such a hyperconjugative interaction 
comes from the recently determined secondary 
hydrogen isotope effect on the ionization of 
2-nitropropane, and a correlation of acid dis- 
sociation constants for a number of nitroalkanes 
is also consistent with this interpretation (7). 

This hyperconjugative interaction was evalu- 
ated as the difference between the observed 
substituent effect, 6,AF0 = -2.0 kcaljmol, and 
the polar effect of the methyl group. The latter 
was estimated by treating the group as a simple 
linear dipole 1.10 A in length, i.e. as the vector 
sum of three C-H bonds in a tetrahedral 
arrangement. Its effective magnitude was cal- 
culated from the increase in dipole movent 
brought about by methyl substitution in nitro- 
methane, i.e. from the dipole moments of nitro- 
methane and nitroethane, which are 3.50 and 3.68 
D in the gas phase and 3.1 and 3.3 D in solution 
(1 1). The gas phase values give 0.46 D and the 
solution values, 0.50 D as the moment of the 
methyl group; the average of the two results was 
used. 

Since recent investigations favor a field over 
an inductive mechanism for the transmission 

taken to be one unit positive charge on  nitrogen 
in both the nitro compound and the nitronate 
ion and one-half unit negative charge on each 
oxygen in the nitro compound increasing to a 
full unit charge in the ion. This corresponds to 
complete delocalization of charge onto the nitro 
group in the ion. No direct information seems to 
be available on this point, but the simplifying 
assumption used here is consistent with the great 
acid-strengthening effect of the nitro group, 
much of which appears to be conjugative in 
nature (13), and also with the fact that the anion 
of dipotassium nitroacetate, the only nitronate 
ion examined by X-ray crystallography, is 
strictly planar (14). The methyl group dipole was 
also represented by its point charges, and eq. 4 
was used to calculate the energy of interaction, 
U,,, between all pairs of charges, q i  and qj, 
separated by distances rij; the effective dielectric 
constant, D, was taken to be 2.0 (15). 

Distances were based upon a structure for the 
nitro compound which was patterned after the 
known geometry of nitromethane (16a): rcN = 

1.475 A (16b), rNo = 1.22 A (16a), LONO = 
127" (16a), and LHCH = LHCC = 109.5'. The 
length of the C-N double bond of the nitronate 
ion was estimated using Pauling's relationship 
between bond length and bond order (17); the 
result, rcN = 1.295 A, is consistent with the 
lengths of the C-N double bonds in dirnethyl- 
glyoxime, 1.27 A (16c), formamidoxime, 1.301 
A (18a), and diazomethane, 1.32 A ( 1  86). The 
length of the N-0 bond was assumed to remain 
unchanged during the ionization reaction, and 
bond angles about the a-carbon atom in the 
nitronate ion were taken to be 120". The 
0-N-0 angle in the ion was set at 134Oon the 
assumption that the +7" deviation from a 
regular trigonal value in nitromethane (16a) is 
the result of electrostatic repulsion between the 
half-unit negative charges on the oxygen atoms: 
since these charges double in the ion, the angle 
deviation was doubled also. 

The results of this analysis are a stabilizing 
initial-state interaction between methyl and 
nitro groups of -0.66 kcal/mol and a destabil- 
izing final-state interaction of +0.54 kcal/mol. 
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The net polar contribution to ~ ,AF '  is therefore 
+ 1.19 kcal/mol. On the assumption that this and 
hyperconjugation make up all of the methyl 
group effect on the equilibrium reaction, the 
hyperconjugative effect then comes to - 3.21 
kcallmol (Table 2). 

Transition State Interactions 
These polar and hyperconjugative effects will 

also operate in the transition state of the nitro- 
alkane-hydroxide ion reaction and thus contri- 
bute to 6,AF*. At the transition state, however, 
neither interaction will be as great as in the final 
state, for the C-N double bond will be only 
partly formed and the negative charge will be 
only partly transferred from the hydroxide ion 
to the nitro group. Before the transition state 
effects can be evaluated, the extent of these 
partial changes must be determined, i.e. the 
structure of the transition state must be fixed. 

Isotope effects are frequently useful in 
assessing transition state structure, and the fact 
that the primary hydrogen isotope effect on the 
present reaction is large (8) indicates that the 
proton is approximately half transferred. A 
more quantitative estimate may be obtained 
from the solvent isotope effect (k,o-)H,o/ 
(kDo-)D,o; this effect is believed to decrease 
from unity to a minimum value of ca. 112.4 in a 
way (eq. 5) controlled by the fractional extent 
of proton transfer, x (19). This isotope effect is 
reported as 111.39 (la) and 111.40 (20) for 
nitromethane and 111.36 (la) and 111.35 (1 9b) 
for 2-nitropropane; use of the rounded value 
111.4 in eq. 5 leads to x = 0.38. 

A closely similar result may be obtained by 

TABLE 2. The effect of an a-methyl group on the reaction 
of nitroalkanes with hydroxide ion 

- -- - -- -- . -. - 

Interaction energy, kcal/mol 
- 

6,AF* 

Interaction 6,AF0 TS-I TS-11 
- - - - 
Field,CH,+NO, +1.194 +0.188 +0.082 
Hyperconjugation -3.214 - 1.286 -0.514 
Field, CH, + a-C- - +0.970 + 1.358 
Field, CH, + HO- - +0.591 +0.591 

- - - 

-2.020 +0.463 +1.516 

a = -0.23 -0.75 

simply identifying x with AF*/(2AF* + AFO), 
i.e. with the fraction of the total energy change 
which the system undergoes in passing from 
reactants through transition state to products 
that is complete a t  the transition state. The data 
of Table 1 give x = 0.44 for nitromethane, x = 
0.42 for nitroethane, and x = 0.41 for 2-nitro- 
propane. 

The rounded average of all of these estimates, 
x = 0.4, was used in the present calculations. 
Accordingly, the order of the forming 0-H 
bond was taken to be 0.4 and that of the breaking 
C-H bond, 0.6. Pauling's relationship (17) then 
gave 1 .I96 A as the length of the bond being 
formed and 1.223 A as that of the bbnd being 
broken, for an overall distance of 2.419 A 
between the a-carbon atom and the oxygen of 
the former hydroxide ion. The proton being 
transferred was assumed to be moving in a plane 
perpendicular to the plane of the nitro group, 
at an angle of 101.7" to that plane, which is 40% 
of the way between regular tetrahedral (initial 
state) and trigonal (final state) angle values. The 
remaining bond angles about the a-carbon atom 
were also taken t o  be 40% of the way between 
tetrahedral and trigonal, and the C-N bond 
order was set at 1.4, which gave it  a length, via 
the Pauling relation, of 1.223 A. 

Forty percent proton transfer implies that 40% 
of the negative charge formerly on the hydroxide 
ion has now been shifted onto the nitro com- 
pound. The hydroxide ion oxygen atom was 
therefore given 0.60 unit electronic charge and 
the rest, 0.4, was distributed over the forming 
nitronate ion. In the equilibrium calculations, it 
was assumed that all of the negative charge on 
the pitronate ion in the final state is delocalized 
onto the nitro group. It seems unlikely that this 
will be so in the transition state, for the partial 
double bond here will be less efficient at de- 
localizing charge than the fully formed double 
bond of the final state, and electrostatic attrac- 
tion between the departing proton and the 
electron pair of the breaking bond should further 
inhibit the flow of negative charge away from 
the a-carbon atom. The charge developing on 
the nitronate ion in the transition state was 
therefore taken to be only partly delocalized 
onto the nitro group. 

It is difficult to say just what the actual charge 
distribution is likely to be. Perhaps the simplest 
assumption is to equate the extent of delocaliza- 
tion with the n-order of the C-N bond, and 
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calculations were therefore done using such a 
model (TS-I), i.e. with 0.40 of 0.40 = 0.16 
excess negative charge on the nitro group and 
the rest, 0.40 - 0.16 = 0.24, on the a-carbon 
atom. Delocalization, however, may well be a 
stronger function of n-bond order, and another 
set of calculations was therefore carried out 
with delocalization proportional to the n-order 
squared (TS-11); this put (0.40)' of 0.40 = 0.064 
unit electronic charge on the nitro group and 
0.336 on the a-carbon. The field interactions 
between these charges and the methyl group 
dipole were evaluated using eq. 4, and the contri- 
butions they make to 6,AF* are listed in 
Table 2. 

It seems reasonable that the hyperconjugative 
interaction of the methyl group with the C-N 
bond should also be a function of the K-order 
of that bond. Here again, however, no informa- 
tion on the exact nature of the relationship 
seems to exist, and the assumptions made in 
dealing with charge delocalization were therefore 
used again: in TS-I the hyperconjugative 
interaction was taken to be 0.40 of its final state 
value, and in TS-11, it was set at (0.40)' = 0.16 
of the final state value. 

In addition to these two effects, hypercon- 
jugation and the field interaction between methyl 
and nitro groups, there will be yet two other 
interactions in the transition state. One of these 
is the field interaction between the methyl group 
and the undelocalized charge on the a-carbon 
atom, and the other is the field interaction 
between the methyl group and the charge still 
remaining on the oxygen atom of the former 
hydroxide ion. Neither of these effects is present 
in the initial or final state: the first is absent 
because no charge is assumed to reside on the 
a-carbon atom in the final state, and the second 
is absent because the hydroxide ion and nitro- 
alkane have not yet come together in the initial 
state and because the hydroxide ion has been 
converted into an uncharged water molecule in 
the final state. These interactions were also 
evaluated using eq. 4, and their contributions to 
6,AF* are listed in Table 2. 

Discussion 
These calculations give Brarnsted exponents 

which, like the observed value, are negative: 
a = -0.23 for TS-I and a = -0.75 for TS-11. 
The calculated results, moreover, bracket the 

experimental value, a = -0.5 f 0.1, and their 
average is in fact equal to it. 

This agreement, however, must be regarded as 
fortuitous, for the calculations contain a number 
of arbitrary features. Their significance lies not 
so much in their ability to reproduce experi- 
mental fact, but rather in the insight they provide 
into Brarnsted relations, especially the demon- 
stration that Brarnsted exponents outside the 
range zero to one can be the natural result of 
reasonable combinations of quite ordinary sub- 
stituent effects. 

The data of Table 2 show that the negative 
Brarnsted exponents which result from these 
calculations are produced by an interplay of 
polar and hyperconjugative effects. Only one 
polar interaction, a destabilizing effect, operates 
on the equilibrium process; it is weaker than the 
stabilizing hyperconjugative interaction, and the 
methyl group effect here consequently is domi- 
nated by hyperconjugation. In the transition 
state, two additional polar interactions come 
into play; both are destabilizing, and they com- 
bine with the other polar interaction to give a 
total polar effect which is now stronger than 
hyperconjugation. This makes the sign of the 
substituent effect on the rate process different 
from that on the equilibrium, and that in turn 
requires a to be negative. 

It is interesting that omitting hyperconjuga- 
tion from both 6,AF* and 6,AF0 not only raises 
a above zero but also makes it greater than 
unity: a = 1.46 for TS-I and a = 1.70 for 
TS-11, for these values are similar to the Bransted 
exponents obtained in the newly discovered 
examples of the nitroalkane anomaly (2, 3). In 
that work, substituent changes were made by 
introducing groups into the meta or para posi- 
tions of benzene rings situated a or p to the 
nitro group, as, for example, in ZC,H,CH2N0, 
or ZC,H,CH2CH(CH,)N02. Since the alkyl 
chains were not altered, hyperconjugation did 
not change along a given series, and it conse- 
quently made no contribution to 6,AF* or 
~ , A F ' .  Resonance effects were also either weak 
or absent, and steric effects were constant. Thus, 
only polarinteractions could contribute signifi- 
cantly to the substituent effects on both the 
rates and the equilibria. Since charge builds 
up on the a carbon atom in the transition state of 
this reaction before being delocalized away from 
the substituent onto the nitro group in the final 
state, and since the substituent sees the charge 
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on the base only in the transition state, it is 
reasonable that the polar interactions would be 
stronger in the transition state than in either the 
initial state or the final state; this, as the data of 
Table 2 show, makes ci greater than unity. 

This explanation is consistent with the fact 
that ci becomes less anomalous in these systems, 
i.e. it decreases from 1.5 to 1.3 in the ZC,H4- 
CH,N02 series and from 1.1-1.2 to 0.9-1.0 in 
the ZC,H4CH(CH,)N02 series (3a), when the 
hydroxide ion proton acceptor is replaced by 
weaker, amine, bases. These weaker acceptors 
will make the reaction less exothermic, and the 
transition state will therefore move to a later 
position along the reaction coordinate. The 
result will be a more fully developed C-N 
double bond, which will allow more charge 
delocalization, reducing the negative charge 
density on the ci carbon atom and lowering the 
corresponding polar interaction. The polar 
contribution to 6,AF" will also be reduced in 
these amine systems because the charge type of 
these bases is different from that of the hydroxide 
ion: this part of the transition state is now 
positively rather than negatively charged, and 
the polar interaction between the substituent and 
this charge will therefore oppose rather than 
reinforce the rest of the polar effect. 

Two of the polar interactions listed in Table 2 
operate only in the transition state and conse- 
quently play an important role in making ci 

anomalous. Leaving them out gives cc completely 
unremarkable values: ci = 0.54 for TS-I and 
ci = 0.21 for TS-11. The experimental equivalent 
of this situation may be approached by putting 
the substituent to be changed in the base rather 
than in the nitro compound. This converts the 
former intermolecular interaction between the 
substituent and the base into an intramolecular 
effect, and that gives it an initial or final state 
counterpart, i.e. the substituent can now interact 
with charge on the base in either the initial state 
or final state as well as in the transition state. 
The other interaction, that involving charge on 
the ct carbon atom, will in this case still be with- 
out an initial or final state counterpart, but it 
should be much weaker than before because the 
substituent, being now in the base, is likely to be 
at a greater distance from the charge. The third 
polar interaction, that between the substituent 
and the charges on the nitro group, formerly 
intramolecular but now intermolecular. can also 
occur only in the transition state. However, it 

too will be weak because of the greater distances 
involved. The overall result will be  a transition 
state effect dominated by the interaction of 
charge on the base with a substituent also in the 
base. In such a situation, 6,AF" is unlikely to 
exceed 6,AF0, and ci will be non-anomalous, 
i.e. between zero and one. It is significant in this 
connection that Brransted relations for proton 
transfer from nitro compounds t o  a variety of 
amine, carboxylate ion, and phenoxide ion 
bases, constructed keeping the nitro compound 
constant but changing the base, have exponents 
which lie in the range 0.50 to 0.65 (3b, 21). 

Even though these Brsnsted exponents are 
non-anomalous, they are not necessarily equal 
to the extent of proton transfer a t  the transition 
states of these reactions, x, identified here with 
the order of the forming bond. F o r  a to be equal 
to x, intermolecular interactions must make a 
negligible contribution to 6,AF*, and the charge 
distribution in the base must follow the bonding 
changes closely; the charge with which the sub- 
stituent interacts must in fact be a linear function 
of x. It seems unlikely that these conditions will 
be met exactly. Intermolecular interactions, 
especially energy-lowering effects in flexible 
systems, are likely to be significant if small (4), 
and the redistribution of charge within the base 
will almost certainly be non-linear in x if charge 
delocalization takes place. Should the sub- 
stituent undergo resonance as well as polar 
interactions with the rest of the system, further 
differences between ci and x are likely to result. 
It would seem therefore that ci will not in general 
be an accurate measure of x. 

Anomalous Brsnsted relations have also been 
discussed by Marcus in terms of his rate theory 
(22). He came to the conclusion that  ci would be 
normal and a good measure of x as long as the 
structural changes made along a reaction series 
did not alter its intrinsic barrier, i.e. did not 
produce changes in the free energy of activation 
without effecting corresponding changes in the 
standard free energy of reaction. This is equiva- 
lent to barring interactions which contribute to 
6,AF* without affecting 6,AF0, a n d  is thus con- 
sistent with the conclusions reached here. Marcus 
states further, however, that, in systems in- 
volving proton transfer between pseudo acids, 
such as nitro o r  carbonyl compounds, and 
normal oxygen o r  nitrogen bases, structural 
variations in the base are unlikely to change the 
intrinsic barrier; Brransted exponents obtained 
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from correlations constructed keeping the 
pseudo acid constant but changing the base 
should therefore be good measures of x. The 
present analysis, however, suggests that even in 
situations such as this, a may not reflect x 
very accurately. 
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Redetermination of the Mossbauer l19Sn Chemical Shifts 
in K ,  Cs, and Cu Hexafluostannates 

FRANK W. D. WOODHAMS A N D  R. ALAN HOWIE 
Depcrrtttlents of Nntrrrol Pl~ilosoplry utld Cllenzistry, Ut~iversi ty  of Aberdeen, Aberdeetl AB9 2 UE,  Scotlntld 

A N D  

OSVALD KNOP 
Depcrrtttlent of Cl~e t t~ i s r ty ,  Dolhortsie University, Hrrlifrrx, Novcr Scotin B3H 35.5 

Received June 6 ,  1973' 

The Mossbauer ""Sn chemical shifts in K,SnF,,.H,O, Cs,SnF,,, and CuSnFo.4H20 have 
been redetermined. All three values, and the value for SnP,O,, are close, lying within 
0.1 nlrn/s, and they define the lowest points on the ""Sn chemical shift scale known 
to-date. The small differences in the shifts reflect the degree of hydration of the hexa- 
fluostannates. 

Les clCplacements ison1Criques de ""Sn clans les spectres Mossbauer de K.SnFo.H.O, 
Cs,SnF,, et CuSnF6.4H,O ont Ctk redCterrninCs. Leurs valeurs, ainsi que celle trouvCe pour 
SnP,07, diffkrent au r n a x i n ~ ~ ~ n ~  de 0.1 mm/s  et constituent les plus bas dkplacements 
chirniques de ""Sn connus h ce jour. Les faibles diffirences dans les diplacements sont 
le reflet du deg1.i d'hydratation des hexafluostannates. 

Can. J .  Chem.. 52. 1904(1974) 

In a recent Mossbauer study of SnP,07 ( I )  
some doubt arose about the reliability of  the 
chemical-shift (6) values reported in the literature 
for the hexafluostannates. A selection of these 
6-values, for compounds closest to the hexa- 
fluostannates that we have studied, are given in 
Table 1 ; the shifts of other hexafluostannates 
(see ref. 2) lay in the range of values given in 
Table 1 .  In order to compare 6-values reported 
by different authors it is necessary to express 
chemical shifts relative to a well-defined standard 
compound at a specified temperature. Since 
originally P-Sn was favored as the standard, we 
have first quoted in Table 1 the shifts relative to 
this compound. The 6-values from refs. 2 and 3 
were already relative to P-Sn; those from refs. 4 
and 5 were converted using the authors' own 
value for 6(P-Sn) relative to their chosen 
standard. The Lees and Flinn (4) shift for K2SnF6 
is markedly higher (less negative) than the other 
6-values reported, and slightly greater than that 
observed in S n P 2 0 7  (1). The other shifts all 
agree within their experimental errors, which are, 
however, relatively large. Consequently it is 
impossible to determine the position, on the 
chemical shift scale, of SnP207  relative to the 
hexafluostannates with any degree of precision. 

'Revision received January 14, 1974. 

This was particularly frustrating because the 
hexafluostannates have the largest negative 
chemical shifts yet observed in S n  compounds 
and 6(SnP,07) was within the range for the 
hexafluostannates. We therefore decided to 
redetermine 6 in the K, Cs, and Cu  compounds 
using the same apparatus and technique as in 
ref. 1,  thus minimizing the effect o f  uncertainties 
in calibration, conversion factors, and the iden- 
tity of the materials investigated by previous 
authors. 

K2SnF6.H20 was prepared as in  ref. 6. It gave 
an X-ray powder pattern identical with that 
described there. Cs2SnF,, which was prepared as 
described in ref. 7, was analyzed for Cs and Sn ;  
its powder pattern was similar to those of 
K2PtC16 and Cs2SnC16. The  sample of 
CuSnF6.4H20 was prepared as in  ref. 8 and was 
analyzed for Cu and Sn. The analytical results 
and the appearance of the crystals agreed well 
with those reported by Sanchez. 

The Mossbauer spectrometer has been de- 
scribed in ref. 9. The spectra were accumulated 
as mirror images in the first a n d  second 200 
channels of the analyzer; each spectrum was 
analyzed separately. The sources used were 
119111 Sn in BaSnO, at room temperature. Their 
initial intensities were about 5 mCi. Velocity 
calibration was carried out using 57Fe and the 
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WOODHAMS ET AL: CHEMICAL SHIFTS IN KzSnF6.Hz0, CszSnF6, AND CuSnF6.HzO 1905 

TABLE 1. Mossbauer '19Sn parameters of the hexafluostannates of K, Cs. and Cu* 
-. - 
-- 

- - . -- - - -. . .- - - -- 

8 (mm/s) 
Temperature 

Compound (OK) S-Sn SnO, or BaSnO, (mrn/s) xi Reference 
-- 

K2SnF6 78 - 3.20(8) - 0.50(8) 3 
r.t. -3.15(5) -0.45(5) 2 

-2.91(3) -0.43(2) 4 

K2SnF6.H20 r.t. -0.413(8) 0.85(3) 153, 195 This work 
77 - 0.390(6) 1.01(2) 164,181 This work 

Cs2SnF, 80 -3.2(1) -0.4(1) 5 
-3.14(8) -0.44(8) 3 

r.t. - 0.374(8) 0.96(3) 139,160 This work 
77 -0.281(10) 1.32(4) 201,209 This work 

CuSnF, - 3.05(5) -0.35(5) 2 

CuSnF6.4H20 r.t. -0.456(10) 0.95(2) 225,289 This work 
77 -0.415(10) 1.08(3) 154. 158 This work 

----A- .. . . .- - -- . -- 
* S ,  chemical shift; I-, line width. The results reported by other authors are given relative to both 13-Sn and SnO> using the authors' 

figures for conversion. The results o f  the present work are given relative to BaSnO which has a chemical shift idcnlical to that o f  
S n O l ;  the 6 values are the averages o f  the two mirror-image speetra. The standardhcviations are in units o f  the last decimal place 
and are given w ~ t h  95Y, confidence limits. The two x 2  values refer to the spectra accumulated in channels 0-199 and 200-399 respec- 
tively. 

data of ref. 10. We have quoted our chemical 
shifts with respect to BaSnO, at  room tempera- 
ture to comply with recommendations of the 
IUPAC (I I); values relative to P-Sn are obtained 
by subtracting 2.570 mm/s, and to a-Sn, by 
subtracting 1.92 mm/s (4). Absorbers were pre- 
pared by dispersing the sample powder in acrylic 
disks. Each disk contained about 3 mg/cm2 of 
natural Sn, so no appreciable thickness effects are 
expected. X-Ray powder patterns taken of 
sample powders mounted on the surface of 
similar acrylic disks were identical to those of the 
freshly prepared materials, and so were those of 
sample which had been stored for several 
months. The spectra showed no quadrupole 
splitting and were adequately fitted by a single 
Lorentzian line (for details of fitting procedure 
see ref. 9). The X2 of an acceptable fit was 
required to lie between the 1 and 9 9 2  limits of 
the X2 distribution, i.e. between about 150 and 
242 spectra with 194 degrees of freedom. 

To compare the Mossbauer parameters ob- 
tained in this work (Table 1) with the literature 
&-values it was necessary to convert the latter 
from P-Sn to BaSnO, as reference. We first did 
this by using our measured value for the P-Sn- 
BaSnO, separation of 2.570(8) mm/s. The spread 
of the literature values remains, of course, un- 
changed and the Lees and Flinn shift for K2SnF6 
is still high. However, since the shift for SnO,, 
which is known to be identical with that fo.r 

BaSnO, within an experimental uncertainty of 
$0.02 mm/s, is given by all the authors quoted, 
we subsequently adjusted the literature values to 
SnO, using the authors' own &(SnO,) values. The 
results are shown in the fourth column of 
Table I. The Lees and Flinn value for G(K,SnF,) 
is now in much better agreement with those of 
the other workers. The improvement is due to the 
fact that the 9-Sn-Sn02 separation quoted by 
Lees and Flinn is only 2.48 mm/s compared with 
the 2.70 mm/s of ref. 3.  Fenton and Zuckerman 
(12) have already previously drawn attention to 
the wide range of values quoted in the literature 
for the P-Sn-SnO, separation. Our value of 
2.570(8) mm/s agrees well with the recent value 
of Williams and Kocher (13), 2.57(2) mm/s, 
which is based on a standard N.B.S. sodium 
nitroprusside dihydrate absorber, and that 
quoted by Greenwood and Gibb (14), 2.56 mm/s. 
We are unable to explain the wide range of 
values reported by other authors. Presumably 
they represent poor velocity calibration or non- 
linearity of the velocity scale. 

The F-values for the three hexafluostannates 
through the series CuSnF6.4H20, K2SnF6.H20, 
Cs,SnF,, all lie within a range of less than 
0.1 mm/s. This would suggest that the Sn atoms 
in these compounds occupy sites of the same 
coordination and similar symmetry, which are 
well known to be approximately octahedral (15). 
The change in the &-value on cooling to 77 O K  
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The Relationship Between Ormocastrine and Podopetaline 

STEWART MCLEAN A N D  RENUKA MISRA 
Deportr i~et~t  of Chettlistt:\l, Ui~i~~ersi t .v of Torot~to. Torotrto. 0trttrt.io iMjS  / A /  

Received December 20, 1973 

The difficulties that arose when a n  X-ray crystal structure analysis showed that podopetaline 
has the structure and stereochemistry previously assigned to ormocastrine have been resolved 
by showing that ormocastrine is in fact podopetaline hydrochloride. It has also been demon- 
strated that, of the other three constituents that had been isolated from 0. seti~icostrntn, 18- 
epiormosanine was obtained as its hydrochloride but ormosanine and piptanthine were free 
bases. The  pK, values of the alkaloids have been determined. 

Les difficultts q ~ ~ i  sont apparues lorsque I'analyse par rayon-X a ~ n o n t r t  que  la podopttaline 
possede la structure et la sttreochimie qui avaient t t t  anttrieurement assigntes a I'orniocastrine 
ont t t t  rtsolues e n  prouvant que I'orniocastrine est en fait le chlorhydrate d e  podopttaline. O n  
a a ~ ~ s s i  d tmont r t  que des trois autres constituants qui ont ete extraits d e  0 .  set,~icnstrntn, 
seul I'tpi-18 ormosanine a Cte o b t e n ~ ~  SOLIS forme de chlorhydrate alors q u e  I'ormosanine et la 
piptanthine etaient obtenus SOLIS fornie de bases libres. On a determine les valeurs de pK, des 
a1 kaloides. [Traduit par le journal] 
Can. J .  Chem., 52, 1907 ( 1974) 

We assigned the stri~cture and relative con- 
figuration shown in 1 to a constituent, m.p. 263" 
(dec.), that we isolated from the seeds of Ort170sia 
semicastrata and named ormocastrine ( I ,  2). Soon 

afterwards, Hart et al. (3) assigned the same struc- 
ture 1, now with the absolute configi~ration 
shown, to podopetaline on the basis of an X-ray 
crystal strilctiire analysis of its hydrobromide. 
Podopetaline, m.p. 77.5-79", is an alkaloid of 
Podopetal~m7 onnotichi, which has also afforded a 
material identical with ormocastrine. Since our 
assignments had been based on chemical trans- 
formations carried out on the small amount of 
ormocastrine we had isolated, it seemed that at  
some point we must have drawn a falseconcliision 
from our results. We were concerned to find the 

already been isolated from natural sources, some 
have also been synthesized, and some have, so far, 
been obtained only by synthesis (2,4). 

As a conseqilence we have reinvestigated ormo- 
castrine and, on the basis of some of its physical 
characteristics, we were led to suspect that  it was 
not, after all, a free basc but a salt. Neutron acti- 
vation analysis provided evidence that  it con- 
tained chlorine in an aniount conlpatible with its 
being a hyclrochloride. It seemed probable, there- 
fore, that we had isolated podopetaline hydro- 
cliloride and confirmation of this was obtained by 
carefill1 y converting a sample of podopetaline to 
its monohydrochloride by titration in an auto- 
matic titrator. Repeated crystallizations of the 
material available from the two soilrces provided 
crystals, m.p. 270-272" (dec.) either separately or 
on admixture. Titration of ormocastrine with 
potassii~m hydroxide solution by the  same 
method converted it to the free base, m.p. 78-80", 
which did not depress the melting point of an 
authentic sample of podopetaline. Ormocastrine 
is consequently podopetaline hydrochloride and 
the name podopetaline shoi~ld therefore be used 
for the alkaloid. However. since the X-rav anal- 

soilrce of this error, particillarly since a critical ysis secilrely establishes tlik structure a n d  stereo- 
part of our evidence rested on the fate of  ormo- chemistry of podopetaline, these features are also 
castrine on hydrogenation and, since the stereo- secure for 'ormocastrine' and assignments based 
chemical concli~sions seemed soundly based, on its relationship to transformation products 
ormocastrine served as a link in the extensive net- and congeners are strengthened. These links are 
work interconnecting stereochemical and struc- now, in fact, more securely forged and the con- 
t i~ra l  variants of ormosanine, of which some have fusion that resulted when it appeared that  at least 
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one stereochemical feature in 'ormocastrine' had 
been misassigned has been removed. 

In our isolation of 'ormocastrine' we had ex- 
tracted it into chloroform from an aqueous solu- 
tion (hydrochloric acid extract), adjusted to pH 
10, approximately, (pH paper) by addition of 
base, and we had expected it to be a free base. The 
amount of material available did not permit a 
combustion analysis to be carried out, so we re- 
sorted to mass spectrometry to determine its for- 
mula and there was no sign ofany peaks indicative 
of a molecular weight higher than that of 
C,,H3,N3 which appeared to be the parent ion. 
It is clear now that more caution is required in 
identifying the nature of materials isolated in 
small amounts and subjected to structural studies. 
Our str~lctilral assignments to the free base were 
not in error; 'ormocastrine' is simply not the free 
base. These results immediately caused us to re- 
examine the other substances that we isolated 
from 0. semicastrata. It is clear now that the 
ormosanine and piptanthine (m.p. 220") that we 
obtained contained no chlorine and were, indeed, 
free bases. Since our piptanthine melted about 
80" above the temperature previously recorded 
for this alkaloid and we had consequently pro- 
posed that we had isolated natural racemic pip- 
tanthine for the first time, we took particular care 
to confirm that this was not a salt. On the other 
hand, the material we described as 18-epiormo- 
sanine is a hydrochloride and careful basification 
of this on the automatic titrator allowed the free 
base, m.p. 121-122", to be isolated. 

The extraction into an organic phase of two 
free bases and two closely related hydrochlorides 
from a basic aqueous phase is unusual. This led 
us to examine the pK, values of these alkaloids 
and, because material was in short supply, we 
carried the determinations out on a Radiometer 
automatic titrator and the results are displayed 
in Table 1. Because of the limitations of the tech- 
nique used, the values reported are not considered 
to be uniformly precise but it is believed that they 
provide a satisfactory picture for purposes of 
comparison. Podopetaline and 18-epiormosanine 
exist largely as their salts at pH 10 and it is clear 
that the hydrochlorides of these alkaloids are ap- 
preciably soluble in chloroform. The variation in 
the pK, values of the alkaloids is undoubtedly 
related to the stereochemical relationships of the 
three nitrogens in the molecules; this feature may 
prove to be of value in making or supporting 
stereochemical assignments made to alkaloids of 

TABLE 1. pK, values for alkaloids of 0. semicastrata 

Ormosanine 5.1 8 .0  10.3 
Piptanthine 4.5 7 . 8  9 . 1  
Podopetaline 4.3 8 .2  10.6 
18-Epiormosanine 4.7 8 . 0  11.1 
- -- - - . . . - - 

this class but the selection of data available is too 
small at present t o  lead to usefi~l generalizations. 

Experimental 
Melting points were determined on a Thomas-Kofler 

micro hot stage. Titrations and pK, determinations were 
carried out on a Radiometer automatic titrator. The 
sample (-5 mg) was placed in about 1 ml of water and 
0.1 N hydrochloric acid was added to bring the solution 
to p H  2. (The hydrochlorides dissolved immediately but 
the free bases remained in suspension until acidified.) The 
titrator was then set to carry out the titration with 0.1 N 
aqueous potassium hydroxide and the pK, values shown 
in Table I correspond to half-neutralization pH values 
calculated from the curves obtained after the correction 
derived from a blank titration had been applied; at high 
p H  values the titration curves showed discontinuities when 
the free base separated from solution but it is anticipated 
that the pK, values are dependable to t 0 . 2  units. Inter- 
conversion of free bases and monohydrochlorides (see 
below) was accomplished in a similar manner by using 
the titrator to bring the pH to the required value and then 
removing the water under high vacuum at low tempera- 
ture. The residue was triturated with warm chloroform 
and the product was isolated by evaporation of the 
solution obtained. 

The isolation of four constituents of 0. seti~icastrata has 
been described previously (1). The ormosanine was re- 
crystallized from ether-hexane and a sample, m.p. 
175-177", was analyzed. 

Anal. Calcd. forC2,H3,N3: C, 75.65; H, 11.11. Found: 
C, 75.60; H, 10.94; (CI, 0.0). 

A sample of the racemic piptanthine, m.p. 220-221" 
was recrystallized from ethyl acetate. 

Anal. Calcd.forC2,H3,N3:C, 75.65; H, 11.11. Found: 
C, 75.54; H, 11.00; (CI. 0.0). 

The 18-epiormosanine hydrochloride was recrystallized 
from methanol-ether; m.p. 275" (this does not appear to 
be a true m.p. since the sample decomposes at or near 
this temperature and its appearance depends on the rate of 
heating). 

Anal. Calcd. for C20H3BN3CI: C, 67.86; H, 10.25; CI, 
10.02. Found: C, 67.79; H, 10.09; CI, 10.13. 

A sample of the hydrochloride was converted to the 
free base (see above) which was recrystallized from ac- 
etone-hexane at - 10" and obtained as crystals, m.p. 
121-122". Massspectrum m/e(relative intensity): 318 (1 I), 
317 (42), 316 (9), 259 (7), 245 (6), 235 (81, 234 (381, 233 
(15), 220 (12), 219 (52), 191 ( l l ) ,  151 (38), 150 (9), 98 (40), 
96 (14), 84 (loo), 43 (47), and 32 (82). 

The 'ormocastrine' (podopetaline hydrochloride) was 
recrystallized to constant m.p. from methanol-ether at 
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M c L E A N  A N D  MISRA: ORMOCASTRINE-PODOPETALINE 1909 

-20". Authentic podopetaline was converted to its mono- 
hydrochloride (see above) which was also recrystallized 
to constant m.p. Both samples separately had m.p. 270- 
272" (value somewhat dependent on rate of heating since 
sample deconlposes) and this was not depressed for a 
mixture of the two. The 'ormocastrine' was converted to 
its free base, which was recrystallized from ether-hexane. 
This sample had a m.p. 78-80" and did not depress the 
m.p. of an authentic sample of podopetaline. 
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tion about the progress of this work in his laboratory. 
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Professor T. Hofmann, Department of Biochemistry, 
University of Toronto, provided us with the use of the 
Radiometer a~itomatic titrator and valuable assistance 
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Thermodynamics of Ionization of Nitroethane in Water-Ethanol 
Solvent Mixtures 

A N D  

EARL M. WOOLLEY 
Deptirtn~ent of Chenzistty, Brighorn Yolrrzg Utziversity, Provo, Utcrlt 

Received December 5, 1973 

We have niade glass electrode measurements that lead to values for the equilibrium constant 
for acid ionization of nitroethane in water and in aqueous ethanol mixed solvent systems. 
Calorimetric measurements have led to AH0 values for the acid ionization of nitroethane in 
wafer and in aqueous ethanol. These results have been combined to yield TASo values for the 
ionization reactions in water and in aqueous ethanol. Our results have also been combined with 
previously reported eq~iilibrium constants for ionization of water in aqueous ethanol to obtain 
thermodynamic data for the neutralization of nitroethane in the various solvent systen~s. 

Nous avons efiect~~e des niesures avec des electrodes de verre q ~ ~ i  permettent tl'ttablir les 
valeurs pour la constante d'tquilibre de I'ionisation du nitrotthane dans l'eau et dans des 
systenies contenant de I'ethanol aqueux. Des mesures calorimetriques ont permis d'etablir les 
valeurs pour le AH0 pour I'ionisation acide du nitrokthane dans I'eau et dans des solutions 
aqueuses d'tthanol. Ces resultats ont C t t  combines afin d'en tirer les valeurs TASO pour les 
reactions d'ionisation dans I'eau et dans I'ethanol aqueux. Nos rtsultats ont aussi ett  combinCs 
avec des constantes d'tquilibre rapporttes anterieurement pour I'ionisation de I'eau dans 
I'ethanol aqueux afin d'en tirer les donnees thermodynamiques pour la neutralisation du 
nitrotthane dans divers systemes de solvant. [Traduit par le journal] 

Can. J .  Chem., 52, 1910(1974) 

Introduction Many investigations (2) have shown that 
The nitroalkanes are interesting acids for enthalpies and entropies can provide useful 

several reasons. First, they are ''carbon additions to the understanding gained from free 

rather than the more usual -O-H and -,J-H energies in the form of equilibrium constants or  

acids that have been extensively investigated. rate constants. Various other investigations (3) 

~h~ nitroalkanes also exhibit a variety of un- have demonstrated the utility of similar studies 
usual acid-base properties as already reviewed that involve aqueous organic mixed solvent 
(la)'  in connection with a previous investigation systems. We have therefore extended our earlier 
of the ionization of several such c o m p o u n ~ s  work (la)  to include electroche~nical measure- 

in pure water as solvent. ments leading to  pK values a n d  calorimetric 
Most of the recent investigations of nitro- measurements leading to A H 0  values for ioniza- 

alkanes in solution have been concerned with tion of nitroethane in various water-ethanol 

the related problems of equilibrium constants solvent mixtures. 

and rate constants for proton transfer reactions 
and with acid-base catalysis, in part  because 
of Bronsted coefficients that are outside the 
"normal" range. Little attention has been paid 
to the fact that the p K  values for ionization of 
the aqueous nitroalkanes show unusual ( la)  
trends. 

'Note that 2-nitropropane and 1-nitropropane have 
been transposed in Table 3, with the correct arrangment 
given in ref. lb. 

Experimental 
All calorimetric measurements were made with an  

LKB 8700 Precision Calorimetry System used as an 
ampoule calorin~eter. Results are reported in terms of the 
defined calorie (1 cal = 4.1840.T) and refer to 25.00 L- 
0.05 "C. 

Electrochemical measurements were made with the 
Metrohm E436 potentiometric titrator in combination 
with three different glass electrodes (Beckman 39301, 
Coleman 3-472, and Fisher 13-639-1) that all led to 
similar results. All results refer to 25.0 2 0.1 "C. 

Practical grade nitroethane from Baker Chemical 
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MATSUI ET AL.: IONIZATION OF NITROETHANE 191 1 

Company was purified as described previously (1). Other desired equilibrium constant for ionization of 
chemicals were prepared by standard methods. nitroethane in each particular solvelit mixture. 

! Methods and Results 
Our method for the electrochemical determi- 

nation of the equilibrium constant for ionization 
of nitroethane in aqueous ethanol is similar to 
methods used in earlier determinations (4-6) of 
the ionization constants of water in aqueous 
organic mixtures and for determination of 
ionization constants for very weak acids and 
bases in water. 

Initial measurements were made on two cells 
that we represent as follows: glass electrodel 
acidic chloride solution AJAgCI, Ag; glass 
electrode(a1kaline chloride solution B(AgC1, Ag. 
A general expression for the potentials of these 
cells is 

The system was "standardized" by making 
initial measurements with solution A consisting 
of 0.0496 M HC1 and 0.0496 M KNO, and with 
solution B consisting of 0.0496 M KOH and 
0.0496 M KCl. The difference in the two mea- 
sured potentials can be expressed as 

L21 E~ - E~ = k 2  log i n  A)(QOH- i n  B)IKw 
= k, log [(0.0496)2yk2/ 

(1.00 x 1 0 - ~ ~ ) 1  . - 
from which we evaluate k,. 

Further measurements were made on a similar 
cell with a solution consisting of 0.0496 M KOH, 
0.0496 M KCI, and 0.1071 M nitroethane (HX). 
This solution can also be described as being a 
buffered solution in which (XP)/(HX) = 0.863. 
We express the difference between the potential 
of this cell (EbUffcr) and EA as 

The ratio of Hf  activities evaluated by way of 
eq. 3 in combination with (X-)/(HX) permits 
calculation of the equilibrium constant K for the 
acid ionization of aqueous nitroethane. 

Extension to aqueous ethanol solutions is 
based on "titration" of acid solution A with 
anhydrous ethanol, with the potential EA1 being 
measured after each addition of ethanol. 

/ Similarly, titration of the nitroethane buffer 
, solution with anhydrous ethanol leads to 

EibuffCr values. Then (E', - EfbUffcr) at the same 
solvent composition leads by way of eq. 3 to the 

Results of these measurements are given in 
Table 1. Maximum spread between pK values 
determined at the same solvent composition 
with different electrodes or at different times was 
0.06. All pK values are based on molarities of 
solute species CH,CH,NO,, CH,CHNO,-, 
and H f .  Our standard free energies of ioniza- 
tion are therefore appropriate to the hypothet- 
ical 1 M standard state for solutes. We were 
unable to make satisfactory measurements with 
solvent mixtures with the mol fraction of 
ethanol greater than about 0.55. 

We have measured enthalpies of solution of 
liquid nitroethane in various water-ethanol mix- 
tures, with results summarized in Table 2. All 
reported values are averages of at least two 
separate determinations, with final concentra- 
tions of nitroethane ranging from 0.0 1 to 0.03 
M. An equation to represent the calorimetric 
process is the following: 

[4] CH3CH2N02(liq) = CH3CH2N02(S) AH: 

Here we use (S) to indicate that the preceding 
substance is dissolved in some solution S. Our 
unweighted averaging procedure to obtain AH: 
values implies that the enthalpy of dilution of 
CH,CH,NO,(S) is negligible in these dilute 
solutions, which is in accord with our calorim- 

TABLE 1. Ionization constants of nitroethane 
in aqueous ethanol 

Xc P K ~  xc PC 

0.0  8.57 0.2355 9.73 
0.0250 8.68 0.2912 9.99 
0.0488 8.79 0.3393 10.19 
0.0715 8.90 0.3813 10.38 

TABLE 2. Enthalpies of solution (AH:) of nitroethane in 
aqueous ethanol 

-- - 
AH," AH: 

xc (kcal mol-I) x. (kcal mol- ') 
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etric results. Total uncertainties in AH: values 
are estimated to be less than k0 .05  kcal mol-' .  

We have also measured enthalpies of neu- 
tralization of nitroethane, with results sum- 
marized in Table 3. Again, each reported value 
is the average of a t  least two determinations. All 
experiments were done with final CH,- 
CHN0,-(S)  concentrations ranging from 0.01 
to  0.02 M and with NaOH concentrations 
ranging from 0.047 to 0.053 M. The calorimetric 
process is 'represented by 

[51 CH3CH2NO2(liq) + OH-(S) = CH3CHN02-(S) 
+ H20(S) AHnO 

Because of the symmetry of this reaction, we 
have taken the average measured A H ,  at  each 
solvent composition to be the standard enthalpy 
change represented by AH:, which is consistent 
with the absence of any general trend in mea- 
sured molar enthalpies with solute concentra- 
tions. Total uncertainties in AHnO values range 
from about k0.05 kcal mol- '  in pure water to 
about f 0.10 kcal mol- '  in the solutions with 
highest alcohol contents. 

Combination of our AH: and AH: values 
with enthalpies of ionization of water in aqueous 
ethanol as represented by 

[61 H,O(S) = H+(S) + OH-(S) A HwO 

from the results of an  earlier calorimetric investi- 
gation (7) permits calculation of the standard 
enthalpy of ionization of nitroethane: 

The AHwO values used in eq. 8 for calculation of 
AHiO values are taken from earlier calorimetric 
results of Bertrand et al. (7). These A H w O  values 
are in satisfactory agreement with those reported 
by Avedikian and Dollet (8) for solutions con- 

TABLE 3. Enthalpies of neutralization (AHnO) of 
nitroethane in aqueous ethanol 
-- -- 

AH,? AH,,' 
xc (kcal mol-I) xc (kcal ~nol-I )  

taining less than about 30 mol % ethanol. Be- 
cause there are large unexplained discrepancies 
between the reported (7, 8) A H w O  values for 
solutions with the mol fraction of ethanol (X,) 
greater than about 0.3, we d o  not  tabulate A H i O  
values for solutions with Xc > 0.30. 

We shall also want to  consider the enthalpy of 
neutralization of dissolved nitroethane, as 
represented by 

This enthalpy of neutralization is calculated from 

and  is seen to be independent of AH,'. 
We have constructed graphs of  AH:, AH:, 

and AH,' against X ,  and have then taken 
various A H 0  values a t  selected values of Xc to  
use in eqs. 8 a n d  10. Results of  these calcula- 
tions of AHiO a n d  AH,: are given in Table 4. 

Our AH: values (Table 3) become steadily 
less exothermic a s  Xc increases. O u r  AHiO values 
(Table 4) become less endothermic as Xc in- 
creases, with a small (very little larger than 
experimental uncertainties) irregularity in the 
range X,  z 0.1 to  Xc 0.25. In contrast t o  
these AH: and A H i O  values that vary smoothly 
with Xc,  our AHsO values (Table 2) exhibit a 
substantial maximum at Xc r 0.175 while our 
AHn: values (Table 4) exhibit a minimum a t  
X, Z 0.125. The  maximum in AH: and the 
minimum in AHnsO are both indicative of effects 
of solvent "structure" on solute-solvent interac- 
tions as previously discussed by Arnett, Franks, 
Ives, and others (36-e). 

Our results (Table 1) show that the acid 
ionization constant for nitroethane decreases 

TABLE 4. Enthalpies of ionization 
(AH?) and neutralization (AH,,:) of 

nitroethane in aqueous ethanol 

AHIo AHnS0 
X. (kcal mol-') (kcal mol-I) 
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MATSUI ET AL.: IONIZATION O F  NITROETHANE 1913 

TABLE 5. Free energies (AGP) and 
entropies (-TASIo) of ionization of 

nitroethane in aqueous ethanol 

AG1° 
(kcal mol-I) 

11.69 
12.00 
12.34 
12.52 
12.69 
12.82 
12.99 
13.68 

- TASiO 
(kcal mol- ') 

9.27 
9.60 

10.19 
10.67 
10.94 
11.17 
11.44 
12.23 

TABLE 6. Free energies (AG,?) and 
entropies (-TAS,P) of neutralization of 

nitroethane in aqueous ethanol 

AGnsO - TAS,,> 
x, (kcal mol-I) (kcal mol-I) 

increasing X,, in spite of extrema in AH,,: and 
steadily (increasing AGiO) with increasing X,. TAS,: values at X, 0.13. 
From a graph of pK against X,, we have selected 
pK values at certain X, values and calculated 
the corresponding standard free energies of 
ionization (AGiO, molar scale) that are listed in 
Table 5. These AGiO values have been combined 
with the corresponding AHiO values (Table 4) to 
obtain the - T A S ~ O  values that are also listed in 
Table 5. We see that the large increase in 
-ATS~O with increasing X, causes AGiO to in- 
crease (K to decrease) with increasing X,, in 
spite of the fact that it requires less energy 
(decreasing AH,') to remove a proton from 
CH,CH2N02(S) as X, increases. 

To obtain AG,; values (for the reaction 
represented by eq. 9) we combine our pK values 
(Table 1) with pK, values (reported as K,,,) 
from an earlier e.m.f. investigation (4), as sum- 
marized in Table 6. Combination of these 
AG,; values with corresponding AH,: values 
(Table 4) leads to the - TAS,: values also listed 
in Table 6. The values in Tables 4 and 6 show 
that "compensation" of AH,: and TAS,: 
values causes AG,: to increase smoothly with 

~~- 
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Ligand Abstraction in the Reaction of Aryldiazonium Ions with some 
Iron Complexes Containing Coordinated Cysteine, 

Maleonitriledithiol, or Triarylphosphine 

JAMES A. CARROLL, DAVID R. FISHER, GEOFFREY W. RAYNER CANHAM, AND DEREK SUTTON' 
Deprirttnent of Chetnistry, Sit~lott F1,riser. Ut~iversi t)~,  Blirnrrl~y 2 ,  Brifisll Colli~tibiri 

Received November 23, 1973 

The reactions of selected aryldiazonium tetrafluoroborates with Fe(CO),(PR,),, [Fe(mnt),]-, 
[ F e ( c y ~ t H ) , ] ~ + ,  and [Fe(CO),(cyst),] (mnt = S2C2(CN)2, cyst = SCH2CH(NH,)C0,H) 
result in abstraction of the ligand to yield arenediazophosphonium ions, S-(arenediazo)cysteine 
or  the dinitrogen extrusion product ArS(CN)C=C(CN)SAr. Arylazo complexes of i ron  were 
not obtained. The products have been characterized and compounds related to S-(arenediaz0)- 
cysteine, namely S-(arenediazo)triphenylmethyl mercaptan and S-(arenediazo)sulfones, have 
been synthesized for  a detailed comparison of their Raman spectra. Assignments of v(N=N) 
are made o n  the basis of I5N- and ZH-substitution experiments. T h e  possible involvement of 
nucleophilic sulfur as a site for  the activation and/or reduction of  complexed dinitrogen in 
biological nitrogen fixation is proposed. 

Les reactions d e  divers tetrafluoroborates d'aryldiazonium avec Fe(C0)3(PR3)2r [Fe(mnt),]-. 
[Fe(cystH),l2+ et [Fe(CO),(cyst),] (mnt = SZC2(CN)2,  cyst = S C H , C H ( N H 2 ) C 0 2 H )  con- 
duisent A I'enlevement d'un ligand pour fournir les ions arenediazophosphonium, la S-arene- 
diazocysteine ou les produits d'elimination d'azote moleculaire ArS(CN)C=C(CN)SAr. Les 
complexes arylazo du fer n'ont pas ete obtenus. On a caractkrise les produits et I'on a synthetist 
les composes relies B la S-arenediazocysteine soit le S-artnediazotriphenyImCthyl mercaptan et 
les S-arenediazosulphones dont  on  a examine les spectres raman e n  detail. Les positions des 
bandes v(N=N) ont  ete attribukes sur  la base d'experiences dans lesquelles les azotes et les 
hydrogenes ont ete remplaces par I5N et *H. O n  propose un mecanisme possible impliquant 
du soufre nucleophile comme site d'activation ou de reduction pour la fixation d'azote par des 
processus b i o l o g i q ~ ~ e  impliquant de I'azote moleculaire. [Traduit par le journal] 

Can. J. Chem., 52, 1914 (1974) 

Introduction 

Recently, there has been some interest in the 
reactions of aryldiazonium ions with a variety 
of transition metal complexes, with a view to 
synthesizing stable transition metal-arylazo 
complexes L,,MN,Ar. Whilst in some instances 
the reactions appear to be straightforward addi- 
tions or  s~~bstitutions(l-10) there are examples in 
which the reactions are considerably more coni- 
plex and products of insertion (1 1-14) and 
nietaliation (15) have been obtained. The 
mechanisms of these processes and of the forma- 
tion of tetrazene complexes (16) are not yet 
known with certainty. 

In the course of our s t ~ ~ d i e s  of such reactions 
we have found that a f i~rther complication may 
quite frequently arise, which is the reaction of 
the d iazon i~~m ion with a nucleophilic center in 
the ligand itself. T o  cite an  example, whereas the 
ma-jority of aryldiazonium ions reacted smoothly 

'To whom correspondence should be addressed. 

with Fe(CO),(PPh,), to yield [Fe(CO),(PPh,),- 
(N,Ar)]+, p-diethylaminophenyIdiazonium tet- 
rafluoroborate reacted rapidly with ligated (or 
possibly with equilibrium-dissociated) triphenyl- 
phosphine to yield near q~~an t i t a t ive  amounts 
of [Et,N.C,H,.N,PPh,]BF, (4). Further in- 
stances of apparent ligand abstraction2 were 
found in the reaction ofiron-cvsteine and iron- 
maleonitriledithiol complexes with a range of 
aryldiazoni~~m salts. Whilst we have been con- 
cerned solely with iron complexes, the effect is 
no doubt more general than this. C o m ~ o u n d s  - 
similar to the products of these reactions, such 
as phosphodiazonium ions and arylazothiolates, 

,The sequence of events in these reactions is not known, 
and  the term "ligand abstraction" is used here in the  
sense that the products are ligand-arylazo combinations 
(or  related to them) rather than metal-arylazo complexes. 
A referee has correctly pointed out that metal-arylazo 
complexes may be formed initially a n d  undergo rapid 
decon~position to species which recombine to give ob- 
served p r o d ~ ~ c t s .  This  possibility, a s  yet, lacks experi- 
mental verification. 
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CARROLL ET AL.: ARYLDIAZONIUM IONS 1915 

TABLE 1. Analytical data 
-- - - . -- 

Calculated (%) Found (%) 
Corn- Melting point 
pound C H N Other C H N Other ("c) 

have been reported in the literature previously 
but in most cases have been inadequately 
characterized. We have synthesized compounds 
from the iron complexes and from the ligands 
themselves. In this paper we report the charac- 
terization of these compounds, especially in 
regard to their spectroscopic properties. Stri~c- 
ti~rally similar compounds have been synthesized 
and investigated for comparison. 

Results and Discussion 

Abstraction of Triarylpliosplrine from 
FcfC0)3fPR3)2 

The addition of an acetone solution of 
[p-Et2NC6H4N2]BF4 to an eauimolar benzene 
solution of Fe(CO),(PPh,),, in the manner 
utilized in the synthesis of [Fe(CO),(PPh,),- 
N,Ar]BF, (4), caused an immediate intense red 
coloration, followed by deposition of red crystals 
of l a .  Approximately half the original Fe(CO),- 
(PPh,), was recovered from the mother liquor, 
whereas all diazonium salt was expended. The 
fate of the remaining iron was not investigated, 
but no arylazo-iron complex was identified. 

164 dec. 
92 dec. 

170 dec. 
145 
137 
156 
171 dec. 
172 dec. 
168 dec. 
174 dec. 
174 dec. 
157 dec. 
212 dec. 
186 dec. 
180 dec. 
77 

136 
75 

The identity of l a  was established by syn- 
thesizing it quantitatively from eq~~imolar  
amounts of triphenylphosphine and the dia- 
zonii~m salt, by analysis (Table l ) ,  and by its 
spectroscopic properties, described in detail 
below. Abstraction of PPh, from the iron com- 
plex was observed only with [p-Et2NC6H4N2]- 
BF, (4). However, a wide variety of s~~bstituted 
diazonii~m salts all appeared to react with free 
triphenylphosphine in similar fashion. The prod- 
ucts from all except 11-OCH, and p-NEt, 
derivatives decomposed in solution. Those with 
electron-withdrawing mesomeric substitilents 
were transient species under these conditions, 
decomposing totally within seconds; those with 
only inductive substituents or 177-substituted 
mesomeric substituents decomposed a little 
more slowly, lasting in solution about a minute. 
Electron-donating mesomeric substituents ren- 
dered the compounds isolable as solids, though 
the p-OCH, derivative decomposed above 0 "C. 
Decomposition leads to  extrusion of nitrogen 
and the formation of tetraarylphosphonium 
tetrafluoroborates. Changes in the nature of the 
phosphine also markedly affect the stability of the 
products. With trib-methoxyphenyI)phosphine, 
considerably enhanced stability to decom- 
position was observed as a general feature; con- 
versely, the products from methyldiphenylphos- 
phine were more unstable, with even Et2NC6- 
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H4N2+ yielding a product decomposing at room 
temperature under dry nitrogen. 

Compound l a  is a red needle crystalline solid, 
stable to air, and soluble in polar organic sol- 
vents such as acetone, ethanol, chloroform, and 
nitromethane. The solutions are not very stable, 
however, especially chloroform solutions which 
decompose in a few days with loss of nitrogen to 
a brown oil. It is insoluble in water, benzene, 
toluene, carbon tetrachloride, and diethyl- 
ether. The molar electrical conductivity of l a  in 
acetone (I .37 x M) was 184 ohm-' cm2, a 
little higher than the range (120-175 ohm-' 
cm2) previously observed for typical 1 : 1 elec- 
trolytes (17) but considerably below the 2: 1 
electrolyte values of 230-290 ohm-' cm2. An 
osmometric molecular weight determination 
(4.25 x M in acetone) gave an apparent 
molecular weight of 320 indicating l a  (mol. wt. 
525) to be 67% dissociated at this concentration. 

The structural formula presented for 1 is con- 
sistent with all available physical evidence; 
alternative possibilities illustrated as 2-5 can be 
eliminated as inconsistent with the physical 
(principally spectroscopic) and chemical evi- 
dence. 

H 

For example, N-H and P-H bonds (required 
by all these alternative formulations) are deduced 
to be absent by the lack of any bands in the i.r. 
or Raman spectra assignable as v(N-H) or 
v(P-H) and from the absence of the expected 
resonances in the n.m.r. spectra. The compounds 
cannot be deprotonated by base. Structures 2 
and 3 are analogous to the well-known product 
of reaction of an aryldiazonium salt with tri- 
phenylamine, viz., Ar-N=N-C,H4NHPh2@- 
BF4@, and in our view required additional con- 

trary evidence before definite exclusion. This 
was afforded by repeating the synthesis using 
tri(p-methoxyphenyl)phosphine, whereupon a 
similar product was obtained whose properties 
were consistent only with the formulation lc. 
With this phosphine, coupling at  the para posi- 
tion is clearly prevented. Furthermore, the n.m.r. 
spectrum of the product shows all CH30  groups 
to be equivalent, eliminating the possibility of 
coupling through an ortko position. 

The vibrational spectra of 1 showed, in addi- 
tion to bands assignable to the phosphine, sub- 
stituted-aryl and BF4- moieties, two bands due 
to vibrations of the -N=N-P group. These 
occurred for l a  a t  1222 and 888 cm-' in the i.r. 
spectrum and 121 2 and 883 cm- ' in the Raman. 
Substitution of 15N adjacent t o  phosphorus, 
using [E t2NC,H414N~ '5~ ]BF , ,  shifted these 
bands to 1210 (i.r.) (1200 Raman) and 878 (i.r.) 
(877 Raman) cm-', respectively. 

Neither frequency is at all similar to typical 
values for v(N=N) which lie in the range 1440- 
1650, although the lower frequency is in the 
range of values for v(P-N), 860-910 cm-'. 
Notably, however, values for v(P=N) range 
from 1000 to 1350cm-' and those for v(N-N) 
range from 850 to 1050 cm-' (18, 19). The mea- 
sured values for l a  are therefore probably 
indicative of a considerable contribution of the 
valence-bond formalism la '  to  the electronic 
structure of the molecule, invalidating attempts 
to distinguish which of these two bands is to be 
assigned as v(PN) and which is v(NN). The 

la' 

extensive delocalization clearly accounts for the 
intense color of the compounds, resulting 
primarily from an absorption band at about 
500 nm having an  extinction coefficient ca. 2 x 
lo4 cm-' M - ' .  I t  is also apparent that the extent 
to  which these compounds are stable towards 
decomposition is very much a function of the 
degree of electron, and consequently charge, 
delocalization. Substituents in para positions 
with electron donating mesomeric effects pro- 
mote the l a '  type of electron distribution and 
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confer increased stability, whether present on the 
aromatic rings attached to nitrogen as in l a ,  b o r  
phosphorus as in lc.  The enhanced stability of 
the whole range of tri(p-methoxy)phosphine 
derivatives is i~ndoubtedly due to contributions 
from valence-bond structures such as 6, whilst 

the reduced stability observed when PPh, is 
replaced by PPh,Me may be a result of the 
inductive effect of methyl reducing the elec- 
tronegativity of phosphorus and therefore 
lessening the ability of phosphorus d-orbitals to 
accept rc-electrons from nitrogen. The inability 
of NPh, to form analogous compounds is a 
resillt of nitrogen's lack of low-lying vacant 
orbitals of correct symmetry. AsPh, reacted 
with [p-Et,NC,H,N,]BF, to give only a n  un- 
stable oil which could not be characterized and 
no reaction occurred with SbPh,. These dif- 
ferences from PPh, i~ndoubtedly result from 
changes in nucleophilicity and from the reduced 
K-bonding capabilities of 4d and 5d orbitals with 
nitrogen. Other attempts were conducted with 
SPh,, with which an unstable oil resulted, and 
(EtO),P, (PhO),P, and Ph,PO, none of which 
appeared to react with [p-Et,NC,H,N,]BF,. 

Abstraction of Maleonitriledithiolate Dianion 
,fiotn [Fe(n?nt) ,jo 

Addition of solid [p-FC,H,N,]BF, in small 
portions to an absolute methanol solution of 
Na[Fe(mnt),] (mnt = maleonitriledithiolate, 
S,C,(CN),) at room temperature was accom- 
panied by rapid gas evolution and a change in 
color from deep red to orange. Evaporation 
followed by recrystallization yielded a yellow 
solid identified as 7a. The same compound can 

be obtained similarly from Na[Fe(NO)(mnt),] 
or  directly by reacting the diazonium salt with 
Na,C,S,(CN),. Unlike the above Fe(CO),- 
(PPh,), reactions, similar behavior is obtained 
for all the diazonii~m salts used, leading for 

example to 66 and c. In no instance were we able 
to obtain any evidence for the formation of 
iron arylazo species, as might arise from coordi- 
nation of ArN,@ to [Fe(mnt),lo or by substitu- 
tion of NO@ by ArN,@ in [Fe(NO)(mnt),l0. 
Neither were we able t o  prevent the loss of nitro- 
gen to a sufficient extent to obtain the pure 
arylazothiolate intermediate expected to arise 
from the ligand abstraction reaction by com- 
parison with the behavior of the iron-cysteine 
compoi~nds described below. 

Analyses (Table I )  and spectroscopic prop- 
erties are in accord with the postulated structure 
7. As far as we are aware, these particular com- 
poi~nds do not appear to have been reported 
previously. Compoilnds RSC(CN)==C(CN)SR 
are known where R is aliphatic (20). 

Abstraction of C~~steinyl.fion7 Fe(C0) , (cjat), 
and [Fe(cyst H ) ,  j 2 +  

These experiments arose out of an  effort to 
approach more closely the biologically inipor- 
tant S L I I ~ L I ~  (especially cysteinyl) environment of 
iron in regard to our study of the interaction of 
transition metals with molecules related to 
dinitrogen. In no case investigated, fo r  a wide 
range of diazoniuni salts, was there any evidence 
for the coordination of an arylazo group to 
iron. Instead, rapid abstraction of cysteinyl from 
either Fe(CO),(cyst), (21) or [Fe(cystH),I2+ 
(22) (cyst = SCH,CH(NH,)CO,H; cystH = 
HSCH,CH(NH,)CO,H) occurred to yield the 
iron-free, pale yellow S-(arenediaz0)cysteines 
(8). These compounds were also synthesized 

from the diazonii~m salts and L-cysteine hydro- 
chloride directly. 

Reactions of diazonium salts with amino 
acids (23), and specifically with L-cysteine (24- 
26), have been documented in earlier literature but 
the products from L-cysteine have not been well 
established. Matsumoto (24) postirlated the 
formation of an S-(arenediaz0)cysteine inter- 
mediate in the reaction with diazobenzenesul- 
fonic acid and the toxicity of this acid has been 
attributed to its reaction with thiol groups of 
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TABLE 2. I5N-sensitive bands in the Raman spectra of 
~-XC~H,N=N*SCH~CH(NH~~)CO~~ substituted at N* 

Compound 
(XI Raman bands (I5N values in parentheses) 

- -- 

80 (HI 1433vs(1416vs) 1424vs(1406vs) 884w(879w) 768m(764m) 
86 (OCH ,) 1435s(1428s) 1406vs(1393s) 889w(884w) 798w(794w) 
8c (CH3) 1438vs 1405s 889w,br 798s 
8d (F) 1448vs(1433vs) 1410s(1399s) 892w(887w) 817m(814m) 
8L' (SO3H) 1444vs 1404w 896w 777w 

glutathione and L-cysteine (25). Zahn et a/. (26) 
found S- (5 - chloro - 2 - methy1benzenediazo)cys- 
teine to be stable to 170'. We have not been able 
to find any reports detailing more exactly the 
characterization or properties of S-(arenediaz0)- 
cysteines, so fi~rther examination as part of this 
study seemed appropriate. 

The S-(arenediaz0)cysteines prepared in this 
work are all pale yellow and are for the most 
part remarkably stable in the solid state. Satis- 
factory analyses (Table 1) were obtained for all 
but 8i which decomposed. All, except 8g, are 
quite insoluble in all the common solvents; 
solutions in dilute mineral acids slowly evolve 
gas. The sulfonic acid 8g is insoluble in dilute 
acid but soluble in water and most polar organic 
solvents. S-(Arenediazo) derivatives from thiols 
have not been notable for thermal stability and 
few examples of stable, well-characterized com- 
pounds exist (27-29). Interest in these com- 
pounds has centered around their photochemical 
cis-trans isomerism and utility in photographic 
applications (29, 30). The present cysteine 
derivatives appear to exhibit generally fair 
thermal and light stability. 

Sulfur and nitrogen are each possible sites for 
the binding of the diazo group but vibrational 
spectroscopy shows unambiguously that binding 
is actually to sulfur. Cysteine exhibits a strongly 
active v(S-H) at 2567 cm-'  (v(S-D) 1864 
cm-') in the Raman spectrum but no band 
assignable to v(S-H) or v(S-D) occurs in the 
spectra of 8. On the other hand, the Raman 
active v(C-S) shifts from 684 cm-' in cysteine 
to about 640cm-' in the products. The i.r. 
spectra of the products show absorptions in the 
region 1400-1600 cm-', including bands closely 
similar to those characteristic of the NH,@ and 
CO,' groups of the zwitterionic form of cys- 
teine itself (3 1). 

Isotopic substitution studies were conducted 
in an attempt to assign vibrations due to the 

Ar-N=N-S- group in the Raman and i.r. 
spectra. Only 8a-d and 8g were found to be 
undecomposed on exposure to the He-Ne laser 
exciting radiation (6328 A) of the Raman spec- 
trometer whilst the remainder exhibited varying 
degrees of decomposition and their spectra will 
not be discussed. Their instability is probably a 
result of localized thermal (rather than photo- 
chemical) decomposition. 15N-substituted deriv- 
atives were synthesized for 8a, b, and d and 
bands which shifted are listed in Table 2. Of 
these, only the bands in the 1400 cm-' region 
show considerable shifts. Bands which were ob- 
served in similar positions for the other com- 
pounds are also listed in Table 2, but care 
should be exercised in their interpretation; for 
example, we have not collected evidence as to 
whether or not the weak band at 1404 cm-' in the 
Raman spectrum of 8g is I5N sensitive. In each 
of these regions the corresponding i.r. bands are 
relatively weak and I5N shifts are difficult to 
discern due to overlap with more intense absorp- 
tion bands. 

The presence of two strong I5N-sensitive 
Raman bands may be interpreted in a number 
of ways, including (i) the presence of cis- and 
trans-isomers, (ii) strong coupling of v(N=N) 
with other vibrational modes in the 1400 cm-' 
region, especially v(C-C) modes of the aro- 
matic ring, (iii) coupling of v(N=N) with 
v(N-S) in the event that the N-S bond has 
considerable multiple-bond character, (iv) solid- 
state site-splitting effects. In an attempt to elimi- 
nate some of these possibilities, it seemed worth- 
while to study the hitherto unpublished vibra- 
tional spectra of a number of related S-(arene- 
diazo) compounds and compare their behavior 
with that of the S-(arenediaz0)cysteines. 

S-(Benzenediazo)triphenylmercaptan (28) was 
obtained spectrally pure in each of the cis- and 
trans-isomeric forms. Each isomer exhibits the 
expected single, 15N-sensitive band due to 
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TABLE 3. Observed Raman bands in the v(N-N) region ( 1  350-1 500 cm-I) for the 
compounds listed (values for -N=I5N-S derivatives in parentheses) 

--- .- --- 
Compound Raman bands (cm-') 

- - - - - 

cis-C6H5N=NSCPh3 1492m (1473m) 
trans-C6H5N=NSCPh3 1424vs (1406~s) 
trans-C6HsN=NSOzPh (9a) 1488s(- ) 1472vs(1466s) 145Ovs(1438vs) 
trans-C6D5N=NSOzPh (9b) 1470vs (1452%) 
tratu-pNO2C6H,N=NSO2Ph (9c) 1496vs(1476m) 1470s(146 1 vs) 
trans-pCH30C6H~N=NS0~Ph (9d)  1462vs 1423vs 

v(N=N), coincident in both the Raman and i.r. 
spectra (Table 3). It occurs at - 1490 cm- '  for 
the cis-isomer and at - 1420 cm-'  for the trans- 
isomer. As expected by symmetry, the Raman 
intensity of v(N=N) in the trans-isomer is con- 
siderably greater and it is the most intense band 
in the spectrum. The separation of -70 cm-'  is 
considerably greater than the separation (-- 10- 
40 cm-') of the bands in the S-(be11zenediazo)- 
cysteines; the isotopic shifts (-20 cm-') are 
also much larger (except 8a). These observations, 
together with the fact that no changes in the 
relative intensities of the bands in the S-(ben- 
zenediazo)cysteines could be induced by re- 
peated recrystallization o r  chronlatography of 
the soluble member 8g or  were observed in 
different syntheses of the remainder, do not seem 
to support the hypothesis that cis- and trans- 
isomers are present. The high intensity (Table 2) 
suggests the expected trans-isomer. Reactivity 
towards P-naphthol was also indicative of 
trans-isomers; no red color developed in dark but 
appeared slowly in diffuse light (28). 

We next turned our attention to some ben- 
zenediazosulfones 9 which have been found to be 
isolable uniquely as trans-isomers (32). The 
presence of the -SO2- moiety might be ex- 
pected to enhance the N-S bond order by a 
pn-dn mechanism. Some evidence of this 
capability on the part of -SO2- is afforded by 
the somewhat short S-C (alkene) bond in 
CH3CH: CHS02C,H,CH3 (33). Despite the 
presence of the single trans-isomer, the spectrum 
of 9a exhibits two very intense bands in the 

1400-1500 cm-' region together with a band at 
-1480 (in the position normally expected for 
v(C=C) of an aromatic ring) whose intensity is 
unusually large. All three bands are sensitive to 
15N substitution (Fig. I) and the situation 
appears, to a degree, to be reminiscent of the 
S-(benzenediazo)cysteines. Closer inspection re- 
veals that this is not the case. The deuterated 
compound 9b exhibits a single, extremely intense 
Raman band in the v(N=N) region at 1470 
cm-' which shifts ( to 1452 cm-') by the ex- 
pected -20 cm-'  o n  15N substitution. The 
spectral differences between 9a and b result 
simply from changes in position of the v(C-C) 
vibrations of the aromatic substituent R in the 

(0 )  
RAMAN SHIFT (cm-I) 

FIG. I .  Comparison of the effect of deuteration and 
"N substitution on the Raman spectra of (a) benzene- 
diazophenylsulfone 9a and (b) S-(benzenediaz0)cysteine 
8a. 
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de~~terated and protonated forms and their 
interaction with v(N=N). It is well known that 
deuteration shifts the A, and B, v(C-C) modes 
in chlorobenzene from - 1480 and - 1440 cm-', 
respectively, to - 1350 and - 1320 cm-' and 
that these positions in C,H5X and C,D,X are 
not very sensitive to the mass of X (34, 35). In 
9a, the presence of v(N=N) in the 1470 cm-' 
region results in strong coupling with both 
v(C-C) modes and the observation of three 
intense bands. I5N substit~~tion moves v(N=N) 
to lower frequency and some coupling with 
v(C-C) is still observed, in that the lower two 
bands shift down by only - I0 cm-' each. The 
source of enhancement of v(C-C) at -- 1480 
cm-' has now been removed, and this mode is 
hardly visible in the spectrum at normal ampli- 
fication. In 96 the v(C-C) modes are too far 
removed from v(N=N) for co~~pling to occur, so 
that v(N=N) appears as a single band at 1470 
cm-' (with the expected I5N shift of ca. 20 
cm-'j and the v(C--C) modes (6 A , ,  at 1362 
cm-') do not shift with I5N substit~ltion. 

If a similar explanation holds for the S-(ben- 
zenediazo)cysteines we should expect deutera- 
tion to give rise to simplification of their spectra 
also. This does not occur, at least in the example 
we have studied, namely 8a. The bands in 
question appear with almost identical profiles in 
the original deuterated and I5N-s~~bstituted com- 
pounds (Fig. I); we infer that strong coupling of 
v(N=N) with v(C-C) is not occurring in these 
compounds. 

Para-substituted benzenediazos~~lfones such as 
the p-nitro (9c) and p-methoxy ( 9 4  compounds 
also show two bands in the v(N=N) region. 
1 5  N substitution of 9c results in not only an 
apparent shift b ~ ~ t  an inversion of intensity dis- 
tribution in these bands (Table 3). Replacement 
of the electron-attracting p-NO, substituent by 
the electron-releasing p-OCH, appears to res~llt 
in a considerable shift in  the v(N=N) region 
bands to lower energy, a result compatible, on a 
valence bond model, with increased contribution 
of structures such as 

As a concluding comment, it seems to us 
worthwhile to point out the possible implications 
of these ligand abstraction reactions of the 
diazonium ion in regard to the mechanism of 

biological nitrogen fixation. If, as first suggested 
by Parshall (36) the formal analogy between the 

8 
diazonium ion Ar-NEN and a metal-dinitro- 

8 8 
gen complex -M-NEN is accepted,3 then the 
observed preference of the diazonium ion for a 
nucleophilic sulfur atom over a neighboring iron 
atom raises the possibility, not previously con- 
sidered, that the activation of dinitrogen by 
nitrogenase c o ~ ~ l d  involve coordination to iron 
or molybdenum followed by binding of the free 
end to sulfur: 

Nitrogenase possesses the requisite nucleophilic 
sulfur in cysteinyl residues and in "labile" sul- 
fide; in addition, a ferredoxin is believed to be 
responsible for reduction to the NH, level, and 
this is likely to have a cube-like iron-sulfur 
framework (37). Recent model s t~~d ie s  by van 
Tamelen et al. using a stable molybdenum- 
dinitrogen complex and synthetic, cube-like 
(Fe-S), cluster agents of the ferredoxin struc- 
t ~ ~ r a l  type resulted in nitrogen fixation, postu- 
lated to be via an  interaction of the (bound) 
dinitrogen with the cl~~ster  at an iron atom (38). 
The sulfi~r atoms of the cluster are, however, 
more accessible and m ~ ~ s t  be considered as 
plai~sible alternative interactive sites, especially 
in view of the anticipated flow of electrons from 
the cluster to the dinitrogen in the reductive step. 

Experimental 
Renctiorl of Fe(C0) (PPI?,), 1vit11 [/.'-Et,NC6H4N,jBF4 

Fe(CO),(PPh,), (0.975 g) was dissolved in benzene 
(30 ml) and a solution of [p-Et,NC6H4N,]BF4 (0.375 g) 
in acetone (10 ml) added dropwise. T h e  solution turned 
red immediately a n d  red crystals were later deposited. 
Analysis and spectroscopic properties showed the red 
crystals to be impure la. 

Anal. Calcd.: C, 64.01; H, 5.56; N, 8.00; P, 5.90; F, 
14.50. Found:  C, 64.27; H, 5.52; N, 9.18; P, 4.36; F, 
13.55. 

Renctiorl of PPII, ui th Arylrlinzo~ri~~tir Srrlts 
Triphenylphosphine ( 1  nimol) was dissolved in acetone 

3A number of different proposals for  the mechanism o r  
action of nitrogenase have been made in recent years. A 
view currently receiving some attention Coci~sses on the 
possibility of a n  electron rearrangement in the 

8 8 
-M-N-N moiety to yield "reduced ligand" structures 

8 
such as -M=N=N@ o r  M8-N which would be 

BN, 
susceptible to facile protonation a t  nitrogen (see ref. 39). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CARROLL ET AL.: AR :YLDIAZONIUM IONS 1921 

(10 ml) and 1 mmol of the corresponding diazonium salt 
as a concentrated solution in acetone was added, with 
stirring, a t  0°C. In all cases the combined solutions 
immediately turned deep red. In all cases except the 
p-NEt2 and p-OCH, derivatives, gas evolution com- 
menced almost immediately, accompanied by loss of 
color. In each case a solid was obtained by the addition 
of ether. In  the p-NEt2 and p-OCH, cases the solids were 
l a  and 6, respectively, (Table I) but in all other cases only 
the quaternary phosphonium salts [Ph3PC6H4X]BF4 
were recovered. Compound l a  is stable indefinitely as a 
solid a t  room temperature and melts with decomposition 
a t  164 "C. Compound 16 decomposes a t  room tempera- 
ture but was stored successfully a t  0 ° C  for periods of 
time, m.p. 92 "C (dec.). Spectra for l a :  electronic (in 
EtOH) 224nm(sh) (E 14 x lo3), 277 (6.3 x lo3), 384 
(4.1 x lo3), 506 (23 x lo3); n.m.r. (7) 2.37 (m, 19 H, 
aromatics), 6.39 (q, 4H, CH2CH3), 8.76 (t, 6H, CH2CH3). 

Reaction of (p-CH30C6H4) ,P 111ith 
[p-El, NC6H4N2]BF4 

Equimolar acetone solutions of the phosphine and 
diazonium salt were mixed a t  room temperature. The red 
coloration formed immediately. The solution was reduced 
in volume in uacuo, and the residue recrystallized from 
acetone-ether to yield compound lc .  Nuclear magnetic 
resonance spectrum (s) 2.0-3.5 ( ~ n ,  I6H, aromatics), 6.1 
(s, 9H, OCII,), 6.7 (q, 4H, CH2CHA) 8.8 (t, 6H, 
CHZCH,). 

Reaction of Na[Fe(mr~t)~] ~vith [p-FC6H4N2]BF4 
Solid [p-FC6H4N2]BF, (0.845 g, 4.03 mniol) was 

added in small portions to a solution of Na[Fe(mnt),] 
(0.382g, 1.06 mmol) in absolute methanol (15 ml). Each 
addition produced gas evolution which decreased in the 
final stages. Volatiles were removed in uaclro and the 
residue extracted with benzene. The solvent was stripped 
and the product recrystallized from CHzCl2 and then 
from CCI, to give yellow crystals of 7a, m.p. 145". 

Conipounds 76 (m.p. 137") and 7c (m.p. 156") were 
obtained similarly, using methanol and dimethyl sul- 
foxide as solvents, respectively. Analyses are listed in 
Table I .  Infrared spectra (4000-400 cm-I): 7a 3 100, 3080 
(w, vCH); 2230, 2220 (m, vCN); 1590, 1400 (m, arom.); 
1490 (s, arom. and vC:C); 1295 w; 1225 (s, vCF); I180 s, 
1I6Os, 1095 m, 1015 m; 840 s, 815 msh (6 C H  of 1.4 
disubst. arom.); 635, 610 (w, vCS); 545 m; 515, 500 (m, 
6 CCN); 430 m, 420 m: 76, 7c generally similar, allowing 
for differing substituents. Electronic spectra (h,,, (nm) 
log,, E in parentheses): 70 (in CH30H)  334 (4.18), 248 
(3.94) ca. 221 (4.28); 76 in CH3CN, 402 (3.9), 325-300 
(broad plateau of unresolved peaks, log,, E 4.5 at 315 
nm); 7c (in CH,OH) 339 (4.4), 288 (4.2) 241 (4.6). 

Mass spectra showed base peaks corresponding to 
parent ions at /n/e values 330 (7a), 436 (7b), and 354 
( 7 ~ ) .  
Reaction of Na2C2S2 (CN) , with [p-FC6H4N2 j BF, 

Dropwise addition of a methanol solution of Na2C2S2- 
(CN), (0.091 g, 0.49 mmol) to a solution of [p-FC6H4N2]- 
BF, (0.203 g, 0.966 mniol) in 10 ml absolute methanol 
produced a red solution with little effervescence. After 
stirring I5 min the solvent was removed and the organic 
product separated from NaBF, as a benzene solution. 
The benzene was stripped off, and addition of CCI, to the 
remaining solid produced an uncharacterized dark red 
oil and a yellow solution. Crystals of 7a were obtained 

from the CCI,-soluble fraction after evaporation, by 
recrystallization from methanol-water. 

Anal. Calcd.: C, 58.17; H, 2.44; N, 8.48. Found: C, 
57.84; H, 2.48; N, 8.59. 

S-(Benzenediazo)cysteir~es (8) 
(a) From [Fe(cystH) ,I2 + or [ F e ( c y ~ t ) ~  (CO),] 
The iron-cysteine complexes were obtained by litera- 

ture methods (21,22). An ice-cold aqueous solution of the 
aryldiazonium tetrafluoroborate was added to an equi- 
molar aqueous solution of the iron complex. Immediate 
precipitation of the pale-yellow product occurred, which 
was filtered off, washed with cold water, ethanol, and 
diethyl ether. The compounds were found to be identical 
to samples prepared from L-cysteine directly (method b 
below) by elemental analysis and spectroscopy. 

(6) F ron~  L-Cysteine 
Stoichiometric quantities of L-cysteine hydrochloride 

monohydrate and corresponding diazonium tetrafluoro- 
borate were mixed together in ice-cold aqueous solution, 
followed by the addition of the required amount of solid 
NaHCO, for neutralization. The flocculent pale-yellow 
precipitate was filtered off and washed with ice-cold 
water, ethanol, and diethyl ether. Analytical data and 
melting points are given in Table I. 

S- (Benzenediazo) triphenylmetl~yl~nercapta,,s 
These were synthesized either by the method of Van 

Zwet and Kooyman (28) or  from the diazonium tetra- 
fluoroborate directly; thus benzenediazonium tetra- 
fluoroborate (0.2 g) in water was added t o  a stirred 
solution of recrystallized (from aqueous acetone) tri- 
phenylmethylmercaptan (0.27 g) in acetone (5 ml) at 
5 "C. The solution was neutralized with 10% NaOH and 
the yellow microcrystalline cis-isomer filtered off, washed 
well with ice-cold water followed by ice-cold methanol, 
dried in vacuo, and stored a t  -8". 

Anal. Calcd.: C, 78.92; H, 5.30; N, 7.36. Found: C, 
78.82; H, 5.42; N, 7.25. 

The trans-isomers were obtained from cis-isomers by 
boiling in benzene (29) and  were stored in the dark. The 
isomers are easily distinguished by their Raman spectra 
(400-1600~m-~)  (% relative intensities in parenthesis) 
cis: 404(9), 430(25), 482(8), 5 10(12), 528(10), 564(1 I), 
619(23), 629(10), 671(15), 685(10), 711(11), 762(6), 
848(19), 899(6), 930(4), 1001(100), 1035(29), 1150(38), 
1190(23), 1320(5), 1445(4), 1485(1 I), 1492(29), 1580(16), 
1592(25); trans: 618(8), 677(8), 758(4), 778(4), 846(6), 
872(7), 1002(36), 1034(7), 1 15 l(5 I), 1 195(3 1 ), 13 10(4), 
1424(100), 1461 (1 7), 1585(9), 1595(20). 

The i.r. spectra of the isomers are differentiated by the 
following definitive absorptions; cis: 824s, 475m; trans: 
1421s, 867w, 572m,465m. 

trar~s-S-(Benzenediazo)plrenylsulfones (9) 
Sodium benzenesulfinate in water and the appropriate 

diazonium salt in acetone were mixed in 1 : 1 mol  ratio at 
5 "C. The  yellow crystalline precipitate was filtered off, 
washed with water and dried in vacuo. Further purifica- 
tion was not normally necessary, but some samples were 
obtained very pure by chromatography on silica gel with 
benzene a s  eluent. Analytical data are given in Table 1. 
Since the i.r. and Raman spectra of these compounds do 
not seem to have been recorded previously, the  principal 
bands are given here for Irans-C6H5N2S02Ph; i.r. (250- 
1600 cm-') :  315 w, 444 w, 485 m, 511 m, 536 m, 568 s, 
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617 s, 680 s, 721 m, 749 s, 767 s, 880 w, 997 w, 1070 m, 
lO86s, 1148s. 1158s, 1169 vs, 1180s, 1190m, 1287 w, 
1312s, 1343vs, 1351 vs, 1450s, 1470m, 14871~1, 1582m; 
Rat,ia~r (400- 1600 cni- I ,  relative intensity in paren- 
thesis): 61 5(24), 726(7), 750(9), 762(17), 884(9), 1001 (64), 
1022(8), 1 150(100), 1 165(20), 1 194(3 I), 1450(61), 1472(67), 
1488(29), 1585(23), 1594(18). 

Isotopically s~~bst i tu ted  compounds were obtained by 
using isotopically labelled diazonium salts synthesized by 
diazotizations involving NaI5NO, (96%) or C6D,ND2 
purchased from Stoliler Isotope Chemicals, California, 
U.S.A. Infrared spectra were recorded on Beckman 1R 12 
or Perkin-Elmer 457 instruments using saniples pressed in 
KBr. Ranian spectra are for solid samples using a Cary 
model 81 spectrometer and 6328 8\ He-Ne excitation 
(Spectra-Physics 125 laser) delivering 20mW at the sample. 
Where necessary the focussing lens was removed to elini- 
inate or minimize sample decomposition. The relative 
intensities were not corrected for phototube response. 
Microanalyses were performed by theSFU microanalytical 
laboratory, Chemalytics Inc., Tempe, Arizona and Alfred 
Bernliardt, Germany. Proton n.m.r. spectra were run on a 
Varian A-60 at  60 MHzor  a Varian HA-100 a t  100 MHz. 

We thank M. K. Yang for microanalytical res~llts and 
the National Research Co~lncil of Canada for support of 
this work through operating grants. 
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A Synthesis of Muscalure, the Housefly Sex Attractant 

TSE-LOK H o l  A N D  CHIU MING WONG 
Deprrrt~netzt of Chet,listry, U t ~ i ~ ~ e r s i t y  r$Mritritohtr, Witlrripeg, Mritlitoho R3T2N2 

Received December 17, 1973 

A convenient synthesis of muscalure starting f rom oleic acid or oleonitrile by reaction 
with C; organometallic reagents followed by Huang-Minlon reduction is reported. 

On rapporte une synthkse facile de la muscalure utilisant comme produit de d ipa r t  
l'acide oliique ou olionitrile sur lesquels on fait riagir un organomitallique en C:; l a  
riduction de cet intermidiaire selon Huang-Minlon conduit au produit disir i .  

[Traduit par le journal] 
Can. J. Chem., 52, 1923 (1974) 

Muscalure ((Z)-9-tricosene) (1) is a sex 
pheromone isolated from the cuticle and feces 
of female housefly, M ~ a c u  clomesticu. The struc- 
ture (1) of this active ingredient was confirmed 
by a synthesis using the Wittig reaction. Three 
more reports of its synthesis have since appeared : 
(a) Eiter (2) employed the acetylide alkylation 
followed by semi-hydrogenation; (b) Cargill and 
Rosenblum (3) coupled er~icic acid with methyl 
lithium and removed the carbonyl group by the 
Huang-Minlon method; (c) Gribble et al. (4) 
~itilized the Kolbe electrolysis of mixed car- 
boxylic acids. In short, construction of the 
carbon chain was based on C,, + C,, C,, + 
C,, C,, + C,, and C,, + C6 strategy, respec- 
tively. 

Owing to the potential importance of mus- 
calure in the study of pest control, an adequate 
supply from an economical synthesis is desirable. 
We wish to outline an alternative route to 
muscalure which is similar to Cargill's but in- 
volves instead a C,, + C, scheme. The even 
more readily available and inexpensive starting 
materials render our approach viable and com- 
petitive. 

Oleic acid (2), having a cis double bond in the 
correct position, serves nicely as the C,,  com- 
ponent. Thus reaction of 2 with n-pentyl lithium 
or condensation of oleonitrile (3) with n-pentyl- 
magnesium bromide produced (Z)-trico-14-en- 
6-one (4) in 86 and 75z  yields, respectively. This 
ketone is isomeric with Cargill's intermediate. 
Huang-Minlon reduction of 4 furnished mus- 
calure in 89z  yield. The method, outlined in 
Scheme 1, should obviously be adaptable to 
large scale preparation. 

'To whom inquiries should be addressed. 

'The most recent synthesis (4) of muscalure 
also used oleic acid as a starting material. How- 
ever, it was electrolytically degraded in sit11 to a 
C,, radical prior to a C-C bond formation with 
a C, counterpart which was similarly and con- 
currently derived from a C, carboxylic acid. 

Experimental 
( Z )  -Trico-14-etr-6-ot1e 

(( I )  A solution of n-pentyl lithium (34 rnl, 1.2 M in 
hexane) prepared by the halogen exchange method from 
lithium metal and I-bromopentane was added dropwise 
to oleic acid (5.64 g, 20 mmol) in dry ether (75 ml). The 
mixture was stirred for I h at  room temperature, then 
quenched with aqueous NH,CI. The layers were separated 
and the aqueous phase was extracted with ether (3 x 
50 ml). The combined organic solutions were dried 
(MgSO,), concentrated, and distilled to give ketone 4 
(5.78 g, 8673, b.p. 170-1 74" (-0.6 Torr); i.r. (neat) v,,, 
3010, 1720 cm-' ;  p.m.r. (CCI,) 6 0.90 (6H, t, J = 4.5 Hz, 
CH3), 1.1-2.2 (32H, m, CH,), 2.30 (4H, t, J =  6Hz, 
COCH,), 5.28 (2H, t, J = 4.5 Hz, CH=CH); nl/e 336 
(M +). 

Anal. Calcd. for CZ3H4,0: C, 82.07; H, 13.18. Found: 
C, 82.30; H, 13.25. 

(b) Oleonitrile (6.60 g, 25 mmol) was added to the 
Grignard reagent generated from magnesium (1.44 g) and 
I-bromopentane (9.06 g, 60 mmol) in dry ether (100 ml). 
After stirring at  room temperature for 5 h, the reaction 
mixture was poured into ice water containing hydro- 
chloric acid. The layers were separated and the  aqueous 
solution was extracted with ether (2 x 5 0  ml). The 
ethereal solutions were dried (MgSO,), evaporated to 
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dryness, and distilled to give ketone 3 (6.29 g, 75x1, Anal. Calcd. for C23HA6: C, 85.63; H, 14.37. Found: 
identical to the compound obtained above. C, 85.50; H ,  14.48. 

(Z) -9-Tricosene 
A mixture of the ketone 4 (3.84 g, 11.4 mmol), 85% 

hydrazine hydrate (2.0 g, 40 mmol), potassium hydroxide 
(2.6 g), and diethylene glycol (25 ml) was heated to 140'. 
After most of the water had evaporated, the temperature 
was raised to 195-200" and maintained for 4 h. The 
cooled mixture was poured into water, and extracted with 
ether (2 x 40 ml). The extracts were dried, evaporated, 
and distilled to furnish the olefin 1 (3.30 g, 897,), b.p. 
168-170" (-0.6 Torr); i.r. (neat) v,,, 3010, 1640 cm-'  ; 
p.rn.r. (CCI,) 6 0.89 (6H, t, J = 5 Hz, CH,), 1.43 (34 H, 
br s, CH,), 2.05 (4H, pseudo-t, allylic CH,), 5.27 (2H, t, 
J = 4.5 Hz CH=CH). 

This work was supported in part by a grant from the 
National Research Council of Canada. 
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A Kinetic Study of High Pressure Aqueous Oxidations of Organic 
Compounds Using Elemental Oxygen 

JAY E. TAYLOR A N D  JOHN C. WEYGANDT' 
Deprrrtt,~ent of Chet??istry, Kent State University, Kent, Ohio 44242 

Received August 27, 1973 

The high pressure (< 136 atm) and high temperature (<25O0) reactions of elemental oxygen 
with aqueous solutions of selected soluble alcohols, ketones, and acids have been examined in 
detail for the first time. Saturated acids and methyl alcohol are not oxidized under the imposed 
conditions. The end product for the oxidation of ketones and primary alcohols is mainly carbon 
dioxide at  200°C; however, appreciable yields of acids are obtaincd at  250 "C. tert-Butyl alcohol 
and secondary alcohols form the corresponding ketones which arc then furthcr oxidized. Those 
alcohols and ketones which were studied quantitatively all exhibited second-order kinetics, first 
order in organic compound and first order in oxygen. The compounds are  listed below in the 
order of decreasing rate at  200a, AH* in kcal/mol and AS* in entropy units are noted in paren- 
theses: 2-butanone (16.0, -25) > tert-butyl alcohol (24.2, -9) > cyclopentanone (12.4, - 36) 
> isobutyl alcohol (21.5, - 17) > sec-butyl alcohol (23.9, - 15) > 11-butyl alcohol > (21.3, 
-22) > acetone (15.1, -37). The alcohols have both higher entropies and enthalpies of 
activation than the ketones. Two non-chain mechanisms are proposed. (I) A ketone equilib- 
rates with its en01 which oxidizes to a metastable oxygenated intermediate. At 250' the inter- 
mediate deconlposes to an acid or a t  200" it is further oxidized to carbon dioxide. (11) Alcol~ols 
oxidize by an initial bimolecular mechanism to the corresponding ketone or aldehyde which 
may then be oxidized further. 

On a examine en detail pour la premiere fois les reactions de l'oxygene ClCmentaire a haute 
pression ( < I 3 6  atm) et a haute temptraturc (<250°) sur des solutions aqueuses de divers 
alcools, cttones et acides solubles. Dans les conditions utilisees, les acides satures et I'alcool 
methylique ne sont pas oxydes. Le produit final de l'oxydation des citones et des alcools 
primaires est principalemcnt le dioxyde de carbone a 200 "C; toutefois des quantites appreci- 
ables d'acides sont obtenues i 250 "C. L'alcool tert-butylique et les alcools secondaires forment 
les cktones correspondantcs qui sont oxydees d'une maniere substquente. Les alcools et les 
cttones qui ont Cte Ctudits quantitativen~ent montrent tous des cinetiques du deuxieme ordre; 
premier ordre en compose organique et premier ordre en oxygene. On rapporte plus loin pa r  
ordre decroissant de vitesse a 200" une iiste des composCs examines. On rapporte entre 
parentheses les AH* cn kcal et les AS* en unittsentropiques. Butanone-2 (16.0, -25) > alcool 
tert-butylique (24.2, -9) > cyclopentanone (12.4, -36) > alcool isobutylique (21.5, -17) > 
alcool sec-butylique (23.9, -15) > alcool butylique (21.3, -22) > acetone (15.1, -37). Les 
alcools ont des entropies et des enthalpies d'activation qui sont plus grandes que celles des 
cetones correspondantes. On propose deux mecanismes qui ne sont pas en chaine. (I) La cCtone 
s'tquilibre avec son enol qui est oxyde en un intermtdiaire n~ttastable oxygen&. A 250" 
l'intermediaire se dtcompose en acide ou a 200 "C il est alors oxydC plus loin en dioxyde d e  
carbone. (11) Les alcools sont oxydes par un mtcanisme bimoltculaire initial vers la cetone 
correspondante ou I'aldthyde qui est alors oxydC plus loin. 

[Traduit par le journal] 
Can. J. Chem., 52,1925 (1974) 

The high pressure oxidation of organic com- 
pounds by molecular oxygen in either aqueous or 
nonaqueous solution has received little attention. 
No mechanistic studies have been reported and 
the existing literature is generally utilitarian in 
nature. The topics discussed include the disposal 
of organic wastes (1-4), the oxidation of benzene 

'Present address: Department of Chemistry, Ashland 
College, Ashland, Ohio 44805. Oxidation Fellow, 1964- 
1965. Goodyear Fellow, 1965-1966. 

to phenol (5 ) ,  the oxidation of cyclohexane to 
cyclohexanol and cyclohexanone (6-8), and the 
oxidations of alkyl aromatic hydrocarbons, 
primary alcohols, and aldehydes to their corre- 
sponding acids (9, 10). 

In contrast, liquid phase oxidations of organic 
compounds at subexplosion level pressures and 
moderate temperatures have received much 
attention with the fairly general conclusion that 
the reactions are of a free radical chain type. 
Since it appears that the mechanism of oxidation 
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under high pressure-temperature aqueous con- 
ditions varies significantly froni the low pressure- 
temperature work, the present study is of some 
interest. 

This work enconipasses both qualitative and 
quantitative studies of water solutions of organic 
co~npounds at 68 and 136 atni (1000 and 2000 
p.s.i.) total pressure and 160 to 250 "C. 

Experimental 
Qriolitntire Renctor 

This reactor (not shown) consists of a stainless steel 
vessel, 10 ml capacity, with a screw cap, oxygen inlet, and 
a narrow m o i ~ t h  glass liner which fits sni~gly inside the 
steel vessel. A Teflon O-ring with an ali~nliniim retainer 
was employed as a seal. The cap was fitted with a high 
pressure tube of si~fficient length so  that the reactor may 
bc shaken by an oscillating shaft. Tlie tube is connected 
to an oxygen reservoir (to prevent contanlination of the 
oxygen si~pply in casc of an explosion), a blow out plate, 
a high pressure gauge, and  an oxygeii tank which serves 
as the source of high pressure oxygen. 

Qrinrrtitotire Renctor Ji)r Kirreric Sr~rclics 
This reactor consists of stainless steel inner and outer 

jackets with varioi~s attachments and a n  inner vessel 
fabricated of either glass o r  Teflon. 

The inner stainless steel jacket A as shown in Fig. I has 
a cavity I d  in. in diameter and 1-4 in. deep. The  openings C 
and D are for the sanlpling tube and oxygen inlet, 
respectively. 

The sanipling system (not shown) consists of a 3-way, 
2-stem Anlinco valve connected at  C with a 3 ft length of 
higli pressure tubing, 114 in. x 1/16 in. The upper half of 
this tube is encased in a condenser jacket to  maintain 
room temperature. The center inlet of the Aminco valve 
is blocked and there are two outer connections. one to 
the reactor and one to a n  open tube. This pressure tube 
is lined with a 1/16 in. x 1/32 in. Teflon tube which ex- 
tends tllroi~gll C to the bottom of the reactor as  seen 
at  M. 

The outer jacket B supports the sealing plate E which in 
assembly is forced against a 2 i n .  x 1/16in.  Teflon 
O-ring G by seven bolts F to e rec t  a gas-tight pressure 
seal. The O-ring is positioned by a 1/64 in. raised edge 
each in A and G. 

Either Teflon or glass may be used for the inner vessel 
H-J whose sole purpose is to prevent contamination of 
the reactant solutions by the stainless steel o r  its corrosion 
products formed with higli pressure oxygen and water. 
The 25 ml volume Teflon vessel H is fitted with a 13 m m  
diameter Teflon tube J which extends 15 mln below the 
center of the lid I so  that a glass bulb K containing the 
reactant may be kept totally immersed in water. Direct 
contact of the organic material with high pressure 
oxygen is thereby prevented upon cracking the bulb K. 

The oxygen outlet is connected to an oxygen reservoir, 
a blow out  plate, high pressure gauge, and oxygen tank as 
with the qualitative apparatus. 

The reactors were fabricated at  Kent State University. 
The valves, tubing, and connectors were purchased from 
American Instrilment Co. 

The reactors, both qualitative and quantitative, are 

FIG. I .  Diagram of the quantitative reactor. A, ex- 
ternally threaded inner stainless steel jacket;  B, internally 
threaded, chrome plated, outer steel jacket;  C, pressure 
connection to sanlpling valve; D, pressure connection 
for oxygen inlet; E, stainless steel sealing plate; F, seven 
bolts for tightening sealing plate; G, 2 in. x 1/16 in. 
Teflon O-ring; H ,  Teflon liner; 1, Teflon c a p  for the liner; 
J ,  Teflon tube to maintain immersion of  bulb K ;  K, 
pressure sensitive glass bulb containing reactant; L, 
I cnl glass balls; M ,  sample tube; N, hole for pry bar to  
disassemble reactor. 

agitated by an external mechanical shaker to instire 
dissoli~tion of oxygen and to effect rapid mixing of tlie 
organic compoi~nd for  the quantitative studies. Two 
I-cm glass balls s h o w ~ l  at  L abet the mixing. Tenlperature 
control is nlaintained by an air bath which can be raised 
o r  lowered about tlie reactor. The sanlples areanalyzed by 
gas chromatography using either Carbowax or  Polypak 
co lun~ns .  

Tlie reactors are si~fficiently overdesigned so that when 
a n  explosion occurs, it is contained within the apparatus 
and  offers no  danger to  the operator o r  the equipnle~it. 
Those explosions which did occur generally resulted in 
clogging of the oxygen inlet tube by carbon and were 
probably due to direct contact of the organic conipound 
with oxygen. The Teflon liner has survived several ex- 
plosions with minimal damage. The most devasting 
conflagration restilted from the attempted use of per- 
fluorotoluene as a solvent in a qualitative reactor. The  
liner, tubing, and blow out plate with its holder were 
damaged beyond repair with the latter being partially 
fused by the exiting gases. 

Qlralitatiue Procerl~rres 
Three milliliters of approxi~nately 0.5 M solution of the 

organic conlpoi~nd a r e  placed in the glass liner of the 
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TAYLOR AND WEYGANDT: HIGH P 'RESSURE AQUEOUS OXIDATIONS 1927 

small reactor, which is then assembled, pressurized, and 
heated to the desired temperature. After 4 h, including the 
heating time, the reactor is cooled, the pressure released, 
and the products are determined by gas chromatography. 

Qlranfifafive Rate Deter.niir~ations 
To initiate the reaction at a precise time under known 

conditions of temperature and pressure, the organic 
compound is placed in a tared 12 mm diameter bulb K.  
This bulb is blown from the end of a 3 in. long, 4 mm 
Pyrex tube using a 6 nim length of the tubing. The bulb 
containing the organic compo~lnd is immersed in a Dry 
Ice - trichlorethylene mixture. It is then evacuated and 
sealed under reduced pressure with elimination of the 
stem. The severed tube and bulb are reweighed, and the 
weight of the reactant is then determined after correction 
for air displacement. The bulb is of such thickness that 
it withstands 20 atni pressure but shatters between 50 
and 80 atni. Some practice is needed to blow a satis- 
factory bulb. As previo~lsly mentioned, a tube extending 
from the liner cap holds the bulb below the surface of the 
water to insure that the organic compound does not 
come in direct contact with gaseous oxygen when the 
bulb breaks. 

To begin the reaction, 12.5 ~ n l  of water, tlie two I-cni 
glass mixing balls L, and the sealed bulb with the reactant 
are placed in the liner of the kinetic reactor. After as- 
sembly and pressurization to 20atm, the reaction teni- 
perature is attained by heating 20" above that temperature 
for about 2 h followed by I h at  tlie desired temperat~lre in 
the air bath. To attain the final pressure, additional oxy- 
gen is then introduced ca~lsing the bulb to break inside the 
reactor. Stirring is started immediately initiating the reac- 
tion. Periodically, samples of tlie solution are collected 
~lsing the dual valve collection system. The % reactant re- 
maining and the detectable products are determined in 
the collected samples. 

The first-order rate constant, k ' ,  is evaluated at a 
constant oxygen pressure using a standard graphical 
procedure based on the disappearance of the original 
compound. Typical first-order rate plots are shown in 
Figs. 2 and 3. The second-order rate constant, k,,,, is 
determined by dividing k'  by mol/l of dissolved oxygen 
calculated froni known solubilities ( I  I) of oxygen in 
water at the indicated temperatures. I t  is necessary to 
extrapolate from 500p.s.i., the nlaxinium pressure 
recorded in that paper, to the indicated pressure ~lsing 
Henry's law. Correction is also made for the partial 
pressure of water vapor. AH'  is obtained froni the 
Arrhenius activation energy since E, = AH* + RT. 

A summary of the total collection of aqueous 
oxidation d a ~ a  follows. Carbon dioxide is the 
presumed product unless other products are indi- 
cated. 

( I )  Short chain saturated carboxylic acids are 
inert under the described conditions (see 
Table 1). 

(2) Ketones are oxidized at the r carbon. At 
250" 2-butanone yields a nearly equimolar quan- 
tity of acetic acid with a trace of propionic acid. 
Acetone forms lesser amounts of acetic acid. In 

I I I I I I 
0 30 60 90 120 

Time (min) 
FIG. 2. First-order rate curves for cyclopentanone 

(A) 160" and 136 atm total pressure, (B) 180 and 136 atni, 
(C) 200" and 136 atm, ( D )  180" and 68 atm total pressure. 

both cases the acetic acid yields greatly decrease 
at 200" (see Table 1 ) .  

(3) The bulk of formaldehyde is colnpletely 
oxidized to carbon dioxide but the Cannizzaro 
reaction is also in evidence since methyl formate, 
methyl alcohol, and formic acid were detected 
(see Table 1). 

(4) The products of oxidation of  primary 
alcohols vary both with the specific alcohol and 
with temperature. Methyl alcohol is unaffected 
at 250" after 6 h. Ethyl alcohol is nearly coni- 
pletely oxidized at 250" with formation of 50'%, 
yields of acetic acid. At 200" the alnount of 
acetic acid is decreased as both '%, of product and 
total yield. At 200" 11-butyl alcohol forms traces 
of butyric acid. No  detectable organic products 
at 200" are obtained from isobutyl alcohol (see 
Table 1). 

(5) Secondary and tertiary alcohols form the 
corresponding ketones as isolatable intermedi- 
ates. These ketones are .further oxidized in 
accordance with their relative reactivity. For 
example, sec-butyl alcohol gives low yields of 
acetic acid at  200" and small amounts of 2- 
butanone whereas tert-butyl alcohol gives nearly 
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I I 

0 30 60  90 
Time (min)  

FIG. 3. First-order rate curves for isobi~tyl alcohol 
(A) 180" and 136 atm total pressure, ( B )  190' and 136 
atm, ( C )  200" and 136 atm, (D) 200" and 68 atm total 
pressure. 

equimolar yields of acetone. Formaldehyde was 
isolated in trace amounts. It appears, therefore, 
to be an  intermediate formed by oxidation of the 
severed CH,  group. Isopropyl alcohol forms 
acetone in excellent yields a t  200" (see Table 1). 

(6) Ethylene glycol and its derivatives undergo 
carbon-carbon bond scission with partial forma- 
tion of formic acid (see Table l). 

(7) A demonstration of typical dependence of 
the rate of oxidation on the concentration of 
organid compound and on oxygen is seen in 
Figs. 2 and 3 where the rate plots for cyclo- 
pentanone and isobutyl alcohol a t  three tem- 
peratures and second oxygen concentrations are 
shown. The first-order dependence of the rate on 
both the organic molecule and oxygen concen- 
trations indicates an overall second-order reac- 
tion. The second-order rate constants k,,, are 
calculated as previously described. The first- and 
second-order rate constants for all compounds 
studied are listed in Table 2. 

(8) Quantitative comparison of the rates of 
oxidation shows that the decreasing order of 

reactivity for the ketones is 2-butanone, cyclo- 
hexanone, cyclopentanone, and acetone. With 
alcohols the order is tert-, iso-, sec-, and 11-butyl 
alcohols. Erratic results were obtained with 2,2- 
dimethyl-I-propanol (neopentyl alcohol) which 
oxidizes at  a rate similar to sec-butyl alcohol. 
Considering all the  compounds, 2-butanone is 
the most rapidly oxidized at  200". This is fol- 
lowed by tert-butyl alcohol, cyclopentanone, 
isobutyl alcohol, sec-butyl alcohol, 11-butyl 
alcohol, and acetone (see Table 2). 

(9) The alcohols exhibit higher values for both 
the enthalpy and entropies of activation, AH* 
and AS*,  as compared to the ketones. Among 
the ketones, 2-butanone has the highest values of 
both AH* and A S * ;  acetone is intermediate in 
AH* but has the lowest AS* .  F o r  the alcohols 
tert-butyl alcohol has both the highest AS' and 
A H * ,  and 17-butyl alcohol has the lowest of these 
values (Table 3). 

Discussion 
Elemental oxygen is characterized by the 

diversity of its reactions which include hydro- 
carbon autoxidations, gas phase radical oxida- 
tions, enzymatic oxidations, singlet oxygen reac- 
tions, and catalyzed oxidations of ascorbic acid, 
cysteine, etc. 

The high pressure oxidations, herein described, 
present yet another aspect of the  reactions of 
elemental oxygen. They are kinetically of second 
order; first order each in oxygen a n d  the organic 
substance. The products are the apparent result 
of an oxidative scission of either a carbon- 
carbon or  a carbon-hydrogen bond. Since these 
features differ considerably from those of a 
characteristic chain reaction, it is concluded at  
this time that these high pressure aqueous oxida- 
tions are not of that  type. 

The effect of the solvent water upon the reac- 
tion is threefold. First, it acts as a diluent for the 
high pressure oxygen and a dispersant of the heat 
of reaction, thereby preventing localized tem- 
perature increases and excessive rates of reaction. 
Second, the reactant is modified by hydration by 
adding the heat a n d  entropy of hydration to the 
ground state properties of the reactant. Third, it 
appears to have a damping effect o n  the radical- 
chain mechanism. 

Little is known concerning the state of the 
oxygen molecule under pressure in water. The 
solubility of oxygen in water varies with tem- 
perature and at  150" a minimum in  solubility is 
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TABLE 1. Qualitative aqueous oxidations 
- - - - - - -- - - -. - - 

Mol ratio 

Temperature % 
Reactant c'c) oxid~zed Product 

% product 
.. 

% oxidized 

Acetic acid 
Propionic acid 
Acrylic acid 
Formaldehyde Methyl formate 

Formic acid 
Methyl alcohol 
Acetic acid 
Acetic acid 
Acetic acid 
Acetic acid 
Propionic acid 
Succinic acid* 
Succinic acid* 
Glutaric acid* 

Trace 
0.25 
0.2-0.3 
-1 .o 
Trace 

Acetone 

Cyclopentanone 
Cyclohexanone 

Methyl alcoholt 
Ethyl alcohol 

1 
Trace 
0 . 5  
0.8-1 .O 
Trace 
0 . 2  
<0 .1  
Trace 
Trace 
0 .1  

Acetic acid 
Acetic acid 
Acetone 
Acetic acid 
Acetone 
Acetic acid 
Butyric acid 
2-Butanone 
Acetic acid 

Isopropyl alcohol 

1 Isobu tyl alcohol$ 
tert-Butyl alcohol$ -1 .o 

Trace 
Trace 

Acetone 
Acetic acid 
Formaldehyde 

Neopentyl alcohol$ 
Ethylene glycol 
Diethylene glycol 
Triethylene glycol 
Phenol 
Phenol 

Formic acid 
Ethylene glycol, etc. 
Ethylene glycol, etc. 
Brown polymer(?) 
Brown polymer(?) 

NOTE: Total pressure, 136 atrn; partial pressure o f  oxygen 121 atrn at 200' and 97 atm at 25OCC. Reaction time, 4 h in- 
cluding 1-1.5 h warm-up. Unless otherwise indicated the products are carbon dioxide and water. 
*Detected as the anhydride in the residue after distillation o f  rhe solvent water. 
tSix hour reaction time. 
i O n e  hour reaction time. 

noted. Above this temperature there is a con- 
tinuous increase in solubil~ty with increasing 
temperature (I I). This increase is undoubtedly 
due in part to the decreased hydrogen bonding of 
water which permitsa moreefficient accommoda- 
tion of the oxygen molecules into the water 

I structure. 
Is there concordant change in the oxygen 

molecule? The possibility of a singlet-triplet 
equilibrium with a hyperreactive singlet species is 
considered. Since the singlet-triplet conversion 
requires 22 kcal/mol (12) and the observed 
activation energies vary between 12 and 24 

kcal/mol, this proposal is presently rejected. The 
considerations of other possible reactive f o r n ~ ,  
e.g., the 0, molecule, are not eliminated but are 
not further discussed in this paper. 

Since there are several kinds of reactions with 
differing products, a single mechanism does not 
appear to be adequate for the high pressure 
oxidations. 

Mechanism I concerns ketones. T h e  rate of 
enolization is slow at  room temperature but may 
be assumed to be rapid at  elevated temperatures. 
Accordingly, the keto-en01 exchange may be 
treated as a simple equilibrium at 200". 
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TABLE 2. Summary of experimental rate data 
. - --- . . . -. .. . - - -. - 

Temperature Partial pressure 0 2 *  Exp. k' x lo2* Calcd. lc,,;~ 
Compound ("c) (Atm) (min-I) (1 mol-' min-I) 

. . .. . -- 

Acetone 200 121 0.1052 0.0080 
220 113 0.242 0.0156 
220 45 0.119 0.0193 
240 103 0.567 0.0305 

2-Butanone 160 130 2.24 0.199 
180 126 5.35 0.455 
200 121 13.75 1.05 
200 53 7.15 1.25 

Cyclopentanone 160 130 0.834 0.0742 
180 126 1.733 0.148 
180 5 8 0.788 0.145 
200 121 3.60 0.274 

Cyclohexanone 180 126 1.92 0.164 

11-Butyl alcohol 180 126 0.0737 0.00625 
190 124 0.136 0.0110 
200 121 0.230 0.0175 
200 53 0.115 0.0200 

see-Butyl alcohol 180 126 0.193 0.0164 
190 124 0.361 0.0289 
200 121 0.690 0.0526 
200 53 0.322 0.0563 

Isobutyl alcohol 180 126 0.830 0.0704 
190 124 1.50 0.120 
200 121 2.63 0.201 
200 53 1.08 0.189 

tert-Butyl alcohol 180 126 2.28 0.193 
190 124 4.37 0.351 
200 121 8.22 0.627 
200 5 3 4.03 0.704 

Neopentyl alcohol 200 121 0.47 0.035 
-- 

*The total pressure in all cases is either 136 or 68 atm. 
tBased on the calculated concentration of dissolved oxygen in mol I - ' .  
t T h e  average reliability of the rate constants is estimated at  4- 5z. 

TABLE 3. Kinetic parameters 
- - -- -. - - - - - 

En A H *  AF* AS* 
Compound (kcal/mol) (kcal/mol) (kcal/mol) (calldeg mol) 

Acetone 16.1 15.1 32.6 - 37 
2-Butanone 16.9 16.0 28.0 - 25 
Cyclopentanone 13.3 12.4 29.3 - 36 
11-Butyl alcohol 22.2 21.3 31.9 - 22 
~ec-Butyl alcohol 24.8 23.9 30.9 - 15 
Isobutyl alcohol 22.4 21.5 29.6 - 17 
tert-Butyl alcohol 25.1 24.2 28.5 - 9 

[I] K = [Enol]/(Ketone] [2 1 [Enol] = [A]K/(K + 1) 

where [Enol] and [Ketone] represent the existing Noting that both the simple double bond (e.g., 
concentrations of these entities, and [A] = sum acrylic acid) and the en01 structure (phenol) are 
of En01 + Ketone. readily attacked by oxygen, Table 1, it is pro- 
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TABLE 4. Estimated values* for the keto-enol equilibria 

Temperature AHK EL 
Pa K (kcal/mol) k ,  (kcal/rnol) 

-. - -- ppppp 

Acetone 200 0.0026 3.1 
220 0.0043 11.97 3.6  4.1 
240 0.0070 4 .3  

Cyclopentanone 160 0.108 0.76 
180 0.17 9. l t  1 .O 5.5 
200 0.27 1.3 

'The last digit for each number listed is not significant. The overall reliability o f  these data is not known. 
t l n  the calci~lation (15) o f  AH.,., the value o f  0-(C,,)(H) was determined from 0-(C1). 0-(C)(H), and 0-(C,)(C) 

Also C, for the enol was assumed equal to C, for  the ketone. 

posed that oxidation of ketones occurs via en01 from the k ,  values. E ,  and k , ,  it should be noted, 
intermediates. Thus are secondary extrapolations and the original 

, A experimental errors may be magnified in these 
I 

, [31 -- = Ic ,[Enol][O,] 
aH calculations. However, certain correlations can 
dt be made (see Table 4). 

I 
I = (/<,K)/(K + I)[AICO21 From Tables 2 and 3 it is seen that acetone 

I 
I where kobs is from Table 2 and k ,  is the rate 

constant for the reaction of oxygen with the enol. 
If K is close to unity, the observed values of 

I 

AH*,,, will change with temperature due to the 
I 

factor K/(K + 1). See ref. 13 for a clearly defined 
example of such a change. Since AH*,,, is con- 

I 
I stant over the imposed temperature range, the 
I values of K are assumed not to be closely equal 
I to unity for each ketone. 

Since neither the enolization constants K at 
the desired temperatures nor the corresponding 
enthalpies had been determined, estimation of 
these values was attempted. The available data 
are equilibrium constants at room temperature 
determined from the data of Gero given for pure 
liquids (14): acetone, 1.5 x cyclopenta- 
none, 8.8 x and 2-butanone, 1.2 x 

The values for AH,, the enthalpy of enoliza- 
tion, were estimated by the method of Benson 
(15) where the estimated AH,,,, is subtracted 
from AH,,,,,,. The C, values for en01 and ketone 
were assumed to be roughly equal. The equi- 
librium constants K were then estimated from the 
van't Hoff equation using the above data. 

Using the enolization constants K, estimation 
of the rate constants k ,  for the reaction of oxygen 
with the en01 can be made from eq. 4. Finally the 
Arrhenius activation energies were estimated 

widely differs in rate from the other two ketones. 
In Table 4 the rate constants k ,  for the three 
ketone enolates are roughly equivalent. This is 
reasonable since the structural differences among 
three con~pounds are minor. 

Acetone and cyclopentanone enolates have the 
lowest activation energies, E l .  This is consistent 
with their structures. Acetone enolate is the 
simplest ofthe three compounds. Cyclopentanone 
enolate has the most open double bond struc- 
ture; this is due to the internal bond angles which 
average 108" and effect spreading of the exterior 
bond angles. Thus, the normal 120" bond angles 
associated with a double bond are exceeded in 
cyclopentanone enolate. 

With both acetone and 2-butanone it is noted 
(Table 1) that the yields of acetic acid are much 
higher at  250 than at 200'; that is, a slower but 
more complete oxidation occurs at the lower 
temperature. Since acetic acid is not detectably 
oxidized at either temperature, the formation of a 
semistable intermediate is clearly indicated. At 
200" the intermediate is of such stability that the 
rate of oxidation is faster than the rate of  thermal 
decomposition. At 250" the thermal decomposi- 
tion exceeds oxidation in rate, and acetic acid is 
formed along with another intermediate which is 
further oxidized. 

A mechanism has been developed which takes 
into account the second-order reaction, the for- 
mation of the enol, and the transitory oxygenated 
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intermediate. This mechanism with 2-butanone 
as an example is shown below. 

OH 
I k ,  

[6] H3C-C=CHCH3 + O2 -+ Q (a peroxy 
intermediate) 

k2 
[71 0 2  + Q -t COZ + H z 0  alternative 

200" 
k 3 

[8] Q -t CH3C02H + CH3CHO 
250" 

Following the equilibrium formation of the en01 
in [5], the rate-determining step is [6] which 
identifies the overall second-order nature of the 
oxidation. Equations 7 and 8 are alternatives 
which follow [6]. Reaction 8 is a unimolecular 
decomposition, possibly resulting from electron 
pair transfers within a transitory four-membered 
peroxy ring (not shown). Reaction 7 is an un- 
defined oxidation of greater complexity having 
both a lower enthalpy and entropy of activation 
than [8]. With these conditions reaction 7 pre- 
dominates at  the lower temperatures and [8] at 
the higher temperatures; both [7] and [8] are, as 
indicated, faster than [6]. The oxidation of 
acetaldehyde [8a] follows [8] in rapid succession. 

Since the evidence for the above mechanism is 
based solely on product analysis and rate and 
reaction order correlations, the proof is not 
absolute. A radical-chain mechanism, similar to 
that proposed for acetone (16) in the presence of 
di(tert-butyl) peroxide or as proposed for the 
liquid phase oxidation of 2-butanone (17) and 
other ketones (18), cannot be totally eliminated. 
After formation of the enolate a radical-chain 
mechanism could effect the consummation of the 
oxidation. In view of the present data and by 
arguments similar to  those to be presented 
against such a mechanism for the alcohols, the 
radical-chain mechanism is not indicated at  this 
time for any part of the reaction. 

The correlative evidence for the en01 inter- 
mediate does, however, give strong support for 
the presently described mechanism i n  aqueous 
solutions. Conceivably, the radical-chain mecha- 
nism may be in effect for pure compounds or 
nonaqueoils solutions, and the molecular mecha- 
nism may hold for aqueous solutions. 

Mechanism I1 concerns the alcohols. It is clear 
from the formation of formaldehyde and the 
excellent yields of acetone resulting from the 
oxidation of tert-butyl alcohol that oxidative 
severage of a carbon-carbon bond occurs. 

u 

Attack of the oxygen is then, by inlplication, on 
the methyl groups of the tert-butyl alcohol. The 
singular unreactivity of methanol to oxidation 
gives further credence to this idea since, if 
oxidation occurred only on the carbinol group, 
methanol should be readily oxidized. Thus, it 
appears that the alcohols are all oxidized on the 
carbon(s) adjacent to the carbinol group by an 
approach of the oxygen molecule backside to the 
hydroxyl. Further, in view of the  second-order 
kinetics and the negative entropies of activation, 
a transitory intermediate which decomposes to  
products is proposed. A mechanism is outlined 
below for tert-butyl alcohol. 

I intermediate 1 
CH3 

+ Acetone + H2C0 + H 2 0  

N o  attempt is made at  this time to define the 
nature of the transitory intermediate. Although 
several structures could be postulated, the specu- 
lation is reserved for future papers. 

Similarly, the oxidation of sec-butyl alcohol is 
second order, and the clearly indicated formation 
of intermediate ketones (Table 1) predisposes a 
mechanism similar to the tertiary alcohols with 
the formation of the corresponding ketone and 
presumably hydrogen peroxide a s  intermediates. 
However, no analytical evidence for the forma- 
tion of hydrogen peroxide was obtained. If 
formed, it decomposes rapidly a n d  is present in 
only zero to  trace amounts. Although 2-butanone 
is rapidly oxidized, there is analytical evidence 
for its formation from sec-butyl alcohol (see 
Table 1). With isopropyl alcohol the stability of 
the intermediate acetone is such that  it is formed 
nearly quantitatively at 200°, but a t  250" further 
oxidation of the acetone is noted after 4 h. 

ti-Butyl alcohol oxidation is also kinetically 
second order and  a mechanism similar to the 
above with an initial oxidation to the corre- 
sponding aldehyde is suggested. The carbon 
chain of the resulting aldehyde is rapidly 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TAYLOR AND WEYGANDT: HIGH PRESSURE AQUEOUS OXIDATIONS 1933 

oxidized, carbon by carbon, to the end products, 
carbon dioxide and water. 

With ethyl alcohol a distinct increase in acetic 
acid formation is noted at  250" as  compared to 
200" (Table 2). In explanation, the proposed 
intermediate acetaldehyde is rapidly oxidized to 
either acetic acid at 250" or  to  carbon dioxide a t  
200" via the en01 intermediate as discussed for 

A radical-chain mechanism, although not 
totally eliminated from consideration, seenis un- 
likely for alcohols as well as ketones. Radical- 
chain mechanisms in liquids are generally auto- 
catalytic or require added initiators. Their rates 
are zero order in oxygen except at low oxygen 
concentrations. Peroxides necessary for the initia- 
tion step have not been detected; thus, if formed 
by any means, they decompose very rapidly. If 
the rate-determining step were 

an order of two would be observed. However, the 
activation energy of reaction 1 1  is much too high 
since the H-0, bond dissociation energy is 
47 kcal/mol (19), and AH for [ I l l  is roughly 
40 kcal/mol or greater. The absence of reaction 1 1 
in the homogeneous gas phase oxidative pyrolysis 
of ethane has been discussed (20). As  indicated in 
the discussion on ketones, the radical-chain 
mechanism appears to be more likely under non- 
aqueous conditions and the lion-chain mecha- 
nism is preferred in aqueous solutions due t o  the 
impact of solvent water. 

Most oxidizing agents react with tertiary 
alcohols less readily than with secondary alcohols. 
With high pressure aqueous oxygen there is a 
conspicuous reversal among the butyl alcohols 
since the order is tert > iso > sec > prim. 
(Tables 2 and 3.) Further, the rate of oxidation of 
neopentyl alcohol is greater than that of 1- 
butanol. However, the enthalpies of activation 
follow the order tert 2 sec > iso 2_ prim. At 
lower temperatures the tertiary butyl alcohol 
could become the slowest in rate since it has the 
greatest value of AH. 

The entropies of activation AS* in sequence 
are: tert > sec 2 iso > prim. Examination of 
the spatial characteristics of the four alcohols via 
Fisher-Hirschfelder models indicates qualitative 
sequential correlation with the several alcohols 
via mechanism 9. tert-Butyl alcohol is sym- 
metrically compact and the oxygen may ap- 

proach froni any direction to form the activated 
complex by mechanism 9. In comparison the 
remaining molecules have smaller areas that are 
sensitive to oxygen attack. If the tertiary 
hydrogen of isobutyl alcohol is assumed to have 
greater reactivity than the secondary hydrogens 
ofn-butyl alcohol, qualitativecorrelation with the 
observed entropies of activation can b e  made. 

In conclusion this paper has presented an 
initial survey and has proposed mechanisms for 
high pressure aqueous oxidations of certain 
organic compounds. Research on the nature of 
these oxidations is being continued. 

The concept of a basic study of high pressure aqiieoils 
oxidations was first proposed by Dr. Waldo Sernon and 
the project was made possible by Dr. Senion's financial 
sponsorship of the Oxidation fellowship. The  authors 
are further indebted to Dr.  Semon for many excellent 
suggestions made d ~ ~ r i n g  the course of the work. 

The authors also wish to express their appreciation to 
Mr. Paul Norton, machinist, for the fabrication of the 
reactor and to Mr. John Thomas for the supplementary 
work on the oxidation of formaldehyde and  ethylene 
glycol. 
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Dihydrothiophenes. 111. Preparation of Some 3,4Unsubstituted Examples 

JOHN M. MCINTOSH AND RICHARD S. STEEVENSZ 
Deprrrtt,letrt of Cl~et~zistry, Utliversit)~ of Witrrlsor, Witldsor, Ot~tr~r io  N9B 3P4 

Received December 13. 1973 

Using the reaction between four representative vinylphosphonium salts and three a-mercapto- 
aldehydes, 12 3,4-unsubstituted 2,5-dihydrothiophenes (1) were prepared.The reaction proceeds 
in excellent yields under mild conditions. The use of these compounds in thesynthesisof dienes 
is indicated. 

On a prepare 12 dihydro-2,5 thiophenes non substitues en position 3,4; ces syntheses impli- 
quent la reaction de quatre sels reprtsentatifs d e  vinylphosphoniurn avec trois a-mercapto- 
aldthydes. L a  reaction se produit avec d'excellents rendements d a n s  des conditions douces. 
O n  montre comment ces composes peuvent &tre utilises pour la synthese de dienes. 

[Traduit par  le journal] 
Can. J .  Chem..52,1934(1974) 

Recently, we have reported (1, 2) a new route 
to conjugated dienes (2) using 2,5-dihydrothio- 
phenes (1) as key intermediates (Scheme 1). As 
we have shown, these compoi~nds are readily 
available from the reaction of vinylphosphonium 
salts and a-mercaptoketones. The synthetic ad- 
vantages to this method have already been out- 
lined (2). 

The dihydrothiophenes reported thus far have 
been derived from a-mercaptoketones and are 
substituted at the 3-position. As the final step in 
the reaction (Scheme 2) is a Wittig reaction, a 
process known to be dramatically subject to 
steric hindrance (3, 4), we had every reason to 
expect that employing a-mercaptoaldehydes in 
the reaction should afford excellent yields of 1. 

exist as highly insoluble dimers o r  polymers (2) 
were more difficult to prepare than the corre- 
sponding ketones but their reactions with the rep- 
resentative vinylphosphonium salts were more 
rapid. In most cases these reactions were essen- 
tially complete in a few hours at 100" but in others 
a longer reaction time was required for maximum 
yields (Table 1). Although all reactions were run 
usingequimolar quantities of reactants it has been 
observed that a slight ( lox)  excess of the vinyl 
salt increased the yields dramatically (5). 

As can be seen from Table 2, with the exception 
of compound 18, the n.m.r. absorptions for the 
vinyl hydrogen atoms of the dihydrothiophenes 
occurred as sharp singlets. The chemical shifts 
of these appear t o  be dependent upon the degree 
of substitution at  the 2,5-positions. We are pur- 
suing this point. It should also be noted that the 
n.m.r. spectra provided no evidence for the pres- 
ence of geometric isomers where these were 
possible. As the further conversion ofthe dihydro- 
thiophenes to dienes occurs by a stereospecific 
pathway (2, 6) a highly stereoselective synthesis 
of compounds of type 1 would be of great impor- 
tance. At present, we are engaged in a study of the 
reaction stereochemistry which will be reported 
at a later date. 

SCIIEME 2 
Experimental 

These expectations were realized (Table I ) .  The Unless otherwise noted, n.m.r. spectra were obtained 
reactions were run as ~reviouslv described (2) on  a JEOLCO C60HLspectrometer in deuteriochloroform 

\ ,  

pyridine as and preparing the vinyl and  are reported in p.p.m. from T M S  a s  internal standard. 

salts by in situ isomerization of their allyl isomers Gas-liquid chromatography analyses were carried out  on  
a n  F and M Model 720 gas chromatograph utilizing a n  

when required. 8 f t  x 0.375 in. 20% SE30 on Chromosorb W column. 
The a-mercaptoaldehydes which frequently T h e  flow rate of the  helium carrier gas was 1 ml/s. Mass 
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McINTOSH AND STEEVENSZ: DIHYDROTHIOPHENES. 111 1935 

TABLE 1. Products and yields of 2,s-drhydrothiophcnes 
- - - - - - - -- -- - -- -- - - -- 

Product 

Aldehyde Saltb R1 R 2 R 3 R4 Time (h) Yield(%) 

'Reference 8. 
bReference 2. 

TABLE 2. Indices of refraction and nuclear magnetic resonance spectra" 
.- - . .- 

Compound 1 1 ~ ~ ~  Nuclear magnetic resonance spectral data 

10 1 ,5058 5.65 (s, 2), 4.08 (m, I), 3.62 (m, 2), 1.61 (rn, 21, 
0.95 (t, 3, J = 6) 

12 1.4774 5 . 2 5 ( ~ , 2 ) , 4 . 1 8 ( d d , l , J = 7 . 5 , 6 ) , 1 . 6 5 ( r n , 2 ) , l . 5 0 ( ~ , 6 ) ,  
0.95 (t, 3, J = 6) 

14 1.4931 5.73 (s, 2), 4.35-3.89 (ni, I), 3.65 (m, 2), 1.95-0.65 (m, 81, 
0.93 (t, 3, J = 6) 

15 1.4851 5.60(~,2),4.15(m,2),2.00-0.80(m,8), 1 . 3 5 ( d , 3 , J =  7), 
0.89 (t, 3, J = 6) 

16 1.4759 5.49 (s, 2), 4.30-3.98 (m, I), 1 .SO-0.90 (m, 8), 1.50 (s, 61, 
1.02-0.63 (ni, 3) 

17 1.5361 7.1 9 (m, 5), 5.73 (s, 2), 4.43-4.03 (m, I), 1.87 (s, 3), 
I .75-1.08 (m, 8), 1.04-0.67 (m, 3) 

19 1.5166 5.61 (s, 2), 4.22 (q, I ,  J = 61, 2.05-1.00 (m, 101, 
1.50 (d, 3, J = 6) 

20 I .5060 5.40 (s, 2), 1.97-0.92 (m, 1 O), 1.50 (s, 6) 

21 1.5717 7.17 (m, 5), 5.68 (d, 2, J = I), 2.18-0.88 (m, lo), 1.90 (s. 3) 
-- -- - 

'Tnbulal~on follows the order  chem~cal  shift (6 ) ,  multlpl~city, number of protons, coupling constant Spectra 
run In CDCI,. 

spectra were obtained on a Varian MAT CH5-DF instru- 
ment. Unless otherwise noted, the drying agent used was 
anhydrous sodium sulfate and solvents were removed on 
a rotary evaporator at reduced pressure. Chromatography 
was performed using Fisher acidic alumina, 80-200 mesh, 
Brockman activity grade I .  Microanalyses were per- 
formed by A. B. Gqgli, Microanalysis Laboratory, 
Toronto, Ontario. 

Ge~reral Procerl~ire ( 2 )  
If the allylic triphenylphosphonium salt was used, it 

was first isomerized to its vinyl isomer by heating in 
pyridine solution in the presence of I equiv of triethyl- 
amine for 45-60 min. If the vinyl salt was available, this 
isomerization could be omitted. 

To a solution of the vinylphosphonium salt (0.01 mol) 
in 50 nil of dry pyridine and triethylamine (0.012 mol) 
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TABLE 3. Analytical data 
. . - -- -- 

Analysis (%) 

Calculated Found 

Compound C H C H tn/e  

*The thermal instability prevented accurate 

was added a pyridine solution of 0.01 mol of the m-met- 
captoaldehyde, dropwise with stirring. The system was 
purged with nitrogen and the mixture heated at gentle 
reflux for the time indicated in Table 1. The cooled solu- 
tion was poured into 600 ml of water and extracted twice 
with 100 ml of ether and twice with 100 ml of pentane. 
The combined organic extracts were washed with 10% 
hydrochloric acid until the washings were acidic. The 
dried solution was reduced in volume to  approximately 
10 ml and chromatographed on alumina using pentane 
as eluant. This removed all phosphorous-containing and 
colored impurities. Removal of the solvent gave a product 
shown to be greater than 95% pure. Analytical samples 
were collected from g.1.c. Indices of refraction and n.m.r. 
spectra are shown in Table 2 and analytical data in Table 
3.  Except for the lack of carbonyl absorption, the i.r. 
spectra were uninformative. 

a-MercaptocycloAexa,ieca~'bo~'~ldelr~~de ( 5 )  (As  the 
Din~er) 

T o  a suspension of 25 g (0.5 mol) of sodium sulfhydrate 
in 200 ml of ether was added a solution of 20 g (0.105 mol) 
of I-bromocyclohexane carboxaldehyde (7) in 25 ml of 
ether. The addition was performed keeping the tempera- 
ture of the reaction below 20". After the final addition, 
stirring was continued for 20 h at ambient temperature. 
The mixture was filtered and the filtrate evaporated to 
afford an oil which was distilled to give 7.0 g (50%) of a 

elemental analysis. 

clear colorless liquid, b.p. 40-45" (0.01 nirn); i.r. (CCI,) 
3600. 3440. 2940. 2860. 1730(w). 1450 cm- '  : n.m.1. 5.18 

- . - . - - . 
Anal. Calcd. for C,H,ZOS: C, 58.32; H, 8.39. Found: 

C, 58.41, H, 8.38. 

The financial support of the National Research Council 
of Canada is most gratefully acknowledged. 
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The Kinetics of Isotope Effects in a Model Solvolysis System 
Involving One Optically Active Ion Pair Intermediate 

College of Plziirt~~rrceirricrrl Scietices, Col~rmhiri Utziversirp, Netc~ York, Neic, York 10023' 

Received December 5, 1972' 

The derivation of the observed first-order rate constants from the "exact" integrated 
rate equations for the kinetic scheme of reaction I is presented. It is shown that the 
solvolytic exponential first-order rate constant is a special case of the polarimetric rate 
constant and that the optical activity of the product is determined by a multiplicative 
ratio of rate constants for the optically important reactions of the ion pair intermediate. 
A form of the integrated first-order polarimetric rate equation with a linearly indepen- 
dent parameter set is presented. The functions for the first-order rate constants derived 
using the steady state approximation are special cases of the functions derived from the 
exact equations, as are the functions for the first-order rate constants for two systems 
which involve pre-equilibria followed by a slow product forming step. These functions 
cannot all be derived one from the other. A differential analysis of observed isotope 
effects as functions of isotope effects on the rate constants for reactions involving the 
intermediates is presented. 

La constante de vitesse observte de premier ordre est dCrivCe B partir des kquations 
de vitesse obtenues par inttgrale exacte pour le schtma cinttique de  I'tquation 1 .  L a  
constante de vitesse solvolytique exponentielle de premier ordre est un cas special de la 
constante de vitesse polarimttrique. L'activitt optique du produit est dtterminie par un 
rapport multiplicatif des constantes de vitesse pour les rkactions optiquement importantes 
de la paire d'ions intermkdiaires. Une forme de I'equation inttgrte de la vitesse polari- 
mttrique de premier ordre est prtsentte avec un ensemble de pararnktre linkairement 
indkpendants. Dans le cas des constantes de vitesse de premier ordre, les fonctions 
dtrivtes en utilisant I'approximation de 1'C:at stationnaire sont des cas sptciaux des 
fonctions dtrivees des equations exactes; de m&me sont les fonctions pour les constantes 
de vitesse de premier ordre pour deux systknies qui impliquent ilne prttquilibre, suivit 
d'une ttape lente de formation de produit. Ces fonctions ne peuvent pas toutes ktre 
dkrivCes une de I'autre. On prksente une analyse difftrentielle des effets isotopiques 
observks comme fonctions des effets isotopiqnes sur les constantes d e  vitesse pour les 
rkactions impliquant les intermkdiaires. [Traduit par le journal] 

Can. J. Chem., 52, 1937(1974) 

Ion pairs have been proposed as intermediates 
in the solvolyses of secondary alkyl esters with 
increasing frequency in the past several years 
(1-4). Generally, one or two different types of 
ion pairs are proposed to lie on the reaction 
coordinate between the unionized substrate and 
the free carbonium ion, if the free carbonium ion 
is included in the solvolysis scheme at all. The 
~olarimetric and solvol~tic kinetic data have 
uniformly been analyzed using the steady state 
approximation to obtain integrated rate equa- 
tions, even though mechanistic arguements are 
advanced which the steady state assumption is 
clearly not designed to handle, such as pre- 
equilibria followed by a slow step which yields 

'Present address: Max Planck Institute fiir Chemie, 
Mainz, Germany. 

'Revision received January 7, 1974. 

either the next ion pair or product. The fact that 
investigators are now analyzing observed kinetic 
isotope effects in these reactions in terms of the 
first-order rate constants derived using the 
steady state approximation calls for an examina- 
tion of the validity of this approximation as well 
as the construction of a framework for discus- 
sing observed isotope effects as functions of 
isotope effects on the rates of reactions involving 
the intermediates. Such a discussion is presented 
herein for a model solvolysis system involving a 
single optically active ion pair intermediate which 
can undergo racemization and internal return in 
competition with unimolecular and bimolecular 
nucleophilic substitution. 

Reaction 1 presents the solvolysis scheme 
chosen for this investigation. [RX] and [XR], 
etc. refer to enantiomeric pairs. The reactions 
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I ~r 
k ,  fast 

RX F? R + X -  + R +  + X- + Q(RS + SR) 

k~ I L  fast 
[ l ]  XR F? X-R+ - R +  + X- - Q(RS + SR) 

k2 ' I x 5  k4 

RS 

represented by lc,, k,, k,, and I<, are unimolecular 
and first order, while that represented by k, is 
bimolecular, pseudo first order, and leads to 
product of inverted configuration. The reaction 
of solvent with free carbonium ion to form race- 
mic product is assumed to be so fast as to be 
kinetically unimportant. This scheme is similar 
to that proposed by several investigators who 
need only a single ion pair intermediate to analyze 
their data (5,6) and it is a special case of the more 
generalized solvolysis schemes involving two 
different ion pair intermediates which have been 
set LIP for more complex data analysis problenls 
(1-4, 7). At zero time the concentrations of 
product and intermediate are zero and that of 
substrate is [RX], + [XR],. The sum of the 
concentrations of the enantiomeric pairs is the 
chemical concentration of each   air while the 
difference is related to the opticalAactivity of the 
pair by a multiplicative constant, ct, the specific 
rotation of the enantiomer used as a reference. 
The integrated rate equations for the linear 
combinations of concentrations in reaction I ,  
derived using no approxin~ations, are given in 
eqs. 2-6, where [RX] + [XR] + [R'X-] + 
[ X - R + ]  + [RS] + [SR] = [RX], + [XRl0(8) 

where p = k ,  + k2  + Ic, + k, 
q = (p2 - 41cl(k4 + k5)) ' I2  
t = time 

[31 ([RXI - [XRI) = ([RXlo 
- [XR]o)(e-'12rt)(cosh(tst)  

+ ((r - 2kl)/s) sinh(+st)) 

where r = k, + k2  + 2k3 + k, + lc, 
s = (r2 - 4k1(2k3 + k4 + k5))'I2 

[41 ( [R+X- l  + [X-R+I)  = ([RXIO + [XRIO) 
(e- '12P')(2kl/q) sinh (+q/)  

[51 ( [R+X- l  - [X-R+I)  = ([RXIO - [XRIO) 
(e-'12r')(2kl/s) sinh (+st) 

[61 ([SRI - [ R S I ) =  ([RXlo - [XRIo)/cp 
(1 - e- '12r'(~osh(tsr) + (rjs) sinh (+st))) 

The integrated rate equations for the linear 
concentration combinations of reactant and 
product, derived using the steady state approxi- 
mation, are given in eqs. 7-9, where [RX] + 
[XR] + [SR] + [RS] = [RX], + [XR]o(8). 

[7] ([RX] + [XR]) = ([RXI, + [XRI, )~-"C~ 

where kc = l<,(k4 + k5)/(k2 + lc4 + lc,) 

where k, = k,(2k3 + k4 + k5)/(k2 + 2k3 

+ k4 + k5) 

Experimentally, the data indicate that the first- 
order rate constants are small, less than ca. 
lo-, s- ' (concentration in liters), and that the 
concentration of the intermediate is experimen- 
tally undetectable. 

Equations 2-6 are obviously n o t  simple first- 
order integrated rate equations. However, the 
rate equations corresponding to eqs. 2-6 reduce 
to first-order rate equations as the  values of the 
arguments of the hyperbolic functions become 
either very small o r  very large. The  case in which 
these arguments are very small is not of interest 
in the study of solvolysis reactions, where 
half-lives are relatively long, but may well be of 
interest t o  those who study very fast reactions. 
When the value of  q or s becomes large, the rate 
equations for the observable quantities become 
first order. Taking eq. 3 as a representative 
example, the corresponding rate equation when 
(+st) is large reduces to the first-order form 

d In ([RX] - [XR])/dt = - f(r - s) = -k,,, 

where k,,, is the experimentally observed first- 
order polarimetric rate constant analogous to  
k,. k,,, can be expanded as a function of the k i  
by transposing r and squaring. 
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VOGEL: KINETICS O F  ISOTOPE EFFECTS 1939 

lc,(2k3 + k, + k,) = rlcobs - kobs 2 

As r is greater than s which is very large and /cobs 
is experimentally less than unity (units of s -  I), 
the value of /cobs2 can be neglected and a solution 
obtained for /cobs. 

From the above it may be seen that the q ~ ~ a n t i t y  
lc,(2/c3 + k, + k,) is sniall relative to ( k ,  + k ,  
+ 2k3 + k, + k,) and that either k ,  or (2k3 + 
k, + k,) may be the determining factor in the 
small val~le of the observed rate constant. Th~ t s ,  
r and s are of nearly the sanie magnitude relative 
to  k,(2k3 + k, + k,). A similar analysis applies 
t o  eq. 2, which is the solvolytic special case of eq. 
3, and niay be applied to  eq. 6 using the experi- 
mental facts. The concentration of the inter- 
mediate will be small as t becomes large, since 
exp (-+(r - s)t) is less than unity and k ,  cannot 
be m ~ ~ c h  greater than s. 

Comparison of the expressions for k,,, and 
k, shows that tlie steady state approximation is 
dependent 011 the value of k ,  being small relative 
t o  (2k3 + k, + k,). When (2k3 + k, + I<,) is 
sniall relative to  k ,  a pre-equilibrium is obtained, 
although it is hard to j ~ ~ s t i f y  mechanistically. I f  
there is a rapid pre-equilibrium with k,, the rate 

constant for internal return, r n ~ ~ c h  greater than 
the other k i ,  both k, and kpr,-,, reduce to  the 
same function, Note that k, and k p,,.,, 

cannot be derived one from the other. It seems 
unwise, however, to make any blanket state- 
ments concerning the use of these rate constants 
to  discuss individual experiments, since that is 
not the i s s ~ ~ e  here. Rather, it appears that the 
expression for the observed first-order polari- 
metric rate constant derived from the "exact" 
integrated rate equations, kobs, is better suited to  
general disc~~ssions of this type of solvolysis 
mechanism. since it will deal with both of the 
extreme mechanistic possibilities as well as with 
the mixed situation possible when k , ,  k2 ,  and 
(2k3 + k, + k,) are more nearly of the same 
magnitude. 

The first-order integrated rate equation for 

optical activity as a function of time, derived 
from eqs. 3 and 6, is given in eq. 10. When one 

makes the s~~bst i tu t ions  u, = uR,([RX], - 
[XR],) and a, = /cpasR([RX], - [XR],), the 
commonly used first-order integrated polari- 
metric rate equation is obtained. kg ,  which 
appears in both the "exact" and steady state 
derivations, effectively determines the  fraction 
of the reaction of the optically active ion pair 
which yields optically active product, and as 
such provides usef~ll insight into the nature of 
the potential energy s ~ ~ r f a c e  in the vicinity of the 
ion pair intermediate. 

In ca lc~~la t ing tlie v a l ~ ~ e  of tlie polarimetric rate 
constant for colnparison with the solvolytic rate 
constant or determination of the isotope effect, 
the linearly independent parameter set ([RX], - 
[XR],), /cobs, and l ~ ~ n i ~ ~ s t  be used, rather than the 
linearly dependent set of a,, u,, and k,, if the 
calculated quantities are to have well defined 
~iieanings (9). This importance in the choice of 
parameters for use in curve fitting is no t  always 
appreciated, particularly with the wide selection 
of "packaged" computer routines readily avail- 
able. The development of current data collection 
techniq~~es  is such that  rate constants can be 
derived from data fit to most first-order rate 
equations with a precision of 0.1% q ~ l i t e  easily. 
~ b w e v e r ,  the accuracy and, indeed, the  meaning 
of rate constants so derived is a direct function of 
the choice of parameters used to fit the data. Thus, 
since the quantity ([RX], - [XR],) appears in 
both u, andu,, the value ofk,fit to the data using 
the linearly dependent parameter set does not 
bear the same well defined relationship to  the 
solvolytic rate constant kob,(solv) as does the 
value of kobs fit using the linearly independent 
parameter set. The exact difference between 
kobs and k, cannot be expressed in simple niathe- 
matical terms, since they are obtained by adjust- 
nient of other variables. However, this differ- 
ence will become more pronounced as the optical 
activity in the prod~lc t  increases and both u , ~  
and k p  differ increasingly from zero. 

The effect of isotopic substitution in the alkyl 
ester reactant will alter the values of the k i  in 
eqs. 2-10, producing new f ~ ~ n c t i o n s  for the 
dependence of concentrations on time (10). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1940 C A N .  J .  C H E M .  VOL. 52, 1974 

The changes in the k,,  dk, = kiD - kiH, will 
produce new values of the observed rate con- 
stants, kjD = kjH + dkj. (Substitution of deu- 
terium for hydrogen is assumed for the discussion, 
although the treatment is completely general.) 
Since the fi~nctions for the observed rate constants 
are single valued and continuous, the dkj may be 
expanded as the total differential of the ki. As 

dkj = C (i3kj/i3ki) dki 
i 

the theory of isotope effects deals with the ratio 
of rate constants for individual reactions and 
not the difference, it is necessary to expand the 
dk, as functions of the rate constant ratios for 
the isotopically substituted molecules. Using 

Aki = k?/k,l* 

the functions for k,,, and kD, the equations 
expressing the effect of isotopic substitution on 
the observed rate constants as fiinctions of the 
effect of isotopic substitution on the rate con- 
stants for reactions involving the intermediates 
are given in eqs. 1 1 and 12. 

[I21 Ak, = Alc, + 1 

The solvolytic isotope effect is a special case of 
the observed polarimetric isotope effect in which 
k, and Ak, terms are omitted. 

A limiting isotope effect will be observed as 
the consequence of two factors. First, there must 
be a maximum amount that the force constants 
about a particular position of isotopic substitu- 
tion may change as the molecule passes from 
some initial to some transition state on the 
isotopically independent potential energy surface. 
Second, there must be a form of the equation for 
the isotope effect which is a function of the Aki 
alone, since the ki's are functions of solvent com- 
position and may vary widely with solvent 
changes. To examine the experimental data it is 
necessary to look at the solvolytic isotope effect, 

Ak,,, (solv), since values of the polarimetric rate 
constants obtained by fitting data using the 
independent parameter set are not currently 
available. (The function for this isotope effect, 
Ak,,, (solv), is eq. 1 1  with k, and Ak, omitted.) 
It is also useful t o  assume for the sake of com- 
pactness that one of the product forming steps, 
say k,, is much faster than the other, although 
the lengthy general expression could be used. 
When there is a rapid pre-equilibrium with k, 
much greater than the other Ic,, the limiting 
isotope effect is Ak, - Ak, + Alc,, regardless of 
the relationship amongst the other ki. In the 
steady state situation when k, is much less than 
k,, the limiting isotope effect is Ak,;  in the pre- 
equilibrium situation when k, is much less than 
k , ,  the limiting isotope effect is Alc,. 

While the foregoing is based on a series of 
approximations, first to the exact equations and 
then in the expansion of the observed isotope 
effects, none the less, this relatively uncomplex 
analysis may be used to provide a basis for 
quantitative discussion of what has intuitively 
been assumed about solvolytic secondary deu- 
terium isotope effects for some time. Taking 
secondary alkyl brosylate solvolyses as an 
example, an estimate of the limiting value of 
Ak, of 111.15 has been obtained from the 
solvolysis of pinacolyl brosylate (1 I), in which 
rearrangement of the ion pair is faster than 
internal return via k,. This compares with the 
limiting value of Ak,,, (solv) for brosylates of 
111.21 in cases where internal return is not 
sterically or otherwise hindered (11, 12). The 
"theoretical minimum" value of Ak,,, (solv) for 
brosylates, calculated by assuming only a single 
transition state, is 111.22 (12). The authors 
conclude from a variety of mechanistic argu- 
ments that internal return via k, is important in 
these limiting solvolyses. On the basis of the 
foregoing discussion it is seen that such a con- 
clusion arises logically from reaction 1 ,  which 
further permits the quantitative estimate of 
Ak, - Ak, to be calculated as 0.04 (provided k, 
is the only product forming step). The fact that 
the limiting value of Ak, is so close to that of 
Ak,,,(solv) and both are so close t o  the theoretical 
minimum, makes the conclusion logical that 
force constant changes, and hence the isotope 
effects, associated with k,, k,, and  k, are much 
smaller than those associated with k, .  Similar 
arguments can be advanced for other leaving 
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VOGEL: KINETICS OF ISOTOPE EFFECTS 1941 

groups, although the estimate of Ak ,  is not so  T o  sunimarize, a general framework is pre- 
conveniently a t  hand. sented for the quantitative discussion of kinetic 

These conclusions d o  not contradict those of isotope effects in a niodel solvolysis system 
Murr and co-worker, who have examined involving a single, optically active ion pair 
isotope effects in the more complicated two ion intermediate. Also i n c l ~ ~ d e d  is a r i g o r o ~ ~ s  deriva- 
pair system by taking the ratios of the functions tion of the polarimetric and solvolytic curve 
for the steady state rate constants and sorting fitting parameters which must be used to fit the 
out the ratios for the partitioning of the reactions data, if coniparisons between rate constants 
of the ion pair intermediates (13). While this derived from these two different data collection 
method avoids the approximations leading to  methods are to have well defined meanings. The 
eqs. I I and 12, it introduces several others and equations ~ ~ s e d  in this analysis are in the form 
the e q ~ ~ a t i o n s  d o  not lend themselves to the use required if niodel isotope effect calculations are 
of isotope effect model calc~~lations in creating a to be used to aid in the creation of a model 
model i f  the ion pair, as eqs. 1 I and 12 do,  since 
the Aki can be calculated. A detailed coniparison 
of the two methods will have to wait ~ ~ n t i l  a 
complete differential analysis is applied to the 
rate constants for the two ion pair system; 
however, the two methods are clearly comple- 
mentary and both will contribute to the con- 
struction of models of the ion pair intermediates 

potential energy surface in the vicinity of the ion 
pair. Limiting isotope effects in some secondary 
alkyl brosylate solvolyses can be s ~ ~ c c e s s f ~ ~ l l y  
discussed within tliis framework, although a 
general discussion will have to wait until a 
similar analysis is conipleted for the  kinetic 
scheme with two different types of optically 
active ion pair intermediates. 

and to knowledge of the potential energy 
surface in the vicinity of the intermediates. The author wishes to thank Professor V. J. Shiner, Js., 

~t is possible to discuss isotope effects which for his comments during the course of this work. 

are not limiting within this mechanistic scheme - 
but, as many investigators propose the existence I. V.  J .  S H I N E R ,  JR. I,, Isotope effects in chemical reac- 
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the observed isotope effect being Ak, or  Ak,  or 
some combination of the two. 

The calculation of the A k i  presents the problem 
not only of the determination of the potential 
energy surface, but also of the determination of 
the internal coordinates of the ion pair as well as 
the transition states. The question of the extent 
to which solvent molecules are to be included in 
these models is unanswered. Thus it would be 
useful to know the solvent isotope effect on the 
limiting isotope effect, as well as on isotope 
effects in reactions which d o  not show limiting 
isotope effects. Within the approximation that 
the potential energy surface is unchanged by 
isotopic substitution, experiments of this type 
will provide the experimental data with which to 
calibrate the model calculations of the Aki .  
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The Determination of Traces of Bismuth by Solid State Luminescence 

D. E. RYAN, H.  ROLLIER, A N D  J. HOLZBECHER 
Troce Anrrlysis Research Centre, Deportment of Chemistry, Drrlkousie U~liversity, Holifrrx, Nova Scotitr B3H4JI 

Received November 13, 1973 

Traces of Bi(II1) are determined with good selectivity by measurement of the luminescence 
(h,, = 355 nm; h,,, = 430 nm) of Ca0:Bi phosphor after co-precipitation with calcium oxa- 
late and ignition at  850-900 "C. The detection limit is better than 0.01 pg Bi in I5 mg C a O ;  bis- 
muth can be quantitatively recovered from 500 ml sample volumes and analysis is possible for 
0.02 ng Bi/ml. The method has been successfully applied to the determination of trace amounts 
of bismuth added to synthetic blood and kidney samples. 

Des traces de Bi(II1) sont determinees avec une bonne selectivitC par mesure de la lumines- 
cence (h,, = 355 nm; h,, = 430 nm) de "phosphores" CaO:Bi, apres coprkcipitation avec de 
I'oxalate de calcium et calcination a 850-900 "C. La limite de detection est meilleure que  0.01 
pg Bi par 15 mg CaO; le bismuth peut Ctre collectC quantitativement a partir d'echantillons de 
500 ml et I'analyse de 0.02 ng Bi/ml est possible. La mkthode a CtC appliqute avec succes a la 
determination de traces de bismuth ajoutees a des Cchantillons de sang et de rein synthktiques. 
Can. J .  Chem., 52, 1942 (1974) 

Introduction 
Luminescence analysis of trace elements is 

generally limited in solution to non-transition 
element and non-heavy metal ions. Although 
this enhances the selectivity of fluorescence 
techniques, the failure of many metal ions to 
form fluorescent chelates seriously limits the 
applicability of spectrofluorometry. Many ele- 
ments which fail to fluoresce as chelates, how- 
ever, do form luminescent phosphors when 
incorporated into a crystal lattice; a recent 
communication (1) gave a preliminary report on 
the analytical potential of such luminescence. 
The present paper describes the determination of 
Bismuth(II1) at the ng/ml level (and less) using 
the co-precipitation technique described pre- 
viously (1); the determination of bismuth in 
practical samples is outlined. 

Experimental 
Apparatris ond Reagents 

Fluoro~netric measurements were made with a Turner 
Model 11 1 Fluorometer (fitted with CAMAG TLC Scan- 
ner) and with a Farrand Vis-UV Chromatogram Anal- 
yzer. Both instruments were standardized with a mixture 
of zinc sulfides, "phosphorescent" (Fisher) and "lumi- 
nous" (B.D.H.). The sample cell was a blackened alu- 
minum sheet with drilled holes (diameter, 5 mm). The 
sample powder was held in place on one side with a thin 
glass plate and on the other by masking tape. 

A stock solution (1000 p.p.m. in -5% HNO,) was 
prepared by dissolution of bismuth metal (Merck) in 1 : 1 
HNO, and dilution after boiling off nitrogen oxides; it 
was standardized by EDTA titration using xylenol orange 
(2) and analytical standards were prepared by dilution of 
the stock solution. The calcium chloride (Baker) solution 

contained 10 g of dihydrate per liter. The ammonium 
oxalate (Baker) solution contained 50 g of monohydrate 
per liter. The "synthetic blood" and "synthetic kidney" 
solutions contained major cations in concentrations given 
by Bowen (3). 

Procedure 
T o  100 nil of solution containing 0.01-1.5 pg of Bi add 

5 ml of 1 : 1 HNO,, and pipet 4 ml of (NH,)2C204 solu- 
tion and 4 ml CaClz solution so that a reproducible 
amount of calcium oxalate (corresponding to about 15 mg 
CaO) is precipitated; add a few drops of methyl red 
indicator, heat to 80°C, and precipitate by dropwise 
addition of 1 : 1 NH, until the color changes from red to  
yellow (stir rapidly during precipitation); allow the mix- 
ture to cool down t o  room temperature (about 1 h) and 
filter through a porous-base porcelain crucible. Wash with 
distilled water and dry at  200°C for I h; transfer the 
precipitate to a microcrucible and ignite at 850-900 "C 
for 15 min (quantitative transfer is not  crucial because 
the precipitate is essentially homogeneous). Allow to cool 
to room temperature in a desiccator. Grind and mix in an  
agate mortar, pack the cell and measure luminescence on 
a Farrand Vis-UV Chromatogram Analyzer (h,, = 
355 nm; h,, = 428 nm; aperture 0.75; filter 3-73; 
photomultiplier RCA IP2l ;gain 10.00). A typical calibra- 
tion curve is shown in Fig. 1. 

With the Turner Model 11 1 Fluorometer (excitation 
filter 7-60 and emission filter 2A), the  lowest working 
range is 0.5-10 pg Bi. An increase in the concentration 
range of Bi requires a corresponding increase in the 
amount of collector to avoid saturation of the precipi- 
tate; thus, in the range of 0.5-10.0 pg Bi, 10 ml 
(NH4)2Cz0, solution + 10 ml CaClz solution (giving a 
calcium oxalate precipitate corresponding to about 
40 mg CaO) were used. 

Results and Discussion 
The fluorescence intensity is a linear function 

of bismuth concentration as long as there is no 
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RYAN ET AL.: DETERMINATION OF TRACES OF Bi 

FIG. 1. Calibration curves for bismuth: graph on right is a re-plot of recorder scan on left. 

saturation of the precipitate; the quantity of 
collector has to be adapted to the concentration 
range. Fifteen and 40 mg of CaO are satisfactory 
for the ranges 0.01-1.5 pg and 0.5-10 pg Bi, 
respectively. 

The practical detection limit for 100 ml of 
sample solution is better than 0.1 p.p.b. (0.01 pg 
Bi collected) using the Farrand Vis-UV Chroma- 
togram Analyzer. The relative standard devia- 
tion of six determinations of 0.1 pg Bi was 6%. 

With the Turner Model 1 1  1 Fluorometer, 
the practical detection limit for 100 ml of sample 
solution is 5 p.p.b. (0.5 pg Bi collected). The 
relative standard deviation of six determinations 
of 2 pg Bi was 10%. 

Factors Influencing Fluorescence 
The highest luminescence intensity was ob- 

tained when samples were ignited at 850-900 "C 
for 15 min. Lower tem~eratures or shorter 
periods of time of ignition resulted in a greyish 
colored powder (carbon) and consequently low 
fluorescence readings; higher temperatures and 
longer periods of time increase volatilization of 
activator (1). The weight loss of precipitate upon 
ignition corresponds to complete conversion of 
calcium oxalate to calcium oxide. 

No significant difference in fluorescence 
intensity was observed for samples containing 
2.0 pg Bi when the volume of the sample was 
varied from 1 to 500 ml. Since the detection limit 
is 0.01 pg Bi collected, the practical concentra- 
tion limit is 0.02 p.p.b. if 500 ml samples are 
available. 

The fluorescence intensity of ignited samples 
exposed to the atmosphere decreases with time. 
When packed in the sample cell, the Ca0:Bi  
phosphor exhibits more than 50% loss of 
luminescence upon standing overnight. 

Bismuth (2.0 and 0.1 pg in 100 ml H,O) was 
successfully determined in the presence of a 
100-fold weight excess of Cd(II), Cu(II), Fe(III), 
Mg(II), Hg(II), Zn(II), bromide, and iodide. A 
ten-fold excess of Al(III), Pb(II), Ni(I1) and 
Ag(1) and equivalent amounts of Co(I1) and 
Mn(I1) were also without interference. On the 
Turner Fluorometer, Cr(II1) interfered even in 
equivalent amounts; the better spectral selec- 
tivity of the Farrand Analyzer allowed the 
presence of a 100-fold excess of Cr(II1). 

Applications 
(a) The regular procedure was applied to 0.1 

ml samples of synthetic blood (equal to 1 ml 
blood) diluted to 100 ml with water. Application 
of the procedure to such samples serves simply 
to demonstrate the potential of the method. The 
measurements were made on the Farrand 
Analyzer. In the 0.01-0.1 pg range, the bismuth 
added was determined with a maximum devia- 
tion of 30%; for amounts near 0.1 pg (and 
higher), the error was reduced to within the 6% 
standard deviation limit. 

with the Turner fluorometer, the poorer 
sensitivity requires larger aliquots of blood and a 
higher concentration of interferents is introduced 
into the precipitate; a reprecipitation procedure 
was necessary to obtain acceptable results. In the 
procedure, the first calcium oxalate precipitate 
is dissolved in the crucible with 5 ml of 1 : l  
HNO,. The sample is then transferred to a 
beaker, 100 ml of water and 10 ml of ammonium 
oxalate solution are added, and the precipitation 
with ammonia is repeated. Interference of at 
least a 1000-fold excess of Fe(II1) and 100-fold 
excess of Cr(II1) were thus removed but no im- 
provement in interference levels was obtained for 
Mn(II), Ni(II), and Co(I1). 
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The re-precipitation process was applied to 
I ml samples of synthetic blood (containing 
19 900 pg Na; 16 900 pg K ;  620 pg Ca; 410 pg 
Mg; 4750 pg Fe; 130 pg Zn; 10 pg Cu) diluted 
to 100 ml with water. For additions of 0.0, 5.0, 
and 10 pg of bismuth, the bismuth found was 0.0, 
4.5, and 9.2 pg, respectively. 
(6) Interference in the spectrophotometric 

determination of bismuth can be removed by 
extracting bismuth with diethyldithiocarbamate 
in the presence of EDTA, cyanide, and ammonia 
(4). As a test of the luminescence finish, the 
extraction process was applied to synthetic 
kidney samples containing known amounts of 
added bismuth. After extraction of the bismuth 
complex with carbon tetrachloride, the bis- 
muth(II1) was re-extracted with 1 : 1 HNO, and, 
after dilution, the usual co-precipitation pro- 
cedure with calcium oxalate was followed. For 
bismuth additions of 0.0, 5.0, and 10 pg to one 
ml of synthetic kidney solution (containing 800 pg 
Na; 7800 pg K ;  390 pg Ca; 550 pg Mg; 290 pg 
Fe; 210 pg Zn; 4 pg Mn; 12 pg Cu) diluted to 100 

ml with water, 0.0, 5.2, and 11.0 pg of bismuth 
were found respectively. The results show that 
the solid state luminescence procedure can be 
applied after extraction of bismuth from com- 
plex matrices. 

Results obtained by both the reprecipitation 
and extraction process are correct within 10%. 
However, reprecipitation serves only to increase 
the amount of iron that can be tolerated and, if 
interferences such as cobalt, nickel, and man- 
ganese are present, the solvent extraction pro- 
cedure is recommended. 

I t  is a pleasure to thank the National Research Council 
of Canada for financial support. 
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Distribution Function and Angular Deformations of a Model Related to 
Vitreous Ice and Liquid Water' 

Divisiotz of Cl~etnistry, Nntiotlnl Reseclrclz Coltncil ofCnnndn,  Ormlvfl, Crrtzcrclcr KIA OR9 

Received October 23, 1973 

A random tetrahedral model, without bonding defects and in which the distance be- 
tween nearest neighbors is constant, has been constructed to study the effect of angular 
variations from tetrahedral, and the observations have been interpreted in terms of 
vitreous ice and liquid water. The model was constructed to have relatively small de- 
formations from tetrahedral, and the oxygen-oxygen-oxygen angles vary from 90 to  
132", with an interquartile width of 12". The measured density is intermediate between 
that of hexagonal ice and liquid water and, because of the small angular deformations, 
provides an estimate both of the density of vitreous water and of the minimum density 
possible for a random tetrahedral system. 

Un modble non-cristallin t6traedrique, sans difauts et dans lequel la distance entre 
les sommets voisins est constante, a CtC fabriqut avec du plastique et du  fil pour 6tudier 
la variation angulaire autour de I'angle tttraidrique, et I'effet de cette variation sur les 
propri6tts de la glace vitreuse et de I'eau liquide. Le modble met en evidence I'effet des 
dtformations relativement faibles, et l'angle oxygtne-oxygbne-oxyg5ne varie de 90 B 
132", avec une largeur interquartile de 12". La densit6 obtenue est entre celles de l a  
glace hexagonale et  de I'eau liquide et, vu la faible dkformation angulaire, donne un 
apercu de la densit6 de I'eau vitreuse ainsi que du minimum de la densite d'un systbme 
non-cristallin tetratdrique. 

Can. J .  Chem., 52,1945 (1974) 

Introduction 
In four-coordinated amorphous materials 

(e.g. amorphous silicon, amorphous germanium, 
vitreous ice, liquid water), it is difficult to 
separate the observable features produced by 
variation of neighbor-neighbor-neighbor angle 
from those produced by variation of neighbor- 
neighbor distance or by coordination defects. 
This paper deals with the effect of one param- 
eter, namely the variation of neighbor-neighbor- 
neighbor angles about tetrahedral, while neigh- 
bor-neighbor distances are held constant and 
coordination defects are absent. As the study 
was undertaken to elucidate the effect of the 
distribution of angle on the properties of vitreous 
ice and of liquid water, the results are considered 
in terms of those systems. 

Liquid water is, at least in part, a hydrogen- 
bonded four-coordinated network, and vitreous 
ice has probably less angular distortion from 
tetrahedral and fewer coordination defects or 
interstitial molecules. Hydrogens are not repre- 
sented in the model studied (which to that extent 
is really a model for amorphous silicon or 

'NRCC No. 13819. 

germanium), so the distances are oxygen-oxygen 
nearest neighbor distances and the angles are 
those between oxygen-oxygen-oxygen nearest 
neighbors. As the preferred hydrogen bond 
0--H-0 is either linear or very nearly so, 
neglect of the hydrogens is permitted a t  this level 
of approximation. The leading terms for the de- 
pendence of some property f 'on mean distance 
R between nearest neighbors, on deformation of 
oxygen-oxygen-oxygeil angles from tetrahedral 
0, and on effects due to the presence of non- 
hydrogen-bonded molecules as measured by 
parameter 6 ,  are given by 

Iff is taken to be the density p, then (ap/aR),,S = 
-3R-4 .  

Hexagonal ice, with a density of 0.917 g cm-3 
at 0 °C  and an oxygen-oxygen distance Roo 
between nearest neighbors of 2.76 A, has 0.644 
molecules per Roo3. For  liquid water, with dens- 
ity 1.000 g cm-3 at 0 "C, Narten and Levy (1) 
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now give the mean distance between neigh- 
boring oxygens of 2.84 A at 4 O C  (this distance 
changes sufficiently slowly with temperature 
that to its precision the same value applies at 
0 OC and can be applied to the model, although 
the observed peak corresponds to more than 
four molecules, so that Roo 2.84 A) though 
formerly they gave 2.82 A (2). A value of Roo = 
2.84 A gives a density of 0.766 molecules per 
Roo3, while Roo = 2.82 gives 0.750 molecules 
per Roo3. Thus, while liquid water is 8% denser 
than ice Ih in mass per unit volume, in terms of 
mass per R,,~, which is the most convenient 
way to compare the observed liquid with a 
model, liquid water is 18% denser than the solid. 
This 18x difference in density must be produced 
by the different angular distributions in the two 
phases. A search of the literature (3) failed to 
find an estimate for (ap/aO)R,S, though this quan- 
tity can be determined for any tangible model. 

To obtain the general features of the depen- 
dence of density on the angular relations about 
the molecules, measurements have been made 
on a model built according to rules strict enough 
that it should represent a situation that is 
reasonably well-defined mathematically. If sta- 
tistical accuracy were the prime consideration, 
such a study would be better made with a com- 
puter so that greater numbers of vertices and 
larger distances could be handled accurately. 
However, in such a case the experimenter would 
not have an opportunity to gain the insight that 
comes from handling a tangible model. As well, 
the present model of flexible plastic tubing 
spontaneously relaxes to a state of minimum 
angular deformation energy, but this relaxation 
would not be easy to simulate on a computer. 
As the model is a static object, it can be regarded 
as an idealization of vitreous ice. It probably 
also shows certain features of the structures of 
liquid water as that structure affects phenomena 
with a time-scale shorter than 10-l2 s. 

The present model is most closely related to 
that of Ordway (4), though with differences in 
the construction rules, is close to the form 
visualized by Angel1 (5), and is also closely 
related to models for amorphous silicon, ger- 
manium, or other tetrahedrally coordinated 
systems, such as the model described for them 
by Polk (6). No illustration of the present model 
is shown as it is similar in general appearance 
to those published by Ordway and Polk. A 
vibrational analysis of smaller models of this 

sort has been given by Alben (7). Models that 
have bent bonds, such as those of Evans and 
King (8) or Bell and Dean (9), are more appro- 
priate for oxide glasses such as silica or gemania. 

Despite the wealth of observational and com- 
putational data now available for liquid water, 
there is still no general agreement about the 
basic physical processes that make the fluid 
water-like. Many authors see the presence of two 
states, called "hydrogen-bonded" and "non- 
hydrogen-bonded", as an important feature 
(10). For example, using this approach Murphy 
and Bernstein ( I  I) have interpreted the Raman 
and infrared stretching regions of the liquid as 
showing two species having four and three 
hydrogen bonds. The present paper adopts the 
continuum approach which denies that the ob- 
servations can be interpreted so simply, finding 
instead a range of molecular environments (3). 
The molecular dynamical calculations of Stil- 
linger and Rahman (12) are in agreement with 
this view, and show no evidence to support 
theories that partition molecules into two classes. 
In a subsequent paper (13) the same authors dis- 
cuss ring sizes in liquid water. Using reasonable 
definitions of a hydrogen bond, they find a 
broad distribution of ring sizes, rings with from 
three to eleven members being present; not 
every molecule participates in four hydrogen 
bonds. In contrast to that "realistic" result, in 
the present model every molecule participates 
in four hydrogen bonds, and rings are restricted 
to  five, six, or seven members in the main model 
discussed. These restrictions, which give a model 
that is adequately defined mathematically, 
permit the evaluation of (ap/aO),. In the dis- 
cussion we then examine the extent to which 
vitreous ice and liquid water can be understood 
in terms of this fully-bonded model. 

The Model 
The models were built of "Framework Molec- 

ular Models" manufactured by Prentice-Hall, 
Inc., Englewood Cliffs, N.J. The elements con- 
sisted of wire caltrops, or tetrahedra, with each 
leg 6 mm long, and of plastic tubing, cut to 
lengths of 60 mm. (For assemblies of up to 200 
units this gives a model of such dimensions that 
the hand can easily be inserted to the center.) 
When assembled, the distance between vertices 
averaged 63 mm, with no distances measuring 
less than 62 mm nor more than 64 mm; of the 
63 mm between vertices, 12 mm was filled with 
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wire from the tetrahedra and not free to bend, 
and the remaining 51 mm was free to bend. The 
small variations from 63 mm were produced by 
variations of the length of the tubing, by bending 
the tubing, and by the irregularities of the 
meeting of the tubing ends at the vertices. The 
model thus approaches that in which all dimen- 
sional changeyare due to the bending 0-0-0 
angles, and its measured properties were used to 
evaluate (aflad)R,S of eq. 1. During the building 
process the forces introduced by the newly- 
added vertices changed the geometry about the 
vertices already present, but because of the large 
number of bonds involved (for example there 
were about seventy bonds involved in the net- 
work to be deformed if the fourth neighbors of a 
newly added vertex were to move) only a small 
deformation took place at any but the closest 
vertices, and the addition of further vertices to 
the outer shell of a model containing 200 vertices 
would not produce a measurable change near 
the center. In addition to this fast relaxation as 
the model was built there was a slower one as the 
pieces of plastic tubing that were bent slowly 
took on a permanent set over a period of weeks 
or months. The first relaxation was wanted, and 
the second produced a change in the length of 
the bonds of only 3 to 1% during a year, which is 
unimportant as the measurements were only 
made to the nearest millimeter and are only 
claimed accurate to 1%. 

A model can be described in terms of R and 8. 
as in eq. 1, in terms of a radial distribution func- 
tion, or in topological terms of ring size. It is 
control of ring size that is most convenient 
during the building process. Preliminary models 
were built to find rules for building models in 
which not much bending of the plastic tubing 
was needed when adding elements, with little 
density variation from place to place, and in 
which all bonds in the interior were completed. 
These models showed that 4-member rings pro- 
duced strain that propagated for relatively long 
distances, so that their effects could probably be 
seen over distances greater than those of the 
present model. The distortion produced by a 
4-member ring would increase the density as 
well. Therefore, the main model described here 
was built of 5, 6, and 7-member rings. That is, 
given a central vertex and two specified first 
neighbors, a shortest path can be taken from 
the central vertex, along the bond to a neighbor, 
to that molecule's neighbor in turn, etc., to 

return to the starting vertex through the other 
specified neighbor, giving a ring with at least 5 
but not more than 7 members. The 5-member 
rings were nearly planar and easy t o  identify; 
6-member rings tended to show either boat or 
chair conformation, with more or less distortion; 
7-member rings usually encircled cavities, and 
the shortest path with 7 elements was not easier 
to identify without counting than paths with 8 or 
more steps. 

As a result of the restriction on the permitted 
size of rings, the construction rules of Ordway 
(4) could not be followed. The model was built 
outward from a center cluster, checking the ring 
sizes at each addition, and regions were dis- 
mantled and rebuilt if necessary to meet the 
ring-size condition. Somewhat behind the addi- 
tions, when it was clear that a region was not 
going to be dismantled, the vertices were num- 
bered, and a table of connections was made. The 
network cohtained no interstitial elements and 
no free valences, so d c  of eq. 1 can be taken as 
zero. The completed model contained 170 
numbered vertices, with a further 50, at  greater 
distance, to ensure that all the numbered ones 
were held rigidly. Density measurements were 
made on shells of a sphere of radius 3.8RoO. 

To investigate the bending of angles about a 
4-member ring, a smaller model, with 33 num- 
bered vertices and about 25 neighbors at greater 
distances to give rigidity, was built s o  that the 
distances, and hence the angles, at the vertices 
taking part in the 4-member ring could be deter- 
mined, but the density was not found. 

Observations 
Density 

Measurements of density made outward from 
the central vertex were still oscillating at radius 
3.6Roo where the sphere contained 130 vertices. 
This oscillation may arise in part from unnoticed 
variations in the construction techniques but 
appears chiefly due t o  intrinsic density fluctua- 
tions. The density of the model oscillated be- 
tween 0.65 v e r t i c e s / ~ , ~ ~  and 0.73 vertices/R,$, 
with 0.69 vertices/Roo3 as the most probable 
value. 

In the introduction 0.644 molecules/~,,~ was 
given for the density of hexagonal ice, and 0.750 
m o l e c u l e s / ~ ~ ~ ~  for liquid water. The value for 
the present model lies midway between the two. 
As extreme deformations are absent from this 
model, and as deformations from tetrahedral 
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increase the density, expressed in molecules/ 
Roo3, this value must be near the lower possible 
limit for a glassy form of water, and serve as an 
estimate ofboth the density of vitreous ice and 
of the minimum density that water tends toward 
as it is cooled. 

If vitreous ice is related to the present model, 
its density should be intermediate between that 
of ice Ih and liquid water at 0 "C. Ghormley and 
Hochanadel (14) reported a density of 0.94 + 
0.02 g cmP3 at 89 K ,  the same as that of ice Ih 
at that temperature, while Seiber et a/. (15) gave 
0.81 + 0.02 g ~ m - ~ .  As Roo for vitreous ice is 
not expected to be less than that for hexagonal 
ice, these densities are lower than those pre- 
dicted by the present model. We can speculate 
that in the condensation of the vapor not all 
hydrogen bonds are completed; this could pro- 
duce both the lowered density and the enthalpy 
released when on warming the condensed amor- 
phous ice transforms to ice Ic. If the condensed 
material has, in fact, many uncompleted bonds, 
it is not the vitreous water to be expected on 
quenching liquid water, and the present model 
is closer to vitreous water. 

Distribution of Five-member Rings 
Topological parameters that were not con- 

trolled during the construction were the fraction 
of rings that were five-membered and their dis- 
tribution on vertices. Of twenty-seven vertices 
in the interior that had complete rings about 
them; 2 had no five-member rings, 14 had only 
one, 4 had two, 5 had three, and 2 had four. 

Vertices subtending 2 or 3 five-membered 
rings were found to have either 3 or 4 bonds 
involved. If only three, the local structure is like 
the corner of a pentagonal dodecahedron, 
particularly for the case of three five-member 
rings. This gives a bulky structure and a com- 
parativeIy large cavity. Its ease of formation may 
well be related to the solvent properties of water, 
and small changes in the construction rules to 
increase or decrease the probability of 3 five- 
membered rings at a vertex would also have a 
considerable effect on the density. 

Distribution Functions 
A value of the mean density of the model is not 

needed to understand the number of vertices as 
a function of radial distance, but will be needed 
to calculate the pair distribution function 
g(R/Roo). As the model is without bonding 
defects, each vertex has four first neighbors, at 

63 f 1 mm. The distribution of first neighbors 
is shown in Fig. lc, and is seen t o  be close to a 
spike function at Roo. 

As any molecule can be reached by more than 
one path starting from a central molecule, for 
unique classification, neighbors are counted by 
the shortest path to  reach them, and are counted 
once only; that is, first neighbors can be reached 
by traversing a single bond from the central 
vertex, and are not counted as higher neighbors, 
although they can perhaps be reached in four, 
five, or six steps around rings, or aIternatively by 
longer paths extending further into the network. 

Second Neighbors and Angular Deformations 
As the smallest ring permitted has five mem- 

bers, each vertex has 12 second neighbors, with 
the distribution of distances shown in Fig. la.  If 
Roo is taken as constant, 63 mm for this calcula- 
tion, the distances between second neighbors 
can be analyzed to give 0-0-0 angles. Let 
lc be the central molecule, and i and j its first 
neighbors, and hence second neighbors of each 
other. The distances k to i and k to j are Roo, 
and distances i t o  j is aijRoo. If Qi j  is the angle 
between i and j subtended at k ,  by the law of 
cosines 

Equation 2 was used to calculate the angles 
shown in Fig. l a  for second neighbors. In cubic 
ice €Iij would be the tetrahedral angle, 
cos- '(-1) z 109.47", throughout, and in hexa- 
gonal ice the angles are close to that value. In 
this model there is a considerable range of 
angles, from 90" (one of the five-member rings 
is so distorted that it has an angle of 90") to 
130". This range is somewhat less than that 
found in the ices; in ice VI, in which every mole- 
cule is in three four-member rings, angles of 76" 
are found, and in ice V an angle of 135". 

The distribution curve for second neighbors 
shown in Fig. l a  is based on 60 measurements 
about 5 central molecules; the distribution 
about each of the five vertices is in approximate 
agreement with the mean curve given. 

To  obtain an independent estimate of the 
angular deviations from tetrahedral, the dis- 
tances Ri, no longer assuming them constant, 
and were measured about ten vertices, to  
give information, shown in Fig. 2, to be com- 
pared to that of Fig. la. Three sides of each 
triangle were measured, the angle obtained, 
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90 120 

SECOND 

0 90 ANGLE IDEGI 120 
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/'vZ , , 
1.5 2 .O 2.5 3.0 

FIG. 1. Radial distribution in the model. (a) and (h)  show the radial distribution of second neighbors, with the dis- 
tribution of angles shown in the inset scale. and the radial distribution of third and fourth neighbors. The  number under 
the peaks shows the number of neighbors included. In (n) the second-neighbor curve numbered I1 refers t o  the frag- 
ment built around a four-member ring whose vertices have only 11 second neighbors. T h e  sum of all observations are 
given in (c), and this is expressed a s  the pair function g(R/Roo)  in (d). In the second-neighbor distribution of ( ( I ) ,  dis- 
tance is the primary measurement, and angles have been calculated by eq. 2. 

shown in Fig. 2, and R/Roo then calculated on from the raw data without the grouping shown 
the assumption that Roo is constant at 63 mm. in the figure, are at 99 and 1 1  lo, with an inter- 
The sample differs from that shown in Fig. l a  quartile range of 12", and the mean is 106". It is 
because for Fig. 2 all six angles were determined not clear whether the displacement of these 
at  each vertex, while Fig. 1 a measurements were quartiles by about 3" downward from the values 
made outwards from central vertices but (i) all summarized in Fig. 2, oiz. quartiles a t  103 and 
six angles were not found at  most first-neighbor 114", with an interquartile range of 11" and a 
vertices and (ii) while the distances needed to mean of log0, reflects a sampling or a measure- 
determine the distribution function were mea- ment error, though the latter should no t  exceed 
sured, Roo was not found for every pair. For 1". 
larger networks, where the central region over In eq. 1 the variable 8 is defined as some mea- 
which complete measurements can be made is sure of the angular deformation from tetrahedral. 
larger, the two measurements should give It is not clear, however, whether the variable 
identical information. should be the mean angular deformation 0 = 6", 

The general form of the results shown in Fig. or whether itshould be the mean square angular 
2 is not much different from that of Fig. l a .  T o  deformation 02, which would be approximately 
be sure, an extreme angle of 132" was found in proportional to  the energy of deformation if 
this group of measurements, making the total deformations are small. If the angular distribu- 
range observed from 90 to  132". The quartiles of tion were Gaussian the root mean square 
the data summarized in Fig. la ,  as determined angular deformation would be close t o  15 times 
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ANGLE (DEG) 

1 2  

f I 

1.4 1.6 1.8 
R / R o - o  - I I I I 

FIG. 2. Angular distribution about a vertex. The 
angles are the primary measurement, and distances have 
been calculated by eq 2 for comparison with Fig. la.  

placements from tetrahedral at  a vertex is zero 
(16), but it is by n o  means clear that  this approxi- 
mation still holds for the magnitude of angular 
deformation in this model. 

Only five of the six angles obtained by taking 
the four bonds about a central vertex in pairs 
are independent. Denote unit vectors from the 
central vertex to the neighboring vertices by R, ,  
R,, R, ,  and R,. Three non-coplanar vectors can 
be taken as the basis set for a coordinate system, 
and the remaining vector can be  expressed in 

90 100 1 1 0  120 130 terms of them. 

As is well known, if the scalar product of eq. 3 is 
taken in turn with R , ,  R,, R,,  and R,, a set of the 
four simultaneous equations is obtained which is 
sufficient to  determine the sixth angle if five are  
known. The magnitudes of the cosines of the 
six angles must meet the condition that the 
determinant of the coefficients i s  zero. If we 
write 

Ri.Rj = cos € I i j  

the mean angular deformation. The root mean 
square angular deformation was calculated 
from the data shown in Fig. 2 as 8.4". However, 
here we assume that the deformations are small 
enough that effects are linear to experimental 
precision in 8. 

In  the approximation of small displacements 
from tetrahedral, the sum of the angular dis- the determinant takes the form 

[41 det 1 cos Q , ,  
cos Q 1 2  1 

cos O , ,  cos Q Z 3  

cos Q 1 4  cos Q z 4  

which is quadratic in the cosine of any one angle. 
T o  see if the shift of mean vertex angle from 

tetrahedral is a useful statistic, calculations were 
made using eq. 4, starting with five of the ob- 
served angles at  a vertex, calculating the sixth, 
and finding the mean. As the computational 
error using eq. 4 is much less than the error of 
measurement, this gives means more precisely. 
Most means lay below the tetrahedral value but 
some were above, with 109.2," as the mean of 
the means. Melnyk (19) has shown that while 
the mean second neighbor distance is a maximum 
for the tetrahedral configuration, the mean angle 
is not so simple. The maximum mean angle 
corresponds to a square, and while there is a local 
maximum at  the tetrahedral configuration, this 
is very narrow, and configurations not far from 
tetrahedral may give mean angles greater or  less 
than tetrahedral. Accordingly, the mean angle 

cos Q 1 3  cos Q 1 4  

cos Q Z 3  cos Q Z 4  

1 cos Q 3 ,  

cos € I , ,  1 

is not a useful statistic for deformations of the 
magnitude present in this model. 

= 0 

Third and Higher Neighbors 
In a model built according to  the present rules, 

the numbers of third and higher neighbors can 
vary within limits. The number o f  third neigh- 
bors about ten vertices were: fou r  cases of 24, 
two of 25, one of  26, and three of 27, with a 
mean of 25.3. Figure lb  shows the  considerable 
width of the third-neighbor distribution, and 
that it has a double peak. This double distribu- 
tion comes from vertices that are cis or  trans t o  
one another relative to the two vertices lying 
between them; that  is, the cis peak represents 
third neighbors in rings of six or  more members 
(a five-member r ing does not have third neigh- 
bors in the present sense). 

Statistics, shown in Fig. la ,  a r e  no longer so  
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good for fourth neighbors, because of the size 
limitations of the model, but the five central 
vertices had 38 to 46 fourth neighbors, with a 
mean about 43. There is a small peak at 2.2 Roo 
that again reflects cis configurations (in seven- 
member rings), but most vertices are found in a 
broad band centered near 3.0 Roo. 

Fifth neighbors are not shown separately; 
because of size limitations, measurements were 
possible only about the central vertex. The 
observations are included in the composite curve 
in Fig. lc. The central vertex had 69 fifth neigh- 
bors, the closest at 2.75Roo, and the most dis- 
tant at 4.08Roo. This distribution possibly 
showed two peaks, one near 3.2Roo and another 
near 3.8Roo. The closest sixth neighbor was at 
3.29Roo. 

The most striking feature of the composite 
distribution function shown in Fig. l c  is that it 
has a great deal of structure near 3.5R00, which 
corresponds, for water, to 10 A. Inspection of 
the distribution functions for particular neigh- 
bors shows that the smallest radius at which 
there is probably extraneous structure due to 
inadequate statistics is in the third neighbor 
curve at 2.3R0,, and that there is a larger dip in 
the fourth neighbor curve at 2.7Roo. Yet the 
peak in Fig. l c  at 1.9Roo, which is the first 
third-neighbor peak, would have been con- 
sidered spurious without the more detailed 
breakdown by shells. The exceptional degree of 
structure found compared with that from systems 
with varying Roo, indicates the value of making 
measurements on a model of fixed Roo. 

Radial Distribution Function 
If p, is the mean density of the model, found 

above to be 0.69 vertices/Roo3, the distribution 
function F,(r) would be expected to be 

where r = R/Roo, and p, = 0.69 vertices/Roo 
as given earlier. F,(r) is shown as the quadratic 
rising line in Fig. lc. If the observed distribution 
function F is divided by F, the quotient is the 
radial distribution function g(r) which is shown 
in Fig. Id. 

This radial distribution function may be com- 
pared with the ones observed for liquid water by 
Narten and Levy (2), the one measured by Polk 
(6) for a vitreous model with varying bond 
lengths, or the ones calculated by molecular 
dynamics by Stillinger and Rahman (12) from an 

assumed potential for water. The most striking 
feature is that the second-neighbor peak of the 
present r.d.f. is comparable in width to the 
first-neighbor peak of the other curves. If the 
resolution of the present r.d.f. were sufficiently 
degraded, it would resemble the r.d.f. obtained 
by scattering experiments. 

Two limiting compressibilities can be distin- 
guished for the model. Should the network be 
compressed shortening all bonds by the same 
fraction, angles would not change, and the force 
to shorten one bond would not be far from that 
in ice. (It must, of course, be recognized that if 
bond lengths were not constrained t o  equality 
they would change unequally on compression 
and angles would alter.) Another, larger com- 
pressibility would be obtained if the topology 
and angles were rearranged to give a denser 
form (even if Roo were held constant). This 
larger compressibility is the one that is of greater 
interest. 

Chay and Frank (17) have discussed the 
problems in obtaining the compressibility from 
the radial distribution function by the equation 

where r = R/Roo, and where the compressibility 
corresponds to both rearrangement of structure 
and shortening of bond length. However, eq. 6 
cannot be used with the limited data shown in 
Fig. Id. For water at 0 "C the 1.h.s. of eq. 6 is 
about 0.06, which shows that the term on the 
r.h.s. with the integral must have a value of 
about - 0.94. Indeed, the uncertainties of g are 
such that even the sign of the r.h.s. cannot be 
found from the data shown in Fig. Id. 

Discussion 

The mean angular deformation from tetra- 
hedral of 0 = 6", determined for this model, 
may be compared with that from the mathemat- 
ical model of Pople's (18), a mean angular 
deformation in liquid water at 0 "C of 26", which 
Kell (3) revised downward to 16". This latter 
number and the increase in density of the liquid 
from that of ice Ih gives (ap/a0) = 0.007, mole- 
cules Roo-3 deg-', while the 6" of the present 
model gives (ap/a0) = 0.008, so that the two 
approaches are in good agreement. In his model 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1952 C A N .  J .  CHEM. VOL. 52, 1974 

Pople assumed that there were 1 1  second neigh- 
bors, that is that certain four-member rings were 
present, and 22 third neighbors, to be compared 
with the 12 (by definition) and 25 found here; 
this difference is related to the lower angular 
distortion of the present model. 

The radial distribution function and other 
parameters reported here have been obtained 
from just one constructed model. However, 
once force constants for bending are introduced, 
whether the force constant for stretching is taken 
as infinite or not, there would be a different 
equilibrium structure at each temperature. As 
has already been shown (3), a temperature-depen- 
dent, defect-free structure can explain such 
properties of liquid water as the maximum 
density and the change of sign of aq/aP. A value 
of aR/BT = 0,0006, A K- '  (for hexagonal ice 
the value is about 0.0001, A K- ' )  was used there, 
based on Narten and Levy (2). Hence, from eq. 
I ,  using ap/a0 = 0.008 molecules R,,-, deg-' 
found here, there is obtained a0/aT = 0.08 
deg K - l .  Below the temperature of maximum 
density the effect of a0/aT, which gives a negative 
thermal expansion, is more important, while at 
higher temperatures the increase of bond length 
with temperature, which tends to  decrease the 
density, is more important. We know from the 
ices that the oxygen-oxygen distance increases 
with angular deformation, so that, on this 
ground as well, the thermal expansion is ex- 
pected to be positive a t  higher temperatures. The 
present numbers give aR/a0 = 0.007, A deg-'. 

If 0 for liquid water at 0 "C is 16", and a0/aT = 

0.08 deg K - l ,  then the 0 = 6" measured for this 
model corresponds to  a temperature of 150 O K ,  

an acceptable estimate of liquid water's glass- 
transition temperature, which is usually esti- 
mated to be between 130 and 160 OK. These 
values are only very rough and although the 
maximum density is reproduced, the change of 
thermal expansion with temperature is under- 
estimated. The data are not sufficient to indicate 
whether a picture of liquid water based on the 
model fails, whether the model is adequate but 
higher-order terms are needed, or whether the 
picture and approximations are adequate but 
the numerical values are in error. Even with 
these uncertainties, we are able to predict that 
while below the glass-transition temperature the 
thermal expansion of vitreous ice must be about 
like that of ice, as the angular structure is frozen 
in, above that temperature angular deformations 

and structural rearrangements predominate up 
to  the temperature of maximum density, and the 
thermal expansivity is everywhere negative. 

Similarly, the pressure derivative of the 
viscosity aq/aP is negative below 35"C, and 
positive at higher temperatures. The present 
model would suggest, at least qualitatively, that 
the negative volume of activation at low tem- 
peratures is produced because as a molecule 
begins to  move relative to its neighbors bonds 
are bent, and the  volume decreases. At high 
temperatures, on the other hand, angular de- 
formations are already larger, and a molecule 
can only move by increasing its local volume, 
and the volume of activation is positive. 

Most lines of evidence suggest that  liquid D,O 
is more structured than H,O, and certain solutes 
appear to enhance the degree of structure, the 
enhancement being greater in D 2 0 .  It is by no 
means certain just what the structure is, but, as 
it is certainly non-periodic, it may be considered 
related to the random tetrahedral structure 
studied here, and the existence of a minimum 
density for the network then argues that the 
degree of liquid structure cannot increase 
indefinitely. If so,  either indications of such a 
limit should be found in the properties of the 
structure-producing solutes at the  lowest tem- 
peratures or the concept of structure is not useful 
in this context. 

Three directions for further work can be seen, 
and in each of them the use of a computer would 
be profitable. They are: (1) the extension of the 
pesent  kind of model-building to  larger net- 
works; (2) the determination o f  the features 
introduced by the positioning of hydrogen on 
the molecules; a n d  (3) the study of the relation 
of the statistical properties of the  networks to  
the properties of liquid and vitreous water. 

(1) It would be necessary to  study a large 
number of models, each larger than the present 
one. to establish relations between the distribu- 
tion functions, angular deformations, and 
density, over a range of deformation parameters. 
A network twice the diameter of the present one 
would contain 1500 vertices, and would be hard 
to  build, to handle, and to measure. 

(2) In this model, as in the ices, hydrogens 
can be placed in such a way as t o  preserve the 
stoichiometry H 2 0  and to  have one hydrogen 
on each bond. As two hydrogens can be placed 
about a tetrahedral vertex in six ways, giving rise 
to  the residual entropy of ice of R In 3, it would 
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be interesting to know the dipolar correlations, 
which have never been found for this sort of 
model. 

(3) The present model represents a pretty 
drastic simplification of the structure of water, 
for the broadness of the first neighbor peak of the 
radial distribution function shows that large 
variations of Roo occur in the liquid, and ab- 
sence of bonding defects is also unrealistic. 
Nevertheless, studies of the present sort play an 
important role in establishing how much of the 
peculiar behavior of water can be explained in 
terms of non-quantum-mechanical concepts. 

NOTE ADDED I N  PROOF: Polk and Boudreaux 
have modified the previous Polk model (6) to 
give constant first-neighbor distances. Their 
radial distribution function shows features 
essentially similar to the present Fig. l c  out to 
2.6Roo, and the standard deviation of their 
angular distribution is 9.1" in agreement with 
the average deviation of 6" found here. On the 
other hand, their density, based on a sphere of 
5Roo is only 1z less than that of the ice structure, 
compared with the 8z found here. The cause of 

I 
this large disagreement is not apparent. 
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Some Thermodynamic Properties of Indium Trichloride, Indium Hydroxide, 
and Indium Trioxide 
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Departrllet~t of Chet71istry, Universit)~ of M(it~itobtr, Witlt~ipeg. Mnr~itoha R3T2N2 
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The equilibrium diagram of the system 1nCl:rHCO has been determined as far  as it 
can be followed. From these freezing points, the activity coefficients at the freezing tem- 
peratures have been calculated. The heats of solution and of dilution of hydrated and of 
anhydrous indium chloride, in water, have been determined, a s  well as the heats of 
solution of indium hydroxide and of inJium oxide (In,O,,) in concentrated hydrochloric 
acid. From these data, the heat of the reaction: 2In(OH):, = In,O:, + 3H,O and  the 
molar enthalpies of InCI. and In(OH):, have been calculated. 

Le diagramme dCquilibre du systkme InCI,H?O est Ctabli aussi loin qu'il pent etre 
suivi. Pour ces points de congilation, les coefficients d'activiti aux tempiratures de conge- 
lation sont calculCs. Les chaleurs de solution et de dilution des chlorures d'indium 
hydrate et anhydre dans l'eau sont Ctablies comme les chaleurs de solution de l'hydroxyde 
d'indium et de l'oxyde d'indium (In,O:,) dans l'acide chlorhydrique concentre. D e  ces 
donnCes, la chaleur de la rCaction: 2In(OH):, = In,O:, + 3H.0 e t  les enthalpies molaires 
de InCL et In(OH), ,  sont calculCes. [Traduit par le journal] 

Can. 1. Chem., 52, 1954(1974) 

Introduction 
There appears to be a lack of precise informa- 

tion about indium trichloride. For instance, the 
only paper dealing with the hydrates of indium 
trichloride is the one by Ensslin, Ziemeck, and 
Schaepdryver (1) in which they claim the existence 
of several hydrates on evidence which appears to 
be very slender. The present communication 
deals with the equilibrium diagram of the system 
InC1,-H20, as far as it can be followed, activity 
coefficients of aqueous solutions of indium 
chloride, the heats of solution and of dilution 
of hydrated and of anhydrous indium chloride 
as well as the heats of solution of indium 
hydroxide (In(OH),) and of indium trioxide 
(In203) in concentrated hydrochloric acid. 

Experimental 
Preparatior~ of Zn~lirrtn Cotnpout~ds 

we have no certainty as to thecomposition of the hydrated 
form; it appears to vary within wide limits. Theanhydrous 
form is obtained from the hydrated form by heating in a 
hot-air oven at 115". The product is not  quite pure: it 
contains 1 or 2% of insoluble material, no doubt hy- 
droxide produced by hydrolysis. 

Zndiirtt~ Hydroxide, Zn(OH), 
Indium hydroxide is prepared from a solution of indium 

chloride by adding an excess of ammonia, filtering and 
washing with hot water and drying overnight at 110". 

Zndirrnl Sestjirio.~idz, Ztr203 
The sesquioxide is prepared from the hydroxide by 

ignition at 650". It is a chocolate brown powder at this 
temperature but becomes pale yellow o n  cooling. 

Etjlrilibrirm~ Dingran7 or~d Actiuity Coeficietlts 
The freezing points of dilute aqueous solutions were 

obtained by the ordinary freezing point technique, using 
a Beckmann thermometer, while more concentrated 
solutions were submitted to thermal analysis, using a 
copper-constantan thermocouple and a recording poten- 
tiometer. It was not possible to  proceed beyond a con- 
centration of 35.24 wt% InCI,, because solutions con- 
taining more than this became extremely viscous, indeed 

Zt~dium Trichloride vitreous a t  low temperatures. Cooling was produced by 
We are indebted to Cominco of Trail, B.C. for solutions Dry Ice. Solutions a t  - 70" would not crystallize when 

of pure indium chloride containing about 500 g of indium inoculated with both crystals of ice and of hydrated 
chloride per 1. The solid hydrated salt is readily obtained i n d i ~ ~ m  trichloride. The eutectic was therefore not 
by evaporation of this solution on the steam bath. Care realizable. 
must be observed not to remove all the water, o r  the 
anhydrous, or almost anhydrous, salt will be obtained. Heats of Solirtion 
As the viscous solution cools, the indium chloride in We obtained from B.D.H. a sample of indium tri- 
solution reacts with water to form the hydrated salt. The chloride described on the label as "InCI, .3H2OV, though 
expansion accompanying this is so great that the beaker our analysis corresponded to "2.5H20". This prepara- 
usually cracks: it is therefore advisable to evaporate in a tion was used to determine the heat of  solution in very 
wide porcelain dish. As we have stated in the introduction, low concentration. For this purpose we used a very 
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TABLE 1 

(a) Freezing points, apparent molecular weights, and J-functions of aqueous solutions 
of indium trichloride 

Freezing [InC131 Apparent 
point molecular 
("c) wt. z Molality weight J 

-0.072 0.3983 0.01808 102.5 0.4597 
-0.181 1 .0757 0.04916 111.6 0.5031 
-0.272 1.7591 0.08095 122.4 0.5475 
-0.471 3.0805 0.1499 125.4 0.5764 
-1.540 8.525 0.4214 112.4 0.5072 
-2.715 16.34 0.8831 133.7 0.5854 
-6.064 25.58 1.554 105.3 0.4736 

-10.09 35.24 2.460 100.2 0.4468 
- 53.98 - - - 

(b) Variation of activity coefficient with molality 

Molality Activity coefficient 

TABLE 2. Heats of solution 
in kcal mol-' 

(a) B.D.H. prepared InCI3 .3H20 
in water 

Molality of 
solution x lo3 AH 

(b) Anhydrous InC13 in water 

Molality of 
solution A H  

accurate calorimeter, designed specifically for this pur- 
pose, and of which we have published a description else- 
where (2). For the more concentrated solutions, we used 
a simple calorimeter consisting of a Dewar flask, furnished 
with a heating coil and a mechanical stirrer. The input of 
electrical energy was measured in the usual way. This 
calorimeter has an accuracy of 2%, which, though poor 
by modern standards, was sufficient for our purpose. For 
the heats of mixing we used a mixing calorimeter, which 

we have previously described (3). Activities were obtained 
from the J-function ( J  = 1 - (ATlvmK), i n  the usual 
way. 

Results 
Freezing points, apparent molecular weights, 

and J-functions of aqueous solutions of  indium 
trichloride are tabulated in Table la. The J- 
functions were plotted against molality and the 
values read off for smoothed molalities. From 
these values the activity coefficients were cal- 
culated in the usual way, with the results shown 
in Table lb. These values are quite distinctly 
higher than those obtained by Hattox and de 
Vriess (4) for indium sulfate at corresponding 
concentrations; this may be due either to the 
difference in the electrolytes or in the methods of 
determination. 

The heats of solution of B.D.H. prepared 
"InCl,. 3H,O" and anhydrous InCl, in water are 
listed in Table 2a and b, respectively. Since the 
figures for the anhydrous salt show n o  definite 
trend with concentration, we thought it best to 
average the figures. Average AH = - 22.17 kcal. 

The heats of dilution in cal per mol InCl, are 
shown in Table 3a. Adding these figures for heats 
of dilution to that for the heat of solution of 
anhydrous InCl, in water, the figures obtained 
for heats of solution a t  various concentrations 
are shown in Table 3b. According to Roth and 
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(a) Heats of solution in cal per mol of InCI, 
-- - -- -p-p-pp 

-- -- 

Original solution Final solution 
- 

Moles H,O Moles H,O 
M per mol InC1, M per mol InC1, AH 

7.37 2.243 24.74 
10.37 2.772 20.04 
19.99 1.250 44.44 
24.74 1.0580 52.45 
43.47 0.6443 86.27 
52.45 0.6033 91.98 
77.94 0.3385 164.1 
92.09 0.2708 204.9 

200.9 0.1587 350.1 

(b) Heats of solution at various concentration 

Final 
molality A H  

Buchner (5), the heat of solution of 1 mol InC1, 2 tn(OH)~(s) = In,O,(s) + 3H20(I) 

in 11 900 moles of water, at 20°, is -23.25 kcal, 
a result in rather good agreement with ours, when 
the dilution is considered. 

The heats of solution of indium hydroxide 
(In(OH),) and indium trioxide (In,O,) in con- 
centrated HC1 (37% HCI) are listed in Table 4. 

Summary 

Very little discussion of so purely practical a 
paper seems to us necessary. The very large 
negative values of the enthalpy of solution in 
water, of not only the anhydrous, but also of the 
hydrated, forms of indium chloride point to a 
profound interaction of the salt, or its ions, or 
both, with water. It is fashionable to speak of the 
"structure-breaking" or "structure-making" ef- 
fect of a salt on water but it seems to us that so 
considerable a heat effect as described indicates a 
true chemical reaction between solute and sol- 
vent. 

From the heats of solution of indium hydroxide 
and of indium trioxide in hydrochloric acid, the 
enthalpy of the reaction: 

is obtained as -0.56 kcal. Taking the figure of 
-222.5 kcal, obtained by Becker and Roth (6) as 
the molar enthalpy of In,O,(s), the molar en- 
thalpy of In(OH),(s) obtained is - 21 3.45 kcal. 
The figure given in ref. 7 is - 214 kcal, but such 
remarkable agreement can only be fortuitous. 

Again, considering the soludon of indium tri- 
oxide in HCI, it is possible to calculate the 

A H  = -62.6 kcal 

enthalpy of 21nC13.aq. From the heats of solu- 
tion and dilution given in (8), we calculate this 
to be - 177.5 kcal per mol of InCl,. aq. Taking 
the value of AH for the reaction: 

as - 23.25 ( 3 ,  we find for InCl,(s) - 154.25 kcal. 
This is to be compared with the figure of - 128.5 
obtained by Klemm and Brautigam (9), as the 
heat of solution of In, Cl,, and InCl, in Hersch- 
kowitz's solution. 
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TABLE 4. Heats of solution of indium hydroxide (In(OH),) and indium 
trioxide (In20,) in concentrated HCI 

-- 

Molarity of 
solution AH per mol of salt (kcal) 

Indium hydroxide 
0.349 x lo-, 
0 . 9 5 8 ~ 1 0 - ~  
1 . O O ~ X  lo-, 
2.211 x lo-, 
6.211 x lo-, 

0.025 
0.070 
0.146 
0.168 
0.210 
0.239 
0.344 
0.383 
0.526 

Indium trioxide 
0.548 x lo-,  
0 . 5 7 0 ~  
0 . 6 7 0 ~  lo-, 
1 . 4 2 6 ~  
2.028 x lo-,  

0.146 
0.158 
0.0310 
0.0529 
0.0972 
0.0214 
0.1397 
0.1569 
0.1905 
0.2584 

-31.577 
- 3 1 ,560 In  precision calorimeter : 
- 31.417 not suitable for high 
-31.356 concentration. AH" = -31.58 
- 30.402 

-31.15 
-32.06 
-31.71 

I 
Approximately constant 
at  AH = -31.67 kcal 

-32.90 
-31.26 
-31.97 
-31.72 
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Complexes of Tantalum and Antimony Pentafluorides with Dimethyl Ether 
and Trimethylamine 

S.  BROWNSTEIN A N D  MARJORIE JEAN FARRALL 
Divisiorl of CI~ct )~ is t ty ,  Nntiotznl Rescnrch Colrtzcil of Crrt~ndn, Ottrr\tsrc, Crrtzndrr K IA  OR9 

Received September 17, 1973 

Tantalum pentafluoride forms 1: 1 and 1 : 2  complexes with dimethyl ether a n d  tri- 
methylamine. Antimony pentafluoride forms 2: 1 and 1 : 1 complexes with dimethyl ether 
and trimethylamine. The rates of exchange of terminal and equatorial fluorines i n  the 
I : 1 TaF- - dimethyl ether adduct have been measured. 

Le  pentafluorure de tantale forme des complexes 1 : l  et 1 : 2  avec I'kther mCthylique 
et  la trimkthylamine. Le pentafluorure d'anlimoine forme des complexes 2 :  1 et 1 :  1 avec 
I'Cther mkthylique et la trimkthylamine. On a mesurC les vitesses d'echange des fluors 
terminaux et Cq~latoriaux dans le produit d'addition 1:l  du TaF, avec I'Cther mkthylique. 

[Traduit par  le journal] 
Can. J.Chem.,  52, 1958(1974) 

Introduction 

There has been considerable study, via fluorine 
resonance spectroscopy, of the complexes formed 
between oxygen or  nitrogen containing organic 
compounds and Lewis acid fluorides (1-5). In 
some cases there have been studies of the rates of 
exchange between free and complexed species and 
details of exchange mechanism have been eluci- 
dated (1,  6, 7). The only reported study of tanta- 
lum pentafluoride complexes used the Lewis base 
itself as solvent which, because of rapid exchange, 
severely limited the amount of information which 
could be obtained (4). Results for antimony 

tainers. Dimethyl ether was dried over P,05 and tri- 
methylamine over K O H  before use. 

Fluorine resonance spectra were obtained on a Varian 
Associates HA-100D spectrometer operatingat 94.1 MHz. 
Chemical shifts a r e  reported as  p.p.m. from internal 
CFCI,. In samples with sulfuryl chlorofluoride as solvent, 
the solvent o r  S 0 2 F 2  as  an  impurity in it, were used as  
references and conversion made to  the CFCI, scale as- 
suming chemical shifts of - 97.6 p.p.m. a n d  - 32.7 p.p.m., 
respectively. Temperature calibration and monitoring 
techniques used on this apparatus have  been described 
(11). The theoretical spectra used t o  obtain exchange 
rates for the TaF5 - dimethyl ether complex were calcu- 
lated by a stochastic approach (12). The  activation energy 
was obtained from a least squares treatment of the data. 
The  quoted error is the estimated experimental error. 

pentafluoride Lewis base adducts have generally 
been presented in a very abbreviated form (8), 

Results and Discussion 

except for adducts with oxides of sulfur (9, 10). A 1 : 1 mixture of tantalum pentafluoride and 

The aim of this investigation is a better under- dimethyl ether dissolved in ~nethylene chloride 

standing of the structures containing unequal shows, at  very low temperature, the characteristic 

amounts of acid and base and the mechanism of doublet and quintet of an AB, system. This 

exchange in the 1 : 1 adducts. strongly suggests an  octahedral arrangement of 
ligands about tantalum with the dimethvl ether - 

Experimental group occupying a n  apical position. The quintet 

All samples were prepared by vacuum line techniques the fluorine has a shift  of 
and solids were manipulated only in a vacuum dry box. - 112.8 P.P.m. and the doublet of the four equa- 
Antimony pentafluoride was vacuum distilled and stored torial fluorines a chemical shift o f  -73.6 p.p.m. 

~ ~ . 
i n a  glasscontainerclosed byastainlesssteel bellowsvalve. ~ h ,  sp in  coupling constant between the non- 
Aliquots were distilled into break-seal containers for 
weighing prior to  sample preparation. Tantalum and equivalent fluorines is 23.1 Hz, a value in good 
niobium pentafluorides purchased from Ozark-Mahoning agreement with the trans coupling of 23.0 Hz in 
Ltd. were used without further ~urif icat ion.  Sulfur di- the Ta,F,  , -  ion (13). As the temperature of the ,. a .  . , 

oxide and methylene chloride, used as  solvents, were sample was raised the individual lines of the spin 
dried over phosphorus pentoxide and stored on  the multiplets broadened and lnerged and these 
vacuum system. Sulfuryl chlorofluoride purchased from 
Cations Inc. was distilled directly into the sample con- averaged lines fu r ther  A representa- 

tive collection of experimental and theoretical 
'NRCC No. 13840. spectra for one sample are shown in Fig. 1.  
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BROWNSTEIN AND FARRALL: ON TaFs AND SbFs COMPLEXES 

EXPERIMENTAL ( b )  

- 
FIG. 1 .  Experimental and theoretical spectra for a methylene chloride solution 0.334 molal In TaF, and dimethyl 

ether. (a) Intramolecular mechanism, (b) ~ntermolecular mechanism w ~ t h  a 0 .2z  excess of free TaF,. 

An excess of TaF, did not give any new species concentration of TaF, and its dimethyl ether 
in solution. Therefore an attempt was made to complex. One possible mechanism for this ex- 
determine the mechanism for fluorine exchange change is intramolecular. In this case the average 
between equatorial and apical sites by varying the lifetime of an apical fluorine will be one quarter 
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that of an equatorial fluorine. Theoretical spectra 
calculated forthis exchange mechanism are shown 
in Fig. 1.  A second possible exchange mechanism 
is by an intermolecular route. This could occur 
either by dissociation of the complex and recom- 
bination of the dimethyl ether with the same or 
another TaF, molecule as in reaction 1, or, if 
excess TaF, is present, by reaction of the complex 
with TaF, according to reactions 2 or 3.2 

For the mechanisms of reactions 1 and 2 the 
average lifetimes of apical and equatorial flu- 
or ine~ will be equal when there is an excess of free 
TaF, present or if the complex is largely dis- 
sociated. The lifetimes of apical and equatorial 
fluorines exchanging by the mechanism of re- 
action 3 will be equal if there is a significant quan- 
tity of the ionic species but will be equivalent to 
those of intramolecular exchange if the equili- 
brium is far to the left. 

The theoretical spectra of equal, or 1 : 4  life- 
times, are limiting cases. Although neither set is a 
perfect fit the experimental spectra correspond 
more closely to the intramolecular case, i.e. a 
ratio of lifetimes of 1 :4. It is possible to calculate 
theoretical spectra for intermediate cases by in- 
cluding the resonance line of TaF, and varying 
the relative concentrations. Some representative 
results are listed in Table 1.  Concentrations of 
free TaF, greater than about 4% do not cause 
further changes of much significance in the the- 
oretical spectra. 

The Kubo-Sack matrix, represented by A, is 
the sum of two matrices R and D (14-16). The R 
matrix only depends upon the chemical shifts 
while the D matrix depends upon the transition 
probabilities between sites and the lifetimes in 
these sites. The D matrices used to calculate the- 
oretical spectra for intramolecular exchange and 
intermolecular exchange with equal effective con- 
centrations of complex and TaF, are listed in 
Table 2. Sites 1 and 2 are the doublet, sites 3 to 7 
the quintet, and site 8 is TaF,. 

For those samples containing a 1 : 1 ratio of 

'The authors wish to thank a referee for suggesting 
exchange according to reaction 3. 

VOL. 5 2 ,  1974 

TABLE I .  Calculations of relative line 
widths as a function of concentration for a 

fixed exchange lifetime 

[TaFs If,cc Line width (Hz) 

[TaFslcomp~cr Doublet Quintet 

0.2 205 210 
0.04 200 195 
0.008 100 170 
0.004 65 155 
0.001 55 140 
0.0002 45 155 

TaF, to dimethyl ether the best fit between experi- 
mental and theoretical spectra was obtained with 
theoretical spectra including 0.2% of free TaF,. 
A set of these spectra are included in Fig. 1 .  The 
lifetimes thus obtained are plotted in Fig. 2. For 
those samples containing an excess of TaF, the 
best agreement was obtained with 1.5% of free 
TaF,. These lifetimes are also plotted in Fig. 2. 

Tantalum pentafluoride is sparingly soluble in 
methylene chloride at low temperatures. There- 
fore, with an excess of tantalum pentafluoride, its 
concentration in solution will not be known and 
will vary with temperature. The concentrations 
listed for Fig. 2 are those assuming complete solu- 
tion and are for identification only in those 
samples containing excess TaF,. The position of 
the equilibrium in reactions 1 and 3 will also be 
temperaturedependent. This means that although 
it is possible to obtain lifetimes of the apical and 
equatorial fluorines as a function of temperature, 
one can only obtain rateconstants if the exchange 
occurs by an intramolecular mechanism. An intra- 
molecular mechanism, however, does not fit the 
theoretical spectra and must be discarded. 

For the present system it is not possible to dis- 
tinguish between the three proposed intermolec- 
ular exchange mechanisms on the basis of the 
theoretical spectra. From the slope of the tem- 
perature dependence of the lifetime, the Arrhenius 
activation energy for exchange may be calculated, 
although it does not necessarily correspond to a 
particular step in the exchange reaction. This 
index of exchange is 8 + 1 kcal/mol for the 
samples with a 1 : 1 composition. Samples with an 
excess of TaF, have a lower activation energy for 
exchange with values of 6 + 1 kcal/mol for a 
2.5: 1 ratio and 5 + 1 kcal/mol for a 2 : l  ratio. 
The difference between the latter two activation 
energies is probably not significant but their 
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BROWNSTEIN AND FARRALL: ON TaFs AND SbFs COMPLEXES 1961 

TABLE 2. Transition probability matrices for different exchange mechanisms 

(a) Intramolecular exchange 

1 2 3 4 5 6 7 

( 6 )  Intern~olecular exchange 
- - 

1 2 3 4 5 6 7 8 

FIG. 2. Exchange rate as a function of tenlperature 
for methylene chloride solutions of the TaF, dimethyl 
ether complex at different concentrations. (0) 0.334 n i  

TaF, and 0.334 n l  (CH3)?0. (b) 0.264 177 TaF, and 0.132 
I n  (CH3),0. (c)  0.225 111 TaF, and 0.09 171 (CH3)zO. 
(d) 0.100 171 TaF, and 0.098 llr (CH3)zO. 

difference from the 1 : I case is thought to be real. 
Since exchange by mechanism 1 must have a 
higher activation energy than for mechanisms 2 
and 3, it is tentatively suggested that the 1 : 1 com- 
plex undergoes exchange by mechanism 1, but in 
the presence of excess TaF,, the exchange occurs 
via mechanism 2 or  mechanism 3. 

I t  has been reported that with an excess of 
Lewis base, complexes with two equivalents of 
base for TaF, are sometimes formed and these 

are formulated as [TaF4L4]+iTaF,]- (4). With 
dimethyl sulfoxide as Lewis base and solvent, it 
was found that the intensities for the resonance 
lines from fluorine on tantalum in the  positive 
species varied markedly with temperature. This 
was postulated to occur because of an equilibrium 
to give species with varying numbers of ligands 
attached to the positive tantalum species. The 
present results with dimethyl ether as Lewis base 
agree in principle with the earlier work, but the 
chemical shifts are sufficiently different as to cast 
some doubts upon the tentative assignments pre- 
viously made. Because of the differences between 
the systems studied and the tentative nature of the 
assignments made previously, no attempt will be 
made to refute them. The  results obtained in this 
study will be explained with reference t o  reactions 
4-7, where L is dimethyl ether, 

K, is defined by 

K - 
[TaF 4 4  L '1 

- [TaF4L3+][L] 

and similarly for K,. The equilibria and com- 
plexed species are slightly different than those 
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TABLE 3. Chemical shifts and equilibrium values for the complexed species TaF4L4+, TaF4L3+, and TaF4L2+ 

TaF4L4+ TaF4L3 + TaF4L2 + 

T 
PC) 6 Area Concentration K4 6 Area Concentration K3 6 Area Concentration 

2- 
(i) 0.162 m TaF, and 0.327 m (CH3)20 ? 
- 85 -99.4 136 0.057 89 -81.3 53 0.022 400 -72.2 5 0.002 
-65 -100.6 68 0.021 5 -81.4 181 0.055 170 -72.4 16 0.005 g 
-45 -101.7 4 0.003 0.5 -81.9 91 0.070 9 -72.9 11 0.008 m 

(ii) 0.328 m TaF, and 4.08 m (CH3)20 
?= 
< 

- 85 -99.1 O 
-65 -100.3 137 0.153 4 -81.4 10 0.011 r 

"8 

-59 -100.7 31 0.141 2 -81.6 5 0.023 N 

-51 -101.4 20 0.126 1 -81.2 6 0.038 - w 
4 P 

(iii) Average values for all samples 
- 105 1200 + 600 - 
- 85 40 + 20 400 k 200 
- 65 4 _ +  1 80 70 
- 45 0.5 + 0.4 30 + 20 
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BROWNSTEIN AND FARRALL: ( 3N TaFs AND SbFs COMPLEXES 

proposed previously (4). The only justification 
for this scheme is that itgives consistent values 
for K, and K, and no species are observed with 
fewerthan six groups around tantalum. The chem- 
ical shift ofTaF6- was found to be - 39.6 and did 
not vary significantly with temperature nor sol- 
vent composition. The assignment of a particular 
line to one of the cationic species was done so that 
there would be a regular variation in chemical 
shift with number of ligands, and to be consistent 
with their concentration and temperature de- 
pendence. 

The chemical shifts, relative areas, concentra- 
tions, and equilibrium constants as a function of 
temperature for two of six samples are listed in 
Table 3. The ratios of dimethyl ether to TaF, in 
these samples are at the two extremes of the range 
studied. Average values for the equilibrium con- 
stants are also listed. 

Trimethylamine forms a 1 : 1 complex with 
tantalum pentafluoride. The chemical shifts of 
apical and equatorial fluorines are -89.3 and 
- 77.5 p.p.m., and the coupling constant between 
them is 21 Hz. With an excess of TaF, to amine, 
only the spectrum of the 1 : 1 complex is observed. 
A sample prepared from two equivalents of tri- 
methylamine and one of tantalum pentafluoride 
hasonly a simple sharpresonance at -68.5 p.p.m. 
even at - 115 "C. It is suggested that rapid ex- 
change is occurring for fluorine of TaF6- and 
TaF,.4(CH3),N+ since the weighted average of 
the chemical shifts of these species, with dimethyl 
ether as base, is - 63.8 p.p.m. The 2: 1 complex 
appears more stable relative to the 1 : 1 with tri- 
methylamine as base than with dimethyl ether. 
Solutions prepared from equivalent amounts of 
(CH,),N and TaF, have peaks from both the 
1 : 1 and 2 :  1 complexes. It did not appear useful 
to study exchange between apical and equatorial 
fluorines under these conditions. 

Attempts to prepare complexes with boron tri- 
fluoride attached by a fluorine bridge bond to 
complexed tantalum pentafluoride failed. The 
BF, dimethyl ether and trimethylamine com- 
plexes were formed and TaF, liberated. This 
shows that TaF, forms weaker complexes with 
these ligands than does BF,. 

An equimolar mixture of antimony pentaflu- 
oride and dimethyl ether dissolved in S0,ClF had 
the fluorine resonance spectrum of the 1 : 1 com- 
plex. The apical fluorine gives a quintet of lines at 
134.4 and the equatorial fluorines a doublet at 
123.3 with a spin-coupling constant of 101 Hz 

FIG. 3. The fluorine resonance spectrum of a sulfuryl 
chloride fluoride solution of 0.454 mmol dimethyl ether 
and 0.938 mmol antimony pentafluoride a t  -85 'C. 
(a) Experimental, (b) theoretical. 

between them. In addition, there is a very weak 
multiplet at 114.1. These results are consistent 
with those reported for other complexes of anti- 
mony pentafluoride (8, 17). With an excess of di- 
methyl ether there was no evidence for formation 
of any complex containing two equivalents of 
Lewis base for each antimony pentafluoride. 

A complex containing two molecules of anti- 
mony pentafluoride for each one of dimethyl 
ether has been identified and characterized from 
the fluorine resonance spectrum shown in Fig. 3. 
This molecule has the cis structure 1, consistent 

with that found for other antimony pentafluoride 
complexes (17). The parameters are listed in Table 
4. The assignments were confirmed by double 
resonance experiments. Fluorine A would be a 
quintet from spin-coupling with the four equiv- 
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TABLE 4. Chemical shifts and coupl~ng constants for 1 of the dimethyl ether complexes, both I : I and 
. - -- - -- - 1 : 2, in a solution prepared with 1.5 equivalents of 

Nucleus Chemical sh[fta Spin-couplingh SbF, for each equivalent of dimethyl ether. 
-- - - - - 

A 142.3 JA-0 = 97 
Since it is possible to complex another molecule 

JA-c = 13.5 of SbF,, via fluorine bridging, to antimony penta- 

B 113.5 J B - C  = 48 
fluoride in its I :  1 complex with dimethyl ether, 
an attempt was made to complex other binary 

C 92.0 J c - D  = 85 
JC-E = 85 

fluorides. It was found that there was no reaction 
JC-F = 13.5 between the SbF, - dimethyl ether complex and 

D 124.2 JD-r: = 132 
BF,, NbF,, TaF,, or MoF,. With phosphorous 

JD-F = S5 pentafluoride, a small amount of dimethyl ether is 

E 115.6 Jr:-F = 132 
complexed by PF, in competition with SbF,, but 
there is no evidence for a mixed complex con- 

F 134.2 
-- -- - - --- . taining two molecules of Lewis acid fluoride. The 

O l n  p p m. from CFCI,. 
Hz. 

situation is more complicated with AsF,, since 
in addition to the complex AsF,.(CH,),O, which 
has been observed previously (5), and a minor 

alent fluorines B. Fluorines B would be a doublet amount ofthe 2 :  1 S ~ F ,  - dimethyl ether species, 
spin-coupling with fluorine A another product is a complex with structure 2 and 

and fluorine C. Upon irradiation of the resonance rapid of the A ~ F ,  group between the 
attributed to fluorine A, the one attributed to 
fluorine B collapsed to a doublet. It also collapsed 
to a doublet when the resonance attributed to 
fluorine C was irradiated. Similarly, the irradia- CH3, 
tion of fluorine B collapsed the fine structure o 
found in the signal from fluorine A. Other pairs CH,' 

)+F 

which were irradiated and behaved in a manner 
, +' 
F 

consistent with the above assignment were C-E F 

and C-D. Unfortunately, the pairs D-E and 2 

D-F could not be handled in  this manner because equatorial fluorines bonded to antimony. It is 
of overlapping from other parts of the spectrum characterized by a doublet at 1 1  3.4 for the equa- 
produced by the double resonance technique. torial fluorines on antimony and a quintet at 
Since the system is not exactly first order, a final 122.9 for the bridgingfluorine. (The spin-coupling 
proof of assignment is the matching of the experi- constant between them is 107 Hz.) The fluorines 
mental spectrum with a theoretical one calculated bonded to arsenic alone all appear as a single line 
from the assigned chemical shifts and spin- at 51.1. Evidently there is rapid averaging be- 
coupling constants. The theoretical spectrum was tween the equatorial and apical fluorines on 
calculated by the program SlMEQ (18) and is arsenic. Cis bonding with rapid averaging among 
shown in Fig. 3. It is a sum of separate systems the four equatorial fluorines on antimony is in- 
AB,C and CDE,F therefore, the C resonance voked to explain the lack of observed spin- 
will be narrower than it should be. coupling between the arsenic and antimony moi- 

There are various additional signals in these eties. It is quite unlikely that the dimethyl ether is 
spectra from other species. The weak peak at complexed to arsenic rather than antimony, since 
114.1 i n  the fluorine resonance spectrum of the the various fluorines on arsenic would be likely 
1 : 1 complex may be assigned to a small amount to remain non-equivalent and not exchange 
of complex containing two equivalents of anti- rapidly on the n.m.r. time scale, with dimethyl 
mony pentafluoride. The doublet at 105.8 in the ether complexed t o  the same central atom. 
2 : l  sample is from a 1 :  I complex of SbF, with Efforts to study the system antimony penta- 
the solvent. The quintets of this complex gives fluoride - trimethylamine were frustrated by the 
the extra peaks in the region of the resonance of inability to find an  adequate, but inert, solvent. 
fluorine A. The doublet at 106.3 is not assigned. From the difference in solubility and fluorine 
Its intensity is greatly reduced relative to the lines resonance spectra, it appears that both 1 : 1 and 
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The ratio of the dissociation constants K , (H) /K , (D)  has been measured conducti- 
metrically for the isotopic pairs XCH.COOH/XCD,COOH where X = Cl, PhO, and PhS. 
Methods of calculating the ratio of the equilibrium constants are considered in some 
detail. Since the isotope effect varies with the nature of the X substituent it is concluded 
that the simple inductive description of these effects is not tenable. 

On a mesurC les rapports de constantes de dissociation K , (H) /K , (D)  par conducti- 
mCtrie pour chaque paire isotopique XCH,COOH/XCDsCOOH dans lesquels X = C1, 
PhO et PhS. On considkre en dCtail les mkthodes de calcul pour dCterminer les rapports 
des constantes d'iquilibre. Puisque l'effet isotopique varie avec l a  nature du substituant 
X on en conclu qu'une description de ce phCnomkne par un simple effet inductif n'est pas 
complkte. [Traduit par le journal] 

Can. J. Chem., 52, 1966(1974) 

Introduction 

In a previous communication (1) we reported 
isotope effects for the equilibria 

CLzCOOH CL2COO- 

where R = MeO, H, and NO, and L represents 
hydrogen or deuterium. Although the K,(H)/ 
K,(D) ratios for the above equilibria were much 
smaller than anticipated from previous studies 
(l), two important observations emerged. Firstly 
the predicted value of the isotope effect for the 
pair PhCH,COOH/PhCD,COOH based on 
o*(D) is now closer to the observed value, i .r . ,  
the inductive treatment is partially verified. 
Secondly, when combined with the data for ace- 
tic acid and acetic acid-4, the size of the isotope 
effect per deuterium appears to be variable and 
dependent on the strength of the protium acid 
(Fig. 1). An extrapolation of this correlation im- 
plies that the isotope effects might become inverse 
for acids with pK,,'s less than that of 4-nitro- 
phenylacetic acid. One of the purposes of this 
paper is to test such an extrapolation. 

Whilst the discussion of some secondary iso- 
tope effects as inductive in nature has never been 
entirely convincing, an inductive effect of D vs. H 

3.80 4-00 4-20 4-40 4.60 4-80 

pK,(H) 

FIG. 1.  Correlation of secondary isotope effects per 
deuterium against pK.,(H). See ref. 1 for the data. 

which is normal for some acids and in the op- 
posite direction for others is hardly tenable within 
the conceptual framework of the inductive effect. 
Indeed, if such a situation arose the inductive 
description would have to be abandoned. 

In order to definitely establish if such a correla- 
tion exists between pK, and K(H)/K(D) further 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BARNES ET AL.: ISOTOPE EFFEC TS ON CHEMICAL EQUILIBRIA 1967 

measurements are required, particularly on acids 
with pKa's < 4. In the present paper we have fur- 
ther examined the problem of evaluating the 
equilibrium constants and the isotopic ratios from 
the conductance data. An attempt has been made 
to increase the precision of the conductance data 
as well as to provide an improved method for cal- 
culating K,(H)/Ka(D) without the determination 
of the equilibrium constant of either acid. 

Experimental 
General 

A11 melting points and boiling points are uncorrected. 
Nuclear magnetic resonance (n.m.r.) spectra were ob- 
tained using a Varian A60 spectrometer. All organic sol- 
vents were distilled prior to use or were of known grade 
of purity. 

Preparation atrd Purification of Materials 
All the acids mentioned below were subjected to inten- 

sive purification by vacuum sublimation, zone refining, 
and recrystallization techniques. The samples were then 
dried it? vacrto at a suitable temperature. Deuteration as 
judged by n.m.r. measurements was found to be >97% 
in all cases. 

Plrenylacetic acid: a commercial sample after purifica- 
tion had m.p. 76.2-76.6 "C (lit. m.p. 76.7 "C (2)). 

Plretroxyacetic acid on p~~rification had m.p. 98.9- 
99.5 "C (lit. m.p. 98.5-99.5 "C (3)). 

Plletroxyacetic-a.a-d2 acid was prepared by exchange 
( T  = 125 "C) in a sealed tube using a mixture of D 2 0 ,  
(CH,CH,),N. The purified acid had m.p. 99.1-99.5 "C. 

Cl~loroocetic acid was prepared from C12 and glacial 
acetic acid in the presence of red phosphorus' and purified 
(ref. 4, p. 428) to the point where the dichloro and tri- 
chloro acids were absent, m.p. 63.0-63.2"C (lit. m.p. 
63.0 "C (5)). 

Clrloroacetic-a,a-4 acid was prepared by chlorinating 
glacial acetic-d,, m.p. 62.9-63.3 "C. 

Phetrj~ltlriogl~~collic acid, a commercial sample, on puri- 
fication had m.p. 62.8-63.5 "C (lit. m.p. 62.5-63.5 "C (3)). 
Pt~etr~~lthioglycollic-a,a-d2 acid was obtained by ex- 

change using conditions similar to the phenoxy acid 
preparation. The pure acid had m.p. 62.5-63.5 "C. 

Potassiuttr cl~loride was purified as previously reported 
(1). 

Experbnental Assetnbl-v atrd Teclrniqrre 
The measurements were made as in Part I with minor 

modifications. The regulation of the thermostat was im- 
proved by a Tronac Unit (PTC-1000A). Ten conductance 
cells of the Shedlovsky type (6) (cell constants (K) in the 
range 0.08 -> 0.4) were determined using three indepen- 
dent samples of potassium chloride. The potassium chlo- 
ride solutions were prepared on the molal scale and were 
converted to the molar scale as previously described. The 
calculation of the cell constant also followed the proce- 
dure outlined in ref. I. The individual cell constants were 

'Purified following the method described in Vogel 
(ref. 4, p. 193). 

TABLE 1.  Conductance data for phenylacetic acid 
at 25.051 'C 

.- - - 
- - 

I 04c 
(molal) 
-- 

A 

61.09 33.15 
47.33 37.43 
37.80 41.60 
29.39 46.77 
22.00 53.49 
10.72 73.98 
9.695 77.35 
--- 

determined at least five times during the s t i~dy and were 
reproducible to ca. 0.0217,. 

Concentration-equivalent conductance data for the 
acids chloroacetic, chloroacetic-a,a-r/Z, phenoxyacetic, 
phenoxyacetic-a,a-(I2, phenyl thioglycollic, phenylthio- 
glycollic-a,a-(I2, and phenylacetic are listed in Tables 1 
and 2. With the exception of PhCH,COOH and PhCD,- 
COOH (see below) all conductivities were recorded at 
25.000 + 0.002 "C. The weight of water and  each car- 
boxylic acid sample was corrected to the true weight irr 
~ ~ a r u o  following calculations described previously (I). 
The densities of the deuterated acids were assumed to be 
e q ~ ~ a l  to their protium analogs in all cases. Unknown 
densities were determined by measuring both the dimen- 
sions of the fused material and its weight in air or a 
solvent of known density. Solidification of the  acids was 
carried O L I ~  by melting with slow cooling or by compres- 
sion with a hydra~~lic press at err. 3 x lo4 pounds/inch2. 

Results 
Thermodynainic equilibrium constants were 

evaluated by the Robinson and Stokes method (7) 
which is a variant of the Shedlovsky expression (8) 
(Tables I and 2). This method requires a n  accurate 
value of the equivalent conductance a t  infinite 
dilution (A,) to calculate by successive approx- 
imations the equivalent conductance of the hypo- 
thetical completely ionized weak electrolyte at  a 
finite concentration ( c ) .  The A, value quoted by 
Jeffrey and Vogel (9) for phenylacetic acid, and 
by lves and co-worker for chloroacetic acid (10) 
were used in the c a l c ~ l a l i o n s . ~ ~ ~  In the  case of 
phenylacetic acid the limiting equivalent conduc- 
tance had lo be corrected to 25.051 "C using 
an expression developed by Laughton and 
Demayo (1 1) 

A, (PhSCH2COOH) was obtained from the data 
of Crockford and Douglas (12) by an  extrapola- 
-- 

2These A, values have been converted t o  the molal 
scale by the equation Ao(rnolar) = A,(molal/d,,). 

3Ao(H) = AO(D). The validity of this assumption has 
been examined in the following discussion. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE 2. Conductance data at 25.000 "C 

Chloroacetic acid 
44.78 168.58 13.89 
39.98 175.46 13.90 
35.02 183.76 13.93 
29.87 193.78 13.94 
24.70 205.96 13.94 

Chloroacetic-a,a-rI, acid 
44.11 168.89 13.76 
40.11 174.61 13.75 
34.55 183.75 13.75 
29.56 193.54 13.75 
24.74 204.94 13.75 

Phenoxyacetic acid 
50.19 122.56 7.245 
40.29 133.64 7.253 
30.09 149.35 7.267 
20.10 172.69 7.267 
9.817 217.43 7.249 

Phenoxyacetic-a,a-d acic! 
50.55 121.65 7.164 
40.00 133.42 7.175 
30.16 148.59 7.185 
20.06 172.07 7.176 
10.02 215.36 7.168 

Phenylthioglycollic acid 
50.08 81.74 2.800 
45.37 85.33 2.802 
40.24 89.86 2.804 
34.96 95.42 2.806 
30.19 101.51 2.807 
25.04 109.70 2.808 
19.85 120.55 2.808 

Phenylthioglycollic-a,a-d2 acid 
50.08 81 .O1 2.744 
45.29 84.65 2.747 
40.12 89.20 2.749 
35.04 94.53 2.751 
30.18 100.67 2.752 
25.08 108.73 2.754 
20.01 119.23 2.756 

tion of a plot of A, ~ u .  c"'. NO literature value of 
the equivalent conductance at infinite dilution 
was available for phenoxyacetic acid. As a result 
a value was developed from a Shedlovsky extrap- 
olation-iteration method (SIM) for determining 
both A, and K, simultaneously (13). 

Average K, values and related data for all 
seven acid.: are summarized in Table 3. A com- 
parison with existing data can be made only for 
phenylacetic and chloroacetic acids. Within the 

accuracy of the phenylacetic acid data K, 
(25.000 "C) is equal to K, (25.051 " c ) . ~  This value 
is in excellent agreement with previous work on 
the acid, further confirming the reliability of the 
work. The thermodynamic equilibrium constant 
for chloroacetic acid is in agreement with the 
work of Shedlovsky and co-workers (14) but is 

4Dernayo found a 3.9% decrease in K,(PhCH,COOH) 
from 20 to 40 "C. 
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BARNES ET AL.: ISOTOPE EFFECTS ON CHEMICAL EQUILIBRIA 1969 

TABLE 3. Comparison of equilibrium constants 

Acid I04K, Method* Reference 

PhCH,COOH 0.4930+0.0016 RSM(n1) This work and ref. 9$ 
0.4923k0.0015 (A0 = 379.6)t RSM(m) 1 

ClCHrCOOH 13.90 k0 .04  (A0 = 390.8)t RSM(n1) This work and ref. 101: 
13.9 c(c) 15 
13.97 c(c) 14 
13.59 C(c) 10 
13.78 E.m.f. 16 
13.37 C.D.(c) 17 

CICDzCOOH 13.74 k0.02 (A, = 390.8)t RSM(n1) This work and ref. 10: 

PhOCHzCOOH 7.243 k0.020 (A, = 381.3)g RSM(rp1) This work 
6.75 E.m.f. 18 

PhOCD2COOH 7.156 k0.025 (A, = 381.3)g RSM(n1) This work 

PhSCH2COOH 2.805 +0.004(A0 = 381.1) RSM(t11) This work and ref. 12 
2.76 k0 .04  C(tn) 12 

PhSCDzCOOH 2.751 k0.005 (A0 = 381.1) RSM(tj1) This work 

*RSM, Robinson-Stokes method;C.conductance method: C.D..calorimetricde~ermination; c, mol/l ; m, mo1~1000gH20. 
tAo  (molal) used in RSM calculations 
SLi~erature ref. for AO (molar). 
§Calculated using the Shedlovsky iteration method. 

considerably higher than the equilibrium constant 
reported by Ives and Pryor ( 1  0). The latter authors 
suggest that the discrepancies may be due to 
hydrolytic decomposition, leading to unstable 
conductance readings. Neither of these factors 
were evident in this study or  are reported by other 
investigators. No mention is made by Ives and 
Pryor of their method of drying the very hygro- 
scopic acid. A moist sample of the acid would give 
a low value of the equilibrium constant. 

Discussion 

In a previous communication we reported that 
the classical method was more suitable for estab- 
lishing absolute values of secondary isotope 
effects on chemical equilibria than a comparison 
of K,,(H)/Ka(D) using the Robinson and Stokes 
method to calculate Kz,(H) and K,(D) separately. 
A small residual concentration dependence in K;, 
together with uncertainty in A, may be factors 
contributing to the relatively large deviations 
from the average value of the equilibrium con- 
stant. 

The use of the RSM for calculating K,,(D) 
depends on the assumption 

amined the first paper in the present series. A 
preliminary discussion of the problem was pre- 
sented in ref. 1' but the central importance of this 
approximation to the present and previous work 
demands further comment. 

Theeffect of isotopic substitution on the  limiting 
equivalent conductance of ions is part o f  the wider 
problem of theeffect of structure on this particular 
electrocheniical quantity. To  date available 
theories examine the problem in terms of the ion 
radius as the significant structural parameter (ref. 
7, chapt. 6, 19). However the molecular anions 
related to the substituted acetic acids cannot be 
realistically characterized by a radius. More 
sophisticated theories of the hydrodynamic prop- 
erties of spherical ions also relate the  limiting 
equivalent conductance to the ion radius and in- 
clude frictional forces arising from the  viscous 
and dielectric properties of the solvent (20), the 
latter involving ion-dipole interactions. For non- 
spi.lerica1 molecular anions the ion-dipole inter- 
actions must be replaced by dipole-dipole inter- 
actions between ion and  solvent and differences 
in limiting equivalent conductance fo r  isotop- 
ically substituted molecular ions would arise from 
differences in size between D and H and  differ- 

131 A,-(H) = A,-(D) ences in dipole moments between C-H and 
C-D bonds. The Zwanzig theory (20) does not 

for isotopically substituted anions. Such an  as- appear to have been developed beyond the 
sumption has ample precedent (1) but was con- 
sidered unsatisfactory by the referees who ex- 5See footnote 6, ref. 1. 
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TABLE 4. Comparison of isotope effects 
-- 

Acid Robinson and Stokes Classical plot Shedlovsky plot 

spherical ion -dipole description and thus is in- 
adequate to cope with the molecular ion problem. 
We are therefore inclined to grossly simplify the 
problem and consider two anions, one which has 
a radius of 2 A whilst the other has a radius which 
differs from 2 A by 5 x lop3  A which is the maxi- 
mum difference in length observed between C-H 
and C-D bonds (21). The former ion corre- 
sponds to the ion L = D and the latter L = H. 
The viscous force acting on the ion is inversely 
proportional to the radius of the ion, hence 

O D  4') 2.0050 - 1.0025 [4] 
A H )  r(D) - 2.0000 

The anion conductances A,-(H) and A,-(D) 
represent ca. 10x  of the total limiting equivalent 
conductance since most of the current is carried 
by the counter-ion which is the proton. This re- 
duces the isotope effect by an order of magnitude 
i.e. from 1.0025 to 1.00025. 

Since (see ref. 1) 

the part of the isotope effect arising from the 
effect of isotopic substitution on the hydrody- 
namic properties of the ions is ca. 1 part in 5000. 
This, we emphasize again, is an upper limit and it 
is clear that the departure of the ratio Ao2(D)/ 
Ao2(H) from unity is not significant in this or the 
previous study. 

Hydrogen bonding between the methylene H or 
D atoms and the solvent is neglected since we are 
unaware of any evidence which would establish 
the existance of such interactions. Current theo- 
ries of the solubilities of neutral hydrocarbon 
molecules in water suggest that specific inter- 
actions between solute and solvent will be very 
weak and no isotope effect is likely to arise from 
this source. 

The isotope effects K(H)/K(D), calculated 
using both the Robinson and Stokes method and 
the classical plot method, are compared in Table 
4. The latter method of presenting the data in- 

volves a comparison of the classical slopes from 
a linear correlation of the variables l/A(L) and 
A(L)c(L) for L = H and L = D 

where m(H) and m(D) are the classical slopes for 
the deutero and protio acids and Ao(H) is assumed 
to be equal to Ao(D). Of the two methods of cal- 
culation the classical treatment superficially ap- 
pears to provide a more precise value of the iso- 
tope effect. However, some uncertainty exists, a 
consequence of the fact that the activity and 
mobility terms are either implicitly ignored or 
are assumed to cancel. 

In order to remedy this uncertainty the classical 
treatment was replaced by a modified extrapola- 
tion-iteration procedure. The data for each acid 
was fitted to the Shedlovsky-Kay equation (14) 

where A, A,, c, and,f, have their usual significance 
and the correction term S[Z(L)] can be expressed 
as a power series in Z(L): 

where Z is given by 

The Shedlovsky variables I/AS[Z(L)] and Ac(L)- 
S[Z(L)] f +2(L)can becorrelated without iteration 
using a linear least squares analysis to yield a 
slope of ~/K,(L)A,~(L). A comparison of m(H) 
and m(D), the slopes of the Shedlovsky equation, 
will reduce the isotope effect to a simple slope 

6Fuoss and Accascina (22) replace the Robinson and 
Stokes symbols BI and B2 by a and !3 (23). 
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BARNES ET AL.: ISOTOPE EFFECTS ON CHEMICAL EQUILIBRIA 

TABLE 5. The Shedlovsky slope comparison method applied to the 
chloroacetic acid data 

- 

Ao 102tn(H) 102tn(D) K(H)IK(D)  

TABLE 6. The Shedlovsky comparison method 

Acid pair Cell num bet Isotope effect, ni(D)/tn(H) 

Phenoxyacetic 1 1.0104k0.0018 
2 1.0099kO.0016 
3 1.0104~0.0017 
4 1.0108_+0 0017 
5 1.0109k0.0017 

Chloroacetic 1 1.01 14_+0.0016 
2 1.0116k0.0016 
3 1.0116k0.0016 
4 1.0114_+0.0016 
5 1.0116k0.0016 

Phenylthioglycollic 1 1.0207_+0.0013 
2 1.0209+0.0013 
3 1.0205f 0.0013 
4 1 .0211~0.0014 
5 1.0211~0.0013 

ratio (see eq. 6). The K(H)/K(D) ratios evaluated 
from the Shedlovsky slope comparison method 
are summarized in Table 4 and are in excellent 
agreement with theclassical plot and RSM values. 

In situations where a literature value of A, is 
unavailable or is available but considered to be in 
error, eqs. 6 and 7 remain useful since a range of 
values can be systematically varied on either side 
of the true limiting equivalent conductance. The 
location of this range affords no difficulty since 
A, for carboxylic acids is relatively insensitive to 
the structure of the acid (see Table 3). The con- 
ductance data for each acid has been used to test 
the suitability of this method, however, only the 
results related to a single cell will be presented 
here. The slopes were generated from a linear 
correlation of the Shedlovsky variables with A, 
values ranging from 370 to 395, and are presented 
in Table 5 .  The corresponding K(H)/K(D) ratios 
determined in this way appear to be insensitive to 
the value of A, used to calculate the terms 
l/S[Z(L)I and S[Z(L)llf k2(L). 

Measurement of the conductance data for the 

protio and the deutero acids in the same cell 
enables a modification to the Shedlovsky slope 
comparison method detailed above. Replace- 
ment of A by 1O3~/Rc, where K, R, and c have 
their usual meaning, followed by multiplication 
by 1 0 3 ~  gives 

with the slope m(L) obtained from the experi- 
mental variables R(L)c(L)/S[Z(L)] and S[Z- 
(L)] f c2(L)/~(L).  Hence m(L) is given by 

Equation 1 1  shows that a comparison of the 
slopes for the H and D acids in a single cell will be 
virtually independent of the cell constant, which 
will only be required to calculate the small correc- 
tion terms l/S[Z(L)] and S[Z(L)]/ f ,2(L). Single 
cell isotope effects evaluated in this way are re- 
ported in Table 6 for the three isotopic pairs. 
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Thus, although a value of K and A, is required 
to calculate the correction terms, their main con- 
tribution to m(H) and m(D) cancels in the ratio 
of these quantities. The excelient agreement be- 
tween K(H)/K(D) from the data for each cell 
(Table 6) and from three methods of calculation 
(Table 4), further confirms the accuracy of the 
cell constant determinations. Furthermore, the 
errors in the ratios are smaller for the combined 
data, probably a consequence of the fact that 
the larger the number of data points on the least 
squares fit the greater the degree of certainty in 
the value of the slope and thus K(H)/K(D). How- 
ever, the discovery of the insensitivity of the 
method to the value of A, in calculating the iso- 
tope effect is far more interesting than the other 
conclusions drawn from Table 6. This insen- 
sitivity of the slopes and ratios to A, suggests that 
the Shedlovsky slope coniparison method of cal- 
culation is the best for comparing thermodynamic 
equilibriunl constants of isotopically substituted 
acids via conductance data. 

The isotope effects for the substituted acetic 
acids XCH,COOH/XCD,COOH, X = C1, PhO, 
and PhS are larger than those observed for the 
phenylacetic acids (X = 4-RC,H, where R = 
MeO, H, and NO,). The six effects we have in- 
vestigated are however still less than those 
measured by Streitwieser and Klein (24) and 
Bates and co-workers (25) for the pair CH,- 
COOH/CD,COOH. The new ratios are closer to 
those predicted by the simple inductive treatment 
(K(H)/K(D) = 1.02) but do  not appear to follow 
the predictions of the correlation in Fig. 1 .  When 
the new K(H)/K(D) values are included the in- 
fluence of the substituent on the isotope effects 
appears to be random. This observation cannot 
be reconciled with the inductive treatment pre- 
sented in part I which requires the isotope effects 
to be constant, i.e. independent of X. 

A rigorous statistical treatment of the isotope 
effects in terms of force constant - frequency 
changes between the acid and the related anion 
would involve the interaction terms absent in the 
simple inductive treatment. Such interaction 
terms would probably account for the alteration 
of the ratio K(H)/K(D) as X is structurally 
changed. Since the simple inductive treatment is 
incapable of accommodating our observations 
the inductive treatment of secondary isotope 

effects of the second kind has outgrown its 
utility. 
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13C Nuclear Magnetic Resonance Studies of Organometallic Compounds. V. 
Di- and Trimethylplatinum(1V) Derivatives1 

HOWARD CHARLES CLARK, LEO ERNEST M A N Z E R , ~  A N D  JOHN EDWARD HENRY  WARD^ 
Deprrrtt7rerzt of Cl~en~istry, T11e Ut~it'ersity of Westertz Otztrrrio, Lotldot~, Ot~rrrrio N6A 3K7 

Received December 6 ,  1973 

The I3C n.m.r. parameters for thirteen di- and trimethylplatinum(1V) derivatives have 
been obtained. It is shown that the "'C shieldings and 'JI.,,. and 'JP,(.II values of methy1 
groups both cis and tratrs to varied ligands consistently follow trends similar to those 
found for related methylplatinum(I1) derivatives. 

On a dktermink les paramktres en 1.m.n. du '"C pour treize dCrivCs di- et trimCthyl- 
platine (IV).  On a trouvC que le dCblindage du ""2 et les constantes de couplage 
lJ1.rc et 'J~stcEr pour les groupes mCthyles cis et tr-rrtrs par rapport aux divers ligands 
suivent d'une f a ~ o n  rkgulikre tendances trouvkes pour les dCrivCs n16thylplatine (11) 
correspondan ts. [Traduit par le journal] 
Can. J. Chem., 52, 1973 (1974) 

Introduction 
In  our laboratories, carbon-13 nuclear magnet. 

ic resonance spectroscopy has provided impor- 
tant new information concerning the nature of 
the bonding in simple o-bonded platinum(I1) de- 
rivatives (1-4). From studies of three series of 

\ * - 
trans-methylplatinum(I1) complexes (2), we pre- 
sented evidence which firmly supports the rehy- where L and L' are neutral ligands and R alld X 

bridization theory of the trans-influence (5-7). ln are anionic substituents. The 13C and 'H n.m.r. 

contrast, our investigations of a series of cis- parameters of the platinum-methyl, a n d  other 

methylplatinum(II) derivatives (4) revealed that ligand carbons and protons are discussed and 

the n,m.r. cis-influence i s  neither strongly re- compared with the n.m.r. parameters of  the re- 

lated to  the n.m.r. t,m~s-influence, nor is it ap- lated types of platinum(I1) derivatives. 

parently related to  the rehybridization of plati- 
num o-orbitals in the platinum-carbon bonds. 
Finally, our 13C n.1n.r. examination of a series of 
cis-dimethylplatinu~n(II) derivatives (1) showed 
that when ligands both cis and trans to the methyl 
groups are simultaneously varied, the n.m.r. 
trans-influence rather than the n.rn.r. cis-influence 
is dominant. 

In order to test the generality of these results in 
more con~plex systems, we have obtained the I3C 
n.m.r. parameters of a number of di- and tri- 
methylplatinum(1V) derivatives of types A-C: 

'For the previous paper in this series see ref. 1. 
'Present address: Central Research Department, 

Experimental Station, E.1. Du Pont de Nemours and Co., 
Wilmington, Delaware 19898. 

3To whom correspondence should be addressed. 

Experimental 
The following chemicals were obtained comn~ercially 

and used without further purification: anisonitrile, y- 
picoline, triphenylarsine, and silver hexafluorophosphate. 
foc-Tri~~~ethyliodobis(trimetl~ylarsino)patinu~n(lV)was 

obtained by the method of Clark and Manzer (8), while 
ethylisocyanide was prepared by the method o f  Casanova 
et ai. (9). 

All reactions and recrystallizations were carried out 
using spectrograde solvents. Microanalyses were per- 
formed by Chemalytics Inc., Tempe, Arizona. Uncor- 
rected melting points were determined on a Thomas 
Hoover Uni-melt capillary znelting point apparatus. 

The 13C n.m.r. spectra were measured on  a Varian 
XL-100-15 spectrometer operating in the pulsed Fourier 
transform mode at 25.2 MHz. All spectra were determined 
with noise-modulated proton decoupling. The  spectra 
were taken on acetone, acetone-d6, or chloroform-d solu- 
tions in 5 or 10 mm sample tubes and were calibrated 
using the solvent resonances as secondary standards (10). 
Con~puter analysis of a portion of one I3C n.m.r. spectrum 
was performed with a Cyber 73 computer located a t  the 
University of Western Ontario and the L A 0 C 0 0 N  111 
program (a version of the least squares n.m.r. spectral 
fitting compl~ter program described in ref. 11). The 'H 
n.m.r. spectra were recorded on a Varian HA-100 spec- 
trometer; the lH chemical shifts are reported with TMS 
as the internal standard. 
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TABLE I .  Analytical data for the new complexes ~~C-[(CH,),P~(AS(CH~)~)~L]+PF~- 1-4 

Calcd. (%) Found (%I 
Me1 ting 

Complex L C H C H point ("C)" 

OAll compounds except 4 effervesce at  this temperature, presumably giving off ethane and  decomposing to t h e  methyl- 
platinur?(ll) derivatives rrorrs-[(CH3)Pt(As(CH,),),L]+PF6-. The  compounds 1-3 resolidify and subsequently melt a t  
the meltlng point of the platinum(1l) derivatives (2). 

The new cationic ~~C-[(CH~)~P~(AS(CH~)~)~L]+PF~- 
complexes 1-4, where L = p-CH30C6H4CN, y-CH3- 
CsH4N, (CsHs),As, and CH3CH2NC, were prepared by 
procedures identical to that described for their cyclic car- - 
beneanalog, where L = :COCH2CH2CH2 (8). References 
for the preparations of all other complexes are provided 
with the'3Cshieldingdata(uide Olfia). The analytical data 
for the new complexes are summarized in Table 1. 

Results 
The I3C shieldings and '3C-195Pt and 13C- 

31P coupling constants obtained from the 13C 
n.m.r. spectra of the platinum(1V) derivatives 
1-13 are assembled in Tables 2 and 3. Since we 
have not determined the relative signs of the 
13 C-lg5pt coupling constants, their absolute val- 
ues, which are adequate for the arguments we 
will present later, are provided in Table 3. 

In all cases, the high field resonances in the 
spectra were assigned to the carbons of the 
platinum-methyl groups of 1-13, on the basis of 
their similarity with a host of related methyl- 
platinum(I1) derivatives (1, 2, 4). The central 
platinum-methyl resonances are flanked by wide- 
ly spaced Ig5pt satellites of ca. one fourth inten- 
sity. whose se~aration amears to be sensitive to 
the nature of L, L', R, a i d  X. 

The platinum-methyl region of the 13C n.m.r. 
spectrum of the tris(dimethylpheny1phosphine) 
complex 8, shown in Fig. lA, could not be ratio- 
nalized by simple first-order spectral analysis 
arguments. On a first-order basis one would an- 
ticipate two small, equivalent coupling constants 
(ca. 6 Hz) (2, 14) for the coupling of the 13C 
nucleus with the two cis 3 1 ~  nuclei, and one 
large 13C-31P coupling constant (ca. 105 Hz) (2, 
14) for the 13C coupling with the t r a n ~ - ~ ' P  nu- 
cleus. Thus, the 13C n.m.r. spectrum would ap- 
pear as a doublet of triplets. However, the non- 
lg5pt coupled portion of the 13C n.m.r, spectrum 
of the platinum-methyl groups consists of' a 
doublet of quartets (as in Fig. 1 A )  suggesting that 

FIG. 1. Observed ( A )  and calculated (B) I3C n.rn.r. 
spectra for the non-' 95Pt coupled platinum-methyl region 
of ~~C-[(CH~)~P~((CH,)~(C~H~)P)~]+PF,- 8. 

the spectrum is in fact second-order. The line 
frequencies and intensities were successfully du- 
plicated when the signs of the two 2J,,t, values 
were assumed to be opposite.4 The calculated 
spectrum is shown in Fig. 1B. Due to the relative- 
ly low signal-to-noise ratio of the spectrum, the 
positions of the four weak lines calculated be- 
tween the two intense quartets could not be un- 
equivocably established. Similarly, the lg5pt  
satellites were weak, and the 13~-195Pt  coupling 
constant could only be estimated from the few 

4Cheney et al. (14) have recently shown that 'Jpp,, 

(cis) and 'JPptC (trans) have opposite signs in cis-(CH3)*- 
Pt"((CH3)2(C6HS)P)2. This is also in accord with the 
results (I 5 )  of other workers. 
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TABLE 2. 13C shieldings" for the platinum(1V) derivatives 1-13 

Platinum methyls Reference 
to preparation and 

Complex Type L L' (R and X) Solvent 6cb Scc L methyls Other lH n.m.r. data 
G 

"In p.p.rn. (+  0.1) (downfield 
*lrarls to L'. 
V i s  to L'. 
"This work, see Table 4. 
=Signals not observed. 
JCornplex rnultiplet. 

positive) from TMS. 

glrans to I - .  
*cis to I-. 
'cis to C1-. 
JSignals not recorded. 
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TABLE 3. Coupling constant dataa for the platinum(1V) derivatives 1-13 

Platinum methyls L methyls 

Complex Type L L' (R and X) Solvent llJPIClh lZJPPtClb l1JptclC lZJ~~tclC l Z J P I E ~ l d  13J~ptpc\ Other 

"In Hz. 
*trans to L'. 
<cis to L'. 
dE is P or  AS. 
'Coupling not observed. 
JThese coupling constants have opposite signs, as demonstrated by iterative spectral analysis. 
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'95Pt satellite signals that were well enough re- 'J,,, value of the 13C nucleus trans to L' de- 
solved.' creases by 135 Hz, from 650(*2) to 51 5(*2) Hz, 

The 13C resonances of the arsenic methyl while the one bond '3C--'95Pt coupling constant 
groups span a range (ca. 7-9 p.p.m.) similar to for the platinum-methyl carbons cis to L' de- 
that (ca. 7-10 p.p.m.) observed for series of re- creases by 30 Hz, fro111 545($2) to 51 5(*2) Hz. 
lated trans-methylplatinum(I1) derivatives (2). These coupling constant variations exemplify 
Together with this, and the relative intensities of the changes we have observed for model plati- 
the signals, the assignments were readily carried num(I1) derivatives (1, 2, 4), where we showed 
out. The assigninents of the signals froin the that the 'J,,, values of platinum-methyl groups 
phosphorus methyl groups were made in an anal- trans to a varied ligand are considerably more 
ogous manner. sensitive than the 'JptC values of those groups cis 

Where possible, the signals arising from the re- to a varied ligand. 
maining ligands were specifically assigned by From the 'Jplc values of the platinum-methyl 
comparing their 13C n.m.r. parameters with those groups of 1-5, we may formulate an n.ni.r. trans- 
derived from the related trans-inethylplatinum(I1) influence series: 
derivatives (2). 

The 'H n.m.r. data for the new complexes 1-4 
are assernbled in Table 4. Assignments of the 'H 
chemical shifts and J,,, values were based on ar- 
guments similar to those used to assign the 13C 

I n.m.r. parameters. The proton spectrum of the 
ethylisocyanide derivative 4 is particularly un- 

I usual because it exhibits coupling of both the 
I methyl and methylene protons with the 14N nu- 
, cleus. Similar cases have been observed in only a 
I few instances (17, 18). 
I 

Discussion 

I3c and ' H Nuclear Magnetic Resonance Data: 
I General 
I The n.m.r. data obtained from complexes 1-13 

reveal that with variations in ligands, substantial 
variations in the 13C and 'H n.m.r. parameters of 
the platinum-methyl groups may occur. For ex- 
ample, when anisonitrile in complex 1 is replaced 
by ethylisocyanide (complex 4), the shielding of 
the platinuin-methyl carbon trans to L' decreases 
from - 13.0 to -9.3 p.p.m., while the shieldings 
of the platinum-methyl carbons cis to L' increase 
from $3.5 to -2.0 p.p.m. Concomitantly, the 

and an n.m.r. cis-influence series: 

The n.m.r. trans-influence series is identical to 
that which we have observed for a series of com- 
plexes (with the same L') of the type trans- 
[(CH3)Pt((CH3),(C,H,)P), Ll+ PF, - (2) and 
thus there is an excellent qualitative relationship 
between the n.m.r. trans-influences of the same 
ligands in both the platinum(I1) and platinum(1V) 
derivatives. 

There is also a generally good qualitativeagree- 
ment of the n.m.r. cis-influence series above, with 
that observed for a series of cis-substituted 
methylplatinum(I1) complexes of the type 
[DIARSPt(CH3)LIfPF,- (4). For the latter 
complexes the ordering of the n.m.r. cis-influence 
series is: 

In a similar fashion we can formulate n.m.r. 
trans-influence series for 6-8 : 

5We should point out the similarity of the I3C n.m.r. 
spectrum of the methylplatinum region of 8 with that ob- (CH3)2(CGH5)P > CH3CHzNC > C5H4N 

tained from the 'H i.m.r. spectrum of the platinum hy- and 9-11 : 
dride region of [HPt(P(C6H5)3)3]+ (CF3C02)2H- 14, re- 
ported by Thomas et al. (16). These authors stated that 
the spectrum could almost completely be rationalized by CH3CHiNC > > pCH30C6H,CN 
invoking a chemical shift difference of 10 Hz between the 
cis and trans 31P nuclei. From our results, it appears that 

'N N' 
. . 

1 ZJ~~t,dcis) and ZJpp,H(rra~~) may well have opposite signs. both of which are qualitatively identical with 
Thus, the 'H n.m.r. spectrum of the hydride region of 14 
could possibly be completely accounted for without in- those trans-influence series which we have ob- 

, voking the chemical shift difference of the cis and trans served for related platinum(I1) derivatives (2). 
I SIP  nuclei. Finally the n.m.r. cis-influence series for 6-8: 
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TABLE 4. 'H n.m.r. chemical shifts" and coupling constantsb for the new complexes ~UC-[(CH~)~P~(AS(CH~)~)~L']+PF~- 1-4' 

Complex L 6(CH3)d I2J(PtH)ld 6(CH3)' I 'J(PtH)I ~ ( A s ( C H ~ ) ~ )  I 3J(PtH)I Other o 
> 

1 p-CH30C6H4CN 0.81 75.6 1 .Ol 60.0 1.58 7.4 6(OCH3) 3.94 ? u 

.In p.p.m. (k0.005) from TMS. 
bIn Hz (C 0.5). 
=All soectrn were obtained on acetone-d6 solutions. 
' fransto L'. 
*cis to L'. 
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is completely consistent with that observed for 
the cis-methylplatinum(I1) derivatives (4) and the F? 
platinum(1V) complexes 1-5. Thus, virtually iden- .;? 
tical qualitative trends are followed for the s ,, 
platinum(I1) and platinum(1V) analogs. 

13c and ' H Coupling Constants 1 

Platinum Methyl Groups I N 

First, we examined the 13C n.m.r. parameters 2 50( 
of 1-5 to  determine the quantitative extent of the -7 

qualitative relationships just discussed. A plot of 
'JplC (CH, trans to L', 1-5) us. 'Jptc (trans- 
[(CH,)Pt(As(CH,),),L]+PF,-) is shown in Fig. 
2. The linear regression analysis parameters6 are 
summarized in eq. I.' 

[ l ]  'J,,,(CH, trans to L', 1-5) 
= 0.89(f 0.05)'Jptc(trans- FIG. 2. Plot of 'Jptc for the methyl group frntis to 

L' in 1-5 us. 'Jptc for the trntn-[(CH3)Pt(A~(CH,),)~- 
[(CH3>Pt(As(CH3>3>2Ll +PF6 -) L]+PF6- analogs. 

The reasonably good linear correlation affirms 
our qualitative conclusion concerning the rela- 
tionship of the 'J,,, values of methyl groups 
(trans to a varied ligand) for the platinum(I1) and 
platinum(1V) analogs. Since the slope of the line 
deviates slightly from unity, it appears that the 
n.m.r. trans-influence in the platinum(1V) com- 
plexes 1-5 is not reflected as strongly as in the 
related platinum(I1) complexes. In addition, since 
the plot does not pass through the origin, some 
other factors (in addition to those giving rise to 
'J,,, in the platinum(I1) complexes) appear to be 
manifest in the 'J,,, values of the platinum(IV) 

derivatives. Nevertheless the deviations just 
noted, while greater than the experimental un- 
certainty, are not particularly large in view of the 
low number of data points used. Thus, both 
classes of compounds may be used to  provide a 
reasonably accurate measure of the n.m.r. trans- 
influence of a given ligand. 

Next, we compared the 'J,,, values of the 
methyl groups cis to L' for 1-5 with the corre- 
sponding one bond 13C-'95~t coupling con- 
stants of the cis-platinum(I1) analogs [DIARSPt- 
(CH,)LIfPF6- (4). A plot of the appropriate 
four data points revealed a fair linear relation- 
ship. Linear regression analysis yielded eq. 2, 
with a correlation coefficient r = 0.899. 

"he average deviations of the slopes and intercepts for [2] 'JPtc (CH3 cis to  L', 1-4) 
most of the linear equations presented here are calculated = 0.60(f 0.08)'Jp,,- 
on the basis of the maximum possible error due to the in- 
herent uncertainty of the experimental measurements. 
These errors have alreadv been cited in Tables 2-4. It is 
worthwhile noting that -these variations represent the 
maximum error in precisiotz and that as such they may be 

. 

([DIARSPt(CH,)L] + PF, -) 
+ 277.5(+43.4) 

generous estimates. Thus, it seems that the n.m.r. cis-influence of a 
'For comparative purposes we require the 'JPIC ligand i n  the platinum(IV) complexes 1-4 may be value for I~~~~-[(CH,)P~(A~(CH~)~)~((CH~)~(C~H~)P)]- 

PF6- 15. While we have not prepared this analog, the 1 3 ~  linearly related to the n.m.r. cis-influence of that 
n.m.r. spectrum of the related complex [(CH,)Pt((CH,),- ligand in the DIARS platinum(I1) analogs. 
(C6Hs)P)31+PF6- 16 has been obtained (2). Using the We have previously suggested (4) that the 
'JP~c value of 16, 457(12) Hz, and the known relation- n.m.r. cis-influence may be dependent on a lig- 
ship (2) between 'Jplc of the bis(arsine) and 'Jptc of the 
bis(phosphine) series: 'Jplc(bis(arsine)) = 1.000 lJp,,(bis- and's "steric bulk". In  1-5, L' is juxtaposed to 
(phosphine)) - 37.7 we calculate l ~ p l C  for 15 to be 419 four cis substituents, while the ligand L in the 
Hz. [DIARsP~(CH,)L]+ PF,-series is adjacent to two 
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cis substituents. When L and L' are the same, the 
differing steric environments of the two series 
may give rise to substantially different ligand - 
cis substituent interactions, and thus different 
n.m.r. cis-influences for that ligand. For example, 
the twist angles or degree of "feathering" of the 
phenyl groups in the triphenylarsine derivatives 
may be substantially different for these two series 
of compounds. Similarly, the rotational pref- 
erences about the Pt-N bond in the y-picoline 
derivatives may be different. These general con- 
siderations may be applied to all the ligands used 
in 1-4. This proposal contrasts with the n.m.r. 
trans-influence theory, where the o-donor prop- 
erties of a ligand seem to be essentially inde- 
pendent of such steric considerations (2). Com- 
parisons of the shieldings of the platinum-methyl 
carbons (vide infra) provide additional informa- 
tion concerning this problem. Nevertheless, there 
is a reasonable quantitative and a good qualita- 
tive relationship between the n.m.r. cis-influences 
of the ligands used in the platinum(I1) and 
platinum(1V) complexes 1-4. 

In previous investigations, we examined the 
relationship between the 'J,,, and 2Jp,cH values 
for platinum-methyl groups both cis (4) and 
trans (2) to a varied ligand L. Excellent linear 
relationships were observed in the latter case. A 
plot of 2Jp,c,, us. 'J,,, for the methyl group trans 
to L' in 1-5 and 12 is shown in Fig. 3. The linear 
regression analysis parameters are given in eq. 3. 

[3] 2JptcH (trans to L', 1-5, 12) = 

0.091(+0.008) lJptC (trans to L', 1-5, 12) 
+ 16.0(& 4.9) 

Y = 0.988 
The excellent linear correlation may be taken 

as a demonstration that the factors affecting the 
'JPtc values parallel, and thus are likely very 
similar to, those factors governing 2Jptc,, within 
this series of compounds. We have already shown 
(2) that the common factor is probably a,:, the 
Pt(6s) orbital contribution to the Pt-C bond. 
Comparison of the slope of this plot with the 
slopes (ca. 0.12) for three series of trans-methyl- 
platinum derivatives (2) reveals that the sensitivi- 
ty of the geminal 'H-"~P~ coupling constants is 
markedly less in the former case. Furthermore, 
the distinctly non-zero intercept of the plot for 
the platinum(1V) complexes indicates that the 
Fermi contact mechanism may not be the sole 
contributing factor to the 'J,,, and 2Jp,cH values. 

V O L .  52, 1974 

FIG. 3. Plot of 2JplcH for the methyl group trans to L' 
of 1-5 and 12 us. 'JPtc for the methyl group trans to L' 
of 1-5 and 12. 

Finally, we note that the charge of the complex 
does not appear t o  have a bearing on the slope or 
intercept of the line, as we have noted in other 
studies (2-4). 

An analogous plot for the platinum-methyl 
groups cis to L', revealed an apparently random 
scatter of points (2Jp,cH is essentially invariant). 
This feature is reminiscent of the same behavior 
of an analogous plot for the cis-methylplatinum 
derivatives [DIARSPt(CH3)L]+PF6- (4). More- 
over a plot of 'J,,, (trans to L') us. 'Jptc (cis to 
L') reveals again, a scattered array of data points, 
like a similar plot for the DIARS complexes. All 
this information supports the ideas that in these 
platinum(1V) derivatives, the n.m.r. cis-influence 
of a ligand is not strongly related to its n.m.r. 
trans-influence, nor is it clearly related to the re- 
hybridization of platinum o-orbitals in the plati- 
num-carbon bonds. 

Treatments similar to the quantitative methods 
just described for the trimethylplatinum(1V) com- 
plexes 1-5 may be applied to the trimethylplati- 
num(1V) derivatives 6-8 and the dimethylplati- 
num(1V) complexes 9-11. Since there are only a 
few data points available for each type of plot, 
the linear regression analysis parameters shown 
in eqs. 4-6 are not necessarily completely char- 
acteristic of the relationships that exist for more 
complete series. 

[4] 'JP,,(6-8, trans to L') = 0.8 'Jptc(trans- 

[ (CH~)P~( (CH~)~(C~H~)P)ZLI  +PF, -1 
+ 102 

r = 0.992 
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I [5] 2JptcH(68, trans to L') = 
, 0.1 1 'JPtc(68, trans to L') + 2.5 

I r = 0.966 
[6] 2~ptc,(9-ll, trans to L') = 

0.08~J~,~(9-11, trans to L') + 21.8 
r = 0.964 

All the slopes of eqs. 3-5 are similar to those 
obtained for analogous plots for the complexes 
1-5. This provides added support for the notions 
that the n.m.r. trans-influence of a particular 
ligand in a platinum(1V) derivative parallels that 
in corresponding platinum(I1) complexes, and 
that both 'Jptc and 2Jp,cH for a platinum-methyl 
group trans to a varied ligand are mainly sensitive 
to variations in apt2. 

It is also interesting to compare the 'JPtc 
values of the platinum methyl groups between 
series 1-5 and 6-8. A linear regression analysiss 

I of the data yields eqs. 7 and 8. 

[7] 'Jplc(CH3 trans to L', 2, 4, 5) = 

1.Ol1JPtc (CH, trans to L', 6 8 )  -8.2 
r = 0.998 

I [8] 'Jplc (CH, cis to L', 2, 4, 5) = 

0.93'JPtc (CH, cis to L', 6 8 )  + 82.5 
I r = 0.995 
I 

I 
These equations support some important ideas : 

(I) the n.m.r. cis-influences of trimethylarsine 
and dimethylphenylphosphine are ~ i m i l a r , ~  (2) 
the n.m.r. trans-influence of a ligand is regularly, 
but not strongly affected by variations in ligands 
cis to itself,'' and (3) the n.m.r. cis-influence is 

'We have shown (2) that the n.m.r. trans-influences of- 
y-picoline and pyridine are identical. However, we have 
not shown that their n.m.r. cis-influences are the same, as 
would be expected on the basis of our steric arguments (4) 
proposed to account, in part, for the n.m.r. cis-influence. 
We have now obtained the IJp lC  value, 573(f 2) Hz, of 
[DZARSPt(CH3)(C5H5N)]+PF,- 17 (19), the same as the 
corresponding coupling constant (575(+2) Hz) in the 
y-picoline analog (4). Thus, the n.m.r. cis-influences of 
y-picoline and pyridine are identical. We assume this 
point in formulating eq. 8. 

gThis idea has arisen from previous 13C n.m.r. studies 
by this group (2,4). 

IOThe same point was made earlier in the comparison of 
the 'J,,, values for the platinum-methyl groups cis to L' 

outweighed by the n.m.r. trans-influence; eq. 8 
reflects the substantial difference between the 
n.m.r. trans-influence of trimethylarsine and 
dimethylphenylphosphine." 

The '3C-31P coupling constants of the plati- 
num-methyl groups require only brief comment. 
The 2Jp,pc values for methyl groups trans to 
phosphorus all fall in the range 105(15) Hz, 
while the corresponding coupling constants for 
platinum methyl groups cis to phosphorus all fall 
in the range 5(+2) Hz. These values are close to 
those observed for similar methylplatinum(1I) 
phosphine derivatives (2, 14). The magnitudes of 
the remaining coupling constants in Table 3 are 
consistent with those observed in a variety of 
transition metal complexes. For example, the 
'J,,, value (851(f 2) Hz) for the carbonyl car- 
bon of the acyl derivative 13, falls in the range 
502-1070 Hz, observed for a variety of sp2 hy- 
bridized carbons attached to platinunl(I1) (2, 3). 

' C Shieldings 
A plot of the shieldings of the platinum- 

methyl carbons of the platinum(I1) complexes 
trans-[(CH,)Pt(As(CH,),),L]+PF,- (2) with 
those of the methyl groups trans to L' in 1-5 
yields a fair linear relationship" shown in eq. 9. 

"The referees have commented on the relative magni- 
tudes of the 'Jplc values in the corresponding Pt(I1) and 
Pt(IV) systems. It has been noted (20) that the ratios of 
lJplp for Pt(IV):Pt(II) analogs are commonly in  the range 
0.564.68, close to 0.67, the ratio of the s-characters in 
six and four bond hybrids respectively. In contrast, the 
ratios of 'Jptc for the Pt(IV):Pt(II) complexes considered 
here fall in the range 1.02-1.14. This may be rationalized 
by the scheme described by Pidcock and co-workers (20, 
21). In  Pt(IV) us. Pt(I1) analogs, it appears that bonds to 
anionic ligands such as CH3-  are significantly shorter, 
and bonds to neutral ligands are substantially longer. 
Thus, in the Pt(1V) complexes, relative to the Pt(I1) ana- 
logs, s electron density would be concentrated in the 
Pt-CH3 o-bonding orbitals and higher 'Jplc values would 
be observed. The opposite effects would occur for 
Pt(IV)/Pt(II) analogs with neutral ligands such as phos- 
phines. This argument may also be invoked t o  account for 
the reduced sensitivity of the 'Jptc values t o  changes in 
neutral ligands in the Pt(IV) complexes, as demonstrated 
by eqs. 1, 2, and 4. 

12Sc (-6.0 p.p.m.) for the platinum-methyl group of 
trans- [(CH3)Pt(As(CH3)3)2(P(CH3)~(C6H~))I+PF6- 14 
was calculated from the analogous shielding ( + 0.7 p.p.m.) 
of [(CH3)Pt((CH3),((C6H,)P)3]+PF6- 15 using the linear 
relationship (2) 

I in 1-4 with the 'Jplc value of the [DZARSP~(CH~)L]+PF~- Sc (bis(arsine)) = 
I analogs. 1.04(+ 0.02) S,(bis(phosphine)) -6.70(+ 0.18) 
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[9] 6, (trans to L', 1-5) 
= 0.81(f 0.02) 6, (trans- 

[(CH,)Pt(As(CH,),),LI + PF6 -) 
+ 7.4(f 0.1) 

r = 0.917 

Thus, both the 'JPtc values for corresponding 
platinum-methyl groups in trans-methylplati- 
num(I1) and fac-trimethylplatinum(1V) deriva- 
tives and the 13C shieldings for those groups are 
linearly related. 

Analysis of a similar plot of the platinum- 
methyl carbon shieldings of the series [DIARSPt- 
(CH,)L]+PF,- (4) with those shieldings of the 
platinum-methyl groups cis to L' in 1-4 affords 
the linear regression analysis parameters in eq. 
10. 

[lo] 6, (CH, cis to L', 1-4) = 

0.88(f 0.04) 6, ([DIARSPt(CH,)L]+PF,- 
+ 11.6(f 0.1) 

r = 0.994 

As was just shown for the trans platinum- 
methyl groups of 1-5, linear trends exist between 
both the 'Jplc values and the methyl carbon 
shieldings of the related platinum(I1) and plati- 
num(1V) species. Moreover, this result suggests 
that the steric arguments proposed to account for 
the poorer linear correlation of the 'JpIc values 
for the methyl groups cis to a varied ligand in 1-4 
and the DIARS derivatives may not be particu- 
larly important, and that a better relationship 
may be observed for an extended series of com- 
pounds. 

We thank the National Research Council of Canada for 
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Methyl Cyclopentadienecarboxylate Formation in the Methanol Quenched 
Vapor Phase Thermolysis of Methyl Salicylate 
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Cyclopentadienylidenecarbonyl, the principle thermolytic fragment of methyl salicylate 
in the vapor phase, undergoes a rapid recombination with the methanol liberated in the initial 
fragmentation to  yield monomeric methyl cyclopentadienecarboxylate. Reaction of this last 
ester with some dienophiles is reported, and, in the case of dimethyl acetylenedicarboxylate, 
adducts are obtained that suggest that the ester exists as a mixture of 1- and 2-substituted 
cyclopentadienes. No  trace is found of a neutral fragment of mass 120 corresponding to the 
base peak in the 70 eV spectrum of methyl salicylate. 

Le cylopentadienylidenecarbonyl, fragment principal de la thermolyse du salicylate d e  
mkthyle en phase vapeur, se recombine rapidement avec le methanol libkre dans la fragmenta- 
tion initiale pour fournir le cyclopentadienecarboxylate de mkthyle a I'Ctat monomkrique. On 
rapporte des reactions de ce dernier ester avec quelques dienophiles et dans le cas de I'acttylkne- 
dicarboxylate de mkthyle les produits d'additions obtenus indiquent que I'ester existe sous 
forme de melange de cyclopentadienes substitues en position 1 et en position 2. On ne trouve 
aucune trace d'un fragment neutre de masse 120 correspondant au pic de base dans le spectre du 
salicylate de methyle a 70 eV. [Traduit par le journal] 

Can. J. Chem.52, 1983 (1974) 

Ortho-substituted aromatic compounds have 
been demonstrated by many workers to ther- 
molyze in the vapor phase through many types 
of reaction pathways. Frequently a thermolysis 
is observed to occur via simultaneous and com- 
peting paths or by a pathway that significantly 
changes with increases in temperature, I t  may 
be surprising to note that a wide variety of these 
compounds have a thermolytic intermediate in 
common: cyclopentadienylidenecarbonyl (1). In 
this last group are o-nitroanisole (I), o-pheny- 
lenecarbonate (2, 3), diazotized o-aminophenol 
(4), salicylaldehyde (5), and o-hydroxyaceto- 
phenone (6). Methyl salicylate (2) has now been 
found to thermolyze exclusively to 1 with the 

3. Intermediate 3 has been observed spectro- 
scopically in the photolysis at 77 O K  of both 
2-phenylbenzo- 1,3-dioxan-4-one (7) and cyclic 
phthaloyl peroxide (8). The former compound 
yields methyl salicylate on photolysis in meth- 
anol a t  room temperature (7). Coumarandione 
has been shown to yield salicylic acid and other 
salicylate derivatives when photolyzed in water 
or other nucleophiles a t  room temperature, also 
suggesting the formation and subsequent solvol- 
ysis of 3 (9). Hence, it was thought that if we 
could detect ethyl salicylate in the ethanol 
quench of the thermolyzate of 2, we would have 
compelling evidence for the thermolytic genera- 
tion of 3. 

apparent absence of any significant side reactions Figure I shows the effect of the furnace tem- 
(Scheme 1). perature on the normalized intensities of the 

An expected side reaction was one involving major and significant masses detected in the 
the elimination of methanol to yield keto-ketene furnace effluent when 2 is flash thermolyzed in 

a low pressure helium flow. In the range 400- 

'Present address: Dwight P. Joyce Research Center, 7500y the intensity of the ion of 
The Glidden Durkee Division of SCM, 16651 Sprague (m/e 152) decreases approximately by 60% with- 
Road, Strongsville, Ohio 44136, out a corresponding appearance of a fragment 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN.  J .  CHEM. V O L .  52 ,  1974 

-:: 1 
- MeOH 

SCHEME I .  Composite reaction scheme for the thermolysis of methyl salicylate 

mass. This suggests that 2 undergoes a thermally 
induced molecular rearrangement to a species 
having the same mass but less sensitivity for 
ionization than the cold form. Above 750" 
further losses in intensity of m/e 152 are met 

initially with increases in tnle 92 which is the 
molecular ion o f  1. With f i~r ther  increasing 
temperature, 1 undergoes decarbonylation 
yielding carbene 4 (mle 64) which dimerizes to 
ultimately yield the naphthalene found in the 
preparative thermolyzate (below). This pattern 
of dependency of the intensities of m/e 92, 64, 
and 128 on fi~rnace temperature is typical of 
those compounds that have a thermolytic route 
through 1. This pathway was first proposed by 
DeJongh and Brent to acco~lnt for the appear- 
ance of naphthalene in the thermolyzate of 
o-phenylenecarbonate (2). 

The ratio of the  intensities of m/e 120 to m/e 
152 remains constant over the temperat~~re  
interval 100-850" indicating that observable n?/e 
120 is derived solely as an electron-impact frag- 
ment of 2. The absence of an accumulation a t  
m/e 120 s~~ggests  that  3 is either very unstable as 
a n e ~ ~ t r a l  intermediate and does not  survive the 
thermolytic conditions that give rise to large 
a m o ~ ~ n t s  of 1, or  it is not formed at all in the 
thermolysis of 2. While it is not possible on the 
basis of these experiments to distinguish which 
of these two alternatives is fact, in either case, FURNACE TEMPERATURE ('C) 

the thermolytic fragmentation of 2 deviates in a 
significant manner from the electron impact 
fragmentation in which tn/e I20 is the base peak 
in the ionization energy range 18-70 eV and is 

FIG. I .  Relative intensities of apparent rnolec~~lar ions 
detected at 12 eV in the effluent stream of a quartz fur- 
nace at  various temperatures. The ions are the molecular 
ions of the following species: rn/e 152, methyl salicylate 
(2); tnle 92, cyclopentadienylidenecarbonyl (I): ni/e 128, 
naphthalene; tn/e 64, cyclopentadienylidene ( 4 ) ;  rli/e 120 
is not a molec~~lar ion but a low appearance potential 
fragment of 2 (see text). 

derived froni the molecular ion by the elimina- 
tion of the elements of methanol (metastable 
confirmed). 
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The preparative thermolyzate of 2 that was 
quenched in ethanol yielded no trace of the ethyl 
salicylate that would have supported the ther- 
molytic generation of 3. Instead, an ethanol 
solution of monomeric methyl and ethyl cyclo- 
pentadienecarboxylates was obtained in 32 and 
40% yields, respectively. Cias chromatographic 
analysis of the ethanol solution revealed a 4% 
yield of naphthalene and a 6% recovery of 2. 

The methyl ester could arise from the recom- 
bination of 1 with the methanol that is liberated 
with carbon monoxide in the furnace before the 
thermolyzate is quenched in the ethanol. An 
alternative explanation that the thermally in- 
duced rearrangement of 2 yields a species, per- 
haps similar to  5 that may decarbonylate without 
methanol elimination req~~i res  that a residue of 
mass 124 should be detectable in the furnace 
effluent as a primary thermal fragment. However 
in/e 124 shows no significant intensity changes 
with furnace temperature. 

Both methyl and ethyl cyclopentadienecar- 
boxylates yield pairs of adducts with dimetliyl 
acetylenedicarboxylate that are easily separable 
on gas chromatography and have mass spectra 
in agreement with these assignments. 

When the effluent was quenched in cold 
methanol, a nearly pure solution of methyl 
cyclopentadienecarboxylate (6, 75% yield based 
on 2 distilled into the furnace) was obtained that 
contained the small amounts of 2 and naphtha- 
lene as noted above. 

The struct~ires of the three principal dimers 
of this ester (7, 8, and 9) have been established 
(a brief review of this subject has been p~iblished 
by Franklin et al. (10)) and none of them appears 
to be formed simply and directly from methyl 
cyclopentadiene-5-carboxylate (i.e., none of the 
dimers involves carbomethoxy substitutions on a 
methylene carbon atom) but rather from the 
I -isomer acting as dienophile and both the 1 - and 
2-isomers serving as the diene. 

The conditions of preparation and the lack of 
interfering contaminants suggested experiments 
to determine whether 6 is initially formed as the 
elusive 5-s~ibstituted isomer and whether it 
could be intercepted with a reactive dienophile 
in a 1-4 cycloaddition prior to dimerization or 
rearrangement to the more conjugated 1- and 
2-isomers. 

The addition of diniethyl acetylenedicarboxy- 
late to the methanol quenched thermolyzate 
resulted in the formation of two adducts that 

were identical to two of the four found in the 
similarly treated ethanol quench. These two 
adducts have mass spectra that display promi- 
nent molecular ions having isotopicab~inhances 
in accord with the molecular f o r n i ~ ~ l a e  of 
C,,H,,O,. The spectra are too similar to permit 
unequivocal structure assignment. T h e  n.m.r. 
spectra of the adducts isolated by preparative 
gas chromatography, however, are readily found 
to be the spectra of 2,3,4- and 2,3,5-tricar- 
bomethoxynorbornadiene (10 and 11, respec- 
tively). 

For  the purposes of having a model compound 
on which to base the interpretation of the n.m.r. 
spectra of the dimethyl acetylenedicarboxylate 
adducts, 2,3-dicarbomethoxynorbornadiene was 
synthesized by the reaction of cyclopentadiene 
with excess acetylenedicarboxylic acid followed 
by esterification in methanol containing a trace 
of sulfuric acid. The 100 MHz n.m.r. spectrum 
(CDCl,) was in agreement with what was ex- 
pected for this model compound: r 3.10 (m, 2, 
vinyl H), 6.08 (m, 2, bridgehead H), 6.25 (s, 6, 
OCH,), 7.75 and 7.92 (AB quartet, 2, JAB = 
6.7 Hz and J , , ,  = J,,, = 1.6 Hz, bridge H). 
Analysis of the AB q~iartet  displayed by the 
bridge protons shows that each member is split 
f i~rther into triplets by the two bridgehead 
~ r o t o n s .  In addition. the low-field half shows the 
broadening effect of long range coupling. From 
previous studies of the spin-spin coupling 
interactions in norbornene derivatives (1 1, 12) it 
appears reasonable to  assign the proton syn to 
the carbonietlioxy side of the norbornadiene ring 
and anti to the vinyl protons as the one at lower 
field and coupled weakly to the vinyl protons. 
Inspection of the n.m.r. spectrum of  10 (60 
MHz, z 3.04 (m, 2, vinyl H), 5.97 (m, I ,  bridge- 
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MeOH Me C02Me c o  - c o o  - Q + @ 
'.,, 

SCHEME 2. ~ e a c t i o n  of cyclopentadienylidenecarbonyl with methanol 

head H), 6.20 and 6.23 (two s, 9, OCH,), 7.46 
and 7.58 (AB quartet, 2, JAB = 6.7 Hz and 
J,,, = 1.5 Hz, bridge H)) likewise shows a 
slightly greater amount of broadening in the 
lower field half of the bridge AB quartet. The 
doublet observed for the vinyl proton in 11 (60 
MHz, T 2.35 (broadened d, 1, J = 3.5 Hz, vinyl 
H), 6.0 (m, 2, bridgehead H), 6.21, 6.24, and 
6.26 (three s, 9, OCH,), 7.7 (m, 2, bridge H)) 
also shows slight broadening from long range 
coupling with presumably the anti bridge proton. 

The addition of dimethyl maleate to the 
methanol quenched thermolyzate led to the 
formation of four tricarbomethoxynorbornene 
isomers as expected: endo or exo ester substitu- 
tion at C-2 and C-3 as derived from the maleate, 
in combination with either C-4 or C-5 substitu- 
tion of the third carbomethoxy group on the 
norbornene nucleus. While the four isomers 
were separable on analytical gas chromatography 
and had area ratios, in order of elution, 
6: 13 : 21 : 1, they could not be separated suitably 
on a preparative scale for n.m.r. All four dis- 
played very similar mass spectra with molecular 
ions having isotopic abundances correct for the 
required C,  ,Hl6O6. 

The difficulty of isolating adducts or dimers 
derived from the 5-isomer of 6 may stem from 
the possibility that the addition of methanol to 1 
may not yield the 5-isomer as even a transient 
species at all. If the addition in methanol gives 
rise to a charge separated solvated species that 
has a carbomethoxycyclopentadienyl anionic 
nature, protonation of the charge delocalized 
cyclopentadienyl moiety would probably yield 
the conjugated 1 -  and 2-isomers directly 
(Scheme 2). 

Further experiments are in progress which 
may yield the 5-isomer free of conditions favoring 
isomerization to the conjugated isomers. 

Experimental 
Methyl salicylate was subjected to thermolysis in two 

modes, both previously described in detail (5). Product 
identifications were made by comparisons of their gas 
chromatographic retention times and their mass spectra 
with those of standards when available, and by n.m.r. and 
mass spectral interpretation when standards were un- 

available. An LKB 9000 combined gas chromatograph - 
mass spectrometer interfaced to a Varian SS-100 MS data 
system was used as described below. 

Thermolytic Experiments 
Thermolysis A 
Methyl salicylate was slowly evaporated into a low 

pressure helium flow (approximately 0.1 Torr) and made 
to pass through a quartz reactor which was attached 
through a Becker-Ryhage helium separator to the mass 
spectrometer ion source. Before an experiment was 
carried out, the reactor temperature was cycled several 
times between 200" and the upper limit of 1150". 

The mass spectrometer was operated under the fol- 
lowing conditions: ionizing energy, 12 eV at 60 x 
A ;  accelerating potential 3.5 kV; source temperature, 
290"; separator temperature, 280"; electron multiplier 
output filter cutoff a t  120 Hz. 

Experiments were started with the reactor temperature 
a t  approximately 100". After each increment in reactor 
temperature, 2 min was allowed for thermal re-equilibra- 
tion and then three slow scans were made in the range 
nz/e 10-300 (6 s per scan) on line with the data system. 
After reaching the reactor limit of 1150", the same 
schedule was followed with the reactor temperature de- 
creasing. Each set of three scans was averaged and the 
standard deviations were calculated for each intensity in 
the averaged spectrum for each temperature. The 
standard deviations of the significant ions never exceeded 
8% of their averaged intensities. 

At the conclusion of an experiment, the data system 
presented the data a s  columns of m/e values and corre- 
sponding intensities with their associated standard devia- 
tions. Figure 1 is an  example of the plotted results of a 
typical experiment. 

Thermolysis B 
O n  a semipreparative scale, methyl salicylate (10- 

20 mg, typically) was evaporated in to  argon (40 ml 
min-I) and conducted through a nichrome filament 
reactor into a trap containing a trapping solvent (0.5 ml) 
at  -78". The contact time with the hot  filaments (800" 
typically) was approximately 50 ms. 

Trapping Solvent 
( I )  Ethanol. After 25 min of operation, the reactor 

was cooled and allowed to flood with argon to ambient 
pressure. An aliquot (2~1)  of the ethanol solution of the 
thermolyzate (pale yellow and homogeneous), immedi- 
ately analyzed by gas-chromatography - mass spectrom- 
etry was found to contain 6 (32%), ethyl cyclopentadiene- 
carboxylate (40%), naphthalene (473, and 2 (6% re- 
covered). 

Analytical conditions were as follows: injector port, 
200"; column, 2 m x 6 mm glass packed with 3% OV-1 
on Chromosorb W HP, temperature programmed from 
30 + 5" min-'; helium carrier, 40 ml min-I;  separator, 
280"; ion source, 290°, 70 eV at 60 x A. 

Dimethyl acetylenedicarboxylate (50 mg) was added 
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to the cold thermolyzate and the mixture was then tetracyanoethylene. The last reagent appeared to yield 
allowed to come to room temperature. Analysis by gas- unstable products that decomposed on attempted gas 
chromatography - mass spectrometry after a few minutes chromatography analysis. 
showed the mixture to be unchanged from the initial 
analysis except for a very large peak due to the added The LKB 9000 gas chromatograph -mass  spectrom- 
acetylene. The mixture was further held a t  room tern- eter used in this work was granted by the Medical 
peratl~re for 24 h and re-analyzed by gas-chromatog- Research Council of Canada (Grant No. M E3720) to the 
raphy - mass spectrometry. Four new peaks appeared a t  Faculty of Medicine of McGill University. The  authors 
longer retention time (area ratios, in order of elution gratefully recognize the assistance of Mr. David Hill of 
10:15:7:13) which had mass spectraconsistent with their the University of Wjndsor Chemistry Department i n  the 
assignment as a pair of dimethyl acet~lenedicarbox~late 60 MHz n.m.r. work and also Dr. Arthur Perlin of the 
adducts for each of the methyl and ethyl esters of c ~ c l o -  McGill University Chemistry Department for the 100 
pentadienecarboxylic acid. The two monomeric esters MHz ,,,,,. spectrum. 
were still present in small quantities even after several 
days a t  room temperature Suggesting that the adducts I .  0. A. MAMER, R. J. KOMINAR, and F. P. LOSSING. 
may thermally crack to a minor extent in the gas-chroma- Org. Mass Spectrom. 3 ,  141 l(1970). 
tography injection port. 2. D. C. DEJONGH and D.  A. BRENT. J. Org. Chem. 35, 

(2) Metl~anol. When methanol was substituted for the 4204 (1970). 
ethanol in the trap, and the thermolysis repeated, a single 3. 0 .  L. CHAPMAN and C. L. MCINTOSH. Chem. Com- 
major peak was obtained on immediate gas-chromato- mun. 770(1971). 
raphy - mass spectrometry analysis of the cold therniol- 4. K. UNDHEIM, 0 .  THORSTAD, and G. HVISTENDAHL. 
yzate solution which proved to be methyl cyclopenta- Org. Mass Spectrom. 5,73 (1971). 
dienecarboxylate (75% yield). Small peaks due to methyl 5. 0. A. MAMER, Can. J. Chem. 49,3602(1971). 
salicylate and naphthalene were still in evidence. 6. 0 .  A. MAMER. Can. J .  Chem. 50,2513 (1972). 

When allowed to  react a t  room temperature for 24 h 7. 0 .  L. CHAPMAN and C .  L. MCINTOSH. J. Am. Chem. 
with dimethyl a~et~lenedicarboxylate, the methanol solu- SOC. 92,7001 (1970). 
tion of the thermolyzate yielded two Diels-Alder adducts 8. V. DVORAK, J. KOLC, and J .  MICH. Tetrahedron Lett. 
having nearly identical mass spectra and were the same 33,3443 (1972). 
as two of those detected in the ethanol solution above. 9. W. M. HORSPOOL and G .  D. KHANDELWAL. J .  Chem. 

The two adducts were separated and collected by Soc. D, 257 (1970). 
preparative gas-chromatography (6 ft x 0.5 in. 10% 10. W. E. FRANKLIN, C. H. M A C K , ~ ~ ~  S. P. ROWLAND. 
SE-30 on 60-80 mesh Chromosorb W) and their n.m.r. J. Org. Chern. 33,626 ( 1968). 
spectra were obtained in CDCl, a t  60 MHz. 11. J .  C. DAVIS, JR., and T. V. VAN AUKEN. J. Am. 

In separate experiments, methyl cyclopentadienecar- Chem. Soc. 87,3900 (1965). 
boxylate was also made to react with dimethyl maleate 12. P. M. SUBRAMANIAN, M. T. EMERSON, and N. L. 
(four adducts), diphenylacetylene (two adducts), and LEBEL. J. Org. Chem. 30,2624(1965). 
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Trajectory Studies of Atomic Recombination Reactions. VI. 
Recombination of Oxygen Atoms in Argon1 

Lash Miller Cl~emical Laboratory, Utriuersity of Toronto, Toronto, Ot~tario M5S I A I  

Received April 18, 1973 

The recombination of oxygen in large excess of argon has been studied between 300 
and 10000 "K by trajectory calculations. Reasonable agreement between the computed 
results and the experimental rate data was obtained by assuming that the interaction 
between oxygen and argon atoms was 0.3 kcal/mol. The present calculation also showed 
that the radical-molecule-complex mechanism was the major route to recombination 
below 1000 OK. At higher temperatures, the energy-transfer mechanism predominated. 
The vibrational and rotational energy distributions of the nascent product from the 
energy-transfer mechanism at 10 000 "K were found to be much broader than that from 
the radical-molecule-complex mechanism at 300 OK. However, the total energy distribu- 
tions of the nascent product, if expressed in units of kT, were similar in both cases. 

La recombinaison de I'oxygkne dans un large excks d'argon a CtC CtudiCe entre 300 
et 10 000 "K  par des calculs de trajectoire. Un accord raisonnable a CtC obtenu entre 
les rtsultats calculCs et les donnies expCrimentales de vitesse en admettant que I'interaction 
oxygkne-argon Ctait de 0.3 kcal/mol. Le prCsent calcul montre aussi que le mkcanisme 
"complexe radical molCcule" est la voie niajeure de recombinaison au-dessous de 1000 O K .  

A des tempCratures plus ClevCes, le micanisme de transfert d'energie prCdomine. Les dis- 
tributions d'Cnergie vibrationnelle et rotationnelle du produit engendrC par le mkcanisme de 
transfert d'knergie h 10 000 "K, ont CtC trouvCes plus larges que celles q u i  dCrivent du 
micanisme "complexe radical molCculeW A 300 " K .  Cependant, les distributions d'Cnergie 
totale du produit naissant, exprinites en 11nitCs kT ,  sont les m&mes dans les deux cas. 

[Traduit par le journal] 

Can. J .  Chern., 52, 1988 (1973) 

Introduction 
T h e  kinetics of  the  recombination of  oxygen 

a toms  a n d  its inverse process, the  dissociation 
of  oxygen molecules, has  received considerable 
attention in recent years. A critical summary of 
experimental d a t a  fo r  these reactions is available 
in the literature ( I ) .  I n  the  present work, the 
recombination o f  oxygen a toms  in a n  excess of 
argon is studied, using 3-D classical trajectory 
technique with M o n t e  Car lo  method of  sam- 
pling, a n d  the  results a r e  compared with the 
experiment. Somewhat  similar calculations have 
been already performed o n  the recombination 
o f  bromine (2) a n d  iodine (3) in different inert 
gases. 

Computation Procedure 
T w o  mechanisms have often been invoked in 

t h e  discussions o n  atomic recombination reac- 

'Research sponsored, in part, by the Air Force Office 
of Scientific Research, Air Force Systems Command, 
USAF, under grant no. AFOSR-71-2016. The United 
States Government is entitled to reproduce and distribute 
reprints for Government purposes, notwithstanding any 
copyright notation hereon. Publication delayed at the re- 
quest of authors. 

tions. O n e  of them,  the energy transfer (ET) 
mechanism (4), is described by a sequence 

[21 Ar + 02*  -> O2 + Ar 

in  which the quasidimer 0,': is a pair of un- 
b o u n d  partners (5) with energy above  the rota-  
tional barrier of the effective potential.  T h e  o ther  
is the  radical molecule complex ( R M C )  mech- 
anism (6-8), which involves b o u n d  a s  well as 
unbound  intermediates a n d  is summarized by a 
sequence 

[la] Ar + 0 * ArO 

Pa l  0 + ArO + O2 + Ar 

where A r O  denotes  the bound a n d  metastable 
species (9), a s  well a s  the quasidimers (5). The 
observed recombination rate  cons tan t  is then 

2' 

where K is the  equilibrium cons tan t  for  the 
dimers, kZeq is t h e  equilibrium, one-way flux f o r  
t h e  reactions (3) [2] a n d  [2a], and  f is the 
redissociation correction factor, which takes 
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I into account that a fraction of the nascent recom- 
bination product redissociates rather than 
stabilizes to the observed product in subsequent 
collisions (2b, 3). The subscripts 1' and 2' denote 
quantities relevant to the ET mechanism and to 
the RMC mechanism, respectively. The calcula- 
tion of each of these quantities is similar to that 
in ref. 3, and hence only a brief outline is given 
here. 

The Equilibriunz Constants for the Di~ners 
If a dimer is defined as a pair of atoms with 

energy u, (squared) orbital angular momentum 
q, and internuclear separation R, simultaneously 
obeying the following conditions 

and they were evaluated by Monte Carlo trajec- 
tories which simulated the collision process at a 
specified temperature T. The commonly accepted 
(10) overall electronic degeneracy factor, i.e., 
g,g, = 1/27 was used. 

Redissociation Correction 
The nascent product of a recombination 

reaction is in general highly excited (2, 3). 
During subsequent collisions with the third 
body, these nascent molecules will either 
redissociate or will be stabilized to the observed 
product. The evolution of this nascent ensemble 
can formally be described by the master equation 

qmin 4 < qnlax where n(E,t) is the number of molecules with 
internal energy between E and E + d E at time t. 

R,in < R < R,,, The evolution operator, L, acting on the ensemble 
then the classical equilibrium constant for the effects dissociation as well as energy relaxation, 

I dimers can be expressed as ( 9 ,  and it can be expressed as 

I 

i 
1 

I x [u - V,(R)] - ' I 2  exp (- u/kT) 
I 

1 In the above expression Vq(R) is the effective 
potential, p is the reduced mass, S is the sym- ~ metry number which is unity for like atoms and 

I two for unlike atoms, and g, is the electronic 
degeneracy factor for the reactions 1 and la. 
The above triple integral for the equilibrium 
constant of ArO dimers was evaluated by an 
asymptotic expansion (5, 9), and that for 0,:: 
quasidimers by Monte Carlo techniques. 

The Two- Body Rate Constants 
Since the velocities of the reacting species are 

described by Boltzmann distribution, the two- 
body rate constant can be expressed as 

x Lm v30(v) exp ( - &) du 

in which u and o(u) are the relative velocity of 
collision and the cross section leading to recom- 
bination, respectively. The angle-bracketed 
quantities are average values of the ensemble, 

x exp (- &)n(E,t) du 

x exp (- &) n(E1,t) do] 

where o,,,(E,E1) is the cross section for energy 
transfer from E to E', and od(E) is the dissocia- 
tion cross section for the molecule with internal 
energy E. The subscript R indicates that the 
integration is over the entire energy space com- 
pati ble with the dynamically stable molecule. 
Following the work of Gelb, Kapral, and Burns 
(I I ) ,  we approximated the exponential form of 
the formal solution of [5] by a series of short 
time intervals of the order of mean collision 
time r. After x such intervals, the approximate 
solution (I 1) is 
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where N(0) is the total number of nascent mole- 
cules formed initially in single collisional events. 
The whole integral i n  the r.h.s. of 7 was evalu- 
ated by subjecting the product ensemble to 
successive collisions with the inert gas at  the 
specified temperature. Even though the formal 
expression for the redissociation correction 
factor is the limiting value when x is very large, 
the number of collisions required to obtain the 
asymptotic value was generally below thirty. In 
most calculations it was assumed that if a mole- 
cule was stabilized by 5kT or more it will not 
redissociate. However, no such assumption was 
used when rate constants were calculated at  
10 000 OK. 

Results and Discussion 
Recornbil~ation Rate Constants 

The rate constants for the recombination of 
oxygen atoms in argon have been computed for 
a series of temperatures (300, 600, 2 000, 5 000, 
8 000, 10 000 OK). The interaction potential for 
the recombining system was assumed to be the 
sum of pair-wise interactions: 

in which the subscripts indicate the quantities 
relevant to the interacting pair. The potential 
between two oxygen atoms was taken to be a 
Morse function with parameters deduced from 
spectroscopic constants (12), i.e. D, = 120.2 
kcal/niol; r ,  = 1.207 A ;  P = 2.654 A- ' .  The 
interaction between oxygen and argon atoms 
was represented by a Lennard-Jones (6-12) 
potential with = 0.3 kcal/mol and 
o m  A'0 = 2.9 A. This value of smArO is in fact the 
interaction between Ar and 0 2 ,  deduced from 
scattering experiments (13). Another set of 
Lennard-Jones parameters = 0.44 kcall 
niol, omAr0 = 2.82 A), which was employed by 
Keck and co-workers (lo), was also used for 
calculations at several temperatures (300, 600, 
1 000, 1 500, 2 000 OK). 

The calculated rate constants are shown in 
Fig. 1, together with the experimental data ob- 
tained by Wray (14), Camac and Vaughan (1 5), 
Campbell and Thrush (16), and Watt and 
Myerson (17). The recombination rate constants 
of Wray (14), Camac and Vaughan (15) and 
Watt and Myerson (17) were obtained from 
dissociation rate constants, k,, by assuming 
k, = k,/K, where K is the equilibrium constant 
for the 0, = 2 0  reaction. 

7.0 
2.2 2.6 3.0 3.4 38 4.2 

log T ( O K )  

FIG. I .  Conlparison of calci~lated and experimental 
recombination rate constants (IZ r n ~ l - ~  s-I) of oxygen 
atom in argon. The computed curves are  labelled by the 
value of the interaction parameter, E," '~ .  The experimen- 
tal data are from the following sources: CT, Campbell 
and Thrush, ref. 16; W, Wray, ref. 14; CV, Camac and 
Vaughan, ref. 15; WM, Watt and Myerson, ref. 17. The 
portion of Wray's data indicated by the  dashed line was 
obtained from dissociation and the solid line from recom- 
bination. 

- 2 0 1 ' 1 I 4 I  
2.0 4.0 6.0 8.0 10.0 12.0 

lo3 T OK 

FIG. 2.  The computed ratio of k,(ET) to k,(RMC). 

As shown in Fig. 1, the calculated recombina- 
tion rate constants agree reasonably well with 
the experimental data throughout the entire 
temperature range. Since the experimental data 
exhibit an appreciable scatter, n o  attempt was 
made to obtain a better fit. T h e  ratio of con- 
tributions from the ET mechanism and from the 
R M C  mechanism to the overall recombination 
is shown in Fig. 2. Consistent with the results of 
previous studies (2, 3), the ET mechanisni was 
found to be the predominant route for recom- 
bination at  high temperatures, while the R M C  
mechanism was the major contributor at  low 
temperatures. 
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where b is the impact parameter. Such a distribu- 
tion would have been defined by a diagonal 
which passes through the origin (Fig. 3). For 
purposes of comparison, the histograms were 
normalized in such a way that the enclosed areas 
were identical to that under the diagonal. It 
follows from Fig. 3 that the distribution of 
reactive impact parameters for the ET mech- 
anism is broader than that for the F.MC mech- 
anism, even though both distributions are 
fairly wide. The distribution of impact parani- 
eters for the RMC mechanism peaks between 
2.4 and 4.2 A. For this reason, the average value 
of impact parameters leading to recombination 
via the RMC mechanism is slightly lower than 
that via the ET mechanism. This effect is cer- 
tainly related to the fact that in the case of the 
RMC mechanism, a significant fraction of the 
ArO intermediates are bound and metastable 

WONG AND BURNS: ATOMIC RECOMBINATION REACTIONS. V I  1991 

FIG. 4. Distributions o f  initial translational energy 
that leads to reconlbination in the E T  mechanism at 
10 000 "K and in the R M C  mechanism a t  300 OK. The 
dashed-dotted line is the Boltzmann distribution. 

Another theoretical calculation on this recom- 
bination reaction has been performed within the 
framework of the modified phase-space theory 0.30- 

(10). The agreement between our present results 
and the data computed from the phase-space g 

dimers which have a relatively small spatial 
extension. 

The distributions of initial translational ener- 
gies which lead to recombination are shown in  
Fig. 4. Since data at two different temperatures 
are compared, the energy is expressed in terms 
of RT. The low energy tail of the Boltzmann 
distribution is favorable in the case of the RMC 
mechanism. For the ET meclianism, no portion 
of the translational Boltzmann distribution is 
favored. Thus, the average translational energy, 
(E,), for successfi~l recombination via the RMC 
mechanism is only 1.5RT (0.9 kcal/niol at 
300 O K )  as compared to 1.9RT (37 kcal/mol at 

1 ~ 1 ~ 1 ~ 1 ~ 1  
(b)e,. = 4.4 A 

CTLC ( 3 0 0 0 ~ )  (b)rmc= 4.0 - 

J ---- 
I I 
I I 

theory, with the assumption that only the elec- ~ 0 . 2 0 -  I I .I. - 
U 

tronic ground state ( 3 ~ , - )  was responsible for a - 
u 

recombination, is fairly satisfactory within a 
temperature range of 300 to 3000 O K .  However, O.lO- - 

above 3000 O K ,  the phase-space theory predicts a I I 

steeper negative temperature coefficient than . . I 

o / ,  I , I 

that of the present work. It might be pointed out o 0.2 014 o! 6 0.8 I '  1.0 
that an agreement between the present results B/Brnax 

and those of ref' l o  might be FIG. 3. Distribution of reactive inlpact parameters of 
coincidental. This is because the two calculations the ET nlechanisnl a t  10 oO0 OK and of the RMC mech- 
involve different approaches, and an agreement nnisnl a t  300°K. The value of B,,,,,, is 8 A. Trajectories 
may just mean that various correction factors with inlpact parameters sampled from 8 to 10 A revealed 

used cancel each other. no reaction from both mechanisms. The  theoretical dis- 
tribution, f(b)db - bdb, is shown by the dashed-dotted 

Reactive Initial Conjigurations line. 

In order to understand better the mechanism 
of recombination, it is necessary to determine the 0.4 , 
dynamical variables which would most likely 
lead to reaction. Here we single out two initial 
variables of the collision: the relative transla- 

1 ' 1 ' 1 ' l '  

rmc(3000K) (Et)et,= 1.9RT (36.9kcol/rnole) . 

- / ;  (Et),m= 1.5RT (0.9 kca l/rnole) 
- 

tional energy and the impact parameter. Figure 
3 shows the histograms for the distributions of et ( 1 0  OOOOK) 

impact parameters for those trajectories which 20.2 ; - 

lead to recombination via the ET mechanism at E 
10 000 O K  and via the RMC mechanism at 
300 O K .  These temperatures were chosen because O . ' f  

the ET mechanism predominates at 10 000 O K  

and the RMC at 300 O K .  If every collision would 
have led to reaction, the histograms would have o 0.2 I ~ I ~ I ~ I ~ I ~  0.4 0.6 0.8 1.0 

been a theoretical distribution of f(b)db - bdb, E ~ / ~ R T  

_ ! \. '. 
I 

- 

I 
l 

1 - 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1992 C A N .  J .  CHEM. 

I ' I ' I ' I - ~ e t a s ~ o b l e  
I I 

Bound -1 

FIG. 5. Distributions of product total internal energy 
for the ET mechanism at 1000O°K and for the R M C  
mechanism at 300 OK. 

10 000 O K )  for the ET mechanism. It appears 
that for the RMC mechanism a particle exchange 
process involves a delicate interplay of forces 
(18). For this reason, the (EL),,, is relatively 
small. On the other hand, the ET mechanism 
involves a plain energy transfer process and 
occurs wi tho~~t  particle exchange. 

Proc/uct Energy Distt-ibutions 
l'he nascent oxygen n1olecules produced in 

single collisional events were found to be in 
highly excited states, a result consistent with the 
findings on halogen recombination in previous 
studies (2, 3). The distributions of total internal 
energy u' of the nascent molecules obtained from 
the ET mechanism at 10 000 OK and from the 
RMC mechanism at 300 OK are shown in Fig. 5. 
The overwhelming majority of the nascent mole- 
cules formed at both temperatures have energies 
within -2RT to + 1 RT  of the dissociation limit, 
with a substantial fraction being formed in the 
metastable states with positive internal energy. 
The average u' is - 1.6RT at 300 OK (i.e. - 0.95 
kcal/mol) and is -0.7RT at 10 000 OK (i.e. 
- 13.3 kcal/mol). Using the principle of detailed 
balancing, one may infer from these data, that 
the collisional dissociation predominately in- 
volves those reactant molecules which have a 
total internal energy very close to the dissocia- 
tion limit. 

The distributions of vibrational (E,') and 
rotational (E,') energies of the nascent oxygen 
molecules, produced in single collisional events, 
are shown in Figs. 6 and 7. It can be seen from 

VOL. 5 2 ,  1974 

U 
4 
LZ IL 

FIG. 6. Distributions of product vibration energy for 
the ET mechanism a t  10 000 "K and for the R M C  mech- 
anism at 300 OK. 

FIG. 7. Distributions of product rotational energy for 
the ET mechanism at 1000O°K and  for the R M C  
mechanism at 300 OK. 

these figures that the distributions from the two 
mechanisms are quite different. At 300 OK all 
nascent molecules have vibrational energy 
between 100 to 120 kcal/mol (the bottom of the 
Morse curve is taken as zero) and rotational 
energy below 10 kcal/mol. Both the vibrational 
and rotational energy distributions at 300 OK 

have pronounced peaks at the origins or their 
energy spectrum. The vibrational and rotational 
energy distributions of the ET mechanism at 
10 000 O K ,  however, are very broad with no 
significant peak found in any energy range. 
Because of this difference in energy distributions, 
the average E,' is very much lower, and the 
average E,', very much higher at  10 000 "K than 
at 300 O K .  It should be noted that it was also 
observed earlier (19), in agreement with present 
findings, that the product energy distribution 
resulting from reactive collisions broadens with 
increasing collision energy. 
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COMMUNICATIONS 

Conformational Isomerism and Oriented Polycrystal Formation of 
Dimethyl Carbonate' 

J .  E. KATON A N D  MARK D. COHEN 
Depcrrtt~~et~t qf CIiet?iistt-y. Micrrtri Utri\'ersitj~, O.~fi>r.cl, 0/1io 45056 

Received February 5, 1974 

I t  has been found that dimethyl carbonate exists in the liquid phase as a conformational 
equilibrium mixture. The conformers differ by rotation about the C-0 bonds. The enthalpy 
difference of the two conformers is found experimentally to be 2.6 f 0.5 kcal/mol. Dimethyl 
carbonate crystallizes in contact with alkali halide windows as an oriented polycrystalline film, 
as shown by polarized infrared spectra. 

On troi~ve que les carbonate de mithyle existe a I'Ctat liquide sous forme d'un melange 
provenant d'un Cquilibre conformationnel. Les conformeres diffkrent par la rotation autour 
des liens C-0. On a mesure qile la difference d'enthalpie des deux conformeres serait de 
2.6 f 0.5 kcal/mol. Le carbonate de methyle cristallise au contact d'une fenetre d'halogenure 
alcalin soils forme d'un film polycristallin oriente; on a mis cette propriete en evidence par 
spectrometric infrarouge polarisk. [Traduit par le journal] 
Can. J .  Chern.,SZ, 1994(1974) 

Conformational isomerism in esters of organic cis-cis conformer. Their data are not very con- 
carboxvlic acids due to rotation about the C-0 clusive. however. 
bond Gas been sought by many investigators. We have recorded the infrared and Raman 
This area of research has been reviewed very re- spectra of liquid dimethyl carbonate and the 
cently by Jones and Owen (1). All detailed struc- infrared spectra of crystalline dimethyl car- 
tural work on simple esters has indicated that they bonate. Our results indicate that liquid dimethyl 
exist in the cis ester conformation and that there carbonate exists as a conformational equilibrium 
is no detectable amount of the trans conformer. 

0.200k 

Oki and Nakanishi (2) have presented evidence 
that t-butyl formate exists in a conformational 
equilibrium with the cis conformer being the 
more stable. This equilibrium has been con- 
firmed by George et al. (3). Neither group de- 
tected evidence of a similar equilibrium in 
t-butyl acetate, however. In addition, Oki and 
Nakanishi (4) have reported that methyl t-butyl 0.040 

carbonate exists in a conformational equilibrium 
and that the cis-trans conformer (methyl group 0.020 

cis, t-butyl group trans) is more stable that the 3.10 3.20 3.30 3.4 o 
I / T  [ O K ]  x 1 0 3  

'Supported in part by the U.S. Air Force under Con- FIG. 1 .  Temperature dependence of  the ratio of 
tract No. F33715-73-C-5013. absorbances of the bands at  580 and 518 cm-'. 
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mixture, although one conformer is present in 
quite low concentration. This indicates that 
simple esters are not locked into one conforma- 
tion as has been proposed (see ref. l )  but that 
the relative energies of the two conformers differ 
so greatly in the simple esters that the concen- 
tration of the trans conformer is too small to be 
readily detected. 

The infrared and Raman spectra of dimethyl 
carbonate in the vapor and liquid states have 
been reported (5) and are consistent only with 
the cis-cis structure. The Raman spectrum of the 
liquid has an  unusual number of bands for one 
conformer, however. Comparison of the infrared 
spectrum of liquid dimethyl carbonate with that 
of the crystal shows that four weak bands dis- 
appear on crystallization. These occur at  1095, 
863, 640, and 580cm-I.  The liquid phase in- 
frared spectrum was recorded on a Perkin-Elmer 
Model 180 spectrophotometer at  a series of tem- 
peratures between 23 and 46 "C and the absorb- 
ance of the 580 cm-'  band compared with that 
of a band at  51 8 cm- ' .  A graph of the log of the 
ratio of these two absorbances cis. 1 /T  is given 
in Fig. 1. The best straight line was drawn by the 
least-squares method and a slope of -0.568 i- 
0.050 was obtained. This yields a value of AH 
of 2.60 f 0.5 kcal/mol. The fact that such tem- 
perature dependence is obtained together with 
the fact that the 580 cm-I  band disappears on 
crystallization is strong evidence that it is 
associated with a second conformer. A Boltz- 
mann distribution corresponding to this energy 
difference indicates a very low concentration of 

VOL. 5 2 .  1974 

the second conformer (roughly 1%) but in 
dimethyl carbonate there exists a statistical 
weight factor which doubles this concentration, 
thereby making its detection more favorable. 

Some time ago we reported that halogen con- 
taining organic molecules crystallized as ori- 
ented polycrystals when in contact with alkali 
halide windows a n d  that this behavior was 
readily detected by infrared polarization studies 
(6). We have now found that a halogen atom is 
not necessary for this behavior to occur. 
Dimethyl carbonate exemplifies this behavior 
since it, too, readily crystallizes a s  an oriented 
polycrystalline film. Figure 2 shows the polarized 
infrared spectra of an oriented crystal film of 
dimethyl carbonate at  about -20°C.  These 
spectra were obtained on a Perkin-Elmer Model 
180 infrared spectrophotometer utilizing the 
standard polarizer accessory. The polarization 
is quite high indicating that orientation is quite 
high. Such behavior has also been found with 
other organic liquids which do n o t  contain a 
halogen atom. 

I .  G.  I .  L .  JONES and N.  L. OWEN. J.  MoI. Struct. IS, I 
(1973). 

2. N .  OKI and H. NAKANISHI.  Bull. Chem. Soc. Japan 
43,2558 (1970). 

3. W. 0. GEORGE, D. V. HASSID, and W. F. MADDAMS, 
J .  Chem. Soc. Perkin 11,952 (1973). 

4. N.  OKI and H. NAKANISHI.  Bull. Chem. Soc. Japan 
44,3419(1971). 

5. B. COLLINGWOOD, H. LEE, and J.  K .  WILMSHURST. 
Aust. J. Chem. 19, 1637 (1966). 

6. J .  E.  KATON, D. S I N H A ,  M. G. GRIFFIN, and D. A. 
CONDIT, Can. J. Chem. 50,3255 (1972). 
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Selective-phase Ion Cyclotron Resonance Spectroscopy1 

MELVIN B. COMISAROW AND ALAN G. MARSHALL 
Department of Cl~etnistty, University of Britisl? Columbia, Vancouver, Canada V6T I W5 

Received February 18, 1974 

In-phase ("dispersion"), 90" out-of-phase ("absorption"), and "absolute-value" (square root 
of the sum of the squares of the "absorption" and "dispersion") ion cyclotron resonance 
(i.c.r.) spectra of CH3+ and CH,+ have been obtained by broad-band frequency-swept r.f. 
irradiation of an ionized methane sample, followed by broad-band detection, digitization of the 
transient i.c.r. response, Fourier transformation using a digital computer (I), and application 
of a linear phase correction across the F.t.-i.c.r. spectrum. The "absorption" spectrum is the 
same as would be obtained by conventional marginal-oscillator field-sweep i.c.r. detection 
and provides a means for identifying spurious "foldover" peaks: the "dispersion" response 
is not observable with a marginal oscillator detector. The principal advantages of the new 
"absolute-value" display are (I)  the signal-to-noise ratio is significantly better than for the  
conventional "absorption" mode, a t  the expense of a slight broadening of the i.c.r. spectral 
lineshape; and (2) "absolute-value" display will very likely be the method of choice infrequency- 
sweep F.t.4.c.r. spectroscopy (2), in order to circumvent the complicated non-linear phase 
corrections which may otherwise be required to obtain an  "absorption" mode display. 

Les spectres de resonance ionique de cyclotron (r.i.c.) de C H 3 +  et CH,+ sont obtenus e n  
phase ("dispersion"), dephases de 90" ("absorption") et en "valeur absolue" (racine carrCe d e  
la somme des carres de "l'absorption" et la "dispersion") par irradiation r.f. a bande large d e  
balayage de frequence d'un Cchantillon de methane ionis&; on fait suivre d'une detection a 
bande large, d'une conversion nunitrique de la reponse r.i.c. temporaire, d'une transformation 
de Fourier utilisant un caiculateur digital, et d'une application d'une correction lineaire d e  
phase a travers le spectre F.t.-r.i.c. Le spectre "d'absorption" est le mime que celui obtenu par  
une detection r.i.c. a balayage de champ d'un oscillateur marginal conventionnel; il fournit 
un moyen pour identifier des pics "de repli" parasites; la reponse de "dispersion" n'est pas 
observable avec tin detecteur i oscillateur marginal. Les principaux avantages de I'etalement 
de la nouvelle "valeur absolue" sont: ( I )  le rapport signal-bruit est notablement meilleur que  
pour le mode conventionnel "d'absorption", aux dtpens d'un leger tlargissement de la forme 
de la raie spectrale du r.i.c.; et (2) I'etalement de la "valeur absolue" deviendra tres probable- 
ment la methode de choix en balayage de frequence spectroscopique F.t.-r.i.c., afin d'eliminer 
les corrections compliquCes de phase non-IinCaire qui, autrenient, peuvent @tre necessaires a 
l'obtention d'un Ctalement de mode "d'absorption". [Traduit par le journal] 

Can. J. Chern., 52, 1997 (1974) 

Prototype experiments (1, 2) have demon- 
strated that the frequency-sweep Fourier trans- 
form ion cyclotron resonance (F.t.-i.c.r.) tech- 
nique provides a feasible means for obtaining 
i.c.r. spectra of specified signal-to-noise ratio and 
mass resolution, over a wide mass range, in an 
observation period which is two orders of rnagni- 
tude shorter than that required in conventional 
i.c.r. mass spectroscopy. Now in conventional 
i.c.r. detection, a marginal oscillator operating at 
constant frequency (while the magnetic field is 
varied to bring different ions into resonance) 
effectively selects just the i.c.r. response which is 

thus an "absorption"-mode spectral display is 
always obtained (3). However, in a typical F.t.- 
i.c.r. experiment, the phase of the i.c.r. signal de- 
pends on its location in the frequency spectrum 
in a reproducible but initially unknown fashion. 
The etiology and treatment of this condition will 
now be outlined, along with an additional opti- 
mization (use of absolute-value mode of spectral 
display) of signal-to-noise ratio which becomes 
possible with the F.t.-i.c.r. technique. 

The F.t.4.c.r. technique is based o n  a short- 
duration excitation (2) of i.c.r. responses over a 
given mass range, followed by detection and 

90" out-df-~hase with the excitingradiation. and digitization of the i.c.r. transient response, with 
u - 

subsequent Fourier transformation of that digi- 
'Work supported by grants from the National Research 

Council of Canada (A 6614 and A 6178) and the tized transient in a digital computer. Since the 
mittee on Research. University of British Columbia (21- computer actually carries out both the sine and 
9220 and 21-9236). cosine transforms (4), the Fourier transformation 
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process produces two (frequency-domain) spec- 
tra, each containing half as many points as the 
original (time-domain) transient. Ideally, these 
two spectra would correspond to the i.c.r. re- 
sponse which is either in-phase ("dispersion") or 
90" out-of-phase ("absorption") with respect to 
an ordinary continuous-wave excitation at the 
resonant i.c.r. frequency for each ion. However 
in F.t.-i.c.r., the acquisition of i.c.r. transient re- 
sponse data begins after a fixed delay time, TD, 
following completion of the excitation. Since 
that delay time corresponds to a number of cy- 
cles (and thus a number of degrees of phase 
angle) which is directly related to the frequency 
of the signal being digitized, it is logical that the 
frequency response resulting from Fourier trans- 
formation of that delayed transient will exhibit a 
phase shift which varies linearly across the fre- 
quency spectrum. The proper linear combination 
of sine and cosine transforms which generates a 
response of desired phase can be determined 
quickly by trial and error, using a simple first 
order phase correction (5); the F.t.-i.c.r. fre- 
quency spectrum will then consist of signals, all 
of which have the same ~ h a s e .  However. since 
the initial phase (i.e., theLphase angle at the be- 
ginning of the i.c.r. transient) is still arbitrary, it 
will in general be necessary to apply a further 
"zero-order" phase correction, which causes the 
same phase shift for each data point in the fre- 
quency spectrum. When the remaining electron- 
ics (r.f. transmitter, broad-band detector and 
amplifier, filter, etc.) exhibit constant or linear 
phase characteristics, or when the i.c.r. spectrum 
consists of two or fewer ions of different mass 
(as in the present example), it is always possible 
to produce an F.t.-i.c.r. spectrum of either all 
"absorption" or all "dispersion" signals. Be- 
cause of the exceedingly large frequency band- 
width (50 kHz to 2 MHz for mass 15 to mass 500 
at 2 tesla) in i.c.r., it is likely that such constant or 
linear phase conditions will not be met, and thus 
it may not always be possible to obtain a uniform 
"absorption" or "dispersion" frequency display. 

The most obvious solution to the preceding 
dilemma is to compute the absolute-value spec- 
trum, that is, the response which is obtained from 
the point-by-point square root of the sum of the 
squares of the sine and cosine transforms: the 
absolute-value spectrum will thus be completely 
insensitive to phase irregularities in the digitized 
i.c.r. response. 

VOL.  52, 1974 

In order to demonstrate the above procedures, 
experimental i.c.r. data was generated as fol- 
lows. CH3+ and CH4+ ions were created by ap- 
plication of a 70 eV electron beam pulse of 0.5 
pA for 5 ms, to a sample of methane at 8 x l op7  
Torr. Ion cyclotron motion for both ions was 
excited by a 2.2 ms, 400 mV (p-p) r.f. electric 
field pulse whose frequency varied linearly from 
100 to 200 kHz (bracketing the i.c.r. frequencies 
for CH3+ and CH4+ at 0.16 tesla) during the 
irradiation interval. The transient i.c.r. response 
voltage induced at the i.c.r. cell plates following 
the excitation pulse was then amplified by a 
broad-band (10 kHz to 3 MHz) r.f. amplifier, 
and mixed with the output of a second r.f. oscill 
lator. The difference frequency, extracted with a 
19 kHz low-pass filter, was then suitable for dig- 

I % 
1 

ABSORPTION I] 

1 
ABSOLUTE VALUE (1 

FIG. I .  Fourier transform ion cyclotron resonance 
spectra. Each spectrum was obtained by carrying out a 
discrete Fourier transformation on the same digitized 
256-point i.c.r. transient response excited by a frequency- 
swept r.f. irradiation (see text). The top trace represents 
the i.c.r. response which is uniformly 90" out-of-phase 
with the excitation; middle trace is the in-phase response; 
bottom trace is the (point-by-point) square root of the 
sum of the squares of the two preceding traces. The spec- 
tral width is approximately 25 kHz, with zero frequency 
a t  the right. The reduction in intensity o f  the i.c.r. signal 
a t  higher displayed frequency (CH,') is a n  artifact due to 
attenuation by the digitizer; the actual amplitudes of both 
i.c.r. signals would otherwise be about the same. 
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itizing a t  50 kHz; discrete Fourier transforma- 
tion of the digitized transient was then carried 
out by a digital computer, with the zero- and 
first-order phase corrections discussed above, to 
produce the three spectra shown in Fig. 1. 

There are three significant uses for the phase- 
corrected F.t.-i.c.r. spectral display modes illus- 
trated in Fig. 1. First, when it is possible to ob- 
tain a display exhibiting all "absorption" signals, 
for example, then the presence of any i.c.r. sig- 
nals which are "folded-in" from higher fre- 
quency (6) is readily detected by their anomalous 
phase: this consideration may prove to be quite 
useful in cases for which only a segment of the 
total i.c.r. spectrum has been selected for ex- 
amination. Second, the absolute-value display 
exhibits significantly better signal-to-noise than 
does the "absorption" display, a t  the cost of a 
slightly increased apparent i.c.r. line width: this 
feature should substantially reduce the number 
of transients which must be accumulated in sig- 
nal-averaged F.t.-i.c.r. (7) using absolute-value 
spectral display. Finally, because the phase be- 
havior across the i.c.r. spectrum is very likely to 

quired to produce an F.t.-i.c.r. spectrum con- 
sisting of all "absorption" or all "dispersion" 
 signal^.^ 

The authors wish to express their thanks to C. E. 
Brion for his kind loan of the signal-averager (analog-to- 
digital converter plus memory) used in this study. 
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be non-linear, the a b s o l ~ t e - ~ a l u ~  ZFOr a diScLISSion of dispersion and absorption modes 
circumvent the otherwise time-consuming pro- in i.c.r. see ref. 80, for a more general discussion with ap- 
cess of finding the phase corrections which are re- plication to magnetic resonance, see ref. 86. 
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Y. SULFAB and HAMID A. ELFAKI. Can. J. Chem. 52, 2001 (1974). 
In the presence of vast excess of ferrocyanide, over the p H  range 1.76-2.65, the reaction be- 

tween iodate and ferrocyanide ions follows the rate law 

where k ,  and k ,  have values of 1.97 x l o3  M - 2  m' In -' and 4.08 x 105 M - 3  m' ~n - '  , respec- 
tively, at an ionic strength of 1.18 M and a temperature of 25.0 + 0.1 "C. K, is the formation 
constant of monoprotonated ferrocyanide. The "overall activation energy" of the reaction was 
found to be 15.8 kcal/mol. Rate-determining steps consistent with the kinetics have been 
proposed. 

Y. SULFAB et HAMID A. ELFAKI. Can. J. Chem. 52, 2001 (1974). 
En prCsence d'un grand exces de ferrocyanure, a des pH allant de 1.76 a 2.65, I'Cquation d e  

vitesse pour la rCaction de I'iodate avec les ions ferrocyanures est 

dans laquelle k, et k ,  valent respectivement 1.97 x l o3  M - 3  m' In et 4.08 x 10' M - 3  min-L 
pour une force ionique de 1.18 M et une tempCrature de 25.0 + 0.1 "C. K ,  est la constante d e  
formation du ferrocyanure monoprotonC. On a trouvC que 1'Cnergie d'activation globale est 
Cgale 15.8 kcal/mol. On propose des Ctapes qui pourraient contr6ler la vitesse de la rCaction 
et qui seraient en accord avec les donntes cinttiques. [Traduit par le journal] 

Introduction 
Oxidation of a number of metal ion complexes 

by the Cl0,- ion in aqueous acidic solutions, 
have often invoked the suggestion that these 
reactions proceed via inner-sphere mechanisms 
(1). The observations (2, 3) that the C10,- ion 
fails to oxidize the substitution-inert complexes, 

'Present address: Chemistry Department, Kuwait 
University, Kuwait, Arabia. 

2Revision received January 14, 1974. 

(Fe(phen),'+) and (Fe(CN):-), supports the 
suggested mechanism. The behavior of the 
analogous 10,- ion is reported in this paper. 
It seems that the side reactions between iodide- 
iodate and iodide-ferricyanide as well as those 
between iodide and all the possible iodine 
oxidants produced during the course of reac- 
tion, have kept researchers from investigating 
the kinetics of this reaction, save a report by 
Reynolds (4) in his study of oxidation of 
(Fe(CN):-) by aqueous iodine. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2002 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

Experimental 
Analytical grade K2Fe(CN),.3H20 and K I 0 3  were 

used without further recrystallization. A stock solution 
of K I 0 3  was prepared according to Vogel(5), from which 
all dilutions were made up. Buffer solutions were made 
up from sodium hydrogen sulfate and sodium sulfate of 
known concentrations. Acetate and phosphate buffers 
were avoided, since these are known to catalyze the 
iodide-iodate reaction (6). Analytical grade NaN03  was 
used to keep the ionic strength constant in the different 
buffer solutions. 

Boiled-out double-distilled water through which nitro- 
gen was bubbled while cooling i t  to room temperature 
was used as a solvent and in all dilutions. Ferrocyanide 
solutions were used immediately after they were pre- 
pared. 

An indented flask was used as a reaction vessel. With 
equal volumes of buffer and iodate solutions of known 
concentration in one compartment and ferrocyanide in 
the other, the vessel was allowed to stand for more than 
30 min in a thermostat before the reactants were thor- 
oughly mixed, and some of the reaction mixture quickly 
transferred to an absorption cell. The absorbance of the 
produced ferricyanide was then followed with time on a 
Unicam SP700 spectrophotometer at 420mp. At this 
wavelength all the other species have negligible absor- 
bance. The temperature was maintained constant in the 
cell-holder of the spectrophotometer by circulating water 
from the thermostat through the cell-holder cavity. The 
pH of the reaction mixtures was measured on a Pye pH 
meter Model 290. 

Results 
The stoichiometry of reaction 1 

was verified by observing the amount of fer- 
ricyanide produced at infinite time. The amount 
of ferricyanide produced agreed with that pre- 
dicted from reaction 1. The ratio of ferricyanide 
formed to iodate initially present ranged from 
5.93-6.00 at high ferrocyanide concentration. 

It was found ih~ossible  to follow the reaction 
at relatively high iodate ion concentration 
(5.0 x M)  and relatively low ferrocyanide 
ion concentration (5.0 x M )  at p H  2.00 
and ionic strength 1.18. Under such conditions 
autocatalysis is immediate. However, in the 
presence of vast excess of ferrocyanide over the 
iodate ion, the reaction follows first order 
kinetics over the iodate ion concentration 2.66 x 
10-4 to 5.0 M. plots of log [IO,-] 
against time were typical first order curves to 
beyond 50% of reaction. The region over which 
the curve is linear decreases with increase of the 
initial iodate concentration and autocatalysis 

constant (k, min-I), as shown in Table 1, has an 
average value of 0.195 0.004 min- ' under the 
specified conditions. Table 2 shows that the 
pseudo first order rate constant (k, min-') 
varies linearly with ferrocyanide concentration, 
thus showing a first order dependence on the 
total ferrocyanide ion concentration. The value 
of k, was obtained from k,/[Fe(CN)4-]. 

In Table 3, variation of k, min-' with the 
variation of pH, when all other factors are kept 
constant, is presented. Column 4 in Table 3 
shows that the reaction is of the first order in 
[Hf] .  k, is obtained from k,/[Fe(CN),4-][H+]. 
It is, therefore, concluded that the kinetics of 
oxidation of ferrocyanide by iodate ions in 
aqueous acidic solutions follow the rate law [2]. 

The results in Table 4 show that the rate of 

TABLE 1. Order with respect t o  iodate 
ion* 

[IO3-l0 x lo5  (M) k l  x 10 (min-I) 

TABLE 2. Variation of k l  min-I with [Fe(CN),'-lo* 

TABLE 3. Variation of k,, k2, k 3  with pH 

becomes evident. The pseudo first order rate 
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SULFAB AND ELFAKI: OXIDATION OF FERROCYANIDE 2003 

TABLE 4. Variation of the reaction rate at p = 1.0 M, T = 25 "C show that over the 
with ionic strength 

-- pH range 1.7-2.6, which corresponds t o  our acid 
variation, the monoprotonated species concen- 

k3 x 
PH M - 2  min-I 

tration varies from about 75-32% and that of the 
I-1 diprotonated species varies from about 4-0.2% 

2.00 1 .18 1.92 of the total ferrocyanide initially present. 
1 .844 0.955 2 .18 It is also known (1 1) that the iodate ion is 
1.955 0.733 2.35 appreciably protonated in aqueous acidic solu- 
2.095 0.511 2.78 
2 .40 0.288 3 .44 tions and has a thermodynamic dissociation 

constant of 0.16 M a t  25 "C. The value of the 
*[Fe(cN)~"-]o = 1.0 X 10-2 M, [I03-10 = 

1.0 x lo-" M, T = 25.0 + 0.1 OC. dissociation constant at p = 1.0 M, T = 25 "C 
is reported (12) as 0.514 M. Thus at our  highest 

TABLE 5. Influence of temperature acid concentration about 3 x  of the total iodate 
on reaction rate is protonated. 

From the above discussion it seems reasonable 
T ("C) k, (min-I) to suggest that the pre-equilibria [3-51 

23.0  0.164 
25.0  0.192 [3] H +  + Fe(CN)64- =$ HFe(CN)63- K1 

27.5 0.244 
30.0  0.306 [4] H +  + HFe(CN)63- =$ H2Fe(CN)62- K2 
35.0 

-- 
0.449 

[5] H +  + 1 0 3 -  = HI03 K' 
*[Fe(cN)~~-lo = 1.0 X 10-*M, [lo3-lo = 

1.0 x 10-4 M, P = 1.18, P H  = 2.00. play an important role in the kinetics of this 

the reaction increases with decrease of ionic reaction. The formation constants Kt K2, and 

strength. This, however, is not the expected K' have the values 214, 3.1, and 1.94 M - '  at 

behavior for a reaction between similarly P = 1.0 M and T = 25 "C, respectively. These 

charged ions and probably indicates a compli- values will not be far off if used at our ionic 

cated mechanism. The variation of the reaction strength of M. 
rate with temperature is shown in Table 5. The We Suggest i6-l lI as possible rate-determining 

activation energy of the reaction as obtained steps for the ferrocyanide-iodate reaction. 

from a plot of log k, us. 1/T was found to be 
15.8 kcal/mol. k6 

(61 Fe(CN)64- + 1 0 3 -  -, Products 

Discussion k, 
[71 HFe(CN)63- + 10 , -  -, Products 

It has been known (7) for some time that 
ferrocyanide ions are extensively protonated in k, 
aqueous acidic solutions to form H F ~ ( C N ) , ~ -  [81 Fe(CN)64- + H I 0 3  -, Products 

and H2Fe(CN),'-. The thermodynamic dis- kg 
sociation constants of the mono- and dipro- [gl H Z F ~ ( C N ) ~ ~ -  + 103- +Products 

tonated species are reported (8, 9) as 5.25 x k10 
and 4.3 x M at 25 "C, respectively. [lo] HFe(CN)63- + HI03  -,Products 

Lavison and Marcus (10) have determined these kll 
dissociation constants at p = 1.0 M and a tem- [111 H,F~(cN),z- + ~ 1 0 , -  +products 
perature of 25 "C as 4.68 x M and 0.32 M 
for the mono- and diprotonated species, respec- From these steps the rate of the reaction may 
tively. The values of the dissociation constants be expressed as in eq. 12 

[12] Rate = 
k6 + k7Kl[H+] + kaK1[H+] + k 9 ~ , ~ 2 [ H + ] 2  + k l o ~ , ~ ' [ ~ + ] 2  + k l , ~ , ~ 2 K ' [ ~ ' ] 3  

(1 + K,[H+~K,K,[H+]~)(~ + K T ] )  

X CFe(CN)64-IoCI03-Io 
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Thus from eq. [I21 the reaction shows first order dependence on both ferrocyanide and iodate ions. 
The dependence of the second order rate constant k, on H+ ions can be written as in eq. 13. 

k, in eq. 13 may be taken as equal to zero since 
our results in Table 3 show that at [H+] = 0, 
k, = 0. Furthermore the factors K,K2[H+I2 
and K1[H+] in the denominator can be neglected 
as they are very small at our employed [H']. 
These approximations lead to eq. 14 

where 

and 

Equation 14 may be rearranged as in eq. 18 

The plotting of k2(l + K,[H+])/([H+]) us. 
[H'] would give a straight line, with an inter- 
cept and a slope equal to k, and k,, respectively, 
only if the term k C [ ~ + l 2  in eq. 18 is negligible. 
Our results in Table 3 when treated in this way 
give Fig. 1 from which k ,  = 1.97 x lo3 M-,  
min-' and k, = 4.08 x lo5 M-3  min-I. Thus, 
it could be concluded that reaction 1 1  is not of 
great importance under our experimental con- 
ditions and eq. 18 could be written as [19] 

which fits our kinetic results. 
It is to be observed that it is not possible to 

distinguish either between paths [7] and [8] or 
between paths [9] and [lo]. The fact that k, 
varies linearly with [H+]  seems to be fortuitous. 

The "overall activation energy" is most likely 
a composite figure with contributions from all 

FIG. I .  Plot of kz(l + K,[H+l)I[H+l us. [H+l. IJ = 
1.18 M, T = 25°C. 

rate-determining steps as well as the enthalpies 
of protonations of ferrocyanide and iodate ions. 
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Skeletal and Lattice Vibrations of Crystals of Dihalogenobi~(pyridine)zinc(II)~ 

P. T .  T .  WONG 
Division of Chetnirrty. Nn!iot~ol Resecrrch Co~rt~cil of Cotlodo, O!!n\vir, Cotlndn KiA OR9 

Received October 9. 1973 

P. T. T. WONG. Can. J. Chem. 52,2005 (1974). 
Detailed measurements of the low-frequency Raman spectra of the crystals of [ZnPy2CI2] 

and [ZnPyzBr2] a t  room temperature, where Py is the pyridine molecule, and the far-infrared 
spectrum of the crystal of [ZnPyzC12] at liquid nitrogen temperature have been made. The  
vibrational frequencies for the single molecule and for the complete crystal of these two com- 
plexes have been calculated and compared with the observed spectra, and the distribution of 
the potential energy of the normal modes has also been calculated to assist the refinement of the  
calculation and the interpretation of the spectra. Apparently, the skeletal Zn-ligand vibrations 
of the individual molecule couple with the lattice vibrations in the crystal, except for the normal 
modes a t  326 cm-' for [ZnPy2C12] and a t  250 cm-' for [ZnPyzBrz] which are  dominated by the 
Zn-halogen stretching vibrations. Reasonably good Zn-ligand stretching force constants were 
obtained. The nature of the coordination bonds of these complexes has been discussed. 

P. T. T. WONG. Can. J. Chem. 52, 2005 (1974). 
Des mesures detaillees de spectres Raman a basse frequence sont faites pour des cristaux d e  

[ZnPy2CIz1 et [ZnPy2Brz], a temperature de la piece, et de spectres dans I'infra-rouge lointain 
du cristal [ZnPyZCl2], a temperature de I'azote liquide (Py : molecule de pyridine). Les frkquences 
vibrationnelles pour une molecule unique et pour le cristal entier de ces deux complexes sont 
calculkes et comparkes avec les spectres observes; la distribution de 1'6nergie potentielle des 
modes normaux est aussi calculCe pour aider a I'ktude plus fine du calcul e t  de I'interprktation 
des spectres. Apparernment, les vibrations du lien Zn-ligand du squelette de la molkcule 
individuelle s'associent avec les vibrations du reseau dans le cristal a I'exception des modes 
normaux A 326 cm-I pour [ZnPy2CIZ] et a 250 cm-I pour [ZnPy2Brz] qui sont domines par les 
vibrations d'elongation du lien Zn-halogirne. On en dkduit des constantes de  force raisonnables 
pour I'elongation du lien Zn-ligand. La nature des liaisons de coordination de ces complexes 
est discutke. [Traduit par le journal] 

Introduction 

The far-infrared spectra of the crystals of 
dichlorobis(pyridine)zinc(II), [ZnPy2C12], and di- 
bro~nobis(pyridine)zinc(II), [ZnPy,Br2], at  room 
temperature have been previously reported (1). A 
tentative interpretation for the metal-ligand skel- 
etal modes was made on the basis of the frequency 
shift of the halogen sensitive bands. Those bands 
which were in the same frequency region for both 
compounds were assigned to the Zn-Py stretch- 
ing and bending modes. 

Recently, Nakamoto and co-workers (2) 
attempted to make an assignment for the 
Zn-Py vibrations of the [ZnPy2C12] colnplex 
based on the isotope shift by using the zinc 
isotopes, 6 5 ~ n  and 6 8 ~ n .  

Obviously, neither of these methods is 
satisfactory. In both methods a gaseous molecule 
model was assumed, the interpretation was made 
on the basis of purely metal-ligand skeletal 

'NRCC No. 13868. 

vibrations, and the effects of the lattice vibrations 
on the skeletal modes were neglected. The 
skeletal vibrational frequencies of the zinc 
complexes are below 350 cm-' and the fre- 
quencies of the lattice vibrations of these 
crystals are also in this frequency region. It 
follows that the coupling between the  skeletal 
and the lattice vibrations to some extent is 
expected. Therefore, to  interpret correctly the 
metal-ligand vibrations of these crystals the 
vibrational modes of the crystal as a whole 
instead of the isolated molecule should be 
considered. 

In the present work the detailed low-frequency 
Raman spectra of the crystals of the [ZnPy2CI2] 
and [ZnPy2Br2] complexes at room temperature 
and the far-infrared spectrum of the crystal of 
the [ZnPy2C12] complex at liquid nitrogen 
temperature were measured, and an attempt has 
been made to demonstrate the significant contri- 
bution of the lattice interaction to these low- 
frequency spectra. Spectra of the solutions of 
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TABLE 1. Observed and calculated frequencies for [ZnPy2CI2] 
- - -- - - -. - - - - - - - - -- - - -- -- - - 

- - - - -- . - - - 
- 

. .- -- - -- -- - - -- - .- - - - 

vobs (cm-') 

Infrared Vcaled (cm-') 
-- 

This work Molecular Molecular 
Vibration Raman Reference 1 (100°K) Crystal Molecule mode assignment 

Zn-CI st. 
Zn-CI st., CI-Zn-CI bend. 
Zn-Py st., CI-Zn-Py bend. 

CI-Zn-Cl bend., Zn-CI st. 

0 
Zn-Py st., CI-Zn-CI bend. 
CI-Zn-Py bend., Zn-Py st. 2 
CI-Zn-Py bend. 
CI-Zn--Py bend. 0 z . . 
Py-Zn-Py bend. ? 

< 
0 
r 
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these complexes should provide some informa- 
tion for this investigation. Unfortunately the 
intensity of the metal-ligand modes is so weak 
that no useful spectrum of these complexes has 
been obtained for this purpose. The approach 
in the present work was to do  a series of fre- 
quency calculations for the isolated molecules 
of the [ZnPy2C12] and [ZnPy2Br2] complexes 
and for the whole crystals of them taking the 
zero-wave-vector lattice modes into account. 
With reasonable variation and restriction of the 
force constants on the basis of the best chemical 
and physical knowledge of them, the variation 
of the calculated frequencies, the inconsistency 
between the calculated frequencies for the 
isolated molecule and the observed ones, the 
influence of the lattice vibrations on the metal- 
ligand skeletal modes, and the reproducibility of 
the observed spectra were investigated. 

Experimental Methods and Results 

The preparation and the chemical analysis of 
the zinc complexes [ZnPy2X2], where X is C1 
o r  Br, have been reported elsewhere ( I ,  3). 

The Raman spectra of the polycrystalline 
samples in capillary tubes were recorded with a 
Jarrell-Ash model 25-300 laser Raman spectrom- 
eter consisting of a Coherent Radiation model 
52 argon ion laser, a 25-100 Czerny-Turner 
double monochromator, an ITT FW-130 photo- 
multiplier tube and an electron-pulse-counting 
readout system. The spectrometer was calibrated 
against the standard emission lines of the neon 
and mercury lamps and the exciting line. 

The 488.0 nm line at  a power - I W was used 
for most of the spectra, and the 514.5 nm line 
at  a power - 1 W was used to check them. The 
Raman emission of the samples was collected 
a t  90" to the incident beam. At  least twenty 
spectra were recorded for each compound in 
order to verify the weak features. The spectral 
slit width was 0.5-2 cm-'  and the scanning 
speed was 5 cm- ' min- '. 

The Raman spectra of the [ZnPy2CI2] and 
[ZnPy,Br,] crystals in the frequency region 
below 350 cm-'  are shown in Figs. 1 and 2, and 
the frequencies of the Raman bands are listed 
in Tables 1 and 2. 

Twenty peaks and shoulders were observed 
in the Raman spectrum of [ZnPy2CI2] and 
sixteen in the spectrum of [ZnPy2Br2]. The 
strongest band for [ZnPy2C12] is at 29.6 cm- '  

u /cml 

FIG. 1. The Raman spectrum of [ZnPy,CI,] crystal. 

FIG. 2. The Raman spectrum of [ZnPy,Br,] crystal. 

and that for [ZnPy2Br2] at 24.2 cm-I .  On the 
high frequency side of these bands there are 
three shoulders for [ZnPy2Br2] and only one 
for [ZnPy2C12], whereas on the low frequency 
side there are two sharp and weak peaks at 5.6 
and 21.7 cm- '  and a shoulder at  12.5 cm-' for 
[ZnPy2C12], and the corresponding features for 
[ZnPy2Br2] appear t o  be three shoulders at  3.9, 
10, and 15 cm-'. T h e  three bands of highest 
frequency at  326.3, 292.0, and 221.6 cm-'  for 
[ZnPy2C12], and 256.0, 221.6, and 218.0 cm-'  
for [ZnPy2Br2] are very weak. T w o  adjacent 
weak peeks a t  206.4 and 200.1 cm- '  fo r  [ZnPy2- 
CI2] appear to be one band of intermediate 
intensity at  186.9 cm- '  in the spectrum of [Zn- 
Py2Br2]. An intermediate band at  151.7 cm-' 
for [ZnPy2C12] has a shoulder o n  the high 
frequency side at  162.6 cm-'. This band is 
asymmetric, and there could be an unresolved 
band on  the low frequency side which corresponds 
to the infrared band a t  142.4 cm-'. A similar 
band is observed for [ZnPy2Br2] at  150.5 cm-I 
without any shoulder attached to  it. A band a t  
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s 
TABLE 2. Observed and calculated frequencies for [ZnPy,Br21 8 

- - - -- - - .- - -- - -- -- - -. - 
- -- - - 

V C , , C ~  (cm-'1 
vobs (cm-'1 - - - - - - -- - - -- - -- 

- Molecular Molecular 

Vibration Raman Infrared* Crystal Molecule mode assignment 
- - -- - - - -- -- 

V 1 256.0 255.8 251.5, 251.5, 250.7, 250.7 249 0 (BI) Zn-Br st. 
V2 221 6 - 227.2, 226.5, 226 3, 225.8 220.6 (A11 Zn-Br st., Br-Zn-Br bend. 

v3 218.0 219.2 216.5, 216.5,215.9, 215.9 212 5 (B2) Zn-Py st., Br-Zn-Py bend. 
vq 186.9 - 178.1 - 
v5 - 183.1 176.3 - 

V6 150.5 151.1 140.8, 139.2 137.7 (A,) Zn-Py st., Zn-Br st. 
v7 - 131.2 139.0, 137.2 A 

Vs - 104.4 101.6, 100.0 87.9 (A 1) Br-Zn-Br bend., Zn-Py st. 

v9 95.4 - 93.6, 93.5 0 

V I O  82 7 - 91.0, 90.4, 84.8, 83.9 - > 
- - 

z 
V I I  76.8 79.3, 77.4, 75.3, 74.0 

- 70 3 L. 

V 1 2  75.4 71.2, 68.3, 66 7, 65 8 (B,) Br-Zn-Py bend. 
- 63.0 64.0 66.5 (A21 Br-Zn-Py bend. n v13 J: 
- - 63.9 - 

v14 60.8 - 59.4 61.5 (B2) Br-Zn-Py bend. g 
- - 55.4 - < 
- 53 .O 52.5 58.6 (A,) Py-Zn-Py bend. 

0 
v15 r 
V 1 6  46.6 - 48.6 - 

"I 

- - 42 4 A 

N 

- - - 
- 

41.4 \D 

- - - 4 

35.7 P 

- - 34.4 - 

v17 33.6 - 33.6 A 

- - 3 3 . 5  - 

v18 28.4 - 27.8 - 

V I O  24.2 - 26 6 - 
- - 22 4 - 

V 2 0  15.0 - 15.2 - 

- - 12.9 - 

v2 I 10.0 11.4 - - 

- - 11.4 - 

v2 2 3 .9  - 3 . 7  - 

- - 3.5 - 
- - 1 .o - 

- - 0.7 - 
--pppp -- 

*From ref. 1. 
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WONG: VIBRATIONS OF CRYSTALS 0 

60.8 cnl-' for [ZnPy2Br2] splits into two 
sharper bands at 80.1 and 77.3 cin-' in the 
spectrum of [ZnPy2C1,]. On the high frequency 

I side of these bands, five shoulders are recognized 
I 

I for [ZnPy,CI,] and only two shoulders and a 
weak peak for [ZnPy,Br,]. On the low frequency 
side there is a shoulder for both [ZnPy,CI,] and 
[ZnPy,Br,I. 

The far-infrared spectrum of the [ZnPy,CI,] 
crystal at - I00 OK was recorded in the frequency 
region 350-20 cnl-' with a Perkin-Elmer model 
301 spectropllotoineter which had been cali- 
brated using water vapor, hydrogen cyanide, 
hydrogen chloride, and hydrogen bromide. The 
instrument was used in double beam mode in 
the frequency region 350-80 cnl-' and in single 
beam mode below 80 cnl-'. The resolution was 
about 2.5 cm-'. 

The sample for the far-infrared me- asurement 
was prepared as mull in Nujol with wedged high 

I density polyethylene windows and was mounted 
I on one of the sample holders in a multiple- 
I 
I sample low-temperature optical cell (4). On 
I 
1 another sainple holder, pure Nujol with the 

same wedged windows was mounted, which 
provided the background spectrum. The far- , 

i 
infrared spectra of the sa~nple and the back- 
ground were measured one after another by 
rotating the sample holder, and several spectra ' of both the sample and the background were 

I I recorded for each grating to verify the weak 
features. The spectrum of the [ZnPy,CI,] crystal 
obtained with the % transmittance scale was 
replotted on a linear optical density scale, after 
substracting the stray light and the background 
absorption by means of a computer program set 
up in this laboratory. 

The far-infrared spectrum of [ZnPy,CI,] 
crystal at - I00 OK is shown in Fig. 3 and the 

I 

FIG. 3. The far-infrared spectrum of [ZnPy,C12] 
crystal a t  100 OK. 

frequencies of the observed bands are compared 
with those for room temperature in Table I. 

The half width of the infrared bands becomes 
narrower at 100 O K ,  and two new bands at 166 
and 47 cm- ' are resolved. The room-temperature 
spectrum in the frequency region below - I00 
cin-' was poor (I), whereas at low temperature 
the features below 100 cm-' became much better. 
At 100 OK the broad and weak band at  62 cin-' 
of the room temperature spectrum is resolved 
into two sharp bands at 61.4 and 47 cm-', and 
the shoulder at -100.6 cnl-' becomes a sharp 
band with the maximum at 97.3 cm- '. 

Analysis of the Spectra 
Factor Gt.o~ry Analysis 

The crystal structure of [ZnPy2C1,] has been 
reported by Porai-Koshits et al. on the basis of 
X-ray diffraction (5). The crystal belongs to the 
monoclinic-prismatic symmetry, P2 ,/c (C,,,'), 
with four molecules per unit cell. The unit cell 
parameters are: a = 8.44 A, b = 17.5 A, c = 

8.25 A, and = 102". The determination of the 
structural parameters of the isolated molecule, 
[ZnPy,Cl,], was not completed in their work and 
only the coordinates of the Zn atoll1 and the 
two C1 atoms and the bond angles of CI-Zn-C1 
and N-Zn-CI were given. No data concerning 
the Zn-N(1igand) distance and the positions of 
the pyridine rings in the nlolecule were reported. 

The Zn-lV(1igand) distances of a series of 
similar complex molecules of the tetrahedral 
configuration are 2.0-2.1 A which are  equal to 
the sum of the covalent radii (2.06 A) within the 
limit of accuracy (6). Therefore in the present 
study the Zn-N distances in the [ZnPy,CI,] 
molecule are taken as 2.06 A. Since previous 
studies showed that the coupling between the 
Zn-N vibration and the internal vibrations of 
the pyridine ring is negligible (1, 7, 8), the 
pyridine rings in the molecules will be considered 
as point masses at their center of gravity in the 
spectrum calculation in the following section. 
The coordinates of the two pyridine point masses 
of each molecule in the unit cell were calculated 
according to the coordinate system of Porai- 
Koshits et a/. by means of a computer program.2 
The 6-axis projection and the c-axis projection 
of the crystal structure are shown in Fig. 4. 

Zannetti and Seppa (9) have also reported the 
crystal structure of [ZnPy2C12] with slightly 

'Supplied by Dr. E. J. Gabe, to whom I am indebted. 
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TABLE 3.  Factor group analysis for optically active vibrations of [ZnPy2C12] crystal 

Pure Spectral 
C2, Translational Rotational translations Skeletal activity 

A, 3 3 0 9 Raman 

B, 3 3 0 9 Raman 

A. 2 3 1 9 Infrared 

Bu 1 3 2 9 Infrared 

FIG. 4. The c-axis and b-axis projections of the 
structure of [ZnPy2C12]. 

different parameters (a = 8.5 A, b = 17.93 A, 
c = 8.47 A, P = 92"301). 

The result of the factor group analysis in 
Table 3 shows that 15A, and 15B, normal 
modes are Raman active, and 15Au and 15Bu 
modes are infrared active, of which 6A,, 6B,, 
5A,,, and 4Bu normal modes belong to the lattice 
vibrations. However, since the lattice modes 
belong to the same symmetry classes as those of 
the skeletal modes, and their energy is close to 
some of the skeletal modes, coupling between 
them is expected. The symmetry analysis of the 

isolated [ZnPy2C12] molecule shows that 9 
skeletal vibrations are expected for each mole- 
cule, and they are classified as 4A,,  IA,, 2B,, 
and 2B2 symmetry species of the point group 
C,,,. All of them are Raman active, and 8 of 
them (4A1 + 2B1 + 2B,) are infrared active. 
However, the molecules are all on C ,  sites in the 
crystal, and the A, mode becomes infrared 
active in the crystal. 

Spectrum Calculation 
The structural parameters of the  [ZnPy,C12] 

crystal reported by both Porai-Koshits et al. (5) 
and Zanetti and Seppa (9) are by no means 
precise. However, the structural parameters d o  
not affect the calculated frequencies much. For  
instance, the change in the calculated frequencies 
with the error of 0.04 A in the Zn-C1 distances 
is within 1 cm-'. Therefore structural data of 
[ZnPy,Cl,] and from Porai-Koshits et al. the 
Zn-N distance of 2.06 A were adopted in the 
present calculation. Only those lattice potential 
constants for the atom pairs whose distances 
are shorter than 4.4 A as shown by the projected 
dotted lines in Fig. 4 were taken into account in 
the calculation. 

The Urey-Bradley force field o f  the following 
type was used to  construct the FR matrix in 
internal displacement coordinates, 
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WONG: VIBRATIONS OF CRYSTALS OF DIHALOGENOBIS(PYRIDINE)ZINC(II) 2011 

TABLE 4. Force constants for [ZnPy2X2] crystals 

Description Symbol 
[ZnPy2Cl21 
(mdyn kl) 

[ZnPy2 Br21 
(mdyn A-I) 

Zn-X stretching 
Zn-Py stretching 
X-Zn-X bending 
Py-Zn-Py bending 
X-Zn-Py bending 
X---X repulsion 
Py---Py repulsion 
X---Py repulsion 
Py---Py stretching 
Py---Py stretching 
X---Py stretching 
Zn---Py---Py bending 
Zn---Py---X bending 
Zn---X---Py bending 

where 
sij  = (ri - rj cos aij)/qij 

tij = (rj sin aij)/qij 

tji = (ri sin aij)/qij 

q . .  I J  = r.2 1 + r; - 2r i r jcosa i j  

and Kij, Hij, and FiJ are the force constants of 
the skeletal bond stretching, angle bending, and 
repulsion between the nearest non-bonded 
atoms, respectively. The value of Fiji was taken 
as -O.lFi, (1 1, 12). k and h are the lattice 
stretching and angle bending force constants, 
respectively. Totally thirteen force constants 
were introduced in the calculation, and their 
symbol and description are shown in Table 4. 

The potential energy matrix FR was trans- 
formed to the Fx matrix in Cartesian coordinates 
by means of the transformation matrix B, which 
was a 60 x 66 matrix. The Fx matrix thus 
obtained was a 60th-order matrix. The con- 
struction of the FR, the B, and the Fx matrices 
was carried out by means of the computer 
programs set up in this laboratory. The Gx 
matrix in Cartesian coordinates was a 60th- 
order diagonal matrix with the elements p,, p,, 
and p3 which are the reciprocal masses of Zn, 
CI, and Py, respectively. These matrices are 
large, and they will not be reported in this paper, 
but are available from the author upon request. 

The repulsion force constants F ,  and F, were 
obtained according to the Lennard-Jones 6-12 
potential function as described by Shimanouchi 

and co-workers (13, 14). Since the distance 
between the nitrogen atoms of the two pyridine 
rings in each molecule is the shortest one, the 
repulsion force constant between two pyridine 
rings, F,, was calculated assuming the repulsion 
only occurred between two nitrogen atoms. The 
repulsion force constant between chlorine and 
pyridine, F,, was taken as the average value of 
F, and F,. The resulting repulsion force con- 
stants were small, and contributed very little to 
the calculated frequencies. Therefore they were 
taken as the calculated values without further 
refinement. 

The calculation procedure has been described 
before (10). The main feature is that before any 
calculation, the values of the force constants are 
restricted by the chemical and physical know- 
ledge of them, then the force constants and the 
frequencies are adjusted within the restriction to 
best reproduce the observed spectrum. 

A preliminary calculation was made taking 
the Zn-C1 stretching force constant as that of 
[ZnC1,I2- (15), the Zn-Py stretching force 
constant as that obtained by the 1: 1 model ( I ) ,  
and the bending force constants as 1/10 of the 
corresponding stretching force constants. Then, 
the force constants were refined. 

The v, and v, bands are mainly contributed 
by the CI-Zn stretching as shown by the 
potential energy distribution, consequently a 
good C1-Zn stretching force constant was 
obtained without any difficulty. The refinement 
of the other force constants was not as  straight- 
forward. The v, band is mainly due to the 
Zn-Py stretching and also a small amount of 
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C1-Zn-Py bending. To refine the Zn-Py 
stretching force constant the C1-Zn-Py bend- 
ing force constant was adjusted at the same 
time. The values of the C1-Zn-Py bending 
force constant was limited bv the observed 
frequencies of the v,, v,,, and v,, bands, which 
contain mainly the C1-Zn-Py bending. More- 
over, about 50x  of the energy of the v,, v,, and 
v, bands is contributed by the Zn-Py stretching 
vibration, so the observed frequencies of these 
bands were also helpful for adjusting the Zn-Py 
stretching force constant. However, these bands 
contain a certain aniount of the lattice stretching, 
and the calculated frequency of these bands 
could not fit any of the observed ones if the 
lattice stretching force constant, k,, was not in-  
troduced into the calculation. A higher value ofk, 
gave too high calculated frequencies of the v, and 
v, bands. If the lc, value was kept high and the 
values of K, and H, were alternatively reduced, 
the calculated frequencies of the v, and v, bands 
could be adjusted well, but the calculated 
frequencies of the v,, v,, v,,, and v , ,  bands 
became too low. Consequently, the three force 
constants K,, H,, and k,, were adjusted to- 
gether to fit the frequencies of the v,, v,, v,, v,, 
v,, v,, v,, v,,, and v , ,  bands. The CI-Zn-C1 
bending force constant H,  contributes an 
appreciable amount of the energy to the v,, v,, 
v,, and v, modes. With a higher value of H I  
the calculated frequency of the v, band fitted 
the observed one better, but the frequencies of 
the v,, v,, and v, became too high, so this force 
constant was adjusted against the frequencies 
of all these bands. The Py-Zn-Py bending 
force constant, Hz, was refined according to the 
frequencies of the v, ,, v,,, and v,, modes. The 
lattice stretching force constant k, contributes 
essentially to the frequencies of the v,, and v,, 
modes and also appreciably to those of the v,, 
and v, modes. The calculated freauencies of 
the v,,, v,,, and v,, modes with the value of 
the force constant, k,, reported in Table 2, were 
low. They could be adjusted better, in principle, 
by increasing the value of k,. However, the 
calculated frequency of the v, mode became too 
high, if a higher value of lc, was used. The lattice 
stretching vibrations with the force constant k ,  
do not couple much with the skeletal modes, and 
dominate the low frequency bands, v,,, v,,, 
V14, vlj, V16, v,,, and v,,. The refinement of 
this force constant was based on these fre- 
quencies. The observed normal modes in the 

frequency region below 38.4 cnl-' are almost 
completely contributed by the two lattice 
bending force constants, 17, and 17,. The adjust- 
ment of these force constants was made accord- 
ing to the observed frequencies in this region. 
The value of 12, was also limited by the observed 
frequencies of the v,, v,, and v, modes. 

The resulting force constants are given in 
Table 4, the calculated frequencies are compared 
with the experimental values in  Table 1 and the 
calculated distribution of the potential energy 
among the internal coordinates is given i n  
Table 5., In order to investigate the effect of 
the lattice vibrations upon the skeletal vibrations 
of the complex molecules, the frequencies of 
the normal modes for an isolated molecule were 
also calculated simply by excluding the lattice 
stretching and bending force constants in the 
calculation and are shown in the last colulnn of 
Table 1. This also provides a check on the 
calculation, since it shows that any particular 
skeletal Inode which gives rise t o  several fre- 
quencies due to intermolecular coupling in the 
crystal yields a single frequency in the absence 
of the lattice force constants and four frequencies 
with exactly the same numerical value for each 
skeletal mole are obtained. 

As seen in Table 1 the differences between the 
calculated and observed frequencies are within 
5% except those for few very low frequency 
modes, of which the absolute difference is less 
than 5 cm-'. Several calculated frequencies 
around the low frequency modes v,, and v2, 
were not observed in the Raman spectrum. This 
is probably due to the error in the calculation 
with insufficient number of lattice force con- 
stants in the model. On the other hand, it could 
be due to the poor Raman spectrum in this 
extremely low frequency region because it is 
close to the exciting laser line. 

The significance of the force constants ob- 
tained in the present calculation is discussed 
briefly as follows. The Zn-C1 stretching force 
constant, K,, is the strongest one and dominates 
the frequencies of the v, and v, bands, so its 
value is good. The Zn-Py stretching force 
constant, K,, dominates the frequency of the V, 

band and was refined together with the C1- 

3Photocopies of Tables 5 and 6 may be obtained at a 
nominal charge, upon request, from the Depository of 
Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa: Canada KIA 0S2. 
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WONG VIBRATIONS OF CRYSTALS OF DIHALOGENOBIS(PYRIDINE)ZINC(II) 2013 

Zn-Py bending force constant, H,, according calculated and the observed frequencies of the 
to the observed frequencies of the v,, v,, v,, v,, v, mode and others. The other force constants 
v,, v,,, and v , ,  bands, so these two force were directly transferred from the results for 
constants are also reasonably good. The repul- the [ZnPy,Cl,] crystal. The highest frequency 
sion force constants F , ,  F,, and F,, were at  256 cm-'  is essentially the Zn-Br stretching 
calculated directly by Shimanouchi's method frequency, so the Zn-Br stretching force con- 
and their values fit nicely in both the experi- stant was easily obtained. The Br-Zn-Br 
mental and theoretical curves of the repulsion bending force constant was reduced to 0.075 
force constants of a series of similar compounds. mdyn/A from the corresponding CI-Zn-C1 
The repulsion force constants thus obtained were bending force constant, otherwise the  calculated 
small and did not affect much the values of the frequency of the v, mode and also those of the 
other force constants. The Py-Zn-Py bending v,, v,,, v , , ,  v,,, and v,, modes were too high. 
force constant, H,, was refined only according The value of the lattice stretching force constant 
to the frequencies of the v,  ,, v,,, and v, ,  bands, k, was adjusted to a s  high as 0.65 mdyn/A in 
and the Cl-Zn-CI bending force constant H , ,  order to obtain reasonable calculated frequencies 
according to the frequencies of the v,, v,, v,, and to match those of the observed v,, v,, and v, 
v, bands. Most of these modes contain a certain modes. 
amount of lattice vibration, so the significance The calculated frequencies, the force constants, 
of these two bending force constants, H ,  and and the distribution of the potential energy 
H,, depends on that of the lattice force constants. for the [ZnPy,Br,] crystal are given in Tables 
In the present calculation, only those lattice 2, 4, and 6, r e ~ ~ e c t i v e l y . ~  
stretching and bending vibrations with the 
distances among the C1 and Zn atoms and the Discussion 
Py point masses of the neighboring molecules 
in the crystal shorter than 4.4 A were taken into The normal vibrations of the crystals of 
account. Thirty-eight other distances among [ZnP~2C121 and [ZnP~2Br21 can be interpreted 
these neighboring atoms i n  the crystal are directly from the distribution of the  potential 
between 4.4 and 5 A. The force constants of the energy of the ~ ~ ~ ~ m a l  modes give11 in  Tables 5 
lattice bending and stretching vibrations related and 6, For simplicity, only the 
to these distances were not included in the frequencies of [ZnP~2Cl21 are referred to in the 
calculation, otherwise there were too many following paragraphs. 
force constants to handle. Although these force The vibration with the highest frequency at  
constants are expected to be small, yet the 326.3 cm- '  is mainly the Zn-Cl stretching 
contribution of all of them is high enough to vibration. The second highest frequency vibra- 
affect the real values of the lattice force constants tion a t  292 cm-'  is the Zn-Cl stretching 
k,, k,, k,, h, ,  and 17,. Therefore the significance vibration coupled with the Zn-Py stretching 
of the calculated values of these lattice force and the Cl-Zn-Cl bending vibrations. The 
constants is uncertain. normal mode at  221.6 cm-'  is mainly the 

The structural parameters of the [ZnPy2Br2] Zn-PY stretching vibration and contains an 
crystal are not available in the l~terature, so the appreciable amount of Py-Zn-Cl bending 
normal coordinate analysis for this crystal vibrations. The effect of the lattice vibrations on 
cannot be performed in detail at  the present these three skeletal modes is weak. The other 
time. Since the configuration of the [ZnPy,Br,] skeletal modes of the  molecules in the crystal 
~nolecule is also tetrahedral (l6), an approximate are more or  less coupled with the lattice vibra- 
calculation for this crystal, assuming its crystal tions and each band of the isolated molecule 
structure to be the same as that of the [ZnPy2C12] splits into several due to the intermolecular 
crystal, has been carried out. coupling in the crystal. The observed bands 

In  this calculation only those force constants at 206.4 and 200.1 cm- '  are the results of the 
related to the motions of the Br atoms in the splitting of the skeletal mode consisting of the 
crystal have been re-adjusted, the Br---Br Zn-C1 stretching, the CI-Zn-CI bending, 
repulsion force constant was again obtained by and the Zn-Py stretching motions. T h e  Raman 
the direct calculation, and the Zn-Py stretching bands a t  162.6 and 151.7 cm-' and the  infrared 
force constant was increased to match the band a t  152.6 and 142.4 cm-' are mainly due 
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to the Zn-Py stretching vibration. When the 
lattice vibration force constants are excluded in 
the calculation, the calculated frequency of this 
mode is 135 cm-', and it is impossible to raise 
the calculated frequency to fit the observed ones 
at 162.6 and 151.7 cm-' with reasonable 
variation of the skeletal force constants. The 
observed bands at 109.7, 107.0, and 101.5 cm-' 
correspond to the Py-Zn-C1 bending modes 
of the isolated molecule with the B,, A,, and 
B2 symmetry, respectively, which weakly couple 
with the lattice vibrations. The Py-Zn-Py (A,) 
bending mode of the isolated molecule is split 
into two at 93.9 and 83.3 cm-' by the effects of 
the lattice Py---Py stretching and Zn---Py---Py 
bending motions. The observed frequencies at 
80.1, 77.3, 69.7, and 44 cm-' are mainly due to 
the lattice stretching vibrations which couple 
appreciably with the skeletal Py-Zn-Py and 
Py-Zn-C1 bendings. The bands at 62.0, 
21.7, and 5.6 cm-' are the lattice bending modes 
containing a small amount of skeletal bending. 
The other observed bands are dominated by the 
lattice bending vibrations. 

Apparently lattice vibrations play a very 
important role on the vibrational spectra of 
[ZnPy2C12] and [ZnPy2Br2] crystals in the 
frequency range below 200 cm-'. None of the 
observed bands in this frequency range is purely 
due to uncoupled skeletal vibration. If only an 
isolated molecule is considered, not only the 
very low frequency part of the spectrum, but 
also the observed bands at 206.4, 162.6, 151.7, 
and 152.6 cm-' cannot be reproduced by any 
reasonable variation of the force constants or 
even the whole force field for the isolated 
molecule. On the other hand, when the calcula- 
tion is done for the complete crystal, the cal- 
culated frequencies can be adjusted to yield an 
agreement with the observed ones within about 
5%. 

The Zn-halogen stretching force constant is 
1.13 mdyn A - '  for [ZnPy2CI2] and 0.922 mdyn 
A - I  for [ZnPy2Br2]. The ratio of these force 
constants, K(Zn-Br)/K(Zn-C1) is 0.82 which 
is close to those of a series of hexahalogeno 
complexes (14). This shows that the difference 
in bond character between Zn-Br and Zn-C1 
in dihalogenobis(pyridin)zinc(II) complexes is 
almost the same as that in the hexahalogeno 
complexes and the effect of the pyridine ligands 
on the character of the Zn-Br and Zn-CI 
bonds in these complexes is about the same. 

The Zn-Py stretching force constant is 0.68 

mdyn A T '  for [ZnPy,CI,] and 0.73 mdyn A - '  
for [ZnPy2Br2], which implies that the Zn-Py 
bond is stronger in the [ZnPy2Br2] complex than 
that in the [ZnPy2C12] complex. This is also 
indicated by the similarity of the v, frequencies 
of these two complexes. The v, mode is due to 
the Py-Zn stretching which couples slightly 
with the Py-Zn-X bending. If the bond 
strength of the Zn-Py bond is not stronger in 
the [ZnPy2Br2] complex than in the [ZnPy,CI,] 
complex, the frequency of this mode of the 
[ZnPy2Br2] complex should be lower because of 
this coupling. The difference in the Zn-Py 
bond strength between these two complexes is 
most likely the result of the effect of the Zn- 
halogen bonds. The charge transfer from the Br- 
ions to the central Zn2+ ion via o-bonding is 
more than that from the CI- ions due to the 
larger polarizability of the Br- ions, which 
results in a higher electron density on the Zn2+ 
ion in the bromide complex and  it in turn 
enhances the Zn-Py x-bond (3), so that the 
net bond strength of the Zn-Py bond in the 
bromide complex is stronger than that in the 
chloride complex. The Zn-C1 bond is stronger 
than the Zn-Br bond in these complexes. 
Therefore the dx-dn overlap in the Zn-C1 bond 
must be greater than that in the Zn-Br bond. 

The Raman intensities of the skeletal modes 
are very low especially those of the high-frequency 
Zn-X and Zn-Py stretching modes. The low 
intensity of these modes indicates that the bond 
order of the Zn-ligand bonds is low (17), which 
is consistent with the results of the earlier work 
(1, 3, 18). Moreover, the delocalization character 
of the Zn-ligand bonds in these complexes (7) 
could also result in the low Raman intensities of 
the Zn-ligand modes. The electron density on 
the central metal atom drifts to  or from the 
ligands during the vibrations and the net 
polarizability derivatives of the modes could 
become small. Probably this delocalization 
effect is quite important, since the intensity of 
the lattice bending mode at 29.6 cm-' for 
[ZnPy2C12] and the corresponding mode at 
24.2 cm-' for [ZnPy2Br2] is strong, and ap- 
parently, the electron density migration discussed 
above would not occur in this mode. 

I wish to thank Dr. E. Whalley for useful discussions. 
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Group V Chalcogenide Complexes of Boron Trihalides 
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P. M. BOORMAN and D. POTTS. Can. J. Chem. 52,2016 (1974). 
The preparation of the complexes BX3.R3PY (X = CI, Br, I ;  R = Me, Ph, cyclohexyl; 

Y = S, Se) is reported. The corresponding BF, adducts could not be isolated. The infrared 
spectra for all complexes are presented as well as the n.m.r. spectra for the methyl adducts. The 
shifts in v(P-Y) upon co-ordination are amongst the largest ever reported for these ligands 
when they function as non-bridging species, and are in fact comparable to shifts observed in 
bridging situations. The spectral data are consistent with an increase in the B-Y bond strength 
as the atomic weight of X increases. 

P. M. BOORMAN et D. POTTS. Can. J. Chem. 52, 2016 (1974). 
On rapporte la preparation des complexes BX,.R,PY (X = CI, Br, I ;  R = Me, Ph, cyclo- 

hexyle; Y = S, Se). Les produits d'addition du BF, correspondants n'ont pas pu &tre isoles. 
On presente les spectres infrarouges de t o ~ ~ s  les complexes de m&me que les spectres r.m.n. des 
produits d'addition de groupes methyles. Les diplacements pour la frkquence v(P-Y) lors de 
la coordination sont parmi les plus grands jamais rapporte pour ces ligands lorsqu'ils agissent 
comme des especes ne creant pas de pont et ces deplacements sont de fait comparables a ceux 
observes dans des situations oh i l  y a des ponts. Les donntes spectrales sont en accord avec une 
augmentation de la force du lien B-Y a mesure que le poid atomique de X augmente. 

[Traduit par le journal] 

Introduction to adopt a bridging mode ofco-ordination in com- 

~h~ Lewis base behavior ofligands of the type plexes of formula BX,L, since the  co-ordination 

R,PY (R = alkyl, phenyl; = S, Se) has been number of boron is unlikely to exceed four. The 

the subject of several recent reports (1-6). The complexes BX,.Ph,PY (X = C1, Br;  Y = S, Se) 

P-Y stretching frequency is observed to decrease have been briefly reported by Schmidt and Block 

upon co-ordination this has been attributed (1 1 1 9  but no spectral properties were described. 

to either a weakening of the pn + dn bond 
(Y + P) upon formation of a M + Y bond (3,7), 
or a mass effect, considering the M-Y unit as a 
point mass (8). The latter argument has been dis- 
puted ( I ) ,  and is inconsistent with published data 
for Ph,PS conlplexes of a wide variety of metal 
halides (6). The effects of Lewis acids on the P-Y 
stretching frequencies of group V chalcogenide 
ligands are often complicated by the possibility 
of back donation of pn (or dn) electrons of the 
Lewis acid to empty dn sulfur (selenium) orbitals 
(9), and by the tendency of the R,PY molecules to 
act in some cases as bridging ligands ( I ,  10). To  
date, few attempts have been made to study the 
effects of co-ordination on a wide variety of 
R,PY ligands with a closely related series of 
Lewis acids. Consequently, we have synthesized 
a series of adducts containing the Lewis acids 
BCI,, BBr,, and BI, complexed to  the ligands 
R,PY (R = Ph, Me, Cy (cyclohexyl); Y = S, 
Se). No  possibility of back donation of electrons 
from boron to sulfur or selenium exists in these 
complexes. Furthermore, the ligands are unlikely 

Experimental 
Ail solvents were dried by standard procedures. The 

boron trihalides were obtained commercially and used 
w i t h o ~ ~ t  further p~~rification. The chalcogenide ligands 
were prepared by literature methods (12, 13). All manip- 
ulations were carried out either in a dry box or in appa- 
ratus protected from atmospheric moisture by CaClz 
guard tubes. 

Boron Trichloride Addlrcts 
Approximately 1 g of ligand was dissolved in 8 ml of 

dichloromethane in a 50 ml 3-necked flask. Carbon tetra- 
chloride (20 ml) was then added and BCI3 was passed 
through the solution, until precipitation of the con~plex 
ceased. The mixture was cooled to 0 "C and the solid 
isolated by filtration followed by drying it1 uncrro. The 
complexes BCI,.Cy,PSe and BCI3.Ph3PSe were not pre- 
cipitated readily unless the solutions were cooled. 

Boron Tribrotnirle Add~rcts 
Approximately 1 g of ligand in a 50ml flaskwasdissolved 

in a dichloromethane - carbon tetrachloride mixt~~re  (1 : 3) 
and excess BBr, was then added. Precipitation of thecom- 
plexes occurred readily in most cases and  was completed 
by cooling to 0°C.  The compounds BBr,.Cy,PSe and 
BBr,.Ph,PSe were obtained only upon cooling. The 
solutions were filtered and the resulting solids dried irr 
uacLlo. 
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TABLE 1. Analytical data for complexes 
~ -. .- .. 

Analysis (z) 
C H Halogen 

Compound Found Calcd. Found Calcd. Found Calcd. Color 

Colorless 
Colorless 
Colorless 
Buff 
Colorless 
Colorless 
Colorless 
Buff 
Orange 
Yellow 
Buff 
Orange 
Orange 
Yellow 

Bororz Triiodide AArlrllrcts 
A 2 mol excess of BI, dissolved in 5 ml carbon tetra- 

chloride was added to a dichloromethane - carbon tetra- 
chloride mixture containing about 1 g of the chalcogenide 
ligand. Precipitation of the conlplexes occurred imme- 
diately in all cases. The mixtures were cooled to O°C, 
filtered, and the solids then washed twice with dry carbon 
tetrachloride, followed by drying irr aacuo. 

Infrared spectra were recorded on a Beckman I R  20-A 
spectrophotometer, either as Nijol mulls between CsI 
plates o r  as dichloromethane solutions using 1.0 n ~ n ~  
KBr cells. 

The n.m.r. spectra were determined in dichloronlethane 
using a Varian Model A-60 spectrometer. Results are re- 
ported in r values relative to tetramethylsilane as an 
internal standard. 

Analyses were carried out by Alfred Bernhardt Lab- 
oratories, West Germany. 

Results and Discussion 
The adducts were isolated as powders upon ad- 

dition of excess boron trihalide to a solution of 
the group V chalcogenide ligand dissolved in a 
dichloromethane - carbon tetrachloride mixture. 
Consistent with the increased acceptor strength 
of the boron trihalides in the order BI, > BBr, > 
BCI,, the iodide complexes were formed much 
more readily than the analogous chlorides, and 
attempts to prepare corresponding BF, adducts 
were unsuccessful. The compounds are stable at 
room temperature but all are rapidly hydrolyzed 
by moisture. Analytical data for the new com- 
plexes reported in this work are provided in 
Table 1. 

Infrared Spectra 
The solid state infrared spectra of the com- 

pounds were recorded in the region 4000-300 
cm-'. Solution spectra in dichloromethane were 
obtained from 600 to 350 cm-'  for the complexes 
BX,.Me,PY (X = C1, Br, 1; Y = S, Se). With 
the exception of P-Y stretching frequencies, 
little change in bands associated with ligand vibra- 
tions was observed upon co-ordination, therefore 
only values for v(P--Y) are reported in  Table 2. 
The assignments of these bands are after Zingaro 
(7). In all cases, adduct formation results in a 
value of v(P-Y) lower than that found for the 
free ligand. These shifts to lower frequency, 
Av(P-Y), for each complex are also shown in 
Table 2. Complexes containing Me,PS as a non- 
bridging ligand have been found to exhibit values 
of Av(P-S) in the order of 30 cm- ' (4, I4), while 
Av(P-Se) for a variety of Me,PSe adducts is in 
the range of 15-27 cm - ' (5, I 5). The decreases in 
v(P-Y) for these ligands upon co-ordination 
with BX, moieties are seen to be of significantly 
greater magnitude, being >40 cm-' for  the sul- 
fide and at least 35 cm- '  for the selenide. Sim- 
ilarly, complexes formed for a variety of metal 
halides with Ph,PS and Ph,PSe show P-S (Se) 
frequencies some 40-50 and 15-20 cm-  ' lower 
than observed in the free ligands (3, 8, 15), and 
again the BX, adducts containing these ligands 
have considerably larger values for Av[P-S (Se)]. 
Few complexes containing Cy,PS and Cy,PSe 
have been reported. However, the decreases in 
v[P-S (Se)] shown for the BX, adducts are of a 
magnitude comparable to those found for the 
four other ligands. 
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TABLE 2. P=S (Se) stretching frequencies for group V 
chalcogenide complexes 

Frequencies (cm-I)* 

Complex v[(P-S)(Se)l Av[(P-S)(Se)l 

Me3PS 566 (569)t 
BCI3.Me3PS 523 (524) 43 (45) 
BBr3.Me3PS 512 (518) 54 (51) 
B13.Me3PS 510 (506) 56 (63) 

Me3PSe 444 (445) 
BCI3.Me3PSe 409 (408) 35 (37) 
BBr3.Me3PSe 403 (405) 41 (40) 
B13.Me3PSe 394 (395) 50 (50) 

C Y ~ P S  625 
BC13.CysPS 568 59 
BBr3.Cy3PS 565 62 
B13.Cy3PS 574 53 

Cy ,PSe 5 50 
BC13.Cy3PSe 519 3 1 
BBr3Cy3PSe 516 34 
B13.Cy3PSe $ 

Ph3PS 637 
BC13.Ph3PS 573 64 
BBr3.Ph3PS 571 66 
B13.Ph3PS 567 70 

Ph3PSe 562 
BC13.Ph3PSe 531 3 1 
BBr3.Ph3PSe 523 39 
B13.Ph3PSe 
- 

510 52 

'Frequenciesestimated to be accurate to within k 2  cm- ' .  
?Frequencies obtained from dichloromethane solutions. 
$Bands obscured by B-1 stretching vibrations. 

Thus, excluding cases where the chalcogenide 
ligand is bridging, the decreases in v[P-S (Se)] 
for the BX, adducts are amongst the largest yet 
to be observed. Since the solution spectra ob- 
tained for the Me,PY complexes are quite similar 
to those observed for the solid state, these large 
values of Av(P-Y) are unlikely to be the result of 
molecular interactions in the solids. It also seems 
unlikely that shifts in P-Y frequencies can be ex- 
plained exclusively on the basis of mass effects. 
Of all the complexes of R,PY ever reported, BCI, 
is the "lightest" acceptor species, and yet it causes 
one of the largest decreases in v(P-Y). The most 
reasonable explanation for the large values of 
Av(P-Y) is simply that the highly polarizing 
boron atom considerably decreases the electron 
density on the chalcogenide atom thereby de- 
creasing the pn + dn  interaction in the P-Y 
bond. 

The decreases in v(P-Se) for the selenide com- 
pounds are always seen to be less than those ob- 
served for v(P-S) in the corresponding sulfide 

VOL. 52. 1974 

complexes. This behavior has been attributed to 
less extensive (P-Se)n-character in the free ligand 
and to decreased sensitivity of v(P-Se), owing to  
the larger mass of Se with respect to S (3). Con- 
sidering the BX,.R,PS adducts, for  a given halide 
the value of Av(P-S) increases approximately in 
the order Me < Cy < Ph and this trend parallels 
the increase in d n  t pn interaction expected in 
the P-S bond of the free ligand (7). Thus, co- 
ordination seems to lead to a large decrease in 
v(P-S) when the free ligand has  considerable 
dn  t px character in the P-S bond. A similar 
trend is not apparent in the selenide adducts. 

For a given ligand, v(P-Y) is seen to decrease 
in the order BCI,L > BBr,L > B1,L. (The com- 
plex BI,.Cy,PS is anomalous in this respect.) 
While this trend might be explained by a "mass 
effect" caused by the increasing atomic weight of 
the halogens, the general lack of  dependence of 
P-Y stretching frequencies upon mass effects 
has already been discussed. Instead this behavior 
is thought to reflect a strengthening of the B-Y 
bonds as a result of the increasing Lewis acidity in 
the series BC1, < BBr, < BI,. Such an effect is 
well documented (16), even though no entirely 
satisfactory explanation for the phenomenon is 
available (17). I t  is interesting t o  compare the 
values of v(P-Y) observed in the  BX, adducts 
with those for complexes containing the ligands 
as bridging species. The Cu(1) systems studied by 
Meek et al. are particularly interesting since both 
terminal and bridging Me,PS have been observed 
here (10). Although Av(PS) is definitely larger in 
the bridging case, the actual value (45 cm- ' )  is 
about the same as in BCl,Me,PS, and rather 
smaller than that  observed for BI,Me,PS (56 
cm-I). Clearly, the use of the change in PS 
stretching frequency to characterize bridging 
phosphine sulfides must beexercised with caution. 
Boorman and Reimer (1) have postulated the 
existence of bridging ligands in the complexes 
[W2C1,(Ph3PS),]2C1, for which Av(PS) was 96 
cm- ' .  Their conclusion appears to be justified 
since even in the case of BI,Ph,PS, Av is only 
70 cm-'. 

Comparison of the infrared spectra of all the 
complexes allowed us to tentatively locate the 
positions of the B-X stretching frequencies. 
These frequencies and their assignments are pre- 
sented in Table 3. Amster and Taylor (18) have 
reported detailed spectral analyses for the com- 
pounds Me,N.BX, (X = F, C1, Br) and our as- 
signments for the BCl, and BBr, adducts are 
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TABLE 3. v(B-X) for BX3 adducts (X = CI, Br, I) 

Ligand 1OB "B IOB 11B LOB 1IB 10B l lB 10B LIB 10B llB 

--- -- 
*Obscured by ligand vibrations. 

based on this work. The Eclass of vibrations cor- 
respond to degenerate asymmetric B-X stretch- 
ing modes while the A ,  class represent symmetric 
B-X stretching. Bands due to bendingvibrations 
are generally weak (18) and were not observed in 
our spectra. Little spectroscopic data is available 
for BI, adducts, consequently the assignments for 
v(B-I) were made by comparison with the BCI, 
and BBr, complexes. It should be noted that the 
Me,N adducts were assumed to have C," sym- 
metry whereas this situation will not be strictly 
true with our complexes, as a consequence of 

Y 
/ \ 

the non-linearity of the P B bonds. In fact, 
most of the bands associated with B-X stretching 
were quite broad and occasionally split. Bands 
due to v(IOB-X) had intensities approximately 
114 that observed for v("B-X). Unfortunately, 
no obvious correlation between ligand donor 
strength and v(B-X) positions is evident. This 
could be the result of varying degrees of coupling 
between vSy,,(BX) and v(BY). Bands due to 
boron-sulfur or boron-selenium stretching vibra- 
tions could not be located in our spectra. 

N. M. R. Spectra 
N.m.r. spectra were obtained for the complexes 

BX,.Me,PY (X = C1, Br, I; Y = S, Se) in di- 
chloromethane at 30 "C. The results are presented 
in Table 4. Infrared spectra of these solutions 
confirmed that no free ligands are present. The 
P-C-H coupling constants for both ligands are 
seen to increase slightly upon adduct formation 

TABLE 4. N.m.r. spectra for the complexes 
BX3.Me3PY (X = CI, Br, I ;  Y = S, Se) 

- -- 

Complex T J(P-C-H) Hz 

but remain constant as the nature of the Lewis 
acid is changed. 7 values for the ligands also 
decrease upon co-ordination and continue to 
decrease slightly, but significantly, reflecting a 
decrease in shielding around the methyl protons 
as the acceptor power of BX, increases. While this 
trend is consistent with conclusions drawn from 
the infrared spectra indicating a strengthening of 
B-Y bonds in going from BCI, to BI,, caution 
must be used in such interpretations due to the 
possibility of ligand exchange reactions, a well 
established phenomenon for BX,+L systems (19, 
20). Preliminary n.m.r. work on solutions con- 
taining excess ligand shows that such exchange 
does occur. While more detailed exchange re- 
action studies are planned, we have found that 
the complexes BCI,.Me,PS, BCI,,Me,PSe, and 
BBr,.Me,PSe exchange rapidly at 30 "C, while 
under similar conditions BBr,.Me,PS, BI,. 
Me,PSe, and BI,.Me,PS have much slower rates 
of exchange, the iodide adduct being the slowest. 
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These qualitative results provide further evidence lo. J. A. TIETHOF, J. K. STALICK, and D. W. MEEK. 

of increasing strength in B-Y bonding in going Inorg. Chern. 12, 1170(1973). 

from chloride to iodide complexes. 1 1 .  M. SCHMIDT and H .  D. BLOCK. Chern. Ber. 103,3705 
(1970). 

We thank the National Research Council of Canada 
for financial support. 

I .  P. M. BOORMAN and K. J. REIMER. Can. J. Chern. 49, 
2926(1971). 

2. P. M. BOORMAN, S .  A. CL.OW, D. POTTS, and H. 
WIESER. Inorg. Nucl. Chern. Lett. 9, 941 (1973). 

3. M. G. K I N G  and G. P. MCQUILLAN. J .  Chem. Soc. 
(A), 898 ( 1967). 

4. A. M. BRODIE, S.  H .  HuNTER.G. A. RODLEY, and C. 
J. WILKINS.  J .  Chern. Soc. (A), 2039(1968). 

5. A. M. BRODIE, G. A. RODLEY, and C.  J .  W I L K I N S .  J. 
Chem. Soc. (A), 2927 ( 1969). 

6. W. VAN DER VEER and F. J E L L I N E K .  Rec. Trav. 
Chim. 87,365 (1968). 

7. R. A. ZINGARO. Inorg. Chern. 2 ,  192 (1963). 
8. J .  A. W. DALZIEL,  A. F. L E  C. H O L D I N G ,  and B. E. 

WATTS. J .  Chem. Soc. (A), 358(1967). 
9. R. A. Z I N G A R O ~ ~ ~  R. M. HEDGES. J .  Phys. Chem. 65, 

1132(1961). 

12. C. SCRETTAS and A. F. ISEELI.. J. 01.g. Chern. 27,2573 
(1962). 

13. P. NICPON and D. W. MEEK. Inorg. Syn. 10, 157 
(1967). 

14. D. W. MEEK and  P. NICPON. J. A m .  Chem. Soc. 87, 
4951 (1965). 

15. 1'. NICPON and D. W. MEEK.  Chern. Commun. 398 
(1966). 

16. ( ( 1 )  D. G. BROWN, R. S .  DRAGO, a n d  T .  E. BOLLES. J .  
Am. Chern. Soc.  90, 5706 (1968); (12)  B. BENTON- 
JONES, M. E. A.  DAVIDSON, J. S .  HARTMAN, J .  J. 
KLASSEN, and J .  M. MILLER. J. Chem.  Soc., Dalton, 
2603 ( 1972). 

17. F. A. COTTON and G. W I L K I ~ < S O N .  Advanced inor- 
ganic chemistry. 3rd ed. Interscience. New York. 
1972. p. 225. 

18. R. L. AMSTER and R. C. TAYLOR. Spectrochim. Acta, 
20, 1487(1964). 

19. A. H .  COWLEY and J .  L. MILLS. J. Am. Chem. Soc. 
91. 291 l(1969). 

20. J .  FOGELMAN and J. M. MILLER. Can. J. Chem. 50, 
1262 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Cobalt(I1) and Nickel(I1) Complexes with Nitrogen, Sulfur, and Selenium 
Containing Heterocyclic Ligands 
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C. PRETI, G. TOSI, D. D E  FILIPPO, and G. VERANI. Can. J. Chern. 52, 2021 (1974). 
Cobalt(I1) and nickel(I1) halide conlplexes with thiomorpholin-3-thione and thiazoli- 

dine-2-selenone have been prepared. Infrarsd and far infrared spectra, electronic spectral 
studies, and magnetic susceptibility measurements indicate that the cobalt derivatives 
are tetrahedral in structul-e, nickel chloro- and bronio-thionlorpholin-3-thione derivatives 
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Les complexes des halogin~~res  de cobalt(1I) et de nickel(l1) avec les thioniorpholine 

thione-3 et la thiazolidinesClCnone-2 ont CtC prCparCs. Les spectres infrarouge et infra- 
rouge lointoin, les Ctudes des spectres Clectroniq~~es et les mesures de susceptibilitC 
magnitique indiquent que les dCrivCs du cobalt ont une s t ruc t~~re  tdtratdrique, que 
les dCrivCs nickel chloro et bromothiomo;.pholine thione-3 sont octaddsiques alors que 
[Nits212] et tous les complexes du nickel avec la thiazolidinesklCnone-2 ont une syniktrie 
pseudo-tktrakdriq~~e. Le site probable de liaison dans les ligands est I'azote dans tous les 
coniposCs que nous avons Ct~~diCs, exceptes ies dCrivCs du nickel avec de la thiazolidi- 
nesC1Cnone-2. Ces risultats sont confirniCs par des mesures r.ni.n. Les paraniktres spec- 
troscopiques des co~iiplexes ont C t t  calculCs ct con1parCs h ceus de chroniophores sinii- 
laires contenant les chroniophores MN,XI! et MS.X,. [Tracluit par le journal] 

We have prepared several complexes of 
thioinorpholtn-3-one 

(tm = O=C-NH-CH,-CH2-S-CH,) 

and thiazolidine-2-thione 

(ttz = S=C-NH-CH2-CH2-S) 

with group VIB, VIII, IB, and IIB metals in 
order to study the competition among oxygen, 
nitrogen, and sulfur donor atoms in heterocyclic 
compounds in the coordination to the metal 
( I  and references therein). 

In this paper we report the preparation and 
the characterization of thiomorpholin-3-thione 

and thiazolidine-2-selenone 

(tzse = Se=C-NH-CH2-CH,-S) 

'To whom correspondence should be addressed. 

complexes with cobalt(l1) and nickel(l1) for com- 
parison purposes in order to further our present 
knowledge and to gain new information con- 
cerning the behavior of the different ligands by 
substituting oxygen for sulf~lr in ts and sulfur for 
seleniuin in tzse. 

By reaction of MX,-t7H20 salts (M = Co(ll) 
or Ni(ll), X = CI, Br, I) with the ligarlds in 
refluxing chloroform, the conipounds [ML2X2] 
(L  = ts or tzse) were obtained, except for the 
nickel chloro- and bromo-thiazolidine-2-seleiione 
derivatives. In these cases only the I : 1 colnplexes 
[NitzseX,] for X = C1 or Br, separated out even 
with a meta1:ligand ratio higher tlian 1 :3. The 
compounds are micro-crystalline, high-spin and 
soluble in N,Nf-dimethylformaniide (DMF). 
Their analytical data and other physical charac- 
teristics are reported in Table 1 .  

All Co(ll) and Ni(I1) coniplexes behave as 
nonelectrolytes in N,Nf-dirnethylformamide solu- 
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TABLE 1. Analytical data and some physical properties 
--- - - - . . - - .- -- 

Found (%) Calcd. (%) Decomposition 
-- temperature I-I 

Conlplexes Color M C H  M C H  ("c) (B.M.) 

[Cots2C121 
[Cots2Br2].2H20 
[Cots2121 
[Nits2C12] 
[Nits2Br2] 
[Nits,I,] .2H,O 
[Co(tzse),CI,] . 2 H 2 0  
[ C ~ ( t z s e ) ~ B r ~ ]  .H,O 
[C~(tzse)~I , ]  . 2 H 2 0  
[Ni tzseCI,] 
[NitzseBr,] 
[Ni(tzse),I,] 

Dark green 
Dark green 
Dark green 
Yellow-green 
Brown-yellow 
Dark brown 
Turquoise 
Dark green 
Dark green 
Olive green 
Dark brown 
Black 

TABLE 2. Electronic spectra* 
- -- - -- -- -- - - --- 

Compound Electronic spectra (cm-') Dq B ' l3 
-- - - - 

[Cots,CI,] 7820 14300 16700 20830 467 722 0.75 
[Cots,Br,] . 2 H 2 0  5160 6375 7700 14100 15875 18850sh 451 670 0.69 
[ C O ~ S , ~ ~ ]  7300 13000 15150 17250sh 22250 430 643 0.66 
[Cotzse,CI,] . 2 H 2 0  6900 13200 16130 22250 400 737 0.76 
[Cotzse,Br,] .H,O 5160 6700 11640sh 15900 25650 387 732 0.76 
[Cotzse,I,] .2H,O 6620 13000 15625 21300 382 719 0.74 
[Nits2C1,] 5180 5820 8550 14300 26600 855 985 0.95 
[Nits2Br2] 6850 8260 13700 24500 826 885 0.85 
[Nits,I,].2H20 5180 5820 7420 13700sh 15880 458 985 0.95 
[NitzseCI,] 5050 6890 12500 - - - 
[NitzseBr,] 4760 5130 6570 12200 - - - 
[Nitzse212] 5130 6850 12050 - - - 

*B is taken to be 967 cm-'  ior the cobalt(ll) ion and 1041 cm-' for the nickel(l1) ion. 

tions, the small conductivity being due to a slight 
degree of decomposition. 

Tliion~orpholin-3-thione Deri~.atices 
With the cobalt halides, complexes of es- 

sentially tetrahedral geometry are formed. Their 
magnetic moments and solid state electronic 
spectra (Table 2) are in accord with those 
expected for this stereochemistry, with A values 
of 4 300 cm-'  (X = I) to 4670 cm- '  (X = C1). 
The bands at 15000- 17000 cm-' may be 
assigned as the 4A,(F) -+ 4Tl(P) transition, the 
second a t  7300 - 7800 cm-' as the 4A,(F) -+ 

4T,(F) transition. These bands on passing from 
the chloro- to the iodo-derivative are shifted 
towards lower energies. Using these frequencies 
we have calculated the values of Dq, B', and P 
by means of the equations proposed by Under- 
hill and Billing (2). As already pointed out from 
the chloro- to the iodo-derivative the Dq values 

decrease from 467 to 430, while those of B' lie 
between 643 and 722. The magnetic moments 
at room temperature of the cobalt complexes 
are consistent with a tetrahedral configuration 
for high spin cobalt(I1) derivatives (4.6, 4.7, 4.9 
for chloro-, bromo-, and iodo-derivatives, 
respectively). 

Passing from the free ligand i.r. spectrum to 
those of the complexes (Table 3) we observe 
that the bands I1 and 111 of the -N-C=S 
group, according to Rao's nomenclature (3), are 
shifted moderately towards lower wave numbers 
while band I does not move. 

The v(NH) in the complexes is shifted towards 
lower wave numbers of about 200 cm-' using 
as reference the value of 3380 cm-' for v(NH) 
for the free ligand in chloroform solution, o r  of 
about 50 cm-' using the 3225 cm-' value 
obtained from the solid phase spectrum of the 
free ligand. The low value of the solid free ligand 
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calculated the ligand field parameters from the 
visually estimated frequency of the center of 
gravity of the band. In order to avoid errors 
arising from this uncertain assignment and 
the ratios v2/v1 being equal to 1.66, range 
usually accepted for octahedral nickel(I1) com- 
plexes (15), we have preferred to evaluate Dq, 
B', and p parameters from v, and v2 values 
only. It may be further noted that v, band is 
calculated to be equal to 12Dq + 15B' and 
resulted 25035 c ~ n - '  and 23200 cm-' for 
chloro- and bromo-derivatives, respectively. 
This is in quite good agreement with the 
observed bands. 

A pseudo-tetrahedral structure has been 
assigned to the complex [Nits212] on the basis 
of its electronic spectrunl (2, 13, 16, 17). The 

+ ,T2 transition (v,) appears as a sym- 
metrical band near 5800 cm-'. The medium 
strong band at 7400 cm-' can be attributed to 
the 3 ~ ,  + 'A2 transition (v2), while the band 
present at 15800 cm-', accompanied by a 
shoulder at 13700 cm-' may be assigned to 
the v, transition ,TI + 'Tl(P). The Dq value is 
458 cni-' and B' is 985 cm-'. These values 
have been calculated using only v2 and v, 
values, the assignment of v, being very often 
ambiguous because of the presence of vibrations 
due to the ligand itself in the region near 5000 
cm-'. 

The magnetic moments at room temperature 
of chloro- and bromo-nickel(I1) complexes lie 
within the range usually observed for octahedral 
nickel(I1) compounds. The magnetic moment 
of the iodo-derivative is near the lower limit of 
the range normally accepted for nickel([[) in a 
tetrahedral stereochemistry (18). 

As for infrared spectra, the bands I, 11, and 
111 of the -N-C=S group and the v(NH) 
stretching behave as in cobalt(I1) derivatives. 
In particular the v(NH) appears in the nickel(I1) 
complexes as a sharp band at 3100, 3070, and 
3200 cm-' for chloro-, bromo-, and iodo- 
derivative, respectively. The stretching sym- 
metric and antisymmetric of v(C-S) shows 
positive shifts (Table 3). 

Comparison of the electronic spectra of our 
complexes with those of derivatives involving 
Ni-S bonds and Ni-N bonds confirms that 
[Nits2X2] derivatives are N-bonded, being the 
band energies at higher values than in S-bonded 
derivatives (6, 19). This fact strongly supports 

the infrared results that the coordination must 
therefore take place via the nitrogen atom. New 
medium strong bands appear a t  222, 230, and 
212 cm-' for chloro-, bromo-, and iodo- 
derivative which could be attributed to a nickel- 
nitrogen interaction (8). As for the nickel- 
halide stretching vibrations, they are found at  
183s and 155ms cm-' for [Nits2CI2] and at  
157s and 120s cm-' for [Nits2Br2] in good 
agreement with literature data for nickel(l1) 
octahedral complexes (20, 21). The medium 
band at 205 cm-' in [Nits212] is due to v(Ni-I) 
according to nickel-iodide values for pseudo- 
tetrahedral complexes (7). 

The medium absorption bands present in the 
range 3480-3460 cm-' v(0H) and 1650-1630 
cm-' 6(HOH) in [Cots2Br2].2H20 and [Nits2- 
12].2H20, respectively, clearly confirm the 
presence of water of crystallization. Evidence 
that this water is purely lattice water is given by 
the absence of the typical bands of coordinated 
water. In fact, when the water is coordinated to 
a metal, besides the three fundamental modes 
of the free molecule, other vibrational modes 
such as wagging, twisting, and rocking are 
activated (22). Furthermore this water is lost 
near 95-100 "C while the coordinated water is 
lost near 150-1 60 "C. 

N.M.R. Measurenlents 
The thiomorpholin-3-thione has been exten- 

sively studied by means of n.m.r. techniques in 
a previous paper (1). The proton resonance of 
the NH-group was identified in the range 8.53- 
9.17 p.p.m. moving towards higher fields on 
decreasing the concentration. The extrapolated 
value at zero concentration is 8.36 p.p.m. 
This variation of the NH-proton resonance 
chemical shift might be explained in terms of 
intermolecular hydrogen bonds. In all the 
cobalt(I1) and nickel(1I) complexes the NH- 
group proton resonance was identified at 10.30 
and 10.40 p.p.m., respectively. This chemical 
shift of about 2 p.p.m. towards lower field is 
ascribed to the electronic withdrawing of the 
metal from the nitrogen atom and the deshielding 
effect supports the hypothesis that the studied 
complexes are N-bonded. 

Characterization of Thiazolidine-2-selenone (tzse) 
The i.r. spectrum of tzse, recorded in CHCI, 

solution or in the solid phase, shows v(NH) at 
3400vs cm-' for chloroform solution or at 
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TABLE 4. Most important bands of thiazolid~ne-2-selenone derivattves 
-- - - - - -- - - - ---- - - -- - - - - A - 

-- - -- -- - -- - - - - 

v(C-S) 
v(C-Se) 

Compounds v(N-H) Selenoarn~de I +8(NCSe) Asym Syrn. v(M- X)* v(M-L) 
-- - .- - - - - --- - - . - - --- - -. . - . 

31 1Ovs 151 5vs 1285vs 705ms 655111s - - 
tzse 1 2%13 sol. 3400vs 
[Cotzse2C12] . 2 H 2 0  31 30vs 1530vs 1310vs 715s 660rns 3211~1, 305rn 252rn 
[Cotzse2Br2].H20 3140s 1520vs 1300vs 695111 660rns 238rn, 215rn 250111 
[Cotzse212].2H20 3230rn 1505vs 1290vs 695w 665w 206rns 255s 
[NitzseC12] 3 4 0 0 ~ ~  1560m 131Orn 7 1 0 ~  - 204rnb, 154rnb 180rns 

268rn,, 240s, 
[N~tzseBr,] 3350vs 1510rn 1295ms 700w 660w I 58rnb, 1481~1, 171nls 

200rn, 
[Nitzse,I,] 3350vs 1550rn 1310w 690w 660w 210rn, 176nls 

- - - - - - - -- -- 

'b = b r ~ d g ~ n g ,  t = t e rm~na l  

TABLE 5. Dq and B' values of the complexes 
- -- - -. - ---- - - -- 

E-Th~ocapro- Triphenylarslne 
ts* ttzt(l6) tzsef lactam (26) ox~de  (27) 
--- - -- 

Compound Dq B' Dq B' Dq B' Dq B' Dq B' 

Triphenylphos- Dimethylace- 
phine oxide (28) tamide (29) 

I 31 10vs in the solid state. The band B (23) or 
I selenoamide band I, having a predominant 
1 C--N character, appears at 15 15vs cm- ', while 
I the band, due to v(C=Se) + G(NCSe), is 
I found at 1285vs cm-'. The stretching modes 

attributed to the prevailing contribution of sym- 
metric and asymmetric v(C-S) are at 705ms 
and 655ms cm-'  (Table 4). The n.m.r. spectrum 
recorded in DMSO-d, solution shows two multi- 
plets in the range between 3.30 and 3.95 p.p.m. 
(having TMS as internal reference). The proton 
resonance of the NH-group was identified a t  
10.80 p.p.m. 

T~ziazolidine-2-selerzone Deriilatiues 
An essentially tetrahedral geometry may be 

assigned to the compounds [Cotzse,X,] (X = C1, 
Br, I) on the basis of their electronic spectra 
(Table 2) and magnetic moments (Table 1). In 
the solid state spectra the bands showed the 
high intensities characteristic of this geometry. 
The spectra consist of a band in the range 15600 
- 16150 cm-'  accompanied by a weaker band 
on the low-energy side of the stronger band in 
the chloro-derivative, and by a shoulder in the 

bromo-derivative. Strong absorptions are ob- 
served in the region 6600-6900 cm-'. The first 
band may be identified with the 4Az 4 4Tl(P) 
transition and the second with the 4 ~ 2  4 4 ~ 1 ( F )  
transition (24). 

Using the v, and v, values we have calculated 
the crystal field parameters (2). Dq decreases in 
the order C1 > Br > I and this order is con- 
sistent with the generally accepted sequence of li- 
gands in the spectrochemical series. In  order to 
find out the position of the ligand in the  spectro- 
chemical series, the Dq values of the complexes 
were compared with the Dq values of known 
tetrahedral halide complexes of cobalt(I1). 
Table 5, which lists the Dq and B' values of the 
complexes, suggests the following order for the 
ligands in the spectrochemical series: thio- 
morpholin-3-tione > thiazolidine-2-thione > 
thiazolidine-2-selenone > E-thiocaprolactam > 
triphenylphosphine oxide > triphenylarsine 
oxide > dimethylacetamide. The B' values are of 
the order of 74-76% of the free ion value (967 
cm-I), suggesting that  there is a considerable 
orbital overlap. The nephelauxetic parameter P 
shows an  order C1 21 Br > I. 
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TABLE 6. Far  i.r. (500-70 cm-')  absorption bands 
-. - . - -- .. - - - - - - -. -. .- - - -- - -- 

Conlpound Fa r  infrared spectra 
. -. .. . . - .. - - -- . - - -- .- -. . - - -- - - - - 

ts 395ms, 370s, 361sh, 329s, 320sh, 194m, 160sh, 140ms, 
86m, 70m 

tzse 550s, 510s, 324s, 231ms, 92m, 71mw 
[Cots2CI2] 470mw, 400ms, 375mw, 360ms, 345ms, 325s, 310111, 

290ms, 250m 
[Cots2 Br2] . 2 H 2 0  500m, 475m, 390s, 360s, 330s, 300sh, 246m, 238s, 21 8 m  
[ co t s zb l  400s, 375w, 360s, 300vw, 245m, 222sh, 208m 
[Cotzse2CI2] . 2 H 2 0  321m, 305m, 252m, 90m, 70m 
[Cotzse2Br2] . H 2 0  315m, 250m, 238m, 215m, 90m, 70m 
[Cotzse212] . 2 H 2 0  470sh, 425w, 3 15ms, 255s, 206ms, 91 m, 72m 
[NitszC12] 415s, 355s, 310w, 250m, 222n1, 183s, 155ms, 1 lOm 
[Nits2Br2] 490m, 415vw, 400m, 380vw, 350ms, 230m, 220m; 188sh, 

170ms, 157vs, 120s 
[Nits212].2H20 490w, 400w, 350m, 212m, 205m 
[NitzseC12] 400m, 320sh, 314m, 268m, 240s, 222ms, 204n1, 180ms, 

154m, 88m, 70m 
[NitzseBr,] 500w, 400w, 320w, 250m, 200m, 171ms, 158m, 148111, 

89m, 72m 
[NitzsezIzl 324m, 231m, 210m, 176ms, 89m, 72m 
pp - -- . .. - -. - -- - -. 

The most important bands present in the i.r. 
spectra of the ligand and its complexes in the 
region 4000-70 cm-' are reported in Tables 4 
and 6. The v(NH) shows in cobalt complexes a 
negative shift of ca. 270 cm-' having as reference 
the value of 3400 cm-'  for the free ligand in 
chloroform solution; working in Nujol mulls 
this absorption falls at 3110 cm-'  because of 
the presence of intermolecular hydrogen bonds. 

While the bands due to the bonds involving 
sulfur and selenium atoms show positive shifts 
or are at the same wave numbers as in the free 
ligand, the large negative shift of v(NH) seems to 
suggest that the nitrogen atom is involved in the 
coordination bond. 

Using the "law of average environment" as 
already done for cobalt(I1) ts derivatives, taking 
averages of Dq and B' values of CoL," and 
COX,'- ions, and comparing our values 
against similar chromophores containing MN2- 
X2 and MS2X2 chromophores, with selenium 
having the same soft character of sulfur, we can 
conclude that the cobalt(I1) tzse derivatives 
contain cobalt-nitrogen bonds. 

The medium strong bands present at 321 and 
305 cm-' for [Cotzse2C12].2H20, 238 and 215 
cm-' for [Cotzse2Br2]~H20 and 206 cm-' for 
[Cotzse212].2H20 can be attributed to v(CoX), 
in good agreement with literature data and 
thiomorpholin-3-thione cobalt complexes (7, 8, 
10-1 3). 

In our spectra strong bands near 230 cm-' are 

not present, where v(CoS) was found for 
pyridine thiols cobalt derivatives (5). New bands 
for chloro-, bromo-, and iodo-derivative appear 
at 252m, 250m, and 255s cm- '  respectively, 
clearly due to v(CoN) stretching modes (7-9). 
The same values have been found in the [Cots,- 
X,] complexes. 

In all the complexes medium strong bands 
appear in the range 3450-3400 and 1630-1620 
cm- '  due to v(0H) and S(H0H) thus confirming 
the presence of crystallization water. As already 
pointed out this water is lattice water being lost 
in the range 95-100 "C and because the vibra- 
tional modes of coordinated water are not 
present in the expected ranges (22). 

The solid state electronic spectra of nickel(I1) 
derivatives are consistent with a pseudo- 
tetrahedral symmetry (Table 2). The band pre- 
sent in the range 12000 - 12500 cm-' is attrib- 
uted to the v, transition --t ,T1(P) and the 
v2 transition ,T, --t ,A2 appears in the range 
6500 - 6900 cm- ', while the ,TI + ,T2 transi- 
tion (v,) appears at 5000 cm-'. The magnetic 
moments at room temperature lie in the range 
3.6-3.9 B.M. These values, lower than 4.1 
B.M., are expected when the effects of distortion 
are operative as in our complexes. 

The nickel derivatives show the v(NH) 
stretching as a broad band at 3400 - 3350 cm-', 
while the selenoamide I, v(C=Se) + S(NCSe) 
and symmetric and asymmetric v(C-S) behave 
as in cobalt derivatives. In the far infrared 
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region, the values found at  204 and 154 cm-' 
for [NitzseCl,] and 158 and 148 cm-I for 
[NitzseBr,] are typical for halide bridged nickel- 
(11) complexes (20, 21). The stretching modes for 
v(NiX) (X = C1, Br) for terminal halides lie at 268 
and 240 cm-' for chloro- and 200 cm-I for 
bromo-derivative (20, 21). The compound 
[Nitzse,I,] shows an absorption band a t  210 
cm-' clearly due to v(Ni1). Furthermore, no 
bands are present in the range 230-220 cm-' 
typical for v(NiN), as already observed in ts 
complexes. In all the three complexes studied 
here new medium strong bands appear a t  180, 
171, and 176 cm-' for chloro-, bromo-, and 
iodo-derivatives respectively. Any assignment is, 
however, a t  the moment impossible because of 
the lack of literature data concerning the position 
of v(NiSe). 

The n.m.r. spectra of cobalt and nickel com- 
plexes in DMSO-d,, as in the case of ts deriva- 
tive:~ have broad bands because of the presence 
of a paramagnetic center and a detailed-analysis 
of the individual band is, therefore, impossible. 
It is clear, however, that in cobalt complexes 
there is a shift of the NH-proton resonance of 
about 1.5 p.p.m. towards lower field. This fact 
strongly supports that tzse cobalt(I1) derivatives 
are N-bonded in good agreement with the 
electronic spectra and i.r. conclusions. In the 
nickel(I1) complexes the N H  resonance appears 
broadened, but a t  the same value as in the free 
ligand, 10.80 p.p.m. 

Experimental 
Preparation of' Tl7ioniorpholin-3-thiot~e 

4000 -200 cm- '  with Perkin-Elmer 457 and 225 
spectrophotometers as KBr discs or in CHCI3 solution. 
The far i.r. spectra (400-70 cm-I) have been recorded as 
Nujol mulls between polyethylene sheets o n  a Hitachi 
Perkin-Elmer FIS 3 spectrophotometer. 

Visible atid U.  V. spectrn 
Solid state electronic spectra have been recorded with 

a Beckman DK2A spectrophotometer b j  the method of 
Venanzi and co-workers (25). 

Magnetic Susceptibility Meas~ireltie~its 
These were carried out by use of the Gouy method. 

Molecular susceptibilities were corrected for diarnagnet- 
ism of the component atoms by use of the  Pascal's 
constants. 

Cond~rctivity Meas~i~.etirents 
These measurements were carried out with a WTW, 

LBR type conductivity bridge for M N,N'-dimethyl- 
formamide solutions at 25 + 0.1 "C. All the complexes 
are non-electrolytes. 

N.M.R. Spectra 
The n.m.r. spectra (for the thiazolidine-2-selenone and 

cobalt(I1) and nickel(I1) derivatives) were measured in 
DMSO-d, solutions with a Jeol JNM-C 60 HL instrument 

Molec~ilar Weiglit Detertt7itiatio11 
Molecular weight determination was carried out by 

an Hitachi Perkin-Elmer 115 instrument in methanol 
solution at  25 "C. 

We thank Dr. G. Colombini for his experimental work 
and the Consiglio Nazionale delle Ricerche of Italy for 
financial support. 
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ROBERT MCCRINDLE and ETSU NAKAMURA. Can. J. Chenl. 52,2029 (1974). 
One known (1)  and eight new ( 3 , 5 ,  6a,  7 ,  8a, 15,16,  and 196) diterpenoids have been isolated 

from a chemically distinct subgroup within the species Solidago serolirra Ait. The constitution 
and stereochemistry of the new compounds are deduced from their spectroscopic properties 
and chemical reactions. Of key importance are the conversions of ( i )  6a and 80 into 86, which 
has been synthesized from methyl kolavenate ( 9 ) ;  (ii) 1 and 15 into 3 ;  and (iii) 15 and 196 into 
16. Also discussed are the cleavages of the epoxides 10 and 15 with boron trifluoride which 
result in rearrangement, the products being 12 and a mixture of 16, 170, and 176, respectively. 

ROLIERT MCCRINDLE et ETSU NAKAMURA. Can. J. Chem. 52,2029 (1974). 
On a isole neuf diterpinoi'des a partir d'un sous groupe chimiquement distinct a I'interieur 

de I'espece de Solidago serotirm Ait; parmi ces composts un etait deja connu (1)  et huit sont 
nouveaux (3,  5 ,  6a, 7 ,  8a, 15, 16 et 196). On a deduit la constitution et la stereochimie des 
nouveaux composes a partir de leurs reactions chimiques et de leurs proprittCs spectroscopiques. 
Les rCactions suivantes sont de prime importance: ( i )  6a et 8a peuvent Ctre transform& en 86 que 
I'on a synthetise a partir du kolavenate de mCthyle ( 9 ) ;  ( i i )  1 et 15 peuvent Ctre transformes en 3 ; 
(iii) 15 et 196 pe~ivent Ctre transformes en 16. On discute aussi des rksultats obtenus lors d e  
I'ouverture des Cpoxydes 10 et 15 par le trifluorure de bore alors que des rearrangements s e  
produisent; les produits sont respectivement 12 et un mtlange de 16,170 et 176. 

[Traduit par le journal] 

In recent papers (1, 2) we have assigned struc- 
tures to 11 new diterpenoids from the roots of 
Solidago serotina Ait. We have now discovered 
several clones of this species3 which, although 
almost indistinguishable morphologically from 
the plants studied earlier (1, 2), elaborate an en- 
tirely different set of diterpenoids. In the present 
paper the constitution and stereochemistry of 
these nine compounds are assigned. 

Column chromatography over silica gel of an 
ether extract of ground, dried roots obtained 
from the clones discussed above and then pre- 
parative t.1.c. of the individual fractions afforded 
nine neutral diterpenoids. No related acidic con- 
stituents were detected in the extract. The nine 
compounds will be discussed in a sequence, least 
polar first, which corresponds to their relative 
chromatographic polarities on silica gel. 

'For part V see ref. 1. 
ZTo whom correspondence should be addressed. 
3Dr. Jean R. Beaudry, Departement des Sciences biolo- 

giques, Universite de MontrCal, Montreal, QuCbec, to 
whom we are grateful for the identification of this taxon, 
has informed us that, contrary to footnote 3 in ref. 2,  
the name used here is preferred rather than S.  giganrea 
Ait. var. serotina (Kuntze) Cronq. 

Compound A 
The least polar compound, the oily furano- 

olefin 1, [@ID -48", was a minor component of 
the extract. The presence of the P-substituted 
furan ring, inferred from its color reaction with 
Ehrlich's reagent, was confirmed by the presence 
of the typical (see for example ref. 2) resonance 
pattern arising from the three aromatic protons 
at T 2.75, 2.89, and 3.82 in its n.m.r. spectrum. In 
addition, this spectrum reveals the presence of 
one olefinic proton (T 4.83, m) and four methyl 
groups: two tertiary (T 9.01 and 9.26), one secon- 
dary (T 9.15, d, J = 5.5 Hz), and the remaining 
one on an olefinic bond (T 8.44, broad s). These 
structural components are readily accommodated 
in a clerodane skeleton (2) and immediately sug- 
gested the identity of this furano-olefin as 1 or 
a stereoisomer. Direct comparison of compound 
A with an authentic sample of 1, prepared (3) 
from hardwickiic acid, showed the two to be 
identical. The isolation of 1 from the bulbs of 
Annona coriacea has been recorded (4). 

Compound B 
The next constituent 3, m.p. 93-94", [a], - 19", 

was readily recognized as a close relative of com- 
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CHO 

c1 R - CHO 
b R -- CO, H 
c R C02CH3 

CHO 

8 
cr R -- CHO 
h R C02CH3 

pound A. Thus it also gives a positive test with 
Ehrlich's reagent and has resonances in its n.m.r. 
spectrum assignable to one P and two ci furan 
protons and four methyl groups. The n.m.r. 
spectrum also indicates the difference between 
the two compounds, the resonances attributable 
to a proton and a methyl group on an olefinic 
bond in compound A being replaced by those of a 
proton (r 7.20) and a methyl group (z 8.88) at- 
tached to an epoxide ring in compound B. The 
cr-orientation of this ring was inferred from the 
multiplicity (3) of the H-3 resonance (broad s, 
W,,, = 4 Hz), thus allowing a tentative assign- 
ment ofstructure, 3, to the compound. Confirma- 
tion of this assignment was readily obtained by 
epoxidation of compound A. As anticipated (3), 
the major product was the oily epoxide 4 formed 
by attack of the reagent on the less hindered 
P-face of ring A in 1. However the minor, 
slightly less polar product, the cr-epoxide (3) was 
identical with compound B. 

Compounds C-F 
The next four compounds (5, 6a, 7, 8a) are all 

oily, unstable a,P-unsaturated aldehydes, two of 
which bear in addition an epoxy ring while the 
other two contain ketonic carbonyl groups. The 

difference within the pairs of compounds arises 
from geometric isomerism around the olefinic 
bond. 

Compound C, 5, was obtained as a very minor 
constituent of the extract. Because of a lack of 
material it was not submitted for elemental anal- 
ysis, however a structure can be assigned with 
assurance on the basis of its spectroscopic proper- 
ties and close similarity to compound D. The 
conjugated carbonyl system results in i.r. and U.V. 

absorption at 1675 cm- ' and 238 nm, respec- 
tively, and n.m.r. doublets (J = 7.5 Hz) from the 
aldehydic (z 0.22) and vinylic (z 4.23) protons. 
Also discernible in the n.m.r. spectrum are res- 
onances attributable to an epoxide proton ( r  
7.25) and five methyl groups, of which one is 
secondary while two are on quaternary carbon 
atoms. One ( r  8.92) of the remaining two is at- 
tached to the epoxide ring and the other (z 8.10) 
to  the olefinic bond. The chemical shift of the 
latter indicates (5) that it is trans to the aldehyde 
group. 

The spectroscopic data obtained for compound 
D, 6a, match closely those of the previous com- 
pound, except that the methyl attached to C-13 
now resonates a t  z 7.85 since it is cis to the al- 
dehyde group. Indeed the n.m.r. spectra of com- 
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13 

n R - COCCI, 
h R = H  

pounds B (3), C (5), and D (6a) are all remarkably 
similar apart from the resonances arising from 
the functionalized portion of the side chain. The 
obvious conclusion, that the decalin moiety of 
compounds C and D have a constitution and 
relative stereochemistry identical to that of B, 
was substantiated for D by a chemical correlation 
(see below) with methyl kolavenate ofwell defined 
(6) structure and absolute stereochemistry. 

The n.m.r., u.v., and i.r. spectra of compound 
E (7), which was also isolated in quantities in- 
sufficient for elemental analysis, suggest a close 
structural relationship with compound C. The 
replacement of the C-3, C-4 epoxide in the latter 
by a C-3 ketone is readily deduced from the ap- 
pearance of a new i.r. carbonyl band at 1705 
cm-' and the substitution of the resonances 
arising from the proton and methyl group at- 
tached to the epoxide by an additional secondary 
methyl group ( r  9.16, d). This resonance is 
readily distinguished from that of the other 
secondary methyl group ( r  9.20, d) since the 
former is not broadened by "virtual coupling", 
there being no hydrogen atoms on C-3 or C-5. 

Compound F (8a) bears the same relationship 
to D as E does to C. In F, the C-4 secondary 
methyl group gives rise to a very clean doublet in 
its n.m.r. spectrum at r 9.17 in deuteriochloro- 

form and at r 9.07 in benzene. The magnitude of 
this downfield shift defines (7) clearly the orienta- 
tion of this methyl group as equatorial (a). The 
structures proposed for D and F (and presun~ably 
also those of C and E) were confirmed by con- 
version of both into the keto-ester 86 which was 
also obtained from methyl kolavenate (9) as 
follows. 

The known epoxide lo4 was prepared (8) from 
methyl kolavenate. An attempt was then made to 
convert 10 with boron trifluoride etherate into the 
keto-ester 11, which on treatment with sodium 
methoxide - methanol was expected t o  furnish 
the desired C-4 epimer (8b). However as  feared on 
mechanistic grounds, bearing in mind the stereo- 
chemical relationship of the C,-C,, and C,-0 
bonds, 10 on exposure t o  the Lewis acid formed no 
detectable amount of the keto-ester 11 but only 
the alcohol 12. A second approach for the prep- 
aration of 8b from 10 was successful. Reaction of 
the epoxide (10) with trichloroacetic acid resulted 
in the expected (9) trans-diaxial opening of the 
ring and formation of the trichloroacetate 13a 
which was then converted with sodium boro- 

4This compound appeared homogeneous o n  t.1.c. and 
n.m.r. examination but, bearing in mind the outcome 
(see above) of the epoxidation of 1, it probably contained 
a small proportion of the a-epoxide. 
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hydride into the diol 136. This proved a much 
more compliant substrate, since on exposure to 
boron trifluoride it afforded the desired ketone 
86. In this case, migration of the C-3 hydride to a 
C-4 cation, resulting from acid-catalyzed heterol- 
ysis of the tertiary hydroxyl group, competes 
favorably with methyl migration from C-5 since 
the former process is assisted by formation of the 
C-3 ketone. The stereochemistry at C-4 in 86 can 
be assigned with assurance since the migrating 
hydride has the p-orientation. Oxidation of com- 
pound F with selenium dioxide - hydrogen per- 
oxide in [err-butyl alcohol (10) and then methyla- 
tion yielded the same keto-ester (86) providing 
unambiguous proof of the structure of F as 8a. 

In an attempt to substantiate our conclusion 
concerning the structure (6a) of compound D, its 
transformation into the diol 136 prepared earlier 
from methyl kolavenate (see above) was under- 
taken. The projected route involved oxidation of 
6a to the corresponding acid 66 and formation of 
the diol, or aderivative, by acid-catalyzed opening 
of the epoxide ring in the derived ester 6c. In the 
event, an unexpectedly convenient correlation of 
6a with a known compound was achieved. Thus, 
oxidation ofcompound D with selenium dioxide- 
hydrogen peroxide and then methylation yielded, 
rather than the expected epoxy-ester 6c, the keto- 
ester 86 already prepared from compound F and 
methyl kolavenate. Presumably, an acidic sele- 
nium species reacts with the epoxide moiety 
forming a derivative (14) of the diol, which then 
decomposes to the ketone. 

Compound G 
Compound G (15), an oil of [or], -21°, was 

the major diterpenoid constituent in the plant. It 
was readily formulated as a P-substituted 
A".P-butenolide, a structural feature frequently 
found ( I  1) in diterpenoids from Solidago species. 
The presence of this functional group accounts 
for absorption at 214 nm in the u.v., and 1775 
and 1750 cm-' in the i.r., and resonances at t 4.27 
(olefinic proton) and 5.37 (-CH,O-). The re- 
mainder of the n.m.r. spectrum is nearly identical 
with that of compound B, except for the signals 
due to the three furan protons in the latter. This 
led to the assignment of structure 15 to the com- 
pound. Indeed, reduction of compound G with 
diisobutyl aluminum hydride provided sound 
evidence for this assignment since it afforded, in 
addition to a complex mixture of more polar 
materials, compound B (3). 

Conzpound H 
The penultimate constituent, 16, an oil of 

[or], +22", was only slightly more polar than 
that (15) immediately preceding it. Its spectral 
characteristics in general but particularly a com- 
parison of its n.m.r. spectrum with those of com- 
pounds F (8a) and G (15) indicated that it should 
be assigned the structure 16. The sign and mag- 
nitude (see Experimental) of the benzene-induced 
shift of the resonance arising from the secondary 
methyl group at C-4 represents important con- 
firmatory evidence for the or-orientation of this 
group. In an attempt to confirm the above assign- 
ment, compound G of proven structure (15) was 
treated with boron trifluoride in the expectation 
that at least some 16 would form. Ketone forma- 
tion was expected in this case since the C-5 methyl 
group is cis to the C,-0 bond and might be ex- 
pected to compete less favorably with the C-3 
hydride in migration than in 10(see above). How- 
ever. when this reaction of 15 was carried out 
only a trace of a compound tentatively identified 
as 16 formed, the two major products being the 
rearranged hydroxy-butenolides 17a and 17b.j 
Comment should be made on the observations 
that with boron trifluoride the P-epoxide 10 gives 
almost exclusively the ~'~"-01efin (12) while the 
a-epoxide 15 furnishes the A S q 6  (17a)- and 
~ j , l o  (176)-olefins in approximately equal 

amounts. One possible explanation is that in the 
former case, as the epoxide ring opens, the C-3 
oxygen function is utilized (18 or a related species) 
in stabilizing the incipient cation a t  C-5 resulting 
from methyl migration to C-4. I n  this situation 
the oxygen atom is suitably disposed to remove 
the C-10 proton in an intramolecular process, 
forming the tetrasubstituted olefin. In the case of 
an or-epoxide, a mechanism of this type is im- 
possible sterically and thus either the C- 10 or the 
C-6 P-proton, both of which are trans-antiparallel 
to the C-5 methyl in 15, is removed in an inter- 
molecular reaction. 

Since cleavage of the epoxide ring in 15 with 
boron trifluoride did not produce significant 
amounts of the ketone 16, we turned to a reaction 
sequence analogous to that which had proved 
successful in the correlation of 8b and 10. Treat- 
ment of 15 with trichloroacetic acid afforded the 

5When tissue of the variety of S. serotitm dealt with in 
this paper is stored for several weeks at  -10' before 
extraction, these extracts contain 17a and 17b whereas 
extracts of freshly collected roots do not. 
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trichloroacetate 19a, m.p. 130-131". Reduction of 
this compound with sodium borohydride yielded, 
rather than the desired diol (19b), a much more 
polar material which appeared on spectral evi- 
dence to have been formed by reductive cleavage 
of both the trichloroacetate group and the bute- 
nolide ring. However, the trichloroacetate itself 
was smoothly converted with boron trifluoride 
into the desired ketone (16). The outcome of this 
reaction sequence provides convincing proof of 
the structure of 16, including the configuration 
at C-4, since the 19a -+ 16 transformation in- 
volves migration of a P-hydride from C-3 to C-4. 

Con~polma' I 
The final constituent, the diol19b was obtained 

as an oil, [a], -9". However, the corresponding 
monoacetate (19c) crystallized readily and had 
m.p. 206-20g0, [a], -24". The i.r. and n.m.r. 
spectra of these compounds indicated the pres- 
ence of the functional groups included in 19b and 

19c, while the lack of i.r. absorption resulting 
from intramolecular hydrogen bonding between 
the two hydroxylgroups in 19b was taken as proof 
of their trans relationship. Treatment of the diol 
with boron trifluoride furnished the known 
ketone 16 and provided convincing evidence for 
the structure (19b) assigned to the former. 

Experimental 
Melting points are uncorrected and were determined 

on a Kofler hot-stage apparatus. Specific rotations refer 
to chloroform solutions and were measured o n  a Bendix 
Ericsson ETL-NPL automatic polarimeter. F o r  analytical 
and preparative t.l.c., chromatoplates were spread with 
Kieselgel G (Merck). Gas-liquid chromatography was 
carried out with a Varian Aerograph 1200 gas chroma- 
tograph using a stainless steel column (1/8 in. x 10 ft) 
packed with 2 0 z  carbowax 20M and nitrogen as carrier 
gas (with a flow rate of 25 ml/min) at  200". Light petro- 
leum was of b.p. 60-80". Microanalyses were by Dr. A. 
Woon-Fat or Mr. H. S. McKinnon, Guelph. Infrared 
spectra were recorded for carbon tetrachloride solutions 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

86
.1

11
.1

44
.1

94
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2034 C A N .  J .  CHEM. 1 

on a Beckmann 1R5A or 1R12 spectrophotometer and 
u.v. spectra in ethanol on a Unicam S.P. 800 spectro- 
photometer. Proton magnetic resonance spectra were run 
on a Varian Associates A-60A spectrometer using carbon 
tetrachloride as solvent, unless otherwise stated, and 
tetramethylsilane as internal standard. Mass spectra were 
run on a Varian Associates CH7 instrument. 

Isolation Procedure 
(i) The ground, air-dried (2 days) roots (150 g) of 

Solidago serotina AiL6 were continuously extracted with 
ether for 6 h in a Soxhlet apparatus. The extract (5.7 g), 
which showed one intense and one faint spot on analytical 
t.1.c. when sprayed with Ehrlich reagent and a very com- 
plex spot pattern with sulfuric acid and heating, was 
chromatographed over a silica gel (Baker) column (170 g) 
in light petroleum. Nine fractions were collected, the last 
two, eluted with ethyl acetate and ethyl acetate- acetic 
acid (9: I ) ,  being discarded since they were essentially 
devoid (n.m.r.) of terpenoids. 

Fraction I (110 mg), eluted with light petroleum, on 
preparative t.1.c. (light petroleum, run twice) afforded the 
minor furanoid compound, the furano-olefin 1 (38 mg). 
This oil, after distillation in vncuo, had [a] ,  -48" (c, 1.85) 
and was identical (n.m.r., mass spectrum, and t.1.c. on 
both silica gel and silica gel - silver nitrate, 22:3) to the 
furano-olefin obtained from junceic (200, (3)), maingayic 
(206, (12)), and hardwickiic (20c, (12)) acids. 

Fraction I1 (277 mg), eluted with ethyl acetate - light 
petroleum (1 :49), contained the major furanoid com- 
ponent, compound B (3), which was purified by prepara- 
tive t.1.c. (ethyl acetate - light petroleum, 1 : 10). The re- 
sulting solid (110 mg) crystallized from methanol and 
had m.p. 93-94", [ale - 19" (c, 0.76); v,,, 887 and 873 
cm-'; z 2.75, 2.89, 3.82 (all m, lH,  furan protons), 7.20 
(s, 1 H-3, ~ 1 1 2  = 4 HZ), 8.88 (s, 3 H-18), 8.98 (s, 3 H-19), 
9.18(d, 3 H-17 , J=  6Hz),and9.33 (s, 3 H-20). 

Anal. Calcd. for C20H3002: C, 79.42; H, 10.00. Found: 
C, 79.43; H, 9.90. 

Fractions 111 (252 mg), IV (207 mg), and V (199 mg), 
eluted with ethyl acetate - light petroleum (1 : 19, 1 :9, 
and 1 :4, respectively), contained compounds C-G. The 
three fractions were combined and submitted to repeated 
preparative t.1.c. (ethyl acetate - light petroleum, 1 :4). 
This furnished all five compounds as oils which were 
purified further by distillation in vacuo. Compound C, 
the epoxy-aldehyde 5 (17 mg) had v,,, 1675 cm-'; h,,, 
238 nm (E 8900); z 0.22 (d, 1 H-15, J = 7.5 Hz), 4.23 (d, 
1 H-14, J = 7.5 HZ), 7.25 (s, 1 H-3, wlI2 = 4.5 HZ), 
8.10 (d, 3 H-16, J = 1 HZ), 8.92 (s, 3 H-IS), 9.01 (s, 3 
H-19), 9.17 (d, 3 H-17, J = 6 Hz), and 9.32 (s, 3 H-20). 
Compound D,  the epoxy-aldehyde 6a (54 mg) had v,,, 
1675cm-'; h,,, 237 nm (E 8500); z 0.18 (d, 1 H-15, 
J =  7.5Hz),4.26(d, 1 H-14 , J=  7.5H~),7 .21 (s, 1 H-3, 
~ 1 1 2  = 4 . 5 H ~ ) ,  7.85 (d, 3 H-16, J = 1 HZ), 8.90 (s, 3 
H-18), 8.98 (s, 3 H-19), 9.16 (d, 3 H-17, J = 6 Hz), and 
9.32 (s, 3 H-20). 

6Voucher specimen number 73-10, Professeur Jean R. 
Beaudry, DCpartement des Sciences Biologiques, Univer- 
sit6 de MontrCal. This plant material was located and 
collected by Mr. A. B. Anderson, Department of Botany 
and Genetics, University of Guelph. 

Anal. Calcd. for C2,HB202: C, 78.90; H, 10.59. Found: 
C, 79.01 ; H, 10.50. 

Compound E, the keto-aldehyde 7 (28 mg) had v,,, 
1705 and 1675 cm-' ; h,,, 238 (E 8600); z 0.05 (d, 1 H-15, 
J = 7.5 Hz),4.15 (d, 1 H-14,J = 7.5 HZ), 8.05(d, 3 H-16, 
J = 1 HZ), 9.16 (d, 3 H-18, J = ~ H z ) ,  9.20 (d, 3 H-17, 
J = 6 Hz), 9.23 (s, 3 H-19), and 9.27 (s, 3 H-20). Com- 
pound F, the keto-aldehyde 8a (38 mg) had v,,, 1705 and 
1675 cm-'; h,,, 238 (E 8500); z 0.10 (d, 1 H-15, J = 7.5 
Hz), 4.18 (d, 1 H-14, J = 7.5 HZ), 7.82 (d, 3 H-16, J = 1 
HZ), 9.17 (d, 3 H-18, J = 6.5 HZ), 9.21 (d, 3 H-17, J = 6 
Hz), 9.23 (s, 3 H-19), and 9.27 (s, 3 H-20); z (C6D6) 8.35 
(d, 3 H-16, J = 1 HZ), 9.07 (d, 3 H-18, J = 6.5 HZ), 9.36 
(d, 3 H-17, J = 6 Hz), 9.43 (s, 3 H-20), and 9.52 (s, 3 
H- 19). 

Anal. Calcd. for C20H3202:  C, 78.90; H, 10.59. Found: 
C, 79.13; H, 10.72. 

Compound G, the epoxy-butenolide 15 (149 mg) was 
also obtained as the major constituent (550mg) of 
fraction VI (1.15 g), eluted with ethyl acetate- light 
petroleum (3:7) from which it was separated by prepara- 
tive t.1.c. (ethyl acetate - light petroleum, 1:4, run twice). 
In addition, this preparative t.1.c. afforded compound H, 
the keto-butenolide 16 (58 mg). The epoxy-butenolide 15 
after distillation in vaclto had [a], -21" (c, 1.88); v,,, 
1775 and 1750 cm-' ; h,,, 214 nm (E 9900); mle 318 (M); 
T 4.27 (m, 1 H-14, w,,, = 4 Hz), 5.37 (d, 2 H-16, Job, = 
1.5 Hz), 7.20 (m, 1 H-3, wl12 = 3.5 Hz);8.89(s,3H-18), 
8.98 (s. 3 H-19). 9.18 (d, 3 H-17, J = 6 Hz), and 9.31 (s, . . 
3 H-20). 

Anal. Calcd. for C20H3003: C, 75.43 ; H, 9.50. Found: 
C, 75.42; H,  9.82. 

The keto-butenolide 16 was distilled in uaclro and had 
[a] ,  +22" (c, 2.37); v,,, 1775, 1750, and 1705 cm-'; 
h,,, 21 1 (E 12 800); rnle 318 (M); z (CDCI3) 4.10 (m, 1 
H-14, wl12 = 4.5 Hz), 5.20 (d, 2 H-16, J = 2 HZ), 9.08 
(d, 3 H-18, J = 6.5 HZ), 9.13 (d, 3 H-17, J = ~ H z ) ,  9.18 
(s, 3 H-19), and 9.23 (s, 3 H-20); z (C6D6) 4.43 (m, 1 
H-14, ~ 1 1 2  = 4 HZ), 5.92 (d, 2 H-16, J = ~ H z ) ,  9.03 (d, 
3 H-18, J = 6.5 Hz), 9.37 (d, 3 H-17, J = 6 HZ), 9.41 (s, 
3 H-20), and 9.50 (s, 3 H-19). 

Anal. Calcd. for C20H3003: C, 75.43; H, 9.50. Found: 
C, 75.21 ; H, 9.51. 

Fraction VII (1.64 g), eluted with ethyl acetate-light 
petroleum (1 : l), furnished by preparative t.1.c. (ethyl 
acetate - light petroleum, 5: 6), further amounts of 15 
(410 mg) and 16 (40 mg) and in addition compound I, 
the diol-butenolide 196 (162 mg). This compound was 
obtained as an oil which had [a], -9" (c, 1.25); v,,, 
3630, 1785, and 1760 cm-'; h,,, 212 (E 9500); z (CDCI3) 
4.13 (m, 1 H-14, wl12 = 4 Hz), 5.22 (d, 2 H-16, J = 1.5 
Hz), 6.40 (s, 1 H-3, ,vl12 = 5.5 Hz), 7.12 (m, -OH, lost 
on D 2 0  exchange), 8.75 (s, 3 H-18), 8.87 (s, 3 H-19), 9.18 
(d, 3 H-17, J = 6 Hz), and 9.22 (s, 3 H-20). Treatment of 
the diol with acetic anhydride - pyridine yielded the cor- 
responding diol monoacetate 19c, which was purified by 
preparative t.1.c. (ethyl acetate - light petroleum, 1 : 3) 
and then crystallization from light petroleum. It had m.p. 
206-209"; [a],  - 24" (c, 1.16), v ,.,, 3500, 1775, 1750, and 
1730 cm-'; z (CDCI,) 4.14 (m, 1 H-14, w112 = 4 Hz), 
5.22 (m, 2 H-16 + 1 H-3), 7.93 (s, -OCOCH3), 8.88 (s, 
3 H-18), 8.90(s, 3 H-19), 9.18(d, 3 H-17, J = 6Hz), and 
9.22 (s, 3 H-20). 
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McCRINDLE AND NAKAMl JRA: SOLIDAGO SPECIES. VI 2035 

Anal. Calcd. for C2,H,,05: C, 69.81; H, 905. Found: 
C, 69.75; H ,  9.28. 

(ii) When an extractive from root tissue which had been 
stored at - 10" for 2 weeks was treated as above two 
additional compounds 17a and 17b were isolated. Extracts 
of fresh tissue contained no detectable quantities of these 
compounds which both have polarities on t.1.c. (ethyl 
acetate - light petroleum, 1 :4, run twice) very similar to 
that of 16. They were identified by direct comparison 
with samples prepared from 1 5  by treatment with boron 
trifluoride (see below). 

Epoxidatiot~ of the Furano-olefii I 
The furano-olefin 1 (38 mg) was reacted in the dark 

with tn-chloroperbenzoic acid (25 mg) in carbon tetra- 
chloride (20 ml) at 20" for 3 h. The resulting solution was 
washed with aqueous sodium carbonate (10%; twice) and 
the solvent removed in vacuo. Preparative t.1.c. (ether - 
light petroleum, 1 :40, run thrice) furnished the less polar 
component, the oily p-epoxide 4 (19 mg), which had [a], 
-35" (c, 0.91); z 2.78, 2.90, 3.86 (all m, I H,  furan 
protons), 7.29 (m, 1 H-3, w,,, = 7 Hz), 8.87 (s, 3 H-18), 
8.96 (s, 3 H-19), 9.18 (d, 3 H-17, J  = 5.5 Hz), and 9.32 
(s, 3 H-20); g.1.c. retention time, 21.4 min. 

Anal. Calcd. for C2,H,,O2: C, 79.42, H, 10.00. Found: 
C, 79.24; H,  10.22. 

The more polar, minor a-epoxide 3 (1.5 mg) was 
identical (mass spectroscopy, t.l.c., g.1.c. retention time 
of 23.4 min) with compound B. 

Cotluersion of the Epoxy-ester 10 into the Keto-ester 86 
The epoxide 10 (1.04 g, (8)) of methyl kolavenate was 

exposed to trichloroacetic acid (0.52 g) in carbon tetra- 
chloride (30 ml) at 20" for 4.5 h. The resulting solution 
was washed with aqueous sodium bicarbonate, dried, and 
the solvent evaporated. Chromatography of the residue 
over silica gel (150 g) and elution with ethyl acetate - 
light petroleum (3: 17) afforded the trichloroacetate 13a, 
which even after further purification by preparative t.1.c. 
(ethyl acetate - light petroleum, 1 :4) failed to crystallize. 
It (470 mg) had r 4.38 (m, 1 H-14, w,,, = 4 Hz), 5.21 (m, 
1 H-3, wl/2 = 5.5 HZ), 6.37 (s, 3H, -CO,CH,), 7.87 (d, 
3 H-16, J = I Hz), 8.82 (s, 3 H-18), 8.90 (s, 3 H-19), 9.19 
(d, 3 H-17, J  = 5.5 Hz), and 9.26 (s, 3 H-20). Reaction of 
this trichloroacetate (390 mg) with excess sodium boro- 
hydride in ethanol (50 ml) at  20" for 3 h furnished the diol 
136 (192 mg). Purification by preparative t.1.c. (ethyl 
acetate - light petroleum, I : 1) afforded an oil which had 
r (CDCI,) 4.33 (m, 1 H-14), 6.35 (s, 3H, -C02CH3), 
6.44(m, 1 H-3),7.86(d, 3 H-16), J =  1 Hz); 8.78(s, 3 
H-18), 8.88(s, 3 H-19),9.21 (d, 3 H-17, J =  6 H z ) , a n d  
9.26 (s, 3 H-20). 

Anal. Calcd. for CzlH36O4: C, 71.55; H, 10.29. Found: 
C, 71.09; H, 10.51. 

The diol (126 mg) was treated with boron trifluoride 
etherate (2 ml) in anhydrous benzene (10 ml) a t  20" for 
30 min. The solution was diluted with ethyl acetate (20 
ml) and washed with aqueous sodium bicarbonate, then 
brine, and dried. Preparative t.1.c. (ethyl acetate - light 
petroleum, 1:5, run twice) of the oil remaining after 
evaporation of the solvent afforded the ketone 86 which 
crystallized from light petroleum. It (44 mg) had m.p. 
88-89"; [a], +22" (c, 2.86) v,,,, 1710 and 1705 cm-'; 

A,,, 220 (E 12000); z 4.40 (m, 1 H-14), 6.38 (s, 3H, 
-C02CH3), 7.85 (d, 3 H-16, J = 1 HZ), 9.16 (d, 3 H-18, 
J =  6Hz),9.23 (s, 3 H-19), 9.24(d, 3 H-17, J = 5.5 Hz), 
and 9.27 (s, 3 H-20); z (CsD6) 4.13 (m, 1 H-14), 6.48 (s, 
3H, -CO,CH,), 7.77 (d, 3 H-16, J  = I HZ), 9.06 (d, 3 
H-18, J  = 6.5 Hz), 9.32 (d, 3 H-17, J  = 5.5 Hz), 9.42 (s, 
3 H-20), and 9.49 (s, 3 H-19). 

Anal. Calcd. for C21H3403: C, 75.41 ; H, 10.25. Found: 
C, 75.38; H, 10.39. 

Cottuersio~~ of the Keto-aldehyde 8a into the Keto-ester 86 
The keto-aldehyde (37 mg) was dissolved in tert-butyl 

alcohol (5 ml) containing selenium dioxide (12.8 mg). A 
solution (0.5 ml, 1%) of hydrogen peroxide in tert-butyl 
alcohol was then added and the reaction m i x t ~ ~ r e  kept at  
20". Three further portions (0.5 ml each) of the hydrogen 
peroxide solution were added at ca. 5-h intervals. After a 
total of 30 h, ethanol (2 ml) and then ethyl acetate (40 ml) 
were added. The solution was washed with brine, dried, 
and the solvent evaporated. The residue in ether was 
treated briefly with a slight excess of diazomethane and 
the product submitted to preparative t.1.c. (ethyl acetate - 
light petroleum, 1 : 3, run twice). The material from two 
bands of very similar polarity was recovered. The major 
(12.5 mg), more polar, component crystallized from light 
petroleum and was identical (t.l.c., m.p., mixture m.p., 
n.m.r., and [a],) with the keto-ester 86 prepared from 
methyl kolavenate (see above). An unidentified more 
polar component (10.5 mg) was also obtained. 

Conuersion of the Epoxy-aldel~yde 6a into tlre Keto-ester 86 
The epoxy-aldehyde 60  (35 mg) was reacted with sele- 

nium dioxide (11.2 mg) and hydrogen peroxide (0.5 ml, 
1% solution) in tert-butyl alcohol as described above. 
Preparative t.1.c. (ethyl acetate - light petroleum, 1 :3, run 
twice) afforded the keto-ester 8b (10.4 mg) and two un- 
identified more polar products (3 mg and 10.8 mg). The 
first of these three was identical (same criteria as above) 
with the sample of 86 prepared from methyl kolavenate. 

Treatn~ent of Epoxy-ester 10 with Boron Tr~yuoride 
The epoxy-ester 10 (65 mg) was treated with boron tri- 

fluoride etherate (0.5 ml) in anhydrous benzene (10ml) 
at 20" for 15 min. The resulting solution was diluted with 
ethyl acetate (40 ml), extracted with aqueous sodium bi- 
carbonate, then brine, and dried. Evaporation of solvent 
left a n  oil which was submitted to preparative t.1.c. (ethyl 
acetate - light petroleum, 1 :6). This afforded only one 
component (47 mg), the oily alcohol 12. After distillation 
it1 vacuo it had v,,, 3600 and 1705 cm-'; .t 4.41 (m, 1 
H-14), 6.38 (s, 3H, -CO,CH,), 6.54 (t, 1 H-3, Jabs = 4.5 
Hz), 7.86 (d, 3 H-16, J  = 1 Hz), 9.00 (s, 6H, quaternary 
C-CH,'s), 9.12 (d, 3 H-17, J  = 6 Hz), and 9.14 (s, 3H, 
quaternary C-CH,). 

Anal. Calcd. for C2,H3&03:  C, 75.41; H, 10.25. Found: 
C, 75.12; H,  10.40. 

Reduction of the Epoxy-butenolide 15 with Diisobutyl 
Aluminrctn Hydride 

Diisobutyl aluminum hydride in hexane (20%, 2 ml) 
was added to the epoxy-butenolide 15 (120 mg) in dry 
tetrahydrofuran (10 ml) and the solution kept at -20" 
for 1 h. Acetone (2 ml) was added and the solution al- 
lowed to  warm up to 20". It was then diluted with ethyl 
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acetate (20 ml) and washed with aqueous sodium sulfate. 
Preparative t.1.c. (ether -light petroleum, 1 :30, run 
twice) of the oily residue (1 I0 mg) from evaporation of the 
organic layer afforded the epoxy-furan 3 (14.5 mg) iden- 
tical ([a]D, n.m.r., mass spectroscopy, t.l.c., g.1.c. retention 
time of 23.4 min) with material of natural provenance. 

Treattnetlt of Epoxy-butetlolide 15 with Boron Trifluoride 
Reaction of the epoxy-butenolide (307 mg) with boron 

trifluoride-etherate (2 ml) in anhydrous benzene (20 ml) 
at 20" for 15 min and work-up (dilution with ethyl acetate 
and washing with water) afforded an oily product. This 
gave two spots of very similar polarity on analytical t.1.c. 
(ethyl acetate - light petroleum, 1 :4, run twice). The mix- 
ture was submitted to preparative t.1.c. (same solvent, 
run seven times). The plates showed two barely resolved 
bands. The upper half of the less polar band furnished the 
hydroxy-butenolide 170 (51 mg) which crystallized from 
light petroleum and had m.p. 120-122"; v,,, 3600, 1780, 
and 1750cm-'; tnle318 (M); .r4.22(m, 1 H-14), 4.48 (m, 
1 H-6, , v , , ~  = 7 Hz), 5.28 (m, 2 H-16), 6.58 (m, 1 H-3, 
w,,, = 7 Hz), 7.33 (s, -OH, lost on D,O exchange), 
8.90 (5, 3 H-19), 8.98 (s, 3 H-18), 9.14 (d, 3 H-17, J = 6 
Hz), and 9.27 (s, 3 H-20); .r (CDCI, with a cn 0.1 M ratio 
of E u ( D P M ) ~  to 17a) 7.92 (s, 3 H-19), 8.43 (s, 3 H-Is), 
8.93 (s, 3 H-20), and 9.02 (d, 3 H-17, J = 6 Hz). 

Anal. Calcd. for C,oH,oO,: C, 75.43; H ,  9.50. Found: 
C, 75.36; H, 9.56. 

The lower half of the lnore polar band yielded the 
hydroxy-butenolide 176 (87 mg) as an oil. This after dis- 
tillation it1 uncuo had T 4.21 (m, I H-14), 5.27 (m, 2 H-16), 
6.62 (m, 1 H-3), 7.40 (s, -OH, lost on D,O exchange), 
8.97, 9.06, 9.12 (all s, 3H, quaternary C-CH3's), and 
9.13 (d, 3 H-17, J = 5.5 Hz). The derived (acetic an- 
hydride - pyridine) acetate 17c was also obtained as an 
oil. After purification by preparative t.1.c. (ethyl acetate - 
light petroleum, 1:5, run twice) and then distillation in 
uncrro i t  had v,,,, 1775, 1750, and 1730 cm- I ;  T 4.22 (m, 
I H-14), 5.32 (m, 2 H-16), 5.44 (t, I H-3, Job> = 4.5 HZ), 
7.99 (s, 3H, -OCOCH3), 8.99, 9.05, 9.13 (all s, 3H, 
quaternary C-CH3's), and 9.12 (d, 3 H-17, J = 5.5'Hz). 

Anal. Calcd. for C,,H,,O,: C, 73.30; H,  8.95. Found: 
C, 73.05; H, 8.80. 

The intermediate chromotoplate area between the two 
regions dealt with above yielded an oil (94 mg) which was 
acetylated and the products separated by preparative 
t.1.c. (ethyl acetate - light petroleum, 1 :4, run twice). This 
afforded a mixture (n.m.r. evidence) of the acetates (70 
mg) of 170 and 17b, and as a more polar constituent, the 
keto-butenolide 16 (8 mg). This sanlple was identical 
(t.l.c., n.m.r., mass spectra) with 16 of natural provenance 
(see above). 

Cot~versiot~ of the Epoxy-brrtenolidc 15 itlto the 
Keto-b~tte~~olidc I 6  

The epoxy-butenolide 15 (152 mg) was treated with 
trichloroacetic acid (100 mg) in chloroform (5 ml) at 20" 
for 3 h. The resulting solution was diluted with chloro- 
form (10 ml) and extracted with brine. Preparative t.1.c. 
(ethyl acetate- light petroleum, 1 :3) of the residue (155 
mg) from evaporation of the organic layer afforded the 
trichloroacetate 190 (58 mg) and a mixture (t.1.c. and 
and n.m.r. evidence) of 16, 17n, and 176 (88 mg). The 
trichloroacetate crystallized from ethyl acetate - light 
petroleum and had m.p. 130-131"; v ,,,.,, 3630, 1783, and 
1760cm-I; .r 4.19 (m, I H-14, = 5.5 Hz), 5.29 (d, 

2 H-16, Jobs = 1.5 Hz), 5.41 (m, 1 H-3, IV,,? = 6 Hz), 
7.1 8 (m, -OH, lost on D 2 0  exchange), 8.31 (s, 3 H-18), 
8.77 (s, 3 H-19), 9.18 (s, 3 H-20) and 9.20 (d, 3 H-17, 
J = 6 Hz). 

Anal. Calcd. for C2,H,,O5CI3: C, 54.84; H, 6.48. 
Found: C, 54.92; H,  6.54. 

Treatment of this trichloroacetate (10 mg) with a slight 
excess of sodium borohydride in ethanol at 20' for 2 h 
afforded only material of much greater polarity than the 
diol 19b on t.1.c. (ethyl acetate - light petroleum, 1 : 2). 

The trichloroacetate (17 mg) was exposed to boron 
trifluoride etherate (0.5 ml) in dry benzene (5 ml) at 20' 
for 25 min. Water was then added and  the product re- 
covered by extraction into ethyl acetate. It was purified 
by preparative t.1.c. (ethyl acetate - light petroleum, 1 :3, 
run thrice) and identified as the keto-butenolide 16 (1 1 
mg) by n.m.r., t.l.c., and [a]D. 

Treatmetlt oJ' Dilryhoxy-butet~olide 19b 111ith Boron 
Trifluoride 

Reaction of the diol 19b (81 mg) with boron trifluoride 
etherate (0.5 ml) in anhydrous benzene a t  20" for 12 min 
and work-LIP with water- ethyl acetate as above fur- 
nished an oil. This was submitted to  preparative t.1.c. 
(ethyl acetate - light petroleum, 2:5, run  five times) and 
yielded as the major component, the oily keto-butenolide 
16 (23 mg). This material was identical (same criteria as 
above) with 16 of natural provenance. 

We thank Dr. A. Ohsuka for a sample of methyl kol: 
venate and for providing us with ilnpublished data con- 
cerning the diterpenoid constituents of Solidcigo nltissit~~a 
L. We are also indebted to the National Research Council 
of Canada for an operating grant. 
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J. PETER GUTHRIE. Can. J. Chem. 52,2037 (1974). 
An indirect thermochemical estimate of the equilibrium constant for the aldol condensation 

of acetaldehyde suggested that this reaction was much less irreversible than has been believed. 
The rate of the hydroxide catalyzed retroaldol reaction has been measured; kZl  = 2.8 x loM3 
M - '  s-I at  25", so that the equilibrium constant is 4.0 x lo2 M - ' .  They value for acetaldehyde 
as addend is 0.40. The enthalpy change for the aldol reaction IS -9.84 kcal/mol. 

J. PETER GUTHRIE. Can. J. Chem. 52,2037 (1974). 
Un estimC thermochimique indirect de la constante d'kquilibre pour la condensation 

aldolique de I'acCtaldehyde suggcre que cette reaction est beaucoup moins irrtversible qu'on 
le croyait. La vitesse de la rCaction de retroaldolisation catalysC par les ions hydroxydes est d e  
I<,, = 2.8 x M - '  s-I a 25", ce qui implique une constante d'equilibre de 4.0 x IOZ M - ' .  
La valeur y lorsque I'acCtaldehyde s'additionne est de 0.40. Le changement d'enthalpie POLK 

la rCaction aldolique est de - 9.84 kcal/mol. [Traduit par le journal] 

Condensation of acetaldehyde with itself is of the thermochemically estimated equilibrium 
one of the simplest and most thoroughly studied constant and the known rate constant for the 
(1-6) examples of the aldol reaction. This condensation step (k,,) (1,5) led to the conclu- 

sion that the rate of the retroaldol step (k,,) 
kl2 

[l] 2CH3CH0 CH3CH(OH)CH2CH0 should be readily measured for dilute solutions; 
k21 this proved to be the case. 

k2 3 Results and Discussion 
[2] CH3CH(OH)CHZCHOCH3CH=CHCH0 

k t  2 The thermochemical calculations summarized . - 

condensation is usually described as "irrever- 
sible" (6-8). For reasons of experimental 
practicality the reaction has been studied in 
rather concentrated solutions' and these studies 
have had to contend with the notorious (6,7,9) 
complexity of the acetaldehyde-water-hydroxide 
system. Nevertheless it is curious that the state- 
ment that the self condensation of acetaldehyde 
is "irreversible" is so widely accepted, since all 
the information needed to evaluate the equili- 
brium constant is available in the literature. The 
standard free energy change for the self con- 
densation of acetaldehyde in aqueous solution 
can be calculated in a straightforward manner, 
using available thermochemical data. It might 
be pointed out that thermochemical calculations 
of this sort are a potentially very useful, but 
much neglected, tool for the investigation of 
mechanisms of organic reactions. Comparison 

inTable 1 lead to the conclusion that for reaction 
1, AGO = -2.40 kcal/mol, AH0 = -9.84 kcal/ 
mol, and that K, = 57 M-' at 25 "C. 

It should be borne in mind that thermo- 
chemical values for species in aqueous solution 
in Table 1. and the AGO and AH' values for the 
aldol condensation refer to species at equilibrium 
with respect to covalent hydration of the 
aldehyde groups; values for the free aldehydes 
would be slightly different. 

When crotonaldehyde is added to aqueous 
hydroxide solution, equilibrium 2 is rapidly 
established: there then follows a slow dis- 
appearance of the rest of the crotonaldehyde2 
(10) (see Fig. 1). By working at very low initial 
concentrations of crotonaldehyde, complications 

2The Russian authors (10) observed two phase kinetics 
but did not evaluate a rate constant for the second phase, 
nor did they identify this step as dealdolization. They 
worked at  2.14 x M crotonaldehyde and also 

'Concentrations from 0.02 ( 6 )  to 1.40 (4) M have been observed slow formation of a new chrbmophore ab- 
used. sorbing a t  280 nm. 
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TABLE 1. Thermodynamic properties at 298 "K 
--- 

Compound AHr" (g) so (g) AGIO (g) (as)" AHt' (a@ 

CH3CH(OH)CH,CHO - 69.10"' - 109. 6Od-' 
(-70.25)"' 

"For I M aqueous solution with an  infinitely dilute reference state. 
bSee ref. 15. 
cCalculated using activity coefficient data from ref. 16. 
*These values refer to  the equilibrium mixture o f  free aldehyde and hydrate. 
.See ref. 17. 
'See ref. 18. 
gEstimated, after ref. 15, from the value for So of trans-2-pentene. 
*Calculated using the H,P (6)  and S o  (g) values shown. 
'Calculated from solubilrty In ref. 19, and vapor pressure (estimated by the method of Has and  Newton i n  ref. 20). 
'Calculated using a heat o f  solution measured using a simple Dewar type calorimeter, and HrO ( I )  from ref. 18. 
kCCaulated using the equilibrium constant for reaction 2 in ref. 21. 
'Calculated using the heat o f  hydration from ref. 21. 

mCalculated using the values o f  K I  and K2 evaluated in this work. 

011 , 
O 0 100 200 300 4 00 

I (minl  

FIG. 1. Absorbance at  225 nm as a function of time 
when crotonaldehyde is added to 0.1 N NaOH at 25'; 
initial crotonaldehyde concentration was 1.56 x M. 
(a) lower abscissa, (0) upper abscissa; experimental 
points: the lines are those determined by least-squares fit 
to  a two exponential rate law. 

due to polymerization can be avoided and the 
k12 step is negligible with respect to the k2, 
step. Under these conditions, with hydroxide 
concentration fixed, the kinetic equations can 
be solved (1 I )  to give the rigorously correct 
equation for the concentration of crotonalde- 
hvde at time t :  

where h ,  and h, are given by 

When k2,  << k2,, k32, we call make the useful 
approximation that 

and 

Then 
K 2  = k 2 3 l k 3 2  = Pla 

and 
k 2 1  = h 2 l ( l  + K 2 )  

A complication arises in concentrated alkali 
solutions from ionization of the carbonyl 
hydrate of 3-hydroxybutanal; this hydrate might 
be expected to be a slightly stronger acid than 
acetaldehyde hydrate (pK, = 13.57 (12)) because 
of possible intramolecular hydrogen bonding in 
the anion. Such ionization would affect the 
apparent equilibrium constant for  addition of 
water to crotonaldehyde and the apparent rate 
constants k2 ,  and k2,, which refer to the total 
concentration of 3-hydroxybutanal, its hydrate, 
and the hydrate anion. It may be shown that the 
apparent equilibrium constant for  hydration of 
crotonaldehyde will then be a function of 
hydroxide ion concentration 
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GUTHRIE: ALDOL CONDENSATION O F  ACETALDEHYDE 2039 

TABLE 2. Kinetic results" 
- -- pp 

[NaOH] ab9' lo3 x hLbvd D b s c  lo4  x hZbvd K ~ ~ ~ Q ~  lo3  x kZ3dsf 103 kgZdno 104 kZld,ll 

OIn aqueous solution, 25.0 + 0.1 "C, ionic strength 0.1 M (KCI). initial [crotonaldehyde] = 1.56 x M, followed a t  225 nm.  
T h e  kinetic data were fitted to the equation, absorbance = A m  4- ~ e - ~ l l  i- pe-h2r by a non-linear least-squaresprocedure,seeref.22, using 

a computer program written for this purpose. 
Cln absorbance units. 

s-1. 
cDimensionless: p/a = KIaPP = [crotonaldehydel/[3-hydroxybpanall: 
'The corresponding second-order rate constant, corrected for lonlzatlon of 3-hydroxybutanal hydrate, is 0.035 + 0.002 M-1 s -  I .  
*The corresponding second-order rate constant is 0.035 + 0.002 M-' s - I .  
hThe corresponding second-order rate constant. corrected for  ionization of 3-hydroxybutanal hydrate. is 0.0028 + 0.0002 M- 1 s-1. 

KzapP = KzO/(l + a[OH-I) 
and that 

k,, = kZl0/(1 + a[OH-I) 

k,, = li230/(l + a[OH-1) 

where a is a constant. 
From the kinetic results in Table 2, correcting 

for ionization of 3-hydroxybutanal hydrate, the 
second-order rate constant for hydroxide ion 
catalyzed decomposition of 3-hydroxybutanal is 
2.8 x M- '  s-'; combined with the value 
for k12  of 1.11 M-2 S - I  evaluated by Bell (1,5) 
this leads to a value of 4.0 x 10, M - '  for the 
equilibrium constant for the aldol condensation 
of acetaldehyde with itself. In terms of free 
energy this corresponds to -3.55 kcal, which 
differs from the thermochemical estimate by 1.15 
kcal, which is rather more than one would 
expect; nonetheless, the thermochemical estimate 
would have been more useful and informative 
than a statement that the reaction is "irrever- 
sible". Using the values of K, and K, evaluated 
in this work, the thermochemical calculation 
can be performed in the other direction, leading 
to values shown in Table 1 and in particular to 
a revised value for the standard entropy of 
gaseous crotonaldehyde. 

With the equilibrium constant for the addition 
of acetaldehyde to acetaldehyde in hand, it can 
be compared with other equilibrium constants 
for addition to acetaldehyde; the available 
values are given in Table 3, along with the y 
values for the addends; y is a measure of the 
tendency to add to a carbonyl (13). The equili- 
brium constants for the addends other than 
acetaldehyde can be fitted to the equation :, 

3For hydrogen peroxide the observed equilibrium con- 
stant was divided by statistical factor of 2 (13). 

TABLE 3. Equilibrium constants fo r  
addition t o  acetaldehyde" 

- 

Addend yb K ( M - I )  

H z 0  -3.58 1.9 x lo-" 
HOCH3 -2.22 7 . 0 ~  
Hz02 -0.64 4 . 8 ~  10'  
CH3CH0 +0.40f 4 . 0 ~  1 0 ~ ~ ' "  
H C N  +2.44 3 . 7 ~  lo4' 

~ ~ ~ - p  

OIn aqueous solution a t  25'. 
T r o m  ref. 13 unless otherwise staled. 
CSee ref. 23. 
dSee ref. 24. 
=See ref. 25. 
'Evaluated in this work as  described in the text. 
S e e  ref. 26. 
hCalculated for addition o f  acetaldehyde a t  equi- 

librium with respect to  hydration, t o f r e e a c e i a ~ d e h ~ d e  
t o  give 3-hydroxybutanal, at equilibrium with respect 
t o  hydration. The hydration correction and the  statis- 
tical correction (since 2 molecules o f  acetaldehyde 
react) cancel each other  almost exactly. 

[81 log K = 1 . 0 4 ~  + 2.15 

By interpolation, using this equation, y for 
acetaldehyde is 0.40. 

Finally it should be pointed out that, although 
in the present case the rate constant for the 
retroaldol reaction was readily measurable, the 
thermochemical methods used to obtain the 
initial estimate of the equilibrium constant for 
the aldol reaction would have led to a reliable 
estimate even if the reaction had been much 
more nearly irreversible. Thus thermochemical 
calculations can be a more powerful tool than 
direct measurement for the evaluation of equili- 
bria, since they are subject to fewer limitations. 
It is surprising that they are used so seldom by 
organic chemists. 

Experimental 
Crotonaldehyde was freshly distilled before being used 

for kinetics or thermochemical measurements; inorganic 
chemicals were reagent grade. 
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The heat of solution of crotonaldehyde was measured 
using a simple Dewar type calorimeter, calibrated in the 
normal way (14). Crotonaldehyde (4.00 ml) was injected 
by syringe into 400ml of 0.1 N aqueous HCI in the 
calorimeter. The heat of solution so determined was 1.82 
kcal/mol at  ca. 24 "C. 

Sodium hydroxide solutions for kinetics were diluted as 
necessary with 0.1 M KCI. Reaction was initiated by 
adding 20 p1 of a dilute aqueous solution of crotonalde- 
hyde and followed at  225 nm; reactions were carried out 
in I-cm cells in the thermostatted (25.0 + 0.1 "C) cell 
compartment of a Gilford Model 240 spectrophotometer. 

I thank the National Research Council of Canada for 
financial support of this work. 
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WALTER A. SZAREK, DOLATRAI M. VYAS, ANNE-MARIE SEPULCHRE, STEPHAN D.  GERO, and 
GABOR LUKACS. Can. J. Chem. 52, 2041 (1974). 

The carbon-13 n.m.r. spectra of a series of 1,4-oxathianes, including the 4-oxide and 
4,4-dioxide of 1,4-oxathiane, are reported. The results corroborated conclusions reached 
previously, on the basis of proton n.n~.r.  studies, concerning the conformational equi- 
libria. The work also permitted a s t ruc t~~ra l  differentiation of the two n~icleosides 
6-chloro-9-(1,4-oxathian-2-yl)-9H-p~1rine (1 )  and 6-chlor0-9-(1,4-oxathian-3-y1)-9H- 
purine (2) .  

WALTER A. SZAREK, DOLATRAI M. VYAS, ANNE-MARIE SEPULCHRE, STEPHAN D. GERO, e t  
GABOR LUKACS. Can. J. Chem. 52, 2041 (1974). 

Les spectres cle r.rn.n. clu '"C cl'une sCrie d'oxathianne-1,4 ainsi que l'oxyde en position 
4 et le clioxyde cle l'osathianne-1,4 sont dCcrits et discutts. L'tquilibre conforn~ationnel d e  
ces composts, dtudiC anttrieurement par la r.m.n. du proton, se trouve confirmC. C e  
travail a permis en outre la difftrentiation structurale des deux nuclCosides 6-chloro-9- 
(1,4-oxathiann-2-y1)-9H-purine ( 1 )  et 6-chloro-9-(l,4-oxnthiann-3-yl) -9H-purine (2).  

Introduction 
In a recent communication, the synthesis of 

two nucleoside derivatives of 1,4-oxathiane, 
namely,6-chloro-9-(1,4-oxathian-2-yl)-9H-purine 
(1) and 6-chloro-9-(l,4-oxatl~ian-3-yl)-9H-purine 
(2) was reported (1). A tentative differentiation 
of the regioisomers 1 and 2 was based solely on 

their proton magnetic resonance (p.m.r.) spectra. 
In the present work, a study by carbon-13 
magnetic resonance (c.m.r.) spectroscopy of 
these compounds and a related series of 1,4- 
oxathianes has corroborated the structures as- 
signed to 1 and 2. A further stimulus for the 

'To whom inquiries should be addressed. 

present study was provided by the investigations 
by Zefirov et al. (2) of the conformational 
equilibria of 2-substituted 1,4-oxathianes using 
p.m.r. spectroscopy; it was felt that c.m.r. 
spectroscopy would be an effective tool for such 
investigations, since carbon-13 chemical shifts 
are more sensitive to steric, conformational, and 
electronic changes in a molecule. 

It is known that anisotropy effects have an 
important bearing on proton chemical shifts but 
much less so on those for 13C (3, 4). However, 
Perlin et al. ( 5 )  have shown in the carbohydrate 
series that changes induced in proton chemical 
shifts (deshielding) are intimately associated with 
the shielding state of the carbon to which the 
proton is bonded. The anisotropy of various 
functional groups, such as C==C (6), C z N  (7), 
and S=O (8), has afforded valuable structural 
and stereochemical information. For example, a 
detailed study of proton chemical shift changes 
induced in penicillins and cephalosporins (9) as 
a result of oxidation a t  sulfur has yielded infor- 
mation on the configuration of the S=O bond 
and the conformations of both the thiazolidine 
and thiazine rings. Sulfoxide anisotropy effects 
in substituted 1,4-oxathianes obtained from 
carbohydrate precursors (lo), 1,2-oxathiane 
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TABLE 1. Carbon-13 chemical shifts for 1,4-oxathiane derivatives*'t 

Carbon 

Compound 2 3 5 6 0CH3 0-CO-CH3 0-CO-CH3 CH3 

cH300cH' 95.1 29.3 31.9 64.3 54.6 - - 21.5 

8 

*In p.p.m. from tetramethylsilane (TMS) in chloroform-rl. 
tl.4-Dithiane gave a single line at  29.1 p.p.m. and  1.4-dioxane at  67 p.p.m. 
$Confirmed by single frequency off-resonance decoupling (SFORD). 

2-oxide (8), and trimethylene sulfite (11) have 
been well studied. The above work prompted an 
investigation of the changes in 13C and proton 
chemical shifts in the series 1,Coxathiane (3), 
1,4-oxathiane 4-oxide (4), and 1 ,4-oxathiane 
4,4-dioxide (5). 

Some recent applications of c.m.r. spectro- 
scopy of relevance to the work described in this 
article include structural and conformational 
studies on carbohydrates (5, 12-14), nucleosides 
(1 5), sulfur heterocycles (1 6), and penicillins (1 7). 

Results and Discussion 
The c.m.r. and p.m.r. data for compounds 3, 

4, and 5 are given in Tables 1 and 2, respectively. 
The 13C chemical shift assignments for these 
compounds were readily made by a comparison 
with the observed shifts for 1,4-dithiane and 
1,4-dioxane. One notable feature is an upfield 
shift of -2 p.p.m. in the c.m.r. signal for C-3 
and -5 in compound 3 relative t o  that in 1,4- 
dithiane. The origin of this effect has been 
discussed by Perlin et al. (5) in connection with 
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SZAREK E T  AL.: C.M.R. SPECTRA OF 1,COXATHIANE DERIVATIVES 2043 

TABLE 2. Proton magnetic resonance data for compounds 3, 4, and 5*t 

Hydrogen 
-- 

Compound H-2ax H-2eq H-6ax H-6eq H-3 's H-5's 

*In chloroform-d with internal TMS standard. 
tl.4-Dithiane gave a singlet at 7 7.13 in chloroform-d, and 1.4-dioxane at 7 6.33. 
$Proton magnetic resonance data for compound 3 in carbon tetrachloride are given in ref. 30. 

various carbohydrates. Similar effects in trans- 
fused bicyclic hexopyranoside derivatives (18) 
and dioxanes (19) have been reported. 

The 60 MHz p.m.r. spectrum of 1,4-oxathiane 
4-oxide (4) (20) in chloroform-d is shown in 
Fig. 1. The 1-proton multiplet centered at z 5.62 
was assigned to the axial hydrogens at C-2 and 
-6 on the basis of the observed 9-Hz coupling, a 
value which is consistent with a trans-diaxial 
relationship to the adjacent hydrogens; an 
analogous assignment has been made by Harpp 
and Gleason (8) in the case of 1,Zoxathiane 2- 
oxide. The 1-proton multiplet at higher field, 
namely z 6.18, was then assigned to the equatorial 
hydrogens at C-2 and -6. The observed deshield- 
ing of the axial hydrogens is consistent with an 
axial S=O bond, which can affect the hydrogens 
at C-2 and -6 by its acetylene-like anisotropy. 
The axial hydrogens at these positions are 
especially subject to a deshielding effect, since 
they occupy syn-axial positions with respect to 
the axial exocyclic S=O bond. The multiplets 
at z 5.62 and 6.18 were analyzed as illustrated in 
Fig. 1 and documented in Table 2. The unre- 
solved 4-proton multiplet centered at z 7.13 was 
assigned to the hydrogens at C-3 and -5. 

13C and proton chemical shift correlation 
diagrams for the series 1,4-oxathiane (3), 1,4- 

FIG. 1. The p.m.[. spectrum (60 MHz) of 1,4-oxa- 
thiane 4-oxide (4) in chloroform-d. 

oxathiane 4-oxide (4), and 1,4-oxathiane 4,4- 
dioxide (5) are given in Fig. 2. One interesting 
feature is that in the sulfoxide 4 the axial 
hydrogens at C-2 and -6 are deshielded, whereas, 
as evidenced by the 13C chemical shifts, these 
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TABLE 3. Carbon-13 chemical shifts for 6-chloro-9-(l,4-oxathian-2-yl)-9H-purine (1) 
and 6-chloro-9-(l,4-oxathian-3-yl)-9H-purine (2)*-i 

Carbon 

Compound 2' 3' 5' 6' 2 4 5 6 8 
- 

1 82.0 31.1 25.9 70.2 151.5 150.61 131.1 150.11 142.0 

2 71.1 49.4 24.1 68.1 151.5 150.8 131 .O 150.8 143.7 

*In p.p.m. from tetramethylsilane (TMS) in chloroform-d. 
?Chemical shifts obtained for the purine ring carbons o f  6-chloropurine (15) measured in methyl sulfoxide are as  follows: 150.3 (C-2), 152.4 

(C-4), 132.2 (C-5). 152.4 (C-6), 146.4 (C-8). 
tAssignments for peak positions marked with$ may be reversed. 

TABLE 4. Conformational equilibrium data for substituted 
1,4-oxathianes in chloroform-d* 

% axial 
Chemical shift Form of JAX + nx conformer 

Compound of Hx (7) signal H, (Hz) (Ia or II.,)t 

1 3.95 Quartet 11.5 -25 
2 4.43 Broad signal -6 -90 
61 4.60 Broad signal -6 -90 
7 4 5.80 Triplet -9 -50 
811 5.40 Broad signal -5.5 -95 

'The position of conformational equilibrium was estimated using the equation of Zelirov el a/. (2): lJnx + Jnxl = 
N Z Jl  + (I - N) Z Jl l  = N(J,. + J,,) + (I - N)(J,, + J,.) for  which J,, = I I Hz, J,, = J,. = 2.5 Hz (for 1.4- 
oxath~anes only). 

?For  2-substituted 1,4-oxathianes, the conformational equilibrium under consideration is 

B 

For  3-substituted 1.4-oxathianes, the conformational equilibrium is 

R 

tFu l l  p.m.r. data  for this compound will be published later (see also ref. I). 
$Proton magnetic resonance data  for this compound in carbon tetrachloride and acetonitrile have also been re- 

ported (2). 
BProton magnetic resonance data  for this compound in carbon tetrachloride have also been reported (25). 

C-3 in 6 causes a large downfield shift of the C-3 
signal (relative to 3), namely 41 p.p.m., and 
exercises a small "downfield effect" on C-2. 

The 13C chemical shift assignments in the 2- 
methoxy derivative 7 were relatively straight- 
forward. The C-2 and -5 assignments were 
readily made, since the C-5 signal in 7 had barely 
shifted (relative to 3), but the C-2 signal ex- 
perienced a large downfield shift (30 p.p.m.) 

because of the presence of the methoxyl group 
at C-2. Since the conformational equilibrium of 
7 contains approximately equal proportions of 
the two chair conformers (see Table 4), the 
3 p.p.m. downfield shift of the C-3 signal may 
be attributed to a "downfield effect" exercised 
by both the axial and equatorial methoxyl group. 
In the case of C-6, only the axial conformer 
contributes to its shielding, resulting from a 1,3- 
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~ m .  100 9 0  80 70 60 50 40 30 20 

FIG. 3. I3C chemical shift correlations for substituted 1.4-oxathianes. Only the carbon atoms of the oxathiane 
ring are included. 

diaxial non-bonded interaction, as reflected by 
the observed upfield shift of 3.5 p.p.m. 

In contrast to 7, (2R,6S)-2-methoxy-6-methyl- 
1,4-oxathiane (8) exists in chloroform-d solution 
almost entirely in the conformer with the 
methoxyl group axially disposed (see Table 4), a 
phenomenon clearly manifested by the 13C 
chemical shifts of C-2 and -6. Thus, there is an 
upfield shift of -4 p.p.m. of the C-2 signal in 
the case of compound 8 relative to the corre- 
sponding signal for 7 (see Fig. 3). This upfield 
shift would be expected on the basis of the 
previous observation (5) that an axial oxygen 
atom is associated with increased shielding of 
the 13C nucleus to which it is bonded and on the 
fact that the preponderant (-95%) conformer 
of 8 is that having an axial methoxyl whereas in 
the case of 7 the two conformers exist in ap- 
proximately equal proportions. Another salient 
feature of the c.m.r. spectrum of 8 is the observa- 
tion that the presence of the methyl group at 
C-6 barely affects the chemical shift of C-6 
relative to the corresponding signal in compound 
7; a downfield shift might have been expected 
(a effect). The observation of the essentially 
identical C-6 chemical shifts in 7 and 8 suggests 
that the a effect may be counteracted by the 
shielding effect of a 1,3-diaxial nonbonded 
interaction between an axial methoxyl group at 
C-2 and an axial hydrogen atom at  C-6, and 

hence corroborates the previous conclusions 
regarding the conformational equilibrium in 
these compounds. In the case of compound 8, 
unlike that in 6, the C-3 and -5 assignments 
could not be made by SFORD. Nevertheless, 
unambiguous assignments were made in the 
following manner. If in compound 8 a full 
equatorial P effect is exercised o n  C-5 by the 
methyl group at  C-6, then the C-5 chemical 
shift in 8 should be -7-8 p.p.m. lower, as 
estimated from a 1,3-dioxane model (19), then 
the observed chemical shift of C-5 in 7 (26.02 
p.p.m.). However, since compound 8 exists only 
slightly in the conformation having the methyl 
group in the axial orientation, and since the 
axial p effect of a methyl group is smaller than 
the equatorial P effect ( 9 ,  then the actual P effect 
exercised on C-5 in 8 should be only slightly 
smaller than a full equatorial P effect. Thus, the 
signal in the c.m.r. spectrum of 8 a t  31.91 p.p.m. 
was assigned to C-5. 

The structural differentiation o f  the nucleo- 
sides 1 and 2 could be readily made by compari- 
son of their c.m.r. spectra with that of 1,4- 
oxathiane (3) (see Fig. 3). Interestingly, the two 
regioisomers show different conformational pre- 
ferences in chloroform-d solution (Table 4), as 
determined from their p.m.r. spectra (1). In the 
case of 1, there is a preponderance of the con- 
former having the purine moiety in an equatorial 
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orientation, whereas in the case of 2, there is a 
preponderance of the axial form. A rationaliza- 
tion for this difference in terms of attractive (27) 
or repulsive nonbonded interactions between 
lone pairs on the oxygen, sulfur, and the nitrogen 
atom at position 9 of the purine ring is under 
investigation and will be reported separately. 
Zefirov et al. (2) have accounted for the con- 
formational behavior of some 2-substituted 1,4- 
oxathianes and 1 .4-dioxanes on the basis of the 
anomeric effect and a repulsive interaction 
picturesquely referred to as the "hockey-sticks" 
effect. 

Experimental 
The nucleosides 1 and 2, and 3-acetoxy-l,4-oxathiane 

(6), were samples prepared in a previous work by Vyas 
and Szarek (1). 1,4-Oxathiane (3) and 1,4-dithiane were 
obtained from Aldrich Chemical Co., Inc., Milwaukee, 
Wisconsin. 1,4-Oxathiane 4-oxide (4) was synthesized 
according to the procedure of Leonard and Johnson (20). 
The 4,4-dioxide (5) was prepared by treatment of com- 
pound 3 with 2 equiv. ofsodium metaperiodate in aqueous 
methanol in the dark at room temperature for 5 days, 
followed by extraction with chloroform, and concentra- 
tion of the chloroform solution; recrystallization of the 
residue from chloroform - petroleum ether (b.p. 60-80") 
gave 5 as white needles, m.p. 130' in agreement with the 
literature value (28). 2-Methoxy-1,4-oxathiane (7) was 
synthesized according to the procedure of Parham et al. 
(29); (2R,6S)-2-methoxy-6-methyl-1,4-oxathiane (8) was 
synthesized according to the procedure of Bucket a/.  (25). 

Proton magnetic resonance spectra were recorded at  
60 MHz on a Bruker HX-60 spectrometer with tetra- 
methylsilane (TMS) as the locking signal; c.m.r. spectra 
were recorded in chloroform-d solution on a Bruker 
Fourier transform spectrometer at 22.6 MHz; chemical 
shifts are given in p.p.m. downfield from TMS: STMS = 
S C D C 1 q  76.9 p.p.m. 

The authors are grateful to the National Research 
Council of Canada for their generous financial support. 
They also wish to thank Professors J. K. N. Jones and 
E. Lederer for their interest and encouragement. 
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C. G. DAVIES, R. J. GILLESPIE, P. R. IRELAND, and JOY M. SOWA. Can. J. Chern. 52, 2048 
(1974). 

The crystal structure of the compound 12+Sb2Fll-  has been determined from three-dimen- 
sional X-ray counter data. Crystals are monoclinic with a = 13.283(5), b = 8.314(3), c = 
5.571(2) 8,; (3 = 103.75(2)"; V = 579.5 A3; Z = 2 and D, = 3.92 g The structure has 
been refined in the space group C2 with a final conventional R factor of 0.055 for 365 indepen- 
dent reflections with I r 30(1). The structure consists of discrete 12+ cations and Sb2Ft l -  
anions, each with a crystallographic two-fold rotation axis through the center. The 1-1 bond 
length is 2.557(4) A while the Sb-F bridge length is 2.00(1) A with a bridgeangle of 166(3)" in 
the symmetric anion. 

C. G.  DAVIES, R.  J. GILLESPIE, P. R. IRELAND et JOY M. SOWA. Can. J. Chern. 52, 2048 
(1974). 

La structure du cristal du compose 12+Sb2FII- est determinee pa r  un compteur de donnies 
de rayons-x a trois dimensions. Les cristaux sont monocliniques avec: a = 13.283 (5), b = 
8.314(3), c = 5.571(2) A ;  (3 = 103.75(2)"; V = 597.5 A3; Z = 2 et D, = 3.92g ~ r n - ~ .  La 
structure est raffinie dans le groupe d'espace C2 avec un facteur conventionnel final R de 0.055 
pour 365 reflexions independantes avec 1 ,  30(1). La strucutre consiste en cations 12+ et 
anions Sb2F, ,- distincts ayant chacun un axe cristallographique de  rotation d'ordre 2, passant 
par le centre. La distance du lien 1-1 est 2.557(4) A alors que la longueur du pont S&F est 
2.00(1) A ;  I'angle du pont B I'anion symitrique est 166.3'. [Traduit par le journal] 

Introduction 
The I,+ cation has been characterized in 

solution in the acids HS0,F and H,S,O, by 
conductimetric, spectrophotometric, and mag- 
netic measurements (1) and by Raman spec- 
troscopy (2). The frequency of the I,+ stretching 
vibration (238 cm-') suggested that the cation 
has a stronger and shorter bond than the I, 
molecule which has a stretching frequency of 
213 cm-' and a bond length of 2.66 (3). 
A dark blue solid was prepared by Kemmitt et al. 
(4) from I,, IF,, and SbF, and was formulated 
by them as 12+Sb2Fll  -, however, it melted over 
a considerable range and it seems probable that 
it contained impurities such as IF,+SbF,- and 
SbF,. We have now prepared the dark blue 
crystalline compound I,+Sb,F,, - in a pure 
state by the oxidation of iodine with SbF, in 
liquid sulfur dioxide as solvent and we have 
determined its structure by X-ray crystal- 
lography. 

Experimental 
Crystal Preparation 

SbFS (9.93 mmol) in dried liquid SO2 was added to 
finely ground I2  (3.47 mmol) and stirred for one week at  
room temperature. White SbF3 precipitated from the 

blue solution and was removed by filtering through 
sintered glass. Removal of the solvent by distillation 
yielded a dark blue crystalline solid, 12+Sb2FIl- .  This 
compound melts sharply at  122-123 "C. It is moisture 
sensitive and was handled in a dry  atmosphere. The 
preparation is described by the equation 

Anal. Calcd. for 12+Sb2Fll-:  I, 35.93; Sb, 34.48; F, 
29.59. Found: I, 36.73; Sb, 35.27; F, 27.63. 

Ramatz Spectr~m 
Crystals of 12+Sb2F,,-  sealed in a melting point tube 

were studied at room temperature using 6328 8, He-Ne 
excitation. An intense I,+ resonance Raman spectrum 
with a fundamental at  238 cm-I and two overtones was 
observed which agrees with spectra reported earlier for 
12+ in fluorosulfuric acid solution ( 2 ) .  No anion peaks 
were observed. 

Crystal Data f.w. = 706.30 
12Sb2Fll is monoclinic with a = 13.283(5), b = 

8.314(3), c = 5.571(2) A;  (3 = 103.75(2)"; V = 597.5 
A3: Z = 2 and D, = 3.92 g ~ m - ~ .  

No  experimental density was obtained because of the 
sensitivi'ty of the compound to moisture. Single .crystal 
precession photographs revealed the systematic ab- 
sences: hkl, h + k = 212 + 1, indicating one of the C 
centered space groups C2, Cm, or C2/m. After some initial 
ambiguity, the structure was ultimately refined in the 
space group C2. 
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TABLE 1. Structural parameters* for 12+Sb2FI l -  (U,, x lo2) 
- --- 

Atom X Y Z U o r U l l  Uzz u3 3 UI z u13 UZ 3 

1 0.0733(1) 0 .0  0.8871(5) 5.3(1) 6.2(2) 6.7(2) - 0.7(4) 3.6(1) 0.0(4) 
Sb 0.3558(1) -0.006(1) 0.5437(5) 4.1(1) 3.3(1) 7.1(2) -0.2(3) 3.3(1) -0.2(4) 
F(1) 0.5 0.022(7) 0 .5  7.1(1.1) 
F(2) 0.224(1) 0.009(7) 0.588(4) 6.8(6) 
F(3) 0.316(2) 0.136(4) 0.256(6) 7.4(9) 
F(4) 0.342(3) -0.179(5) 0.350(7) 9.9(1.2) 
F(5) 0.415(3) -0.119(6) 0.815(8) 11.5(1.4) 
F(6) 0.390(2) 0.180(4) 0.733(6) 7.9(9) 

-- - - .. . . - - 
*x, y,  and z are atomic coordinates expressed as fractions of the cell edges. The isotropic temperature factor U is from the expression 

exp [- U(sin2 8)/hZJ and the form o f  the anisotropic thermal ellipsoid is exp [-2nZ(f~20*2U11 i -  .... -/. 2frku*b*UI~ 4- ....)I Least-squares- 
estimated standard errors in the least significant digits are given in parentheses. 

X-Ray Measuren~el~ts 
A small, approximately spherical crystal (radius 

0.08 mm) was sealed in a th~n-walled quartz capillary and 
used for intensity measurements on a Syntex P i  d ~ f -  
fractometer equipped w ~ t h  MoK, (h  = 0.71069 A) radia- 
tion. Cell parameters were obtained from a least squares 
refinement using 10 high angle reflections in the region 
25" < 28 < 35". Intensity data were collected by the 
8-28 scan techn~que with scan rates varying from 2.0 to 

1 24.O0/min (in 28) so that the weaker reflections were 

/ examined most slowly to minimize counting errors. 
Stationary background counts with a time equal to half 
the scan time for each reflection were made at  each end 
of the scan range. The scan width varied from 2" at low 
28 to 2.5' for the higher angle data. Two standards were 
regi~larly checked to monitor the stability of the crqstal 
and its alignment, but no significant tlme dependent 
trends were observed. Reflections within a unique 
quadrant with 28 < 50" were measured, resulting in 365 
reflections with intensities greater than three times then 
standard deviation based on counting statistics. The 

' linear absorption coefficient for the material 1s 99.0 cm-' 
I for the MoK, radiation used, and a spher~cal absorption 

approximation seemed the most appropriate. Lorentz, 1 polarization, and spherical absorption corrections were 
I applied to the data. 
1 
I 

Solutiot~ a t ~ d  Refinement of the Strrrcrrrre 
Reflection statistics were strongly in favor of a non- 

centric space group, and C2 was arbitrarily chosen for 
preliminary refinement. The positions of the iodine and 
antimony atoms were readily located from inspection of 
the three dimensional Patterson function. With the y 
coordinate of the iodine atom arbitrarily fixed at zero to 
define the origin, full matrix least squares refinement of 
all other positional and isotropic temperature parameters 
for the two atoms gave a conventional agreement index 
R I ( R ~  = CA/CIF,I where A = IF,I - 1F,JI) of 0.17. A 
difference Fourier synthesis revealed the remaining six 
fluorine atoms including a bridging atom at a special 
position on the two-fold rotation axis. Refinement with 
anisotropic thermal parameters for the two heavy atoms 

, and isotropic parameters for the fluorine atoms (a total 
of 40 variables), converged at R, = 0.057. 

The refined Sb2Fl ,- unit had an approximate mirror 
plane normal to the two-fold axis of the space group C2. 
Trial refinements were therefore attempted in the space 
groups Cm and C2/m with the appropriate parameters 

constrained because of special position requirements. 
Refinement in Cln resulted in the same R1 of 0.057, but 
an increase in the number of variable parameters to 48 
and an unreasonable distorted geometry discounted this 
space group. Only 25 variable parameters were necessary 
to refine the model in the centric space group C2/t,1, 
again including anisotropic thermal parameters for the 
iodine and antimony atoms and isotropic parameters for 
the fluorine atoms. This model demanded a linear sym- 
metric bridge between the two antimony atoms. A satis- 
factory refinement was achieved with R, converging at 
0.065. However, use of Hamilton's R ratio test (5) 
showed that this was a significantly poorer result than 
that obtained in the C2 refinement and the highly sym- 
metric model could be properly rejected. Refinements 
for all three models were found to have no significant 
effect on the 1-1 bond length. 

Unit weights were initially used in all refinements. An 
examination of the data showed however that a weighting 
scheme was necessary to achieve thecondition that C)vA2 
be approxin~ately independent of IF,I and (sin @)/A. An 
empirical scheme of the form Jbv = (A + BF. + 
CFo2)-I was calculated with final values of A, B, and C 
of 0.51 I ,  0.348, and 0.002, respectively. Using this scheme 
refinement converged at R ,  = 0.055 while the weighted 
agreement index R2 (R2 = (ZWA~/C)VFZ)"~)  decreased 
from 0.068 with unit weights, to 0.062. The largest shift 
of any parameter divided by its estimated standard devia- 
tion was 0.04 in the final cycle. The top four peaks in a 
final difference Fourier (1 - 2e/A) were all within 0.8 A 
of the iodine atom. No systematic trends indicating the 
need for an extinction correction were evident in the data. 

Atomic scattering factors for iodine, antimony, and 
fluorine with anomalous dispersion corrections for the 
iodine and antimony atoms were taken from ref. 6. All 
calculations were performed on a CDC 6400 computer 
using the series of programs in the XRAY 71 system (7) 
and our own programs. The final atomic positional 
coordinates and temperature factors are presented in 
Table 1. A tabulation of observed and calculated struc- 
ture factors is available.' 

'A listing of observed and calculated structure factor 
amplitudes is available, at  a nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada K I A  0S2. 
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Results and Discussion 

Figure 1 shows a projection of the structure 
down the b axis while Table 2 lists selected bond 
lengths and angles. The shortest I---F contact is 
2.89 A indicating that the structure is essentially 
ionic. 

The two symmetry related iodine atoms are 
2.557(4) A apart in the cation compared with an 
1-1 distance of 2.66 A in the iodine molecule. 
This shortening can be correlated with the 
change in frequency of the Raman band from 
213 cm-' for iodine to 238 cm-' for the cation. 
For the analogous bromine molecule and cation 
(8) a similar reduction in bond length from 2.27 
to 2.15 A is accompanied by an increase in 
Raman frequency from 3 17 to 368 cm- ' (Table 
3). Although the C1,' ion is not known as a 
stable species either in solution or in the solid 
state the stretching frequency and bond length 
(Table 3) have been obtained from its electronic 
spectrum in the gas state at low pressure (9). 
The stronger and shorter bond in the X2+ 
cations compared with the X, neutral molecules 
is consistent with the removal of an electron 
from an antibonding n* orbital in the formation 
of the cation. 

Several structures containing the Sb,F,,- 
ion have recently been determined and the 
parameters that we have found for this ion are 
quite similar to those found previously (Table 
4). The increased length of the bridging Sb-F 
bond has the usual effect of distorting the octa- 
hedral environment around the antimony atom. 
The four fluorine atoms F(3), F(4), F(5), and 
F(6) remain coplanar with a maximum deviation 
of 0.006 A but the plane is displaced 0.14 A 
towards the bridge bond and away from the 
antimony atom. This can be attributed to the 
longer and weaker Sb-F bridge bond exerting 
smaller repulsions on the four neighboring 
Sb-F bonds than the shorter and stronger 
Sb-F bond that is trans to the bridge. One 

FIG. 1. Projection of structure down the b axis. 

TABLE 2. Selected bond distances and angles 
for 12+Sb2F11- 

Distance Angle 
Bond (A) Bonds (deg) 

Intramolecular 
1-1' 2.557(4) 
Sb-F(1) 2.001(7) 

-F(2) 1 .83(2) 
-F(3) 1 .96(4) 
-F(4) 1.78(4) 
- 4 5 )  1 .80(4) 
-F(6) 1 .87(4) 

Intermolecular 
I-F(2) 2.89(2) 

TABLE 3. Stretching frequencies, absorption 
maxima, and bond lengths of the halogen 

molecules and the diatomic halogen 
cations (3) 

Stretching Principal Bond 
frequency absorption length 

Species (cm-') (nm) ('4) 

c lz  564.9 330 1.98 
Clz + 645.6 - 1.89 
Br2 320 410 2.27 
Br, + 3 60 510 2.15 
I2 21 3 500 2.66 
Iz + 238 646 2.56 

interesting difference between the structure of 
the Sb,F, ,- ion found in the present case and 
those found previously is that the ion has a sym- 
metric fluorine  bridge^ (there is indeed a twofold 
crystallographic rotation axis passing through 
the bridging fluorine) whereas the  Sb2Fll - ions 
in the compounds XeF3+Sb2Fll-, XeF+Sb,- 
F, , -, and BrF,+Sb,F,, - have asymmetric 
fluorine bridges (10-13). The extent of this 
asymmetry increases with increasing interaction 
between the cation and the Sb,F,,- ion as 
shown by the length of the shortest cation-anion 
contact. This interaction also manifests itself in a 
lengthening of the Sb-F bond involved. All the 
data are consistent with an increasing interaction 
between the cation and the anion in the series 
I,', XeF,', XeF', BrF,' indicating that the 
cations become increasingly acidic, i.e., in- 
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DAVlES ET AL.: ON [Izl+[SbzF111- 

TABLE 4. Comparison of [Sb2F, , I -  anions 

S L F ,  bridgef 
distances 

Compound 
. . - -- - - 

(A) 
- 

SbCI,+Sb,Fl 1- 2.01(7), 2.01(7) 
I2+Sb2Fl1- 2.00(1), 2.00(1) 
XeF3+Sb2Fl I -  2.01(1), 2.04(1) 
XeF+Sb2F, 1.98(4), 2.05(4) 
(Br2+)SbF5Sb2F11 - 1.97(4), 2.10(3) 
BrF4+Sb2F, ,- 1.94(12), 2.14(12) 

Bridge angle 
S L F j - S b  

(deg) 
-. -- - 

155(4) 
166(3) 
155.4(2) 
150 
148(3) 
173(6) 

Shortest 
F2-cation 
distance 

(A) 
- 

3.0 
2.89 
2.50 
2.35 

2. lo* (2.86t) 
2.24 

Sb-F2 
distance 

-- - 

- 
1 .83(2) 
1.90 
1.93 
1.97 
1.86 

Mean Sb-F 
terminal 
distance 

(A) 
. 

1 .87(7) 
1.85 
1.85 
1.83 
1.83 
1.81 

Reference 

13 
This work 

10 
I I 
8 

12 

*SblFII- --- SbFS distance. 
tBr2+ --- SboF16- distance. 

creasingly good electron pair acceptors in this 
order. The long cation-anion contact distance in 
I,+Sb,F,, -, although rather shorter than the 
sum of the van der Waals radii, indicates that 
any interaction between these two ions is very 
small and accordingly one may consider that in 
this case one has an essentially "free" sym- 
metrical Sb2Fl l -  ion. A similar negligible 
interaction has been found between Br,+ and 
Sb3F16- (8). There also appears to be a tendency 
for the angle at the bridging fluorine of Sb2Fl ,  - 
to decrease with increasing anion-cation interac- 
tion although the F-bridge angle of Sb2FI l -  in 
BrF4+Sb2F, ,- is not consistent with this trend. 
Possibly this is related to the continuous chain- 
like structure of this latter compound but in any 
case it is difficult to give any simple explanation 
of these bridging bond angles. The cation-anion 
interaction involves a movement of the fluorine 
involved in this interaction towards the central 
atom of the cation and some donation of charge 
to this atom. This in turn involves some loss of 
electron density at the antimony atom of this 
half of the Sb,F, , - which accordingly becomes 
more positive and attracts the fluorine of the 
bridge more strongly than the other antimony 
resulting in the observed asymmetry. It is inter- 
esting to note that the structure of the anion 
Sb3F16- is consistent with the above discussion. 
This anion may be regarded as an Sb2Fl l -  ion 
interacting with an SbF, molecule which, like 
the cations above, is a strong Lewis acid. This 

interaction involves the formation of a fluorine 
bridge by one end of the Sb,F,, - unit and a 
consequent appearance of an asymmetry of the 
fluorine bridge of Sb,F, ,-. The observed 
parameters are quite consistent with the others 
in Table 4 and imply that as an electron pair 
acceptor SbF, is stronger than XeF+ but weaker 
than BrF,'. This conclusion raises the question 
of the validity of describing BrF52SbF, as the 
ionic compound BrF4+Sb2F1, - as the bonding 
must be regarded as less "ionic" than that in the 
Sb3F16- ion and indeed as Lind and Christe 
(12) point out the structure of BrF5.2SbF, closely 
resembles that of polymeric SbF,. In summary it 
may be stated with some certainty that in the 
series of compounds XeF3+.Sb2Fl, -, XeF+. 
Sb,F,, -, SbF,.Sb,F,, -, and BrF,+.Sb,F,, - 

there is an increasingly strong covalent interac- 
tion between the anion and the cation, that is, an 
increasing tendency for a fluorine of the "anion" 
to  donate an electron pair into the valence shell 
of the central atom of the "cation". 

We thank the National Research Council of  Canada 
for their support of this work. One of us (J.S.) also thanks 
the Government of Ontario for the award of a n  Ontario 
Graduate Fellowship. 
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Reversible Inhibition of Carboxypeptidase A. 11.' Inhibition of 
Esterase Activity by Dicarboxylic Acid Anions 
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Deprrrtt~lent of Cl~etnistry, Utlirvrsity qf Torotrto, Torotlto, Otltcrrio M5S / A /  
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JOHN W. BUNTING and CHESTER D. MYERS. Can. J. Chem. 52, 2053 (1974). 
Reversible inhibition of the hydrolysis of 0-hippuryl-L-3-phenyllactic acid by carboxypepti- 

dase A has been studied for a series of decarboxylic acids at  25', p H  7.5, and ionic strength 0.2. 
All inhibitors studied displayed either strictly competitive or partially conipetitive inhibition 
kinetics. For the series C0,H(CH2),,C02H, strictly competitive inhibition was observed for 
I I  = 1, 3, 4, 8, 10, whereas partially competitive inhibition occurs for 11 = 2, 5, 6, 7. A series of 
1 I alkyl- and aryl-substituted malonic acids were all strictly competitive inhibitors; for a series 
of six alkylmalonic acids the inhibition constants are correlated with the Hansch n-parameter 
by the equation -log K, = 2.2571 + I .75; arylnialonic acids are poorer inhibitors than expected 
on the basis of their n-parameters, in accord with a similar observation for nionocarboxylic 
acids. Phthalic acid is a strictly competitive inhibitor (K, = 1.7 niM), whereas the isomeric 
isophthalic and terephthalic acids cause relatively little inhibition even at 0.1 M ;  maleic acid is a 
partially competitive inhibitor, whereas the isomeric filmaric acid gives only 15% inhibition a t  
0.1 M. Homophthalic acid and 2,2-dimethyl- and 3,3-dimethylglutaric acids were also investi- 
gated. 

The characteristics of partially competitive inhibition displayed by all dicarboxylic acids and 
also monomethyl succinate and succinamic acid are consistent with a scheme which assumes 
the formation of an  E.Iz complex. The observed specificity of dicarboxylic acid binding is used 
to postulate a schematic diagram for binding of these species to the enzyme, and an interpreta- 
tion of this diagram is suggested on the basis of the crystallographically determined structure 
of the enzyme. 

JOHN W. BUNTING et CHESTER D. MYERS. Can. J. Chem. 52, 2053 (1974). 
On a Ctudit ['inhibition reversible de I'hydrolyse de I'acide 0-hippuryl phenyl-3 L-lactique 

par la carboxypeptidase A pour ilne serie d'acides dicarboxyliques a 25", a pH 7.5 et a ilne 
force ionique de0.2. Tousles inhibiteurs etudies presentent une cinetiqued'inhibition qili est soit 
strictement competitive soit partiellement conipetitive. On a observe une inhibition strictement 
conipetitive pour les series C 0 2 H  (CH2),,C02H ou 11 = I ,  3, 4, 8, 10, pendant qu'on a observe 
une inhibition partiellenient competitive pour 11 = 2, 5, 6, 7. Une serie de I1 acides maloniques 
substitues par des groupes alcoyles et aryles sont tous des inhibiteurs strictenient conipCtitifs; 
les constantes d'inhibition pour Line serie de six acides alcoylmaloniques sont relikes avec le 
parametre n de Hansch par l'equation -log Ki = 2.25 n + 1.75; les acides arylnialoniques 
sont des inhibiteurs plus faibles que ce que I'on s'attendait en se basant sur leurs paranietres n 
ce qui est en accord avec ilne observation similaire pour les acides monocarboxyliqi~es. L'acide 
phtalique est un inhibiteur strictenient competitif (Ki = 1.7 mM), tandis que les acides isonieres 
isophtaliques et tCrCphtaliqi~es produisent une inhibition relativement hible niCme a 0.1 iL1. On 
a aussi etudie I'acide homophtalique et les acides diniethyl-2,2 et dimethyl-3,3 glutariques. 

Les caracteristiqi~es des inhibitions partiellement conipetitives produites par tous les acides 
dicarboxyliques ainsi que par le monosuccinate de mtthyle et I'acide succinamique sont en 
accord avec un schema qui suppose la formation d'un complexe E.1,. La spkcificite de la 
liaison d'un acide dicarboxylique est utilisee pour postuler un diagramme scheniatique pour 
la fixation de ces especes a I'enzyme, et une interpretation de ce diagramme est suggeree en se 
basant sur la structure de l'enzyme determinee de faqon cristallographique. 

[Traduit par le journal] 

We recently reported (1) a detailed study of the inhibitor structure on the form and extent of the 
reversible inhibition by carboxylic acid anions of reversible inhibition of this enzyme, we now wish 
the hydrolysis of 0-hippuryl-L-3-phenyllactic to report the extension of this study to the anions 
acid by bovine carboxypeptidase A. As part of of dicarboxylic acids. During the course of this 
our continuing investigation of the influence of work, reports (2, 3) have appeared of the un- 

usually strong competitive inhibition of both the 
'For Part 1, see ref. 1. peptidase and esterase activities of this enzyme 
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by L-benzylsuccinic acid ( K ,  = 4.5 x lo-' M at 
p H  7.5, 25"). Our present st~idy suggests that di- 
carboxylic acid anions, in general, are somewhat 
more potent inhibitors than might have been 
expected from analogy with related monocar- 
boxylic acids, and furthermore, that the inhibi- 
tion constants of these species display informative 
structural dependences. 

Experimental 
Materials 

All carboxylic acids, except those indicated below, were 
obtained commercially and recrystallized to constant 
melting points in agreement with literature values. Once 
recrystallized oxalic acid (n1.p. 190°, lit (4) m.p. 189.5") 
gave 71% inhibition a t  0.1 M inhibitor concentration. 
However, upon repeated recrystallization, this inhibition 
gradually decreased to zero at this concentration and so 
the inhibition initially observed is presumably due to a 
small amount of unidentified impurity. 

The diethyl esters of propylmalonic acid and isopropyl- 
malonic acid were prepared from diethyl malonate and 
propyl iodide and isopropyl bromide, respectively, by the 
method of Adams and Kamm (5). These esters, and also a 
commercial preparation of diethyl phenethylmalonate, 
were hydrolyzed to give the corresponding dipotassium 
salts by treatment with a stoichiometric amount of potas- 
sium hydroxide in methanolic solution overnight. After 
removal of the methanol on the rotary evaporator, the 
salts were recrystallized several times from 50% aqueous 
methanol. The samples of those salts that were used in the 
inhibition studies were pure by p.m.r. spectroscopy. 

0-Hippuryl-L-3-phenyllactic acid was purchased from 
Fox Chemical Company, Los Angeles, California. Stock 
solutions of bovine carboxypeptidase A (Worthington 
Biochemical Corporation (Code COA)) were prepared 
from a toluene suspension of the crystalline enzyme as 
previously described (1). 

Methods 
All reactions were studied at 25", ionic strength 0.2, 

p H  7.5. Sodium chloride was used to  adjust the total 
ionic strength of the reaction solutions to 0.2. The enzymic 
hydrolysis of 0-hippuryl-L-3-phenyllactic acid was fol- 
lowed on the pH-stat as previously described (1). Extrac- 
tion of competitive inhibition constants from the experi- 
mental data for the dependence of initial velocity on sub- 
strate concentration at constant inhibitor concentration 
was also carried out as described previously (1). Inhibition 
constants from the dependence of initial velocity on in- 
hibitor concentration a t  constant substrate concentration 
(2.0 x M) were calculated by the method of Dixon 
(6)  after linear least-squares fitting of the data. 

Results 
The percentage inhibition of the hydrolysis of 

0-hippuryl-L-3-phenyllactic acid by carboxypep- 
tidase A by the dicarboxylic acids C02H(CH2),- 
C0,H (n = 0-8, 10) at constant inhibitor con- 
centration (I = 0.04 M) is plotted as a function 
of n in Fig. 1. This dependence clearly passes 

n 

FIG. 1. Inhibition of the hydrolysis of 0-hippuryl-L-3- 
phenyllactic acid (S = 2.0 x M) by dicarboxylic 
acids, C02H(CH2).C0,H, (I = 0.04 M ) a t  p H  7.5, ionic 
strength 0.2. 

through maxima at n = 2 and n = 7. Reciprocal 
plots (E/u us. 11s) of the dependence of initial 
velocity (v/E) on substrate concentration (S) for 
each of the above anions (e.g. Figs. 2 and 3) indi- 
cate that all are competitive inhibitors. Inhibition 
constants (K , )  calculated from these data are 
collected in Table 1 and are compared with inhi- 
bition constants that were obtained from Dixon 
plots (E/u us. I )  (Fig. 4). For malonic (n = l), 
glutaric (n = 3), adipic (n = 4), sebacic (n = 8), 
and dodecanedioic (11 = 10) acids, the Dixon plots 
are quite linear and there is a close correspon- 
dence between the Ki values obtained by these 
two methods. However, for the succinic (n = 2), 
pimelic (n = 5), suberic (n = 6), and azelaic (n = 
7) acids, the Dixon plots are nonlinear (Fig. 5), 
and furthermore, the Ki values obtained from the 
Lineweaver-Burk plots show a dependence on in- 
hibitor concentration. This latter observation is 
typical of partially competitive inhibition and 
has also been observed previously for some 
monocarboxylic acid anions (1). 

We have explored the influence of hydrophobic 
side chains in dicarboxylic acid anions on the re- 
versible inhibition of carboxypeptidase A by 
making use of a series of s~~bstituted malonic 
acids. All substituted malonic acids that were 
examined proved to be strictly competitive in- 
hibitors and Ki values calculated from Line- 
weaver-Burk plots and Dixon plots for each in- 
hibitor are given in Table 2. Again, a close agree- 
ment between inhibition constants determined in 
the two ways is apparent. For  comparison, 
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BUNTING AND MYERS: C 

FIG. 2. Inhibition of the hydrolysis of 0-hippuryl-L-3- 
phenyllactic acid by dicarboxylic acids: (A)  glutaric acid 
(0.0409 M ) ;  (B)  malonic acid (0.0926 M )  ; (C)  sebacic acid 
(0.0199 M ) ;  (D) sebacic acid (0.0398 M) .  

Table 2 also includes inhibition constants for 
monocarboxylic acids having corresponding hy- 
drophobic groups. In all cases, the dicarboxylic 
acids (RCH(CO,H),) are stronger inhibitors 
than the corresponding monocarboxylic acids 
(RCH,C02H). 

A comparison of the inhibitory properties to- 
wards carboxypeptidase A of some other di- 
carboxylic acids (Table 3) indicates a strong de- 
pendence on the substitution pattern. Thus, 
phthalic acid is a relatively strong competitive 
inhibitor, Ki = 1.7 mM, whereas isophthalic and 
terephthalic acids show little inhibition even at 
0.1 M (34 and 18%, respectively, at S = 2.0 x 

M). Phthalic acid is also a stronger inhibitor 
than benzoic acid (K, = 6.0 mM (1)). Homo- 
phthalic acid is also approximately a threefold 
stronger inhibitor than phthalic acid. 

Maleic acid, a cis-1,2-dicarboxylic acid, dis- 
plays partially competitive inhibition and is a 
much stronger inhibitor than its trans-isomer, 
fumaric acid, for which less than 15% inhibition 
is observed at 0.1 M inhibitor concentration. At 

FIG. 3. Inhibition of the hydrolysis of 0-hippuryl-L-3- 
phenyllactic acid by dicarboxylic acids: (A)  succinic acid 
( ( I )  0.0120 M, (2 )  0.0199 M ,  (3) 0.0298 M, (4)  0.0398 M ) ;  
(B)  azelaic acid ((5) 0.00995 M ,  (6)  0.0199 M ,  (7) 0.0299 
M) .  

this latter concentration, maleic acid shows close 
to 100x inhibition. 3,3-Dimethylglutaric acid is 
a 10-fold poorer inhibitor than 2,2-dimethyl- 
glutaric acid, although both are considerably 
stronger inhibitors than glutaric acid. 

In Table 4 and Fig. 6, the results of a study of 
the reversible inhibition of carboxypeptidase A 
by monomethyl succinate and s~lccinamic acid 
(succinic acid monoamide) are presented. These 
two derivatives are partially competitive inhibi- 
tors as is succinic acid itself. 

We have previously (7) analyzed the partially 
competitive inhibition of carboxypeptidase A by 
monocarboxylic acid anions i n  terms of Scheme 
1 .  For this scheme, plots of l/Ki us. I and E/o us. 
I2 are predicted (7) to be linear under suitable 
conditions2 according t o  eqs. 1 and 2. (Ki is the 
inhibition constant calc~~lated from plots of Elu 

2The complete form of the rate equation for Scheme 1 
is 

This reduces to eq. 2 provided that the term in I is small 
relative to the other terms. 
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TABLE 1. Competitive inhibition of carboxypeptidase A by C02H(CH,).C02H" 

Inhibitor 
concentration % 

Acid 11 (M) inhibitionh K," (M) K I V M )  

Malonic 

Succinic 

Glutaric 

Adipic 

Pimelic 

Suberic 

Azelaic 

Sebacic 

Dodecanedioic 

aAt p H  7 . 5 .  25', ionic strength 0.2. 
bAt S = 2.0 x M .  
<From reciprocal plot at indicated inhibitor concentration. 
dFrom Dixon plot at  S = 2.0 x M .  
~Non-linear Dixon plot. 

0 0 01 0.02 0.03 

I " " "  I us. 1/S at inhibitor concentration I by assuming 

1 

FIG. 4. Inhibition of the hydrolysis of 0-hippuryl-L-3- 
phenyllactic acid (2.0 x M )  by dicarboxylic acids: 
(I) adipic acid (lower abscissa); (2) glutaric acid (lower 
abscissa); (3) ],lo-dodecanedioic acid (upper abscissa); 
(4) sebacic acid (lower abscissa). 

that strictly competitive inhibition is operative; 
i .e. as in Tables 1-4). Such plots for succinic acid, 
monomethyl succinate, and succinamic acid are 
shown in Figs. 7 and 8, and appear quite linear. 
Values for KifKi"/(Ki' + Kil') and KilKii'  are 
collected in Table 5 and the agreement between 
the independent evaluations of  the product 
KifKii '  via eqs. 1 and 2 is quite reasonable. 

Plots of l/Ki us. I and E/v us. 12 for the other 
partially competitive inhibitors observed in this 
study are also linear and the values of the product 
KifKii' evaluated from each plot are also included 
in Table 5. In general, for each inhibitor there is 
good agreement within experimental error be- 
tween these independent evaluations of Ki'Kiif 
and this is further evidence in support of Scheme 
1 for the partially competitive inhibition of this 
enzyme. 
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BUNTING AND MYERS: CARBOXYPEPTIDASE A. I1 2057 

TABLE 2. Competitive inhibition of carboxypeptidase A by substituted malonic acids 
(RiRzC(COzH)z)" 

-. -- 

K, for 
NO. Rt Rz K I  (MIb K I  (M)e R1R2CHCO2Hd 

nAr pH 7.5, 25", ionic strength 0.2. 
bFrom E/v us. 1/S at  constant inhibitor concentration. 
=From Dixon plot at  S = 2.0 x M .  
T r o m  ref. 1. 

0 1 I I I 
0 0 05 0 10 

I 
FIG. 5. Inhibition of the hydrolysis of 0-hippuryl-L-3- 

phenyllactic acid (2.0 x M )  by dicarboxylic acids: 
(I)  pimelic acid; (2) suberic acid; (3) succinic acid; (4) 
azelaic acid. 

Discussion 

In several cases, the inhibition constants that 
we have obtained in the present study may be 
compared with similar data recently obtained by 

FIG. 6. Inhibition of the hydrolysis of 0-hippuryl-L-3- 
phenyllactic acid: (A) monomethyl succinate ((I) 0.015 M, 
(2) 0.01 97 M,  (3) 0.0295 M); (B) succinamic acid ((4) 
0.0855 M,  (5) 0.142 M, (6) 0.185 M). 

Byers and Wolfenden (3) against the peptide sub- 
strate, N-carbobenzoxyglycylglycyl-L-phenylala- 
nine a t  ionic strength 0.75 but otherwise similar 
conditions to those used in the present study. 
Thus for benzylmalonic acid our value o f  Ki = 
3.0 x l o p 5  M is in reasonable agreement with 
the reported value of 6 x M (3). The re- 
ported (3) inhibition constants for succinic (Ki = 
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TABLE 3. Competitive inhibition of carboxypeptidase A by dicarboxylic acidsa 

Concentration % 
Acid (M) inhibitionh K, (M)' KI ( W d  

Phthalic 9.96 x lo-3 6 1 1.7 x lo-3 1.7 x lo-3  
Isophthalic 0.090 34 (5.0 x - 

Terephthalic 0.090 18 (1.1 x 10-l)c - 

Homophthalic 2.80 x lo -3  58 5.4 x lo-4 6.6 x 
2,2-Dimethylglutaric 2.00 x 6 1 3.5 x lo-4 3.0 x lo-4  
3,3-Dimethylglutaric 0.030 70 3.4 x 1 0 4  3.2  x lo-3 
Maleic 0.020 46 6.2 x lo-3 P 

0.030 65 4.3 x lo-3 
0.040 73 3.3 x 1 0 - ~  

Fumaric 0.10 < 15 

"At p H  7.5, 25". ionic strengtli 0.2. 
bAt S = 2.0 x M. <From Elo us. 1/S at ~ndicated inhibitor concentration. 
dFrom Dixon plot at S = 2.0 x lo-: M. 
(Calculated assuming competitive inh~b~t ion .  
JNon-linear Dixon plot. 

TABLE 4. Inhibition of carboxypeptidase A by succinic acid 
derivativesn 

Concentration % 
Inhibitor (M) inhibitionh KI (M) 

Monomethyl succinate 0.0150 40 6.2 x 
0.0197 52 4 .8  x 10-3 
0.0295 7 1 3.1 x 10-3 
0.0346 77 2 .7  x lo-3 

Succinamic acid 0.0855 25 6.5 x 
0.142 62 2.3 x 
0 .18j  71 2.0 x 

p H  7.5, 25". ionic strength 
S = 2.0 x M. 

TABLE 5. Parameters for partially competitive inhibition of carboxypeptidase A 

Inhibitor K,'Kl "/(K,' + K, ") K, 'K, ,'" &'Kllfb 
- 

Succinic acid 6.7 x lo-3 2.8 x lo-4 1 .5  x lo -4  
Succinamic acid 3 .8  x lo-3 3 .3  x l o - 3  
Monomethyl succinate 9.1 x lo-s  8 .9  x l o - 5  
Pimelic acid 9.1 x lo -4  
Suberic acid 1 .3  x 4 .4  x lo-4 3.1 x l o - 4  
Azelaic acid 7.1 x lo-5 5.1 x lo-5 
Maleic acid e 1.5 x lo-4  1.8 x lo -4  

'From IIK, us. I according to eq. I. 
bFrom E/u us. l 2  according to eq. 2. 
CIntercept according to eq. I is too small to allow an accurate estimate o f  this parameter. 

5 x M ) ,  maleic (Ki = 3 x loe4 M ) ,  and 
fumaric (K, = 3  x M) acids are based on 
the amount of inhibitor required to produce 50% 
inhibition and also presumably assume strictly 
competitive inhibition. We have shown that for 
succinic and maleic acids, inhibition towards our 
ester substrate corresponds to partially competi- 
tive inhibition and so the earlier estimates of Ki 
for these two inhibitors may not be reliable. 

However, fumaric acid is an extremely poor in- 
hibitor in our study and this suggests important 
differences in the binding of this inhibitor relative 
to the different substrates used in this study and 
the previous study (3). 

Our interpretation of the phenomenon of par- 
tially competitive inhibition (Scheme I )  requires 
the presence of at least two different binding sites 
on this enzyme for inhibiting anions. Experi- 
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I 
FIG. 7. Dependence of l /KiaPP on I for succinic acid 
(0) and monomethyl succinate (a). 

FIG. 8. Dependence of E/v on IZ for: (I) succinamic 
acid (lower abscissa) ; (2) succinic acid (upper abscissa) ; 
(3) monomethyl succinate (upper abscissa). All inhibitors 
a t  S = 2.0 x M. 

mental evidence for the binding of two (or more) 
carboxylate ion inhibitors to one carboxypepti- 
dase A molecule is available from both X-ray 
crystallographic (8) and spectroscopic (9, 10) 
studies. Thus our postulate of an E.1, species has 
experimental support; however, the dependence 
of partially competitive inhibition on the struc- 
ture of the inhibitor species is somewhat puzzling. 
Consideration of the data in Table 1 indicates 
that succinic acid displays partially competitive 
inhibition but its next lower and higher homo- 
logs seem to be strictly competitive inhibitors. 
Pimelic, suberic, and azelaic acids each display 
partially competitive inhibition but the two high- 

est homologs examined, sebacic and dodecane- 
dioic acids, seem to be strictly competitive inhibi- 
t o r ~ . ~  

The observation of partially competitive inhi- 
bition kinetics according to Scheme 1 will be very 
dependent, of course, on the relative values of the 
various inhibition constants defined by this 
scheme. These inhibition constants will in turn 
depend upon the inhibitor specificity character- 
istics of the two binding sites. If Kiif  and Kii" 
are both much larger than K,' and Ki ", respec- 
tively, then deviations of the Dixon plots from 
linearity will only occur at quite high percentage 
inhibitions, and consequently, partially competi- 
tive inhibition may not be experimentally ob- 
servable in this case. Additionally, it should be 
noted that even when E.1, species are not formed 
in any appreciable amounts, Scheme 1 predicts 
that the inhibition constants obtained from strict- 
ly competitive inhibition may only be apparent 
inhibition constants if significant amounts of 
both E.1 and 1.E species are present. This ap- 
parent inhibition constant, KiPPP = Ki'Ki"1(Kit 
+ KiT'), reduces to KiaPP = Kil for Ki l t  >> Kit  
(i.e. predominant formation of E.1) and to KiaPP 
= K," for K,' >> Ki" (i.e. predominant forma- 
tion of 1.E). Furthermore, KiwP represents a 
minimum value for both Ki' and K,". 

If we were to ignore the succinic acid result, 
then the remaining alkanedioic acid data in 
Table 1 might be simply interpreted according to 
Scheme 1 by assuming that the lower homologs 
(C,-C,) predominantly bind to the enzyme to 
produce the E.1 species (i.e. Kil << Ki" and 
Ki' << Kii'), whereas the higher two homologs 
(C,, and C,,) bind preferentially at a different 
site to  produce 1.E (i .e.  Ki" << Kit and Kit' << 
K,,"). The C,-C, homologs might then be ex- 
pected to show intermediate behavior, with all 
dissociation constants in Scheme 1 being suffi- 
ciently similar in magnitude for these inhibitors 
that significant amounts of each of E.1, I.E, and 
E.1, are present in equilibrium with one another. 
Consequently, partially competitive inhibition 
would only be apparent in these latter cases. This 
interpretation implies that the E.1 binding site 
shows a preference for small dicarboxylic acid 
species, while the 1.E binding site is specific for 
much larger dicarboxylic acid inhibitors. Since 

3There is no evidence for mixed inhibition by these 
higher homologs as was previously observed fo r  nonanoic 
and decanoic acids (1). 
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formation of both E.1 and 1.E is competitive with 
substrate binding, it is further required that either 
each inhibitor binding site should overlap with a 
portion of the substrate binding site suficiently 
to preclude substrate binding, or alternatively, 
that inhibitor binding should otherwise block 
access of the substrate to  the catalytically active 
site (e.g. by a conformational change in the en- 
zyme upon inhibitor binding). 

An alternative interpretation is also apparent. 
Thus, the E.1 site might show little specificity and 
so be able to bind all the alkanedioic acids ex- 
amined, whereas the 1.E site might show much 
more restrictive specificity requirements and be 
only able to accommodate the C7-C, homologs. 
Under these circumstances, significant amounts 
of the E.1, species would only be formed for the 
C7-C, homologs and so only these dicarboxylic 
acids would show partially competitive inhibition 
kinetics. 

As noted above, the observation of partially 
competitive inhibition for succinic acid does not 
fit well into the foregoing hypotheses.The simplest 
way of accounting for this discrepancy seems to 
be to suggest that there is yet another binding 
site on the enzyme molecule and that this site is 
highly specific for succinic acid and its deriva- 
tives. In this regard, it should be noted that in ad- 
dition to succinic acid itself, both monomethyl 
succinate and succinamic acid also display par- 
tially competitive inhibition characteristics (Table 
5 and Figs. 7 and 8). For succinic acid, KiaPP as 
defined above can be evaluated from the ordinate 
intercept of the l/Ki us. I plot (Fig. 7). However, 
for the succinic acid ester and amide this inter- 
cept is indistinguishable from zero within experi- 
mental error. This indicates that KiaPP (and hence 
K,' and K,") is much greater for these derivatives 
than for succinic acid itself. This is in accord with 
the observation of Byers and Wolfenden (3) that 
L-benzylsuccinic acid is bound 14 times more 
strongly than its monomethyl ester. 

The simplest interpretation of these data would 
seem to be that the succinate dianion is bound 
much more strongly than succinic acid mono- 
anions. However, Byers and Wolfenden (3) have 
rationalized the p H  dependence (pH 5.4-10. I) of 
K, for L-benzylsuccinic acid in terms of the inhib- 
itor monoanion (HI-) binding to an enzyme 
species EH but not to the deprotonated species 
E- (pK, = 9.0). The introduction of the catalyti- 
cally important protonation of EH to give EH2+ 
(pKa = 6.2) (1 1) gave a poor fit to the experi- 

mental data for p H  < 6.5 (3). In this regard, we 
wish to point out that for pH  > 6.5, the p H  de- 
pendence of Ki can be equally well explained in 
terms of the binding of the inhibitor dianion 
(I2-) to EH,', since in this p H  region the bind- 
ing of 12- to EH2 + or of HI- to EH will generate 
the same pH dependence for the observed K,. 
The experimental deviations from the predicted 
p H  dependence for K ,  in the region pH = 5.4- 
6.5 may then be rationalized by assuming that 
HI-  may also bind to EHzf as indicated in 
Scheme 2. 

We feel that Scheme 2 is a more reasonable in- 
terpretation of the data of Byers and Wolfenden 
(3), since it does not ignore the ionization con- 
stant of pK, = 6.2 for formation of the EH2+ 
species which has been demonstrated ( I  1) to be 
catalytically important. Furthermore, Scheme 2 
is more consistent with the kinetically required 
scheme for peptide substrate binding (in the 
monoanionic form) to both EH, + and EH species 
but not to E- (1 1). It is clear that the pH depen- 
dence of K, from Scheme 2 does not allow a de- 
cision on whether the enzyme-inhibitor complex 
EH21- is produced at pH  7.5 by binding of 12- 
to EH2+ or of HI-  to EH or by a mixture of both 
processes. Therefore, we are unable at the present 
time to determine whether the dicarboxylic acids 
included in the present study are  binding to the 
enzyme in the monoanionic or dianionic forms. 
All Ki values in the present study are expressed in 
terms of the dianions since these species pre- 
dominate at p H  7.5.4 

We have recently shown (1) that for the mono- 
carboxylic acid inhibitors, RCH2COzH, the in- 
hibition constant is linearly related by eq. 3 to  
Hansch's n-parameter which is a measure of the 
hydrophobicity (13, 14) of RCH,. This is consis- 

4The most weakly acidic second dissociation among all 
the dicarboxylic acids included in the present study is t h a t  
of maleic acid (pK, = 6.2 (12)). If it should seem desirable 
a t  a later date, all the  inhibition constants reported in this 
work may, of course, be converted into terms of the  
monoanionic species by making use o f  the second ioniza- 
tion constants of these dicarboxylic acids. 
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tent with RCH, being accomodated in a hydro- 
phobic pocket in or near the active site of the 
enzyme with the usual favorable energetic con- 
sequences that are associated with "hydrophobic 
bonding" (15). One would predict that the intro- 
duction of a highly polar substituent into RCH, 
should reduce the affinity of this group for the 
hydrophobic pocket of the enzyme and so give 
rise to a considerable increase in the dissociation 
constant K , .  This effect would be even further 
magnified if a charged substituent were intro- 
duced. By assuming that the second carboxyl 
group in RCH(CO,H), is not involved in a speci- 
fic bonding interaction with the enzyme, one may 
use the correlation line in eq. 3 to estimate the 
difference in Ki values for pairs of mono- and 
dicarboxylic acids having the same R group. 
Thus, taking x,,,, = -0.67 (14), 

log Ki (RCH(CO,H),) - log Ki (RCH2C0,H) 

Thus, the assumption that the same linear free 
energy relationship is applicable to mono- and 
dicarboxylic acid inhibitors predicts that Ki for a 
dicarboxylic acid will be 16-fold greater for the 
dicarboxylic acid than for the corresponding 
monocarboxylic acid. From the data in Table 2, it 
is clear that in all cases K, actually decreases upon 
introduction of a second carboxyl group. The 
above calculation is based upon the assumption 
that the monoanion of the dicarboxylic acid 
binds to the enzyme; the Ki values in Table 2 
refer to dianion binding and correction of these 
to represent monoanion binding would further 
increase the discrepancy between the calculated 
and experimental Ki values approximately 100- 
fold (pK, = 5.7 for dianion formation from 
malonic acid (12)). Thus, it is clear that the 
second carboxyl group is involved in a specific 
interaction in the binding of the inhibitor species 
to the enzyme. 

The Ki values of Table 2 for substituted malo- 
nic acids are plotted in Fig. 9 as a function of the 
7~ value of the substituent. For alkylmalonic acids 
up to propylmalonic acid, a linear correlation is 
apparent and least-squares fitting gives eq. 4 
(correlation coefficient 0.962). 

FIG. 9. Dependence of log K, on n for substiti~ted 
malonic acids. Individual acids are indicated by the num- 
bers in Table 2. 

The phenyl- and benzylmalonic acids can be con- 
sidered to lie on a line of similar slope, with eq. 5 
beingapplicable. Equation 5 is similar to the equa- 

[5] log Ki (aliphatic) 
- log Ki (aromatic) = - 2.7 

tion previously used to compare aliphatic and 
aromatic monocarboxylic acids(log Ki (aliphatic) 
- log Ki (aromatic) = - 1.9 (I)), a l tho~~gh the dif- 
ference in the binding constants of aliphatic and 
aromatic moieties with equal rc values is increased 
a further sixfold in the dicarboxylic acids. 

The butylmalonic and phenethylmalonic acids 
show significant positive deviations from the lines 
in Fig. 9. Similar deviations were observed for 
substituents of this size or larger in the mono- 
carboxylic acid series ( I )  and are believed to re- 
sult from the hydrophobic substituent becoming 
too large to fit in its energetically most favorable 
conformation into the hydrophobic pocket of the 
enzyme. The fact that these deviations from the 
7c-correlation occur at the same size alkyl or 
aralkyl substituent in both the mono- and di- 
carboxylic acid inhibitors is evidence in favor of 
the binding of the hydrocarbon moieties of these 
two groups of inhibitors a t  the same enzyme site. 
It should be noted that dimethylmalonic acid 
seems to fall reasonably close to the correlation 
line in Fig. 9; however, the diethylmalonic acid 
binds 100-fold less strongly than predicted by eq. 
4 (i.e. K, (predicted) = 6 x 10-'M) and this 
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presumably reflects the inability of the two ethyl 
groups to enter the hydrophobic site without 
serious distortion of other binding interactions. 

The large pre-n factor of eq. 4 is noteworthy, 
and is even greater than that previously observed 
for the monocarboxylic acids (eq. 3). We have 
previously (1) suggested a possible interpretation 
for the unusually high values for these pre-n 
factors. The similarities in the pre-n factors in 
eqs. 3 and 4 and the applicability of an equation 
such as eq. 5 to both mono- and dicarboxylic acid 
inhibitors, give further support to the above sug- 
gestion that the hydrophobic moieties of both 
series of inhibitors are binding to the same site on 
the enzyme. 

As discussed above, the comparison of K; 
values for corresponding mono- and dicarboxylic 
acids in Table 2 suggests that the presence of the 
second carboxyl group makes a significant con- 
tribution to the binding of the inhibiting ion. 
This may be interpreted as binding via simul- 
taneous interactions of the carboxyl groups (or 
carboxylate ions) with suitable binding sites on 
the enzyme which are indicated schematically as 
S,  and S, in Fig. 10. If the inhibitor does bind in 
the dianionic form as indicated, then it is clear 
that S,  and S, would most likely be cationic in 
nature. However, a similar situation could be 
readily envisaged for binding of a dicarboxylic 
acid monoanion, in which one of the neutral 
carboxyl groups is bound to S, or S, (charge un- 
specified) via hydrogen bonding or dipolar inter- 
actions. The observed importance of hydropho- 
bic interactions in binding of substituted malonic 
acids (Fig. 9) can be accommodated by the intro- 
duction of a hydrophobic pocket in the vicinity 
of the sites S,  and S, as is schematically indicated 
in Fig. 10. 

The relatively strong binding of phthalic acid 
but not the isomeric isophthalic and terephthalic 

FIG. 10. Schematic diargam for binding of dicarboxyl- 
ic acid inhibitors to carboxypeptidase A (see text). 

acids can also be accounted for in terms of the 
above description of inhibitor binding. Thus, it 
may be assumed that the separation of the car- 
boxyl groups in phthalic acid is suitable to allow 
a close interaction with S,  and S,, while at  the 
same time allowing the phenyl ring to be oriented 
so that it extends into the hydrophobic pocket to 
some extent. In isophthalic and terephthalic acids 
the carboxyl groups are further apart and these 
two molecules do  not have the rotational flexibili- 
ty that is available in the saturated acids to allow 
suitable conformational changes to occur for 
optimal binding. Any attempt a t  optimizing the 
interactions of the carboxyl groups of these two 
acids with S, and S, would lead to less penetra- 
tion of the aromatic ring into the hydrophobic 
pocket, relative to that which is possible for 
phthalic acid. Consequently, the hydrophobic 
interactions would be less important for the 
binding of these two inhibitors. The threefold 
stronger binding of homophthalic acid than of 
phthalic acid might be accounted for in terms of 
the methylene group allowing a deeper penetra- 
tion of the aromatic ring into the hydrophobic 
pocket, with a resultant increase in favorable 
hydrophobic interactions. 

The above interpretations and schematic dia- 
gram of inhibitor binding are based solely on the 
observed inhibitor specificities in Tables 2 and 3, 
and do not depend upon a knowledge of the 
actual structure of the active site region of the 
enzyme. Such information is a~a i l ab l e ,~  however, 
and it is of interest to compare the above sche- 
matic representation of the inhibitor binding site 
with the structure of the enzyme as elucidated 
crystallographically by Lipscomb and co-workers 
(8, 16, 17). These studies have shown that the 
interactions indicated in Fig. 1 1 are involved in 
the binding of glycyl-L-tyrosine and similar in- 
teractions are postulated to be involved in the 
productive binding of substrate molecules ( 1  8- 
20). The close relationship between Figs. 10 and 
1 1  is quite apparent. Thus the carboxylate group 
and carbonyl group of the hydrolyzable peptide 
bond interact with positively charged sites on the 
enzyme, while the side chain of  the C-terminal 
amino acid is located in a hydrophobic pocket. 

50bviously, this information was available to us prior 
to  our construction of Fig. 10 and so  it can be argued 
that we are not able to objectively interpret the inhibitor 
specificity data. However, we have not  been able to  con- 
struct any other schematic diagram which accounts for 
the observed inhibitor specificity data. 
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Identification d'un nouveau alcalolde de canneberges 

KRZYSZTOF JANKOWSKI, SIMONE GODIN ET NIVEN E. CUNDASAWMY 
DPprrrtenzer~t de C h i ~ ~ i e ,  UniversitP de Mo1zcto12, Mo~zcto~l, Noullen~r-Brr111s11~ick 

Requ le 9 rnai, 1973' 

KRZYSZTOF JANKOWSKI, SIMONE GODIN et NIVEN E. CUNDASAWMY. Can. J. Chern. 52, 2064 
(1974). 

La structure d'un nouveau alcaloi'de des canneberges, mkthyl-12-octahydro-1,2,3,4,6, 
7,12,12b-indolo[2,3-u]quinolizine, a CtC Ctablie i l'aide de la spectroscopie de masse et 
par la synthtse. 

KRZYSZTOF JANKOWSKI, SIMONE GODIN, and NIVEN E. CUNDASAWMY. Can. J. Chern. 52, 
2064 (1974). 

The structure of a new cranberry alkaloid, 12-methyl-1,2,3,4,6,7,12,12b-octahydro- 
indolo[2,3-a]quinolizine was established using mass spectroscopy and by synthesis. 

Nous avons dtcrit dans les publications prtct- 
dentes les trois nouveaux alcaloi'des ( I ,  2) dparts  
i partir des extraits des Canneberges du Nouveau- 
Brunswick. Ces alcaloi'des, appelts les Canna- 
guinines (la-c), se caracttrisent par la prtsence 

du systkme de N-mtthylindole et le squelette de la 
tttrahydro-j3-carboline. Nous avons chercht i 
rtaliser la synthkse du quatrikme alcaloi'de, 
isolt en trks petites quantitts (<2.0 mg),2 la 
mtthyl- 12-octahydro- 1,2,3,4,6,7,12,12b-indolo- 
[2,3-a]quinolizine (2) pour ainsi prouver sa 
structure. 

D'abord, la condensation, selon Gribble (3) du 
chlorhydrate de la tryptamine avec I'aldthyde 
glutarique dans l'eau, suivie par la rtduction 
avec du NaBH, a donnt une octahydro- 
1,2,3,4,6,7,12,12b-indolo[2,3-alquinolizine (3). 
Ensuite nous avons proctdt i la N-mtthylation 
avec l'excks d'iodure de mtthyle en prtsence de 
NaNH, dans l'tthanol. La mtthylation a donnt 
le produit 2 (schtma I), dont I'identification a t t t  
baste sur I'ttude comparative avec le mkme 

'RCvision reque le 25 janvier, 1974. 
2SBparation des alcaloi'des par la chromatographie sur 

couche mince prkparative, est dtcrite dans nos articles 
prtcCdents (1, 2). 

produit d'origine naturelle. La comparaison du 
R, du produit 2 naturel, 17.4, et synthttique, 
17.0, (chromatographie sur couche mince, 
benzene-tthanol 9: 1) a tte le premier indice 
qualitatif de leur identitt. Les spectres U.V. et i.r. 
du produit 2 naturel et synthitiques ont t t t  
identiques. Les composts 2 et 3 se prgtent diffi- 
cilement i une etude par r.m.n. car ils sont in- 
soluble~ dans la plupart des solvants organiques 
utilists dans cette spectroscopie. Malgre cette 
difficultt, on a enregistre le spectre du produit 2 
synthttique en le comparant avec le spectre du 
produit 3. On a constatt que le signal du groupe- 
ment N-H (h 7.6) a t t t  remplact a cause de la 
mtthylation par le signal N-CH, (a 3.5) carac- 
ttristique pour les derivts N-mtthylindole ou N- 
mtthylpyrrole (4). Les signaux de quatre protons 
aromatiques ont t t t  Iegerement dtplacts vers le 
champ plus bas pour le produit 2. Le changement 
du  solvent ne change pas visiblement le spectre 
(CDCI, contre DMSO-d,). 

Les fragmentations principales du produit 2 
naturel et synthttique et le produit modkle 3 ont 
t t t  rtsumts dans le tableau 1. D'abord, les ions 
moltculaires intenses et le fragment du type 
M+/2 ont t t t  observts. Les fragments 100% pour 
les trois produits ont correspondu a une formule 
M+ - 1 avec perte d'un hydrogene, 12b. Cette 
fragmentation, trks typique pour les alcaloi'des 
tttrahydro-j3-carboliniques (5-8), a Ctt supportte 
pour le produit 2 naturel, le fragment a mle 239, 
par une masse exacte trouvte 239.1547 corres- 
pondante i une formule mol~culaire C16H19N2. 
La perte de CH, ou CH, a partir d'un ion molt- 
culaire a ensuite t t t  dttectte. Les stries des 
fragments dtnottes dans le tableau 1 corres- 
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JANKOWSKI E T  AL.: UN ALKALOIDE D E  CANNEBERGES 

TABLEAU 1. Spectroscopic de masse de composes 2 et 3 
----- -- 

ni/e (intensite relative %) 

2" Zb 3 Fragment 

'Naturel. 
hSynth.5tique. 
T e s  fragments peuvenl Otre obtenus par  quelques voies competitives. 

vondent a I'aromatisation successive (var exem- Woelm (activite 111) a Cte utilisee pour la chromatographie 
pie, 184, 193, 182) ou aux clivages retro-Diels- surcolonne et du gel de silice G (Macherey & Nagel Co.) 

Alder (184, 170). a t te utilisC pour la chromatographie sur couche mince. 
Les solvants ont Cte purifiks selon lesmethodes habituelles. 

L ~ s  fragmentations ant kt6 supportis abonda- L ~ S  spectres de masse ont CtC enregistres B I'aide de I'ap- 
ment par les ions mitastables. Nous avons dknotk ~ a r e l l  AEI-MS-902 Item~Crature 150°C. 56-61 eV), les 
seuleient les ions metastables communs aux spectres i.r. (pastilles KG) i I'aide de I'appareil Perkin- 

processus de fragmentations de produits 2 et 3 Elmer 467, les spectres u.v. (ethanol 95%) g I'alde de 
I'appareil Beckmann DB et les spectres r.m.n. avec 

2)' des ions mktastables 'Om- ITapparell Varian T-60 (6 p.p.m,). Analyse ClCmentaire a 
plete les travaux prkctdents Sur les fragments- etC faite sur Coleman Carbon-Hydrogen Analyser, model 
tions des alcaloides indoliques (9). 33. 

Partie expkrimentale Mkthyl-12-octn/iydro-1,2,3,4,6,7,12,126- 
indolo[2,3-a]qainolizitie (2) 

Les points de fusion ont CtC determines sur un appareil Sur une ~ e r i o d e d e  10 min. 4.5 g d'une solution aaueuse 
~ i s h e r i ~ o h n s ,  et n'ont pas kt6 corrigts. De I'alumine 25% dd'lddkyde glutarique (~ ldy ich  Chemical 6 . )  ont 
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m* 
TABLEAU 2. Ions mttastables A 4 B 

-. . .. -- -- -- -- 

m * 
-. 

A B Obs. (8) Calc. Type de la fragmentation 

- 

nLe produit 2 naturel. 

Cte ajoutks a une solution agitCe de 1.5 g de chlorhydrate 
de tryptamine (Aldrich Chemical Co.) dans l'eau glacCe 
(1500 ml). La solution a Cte agitee pendant 1 h a 0-5 "C 
et ensuite laissee sous atmosphere d'azote a la temperature 
de la piece pendant 10 jours. La solution jaune a etC 
refroidie dans un bain de glace, diluke avec 600 ml d'etha- 
no1 aqueux 9 5 x  et traitee avec 24.0 g de NaBH4 (en 10 
portions) pendant 10 min. La solution a CtC agitCe 5. 0-5 
"C pendant 1 h et ensuite a la temperature de la piece 
pendant 8 h. Le melange a Cte rendu fortement basique 
avec du NaOH 6 N. L'extraction a e t t  faite avec du 
CH2C12. L'extrait a Cte lave avec du NaCl aqueux saturC, 
sCchC avec du Na2C03 anhydre et evapore sous vide. Une 
n~ousse jaune a Cte chromatographiie sur 100 g d'alumine 
basique d'activite 111, avec elution de benzene. Les frac- 
tions de 25 ml ont CtC recueillies; 170 mg du produit 3, 
p.f. 151-152", recristallist avec I'ether ont Cte recuperes de 
la fraction 3. Une portion (35 mg) de produit 3 ont ete 
dissout dans 1'Cthanol (2 ml) auquel ont etC ajoutC 0.5 ml 
d'iodure de methyle et 15 mg d'amidure de sodium. Un 
reflux a etC fait pendant 2 h. La solution a ensuite Cte 
filtree, le filtrat tvapore sous vide et recrystallisC avec 
I'ether. Le produit 2, p.f. 168-170 "C (2 naturel p.f. 166- 

168 "C), a ete isole; rendement, 8 mg; i.r. (cm-') 2925, 
2880,2860,2830,2800,1705,1618,1548, 1452,1130,1285, 
1245, 1010, 730; U.V. (nm/log E )  214 (4.3), 272 (3.4), 279 
(3.6), 289 (3.2), 298 (3.05); ~ . m . n . ~  produit 2 synthetique: 
3.5 (N-CH,), 6.9-7.5 (4); (le spectre du 3: 7.6 (NH), 
7.0-7.4 (@), 2.7-3.0 (H-4, H-6), 2.6 (H-12e), 2.4 (H-7), 
1.3-1.9 (H-I, H-2, H-3)). 

Anal. calc. pour le produit 2, C16H20N2 (240.2): C, 
79.76; H, 8.39. TrouvC: C, 79.82; H. 8.25. 

Nous remercions le Conseil national de recherches du 
Canada et le Conseil de recherches de  I'UniversitC d e  
Moncton pour I'aide financiere apportee sous forme 
d'une subvention d e  recherche. 

1. K. JANKOWSKI, J .  BOUDREAU et I .  JANKOWSKA. EX- 
perientia, 27, 1141 (1971). 

2. K. JANKOWSKI. Experientia, 29,551 (1973). 
3. G. W. GRIBBLE. J. Org. Chem.37, 1833 (1972). 
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Oxidation of CO to CO2 in Melts Containing VzOs and Alkali Oxides 

A. BLOCK-BOLTEN, B. J.  M. BERTRAND,' A N D  S. N.  FLENGAS 
Deptrrtt~iet~t qf Mettrllroyy otrtl iMtrteritr1.s Scirtrce, Urii\~er.sity c?f Torot~to, Torotrto, Onttrrio M5S I A4 

Received October 29. 1973 

A. BLOCK-BOLTEN, B. J. M. BERTRAND, and S. N. FLENGAS. Can. J. Chem. 52,2068 (1974). 
The conversion of CO to CO, in the presence of V 2 0 S  dissolved in a melt containing K,O 

and other alkali metal oxides was investigated in the temperature range 440 to 640 "C. 
The results indicate that CO may be oxidized to  CO, with a high overall reaction efficiency 

in a system of reactors connected in series. Molten salt solutions have the advantage, over solid 
"catalysts" in that they operate without being poisoned. The oxidizing capacity of these 
solutions is limited only by the depletion of V,O, in the melts due to reaction and by the 
presence of large amounts of insoluble V,04 solid which is a reaction product. The melts may 
be reactivated by treatment with oxygen. 

.4. BLOCK-BOLTEN, B. J .  M. BERTRANU et S. N. FLENGAS. Can. J. Chem. 52, 2068(1974). 
On a etudie dans I'intervalle de temperature de 440 a 640 "C la conversion du CO en CO, 

en presence de V,O, en solution dans une nlasse fondue contenant du KrO et d'autres oxydes 
de metaux alcalins. 

Les resultats montrent que le CO peut Ctre oxyde en C 0 2  dans un systeme de rtacteurs 
relies en serie et avec une grande efficacite globale de la reaction. Les solutions de sels fondus 
ont I'avantage, sur les "catalyseurs" solides, de fonctionner sans Ctre empoisonnees. Le pouvoir 
d'oxydation de ces solutions est limite seulement par la diminution de VzOS dans les produits 
fondus due a sa reaction, et par la presence d'une grande quantite de V,04 solide et insoluble 
produit par la reaction. Les produits fondus peuvent Ctre reactives par traitement a I'oxygene. 

[Traduit par le journal] 

Introduction 
The use of V205 for the oxidation of SO, is 

part of a well established industrial process. 
The oxidation process may be understood in 

terms of the redox reaction 

[I]  Vz04(s, f 4 0 2 ~ ~ )  + V Z ~ S ( S  or I) 

The V205-V204 system is ill-defined. On the 
V205 side of the V205-V204 subsystem a eutectic 
temperature is indicated at 660 "C and at a com- 
position of 15 molz  V204. Liquidus tempera- 
tures at compositions 28.5, 35, 36.6, 37.8, and 
40.0 molz are respectively 685, 700, 750, 800, 
and 850 "C (1). Other authors have also investi- 
gated this system (2-5). At higher temperatures 
between 953 and 1081 "C the liquidus has been 
determined by Suito and Gaskell (2). However, 
the liquidus tie line is ill-defined and uncertain. 

The system K,O-V,05 forms liquid solutions 
at low temperatures which have a low melting 
eutectic at a temperature of 390 "C at a composi- 
tion of 40 molz K,O (6-9). Solid V204, on the 
other hand, appears to have little solubility in 
these melts. 

In the present investigation the oxidation of 
CO was measured according to the reaction 

[2] V20s + CO ->V204 + COr 
(liquid (gas) (in saturated (gas) 

solution liquid solution 
with K 2 0 )  K20-V20s-Vz04) 

followed by the re-oxidation reaction which 
allows the recovery of the oxidizing agent. 

P I  Vz04 + 4 0 2  -> VZOs 
(in saturated (in liquid 

liquid solution solution) 
Kz0-V2O5-V,04) 

These two reactions have to be conducted sep- 
arately due to the explosive nature ofthe mixtures 
of CO and oxygen above 600 "C.  The oxidation 
of CO to CO, by solid V205 has been the subject 
of several investigations (10-36). Oxidation of 
some hydrocarbons in the presence of a molten 
phase containing vanadium compounds was re- 
ported (37) but carbon monoxide oxidation was 
not studied. The oxidation of C O  in molten salt 
solutions containing V205 as a solute has not yet 
been reported. The CO system was chosen be- 

'Present Address: Canadian Copper Refineries, Mont- cause of the potential usi of V2O5 in pollution 
real East, Quebec. control devices. 
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BLOCK-BOLTEN E T  AL.: OXIDATION O F  CO TO C02 IN MELTS 

2 could be made. The weight of melt in each reactor was 
440 g, representing 3 g-mol of V2OS-K20 mixture con- 
taining 60 m o l z  V205.  A reduced melt containing V,O, 
could be re-oxidized to V205  by bubbling pure 0, 
through the melt. 

The gas mixtures of CO and argon were premixed, 
commercially available, gases from Matheson of the 
following compositions in CO expressed as volume %: 
0.1 I%',, 9%, 18%, 25%, 35%, 60%, and pure CO. Gas flow 
rates were measured using calibrated floating ball type 
flowmeters connected in siries with the reactor and thus 
the rate of CO feed per unit time was known and could 
be varied between 15 and 110 ml/min. 

Each reactor was equipped with a set of baffles for the 
purpose of increasing the residence time of the gas in the 
melt and the efficiency of mixing. Inconel alloy was found 
to resist corrosion and was used for periods of several 
months without any sign of deterioration. 

The melt of eutectic composition was prepared by 
fusion of the appropriate amounts of V205 and K2C0,  
according to the reaction 

Experimental GAS TRiilN 

For this reaction solid K 2 C 0 3  was slowly added to the 
initially solid V20, at about 600 "C to prevent the violent 
evolution of CO,. 

The completion of this displacement reaction was 
measured from the weight loss in an open crucible due 
to the CO, evolution, and was found to proceed with a 
100% efficiency at 575 "C. 

The system consisted of two Inconel tube reactors of 
60 mm diameter and 50 cm high which were connected 
in series as shown in Fig. 1. Gas mixtures of CO and of 
inert gas such as argon, were introduced into reactor 1 

FLOWMETER 

llRGON 

F ~ O W M E T E R  

CO-A, 

Results and Discussion 

10 min. For the dilute mixtures containing CO and argon, 

- 
REACTOR 9 2  

---MELT L E K - -  

Reaction efiiciencies may be expressed in two 
different ways. The "conversion rate" R, repre- 
sents the conversion of CO to CO, in g or g-mol 
per unit time for a given CO content in the ingoing 
gas mixture and is calculated as 

I 

REACTOR N I 

[5] R, = AnlAt 

The "relative" reaction efficiency qR is calculated 
as 

A S C A R ~ T E  
TRaP 

and at  low temperatures, the reaction efficiency decreased 2 T,EES 

and the reaction time had to be extended considerably. FIG. 1, Schematic diagram of the gas train and of the 
For example, in the extreme case of a mixture containing reactors. 
0.1% CO, each ascarite bottle was used continuously for 
about 3 h. Both reactors were kept at the same tempera- 
ture for temperatures between 440 and 640 "C and a corn- 141 V2O5 + K2C03 -> ( V Z ~ S - K Z O )  + C02 
~ a r i s o n  between the reaction efficiencies in reactors 1 and (solid) (solid) (melt) (gas) 

I?> y- 

An (mol of CO reacted in time At) 
" = Ant (total mol of CO passed through reactor during same period of time) 

x 100 

3 

- 

containing the V,O,-K20 melt, and the CO, produced 
was retained in the ascarite weighing bottles. A three way 

The quantity An, is obtained from the known 
flow rate during the period of time At. Rc is related 
to qR by the expression Rc = qR f/100 where f is 
the flow rate of the ingoing gas in g-mol/h. 

The plot of log R, LX.  l / T  is shown in Fig. 2 
(curve I )  for pure CO at a flow rate of 57 ml/min. 
At each temperature, the rate obtained at 10 min 
intervals for a total of 5 measurements was plotted 
us. time. The reaction indicated a slow start for 
the first 10 min and reached a steady state rate 

- 
stopcock allowed the gas stream to be directed into - 
either of the two ascarite traps so that a continuous 
analysis of the reaction product could be made for same 

P L ~ R E O  A%K% I N C O N E L - 7  

which is reported herein. The points on this graph 
represent separate experiments for which pure 
CO was passed through a newly re-oxidized melt. 

The graph indicates that the CO, conversion 
rate increases with temperature. The apparent 
activation energy for the process calculated by 
least squares from the expression (d log Rc)/dT = 
AEApp/2.303 R T ~  is 11 800cal/g-mol (f 70: stan- 
dard deviation) which is reasonable for  a diffu- 
sion process through a liquid phase. 

b S a 4  1, 

reaction time intervals. The exit gas, containing the un- 

+3 

- 
- 

reacted CO was then introduced into reactor 2 and the - 

analysis procedure could be repeated in ascarite tube 
number 3.  For experiments with pure CO, the analysis of 
the reacted gas mixture was done continuously every 
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F l o w  r o l e  rn l lmln 
o 10 20 30 40  50 60 m so 90 loo 

FIG. 2. Curve I, log Rc us. 103/T plot; curve 2, flow 
rate dependence of conversion rate Rc at constant teni- 
perature; curve 3, dependence of Rc on partial pressure 
of CO at 575 "C. 

At 575 "C R, was found to be independent of 
flow rate within the range of 10 to 70 ml/min 
(curve 2, Fig. 2). 

In addition the conversion rate R, is indepen- 
dent of V,O, depletion in the melt, at least for the 
initial stages of the reaction where the melt is 
present in excess. 

The dependence of the steady state values of the 
conversion rate R, on the partial pressure of CO 
in a gas mixture is given in Fig. 2, curve 3, for con- 
stant flow rate and temperature. The conversion 
rate R,decreases with decreasing CO content and 
the dependence of R, is. PC, becomes almost 
linear for low CO contents. For the latter gas 
diffusion processes could also be expected to 
interfere with the overall reaction mechanism. It 
is of interest that in the range 0 to 18% CO which 
is the CO content in car exhaust mixtures (38), 
reaction efficiencies are still high. This is shown 
more clearly when relative efficiencies q, are used 
instead of the conversion rates Rc. 

In Fig. 3, curve 1, the relative efficiency, which 
is a measure of total conversion, is plotted against 
percent CO in feed gas. 

The curve indicates a maximum of 42x  con- 
version at about 20% CO content and even for 
very low CO contents (like 0.1 1%) the efficiency 
decreases to only 29.9%. Higher CO contents have 
similar efficiencies. 

The conversion efficiency of a gas mixture 
leaving reactor No. 1, and re-reacted in reactor 

VOL. 52 .  1974 

No. 2. indicated exactlv the same result. It is 
therefore possible to remove CO for a pollutant 
gas mixture by using a number of reactors in 
series. 

The effect of flow rate in the relative reaction 
efficiency q, obtained at steady state in a reacti- 
vated melt is also shown in Fig. 3, curve 2. It is 
clearly indicated that the percent conversion de- 
creases with increasing flow rate due to the effect 
of decreasing residence time of the gas mixture 
in the melt. 

The effect of continuous use of a melt was also 
investigated in a total depletion experiment, 
whereby the same melt in one reactor only was 
allowed to oxidize Dure CO until n o  further oxida- 
tion could take place due to the complete con- 
version of V,O, into V,O,. 

Figure 4 shows the plot of conversion rate R, 
with time for a total reaction time of 148 h, at a 
flow rate of 108 ml/min and a temperature of 
440 "C. 4 t  this low temperature conversion rates 
are very low as indicated by the results in Fig. 3. 
The melt weight was again 440 g, or 3 mol, of 
mixture and contained some Cs,O. 

The curve in Fig. 4, indicates an unexpected 
initial increase in conversion rate followed bv a 
decrease as the melt becomes depleted in V,O,. 
Finally the conversion rate appears to increase 
again when it is least expected and all V,O, has 
been consumed. The latter, coincided (32) with 
the breakdown of carbon monoxide into CO, 

Flow rote mllmln 

90 
0 10 , 20 , 30 , 40 , 50 , 7; BID 9 1  

FIG. 3. Curve I, relative reaction efficiency q, versus 
partial pressure of CO at 575 "C; curve 2, dependence of 
q~ on flow rate a t  constant temperature. 
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T m e  hours 

FIG. 4. Relative reaction efficiency us. time during a 
depletion experiment. 

according to the reaction 2 C 0  -, C 4- CO, with 
the appearance of large amounts of soot in the 
reactor. 

It appears that the initial low conversion rate 
could be associated with the solubility of CO, in 
the melts. Thus, the CO, initially produced is re- 
tained in the melt and is not available for detection 
in the ascarite trap. However, once the melt has 
been saturated, then further reaction is pro- 
ducing CO, which is detected by the ascarite trap. 
Additions of small amounts of other oxides ap- 
pear to have an effect on reaction efficiencies (35, 
36). Additions of 5 molz  of Cs,O (K,O, 38.1 ; 
Cs,O, 4.8; V205, 57.1 molx) enhance the effi- 
ciency of the reactor, while the presence of 
5 molz Li20 representing a melt composition of 
(K,O, 39.6; Li,O, 4.9; V205, 55.5 molz) appear 
to retard the initial stages of the reaction. The 
conversion rate for the high CO partial pressures 
investigated appears to be dependent upon the 
diffusion of dissolved V,O, in the liquid phase. 
V204 is produced as an insoluble phase and is not 
expected to affect the reaction kinetics providing 
that the appearance of a compact solid layer can 
be avoided. 

Chemical control or adsorption at the gas 
liquid interface do not appear to be rate deter- 
mining because of the positive temperature depen- 
dence of the conversion rate. It should be noted 
that thermodynamic calculations on reaction 2 
indicate that the free energies become less negative 
at higher temperatures. The process would then 
be expected to be less efficient at higher tempera- 
tures, which is opposite to the observed kinetic 
trends. 

The trends in the depletion experiment, namely 

the initial increase in reaction efficiency may be 
explained as follows. 

The oxidation reactions may be written 

[7] (V205) f CO (V2O4) f CO2 
(in melt) (gas) (solid) (gas) 

followed by 

[XI CO, + 02- * c o s 2 -  
(gas) (in melt) (in melt) 

The equilibrium reaction 8 justifies the solubility 
of CO, in a melt under an external pressure of 
CO, gas. 

The solubility of CO, would also be enhanced 
by the basicity of the oxide melt. Hence, the addi- 
tion of the more basic oxide Cs,O appears to in- 
crease the retaining capacity of the melt. The in- 
creased basicity is attributed to the large ionic 
size of cesium and to the lower coulombic attrac- 
tion of a Cs' for an 0'- anion. Thus, the "free" 
0'- concentration in the Cs,O doped melts is 
expected to be higher, and reaction 8 should be 
shifted to the right in the direction of increased 
CO, solubility. 

Conclusions 

The results indicate that the system is capable 
of oxidizing CO with a reasonably high efficiency 
in CO compositions representing the pollutant 
gas mixture emitted by the exhaust of motor 
vehicles. The advantages of a fused salt catalyst, 
as compared to solid V205  may be described by 
the constant renewal of gas to liquid interface 
within the melt during bubbling, and the absence 
of poisoning. In addition the entire volume of the 
melt participates in the reaction and localized 
heating or cooling effects due to exothermic and 
endothermic reactions, respectively, are avoided. 
Such a melt must be operated at the optimum 
temperature of about 550 to 575 "C, as at  higher 
temperatures V205 has a high vapor pressure and 
volatilizes. At lower temperatures, the reaction 
becomes more favorable thermodynamically but 
slow kinetically. The appearance of the solid 
V204 product in large quantities should be 
avoided by frequent reoxidation cycles. The eu- 
tectic composition V205(o,, ,-K20~o~4, melting at 
390 "C is necessary because it allows a melt to be 
operated at the desired temperature range well 
below the melting temperature for pure V205 
which is 685 "C. 
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A Kinetic Model of the Accommodation Pumping Phenomenon 
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GRAHAM RICHARD BRANTON and STEPHEN ALAN RYCE. Can. J. Chem 52,2073 (1974). 
A simple kinetic model of the accomniodation pumping phenomenon is developed. 

This model is consistent with thz earlier suggestion that the extent to which specular 
reflection occurs from smooth Pyrex surfaces is dependent upon the velocity of the 
atoms. It is shown that the upper limit for the pump ratio (PA/PI , )  is 2, but that in any 
real situation this ratio would be less than this value. The niodel is used to show that 
the deviation of the thermal transpiration ratio from the ideal value, (TI/T2)'12, should 
be the same as the accommodation pumping ratio for the same tubing with the same 
temperature difference. 

GRAHAM RICHARD BRANTON et STEPHEN ALAN RYCE. Can. J. Chem. 52, 2073 (1974). 
Un modtle cinttique simple de l'adaptation du phtnomkne de pompage est dtveloppt. 

Ce modtle est en accord avec la suggestion anttrieure: la mesure A laquelle une rCflexion 
apparait B partir des surfaces lisses du pyrex est dtpendante de la vitesse des atomes. I1 
est ttabli que la limite supCrieure du rapport de pompe (P.*/Pn) est &gale B 2, rnais que 
dans n'importe queile situation rtelle ce rapport serait inftrieur A cette valeur. Le modtle 
est utilist pour montrer que la dtviation de la valeur idtale du rapport de transporisation 
thermique (TI/T2)'I< doit Ctre le m6me que le rapport d'adaptation de pompage pour la 
m&me canalisation avec la m&me difftrence de temptratures. 

[Traduit par le journal] 

Introduction is that molecules arriving at a rough surface from 
In recent studies Hobson and co-workers (1-5) 

described a new development in vacuum pump- 
ing termed accommodation pumping, which is 
operative in the free-molecular and transition 
flow region. It is postulated by Hobson that the 
observed pumping action is a consequence of 
the difference in thermal accommodation be- 
tween warm gas molecules impinging upon cold 
surfaces and cold molecules striking warm sur- 
faces. 

A typical pump consists of volumes A and B 
connected by a U-tube made of Pyrex glass. The 
arm of the pump connected to B is smooth 
(untreated), whereas the tubulation adjoining A 
is "atomically rough" (leached in HCl). With the 
assembly at a uniform temperature no pressure 
difference exists between volumes A and B, i.e., 
PA = P,. However, when the U-tube is partially 
immersed in a cold bath at temperature T I ,  a 

both warm and cold regions are highly accom- 
modated. On the smooth surfaces of the U-tube, 
however, collisions of warm molecules with cold 
surfaces are more likely to result in specular 
reflection than collisions of cold molecules with 
warm surfaces (1, 6). Thus in the temperature 
transition region in the smooth arm of the 
U-tube, molecules on the average maintain more 
readily their velocity component in the direction 
leading to volume A. 

An analysis of the pressure changes in accom- 
modation pumps was made by Hobson (7) 
by comparing the action of a 28-stage Pyrex 
accommodation pump with that of blanks of 
identical geometrical dimensions. Hobson's ex- 
periments confirmed the validity of his earlier 
postulate (1) of a model of an accommodation 
pump as a pipe with unequal conductances in 
two directions. In the following we derive for 

pumping action develops such that PA > P,. accommodation pumping a model in which the 
Following the notation of Hobson we have observed pumping ratio is related in kinetic 

111 
terms to the behavior of the molecules or atoms 

PA/PB = a" in the gas phase. 
where a is the pressure or pump-ratio for a single 
stage pump as described above, and n is the Model 
number of pump stages in series. The basis of our model is the supposition that 

An atomistic interpretation of the phenomenon when a constant ratio PA/PB = a has been 
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Rough 
I I I 
I I I 
I I I Smooth 

LiizuLL+1------ L 
I 

T 2 ~ P ~ l , N ~ l  / T l , P ~ ~ . N ~ ,  j T , , P ~ l . N ~ l  T2.P~,3N~,  
I I 

I I , 
FIG. 1. Schematic of the 4 compartments of an accommodation pump. NA,, NA2, NB,,  NB2 are the number of atoms 

per cm3 which are fully accommodated in compartments A,, A,, B,, B,, respectively. 

reached, a n  equilibrium exists in the pump 
whence the net mass flow through any cross 
sectional boundary of the tube is zero. Con- 
veniently the pump is divided into 4 compart- 
ments (see Fig. I), A,, A ,  rough and B,, B ,  
smooth. Compartments A,  and B, are at  temper- 
ature T,, A ,  and B, are at  temperature T I ,  with 
T, > T I .  The compartments are separated by 
three hypothetical sharp boundaries: A  between 
A,  and A , ,  B  between B, and B,,  and C between 
A ,  and B, . We define the boundaries to be sharp 
in the sense that abrupt changes of state (P, T )  
exist, but that the diffusion of molecules across 
the boundaries is uninhibited. 

Incomplete accommodation at  any surfaces 
would lead to a fraction of the atoms (or mole- 
cules) after having crossed a particular boundary 
to proceed and to  cross the next boundary prior 
to accommodation. Let y,,, = the fraction of 
atoms which having crossed B proceed to cross 
C ;  y l A l  = the fraction of atoms which having 
crossed C proceed to  cross A ;  y2AI = the frac- 
tion of atoms which having crossed A  proceed to 
cross C ;  y I B l  = the fraction of atoms which 
having crossed C proceed to cross B. 

We neglect the Maxwellian distribution of 
energies of the atoms at temperatures T, and TI  
and use expression 2 ( 8 )  for the number of atoms 
striking unit area in ~lni t  time. 

where N  is the number of atoms per cm3 and Z 
is the average speed, E = ( ~ R T / X M ) ' I ~ .  At 
equilibrium there is no net mass flow across any 
of the boundaries. For boundary A :  

Similar equations may be written for boundaries 
B  and C.' 

These equations may be rearranged to give 

where 

The phenomenon of thermal transpiration (9) 
may be treated in an exactly similar manner to  
the above where a tube F connects two volumes 
E and D at  temperatures T,  and TI  respectively 
(see Fig. 2). 

At equilibrium there is no net flow across the 
boundaries and equations of the  same form as 
[3] may be written in order to express the equi- 
libria at  boundaries D and E. Hence 

Hobson (6) has shown that the  ideal thermal 
transpiration law 

applies when section F is leached Pyrex glass 
with a reasonable length at  temperat~lre TI  

For simplicity it has been assumed that the probability 
of an atom crossing A (B) having previously crossed C is 
the same regardless of whether it was accommodated in 

PI WA,?,  =$NA,?,  + y , A , ( $ N B , ~ ,  B, (A,). whilst this is not strictly accurate the error 
introduced will be small since the product of the two Y 

+ Y ~ B I + ~ B z ~ ~ )  terms will be very small. 
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BRANTON AND RYCE: ON THE ACC( IMMODATION PUMPING PHENOMENON 2075 

From eq. 9 it may be readily seen that the extent 
to which the thermal transpiration pressure 
ratio deviates from the ideal value (given by eq. 
7) should be the same as the pumping ratio for a 
single stage accommodation pump. Precise 
quantitative comparisons, of the deviation of the 
thermal transpiration ratio from the ideal value 

FIG. 2. Schematic for thermal transpiration model. 

(T, < T,). This means that when y,, = y,,, 
and y,, = y,,, the ratio (1 + YZAI)/(I + y1AI) 
is unity, i.e. the leached Pyrex surface behaves 
the same to all atoms regardless of their velocity. 
Equation 4 may then be rewritten as 

Thus if a # 1, y,,, # y,,,, i.e. the behavior of 
the smooth Pyrex surface towards atoms must 
depend on their velocities. The limiting situation 
would be when all low velocity atoms (TI) are 
accommodated (i.e. y,,, = 0, the cosine law of 
diffuse reflection being obeyed) and when all high 
velocity atoms (T,) are reflected specularly (i.e. 
?I,,, = 1, the atoms lose no forward momentum 
on collision with the walls). Thus the maximum 
theoretical value which a may have is 2, and is 
less than 2 in any real situation. 

If for thermal transpiration the two volumes 
D and E are joined by a smooth Pyrex tube eq. 6 
becomes 

and the ratio for a single stage accom- 
modation pump, are difficult since both critically 
depend on the exact state of the smooth Pyrex 
surface (4); however, qualitative comparisons 
may be undertaken. 

For helium with T, = 77 K and T2 = 298 K, 
using tubing of internal diameter in the range 
8-22 mm, the pump ratio (for accommodation 
pumping) varies within the range 1.16-1.25 (1, 4, 
10). The thermal transpiration data of Hobson 
and co-workers (9), obtained using the "tube" 

system, may be used to obtain a value for the 
factor by which the observed thermal transpira- 
tion ratio deviates from the ideal value (given by 
eq. 7). For helium with T, = 77.4 K and T,  = 
295 K, using tubing of internal diameter 1 1.3- 
19 mm, this factor is found to be in the range 
1.14-1.22. Thus for helium the values of 
(1 + y,,,)/(l + y,,,) obtained from accommo- 
dation pumping and thermal transpiration ex- 
periments are in very good qualitative agree- 
ment. 

The comparison may at  present only be ex- 
tended to other gases on a very qualitative basis 
since there is relatively little information cur- 
rently available. From the data given by Ed- 
monds and Hobson (9), for thermal transpira- 
tion, neon should behave in a very similar man- 
ner to helium, whilst argon and xenon show 
much smaller deviations from the ideal thermal 
transpiration ratio. This is again in good agree- 
ment with the data from accommodation pump- 
ing when it is found (Hobson (1) and our own 
results) that helium and neon have very similar 
pumping ratios (differing by only 1 o r  2 x  from 
each other) whereas argon and xenon have much 
smaller values (about 1.07 for argon and xenon 
against - 1.2 for helium and neon). 

Conclusion 

The simple kinetic model outlined appears to 
explain satisfactorily the data observed for 
accommodation pumps where the ratio may be 
compared with the phenomenon o f  thermal 
transpiration. As suggested previously the ac- 
commodation pumping phenomenon arises from 
differences in the extent to which specular 
reflection occurs from smooth Pyrex surfaces 
depending on the velocity of the atoms. In the 
present model it is not essential t o  propose 
completely diffuse reflection from a leached 
Pyrex surface, but merely that the accommoda- 
tion at  the leached surface is sufficient that the 
extent to which specular reflection occurs is 
independent of the velocity of the incident atoms. 

This model predicts an upper limit for the 
value of the pump ratio a = 2 for a pump 
operating in an idealized mode. Idealized in the 
sense, that in the smooth arm of the pump all hot 
molecules are specularly reflected from cold 
surfaces and on the other hand all cold molecules 
are completely accommodated. For a 20-stage 
pump at  a = 2, PA/PB E lo6. The best values 
obtained by Hobson and ourselves are only 
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2076 C A N .  J .  CHEM. VOL. 52 ,  1974 

a E 1.3, yielding a value of PA/PB E 200 in a 
20-stage pump. Whilst the limiting theoretical 
value of the pump ratio cannot be attained in 
any real situation, the large difference between 
this limiting value and present experimental 
values appears to be sufficient to make a search 
for a better system than Pyrex - leached Pyrex, 
worthwhile. 

We are grateful for the hospitality extended to S.A.R. 
at the Chemistry Department, University of Sussex. 
Thanks are also due to the National Research Council of 
Canada for financial support to both authors. 
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Composes d'addition de SbF, avec H 2 0  et HF. Formation d'ions hydronium 

B. BONNET, J .  ROZIERE, R. FOURCADE ET G.  MASCHERPA 
Lahorrrtoire des Acides MirzProlr.~, associP c111 C.N.R.S. 11" 79, Uilive~.sitP des Scieircc~s et  Techriiclrres dir Lni~grretloc, 

34060 Moi~tprllier, Frotzce 

R e ~ u  le 2 1 decembre 1973 

B. BONNET, J. ROZIERE, R. FOURCADE et G .  MASCHERPA. Can. J. Chem. 52, 2077 (1974). 
Une etude par analyse thermique differentielle des solutions de SbF, dans HzO et HF, a 

permis de determiner les traitements thermiques necessaires a I'obtention des phases stables 
cristallisCes: SbF5.2H20, 4SbF,.5Hz0, SbF5.H20, 3SbF5.2H20 et SbF5.HF.2H,0. 

Tous ces composCs ont i t6 caracttrises par leurs spectres de diffraction des rayons X sur  
poudre. 

Les spectres de vibration de SbF5.2H2O et SbF5.HF.2H,O sont en bon accord avec une 
structure ioniste; ces composts doivent &tre respectivement formules H30TSbF50H-  e t  
H,0z+SbF6-.  Les autres hydrates sont de simples complexes donneur-accepteur de structure 
H,O + SbF,, oh les molecules d'eau supplCmentaires sont liees par liaisons hydrogene a I'eau 
coordinee a I'antimoine. 

B. BONNET, J. ROZIERE, R. FOURCADE, and G. MASCHERPA. Can. J. Chem. 52,2077 (1974). 
A differential thermal analysis study of solutions of SbF, in H,O and H F  has enabled us t o  

determine the thermal treatments required to obtain the stable crystalline phases: SbF5.2H,0, 
4SbF5.5H20, SbFS.H20, 3SbF5.2Hz0, and SbF,.HF.2H20. 

The SbF, adducts were characterized by X-ray powder diagrams. 
The vibrational spectra of SbF5.2H,0 and SbFS.HF.2H,O are consistent with the ionic 

structures H ,0+SbF50H-  and H5O2+SbF,-. 
The other hydrates are simple donor-acceptor complexes with the structure H,O -> SbFs, 

in which one water molecule is coordinated to the SbF, and the others are bound by hydrogen 
bonds to the coordinated water molecule. 

Introduction 
Les pentahalogtnures des tltments du groupe 

V de la classification ptriodique sont des acides 
de Lewis forts, susceptibles de donner des com- 
plexes d'addition avec de nombreux composis; 
en solution ces complexes peuvent jouer le r6le 
de catalyseur, notamment dans les rtactions de 
Friedels et Craft (1). 

Ainsi I'eau et les ions fluorures jouent le r6le de 
base vis-A-vis de SbF,, en favorisant l'apparition 
d'espices protonntes. 

Ce travail fait partie de l'ttude systtmatique, 
entreprise au Laboratoire des Acides Mintraux, 
sur les systemes MXn-H20 et MX,-H20-HX1 en 
tant que milieux formateurs d'hydrates du proton 
(H20) ,H+.  Nous prtsentons ici les rtsultats de 
I'ttude des systimes SbF,-H,O et SbF,-HF- 
H,O effectute par analyse thermique, diffraction 
des rayons X et spectroscopie de vibration infra- 
rouge et Raman. 

'MX, pouvant &tre GaX,, BF,, SbCI,. Travaux en 
cours de publication. 

Partie expkrimentale 
Prrrification de SbF5 

Le pentafluorure d'antimoine commercial utilisk est 
purifie par une double rectification dans un appareillage 
en verre Pyrex; les t&tes et queues de distillation sont eli- 
minees a chaque passage, seule la fraction de distillat 
passant a 141 "C est conservee. 

L'agressivite et la tres forte hygroscopicite d e  SbF, ren- 
dent sa manipulation delicate et ntcessitent I'utilisation a 
I'abri de l'humiditk, des echantillons fraichement distilles. 
Dans ces conditions il n'est pas a craindre une attaque de 
I'appareillage, soit lors d e  la purification d e  SbF,, soit 
dans la preparation des tchantillons analyses. 

Prkparation des melat~ges SbF5-H,O 
La reaction de SbF, sur l'eau est tres exothermique et 

les melanges doivent &tre rCalises a froid, a la temperature 
de l'air liquide. Pour une composition determinee, la 
quantite d'eau necessaire est introduite par fractions suc- 
cessive~, le melange etant homogeneise lentement par 
augmentation progressive de la temperature. 

PrPpararion drr cotnposP SbF5.HF.2H20 
Tous les essais de preparation a partir des trois com- 

poses SbF,, H F  et H,O se  sont soldes par des  Cchecs; la 
reaction est trop violente, ce qui entraine la dCcomposition 
et la volatilisation partielle de I'echantillon. Pa r  contre la 
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reaction est contrblable a partir des deux monohydrates 
du pentafluorure d'antimoine et du fluorure d'hydrogene. 

La reaction est realiste a basse temperature, dans un 
appareillage en polycarbonate. 

Atzalyse rhermique 
La mkthode utilisee est l'analqse thermique differen- 

tielle a I'echauffement, mithode particulierement adaptke 
a I'etude d'echantillons aiskment vitrifiables et aussi 
difficilement cristallisables que sont ces solutions de 
SbF, dans HzO. Apres vitrification a la temperature de 
l'air liquide du produit analyse, les phases stables du sys- 
teme sont cristallisCes par des traitements thermiques 
appropries, au detriment des especes metastables qui 
cristallisent parfois spontanement lors du refroidissement. 
Tous ces traitements et I'analyse a l'echauffement des 
produits parfaitement cristallises sont realisis sur des 
echantillons mis en tubes scelles, afin d'eviter tout risque 
d'hydratation. 

Diffraction des rayons X 
Toutes les phases stables mises en evidence par analyse 

thermique ont kt6 caracterisees par leur spectre de diffrac- 
tion X sur poudre. Les diffractogrammes ont etC enregis- 
trCs a temperature ambiante a I'aide d'un diffractometre 
a compteur Philips PW 1380 en utilisant la raie K. du 
cuivre, sur des echantillons finement broyes et proteges 
de I'humiditk ambiante par une mince feuille de poly- 
tthylene. 

Specrroscopie de vibration 
Les spectres infrarouges ont kt6 enregistres de 4000 a 

180 cm- a I'aide d'un spectrometre Perkin-Elmer 180, 
a temperature ambiante et a la temperature de I'air liquide. 
Les echantillons analyses Ctaient parfaitement cristallises 
selon le protocole mis au point par analyse thermique. 
Ils Ctaient prelevCs en boite seche et introduits finement 
pulvtrisCs entre des faces de chlorure d'argent ou de 
silicium, selon le domaine de frequence Ctudie. 

L'appareillage Raman utiliseetait constitue des spectro- 
metres PHO et PHI de la Coderg, equipis respectivement 
de laser a argon ionise et a helium-neon. Les Cchantillons 
finement broyes Ctaient contenus dans des tubes Pyrex 
places dans un cryostat refroidi a I'air liquide. Le phkno- 
mene de diffusion particuli&rement intense dans le cas de 
ces composes, ne nous a pas permis d'etudier le domaine 
de friquence au-dessus de 1000 cm-I par spectroscopic 
Raman. 

Analyse thermique 
Le systkme SbF,-H,O a t t t  ttudit dans le do- 

maine de concentration de 30 a 60% en moles de 
SbF,. Pour des concentrations plus riches en eau 
il y a hydrolyse. Au-deli de 60% en moles de 
SbF,, on obtient systtmatiquement des verres au 
refroidissement; des recuits de plusieurs mois i 
la temptrature de - 32 "C sont alors ntcessaires 
a l'obtention de phases stables parfaitement 
cristallistes. 

Dans le domaine ttudit des recuits systtma- 
tiques, au-dessus de la temptrature de devitrifica- 
tion, nous ont permis d'obtenir les hydrates sous 
leur forme stable. Ainsi le monohydrate ne cris- 
tallise pas spontantment au refroidissement et 
c'est l'eutexie metastable EM 59 "C qui est ob- 
servte (Fig. 1); cet invariant est tlimint par traite- 
ment thermique au profit du monohydrate. 

Le diagramme de phase met en tvidence l'exis- 
tence: de trois hydrates a fusion congruente: 
4SbF5.5H,0 (TfO = 128.0°C), SbF5.H20 (T~O = 
1 17.5 "C) et 3SbF5.2H,0 (TfO = 122.3 "C); d'un 
hydrate a fusion non congruente: SbF5.2H,0 
(To0 = 36.5 "C). 

Seul le compost 4SbF5.5H,0 prtsente une 
transformation a l'ttat solide L 93 "C. 

Dans le cas de ce compost il a t t t  trZs difficile de 
dtterminer sa stoechiomttrie. Cependant l'tvolu- 
tion des temptratures de fin de fusion d'tchan- 
tillons de compositions voisines de celles du com- 
post 415 et les diagrammes de Tammann des 
tquilibres invariants adjacents on t  permis de 
confirmer sa composition. 

Les difftrentes eutexies mises en tvidence sont 
rapporttes dans le tableau 1. 

Le diagramme de phase ne rtvkle pas de difft- 
rence marquee de stabilitt entre les difftrents 
composts. Ainsi le dihydrate a le point de fusion 
(non congruent) le plus bas (36.5 "C) alors que 
les autres hydrates fondent normalement dans 
des domaines de temperature compris entre 

30 40 5 0 SO 

FIG.]. Diagramme de phases du systkme SbF5-HzO. 
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BONNET ET AL.: COMPOSES D'ADDITION DE SbFs AVEC H20  ET H F  

TABLEAU 1 .  CoordonnCes eutectiques 

Composition 
Temperature eutectique 

eutectique (% en mole de 
Equilibre eutectique ("(3 SbFd 

Liq. El  P 4SbF5.5H20(s) + SbF5.H20(s) 97 + 1 47.2  f 0 . 2  

Liq. E2 P SbF5.H20(s) + 3SbF5.2H20(s) 103 k 1 53.5 + 0 . 5  

Liq. EhI P 4SbF5.5H20(s) + 3SbF5.2H20(s) 59 & 1 48.0 + 0 . 5  

1 17.5 et 128.0 "C. Ceci n'est pas surprenant car les 
temptratures de fusion de la plupart des hydrates 
d'acides (au sens de Lewis ou de Bronsted) dCcrois- 
sent lorsque le nombre de molCcules d'eau asso- 
cites croit. 

Radiocristallographie 
Les difftrentes valeurs des angles de rtflexion, 

des distances rtticulaires correspondantes, ainsi 
que I'intensitC relative des raies caracttristiques 
de ces composts sont consigntes aux archives de 
ce journal., Chaque spectre est nettement indivi- 
dualist mais, en l'absence d'ttude complite sur 
monocristaux, aucun n'a pu Ctre indext. 

Spectroscopie infrarozrge et Raman 
Nous avons reprtsentt sur les figs. 2 et 3 les 

spectres infrarouges et Raman i. temptrature am- 
biante de ces hydrates (except6 pour le composC 
3SbF5.2H,0) et du complexe SbF5.HF.2H,0. 

Les frtquences observtes et leurs attributions 
probables sont rapporttes sur les tableaux 2 et 3. 
Ces attributions ont Ctt facilities par l'obtention 
des spectres des homologues deutirits. 

Discussion 

Les rtsultats exptrimentaux ont permis de con- 
firmer l'existence des deux hydrates signalts dans 
la litttrature: le dihydrate par Ruff (2) et le mono- 
hydrate mis en evidence d'une part par Dean et 
Gillespie (3), en solution dans SO, et, d'autre 
part, par Commeyras et Olah (4) dans le solvant 
acide fluorosulfurique. 

Le compost SbF5.2H,0 serait probablement 
I'hydroxopentafluoroantimonate d'oxonium 
H,O+SbF,OH- alors que SbF,.H,O parait Ctre, 
d'apris les auteurs prtctdents, un composC molC- 
culaire d'addition H,O + SbF,, du moins en 

'La sCrie complete des tableaux a un prix nominal, en 
s'adressant au DtpBt donnees non publites, Bibliotheque 
scientifique national, Conseil national de recherches du 
Canada, Ottawa, Canada KIA 0S2. 

'000 2 0 0 0  l l O 0  ,000 so0 ' K '  

FIG. 2. Spectres infrarouges temperature arnbiante. 

-Do eoo rc, 'rn 330  : : a i d 3  ,a2 300 5ca i o n  l o o  2urm.' 

FIG. 3. Spectres Raman a temperature ambiante. 

solution dans les solvants considtrts. Dean et 
Gillespie envisagent en outre la possibilitt d'exis- 
tence d'une rCaction de redistribution des coor- 
dinats autour de l'antimoine selon la rtaction 

L'existence de la forme ionisCe selon la reaction 
d'autodissociation 

faisant intemenir un pont Sb-0-Sb analogue 
au pont B-0-B observt dans le complexe 
NO,+(BF,),OH- est tout aussi possible (5). 

Le monohydrate 
L'absence dans le spectre infrarouge du mono- 
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- 
TABLEAU 2. Valeurs (en crn-I) des frtquences d'absorption infrarouge* 

SbF5.H20 4SbF5.5Hz0 Attributions H,O+SbF,OH- Attributions H50z+SbF6- Attributions 

2500 t p  2400 f 
2220 Cp - 
2045 rn 2040 m Cornbinaisons 

3460 T F  v(0H) de SbF50H- 3460 T F  
3200 t p  et de 3250 t p  vs et V,,(HZO) 
2700 t p  H 3 0 +  (vI et v3) 3140 t p  

2800-2600 f 
2200 f Cornbinaisons 2200 f Cornbinaisons 

2050 f 
1630 T F  1630 T F  W z O )  1680 T F  ~ 4 ( H 3 0 + )  1700 T F  6(HzO) 

2000-800 TF, T L  v,,(OHO) 
1330 f 1320 f Combinaisons 
1225 f 1235 f 1180 F vz(H3O+) 1140 F 6 ou y(OH0) 
875 F 865 F p(Hz0) ou 860 rn &(OH) de SbF,OH- 1060 t p  P(HzO) et W(H20) 

W(Hz0) 880 t p  > 
640 T F  655 T F  660 t p  668 T F  v,(SbF6-) * 
565 Cp 575 Cp v(OS bF,) 640 T F  L 

460 m 470 m 570 ep v(OSbF5) 565 F v~(SbF6-) n 
T 

320 Cp 330 f 485 t p  C(Hz0) 550 ep 
470 F 

265 F 270 F 6(OSbF5) 
S 
< 

200 m 210 F 270 T F  S(OSbF5) 280 F ~ 4 ( S b ~ 6 - )  0 

230 t p  !- 
b 1 4  

*TF = tr&s fort. TL = Irks large, F = fort, m = moyen, f = faible. 6p = 6paulement. - 
\D 
4 n 

TABLEAU 3. Valeurs (en crn-') des frtquences de diffusion Raman* 
- 

SbF5.Hz0 4SbFs.5Hz0 Attributions H30+SbF50H- Attributions H50z+SbF6- Attributions 

*TF = Ires fort, F = fort, rn = rnoycn, f = faiblc, &p = &paulcrncnt. 
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hydrate des bandes caracttristiques de I'ion oxo- 
nium (6), en particulier celles correspondant aux 
vibrations de dtformation v, et v, et qui sont 
gtntralement larges et relativement intenses, per- 
met d'tcarter la structure H,O+Sb,F,,OH- pro- 
posCe prtctdemment. 

Les bandes observtes sont trks caracttristiques 
des modes de vibrations d'une moltcule d'eau 
coordinte un acide de Lewis. En particulier on 
retrouve les trois domaines principaux des vibra- 
tions de valence v, et v,,(H,O) sous la forme d'une 
bande large A 3120 cm-I, de la vibration de dC- 
formation 6(H20) a 1630 cm-I, des modes de 
rotation plane p(H20) ou de balancement 
W(H,O) de la moltcule d'eau vers 875 cm-'. 

Les vibrations v(0H) se situent 6 une frtquence 
relativement basse, nettement inftrieure par 
exemple a celle de I'harmonique 26(H20), ce qui 
est particulikrement rare dans le cas des spectres 
de l'eau coordinte. 

On peut noter a titre de comparaison les frt- 
quences v(0H) observtes pour le monohydrate 
de SbCl, a 3350 cm-' (7), de BF, 3340 cm-'  (8), 
de GaCI, et GaBr, a 3290 cm-' (9). 11 est admis 
gtntralement que la formation de liaison de coor- 
dination mttal-oxygkne a pour effet d'affaiblir les 
liaisons O H  des molecules d'eau, et l'tvolution des 
frtquences v(0H) dans les hydrates prtctdents 
semble en accord avec les aciditCs relatives des 
difftrents halogtnures. 

Le pentafluorure d'antimoine, acide de Lewis 
trks fort, doit prtsenter une affinitt particulikre- 
ment tlevte vis-a-vis de l'eau. On doit donc at- 
tendre une liaison Sb-0 forte et, corrtlative- 
ment, une augmentation du pouvoir accepteur 
des atomes de fluor qui seront susceptibles de 
former des liaisons hydrogtne relativement 
fortes. 

I1 est probable que les deux effets: coordination 
de l'atome d'oxygkne sur le mttal et formation de 
liaisons OH ... F concourent a l'affaiblissement 
des liaisons O H  et donc a l'abaissement des 
frtquences v(0H). 

Dans le cas de ce complexe, les vibrations de 
libration sont observtes a des frtquences plus 
tlevCes que pour les hydrates prtctdents et cela, 
aussi, peut 6tre reliC a l'augmentation de la force 
de la liaison M-0 (lo) ou aux liaisons hydrogkne. 

En ce qui concerne le squelette, il est difficile de 
localiser la (ou les) vibration (s) SbO. Les frt- 
quences infrarouges et Raman observies sont 
assez proches de celles de I'ion SbF,- (1 1). Cepen- 
dant, I'apparition de bandes dans le domaine 

450-500 cm-' (dans le cas de SbF,.H,O: i.r., 
460 cm-I ;  Raman, 494 cm-I) d'intensitts 
moyennes en infrarouge et faibles en Raman, peut 
6tre relite a la formation d'une liaison antimoine- 
oxygtne, puisque les spectres de SbF,- dans ce 
m6me domaine sont exempts de bandes. Toute- 
fois il nous semble que I'attribution a une vibra- 
tion SbO ne puisse 6tre exclusive car cette vibra- 
tion doit 6tre fortement couplee aux autres modes 
du squelette et que, par exemple, la bande la plus 
intense en Raman a 658 cm-' puisse 6tre mieux 
decrite comme le mode v,(OSbF,). Dans ce 
domaine, on peilt remarquer la similitude du 
spectre infrarouge du monohydrate avec celui du 
squelette OSbF, du complexe SbF,.SO, (12) et 
I'on peut penser que leurs structures sont voisines. 

Les autres bandes observtes peuvent donc se 
rtpartir en vibrations de valence du squelette 
v(OSbF,) et en vibrations de diformation 
G(OSbF,). 

Comme il a t t t  dit prtctdemment, les frC- 
quences de vibrations du squelette ne sont pas 
assez Cloigntes de celles de SbF6- pour permettre 
d'tcarter la structure ionique SbF,(H,O),+ 
SbF6- dtfinitivement. Cependant, I'ttude en 
spectroscopie de vibration de la sCrie des mono- 
hydrates des acides MX,,.H,O (7-9) montre que 
dans tous les cas c'est le compost H,O -t MX, 
qui a e t t  is016 et caracttrist. On ne connait a 
l'heure actuelle qu'une structure analogue avec 
SbF,, celle du composC d'addition OSO + SbF,. 

Le compose' 4SbF,.5H2 0 
L'ttude des spectres infrarouges et Raman de 

cet hydrate montre I'existence de motifs OSbF,, 
trQ voisins de ceux obtenus dans le cas d u  mono- 
hydrate. Cette analogie entre ces deux composes 
est confirmte d'ailleurs par certaines observations 
faites sur leurs proprittts physiques. E n  particu- 
lier, ce sont deux composts a fusion nettement 
congruente, dont les temptratures de fusion sont 
trks voisines (T,' 415 = 128 "C; T,' mono = 1 17 
"C): le compost 415 cristallisant cependant plus 
facilement. 

L'aspect gtntral du spectre infrarouge montre 
par comparaison avec celui du monohydrate, un 
tlargissement considerable de la bande de dtfor- 
mation de la moltcule d'eau. Le m6me phtnomkne 
est observable sur la vibration de valence v(H,O), 
ce qui semble indiquer l'intervention de plusieurs 
modes vOH provenant de difftrents types de 
moltcules d'eau. 

11 semble donc que la structure du composC 415 
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soit tres proche de celle du monohydrate, la molC- 
cule d'eau supplCmentaire Ctant simplement like 
aux autres par des liaisons hydrogene. 

Le compose' SbF5.2H20 
Le complexe MX,,-H,O peut Ctre consider6 

comme un acide de Bronsted fort et la rCaction 
SbF5.H20 + H 2 0  peut alors conduire A un com- 
posC completement ionisC H 3 0 f  SbF5OHP. Ce 
phCnomtne n'est pas gCnCral; ainsi dans 1'Ctat 
liquide le complexe BF3.2H20 peut Ctre 
considCrC comme le composC H30+BF30H-  
(1 3) alors que dans 1'Ctat solide ce n'est pas le cas 
(14). Les formes molCculaires (MX,,.H20)H20 
y sont tres souvent obtenues. 

Cependant, il est remarquable de constater que 
les solutions aqueuses concentrCes de certains 
acides minCraux forts, tels l'acide perchlorique et 
l'acide nitrique en particulier se comportent de 
f a ~ o n  inverse. Les acides partiellement ionisis 
dans 1'Ctat liquide donnent dans 1'Ctat solide les 
composCs H30+Cl.0,- et H 3 0 + N 0 3 -  (15, 16). 

L'ion oxonium est caractiris6 par trois 
domaines principaux d'absorption. Les deux 
premiers domaines (1200-1000 et 1700-1 600 
cm- ') sont parfaitement dCfinis et attribuables 
aux vibrations de deformation. Le troisierne do- 
maine qui correspond aux vibrations de valence 
v, et v3 semble beaucoup varier (3400-2500 
cm-') en fonction de l'environnement de H 3 0 +  
et donc de la prCsence de liaisons hydrogene; il 
dCpendra par conskquent de l'acide considCrC. 
Aussi i l  n'est pas surprenant que les attributions 
dans le domaine des vibrations de valence soient 
contreversCes (1 7-1 9). 

Ce sont donc les vibrations de diforrnation 
qui vont nous servir a caractCriser I'ion oxoniurn. 

Sur le spectre infrarouge on observe deux 
bandes intenses, relativernent larges vers 1700 et 
1180 cm-' caractCristiques de la prisence de 
H 3 0 +  et que l'on attribue aux vibrations de 
deformation v, et v,. 

Le domaine des vibrations de valence v(0H) 
est plus complexe car on y attend les vibrations 
v(0H) de SbF50H-, ainsi que les vibrations v, et 
v3 de l'ion H,O+. Ce domaine est relativement 
Ctendu, en particulier vers les basses friquences, 
ce qui indique de fortes interactions en particulier 
par liaisons hydrogene. 

Dans le cas des vibrations du squelette, les 
valeurs des frCquences observCes sont en bon ac- 
cord avec celles donnCes pour quelques sels d'hy- 
droxofluoroantimonate alcalins CtudiCs par 

Kolditz et Nussbiicker (20). Ces auteurs attribuent 
la frCquence de la vibration SbO B 560 crn- '. On 
peut remarquer cependant que tous les composCs 
CtudiCs et en particulier SbF,-, ont  des frkquences 
de vibrations au voisinage de 560 cm-'. Les 
bandes observCes a 470 cm-' en infrarouge et a 
468 cm-' en Raman paraissent donc plus carac- 
tCristiques de la liaison SbO. 11 sernble toutefois 
que comme pour les hydrates prCcCdents, cette 
vibration soit fortement couplCe aux autres 
modes du squelette. 

Ainsi, la position et la largeur des bandes dans 
le domaine des vibrations de deformation sem- 
blent donc caractkristiques de la prCsence de 
I'ion H 3 0 + .  Par consiquent, A l'inverse des 
dihydrates BF3.2H20 et GaBr,.2H20 nous ne 
sommes pas en presence de 1'entitC molCculaire 
(MXn.H20)H20, mais plut6t d'un composC 
ionique dont la formule fait intervenir l'ion 
oxonium H,O+. 

Le compose' SbF,. HF.2H20 
Les acides forts complexes comme HPF,, 

HAsF,, HSF, sont susceptibles de former avec 
des bases organiques oxygCnCes (RnO) des com- 
plexes de stoechiomCtrie 2: 1, dans lesquels le 
proton est gCnCralernent solvatC par les rnoltcules 
de la base (R,O---H+---OR,); le cation ainsi 
form6 Ctant susceptible de cornporter une liaison 
hydrogene courte et symCtrique. Les spectres 
infrarouges de tels complexes sont en effet carac- 
tCristiques de composCs faisant intervenir des 
liaisons hydrogene fortes et courtes (21). En par- 
ticulier, i l  apparait une absorption large et intense 
au-dessous de 1800 crn-', qui peut Ctre associCe 
aux mouvernents du proton dans ces liaisons 
hydrogene. 

Dans le cornplexe HF.SbF5.2H20, la presence 
de I'ion (H,O),H+ ou H 5 0 2 +  peut &tre envisagte 
indirectement par la rnise en Cvidence de I'ion 
SbF,-. Nous avons cornpark dans le tableau 4 les 
frequences observCes pour ce complexe a celles 
de composts faisant intervenir I'ion SbF,-. 

En fait, l'observation d'une tres large absorp- 
tion entre 2000 et  800 cm- ' caractkristique d'une 
liaison hydrogene tres courte et tres forte constitue 
une preuve plus directe de sa prksence. 

Le spectre infrarouge est trts comparable 6 
ceux obtenus pour quelques dihydrates d'acide 
minCraux forts ou sels de dioxonium par l'un 
d'entre nous (22). 

A l'heure actuelle en se basant sur les struc- 
tures radiocristallographiques de dihydrates 
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BONNET ET AL.: COMPOSES D'ADDITION DE SbFs AVEC H10  ET HF 2083 

TABLEAU 4. FrCquences (en cm-') de diffusion Raman de quelques hexafluoroantimonates 
-- 

K+ SbF,-t NO+SbF,-t NOz+SbF6-t H,0z+SbF6-$ Attributions 

661 658 661 658 vl (Rarnan) 
575 570* 576* 570 vz (Raman) 

568* 
655 660 660 668 v3 (Infrarouge) 
270 275 275 280 v4 (Infrarouge) 
294 294 294 280 v5 (Rarnan) 
278 284 283 270 

'Indique une vibration active aussi en infrarouge. 
tRdfdrence 11. 
SCe travail. 

d'acides forts relativement nombreuses (23-26), 
on peut considirer que l'ion H ,02+  est constituC 
de deux groupes H 2 0  reliC par un pont hydrogkne 
tr&s court ( ~ 2 . 4 1  A). On peut donc dC- 
composer les vibrations de l'ion dioxonium 
H H 
\ 

( O---H---O 
/ 

)+ en vibrations caractiristi- 

ques des groupes terminaux: v,(H20), v,,(H20), 
6(H20) et modes de librations p(H20), W(H20), 

I [(H20) d'une part et, d'autre part, celles de la 

1 liaison hydrogkne v,,(OHO), v,(OHO), 6 et 
y(OH0) (27). Dans le spectre infrarouge, la bande 
large et intense entre 2000 et 800 cm-' peut &tre 
associC B la vibration v,,(OHO); une friquence 
aussi basse (vers 1000 cm - ') pour v,,(OHO) dans 
le cas de l'ion dioxonium a dCja CtC observC par 
Gillard et Wilkinson dans une sCrie de sels com- 
plexes de type [C0(en)~Cl,]Cl~H,0~ (28). L'une 
des vibrations 6(OHO) ou y(OH0) peut &tre con- 
sidCrCe comme responsable de la bande i 1140 
cm-'. La friquence relativement basse de 
v,,(OHO) et une friquence de vibration de dCfor- 
mation aussi ClevCe, sont le signe de la prCsence 
d'une liaison hydrogine tris forte. 

GCnCralement, l'ion dioxonium est fortement 
liC par liaisons hydrogine avec l'anion. La frC- 
quence relativement ClevCe du maximum a 3460 
cm-' pour les vibrations v,(H,O) et v,,(H20) des 
groupes terminaux dans le cas de H,02+SbF6- 
et la faible largeur de la bande, sont le signe d'une 
interaction anion-cation tris faible. Ce phCno- 
m&ne est observC pour les v(0H) terminales de 
l'ion dioxonium associC des anions tels que 
SbC1,-, GaBr,-, GaC1,-, qui sont respective- 
ment observCes B 3480, 3450 et 3440 cm-' (22). 
Etant donne son volume et son faible pouvoir 
accepteur, l'ion SbF,- n'est susceptible de former 

que des liaisons hydrogine faibles avec H 5 0 2 + .  
Ce point remarquable illustre parfaitement le r6le 
que joue un gros anion globulaire dans la 
stabilisation des hydrates du proton. 

Conclusion 
Les spectres de vibration des composCs CtudiCs 

peuvent Etre interprCtCs sur la base des trois 
Cquations suivantes 

H 
\ 

SbF, + HzO -t 0 -. SbF, 

Ces rCsultats sont ii rapprocher des solubilitCs 
observCes dans SO2 pour ces composCs. Les deux 
formes ioniques sont tris peu solubles dans ce 
solvant peu polaire (29); par contre, les deux 
autres hydrates non ionisCs SbF,.H,O et 
4SbF,.5H20 y sont trks fortement solubles. 

Dans le cas du monohydrate on a un simple 
complexe donneur-accepteur, l'antimoine occu- 
pant le centre d'un octaidre dCformC. Ce com- 
posC se comporte comme un acide fort; l'addition 
d'une deuxikme molCcule d'eau conduit i la for- 
mation de l'ion oxonium et a l'anion SbF,OH-. 
En prCsence d'ions fluorures et de molCcules 
d'eau, c'est bien I'ion hexafluoroantimonate 
SbF6- qui se forme associC a l'ion dioxonium. 
Ces deux derniers composCs semblent donc con- 
duire a la formation d'espices ioniques et en par- 
ticulier ii la formation d'ions hydronium. Mais si 
dans le dihydrate de SbF, l'ion H,OC interagit 
fortement avec l'anion SbF,OH-, dans le 
deuxikme complexe SbF,.HF.2H20 les liaisons 
hydroghe sont t r b  faibles et les espkces ioniques 
SbF,- et H,OZC sont mieux individualisies. 
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Des rtsultats analogues ont CtC obtenus par 
Olofsson (30) dans les systtmes SbC1,-H,O et 
SbC1,-HCI, en prtsence de bases faibles. 
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Acid Catalyzed Rearrangements of Structurally Constrained 
Tricarbonyl(trans-pentadieny1)iron Cations1 

C. R. J A B L O N S K I ~ N D  T. S. SORENSEN 
Departttretrt of'Chet?~i.st~y. 7/1e Ut~i\'ersit.v ofCalgrrty, Crrlgtrry, A / / ) P ~ ~ N  T2N / N4 

Received October 17, 1973 

C. R. JABLONSKI and T. S. SORENSEN. Can. J .  Chem. 52, 2085 (1974). 
Both the tricarbonyl(l,4-dimethylene-ci.~,c.is,tra~ts,cis-hexa-,3-dienyl)iron (secondary) and 

the tricarbonyl(l,4-dimethylene-5-methyl-cisScis,tra~~s-hexa-1,3-dienyl)iron (tertiary) cations, 
which cannot convert to a 'lr-cis pentadienyl system via a simple bond rotation, can be prepared 
at low temperature in strong acid media from their related alcohol complexes. The secondary 
as well as the tertiary ions rearrange to give the thermodynamically more stable tricarbonyl- 
(I-alkylcyclohexa-l,3-dienyl)iron cation via an acid catalyzed pseudo first order process. The 
rate of rearrangement of the secondary ion is much faster than that of the tertiary ion indicating 
a si~bstantial amount of residual positive charge on the exocyclic (B) carbon in the complexed 
tratu-pentadienyl carbonii~m ions. 

C. R .  JABLONSKI et T. S. SORENSEN. Can. J .  Chem. 52,2085 (1974). 
Partant descomplexes des alcools correspondants et travaillant a basse temperatureet dans iIn 

milieu fortement acide, on a pu preparer chacun des cations d ~ i  (dimtthylene-1,4 cis,cis,tratu,ci.s 
hexadiene-1,3 yl) fer (secondaire) tricarbonyle et du (dimethylene-1,4 methyl-5 cis,cis,trat~s 
hexadiene-1,3 yl) fer (tertiaire) tricarbonyle q i ~ i  ne peuvent Ctre transformes en iln systeme 
'11-cis pentadienyle par le moyen d'une simple rotation. L'ion secondaire de mCnie qile le tertiaire 
se rearrangent pour donner le cation thermodynanliqt~enlent le plus stable (alkyl-l cyclohexa- 
diene-1,) yi) fer tricarbonyle grice Lln processus depseudo premier ordrecatalyse par les acides. 
Le rearrangement de I'ion secondaire est beaucoup plus rapide qLle celui de I'ion tertiaire indi- 
qllant qi~'une quantite importante de charge positive residuelle existe sur le carbone (B)  exo- 
cycliq~~e dans les carbocations complexts trat~s-pentadienyle. [Traduit par le journal] 

The fact that acyclic tricarbonyl(tm7s-penta- The obvious structural relationships of  the ions 
dieny1)iron cations (1) are ubiquitous in their 1 and 3 with the profusely studied, yet still con- 
rearrangement to give the related pe17tal7apto- troversial (6) ferrocenyl ion (5) has initiated 
tricarbonyl(cis-pentadieny1)iron cations (2) has 
been amply demonstrated (1-3). 

0 0 

1 2 

Protonated tricarbonyl(tru17s,tra17s-2,4-hexadi- 
enal)iron complexes (3), which have been shown 
to be excellent models for the parent ions (I), 
show similar reactions (4, 5) .  

'Presented in part at the XIV ICCC, Toronto, Ontario, 
June 22-28, 1972. Abstracts p. 130. 

'Present address: Department of Chemistry, The Uni- 
versity of Western Ontario, London, Ontario. 

considerable discussion regarding the electroiiic 
structure of the trans-pentadienyl ion I .  In- 
timately involved with any discussion of the 
electronic structure of 1 and 3 is a consideration 
of the driving force for the rearrangements 1 -+ 2 
and 3 + 4. 

We have previously shown (3) tha t  related 
trans-cis tricarbonyl(pentadieny1)iron cation 
pairs (e.g.  1 and 2) rapidly equilibrate and  that in 
special circumstances conversion to apental7apro- 
tricarbonyl(cis-pentadieny1)iron complex is no 
guarantee of thermodynamic stability. It was of 
immediate interest then to investigate the stabi- 
lization modes available to  tricarbonyl (trans- 
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pentadieny1)iron cations in which a direct con- 
version to a 511-cis ion is structurally prohibited. 

The tricarbonyl (1,4-din~ethylenepenta-1,3- 
dieny1)iron cations (6) are examples of such ions3 

and we report here their preparation from alco- 
holic precursors (9) and their medium dependant 
rearrangements leading ultimately to the thermo- 
dynamically very stable tricarbonyl(cyclohexa- 
dieny1)iron cations 10. 

Preparation of the Alcohol Precursors 

Generation of the desired cation complexes 
with known stereochemistry (6, R, # R,) at the 
exocyclic carbon requires both the stereospecific 
exo departure of the leaving group (7) and the 
stereospecific synthesis of the (diastereomeric) 
alcohol complexes 9. Since sodium borohydride 
reduction of a number of tricarbonyl(trans-hexa- 
2,4-dienone)iron complexes has been shown to 
proceed nearly stereospecifically (7, 8) to give the 
Y-endo4 epimer (11 + 12) (c.J however ref. 9) 
attention was focused on the preparation of the 
cyclic analog, tricarbonyl(dihydroacetophenone)- 
iron, 13. 

In principle, conjugated 1-substituted 1,3- 

3Lillya and co-workers have previously reported the 
constrained ion 7 and the related protonated ketone 
complex 8 (2, 4). 

4Y-endo refers to the C ,  epimer which has -OH 
nearest iron in the most stable conformation. Y-exo is 
however most stable with -OH farthest from iron 
(7a. 10). 

cyclohexadiene complexes could be prepared 
directly via Fe(CO), catalyzed rearrangement 
of the Birch redtiction products of aromatic 
substrates (1 I ) ,  electrophilic substitution of the 
parent tricarbonyl(cyclohexa- 1,3-diene)iron com- 
plexes (12), or indirectly via complexation of the 
dienone ligand. In view of the variety of products 
available from both direct methods, we chose 
the latter alternative. 

Dihydroacetophenone (13) was prepared via a 
modification of the dihydrobenzaldehyde synthe- 
sis of Langenbeck et a]. (14) rather than via the 
rather lengthy literature method (13). The syn- 
thesis followed the route shown in Scheme 1. 

Critical to the overall success of Scheme 1 is 
the preparation of quantities of the dieneamine 
14 in good yield. Extensive polymerization 
results unless a catalytic amount of o-quinone or 
naphthoquinone is added (15) and the pyrolysis 
carried out as quickly as possible. 

Photochernical reaction of 17a and b with iron 
pentacarbonyl gave the expected products. 
Ketone 17b was, however, more satisfactory 
since the aldehyde complex 18 readily decom- 
poses and the pure complex is freed from un- 
reacted ligand with difficulty. 

Borohydride reduction of the ketone complex 
13 was found to proceed with nearly complete 
stereospecificity while, in contrast, reaction of the 
aldehyde complex 18 with methyllithium gave a 
mixture of two epimeric alcohols in nearly equal 
amounts (t.1.c. analysis). 

It is apparent that the smaller steric require- 
ments of the aldehyde moiety d o  not force a 
strong conformational preference resulting in a 
loss of stereospecificity (7, 8, 16). In accord with 
these results are recent p.m.r. investigations of 
protonated aldehyde complexes which show that 
the parent aldehyde complexes exist in nearly a 
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JABLONSKI AND SORENSEN: REAKRANGEMENTS OF IRON COMPLEXES 2087 

17 (a) X - -CHO 
(h) X = -COCH3 

Fe(CO)5 Fe (CO) parameters and analysis were consistent with the 
170 

IIV,THF l3  - 11 v,TH F pcHO expected tertiary alcohol structure 21. 

Fe Preparation and Reaction of the Carbonium 
(CO), 18 Ions 

1 : 1 ratio of s-cis and s-trat~s isomers (5). A similar 
lack of stereospecificity has been noted for the 
reaction of acyclic tricarbonyl(penta-2,4-diena1)- 
iron complexes with alkyllithiums (1). 

N a B H  
OH 

13 1 2 P z H 3  + vH 
CH3 

(CO) ,  
2 1 

The configuration at C ,  for the major product 
received from borohydride reduction of 13 is 
affirmed as Y-etirlo by its characteristic chromato- 
graphic behavior (7, 8). Thus the major product 
(assigned as 19) of the above reduction shows an 
R, value (silica gel thin layer plates) identical 
with the higher R, product obtained from the 
reaction of aldehyde 18 with methyllithium. 
Since both i.r. and p.m.r. spectral data of similar 
epimeric pairs are routinely nearly indistinguish- 
able, the above t.1.c. test is considered conclusive. 

Reaction of ketone 13 with ~nethyllithium gave 
a single alcoholic product achiral at  C , .  Spectral 

Disbolution of the Y-etirlo alcohol complex 19 
in a I :3 mixture of FSO,H:SO,ClF held at 
- 120" resulted in  a yellow solution which gave 
the p.m.r. spectrum shown in Fig. 1 .  When this 
solution was warmed, a rearrangement occurred 
giving a p.m.r. spectru~ll identical with that 
obtained by dissolving 19 in 100'7, FS0 ,H at 
-78" o r  in 96% H2S0,  at 0" (Fig. 2). 

We interpret these observations in terms of a 
thermally induced rearrangement of the expected 
tricarbonyl(l,4-dimethylene-cis,cis,tratis,cis- 
hexa-l,3-dieny1)iron cation 22 to the tricarbonyl- 
(1-ethylcyclohexa-I ,3-dieny1)iron cation 23. 

Assignment of the tratis-pentadienyl (3) struc- 
ture (22) to the spectrum shown in Fig. 1 resulted 
from a consideration of :  (a) the propensity for 
exo departure of the leaving group in similar 
systems (7, S), (b) ou r  earlier observations of 
retention of stereoche~nistry at C, and along the 
dienyl backbone when acyclic alcohol complexes 
are treated in the same fashion, and (c) a detailed 
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FIG. 1. Proton magnetic resonance spectrum of ion 22 in FS03H/S02CIF at ca. - 120" 

FIG. 2. Proton magnetic resonance spectrum of ion 23 in FS03H at ca. -60'. 

consideration of the p.m.r. parameters (c .5  
Table 3). 

The cyclohexadienyl ion 23 shows a p.m.r. 
spectrum (Fig. 2) closely resembling previously 
reported ions of similar structure (17) and is 
completely assigned with the aid of double 
resonance experiments. 

The tricarbonyl(1-ethylcyclohexa- l,3-dieny1)- 
iron cation 23 may be isolated as its PF,- or 
BF,- salt. Samples of 23-BF, prepared by 
adding HBF, to 19 gave a p.m.r. spectrum (in 
liquid SO,) identical with that shown in Fig. 2. 
The isolated salt is quite stable as is found to be 
the case for the parent tricarbonyl(cyclohexa- 
1,3;dienyl)iron cation and decomposes only at 
temperatures above 200" (N, filled capillary). The 
infrared spectrum of the isolated salt shows two 
CO stretching bands at relatively high frequency 
(2050 and 21 15 cm-' assigned to the doubly 
degenerate E and the A ,  modes assuming local 
symmetry C,,) confirming the cationic nature of 
the ligand (18). 

In more weakly acidic media where an appreci- 
able amount of free secondary alcohol remains, 
the formation of ion 23 is accompanied by the 
production of protonated bis ethers. The ratio of 

the protonated bis ether to 23 is markedly depen- 
dent upon the acidity ofthe medium as one would 
expect. Complete cleavage to the carboniu~n ion 
is observed in very strongly acidic media (100% 
FS0,H). Table 1 shows the medium dependence 
of oxonium ion formation. 

In more weakly acidic media, both the pre- 
sence of free secondary alcohol and the inability 
to cleave ethers (19) combine and result in the 
observation of 24 formed via nucleophilic attack 
of the oxygen lone pair at the exocyclic car- 
bonium ion. Ion 24 was also observed in 
FSO,H:SO,ClF mixtures which contained only 
sufficient acid to dissolve the alcohol complex. 

The structure assigned to ion 24 is consistent 
with its p.ni.r. spectrum (see Experimental) and 

TABLE 1. Medium dependence of 
oxonium ion formation 

'Calculated by direct integration of the 
n.m.r. spectra at 0'. 
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JABLONSKI AND SORENSEN: REARRANGEMENTS O F  IRON COMPLEXES 2089 

OH layer chrolnatography (silica gel with CHCI, and 
v H 3  + P C H 3  - benzene elution) showed that D and E were 

I H H identical with the two crude alcoholic products 
I Fe Fe obtained from reaction of the ketone 13 with 
I (CO), (CO), sodium borohydride o r  the aldehyde 18 with 
I 
I 22 19 methyllithium. Alcohol D had a higher R, value 

and was present in only trace amounts. [ucHcH3 1;" Epimerixtion at C ,  leading to p r o d ~ ~ c t  E 
(identified as 20 by the above t.1.c. test) could 
have occurred via rotation of the exocyclic bond 

(CO), in the carbonium ion 22 or via an addition- 
24 eliniination meclianism involving the formation 

is further confirmed by the isolation of the parent 
diastereomeric ethers 25 by careful aqueous 
quenching of an 84% HH,S04 solution containing 
24. Thin layer chromatographic analysis of the 
aqueous quench products revealed the presence 
of at least five products. Two of the products 
(A and B) are formed in major amounts and 
have high and very similar R, values. Preparative 
thin layer chromatography separated a mixture 
of A and B from the remaining products but 
could not resolve the mixture further. Proton 
magnetic resonance and mass spectral investiga- 
tion concluded with the assignment of A and B 
as a diastereomeric mixture of the bis ethers 25. 

of a triene intermediate.' 
Thus p.1n.r. spectra obtained by dissolving 

alcohol 21 in a ca. 1 :3 FSO,H:SO,CIF mixture 
held at  - 120" in a pentene slush bath were, 
unlike the secondary carboniurn ions described 
above, nearly temperature independent in the 
range from - 120 to 0' although peaks corre- 
sponding to a new ionic species slo\vly appeared 
at the upper level of the temperature range.6 I n  
addition, identical spectra could be generated at 
temperatures as high as 0" in 95:z H 2 S 0 4  or 
D2S0, (c.  f. Fig. 3). 

The spectrum in Fig. 3 is assigned the  tricar- 
bonyl(5-methyl-1,4-dimethylene- cis,cis,t,mis,cis- 
hexa-I ,3-dienyl)iroti cation structure 27. This 
tertiary ion shows two distinct methyl absorp- 
tions in the appropriate region while the low 
field multiplet at  3.2 .r corresponding t o  H-5 in 

Fe Fe Fe Fe 22 (c. f. Fig. 1) is notably absent in Fig.  3. The 
(C0)3 (CO), (CO), (CO), assignments of Figs. 1 and 3 as 22 and 27  are then 

25 internally consistent. Assignments o f  all the 

The stereochemistry of the isolated ethers must 
have been previously defined in the ion 24 which 
therefore must also be present as a mixture o f  
diastereoniers with very similar p.m.r. spectra. 

The mass spectrum of a third product C, 
showed a molecular ion at tn/e = 510 indicating 
its isomeric nature with respect to 25. Proton 
magnetic resonance parameters are consistent 
with but do not demand a mixed ether structure 
26. 

2 6 

The low R, values of the remaining products 
D and E were highly reminiscent of tricarbonyl- 
(dieno1)iron conlplexes. Examination by thin 

dienyl protons in ion 27 -were confir~ned by 
double resonance experiments. 

The observed magnetic nonequivalence of the 
methyl groups in 27 implies a restricted rotation 
about the exocyclic double bond, a situation 
recently confirmed for the related ferrocenyl ion 
(21). An increase in temperature to + 10" (95>7, 
H,SO,) did not result in any obvious signs of 
signal averaging resulting from rapid (on the 
n.m.r. time scale) bond rotation. Further in- 
creases in temperature led to a deterioration i n  
the p.m.r. spectrum due  to decomposition con- 
comitant with a rapid rearrangement t o  give a 
new ion (see discussion below). 

5The results of exocyclic bond rotation have been ob- 
served in the related ferrocenyl systeln and it has been 
shown that addition-elimination is not operative (20). 

GHigher temperatures in this medium led to  sample 
decomposition. 
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2 0 3 .O 4 .O 5 0 6 .O 7.0 8.0 9.0 100  T 

FIG. 3. Proton magnetic resonance spectrum of ion 27 in H2S04 at 0". 

FIG. 4. Proton magnetic resonance spectrum of ion 28 in FS0,H at -50". 

Attempted preparation of the ion 27 in 100% 
FS03H at -78" was unsuccessful even when 
precautions were taken to prevent excessive 
local heating resulting from slow dissipation of 
the heat of formation. In each case the p.m.r. 
spectrum obtained (Fig. 4) was identical with 
that resulting from warming 95% HH,S04 solu- 
tions of 27. 

Double resonance experiments allowed the 
complete assignment of Fig. 4 as the isomeric 
tricarbonyl(1-isopropylcyclohexa-1,3-dieny1)iron 
cation 28 formed by a rearrangement analogous 
to that observed for the secondary ions 22 -t 23. 

The ease of the rearrangement 27 -t 28 in the 
strong acid FS03H as compared to the weaker 
acid 95% HH,S04 implies a strong rate depen- 

TABLE 2. Pseudo first-order rate constants 
for the rearrangement 27 -> 28 

k x lo5 (s - l ) t  
% ',H2SO4* at f 5 . 0  t 0.5" r 

-- 

93 . O  2.4?2$ 0.9822 
95.1 6 . 2 & 2  0.9894 
97.1 8 . 2 + 2  0.9971 

8 .4&2 0.9987 
98.2 22 ,2 0.9912 
99.3 5 1 . 3 t 2  (39)s 0.9958 

'Corrected for the water formed in the protonation 
reactions; ROH + H C ,  R+ -1 H,O, s. f. ref. 39. 

?Least squares analysis. 
$Error calculated assuming a 5% analytical error in 

the concentration data. 
§The larger rate constant is that for  the total dis- 

appearance o f  27. The rate constant i n  parentheses is 
that for the formation o f  28. 
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JABLONSKI AND SORENSEN: REARRANGEMENTS O F  IRON COMPLEXES 209 1 

TABLE 3. Proton magnetic resonance parameters for the tricarbonyl (l,4-dimethylenehexa-1,3-dieny1)iron cations 

2 ..., 3 + 

1 p,": Chemical shift (7) 
Coupling constant 

R1 R2 H I  H 3 Hz J2 3 J l  z 

Fe(CO), 

40 7 

30. 

- 
'"l .., 

m*3 L oCHicrJ2 
CH, i 

FIG. 5.  Acid dependence of the pseudo first-order rate constant for the conversion of 27 -> 28 in H,SO,. 

dence on solvent acidity and a kinetic study was 
undertaken in order to clarify the nature of this 
effect. The rate of rearrangement as monitored 
by the increase in the p.m.r. signal corresponding 
to the isopropyl group in 28 was found to be 
cleanly first order. The pseudo Cirst order rate 
constants at + 5' are given in Table 2 and a plot 
of xH2S04  us. k ,  is shown in Fig. 5. 

Samples of 28 prepared by dissolving alcohol 
21 in 95x  D2S04 followed by thermal rearrange- 
ment at 0" showed as the only detectable change, 
a collapse of the double doublet corresponding 
to the isopropyl group and a disappearance of the 

methinyl signal. These changes are consistent 
with complete, specific deuterium uptake at the 
methinyl position. Similarly, the p.m.r. spectrum 
obtained by dissolving the secondary alcohol 19 
in D2S04 showed a collapse of the triplet due 
to the methyl group to a doublet resulting from 
the incorporation of a single deuterium atom at 
the methylene position. 

The rearrangement of ion 27 in 9 9 x  H2S04, 
but inexplicably not in more weakly acidic media 
or in 100x FSO,H, is accompanied by the form- 
ation of a second rearranged ion. Rate studies 
show that the new ion is formed from 27 at 
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constant ratio with respect to 28 indicating a 
parallel reaction (c. f. Table 2). This new ion, 
which is never the exclusive product, shows a 
p.m.r. spectrum with multiplets at T 2.3, 3.8, 
2.98, 5.68 in addition to well defined singlets at 
8.08 and 8.50. A plausible structure is the ring 
expanded ion 29 formed from 27, a reaction 
which has precedence in the literature (22, 23). 
Co~nplete assignments of 29 are given in the 
experimental section. 

Discussion 

Overall irreversibility in the rearrangements 
of both the secondary (22 + 23) and tertiary 
(27 + 28) systems contrasts with the behavior 
of related secondary and tertiary acyclic dienyl 
complexes (3) and suggests an even more for- 
midable driving force for the for~iiation ofpenta- 
l~a l~ to  cis dienyl cation complexes. This strong 
preference for cis-pental7apto complexes most 
likely derives from the enforced planarity without 
concomitant steric strain in the cyclohexadienyl 
moiety compared to an acyclic dienyl system. 

Since both cyclohexadienyl ions 23 and 28 are 
most probably of similar thermodynamic sta- 
bility, the qualitative differences in the rates of 
rearrangement of the constrained trans penta- 
dienyl ions (secondary >> tertiary) is consistent 
with substantial residual carbonium ion charac- 
ter at the P-carbon in both 22 and 27. The tetra- 
hapto structure 30 is then an important con- 
tributor to the overall structure. 

demonstrated (7).7 Since, however, neither 
kinetic (7) studies nor the results in this paper 
are able to critically distinguish vertical and 
non-vertical (25) processes, the actual mode of 
electron release remains obscure. 

It is, nevertheless, becoming increasingly clear 
that the cc-ferrocenyl ion is best described by a 
slightly bent static structure and that its stability 
derives from a mesomeric electron release of 
some nature (6c, 26). X-Ray data on the related 
cc-cyclobutadienyl-Fe(CO), cation also shows 
that there is no direct bonding between the 
electron deficient center and iron (27). 

In view of the universal observation that 
tricarbonyl(diene) iron complexes are twisted 
along the termini of the diene moiety (28) so as 
to provide better orbital overlap, similar twisted 
structures are likely for the trans ions 22 and 27 
(31). 

Movement of the electron deficient P-carbon 
atom towards the "interannular" region allows 
for increased overlap with particularly electron 
rich filled orbitals (29). Since mesomeric effects 
are not particularly sensitive to small deforma- 
tions, conjugative electron release from diene 
electrons is simultaneously possible. 

Both the medium dependence and deuterium 
uptake observed in the isomerizations 22 -, 23 
and 27 + 28 are inconsistent with a direct iso- 
polar sigmatropic [1,6] hydrogen migration 
(30-32) or an intramolecular rearrangement of a 
stable hydridic intermediate. The results do  
suggest a mechanism involving a rate determin- 
ing proton transfer from solvent which may 
occur with a concerted or synchronous inter- 
molecular loss of a proton from a hydridic 
intermediate (Scheme 2). 
The rate determining step is proton addition to 
the uncomplexed double bond which directly 
generates the stable cyclohexadienyl complex 
(33). 

Whitesides and co-workers (34) have shown 

That there is greater electron release to the 
P-carbon in the -Fe(CO), derivatives than in the 
related uncomplexed carbonium ions has been 

'This conclusion must be tempered with the realization 
that transition state structures for solvolytic reactions 
may be different from that of the actual carbonium ions 
(24). 
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JABLONSKI AND SORENSEN: REARRANGEMENTS OF IRON COMPLEXES 2093 

that in CD3C0,D deuterium incorporation into 
tricarbonyl(cyclohexa-1,3-diene)iron is stereo- 
specifically endo.' This stereoelectronic prefer- 
ence for endo proton elimination to give a 
tricarbonyl (cyclohexadienyl)iron cation com- 
plex implies that H-endo is lost in the formation 
of the hydridic intermediate 32. 

The cationic intermediate hydride 32 then 
suffers protonation on the exocyclic double bond. 
Protonation at C-p gives directly the observed 
cyclohexadienyl ions. Protonation at C-cr occurs 
with 27 which gives a tertiary intermediate but 
not with 22 which would lead to a secondary ion. 
Intermediate 33 then undergoes a ring opening 
reaction which leads directly to a cyclohepta- 
dienyl product. 

Fe 
( c o ) ,  

33 

Integration of p.m.r. spectra of ion 27 in 
D,S04 on samples which were incompletely 
isomerized showed no detectable deuterium in- 
corporation into the ring methylene positions so 
that H/D exchange of 32 with solvent and/or 
protonation of the complexed double bond are 
slow. 

The protonation step in Scheme 2 may occur 
with initial formation of a dication (36) which 
rapidly eliminates a proton or with concomitant 
loss of H +  in a concerted or synchronous fashion. 

Equally consistent with these results is an 
alternative mechanism involving initial protona- 
tion to form a dication intermediate 34. If the 
loss of a proton from 34 is rate controlling, the 
function of solvent is to furnish an equilibrium 
concentration of the conjugate acid 34. If, on the 
other hand, k, >> k- ,  the formation of 34 
becomes rate limiting (c. f. Scheme 3). 

'Recent work indicates, however, that protonation of 
tricarbonyl-(tropone) iron is non-stereospecific in H2S0, 
but stereospecifically exo in CFACOZH (35). 

Attempts to observe a hydridic signal in the 
p.m.r. spectrum of solutions of 27 in order to 
test scheme 2 were unsuccessful. Although this 

u 

evidence favors Scheme 3 it must be interpreted 
with caution since (a) the reactive hydrido-inter- 
mediate (32) need not be present in concentra- 
tions sufficient to be detected via. n.m.r. and (6) 
the observation of transition metal hydrides b; 
n.m.r. is subject to several further restraints (37). 

It should be emphasized that neither Scheme 2 
nor Scheme 3 accounts for the apparently dis- 
continuous results obtained when the solvent 
system is changed from H2S04 to the much 
stronger acid FS03H. 

Experimental 
Get~erul 

Reactions carried out under inert atmosphere used the 
general technique described by Shriver (38). Nitrogen was 
passed through a colunln containing one pound of BTS 
catalyst (available from BASF corp.. ( R 3-1 1) held at 
150" before use. Drying of the nitrogen stream was 
accon~plished by bubbling through 9 6 z  H2S0,. 

All boiling points (b.p.) and melting points (n1.p.) are 
uncorrected. Melting points were taken on a Kofler micro 
heating stage except for organometallic compounds with 
m.p. greater than 80". These and other a i r  sensitive 
samples were determined in nitrogen-filled capillaries in 
an oil bath. 

Infrared (i.r.) spectra were recorded on a Perkin- 
Elmer instrument (model 337) and were calibrated using 
the 1601 cm-'  band of polystyrene. Frequencies are 
reported in cm-' f 10. 

Ultraviolet (u.v.) spectra were recorded using a Perkin- 
Elmer model 202 spectrophotonleter and band positions 
are reported in nm followed by the molar absorptivity (E). 

Proton magnetic resonance (p.m.r.) spectra were 
recorded using a Varian Associates A-60 o r  HA-100 
spectrometer equipped with a variable temperature probe. 
Spectra were recorded using the HA-100 spectron~eter 
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in the field sweep mode with internal tetramethylsilane 
(TMS) or tetramethylammonium chloride internal refer- 
ence. Acid spectra ~ ~ s e d  solvent signal for locking. Double 
resonance experiments were carried out in the freq~~ency 
sweep mode. Spectra are reported in tau (s) units k0.02. 
Sanlples were approxinlately 10% (w/v o r  v/v) in deutero- 
chloroform (CDCI,) or acid. Deuterochloroforn~ samples 
were filtered through Celite (Johns-Manville, L-665-A) 
into nitrogen-filled n.m.r. tubes immediately before 
observation. Carboniuln ion samples were generated 
in carefully degassed acid solutions and all transfers were 
made using nitrogen-filled pipettes. Tubes were either 
sealed or stoppered with a tight-fitting plastic cap. 

The tricarbonyl(diene)iron con~plexes are generally air 
stable for periods of LIP to a few hours thus allowing most 
work LIP operations to proceed as normal. Samples are, 
however, best stored in a freezer in nitrogen-filled con- 
tainers. Samples stored in this manner showed only 
limited signs of deconlposition over a three year period. 

Analytical thin layer chromatography (t.1.c.) experi- 
ments were carried out on Eastman Chromatogram sheets 
(# 6060 Silica gel with indicator) or Canlag precoated 
t.1.c. plates (# 3 1179 DSF-A with indicator). Visualization 
was accomplished with a U.V. light or by the ferric thio- 
cyanate method. The latter consists of initial oxidation 
with iodine followed by heating in a 100" oven for 5 min. 
The plates were then sprayed with a 10% solution of 
potassium thiocyanate in water. Organometallic com- 
pounds of iron are revealed as red-brown spots. 

Preparative t.1.c. experiments were carried out on I m 
plates with either 1 or 2 mm layers of silica gel (E. Merck 
AG: ,(/ 7747 with indicator). Best results were obtained 
with cn. 300 mg of crude material on I nlm plates. 

Sattlple Prepnrntion for Kinetic Rilns 
Cationic samples in acid so l~~ t ion  were in general 

prepared as described in the Experimental section taking 
particular care to ensure the absence of all traces of oxy- 
gen. This is especially important for the slower reactions. 
Ions were generally prepared at as low a temperature as 
possible (-78" for FS03H and - 10 to - 20" for H2S04) 
and then frozen in liquid nitrogen or Dry Ice- acetone 
bath until insertion in the n.m.r. probe. 

Kit~etics 
First order rate constants were obtained by monitoring 

the decrease in concentration of reactant or increase in 
concentration of product as calculated from peak area 
data. Peak areas were expressed referenced to either an 
internal standard. usually tetramethylammonium chloride 
or to a weighted total peak area of reactant and product. 

Plots of In C vs. t according to the general expression 
for first order kinetics (I)  showed good linearity. 

where C, = reactant concentration at  time = 0, C' = 
reactant concentration at  time = I, k = rate constant 
(s-I), t = time (s). 

Temperatures for kinetic runs carried out directly in 
the n.nl.r. probe were calibrated using a copper-con- 
stantan thermocouple immersed in an  n.m.r. tube con- 
taining methanol and inserted into the probe. Temperature 
readings were taken immediately preceding and foliow- 
ing a kinetic run and the drift was well within 1" and 
usually with 0.5". 

Prepnrntiorl of Diethylnn~irzob~itadier~e (14), (13, 14) 
Crotonaldehyde (1630.0 g, 2.3 rnol) was added drop- 

wise at 0-5" with stirring under a nitrogen atmosphere to  
485 ml (4.7 mol) of diethyl amine dissolved in 750 ml of 
ether. During the addition 100 g of anhydrous K 2 C 0 3  
was added in small portions. The reaction mixture was 
then filtered and the ether removed under reduced pres- 
sure (10 mm). Naphthoquinone (0.1 g) was added to  the 
resulting brown oil which was pyrolyzed at 135"/20 mm. 
The pyrolysis was carried out by dropping the crude 
diamine adduct obtained above into a heated 500 ml 
flask which was half filled with glass helices and fitted 
with a take-off head. The crude product was collected 
at  60-100"/20 mm and was then redistilled through a 
column packed with helices to give the  title dienamine as 
a light yellow oil. Diethylaminobutadiene rapidly darkens 
at  room temperature and is best stored in the cold. The 
yield is 167 g (58%). 

P.m.r. (CDCI,) 3.77 (m, 1 ,  H,), 3.84 (d, 1, HI ) ,  4.48 
(dd, I ,  H2), 5.3 1 (d, I, H4-trnns), 5.54 (d, I, H4-cis), 6.94 
(9, 2, -CH2-), 8.88 (t, 3, -CH3). J34c,r = 10.3, 
J4cir4trans = 2.0, J341ronr = 16.7, J23 = 10.1, J 1 2  = 13.1, 
J-cl12c,,, = 7.0. 1.r. (neat) 3090, 3045, 2975,2940, 2370, 
1640, 1400, 1250, 1205, 1160, 11 10, 990, 922, 845, and 
650 cm-I. 

Prepnrntiorl of A1~~Diliy~lrobenzaldehyde (17a X = 
-CHO) (14) 

Diethylaminobutadiene (12 g, 0.096 mol) was added 
dropwise at room temperature to a stirred solution of 5 g 
(0.089 mol) of acrolein in 18 ml of ether. The rate of 
addition was adjusted so as to maintain a gentle reflux. 
After the addition was complete, the reaction mixture was 
allowed to stir at room temperature for an additional I .O h 
and was then filtered. Removal of solvent at  25"/10mm 
gave a yellow oil. 

The crude diethylaminotetrahydrobenzaldehyde ob- 
tained as above was added to 100 ml of cold (0") 5% HCI. 
After a few minutes a light yellow oil appeared. Steam 
distillation followed by ether extraction, drying (K2C03),  
and removal of solvent at aspirator pressure gave a 
yellow oil which was distilled at 75-77/16 mnl to give 
5.7 g (59%) of the title compound. 

P.m.r. (CDCI,) 0.48 (s, I, -CHO), 3.24 (d, I, H,), 
3.78 (m, 2, H, and H4), 7.66 (m, 4, -CH2CH2-). 1.r. 
(neat) aldehyde band at 1770 and olefinic band at 1560. 

Prepurntion of Tricnrbotlyl (A1~3-rli/lydrobenznldeI~y~Ie)- 
irot~ (18) 

A nitrogen-filled, water-jacketed one  liter flask fitted 
with a magnetic stirrer and Hg sealed gas vent was 
charged with 5.5 g (0.052 rnol) of A1p3-dihydrobenz- 
aldehyde, 10.3 g (0.052 mol, 7.05 ml) of Fe(CO),, and 
700 ml of tetrahydrofuran (freshly distilled from a blue 
solution of benzophenone ketyl). T h e  clear yellow re- 
action mixture was then photolyzed with water cooling 
(8-9") with a Westinghouse 250 W sunlamp. After 10 h 
the solvent and ~~nreacted  Fe(CO), were removed with 
the aid of a water aspirator (Hood!). The residue was 
fractionated at 0.05 mm through a short  path set up. The 
fraction boiling at  90-95" was collected to give 4.5 g (35%) 
of the title aldehyde complex as a n  orange oil which 
solidified upon standing. Several recrystallizations from 
pentane gave the product with m.p. 87.5-88". 

?.m.r. (CDC!3) r 0.79 (s, I, -CHO), 4.13 (d, I, Hz), 
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TABLE 4. Proton magnetic resonance parameters for the tricarbonyl(cyclohexadienyl)iron cations 
-- -- -- .- . -- - . - + 

Chemical shift (r) Coupling constant 
-- 

H5 H 2 H 3 H, J2 3 J34 J4 5 

4.57 (dd, 1, H,), 6.41 (m, I ,  H,), 7.7-8.8 (m, 4, 
-CH2CH2-). J,, = 4. J,, = 7. 1.r. (neat) showed 
strong carbonyl bands at 2070 and 2000cm-' and an 
aldehyde band at 1700 cm-'. 

Anal. Calcd. for CloHsO,Fe: C, 48.38; H, 3.22. 
Found: C, 46.41; H, 3.91. (Sample deconiposition led to 
poor analysis.) 

Preparation of A's3- Dilryrlrorrceto~~I~enorre (17a, X = 
-COCH,),  (13)  

Methyl vinyl ketone (20.0 g. 0.286 mol) was slowly 
added to a solution of 35.7 g (0.286 mol) of diethyl- 
aminobutadiene in 100 ml of benzene. The addition is 
slightly exothermic. The solution was then refluxed for a 
period of 4 h. Removal of solvent with the aid of a water 
aspirator gave a yellow oil which was distilled through a 
I0 cm colunin packed with glass helices. The fraction 
boiling at 75-76'114 mm was collected to give 15.7 g 
(45%) of the product ketone as a colorless oil. 

The 2,4-dinitrophenylhydrazone obtained as purple 
needles from acetic acid had m.p. 182-184" (reported 
194"). Further recrystallization from 95% ethanol gave 
the product with n1.p. 194-195". 

P.1n.r. (CDCI,) r 3.09 (m, I, I{,), 3.85 (ni, 2, H, and 
H5), 7.67 (ni, -CH2CH2-), 7.72 (s, -, -CH3). 1.r. 
(neat) showed enone bands at 1665 and 1575 cm- ' .  

Prepnratiorl qf Tricnrborr~l/ (A'~3-dih~~drorrce/op/~e~~o~~e)- 
iron (13) 

A solution of 12.0 g (0.097 mol of Al.3-dihydroaceto- 
phenone (17n) X = -COCH,) and 39.2g (0.2 mol, 
26.9 ml) of Fe(CO), in 700 ml of dry tetrahydrofuran 
(freshly distilled from a blue solution of benzophenone 
ketyl) was photolyzed at 8-9" under a nitrogen atmos- 
phere in a water-jacketed one liter flask with a Westing- 
house 250 W sunlamp. After 48 h, the solvent and un- 
reacted Fe(CO), were removed at aspirator pressure 
(Hood!) and the resulting red oil was distilled at 98"! 
0.025 mm to give 17.0 g (66%) of the title ketone complex 
as a red orange oil which solidified upon cooling. Several 
recrystallizations from pentane gave the prodi~ct as lemon 
yellow plates, 1n.p. 26-27'. 

P.m.r. (CDCI,) r 3.94 (d, I, H,), 4.60 (dd, 1, H3), 
6.58 (m, 1, H,), 7.5-8.6 (m, -, -CH2CH,-), 7.79 (s, 3, 
-CH,). J,, = 4.5, J,, = 6. 1.r. (neat) showed strong 
carbonvl bands at 2055 and 1990 cn1-I and a ketone band 
at 1680cm-I.  

Anal. Calcd. for Cl1HlOO,Fe: C, 50.38; H, 3.82. 
Found: C, 49.62; H, 3.64. 

Preparatiorl of Tricarbor~yl (Y-errdo-I-(a-11yh.o.u)~ethyl)- 
cyclohexo- li3-dietle) iron (19) 

A solution of 6.19 g (23.8 mol) of tricarbonyl (A's3- 
dihydroacetop1ienone)iron (13) in 15 ml of methanol was 
added dropwise at room temperature under a nitrogen 
atmosphere to 6.0 g (150 mol) of sodii~rn borohydride in 
100 ml of water. After stirring for 2 h at room tempera- 
ture, the reaction was poured onto 400 nil of water and 
extracted with three 100 ml portions of ether. The corn- 
bined organic extracts were dried over K z C 0 3 .  Removal 
of solvent with the aid of a water aspirator left an orange 
oil. Thin layer chromatography analysis showed the crude 
product to be greater than 90% of the desired Y-endo 
epimer. Crystallization from pentane gave yellow needles 
which were sublimed at 30°/10-3 mm to give 5.87 g (94%) 
of the title coniplex as a lemon yellow solid with m.p. 
44-45". 

P.m.r. (CDCI,) r 4.54 (d, I, Hz), 4.78 (dd, 1, H,), 6.10 
(ni, I, -C-H), 6.83 ( n ~ ,  I, H,), 7.85-8.7 (m, 5, 
-CH2CH2- and -OH), 8.56 (d, 3, -CH,). J,, = 4.2, 
J,, = 6.6, J,-CIIZ(c,,do) = 3.2, J,-ill 2,'. = 12.8. 1.r. 
(neat) showed strong carbonyl bands at 2040 and 1960 
cni-I and alcohol bands a t  3450 and 3620cm-I. 

Anal. Calcd. for C I  IH120,Fe:  C, 50.00; H, 4.54. 
Found: C, 49.96; H, 4.56. 

Prepnraliorl of //re Tricarbo~?)~/(/-e//1~/cyc/o/1esa-/,3- 
dier~yl) iron Cali011 (23 )  

Solid tricarbonyl (Y-elldo-I-(a-hydroxyethy1)-cyclo- 
hexa-1,3-diene)iron (19) (80 mg) was added to  a stirred 
solution of 0.8 ml of fluoros~~lfonicacid held a t  -78" in a 
nitrogen-filled Schlenk tube. The resulting lemon yellow 
solution was transferred to a precooled n.1n.r. tube which 
had been previously filled with nitrogen. 

The p.m.r. spectrum of the acid solution prepared as 
above is shown in Fig. 2. Proton magnetic resonance 
parameters are given in Table 4. 

The same ion can be prepared in 96% H2S0,  at 0". 
Ultraviolet (96z H,SO,) showed h,,,, at 219 (1 3 600) and 
290 (sh) (1 600). 

Preparation of tile Tricurbonyl(l,4-dinretlrylerre-cis,cis, 
trans,cis-lrexa-I ,3-dierryl) iron Cation (22) 

Approximately 0.3 nil of dry S0,CIF (Allied Chemi- 
cals, code 1990936) was condensed at - 78" into an n.1n.r. 
tube which had been previously filled with nitrogen. Then 
enough nitrogen saturated FS0,H was added to give a 
ca. 1 :4 FSO,H:SO,CIF mixture. The solution was stirred 
with a coiled platinum wire and cooled to - 119" in a 
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n-propyl chloride slush bath. A solution of 60 mg of 
tricarbonyl (Y-endo-I-a-hydroxyethy1)-cyclohexa-1,3-di- 
ene)iron (19) in a minimal amount of CDCI, was added 
from a microliter syringe under a countercurrent of 
nitrogen. The reaction mixture was then stirred with a 
coiled platinum wire until homogeneous. 

The p.m.r. spectrum of the acid solution obtained 
above is shown in Fig. 1. 

Reactior2 of Tricarborlyl (Y-endo-I-(a-llydroxj~ethj~/)- 
cyclollexa-1,3-diene)it~o~~ (19) wit11 84x H2S04 

Solid tricarbonyl (Y-endo-1-(a-hydroxyethy1)-cyclo- 
hexa-1,3-diene)iron (19) (80 mg) was added to a stirred 
solution of 0.6 ml of 84% H2S04 held at Oo in a nitrogen- 
filled Schlenk tube. The resulting p.m.r. spectrum showed 
the presence of the previously described tricarbonyl(1- 
ethylcyclohexa-l,3-dienyl)iron cation (23) as well as a new 
product which was assigned the protonated ether struc- 
ture (24). 

Ion (24) can also be obtained by adding alcohol (19) to 
a FS03H/S02CIF solution containing sufficient acid to 
give a homogeneous solution. 

P.m.r. (84% H2S04) T 3.78 (m, 2, H, and I-H on ethyl), 
4.00(t?, 1, H3), 5.13 (d, 1, H,), 7.3(m, 2, eridomethylene 
ring protons), 7.5-8.5 (m, 5, erido methylene ring protons 
and -CH,). 

Preparatior~ of tlze bis-a-(Tricarbot~yl(l-etl~yl-cyclohexa- 
1,3-diene) iron) Ethers (25) 

Solid tricarbonyl (Y-endo-1-(a-hydroxyethy1)-cyclo- 
hexa- 1,3-diene)iron (19) (1.0 g) was added to a stirred 
solution of 2.0 ml of 84% H2S04 held at 0" in a nitrogen- 
filled Schlenk tube. The bright red solution was allowed 
to stir at 0' for 1.0 h and was poured onto 100 g of ice. 
Extraction with two 100 ml portions of chloroform fol- 
lowed by drying (MgS0,) and removal of solvent gave a 
yellow oil. Preparative t.1.c. workup, eluting with benzene, 
gave, as the major products, a diastereomeric mixture of 
the title ethers. Two other minor products were isolated 
and assigned (in order of decreasing Rr values) the iso- 
meric ether structure (77) and the epimeric alcohol tri- 
carbonyl (Y-exo-1-(a-hydroxyethy1)-cyclohexa-1,3-diene)- 
iron prepared above. 

P.m.r. (CDC13)-bis-ethers 25 r 4.78 (m, 4, H2 and H3), 
6.48 (q, 2, 1-H on ethyl), 6.82 (m, 2, H,), 8.1-8.9 (m, 14, 
ring methylene protons and CH,. 1.r. (KBr disk) 2900, 
2045, 1970, 1185, 1058, 1025, 970, 620, and 552 cm-'. 
Mass spectrum showed M+'  at rnle = 510 and significant 
peaks at 454,426, 342, 292, 286, 264, 247, 234, 219, 191, 
164, 160, 106, 91, 79, 77, and 56. 

P.m.r. (CDCI,) isomeric ether 26 r 4.45-5.1 (m, 2, -), 
6.2-6.9 (m, 5, -), 8.0-9.0 (m, 15, -). 1.r. (neat) 2970, 
2940, 2870, 1970, 1190, 2045, 1088, 620, and 560 cm-'. 
Mass spectrum showed M+'  at m/e = 510 and significant 
peaks at 454, 426, 342, 292, 264, 247, 236, 208, 162, 135, 
107, 91, 79, 77, and 56. 

P.m.r. (CDCI,) tricarbonyl (Y-exo-1-(a-hydroxyethy1)- 
cyclohexa-l,3-diene)iron (20), 4.57 (m, -, Hz), 4.77 (m, 
-, H3), 6.07 (m, -CH), 6.77 (m, -, H,), 8.03-8.80 (m, 
-, ring methylene protons, -CH, and -OH). 

Preparation of Tricarbonyl(1-(a-hydroxyisopropy1)- 
cyclohexa-1.3-diene) iron (21) 

A solution of 5.0 g (19.1 mmol) of tricarbonyl (A's3- 
dihydroacetophenone)iron (13) in 20 ml of anhydrous 

ether was added under a nitrogen atmosphere to a stirred 
solution of 20.0 ml (54 rnrnol) of a 2.7 IM solution of 
methyllithium in 80 ml of anhydrous ether held at -78'. 
After the addition was complete the reaction mixture was 
allowed to stir at  -78" for 2.0 h. Warming to - 10" 
followed by careful addition of 10 ml of water gave a dark 
emulsion which was extracted with four 50 rnl portions of 
ether. The combined ether extracts were washed with 
water until the washings became clear and finally dried 
over KzCO3. Removal of solvent left a dark oil which was 
distilled through a short path apparatus at 91°/0.05 mm 
to give the title alcohol as a yellow oil which solidified 
upon standing. Sublimation at 50'/10-3 mm followed by 
recrystallization from pentane gave the title complex 
as lemon yellow prisms m.p. 63-63.5". The yield after 
recrystallization is 40%. 

P.m.r. (CDCI,) T 4.32 (d, 1, H,), 4.82 (dd, 1, H,), 
6.93 (m, 1, H,), 8.1-8.8 (m, -, ring rnethylene protons), 
8.50, 8.58 (s, S, 3, 3, -CH,'s). J , ,  = 4.2, J34 = 6.6, 
J,, = 1.5. 1.r. (CCI,) showed strong carbonyl bands at 
2050 and 1975 cm-'  and an alcohol band at 3635 cm-'. 

Anal. Calcd. for C12H1404Fe: C ,  51.79; H, 5.03. 
Found: C, 51.29; H ,  5.20. 

Preparation of the Tricarbonyl(l,4-dimet/1yler1e-5-met/ryl- 
cis,cis,trar~s-hexa-I,3-dieny1)irorz Cation (27) 

Following the procedure used for the preparation on 
ion 22 a solution of 80 mg of tricarbonyl(1-(a-hydroxy- 
isopropy1)-cyclohexa-1,3-diene)iron (21) in a minimal 
amount of CDCI, was added to 0.5 ml of a ca. 1 :4 
solution of FSO,H:SO,CIF held at - 119". The reaction 
mixture was stirred with a coiled platinum wire until 
homogeneous. 

The p.m.r. spectrum of the orange solution prepared 
above is shown in Fig. 3. Proton magnetic resonance 
parameters are given in Table 3. 

Preparation of the Tricarbor~yl(l-isopropylcyclol~exa-1,3- 
dienyl) iron Cation (28) 

Solid tricarbonyl(1-(a- hydroxyisopropyl) -cyclohexa- 
1,3-diene)iron (21) (80 mg) was added t o  a stirred solution 
of 0.7 ml of 96% H,SO, held in a nitrogen-filled Schlenk 
tube at O". The red solution was then transferred to a 
n.m.r. tube by means of a precooled, nitrogen-filled 
pipette. Immediate p.m.r. observation shows the presence 
of ion 27 described above, however a slow rearrangement 
to the title ion 28 occurs at temperatures greater than 
+20". After ca. 0.5 h an approximate 1:l mixture is 
formed. Identical spectra were obtained in H2S0, of 
varying concentrations, but the rate of rearrangement, 
27 + 28 was changed. 

The p.m.r. spectrum of the title ion is shown in Fig. 4. 
Proton magnetic resonance parameters are given in Table 
4. 

We acknowledge with gratitude the financial support 
received from the National Research Council of Canada 
and the Killam Foundation. 
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JEAN-CLAUDE PALADINI and R. J. CRAWFORD. Can. J. Chem. 52, 2098 (1974). 
The kinetics of the gas phase racemization and rearrangement of 2,3-diisopropenyloxi- 

rane have been determined. Comparison with the kinetic data for 2,3-divinyloxirane 
allows us to exclude the mechanism for the formation of vinyldihydrofuran wherein an 
inward conrotatory ring opening comprises the first step. The  mechanism proposed 
consists of an isomerization about the carbon-oxygen bond of the carbonyl ylide to 
form an isomeric intermediate which then undergoes a disrotatory five-centered ring 
closure to produce 2-isopropenyl-4-methyl-2,3-dihydrofuran. 

JEAN-CLAUDE PALADINI et R. J. CRAWFORD. Can. J. Chem. 52, 2098 (1974). 
La cinCtique en phase gazeuse de la racemisation du diisopropCny1-2,3-Cpoxyde (+), 

et de sa conversion en isopropCnyl-2-mCthyl-4-dihydro-2,3-furanne a CtC CtudiCe et  
comparCe a celle du divinyl-2,3-Cpoxyde. La formation du dihydrofuranne pourrait 
s'expliquer par Line suite de deux rCactions Clectrocycliques concerties, ou pa r  un 
micanisme comportant trois Ctapes dont I'une impliquerait la  rotation non concertCe 
autour de la liaison C-0 des ylures de carbonyle interrnidiaires. Les risultats que  nous 
avons obtenus sont en accord avec cette derni2re hypothtse. 

Introduction 
In a recent study on the racemization and 

rearrangement of (+)-2,3-divinyloxirane we 
observed that all of the products were racemic 
(1). Our results on the formation of vinyldi- 
hydrofuran were in agreement with the proposal 
of Paladini and Chuche (2) that isomerization 
of the carbonyl ylide intermediate followed by an 
electrocyclic ring closure represented a feasible 
path. We report, herein, a study of (+)-trans- 
2,3-diisopropenyloxirane. In using the isopro- 
penyl group we expect a minimal change in 
electronic factors affecting the stability of the 
reactants and the carbonyl ylide intermediate 
(the methyl groups are at the nodes of the highest 
occupied molecular orbital of the carbonyl 
ylide). It is anticipated that steric factors will 
significantly destabilize those forms of the 
carbonyl ylide (e.g. 3b)' produced by moving the 
bulkier isopropenyl group inward as opposed to 
those forms produced by moving them outwards 
(e.g. 2b). Form 3 can readily undergo disrotatory 
ring closure to dihydrofuran (6) whereas 2 
cannot. As a consequence if dihydrofuran forma- 

'Other conformations of 2 and 3 produced by the 
thermally allowed conrotatory ring opening of the 
oxirane 1 exist and the same considerations apply. The 
forms 2 and 3 are merely chosen as representative. 

tion occurs by oxirane ring opening as 1 -+ 3 
then, on going from l a  to 16, we would expect 
the ratio k,/(k, + k,) to increase dramatically. 

Results 
Chiral 1b was prepared from erythro-4- 

chloro-2,5-dimethyl-1,5-hexadien-3-ol(4) by con- 
version to the half ester of phthalic acid followed 
by resolution of its brucine salt and the forma- 
tion of l b  by alkaline saponification of the 
chloro half ester (5) (Scheme 1). 

Kinetics of the Racemization and Conversion of 
1b to 6 and 7 (Scheme 2) 

Samples of l b  were degassed and sealed into 
ampoules in a manner such that at 200" the 
pressure would not exceed 700 Torr. The samples 
were then heated for the appropriate times and 
then analyzed by gas chromatography using a 
Hewlett Packard 3370A electronic integrator. 
Table 1 gives the data and the observed product 
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PALADIN] AND CRAWFORD: RACEMIZATION OF OXIRANES 

TABLE 1. Rate constants and product proportions for the reactions 
of l b  

-- - - -- -. . - -- -- - - -. - -- -- - 
Temperature lo5 (k2 + k3) 

( k  0.04") (s - I:. % 6  % 7 

'The error quoted is the standard deviation o f  five analyses. 

TABLE 2. Rate constants for the racemization of (+)-lb 

Temperature lo5 k,  1O5(k2 + k3)* lo5 k l  
(k0.03") (s-l) (S - 

'Extrapolated from plot o f  rate data in Table 1 

Experimental 
The i.r. spectra were obtained on a Perkin-Elmer 421 

Spectrophotometer and the n.m.r. spectra were obtained 
6 using a Varian A-60. All rotations were measured in a 

thermostated cell on a Perkin-Elmer Model 141 Polari- 

llkl 
meter. Preparative gas chromatography (g.c.) was 
carried out using a Nester Faust Model 850 Prepkromat. 

proportions. A sample run is given in the 
experimental section. 

Samples of (+)-I6 were degassed in Pyrex 
break-seals in a manner analogous to that 
described earlier (1). The rate constants for the . , 
observed racemization, k,, and that for the rate 
of interconversion of enantiomers, k , ,  where 
2/c, = k, - ( k ,  + k,), are recorded in Table 2. 
The activation for k, ,  k,, and k ,  are 
given in Table 3. 

Preparation of erythro-4-Chloro-2,5-ditnefhyl-1,5- 
hexadien-3-01 ( 4 )  

A stream of dry hydrogen chloride was passed through 
a solution of 2,3-diisopropenyloxirane (16) (3) (9.74 g, 
78.5 mrnol) in ether (300 ml) cooled to -50". The 
reaction was followed by t.1.c. Upon completion of the 
reaction the excess hydrogen chloride was removed by a 
stream of nitrogen. The solution was then neutralized 
with cold aqueous sodium bicarbonate and the product 
isolated by drying over magnesium sulfate followed by 
removal of the ether. The product was not distilled lest 
it undergo an allylic rearrangement. Proton magnetic 
resonance of 4 (10% w/w in carbon tetrachloride) 6 :  1.75. 
(3H, triplet); 1.85 (3H, triplet); 2.5 (H, removed with 
D 2 0 ) ;  6.08 (H3, doublet); 6.30 (H4, doublet); H1.6 4.9 
to 5.1 1 (4H, multiplet); J3,, = 9 Hz. Infrared spectrum 
(carbon disulfide) cm-': 3540 s (OH), 3080 s (CH,), 
1630 ms (C=C). 
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TABLE 3. Activation parameters for the reactions of l b  and 
(+)-lb as in Scheme 2 

- - -- -- . .- 
- -- - - -- - -- - - 

E, AH* AS* 
log A (kcal mol-') (kcal mol-') (cal deg-I mol-I) 

- - -- - - - --- -- 

k l  12.74 34 7 f  0.5 33.8kO 5 -3*1* 
k,  13.30 3 9 . 0 k 0 . 9  38.1 k 0 . 9  O +  1 
k3 1 3 5 8  4 0 7 k 0 7  3 9 . 8 k 0 . 7  1 + 1  

*At T = 150' for comparison with data in  ref. 1 .  

Re.so111tiotl of 4 by /lie Plltllnlnte HnlfEster (5) 
A solution of phthalic anhydride (12.58 g, 85 mmol) 

in 17 ml of pyridine was allowed to stand for 12 h with 
the chlorohydrin 4 (13.6 g, 85 mmol). After heating for 
1 h a t  80°, the solution was cooled in an ice water bath 
and ether added. After washing with concentrated 
hydrochloric acid the ether layer was separated and the 
solvent evaporated. The remaining syrup was taken up 
in a sodium carbonate solution extracted with ether, 
cooled, and then acidified. After extraction with chloro- 
form the solvent was removed and the half ester 5 was 
recrystallized from benzene and pentane; yield 54%, 
m.p. 102". 

Anal. Calcd. for ClbH17C104: C, 62.24; H, 5.55; C1, 
11.48. Found: C, 62.27; H, 5.60; Cl, 11.51. 

Brucine (27.62 g, 65 mmol) was added to a refluxing 
solution of the half ester 5 (36 g, 116 mmol) in dry acetone 
(100 ml). The solid residue was removed by rapid 
filtration and the filtrate cooled to produce the bri~cine 
salt (51.2 g). After three further recrystallizations from 
boiling acetone the salt had a constant n1.p. 162-168". 
Upon treatment of the salt with hydrochloric acid (100 
ml of 5%) the solution was extracted six times with ether. 
Upon evaporation to dryness the ester 5 was produced, 
[a],'O -2.3 15"; yield 6.6 g (19%). 

A solution of the half ester (3.18 g, 10.29 mn~ol) in 
ethylene glycol was added dropwise, under reduced 
pressure (1 5 Torr), to a solution of potassi~im hydroxide 
(6 g, 105 mmol) in hot (60") ethylene glycol (75 ml). The 
organic material in the vacuum trap was dried over 
potassium carbonate to yield 1 g (85%) of trans-2,3- 
diisopropenyloxirane. The oxirane was further purified 
by preparative gas chromatography (15% Carbowax 
1500 on Chroniosorb W, 80-100 mesh, 200 x 0.9 cm, 
50") [a]s9szz.5 +4.133', [a]36522.5 +40.627O (c 4.8185 
g/100 g of solution, 2-propanol). 

Kitletics of Racetnizatiot~ of (+)- lb  
The procedure used to observe the racemization of 

(+)- lb  is the same as that described earlier for that of 
(+)-2,3-divinyloxirane (I). A sample run at 165.12 + 
0.03" consists of the following data: lo4 s, [a,:l/[cr],; 
0.450, 0.7676; 0.744, 0.6534; 0.840, 0.6136; 1.08, 0.5615; 
1.32, 0.4893; 1.536, 0.445; 1.812, 0.3812; 2.046, 0.3317; 
infinity tube 3 days, 0.000". These results yield k, = 
(5.21 k 0.06) x s-'. 

Kinetics of tlle Rearratlgetnet~t of I b  ro 6 ntld 7 
The procedure used is the same a s  that described 

earlier for l a  (1). A sample run at 199.55 + 0.02" for the 
rate of disappearance of l b  is: lo4 s, [lb]'/[lb]"; 1.44, 
0.723; 1.98, 0.635; 2.52, 0.556; 3.07, 0.498; 3.60, 0.433; 
4.14, 0.379; 4.67. 0.341: 5.05, 0.307. These results yield 
k2  + k3 = (2.35 + 0.03) x lo-' S- l .  

Discussion 
A possible mode of formation of the vinyldi- 

hydrofuran, 6, consists of l b  undergoing the 
preferred (4,5) conrotatory ring opening of the 
oxirane ring to produce 3b then by a five- 
centered disrotatory ring closure to produce 6. 
The intermediate 2b cannot lead directly to 6 
since the groups R and H are trans and must 
have a cisoid arrangement (as in 3) to produce 6. 
As a consequence we would expect that the rate 
of racemization via 2b should be decreased only 
slightly but that the rate of formation of 6, if it 
requires the inward conrotatory ring opening as 
exeniplified by 3 ,  should decrease very sharply. 
From Table 3 we can calculate that at 150' the 
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rate constant ratio k , / k ,  is 42.4 for l b  compared which is 10.7 for l a  and 33.8 for l b .  We conclude 
with 19.4 for l a .  There is no significant difference that the rate-determining step in the sequence 
between these rate ratios (6AG' - 0.6 kcal is the isomerization about the carbon-oxygen 
mol-') and thus we can conclude that the mode bond of the carbonyl ylide to form 8. 
of conrotatory ring opening exemplified by 3 
cannot be of significance in forming 6. The 
racemization rate constant for l a ,  at 150°, is 
only 4.7 times greater than that for l b ,  again 
suggesting that substitution has had little effect. 
It is more likely that a path, similar to that 
suggested by Paladini and Chuche (2) for the 
rearrangement of 2-phenyl-3-vinyloxirane, is 
operative for l a  and l b ;  such a path is outlined 
in Scheme 3. Support for this comes from the 
observation that the intermediate 8 by a con- 
rotatory three-centered closure gives rise to the 
cis oxirane 9 which is known to rearrange 
rapidly to 7 (3). In such a case the substitution of 
hydrogen by methyl on going from l a  to l b  
should not greatly affect the ratio k, / (k ,  + k,), 
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The Modular Structure of Lignin 
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M. WAYMAN and T. I. OBIAGA. Can. J. Chem. 52, 2102 (1974). 
A kinetic investigation of the polymerization of lignin-like polymers of coniferyl alcohol 

(DHP) using horseradish peroxidase as the phenol oxidase revealed the product to have a 
bimodal distribution of molecular weight. A peak representing material of low molecular weight 
M ,  3000-4000 was first formed, followed by the formation of a second peak in the molecular 
weight range 80 000-100 000 whose growth appeared to proceed at  the expense of the first. 

Alkaline degradation of lignins isolated from spruce and hemlock also gave products having 
a bimodal distribution of molecular weight, with peaks at  the same values as found for the 
synthetic lignin. Lignin isolated during alkaline pulping of finely divided wood showed the 
presence of the same two components of high and low molecular weight. 

From these results, we have constructed models for the formation of lignin and for its 
degradation during an alkaline pulping of wood. The lignin macromolecule as it occurs in wood 
may well be material of narrow molecular weight distribution with d.p. about 500. I t  is pro- 
posed that this macromolecule is an assembly of subassemblies, or modules, each of d . ~ .  about 
20. Lignin formation is seen to proceed by enzyme dehydrogenation of the monomers first pro- 
ducing free radicals as described by Freudenberg, the free radicals reacting by a step con- 
densation to form the modules, followed by intermodular addition polymerization to form the 
lignin macromolecules. Lignin degradation in pulping reactions involves first the nonrandom 
homolytic chain depolymerization of the n~acromolecule to yield free-radical carrying 
modules, which, after stabilization against recondensation by the pulping chemicals, break 
down to lower oligomers and monomers by a step depolymerization reaction. 

M. WAYMAN et T. I. OBIAGA. Can. J. Chem. 52, 2102 (1974). 
L'alcool coniferyle (DHP), sous I'influence de la peroxydase du  raifort agissant comme 

oxydase des phenols, se transforme en un polymere ressemblant a la lignine; ilne etude cinktique 
de cette polymerisation revele qile le produit a une distribution bimodale de la masse moleculaire. 
Un premier maximum correspondant a des produits de faibles poids moleculaires, M ,  3000-4000 
se forme en premier lieu ; un second sommet correspondant aux substances de poids rnoleculaires 
allant de 80 000-100 000 apparait ensuite et i l  semble que sa croissance se fait aux depends 
du premier. 

La digradation alcaline des lignines isolees du sapin et de la cigue donne aussi des produits 
ayant une distribution bimodale de la masse moleculaire, avec des maxima aux m&mes valeurs 
que celles trouvees pour la lignine synthttique. La lignine isolee lors de la pulpation alcaline 
du bois finement fractionne montre la presence des mCmes composantes de hauts et faibles 
poids moleculaires. 

A I'aide de ces resultats, nous avons construit des modeles pour la formation de la lignine et 
pour sa degradation lors d'une pulpation alcaline du bois. La macromolecule de lignine, telle 
qu'elle existe dans le bois, peut bien &tre une matiere de distribution Ctroite de la masse molecu- 
laire avec un d.p. d'environ 500. On propose que cette macromolCcule est un ensemble form6 a 
partir de sous-ensembles, ou modules ayant chacun iln d.p. d'environ 20. La formation de lig- 
nine sernbledecouler d'une deshydrogtnation enzymatique des monomeres produisant en 
premier lieu des radicailx libres tels que decrit par Freudenberg; ces derniers reagissent ensuite 
par condensation pour former les n~odules, et ceux-ci par des reactions de polymerisation par 
additions intermoleculaires formeraient les macron~olecules de lignine. La degradation de la 
lignine dans les reactions de pulpation implique au debut une depolymerisation honiolytiqi~e 
ordonnee de la chaine de la macromoiecule pour donner des modules portant des radicaux 
libres; ceux-ci, stabilises par les produits chimiques de la pulpation pour eviter une reconden- 
sation colnbrisent en oligomeres et monomeres plus petits par une reaction de depolymerisation 
par Ctape. [Traduit par le journal] 

Introduction rising wood costs and in the interests of con- 
Studies of the lignin molecule have recently servation, there has been an  expansion of high 

taken on new importance deriving from two yield wood pulping processes. T h e  products of 
principal sources of interest. In response to  such processes contain a significant proportion 
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of lignin, up to 20% or more. The presence of 
lignin affects the behavior and usefulness of the 
woodpulp. Lignin is a hydrophobic, relatively 
rigid polymer, and for some purposes, it may 
need to be modified to increase flexibility and 
hydrophilic properties. Knowledge of its molecu- 
lar structure would be of assistance in guiding 
such practical work. A second impetus to these 
studies has come from increasing concern over 
pollution. Large quantities of lignin, millions of 
tons annually in each of the major pulp-produc- 
ing countries, are discharged into streams. There 
is as yet little understanding of the pathways of 
lignin degradation in nature and this is an active 
field of research. An understanding of the 
structure of the lignin macromolecule would be 
useful in such work also. These new impulses 
have been added to the continued interest in the 
chemistry of lignin, a renewable natural resource 
in contrast to other evidently exhaustible non- 
renewable resources. 

The term "lignin" as used in the preceding 
paragraph has been ~lsed in its generic sense, the 
composition of natural lignins differing with 
plant species, with location within the plant, and 
even within the cell wall (I). The polymers are 
each composed of at least three different 
monomers, coniferyl alcohol, sinapyl alcohol, 
and p-hydroxycinnamic alcohol. The monomers 
are linked in a variety of ways and are frequently 
partially oxidized, giving rise to several different 
fiinctional groups (2). The general mechanism 
whereby the inonomers polynlerize has been 
described by Freudenberg (2), Harkin (3), and 
others (4). It is now reasonably clear that free 
radicals are formed from the monomers by a 
dehydrogenase enzyme, that these have several 
mesomeric forms, and that they react with each 
other to form dimers, oligomers ("lignols"), and 
ultimately the lignin macromolec~~le. Similarly 
in the work of Kleinert (5), there is evidence that 
the initial step in the degradation of lignins in 
pulping reactions involves thermolysis to form 
free radicals. 

It is not clear that the mechanisms which have 
been identified as initial apply consistently or in 
uniform fashion to the building of complete 
lignin macromolecules or to their degradation. 
In studies of molecular weight distribution 
during degradation of lignins by fungi, Brown 
and co-workers (6) have observed molecular 
size groupings, rather than a uniform continuum 
of molecular weight distribution. Forss and 
Fremer (7) have proposed, based on considera- 

tion of the course of sulfite pulping reactions, 
that the lignin macromolecule is composed of 
repeating units. There is considerable disagree- 
ment over the size of lignin macromolec~~les, a 
very wide range of molecular weights being 
reported (8). 

In the present work, an effort has been made to 
identify the size of lignin macromolecules and 
how this varies during synthesis and degradation. 
To this end, a synthetic lignin, a dehydrogenase 
polymer of coniferyl alcohol (DHP), has been 
made in citro, and molecular weight and its 
distribution has been followed during the syn- 
thesis. The principal tool used has been gel 
permeation chromatography (g.p.c.). Further, 
lignins have been isolated from two wood species, 
a spruce and a hemlock, by physical means, 
assisted in some cases by cellulase. These milled 
wood lignins (MWL) have been analysed by 
g.p.c. as- isolated and during simulated  pulping 
reactions. Finally, wood of these species has been 
pulped in small laboratory equipment and the 
dissolved lignins have been analyzed for molecu- 
lar weight and its distribution during the course 
of pulping. By study of the resulting data, a 
model has been formulated of the structure of 
the lignin macromolecule. 

Experimental 
(a )  Deliydrogenase Polyn~ers of Con$eryl Alcol~ol 

IDHP)  
synthetic lignin-like polymers of coniferyl alcohol were 

prepared by controlled polymerization using horseradish 
peroxidase as the phenol oxidase and adding a dilute 
solution of hydrogen peroxide into the reaction mixture 
according to the method of Freudenberg (9). The coni- 
feryl alcoh'ol, m.p. 73-75 "C, was prepared by the reduc- 
tion of ethyl ferulate. Ethyl ferulate was prepared by the 
ethylation of ferulic acid in the presence of dicyclohexyl- 
carbodiimide (10). The ethyl ferulate was reduced using 
LiAIH,, according to Freudenberg's method (1 1). Coni- 
feryl alcohol was polymerized at  pH 5.5 and 20 + 0.1 "C 
over several days. In a 4-1 resin kettle in a constant tem- 
perature bath was placed 5 mg crystalline horseradish 
peroxidase enzyme (3100 units/mg; Worthington Bio- 
chemical Co., Freehold, N.J.) in 10 ml 0.1 M citrate 
buffer p H  5.5, and the solution made up to 400 ml. Into 
the resin kettle were pumped simultaneously two solu- 
tions, the first made by dissolving 0.8 g crystalline coni- 
feryl alcohol in a minimum of acetone and making up to 
400 rnl with distilled water, and the second being 0.025 
or 0.05% HzOz in distilled water. The miniature Beckman 
metering pumps, activated by Zenith Electric Company 
time switches, were calibrated to deliver 400 rnl each 24 h. 
The reactants were stirred constantly. After 48 h, a 
further 4 rng peroxidase in 10 ml citrate buffer was added 
and the p H  readjusted to 5.5. The addition of coniferyl 
alcohol and peroxide continued at  the same ra te  for 60 h. 
At that point, the addition of coniferyl alcohol was 
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discontinued and the rate of flow of peroxide solution 
was reduced to half. Additions of enzyme and p H  adjust- 
nient were continued at  12-h intervals. At the end of the 
reactions or after harvesting a sample from the reactor, 
1% NaCN was added to deactivate the enzyme and the 
milky white suspension of D H P  was centrifuged at  
15 000 r.p.m. The precipitate was resuspended in water 
and recentrifuged four times. It was then dissolved in 
90: 10 dioxane-water, filtered through glass fiber, and the 
clear solution was then freeze-dried to yield the fluffy 
cream-colored polymers. 

In this manner, two DHP saniples were prepared, 
D H P  125 using 0.025% H 2 0 2  solution for 7 days, whereas 
for DHP 122, 0.05% H 2 0 ,  solution was used for 6 days. 
Samples were withdrawn from the reaction mixture at 
intervals for molecular weight determinations. 

( 6 )  Milled Wood Ligtzitls ( M W L )  
The preparation of the MWL used in these experi- 

nients has been described in detail (12). Groundwood 
pulps of eastern spruce (Picea ttiarintro, B S and P)' and 
western hemlock (Tsr~ga lreteroplrylln, Sarg)' were used. 
Prior to milling, the pulps were extracted with various 
solvents and dried (13). The milling period varied from 
7 to 21 days. Then 5 g of the milled wood and 5 g of a 
cellulase, Onozuka, S.S.3 (14), were suspended in 250 ml 
of sodium acetate - acetic acid buffer of pH 4.7 in a 
500 nil flask and shaken mechanically for 72 h at 46 "C. 
The mixture was centrifuged at 12 000 r.p.ni. to separate 
the precipitate which was then washed thoroughly with 
water and reprecipitated twice with ether from 90:lO 
acetic acid - water. The lignin was washed again with 
water and then dissolved in 90:lO dioxane-water, centri- 
fuged, and the clear solution freeze-dried.. 

Some of these samples were heated with NaOH or with 
a solution containing NaOH and NazS in simulated 
"pulping" by a procedure very similar to that described 
for wood in the next section. A sample of spruce MWL 
was heated in 90:lO dioxane-water solution at 160 "C 
and the product freeze-dried. 

(c)  Alkalitre P~rlpitig o f  Wood 
Wood chips or groundwood of the same two species 

were pulped by alkaline s o d i ~ ~ m  si~lfide (the kraft pulping 
process) or by sodium hydroxide (the soda process). 
Laboratory reagent grade NaOH pellets and crystalline 
Na2S were used. Boiled, nitrogen-flushed distilled water 
was used to make 0.5 N NaOH. The NazS crystals were 
washed under a blanket of nitrogen and dissolved to 
20 g/l, again using boiled, nitrogen-flushed distilled water. 
The stock solution of NazS was stored in a dark bottle 
at  4 "C and fresh solution made up every 2 weeks. Pulping 
was carried out in I5 ml glass vials placed in 30 ml stain- 
less steel bombs (lo), in a silicone oil bath maintained at 
the desired temperature k0.5  "C. In order to maintain 
approximately constant solution compositions, dilute 
solutions were used. For 50 mg wood, 10 ml of a solution 
containing 10 mg active alkali, that is NaOH + $Na2S 
calculated as Na20,  were used. When using the soda 

'From Ontario Paper Company Ltd., Thorold, Ontario. 
'From British Columbia Forest Products Ltd., Van- 

couver, B.C. 
3Purchased from Kamematsu-Gosho Ltd., Tokyo. 

process, there was no NazS present and when using the 
kraft process 25% of the active alkali was in the form of 
the sulfide. 

The time required for the bombs to attain temperature 
was less than 2 min. At the appropriate time, the bomb 
was cooled rapidly and the contents washed with water 
and filtered. The solution was acidified with 0.5 N HCI to 
p H  3. The lignin precipitated in this way was centrifuged 
at  15000 r.p.m. for 5 min, washed three times by resus- 
pension witli water, and the residue dissolved in a small 
volu~ne of 90:lO dioxane-water and freeze-dried. 

( d )  Gel Perttleatiotz C11rot)tatogrnplry (g.p.c.) 
The analytical system, which consisted of K25145 

column packed with Sephadex GI00 swollen in dimethyl 
sulfoxide, has been described in detail (15). The same 
paper describes the calibration of the column using 
narrow molecular weight fractions of lignin in the ultra- 
centrifuge. The same conditions of operation were used 
in this work and the data, taken from the plot of absorb- 
ance at 280 nm using a Beckman DU spectrophotometer 
and an ultramicro cell of capacity 0.08 n ~ l  and 10 mm 
light path length for continuous flowthrough, was used 
to  compute molecular weight averages and the distribu- 
tion curves. The computer programs employed to calcu- 
late the various coefficients of molecular weight are given 
in ref. 10. 

During the synthesis of DHP 125, two g.p.c. columns 
were used in series, the first packed with Sephadex G50 
and the second witli Sephadex G15. These were not 
calibrated for molecular weight but were adequate for 
demonstrating molecular weight distribution. 

Results 
The elemental composition and methoxyl 

content of D H P  122 and the MWLs are given in 
Table 1 .  The analytical data for D H P  122 are in 
good agreement with expectation, an analysis for 
a spruce MWL by Bjorkman a n d  Person (21) 
being included for comparison. T h e  other MWLs 
were prepared here by ball milling for 12 days 
followed by cellulase treatment (1 4). These are 
low in methoxyl content. This has been attributed 
t o  carbohydrate and polyphenolic contamination 
(14), although the  possibility o f  demethylation 
is not excluded. This isolation process is pre- 
ferred because of the high yield of lignin, result- 
ing in a more representative sample. 

The polymer, D H P  122, was analyzed on the 
calibrated Sephadex GI00 column. Table 2 
gives the molecular weight averages obtained for 
the sample at various stages of synthesis. Figure 1 
shows the changes in molecular weight distrib~l- 
tion occurring during synthesis. After 12 h of 
synthesis, a peak appeared at  an  elution volume 
of  about 170 ml, with a slight shoulder at about 
120 ml. On the third day after synthesis was 
begun, the 170 ml peak had shifted to about 
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TABLE 1. Elemental compositions and molecular weights of MWL and DHP 

Analysis (x) 
Sample Wood Yield" 

designation Species (%I C H 0 " O C H 3  M, Mw M,"IMn 

D H P  122 - - 62.94 6.04 29.97 15.96 8500 31400 3.7 
B and PC Spruce - 63.96 6.14 29.84 15.74 - - - 
ES-12DE Spruce 56 57.47 6.07 34.60 11.02 11 200 36000 3 .2  
WH-12DE Hemlock 57 58.60 6.33 33.53 11.60 10600 33500 3 . 2  
Azhar et 01." Hemlock 100 - - - 11.40 60 600 77 000 1.3 

- - 
.Based on Klason lignin (16). 
bBy difference. 
CReference 21, included for cornparison. 
*Reference 14. 

TABLE 2. Molec~~lar  weights during synthesis of D H P  122 

Synthesis 
time 
(h) Mn Mw MwIMn 

145 ml and the shoulder now appeared as a 
second peak at about 55 ml. The weiglit average 
molecular weights liad increased from 3600 at 
12 h to 1 1  000 on tlie third day. The poly- 
dispersity index increased also in the same period 
from 1.5 to 2.2. After 6 days of synthesis, the 
145 ml peak experienced no further shift in 
position. Rather, its relative size decreased while 
that of the 55 ml peak increased. The weight 
average molecular weights and the polydispersity 
index also increased to 31 400 and 3.65, respec- 
tively. The bimodal distribution of molecular 
weight which was found from the early hours of 
synthesis thus became much more pronounced 
as the synthesis proceeded. 

From the calibration curve (151, the peak a t  
55 ml represents lignin of Mw about 80 000, 
while the peak at 145 ml corresponds to Mw 
3 600. 

The changes in molecular weight distribution 
occurring during the synthesis of the second 
coniferyl alcohol dehydrogenase polymer, D H P  
125, are presented in Fig. 2. The analyses were 
carried out in two g.p.c. columns packed with 
Sephadex G50 and G 15 gels connected in series. 
This analytical method was used in an  attempt 
to  detect the changes in molecular weight dis- 
tribution at the early stages of the synthesis 
when changes in the low molecular weight region 
would presumably be dominant. The columns 

were not calibrated to  yield quantitative 11iolec~1- 
lar weights and the results depict only changes in 
molecular weiglit distribution during synthesis. 
Coniferyl alcohol appeared with a peak elution 
v o l ~ ~ ~ n e  at 250 mi. After one day o f  synthesis, 
this peak e l ~ ~ t i o n  volume liad shifted to  a mark- 
edly lower elution volunie at a b o ~ ~ t  190 ni l  
indicating the formation of higher ~nolecular 
weight material. In addition, a very slight shoul- 
der appeared at an elution volume of about 125 
ml, representing still higher molec~~la r  weight. 
After two days of synthesis, the shoulder at 
125 ml elution volume had grown into a distinct 
second peak, resulting in a bimodal distribution 
curve. This bimodal distribution of niolecular 
weight persisted t h r o ~ ~ g h o u t  the rest of the 
synthesis time with tlie positions of tlie two peaks 
remaining the same, while tlie second peak in- 
creased in size relative to tlie first a s  the syn- 
thesis proceeded. 

The molec~~lar  weiglit and its distribution of 
a spruce MWL is shown in Fig. 3. This prepara- 
tion of MWL was niade by milling for  12 days, 
followed by treatment with cellulase. The yield 
was 5 6 z  of the lignin present in tlie wood. The 
molecular weight averages were M,, = 1 1  000, 
M, = 36 000 and the poly-dispersity index 
Mw/Mn = 3.3. There is a sharp peak i n  Mw at 
a b o ~ ~ t  80 000 and a smaller peak a t  M, about 
3600. F i g ~ ~ r e  3 also repeats the molecular weight 
distribution curve for D H P  122 taken after 6 days 
of polymerization and  demonstrates the general 
agreement of the peak positions. 

The molecular weight and its distribution of a 
hemlock MWL isolated in very high yield by 
Azhar et al. (14) is shown in Fig. 4. This MWL 
was made similarly t o  the spruce M W L  shown 
in Fig. 3 by 12 days o f  milling followed by cellu- 
lase treatment. It was obtained in a n  apparent 
yield of 100% based o n  the lignin o f  the wood 
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CONIFERYL ALCOHOL 
30 ( a ]  iz 1 

ELUTION VOLUME (ml) 

DHP 125 
1 5 E  

L o  ,Lo k 300 
ELUTION VOLUME (m l )  

ELUTION VOLUME (mil 

DHP125 

650,615 

0 5u ELUTION VOLUME (m l )  

o 1  1 ~ 4  1kO 2AO \ko 300 
ELUTION VOLUME ( m l  I 

$ 

EWTION VOLUME (mil 

O 100 150 200 250 300 
ELUTION VOLUME (ml)  

ELUTION VOWME ( m l )  

FIG. 1. Molecular weight and its distribution during synthesis of DHP 122, a dehydrogenase polymer of coniferyl 
alcohol. 

(16) but was contaminated with carbohydrates 
and polyphenols, and had a low methoxyl con- 
tent. The molecular weight averages for this 
MWL are much higher than for any other lignins 
examined, being M,, 60 000 and M, 77 000, and 
the polydispersity index M,/M,, of 1.27 is also 
the lowest found. The sharp high molecular 
weight peak in the distribution curve lies at about 
M ,  I00 000 and there is very little if any lignin at 

higher M,. There was no lignin below M, of 
about 10 000 in this sample. This MWL may be 
the least altered in macromolecular properties 
of any yet isolated from wood. Other samples of 
cellulase MWL isolated by the authors (10) at 
44 to 57% yield had M ,  33 000 (hemlock) and 
36 000 (spruce) and a broader distribution, 
M,/M,, being about 3.0. These lignins also 
display a sharp peak in their distribution curves 
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50 100 150 200 50 100 150 200 50 100 150 

ELUTION VOLUME ( m l )  

FIG. 2. Molecular weight and its distribution during synthesis of DHP 125, a dehydrogenase polymer of coniferyl 
alcohol. 

size, although the peak position has not changed. 
The high molecular weight peak has decreased in 
size and has also shifted towards a somewhat 
higher molecular weight, from about M, 80 000 
to 100 000. Figure 6 illustrates the effect of heat- 
ing the same MWL in dilute NaOH solution 
(simulated "soda pulping") at 160 "C for  increas- 
ing periods of time from 15-120 min. T h e  curves 
show a growth in the low molecular weight peak 
and a decrease in the high molecular weight peak 
with increasing reaction time. In addition, at 
30 min and thereafter, the same shift in high 
molecular weight peak position found in 
dioxane-water was also found in dilute NaOH. 

50- 
I I I - 

40- - 

ELUTION VOLUME ( ml) 30 - 7 

FIG. 3. Comparison of molecular weights and their ,\D 
distributions of a spruce milled wood lignin and a de- 
hydrogenase polymer of coniferyl alcohol. 20 - - 

at  M ,  80 000 to I00 000 but contain substantial 
quantities of lignin of lower M,, down to  about 10- - 

2500. The presence of the lower M, lignin is 
attributed to degradation during milling. 

Figure 5 illustrates the effect of heating a I 
5.0 4.5 4.0 3.5 

spruce MWL dissolved in 90:lO dioxane-water 50 100 150 

at  160 "C for 120 min on the molecular weight Elution volume ( m l )  
distribution. The low molecular weight peak a t  FIG. 4. Molecular weight and its distribution of a hem- 
about M ,  4000 has increased considerably in lock milled wood lignin. 
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I I 
G I  00 

LEGEND 

C I \  ES-12DE-PS - UNCOOKED MWL 

20 
NGS120 --tt MWL HEATED AT TEMRWlT  

-OUT FlJLPlNG CHEMICALS 

1 I I I 
50 100 150 260 

ELUTION V O L U M E  ( m l l  

FIG. 5. Spruce MWL,  molecular weight and its dis- 
tribution as prepared, and on heating for  2 h a t  160°C 
in aqueous dioxane. 

I I I 

t ' 

GI 00 
LEGEND 

SGS15 - 15 mins 
SGS3O -te 30 mins  
SGS6O- 60 mins 
SGS120-120 m i n s  

s 

I I I I 
50 100 150 

ELUTION V O L U M E  ( m l )  

FIG. 6. Spruce MWL,  molecular weight and its dis- 
tribution during simulated "soda pulping" a t  160 "C. 

On the other hand, when a solution of NaOH 
plus Na,S was used (Fig. 7, simulated "kraft 
pulping") the high peak remained a t  about Mw 
80 000 although again the growth of the low 
molecular weight peak and the decrease in the 
high molecular weight were observed. 

In Fig. 8 is shown the molecular weight and its 
distribution of lignins dissolved during the kraft 
pulping of hemlock groundwood. The three 
curves show the effects of pulping a t  160 "C for 
15, 60, and 120 min. The generally bimodal dis- 
tribution of molecular weight is maintained, the 
high molecular weight peak remaining at about 
Mw 80 000 and the low molecular weight peak at 
about Mw 2500 to 3500. The Mw 80 000 peak de- 
creased with time of pulping and the relative im- 

G I  00 
LEGEND 

KGSlO- lOmlns 
KGS30- 3 0 m 1  ns 
KGS60- 60m1ns 

$ KGS120- 120mins 

I I 4 I 
50 10 2 0 

E L U T I ~ N  VOLUME ( rn??O 

FIG. 7. Spruce M W L ,  molecular weight and its distribu- 
tion during simulated "kraft pulping" a t  160 "C. 

LOG M, 
I I I 

, 50 4 5  Lb 35 30 
I I 

50 100 150 2 
ELUTION VOLUME (mil 

FIG. 8. Molecular weight and its distribution of dis- 
solved lignin during kraft pulping of hemlock groundwood 
a t  160 "C. 

portance of the lower molecular weight peak 
increased. It appeared that the low molecular 
weight peak increased at the expense of the high 
molecular weight peak. Other examples of the 
effect of alkaline pulping of wood are given in (10) 
and (17). In these other examples, while pulping of 
groundwood generally follows the pattern shown 
here, pulping of wood chips follows a different 
sequence, in which lower molecular weight lignin 
is first found in the pulping solution and higher 
molecular weight lignin appears later. The differ- 
ence is attributed to the physical structure of 
wood and the path followed by the chemicals in 
reaching the lignin. The bimodal molecular 
weight distribution and the relative constancy of 
the peak positions are nevertheless observed. 
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Discussion 
Tlie Modular Structure oj'Lignin 

Bimodal molecular weight distribution is 
shown on almost all of the figures, with a 
high molecular weight peak a t  Mw 80 000 to 
100 000 and a low molec~llar weight peak at 
Mw 3000 to 4000. The hemlock MWL samples 
shown on Fig. 4 have only the high peak with very 
little lignin of M,  below about 20 000. This leads 
LIS to the tentative suggestion that the hemlock 
lignin macromolecule as it occurs in wood has a 
rather narrow molecular weight distribution with 
a sharp peak at a b o ~ ~ t  100 000. Since the mono- 
meric weight for softwood lignins is a b o ~ ~ t  180, 
this would suggest d.p. abo~i t  550. 

Very early during the synthesis of coniferyl 
alcohol DHP a peak is formed at M ,  about 3600, 
that is, d.p. of 20. A second high molec~llar 
weight peak at about M ,  80 000, that is, d.p. 
440, is established soon thereafter. This new peak 
grows a t  the expense, as  it were, of the first, 
witlio~it accuiii~~lation of material in tlie inter- 
mediate range. 

During degradation, either by hydrolysis or 
in alkaline solution, the reverse process appears 
to take place. As the reaction proceeds, the 
lower molec~ilar weight peak grows a t  the 
expense of the high molec~ilar weight peak. 
While some product of intermediate niolecular 
weight is formed, this inay be regarded as 
transitional. The dominant reaction appears to 
be tlie degradation of inacromolec~~le of d.p. 
about 440 to 550 to a polymer of d.p. a b o ~ ~ t  20, 
with the formation of little or 110 intermediate 
polymer. 

Tlie evidence of this work suggests that tlie 
lignin niacroniolec~~le is an assembly of sub- 
assemblies of d.p. about 20. This is consonant 
with the earlier suggestions of Forss and Freiner 
(7), Bolker and Brenner (I 8), and Brown and co- 
workers (6). 

The s~~basseiiiblies, for wliich we prefer tlie 
term niodules, are made up of abo~i t  20 aroniatic 
monomers derived from the three alcohols previ- 
o~lsly named and with a variety of functional 
groups which are the res~ilt of dehydrogenation, 
oxidation, hydration, and condensation re- 
actions as described by Freudenberg (2) and 
Freudenberg and Neish (4). Tlie bonds between 
the modules in the macromolecule are formed 
with more difficulty and are broken more easily 
than the bonds between the monomers of which 
the modules are composed. 

Lignirz Syntliesis arid Degradatiori 
The following is a schematic representation of 

lignin synthesis and degradation: 
Scheme 1 follows the generally accepted path- 

way of lignin synthesis up to the formation of 
modules and proposes that thereafter the lignin 
macromolecule is formed by intermod~llar addi- 
tion polymerization. This would explain the 
formation of the peak at d.p. about 20 observed 
early in DHP synthesis and the subsequent 
formation and growth of the peak a t  d.p. about 
440. 

Kleinert (5) has proposed that the initial step 
in the breakdown of the lignin macrornolec~~le 
in pulping reactions is a random thermal homo- 
lytic depolymerization. From the present work 
we conclude that the first step in the homolysis 
of the lignin macromolecule consists of the 
breaking of the bonds between the modules and 
is to that extent not random. This w o ~ ~ l d  explain 
the formation and growth of the peak at d.p. 
about 20 observed during the experiments on 
degradation of MWL and pulping of hemlock 
groundwood. McNelis (1 9) used the term 
"unzipping" to describe coupling reactions of 
2,6-xylenols in which one oligomer chain poly- 
merizes a t  the expense of other chains. He sug- 
gested its possible application in "probing the 
structure of other aromatic polyethers such as 
lignin". The term appears to be particularly apt 
in the present context. We regard the "~~nzipping" 
mechanism as applicable to the formation of the 
modules of d.p. about 20. Further degradation to 
oligomers of lower d.p. may well proceed by a 
step depolymerization reaction, producing a dis- 
perse mixture of products and eventually mono- 
mers. 

In Kleinert's proposal, the first products of 
thermal homolysis of the lignin macromolecule 
are free radicals. These are then stabilized 
against recondensation by the p ~ ~ l p i n g  chemicals. 
In the event that free radical stabilization is not 
fast enough, however, condensation reactions 
involving the free radicals may take place. Our 
results lend support t o  Kleinert's hypothesis. In 
lignin degradation reactions in which water or 
sodium hydroxide acted as the free radical 
stabilizers, we observed a shift of the high 
molecular weight peak to  a still higher value. No 
such shift was found when sulfide-containing 
solutions were used. The greater reactivity of 
sulfides in alkaline lignin degradation is well 
established in industrial practice and has been 
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( a )  Synthesis of lignin 

Monomers 
hydrogen abstraction 

F Free radicals 1 sten 
condensation 

4 
Dimers, oligomers u p  to modules (d.p. 18-20) 

intermodular 
addition 
polymerization 

+ 
Lignin macromolecule (d.p. - 500) 

(b) Degradation of lignitz 

Lignin macromolecule (d.p. - 500) 
I 

1 
nonrandom 
thermal 
homolytic 
depolymerization 
("unzipping") 

Modules (d.p. 18-20) 
I 

depolymerization 
reaction 

+ 
Oligomers F Monomers 
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1,4-Diphenyl- 1,4-butadiyl Diradicals from Thermolysis of 
cis- and trans-3,6-Diphenyl-3,4,5,6-tetrahydropyrida~inel,~ 
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KARL R.  KOPECKY and Josi  SOLER. Can. J .  Chem. 52, 21 11 (1974). 
Reduction of 3,6-diphenyl-2,3,4,5-tetrahydropyridazine with sodium amalgam in ethylene 

glycol at 130" produces a I : 2  mixture of cis- and ~rans-3,6-diphenylpiperidazine (cis- and trans- 
4) from which ~rans-4 was obtained by fractional crystallization. Oxidation of cis- and trans-4 
with oxygen gave cis- and trans-3,6-diphenyl-3,4,5,6-tetrahydropyridazine (cis- and traris-1). 
For thermolysis of trans-1 at 62.5' E, = 25.3 f 1.1 kcal/mol and AS* = 0.4 f 3 e.u. At 63" 
the relative yields of styrene, cis- and trans-l,2-diphenylcyclobutane (cis- and trans-7) formed 
from cis-1 are 55.3, 30.1, and 18.6% and those formed from trans-1 are 59. I, I .7, and 39.2%, 
respectively. For the 1,4-diphenyl-l,4-butadiyl diradical from thermolysis of cis-1 k,l,,,/k,., = 
1.1 and k,,,/k,,, = 1.5 whereas for that of rraru-1 k,l,,,/k,,, = 10 and k,,,/k,,, = 14. At 205" 
cis-7 decomposes to yield a 4.8: 1 ratio of styrene:trans-7. This is near the ratio expected if the  
initial geometries of the diradicals produced from cis-1 and cis-7 are similar. 

KARL R .  KOPECKY et Jos i  SOLER. Can. J .  Chem. 52, 21 11 (1974). 
La reduction da la diphenyl-3,6-tetrahydro-2,3,4,5-pyridazine avec I'amalgame de sodium 

dans 1'Cthylene glycol a 130" donne un mtlange de cis- et trans-diphenyl-3,6-piperidazine (le 
cis- et trans-4) dans le rapport 1 :2. A partir de ce mtlange le tratu-4 a etC obtenu par crystalli- 
zation fractionnee. L'oxidation du cis- et trans-4 par I'oxygene donne le cis- et tratts-diphenyl- 
3,6-tetrahydro-3,4,5,6-pyridazine (le cis- et trans-1). Pour la thermolyse du trans-1 a 62.5" o n  
a trouvt E, = 25.3 f 1.1 kcal/mol et AS* = 0.4 rt 3 cal/mol. A 63" les rendements relatifs d e  
styrene, de cis- et ~rarrs-diphenyl-l,2-cyclobutane (le cis- et trans-7) formes a partir du cis-1 
sont 55.3, 30.1 et 18.6% et ceux, formes a partir du trans-1, sont 59.1, 1.7 et  39.2% respective- 
ment. Pour le diradical diphenyl-1,4-butadiyl-1,4 provenant de la thermolyse du cis-1 on a 
obtenu k ,,,,,,, /k ,,,,, ,,, = 1.1 etk,y,lirullon/krola,,an = 1 .Set pourlediradical provenant du tratu-1 
les valeurs sont k ,,,,,,, /k ,,,,, ,., = 10 et kc, ,,,,,, ,,,/k ,,,,,,.. = 14. A 205" le cis-7 se decompose 
en donnant un melange de styrene:trnrrs-7 dans le rapport 4.8: I .  Ceci est presque le rapport 
attendu si les gComttries initiales des diradicaux produit a partir du cis-1 et du cis-7 sont 
voisines. 

Recently, cis-3,6-diphenyl-3,4,56-tetrahydro- 
pyridazine, cis-1, was prepared and thermolized 
in connection with a study of the mechanism of 
the thermal initiation of styrene polymerization 
(1). Because of interest in the stereochemistry of 
azoalkane decompositions (2) and in reactions 
of 1,Cdiradicals (3) trans-1 has been prepared 
and thermolyzed. The relative rates of rotation, 
cyclization, and decomposition to styrene of the 
1,4-diphenyl-l,4-butadiyl diradicals derived from 
cis- and trans-1 can be determined now. 

Results 

The preparations of trans-1 and of related 
compounds are outlined in Scheme 1. Of the 

several methods which were used to reduce 3,6- 
diphenyl-2,3,4,5-tetrahydropyridazine 3 the one 
which gave the most useful yields of trans-3,6- 
diphenylpiperazine, trans-4, was treatment of 3 
with sodium amalgam in ethylene glycol at 130'. 
A mixture containing cis- and trans4 in a - 1 :2 
ratio together with unreacted 3 was formed. This 
mixture could be separated readily by chroma- 
tography of the monocarbomethoxy derivatives, 
cis- and trans-1-carbomethoxy-3,6-diphenyl- 
piperidazine, cis- and trans-5, and 2-carbometh- 
oxy-3,6-diphenyl-2,3,4,5-tetrahydropyridazine 6 
which were formed by treatment of the crude 
reaction mixture with methyl chloroformate. Sa- 
ponification of cis- and trans9 followed by de- 
carboxylation afforded the pure hydrazines. 

'Presented at the 56th Canadian Chemical Conference T - , ~ ~ ~  were oxidized readily by oxygen to the azo 
of the Chemical Institute of Canada, Montreal, Quebec, 
June. 1973. Abstract 212. compounds. Pure trans-4 could be obtained also 

Z ~ h i ~  research was s u ~ ~ o r t e d  in oart bv the National from the reduction of 3 by fractional crystalliza- 
Research Council of ~ a i a d a .  tion. 
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( 1 )  H2-Pt 
N/C02C2H5 ( 2 )  KOH. A 

(3) CH3C02H 

e; c5 - N 

C02C2H5 - 

C6H5 
( 4 )  0 2  

C6H5 C 6 ~ 5  

(1) KOH,A 
(2 )  CH3C02H 
(3) NaOH I 

Examination by t.1.c. of the crude mono- 
carbomethoxy derivatives cis- and trans-5 ob- 
tained by treatment of the hydrazines cis- and 
trans-4 separately with methyl chloroformate 
showed that each isomer, and, therefore, the 
corresponding azo compound, was contami- 
nated with undetectable amounts (<0.5%) of 
the other. 

The assignment of stereochemistry to cis- and 
trans-1 is based on the assumption that the 
Diels-Alder adduct 2 of trans,trans-l,4-diphenyl- 
1,3-butadiene and diethyl azodicarboxylate, in 
which the phenyl groups are cis (4), is converted 
without isomerization to cis-1. Therefore, the 
isomeric azo compound, which is obtained from 
the major product of the reduction of 3, must 

be trans-1. In support of this conclusion the 
n.m.r. spectrum of trans-1 has a much more 
simple pattern than does that of cis-1 as would 
be expected from the higher symmetry of trans-1. 
The spectrum of trans-1 has a sharp singlet for 
the phenyl protons at T 2.7 and one set of signals 
for the methylene protons centered at z 8.1, 
whereas that of cis-1 has two broad multiplets 
for the phenyl protons between z 2.4 and 2.9 and 
two sets of multiplets for the methylene protons 
centered at  T 7.9 and 8.7. 

The rates and activation parameters of ther- 
molysis of cis- and trans-1 given in Table 1 
indicate that trans-1 thermolyzes about 5-6 
times as rapidly as does cis-1. T h e  difference in 
the rates of decomposition of cis- and trans-1 is 
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KOPECKY AND SOLER: 1,4-DIPHENYL-I,4-BUTADIYL DlRADICALS 

TABLE I .  Kinetic data for thermolysis" of cis- and trarls-1 in ethylbenzene 

Temperature kobs x lo4 k,,,, x lo4' 
Compound ("c) 6 - I )  % N2 % 3b (s-') 

'For cis-1 at  79.5" AH* = 26.7 k 1.2 kcal/mol, AS* = 2.4 k 4 e.u. (1) .  For trans-l at 62.5" AH* = 24.6 i- 1.1 
kcal/rnol, AS* = -0.4 k 3 e.u. 

bDelermined from the u.v. spectrum of  the solution after thermolysis. 
Ck ,,,, = k,,, x 0.01 %-hydrocarbon. 
*Solvent contained 2% ethyldiisopropylamine. 
CExtrapolated. 
!From ref. 1. 

TABLE 2. Product distribution in the thermolysis of cis- and trarzs-1 in benzene 
- 

Relative yields (mol %)" 

Compound Temperature ("C) Styrene cis-7 trans-7 

OThe values are averages of at least two separate runs, each analyzed in triplicate. Errors are esti- 
mated to be i 0.5%. 

bTemperature of the injection port of  the gas chromatograph into which solutions of cis- and 
tra~is-1 were injected. 

greater than has been observed with diastereo- 
meric pairs of acyclic azo compounds (5). The 
enthalpies of activation for the thermolysis of 
cis- and trans-1 and that (27.5 kcal/mol) of 
trans-3,5-diphenyl-1-pyrazoline (6) are consider- 
ably lower than that (32 kcal/mol) of the acyclic 
analogue 1,l'-diphenylazoethane (7). It may be 
that the factors which cause acyclic cis azo 
compounds to thermolize much more rapidly 
than their trans isomers (8) also affect the 
thermolysis of these cyclic azo compounds. 

The product distributions obtained on thermo- 
lysis of cis- and trans-1 are given in Table 2. 
That of cis-1 agrees well with values obtained 
previously (1, 9). Styrene and cis- and trans-1,2- 
diphenylcyclobutane, cis- and trans-7, account 

I 

for >98% of the starting materials in each , case. A small amount, <0.5%, of another 
product, reported to be I-phenyltetralin (9), was 

I detected from both isomers but not identified. 
I In addition, - 1% of hydrazone was formed in 
I 

C6H5 
cis- 7 trans- 7 

those reactions which were carried out in 
solution at 133 and 63". 

The thermolysis of cis-7 produces styrene and 
trans-7 (10). These experiments were not made 
under conditions suitable for comparison with 
the results of the thermolysis of cis- and trans-1 
so that the thermolysis of cis-7 was reexamined. 
At 205" in benzene the decomposition of 0.1 M 
cis-7 is 45% complete after 1 h. The ratio of 
styrene to  trans-7 is 4.8 and falls slowly to 4.7 
after 9.5 h when 2% of cis-7 remain. This ratio 
of styrene to trans-7 is somewhat higher than the 
reported ratio of -4: 1 obtained at 165" (10c). 
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The rate of disappearance of cis-7 at 205" is 
- 1  x s- '  which compares well with a 
value of 1.1 x s- '  calculated from the 
reported activation parameters (10c). Control 
experiments showed that after 1 h at 205" 
negligible amounts of trans-7 would have 
decomposed to styrene and that negligible 
amounts of styrene would have polymerized or 
dimerized to trans-7. 

Discussion 

Thermolysis of cis- and trans-1 

properties very similar to the material formed 
initially from cis-1. If the same initial diradical 
were produced from thermolysis of both cis-1 
and cis-7 one can predict from the data in Table 
2 that the ratio styrene: trans-7 formed from 
cis-7 at 205" should be -5.1. This is quite close 
to the actual value of 4.8. Thus, it is quite likely 
that all the products of thermolysis of cis- and 
trans-1 are formed by way of 1,4-diphenyl-1,4- 
butadiyl diradicals. The calculations below as- 
sume that these are formed directly by simul- 
taneous cleavage of both C-N bonds. 

Although the styrene produced from ther- 
molysis of cis- and trans-1 might be formed by a Reactions of the Diradicals 

concerted, thermally allowed route (1 1) cis- and The diradicals formed 'lea'- 

trans-7 definitely are not formed in the same way. age of both C-N bonds will have initial con- 

There is only a small effect of temperature on the formations at least those given in 

ratio of cleavage to cyclization products in the Scheme 2. That formed from thermolysis of 

thermolysis of both azo compounds~ This would cis-7 will have the initial conformation as shown 

be unlikely if the styrene were formed by a for cis-DR. It is most probable that the ratio of 

concerted route directly from the azo compounds conformers of trans-DR formed by intercon- 

while cis- and trans-7 were formed by another version of cis-DR is different from that formed 
pathway. Such different modes of decomposition directly from trans-' and that these two 'On- 

would very likely have quite different activation formers undergo the several reactions indicated 

parameters. Thus the azo compounds appear to with somewhat different rate constants. The 

decompose by only one path. Recent evidence relative rates of interconversion, cleavage, and 

for one bond cleavage in certain azo compounds cyclization given in Table 3 were calculated (14) 

(86 and c, 12) makes it necessary to consider such with the assumption that both conformers of 

a process here. There is evidence from the effect trans-DR undergo these reactions with the same 

of pressure on the rate of thermolysis of cis-1 rates. This may distort the values of the relative 

that both C-N bonds are breaking simul- rates a bit but there seems to be no  other way of 

taneously (9). Also, the relative amounts of cis- handling the data. However, this should still 

and trans-7 formed from the two azo compounds allow a good comparison of the relative rates of 

indicate that these materials are not formed by reaction of cis- and trans-DR to be made. 

intramolecular radical displacement of N, (13) The rate constants k ,  and k, are the rate 

in a species, such as 8, in which only one C-N constants for the interconversion of one di- 
radical into the other. Since rotation about either 

bond is broken. Otherwise, one might expect 
more trans-7 to be formed from cis-1 than is 
observed since this would require fewer overall 
rotations than would the formation of trans-7 
from trans-1 by such an internal displacement. 
The results from the thermolysis of cis-7 indicate 
that the diradical produced from this material, 
which cannot contain nitrogen, must have 

the C,-C, or the C,-C, bond will interconvert 
the diradicals the actual rate constants for 
rotation about one of these bonds are +k, and 
+k,. Thus, for each diradical the rate of cycliza- 
tion to the cyclobutane is faster than the rate of 
rotation about the C,-C, or C,-C, bonds by 
factors of - 14 for trans-DR and -- 1.5 in cis-DR 
at 63". The ratio of the rate of cleavage to the 
rate of rotation is k,/&k, - 10 for trans-DR but 
that for cis-DR is only k5/fk, -- I. Certainly 
the suggestion (15) that barriers to rotation 
might be greater than barriers to cleavage in 
singlet 1,4-diradicals is not generally applicable. 

For both of the diradicals the rate of rotation 
of the radical center is much smaller relative to 
the rate of cyclization (coupling) than it is for 
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KOPECKY AND SOLER: 1.4-DIPHENYL-1.4-BUTADIYL DIRADICALS 21 15 

I CsH5 
H H 

frat~s-1 - 'gH H H and/or 1 g c 6 H 5  C6H5 
l g C 6 H 5  a H CIS-1  

C6H5 H H 
H C6H5 

trans-DR 

Irons-7 Styrene CIS-7 

TABLE 3. Relative rates" of interconversion, cyclization, and cleavage of the 1,4-diphenyl-1,4- 
butadiyl diradicals derived from cis- and trans-lb 

k ~ l k s  

Temperature ("C) k , /k6  k d k s  kz /ks  k ~ / k 6  kz/ks 

nRate constants are  those depicted in Scheme 2. 
bErrors determined from estimated experimental errors in Table 2. Only values of product distributions from 

present work were used. 

1 caged radical pairs formed from thermolysis of 
acyclic azo compounds whose structures are 

1 otherwise closely analogous to those of cis- and 
1 trans-1 (26 and c). It has been suggested that 

diradicals from cyclic azo compounds cyclize 
faster than caged radical pairs from acyclic azo 

, compounds couple because the latter are born 
I with an intervening nitrogen molecule, which 
1 must diffuse away before coupling can occur, 

while the former are not (26). Superimposed on 
this could be the slower rate of rotation about 
the C,-C, and C3-C, bonds which may be 
intrinsic to singlet diradicals ( I  5). 

Another way of analyzing the relative rates of 
rotation and cyclization in cis- and trans-DR is 
by means of the retention ratios p, trans-7/cis-7 
from trans-1; q, cis-7/trans-7 from cis-1; and 
their product, pq (16). Selectivity is lost as 
temperature increases: pq = 48 at 63", 36 at 
133", and 28 at 280". The product pq derived 
from the present system is much higher than 
those derived from diradicals produced by 
alkene dimerization (3a,17) but not as high as 

1 that obtained on thermolysis of rneso- and 
1 dl-3,6-diethyl-3,6-dimethyl-3,4,5,6-tetrahydropy- 

razoline 9 (36) where pq > 1800 at 145". Steric 
hindrance to cyclization of the diradicals formed 

I 

from nzeso- and dl-9 must be as great or greater 

than that of cis- and trans-DR, especially of 
tra11.s-DR, so that it is necessary to look else- 
where for the large difference in the pq's. Two 
possible factors come to mind, both of which 
result from the stabilization of the benzylic 
diradicals by delocalization of the odd electrons 
into the benzene rings. First, such diradicals 
would be less reactive and might couple more 
slowly than unstabilized diradicals. Second, this 
delocalization could cause the alkenic contri- 
buting structure (15), for example, 10, of the 
diradicals to be less important in cis- and trans- 
D R  than it is in the aliphatic diradicals thus 
decreasing the barrier to rotation about the C,- 
C, and C3-C, bonds in the former relative to 
the latter diradicals. 

The 1,4-diphenyl-I,4-butadiyl diradical can be 
produced in yet a third way, as well as  from 
cis- and trans-1 and cis-7. Pure styrene dimerizes 
slowly to form cis- and trans-7 in a ratio of - 1 :2 at 110" (18) by a reaction which is inde- 
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TABLE 4. Nuclear magnetic resonance spectra' of some 3,6-diphenylpyridazine derivatives 
-- . - -- .- - - .- ~. -- 

Protons 
- - --- -- - - - 

Compounds Aromatic Benzylic Methylene Other 

cis-4 2.5-2.8(m) 5.95(m,w,,, = 8) 7.9-8. I(m) N H :  6.7(s) 

2.2-2.4(m), 5.9(d of d), 7.2-7.5(m,2H) N H :  4.4(b) 
2.6-2.8(m) J = 5 . 5 a n d  8 .5  7.7-7.8 (m,2H) 

cis-5 2.6-2.8(m) 4.5(t, J= 4 , l  H), 7.5-7.9(m,2H) N H  : 5.5(s) 
6 . l ( l , J=6,  1H) 8 .O-8.3(m,2H) C H 3 :  6.2(s) 

6 2.15-2.35(m) 4.4(m,w1,,=8) 7.7-7.9(m) CH,:  6.2(s) 
2.6-2.9(m) 

- . .- - . . ~. - - -- - .. - 

Oln deuteriochloroform; chemical shifts i n  r values. J and half-widths in  Hz; s = singlet, d = doublet, t = triplet, m = 
multiplet, b = broad. 

carbon telrachloride containing some ethyldiisopropylamine. 

pendent of the process which leads t o  the thernial 
polynlerization of styrene (10c,l9). It is very 
doubtf~ll  that this dimerization can be a con- 
certed reaction (20). It has been noted ( 1 )  that 
the initial conformation of tlie diradical produced 
from styrene must be different from that formed 
from cis-1. The present results show that it is 
different from that from trans-1 as well. It thus 
appears that an extended (21) form of the 
diradical is produced initially. If this then 
converted to cis- and trans-DR with equal 
probability cis- and trans-7 would be for~iied in 
a 1 :2  ratio which is the sanie as would be obtained 
fro111 the thermolysis of equal amounts of  cis- 
and trans-1. 

It should be mentioned that theoretical 
calculations indicate that there is no energy 
minimum for tlie simple 1,4-butadiyl diradical 
between cyclobutane and two niolecules of 
ethylene (22). If such a situation were generally 
true for 1,4-diradicals calculation of the relative 
rates of reaction for such species would be 
meaningless (23). However, there is such a large 
body of data on reactions which involve 1,4- 
diradicals which can be analyzed in a reasonable 
and self-consistent manner by assuming that the 
diradicals behave as true intermediates that we 
feel justified in continuing this practice for cis- 
and trans-DR as well. 

Experimental 
Melting points were taken with a Reichert hot-stage 

melting point apparatus and are uncorrected. Nuclear 

magnetic resonance spectra were recorded on Varian 
analytical spectrometers, Models A-60 and A-56/60, and 
are listed in Table 4. Ultraviolet spectra were recorded o n  
a Bausch and Lomb Spectronic 600 spectrophotometer 
which was calibrated with holmi~lm oxide. Analyses by 
gas chron~atography were carried O L I ~  with an Aerograph 
202 gas chromatograph using a 9.5 ft x & in. stainless 
steel column packed with 20% SF-96 on 60-80 Chromo- 
sorb P. Elemental analyses were performed by Mrs. 
Darlene Mahlow and Mrs. Andrea Dunn. 

3,6- Di~~lio1yl-2,3,4,5-re/ro/iydropyridnzi11e (3) 
A solution of 32 g (0.57 mol) of potass i~~m hydroxide in 

100 ml methanol was added to IS g (0.04 mol) cis-3,6- 
diphenyl-l,2-dicarboethoxy-l,2,3,6-tetrahydropyridazine 
2 (24) dissolved in 175 ml boiling methanol. The resulting 
mixture was heated under reflux under nitrogen for 24 h 
and cooled. The white precipitate which formed was 
collected on a filter and then dissolved in 150 ml water. 
The stirred solution was acidified with acetic acid and 
stirred at 20' for -$ h. The n ~ i x t ~ ~ r e  was then made alkaline 
to  phenolphthalein with a solution of  potassi~lm hy- 
droxide. After a short while the mixture was decolorized 
with a few drops of ammonium chloride solution. The 
precipitate was filtered, washed with water, and dried to  
give7.6 gof3,  n1.p. 160-161" (lit. (25) m.p. 157-159'). 

Evaporation of the methanolic filtrate and treatment of 
the resulting solid as above gave another 1.4 g of 3, m.p. 
155-159". Total yield 95%. 

/rotis-3,6-Dipl1etiy/p@c~ridazit1e (/rotis-4) 
A solution of 20 g (0.085 n~o l )  of 3 in 1 I of ethylene 

glycol at 130" was stirred vigorously while three portions 
of 50 g (0.26 g-atom) each of 4% sodium amalgam were 
added at 20 min intervals. Stirring was continued for 30 
min after the last addition and the clear yellow solution 
was decanted from the mercury and cooled to 0" under 
nitrogen. After 3 h the precipitate was filtered and dried 
to give 5.2 g of material which was mainly unreacted 3 
together with some tratls-4. The filtrate was diluted with 
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KOPECKY AND SOLER: 1.4-DIPHENYL-1.4-BUTADIYL DIRADICALS 21 17 

700 ml of concentrated ammonium chloride solution and 
the resulting mixture extracted twice with 1 1 ether. The 
extracts were combined, concentrated, and the con- 
centrate cooled to 0" under nitrogen. The crystals of the 
hydrazine were filtered. The filtrate was successively con- 
centrated, cooled, and freed from precipitate several more 
times in this way until hydrazone3 began to precipitate. A 
total of 5.6 g, 28%, hydrazine was collected which was 
recrystallized from 1 : 1 ether-pentane to give cotton-like 
crystals, m.p. 134-135". A sample of this material was 
converted to the monocarbomethoxy derivative trails-5 
with methyl chloroformate. Thecrude product was shown 
by t.1.c. to be free of cis-5. Control experiments showed 
that 0.57" cis-5 could have been detected clearly. 

Evaporation of the mother liquor yielded 5.3 g of a 
mixture of hydrazone 3, trails-4. and oily cis-4. Total 
recovery of material was 85%. 

Hydrazine trails-4 is stable as a solid if kept at - 10" but 
in solution is oxidized rapidly by air. Samples of trails-4 
can also be separated from hydrazoneand cis-4 by column 
chromatography on silica gel using ether as eluent. 

trails-3.6- Dipl1ercyl-3,4.5 6-tet1~aI~yclropyridazirle (trails-1) 
A solution of 650 mg trails-4 in 200 1111 benzene was 

stirred in the dark under oxygen in a neutralized 500-ml 
erlenmeyer flask for 2 h. The solirtion was concentrated to 
125 ml and 300 ml heptane was added to the concentrate. 
The resulting solution was concentrated to about 200 ml 
and cooled to O" to give 285 mg yellow crystals of tratrs-1, 
sinter 80-85", m.p. 94-95" with gas evolution; h,,,,(cyclo- 
hexane) 382 nm, E 166. The absorption peak is broader, 
half width 40 nm, than that of cis-1 and an absorption tail 
extends to the visible, E,,, 0.56. 

Solid trans-1 can be stored at  - 10" for several weeks 
without change. In solution i t  is reasonably stable in 
hydrocarbon solvents if neutralized glassware is used. It 
isomerizes slowly to the hydrazone3 in methanol but does 
so within a minute in carbon tetrachloride or chloroform. 
Addition of small amounts of ethyldiisopropylamine to 
thelattersolventsstops the isomerization for at least a day. 

cis-3,6-Dip/1et1~~l-3,4,5,6-tetra/1ydrop~~ridazi1ie (cis-1) 
This material was prepared as described previously (I). 

Its properties were identical to those reported except for 
the u.v. spectrum which was now found to be ~L,,.,(cyclo- 
hexane) 377 nm, E 178, half-width 30 nm, (lit. ( I )  h,,,,(cyclo- 
hexane) 385 nm, E 363). Recently reported values of the 
U.V. spectrum of cis-1 also appear to be in error (26). As 
reported previously this material is also very readily 
isomerized to the hydrazone 3. As in the case of tram-1 
addition of ethyldiisopropylamine to solutions of the azo 
compound drastically reduces the rate of isomerization. 

cis-l-Carbo~~1rt/1osy-3,6-c/ip/1e1~yIpiperidozii (cis-5) atlcl 
tra~~s-I-Carbot11etl1osy-3,6-dig/~r~~ylpiperidazit~e 
(trolls-5) 

The hydrazone 3 (4.5 g) in 250 ml ethylene glycol was 
treated with 55 g47, sodium amalgam as described above. 
The cooled reaction mixture was poured into 250 ml 
concentrated ammonium chloride solution and the 
resulting mixture extracted with 500 ml ether. The ether 
layer was washed with 2 x 100 ml ammonium chloride 
solution, dried (MgSO,), and filtered. The filtrate was 
cooled to 0" under nitrogen, 35 ml pyridine was added 
followed by dropwise addition with stirring of 30 ml 
methyl chloroformate in 25 rnl ether. This mixture was 

allowed to warm to 20", stirred for 1 h, and filtered. The 
filtrates were washed with 3 x 100 ml saturated sodium 
chloride solution, dcied, and concentrated. The residue 
was taken up in 50 ml benzene and the resulting soliltion 
concentrated. This was repeated until the pyridine was 
removed. Finally, the oily residue was chromatographed 
on 400 g silica gel using 1 : 1 ether-hexane as eluent. First 
eluted after 3 was cis-5 which was crystallized from ether 
to give 0.8 g, 15%, of product, m.p. 61-63 ,. 

Anal. Calcd. for C l sH2 ,N20Z:  C, 72.95; H ,  6.80; N, 
9.45. Found: C, 72.69; H,  6.85; N; 9.57. 

A solution of 510 mg cis-5 and 1.0 g potassium- 
hydroxide in 5 ml ethanol was heated to reflux for 4 h 
under nitrogen, cooled, and diluted with 20 rnl water. 
The resulting solution was treated with 1.5 rnl acetic acid, 
stirred for + h, and made alkaline with potassiilm hyclro- 
xide solution, and then extracted with 100 rnl ether. The 
dried (MgSO,) ether solution was concentrated to give 
347 mg (88%) cis-4 as an oil that could not be induced lo 
crystallize. A portion of this oil was dissolved in a small 
amount of ether and the resulting solution was allowed 
to stand overnight. The precipitate which formed was 
collected, washed with cold ether and shown to be pure 
cis-1 (m.p. mixture m.p., n.m.r. spectri~m). 

Further elution of the chromatography column re- 
moved trntrs-5 and 6 together which were separated by 
fractional crystallization from ether (tt.ut1.r-5 crystallizes 
rapidly, 6 more slowly) to give I. I g (18%) of ti.ciiis-5, m.p. 
121-122%, and 0.95 g (17%) of 6. 

Anal. Calcd. for C , 8 H 2 0 N Z 0 2  (trails-5): C, 72.95; H ,  
6.80; N, 9.45. Found: C, 73.22; H, 6.79; N,  9.53. 

Using the same procedure as used for the preparation 
of cis-5, 380 mg trolls-5 was saponified using potassi~~m 
hydroxide and the resulting salt decarboxylnted with 
acetic acid. The reaction mixture was made alkaline with 
potassii~m hydroxide and the resulting precipitate 
filtered, washed with water, and dried under vacuum to 
give 280 mg (90%) of trails-4, identical (rn.p., mixt~lre 
m.p., n.m.r. spectrum) with material prepared as cle- 
scribed above. A portion of the material was dissolved in 
ether and the solution allowed to stand overnight. This 
solution was shaken with water, dried and concentrated. 
The resulting crystals were shown to pure trn11.r-1 (111.p., 
mixture m.p., and n.m.r. spectrum). 

2-Carbot?1et/1o,ry-3,6-clip/1eti~~/-2,3,4,~-trtro/i~~c/1-opy1~i- 
clazine ( 6 )  

A solution of 0.5 g 3 in a solution of 10 rnl ether and 
IOml pyridine was treated with 2 ml methylchloroformate 
in 5 ml ether as described above for the preparation of 
cis- and tra11~-5. The product, 0.12 g (20%) was isolated 
as described above and recrystallized from ether, 111.1). 
112-1 13.5". 

Anal. Calcd. for C l s H L 8 N 2 0 2 :  C, 73.44; H, 6.16; N, 
9.52. Found: C, 73.32; H, 6.27; N. 9.52. 

Prodlrct and Rate Studies 
Decompositions of cis- and tram-1 and the analysis 

of the decomposition products were carried out as 
described (1). Samples of cis- and trci11~-1 were de- 
composed and analyzed in parallel. The results are listed 
in Table 2. 

The rate of decomposition of tratls-1 was measured in 
the same way as described ( I )  for cis-1 except that the 
solvent, ethylbenzene. contained 2% ethyldiisopropy- 
lamine which greatly decreased the amount of isomeriza- 
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TABLE 5. Product distribution from thermolysis of cis- 
1,2-diphenylcyclobutane, cis-7, in benzene a t  205' 

. -- p-pp ...... ........... - - - .- .. - 
Product Distribution (relative mol  %) 

Time (h) cis-7 trans-7 Styrene 
. - .. .. . -- ........ - .... - -. .. 

0.17 94.7 Trace 5.3 
1 55.4 7.7 36.8 
2 34.2 11.1 54.6 
4 17.8 1 4 . 4  67.7 
9.5 1.9 17.3 80.7 

21 - 17.8 82.2 

tion of trans-1 to the hydrazone 3. The amount  of hydra- 
zone formed was determined by U.V. spectroscopy. 

Tlrert~rolysis of cis- 1,2- Diplret~ylcyclob~c,n,re (cis- 7) 
Benzene solutions 0.1 M in cis-7 and  in chlorobenzene 

as  internal standard were placed in several heavy-walled 
I-mm i.d. tubesand degassed to  mm. T h e  tubes were 
sealed and placed in a bath of boiling benzyl alcohol 
(205.5 + 0.5"). Tubes were removed after appropriate 
intervals and  the contents were analyzed by gas chroma- 
tography. Results a re  presented in Table 5. 

Control experiments showed that after 17 h a t  205" a 
benzene solution initially 0.2 M in styrene contained 67% 
o f  the initial styrene, 1.5% 11r.arrs-7, and n o  cis-7. Another 
experiment indicated that after the s a m e  treatment a 
solution initially 0.1 M in 1r-atrs-7 now contained 70% of 
the  initial amount  of 1,vltu-7 a n d  17% styrene. 
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FRANCOIST. BRUDERLEIN, LESLIE G. HUMBER, and KAREL PELZ. Can. J. Chem. 52,2119 (1974). 
Two synthetic routes to (rt )-(4a,l3b-tratis)-2,3,4,4a,8,9,13b,l4-octahydro-1H-benzo[6,7]cy- 

clohepta[l,2,3-de]pyrido[2,1-a]isoquinoline hydrochloride (1) (taclamine hydrochloride) are 
described. Configurational assignments have been made on the basis of n.m.r. spectral inter- 
pretations and mechanistic considerations. 

FRANCOIS T. BRUDERLEIN, LESLIE G. HUMBER et KAREL PELZ. Can. J. Chem. 52,2119 (1974). 
Deux synthkses du chlorhydrate de la (+)-(4a,13b-trat1s)-2,3,4,4a,8,9,13b,l4-octahydro-lH- 

benzo[6,7]cyclohepta[1,2,3-de]pyrido-[21-isouino1ine (1) (chlorhydrate de taclamine) sont 
presentees. L'interpretation des mecanismes de formation et de la spectroscopie r.m.n. permet- 
tent d'en determiner la stereochimie. 

( f )  - (4a, l 3 b -  trans) - 2,3,4,4a,8,9,13b, 14-Octa- 
hydro - 1 H - benzo[6,7]cyclohepta[l,2,3 - delpyri- 
do[2, I -a] isoq~~inol ine hydrochloride (1) (tacla- 
mine hydrochloride) is a novel psychotropic 
agent exhibiting actions characteristic o f  anti- 
anxiety d r ~ ~ g s  in experimental animals. Prelim- 
inary pharmacological res~l l ts  have been described 
(1)and a fill1 paper  is in preparation. In this report 
we describe the synthesis a n d  stereochemistry of 
taclamine hydrochloride. 

T h e  synthesis o f  taclamine.HC1 1 h a s  been 
accomplislied through two independent path-  
ways (see Scheme I). In the first, 10,1 I-dihydro- 
5H - dibenzo[a,d]cyclohepten - 5 - ylmethylamine 
(2) (2) was condensed with 8-valerolactone t o  
give the hydroxyamide 3, which o n  treatment 
with p h o s p h o r o ~ ~ s  oxychloride undergoes a 
double cyclization to  afford the pentacyclic 
pyr ido isoquino l in i~~m salt 4. R e d ~ ~ c t i o n  o f  4 with 
hydrogen and  platinum, o r ,  with sodium boro- 
hydride generates the 4a,13b-cis isomer of 
taclamine~free base which was converted to  the 
hydrochloride salt 5. O n  the  other  hand,  reduc- 
tion of  4 with zinc and  hydrochloric acid affords 
predominately the 4a, l3b-trans isomer, 1. (See 
disc~lssion of  stereochemistry below.) T h e  
isomeric nature o f  the two reduction products  
was confirmed by the oxidation of each, with 

'Nonproprietary name selected by the U.S. Adopted 
Names Council. This compound has also been designated 
AY-22,214. 

m e r c ~ ~ r i c  acetate, to t h e  comnion precursor, the 
p y r i d o i s o q ~ ~ i n o l i n i ~ ~ m  salt 4. 

T h e  second pathway for  the synthesis of 
taclamine.HC1 involved the addition o f  methyl 
vinyl ketone t o  1,7,8,12b-tetrahydrobenzo-[I ,2]- 
cyclohepta[3,4,5-de]isoquinoline liydrochloride 
(6)  (3). A mix t~ l re  o f  the 4a, l3b-trar~s-  a n d  
4a, I3b-cis-pentacyclic ani ino ketones 7 a  and  80, 
respectively, were formed in a ratio of 6 :  1 .  T h e  
m i x t ~ ~ r e  was readily separated into i ts  com- 
ponents by column chromatography a n d  the 
amino ketones 7 a  and 8a were converted t o  1 and 
5, respectively, through desulfi~rization of the 
corresponding ethylenethioketal derivatives, 76 
and 86.  T h e  pure ethylenethioketal derivatives, 
76 and  8 6  were also obtained by column chroma- 
tographic separation o f  the m i x t ~ ~ r e  o f  76 and  
86 obtained by direct treatment of t h e  amino 
ketone m i x t ~ l r e  (7a a n d  8a) with ethaneditliiol 
and boron  trifluoride etherate. 

Configurational assignments a t  the 4 a  and 13b 
centers o f  1 and  5 were m a d e  by interpretation of 
their n.m.r. spectra a n d ,  independently, by a 
consideration o f  the stereochemical controls 
operative in the reductions o f  the iminium salt 4. 
Thus,  the  isomer 5 obtained via catalytic hydro- 
genation of 4 is assigned a 4a,13b-cis relative 
configuration since examination of molecular 
models shows that  the substrate fo r  reduction, 4, 
contains an iminium center,  which causes rings 
C, D, a n d  E t o  be virtually coplanar while the 
phenyl ring A is located on the cr-side at  the 
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CDE plane and is oriented to it by an angle of 
about 100". Absorption to the catalyst will take 
place from the less-hindered p-face of the mole- 
cule whence hydrogen will be delivered, gen- 
erating a 4a,13b-cis relative configuration. The 
other isomer, 1, obtained by zinc and hydro- 
chloric acid reduction consequently is assigned a 
4a, l3b-trans relative configuration. 

The i.r. spectra of 1 and 5 as their free bases 
show only weak absorption in the Bohlmann 
band region at 2700-2800 cm-' and the low 
intensity of these bands makes their use un- 
reliable for configurational assignments. The 
n.m.r. spectra, in contrast, show pronounced 

differences which can be readily interpreted. The 
preferred conformation of the 4a, l3b-trans 
isomer 1 is shown in Fig. 1 A  in the form of the 
base along with the lVewman projection ob- 
tained by viewing the C,,-C,,, axis. Of par- 
ticular significance are the dihedral angles of 35 
and 146" between the C,,,-proton and those at 
C14. The C,, ,-proton should consequently 
appear as a triplet in the isomer obtained by 
metal-acid reduction. Experimentally the n.m.r. 
spectrum of the metal-acid reduction product 
shows a one-proton band as a triplet centered a t  
4.9 F which is assigned to the benzylic C,,,- 
proton and allows a 4a,l3b-trans configurational 
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assignment for taclamine.HC1, 1. Similarly, 
examination of the preferred conformation of 
the free base of the 4a,13b-cis isomer, 5, (see 
Fig. 1 B) reveals that the dihedral angles in 
question are 20 and 90°, and consequently the 
C,,,-proton sho~ild appear as a doublet as is 
observed experimentally, centered at 4.5 6 .  

The assignment of 4.9 and 4.5 6 bands in the 
n.m.r. spectra to the 13b-protons of 1 and 5, 
respectively, is confirmed by the appearance of a 
4.4 6 band in the spectrum of the 4a-methyl 
derivative 9. Compound 9 was obtained by the 
reaction of methyl magnesium iodide with the 
iminium salt 4, and is expected to be formed by 
attack of the Grignard reagent from the least 
hindered p-face of the molecule, generating a 
4a,13b-cis relationship of the groups at  these 
centers. Thus, the absorption of the C,,,-proton 
of 9 (4.4 6 )  occurs at about the same position as 
that of the corresponding proton in the cis isonier 
5 (4.5 6).  The large downfield shift of the C13b- 
proton, to 4.9 6 ,  in the trans isomer 1 is probably 
due to the deshielding of this proton by the 
nitrogen lone pair in 1 (see Fig. 1A). 

The configurational assignments for the amino 
ketones 7 a  and 8a are consistent with their con- 
versions to 1 and 5, respectively. In addition the 
n.m.r. absorption of the C,,,-proton appears as 
a triplet in 7a ,  and as a doublet in 8a consistent 
with the patterns seen for cis isomers in this 
series (tliz. 1 and 86) and for twns isomers (cis. 
5 and 76).  

Experimental 
Melting points were taken on a Thomas-Hoover 

apparatus and are corrected. Analyses were done by 
Mr. W. Turnbull and staff of Ayerst Research Labora- 
tories. The n.m.r. spectra were recorded on a Varian 
A-60-A instrument. All new compounds gave i.r. and 
n.m.r. spectra consistent with their respective structures. 

FIG. I .  Molecular models of 1 and 5. 

N-(10,l I -  Dil1yrl,o-5H-dibet1zo[n,cljcyclohep/etz-5- 
yl t~~et l1yl ) -5- l1yd~o.~~~ualernt~1icIe (3) 

A mixture of 2 (2) (20 g, 0.09 mol) and 6-valerolactone 
(12.5 g,  0.125 n~o l )  was heated for 3 11 at 150". After 
cooling, the solid was recrystallized from benzene to give 
24 g (83%) of 3, 1n.p. 104-lO6". 

Anal. Calcd. for C 2 1 H ~ 5 N 0 2 :  C, 77.99; H,  7.79; N, 
4.33. Found: C, 78.23; H, 7.74; N, 4.36. 

1,2,3,4,8,9, I3b, 14-0c/nl~dro[6,7]~yc/o/1ep/c1[ l ,2,3-  
cle]py1~ido[2,l-~]isoqrritzolit~i1tt11 Cliloricle (4 )  

Metllod A 
To a solution of 3 (24 g, 0.074 mol) in 400rnl of 

toluene, phosphorus oxychloride (150 ml) was added and 
the reaction mixture was refluxed for 3 h. After cooling, 
petroleum ether (b.p. 60-80") was added and the solvent 
was decanted. The residual oil was dissolved in benzene, 
quickly washed with water, a 10% aqueous sodium 
hydroxide solution and water again, dried, and finally 
refluxed for 40 min. The precipitate was recrystallized 
from acetone to give 10.1 g (42%) of4, m.p. 220-223'; u.v. 
(EtOH) h 283 ( E  10 660); i.r. (Nujol) 3350 (OH), 1645 
cm-I (C=N). This compound could be obtained only 
in a hydrated form for which good analysis co~l ld  not be 
obtained. 

Anal. Calcd. for C21H22CIN.1+H20: C, 71.88; H, 
7.17; Cl, 10.09; N, 3.99: H 2 0 ,  7.7. Found: C, 71.44; H, 
7.00; CI, 9.94; N, 3.62; HzO, 8.2. 

Metlzod B 
Compound 5 (1.5 g, 0.005 mol), and mercuric acetate 

(9.3 g, 0.029 mol) were dissolved in a mixture of 15 ml of 
tetrahydrofuran, 12 ml of acetic acid, and 50 ml of water 
and heated on a steam bath for 1 h. The hot solution was 
filtered and the filtrate concentrated under vacuum, made 
basic with a 10% aqueous sodium hydroxide solution, 
and extracted with ether. The dried ethereal solution was 
then treated with gaseous hydrogen chloride and the 
precipitate was crystallized from acetone to give 0.9 g 
(60%) of 4, identical with the sample obtained according 
to method A. The same product was also obtained using 
1 as starting material. 

( )-(4a,l3b-~is)-2,3,4,4n,8,9,13b, 14-Octa11j~rlr.o- IH- 
bet~zo[6,7]cyclol1epta[1,2,3-de]pyrido[2,I-n,~i~o- 
qrrinolitze Hyrlrocl~lorirle ( 5 )  

Method A 
Sodium borohydride (0.5 g, 0.013 mol) was added 

portionwise to a solution of 4 (1 g, 0.003 mol) in methanol 
and the mixture was refluxed for I h. The solvent was 
removed under vacuum, the residue treated with water, 
and extracted with ether to give 0.74 g (90%) of 5 free 
base, m.p. 132-134" (hexane); n.m.r. (CDCI,) 6, 4.5 (d, 
13b-H, J = 4 HZ). 

Anal. Calcd. for CZIH2,N:  C, 87.15; H, 8.01 ; N, 4.84. 
Found: C, 86.98; H, 8.31; N, 4.63. 

The corresponding hydrochloride melts at 235-236' 
(acetone). 

Anal. Calcd. for CZ1HZ3N.HCI: N, 4.30; C1, 10.88. 
Found: N, 4.34; C1, 11.19. 

Method B 
Catalytic hydrogenation of 4 (1.3 g, 0.004 mol) in 

50 ml of ethanol in presence of 50 mg of platinum oxide 
at room temperature and under normal pressure gave, 
after removal of the solvent, dissolution in hexane, and 
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filtration through alumina, 0.9 g (84%) of 5 free base, 
identical with the product obtained using method A. 

Method C 
T o  a refluxing solution of 86 (2 g, 0.005 mol) in 200 ml 

of tetrahydrofuran, 20 g of Raney Ni were added portion- 
wise. The mixture was stirred and refluxed for 4 h. The 
Ni was removed, washed with 100 ml of tetrahydrofuran, 
and the pooled solutions were concentrated to 150 ml, 
then poured into water and extracted with ether. After 
drying and evaporating the solvent an oil (1.5 g) which 
crystallized slowly was isolated. Recrystallization from 
hexane gave I g (65.5%) of pure 5 free base, identical with 
samples obtained using methods A or B. 

1,2,4,4a,8,9,136,14-0cta/1ydro-3H-bet1~0[6,7]cyclo- 
hepta[1,2,3-de]pyrido[2,I-a]i.sororlainoiitr-3-ones(7a 
atld 8a) 

A mixture of 6.HC1 (2) (32 g, 0.1 19 mol) and methyl 
vinyl ketone (26 g, 0.372 mol) was heated on a steam bath 
for 30 min. The mixture first became homogenous then 
gave a semisolid mass. This material was triturated with 
ether, dissolved in a 10% aqueous sodium hydroxide 
solution, and extracted with ethyl acetate. After drying 
and evaporating the solvent, crystallization from acetone- 
hexane gave 19 g (52.8%) of a mixture of 7a and 8a, m.p. 
150-155". Chromatography of this mixture on silica gel 
and eluting with chloroform-benzene (1 :4) gave 2.8 g of 
8a, m.p. 202-203" (acetone-hexane); n.m.r. (CDCI,) 6 
4.6 (d, 13b-H, J = 4 HZ). 

Anal. Calcd. for C2 ,H2 ,NO:  C, 83.13; H, 6.98; N, 
4.62. Found: C, 83.30; H, 7.17; N,4.46. 

Using CHCI, as eluant 16 g of 7a, m.p. 163-165" 
(acetone-hexane) were isolated; n.m.r. (CDCI,) 6 4.8 (t, 
13b-H, J = 10 HZ). 

Anal. Calcd. for C21H21NO: C, 83.13; H, 6.98; N, 
4.62. Found: C, 83.08; H, 7.22; N, 4.41. 

1,2,4,4a,8,9,136,14-Octahydrospiro[3H-betrzo[6,7]cyclo- 
hepta[1,2,3-de]pyrido[Z,I-a]isoqrrir1olitr-3,2'- 
[1,3]dithiolatres/ (76 and 86) 

A solution of a mixture of 7a and 8a (39 g, 0.129 mol) 
in 750 ml of acetic acid, 39 ml of ethanedithiol and 39 ml 
of boron trifluoride etherate was left overnight a t  room 
temperature. After pouring it into water and extracting 
with ether, the organic layer was neutralized with a 10% 
aqueous sodium carbonate solution, dried, and concen- 
trated to give 37 g (76%) of a crystalline material, m.p. 
218-220". Chromatography of this mixture on silica gel 
using CHCI, as eluant gave 86, m.p. 150" (methanol- 
hexane), followed by 76, m.p. 225-230" (methanol- 
hexane) using methanol as eluant, in a ratio similar to  
that of the original mixture of 7a and 8a. 

76: n.m.r. (CDCI,) 6 4.83 (t, 13b-H, J = 13 Hz). 
Anal. Calcd. for C2,HZ5NS2: C, 72.78; H, 6.64; N, 

3.69. Found: C, 72.88; H, 6.60; N, 3.39. 
86: n.m.r. (CDCI,) 6 4.5 (d, 13b-H, J = 4 Hz). 
Anal. Calcd. for C23H25NS2: C, 72.78; H, 6.64; N, 

3.69.Found: C, 72.68; H,7.01;N,3.56. 

( + ) -(4a,136-trans) -2,3,4,4a,8,9,136,14-Dctahydro-IH- 
benzo[6,7]cyclohepta[l,2,3-de]pyrido]2,1-ajbo- 
q~rit~olitre hydrochloride ( I )  

Method A 
A suspension of 4 (2 g, 0.006 mol), 4 g of Zn dust in 

150 ml of ethanol and 40 ml of concentrated hydrochloric 
acid was stirred and heated on a steam bath for 1 h. The 
ethanol was removed under vacuum and the remainder 
of the mixture was made basic with concentrated ammo- 
nium hydroxide and then extracted with benzene. The 
benzene extract was dried and concentrated to dryness. 
The crude base (1.2 g) was dissolved in 10 mi of benzene 
and absorbed on a column of 120 g of neutral alumina 
(activity 11). By elution with hexane 325 mg (19.7%) of 5 
free base, m.p. 132-134" was first isolated; elution with 
benzene gave 800 rng (48.5%) of 1 free base m.p. 90-92" 
(hexane); n.m.r. (CDCI,) 6 4.9 (t, 13b-H, J = 14 Hz). 

Anal. Calcd. for C2,H2,N: C, 87.15; H, 8.01; N, 4.84. 
Found:C,87.46; H,8.13;N,4.63. 

The hydrochloride salt of 1 was crystallized from iso- 
propanol-acetone, m.p. 27.0-272". 

Anal. Calcd. for C2,H2,N.HCI: C, 77.40; H, 7.42; N,  
4.30; C1, 10.88. Found: C, 77.56; H ,  7.52; N, 4.30; C1, 
10.92. 

Method B 
In the same way as described for the preparation of 5 

(method C), 76 (1.9 g, 0.005 mol) was treated with 20 g 
of Raney Ni to give 1.2 g (83%) of 1 free base, which was 
converted directly to the corresponding hydrochloride 1 
identical with the product obtained by using the method 
above. 

( f )-(4a,13b-cis)-4a-Met~1yl-2,3,4,4a,8,9,136,14-octa- 
hydro-lH-bet1zo[6,7]cyclohepta[l,2,3-de]pyrido[2,1- 
a]isoqr~inolbre (9) 

Compound 4 (4 g, 0.01 14 mol) was added portionwise 
to  a solution of methylmagnesium iodide in ether (100% 
excess) and the reaction mixture was refluxed for 40 min. 
The excess of the Grignard reagent was destroyed by 
adding slowly a saturated solution of ammonium chloride 
in water (I50 ml). The organic phase wasseparated, dried, 
and concentrated to give 2.5 g of a n  oil, which was 
chromatographed over alumina (neutral, activity I) using 
benzene as eluant. After crystallization from hexane 2.3 g 
(66.3%) of 9, m.p. 1 19-12O0, wereisolated: n.m.r. (CDCI,) 
6 1.3 (s, 4a-CH,), 4.4 (d, 13b-H, J = 5 Hz). 

Anal. Calcd. for C22H25N: C, 87.08; H, 8.30; N, 4.62. 
Found: C, 87.00; H ,  8.45; N, 4.76. 

The corresponding hydrochloride melts at 270" 
(methanol-ether). 

Anal. Calcd. for C2,H2,N.HCI: C, 77.71; H, 7.71; N,  
4.72; C1, 10.43. Found: C, 77.50; H ,  7.75; N, 4.69; C1, 
10.58. 

The authors wish to thank Miss R. Liechti, Mr. B. 
Berger, and Mr. N. Sideridis for their valuable technical 
assistance. 
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Reactions of Aralkyl and Unsaturated Chloramines: The Nitrenium Ion Question1 
0. E. EDWARDS, G. BERNATH,' J.  DIXON,' J .  M .  PATON,'AND D. VOCELLE' 
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0. E. EDWARDS, G. BERNATH, J. DIXON, J. M. PATON, and D. VOCELLE. Can. J. Chem. 52, 
2123 (1974). 

Evidence for intermolecular electrophilic halogenation of aromatic rings and olefinic double 
bonds by aliphatic chloramines at  low pH, and for homolytic cyclization of unsaturated 
chloramines in neutral medium is presented. Independent proof of structure and stereochemistry 
of derivatives of 6-azabicyclo[3.2.1]octane and 2-azabicycIo[2.2.2]octane was provided. N o  
evidence for involvement of nitrenium ions in the chloramine reactions was observed. 

0. E. EDWARDS, G. BERNATH, J. DIXON, J. M. PATON et D. VOCELLE. Can. J. Chem. 52, 
2123 (1974). 

L'Bvidence, d'un processus d'halogknation tlectrophile intermolCculaire par les chloramines 
aliphatiques en milieu acide, est d6montrCe pour les composCs contenant des cycles aromatiques 
ou des doubles liaisons i caraitire olkfinique. Nous demontrons aussi que la cyclisation 
thermique des chloramines non saturkes, en milieu neutre, procede de facon homolitique. Des  
preuves de la structure et de la st6rBochimie des derivCs de l'aza-6 bicyclo[3.2.1]octane et d e  
l'aza-2 bicyclo[2.2.2]octane son t prCsentCes. 

Aucune Bvidence de I'implication d'un ion nitrinium dans ces rkactions de chloramines ne fut 
observke. [Traduit par le journal] 

Some time ago we concluded that nitrenium 
ions (R,Nf) could be generated from aliphatic 
chloramines using silver ions in polar solvents 
(1). However, subsequent work showed that the 
reactions were mainly homolytic (2) and that 
near room temperature simple aliphatic chlor- 
amines d o  not react a t  an appreciable rate with 
silver ions. I t  occurred to us that if there were any 
tendency for silver-promoted ionization of the 
N-Cl bond as in eq. 1 ,  the presence of a nucleo- 

philic aromatic ring might assist in the ionization 
and result in amination of the ring. Again, how- 
ever, mixtures of silver nitrate and N-chloro- 
piperidine with 2-methoxynaphthalene o r  anisole 
in methanol reacted very slowly a t  room tempera- 
ture. A mixture of diethylchloramine and silver 
perchlorate in anisole was inert a t  room tem- 
perature, and a t  65" no diethylaminoanisoles 
were produced. 

In order to  enhance the chance of electrophilic 
attack on the aromatic nucleus by developing 
nitrenium ions, we next examined the reactions of 
N-chloro-2'-methylamino-3-methoxyphenyleth- 
ane (1) and N-chloro-3'-methylamino-3-methox- 
yphenylpropane (2). These proved inert a t  room 
temperature to silver perchlorate in benzene, and 

silver nitrate in methanol o r  acetonitrile, pro- 
vided the p H  was above 5. Reaction o f  1 and 2 
with silver perchlorate in benzene was slow (ca. 
20% per hour) even a t  reflux temperature and 
only traces of tertiary amines were formed. 

At low p H  electrophilic chlorination of the 
aromatic nuclei became rapid. Anisole and N- 
chloropiperidine in methanol containing p -  
toluenesulfonic acid gave 0- andp-chloroanisoles 
in the ratio 1 :2. This is the ratio for attack on 
the nucleus by cationic chlorine as distinct from 
homolytic chlorination (3). 2-Methoxynaph- 
thalene gave 1-chloro-2-methoxynaphthalene in 
high yield under similar conditions a n d  chlor- 
amines 1 and 2 gave mixtures of nuclear chlori- 
nated products. 

CH3 "~ CIN ~ N C H ~  \ C1 

C LN 
CH3 CH3 

Thus we had again failed to demonstrate any 
tendency of aliphatic N-Cl bonds to ionize to- 
ward nitrenium ions even with silver ion  assis- 
tance and the proximity of nucleophilic aromatic 
nuclei. However, Gassman and co-workers have 
claimed that nitreniurn ions are important in a 

'Issued as NRCC No. 13880. Presented in part a t  the variety of chloramine solvolyses i n  hot polar Symposium on Heterocyclic Chemistry, Poznan, July 24- 
26, 1972. solvents (4, 50). Among these cases were reports 

'NRCC Postdoctorate Fellows. of a .rr: route to azabicyclic compounds (e.g. eq. 
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t 

H 

MeOH 

CI - 
8 9 10 

2). Since such cyclic products could have arisen cyclize, and its oxidation to the y-lactam 9 (v,,,, by (a) electrophilic chlorination followed by 
(CHCl,) 1690 cm-,). The best yield of was cyclization or (b) by homolytic fission of the 32%. Its nonidentity with the trans isomer (see N-CI bonds followed by cyclization, we de- below) and its oxidation to a y-lactam (10) cided to reexamine these reactions. proved its structure and stereochemistry. 

At room temperature in methanol N-chloro-4- If the total base from the acid-catalyzed reac- methylaminomethylcyclohexene (3) was inert in tion of 3 in methanol was isolated under mild 
the presence of "lver provided the pH was conditions, then acetylated, the only tertiary base above 5. At reflux temperature the initial reaction found was 6 (7.5%). It was shown that the N- 
was slow and the major product (70x1 was parent acetyl fraction contained derivatives of and 8. amine. When N-chloro-N-methyl-5-aminomethylcy- 

When ch'oramine was treated at with cloheptene (11) was decomposed byp-toluenesul- 
p-toluenesulfonic acid in methanol a rapid reac- fonic acid in methanol and the basic products re- 
tion ensued. Unless more than 1 molar equiv. of fluxed in methanol very little bicyclic material acid was present the reaction ended when the acid formed. A 0.02z yield of the chlorobicyclic base 
was neutralized by products. With excess acid, 12 (N-methyl-cis-4-chloro-6-azabicyclo[3.2.2]- 
the chloramine reacted c o m ~ l e t e l ~  i n  at  room nonane) was isolated as its perchlorate but the 
temperature. The mixture of salts of the initial small amount of methoxybicycIic base was not 
products was the free bases, then a obtained pure. The main products were second- 
methanol solution of these refluxed. The bases 4 ary bases, isolated as their N-acetyl derivatives. 
(if present) and c~c l i zed  give N-meth~1-4- The mixture analyzed approximately correctly 

H 
NCH3 for 13 (and/or 14) and its n.m.r. spectrum was 

consistent with these structures. 

Cl 0CH3 NCH3 

4 5 6 
Cl CI OCH, 

11  12 13 

7 

endo-chloro-6-azabicyclo[3.2. lloctane (6) and 
N-methyl-4-endo-methoxy-6-azabicyclo[3.2. Iloc- 
tane (7). The remaining base, which did not 14 

cyclize, was separated and characterized as its We next studied the thermolysis of 3 and 11 in 
N-acetyl derivative. It was assigned the structure pure methanol under nitrogen. I n  each case the 
N-methyl-cis-4-chloro-trans-3-methoxy- 1 -ami- reactions at reflux temperature showed a marked 
nomethylcyclohexane (8) on the basis of analysis, induction period (1-3 h before reaction began) 
spectra, and the failure to cyclize. The location of followed by fairly rapid decomposition of the 
the substituents is surmised on mechanistic chloramine (Fig. 1). This is characteristic of 
grounds (see Discussion). homolytic reactions. In accord with this, the 

The best yield of 6 was 7%. Its structure and presence of around 1 moly, of benzoyl peroxide 
stereochemistry were deduced from its failure to eliminated the induction period (Fig. 1). In the 
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EDWARDS ET AL.: AZABICYCLIC SYNTHESIS 2125 

case of 3 the product composition was identical 
with or without the peroxide. However, in the 
case of 11 the product ratios changed moderately 9 0  - 
when the initiator was present. If the thermolysis 
was conducted under oxygen the reaction was n? 
markedly slowed (Fig. I )  and the major product 
became parent secondary amine. 

The main products from 3 were the same as de- 
scribed by Gassman and Dygos ( 3 ,  N-methyl-4- 5 0  

/*' 

endo-chloro-6-azabicyclo[3.2. ]]octane (6) (1 3x1, rr 40 
N-methyl-4-exo-methoxy-6-azabicyclo[3.2. lloc- 8 
tane (15) (18Y,), N-methyl-~rans-6-methoxy-2- 
azabicyclo[2.2.2]octane (16) (27x1, and parent 
amine (14%). In addition traces of two volatile 
tertiary bases, probably 17 and 18, and 15% of 
higher boiling bases were produced. I I I I I I I  

0CH3 1 2 3 4 5 6 7 8 9 1 0  

$q Hgq TIME IN HOURS 
FIG. 1. Reaction o f 3  in methanol: (I) reflux, I mol % 

perbenzoic acid, N,; (11) reflux, N,; (111) Ago, 25 "C, N,; 
N (IV) reflux, 0,. 

CH3 N 
CH3 

CH3 

15 16 17 analogy to  the cyclohexene case this was assigned 

9 
the structure N-methyl-trans-4-methoxy-6-azabi- 
cyclo[3.2.2]nonane (21). 

N 
CH3 cH3 o\\\\" 
18 

The structure and stereochemistry that had 

H& 

21 

been assigned to 15 and 16 (5) was confirmed by In view of the relatively efficient production of 
independent synthesis from cyclohex- 1-ene-3- amine radicals from medium ring chloramines by 
carboxylic acid using acyl nitrene cyclization (6) Tollens' silver reported earlier, the action of this 
(Scheme 1). reagent on a number of the above-mentioned 

The ring system in 17 and 20 was deduced on chloramines was studied. In all cases t h e  major 
the basis of the carbonyl stretching frequency product was the parent amine. 
(y- and &lactam, respectively) (7). 

The cycloheptene analogue 11 similarly gave Discussion 

parent amine (3.573 the bicyclic chloro base 12 The electrophilic chlorinations are mainly un- 
(4.5%), and a methoxy bicyclic base (25%). By derstandable in terms of transfer of positive chlo- 

//O 

\ 
( I )  NaH.CH31 

16 
(2) LiAIH4 ' 

20 
v,,, 1680 crn -' 
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rine from protonated chloramine to aromatic 
rings or double bonds (eqs. 3 and 4). 

I 
CI@ CH3 , /\  / I 

,C-C, + R-NH 

Diaxial opening by methanol of the two chlo- 
ronium ions 22 and 23 from 3 would give the two 
methoxy-chloro bases 5 and 8, respectively. The 
fact that both are formed in similar yields shows 
that intermolecular reaction is dominant. 

We cannot exclude the possibility that some 
chlorinewas producedas thereactions progressed, 
formed by the action of chloramines on small 
amounts of chloride ion produced in cyclization 
reactions. Indeed. the hvdrochloride of N- 
methyl-4-aminometliylcyclohexene in methanol 
containing p-toluenesulfonic acid reacted rapidly 
with chlorine, giving after work-LIP the three 
main products found in the acid-catalyzed reac- 
tion of the chloramine. However, the minor 
amounts, if any, of 7 and 8 in the thermal and 
benzovl peroxide-initiated reactions show that - .  
free chlorine plays no significant role in these 
reactions. 

The chlorobicyclic base 6 could arise in the 
acid-catalyzed reactions by cyclization of 4, 
which could arise by chloride ion attack on chlo- 
ronium ions 22 or 23. Since, however, 6 is the only 
bicyclic product formed unless the basic products 
are heated in methanol, this would demand 
that 4 would cyclize very much faster than 5. An 

component of reaction leads to the bicyclic radical 
24, which gives both the cis- and trans-chloro 
compounds. The latter could be lost during 
work-up (via aziridinium ion t o  water-soluble 
hydroxy base).3 

While our studies of the acid-catalyzed reac- 
tions of 3 were in progress, Gassman and Dygos 
(56) published an account of similar reactions of 
3 in aqueous acid. However, they interpreted the 
reactions as involving discrete C1+ ions. The re- 
cent observations of Waegell and co-workers on 
chloramines containing en01 ether functions (8) 
parallel nicely the above electrophilic chlorina- 
tion of 3. Surprisingly, however, they encountered 
predominant electrophilic chlorination in the 
thermal reaction of 25 in methanol without added 
acid. This is probably a consequence of the high 
nucleophilic potential of the en01 ether. Contrary 
to their conclusions, however, we consider the 
origin of the bicyclic en01 ether 26 formed during 
the initial reaction to be the chlorornethoxy com- 
pound 27 prodi~ced in a radical process. 

Neale and Marcus described acid catalyzed in- 
termolecular electrophilic chlorination of olefins 
by chloramines but interpret these as Clf ion 
reactions rather than direct transfer of chlorine 
from protonated chloramine to olefin (9). How- 
ever, Hickinbottom and co-workers (10) have 
presented evidence that chlorination of aromatic 
nuclei by protonated N-chloroacetanilides in the 
absence of chloride ion is direct electrophilic 
chlorination. Chloroaminations of double bonds 
catalyzed by aluminum chloride have been de- 
scribed by Kovacic and Lowery (1 1 )  and 
Waegell and co-workers (I 2). Whereas these reac- 
tions co~ild be interpreted as involving initial 

3Prof. J. D. Hobson (personal communication) and co- 
workers have observed this selective loss in related work. alternate possibility is that a small homolytic 
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EDWARDS ET AL.: AZABlCYCLlC SYNTHESIS 2127 

attack by CI' ions (13), addition as nitrenii~m 
ion - AIC1,- pairs is also possible in view of the 
molecular rearrangements observed under the 
influence of the same catalyst (14-20). 

It is clear from the co~nplete difference in the 
methoxybicyclic products between the acid- 
catalyzed and thermal reactions of 2 and 11 that 
a different mechanism is operative in the latter. 
The observed induction period, the retardation 
by oxygen, and the acceleration of reaction by 
radical sources such as benzoyl peroxide demon- 
strate that the thermal reactions are homolytic. 
The mechanism in Scheme 2 accounts for all the 
observed products and their stereochemistry. 
Hobson and co-workers have reached the same 
conclusion in their work on cyclooctene deriva- 
tives (21). They also showed that oxygen or N,N- 
diphenylpicrylhydrazyl markedly slowed the 
thermal decomposition. Parallel cyclizations of 3 
and its close relatives have been described by 
Surzur and co-workers (22) using redox systems 
or photolysis to generate the nitrogen-centered 
radical, and by Chow and Perry (23) using 

photolysis of the related N-chloro- and N- 
nitrosoamides. 

We conclude that nitrenium ions are not 
formed from simple aliphatic chloramines near 
room temperature, even when double bonds or 
aromatic rings are available to provide anchi- 
meric assistance, and silver ions are present to 
assist ionization. In addition, no heterolytic fis- 
sion takes place at 60-80 "C, decomposition at 
these temperatures only being initiated by traces 
of adventitious radicals. Possible homolytic 
mechanisms can be written for other reactions 
considered toinvolvenitreniumions. For example, 
arenesulfonyloxy radicals have been shown to be 
good electrophilic reagents (24), hence the N- 
tosyloxyoxindole reactions (25) may be formu- 
lated as in eq. 5. However, the molecular rear- 
rangements observed by Gassman (26), Kovacic 
and co-workers (19), Wasserman and co-workers 
(20), and by Rautenstrauch (27) seem best ex- 
plained as involving assisted ionizations i n  the 
> N+...CI- sense. 

We had hoped that silver metal would provide 
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us with a room temperature preparation of the 
various nitrogen radicals, as in the reactions with 
medium ring chloramines (2). However, the 
major products were the parent secondary 
amines. This could have been rationalized if the 
initial nitrogen-centered radicals were reduced by 
excess silver to the anion (eq. 6).4 This is in ac- 

cord with our observation of reduction of suc- 
cinamidyl radical to the anion by silver (28). 
However, nearly 1 equiv. of silver chloride was 
produced (few chain reactions) and no other 
Ag(1) products were formed. Hence we must con- 
clude that most of the nitrogen-centered radicals 
produced in this way are unable to cyclize before 
abstracting hydrogen from solvent and that the 
reduction shown in eq. 6 does not take place. 

Mass Spectra 

We had hoped that electron impact mass 
spectra would distinguish between the bicyclo- 
[3.2.1] and bicyclo[2.2.2] structures, and possibly 
between the epimers 7 and 15. In actuality, the 
spectra of all three components (7, 15, and 16) 
were very similar down to nile 82 (Table 1 ) .  Since 

TABLE 1. Relative abundance of ions 
-- -. -- . - - . -- - -- - - -. 

Base 
-- 

mle 7 15 16 

4We thank Prof. J. D. Hobson who independently sug- 
gested this possibility. 

this ion most probably has the structure 28 (see 
also refs. 29 and 30), we were unable to convinc- 
ingly account for its formation from 16, hence 
we proved the structure of 16 as described above. 
The probable origin of the more abundant ions 
with higher masses is outlined in Scheme 3. I t  now 

appears that the ions at nzle 72 and 57 are the 
most characteristic features from the two bicyclo- 
[3.2.1] bases. These ions are uilimportant for the 
parent heterocycle (29) and of low abundance in 
the spectrum of 16. We account for them as 
shown in Scheme 4. The stereochemistry of the 
methoxyl group in 7 and 15 only makes a sinall 
difference in the fragmentation (see also ref. 29). 
As anticipated o n  the basis of more advantageous 
stereoelectronic factors, the ratio of mle 140 t o  
the parent ion was higher for the trans isomer 
(2.3) than for the cis ( I  .7). 

Experimental 
The i.r. spectra were obtained using a Perkin-Elmer 

model 257 grating spectrometer, and n.m.r. spectra on a 
Varian A60A spectrometer. Mass spectra were obtained 
using a Perkin Elmer-Hitachi single-focussing instrument. 
The g.1.c. analyses of amines were done using a 6 ft x 
in. column of 0s-138 (polyphenyl ether, 20%) on 
Chromosorb and preparative separations using a 6 ft x 
318 in. column with the same packing. The yields were 
calculated on the assumption that peak areas using a 
thermal conductivity detector were proportional to the 
mol fraction of the very similar molecules being separated. 

Anisole Reac~ions 
( i )  Two grams of diethylchloramine was added to a solu- 

tion of 4 g of anhydrous silver perchloratein 30 ml of ani- 
sole. Only a trace of silver perchlorate precipitated in 17 h 
at  room temperature in the dark. In 3 h at  65' a heavy pre- 
cipitate formed which consisted of 1.9 g of silver chloride 
and 3.3 g of amine perchlorate. The latter was converted 
to  the base which was extracted into ether. On evapora- 
tion no base higher boiling than diethylamine was found. 

(ii) A solution of 1.08 g of anisole (10 mmol) and 3.8 mg 
ofp-toluenesulfonic acid (20 mmol) in 40 ml of methanol 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



EDWARDS E T  AL.: AZABICYCLIC SYNTHESIS 

and 5 ml of water was prepared. To  this was added 1 :I8 g 
o f  N-chloropiperidine (10 mmol) in 5 ml of methanol and 
the m i x t ~ ~ r e  stlrred under nitrogen in the dark. After 1 h 
25% and after 5 h, 70% of the chloramine had reacted. 
The mixture was left overnight at room temperature, the 
bulk of the methanol removed under reduced pressure, 
and the product extracted into ether. The ether was 
washed with water, then with sodium carbonate solution, 
dried, and evaporated. The 600 mg of product recovered 
were demonstrated by n.m.r. spectroscopy to consist of 
0-chloroanisole (6 OCH, 3.87) and p-chloroanisole (6 
0 C H 3  3.79) in the ratio 1 :2.  

2-Metliosyt~aphthalene and N-Chloropiperiditre 
(i) With AgNO, in methanol: to a solution of 1.58 g 

(10 mmol) of 2-methoxynaphthalene and 1.185 g (10 
mmol) of N-chloropiperidine in 40 ml of methanol and 
5 ml of water was added 1.7 g (10 mmol) of silver nitrate. 
A very slow reaction ensued (ca. 25% per day at first). 
After 1 week only a trace of chloramine was identified 
among the less-volatile product. 

(ii) A solution of 1.58 g (10 mmol) of 2-methoxynaph- 
thalene and 1.185 g of N-chloropiperidine in  45 ml of 
methanol and 5 ml of water was stirred ~lnder nitrogen for 
5 h. N o  reaction occurred. Addition of 20 mmol of p- 
toluenesulfonic acid in 10 ml  of methanol induced rapid 
reaction. In 10 min at room temperature only 5% of the 
N-chloropiperidine remained. After 1 h the bulk of the 
solvent was removed under reduced pressure, the  product 
extracted into ether. the ether washed with sodium car- 
bonate solution, thenwater, dried, and distilled. The 1.85g 
of crude product was shown by t.1.c. separation of an 
aliquot to contain 1.64 g (85%) of 1-chloro-2-methoxy- 
naphthalene, m.p. 68-69" (lit. (31, 32) m.p. 69") 

2'-Methylgmino-3-methoxyphenylerhane 
This was prepared by reduction of the corresponding 

amide by lithium aluminum hydride in refluxing tetra- 
hydrofuran. It gave a hydrochloride which crystallized as 
fine needles from ethanol - ethyl acetate, m.p. 119-120". 

Anal. Calcd. for CloH16CINO: C, 59.70; H, 7.96; N, 
6.96.Found: C,59.82; H, 7.87; N,6.97. 
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3 '- Metl~ylarnitzo-3-methoxy-I '-phetrylpropane 
This was prepared as described for the lower homo- 

logue. Its hydrochloride had m.p. 106-107". 
Anal. Calcd. for CIIH18CINO: C, 61.25; H, 8.35; N, 

6.50. Found: C, 61.43; H, 8.29; N; 6.43. 

Reartiotls of N-Clrloro-2'-metlylamino-3-methoxyphenyl- 
ethane ( I )  

(a) With Silver Nitrate in Methanol 
A solution of 1.45 g of silver nitrate in 30 ml of meth- 

anol (heating) was stirred with powdered calcium car- 
bonate to give a p H  of near 6, then filtered. A portion (20 
ml) of this was added to 431 mg (2.16 x mol) of the 
chloramine (1). No reaction took place in 1 h at  room 
temperature. The solution was then placed in a bath at  
64" under nitrogen. The extent of reaction was: 1 h, 18%; 
2 h, 43%; 3 h. 59%; 4 3  h, 78%. The heating was continued 
for a further 6 h to ensure complete reaction. The product 
isolated consisted of 259 mg of silver chloride (1 equiv. = 
280 mg). 66 mg of neutral oil (aldehyde and amides), and 
bases which after acetylation gave 20 mg of tertiary base 
and 270 mg of N-acetyl derivative. The latter was shown 
by n.m.r. to be essentially pure N-acetyl derivative of the 
parent amine. 

Comparable results were obtained when the reaction 
was done in air. 

(6) With Silver Perchlorate in Benzene 
A solution of 500 mg of anhydrous silver perchlorate 

and 329 mg (1.65 x mol) of the chloramine in 12 ml 
of dry benzene gave a clear solution. No  silver chloride 
formed in 2 h at room temperature. After 3 h at 65', 45% 
of the chloramine had reacted. Reaction was nearly com- 
plete after a further 6 h heating. Silver chloride and a 
brown methanol-solublesolid had separated. The products 
isolated were 139 mg of silver chloride (1 Mequiv. is 220 
rng), 67 mg of ether-soluble neutral oi1,and bases which 
on acetylation gave 104 mg of N-acetyl derivative of the 
parent base and 33 mg of tertiary base. In each case the 
neutral and tertiary base products were mixtures and 
because of the low yields the components were not identi- 
fied. 

(c) Wirh Silver Perchlorate in Acetor~itrile 
One gram of anhydrous silver perchlorate was dissolved 

in 5 ml of acetonitrile (freshly filtered through Activity 1 
alumina). The solution was added to 10 ml of dry ace- 
tonitrile containing 309 mg (1.55 x mol) of chlor- 
amine 1. No reaction was detected in 2 h a t  room tem- 
perature but after 17 h in the dark. 32% of the chloramine 
had reacted. Subsequent heating at  50 "C for 4 h com- 
pleted decomposition of the chloramine. The products 
isolated were 172 mg of silver chloride (70 m o l z ) ,  81 mg 
of ether-soluble neutral product (amides), 14mg of 
"tertiary base", and 84 mg of parent amine. 

(a) With Silver Nitrate in Methanol 
A solution of 888 mg of silver nitrate in 30 ml of meth- 

anol containing 1 g of powdered calcium carbonate was 
stirred for 20 min, then filtered. The solution was added 
to  0.581 g (2.73 x mol) of the chloramine (2). No 
silver chloride separated and iodimetry showed that the 
chloramine was unchanged after 5 h at  room temperature 

in diffi~se light. After a further 15 h at  room temperature, 
4.5% of the chloramine had reacted. The mixture was then 
heated in a bath at  60" in semidarkness. The extent of  re- 
action was: 1.5 h, 37%; 3 h, 5 8 x ;  6 h ,  76x.  It was then 
left for 63 h at  room temperature, when only a trace of 
oxidizing material was left. The suspension was filtered, 
giving 282 mg of silver chloride (1 equiv. = 353 mg). 
Dilute hydrochloric acid was added to  the filtrate to pre- 
cipitate the excess silver ions. After filtration, the solution 
was adjusted to p H  3 and the bulk of the methanol re- 
moved under reduced pressure below room temperature. 
The product was separated into 101 mg of aldehyde 
(v,,, 1740 cm-I, C H O  signal a doublet at 6 9.4), 347 mg 
of parent amine and 28 mg of tertiary base. 

(b) With Silver Perchlorate it? Betrzetre 
A solution of 1.5 g of anhydrous silver perchlorate in 

20 ml of hot benzene was filtered to  remove a trace of 
brown solid. The filtrate wasadded to 0.555 g(2.6 x 
rnol) of chloramine 2. No silver halide formed at room 
temperature. In a bath at  70", 48% of the chloramine re- 
acted in 1.25 h, 60% in 2.25 h, and 97% in 6 h. A brown 
solid deposited on the walls. The products isolated from 
the solid and solution were silver chloride contaminated 
with a methanol-insoluble brown solid, 68 mg of methanol 
soluble ether insoluble solid and 396 mg of bases. The 
latter were shown by acetylation to  contain 19 mg of 
tertiary bases and 377 mg of parent base. 

(d) With Acid in Metlratrol 
A solution of 1.1 1 g (5.2 mmol) of  2 and 1.9 g (10 

mmol) ofp-toluenesulfonic acid hydrate in 30 ml of meth- 
anol was left at room temperature. In 15 min, 85% of  the 
chloramine had decomposed. After complete reaction (I 
h) the products were separated by acetylation into tertiary 
base (ca. 50 mg) and N-acetyl secondary bases (950 mg). 
The latter was analyzed for chlorine. 

Anal. Calcd. for C13H,,CINO: CI, 13.86. Found: CI, 
14.06%. 

Acid Catalyzed Reactions of Chlora~nine (3) 
(a) A methanol solution (53 ml) containing 1.99g 

(1.25 x mol) of chloramine 3 was cooled in an  ice 
bath. Over a period of 5 min 5 g ofp-toluenesulfonic acid 
hydrate was added to the stirred chloramine solution. 
After a further 15 min the reaction mixture was removed 
from the ice bath and allowed to come to room tempera- 
ture. After a total time of 1.3 h only a trace of chloramine 
remained (iodimetry). The remaining solution (1  ml re- 
moved for titrations) was evaporated to  a syrup on a ro- 
tating evaporator. The residue was diluted with water, 
neutralized with sodium carbonate, made strongly alka- 
line with sodium hydroxide solution, then thoroughly 
extracted with ether. The 2.02 g of faintly yellow base was 
dissolved in 100 ml of  methanol then the  solution refluxed 
under nitrogen for 16.5 h during which time 3.54 x 
g-atom of chloride ion was formed (29% of theory). The 
solution was acidified with hydrochloric acid, the meth- 
anol removed under reduced pressure and the base re- 
covered as before. The 1.61 g of base and 2 ml of acetic 
anhydride was heated on the steam bath for 30 min. The 
excess anhydride was destroyed using methanol, then the 
methanol and methyl acetate removed in vanlo. The 
residue was separated into 702 mg of tertiary base and 
1.05 g of N-acetyl derivative. The base contained three 
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components by g.1.c. on 0s-138, corresponding to  a trace 
of parent alnine and the cis-methoxy base 7 and cis-chloro 
base 6 in the ratios 4.4: 1. The yield of 7 was 30% and that 
of 6,7% based on chloramine ~ ~ s e d .  The perchlorate of the 
tertiary base crystallized from ethyl acetate containing a 
trace of alcohol giving 761 mg of moderately pure salt of 
7 (24%). 

(6) In a run comparable to a using 8.7 mmol of chlor- 
amine 3 the total basic product was distilled over a short 
path LIP to 140' under 12 mm pressure. The residue 
weighed 263 mg. The distillate (975 mg) was acetylated, 
giving 509 mg (2.18 mmol, 25%) of the N-acetyl derivative 
of 8 and tertiary bases. The latter was estimated by g.1.c. 
to contain 92 mg (0.58 nimol, 7%) of 6 and 430 mg (2.8 
mmol, 32%) of 7. T o  PI-epare analytic specimens of the 
tertiary bases they were separated using an 0s-138 col- 
umn at 180'. The fractions were further purified as their 
perchlorates. 

(c) The acid-catalyzed reaction of 3 was carried out as 
in a (97% reaction in 1.3 h). The basic products were then 
isolated and acetylated with acetic anhydride. The tertiary 
base was separated from the N-acetyl derivatives. It 
proved to be nearly pure chlorobicyclic base 6 (7.57, yield) 
by g.1.c. on 0s-138 (picrate n1.p. 215", perchlorate m.p. 
223"). 

The N-acetyl derivative gave one main peak on g.1.c. 
analysis (SE-30 column) but contained a small amount of 
compound with longer retention time. It was distilled it1 

vacrlo. When 919 mg of the N-acetyl derivative was re- 
fluxed for 44 h in 3 ml of 6 N sulfuric acid the hydrolysis 
was incomplete. Ether extraction of the acid solution gave 
109 mg of N-acetyl derivative. The acid layers gave 459 
mg of base. The base was refluxed in methanol for 8 h, 
then separated into secondary and tertiary bases by 
acetylation (376 mg of N-acetyl derivative, 115 mg of 
fairly pure methoxybicyclic base 7). 

cis-4-Methoxy-6-1~7ethyl-6-azabicyc(oj3.2.1 o c t a ~ e  (7) 
The main tertiary base from theacid catalyzed reactions 

gave a perchlorate which crystallized as blades from 
methanol -ethyl acetate, m.p. 121-122". 

Anal. Calcd. for C9H18C1N05: C, 42.28; H, 7.10; N, 
5.48. Found: C, 42.26; H, 7.21 ; N, 5.40. 

cis-4-Cl~lo~o-6-1nethyl-6-azabicyclo[3.2.l]ocfa11e ( 6 )  
The minor tertiary base from the acid-catalyzed reac- 

tioils gave a perchlorate which crystallized from methanol 
-ethyl acetate, m.p. 224". 

Anal. Calcd. for CsH15C12N04: C, 36.92; H, 5.81; N, 
5.39; CI, 27.31. Found: C, 36.82; H, 5.87; N, 5.31; CI, 
26.94. 

The basegave n.m.r. signals at 6 3.79 (t, J = 8 Hz, with 
small secondary coupling), 3.05 (s, I H), 2.93 (s, I H), and 
2.50 (s, 3H). The spectrum coincided with that of a 
sample of the same base, provided by Prof. Y. L. Chow. 

N-Acetyl-cis-4-chloro-tra,u-3-mer/1o.ry(metl~la1nino- 
n~etl~yl) cyclohexane 

The derivative from run a distilled over a short path at a 
bath temperature of 120" under 0.01 mm as a colorless oil. 
It gave p.m.r. signals a t  F 2.12 (NCOCH,), 2.97 and 3.05 
(N-CH,), 3.43 (OCH,), and 4.32 br (CHOCH,). In 
pyridine at  60 "C the N-CH, pair of signals collapsed to 
a sharp singlet. 

Anal. Calcd. for C ,  I H 2 ~ C I N 0 2 :  C, 56.53; H, 8.56; N, 
5.99, CI, 15.19. Fo~lnd:  C, 56.37; H, 8.70; N ,  5.89; CI, 
15.32. 

ci.~--4Methox~~-6-1neth}~~-7-oxo-6-azabicy0[3.2. I]octa~le 
f 10)  

A portion (200 mg) of the perchlorate of 7, m.p. 120°, 
was dissolved in 8 ml of acetone, 0.2 ml of acetic acid, and 
0.4 ml of water. After addition of 100 mg of anhydrous 
sodium acetate the mixture was heated to give a clear 
solution. This was cooled to  room temperature, then 348 
mg of powdered potassium permanganate added over 1.5 
h with stirring. The small excess was destroyed with so- 
dium sulfite solution and the manganese dioxide removed 
by filtration. The acetone was removed under reduced 
pressure, the residual liquid diluted with 1 rnl of water 
then basified using sodium carbonate. The product was 
extracted into methylene chloride giving 127 mg of oil. 
This was separated using preparative t.1.c. ( 1 0 z  methanol 
in chloroform, silica gel) into 68 nig of nearly pure y- 
lactam 10 and 51 mg of nearly pure N-formyl derivative. 
A third amide, probably the de(N-methyl)lactam was pres- 
ent as a minor component. The lactam from several runs 
was purified further by preparative t.1.c. then distillation 
over a short path at 75" under 0.01 mm. 

Anal. Calcd. for C9HI5NO2:  C, 63.88; H,  8.94; N, 
8.28. Found: C, 63.63; H, 8.79; N, 8.1 I .  

It had v,,,, (CHCJ,) 1685 cm-I and gave n.ni.r. signals 
at 8 3.07 (NCH,) and 3.45 (OCH,). The N-formyl deriva- 
tive had v,,, (CHCI,) 1660cm-' and gave an n.m.r. 
signal at F 3.45 (OCH,). 

cis-4-Cl1loro-6-1netI1y~-7-oso-6-azabicyclo[3.2. I]octa~le 
f 9)  

The base was liberated from 169 mg of the perchlorate 
of the chlorobicyclic base 6. It was dissolved in a mixture 
of 4 ml of acetone, 0.1 nil of acetic acid, and 0.2 ml of 
water. A total of 322 mg of powdered potassium perman- 
ganate was added to the stirred solution during 0.75 h. 
After an extra 0.5 h of reaction time the mixture was 
worked up as for lactam 10. The 98 mg of product was 
estimated by t.1.c. separation tocontain 15 mgof y-lactam 
9, 58 mg of N-formyl derivative and 17 m g  of other 
amides. 

The y-lactam from several runs was combined, purified 
from N-forniyl derivative by 1.5 h hydrolysis in 6 N 
sulfuric acid, and then distilled over a short path at 70" 
under 0. l mm. It had v,,, (CHCI,) 1690 cm- ' and gave 
an n.m.r. signal a t  F 3.18 (N-CH,). Its n.m.r. spectrum 
was nearly identical to that of a chlorolactam from which 
had been assigned the same structure by Chow and Perry 
(23). We thank Prof. Chow for a copy of the spectrum. 

Action of Cl~loril~e in Methanol on 4-Metl~ylaminometl?v/- 
cyclohexene Hydrochloride 

Chlorine was bubbled into a solution of 3 g of p- 
toluenesulfonic acid hydrate in 50 ml of methanol at 0-5 
"C until it contained 3.5 x mol of available chlorine 
(iodimetry). T o  the stirred solution was added 1.1 g of 
4-methylaminomethylcyclohexene hydrochloride. The re- 
action mixture was removed from the cooling bath, then 
left for a total time of 3 h a t  room temperature. After re- 
moval of methanol under reduced pressure, the base (I .05 
g) was recovered (aqueous NaOH, ether), dissolved in 55 
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ml of methanol, and the solution refluxed for 22 h. In  this 
time 75 mg of chloride ion (38% of 1 e q ~ ~ i v . )  was produced. 
The base was recovered, acetylated, and the tertiary bases 
(164 mg) analyzed by g.1.c. o n  a n  OS-138 column. The 
ratio of the areas of the two peaks corresponding to cD- 
chlorobicyclic base 6 and cis-methoxybicyclic base 7 was 
1 : l . l .  

Actiorr of Clrloritze irr Waler on 4-Me~lgvl~rttritrott~et11~~1- 
cyc/o/~exerre Hydrochloride 

Chlorine was bubbled into a cooled solution of 1.24g 
of the base hydrochloride, I n ~ l  of concentrated hydro- 
chloric acid, and 1 g of sodium chloride in 20 ml of water 
until the weight had increased by 564 mg. The  mixture was 
left for 2 h at  room temperature, at which time no  free 
chlorine was left (KI-starch). The solution was reduced to 
I0 ml under reduced pressure and the base isolated 
(NaOH,  ether). The I. 15 g of base was dissolved in 40 ml 
of pure dioxane and 10 ml of water. The  solution was 
heated at  80 'C under nitrogen for 16.5 h, cooled, acidified 
with hydrochloric acid, then taken to small volume under 
reduced pressure. The  964 mg of bases were isolated 
(NaOH,  ether), then adsorbed from 1 : 1 ether-hexane 
onto  20 g of n e ~ ~ t r a l  alumina (activity I); 60 ml of I : 1 
ether-hexane e l ~ ~ t e d  102 mg of pure chlorobicyclic base 6, 
characterized as its perchlorate (overall yield 7%). The 
mixture of more strongly adsorbed hydroxy bases was not 
characterized. 

N-Ac~1y/-4-tt1~t~r~~/~rttiitr0ttret/1y/cyc/0he~~t1e 
This was prepared by acetylation of 4-methylamino- 

methylcyclohexene, followed by distillation at  120°, 0.01 
mm. It gave n.m.r. signals at  6 2.12 (NCOCH,), 2.98, and 
3.08 (N-CH,), 3.25, 3.33, 3.43 (2H multiplet, CH2-N), 
and 5.8 (narrow 2H multiplet. vinyl hydrogens). In 
pyridine at 60" the N-methyl signals collapsed to a sharp 
singlet but the C H , N  signals remained complex even at 
100". 

Tl~ert?~olysis of N-Cltloro-4-tr1etl1ylat~1it10111e~li~~lc~~cloliese~1e 
( 3 )  

The chloramine was prepared by addition of a solution 
of 644 mg of 4-methylaminomethylcyclohexene hydro- 
chloride (m.p. 202") to excess aqueous alkaline sodium 
hypochlorite solution below 20 "C. 1 h stirring followed 
by extraction into pentane. The pentane solution was 
washed with water: a small volume of 0.1 N su i fur~c  acid, 
then with sodium carbonate solution. T h e  solvent was re- 
moved on a rotating evaporator below room tempera- 
ture. The colorless oil was dissolved in 20 ml of methanol 
(freshly purified by double distillation over sodium hy- 
droxide then over p-toluenesulfonic acid). The  p H  of the 
solution, which contained 3.8 x lo-, lnol of the chlor- 
amine (iodimetry) was 6.8 (glass electrode). The  solution 
was split in two parts. 

(a) The methanol solution (6.5 ml) was refluxed under 
pure nitrogen while shielded from light, After 2 h no  re- 
action had taken place but after 4.7 h 96.5% of the chlor- 
a ~ n i n e  had reacted (iodimetry). (In other runs the induc- 
tion period varied between I and  3 h.) After a further 45 
min reflux the mixture was left overnight a t  room tem- 
perature. The p H  was now 5.7. After being acidified with 
hydrochloric acid the solution was reduced to a syrup it7 
vaclro below room temperature. The residue was separated 
into a small amount of sweet smelling neutral oil and a 

mixture of bases. Gas-liquid chromatography analysis o n  
a n  0s -138  column a t  1 SO" showed the base composition 
to be nearly identical to that from b. 

(b) Benzoyl peroxide (7 mg, 2.9 x lo-' mol) was 
added to 13 ml of the  methanol solution of thechloramine 
(2.5 x lo - ,  mol). T h e  mixture was refluxed under pure 
nitrogen. In 2 h 68.5% of the chloramine had reacted. 
After 4.5 h reaction was complete. After standing at room 
temperature overnight the reaction mixture had p H  5.8. 
It was worked up a s  in a .  The neutral product gave a 
nearly identical g.1.c. pattern (SE-30 column) to that from 
a and the g.1.c. of the  bases (0s-138 a t  180") was nearly 
identical to that f rom a.  

The neutral products had v,,,, 1732 cm- ' .  The bases 
were distilled over a short path up to  140" under 12 m m  
pressure. The viscous residue weighed 7 5  mg. The 278 mg 
of distillate was analyzed  sing a n  0 s - 1 3 8  column a t  180". 
The  bases were, in order of emergence: two tertiary bases 
(3%) (probably 6-methyl-6-azabicyclo[3.2.l]octane and  2- 
methyl-2-azabicyclo[2.2.2]octane); parent  amine (14%); 
trans-4-methoxy-6-methyl-6-azabicyclo[3..~]octane (15) 
(18%); trans-6-methoxy-2-methyl-2-azabicyclo[2.2.2]0~- 
tane (16) (27%); a n d  cis-4-chloro-6-methyl-6-azabicyclo- 
[3.2.l]octane (6) ( 1  3%). In several runs the total base was 
acetylated and the N-acetyl derivative identified a s  N- 
acetyl-4-methylaminomethylcyclohexene (15% recovery). 

The  bases were separated by preparative g.1.c. o n  a n  
0s -138  column or by chromatography o n  a t.1.c. silica gel 
column (ratio 100: I )  using 10% diethylamine in benzene 
a s  developing solvent, and the abundant  ones character- 
ized as salts. 

trat1s-4-Methox~~-6-tnetI1yI-6-azabicyclo f 3.2. I joctat~e 
(15)  

This gavea crystalline perchlorateseparating fromethyl 
acetate a s  thin plates, m.p. 130". It proved identical with 
the salt of the N-methyl base prepared from trans-4- 
methoxy-6-azabicyclo[3.2. l ]octane-7-one. 

Anal. Calcd. for CqH18ClNOS: C, 42.28; H ,  7.10; N, 
5.48. F o ~ ~ n d :  C, 42.42; H,  7.33; N, 5.32. 

1rat1s-6-1bfet/ro.~~~-2-t~~ethyl-2-azabicyclo f 2.2.2joctarre 
(16)  

The perchlorate o f  this base did not crystallize readily 
from ethyl acetate hence the picrate w a s  prepared. This 
crystallized as stout needles from methanol, m.p. 176- 
178". 

Anal. Calcd. for C15HZONjOn: C, 46.87; H,  5.25; N,  
14.58. Found: C, 46.73; H,  5.29; N, 14.55. 

Thert?~olysis of Cl~ lora t t~ i t~e  3  it7 Ace~onitrile 
A solution of 4.8 mmol of chloramine 3 in 20 ml of 

acetonitrile (dried over molecular sieve, distilled) was 
flushed with nitrogen, then refluxed under nitrogen. In I h 
the chloramine had completely reacted. Methanol (5 ml) 
was added and the mixture refluxed under nitrogen for 1.5 
h. The weakly basic solution was acidified using hydro- 
chloric acid and evaporated to near dryness. The residue 
yielded 176 mg of neutral product (v,,, 3030, 2720, 1733, 
and  1660 cnl-') a n d  453 mg of base. Gas-liquid chroma- 
tography o n  an 0 s - 1 3 8  co lun~n showed this to be mainly 
parent amine, but also to contain s o m e  of the bicyclic 
amines 6, 15, and 16. The bases were acetylated, and the 
product separated into neutral N-acetyl derivative (237 
mg) and 130 mg of tertiary bases. Gas-liquid chromatog- 
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raphy on the 0 s - I  38 column confirmed the presence of the 
bicyclic amines 6,15, and 16and two minor tertiary amines 
with short retention time, probably the bicyclic bases 17 
and 18. 

I Thermolysis in at1 Oxygeti Aftno~pliere 
! Simultaneous refluxing of aliquots of a 0.15 M solut~on 

of chloramine 3 in methanol under pure nitrogen and pure 
I oxygen are compared in Fig. I .  The reaction under oxygen 

was 89% complete after 16.5 h refluxing. The basic prod- 
ucts were acetylated, giving a 49% yield of the N-acetyl 
derivative of the parent amine and 16% of a mixture of the 
same tertiary amines produced in the reactions under 
nitrogen. 

Aclioti of'Silver on Cl1loran7itie 3 61 Mefliatiol 
(a)  A solution of 1.65 x lo-, mol of the chloran~ine in 

15 ml of purified methanol was prepared and flushed with 
nitrogen. Water and methanol-washed Tollens' silver 
from 626 mg of' silver nitrate was added, and the suspen- 
sion again flushed with nitrogen. The mixture was 
heated under reflux in an oil bath. A rapid reaction 
ensued. After I h 93% of the chloramine had reacted. 
Refluxing was continued for I h more to complete 
reaction. The solids were removed by filtration, the 
basic filtrate was acidified using hydrochloric acid, and 

! then evaporated to snlall volume. The bases were liberated 

1 and extracted into ether. Gas-liquid chromatography on 
an 0s-138 column at 180" showed the major product to 

i be parent secondary anline. Acetylation, followed by 
I base-neutral separation, gave 122 nlg of N-acetyl deriva- 
j tive and 57 mg of tertiary base. The latter gave five peaks 

on the 0s-138 colunln, corresponding to the three bicyclic 
j bases 6, 15, and 16 and two readily eluted minor bases 

(probably 17 and 18). The solids contained 195 mg (1.36 
mmol) of silver chloride. 

(b) Chloran~ine 3 (2.2 mmol) and Tollens' silver from 
1.02 g of silver nitrate (washed with water and n~ethanol) 
in 15 ml of pure methanol were stirred under nitrogen. 
The extent of reaction was: 1.3 h, 67%; 3 h, 87%; 5.5 h, 
99%. The base recovered from the reaction was shown by 
g.1.c. to be mainly parent amine. The solids contained 255 
mg of silver chloride (1.78 mmol). 

Action of Silfier Perclilorate in Melhat~ol or1 Cliloramitie 
( 3  J , -, 

A solution of' 1.29 of silver perchlorate in 15 ml of 
methanol (pH approxin~ately 1) was adjusted to p H  6 (by 
cautious addition of sodium methoxide). After removal 
of 47 mg of silver oxide by filtration the volume was re- 
adjusted to 15 ~ n l  and the solution added to the chlor- 
amine prepared from 0.30 g of the hydrochloride of 4- 
n~ethylaminon~ethylcyclohexene. After 3 h in the dark at 
room temperature no reaction had taken place. The re- 
action mixture was then heated under nitrogen in a bath 
a t  65". The extent of reaction was: 1 h, 22%; 2 h, 65%. 
The mixture was left overnight at room temperature, then 
reaction completed by 2 h reflux. The p H  of the solution 
was now 3, and 178 mg of silver chloride had precipitated 
(AgCl/chloramine = 0.95). The rest of the silver was pre- 
cipitated using hydrochloric acid, the suspension filtered, 
the bulk of the solvent removed, then the base recovered. 
Gas-liquid chromatography on the 0s-138 column 
showed it to consist of at  least nine products, with parent 

amine being the dominant one (709,). Three peaks cor- 
responding to the bases 6, 15, and 16 were present. 

Pl~otolysis of 3-Cyclol~exetiecarbo~~yl Azide 
A solution of 3.4 g of the azide in 125 ml of methanol 

at  5 'C was irradiated through a Vycor glass sleeve using 
a 100 W Hanovia high pressure immersion lamp in a 
central well. The azide was completely decon~posed in 3 h. 
The methanol and some volatile products were evaporated 
on a rotating evaporator. The residue was distilled over a 
short path under 0.5 mm pressure. A mobile oil (965 mg) 
distilled a t  a bath temperature of 75-80", I t  had an ester 
odor and had v,,,,, 3435, 171 5, and 151 1 cnl-'. Gas-liquid 
chromatography on an 0s-138 column at 235" showed it 
to be mainly one con~pound, presumably the expected 
methyl urethane. 

The bulk of the remaining product distilled a t  bath tem- 
peratures between 80 and 135". It consisted mainly of 
amides (broad i.r. absorption centered at 1690 cm-I). 
Gas-liquid chromatography on an 0s-138 column at 190" 
showed it to consist of three main components, the N- 
methoxy amide of 3-cyclohexenecarboxylic acid and the 
y- and 6-lactams 19 and 20. These were separated on pre- 
parative t.1.c. plates, developing with 5% methanol in 
chloroform. 

For larger preparative runs the lactan1 mixture after 
distillation was oxidized with potassium permanganate in 
acetone to remove unsaturated products, then the y- and 
6-lactams were separated on colunlns of t.1.c. silica gel. 

N-Methoxy-3-c)~clohesetiecarboxatnirle 
The yield of this product was estimated to be 17%. After 

distillation over a short path at 90", 0.2 mm, then re- 
crystallization from ethyl acetate-hexane it inelted at 71- 
74". It had v,,, 3400, 3220, 2840, and 1669 cm- '  and 
n.m.r. signals at 6 5.80 (barely resolved doublet, 2H) and 
3.83 (3H). 

Anal. Calcd. for C,H13N0,:  C, 61.91; H, 8.44; N, 
9.03. Found: C, 61.94; H, 8.56; N, 8.97. 

tratis-4-Metl1o,~y-6-azabicyclo! 3.2. I]octati-7-one (19)  
The y-lactam (yield 4.6%) crystallized as thick plates 

from ethyl acetate - hexane mixtures. It had m.p. 83-85", 
v,,, 3435, 3220, and 1695 cm-I,  and gave n.m.r. signals 
at 6 3.85 and 3.50 (broad I H singlets, hydrogens on C-l 
and C-7, respectively) and a 3H singlet at 6 3.41 (OCH,). 

Anal. Calcd. for C,H,,NO,: C, 61.91; H ,  8.44; N, 
9.03. Found: C, 62.11; H,  8.54; N,  9.01. 

tmtis-4-Me/l1oxy-6-nietliyl-6-azabicyrlo[3.2.l]ocfati-7-one 
The y-lactam 19 (105 mg), 205 mg of sodium hydride 

powder, and 480 mg of methyl iodide in 4 ml of dry 
dioxane was heated at 70" under nitrogen for 3 h. The 
solution was filtered through sintered glass. T h e  filtrate 
was evaporated to small volume on a rotating evaporator 
at 40". The 104 mg of crude product had no N-H ab- 
sorption, v,,,, 1690cm-', and gave only one peak on 
g.1.c. on an SE-30 column a t  200'. It gave n.m.r. signals at  
6 2.87 (NCH,) and 3.39 (OCH,). 

trans-4-Metl10xy-6-metI1y1-6-azabicyclo[3.2.1 ]orlane 
(15)  

The above N-n~ethyllactam (100 mg) was dissolved in 4 
ml of' dry dioxane, 365 mg of powdered lithium aluminum 
hydride added, the system flushed with nitrogen, then the 
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mixture placed in a bath at 100' for 1 h. The mixture was recrystallization from acetone - ethyl acetate mixture it 
cooled, ether added, followed by methanol to destroy had m.p. 126-128'. 
excess lithium aluminum hydride: After addition of 1 41 
of saturated sodium sulfate solution, the suspension was 
filtered through celite. The filtrate was taken to p H  3 
using hydrochloric acid, then evaporated to dryness. The 
base was liberated and converted to its perchlorate. This 
crystallized from ethyl acetate giving 64 mg, m.p. 125". 
After recrystallization from ethyl acetate this melted at 
129" and showed no mixture m.p. depression with the 
perchlorate m.u. 130' from the thermolvsis of chloramine 

5-Methylarninometl~ylcycloheptene 
Reduction of N- methylcyclohept -3 -enecarboxamide 

using excess lithium aluminum hydride in refluxing diox- 
ane for 1 h gave the base which was characterized as  its 
hydrochloride. After recrystallization from methanol - 
ethyl acetate it had n1.p. 204-206" (evacuated capillary). 

Anal. Calcd. for C,H,,CIN: C, 61.52; H, 10.32; C1, 
20.18. Found: C, 61.25; H, 10.51; C1, 19.39. 

3 in methanol.' Thermolysis of N-Chloro-5-n1etl1ylan~inotnetl1ylcyclo- 
The base was converted to its methiodide using methyl heptene (11)  

iodide in ether. This had m.p. 206" and did not depress the ~ h ,  chloramine was prepared from the secondary 
m.p. of a sample of the corresponding methiodide ( m . ~ .  amine using excess sodium hypochlorite, then extracted 
199", mixture m.p. up to 202") from thermolysis of chlor- into pentane. A solution of 1.07 g (6.09 mmol) of  the 
amine 3 in methanol kindly supplied by Prof. P. Gassman chloramine was dissolved in 25 ml of methanol (distilled 

from sodium hydroxide, then fromp-tol~~enesulfonic acid). 
Anal. Calcd. for C , O H ~ O I N O :  C, 40.41; H, 6.78; N, (,) After flushing with nitrogen 12.5 ml of the chlor- 

4.71. Found: C, 40.44; H, 6.83; N, 4.69. amine solution was refluxed under nitrogen while shielded 

trans-6-Metl~oxy-2-azabicyclo[2.2.2]0~-3-0t1e ( 2 0 )  
The 6-lactam (yield 2.3%) crystallized from ethyl 

acetate - hexane as needles, m.p. 120". It had v,,,, 3430, 
3220, and 1680 cm-I and gave an n.m.r. signal a t  6 3.39 
(OCH3). 

Anal. Calcd. for C,H,,NO,: C, 61.91; H, 8.44; N, 
9.03. Found: C, 62.03; H, 8.61; N, 9.08. 

trans-6-Metl~oxy-2-metl~yl-2-nznbicyclo[2.2.2]octar~-3-or1e 
A mixture of 108 mg of 6-lactam 20,210 mg of sodium 

hydride powder and 467 mg of methyl iodide in 5 ml of 
dioxane was heated (under nitrogen) in a bath at  70" for 
3 h. The suspension was filtered and the filtrate evaporated 
on a rotating evaporator. The residual oil gave one peak 
on g.1.c. analysis using the SE-30 column at  200". It con- 
tained no NH, had v ,,,,, 1668 cm-', and gave n.m.r. 
signals at 6 2.99 (NCH,) and 3.37 (OCH,). 

from light. The decomposition rate was- 1.5 h, 0%; 3.5 h, 
8.6%; 5 h, 16%; 8 h, 50%; 11 h, 86%; 15 h, 99%. The p H  
of thesolution was now 5.6. It was adjusted to pH 2 using 
hydrochloric acid then evaporated to  near dryness. The 
residue was extracted with ether, to give 4 mg of neutral 
product with v,,, 2720 and 1730 cm- ' .  The salts gave 230 
mg of base. Gas-liquid chromatography on 0s-138 a t  
196" showed it to contain four major components with 
peak areas in order of emergence in the ratios 0.25: 3.1 : 1 : 
0.16. 

(b) 12.5 ml of the chloramine solution containing 10 mg 
of  perbenzoic acid was refluxed under nitrogen while 
shielded from light. The decon~position rate was: 1.5 h, 
11%; 3.5 h, 72%; 6.5 h, 100%. The p H  of the solution was 
now 5.2. Work-up a s  in n gave a small amount of neutral 
product identical to. that in a and 329 mg  of base. It con- 
tained the same bases as obtained from run n but in dif- 
ferent ratio: (relative areas of peaks) 1.07: 1.51 : 1 :0.17. 
The second peak corresponded to the parent secondary 

t~~ans-6-Metl1oxy-2-metl1yl-2-azabicyclo[2.2.2]octane base. 
(16)  The bases from a and b were combined and acetylated 

~h~ ~ - ~ ~ ~ h ~ l  &-lactam 130 mg) was reduced with using acetic anhydride. Base-neutral separation gave 357 
lithium aluminuln hydride as for y-lactanl. ~h~ base gave nlg of  N-acetyl derivative (mainly the derivative of the 

177 mg of picrate. After one recrystallization from meth- parent aminel and 225 mg tertiary base. 

anal i t  formed stout needles, m,p. 175-1780, lt proved The tertiary bases contained at least six components 
identical (mixture m.p., i.r. spectra of major mulls) with but three predominated, corresponding to the first, third, 
the 178" picrate from thermolysis of chloramine 3 i n  and  fourth peaks from the total bases with relative areas 

~h~ base was converted to its methiodide, m.p. 0.08: 1 :0.14. Gas-liquid chromatographic separation of 

2080.  hi^ did not depress the m.p. o f a  sample of the tor- the product from larger runs enabled characterization of 

responding methiodide (m.p, ZOO", mixtl lre m.p. 2020) the two most abundant tertiary amines in order of emer- 
from thermolysis of chloramine 3 in methano] ( 3 ,  kindly gence as tralu-4-n1eth0~y-6-methyl-6-azabic~lco[3.2.2]- 
provided by Prof. Gassman. nonane (21) and cis-4-chloro-6-methyl-6-azabicyclo- 

Anal. Calcd. for C,oH201NO: C, 40.41 ; H, 6.78; N, [3.2.21n0nane (I2). 
4.71. Found: C, 40.67- H, 6.86; N, 4.73. 

A sample of the base assigned the above structure was 
kindly provided by Prof. Gassman. It was converted to 
its picrate which after recrystallization from methanol had 
m.p. 173-175.5". It gave no mixture m.p. depression with 
the above picrate. 

N-Methylcyclol~ept-4-enecnrDoxamir~ile 
This was prepared from cyclohept-3-enecarbonyl chlo- 

ride and ice-cold saturated aqueous methyl amine. After 

This base did not readily give a crystalline perchlorate 
but gave a picrate, 1n.p. 182", which was sparingly soluble 
in methanol. The yield in the benzoyl peroxide catalyzed 
reactions averaged approximately 25%. 

Anal. Calcd. for C16H2ZN408: C, 48.24; H, 5.57; N, 
14.07. Found: C, 48.09; H, 5.65; N, 13.96. 

The n.m.r. spectrum of the base contained signals for 
the N-methyl and methoxyl groups a t  6 2.50 and 3.39. A 
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doublet a t  6 3.1 (J = 3 Hz) can be attributed to the 
N-CH2-CH group. The hydrogens on C-l and C-7 
resonated close to 6 2.7 and 3.5, respectively. 

cis-4-C/11oro-6-t~~et/~y1-6-azabicyc1o[3.2.2toate (12) 
This formed a perchlorate which crystallized from 

methanol - ethyl acetate as short needles, m.p. 246". 
Anal. Calcd. for C9H,,C12N0,: C, 39.43; H, 6.27; N, 

5.11;CI, 25.86. Found: C, 39.54; H, 5.70; N,4.98: C1, 
25.86. 

The yield in the benzoyl peroxide catalyzed reactions 
approximated 4.5%. 

Acid-catalyzed Reaction of Chlot.atnitte 7 it1 Mett~atlol 
p-Toluenesulfonic acid hydrate (2.5 g) was added 

cautiously with external cooling to a solution of 1.75 g 
(10.1 mmol) of chloramine 7 in 50 ml of methanol. The 
reaction was 94% complete in 10 min and 97% complete 
in 20 rnin. After a total reaction time of 45 min the meth- 
anol was evaporated under reduced pressure. Water was 
added to the residue, which was adjusted to p H  4 using 
sodium carbonate, then left overnight. The solution was 
then made strongly acid with dilute sulfuric acid, and ex- 
tracted twice with ether. The ether was back-washed with 
acid, dried, and distilled, leaving 14 mg of neutral oil with 
v,,, 1732 cm- '. The aqueous layers were basified with 
sodium hydroxide and thoroughly extracted with ether, 
yielding 1.80 g of colorless oil. This contained four bases 
with moderate retention times on the OS-138 column. 
Their peak areas in order of emergence were 0.09: 0.1 5: 1 : 
3.5. The total base mixture was dissolved in 25 ml of meth- 
anol. The solution was refluxed for 1 h then left for 47 h 
a t  room temperature. No  ionic halogen was produced. 
Acetic anhydride acetylated the fourth and most abun- 
dant base, giving 1.75 g of neutral N-acetyl derivative 
(77% yield, corrected for san~ples removed for analysis) 
and a small amount of tertiary base. The latter gave 54 mg 
of the perchlorate of cis-4-chloro-6-azabicyclo[3.2.2]- 
nonane (12) (see above). N o  pure compound was isolated 
from the remaining 100 mg of noncrystalline perchlorate. 

The N-Acetylated Secondary Amble 
The N-acetyl product was distilled over a short path a t  

a bath temperature of 150-160" under 0.5 mm Dressure. 
giving a faintly colored viscous oil. It gave n.m.;. signals 
at 6 3.53 (3H, OCH,), 3.10, and 3.01 (3H, NCH3) and 
2.17 (3H, COCH,). 

Its n.k.r. spectrum corresponded to the expectation for 
N-acetyl-trans-4-chloro-cis-5-methoxy- I - methylamino- 
methylcycloheptane (6  2.1 (COCH,); 2.99, 3.09 (NCH,); 
3.52 (OCH3); two broad l H  signals centered near 3.5 and 
4.2) and it gave a single g.1.c. peak (SE-30 a t  226') super- 
imposed on a weak broad signal. It analyzed approxi- 
mately correctly. 

Anal. Calcd. for C12H22CIN02: C, 58.18; H ,  8.89; N, 
5.66; CI, 14.33. Found: C, 57.45; H, 9.12; N, 5.39; CI, 
13.81. 

We thank Prof. J. D. Hobson for communicating results 
prior to publication, Prof. P. G .  Gassman for reference 
samples, Prof. Y. L. Chow for reference spectra, M. 
Lesage and R. Kolt for technical assistance, H. Seguin for 
microanalyses, and B. Cougle for mass spectra. 
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A Synthesis of 1-Alkyl-3,s-dimethoxybenzenes 

KEITH BAILEY 
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KEITH BAILEY. Can. J. Chern. 52, 2136 (1974). 
The reaction of 3,4,5-trimethoxybenzaldehyde or 3,4,5-trimethoxyphenyl methyl ketone with 

alkyl magnesium halides gives secondary or tertiary carbinols. These are converted in  good 
yields into 1-alkyl-3,s-dimethoxybenzenes by reaction with dissolving sodium in alcohols. 

KEITH BAILEY. Can. J. Chem. 52, 2136 (1974). 
Les reactions du trimCthoxy-3,4,5 benzaldehyde OLI de la trimetlioxy-3,4,5 pliCnyl methyl 

cCtone avec les halogenures de nietliylniagnCsi~~m conduisent aux alcools secondaires ou 
testiaires correspondants. La staction dc ces derniers avec du sodi~lm dissous dans les alcools 
conduit avec de bons rendements aux alkyl-l dirnithoxy-3,5 benzene. 

[Traduit par le journal] 

Syntheses of many plant products including 
cannabinoids (1-4) and their ho~nologues depend 
largely on the availability of I-alkyl-3,5-dihy- 
droxybenzenes (1) (5). Although syntheses of 
S L I C ~  resorcinol homologues were described sev- 
eral years ago (6-lo), they remain somewhat in -  
accessible and thecurrent interest in cannabinoids 
and other plant products has spurred further in- 
vestigations (2, 11-13). A simple synthesis of 1- 
alkyl-3,5-dimethoxybenzenes (2), which are readi- 
ly demethylatecl to the 3,5-dihydroxybenzenes 
(2, 9, 1 I), is described here. It involves the 
Grignard reaction of an alkyl magnesium halide 

CH3O OCH I 

0Ct l3  

with 3,4,5-trirnethoxybenzaldehyde or 3,4,5- 
trimethoxyphenyl methyl ketone (which are 
more readily available than their 3,5-dirnethoxy 
counterparts) to give a carbinol (3; R1 = H or 
CH,) which is sin~ultaneously 4-demethoxylated 

and reduced in the side chain t o  give the dirne- 
thoxybenzenes (2; R 1  = H or CH,) by the action 
of dissolving s o d i ~ ~ r n  in t-butanol, The last step 
is an extension and ilnproverne~lt of a reaction 
described by Asahina (6) in which dirnethoxy- 
benzenes (2; R '  = H) were prepared from 3,4,5- 
tri~nethoxyphenyl alkyl ketones with dissolving 
sodium in alcohol. If the resorcinol derivatives 
( I )  are desired, it is 1101 generally necessary to 
purify the intermediates 2 and 3. Typical pro- 
cedures are described in the ~xperimentalsection. 

When the reaction was 'first investigated, 
Asahina's procedure (6) (add sodiuni pieces and 
ethanol or isopropanol to 3,4,5-trin~ethoxy- 
phenyl alkyl ketones) was applied to the carbinol. 
A number of I -alkyl-3,5-di1iietl1oxybenzenes 
were prepared (2;  R '  = H, R2 = CH,; RI = H, 
R2 = JI-C3H7; R 1  = M. R2 = t7-C,H,; R1 = 
H, R2 = 17-C5t1,,; R L  = H, R2 = C6H5;  R1 = 
CH,, RZ = JI-C,H,; R1 = CH,, R~ = 17-C,H,; 
R' = CH,, R2 = 17-C6HI3; R 1  = CH,, R2 = 
cyclohexyl; R1 = CH,, R2 = C6Hj) but the 
yields were only fair (about 7 5 z  isolated, about 
607, pure). A more satisfactory practice (see 

TABLE I .  ElTect of change in alcohol on 
reduction" of 3 ( R 1  = H, R 2  = tr-C5Hll)  

Isolated cr~ide 
Alcohol yield ( 7 3  Purity (z) 

-- 

Methanol 99 77 
Ethanol 8 3 67 
r-Propanol 92 85 
t-Butanol 

- - - -  

92 
- -. 

93 

'For condlt~ons,  see E~per~menta l ,  purlty uas estlrnated 
by g.1.c. assumlng equal response faclors. 
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BAILEY: RESORCINOL HOMOLOGUES 

T A B L ~  2. Effect of change in proport~on of sodium on reduction* of 
3 (R1 = H, RZ = rr-C5H1 ,) 

-- - -. - -. --- --- - 

Quantity of 3 Quantity of sodium Crude Purity 
(mrnol) (mrnol) yield (%I (%I 

1 . 2  

2 .4  

5 .O 
-. . .- - - - - . 

'See footnote, Table I .  

TABLE 3. Yields of 2 on reduction* of different carbinols 3 
~.. ~ ~ ...- ~... ... -~ .~-..~ -- . 

Crude Purity of 

-. . . - .. . .- 
Id 2 (%) 2 (%I 

- ~ 

R1 = H, R' = ?I-C3H7 89 86 
R' = H, RZ = ?I-C5Hll 92 93 
R1 = H, R2 = cyclohexyl 100 54 
R 1  = H, R2 = C6Hs 93 84 
R1 = CH3, RZ = cyclohexyl 89 50 
R1 = CH3, RZ = C6H5 96 57 

- .- -- 
*See footnote. Table 1. 

Experimental) was to generate sodium sand (14), 
cover it with a little benzene, add the carbinol, 
and then the alcohol. The effect of changing the 
alcohol on the reduction of 3 (R1 = H, R2 = 

n-C jHl ,) was investigated with the results shown 
in Table 1. t-Butanol had the advantage of a good 
yield of material which was suficiently pure for 
subsequent transformation. The effects of chang- 
ing the ratio of sodium to carbinol are shown in 
Table 2; a molar ratio of about 20: 1 (about half 
that employed by Asahina (6)) afforded a good 
yield of reasonably pure product. Yields of 2 
from different carbinols (3) are shown in Table 3. 
Starting materials of approximately 95z purity, 
estimated by gas-liquid chromatography (g.1.c.) 
were employed in investigating the yields pre- 
sented in the tables. 

A frequent by-product of the synthesis of 3 
was the olefin corresponding to its dehydration. 
Investigations on I-(3,4,5-trimethoxypheny1)- 
hexene as an example showed that it was con- 
verted into 2 (R1 = H, R2 = it-CjHIl) under 
the reduction conditions and so in practical syn- 
theses the crude Grignard product (3) was usual- 
ly used without purification. 

The progress of the reduction of the carbinols 
was monitored by g.1.c. and the formation of an 
"intermediate" was noted. A small amount was 
isolated by column chromatography of the pro- 
ducts from the reduction of 3 (R1 = H, R~ = 

n-CjHl ,) and identified spectroscopically and by 
comparison with material synthesized from 3,5- 
dimethoxybenzaldehyde as the 4-deniethoxylated 
product 2 (R1 = OH, R2 = 17-CjHI (These 
products can be converted into 2 by dehydration 
(refluxing xylene) followed by hydrogenation or 
into 1 by simultaneous deniethylation and de- 
hydration with pyridine hydrochloride (2) fol- 
lowed by hydrogenation.) 

Experimental 
Proton magnetic resonance (p.m.r.) spectra were de- 

termined at  60 MHz for solutions in deuteriochloroforrn 
containing tetramethylsilane as internal reference, with a 
Varian A60A spectrometer. Infrared (i.r.) spectra were 
determined on natul.al films or Niijol mulls with a Unicarn 
SPlOOO spectrophotorneter. Gas-liquid chromatography 
was performed on a Varian Aerograph 1520 with 6 ft long 
x 3/16 in. i.d. glass columns containing 5% OV-7 on 80- 
100 mesh Chromosorb W, injection port, and flame 
ionization detector at 275', nitrogen flow 30 mllrl~in, and 
an appropriate oven temperature (175-225", depending on 
retention time). 

Preparation of Carbi~~ols (3) 
Typically, magnesium turnings (1.725 g, 0.0725 mol) 

were covered with dry ether (25 ~ n l )  and bromoalkane (1 
g) was added to initiate formation of the Grignard rea- 
gent. The bromoalkane (to total 0.075 rnol) in dry ether 
(25 ml) was then added and the mixture heated under re- 
flux with stirring until no magnesium remained. A solu- 
tion of 3,4,5-trimethoxybenzaldehyde or 3,4,5-trirnethoxy- 
phenyl methyl ketone (0.05 mol) in dry benzene (75 ml) 
was added dropwise and the mixture was stirred under 
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reflux for 2 h and then allowed to cool. Hydrochloric acid 
( I  .5 N, 50 ml) was added cautiously. The  aqileoils layer 
was separated and extracted with benzene (50 ml) and the 
organic phases were combined, dried (MgSO,), and con- 
centrated to furnish thecarbinol(3). In the case o f 3  ( R L  = 
H), the products were usi~ally of reasonable purity (ca. 
90Z)  and were used in the reduction step (6). For  the 
purposes of quantitative investigation, carbinols 3 ( R 1  = 
H, R2 = cyclohexyl, and R 1  = CH,, R2 = C6H5) were 
purified by recrystallization from mixtures of hexane with 
chloroform and 3 ( R 1  = CH,,  R2 = cyclohexyl) was 
purified by adsorption onto a column of silica gel and 
elution with chloroform. Thecarbinols3 ( R 1  = H or  CH3) 
had very similar i.r. spectra with absorption at ca. 3450, 
1590, 1505, 1415, 1325, 1235, 1130, 1005, and 935 cm-I. 
Their p.m.r. bands included 6 ca. 3.9 (OCH,) and for 3 
(R1 = H) at  6.55 ( A r H )  and ca. 4.3-4.6 (benzylic H, 
multiplicity and position depending on  R2) and for 3 
( R L  = CH3) at 6.67 (ArH) and 1.57 (benzylic CH3) 
p.p.m. 

Red~rctiori of Carbit~ols (3) 
Typically, sodium sand (1 g, 43 mmol) was prepared 

(14) in a round bottom flask and covered with dry benzene 
(5 ml). The carbinol (2.5 mmol) was added. A two-neck 
adaptor with a condenser and dropping funnel were fitted. 
The mixture was stirred magnetically and kept at 80-85" 
on  an oil bath. The alcohol (15 ml) was added (methanol 
or ethanol were added dropwise to keep the ensuing re- 
action moderate but t-butanol co i~ ld  be added safely in 
one steady portion). The  mixture was stirred at 80-85" for 
3-4 h (extended periods did not significantly improve the 
yields), inspected for the disappearance of all sodium, and 
then poured into water (300 ml). The mixture was acidi- 
fied (HCI) and extracted with ether (3 x 50 ml). The  ex- 
tract was dried (MgSO,) and concentrated. The products 
2 ( R 1  = H or  CH,) had similar i.r. spectra with absorp- 
tion bands at ca. 1605, 1595, 1200, 1150, 1060, and 830 
cm-I (by-products 2 ;  R '  = O H ,  had v,,,,, 3400, 1605, 
1595, 1200, 1150, 1060, and 840 cm-I) .  Their p.m.r. bands 
included 6 6.33 (ArH), 3.77 (OCH,), ca. 2.3-2.6 (benzylic 
protons, milltiplicity and position depending on R1 and 

R2) and for 2 (R1 = CH,) 1.20 (doublet, benzylic CH,) 
p.p.m. (by-products 2 ;  R1 = O H ,  had 6 cn. 6.50 (ArH at  
2 and 6), 6.38 ( A r H  at  4), 3.78 (OCH,) and ca. 4.5 
(benzylic proton, multiplicity and position depending o n  
R2) p.p.m.). 

In experiments where the proportion of sodiuni was 
changed, the volume of t-butanol was kept constant. The 
products 2 could be purified by adsorption on to silica gel 
and elution with chloroform in hexane, and their con- 
version into 1 accomplished with pyridine hydrochloride 
(2). 

The  technical assistance of M D. Legault and Mlle D. 
Verner is gratefi~lly acknowledged. 
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NEIL F.  PASCO, DAVID V. FENBY, and LOREN G. HEPLER. Can. J. Chem. 52,2139(1974) 
A number of procedures for evaluation of equilibrium constants and standard enthalpies of 

complex formation from equilibrium liquid-vapor and calorimetric results have been applied 
to ether-chloroform systems. The results are compared with published spectroscopic values. 

NEIL F. PASCO, DAVID V. FENBY et LOREN G. HEPLER. Can. J. Chem. 52,2139(1974). 
Nous avons applique a des systemes d'ether-chloroforme iln certain nombre de procedis 

d'evaluation des constantes d'kquilibre et des enthalpies standards de cornplexation i partir 
d'kquilibres liquide-vapeur et de resultats calorimCtriques. Nous avons ensuite compare les 
resultats avec ceux des valeurs spectroscopiques deja publiees. 

Introduction 

Reliable values for the thermodynamic proper- 
ties associated with complex formation in liquid 
systems are needed for many chemical and bio- 
chemical studies, and are also required for testing 
such extrathermodynamic relationships as the 
Badger-Bauer equation (1). 

Equilibrium constants for complex formation 
are commonly evaluated from results of spectro- 
scopic measurements made on solutions in which 
concentrations of the reactants are varied. The 
standard enthalpy ofcomplex formation can then 
be evaluated from the temperature dependence of 
the equilibrium constant and the van't Hoff equa- 
tion 

AH' = RT2 (a In K/aT), 

Even with equilibrium constants obtained from 
results of careful experiments and data analysis, 
these A H 0  values are subject to appreciable un- 
certainty (2). These uncertainties are often largest 
for the moderately weak hydrogen bonded or 
charge transfer complexes that are ofconsiderable 
practical and theoretical importance. 

Several calorimetric methods for evaluation of 
K and A H 0  for complex formation have been re- 
viewed recently (3). Most of these methods 
possess the advantage that they yield AH' with- 
out recourse to the van't Hoff equation. In this 
paper we report results of applications of some of 

these methods to various ether-chloroform sys- 
tems and conipare our K and AH' values with 
results of earlier spectroscopic investigations of 
these same systems. 

Theory 
We are here concerned with liquid mixtures 

formed by mixing NA moles of ether A with N, 
moles of chloroform. 0 1 1  the basis of spectro- 
scopic, thermodynamic, and other information, 
it is already known that complex formation takes 
place between the unlike molecules as represented 
by 

[I 1 A + B = A B  

It will be assumed that any further complex for- 
mation between the like and/or unlike n~olecules 
is relatively insignificant. 

The three chemical species (A, B, AB) are as- 
sunied to form an ideal solution so that all devia- 
tions from ideality in the systems under considera- 
tion are attributed entirely to the formation of 
the complex. This "ideal associated solution" 
model (4) is also invoked in spectroscopic studies 
(for example, in the work of Baker et al. (5) that is 
referred to in the next section) and is by no means 
peculiar to the thermodynamic methods under 
discussion here. 

Letting zi represent the equilibrium mole frac- 
tion of the chemical species i, we have 
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[2 I z, + z, + z,, = 1 

The equilibrium constant for the reaction rep- 
resented by eq. 1 is 

Combining eqs. 2 and 3 and rearranging leads 
to  

Since the three chemical species are assumed to 
form an ideal solution, each equilibrium mole 
fraction is equal to the corresponding activity ai  
so that eq. 4 becomes 

According to this equation, a plot of (1 - a, - 
aB)/aA US. UB or of (1 - a, - aD)/aB US. UA should 
be linear through the origin with slope K. Or a 
plot of (1 - a, - a,)/a,a, us. a, or a, should be 
linear with intercept K and zero slope. Activities 
we use for evaluation of K in this way have been 
derived from liquid-vapor equilibrium studies. 

The molar enthalpy of mixing AH, is related to 
a measured enthalpy of mixing Q and the stoi- 
chiometric numbers of moles N of A and B by 

For an ideal associated solution we also have 

in which n,, represents the equilibrium number 
of moles of AB formed and AH0 represents the 
molal enthalpy of formation of the complex. Thus 
we also have 

[81 AH, = nABAHO/(NA + NB) 

Algebraic manipulations with eqs. 2, 3, and 8 
with mass balance equations (NA = n, + n,, and 
N, = n, + n,,) lead to the two following 
equations: 

Using an independently determined value of K 
in eq. 9, we can calculate values of x, at selected 
values of z,. Then use of these values of K, z,, and 
x, with molar enthalpies of mixing AH, in eq. 10 
permits evaluation of the enthalpy of complex 
formation AH0. 

Equations 5,9, and 10 are abbreviated forms of 

equations first derived by McGlashan and 
Rastogi (6) for systems in which both AB and 
AB, complexes are formed. Our equations can be 
obtained from theirs by setting the equilibrium 
constant for formation of AB, equal to zero. The 
McGlashan-Rastogi method has been used to 
obtain equilibrium constants and enthalpies for 
formation of #B and AB, complexes in several 
systems (6-9). 

All discussion above has centered on separate 
evaluation of K and AH0 for complex formation. 
It is also possible to combine eqs. 9 and 10 to 
obtain 

According to eq. 11, a plot of x,(l - x,)/AH, 
us. AH,, will be linear. Values of both K and AH0 
can be obtained from the slope and the intercept. 
We have reported previously (10) another deriva- 
tion of eq. 1 1  and applied this equation to com- 
plex formation in the triethylamineechloroform 
system. It was emphasized there (10) that eq. I1 
can be usefully applied only to those systems for 
which AH,,, for the equimolar mixture is more 
exothermic than about 1.5 kJ mol-'. 

Results 
Here we report results of our evaluations of K 

and AH' based on various thermodynamic mea- 
surements and equations and compare these 
values with those derived previously from results 
of spectroscopic measurements. 

Beath and Williamson (1 1) have reported molar 
enthalpies of mixing at 298 OK for a number of 
ether + chloroform mixtures. Applyingeq. 1 1  to 
their AH, results leads us to the K values listed 
in Table 1 and also to the AH0 values listed in 
Table 2. Experimental results reported for mix- 
tures of (iso-C,H, ,),O and (11-C,H,,),O with 
HCCI, do not cover enough of the mole fraction 
range to allow application of eq. 11. 

Constant pressure vapor-equilibrium measure- 
ments have been reported (12) for  (C,H,),O + 
HCC1, over the temperature range 310.5-335.5 
OK. We have applied eq. 5 to each result and ob- 
tained by extrapolation the K at 298 OK reported 
in Table 1. (The large scatter precludes reliable 
calculation of AH' by way of the van't Hoff 
equation.) 

For mixtures of (n-C,H,),O with HCCI,, iso- 
thermal vapor pressures at 298 OK are available 
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PASCO ET AL.: COMPLEX FORMATION IN ETHER-CHLOROFORM SYSTEMS 2141 

TABLE 1. Equilibrium constants for complex formation in 
ether-chloroform systems at 298 "K 

- -- -- .- -- -- -- -- -- - 

Source of equilibrium constant K 

Ether Equation 11" Equation 5 Spectroscopy 

(C*Hs)20 1 .4  1.4" 1.46 + 0.04' 
(n-C3H7)20 1 . o  1.02" 1.2' 
( ~ s o - C ~ H ~ ) ~ ~  2 2.4lC, 2.06 + 0.08' 
OZ-C~HS))ZO 0 . 7  
(tert-C4H9)20 0.6 1.33" 
( ~ z - C S H I I ) ~ ~  0 . 6  1 .02" 
(n-CsH13)20 I . I '  

~ ~. - .  ~- ~ 

OBased on calorimetric A H ,  values (I I). 
bBased o n  vapor-liquid eqi~ilibriurn data for 310.5-335.5 "K extrapolated to 298 O K .  

<Based o n  n.m.r. measurenlents o n  solutions o f  ether and HCCI3 in CCI, (15). 
dBased on vapor pressures at 298 "K (13). 
CBased on n.m.r. measurements (5). 
JApproximate value obtained as described in the text. 

TABLE 2. AHO/kJ mol-' values for complex formation 
in ether-chloroform systems 

..... ~ ~- - .- 
~ ~ . ~ . 

AH0 (kJ mol-') 

Spectroscopy K and 
Ether Equation 1 1" Equation 10' 
--- 

(a In KIBT),," 
- - 

(C2H5)20 - 14.9 - 14.6 (1.46) 
(n-C3H7I20 - 14 - 12 (I .2) - 10.8 
( ~ s o - C ~ H ~ ) ~ ~  - 14 -14.1 (2.06) -11.7 
(n-C4H~))20 - 16 
( t e ~ . t - C ~ H ~ ) ~ 0  - 14 -9 (1.33) -7.9 
(?l-CgH11)20 - 15 -12 (1.02) - 10.0 
Ol-CsH13)20 - I O  ( I .  I) 

-- - 

nBdsed on calor~metr lc  AH,,, values (I I) 
bBased on n.rn.r. measurements (5). 
CK values In oarentheses ace t'lken From T.~ble 1. 

(13). A plot of ( I  - a, - aB)/aAaB 1,s. a,, (sug- 
gested by eq.  5 )  is linear with a small positive 
(-0.2) slope. Following McGlashan and Rastogi 
(6), this slope might be interpreted a s  the equili- 
brium constant K, for formation o f  a n  AB, com- 
plex. T h e  equilibrium constant  for  formation of 
A B  as listed in Table I corresponds t o  the inter- 
cept a t  a, = 0. 

For  mixtures o f  (n-C,H,,),O with HCCI,,  we 
have isothermal vapor  pressures a t  278.68 OK ( I  4). 
In  this case, however, a plot of  (1 - a, - 
aB)/aAaB us. a, is linear with a positive (-0.7) 
slope. T h e  approximate K value listed in Table  1 
was obtained by assuming that  K a t  278.68 OK is 
given by the intercept a t  a, = 0 a n d  then using 
the van't Hoff equation (with AH0 = - 10 kJ 
mol- ' )  t o  obtain K a t  298 OK. 

Equilibrium constants based o n  thermody- 
namic eqs. 5 and I 1  a re  independent o feach  other  
in tha t  they a re  evaluated independently from 

different kinds of experimental results. Agree- 
ment between these independent values is 
generally good. 

T h e  spectroscopic equilibrium constants  listed 
in Table  1 were obtained from n.m.r.  measure- 
ments. Uncertainties listed are  those given in the 
original publications. 

Use o f  eq. 10 for evaluation of  AH' o f  complex 
formation requires independently determined 
values o f  K. O u r  results listed in Table 2 have been 
obtained by using the equilibrium constants  given 
in parentheses with t h e  molar enthalpies of 
mixing reported by Beath and  Williamson ( I  1). 

T h e  "spectroscopic" AH' values listed in Table 
2 were obtained by application of  the van ' t  Hoff 
equat ion t o  equilibrium constants derived from 
n.m.r. measurements a t  different temperatures. 
Uncertainties have been estimated ( 5 )  a s  about  
10%. 

Tables  1 a n d  2 show tha t  the equilibrium con- 
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stants and enthalpies of complex formation eval- 
uated from thermodvnamic measurements are 
generally in good agreement with those based on 
spectroscopic measurements. Although we have 
no means for precise quantitative assessment of 
the accuracies of the various tabulated values, we 
can make some useful generalizations as folldws. 

It is reasonable to begin on the basis that the 
"best" values of K and AH' will be those derived 
in such a way that a "set" of experimental data is 
interpreted in terms of a minimum number of 
parameters. Secondly, we also expect that "best" 
values will be those that are not based on any 
differentiation procedure because such proce- 
dures inevitably magnify experimental uncer- 
tainties. On the basis of these generalizations, it 
follows that K values based o n  spectroscopic 
measurements or on thermodynamic activity 
measurements and eq. 5 are likely to  be "better" 
than K values based on eq. 11, which requires 
simultaneous evaluation of K and AH'. We also 
conclude that AH' values based on calorimetric 
enthalpies and eq. 10 (independent K) are likely 
to be "better" than those based on eq. 1 1  (simul- 
taneous evaluation of K and AH0) or on applica- 
tion of the van't Hoff equation (differentiation) 
to equilibrium constants determined spectro- 
scopically (or in any other way) at several 
temperatures. 

Although our discussion above indicates that 
simultaneous evaluation of both K and AH0 from 

enthalpies of mixing by way of eq.  11 is not the 
"best" way to obtain either K o r  AH', values 
actually obtained in this way seem to be of satis- 
factory accuracy for several systems as shown 
here and previously (10). 
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Electric Field Gradients in Alkali Halide Molecules 
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JEAN-PIERRE LAPLANTE and ANDRE D. BANDRAUK. Can. J. Chem. 52,2143 (1974). 
The electric field gradient q has been calculated from Hartree-Fock wavefunctions for the 

molecules LiF, LiCI, LiBr, NaF, NaCI, NaBr, KF, and KCI. I t  is found that o and TC electrons 
behave quite differently. Exchange distortions are of great importance for a proper under- 
standing of o contributions to q. Polarizations of n electrons into the bonding region are also 
considerable. These effects are responsible for failures of classical models and are further dis- 
cussed using calculated density difference diagrams. 

JEAN-PIERRE LAPLANTE et ANDRE D. BANDRAUK. Can. J.  Chem. 52, 2143 (1974). 
Le present article rapporte les resultats de calculs ab irzitio du gradient de champ electrique y 

pour la strie de molecules ioniques-type LiF, LiCI, LiBr, NaF, NaCI, NaBr, K F  et KCI. Ces 
gradients ont ete obtenus a I'aide de fonction d'onde de type Hartree-Fock. Ces rksultats 
demontrent clairement que les electrons o et TC se comportent d'une facon tres differente dans 
ces molecules. Les distorsions d'echange presentes se rtvelent aussi d'importance lnajeure pour 
une comprihension adequate de la contribution des electrons o a la valeur de q. La polarisation 
des electrons n dans la region de liaison est a ~ ~ s s i  considerable. L'ensemble de ces effets s'avere 
donc responsable de la faillite des modeles classiques pour I'interpretation de q. La disc~~ssion 
est appuyee des diagrammes de difference de densite correspondants. 

Introductisn 
The theoretical interpretation of the electric 

field gradient q in a molecule is of interest as it is 
a direct measure of the charge distribution. This 
follows from the fact that the interaction e2qQ, 
called the quadrupole coupling constant, between 
a nuclear quadrupole moment Q and the field 
gradient q of a molecular charge distribution p, 
is a weak interaction such that first-order pertur- 
bation theory is adequate (1). Experimentally 
eZgQ is determined from various hyperfine struc- 
tures in resonance experiments of the microwave 
type (l ,2).  The field gradient q is also an intrinsic 
part of the theoretical expression for the force 
constant of a diatomic molecule (3). 

In this article we examine various models used 
to interpret q in ionic molecules, in particular, the 
alkali halides. Considerable theoretical work (4) 
has been done using a simple model based on ions 
with polarizable charge distributions. The prob- 
lem then becomes the perturbation of an ion with 
a nuclear quadrupole moment by the field of an 
external point charge. The expression for the 
field gradient of simple ions with closed-shells 
configurations appears as 

'NRCC Postgraduate Fellow. 

where superscripts f indicate positive and nega- 
tive ions correspondingly. The factor y,' rep- 
resents the effect of the deformation of the closed 
shells of the ion by the external charge on the 
value of q. If the distorted electron distribution 
opposes the field gradient of the external charge, 
then ymi  is positive and there is a skieldingeffect, 
while if the distorted distribution enhances the 
field gradient, then y,' is negative and there is an 
antishielding effect. The perturbation of the ex- 
ternal charge will produce radial and angular 
excitations of the ionic charge distribution. The 
former, e.g., p + np, are antishielding and the 
latter (s -t d, p + f) are shielding (at the halogen 
nucleus and conversely at the alkali). The polar- 
izable ion model first developed by Sternheimer 
gives reasonable results for q+ (alkali nucleus) 
but less so for q- (halogen nucleus) as shown in 
Table 1.  Thus at the halogen nucleus, the model 
often predicts the wrong sign. 

Certain attempts have been made to rectify the 
model by introducing covalency ( 5 ) ,  but with 
little success (6). The introduction of overlap (7) 
improved the model somewhat but not enough at 
the halogen. De Wijn (8) recently obtained some 
success by suppressing the antishielding of o 
electrons and considering instead dipolar p, -t d, 
polarizations at the halide ion. Experimental 
values of q- are used to  obtain an ionic degree i 
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TABLE 1. V a l ~ ~ e s  of electric field gradients q at alkali and halogen nuclei, at R = R, (in 1015 e.s.u.) 
-- ------ 

4 

Molecule 

LiF 

Experiment* This work.1- 

LiBr 

NaF 

NaBr 

*These values are taken from refs. 8 and 9. 
  another series o f  06 inirio cnlculn~ions has been done by b l i ~ ~ c h n  (see ref 106). His results ;Ire i n  general the sirrne as ours  
iCalculated from r m  civen in  ref. 8. . -. - 
$Taken l iom ref. 8. 
ilColculated from *fm given in ref. 22. 

which is then used to calculate q-.  The values of 
q+ predicted by de Wijn are also reported in Table 
1 and are seen to improve the Sternheimer values 
of q+. De Wijn's model has been further refined 
by Peters and Todd (9). These authors retain anti- 
shielding effects and adjust the degree of p, polar- 
ization to give correct coupling constants. There 
remains therefore the problem of ascertaining the 
real behavior of a and 7c electron densities in 
these molecules. 

We report here calculations of q and its 
different comDonents for various internuclear 

simple model for the calculation of ionic electric 
field gradients. 

Calculations 

For a closed-shell diatomic ~nolecule AB, with 
a ground state electronic wave function $ ex- 
pressed as a determinant of molecular orbitals 
$i, we can write the expectation value of q,, the 
field gradient at nucleus A as 

distances from tabulated Hartree-Fock wave- 
functions of LCAO-MO-SCF type (10). These 
functions were also used to produce molecular 

ZB is the charge on nucleus B, rA is the distance 
of an electron from nucleus A, and 0, is the 
angular position of the electron with respect to 
the molecular axis. $i, the doubly-filled ortho- 
normal molecular orbitals can be further written 
as $i = $Ai  + $,;, i.e., a sum of atomic functions 
centered on the nuclei ($Ai = C,C,,i~pi,  $ B i  = 

C,Cqixqi, where the x's are Slater-type orbitals). 
Th~s.permits one to attribute four contributions 
to the field gradient: nuclear, atomic, overlap, 
and shielding, i .e. we have 

density diagrams in addition to density difference 
diagrams with respect to the free atoms and ions 
(Figs. 1-4). These diagrams are useful in visual- 
izing the electronic redistributions which occur 
upon bond formation and have been used pre- 
viously for this purpose (I I). 

The general result which emanates from these 
calculations is that p, electrons behave quite 
differently from p, electrons. It is precisely this 
difference in a and n behavior in the molecule 
which renders difficult the elaboration of any 
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LAPLANTE AND BANDRAUK: ELECTRIC FIELD GRADIENTS 

P M O L  
Li F 

FIG. 1 .  Contour maps, at R = R,, of the total molecular charge distribution p,,,, of the density difference dis- 
tributions AP,,,~,, API,.,, defined by: AP,,,,,(~) = pmol (r) - [p,(r) + p,(r)l Api,,.(r) = P,,, ( r )  - [PA+ (r )  f 
p,-(r)]. All contours are in atomic units and at  the same scale. 
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P M O L  

FIG. 2. Contour maps of p,,,, Ap., ,,,, and Ap ,,,,, for LiBr and NaF, at R = R,. 
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LAPLANTE AND BANDRAUK: ELECTRIC FIELD GRADIENTS 

M O L  
No CI  

No Br 

FIG. 3. Contour maps of p ,,,, Ap ,,,,,, and Ap,,,, for NaCl and NaBr, at R = R,. 
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P MOL 

. . . .  O M . .  

... . . _ _  .. ....... . . . . . . .  _ 

FIG. 4. Contour maps of p,,,, A p  ,,,,,,, and Api,,, for KF and KC!, at R = R,. 
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LAPLANTE AND BANDRAUK: ELECTRIC FIELD GRADIENTS 2149 

TABLE 2. Ab irzifio vali~es of atomic contribiltions at alkali nuclei, at R = K, (in a.u. = e /oo3)  

Molecitle 
. - -- - - . . 

LiCl -0.007 -0.002 -0.009 -0.257 
LiBr 0.001 -0.004 -0.003 -0.092 
NaF 27.502 -27.132 0.370 8.838 
NaCl 27.403 -27.157 0.240 10.910 
NaBr 26.906 - 26.732 0.174 9.209 
K F  263.938 - 263.359 0.579 20.010 
KC1 263.374 - 262.950 

-- .- .. . . . .. . - -. . -- . - . . ... 
0.424 27.124 

-- -- - - - - - - .-- - - - - - 

TABLE 3. Ab itlifio values of atomic contributions at halogen nilclei at R = R, (in a.it. = e / fro i )  

Molecule 

LIF 10.494 - 10.133 0.361 4.344 -22 5 
NaF 10 229 -10 078 0.151 3.615 -22.5 
I< F 10.589 - 10.131 0.458 15.814 -22.5 
LICI 169.887 - 169.986 -0.099 -2  758 - 53 
NaCl 169.802 - 169 988 -0 186 -8.251 - 53 
KC1 168.587 - 168.475 0.112 7.164 - 53 
LI Br 2354.790 -2355.320a -0.530 - 17 813 - 107 
NaBr 2354.228 -2355.141 -0 913 -48.242 - 107 
---  - - - 

-The q,,n term a1 Br- ~ncludes the con,rlbutlon q , , O  LlBr, 52 128 'I rr , N.IBI, 52 148 .I LI 1 h e s ~  con[r~bur~ons ~ L I I ~ S  
almost constant, are included In q,," 

where q,, is due to the atomic charge density 
2Ei4IAi2, q,, to the overlap charge density 
41i41Ai+Bi, and finally q,,, to the density 2 1 i 4 n , 2  
which shields nucleus B from nucleus A. For a 
purely ionic alkali halide, one would have 
qsElf = (2/R3)(ZB + 1) and q,, = 0. We may 
therefore rewrite eq. [3] as 

with 

The term a+ contains the ionic charge ( f I) of 
the ion B in addition to the quadrupolar polariza- 
tion of the ion A as measured by the operator 
(3 cos2 eA - l)/rA3. This polarization, given by 
(R3/2)qA., ', is therefore approximately the equiv- 
alent of the antishielding factor y,'.l The tern1 
p, represents all deviations from a true ionic 
model (P+ = 0 for a perfect ionic molecule), 
AZBT(R) corresponds to an  ionic defect of the ion 
B due to incomplete shielding of nucleus B 

*If p* tc a*, we have (R3/2)q,,* g T y, *. 

by the electron charge situated on it: AZBT = 
2CiJ4ni2dvi - (ZB f 1). For a perfect ion, 
AZ,+ = 0. 

Table 1 reports ou r  calculated values of the 
total q. In general these results are fairly close to 
the experimental results which depend on  not too 
well known values of nuclear quadrupole I ~ O -  
ments Q and thus may not be too reliable (12). 
The experimental results further correspond to 
v = 0 values which may introduce a further dis- 
crepancy d ~ ~ e  to different R, values. Finally, there 
remains always the question of accuracy near the 
nuclei of the wavefi~nctions used. An exact wave- 
function will contain all polarizations to all 
orders. Correlated o r  config~~ration interaction 
wavefunctions would therefore be ~ ~ s e f u l  to ex- 
plain the divergences if these exist. Fo r  closed 
shell systems,one electron properties s ~ ~ c h  as qare 
expected to be correct to first order in the  correla- 
tion error following Brillouin's theorem for 
Hartree-Fock functions. As will be shown later, 
the present functions are nevertheless sufficient 
to pinpoint the most important contributions to 
the field gradients. 

The various contributions to ci,(R) and 
P,(R) are reported in Tables 2-7 and are further 
described in the next sections. The variation of 
these terms as a function of internuclear distance 
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TABLE 4. Ab initio values of overlap contributions at alkali 
nuclei at R = R, (in a.u. = e/ao3) 

-. - - - -- 

Molecule qov" qovn ~ O V  !RY2)qov 

LiF 
LiCl 
LiBr 
NaF 
NaCl 
NaBr 
K F  
KC! 

TABLE 5. Ab inilio values of overlap contributions at halogen 
nuclei, at R = R, (in a.u. = e/ao3) 

Molecule 

LiF 
NaF 
K F  
LiCl 
NaCl 
KC1 
LiBr 
NaBr 

TABLE 6. AD itiitio values of shielding contributions at alkali nuclei, at R = R, (in atomic units of charge)* 
- ........ . . . . . .  ................-... .. -- ........... ...... . 

Molecule Y S I I ~  0 d c f . f  
- -- --- 

4 ~ 1 4 "  n d c r  (is11 AZn- = O d e l  + A d c r  
.. ...... . .......... ........ ..-....... 

LiF 6.403 0.403 2.818 - 1.182 9.221 -0.779 
NaF 6.327 0.327 3.177 - 0.823 9.504 -0.496 
K F  6.240 0.240 3.253 -0.747 9.493 -0.507 
LiCl 10.604 0.604 6.351 - 1 .649 16.955 - 1 ,045 
NaCl 10.470 0.470 6.770 - 1 ,230 17.240 -0.760 
KC1 10.591 0.591 6.929 - 1.071 17.520 - 0.480 
LiBr 16.807 0.807 14.201 - 1 ,799 31 ,0081 -0.992 
NaBr 16.599 0.599 14.576 - 1 .424 31.175 -0.825 

- - - - . .. ....................... ............. . . .  

'All values are multiplied by R"2 to give etTective charges. 
todCr = q s , , ~  - number o f  o electrons in ion B. nd,r - qslp - number o f  n electrons in ion B. 
$4~116 (LlBr : 4.06; NaBr : 4.05) is not included as these are perfect shieldins and d o  not contribute to the defect. 

TABLE 7. Ab Diitio values of shielding contributions at halogen nuclei, at R = R, (in atomic units of charge)* 
... . . . ........ . . . .  

. ....... . . . . . . . . . . . . .  . .  -. -- - - - 

Molecule ~ S H "  Gclt C/SI l n  
~- ~- 

X d c l  CIS H 
- 

AZnf = o d c r  + n d c f  
. .. . . . . . .  ... . . . . . . . . . . .  -- -- ~~ 

LiF 2.015 0.015 -0.002 -0.002 2.013 0.013 
LiCl 2.038 0.038 0.009 0.009 2.047 0.047 
LiBr 2.046 0.046 0.022 0.022 2.068 0.068 
NaF 6.298 0.298 3.693 -0.307 9.991 -0.009 
NaCl 6.236 0.236 3.804 -0.196 10.040 0.040 
NaBr 6.226 0.226 3.837 -0.163 10.064 0.064 
K F  10.559 0.559 7.228 -0.772 17.787 -0.213 
KC1 10.424 0.424 7.496 -0.504 17.921 -0.079 

~ 

*All values are multiplied by R3/2 to give effective charge. 
todtl  = qslp - number o f  o electrons in ion B. nd,, - qrlp - number o f  n electrons in ion  B. 
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LAPLANTE AND BANDRAUK: ELECTRIC FIELD GRADIENTS 2151 

is represented in Figs. 5 and 6 and is discussed 
later. A quick perusal of these tables and figures 
reveals that the atomic term, qAT, or (R3/2)qAT 
in effective charges, is always the most important 
term. The deviation term, P,(R), being the sum 
of overlap contribution and the shielding defect, 
is usually of the order of 5 x  of the atomic term 
and is therefore quite negligible when compared 
to the atomic contribution. 

Interpretation of Field Gradients 

q' (R), Alkali Field Gradient 
Tables 2, 4, and 6 report the atomic, overlap, 

and shielding contributions of the field gradient 
q'(R) at the various alkali ions M'. For each 
case, o and n contributions are separated to ac- 
centuate the different polarizations. These results 
are further complemented by Fig. 5 for a relative 
comparison of the importance of the terms 
a+(R) and P+(R). 

 AT (Table 2) 
The first observation is the negative values for 

Li+ which correspond to a shieldingeffect, where- 
as for Na' and K' one has positive values, cor- 
responding to antishielding. This difference stems 
from different types of polarizations which occur 
in the M' cases. Thus in Li', a detailed study of 
the wavefunction shows that quadrupolar polar- 
izations are produced by quadrupolar excitations 
of the angular type (s -, d) a la Sternheimer (13). 
This creates a displacement of the alkali core den- 
sity behind and also perpendicular to the direction 
of the molecular axis (Fig. 1). In the case of Na' 
and K', the quadrupolar polarizations which 
prevail are those of the 2p6 and 3p6 electron shells 
respectively. Detailed calculations show inner 
shells remain quite unpolarized, i.e., spherical. 
The polarizations of the outer shells of Nai and 
K' are antishielding, i.e. qAT positive as they in- 
crease the electric field gradient. The net atomic 
contributions reflect a large discrepancy between 
o and n polarizations, the o electrons overcoming 
the n electrons as a result of mainly radial excita- 
tions of the type p -t np (17). This is further 
substantiated by the Ap diagrams of Figs. 2, 3, 
and 4 where p-like polarizations are found on 
both sides of the Na and K nuclei. It is to be 
noticed that our values ofy' do not correlate well 
with the Sternheimer values except in the case of 
LiF and LiC1. Furthermore, in the sodium series, 
one has q,, larger in the order NaF > NaCl > 

NaBr, reflecting to some extent the effect of inter- 
nuclear distance. This produces random values 
of y', indicating that y' does not correlate well 
with this effect. 

%, + q,, (Tables 4 arid 6)  
Overlap contributions increase as one passes 

from LiF to LiBr. This is counterbalanced by a 
total undersl?ielding of the density at X-.  In the 
sodium and potassium series, overlap contribu- 
tions are smaller than in the former series. In 
general, the overlap contributions tend to cancel 
out the ionic defect of the halide ion. A diagram 
of the overlap density (15) in LiF indicates that 
this overlap density is in fact closer to the halogen 
nucleus and should be thus more properly attrib- 
uted to F-. This therefore explains partly the 
above cancellation effect. Thus the net defect 
P+(R) becomes negligible compared to cr+(R), 
the atomic polarization, as the ionic sizes increase. 
However, as in qAT, o and n densities shield each 
nucleus differently, o densities being closer to the 
alkali ouersliield the halide nucleus, whereas n 
densities unclersllield this same nucleus as a result 
of their particular geometric distribution. In 
LiF, this introduces an appreciable defect (Fig. 5) 
and is therefore responsible for the difference 
between the calculated q,,+ and the Sternheimer 
value. 

Polarizations and Pauli repulsions are respon- 
sible for the different o and n contributions to the 
field gradient. In the Li series as depicted in Figs. 
1 and 2, there is a net backpolarization of the 
cation density as required by the Hellmann- 
Feynman theorem (1 6). This backpolarization is 
in large part due to P a ~ ~ l i  repulsions and has been 
considered previo~~sly by Benson and Van der 
Hoff (14). For Na' and K +  the Ap diagrams 
clearly demonstrate q~~enching of radial excita- 
tions in front of these alkali nuclei, thus en- 
hancing the antishielding effect. These diagrams 
also indicate definite polarizations of p, density 
towards the bonding region. Thus the larger o 
backpolarization is counterbalanced by an in- 
polarization of the x density. This effect is ob- 
viously related to the ionic sizes as can be seen by 
comparing the p diagrams. Thus KF,  as an 
example, seems to be nearly symmetric in size. 
This is not surprising as the classical ionic radii 
of K' and F- are nearly identical (1 8). These 
radii can be fairly well reproduced from the p 
diagrams by measuring the distance from any 
nucleus outwards to the 0.002 contour (1 1). 
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2 0 

K C I  
L 

01  0 2  0 3  0 4  0 5  0 6  0 7  

R - R a ( a  Y )  

FIG. 5. Dependence on internuclear distance R of a+ (solid curves) and B +  (dashed curves) terms, for Li+, Na+ ,  
and K+,  in homolog series. Values are in atomic charge units. 
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LAPLANTE AND BANDRAUK: ELECTRIC FIELD GRADIENTS 

C 

FIG. 6.  Dependence on internuclear distance R of a-  (solid curves) and p -  (dashed curves) terms, for F-, CI-, 
and Br-, in homolog series. Values are in atomic charge units. 

q - (R) , Halide Field Gradient 
The different contributions of q-(R) are given 

in Tables 3, 5, and 7. These various contributions 
are further regrouped in the terms or-(R) the 
classical term, and P-(R) the deviation term. 
These are drawn schematically in Fig. 6. 

 AT. (Table 3) 
The unusual shorter bond lengths in the 

fluorides introduce a shielding (y,- positive) by 
the F- charge density as opposed to a n  anti- 

shielding predicted by the Sternheimer theory. 
This shielding by the F- density conies from a 
large difference in polarizations of the o and n 
densities. In the chloride, one has shielding in KC1 
and very weak antishielding in LiCl a n d  NaCI. 
The Sternheinier freely polarizable model again 
overestimates the antishielding effect. The 
stronger shielding in KC1 and K F  is most cer- 
tainly associated with the larger K' ionic radius 
which enhances the difference between o and n 
polarizations. In the case of the bromides, the 
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introduction of 3d orbitals do not complicate the 
analysis. In fact, a detailed study of the orbital 
contribution shows that the latter are negligibly 
polarized in comparison to 4p orbitals. The whole 
antishielding effect can be imputed to  the atomic 
polarization of the 4p6 shell of the Br- ion. These 
polarizations are again exaggerated in the Stern- 
heimer model, predicting much larger anti- 
shielding effects. This leads to the conclusion that 
antishielding is in fact quenchedin these molecules. 

q,, + qskl (Tables 5 and 7) 
Overlap contributions are negligible in the 

fluorides except in KF,  which as explained in the 
previous section is due to the similar ionic radii 
of K' and F- .  ln the halides and bromides, over- 
lap effects become more appreciable but these 
are still quite negligible compared to the magni- 
tude ofthe atomic polarizations. Of interest is the 
fact that the shielding defects AZ,' (Table 7) of 
the core electron density of the M +  ions are quite 
negligible. Thus the alkali ions M +  behave as 
near perfect ions from the halogen end of the 
molecule. This indicates that the LCAO expan- 
sion of the Hartree-Fock wavefunctions is quite 
faithful to the ionic model in terms of electron 
distribution. ln general, the total ionic defect 
P-(R) is negligible compared to the atomic 
polarizations reflected in a-(R) (Fig. 6). A coii- 
sideration of the inner polarizations of the X- 
charge density reveals these to be negligible, so 
that polarizations of X- outer shells in the 
presence of a hindering M +  core seems to be the 
appropriate model. 

The hindering presence of M +  core is reflected 
in the unusual strong shielding effects of the F- 
polarizations. We emphasize that this behavior is 
quite contrary to the Sternheimer theory, which 
would predict a net antishielding due to radial 
excitations of the F -  density via the attractive 
potential of the M' ion. In the halides and bro- 
mides, the calculations show a much weaker anti- 
shielding than predicted by the Sternheimer 
theory. Evidently, radial excitations are being 
quenched. This is clearly evident in the Ap,,,, and 
Ap,,, diagrams for these molecule (Figs. 1-4). The 
p,-like density along the internuclear axis is 
squashed by the presence of the M' core. This is 
most certainly due to Pauli exclusion forces as 
exemplified by the charge redistribution in two of 
the atoms (19). There is a large increase of density 
in front of the halogen nucleus which augments 
the absolute value of qATU. There is also evident a 
polarization into the bond of p,-like density, 

which manifests itself as an increase in front of 
the halogen nucleus but now in a perpendicular 
direction. This polarization will tend to diminish 
(qATXl. As this contribution is negative (Table 3), 
the net result will be to further enhance the shield- 
ing effect, i.e., make qAT more positive. This be- 
havior of then density is therefore more or less in 
accord with thk proposals of d e  Wijn (8) and 
Peters and Todd (9). However, the decisive factor 
is the increase in sllielding of the p, density due to 
a con?pression of this density i11 the  region of the 
halide nucleus by exchange repulsions. This con- 
jecture is supported by the p and  Ap diagrams. 
As an example, the last p spherical contour is 
0.04 in NaBr as compared to 0.06 in LiBr. In this 
latter molecule, Ap,,,, is more indented by the 
Li+ core than in NaB:. Similarly in Ap,,, the 
density increase with respect to free Br- is less 
diffuse in LiBr and more concentrated in the o 
region. It would seem that the close proximity of 
Li' to Br- results in a larger contraction of the 
halide electron density, thus decreasing the anti- 
shielding of the latter. Increasing constraints, 
such as shorter internuclear distances (LiBr as 
compared to NaBr) quench the o polarizations 
much more and therefore increase the shielding 
or conversely reduce the antishielding (Table 3). 

Variation of g"(R) as a Function of R 
From the expression [I], one readily obtains 

the derivative 

where y,' is assumed constant a s  in the Stern- 
heimer model (1). From the values of y," in 
Table 2, one predicts that dq+/dR should be posi- 
tive, as is observed in most experimental cases, 
i.e., an increase in q with vibrational quantum 
number. The situation is quite different at the 
halogen ion, as emphasized by d e  Wijn (8). The 
values of y,- in Table 3 predict that dq-/dl? 
should be negative, contrary to experimental 
values which give positive values for this deriv- 
ative. ln this section we will show how this con- 
tradiction may be  resolved. 

From expression [5] we have two terms that 
contribute to q"(R). Firstly there is cl,(R) which 
corresponds to (1 - y " ( ~ ) ) ,  i.e., the  classical term 
except that we now allow for variation of y(R). 
Secondly, there is P,(R), the ionic defect made up 
of overlap contributions and incomplete shield- 
ing effects of the  adjacent charge distribution. 
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LAPLANTE AND BANDRAUK: ELECTRIC FIELD GRADlENTS 

TABLE 8. A6 inilio values of slopes dqAT0/dR, dqATn/dR, and their 
ratio, at  halogen nuclei, at  R = R, (in a.u. = e/[zo4) 

-- - - . 

Molecule d r l~~ ' l / dR  dqATn/dR ( d q ~ ~ " / d  R ) / ( ~ ~ A T " / ~ R )  
-. . . ---- -- . -- - 

LiF - 1.025 -0.291 3 .5  
NaF -0.628 -0.228 2.8 
K F -0.618 -0.172 3.6 
LiCl -0.945 -0.220 4 .3  
NaCl -0.69 -0.09 7.7 
KC1 -0.58 -0.145 4.0 
LiBr -1.87 -0.527 3.6 

TABLE 9. A6 itlilio values of slopes dqATu/dR, dq,,Tn/dR and their ratio 
at Na+ and K +  cations, at R = R, (in a.u. = e/ao4) 

Molecule (dqATU/dR) ( d q ~ ~ " / d R )  (dqA~"/dR)/(dq,t~"/dR) 

NaF  -0.313 -0.056 5.6 
NaCl -0.149 -0.036 4.1 
K F  -0.318 -0.106 2.9 
KC1 -0.173 -0.082 2.1 

These two terms are schematized in Fig. 5 ,  from 
which it is seen that for the alkali ions, a+(R) is 
fairly constant. This indicates that y+(R) is indeed 
the asymptotic Sternheimer parameter y,+. In 
addition, as pointed out already in the preceding 
section, P+(R) diminishes in importance for the 
larger cations. The one exception arises for the 
lithium series, where as the internuclear distance 
decreases, this term increases in importance. At 
these shorter distances, the halide ion cannot be 
treated as a point charge any more. For the 
sodium and potassium series, the atomic polar- 
izations at M +  far outweigh the non-classical con- 
tributions contained in P+(R). 

Turning to the halide ions, Fig. 6 shows that 
the picture has drastically changed. The non- 
classical term, P-(R), is completely negligible in 
all cases, so that one is left only with the polariza- 
tions of the anion. The rapid variation of a-(R) 
as opposed to a near invariance of a+(R) is due 
to two main causes with increasing R:  (i) expan- 
sion of the contracted p, halogen density, 
thus antishielding the halogen nucleus, i.e. 
dqATu/dR < 0; (ii) depolarization and backtrans- 
fer of the p, density from which dqATn/dR < 0. 
Considering P-(R) as completely negligible, then 
q-(R) may be expressed following expression 
[41 as 

c71 dq-(R) -6  ddAT- - 
dl? R~ dl? 

The values of the components dqAl."/dR and 
dqATn/dR are given in Table 8. These components 

counteract the negative contribution from the 
M+ ion charge, i.e., - dqAT/dR is always positive. 
Putting in values of Re for various molecules into 
eq. 7, it is easy to see that the atomic term in fact 
overwhelms the M +  ionic charge term, thus 
rendering dq-(R)/dR always positive. 

The p, depolarization is in accord with the 
corrections proposed by de Wijn (8) and Peters 
and Todd (9) to the simple antishielding model. 
However both theories incorrectly treat the p, de- 
polarizations. In de Wijn's theory, dqATU/dR is 
assumed negligible whereas in the Peters and 
Todd model, y,- is retained following the Stern- 
heimer model. Table 8 establishes conclusively 
that it is the density in the last occupied p, orbital 
of the halide ion which is in major part respon- 
sible for the desliielding of the halogen nucleus 
with increasing R. On the average, the p, contri- 
bution to dq-/dR is four times that of the p, 
density. 

It is interesting to notice that this same effect 
occurs at the cations Na+  and K +  with last oc- 
cupied p shells (see Table 9). This effect is about 
ten times smaller than in the anions, as expected 
from the smaller polarizabilities of the former. 
Nevertheless, it is evident that the p, density is 
depolarizing, thus decreasing qAT and the p, 
density is returning, therefore diminishing qAT 
further. These effects can be seen concretely in the 
relaxation density diagrams about F -  for bond 
extension of LiF as reported in ref. 3. There is 
evidently a net increase of p, density and a net 
decrease of p, density near the fluorine nucleus. 
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There is however one more effect which must be Conclusion 

The main purpose of our work has been to 
clarify the discrepancies between experimental 
values and those obtained from classical models 
for the electric field gradient in alkali halide 
molecules. Our calculations and density diagrams 
show that quenching and even contraction effects 
invalidate any simple polarizable model in these 
molecules. 

Our results affirm the major importance of the 
atomic polarizations as measured by 9,-, in the 
total value of the field gradient q. Furthermore, 
the value of qAT largely depends only on the dif- 
ference of the contribution from the last occupied 
p, and p, orbitals of the ion in question. For 
cations, the size of the ion determines its field 
gradient. Thus in Na' and K', the introduction 
of p shells renders these two ions antishielding as 
opposed to Li'. The antishielding of these two 
larger ions is much larger than predicted by 
the Sternheimer theory. Exclusion repulsion 
effects are in large measure responsible for a 
larger p, contribution, causing a contraction of 
this density near the nucleus. The variation of 
q'(R) at the alkali ion is small. This is indicative 
of a fairly constant antishielding factor y'(R). 
The antishielding model recovers therefore a 
certain measure of respectability with this last 
observation. 

For the halogen ions, there is usually a large 
difference in p, and p, contributions, indicative of 
quite different polarizabilities. In addition, q-(R) 
at the halogen nucleus is a very sensitive function 
of R. It has been shown that, in fact, it is the o 
electrons which are most responsible for this 
effect. These electrons contribute on the average 
four times as much as n electrons to dq-(R)/dR. 
The p, electrons seem to expand or decontract 
as the internuclear distance increases, thus in- 
creasing the electric field gradient. Backtransfer 
of p, density to the anion also enhances this 
effect, but only one-fourth as much. 

Any satisfactory theory of the field gradient at 
the halide ion and at larger cations such as Cs' 
and Rb' must consider the o-quenching and 
n-polarizations separately in alkali halide mol- 
ecules. Brumer and Karplus (20) in a perturbation 
calculation have recently shown that the inclusion 
of exchange distortions in the classical ion model 
gives rise to saturations of polarizabilities. This 
is the equivalent of the quenching and even com- 
pression effect on o densities as observed by us. 

added, an effect which is also noticeable in the 
A p  diagrams. Ruedenberg (21) has suggested that 
in molecules there is usually a contraction or 
clustering of valence electron density about the 
nuclei. This efficiently lowers the potential energy 
of the electrons in a molecule. It may well be that 
the large increase of density in the o region with 
its unusual effects on field gradients is in large 
measure due to such contraction effects thus in- 
validating further any simple polarizable model. 

We thank the National Research Council of Canada 
for a graduate fellowship to J.P.L. a n d  also for a com- 
puting grant to A.D.B. which enabled us to pursue the 
calculations reported here. 
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STUART NICHOLAS HUCKIN and LARRY WEILER. Can. J. Chem. 52,2157 (1974). 
The dianion of methyl acetoacetate reacts with ketones and aldehydes to  yield 6-hydroxy-P- 

keto esters. These hydroxy esters can be dehydrated to  the corresponding y,6-unsaturated-6- 
keto esters which are useful in annelation reactions to form cyclic P-keto esters. The dianion of 
methyl acetoacetate does not appear to undergo conjugate addition to simple ct,P-unsaturated 
ketones, instead only carbonyl addition occurs. 

STUART NICHOLAS HUCKIN et LARRY WEILER. Can. J. Chem. 52, 2157 (1974). 
Le dianion de l'acetoacetate de methyle rkagit avec les cetones et les aldehydes pour fournir 

des esters 6 hydroxylks 0-cetoniques. Ces esters hydroxyles peuvent se deshydrater pour con- 
duire aux P-cktoesters nonsati~res correspondant qui sont utiles dans des reactions d'annelation 
conduisant a des esters P-cetoniques cycliques. Le dianion de I'acetoacetate de methyle reagit 
avec les cetones a,P nonsatures simple pour conduire uniquernent a des produits d'addition; 
il ne semble pas que I'addition conjuguee se produise. [Traduit par le journal] 

Recently we have been interested in utilizing tetrahydrofuran. Not unexpectedly dianion 2 
the basic four carbon unit of P-keto esters (1) as reacts with an electrophile at the terminal y- 

carbon (8). One of the reactions of particular use 

=OR 

in our proposed synthesis of some aromatic anti- 
biotics was the aldol type condensation of 2 

I shown in reaction 1. 

a foundation for an array of synthetic reactions. 
The introduction of this unit is relevant to the 
synthesis of a range of natural products, partic- 
ularly the acetogenins (1). We have already de- 
scribed the ready generation of dianions from 
P-keto esters (2) and the alkylation (2, 3) and 
acylation (4, 5) of these intermediates. Now we 
would like to present some details of the reaction 
of these dianions with aldehydes and  ketone^.^ 

The dianion 2 can be prepared from methyl 
acetoacetate in a variety of hays; however, the 
most efficient method we have developed involves 
treating the P-keto ester with 1 equiv. of sodium 
hydride to generate the monoanion and sub- 
sequently treatment with 1 equiv. of n-butyllith- 
ium produces the dianion 2 (2, 3). This reaction 

can be performed in a range of solvents (7) but 
most of the present results are for reactions in 

'Author to whom correspondence should be addressed. 
2A preliminary communication of a portion of this 

work has appeared (6). 

We found that dianion 2 did react with a series 
of aldehydes and ketones to give the addition 
product 4 in reasonable yields for most substrates 
investigated (Table I) .  The spectral data for each 
reaction product was compatible only with the 
6-hydroxy-P-keto ester structure 4, another ex- 

TABLE 1. Addition of dianion 2 t o  
ketones and  aldehydes 

3 
Yield of 

R R ' 4 (Z',)" 

.Isolated yield. 
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ample of reaction at the more nucleophilic ter- 
minal carbon in a multiple anion (1-8). In the 
case of acetaldyde, pentanal, and cyclopentanone 
a large amount of methyl acetoacetate was re- 
covered. It may be that proton transfer is a com- 
peting side reaction in these cases, since self-con- 
densation products of cyclopentanone were also 
formed in the reaction of 2 and cyclopentanone. 
Similar difficulties involving proton transfer have 
been reported during the reaction of dianions 
from P-diketones with ketones and aldehydes (9). 
Earlier it has been found that reaction of the 
dianion from ethyl acetoacetate with benzo- 
phenone gave the corresponding 6-hydroxy-P- 
keto ester in 50x ((10). Using the above method 
this product was obtained in 8 1 x  from ethyl 
acetoacetate or 9 3 z  from methyl acetoacetate. 

With some of the aromatic aldehydes and 
ketones, difficulty was encountered when at- 
tempts were made to purify the adducts 4 by 
distillation. Many of these products were liquids 
and they were readily purified by chromatog- 
raphy for spectral analysis; however, they were 
converted to the corresponding trimethylsilyl 
ethers (6 )  for further spectral analyses and ele- 
mental analyses. These ethers were readily dis- 
tilled and could easily be hydrolyzed back to 4 by 
refluxing in methanol for a short period. 

A brief study of the temperature dependence 
of this aldol addition was made, using the re- 
action of dianion 2 with propanal as the model. 
At temperatures below 0 "C, the reaction became 
very sluggish and finally at -78" only 11x  of the 
desired product could be isolated after 1-h reac- 
tion period (79x recovery of methyl acetoace- 
tate). When the reaction was performed at 25" for 
4 h adduct 4 (R = C,H5; R' = H) was isolated 
in 57x yield. Whereas, this same product was 
isolated in 73x yield after 10 min reaction time 
at 0". A similar temperature dependence was 
noted for alkylation (2, 3, 7) and acylation (4, 5, 
7) of 2. 

The dianion 2 could also be generated from 
methyl acetoacetate and 2 equiv. of lithium 
diisopropylamide, and subsequent reaction with 
benzophenone gave 4 (R = R' = C,H5) in 62x. 
Hence, it would appear that the dilithio inter- 
mediate 2 does not have the same reactivity as 
the sodio lithio intermediate 2. Lithium bis(tri- 
methylsily1)amide was not a sufficiently strong 
enough base to generate the dianion 2. The lower 
basicity of lithium bis(trimethylsily1)amide com- 
pared to lithium dialkylamides parallels the lower 
basicity of silylamines compared to alkylamines 
(1 1). This has been attributed to  d n - p ~  bonding 
between the nitrogen lone pairs and the adjacent 
silicon atom. 

Several procedures were investigated to con- 
vert the adducts 4 into the corresponding un- 
saturated keto esters 5. Treatment of these ad- 
ducts (4) with phosphorus oxychloride in pyri- 
dine, p-toluenesulfonic acid in refluxing benzene, 
and refluxing 1 0 x  aqueous sulfuric acid gave 
complex mixtures of products. However, it was 
found that treatment of the product 4 with an- 
hydrous hydrogen chloride i n  chloroform re- 
sulted in smooth conversion to the unsaturated 
keto ester (5). In  those adducts (4) in which 
R # R' a mixture of two isomeric unsaturated 
products (5) was obtained, these were not sep- 
arated but estimates of the relative amounts of 
two isomers were obtained from the n.m.r. 
spectra (7). Recently synthetic interest in simple 
y,6-unsaturated-P-keto esters (5) has been revived 
and these esters appear to be very useful in 
annelation reactions to synthesize cyclic P-keto 
esters (12). Together with the renewed interest in 
these esters (5), was a need for an efficient syn- 
thesis of these materials; the above dianion 
route provides an  efficient route to all but the 
simplest (5, R = R' = H) of these esters. Stork 
and~u th ikonda  have also developed an efficient 
route to these esters, which is outlined in eq. 2 (12). 

We also undertook a limited study of the 
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HUCKIN AND WEILER: S 

possible conjugate addition of dianion 2 t o  a,P- 
unsaturated ketones. However, dianion 2 gave 
only carbonyl addition products with methyl 
vinyl ketone and cyclohex-2-enone. Addition of a 
variety of stoichiometries of cuprous iodide again 
gave only carbonyl addition products, although 
it is believed that some form of copper dianion 
complex was formed, as evidenced by the dissolu- 
tion of the cuprous iodide and formation of a 
brown solution. The failure of the conjugate ad- 
dition is attributed to the high nucleophilic reac- 
tivity of dianion 2. It was found, however, that 
under acid work-up the initially formed carbonyl 
adduct of 2 and cyclohex-2-enone rearranged to 
the secondary alcohol 7. 

Aldol Reactiorts of the Diarlion of 8-Keto Esters 
Methyl 5-Hydroxy-5-tnethy/-3-oxo/lexanoate (40) 
Sodium hydride (0.465 g, 11 .O mmol), as a 57% mineral 

oil dispersion, was weighed into an oven-dried 50 ml flask 
and tetrahydrofuran (ca. 25 ml) was distilled directly into 
this flask from lithium aluminum hydride. The flask was 
equipped with a magnetic stirrer, stoppered (septum cap), 
cooled in ice to 0 OC, and flushed with nitrogen. Methyl 
acetoacetate (1.161 g, 10.0 mmol) was added dropwise to 
the cooled slurry and the reaction allowed to stir for 10 
min after the addition was complete. A solution of rl- 
butyllithium (5 ml, 2.1 M in hexane, 10.5 mmol) was added 
dropwise to the solution and the reaction allowed to stir 
a t  0" for a further 10 min. Acetone (0.638 g, 11.0 mmol) 
was added in one portion and the reaction allowed to stir 
for 10 min at  0' before being quenched with concentrated 
hydrochloric acid (ca. 2 ml). The reaction was worked up 
by the addition of water (10 ml) and diethyl ether (35 ml). 
The aqueous layer was separated and further extracted 
with ether (2 x 35 ml). The organic extracts were com- 

refs. 3, 5, o r  7 for general details. 

-HYDROXY-6-KETO ESTERS 2159 

bined, washed with saturated sodii~m chloride solution 
(6 x 15 ml). dried over anhydrous sodiilm sulfate. and 
filtered. The solvents were removed by evaporation under 
reduced pressure and distillation of the resulting oil gave 
1.162 g (72%) of 40, b.p. 51-52" (14 mm); i.r. (CHC13) 
3500, 1740, and 1705 cm- ' ; n.m.r. (CDCI3) F 3.76 (s, 3H), 
3.48 (s, 2H), 3.27 (broad s, exchangeable D,O, IH), 2.70 
(s, 2H), and 1.30 p.p.m. (s, 6H); mass spectrum, trl/c 
(relative intensity) 174(4), 159(48), 128(71), 116(100), 
85(62), 59(87), and 43(87). 

Anal. Calcd. for C8H,,0,: C, 55.16; H, 8.10. Found: 
C, 54.97; H, 8.32. 

Methyl 5-Hydroxy-5-rr1cthyl-3-osolrepta11oatc (46) 
This compound was prepared by the same procedure as 

that employed in the preparation of methyl 5-hydroxy-5- 
methyl-3-oxohexanoate (40). The reagents used in the 
preparation were: sodiilm hydride (0.467 g, l l .O mmol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.161 g, 10.0 mmol), 11-butyllithium (5 ml, 10.5 mmol), 
as a 2.1 M solution in hexane, and 2-butanone (0.792 g, 
11.0 mmol), which gave 1.052 g (56%) of 46, b.p. 88-89" 
(14 mm); i.r. (neat film) 3500, 1740, and 1705 cm- ' ;  
n.m.r. (CDCI3) 6 3.77 (s, 3H), 3.51 (s, 2H), 3.15 (broad s, 
exchangeable D,O, IH), 2.71 (s, 2H), 1.60 (distorted q, 
J = 8 Hz, 2H), 1.27 (s, 3H), and 0.92 p.p.m. (distorted t, 
J = 8 Hz, 3H); mass spectrum, t71/e (relative intensity) 
188(0.2), 170(10), 159(49), 128(75), 116(50), 85(47), 73(47), 
and 43(100). 

Anal. Calcd. for C9H160,:  C, 57.43; H, 8.57. Found: 
C, 57.27; H, 8.71. 

Methyl 4- (I-Hyrl,oxycycloAe?cyl) -3-oxobutatlonte (4c) 
This compound was also prepared by the same proce- 

dure as that employed in the preparation o f  methyl 5- 
hydroxy-5-methyl-3-oxohexanoate (40). The reagents used 
in the preparation were: sodium hydride (0.465 g, 11.0 
mmol), as  a 57% mineral oil dispersion, methyl acetoace- 
tate (1.161 g, 10.0 mmol), 11-butyllithium (5 ml, 10.5 
mmol), as  a 2.1 M solution in hexane, and cyclohexanone 
(1.078 g, 11.0 mmol), which gave 1.348 g (63%) of 4c, 
b.p. 95-96" (0.3 mm); i.r. (neat film) 3500, 1740, and 1705 
cm- ' ;  n.m.r. (CDCI3) F 3.75 (s, 3H),3.50 (s,2H),3.11 
(broad s, exchangeable DzO,  1 H), (s, 2H), and  1.52 p.p.m. 
(m, 10H); mass spectrum, ttrle (relative intensity) 214(3), 
196(18), 182(12), 138(61), 123(40), 122(47), 116(44), 98(63), 
95(60), 80(53), 69(69), 55(84), and 43(100). 

Anal. Calcd. for C l lH l8O4:  C, 61.66; H, 8.47. Found: 
C, 61.84; H, 8.47. 
Mctlryl4-(1-HydroxycyclopentyI)-3-oxobutat~oflte 

(4d) 
This compound was prepared by the same procedure as 

that employed in the preparation of methyl 5-hydroxy-5- 
methyl-3-oxohexanoate (40). The reagents used in the 
preparation were: sodium hydride (0.466 g, 11.0 mmol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.161 g, 10.0 mmol), 11-butyllithium (5 ml, 10.5 mmol), 
as a 2.1 M solution in hexane, and cyclopentanone (0.924 
g, 11.0 mmol), which gave 0.502 g (25%) of 4d, b.p. 67-68" 
(0.3 mm); i.r. (neat film) 3500, 1740, and 1705 cm-'; 
n.m.r. (CDC1) F 3.77 (s, 3H),  3.52 (s, 2H), 3.10 (broads, 
exchangeable D,O, lH), 2.90 (s, 2H), and 1.72 p.p.m. (m, 
8H); mass spectrum, tn/e (relative intensity) 200(4), 
182(12), 159(89), 126(62), 116(89), 109(5 I) ,  198(65), 
101(84), 85(89), 84(98), 67(62), 59(62), 55(100), and 
43(100). 
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Anal. Calcd. for Cl0Hl6O4: C, 59.98; H, 8.05. Found: 
C, 60.14; H, 7.94. 
Metl1yl5-Hydro.ry-3-oxol1eptar1oate (4e) 
This compound was prepared by the same procedure 

as that employed in the preparation of methyl 5-hydroxy- 
5-methyl-3-oxohexanoate (4a). The reagents used in the 
preparation were: sodium hydride (0.465 g, 11.0 mmol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.161 g, 10.0 mmol), n-butyllithiurn (5.0 ml, 10.5 mmol), 
as a 2.1 M solution in hexane, and propanal (0.639 g, 11.0 
mn~ol), which gave 1.270 g (73%) of 4e, b.p. 86-87" (0.5 
mm); i.r. (neat film) 3500, 1740, and 1705 cm-'; n.m.r. 
(CDCI,) 6 4.00 (m, IH), 3.76 (s, 3H), 3.52 (s, 2H), 2.66 
(m, 2H), 2.43 (broad s, exchangeable D 2 0 ,  1 H), 1.45 (m, 
2H), and 0.95 p.p.m. (m, 3H); mass spectrum, rlrle 
(relative intensity) 174(1), 156(6), 145(17), 116(16), 
114(38), 101 (32), 83(59), 71 (49), 69(53), 59(52), and 
43(100). 

Anal. Calcd. for C8HI4O4: C, 55.16; H, 8.10. Found: 
C, 54.95; H, 8.09. 
Metlryl5-Hydroxy-3-o.ror1011a11oate (4f) 
This compound was prepared by the same procedure 

as that employed in the preparation of methyl 5-hydroxy- 
5-methyl-3-oxohexanoate (4a). The reagents used in the 
preparation were: sodium hydride (0.465 g, 11.0 mmol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.161 g, 10.0 mmol), n-butyllithium (5 ml, 10.5 mmol), 
as a 2.1 M solution in hexane, and pentanal (0.946 g, 1 1.0 
mmol), which gave 0.727 g (36%) of 4f, b.p. 55-56" (0.2 
mm); i.r. (neat film) 3500, 1740, and 1705 cm-'  ; n.nI.1. 
(CDCI) 6 4.00 (m, IH), 3.76 (s, 3H), 3.50 (s, 2H), 2.66 (m, 
2H), 2.42 (broad s, exchangeable DZO, IH), and 1.52- 
0.77 p.p.m. (m, 9H); mass spectrum, rirle (relative inten- 
sity) 202(1), 184(9), 145(38), 127(9), 116(36), 113(35), 
101(23), 97(14), 85(27), 84(19), 58(32), and 43(100). 

Anal. Calcd. for C10H180,: C, 59.39; H, 8.97. Found: 
C, 59.19; H, 8.96. 

Metl1yl5-Hydro,ry-3-oxolresar1onte (4g) 
This con~pound was prepared by the same procedure 

as that employed in the preparation of methyl 5-hydroxy- 
5-methyl-3-oxohexanoate (4a). The reagents used in the 
preparation were: sodium hydride (0.465 g, 11.0 mrnol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.161 g, 10.0 mmol), n-butyllithium (5 ml, 10.5 mmol), as 
a 2.1 M solution in hexane, and acetaldehyde (0.484 g, 11  .O 
rnmol), which gave 0.416 g (26x) of 4g, b.p. 42-43" (0.3 
mm); i.r. (CHCI,) 3500, 1740, and 1705 crn-l; n.m.r. 
(CCI,) 6 4.10 (m, lH),  3.70 (s, 3H), (s, 2H), 3.00 (broad s, 
exchangeable D20 ,  I H), 2.62 (m, 2H), and I .  12 p.p.m. (m, 
3H); mass spectrum, ni/e (relative intensity) 160(40), 
142(54), 127(33), 116(60), 101(73), 85(42), 59(64), and 
43(100). 

Anal. Calcd. for C7Hl2O4: C, 52.49; H, 7.55. Found: 
C, 52.65; H, 7.39. 

Metl1yl5-Hydroxy-6,6-dirrirtI1yI-3-osoheptanoate (411) 
This compound was prepared by the same procedure 

as that employed in the preparation of methyl 5-hydroxy- 
5-methyl-3-oxohexanoate (4a). The reagents used in the 
preparation were: sodium hydride (0.465 g, 11.0 mmol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.161 g, 10.0 mmol), n-butyllithium (5 ml, 10.5 rnrnol), 
as a 2.1 M solution in hexane, and 2,2-dimethylpropanol 
(0.946 g, 11.0 mmol), which gave 1.654 g (82%) of 411, b.p. 

68-69" (0.2 mm); i.r. (CHCI,) 3500,1740, and 1705 cm-'; 
n.m.r. (CC14)63.70 (s,3H),3.63 (m, lH),3.42(s,2H), 
3.00 (broad s, exchangeable DZO, IH), 2.58 (m, 2H), and 
0.87 p.p.m. (s, 9H); mass spectrum m/e (relative intensity) 
202(1), 184(10), 170(22), 155(23), 145(90), 127(42), 1 16(48), 
115(48), 1 1  3(92), 1 1  1 (94), 101(60), 56(96), 83(87), 71(100), 
69(94), 59(77), 55(100), and 43(100). 

Anal. Calcd. for C ,oHls04 :  C, 59.39 ; H, 8.97. Found: 
C, 59.15; H, 8.95. 

Metlryl5-Hydroxy-5- (2-tnetlroxyplret~yl) -3- 
oxol~exarroate (4i) 

This compound was prepared by the same procedure 
as that employed in the preparation of 40. The reagents 
used were: sodium hydride (0.465 g, 11.0 mmol), as a 57% 
mineral oil dispersion, methyl acetoacetate (1.161 g, 10.0 
mmol), 11-butyllithium (5 ml, 10.5 mmol), asa  2.1 Msolu- 
tion in hexane, and o-methoxyacetophenone(1.650 g, 11.0 
mmol), which gave 2.550 g of pale yellow oil. Purification 
of this oil was achieved by t.1.c.: crude 4i (544 mg) was 
chromatographed on a 20 x 20cm silica coated plate, 
adsorbant thickness 0.9 mm, using a mixture of chloro- 
form and ethyl acetate (9: 1, v/v) as eluent. After elution, 
the band lying in the region RI 0.25-0.33 was removed 
and extracted with ether (15 ml). The solvent was removed 
by evaporation under reduced pressure to give 471 n ~ g  
(73%) of 4i; i.r. (CHCI,) 3500, 1740, and 1705 cm-' ; U.V. 

(CH3OH) 276,270, and 264 nm (shoulder); n.m.r. (CCI,) 
6 7.70-6.70 (m, 4H), 4.10 (broad s, exchangeable D 2 0 ,  
IH), 3.82 (s, 3H), 3.63 (s, 3H), 3.33-1.65 (m, 4H), and 
1.50 p.p.m. (s, 3H); mass spectrum (a) high resolution 
calcd. for CI4Hl8O5:  266.1 154 a.m.u.; found: 266.1 135 
a.nI.u.; (b) N I / ~  (relative intensity) 266(10), 251(8), 234(16), 
208(10), 159(34), 15 1 (78), 135(94), 115(52), 91(25), 77(80), 
59(47), and 43(100). 

Methyl 5- (2-Methoxyplreiryl) -3 -oxo-5-trirrretlgvlsiloxy- 
lrexarroate (6i). Methyl 5-hydroxy-5-(2-methoxypheny1)- 
3-oxohexanoate (4i) (0.257 g, 0.99 mmol), chlorotrimethyl- 
silane (0.108 g, 1 .OO mmol), and hexamethyldisilazane 
(0.081 g, 0.50 mmol) were dissolved in dry pyridine (ca. 5 
ml) and the solution stirred for 10 min. A finewhite precip- 
itate was thrown down and this was filtered off and washed 
with ether (3 x 10ml). The washings were added to the 
filtrate and the solvents removed by evaporation under 
reduced pressure. The resulting oil was distilled under high 
vacuum to give 0.176g (65%) of 6i, b.p. 83-85" (0.3 mm); 
i.r. (CHCI,) 1740, 1705, and 1075 cm-I ; n.m.r. (CCI,, ext 
TMS) 7.55-6.67 (m, 4H), 3.80 (s, 3H), 3.53 (s, 3H), 3.20 
(m, 2H), 2.80 (m, 2H), 1.67 (2, 3H), and 0.00 p.p.m. (s, 
9H); mass spectrum, rille (relative intensity) 338(3), 
323(2), 308(2), 265(2), 223(98), 173(35), 151(19), 135(80), 
115(17), 105(46), 91(19), 75(100), 59(30), and 43(76). 

Anal. Calcd. for C17H2605Si: C, 60.33 ; H,7.74. Found: 
C, 60.20; H, 7.49. 

Hydrolysis of Metlryl 5-(2-Metl10xypl1er?vIJ-3-0,~0-5- 
trimettrylsiloxyl~exnt~onte (6i). Methyl 5- (2 - methoxy- 
phenyl)-3-0x0-5-trimethylsiloxyhexanoate (6;) (0.170 g, 
0.50 mmol) was dissolved in methanol (10 ml) and 
the solution heated to reflux. After a period of 30 
min at reflux the solution was cooled and filtered. 
The methanol was removed by evaporation under 
reduced pressure and the resulting oil purified by prepara- 
tive t.l.c., using a 20 x 20 cm silica coated plate, adsorb- 
ant thickness 0.5 mm, and en~ploying a mixture of chloro- 
form and ethyl acetate (9: 1, v/v) as eluent. The band lying 
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HUCKIN AND WEILER: BHYDROXY-6-KETO ESTERS 2161 

in the region R, 0.254.33 was removed and extracted with 116(66), 105(76), 91(68), 85(54), 77(82), 69(62), 59(100), 
ether. The solvent was removed by evaporation under re- and 43(83). 
duced pressure to give 95 mg (71%) of methyl 5-hydroxy- Anal. Calcd. forC15HZ204Si:  C, 61.19; H, 7.53. Found: 
5-(2-methoxyphenyl) 3-oxohexanoate (4i), which showed C, 61.40; H, 7.32. 
identical i.r. and n.m.r. spectra to 4i  obtained above. Methyl 5-Hydroxy-5-(2-n1ethoxyplret1yl)-3-oxope11tat1o- 

Methyl 5-(2-Metl1ox~plret1ylJ -3-oxohex-4-enonre (5i). ate (4k) 
~h lo ro fo rm (ca. 10 ml) was saturated with anhydrous This compound was prepared by the same procedure 
hydrogen chloride. by direct passage of the gas through as that employed in the preparation of methyl 5-hydroxy- 
the solvent. Methyl 5-hydroxy-5-(2-methox~phen~l)-3- 5-(2-methoxypheny1)-3-oxohexanoate (4i). The  reagents 
oxohexanoate (4i) (0.051 g, 0.19 mmol) was dissolved in used were: sodium hydride (0.465 g, 11.0 mmol), as a 57% 
this chloroform and the solution stirred for 30 min. The mineral oil dispersion, methyl acetoacetate (1 ~ 6 0  g, 10.0 
solution was washed with saturated sodium hydrogen mmo]), n-butyllithium (4.5 ml, 10.6 mmol), a s  a 2.34 M 
carbonate solution (4 x 5 ml) and with saturated sodium solution in hexane, and o-methoxybenzaldehyde (1.498 g, 
chloride solution (2 x 5 mi), dried over anhydrous so- 11.0 mmol), which gave 2.830 g of crude 4k as  a yellow 
dium sulfate, and filtered. The chloroform was removed oil. Purification of this oil was achieved by t.1.c.: crude 4k 
by distillation to give 0.040 g (85%) of a mixture of Z and (374 mg) was chromatographed on a 20 x 20 cm silica 
E isomers of 5i(ratio of isomers,Z: E 1.0:2.3, by n.m.r.1; coated plate, adsorbant thickness 0.9 mm, using a mixture 
i.r. (CHC13) 1740, 1680, and 1600 cm-'  ; U.V. (CH3OH) of chloroform and ethyl acetate (9: 1 v/v) as eluent. After 
320 (shoulder) and 278 nm; n.m.r. (CC14) 6 7.40-6.67 (m, elution, the band lying in the region R, 0.2-0.3 was re- 
4H), 6.20 (m, 0 . W  El,  6.10 (m, 0.3H, Z), 3.82 (s, 3H), moved and extracted with ether (20 mi). The solvent was 
3.70 (d, J = 1 Hz, 2.1H, E), 3.60 (d, J = 1 Hz, 0.9H, Z), removed by evaporation under reduced pressure to give 
3.40 (s, 2H), 2.43 (d, J = 1 Hz, 2.1H, E),  and 2.12 P.P.m. 243 mg (73%) of 4k; i.r. (CHCI,) 3600, 1740, and 1705 
(d, J = 1 Hz, 0.9H,Z); mass spectrum: (a) high resolution n.m.r. (CCI,) 6 7.50-6.67 (m, 4H), 5.30 (m, IH),  
calcd. for C14H1604: 248.1048 a.m.u.; found: 248.1064 3.83 (s, 3H), 3.68 (s, 3H), 3.50(broad s,exchangeableD,O, 
a.m.u.; (6) ttlle (relative intensity) 248(2), 217(14), 189(3), lH), 3.36 (s, 2H), and 2.77 p.p.m. (m, 2H); U.V. (CH,OH) 
175(11), 160(13), 159(100), 150(5), 136(17), 119(4), 115(4), 276, 271, and 257 nm; mass spectrum: (a) high resolution: 
105(6), 91(9), 77(4), 69(2), 59(2), and 43(22). calcd. for Cl3Hl6O5: 252.099 a.m.u.; found: 252.102 

Methyl 5-Hydroxy-3-oxo-5-pl1eny/gentat1oatc (4j) a.m.u. ; (b) tn/e (relative intensity) 252(4), 234(36), 203(26), 
This compound was prepared by the same procedure 179(16), 175(19), 161(43), 151(44), 137(60), 133(100), 

as that employed in the preparation of methyl 5-hydroxy- 127(36), 121(51), 116(39), 105(58), 91(47), 85(65), 77(54), 
5-(2-methoxypheny1)-3-oxohexanoate (4i). The reagents 59(50), and 43(70). 
used in the preparation were: sodium hydride (0.466 g, Methyl 5-(2-Metl1oxypl1et1yl)-3-oxo-5-trin~etl1ylsilo-~y- 
11.0 mmol), as a 57% mineral oil dispersion, methyl petrlat~oale (6k). This con lpo~~nd  was prepared by the 
acetoacetate (1.161 g, 10.0 mmol), 11-butyllithium (4.5 ml, same procedure as that employed in the preparation of 
10.6 mmol), as a 2.35 M solution in hexane, and benzal- methyl 5-(2-methoxyphenyl)-3-0x0-5-trimethylsiloxyhex- 
dehyde (1.168 g, 11.0 mmol), which gave 2.553 g of crude anoate (6i). The reagents used in the preparation were: 
4j, as a yellow oil. The crude product was purified by methyl 5-hydroxy-5-(2-methoxypheny1)-3-oxopentanoate 
chromatography on a silica gel (200 g) column using a (4k) (149 mg, 0.59 mmol), chlorotrimethylsilane (69 mg, 
mixture of chloroform and ethyl acetate (9: 1 v/v) as 0.64 mmol), and hexaniethyldisilazane (52 mg, 0.32 mmol), 
eluent. The major component from the chromatography which gave 138 mg (71%) of 6k, b.p. 64-65" (0.5 mm); 
was 4 j  (1.973 g, 89%); i.r. (CHCI,) 3500, 1740, and 1705 i.r. (CHCI,) 1740, 1705, and I070 cm- ' ;  n.m.r. (CCI4, 
cm-'; U.V. (CH,OH) 280 (shoulder), 264, 258, 252, and ext TMS) 6 7.47-6.60 (m, 4H), 5.43 (m, 1 H), 3.80 (s, 3H), 
247 nm; n.m.r. (CC1,) 6 7.22 (s, 5H), 5.05 (m, lH),  3.65 (s, 3.63 (s, 3H), 3.30 (s, 2H), 2.63 (m, 2H), and 0.00 P.p.m. 
3H), 3.33 (s, 2H), 3.30 (broad s, exchangeable D,O, IH), (s, 9H); mass spectrum, m/e (relative intensity) 324(7), 
and 2.79 p.p.m. (m, 2H); mass spectrum: (a) high resolu- 306(45), 293(10), 266(8), 251(15), 241(31), 209(97), 199(24), 
tioncalcd. forCl,H1404:222.089a.m.u.;found: 222.086 195(17), 179(25), 173(95), 161(33), 145(25), 135(53), 
a.m.u.; (b) tn/e (relative intensity) 222(20), 204(74), 127(24), 115(37), 105(53), 91(69), 85(20), 77(68), 75(92), 
190(21), 188(18), 162(30), 149(58), 131(77), 116(86), 73(100), 60(22), 59(66), and 43(88). 
107(98), 106(88), 105(90), 91(32), 85(53), 84(72), 77(94), Anal. Calcd. for Cl6HZ4O5Si: C, 59.23; H, 7.46. Fo~lnd: 
58(90), 51(78), and 43(100) C, 59.46; H, 7.48. 

Methyl 3 - 0x0  - 5  -phet~yl- 5 - trit~~etl~ylsiloxypet~tat~oate Methyl 5-(2-F~rryl) -5-l1ydroxy-3-oxopet1tat1oate (41) 
(6j). This compound was prepared by the same procedure This compound was prepared by the same procedure 
as that employed in the preparation of methyl 5-(2- as that employed in the preparation of methyl 5-hydroxy- 
methoxyphenyl)-3-oxo-trimethylsiloxyhexanoate(6i). The 5-methyl-3-oxohexanoate (4a). The reagents used in the 
reagents used were: methyl 5-hydroxy-3-0x0-5-phenyl- preparation were sodium hydride (0.463 g, 11.0 mmol), 
pentanoate (4j) (0.208 g, 0.93 mmol), chlorotrin~ethyl- as a 5 7 z  mineral oil dispersion, nlethll acetoacetate 
silane (0.108 g, 1 .OO mmol), and hexarnethyldisilazane (1 .I60 g, 10.0 mmol), n-butyllithium (4.5 ml, 10.6 mrnol), 
(0.080 g, 0.50 mmol), which gave 0.153 g (52%) of 6j, b.p. as a 2.34 M solution in hexane, and 2-furfuraldehyde 
60-62" (0.2 mm); i.r. (CHCI,) 1740,1705, and 1080 cm-' ; (1.061 g, 11.0 mmol), which gave 1.445 g (68%) of 41, b.p. 
n.m.r. (CCI4, ext TMS) 6 7.23 (s, 5H), 5.2CL4.87 (m, IH), 82-84"(0.l mm);i.r. (CHC1,)3600,1740, and 1710 cm-'; 
3.63 (s, 3H), 3.27 (s, 2H), 2.93-2.27 (m, 2H), and 0.00 n.m.r. (CCI,) 6 7.32 (m, 1 H), 6.23 (m, 2H), 5.05 (m, lH), 
p.p.m. (s, 9H); mass spectrum, m/e (relative intensity) 3.82 (broad s, exchangeable D,O, lH), 3.69 ( s ,  3H), 3.42 
294(1), 279(4), 264(3), 249(8), 221(16), 204(51), 189(12), (s, 2H), and 2.93 p.p.m. (m, 2H); mass spectrum, m/e 
179(53), 162(34), 149(38), 144(52), 131(62), 117(45), (relative intensity) 212(12), 194(1 l), 149(1 I), 121(50), 
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1 16(30), 101(13), 97(75), 96(71), 95(76), 69(26), 65(21), 
59(35), and 43(100). 

Anal. Calcd. for Cl ,Hl2O5:  C, 56.60; H, 5.70. F o ~ n d :  
C, 56.66; H, 5.35. 

Metliyl5-Hyd1~o.vy-3-0~0-5-p/1e11ylliexa11oate (41n) 
This c o m p o ~ ~ n d  was prepared by the same procedure 

as that enlployed in the preparation of methyl 5-hydroxy- 
5-(2-rnethoxypheny1)-3-oxohexanoate (4i). The reagents 
used were: sodium hydride (0.461 g, 1 1.0 mmol), as a 57% 
mineral oil dispersion, methyl acetoacetate (1.163 g, 10 
mmol), n-butyllithiuni (4.5 ml, 10.6 mmol), as a 2.34 M 
solution in hexane, and acetophenone (1.318 g, 11.0 
mn~ol),  which gave 2.801 g of crude 4/77 as a yellow oil. 
Purification of this oil was achieved by t.1.c.: 563 mg of 
crude 4n1 was chromatographed on a 20 x 20 cm silica 
coated plate, adsorbant thickness 0.9 mm, using a mixture 
of chloroform and ethyl acetate (9:-I v/v) as eluent. After 
elution, the band lying in the region R, 0.25-0.40 was re- 
moved and extracted with ether (20 ml). The solvent was 
removed under reduced pressure to give 367 mg of 4111 
(77% yield); i.r. (CHCI,) 2550, 1740, and 1705 cm- ' ;  U.V. 
(CH30H) 294 (shoulder), 278, and 273 nm; n.m.r. (CCI,) 
6 7.30 (m, 5H), 3.85 (broad s, exchangeable D 2 0 ,  lH),  
3.63 (s, 3H), 3.25 (m, 2H), 2.67 (m, 2H), and 1.65 p.p.m. 
(s, 3H); mass spectrum: (a) high resolution calcd. for 
C13H1604: 236.104 a.m.u.; found: 236.105 a.m.u.; (b) 
m/e (relative intensity) 236(2), 221 (5), 21 8(5), 190(6), 
170(2), 159(1 I), 145(12), 127(17), 121(64), 120(95), 
116(88), 106(50), 105(88), 101(45), 85(95), 77(100), 74(95), 
69(64), 59(97), and 43(100). 

Metliyl 3 - 0 s o  - 5 -phe~lyl- 5 - tri~~ietliylsilo,vy/iexanoate 
(6t71). This compound was prepared by the same proce- 
dure as that employed for the preparation of methyl 5-(2- 
rnethoxypheny1)-3-0x0-5-trimethylsiloxyhexanoate (6i). 
The reagents used were: methyl 5-hydroxy-3-oxo-5- 
phenylhexanoate (4171) (305 mg, 1.30 mmol), chlorotri- 
methylsilane (155 mg, 1.43 rnmol), and hexamethyldisil- 
azane (1 15 mg, 0.72 mmol), which gave 242 mg (61%) of 
6171, b.p. 82-83" (0.3 mm); i.r. (CHC13) 1740, 1705, and 
1075 cm-I ; n.m.r. (CCI,, ext TMS) 6 7.20 (m, 5H), 3.57 
(s, 3H), 3.03 (m, 2H), 2.53 (m, 2H), 1.66 (s, 3H), and 0.00 
p.p.m. (s, 9H); mass spectrum, ln/e (relative intensity) 
308(1), 295(9), 279(7), 264(9), 250(4), 233(11), 221(5), 
211(6), 185(100), 179(11), 169(46), 156(28), 146(12), 
126(17), 11 3(48), 101(31), 91(9), 77(26), and 73(62). 

Anal. Calcd. ~ o I ' C I ~ H ~ ~ O ~ S ~ :  C, 62.30; H, 7.84. Found: 
C, 62.33; H, 7.77. 

Methyl 5-(2,3-Di1nethoxyplieny1)-5-hydroxy-3- 
oxopentanoate ( 4 4  

This compound was prepared by the same procedure 
as that employed for the preparation of methyl 5-hydroxy- 
5-(2-methoxypheny1)-3-oxohexanoate (4i). The reagents 
used were: sodium hydride (0.466 g, 11.0 mmol), as a 5 7 z  
mineral oil dispersion, methyl acetoacetate (1.162 g, 10.0 
mmol), n-butyllithium (4.5 ml, 10.6 mmol), as a 2.34 M 
solution in hexane, and 2,3-dimethoxybenzaldehyde 
(1.823 g, 11.0 mmol), which gave 3.044 g of crude 4n, as a 
pale brown oil. Purification of 4n was achieved by t.1.c.: 
306 mg of crude 411 was chromatographed on a 20 x 20 
cm silica coated plate, adsorbant thickness 0.9 mm, using 
a mixture of chloroform and ethyl acetate (9: 1 v/v) as 
eluent. After elution, the band lying in the region Rr 0.30- 
0.40 was removed and extracted with ether (20 ml). The 
solvent was removed by evaporation under reduced pres- 
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sure to give 194 mg of 4n (68% yield); i.r. (CHCI,) 3550, 
1740, and 1705 cm-' ;  U.V. (CH30H) 264 (shoulder), 256, 
252, and 246 nm; n.m.r. (CCI4) 6 6.93 (m, 3H), 5.20 (m, 
IH), 4.03 (broad s, exchangeable D 2 0 ,  lH),  3.80 (s, 6H), 
3.67 (s, 3H), 3.37 (s, 2H), and 2.77 p.p.m. (m, 2H); mass 
spectrum: (a) high resolution calcd. for C14H1806: 
282.110 a.m.u.; found: 282.1 11 a.m.u.; (b) m/e (relative 
intensity) 282(19), 264(7), 250(15), 233(1 I), 222(2), 217(2), 
209(5), 205(4), l,91(9), 182(3), 191(9), 182(3), 167(100), 
166(46), 151(21), 139(22), 137(21), 116(1 l) ,  107(1 I), 91(7), 
85(10), 77(21), 69(9), 59(15), and 43(73). 

Methyl 5-(2,3-Diniet/ioxyp/1e1iyI)-3-0.~0-5-tri1~ietliylsil- 
oxyperitanoate (612). This compound was prepared by the 
same procedure as that employed for the preparation of 
methyl 5-(2-methoxypheny1)-3-0x0-5-trimethylsiloxyhex- 
anoate (6i). The reagents used were: methyl 5-(2,3-dimeth- 
oxypheny1)-5-hydroxy-3-oxopentanoate (411) (173 mg, 
0.61 mmol), chlorotrimethylsilane (74 mg, 0.68 mmol), 
and hexamethyldisilazane (55 mg, 0.34 mmol) which gave 
114 mg (53%) of 6n, b.p. 89-91" (0.4 mm);  i.r. (CHC13) 
1740,1705, and 1075 cm-'; n.m.r. (CCI,, ext TMS) 6 6.87 
(m, 3H), 5.42 (m, IH) ,  3.80 (s, 6H), 3.63 (s, 3H), 3.29 (s, 
2H),2.70(m,2H),andO.OOp.p.m. (s, 9H);massspectrum, 
rii/e (relative intensity 354(16), 323(8), 304(4), 241(14), 
236(100), 223(4), 209(8), 193(22), 183(47), 165(24), 151(13), 
149(1 I), 135(13), 121 (25), 115(21), 105(1 I), 91(1 I), 89(19), 
75(44), 73(52), 59(17), and 43(1 I). 

Anal. Calcd. f 0 r C ~ ~ H 2 ~ 0 ~ S i :  C, 57.60; H, 7.40. Found: 
C, 57.80; H, 7.29. 

Metl~yI 5-Hydroxy-3-0~0-5,5-d@henylpe11tanoate (4p) 
This compound was prepared by the  same procedure 

as that employed for  the preparation of methyl 5-hydroxy- 
5-(2-methoxypheny1)-3-oxohexanoate (44.  The reagents 
used were: sodium hydride (0.466 g, 11 .O mmol), as a 5 7 z  
mineral oil dispersion, methyl acetoacetate ( l . l60g, 10.0 
mmol), 11-butyllithium (4.5 ml, 10.6 mmol), as a 2.35 M 
solution in hexane, and benzophenone (2.003 g, 11.0 
mrnol), which gave 3.124 g of a semisolid. Recrystallisa- 
tion from a hexane-ether mixture gave a first crop of 4p 
(1.83 1 g). Subsequent concentration of the mother liquors 
gave a second crop of 4p (0.321 g) and finally chromatog- 
raphy of the residual solution on silica gel (50 g) using 
chloroform as eluent gave 0.622 g of 4p ,  to total 2.774 g 
(93%) of product as  colorless needles, m.p. 77-79 "C; i.r. 
(CHCI,) 3550, 1740, and 1710cm-l;  U.V. (CH30H) 253 
(785), 259 (820), 265 (685), and 269 nm (52); n.m.r. (CCI,) 
6 7.27 (m, ]OH), 4.43 (broad s, exchangeable D 2 0 ,  1 H), 
3.67 (s, 3H), 3.40 (s, 2H), and 3.27 p.p.m. (s, 2H); mass 
spectrum, mle (relative intensity) 298(6), 207(22), 189(14), 
184(66), 183(98), 165(1 I), 154(18), I 16(10), 105(100), 
9 1(19), 77(85), 69(22), 59(45), 51 (59), a n d  43(60). 

Anal. Calcd. for C18H1804:  C, 72.47; H, 6.08. Found: 
C,  72.47; H, 6.05. 

Ethyl 5-Hydroxy-3-0~0-5,5-dipher1ylpentanoate (4q) 
This compound was prepared by the  same procedure 

as that employed for the preparation of methyl 5-hydroxy- 
5-(2-rnethoxyphenyl)-3-oxohexanoate ( 4 ~ ) .  The reagents 
used were: sodium hydride (0.465 g, 11 .O hmol), as a-57% 
mineral oil dispersion, ethyl acetoacetate (1.303 g, 10.0 
mmol), and benzophenone (2.001 g, 1 1.0 rnmol), which 
gave 3.642 g of a yellow oil. This oil was  dissolved in cy- 
clohexane and addition of a small quantity of methanol 
to the solution precipitated 4q (2.510 g, 81%) as colorless 
needles, m.p. 68-69 " C  (lit. (10) m.p. 68.5-69.5 "C). 
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Methyl 4-(I-Hydroxycyclohex-2-enyl) -3-oxobutarioate 
f 4r) 

This compound was prepared by the same procedure 
as that employed for the preparation of methyl 5-hydroxy- 
5-methyl-3-oxohexanoate (4a). The reagents used were: 
sodium hydride (0.467 g, 11 .O mmol), as a 57% mineral 
oil dispersion, methyl acetoacetate (1.162 g, 10.0 mmol), 
n-butyllithium (4.5 ml, 10.6 mmol), as a 2.35 M solution 
in hexane, and cyclohex-2-enone (0.962 g, 10.0 mmol), 
which gave 2.210 g of pale yellow oil. Careful distillation 
of this oil in base-washed apparatus gave 1.229 g (58%) of 
4r, b.p. 83-85 "C (0.1 mm) as a colorless oil which rapidly 
darkened on standing; i.r. (CCI4) 3600, 1740, 1705, and 
1630 cm-' ; n.m.r. (CCI,) 6 5.67 (m, 2H), 3.70 (s, 3H), 
3.40 (s, 2H), 2.83 (broad s, exchangeable D,O, IH), 2.67 
(s, 2H), and 2.10-1.46 p.p.m. (m, 6H); mass spectrum: (a) 
high resolution calcd. for Cl lH1604:  212.1048 a.m.u.; 
found : 212.1063 a.m.u. ; (b) rrile (relative intensity) 
212(8), 197(12), 194(13), 180(15), 169(23), 136(27), 
135(100), 134(15), 121(85), 108(58), 97(85), 96(54), 91(46), 
84(38), 79(69), 77(58), 68(69), 55(43), and 43(77). 

Attempted Conjugate Addition of Dianion 2 to 
Cyclohex-2-erzone 

Sodium hydride (0.465 g, 11.0 mmol), as a 57% mineral 
oil dispersion, was weighed into an oven-dried 5Oml 
flask and tetrahydrofuran (ca. 25 ml) was distilled, from 
lithium aluminum hydride, directly into this flask. The 
flask was equipped with a magnetic stirrer, stoppered 
(septum cap), cooled in ice to 0 OC, and flushed with nitro- 
gen. Methyl acetoacetate (1.160 g, 10.0 mmol) was added 
dropwise to the cooled slurry and the reaction allowed to 
stir for 10 min after the addition was complete. A solution 
of ti-butyllithium (4.5 ml 2.35 M in hexane, 10.6 mmol) 
was added dropwise to the solution and the mixture al- 
lowed to stir for an additional 10 min, to allow complete 
formation of the dianion. Cuprous iodide (4.208 g, 22.0 
mmol), driedat 110" in vacuo (0.1 mm) for 20 h prior to use, 
was weighed under dry conditions into a 100 ml flask and 
tetrahydrofuran distilled directly into this flask from lith- 
ium aluminum hydride. The flask was equipped with a 
magnetic stirrer, stoppered (septum cap), and flushed with 
nitrogen. Both the solution of dianion and the cuprous 
iodide suspension were cooled in a Dry Ice - acetone 
slurry to -78 "C. The dianion solution was transferred, 
via a stainless steel cannula, in a dropwise manner to the 
flask containing the cuprous iodide. The resulting dark 
brown mixture was stirred for 1 h a t  the end of which 
time most of the solid had dissolved. Cyclohex-2-enone 
(0.963 g, 10.0 mmol) dissolved in tetrahydrofuran (ca. 5 
ml) was added to the reaction which was maintained at  
-78 "C for an additional hour before being allowed to 
warm to 0 OC. The reaction was quenched by dropwise 
addition of it to a vigorously stirred mixture of ether (50 
ml) and hydrochloric acid (1 2 ml, 2 M solution). The 
aqueous phase was separated and further extracted with 
ether (2 x 35 ml). The ethereal extracts were combined, 
washed with saturated sodium chloride solution (6 x 25 
ml), dried over anhydrous sodium sulfate, and filtered. 
The solvents were removed by evaporation under reduced 
pressure and the resulting oil chromatographed on silica 
gel using a mixture of hexane, ether and acetic acid as 
eluent. The major fractions were identified, by comparison 
of i.r. and n.m.r. spectra with authentic or previously pre- 
pared materials, as methyl acetoacetate (0.708 g, 61%), 

-HYDROXY-P-KETO ESTERS 2163 

cyclohex-2-enone (0.564 g, 5973, methyl 4-(1-hydroxy- 
cyclohex-2-enyl)-3-oxobutanoate (4r) (0.360 g, 17%), and 
methyl 4-(3 - hydroxycyclohex-1 -enyl)-3-oxobutanoate 
(0.276 g, 13%). 

Methyl 5-Hydroxy-5-methyl-3-oxo/iept-6-etioate (4s) 
This compound was prepared by the same procedure 

as that employed in the preparation of methyl 5-hydroxy- 
5-methyl-3-oxohexanoate (4a). The reagents used in the 
preparation were: sodium hydride (0.466 g, 1 1.0 mmol), 
as a 57% mineral oil dispersion, methyl acetoacetate 
(1.163 g, 10.00 mmol), n-butyllithium (4.5 ml, 10.6 mmol), 
as a 2.35 M solution in hexane, and methyl vinyl ketone 
(0.661 g, 11.0 mmol), which gave 1.450 g (78%) of 4s, b.p. 
101-103 "C (0.3 mm); i.r. (CHC1,) 3550, 1740, 1705, and 
1630 cm - ' ; n.m.r. (CC14) 6 5.87 (m, 1 H), 5.10 (m, 2H), 
3.72 (s, 3H), 3.36 (s, 2H), 3.20 (broad s, exchangeable 
D,O, IH), 2.20 (m, 2H), and 1.27 p.p.m. (s, 3H); mass 
spectrum (a) high resolution, calcd. for C9H1404: 
186.0891 a.m.u.; found: 186.0921 a.m.u; (b) mle (relative 
intensity) 186(1), 171(1), 168(3), 139(4), 127(6), 116(15), 
101(10), 97(9), 95(8), 85(20), 84(14), 74(12), 71(31), 69(16), 
59(26), 55(60), and 43(100). 

Base Dependerzcy Study 
(a) Generation of Dianior~ 2 by rneans of Lithi~dtn 

Diisopropylarnide 
Diispropylamine (1.129 g, 11.3 mmol), which has been 

dried by distillation and stored over potassium hydroxide 
pellets prior to use, was weighed into a 50 ml oven dried 
flask and tetrahydrofuran (ca. 25 ml) distilled directly 
into this flask from lithium aluminum hydride. The flask 
was equipped with a magnetic stirrer, stoppered (septum 
cap), cooled in ice, and flushed with nitrogen. n-Butyllith- 
ium (5 ml, 11.75 mmol), a s  a 2.35 M solution in hexane, 
was added dropwise to the solution and the reaction 
allowed to stir for 10 min after the addition was complete, 
to ensure complete formation of the amide. Methyl aceto- 
acetate (0.638 g, 5.5 mmol) was added dropwise to solu- 
tion and after a further 10 min, benzophenone (1.003 g, 
5.5 mmol) dissolved in tetrahydrofuran (5 ml) was added. 
The reaction was quenched after 10 min by addition of 
concentrated hydrochloric acid (2 ml) and worked up by 
the addition of ether (50 ml) and water (15 ml). The aque- 
ous phase was separated and further extracted with ether 
(2 x 35 ml). The ethereal extracts were combined, washed 
with ether (50 ml) and water (15 ml). The aqueous phase 
was separated and further extracted with ether (2 x 35 
ml). The ethereal extracts were combined, washed with 
saturated sodium chloride soldtion (4 x 35 ml), dried 
over anhydrous sodium sulfate and filtered. T h e  solvents 
were removed by evaporation under reduced pressure to 
give a semisolid which was recrystallised from a mixture 
of hexane and ether to give 0.827g of methyl 5-hydroxy-3- 
0x0-5,5-diphenylpentanoate (4p). Chromatography of the 
mother liquors on silica gel using chloroform as eluent 
gave an  additional 0.184 g of 4p, to total 1.01 1 g (62%) as 
colorless needles, m.p. 77-79 "C. 

(b) Attempted Generation of Dianion 2 by Mear~s of 
Lithium Bis(trimethylsilyl)amide 

Lithium bis(trimethylsilyl)amide was prepared from 
hexamethyldisilazane and n-butyllithium (13) and dis- 
solved in tetrahydrofuran. This solution was standardised 
by titration against hydrochloric acid to determine its 
total base equivalence. An aliquot of this solution, which 
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had been found to be 1.52 M (5 ml, 7.60 mmol) was diluted 
to 25 ml with tetrahydrofuran and transferred to a 50 ml 
oven dried flask. The flask was equipped with a magnetic 
stirrer, stoppered (septum cap), cooled in ice, and flushed 
with nitrogen. Methyl acetoacetate (0.420 g, 3.62 mmol) 
was added dropwise to the solution of base and the reac- 
tion allowed to stir for I h after the addition was corn- 
plete. Benzophenone (0.655 g, 3.65 mmol) dissolved in 
tetrahydrofuran (3 ml) was added to the reaction which 
was quenched after a further I5 min by addition of con- 
centrated hydrochloric acid (0.75 rnl). The reaction was 
worked LIP  bq the addition of ether (25 ml) and water (5 
ml). The aqueous layer was separated and further ex- 
tracted with ether (2 x 25 ml). Theethereal extracts were 
combined, washed with saturated sodium chloride solu- 
tion (4 x 25 ml), dried over anhydrous sodium sulfate, 
and filtered. The solvents were removed by evaporation 
under reduced pressure to a pale yellow oil. Vapor phase 
chromatography analysis indicated that this oil was main- 
ly methyl acetoacetate contaminated with hexamethyl- 
disilazane and benzophenone, and distillation at reduced 
pressure gave essentially pure methyl acetoacetate (0.352 
g, 84%). N o  product could be detected by v.p.c. or t.1.c. 
either in the crude oil or the residue from the distillation, 
that was not starting materials or hexamethyldisilazane. 

Tenlperatlrre Dependency Study 
The dianion of methyl acetoacetate was generated 

as outlined above and then treated with propanal at  low 
and room temperature. 

Reactiorz of Diatlion 2 bvitlz Proparzal a t  - 78°C 
The solution of dianion 2 was cooled to -78 "C in a 

Dry Ice - acetone slurry and propanal (0.640 g, 11.0 
mmol) added. The reaction was stirred at  -78 "C for 1 h 
and then allowed to warm to 0 "C before being quenched 
with concentrated hydrochloric acid (2 rnl). The reaction 
was worked up by the addition of ether (25 ml) and water 
(5 ml). The aqueous phase was separated and further 
extracted with ether (2 x 35 ml). The ethereal extracts 
were combined, washed with saturated sodium chloride 
solution (6 x 25 ml), dried over sodium sulfate, and 
filtered. The solvents were removed by evaporation at re- 
duced pressure and the resulting oil distilled under high 
vacuum to give methyl acetoacetate (0.915 g, 79% re- 
covery), identified by v.p.c. analysis and by its i.r. spec- 

trum, and methyl 5-hydroxy-3-oxoheptanoate (4e) (0.191 
g, 1 I%), identified by comparison of its i.r. and n.m.r. 
spectra with those of previously prepared 4e. 

Reactio~z of Dianion 2 with Propanal a t  25 "C 
The solution of dianion 2 was allowed to warm to room 

temperature before propanal (0.641 g ,  11.0 mrnol) was 
added. The reaction was stirred at room temperature for + h before being quenched with concentrated hydro- 
chloric acid (2 ml). The reaction was worked up in an 
identical manner to the previous low temperature reaction 
to  give 0.993 g (57%) of 4e, b.p. 48-49 "C (0.2 mrn), which 
showed identical i.r. and n.rn.r. spectra to that prepared 
previously. 

We are grateful to  the University of British Columbia 
and the National Research Councilof Canada for support 
of this work. 
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Flash Photolysis of NzO on their Reaction with N2O 

H .  ALLAN WIEBE' A N D  GEORGE PARASKEVOPOULOS 
L)i\i.\iorr c(f'CI~eriristry, Noriorrtrl Rcsetrr.ch Corrrrt.il c!f Ctrritrtltr. O~rtri~~tr. Ctrrrotltr KIA OR9 

Received Octobe1.26. 1973 

H. ALLAN WIEBE and GEORGE PARASKEVOPOULOS. Can. J. Chem. 52,2165 (1974). 
In order to investigate the suggested involvement of kinetically "hot" 0 ( ' D )  atoms in their 

reaction with N 2 0 ,  O(lD) atoms with a maximum excess kinetic energy in the range 25-47 
kcal/g-atom were produced by flash photolysis of N 2 0  in the absence and presence of inert 
deactivators of kinetic energy such as He and Ne. The following reactions take place: 

NO and N, were determined directly in each experiment, the former spectrophoton~etrically, 
the latter by gas-solid chromatography. The ratio N 2 / N 0  was found to be independent of the 
addition of the inert moderators, indicating that k,,/lrzb is not affected by the excess kinetic 
energy of the O('D) atonis. The calculated value of k,,/k2, is 1.0 t 0.1,. 

H. ALLAN WIEBE et GEORGE PARASKEVOPOULOS. Can. J. Chem. 52,2165 (1974). 
Afin de pouvoir Cvaluer I'hypothese selon laquelle des atomes O('D) c inet iq~~e~nent  chauds 

sont impliques lors de leur reaction avec N 2 0 ,  nous avons produit des atolnes O('D) avec un 
exces maximum d'energie cinetique, de I'ordre de 25 a 47 kcal/g-atome, par line photolyse eclair 
de N 2 0  en I'absence et presence de gaz inertes tels que He  et Ne qui agissent comme dtsacti- 
vateurs d'knergie cinetique. Les reactions suivantes ont lieu: 

On determine directement NO et N, dans chaque expirience, le premier de faqon spectro- 
photometrique et le second par chromatographie gaz-solide. Le rapport N 2 / N 0  est indepen- 
dant de I'addition de modtrateurs inertes, ce qui indique qlle k2,/k2, n'est pas influence par 
I'exces d'energie cinetique des atomes O('D). La valeur calculee de k20/kZb est de 1.0 i 0.1,. 

[Traduit pa; le journal] 

I Introduction 

The photolysis of N,O by light of wavelength 
1850-2300 A gives electronically excited oxygen 
atoms mainly in the O('D) state (1). The O('D) 
atoms subsequently react rapidly with N,O to 
give N,, O,, and NO 

[2bl -> 2 N 0  

Previous observations (1, 2) have established 

'NRCC No. 13886. 
ZNRCC Postdoctorate Fellow 1971-1972. Present 

address: Atmospheric Environment Service, Department 
of the Environment, Downsview, Ontario. 

that [ I ]  is the only important primary process in 
that wavelength region. It has also been well 
established (3-6) that [2a] and [2b] are the only 
important processes occ~~rr ing with a possible 
minor contribution (2-31%) from the spin forbid- 
den process [3b] 

The relative rate k,,,/k,,, has been determined 
several times (3-5, 7) and there are small dis- 
crepancies between the reported values and 
disagreement as to whether it depends on the 
excess kinetic energy of the O('D) atoms. 

Thus, Heicklen and co-workers photolyzed 
N,O at 21 39 A (3), and 21 39 and 1849 A (5) and 
using the method of chemical difference they 
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t I 

FIG. 1. Schematic diagram of the apparatus. F.L. flash lamp; R.V., reaction vessel; L, lenses; P.M., photomul- 
tiplier. 

determined the quantum yield of 0, from which 
they calculated k2,/k2, values of 0.59 f 0.01 
and 0.69 f 0.05. The maximum available trans- 
lational energy of the O('D) atoms at  these 
wavelengths is 25.2 and 44.0 kcal/g-atom. When 
they added He to remove the translational 
energy the ratio k,,/k,, became 0.83 f 0.06. 
From these experiments they concluded that the 
value of the ratio depends on the excess transla- 
tional energy of the O('D) atoms and that it is 
0.90 f 0.10 and 0.65 f 0.07, respectively, for 
O('D) atoms without and with excess transla- 
tional energy. 

On the other hand Preston and co-workers 
(4) determined the same ratio using three dif- 
ferent experimental techniques i.e, photolysis 
of NO,-N,O mixtures at  2420 and 2288A, 
flash photolysis of 0,-N,O mixtures (h - 2500 
A), and photolysis of N 2 0  at  2288 A. They ob- 
tained k,,/k,, values of 1.01 f 0.06, 0.99 f 
0.06, and 1.08 f 0.19, respectively. Since in 
these experiments the maximum available excess 
kinetic energy varied from 0.1 to 25.6 kcallg- 

studies. In these studies the rate o f  N, production 
from reaction 2a  has been used to determine 
primary quantum yields of O('D) production in 
the photolysis of  various oxides, as well as the 
relative rates of O('D) reactions with other gases 
in experiments in which various added gases 
compete with N 2 0  for O('D). I n  all these mea- 
surements it is important to know accurately the 
relative rate k,,/k,,. Further independent deter- 
minations using different techniques are there- 
fore necessary. I n  the present work O('D) atoms 
were produced by flash photolysis of N,O (h - 
1800-2300 A) both in the absence and presence 
of inert3 deactivators of translational energy such 
as He and Ne, and the 1V2 and N O  produced in 
reactions 2a and 2b were measured directly. 

Experimental 
The block diagram of the experimental arrangement is 

shown in Fig. 1. The  all quartz reaction vessel with plane 
end-windows (50 cm long, 2.5 cm i.d., 195.0 cc volume) 
was mounted in the center of a flash lamp of annular 
design (11, 12). The  vessel was connected to a mercury- 
free high vacuum system. The flash lamp was filled with 

atom they c ~ ~ c l u d e d  that the value of the ratio dry air, a 75 pF capacitance was charged to 8 kV, the air 

k2,/k2, is 1.00 f 0.04 and is not by the was then evacuated and the discharge triggered when the 
breakdown pressure of air was reached, producing a 

excess energy of the '(ID) reproducible 2400 J light pulse of about 20 ps duration to 
More recently Ghormley et a/. (7) obtained a half-~eak height. 

value for the ratio of 0.72-f 0.02 from the flash 
photolysis of O, (h  > 2300 A) in mixtures of 
O2  and N,O. Although the O('D) atoms in their 
system should have a maximum excess kinetic 
energy in the range 6-20 kcal/g-atom they com- 
pare their value with the values of 0.83 and 1.01 
for thermalized O('D) atoms. 

The measured values of the ratio k2,/k2, differ 
more than the estimated experimental error in 
each measurement. The discrepancies are not 
perhaps large, yet reactions 2a and 26 are 
important to atmospheric chemistry. Moreover 
the photolysis of N 2 0  has been used extensively 
for the production of O('D) atoms in  laboratory 

  he NO was analyzed photoelectrically in absorption 
by the attenuation of the 2267 A line (y(0,O) band of NO). 
The intensity of the 2267 A cadmium line emitted by a 
cadmium lamp (Philips 93107E) was  monitored by a 
Philips 150 UVP photomultiplier mounted a t  the exit slit 
(40p wide, bandwidth - 0.35 A) of a 1 m Czerny-Turner 
scanning spectrophotometer (Jarrell-Ash). The photo- 
currents before and after the flash were registered on a 
potentiometric recorder. For the quantitative measure- 
ment of NO and in order that the absorption varied 
linearly with the N O  pressure the y-band was pressure 
broadened before the measurement by addition of He or 
Ne to a total pressure of 1 atm. The He  or Ne were added 
before or after the flash depending o n  whether the reac- 

3Previous work has shown that He (2, 8) and Ne (9, 10) 
d o  not interact with O('D) to any significant extent. 
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WIEBE AND PARASKEVOPOULOS: REACTION OF O(ID) WITH N 2 0  2167 

tion took place in the presence or absence of He or Ne. A mixtures the error in the N, determination was perhaps 
calibration was made in which the absorbance (log IolI,,) as large as 15%. 
of known amounts of NO (0.050 to 0.225 Torr) was deter- Matheson nitrous oxide (stated purity 98% minimum) 
mined in the presence of 1 atm of He. Pressures of NO was degassed at  - 196 O C  and distilled bl uacuo from a 
were measured in a small volume using a sulfuric acid Dry Ice - acetone bath. I t  was further degassed at 
manometer. The gas was then expanded into the cell. The - 196 "C before each experiment. Canadian Oxygen He 
expansion ratio was 67 + 0.1 1 .  Helium was then added (stated purity 99.95 minimum), and Matheson purified 
to the cell to a total pressure of I atm. The data were Ne (stated purity 99.99) were passed through molecular 
expressed in a form of the Beer-Larnbert law. sieve a t  - 196 "C. 

NO (Torr) = cc log (I,/I,,) Results and Discussion 
The least square value of cc was found to be cc = 1.205, Little is known about the factors affecting the 
standard deviation = k0.014. A plot of log (IolIt,) partitioning of energy, in excess of the minimum 
against the N O  pressure is shown in Fig. 2, and it may be required to break a bond, in to  translational and 
seen that the variation of the absorbance with N O  pres- 
sure is linear in the pressure range of the experiments. degrees the fragments 

The noncondensable gases (N,, O,, He, or Ne) were following photodissociation. BuSch and Wilson 
collected by a Toepler pump after passing through two (13) found that in  the photodissociation of NO, 
liquid nitrogen traps and a solid nitrogen trap (capable and N O C ~  approximate]y 60-70% of the excess 
of trapping NO), and were transferred it1 roto into the 
200 cc glass loop of the gas chromatographic line. The energy goes into translation of the fragments. 
loop was connected to  the H e  carrier stream by a four The wavelength distribution of the photolysis 
way stopcock. The N, and 0, were separated on a 14 ft flash light is continuous and the energy available 
column packed with 40/60mesh molecular sieve 5A, for dissociation can only be estimated for the 
operated a t  0 "C and equipped with a thermistor detector. range between the onset of absorption by the 
Only N, was determined since O2 was partly lost by reac- 
tion with N O  in the cold traps, Quantitative determina- N 2 0  and the lower l imit  of transmis- 
tion of N, was based on peak area measurements. The sion for the quartz reaction vessel (-- 1800 A). 
calibration of the thermistor response for N2 was made The lowest wavelengths available are in the 
with known amounts of N,, measured in the same manner 
as  that of NO, diluted in an atmosphere of He, and tsans- 
ferred from the reaction vessel to the chromatographic 
line in the same manner as in the actual experiments. The 
flow of the He carrier gas was such that all the gas in the 
loop was introduced into the column in about 1 min; the 
0, and N, peaks were well separated but somewhat 
broadened. For the majority of the experiments with 
He-N, mixtures the error in the N, determinations was 
found to  be about 6%. In the few experiments with 
Ne-N2 mixtures, N, was not conlpletely separated from 
Ne (the N, peak appeared at  the tail of the large Ne peak) 
and although calibrations were made with similal. Ne-N, 

I I I 
0.05 0.10 0.15 0.20 0.25 

NO (Torr) 

FIG. 2. Plot of absorbance of NO, log (Io/I,,), 
against partial pressure of NO diluted in 1 atm of He. 

region 1800-1 850 A (separate experiments 
showed that 12.0Torr of H,O, which does not 
absorb above 1900 A (14), flashed under the 
same conditions in the presence of an excess of 
CO gave 1 6 . 0 ~  f 10% of OH per flash as deter- 
mined from the amount of CO, formed). The 
upper wavelength limit is of course the onset of 
absorption of l ightby N,O i.e., 2300 A (14). 
From the ener.gies of the photons at these wave- 
lengths (1800-2300 A) and assuming that all the 
excess energy goes into translation of the O('D) 
and N, fragments, we estimate that the O('D) 
atoms in our system have a maximum kinetic 
energy in the range 25-47 kcal/g-atom. 

The experiments were made at room tempera- 
ture (25 + 2 "C). For the reactions I, 2u, and 
26, with the usual steady-state assumption the 
following expression is obtained 

where R,, and RNo are the rates of production 
of N, and NO respectively. RN,/RNo is the ratio 
of the yields of N, and NO. The measured 
yields of N, and NO and the calculated values 
of the ratios N,/NO and k,,/k,, are given in 
Table 1. The average values of N,/NO in the 
absence and presence of He were, 1.47 + 0.12 
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TABLE 1. Yields of N, and NO from the flash 
photolysis of N,O in the absence and presence 

of He and Ne 

N,O Nz NO - N2 k2. 
(Torr) (Torr) (Torr) N O  k2b 

N 2 0  flashed without He 
79.9 0.163 0.108 1.51 1.01 
80.6 0.194 0.121 1.60 1.10 
76.4 0.169 0.130 1.30 0.80 
79.2 0.184 0.117 1.57 1.07 
81.3 0.184 0.126 1.46 0.96 
79.2 0.175 0.133 1.32 0.82 
77.7 0.182 0.120 1.52 1.02 

Average values 1.47 0.97 
Standard deviation 0.12 

NzO flashed with 678 + 5 Torr of H e  
82.7 0.204 0.126 1.62 1.12 
81.4 0.195 0.119 1.64 1.14 
77.8 0.175 0.120 1.46 0.96 
81.3 0.218 0.135 1.61 1 . 1 1  
82.7 0.196 0.138 1.42 0.92 
79.1 0.171 0.122 1.40 0.90 
80.4 0.157 0.116 1.35 0.85 

Average values 1.50 1 .OO 
Standard deviation 0.12 

N 2 0  flashed with 671 Torr of Ne 
80.4 0.293 0.184 1.59 1.09 
80.4 0.234 0.164 1.43 0.93 
81.7 0.223 0.157 1.42 0.92 

and 1.50 + 0.12 from which k2,/k2, was cal- 
culated to be 0.97 f 0.12 and l .OO f 0.12 
respectively. Essentially the same values were 
obtained when 671 Torr of Ne were added 
(Table 1). The quoted errors are standard devia- 
tions. Care was taken to eliminate non-random 
errors. From a realistic assessment of the 
possible uncertainty of every measurement in- 
volved (pressure, absorbance, gas chromatog- 
raphy) and taking into account the propagation 
of errors in the calculation of the final results 
(15) we estimated the possible random error of 
the N 2 / N 0  to be k0.17. Within this error our 
results show that the ratio k2,/k2, in our system 
is entirely unaffected by the addition of He or Ne, 
which are good deactivators of translational 
excitation, indicating that the excess transla- 
tional energy of the O('D) atoms does not affect 
the relative rates of reactions 2a and 2b. The 
mean value of the two sets of experiments is 
k2,/k2, = 1.0 f 0.1,, in good agreement with 
the value of 1.00 + 0.04 obtained by Preston 
and co-workers (4) by different techniques. 

As those workers have noted (4), the ratio 
k2,/k2, for the reaction of ground state oxygen 
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atoms, 0(3P), has also been found to be close to  
unity in the majority of determinations (16-19), 
although values higher than unity have also been 
reported (20). The  activation energies for the two 
pathways are the same or nearly so for the reac- 
tion with 0(3P) (16-18, 21) and  evidently (22) 
are both very small or negligible in the case of 
reaction witH O('D) (the rate constant of 
O('D) + N 2 0  approaches collision efficiency 
(22)). If similar transition complexes are involved 
in the two cases, the values of k2,/k2, for 0(3P) 
and O('D) would be expected t o  be very close. 

The authors are grateful to Dr. R. J. CvetanoviC for 
his interest in this work, his advice a n d  encouragement. 
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COMMUNICATIONS 

The High Temperature and Dilute Acid (HTDA) Procedure as a General 
i Method of Replacing Aromatic Hydrogen by Deuterium. 111-3 

NICK H.  WERSTIUK A N D  TONY KADAI 
Deptrt.tt?retrt of C l ~ e t ~ z i s t q ~ ,  .Mc:Mtrster Utzi~~et..sity, Htrrlriltorr, Orrttrrio 
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NICK H. WERSTIUK and TONY KADAI. Can. J. Chem. 52, 2169 (1974). 
The preparation of aniline-d5, phenol-d,, and benzoic acid-d5 utilizing the conditions of high 

temperature and dilute acid (HTDA) is described. 

NICK H. W E R S ~ U K  et TONY KADAI. Can. J. Chem. 52, 2169 (1974). 
On ddcrit la preparation de I'aniline-ri, du phenol-d, et de I'acide benzoique-ri utilisant les 

conditions de haute temperature et d'acide dilue deja proposees. [Traduit par le journal] 

As a continuation of our studies on thedevelop- 
ment of the high temperature (200-300") and 
dilute acid procedure (I, 2) as a general method 
for the deuteration and tritiation of aromatic 
compounds, we have studied H-D exchange in 
aniline (I), phenol (2), and benzoic acid (3). The 
results are listed in Tables 1, 2 and 3, respectively. 

NH2 OH COOH 
I I I 

I 2 3 

Entry 1 of Table 1 shows that under the HTDA 
conditions (24 h), at  175" no appreciable exchange 
occurs at the meta positions in aniline. When the 
temperature is increased to 300" (entry 2) aniline 
is converted into phenol and ammonium chloride, 
likely via nucleophilic aromatic substitution in- 
volving the anilinium salt. Even at 275" after 
24 h (entry 3) some conversion to phenol (3 1%) 
occurs. As described in entries 4 and 6, at  250" 
the exchange at the ortho and para positions is 
rapid4 followed by slow meta exchange with com- 
plete equilibration (95% exchange) resulting in 
one cycle after 54 h. 

The HTDA procedure thus also provides a 
unique, likely quantitative method for the de- 

'Patent pending. 
2Presented in part a t  the Conference on Stable Isotopes 

in Chemistry, Biology and Medicine, Argonne, Illinois, 
May, 1973. 

3Publication delayed at authors request. 

amination of aromatic amines and the conversion 
of aromatic oxy and thio ethers to phenols. 

Thus by an appropriate choice of temperature 
and reaction time aniline-d5 or -d,4 and phenol-d5 
or -d6 can be prepared in one step directly from 
aniline. Thus tritiated aniline and phenol can also 
be prepared using the HTDA procedure. Cer- 
tainly, deuterated and tritiated substituted ani- 
lines and phenols can also now be prepared via 
the HTDA conditions. The procedure also pro- 
vides a unique route to ' *0 labelled phenols. In a 
typical large-scale preparation (entries 7 and 8, 
Table 1) freshly recrystallized aniline hydro- 
chloride (20 g, 0.15 mol) was stirred with D 2 0  
(50 ml, 2.5 mol) at room temperature for 
several hours and the D 2 0  was distilled off under 
vacuum and recovered for use in the first cycle of 
subsequent exchanges. The aniline hydrochloride 
was dissolved in D,O (60 ml, 2.6 mol) and the 
solution was sealed in a glass tube after being 
degassed three times via freeze-pump-thaw 
cycles. The tube was heated at 250" in a 2 1 Parr 
pressure apparatus containing H 2 0  to equalize 
the internal pressure. After 48 h the D 2 0  and 
traces of phenol were distilled off under vacuum 
to yield a yellowish solid (16.4 g, 82z).  The solid 
was heated at 250" with a fresh batch of D 2 0  

4Exchange occurs readily a t  the ortho and para positions 
when aniline hydrochloride is heated a t  100" in  D 2 0  (3). 
Aniline-d, has been prepared in 70% yield by nitration of 
benzene-d6 followed by reduction of the nitrobenzene-d, 
(4) or by treating aniline with activated platinum in DzO 
at  140" for 3 days (5). 
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TABLE 1. H-D exchange in aniline hydrochloride in D,O 
-- - - -. . - 

- - - .-. -- -. -- -- 
Conditions %exchange Position % yield 

D/molecule in aromatic 
Entry* Temp. ("C) Time (h) 1 t ring o m P I 2  

1 175 24 2.85 57 1 . 9 0  0 . 0  
2 300 48 - - 

3$ 275 24 - - 
4 250 12 3 . 6 0  72 1.85 0 . 8 0  
5 250 35 4.60 92 1 . 9 0  1.75 
6 250 54 4.75 95 1 . 9 0  1.90 
7 5 250 48 4.15 83 1 .75  1.55 
8 11 250 50 4.85 97 1 .95  1.95 

.- .- -- .. - -- - - 
*Typically, a solution of recrystallized substrate in water was degassed three times and heated in  a sealed tube. 
tDetermined by n.m.r. integral analysis by using the back-exchanged amino group as an internal standard. 
$Run in HLO. 
§The amino protons were first exchanged by washing with D1O at room temperature. 
T h e  crude deurerated 1 from entry 7 was used in this run. 
l!Not determined. 

TABLE 2. H-D exchange in phenol in 4% (v/v) concentrated HCI-D,O 
-- - - - -- -- 

- -- - A - - -- - - -- 
- --- - - - 

-- - -. -- 

Conditions %exchange Positionf. 
D/nlolecule* in aromatic 

Entry Temp. ("C) Time (h) 27 ring O + P  171 Oj, recovery 
- - -  - - - - - - - - -- - -- -- - -- - - - - - --- 

I 175 72 3 .05  61 2 . 7  0 . 2  --$ 

"Determined mass spectrometrically after 0-D was washed out. 
tDelermined by n.m.r. integral analysis. 
$Not determined. 

TABLE 3. H-D exchange in benzoic acid in 4% (v/v) concentrated HCI-D,O 
- . 
- ~ ~. .. 

Corld~tlons % exchange 
D/molecule* ~n aromatic 

Entry Temp. ('C) Time (h) 3 ring recovel y 
- -- --A - - - -- - - -  

1 175 72 0 0 > 95 
2 250 65 3 . 4 0  68 > 95 
3 275 75 4 .70  94 > 95 

'Determlned by n m r rntegral analys~s usrng the back exchanged 0-kI as rntern,~l standdrd. 

(60 ml) for 50 h and the D 2 0  was reclaimed by 
vacuum distillation. H 2 0  (80 ml) was added to  the 
remaining solid and the solution was basified 
with concentrated aqueous NaOH and extracted 
with ether (5 x 20 ml). The ether extract was 
washed with 5% HCI (5 x 20 ml). The aqueous 
HC1 phase was basified with concentrated NaOH, 
saturated with solid NaCI, and extracted with 
ether (5 x 30 ml). The ether extract was washed 
with water and dried. Vacuum distillation (b.p. 
43-44", 2 mm) gave 10.3 g (72x1 of aniline-d5. 
Nuclear magnetic resonance area intergral anal- 
ysis showed that all aromatic positions had been 
equilibrated with 97% overall exchange. 

Table 2 lists the preliminary results obtained 

with phenol which establish that  phenol and 
therefore certainly substituted phenols may be 
deuterated and therefore also tritiated using the 
HTDA conditions. 

In order to establish the complete generality of 
the HTDA exchange procedure, benzoic acid (3) 
which is deactivated to electrophilic aromatic 
substitution was examined. The results are listed 
in Table 3. The da ta  in entries 1, 2, and 3 establish 
that a one cycle HTDA exchange can be used 
successfully to deuterate and therefore tritiate in 
high yield aromatic nuclei which contain electron 
withdrawing groups. 

With regard t o  the mechanism of exchange, 
protonation-deprotonation of the  aromatic nu- 
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cleus is likely involved. In the case of phenol, ex- 
change may occur both through protonation of 
phenol or the phenoxidc anion. 

We are presently continuing our studies on 
other aromatic and polyaromatic systems with 
emphasis on the preparation of labelled biologi- 
cally active materials. 
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A comparison of both the e.s.r. spectra and the thermal stability of the radicals produced in 
y radiolysis and 185 nm photolysis of acetonitrile shows that the former are not free methyl 
radicals. The initial species formed by y radiolysis can be converted by photobleaching into a 
methyl radical weakly associated with a cyanide ion. The methyl radical of this CH3---CN- 
pair decays via hydrogen abstraction, whereas the free methyl radicals produced by 185 n m  
photolysis of acetonitrile are quite stable at 77 K. We ascribe the low energy of activation for 
the hydrogen abstraction reaction in the y irradiated samples not primarily to quantum 
mechanical tunnelling but to perturbation by the cyanide ion. 

FREDERICK PETER SARGENT, MARSHALL GRANT BAILEY, et EDWARD MICHAEL GARDY. 
Can. J. Chem. 52, 2171 (1974). 

On montre, par comparaison des spectres r.p.e. et  de la stabilite thermique des radicaux 
produits par radiolyse y et photolyse a 185 nm de I'acetonitrile, que les produits formes dans le 
premier cas ne sont pas des radicaux mithyles libres. Les premieres espkces formkes pa r  
radiolyse y peuvent &tre transformees par photodtcoloration en un radical rnkthyle faiblement 
associe avec un ion cyanure. Le radical mCthyle de cette paire CH3---CN- est detruit par abs- 
traction d'hydrogene, tandis que les radicaux mithyles libres produits par photolyse a 185 n m  
de I'acetonitrile sont assez stables a 77 K. La faible Bnergie d'activation pour la reaction d'abs- 
traction d'hydrogene dans les Cchantillons irradies par les rayons y ne depend pas principale- 
ment d'un franchissement de tunnel relevant de la mecanique quantique, rnais plutBt d'une 
perturbation par I'ion cyanure. [Traduit par le journal] 

y-Radiolysis of solid acetonitrile at low tern- decay exponentially and irreversibly by hydrogen 
peratures yields methyl and .CH2CN radicals atom abstraction to give .CH,CN a s  in reac- 
together with a light sensitive species (1, 2). The tion 1 
latter has been shown to be an electron trapped 

[I] .CH3 + CH3CN -t CH4 + .CH,CN 
on two acetonitrile molecules (3). It is destroyed 
on exposure of the irradiated sample to visible The energy of activation for this reaction derived 
light but a corresponding increase in the number from the decay rates at 77 and 87 K was 6 
of methyl radicals is observed (1, 2). These kJ/mol ( I ,  2). This is in marked contrast to the 

value of 42 kJ found in the gas phase at high 
'AECL No. 4477. temperatures (373-573 K) (4). 
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y radiolysis and 185 nm photolysis of acetonitrile shows that the former are not free methyl 
radicals. The initial species formed by y radiolysis can be converted by photobleaching into a 
methyl radical weakly associated with a cyanide ion. The methyl radical of this CH3---CN- 
pair decays via hydrogen abstraction, whereas the free methyl radicals produced by 185 n m  
photolysis of acetonitrile are quite stable at 77 K. We ascribe the low energy of activation for 
the hydrogen abstraction reaction in the y irradiated samples not primarily to quantum 
mechanical tunnelling but to perturbation by the cyanide ion. 
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On montre, par comparaison des spectres r.p.e. et  de la stabilite thermique des radicaux 
produits par radiolyse y et photolyse a 185 nm de I'acetonitrile, que les produits formes dans le 
premier cas ne sont pas des radicaux mithyles libres. Les premieres espkces formkes pa r  
radiolyse y peuvent &tre transformees par photodtcoloration en un radical rnkthyle faiblement 
associe avec un ion cyanure. Le radical mCthyle de cette paire CH3---CN- est detruit par abs- 
traction d'hydrogene, tandis que les radicaux mithyles libres produits par photolyse a 185 n m  
de I'acetonitrile sont assez stables a 77 K. La faible Bnergie d'activation pour la reaction d'abs- 
traction d'hydrogene dans les Cchantillons irradies par les rayons y ne depend pas principale- 
ment d'un franchissement de tunnel relevant de la mecanique quantique, rnais plutBt d'une 
perturbation par I'ion cyanure. [Traduit par le journal] 

y-Radiolysis of solid acetonitrile at low tern- decay exponentially and irreversibly by hydrogen 
peratures yields methyl and .CH2CN radicals atom abstraction to give .CH,CN a s  in reac- 
together with a light sensitive species (1, 2). The tion 1 
latter has been shown to be an electron trapped 

[I] .CH3 + CH3CN -t CH4 + .CH,CN 
on two acetonitrile molecules (3). It is destroyed 
on exposure of the irradiated sample to visible The energy of activation for this reaction derived 
light but a corresponding increase in the number from the decay rates at 77 and 87 K was 6 
of methyl radicals is observed (1, 2). These kJ/mol ( I ,  2). This is in marked contrast to the 

value of 42 kJ found in the gas phase at high 
'AECL No. 4477. temperatures (373-573 K) (4). 
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LeRoy et al. (5) have suggested that the low 
energy of activation for reaction 1 at low tem- 
peratures is due to quantum mechanical tun- 
nelling. In view of this we have reinvestigated 
the rates of reaction 1 at several low temperatures 
to determine the validity of the assumed (1, 2) 
Arrhenius behavior. We have also prepared 
methyl radicals in acetonitrile at 77K by 
methods other than y radiolysis and measured 
their decay rates. Our results show that although 
the y radiolysis produced methyl radicals which 
decay in accord with the Arrhenius temperature- 
rate law, it is possible to photochemically 
generate methyl radicals in acetonitrile which do 
not decay at 77 K. This together with differences 
in the coupling constants of the radicals gen- 
erated by the two techniques has prompted a 
reconsideration of the identity of the radicals 
formed. 

Experimental 
The acetonitrile was of spectrograde quality and was 

dried with anhydrous magnesium sulfate on a vacuum 
line. Dried degassed samples were prepared under 
vacuum by distillation from the storage vessel into the 
sample tubes which were sealed off and then y irradiated 
in the dark at 77 K. Typical irradiation times were about 
20 min corresponding to a dose of about 0.2 MRads. 
The samples were examined in a Varian V4500 electron 
spin resonance ( e x . )  spectrometer. The dark spectrum 
of methyl radicals was used to set up the spectrometer. 
The specimen was then illuminated to generate additional 
methyl radicals (1). Their decay was monitored by means 
of the high field line of relative intensity three. The tem- 
perature was varied by immersing the samples in different 
refrigerants such as liquid nitrogen, argon, air, and 
oxygen. Boiling points were corrected for atmospheric 
pressure changes (6). The decays were shown to be ex- 
ponential over several half-lives but normally were fol- 
lowed only for two half-lives. 

Photolyses were performed at 185 nm with a low pres- 
sure (resonance) mercury lamp and also, in experiments 
with added N,N,N',N'-tetramethyl-p-phenylenediamine 
(TMPD), at 366 nm with a high pressure 100 W mercury 
lamp and filter system. 

Results 
y- Rudiolysis 

y-Radiolysis of acetonitrile at 77 K followed 
b y  illumination gave an e.s.r. spectrum similar 
to that previously reported, namely a quartet 
with a separation of 21.8 5 0.2 C and a center 
line, which were assigned to methyl and CH2CN 
radicals respectively (I). The quartet species 
decayed exponentially as shown in Fig. 1 and the 
line due to .CH2CN increased correspondingly. 
The decays were measured in liquid nitrogen, 

1.01- I I I I I I 
0 10 2 0  30 40 50 60 70 

TIME ( M I N S )  

FIG. 1. The decay of methyl radicals in y irradiated 
acetonitrile at 77 K. 

argon, oxygen, and air and typical values are 
shown in Table 1.  It was found that there was a 
large scatter of half-lives for a given coolant. For 
data obtained on different days, tIl, values in 
liquid nitrogen varied from 28 to 33 min, 
whereas the values observed for a given day were 
constant to within 3Z. These differences were , "  
found to correlate with changes in atmospheric 
pressure, and the scatter was m ~ ~ c h  less after a 
pressure correction (6) was applied to the boiling 
points of the liquid. We also found that a large 
error can arise from the absorption of air by 
liquid nitrogen when left open to the atmosphere. 
This may explain the low t,/ ,  values previously 
reported of 24.4 ( I )  and 26.6 rnin (2). Our present 
decay data obeyed the Arrhenius relation as 
shown in Fig. 2 from which the energy of activa- 

TABLE I .  The rate constants and half lives 
for methyl radical decay in y irradiated 

acetonitrile at various temperatures 
- 

Temperature k ~ I I Z  

(K) (min-') (min) 
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FIG. 2. The rates of decay of methyl radicals in y 
irradiated acetonitrile as a function of temperature. An 
Arrhenius plot. 

tion is 7.0 kJ ( I  .7 kcal). Within experimental 
error, the same value was found for samples 
which had not been dried or outgassed. 

Having established that the decay of methyl 
25 GAUSS - 

radicals in y irradiated acetonitrile does have a FIG. 3. The e.s.r. spectra observed in solid acetonitrile 
very low energy of activation, we attempted to at 77 K ( A )  immediately following photolysis at  185 nm, 
produce these radicals in this matrix by other ( B )  sample warmed to 120 K .  ( C )  the difference spectrum 

means. of ( A )  and (B). 

CH31 Photolysis 
The photolysis of methyl iodide in acetonitrile 

at 77 K with 254 nm light did not produce an 
appreciable yield of methyl radicals. The e.s.r. 
spectrum primarily showed the presence of 
.CH,CN. This probably arises from the genera- 
tion of "hot" methyl radicals which rapidly 
abstract hydrogen from the acetonitrile as in 
reactions 2 and 3. 

TMPD Photolysis 
The 366 nm photolysis of degassed N , N , N 1 , N ' -  

tetramethyl-p-phenylenediamine (TMPD) aceto- 
nitrile solutions yielded very weak e.s.r. spectra. 
In aerated samples, however, a sharp quartet 
of 21.8 G was observed superimposed on the 
broad singlet due to TMPD'. At 77 and 87 K 
this quartet decayed at the same rates as the one 
in the y irradiated samples. We therefore pre- 
sume that the same radical is present in both 
systems. 

185 nm Photolysis 
Acetonitrile is transparent at 254 nm, but does 

absorb the 185 nm line of the low pressure 
mercury lamp. Exposure of samples of this lamp 
using Suprasil Dewars and sample tubes gave 
the e.s.r. spectrum shown in Fig. 3a. This has 
features which are due to a methyl radical 
quartet. However, these do not decay at 77 K 
and the sample had t o  be warmed to 120 K to 
give the spectrum in Fig. 36. Subtraction of these 
two spectra gave the quartet of Fig. 3c and a 
hyperfine coupling of 22.8 G. This species is 
quite different from the one observed in the y 
radiolysis samples which not only decayed but 
had a hyperfine coupling of 21.8 G. 

Discussion 
Our results can be summarized a s  follows. 

y-Radiolysis of solid acetonitrile and 366 nm 
photolysis of the TMPD-acetonitrile system 
both yield a radical which exhibits a quartet 
e.s.r. spectrum with a proton hyperfine coupling 
constant of about 22 G. This species decays at 
77 K by reaction 1 and the energy of activation 
is 7 kJ rather than the gas phase value of 40 kJ. 
However, the quartet species produced by the 
185 nm photolysis did not decay and had a dif- 
ferent proton coupling constant of about 23 G. 
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The latter is closer to that normally accepted for 
methyl radicals (7). We therefore assign the 23 G 
species in the 185 nm photolysis to the normal 
"free" methyl radical. 

What then is the nature of the radical observed 
in the y irradiated and TMPD photolysis, i .e. 
the unstable 22 G species? This radical arises 
from the reactions of electrons as in [4] which 
also produces cyanide ion.2 

We suggest that the methyl radicals so formed 
are not entirely free but,  are weakly associated 
with the cyanide ion. Evidence for the association 
of radicals with ions as a result of dissociative 
electron capture by methyl halides has been 
presented by Sprague and Williams (8). For 
methyl bromide in deuterated acetonitrile, the 
e.s.r. spectrum showed a bromine hyperfine 
coupling of about 55 G together with a methyl 
proton coupling of 20.6 G, attributable to a 
methyl radical associated with a bromide ion. 
Similar association of the anion with the radical 
has been suggested to explain the perturbation 
of the benzyl radical optical spectrum in irradi- 
ated ethane glasses containing benzyl halides (9, 
10). Therefore, we s~lggest that the photo- 
bleached, y irradiated samples and the TMPD 
photolyzed samples each contain methyl rad- 
ical - cyanide ion pairs. 

Now to explain the difference in stability of 
the free methyl radical in comparison with the 
CH3---CN- pairs, it would certainly appear that 
the presence of the cyanide ion reduces the 
energy requirements for reaction 1. The low 
energy of activation observed for this hydrogen 
abstraction reaction may well be due to perturba- 
tion of the methyl radical by the cyanide ion. 
Considering this perturbation in terms of orbital 
hybridization the methyl group in the 
CH3---CN- pairs is likely to be intermediate be- 
tween sp2 and sp3. The sp3 character should 
decrease the energy of activation for [I], since at 

2The situation is undoubtedly more complicated than 
reaction 4 suggests. Probably (CH3CN)2- is first formed 
and this is photobleached to give CH3---CN-. 

least part of the barrier is due to  the conversion 
of the methyl group from sp2 in the radical to 
sp3 in methane. Andrews and Pimentel (1 I) 
estimate that the latter amounts to about 20 kJ 
(5 kcal). 

As in the case of CH3---Br-, the magnitude 
of the proton hyperfine coupling for the pro- 
posed CH3--1CN- pair is smaller than the free 
methyl radical coupling of 23 G. Pyramidal 
deformation of planar sp2 methyl has been 
shown theoretically to lead to a decrease in this 
coupling (12). Delocalization of  the unpaired 
electron and the influence of the negative charge 
in CH3---CN- could also affect the hyperfine 
coupling. 

Conclusions 
The low energy of activation observed for 

reaction 1 in y irradiated solid acetonitrile is 
not entirely due to a tunnelling effect. It is, at 
least in part, caused by the close proximity of the 
cyanide ion which not only lowers the energy 
requirements but also decreases the methyl 
radical hyperfine coupling constant. 
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EDITOR'S NOTE 

The manuscript of a Communication contesting the conclusions reached in the above Communication has been 
received from Dr. Ffrancon Williams. 
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OSVALD KNOP and JOHN S. CARLOW. Can. J. Chem. 52, 2175 (1974). 
A new empirical set of "effective ionic" radii for tetravalent atoms in 6-coordination has 

been constructed. It is based on V1l3 CS. r plots for isostructural series of M4+ con~pounds of 
high symmetry. The radius values resulting from a non-linear least-squares refinement of all 
the data have been adjusted to coincide with the Shannon and Prewitt set of radii at  Ti4+ and 
Sn4+.  Evidence is presented for the existence of a cusp at  Bk in the rVi(M4+) C.T. atomic number 
curve for M4 + (5f). 

OSVALD K N ~ P  et JOHN S. CARLOW. Can. J. Chem. 52, 2175 (1974). 
Un nouvel ensemble de rayons ioniques effectifs a Cte deduit pour les atomes quadrivalents 

de coordinence six. Cet ensemble est obtenu par un calcul de moindres carres ittratif a partir 
des correlations V'13-r pour des composes de M4+ isostructuraux de haute symetrie. Les valeurs 
de r ainsi obtenues sont ajustees afin qu'elles coincident avec celles pour Ti4+ et Sn4+ publiees 
par Shannon et Prewitt. L'existence d'un point de rebroussement pour I'element Bk dans la 
courbe des r"(M4+) en fonction du nombre aton~ique pour la serie M4+(5f) est rnis en evidence. 

In our recent study (1, 2) of the cubic pyro- 
phosphates of tetravalent elements, M4'P207, 
we wished to see whether a linear correlation 
exists between the lattice parameters a, and the 
effective ionic radii r(M4+). These pyrophos- 
phates form a very complete series in that the 
end members correspond to the smallest (Si) and 
the second-largest (Th) 6-coordinated tetravalent 
atoms known. Shannon and Prewitt's (S.P.) (3) 
set of empirical ionic radii seemed the obvious 
choice for the test. However, in the S.P. r"(M4+) 
list the values for Pu and Ce are marked as 
uncertain and no value is given for U ;  the S.P. 
rvii i(M4+) series, which is complete for the larger 
atoms, begins only at Hf (Table 1). An r"(M4+) 

'Killam Postdoctoral Fellow, 1972-1974. 
'Revision received February 7, 1974. 

set was therefore obtained by subtracting 0.12 A 
from the S.P. rViii(M4+) values and combining 
the result with the S.P. rVi(M4') radii. The cor- 
rected rViii(pb4+) value (0.82 A compared with 
rvi(Pb4+) = 0.775 A) was out of line and was 
disregarded; the corrected rViii(Th4') value, 
0.92 A, was 0.08 A lower than the S.P. rvi(Th4+) 
value, 1 .OO A. 

The u, 5s. r"(M4+) plot, for the pyrophosphate 
series Ti, Hf, Zr, Pu, Ce, U, Th, based on this new 
set of radii seemed to indicate that either the 
values for U and Th were too high or the a, 
values for r - U P 2 0 7  and a-ThP207 were too 
low. The spread in the Si, Ge, Sn, Pb group was 
even greater, and it was difficult to assess to 
what extent the scatter was attributable to un- 
certainties in the values of the radii. 

An attempt was therefore made to improve the 
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TABLE 1. Empirical "ionic" M4+ radii for 6-coordination, in W" 
-- 

This work* 

0.93R 
0.95R 
0.95 
0.96R 
0.96 
0.97R 
0.98R 
1 . OORf 
1.01 
1 .04R 
1.08R 

OG Goldschmidt. A Ahrens  Z Zacharlasen; S.P.(6) and S.P.(8), "effective ionic" radii for 6- and 8-coordination 
respehvely (3).  ~or 'correlat lon df S:P. and v see text. R associated with the S.P. radii indicates that the value has been ob- 
talned from radius L S .  volume plots. "those values for which at least 5 structural determinations resulted in r a d i ~  differing 
by no more than k 0.01 A are marked '." (3). 

br., results of the least-squares refinement of the master plot; r " ,  smoothed values from parabolic least-squares fits of r. 
is. atomic number (Fig. 3). 

'See text. 
duncertainty estimated fiom the error limits quoted for the lattice parameter in the original paper. 

self-consistency of the r"(M4+) set relying on 
V1 Z.S. r plots alone. The isostructural series of 
com~ounds  were limited to series of oxidic 
compounds with simple crystal structures of 
high symmetry (and preferably of high M site 
symmetry), and advantage was taken of lattice- 
parameter values more recent than those avail- 
able to S.P. or not included in their compilation. 
Initially the u, or v1l3 values for a few of the 
oxide series were plotted against the S.P. r" or 
r"" values. The plots for the individual series 
were then combir~ed to a master plot against r" 
utilizing the great r range of the two perovskite 
series, and the r"' values were adjusted graphic- 
ally to give the best overall agreement. The result- 
ing provisional rvi(M4+) set was found to give 
reasonable linear correlations also for several 
fluoride series. The master plot was therefore ex- 
tended to accommodate a total of 11 "oxide", 13 
fluoride. and 2 chloride series. and best r"(M4+) 
values were obtained from the entire aggregate of 

data by non-linear least squares starting from the 
provisional radii. Each lattice-parameter value to 
be used was scrutinized and assigned a weight that 
was deemed justified by the reported experi- 
mental conditions and evaluation procedure.3 
The refinement included the following com- 
pounds (structure type, space group, and site 
symmetry of the M atom are shown): 

MO, (rutile, P4,/1nnm, mmnl): Si (4, 5), C e  (6, 7), Ti (8), 
Ru (9, lo), Pt (orthorhornbic) ( l l ) ,  Sn (6, 12), Pb (6, 
13, 14). 

MO, (fluorite, Fn73m, m3m): T b  (15, 16), Cf (17), Bk 
(18, 19), Cm (20-22), An1 (23, 24), Pr (15, 16), Pu (23, 
25,26), Ce (26,27), Np (23), U (28-30), Pa (23), Th (23, 
26, 31). The PaO, preparation of ref. 32 was of un- 
certain composition and was not included. The lattice 
parameter of a-PoO, has been taken to be 5.64(1) A ;  
the difficulty in deciding on the most likely value is 

3While individual references are not made to sources of 
the lattice-parameter values cited in Wyckoff's (6) com- 
pilation, almost all the pertinent papers were consulted 
in the original. 
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KNOP AND CARLOW: EFFECTIVE IONIC RADII OF TETRAVALENT ELEMENTS 2177 

described in ref. 33, which appears to  be the only source 
of  ~ ~ ( x - P o 0 , )  available to date. The values for Cf, Cm,  
a n d  An1 have been corrected for expansion due to  
self-irradiation damage. 

A M O ,  (perovskite, Pm3n1, n13n1): 
S r M 0 ,  : Ti  (34), R u  (orthorhombic) (6, 3 3 ,  Sn (6, 36), 
H f  (6, 37), Z r  (6; 38), P b  (orthorhombic) (39, 40), A m  
(pseudocubic) (24), Pu (orthorhombic o r  monoclinic) 
(39, 41), C e  ( 6 ) ,  U (orthorhombic ?) (42), Th  (6). 
B a M 0 3 :  Ti  (tetragonal) (6, 34), SII (6, 43), Hf (37), 
Z r  (6, 44), P b  (orthorhombic) (6, 45, 46), T b  (rhombo- 
hedral) (47, 48), A m  (24), Pr  (orthorhombic) (6, 47), 
P u  (39, 49), Ce (orthorhombic) (6, 47), U (6, 50), Pa 
(51), Th  (6, 31, 52). The Pr and T b  preparations of ref. 
47 were slightly deficient in oxygen and the Pu prepara- 
tion of ref. 49, in Ba. 

A,M,O, (pyrochlore, Fd3111, 3/71): 

G d 2 M 2 0 7 :  G e  (53), Ti (54), R u  (55), Pt (56), Sn (57) 
Hf  (59), P b  (58). The  lattice paralneter for Z r  varies 
from ca. 10.52 to  10.535 A, depending on the method 
of preparation and the firing conditions as well a s  on 
the actual degree of order in the struct~lre (fluorite t* 
pyrochlore)." 
Sm,M,O,: Ti (54), Ru (55), Pt  (56), Sn (57), Hf (59), 
Z r  (59), Pb (58). 

MSiO, (zircon, 141 :a/?~d, 42n1): Hf (60, 61), Z r  (6, 61, 62), 
A m  (24); U, Th  (6). 

MGeO, (sche.lite, I?, 'a, 4): Hf, Zr, Ce, Th  (6, 61); Ani 
(241, U (6). 

M O S  (PbFCI, P411117z1~7, 41111t1): 2-PLI, P L I ~ . ~ U ~ . ~  (63): U ,  
T h  (6); N p  (6, 63). The Pa preparation (6. 23) was not 
stoichiometric. 

M(S04)2  . 4 H z 0  (Fddd, 222): Zr,  Ce, PLI (6). (PI~IIIO, 171): 
Pu, U (6). 

MOCl, (Pbnm, 111): Pa (64, 65); Np,  U. Th (64). 
A 2 M X 6  (B-(NH,),SiF,, P31111, 3/71): 

K,MF,:  Ge ,  Pt (66);  Ti (67), RLI (6). 
(NH,),MF,: Si, Ti (6):  G e  (66): Sn,  Pb (68). 
Rb,MF,: Pt (66); Ge ,  Ti, H f ,  Zr (6). 
Cs,MF,: Pt (66): Ti, Ru,  Hf, Zr (6). 
Cs2MCI,: Ce(69),  N p  (70), Pa (71):  Pu, U, Th  (6). 

K 2 M F ,  (K,PtCI,, F17731i1, 1113171): Si (6. 72); Ti, RLI (6). 
a-K,MF, (cubic): N p  (73): U ,  Th  (6) .  
Rb,MF, (K,ZrF6,  C I ~ I ~ I I I ,  I I I I I ~ ) :  U (74, 75): Cm,  Am, 

PLI, Np (74). 
LiMF, (141 it. I): PLI, N p  (76. 77): U (77, 78): Pa (77, 79); 

C m ,  A m ,  Th  (77). 
N a 7 M 6 F 3 1  (R3, 1 ) :  Z r  (SO), Pr (81): PLI, N p  (76, 77, 82);  

Pa (77, 79, 82); Cni, Am,  U ,  Th  (77. 82). 
BaMF, (TISbF,, R ~ I I I ,  3/11): Si (6. 83): Gc ,  Ti, RLI, Pt, Sn, 

P b  (6). 
A M F ,  (LaF,, P3c1, "2"): 

SrMF, :  U, Th  ( 6 ,  84); PLI, Ce, N p  (84). 
PbMF, :  U, Th  (6, 84); Ce, N p  (84). 

M F 4  (UF,, C2,'c, 2 and 1 ) :  Bk (85); Cm,  Am, Pu, Np,  U,  
T h  (6, 86); Pr  (87); Pa (79, 86, 88): Hf, Zr, Tb ,  Ce  (6). 

Computations \vere carried out on the CDC 
6400 installation at  the Dalhousie C o m ~ u t e r  
Centre using a Fortran program based on a 

'C. Ayasse. Unpublished r e s ~ ~ l t s .  

corrected version of the routine originally sup- 
plied by Po\+ell and Macdonald (98). This routine 
allows for errors in both V113 and r"(M4-1 CO- 
ordinates during the fitting procedure. In order 
to define a scale for rvi(M4') not all the radii 
could be allowed to vary: r"(Ti4') and r"(Sn4') 
were therefore fixed at  their S.P. values. The 
refined values r of the radii are listed in Table I 
and the parameters describing the best straight 
lines for the individual series. in Table 2.  

The final set gives good linear correlations for 
all the series examined (Figs. 1 and 2) .  The 
uncertainty limits quoted for the r"(M4-) values 
are the lo values of the least-squares refinement. 
For the Ti4+ and Sn4' radii, which were entered 
at  fixed values, error estimates were unobtainable 
from the computation. Separate estimates were 
therefore made for these two radius values by 
repeating the computation, this time \+ith a 
different pair of radius values (Ge and Hf)  
locked at  their ne\vly refined values. 

The refined set of radii is as self-consistent as 
can be constructed at  present, but it can Lln- 
doubtedly be impro\ed as more reliable lattice- 
parameter \lalues for some of the compounds 
become available. On the other hand, there are 
V 1  values one can hardly expect to be bettered, 
yet they d o  not fit the respective regression lines 
Lvell enough, c.g. BaTiO,, BaSnO,, and some of 
the transition-element MO, rutiles. In these 
cases the poor fit is inherent and reflects depar- 
tures from the "normal" degree of ionic cliarac- 
ter o f  M in these oxides, or else too large a 
volume available to the M atom in a rigid 
stri~ctural frame\+ork Imposed by the slze of the 
anlon atoms. In the fluorites of Flg 2. houever. 
the large devrat~ons of some of the V '  values 
from the best straight lines are almost certainly 
due to insufficient experimental accuracy ;%ma- 
sionally confusion betheen A and kX may still 
exist. Moreover, significant differences com- 
monly occur bet~been latt~ce-parameter values 
as determined from powder patterns and those 
o b t a ~ ~ i e d  from s~ngle-crystal d~ffractonietry, e.g 
for LIUF, (77 ,  78) ,  Rb,UF, (74, 7 5 ) ,  PaOCI, 
(64, 65) .  These dlfTerences may be real and may 
result from the vagarles of crystal growth (cf. for 

'For example, the internal consistency of the available 
a. values for the c~lb ic  A , + M 4 + X ,  halides isostructural 
with K,PtCI, is surprisingly poor and these series could 
not be included in the refinement, even though they are 
quite extensive and otherwise well suited. 
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'TABLE 2. Coefficients of the equations of the best straight lines, VI1l3 = prvi(M4+) f q,  in 
Figs. 1 and 2* 

- -~p~ ~ -- - -. -. - 

Serics P ~ ( 9 )  4 (A) ~ ( q )  (A) 

M 0 2  (rutile) 1.8483 0.0471 2.0183 0.0305 
MO, (fluorite) 1 ,7363 0.1230 1.9251 0.1014 
MOS 1 ,7790 0.2208 2.1122 0.1900 
SrM03 1.5195 0.0461 2.9872 0.0313 
BaMO, 1.5237 0.0466 3.0799 0.0319 
SmZM207 1 .2074 0.0373 3.3327 0.0246 
Gd21\i1207 1 ,2742 0.0569 3.2725 0.0374 
Er2M207  1.2611 0.0330 3.2346 0.0213 
MSiO, (zircon) 1 ,4556 0.0629 2.9663 0.0459 
MSiO, (scheelite) 1.3632 0.0567 2.9770 0.0414 
M(S04)2. 4 H 2 0  1.4314 0.0672 4.8817 0.0502 
MOClz 1 ,8278 0.3043 2.8772 0.2680 
LiMF5 1 ,7053 0.1617 2.9869 0.1370 
Na7M6F3 1.7154 0.0813 3.1660 0.0628 
K,MF, (trigonal) 0.8481 0.0477 4.5826 0.0290 
K2MFs (K2PtC16) 0.8189 0.0739 4.7567 0.0413 
r-K2MF, (cubic) 1 ,4772 0.2398 4.6328 0.2104 
(NH,),MF, (trigonal) 0.8512 0.0214 4.7754 0.0139 
Rb2MF, (trigonal) 1.1991 0.1057 4.5314 0.0690 
Rb2MF6 (K2ZrF,) 0.8130 0.2693 4.7276 0.2303 
Cs2MF6 (trigonal) 1.1724 0.1394 4.7744 0.0919 
Cs,MCI, (trigonal) 1 ,6006 0.2206 5.2546 0.1907 
Sr M F, 0.6546 0.0916 3.1824 0.0796 
BaMF, 0.7507 0.0500 4.3791 0.0298 
PbMF, 0.5950 0.1038 3.2933 0.0905 
M F, 2.2492 0.1152 2.2874 0.0899 
-. .- - -- - ~- - - ~- - - - - -- -~ -- -- 

*Use Y values of Table I .  V, ,  unit-cell volume per one M atom. 

example CuC1, . 2 H 2 0  (89) or K,CuCl4 . 2 H 2 0  
(90, 91)) or from variable stoichiometry. Com- 
pounds of the actinides present yet another 
problem. Crystal structures containing these 
u-emitters undergo expansion due to self- 
irradiation damage, and owing to the strong 
activity of the shorter-lived nuclides and the very 
s~ual l  quantities of material used in the prepara- 
tion of some of the samples and X-ray specimens, 
the stoichiornetry cannot always be regarded as 
dependable. In some cases the lattice parameters 
have been corrected for the effects of radiation 
damage, but the uncertainty due to possible non- 
stoichiometry is less tractable. 

The present value of rvi(Tb4') is based on 
three compounds only. The unit-cell volume 
available for TbF, is unreliable and one of the 
BaTbO, preparations is stated to have been 
slightly non-stoichiometric. 

For  Cf and Po a single V'I3 value each were 
available; the radii were calculated from the 
equation of the best straight line for the fluorite 
series. The Po value in particular is uncertain 
(see above). N o  suitable oxidic compound 
could be found for Re4+ and this element was 

therefore not included in the refinement. How- 
ever, the radius values calculated from V ' ! ,  of 
K,ReF,, Rb,RcF,, and Cs,ReF, (6) were in 
close agreement and averaged to 0.662 (Fig. 2). 

Only the SrMO, and BaMO, perovskite series 
are sufficiently extensive to bridge the gap 
between the compounds of the large (from T b  on) 
elements and those of the small ones (up to Sn). 
Unfortunately both series contain a number of a, 
values of poor accuracy, and so the correlation 
of the large with the small radii leaves something 
to be desired. 

The MO, fluorite series, which has been the 
mainstay of various V1!, CS. Y and similar corre- 
lations, is of more limited usefulness than is 
usually thought. It does not include Zr and Hf. 
Pure cubic ZrO, and HfO, exist only at  very 
high temperatures (92, 93) or as metastable thin 
oxide coatings of uncertain stoichiometry on the 
metals (94). In the former case extrapolation of 
a, to room temperature is of no value, in the 
latter case accurate information is not available. 
The V1l3 values of the other forms of ZrO, and 
HfO, d o  not fit the fluorite regression line, and 
extrapolation from cubic solid solutions of other 
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Am 
Si Ge Ti RuPt Re Sn H i  Zr Pb Cf Bk Pu Np U Po Th Po 

I I 1  I  I I I I  I  I I 
I l l  

I 

FIG. I .  Plot of a,  or V i i 3  of oxidic compounds against r" ' (M4+)  of Table I .  Diameter of circles, 0.01 a. The 
equations of the straight lines are specified in Table 2. FLIII circles, conipounds not included in the least-squares 
refinement (Cf and Po). 

oxides in zirconia and hafnia is uncertain. The 
a, values cited for cubic ZrO, and HfO, by 
Wyckoff (6) and used by S.P. are over 40 years 
old (95). They were obtained by extrapolation 
over a considerable colnposition range from 
cubic solid solutions of CeO, in ZrO, (5.065(10) 
kX ?) and HfO, ("probable" value, 5.1 15(10) 
kX?) and must be viewed as artefacts of doubtful 

value for the purpose in hand. This explains the 
deviation of ZrO, from the fluorite plot queried 
in ref. 96. 

The S.P. values for 8-coordination are on the 
average 0.116 A higher than the r values of 
Table 1, notable exceptions being Pb, Tb, and 
Po. The S.P. values for 6-coordination for Si to 
Pb agree quite well with ours, with the exception 
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FIG. 2. Plot of no or V ' I 3  of fluorides and chlorides against r"(M4+) of Table 1. D~ameter of circles, 0.01 A. The 
equations of the stralght l~nes  are specified in Table 2. Full circles, compounds not Included in the least-squares 
refinement (Re). 

of Si and the value for Re, which was not refined. 
However, for Tb and Th  the differences are much 
larger. 

Adoption of values other than those of S.P. 
for r"(Ti4+) and rv'(Sn4+) would necessitate 
rescaling of the r values of Table 1 to the new 
pair of reference points, but the transformed set 
r' = n?r + 12 would be as consistent with the 
above aggregate of V1I3 data as the r set. Self- 
consistency is in fact the main claim of the r 
set t o  usefulness. The r values can therefore be 
used to advantage for checking on accuracy of 

lattice parameters and stoichiolnetrp from V1I3 
L'S. r plots (cf .  discussion in ref. 96). For this 
purpose radii such as ours, i .e .  derived directly 
from the variation of V1I3 with r, are preferable 
to similar sets of numbers derived from inter- 
atomic distances by subtracting a constant value 
for the radius of the anion; the latter propagate 
the often not inconsiderable uncertainties in 
positional parameters and suffer from difficulties 
arising from the anisotropy of the M atoms in 
sites of symmetry lower than cubic. 

The effect of covalency is implicit in any 
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KNOP AND CARLOW: EFFECTIVE IONIC RADII OF  TETRAVALENT ELEMENTS 2181 

FIG. 3. Effective ionic radii r"(M) plotted against 
atomic number. M4+ : Table 1. M 3 +  : iantlianons, 
Templeton and Dauben (c:f. ref. 3); actinides. Shannon 
a n d  Prewitt (3) (open circles). The curves are secrions of 
parabolas obtained by least-squares fitting wherever 
sufficient points are available. The length of the vertical 
lines represents the la interval resulting from the com- 
posite least-squares fit including all the series of Figs. 1 
and  2. 

empirical set of "ionic" radii. If the variation 
with M of the degree of covalency in an iso- 
structural series significantly differs from that in 
the series of Figs. 1 and 2: discrepancies can be 
expected. Search for a set of "universal" r"(M4+) 
to  be used for prediction of interatomic distances 
in the most general circumstances is bound to 
prove illusory. 

When the r'"(M4+) values of the actinides are 
plotted against the atomic number (Fig. 3), the 
resulting curve for Th  to Bk is satisfactorily 
fitted to a parabola6 and shows a cusp at  Bk. 
This cusp is typical of half-filled shells: it is bell 
knonn  from the Ln3+ series where it occurs at  

6The smoothed r"  values from this plot are coi-i~pared 
in Table 1 with the corresponding r. values.-The agree- 
ment of r" and I .  is excellent, uithin k0.033 A except for 
Pa. This suggests that r(Pa4-)  is too low. The difference 
between the high and the low values of V '  (per one M 
atom) is 0.061 A for PaF, and 0.013 A for PaOCI,. Dis- 
counting the two low values would raise r(Pa4-) to about 
0.895 A and bring the radius closer to ,. '(Pa4+). The un- 
certainty of the available n(BaPa0,)  value is estimated to  
be k 0.02 A (51). 

Gd  (Fig. 3), and in the 3d series it takes the form 
of a local maximum at  d 5  in the curves for high- 
spin M 2 +  and M 3 + .  In the M31(5f) series its 
existence at  Cm cannot be demonstrated as con- 
vincingly because of the insufficient accuracy of 
the available r'" values (cf. Fig. 3). At present the 
existence of the cusp in the curve for M4'(5f) 
depends on the r"' value for Cf4+ .  This value has 
been derived from a single unit-cell volume, that 
for the fluorite 249Cf0,  (ti = 360 years), and so 
the cusp might be regarded as spurious. How- 
ever, any subsequent revision of r " (Cf4+)  is 
expected to produce merely a change in the 
initial slope of the second half of the curve while 
preserving the cusp. 

On the assumption that the branches of the 
r" 1.s. atomic number curves of Fig. 3 are 
reasonably fitted by sections of parabolas, the 
r v i  values for Ce4*, Pr4+,  and Tb4- define the 
first branch of the M4'(4f) curve. Assuniing 
further that the difference in the r" values for 
M4+(4f) and M3+(4f) diverges linearly from 
Tb4+ to Hf4+ ,  the second branch of the M4+(4f) 
is obtained. The resulting tentative curve makes 
it possible to estimate r" values for Nd4+ and 
Dy4+ (Table 1 ) ;  stabilization of these oxidation 
states in mixed oxide perovskites has recently 
been announced by Jacobson et a/. (97). 

Norr  ADDED I W  I ~ R O O F :  Professor K .  W. 
Bagnall has drawn oilr attention to the recently 
published lattice parameters of CfF, (99). 
Inc-lusion of this compoulid increases the 
r"(Cf4+) value slightly, from 0.818 to 0.821 A. 
The value M hich would be expected if the Cf4+ 
point bere on the continuation of the Th4' - 

Bk4+ curve of Fig. 3 is 0.827 A. The ne\v r v i -  
(Cf4+)  value thus still supports the existence of 
a cusp at Bk4+. 

Thanks are due to Dr.  H .  Brunner for advice on refine- 
ment techniques. The costs of computing were defrayed 
by the National Research Co~lncil  of Canada through a 
grant in aid of research. 
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'The Crystal Structure of Tripotassium bis(Oxalato)dioxovanadate(V) 
Trih drate 

h4e 06 i.eceip+ mq+icke-. &ollemhec 9, 1433. 

R .  E. DREW, F. W. B.  EINSTEIN, and SUSAN E. GRANSDEN. Can. J. Chem. 52, 2184 (1974). 
The p o t a s s i ~ ~ n i  salt of bis(oxalato)dioxovanadate(V), K,[V(0),(C2O4),]~3H,O crystallizes in 

a triclinic lattice with space group Pi .  Two formula units make up the asymnletricunit which has 
dimensions a = 7.851(2), b = 11.603(2), c = 7.778(2) A ,  rx = 94.26(1), P = 110.07(1), y = 
91.25(1)'. Three-dimensional single-crystal X-ray diffraction counter data was refined by full- 
matrix least-squares techniques to R = 0.039. Hydrogen atomic parameters were included in 
the 21 3 variables used. A total of 3869 reflections was measured of which 85.4y0 were classed ob- 
served by the criterion I > 2.30. The 563 unobserved reflections were included in the final cycle 
of structure-factor calculations but were not used in the refinement. 

The anion has irregular octahedral geometry with the two double-bonded oxygen atoms 
(V=O, 1.628(2) and 1.639(2) A) cis to each other. The V-0 (oxalate) bonds are of two signifi- 
cantly different types: (i) those that a re  tran;, to each other (2.009(2), 1.995(2) A) and (ii) those 
that are ~ I . N I I J  to 0x0 ligands (2.158(2), 2.230(2) A) .  The non-coplanar oxalate ligands are twisted 
about  the C-C single bonds (1.550(3) and 1.551(4) A), while the terminal C-0 bonds average 
to 1.226(9) A; and the inner ones to 1.274(16) A.  The anions exhibit an approximate non- 
crystallographic two-fold axis, t h o ~ ~ g h  distortions from regularity are found. These distortions 
may best be attributed to hydrogen bonding with the three water molecules and,  to a much 
lesser extent, by contact with the potassium ions. 

R .  E. DREW, F. W. B. EINSTEIN et S u s ~ r i  E. GRANSDEN. Can. J .  Chem. 52, 2184 (1974). 
Le sel d e  potassium du bis(oxalato)dioxovanadate(V), K,[V(0),(C,04)2].3H,0 cristallise 

dans un reseau triclinique avec un groupe d'espace pi. Deux unites forment le motif asymetrique 
qui a pour dimensions a = 7.851(2), b = 1 1.603(2), c = 7.778(2) A, a = 94.26(1), B = 110.07(1), 
I = 91.25(1) . Les dor~nies  d u  cornpleur de difTractiorl de rayons->: d u  cristal unique tri- 
dimensionnel sont raffinee par les techniques de niatrice entiere de ~noindres carres a R = 0.039. 
Les parametres d e  I'hydrogene atomique sont compris dans les 213 variables utilisees. Un total 
de 3869 reflexions sont mesurees parlni lesq~ielles 8 5 . 4 z  sont classees d'apres le critkre I 2 2.30. 
Les 565 reflexions non-observees sont con~prises dans le cycle final des calculs du facteur de 
structure mais ne sont pas utilisees dans le raffinenient. 

L'anion a une geometrie octaedrique irreguliere avec deux atonies d'oxygene doublenient 
lies (V=O, 1.628(2) et 1.639(2) A) en position c , i r .  Les liens V-0 (oxalates) sont de deux types 
notablement diffirents: (i) ceux q ~ ~ i  sont t i .ar~ l'un par rapport 2 l'autre (2.009(2), 1.995(2) A) 
et (ii) ceux qui sont trans par rapport aux ligands 0x0 (2.158(2), 2.30(2) A). Les ligands oxalates 
non-coplanaires sont enroules autour des liaisons simples C-C (1.550(3) et 1.551(4) A), alors 
que la longueur moyenne des liens terminaux C-0 est de 1.226(9) A et ceux de I'interieur de 
1.274(16) A. Les anions representent un axe approximatif, non-cristallographique, d'ordre 2, 
bien que des distorsions par rapport a la regularite soient trouvies. Ces distors~ons sont le niieux 
attribuees aux liaisons d'hydrogene avec trois molecules d'eau et, dans une moindre mesure a u  
contact avec les ions potassium. [ T r a d ~ ~ i t  par le journal] 

Introduction product had been obtained. Single-crystal dif- - 
an attempt to further study the structural fraction studies however, revealed the compound 

chemistry of the peroxovanadates ( I ) ,  crystals of be K3[V(o)z(C204)21'3H20. 
what was initially thought to be the mono- 
peroxovanadate salt K,[VO(0,)(C,04),]~2H,0 Experimental 
were prepared. The bright red color, usually Pve~flifltion 

characteristic of the monoperox0 compound, and Crystals were prepared by reacting divanadium pent- 
oxide, V , 0 5  (0.9094 g; 5 mmol) m'irh oxalic acid (1.2604 g, 

the approximate agreement between 10 mmol), potassium oxalate (1.8424 g, 10 mmol), and 
and observed densities (2.16 and 2.20(5) g/cm3, ~ o t a s s i u m  hvdroxide (0.561 1 E. 10 mmol) in 40 ml of 1 5 Z  
respectively), led us to believe that the expected ~ ~ 0 ~ .  The ;esultlng deep r'd s o l u t ~ o n  was allowed to  

stand u n t ~ l  the chunky orange-red crystals folnied. The 
'Author to  whom correspondence should be addressed. crystal used for data collect~on was ground to a n  apploxl- 
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DREW ET AL.: CRYSTAL STRUCTURE OF  K3[V(0)2(C204)2].3H20 2185 

mate sphere with extreme dimensions varying between 0.074. Additional refinement and another difference map 
0.60 and 0.50 n ~ m .  showed clear indications of anisotropic motion of the 

potassium, vanadium, and oxygen atoms in the anion. In 
Data Collection the subsequent refinement these atoms were given anom- 

and Weissenberg photographs of a number alous scattering factors, and anisotropic thermal motion 
of reciprocal lattice layers, which were not conveniently parameters were varied, the R value immediately dropped 
related to the final reduced cell chosen, indicated that the to 0 . 0 ~ ~  (R,, = 0,067).3 ~h~ next two difference maps 
salt crystallized in a triclinic lattice, with space group Pi. showed the hydrogen atoms as ma,or features. l-hese 
Precise cell parameters were determined by least-squares were allowed to refine and the R decreased to 0,045, 
refinement of 30 reflections in the range 54' < 20 < 60' three water oxygen atoms were allowed to move anise- 
measured on the computer controlled Picker four-circle tropically and several more cycles of refinement were done 
diffractometer ( ~ L M O K X I  = 0.70926 A). The density was usingcounter weights. (Prior to this, unit weights had been 
measured in toluene at  22 ' C ,  using a berman balance. used,) Shifts in the final cycle were not larger than O.OjO 
Crystal data are: in magnitude, and the conventional R value was 0.039; 
K3 [V(O)Z(C~O~)ZI .~HZO f.w. = 430.3 R,, (including unobserveds) = 0.053. The scattering fac- 
Triclinic, a = 7.851(2), b = 11.603(2), c = 7.778(2) A, tors for the nonhydrogen atoms, including anornolous 
n = 94.26(1)c, P = 110.07(1)', y = 91.25(1)", V = 662.85 scattering, were taken from ref. 4, while the scattering 
A3, po = 2.20(5) g/cm3, p, = 2.16 g/cm3, Z = 2, F(000) factors for the hydrogen atoms were taken from a table of 
= 206, T = 22 "C,  pMoKx = 20.4 cm- '. Stewart et al. (5). The function minimized was Zn.(;F,I - 

The intensity of 3869 unique reflections was measured IFcl)2, 
and 563 were classed unobserved by the criterion < The final electron density difference map revealed no 

2.30; = N is the scan count plus the total significant features. The largest feature was a trough of 
normalized background count. The unobserved reflections -0.3 near the atom, by 
were not used in the least-squares refinement although peaks near oxalate Oxygen 

they were included in the final structure-factor calculation. 
Data was collected within the sphere 20 < 60" at  a scan Results 
speed of 2"jmin in 20 with a 8-28 scan width of 1.05 f ~ t t ~ ~ ~ t ~  to describe the anion as a who]e, each 
(180jn)(2 tan 0)(bl,ii3'. The background intensity was de- 
termined by the normalization of two 10 s stationary oxalate group, or only those atoms bonded di- 
background counts measured at the scan limits. The take- rectly the vanadium atom, as a rigid body (61, 
off angle was 2.5" and the crystal was positioned 28 cm indicated that none of these groups can be de- 
from the detector. Niobium-filtered MoKn radiation was scribed in this manner. Mean planes through the 
used. Two standard reflections were measured every 70 Oxalate groups and through the oxygen atoms 
reflections. No systematic change in their intensity was 
apparent and the largest departure from their average was to the vanadium were examined. 
only 2.8%. A very small splitting of certain reflections led of these groups are coplanar within the 
us to sus~ec t  a possible crack or fissure in the crystal, but mecision of the structure determination. 
carefill remeasurement of selected intensities jndicated 
the integrated scan intensities were ~~naffected. 

No corrections for spherical absorption were made 
since for pr = 0.60, the maximum angular change would 
be a 3% decline in intensity. Lorentz and polarization 
factors were applied to the data and structure factor 
amplitudes derived. Normalized structure factors were 
calculated and E statistics suggested a centrosymmetric 
structure. 

Determination and Refinement of Structure 
The structure was solved using symbolic addition tech- 

niques (2, 3). The origin was fixed by arbitrar~ly assigning 
phases to three of the stronger E's, 

3 - 9 1 (E = 3.200) 
- 3 12 0 (E=3.148)  

4 - 3 4 (E = 2.974) 
and the symbolic addition procedure was used to complete 
the phasing. The procedure led to two promising alterna- 
tive solutions and one of these yielded a satisfactory elec- 
tron density map. Two cycles of structure-factor least- 
squares refinement followed by electron density difference 
maps yielded the remaining atomic positions. Two more 
cycles of full-matrix refinement, including all non-hydro- 
gen atoms, brought the conventional R value2 down to 

The final positional and thermal parameters 
are listed in Table 1, while the interatomic dis- 
tances and angles are listed in Table 2. Errors in 
the interatomic distances and angles were calcu- 
lated from the inverse matrix and include correla- 
tion between atomic parameters and errors in the 
cell dimensions. The structure is illustrated by 
the packing diagram, Fig. 1, in which one anion 
is represented by 50Y, probability thermal ellip- 
soids. A selection of the best (non-planar) 
weighted least-squares planes are given in Table 
3. Calculations were carried out on an IBM 
37011 55 using programs listed in ref. 1. 

Discussion 

The [V(0),(C,0,),]3- anion has a slightly ir- 
regular octahedral geometry in which the two 
0x0 ligands are cis to each other. As previously 
discussed by Hoard and co-workers (7), these 
two oxygens have short V-0 bonds (average = 

'The R value is defined as Z ( F ,  - IF,])/ CF,l. 3The R, value is definedas [Cw(F,j - 1FC1)'/ C~VF,']'~'. 
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-- 

Atom 
-- 

v 
K(1) 
K(2) 
K(3) 
O(1) 
O(2) 
O(3) 
O(5) 
O(7) 
O(9) 
C(1) 
C(3) 
O(4) 
O(6) 
O(8) 
O(10) 
C(2) 
C(4) 
O(W1) 
O(W2) 

H(11) 
H(12) 
H(21) 
H(22) 
Hi311 
H(32) 

C A N .  .I. CHEM.  VOL.  5 2 ,  1974 

TABLE 1. Final atomic parameters 
(a) Fractional coordinates* 

X Y z 

18601(5) 29257(3) 15450(5) 
- 72510(8) 47963(5) 57086(8) 
- 731 12(7) 22797(4) 15893(7) 

3240(8) 17253(5) 58820(8) 
- 72(3) 3518(2) 3 169(3) 

- 3411(3) 2857(2) 2510(3) 
- 857(3) 1363(2) 1933(3) 
- 3679(3) 1804(2) - 868(3) 
- 1280(3) - 525(2) 1108(3) 
- 4006(3) - 34(2) - 2070(3) 
- 1684(4) 474(2) 856(3) 
- 3286(3) 760(2) - 859(3) 
- 2958(3) 4292(2) 202(3) 
- 600(3) 3016(2) -512(3) 
- 3402(3) 5238(2) - 2296(3) 
- 994(4) 3765(2) - 3 162(3) 
- 2674(3) 4499(2) - 1287(4) 
- 1299(4) 3696(2) - 1731(4) 
-6813(3) 3200(3) - 1558(3) 
- 5204(4) 2642(3) 5270(4) 
- 7463(4) - 24(3) 5 1 30(4) 
- 666(8) 385(5) - 103(8) 
- 582(7) 288(5) - 127(7) 
- 497(8) 215(5) 607(8) 
- 435(7) 253(5) 490(7) 
- 71 2(7) 13(4) 423(7) 
- 645(6) - 8(4) 589(6) 

*Fractional atomic coordinates r 10' for V and K, x 10' for 0 and 
C ,  and x 103 for H. 

(b) Thermal motlon parameters ( x  lo4) 
- - -- - 

- 

Atom U I I *  u, 2 u3 3 u12 u13 u, 3 

V 219(2) 235(2) 222(2) 5(1) 23(1) - 15(1) 
K(1) 3 60(3) 274(3) 325(3) 20(2) - 52(2) l(2) 
K(2) 298(3) 259(2) 268(2) 21(2) - 1(2) 3(2) 
K(3) 424(3) 277(3) 275(3) 30(2) 4(2) 38(2) 
(31) 339(9) 368(10) 278(9) - 11 l(8) 1 l(7) -22(7) 
O(2) 337(10) 369(10) 457(11) - 32(8) 175(9) -43(8) 
O(3) 29 l(8) 243(8) 205(7) 33(6) - 37(6) O(6) 
O(5) 298(9) 246(8) 304(9) 63(7) - 70(7) 7(7) 
O(7) 505(11) 239(8) 28 1 (9) 65(8) - 14(8) 4x7 )  
0(9) 390(10) 293(9) 284(9) 17(7) - 82(7) - 60(7) 
c (1 )  263(11) 261(10) 157(9) 11(8) 17(8) 15(8) 
C(3) 234(10) 256(10) 212(10) lI(8) 3 8 )  9(8) 
O(4) 305(9) 277(8) 375(10) 88(7) 123(8) 19(7) 
O(6) 298(9) 341(4) 298(9) 150(7) 88(7) 102(7) 
O(8) 329(9) 267(4) 474(11) 1 1 O(7) 54(8) 99(8) 
o(10) 722(15) 566(13) 319(10) 363(12) 212(10) 165(9) 
c (2)  199(10) 200(10) 322(12) 11(8) 3(9) - 18(8) 
(34) 282(11) 248(11) 233(10) 88(9) 1 O(9) 4(8) 
O(w1) 322(10) 43 l(12) 397(11) - lO(9) 99(9) - 3(9) 
O(w2) 478(14) 640(16) 322(11) 60(11) 53(10) 49(10) 

336(11) 734(16) 358(1 1) 8(10? 48(10) 92(11) 
- - - - 

*Anlsotropic thermal parameters The form of the anisotropic thermal ellipsoid 1s exp [ - 2 x 2  ( U * ' ~ ~ U , ~  1 

b*Zh2U,2 - C * ~ / * U ~ ~  + 2u*b*hkUi2 - 2u*c*hlU13 - 2b1c*h/U2,)]  
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DREW ET AL.: CRYSTAL STRUCTURE OF K ~ [ V ( O ) Z ( C ~ O ~ ) ~ ] . ~ H ~ O  

TABLE I .  (Concluded) 
.- -- - 

Atom Ui,,f ( x  10') Atom U,,,f ( x  10') 

tIsotropic thermal parameters. The expression for 
sphere is: exp [ -8rr2U2 sin2 Glh2)l. 

the thermal 

TABLE 2. Interatomic distances and angles 
(a) Bonded contacts 

Distance Distance 
Bond (4 Bond (A) 

(b) Interatomic angles 

Bonds Angle (deg) Bonds Angle (deg) 

(c) Non-bonded contacts, edges of the anion coordination octahedron 

Distance Distance 
Contact (A) Contact (A) 
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C A N .  J .  CHEM. VOL.  5 2 ,  1974 

TABLE 2. (Concluded) 

(d) Environment of the potassium ions (contacts < 3.3 A) 

Symmetry Symmetry Symmetry 
Distance transforma- Distance transforma- Distance transforma- 

Contact (A) tion* Contact (A) tion* Contact ( A )  tion* 

*Figures in this column refer to the following set of symmetry transformations with respect to  the oxygen atoms:  ( I )  .r,y,r: (2) x -; I ,  r., r i 1 ; 
( 3 1 2 -  l l , : 4 x - 1 , ~ , ~ ; ( 5 ) ~ , ~ ~ , ~ ~ 1 ; ( 6 ) X -  l , F 7  ] , T i -  1 ; ( 7 ) ? -  1 , 7 , T : ( E ) F , y , ? +  l : ( 9 j Z -  l , j j , T i  l ; ( l O ) x -  I , . I J , z .  
(11) - 1 - x, y ,  - 1 - 2. 

( e )  Hydrogen bonding parameters? 

Bond 
- 

O(W 1)-0(4) 
O(W 1)-O(5) 
O(W2)-O(5) 
O(W2)-O(2) 
O(W3)-O(9) 
O(W3)-0(9) 
- -- 

Distance 
(A) 

-- 

3.051(3) 
2.892(3) 
3 .069(4) 
2.965(4) 
2.984(4) 
2.838(4) 

-- - - 

Symmetry 
transformat~on* 

- -- 

3 
1 
5 
I 

1 1  
5 
- - 

Bond 

H(11)-O(4) 
H(12)-O(5) 
H(21)-O(5) 
H(22)-O(2) 
H(3 1)-0(9) 
H(32)-O(9) 

Distance 
(A) 

*Figures in thls column refer to symmetry transformations of oxygen atoms (see section (dj). 
?The angles involved lie in the following ranges: H-0-H, 97(4)-l09(5j: 0-H..,O, 141(5) 

172(4); H...O-C, 96(2)-143(2). 

1.633 A) which indicate strong multiple bond 
character. The remaining four metal-oxygen 
bonds are longer (1.995(2) to 2.230(2) A) and fall 
into two groups depending on whether or not 
they are trarzs to a V=O bond. The trans bonds 
are significantly longer (2.158(2) and 2.230(2) A) 
than the other pair (2.009(2) and 1.995(2) A), a 
good illustration, as mentioned by Hoard et al. 
(7-lo), of the structural trat~s effect. This o bond 
strength weakening is reflected throughout the 
rest of the anion as the strongest of the inner 
C-0 bonds are adjacent to the weaker of the 
V-0 bonds. The ter~ninal carbon-oxygen bond 
lengths average to 1.226(9) A, which is slightly 
shorter than the inner C-0 bonds (average = 

1.274(16) A) but comparable to the C=O double 
bond lengths found in many aldehydes and ke- 
tones ( I  1). The carbon-carbon bond exhibits no 
double bond character at all, as was also found in 
oxalic acid dihydrate (12). 

There are certain similarities and differences 
between the anion in the present structure and in 
the ammonium salt previously studied (7). In 

both cases, the anion exhibits approximate non- 
crystallographic two-fold symmetry through the 
vanadium atom, although the deviations from 
symmetry are not the same in both cases. Both 
show double bond character in the VO,' moiety 
and an 0-V-0 angle which is larger than 90". 
However, the average V=O bond length in the 
present structure is shorter (0.009(4) A) than in 
the previous one. This would be consistent with 
the slight increase in 0-V-0 angle from 
103.8(1)' to 104.4(1)" and with the observation 
that the hydrogen bonding to the vanadyl oxy- 
gen atoms is stronger in the ammonium salt. In 
each case, the longer of the non-equivalent V=O 
bonds is the one which has the stronger hydrogen 
bond to  it. 

The oxalate groups all contain planar ' 'COZ5' 
fragments which, in the case of the potassiunl 
salt, are twisted about the C-C bond by 3.8(2) 
and 7.9(2)", so that the ligand as a whole is not 
planar. The C-C bond is slightly shorter in the 
ammonium salt. The inner C-0 bond lengths 
are comparable in the two structures and these 
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DREW ET AL.: CRYSTAL STRUCTURE OF K ~ [ V ( O ) Z ( C ~ O ~ ) ~ ] . ~ H ~ O  

TABLE 3. The equations of the least-squares mean planes* 
- - -- -- 

-- 
- - 

Plane Equatlon Y 

*The normal equation of a plane in the form A x  ; BJJ -- C z  - D = 0, expressed in Angstr6ms, referring 
t o  the orthogonalired set of axes s, J~, z (corresponding t o  u,  b, and c ,  respectibeiy), the direction cosines of the 
normal t o  the plane, A ,  B, and C, and the distance of the plane f rom the origin, D. 

D~splacement of vanadlum from 
planes 

- -  
--- - 

Plane Displacement (A) 

FIG. 1. The  unit cell of t r ipo tass i~~m bis(oxalat0)- 
dioxovanadate(V) trihydrate showing the atomic label- 
ling. 

too  fall into two groups, depending on the length 
of the V-0 bond adjacent to them. Minor varia- 
tions in length can be attributed to hydrogen 
bonding. The outer oxalate oxygens are the 
atoms most influenced by the environment of the 
anion. In the potassium salt, only one bond 
length is different from the rest and it is to an 
oxygen which is involved in hydrogen bonding 
to  t ~ o  water molecules. In the ammoniuln salt, 
those oxygens which are strongly hydrogen 
bonded also have bond lengths of - 1.24 A, and 
the one which is less strongly affected by water 
molecules has a bond lenzth of only 1.22 A. 

The potassium ions have irregular environ- 
ments; in one case there are seven adjacent oxy- 
gen atoms and in the other two there are nine 
(see Table 2). The actual polyhedra are: as may 
be expected, highly irregular; the distortions in- 
volve both distance and angular effects. 
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Sur I'existence des composes P4Se,(x 3) et P4Se,-, S,( n = 1'2) 

YVES MONTEIL ET HENRI VINCENT 
Lohorcitoire de Pl~ysico-Chi~i~ie .Mi~lPrcilc I ,  A.F.Toc~P 0 1 1  C.N.R.S.  1z3116, Service d ~ i  Professertr. Ciieiller.on, 

Uni~.o.sitP Cl~iirde Bernrirci, 43 halrle\'nr.d ciu 11 not,e~nhr.e 1918, 69621, Ville~lrbanne, Fr.rrnce 

R e ~ u  le 23 janvier, 1973 

YVES MOYTEIL et HENRI VINCENT. Can. J. Chem. 52, 2190 (1974). 

Le diagramme de phases P rouge - P,Se3 est etudie systematiquement par analyse thcrrniquc 
diffkrentielle et radiocristallograpliie. P,Se, qui est le seul compose binaire dans ce domaine, 
existe sous trois formes allotropiques: P,Se3r se transforme a 82 ' C  en P,Se,(3 qui se transforme 
a 192 'C en P,Se,y: les forrnes (3 et y ttaient inconnues. Nous avons evalue les chaleurs de trans- 
formation des differentes varietes allotropiques ainsi que la chaleur de fusion du P,Se3. 

Dans le diagra~nme ternaire P-S-Se, la coupe isoplethe P,Se3-P,S, est Line section quasi- 
binaire. On observe Lln eutectiq~~e a 170 C pour uneconcentration molaire de 5% en P,Se,. Dans 
I'etude de cette section isoplethe, il n'apparait pas de cornpost! mixte du type P,Se,,,S,, avec rz 
entier, egal a i ou 2. 

YVES MONTEIL and HENRI VINCENT. Can. J .  Chem. 52, 2190 (1974). 

The phase diagram of P(red) + P,Se, was studied systen~atically by differential thermal 
analysis and X-ray crystallography. P,Se,, which is the sole binary conlpound in the system, 
exists as three allotropic forms: P,Se3x transforms at  82 C into P,Se,(3 which is transformed at  
192 ' C  into P,Se,y; the b- and 7- forms were unknown. The heats of the allotropic transforma- 
tions were evaluated as well as the heat of fusion of P,Se3. 

In the ternary diagram P-S-Se the isopleth P,Se3-P,S3 is a quasi-binary section. An eutectic 
is observed at 170 C with a concentration of 5% in P,Se,. No mixed compound of the type 
P,Se,-,,S,, (n an integer = 1 or 2) was found during the study of this isopleth. 

[Journal translation] 

Ce travail se situe dans une Ctude sur les chalco- 
gCnures binaires et ternaires du phosphore entre- 
prise au  Laboratoire. Nous avons CtudiC les coln- 
binaisons phosphore-soufre(1) mais les combinai- 
sons phosphore-sClCnium et phosphore-soufre- 
sClCnium sont ma1 connues. Depuis longtemps on 
sait quc lc phosphorc se combine au  sClCnium et 
au soufre par simple fusion des ClCments (2-4). 

Si l'existence des composes binaires P,Se,, 
P,Sc, et P,Se,, ne paraft pas faire de doute (5-7), 
bien que le caractire vitreux de P,Se,, rende son 
identification tres dClicate, celle des co~iiposCs 
P,Se, P,Se, et P,Se, n'est qu'al@atoirc (8-10). 
Les co~nbinaisons ternaires dCcrites par Meyer 
(8), en 1902, sont du type P,Se ,-,, S,, avec 11 entier 
Cgal a I ou 2. 

Ces rCsultats fragmentaires nous ont conduit 
a entreprendre I'Ctude du diagramme de phases 
phosphore rouge - sC1kniurn. Nous prCsentons 
dans cet article les rCsultats obtenus pour la partie 
correspondant au domaine Prouge - P,Se3. Nous 
avons CtudiC dans le s y s t h e  ternaire P-S-Se, la 
coupe P,S,-P,Se, qui se prCsente comme une 
section quasi-binaire. L'etude des diagrarnmes a 
CtC faite par analyse therrnique diffkrentielle et 
par radiocristallographie. PrCalablernent nous 

nous somnles intCressCs a la preparation du pro- 
duit de depart: le triselkniure de tetraphosphore 
P,Se,. 

Prkparation de P,Se3 
Le triseliniure de tktraphosphore, P,Se,, a 

deja CtC prCparC soit en phase solide, soit en 
solution : 

La premiere mCthode de prkparation due B 
Meyer (8) consiste a fondre des mClaiiges stoe- 
chiometriques de phosphore, blanc ou rouge, 
avec du selenium. Le composC P,Se3 est obtenu 
par distillation sous atinosph6re de CO, a 300- 
400°C; Behrens et Haschka(l1) p~arifient ce com- 
pose par sublimation sous vide. Tout rCcemment 
P,Se, a CtC prCparC par fusion de P,Se,, avec le 
phosphore rouge (12). 

La seconde mCthode de preparation consiste 
chauffer en solution dans la tetraline, un mClange 
de phosphore blanc et de sC1enium. Elle a CtC mise 
en oeuvre par Mai (13) et reprise et modifiee par 
Irgolic et al. (14). 

Le produit prCpart par la mCthode de Mai est 
soluble dans le sulfure de carbone alors que celui 
obtenu d'aprks la mCthode de Meyer ne l'est pas. 
En se basant sur cette seule difference de solu- 
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MONTEIL ET VINCENT SUR DES COMPOSES P-S-Se 2191 

biliti dans le sulfure de carbone, Mai a suppose 
l'existence de deux formes allotropiques de P,Se, ; 
d'autre part la mesure des C, de PySe, laisse 
supposer l'existence d'une transition cristalline 
vers 350 "K (17). Aucune confirmation de cette 
hypothese n'ayant Ctt apportee par la suite il 
nous a paru important d'etudier la preparation 
de  P,Se,. 

Pour notre part nous avons prepare P,Se, par 
traitement thermique du melange stoechiome- 
trique de phosphore rouge et de sClCnium, en tube 
scelle, a des temperatures supkrieures a 250 "C. 
Nous avons constate que quelque soit la duree du 
traite~nent et sa temperature, la masse reaction- 
nelle n'est jamais constituie de P,Se, pur. I1 est 
indispensable de purifier ce produit, soit par 
sublimation sous vide, soit par extraction dans 
l'appareil de Soxhlet par le sulfure de carbone. 
Avec cette seconde methode nous obtenons P,Se3 
sous forrne de tres beaux cristaux de couleur 
orange. Le con~pose ainsi obtenu fond a 246 'C, 
son diagra~niiie de rayons X peut Etre indexe a 
partir des parametres de la maille orthorhom- 
bique determines par Keulen et Vos (5). 

Description du diagramme de phases 
P rouge - P4Se3 

Les ~nat t r iaux sont prepares en ampoules 
scellees sous vide par melange de phosphore rouge 
et de trisClCniure de tetraphosphore. Le chauffaze 
de ces echantillons, dont le poids est de l'ordre de 
1 gramme, est alors effectuk dans un four a des 
te~npCratures legerement inferieures B 600 'C pour 
les composCs riches en phosphoreet, B 300°C. pour 
le domaine avoisinant le trisC1eniure de tetra- 
phosphore. Apres refroidissement, les Cchan- 
tillo~is sont broyis, caractCrisCs systematique- 
ment par diffraction de rayons X et introduits dans 
les cellules d'analyse ther~nique differentielle. 

L'interpretation des courbes d'analyse ther- 
~ n i q u e  diffkrentielle conduit sans aucune ambi- 
guitk a I'etablissement du diagramme reprisente 
sur la figure 1. L'eutectique est observe a 164 "C 
pour une composition voisine de 67% en atomes 
de  phosphore. 

Le phosphore rouge fond a 590 ' C .  Nous ob- 
servons a 440 f 10°C un accident thermique 
correspondant B une transformation du phos- 
phore qui passe de la forme aniorphe P(1) a la 
forme P(I1) cristallisCe dans le systeme hexagonal. 
Nous n'avons pas mis en Pvidence l'existence 
d'autre phenomene thermique dti a cet Clement. 

FIG. 1. Diagramme de  phases d u  systeme P rouge 
P,Se3. 

Le compose P,Se, fond B 246 C. Un pal~er se 
nian~feste a 192 "C que nous pouvons a t t r~buer  
sans aucun doute a une transltlon du P,Se,. 

Cette etude ne permet pas de retrouver de 
seleniure plus riche en phosphore que P,Se, tel 
qile P,Se, ou P,Se. 

DiffCrentes variktks allotropiques de P,Se:{ 
Le diagramme de phases du systeme P rouge - 

P,Se, perniet de mettre en evidence a 192'C 
I'existence d'une transformation allotropique de 
P,Se3. 

D'autre part, lorsqu'on soumet ii l'analyse 
thermique differentielle un produit obtenu direc- 
tement par sublimation ou par recristallisation 
par le sulfure de carbone, on observe un accident 
thermique suppl61nentaire a 82cC.  

Ces resultats s'expliquent par I'existence de 
trois varietes allotropiques de P,Se, : une variete 
r, stable a basse temperature qui subit une trans- 
formation en forme f3 a 82 "C, qui elle mEme 
donne la variete y a 192 "C. 

Au cours de I'echauffement d'un Cchantillon de 
P,Se,r on observe successivement les trois es- 
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TABLEAU 1 

d (A) 
-- I 

d (A) 
I 

hkl Obs. Calc. obs. hkl Obs. Calc. obs. 

p2ces: au refroidissement le passage de la f o r ~ n e  
p A la forme z n'est pas observC. Ceci explique que 
nous n'avons pas observC la transformation de 
P,Se,cc en P,Se,P dans 1'Ctude du diagramme de 
phases prCcCdemment dCcrit. 

La  transforlnation de la forme p en sa forme y 
est rkversible. Nous n'avons pas pu isoler la 
variCtC y du P,Se, a la tempkrature ambiante par 
des trempes a la temperature de l'air liquide. 

Nous avons pu Cvaluer les enthalpies de trans- 
formation des diffkrentes vari6tCs allotropiques 
du P,Se, et son enthalpie de fusion, par mesure 

des aires des pies obtenus par analyse thermique 
diffkrentielle. Nous avons utilisb comme Ctalon 
pour ces mesures, l'enthalpie de fusion de l'acide 
benzoi'que qui fond a tempkrature proche des 
phtnom2nes CtudiCs. 

Nous avons obtenu pour la transformation du 
P,Se,a en P,Se,p a 82 "C la valeur: AH = 20 f 
2 kcal molp ' .  

Nous avons toujours trouve cette m&me valeur 
Clevee, que le P,Se,sc soit obtenu par s~iblimation 
sous vide ou par dissolution dans le sulfure de 
carbone. 
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MONTEIL ET VINCENT: SUR DES COMPOSES P-S-Se 

P4Se3p (C~ibiqiie, a = 16.25 A) P,Se,y (Cubique. n = 17.81 A) 
-- - -- -- - - ---- 

d (A) 
-- I 

d (A) 
I 

hkl Obs. Calc. obs. hkl Obs. Calc. obs. 

Nous n'avoiis pas observC de dCgradatioii ther- 
mique ou chi~nique du composC apres cette trans- 
formation. Le point de fusion du composC P,Se, 
ne varie pas aprks plusieurs chauffages. N'ayant 
pas pu obtenir de monocristal de la forme p du  
P,Se, nous ne sommes pas en mesure de dire si 
cette chaleur de transformation ClevCe correspond 
a un changement structural important. 

L'enthalpie de la transformation du P,Se3P en 
P,Se,y a 192 "C est egale a 

AH = 1.5 ) 0.15 kcal mol-'  

L'enthalpie de fusion du P,Se3 a pour valeur 
246 "C: 

A H  = 4.0 ) 0.4 kcal mol-I 

L'Ctude radiocristallographique de P,Se, a mis 
nettement en Cvidence l'existence de ses trois 
varietes allotropiques. 

En I'absence de monocristal de la forme p du 
P,Se, nous avons pu indexer son diagramme de 
poudre de rayons X dans le systeme cubique. Le 

parametre de la n~aille cubique a la valeur 
suivante: a = 16.23 A. 

Le diagramme de rayons X obtenu pour la 
forme y du  P,Se3 peut aussi etre index6 dans le 
systeine cubique avec comlne valeur du para- 
metre de maille : a = 17.8 1 A.  Dans les tableaux 
1 et 2 nous donnons l'indexation des diagrammes 
de rayons X des trois variCtCs allotropiques de 
P,Se3. 

Nous avons Cgalement caractiris6 les forlnes a 
et p du  P,Se, par spectroniCtrie infra-rouge. Seule 
la forine cr. est soluble dans le sulfure de carbone 
et, de plus, conime ce mEme solvant favorise la 
transformation de la forme p en forme a,  il ne 
nous a pas CtC possible d'opCrer en solution. 

Comme les produits n'absorbent pas au-dessus 
de 600 cnl-l ,  nous representons sur la fig. 2, les 
spectres d'absorption infrarouge des formes a et 
fi du  P,Se3 dans le doinaine 600-250 cm- '  ob- 
tenus par pastillage dans le bromure de cCsium. 

Le spectre de la forme cx du P,Se, est en accord 
avec les rksultats donnes par Irgolic et al. (14). Le 
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FIG. 2. Spectres infra-rouge des formes 3 et j3 du 
P,Se, rencontrees a temperature ambiante. 

spectre de la forme (3 du P,Se, est Ctabli pour la 
premiire fois. 

11 n'a pas CtC possible de passer de la f o r ~ n e  P 
du P,Se, a sa forme r. par traitement thermique. 

Par contre la transformation est possible si on 
ensenience avec la forme a du P,S,. isotype de 
la forme r. du P,Se3. 

Etude de la section P4Se:I-P,S:r 
Meyer (8) avait caractiris6 les combinaisons 

ternaires P,Se,S et P,SeS, par la valeur de leurs 
points de fusion. Mai (13) pretendait pour sa 
part que ces 2 combinaisons n3Ctaient en fait que 
des melanges de P,Se3 et de P,S3. 

Nous savons aussi que les fornies v. des tri- 
sClCniure et trisulfure de tCtraphosphore cristalli- 
sent dans le m&me systkme cristallin, orthorhom- 
bique, avec le mEme groupe d'espace et elles 
posskdent la meme structure niolkculaire tCtra- 
edrique derivee de celle du phosphore blanc (2,  
15) (Fig. 3a). 

Apr6s avoir entrepris loetude des 2 systi.mes 
binaires P-S (1) et P-Se (16) i l  nous a paru inte- 
rcssant d'essaycr d'obtcnir des combinaisons ter- 
naires que nous pouvons representer par la for- 
mule P,Se3-,$,,. Nous avons donc CtudiC systC- 
niatiquemcnt les interactions entre P,Se, et P,S, 
ce qui nous a amen6 entreprendre dans le 
systi.me ternaire P-S-Se, l'etude de la section iso- 
pl2the P,Se3-P,S3 (Fig. 3b). Le composC P,S3 
est prepare a partir de P,S,, et de phosphore 

rouge ou a partir de  soufre et de phosphore rouge. 
Le produit est purifie soit, par extraction au  sul- 
fure de carbone et recristallisi dans ce m&me 
solvant, soit par sublimation sous vide. 

Les Cchantillons pour l'analyse thermique diffi- 
rentielle ont 6tC prepares a partir des m6langes de 
P,Se3r et de P,S3a, chauffes a 300 "C et refroidis 
lentement. Les diagrammes de rayons X des pro- 
duits obtenus ne decklent que l'existence des seuls 
cornposes P,Se3 et P,S3. 

Nous representons sur la figure 4 les rksultats 
de l'analyse thermique differentielle. La coupe 
isoplkthe P,Se3-P,S, est une section quasi- 
binaire. Nous observons un palier a 192 "C qui 
correspond a la transition P,Se3(3-P,Se,y et un 
autre a 40 "C qui correspond a la transformation 
P,S3a-P,S3P. Le diagranime prisente aussi un 
palier 56 "C,  pour des concentrations molaires 
comprises entre 60 et 1 0 0 x  en P,Se3; ce dernier 
est attribue a la transformation P,Se,x-P,Se3(3. 
Les clicli6s de rayons X pris a differentes tem- 
peratures dans ce domaine de concentration con- 
f ir~nent ce resultat. L'abaissement de la tempCra- 
ture de tra~lsition de 82 a 56 ' C  Ctant dfi vrai- 
semblablement a l'existence d'une solution solide 
terminale. Cette transformation n'avait pas CtC 
observCe lors du track du diagramme de phases 
correspondant au  domaine P rouge - P,Se3 ce 
qui nous per~net  de conclure que la prCsence de 
P,S3r. favorise l'obtention de la forme a de P,Se3. 

L a  fusioil de P,S3 se produit a 173 ' C ,  celle de 
P,Se3 a 246 "C. 

Nous avons observe l'eutectique pour une tern- 
pCrature de 170 ' C  dans un dolnaine de concen- 
tration limit6 et de plus la forme aplatie des 
courbes de liquidus sur le palier eutectique rend 
la dCtermination de sa composition difficile. Le 
diagramme de Tammann ne nous est d'aucun 
secours car le phenome~le therrnique de l'eutec- 
tique est indiscernable de celui de la fusion, les 
pics correspondants se recouvrant en grande 
partie ou totalement. Nous pouvons situer nkan- 
moi~ls  la composition de l'eutectique a 5% en 
moles de P,Se, par rapport a celles de P,S3 et 
P,Se3. 

Le diagramme montre que dans les conditions 
de l'etude aucune phase intermediaire ne se mani- 
feste entre P,Se3 et  P,S3. 

Conclusions 
L'Ctude du diagramme dc phases phosphore- 

sCIC~lium, dans le doniaine phosphore rouge - 
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MONTEIL ET VINCENT: SUR DES COMPOSES P-S-Se 

X , S o  .US 

Pb 503  d P+53 4 

groupo d'aspcica Pmnb group. d'aspeca Pmnb 

16 moLicu\o. pop rnoi\\o Bmo\iru\a:, por modla 

FIG. 3. ( a )  Donnees cristallographiques concernant les formes .* de P,S3 et P,Se3. (b)  Schematisation dans le 
ternaire P-S-Se de la coupe isoplethe P,S3-P,Se,. 

I U U  
* 0 0 -  

.L ...-. e,= I --+ - . - - 
D L  . _ .  _ 

FIG. 4. Diagramme de phases de la coupe P,Se3- 
P4S3. 

lristlkniure de tetraphosphore, montre que le tri- 
sCliniure de tktraphosphore (P,Se,) est le com- 
posk binaire seleniC le plus riche en phosphore; 
on ne retrouve pas I'existence des mono- et di- 
sClCniure de tktraphosphore (P,Se, P,Se,). 

P,Se, fond a 246 " C ;  il existe sous 3 variCtes 
allotropiques. Les diagrammes de rayons X des 
formes inCdites B et y du  P,Se3 peuvent &tre in- 
dex& suivant des systkmes cubiques. Si la forme 
cx du P,Se, est celle qui est stable B temperature 
ainbiante, nous devons noter qu'aprks fusion du 
composC, nous le rencontrons sous sa seule forme 
B Nous avons obtenu le passage de la forme f! du 

P,Se3 a sa forrne Y par le traitement par le sulfure 
de carbone, par subl~rnatlon OLI par ensemence- 
lnrnt avec la forme cx du  P,S3. Le spectre ~nf ra -  
rouge de la forme du P,Se, tres different de 
celul de sa forme Y,  peut Etre un moyen d'ldentlfi- 
c a t ~ o n  com~node  des deux variCtCs allotroplques 

Dans le systkine ternaire phosphore-soufre- 
sClCnium, la coupe lsoplethe P,Se,-P,S, est une 
sectloll quasi-blnaire Au cours de son etude nous 
n'avons pas rencontrC de composCs mlxtes de 
formule P,Se,-,,ST, cites pr ic~demment  par 
Meyer. 

SyntkLse cie P,Se, 
Le seleniun~ gris en poudre (provenance Merck, purete 

indiquee 99.57,) et le phosphore rouge en poudre (pro- 
venance Merck, pi~rete indiquee 997,) sont utilisis sans 
purification particuliere. Un melange de 6.2 g de P rouge 
et de 11.85 g de Se est place dans un tube en Pyrex. Le 
tube est ensuite scelle sous vide avant d'&tre chauff6 pen- 
dant 12 h a 350 "C et refroidi pendant 8 heures a la tem- 
perat~rre ambiante. Le contenu du tubeest alors recueilli, 
place dans un appareil de Soxhlet, et extrait par 250 cm3 
de CS2 durant 6 heures. On recueille dans le solvant une 
partie de P,Se, qui a cristallisee, puis l'autre partie apres 
evaporation du solvant sous vide. Le produit obtenu est 
la forrne ci du P,Se3 qui est la seule forme soluble dans 
CS,, le Se et le P rouge etant insolubles. 

Quantitt obtenue: 14.4 g (rendernent 80%); spectre de 
Debye-Scherrer: voir Tableau 1 ;  spectre d'absorption 
i.r. : bandes intenses vers 357 et 315 cm- l. 
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SynthZse de P,S3 
O n  traite 12.4 g de phosphore rouge et 9.6 g d e  soufre 

(provenance: Prolabo, puretk indiquee: 99 .8z)  o u  13.3 g 
de P,S,, (provenance Coignet, purete indiquee 9973 et 
8.7 g de P rouge a 300'C pendant 12 heures en tube 
scelle. Apres refroidissenlent, le P rouge et les sulfures de 
phosphore autres que P,S, etant insolubles dans le sulfure 
de carbone, le P,S3 est extrait dans I'appareil de Soxhlet 
par 250 cni3 de sulfure de carbone durant 12 heures. O n  
recueille ainsi la forme ./. ~ L I  P,S3, ce produit est encore 
sublime juste avant son emploi. Rendenlent 98%. 

Spectre de Debye-Scherrer: raies intenses a 5.71; 4.95: 
3.14: 2.69 A. Spectre d'absorption en i . r . :  bandes intenses 
vers 485, 440 et 423 c m ' .  

i l r~nljse tl~ertnique diffirer~tielle 
Les manipulations d'analyse thermique differentielle 

ont  e t t  realisees a l'aide de deux appareillages: 
(i) un appareil construit a u  laboratoire dont  la t&te de 

rnesure en acier inoxydable, supportee par un tube en 
alumine, perrnet de detecter les effets ther~niques par des 
c o ~ ~ p l e s  "thermocoax" (chroniel-alumel), U n  dispositif 
B vis. permet de centrer la tCte de niesure dans le four. Les 
effets thermiques d ~ l s  aux differcntes transformations sont 
enregistres par un appareil Meci X , .  X, precede d'un 
amplificateur Setaram. Les echantillons, dont  le poids 
est d'environ 1 g sont places dans les a~npoules  en verre 
Pyrex, scellees sous vide dont le fond possede un doigt 
de gant dans lcquel \ient se loger l'extreniite du thermo- 
couple. 

(ii) un ~ i ~ i c r o a n a l y s e ~ ~ r  ther~nique Setaram dont la t t t e  
de mesure comprend 3 thermocouples identiques places 
suivant les somrnets d'un triangle eq~~i la te ra l .  Chaque 
tlierniocouple est constitue par un microcreuset de fornie 
tronconique qui  est la soudure ~ L I  couple Pt,Pt-Rh. Le 
microcreuset de 25 niicrolitres est destine a recevoir 
directenlent I'echantillon. A cause de la grande agressi- 
vite du phosphore, du seltniuni et du triseleniure de tetra- 
phosphore pour le platine. nous avons dil placer les 
echantillons dans de petites ampoules de silice. Nous les 
avons fabriquees a partir d'un t ~ l b e  de 4 rnm de diarnetre. 
L'extrEmite dc I ' an ipo~~le  est Iegerement etiree et rodec 
exterieurement afin d'obtenir la fornie tronconique de la 
coupelle en platine. Lors du scellement sous vide, I'ex- 
trEmite de I'ampoule est maintenue daris un bloc nietal- 
lique refroidi a la teniperature de I'air liquide pour evitcr 
le detitrage de I'echantillon. Les ampoules scellees, d'en- 
viron I cni de hauteur, IIOLIS ont  impose de relever le 
chapeau de la sonde en y adjoignant une piece en acier 
inoxydable. Cette piece de forme cylindrique percee d'un 

trou permet de maintenir en place I'ampoule contenant 
I'echantillon. Cette modification n'a pas apporte de per- 
turbation dans la determination des effets therniiques. 
L a  q ~ l a n t i t t  de produit Ctudie est de 20 m g  environ. 

Radiocrisrallographie 
Les diagraninies de rayons X a differentes temperatures 

ont  PtC effectuts dans deux appareils: 
(i) une chambre de Guinier-Lenne munie d 'un mono- 

chromateur (radiation CuKa).  Le produit est depose sur 
une platine ce qui  necessite de travailler sous atmosphere 
d'azote et de ne pas Ctudier de cornpose volatil. 

(ii) une chambre de Rigaku-Denki dans laquelle 
I'echantillon peut t t re  place dans un tube de Lindemann, 
pour des temperatures inferieures a 350 'C ce qui permet 
d'ktudier les composes volatils. 

Spectro~copie ir~fraro~rge 
L'appareil ~ ~ t i l i s e  est un spectrophoto~iietre Perkin- 

Elmer, niodele 457. Les pastilles en bromure de cesium 
contiennent 3% en poids du composC: a etudier. 
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Crystal Structure of Hexamethylcyclotriphosphazene-Iodine (1: 1 Adduct) 

PETER L. MARKILA AND JAMES TROTTER 
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PETER L. MARKILA and JAMES TROTTER. Can. J. Chem. 52, 2197 (1974). 

Crystals of the title compound, N,P,Me,.I,, are triclinic, a = 10.707(13), b = 8.873(5), 
c = 8.871(6) A, a = 96.65(6), B = 103.91(12), y = 97.81(12)", Z = 2, space group P I .  The 
structure was determined with MoKa diffractometer data by Patterson and Fourier syntheses, 
and was refined by full-matrix least-squares methods to R = 0.053 for 1934 observed reflexions. 
Oneatom of the iodinemolecule is weakly bonded to nitrogen, N-1 = 2.417(7), 1-1 = 2.823(1) 
A, N-1-1 = 177.8(2)". The six-membered phosphazene ring is slightly non-planar, with a 
chair conformation. The two P-N bonds involving the nitrogen atom bonded to iodine are 
longer, mean 1.64A, than the other four P-N bonds, mean 1.598 A. Other mean dimensions are: 
P-C = 1.789 A, N-P-N = 114.7, P-N-P = 124.0, C-P-C = 104". 

PETER L. MARKILA et JAMES TROTTER. Can. J. Chem. 52, 2197 (1974). 

Le cornpose cite dans le titre cristallise dans le systeme triclinique, n = 10.707(13), 
b = 8.873(5), c = 8.871(6) A, r* = 96.65(6), B = 103.91(12), y = 97.81(12)', Z = 2, groupe 
spatial Pi. La structure a ete determinee sur la base des observations diffractometriq~~es 
recueillies par le rayon MoKx I'aide des syntheses de Patterson et de Fourier, et a etC affinee 
par la methode de moindres carres (matrice complete) jusqu'a un indice R = 0.053 pour 1934 
reflexions obseruees. Un atome de la molecule d'iode est faible~nent liC a l'azote, N-I = 2.417(7). 
1-1 = 2.823(1) A, N-1-1 = 177.8(2)". Le cycle hexagonal du phospharene est 1Cgerement 
gauche et affecte la conformation de la chaise. Les deux liaisons P-N(1,) sont plus longues, 
1.64 A en moyenne, que les autres liaisons P-N, 1.598 A en moyenne. Les autres dimen- 
sions moyennes sont les suivantes: P-C = 1.789 A; N-P-N = 114.7, P-N-P = 124.0, 
C-P-C = 104". 

Detailed structural information is available for 
several cyclophosphazene derivatives in which 
the bonding in the ring has been disturbed by 
protonation (1-3), or by complexing with a 
transition metal (4-6). We now describe the first 
structural study of a compound in which the 
ring has been perturbed by formation of a charge 
transfer compiex, N,P,Me,.T,. The crystal 
structure of the parent coinpound has not been 
determined. 

Experimental 
Crystals of N3P,Me6.1Z (14) are purple fragments, 

usually elongated along b. Unit-cell and intensity data 
were measured as for [NiP,(NMe2)6H]ZCoC14 (3) and 
[NP(NMe,),], (7). Unit-cell and space group data were 
obtaiued from film and diffractometer measurements. The 
unit-cell parameters were refined by a least-squares 
treatment of sinZ 8 values for 30 reflections measured on a 
diffractometer with MoKcc radiation. 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, MoKa radiation (Zr filter and pulse 
height analyzer), and a 8-28 scan a t  2'min-' over a 
range of (1.80 + 0.86 tan 0) degrees in 28, with 20 s back- 
ground counts being measured at  each end of the scan. 

Data were measured to 28 = 45- (minimum interplanar 
spacing 0.93 A). A check reflection was monitored every 
50 reflections throughout the data collection. Lorentz and 
polarizjtion corrections were applied, and the structure 
amplitudes derived. The crystal had dimensions of ca. 
0.4 x 0.6 x 0.4 Inn1 and was mounted with b palallel to 
thc goniostat axis; no absorption correction was made. 
Of the 2259 independent reflections measured, 325 had 
intensities less than 3o(I) above background where 
o Z ( I )  = S + B + (0.05S)2 with S = scan count and 
B = background count. These reflections were classified 
as unobserved. 

C ~ H I ~ I Z N ~ P ~  f w. = 479.0 
Trrc l~n~c,  a = 10.707(13), b = 8.873(5), c = 8.871(6) A, 
r = 96.65(6), = 103 91(12), y = 97.81(12) , V = 800.8 
A3, pob, was not measured,Z = 2, p ,,,, = 1 99, F(000) = 
452 (20 C, MoKx, h = 0.7107 A, p = 43 cm-I). Space 
group PI(CL1) or Pi(CL1).  

Structure Arzalysis 
Intensity statistics suggested space group P i ,  which was 

confirmed by the structure analysis. The structure was 
determined by Patterson and Fourier syntheses, and was 
refined by full-matrix least-squares methods, with 
lninimization of Cw(F,  - F,)', and final weights 
w = [0.553 f 0.391 F,I - 0.017~F0~2 + 0.00321FO3]-' for 
the observed reflexions, w = 0 for the unobserved re- 
flexions. Hydrogen atoms were included in positions 
calculated with staggered arrangements of bonds 
(C-H = 1.0 A, B = 5 A2), but were not refined. The 
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TABLE 1 
(a) Final positional ( x  lo4) with standard deviations 

in parcnthescs 

Atom x Y z 

(b) Anisotropic thermal parameters (A2 x 10') with standard deviations in parentheses* 
- - 

-. .- .-. - -. 
- - ~  

Atom u11 uz z u3 3 u12 u13 u2 3 
- - 

I(1) 3.55(4) 4.41(4) 4.53(4) -0.16(3) 0.58(2) 0.27(3) 
I(2) 5.19(5) 5.99(5) 10.04(6) - 1 .90(4) 1.98(4) - 1 .40(4) 
p(1) 3.63(11) 3.39(11) 3.74(11) 0.26(9) 0.90(9) - 0.42(9) 
p(2) 3.34(11) 2.45(10) 3.88(11) - 0.03(8) 0.50(9) 0 .07(9) 
p(3) 3.55(11) 2.75(11) 3.06(10) 0.32(9) 0.67(8) 0.03(8) 
N u )  4.12(38) 2.95(35) 4.62(39) - 1 .04(30) 1.78(31) - 1.12(31) 
N(2) 4.99(43) 3.35(37) 4.68(39) -0.11(32) 1 .90(33) - 1.35(32) 
N(3) 4.32(39) 3.79(38) 4.86(40) - 0.14(32) 2.47(33) - 0.58(32) 
c(1) 6.46(60) 5.47(57) 4.28(49) - 0.08(48) 2.21(44) - 0.42(44) 
c(2) 5.68(65) 6.18(69) 10.08(86) 1 .79(56) 0.33(59) 0.18(63) 
C(3) 3 .64(48) 6.45(62) 4.77(50) -0.13(45) - 0.27(39) 0.37(46) 
C(4) 6.13(60) 4.68(55) 5.60(55) 0.71(47) 0.47(46) 1 .85(47) 
C(5) 3 .99(46) 2.51(42) 5.95(52) - 0.02(36) 1 .03 (40) 0.11(38) 
C(6) 5.54(56) 7.64(69) 3.18(44) 0.82(52) -0.14(40) 0.77(46) 

*t.f. = exp - 2 7 ~ ~ 1 0 - ~  (Ul ,h2a*2  T ... + 2U,21ika*b* + ... ) 
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MARKILA AND TROTTER: CRYSTAL STRUCTURE OF N1P3Me6.12 2199 

TABLE 2. Bond lengths (A) and angles (deg), with standard deviations in parentheses 
- .. - . -. - - -. - -- 

Bond Distance (A) Bond Distance (A) 
- - - - ~ 

I(1)-1(2) 2.823(1) N(3)-P(3) 1 .600(7) 
T(l)-N(1) 2.417(7) p(l)-C(l) 1.785(9) 
N(l)-P(l) 1 .650(7) P(l)-C(2) 1 .805(11) 
N(l)-P(3) 1 .623(7) P(2)-C(3) 1 .787(8) 
N(2)-P(l) 1 .597(7) p(2)-C(4) 1.786(9) 
N(2)-P(2) 1.596(7) P(3)-C(5) I .783(8) 
N(3)-P(2) 

-.- 
1 .599(7) P(3)-C(6) 

- - 

1 .789(8) 
- - -- -- - 

Bonds Angle (deg) Bonds Angle (deg) 

final R = 0.053 for the 1934 observed reflexions and a 
final difference synthesis showed no anomalous features. 
Positional and thermal parameters are given in Table 1, 
and measured and calculated structure factors have been 
placed in the Depository of Unpublished Data.' 

Discussion 
The phosphazene ring (Fig. 1) is slightly non- 

planar, with a chair conformat~on, the ring 
atoms being alternately above and below the 
(unweighted) mean plane by an average of0.06 A. 
Such minor deviations from planarity are 
typical of the situation in other cyclotriphos- 
phazenes, and the displacements have been 
ascr~bed to intra- and intermolecular steric 
effects (7). 

The I, molecule lies approximately in the mean 
ring plane, and one of the iodine atoms is bonded 
to a nitrogen atom (Fig. I ) ,  the N-1-1 grouping 
being close to linear, 177.8(2)" (Table 2). The 
N-I bond distance, 2.417(7) A, is considerably 
greater than the sum of the covalent radii, 
2.03 A, very much less than the sum of the van 
der Waals radii, 3.65 A, and slightly longer than 
the corresponding diqtances, 2.26-2.3 1 A,  in 

'The structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA OS2. 

FIG. 1. View of the lnolecule of the N,P,Me,.I, 
complex; H atoms are at calculated positions. 

charge-transfer complexes of I, or IC1 with 
pyridine (8), trimethylamine (9, lo), and y- 
picoline (1 I ) .  The N-T bond in thc present 
structure therefore appears to  represent a charge- 
transfer interaction which involves donation of 
the nitrogen non-bonding clectron-pair into an 
antibonding orbital of the 1, molecule. The 
longer N-I bond, in comparison with the com- 
plexes in refs. 8-1 1, suggests a weaker interaction 
in the present case, so that the cyclophosphazene 
is a poorer electron donor than the other 
molecules. This is in accord with the involvement 
of the lone-pair electrons of the nitrogen atom in 
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one of the two rc-systems of the phosphazene 
ring (12). 

The 1-1 bond length, 2.823(1) A, is greater 
than in the free 1, molec~~le ,  2.67 A, but close to 
the distance of 2.83 A in trimethylamine.1, (9) 
and y-picoline.l, ( 1  1). Tlie increases in bond 
length In co~nparison wlth the free molecule 
support the donation of electrons into anti- 
bonding orbitals of tlie I2  molecule. The linear 
N-1-1 grouping is found in the present com- 
pound and in the other complexes. 

The P-N bonds involving the nitrogen atom 
bonded to iodine. 1.650i7) and 1.623i7). mean 

\ ,  \ ,  

1.64 A ,  are lengthened in comparison with tlie 
other four bonds, 1.596-1.600(7), mean 1.598 A, 
and with bonds in i~nperturbed phosphazene 
rings, e.g. 1.596 A in N,P,Me, (13). This is 
again in accord wit11 the invol\/ement of nitrogen 
lone-pair electrons in bonding to iodine, with a 
resulting reduction in their availability for ring 
rr-bonding. The elongated bonds are not as long 
as the corresponding bonds in protonated rings. 
1.67-1.69 A (1-4) but are more comparable to 
those in rings coniplexed to metal atoms. 
1.62-1.63 A (4-6). an indication of the relative 
electron accepting powers of t I + ,  12,  and the 
metal atoms. 

Tlie mean P-N-P and N-P-N angles are 
124.0 and 114.7" respectively. slightly closer to 
the \jalues in a parent cyclotriphosphazene, 
N3P3(NMe2),, 123.0 and 1 16.7' (7), than are the 
values in the corresponding protonated ring. 
N3P3(NMe2),H+, 128 and 1 1  1 '  (3). The angles 
involving the nitrogen bonded to iodine differ 

slightly from the others (Table 2), b ~ l t  the 
differences are barely significant. 

The P-C bonds are all equivalent, mean 
length 1.789 A, and mean C-P-C is 104.7". 
Intermolecular contacts correspond to van der 
Waals interactions; the shortest distances are 3.58 
and 3.67 for N(3). . . C(6) and N(2). . . C(4) 
respectively. 

We thank Professor N. L.. Paddock and Mr.  T .  W. J .  
Mah for crystals, the University of British Colu~iibia 
Computing Centre for assistance, and the National 
Research Council of Canada for financial support. 
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Thermodynamique de composes azotes. I. Etude calorimetrique des 
enthalpies de sublimation des trois acides aminobenzoi'ques 

RAPHAEL SABBAH, RAYMOND CHASTEL ET MARC LAFFITTE 
Cer1tr.e cie Recherc.hes t le .Mic.r.oc~nla~iii~Pt~'ie et de The~inochirnie dlr C.,V.R.S. -26 ,  Rue dl1 1 4 l i ~ i ~ e  R.I.A., 

13003 .\Ii~rseille, Fruncr 

Resu le 30 octobre 1973 

RAPHAEL SABBAH, RAYMOKD CHASTEL et MARC LAFFITTE. Can. J. Chem. 52, 2201 (1974). 
La niesure des enthalpies de sublimation des trois acides aminobenzoi'ques a ete faite aux 

trois temperatures 367.35, 376.75 et 389.95 K en utilisant un microcalorimetre Tian-Calvet 
equipe d'une cellule d'effusion. 

Nous avons pu obtenir les enthalpies de reference de sublimation a 298.15 K en utilisant les 
courbes (AH,,,),(T) = j'(T). Celles-ci sont egales a (104.9 k 1.0), (128.0 5 3.2) et (1 16.1 i 
3.7) kJ mol-' respectivement pour les acides amino-2, amino-3 et amino-4 benzoi'ques. 

A partir des contributions energttiques apportees par le noyau benzenique et les d e ~ ~ x  
fonctions acide et anline, que I'on trouve dans la litterature, nous avons pu calculer l'enthalpie 
de sublimation de l'isornere paitz. La comparaison ~ L I  resultat obtenn avec la valeur experi- 
mentale niontre que les contributions ~~til isees sont correctes. 

En utilisant certaines donnees structurales, nous avons essaye d'interpreter les differences 
que l'on observe pour les enthalpies de sublimation des isomeres ortl7u et 117Ctu par rapport au 
derivt! para. 

Enfin, a titre indicatif et approximatif, nous avons calculC la pression de vapeur saturante de 
ces acides aux trois temperatures ci-dessus mentionnees ainsi que le libre parcours nioyen de 
leurs molecules. 

RAPHAEL SABBAH, R A Y M O ~ D  CHASTEL, and MARC LAFFITTE. Can. J. Chem. 52, 2201 (1974). 
The measurement of enthalpies of sublimation of three aminobenzoic acids was made at  

367.35, 376.75, and 389.95 K using a T ian  Calvet microcalorimeter equipped with an effusion 
cell. - 

From the curves (AH,,,,),(T) = f '(T),  i t  was possible to obtain the values for the standard 
enthalpies of sublimation of the compounds at 298.15 K :  (104.9 i 1.0); (128.0 i 3.2), and 
(1 16.1 + 3.7) kJ mol-', respectively, for the 2-arninobenzoic acid, the 3-aminobenzoic acid, and 
the 4-arninobenzoic acid. 

The experimental (AH,,,O),, (298.15 K) values can be accounted for quantitatively froni the 
various contributions (benzene ring, amine, andcarboxylic g r o ~ ~ p )  obtained froni similar 
compounds. 

With the help of structural data, we have tried to explain the differences between theenthalpies 
of these compounds. 

We also report here the calculated saturation vapor pressure of these acids, as \$ell as the 
mean free path of their molecules, at the three temperatures given above. 

Introduction 
L a  connaissance de l'enthalpie de changement 

d7Ctat permet, d'une part, le calcul de l'enthalpie 
de formation d'un composC B 1'Ctat gazeux et, 
d'autre part, la ditermination directe de 1'Cnergie 
du  rCseau cristallin de ce composC. Au labo- 
ratoire, nous utilisons ces deux possibilitCs. 

Le peu de donnCes CnergCtiques concernant la 
liaison C-N nous a incitCs B nous interesser a 
quelques composCs la renfermant. Pour com- 
mencer, nous avons CtudiC les trois acides ami- 
nobenzoiques pour lesquels nous n'avons trouvk, 
dans la littkrature, aucune indication concernant 

leurs enthalpies de combustion et de changement 
d7Ctat. 

Des rCsultats partiels relatifs i la combustion 
(1) et B la sublimation (2) de ces acides ont CtC 
communiquCs. 

Dans ce mimoire, il est question de la inesure 
de leurs enthalpies de sublimation et de l'inter- 
pretation des rksultats obtenus. 

Partie experimentale 
Produits 

Les acides aminobenzoPques que nous avons utilises 
sont des produits Fluka. Comme leur degre de purete est 
inferieur a 997,, nous les avons purifies par sublimation. 
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Derive 

Degre de 
purete T Nombrede (T) (298.15 K)  psai (T)* h(T!* 

( m o l x )  (K)  lnesures (kJ mol- ') (kJ mol-') (Torr) (mm) 

Acide a117ino-3 benzoique 99.95 367.35 7 1 2 3 . 0 i 3 . 3  11 
376.75 10 1 2 2 . 4 k 3 . 3  1 2 8 . 0 i 3 . 2  4 3 
389.95 9 1 2 1 . 6 k 2 . 7  13 1 

"La rcproduct~bi l i te  des niesules est en nioyrnne de 13.5'; 

Le degre de purete des Cchantillons exptrilnentes a 
ete determine par analyse thermique (mkthode de Skau). 
Les resultats ont ete consignis dans le tableau 1. 4 
Appareillage rt leclztfique operutoire 

L'appareillage que nous avons utilise a ete decrit dans 
un memoire precedent (3). Comrne les acides arnino- 
benzoi'ques ont, 298.15 K ,  des pressions de vapeur trop 
faibles, nous avons ete obliges d'elever la temperature du 
calorimetre jusqu'i 360 K.' A cette temperature, la 
pression de vapeur saturante des trois acides est comprise 
entre lo-' et Torr et les thermogrammes obtenus 
sont utilisables. 

Toutes nos experiences ont ete faites a 367.35, 376.75 
et 389.95 K. Ces temperatures ont CtC diterminkes h l'in- 
tkrieur de la cellule calorimetrique en utilisant un thermo- 
couple chrome1 -alumel etalonne. La precision sur les 
valeurs de Test  de 0.05 K. 

A chacune de ces te~nperatures et pour chacun des 
composes, nous avons respecte les conditions d'effusion 
moleculaire (3). 

Afin d'ouvrir et de fermer volonte I'orifice de la 
cellule d'effusion, le montage decrit (3) cornporte un 
obturateur solidaire d'une tige rnetallique. Celle-ci 
traverse la ligne de vide et est en contact avec le milieu 
exterieur. La presence de cette tige crCe un drain thermique 
entre la ce l l~~ le  calori~lletrique oil T 2 360 K et la salle 
therlnoregulee ou T = 293 K. 

Dans un premier temps, nous avons opere comme 
indique prtcedemment (3). On declanchait I'optration 
d'evaporation en manoeuvrant la tige porte-obturateur, 
c'est-a-dire en la rernontant d'environ 10 mm. Cette 
operation entrainait la brusque tlimination de la con- 
duction de chaleur le long de la tige vers I'exterieur ce 
qui avait pour effet de decaler de fayon importante la 
position du zero experimental en I'envoyant hors de 
l'tchelle de rnesure. L'utilisation des thernlogrammes 
devenait alors delicate. Aussi, avons-nous kt6 obliges 
d'operer differemment. 

Nous avons, tout d'abord, verifie qu'il n'y avait pas de 

lNotons, toutefois, que le derive amino-2 benzolque 
ayant une pression de vapeur plus elevee que les deux 
autres derives, commence a se sublimer, de f a ~ o n  appre- 
ciable, a 353 K. 

FIG. 1. Exemple de thermogramme enregistre aLi 
cours d'une sublimation. 

perte de niasse appreciable de l'echantillon place dans la 
cellule d'effusion pendant plusieurs heures a la tempera- 
fure de l'experience. Nous avons alors utilist la technique 
operatoire suivante. Une masse connue d'echantillon est 
placee dans la cell~ile d'Cfrusion. Celle-ci est mise en 
place dans la cellule calorimCtrique. On n'obture pas 
l'orifice d'effusion. L'ensemble est IaissC sous pression 
atmospherique pendant le temps de stabilisation thermi- 
que ( I  a 3 h). Lorsque I'equilibre thermique est 
atteint, nous creons progressivement le vide dans toute 
I'installation. La sublilnation demure.  Le thermogramme 
que nous enregistrons comprend a la fois un effet endo- 
thermique di3 au phCnomene de detente de la colonne 
d'air qui emplit la celluie calorimetrique et un second 
effet, toujours endothermique, dQ a la sublimation. 

Plusieurs experiences, faites en l'absence de substance 
dans la cellule d'effusion, ont montrk que l'effet endo- 
thermique, di3 a la detente de la colonne d'air, se traduit 
par Lln thermogramme tres aigu dont la surface est 
proportionnelle a la hauteur du pic. La connaissance de 
cette relation permet de distinguer, dans une experience 
de sublimation, la part d'tnergie propre a chacun des 
deux effets. 

La fig. 1 represente un thermogramme enregistre au 
cours d'une sublimation. Nous avons trace, en traits fins, 
les deux effets dtcrits pric6demmeni. Le triangle curvi- 
ligne OAC represente I'effet de detente de la colonne 
d'air, la courbe OB, le debut de la sublimation de 1'e- 
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SABBAH ET COLL.: THERMODYNAMIQUE DE COMPOSES AZOTES. I 2203 

chantillon contcnu dans la cellule d'effuslon. L'aire 
OBDGIJO reprksente son enthalp~e de subl~mat~on.  
L'aire hachuree DEFGD represente l'energ~e d~ssipte 
dans le calorrmet~e par effet Joule pendant I'etalonnage. 

I?o\ T 

graphique. 
Compte tenu des faibles pressions de vapeur 

de ces acides, nous avons vtrifie que (AH,,,), 
(P,,,, T) = (AH,,,O), (P = 1 atm, TI. 

Nous avons montrt, dans notre pricedent 
memoire (3), que lorsque a/A est de I'ordre de 

(a = aire de l'orifice d'effusion et A = aire 
Cmissive). la pression qui rkgne a I'inttrieur de la 
cellule d'effusion est effectivement la pression de 
vapeur saturante (p,,,). Dans ce travail, ce 
rapport varie de 0.133 x l o p 3  (pour n = 1.77 x 
l o e 8  m2) a 1.92 x (pour a = 2.55 x 
m2). 

A titre indicatif et approximatif? nous avons 
calcule, aux diffkrentes temptratures, la pression 
p = p,,, qui r6gne B l'inttrieur de la cellule 
d'effusion ainsi que le libre parcours moyen des 
moltcules en utilisant les relations suivantes: 

E l 2  1 
Resultats2 3 I T 

r - IIOi Les courbes (AH,,,),(T) = f (T)  sont des 
I i 

p(T) = pression mesurte par effusion la 
temptrature T, dmldt = masse de substance 
effuste par unit6 de temps, R = constante des 
gaz parfaits, M = masse molaire du compost, 
F = facteur de Clausing, d = diamktre d'une 

droites (fig. 2). Leur extrapolation graphique 2 
fournit les valeurs de (AH,,,), (298.15 K) (voir 2 
tableau I). Bien qu'elle ait Ctt appliqute a un a - 
ensemble de trois couples de valeurs pour chaque 

FIG. 2. Variation de I'enthalpie de sublimation des 
trois acides aminobenzolq~~es en fonction de la tempe- 
rature: (I) acide amino-3 benzoi'quc; (2) acide amino-4 
benzoique; (3) acide amino-2 benzolque. 

3- 

moltcule, n = nombre de molCcules par unit6 
je volume. 

Les risultats sont consignts dans le tableau 1. 
On remarquera que la reproductibilitk (o) des 
mesures de (AH,,,),(T) est comprise entre 1 et 
3.2x. Pour la calculer, nous avons utilise la 
relation o = C(g - g)/N dans laquelle g et 
g reprksentent respectivement la grandeur me- 
surte et sa valeur moyenne pour un nombre N 
de mesures. Pour l'intervalle de pressions qui 
nous inttresse, les valeurs de (AH,,,),,(T) que 
l'on trouve dans la littkrature sont ge11Cralenient 
obtenues par voie indirecte, c'est-a-dire B partir 
de mesures de pressions de vapeur en fonction 
de la temperature et en appliquant la loi de 
Clapeyron. L'incertitude qui accompagne ces 
valeurs est generalement comprise entre 5 et 1 0 5  
suivant la pression. 

composk, la mtthode des moindres carris 90; 

275 300 325 
, --- 

confirme les rtsultats obtenus par extrapolation KO 375 T K 

Discussion 
Plusieurs Ctudes effectutes sur des familles de 

composts bien dtfiuis ont eu pour but de 
dtterminer, a partir de l'enthalpie de sublimation 
(ou de vaporisation), la contribution apportte a 
celle-ci par les difftrents chainons qui consti- 
tuent les molCcules (4-1 1 ). 

'Notations utilisCes: (AH,,,,),(T): enthalpie lnolaire de 11 est bien connu qu'a l'Ctat solide et en so]u- 
sublimation d'un composi a la temperature T et sous la tion dans les acides aminks peuvent exister 
pression de vapeur saturantep,,,. (AHSub0),,,(T): enthalpie 
molaire (de rtference) de sublimation d'un c o m p o s ~  a la  SOUS forme de zwitttrions. Ce caractkre semble 
temperature T et sous la pression de 1 atm. P,,,(T): gCnCral pour les acides aminks dont la chaine 
pression de vapeur saturante a l'equilibre solide-vapeur carbon& est aliphatique. Par centre, lorsque 
a la temperature T. dQldt: puissance mise en jeu lors 13atome d'azote est lit a un noyau aromatique, 
d'une sublimation. A(T): libre parcours moyen d'une 
molecule a la temperature T. les acides aminks existent a la fois sous formes 

3Car le temps et le diamktre de I'orifice d'effusion sont moleculaire et zwitttrionique (12-15). 
determines avec incertitude. Dans la litttrature, nous n'avons, malheureuse- 
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Derive 

Acide amino-2 benzoi'que 146.1 20.38 1.412 
Acide arnino-3 benzoique 177.9 21.84 1.511 
Acide amino-4 bcnzoi'que 187.0 20.92 1.374 

ment, pas trouvt d'ttude radiocristallographi- 
que pour l'acide amino-3 (dtrivt mPta). Cepen- 
dant, Gopal et al. (16) ont montre, par spectro- 
scopie i.r., que ce composC se trouve a 1'Ctat de 
zwittkrion dans le cristal. Les acides amino-2 
(dtrive ortho) et amino-4 (dCrivC para) existent 
sous forme molCculaire en solution dans l'eau 
et a l'ttat solide (17). Toutefois, une rCcente 
Ctude du dCrive ortho, faite par Brown (18) par 
diffraction de rayons X, semble indiquer dans 
le cristal, B c8tt des formes moltculaires, la 
prCsence de zwitttrions. 

Toutes les Ctudes qui ont Ctt faites sur la 
slructure cristaliine des trois acides amino- 
benzoi'ques montrent l'existence de liaisons 
hydrogine intermoltculaires. Seul le dtrivt 
ortho prtsente une liaison intramoltculaire (18). 
Cette particularitt est justifite par les observa- 
tions suivantes: (I) Des trois isomkres, le dtrivt 
ortho a la pression de vapeur saturante la plus 
forte quelle que soit la tempkrature (voir 
tableau 2). (2) Compart au dtrivt para, I'acide 
ortho aminobenzoi'q~~e est moins soluble dans 
l'eau et dans l'alcool tthylique (19). (3) Respec- 
tivement par spectroscopie i.r. et u.v., Peltier et 
Pichevin (20) d'une part, Dearden et Forbes (21) 
d'autre part, ont montrt que le derivC ortho 
prtsente une chClation. 

Comme dans le rtseau cristallin, le dkrivepara 
se trouve a 1'Ctat molCculaire et ne prCsente pas 
de liaison intramoltculaire, nous avons cherchC 
a retrouver son enthalpie molaire de sublimation 
a partir des contributions CnergCtiques appor- 
tees par le noyau benzinique et les deux fonc- 
tions acide et amine. Afin de tenir au mieux 
compte des interactions que peuvent avoir le 
noyau benztnique et les fonctions au sein du 
cristal, nous avons chercht a calculer ces contri- 
butions partir de grandeurs CnergCtiques de 
molecules ayant une nature chimique voisine de 
celles qui nous inttressent. Dans le cas prCsent, 
le probleme se simplifie du fait que nous possC- 
dons l'enthalpie de sublimation de l'acide 

benzolique (22): celle-ci est Cgale a (89.74 f 
0.62) kJ mol-l. I1 suffit done d'ajouter a cette 
valeur la contribution de chainon NH,. 

Nous avons dCterminC cette contribution en 
considCrant les deux composCs suivants: ben- 
zkne et aniline et en recherchant dans la littCra- 
ture les principales donnCes qui nous permet- 
taient de dCterminer leur enthalpie de sublima- 
tion. Pour le benzene, cette enthalpie est (43.93 
f 0.84) kJ mol-l .  Pour l'aniline, qui est liquide 
B 298.15 K,  son enthalpie de vaporisation, a 
cette tempirature, est (55.834 f 0.029) kJ mol-' 
(23). Comme I'aniline fond a (267.13 + 0.05) K 
(24), il est nkcessaire de calculer cette enthalpie 
a cette tempkrature. Pour cela, nous avons 
utilisk les resultats obtenus par Hatton et al. 
(24) pour l'enthalpie de vaporisation de l'aniline 
a 298.15 et 333 K. Ces auteurs trouvent respec- 
tivement 55.764 et 52.576 kJ mol-l, ce qui 
revient a considCrer une variation dans la valeur 
de l'enthalpie de vaporisation de 91.50 J mol-' 
K - l .  Nous trouvons pour l'enthalpie de vapori- 
sation de l'aniline, a 267.13 K, la valeur 58.67 
kJ mol-l. Pour avoir l'enthalpie de sublimation 
de l'aniline, il suffit alors d'appliquer la relation 
(AHsubo)ln(Tf) = (AHvapo)m(Tf) + (AHf,,O)rn. 
Comme l'enthalpie de fusion (AH,,:), de 
I'analine est comprise entre 10.54 kJ molF1 (24) 
et 10.56 kJ molF'  (25), nous trouvons pour 
(AHs,2)rn(~f) la valeur 58.67 + 10.55 = 69.22 
kJ mol-l. 

La contribution du chainon NH, est done de 
69.22 - 43.93 = 25.29 kJ. L'enthalpie de sub- 
limation du dCrivt para, calculte a partir des 
difftrentes contributions, est 89.74 + 25.29 = 

115.03 kJ mol-l .  Sa comparaison avec la valeur 
expirimentale (116.1 k 3.7) kJ mol-I montre 
que notre dtmarche est raisonnable. 

Le dkrivC ortho a pour enthalpie de sublima- 
tion une valeur infkrieure de 11.2 kJ mol-I a 
celle du dtrive para. Cette diffkrence doit &tre 
attribuie au fait que la moltcule d'acide amino-2 
benzoi'que prCsente moins de liaisons hydrogkne 
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SABBAH E T  COLL.: THERMODYNAMIQUE DE COMPOSES AZOTES. I 2205 

intermolCculaires que les deux autres dCrivCs. 
En effet, conlme nous l'avons vu au dkbut de 
cette discussion, elle est la seule a posseder une 
liaison hydrogkne intramoleculaire et celle-ci ne 
participe pas a 1'Cnergie du rCseau cristallin. Dans 
une Ctude faite sur les deux isomkres ortlzo et 
para de l'acide hydroxybenzoique, Davies et 
Jones (8) avaient montrC que l'enthalpie de 
sublimation du dCrivC ortho Ctait infkrieure de 
20.9 kJ mol-I a celle du dCrivk para. En com- 
parant cette diffkrence a Ia n8tre, nous sommes 
amenCs a admettre que la chklation est moins 
forte dans l'acide amino-2 benzoique qu9elle ne 
l'est dans l'acide hydroxy-2 benzoi'que. Nous 
trouvons une confirmation a cette explication 
dans le travail de Peltier et Pichevin (20). En 
Ctudiant une sCrie d'acides benzoiques substituis 
par spectroscopic i.r., ces auteurs montrent que 
le groupe OH apparait nettement plus chClatk 
que le groupe NH,. 

En ce qui concerne l'acide amino-3 benzoique, 
son enthalpie de sublimation est supCrieure de 
11.9 kJ mol-' a celle de l'acide amino-4 benzoi- 
que. I1 nous est possible d'expliquer cette diffe- 
rence de la f a ~ o n  suivante. Comme 1'isomi.re 
me'ta se trouve a 1'Ctat de zwittCrion dans le 
cristal et qu'il n'existe pas de composk sous 
forme zwittkrionique a 1'Ctat gazeux, il y a lieu 
de considkrer, ail moment de la sublimation, le 
passage, dans le cristal, de cet acide de la forme 
zwittkrionique a la forme molkculaire. Ce pas- 
sage, qui se traduit par un transfert de proton, 
met en jeu une certaine quantitk d'knergie qui 
serait, dans le prCsent cas, de 11.9 kJ mol-'. 
Takagi et al. (26) ont estimt que 19Cnergie like au 
transfert de proton dans le cristal de glycine est 
de 29.3 a 41.8 kJ mol-'. 

Enfin, comme la masse volumique (p) et 
l'enthalpie de fusion (AH,,,), du dCrivC me'ta 
sont supkrieures a celles des deux autres dCrivCs 
(voir tableau 2), nous pensons que l'existence de 
zwittkrion dans le cristal doit renforcer les 
interactions Clectrostatiques, ce qui a pour effet 
de rendre l'edifice cristallin plus compact. 
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Crystal and Molecular Structure of the N-Methyldiethanslaminogal1ane 
Dimer, [CM,N(CN,CH,0)2GaH]2 

STEVEN J. RETTIG, ALAN STORR, AND JAMES TROTTER 
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STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chen~ .  52, 2206 (1974). 
Crystals of the N-methyldiethanolaminogallane dimer are orthorhon~bic, n = 19.112(4), 

b = 9.947(2), c = 7.709(2) I%, Z = 4, space group P2,2,2,. The structure was determined by 
Patterson and Fourier synthesis and was refined by full-matrix least-squares procedures to a 
final R of 0.056 for 1477 observed reflections. The struct~lre provides the first' known crystallo- 
graphic example of pentacoordinate galliurn, the dimer~zation of MeN(CH,CH,O),GaH 
occurring via the formation of a four-membered Ga,O, ring. The coordination about the 
gallium is distorted trigonal bipyramidal with an angle of 151.2(4)" between the axial sub- 
stituents. The mean bond distances are:  Ga-N, 2.192(5), and Ga-O,2.018(2) for axial ligands; 
Ga-0, 1.847(2), 1.960(8), and Ga-H, 1.41(4) for eq~~ator ia l  ligands; 0-C, 1.419(14), C-N, 
1.470(7), C-C, 1.520(12), and C--H, 1.00(13) A. The ~ i i o l e c ~ ~ l e  has C, symluetry to within 
experimental error. There are possible C---H. . . O  hydrogen bonds (C. . .O ,  3.13(1)-3.44(1) A) 
in the structure. 

STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chern. 52, 2206 (1974). 
Les c r i s t a~~x  ~ L I  dimere du N-rnethyldiethanolan~inogallane sont orthorhombiques; le 

groupe d'espace est P2,2,2,  avec u = 19.1 12(4), O = 9.947(2), c = 7.709(2) A et Z = 4. La 
structure est determinee par les techniques de Patterson et de Fourier et elle est affinee a l'aide 
d'une inatrice entiere des moindres carris, pour 1477 reflexions observkes, a une valeur finale 
de R de 0.056. La structure fo~lrnit le premier' exemple cristallographique connu de gallium 
pentacoordonne; la dimerisation ~ L I  MeN(CH,CH,O),GaH se produit par la formation d'un 
cycle a q ~ ~ a t r e  de Ga,O,. La coordination ~ L I  gallium est de forme bipyramide trigonale 
deformee avec un angle de 151.2(4)< entre les substituants axiaux. Les distances moyennes des 
liaisons sont: Cia-N, 2.192(5), et Ga-0, 2.018(2) pour les ligands axiaux: Ga-0, 1.847(2), 
I .960(8) et GaH,  I .41(4) pour les ligands equatoriaux; 0-C, 1.419(14), C-N, 1.470(7), 
C-C, 1.520(12) et C-H, 1.00(13) A.  La moltcule a Line symetrie C, dans les limites de I'erreur 
experimentale. 11 y a les ponts hydrogene C-H. . .O ,  (C.  . .O ,  3.13(1)-3.44(1) I%) possibles 
dans la structure. [ T r a d ~ ~ i t  par le journal] 

Introduction four coordination about the gallium atom can be 
Trimelhylamine-gallane is knowIl to react achieved in monomer units, analogous to similar 

with compounds containing active hydrogen to boron compounds (4-7), by coordination of two 
eliminate ~nolecular hydrogen and trimethyl- Oxygen atoms, One nitrogen atom, and the re- 
amine  and form coordillatively unsaturated maining hydrogen atom, after elimination of two 

intermediates ivhich then undergo cyclizatioll to moles of hydrogel1 and one 111ole of trimethyl- 
give oligoIllers whose size depends upon a bal- amine froln the reaction sphere. The metal is 
ante between steric, and indeed coordinated to these atoms but instead of 
angle effects (1-3). l-he present work is part of discrete monomer units a novel dinierization 
an  extension of this type of reaction involving through bridging oxygen atoms is realized, to 

aminoalcohols the active hydrogen is give a distorted trigollal bipyramidal arrange- 

attached to oxygen and/or atoms, The men1 about each five-~00rdillate gallium atom 
title compound is derived from N-methyidi- (1). 
ethanolamine and trimethylamine-gallane re- 
acted in 1 : 1 molar ratio. In the title compound 

'A brief description of the structure of the five- 
coordinate Ga(II1) complex: chlorobis-(8-hydroxy-2- 
methyl-quinolato)galli~~m(III) by Dyn~ock and Palenik 
(26) appeared after this manuscript had been submitted 
for publication. 1 
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RETTIG ET AL.: CRYSTAL AND MOLECULAR STRUCTURE OF [CH?N(CH2CH20)2GaH]2 2207 

TABLE 1. Results of Hamilton's test 
-- 

Parameter compared 

Value for enantiomorph 
Significance 

(A) (B) (BiA) level* 
- - 

Conventional R (observed F )  6.126 6.210 1.0137 >99 .5  
Conventional R (all F) 6.491 6.573 1.0125 >99 .5  
Weighted R (observed F) 8.738 8.878 1.0161 >99 .5  
Weighted R (all F )  9.162 9.232 1.0145 >99 .5  

*This is the Z probability that enantiomorph (A) is the correct absolute configuration. 

Experimental the irregularity of the crystal surface (in particular re- 

The N-methyldiethanolan~inogallane dimer was pre- entrant angles). Of the 1697 independent reflections 

pared by reacting N-n~ethyldiethanolamine (0.226 g, measured, 180 had intensities less than 3 ~ ( 1 )  above 

1.9 mmol) with trimethylamis~e-gallane (0.250 g, 1.9 background where u2(1i = + + (0.05S)Z with = 

mmol) in benzene solvent. Hydrogen (84. ml;  3,77 mmol) scan count and B = background count, corrected to time 

was evolved at room telnperature to leave the product in of scan. These reflections were class~fied as unobserved. 

benzene as a clear solution: Structure Analysis 

Removal of all volatiles gave a white air-sensitive solid. 
Anal. Calcd. for MeN(CH,CH,O),GaH: Ga,  37.1; 

hydrol. H, 0.53. Found: Ga, 36.9; hydrol. H, 0.54. 
The con~pound was redissolved in benzene and the 

solution cooled to 5 'C. Large colorless crystals were 
deposited from solution after a prolonged period of time. 
Crystals suitable for X-ray analysis were positioned in 
capillaries under a nitrogen atmosphere to avoid the 
rapid hydrolysis which occurred in contact with moist air. 
The capillaries were then flame sealed. 

The crystal chosen for study was mounted with the 
[211] vector parallel to the goniostat axis and had 
dimensions of en. 0.3 x 0.3 x 0.5 mm. Unit-cell and 
space group data were obtained from film and diffracto- 
meter measurements. The unit-cell parameters were 
refined by a least-squares treatment of sinz 8 values for 
30 reflections measured on a diffractoslleter with CuKcl 
radiation. Crystal data are: 

CloH24GazN204 f.w. = 375.8 
Orthorhombic, a = 19.112(4), b = 9.947(2), c = 7.709(2) 
A, V = 1465.5(5) .A3, Z = 4, pc = 1.703(1) g ~ m - ~ ,  
F(000) = 768 (20 'C, CuKr,  Z = 1.5418 A, p = 49.7 
cm-I). Absent reflections: hOO, h + 217: OkO. k # 2n, and 
001, 1 + 2n define uniquely the space group P212121 
(Dz4, NO. 19). 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractonieter, with a scintilla- 
tion counter, CuKcl radiation (nickel filter and pulse 
height analyzer), and a 8-20 scan at  2" min-' over a 
range of (1.80 + 0.86 tan 0) degrees in 28, with 20 s back- 
ground counts being measured at  each end of the scan. 
Data were measured to 28 = 145" (minimum interplanar 
spacing 0.81 A). A check reflection was monitored every 
40 reflections throughout the data collection. The r.m.s. 
deviation of the intensity of the check reflection from its 
initial value was 2.2% and the final intensity was 1.014 
times the initial value. Lorentz and polarization correc- 
tions wcre applied, and the structure amplitudes were 
derived. No absorption correction was attempted due to 

The positions of the two gallium atoms were determined 
from the three-dimensional Patterson f~inction. Three 
cycles of full-matrix least-squares refinement of the 
positional and isotropic thermal parameters of the gallium 
atoms gave R = 0.27. A difference map revealed the 
positions of all the C, N, and 0 atoms. All the non- 
hydrogen atoms were refined isotropically for three 
cycles giving R = 0.096 and then anisotropically for two 
cycles giving R = 0.076. A difference map revealed the 
positions of the gallium H atoms and 12 of the 16 
methylene protons. The remaining hydrogen atoms were 
started in calculated positions. The hydrogen atoms were 
included in all subsequent cycles of refinement with iso- 
tropic temperature factors. The refinement was concluded 
after four more cycles with R = 0.056 for 1477 observed 
reflections (40 reflections were given zero weight in the 
final stages of refinement due to suspected extinction or 
counter errors). 

The absolute config~~ration of the complex (for the 
particular crystal used) has been determined through the 
anomalous scattering of the non-hydrogen atoms. Enanti- 
omorph (A) is represented by the coordinates in Table 2 
referred to a right-handed axial system and enantiomorph 
(B), the mirror image of (A), was generated by changing 
the x coordinates of (A) to 1 - x. Both enantiomorphs 
were refined and Hamilton's test (8) applied to the result- 
ing R factor ratios. Enantiomorph (A) was clearly indi- 
cated as correct. The results of Hamilton's test are corn- 
piled in Table 1. 

The least-squares refinement was based on the mini- 
mization of Zw(F, - F,)2. The scattering factors of 
ref. 9 were used for the non-hydrogen atoms and those of 
ref. 10 for the hydrogen atoms. Anomalous scattering 
factors from ref. 11 were used for Ga,  0 ,  N, and C atoms. 
The anisotropic thermal parameters employed in the 
refinement are Uij in the expression: 

where , f O  is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
w = 1 if lF,  5 11; w = ( l l / jFo~)2  if F ,  z 11, and 
w = 0.49 for the unobserved reflections gave constant 
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average values of rr,(Fo - F,)' over ranges of ; F ,  and 
was employed in the final stages of refinement. A final 
difference map showed maximum fluctuations of 0.8 
e/A3 in the vicinity of the galliunl atoms and 0.35 e/A3 
elsewhere. 

On the final cycle of refinement the mean parameter 
shift was 0.290, the largest shifts were 0.850 for non- 
hydrogen and 1.700 for hydrogen atoms, both of which 
were associated with the C(10) methyl group. The final 
positional and thermal parameters are given in Tables 2 
and 3 respectively. Measured and calculated structure 
factor a n ~ p l i t ~ ~ d e s  have been placed in the Depository of 
Unpublished Data.' 

Thermal lMotion and Correction of Molectilar 
Geometry 

The ellipso~ds of thermal motion for the non- 
hydrogen atonls are shown in Fig. 1. The thermal 
 notion has been analyzed in terms of the rigid- 
body modes of translation (T), libration (E), and 
screw (S) motion using the co~nputer program 
MGTLS (12). The r.m.s. standard deviation in 
the temperature factors U , ,  is 0.0042 A2 which 
indicates that the thermal motion of the mole- 
cule as a whole (r.m.s. = 0.0054 A2) is 
adequately described by the rigid-body param- 
eters in Table 4. The indicated modes of niotion 
are physically reasonable; the translational and 
librational motions are both somewhat aniso- 
tropic. The orientation of the principal axes of L 
is nearly coincident with that of the principal 
axes of inertia, the largest librational motion 
occurring about the least axis of inertia. 

The appropriate bond distances and angles 
have been corrected for libration (13, 14), using 
shape parameters q 2  of 0.08 for all the atoms 
involved, and appear in Tables 5 and 6, respec- 
tively. 

Results and Discussion 
The X-ray analysis has provided the first 

known crystallographic example of penta- 
coordinate gallium as well as the first reported 
Ga-H distances. The numbering scheme is 
shown in Fig. 1 ,  in which the inolecule is viewed 
along its approximate C, axis. Figure 2 shows 
the coordination about the gallium atoms and 
Fig. 3 shows the crystal struct~lre viewed along r .  
Ga-N and Ga-0 bond distances in related 
four and six-coordinate structures are co~npiled 
in Table 7. The dihedral angles in the five fused 

'The structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada K I A  0S2. 

TABLE 2. Final positional parameters (fractional x lo4, 
Ga x los, H x lo3) wlth estimated standard deviat~ons 

in parentheses 
- - 

Atom x Y z 

Ga(1) 41623(5) 20988(9) 38421(13) 
Ga(2) 40777(5) 27950(8) 76738(12) 
o(1) 4292(3) 1238(5) 6085(7) 
o(2) 3291(4) 2739(6) 3234(lO) 
O(3) 4335(3) 3645(5) 5470(8) 
O(4) 3 170(4) 2235(6) SOOO(9) 
N(1) 3704(4) 126(7) 3277(10) 
N(2) 3662(4) 4807(7) 8153(11) 
C(1) 3999(6) - 794(8) 4579(14) 
C(2) 4036(6) - 97(8) 6316(13) 
c(3) 2961(5) 424(9) 3574(18) 
C(4) 2800(5) 1779(9) 2715(16) 
c(5) 3837(9) - 343(12) 1516(18) 
C(6) 4032(5) 5690(8) 6919(15) 
(37) 41 18(6) 4996(8) 5206(13) 
C(8) 2928(5) 46 1 l(9) 7696(15) 
c(9) 2686(5) 3265(9) 8447(17) 
c(10) 3763(7) 5237(11) 9954(16) 
H(Ga1) 475(5) 217(9) 282(11) 
H(Ga2) 461(4) 268(7) 899(9) 
H(1.4) 445(5) - 90(10) 430(14) 
H(lB) 365(5) -151(9) 463(12) 
H(2A) 426(8) -81(14) 713(18) 
H(2B) 353(5) j(11) 653(15) 
H(3A) 290(6) 34(12) 476(18) 
H(3B) 258(6) -27(10) 312(13) 
H(4A) 273(4) 165(8) 141(11) 
H(4B) 241(10) 194(17) 304(26) 
H(5A) 342(10) - 102(20) 142(29) 

380(8) 
H(5B) 426(5) 

32(18) 76(22) 
H<jC) -41(10) 131(13) 
H(6A) 460(6) 566(13) 735(15) 
H(6B) 375(7) 641 (13) 679(17) 
H(7A) 443(7) 548(14) 467(18) 
H(7B) 377(7) 490(12) 460(15) 
H(8A) 289(5) 434(11) 629(17) 
H(8B) 276(11) 516(19) 859(28) 
H(9.4) 263(6) 318(11) 997(15) 
H(9B) 213(6) 290(11) 795(14) 
H(lO.4) 334(8) 598(19) 990(22) 
H(1OB) 340(9) 453(17) 1086(24) 
H(1OC) 43 l(6) 548(12) 1021(15) 
-- -- - - -- - - - - 

rings of the molecule are given in Table 8. 
Selected inter- and intramolecular contacts are 
listed in Table 9. 

The molecule has C, symmetry within the 
limits of experimental error. The bond distances, 
valence angles, and dihedral angles averaged 
assuming C, symmetry also appear in the appro- 
priate tables and will be employed in the dis- 
cussion of the molecular geometry. The niolecule 
exhibits, in part, the structure expected for the 
monomeric boron analog (on the basis of the 
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RETTIG ET AL.: CRYSTAL AND MOLECULAR STRUCTURE OF [CH,N(CH2CH>O)'GaH]2 2209 

TABLE 3. Final thermal parameters and their estimated standard deviations 

(a)  A n ~ s o t r o p ~ c  thermal paraluetels (U, ,  x 100 A2) 
- -- -- - -- - -- - 

-- - -- - -- - - - - -- -- - - - 

Atom UII U Z  z U3 3 u12 0'1 3 u2 3 

(b) I so t rop~c  the1 ma1 parametel s 
- -  -- - -- - -- -- 
- - - - - -- -- 

Atom B (A2) Atom B (A') 

FIG. 1.  A stereo view of the molecule along the Cz axis shoxing the atom numbering and 50% probability thermal 
ellipsoids for the non-hydrogen atoms. Broken lines show possible C-H. . . O  hydrogen bonds. 

structures of triethanolamine borate ( 5 ) ,  B,B-di- same gallium atom. Here the similarity to the 
phenylboroxazolidine ( 6 ) ,  and B,B-b~s(p-fluoro- boron co~npounds  ends as dimerization occurs 
pheny1)boroxazolidine (7) ,  and supporting chem- through bridging oxygen atoms, creating a four- 
lcal evidence (4)) in that the MeN(CH,CH,O), membered Ga,O, ring which results in the 
acts as a tridentate ligand, the nitrogen and formation of a molecule possessing a system of 
two oxygen atoms all being coordinated to the five fused rings. A polyn~eric structure might be 
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TABLE 4. Rigid-body thermal parameters for all non- 
hydrogen atoms 

- -- - 
- -  - 

- 14(9) - 4(8) 
L ( x 10 deg') 157(21) 46(13) 

69(15) 

Principal axes of L 
r.m.s. amplitude Direction cosines ( x  lo3) 

4 . 2  - 108 914 392 
2 . 2  - 506 288 -833 
2 .2  - 856 - 286 430 

Principal axes of reduced T 
r.m.s. amplitude Direction cosines ( x lo3) 

0.23A - 1 - 268 - 963 
0 .22  997 - 73 20 
0.16 - 76 - 960 267 

Displacen~ent of axes from intersecting (A) 
Parallel to L,  0.65 
Parallel to L, -0.53 
Parallel to L,  -0.32 

Effective screw translations (A) 
Parallel to L ,  0.036 
Parallel to L ,  -0.039 
Parallel to L ,  -0.031 

Fractional coordinates of unique origin ( x  lo4) 
x 3862 

- Y 2358 
z 5740 

r.m.s. AUi, (A2) 
- 

0.0054 
~ -- pp -ppp -p - 

*Axes of reference are orthogonal Angstrom axes. E.s.d.'s of com- 
ponents of L are giken in parentheses i n  units of the last place ahoan. 

expected of the compound produced by the 
reaction of trimethylamine-gallane and N- 
~nethyldiethanolamine even though gallium has 
a high tendency to form four-membered rings 
with oxygen (15, 16). Thus polymerization 
through nitrogen or oxygen atoms ( i .e .  the 
MeN(CH,CH,O), acting as a bridging ligand) 
to form large heterocycles with tetrahedral 
coordination about the gallium atorns was origin- 
ally suspected. 

The resulting structure contains pentaco- 
ordinate gallium atoms with distorted trigonal 
bipyramidal geometry. The nitrogen and two 
oxygen atoms of each MeN(CH,CH,O), ligand 
occupy respectively an axial and two equatorial 
positions about the associated gallium atom. One 
of the oxygen atoms bridges the two gallium 

atoms, occupying an axial position of the second 
gallium atom. The remaining equatorial site is 
occupied by the hydrogen atom (see Fig. 2). 

The axial Ga-N distance of 2.192(5) A is 
longer than the observed distances for tetra- 
hedral (mean 1.97 A) and for octahedral gallium 
(mean 2.12 A) shown in Table 7. The distance 
compares well with a sterically similar bond in 
octahedral GaH(EDTA) . H 2 0  (1 7) of 2.182(5) A 
and the axial A!-N distance of 2.18 A in 
AlH,(NMe,), (18). The bond nevertheless ap- 
pears to be weaker than a normal single bond 
as a result of steric strain as in the related amino- 
alcohol boron co~npounds (5-7). The three 
types of Ga-O bonds are all significantly differ- 
ent. The equatorial non-bridging distance is 
1.847(2) A and for the bridging oxygen the 
equatorial distance is 1.960(8) and the axial is 
2.018(2) A. The equatorial bonds involve sp2 
hybrids at the gallium atoms which reduces the 
covalent radius of gallium to 1.21 A for these 
bonds. The expected equatorial Ga-0 distance 
is then about 1 .S7 A. The mean Ga-0 distances 
in related four-coordinate and octahedral com- 
plexes are 1.96 and 1.959 A respectively. In this 
structure the 1.847 "terminal" Ga-O distance 
corresponds to a strong bond while the bridge 
bonds, 1.960 and 2.018 A, seem to be of nearly 
equal strength considering that one is axial and 
the other equatorial and both these distances 
-are within the range of previously reported 
Ga-0 bond lengths (see Table 7). Using an 
effective radius of 0.23 A for hydrogen (19), the 
expected Ga-H bond length is 1.44 A in good 
agreement with the mean Ga-H distance of 
1.41(4) A. 

The distortion of the trigonal bipyramid occurs 
as a deformation of the angle between the axial 
groups from the ideal 180 to 151.2(4)". The 
equatorial GaOOH groups are both planar 
within experimental error and the mean O- 
Ga-0, 119.3(2)", and 0-Ga-H angles, 120.3", 
are close to the expected 120". The equatorial - 
G a  - axial angles range from 76" (in the four- 
membered ring) to 104" (mean N-Ga-H), 
each 14" from the ideal 90". The angular dis- 
tortions are a result of the steric constraints 
inherent in the fused ring system. 

The four-membered G a 2 0 2  ring is non-planar 
with all intra-annular dihedral angles equal 
within experimental error, the mean value being 
21.6". Angles in the ring are 76.0(3) at Ga  and 
100.0(2)" at  0 .  The ring is different from the 
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RETTIG ET AL.: CRYSTAL AND MOLECULAR STRUCTURE OF [ C H ~ N ( C H Z C H ~ O ) Z G ~ H ] ~  221 1 

TABLE 5.  Bond lengths (A) with estimated standard deviations in parentheses 

(a) hTon-hydrogen atoms 
-- - -- -- -- -- -- - -- 

Distance (A) D~stance (A) 

Bond Uncorrected Corrected Bond Uncorrected Corrected Mean* 

(6) Bonds ~ n \ o l v ~ n g  hyd~ogen atoms 
- -  

pp pp - - - -- - - - P- - -- - - 

Bond D~stance (A) Bond D~stance (A) 
-- - -- - - -- - -- 

Ga(1)-H(Ga1) 1 37(8) Ga(2)-H(Ga2) 1 45(7) 
C(1)-H(1 A) 0 90(10) C(6)-H(6A) 1.14(12) 
C(1)-H(1B) 0.98(9) C(6)-H(6B) 0 90(13) 
C(2)-H(2A) 1 04(14) C(7)-H(7A) 0 87(14) 
C(2)-H(2B) 0 99(10) C(7)-H(7B) 0 82(12) 
C(3)-H(3A) 0 93(14) C(8)-H(8A) 1 12(13) 
C(3)-H(3B) I 06(11) C(8)-H(8B) 0 94(20) 
C(4)-H(4A) 1 02(8) C(9)-H(9A) 1 18(11) 
C(4)-H(4B) 0 81(19) C(9)-H(9B) 1 20(11) 
C(5)-H(5A) 1 05(20) C(1O) -H(lOA) I lO(l8) 
C(5)-H(5B) 0 89(18) C(1O)-H(1OB) 1 21(16) 
C(5)-H(5C) 0 83(9) 

p--pp- 

C(1O)-H(1OC) 
-- -- - A  - -  

1 09(12) 

*Average of corrected bonds related b) the C ,  axla, numbers  In parentlieses 15 r ni s dei ia t ion f rom the meail 

FIG. 2. A view of the coordination about the gallium atoms. 

planar centrosymmetric Ga,O, ring in the octa- 
hedral complex [Ga2(OH),C12(C,,H, ,N3)2]- 
C1, .H,O (16) in which there is one strong and 
one weak Ga-0 bond (1.908 and 2.017 A). 

The difference between the "terminal" and 
"bridging" oxygen atoms is carried into the five- 
membered GaOCCN rings which have distinct 
geonletries which may be ascribed to steric and 

electronic differences between the two classes of 
rings. The mean dihedral angles in each type of 
ring are compared with those obtained from 
energy minimization calculations (20) in Table 8. 
The conformational differences between the two 
types of five-membered rings are small yet the 
rings with the "bridging" oxygen atoms (A 
rings) have a conformation yhich is closest to 
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TABLE 6 Bond angles (deg) w ~ t h  estimated standard devlat~ons In parentheses 

(a) Non-hydrogen atoms 
- -  - - -- -- 

-- --- -- 

Angle (deg) Angle (deg) 
-- -- 

Bonds Uncor~ected Corrected Bonds Uncoriected Corrected 
-- - - -- 

O(1)-Ga(1)-O(2) 119 5(3) 119 5 O(3)-Ga(2)-O(4) 1 19 l(3) 119 1 
O(1)-Ga(1 j-0(3j 76 2(2j 76 2 Q(3j-Ga(2)-O(1) 75 8(2) 75 7 
( I  j - ( 1 - I )  80 4(3) 80 4 O(3)-Ga(2)-W(2) 80 9(3) 80 9 
O(2)-Ga(1 j-0(3) 92 5(3) 92 5 0(4)-Ga(2)-Q(1) 92 4(3) 92 4 
O(2)-Ga(1)-N(1) 84 l(3) 84 0 Q(4)-Ga(2)-N(2) 84 9(3) 84.9 
O(3)-Ga(1)-N(1) 150 9(3) 150 8 O(I)-Ga(2)-N(2 ) 15 1 6(3) 151 6 
Ga(l)-O(1)-Ga(2) 100 l(2) I00 2 Ga(2)-0(3)-Ga(1) 99 7(2) 99 8 
Ga(1)-O(l j-C(2) 118 5(5) 118 5 Ga(2)-O(3)-C(7) 117 3(6) 117 3 
Ga(2)-Q(1)-C(2) 124 8(5) 124 7 Ga(1)-O(3)-C(7) 125 8(6) 125 7 
Ga(1)-O(2)-C(4) 1 16 4(5) 116 4 Ga(2)-O(4)-C(9) 1 15 4(5) 115 3 
Ga(1)-N(1)-C(I) 1056(5) 105 5 Ca(2)-N(2)-C(6) 105 2(5) 105 2 
Ga(1)-N(1)-C(3) 100 l(5) 100 1 Ga(2)-N(2)-C(8) 100 7(5) 100 8 
Ga(l)-N(1)-C(5) 113 7(7) 113 6 Ga(2)-N(2)-C(10) 1 12 3(6) 112 3 
C(1)-Nil)-C(3) 1 13 O(8) 1 12 9 C(6)-h(2j-C(8) 112 6(8) 112 6 
C( I )-N(1)-C(5) 11 1 6(8) 111 7 C(6j-N(2)-C(10) 1 12 0(8) 112 0 
C(3 j-N(1)-C(5) 112 2(9) 112 3 C(8j-N(2)-C(l 0) 1 13 2(9) 113.2 
N(1)-C(1)-C(2) I09 7(7) 109 8 N(2)-C(6)-C(7) 110 2(7) 110 3 
N(1)-C(3)-C(4) 107 7(8) 107 7 h(2)-C(8)-C(9) 108 4(8) 108 4 
C(1)-C(2)-O(1) 109 5(7) 109 4 C(6)-C(7)-O(3) 109 9(8) 109 9 
C(3)-C(4)-Q(2) 110 O(8) 110 1 C(8)-C(9)-O(4) 110 G(8) 110 0 

-- 

(b) Angles lnvol\ lng hydrogen atoms 
- - 

- - --- - -- 

Bonds Angle (degj Bonds Angle (deg) 
-- - - -- - 

O(l)-Ga(1)-H(Ga1) 1 15(4) 0 (3  j-Ga(2)-H(Ga2) 118(3) 
Q(2)-Ga(1)-H(Ga1) 125(4) O(4)-Ga(2)-H(Ga2) 123(3) 
Q(3)-Ga(1)-H(Ga I) 101(4) O(1)-Ga(2)-H(Ga2) 103(3j 
N(1)-Ga(1 j-H(Ga1) 105(4) N(2) -Ga(2)-H(Ca2) 102(3) 
N(1)-C(1)-H(IA) 106(7) N(2) -C(6j-H(6A) 105(6) 
N(1)-C(1)-H(1B) 102(5) N(2j-C(6)-H(6B) 104(8) 
C(2)-C(1)-H(1A) 103(7) C(7)--C(6)-H(6A) 98(6) 
C(2)-C(1)-H(I B) 109(5) C(7)-C(6)-H(6B) 109(8) 
H(1Aj-C(l)-H(l5) 126(8) H(6A)-C(6)-W(6B) 129(10) 
O(1)-C(2)-H(2A) 125(8) O(3)-C(7)-H(7Aj 1 13(9) 
O(1)-C(2)-H(2B) i03(6) O(3)--C(7)-H(7B) 102(9) 
C(1)-C(2)-H(2A) 104(7) C(6)-C(7 j-H(7A) 104(9) 
C(1)-C(2)-H(2B) 100(7) C(6)-C(7j-H(7Bj 1 18(8) 
H(2A)-C(2)-H(2B) 113(11) H(7A)- C(7)-H(7Bj 110(12) 
N(1)-C(3)-H(3A) 105(7) N(2)-C(8)-H(8A) 109(5) 
N(1)-C(3)-H(3 B) 118(6) N(2)-C(S)-H(SB) 94(12) 
C(4)-C(3)-H(3Aj 119(8) C(9)--C(8)-H(8A) 98(6) 
C(4)-C(3)-H(3 B) 107(5) C(9)-C(8)-H(8B) 98(12) 
H(3A)-C(3 j-H(3 B) 101(9) H(8A)-C(8)-H(8B) 146(15) 
O(2)-C(4)-H(4Aj 1 17(4) O(4)--C(9j-H(9A) 104(6) 
O(2)-C(4)-H(4B) 114(13) 0(4)-C(9)-H(9B) 107(5) 
C(3)-C(4)-H(4A) 1 1 O(4) C(8 j-C(9)-H(9A) 1 18(6) 
C(3)-C(4)-H(4B) 103(13) C(8)-C(9)-H(9B) 115(5) 
H(4A)-C(4)-H(4B) 103(15) H(9A)-C(9)-H(9B) 103(8) 
N(1)-C(5)-H(5A) 98(12) N(2)-C(10)-H(10A) 94(9) 
N(1)-C(5)-H(5B) lll(10) N(2)-C(10)-H(10Bj 107(9) 
N(1)-C(5)-H(5C) 1 12(7) N(2)-C(10)-H(1OC) 111(6) 
H(5A)-C(5)-H(5B) ll l(14) H(1OA)-C(1O)-H(10Bj 89(11) 
H(5A)-C(5)-H(5C) 133(13) H(1OA)-C(10)-H(1OCj 124(11) 
H(5B)-C(5)-H(5C) 91(12) H(10Bj-C(10)-H(10Cj 125(10) 

Mean'" 

*Mean of angles related by the C ,  axis, number in parentheses is the r.m.s. deviation from the mean. 
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FIG. 3. The packing arrangenlent viewed along c. 

TABLE 7. Comparison of Ga-0 and Ga-N bond distances 

Compound 

Ga  
coordination - 

number Ga-0 

Distance (A) 

Reference 

2 1 
2 
3 

22 
23 

This work 
16 
17 
24 
25 

TABLE 8. Intra-annula1 dlhedral angles (deg) 

(a) Flve-membeled rings 
- 

-- 
- - -- - -  -- 

- -- 
-- -- 

-- - - -  - - - - - - - - 

Bond mob. Bond mob5 Mean 
-- - - - -- --- - -- - - 

WC?IC 
-- 

Ga(1)-O(1) 2.1(5) Ga(2)-O(3) 3.4(5) 2 8(7) 5 .0  
o(l)-C(2) - 25.0(8) 0(3)-C(7) -26 4(8) - 25.7(7) -29 8 
c(2)-c( 1) 43 3(8) C(7)-C(6) 44.1(8) 43.7(4) 43.0 
C(I)-N(l) - 39 8(7) C(6)-N(2) -39 2(7) -39.5(3) -40 0 
N(1)-Ga(1) 21 4(5) N(2)-Ga(2) 20 l(5) 20.8(7) 21.8 

Ga(1)-O(2) 1 2(5) Ga(2)-O(4) 2 7(5) 2.0(8) 1 . 3  
0(2)-C(4) - 27.5(8) 0(4)-C(9) -28 3(8) - 27.9(4) -27.1 
c(4)-c(3) 50 3(9) C(9)-C(8) 49.6(9) 50 O(4) 42 3 
C(3)-N(l) - 44 l(7) C(8)-N(2) -42 6(7) -43 4(8) -41 6 
N(1)-Ga(1) 25 3(6) N(2)-Ga(2) 23 5(5) 

- - 

24 4(11) 
- - 

25.0 

(b) Foul-membered rlng 
- -- 
- - 

-- 
-- - - 

Bond mob, 
-- - -- 

Ga(l)-O(l) -21.3(2) 
O(l)-Ga(2) 22.0(2) 
Ga(2)-O(3) -21.2(2) 
O(3)-Ga(1) 21 .9(2) 
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TABLE 9. (a) Selected intra- and intermolecular contacts 
-- 
- -- -- -- 

Intramolecular Intermolecular* 

Atoms Distance (A) Atoms Distance (A) 

Atoms 

(b) Gallium coordination sphere 

Distance (A) Atoms D~stance (A) 
-- - - 

(c)  Poss~ble C-H. 0 hyd~ogen bonds? 
-- 

-- - - -- - - -- 

D-H. . A  D . A  H .  A L D H A  i XAH 
-- 

C(7)-H(7B). . . O(2) 3. 14(1) 2 :56( 12) 129(10) 82(3), 155(3) 
C(2)-H(2B). . . O(4) 3 .  13(1) 2.55(11) 1 18(8) 88(3), 154(2) 
C(3)-H(3B). . . Q(4)' 
-- 

3.44(1) - 2.43(1 I) 160(8) 144(3), lOl(3) 
-- ~ 

*Superscr~pts refer to atonis at positions: ' 112 -- i, . v ,  z - 1 ,2 ;  2 1  - , J - 112, 3!2 - ; , , 1 - Z ;  d l  - x, 
112 - J, 312 - z ;  i.c, y ,  z - 1 .  

?The H . .  .O . .  .H angle at O(4) is 59(3) . 

that calculated for o, = 5.0" while tliose con- 
taining the "terminal" oxygens (B rings) have a 
conformation nearest to that calculated for 
o, = 25.0". Both ring types show the same strain 
relative to the minimum energy conformations 
but the B rings show higher strain (4.0' r.m.s. 
deviation between o,,,, and a,,, compared to 
2.4" for the A rings), this occurring primarily in 
the twist about the C-C bonds. 

Bond angles in the A rings range from 80.7(3)" 
at  G a  to 117.9(6)' at  O and in the B rings from 
84.5(5)" at  Ga  to 115.9(6)" at O with mean values 
of 104.8 and 103.8" in A and B rings respectively 
compared to the calculated value of 104.2" (20) 
and observed values in BOCCN rings of 104.8 (6) 
and 104.9" (7). The C-0, C-C, and C-N 
distances are 1.427(3), 1.507(6), and 1.477(2) A 

in the A rings and 1.412(13), 1.534(1), and 
! .468(4) A in the B rings. The differences in the 
bond lengths and angles in the two types of 
rings are a result of steric and electronic differ- 
ences between the corresponding atoms in the 
ring, and to some extent are indicative of the 
charge distribution in the nlolecule. The mean 
C-O, C-C, and C-N distances in the two 
structures with BOCCN rings (6, 7) are 1.416(3), 
1.500(6), and 1.488(3) A. The mean N-C 
(methyl) distance of 1.464(4) A in the present 
structure is as expected. The mean angle at 
nitrogen is 109.4" but the individual angles all 
differ significantly from the mean and range 
from 100.5(4)" for Ga-N-C (B ring) to 
113.0(7)" for Ga-N-C (methyl). The angle at 
N between the A and B rings is 112.8(2)". The 
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distortion of the nitrogen tetrahedron results coordinate gallium atoms might again be 
from steric constraints iinposed by the fused-ring featured, the bonding about the metal atoms 
system. again involviilg both nitrogen and oxygen atoins 

The mean C-H distance of 1.00(13) A is as to give a fused-ring system. This possibility is 
expected for X-ray data (19). All angles involving under study for the analogous gallane dimer, 
hydrogen atoms (R-C-H, W = N, 0, C. H) [Me,NCH2CM20GaH,1,. 
are nithin three standard deviations of the mean We the National Research of Canada 
value of 109". for financial support, and the University of British 

The crystal structure consists of discrete ColLlmbia Computing Centre for assistance, 
[CH,N(CH,CH,O),GaHl, molecules which are 
separated by normal van der Waals distances, A .  STORR> B. S. THOMAs* and A .  D. PENL'ND. J. 

Chem. Soc. Dalton, 328 (1972). 
Ihe shortest of which are listed in 9 9  2. LV. HARRISON. A. STORR, and J. TROTTER. J. Chem. 
except for one C-H . . . 0 interaction (G . . . 0 = Soc. Dalton. 1554 (1972). 
3.44(1) A) which ruay correspond to a weak 3. D. F. RENDLE, A. STORR, and J.  TROTTER. J. Chem. 
hydrogen bond. There are also two possible S~~ .Da1 ton>2252(1973) .  

4. H. K. ZIMMERMANN. Adv. Chem. Ser. No. 42, 23 intra~nolecular C-H. . . Q  hydrogen bonds pre- (1964), 
sent (related by the two-fold rotation axis) which 5, Z, T~~~~ and K ,  osAKI, lnorg, ~ ~ ~ 1 ,  them, Lett ,  7, 
are indicated by broken iines in Fig. 1.  The geo- 509 (1971). 
metrical data for these C-H. . .O interactions 6 S. RETTIG and J. TROTTER. Can. J .  Chem. 51, 1288 

(1973). are given in Table 9. The asytnmetry introduced 
7. S ,  RETTIG and J ,  .I.ROTTER, ACta Cryst, B30, Sub- 

by the intermolecular O(4) .  . .H(3B)-C(3) inter- mitted for 
action is a reasonable explanation for the differ- 8, w, c, HAMILTON. Acta Crvst. 18.502 (1965). 
ence between the ~ ( 4 ) - b ( 2 ) ,  1.399, and C(9)- 9. D. T. CROMER and J .  B. M ~ N N  Acta Cryst. ,424,321 

0 ( 4 ) ,  1.424 A, bond distances j~ thlch  represents 
10. R. F. S T E W ~ R T ,  E. R .  DAVIDSON, and W. T. SIMP- 

the largest deviation from C2 symmetry in the 
J ,  Chem, Phys, 42, 3175 (1965), 

molecule). The non-bonded contacts ill the 11. D. T. CROMER and D. LIBERMAU. J. Chem. P ~ V S .  53. 
ealliutn coordination s ~ l ~ e r e s  and other intra- I891 (1970). - 
inolecular non-bonded contacts ~vhich corres- 
pond to steric interactions wit1ii11 the molecule 
are also listed in Table 9. 

The infrared spectruin of the title compound 
in benzene solution showed a very strong Ga-H 
stretching absorption at 1900 c m '  with a weak 
shoulder at 1810 cm-' .  A 111ediuin intensity band 
at  770 cn1-' is assigned to the Ga-II ivagging 
mode. The lob frequency spectrum displayed a 
number of absorptions attributable to "Ga-0", 
"Ga-N"; and ring modes (61 5 sh, 595 vs, 540 vs, 
510 vs, 420 s, 390 s, 380 sh) but no assignment of 
this part of the spectrum is attempted a t  this 
time. 

Coates and Hayter (15), by chemical tests, 
postulated that dimerization in [Me,NCH,CH,- 
OCaMe,], probably occurs via a four-membered 
Ga,O, ring leaving the gallium atoms four- 
coordinate and the normally stronger nitrogen 
donor atoms not utilized in coordinate-type 
bonding. I t  is tempting, as a result of the present 
study, to postulate that in the above dimer five- 

12. V. SCHOMAKER and K.  N.  TRUEBLOOD. Acta Cryst. 
B24,63 (1968). 

13. D. W. J .  CRUICKSHANK. Acta Cryst. 9,  747, 754 
(1956). 

14. D. W. J .  CRUICKSHANK. Acta Cryst. 14,896 (1961). 
15. G.  E. COATES and R. G.  HAYTER. J. Chem. Soc. 2519 

(1953). 
14. K. DYMOCK, G.  J. PALENIK, and A .  J .  CARTY. Chem. 

Commun., 1218(1972). 
17. C.  H. L. KENNARD. Inorg. Chim. Acta, 1,347(1967). 
18. C.  W. HEITSCH, C. E. NORDMAN, and R. W. PARRY. 

Inorg. Chem. 2,508 (1963). 
19. M .  R. CHURCHILL. Inorg. Chem. 12, 1213 (1973). 
20. J .  B. HENDRICKSON. J .  Am. Chem. Soc. 83, 4537 

(1961); 85,4059(1963). 
21. R. JUZA and H. HAHN. Z. Anorg. Chem. 239, 282 

(1938). 
22. G.  S. SMITH and J .  L. HOARD. J. Am. Chem. Soc. 81. 

3907 (1959). 
23. J .  L. CALDERON, F. A. COTTON, and A. SHAVER. J. 

Organometal. Chem. 37, 127 (1972). 
24. R.  RESTIVO and G. J .  PALENIK. Chem. Comrnun. 867 

(1969). 
25. G.  BERAN, A. J .  CARTY, H. A.  PATEL, and G. J. 

PALENIK. Chem. Commun. 222 (1970). 
26. G. J. DYMOCK and K. PALENIK. Chem. Commun. 884 

(1973). 
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Homogeneous Catalysis of Hydrogen Isotope Exchange between D2 and Ethanol 
by Chlorotris(triphenylphosphine)r&odium(I). I. in Benzene-Ethanol1 

GRAEME STRATHDEE AND RUSSELL GIVEN 
Re.~earclz Cller?listr?. Branch, Atomic Energ?. of Catz~~dn Limited, Whiteshell Nucletrr Research EstiiDli.shmer~t, Pinawa, 

,Mnnitobn ROE ILO 

Received October 22. 1973 

GRAEME STRATHDEE and RUSSELL GIVEN. Can. J. Chem. 52,2216 (1974). 
The kinetics and mechanism of D,-C,H,OH exchange catalyzed by chlorotris(tripheny1- 

phosphine)rhodium(I) have been studied in 50 volume percent benzene-ethanol. In this mixed 
solvent, the rate of exchange was low and was limited by the rate of transfer of deilterium from 
dideuteridochlorotris(triphenylphosphinerhodim(1 to the solvent, and not by the rate of 
activation of D2. The activation energy for the overall process was relatively low, 35 kJ mol-'. 
In addition, new data have been presented for the catalysis of H,-D, exchange in benzene by 
RhCI(PPh,),. Analysis of the apparent H D :  D, isotope effect that is observed during D,-C2- 
H,OH exchange suggests that this effect originates with the relative stabilities of the D,, HD, 
and H, adducts with RhCIiPPh,),, or by control of the H D  and H, product distribution by the 
Hz-D, equilibration reaction. 

GRAEME STRATHDEE et RUSSELL GIVEN. Can. J. Chem. 52, 2216 (1974). 

On a etudit, pour une solution a 50z par volume d'ethanol dans le benzene, la cinetique kt le 
mecanisme de I'echange D,-C,H,OH catalyse par le chlorotris(triph~nylphosphine)rhodium(I). 
Dans ce solvant mixte, le taux d'echange est bas et limite par le taux de transfert du deuterium 
du dideuterio chlorotris(triph~nylphosphine)rhodium(III) au solvant et non par le taux 
d'activation du deuterium. L'energie d'activation pour la reaction globale est relativement 
basse soit 35 kJ par mole. De plus on presente de nouvelles donntes pour I'echange HZ-D, dans 
le benzene catalyse par RhCI(PPh,),. Une analyse de I'effet isotopique apparant HD:D,  qui 
est observe durant l'echange D,-C,H,OH i n d i q ~ ~ e  que I'originc dc cet effet est la stabilite 
relative des composes d'addition de D,, H D  et H, avec RhCI(PPh,), ou un contrble de la dis- 
tribution des produits de H D  et H, par une reaction d'equilibre entre H, et D,. 

[Traduit par le journal] 

Introduction 
The major stimulus for this work has been the 

need for novel catalysts which actively promote 
deuterium exchange for application in improved 
processes for the enrichment of deuterium. This 
isotope of hydrogen is an  essential nuclear ma- 
terial, but must be concentrated from its natural 
abundance level of about 120-155p.p.m. in 
hydrogenous molecules to greater than 99.9x 
as D 2 0  for use as a reactor moderator and 
coolant. T o  accomplish this, deuterium is pre- 
ferentially enriched in one component of a 
binary mixture by equilibration (1). Although 
proton exchange reactions occur spontaneously 
between many pairs of molecules, other reactions, 
particularly those of practical importance, must 
be catalyzed. For example, conventional sup- 
ported or  oxide-promoted metal catalysts have 
been employed to accelerate the transfer of D be- 

'AECL No. 4478. 

tween hydrogen and water (Hz-H20) (2,3). Also, 
the strongly basic hydroxide (4), amide ( 5 ) ,  and 
methylamide (6) anions respectively promote 
Hz-H20,  H2-NH,, and Hz-CH,NH, exchange 
in solution. In contrast, complexes of the transi- 
tion metal ions, which are known to catalyze 
many conversions involving hydrocarbons, (7,8), 
have not been systematically examined for their 
abilities to enhance the rates of H-D isotope ex- 
change between hydrogenous molecules. 

During the course of this work, Eberhardt 
et al. (9) reported that several complexes of 
Rh, Ru, Ir, and 0 s  promote D transfer between 
D 2  and -OH functions in methanol, ethanol, 
and acetic acid. Homogeneous catalysts active 
for D2-H20 exchange include C O ( C N ) , ~ +  (lo), 
and RLIC~,~ '  (1 1). Recently, Hirabayashi and 
Yasumori have discussed the kinetics of the 
D2-CH,OH exchange reaction catalyzed by a 
Pt(I1)-Sn(I1) complex (12). More complexes have 
not been studied because ready reduction to the 
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metal occurs unless appropriate stabilizing 
ligands are present. Many ligands which confer 
stability also inhibit H-D exchange. 

Two types of catalyzed D-exchange experi- 
ments are discussed in this paper: (i) exchange of 
D, with the hydroxyl group of C,H,OH to yield 
H D  and H, as products and (ii) equilibration of 
H, and D, to yield HD without transfer of D to 
the solvent. Our preliminary experiments estab- 
lished that RhCl(PPh,),, an important homo- 
geneous olefin hydrogenation catalyst, promoted 
D, exchange with ethanol in 50 vo1% solutions 
with either C,H, or CHCI, as co-solvent. Rates 
were about 10 times greater in CHC1,-C,H,OH 
than in C,H,-C,H,OH, but the former system 
is complex. This is the topic of a separate paper. 
In 1 :1 C,H,-C,H,OH, we particularly desired 
to obtain detailed information on the component 
reactions of the catalyst hydrogenation equi- 
librium : 

and to investigate the utility of D tracer tech- 
niques for this purpose. This approach has the 
advantage of avoiding the complexities of addi- 
tional equilibria present in, say, solutions with 
olefins. Wherever possible, data and conclusions 
presented in this paper are related to those of 
authors who have studied the performance of 
this catalyst for other classes of reactions. 

Experimental 
RhCI(PPh3), was obtained from Strem Chemicals and 

used as received. 
Anal. Calcd. for C,,H,,ClP,Rh: C, 70.0; H, 4.9; C1, 

3.8; P, 10.0; Rh, 11.1. Found: C, 70.2; H, 4.9; CI, 3.8; 
P, 10.0; Rh, 10.5. 

Hydrogen and deuterium gases were treated as pre- 
viously described (10). The 1:1 mixture of HZ and D2  
obtained from Matheson was used as received, since 
contact with the usual de-oxygenation catalysts caused 
equilibration. Solvents were distilled, degassed, and 
stored under N, as before (10). Other reagents were used 
as received. 

Exchange reactions were conducted in this way : (i) the 
desired quantity of catalyst was weighed into the reaction 
flask in air, (ii) the flask was evacuated on a vacuum line 
and filled with the appropriate gases (for experiments in 
which reduced partial pressures of D2  or H,-D2 were 
required, N2 was added to yield a final total pressure of 
about 1 atm), (iii) C6H6 was injected to completely dis- 
solve the complex, and (it,) the D2-ROH exchange was 
commenced upon injection of the ethanol or other alcohol. 
The glass reactor had a volume of 93.3 ml, solutions were 
n~agnetically stirred at 2900 t 100 r.p.m., and the tem- 

perature was controlled to better than 0.1 K. Gaseous 
samples were removed by syringe through a septum and 
isolating stopcock, and analyzed on a CEC-21-130 mass 
spectrometer. 

For both the D2-C2H,0H and H,-D, exchange re- 
actions, data are reported as initial rates of disappearance 
of D,. 

[2] -d[D,l/dt = In [(no - n,)/(n, - n,)] All 

= ko,' A = kD2 [Dz] 

where no, n,, and n, represent the mol% DD, at t = 0, t = 
t s, and at equilibrium respectively. A is the gas:liquid 
ratio in mol D, per liter defined as: initial D2,  mmol t 
volume of solution, ml. The experimental rate constant 
k ,  ' was obtained from the slope of a plot of log D2 
ag&inst time. The rate constant in solution, k D L  = kDl '  
(total D,)/(dissolved D,). Post-reaction v.p.c, analys~s of 
the solvent gave no evidence of C6H6 hydrogenation 
products C6H,, or C 6 H l Z ,  therefore no metallic Rh was 
present. 

Hydrogen partial pressures have been used interchange- 
ably with corresponding solubilities in the text. To permit 
ready conversion, the solubility of H, in 1:1 C6H6- 
C,H,OH at 298 K is 31.1 mol H, I - '  MPa-' (13). 

Results 
A typical set of experimental data for D,-C,- 

H,OH exchange is shown in Fig. 1 as a plot of 
log molx D,, HD, and H, in the gas phase as a 
function of time. Since exchange rates were low, 
the extent of conversion of D, was generally 
about 20% over 5 h. This varied, of course, with 
the concentration of RhCl(PPh,),, initial D,, 
and temperature. In every case the log D, rs. 

I- 1 1 1 -  - -J  
2 6 10 14 I8 

TIME , ks 

FIG. 1. Typical D,-C,H,OH experimental data. 
Conditions: solvent: 50 vol% C6H,-C,I-I,OH; gas 
volume, 72.9 ml; solution volume, 20.0 ml; p(D,) initial, 
88 kPa; RhCI(PPh3),, 200 mg; T, 303.1 K. 
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time data fell on good straight lines. From this, it 
was concluded that the distribution of catalyti- 
cally active species did not change significantly 
during the period of observation. Expression of 
results as initial rates, defined by eq. 2, was there- 
fore justified. 

( 1 )  The Deperzclence of Exchange Rate on the 
Concentrations of Rhodium and Initial D, 

The increase in the overall exchange rate was 
almost proportional to total rhodium concentra- 
tion. These data are presented in Fig. 2A. In 
comparison, Fig. 2B shows the marked depen- 
dence of the exchange rate on initial dissolved 
D, (approximately the total hydrogen concen- 
tration). These rates are extremely low, par- 
ticularly compared to those for uptake of H, by 
RhCl(PPh,), (13, 14) or for the hydrogenation of 
terminal olefins under identical conditions (15) 
which are greater than 10 pM s- '  at 1 m M  Rh 
and 2.5 1nM H,. This suggests that the rate 

1 occss dcterrnining step In the overall exchange p- 
is not the activation of D,, HD, or H, but is 

i I I I I I I ]  

0 1 .o 2 .o 3 0 

[ ~ 2 ]  0 ' 

FIG. 2. The dependence of the overall D, exchange 
rate in 1 :1  C6H6-C,H,0H on the total rhodium ( A )  and 
initial deuterium ( B )  concentration. Conditions: (.4): 
[D,],: 2.73 m M ;  T :  298 K ;  ( B ) :  [Rh]: 5.5 mM; T :  298 K. 

related to the transfer of D from the adduct 
RhD,Cl(PPh,), to the protic solvent. This topic 
will be developed later in the discussion. 

It has been assumed that the overall reaction 
3 was dominant in 1 : 1 C,H,-C,H,OH. 

We have demonstrated that reaction 3 was the 
main D-exchange reaction in CMC1,-C,H,OH 
by i.r. observation of the disappearance of the 
-OH absorption at  3620 cm-I and appearance 
of the -OD band at 2670 cm-' upon bubbling 
D, through a 1% soiution of C,H,OH in CMCl, 
containing 5 m M  RhC1(PPh3),. Reaction rates 
were too slow in C6H,-C,H,OH to perniit a 
similar observation. There IS no evidence in 
literature that RhCl(PPh,), promotes D,-C,H6 
isotope exchange, or that the orfho-hydrogens of 
the triphenylphosphine ligands are exchanged 
under these experimental conditions. 

(2) The Effect of Tenperature on the Exchange 
Ra te 

Exchange reaction rates were nieasured be- 
tween 290 and 308 K and these data are shown 
in Fig. 3. Measurements were not made at  lower 
temperatures because rates were too slow (a 
typical experimental half-life for 14, was 1.5 x 
lo5 s at  290 K). Within this range the activation 
energy for the overall exchange process was only 
35 kJ rnol-l. This value is considerably lower 
than the activation energy of 95.8 kJ mol-' 
reported by Osborn et al. for cyclohexene reduc- 
tion catalyzed by RhCl(PPh,), in C,H, (15). 

FIG. 3. Temperature dependence of the D,-CzH50H 
exchange rate. 
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STRATHDEE AND GIVEN: HYDROGEN ISOTOPE EXCHANGE. I 221 9 

Additional analysis of the activation energy is TABLE 1. The apparent H-D kinetic isotope effect 
- - - --- 

included in the discussion. -. 

[Rhl [D,] D, Exchange rate 
(3)  H-D Isotope Effects during D2-C2H,0H ( m ~ )  (PMS-') 

io 
(mM) 

- -- k ~ 2 -  
Exclzange 

The apparent kinetic isotope effects, 2kHD/kp,, 5.4 0.41 0.43 l . l l i 0 . 0 9  

were calculated by an iterative curve fitting 5.4  0.83 0.73 0 . 9 7 i 0 . 0 8  

technique assuming that sequential first order 5.5  1.55 0.90 1.14k0.02 
- 

conversions occurred (1 6) : 

x [k,, exp (-kH,t) - kH, exp (- k ~ , t ) l  

- CHDIo exP ( - k ~ ~ t )  + CD2Io 

+ [IHDI, + CH210 

The computer program minimized the standard 
deviation between the observed and calculated 
H D  yield and allowed for the possibility that the 
initial concentrations of HD and H, might be 
significant. This was found essential to avoid 
large variances in the computed values of k,,,, and 
k ~ 2 .  In this way apparent kinetic isotope effects 
were calculated from experiments with D, conc 
versions ranging from 10-35%. 

The values of 2kHD/kD, calculated in this way 
are shown in Table 1 for three experiments in 
which the rhodium concentration was fixed and 
the total hydrogen partial pressure was 13.3, 
26.6, and 53.3 kPa, respectively. The standard 
deviation reported for each ratio of rate constants 
is relatively large because only 5-7 data points 
were available. The differences between the 
experimental and calculated yields of H D  or H, 
were usually less than 0.5 molx  which was 
approximately the magnitude of the experimental 
error in analysis of the gas mixtures. 

(4)  Tlze H,-D, Exchange Reaction in C6H6 
Equilibration of a 1 : 1 mixture of H, and D, to 

yield HD, reaction 8, is catalyzed by RhCI(PPh,), 
in C,H6. 

Since the atom fraction of deuterium in the 
gas phase (2D2 + HD)/2(D2 + H D  + H,) re- 
mained unchanged during the period of the 
experiment, no transfer of D to other protic 
molecules occurred. The H,-D, reaction was 
not due to traces of metallic rhodium since no 
C,H, hydrogenation products could be detected 
by v.p.c. analysis. Rhodium is an extremely 
effective catalyst for C,H, hydrogenation (17). 
There was no D-exchange during blank experi- 
ments without RhCl(PPh,), in solution. 

The H,-D, equilibration rates had poor 
reproducibility, and differed by as much as a 
factor of two in successive apparently identical 
experiments. Also, erratic rate variations were 
detected even during individual runs. These 
effects may have originated with contaminants, 
but there was no correlation with trace hydrocar- 
bon impurities in either the C6H, or the com- 
mercial I :1 gas mixture which was used as 
received. The usual catalytic deoxygenation 
procedures equilibrate H,-D, streams. Gas 
mixtures prepared from separately purified H, 
and D, gave similar results. 

These experiments show that RhCI(PPh,), 
promotes H,-D, exchange. The dependence of 
exchange rate on the total rhodium and initial 
D, concentrations is illustrated in Fig. 4. Fixed 
[D,], = 1.3 m M  and fixed [Rh] = 1.35 mM, in 
the respective experimental scts. These log-log 
plots yield the apparent reaction orders $0.9 in 
rhodium and -0.7 in D,. Excess triphenylphos- 
phine did not inhibit the reaction, although a 
slow increase of rate to the usual limiting value 
occurred during the 0.5 h following the addition 
of 25 mol PPh, per mol Rh. This behavior was 
unexpected in view of the poisoning effect which 
excess PPh, has on the olefin hydrogenation 
reaction (1 5). 

The D, exchange rates ( -  d[D,]/dt) are depen- 
dent on T-'  in the manner shown in Fig. 5. An 
activation energy, calculated from the tangent to 
the curve at  11298 K is 42 kJ mol-l. 
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[RHODIUM] , M is proposed for the catalysis of the D2-C,H,OH 
exchange reaction, and the origin of the apparent 

2 4 6 8 ~ ~ - 2  2 4 
IO-3_ I I I I I I I _  

kinetic isotope effect defined by 2k,,/k,, is 

- 8 
I 
01 

6 

ZE 4 -  

W s 2 -  
LL 

- - - - 
- - 

- 
- - 

considered. Comments are also made on the 
significance of the Hz-D, exchange reaction. 

(I) Tile Uptake  o f  Hydrogen by R/2Cl(PPh3), 
This topic has been thoroughly reviewed 

i ; 8 1  

recently by James (8), and will therefore not be 
discussed at length here. The purpose of this 
section is to emphasize that the component 

6 x reactions of reaction 1 cannot be rate-limiting in 
% 4 the D, exchange experiments reported above. 
w - It is well known that RhCI(PPh,), activates 

Hz or D, by oxidative addition to yield a dihy- 
dride or a dideuteride adduct respectively. The 
dominant equilibrium in solutions containing up 
to about 5 m M  total rhodium is represented by 

6 - , , , , , , , , reaction 1 .  This process of reversible uptake of 
1 0 - 4 2  4 6 8 0 - 3 2  4 hydrogen by RhCI(PPh,), was firpt described by 

[DEUTERIUM] , M 
Wilkinson and co-workers (15). The n.m.r. 
study of the hydrogenated catalyst in CH2C12 by 

FIG. 4. The dependence o f  the 1 :1 H,-D, exchange Meakin el al. (18) established that the dominant 
rate on [Rh]  and [DzIo in C,H, at 298 K. 0, Fixed species was RhHzCI(PPh3), and not RhH,- 
[Rh] = 1.35 m M ;  A, fixed [D,], = 1.3 m M .  CI(PPh,),, solvent. The configuration of the 

dideuteride is shown in Fig. 6. The two Rh-D 
I G~~ I I I I I bonds are not equivalent. 

Spectroscopic methods have shown that this 
dihydride exists in equilibrium with hydrogen 
and the parent complex in various solvents 
including C,H,, CH2CI,, and CHCI, (15, 18). 

- 4 There is some evidence that the rate and equi- 
3 librium constants for the overall catalyst hydro- 

genation reaction 1 are solvent dependent, al- 
though the values reported for K, ,  determined 
from kinetic (19) or spectroscopic data (18) or 
from the amount of absorbed ( 1  5, 20)  or re- 
versibly bound hydrogen (I 3), differ substantially. 
Nevertheless, there is general agreement that the 
component reaction rates are rapid, and their 
specific rates k ,  and k - ,  which yield K ,  
(= k , / k -  ,) are large. It is probable that rates of 
hydrogen uptake by RhCI(PPh,), reported by 

- 6 
,3 Strohmeier and co-worker for toluene solutions 
3~ 31 3 2  3 3  3 4  3 5  3 6  (14) and by us for benzene solutions (13) have 

O n C /  T ,  K - I  been limited by H z  mass transfer and therefore 
FIG. 5. Temperature dependence of the HZ-DZ ex- true specific rates cannot be derived from these 

change rate at [D,]o = 1.3 m M ,  [Rhl = 1.35 m M  in data. However, we have estimated a lower limit 
CsHs. 

Discussion 
In the following discussion, the present under- 

standing of the function of RhCI(PPh3), as a P( l )  

homogeneous catalyst is reviewed, a mechanism FIG. 6. Configuration o f  RhD,CI(PPh,), (18). 
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STRATHDEE AND GIVEN: HYDROGEN ISOTOPE EXCHANGE. I 222 1 

for  the rate of uptake of H, by residual RhCI- easily derived for the overall initial rate of ex- 
(PPh,), upon attainment of equilibrium 1 by a change 
solution 1.25 mM in Rh, 2.6 m M  in HZ, and a t  

[ll] -d[D,],/df = ~ K I  CD2IoCRhIo 298 K of 1.6 x lo- '  M s-I  (1 3). This value is 
low compared with the limiting rate for hydro- 

1 + KlCQ,I, 

genation of 1-heptene in C,H, under similar where [D,], = total concentration of dissolved 
conditions of Rh  concentration and H z  pressure [H2 + + D2), and [Rhlo = total 
of 7.9 10-5 M s - l  obtained by Osborn et al. rhodium concentration. The constants k ,  and 

(15). K, refer to the rate determining reaction 10 and 
I n  contrast it may be seen from Fig. 2A that 

the D,-C2HsOH exchange rate in 50% C6H,- A plot of (d[D,]/dt)-' cs. [D,],-', Fig. 7, 
C,H,OH is only 2.7 10-7 ~ ~ - 1 .   hi^ is yields k ,  = 2.3 x lop4  s-'  and K, = 5.2 x 

about 100 times slower than the rate expected lo3 M .  
for H, (or D,) uptake. It is therefore considered (2.1) Rate Corrstat1t k ,  
that  neither D, activation nor subsequent release This determination of k ,  is significant, not 
of H D  o r  H, from the catalyst can be rate lim- only because it is the first value reported for the 
iting in the C6H6-C,H,OH solvent system. specific rate of exchange of RhD,CI(PPh,), with 

(2) The Mechanism of D, Exchange witlz I : I  
C6H6-C,H, OH Catalyzed by RI~CI(PPII,J, 

Although n.m.r. experiments indicate that the 
two Rh-D bonds are not equivalent (I%), it will 
be shown that it is unnecessary to specifically 
account for this in the kinetic analysis. 

Since the rates of reversible hydrogen uptake 
are up to two orders of magnitude more rapid 
than the overall rates of D,-C,H,OH exchange 
then the transfer of deuterium from Rh-D bonds 
of either RhD,CI(PPh,), o r  RhHDCI(PPh,), to 
the hydroxy group of C,H,OH must be rate 
determining. Because C,H,OH was present In a t  
least a 2000-fold excess, the exchange of Rh-Q 
bonds may be considered pseudo-first order. If 
the non-equivalence of the Rh-D sites in the 
dideuteride is taken into account, and they are 
labelled Rh-D' and Rh-D" respect~vely, then 

Two possibilities must be considered to simplify 
expression 9 :  (i) either k,' > k,". that is, one of 
the two Rh-D bonds is more labile for D-  
transfer to the solvent than the other or (ii) 
k,' = k", and they are equally exchangeable. 
Since in (ii) the probability of a dual exchange 
event during the adduct lifetime would beexceed- 
ingly small, this case is equivalent to and 
indistinguishable from (i). The present data d o  
not establish which alternative is correct. For  
either possibility the rate determining step 
becomes 

a protic solvent, but also because it corresponds 
to the frequency at  which some olefins hydro- 
genate at  this complex. A connection may there- 
fore exist between the rate of exchange of the 
Rh-D bond, and the rate of transfer to a Rh- 
activated olefin. For  example, with 1 M cyclo- 
hexene in C6H,, the frequency of hydrogenation 
is 1.25 x s - '  (15). 

(2.2) Equilibriut?i Constant K ,  
Several values have already been reported in 

the literature for the equilibrium constant K, .  
These, with the experimental methods and sol- 
vents used in each case, are compared in Table 2. 
In C,H,, the estimates based on H, uptake by 
RhCI(PPh,), (13, 15) or  on the H, recoverable 
from RhH,Cl(PPh,), by our inert gas purging 
technique ( 1  3) are substantially greater than 
those calculated from u.v.-visible spectrometric 

[I 01 
L -, 

- d[D,]/dt = k,  [Rh-Dl 
FIG. 7.  Plot of (D2-C2H50H exchangerate)-' against 

Using reaction 1, the following expression is [D2Io-'. 
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TABLE 2. Summary of reported values for K1 
-- - -- -- -- 

Method Solvent T (K) K ,  ( M - ' )  Reference 

Kinetic analysis C6Hb 

H, uptake C6H6 
Toluene 

Ultraviolet-visible 
spectrometry CH2CI, 

C6H6 
HZ reversibly 

bound C6H6 
CHzClz 

D, exchange Cs%- 
C,H,OH 5200 This 

work 

*Asstiming [RhHzCI(PPhs)3]~[RhCI(PPhs)~l > 19 when measured uptake is 1 mol Hzlmol 
Rh, i .e.  5Z experimental error. 

studies (18) or from analysis of the kinetics of where [H,] represents the total concentration 
cyclohexene hydrogenation catalyzed by RhC1- of M,, H D ,  and D 2  and equals [D,],. From 
(PPh,), (19). Since each experimental method expression 12 one obtains: 
possessed satisfactory precision, the variations 
in ~nagnitude of K ,  suggest that reaction 1 does [13] 

d in (Rate) - 1 

not completely describe hydrogenated solutions d ( l / a )  1 + K I [ H J  
of RhCl(PPh,),. It is possible that significant 
dimer formation. either of [RhCI(PPh,),], or 
[RhH2CI(PPh,),], ( 1  5), occurs. Also, the relative 
purity ofeach system is not known with certainty. 
The sensitivity of solutions of RhCl(PPh,), to 
0, is well established (8, 21, 22), and could give 
rise to the tabulated discrepancies. 

In view of the different values of K, reported 
for C,H6 solutions, a discussion of subtle effects 
of solvent on K, based on these data is not justi- 
fied. A comparison of our present determination 
of K ,  = 5200 M -  ', from D2 exchange data in 1 : 1 
C6H6-C,M,OH, with the lower values of K ,  in 
C,M, alone must be made with caution. These 
results suggest that the dideureride (or the dihy- 
dride) is thermodynamically more stable in this 
mixed solvent than in C,H, solution. This may 
partially explain the enhanced olefin hydrogena- 
tion rates observed in C6M6-C2M,0H solutions 
noted by Hussey and Takeuchi (23). 

(2.3) Actication Ei~ergy 
The true activation energy for the rate deter- 

mining step, eq. 10, can be obtained by analysis 
of the temperature dependence of reaction 8 :  

d ln (Rate) 
[I2' d(L/T) 

- - 

1 

in which R is the gas constant, Ex* is the activa- 
tion energy for reaction 10, AH, is the enthalpy 
of reaction 1, and AH, is the enthalpy of solution 
for H, in 1 :1 C,H6-C,H,OH. 

Our measured value for AH, is + 2.0 kJ  mol- I .  

Neither AH, nor K, are known precisely, but 
may be estimated from existing data. Since we 
have detected only a slight difference in the 
amount of H, reversibly bound as RhH,- 
Cl(PPh,), between 278 and 313 K in C6H, 
solution (13), it is unlikely that AH, is greater 
than 40 k J  mol-l .  At 88 kPa total HI,  K, [H,] is 
not less than 4, therefore the term [AN, + AH,]/ 
[ I  + K ,  [IT,]] should be approxinlately 8.4 k J  
moi-' .  Thus, the true activation energy for the 
rate-controlling D-transfer reaction 10 should be 
35.1 k3 rnol-' (the apparent activation energy 
calculated from data in Fig. 3) plus 8.4 k J  
mol-'  = 43.5 kJ  mol-' .  

The value is substantially less than the activa- 
tion energy of 95.8 k J  mol- '  reported by Osborn 
et al. (15), or  even their revised value of 77.8 kJ  
mol-I (24), for the rate determining step in the 
RhCl(PPh,),-catalyzed hydrogenation of cyclo- 
hexene in C6H,. The detailed rate limiting process 
in the present case must therefore differ con- 
siderably from that proposed by Osborn et al. 
for C6Hl ,  hydrogenation, namely the loss of 
weakly bound solvent (S) from the intermediate 
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STRATHDEE AND GIVEN: HYDROGEN ISOTOPE EXCHANGE. I 2223 

RhW,Cl(PPh,),S prior to olefin activation. In  
view of the n.nI.r. study of Meakin er 01. (1 8) the 
departing ligand S may instead be the labile 
triphenylphosphine, P(1) in Fig. 6. 

I t  is conceivable that a similar process precedes 
the actual exchange of D between Rh-D and 
C2H,OH, that is, activation of C2H,0W at the 
metal center occurs following PPh, dissociation 
o r  displacement. However, because of the con- 
siderable difference in activation energies noted 
above, and because the rate constant for exchange 
of the  labile PPh, is extremeiy large. about 400 s-  ' 
(1 8), compared to  that for reaction 10,2.3 x lo-" 
s - l ,  we prefer a route which does not reqilire 
coordination of the C,H,OH molecule to the 

stabilities of the W,, HD, and D,  adducts. or  
because the Hz-D, reaction occurred rapidly 
and coficurrently. Each possibility would yield 
the same observed prodi.1c.t distribution, and 
neither can be excluded. The differences between 
the solubilities of PI,, HD, and D2 are insuffi- 
cient to account for these isotope effects. 

(3.1) The Re/atior~slli(l betit.een tlle Tllernlo- 
dynaniic Stabilifies qf'rhe H z ,  ND, a r d  
D2 Add~icts and file N-D Isorope ,!?fleet 

If the hydrogen isotope dependence of constant 
K,  is talcen into account, then from reaction I it 
may be written 

[Id] [RhD,] = KID. [Rh]  [D,] 
Rh atom. A four center-intermediate of this type 51 [RhHD] = [Rh] [HD] 
may be involved. 

[I  61 [RhH,] = K j H 2  [Wh] [H,] ,P 
~ h :  ;O-C~M~OH 

' w 
(2.4) Acriration E~ltropy 
A comparison of D 2  exchange  wit!^ olefin 

hydrogenation catalyzed by RhCI(PPh,), sug- 
gests that the low reaction rates observed in the 
former case are due to a large negative entropy 
of activation. With 1.25 mM RhCI(PPk,), and 
2.6 m M  dissolved -H, (or D,). the rate of D, 
exchange in 1 :1 C,H,-C,H,OH was about 
7 x times slower than the rate of hydro- 
genation of I M cyclohexene in C,H, obtained 
by Osborn et al. (1 5). Since the respective activa- 
tion energies for these processes are 43.5 and 
77.8 kJ mol-I, the activation entropy for the 

where RhD2,  RhHD, and RhH2 represent 
RhD,CI(PPh,),, RhHDC!(PPh,),, and RhN,- 
CI(PPh,), respectikely. Since 

[17] [Rh], = [Rh] + [RhDZ] 
+ [RhHD] + [Rhl-I,] 

then 

[I81 [Rh] = [Rh],/(l + [D,] 

+ KIHD[WD] + K,"2[H,]) 

in which [Rh], = total rhodlum and [Rh] = 

[RhCl(PPh,),]. 
From eqs. 2 and 10, the relatlonsh~p between 

the experimental and mechanistic rate constant5 
is given by 

exchange reaction must be - 145 J rnol-' K-  ' [I91 d[D2]/dt = -kDL[D2] = -kXDZ[RhD2]  
compared to + 1 1  J mol-'  K - '  for cyclohexene 
reduction in C,H, obtained by Jardine et a/. (24). [20] d[HDl,ldt = kD2[D2] - /cH,[Hn] 

We suggest tha t  this large negative activation = kXD2[RhD2] - kXHD[RhHD] 
entropy is associated with the transition state 
structure proposed in section 2.3. In the case At high conversions of D, (>9OCz), kD2[D,] 

of olefin hydrogenation, the activation entropy is << kHD[HD], and this approximation holds 

low in polar solvent mixtures and with sterically 
hindered double bonds (24). The activation 
entropy for D, exchange is low by those stand- 
ards, therefore additional s t r~~ctur ing of the 
transition state n ~ u s t  arise with effects other than 
those related to the substrate-solvent exchange 
a t  the active site. The four-center intermediate 
suggested in section 2.3 may fillfill this require- 
ment. 
(3) lH-D)  Isorope Effects 

The observed isotope effects, 2kHDlkD2, could 
originate with either the relative thermodynamic 

that is, the slope of a plot of log ( m o l z  HHD) 
against time inay be used to obtain /cH, directly 
from experimental data. The calculation out- 
lined in section 3 of the results will yield a value 
for k,, identical wit11 that obtained from data 
taken only at  low conversions. 

By subst i t~~t ion of eq. 18 into [I41 and [ I  51, and 
then in [I91 and [21] respectively it may be shown 
that 
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This expression relates the experimentally deter- 
minable k,, and k,, to the corresponding rate 
constants which have fundamental significance. 

An observable D-exchange event occurs only 
with transfer of D from a Rh-D bond to the 
solvent. Exchange of Rh-H with solvent -OH 
will not be detectable by these experiments. 
Thus, the rate constant k ,  refers only to D-transfer 
and for our purposes can exhibit no primary 
H-D isotope effect. It is conceivable that I<, 
might differ for a D, and H D  adduct (identified 
by kXD2 and kXtrD respectively). We have assumed 
that the effect of having a D compared to an H 
atom at  the adjacent cis-position in the complex 
is negligible, therefore 

This statement holds for cases (i) and (ii) dis- 
cussed in section 2. I t  follows from eq. 22 that the 
experimental isotope effect 2/<,,/kD2 is a direct 
measure of the ratio of eauilibrium constants 
K , " ~ / K , ~ z  for uptake of b i b  and D, by RhCI- 
(PPh,),.  
\ . , ,a 

Siege1 and Ohrt have calculated KlH2/KlD2 = 

1.38 at  303 K. using the vibrational  arti it ion 
functions known forN, and D,, and e'stimated 
for RhH,GI(PPh,), and RhD,CI(PPh,), (26). 
In a similar way, K , ~ , / K , ~ '  = 1.25 may be 
calculated if it is assumed that the Rh-H and 
Rh-D stretching frequencies are 2035 and 
1461 cm- '  respectively and the R h H D  bending 
frequency is 71 7 c m  ' .  I t  must be recognized 
that these equilibrium constant ratios have been 
obtained from an extremely simple model in 
which replacement of Rh-H by Rh-D was 
considered to have no effect on other metal-ligand 
normal modes. The uncertainty associated with 
the ratios reported here is likely to be about 10:;. 

The experimental values reported for 2kH,/k,, 
in Table 1 closely approximate the calculated 
value KlELD/KlD2 = 1.25 + 0.1 reported here. 
Interpretation of the tabu!ated data as direct 
measures of K , " D / ~ , D 2  must be made with 
caution in view of the possible effect of the 
H,-D, reaction discussed in the following 
section. 

(3.2) Tlze Effect of the H2-D, Reaction on 
the Obserced isotope Effect 

Under comparable experimental conditions, 
say rhodium concentration = 1.35 m M  and 
total dissolved hydrogen (H, + H D  + D,) = 
2.6 mM, it may be seen from Figs. 2 and 4 that 

the rate of H,-D, equilibration in C,H, will 
exceed the rate of D,-C,H,OH exchange by a t  
least a factor of 10. Therefore, if the H,-D, 
reaction occurs in 1 : I  C,H,-C,H,OH at  a 
comparable rate, the H D  and H, product dis- 
tribution must be at  least partially controlled by 
the magnitude of the equilibrium constant for 
reaction 8. Using a value of K, = 3.26 at  298 K 
(27), and assuming instant equilibration of H,, 
HD,  and D, during D,-C,H,OH exchange, the 
theoretical value we have calculated for 2kHD/kD2 
is 1.14. Experimental data reported in Table 1 
agree well with this number. 

In view of the magnitudes of the standard 
deviations associated with the determination of 
experimental values of 2/cHD/kD2 and the approxi- 
mations inherent in the calc~~lation of K , " ~ / K , ~ '  
discussed in section 3.1, it cannot be established 
whether the observed H-D isotope effect arises 
only because of the relative stabilities of the H,, 
HD,  and D, adducts with RhCl(PPh,),, or  be- 
cause of the H2-D, reaction, or for both reasons. 

(4)  The H,-D, Reactiotz 
Previously, Osborn et al. have shown that 

H,-D, exchange may be catalyzed by RhC1- 
(PPh,), in C,H, (15). The data presented in 
Fig. 4 clearly show that the initial rate of the 
H,-D, equilibration reaction is inversely depen- 
dent on D, (or total hydrogen) concentration 
and approximately first order in rhodium. These 
observations can be explained if the dihydride or  
dideuteride does not take part in the mechanism 
of H,-D, exchange. Our data suggest that the 
simultaneous activation of H, and D,, or  the 
bimolecular collision process suggested by 
Osborn et al. (15) do not occur. Each route 
would require participation of a dihydride. 
Since excess triphenylphosphine did not poison 
the catalyst for H,-D, exchange it is unlikely 
that loss of PPh, from the catalytically active 
species preceded activation of H, and D,. I t  has 
been previously emphasized that our solutions 
were not contaminated by suspended metallic 
rhodium, which is an  excellent catalyst for H,-D, 
exchange (1 7,). 

If RhCl(PPh,), and RhH,CI(PPh,), are the 
the main Rh-containing species in C,H, solution, 
and no other labile rhodium hydrides form to 
permit H,-D, exchange to proceed by alternate 
activation of an  H, and a D, molecule, (c.5 the 
function of RhH(CO)(PPh,), (28)) then our data 
suggest that H,-D2 exchange must occur in the 
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presence of RhGl(PPh,), without formal Rh-D 
or  Rh-H bond formation. The function of the 
catalyst may be to lower the symmetry and 
activation barriers (29), and thereby to accelerate 
scrambling of the H,-D, bonds. 

( 5 )  Surnrna~y 
The rate-limiting step in the exchange of D, 

with 1 :1 C,H,-C,H,QH catalyzed by RhCI- 
(PPh,), was shown to be the transfer of D from 
a Rh-D bond to the solvent. This may have 
occurred without coordinatioil of C,H,QH to 
the rhodiurn(lI8) dideuterido intermediate. The 
experimentally observed H - D  isotope effect 
arose either because the adducts with RhCI- 
(PPh,), decreased in thermodynamic stability 
in the sequence H, > ND > D,, or  because the 
exchange reaction product distribution was 
controlled by the H,-D, equilibration step. 

The authors wish to thank David !\/I. Garner for cal- 
culating the apparent H-D isotope effects, and Drs. 
Norman H. Sagert, E. Allan Symons, and M.  Tomlinso~i 
for their comments and helpful discussion. 
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GRAEME STRATHDEE and RCSSLLL GIVEN. Can. J. Chem. 52, 2226 (1974). 
Tine kinetics and n~echanisn~ of $3, exchange catalyzed by RhCI(PPh,), have been studied in 

chloroform-ethanol solutions. Interpretation of the r e s ~ ~ l t s  \.;as co~nplicated by a side reaction 
of the solveiit to yield HCI, R ~ I H C I , ( P P ~ , ) ~ ,  C2H5C1, CH2C12, Ph,PO, and other phos- 
phorus(\/) species. Computer simulation of the exchange reaction was ~lsed to show that the 
observed inverse isotope effect 2/c,,,lkD2 = 0.85 cou:d arise only if the rate determining step 
was the activation of D,, HD,  and HZ by RhCl(PPh,),. 

The D, exchange reaction rate was extremely dependent on solvent composition and de- 
creased 30 times between 6 and 96 m o l z  C2H50H.  The activation energy for D, exchange was 
101 1 9 k9 mol-' at  58 m o l z  C,K,OH, and 86 t 8 l<J 1x01-' at  6 molql, G,H,OI-I. These 
data suggested that solvent-catalyst bonding interactions were important. 

GRAEME STRATHDEE et RUSSELL GIVEN. Can. J. Chem. 52, 2226 (1974). 
On a Ctudie, pour des solutions d'ethanol dans le chloroforme la cinetique et le mecailisme de 

l'echange du deutCriun1 catalyse par le RhCI(PPh,),. L'interpretation des risultats esl com- 
pliquie par une reaction secorldaire du solvant qiii fournit HCI, RhHCI,(PPh,),, C2tl5CI2, 
Ph,PO et d'autres especes du phosphore (V). On a ~~t i l i se  des simulations par ordinateur de la 
reaction d'kchailge afin de montrer que I'effet isolopique inverse qui a CtC observk pour 2kHD/ 
kD2 = 0.85 peut se produire seulement si l'etape dkterminante de la reaction est l'activation de 
D2, HD et H2 par RhCI(PPh,),. 

Le taux de la rCaction d'kchange avec le deutCsiunl depend au plus au point sur ia composi- 
rion du solvant el din~inue par un facteur de 33 entre 6 et 96 moles pourcent de C2H50H.  
L'energie d'activation pour 1'Cchange du D, est de 101 t 9 kJ par mole a 58 moles pourcent de 
C2H50H,  et 86 & 8 kJ moles ii 6 moles pourccnt de C2H,0H.  Ces donnkes indiquent que les 
interactions solvanti-atalyseur sont importantes: [Traduit par le journal] 

Introduction 
Enrichment of deuterium to produce heavy 

water may be accomplished by preferential con- 
centration of deuterium in the bonds of one 
component of a two-component mixture at 
equilibriurn. Most H-D isotope exchange reac- 
tions must be catalyzed to obtain sufficiently 
high rates, and catalysts which function effi- 
ciently in the liquid phase are of particular 
interest to us. Some transition-metal complexes 
promote exchange of deuterium between D, and 
protic solvents and are therefore potentially 
useful for this application. 

In a prevlous paper (I), the kinetics and 
mechanism of the exchange of deuterium be- 
tween D, and the hydroxyl group of ethanol 
catalyzed by RhCl(PPh,), in 1 : 1 benzene- 
ethanol have been discussed. We have found that 
the behavior of this catalyst in ch1oroforn1- 

ethanol solutions is considerably different. 
Whereas in the former case, the rate of transfer 
of deuterium from the dideuterido adduct, 
RhD,CI(PPh,),, to ethanol kvas found to be 
rate-limiting, in chloroform-ethano! the slow 
step is the activation of D, by RhCI(PPh,), 

Data on the apparent H-D isotope effect and 
the sensitivity of the overall D, exchange reac- 
tion rate to solvent con~position are presented to 
support this conclusion. 

In addition, aspects of a complex side reaction 
of RhCI(PPh,), with CHC1,-C,H,OH have 
been investigated. Hydrogen chloride was pro- 
duced and led to formation of the monohydride : 

The kinetics of D, exchange ivith this mixed 
solvent are interpreted in terms of competition 
between equilibria 1 and 2. 'AECL No. 4479. 
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Experimental 
The techniques by which RhCl(PPh,),, D, gas and 

solvents were purified or handled were identical to those 
already described (1). 

Exchange reaction data are reported as initial rates 
defined as 

where no, n,, and n, represent the mol% D 2  in the gas 
phase at f = 0, t = t s, and at equilibrium. A is the 
gas:liquid ratio given by: initial D2, mmol i volume of 
solution, ml. 

The reactions between RhCI(PPh,), and 1 0 ~ 0 1 %  
C,H50H in CHCI, were perforlned in Pierce Chemical 
Company Reacti-Vials sealed with Mininert Teflon 
valves. Weighing the containers before and after runs 
confirmed that no solvent distilled out of these flasks at 
328 K. Volatile liquid products from these reactions 
were separated by v.p.c. on a Poropak R column at 423 K 
with a carrier gas flow of 0.4 ml s- l .  Mass spectra of 
eluted components were obtained with a Varian CH7 
spectrometer. The n.m.r. spectronleter was a Perkin- 
Elmer R12A, whicli thermoregulated samples at 311 K. 

The HCl generated upon dissolution of RhC1(PPh3), 
in CHC1,-C,H,OW was measured with a glass-AgCllAg 
electrode couple mounted in a glass cell which could be 
purged with either N2 or H2.  The HCI concentrations 
were read from a calibration plot of electrode e.m.f. 
against HCI concentration in 50 vo lz  CCH1,-C,H50H 
(2). 

The hydrogenation of I-butene was followed upon 
injection of 195 11mol into the exchange-reaction cell a t  
the conclusion of a D2 exchange experiment. Standard 
conditions were: total hydrogen (Hz + H D  + D,) = 
88 kPa; solution volume = 20.0 ml; 7 = 303 K. Rates 
were calculated from the slopes of plots of log mol frac- 
tion I-butene against time. 

Results 
Overall exchange reaction rates and apparent 

H-D isotope effects were obtained from each set 
of experimental data. Results for a typical experi- 
ment are shown in Fig. I .  In general, the plots of 
log D, against time were linear for up to 6 h. or 
more than 90% conversion of D,. The distribu- 
tion of catalytically active species therefore did 
not change significantly during the period of 
observation and presentation of data as initial 
rates, defined by eq. 3, was satisfactory. The 
zero-time intercept of the D, data was usually 
identical to the D, fraction of the feed gas 
except in experiments in which ethanol-stabilized 
(0.05 ~01%) chloroform was employed. In these 
experiments the extrapolated value of the initial 
D, composition was only about 90%. This effect 
was traced to a large enhancement of exchange 
rate in dilute solutions of C,H,OH in CHCI, 
and is discussed in section 3. 

I I I I I I I I 
2 4 6 8 10 

TIME, KB 

FIG. I .  Typical D2 exchange data. Conditions: sol- 
vent = 1 : 1 CHLC1,-C,M50H; gas volume = 72.9 mI; 
solution volume = 20.0 ml; P(D,) = 88 kPa; RhCI- 
(PPh,), = 200 mg; T = 303 K. 

The overall exchange reaction catalyzed by 
RhC1(PPh3), was shown to be 

by i.r. observation of the disappearance of the 
-OH absorption at 3620cm-I and simul- 
taneous appearance of the -OD band at 2670 
cm-' upon bubbling D, through a lo/:, solution 
of C,H,OH in CHCl, containing 5 111~2/1 RhG1- 
(PPh,),. Subsequent conversion of HD to H, 
oecurred in the same manner. 

If experiments were run for suficient time, 
direct measurement of the apparent H-D 
isotope effect 2k,,lk,, for the overall exchange 
reaction 4 could be made either by dlrect corn- 
parison of the rates of decey of HD or B, or 
from the HD lnaxlmunl assuming sequential 
first-order decay kinetics for D, and HD (1). 
For example, in Fig. 1 the HD maximum is 
53 f 1 mo1X therefore 2k,,,'k,, = 0.85 f 0.05. 
An apparent inverse H-D isotope efTect of this 
magnitude was found in all cases. 

( I )  The Dependence of Exchange Rate on the 
Concentrations of Rhodium and initial D, 

Data are presented in Fig. 2 for initial D, 
exchange rates in 1 : 1 CHC13-C,H,OH. These 
overall rates are at least a factor of 1 0  greater 
than those in 1 : 1 C6H6-C,H,OH under com- 
parable conditions. Considerable curvature is 
evident in Fig. 2A at low total rhodium concen- 
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TABLE 1. Reaction of C2H,0H and CHCI, to yield C2H,Cl and CH2Cl2 in the presence of 
RhCI(PPh3), at 323 K 

Initial rate of production 
RhC1(PPh3)3 ( ~ M s - l )  Final composition 

added 
(wmol) CH2C1, C,HsOH CH,C12/Rh C2HsCl/Rh 

27.0 0 .9  0.5 1 . 2  3 .6  

FIG. 2. The dependence of the overall deuterium 
exchange rate in 50% CHC1,-C,H,OH on the total 
rhodium ( A )  and initial deuterium (B) concentrations. 
Experimental conditions: (A): [DJo = 2.77 mM; T = 
303 K ;  (B): [Rh] = 1.35 mM; T = 303 K. 

trations, in contrast to the almost linear depen- 
dence of the exchange rate on total rhodium in 
1 : 1 C6H6-C,H ,OH. The fall-off in D, exchange 
rate at higher concentrations is likely due to the 
reduction in the fraction of catalytically active 
rhodium available to participate in reaction 1 
because of the generation of HCl by the side- 
reaction discussed below and competition from 
reaction 2. 

(2 )  The Reaction of RhCl(PPh,), with 
CHC1,-G,HjOH 

Direct evidence for the presence of RhHC1,- 
(PPh,), was obtained during a repetition of the 
i1.m.r. experiment of Osborn et al. (3), in which 
the reversibility of the hydrogenation equili- 
brium, reaction 1, was observed upon alternately 
saturating a 0.1 M RhCI(PPh,), solution in 
CHCI, with H, and purging with N,. A broad 
residual resonance centered at  26.5 r cs. (CH,),Si 
remained when the RhH,CI(PPh,),, charac- 
terized by the broad doublet maxima 21.5, 18.8 r 
and the singlet at  28.2 r,  was dissociated by 
flushing H, from the solution. Due to sensitivity 
limitations of our spectrometer, and the low 
concentration of the monohydride, estimated to 
be less than 0.02 M, good resolution of the usual 
doublet of triplets expected for this species was 
not achieved. However, the following experi- 
ments confirmed the preliminary identification. 

Analysis of I0 v o l z  C,H,OH-CHCl, solu- 
tions of RhCl(PPh,),, which had been reacted 
for up to 20 h, by v.p.c.-m.s. at 323 K showed 
that two quite unexpected products, dichloro- 
methane and chloroethane, were major new 
components of the reaction mixture. These 
apparently had formed by a RhCI(PPh,),- 
catalyzed conversion of CHCI, and C2HjOH 
respectively, since the yield of CH2C12 and 
C,H,CI exceeded the initial total rhodium con- 
centration. The C,H,OH-CHCI, solvent com- 
position was selected to simplify v.p.c. analysis, 
and is not critical. 

Results of kinetic studies and the composition 
of the final reaction mixtures are summarized 
in Table 1. In these experiments 25 to 100 mg 
RhCI(PPh,), were reacted with 1.0 ml total 
volume of 10z C2H,0H-CEICI, under N,. 
Rates for formation of CH,CI, and C,H,Cl 
lvere obtained from plots of the quantities of 
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each component present us. tinie. These data 
were linear over a 6 h period. In each case, solu- 
tion colors had faded from the deep red of 
RhCI(PPh,), to bright yellow characteristic of 
RhHCl,(PPh,), . 

After reaction, the n.m.r. spectrum of the 
solution most concentrated in Rh contained a 
doublet of triplets centered at 26.5 T. Injection of 
1 mol anhydrous HCI per mol Rh to this sample 
developed a sharp well-resolved spectrum of 
authentic RhNCl,(PPh,), with identical param- 
eters to the product of reaction with the solvent: 
a multiplet centered at 26.5 T, I,,-, = 13 Hz, 
.Jp-, = 21 Hz. From the data in Table 1, it may 
readily be seen that neither were initial rates of 
production of CH,Cl, and C,H,Cl equivalent 
nor were final yields of these components simply 
stoichiornetric. 

In addition, we found that in the presence 
of a large excess of triphenylphosphine 
(PPh, : Rh = 3 3 ,  no CH2CP2 formed, but quan- 
titative conversion of ethanol to chloroethane 
was achieved. No other voiatiles, such as chloro- 
ethylenes or chloroethanes, were detected. A 
solid residue, collected by pumping OR the 
solvents, was extracted with diethylether. Evap- 
oration and vacuum drying of this filtered solu- 
tion gave a white solid, m.p. 79-80 "C. The 
mass spectrum of this material showed that tri- 
phenyiphosphine and triphenylphosphine oxide 
were major components, by comparison with 
authentic spectra of these materials. Also, it 
suggested that the species triphenylphosphine 
dichloride, Ph3PC12 (m.w. = 3331, and tri- 
phenylphosphi~e dichioromethylene, Ph,P= 
CC1, (m.w. = 3451, were present since n '  I lnor 
peaks occurred at nzle 330-332 and 344-346. 

By substitution of CHCI, and @,H,OH with 
D-labelled solvents in appropriate experiments, 
we found by 'H n.m.r. analyses that WhHC1,- 
(PPh,), formed only in the presence of C,H,OH. 
Chloroethane and methylene chloride were 
detected in the usual quantities in every case. No 
deuterium exchange occurred with, nor was 
there activation of, alkane C-M bonds of 
CHCl, or C,H,OH. These data may indicate 
that RhCI(PPh,), can specifically activate 
alcoholic hydroxy bonds. Further evidence of 
preferential solvation of the catalyst by C,H,OH 
is presented in the following section. 

I t  was not feasible to confirm by the same 
methods that these reactions occurred under the 

conditions employed to study the D, exchange 
reactions. However, about I .0 mM free HC1 
was detected with the glass-AgCI/Ag electrodes 
in a 1.0 mM solution of RhC1(PPh3), in 1 :  1 
CHC1,-C,H,OH at 298 K under N,. About a 
three-fold increase of HCl concentration was 
noted upon saturating the solution with H,. 
Similar reactions with the solvent therefore 
occur at low rhodium concentrations. 

(3) The Efect of CHC1,-C,H,OH Solcent 
Conzpositiorz on the D, Exchange Rate 

In some exchange experiments we observed 
that the first sample of solvent-free gas removed 
from the reaction flask contained only 90-95% 
D,, compared to the feed D,, which was gen- 
erally 9 8 + z  D2. This was shown by infrared 
spectroscopy to be due to very rapid exchange 
of D, with the 0.05 vol% C2H,BH stabilizer 
present in the CHCl,. The reaction was com- 
plete a couple of minutes after dissolution of the 
catalyst. 

The considerable effect of solvent com- 
position on the rate of D,-C2H50H exchange is 
shown in Fig. 3. Also included are data which 
illustrate the effect of solvent composition on the 
rate of hydrogenation of I-butene. It may be 
seen that, between 6 and 96 molx C2HjOM in 
CHCI,, the rate of D,-C,H,OH exchange de- 
creases by a factor of about 30. In con~parison, 

r I 

4 1  ul 

0 2 0  40 60 8 0  100 ' 
MOLE PERCENT E T H A N O L  

FIG. 3.  The effect of CHC13-C2H,0H solvent com- 
position on the rate of 1-butene hydrogenation at  T = 
303 K ;  P(D,), = 88 kPa. 
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the rate of 1-butene hydrogenation drops by 
only a factor of 3.4. Little significance can be 
attached to the relative magnitudes of the rates 
of these two types of reaction, since the solution 
concentration of 1-butene was low. It should be 
noted that the solubility of H, is less in pure 
CHCI, than in C,H,OH, 0.027 and 0.035 yM 
Pa-' respectively (5), and on this basis alone a 
relative increase In rate for both these reactions 
of up to 1.3 would be expected upon replacing 
CHCI, by C,H,QH. 

The possibility that the rate enhancement in 
CHC1,-rich solution originated with a change in 
activation energy \?as considered, and tested by 
comparing E* for the exchange reactions in 5 
and 50 vol'z C,H,OH in CHC1,. Rates in the 
former solvent \+ere greater by a factor of 10, 
and this enhancenient appears to be associated 
mith a reduction in the enthalpy of activation, 
rather than an increase in the entropy of activa- 
tion which could arise with solvent restructnr- 
ing. Thls topic is considered further in section 4. 

(4) The Tenlperattrre Depeiicleilce of the Rates 
of D,-C, H,OH Excllo~~ge Reactiol~s 

A conlparison of the effect of temperature on 
D, exchange rates is shown in Fig. 4 for 
RhCl(PPh,) j in three different solvent mixtures, 
and for RhBr(PPh,), in 50volx  CHC1,- 
C,H,ON. Experimental rates have been plotted 
as a function of liT, since derivation of specific 
rate constants would require the assumption of 
a reaction mechanism ~vhich may not hold for 
each system. 

The considerable curvature in rate data with 
T-I  for both the chloro and broino complexes 
in 50 \ol",HCl,-C,H,OH is additional evi- 
dence for the side reactions discussed in section 
2. The relative loss of catalytic activity is likely 
associated with the considerable decrease in the 
reversibly bound H,: Rh ratio with increasing 
temperature as discussed separately (2). An 
example of these data is included in Table 2. I t  
has not been possible to explain quantitatively 
the kinetics in terms of competing equilibria, 
reactions 1 and 2, since HC1 is irreversibly pro- 
duced by reactions discussed in section 2. How- 
ever, qualitatively, we believe this interpretation 
is correct, and that the relative fall-off in D, 
exchange rate is a result of increased formation 
of the thermodynamically more stable RhHC1,- 
(PPh,), species compared to RhH,Cl(PPh,), at 
the elevated temperatures in CHC1,-C,H,OH. 

FIG. 4. Dz exchange rates as a f~icction of T(K-I). 
Notation: RhCl(PPh,), in: O 50 voiz C2H50H-CHCI,; 
A 5 V O ~ Z  CC,H,OH-CHCI,; 0 50 vo!% C6H6-C,- 
H50H;  RhBr(PPh,), in 50 ~0197, C,H,OH-CHCi,. 
Conditions: P(D,), = 88 kPa; [Rh] = 1.30 f 0.05 mM. 

TABLE 2. The effect of ternpelatule on the revers~bly 
bound H,. Rh ratlo 111 50% CHC1,-C,H,OH. [Rh] = 2.6 

mM; P(H,) = 88 ltPa 
- - -- 

Temperature (K) Mol H, :mol Rh 

Nuclear magnetic resonance experiments showed 
that addition of an equiniolar quantity of anhy- 
drous HCl to RhH,Cl(PPh,), in CHCl, yielded 
the monohydride. 

RhCl(PPh,), is at  least 10 times more active 
in 5 vo lx  compared to 50volx  C,H,OH in 
CHCI,. Activation energies, E = ,  between 273- 
303 K were 86 k 8 and 101 f 9 k.9 mol-I 
respectively, and were calculated from the slope 
of the best straight line through the linear por- 
tion of each set of data. This difference is signi- 
ficant, and is more than enough to account for 
the observed rate enhancement (a factor of 10 
increase in rate requires E' to decrease by 5.7 kJ 
mol-' at  298 K). Unfortunately, data are not 
sufficiently precise to establish if an increase in 
the entropy of activation has accompanied the 
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comparatively large decrease in E* in going from 
50 to 5 VOIZ C2H50H-CHCI,. 

With RhBr(PPh,),, the exchange rate was 
approximately twice that for the RhCl(PPh,), 
catalyzed reaction, but the activation energy was 
similar. A more precise comparison is not justi- 
fied, slnce both sets of data exhibit curvature ~n 
Fig. 4. The increase in rate was probably due to 
electronic or steric changes upon replacement of 
C1 by Br, but because an undeterm~ned aniount 
of solvent decomposition occurred in these solu- 
tions as well, the extent of chloride exchange or 
NCI adduct formation cannot be assessed. 

Data for RhCI(PPh,),-catalyzed D, exchange 
in 1 : 1 C,H,-C2H50H have been included In 
Fig. 4 for conipanson. It may be seen that both 
the overall exchange rates and the activation 
energy, approximately 35 k9 mol-I (I), are lower 
under experlinental conditions which were 
identical except for solvent type and com- 
position. 

( 5 )  I f-D Isotope Effects 
(5.1) It? 1 : 1 CHC13-C2N50H 

It has already been stated that in I : 1 CHC1,- 
C2H50H the isotope effect defined as 2k,,/kD, 
was 0.85 1 0,05. 

As seen in the previous sections, the analysis 
of the catalytic function of RhCl(PPh,), in 
CHC1,-C2H,0H solution was obscured by the 
occurrence of a complex side reaction. We have 
not fully defi~ed this process quantitatively, 
therefore reliable analytical expressions for the 
distribution of catalytically active species have 
not been written. Instead, the origln of the 
H-D isotope effect has been investigated by 
computer simulation of the D, exchange reac- 
tions. T u o   inp port ant basic assumptions were 
made: (i) that a fixed portion of the catalyst 
participates in the reversible hydrogenation 
equilibrium, eq. 1, and (ii) that no other Rh-con- 
taining species are catalytically active. These 
points are discussed later. 

The model is illustrated schematicaIly in Fig. 5 
in which the species RhD1D2, RhH1D2, 
RhD1H2, and RhH1H2 are notations for the 
D,, HD, and H, adducts of RhCl(PPh,), 
respectively. The non-equivalent Rh-H (or D) 
bonds are labelled 1 and 2 respectively. Pro- 
vision was made for adjustment of rate constants 
for uptake and release of D, (k, and k,), HD 
(k, and k,), or H, ( k ,  and k,). Also the rate of 
pseudo-first-order decay of Rh-D at site I or 

F~G. 5. The general mechanism assumed for RhC1- 
(PPl~,)~-catalyzed I),-C2F150H exchange. Notation: 
kc's are identical with those used in Table 3. Other 
ligands have been omitted from the hydride species for 
clarity. 

2 was variable by rate constants k, or 12, respec- 
tively. f imerical  integration of the set of dif- 
ferential equations shown in Table 3 yielded 
gas-phase compositions in D,, HD, and H,, and 
the concentrations of catalyst species, as a func- 
tion of time (4). The effect of changing constants 
12, to k, was assessed by conlparison of cal- 
culated and experimental data. Constants k, to 
k, are the same in Table 3 and Fig. 5 .  

The experimental isotope effect 2k,,/kD2 
could only be obtained with this program if 
k, > k, > k,. Since there is a thermodynamic 
requirement that MID2 < KIHD < K ~ " ~ ,  that is, 
k,/k, < k,/k, - k,/k, < lc3/k7, then it is neces- 
sary that k, > k, = k, > k,. Use of input rate 
constants which met these criteria yielded a 
satisfactory fit to experimental data. Variation 
of the gas solubility constants so that H,, : H,, : - 
H H 2  = 1.025 : 1.00: 0.975 made no significant 
dizerence to the calculated M-D isotope effects. 

It was also necessary that k, >> k,, since in the 
limiting case if k,  = k, and the rate of transfer 
of deuterium from the Rh-13 bonds to the 

TABLE 3. Set o f  differential expressions used to simulate 
RhC1(PPh3)3-catalyzed exchange experiments* 

dclldt = (-k,clc4 + k4c5)/(l + VGIRTVLHl) 
dczldt = ( - k Z ~ z ~ q  + k 5 ~ 6  + k6~7) / (1  + VG/~IRTVI,HZ) 
dcsldt = ( - k 3 ~ 3 ~ 4  + k7~8)/ (1  + VGIRTVLHS) 
dc4/dt = -klc1c4 - k2c2c4 - k3c3e4 + k4c5 + k 6 ~ 7  

+ k7cs 
dcS/dt = klcIc4 - k4c5 - k8c5 - k9c5 
dc6/dt = O.5k2c2c4 - k5c6 + kB~g - k 9 ~ 6  
dc7/dt = 0.5kZc2c4 - k6e7 + k9c5 - ksc7 
dc8/dt = k3c3e4 - k7c8 + k8c7 + k9c6 

*cl = [D2]; c2 = [HD]; c3 = [HZ]; cq = [RhC1(PPha)3]; c5 = 
[RhDlDZCI(PPh3)3]; c6 = [RhH'D2Cl(PPh3)3]; c7 = [RhD1HZC1- 
(PPh,),l: c, = IRhH1H2CI(PPh,),l: J', = volume of gas ~hase,  in 
liters- YL = volume of solutiod -in liters; R = gas constant; T = 
absolute temoerature: H, = solubilitv constant for D?. HD. H9 when 
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solvent was made rapid with respect to hydrogen 
activation, then the calculation showed that 
negligible amounts of H D  formed because dual 
transfer events of the type 

were important. This was obviously not the case 
experiinentally. 

Two conclusions were drawn: (i) the rate- 
controlling step for D, exchange in CKC1,- 
C,H,OM must be the hydrogen activation step 
(i.e. D,, HD, H,) and (ii) only one of the two 
Rh-D bonds was labile for D-transfer. 

(6 )  Tlze H2-D, Eqziilibrafion Reaction in 
CHCI, 

Reaction 6 is catalyzed by 1.3 m M  RhCl- 
(PPh,), in CHCI, at  44 kPa partial pressure of 
both M, and ID, at 298 K at a rate of 39 pM 
D, sC1. If ethanol-stabilized CHCl, is used, the 
initial rapid exchange of P), with the 0.05 v o l z  
C,N,OH is detectable as a change in the atom 
fraction of D in the gas phase. 

The D2-C,H,OH exchange reaction product 
distribution is not governed by the occurrence of 
the H,-D, reaction. This point is considered in 
section 4 of the discussion. 

The catalytically active species and the kinetics 
and mechanism of RhCl(PPh,),-catalyzed 
D,-C,H,OH exchange with CHCI, as co-soi- 
vent are discussed, and compared with the 1 : 1 
C,H,-C,H,OH case ( I ) .  The bases for the pro- 
nounced solvent con~position dependence of the 
D, exchange reaction, the inverse M-D isotope 
effect, and the solvent decomposition reaction 
are also considered. 

( I )  RhCljPPh,), in CHC1,-G,H,OH 
It  has been assumed in the previous text that 

reaction 1 was the dominant reversible catalyst- 
hydrogenation equilibrium in CHC1,-C,H,OH. 
The following evidence supports this assump- 
tion: (i) Osborn et al. (3) found by n.m.r. 
spectrometry that the same dihydride formed in 
CDCI, and in several basic solvents, (ii) Meakin, 
et al. showed by ,'Ep n.m.r. experiments that the 
dihydride also forined in 14,-saturated CH,Cl, 
and that it existed in the conformation shown in 
Fig. 6 (6),  (iii) addition of C,H,OH to C,H, 

FIG. 6. Configuration of RhD,CI(PPh,), (6). 

solutions of RhEI,Cl(PPh,), enhanced olefin 
hydrogenation rates (7) suggesting that equili- 
brium constant K ,  was probably not grossly 
affected by the presence of the alcohol coin- 
ponent. Therefore, although we have not 
directly confirmed that reaction 1 occurs in I : I 
CHC1,-C,H,OH, there is strong evidence to 
support this claim. 

We know from separate experimen?s that a 
smaller mole fraction of RhCl(PPh,), partici- 
pates in reaction 1 in 1 : 1 CHCI,-C,H,OM than 
in C,H, or in CH,CI, alone. Direct measure- 
ment of reversibly bound H, by an inert gas 
stripping technique yielded data, son-re of which 
are summarized in Table 2, u-hich showed, for 
example, that at 303 K and 83 kPa H, only 
0.22n1ol H, per mol Rh could be recovered (2). 
Hn comparison, 0.85 mol H, was bound per rnol 
Rh in C,H, solutioil under identical conditions. 

Depending on the amount of free RhCI- 
(PPh,),, about 0.7 moi fraction Rh was present 
as the monohydride RhHCI,(PPh,), formed by 
reaction 2 at 303 K and 88 kPa H,. The HC1 
was generated by a catalyzed side-reaction in- 
volving the solvent and RhCI(PPh,),. Sacco 
et al. (8) have shown that HCI will add to 
RhCl(PPh,), to yield u and P stereoisomers, 
each of which loses some HCl in solution. On 
the basis of n.m.r. data, Baird and co-workers 
(9) concluded that the monohydride i+.as a 
bis(tripheny1phosphine) adduce, and that it was 
unstable with respect to HCl dissociation. Since 
Sacco et a/ .  have also noted that the Rh-EI 
bond will not exchange nith DCI in D,O (in the 
presence of excess ligand), we have concluded 
that the monohydride itself is catalytically inac- 
tive for the D,-C,H,OH reaction. 

These results suggest that the three main 
species in CHC1,-C,H,OH solution were 
RhGl(PPh,),, RhEI,CI(PPh,),, and RhKC1,- 
(PPh,),, the concentrations of which were 
governed by reactions 1 and 2 and the extent 
of WCI generation. It is likely that PPh, dis- 
sociates from both RhCl(PPh,), and RhH,@I- 
(PPh,), to some degree, although not to the 
extent suggested originally by Osborn et a/. (3). 
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Arai and Halpern have reported the equilibrium 
constant K, = 1.4 x lo-, M in C6H6 at 298 K 
(10) for 

k 
[71 RhCI(PPh3)3 @ RhC1(PPh3)* + PPh, 

Meakin et al. concluded that loss of PPh, from 
RhH,Cl(PPh,), was small, probably less than 
5% (6) in the concentrated solutions required by 
their n.m.r. studies. Thus, dissociation of PPh, 
is not thermodynamically favored in either case. 
However, the rates of PPh, exchange are rapid 
(6, l l ) ,  therefore from the kinetic standpoint, 
these equilibria cannot be neglected. The half-life 
for free and complexed PPh, on RhCl(PPh,), 
has been estimated from n.m.r. data as > s 
(11) and on RhH,Cl(PPh,), as s (6). 
These values may be compared with t,,, for Hz  
on the dihydride in C6H6 of about 30 s, cal- 
culated by using K, = 2300 M - l  and k - ,  = 
0.023 s-I when [Rh] = 4.0 mM and [H,] = 
2.5 mM at 298 K (2). Rates of exchange of 
PPh, with these catalytically important species 
are clearly rapid with respect to the rate of acti- 
vation and dissociation of H,. The sensitivity of 
the D, exchange reaction to excess PPh, is likely 
related to these factors. 

(2)  The Side-reaction Incolcing Solcent 
This complex reaction may be a catalyzed 

analog of the known replacement of alcoholic 
hydroxy groups by chlorine which can occur in 
CCl, in the presence of PPh, (12). There was no 
reaction between CHCl,, C,H,OH, and PPh, 
without RhCl(PPh,),. In an attempt to explain 
our observations, the following mechanism is 
proposed 

This sequence is based on the scheme employed 
by Hooz and Gilani to explain the ROH-CC1,- 
PPh, reaction (13), and accounts for the greater 
initial rate of formation of CH,Cl, compared 
to C,H,Cl. Since excess PPh, would be ex- 
pected either to inhibit any ligand dissociation 
from RhCl(PPh,), or to displace weakly in- 
teracting CHC1, molecules from the solvation 
shell of RhCl(PPh,),, we suggest that the fol- 
lowing process occurs 

Reaction of this intermediate with CHCl, and 
PPh, could yield Ph,PCi,, Ph,P=CCl,, 
Ph,P=O, and C,H,Cl, without formation of 
CH,Cl,. 

Our data do not permit determination of the 
stoichiometries of these reactions, or more 
explicit descriptions of the function of RhCl- 
(PPh,), as the catalyst for these reactions. In 
particular, it is not known if RhHCl,(PPh,), 
is formed by reaction 2 from free HCI, or if the 
Rh-H bond formed by cleavage of the 0-H 
bond of ethanol is retained and C1- added by a 
ligand exchange step, say, with the intermediate 
proposed in reaction 9. 

An important point which we have been un- 
able to clarify experimentally is the reason for 
the apparently more rapid generation of HCl 
under the conditions used for D, exchange com- 
pared to those used to study the solvent rneta- 
thesis at 323 K. As noted, the decay of D, in 
exchange experiments was accurately first-order, 
therefore no loss of catalytic activity with time 
occurred. This would not be expected if the con- 
centration of the inactive RhHCl,(PPh,), in- 
creased with time. The apparently rapid solvent 
decomposition and establishment of reaction 2 
in dilute solutioi~ may be related to the PPh, 
dissociation equihbrium, reaction 7 .  This could 
not be tested by addition of excess PPh,, since 
the course of the side-reaction changed con- 
siderably. The sensitivity of the D, exchange 
reaction to solvent composition may indicate 
that solvation of RhCl(PPh,j, is critical. This 
phenomenon, and the solvent side-reaction 
perhaps originate from the same basis. 

(3)  Effects of Solz.ent Cor?lposition 
The dependence of the kinetics and mechanism 

of the D, exchange reaction on solvent com- 
position and on the nature of the components is 
pronounced. In our D, exchange experiments, 
progressive replacement of CHCl, by C,H,OH 
reduced the rate by a factor of 30 (Fig. 3). Both 
the dipole moment and the dielectric constant of 
C,H,OH are greater than those for CHC1, (14), 
and on this basis one must conclude that if 19, 
activation is rate determining in this solvent, 
then a reduction in polarity of the transition 
state relative to the initial states of D, and 
RhCI(PPh,), must occur. That is, the increased 
solvation ability of the solvent inhibits activation 
of D,. This behavior is contrary to the effect of 
solvent on the rate of activation of H, by IrCI- 
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(CO)(PPh,), observed by Vaska and Werneke the rate-limiting step from H, transfer from the 
(15). In our system, preferential solvation of dihydride to the olefin (as in C,H, (3)) to H, 
RhCI(PPh,), by C,H,OH, perhaps due to activation by RhCl(PPh,),. 
hydrogen bonding with nonbonding d electrons 
on the Rh, could explain this phenomenon. (4)  Mechanism of the D, Exchange Reaction 

is interesting to speculate oll the possible In section 5.1 of the results a computer simula- 
conllectio~l of the solvent-dependence of the tion of the overall exchange reaction was de- 
exchange reaction and the complex side-reaction scribed. It was emphasized that Weement 
discussed in section 2. Each reaction requires the and H-D 
some activation of solvent molecules. In the effects, 21c~~/kD,, be 
former case, proton transfer between RhD,Cl- if it was assumed that the activation of D2 (or 
(PPh,), and C,H,ON[ might occur by either of HD and H,? was rate-determining. Thus, the 
these four-center intermediates: present CHC1,-C,H,OH system differs con- 

siderably from the 1 : 1 C,H,-C,H,OH case. 
D , In comparison, we have shown that in 1 : 1 

~h ,,O--C2H5 C,H,-C,H,OH the rate-determining step must 
H be the transfer of D from the labile Rh-D bond 

1 to the hydroxyl group. Also, the experimental 
isotope effect, 2kHD/kD, = 1.1, must originate 
either because of (i) the decreasing relative 

, C ~ H Z  thermodynamic stabilities of the Hz, HD, and 
R h e 0  

I D, adducts or because of (ii) colltrol of the HD 
D - - ~ H  and H, product distribution by the H,-D, 

2 reaction, reaction 6 (1). Factors (i) and (ii) 
cannot dominate in CWC1,-C,H,OH, since the 

In I ,  which we prefer, hydrogen bonding of the observed isotope effect is only 2kH,/kD, = 0.85. 
-OH group to, say, nonbonding d electrons on It is a fundamental requirement that the M,, 
the rhodium might permit the close approach HD, and 9, dihydrides have the indicated stabil- 
illustrated. However, the hydrido ligand should ities and this must give rise to a normal H-D 
possess a net negative charge, and close approach isotope effect in the sequence 2kHD > k,,. Thus, 
of an oxygen atom may be impossible. If, on the if the simple model shown in Fig. 5 is valid then 
other hand, ethanol enters the coordination a true inverse kinetic isotope effect of at least the 
sphere of Rh(III), perhaps at the labile triphenyl- magnitude shown must exist in the hydrogen 
phosphine site P(1) in Fig. 6 (6), proton exchange activation step. The effect of reaction 6 on the 
can be facilitated if the -OH bond is effectively isotope effect must be negligible, perhaps be- 
weakened. In section 2 of the results it was noted cause the rate of Hz-D, equilibration is low in 
that the hydrido ligand in RhWC!,(PPh,), was the presence of excess ethanol. 
originally the hydroxyl proton of ethanol. Since In Fig. 3 it may be seen that the rate of 
it is unlikely that any Rh species would be ID,-C,H,OH exchange was considerably more 
sufficiently basic to abstract a proton from sensitive to solvent composition than was the 
C,H,OH, perhaps proton activation by coordi- rate of hydrogenation of 1-butene. Both Osborn 
nation of ethanol to RhCI(PPh,), occurred. et al. (3) and Ohrt (16) have argued that the 
Thus, there is some evidence that the D, ex- H-D isotope effect in the rate-determining step 
change and solvolytic phenomena have a com- in the hydrogenation of terminal olefins, at least 
mon basis. in C,H, solution, must arise with the rate- 

Olefin hydrogenation rates are particularly limiting transfer of H, (or D,) to the olefin. If 
low in CHCl, solutions of RhCl(PPh,), (7), the controlling step is the same in CHC1,- 
although the dihydride readily forms in this C,H,OH, then our data suggest that D, ex- 
solvent. It has been suggested that this inhibition change and olefin hydrogenation do not have a 
is due to blocking of the active site on RhH2C1- common basis. This is additional experimental 
(PPh,), generated, presumably, by dissociation support for the validity of the present model, 
of a PPh, ligand (6). In view of the D, exchange since the four coordinate RhCl(PPh,), should 
data presented in this paper, the slow hydrogena- exhibit greater variation in reactivity with solvent 
tion rates in CHC1, may arise with a change of type than should the coordinately saturated 
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intermediate RhH2C1(PPh3), which must exist 
in the hydrogenation case. 

The apparent inhibition of the D2-exchange 
reaction in C2H,01-I-rich solvent mixtures may 
be related to the greater solvent-catalyst 
H-bonding interaction expected between 
C,H,OH and RhCl(PPh,), than between CHCI, 
and this species. It is known that RhCI(PPh,), 
behaves as a hard base towards certain electron 
acceptors (17), although there is no direct evi- 
dence to support the present assumption that the 
complex will act in a similar manner towards 
hydrogen-bonding solvents. Presumably, the 
relatively large decrease of the D, exchange rate 
with small increases in C2H,0H concentration 
was a reflection of a specific bonding interaction 
with RhC1(PPh3),. 

The  authors wish to  thank their colleagues for helpful 
discussions, particularly M. Tomlinson and Dr. N. H. 
Sagert, and D. Bell of the Analytical Science Branch for 
deuterium analyses. 
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Complex Ruoroanions in Solution. V. Vanadium Pentafluoridel 

S. BROWNSTEIN A N D  G. LATREMOUILLE 
Di~.i.sion qf Cl~ert~isti?, L\Tatiot~iil Research Council ofCuniidic, Ottcc\t,a, Carrtrdu KIA OR9 
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S. BROWNSTEIN and 6. LATREMOUILLE. Can. J. Chem. 52, 2236 (1974). 

Vanadium pentafluoride is associated a t  low temperature in solution. I t  reacts with NbF,- 
and TaF,- to give coniplex fluoroanions and with BF4-, PF6- ,  A s F , ,  and S b F ,  to possibly 
yield complex fluoroanions. 

S. BROWNSTEIN et G. LATREMOUILLE. Can. J. Chem. 52, 2236 (1974). 
A base temperature et en solution, le pentafluorure de vanadium est associe. I1 rCagit avec 

NbF,- et TaF,- pour fournir des fluoroanions complexes et avec BF4-, PF,-, AsF6- et 
SbF,- pour donner possiblement des fluoroanions complexes. [Traduit par le journal] 

There have been studies of the association of 
binary pentafluorides in the gas (I), liquid (2, 3), 
and solid phases (4). Vanadium pentafluoride 
exists alrnost exclusively as the monolner in the 
gas phase and primarily as the monomer in the 
liquid above 100 -C (1. 3). At lower temperatures 
the liquid i c  predonlinantly associated (3). The 
structural arrangement in the solid is endless 
chains of VF, ~n an  octahedral arrangement 
joined by cis fluorine bridge? (4). Complex 
fluoroanions of vanadium have not been posi- 
tively identified in solution although they are 
widespread for its sister elements niobium and 
tantalum (5). 

Fluorine magnetic resonance spectroscopy ha-s 
identified the structure of liquid antimony 
pentafluoride to be endless chains in an  octa- 
hedral arrangement joined by cis fluorine 
bridges (2). Rapid averaging on the n.m.r. time 
scale yields single lines devoid of structural 
information, even at  low temperatures, for the 
other pentafluorides which have been studied. 
There have been no reports of the fluorine 
resonance spectrum of VF,, although that 
attributed to  AgVF6 has been described (6). 
Fluorine resonance spectroscopy has been very 
useful in characterizing a variety of complex 
fluoroanions (5, 7). 

All sample preparation and handling was done with 
standard vacuum line techniques on a Pyrex vacuum line 
or, with non-volatile solids, using a vacuum dry box. 
Vanadium pentafluoride, purchased from Ozark-Mahon- 

'NRCC No. 13902. 

ing Ltd., had the vapor above the solid pumped away 
several times and was then used without further purifica- 
tion. Small amounts were transferred under vacuum to 
break-seal equipped vials, sealed under vacuum, and 
weighed. Except during weighing and transferring 
operations the glass container with its VFS was stored in 
Dry Ice and used within three days of preparation. No  
evidence of attack by VF, on the glass ~iessels was found 
when these precautions were carefully followed. The 
break-seal container would then be sealed to an appro- 
priate apparatus to prepare the sample under study. 
Reagent and solvent purification and storage were 
accomplished as previously described (5, 8). Sulfuryl 
chlorofluoride, purchased from Cationics: Inc., was used 
as received. All samples were stored at  Dry Ice tempera- 
ture and never allowed to reach ambient temperature. 
Silver hexafluorovanadate was prepared from silver and 
vanadium pentafluoride in bromine trifluoride as solvent, 
using a quartz apparatus, according to a literature pro- 
cedure (9). Establishment of the purity of this compound 
will be described in the next section. 

Fluorine resonance spectra were obtained on a 
Varian Associates HA-100D spectrometer operating at 
94.1 MHz. Chemical shifts are reported as p.p.m. from 
internal CFC13. In those cases where SQ2ClF is used as 
solvent, the solvent peak is used as reference and is 
assumed to have a chemical shift of - 99.7 p.p.m. X-Ray 
powder photographs were taken with nickel filtered CuKx 
radiation in 114.6 mm diameter Debye-Scherer cameras. 

Results and Discussion 
Vanadium pentafluoride is soluble in sulfuryl 

chlorofluoride to give a solution whose fluorine 
resonance spectrum a t  -75 ' C  has a single 
broad line a t  -484 p.p.m. in addition to the 
resonance of the solvent. By - 135 "C this has 
altered to three lines at  - 630, - 535, and - 13 
p.p.m. with intensity ratios of two, two, and one 
with some hint of structure in all three lines. 
This spectrum is shown in Fig. 1 .  Lower tempera- 
tures, necessary to  resolve the fine structure, 
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BROWNSTEIN AND LATREMOUILLE: COMPLEX FLUOROANIONS IN SOLUTION. V 

TABLE 1. Experimental and theoretical elemental compositions 

Analysis (%) 

Ag V F 

Colnpound Calcd. Found Calcd. Found Calcd. Found 
-- 

AgVFs 39.5 40.4 18.7 18.8 41.8 39.6 
A ~ V F ~ ( O H ) Z  40.1 40.2 19.0 18.8 28.3 3 3 
AgVF50H 39.8 18.5 35.1 
AgVF40 43.0 20.3 30.3 

- - 

FIG. 1. The fluorine resonance spectrum of a sulfuryl 
chlorotluoride solution of VF, at  - 135 'C. 

1 only a single sharp line was found at -345 
I p.p.m. Similar results were obtained for AgVF, 

could not be obtained with this solvent. The 
fluorine resonance spectrum of VF, may be 
readily interpreted as arising from chains, either 
linear or cyclic, of VF, molecules in an octa- 
hedral configuration and joined by cis-fluorine 
bridges. The bridging fluorine is at highest field, 
as in Ta,F,,- and Nb,F,,-, in contrast to the 
results for SbF, and Sb,F,,- (5, 7). The 
weighted average for the chemical shifts of the 
three types of fluorine atoms is -469 p.p.m., in 
good agreement with the averaged chemical 
shift found at higher temperature. It  therefore is 
possible to assert that the structure of VF, in 
solution at low temperature is similar to that 
found in the solid. 

In  an attempt to reproduce the fluorine 
resonance spectrum of AgVF, in acetonitrile (6 ) ,  

I, 

ligands occupying axial positions. 
On the basis of elemental analyses, listed in 

Table 1, the hydrolyzed compound could be 
AgVF,(OH),, AgVF,OH, or AgVF,O, al- 
though the agreement is not very good for 
AgVF,O. It is difficult to prepare a sample of 
AgVF, without some hydrolysis so the low 
experimental value for fluorine in AgVF, is not 
surprising. 

Further support for the composition of the 
hydrolysis product is derived from X-ray powder 
diffraction data. There is a contradiction in the 
literature concerning the crystal structure of 
AgVF,. Cox has reported that it is cubic and 
isomorphous with AgSbF, (lo), while Sharp 
and co-workers report it to be tetragonal and 
isomorphous with AgNbF, (1 I). We have found 
the pattern for AgVF,(OH), fits the description 
of Cox and is isomorphous with the pattern of 
an authentic sample of AgSbF,. Fluorine and 

in SO,. If the solid AgVF, was briefly exposed 
to the atmosphere and then pumped under 
vacuum before preparation of the acetonitrile 
solutlon a line appeared at - 130 p.p.m. with 
J19F-51V = 88 HZ in the fluorine resonance 
spectrum in addition to that at -345 p.p.m. 
These values are in agreement with the 88 Hz 
previously reported for this species. If the solid 
sample of AgVF, was allowed to remain exposed 
to the air for a longer time before pumping and !dk~b sample preparation the sharp line disappeared 
and only the highly structured line remained. A 
fluorine resonance spectrum of the intermediate 
case is shown in Fig. 2, along with a fully 
resolved spectrum of the structured region. It 
seems clear that the spectrum previously attri- 
buted to AgVF, arises from a hydrolysis product. 

I 
The composition AgVF,(OH), is proposed for 

662 -535 407 - 99 7 the hydrolysis product with the two hydroxyl 
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BROWNSTEIN AND LATREMOUILLE: COMPLEX FLUOROANIONS IN SOLUTION. V 

TABLE 2. Fluorine chemical shifts of group V species 
-- 

Element S(MF), S(MFs-) AS 

oxygen are practically indistinguishable by 
X-ray methods in compounds containing both. 
Therefore since AgSbF, and AgVF,(OH), are 
isomorphous, and SbF,- is known to be 
octahedral, VF,(OH),- must also be octahedral. 
These results exclude AgVF,O but not AgVF,- 
OH from consideration as the hydrolysis product. 
It was not possible to prepare a capillary for 
X-ray study which did not contain a significant 
quantity of AgVF,(OH), so the results of Sharp 
and co-workers can be neither confirmed nor 
denied. 

The only vanadium hydroxide fluoride species 
in which all fluorines would be magnetically 
equivalent are VF,(OH),- with the proposed 
structure or VF,(OH),- with the fluorines 
occupying axial positions. The former structure 
is the only one satisfying both the analytical and 
magnetic resonance results. If rapid motional 
averaging occurs a single fluorine resonance line 
could be obtained from VF,OH-. Such averag- 
ing is not normally observed for monosubstituted 
octahedrally coordinated fluoride species. The 
species VF,OH- may be excluded since V-F 
spin coupling is clearly observed. It  follows that 
the rate of quadrupole induced relaxation of the 
vanadium spin states is low and therefore that 
the electric field gradient about the vanadium 
nucleus is small. There must be a high symmetry 
about vanadium which is not likely for VF,OH-. 

The new values for the chemical shifts of VF, 
and VF,- reported here are now consistent with 
the difference in chemical shift found for MF, 
and MF,- where M is a Group V element (5). 
A complete compilation for these elements is 
given in Table 2. 

The fluorine resonance spectrum of an equi- 
molar solution of (TBA)TaF, and VF, in 
sulfuryl chlorofluoride at - 130 O C  is shown in 
Fig. 3. On the basis of results obtained with 
other polyfluoroanions the spectrum may be 
assigned to structure 1 where M is tantalum and 

L is vanadium (5). The broadened line at - 510.5 
p.p.m. is assigned to the terminal fluorine on 
vanadium (F,). I t  is broadened by spin coupling 
to F, and F, with values such that fine structure 
cannot be resolved. The triplet at -435.4 is 
assigned to the four equatorial fluorines on 
vanadium (F,). The splitting arises from almost 
equal spin couplings of about 120 Hz to F ,  and 
F,. The line at 57.5 is assigned to the bridging 
fluorine-(F,), which is broadened by spin cou- 
pling with F,, F,, and F,. The sharp line at 
-63.4 is assigned to the equatorial fluorines on 
tantalum (F,) and the doublet at -92.6 to the 
terminal fluorine on tantalum (F,). I t  is split into 
a doublet by a spin coupling of 223 Hz with F,. 
Some confirmation of this assignment comes 
from double resonance studies where F ,  is 
irradiated and F, collapsed to a broadened 
structureless line. F, is also affected by irradia- 
tion of F,. I t  is not possible to determine the 
value of the spin coupling constant between F, 
and F, but it must be less than 400 Hz, the 
width of F ,  at half height. 

One feature of the fluorine resonance spectrum 
of VTaF,,- which is unique for the group VB 
elements is the absence of observable spin 
coupling for J,-, and J4- ,. A compilation of the 
fluorine resonance parameters for all the species 
of structure 1 where L and M are group V 
elements is presented in Table 3. The chemical 
shifts and remaining spin couplings in VTaF,, - 
are normal for these elements. The line marked 
with an asterisk in Fig. 3 is from the equatorial 
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TARLE 3. Fluorine resonance parameters for the species LMF,,- 
-- - 

6 I J I - 2  J I - 3  Jz-3 J3-4 J3-5 J4-5 

L M ( P . P . ~ . )  6 ,  6 3 64 65 (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) 
- - -- 

As As (12) 85.0 48.6 21.1 48.6 85.0 127 -0 51 
Sb Sb(7) 136.4 114.6 93.4 114.6 136.4 100 -0 60 
Nb Nb(5) -191.0 -145.9 56.0 -145.9 -191.0 70 200 70 
Ta Ta(5) -115.1 - 7 2 . 0  80.8 - 7 2 . 0  -115.1 23.0 165 41.8 
P Sb (13) 83.4 86.2 159.1 112.0 
As Sb (8) 92.9 50.5 118 118 138.9 126 -0 47 112 
As Ta (5) 62.7* - 76.1 -122.3 
Sb Nb(5,14) 131.5 117.7 101.7 -156.5 -205 
Sb Ta (5) 134.0 117.3 99.6 - 78.6 -125.7 90 -0 40 43 172 23 
V Nb -507.5 -431.8 -135.3 -170.5 123 <80  123 -0 275 -0 
V Ta -510.5-1 -435.4 57.5 - 63.4 - 92.6 120 - 120 -0 223 -0 
Nb Ta(5) -196.6 -149.5 70.8 - 6 9 . 1  -109.0 70 70 190 25 

*An averaged value including a contribution from the apical fluorine. 
?The width at  half height is 400 Hz. 

TABLE 4. The effect of a b~nary fluor~de upon the chemlcal sh~f t  of a probe nucleus 
-- --- -- - - 

Probe nucleus 
Chemical shift equatorial F Terminal F Equatorial F Terminal F 

for fluoride on Ta on Ta on Nb on Nb 

MoF5* -58.6 -89.9 - 161.1 -194.4 
VF5 -63.4 -92.6 -135.3 -170.5 
WF4 - 65.6 -94.6 - 138 
NbF5 -69.4 -108.7 -145.5 -191.3 
TaF, -72.0 -115.1 - 149.4 -197.4 
AsF, -76.1 -122.3 
SbF5 -78.6 -125.7 -156.5 - 205 

fluorines of Ta,F,, - in low concentration. 
Although it has not been possible thus far to  
determine rate constants for exchange of non- 
equivalent fluorines in the complex fluoroanions 
it is possible to say in a qualitative fashion that 
the lowest temperatures are required to slow 
down exchange of fluorines bonded to vanadium 
and therefore that they are the most mobile. 

The fluorine resonance spectrum of an 
equimolar sulfuryl chlorofluoride solution of 
TBA(NbF,) and VF, is very similar, except for 
chemical shift changes, to the analogous tantalum 
system. Fluorine resonance parameters for 
VNbF, , -  assigned in the way just described are 
also listed in Table 3 and show a close similarity 
to  those with M equal to tantalum. In this case 
the quintet of F, is poorly resolved allowing a 
lower limit to  be set on J, -, than was possible 
for VTaF, , - . 

It has been demonstrated that the chemical 
shift of a given fluorine bonded to tantalum or 
niobium in a complex fluoroanion can serve as 
an  indicator of the electron withdrawing cap- 

ability of the other central element in the 
complex fluoroanion (14). Vanadium penta- 
fluoride appears to  be a much weaker electron 
withdrawing group than the pentafluorides of 
the other group V elements. This is shown in 
Table 4. 

The fluorine resonance spectra of the reaction 
products formed from vanadium pentafluoride 
and the tetra-n-butylammonium salts of BF,-, 
PF,-, AsF,-, and SbF,- all have a broad line 
a t  about -460 p.p.m. from fluorine bonded to 
vanadium and another line a t  147.0, 70.6, 61.5, 
and 117.2, respectively, from fluorine bonded to 
the other central element. A phosphorus- 
fluorine spin coupling of 748 Hz was observed 
for fluorine bonded to phosphorus in its complex 
fluoroanion with vanadium. The broad lines 
were all observed at temperatures just above the 
freezing points of the solutions. At  somewhat 
higher temperatures the line from fluorine on 
vanadium sharpens presumably because of more 
rapid exchange of non-equivalent fluorines. It is 
reasonably certain that the complex fluoroanion 
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BROWNSTEIN AND LATREMOUILLE: COMPLEX FLUOROANIONS IN SOLUTION. V 2241 

is formed in each case since the spectrum of VF, 
or  VF,- does not correspond with the ones that 
were observed. The fluorine resonance spectra 
for the other half of the complex fluoroanion are 
close to those observed for the appropriate 
simple fluoroanion and not to the binary 
fluoride. The inability to slow down the fluorine 
exchange sufficiently to observe lines and fine 
structure from the non-equivalent fluorines 
prevents a more positive characterization of 
these species. 

Vanadium pentafluoride appears to form 
complexes more readily than the other group V 
elements since it forms complexes with all the 
simple fluoroanions which were tried. The 
exchange rate between the non-equivalent 
fluorines in the vanadium complex fluoroanions 
is faster than for its sister elements since these 
are the only cases where the exchange could not 
be sufficiently slowed by lowering the tempera- 
ture. There does not appear to be a parallel 
between the electron withdrawing ability of the 
pentafluoride in a complex fluoroanion and its 
complexing ability. Although VF, does not 

withdraw electrons strongly from the other half 
of the complex fluoroanion it readily forms 
complexes. 
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The Bhotobromination of (+)-I-Cyano-2-methylbutane 
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DENNIS D. TANNER, TOMOKI C. S. RUO, and E. V. BLACKBURN. Can. J. Chem. 52,2242 (1974). 
The photobrominatioll of (i)-1-cyano-2-methylbutane with ~nolecular bromine, under 

varying conditions, yields a mixture of three monobrominated products: l-cyano-l-bron10-2- 
methylbutane (relative yield 78-95x1, I-cyano-3-bromo-2-methylbutane (relative yield 1-5%), 
and 1-cyano-2-bromo-2-methylbutane (relat~ve yield 4417%). The production of the major 
monobrominated product is proposed to arise by an acid catalyzed ionic reaction. When the 
bromination of (+)-1-cyano-2-methylbutane was carried out in the presence of solid N- 
bromosuccinimide as well as molecular bromine, the three monobrominated products were 
formed in relative yields that reflected a free radical bromination reaction: (+)-1-cyano-1- 
bromo-2-methylbutane (5-1421, (f )-I-cyano-2-bromo-2-methylbutane (68-85%), and (+)-1- 
cyano-3-bromo-2-methylbutane (10-19%). 

The inability to obtain active 1-cyano-2-bromo-2-methylbutane from these bromination 
reactions may not be due to the fundamental nature of the bromination of a substrate at  a 
chiral center but may be due to the instability of this particular tertiary bromide. 

DENNIS D. TANNER, TOMOKI C. S. RUO et E. V. BLACKBURN. Can. J. Chem. 52, 2242 (1974). 
La photobromination du (*)-cyano-1 methyl-2 butane avec du brome moleculaire sous 

diverses conditions conduit a un melange de trois produits monobromts: le cyano-1 bromo-1 
methyl-2 butane (rendement relatif 78 a 95x1, cyano-1 bromo-3 methyl-2 butane (rendement 
relatif 1-5x1, et cyano-1 bromo-2 methyl-2 butane (rendement relatif 4417%). On suggere aue 
la formation preponderante du produit monobromt majeur provient d'une reaction ionique 
acido-catalyske. Quand la bromuration du (+)-cyano-1 methyl-2 butane est effectuee en 
presence de N-bromosuccinimide de solide en mEme temps que du brome molCculaire, les trois 
produits monobromes se forment avec des rendements relatifs qui refletent une reaction de 
bromuration radicalique; (+)-cyano-1 bromo-1 methyl-2 butane (5-14%) ( i  )-cyano-1 bromo-2 
methyl-2 butane (68-852) et (+)-cyano-1 bromo-3 methyl-2 butane (10-19%). 

Le fait que le cyano-1 bromo-2 methyl-2 butane est obtenu inactif lors de ces riactions de 
bromuration peut Ctre du a la nature fondamentale de la bromuration d'un substrat ayant un 
centre chiral, mais elle peut aussi Etre du -a  I'instabilite de ce type particulier de bromure 
tertiaire. [Traduit par le journal] 

Hn&oduction 
The formation of free radicals at asymmetric 

centers by hydrogen abstraction generally leads, 
after their transfer reactions, to optically inactive 
products (1, 2). Exceptions to this generalization 
are the bromination by a number of free radical 
brominating agents (tliz., f-butyl hypobromite 
(3), N-bromosuccinimide (4), and molecular bro- 
mine (2, 3)) of (+)-1-chloro-2-methylbutane (3) 
and (+)-1-bromo-2-methylbutane (2-4). 

The retention of activity by the brominated 
products has been attributed to the formation of 
an intermediate halogen bridged radical, i. The 
formation of this bridged species was presumed 
to occur by the assisted removal of the tertiary 
hydrogen atom by the neighboring halogen atom 
( 5 ,  6).  

It has been suggested that this picture of the 
bromination pathway has several limitations. 

When the active bromide was brominated and the 
starting material was reisolated after the reaction, 
it was found that the starting bromide had race- 
mized to a small extent (2). The principle of 
microscopic reversibility demands that racemiza- 
tion of the starting material (6-14Y, of the radicals 
formed) must arise from the formation of an open 
radical, which then undergoes rotation, closes 
again to a bridged radical, and transfers with 
hydrogen bromide. It was suggested that this 
sequence of reactions, although possible, was 
highly unlikely (2). The structure of the inter- 
mediate 0-bromo and -chloro radicals have, like- 
wise, been modified since both the e.s.r. spectra 
of the radicals themselves (7-9), or the CIDNP 
spectra of their transfer products (lo), have shown 
them not to be symmetrically bridged and it has 
been suggested that a better representation of 
these intermediates is a partially bridged struc- 
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TANNER ET AL.: PHOTOBROMINATION 

Vex, / X  (1)  Br '  
X 

/ \ ( 2 )  Br, Me 
X 

EtdC-CH2 - 
+ Me - c L c H 2  $ HBr --------t 

E ~ G  

ture, ii (9), or a hyperconjugatively frozen struc- 
ture, iii (7, 8). 

An alternative to the bridged structure has been 
proposed to explain the stereochemical results ob- 
tained from the liquid phase photobromination 
of (+)-I-cyano-2-methylbutane to yield ( + ) - I -  
cyano-2-bromo-2-methylbutane. It was suggested 
by the authors (1 1) that, under the high concentra- 
tion of bromine necessary for the observation of 
the retention of optical activity in the three l-sub- 
stituted-2-methylbutanes which have been stud- 
ied, the abstracting species was, in fact, the Br,. 
radical rather than the bromine atom and that 
upon abstraction both molecular bromine and 
an alkyl radical are formed as a geminate pair. 
Accordingly, the retention of activity was due to a 
rapid cage reaction between them which was 
faster than the molecular rotation of the radical 
(1 1). 

Discussion and Results 
The photoinitiated reaction of l-cyano-2- 

methylbutane (1) with molecular bromine (2: 1 
or 10: 1) yielded three monobromination prod- 
ucts, 1-cyano-1-bromo-2-methylbutane (2), 1- 
cyano-2-bromo-2-methylbutane (3), and l-cyano- 
3-bromo-2-methylbutane (4). Contrary to the 

previous study (1 I), where only 3 was reported, 
the major isomeric monobromide obtained from 
the bromination was 1-cyano-1-bromo-2-methyl- 
butane (2), 95z .  The minor isomers 3 and 4 
were formed in a relative yield of 4 and 1%, 
respectively. The absolute yields of the three 
monobromides were low and ranged from 71% 
at 2: 1 (RCN : Br,) to 57% at 10 : 1 (RCN:Br,) 
ratios of substrate to bromine. 

It was apparent from the isomer distribution 
obtained from the bromination of 1 with molec- 

Dl 

ular bromine that a radical bromination was not 
It  was pointed Out (2) that a leading to the production of the major product 2, 

bridged group was not as as Haag since the expected product of radical bromination 
and Heiba had first proposed and that there would result from the substitution of the tertiary 
was considerable precedent for considering such hydrogen. A likely explanation for the formation 
an intermediate. An was 'Om- of 2 was an acid-catalyzed u-bromination of the 
mented on:  that the sign of the rotation of the methylene position adjacent to the activating 
(+)-bromoc~anide, contrary to what was re- cyano group. The ionic bromination was not 
ported, be predicted found to be rapid the conditions 
(12) to be inverted to a (-)-bromocyanide if the employed (,0,5-2 days,. 
conversion had taken place with a retention of The ionic bromination could be greatly mini- 
absolute configuration.' 
-- rpized by the addition of solid N-bromosuccini- 

' ~ t  is recognized, however, that a molecule with two mide (NBS) to the reaction mixture. The NBS 
polar groups on adjacent carbon atoms may exhibit functions as a source of molecular bromine which 
strong dipolar interactions or solvent interactions forms by the reaction of the hydrogen bromide 
favoring or disfavoring a particular conformation and the produced in the reaction with the NBS. photo- 
observed rotation may be quite different from what is 
predicted. When the magnitude of the rotation is small, brominatiOn using mixtures NBS 
even an inversion of sign may be observed. and bromine in carbon tetrachloride (RCN: Br, : 
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PO /,O the product mixture, after the destruction of the 

T p '  NBr + HBr - ;'>NH + Br2 
excess brominating agent, yielded unreacted 

i~ ' -C starting material (37-40'18 mm) and a fraction 
I I I boiling at 52-53'11 mm. Gas-liquid partition 

0 0 chromatography analysis of this fraction showed 
1 it to be primarily 1-cyano-2-bromo-2-methyl- 

NBS, 6: 1 : 5 )  gave a 29% yield of the three mono- butane. The reisolated starting material was puri- 
brominated products in the ratio of 2 : 3 : 4  of fied by preparative g.1.p.c. and was found to be 
5:85: 10, when the reaction was carried out so racemized 3-4%. The fraction containing 1- 
that 60.2x of the active bromine was consumed. cyano-2-bromo-2-methylbutane was redistilled 
This method of bromination was, in fact, similar using a 10 in. Vigreux column and a fraction 
to the method used by Haag and Heiba in their boiling at 48-49'111.2 mm was collected. Gas- 
original report (11) of the bromination of liquid partition chromatography analysis of 
(+)-1-cyano-2-metl~ylbutane.~ this fraction showed the presence of small 

The two chiral isomeric monobromides (+)- amounts of (+)-1-cyano-I-bromo-2-methylbu- 
I -cyano-3-bromo-2-methylbutane and ( +  tane (1.4%) and (+)-l-cyan0-3-bron10-2-methyl- 
I -cyano-1-bromo-2-methylbutane which are butane (7.0%) as well as the desired 2-brominated 
formed in minor amounts during the bromine  isomer. 
NBS brominations were synthesized by indepen- NO attempt was made to isolate the tertiary 
dent reactions and isolated by preparative g.1.p.c. bromide from the reaction mixture by prepara- 

Since the mechanism of the t-butyl hypo- tive g.1.p.c. since the attempted isolation of 
bromite bromination of alkanes proceeds by a free (-)-I ,2-dibromo-2-methylbutane in this rnanner 
radical chain, carried by the less selective (relative led to extensive racemization, while distillation 
to bromine) t-butoxy radlcal (l3), it was antici- allowed its isolation (2). Furthermore, g.1.p.c. 
pated that a more random distribution of prod- treatment of 3 leads to small amounts (-3%) of 
ucts would be obtained from its use as the reagent products resulting from the elimination of hydro- 
for brominating (+)-1-cyano-2-methylbutane. gen bromide. The tertiary bromide, (+)-1-cyano- 
The bromination of (+)-1-cyano-2-methylbutane 2-bromo-2-methylbutane, could be synthesized 
with t-butyl hypobromite (2 : 1 mol ratio) yielded and obtained as a pure material from the reaction 
upon g.1.p.c. analysis five monobrominated prod- of anhydrous hydrogen bromide and a mixture of 
ucts in the ratio of 19 : 32 : 39 : 4: 6. The compounds 1-cyano-2-methyl-1-butene and I-cyano-2-meth- 
corresponding to the first two peaks were ( + ) - I -  yl-2-butene. The product, 3, was found to be un- 
cyano-1-bromo-2-methylbutane and presumably stable and decomposed, giving off hydrogen bro- 
the inactive 1-cyano-2-bromo-2-methylbutane. mide, upon standing for several days; however, 
The compound corresponding to peak 3 was with some care, it was possible to store the pure 
(+)-1-cyano-3-bromo-2-methylbutane ([a],,,26 material. 
+ 9.40). A synthetic mixture made up of 1.36% 

The chiral monobromide, (+)-I-cyano-1- of (+)-1-cyano-1-bromo-2-methylbutane and 
bromo-2-methylbutane, was synthesized from 6.95% of (+)-1-cyano-3-bromo-2-methylbutane 
(+)-1-cyano-2-methylbutane ([~r],,,~~ +8.97) and 91.69z of (*)-1-cyano-2-bromo-2-methyl- 
with phosphorus tribromide and bromine and butane was analyzed by g.1.p.c. The chromato- 
was found to have a rotation of ([a],,,27 +6.62). gram of the synthetic mixture was identical to 

The photoinitiated bromination of (+)-I-  that obtained from an analysis of the redistilled 
cyano-2-methylbutane with mixtures of molec- fraction obtained from the bromination of the 
ular bromine and NBS was carried out in the active cyanide (see Fig. 1). 
same manner as the bromination of the racemic A comparison of the specific rotation obtained 
mixture of that cyanide. Fractional distillation of for this fraction with that of the synthetic mixture 

showed them to be identical; the calculated rota- 
'In a private communication with Dr. Heiba. we have tion expected from the synthetic mixture was, 

been informed that their reactions were carried out with likewise, found to be identical to that which was 
added NBS and solid K,CO,, and that the mention of 
these additives was inadvertently omitted from then (see '1. 
paper and that they were anxious to have this oversight The conditions used to isolate the tertiary 
corrected in the literature. bromocyanide were the same as those used to 
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TABLE I.  Optical rotation o f  reactants and products in the NBS-Br, 
bromination o f  (+)-1-cyano-2-methylbutane, la" 

-- 

[a],. 

Synthetic mixtured o f  
l a  (at 24") 20, 3, and 4a (at 26") 

?. Isolated 3' -- 

(nm)  Before reaction After reactionb (at 27") Observed Calcd. 

#All rotations were obtained in carbon tetrachloride. 
bRecovered material had racemized 3-4%. 
CThe isolated material was contaminated with 1.4% of 2a and 7 . 0 x  of 40, see Fig. 1. 
dA synthet~c mixture 1.36% of Za, 91.699, of 3, and 6.95% of 4a. The calculated rotations Here obta~nedusing balues 

for 2a and 4a listed in Table 2.  

lm ln )  

FIG. 1 .  The g.1.p.c. chroniatogram o f  an isolated 
fract~on o f  3 from the bromination (NBS-Br,) o f  l a  
compared to  the chromatograni o f  a synthetic mixture 
o f  3 and added 2a and 4a: reaction mixture, dark line; 
synthetic mixture, heavy line. 

isolate active (-)-1,2-dibromo-2-methylbutane, 
without racen~ization (2). Since the bromination 
of (+)-1-cyano-2-methylbutane produced minor 
amounts of two other (+)-chiral monobromides, 
which could not be removed by distillation, and 
since the impurities which contaminated the 
isolated 1-cyano-2-bromo-2-methylbutane ac- 
counted for the entire observed rotation of the 
reaction mixture; we are forced to the conclusion 
that, in our hands, the bromination of ( + ) - I -  
cyano-2-methylbutane leads to inactive (*) - I -  
cyano-2-broino-2-methylbutane. 

Our observation may not be due to the funda- 
mental nature of the bromination of a substrate 
a t  a chiral center, but may very well be due to  the 
instability of this particular tertiary bromide (3). 

Experimental 
Materials 

Bromine was washed with concentrated sulfuric acid 
and distilled from phosphorus pentoxide before use. 
N-Bromosuccinimide (> 9 7 z  pure by iodometric titra- 
tion); (-)-2-methybutanol, [~r1, ,~~ ' -6 .55 (Aldrich 
Chemical Company, Inc ); trichlorofluoromethane (Freon 
11); and spectroanalyzed carbon tetrachloride (Fisher 
Scientific Company) were used without further purifica- 
tion. 

Instru/nents 
Preparative g.1.p.c. was carried out on a Hewlett 

Packard HP-402 all-glass system gas chromatograph and 
an Aerograph 202 using a 10 f t  x 114 in. glass column 
packed with 10% Carbowax 20M T P A  or 10% DEGS on 
60-80 .mcsh Chromosorb P A W .  Gas-liquid partition 
chromatography analyses o f  product ratios were carried 
out on an Aerograph HY-FI 600 D (10 ft x 118 in. glass 
column) and an Aerograph 202 (10 ft x 1!4 in. glass 
column) instruments using isothermal conditions. Rota- 
tions were recorded on a Perkin-Elmer 141 automatic 
polarimeter. 

( + )-I-Cyarz0-2-methylb~rtane ( l a )  
The active cyanide was prepared by the treatment o f  

the p-toluene sulfonate ester o f  (-)-2-methylbutanol 
( [ r ]54627  -6.55) (2)  with potassium cyanide. 

The tosylate (60 g, 0.25 mol) and a solution o f  potas- 
sium cyanide (86 g, 1.32 mol) in diethylene glycol (80 g) 
was heated at reflux for 3 h. Fractional distillation o f  the 
product mixture yielded 18 g (72%) o f  pure (+)-1-cyano- 
2-methylbutane, b.p. 152-154"/'699 m m  (lit. (14) b.p. 
151.4-152.6'/743 mm),  nDZ3 1.4075 (lit. (14) nD2' 1.4070). 
The specific rotation o f  the active cyanide (CCI,) is listed 
in Table 2 (lit. ( 1 1 )  [a]5ss . l  +7.98). The optical rotation 
o f  l a  after reisolation by g.1.p.c. gave the same rotation; 
i.r. v,,, (liquid film) 2970 (s),  2940 (s),  2880 (s),  2860 (sh), 
2240 ( m ) ,  1460 (s),  1425 (m) ,  1380 ( m ) ,  1350 (w) ,  1345 (w), 
1155 (w) ,  and 970 (w) c m - ' ;  n.m.r. T (CCI,) 7.77 (2H;  
d ;  2-H), 8.0-8.8 (3H, m ,  3- and 4-H),  8.93 (3H, d ,  3-CH3), 
and 9.06 (3H, t ,  5-H). 

Anal. Calcd. for CBH, ,N:  C ,  74.17; H, 11.41. Found: 
C ,  74.08; H ,  11.21. 
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TABLE 2 Specific rotation o f  (+)-1-cyano-2-methyl- 
butane ( la) ,  (+)-1-cyano-1-bromo-2-methylbutane (2a), 
and (+)-I-cyano-3-bromo-2-methylbutane (40) in CCI, 

[a]* 
h -- - 

(nm)  l a  (at 24') 2a (at 27") 4a (at 26') 

1-Cyano-2-nzetkyl-1-butene and 
I-Cyano-2-nzethyl-2-butene 

The method o f  Whyte and Cope (15) was used to  syn- 
thesize a mixture o f  these olefins. A benzene solution 
(150 ml)  o f  methyl ethyl ketone (225 g, 3.1 rnol), cyano- 
acetic acid (245 g, 2.9 rnol), glacial acetic acid (90 g, 
1.5 rnol), and ammonium acetate (46.6 g, 0.6 mol) was 
heated under a Dean-Stark trap until all o f  the water had 
separated. The solvent benzene was removed by distilla- 
tion and the crude mixture was heated at 145' for 5 h .  The 
reaction products were then distilled at 80 mm.  The dis- 
tillate was washed with water and then dried over an- 
hydrous sodium sulfate. Redistillation gave 149 g (54%) 
o f  a mixture o f  1-cyano-2-methyl-1-butene and l-cyano- 
2-methyl-2-butene, b.p. 82-84'150 m m ;  nDZ3 1.4396; i.r. 

v,,, (liquid film) 2243 (-CH,CN), 2220 (-C=CHCN), 

~ n h .  Calcd. for C,H,N: C ,  75.74; H ,  9.54. Found: C ,  
75.79; H ,  9.64. 

( t ) -1-Cyano-2-bronzo-2-methylbutane 
Anhydrous hydrogen bromide was bubbled through a 

stirred solution o f  31 g (0.33 mol) o f  a mixture o f  1-cyano- - 

2-methyl-1-butene and I-cyano-2-methyl-2-butene in 220 
ml o f  ether at 0' for 6 h .  The reaction mixture was washed 
with water, 5% sodium bicarbonate, water, and dried over 
anhydrous sodium sulfate. Distillation under reduced 
pressure gave 35.3 g (61%) o f  (i )-1-cyano-2-bromo-2- 
methylbutane, b.p. 70.5-7lC/5 m m  (lit. (16), b.p. 85-86'113 
mm) ,  nDZ3 1.4745 (lit. (16) nDZ2 1.4772; i.r. v , , ,  (liquid 
film) 2980 (s),  2940 (s),  2920(sh), 2880 (s),  2840 jsh), 2240 
(m), 1455 (s),  1500 (sh),  1430 ( m ) ,  1415 (s),  1385 (s),  1345 
(w) ,  1315 (w) ,  1300 (w) ,  1285 (w) ,  1240 (w) ,  1150 (w) ,  
1115 (s) ,  1110 (sh), 1088 (m) ,  1015 (w)  c m - I ;  n.m.r. 7 

(CCI, solution) 7.07 (2H, s, 2-H), 8.05 (2H, q, 4-H), 8.15 
(3H, S ,  3-CH3), 8.89 (3H, t, 5-H). 

The pure material could be stored for days in the dark 
at 0". I f  left to  stand on the bench top for several days 
it fumed and gave o f f  hydrogen bromide. 

Anal. Calcd. for C,HloBrN: C ,  40.93; H, 5.72; Br, 
45.39; N ,  7.96. Found: C ,  40.90; H ,  5.83; Br, 45.50; 
N ,  7.94. 

( i- ) -1-Cyano-1-bromo-2-methylbutane 
A mixture o f  (+)-1-cyano-2-methylbutane (13.6g, 

0.14 mol), bromine (24.6 g, 0.15 mol), and 2 ml o f  phos- 
phorus tribrornide was heated at 80" for 4 h .  The reaction 
mixture was allowed to  cool t o  room temperature and 

then was distilled under reduced pressure (water pump). 
The distillate was washed with water, 5% sodium bicar- 
bonate, and water again, and dried over anhydrous mag- 
nesium sulfate. Redistillation gave 16.3 g (66%) o f  
(+)-1-cyano-1-bromo-2-methylbutane, b.p. 94-125.5 m m ,  
noz5 1.4644. The specific rotation is given in  Table 1; 
n.m.r. T (CCI,) 5.74 ( I H ,  d ,  2-H), 8.70-7.90 (3H, m, 3- 
and 4-H), 8.82 and 8.79 (3H, d and d ,  3-CH3),3 8.98 and 
9.01 (3H, t and t ,  5-H)3; i.r. v,,, (liquid film) 2238 cm-' 
(-C - N) .  

Anal. Calcd. for C6H1,BrN: C.  40.93; H ,  5.72; Br, 
45.39; N ,  7.96. Found: C ,  40.61; H, 5.84; Br, 45.53; N ,  
7.91. 

Biomination of ( +)-1-Cyano-2-methylbutane with 
t-Butyl Hypobronzite 

A mixture (2:1  rnol ratio) o f  (+)-1-cyano-2-methyl- 
butane and t-butyl hypobromite (13) (94% pure by iodo- 
metric titration) was sealed in a degassed Pyrex ampoule. 
The ampoule was thermostated at 25" and irradiated with 
a 100 W incandescent lamp until colorless (4 h). Gas- 
liquid partition chromatography analysis o f  the reaction 
mixture using an Aerograph 202 gas chromatograph 
equipped with a 114 in. x 10 ft 10% Carbowax 20M T P A  
o n  60-80 mesh Chromosorb P AW glass column (135' 
isothermal) indicated five monobromo-I-cyano-2-methyl- 
butanes and a small amount (-5%) o f  a high boiling 
compone:lt, besides t-butyl alcohol and unreacted starting 
material. Gas chromatography - mass spectral analysis 
o f  the reaction mixture showed the first five products to 
be monobromides. They were present in the following 
ratio: 19 : 32: 39 : 4 :  6. The compounds corresponding to  
peaks 1 ,  2, and 3 were isolated by preparative g.1.p.c. 
 sing a 114 in. x 10 ft glass column packed with 10% 
DEGS on Chromosorb P A W .  Peaks 1 and 2 were identi- 
fied as corresponding to 1-cyano-1-bromo-2-methyl- 
butane and 1-cyano-2-bromo-2-methylbutane by a corn- 
parison o f  their g.1.p.c. retention times, and their 'H 
n.m.r. and i.r. spectra with those o f  authentic samples. 
Nuclear magnetic resonance showed the compound cor- 
responding to  peak 3 to be a 1-cyano-3-bromo-2-methyl- 
butane. Its specific rotation is listed in Table 1. ' H  n.m.r. 
T (CC14) 8.86 and 8.79 (3H,  d and d ,  3-CH3),3 8.29 and 

I 
8.26 (3H, d and d ,  4-CH3),3 8.20-7.70 ( l H ,  m ,  -CH-), 
7.62 and 7.53 (2H, q and q ,  -CH2-),3 5.92 and 5.81 
( I H ,  quintet and octet, -CHBr-); i.r. (in CCI,) 2245 
cm-' (-C-N). 

Anal. Calcd. for C6H,,BrN: C ,  40.93; H ,  5.72; Br, 
45.39; N ,  7.96. Found: C ,  40.99; H ,  5.86; Br, 45.36; N ,  
8.20. 

Peaks 4 and 5 corresponded presumably to  l-cyano-2- 
(bromomethy1)butane and I-cyano-4-bromo-2-methyl- 
butane. Both o f  these compounds had parent ions at nz/e 
175 and 177 (C,H,,BrN), 93 and 95 (CH,Br), and base 
peak at 55 (C4H7).  

Photobromination of ( + ) -1-Cyano-2-methylbutane with 
Molecular Bromine 

The brominations were carried out under a helium 
atmosphere and were isolated from the air by a dioctyl- 

3Chemical shifts and couplings that are reported are 
for the mixture o f  erythro and threo isomers. 
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TANNER ET AL.: PHOTOBROMINATION 

TABLE 3. Bromination of (i)-1-cyano-2-methylbutane (1) 
with molecular bromine 

Mole ratio Temperature Relative yields Yield 
Reaction 1 : Br2 Pa of monobromides (%I 

phthalate bubbler (2). Mixtures of (f )-1-cyano-2-methyl- 
butane and molecular bromine (under a helium atmos- 
phere) were placed in a thermostated Pyrex water bath 
and were irradiated using incandescent light. The solution 
which was stirred continually was irradiated until the 
bromine color had been discharged. A copious evolution 
of hydrogen bromide was observed to bubble out through 
the dioctyiphthalate. The reaction mixture was washed 
with aqueous sodium thiosulfate solution, 5% sodium 
bicarbonate, and dried over anhydrous sodium sulfate. 
The reaction mixtures were subjected to g.1.p.c. analysis, 
using the DEGS column. The major product (>go%) 
was I-cyano-1-brcmo-2-methylbutane which was iso- 
Iated and identified by the comparison of its g.1.p.c. reten- 
tion time, and n.m.r. and i.r. spectra with those of an 
authentic sample. The minor products, 1-cyano-2-bromo- 
2-methylbutane and I-cyano-3-bromo-2-methylbutane, 
were identified by a comparison of their g.1.p.c. retention 
times on two columns (DECS and Carbowax). The con- 
ditions used and the relative yields of products are listed 
in Table 3 (reactions 1-4). 

The brominations were repeated in degassed. sealed 
Pyrex ampoules. The solutions were irradiated until the 
bromine color was discharged. The tubes were opened 
and a known amount of chlorobenzene and o-dichloro- 
benzene was added. The reaction mixture was washed 
with aqueous sodium thiosulfate solution, saturated 
sodium bicarbonate, and dried over anhydrous sodium 
sulfate. The solutions were then subjected to g.1.p.c. 
analysis on the HY-FI g.1.p.c. using a 118 in. x 10 ft glass 
column packed with 10% Carbowax 20M TPA on 60-80 
mesh Chromosorb P A W  (135", isothermal). The absolute 

yield of the products was obtained (Table 3, reactions 5-7) 
by using standard calibration curves for the g.c. response 
of the products and start~ng material c ~ .  chlorobenzene 
and o-dichlorobenzene. 

~romination of ( + ) -I-Cyano-2-n1erhylbuta1ze ( la)  with 

~. 
NBS and Moleculai Bromine 

The reactions were carried out in degassed, sealed 
Pyrex ampoules with constant shaking (see Table 4, re- 
actions 1-2) or with continual stirring (see Table 4, re- 
actions 3-6). The thermostated reaction mixtures were 
irradiated using 2 x 140 W Hanovia Utility lamps from 
68-365 h. At the end of the reaction solid NBS remained 
in the bottom of the reaction vessel. The reaction solutions 
were washed with aqueous sodium thiosulfate solution, 
water, saturated sodium bicarbonate, water again, and 
dried over anhydrous sodium sulfate, and analyzed by 
g.1.p.c. using the 118 in. x 10 ft glass column packed 
with 10% Carbowax 20M TPA. The results and reaction 
conditions are given in Table 4. 

Reaction mixtures (Table 4, 3-6) were distilled under 
reduced pressure (60 mm) to remove the carbon tetra- 
chloride solvent and the unbrominated starting material 
(37-40'/8 mm); finally the fraction boiling at 52-53"/1 mm 
was collected and was found by g.1.p.c. analysis to be 
primarily 1-cyano-2-bromo-2-methylbutane. This fraction 
was redistilled and collected at  48-49'/1.2 mm. Gas- 
liquid partition chromatography analysis of the redistilled 
fraction (48-49"/1.2mm) showed small amounts of 2a 
(1.4%) and 4a (7.OY,), see Fig. 1. The rotation of this 
mixture is listed in Table 1. A synthetic mixture of 1.36% 
of 2a, 6:95% of 4a. and 91.69% of 3 was made and its 
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TABLE 4. Bromination of (+)-1-cyano-2-methylbutane ( la)  with NBS 
and molecular bromine in carbon tetrachloride 

Reactants in CCI, 
Reaction Temperature Products 

l a  (M) Br, (M) NBS (102m01/100 ml) No. 03 (2a:3:4a) 

observed rotation was compared with that of the material 
collected by distillation from the reactions, see Table 1. 
The g.1.p.c. analysis of the synthetic mixture was also 
compared to this isolated fraction. see Fig. 1. 

The reisolated unreacted starting material was purified 
by preparative g.1.p.c. on a 114 in. x 10 ft glass column 
packed with 10% Carbowax 20M TPA and its specific 
rotation was compared to the starting material, In ,  see 
Table 1. 

Small amounts of olefin (<  3%) were formed during the 
analysis of 1 -cyano-2-bromo-2-methylbutane. The amount 
of olefin was found to be variable and was shown to be 
formed from the decomposition of 3, since the g.1.p.c. 
isolated material when reanalyzed still showed a small 
amount of olefin. 

The absolute yield was determined for the reaction 
(Table 4, reaction 6) by reanalysis of the mixture, after 
the addition of a known amount of chlorobenzene and 
o-dichlorobenzene. The extent of reaction was deter- 
mined by iodometric titration. The reaction mixture was 
washed with water, sodium bicarbonate solution, again 
with water, and dried over anhydrous sodium sulfate. 
The reaction mixture was analyzed by g.1.p.c.  carb bow ax^ 
20M TPA) The absolute yield of the three monobromides 
(Table 4, reaction 6) was found to be 299, based on the 
active bromine consumed (60%) 

The authors wish to thank the National Research 
Council of Canada and the University of Alberta for 
their generous support of this work. 
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6. K. CHIP and T. R. LYNCH. Can. J. Chem. 52, 2249 (1974). 
The photochemical transformation? undergone by 2-cyano-2-methylcycloheptanone (1) 

and 2-cyano-2-methylcyclohexanone (2) have been studied in methanol and aqueous dioxane. 
In  the former solvent, 1 is isomerized to three products in the ratio 78 : 8 : 13, corresponding 
to the enals 3a and 3b, and a new ring expansion product 4, respectively. In aqueous dioxane, 
the cyclic imide 6 was obtained in 1 8 x  yield. Cycloalkanone 2 in methanol produces four 
products in the ratio 61 : 30 : 7 : 1 ,  these being the isomeric enals 80 and 8b, the ester 9,  and the 
ring expansion product 10. No imide related to 6 could be obtained from irradiation of 2 in 
aqueous dioxane. 

G. K. CHIP et T. R. LYNCH. Can. J. Chem. 52, 2249 (1974). 
On a Ctudie, dans le methanol et le dioxanne aqueux, les transformations photochimiques 

subies par la cyano-2 methyl-2 cycloheptanone (1) et la cyano-2 methyl-2 cyclohexanone ( 2 ) .  
Dans le premier solvant, 1 s'isomerise en trois produits presents dans le rapport 78: 8 :  13 et ces 
produits sont respectivement les Cnals 3a et 3b et le nouveau produit d'extention 4. Dans le 
dioxanne aqueux, on obtient l'imide cyclique 6 avec un rendement de 18%. Dans le methanol, la 
cycloalkanone 2 conduit a quatre produits dans le rapport 61:30:7:1; ces produits sont 
respectivement les enals isomkres 8a et 86, I'ester 9 et le produit d'extention 10. Aucune irnide 
de structure similaire 6 n'a pu $tre obtenue lors de I'irradiation de 2 dans le dioxanne aqueux. 

[Traduit par le journal] 

The photochemical reactions undergone by 
cyclic ketones have for some time been of wide- 
spread interest (2), the principal products being 
carboxylic acid derivatives (3), enals (2), and 
cyclic ethers (4, 5). Acyl alkyl diradical inter- 
mediates (6, 7) are commonly invoked and may 
arise from either the singlet or triplet excited 
states of the ketone (4, 8, 9). 

Photochemical ring enlargements of synthetic 
interest have recently been discovered, employing 
cycloalkanones with appropriate substituents in 
the 2-position as substrates. Thus, 2-vinyl- and 
2-ethynylcycloalkanones on irradiation lead to a 
two-carbon expansion (10, 1 I), whereas the anal- 
ogous 2-cyclopropyl and 2-oxiranyl cases enlarge 
the carbocyclic ring by three atoms (12, 13). 
Other one-atom reactions involving introduction 
of an additional carbon (14, 15), nitrogen (16-1 8), 
and oxygen (4, 5) into a ring are also known. 

Recently, we have shown that simultaneously 

generated acyl and u-cyanoalkyl radicals combine 
predominantly on the nitrogen of the alkyl inter- 
mediate to give, in the presence of water, N-acyl- 
amides (19); it is assumed that an N-acylketeni- 
mine is first formed which subsequently under- 
goes rapid addition of water (Scheme I). We were 
curious as to whether this same mode of recom- 
bination would occur when the radical pair were 
joined by a carbon chain. We have consequently 
studied the photochemistry of 2-cyano-2-methyl- 
cycloheptanone (11) and 2-cyano-2-methylcyclo- 
hexanone (2), both of which would be expected to 
undergo the Norrish Type I cleavage indicated to 
give examples of the desired diradicals. The irradi- 
ation of these cycloalkanones was also of interest 
since few cycloalkanones with two different sub- 
stituents in the 2-position have been so examined 
and, relative to cyclopentanones and -hexanones, 
cycloheptanones have received little attention. 

The ketone 1 was synthesized by the known 

0 
- - - - . - - - . / I I R-C40+ N=C-C, + R-C-N=C=C / H 2 0  

\3 \ 
h RCNHC-CH 

\ 

'A preliminary account of part of this work has appeared previously (1). 
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incorporation of a solvent molecule in this prod- 
uct was suggested by a three-proton singlet at 6 
3.7 p.p.m. in the n.m.r. spectrum. Other features 
of the spectrum were a methyl doublet (J = 7 Hz) 
at 1.18 p.p.m., together with two multiplets 

Thorpe cyclization of suberonitrile to 2-cyano- totalling - l i  hydrogens in the region 1 .;-2.7 

cycloheptanone (20) followed by C-methylation p.p.m. A structure consistent with these data, and 

with methyl iodide. 2-Cyano-2-methylcyclohexa- the product hoped for at the genesis of this work, 

none was obtained by a literature method (21). is the hexahydro-9-methoxyazonin-2-one, 4. 

Photolysis of a 5% solution of 1 in methanol Added support is provided by the i.r. spectrum of 

under nitrogen caused the formation of three this oil, which exhibits two strong overlapping 

products in the ratio 78 : 8 : 13,' which were iso- bands at 1690 and 1660 cm-l,  assigned to the 

lated by preparative g.1.c. The first and second carbonyl and imino functions, respectively. These 

components were identified as the Z and E al- values compare reasonably well with those of 

dehydes 3a and 3b (Scheme 2), respectively. In 1710 and 1665 cm-I reported for the dihydro- 

their i.r. saectra. each exhibited carbonvl and con- azepin-2-one system 5 (24). 

jugated iitrile 'absorptions at  1720-and 2210 
cm-I, respectively, while the carbon-carbon 
double bond stretch appeared at 1640 cm-' for 
theZaldehyde and at 1660 cm-' for the Eisomer. 
The n.m.r. spectra are also consistent with the 
structural assignments and the isomers were dis- 
tinguished by the relative positions of the single 
vinyl proton in each case, 6 6.17 p.p.m. for the Z 
isomer and 6 6.35 p.p.m. for the E isomer. This 
means of discrimination is in accord with two 
previous reports on the n.m.r. spectra of a num- 
ber of acrylonitrile derivatives where the authors 
have observed that the P-vinyl hydrogen cis to 
the nitrile group absorbs ca. 0.1-0.15 ]?.p.m. 
further downfield than the 0-vinyl hydrogen trans 
to the cyano function (22, 23). 

Attempts to obtain analytical data on the 
2,4-DNP derivatives of the aldehydes were un- 
successful, thus, accurate mass measurenlent of 
the molecular ion peaks was resorted to. For the 
Z and E aldehydes, the measured masses were 
151.099439 and 151.099589, respectively, in good 
agreement with the calculated value of 151.099714 
for C,H,,NO. 

The third product obtained fro111 the irradia- 
tion of 1 was a colorless oil of molecular formula 

The results from the irradiation of the ketone 
1 in a 1 : 1 water-dioxane medlum were most 
gratifying, particularly since they provided a fur- 
ther elegant demonstration of the ring enlarge- 
ment previously observed in methanol solution. 
Gas-liquid chronlatographic examination of the 
photolysis product indicated the presence of the 
enals 3a and 3b together with a third product in 
18: absolute yield and of long retention time. 
This was subsequently isolated by crystallization 
of the crude product from methanol and found 
to be a C,H, ,NO, compound, m.p. 138.5-1 39.5", 
whose i.r. spectrum exhibited a sharp weak band 
at 3340 cm-'  indicative of the presence of an 

C10H17NQ2 (from .Iccurate Inass measurement: 'N-H group, together ivith strong carbony] 
observed 183.12575, calculated 183.12592). The / 

ZFrom g.1.c. peak areas. 
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0 

SCHEI 

absorption at 1690 cm-l. The n.m.r. spectrum 
had one exchangeable proton at 6 8.27 p.p.m., 
three- and eight-hydrogcn multiplets at 6 2.83 
and 1.7 p.p.m., respectively, together with a 
methyl doublet (J = 6 Hz) at 1.23 p.p.m. These 
spectra are quitc consistent with the structure of 
this product being that of the cyclic imide 6. Of 
course, this observation greatly enhances one's 
confidence in the correctness of the assignment of 
the structure 4 to the photoproduct in methanol. 

Since 4 is one of the two possible 0-methyl 
iminoethers related to 6, we attempted the acid 
(2 N HC1) hydrolysis of 4 to 6 using the conditions 
previously reported for a related acyclic example 
(25). In the event, no 6 could be detected, the i.r. 
spectrum of the product suggesting the forlnation 
of an amide ester, possibly 7, and thus the occur- 
rence of preferential ring opening. Because of the 
small amount of 4 available, no further work on 
the hydrolysis product was possible. However, 
we were interested to observe that 6 itself did not 
survive these hydrolytic conditions. 

Irradiation of a 10% methanol solution of 2- 
cyano-2-methycyclohexanone (2) led to the for- 
mation of four products in the ratio 61 : 30: 7 : 1. 
The first two were the Z and Eisomeric aldehydes 
8a and 8b (Scheme 3), respectively, characterized 
by satisfactory elemental analyses on their 2,4- 
DNP derivatives and by their spectra. The isomers 
were distinguished by the chemical shifts of the 
vinyl protons, 6 6.17 p.p.m. for that of the Z com- 
pound, 6.33 p.p.m. for the E isomer. The third 
product was identified as the ester 9 by corn- 
parison with an authentic sample (26). 

The fourth product was isolated only in small 
quantities but the assignment to it of structure 
10 appears secure on the basis of the following. 
Both the i.r. (v,,, (CHCI,) 1690 (m), 1660 cm-' 
(s)) and n.m.r. (6 (CDCI,) 1.22 (3H, d, J = 7 Hz), 
1.5-2.6 (9H, two multiplets), and 3.7 p.p.m. (3H, 

biE 3 

s)) spectra are remarkably similar to those of the 
0-methyl iminoether 4 isolated from irradiation 
of 1. In addition, alkaline hydrolysis ofthis photo- 
product gave an oil whose i.r. and n.m.r. spectra 
corresponded very closely to those of an authentic 
sample of 2-~nethylheptanedioic acid (26). Meth- 
ylation of the hydrolysis product gave material 
identical with the dimethyl ester of 2-methyl- 
heptanedioic acid. Irradiation of the cyclohexa- 
none 2 in water-dioxane was found to give none 
of the anticipated cyclic imide. 

Thus, our investigations have shown that the 
photochenlical ring enlargement reaction of 2- 
cyanocycloalkanones is realizable in at least two 
cases and that it can provide either iminoethers 
or i~nides depending upon the solvent. However, 
the yields of these expansion products are sig- 
nificantly less than in the related cases reported 
by Carlson (10-13). The poorer yield of the 
eight-membered iminoether 10 relative to its 
nine-membered homolog 4 can be interpreted in 
terms of the relative ring strains in the precursor 
ketenimines (27). 

The ZIE enal ratio from both 1 and 2 is in 
accord with the stereochemistry of enals ob- 
served in previous cases (28,29). Enallester ratios 
of 1.7 :2.9 have been reported for the photolysis 
in methanol for a number of 2-alkyl substituted 
cyclohexanones (30). For 2-cyano-2-methyl- 
cyclohexanone, this ratio is much larger, approx- 
imately 13. While conformational factors in the 
diradical almost certainly will play a role in con- 
trolling the relative amounts of enal and ester, it 
would appear very reasonable that the conjuga- 
tion available in the product a,P-unsaturated 
nitrile would provide a driving force favoring this 
product over the alternative ketene (which leads 
to ester). Studies on 2-phenylcycloalkanones ap- 
pear to support this argument (29). 

Finally, it may be mentioned that in some re- 
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lated cases ring enlargement does not occur, e.g. 
2-acetyl-2-methyl- and 2-benzoylcyclohexanone 
have been found to provide no ring expanded 
products on irradiation (31, 32). In contrast, a 
number of cyclic nonenolizable P-diketones are 
known to transform to en01 lactones but without 
increase in ring size (33, 34). 

Experimental 
Spectroscopic and chromatographic instruments enl- 

ployed in this work have been described elsewhere (19). 

Synthese~ 
( a )  Suberonitrile 
Finely powdered potassium cyanide (19.5 g, 0.3 mol) 

was added to a solution of I,6-dibromohexane (Eastman, 
24.4 g, 0.1 n~o l )  in 95% ethanol (50 ml) and the mixture 
was refluxed overnight. When cool, the precipitated solids 
were dissolved by the addition of a small amount of 
water and the aqueous mixture was then extracted three 
times with ether (total, 300 ml); the combined ether ex- 
tracts were washed successively with water, 5% aqueous 
sodium hydroxide, and water, and then dried. The 
n~anipulations above were all performed in a well-ven- 
tilated fume hood, using rubber gloves. The ether was 
distilled off, and the residue fractionated to give the 
desired suberonitrile (12 g, 907; yield) b.p. 140-145"/1 mm 
(lit. (35) b.p. 185^,'15 mm). Gas-liquid chrolnatography 
indicated this material to be ca. 95% pure and it was 
employed in the next step. 

( b )  2-Cyanocycloheptanot~e 
The n-~ethod -of Iwanoff (20) was employed. The ethyl- 

magnesium anilide (36) from AT-n-methylaniline was pre- 
pared by dropwise addition of ethyl bromide (27.3 g, 
0.25 mol) in anhydrous ether (100 ml) over 0.5 h to 
agitated n-magnesiurn turnings (7.2 g, 0.3 mol) in anhydrous 
ether (20 ml) in a carefully dried three-necked flask cooled 
in an  ice bath, employing a dry nitrogen stream to ex- 
clude air. The reaction was moderately vigorous and the 
so l~~ t ion  was stirred for a further 0.5 h after the ethyl 
bromide addition was con~plete. Then N-methylaniline 
(26.8 g, 0.25 mol) in anhydrous benzene (100 1111) was 
added over 0.5 h to the Grignard solution prepared as 
above and maintained at  room temperature, the solution 
subsequently being stirred for a further 0.5-0.75 h, and 
then was heated to reflux. 

Suberonitrile (23.12 g, 0.17 niol) in 250 ~ n l  of a 1 : 1 
benzene-ether mixture was then added at  the rate of 1 
drop,/0.5 min to this refluxing anilide solution; the addi- 
tion required about 8 h. After refluxing overnight the 
cooled solution was treated with ice-cold 15% aqueous 
hydrochloric acid; the benzene-ether layer was separated 
and washed with a further 100 ml aliquot of 1 5 z  aqueous 
hydrochloric acid. The combined aqueous layers were ex- 
tracted three times with ether (total, 300 ml), and then the 
combined organic lavers were washed with water and 

( c )  2-Cyano-2-n~etkylcycloheptanone 
Sodium metal (0.69 g, 0.03 g-atom) was dissolved in 

anhydrous ethanol (12 ml) followed by the addition of 
2-cyanocycloheptanone (4.07 g, 0.027 mol) with stirring. 
After a few minutes, the sodium salt of the ketone sep- 
arated, and stirring was continued for a further 20 min. 
Methyl iodide (7.66 ml, 0.054 mol) was then added drop- 
wise; the reaction was not noticeably exothermic and 
after a further 15 nlin stirring, the mixture was warmed 
in an  oil bath for 12 h. The ethanol was then removed, 
water added, and the solution extracted three times with 
ether; the combined ether extracts were washed twice 
with 2% aqueous sodium hydroxide, then with water, and 
dried. Distillation provided 2-cyano-2-methylcyclohepta- 
none (3.3 g, 72%), b.p. 61-63"/'0.15 mm, of ca. 99% purity 
by g.1.c.; v,,, (CHC1,) 2240 (m), 1718 cm-I (s); 6 
(CDCI,) 3.7 (2H, m), 1.8 (8H, br), 1.5 p.p.m. (3H, s). A 
2,4-dinitrophenylhydrazone derivative, n1.p. 145-145.5", 
was prepared (37). 

Anal. Calcd. for C,,H,,N,O,: C, 54.38; H, 5.14; N, 
21.14. Found: C, 54.22; H, 5.11; N, 20.94. 

( d )  2-Cyanocyclolzexanone 
Finely powdered potassium cyanide (38 g, 0.58 mol) 

was added to a solution of 2-chlorocyclohexanone (26.5 
g, 0.2 nlol; obtained by the method of Newman er al. (38)) 
in 95% ethanol ( 1  00 1n1) and after stirring for 20 min, the 
solution was refluxed for 40 min, cooled, poured into ice 
water, and the aqueous mixture was acidified with 15% 
aqueous hydrochloric acid to Congo Red pH, then ex- 
tracted with ether. After drying, the ether was distilled 
off, and the residue fractionated to give the product 
(13.5 g, 5573, b.p. 87'/0.5 nim (lit. (39) b.p. 129-13l0/7 
mm); semicarbazide, m.p. 155-156" (lit. (40) n1.p. 162'); 
v,,, (CHC13) 2250 (w), 1720 cm-I (s); 6 (CDCI3) 3.8 
(1H, m), 2.8-1.4 (8H, br). 

( e )  2-Cj~a~zo-2-methylcycIohe.un~1one 
Sodium metal (1.2 g, 0.05 g-atom) was dissolved in an- 

hydrous ethanol (10 ml) and 2-cyanocyclohexanone (6.15 
g, 0.05 mol) added with stirring. A mildly exothermic re- 
action took place with the appearance of a white precipi- 
tate. Methyl iodide (11.36 g, 0.08 mol) was then dropped 
in and the mixture warmed on the water bath for 0.5 h .  
At the end of this time, all solid material had disappeared. 
The solvent was then removed, water added, and the mix- 
ture extracted with ether. The aqueous layer was satu- 
rated with sodium chloride and again extracted. The com- 
bined ether layers were washed twice with water, dried, 
and the solvent distilled. Thc residue was fractionated 
twice to give the desired product, b.p. 88-92^/15 inn? (lit. 
(21) b.p. 94",'13 mm) which has  contaminated with a small 
amount of 2-chlorocyclohexanone. Highly pure 2-cyano- 
2-n~ethylcyclohexanone was produced by preparative g.1.c. 
on a 20 ft x 1 '4  in. 5% SE-30 column. The purified 
material was a colorless liquid; v,,, (CHCI,) 2240 (ni), 
1723 cm-'  (s); 6 (CDCI,) 3.9-1.7 (8H, complex), 1.4 
p.p.m. (3H, s); sernicarbazone, m.p. 200-202 (lit. (41) 
m.p. 201-202'). 

dried. The soyvents wire distilled off, and the residue dis- ( f )  Methyl 6-Cyanoheptanoate 
tilled to give 2-cyanocyclol~eptanone (8.1 g, 35%), b.p. 2-Methylcyclohexanone peroxide was obtained by re- 
69-72"/0.05 mm (lit. (20) b.p. 135-1 36"ilO mn1) ; v,,,, action of 2-methylcyclohexanone with 30% hydrogen 
(CHCI,) 2250 (m), 1710 cm-' (s); 6 (CDCI,) 3.8 ( lH ,  m), peroxide (42) and converted by the method of Minisci 
2.6 (2H, m), 1.4-2.2 p.p.m. (8H, br). and Portolani (26) to the desired product which was iso- 
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CHIP AND LYNCH: PHOTOCHEMICAL RING EXPANSION 2253 

lated in poor yield as an oil; v,,,, (CHCI,) 3000 (v br), material with v,,, (CHCI,) 3500 (w), 3410 (w), 1735 (s), 
1710 cm-'  (s); 6 (CDCI,) 10.9 (s), 2.4 (m), 1.6 (m), 1.3 1690 (s), 1600 cm-' (m); 6 (CDCI,) 3.66 (3H, s), 2.2 (3H, 
(d, J = 7 Hz). Methylation of this acid with diazomethane br), 1.3 (8H, br), 1.1 (3H, d, J = 7 Hz). 
gave the lnethyl ester, a pure sample of which was pre- ( b )  2-Cyano-2-n~eth~~lcycIohept~1none in Aqrreorrs 
pared by preparative g.1.c.; v,,, (CHC1,) 2250 (w), 1735 Medirrnz 
cm-I (s); 6 (CDCl,) 3.67 (3H, s), 2.35 (3H, m), 1.9-1.4 A solution of 1 (0.21 g) in 1 : 1 dioxane-water (20 ml) 
(6H, br), 1.31 (3H, J = 7 Hz). was irradiated for 27 11. The cloudy solution was evap- 

( g )  2-Methylheptanedioic Acid and its Dimethyl orated to dryness and the residue was crystallized from 
Ester methanol to give 6 as white crystals, m.p. 139-139.5- 

6-Cyanoheptanoic acid was hydrolyzed with aqueous (33 mg, 147,); v,,,, (CHCl,) 3340, 1690 c n l '  ; 6 (CDCI,) 
ethanolic potassium hydroxide solution, and the crude 8.27 ( l H ,  br, exchangeable), 2.8 (3H, br), 1.7 (8H, br), 
acid was obtained as an  oil by acidification and ether ex- 1.23 (3H, d, J = 7 Hz), mass spectrum, 111 'e 169 ( I l jz ,  
traction, followed by solvent removal. A portion crystal- M+') ,  152 (52%), 142 (1673, 126 (2273, 113 (96%), 98 
lized from ether, m.p. 49-50' (lit. (26) m.p. 56-57"), The (74%), 82 (46z),  73 (63%), 69 (jl"), 59 (7473, 55 (loo%), 
oil had v,,,, (CHCI,) 3000 (br), 1705 cm-' (s); 6 (CDCI,) 41 (100%), 39 (35%); 
11.2(2H,s),2.3(3H,n1),1.5(6H,br),1.1p.p.m.(3H,d, Anal.Calcd.forC,H1,NO2:C,63.88:H.8.93;N, 
J = 7 Hz). 8.23. Found: C ,  64.07; H ,  9.08; N, 8.15. 

Treatment of this diacid with diazomethane in ether Solution of a sample of this photoproduct in 3 N hydro- 
gave the dimethyl ester, obtained as a colorless oil, v,,, chloric acid - dioxane at  20- overnight yielded, after 
(CHCI,) 1725 cm-' (s), 6 (CDCI,) 3.65 (6H, s), 2.3 (3H, work-up, an oily product with v,,,, (CHCI,) 3500 (w), 
m), 1.4 (6H, br), 1.13 p.p.m. (3H, d, J = 7 Hz). 3410 (w), 1710 (s), 1660 (s), 1600 cnl-' (w). 

Z~radintions (c) 2-Cyatzo-2-tnethylcyclolzexnt?one (2) in 
Photochemical studies were performed e~nploying a Methanol 

Hanovia 450 W high pressure lanip in a quartz water- A solution of this ketone (1 g) in methanol (10 n ~ l )  was 
cooled jacket. All samples were irradiated in Pyrex; sn~all  irradiated for 36 h, by which time about 75% of the 
scale solutions were degassed by several freeze-thaw starting material had been consumed. Preparative g.1.c. 
cycles on a high-vacuum line, then sealed, while prepara- gave: 
tive scale ones had oxygen-free nitrogen continuously Conlponnd 8a:  v,,,, (CHCI3) 2820, 2720, 2210, 1720, 
bubbled through for thc irradiation ueriod. Products were 1640 cm-' ; 6 (CDCI,) 10.00 (1H, t, J z 1 HZ), 6.17 ( IH,  
isolated using either a 10 ft or 20 ft x 114 in. 5% SE-30 m), 2.5 (4H, m), 1.93 (3H, s, fine splitting), 1.9 (2H, n ~ ) ;  
colun~n in a Varian Aerograph Model 700 gas chronla- mass spectrum, t?r/e 137 (7%, M"), 108 (15%), 94 (go%), 
tograph. 93 (29%), 81 (21%), 67 (17%), 58 (go%), 53 (21?3, 43 

( a j  2-Cyat1o-2-t1reth>Icycloheptanor1e ( I )  in (100z);  a 2,4-DNP derivative, m.p. 113.5-5.1 14.0" was 

~\/ietlranol obtained (37). 

A solution of 1 (1.03 g) in methanol (20 nl]) was irra- Anal. Calcd. for C14H15N504: C, 52.99; H, 4.73; N, 

diated for 64 h, after which time most of the starting 22.08. Found: C, 52.89; H, 4.77; N,  22.01. 

material had been consumed. The solvent was removed C o m ~ ~ o u n d  8b: vlnax (CHC13) 2820, 27201 2210, 1720, 

and the yellow oilrernai~li~lg subjected to preparative g.1.c. 1640 cm-'  ; 15 (CDC13) 9.95 (IH, t, a 6.33 (IH, 

to  give: m); 2.7-1.5 (GH, m), 1.87 (3H, s, fine splitting); mass 

~ ~ ~ ~ ~ ~ ~ , ~ d  3": colorless oil: v,,,, (CHCI,) 2850, 27*0, spectrum, apart from variations in peak intensities, iden- 

2210, 1720, 1640 c l l l - ~ ;  6 (CDCI,) 9.92 ( l ~ ,  t ,  J a 1 tir) ,  tical to that of $0; a 2,4-DNP derivative, m.p. 83-85, was 

6.17 ( lH ,  m), 2.4 (4H, ni), 1.93 (3H, s, fine splitting), 1.5 obtained (37). 

(4H, m); mass spectrum, ill:e 151 ( l o x ,  M + ,  accurate Anal. Calcd. for C i4Hi5W04:  C ,  52.99; H, 4.73; N, 

mass measurement, 151.099439; calcd. for C g H ,  ,NO, 22.08, Found: C, 53.02; W, 4.72; N,  21.93. 

151,099714), 123 (27%), 122 (24z ) ,  108 (28%), 106 (297;), Co111pound9: i.r. and n.1n.r. spectra identical with those 

94 (loo%), 81 (45%), 64 (46%), 55 (53%), 53 (56%), 41 of an authentic s a l n ~ l e  previousl~ described. 

(100%), 39 (69x7,); 2,4-DNP, n1.p. 88-92'; Coinpo~n~d 10: v,,,, (CHCI3) 1690, 1660cm-I;  6 
Conlpout?d 3b: colorless oil, v,,, (CHCI,) 2850, 2710, (CDCl,) 3.70 (3H, s), 2.5 (3H, br), 1.67 (6H, br), 1.22 

2210, 1720, 1660 cm-l :  6 (CDCI,) 9.95 ( IH,  t, J z 1 Hz), P.P.m. (3H, d, J = 7 1 1 ~ ) ;  a sample (12 mg) was hydro- 
6.35 ( lH,  m), 2.6-1.2 (8H, br), 1.87 (3H, s); mass spec- lyzed by refluxing for 3 h in 10% aqueous potassium 
trum, very similar to that of 3" (accurate mass hydroxide solution to which a little methanol had been 

mellt on 151 peak, 151,099589; calcd, for C ~ H , , N ~ ,  added. Work-up gave a semisolid whose i.r. and n.m.r. 

151.099714). spectra were practically superirnposable on those of an 

~ ~ , ~ , ~ ~ ~ ~ ~ ~ d  4 :  colorless oil; (CHCI,) 1690, 1660 authentic sanlple of 2-niethylheptanedioic acid. Treat- 

c m - ~  ; 6 (CDCI,) 3.70 ( 3 ~ ,  s), 2.5 ( 3 ~ ,  m), 1.5 ( 8 ~ ,  m), ment of this semisolid with diazomethane in ether gave 

1.18 (3H, d,  J = 7 ~ ~ 1 ;  Inass spectrum, 183 (377-, a product whose i.r. and n.nl.r. spectra and g.1.c. retention 
M + . ,  accurate mass measurement, 183.12575; calcd. for times (on 5 ft x 118 in. 3% SE-30 and carbowax columns) 

c, ,H,,N~,,  183.12592), 154 ( l l ~ ) ,  140 (52%), 126 were identical to those of a sample of the dimethyl ester 

(loo%), 112 (75%), 97 (1273, 87 (58%), 70 (20%), 69 of 2-methy'heptanedioic acid. 

(2073, 55 (6OZ), 41 (85%), 39 (35%). 
Aqueous hydrolysis (3 ,\' hydrochloric acid - dioxane) The authors are grateful to  the National Research 

of a sanlple of 4 at room temperature overnight gave Council of Canada for partial support of this work. 
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The Reaction of Iminophosphoranes with Dimethylformamide 

JOSEPH M .  MUCHOWSKI' 
Bristol Ltrboiiitoiir~ oj'Cntzadn, Cnrlifioc., Qrtehec. 

Received December 27. 1973 

JOSEPH M. MUCHOWSKI. Can. J. Chem. 52, 2255 (1974). 
It is shown that aliphatic iminophosphoranes react with dimethylformamide to produce 

N,N-dimethyl-N'-alkylformamidines. 

JOSEPH M. MUCHOWSKI. Can. J. Chem. 52, 2255 (1974). 
On dtmontre que les iminophosphoranes aliphatiques rkagissent avec la dimethylformamide 

pour conduire aux N,N-dimethyle N'-alkylformamidines. [Traduit par le journal] 

Iminophosphoranes, the isoelectronic analogs 
of phosphonium ylides (phosphoranes), have 
been known for more than five decades (1)  and 
their chemistry has been studied in considerable 
detail (2-4). Whereas the reaction of imino- 
phosphoranes with aldehydes and ketones is well 
known (2,4,5), to our knowledge, no  reaction of 
these ylides with amides has heretofore been 
described. 

When an aliphatic, cycloaliphatic, or benzyiic 
iminophosphorane2 (generated in situ (eq. 1) 
from an alkyl azide and triphenylphosphine 
(1, 5)) was heated under reflux in anhydrous 
dirnethylformarnide (DMF), a slow (t,,,'j3' - 2 
days) reaction took place to give the corre- 
sponding N,N-dimethyl-N'-alkylformarnidine3 
and triphenylphosphine oxide, presumably via 
a four-centered transition state (eq. 2). Under 
similar conditions aromatic iminophosphoranes 
failed to yield N'-arylformainidines, and no 

'Present address: Syntex, S.A., Division de Investi- 
gacion, Calle Carretera Mexico-Toluca No. 2822, 
Apartado Postal 10-820, Mexico 10, D.F. 

'Among others, the iminophosphoranes derived froni 
11-octyl, cyclohexyl, and benzyl azides gave results 
analogous to those described herein for 2-phenethyl azide. 

3The isolated yields of amidines after 4 days at reflux 
temperature were 60-70z. Cornparable yields were 
obtained in much shorter times if the reactions were 
conducted in sealed ampoules at  180'. The amidines were 
identified by direct comparison with authentic specimens 
synthesized from dimethylformamide dichloride (6) and 
the requisite primary amine (eq. 3). 

All new con~pounds were fully characterized by 
spectroscopic techniques and elemental analyses. 

reaction occurred betmeen dimethyiacetanlide 
and simple aliphatic iminophosphoranes. These 
observations show that the amide reactivity and 
the iminophosphorane nucleophilicity are two 
important factors which determine !he success 
orfailure of the above reaction. Further details 
concerning the scope and mechanism of this 
new reaction nil1 be described in due course. 

The synthesis of h;.hr-dimethyl-N'-(2-phenethyl)form- 
amidine is typical. To  a solution of triphenylphosphine 
(2.65 g) in anhydrous D M F  (20 ml) was added 2-phene- 
thy1 azide (1.37 g (7)). When the vigorous gas evolution 
had subsided (0.5 h), the solution was heated at reflux 
temperature under a positive pressure of dry nitrogen for 
93 h. The cooled solution was poured into ice water 
(100 ml) and concentrated hydrochloric acid (5 ml), and 
the mixture was extracted with dichlorornethane. The 
aqueous phase was made strongly basic with sodium 
hydroxide solution (10 N, 10 ml) and the amidine was 
extracted into benzene. The extract was washed well with 
water, dried over sodium sulfate, and evaporated in 
L>aclro. Evaporative distillation (80-,'0.01 mm) of the 
residue gave a colorless oil (1.20 g, 68%) which was 
identical to an authentic specimen prepared froni 2- 
phenethylaniine and dimethylformalnide dichloride (6). 
The picrate had m.p. 138.5-140- (lit.(8) m.p. 141-142'), 
undepressed on admixture with the picrate prepared from 
the authentic amidine. 

If the reaction was interrupted after 3 h, a small 
amount (i 10% yield) of the amidine could be isolated 
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b ~ ~ t  evaporation of the dichloromethane extract of the 3. S. TRIPPET. I11 Organophosphoro~ischemistry. Vol. 1. 
acidified reaction solution gave the hydrochloride salt The Chemical Society, London. 1970. pp. 207-213. 
(m.p. 181-184') of the iminophosphorane, as its hemi- 4. S.  TRIPPET. In  Organophosphorouschemistry. Vol. 2. 
benzene solvate, in 80% yield (after crystallization from The Chemical Society, London. 1971. pp. 187-190. 
2 :  1 benzene: dichloroethane). 5 .  A. W. JOHNSON and S. C. K. WONG. Can. J .  Chem. 

Anal. Calcd. for C26H,4NP,HCl . iC6H6  : C, 76.19; 44, 2793 (1966). 
1-1, 6.18; N, 3.07. Found: C, 76.29; H, 6.24; N, 2.99. 6. H. H.  BOSSHARD. R. MORY, M. SCHMID, andH.  ZOL- 

LIUGER. Helv. Chim. Acta. 42. 1653 (1959). The author gratefully the proficient 7, p ,  A, S ,  SMITH and B,  B, BROWN. J ,  Am, Chem, Soc, technical assistance of Mr. F. Franco. 73, 2435 (1951). 
1.  H.  STAUDISGER and J .  MEYER, Helv. Chim. Acta, 2. 8. H. B R F ~ E R E ~ K ,  R. GobfpFR, K .  KLEMM.  and W. 

635(1919). REMPFER. Ber. 92. 837 (1959). 
2. A.  W.  J O H ~ S O N .  Wid chemistry. Academic Press, 

New York. 1966. pp. 217-238. 
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The Addition of N-Bromoacetamide to 2,%Umsatanrated Nitro Sugars, a New 
Approach to %,%H)iamino Sugars. Synthesis of Derivatives of 

2,3- Diamino-%,%&deorryomannose and -otalose 

HANS H. BAER AND WERNER RANK 
Deptrrtrnerrt ofChen~istr?, Uni~'er.sit?' ofOttun,a, 0ttalt.0, Canatlti K I N  6N5 

Received February 4, 1974 

HANS H. BAER and WERNER RANK. Can. J. Chem. 52, 2257 (1944). 
The methyl 4,6-0-benzylidene-2,3-dideoxy-3-nitrohex-2-enopyranosides having the a-D- 

ervthro (I), a-D-thveo (lo), e-D-erythro (19), and (3-D-threo (24) configurations react smoothly 
with $4-bromoacetamide (NBA) in the presence of sodium acetate in acetone or aqueous 
acetone. The main products are 2-acetamido-3-bromo-2,3-dideoxy-3-nitrohexose derivatives 
(2, 1 8 ,  2.0, 25, and 26). Depending on the amount of sodium acetate provided, varying pro- 
portions of 2-0-acetyl-3-bromo-3-deoxy-3-nitrohexose derivatives (3, 12, and 21) are formed 
also. The reactions are highly stereoselective in that the acetamido or acetoxy substituent 
appears to enter exclusively in the position trans to the anomeric methoxyl group. Generally 
the nitro group in the addition products appears to be oriented equatorially. An exceptionai 
case is the reastion of 24, which gives two C-3 epimers (25 and 26). Borohydride reduction of 
3, 42, and 21 results in loss of the bromo and acetoxy substituents ieading to known, saturated 
2,3-dideoxy-3-nitro derivatives (4, 13, and 23). Compounds 2, 11, 20, 25, and 24 are debromi- 
nated by sodium borohydride to give vicinai acetanlidonitro derivatives having the following 
configurations: a-D-nianno (5, from 2),  rr-D-talo (14, from 11), (3-D-gluco (22, from 20), and 
0-D-galacto (27, from 25 and 26). Compound 5 was converted by standard reaction sequences 
into methyl 2,3-diaceta1nido-2,3-dideoxy-c*-~-mannopyranoside (8) and its 4,h-diacetate 8. 
G o m p o ~ ~ n d  14 was similarly converted into the corresponding derivatives (16 and 117) of 
hitherto unknown 2,3-diamino-2,3-dideoxy-D-talose. 

EANS H. BAER et WERNER RANK. Can. J. Chem. 52, 2257 (1974). 
Les methyl-4,6-O-benzylidi.ne-2,3-didtoxy-3-nitro-hex-2-nopyranosides posstdant les con- 

figurations a-D-Prythru (I), a-D-thrto (lo), !3-~-Prythro (19) et B-D-thvPo (24) reagissent dans des 
conditions douces avec la N-bromoacttamide en presence d'acitate de sodium soit dans l'ace- 
tone ou I'acCtone aqueuse. Les produits principaux de la reaction sont les derives 2-acetamido-3- 
bromo-2,3-didioxy-3-nitro (2, 11,20,25 et 26). Suivant la quantite d'acetate de sodium mise en 
jeu, des quantites variables des 2-0-ac~tyl-3-bromo-3-dCoxy-3-nitro-hexopyranosides (3,12 et 21) 
sont aussi forrnts. Les reactions sont hautement stereoselectives: les substituants acttamido ou 
acetoxyle semblent entrer exclusivement en position trans par rapport au groupe methoxy 
anomerique. Dans les p rod~~i t s  d'addition, le groupe nitro semble generalement en position 
equatoriale. Un cas exceptionnel est celui de la reaction du compose 24 qui conduit aux deux 
produits epimeres en C-3 (25 et 26). La reduction des produits 3,12 et 21 par le borohydrure de 
sodium enlkve les substituants bromo et acetoxyle conduisant ainsi aux derives saturts connus, 
les 2,3-dideoxy-3-nitro-hexopyranosides (4, 113 et 23). La debromation, par le borohydrure de 
sodium, des composes 2, 11, 20,25 et 26 fournit des derives acetamido-nitro vicinaux ayant les 
configurations suivantes: a-D-manno (5, a partir de 2), E-D-talo (14, a partir de Il), e-D-glnco 
(22, a partir de 20) et a-D-galacto (27, a partir de 25 et 26). Le compose 5 a Cte converti par une 
suite de reactions standards en methyl-2,3-diacCtamido-2,3-didtoxy-r-~-mannopyranside (8) 
et en son 4,h-diacetate (9). Le compose 14 a etC converti de la m&me facon dans les derives 
correspondants (16 et 17) d'un sucre inconnu jusqu'ici, le 2,3-diamino-2.3-dideoxy-D-talose. 

A preceding article (1) reported on syntheses interest arose in the question as to how unsatura- 
of gem-halonitro sugars, for which N-bromo- ted nitro sugars would behave towards that 
acetamide (NBA) was employed as an efficient reagent. It was found (2, 3) that a-nitroalkene 
reagent for bromination of saturated nitro groupings smoothly add NBA in the presence 
glycosides. In conjunction with these studies, of sodium acetate, to give P-acetamido-a- 

bromo-r-nitroalkane systems. In the examples 
lpart XXXIII in a series on reactions of nitro sugars. studied, which comprised I-nitro-2-phenylethy- 

For Part XXXII see ref. 3. lene and a 5,6-unsaturated 6-nitrohexofuranose 
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derivative, the nitro group was situated on a 
terminal carbon atom and NBA therefore pro- 
ceeded to substitute the @-hydrogen atom 
present, producing f3-acetamido-or,@-dibromo-E- 
nitro compounds. We now report applications 
of tlie NBA addition to  carbohydrates contain- 
ing an endocyclic a-nitroalkene moiety, viz., 2,3- 
unsaturated 3-nitrohexopyranosides, in which 
s~ ich  further substitution is of course not possible. 

The four stereoisomeric methyl 4,6-0- 
benzylidene - 2,3 - dideoxy - 3 - nitrohex - 2 -eno- 
pyranosides having the CI.-~-erj't/?ro (I), a-D- 
t/?reo (lo), p-~-er~T/?ro  (191, and p-D-threo (24) 
configurations readily reacted with NBA in 
aqueous acetone at  room temperature when a t  
least a catalytic amount of sodium acetate was 
provided. With one exception, a single acetamido 
adduct was obtained in high yield in each case, 
which indicated a high degree of stereoselec- 
tivity of the addition. These adducts, which 
possessed the structure of methyl 2-acetamido- 
4,6 - 0 - benzylidene - 3 - b r o ~ n o  - 2,3 - dideoxy - 3-  
nitrohexopyranosides (2, 11, 20, 25, and 26), 
were the main reaction products. Depending on 
the amount of catalyst employed, varying pro- 
portions of corresponding 2-acetosy derivatives 
(3, 12, and 21) arose as by-products, which 
evidently was due to acetate ion competing with 
the reactive acetamido species for addition to 
the double bond. In  every case the configura- 
tion generated at  C-2 in the product proved to 
be governed by that of C-1 in the substrate, 
in such a way that a 1,2-trat~s arrangement 
was formed. Thus, in the N-n-glycosides 1 and 
$0 the acetamido (or acetoxy) group entered 
axially and in the P-D-glycosides 19 and 24, 
equatorially. The configuration of the geminally 
substituted carbon atom C-3 could not be es- 
tablished rigorously. Howeker, it is known that a 
nitro group s i t ~ ~ a t e d  at  C-3 of a pyranose ring 
strongly prefers to assume the equatorial 
orientation in kinetically controlled nitronate 
protonation as well as when thermodynamic 
factors prevail (4) and we have argued on the 
basis of chemical and spectroscopic evidence 
that such preference very likely applies to 
the formation of 3-halogeno-3-nitro derivatives 
also (I). In the NBA additions here considered, 
the mechanism probably involves an initial 
nucleophilic attack of the acetamido moiety on 
C-2 which leads to intermediate anion formation 
at  C-3; subsequent attack of Br' may occur 

from either direction (so that 2,3-cis or  2,3- 
trans addition can be the result) but will nor- 
mally take place axially. The configurations de- 
picted for, and names assigned to, most of the 
new bromonitro derivatives were therefore 
based 011 these assumed preferences. (The C-3 
epimers 25 and 26 represented a special case; see 
later). The assignments received support from 
n.ni.r. data. 

Reaction of the ct-D-erytl~ro glycoside 1 with 
NBA in acetone solution containing a catalytic 
amount of sodium acetate gave in 76% yield 
the acetamido derivative 2, which was termed2 
methyl 2-acetamido-4,6-0-benzy!idene-3-bromo- 
2.3-dideoxy-3-nitro-m-altropyranoside Only a 
trace of by-product was detected by t.1.c. but its 
proportion increased strongly when a Iarge excess 
of sodium acetate was used. Under such con- 
ditions, 62.5'7 of 2 and 33.5% of the second pro- 
duct were isolated. The latter proved to be the 
known ( 1 )  methyl 2-0-acetyl-4,6-0-benzylidene- 
3-bromo- 3-deoxy-3-nitro- 2-D- altropyranoside 
(3). I n  this connection, further observations 
concerning the previously noted instability of 
3 were made. Thus, atte~tlpted recrystallization 
of the c o i ~ ~ p o u n d  from hot ethyl acetate re- 
generated 1 in reversal of the bromoacetoxyla- 
tion. Treatment of 3 with sodium borohydride, 
which in similar instances had simply replaced 
the bromine by hydrogen (1, 5), produced tlie 
2,3-dideoxy-3-nitro glycoside 4. W likely ex- 
planation for this is that abstraction of bromine 
was followed by elimination of the acetoxy group 
to give intermediary 1 which is known (6) to be 
reduced to 4 rapidly. By contrast. action of 
sodium borohydride upon the acetamido deri- 
vative 2 removed the bromine without loss of the 
C-2 substituent, to give a high yield of methyl 
2-acetamido-4,6-0-benzylidene-2,3-dideoxy-3- 

-- 

LFollowing a suggestion by Professor D. Horton, 
Columbus, Ohio, and pending adoption of a n  official 
international rule of nomenclature, we denote configura- 
tions of sugars that bear unequal geminal si~bstituents on  
a ring carbon in this way: the substituent of a higher 
priority according to the Cahn-lngold-Prelog r ~ ~ l e  (here 
Br) is thought of as  replacing the hydroxyl group and the 
substituent of lower priority (here NO,) is thought of 
as  replacing the corresponding ring hydrogen, in a 
parent sugar, and the established configurational nota- 
tion of the parent sugar so  defined is used to describc 
the derivative (1). Hence the orientation of the nitro 
group in 3-bromo-3-deoxy-3-nitro-D-altrose is the same 
a s  in 3-deoxy-3-nitro-D-mannose although the absolute 
configuration of C-3 is reversed. 
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Ph- . . 

\OQoMe + \o@oMe 

nitro-a-D-mannopyranoside (5).3 Debenzyliden- 
ation of 5 with acid gave chromatographically 
homogeneous but amorphous methyl 2-acetami- 
do-2,3-dideoxy - 3 -nitro-u-D-mannopyranoside 
(6) which was characterized by its crystallille 

Tompound  5 proved identical with a minor by- 
product that had been obtained (7) in the reaction of 
methyl 2-O-acetyl-4,6-0-benzylidene-3-deoxy-3-nitro-a- 
n-glucopyranoside with ammonia. Some n.m.r. data and 
a chemical analogy had suggested the r-n- t~~anno confi- 
guration for that by-product but a definitive assignment 
was held in abeyance. Unambiguous proof of configura- 
tion is furnished by the present work. 

4,6-diacetate 7. Catalytic hydrogenation of 6 in 
a n  acid medium followed in turn by N- and 
0-acetylation afforded methyl 2,3-diacetamido- 
2,3-dideoxy-a-D-mannopyranoside (8) and the 
known (8) 4,6-diacetate 9 thereof. The reaction 
sequence thus provided chemical proof for the 
configuration at  C-2 in 2 as well as for the 
a-D-rnar?izo configuration of 5-8. 

The addition of NBA to the a-D-threo glyco- 
side 18 gave methyl 2-acetamido-4,6-0-benzyli- 
dene- 3 - bromo - 2,3 - dideoxy - 3 -nitro - CL- D - ido- 
pyranoside (11) and methyl 2-0-acetyl-4,6-0- 
benzylidene - 3 - bromo - 3 - deoxy - 3 - nitro - a - D - 
idopyranoside (12) in yields of 83 and 15%, 
respectively. Treatment of 11 and 12 with sodium 
borohydride proceeded in full analogy to the 
previous series. Thus, the 0-acetyl compound 
12 suffered elimination and reduction leading 
to the 2,3-dideoxy-3-nitro glycoside 13 which 
had previously been obtained (6) by borohydride 
reduction of 163, whereas the acetamido com- 
pound I1  was debrorninated in high yield to 
furnish methyl 2-acetamido-4,6-0-benzylidene- 
2,3-dideoxy-3-nitro-CL-~~talopyranoside (14). De- 
benzylidenatioil of 14 gave the acetamido~litro 
glycoside 15. The latter was catalytically hydro- 
genated under conditions of N-acetylation to 
produce methyl 2,3-diacetamido-2,3-dideoxy-CL- 
D-talopyranoside (16), and 0-acetylation of 16 
gave the 4,6-diacetate 17, the first derivatives 
of 2,3-diamino-2,3-dideoxy-D-talose to be re- 
corded in the literature. Exhaustive hydrolysis 
of 16 with hydrochloric acid appeared to succeed 
according to spectroscopic evidence, but the 
reducing diamino sugar dihydrochloride failed 
to crystallize. N-Acetylation of the hydrolysis 
product likewise did not yield a crystalline 
derivative although i.r. and n.m.r. data of the 
product were consistent with a diacetamido 
sugar. 

Since none of the products derived from 11 
was known, structural proof was required. It 
was sufficient, however, to elucidate the steric 
arrangements a t  C-2 and -3 since those at  the 
remaining centers were not in question. Hence, 
only the a-D-talo, a-D-galacto, E-D-ido, and 
u-D-gulo configurations had to be considered. 
Of these, the two last-mentioned ones could be 
regarded as highly unlikely as far as 14 and the 
subsequent products were concerned: they would 
comprise an  axial C-3 substituent in the ,C4 
chair conformation (the more stable chair for 
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formation and hence pointed to  the u-talo 
configuration, with two axial substituents flank- 
ing the nitro group (9). The n.m.r. spectrum of 
I4 was consistent therewith and it definitely 
ruled out the a-D-galacfo configuration as no 
large splittings in the order of 10 Hz, that could 
have been attributed to 2,3-diaxial ring protons, 
were present in any of the signals. The a-D-talo 
configuration was further supported by the 
chemical shifts of the acetyl protons of 17. In 
CDCI, solution the signals occurred a t  T 7.88 
7.98, 7.98, and 8.1 1 and were therefore attri- 
b ~ ~ t a b l e  to an axial acetoxy, an axial acetamido, 
a primary C-6 acetoxy, and an equatorial 
acetamido group.5 Final proof was obtained 
by chemical nleans. Boron trifluoride-catalyzed 
acetylation of 15 gave, instead of the 4,6- 
diacetate expected, an unsaturated monoacetate 
(18). The nitroolefinic nature of 18 was revealed 
by characteristic absorptions in the i.r. (v,,, 
1530 cnl-l)  and u.v. (A,,, 247 nm with 6 5000, 
111 chloroform6). The n.m.r. spectrum demon- 
strated the presence of an olefinic proton 
(PI-4, doublet at r 2.64) and the remaining 
signals also agreed with the proposed structure. 
The ease with which 15 underwent elimination 
during acid-catalyzed acetylation was indicative 
of the talo configuration as it paralleled a 
simiiar tendency observed (10) in methyl 3,5- 
dideoxy - 3 - nitro - a - L - talopyranoside but had 
no counterpart in related compounds possessi~lg 
other configurations. Finally, an identical nitro- 
olefin 18 was obtained fro111 the N-D-177UflnO 
derivative 7 by dehydroacetoxylation with 
slightly basic silica gel in refluxing chloroform. 
This fact proved that 88 was methyl 2-acetamido- 
6 -  0-acetyl-2,3,4- trideoxy - 3 - n i t ro -3 -D-  t h r ~ o -  
hex-3-enopyranoside, and it showed that 7 and 
15 had the same configuration at  C-2. Conse- 

'This pattern was inconsistent with the r-o-gulrrcto 
and r*-D-iilo configurations, though not with the ?-~-~?lt/o 

a - ~ - p y r a n o s i d ~ ~ )  whereas, regardless of the configuration.   he acetll protonsignals  of the isomer 9 

original arrangement at  the geminal ly  substi- appeared at  z 7.94, 7.96, 7.99, and 8.12 in accordance 
with the equatorial acetoxq, axial acetamido, primary 

t~ l ted  C-3 in 11, reductive removal of the bromine C-6 acetoxy, and eqllatoriai acetamido i n  the 
atom by borohydride would most certainly D-r,,nnrro configuration. For references to the rule that - 
lead to an equatorial nitro group." The u.v. permits such assignments and for a discussion of its 

spectrum of the benzylidene acetal 14 in applicability to  other compounds described in this 

holic 0.01 N KOH solution showed absorption a r ~ ~ ~ o T : ~ d ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ l i c  sodillm melhoxide 
a t  250 nm with a very high intensity (& 21 000) (0.1 "11) to the 10-4,Vf solution of the sample (3 ml), a 
which was indicative of es~eciallv facile nitronate bathochromic shift to ?.,,,,-257 nrn took wlace and the 
- ~.. . absorbance increased to  10 100. This is interpreted as 

lCompare the results of such debronlinations recorded resulting froin nucleophilic addition of tnethoxide ion 
earlier (1)  and later in the present article. to  give a saturated glycoside nitronate. 
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quently the X - D - ~ ~ ~ I C ~ O  and c / . -D-~U~O configura- 
tions were eliminated for 15, and the a-D-falo 
configuration remained for 14-17 as the only 
one that was compatible with all the pieces of 
chemical and spectroscopic evidence accumula- 
ted. 

Addition of NBA to the P-D-erytllro glyco- 
side 19 in the presence of excess sodium acetate 
produced methyl 2-acetamido-4,6-0-benzyli- 
dene - 3 - bromo - 2,3 - dideoxy - 3 -nitro - P - D -allo- 
pyranoside (20) and its previously described 
(1) 2-acetoxy analog 21 in yields of 55 and 24%, 
respectively. For both products the equatorial 
orientation of the 6-2 substituent was indicated 
by diaxia! proton coupling (8 Hz) between Pa-1 
and H-2. Reduction with sodium borohydride 
converted 20 into methyl 2-acetamido-4,6-0- 
benzylidene- 3 - deoxy - 3 -nitro- P-D-glucopyrano- 
side (22), and 21, into methyl 4,6-0-benzylidene- 
2,3-dideoxy-3-nitro-P-D-arabino-hexopyranoside 
(23), in complete analogy to the corresponding 
reactions mentioned earlier on. The known com- 
pounds 22 and 23, which have served as useful 
intermediates in amino sugar syntheses, have 
been made in high yields from 19 by more 
direct methods (4a, 6, 11). No further work was 
therefore devoted to the reaction of 19 with 
NBA and the question of a possible influence of 
the sodium acetate concentration on the product 
ratio was not pursued. The highly stereoselec- 
tive introduction of substituents at C-2 in the 
direction opposite to the aforedescribed ex- 
amples, was, however, noted with interest. 

Addition of NBA to the P-D-threo glycoside 
24 also proceeded very smoothly. Only a 
catalytic amount of sodium acetate was applied 
in this case, and no acetoxybromo adduct was 
detected. The product consisted of approxi- 
mately equal proportions of two acetamido- 
biomo isomers which were isolated by column 
chromatography, each in about 45% yield. Both 
isomers exhibited an anomeric proton doublet 
with a splitting of 9 Hz, which indicated 1,2- 
trans diaxial ring hydrogen atoms and hence, 

,;::a NO2 MC + ph<a 
NO2 

Br NHAc Br OAc 

20 2 % 

an equatorial substituent at C-2. The stereo- 
isomerism of the two adducts must therefore be 
due to different orientations at C-3, i.e., the 
P-D-gulo (25) and P-D-galacto (26) configurations 
must hold. For reasons given below, the more 
slowly moving product was judged to be 25, 
and the faster moving one was assigned formula 
26. Treatment of either compound with sodium 
borohydride led to the same product of de- 
bromination, namely, the known (12) methyl 
2 - acetamido - 4,S - 0 - benzylidene - 2,3 - dideoxy - 
3-nitro-P-D-galactopyranoside @I), which con- 
stituted chemical proof for configurational 
identity at C-2 and epimerism at C-3. Re- 
bromination of 27 gave in 80% yield the slow- 
moving bromonitro compound (25) while only 
a trace of the fast-moving isomer (26) seemed to 
arise. It  is a reasonable assumption supported 
by evidence that nitro glycosides of the type of 
27 are brominated axially (1); the finding just 
mentioned thus provided grounds for the 
formula allocation made. 
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findings reinforce the configurational assign- 

p h T I b M e  ph'IbMe ments Another made point for C-3.7 of interest concerns the chemi- 
cal shifts of acetyl proton resonances. In 
peracetylated pyranoses and aminopyranoses - 
as well as their methyl glycosides, axial O- 

NO2 Br NHAc acetyl groups resonate at  lowest field (T 7.80- 
24 25 7.87), axial acetamido, equatorial 0-acetyl, and : 1: 

primary (C-6) 0-acetyl groups resonate in an 
intermediate range (z 7.89-8.01), and equa- 

NBA torial acetamido groups give signals at  highest 
field (T 8.03-8.10 or sometimes slightly higher) 
in the most commonly employed solvent, 
chloroform-d (14-17). Better separation of 
signals is observed in dimethylsulfoxide-d, 
solution where the corresponding ranges have 
been reported (17) to be T 7.86-7.89, 7.95-8.10, 
and 8.21-8.27. Very similar resonance ranges 
apply to peracetylated inositols, inosamines, 

NO2 NHAc NHAc and related cyclohexane derivatives (18, 19). The 

26 27 shift ranges have been verified on a multitude 
of examples in many laboratories and are now 

Discussion of Nuclear Magnetic Resonance Data 
In addition to the n.m.r. parameters already 

mentioned, some further spectral features de- 
serve comment. In the series of 4,6-0-benzyli- 
dene-3-deoxy-3-halo-3-nitro pyranosides studied 
previously it was noted that the chemical shift 
of the characteristic benzylidene methine proton 
singlet in the region of T 4.2-4.5 is quite sen-- 
sitive to the configurations at C-3 and -4. When 
compared with the position in the corresponding 
nonhalogenated compounds (all of which possess 
an equatorial nitro group a t  C-3), the methine 
signal upon halogenation at  C-3 was moderately 
but significantly shifted downfield (by 0.1-0.2 
p.p.m.) in some of the cases but remained virtu- 
ally unaffected in others. This could be recon- 
ciled with all other considerations when the down- 
field shift was taken to indicate a gauclze orienta- 
tion between the C-3-halogen and the C-4- 
oxygen bonds while absence of such shift was 
taken to signify an anti orientation of these 
bonds (I) .  Similar observations were again made 
in the present series of compounds (Table 1). 
Thus, downfield shifts of 15, 12, and 21 Hz 
were found in the bromonitro compounds 2, 
20, and 26 as compared to the bromine-free 
compounds 5, 22, and 27, respectively. On the 
other hand, comparison of 11 and 25 with 14 
and 27, respectively, revealed only insignificant 
differences in the methine proton shifts. These 

generally regarded as reliable stereochemical 
indicators for compounds of the types men- 
tioned. We have used the principle to confirm 
the configurations of 9 and 14 (see above). 
Ambiguity may of course arise if acetyl signals 
happen to fall very close to range bounds. A 
case in point is the axial-acetamido signal 
(T 8.02) of the nitro compound 7 which hardly 
differs from the equatorial-acetamido s~gnal 
(T 8.03) of the j3-D-gluco isomer (1 lb) although 
normally a nltro group does not tend to cause 
serious deviations. However, certain func- 
tionalities such as free hydroxyl groups, halo- 
gens, sulfonate esters, and particularly, aryl 
substituents present in the molecule ~nvalidate 
the aforementioned acetyl resonance ranges as a 
basis for ready stereochemical correlations 
(1 6-1 8). This is clearly illustrated by the benzyli- 
denated nitro and bromonitro sugars listed here 
(Table 1) and earlier (Table 1 of ref. 1). Perusal 
of the tables will show that, although in several 
instances the signals do occur within the "nor- 
mal" regions, they fall outside in many cases. 

7Unfortunately, for the new bromonitro 2-acetate 12 
there exists no exact counterpart for comparison. 
However, its T-value of 4.41, besides being very similar 
to that of 11, is close also to those of the bromine-free 
compounds 13 (r 4.43, ref. 1) and methyl 4,6-0- 
benzylidene- 3- deoxy- 3- nitro-a-D- talopyranoside (r 4.42, 
ref. 13; all data refer to CDC1, solutions). This lends 
support to the assumed configuration. 
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TABLE 1. Chemical shifts (s) of 100 MHz n.m.r. signals" 
- - . ~ - -~ -- 

Compound PhCH02 OCH, 0-Ac N-Ac H-1 H-2 Other signals 
.. - - . 

2 4.21 6.64 8.04 5.33s 4 .  69dhsC 3.50d (N-H) 
2* 4.19 6.68 8.19 5.30s 4.96dh.' 1.35d (N-H), 5.19d ( ~ H z ,  H-47) 
3 4.21 6.61 8 .00 5.29s 4.35s 
5 4.36 6.61 8.01 5.32s 4 .  Om (N-H), 4.9113 (H-2, -3) 
5* 4.32 6.66 8.15 5.34s 1 .6n1 (N-H), 4.94q (4, lOHz, H-3) 
7 6.60 7.90, 8.01 5.31s -4.95 4.95 (H-3), 4.35t ilOHz, H-4) 

7.96 
9 6.63 7.94, 7.96, 5.12t (IOHz, H-4) 

7.99 8.12 
11 4.37 6.60 8.31 5.17s 4.81dh,' 3.27d(NPH),5.t7s(H-4),  5.7q 

(AB pattern, W-6, 67, 5.82s (H-5) 
12 4.41 6.59 8.03 5.08s 4.27s 5.22s (H-4), 5.5-5.9 (H-5, -6, 6') 
14 4.38 6.60 8.25 d 1 d 

14* 4.24 6.67 8.31 e 

17 6.63 7.88, 7.98, 5.40s -3.75m (2N-H), -4.6q 
7.98 8.11 (narrow, H-4) 

18 6.56 7.92 8.03 5.12s 4 .  83dh*" 2.64d ( ~ H z ,  H-4), 4.2d (N-H), 
5.3-5.8(H-5, -6, 6') 

20 4.38 6.54 8.02 5.49d 4.97q 4 .  OdC (N-H) 
20* 4.15 6.60 8.19 
21 4.39 6.51 7.93 5.37d 4.47d 
22* 4.27 6.63 8.22 5.37d 4.99t (H-3) 
25 4.32 6.56 7.93 5.38d 4 .  93qc,s 5.32s (H-4), 5.85q (AB pattern, 

H-6, 6') 
25* 4.30 6.62 8.15 5.52d 5 .O-5.2 (H-2, -4), -5.8 (H-5, -6, 6') 
24* 4.14 6.64 8.11 5.1-5.3 (H-1, -2, -4), 5.85 (H-6,6'), 

6.17 (H-5) 
27* 4.35 6.64 8 .24 5.5-5.8 4.729 (4, 1 IHz, H-3), 5.24q 

(narrow. H-4) 
-- - 

OData refer t o  CDCI, so lu t~ons  except for compounds marked by an asterisk (*) which were measured In DMSO-d, solutlon The  substituent 
resonances here all slnglets of the expected Intensity For  rlng protons, m u l t ~ p l ~ c ~ t ~ e s  are fnd~cated as s (singlet, or  apparent s~nglet  in case of  
Fery small splitt~ng), d (doublet), t ( t r~plet) ,  q (quartet), and m (m~i l t~p le t )  

bSinglet after D 2 0  exchange 
= J 2  hH = 10 HZ.  
d r  3.05d (N-H); 4.99 arid 5.14, centers of narrow 2-proton signals (H-1,-2,-3, -4); 5.7, center of ?-proton AB-quartet(H-6,6 ' ) ;  6.26s (H-5). 
er 3 . ld  (N-H); 4.67q (narrow, H-3); 4.94d (- 1 Hz,  H-4); 5.25 (H-1 singlet over H-2  multiplet); 5.80s (H-6, 6 ' ) ;  6.26s (H-5). 
fJ,,,, = 8 Hz. 
'Doublet after D 2 0  exchange; = 8 Hz.  

Especially striking examples are provided by 18 
and 14 whose axial acetamido groups resonate up- 
field even of the "normal" equatorial-acetamido 
range, and by 25 and 26 whose equatorial aceta- 
mi& groups, conversely, resonate below that 
range. Obviously a more detailed analysis is 
needed before the conformational significance of 
these data can be evaluated. On the other hand. 
the chemical shifts of the anomeric methoxyl sig- 
nals do not appear to be subject to similar distur- 
bances. In most of the compounds described here 
and earlier (I), these signals occur in the range 
t 6.40-6.56 (P-glycosides) and z 6.55-6.66 (a- 
glycosides) (CDC1,  solution^),^ in line with ex- 
pectations (1 5). 

8Exceptions exist in cc-glycosides presumed to have an 
axial nitro group at C-3; an unusually high r-value is 
observed (1). 

Csmelusisn 
Amination of the a- and P-D-erythro nitro- 

olefins 1 and 19 (and of their preparative pre- 
cursors, the corresponding saturated a- and 
P-D-glucopyranoside Zacetates) with ammonia 
provides an excellent route to vicinal amino- 
nitro sugars from which 2,3-diamino sugars can 
easily be prepared (4a, 4, l lb).  However, in 
both anomeric series the predominant reaction 
products so obtainable possess the D-gluco con- 
figuration and only small proportions of D- 

manno isomers are f ~ r m e d . ~  The present work 

91n remarkable contrast to this general steric course 
of the amination, addition of anthranilic acid to 19 under 
special reaction conditions yielded 56% of an adduct pos- 
sessing the 0-D-manno configuration, and this did pro- 
vide the basis for a reasonably convenient synthesis 
of 2,3-diamino-2,3-dideoxy-D-mannose (20). Similar re- 
action of anthranilic acid with 1 gave only the cc-D-gluco 
adduct (21). 
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has demonstrated that NBA lends itself as a 
vehicle for high-yielding aminations which in 
their stereoselectivity depend on the anomeric 
configuration of the substrate. Especially in 
view of the synthesis of the a-D-munno glyco- 
sides 5-9 the new approach represents a useful 
complement and improvement. The same per- 
tains to the reactions of the D-tlzreo nitroolefins 
10 and 24. Amination of the former with am- 
monia has never been tried, and the sequence 
here described provides a first access to hitherto 
unknown 2,3-diamino-2,3-dideoxy-D-talose. A 
modified procedure of amination of 24 had 
given, in 35-38% yield, the P-D-galacto deriva- 
tive 27 which was subsequently converted into 
derivatives of 2,3-diamino-2,3-dideoxy-D-galac- 
tose (12). In the sequence 24 + 25 + 26 -+ 27 
the overall yield was 8 5 x  (and might be even 
higher if separation of 25 and 26 is omitted), 
which clearly endows the new method with 
superior preparative appeal. 

Experimental 
For general preparative techniques and instruments 

used see preceding articles of this series (e.g., refs. 1, 6, 7, 
10, 13). Optical rotations were meas~~red  at  room tem- 
perature, and unless otherwise indicated, the solvent 
was chloroforn~ (c, 0.5-1). Infrared data refer to Nujol 
mulls. Column chromatography was performed on silica 
gel (70-325 mesh, a product of E. Merck AG, Darm- 
stadt), and the following solvent systems (vlv) were 
employed: A, chlorofor111-acetone (7:3); B, carbon 
tetrachloride - ethyl acetate (7:3); C, the same (4:3); 
D ,  chloroform-methanol (4 : l ) ;  E, the same (8:l). 

"Methyl 2-Acetomido-4,6-0-belzzylidene-3-bromo-2,3- 
dideoxy-3-nitro-a-D-altropyranoside (2) and Methyl 
2-0-Acet~~l-4,6-0-benz.~'liclene-3-bron10-3-deoxy-3- 
nitro-r-D-alrropyranoside (3) 

(a) Reaction with Catal~,fic Amount of Sodium Acetnte 
A 50-mg sample of the nitro olefin 1 (ref. 22; see also 

footnote 9 in ref. 21), NBA (35 mg), and sodium acetate 
(2 mg) were stirred in acetone (4 ml), at  room tempera- 
ture. After 2 h the mixture was processed by the addition 
of water (6 ml) and evaporation of most of the acetone. 
A white precipitate was collected, washed with cold 
water, and dried. Thin-layer chromatography with 
solvent A showed a main product spot (2) and only 
traces of a faster moving product (presumably 3). Two 
recrystallizations from ethyl acetate - petroleunl ether 
gave 2 (56.5 mg, 76%) melting at  125-126 and at  127- 
129" after another recrystallization from ethanol-water; 
[a] ,  +46", v,,, 3260 (NH), 1660, 1530 (amide), and 
1560 cm-' (NO,). 

Anal. Calcd. for C1,Hl9BrN,O, (431.3): C, 44.60; 
H, 4.44; N, 6.51; Br, 18.50. Found: C, 44.32; H, 4.59; 
N, 6.63; Br, 18.68. 

(b) Reaction with Excess Sodi~rnl Acetate 
A solution of 1 (293 mg) in acetone (20 ml) was mixed 

with a solution of NBA (200 mg) in aqueous, saturated 
sodium acetate (15 ml), and the mixture was vigorously 
stirred for 7 h. Water (30 ml) was then added, and re- 
moval of acetone by partial evaporation gave a white 
solid (dry weight 425 mg) that showed two strong spots 
(2 and 3) on t.1.c. with solvent A. The products were 
separated on a 20-g silica gel column by use of solvent A. 
The fast-moving fractions gave crystalline 3 (145 mg, 
33.5%): m.p. 152-153"; [a] ,  +10.5"; v,,, 1760 (OAc) 
and 1570 cm-I (NO,). Comparison of spectra and 
physical constants established the identity wlth 3 des- 
cribed earlier; reported (I), m.p. 152-153"; [a] ,  +12.3". 
Recrystallization of the product from hot ethyl acetate 
converted it into 1, n1.p. 181-182"; [a] ,  -97.S; v,,, 
1525 cm-I (nitroalkene) without carbony1 band (lit. 
(22) m.p. 183'; [a] ,  -93" (in ethyl acetate)). 

The slow-moving fractions eluted from the above 
column gave 270 mg (62.5%) of 2, m.p. 127-129" upon 
recrystallization from ethanol-water. 

Methyl 4,6-0-Benzy~idene-2,3-dideoxy-3-~zit~o-~*'-~- 
arahinohexopyraizoside (4) 

A solution of 3 (100mg) and sodium borohydride 
(30 mg) in ethanol (20 ml) was stirred in an  ice bath for 
I h and then acidified with 2 N acetic acid. Upon addi- 
tion of water (20 ml) and partial evaporation of the 
ethanol a white precipitate was obtained, which was 
washed with water. Recrystallization from ethanol- 
water gave 59.5 mg (87%) of 4 ;  m.p. 109-1 lo-, unchanged 
on admixture of authentic 4 (6, 22). The identity was as- 
certained by comparison of i.r. spectra. 

Methyl 2-Acetamido-4,6-0-benzylidene-2,3-dideoxy-3- 
nitro-a-D-n~annopyrattoside ( 5 )  

A mixture of 2 (150 mg), sodium borohydride (150 mg), 
and ethanol (10ml) was stirred at  room temperature 
for 1 h. Acidification with 2 N acetic acid, dilution with 

.water (20 ml), and partial evaporation produced a white 
solid which was washed with cold water, dried, and re- 
crystallized from chloroform - n-pentane. There was 
obtained 112 mg (91%) of 5 ;  m.p. 121-123'; [a] ,  + 14.8'; 
v,,,,, 3300-3200 (NH), 1665 (arnide I), 1560-1530 cnl-' 
(NO, and amide 11). The i.r. spectrum was identical in 
every detail with that of a product previously obtained 
and referred to (7) as "by-product 6" (,m.p. 123-125" 
and [a] ,  + 16" for a sample shown to contain some 
chloroform of crystallization; the exhaustively dried 
conlpound melted at  186-187" and gave correct micro- 
analytical data for Cl6HzON2O7). 

Methyl 2-Acetan1ido-4,6-di-O-acetyl-2,3-dideoxy-3- 
nitro-a-D-mannopyranoside (7) 

Compound 5 (600 mg) was stirred with 90% tri- 
fluoroacetic acid (5 ml) for 30 min at  room temperature. 
Evaporation with successive additions of several portions 
of water, and eventually ethanol, gave the de- 
benzylidenated conlpound (6)  as a colorless syrup which 
exhibited a single, slow-moving spot on t.1.c. (solvent 
A). All attempts at  crystallization failed. Part of the 
material (100 mg) was acetylated with acetic anhydride 
(3 ml) by use of 3 drops of boron tritluoride etherate as 
a catalyst (30 mill at  ambient temperature). The reaction 
mixture was poured into ice water to give an amorphous 
precipitate which was filtered off, washed with cold 
water, and dried. Reprecipitation from ethyl acetate 
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solution with petroleun~ ether gave chromatographically 
pure 7 showing [a],, + 38 ; v,,, 3300 (NH), 1745 (OAc), 
1665 (amide I), 1560 (NOz), and 1535 cm-' (amide 11). 

Anal. Calcd. for C13H20N209 (348.3): C, 44.83; H,  
5.79; N, 8.05. Found: C, 44.75; H, 5.89; N, 8.19. 

Methyl 2,3-Diacefamido-2,3-dideoxy-WD- 
mannopyranoside ( 8 )  

A solution of syrupy 6 (300mg; see the preceding 
section) and platinum dioxide (200 mg) in water (50 ml) 
and 0.1 N hydrochloric acid (11.6 ml) was shaken for 
2.5 dayb a t  25" with hydrogen under pressure (4 atm). 
Removal of the catalyst, evaporation of the solution, 
and evaporation of several portions of added ethanol 
from the residue gave a colorless syrup. For N-acetyla- 
tion, the syrup was dissolved in water (10 ml), and 
methanol (1 ml), acetic anhydride (0.5 ml), and Dowex- 
1 x 8 (carbonate form) were added. The mixture was 
stirred at room temperature for 90 min. Evaporation 
of the filtered solution gave a colorless syrup which 
crystallized from ethanol-ether to airord 8 (243 mg, 
77%); m.p. 248-250'; [%ID + 4.8" (c 0.4, in water); 
v,,,, 3520, 3470, 3300 (NH, OH), 1640 and 1540 cm-' 
(amide). 

Anal. Calcd. for C l l H z o N z 0 6  (276.3): C, 47.82; H, 
7.30; N, 10.14. Found: C, 47.55; H, 7.43; N, 9.97. 

Methyl 2,3- Diaceran?ido-l,6-di-O-acetyl-2,3-dideoxy-cr-~- 
t?lannopyranoside (9) 

The compound 8 (100mg) was treated with acetic 
anhydride (I ml) in pyridine (4nil) for 16 h at  25". 
Azeotropic evaporation with toluene and ethanol, 
followed by crystallization of the residue from 
benzene - petroleum ether, furnished 109 mg (83%) of 
9 ;  m.p. 199-201"; [a], +84"; v,,, 3300 (NH), 1745 
(OAc), 1640, and 1545 cm-' (amide) (lit. (8) m.p. 
200-202" ; [ ~ ] n  + 89.2"). 

Methyl 2-Aceramido-4,6-O-ben~yli~lene-3-bron1o-2,3- 
dideoxy-3-nitro-m-idopyranoside (11) artd Methyl 
2 - 0 - A c e / ~ ~ l - 4 , 6 - 0 - h e n z y l i d e n e - 3 - b r o ~ -  
nitro-E-u-ictopyranoside (12) 

A 200-mg sample of the nitro olefin 10 (13) dissolved 
in acetone (16mI) was added to a solution of NBA 
(200 mg) and sodiuni acetate (10 mg) in water (10 ml). 
The reaction mixture was stirred at room temperature 
for 2.5 h during which a white precipitate appeared. 
Addition of water (25 ml) and subsequent removal of 
acetone by partial evaporation produced further quan- 
tities of precipitate. The material was isolated, washed 
with cold water, dried, and shown by t.1.c. (solvent C) 
to  consist of two easily separable, main components. 
They were separated on a 20-g silica gel column using 
solvent A. The fast-moving, minor component (12) was 
obtained as crystals (46 mg. 15.6%) melting at  225-226'; 
[rs], + 31.5.; v,,, 1760 (OAc) and 1565 cni-' (NO,). 

Anal. Calcd. for C16HlsBrNOs (432.3): C, 44.50; H, 
4.20; Br, 18.45. Found: C, 44.63; H,  4.01; Br, 18.74. 

The slow-moving, major component (11) was isolated 
as  crystals (245 mg, 8317,) melting at  175-176'; [a], 
+ 19.1'; v,,, 3460 (NH), 1705, 1500 (amide I and II), 
1570 cm-I (NO2). 

Anal. Calcd. for C I 6 H  , ,BrN207 (431.3): C, 44.60; 
H, 4.44; Hr, 18.50. Found: C, 44.74; H, 4.56; Br. 18.37. 

hlerhyl 4,6-0-Benzylidene-2,3-dideoxy-3-nitro-a-D- 
lyxo-hexopyranoside 113) 

Treatment of 12 (165 mg) with sodium borohydride 
(40 mg) in ethanol (30 ml) for 30 min at  0' was followed 
by work-up as described for the preparation of the 
isomer 4. It yielded 95 mg (8517,) of 13, m.p. 103-105'. 
Identity with an authentic sample (6, 22) was established 
by a mixture melting point and comparison of the i.r. 
spectra. 

Methyl 2-Acetan1ido-4,6-O-benzylidene-2,3-din'eox.?.-3- 
t~itro-a-D-talopyru~zosio'e (14) 

Compound 11 (80n1g) was treated with sodium 
borohydride (20 ~ n g )  in ethanol (10 nil) at 0 .  The 
debromination appeared conlplete after 5 min (t.1.c. with 
solvent A). After 10 min the mixture was worked up as 
described for the isomer 5. Recrystallization of the pro- 
duct from chloroform - petroleum ether gave 55 mg 
(85%) of 14; m.p. 205": [XI, +55.3^; v,,,, 3450 (NH), 
1695, 1510 (amide I and TI), 1560 cm-'  (NOz). 

Anal. Calcd. for C16H2,N,0, (352.3): C, 54.54; H, 
5.72; N ,  7.95. Found: C, 54.39; H,  5.74; N, 7.80. 

Methyl 2-Acetamidu-2,3-dideo.~'-3-nitro-*-~- 
tnlopymnosicfe ( I S )  

Conlpound 14 (220 nig) was debenzylidenated with 
trifluoroacetic acid in'the same manner as 5 .  The product 
crystallized on trituration with ether to give 153 mg 
(9317,) of 15; m.p. 119-12OC, raised to 120-121" by re- 
crystallization from chloroform-ether: [XI, + 52.5" ( r  0.6, 
water); v,,, 3400, 3200 (NH, OH), 1655, 1540 (amide I 
and 11), 1540 a n - '  (NO,). 

Anal. Calcd. for C,HI6N,O7 (264.2): C, 40.90; H, 
6.10; N, 10.60. Found: C, 40.95; H, 5.94; N, 10.77. 

Methyl 2,3-Diacetamido-2,3-dideoxy-a-D- 
talopyranoside (16) 

A solution of 14 (400 mg) in methanol (40 ml) was 
hydrogenated in the presence of acetic anhydride (2.4 ml) 
with. prereduced platinum oxide (400 nig) as the catalyst. 
Ordinary temperature and pressure was used. Hydrogen 
consumption ceased after 5 h and work-up then afforded 
a syrup that crystallized from ethanol-ether. The product 
was purified by passage over a small silica gel columr~ 
using solvent D as the eluent, and subsequently re- 
crystallized from ether. The yield was 289 mg (69%); 
m.p. 218-219"; [a], + 11.8" (c 0.8, water). 

Anal. Calcd. for C l l H 2 0 N 2 0 6  (276.3): C, 47.82; H,  
7.30; N, 10.14. Found: C, 47.68, H, 7.29; N, 9.98. 

Hydrolysis of 16 
The glycoside 16 (150 mg) was refluxed with half- 

concentrated hydrochloric acid (15 ml) for 16 h. The 
dark brown solution was evaporated, and water was 
evaporated repeatedly from the residue in order to remove 
remnant acid. The dark syrup was then dissolved in 
water, and the solution was decolorized with acid-washed 
activated charcoal and evaporated to give a colorless, 
hygroscopic syrup that could not be crystallized. It 
reduced Fehling solution strongly, gave a ninhydrin 
positive spot (R ,,,,,,,, ,,,.,,, 0.86) in paper chromatog- 
raphy (23) and exhibited no methoxyl and acetyl signals 
in an n.m.r. spectrum in D,O. One may, therefore, 
assume that complete hydrolysis of 16 to 2,3-diamino- 
2,3-dideoxy-D-talose dihydrochloride had taken place. 
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Part of the syrup (50 mg) was .Wacetylated by the usual 
procedure (24); compare the preparation of 8, above. 
The syrupy product was chromatographed on a column 
of silica gel (20 g) with chloroform-methanol (1 : I ) .  A 
material (35 mg) was eluted which was homogeneous on 
t.1.c. but failed to crystallize. It reduced Fehling solution, 
showed strong amide i.r. bands at  1650 and 1530 cm-' 
(neat film), and exhibited 2 strong n.m.r. signals attri- 
butable to AT-acetyl groups (60 MHz spectrum in D,O). 

Methyl 2,3-Diacetamido-4,6-di-0-acetjl-2,3-cliahq- 
a-D-talopyrawosirle (17) 

Compound 16 (100 mg) was acetylated with acetic 
anhydride (1 ml) and pyridine (4 ml) at  room tempera- 
ture. The reaction mixture was evaporated with added 
toluene and ethanol, and the syrupy product was passed 
over a small silica gel column by means of solvent E and 
then crystallized from benzene - petroleum ether. The 
yield was 99 mg (76%); 1i1.p. 85-89"; [a], + 107.5". The 
n.m.r. spectrum revealed benzene of crystallization to be 
present In the sample, and the microanalysis was accep- 
table assuming this amounted to 0.5 mol/niol. 

Anal. Calcd. for C15H2,N20S. 0.5CsH6 (399.4): C, 
54.13; H, 6.81, N, 7.01. Found: C, 53.76; H, 7.09; N, 
7.10. 

Met/1yl2-Acetamido-6-O-acetyl-2,3,4-trideoxy-3- 
nitro-rs-~-threo-/iex-3-enopy~a1ioside (18) 

(a) From 15 
T o  a mixture of 15 (100 mg) and acetic anhydride 

(3 ml) was added boron trifluoride etherate (3 drops). 
The reaction mixture was kept at ambient temperature 
for 30 min and then poured into ice water whereby solid 
18 separated. The product was isolated, washed well with 
cold water, and dried: yield, 93 mg (85%); m.p. 159-161e, 
raised to 162-163' by recrystallization from ethyl 
acetate - petroleum ether; [a],  + 82.5". 

Anal. Calcd. for CllH16N2O7 (288.3): C, 45.85; H, 
5.59; N, 9.71. Found: C, 45.72; H, 5.64; N, 9.91. 

(b) From 7 
A solution of 7 (30 mg) in dry chloroform (10 ml) was 

refluxed for 1 h in the presence of 30 mg of silica gel 
(from a fresh supply, "for column chron~atography", 
p H  of aqueous slurry -7-7.5). The filtered solution was 
evaporated to give a syrup which crystallized from ethyl 
acetate - petroleum ether, affording 15 n ~ g  of 18, m.p. 
162-163". The i.r. and n.m.r. spectra of the products 
obtained from 7 and 15 were identical. 

Metliyl2-Acetamido-4,6-0-benzylidene-3-bron10-2,3- 
dideox}~-3-nitro-~-~-allopyranoside (20) and 
Methyl 2-0-Acetyl-4,6-0-benzylidene-3-bromo-3- 
deox}~-3-nitro-~-~-a~~opyranosi(/e (21) 

A solution of 293 mg of the nitro olefin 19 (1 la ,  25) in 
acetone (20 ml) was mixed with a saturated, aqueous 
sodium acetate solution (15 ml) containing NBA (200 
mg). The mixture was stirred at  room temperature for 
5 h, then diluted with water (20 ml), and partially evapo- 
rated to remove acetone. The white precipitate was 
washed with u-ater and dried (393 mg). It contained two 
components that were readily separable on a silica gel 
column (20 g) with solvent A. The faster moving com- 
ponent (21) was isolated as crystals (102 mg, 24%), n1.p. 
224-225' after recrystallization from ethyl acetate- 
petroleum ether. An undepressed mixture m.p. and 

con~parison of i.r. and n.m.r. spectra proved the identity 
of the product with previously prepared 21, (lit. (1) m.p. 
223-225"). 

The slower fractions from the column yielded 237 mg 
(55%) of crystalline 20. After recrystallization from ethyl 
acetate - petroleum ether it melted a t  205-206' and 
showed [a], -70'; v,,, 3300 (NH), 1645, 1545 (amide I 
and JI), 1560 cnl-l (NO2). 

Anal. Calcd, for Cl6HI9BrN2o7 (431.3): C, 44.60; 
H, 4.44; H, 6.51; Br, 18.50. Found: C, 44.67; H, 4.56; 
N, 6.32; Br, 18.78. 

Methyl 2-.4cetatnido-4,6-0-benzylidene-2,3-di&oxy-3- 
nitro-a-D-glucopyranoside (22) 

Debromination of 20 (50mg) using sodium boro- 
hydride (50 mg) in ethanol (10 ml) yielded, after 30 min 
at  room temperature, the known glycoside 22 (36 mg, 
88z ) ;  m.p. 309-311" as reported (l lb).  The i.r. and 
n.m.r. spectra were identical with those of an authentic 
sample. 

Methyl 4,6-0-Benzylidene-2,3-dideoxy-3-nitro-~-~- 
arubino-hexopyranoside (23) 

Reaction of 21 (IOOmg) with sodium borohydride 
(50 nig) in ethanol (20 ml) for 1 h at  room temperature 
afforded 65 mg (96%) of 23 melting at  144-146", un- 
depressed upon admixing an authentic sample (6, 110). 
The i.r. spectrum of the product was identical with that 
of the sample. 

Metliyl 2-Acetamido-4,6-0-benzylidene-3-broni0-2,3- 
dideosy-3-~iitro-~-~-grtlopyvanoside (25) and 
-B-D-galactopyranusideranside (26) 

To a solution of 293 mg of the nitro olefin 24 (25, 26) 
in acetone (20 ml) was added NBA (300 mg) and sodium 
acetate (10 mg) in water (5 ml). The reaction mixture was 
stirred overnight at  room temperature. Two new, more 
slowly moving products were formed (t.1.c. with solvent 
A). Dilution of the mixture with water (30 ml) and eva- 
poration of the acetone produced a white precipitate 
which was washed with cold water and dried (441 mg). 
Chromatography on silica gel (20 g) with solvent A 
effected separation of the two products, the faster moving 
one being 26 (196 mg, 45.5%) and the slower one, 25 
(187 mg, 43.4%). 

Recrystallized from ethanol, the a-D-gulo isomer 25 
showed m.p. 190-191"; [a], -20.5" (c, 0.4 in dimethyl- 
formamide); v,,,, 3320 (NH), 1670, 1525 (amide I and 
IJ), 1565 cm-' (NO,). 

Anal. Calcd. for Cl6HI9BrNZo7 (431.3): C, 44.60, 
H,  44.44; N, 6.51; Br, 18.50. Found: C, 44.43; H,  4.59; 
N, 6.36; Br, 18.38. 

The a-D-galucto isomer 26 was recrystallized from ethyl 
acetate - petroleum ether; m.p. 188-189" decornp.; 
[ r ] ,  + 86.6" (c, 0.9 in chloroform); v,,, 3320 (NH), 1670, 
1540 (amide I and 11), 1570 cm-' (NO2). 

Anal. Calcd. for Cl6Hl9BrN2o7 (431.3): C, 44.60, 
H, 4.44; N, 6.51; Br, 18.50. Found: C, 44.90; H, 4.62; 
N, 6.38; Br, 18.33. 

Methyl 2-Acetan7ido-4,6-O-benzylidene-2,3-dideohy-3- 
nitro-13-D-galactopyrunoside (27) 

Compounds 25 and 26 (64 mg each) were separately 
reduced in like manner, with sodium borohydride 
(50 mg) in ethanol (10 mg) in an  ice bath. Processing of 
the reaction mixtures as described previously gave 
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crystalline products (51 and 50 mg, 97 and 95%) that 8. R. D. GUTHRIE and D. MURPHY. J.  Chem. Soc. 6956 
were identical according to t.l.c., i.r. spectra (v ,,,,, 3300, (1965). 
1655, 1550-1545 cm-I), decomposition points of 288- 9. H. H.  B ~ E R  and W. RANK. Can. J .  Chem. 49, 3197 
289" (after recrystallization from nitromethane), and (1971). 
[.*I, values of +34.5" and +36.7" (c 0.5, in dimethyl- 10. H.  H. BAER and C. W. CHIU.  Can. J .  Chem. 52, 1 l l 
forn~amide). The i.r. spectra were identical with that ob- (1974). 
tained from an authentic sample of 27 (12). 11. H. H.  BAER and T. NEILSON. ( ( 1 )  Can. J .  Chem. 43.840 

For  rebrominatiorz, a solution of 27 (40 mg) in acetone (1965); (b) J.  Org. Chem. 32, 1068 (1967). 
(15 ml) was stirred for 10 min at room temperature with 12. H.  H.  BAER and K. S.  ONG. J .  Org. Chem. 34, 560 
NBA (40 mg) and saturated aqueous sodium acetate (1969). 
solution (1 n~ l ) .  Thin-layer chromatography with solvent 13. H.  H.  BAER and W. RANK. Can. J .  Chem. 50, 1216 
A revealed complete disappearance of 27 and formation (1972). 
of a product having the same Rf value as 25. Work-up 14. R. U.  LEMIEUX, R. K. KULLNIG, H.  J .  BERNSTEIN, 
of the reaction mixture and recrystallization of the crude and W. G. SCHNEIDER. J .  Am. Chem. Soc. 80, 6098 
product from ethanol furnished 39.5 mg (80.5%) of 25, (1958). 
m.p. 188-19l0, unchanged on admixture of 25 from 24. 15. L. D. HALL. Adv. Carbohydr. Chem. 19, 51 (1964). 
The identity was confirmed by i.r. spectra. 16. D. HORTON, J .  B. HUGHES. J .  S. JEWELL, K. D. 

PHILIPS, and W. N.  TURNER.  J .  Org. Chem. 32, 1073 
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Virial Paditioning of Charge Distributions and Properties of Diatomic Mydrides; 
NaW t., HCII 
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R. F. W. BADER and R. R. MESSER. Can. J. Chem. 52, 2268 (1974) 
The virial partitioning method is applied to the ground states of the AH diatomic hydrides 

(A = Na, Mg, Al, Si, P, S, C1) in their neutral and charged forms. This is a spatial partitioning 
of a molecular system, the partitioning surfaces, which in this instance divide each molecule 
into an (A) and an (H) fragment, bcing determined by the topographical features of the electronic 
charge distribution. The kinetic and potential energies of the virial fragments are well-defined 
quantities and in addition, satisfy the quantum mechanical virial relationship. Most important, 
virial fragments faithfully reflect the chemistry of the individual elemental components of molec- 
ular systems, the fragments and their properties remaining nearly constant or changing when 
in different systems, in accordance with chemical expectations. 

The populations of (H) in combination with (A) are used to order the first- and second-row 
elements (neutral and charged) in their abilities to abstract or donate charge relative to hydrogen. 
This ordering is of general interest as the population of (H) in A H  changes little on passage to 
the general (most stable) polyatomic AH,,. The virial equations are used to relate the kinetic 
energy of binding in AH to the changes in the potential energies and total energies of each 
fragment. One finds, in comparison of first- and second-row results, that the nature of the most 
important stabilizing interactions in the formation of AH change in a similar manner across 
the two rows of elements, but the change in the second-row set occurs two members to the right 
with respect to the first-row set. 

R. F. W. BADER et R. R. MESSER. Can. J. Chem. 52, 2268 (1974) 
On applique la methode de partition virielle aux formes neutres et chargtes des Ctats fonda- 

mentaux des hydrures diatomiques AH (A = Na, Mg, Al, Si, P, S, C1). C'est une partition 
spatiale d'un systeme moleculaire, la partition de surfaces, qui dans cette circonstance divise 
chaque molecule en un fragment (A) et un fragment (H), determines par les caracthes topogra- 
phiques de la distribution de la charge electroniq?le. Les energies cinetiques et potentielles des 
fragments viriels sont des quantitis bien definies et de plus satisfont la micanique quantique 
virielie. Plus jmportant encore, les fragments viriels refletent fidelement la chimie des com- 
posants elementaires individuels des systemes moleculaires, les fragments et leurs propriktes 
restent presque constants ou changent avec les diffkrents systemes conformement aux previsions 
chimiques. 

On utilise ies populations de (H) en combinaison avec (A) pour classer les eltments de la 
premiere et de la deuxieme rangee (neutres et charges) selon leur habilitt par rapport a 
l'hydrogene d'arracher ou donner la charge. Ce classenlent est d'un interet general sachant que 
la population de (H) dans A H  change peu lorsque I'on passe au produit polyatomique general 
(plus stable) AH,,. On utilise les equations virielles pour etablir un rapport entre I'energie 
cinitique de liaison dans A H  et les changements dans les energies potentielles et les energies 
totales de chaque fragment. En comparant les resultats de la premiere et de la seconde rangee, 
on trouve que la nature des interactions de stabilisation les plus importantes dans la formation 
de AH change de faqon similaire a travers les deux rangees d'eliments, mais le changement dans 
le groupe de la deuxieme rangke a lieu sur deux membres a droite par rapport au groupe de la 
premiere rangee. [Traduit par le journal] 

Ifn&sducCisn 
We give here the results obtained through the 

application of the virial partitioning method to 
some properties of the second-row hydrides 
(NaH -t HCl) in their ground and positively and 
negatively charged states. Particular attention is 
given to the partitioning of the total and binding 
energies of the ground state systems, the latter 

quantities being employed in a comparative study 
of the binding in the first- and second-row 
hydride systems. 

The virial partitioning method (1, 2) divides 
the total (real) space of a molecular system into 
separate fragment volumes in a manner deter- 
mined by the topographical features of the elec- 
tronic charge distribution. A partitioning surface 
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BADER AND MESSER: ON DIATOMIC HYDRIDES NaH-HCl 

separating adjacent fragments is defined by that 
collection of gradient paths traced out by the 
vectors Vp(x), which pass through the null point 
Vp(x) = 0 between a pair of adjacent nuclear 
centers and terminate at another null point, 
generally at infinity. In the present examples, an 
internuclear null point in Vp(x) corresponds to a 
saddle point in the charge distribution. Such sur- 
faces, termed zero-flux surfaces, are illustrated 
in Figs. 1 to 3 for various second-row AH systems. 
Since it is a property of the vector Vp(x) that it be 
normal to contour lines of constant density, the 
surfaces are unique in that only one surface passes M~H' (x'z') 
through a given internuclear null point. All 
gradient paths not passing through such a null 
point terminate at a nucleus (3).' 

I t  has been demonstrated that a fragment 
bounded by a zero-flux surface S(x), one satis- 
fying the relationship 

[ I ]  dp(x)/dn = 0, VxeS(x) 

(where n is the vector normal to S(x) at each x) 
has a well-defined kinetic energy. In addition, it 
has been demonstrated that the kinetic energy of 
such a fragment satisfies the virial relationship 
(1, 2).' That is, for a fragment (A) 

[2] -2T(A) = V'(A) + V1'(A) + Vn(A) 

where T(A) is the kinetic energy of (A), V'(A) is MgH (x2z') 
the attractive interaction of the charge density in 
(A) with all of the nuclei in the system, V"(A) is 
the self-repulsion of the electrons in (A) and one- 
half of the repulsion of the electrons in (A) with 
all the remaining electrons in the system, and 
Vn(A) is the nuclear virial of the fragment. 
-- 

'For further details on the properties and determina- 
tion of the partitioning surfaces see ref. 3. 

2The proof that the virial relationship, eq. 2, holds for 
a fragment bounded by a zero-flux surface is numerical 
and confined to Hartree-Fock wave functions (as used in 
this study) (2). Recently, Mazziotti et a/ .  (4) have provided 
a theoretical proof for the existence of a regional station- 
ary principle and hence a regional virial theorem for a 
fragment of a molecular system. Their surface condition, 
also a zero-flux condition but more complicated than that 
stated in eq. 1, is derived for and stated in terms of the 
exact wave function. However, in the words of these FIG. 1.  Contour maps of the electronic charge distri- 
authors, " ... in most cases the surfaces determined by it bution functions for states of the MgH system illustrating 
(their surface condition) should be similar to those the three classes of hydride charge distributions: 
determined by Bader's condition." In view of the ex- MgH+(XIC+) (Class I); MgH(X2C+) (Class 11); 
cellent numerical accuracy obtained for eq. 2 using frag- MgH(A2FI,) (Class 111). The contours in this figure and 
ments defined by eq. 1, the exact surface requirements Figs. 2 and 3 (in a.u.) increase in value from the outermost 
may reduce to or approximate even more closely those contour inwards in steps of 2 x lon, 4 x lon, 8 x 10". 
of eq. 1 when the exact wave function is approximated The smallest contour value is 0.002 with n increasing in 
by a Hartree-Fock function. steps of unity to yield a maximum contour value of 20. 
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Mg-I (x21+) AIH (X ' I * )  

SiH (x2n,) PH (x'I-) 

SH (x2n,) CIH (xlz+) 

FIG. 2. Contour maps of the electronic charge distribution functions for neutral ground state hydrides. The virial 
partitioning surfaces are indicated by dashed lines. 
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BADER AND MESSER: ON DIATOMIC HYDRIDES NaH-HCI 

FIG. 3. Contour maps of the electronic charge distribution functions for the ground states of the positively charged 
second-row diatomic hydrides. The virial partitioning surfaces are indicated by dashed lines. 
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(Reference 5 provides a detailed summary of the 
contributions to the total virial of a fragment.) 

The virial of the force on a particle is simply the 
quantum mechanical average of the dot product 
of the force and the position vector of the particle. 
The virials of the attractive forces exerted on the 
electrons by the nuclei and of the electron-elec- 
tron repulsive forces, reduce to their corre- 
sponding potential energy contributions, V' and 
V". A nucleus experiences repulsive forces exerted 
by the nuclei in the system and, if the molecule is 
not in an equilibrium geometry (energy minimum 
or maximum), an external force will be required 
to hold the nucleus in its position. The Hellmann- 
Feynnian force exerted on a nucleus by the charge 
distribution is equal and opposite to the sum of 
the nuclear repulsive forces and the external force 
exerted on the same nucleus. Thus, minus the sum 
of the virials of the Hellmann-Feynman forces 
exerted on all the nuclei will equal the sum of the 
nuclear virials, a sum which in turn is equal to the 
total of the nuclear repulsive potential energies 
plus the virials of the external forces. T ~ L L Y ,  one 
may spatially partition the nuclear cirials by 
spatially partitioning the forces exerted on the 
n~lclei by the n~olecular. charge distribution. In a 
diatomic molecule, the nuclear virial of a frag- 
ment is minus the sum of the virials of the forces 
exerted on each of the nuclei by the charge density 
in the fragment (2, 5). When all the nuclei are in 
their equilibrium positions, the external forces 
vanish and the nuclear virial for the total system 
and for each fragment reduces to just the nuclear- 
nuclear repulsive contribution. In this case, the 
further virial relationship is 

where 

is the total energy of the fragment (A).Thus, in the 
absence of external forces, one may partition the 
total energy of a system and assign an energy to 
each separate spatial region of a molecule which 
is bounded by a surface of zero-flux. 

The physical significance of virial partitioning 
is based upon the following observations (1, 2). 
The extent to which the properties of a fragment 
of a molecular system are additive between dif- 
ferent systems is determined by the extent to 
which the charge distribution of the fragment is 
unchanged between the systems. Since the virial 
partitioning method defines a fragment in terms 

of the topographical features of the charge distri- 
bution, it naturally accounts for the constancy of 
the properties of a fragment in different bonding 
environments in those cases where its charge dis- 
tribution exhibits only small differences between 
two systems. Furthermore, as a consequence of 
the definition of the fragment boundaries, the 
differences between the charge distributions of a 
given fragment in different systems are inini- 
mized. Thus, the cirial partitioning nzetlzod yields 
chenzically identifiable fragments by maxin~izing 
the retention of the distribution of charge andhence 
of properties for each fragment between d~$Prent 
systems. 

We have also found evidence that the charge 
distribution of a fragment is determined by the 
virial of all the forces exerted on it (1, 2). To  the 
extent that the total virial of a fragment remains 
unchanged in two different systems, regardless of 
the changes in the individual force contributions 
to the virial, the charge density and the properties 
of the fragment remain unaltered. Since each frag- 
ment obeys the virial relationship, any change in 
its virial and the energetic consequences of the 
accompanying change in its charge distribution 
are quantitatively determined by the change in its 
kinetic energy. 

To  exemplify some of the above concepts we 
compare in Table 1 the electronic populations and 
kinetic energies of (H) fragments in a number 
of diatomic A H  and polyatomic AH,, systems. 
Each entry gives the population N(H) and 
kinetic energy T(H) of the (H) fragment in A H  
and the change in these quantities when A H  is 
changed to AH,. The three-dimensional distri- 
bution of electronic charge in the (H) fragment is 
very similar in any of the AH-AH, pairs of sys- 
tems. This is evidenced by the small differences 
in their populations, a population being simply 
the integral of the charge distribution over the 
volume of the fragment. Correspondingly, the 
kinetic energies and hence total energies of the 
(H) fragments for a given pair of systems differ 
only by small amounts. These relatively small 
changes in p(x), N(H), and T(H) are found in 
spite of large changes in the individual forces 
exerted on the (H) fragment as the system changes 
from A H  to AH,. For example, the change in the 
electron-nuclear attractive potential exerted on 
the (H) fragment in passage from BeH to BeH, is 
- 228 kcal/mol. However, the sum of the changes 
in the electron-electron and nuclear repulsive 
contributions is of almost equal magnitude and 
opposite sign and hence the change in the total 
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BADER AND MESSER: ON DIATOMIC HYDRIDES NaH-HCl 

TABLE I. Conlparison o f  charge and kinetic energies o f  (H)  fragments* 
in AI-I and AH,, 
-- 

N U 3  AN(H) T(H) = - E(H) A w l  
Fragment (e-1 (e-1 (kcal/mol) (kcal/mol) 

*N(H) and T(H) refer to populations and kinetic e~lergirs of (H) in AH. AN(H) and AT(H) are 
the differences between (H) in A H  and an (H) fragment in AH,, A.V(H) = N(H),, - A'(H),,". 
E(H) for a free H atom is -314 kcal/mol. 

virial of (H) is relatively small. In  this way the 
virial definition of a fragment accounts for the 
fact that the properties of a hydrogen in BeH are 
similar to  those in BeH,. 

We are not implying that the differences which 
d o  exist are not chemically important, they are. 
What we are saying is that we can quantitatively 
account for changes in properties and relate these 
changes to  a change in the virial of a fragment 
and ultimately to the changes in the individual 
potential contributions which compose the virial. 
Perhaps most important of all, since the total 
virial of all the forces exerted on a fragment often 
changes by only small amounts, we can account 
for the observation that fragments or  groups of 
fragments in molecular systems can have charac- 
teristic sets of properties which vary between 
relatively narrow limits. 

stricted to the diatomic hydrides, much of the 
infor~nation so obtained will be of a general 
nature, applicable to polyatoniic systems. From 
the nature of the data in Table 1, it is clear that 
the population of (H) in PH, for example, will 
provide a reasonable estimate of the net charge 
expected for (H) in PH,. A parallel s t~ldy has been 
given for the first-row diatomic hydrides (5). The 
results of that study are used here in an extensive 
inter-row comparison of properties. 

The Charge Distributions 

In earlier studies (6, 7) we have characterized 
and compared the general properties of the total 
charge distributions of first- and second-row di- 
atomic hydrides and presented a disc~~ssioll of the 
binding in these compounds ill terms of the den- 
sity difference distribution function Ap(x), 

While an  (H) fragment bonded to a given A 
Ap(x) = p(x)[molecule] - p(x)[atoms] nucleus exhibits such a set of characteristic 

properties, it is also clear from the results in Table 
1 that the properties of (H) are quite different for 
combination with different A. When bound to 
beryllium or  boron, the (H) gains electronic 
charge and is more stable than an  isolated H 
atom, while when bound to nitrogen or  oxygen, 
the (H) loses electronic charge and is less stable. 

A study of the changes in population and 
energy of (H) in combination with various (A) 
provides a quantitative probe of the relative 
bonding properties of (A). The charge distribu- 
tion of (H) is a maleable one, and unlike a fluorine 
fragment for example, sensitive to changes in the 
virial of the external forces exerted on  it. The 
populations and values of the electron-nuclear 
attractive interactions for (A) and (H) in A H  
parallel nicely one's chemical intuition and 
notions based on concepts such as electroneg- 
ativity. Indeed the populations of (A) in combina- 
tion with (H) nlay be used to predict the popula- 
tions of (A) and (A') in combination with each 
other (5). Thus, while the present study is re- 

and the forces exerted on the nuclei by the charge 
distribution. The results of these studies provide 
both parallel and alternative points of view to the 
more quantitative results obtained from the virial 
partitioning method. The nonbonded charge of a 
fragment, a concept introduced in the earlier 
studies (6, 7), is the electron population of the 
volunle of space lying on the nonbonded side of a 
plane, drawn through the nucleus of the fragment, 
perpendicular to the internuclear axis. While the 
position and shape of this defining surface is 
somewhat arbitrary, the resulting population does 
refer to a well-defined spatial region, and as noted 
in the following discussion, to a region whose 
properties are sensitive to the type of binding in 
the system. An associated nonbonded radius was 
also defined as the distance along the molecular 
axis from the nucleus to the point where the non- 
bonded charge density has fallen to the value of 
0.002 a.u. In  general, the 0.002 a.u. contour 
defines a volume of space which envelopes 98 to 
9 9 z  of the total electronic charge of the system, 
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and the n~olecular dimensions determined bv this 
contour agree well with experimental values of 
van der Waals or nonbonded radii (8). Since the 
virial partitioning method yields a total popula- 
tion for each fragment (denoted by N(A) for a 
fragment (A)), the nonbonded population may 
be subtracted from the total population of a frag- 
ment, to yield a bonded population. Corre- 
spondingly, a bonded radius may be defined as the 
distance from the nucleus of the fragment to the 
null point (Vp(x) = 0 )  on the internuclear axis. 
A classification of the charge distributions of 
AB (B # H) molecules in terms of their bonded 
and nonbonded charges and associated radii has 
been previously given (9). In this earlier scheme, 
a molecule was partitioned by a planar surface 
through the internuclear null point. It was found 
that all diatomic charge distributions could be 
grouped into four classes, each class possessing a 
characteristic set of properties in terms of their 
bonded and nonbonded populations and asso- 
ciated radii. The same classification is found to 
hold for fragments defined by the surfaces of 
zero-flux, where now all members of a given class 
are found to possess a zero-flux surface of similar 
shape. 

Figure 1 illustrates the three basic types of 
charge distributions which diatomic hydrides 
may possess, all illustrated for the MgH ~ y s t e m . ~  
The ground state of MgHf( lC+)  is typical of 
charge distributions with a large extent of charge 
transfer from one fragment to the other (in this 
case A -t H) and in which the number of valence 
electrons of the donor fragment is equal to or less 
than the number of vacancies in thi acce~tor .  In 
such cases the (A) fragment approaches in terms 
of its bonded and nonbonded radii and charges 
the limiting tight "core" distribution of the A +  
or A2 + ion, and the zero-flux surfaces are parab- 
oloid in shape, with arms which, in general. sweep 
back to encompass the electropositive fragment. 
T v ~ i c a l  members of such Class I svstems are 

In Class I1 systems, as typified by the ground 
state of MgH('C+), the number of valence elec- 
trons of the donor fragment (Mg) exceeds the 
number of vacancies in the acceptor fragment (H). 

3All wave functions used in this and previous studies 
are close to the Hartree-Fock limit. The functions for 
AH are from ref. 10, for SH- from ref. 11, and the 
remainder from ref. 13. 

In such systems, the remaining valence charge 
density of the donor fragment is strongly polar- 
ized into its nonbonded region in the form of a 
relatively diffuse distribution. The nonbonded 
population of the donor fragment exceeds its 
bonded population, and both the nonbonded 
population and its radius exceed those of'the cor- 
responding free atom values. The nonbonded 
population of (Mg) in MgH(X) is 5.93 indicating 
that over 90% of the unpaired valence charge den- 
sity of magnesium is localized in the nonbonded 
region of the fragment. The transfer of charge 
from one fragment to the other in such Class I1 
systems is reflected in the initial paraboloid nature 
of the zero-flux surface. However, the diffuse 
valence density remaining on (A) extends into the 
outer reaches of the internuclear region, causing 
a reversal in the curvature of the outer arms of the 
surface S(x). A partitioning surface similar to that 
shown for MgH(X) (Fig. 1) is always found for 
systems with the above characteristics for the dis- 
tribution on (A). It is the type of surface which 
defines fragments with chenlically active un- 
shared electrons; (C) of CO(XIC+), (B) of 
BF(XIC+), for example. 

Class I11 systems exhibit the same general prop- 
erties as do systems in Class I1 and differ only in 
that the diffuse valence density on (A) is present 
as an equatorial rather than as an axial distribu- 
tion, as typified by MgH(A-) obtained from 
MgH(X2C+) by a n c o-type transition. The 
generality of these Class definitions and the 
similarities which can exist between compounds 
of first- and second-row elements are illustrated 
by a comparison of the charge distributions of 
these three states of the MgH system with those 
for the corresponding states of the BeH system 
(Fig. 1 of ref. 5), and of the BeF system (Fig. 1 
of ref. 2). 

From the properties of the surfaces illustrated 
in Fig. 2 for the ground state molecules, NaH is a 
Class I system, with charge transfer from (A) + 
(H), and MgH, AlH, SiH, and PH are all in Class 
11, again with charge transfer (A) -t (H). SH and 
CIH are Class I systems. SH is transitional with a 
small charge transfer (S) -t (H). In HC1 the charge 
transfer is (H) -, (Cl). The net charge on each 
(A) fragment, defined as C(A) = Z, - N(A) 
(= -C(H) f or these neutral systems) is listed in 
Table 2. The sharp transition from Class I to I1 
occurs at  corresponding members of the first- 
and second-row hydrides, at  BeH in the first-row 
and MgH in the second. The characteristics of 
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BADER AND MESSER: ON DIATOMIC HYDRIDES NaH-HCl 

TABLE 2. Virial partitioning of ground-state dipole moment* 
-. 

LiH +0.911 -0.001 $0.387 -2.747 -2.361 
BeH f 0 . 8 6 8  + 1.520 +0.571 -2.203 -0.112 
BH f 0 . 7 5 4  + 1.950 +0.493 - 1.761 +0.682 
CH t 0 . 0 3 2  $0.807 -0.121 -0.068 f0.618 
N H  -0.323 f 0.183 -0.176 $0.633 f 0 . 6 4 0  
O H  -0.585 -0.224 -0.148 + 1.073 f0.701 
F H  -0.760 -0.449 -0.104 +1.317 +0.764 
NaH +0.810 +0.017 f 0 . 1 3 3  -2.890 -2.739 
MgH f0.796 $1.701 f0.302 -2.602 -0.599 
A1H +0.825 f2.274 +0.360 -2.568 f0.066 
SiH f 0 . 7 9 5  + 1.976 f0.428 - 2.285 f0.119 
PH +0.579 + 1.464 f0.317 - 1.569 f0.212 
S H  $0.094 +0.587 - 0.009 -0.239 +0.339 
CIH -0.241 -0.006 -0.103 fO.581 f 0 . 4 7 1  

*A negative value for p implies the direction A + H -  for the dipole. The units are atomic units; 1 a.u. = 
2.542 D. 

Class I1 persist in both series of molecules (num- 
ber of valence electrons on A > single vacancy 
oil H) until the direction of charge transfer is 
reversed, to (H) -t (A). This occurs at  N H  in the 
first-row and ClH in the second-row. In both 
series, the member immediately preceding this 
change, is transitional in its behavior. Thus: the 
extents of charge transfer in C H  and SH are very 
small but still in the direction (A) + (H), C(C) = 
+0.03 and C(S) = $0.09. The partitioning sur- 
faces, however, are typical of Class I and similar 
to the following members in each series with 
charge transfer (H) -t (A)." 

The transition from electron donor to electron 
acceptor relative to hydrogen occurs two elements 
to the right in the second-row as compared to the 
first-row. In addition, tlie transition in both rows 
of elen-~ellts is marked by an element, carbon or 
sulfur, with electron acceptor ability only slightly 
less than that of hydrogen. In both these systems 
the disparity between the bonded and lionbonded 
populations on (A) drops in value reflecting a 

4Since (H) has no core electrons, its behavior in Class I 
svsteins in which it is the electroil donor differs from the 

more even sharing of the valence charge density 
over the (A) and (H) fragments. In the earlier 
study of the second-row AH series (7), it was 
noted that the influence of the A nuc le~~s  and its 
KL (ten-electron) core was similar in its effect in 
determining the distribution of charge in AH to 
its first-row congener with its smaller K (two- 
electron) core one or two members to the left. The 
nearly spherical core distribution on A in AH 
and their decrease in size with increasing nuclear 
charge on A are very evident in Fig. 2. The above 
observatioils indicate that tlie greater shielding 
of the nuclear charge afforded by a KL core com- 
pared to that obtained from a K core is such that 
the effective field exerted on the valence charge 
density by a sulfur ~lucleus with sixteen positive 
charges is (approximately) conlparable to the 
field exerted by the six positive charges of a carbon 
nucleus. Beyond a sphere of radius determined 
by the 0.001 a.u. contour of a core density (i.e., a 
sphere containing in excess of 99.9% of the core 
electrons) the screening effect of the core density 
should be essentially 100% effective. Thus, beyond 
this sphere, the effective field of a sulfur rlucleus 
and core is eauivalent to +6 charges c o m ~ a r e d  - 

general behavior given above. For example, when in coni- to + 4 charges for a carbon llucleus and core. The 
bination with an extreme electron withdrawing fragment, field of sulfL,r llucleus is, llowever, still ollly 
F' or Ne', the charge density is so tightly bound to A 
that the internuclear null point Vp(x) = 0 vanishes and conlparable to that of because the 
the volume of (H) reduces to zero. That is, FH- and size of the sulfur core (as determined by the 
NeH+ are not partionable and the charge distributions 0.001 or 0.002 a.u. contour) is approxi~nately 
of both systems approach those of the corresponding 0.5 larger than the carbon K core. 
united atoms. Thus, when acting as an electropositive 
fragment, the (H) fragment vanishes in the extreme limit In the first-row series, C(A) 3 -1-0.75 for LiH 
of charge transfer, while other (A) approach the lirniting to BH and thellexhibits a at CH. In the 
core distribution characteristic of A *  or A'+, etc. second-row, C(A) 3 +0.80 from NaH to SiH, 
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TABLE 3. Virial part~tioning of ground-state neutral and charged diatomic hydrides*? 
-- --- - . 

AH R N(F) V'(F) V"(F) VdF) T ( F )  

NaH 

MgH 

AIH 

SiH 

PH 

SH 

C1H 

NaH + 

MgH + 

AlH + 

SiH+ 

PH + 

SH+ X 3 Z -  2.551 15.125 
0.875 

ClH+ X2H 2.485 16.436 
0.564 

SiH- X 3 Z -  2.861 14.088 
1.912 

PH- xZn 2.668 15.282 
1.717 

SH- X I Z +  2.551 16.728 
1.272 

*Increasing ability of A',0,- to withdrau charge from (H), all C(H) > 0: Li+ < Na+ < S +  < N- < C1 < C -  < N < 0- < 
Cl+ < 0 - N+ < F < 0+ < F+. Increasing ability ofA+.O.- to donate charge to (H), all C(H) < 0 :  C < S < C- < S- < B+ < 
P+ < P < Al+ - Mg+ < Si- < P- < B < Be+ < Si - Mg < Na < A1 < Be c 1.1 < Si-. 

t(F) denotes either an  (A) or (H) fragment. The properties of (A) are listed above those for (H) in each system. 

and shows a less dramatic drop through C(P) = 

+0.6 to a near zero-value at SH. The decrease in 
electronegativity associated with the increased 
core size is both exhibited and quantified by the 
C(A) values. In the second-row elements, only 
C1 acts as an acceptor of electronic charge in com- 
bination with H, and the extent of charge transfer 
is only about one-third as great as that found in 
HF. Note, however, that NaH and MgH are 
anomalous in that the net charges on (Na) and 
(Mg) are less than those found for (Li) and (Be). 

The charge distributions of ground state AHf 
are illustrated in Fig. 3. Since (Na) in NaH ap- 
proximates the tightly bound core of Na', ap- 
proximately 85% of the charge lost on ionization 
of NaH comes from (H). (See Table 3 for N(A) 
and N(H) values for AH and AH'.) In MgH and 
the remaining members, just the reverse situation 
is found. Ionization in these systems is confined 
largely to the loss of the diffuse (and loosely 
bound) nonbonded valence density on (A). Note 
that the ionization of MgH corresponds to a 
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BADER AND MESSER: ON DIATOMIC HYDRIDES NaHi-iHCI 

great reduction in extension of the density into 
the nonbonded region of (Mg) and the parti- 
tioning surface assumes a shape characteristic of 
Class I for MgH'. Thus, the transition from 
Class I to  Class 11 is shifted one place to the right 
in AH' compared to AH, as a result of the 
ionization of MgH being largely restricted to the 
removal of the single nonbonded electron on 
(Mg). Correspondingly, in the first-row series, 
BeH" possess a Class I distribution (5). The net 
charge on (H) remains negative in sign on ioniza- 
tion of any of the Class I1 systems. Ionization of 
the transitional lneinber SH does, however, yield 
a net positive charge on (H) and SH' is a well- 
defined Class I system. Instead, the distribution 
for PH' is the transitional member for the change 
to Class I1 from 1 in the AH' series. 

Since each ground state AH' dissociates into 
A'(X) f H(2S), tlie populations of (H) in AH 
and AH' may be employed directly to compare 
the electron attracting ability of A with A' rela- 
tive to hydrogen. Thus, C1+ is between N and 0 
in its ability to withdraw electrons from (H) and 
S' is less effective in this regard than is neutral 
C1. The negative ions considered here also dis- 
sociate to yield H(2S), or 

H(2S) + A-(X) I AI I - (X)  

We have listed a t  the end of Table 3 the first- and 
second-row A', A, and A in a series, the order 
being determined by the populat~on of (H) in 
combination with them. For convenience, the 
series is broken into two; the first denoting an 
increasing ability of A+,' . -  to withdraw charge 
fro111 (H) for the combinations in which C(H) > 0 
and the second, the increasing ability of A+,'.- 
to donate charge to (K) for those combinations 
in which C(H) < 0. 

The fragment contributions to the molecular 
dipole moments illustrate the same inter-row 
trends in the charge distributions of the two AH 
series. When a neutral diatomic system is parti- 
tioned into fragments, its dipole moment p may 
be expressed as (9) 

Only in systems composed of nearly spherical 
fragment distributions, such that p(A) and p(B) 
approach zero, will the dipole moment approach 
the value anticipated on the basis of the charge 
transfer. As expected (see Table 2), the fragment 
dipole contributions are smallest for the (Li) and 
(Na) fragments in the Class I distributions, as 
these approach most nearly the tight core distri- 
butions of their corresponding ions. The more 
diffuse (H) fragments in LiH and NaH exhibit a 
significant polarization in a direction counter to 
the charge transfer component and hence even 
in these two systems the obberved dipole moment 
does not reflect the total extent of charge transfer. 
The transition from the tight (A) distributions of 
Class I to the diffuse back-polarized (A) distribu- 
tions of Class I1 is clearly marked by the dramatic 
increase in the fragment dipoles observed for the 
(Be) and (Mg) fragments, a phenornenon which 
persists in (B) of BH in the first-row and up to 
and including (P) of PH in the second-row series. 
In all the Class I1 systems, the observed dipole 
moment provides no indication of the extent of 
charge transfer A -t H which is present in these 
systems. In  BeH and MgH, pis  greatly reduced in 
value from p, and for the remainder of the Class 
II systems. p is dominated by the fragment di- 
poles, yielding a molnerlt whose direction is op- 
posed to that generated by the charge transfer 
contribution. Clearly, in Class 11 systems, the 
extent or direction of the charge transfer cannot 
be inferred from a knowledge of p alone. In the 
transitional cases CH and SH, the (A) fragment 
dipole moment is less than half of that for the 
preceding rnember and the (H) moments are re- 
versed in sign. For the remaining members of 
both series, HCl and NH, OH and HF, all Class I 
systems, the dipole is again dominated by the 
charge transfer contribution. 

P ( ~ H >  = PC + M I  + P(H) Virial Partitioning of Binding Energies 
where the charge transfer contribution p, Since each fragment of a system obeys the virial 

relationship during the entire course of a chemical 
pc = C(H).R = - C(A).R reaction, the virial theorem may be applied sep- 

arately to the energy changes experienceh by each 
results from the transfer of charge from one frag- fragment 
ment to the other and p(A) and u(H) are the 
fragment or "atomic" dipole contributions [4] -2AT(A) = AVf(A) + AV"(A) t AV,(A) 
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TABLE 4. Changes in fragment encrglcs on bond forlnatro~t for ground statc d~ato~iiic hydr~des*? 
-- -- - - - - - . - -- - -- -- --PA- - 

AT(A) = -AE(A) A )  A )  AV"(A) AV,,(A) AT(H) = -AC(H) A )  A AV''(H) AVn(H) 
AH(X) (kcal/mol) (a.u.) (a.u.) (a.u.) (a.u.1 (kcal/~nol) (a.u.) (a.u.) (a.u.) ( am)  Z 

-- -- - - 
L. 

NaH -24.7 2.1003 -2.8517 0.5143 0.3157 f 46.2 -0.4525 -5.3251 2.8440 2.7864 , 
MgH -66.9 3.1122 -3.3079 , 0.1570 0.2519 +93.5 -0.5377 -6.5386 3.3567 3.4218 
AIH -98.4 3.4868 -3.7131 , 0.3642 0.1757 + 151 .0  -0.6356 -7.7872 3.9196 4.0220 5 
SiH -139.0 4.1639 -4.3296 0.3669 0.2416 t 1 9 0 . 4  -0.6626 -9.0853 4.4953 4.6458 
PH -129.3 3.5344 -5.0272 1.0192 0.8856 + 176.1 -0.5782 -9.1241 4.4956 4.6455 0 
SH -12.3 0.1036 -5.9928 3.0590 2.8694 +73.1 -0.2812 -6.6466 3.2990 3.3958 T 
CIH +84.6 -2.6694 -6.9769 4.8487 4.5280 -3.9 -0.0207 -4.9624 2.4757 2.5198 

. -. . . . . -- -- 
*The atomic values used in the calculation of the differences A wcrc obtained using the wavc filnctions of Clementi (14). - 

w 
-11" general, LCAO-MO-SCF wAve fcmctions, even those close t o  the Hartree-170ck limit, d o  not  exactly satisfy the Ilcllmann-17eynman and virial theorems (2) .  Tor the pu~.poscs o f  discussing 2 

energy changes the small errors in Y ,  (for tile Hellmnnn-Fcynman theorem) and in thc r e l a t i o n s l ~ i ~  T = - L .  (the virial theorcm) have bccn removed by scaling the 7 values to  satisfy the relationship 
T = - E  and the V ,  values were then chosen to satisfy the virinl relationship for cach fragment. 
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BADER AND MESSER: ON DIATOMIC HYDRIDES N a H u H C l  2279 

F o r  the particular case of partitioning the energy 
of bond formation, A will denote the value of a 
property for a fragment in the molecule minus its 
value in the free atomic state. Since each molecule 
is at  its equilibrium separation, no external forces 
act on the nuclei and the further virial relationship 

will apply. Equation 5 is a statement of the well- 
known result that the change in energy for the 
passage of the system from one equilibrium state 
to  another will be less than zero, i.e., stabilizing, 
only if there is an  itzcrease of equal magnitude in 
the kinetic energy of the system. While the total 
kinetic energy must increase for the formation 
of a chemical bond, the change in kinetic energy 
for just a fragment of a system may be greater or  
less than zero. Thus, from the sign of AT(A) in 
eq. 5, one may determine whether a given frag- 
ment is stabilized or  destabilized in the formation 
of the molecule. If AT(A) > 0, then AE(A) < 0, 
the fragment is increased in stability while if 
AT(A) < 0, AE(A) > 0: and the fragment is de- 
stabilized in the fornlation of the molecule. 
Equation 4 relates the change in AT(A) to the 
change in the virial of all the forces, attractive 
and repulsive, exerted on the fragment. Thus, 
through the use ofeq. 4, one may relate the change 
in the stability of the fragment to the changes in 
the individual potential energy contributions. 
This approach has been previously applied to  the 
charge redistributions and energy changes asso- 
ciated with the formation of the first-row hydrides 
( 5 ) ,  and to the corresponding changes associated 
with nucleophilic displacement reactions (12). 

The attractive potential interaction of the 
charge density in fragment (A) with all of the 
nuclei in a system V'(A) may be written as a sum 
over the separate nuclear contributions. Tn a 
diatomic system AH,  for example 

AVH1(A) = VH'(A) is the new interaction of the 
proton with the charge density in (A). In  general, 
both the changes in electron-electron repulsion 
V" and the nuclear repulsion V,, for a fragment 
are greater than zero on  bond formation and 
hence the stabilization, if present, occurs because 
of a decrease in V'. The breakdown of AV' des- 
cribed above allows one to assign this increase in 
stability to the interactions of specific nuclei with 
particular localizations of charge within the 
system. 

The electron-electron repulsio~l term V"(A) 
can also be partitioned into intra- and interfrag- 
ment contributions; VA1'(A) being the self-repul- 
sion of the electrons in (A) and V,"(A) being the 
repulsion of the electrons in (A) with those in (B). 
Such a partitioning of V1 ' (A)  requires a six- 
dimensional integration of ~'2)(x,,x,) bounded 
by the surface S(x) .  While we have perfor~ned 
such integrations in a nurnber of specific cases, 
they are, in general, too time-consuming (and 
hence too expensive) to determine in all cases. 

The electron populations. the kinetic and 
potential energies of the (A) and (H) fragments in 
the ground states of AH, AH', and some A H -  
are listed in Table 3. All these quantities are cal- 
culated from wave functions close to the Hartree- 
Fock limit, all from a common set of (optimized) 
basis functions and all of identical quality (10, 
11): The populations of the fragments will prob- 
ably differ by no more than a few one-hundredths 
of an  electronic charge from those calculated 
using a fully correlated wave filnction. The Har- 
tree-Fock energies contain a correlation error. 
A full discussion of the magnitude and trend of 
this error in the AH series is given by Gade and 
Huo (lo),  The partitioning of the energies as 
presented in Table 3 may be used to study any 
physical process involving these molecules a t  the 
Hartree-Fock level, i . e . ,  a t  a level which will in- 
dicate the principal trends in the behavior of the 
systems in this ~ e r i e s . ~  

where V,'(A) is the interaction of the A nucleus The necessary data for determining the charge 

with the charge density in (A) and V,'(A) is the and energy changes responsible for the binding 

corresponding contribution from the proton, ex- in the second-row diatomic hydrides are given in 

ternal to (A). The change in V1(A) on  bond for- Table 4. While the changes in the individual po- 

mation may be similarly summed, tential energy contributions for each fragment 
are relatively large (and reported in a.u.), the re- 

A V1(A) = A VAf(A) + AVH'(A) 
'The Hartree-Fock calculated and exoerimental values 

of D, (the latter in parentheses) in evLare :  NaH, 0.932 where measures the difference between (2.3); MgH, 1.15 (2.3); AIH, 2.36 (3.0); SIH, 2.23 (3.32); 
the interaction of the A n~lcleus with the charge pH,  2.03 (3.3); SH, 2.63 (3.70); HCI, 3.48 (4.616). The 
density in fragment (A) and in the free atom A. values are from ref. 10. 
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sultant changes in the total and kinetic energies of 
each fragment are all of normal chemical magni- 
tude, and are reported in kcalimol. In the mol- 
ecules, NaH o SH, characterized by a transfer 
of charge from (A) -t (H), one finds AT(A) < 0 
and AT(H) > 0. In these systems, the (A) frag- 
ments are destabilized relative to the corre- 
sponding free A atoins and the binding arises 
from the charge transferred to and its subsequent 
stabilization in the (M) fragment. Both the de- 
stabilization of (A) and the stabilization of (H) 
are a maximum for SiEI followed by a sharp drop 
in both effects at SH, the system exhibiting the 
smallest net charge transfer. Only in the case of 
HCI, where 0.24 e are transferred from (HI 4 

(Cl) is the (A) fragment stabilized with respect to 
the A atom. The (M) fragment in HCl is only 
slightly increased in energy. 

The pattern of the changes in stability of the 
second-row elements in formation of AH parallels 
those found for the first-row elements, with the 
transitional member again found two places to 
the right, at SH compared to CH. In the molecules 
in which there is a significant charge transfer 
(A) -. (H), the systems NaH o PH (or LiH ++ 

BH in first-row), A VA1(A) is large and greater than 
zero because of the reduced amount of charge 
density in (A). While the interaction of the proton 
with the remaining charge density on (A) in these 
systems is stabilizing, AV,'(A) < 0, the magni- 
tude of this effect is too small to counteract the 
increases in A VA1(A), A V"(A), and A V,,(A). Thus, 
the (A) fragments are destabilized by the transfer 
of charge from (A) + (H). Why is the charge 
transferred from (A) + (M) if the result is a de- 
stabilizing increase in AVA1(A)? A partial ex- 
planation is found in the surprisingly large nega- 
tive values obtained for A V,'(H): the interaction 
of the A nucleus with the charge density in (H). 
For the systems under discussion in both first- 
and second-row, the interaction of the A nuclrus 
wit11 the charge density transferred to ( H )  is conz- 
parable to or greater than that obtained ~ . l len  the 
same density in.as cenfered on ( A )  in the atonzic 
state. This result is directly related to the loosely 
bound nature of the diffuse valence density on the 
elements Na  to P (or Li to B) and makes under- 
standable the considerable extent of charge trans- 
fer, (A) 4 (H), which persists up to and includes 
phosphorous. Consider AlH for example. The 
loss of 0.83 e-  from (Al) and the redistribution of 
the density remaining in this fragment, causes an 
increase in VA'(A) of 3.49 a.u. The interaction of 

the aluminum nucleus with the 1.83 e-  in (H) 
decreases the energy by -7.79 a.u. One may 
assign a fraction (0.83i1.83) of this decrease in 
energy to the interaction of the aluminum nucleus 
with the charge transferred from (Al) -t (H). This 
yields a value of - 3.53 a.u. as compared to the 
increase of 3.49 a.u. in VA1(A). The very large 
magnitude of the interaction of the A nucleus with 
the charge distribution on (H) is a result of the 
very pronounced polarization of the density in 
(PI) towards (A). This interaction is the major 
source of stability in just those molec~iles 
EiH - BH and NaM H PH for which (13) 
possesses a large positive fragme~lt dipole (see 
Table 2). In these systems, the increase in stability 
arising from this interaction is approximately 
twice as great as the increase in stability resulting 
froin the interaction of the proton with the charge 
density of (A), and many times the n~agnitude of 
the only other stabilizing interactian, that of the 
proton with the charge derisity in (H). 

The extent of charge transfer in CH, the &an- 
sitional member of the first-row, is only 0.032 e-, 
(G) -P (H). The remarkable aspect of the binding 
in CM is the extent to which the energy changes 
for the two fragments approach the limiting case 
of the binding between two identical fragments, 
in spite of the great dissimilarities in their total 
populations. Thus, one finds that all of the 
changes in the potential interactions, changes re- 
sulting primarily from a redistribution of charge 
within each fragment are approximately the same 
for both fragments. Of these changes, the largest 
ones are the stabilizing interactions of each 
nucleus with the charge distribution of the other 
fragment, A VHr(C) - A VC1(H).  

Of the second-row set of molecules, SH ap- 
proaches this behavior most closely. The charge 
transfer in SH is approximately three times that 
in CH and SH, while tra~lsitional in its binding, 
does not approach the limiting homopolar case 
as closely as does CEI. Because of the small trans- 
fer of charge in SH, A VA1(A) is only slightly posi- 
tive, and much less in value than that for the pre- 
ceding case, PH. For the same reason AVH1(H) 
is smaller in magnitude than for PH. As in CH 
the principal stabilizing interactions are A VA'(H) 
and AI/,'(A) and both are of the same order of 
magnitude, while in the preceding members 
IAVA'(H)I 2!Av~~'(A)l.  

Since the transfer of charge from (A) + (H) is 
sharply decreased in SH compared to the pre- 
ceding members, the polarization of the charge 
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BADER AND MESSER: ON DIATOMIC HYDRIDES N a H u H C l  228 1 

distribution in the (S) fragment away from the 
proton is reduced (recall the trend in the p(A) 
values). Consequently, the antibinding force ex- 
erted on the sulfur nucleus by the charge density 
in (S) is markedly d e ~ r e a s e d . ~  Tn SH, the increases 
in the nuclear-nuclear and electron-electron re- 
pulsive potentials are of the same order of mag- 
nitude for both (H) and (S), while in the preceding 
members, they were all much larger for (H) than 
for (A). This sudden break is directly determined 
by the sudden decrease in the extent of charge 
transfer and in the consequent polarizations 
which occur at SH.7 

HCl is the only member of the second-row set 
for which the direction of charge transfer is 
(H) + (A), and the charge transferred, 0.24 eC, 
is less than the 0.32 e- transferred in NH, the cor- 

'The force exerted on a nucleus by the charge density 
in the fragment containing that nucleus may be binding 
(i.e., the direction of the force is towards the other 
nucleus) or antibinding (the direction of the force is away 
from the other nucleus). As explained in detail in ref. 5, a 
binding force on the nucleus in (A) gives a positive con- 
tribution to V,i(A) while an antibinding force gives a 
negative contribution to V,,(A). This is a very important 
point, as it explains how polarizations of the charge dis- 
tribution into nonbonded regions are energetically not 
only feasible, but favorable. Polarization of charge den- 
sity into a nonbonded (or antibinding) region of a frag- 
ment (A) necessarily reduces the magnitude of its inter- 
action with a neighboring nucleus B, the interaction 
&'(A). The same polarization, however, yields a negative 
(stabilizing) contribution to V,(A). Thus, the localization 
of charge density in nonbonded regions of space, an effect 
prevalent throughout aln~ost all chemical systems with 
the exception of Hz and H z + ,  is understandable as it 
leads to-a local lowering of-the energy via the nuclear 
virial contribution to the total energy field of the system. 

'AV"(A) is understandably small for all systems with 
charge transfer (A) +- (H). However, it reaches a distinct 
minimum for the formation of BeH and MgH. A par- 
titioning of AV" for both (A) and (H) into intra- and 
inter-fragment contributions for BeH yields the following 
values (in a.u.) ; A VB,"(Be) -- V,,"(Be) - V1'(Be atom) = 
-0.9417, AV,"(Be) =AV,,"(H) = 0.9947, AVHt'(H) = 
0.5205. The decrense in the self-repulsion of the electrons 
on Be is particularly large because the loss of charge to 
(M) in this case (and for MgH) effectively separates the 
only valence pair present on the A atom. In addition, the 
subsequent polarization of the remaining valence electron 
into an extended nonbonded distribution reduces its re- 
pulsion with the core electrons on A. The decrease in 
AVLiU(Li) in the formation of LiH is only one-half as 
large as for (Be) (AVLi"(Li) = -0.4885) since the only 
contribution is a decrease in the valence-core electron re- 
pulsions. A VA1'(A) increases in value for elements past Be 
and Mg presumably because the localization of the re- 
maining pairs of valence electrons in the nonbonded 
region of (A) results in an  increase in their self-repulsions. 

responding member of the first-row set. In this 
case, as with NH, OH, and FH, the (A) fragment 
is stabilized and the (H) fragment destabilized, 
the latter to only a minor extent in HCI and NH, 
but increasingly so in OH and FH.  The dominant 
interaction for all these molecules is the attraction 
of the proton for the charge density in (A). HCl is 
the first system in the second-row set for which 
this interaction exceeds AVAt(H), the attraction 
of the A nucleus for the density of (H). The inter- 
action AVA1(H) continues to decrease in magni- 
tude for OH and NF, while the magnitudes of 
AVH1(A) and A V,'(A) continue to increase as the 
extent of charge transfer (H) 4 (A) increase in 
the order HCI, HN, HO, HF. 

In summary, there is an extensive transfer of 
charge from (A) -t (H) in LiH, BeH, BH and in 
NaH, MgH, AIH, SiW, and PH. The largest single 
stabilizing interaction in all of these systems is the 
interaction of the A nucleus with the charge den- 
sity of the (H) fragment. This interaction is maxi- 
mized in BH in the first-row and in PH in the 
second-row. The net negative field exerted by the 
(H) fragment induces a pronounced polarization 
of the charge distribution of the (A) fragment. In 
LiH and NaH, in which the (A) fragments consist 
of tightly bound core distributions, this polariza- 
tion is most pronounced in the regions close to the 
lithium and sodium n ~ c l e i . ~  In the remaining 
members, the polarization consists of a diff~ise 
extension of the unshared valence density into 
the nonbonded region of the (A) fragment. As a 
result of this polarization and the antibinding 
force it exerts on the A nucleus, the contribution 
of the nuclear repulsive virial to the (A) fragment 
is small in value and the destabilization of the (A) 
fragments in these systems resulting from the 
transfer of charge to (H) is considerably lessened. 
Thus, in these systems Vn(H) > v,(A> and 
V,(H) attains its maximum value for the complete 

81n referring to the polarization of a charge distribution, 
one must specify with respect to which operator the 
polarization is measured. For example, the (Li) fragment 
is very slightly polarized in the direction A -t H in terms 
of the average value of zLi, zLi being the coordinate 
directed along the internuclear axis with origin at  the Li 
nucleus. In terms of the electric field which the (Li) 
fragment distribution exerts on the Li nucleus, the 
average of zLi/r.,,2, the (Li) fragment is strongly polarized 
in the direction away f r o a  (H). Clearly, the electronic 
dipole moment operator z weights most heavily density 
relatively far removed from the origin (nucleus) while the 
electric field (the force operator) z/r2 weights density in the 
immediate vicinity of the nucleus. 
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series at  BH in the first-row and at PH in the 
second-row. 

The transfer of charge (A) + (H) is sharply 
reduced at C H  and SH to less than 0.1 e-. The 
polarizations of the (C) and (S) fragments into 
their nonbonded regions are correspondingly re- 
duced from that found for the preceding set. The 
result of these effects is that the individual poten- 
tial energy changes, both stabilizing and de- 
stabilizing, are more nearly equal for the (A) and 
(H) fragments in both systems. In particular, the 
interaction of the proton with the charge density 
in (C) or (S) is as important as the interaction of 
the A nucleus with the charge density of (H) in the 
binding of these systems. 

In HCI, NH, OH, and H F  the charge transfer 
is (H) -t (A), increasing in the indicated order. In 
these systems, the charge distributions of the (A) 
fragments are polarized towards the (H) frag- 
ments which bear a net pos~tive charge. The 
nuclear repulsive virial is here greater for (A) than 
for (H). The dorninant stabilizing interact~on in 
all of these systems is the interaction of the proton 
with the charge density of (A) and in NH, OH, 
and HF, the interaction of the A nucleus with the 
same density becomes increasingly important. 
The (A) fragment is stabilized and the (H) frag- 
ment destabilized in these four molecules. 

Thus, the largest single stabilizing interaction 

changes from VAf(H) in those systems charac- 
terized by charge transfer (A) + (H), to VA1(H) 
and VH'(A) being equally important in those sys- 
tems with small charge transfer, to VH1(A) and 
VA'(A) in those systems in which charge is trans- 
ferred from (H) + (A). 
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SHI-CHOW CHEN and YUAN L. CHOW. Can. J. Chem. 52, 2283 (1974). 
One step conversion of cyclic a-amino ketoximes to 2-(a-cyanoalky1)-2-dialkylaminothietane 

I,l-dioxides was described. The n.m.r, studies of the thietane 1,l-dioxides, using a combination 
of Eu(fod), shift reagent and decoupling technique, indicates the trans orientation of the sub- 
stitution groups on the thietane ring. 

SHI-CHOW CHEN et YUAN L. CHOW. Can. J. Chem. 52, 2283 (1974). 
On decrit une methode permettant de transformer, en une etape, des cktoximes a-amines 

cycliques en (a-cyanoalky1)-2 dialkylamino-2 thietanne dioxyde-1,l. Des etudes par r.m.n. du 
thietanne dioxyde-l,l, utilisant le reactif Eu(fod), et des techniques de dtcouplage, indiquent 
que les substituants de noyau thietanne ont une relation trans. [Traduit par le journal] 

Mechanistic aspects of the a-amino oxime ester 
cleavage reaction under basic conditions have 
been extensively studied by Grob and his co- 
workers (1) and other groups (2, 3). Electronical- 
ly, the reaction is essentially a Beckman type re- 
action but is greatly facilitated by the participa- 
tion of the electron pair of the amino group 
strategically located at the position cl to the 
oxime group. The cleavage reaction when 
coupled with an efficient synthesis of a-amino 
oxirnes through nitrosamine photoaddition to a 
carbon-carbon double bond (4), constitutes an 
alternative method of double bond degradation. 
Application of the method to the cleavage re- 
action of a cyclic cr-amino ketoxime, such as a- 
piperidinocyclohexanone oxime (1) obtained 
from a nitrosopiperidine photoaddition to cyclo- 
hexene, however, does not give the expected 4- 
cyanopentanal (3) in a synthetically useful yield 
due to the fact that the aldehyde undergoes 
secondary aldol condensations under the cleav- 
age conditions (5). It is reasoned that if the inter- 
mediate enamine 26 can be intercepted in situ 
with a sulfene, it should be possible to obtain 
a more stable thietane derivative. This would also 
provide a new route to synthesis of thietane com- 

'Taken in part from the Ph.D. Thesis submitted by S. 
C. Chen, Simon Fraser University, Burnaby 2, British 
Columbia, 1970. 

pounds. Generation of sulfenes from methane- 
sulfonyl chloride and the analogs by a base treat- 
ment has been well established (6). Cycloaddition 
of a sulfene, generated itz situ, to an enamine has . - 
been reported by various grdups in recent years 
(64  7). 

Results and Discussion 
The required a-aminocyclohexanone oximes 

1, 5, 6, and 9 were prepared from our previous 
studies of nitrosamine photoaddition to appro- 
priate olefins (4, 8). When a mixture of methane- 
sulfonyl chloride and oxime 1 were allowed to 
react in anhydrous pyridine, 2-(3'-cyanopropy1)- 
3-piperidinothietane 1, I-dioxide (4) was isolated 
in 38% yield. The molecular formula of 4 was 
established by the mass spectrum and analysis 
and its functional groups indicated by the i.r. 
absorptions at 2250, 1300, 1140, and 11 50 cm- I .  

The thietane dioxide ring protons in the n.m.r. 
spectra were extensively coupled with each other 
and the pattern could not be clarified by de- 
coupling experiments. However, their chemical 
shifts were consistent with those of published 
thietane dioxides (7). Under similar conditions, 
the corresponding thietane dioxides 7 and 8 were 
synthesized from anti,cis-3-piperidino-5-tert-bu- 
tylcyclohexanone oxime (5)(4) and anti,trans-2-di- 
methylamino-tert-butylcyclohexanone oxime (6) 
(5). These thietane dioxides exhibited the expect- 
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ed spectroscopic data that can be correlated to 
those of 4. 

I t  is obvious methanesulfonyl chloride serves 
dually to form the sulfonate of the oximes and to 
generate sulfene. The cleavage of the former 
glves the transient im~nonium salt 2a which is 
deprotonated by the base to give the necessary 
enamine 2b. Thus in one step thietanes 4, 7, and 
8 are formed in reasonable yields (Scheme 1). 
The yield of thietanes were much higher (ca. 
7 0 z )  when phenylmethanesulfonyl chloride was 
used as shown in the conversion of oximes 1 and 
9 to 10 and 11 (Scheme 2). Obviously the facile 
phenysulfene generation (6d) caused the im- 
proved yield of 10 and 11. 

Whereas the stereochemistry of the thietane 
dioxide derivatives is related directly to that of 
the enamine it has remained unresolved in most 
of the known cases (6d). In the present study, an 
extensive application of n.m.r. decoupling studies 
has not been successful in unraveling the orienta- 
tion of the thietane dioxide ring protons since the 

magnitudes of cis and trans proton-proton 
coupling constants are indistinguishable froin 
each other; for example, J,, and Jg4 in 10 wcre 
shown to be 8-8.5 Hz (Table 1). Upon the rea- 
sonable assumption that the amino group co- 
ordinates most atrongly with a lanthaniide shift 
reagent2 among other functional groups in the 
thietane dioxide derivatives (9, lo), Eu(fod), can 
be utilized to induce differential 1l.m.r. shifts of 
the ring protons. This technique has been applied 
widely to determine the steroechemistry of vari- 

ane ous organic molecules (9) and recently of thi-t 
derivatives (7a) with various success. On addition 
of incremental amounts of Eu(fod), to a CDCI, 
solution of 10, H,, H,, and H, were shifted down- 
field (Table 1). Clearly H, and H, must be 
oriented cis to the piperidine ring and exhibit 
much larger induced shifts, A6, than H, does. 

ZE~(fod)3 is the abbreviation of tris(7,7-dimethyl- 
3,3,2,2,1,1,1-heptafluoro-4,6-octanedionat0)eur0pi~m- 
(111). 
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CHEN AND CHOW: STEREOCHEMISTRY O F  THIETANES 

TABLE 1. Nuclear magnetic resonance paraiueters of thietane 10* 

Chemical shifts (7) Coupling constant't 
E ~ ( f 0 d ) ~  

(mg) Hz H B H4 Jz3 + J34 J 3  4 

*The spectra were recorded with a Varian XL-100 using COCI? solution containing the 
thietane (69 mg/ml) and internal T M S  standard. 

tJ , ,  was obtained from the doublet o f  the H, signal and J 2 ,  + J31 was the triplet spacings 
o f  the H, sipnal. 

fCumulative induced shift. 

This allowed us to conclude that 10 had an all- In the present work the yields of the thietanes 
trans configuration of the substituents on the are nowhere near quantitative and the balance of 
thietane dioxide ring. It should be added that the the starting material has not been accounted for. 
splitting patterns of the H3 and H, signals were However all the isolated thietane dioxides in- 
not visibly changed on complexation3 with variably possess the substituent groups on all 
Eu(fod), (Table l), suggesting that the coupling thietane rings in the trans configuration. This 
constants of the thietane dioxide ring protons suggests that the cycloaddition is a highly stereo- 
were not significantly altered in a Eu(fod), 
complex. 

The extensive overlapping of H,, H,, and H, 
protons in the n.m.r. spectrum of thietane dioxide 
4 makes an interpretation of its spectrum im- 
possible. Taking advantage of the above observa- 
tions, this complex n.m.r. spectrum has been 
resolved by addition of Eu(fod), to an interpret- 
able one in which all the thietane ring protons 
are converted to first-order coupling patterns. 
On addition of 190 mg of Eu(fod), (see the 
Experimental) H, and H, were shifted downfield 
by 2.1 5 and 1.77 p.p.m. while the corresponding 
shifts for H3  and H,' were shifted do~nf ie ld  by 
1.35 and 1.45 p.p.m. This information was con- 
sistent with the trans orientation of the C,-alkyl 
and C3-piperidine groups as shown in 4. De- 
coupling experiments carried out with the sample 
containing Eu(fod), gave J,, = 7.5 Hz, J3,(H) 
= 8.5, and J3,(H1) = 7.5 Hz. If these coupling 
constants also prevail for 4 in the absence of 
Eu(fod), as suggested3 by the finding in 10, it 
may be concluded that spin-spin interactions for 
cis- and trans-protons in thietane dioxide rings 
are about the same magnitude and consequently, 
are unsuitable for elucidation of the ring stereo- 
chemistry. 

3Proton coupling constants in nitrosamines appear to 
remain unchanged in their E ~ ( f o d ) ~  complexes (10). 

selective process. Assuming a stepwise mechanism 
for this reaction, it is likely that during the ring 
formation process the bulky groups, such as 
piperidino, phenyl, and alkyl groups, stagger 
themselves around the ring to avoid undue steric 
crowding. The steric effects may account for the 
observed stereoselectivity. 

. . Experimental 
Nuclear magnetic resonance spectra were recorded in 

CDC13 with TMS as an internal standard with a Varian 
8-56/60 or a XL-100 spectrometer. The n.nl.r. signals 
were reported as r values and with coupling patterns ex- 
pressed as n~(multiplet), d(doublet), t(triplet), and q(quar- 
tet). Infrared spectra were taken neat or in Nujol mulls 
with a Perkin-Elmer 457 Grating Infrared Spectrophoto- 
meter, mass spectra with a Perkin-Elmer EMU-6E instru- 
ment. Melting points were determined in capillaries and 
were not corrected. 

2-(3'-Cyanopropy1)-3-p~eridinothietat~e I ,  I- Dioxide (4) 
Methanesulfonyl chloride (2.5 g, 22 mmol) was added 

dropwise during 112 11 to a stirred solution of 2-piperidino- 
cyclohexanone oxin~e (1) (846 mg, 4.3 mmol) in pyridine 
(10 ml) cooled in an ice bath. The reaction was maintained 
for additional 3 h. After decomposition with ice flakes the 
dark brown mixture was basified with sodium carbonate 
to p H  10 and extracted with chloroforn~ (30 ml x 3). The 
chloroform extract was washed with water and dried 
(Na2S04), and then concentrated to give a viscous liquid 
(864 mg) which was chromatographed over a silicic acid 
column (40 g). The first chloroform eluent (300 ml) gave a 
trace of an unidentified liquid. The second eluent (700 ml) 
from the same solvent gave a colorless gummy substance 
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(420 mg) which crystallized on treatment with ether. Re- Anal. Calcd, for C18H24NzS02: C, 65.02; H, 7.27; N, 
crystallization three times from ether afforded an analyti- 8.42. Found: C, 64.88; H, 7.41 ; N, 8.20. 
cal sample of 4 as fine needles, n1.p. 79-80' (dec.); mass On irradiation of H,, H Z  became an unresolved double 
spectrum m/e (%) 256 (lo),  202 (541, 178 (84), and 177 doublet due to couplings with the magnetically non- 
(100). equivalent methylene protons and H, became a narrow 

Anal. Calcd. for C,,HzoN,SOz: C, 56.23; H, 7.86; N, doublet (J = 1 Hz) due to the long range coupling with 
10.90. Found: C, 56.13; H, 7.92; N, 10.62. H,. To a CDCI, solution of 10 (69 mg/ml) successive 

A CDCI, solution of 4 (80 mglml) exhibited the follow- portions of Eu(fod), were added and spectra recorded; 
ing n.m.r. signals: r 5.86 (m, H,), ca. 6.10 (m, H, and the chemical shifts are summarised it1 Table 1. 
H,'), 7.35 (m, H,). On successive addition of E ~ ( f o d ) ~  to 
the solution these signals downfield; at  190 mg of 2-(2'-C~alzoeth~l)-3-~iperidino-4-phenL.lthirfane 
Eu(fod), content, it showed the signals at  T 3.71 (m, H,), I,l-Dioxide (11) 
4.25 (dd, J = 13 and 7.5 Hz, H4'), 4.65 (dd, J = 13 and Oxime 9 (300 mg, 1.6 mmol) was allowed to react with 
8.5 HZ, H,), and 6.03 (m, H,). On irradiation at H,, the r phen~lmethanesulfonyl chloride (628 nlg, 3.2 mmol) in 
4.25 and 4.65 signals collapsed to a AB quartet and the pyndlne (2 ml) under the conditions similar to those de- 
T 3.71 signal collapsed to a poorly resolved double doublet scribed above. Adduct 11 (342 mg, 65%) was recrystallized 
( J  = 11 and 6 H ~ ) ,  ~h~ H, protoll sigllal (T 3.71) was from CHC1,-CCI, as colorless crystals: n1.p. 163-164' 
shown to be coupled with a pair of the nlagnetica]ly non- (dec.1; i.r. 2250, 1600, 1490, 1300, 1140, and 1110 crn-'; 
equivalent protons at  the r 6.9 and 6.5 region which was n.m.r. 7 2.60 (5H), 4.70 (d, J = 8 HZ, HA), 5.70 (m, HZ), 
assigned to the neighboring methylene protons. and 6.95 (t, J = 8 Hz, H3); mass spectra m/e  318, 254, 

164 (30%), and 124 (100%). 
2-(2'-tert-Butj~l-3'-cj~anopropylj -3-piper.idinofhietune Anal. Calcd. for CI7H2,NZSO2: C, 64.12; H, 6.69; N, 

1,l-  Dioxide ( 7 )  8.79. Found: C, 64.20; H,  7.14: N, 8.48. 
Oxime 5 (170 mg, 0.67 mmol) was allowed to react with 

methanesulfol~yl chloride (0.5 ml, ca. 6.7 mrnol) in py- The authors are grateful to the National Research 
ridine (3 ml) according to the method described above. of Canada, Ottawa for support. 

Chromatography gave an amorphous product (94 mg 1. C. A .  GROB. H .  P. FISCHER. and E. RENK. Helv. 
43%) of 7: i.r. 2245, 1315, 1140, and l l l O ~ r n - ~ ;  n.m.r. Chim. Acta, 46, 1190(1963). 
7 5.75 (n1, IH), 6.05 (m, 2H), 7.15 (m, IH), and 9.00 (s, 2 ,  M, OHNO, N. N ~ ~ ~ ~ ~ ,  S. T o R I ~ ~ ~ ~ ~ .  and 1. 
9H); mass spectrum n11e 312, 334. TERASAWA. J. Am. Chem. Soc. 88,3168 (1966). 

2-(3'-C~anopropj~l- I '-tert-butj'l propyl) -3-dit~zetlz~~larni~zo- 
thierane I ,  I-Dioxicle ( 8 )  

Oxime 6 (220 mg, 0.94 mmol) was allowed to react with 
methanesulfoi~yl chloride (1 ml, cu. 13 mmol) in pyridine 
(4 n ~ l )  in the usual method as described above. Chroma- 
tographic purification gave adduct 8 (1 15 mg, 45%) as a 
colorless liquid: i.r. 2230, 313, 1130, and 1015 cm-'; 
n.m.r. T 5.83 (m, 1H), 6.10 (m, 2H), 7.20 (m, lH), 7.75 
(s, 6H), and 9.10 (s, 9H); mass spectrum m,'e 272, 194. 

2-(3'-Cyarlopropyl) -3-piperidino-4-phe~zylthietane 
I,I-Dioxide ( l o )  

T o  a solution of oxime 1 (500 mg, 2.6 mmol) in pyridine 
(5 ml) cooled in ice bath, phenylmethanes~~lfonyl chloride 
(970 mg, 5.2 nimol) was added portionwise while the 
solution was stirred with a magnetic stirrer. The mixture 
was then stirred overnight at - 10- and was worked up to 
give crude adduct 10 (600 mg, 71%). An analytical sample 
recrystallized from CCI, had m.p. 130-131" (dec.): i.r. 
(Nujol) 2255, 1620, 1490, 1290, 1150, and 1120cm-'; 
n.1n.r. 2.60 (s, 5H), 4.76 (d, J = 8 Hz, H,), 5.74 (m, Hz), 
and 6.94 (t, J = 8 and 8.5 Hz, H,). 

3. K. LUNKWITZ, W. PRIZKOW, and G.  SCHMIDT. J. 
Prakt. Chem. 37,319(1968). 

4. Y. L. CHOW, S. C. CHEN, K. S. PILLAY, and R. A. 
PERRY. Can. J .  Chem. 50, 1051 (1972). 

5 .  S. C. CHEN. Ph.D. Dissertation, Simon Fraser Uni- 
versity. British Columbia, 1970. 

6. ( ( I )  T. J .  WALLACE. Quart. Rev. 20,67 (1966); (b)  J.  E. 
- KING and T. DURST. J. Am. Chem. Soc. 87, 5686 

(1965); (c) W. E. TRUCE and R. W. CAMPBELL. J. 
Chem. Soc. 88, 3599 (1966); (4 G. OPITZ. Angew. 
Chem. Int. Ed. 6 ,  107 (1967). 

7. (a )  C. T. GORALSKI and T. E. EVANS. J. Org. Chem. 
37, 2080 (1972); (b) I. .I. BOROWITZ. J. Am. Chem. 
Soc. 86, 1146 (1964); (c) G. OPITZ and H. ADOLPH. 
Angew. Chem. Int. Ed. 1, 113 (1962). 

8. Y.  L. CHOW. ACC. Chem. Res. 6,354(1973). 
9. ( ( I )  I.  ARMITAGE, G. DUNSMORE, L. D. HALL, and A. 

G.  MARSHALL. Can. J .  Chem. 50,2119(1972);(b) J .  K .  
M. SAUNDERS and D. H. WILLIAMS. J. Am. Chem. 
Soc. 93,641 (1971). 

10. R .  A. PERRY and Y .  L. CHOW. Can. J. Chem. 52,315 
(1974). 
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Excess Volumes, Ultrasonic Velocities, and Adiabatic Compressibilities 
for Binary Cycloalkanol Mixtures at 25 "C 

OSAMU KIYOHARA~, JEAN-PIERRE E. GROLIER,~ A N D  GEORGE C. BENSON 
Di13ision qf'C1~e/ni.tf,:\., i\'(ltlti(~/~(il Reseiirch Co~rncii c?f'Cntladii, O t r o ~ t ~ ( ~ .  Co~~ciclii K I A  OK6 

Received December 6, 1973 

OSAMU KIYOHARA, JEAN-PIERRE E. GROLIER, and GEORGE C. BENSOT. Can. J. Chem. 
52.2287 (1974). 

Molar excess volumes and ultrasonic velocities were determined for the systems cyclopentanol 
+ cyclohexanol, cyclopentanol + cycloheptanol, and cyclohexanol + cycloheptanol at 25 'C. 
Values of the adiabatic compressibilities were calculated from the experimental results. 

OSAMU KIYOHARA, JEAN-PIERRE E. CROLIER et GEORGE C. RENSOV. Can. J .  Chen~.  52, 
2287 (1 974). 

Les volumes n~olaires d'exces et les celerites ultrasonores ont ete determines pour les systemes 
cyclopentanol + cyciohexanol, cyclopentanol + cycloheptanol et cyclohexanol + cyclohep- 
tanol a 25 "C. Les valeurs des co~npressibilites adiabatiques ont ete calculees a partir des 
resultats experimentaux. 

The thermodynamic properties of binary 
alcohol systems usually exhibit significant devi- 
ations from ideality. These arise not only from 
differences in rilolecular size but also from 
changes in hydrogen bonding. In some cases, 
varying cancellation between contributions dif- 
fering in sign leads to complex forms for the 
excess thermodynamic functions. 

Although inany binary alcohol systems formed 
from normal and/or branched alcohols have 
been studied extensively, there d o  not appear to 
have been any previous studies of b~nary  mix- 
tures of cycloalkanols. In order to investigate 
the volu~ne behavior of the latter, volumes of 
mixing and velocities of ultrasound propagation 
were measured for the three binary systems 
formed from the alcohols cyclopentanol 
(c-PeOH), cyclohexanol (c-HxOH), and cyclo- 
heptanol (c-HpOH) at  25 "C.  From these data, 
accurate valuis of the adiabatic ct mpressibility 
of the mixtures were derived. These values are of 
interest since it has been found for a number of 
systems that the variations of the excess adiabatic 

'NRCC No. 13931. 
'National Research Council of Canada Postdoctorate 

Fellow 1971-1973. Present address: Department of 
Chemistry, Universite de Sherbrooke, Sherbrooke, 
Quebec J lK 2R1. 

3Visiting French Scientist 1972-1973, attached to 
C.N.R.S. (Paris) from the Universiti de Clermont- 
Ferrand, Clermont-Ferrand, France. 

conipressibility ~ i t h  compos~tion are similar to 
those of the excess volume (1-3). F~~r the rmore ,  
it has been suggested that the excess adiabatic 
compressibility is approximately proportional to 
the strength of the interaction betbeen ~lnlike 
molecules in a mixture (3). 

There is also a general requirement for corn- 
pressibilities of mixtures, along with other basic 
thermodynanlic data, in order to convert heat 
capacities and excess entl~alpies measured at  
constant pressure to values at constant volume. 
The latter are usually more directly comparable 
to theoretical estimates. 

Con~ponenf Liquicls 
Sources of the primary materials were as follows: 

cyclopentanol and cycloheptanol (purity 9973 from 
Aldrich Chemical Corp. Inc., cyclohexanol (laboratory 
reagent) from British Drug Houses Ltd. The cyclopen- 
tall01 and cyclohexanol were purified chromatograph- 
ically. A column (6 ft long and 0.75 in. 0.d.) packed with 
Chromosorb W' containing 2 5 x  Apiezon L was used for 
cyclopentanol. The same column followed by a second 
one (of similar size) packed with Chromosorb W con- 
taining 25% Carbowax 20M was used for cyclohexanol. 
The cycloheptanol was distilled and the fraction with 
boiling range 184-185 "C was collected. Densities of the 
cycloalkanols, measured a t  25 'C with an Anton Paar 
densimeter (4) are given in Table 1. The error of the 
density values is estimated to be less than 5 5 x g 
cn1r3. Densities taken from the compilation by Tim- 
mermans (5) are included in Table 1 for comparison. 

Measurements o j  Excess Volun~e 
Values of the molar excess volume at  constant pressure 
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TABLE 1. Properties of pure components at  25 "C 

Density p (g ~ m - ~ )  Sound velocity u (m s- l )  Adiabatic 
-- compressibility* 

Colnljonent Experimental Literature Experimental Literature K, (TPa- ') 

*Calcitlatsd from experimental results for p and u. 

and 25.00 1 0.01 C avere determined dilatometrically 
 sing a successive diiuiion technique (6). During a run rhe 
temperature was controlled to 50.001 ' C .  The error of 
results for equirnolar mixtures is estimated to be less than 
i 0.0005 ~ 1 1 1 ~  m o i l .  

~\fcc~~ri .c~iient: ,  of 67ri.a~onic Velucitj, 
~ ! / ic~!h~t i  ~ i l d  Eqlli)~i7i?lit 
Velocity measurcmer~~s were niade with r.f. pulscs, 

using the p~~lse-echo-overlap method in a multiple echo 
mode. In  this method, the velocity is determined by mea- 
suring the time in ter~al  between a pair of echoes of an 
iiltrasonic wave. The echoes are converted to electrical 
p ~ ~ l s e s  by a transducer, and are applied to the Y-axis of a 
cathode ray oscilloscope (c.r.o.). The X-axis of the c.r.0. 
is driven sinusoidaliy by a continuo~is wave (c.w.1 
generator with variable frequency (,f,,). When the echoes 
observed on the c.r.0. are overlapped, the delay time ( t )  
between echoes is a simple rn~rltiplc ( l i i )  of the reciprocal 
of the C .M.  frequency ( i .c .  r = i?1,Xf,,) and the sound 
velocity (11) is given by L, r ,  where L is the difference be- 
tween the distances travelled by the echoes. A block 
diagram of our pulse-echo-overlap apparatus is shown in 
Fig. I .  Since the eq~liprnent is hery similar to that de-  
scribed by Papadakis f7), only a brief outline is given 
here. 

The c.w. frequency which is applied to the X-axis of the 
c.r.0. is also applied to a frequency divider which divides 
it by 100 or 1000. The reduced frequency activates a 
delayed pnlser which triggers the pulsed r.f. generator. 
This excites the transducer (through the Hybridge circirit) 
at  a repetition rate which is sufficiently low for the train 
of echoes in the san~ple to die out before the next burst is 
triggered. The same pulser also triggers the c.r,o. and two 
other delayed pulsers which are connected to the 2'-?er- 
minal of the c.r.0. All of the prllsers are synchronized 
with the phase of the c.w. frequency. A network attached 
to the Mybridge balances the iinpedance of the transducer 
a t  the operating frequency. The Hybridge circuit couples 
the pulsed r.f. generator to the transducer and passes 
echo pulses to the c.r.0. The pulsers connected to the 
Z-terminal of the c.r.0. are adjusted to intensify the dis- 
play of two selected echoes. The other pulser can be 
adjustcd to ccntcr the display on the c.r.0. screen. Whcn 
the echoes are overlapped correctly, the frequency of the 
C.W. generator is ~neasured with the counter. Several over- 
laps are possible within the frequency range of the c.w. 
generator; these occur at integer multiples of the lowest 
possible overlap frequency. 

-4-1 1 
NETWORK 

- - - - - - - - - - - - - - - - - - - - - - - - - 
I I 

Frc;. 1. Block diagram of pulse-echo-overlap ap- 
paratus. The units contained in the broken outline make 
up Panametrics Ultrasonic Time Intervalometer System 
5054. The other units are as follows: Arenberg PG-650 
pulsed r.f. generator; Alford 1236C Hybridge; Pana- 
metrics custor~l-built balance network; Tektronix 545.4. 
oscilloscope with Type L plug-in unit; cell with transducer 
(see Fig. 2). 

I 
I 

t~l!rasoi~ic Cell 
The cell, shown in Fig. 2, is cylindrical in shape (i.d. 

1.8 cm) and made of brass. It has a double wall through 
which water from a thermostat (controlled to k0.002 ' C )  
is circulated. The temperature within the cell is monitored 
with a quartz digital thermometer. The cell is mounted at  
an angle to facilitate the injection of samples without any 
air space. A broadband transducer (diameter 1.4 cm) is 
held with O-ring seals at  the lower end of the cell and the 
face of the transducer is gold plated to protect it from the 
organic solvents. All of our measurements were made 
with the r.f. generator operating at 2.11 MHz which is 
close to the resonant frequency of the transducer. The top 
end of the cell is closed by a plane brass reflector which 
call be removed to facilitate cleaning the cell. The cell 
was calibrated by measuring the difference between the 

c w  FREQUENCY 
GENERATOR 

FREQUENCY 
COUI\ITER 

I I 

I 1 I 
I / 
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KIYOHARA ET AL.: SOME PROPERTIES OF BINARY CYCLOALKANOL MIXTURES 2289 

TABLE 2. Experimental values of the molar excess volume for binary cycloalkanol mixtures at  25 'C  

travel times for the first and second echoes in triply dis- 
tilled, partially degassed water at 25.00 i- 0.03 'C. Cal- 
ci~lation of the distance between the transducer and the 
reflector was based on the value of the velocity for pure 
water reported by De! Grosso and Mader (8) 11496.687 
m s- '  a t  25 'C). 

Mensiuements iiz ~I/fixtcire.r 
Binary mixtures of the cycloalkanols were prepared by 

weight and corrections were applied for the effect of 
buoyancy. The mole fractions are estimated to be accu- 
rate to better than 1 x molz .  Velocities of ultra- 
sound in the mixtures were measured at  25.00 i 0.01 'C .  
The results were reproducible to less than 0.07 m s - l ,  but 
their absolute error may be about ten times greater due 

O - Cm to uncertainties in the mode of sound propagation within 
the call. The occurrence of multi-mode guided wave 

FIG. 2. Schematic drawing of the ultrasonic cell. A, propagation is possible since, in order to keep the volume 
Panametrics Type 5070 VIP transducer; B,  fixed reflector of the cell small, the diameter of the cylinder is only a 
unit; C, double-walled jacket; D, Hewlett Packard 2801A little larger than the diameter of the transducer. Some 
quartz thern~ometer; E, inlet valve; F, outlet valve; 6,  idea of the magnitude of the error due to guided waves 
O-ring. call be obtained from the work of Lastovka and Carome 
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TABLE 3. Coefficients and standard erlors for least squares representations of V E ,  Au, and K," 
- -- - - - - -- 

System Function 01 a2  a3 ci 

c-PeOH + c-HpOH V E  (cm3 mol- ') 
Arr (m s-') 
aqE (TPa-') 

FIG. 3. Molar excess \olumes at  25 C.  Experimental 
results : 0, c-PeOH + c-HxOH ; C, c-PeOH + c-HpOH : 
A,  c-HxOH + c-HpOH. C ~ n c e s  ale least squares fits 
uslng coeffic~ents froin Table 3. 

(9), who found that the velocity of sound in water was 
lower than the free-field value by a b o ~ ~ t  2.5 m s-' when 
determined with ultrasonic pulses at  2 MHz in a cylin- 
drical wave guide with inner diameter cqual to that of the 
transducer. Since it is difficult to estimate accurately the 
effect of interference of guided waves in our cell, no 
explicit corrections were applied. The procedure of 
calibrating the cell with water allows empirically for 
guided-mode propagation. Although this allowance is 
not exact, it should provide good relative values of the 
velocities over the restricted range encountered in the 
present mixtures. We believe that i 1 n~ s-' is a reason- 
able estimate of the absolute accuracy of the velocities. 

Results and Discussion 
Excess Vo  Iunzes 

Values of the molar excess volunie, VE, mea- 

sured for the three binary sys tem cyclopen- 
tanol(1) + cyclohexanol(2), cyclopentanol(i) + 
cycloheptanol(2), and cyclohexanol(1) + cyclo- 
heptaiiol(2j a t  25 "C,  are listed in Table 2. In all 
cases, x, is the mole fraction of the component 
u i th  the lower mo!ecular weight. The results are 
also presented graphically in Fig. 3. The method 
of least squares was used to fit the empirical form 

to each set of results. For  each system the 
optirnurn number of coefficients was ascertained 
from an exaniination of the variation with n, of 
the standard error of estimate 

where the sum is taken over the tzOb, resalts. The 
values obtained for the coefficients a,, are given 
in Table 3 along with the standard error for each 
representation. The curves ill Fig. 3 were cal- 
culated from eq. l  sing these values of the 
coefficients. 

The excess volumes for the present cyclo- 
alkanol systenis differ in two respects froni those 
observed previously for binary 17-alkanol systems 
(6, 10). The latter usually correspond to expan- 
sions when mixtures are formed at  25 "C and the 
values of VE increase with increasing difference 
between the nulilbers of carbon atoms in the 
component inolec~~les.  Qualitatively, the VE 
results for the cycloalkanol systems are rnore 
similar to those for the corresponding binary 
cycloalkane systems (1 1, 12). Thus it appears that 
the main contribution to VE arises from the 
difference in the cyclic groups and that contribu- 
tions associated with changes in hydrogen bonds 
are relatively less important. 

Ultltrasonic Velocities 
Ultrasonic velocities, u, measured for the pure 
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TABLE 4. Ultrasonic velocities, densities, and adiabatic 
compressibilities for binary cycloalkanol mixtures at 25 'C 

u P Ks K~~ 

xl (ms-'1 ( g ~ m - ~ )  (TPa-') (TPa-I) 

cycloalkanols at 25 "C are given in Table 1, 
along with values for cyclohexanol from the 
literatlire (13-15). Acoustic relaxation absorp- 
tion, attributed to polar-equatorial type rota- 
tional isomers, has been reported for cyclo- 
hexanol at 0.12 MHz (16). Under the present 
operational conditions. no difficulty was en- 
countered in observing first and second echoes 
in all of the cycloalkanols and their mixtures and 
it is assumed that the value of the sound velocity 
at 2.11 MHz is a good approximation to the 

FIG. 4. Ultrasonic velocities at 25 'C .  Experimental 
results : 0, c-PeOH + c-HxOH ; , c-PeOH + c-HpOH; 
A, c-HxOH + c-HpOH. Curves are least squares fits 
using eq. 3 and coefficients from Table 3. 

equilibrium thermodynamic (low frequency) 
value. 

Results for the binary mixtures are sum- 
marized in Table 4 and the velocities are plotted 
in Fig. 4 as a funct~on of the mole fract~on of 
component 1. The deviation of the ultrasonic 
veIocity for a mixture, from additivity on a lnole 
fraction basis is 

where ut0 is the ultrasonic velocity for pure 
component i. Values of Au were fitted with a 
polynomial expression similar to eq. 1. The 
coefficients and standard errors for these repre- 
sentations are listed in Table 3. The values of Au 
are positive for the 3 systems and, for equimolar 
mixtures, decrease in the order c-PeOH + 
c-HpOH, c-PeOH + c-HxOH, and c-HxOH + 
c-HpOH. Most of the binary alcohol systems 
which have been studied previously also exhibit 
positive deviations; these systems include mix- 
tures formed from normal, branched, and cyclic 
alcohols (1, 15). 

Adiabatic Cor?zpressibilities 
Adiabatic compressibilities, K,, were obtained 

from the ultrasonic velocities and densities, p, 
according to the equation 
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Values for the pure components are given in 
Table 1. 111 the case of mixtures, the density 
required in eq. 4 was calculated from the rela- 
tions 

and 

where MI and VLO(-  I ~ / ( , ~ , O )  are respectively the 
molecular mass and molar volume of pure com- 
ponent i. Results for the densities and adiabatic 
compressibilities of the mixtures are listed in 
Table 4. The relatibe error in the values of K, is 
estimated to be less than 0.01%. 

Also included in Table 4 are values of the 
excess adiabatic compressibility K , ~  defined by 
the expression 

18 I 0 0 
K~~ = ~5 - E4i ~ s , l  

where K,,,' is the adiabatic compressibility of 
pure component i, and the vol~lme fraction 

21 

FIG. 5.  Excess adlabatlc cornp~essib~lit~es at 25 C. 0, 
c-PeOH + c-HxOH; 0, c-PeOH + c-HpOH; A, 
c-HxOH + c-HpOH. Curves are least squares fits using 
coefficients from Table 3. 

refers to the unmixed state. The values of K , ~  

are plotted in Fig. 5. Values of the coefficients 
and standard errors of least squares representa- 
tions of K , ~  by the same polynomial form as used 
for vE and Au are listed in Table 3. 

It should be noted that the term "excess com- 
pressibility" has been used to denote several 
thermodynamically different quantities (17-19). 
The importance of the proper definition of 
excess functions has been discussed by Missen 
(20). In our usage, "excess compressibility" 
refers to the deviation of the compressibility of 
the mixture from that of an ideal Raoult solution 
model at  the same temperature and pressure. 
The quantity 

with 

is frequently called the excess compressibility 
(17, 21). The difference between this and K," is 

For the present systems, the approximate expres- 
sion 

provides a good estimate of the numerical value 
of this difference. It  amounts to about 0.18 
TPa-' for an equiniolar mixture of c-PeOH + 
c-HxOH. 

The excess adiabatic conipressibilities are 
negative for all of the present cycloalkanol 
systems; similar behavior has been observed for 
  no st of the hydrogen bonded systems studied 
previously (1-3, 15). Fort and Moore (3) found 
thal the excess compressibility decreased and 
became increasingly negative as the strength of 
the interaction between unlike molecules in- 
creased, and that the excess volurne showed a 
similar variation. In the present systems, the 
difference in the sizes of the coniponent mole- 
cules facilitates the close approach of unlike 
molecules most in c-PeOH + c-HpOH mixtures, 
and leads to the largest reduction in conipres- 
sibility through the formation of mixed hydrogen 
bonds. However size alone cannot explain in 
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detail the results obtained for the cycloalkanol 
systems, since the curves in Figs. 3 and 5 fall in 
different orders. Evidently the excess properties 
of these systems depend on a balance between 
opposing effects. Several theoretical treatments 
(22-24) lead to relations between the excess 
volume and the excess compressibility of mix- 
tures in which the molecules interact primarily 
through dispersive forces, but none of these are 
applicable to the present systems in which both 
components are capable of forming hydrogen 
bonds. 

We are indebted to Dr. E. P. Papadakis (Panametrics 
Inc., Waltham, Mass.) for discussions of the pulse-echo- 
overlap technique. We also thank Mr. C.  J. Halpin and 
Mr. P. J. D'Arcy for their assistance in all phases of the 
experimental work. 
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M.  WISZNIEWSKA, RONALD Y. DONG, E. TOMCHUK, and E. BOCK. Can. J. Chem. 52,2294 (1974). 
The deuteron spin-lattice relaxation times were measured in the nematic and isotropic phases 

of p-azoxyani~ole(CD~)~.  An apparent activation energy for the methyl group reorientation in 
the isotropic phase is obtained. The quadrupole coupling constant along the C-D bond is 
found to be 147 i 8 kHz. 

M. WISZNII.WSKA, RONALD Y. DONG, E. TOMCHUK, et E. BOCK. Can. J. Chem. 52,2294 (1974). 
On a mesure les temps de relaxation spin-rkseau du deuterium dans des phases niniatiques et 

isotropiq~les ~ L I  p-azoxyanisole (CD,),. On a obtenu une energie apparente d'activation pour la 
rkorientation du groupe niethyle dans la phase isotropique. On a trouvi que la constante de 
couplage quadrupolaire le long du lien C-C est de 147 k 8 kHz. 

[Traduit par le journal] 

Ineiroduclion 
Proton spin-lattice relaxation has been used 

extensively to study liquid crystals by many 
authors (1, 2). Since there are many inequivalent 
protons in each molecule, the spectrum and 
interspin dynamicai relationships are compli- 
cated. In our continuing effort to study molec- 
ular dynamics in liquid crystals, we have investi- 
gated the reorienting motions of methyl groups 
in a partially-deuterated nematic p-azoxyanisoie, 
PAA(CD,), (a n~olecule with CD, replacing the 
CH, groups in PAA) by measuring the deuteron 
spin-lattice relaxation time T , ( D )  both in its 
nematic and isotropic liquid phases. The possible 
effect of the reorienting methoxy groups on the 
proton T I  in the isotropic phase of PAA has 
recently been discussed (3) while relating the 
n.m.r. and dielectric relaxation data. The present 
study enables us to isolate the methyl end groups 
from the rest of this rod-like molecule. An 
apparent activation energy for the reorienting 
methyl groups in the isotropic phase of PAA 
was determined. In addition, we report here a 
determination of the deuteron quadrupolar cou- 
pling constant along the C-D bond in PAA- 
(CD,), using the effective correlation times re,, 
for the methyl group reorientation obtained by 
isotopic dilution studies (4). 

Experimental 
The deuterated sample of PAA was obtained from 

Dr .  Chas. C .  Wade, Texas. The sample was sealed in a 

vacuum by the freeze-melt method with the nematic-iso- 
tropic transition (T,) at -131 'C. 

The T,(D)  measurements were made at a Larmor fre- 
quency wJ2n = 9 MHz with a Bruker R-KR322S pulsed 
spectrometer using 180'-r-90- sequences. The accuracy 
in our measurements is about 5 2 .  The temperatures of 
the sample were maintained by a nitrogen gas flow with a 
temperature gradient across the sample (length -2 cm) 
of the order of 0.5 ̂ C. 

Results and Discassion 
The deuteron spin-lattice relaxation times 

T,(D) of PAA(CD,), are presented i n  Fig. 1 as a 
function of the reciprocal temperature. In the 
nematic phase of PAA, the molecules are free to 
rotate around their molecular axes. In addition, 
there are thermal oscillations of the encire mole- 
cule about its preferred local alignment (i.e. 
director) due to the orientational order fluctua- 
tions (1 ,  5). Furthermore, the rotation of methyl 
groups around their C ,  axes is kno~vn to be fast 
(i.e. O ~ T  << 1 where T is a correlation time for the 
C, rotation) both in the nematic and i~otropic  
phases (2). Another degree of freedom t o  the 
methyl groups is the reorientations of their C,  
axes around the ring-carbon--oxygen bonds 
which are also known to be fast (6) in the 
nematic phase. The deuterons of the CD, 
groups are relaxed to  some extent by each of the 
above molecular motions in the nematic phase 
of PAA(CD,),. In the isotropic phase, an addi- 
tional relaxation ~ n e c h a n i s ~ l ~  due to the presence 
of rapid ~nolecular tumbling (i.e. rotational 
diffusion of the whole molecule) is a major con- 
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I S O T R O P I C  -1 N E Y A T  I C 

FIG. 1. Deuteron relaxation time T,(D) of PAA(CD,), 
at 9 MHz us reciprocal temperature. 

- - 

tributor to the deuteron spin relaxation. The 
T,(D) in this phase therefore reflects a reorienta- 
tion of the C D ,  groups which is a combination 
of several degrees of motional freedom. Thus the 
slope of T,(D) cs. T p l  in the isotropic phase 
(Fig. 1 )  gives an apparent activation energy 
( E ,  = 4.6 kcal/mol) for the complicated reori- 
entations of the methyl groups in this phase. By 
assuming the effective correlation time r,,, deter- 
mined for the C H ,  groups in PAA(r,,, = 3.5 x 
lop1' s at 136 "C (4)) being equal to that of the 
CD, groups, one obtains re,, = 1.3 x 10-l4 
exp ( E J R T )  s in the isotropic phase of PAA- 
(CD,),. The above assumption is correct only 
under certain conditions ( 7 ) ,  but probably holds 
well in the present case. 

T,(D) shows no clear discontinuity at Tc and 
is found to be independent of temperature in the 
nematic phase within the experimental error. 
This temperature dependence is in contrast with 
that in the isotropic phase. We believe this arises 
from the disappearance of molecular tumbling 
and the onset of long range orientational order 
flilctuations below Tc  in the nematic phase, since 
these are the motions which show differences in 
the two phases and gradual changes near T,. It 
should be noted that the orientational order 
fluctuations are known to give a weak tempera- 
ture dependent spin relaxation rate (5). The 

n - 
F 

.5 

apparent activation energy in the isotropic phase 
can therefore be attributed mostly to the process 
of molecular tumbling. 

The expression for T I - ' ,  due to the modula- 
tion of quadrupole coupling by molecular 
motion, is given, for I = 1 ,  in the short correla- 
tion time limit by (8) 

- 
- x x  X X X X  x 
- 
- 

I I I I 

where q is the asymmetry parameter, (eq) the 
largest value of the field gradient in the molec- 
ular frame and e2qQ/lz the quadrupole coupling 
constant in Hz. q is usually small for C-D 
bonds (9) and is assumed to be zero. Using 
re,, = 5.1 x lo-'' and 3.5 x lop" s at 120 and 
136 "C (4), we obtained from eq. 1 and our 
T, (D)  measurements in both the nematic and 
isotropic phases an average value for the quadru- 
pole coupling constant along the C-D bond of 
147 8 kHz if (eq) is assumed to be constant in 
our temperature range. This value lies in the 
range of ~ ~ a l u e s  for the quadrupole coupling 

2.2 2.4 2.6 
I 0 3 ~ - '  ( ' K-' ) 

constants along C-D bond obtained in other 
compounds (10). 

We are grateful to Dr.  Chas. G .  Wade for lending us 
a sample of PAA(CD,),. The financial assistance of the 
National Research Council of Canada, the University of 
Winnipeg, and the Faculty of Graduate Studies of the 
University of Manitoba is gratefully acknowledged. We 
are also grateful to Mr. E. Salnulatis and Mr. K. Krebs 
for their technical assistance. 
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Essai de calcuB des paramktres d'anisotropie des liaisons C-C, C-H, C=C et 
C=O par rkgression multi-liinkaire sur des donnCes expkrimentales 

rksonance magnktique lauclkaise 
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Lahorntoire de Truitement de l'lnformution et de Prospecti~%e, Instit~rt Universittrirr de Technologie. 
Rue de la Fourane, 13100 Ah-erz-Proverzce, Frarzce 

R e ~ u  17 septembre 1973 

JOHN W. APSIMON, Josi  ELGUERO, ALAIN FRUCHIER, DIDIER MATHIEU ET ROGER PHAI\-TAN- 
Luu. Can. J .  Chem. 52,2296 (1974) 

L'emploi d'une n~ethode statistique de traitenlent des donnees nu~llCriques a perrnis de mettre 
en evidence l'impossibilite de calculer les susceptibilites magnetiques et les anisotropies des 
liaisons C-C et C-H k partir des dCplacements chimiques de la litterature reunis par Simon et 
coll. (22), car ni le rnodele de McConnell ni celui d'ApSimon n'est compatible avec les valcurs 
expCrimentales. 

Par contre, on a pu determiner la valeur et l'intervalle de confiance des anisotropics des 
liaisons C=C et C=O et du terrne Clectrique de la liaison C=O. 

JOHN W. APSIMON, J O S ~  ELGUERO, ALAIN FRUCHIER, DIDIER MATHIEU, AND ROGER PHAN- 
TAN-Luu. Can. J. Chem. 52,2296 (1974). 

A statistical treatment has allowed ~ r s  to demonstrate the impossibility of calculating the 
magnetic susceptibilities and the anisotropies of the C-C and C-H bonds from the collection 
of chemical shifts reported by Simon and co-workers (22) as we have fourld the nlodel of 
McConnell and the ApSimon to be inconsistent with experimental values. 

Nevertheless, we have been able to determine the values and confidence limits for the mag- 
netic anisotropies of the C=C and C=Q bonds and the electric field term for the C=O bond. 

Introduction 

Dans deux travaux prC11nlinalres (1 ,  2) con- 
cernant l'etude par rCsonance lnagntt~que nu- 
clealre de l'effet longue distance de l'anlsotropie 
magnet~que du groupe niethyle en libre rotatlon, 
nous n'avons pu retrouber par le calcul I'effet 
produit par le remplaceinent d'un proton par un 
methyle sur les diplaceinents chrrniques des autres 
protons dans le cycle pyrazollne-2. 

Pour expllquer 1'Ccart entre la valeur calculCe 
et la valeur observee, nous avons propose une 
s h e  d'hypotheses, dont la plus sinlple Ctalt que 
les parametres des llalsoris C-C et C-H utrlrsCs 
dans 1'Cquation proposee par ApSlmon et coll. 
(3) n'etaient pas corrects En effet, si la nlCthode 
rtkrative decr~te par ces auteurs pour le calcul de 
AxCC et AxCH, qur tient compte d'une correction 
pour les courtes distances, est trks ~nteressante, 1es 
valeurs numeriques obtenues ne peuvent pas Stre 

acceptkes car les droites de regression Ao,,,, = 
f (AD,,,) ont des pentes tres diffkrentes de llunitC 
et des ordonnees B l'origine diffkrentes de zero. 
Ceci provient du fait que ces auteurs, utilisant un 
rnodele rnathematique du type [ I ]  ont impose 
C =  0: 

[1 1 aiAXcc + biAXCH + C = A o i  

Les droites de regression obtenues montrent 
que C # 0 et que, par consequent, les parametres 
calcules sont errones. 

D'autre part, de no~ilbreux auteurs (3-20) ont 
dkja essay6 de calculer des parametres d'aniso- 
tropre (tableau 1) des liaisons C-C et C-H. La 
plupart utilisent des series homogknes compre- 
nant un faible nonlbre de composks. On remarque 
que les valeurs different nettement selon les au- 
teurs. Faut-il en diduire que les valeurs ne sont 
valables qu'8 l'intirieur des sCrles pour lesquelles 
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elles ont CtC dCterminCes? Notons, de plus, qu'il 
est trks rare (les valeurs publikes par Jackman 
et Sternhell (20) constituent une exception) de 
trouver les intervalles de confiance des para- 
mi.tres calculks. 

L'objet du present travail est, dans une pre- 
mii.re partie, d'essayer de calculer de nouvelles 
valeurs des param6tres d'anisotropie des liaisons 
C-C et C-H en utilisant un programme de re- 
gression multi-lineaire, REGMUL (21), et des 
ensembles de valeurs experirnentales publiies par 
Simon et coll. (22) d'une part et par I'un d'entre 
nous (3) d'autre part. Nous avons aussi repris, 
dans une deuxieme partie, les calculs effectuks 
prickdemment (19, 23-25) afin de calculer la 
signification des paramktres des liaisons C=C 
et C=O. 

Description du progmmn~e REGMUL 
Soit le modele rnathkmatique 

Pour chaque groupe de valeurs des variables in- 
dependantes x,, on dispose experimentalement 
d'une valeur Y, mesure de 11, telle que E[  Y] = 11. 
On peut Ccrire: 

Cquation dans laquelle a,  et a,, sont des estima- 
tions de p, et pn (26). 

Le programme accepte comme donnCes les 
variables dipendantes et indkpendantes ainsi que 
le niveau de signification x utilise pour les diffk- 
rents tests statistiques. Tous nos calculs ont CtC 
effectuCs avec Y. = 0.05. 

Lors de I'estimation des coeficients a,, les trois 
lntthodes habituelles sont utilisables: stepwise, 
backward elimination ou moindres carrCs clas- 
sique. Si le modele mathCmatique impose que 
a, = 0, la signification de a, est testee. Ce n'est 
que dans le cas oh  a, n'est pas significative que le 
modele avec a, = 0 est utilise. 

En plus de I'Ctude statistique classique, le pro- 
gramme teste la validit6 du modele par analyse de 
variance si I'on a une estimation de I'erreur expe- 
rimentale. 11 effectue aussi une Ctude des rCsidus 
comprenant notamment l'etude de l'alternance 
des signes avant et apres classement de la variable 
dCpendante. Ceci permet d'etudier I'influence 
possible d'un facteur extkrieur au 1nod6le. Nous 
noterons enfin que le calcul des fonctions de pro- 
babilite (Loi normale, loi de Student-Fisher, loi 
de Fisher-Snedecor et loi binomiale) est fait par 

sous-programmes inclus dans le programme 
principal (24). 

Liaisons C-C et C-H 
ji) Pritzcipe de la ~?zPtl~ode 
On ad~ne t  gCnCralement que le re~nplacement 

d'une liaison C-H par un groupe mCthyle pro- 
voque sur un proton voisin un Ao, d'origine pure- 
ment magnktique, donne par [2] : 

Deux mCthodes peuvent Etre utilisCes pour le 
calcul des termes de 1'Cquation 2: 

Mithode 1 
Chaque terme est calcule au moyen de I'Cqua- 

tion de McConnell. On peut alors Ccrire: 

[31 AO, = A X ~ ~ . T G C ~  
+ aXCH.(TGMi - TCH,) 

Dans cette equation, Ao, reprksente, en p.p.ni., 
la variation des dtplacernents chimiques pro- 
voquCe par l'introduction du groupe inkthyle, et 
TGC, TGH et TGM les terrnes geometriq~~es' 
reliant la position du proton oil I'on mesure Aoi a 
la liaison C-C, a la liaison C-H et aux trois 
liaisons C-H en libre rotation du groupe 
methyle, respectivement. 

1 - 3 c o s 2 y  
TGC = 3R3 

Les param6tres y ey y', ainsi que R et R' sont 
dCfinis dans la fig. 1. Nous noterons que TGC = 

TCH si les dipoles ponctuels representant les 
liaisons C-C et C-H sont a la msme distance 
de l'atome de carbone. La vaieur de TGM est 
obtenue au moyen de la rnCthode dCcrite par 
ApSimon et coll. (3) (voir Appendice) : 

TGM = 
3R3q 

Les inttgrales elliptiques nCcessaires sont calcu- 
lees numtriquement par un sous-programme 
utilisant la transformation de Landens, Ccrit 
d'apres le sous-programme CELI2 (28). Le sys- 
t6me d'equation 3 sera rCsolu par rkgression 
multi-linCaire sur le mod6le mathkmatique [4] : 

'Nous avons adopte pour les ternles gtometriques une 
notation simplifiee differente de celle utilisee dans les 
precedents articles de la sCrie (25, 27). 
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TABLEAU 1. Anisotropies des liaisons CC et CH exprimees 
en cm3 moltcule-' 

-. .- 

Reference CC CH 

Bothner-By et Naar-Colin (4) 
Narasimhan et Rogers (5) 
Musher (6) 
Musher (7) 
Moritz et Sheppard (8) 
Huisgen et coll. (9) 
Homer et Callaghan (10) 
Hall (11) 
Yamaguchi et Brownstein (12) 
Zurcher (13) 
Tillieu (14) 
Zurcher (1 5) 
Davies (16) 
Pople (17) 
Reddy et Goldstein (18) 
ApSimon et coll., Methode 1 (3) 
ApSilnon et coll., Mtthode 2 (3) 
ApSimon et coll., Methode 2, 

valeurs modifiees (19) 
Jackman et Sternhell (20) 
Jackman et Sternhell (20) 
Jackman et Sternhell (20) 

FIG. 1. O P =  I ; O C  = h ; O Q  = r ; C Q  = b ; C N  = 
a;  ON = R,; QN = R ;  C'N = R (C' = position du 
centre du dipole representant la liaison C-C); C"N = 
R' (C" = position du centre du dipole representant la 
liaison C-H); CC' = d. 

Si la constante A, est trouvCe proche de 0 et si les 
rCsidus sont alkatoires, nous pourrons dire que le 
mod6le reprCsentC par [4] est convenable et que 

B, et C, sont des estimations satisfaisantes de 
AXCC et AxCH respectivement. 

MPtlzode 2 
Chaque terme de 1'Cquation 2 est calculC en 

ajoutant le terme en 1/R5 introduit par ApSimon 
et coll. (3) 8 17Cquation de McConnell. Si 1'Cqua- 
tion de McConnell ne permet d'atteindre que les 
anisotropies des liaisons, 1'Cquation d7ApSimon 
peut, en principe, permettre d'atteindre les sus- 
ceptibilitks longitudinales et transversales. On 
peut Ccrire : 

[5] Aci = X L C C ( ~ G C i  + SC.DGCi) + 
xTCC(-TGCi + SC.RGCi) + 
XLCH[TGMi - TGHi + 
SH(DGMi - DGH,)] + 
xTCH[TGHi - TGM, + 
SH(RGMi - RGHi)] 

SC et SH reprksentent les carrCs des demi-lon- 
gueurs des dipoles des liaisons C-C et C-H res- 
pectivement. TGC, TGH et TGM ont la m&me 
dCfinition que prCcCdemment. Les autres cons- 
tantes sont dCfinies de la f a ~ o n  suivante: 

DGC = (- 112 + 5 cos2 y - 35 cos4 y/6)/R5 

RGC = (- 1 + 5 sin2 y - 35 sin4 y/6)/R5 

DGH = (- 112 + 5 cos2 y' - 35 cos4 y ' / 6 ) / ~ ' ~  
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TABLEAU 2. Cornparaison des valeurs calculees suivant 
l'ensemble I et l'ensemble I1 

Ensemble I Ensemble 11 

R G H  = (- 1 + 5 sin2 y' - 35 sin4 Y ' / ~ ) / R ' ~  calcul est alors auton~atique~nent recomn~ence en 
supprimant les variables TGC, et l'equation DGM = 3((- 112 + 5 cos2 8, - 

35 cos4 0 , / 6 ) / ~ ~ )  
finale est : 

R G M  = 3((- 1 + 5 sin2 8, - 35 sin4 8,/6)/R5) [71 K(TGMi - TGHi + L = 4oi 

Le dCtail du calcul des deux dernlers termes est en cecl Peut sembler dell~le de sens. Tolltefols on 
appendice, Comme precCdelllment, le systeme remarque que la matrlce de correlation des varla- 
d3Cquatlons 5 surdetermlnC sera rtsolLl par bles montre un bon coeffic~ent (0.993) entre les 
gression multi-11nCalre sur le modele [6] : var~ables TGC, et (TGM, - TGH,). Une relat~on 

[8] peut done Ctre kcrite: 
[6] Ao, = A,  + B, W,  + C O X ,  + Do Y ,  + 

E,Z, + E [8] TGC, = A(TGM, - TGH,) + B 

afin d'obtenir des estimations correctes des sus- 
ceptibilites longitudinales et transversales. 

(ii) Donne'es exphrir~~et~tales 
Comme valeurs de 40, nous avons utilisi: 
Ensemble I :  25 des 26 valeurs utilisCes par 

Simon et coll. (22) pour obtenir la premiere droite 
(Fig. 1, p. 108 de la ref. 22). Le point 16 (tableau 5, 
p. 110 de la ref. 22) n'a pas ete considirk car il 
s'agit de I'effet d'un mithyle sur un autre mtthyle. 

Ensemble 11: 54 des 57 valeurs utilisies par 
Sirno11 et coll. (22) pour sa deuxieme corrilation 
(Fig. 3, p. 112 de la ref. 22). Les points 16 et 57 ont 
etC exclus pour la raison exposie prickdemment. 
Le point 55 l'a ete aussi car il s'agit de I'effet d'un 
N-mkthyle. 

Ensemble 111: 19 valeurs utilisCes par ApSimon 
et a/ .  (3) (tableau 1,  p. 2351 de la ref. 3). 

Les parametres R et :J ont etC mesurCs (3) sur 
des modeles Dreiding et tous les autres calculCs 
B partir d'eux. 

(iii) Re'sultats e f  discussiotz 
Nous avons utilise dans tous les cas la mCthode 

d'Climination des variables apres test de leur 
signification. 

Calcul des paramitres d'anisotropie: Aussi 
bien avec l'ensemble I qu'avec I'ensemble 11, la 
premiere regression effectuee avec le modele [4] 
ne conduit pas a des coefficients significatifs. Le 

Toute l'itiforn~ation itant contenue dans une 
seule des deux series de variables, i l  est normal 
que soit CliminCe de la regression la sCrie dont le 
coefficient a la pius faible signification. Le coef- 
ficient calculC, K? ne reprksente alors pas A x C H  
mais une combinaison linCaire de AXCC et 
AxCH [9]: 

[9 I K = + 
Les valeurs de K, L, A et B sont indiquees dans le 
tableau 2 ainsi que les coefficients de correlation 
CC entre variables dependante calculee et expe- 
rinientale pour les deux ensembles I et 11; nous y 
avons ajoute les valeurs de axCC dans l'hypothese 
oh  AxCH serait nul. On peut remarquer, d'autre 
part, que le couple de valeurs de Jackman et 
Sternhell (20) (AXCC = 25.8 f 7.4 et AXCH = 
13.7 + 6.0) (tableau 1) est con~patible avec 
1'Cquation 9 si 1'011 utilise les coefficients K et A 
de l'ensemble I1 (tableau 2). 

Etant donne que les variables TGM, sont cal- 
culkes de f a ~ o n  non analytique, il est difficile de 
justifier ~iiathtmatiquement la relation 8 que nous 
considererons comme une relation empirique, 
au mgme titre que celle proposCe par Simon et 
coll. (22) (Ao = f ( R ) ) ;  elle n'est probablement 
valable que dans un domaine limit6 de valeurs 
de R et y. 
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On constate dans le tableau 2 que si les valeurs 
de A,  B et L peuvent i tre considirkes coinme 
Cgales pour les deux ensembles, il n'en est pas de 
mime pour K. Comme d'aprks les Cquations 4, 
7 et 8, on peut kcrire: 

on pourrait penser que AxCC est rnieux dCfini que 
AXCH. Or, dans la pren~iPre Ctape de la rkgression, 
la valeur de A ,  bien que significative, est entachke 
d'une erreur assez grande, et est differente pour 
les deux ensembles. E'Cquation 10 ne peut donc 
permettre de calculer une valeur de AX"" con- 
venant aux de~ix ensembles. 

k e  inodkle [3] de l'kquation de McConnell 
impose que A ,  soit nul, mais il n'est acceptable 
qu'au prix d'approximations importantes car, 
aussi bien d'aprks la som~lle des carrCs des dCvia- 
tions que d'aprgs les coefficients dc corrtlation, 
celui de l'kquation 7 est supkrieur. Le modkle 
A ,  = 0, bien qiie sedilisant car conduisant au 
moyen de I'equation 10 a des valei~rs de A x C C  
cohCrentes pour les deux ensembles (tableau 2), 
doit etre rejetC car non satisfaisant sur le plan 
statistique. 

I1 n'est d'ailleurs pas Ctonnant que les en- 
sembles I et I1 conduisent a des coefficients dif- 
firents car le second est beaucoup plus hetCrog6ne 
que le premier. En effet, alors que dans l'en- 
semble I les protons et mithyles considerCs sont 
fixes a des carbones sp3, l'ensemble I1 contient, 
en plus de I'ensemble I, des composes de toutes 
sortes (aromatiques, cyclopropanes, etc ...) dans 
lesquels la composante non magnCtique du Ao,,, 
est probableinent plus importante. La qualit6 plus 
mauvaise de l'ensemble I1 apparait netteinent 
dans les coefficients de corrklation du tableau 2, 
qui montrent que 83% de la regression est du 
(TGM, - TGH,) pour l'ensemble I et seulement 
41 pour l'ensemble 11. 

Par contre, avec l'ensemble 111, on trouve deux 
valeurs significatives avec un coefficient de corre- 
lation de 0.948 : 

inais la constante A ,  du modkle [4] n'est pas 
nulle et vaut -0.13 + 0.05 p.p.m. Ces valeurs 
sont tellement diffkrentes de celles publikes dans 
la ref. 3 que nous en avons cherchk la raison. I1 

s'avkre tout d'abord que les valeurs publikes dans 
ref. 3 ont Cte calculees en supposant a priori que 
A, = 0. Ceci n'est statistiquement pas justifik. 
En effet, avec les facteurs gkomktriques et les A o  
exptrimentaux corriges au moyen du terme cor- 
rectif pour les courtes distances calcule avec des 
susceptibilitts dues B Davies (16) (rkf. 3, p. 2343), 
on trouve : 

avec un coefficient de correlation de 0.913 et une 
constante A ,  de - 0.10 + 0.07 p.p.in. au lieu des 
valeurs : 

prkcCdemment publikes dans (3) avec l'hypothgse 
A,  = 0. En utilisant les A o  expkrimentaux non 
corrigCs, dCja employks pour calculer les v a l e ~ ~ r s  
[ l l ] ,  et les coefficients geoinktriques ayant servi 
au calcul des valeurs [ I  21, on trouve : 

avec un coefficient de corrklation de 0.928 et une 
constante A ,  de - 0.10 + 0.07 p.p.m. Ces valeurs 
[I41 devraient, en principe, &tre identiques aux 
valeurs I l l ] .  Nous avons alors constatk que la 
diffkrence provient uniquement des terines gCo- 
mitriques TGM du mkthyle en libre rotation. Les 
mkthodes de calcul Ctant rigoureusement iden- 
tiques, la diffkrence est due aux paramktres R,, a 
et 1 (definis dans 1'Appendice) qui ont Ctt mesuris 
sur des modkles Dreiding dans la ref. 3 et calculks 
ici B partir de R et y. Parmi ces trois paramktres, 
l'un ( I )  dkcoule des deux autres (R, et a). C'est 
pourquoi leur calcul a partir de R et y nous seinble 
prCfCrable a leur mesure qui risque de donner 
trois valeurs non seulement incohkrentes entre 
elles mais aussi inconsistantes avec les paramktres 
R et y utilisCs pour le calcul de TGC et TGH. C'est 
ce qui est arrive notamment pour le point 2 dont 
le coefficient TGM prtckdelnment trouve est tres 
loin de celui provenant de R et y (tableau 3). 

Essai de calcul des susceptibilitCs longitudinales 
et transversales. Posons : 
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TABLEAU 3. Cornparaison des termes g&omktriques du mCthyl en libre rotation 
de la ref. 3 et calculCes ici* 

-- - -- 

Du tableau 2 Coef. geom. 
de la rtf. 3 R Y Ra a 1 TGM 

-- -- 

1 3.6 21 4.57 4.33 1.29 0.3288 
(4.35) (4.20) (1.23) (0.6809) 

2 2 .6  96 2.69 2.63 2.59 -0.2858 
(2.51) (2.45) (2.55) (- 1 ,7250) 

3 4 .0  3 7 4.86 4.64 2.41 0.2787 
(4.6 1) (4 .46) (2 .44) (0.4602) 

4 3 .8  48 4.55 4.35 2.82 0.3043 
(4.44) (4.30) (2.98) (0.3909) 

5 2 .4  66 2.97 2.80 2.19 1.1220 
(2.90) (2.77) (2.20) (1 ,3340) 

6 2.8 31 3.72 3.48 1.44 0.5146 
(3.68) (3 .47) (1 .49) (0.6627) 

7 4 .1  3 6 4.97 4.74 2.41 0.2643 
(4.83) (4.67) (2.53) (0.3897) 

8 3 .7  71 4.15 4.02 3.50 0.1823 
(4.11) (3.98) (3.43) (0.2125) 

9 4 .1  75 4.48 4.36 3.96 0.0509 
(4.29) (4.24) (3 .98) (-0.0834) 

11 2 .4  68 2.94 2.78 2.23 1.1400 
(2.82) (2.71) (2.22) (1.4170) 

12 2 .6  58 3.26 3.08 2.20 0.8334 
(3.15) (3.01) (2.12) (1 .1700) 

*Nous rappelons entre parentheses les valeurs du tableau 2 situe A la page 2352 de la ref. 3. 

Wi = TGCi + SC.DGC, 

Xi = SC.RGC; - TGC; 

Les variables X, et Zi  sont successivement tli- 
minCes pour arriver finalement a l'equation 16 : 

Yi = TGMi - TGHi + SH(DGM, - DGH,) [I61 A o i  = KW, + LY, + M 
avec 

Zi = TGHi - TGMi + SH(RGMi - RGH,) K = -66.7 f 54.8 

L'Cquation 5 devient alors: L = - 101.4 1 60.6 

[l5] AG, = wixLCC + XixTCC 
+ yixLCH + zixTCH 

La regression est effectuke sur le modGle repre- 
senti par 1'Cquation 6. Avec aucun des trois en- 
sembles, on n'a trouvC descoefficients significatifs. 

Ensemble I: La matrice de corrClation entre 
les variables independantes montre qu'en fait 
elles ne sont pas independantes: 

W X Y z 
W 1.000 -0.991 -0.997 0.609 
X 1 .OOO 0.983 -0.530 
Y 1.000 -0.670 
z 1 .ooo 

M = 0.79 f 0.49 

et un coefficient de correlation multiple de 0.93. 
Etant donne l'impr6cision attachee aux co- 

efficients K, L et M, et surtout leur peu de relation 
avec les param2tres cherchis, on peut conclure 
qu'il n'est pas possible, avec cet ensemble I, d'at- 
teindre les susceptibilitCs longitudinales et trans- 
versales des liaisons C-C et C-H. 

Ensemble 11: La matrice de corrClation est 
trGs semblable a celle de l'ensemble I. Les variables 
Xi, Yi et Zi sont successivement retirees de la re- 
gression pour arriver l'tquation 17 avec un co- 
efficient de correlation multiple de 0.63. 

~171  Ao,  = NWi + P 
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avec 
A' = 12.6 + 4.3 

et 
P = 0.12 1 0.05 

Le coefficient AT, bien que lnieux dCfini que les 
coefficients K et L de l'ensemble I, ne perrnet pas 
d'atteindre les parametres cherches. 

11 nous a alors semble interessant de voir si 
I'introduction d'une contrainte arbltraire dans 
le calcul des X, et X, pouvait conduire 2 des soiu- 
tions plus satisfaisantes. Nous avons pour cela 
introduit les susceptibilitCs moyennes (29)' 

avec 
sMCc = -6.2 

et 
S M ~ "  = -6.41 

On obtient alors I'Cquation 19 en combinant [I51 
et [I 81 : 

Le resultat final de la regression est 1'Cquation 20: 

Comme prkckdemment, le coefficient T reprC- 
sente, gr2ce B la bonne correlation existant entre 
les variables (Xi - 2 W,) et (Z, - 2 Y,) (le co- 
efficient de correlation est 0.96 pour les deux en- 
sembles), une combinaison linkire [21] entre 
xTCC et xTCH: 

Les valeurs de T, R, A et B sont pour les deux 
ensembles : 

'11 est permis d'&tre sceptique quant a la signification 
des parambtres obtenus en utilisant les susceptibilites 
moyennes. En effet, d'apres Dorfrnan (30), ces dernieres 
ne peuvent pas Ctre considCrees cornme des quantites 
physiques mais plut6t comme des increments permettant 
le calcul des s~~sceptibilites moleculaires. Dans cette 
hypothkse, il est tout-8-fait incorrect de relier ces incre- 
ments a des parametres, obtenus par des mesures r.m.n., 
qui ne sont pas, eux non plus, des quantites physiques 
mais des valeurs permettant de privoir des variations de 
dkplacen~ents chimiques. 

Ensemble I 
T = 12.4 + 2.1 

et 
R = 0.60 + 0.06 

Ensemble 11 
T = 7.4 F 2.1 

et 
R = 0.51 $- 0.07 

On voit que ces rksultats ne permettent pas, non 
plus, d'atteindre les susceptibilitCs longitudinales 
et transversales. 

Avec I'ensemble III ,  si I'on introduit les sus- 
ceptibilitks lnoyennes (avec les reserves expri~nkes 
prtckdemment), on peut effectuer la rigression 
sur le modde de l'equation 19. On trouve alors: 
XTCC = - 12.1 + 2.9 et xTCH - - 12.5 f 3.8 
avec un coefficient de corrClation de 0.906 et une 
constante egale a -0.13 f 0.10 p.p.rn. D'aprks 
1'Cquation 18 on calcule: xLCC = 5.6 + 5.8 et 
xLCH = 5.6 + 7.6 en supposant les susceptibilites 
rnoyennes non entachies d'erreur. Ces valeurs, 
bien que rlon significatives, permettent de calculer 
des parametres d'anisotropie: A X C C  = 17.7 i 
8.7 et AxCH = 18.1 1 11.4. Nous noterons en- 
core que la non-nullit6 de la constante rend le 
modkle utilise non conforine a celui de 1'Cquation 
thkorique 3. 

Paramstres de la liaison C-=C 
Nous rappellerons brievement le modkle utilisk. 

decrit dans la ref. 19: 

Ax1'=' est l'anisotropie entre l'axe normal au 
plan nodal des orbitales .n et a l'axe de la liaison 
C=C,  AX^^-^ est l'anisotropie entre l'axe de la 
liaisoil C=C et l'axe situi dans le plan nodal, 
perpendiculaire au prkckdent et passant au milieu 
de la liaison. Les parametres gComCtriques a, b, 
c, d, e et f ont CtC dCfinis au bas des tableaux 4, 5 
et 6 de la rCfCrence 19. Dans ce prCcedent travail, 
il avait ete montrC que les valeurs de AXCC et 



APSIMON E T  COLL.: DES PARAMETRES D'ANISOTROPIE DES LIAISONS C-C, C-H, C=C ET C=O 2303 

AxCH calculCes dans la rCfCrence 3 par la mCthode 
2 sont meilleures que celles obtenues par la 
mCthode 1 (3). Nous avons dans le prksent travail 
posC ces deux parametres inconnus et les avons 
calculC : 

AXIC=' = - 12.9 $. 3.8 

Ax2'=' = - 15.2 + 6.4 

avec un coefficient de corrClation de 0.952 et une 
constante non significative qui a kt6 posCe nulle 
comme le modele [22] l'impose. Ces rtsultats con- 
firment que AxCH est le paramitre le moins bien 
dCfini. I1 serait d'autre part imprudent d'at- 
tacher aux valeurs de AxCC et AxCH ainsi calculCes 
un caractere de gtnCralit6. 11 s'agit simplement 
des valeurs les plus cohCrentes avec le modile 
[22] et avec les points expCrimentaux considCrCs. 

Param2tres de la liaison C=O 
Dans ce cas, le modde mathtmatique dtcrit 

dans les rCfCrences 24 et 25 est : 

Les trois premiers termes reprksentent l'effet du 
groupe carbonyle introduit et les deux derniers 
I'effet des deux liaisons C-H enlevCes. AX,'=' 
est I'anisotropie entre I'axe normal au plan nodal 
des orbitales n et a I'axe de la liaison C=O, 
Ax2'=' est l'anisotropie entre l'axe o de la 
liaison C=O et l'axe situt dans le plan nodal des 
orbitales n et perpendiculaire au prickdent et 
Kc=o est une constante proportionnelle au 
moment dipolaire Clectrique de la liaison C=O. 

Les facteurs gComCtriques ont CtC dtfinis 
prCcCdemment (24, 25). Nous avons utilisC ceux 
obtenus partir de mesures aux rayons X sur 
le squelette de I'androstCrone, considCrC comme 
un bon modele pour les 20 couples (androstanes 
et androstanones) CtudiCs. Ces facteurs ont CtC 
donnks dans le tableau 2, p. 1331 de la rCf. 25. 
L'effet du carbonyle en 17 sur le mCthyle 18 ainsi 
que I'effet du carbonyle en 11 sur le mtthyle 19 
n'ont pas Cte considCrts pour les raisons dCja 
indiquCes (25). 

La premike ttape de la rCgression montre que 

la constante n'est pas significative et peut donc 
Etre poke  nulle comme le modile [23] l'exige. 
Les valeurs des parametres d'anisotropie sont: 

Ax1'=' = -31.2 f 2.8 

Ax2'=' = -23.5 + 8.6 
KC=O = -6.2 $ 2.5 

AxCH = 5.5 + 8.5 

Le coefficient AxCH n'etant pas significatif, les 
facteurs gComCtriques des liaisons C-H peuvent 
Etre supprimCs de la rtgression. On obtient alors 
de nouvelle valeurs : 

AxIC=O = -31.1 $- 2.8 

AxZC=O = -19.6 1 6.3 
KC=O = - 7 . 4 k 1 . 7  

avec un coefficient de corrklation de 0.989. Dans 
ce cas, il semble que la contribution des liaisons 
C-H aux A o  experimentaux soit nigligeable, 
mais ce n'est pas suffisant pour gtnkraliser, a 
partir de cette experience particuliere, la valeur 
AxCH = 0. 

Conclusion 
Une mCthode gCnCrale de rtgression multi- 

IinCaire nous a permis de rechercher une correla- 
tion entre les variations de diplacements chi- 
miques provoquCs par le remplacement d'un pro- 
ton par un groupe mCthyle sur un proton voisin, 
et les parametres gtometriques de la moltcule, au 
moyen des mod6les mathkmatiques proposCs par 
McConnell d'une part et ApSimon et coll. d'autre 
part. 

On constate d'abord qu'aucun des deux mo- 
deles, dans le cas des liaisons C-C et C-H, n'est 
parfaitement compatible avec les risultats expC- 
rimentaux puisqu'une constante significative non 
nulle nkcessaire la regression doit etre ajoutCe 
au modele. De plus, il arrive souvent qu'aucun 
des coefficients ne soit significatif. I1 nous a donc 
t t t  impossible, avec les donnkes r.m.n. expirimen- 
tales dont nous disposions, d'atteindre les para- 
metres d9anisotropie des liaisons C-C et C-H. 
Une explication plausible est que l'influence de 
I'anisotropie de ces liaisons est suffisament faible 
pour n'&tre pas significative, compte tenu, d'une 
part de I'imprCcision des A o  expkrimentaux (puis- 
qu'une m&me gtomCtrie peut conduire a des 
valeurs tris diffkrentes), et d'autre part a la diffi- 
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cult6 d'obtenir des parametres gComCtriq~~es con- 
venables. En effet, si les erreurs de mesure B partir 
des modeles moltculaires ont CtC rCduites au 
maximum par utilisation d'instruments de mesure 
adequats (3l), rien ne prouve que le modile 
soigneusement mesurt reprisente correctement 
la gComktrie exacte de la molkcule CtudiCe. 

Quant B la possibilitk de calculer les suscepti- 
bilitts longitudinales et transversales au moyen 
de 1'Cquation d'ApSimon et coll., elle est B ex- 
clure car seul le terme correctif peut permettre ce 
calcul. I1 serait donc nkcessaire de disposer de 
points expCrimentaux particuliers pour lesquels 
ce terme ne serait pas ntgligeable devant les im- 
prkcisions exptrimental.:~. I1 nous semble donc 
que, meme en admettant une contribution pure- 
ment ~nagnttique B la variation des diplacements 
chimiques ainsi que la validitk des deux modeles 
ci-dessus, celui d'ApSimon et coll. est beaucoup 
trop Clabore pour etre utilise de f a ~ o n  courante, 
et qu'il devrait Etre rtservt aux cas pour lesquels 
la prkcision des mesures serait telle que l'tqua- 
tion de McConnell ne constituerait plus un 
modele suffisant. 

La conclusion ultime de ce travail est qu'il faut 
etre tres critique vis-a-vis de toute valeur numk- 
rique provenant d'un traitement de donnees ex- 
pirimentales par la mkthode des moindres carrCs 
lorsqu'une analyse statistique de la validite des 
rCsultats n'est pas effectuke. Le calcul des inter- 
valles de confiance nous a, en effet, permis de 
montrer qu'il est possible de calculer, a partir de 
donntes r.m.n., les paramktres d'anisotropie des 
liaisons C=C et C=O avcc une prkcision accep- 
table. Notons bien que cela ne prouve pas que ces 
valeurs reprksentent physiquelnent des aniso- 
tropies de liaisons. Ellcs doivent plut6t Etrc con- 
sidtrees comme des nombres permettant dans 
certains cas de prCvoir I'influence de ces liaisons 
sur les dkplacements chimiques de protons voi- 
sins. I1 faut donc etre prudent en essayant de 
gtnCraliser la validite de telle ou telle valeur (32). 

Partie expkrimentale 
Les calculs ont t te  effectuts sur I'ordinateur IBM 

360-40 du Centre de Calcul de 1'Universite des Sciences 
et Techniques du Languedoc ainsi que sur I'ordinateur 
IBM 1130 du Centre de Calcul de 1'Universite de Pro- 
vence. Le programme REGMUL (Fortran IV)  peut Ctre 
envoy@ sur demande. 

Appendice 
(Voir la fig. 1 pour la dtfinition des parametres 

gComCtriques.) 

Nous rappellerons tout d'abord les rCsultats 
d'ApSimon et coll. (3) : 

On peut Ccrire: 

Dans ces equations, K et E sont les intCgrales 
elliptiques de premier et second ordre. H, h, n et 
m sont dCfinis de la facon suivante: 

Nous avons ttendus ici ces calculs afin d'obtenir 
la correction aux courtes distances sur le methyle 
en libre rotation: 

Les deux intCgrales ntcessaires sont : 
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Can. J. Chem. 52,2306 (1974). 

The reactions of 2,4,6-trinitrotoluene (TNT) and 2,4,6-trinitrotoluene fully deuterated at  the 
methyl position (TNT-d3) with sodium and potassium t-butoxide in t-butanol have been studied. 
With TNT as the substrate, proton abstraction by ion-paired sodium or potassium t-butoxide 
appears to be the predominant reaction in solution. With sodium t-butoxide as base, the for- 
ward rate constant for proton abstraction at  30.0 "C (k,,,,) is 6000 i 400 M-' s-' while A H *  
and AS' for the reaction are 4.2 i 0.3 kcal mol- ' and - 27 _+ 2 cal deg-' mol-', respectively. 
With TNT-cl, as the substrate, formation of a TNT-d3 - t-butoxide ion o-complex occurs simul- 
taneously with deuteron abstraction. Specific rate constants for the two processes have been 
determined at 30.0 'C .  Initial rate studies establish a hydrogen-deuterium kinetic isotope 
effect of 8 i 1 for the formation of the anion in t-butanol. 

ERWIN BUSCEL, ALBERT RICHARD NORRIS, KENNETH EDWIN RUSSELL et HAROLD WILSON. 
Can. J. Chem. 52,2306 (1974). 

On a etudik les reactions du trinitro-2,4,6 toluene (TNT) et du trinitro-2,4,6 toluene com- 
pletement deuttrie en position methyle (TNT-d,) avec les tert-butylates de sodium ou de 
potassium dans le tert-butanol. Avec le TNT comme substrat, il semble que I'enlevement d'un 
proton, par un tert-butylate de potassium ou de sodium sous forme de paire d'ions, soit la 
reaction predominante dans la solution. Lorsque le tert-butylate de sodium est utilisi comnle 
base, la constante de vitesse pour I'enlevement du proton a 30 ' C  (kfSi,) est de 6000 i 400 M-' 
s- ' ;  les AN* et AS*  de la reaction sont respectivement de 4.2 1 0.3 kcal mol-I et -27 f 2 cal 
deg-' mol-'. Lorsque le substrat est le TNT-4 ,  la formation d ' ~ ~ n  complexe o entre le TNT-d3 
et I'ion tert-butylate se produit simultantment avec I'enlevement d'un deuthium. On a deter- 
mine les constantes de vitesse specifique pour les deux rkactions a 30 "C. Des etudes sur les 
vitesses initiales o n t  permis d'etablir que dans le tert-butanol, I'effet isotopique cin6tique 
hydrogene-deuttrium, pour la formation de I'anion, est de 8 _+ 1. 

[Traduit par le journal] 

~ntroduction -cx2 Y C X ~  

In the corresponding alcohol, and with base in 02N*N02 0 2 N q O :  
excess, alkoxide ion reacts with 2,4,6-trinitrotol- / \..,. 
uene (TNT) and 2,4,6-trinitrotoluene fully deu- 
terated at the methyl position (TNT-d,) to yield NO2 NO2 

two main products. The predominant nitroaro- 1 Za 

matic species at equilibrium is the purple anion cx3 
1 (X = H or D) resulting from proton or deu- 
teron transfer from the substrate to the alkoxide 02N+&iv02 . H 
ion. During the early stages of the reaction a 1 Y 
cr-complex is also formed by attack of the ai- NO2 
koxide ion (Y-) either at the C-1 or -3 position 2 h  
of the substrate to yield 2a (X = H or D) or 
26 (X = H or D), respectively. base pair (l ,2).  With ethoxide ion in ethanol, the 

~h~ extent to which o-complex formation oc- extent of o-complex formation is slight and the 
curs and the rates ofits formation and decompo- rates of formation and decomposition of the c -  
sition are markedly dependent on the solvent- complex are large compared to the rate of for- 

mation of the purple anion. As a result, kinetic 
'Author to whom all correspondence be ad- data relating to the formation of the purple anion 

dressed. can be analyzed readily to yield both the equili- 
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brium constant for o-complex formation and the 
specific rate constant for proton transfer. With 
isopropoxide ion in isopropanol, the rates of 
prcton transfer and o-complex formation are 
comparable in magnitude and it is not possible 
to  choose reaction conditions such that one of 
the processes is predominant. 

In  the reactions of the alkali-metal alkoxides 
with F N T  and FNT-d, in thc higher alcohols, 
ion-pairing effects have to be taken into account. 
Thus, with sodium isopropoxide in isopropanol 
both "free" and "ion-paired" isopropoxide ions 
exist in solution and these species possess dif- 
ferent reactivities in proton transfer and o-corn- 
plex formation (2).  Ion-pairing effects may also 
contribute to changes it1 the relative stabilities of 
the pi~rple anion and the o-coriiplex. 

The results of kinetic and equilibrium studies 
of sillfite ion asid cyanide ion o-complex forma- 
tion with T N T  and l ,3,5-trinitrobenzes~e (TNB) 
(3,4), and of o-complex formation betiveen TNB 
and the lyate ions of iliethanol, ethanol, 11-pro- 
panol, isopropanol, ti-butanol, i sobu ta~~o l ,  and 
t-butanol in the corresponding solvents (5) led us 
to expect both a small equilibrium constant and a 
relatively small forward rate constant for forrna- 
tion of the T N T  - t-butoxide ioil o-complex. On 
the other hand, ion-pairing effects were expected 
to be more pronounced in t-butanol than in any 
of the alcohols used previously. I t  seemed pos- 
sible therefore that studies of the reactions of 
T N T  and TNT-d, with alkali-metal f-butoxides 
in t-butanol might yield more detailed infornia- 
tion concerning- the reactivities of "ion-paired" 
and "free" lyate ions in proton and deuteron 
transfer reactions. The results of studies of the 
reactions of T N T  and TNT-d, with sodium and 
potassium t-butoxide in t-butanol are presented 
here. 

Experimental 
1Woteric11.~ 

T h e  preparation and p~~rif icat ion of I 'NT and TNT-11, 
were as oreviously described (1, 2). Reagent grade r -  
butan01 was refluxed over Linde 4A ~ o l e c u l a r  S ~ e v e  for 
several hours then distilled under nitrogen. Only the 
middle fraction of the distillate was retained. Solutions 
of sodium t-butoxide and potassium t-butoxide were pre- 
pared and standardized a s  previously described ( 5 ) .  

Proced~rre 
The equipment and the procedures used in carrying o u t  

kinetic measurements and  in obtaining equilibrium con- 
stants for formation of the purple anion have been de- 
scribed previously (1, 2, 5) .  

Results 
The addition of a 2 x 10- M solution of T N T  

in t-butanol to a t-butanol solution of s o d i ~ ~ m  or 
potassium t-butoxide (4 x 111) results in 
the rapid formation of a purple colored species. 
The purple color then gradually fades and is re- 
placed by a stable yellow colored species (?.,,,,, - 
395 nm). With all the reaction conditions the 
same, but with TNT-cl, as the substrate, the re- 
action mixture passes through an initial p ~ ~ r p l e  
stage before turning bro\vn and then yellon in 
color. The absorption snaximum of the final solu- 
tion again occurs at  approximately 395 n m .  At 
base concentrations above 1 x M: the rate 
of conversion of either TNT or  TNT-ri', to the 
yellow species becomes colnpetitive with the rate 
of forniation of the purpie species: consequently, 
most of the kinetic results described here were 
obtained in runs carried out a t  base concentra- 
tions below 1 x 10- M. 

Attempts were made to measure the equili- 
brium constant associated \\ it11 formation of the 
purple species employing solutions 3.0 x lo- '  
to 1.5 x lo-' M in T N T  and 6.0 x l o p 5  to 
5.0 x lo- ,  hi' in base. As the equilibrium con- 
stant ( K )  associated with the formation of the 
purple species is large, accuratc values of the 
absorbance associated ~vi th  the purple species 
(A,) obtained under conditions of low ratios of 
base concentration to T N T  concentration are re- 
quired in order to obtain accurate values of K 
(6) Over the range of T N T  concentrations which 
c o ~ ~ l d  be ~ ~ s e d  in the stopped-flow experiments, 
A, val~res at  the lowest base concentrations em- 
ployed (6.0 x 1 0 - q o  5.0 x 114) were not 
reproducible, possibly because of neutralization 
of some of the base by absorbed carbon dioxide. 
At higher concentrations of base (5.0 x to 
5.0 x I M )  the fading reaction (the con- 
versior~ of purple species to yellow species) was 
sufficiently fast that the errors associated with the 
extrapolation of the absorbance cs. time curve of 
the fade reaction back to the time of mixing were 
comparable to the changes in A ,  expected as a 
result of changes in the base concentration. Be- 
cause of the difficulties i11 obtaining accurate A ,  
values the studies yielded only upper and lower 
limits on K (as defined by eq. 1) at  30.0 "C.  These 
are lo6  and 5 x lo4 M - I ,  respectively. 

[l] K = 
[TNT-1 

{[TNTF], - [TNT-]){[MOR], - [TNT-3 
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In eq. 1, MOR represents sodium or potassium 
t-butoxide, [TNT-] represents the equilibrium 
concentration of the purple species, and [ 1, 
represents the total (~toichiometric) concentra- 
tion of the species indicated. 

In the kinetic studies the reaction of TNT with 
potassium t-butoxide (KOR) at 30.0 "C was 
monitored at three wavelengths (420, 520, and 
650 nm) whereas the reaction of TNT with so- 
dium t-butoxide (NaOR) was followed at 430, 
520, and 630 nm over the range of temperatures 
30-50 "C.  For each base, at each base concentra- 
tion employed and each wavelength at whlch 
absorbances ( A )  were measured, plots of log 
(A, - A,) us. time were linear to at least 8 0 z  
completion of reaction. For a given concentra- 
tion of either base, the slopes of the log (A, - 
A,) cs. time plots ( E  k,,,/2.303) were, within 
experimental error, independent of the wave- 
lengths at which values of A were measured. At 
the same [MOR],, temperature, and [TNT],, 
k,,, for the TNT-NaOR reaction was aluays less 
than the k,,, for the TNT-KOR reactions (Fig. 
1). 

For the TNT-KOR reaction the plot of k,,, 
us. [KOR], at 30.0 "C was linear and passed 
through the origin (Fig. 1). There was also a good 
linear correlation b e t ~ e e n  log k,,, and the indi- 

FIG. 1. Plots o f  k,,, cs. [Base] for the reactions o f  
2,4,6-trinitrotoluene with potassium t-butoxide ( 0 )  and 
sodium t-butoxide (0) in t-butanol. T = 30.0 "C. Ab- 
sorbance~ recorded at 520 nm.  

FIG. 2. Plots o f  k,,, us. [Base] for the reaction o f  
2,4,6-trinitrotoluene h i t h  sodium r-butoxide in butanol 
at 30.0 ( O ) ,  34.9 ((C), and 44.9 "C (O). Absorbances re- 
corded at both 430 and 520 nni. 

cator acidity function HIBuoH (7).  Plots of k,,, 
us. [NaOR], were linear at all temperatures. 
However, unlike the corresponding plots for the 
TNT-KOR reaction, they did not pass through 
the origin but crossed the X-axis at a small posi- 
tive value (see Fig. 1 for comparative plots of 
30.0 "C). The magnitude of the intercept on the 
X-axis was found to decrease with increasing 
temperature, as indicated in Fig. 2. The slopes of 
the k,,, cs. [NaOR], plots at various tempera- 
tures are listed in Table 1. A linear log k,,, zls. 
HIBuoH relat~onship was also observed for the 
TNT-NaOR reaction. 

The addition of various amounts of NaBPh, 
to reaction nlixtures containing a fixed [TNT], 
and [NaOR], had no apparent effect on the value 
of k,,, for the reaction (Table 2). The only notice- 
able effect of increasing the total salt concentra- 
tion was to increase the value of A, at 420 nm 
and to decrease the value of A, at 650 nm (Table 
2). These changes in A, values were not, how- 
ever, proportional to the concentration of added 
NaBPh,. Thus, there was a sharp decrease in 
A, at 650 nm from 0.551 (no added salt) to 0.405 
on making the solution 5 x M in NaBPh, 
and further additions of NaBPh, caused no 
further change in A,. 

A series of TNT-NaOR reactions at 30.0 O C  
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TABLE 1. Slopes of the k,,, cs. 
[NaOR], plots at  various tem- 
peratures for the 2,4,6-tri~~itro- 

toluene - sodium t-butoxide 
reaction" 

Temperature Slope 
('C) (1W1 s- l )  

Okab, based on calciilations einploying 
absorbance changes at 520 nn? i~nless i n -  
dicated otherwise. 

bAbsorbance change monitored a t  630 
nm. 

'Absorbance change n~onitored at 340 
nm. 

were carried out a t  a total concentration of 
NaOR plus NaBPh, equal to 4.69 x IM 
but varying concentration of NaOR (9.40 x 

to 4.69 x M). In all cases, linear log 
( A ,  - A,) cs. time plots were obtained using 
absorbance data recorded a t  either 650 or 420 
nm. Values of k,,, were, within experimental 
error, independent of the wavelength ~ ~ s e d  to 
monitor the reaction (Table 2). Linear k,,, cs. 
[NaOR], plots were obtained ~vhicli, as in the 
case of runs not carried out at a fixed total salt 
concentration, did not pass through the origin. 
The slopes of the k,,, cs. [NaOR], plots a t  30.0 
"C were 7300 t 500 i M P 1  s- I .  

Kinetic Studies Enip/oj3ilrg TNT-d3 cis the 
Szrbstrate 

In the reactions of TNT-d, with KOR at 30.0 
"C,  plots of log (A, - A,) cs. time Lvere not 
l i~iear when the absorbances were recorded at 
520 and 650 nm and the range of base concentra- 
tions employed was 1.15 x 1 0 3  to 1.15 x 
M. For the same range of base concentrations 
linear log (A, - A , )  1,s. time plots to 60-702 
completion of reaction could be obtained ~vheii 
absorbances were measured at 430 nni. The re- 
sulting plot of kobs cs. [KOR], was linear (slope 
= 1800 + 100 M - ' s -  ') and passed through tlie 
origin. 

In the TNT-d, - NaOR reaction at 30.0 'C, 
plots of log (A, - A,) z3s, time, utilizing absorb- 
ance values measured at 650 nni, were not linear 

a t  any of the base concentrations employed in the 
runs (1.0 x to I .15 x IM). When ab- 
sorbance~ were recorded at 430 and 520 nni, 
plots of log ( A ,  - A,) rs. time mere markedly 
curved in those runs in which the [NaOR], was 
less than 2 x M but sho~ved no curvature 
for runs in which the [NaOR], was greater than 
5 x M. For a given base concentration 
above 5 x l o p 3  M, k0bs430, the pseudo first- 
order rate constant based on absorbance changes 
recorded at 430 nm, was always greater than 
k0b,520, the pseudo first-order rate constant 
based on absorbance changes recorded at 520 nm. 
The plot of k,b,430 U S .  [NaOR], was linear with 
a positive intercept. A plot of k-,b,520 cs. [NaOR], 
was also linear but intercepted tlie X-axis at a 
small positive value of approximately the same 
magnitude (4 x M) as observed in the case 
of the k,,, z3s. [NaOR] plots for the TNT-NaOR 
reaction. The slopes of the two lines were 1650 f 
150 and 1340 + 100 M - I  s- ', respectively. 

Studies of the TNT-d, - NaOR reaction at a 
fixed total salt concentration of 4.69 x 1M 
but varying [NaOR], over the range 9.4 x l o p 4  
to 4.69 x M yielded linear log (A, - A,) 
cs. time plots for absorbance data recorded at 
650 nm but non-linear log (A, - A,) cs. time 
plots for absorbance data recorded at 420 nm 
(contrast to runs carried o ~ ~ t  at variable salt con- 
centrations). The k,,,650 es. [NaOR], plot for 
this system at 30.0 ' C  ivas linear with slope 800 
+ 100 M - '  s - '  and showed a small positive 
intercept on the X-axis. 

Initial rate measurenients of the TNT-NaOR 
and TNT-d, - NaOR reactions were carried out 
at 30.0 ' C  at  a number of \vavelengths in the 
visible region. The results are given in Table 3. 

Discussion 

Equilibriwn Studies Eniployi~~g TNT atid TNT-d, 
as tlie Substrates 

The purple specles formed in the reaction of 
T N T  or TNT-rl, with NaOR or KOR in t- 
butanol sho\;zs an absorption maximum at 520 
nm (E 13 500 f 500 M - '  cm-') and a shoulder 
with mid-point at approximately 650 nm ( E  6700 
$. 500 M - '  cm-'). The spectrum is identical 
to that recorded for the purple species formed in 
the reaction of T N T  with ethoxide ion in ethanol 
( l , 8 )  and is similarly ascribed to anion 1 (X = H 
or D). 

The formation of 1 (X = H) in the reactions of 
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TABLE 2. Values of k,,, for the 2,4,6-trinitrotoluene - sodium t-butoxide 
reaction at T = 30.0 C 

[NaORIo [NaBPh,] kob,665 kubi435 
x lo3 (M) x lo3 (M) A,665 A,435 ($-I) (S - 

(i) fixed concentration of base, carinble tofal salt conrenfratio~z 
2.08 0 0.551 0.539 12.0 
2.08 5 . 2  0.404 0.647 12.2 
2.08 10.4  0.414 0.647 14.3  
2.08 15.6  0.405 0.619 14.3 
2.08 23.9 0.404 0.574 11.6  

jii) fiwecl torn1 ~ a l t ,  carinble base concentration 
0 .94 3.75 - - 2.90 
1.41 3.28 - - 6.79 
2 .35 2.34 - - 14.96 
3.28 1.41 - - 23.16 
4.22 0.47 - - 30.20 
4.69 0 - - 30.10 

TABLE 3 Res~~I t s  of ~ n ~ t ~ a l  rate" s t ~ l d ~ e s  of the 2,4.6-t~~n~trotoluene- and 
2,4,6-trln1trotoluene-& - sod~um t-butox~de reactions T = 30.0 C 

-- - -- - 
- -- - 

(IR),, x lo- -  ( I R ) ~  x lo-' (IR), , /&T~ (IR)u'&rl ktw- krDc 
?.(nm) (114-2 s-I)  ( w 2  S-I)  (lR)H (IR)" (M- '  s-') (A&' s-I) (M-I s-I) 

"Initial rates: (IR), = (d~lldr) ,=o~[TNBlo[\raORlo; (lR), - (dd.'dl),=o:[TNT-rl,],[NaORlo; errors in initial 
rates can  be as high as l0'z. 

YTNTIu = 2.996 r l o - $  M, [NaOR], = 2.40 x M ;  [TXT-d,], = 2.835 x 10-5 jCf, [NaOR], = 4.80 x 
lo-' A I .  

<((IR)H - ( I R ) D ) / ~ T l  = h,,,  .- kr . 

TNT with the lyate ions of methanol, ethanol, n- 
propanol, isopropanol, and n-butanol in the cor- 
responding alcohols is characterized by a linear 
log K cs. E, plot with slope -0.55 1 0.05 (data 
in Table 4). The value of log K, for the case in 
which the lyate ion is t-butoxide, is significantly 
lower (4 log K units) than might have been ex- 
pected on the basis of the E, value of t-butanol. 
Entirely analogous behavior has been observed 
in the formation of o-complex 3 as a result of re- 
action of the lyate ions of methanol, ethanol, n- 
propanol, isopropanol, n-butanol, isobutanol, 
and t-butanol with 1,3,5-trinitrobenzene (TNB) 
in the corresponding alcohols (5). 

Y = C H 3 0 ,  C 2 H 5 0 ,  iz- and iso-C3H,0, n-, iso-, 
and t-C,H,O 

The l o ~ e r  than expected value of K ( -  4 log K 
units) in the formation of 3 (Y = t-C,H,O) in t- 
butanol was attributed to steric effects associated 
with the addition of the t-butoxide group at a 
ring carbon of TNB (5). However, while there 
are undoubtedly greater steric effects associated 
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TABLE 4. Equilibrium constants ( K )  for purple anion formation 
from TNT and E values of the purple anion at 520 nma 

- 

Solvent Erb K(IM- ' )  c ( M - '  cm-') 

Methanol 64.6 6 . 7 k 0 . 3  13 500 i 350 
Ethanol 61.2 2069 + 105 13 000 + 270 
n-Propanol 60.0 6500 _+ 500 13 200 + 200 
TI-Butanol 59.2 12 300+ 1000 13 100 1 300 
Isopropanol 57.2 240 000 + 40 000 1 3 600 i 200 
t-Butanol 51.1 > 5 x 1 0 4  13 200? 500 

< lo6 

aT = 25.0 "C in all cases except r-butanol aliere T = 30.0 "C. 
CE, values determined using l-(p-hydroxyphenyl)-2,4,6-triphenylpyridi~~ium 

betaine as described in  ref. 4. 

with the reaction of t-butoxide ion with TNT C,H,O and in which Y = t-C4H,0, refer to dif- 
than with the reaction of inethoxide, ethoxide, ?I-  ferent processes it is not surprising that they 
propoxide, isopropoxide, and 11-butoxide with cannot be correlated by the solvent parameter E,. 
TNT, it seems unlikely that the steric effects as- 
sociated with the TNT - t-butoxide reaction to 
form 1 (X = H) are as large as those associated 
with the TNB - t-butoxide reaction to form o- 
complex 3 (Y = f-C,H,O). The explanation pre- 
viously offered for this effect IIILIS~ therefore be 
reexamined. 

A possible alternate explanation for the ob- 
served behavior is that, in the louer alcohols, 
dissociation of metal alkoxide is essentially com- 
plete under all the-reaction conditions employed 
and the reaction being studied is between a 
solvated alkoxide ion and the substrate. With 
T N T  as the substrate, the measured K for re- 
action 2 is 

k ,  
[2] TNT + Y -  + 1 (X = H) + HY 

kh,, 

thus equal to ki/k,,;, where ki  is the specific rate 
constant for reaction of the substrate and the 
solvated alkoxide ion (Y-) and /c,,~ is the specific 
rate constant for the reversion of 1 (X = H) to 
the substrate. In the case of NaOR or KOR in t- 
butanol, dissociation of the base may be very 
slight so that the reaction being investigated 
could be between an ion-pair (M+. . .pORj  and 
the substrate (eq. 3) .  In that event, the nieas~~red 

kt,  
[3] TNT + :M+ O R )  $ {I.. M + }  + HOR 

k h , i c  

K is equal to ki,/kb,i, where k i p  is the specific rate 
constant for reaction of the substrate and the 
ion-pair and k,,;, is the specific rate constant for 
reversion to substrate of the species formed in 
the foruard reaclion. I f  the nieasured equili- 
brium constants for the systems in ivhich Y = 

CH,O, C,H,O, 11-C,H,O, iso-C,H,O, and n- 

Kinetic Studies Eniploying TA'T as the S~rbstrate 
Under the conditions employed in the kinetic 

studies of the TNT-MOR reactions ([MOR],/ 
[TNT], 3 50: 1) conversion of TNT to the 
anion appeared to be quantitative. The A,  value 
at any wavelength was independent of the con- 
centration of added base and directly propor- 
tional to the initial TNT concentration. These re- 
sults are colnpletely in accord with the large 
equilibriuni constants (K) associated with these 
reactions. 

In general, plots of log (A, - At) 1.s. time 
were linear to a greater percent completion for 
the reactions in the TNT-KOR system and 
values of /cob, were more reproducible in the 
TNT-KOR system, particularly at low values of 
[MOR],. In addition, plots of k,,, rs. [KOR], 
alnays passed through the or1g111 M hereas plots 
of kobs 15. [NaOR], consistently showed a pos- 
ltlve Intercept on the X-axls. 

I t  is poss~ble that plots of k,,, t s  [NaOR], 
plots have a louer slope at low [NaOR], than at 
h ~ g h  [NaOR],, I e they "curve ~ n t o "  the ongln. 
Such behavior mlght be ind~catlve of a second 
reactlon pathway involving free t-butox~de Ion 
becoming more dominant at low base concen- 
tratlons Unfortunately, attempts to define more 
precisely the form of the k,,, cs. [NaOR], plots 
at concentrations of base < 2  x M here 
not successful because, at the low tempera- 
tures (30  to 35 "C) and the lower base concen- 
trations, the k,,, values could no longer be ob- 
tained with a high degree of reproducibility. A 
number of workers have noted similar problems 
with regard to reproducibility in other studies 
involving the reactions of sodium t-butoxide in 
t-butanol 49, 10). 
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Linear lc,,, rs. [MOR], plots were observed 
for both bases. If there ivas a small degree of dis- 
sociation of the alkali-metal t-butoxide in solu- 
tion and the rate-determining step in the forma- 
tion of l (X = H) was between TNT and the free 
t-butoxide ion, a linear k,,, us. [MOR]o'12 plot 
would be expected. Our observations indicate 
therefore that the main mode of conversion of 
TNT to 1 (X = H) does not take place via this 
mechanism. However, the results cannot rule 
out some small contribution to anion formation 
via reaction of TNT with free t-butoxide ion 
(RO -). 

The slopes of the k,,, rs. [KOR], and k,,, us. 
[NaOR], plots at 30.0 "C are 7000 1 400 and 
6200 + 400 M -' s-', respectively. The magni- 
tudes of the slopes of these plots represent true 
specific rate constants only if both bases are com- 
pletely dissociated under the reaction conditions 
used and all reaction in both cases occurs via the 
free RO- ion or if no dissociation occurs and all 
reaction proceeds via the ion-pair {M + .. . -OR).  
For the two cases the slopes of the k,,, L.S. 
[MOR], plots would represent the specific rate 
constants associated with the abstraction of pro- 
to11 by the free ion (/<,,-) and by the ion-pair 
(k(, , , ,  - ,,)), respectively. Complete dissocia- 
tion of the -MOR species under our reaction 
conditions is highly unlikely (11, 12) so ive are 
left with the proposition that the ion-paired 
species {Mi...-OR] is the prime reactant in 
both cases. It is unlikely that the greater slope in 
the case of the TNT-KOR reaction is a conse- 
quence of the slope being a composite function 
containing contributions from both k,,= and 
k(, + ,,, - ,,,, since this would require that NaOR 
be more extensively dissociated than KOR, and 
that the free ion have a lower reactivity than the 
ion-pair. The slightly different values for the 
slopes of the k,,, us. [MOR], plots for M = 

Naf  and M = K' may simply reflect the dif- 
ference in the ability of Naf  and K' to stabilize 
the transition state for proton abstraction, as 
indicated in structure 4. 

Initial rate studies of the TNT-NaOK reaction 
in t-butanol at  30.0 "C yielded a mean value of 
(IR),/&,I of 5750 + 550 M - I s - '  (Table 3). In 
view of the error limits associated with initial 
rate studies, this value is in satisfactory agree- 
ment with the value of 6000 + 400 M -  ' s-' ob- 
tained from the k,,, us. [NaOR], plot. The latter 
value is however considered to be a far more re- 
liable rate constant for the TNT-NaOR reaction 

VOL.  52. 1974 

R 
I 

at 30.0 "C. The initial rate studies also indicate 
that if formation of o-complex 2 (X = H, Y = 
t-C,H,O) (eq. 4) 

kf' 
[4; TNT + jM ... -OR } O-complex 2 

kb' 

is occurring simultaneously with the formation 
of 1 (X = H) then the extent of o-complex for- 
mation is small even in the initial stages of the 
reaction. 

If log K zs. E, plots hold equally well for both 
the formation of o-complex 3 (Y = OR) and o- 
con~plex 2 (X = H ;  Y = OR) an upper limit on 
log K of approximately 2 would be predicted for 
reaction 4. Since log K for the formation of the 
purple anion (reaction 2) is 3 104.7, the amount 
of o-complex 2 present at  equilibrium would be 
predicted to be small. The measured E values at  
520 and 650 nm of the purple species in t-butanol 
support this prediction. Within experimental 
error the E val~les at  520 and 650 nm are the 
same as those recorded for the purple species 
formed in methanol and ethanol, solvents in 
which the extent of o-complex formation is 
known to be very small (1). 

An upper limit on log K for reaction 4 of ap- 
proximately 2 is also indicated by the kinetic re- 
sults since, if log K was larger than this, curva- 
ture in the k,,, 2:s. [MOR], would have been ex- 
pected over the range of base concentrations 
used in the kinetic experiments. No curvature 
was noted in any of the k,,, rs. [MOR], plots. 

Bethell and Cockerill have reported linear k,,, 
us. HrBUoH plots for the reactions of alkali-metal 
butoxides with 9-bromofluorene, 9-bromo-9,9'- 
bifluorenyl, and 4-nitrodiphenylmethyl chloride 
(13-15). No significance was attached to the 
magnitudes of the slopes (1.0, 0.7, and 0.82) of 
the respective plots. For the first two reactions 
changes of alkali-metal cation from Ki to Na' 
in a medium having the same H:"'" halved 
the reaction rate, whereas for the last reaction, 
rates of proton abstraction in a medium having 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUNCEL ET AL.: PROTON TRANSFER REACTIONS 2313 

a given value of H,BUoH were independent of the 
nature of the cation. Based on these observations 
Bethell and Cockerill tentatively suggested (15) 
that dependence of k,,, values on H , B " O ~  alone 
might be characteristic of reactions in which 
carbanion formation is rate limiting while depen- 
dence of k,,, on the cation at a given value of 
HrBUoH might be indicative of a process involving 
a carbanion as reactant. In the present systems 
the slopes of the log k,,, us. H,B"OH plots are both 
l .O1 F 0.05. However, at a given value of H:"'~, 
k,,, for the NaOR-TNT reaction is some 30% 
greater than the lc,,, for the KOR-TNT reaction. 

For the TNT-NaOR reaction the apparent 
first-order rate constants obtained from the 
slopes of the k,,, [NaOR], plots were evaluated 
at various temperatures and activation param- 
eters for the proton transfer calculated in the 
normal way. The resulting AH* and AS' values 
are 4.2 f 0.3 kcal 11101-I and - 27 2 cal deg-' 
mol-l. Employing an identical procedure, 
Jarczewski and Leffek (16) obtained a AH* of 
7.1 f 0.9 kcal mol-' for proton abstraction 
from di(4-nitropheny1)methane by sodium t- 
butoxide in t-butanol.' Enthalpies of activation 
associated with a number of proton abstraction 
reactions involving ethoxide and isopropoxide 
ion cominonly have values in the 10-13 kcal 
mol-' range (16-19). This observation led the 
authors to suggest that the smaller AH* char- 
acterizing their proton abstraction reaction was a 
consequence of the fact that the major barrier to 
reaction of alkoxide ion is desolvation of the ion 
and that this process will require less energy in 
the sodium t-butoxide case since this base exists 
predominantly as ionic aggregates which pre- 
sumably are not as well solvated. The large nega- 
tive entropy of activation associated with proton 
abstraction from TNT by sodium t-butoxide in 
t-butanol is fully in accord with this postulate. 

Kinetic Studies Eniployitzg TNT-d, as the 
Substrate 

Our studies indicate that the reactions of 
TNT-d, with NaOR and KOR are subject to 
complications which are not present in the cor- 
responding reactions of TNT with these two 

bases. Under none of the reaction conditions 
employed could linear log ( A ,  - A,) us. time 
plots be obtained from absorbance data simul- 
taneously recorded at three different wavelengths. 
In runs at constant [TNT-d,], and constant 
[MOR],, in which linear log (A, - A,) us. 
time plots were obtained from absorbances re- 
corded at two different wavelengths, the slopes 
of the plots (=ko,,12.303) differed. When the 
TNT-d, - NaOR reaction was studied at a con- 
stant total concentration of salt equal to 4.69 x 
lo-,  M, linear log (A, - A,) cs. time plots 
could only be obtained from absorbance data 
recorded at one wavelength (650 nm). For a given 
[NaOR], the k,,, so obtained was approximately 
one-half the k,,, recorded in the absence of ad- 
ded salt. This behavior is in marked contrast to 
that observed in the case of the TNT-NaOR re- 
action. For these reasons it is doubtful whether 
the k,,, values obtained in the studies of the 
TNT-d, - NaOR and TNT-d, - KOR reactions 
are valid rate constants and that the slopes of the 
k,,, cs. [MOR], plots have proper significance. 

The results of the initial rate studies of the 
TNT-d, - NaOR reaction confirm that it is more 
complex than the TNT-NaOR reaction and 
yield evidence concerning the source of this com- 
plexity. If only the rate of deuteron transfer is 
being measured by the initial rate technique, 
( I R ) , / E ~ ~  should be a constant at all wavelengths, 
as is (fK),/&,l in the case of the TNT-NaOR re- 
action (Table 3). However, it is obvious that 
(IR),/&,l is not a constant. The fact that mini- 
mum values of this quantity are obtained in the 
400-440 nm region, while maximum values of 
this quantity are obtained in the 600-700 nm re- 
gion, suggests that complications arise because of 
simultaneous formation of the TNT-d, - t- 
butoxide o-complex 2 (X = D, Y = t-C,H,O), 
since this species should have its maximum and 
minimum absorbances in the 400-440 and 600- 
700 nm regions, respectively (2). In view of the 
results obtained in the studies of other TNT- and 
TNT-d, - alkoxide ion reactions, the formation 
of a TNT-d, o-complex is not an unexpected re- 
action (1, 2). 

The ratio (IR),/(IR), = 8.3 at 650nm is 
taken as being close to the true isotope effect 

'The calculation of A H *  and AS' using theabove pro- (kf1'/kfD) for anion formation in this system 
cedure ignores the fact that as the temperature increases since, at this wavelength, absorbance is almost 
the dielectric constant of t-butanol decreases and the de- 
gree of ion-association increases (7). Bethel1 and Cocker111 due to TNT Or TNT-d3 anion (2, 8). If 
(7) have shown that the basic~dy of a t-butan01 solution it is assumed that o-complex formation and pro- 
halves when the temperature is raised from 30 to 50 'C .  ton abstraction are occurring simultaneously in 
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the reaction, then in the simplest case 

E , / E ~  is approximately zero in the 600-700 nm 
region and the quantity (k, , H  - k, is expected 
to be small. The initial rate data obtained at  650 
nm yield therefore a k f D  = 670 M -  ' s-' at  30 
"C. In view of the errors associated with the ini- 
tial rate studies, and the uncertainty (i l o x )  in 
the kinetic isotope effect, a realistic value for k f D  
would be 800 i 200 M - '  s f '  at 30 "C.  The value 
of /cfD obtained in this fashion compares well 
with the value of the slope of the k,,, us. [NaOR], 
plot obtained in studies of the TNT-NaOR re- 
action at a constant salt concentration of 4.69 x 
10-3 M. 

If one assumes that reactions 3 and 4 are taking 
place siniultaneously in solution and that kip  = 
800 M - '  s l ,  k,' = 1400 M - '  s - ' , ~  k,,ip << 1 
s - '  and k,' = 1 s - '  it is possible, u$ing known 
values of E~ and E, at the different wavelengths, 
to calculate absorbance as a function of time at 
the different wavelengths. Calculations using the 
computer reproduce qualitatively the variations 
in (IR), with wavelength reported in Table 3, 
though quantitative agreement is not very good. 
Thus, for the reaction conditions cited in Table 
3, values of (IR), at  420, 520, and 650 nm are 
calculated to be 6.20, 4.98, and 0.93, respectively, 
whereas the observed values are 5.00, 6.60, and- 
0.82. The differences in the calculated and ob- 
served initial rate values are perhaps not that 
serious in that the calculated initial rate values 
depend markedly on the input values of I<,' and 
are dependent as well (but to lesser extent) on 
the input values of kip,  k,', E ~ ,  and E,. 

A reaction sequence (eq. 6) involving the for- 
mation of the anion via the o-complex can also 
be envisaged. 

[6] TNT-d3 +{M+.. , -OR) 

k,' kc 
+ G-complex 2 S TNT-d3 - 
k,' k b  

For the k,' and k,' values quoted above, I<, = 

800 M-I  s-' and I<, << 1 s-', a sigmoidal ab-  
sorbance us. time plot is predicted for absorb- 

3This is an approximate value only based on the results 
of the initial rate studies in the TNT- and TNT-d, - 
NaOR reactions and on considerations of log k rs. E,  
plots for these and related reactions. 

ances recorded at  650 nm. A careful check of 
oscilloscope traces of absorbance at 650 nm us. 
time showed no indication of this type of be- 
havior. 

The computer-calculated absorbances as a 
function of time for reactions 3 and 5 taking place 
simultaneously in solution can also be used to 
construct log (A, - A,) cs. time plots. For the 
range of base concentrations employed in the 
studies of the TNT-d, - NaOR and TNT-d, - 
KOR reactions, plots of log (A, - A,) us. time, 
based on the calculated absorbance values at 
650 nm, are not linear. Similar plots based on the 
calculated absorbance values at 420 and 520 nm 
are linear, but k,b,420 values are always slightly 
greater than the k,,,520 values. This corresponds 
exactly to the experimental observations. 

Similar computer calculations were carried out 
for the TNT-NaOR reaction using kip = 6000 
M - I  s-', l~ , '  = 1400 M-I  S-I,  kb,ip < 1 sC1, 
and k,' = 1 s-'. For the range of base concen- 
trations employed, plots of log (A,  - A,) us. 
time, based on the calculated absorbances at 420, 
520, and 650 nm as a function of time, are all 
linear. Values of k,,," are found to decrease in 
the order ko,,420 > k,,s520 > k,bs650 but the dif- 
ferences in the k,,," values are much smaller than 
in the case of the TNT-d, - NaOR reaction and 
well within the experimental error associated with 
the measurement of k,,,. The results of the cal- 
culations are therefore in accord with our ob- 
servation that in the TNT-NaOR and TNT- 
KOR systems, k,,, is independent of the wave- 
length at which absorbances are recorded. 
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A search for an  analgesic with the potency of p-prodine and with the quality of analgesia 
associated with the benzomorphans led to the preparation of the octahydrobenz[ f ] isoquinoline 
system, a system where p-prodine is bridged in a manner related to the benzomorphans. Three 
different syntheses of this system are described. They permit access to a variety of substitution 
patterns as well as to the possible stereoisomers. The hybrid p-prodine-benzomorphan system 
displayed interesting CNS activity. 

MARCEL MENARD, PIERRE RIVEST, L E ~  MORRIS, JACQUES M E U ~ I E R  et YVON G. PERRON. 
Can. J. Chem. 52, 2316 (1974). 

La recherche d'un analgtsique aussi puissant que la p-prodine mais d'une purett d'action 
correspondant a celle des benzomorphanes nous a amene a prCparer le systeme tricyclique 
ociahydrobenz[ f ]isoquinoline. Dans ce systeme les deux cycles de la p-prodine sont pontes a 
la maniere des benzomorphanes. Trois syntheses ont CtC dCveloppees permettant l'acces aux 
differents sterCoisomeres et a une variete de substitution. Ce systeme hybride e-prodine- 
benzomorphane possede des proprietCs pharmacologiques intiressantes. 

The enhanced analgesic activity of P-prodine 
1 over its x-isomer 2 (1) (Fig. 1) has been disc~lssed 
in terms of increased contact with the receptor 
surface due to axial phenyl group conformation 
(2). restricted rotation favoring coplanarity of 
the phenyl and piperidine rings (3) ,  and increased 
ability of the p-isomer to penetrate the blood- 
brain barrier (4). Extensive structure-activity 
relationship in this area has shown that these 
explanations cannot fully account for the ob- 
served difference in potency. At present the 
accepted view ( 5 )  is that the analgesic receptor, 
although unique, is flexible enough to accom- 
modate a wide variety of structures, the observed 
analgesia being related to the ability of the drug 
to reach the receptor site and to achieve ionic 
binding with the receptor. 

In an attempt to obtain an analgesic with a 
level of activity equal or superior to P-prodine 
but with a quality of analgesia associated with 
many benzomorphans (e.g. 3; low physical 
dependance) we have prepared two series of 
compounds, 4 and 24, in which the phenyl and 
methyl groups of the prodines are incorporated 
into an additional ring thus fixing both the con- 
formation of the phenyl group and the angle 
between the phenyl and the piperidine planes. 
The two rings become linked in a manner similar 
to the benzomorphans, the junction being shifted 
by one carbon atom. In addition, a change in the 

3 
FIG. 1. Analgetic potency of the prodines and benzo- 

morphans. 

ED,,: 5 mg/kg ED,,: 8.9 mgjkg (6) 

stereochemistry of the new ring junction as well 
as an increase in the number of methylenes 
linking the methyl and phenyl groups result in a 
convenient variation of the angle between the 
two planes (Fig. 2). 

In structure 46 the aromatic and piperidine 
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a iz = 1, coplanar 
b n = 2  
f n  = 3,  ca, 45" 

FIG. 2. The approximate angle between the planes o f  
in tricyclic prodine analogs. 

rings are frozen in a spatial arrangement that is 
almost identical t o  the conformation of (3-pro- 
dine believed to confer the higher potency to the 
(3-isomer (4). In 4a the two rings are still roughly 
parallel but the aromatic group is pushed back- 
ward in the plane as compared to 4b.  The angles 
between the two planes in 4f  and in the cis com- 
pound 5 are roughly 45 and 90", thus providing 
the whole range of spatial arrangement. The 
conformation represented by 6 would mimic the 
phenylpiperidine arrangement found in the 
benzomorphans 3 but, at  least in solution in 
deuteriochloroform, there is spectral evidence 
that the cis series exists exclusively in the con- 
formation depicted by structure 5. Structures 
such as 4 and 5 bearing an  axial 4-OH would be 
stabilized, through the corresponding skew-boat 
conformation, by bonding of the OH to the lone 
pair of the nitrogen (3). 

The 1,3-dipolar cycloaddition reaction of 
nitrones to conjugated olefins (7) provided a facile 
entry to con~pounds  of type 4 as shown in Scheme 
1 (Table 1). Since this type of cylcoaddition is 
stereospecific (81, the trans ring fusion desired 
for 4 was established a t  this early stage. Yields of 
the cycloaddition of N-methyl nitrone to unsatu- 
rated esters 7 were reasonable (60-80%) with the 
exception of 7'(17%-,). The seven-membered ring 
series f was abandoned after unfruitful attempts 
to improve this yield. The resulting isoxazo- 
lidines 8 were foil~ld to be versatile intermediates 
since they also provided other analogs, 10 and 
12, of meperidine and prodilidine. Reductive 
cleavage of the N-0 bond afforded a quantita- 
tive yield of the aminoesters 9. Although they 

the aromatic and piperidine ring (froni Drieding models) 

are stable for short periods a t  room temperature 
the amino esters 9 spontaneously underwent 
cyclization to the lactams 11 and 13 upon 
warming. Treatment with a formaldehyde solu- 
tion converted the ami~loester 9d to the oxazine 
10, an analog of meperidine where the C-3 
carbon atom of the piperidine moiety is replaced 
by an  oxygen atom. When the reductive cleavage 
of 8d was carried out in the presence of formalde- 
hyde the tertiary arnine 9e was the sole product of 
the reaction. The lactams 11 and 13 were readily 
reduced by lithium aluminum hydride to the 
aminoalcohols 12 and 4 .  

Esterification of the aminoalcohols 12 and 4 
proved to be quite difficult and could not be 
achieved in the case of 4a. Under the conven- 
tional acylation conditions for tertiary alcohols 
(9) attempted esterification resulted in elimina- 
Lion to unsaturated amines as exemplified by 14 
(Scheme 2). However we finally found out that 
the alcohols 12a and 4b were readily acylated by 
propionyl chloride, without base, in benzene 
solutioll at  or below room temperature to give 
the esters 12c and 4c as hydrochlorides which 
could be precipitated from the reaction mixture 
by the addition of anhydrous ether. 

The change in the n.m.r. chemical shift of the 
H-I0 proton in 14c, 46, and 4c constitutes a 
further confirmation of the correctness of these 
structures. In 14c, H-10 is part of the bulk of the 
4 aromatic protons centered a t  2.38 6. The axial 
OH a t  position 105 in 4b shifts the H-10 proton 
downfield to 7.328. In 4c this shift is even more 
proiloullced and H-I0 appears as a multiplet 
centered at  7.72 6. 
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Alternatively the tertiary alcohols of type 4b 
could be p r o d ~ ~ c e d  cheaply as shown in Scheme 2 
by aminomethylation (10) of I-methyl-3,4-dihy- 
dronaphthalene (15) followed by hydrobromic 
acid addition across the double bond of the un- 
saturated amines 14. Solvolysis in water at low 
temperature afforded the alcohols 18 (18c = 
46) .  Yields of the aminomethylation reaction 
were considerably lower with ammonium chlo- 
ride (17x) than with methylamine hydrochloride 
(51%) but the former has the advantage of pro- 
viding the secondary amine 14a which can be 
alkylated with the desired alkyl halide. The 
aminoalcohol 18e obtained in this manner 
posseses pharmacological properties related to 
those of haloperidol. 

The cis-fused tricyclic analogs of prodine (5) 
were prepared as outlined in Scheme 3. In fact 

this scheme provides higher yields of the trans- 
isomer. This suited our purposes because at  this 
stage we had found out that the presence of the 
axial proton at  position 4a in 4 in a trans con- 
figuration with respect to the alcohol or ester 
group at lob, rendered elimination so easy that 
the pharmacological activity of the ester 4c 
represented the resultant of the conibiiied acti- 
vities of the ester 4c and its elimination product 
P4c. Accordingly we wished to block this elimi- 
nation by incorporating an angular methyl 
group at 4a in the original structure 4 .  Also at  
this time we were interested in finding how the 
presence of a phenolic group in the aromatic 
ring would affect the activity. In the benzomor- 
phan class of analgesics a phenolic group at 
position 3 enhances the analgesic potency 
severalfold (5). Since there was some uncertainty 
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TABLE 2. Phys~cal constants ot compounds outl~ned In Scheme 3 
- 
-- 

-- -- 
- - - -- - 

- - 
-- -- - --  -- 

Analysis (Y,) 

Melting or 
boiling point 

("C) 

Calcd. Found 

Compound 
- - -  

200 
206 
20c 
20d 
21u 
21b 
21c 
2Pci 
220 
226 
22c 
22d 
23a 
230' 
23c 
23d' 
24uc 
24b' 
24cc 
24d' 

Solvent 
- 

Formula 
- 

Not purifiedd 
Not purlfiedd 
C16HlaN04 
C I ~ H I ~ N O ~  
C I ~ H I ~ N O Z  
C I ~ H I ~ N O ~  
C I ~ H I ~ N O ~  
C ~ ~ H I ~ N O ~  
Not purified" 
C15H2 1NO2 
C15H21NO2 

MeOH 
MeOH 
i-PrOH-EtOAc 
EtOH-H,O 
EtOAc 
EtOAc 

EtOAc - Petroleum cthcr 
EtQAc 

Not purified" 
CI  ~ H z ~ C I N O L  
C I ~ H ~ ~ N O ~  
C I ~ H ~ ~ C ~ N O ~  
C I ~ H ~ ~ C ~ N O ~  
Cl,HLBCINO3 
C,qH,SCINO3 
C I ~ H ~ R C ~ N O ~  

#Melts 'vith evolution of a gas, resolidifies, and melts again at 210-230'. 
Welts with evolution of a gas, resolidifics, and melts again at 231-232'. 
cHydrochloric acid salt. 
Crude product used in the next step. 
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as to  which of the position 7 or 9 in 4 would 
correspond to the 3 position of 3 an example of 
both series was desired. All of these were avail- 
able through Scheme 3. 

Nucleophilic addition of lithioacetonitrile to 
the ketones 19 gave mixtures of the isomeric cis- 
(OH, CH,) and trans-cyano alcohols 20, (Table 2) 
with the trans-isomer predominating in all cases. 
Although the isomers could be easily separated 
by fractional crystallization or column chroma- 
tography no effort was made to obtain the pure 
cis-isomers with the exception of 20c, which was 
selected to study the structure-activity relation- 
ships in relation to the stereochemistry of the 
new ring junction. Catalytic hydrogenation of 
the nitrile group resulted in spontaneous cycliza- 
tion of the intermediate aminoesters to the lac- 
tams 21. Reduction of 21 with lithium aluminum 
hydride afforded the aminoalcohols 22 which 
were methylated and acylated with propionyl 
chloride as described for 4c. The resulting esters 
24, with the angular 4a-methyl group, were 
considerably more stable than 4c but unfortu- 
nately not stable enough to resist the conditions 
required [HBr; pyridine.HC1 (14); BBr, (11); 
+,F (12); EtSNa (13)] to achieve their O-de- 
methylation. Either no 0-dealkylation was ob- 
served or the main reaction product was the 
unsaturated amine 25. 

The stereochemistry of compounds 19-24 was 
assigned from a study of their n.m.r. spectra. 
The series 21d, 22d, and 23d shows a doublet for 
H-10 (J,-,, = 3 Hz) centered at the chemical 
shift indicated in Table 3. This doublet is shifted 
downfield in the series 21c, 22c, and 23c by ca. 
17 Hz indicating a closer proximity of H-10 to 
the oxygen function at lob. The doublets 
(J,-, = 8.5 Hz) centered at 7-7.1 6 for H-7 and 
the doublets of doublets (J,-, = 8.5 Hz; J,-,, = 
3 Hz) centered at 6.7-6.8 6 for H-8 are not 
affected by the change of stereochemistry. 
Examination of molecular models reveals that 
H-10 and 0- lob  are in a cisoid conformation in 
a cis structure like 5 while the two groups are 
more remote in a trans structure like 4. This 
deshielding of the K-10 proton in the cis series 
also provides some evidence that, in solution in 
deuteriochloroform, 5 and not 6 is the most 
stable conformation since there is no possible 
interaction between H-10 and 0- lob  in 6.  In the 
open-chain intermediates 20 a cis relation be- 
tween the cyanomethyl group and methyl group 
at 2 deshields the 2-methyl by ca. 12 Hz. On the 
other hand, when it is the methoxy carbonyl 
group that is cis to the cyanomethyl group it is 
the ester-methyl which is shifted downfield by 
ca. 14 Hz. 

Because of the instability of 4c it is difficult to 
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X x X 

X X 

@1--C2k15 - cH@H '" cH#ofi 

CH; N 
I 

I I 
C H3 CH? H 

2 4 2 3 22 

a X = H, trans (OH, CH,) 
b X L  = 5-0CH3, trans (OH, CH,) 
c X = 7-0CH3, cis (OH, CH,) 
d X = 7-OCH,, Irons (OH, CH,) 

SCHE~IE 3 

X TABLE 3. Nuclear magnetic resonance data. Chemical 
shifts, in 6 units, (TMS) g .-- ~ ~- 

~ - . 

Com- 
- pound C-CH, CO,CH, CH,CN 0-CH3 

CH; 
~. 20a 1.50 3.62 2.80" - 

1 20b 1.49 3.63 2.78" 3.80 
CHI 20d 1.43 3.60 2.71" 3.80 

2 5 2Qc 1.28 3.83 2.81b 3.83 
- -- - 

- 

assess its analgesic activity with certainty. Co,poun~ cH, 0-~-cH3 H, H, H,, 
Orally it is a potent antidepressant of the M A 0  
inhibitor type which indicates that it is rapidly 2 1 ~  1.28 3.82 7.11 6.82 7.30 
degraded to 14. Parenterally it shows analgesia 0.99 3.78 7.11 6.82 7.02 

0.81 3.76 7.01 6.73 7.19 
which slowly changes to the type of activity 2ad 0.81 3.76 7.08 6.73 6.90 
exhibited by 14. The inclusion of a methyl group 23c 0.88 3.77 7.02 6.70 7.13 
at  position 4a of 4c does stabilize the inolecule 23d 0.95 3.70 7.03 6.70 6.88 
but it also reduces the analgesic potency (40, oMultiplet. 

24a). The presence of a methoxyl group on the bsinplet. 

aromatic moiety of 24cr improves the potency 
but, unexpectedly, the position of substitution The most surprising observation is that a change 
is not critical (24b, 24d). since the alcohol 236 is from trans to cis in the stereochemistry of the 
a stronger analgesic than the corresponding ring bridging the piperidine and the phenyl ring 
ester 24b this series seems to bear a closer rela- does not alter the analgesic activity (244  24c). 
tion to the benzomorphans than to the prodines. This is in marked contrast with the prodine 
-- series where the superiority of the cis over the 

'Numbering refers to 5- or 7-methoxptetralone as trans geometry for activity is well established 
starting material. (5 ) .  On the other hand compound 10, where the 
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replacement of the carbon atom at position 3 of 
the piperidhe ring by an oxygen atom is not 
likely to aiter the conformation of the system 
with regard to 4c and 24d, is completely devoid 
of analgesic activity. Obviously, as already 
stressed out by Portoghese and Larson (4), fac- 
tors other than the purely geometrical contsibu- 
tion play a major role in the ability of a molecule 
to reach and interact with the anaigesic receptor 
(Table 4). 

Other inter~nediates in this tricyclic series of 
compounds exhibited interesting CNS activity 
as shown in Table 5. 

Melting points, determined on a Fisher Mel-Temp, are 
not corrected. All compounds possessed i.r. and n.n?.r. 
spectra consistent wlth their structure. The i.r. spectra 
were determined on a Unicam SP200-6 grating spectro- 
photometer. The n.m.r. spectra were obtained on a 
Varian A-60A spectrometer with T M S  as internal stan- 
dard and in deuteriochloroform. Combustion analyses 
were performed by Microtech Laboratories. 

N-Metlzylnifrorze (17) 
A mixture o f  paraformaldehyde (9.3 g, 0.31 mol 

HCHO), N-methyl hydroxylamine hydrochloride (25.0 g ,  
0.30 mol), and anhydrous potassiuni carbonate (90.0 g ,  
0.65 moi) in dry benzene (500 ml) was stirred at room 
temperat~~re for 5 h. The solids were removed by filtration 
and washed with methylene chloride. Concentration o f  

TABLE 4. Analgesic potency" 
- -- - 

Compound 

EPhenylqu~none writhing test, mice, subcutaneous 
administration ( 1  5 ) .  

bEffective dose: 50% of the mice under test. 

Compound 

OAb~lity to reverse reserpine-induced hypothermia 
in mice (16). 

bEffective dose, 50% of the mice under test, oral ad- 
ministration. 

the filtrates on the rotary evaporator left the crude nitrone 
as a yellowish semisolid. 

Cycloaddition of AT-Methylrzitrone to the Olefins 7 
A mixture o f  the above crude nitrone and the olefin 7 

(0.2 mol) (18) in benzene or toluene (500 ml) was stirred 
at room temperature or heated under reflux as specified 
below. The cooled solution was extracted with 10% hydro- 
chloric acid and the aqueous layer made basic with con- 
centrated ammonium hydroxide. Extraction with methy- 
lene chloride, drying, and concentration left an oily 
residue which was p~lrified by crystallization or distil- 
lation. The unreacted oiefin was recovered from the 
original benzene or toluene solution: 7b (lea) and 7d 
(18b); benzene, room temperature 48 h ;  7a (18a), ben- 
zene, reflux, 6 days; 3f (18c), toluene, reflux, 60 h. 

Reductive Cieauage of the Zsoxazolidines 8 ro the 
Amir~oalcohols 9 

The ixoxazolidine 8 (0.021no1) in absolute ethanol 
(100 ml) was hydrogenated, in a Parr Shaker, at an initial 
pressure o f  60 p.s.i. o f  hydrogen in the presence o f  Raney 
nickel (ca. 5 g). One equivalent o f  hydrogen was absorbed 
in a few minutes, The catalyst was removed by filtration 
over Celite and the filtrates were concentrated on the 
rotary evaporator at room temperature. The crude 
residue was used immediately without further purifica- 
tion. 

An analytical sample o f  the oxalate salt o f  9d was pre- 
pared in ether. Recrystallization o f  the solid from alco- 
hol-water gave colorless crystals, m.p. 221-223". 

Anal. Calcd. for C17H23N07:C,  57.75; M, 6.56; N ,  
3.96. Found: C ,  57.63; H ,  6.54; N ,  3.93. 

trans(2-Dii7zethylaminomethyl-I-hydroxy) -1-ethoxy- 
carbonj>l-1,2,3,4-tetrahydronaphthalene / 9 e )  

The isoxazolidine 8b (5.0 g ,  0.019 mol) in absolute 
methanol (100 mi) was hydrogenated as described above 
in the presence o f  paraformaldehyde (3.0 g ,  0.099 mol) 
and Raney nickel (ca. 5 g ) .  The residue left after removal 
o f ~ t h e  catalyst and solvent was crystallized in petroleum 
ether (90-120') to give 9e as  white crystals, m.p. 57-60"; 
yield 4.2 g, 79%. 

Anal. Calcd. for C1,H2,N03: C ,  69.26; H, 8.36; N ,  
5.05. Found: C, 69.03; H ,  8.38; N ,  4.92. 

4a,lOb-cis-10b-Etko,~ycarbonyl-3-n1etl1yl-3,4,4a,5,6,1 Ob- 
hexahydro-2H-izaphth'2,1-e~~-1,3-oxasie (10) 

The isoxazoiidine 8b (5.0 g, 0.019 mol) was hydro- 
genated as described above. After removal o f  the catalyst, 
paraformaldehyde (2.0 g, 0.066 mol) was added to the 
filtrates and the solutioll was heated under reflux for 2 h. 
Concentration on the rotary evaporator, dissolution in 
ether, and treatment with an excess o f  dry hydrogen 
chloride afforded 18 as a crystalline hydrochloride, m.p. 
228-230" (ethanol); yield 4.15 g, 70%. 

Anal. Calcd. for C1,H2,C1N03: C ,  61.63; H, 7.11; N, 
4.49. Found: C ,  61.42; H, 7.05; N ,  4.48. 

Cyclization o f t he  Aminnesters 9 to the Laciarizs I 1  and 
13 

The crude aminoester 9 was dissolved in toluene, a few 
millograms o f  p-toluenesulfonic acid were added, and the 
solution was heated under reflux for 3 h. After cooling, 
the solution was washed with 10% hydrochloric acid, 
dried, and concentrated on the rotary evaporator. The 
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solid residue was recrystallized in the solvent specified in The above was dissolved in concentrated hydrochloric 
Table 1. acid (100 ml) and heated under reflux for 2 h. Work-up 

Reduction o j  tlie Lactar7ls 1 1  and 13  
The lactam (0.05 mol) in dry T H F  or dioxane (75 ml) 

was added dropwise to a stirred slurry of lithium alu- 
minum hydride (5.0 g, 0.13 mol) in the same solvent 
(75 ml). The mixture was heated under reflux for 18 h, 
cooled (0-5-), and treated in succession with water (5.0 
ml), 20% sodium hydroxide solution (3.75 ml), and water 
(17.5 ml). The solids were removed by filtration and 
washed with rnethylene chloride. Concentration of the 
filtrates on the rotary evaporator left an oil which was 
crystall~zed in the solvent specified in Table 1. 

E~le~ificntion o j  the Alcoliols 4b ant1 12a 
A solution of the alcohol 4b or 12a (0.01 mol) and 

freshly distilled propionyl chloride (2.0 ml, 2.81 g, 0.03 
mol) in dry benzene (I 5 ml) was stirred a t  room tempera- 
ture for 2 h. Anhydrous ether was added to complete the 
crystallization of the ester hydrochloride. After standing 
at  0' for 1 h the hygroscopic solid was collected by filtra- 
tion. The ester 4c was purified by recrystallization. The 
ester 12c was dissolved in rnethylene chloride and the 
solution neutralized at  0' with a saturated sodium car- 
bonate solution, washed uith brine, dried, and concen- 
trated to leave an oil. The oil was dissolved in ether and 
treated with an excess of a solution of oxalic acid in ether 
to give the oxalic acid salt of 12c as a white nonhydro- 
scopic solid. 

1,2,3,4,5,6-Hexal7j~cl,.ober1z~~f,~i~oquinoline (14a)  
A mixture of 3,4-dihydro-1-methylnaphthalene (14.4 g, 

0.1 mol), 37% formaldehyde solution (34.0 g, 0.43 rnol), 
and ammonium chloride (10.8 g, 0.2mol) in glacial 
acetic acid (35 ml) was stirred on the steam-bath for 18 h, 
diluted with ice-cold water (150 ml), washed with ethe; 
(3 x 75 ml), and neutralized with a 50% sodium hy- 
droxide solution. Extraction with methylene chloride and 
concentration yielded 24.0 g of crude 16. 

The residue was dissolved in concentrated hydro- 
chloric acid (250 ml), heated under reflux for 2 h, coolcd, 
washed with ether (5 x 100 ml), and neutralized with a 
50% sodium hydroxide solution. Extraction with ether, 
drying, and concentration gave an oil which uas  purified 
by distillation to afford pure 14a, b.p. 12Oi0.1 mm; 
yield 3.2 g, 17%. 

An hydrochloric acid salt was prepared for analytical 
purposes, m.p. 204-205" dec. 

Anal. Calcd. for Cl3H1,CIN: C, 70.41; FI, 7.27; N, 
6.32. Found: C, 70.60; H, 7.31; N, 6.47. 

1,2,3,4,5,6-Hexnhydro-3-nlethylbe-e 
( 1 4 ~ )  

(a)  A mixture of 3,4-dihydro-I-methyl naphthalene 
(86.0 g, 0.6 mol), 37% formaldehyde solution (200 g, 
2.4 rnol), and glacial acetic acid was stirred vigorously 
a 60-65" for 112 h. Monomethylamine hydrochloride 
(81.0 g, 1.4 mol) was added by small portions while 
keeping the temperature at  70'. After the end of the addi- 
tion, the mixture was stirred for 3 h at  703, diluted with 
ice-cold water, washed with ether (5 x 100 ml), made 
basic with a 50% sodium hydroxide solution, and ex- 
tracted with ether (5 x 100 ml). Drying and concentra- 
tion of the ether extracts gave crude 16c (116.2 g) as a 
yellow oil. 

as above gave an oil (99.5 g) which was purified by distil- 
lation to provide 14c as a slightly colored viscous oil b.p. 
120-13O0/0.05 mm; yield 61.5 g, 51%. 

A solid hydrochloride was prepared for analytical 
purposes, m.p. 208-209" (ethanol-ether). 

Anal. Calcd. for CI4Hl8CIN: C, 71.32; H, 7.70; N, 
5.94. Found: C, 71.18; H,  7.68; N, 6.00. 

(b) By methylation of 14a: methylation of 14a by the 
normal formaldehyde - formic acid method (19) gave an 
oil identified as 14c by comparison (i.r., n.m.r., t.1.c.) 
with an authentic sample. 

( c )  Bv elimination from 4b: a mixture of the alcohol 40 
(2.0g, 0.0092 mol) and freshly distilled propionyl chloride 
(2.0 rill, 2.81 g, 0.03 mol) in benzene (25 ml) was heated 
under reflux for 18 h. Addition of ether gave a white solid 
which was recrystallized in isopropanol-ether to give 
crystals, m.p. 208-209' identical (i.r., mixtule 1n.p.) with 
authentic 14a. 

3-Benzoyl-1,2,3,4,5,6-hexahydroberiz[ f ,~isoqzlinolines 
( 1  4b) 

A solution of benzoyl chloride (1.6 g, 0.0114 mol) in 
chloroform (10 ml) was added dropwise to a cooled 
(0-5") and stirred mixture of the amine 14a (2.0 g, 0.0108 
mol) and 10% sodium hydroxide solution (5 ml). After a 
30 n ~ i n  stirring period at room temperature, the phases 
were decanted, the aqueous phase re-extracted with chlo- 
roform, and the combined chloroform extracts were dried 
and concentrated. The semisolid residue was recrystal- 
lized in ethylacetate - petroleum ether to give 14b as a 
white solid, m.p. 93-95"; yield 2.3 g, 73%. 

Anal. Calcd. for C2,H,9NO: C, 83.01; PI, 6.62; N, 
4.84. Found: C, 82.76; H,  6.69; N, 4.79. 

3-/4'- (p-Fluouoplietiyl) -4'-butj~~j~l;-1,2,3,4,5,6-hexahy- 
&obenz,- f ]i~oquir~oline ( l 4 e )  

A mixture of the amine 14a (2.0 g, 0.0108 mol), triethyl- 
amine (2.0 g, 0.0197 mol), y-chloro-p-fluorob~~tyrophe- 
none (2.5 g, 0.0125 rnol), and dry toluene (10 n ~ l )  was 
stirred and heated under reflux for 18 h. After cooling the 
mixture was washed with water, the aqueous phase re- 
extracted with toluene, and the combined organic phases 
dried and concentrated to leave an oil. The oil was dis- 
solved in ether and the hydrochloride of 14e was preci- 
pitated with dry hydrogen chloride. After washing with 
ether, the solid was dissolved in water, neutralized with a 
10% sodium hydroxide solution, and extracted with 
methylene chloride. Drying and concentration left a 
yellow oil which was crystallized in petroleum ether to 
hive 14e as a wh~te  solid, n1.p. 73-74'; yield 1.9 g, 51% 

Anal. Calcd. for Cz3HZ4FNO: C, 79.05; H,  6.92; N, 
4.01. Foulld: C, 79.10; H, 6.99; N, 4.05. 

1 Ob-Hydroxy-1,2,3,4,4a,5,6,10b-octah~~di~0-4n,l Ob- 
trans-benz[ f 2'isoquinolit~e ( I d a )  

A solution of the amine 14a (5.0 g, 0.027 mol) in glacial 
acetic acid (35 ml) was cooled to 10' and saturated with 
dry hydrogen bromide during 4 h while maintaining the 
temperature at  10-20". After standing at room tempera- 
ture for 18 h the solution was diluted with ether (250 ml) 
and the precipitated solid was collected by filtration, 
dissolved in water (25 ml), stirred for 2 h at  room tem- 
perature, cooled to 5', neutralized with a 50% sodium 
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hydroxide solution, and extracted with methylene chlo- 
ride. Drying and concentration left a solid which was 
crystallized in carbon tetrachloride to give 18a as white 
crystals, m.p. 173-175"; yield 2.25 g, 50%. 

Anal. Calcd. for Cl3Hl7NO: C, 76.81; H, 8.43; N, 
6.89. Found: C, 76.20; H, 8.39; N, 6.99. 

3-(P-Ethyl-3'-i11My1)-I 0b-hyciuoxy-1,2,3,4,4a,5,6,1 Ob- 
octahydro-4a,lOb-tm-benzLF f ,-iso~1~1i11oline (18d) 

A solution of 3-indoleglyoxylyl chloride (20) (2.0 g, 
0.00965 mol) in chloroform (30 ml) was added dropwise 
to a cooled (0-5") and stirred mixture of the amine 18a 
(2.0 g, 0.00985 mol), 20% sodium hydroxide solution 
(2 ml), water (5 ml), and chloroform (10 ml). The mixture 
was stirred 0.5 h a t  0" and then 1 h a t  room temperature 
The solid was collected by filtration and recrystallized in 
ethanol to give the 3-indoleglyoxylamide as a white solid, 
m.p. 200-204"; yield 2.7 g, 75%. 

The above solid was reduced in dioxane with lithium 
aluminum hydride (1.0 g) under the normal conditions 
(18 h, reflux). The oily reaction residue was dissolved in 
CHC13-ether and treated with an excess of dry hydrogen 
chloride. The solid was recrystallized in methanol-ether 
to give 18d as white crystals, m.p. 246-248" dec; yield 
2.3-g, 61%. 

Anal. Calcd. for Cz3H2,CIN02: C, 72.14; H, 7.11; N, 
7.32.Found:C,72.24;H,7.24;N,7.02. 

3-34'- (p-Fluorophenyl) -4'-butyryll-I Ob-hydroxy- 
I ,2,3,4,4a,5,6,10b-octahydro-4a, 1 Ob-trans-benzj fj- 
isoquinoline ( lde)  

A mixture of the amine 180 (3 g, 0.0148 rnol), y-chloro- 
p-fluorobutyrophenone (4.0 g, 0.02 mol), potassiun~ car- 
bonate (3.0 g, 0.0217 mol), and dry toluene (30 ml) was 
stirred and heated under reflux for 48 h. After cooling the 
solids were removed by filtration, washed with toluene, 
and the combined filtrates concentrated. The res id~~al  oil 
was dissolvcd in ethanol and acidified with 10% hydro- 
chloric acid. The solid hydrochloride was recrystallized 
in dilute ethanol to give 18e as white crystals, m.p. 21 1- 
221"; yield 3.7 g, 62%. 

Anal. Calcd. for CZ3H2,C1FNO2.+H20: C, 66.90; H, 
6.84; N, 3.39. Found: C, 67.00; H, 6.56; N, 3.50. 

I - C y a t z o m e t h y l - I - h y d r o x y - 2 - m e t h o x y c a r . b l -  
1,2,3,4-tetral~ydronaphthlenes (20) 

A solution of acetonitrile (4.1 g, 0.1 mol) in dry THF 
(100 ml) was added dropwise under nitrogen to a solution 
of n-butyllithium (69 n11 of a 1.6 114 solution in hexane, 
0.1 1 mol) in dry THF (70 ml) kept at - 78". After stirring 
a t  -78" for 111, a solution of the ketone 19a (21), 19b 
(22), or 19c (23) (0.1 mol) in THF (150 ml) was added 
rapidly (5 min), the cooling bath removed, and the solu- 
tion stirred for 0.5 h, poured into a mixture of crushed 
ice (ca. 400 g) and concentrated hydrochloric acid (100 
ml), and the layers separated. The aqueous phase was 
extracted with ether (4 x 75 ml) and the combined 
organic layers dried and concentrated to leave an oil 
(100%). Chromatography over activity 2 alumina, eluting 
with ether, gave in succession the unreacted ketone 19 
(0-30%), the trans-isomer (30-66%), the cis-isomer (15- 
30%), and byproduct (0-30) identified as 2-cyanoacetyl-2- 
methyl-1-tetralone. 

Compound 20a could be isolated, without chromatog- 
raphy, by crystallization of the reaction residue in meth- 
anol; yield 60-75%. The cis-isomer was not characterized. 

Compound 20b was isolated in a 25% yield. The cis- 
isomer (9%) and the byproduct (32%) were not charac- 
terized. Mixed fractions and unreacted ketone accounted 
for 32%. 

Co~npound 20c was obtained in 12% yield; 20d in 15%; 
byproduct in 20%; unreacted ketone in 20%. The byprod- 
uct was recrystallized in methanol to give a white solid 
m.p. 143-144*, characterized as 2-cyanoacetyl-7-methoxy- 
2-methyl-1-tetralone. 

Anal. Calcd. for CI5Hl5NO3:  C, 70.02; H, 5.88; N, 
5.44. Found: C, 70.03; H, 5.94; N, 5.46. 

1 Ob-Hydroxy-4a-met/zyl-1,2,3,4,4n,5,6,l0b-octahq.d~o-4- 
oxobenz: f A;isoqninolines (21 j 

A solution of the cyanoesters 20 (0.05 mol) in absolute 
methanol (100 ml) was hydrogenated in a Parr Shaker in 
the presence of Raney nickel (ca. 7 g) until 2 equiv. of 
hydrogen had been absorbed (2-4 h). The catalyst was 
removed by filtration over Celite, washed with methanol, 
and the filtrates were concentrated on the rotary evapora- 
tor to leave the lactams 21 as white solids which were 
purified by recrystallization; yield 85-95%. 

IOb-Hj~droxy-4a-~~7ethyl- 1,2,3,4,4a,5.6,1Ob-octah~~drobe~zz- 
[ f j-isoqui~~oline (22) 

The lactams 21 (0.055 mol) in dioxane (300 ml) were 
reduced with lithium aluminum hydride (7.32 g, 0.193 
mol) in dioxane (100 ml) as described above for 11 and 
13. The crude reaction residue was purified by crystalliza- 
tion; yields 80-90%. 

3,4a- Dimethyl-1 0 b - h y d m y - I , 2 , 3 , 4 , 4 n , 5 , y -  
drobenz: f ~~isoq~iir~olitzes ( 2 3 )  

A solution of the secondary amines 22 (0.051 mole) 
and paraformaldehyde (3.3 g, 0.102mol) in absolute 
methanol (200 ml) was hydrogenated in a Parr Shaker in 
the presence of Raney nickel (ca. 10 g) at an initial pres- 
sure of 60 p.s.i. of hydrogen. When 1 equiv. of hydrogen 
was absorbed (20-60 min) the catalyst was removed by 
filtration over Celite, washed with methanol, and concen- 
trated on the rotary evaporator. The residue was purified 
either by crystallization or through a hydrochloride 
prepared in ether. 

3,4a-Di~nethyl-!,2,3,4,4a,5,6,10b-octahydro-lO-b-propion- 
yloxybetzz'f 1-isoquinolines (24) 

The tertiary alcohols 23 were esterified with freshly 
distilled propionyl chloride as described above for 4 and 
12. The resulting hydrochloric acid salts were purified by 
crystallization; yields 50%. 

3,4a-Dimet/ly!-9-hydro,~y-2,3,4,4a,5,6-hexahydrobenz[ f]- 
isoquirzoline (25d) 

(a) A mixture of the alcohol 23d(0.52 g, 0.002 mol) and 
dry pyridine hydrochloride (6.0 g, 0.05 11101) was heated, 
under a vacuum of 20 mm Hg, a t  185" for 2 h. After 
cooling, the mixture was dissolved in water (50 ml) and 
washed with ether (2 x 25 ml). The aqueous phase was 
made basic with concentrated ammonium hydroxide and 
extracted with n~ethylene chloride. Drying and concen- 
tration of the extracts left the unsaturated amine 25d as a t  
crude brown solid, m.p. 168-170"; 0.48 g ;  6 1.05 (singlet, 
C-CH,), 6 2.44 (singlet, N-CH,), 6 5.9 (multiplet, 
c-1). 

Anal. Calcd. for C1,H2,CINO: C, 67.78; H, 7.58; N, 
5.27. Found: C, 67.72; H, 7.72; N, 5.13. 
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Quaternary Bases from Hunteria eburnea Pichsn 
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R. H. BURNELL, A. CHAPELLE, and M. F. KHALIL. Can. J. Chem. 52,2327 (1974). 
A re-examination of the quaternary alkaloids of Hunteria eburnea has shown the presence of 

antirhine a-methochloride 6, dihydroantirhine a-methochloride 7 (originally called H. alkaloid 
J), and pleiocarpamine methochloride 5 (H. alkaloid F). A novel structure (1) has been for- 
warded for hunteracine chloride (bromide). 

R. H. BURNELL, A. CHAPELLE et M. F. KHALIL. Can. J. Chem. 52,2327 (1974). 
On a rkexamine les alcaloides quaternaires de Hunteria eburnea: on y retrouve le e-metho- 

chlorure d'antirhine 6, le a-mCthochlorure de dihydroantirhine 7 (originalement appele alcaloi'de 
J de H.) et le methochloride de plCiocarpamine 5 (alcaloi'de F de H.). On propose une nouvelle 
structure (1) pour le chlorure (bromure) de l'hunteracine. [Traduit par le journal] 

Previous workers (1) investigating the quater- 
nary bases extracted from the bark of Hunteria 
eburnea Pichon identified (or established struc- 
tures for) six alkaloids and referred to six other 
compounds isolated in quantities insufficient for 
complete characterization. One of the salts 
described in some detail (hunteracine) analyzed 
for C2,H,,N20C1 and was assumed to contain 
among its structural members: 

R 

with the suggestion that R might be a hydroxyl 
group. The promise of an original structure 
prompted our isolation of more of this quater- 
nary base. Elemental analyses of both the 
chloride and the bromide convinced us that the 
original molecular formula should be changed to 
C,,H2,N20CI and the 283 m/e molecular ion 
in the mass spectrum supported our findings. 
The LLV. absorption and n.m.r. spectrum of the 
base chloride confirmed the partial structure 
and the changes in the n.m.r. on hydrogenation 
(to saturate the ethylidene moiety) were as 
expected. Hunteracine chloride (or bromide) 
proved remarkably stable; for instance, it could 
be purified by sublimation under reduced pres- 
sure and survived a variety of conditions 
normally used to degrade alkaloid salts. Several 
reactions attempted in basic medium produced a 

lRevision received February 28, 1974. 

tertiary base in varying amounts and this proved 
to be a pseudoindoxyl, obtained in very limited 
quantities by earlier workers (1). The best yields 
were obtained by refluxing the salt for short 
periods with potassium hydroxide in ethanol and 
elemental analysis (with mass spectral confirma- 
tion) established the molecular formula 
C,,H2,N20. The fragmentation of hunteracine 
cation and hunteracine pseudoindoxyl in the 
mass spectrum afforded major peaks at 122 and 
108 nzle; numerous examples have shown these 
to be indicative of the presence of an ethylidene 
piperidizie iuoiety (n.m.r. confirms the ethylidene 
side chain). 

To eliminate the ambiguity that chemical 
degradation would probably engender it was 
decided to determine the structure by X-ray 
diffraction. In a preliminary report (2) the struc- 
ture 1 was advanced for the hunteracine cation 
(discrepancy index 8.4%) and full details will be 
published shortly. From this structure the 
pseudoindoxyl must be 2. 

A plausible biogenetic origin for hunteracine 
would be via stemmadenine (3) necessitating 
degradative removal of the ester and carbinol 
functions and hydroxylation at the p-position 
of the indole. Transannular attack by the elec- 
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tron pair of the basic nitrogen on either an  
indolenine or  indolenium double bond would 
afford hunteracine (as in 4). Hunteracine chloride 
appears to be the first indole alkaloid wherein 
the C-2. of the indole moiety is incorporated in a 
quinuclidine system (in this case quinuclidinium). 

Among the other quaternary bases incidentally 
isolated. we identified the alkaloid F which on  
demethylation afforded pleiocarpamine, identical 
with a sample provided by Dr.  M. Hesse 
(Zurich). This is the first alkaloid isolated from 
this species as both the quaternary 5 and tertiary 
base (3) contrary to the suggestion ( I )  that 
yohiniboid precursors afford the quaternary 
alkaloids of H. eburnea while the tertiary bases 
belong to the aspidosperma-eburnea type. 

The properties of another quaternary chloride 
suggested it to be antirhine methochloride but 
comparison with a sample obtained from Dr.  
S. R. Johns (Melbourne) did not establish 
identity despite great simularity. This appeared 
to be another example of N, diastereomers, 
already noted for the hunterburnines (1).  In fact, 
demethylation of the new quaternary alkaloid 
with sodium thiophenoxide afforded a tertiary 
base showing all the properties reported for 
antirhine and conversion to the methochloride 
(via the methiodide) gave a product in all ways 
identical with the sample from Dr. Johns. 

Previous studies by Sawa and Matsulnura (4) 
have shown that laboratory N-methylation of 
tertiary bases with the antirhine skeleton gives 
only one product (the a-methochloride) and 
since in our case the natural salt is not thc same 
as the laboratory derivative, we feel the alkaloid 
is antirhine P-methochloride 6.  None of the 
products rcferrcd to in earlier H. eburnea investi- 
gations resemble antirhine P-methochloride but 

hydrogenation of the natural alkaloid afforded 
a dihydro derivative, C,,H,,N,OCI (6) (no 
18,19 double bond) identical with the product 
of unknown structure called H. alkaloid J. We 
also isolated the latter from the plant. The 
0-acetyl derivative of natural alkaloid J proved 
more soluble than the alcohol and afforded a 
clear n.m.r. spectrum showing the N-methyl 
singlet a t  3.2 6 (in CF,COOH). After demethyla- 
tion with thiophenoxide, reaction with methyl 
iodide, and exchanging the cation to chloride, 
the new methochloride showed the N-methyl 
singlet a t  3.5 6 (in CF,COOH). This agrees 
with earlier findings (4, 5) which show that 
N-methyl peaks in the n.m.r. spectra of trans- 
quinolizidinium salts (P-metho salts in our case) 
are found at  higher field than the cis-isomers. 

Experimental 
The methanol extract (8 kg) of the root and stem bark 

of H. eburnea was fractionated following essentially the 
method given by Taylor and co-workers (1). In our hands 
higher concentrations of water in acetone were needed to 
elute the products from the cellulose columns. The various 
chromatograms afforded the amounts shown in Table 1. 

Hrit7tertrcitze Cllloride (1 )  
Recrystallised from ethanol, m.p. 343' (dec.), [r.], 

-90' (c 0.1, in aqueous methanol): ?",,,,, (EtOH) 234 
(3.95) and 289 (3.49) nm (no change in acid or base); 
i.r. peaks at  3440, 3150 and 1620 (C-C) cnl-l ;  n.m.r.: 
1.67 (3H, d :  CH3-CH=C) and 5.20 ( IH ,  m. C=CH-) 
6;  mass spectrum: 283 (M+), 282 (base peak), 266, 265, 
172, 159, 158, 146, 137, 130, 124, 122, 121, and 108 m/e.  

Anal. Calcd. for C,8H23N20CI: C, 67.8; H ,  7.3; N, 
8.8; 0 ,  5.0; C1, 11.1. Found: C, 67.8: H, 7.3; N, 8.7; 0 ,  
5.0; CI, 11.2. 

The anion was exchanged on Perrnatit Isopor SRA-66 
bromide form resill In 50% aqueous acetone to give the 
bromide, m.p. 340' (dec.) after recrystallisation from 
acetone-water. 

Anal. Calcd. for CI8H2,N,OBr: C, 59.5; H, 6.3; N, 
7.7; 0 ,  4.4; Br, 22.0. Found: C, 59.6; H, 6.3; N, 7.9; 0, 
4.5; Br, 22.2. 

Dihydroh~interacitze Chloride 
Hunteracine chloride (70 mg) was hydrogenated over 

Adams' catalyst in 90% ethanol. After 1 mol of hydrogen, 
uptake ceased and the product showed m.p. 313-315" 
(dec.) from ethanol. The n.m.r. spectrum now showed: 
0.90 (3H, t J = 6.5 Hz) 6 and lacked peaks in the vinyl 
region. 

Anal. Calcd. for C,8H2,N,0CI: C, 67.5; H ,  7.8; N, 
8.7; 0 ,  5.0; C1, 11.1. Found: C, 67.5; H,  7.9; N, 8.7; 0 ,  
5.0; C1, 11.1. 

Hunterncine Pseudoindoxyl ( 2 )  
Hunteracine chloride (220 mg) was refluxed with 

potassium hydroxide (250 mg) in ethanol (50 ml) for 
30 min. After filtration and elimination of most of the 
ethanol the basic tertiary base (155 mg), as fine very pale 
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TABLE 1. Summary of chromatographic data 
- - -  - 

Yield (mg) from chromatogram* 

Alkaloid A B C D Total Remarks 

Hunteracine chloride (1) 400 560 520 250 1730 
Yohimbol methochloride 700 - 900 400 2000 
Hunterburnine a-methochloride 100 - 30 40 170 
Huntrabrine methochloride 15 - - - 15 
Hunterburnine a-methochloride 20 - - 50 70 
Pleiocarpamine methochloride (5) - 960 - - 960 = Alkaloid F 
Akuammicine methochloride - 20 - - 20 
Antirhine a-methochloride (6) - 500 900 200 1600 Not previously reported 
Dihydroantirhine j3-methochloride - - 630 350 980 - Alkaloid J 

- ... ~ - - ~ -  .- ~ 

*Briefly, the origins of the samples are the following: A,  crude chlorides; B, chlorides extracted nith CH,C12; C, chlorides 
not extracted with CH2C12 or adsorbed on  charcoal; D, chlorides not extracted with CH2Cl2,  desorbed from charcoal. 

yellow needles, was isolated by extraction, m.p. 235" 
(dec.), from ethanol, [a], -355" (c 0.1, in ethanol); 
?,,,, (EtOH) 229 (4.35) and 380 (3.48) nm; i.r. spectrum: 
3400, 3200, 1692, 1625 cm-' ;  mass spectrum: 282 (Mt ) ,  
281, 238, 237, 236, 210, 201, 196, 185, 183 (base peak), 
158, 130, 122, and 108 mle. 

Anal. Calcd. for C18H22N20 .C2H50H:  C, 73.1; H, 
8.6; N, 8.5; 0 ,  9.7. Found: C, 73.5; H, 8.3; N, 8.8; 0 ,  
9.4. 

Antirhine 8-Metlzoclzloride (6) 
From ethanol, n1.p. 306" (dec.), [aID +75 (c, 0.04, in 

ethanol); h,,, (EtOH) 222 (4.84), 272 (3.85) and 289 
(3.80) nm; n.m.r. spectrum (D,O): 7.1-7.7 (4H, ni 
aromatic protons), 5.54 (3H, m vinyl protons); mass 
spectrum: 311 (M+), 310, 296, 295, 265, 239, 225 (base 
peak), 223, 197, 184, 169, 156, and 143 n~le .  

Anal. Calcd. for C,oH2,N20CI: C, 69.2; H, 7.8; N, 
8.1; 0 ,  4.6; Cl, 10.2. Found: C, 69.0; H,  7.9; N, 8.1; 0 ,  
4.4;  C1, 10.2. 

0-Acetylantirhine j3-Methochloride 
This product, m.p. 306' (dec.) was prepared fro111 

antirhine j3-methochlorlde (I30 mg) using acetic anhydride 
(1 ml) and pyridine (2 ml) in a sealed tube at 85 for 40 h ;  
i.r. spectrum: 3130, 1740, 1245 cm-' ;  n.m.r. spectrum 
showed the CH,CO- resonance at 1.87 6 and a singlet at 
3.305 (N-CH,); mass spectrum gave 352 rnle as M + .  

Anal. Calcd. for C2,H29N20CI: C, 67.9; H, 7.2; 0 ,  
8 .2;C1,9.1 .Found:C,67.7;H,7.7;0 ,8 .1;C1,9.2 .  

Dihydroantirhine ~-Ailethochloride ( H .  alkaloid J) 
Antirhine a-methochloride (100 n ~ g )  in ethanol (50 ml) 

was shaken under hydrogen (50 p.s.i.) in the presence of 
1 0 z  palladium-charcoal (15 mg). The dihydro derivative 
crystallized from ethanol, m.p. 305' (dec.), [a], +71.4' 
(c 0.13, in water), and was identical with H .  alkaloid J 
which was obtained from the extraction; h,,,, (EtOH) 
220 (4.59), 272 (3.88), 282 (sh. 3.87), and 289 nm; i.r. 
peaks at 3390 and 3150 cm- ' ;  n.1n.r.: methyl triplet 1.2 6 
(J = 7 Hz and N-methyl 3.20 6 ;  n ~ l e  312 (M+).  

Anal. Calcd. for CZoH,,N,OCI: C, 68.9; H,  8.3; N, 
8.0; 0 ,  4.6; C1, 10.2. Found: C, 68.7; H, 8.1; N, 8.1; 0 ,  
4.5; C1, 10.3. 

Sealed tube acetylation afforded O-acetyldihydro- 
antirhine j3-methochloride, m.p. 303' (dec.), [a],, + 68' (c, 
0.1 in aqueous methanol); i.r. 3130, 1722, 1245 cm-I ;  

mle 355 (M+) ;  n.m.r. spectrum (CF,COOH) showed 
AT-methyl at  3.2, and CH,CO at 2.32 6. 

Antirhine a-Methochloride (Des-n'-rlzethj~/ntio~l an(/ 
AT-Methylation) 

Antirhine a-methochloride (221 mgj and sodium 
thiophenoxide (235 mgj were stirred together in ethanol 
(40 ml) for 20 min. The sodium chloride was removed by 
filtration and the solvent evaporated. The residue was 
dissolved in methyl ethyl ketone (100 ml) and refluxed 
under nitrogen for 36 h. Evaporation and extraction 
afforded the tertiary base, nntirlzir~e (135 mg) as pale 
yellow needles, m.p. 112-1 15', [a], -2- (c, 0.1 in chloro- 
form) (lit. (6) m.p. 112-1 14", [a], -2' all other physical 
data were in agreement with those published). 

Antirhine a-Merhiodide, n1.p. 288-290" (dec.) [a],, 
-24.4 (c 0.1 in ethanol) formed rapidly and almost 
quantitatively from methanol containing methyl iodide 

+ 
(n.m.r.: three proton -N-CH, singlet at 3.42 6). The 
methiodide was passed over a column of Perniutit Isopor 
SRA-66 (chloride form) in 50Y, aqueous acetone and the 
product crystallized from methanol-water giving arztirhine 
a-nzetl~ochlorin'e, m.p. 325-328 (dec.), [a], - 17.9- (c 
0.27 in aqueous methanol). Comparison with a sample 
kindly supplied by Dr.  S. R. Johns (Melbourne) con- 
firmed the identity of the product (i.r., t.l.c., L I . ~ . ,  and 
mass spectrunl). 

Dihj~droarltirhine a-Methochloride 
Demethylation of dihydroantirhine a-methochloride 

(with thiophenoxide) and treatment with methyl iodide 
gave dihydroantirhine a-rnerhiodide, m.p. 296-298" (dec.), 
which was converted to the a-methochloride on ion 
exchange resin. Recrystallization from ethanol-water, 
m.p. 310-312" (dec.), [a], -8" (c 0.13, in aqueous 
ethanol). The other physical characteristics of the 
a-isomer were very similar to the j3-isomer except the 
more prominent Bohlmann bands in the i.r. (2840 cm-') 
and the N-CH, peak in the n.m.r. (now at 3.5 6, taken 
in trifluoroacetic acid). 

Pleiocarpamine Merhochloride (= H ,  Alkaloid F )  ( 5 )  
Recrystallized from ethanol-water, n1.p. 242-243" 

(dec.), [a], + 165" (c 0.5, in aqueous methanol); h,,, 223 
(4.47), 274 (3.92), 283 (sh 3.87) and 292 (sh 3.75) nm;  
i.r. spectrum: 3460,3410, and 1737 cm- l ;  n.m.r. peaks at  
6.9-8 (arom), 5.65 (1H d), 4.99 (1H d), 3.70 (CH,OOC-), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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3.18 (A-CH~) and 1.58 (3H d CH3-CH=) 6 ;  mass 
spectrum: 375, 374, 373 (base peak), 337, 314, 313, 283, 
180, 122, 108 m/e.  (Note incorporation of halide, see 
ref. 7.) 

Anal. Calcd. for C21H25N,02CI.  HZO: C, 64.5; H, 
7.2; N, 7.0; 0 ,  12.3; CI, 9.1. Found: C, 64.3; H, 7.0; N, 
7.1; 0 ,  12.5; CI, 9.4. 

The 177erl1iodide (prepared by ion exchange), m.p. 230" 
(dec.) showed mass spectrum peaks at  464,405, 337, 180, 
128, 122 ~ n / e .  

Demethylation (thiophenoxide method) gave the 
tertiary base, pleiocarpamine, m.p. 158", [a],  + 1 3 4  (c 
0.2, in chloroform). Compared with a sample kindly sent 
by Dr .  M. Hesse (Zurich) the two products were identical 
(m.p., mixture n~ .p . ,  t.l.c., i.r., and mass spectrum). 

1. M. F. BARTLETT, B. KORZUN, R. SKLAR, A. F. 
SMITH, and W. I. TAYLOR. J. Org. Chem. 28, 1445 
(1963). 

2. R. H. BURNELL, A.  CHAPELLE, M. F. KHALIL, and P. 
H. BIRD. Chem. Commun. 772 (1970). 

3. M. F. BARTLETT, R. SKLAR, A. F. SMITH, and W. I. 
TAYLOR. J. Org. Chem. 28,2197(1963). 

4. Y. K. SAWA and H. MATSUMURA. Tetrahedron, 25, 
5319 (1969). 

5. T .  M. MOYNEHAN, K. SCHOFIELD, R. A. Y. JONES, 
and A. R .  KATRITSKY. J. Chem. Soc. 2637 (1962). 

6. W. JORDAN and P. J .  SCHEUER. Tetrahedron, 21,3731 
(1965). 

7. S. R. JOHNS, J. A. LAMBERTON, and J.  L. Oc- 
COLOWITZ. Aust. J. Chem. 20, 1463 (1967). 

We thank the National Research Council of Canada for 
operating and equipment grants. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Studies Relating to Aziridine Antitumor Antibiotics. Part I1.l 136 and 
lH Nuclear Magnetic Resonance Spectra of Mtomycin eC and Structurally 

Related Streptonigrin 

J.  WILLIAM k o w ~  AND ASNER BEGLEITER, 
Depnrtr?zenf of Chetni~tr j ,  University of AIbet.ril, Edmonton, Alberta 

Received November 15, 1973 

J. WILLIAM LOWN and ASHER BEGLEITER. Can. J. Chem. 52, 2331 (1974) 
Double irradiation experinlents in the 100 MHz a.1n.r. spectrum of mito~nycin C allowed de- 

termination of vicinal coupling constants which providc information on thc conformation of 
the antibiotic in solution. The natural abundance 13C spectrum and comparison with selected 
model conlpounds allowed assignment of the carbon resonances of niiton~ycin C.  The I3C 
chemical shifts of the quinone ring carbons in ~niton~ycin C have a bearing on the proposed 
stabilization in uico. Similar studies on the antit~imor antibiotic streptonigrin bearing the 
common arninoquinone moiety gave indications of conj~~gative interactions similar to those 
estabiished for mitomycin C. 

J. WILLIAM LOWN et ASHER BEGLEITEK. Can. J. Chem. 52, 2331 (1974). 
Des experiences de double irradiation du spectre r.m.n. a 100 MHz de la niitomycine C 

permettent de determiner les constalites de co~~p lage  vicinales: celles-ci apporteront de 
I'information sur la conformation de l'antibiotique en solution. On attribue les positions de 
resonance des divers carbones de la mitomycine C a I'aide de son spectre de I3C cn abondance 
naturelle et par conlparaison avec queiqucs composCs modeles. Les deplacements chirniques du 
I3C du noyau quinonique de la mitonlycine C apportent un appui B la stabilisation proposee it7 
cico. Au cours d'etudes sen~blabies sur la Streptonigrine, antibiotique antitumoral portant le 
m@me groupe amino-quinone, on a obtenc des resultats indiq~~ant  la presence d'interactions par 
conjugaisoli similaires a ceiles etablies pour la ruitomycine C. [Traduit par le journal] 

Mitomycin C and related structures of the 
mitosane class are potent antibiotics (1) and have 
found clinical use in Japan as antineoplastic 
agents (2). Considerable interest has been shown 
recently in their attempted total synthesis (3), 
the synthesis of analogs (4), and their biosynthesis 
from Str.epfor.11yces rerticallatus (5). We report 
spectroscopic studies including the natural 
abundance 13C spectrum of mitomycin C and 
the structurally related streptonigrili which 
pertain to the proposed stabilization of the 
former antibiotic i ~ z  vico (7) and which should 
assist in possible further biosynthetic studies 
employing the incorporation of 13C labelled 
substratesand in characterizing syntheticanalogs. 
Inforlnation is also obtained from the spin- 
decoupled 'H n.1n.r. spectrum on the confornia- 
tion of mitoillycin C in solution. 

A 100 MHz p.m.r. spectrum of mitomycin C 
in pyridine-d,, (see Fig. l), together with double 
irradiation experiments permitted assignment of 
all the proton signals and determination of the 

'For Part I see ref. 29. 
'NRCC Studentship holder 1970 to present. 

proton-proto11 coupling constants. The C-10 
methylene protons at 5.00 and 5.36 have uliequal 
couplings of 10.5 and 4.5 Hz to the C-9 methilie 
proton at 3.96. In addition the dihedral angle of 
H-C,-C,-H is 90c since the vicinal coupling 
constant J,, = 0, consonant with the molecular 
geoiuetry for the solid phase indicated by X-ray 
analysis for the N-brosyl derivative of the related 
antibiotic mitomycin A (7 substituent CW,0 
instead of -NH,) (7) and J,,. = 2.5 Hz. The 
observed value of J,, = 4.5 Hz is also consistent 
with cis-coupled aziridine ring protons. The 
broad signals in the region 6 3.7-4.6 (3H) were 
exchangeable with deuterium oxide and are 
ascribed to NH and NH, protons. 

This information on the conformation of 
initomycin C in solution is of interest in con- 
nection with its proposed inode of antibacterial 
action i.e. of intercalation and cross-linking of 
the complementary strands of DNA by bifunc- 
tional alkylation through reactive centers C-10 
and -1 at specific sites in the macromolecule 
(currently considered to be 0 - 6  positions of 
guanine) (8). 

A 13C noise decoupled n.m.r. spectrum in 
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TABLE 1. 13C chemical shifts in p.p.m. from TMS of antibiotics 
as 0.224 iM solutions in pyridlne-d, at  25.15 MHza 

- - -- - -- 

Mitomycin C Streptonigrin 
-- 

Chemical shlft Assignment Chemical shift Assignment 

56.1 6 7-0CH3 
17.8 q 

~ ~ 

CH3 
- 

"Lock signal pyridine-d,. Chemical shift data  ~is ing a 4K data set are  accurate t o  
z 0.05 p.p.m. 

, ., , 

5.0 4.0 3.0 

FIG. 1. 100 MHz p.m.r. spectrum of mitomycin C in 
pyridine-d,. 

natural abundance was obtained at 25.15 MHz 
on a 0.224 M solution of mitomycin C in 
pyridine-d, (see Table 1). All 15 carbon atoms 
are clearly distinguishable (singlets). The spec- 
trum can be divided into three regions, low field 
carbonyl carbons, middle range quinone ring 
and quaternary carbons, and saturated carbons 
at high field. The following carbons could be 
assigned readily: 6 158.0 (lOa, cf. ethyl carbamate 
carbonyl 158.4); 62.7 (10, cf. 2d-CH,OCONH, 
63.9 (see also (21)): 8.7 (6-CH,, cf. CH, signal 
of model 2e at  9.2). 

In contrast, the poor agreement for the 
positions of the quinone ring carbon signals with 
those of the quinone models (see Table 2) la-c 
as well as the poor agreement of the C-5 and -8 
carbonyl resonances of mitomycin C with those 
of la-c signified an unusual structure for the 
quinone moiety of mitomycin C. The stability of 
the oxidized form of the mitomycins has been 
attributed to resonance between forms A and B 
which results in partial withdrawal of electrons 
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LOWN AND BEGLEITER: AZIRIDINE ANTIBIOTICS. I1 2333 

TABLE 2. I3C chemical shifts in p.p.m. from TMS in pyridine-d, at  25.15 MHz 
--- 

Pyrr(o1)idine 
Quinone ring carbons ring 

- -- 

Structure 2 3 5 6 1 ' 2' CH3 Carbonyl Additional resonances 

l a  Benzoquinone 
Ib 2,5-Dimethyiquinone 
l c  Tetramethylquinone 
2a 
2be 
2c 
2d 

QC=O of 2-side chain 
b ~ l '  of 2-side chain 

of 2-side chain 
"olvent (CD,),SO 
PSolvent CDCI, 

from N-4 into the quinone ring and consequent 
stabilization of the 9a-methoxy substituent, an 
otherwise good leaving group (6). NADP- 
dependent enzymatic reduction of mitomycins 
to the hydroquinone form is considered to release 
the indole nitrogen pair to promote expulsion of 
the bridgehead alkoxy group (6a). Pullman and 
Pullman have pointed out the strong conjugative 
interaction of groups directly attached to the 
quinone ring (6b). 

Since similar conjugative interaction has been 
established in simple aminoquinones by other 
spectroscopic means (9), we sought information 
on this (A tt B) interaction and confirmation of 
the 13C signals of mitoinycin by examining 

0 

a R, = R4 = CH3; R1 = R3 = Pyrrolidine 
b R, = R, = H ;  R1 = R3 -- Pyrrolidine 
c R2 = R4 = CH3; R1 = R3 = 3-Pyrroline 
d R2 = €H3; R4 = CHzCHzOCONH2; 

R, = R3 = Pyrrolidine 
e R2 = R4 = CH3; R1 = R3 = NH2 

further model compounds 2 and 3 (see Table 2). 
The introduction of the 2,5 nitrogen substituents 
particularly the amino groups in 2e in these 
quinones produced much better agreement in 
the line positions for C-8 and -5 carbonyls at 
178.6 and 176.8, respectively. Model 2e permits 
the assignment of C-7 at 150 and C-5a at 156.0, 
and of C-6 and -8a ring carbons at 104.5 and 
107.0, although at present the latter pair may not 
be discriminated further. Comparison of models 
3a and b indicates an upfield shift of the aziridine 
carbons due to an adjacent oxygen function. On 
this basis C-1 and -2 in mitomycin C were 
tentatively assigned values of 36.8 and 32.8, 
respectively. The 62.66 p.p.m. absorption became 
a triplet by off-resonance decoupling confirming 
its assignment as C-10. The only other triplet 
signal at 50.67 is therefore unambiguously 
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assigned to C-3, also assigned by reference to 
models 2a and b. Two signals appeared as 
doublets at  49.7 and 8.7 and they may well be 
actual quartets. The latter information together 
with the methyl assignment in 2e confirms the 
6-CH, carbon assignment and therefore the 49.7 
peak was ascribed to the 9a-methoxy carbon. 
The line position is also in excellent agreement 
with literature values of 51.0 p.p.m. for methoxy 
groups (lo). 

Three signals appeared as doublets at  44.5, 
36.8, and 32.8 p.p.m. corresponding to the 
required three methines in mito~nycin C. The 
high field pair at 36.8 and 32.8 were assigned to 
the aziridine carbonyls 1 and 2, permitting the 
assignment of C-9 at 44.5 p.p.m. The eight 
signals which remained as singlets as required 
by the structure have all been assigned. 

The presence of the o-aminoquinone moiety in 
mitomycin C, as well as in the antineoplastic 
agents streptonigrin 4 (1 I) and actinomycin 5 (1 1) 
(and the structurally related aurantins (12)), as 
well as in the ansa-antibiotics rifamycin 6 (1 3) and 
geldanamycin (14), increases the interest in these 
assignments. 

Streptonigrin is an antibiotic which is derived 
from Strepton~yces Jlocc~llus (1 1). Streptonigrin 
and mitomycin C are slrnllar in a number of 
important respects (15, 16): (a) both contain the 
aminoquinone moiety; (b) both selectively 
inhibit net DNA synthesis in bacterial cells (17); 
(c) both initiate bacterial DNA degradation; 
(d) both induce lysogenic bacteria; and (e) DNA 
synthesis, as measured by phage production can 
be restored by phage infection or induction in the 
presence of either antibiotic. 

Although there is as yet no firm evidence on 
the mode of antitumor activity of streptonigsin 
(18), the primary cytotoxic activity appears to 
be connected w ~ t h  inhibition of DNA synthes~s, 
as in the case of mitomycin. When salmon sperm 
and Eschericl?ia coli DNA were treated with 
streptonigrin at concentrations of 15 pg/ml the 
thermal denaturation temperature was increased 
(19). Significantly the viscosity of DNA was not 
affected by the drug unless it was first reduced 
to the hydroquinone form in the presence of 
D N A  which is precisely what happens with 
mitomycin. This points to the biological signifi- 
cance of the common aminoquinone moiety in 
these drugs. Therefore a 13C 1l.m.r. spectrum of 
streptonigrin in pyridine-d, was obtained and 
the assignments are summarized in Table 2. All 

25 carbons are clearly visible and several firm 
assignments could be made ciz. CH, at 17.8 
(quartet) and three -OCH, groups at  60.5, 
60.1, and 56.1 (quartets, cf. comparable signal in 
mitomycin C). Four signals only displayed 
doublet multiplicity as required by 4, 133.5, 
126.2, 125.4, and 105.1. Of these the latter two 
are ascribed tentatively to 8' and 9', respectively, 
on the basis of substituent shift predictions from 
2,3-dimethoxy-6-phenylphenol as a model (20). 
The 13C spectrum of picolinic acid served to estab- 
lish the position of the carboxyl carbon (at 167.8 
in good agreement with that in streptonigrin at 
168.3) and as a base for substituent shift predic- 
tions, also the general positions for carbons on 
pyridine rings. Further assignments were made 
possible on the basis of substituent shift predic- 
tions from 5-amino-4,6-diphenyl-3-methyl-2-pi- 
colinic acid. It is recognized that the additivity 
relationships for four substituents have severe 
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limitations so they are used only as a guide in the procedure o f  Crosbj and Lutz (221, m.p. 149-150.5" 

the line assignments. (lit. (23) m.p. 149-150"). 

These results now permit the assignment of 2,~-~is(pyvr~~i~inO)i~,4~benz04UinOMe (2b) 
the quinone carbonyls in streptonigrin at 181.1 This compound was prepared in 62% yield essentially 
and 176.9, The similarity in the positions with by the procedure o f  Crosby and L L I ~ Z  (22), m.p. 245-250" 

those of the aminoquinone model 2e as well as (dec.) ( l i t .  (24) m.p. 238-240"). 

those of mitomycin suggests a similar conjuga- 2,5-Dimeth~~l-3,6-bis(3-py~~olino)-1,4-benzoqui1one (2c) 
tive interaction of the 7-NH2 function in strepto- This compound was prepared by a literature procedure 

nigrin. ~ ~ ~ ~ i l ~  of the synthesis of mitomycin (22). Upon heating it changed from a purple to a white 
solid between 164-172" and melted at 242.5-244.5". 

based On structures and the Anal. Calcd. for C 1 6 H 1 8 N Z 0 2  (mol. wt. 270.1368): C ,  
of the spectroscopic results in this paper to their 71.09; H, 6.71; N ,  10.36. Found 270.1360, (mass spec- 
characterization will be described in a subsequent trum): C, 70.89; H, 6.48; N ,  9.96. 
paper. The i.r. spectrum v,,, (CHCI,): 1610 cm-' (C=O). 

The 'H n.m.r. spectrum S T M S  (CDCI,): 2.02 ( s ,  6H, CH,); 
4.54 (s, 8H, methylenes); 5.85 ( s ,  4H, vinyl). 

Experinnental 
2- (2'-Cavbamoyloxyethyl) -5-nzetlzyl-3,6-bis(pyrro1idino) - 

Melting points were determined on a Fisher-Johns 1,4-benzoquinone (2d)  
aPParatLls and are u~~c~rrec ted .  The i.r. spectra were A solution o f  0.40 g (2 mmol) o f  freshly crushed cupric 
recorded on a Perkin-Elmer ~ o d e l  421 spectrophoto- acetate monohydrate and 0.85 g (12 m1no1) o f  pyrrolidine 
meter and only the principal, sharply defined peaks are in 20 ml o f  methanol was purged with oxygen. While 
reported. The n.m.r. spectra were recorded on a Varian bubbling oxygen through the reaction mixture, a solution 
HA-100 analytical spectrometer. The spectra were o f  0.418 g (2 mmol) o f  2-(2'-carbamoyloxymethyl)-5- 
measured on approxilnately 10-15% (w/v)  solutions in methyl-1,4-benzoquinone (25) was added at s~rch a rate 
CDC~, ,  with tetramethylsilane as a standard. Line that the temperature remained between 20-30'. Oxygena- 
positions are reported in p.p.m. from the reference. tion was continued for 1 h after all the quinone had been 

Noise decoupled I3C n.m.r. spectra in natural abun- added. The solution was concentrated to cn. 5 ml and 
dance were obtained at 25.15 MHz in 12 m m  spinning chromatographed on a column o f  neutral alumina 
tubes in p~ridine-d, solution on a Varian HA-100-15 (Woelm), eluting with methanol. The first fraction was 
instrument using tetramethylsilane as internal reference. collected and evaporated affording 0,367 (53% ',yield) 
Typically for mitomycin C a total o f  4000 scans were o f 2 , j a s  an oil, 
made for multiscan averaging and accumulated with an ~ ~ 1 ,  w t .  Calcd. for c,,H,,N,o,: (347.1845). Found 
interfaced Digitab FTS/NMR 3 data system. Additional (mass spectrum): 347,1847. 
13C spectra were determined at 22.63 MHz in 10 m m  ~ h ,  1~ n,m.r. spectrum ZTMS ( C D C I ~ ) :  1.94 ( s ,  3H, 
spinning tubes in the Fourier mode using a Bruker CH,);  1.89 and 2.04 (2m, 4~ each, H~ and H ,  o f  pyr- 
HFX-90 spectrometer in conjunction with a Nicolet-1085, rolidine rings); 2.85 ( t ,  2 ~ ,  H,, J,, = 2.5 H ~ ) ;  3.36 and 
20 K memory computer. The spectrometer features a 3.74 (2m, 4H each, H, and H, o f  pyrrolidine rings) ; 3.95 
deuterium lock system, a BSV-2 random noise (800 Hz ( t ,  2 ~ ,  H ~ ) .  
band-width) proton decoupler, and a BSV-2 pulse 
generator-amplifier. Mass spectra were determined on 2,5-Diamino-3,6-dimetlzyl-1,4-benzoquinone (2e) 
an Associated Electrical Industries MS-9 double focusing This compound was prepared by the procedure o f  
high resolution mass spectrometer. The ionization energy, Zee-Cheng and Cheng (4b), m.p. 309-310" (lit. (4b) m.p. 
in general, was 70 eV. Peak measurements were made by 310-312"). 
comparison with perfluorotributylamine at a revolving 
power o f  15000. Kieselgel DF-5 (Camag, Switzerland) 6-f4'-Bromo~henyl)-3,6-diazabicycio[3.1.01hexane (3a) 
and Eastman Kodak precoated sheets were used for t.1.c. This compound was prepared in 48% yield by an 
Microanalyses were carried out by Mrs. D. Mahlow o f  adaption o f  a procedure due to Oida et al. (26) using a 
this department. Pyrex filtered 200 W Hanovia high pressure mercury 

lamp for 6 h ,  m.p. 114-115.5" (lit. (27) m.p. 115-116°). 
Materials 

Commercial mitomycin (Calbiochem Inc.) was used 6-(4'-Nitrophenyl)-3,6-diazabicyclo[3.1.0]hexa-2,4-dione 

and characterized spectroscopically as follows. Infrared (3b) 
spectrum v,,, ( ~ ~ j ~ l ) :  1595; 1720 (ocONH,); 1700 This compound was prepared in 30% yield by the 

(quinone c=o), 3260, 3300, 3420 cm- 1 (NH,NH,) .  procedure o f  Davis and Rondesveldt (281, m.p. 243-245" 

Absorption spectrum A,,, (CH,CN (log E): 540 (3.43); (lit. (28) m.p. 2450). 

359 (5.37); 350 (5.32); 240 (sh) (5.03)). Mass spectrum: 
base peak 334 (M - CH,OH). This research was supported by grants to J .  W .  L. from 

pure streptonigrin was kindly supplied by  Dr. H .  B, the National Research Council o f  Canada and the 

wood,  ~ i ~ i ~ i ~ ~  o f  cancer T ~ ~ ~ ~ ~ ~ ~ ~ ,  ~ ~ ~ i ~ ~ ~ l  ~~~~i~~~~~ National Cancer Institute o f  Canada and by the Chemistry 

o f  Health. Department, University o f  Alberta. W e  thank Dr. A. 
Hoaa and Mr. R .  Swindlehurst for the mass and n.m.r. 

2,5-Dimethyl-3,6-bis(pyr~olidino)-1,4-6enzoquinone (2a) spectra. W e  also wish to thank Dr. T .  Nakashima for 
This compound was prepared in 17Z yield following careful I3C spectra. 
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Radioisomesization and Photoisomerization of Liquid 2 -Butenes in the Presence 
of Sulfur Compounds 

Dipartenlent des Scietlces Plwes, Uni1,ersitP du Q u b b e ~  ir Chicoufitni, Chicoutit?~i, Q~ribec  G7H 2BI 
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GUY J. COLLIN, PATRICK M. PERRIN, and F R A ~ C O I S  X. GAR~UEAU. Can. J. Chem. 52, 2337 
(1974). 

The liquid phase radiolysis and photolysis of cis- and tran3-2-butenes were studied in the 
presence of various additives. A very efficient isomerization of 2-butenes was achieved by the 
addition of thiols of low molecular weight (hydrogen sulfide, methyl and isopropyl mercaptans). 
In  the absence of molec~~lar  oxygen, we have observed G values (trans-2-butene) of the order of 
90 000. On the other hand, little or no isomerization occurred in the presence of carbon disulfide, 
sulfur hexafluoride, and rert-dodecylmercaptan. Although the majority of the additives have no 
effect on the 2-butene:hydrogen sulfide system, conjugated diolefins block the isomerization 
reaction. These diolefins disappear from the reaction mixture. 

GUY J. COLLIN, PATRICK M. PERRIN et F R A N ~ O I S  X. G A R ~ E A U .  Can. J. Chem. 52,2337 (1974). 
La radiolyse et la photolyse en phase liquide des cis- et trans-butene-2 ont Ctt etudiees en 

presence de differents additifs. L'addition de derives thiols ICgers (hydrogene sulfuri, methyl et 
isopropyl mercaptans) isomerisent les deux 2-butenes l'un dans I'autre dans un mecanisme tres 
efficace. En l'absence d'oxygene n~oleculaire, on a releve des rendements G (rran~-butene-2) de 
I'ordre de 90 000. Par contre, le bisulfure de carbone, l'hexafluorure de soufre et le rert-dodecyl- 
mercaptan n'ont pas ou peu d'effet en faveur de I'iscmCrisation. Alors que la majorite des 
impuretks ajoutees sont sans effet sur le systeme butene-2: hydrogene sulfuri, les diolCGnes 
conjuguees bloquent l'isomerisation. Ces diolefines conjuguees disparaissent du milieu reac- 
tionnel. 

Introduction 
The synthesis of thiols by radiochemical and 

photochemical methods is well known (1-5). The 
mechanism of t h ~ s  synthesis in the presence of 
large quantities of hydrogen sulfide is the follow- 
ing : 

[I]  H2S + IIV + HS t H 

[2] HS + RCH = CH2 -> RCH-CH,SH 

[3] RCHCH25H f H2S RCHZCH2SH + HS 

[4] 2 RCHCH2SH -. 
RCH(CH2SH)CH(CH2SH)R 

I n  the course of the study of the vacuum u.v. 
photolysis of olefins in the presence of small 
quantities of hydrogen sulfide, the main reaction 
observed was that of the cis-trans isomerization 
of the olefins (6): 

[51 HS + c i ~ - 2 - C ~ H *  $ C4H8SH 

161 C4H8SH $ tran~-2-C,H~ + SH 

Recently, we have shown that the isomeriza- 
tion reaction was also important in the near u.v. 
gas phase photolysis of cis-2-butene in the pres- 

ence of 1 0 7  hydrogen sulfide (7) In the present 
work we have studied the rad~olysis and pho- 
tolys~s of crs- and trans-2-butenes In the l iqu~d  
phase and In the presence of low percentages of 
sulfur compounds. The G values and the effect 
of cer ta~n pre-selected add~tives were used to 
d e t e r ~ n ~ n e  the mechan~sm of the isomer~zation 
reactlon 

Experimental 
The near U.V. experiments were carried out using a 

Hanovia high pressure quartz mercury-vapor lamp. 
Samples were prepared in a Pyrex tube fitted with a high- 
vacuum stopcock. The radiolytical and analytical tech- 
niques have for the most part been described as well as the 
amount of energy and the rate of absorption of energy 
used (6). All the irradiations were done at room tempera- 
ture. G values were calculated from the energy absorbed 
by 2-butene. A column of iz-octane - porasil C 120/150 
mesh was also used to separate the cis- and rran.r-2- 
butenes. cis-2-Butene (99.0%) and trans-2-butene (99.0%) 
(Matheson of Canada Ltd.) were used as received after 
being degassed. cis-2-B~~tcne contained trans-2-butene 
(0.50%) and 1,3-butadiene ( r l l 0 p . p . m . ) .  trans-2- 
Butene contained ci~-2-butene (0.35%) and 1,3-butadiene 
(2210  p.p.m.). tert-Dodecylmercaptan (B.D.H. techni- 
cal) was used as received after being degassed. 
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Results 
The addition of a small amount of hydrogen 

sulfide to either cis-2-butene or trans-2-butene 
has a marked effect on the yield of the isomer of 
the compound irradiated (Fig. 1). The abso- 
lute yield of the isomer increases as a function of 
the time of irradiation and thereby as a func- 
tion of the total amount of energy absorbed. In 
the case of cis-2-butene, the system tends to  
evolve rapidly towards a stationary state close 
to the thermodynamic equilibrium. The isomeri- 
zation of trarzs-2-butene seems to be much 
slower. As a function of the percentage of hydro- 
gen sulfide, the final ratio of trar~s/(cis + trans) 
reaches a maximum at a hydrogen sulfide/cis- 
2-butene ratio of the order of 0.02-0.03 (Fig. 2). 
With methylmercaptan, the maximum is reached 
a t  a methylmercaptanlcis-2-butene ratio of the 
order of 0.04-0.06 (Fig. 2). Most of the additives 
are without notable action on the isomerization 
with the exception of oxygen (Table 1) and 
pentadienes (Table 2). Moreover, trans- 1,3- 
pentadiene disappears from the reaction mixture 
with a G value greater or equal to 100 depending 
on its initial concentration. 1,4-Pentadiene has a 
lesser effect than trans-1,3-pentadiene. Finally, 
by changing the nature of the sulfi~r derivative, 
it is observed that the property of isomerization 
is common to derivatives with the formula RSH; 
sulfur hexafluoride and carbon disulfide do  not, 
or to only a slight extent, favor isomerization in 
comparison with that obtained with hydrogen 
sulfide and low molecular weight thiols ( ~ a b l e ~ 3 ) .  

- - ___  
trans- 2- C4HB 

100 300 500 
minutes 

FIG. 1. Radiolysis of liquid cis-2-butene (A)  and 
trans-2-butene (0) in the presence of hydrogen sulfide. 
The variation of the final trans/(cis + trans) ratio us. the 
irradiation time (HzS/2-C4H8 = 0.033). 

VOL.  5 2 ,  1974 

o---'---- 0.12 0.20 
RSH / cis-2- C4Hs 

FIG. 2. Radiolysis of liquid hydrogen sulfide: cis-2- 
butene mixtures. The variation of the final composition 
us. the RSHlcis-2-C4H8 ratio (irradiation time, 30 min.); 
CHjSH,O; H,S,O. 

TABLE 1. Radiolysis of liquid cis-2- 
butene:Hydrogen Sulfide: additive 

(100 :3.3 :x)" mixtures 
-- --- 

Additives (x) G (trans-2-butene)' 

- 

0,(100 Torr) 
SFc(10) 

CH3C1(20) 
CH30H (5) 

NzO ( 2 )  
CHBC r CH (25) 

CsHs(l-3) 
CH3C,H, (1) 

CH3COCH3 (3) 
CH30CH, (0.7) 

OIn the absence of hydrogen sulfide, the C (trans-2- 
butene) values are io\%er than 100. 

bRadiolysis of pure cis-2-butene, from ref. 20. 
[Irradiation time, 30 min. 

The isomerization was also shown to be an 
important reaction in the photolysis of liquid 
cis-2-butene in the presence of hydrogen sulfide 
in the near u.v. region. In addition, we have ob- 
served that in this system tert-dodecylmer- 
captan does not favor the isomerization reaction. 

Discussion 
The presence of a small amount of hydrogen 

sulfide catalyzes to an important extent the 
radioisomerization of cis-2-butene to trans-2- 
butene and vice versa. The amount of 2-butene 
measured after the irradiations is essentially 
identical to that contained in the samples before 
irradiation. There would then be very few sulfur 
addition products, although the irradiated 
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COLLIN ET AL.:  PHOTOLYSIS OF 2-BUTENES 

TABLE 2. Radioisomerization of liquid cis-2-butene:hydrogen 
sulfide : pentadiene (100 :3.3 : x )  mixturesa 

---- 
-ppp---p-p.- - -- 

G 

Pentadiene x 1rans-2-C~H~ t~ans-1,3-C~Hg 

tm~ns-1,3-Pentadiene 
1.16h 500 ? 100 -940 f 100 
0.33 2400 + 500 -270 f 75 
0.13 4100 + 500 -100 + 30 

1,4-Pentadiene 
3.45' 11 800 i 1000 d 

0.66' 32 000 < 10 
0.13' 44 500 < 10 

- 
alrradlatlon tlme, 30 mrn. 
bG (~1~-1,3-pentadrene) = 9 i. 2. 
CC (-(1,4-pentadlene)) < 100. 
dNot measured. 

TABLE 3. Radioisomerization of cis- 
2-butene in the presence of 

sulfur compounds" 
-- - ----- 

Additives (3.373 G (rruns-2-C4Hs) 

SF, < IOO 
cs2 400 + 80 
HzS 80 000 

CH3SH 87 000 
(CH,),CHSH 42 000 
(CH,),CSH 5500 

OIrrad~atlon time, 30 mln. 

samples have a pronounced odor of sulfur com- 
pounds. The shape of the curve (Fig. 2) is 
similar to that observed in the gas phase. First 
of all, between 0 and 3% hydrogen sulfide in 
cis-2-butene, the yield of trans-2-butene in- 
creases regularly to  reach a maximum value. 
F o r  concentrations of hydrogen sulfide greater 
than 4%, the yield in the tram isomer decreases 
slowly, contrary to the resr~lts obtained in the 
gas phase. This decrease may be explained by 
the formation of mercaptans (reaction 3). I t  
should be noted however that the process of 
initiation of the reaction is different from that 
indicated above. In the radiolysis experiments 
and in the presence of low concentrations of 
hydrogen sulfide, the majority of incident energy 
is absorbed by the 2-butene. Then the mechanism 
of initiation is probably as shown in reactions 
7 and 8, where R is a free radical, H the hydro- 
gen atom, and R'R" a neutral molecule. 

[7 1 2-C4H8 -+ R, H, R'R" 

181 R + HzS + RW $ HS 

Effect of Various Additices 
In  radiochemistry, the reaction processes are 

a priori more varied than those obtained in the 
photolysis at  8.4 eV (8). The electronic scaven- 
gers such as methyl chloride (9) and sulfur hexa- 
fluoride (10-12) have no notable efrect on the 
isomerization in the presence of hydrogen sul- 
fide (Table I) .  The slight influence of nitrous 
oxide is probably caused by the small amount of 
oxygen formed by the radiodecomposition of 
the nitrous oxide (13). The fact that methanol 
has no effect casts doubt on the intervention of 
positive ions (at least those having a long enough 
lifetime in the system). The complete absence of 
isomerization in the presence of molecular oxy- 
gen is indicative of a radical mechanism of iso- 
merization (14). Finally, the observation that 
the isomerization is an  important reaction when 
the source of radiation is u.v. light, lends further 
support to a non-ionic mechanism. 

Very few organic compounds intervene in the 
mechanism of isomerization. In  the absence of 
hydrogen sulfide, benzene, toluene, acetone, and 
dimethyl ether have but little effect and if the 
isomerization occurs (1 5), it does so with yields 
much below those observed in the presence of 
hydrogen sulfide (Table 1). We can then con- 
clude that the isomerization mechanism is 
particular to  hydrogen sulfide and its derivatives. 

Diolefins have a strong negative effect (Table 
2), as was previously observed in gas phase 
vacuum U.V.  photochemistry (6). In  the case of 
trans-1,3-pentadiene, the low G value of cis- 
1,3-pentadiene and the large negative G values 
for the trans isomer are suggestive of the inter- 
mediacy of a resonance stabilized addition com- 
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plex (16), which inay fi~rther react with hydrogen 
[91 HS + trans-1,3-C,H, -t C,H,SH 

sulfide to give addition products. The disap- 
pearance of the conjugated diolefins is in accor- 
dance with a kinetic chain mechanism. In the 
case of 1,4-pentadiene its influence was less than 
that of 1,3-pentadiene. The effect of the former 
is probably related to the mobility of the doubly 
allylic hydrogen atoms of this compound. 

The irradiation of cis-2-butene in the presence 
of sulfur compounds other than hydrogen sulfide 
was also studied (Table 3). Carbon disulfide also 
initiates the isomerization but with much lower 
yields. The sulfur atoins formed by the radio- 
decomposition of the disulfide are probably re- 
sponsible for this isomerization as is the case in 
the gas phase (17). Sulfur hexafluoride has little or 
no effect. However, methanethiol was observed to 
be an initiator of comparable efficiency to hydro- 
gen sulfide. This was shown by a comparison of 
the extent of isomerization at  low concentrations 
of the sulfiir compounds (Fig. 2). At higher con- 
centrations, comparisons are difficult due to the 
increasing importance of competing reactions. 

2-Propanethiol is a good initiator for the 
isomerization. In contrast, 2-methyl-2-propane- 
thiol initiates the isomerization to a lesser ex- 
tent. A study of molecular models shows that 
rotation about the central C-C bond of the 
complex C,H,SC(CH,), should be difficult be- 
cause of steric hindrance. The same situation 
probably holds true for tert-dodecylmercaptan-. 
zsomerization of traris-2-Butene 

In the gas phase, it was shown that cis-2- 
butene isomerized about three times faster than 
trans-2-butene. I11 the liquid phase, the observed 
rate of isomerization of trans-2-butene is at  
least an order of magnitude smaller than that of 
cis-2-butene (Fig. 1). This difference can be ex- 
plained either by a thermal effect or by the pres- 
ence of impurities in the reaction mixture. The 
addition of the thiyl radical to 2-butene is exo- 
thermic. The reverse reaction is then endother- 
mic. The high frequency of collisions in the 
liquid phase possibly allows a deactivation of the 
intermediate complex (HSC,H,). It is, however, 
more likely that this difference may be explained 
by the presence of different quantities of 1,3- 
butadiene in the two 2-butenes before irradia- 
tion. Other work is in progress to study this 
point. 

Thermocl~emistry and Kinetics 
Calculations of the thermicity of the addition 

reactions of thiyl radicals to cis-2-butene were 
carried out using the method of Pitts and co- 
workers (18). All these reactions were shown to 
be exothermic by about 11 kcal molpl (19). 

The radiochemistry of liquid 2-butenes is 
known (20), and the yields of free radicals were 
measured. The total yield of free radicals is of 
the order of 3.0/100 eV (21). If it is only these 
free radicals which react with the hydrogen 
sulfide, it is then possible to estimate the chain 
length of the isomerization mechanism. The 
values of the chain lengths are then three times 
smaller than the G (isomerization) values. 

We wish to thank the Universite du Quebec a Chicou- 
timi and the National Research Council of Canada for 
their financial support of this work. 
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RCactions des ions iso-C4H,+ et t-C4H,+ avec I'isobutene en phases 
liquide et gazeuse 

Dep(rr.tement des Scierrces Ptrres, UniversitP dtr QrrPbec u Ckicoritimi, Clzicoutin~i, QrreOec G7H 2BI 

G. J. COLLIN. Can. J. Chem. 52, 2341 (1974). 
On a etudie la radiolyse en phases liquide et gazeuse du neopentane. En phase liquide on a 

montre que l'ion iso-C,H,+ reagit au moins aussi vite avec I'isobutene qu'akec le methylcyclo- 
pentane. L'ion t-C4H9+ reagit au moins 10 fois plus vite avec I'isobutene et la reaction princi- 
pale est la reaction de transfert de proton en resonnance avec I'isobutene. Moins de 5% des ions 
t-C4H9+ s'additionnent sur I'isobutene. En phase gazeuse, la reaction de condensation est plus 
importante que la reaction de transfert de proton en resonnance, puisque le transfert de proton 
ne compte que pour environ 30% du total: k(addition)lk(transfert) 2: 2.35 i 0.15. Enfin le 
transfert d'un deuteron en resollnance est environ 2.9 fois plus lent que le transfert d'un proton. 

G. J. COLLIN. Can. J. Chem. 52, 2341 (1974). 
The radiolysis of neopentane has been studied in gas and liquid phases. It was shown that, 

in the liquid phase, the iso-C,H,+ ion reacts at  least as quickly with isobutene as with methyl- 
cyclopentane. The t-C4H9+ ion reacts at  least 10 times more rapidly with isobutene and the 
main reaction is one of resonant transfer of a proton with isotubene; fewer than 5% of the 
t-C4H,+ ions add to isobutene. In the gas phase, the condensation reaction is more important 
than that of resonant proton transfer since proton transfer represents only 30% of the total 
reaction: k(addition):k(transfer) cr 2.35 F 0.15. Finally, the resonant transfer of a deuteron 
occurs about 2.9 more slowly than proton transfer. [Journal translation] 

La radiolyse du  nCopentane est bien connue. 
Ce systeme prksente des qualitks qui permettent 
une interpretation relativement simple des pro- 
cessus chimiques initits par le rayonnement. 
Citons, par exemple, la syrnitrie de la molkcule, 
le nombre limite de liaisons differentes, et la 
faible rCactivitC du nCopentane lui-meme. C'est 
donc un systeme approprii pour Ctudier l'effet 
des intercepteurs, des impuretks, ou meme des 
produits issus de la radiolyse sur la radiolyse elle- 
meme. Nous ne reviendrons pas ici sur les re- 
actions radicalaires engendrCes dans ce systitme 
qui ont fait l'objet d'un travail excelle~lt ( I ) ,  ni 
sur l'effet de 1'isobuti.ne sur ces reactions radica- 
laires (1). Nous voulons porter notre attention 
sur les riactions ioniques engendries dans ce 
systeme, et de l'influence de l'isobutitne sur ces 
reactions. Cette etude fait donc suite a celle des 
rkactions ioniques dans le nCopentane pur (2a). 
Nous Ctendrons enfin cette i tude aux rCactions 
entre l'ion tertiobutyle et l'isobutkne en phase 
gazeuse. 

'Chercheur invite (1968-1969). Radiation Chemistry 
Section, National B u r e a ~ ~  of Standards, Washington, D.C. 
20234. Ce travail a ete en partie subventionne par la 
Commission de I'energie atomique des Etats-Unis. 

La plupart des techniques expirimentales ont i t6 de- 
crites (2). 11 sufit de rappeler que la vitesse de dose ab- 
sorbee par le neopentane est de 0.53 x 1019 eV mol-' s-' 
sauf dans les cas indiquCs. Toutes les irradiations ont ete 
faites B la temperature de la chambre. Tous les echan- 
tillons contiennent de l'oxygene. La pression est de 100 
Torr d'oxygene mesures a 77 'K. La solubilite de I'oxy- 
gene dans ces conditions est d'environ 0 . 3 z  (3). L'analyse 
chromatographique des Cchantillons irradies et les 
analyses par spectrometrie de masse ont ete, elles aussi, 
decrites ailleurs (2). 

Les rendements indiquks sont exprimes en 
valeurs G(X) oh G(X) est le nombre de molCcules 
du produit X formkes par 100 eV d'energie ab- 
sorb& par le nkopentane. 

( A )  En phase liquide, les rksultats prksentks 
completent ceux qui ont deja Cte publiCs (2a) 
et ils sont rappelCs dans les trois tableaux et les 
deux premieres figures de ce texte. I1 faut men- 
tionner seulement que l'addition d'isobuthe-d, 
au mklange neopentane : mCthylcyclopentane- 
d l ,  : tktrachlorure de carbone: oxygene (100: - 
9.2: 2.8: 0.3) fait dCcroEtre tous les rendements en 
isobutane sauf celui de l'iso-C,H,, (fig. 1). Par 
contre, il y a augmentation du rendement en 
chlorure de t-butyle (t-C,H,Cl) (fig. 2). Ces 
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Rapport iso-C4H8 /ns'o-C5 HIp 

FIG. 1. Radiolyse du ntopentane liquide: nCo- 
C5HI : cyclo-C5D9CD3 : CC14: O2 (100: 9.2: 2.8 :0.3). Va- 
riation des rende~nents en isobutane avec le pourcentage 
d'isobutene ajoute. 

1.01 , , , , i 
0 0.04 0.08 0.12 0.16 0.20 

Rapport iso-C4He /nee-GsH12 
FIG. 2. Riidiolyse du neopentane liquide: neo- 

C5H12:cyclo-C,D9CD3: CC14:02 (100:9.2:2.8:0.3). Va- 
riation du rendement en chlorure de tertiobutyle avec le 
pourcentage d'isobutene ajoute. 

analyses sont complCtCes par les analyses isoto- 
piques des isobutanes (tableau 1) et des chlorures 
de t-butyles (tableau 2) obtenus dans diffkrentes 
conditions. On a Cgalement montrC la formation 
de composCs en C,, avec des rendements C rela- 
tivement faibles (tableau 3). 

(B) En phase gazeuse I'addition de methyl- 
cyclopentane au nltlange nCopentane : isobutene- 
d, (100: 1 .O: 4-8) augmente les rendements en 
isobutane-do et -d, (fig. 3). En outre l'irradiation 
du mClange neo-C,H,, : iso-C,B, : 0, (100 : - 
0.40:4.5) donne les rCsultats suivants: G(iso-C,- 
D,H) = 0.11 f 0.02,G(iso-C,H,) = 1.0 I- 0.1 
et G(isobutanes) < 0.02 E'irradiation du mi- 
lange nCo-C,H,, : iso-C,D, : cyclo-C,D,CD, : 0, 
(100 : 3.8 : 0.9 : 9.4) donne les rtsultats suivants : 
G(iso-C,H,D) = 0.92 et G(iso-C,D,H) = 0.22. 
De la mEme f a ~ o n ,  dans le melange nCo-Cj- 
HI,: iso-C,D,: cyclo-C,H,CH,: 0, (100: 1 .0 : -  
1.0:4.8), G(iso-C,D,H,) = 0.18 et G(iso-C,H,,) 
= 0.52. Enfin, dans le melange nto-C,H,, : cyclo- 
C,D,CD,:iso-C,D,:Q, (100:3.8:0.9:4.6), G- 
(iso-C,H,D) = 0.98 et G(iso-C,D,H) = 0.22. 

TABLEAU 1. Radiolyse du neopentane liquide, 
neo-C5H12:cyclo-C5D9CD3 : CCI,: O2 : Additif 

(100: 9.1: 2.8: 0.3: x) 

Analyse des isobutanes 

Additif (x) -do -dl - 4  -dl o 

Q 

2.0C: z .- 

Rapport m6thyicyclopentane/n6opentane 

FIG, 3. Radiolyse du neopentane gazeux: neo- 
C5M12 : iso-C,D, : 0, (100: 1 .O: 4-8). Variation des rende- 
ments G(X) en isobutane et du rapport y = iso-C41ilo/iso- 
CdH,D8 en fonction du pourcentage de methylcyclo- 
pentane-4 ajoute. Les points a, @ et y correspondent a 
une experience oh le mtthylcyclopentane est -dl,: IB = 
iso-C,Dlo et @ = iso-C,HgD. 

Discussion 
( A )  En phase liquide 

Les ions iso-C,H, + 

Dans la radiolyse du nioperttane liquide pur, 
le rendement en ion iso-C,H,+ est de l'ordre de 
0.9 (2a). En prCsence de mCthylcyclopentane ces 
ions reagissent par transfert d'ion H,- pour 
donner l'isobutane 

[I] iso-C4H8+ + cyclo-C5D9CD3 + 

(CH3)2CDCH2D + CsDlo' 

Cependant cette rtaction nc devient importante 
qu'en prtsence de tbtrachlorure de carbone. Cet 
additif intercepte les Clectrons et augmente ainsi 
le temps de vie de chaque ion. Dans ces condi- 
tions, cette reaction est relativement importante 
puisque l'ion est tout a fait inerte vis-a-vis du 
nkopentane et le rendement en iso-C,H,D, aug- 
mente (2a). Egalement il faut noter que des rt- 
sultats similaires ont CtC obtenus en phase 
gazeuse (4). En ajoutant de l7isobuti.ne perpro- 
tone au milange precedent, le rendement en iso- 
butane-d, dCcroit (fig. 1). I1 y a done lieu d'ad- 
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TABLEAU 3. Radiolyse du nkopentane liquide," (neo-C,H,, : CCl, : 0, : additifs) 
(100:3.3:0.3:~) 

I I 
Addit~fs (x) G(C-C-C-C-C)? G(C-C-C-C-C)? G(C-C-C-C-C)t 

I I I 
iso-C4H8 cyclo-CsHgCH3 C C C C G(C8 ?)I 

I 
C C 

1 I 

*Vitesse de dose: 2.0 10': eV mol-' s-': temps d'irradiation 1140 min. 
?Temps de retention determines relativenient en utilisant 1es resultats de Hirely et Hipton (12) 
$Temps de retention correspondaiit i u n  CB, mais ]'identification en est incertaine. 

mettre que les ions iso-C,H,+ reagissent avec 
cet additif. 

[2]  iso-C4H,+ i iso-C4Hs + 

Autre p r o d ~ ~ i t  que iso-C,H,, 

et d'aprks les pourcentages relatifs de methy- 
cyclopentane et d'isobutine on peut estimer que 
les constantes de vitesse des reactions 1 et 2 sont 
semblables: k, = 5.4 x 10- l o  cm3 moltcule- l s1 
(5). Cependant, en irradiant le mClange en prC- 
sence d'isobutine-d, (tableau I), I'isobutane-d,, 
devient important. On ne peut, sur la seule base 
de 1'Cnergie- directement absorbke par l'isobu- 
tine-d,, expliq~ier les rendements importants en 
isobutane-dl,. D'autre part le rendement en iso- 
butane-d, diminue. I1 y a donc diminution de 
I'importance relative de la rkaction 1. Sur la base 
des rCsultats prCsentCs ici, il est spCculatif de 
vouloir priciser la nature du mecanisme reac- 
tionnel responsable. On peut cependant expliquer 
les rCsultats en admettant un transfert de charge 
en rCsonnance suivi de la riaction 1 oh l'ion 
isobutine est alors perdeutCrC (6).2 

les ions t-C4H,' sont particuli6rement inertes 
dans le ntopentane (2a). En fait, il semble qu'ils 
sont, pour la majorit&, interceptis par des ions 
nCgatifs, surtout si le milieu contient du t6tra- 
chlorure de carbone. 

[S]  (CH,),C+ + CC14-(CI-) - > (CH3),CCl + CC13 

Cette reaction est en accord avec les rksultats 
isotopiques des chlorures de tertiobutyles for- 
mes. Pour le melange nCo-C,Hl, : nCo-C,DI2, le 
chlorure de tertiobutyle est do ou d, (exp. A, 
tableau 2). L'addition de mCthylcyclopentane-dl, 
ne change pas les rendements des chlorures pro- 
duits (exp. B). On doit cependant noter la prt- 
sence d'isobutane-dl, probablement form6 2 
travers la reaction suivante (voir fig. 1) 

[6] (CH3)3C+ + C Y C I O - C ~ D ~ C D ~  -> 

(CH3)3CD + C,D,l+ 

Cependant l'importance de cette reaction est 
ntgligeable. Bien que le rendement G((CH,),C+) 
= 2.4, le rendement maximum obtenu en iso- 
butane-dl, est de 0.15. L'addition d'isobutine-cl, 
supprime complitement cette formation (fig. 1) 

[7]  (CH3),C+ + iso-C4H8 + 

Autre produit que (CH3)3CD 

Les ions t-C4N, + La rCaction 7 a une constante de vitesse au moins 
En I'absence d'intercepteurs hydrocarbonks, de deux ordres suptrieurs a celle de la rCaction 

6 (fig. 1). Cependant la formation de chlorure de 
'Ce systkme se complique par la possibilite de la reac- tertiobutyle n'est pas compromise. Au contraire 

tion inverse: irradiation directe du mCthylcyclopentane elle semble augmenter au fur  et 2 mesure de 
(7-9). 
cyclo-CsD9CD3+ + iso-C4Ds -t C6Dl0+ + l'augmentation de la concentration en isobut6ne 

~ s o - C ~ D ~ ~  (OU iso-C4DsH2 avec l'ion cyclo-C5HgCH3 +). 
(fig. 2). 11 semble que la prCsence d'isobutine 

311 ne peut y avoir de transfert d'atome de deuterium permette la transformation de tous les ions pri- 
de 13iso-C4Ds vers llion iso-C4Hs+ car alors on trou- maires en ch lor~re  de tertiobut~le ~ u i s ~ u e  le 
verait du chlorure de tertiobutyle-dl (exp. C et D ,  ta- rendement G(CLHqCI) tend vers 4. L'analyse de 
bleau 2). ces chlorures, lorsque I1isobuti.ne est perdeuttr~, 
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montre la prtsence de trois composCs: (CH,),- 
CCl, (CD,),(CD,H)CCl et (CD,),CCl et l'im- 
portance relative du chlorure-d8 dCcroit avec la 
croissance de la concentration en isobuthe-d, 
(exp. C et D, tableau 2). Cela montre l'existence 
d'un transfert de proton en rtsonnance entre 
l'ion t-C4H9' et I'isobutene. 

Ces rtactions sont suivies de la reaction de for- 
mation des chlorures correspondants: rtaction 
5. Cependant l'augmentation de la formation de 
l'ion (CD,),(CD,H)C' n'entralne pas ntces- 
sairement une augmentation des chlorures cor- 
respondants, puisqu'il faut tenir compte de la 
possibilitt de rtactions de condensation sur l'iso- 
butene (voir plus loin). I1 faut noter le faible 
rendement en t-C4D,Cl. 11 est probablement le 
resultat de deux phCnom2nes qui concourent a 
la formation limitte des ions (CD,),C+. Tout 
d'abord, a chaque Ctape de transfert d'un proton 
(ou d'un deuteron), i1 correspond une etape 
d'addition de l'ion tertiobutyle sur l'isobutine et 
une ttape de neutralisation par les ions ntgatifs. 
En outre le transfert d'un ion D +  est apriori plus 
lent que le transfert d'un ion HS (effet isoto- 
pique). Ces deux raisons se conjuguent pour faire 
en sorte que la formation des ions (CD,),C+ est 
de peu d'importance. 

On doit en outre penser aux rtactions de con- 
densation ioniques sur 17isobuti.ne. Viswanathan 
et Kevan ont rapport6 avoir inject6 des ions 
t-C4H,' produits en phase vapeur dans de l'iso- 
b u t h e  liquide (10). Sans revenir sur les reserves 
dejk tmises a propos de ce travail ( 5 ) ,  ces auteurs 
ont indentifit au moins quatre hydrocarbures en 
C,. Nous avons retrouvt trois de ces hydrocar- 
bures; nous n'avons cependant pas pu indentifier 
le quatrieme (tableau 3). NCanmoins, les produits 
observes en prtsence d'oxyghe sont sensibles a 
la prCsence d'isobutene seul ou combint avec le 
mtthylcyclopentane. En prtsence d'oxyghe qui 
est un excellent intercepteur radicalaire, ces pro- 
duits peuvent Etre form& par voie ionique, en 
dedans ou en dehors de la trace (spur), mais aussi 
par voie radicalaire, B l'inttrieur de la trace. 

En prisence d'isobutene, l'ion l-C4H9+ s'ad- 
ditionne sur la double liaison. L'ion de condensa- 
tion formt peut alors, soit abstraire un ion 

hydrure (H-), soit transftrer un proton sur une 
autre moltcule d'isobutene. 

C C 
C C 
I */ 

[Ill  C-C-C-C + M H +  
1 \ 

C C 
I */ 

[12] C-C-C-C + iso-C4H8 -t 
! \ 

I 
(CH3),Cf f C-C-C = C-C 

I I 

En presence d'isobutkne seul, l'augmentation du 
trimtthyl-2,4,4-penthe-2 est en accord avec la 
reaction 12. Puisque le trimethylpenthe peut 
&re formt dans d'autres reactions, G([12]) est 
infkrieur B 0.11. En presence de methylcyclo- 
pentane et d'isobutene, l'augmentation du rende- 
ment en trimethylpentane montre que la rtaction 
11 est prkpondtrante, d'autant que les rende- 
ments obtenus ne varient pas avec une variation 
des concentrations relatives des additifs: G([1 I]) 
= 0.08. 

La formation des autres composts en C, est 
moins facile a expliquer. NCanmoins, il a deja 
CtC propose qu'ils peuvent rtsulter de l'addition 
de l'ion t-C4H,+ sur le carbone central de l'iso- 
b u t h e  suivie d'une isomtrisation tres rapide 
de l'ion (10). 

C C 
' I +  

[I31 (CH3)3C+ + iso-C4H8 + C-A-C-c 
I I 

11 est Cvidemment possible que d'autres conden- 
sations ioniques interviennent, donnant lieu a 
la formation de composCs en C,, (10). Cepen- 
dant, il n'en reste pas moins que les rtactions de 
condensation apparaissent relativement peu im- 
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portantes comparativement aux processus de tantes de vitesse de transfert d'un proton et d'un 
neutralisation ion-ion (rkaction 5). deutkron de I'ion tertiobutyle vers I'isobuthe) 

('B) En phase gazeuse est Cgal a 2.9. 
En irradiant differents mklanges neo-C5- La chimie des ions t-C,H,+ en phase gazeuse 

HI, :iso-C,D,: cyclo-C5H,CH3 : 0, (100:O. 9:  - est assez bien connue. Dans le milieu inerte x :  4-S), on trouve que les rendements en isobu- qu'est le nkopentane, les ions t-C,H,+ reagissent tane-do et -d, croissent avec la concentration de avec le mCthylcyclopentane pour donner l'iso- 
butane: k,, = 1.2 x 10-lo cm3 molCcule-l s-' mCthylcyclopentane (fig. 3). En ne tenant compte 

42). La reaction avec I'isobuthe-d, est encore que des rCactions 8, 14, 16, 18 et 19 pour la dis- 
parition des ions t-C,H,+ et t-C,HD,+, plus rapide: k, ,  = 9.0 x 10-lo cm3 rnolkc~le-~  

s-' (2). 
[I91 (CD,),(CD,H)C+ + cyclo-C,H9CH3 + 

[14] (CH3)3CC + cyclo-C5H9CH3 + 
iso-C4H2D8 + C6H11+ 

iso-C4Hl0 + C6Hll + 

[15l (CH3),Ct + iso-CAD, -> Produits on obtient que les vitesses de formation des iso- 
butane-do et -4 sont telles que LA encore, les rksultats montrent sans ambi- 

guitts le transfert de proton en rCsonnance entre 
l'ion t-C,H, et i'iiobutlne-ci, L'irradiation du v i s o - ~ 4 ~ ~ i ~  = (2-1 
mClange nCo-C,Hl,: iso-C,D, : 0, (100: 0.40:- T / ; ~ ~ - C ~ D ~ H ~  
4.5) produit l'isobutene-d, et -d, (voir Rksultats). k,,[iso..C,D,] + /i,,[~yclo-C,H,CH,l = 
En admettant une valei~r G((CH,),C+) = 3.0 k,[iso-C,D,] 
dans la radiolyse du nkopentane ( 1  1) et que les 
seules riactions ~ossibles Pour l'ion (CH3)3C+ R est donc une fonction croissante de la concen- 
sofit les rkactions 8 et 16, le rapport des cons- tration en mkthylcyclopentane (voir fig. 3). Le 
talltes de vitesse k ~ d k s  est alms Cgal au rapport rapport kl,/kl, est probablement Cgal a l'~tnite 
[G((CH3)3Ct) - G ( ~ ~ O - C , H , ) ~ / G ( ~ ~ ~ - C , H , )  = puisqu'il s'agit essentiellement de la meme re- 
2.0 * 0.3. action: celle d'un transfert d'ion hydrure (H-) 

[16] (CH3)3C+ + i ~ 0 - c ~ ~ ~  + C S H ~ D ~ +  vers l'ion tertiobutyle (2). En outre si le mCthyl- 
cyclopentane-d,, est remplace par son hoinologue 

Le rapport est cependant imprkcis, car l'analyse perdeutCrt, le tra,,sfert de ]'ion D-  est mains 
de 19isobutene-ii, dans une niasse importante rapide qL,e celui de ].ion H -  k,,,,, 1.6 
d'isobutCne-d, n'est pas aiste De la mCme f a ~ o n ~ ,  kl  ,(,, (2). D~~~ Lll,e n,eme concentration, 
les ions f-C,D,H+ produits dans la r6action 8 la valeLlr de dtcroit lorsque le mtthylcyclo- 
riagissent avec I'isobut6ne-d,: rtactions 9, 17 pentane-do est remplac6 par son homologue per- 
et 18. deutCrC (voir fig. 3). Enfin, la valeur de R tend 
1171 (CD,),(CD,H)C+ + iso-C,D, -> vers le rapport k<,,/k,. l o r sq~~e  la concentration 

i s o - ~ , ~ 8  + (cD,),(cD,H)c+ de mtthylcyclopentane tend vers zero: R, -- 
2.4 f 0.2. De la mCme f a~on :  l'irradiation des 

[I81 (CD,),(CIS,H)C+ + iso-C,D8 -z Add+ deux derniers melanges (voir Resultats) permet 

Dans ce s) s t h e  Ie rendement G((CD,),(CD,H)- 
C') esl Cgal B l'un~tk. On pe~lt en outre estimer 
que le rapport k,lk17 est egal a 9.0. En effet, alors 
que l'ion r-C,H,+ a 9 atomes d'hydrogene dis- 
ponible, 1'1on QCD,),(CD,H)C+ n'en a qu'un. 
Par conskquent, et puisque le rapport kl,/k, est 
Cgal 2.0, le rendement G([17]) - 0.04. ke rende- 
menf inesr~rC G([9]) = 0.1 1 pulsque G(lso-C,- 
D,H) = 0.11, et Ie rapport k,lk,, - 2.8. Tl y a 
donc un effet lsotopique tel que le rapport 
k,+/k,+ (05 ItHi et /i,+ reprksentent les cons- 

de calculer une valeor du rapport k,,/k, Cgale a 
2.35 f 0.15. On vCrifie aussl que les vitesses des 
rCactions 16 et 18 sont semblables. Par contre, 
on n'a pas pu mesurer d'isobutane-dl, lorsque 
Ie mCthylcyclopentane est perdeuttrk. Cela 
montre que le transfert de deuteron (D') entre 
l'ion t-C,D,HA et l'isobut6ne-d, est de peu 
d'importance (rkaction 9). 

Nous voulons exprimer nos remerciements au profes- 
seur P. Ausloos qui a bien voulu commenter ce travail. 
L'aide apportec par I'OTAN a ete vivcment apprtciee. 
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R. A. MORTON et S. S. DANYLUK. Can. J. Chem. 52, 2348 (1974). 
A study is reported of the influence of pD upon the 220 MHz proton n.m.r. spectrum of the 

dipeptide glycylsarcosine (Gly-Sar) in D 2 0  at  23 "C. Variation of p D  produces characteristic 
changes in chemical shifts for Gly-Sar and an analysis of the p D  - chemical shift curves shows that 
the carboxyl pK differs significantly in cis and trans conformers, having values of 3.01 2 0.03 
and 3.39 + 0.03, respectively. From a consideration of molecular models and theoretical 
calculations, it is concluded that the pK difference arises from a closer juxtaposition of terminal 
carboxyl and amino groups in the cis ison~er. 

R. A. MORTON and S. S. DANYLUK. Can. J. Chem. 52,2348 (1974). 
On rapporte les spectres r.m.n. du proton du dipeptide glycylsarcosine (Gly-Sar); on a 

determine ces spectres a 220 MHz en solution dans D,O a 23 ' C .  En faisant varier le pD de la 
solution, on observe des changements caracteristiques des deplacenients chimiques du Gly-Sar; 
une analyse des courbes reliant le pD avec les deplacements chimiques montre que les pK des 
groupements carboxyliques different d'une nianiere appreciable suivant la nature cis OLI trans 
des conformeres qui ont respectivement des pK de 3.01 i- 0.03 et 3.39 i 0.03. A partir de 
considerations basees sur les modeles moleculaires et des calculs theoriques, on peut conclure 
que les differences de pK proviennent du fait que dans I'isoinere cis les groupes amino et 
carboxyle terminaux sont plus rapprochis. [Traduit par le journal] 

Introduction N-methyl-L-alanine (25). Stabilization of the cis 
Most recent theoretical calculations of poly- is induced to some degree by 

peptide conformation (for example see refs. 1-3) substituent group at the N-amide ~ o s i -  
assume a trans conformation for the peptide t ~ ~ .  

bond. H ~ ~ ~ ~ ~ ~ ,  cis-frans rotational isomerism. Among additional factors which can contrib- 
cannot be ruled out, and several theoretical and ute to stabilities and isomer populations are the 
experimental studies (4-12) of model amides presence of electrostatic interactions in the oli- 
have examined this question i n  detail. In  general, gamer, i.e. zwitterion effects, intra- and inter- 
these have confirmed the existence of a cis molecular hydrogen bonding, and ionic strength 
a~llide bolld in both linear (13-16) and cyclic and p H  of the solvent. A careful study of the 

peptides (17-19) containing prolyl A influence of these factors is warranted, and in 
dynamic equilibrium between cis alld trans this work we report on the effect of p H  change 
conforlllations proline-containing polypep- L I P O ~  the cis-trans equilibrium for the dipeptide 
tides such as poly (pro),' poly (pro-Gly), and glycylsarcosine (Gly-Sar). The results show that 
poly (Gly-Gly-Pro-GIy) has also been inferred the pK for the reaction in eq. 1 differs signifi- 
from n.m.r. measurements (20, 21). Numerous o 
examples of cis-trans isomerism have further 1 H+ 

[I1 NH3+ -CH~-C-N-CH~-COO- 
been r e ~ o r t e d  for N-substituted amino acid 
derivatiGes including N-methyldialanine (22), 
N-acetylsarcosine, polysarcosine (23), N-acetyl- 
N-methyl-L-alanine methyl ester (24), and poly 

'Work supported by the U.S. Atomic Energy Com- 
I 

mission. 
CH3 

2Abbreviations used: Pro, L-proline; GIY, gIycine; Sar, c a n t l ~  in the two isomers and is traceable to 
sarcosine; TSP, sodium trimethylsilylpropionate-d,. differences in intramolecular electrostatic inter- 
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MORTON AND DANYLUK: CIS-TRANS ISOMERIZATION 2349 

actions between terminal amino and carboxyl PPM 

405 4 0 0  3 95 3 90 

groups. i I l ~ I i 1 l l I I l ~ ~ l  

Materials and Methods 
Chenzicals 

Glycylsarcosine was purchased from two 
sources, Cyclo Chemical Company and Sigma 
Chemical (St Louis). The purity, as checked by 
thin-layer chromatography and 220 MHz n.m.r. 

11 1 

spectra, was better than 95% and no further 
purification was carried out. Deuterated ~nater- 
ials were purchased from Merck, Sharp and 

u L 
I I 

Dohme of Canada. 900 890 880 870 860 850 

Preparatiorz of Solutions 
Gly-Sar solutions (0.15-0.20 M) were pre- 

pared in D,O and adjusted to the desired p D  
by titrating with DC1 or KOD. The p H  was 
measured with a Radiometer Model 28 meter 
and type G2222 electrodes calibrated with the 
usual standard buffers. p D  values were calcu- 
lated by the equation p D  = p H  + 0.4 (26). 

Nuclear Magnetic Resonance Measuren?ents 
Proton n.m.r. spectra were measured at  200 

MHz with a Varian 220 spectrometer. Internal 
TSP (0.005 M )  was used as reference and shifts 
were measured by the audio-side-band method 
(27). 

Results 
The 220 MHz proton spectrum of Gly-Sar 

consists of duplicate sets ofsignals for all of the 
Sar and Gly CH, and CH, protons, as would be 
expected for an equilibriun~ mixture of cis and 
trans isomers. One set of signals (cis isomer) 
has lower signal intensities than the second set, 
as is evident in the CH, region of the spectrum 
shown in Fig. 1 .  Higher temperatures produced 
a coalescence of the two sets of signals and indi- 
cated that at 23 'C the spectra are characteris- 
tic of a slow exchange limit. 

Assignments of the signals can be made from 
a consideration of p H  effects and correlations 
with che~nical shifts of other amides. Titration 
of the carboxyl group leads to the largest 
chemical shift changes for CH, protons r to the 
ionizing group and forms the basis for an assign- 
ment of CH, signals at 3.99 and 3.90 p.p.m. to 
the Sar residue. Confirmation of this assign- 
ment was made by preparation and examination 
of the spectrum for Gly(d,)-Sar. An assignment 
of signals to cis and trans isomers is based on ex- 
tensive data (28) which show that signals for 

FIG. 1. The 220 MHz n.m.r spectrum of glycyl- 
sarcoslne In D 2 0 ,  p D  = 4.4, temperat~~re 23 C, Internal 
reference TSP at 0 Hz. Only the -CH2- region is 
shown. 

N-CH, groups cis to amide carbonyls in 
methyl ainides are located up-field relative to 
those in a trans orientation. Accordingly, the 
present results indicate that the trans isomer in 
Gly-Sar predominates (mol fraction ~ 0 . 7 0 ) .  A 
summary of our assignments of extrapolated 
chen~ical shift values for cation and zwitterion 
is given in Table 1 .  

Titration of the carboxyl group causes ~narked 
shift changes for both cis and trans Sar-CH, 
protons, Fig. 2, with A6 for the former (0.3 
p.p.m.) being largest (see Table 1). Smaller but 
measurable shift changes occur for Gly-CH, 
and Sar-NCH, signals in both isomers. The 
shift to higher field with increasing pD is con- 
sistent with an increased shielding arising from 
the negatively charged carboxylate group. Also, 
the observed S-shaped 6-pD curves follow the 
pattern expected for a simple ionization equili- 
brium, eq. I .  The shift to higher field is accom- 
panied by an increase in cis isomer population 
from21 3 z a t p D  = 1.4to40 + I z a t p D  = 4. 

Discussion 
From the curves in Fig. 2, it is apparent that 

the carboxylate pK is different in the cis and 
trans isomers of Gly-Sar. A numerical determin- 
ation of individual pK values can be made by 
fitting the observed 6-pD curve to the equation, 
pD = pK + N log A/B, where A/B is the ratio 
of zwitterion to cation calculated from the shift 
data. An excellent fit of calculated (solid lines) 
and observed points (Fig. 2) was obtained for 
all four sets of - C H ,  shifts and the final 
least-square fit pK and N values are listed in 
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TABLE 1. Gly-Sar chemical shifts in D 2 0  (23 "C) 

-CH,- 

Glycyl Sarcosine N-CH, 

Trans conformation 
Zwitterion 892 (4.05) 873 (3.97) 666 (3.03) 
Cation 902 (4.10) 928 (4.22) 680 (3.09) 
p D  shift 10 (0.05) 55 (0.25) 14 (0.06) 

Cis conformation 
Zwitterion 858 (3.90) 860 (3.91) 655 (2.98) 
Cation 871 (3.96) 933(4.24) 661(3.00) 
p D  shift 13 (0.06) 73 (0.33) 6 (0.03) 

NOTE: Chemical shlfts are downfield relative to TSP in Hz or (p.p.m.) and are the 
evtrapolated vali~cs used for the pK determination. The approximate p D  value which 
applies to the cation is 1.4; for the zivitterion it is 5.0. 

TABLE 2. Least-squares fit of chemical shift data (23 "C) 
-- - -- 

-- -- - -- 

Trans Cis 

PK N PK N 

Sarcosine -CH,- 3.45 t 0.03 0.90 1 0.04 3.00 t 0.03 0.92 + 0.05 
Glycyl -CH,- 3.39 + 0.06 0.97 i: 0.10 3.03 1 0.05 0.89 1 0.08 
N-CH3 3.34 + 0.05 0.81 + 0.09 3.03 1 0 . 0 6  1.03 i: 0.12 
Mean 3.39 + 0.03 3.01 + 0.03 

8 5 0  
l i l l l l l l  l 1 i 1 l l 1 I l  

10 2 0 3 0 40 5 0 
P D  

FIG. 2. The effect of pD on the chemical shift of the 
methylene protons of glycyl-sarcosine in D,O. Tem- 
perature 23 "C. Symbols: -A-, cis-giycyl; -A-, cis- 
sarcosine; -@-, trans-glycyl; -0-, trans-sarcosine. 

Table 2. The close agreement among the three 
independently determined pK values (i.e., Sar- 
CH,, Gly-CH,, and PJCH,) for individual iso- 
mers confirms the validity of the model. From 
the data the pK difference between isomers is 
0.38 1 0.04 at 23 "C with the cis isomer being a 
somewhat stronger acid. 

The most reasonable explanation for the 
carboxylate pK difference is the effect of intra- 
molecular electrostatic interaction between car- 
boxyl and positively charged amino groups. A 
variety of experimental and theoretical evidence 
indicates that dipeptide derivatives (usually 
model dipeptides without charged groups) exist 
in a compact, folded conformation which brings 
the ends of the molecule together (22, 29-34). It 
has also been known for some time that a num- 
ber of physical properties, e.g. pX (35-37), and 
dielectric constant (38, 39), of small, optically 
pure peptides differ from those for optically 
mixed isomers, i.e., L L  or DD compared with 
LD or DL. These differences have been interpreted 
(40) in terms of a slightly sma!Ier average end- 
to-end separation in the mixed peptide as op- 
posed to the pure one. A similar conformational 
property may account for the cis-trans pK dif- 
ference of Gly-Sar, i.e., the cis isomer must be 
more compact in order to have a lower carboxy- 
!ate pK. 

In order to determine whether a conformation 
effect could result in sufficient difference in 
charge separation to explain the observed pK 
shift, combined molecular model and semi- 
empirical conformational calculations of non- 
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MORTON AND DANYLUK: CIS-TRANS ISOMERIZATION 2351 

bonded interaction energy (Ei) were carried out 
on  Gly-Sar. The calculations were based on:  
(a)  a Lennard-Jones (6-12) function for Van 
der Waals interactions using the constants given 
by Scheraga in ref. 1 ; (b) a torsional energy of 
the form E, = A/2 ( 1  - cos 3$) where $ is the 
dihedral angle. The energy barriers were taken 
as I kcal/mol; ( c )  a n  electrostatic interaction 
energy of the form eiej/RijD, where ei and ej 
were monopole charges located at  atomic 
centres separated by Ri j .  For  the charges we dis- 
tributed + 1.0 e among the atoms of the amino 
group, - 1.0e among the atoms of the carb- 
oxyl group, and charges of - 0.2 e, + 0.3 e, 
-0.1 e on  peptide 0, C, and N respectively. 
Calculatioiis were done with several values of 
D,. Bond lengths and bond angles were held 
constant a t  values determined from the known 
crystal structures of Gly-Gly (41) and cyclo- 
(Sar), (42). Both the models and calculations 
confirmed that the amino and carboxyl groups 
could come much closer together in the cis than 
in the trans isomer. 

With a value of D, = 6, we estimated an 
average charge separation (Bi) of 5.1 A in the 
most probable trans conformation and a value 
of 3.3 A for the most probable cis conforma- 
tion. In this calculation Ri was taken as the 
average distance between the six pairs of amino 
hydrogens and carboxylate oxygens (H+-0-) 
in the conformation of lowest energy. 

A quantitative estimate of the resultant pK 
difference can be made using the Bjerrum equa- 
tion (43), where k = Boltzmann constant, e = 

electronic charge, 7 = absol~lte temperature, 
D, = effective dielectric constant, R = charge 
separation. 

Kirkwood and Westheimer (44) showed that 
eq. 2 can be derived by considering the molecule 
as a charged dielectric cavity within the solvent. 
For  charges located near the cavity perimeter, 
D, approaches (or even exceeds) the solvent 
dielectric constant. T o  estimate ApK from eq. 2 
we calculated R,  and R, as follows. For each 
isomer we obtained 4000 conformatio~ls by ran- 
dom choice of dihedral angles (keeping the pep- 
tide bond fixed at  either 180 or 0"). The non 
bonded interaction energy (6,) was calculated 
as described above and the average charge sepa- 

ration was obtained from eq. 3. The value of Ri 
1 R i  exp ( -  Ei/0.6) 

- -- 

R = '  1 exp (-EJ0.6) 

for each conformation was obtained as de- 
scribed above. 111 this way we found R,  = 5.92 t$ 
and R, = 5.13 A. With D, = 80, these values 
give ApK = 0.08, while to obtain ApK = 0.38, 
D, must be about 16.5. 

The calculations and models clearly showed 
that a low energy, folded conformation of the 
cis isomer can be obtained if amino, carboxyl, 
and methyl groups are precisely oriented. The 
calculated energy of this conformation relative 
to more extended conformations (similar to the 
low energy conformation found for trans Gly- 
Sar) depends on the choice of Van der Waals 
and electrostatic parameters. Several calcula- 
tions were carried out using different choices. 
The values presented above represent a relatively 
conservative example. We have concluded there- 
fore that the electrostatic effect is able to account 
for the major part of the observed pK difference 
between cis and trans Gly-Sar isomers. 

The importance of the electrostatic interaction 
energy in determining the relative stabilities of 
cis and trans Gly-Sar is also indicated by the 
population shift from -20% cis in the cation to 
--40x cis in the zwitterion. An estimate of the 
difference in zwitteriori electrostatic interaction 
energy (along the lines of eq. I with D, = 16) 
showed that it is of the right order of magnitude 
to account for the observed population shift. 
Madison and Schellman (13) have observed a 
similar pop~ilation shift for proline dipeptides. 

Finally: we would iike to draw attention to the 
nonequivalence of the glycyl-CH, protons which 
was observed only in the zwitterion of the cis 
isomer (Fig. 1). Chemical shift nonequivalence 
of methylene hydrogens in dipeptides containing 
glycine has been previously reported (45, 46), 
and attributed to electric field gradients pro- 
duced by dipolar ions or  aromatic groups. This 
view is consistent with our interpretation of the 
conformational difference between cis and trans 
isomers of Gly-Sar. 

A part of this study was done while R.A.M. was a 
Faculty Research Farticipant at Argonne National 
Laboratory, and the support from the Argonne Center 
for Educational Atfairs 1s gratefully acknowledged. Some 
of the n.m.r. measurements were completed with the assis- 
tance of the Canadian 220 MHz NMR Centre. 
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The Total Synthesis of a Hexacyclic Relay for the Alkaloid Napelline 

KAREL WIESNER, PAK-TSUN Ho, AND CONNIE SHII JEOU (PAN) TSAI 
Nrrturul Products Reseurch Center, University of New Brunsivick, Fredericton, Neiv Br~tns\vic.k 

Received March 1 ,  1974 

KAREL WIESNER, PAK-TSUN Ho, and CONNIE SHII JEOU (PAN) TSAI. Can. J. Chem. 52, 2353 
(1974). 

The total synthesis of the racemic colnpound 12 and its identification with the corresponding 
optically active derivative prepared from lucidusculine is described. 

KAREL WIESNER, PAK-TSUN HO et CONNIE SHII JEOU (PAX) TSAI. Can. J.  Chem. 52,2353 (1974). 
On decrit la synthese totale du compose racemique 12 et son identification avec le derive 

correspondant optiquernent actif prepare a partir de la lucidusculine. 
[Traduit par le journal] 

We have described recently a simple and 
stereospecific synthesis of the intermediate 1 (1). 
In the present Communication we wish to dis- 
close the conversion of this material to the 
hexacyclic polysubstituted lactame 12 and the 
identification of this compound with the cor- 
responding optically active derivative of napel- 
line. The method which we have used for this 
purpose was worked out some time ago on a 
model system (2). 

The phenol P was converted quantitatively to 
the crotyl derivative 2' by treatment with crotyl- 
chloride and potassium carbonate in dimethyl 
formamide at SO "C for 3.5 h ;  m . p  201 "C; 
n.m.r.: singlet (3H) r 8.66 (C-CH,), doublet 
(3H) r 8.23 (CH=CH-CH,), multiplet (2H) 
r 5.51 (-0-CH,-), multiplet (2H) r 4.19 
p.p.m. (-CH=CH-). Compound 2 was heated 
for 2 h to 180-1 85 "C in an evacuated and sealed 
tube. The product 3 (m.p. 273-276'C) was a 
mixture of two methyl epimers and it was 
obtained in a yield of 81.5%. 

The phenol 3 was methylated in dimethyl- 
formamide with methyl iodide and potassium 
carbonate at  75-80 "C for 40 min. The methyl 
ether 4 (m.p. 196 198 "C) was obtained in a 88Y, 
yield; 1.r.: 1700 (ketone), 1670 cm-' (amide); 
n.m.r.: doublet (3H) r 8.79 (CH-CH,), singlet 

'The i.r., n.m.r., and mass spectra of all compounds 
have been recorded and are in agreement with the struc- 
tures assigned. Only specially relevant spectral data are 
reported. All crystalline compounds gave correct ele- 
mental analyses. 

(3H) r 6.14 (-OCH,), two singlets and a 
rnultiplet ( I H  each) z 4.86, 5.08, 3.93 (vinyl 
protons), two singlets (1H each) r 2.83, 3.03 
p.p.m. (aromatic protons). 

A solution of the olefin 4 and osmic acid in 
tetraliydrofiiran was stirred for 1 h. An aqueous 
solution of sodium periodate was then added 
and stirring continued for 20 min. The keto 
aldehyde 5 (m.p. 151-152 "C) was obtained in a 
yield of 8 0 x ;  i.r. : 1725 (aldehyde), 1705 (ketone), 
1670 cm-' (amide); n.m.r.: doublet (1H) z 
-0.03 p.p.m. (aldehyde proton). The diketal 6 
(rn.p. 257-263 "C) was prepared by the standard 
method in a quantitative yield; n.1n.r.: two 
doublets (IH) z 4.90, 4.96 (acetal protons of the 
two epimers), two multiplets (4H each) r 5.86, 
6.13 p.p.111. (dioxolane protons). 

Reduction of the diketal 6 with lithium in 
l i q ~ ~ i d  amonia followed by addition of methanol 
and work-up yielded a dihydro derivative and 
unreduced 6. This material was immediately 
dissolved in a mixture of benzene and acetone 
(1 : 1) and stirred with p-toluenesulphonic acid 
for 24 h at  room temperature. Besides a 50% 
yield of an aromatic ketal aldehyde, from which 
the starting material 6 is readily obtainable, a 
50Y, yield of the crystalline (m.p. 319-325 "C) 
diastereoisomeric mixture 7 was obtained; i.r.: 
1725 (aldehyde), 1670 cm-I (a,P-unsaturated 
ketone and lactam); n.m.r. : doublet (1H) z 0.26 
(aldehyde proton), doublet (IH) r 3.56 (olefinic 
proton), multiplet (4H) z 6.00 p.p.m. (dioxolane 
protons); u.v.: h,,,(EtOH) 239 nm (E = 9600). 
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3 R - H  

4 R = C H ,  

8 R ,  = CH;: Rr = H 

9 R, = H;  R2 = CH, 

1 1  R ,  -- H :  RI = CH;  

The djastereoisorneric mixture if was now 
dissolved in methanolic potassium hydroxide 
(0.5%), stirred at  room temperature under 
nitrogen for 6 h, and the products of the vinylo- 
gous aldole condensation were purified by pre- 
parative t.1.c. They were obtained in a yield of 
75Y; and were immediately oxidized with 
chromiunl trioxide - pyridinc in mcthylenc di- 
chloride. The total yield of the resulting dike- 
tones (8, 9, 10, BI) after purification was 9 2 7 .  

I n  our model experience (2) the skeletal 
structure corresponding to 8 and 9 was the 
thermodyllamically controlled single product. 
In the present case, on the other hand, the 
isomers 10 and 11 were more stable but the 
isomers 8 and 9 were formed more rapidly. Under 
the col~ditions described in this Communication 
the ratio (8 + 9)/(10 i- PI) was about 6 :  4. We 
believe that the shortening of the synthesis which 

we acconlplished by the use of a crotyl residue 
(instead of an ally1 as in the model) had cost us 
the full stereospecificity of the C / D  ring con- 
struction. The four diketones were readily 
separatcd by chromatography and purified by 
recrystallization. 

Compound 8 (1n.p. 292-294 'C) was identical 
by t.l.c., mass, and infrared spectra with the 
optically active material (n1.p. 206-208 "C) of 
the same structure prepared from napelline (3); 
i.r. : 1745 (five-membcrcd ketone), 1672 cm-I 
(lactame and a,P-unsaturated ketone); n.m.r.: 
singlet (IH) T 4.1 (vinyl proton), doublet (3H) 
t 8.66, 8.8 1 (exo-CH-CK,), singlet (3H) -r 8.81 
p.p.m. (C-CH,); u.v.: A,,,(EtOM) 232, 272 nm 
( e  = 8234, 5553). Compound 9 (m.p. 324 'C): 
i.r. : 1740 (five-membered ketsnc), 1670 cm-I 
(a,P-unsaturated ketone and lactame); n.rn.r.: 
singlet (IH) T 4.1 (vinyl proton), doublet (316) 
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COMMUNICATIONS 2355 

? 8.91, 9.03 (endo-CH-CH,), singlet (3H) z 8.80 We wish to thank the National Research Council, 
p.p.m. (C-CM,). Ultraviolet and mass spectra Ottawa, and the ~of fn lann-Ea  Roche Company, Dorval, 

o ~ c o m p o u n ~ s  8 and 9 were identical. ~~~~~~~d Quebec, and Nutley, New Jersey (U.S.A.) for the gener- 
ous support of these investigations. 

9 was hydrogenated on 10Z palladium on 
charcoal in ethanol. The diketo ketal 12 ( m . p  I ,  K ,  WIESPIER, P, T, Ho, D, CHANG, K ,  LAM. C, S, 
319 "C) was obtained in a quantitative yield. J. PAN. and W. Y .  REN. Can. J. Chem. 51,3978(1973). 
This material was identical (t.l.c., i.r., n.m.r., 2 .  K. WIESNER, A. DELJAC, T. Y. R. TSAI, and M. 
and mass spectra) with the corresponding PRZYBYLSKA. Tetrahedron Lett. 14, 1145 (1970). 
optically active compound of the same structure 3. K. W'ES"ER, P. T. Ho, C. S. J .  TSAI, 2nd Y .  K. LAM. 

(m.p. 245-248 "C) obtained from napelline (3). Can. J.  Chem. This issue. 

The Total Synthesis of Rracemic Napelline 

MAREL WIESNER, PAK-TSUN Ho, CONNIE SHII JEOU (PAN) TSAI, A N D  KIU-MUEN LAM 
Natrrral Products Researcl~ Center, Utli~,ersiry q f ' l ve~v  Brztns~c.ick, Fredericron, Ne~t.Brutzsw.ick 

Received April 19, 1974 

KAREL WIESNER, PAK-TSU~ Ho, CONNIE SHII JEOU (PAN) TSAI, and Y I C - K U E ~  LAM. Can. 
J. Chem. 52, 2355 (1974). 

Lucidusculine 1 was converted into the lactarne 5. This compound is identical with the 
corresponding raceniate described in the accompanying Communication. The synthesis of 
napelline 2 from the lactanie 5 is discussed. The process con~pletes the first (formal) total 
synthesis of a racemic hexacyclic polysubstituted aconite alkaloid. 

KAKEL WIESNER, PAK-TSU'U Ho, CONNIE SHII JEOU (PAN) TSAI et Y r c - K ~ E \  LAM Can. J.  
Chem. 52,2355 (1974). 

On transforme la lucidusculine 1 en la lactanie 5. Ce compose est ident iq~~e au racemate 
correspondant dicrit dans la communication qui accompagne cet article. On presente une 
discussion de la synthese de la napelline 2 partir de la lactanle 5 .  Le processus complete la 
premiere synthese totale (forn~elle) de l'alcaloi'de aconite polysubstit~~e hexacycliqi~e et 
racemique. [Traduit par le journal] 

In the accompanying Communication (1) we 
have described the total synthesis of the racemis 
hexacyclic lactames 5 and 8. We report now the 
preparation of the optically active form of these 
compounds from luciduscu!lne (2) 1 and the 
conversion of (optically active) 5 to the alkaloid 
napelline 2 (2). 

Luciduscuiine 1 was converted quantitatively 
to napellinc 2 (m.p. 165 " C )  by reduction with 
lithium aluminum hydride in tetrahydrofuran at 
0 "C. Hydrogenation of napelline with platinum 
oxide in acetic acid gave dihydronapelline 3 (2) 
(m.p. 175 "C) in a yield of 70%. Treatment of 3 
with mercuric acetate in aqueous acetic acid at  
60 "C for 3 h gave a mixture of products which 
was oxidized with chromium trioxide in pyridine 
a t  room temperature for 36 h. The triketolactam 

4' (n1.p. 284 "C) was isolated in a yield of 16.5x; 
i.r. : 3400 (NH), 1742 (five-membered ketone), 
1706 (six-membered ketone), 1672 cm-I (lactam); 
n.m.r.: singlet (3H) z 8.74 (C-CH,), doublet 
(3H) T 8.99 p.p.m. (endo-CH-CN,). 

The diketo ketal 5 (m.p. 248 "C) was prepared 
by treatment of 4 withp-toluenesulfonic acid and 
ethylene glycol in boiling benzene for 2 h in a 
yield of 7 1 z ;  i.r.: 1738 (five-membered ketone), 
1710 (six-membered ketone), 1670 cm-' (lac- 
tam); n.m.r. : broad singlet (4M) z 5.96 (dioxolane 
protons), singlet (3H) z 8.85 (C-CFI,), doublet 

'The i.r., n.m.r., and mass spectra of all compounds 
have been recorded and are in agreement with the 
structures assigned. All crystalline compounds gave 
correct elemental analyses. 
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? 8.91, 9.03 (endo-CH-CH,), singlet (3H) z 8.80 We wish to thank the National Research Council, 
p.p.m. (C-CM,). Ultraviolet and mass spectra Ottawa, and the ~of fn lann-Ea  Roche Company, Dorval, 

o ~ c o m p o u n ~ s  8 and 9 were identical. ~~~~~~~d Quebec, and Nutley, New Jersey (U.S.A.) for the gener- 
ous support of these investigations. 

9 was hydrogenated on 10Z palladium on 
charcoal in ethanol. The diketo ketal 12 ( m . p  I ,  K ,  WIESPIER, P, T, Ho, D, CHANG, K ,  LAM. C, S, 
319 "C) was obtained in a quantitative yield. J. PAN. and W. Y .  REN. Can. J. Chem. 51,3978(1973). 
This material was identical (t.l.c., i.r., n.m.r., 2 .  K. WIESNER, A. DELJAC, T. Y. R. TSAI, and M. 
and mass spectra) with the corresponding PRZYBYLSKA. Tetrahedron Lett. 14, 1145 (1970). 
optically active compound of the same structure 3. K. W'ES"ER, P. T. Ho, C. S. J .  TSAI, 2nd Y .  K. LAM. 

(m.p. 245-248 "C) obtained from napelline (3). Can. J.  Chem. This issue. 
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KAREL WIESNER, PAK-TSU~ Ho, CONNIE SHII JEOU (PAN) TSAI, and Y I C - K U E ~  LAM. Can. 
J. Chem. 52, 2355 (1974). 

Lucidusculine 1 was converted into the lactarne 5. This compound is identical with the 
corresponding raceniate described in the accompanying Communication. The synthesis of 
napelline 2 from the lactanie 5 is discussed. The process con~pletes the first (formal) total 
synthesis of a racemic hexacyclic polysubstituted aconite alkaloid. 

KAKEL WIESNER, PAK-TSU'U Ho, CONNIE SHII JEOU (PAN) TSAI et Y r c - K ~ E \  LAM Can. J.  
Chem. 52,2355 (1974). 

On transforme la lucidusculine 1 en la lactanie 5. Ce compose est ident iq~~e au racemate 
correspondant dicrit dans la communication qui accompagne cet article. On presente une 
discussion de la synthese de la napelline 2 partir de la lactanle 5 .  Le processus complete la 
premiere synthese totale (forn~elle) de l'alcaloi'de aconite polysubstit~~e hexacycliqi~e et 
racemique. [Traduit par le journal] 

In the accompanying Communication (1) we 
have described the total synthesis of the racemis 
hexacyclic lactames 5 and 8. We report now the 
preparation of the optically active form of these 
compounds from luciduscu!lne (2) 1 and the 
conversion of (optically active) 5 to the alkaloid 
napelline 2 (2). 

Luciduscuiine 1 was converted quantitatively 
to napellinc 2 (m.p. 165 " C )  by reduction with 
lithium aluminum hydride in tetrahydrofuran at 
0 "C. Hydrogenation of napelline with platinum 
oxide in acetic acid gave dihydronapelline 3 (2) 
(m.p. 175 "C) in a yield of 70%. Treatment of 3 
with mercuric acetate in aqueous acetic acid at  
60 "C for 3 h gave a mixture of products which 
was oxidized with chromium trioxide in pyridine 
a t  room temperature for 36 h. The triketolactam 

4' (n1.p. 284 "C) was isolated in a yield of 16.5x; 
i.r. : 3400 (NH), 1742 (five-membered ketone), 
1706 (six-membered ketone), 1672 cm-I (lactam); 
n.m.r.: singlet (3H) z 8.74 (C-CH,), doublet 
(3H) T 8.99 p.p.m. (endo-CH-CN,). 

The diketo ketal 5 (m.p. 248 "C) was prepared 
by treatment of 4 withp-toluenesulfonic acid and 
ethylene glycol in boiling benzene for 2 h in a 
yield of 7 1 z ;  i.r.: 1738 (five-membered ketone), 
1710 (six-membered ketone), 1670 cm-' (lac- 
tam); n.m.r. : broad singlet (4M) z 5.96 (dioxolane 
protons), singlet (3H) z 8.85 (C-CFI,), doublet 

'The i.r., n.m.r., and mass spectra of all compounds 
have been recorded and are in agreement with the 
structures assigned. All crystalline compounds gave 
correct elemental analyses. 
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0 H 

(3H) z 8.99 p.p.m. (elldo-CH-CH,). The 
identity of this optically active material and the 
syntlietic racen~ic compound (rn.p. 319 "C) js 
reported in the accompanying Colnmunication 
(1). 

Refluxing with methanolic potassium hydrox- 
ide, converted the diketo ketal 5 to an equi- 
li brium m i x t ~ ~ r e  (4 : 6, separated by preparative 
t.1.c.) of the starting material and the epin~er 6 
(m.p. 249°C); n.m.r.: singlet (3H) z 8.78 
(C-CH,), doublet (3H) z 8.83 p.p.m. (exo- 
CH-CH,). Compound 6 was brominated with 
bromine in a mixture of ether and chloroform 

in the presence of hydrogen chloride at 0 'C. 
The monobro~no ketone 7 (m.p. 229cC) was 
obtained in a yield of 92%; n.m.r.: doublet (1H) 
z 5.03 (CH-CH-Br), doublet (3H) z 8.79 
p.p.m. (eso-CH-CH,). Dehydrobromination 
of 7 with lithium bromide and lithiu~n carbonate 
in dimetl~ylformamide at 140 ' C  for 1 h gave 
8 5 z  of the unsaturated ketone 8 (m.p. 208 'C); 
i.r. : 1745 (five-membered ketone), 1672 cm-' 
(lactam and a,P-unsaturated ketone): n.m.r. : 
singlet (1H) .r 4.10 (vinyl proton), doublet (3H) 
z 8.73 (exo-CH-CH,), singlet (3H) z 8.81 p.p.m. 
(C-CH,); u.v.: A,,,(EtOH) 232, 272 nm (E = 
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COMML 

8234, 5553). (For the identity of compound 8 
and the corresponding totally synthetic racemate 
cJ (I).) Hydrogenation of 8 on 10% palladium 
on charcoal in ethanol gave back quantitatively 
the diketone 6. 

In order to complete the syllthesis of napelline, 
compound 5 was converted to the triketone 4 in 
60% aqueous acetic acid at  80 "C in a quantita- 
tive yield. Reduction of 4 with lithium aluminum 
hydride in boiling dioxane under nitrogen for 
22 h yielded a trihydroxyamine, which was 
immediately acetylated with acetic anhydride in 
pyridine and gave compound 9 (m.p. 189 "C) in 
a yield of 20% (after recrystallization); i.r. : 1730 
(acetate), 1626 cm-' (amide); n.m.r. : two singlets 

I 

(3H) t 7.82, 7.88 (-A-CO-CH,), singlets 
(3H each) t 7.91, 7.93, 7.98 (3-0-CO-CH,), 
doublet (3H) t 9.08 (CH-CH,), singlet (3H) T 
9.14 p.p.m. (C-CH,). 

Alkaline hydrolysis of 9 with potassium 
carbonate in aqueous methanol at  room temper- 
ature gave a mixture from which the oily di- 
hydroxy acetate 10 was isolated by preparative 
t.1.c. in a yield of 45%; i.r.: 1733 (acetate), 1625 
cm-I (amide); n.m.r.: broad singlet (1H) t 4.93 
(-CH-OAc), singlet (3H) t 7.92 p.p.m. 
(-0-CO-CH,). Compound 10 was acety- 
lated with acetic anhydride in pyridine at  5 "C 
for 7 h. The oily hydroxy diacetate 11 was 
obtained in an almost quantitative yield and it 
was purified by preparative t.1.c. ; 1i.m.r. : singlet 
(3H) t 7.93 (-0-CO-CH,), singlet (3H) t = 

8.00 (-0-CO-CH,), doublet (3H) t 8.96 
(CH-CH,), singlet (3H) T 9.14 p.p.m. (C-CH,). 

Compouild 11 was oxidized with chromium 
trioxide -- pyridine in methylene dichloride at  
room temperature. The oily ketone 12 was 

obtained in a yield of 7775 and was holnogeneous 
by t.1.c. in several solvent systems; i.r.: 1739 
(five-membered ketone and acetate), 1633 cm- '  
(amide); n.m.r. : singlet (3H) t 7.91 (-0-CO- 
CH,), singlet (3H) t 7.94 (-0-CO-CH,), 
doublet (3H) t 8.80 p.p.m. (CH-CH,). Com- 
pound 12 was dissolved in a mixture of ether and 
chloroforn~ containing hydrogen chloride and 
treated with bromine at  room temperature to 
yield 82% of the oily bromo ketone 13; n.m.r.: 
singlet (3H) T 8.04 p.p.nl. (-CBr-CHj). 
Dehydrobromiuation of 13 with lithium bromide 
and lithium carbonate in dimethylfor~namide at  
145 "C for 1 h led to the formation of the un- 
saturated ketone 14 in a yield of 627,. It was 
homogeneous in t.1.c.; i.r.: 1735 (acetate), 1731 
(a,P-unsaturated ketone), 1643 (double bond), 
1628 cm-' (amide); i1.m.r.: two broad singlets 
(2H) T 3.91, 4.39 p.p.m. (methylenic protons); 
u.v.: h,,,(EtOH) 225 nm ( E  = 1 l 830). 

Finally, reduction of 14 with lithium alumi- 
num hydride in dioxane at  60 "C for 2 h yielded 
napelline 2 (m.p. 165 "C). The synthetic com- 
pound was identical (mixture m.p., t.l.c., i.r. in 
KBr, n.m.r., and mass spectrum) with an 
authentic sample of napelline 2. Thus, the first 
total synthesis of napelline is formally completed. 

We wish to thank the National Research Counc~l of 
Canada, and the Hoffmann-La Roche Company, Dorval, 
Quebec, and Nutley, New Jersey (U.S.A.) for the gener- 
ous support of these investlgat~ons. We also thank 
Professor Sh6 It6, Tohoku University, Japan, for 
providing us \kith the large amount of luc~dusculine 
needed for these studies. 

1. K. WIESNER, P A K - T S U ~  Ho, and C. S. J .  (PAN) TSAI, 
Can. J. Chem. This issue. 

2. S. W. PELLETIER. Chemistry of the alkaloids. Van 
Nostrand Reinholt Company, New York, 1970. 
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DEKIS C. K. LIN, MICHAEL L. THOMPSON, and DON C. DEJONGH. Can. J. Chem. 52, 2359 
(1974). 

The mass spectra of I-phenyl-2-benzimidazolinethione (3) and I-phenyl-2-benzimidazo- 
linone (4) have been compared with their pyrolysis products and similarities have been found. 
In the 70 eV mass spectrum of 3,  the base peak results from the loss of H.: at  low ionizing 
voltages, this path and a competing path, loss of S, are the only ones nhich remain. At 650" in 
a stream of N,, 1-phenylbenzimidazole (8, 20%) formed from the loss of S and benzimidazo- 
[2,1-b]benzothiazole (5, 11%) formed by loss of H,. The major fragmentation paths in the 
mass spectrum of 4 are loss of CHO' and NCO.. At 95OC, phenazine (5, 3573 formed by loss of 
CH,O, and carbazole (7, 14%) formed by loss of HNCO. In each pyrolysis, 65-70% of the 
starting material was recovered or accounted for. 

DLLIS C. K. LIK, M I C H A ~ L  L. THOMPSON el DO> C. DEJUNGH. Can. J. Chern. 52,2359 (1974). 
On rapporte les spectres de masse de la phenyl-1 benzimidazolinethione-2 (3) et de la phenyl-1 

benzimidazolinone-2 (4), tel qu'obtenus par impact-Clectronique. On compare ces spectres 
avec les produits de pyrolyse des compos6s 3 et 4. Dans le spectre de masse du con~pose 3,  pris 
a 70 eV, le pic de base se forme par perte de H.; a basses energies des electrons, ce dernier est 
accompagne de l'ion molCculaire ainsi que d'un pic resultant de I'elimination de S. La pyrolyse 
du compose 3 a 650' dans un courant d'azote conduit a la formation de phenyl-1 benzimidazole 
(8, 2073 par perte de S et a la formation de benzimidazo[2,1-b]benzothiazole (5, 11%) par perte 
de HZ.  Les patrons majeurs de fragmentation trouves dans le spectre de masse du compose 4 
rtsultent de la perte de CHOW et de la perte de NCO'. Les produits de la pyrolyse du compose 
4 a 950" sont la phenazine (6, 35%) forrnee par la perte de CH,O et le carbazole (7,14%) form6 
par la perte de HNCO. Dans chaque cas, les p r o d ~ ~ i t s  t'ormes ainsi clue les produits originaux 
rkcuperes representent de 65 a 70% des produits de depart. 

Introduction 

A considerable number of publications have 
appeared on the subject of pyrolysis at short con- 
tact times in the gas phase (1) and several of 
them have included a comparison of the pyrolysis 
products with those products which would be 
expected from an interpretation of the mass 
spectra of the starting material. We have been 

'To whom correspondence should be addressed. 

working in this area for several years (2) and 
report some of our recent results in this article. 

A project under study in our laboratory is a 
comparison of the mass spectra and pyrolyses 
of molecules related to benzothiazole, benz- 
oxazole, and benzimidazole (2, 3). Results ob- 
tained from 2-benzimidazolinethione (1) and 
2-benzimidazolinone (2) were included in our 
recent reports (2, 3). Now, we have observed 
from the mass spectra of their N-phenyl deriva- 
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tives (3 and 4) that the phenyl group has a major 
influence on fragmentation of the molecular ions 
of these compounds. This observation has led us 
to study the pyrolyses of 3 and 4 in order to see 
if this influence is also important there. 

In this article we report the mass spectrum, 
photolysis, and pyrolysis of 1-phenyl-2-benz- 
imidazolinethione (3) and the mass spectrum 
and pyrolysis of 1-phenyl-2-benzimidazolinone 
(4). The mass spectrum of 4 has been published 
previously (4). High-resolution data and meta- 
stable-ion peaks are discussed in the schemes 
and text, along with certain features of the 
spectra obtained at low ionizing voltages. 

Infrared spectra and dipole moments provide 
evidence for the presence of the keto structure 
of 2 (5). Thus, we will use the keto and thioketo 
forms in our discussion, rather than the tauto- 
meric en01 and thiol forms, even though there 
is no evidence that either form is preferred in the 
molecular ions. 

Pyrolyses were performed by sublimation of 
the samples into a stream of N, which passed 
through an unpacked quartz tube surrounded 
by a 12 in. furnace (3, 6). Generally, a N, flow 
rate of 0.25 l/min and a system pressure of about 
2 Torr were used. The pyrolyses were repeated 
several times at the same and different tempera- 
tures. Where possible, pyrolysis products were 
isolated and identified by physical as well as 
spectroscopic characteristics. 

Results 
1-Phenyl-2-benzimidazoli~et/~ione (3) 

The 70 eV mass spectrum of 3 is summarized 
in Scheme 1. The (M - H) peak is the base peak 

H C N  
m/e 194 (3) - m/e 167 (13) 

C13HloN2 C~zH9N 
m/e 83.5 (7.9) 

C,HsN2S 

also: m/e 91 (10) -HCN t m/e 64 ( 7 )  

C6H~N C5H4 

SCHEME l2  

'The elemental compositions are the result of exactmass measurements. The values in parentheses are relative 
intensities and m* denotes the presence of a metastable-ion peak. 
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LIN ET AL.: PYROLYSIS AND MASS SPECTROMETRY 

m/e 225 (M- H) 

at 15 eV as well as at 70 eV. The peaks at ni/e 
224 (M - 2H) and at m/e 194 (M - S) are the 
only other fragment-ion peaks found at 15 eV. 
In fact, the peak at nzle 194 is present at electron 
voltages as low as 12 eV. Minor paths found a t  
70 eV begin by the loss of CS and by the loss of 
C,H,.. An abundant loss of H. is not observed 
in the mass spectrum of 1 ; however in that case 
the loss of S is the lowest-energy path (3). There 
is no  metastable-ion peak for formation of the 
peak at mle 224 either from the peaks at nz/e 226 
or 225. So, it cannot be determined that the peak 
at m/e 224 forms by a one-step and/or a two-step 
path. 

The fragmentations prcposed in Scheme 2 can 
account for the formation of these ions. The 
structure proposed for the ion a t  m/e 225 corre- 
sponds to the protonated form of benzimidazo- 
[2,1-blbenzothiazole (5) and the structure pro- 
posed for the ion at n?/e 18 1 corresponds to pro- 
tonated phenazine (6). The peak a t  mie 194 can 
be represented by the molecular ions of 1- and/or 
2-phenylbenzirnidazole (8 and 9). The loss of 
HCN from mle 194 could give :he molecular ion 
of carbazole (7) at tn/e 167 (eq. 1). 

C o m p o u ~ ~ d  3 was pyrolyzed at 650, 800, and 
950". At 650G, 46.5% of starting compound was 

recovered. In addition, a 20% yield (based on 
unrecovered 3) of 1-phenylbenzimidazole (8) and 
an 1 1 yield of benzimidazo[2, I -b]benzothiazole 
(5) were obtained (eq. 2). 

Compound 8 forms by loss of S from 3 with 
migration of H from N to C. In the formation of 
5, the phenyl ring becomes bonded to the sulfur 
atom and H, is lost. 

At 950°, the recovery of 3 decreased to 23.1 :7, 
and the yield of 5 increased to 24;<. On  the other 
hand, the yield of 8 decreased to <0..5>1, but 
carbazole (7, 3%) and 2-phenylbenzimidazole (9, 
l lz) were now present among the pyrolysis 
products. Trace amounts of phenazine (6), 
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cyanocarbazole, 1 - and 2-cyanonaphthalenes, 
2-cyanoaniline, naphthalene, and benzonitrile 
were identified in addition. 

Also we photolyzed 3 in order to compare its 
behavior with the results obtained upon pyrolysis 
and electron impact. The only product found was 
I-phenylbenzimidazole (8), formed by the loss of 
S, in 5 2 2  yield, t-Butyl alcohol was used as the 
solvent. 

In summary, the lowest energy fragmentations 
of 3 upon electron impact are loss of JrJ and loss 
of S from the molecular ions. Pyrolysis of 3 at  
650" produces benzimidazo[2,1 -b]benzothiazole 
(5) by a loss of H, and 1-phenylbenzimidazole 
(8) by loss of S. Only coinpou~ld 8 is observed 
upon photolysis of 3 in t-butyl alcohol. 

I-Phenyl-2-betzzinzidazoliti7ot1e (4) 
The 70 eV mass spectrum of 4 is summarized 

in Scheme 3. The major fragmentation paths 
begin with loss of H C O  and with loss of NCO.. 
There are broad metastable-ion peaks present for 
each of these fragmentations. At 12 eV, the rela- 
---1 t 

tive intensities of m/e 18 1 and 168 are 6 and 4%, 
respectively; also, there are very minor peaks 
present a t  nzle 209 and 167. The ions at  nzle 181 
can be represented as protonated phenazine and 
those at  n?/e 168 and 167 as protonated carbazole 
and carbazole (7, respectively. 

Compound 4 was pyrolyzed a t  950" and 16.3% 
was recovered. The major products and their 
yields (based on unrecovered starting material) 
were phenaz~ne (6, 35%) and carbazole (7, 14%) 
(es. 3). 

P h 

A number of mlnor products were obta~ned also, 
1 I :  d~phenylarnine (IT), 1- and 2-cyanonaph- 
thalenes (2 573, naphthalene ( 2 3 ,  ben7on1tr1le 
( 3 ' 3 ,  and phenylisocyanate ( 2 5 )  The last prod- 
uct was ~solated as AT-phenylcarbamate, after 
havlng reacted with ethanol d u r ~ n g  the work-up. 

In summary, compound 4 loses CHO and 
NCO In the mass spectrometer. Pyrolysis of 4 
glves phenaz~ne, after loss of CH,O (probably as 
C O  and H,) and carbazole, after loss of H N C O  

c13HioNzQ 
-H. Discussion 

m/e 210 (100) + m/e 209 ( 5 )  
m/e 105 (7) C 1 3 ~ 9 ~ 2 '  At low ionizing voltages only two decom- 

positions of the molecular ions of 3 are observed : 
-NC0. L mle 168 (9) m/e  167 (6) loss of S and loss of H..  The products formed in 

m* c12H1oN C12HqN the pyrolysis of 3 can be explained by similar 
decompositions. The formation of l-phenyl- 

also: mle 77 (12) and m,'e 91 ( 5 )  
CsWsN 

benzimidazole (8) can arise by a desulfi~rization 
CbH5 of the C=S bond; there is a neighboring hydro- 

SCHEME 3 gen which can rearrange to the developing 
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electron-deficient center. Compound 8 is a major 
product isolated from the pyrolysis of 3 and the 
only product isolated from photolysis in t-butyl 
alcohol. 

Precedents can be found for the pyrolytic and 
photolyeic desulfurization of the C=S bond. For 
example, 2,6-diphenyl-4H-pyran-4-thione ($0) 
undergoes photodesulfurization, giving the dimer 
11 in 80% yield, (eq. 4) (7). This dimerization 

with desulfurization was also observed upon the 
heating of 10. Another example, 1-(3-methyl-2- 
thioureid0)pyridinium hydroxide inner salt (12) 
gives, in  practically quantitative yield, pyridine 
and suif~rr, (eq. 5) (8). Methyl cyanamide has 

been proposed as the undetected component. An 
initial loss of sulfur has been proposed as the 
most likely pathway. The molecular ion of 12 
loses sulfur giving an  ion C,H,N, which readily 
forms the pyridinium ions a t  in!r 79 by losing 
the elements of methyl cyanamide. Thus, the 
mass-spectral fragmentation pattern is consistent 
with the photochemical reaction. 

The other product (5) formed in the pyrolysis 
of 3 results from the addition of the thermally 
excited thioketo group to  the aromatic ring 
(eq. 6). The photoaddition of thiocarbonyl com- 

pounds to olefins is well known (9). Also, 8 
could be formed photolytically from 3 in t-butyl 
alcohol by the photoexcitation of the thiocar- 
boxyl group, (eq. 7) .  A similar scheme has been 
proposed to  explain the photoreduction reac- 
tions of thiobenzophenones in solvents which 
have easily extractable hydrogens (10). In the 

photodimerization with elimination of sulfur of 
4H-pyran-4-thiones, the presence of H,S was 
detected (7b). 

In comparison, pyrolysis of 1 at 950" gave a 
70% yield of products resulting from the loss of 
S (3). The loss of S from the molecular ions and 
from the (M + H) ions in the chemical-io~~iza- 
tion mass spectrum is the lowest-energy fragmen- 
tation. The major pyrolysis product is benzi- 
midazole (8, NH In place of N-Ph) (62.5'7,); t h ~ s  
isomerizes to  2-cyanoaniline (7.573 under the 
pyrolytic conditions. There is no pathway for P 
which is simiiar to the loss of H. from the molec- 
ular ions of 3 or to the formation of 5 from 3. 

At 100O0, 2-benzimidazolinone (2) gave a 14% 
yield of C,H,W, isomers, resulting from the loss 
of CO and H,. The Intermediate shown In eq. 8 

was invoked to explain these results (2). The 
major product isolated from the pyroiysis of 4 
can be explained by the same type of interme- 
diate. However, in this case an internal cycliza- 
tion occurs before the H, is lost (eq. 9). The loss 
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of C H O  is one of the two major fragmentation 
pathways in the mass spectrum of 4. Decar- 
bonylation under pyrolytic conditions has fre- 
quently been observed. (1, 2). 

The other product, carbazole (7), formed in 
14% yield in the pyrolysis of 4 is the result of the 
loss of HNCO. Also, a major fragmentation in 
the mass spectrum of 4 is the loss of NCO.. To  
explain the formation of 7, the initial cleavage 
of the carbonyl carbon - N-phenyl bond can be 
proposed (eq. 10). If the phenyl group partici- 

pates in the loss of HNCO, 7 can be formed. On 
the other hand, decarbonylation leads to the 
reactions shown in eq. 9. 

The compounds 3 and 4 therefore join the list 
of compounds (1-3) whose pyrolytic and elec- 
tron-impact fragmentations are similar. The 
lowest-energy paths in their mass spectra can be 
compared with the pyrolysis products. The reac- 
tions seem to be governed by the elimination of 
small, neutral species such as CO, S, H,, and 
HNCO. The N-phenyl group intramolecularly 
traps reactive intermediates to give stable poly- 
cyclic products in relatively high yields, a path 
which is not available to compound 1 and 2. In 
each pyrolysis, 65-70x of the starting material 
was accounted for 

These and other similarities ?mong high- 
energy processes provide possibilities of finding 
useful synthetic applications and evidence for 
novel reaction intermediates, as well as the 
possibility of studying interesting decomposition 
pathways. 

Experimental Section 
Melting points were determined by the open capillary 

method using a MEL-TEMP apparatus and were cor- 
rected. Infrared spectra were recorded with a Beckman 
IR8 spectrometer and a Perkin-Elmer Infracord. Nuclear 
magnetic resonance spectra were taken on a Varian T-60 
spectrometer using 1% TMS as an internal standard. 
Ultraviolet spectra (I cm path) were determined on a 

Bausch and Lamb Spectronic 505. Low-resolution mass 
spectra were obtained from a Hitachi RMCT-6D mass 
spectrometer. Electron voltage readings were taken 
directly from the dial since more precise values were not 
needed. Combined g.c.-nl.s, data were determined with a 
LKB 9000 instrument. 

Exact-mass data were obtained from an AEI MS-902 
mass spectrometer linked to a PDP-8 computer. All 
experimental values agreed with the calculated values 
within +0.0015 mass units. Metastable ions were ob- 
served in the low-resolution spectra and, in certain cases, 
sought with the AEI MS-902 spectrometer ~perat ing in 
the defocused mode. 

The ion source of the RMU-6D was maintained at  
250" and the MS-902, at  150". Since pyrolysis of the com- 
pounds studied does not begin until approximately 600°, 
pyrolysis in the source cannot account for the fragmenta- 
tions observed. 

The gas-chromatographic (g.c.) work was carried out 
using a Hewlett-Packard 5752B Research Chromatograph 
with a thermal conductivity detector. Columns were pre- 
pared with 0.25 in. copper tubing and 60180 mesh 
Chromosorb W as a solid support, unless otherwise 
stated. A total of 10 g.c. columns was used; during the 
initial stages of analysis of the pyrolysis mixtures, most 
of the columns were tried. However, only the column that 
gave the best separations is reported for each analysis. 
Comparison of the areas under the peaks of the pyrolysis 
products with the areas under the peaks of solutions of 
known concentrations of the samc compound was used 
to determine yields. Analysis were performed by Midwest 
Microlab, Inc., Indianapolis, Indiana. 

Chemicals 
2-Aminodiphenylamine, benzotriarole, 2-phenylbenz- 

imidazole (9), phenazine (6), 1-cyanoaniline, and benzo- 
nitrile were purchased from Aldrich; I- and 2-cyanonaph- 

- ihalene were purchased from Eastman Kodak; carbazole 
(7), diphenylamine, and naphthalene were purchased 
from Fisher. 

I-Phenyl-2-henzirniduzolit~~~thione (3 )  
C o m p o u ~ d  3 was prepared by modifying a procedure 

published by Allen and Deacon (I I ) .  A mixture of 18.8 g 
of 2-aminodiphenylamine, 18.4 g of potassium ethyl 
xanthate, 100 ml of ethanol, and 20 ml of H,O was re- 
fluxed with stirring for 3 h. After the first 10 min of 
refluxing, 4 g of carbon was added cautiously to the 
ethanol solution. The hot reaction mixture was filtered by 
gravity to remove the carbon. Approxinlately 500 ml of 
warm H,O and 10 ml of glacial acetic acid were added to 
the ethanolic solution. The off-white crystals were recrys- 
tallized from ethanol, yielding 12 g of 1-phenql-2-benz- 
imidazolinethione (3): m.p. 196-197' (lit. (12) 194'); yield 
52%. The i.r. spectrum (HCC1,) contains absorption 
bands at  3475, 2350, and 1217 cm-'. The mass spectrum 
is summarized in Scheme 1 and discussed in the text. 

Anal. Calcd. for C13HloN2S: C, 69.03; H ,  4.42. 
Found: C, 69.32; H ,  4.47. 

I-Phenyl-2-benzimidnzolinone ( 4 )  
Compound 4 was prepared from 2-aminodiphenyl- 

amine by the procedure of Simonov and Pozhanskii (1 3). 
Toluene was used for recrystallization; yield: 5.0 g, 
(34%); m.p. 202-203' (lit. (13, 14) m.p. 202-203'); i.r. 
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TABLE 1 Pyrolyses of l-phenyl-2-benz1m1dazol1neth1one (3)" 
- -- - - 

-- -- - - - 

recovered a t  

l-Phenyl-2-benz1m1dazol1neth1one (3) 46 5 
(Start~ng amount of 3, g) (0 80 and 1 27) 

Benz1m1dazo[2,1-b]benzoth1azole (5) 6 0 
2-Phenylbenz~m~dazole (9) - 

Cyanocarbazole - 

1-Phenylbenz~m~dazole (8) 10 8 
Carbazole (7) - 

Phenazme (6) - 

I-Cyanonaphthalene - 

2-Cyanonaphthalene - 

2-Cyanoan~lme - 

Naphthalene - 
B e n z o n ~ t r ~ l e  - 
Total  

- -- - ---  

63 3 

*A \, flow rate of 0 20-0 25 I mln  dnd ?)stern pressure of 0 7 2 0 Torr ueie used 

3 7 . 0  
(1.41 and 1.46) 

1 5 . 0  
< 0 . 5  
< 0 . 5  

5 . 9  
1 . o  

Trace 
Trace 
Trace 
~ 0 . 5  
Trace 
< 0 . 5  
60 .9  

23 .1  
(1.01, 1.14,  and 1.82) 

1 8 . 7  

spectrum (HCCI,) contains absorp t~on  bands at  3390, 
3060, 1705, 1600, 1500, and 1380 cnl-I .  

Anal. Calcd. for C I 3 H l o N 2 0 :  C ,  74.29; H, 4.76. 
Found:  C, 74.12; 1-1, 5.01. 

I -  (2-Ber~zorhiazolyl) benzof~.iazole 
1-(2-Ben~o~hia~oly1)benrotriazole was prepared from 

benzotriazole by the method used by Orth and Soedigdo 
(15); yield 4.3 g (34%); n1.p. 174- (lit. (15) n1.p. 174'); 
h ,,,, (EtOH) 322, 275 sh, 268, 245, and 228.5 nm. 

Anal. Calcd. for C,;H,N,S: C ,  61.89; H ,  3.19; N ,  
22.21; S, 12.71. Found:  C,  61.68; H ,  3.33; N ,  22.36; S, 
13.05. 

Renzirnidazo(2, I-bbeizzotl~iaiole ( 5 )  
Benzimidazo[2,1-bjbenzothiazole (5) was prepared 

photolytically from I-(2-benzothiazolyl)benzotriazole 
(1 g) according to the method of H ~ l b e r t ~ ( l 6 )  using a 
450 M' high-pressure Hg lamp; yield, 0.17 g (18%); ?,,,, 
(EtOH) 300, 291, 283, 263 sh, 242, and 222 n m ;  mass 
spectrum, nl/e 223 (Cl ,H8N2S,  loo), 223 (C,;H,N2S, 
16), 198 (C12H8NS,  81, 192 (Cl,H,h'z, 3), 180(C,2H,N,, 
3), 179 ( C ,  ,H,N,. 5 ) ,  166 (C, ,H,N, 3), 134 (C,H,NS, 3), 
122 (C,H,NS, 6), 1 12 (C, ,H,N,S (doub!y charged), 30), 
96 (C,H,S, lo), and 90 (C,H,N, 8):  mol:cular ion, /?l,e 

224.0405. Calcd. for Cl ,H8N2S,  m r. 224.0308. 

P.~rolj,.ii.i .Apl~n/,ntrr~ nr~d Pi.oc,eri~rrc~ 
The pyrolysis apparatus and procedi~re have been 

described prcbiously (3, 6). Thc sample (approximately 
1 g) in a stream of nitrogen passed through a quartz tube 
heated by an elect~ic furnace 12 in. long. The flow rate 
was 0.25 I'miri at 2.5 Torr .  A series of traps was placed 
between the qiiartz t ~ i b e  and the pump. Approximately 
1 h was required for the passage of each $ g of sample 
throiigh the tube. A solution was made of the material in 
the traps in a volumetric flask: g.1.p.c. and t.1.c. were used 
to separate the compounds in this solution. 

500 rnl reaction-vessel jacket. The compounds were dis- 
solved in appropriate solvents and placed in the reaction 
vessel. During photolysis the apparatus was cooled by 
running water through the immersion well. The reactions 
were followed by the 11.v. spectrum of the reaction solu- 
tions. The photolysis was stopped uhen  no more changes 
in the U.V. spectrum were observed. Then the solvent of a 
measured amount of reaction s o l ~ ~ t i o n  was evaporated off 
in vacuum and the residue was made into a solution in a 
volumetric flasl: for analysis. 

Pyvolysi,~ of I-Pileni I--7-ber1zi/nidtr~olir1et~1i~~i1e (3) 
The conditions and results for the pyrolyses of l-phe- 

nyl-2-benzimidazolinethione (3) are summarized in Table 
1. The percentages shown are averages of dift'erent trials 
at  the same temperature; good agreement was obtained 
among the ditt'er-nt runs. 

In each case, three traps were employed: the first was 
air cooled and the next two were cooled with liquid 
nitrogen. The traps mere washed with acetone and chloro- 
form. The g.c. column used was 6 ft, 10% SE 54 on  
Chromosorb G 60 GO. The cyanonaphthalenes were 
better separated on a 6 ft column of 3 z  OV 225 on 
Chromosorb W 80; 100. The temperature was program- 
med between 100' (1 min) and 260' (hold) at  10-,'min. 
The column used for g.c., m.s. was a 6 ft glass column of 
3% OVI Chrom H P  8 0  100. The starting material did not  
elute from the g.c. columns well and was recovered by 
extracting all the other compounds using heptane from 
the residue of a k n o n n  amount of the pyrolysis solution. 
The concentration of I-phenylbenzin~idazole (8) was 
estimated from 11.u. data (17). The exact position of the 
cyano group on  the cyanocarbazole ring was not deter- 
mined; analysis by g.c. showed that it had a different 
retention time from 9-cyanocarbazole, which was syn- 
thesized for comparison (1 8). The concentration of cyano- 
carbazole was estimated using carbazole (7) as a standard. 
All other uroducts were identified bv comwarison with 

The a p p a r a t ~ ~ s  (Hanovia) used for photolysis consisted authentic materials. 2-Cyanoaniline had a .tendency to  
of a quartzimniersion well, a 450 W high-pressure mercury react o n  standing with acetone to form an anil, o-cyano- 
lamp, an appropriate power supply, various filters, and a l~isopropylideneaniline. 
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Pliotoly~ i ~ .  of I -Pl1en~~/-2-ber~ziniid~~zoIi11efI2ione (3)  
I-Phenyl-2-benzimidazolinethione (0.2 g) in 400 ml of 

t-butyl alcohol was used for photoiysis. A Vycor filter 
was used. The reaction was stopped after a n  irradiation 
time of 1 h.  A quantity of 300 1111 of reaction solution was 
evaporated to  make up a 25 mi solution using chloro- 
form. Analysis by g.c. was made using a 6 ft r o l u n ~ n ,  10% 
S E  54. The only product was I-phenylbenzimidazole (8). 
The yield was estimated to  be 5 i . 8 z  from its u.v. ab- 
sorption. 

P,v~.o/ysis ofl-Pher1yI-2-berzzitnid~zolir1one ( 4 )  
The temperature used in the pyrolyses of l-phenyl-2- 

benzimidazolinone (4) was 950 . The N2 flow rate was 
0.20-0.25 1,min. The system pressure was 0.5-2.5 Torr. 
The columns used for g.c. analysis were the same as those 
used in the analysis of the pyrolyses of 3. The average 
percentages of the products recovered from the two runs 
(0.94 and 1.26 g of starting material (4)) were: I-phenyl- 
2-benziniidazolinone (4), 16.3%; phenazine (6),  29.6%; 
carbazole (7), 12.0%; diphenylamine, 0 . 7 z ;  I-cyanonaph- 
thalene, 1 . 1 z ;  2-cyanonaphthalene, 0.9%: ethyl N-phe- 
nylcarbaniate, 2.07,; naphthalene, 1.8% and benzonitrile, 
2.4%. The total percentage recovered was 66.87;. Agree- 
ment between the two runs was good. Ethyl N-phenylcar- 
bamate was synthesized for comparison by mixing 
phenylisocyanate (Matheson, Colenian and Bell) with 
excess absolute ethanol which then was left to evaporate 
a t  room telnperature. The ethyl A'-phenylcarbamate was 
recrystallized in hexane (n1.p. 53 , (lit. (19) m.p. 53')). All 
the other products were identified by comparison with 
authentic materials and their concentrations, including 
starting mate-rial (4), were estimated by g.c. 

We thank the National Research Council of Canada 
for its financial support. We also thank Dr .  0. A.  Mamer, 
Royal Victoria Hospital, Montreal, for the use of the 
L K B  9000 GC,'MS combinatioll and Mr.  A.  S. Blair, 
1Jniversity of Montreal, for his assistance in obtaining thc 
high-resolution mass-spectral data. 
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L. K. PETERSON, E. KIEHLMANK, A. R. SANGER, and K. I. T H ~ .  Can. J. Chem. 52,2367 (1974). 
The metal-catalyzed reaction of 1,l'-carbonyldipyrazoles with aldehydes or ketones to give 

1,l '-alkylidenedipyrazoles and carbon dioxide, the latter being derived from the amide carbonyl 
group as shown by labeling experiments, is sensitive to electronic and to steric substituent effects. 
Under comparable reaction conditions, 1,l'-carbonyldiimidazole, N-acetylpyrazole, and I -  
pyrazole-N,N-diethylcarbonamide do not react with acetone while pyrazole-1-carbo(1V'-phenyl- 
hydrazide) yields an anilino isocyanate dimer. These results are interpreted in terms of a 
mechanism that involves coordination of the metal ion at the 2,2'-nitrogen atoms of the pyrazole 
rings and heterolytic cleavage of an amidc bond, followed by formation of a carbamate inter- 
mediate, decarboxylation, and metal ion exchange. Unsymmetrically substituted 1,l  '-carbonyl- 
dipyrazoles were found to equilibrate thermally with their respective symmetrical analogs by an 
intern~olecular exchange mechanism. 

L. K.  PETERSON, E. KIEHLMANN, A. R. SAAGER et K. I. T H ~ .  Can. J. Chem. 52, 2367 (1974). 
La reaction, catalysee par les mttaux, des carbonyl-1,l' dipyrazoles avec les aldehydes el les 

cetones conduit aux alkylidene-1,l' dipyrazoles avec elinlination de C 0 2 ;  on a montre par 
des experiences de marquages que ie C 0 2  provient du groupe an~ide  ~ L I  carbonyle et qile la 
reaction dans son ensemble est sensible a des effets steriques et Clectroniques des substituants. 
Dans des conditions comparables le carbonyl-1,l' diimidazole, le N-acCtylpyrazole et le N,N- 
diCthylcarbonamide pyrazole-l ne reagissent pas avec I'acetone alors que le carbo(N1-phenyl- 
hydrazide)pyrazole-l conduit a un dimere de l'isocyanate d'aniline. On interprete ces resultats 
en terme d'un mecanisme qui impliquerait la coordination de I'ion mCtallique par les atomes 
d'azote en position 2,2' des noyaux pyrazoles et une coupure heterolytique du lien amide suivi 
par la formation d'un carbamate intermediaire, d'une dCcarboxylation et d'un Cchange d'ion 
mCtallique. On a trouve que les carbonyl-l,1 ' dipyrazoles substitues d'une facon non-symetrique 
s'equilibrent thermiquement avec leurs analogues symetriques respectifs par un micanisme 
d'echange intern~oleculaire. [Traduit par le journal1 

Introduction 
The metal-catalyzed reaction of l , l  '-carbonyl- 

dipyrazole (I), I, 1 '-carbonylbis(3-methylpyr- 
azole) (2), and 1,l '-carbonylbis(3,5-dimethylpyr- 
azole) (3) with various aldehydes and ketones 
has been reported (1, 2) to give 1,l '-alkylidenedi- 
pyrazoles in high yield (eq. 1). This procedure 
represents a convenient one-step route to these 
products which are also accessible via the reac- 
tion of pyrazole or alkali metal pyrazolides with 
geminal dihaloalkanes, acetals, or ketals (3, 4). 

Mechanistically, the latter process (eq. 2) is a 
typical example of a nucleophilic displacement at  
saturated carbon, with pyrazole or the pyrazolide 
anion serving as nucleophile. The reagents shown 
in eq. 1 ,  on the other hand, are not generally 
considered as good nucleophiles which, in con- 
junction with the necessity for a transition metal 
catalyst and aprotic reaction conditions, suggests 
a completely different mechanism for the re- 
placement of the carbonyl group of the hetero- 
cyclic urea analogs 1, 2, and 3 by the hydrocar- 

4 

R and R' =H,  alkyl. or aryl 
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TABLE 1 .  Nuclear magnetic resonance chemical shifts of 
I , l  '-carbonyl- and 1,l '-alkylidenedipyrazoles (eq. 1) 

H-3 H-5 
Compound or or 

(R, R', R3, Rs) Me-3 H-4 Me-5 

3 7.75s 3.95m 7.52d 
4a (Me, Me, Me, H) 7.72s 3.98 2.78d 
4b (H, Me, Me, H) 7.78s 4.00 2.55d 
4c (Me, Me, Me, Me) 7.77s 4.17 8.32d 
4d (Cyclobutyl*, Me, Me) 7.78s 4.22 8.13d 

[2] 2py-M + CRZX2 + py-CR2-py + 2MX 

M = H, Na, or K N- 
x = CI, BF, I, or OCH, py=-iQ 

R = H or alkyl 

bon moiety of an  aldehyde or ketone. We now 
report a detailed mechanistic study of this novel 
reaction. 

Results and Discussion 

El~lcidation of the reaction mechanism (eq. 1 )  
required (a) determination of the organic pro- 
duct structures and (6) ~dentification of the car- 
bon atom source of the carbon dioxide. The latter 
problem was solved by performi~ig the catalytic 
reaction of 1 with acetone in the presence of 
acetone-2-14C, separating the carbon dioxide 
from the alkylidenedipyrazole (4, R = R '  = 

CH,), and measuring the extent of 14C incorpora- 
tion into each product. Since essentially all of 
the radiocarbon was found in the 2,2'-dipyr- 
azolylpropane, the source of the CO,  carbon is 
clearly the carbonyl group of I. 

The structures of several alkylidenedipyrazoles. 
as identified by spectroscopic means, have been 
reported (1, 2). However, it remained to be shown 
whether it is the amide (N-1) or the amino nitro- 
gen atoms ( N - 2 )  of the two methyl-substituted 
pyrazole rings of 2 which become bonded to the 

hydrocarbon moiety (4, ' C R R ' )  of the product. 
/ 

The solution of this problem, however, proved 
difficult because of the well-known thermal iso- 
merization of iV-acylpyrazoles (5, 6) .  Since ther- 
mal stability is closely related to steric substituent 
effects (5) ,  the isomer with the acylated nitrogen 
atom more remote from the larger s~bst i tuent  is 
generally preferred. 

Interestingly, the reaction of sodium 3(5)- 
methylpyrazolide with phosgene gives only one 
isomer, 1,l '-carbonylbis(3-methylpyrazole) (2),  
this structural assignment being based on the 
presence of broad CH, singlet at  r 7.63 (2) .  By 
contrast, the CH,-5 signal ( r  7.52) of 1,l '- 
carbonylbis(3,5-dimethylpyrazole) (3) is a sharp 
doublet which collapses to a singlet when the 
sample is irradiated a t  the H-4 resonance fre- 
quency. We have also observed that in 1, l ' -  
carbonyldipyrazole the H-3 bands are broader 
than and upfield relative to the H-5 bands. The 
data summarized in Table 1 show the consistency 
of our assignments and are in agreement with 
chemical shifts reported in the literature (7)  for 
similar pyrazole derivatives. The catalytic reaction 
of 2 aith acetone also gave but one isomer (eq. 
3), the broad singlet absorption observed for the 
pyrazole-bonded methyl group, again signifying 
that the original amide nitrogens of 2 are bonded 
to the alkylidene carbon of the product. 
Thus, the N-2 atoms of the two reagent pyrazole 
rings can be r~lled out as nucleophilic centers to- 
ward the aldehyde or ketcne carbonyl group un- 
less a rapid and difficult-to-detect thermal iso- 
merization step intervenes. 

A systematic investigation of structural varia- 
tions in the aldehyde or  ketone component has 
demonstrated that the reaction is sensitive to 
electronic and steric substituent effects. 

In contrast to the less b u k y  aldehydes and 
ketones discussed earlier ( I ) ,  methyl isopropyl 
ketone, methyl isobutyl ketone, and y-dimethyl- 
aminobenzaldehyde were found to react with 1 
only on heating to 90-170" for prolonged time 
periods, w;,;le with diisopropyl ketone, chloral, 
hexachloroacetone, and hexafluoracetone no 
CO, evolution was observed even after 16 h a t  
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PETERSON ET AL.: 1,l'-CARBONYLDIPYRAZOLES 

160". Under similar conditions, methyl tert-butyl 
ketone, p-nitrobenzaldehyde, p-methoxyaceto. 
phenone, and p-nitroacetophenone, respectively, 
yielded 40-80x of the theoretically expected 
quantity of carbon dioxide, although none of the 
expected alkylidenedipyrazoles could be isolated 
or detected by spectroscopic means, presumably 
due to the formation of unidentified decomposi- 
tion products. These results are in agreement with 
our previously reported findings that 3-methyl- 
and 4-methylcyclohexanone, but not 2-methyl- 
cyclohexanone or acetophenone, react with 1 and 
CoCI, at  room temperature ( I )  and tnat the in- 
troduct~on of methyl groups into the pyrazole 
rings (1-2-3) drastically reduces the reactivities 
of the corresponding carbonyldipyrazoles. Com- 
petit~ve experiments with several pairs of struc- 
turally similar aldehydes and ketones competing 
for a limited amount of 1,l '-carbonyldipyrazole 
have confirmed these reactivity trends, i .e.,  pre- 
ferred or exclusive formation of the sterically 
least hindered alkylidenedipyrazole. Thus, using 
the pairs CH,CHO-CH3COCH3, CH,COCH,- 
Et,CO, C,H,CHO-CH,COCH,, C,H,CHO- 
p-CH,OC,H,CHO, C6H5CHQ-p-Me,NC,H,- 
CHO, and p-ClC,H,CHO-p-Me,NC6H4CH0, 
the product was derived exclusively from the 
first-listed carbonyl compound in each case 
whereas with CH,COCH,-CH3COEt, CH,- 
COEt-Et,CO, and C,H,CHO-p-ClC,H,CHO, 
product mixtures containing the corresponding 
1,1 '-alkylidenedipyr,zoles in the approximate 
ratios 2: 1, 10: 1,  and 1 : 1, respectively, were ob- 
tained. 

Studies using amides and diamides related to 
1,l '-carbonyldipyrazole have provided further 
information about the mechanism. Thus, the 
compounds N-acetylpyrazole, pyrazole-I-N,N- 

diethylcarbonamide, and 1,l '-carbonyldiimid- 
azole all fail to react with acetone in the presence 
of cobalt(I1) chloride, the starting materials 
being recovered in each case; since these com- 
pounds and their derivatives are generally known 
to be more reactive than their corresponding pyr- 
azole analogs in most hydrolytic, aminolytic, and 
dissociative cleavage reactions (8-lo), we inter- 
pret their inertness toward acetone in terms of an 
unfavorable geometric arrangement of donor 
atoms for chelation with cobalt(I1). This conclu- 
sion is further supported by (a) the exclusive 
formation of 5 from 2 (eq. 3); (b) the fact that in 
the absence of a transition metal catalyst 1 does 
not react with aldehydes or ketones (1); and (c) 
our finc'ing that in compound 6, the phenyl- 
substituted rather than the amide N H  proton 
experiences a strong downfield shift on complex- 
ation with mercuric chloride (eq. 4) (1 1). These 
results strongly suggest that the more basic amino 
nitrogens (N-2) of the pyrazole rings of 1 ,  2, and 
3 are the preferred coordination sites (12) in an 
intermediate catalytic con~plex. 

It is also noteworthy that the pbenylhydrazide 
6 did not react with acetone and CoCl, at  tem- 
peratures below 50" but, on heating to 90°, gave 
pyrazole and an N-anilino isocyanate dimer (eq. 
5 )  whose spectral characteristics are consistent 
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proton transfer 

J- 
,CO-N-CsH5 

C6H5-NH-N 1 , dlmeriration [O=C=l%-NH-C6H5] + pyH 
\ 

CO-NH 

7 

with the 1,2,4-triazole formulation 7 (13). This 
observation and the previously reported dissozia- 
tion of other heterocvclic carboxamides into 
isocyanates and the respective azoles (10) are in- 
dicative of an  analogous thermal ionization pro- 
cess (first step of eq. 5 )  occurring in the metal- 
catalyzed reaction of carbonyldipyrazoles with 
aldehydes or  ketones (zlide ir~fra). Thus, on the 
basis of the experimental evidence cited above, 
we propose the following mechanism (Scheme 1) 
for the reaction shown in eq. 1. 

Coordination of the transition metal ion at  the 
N-2 nitrogen atoms of the two pyrazole rings of 
1 leads to the formation of complex 9 (1) and 
renders the organic ligand more reactive toward 
ionization. Although this effect may be partially 
due to the electron-withdrawing action of the 
metal ion as a Lewis acid, other yet unknown 
factors must also be of significance since only 
Fe(ll), Co(II), Ni(II), and C L I ( ~ )  but not Cr(III), 
Cu(II), Ag(I), Mn(II), Zn(II), Hg(II), and Fe(II1) 
were found to be catalytically active. Subsequent 
cleavage of one amide bond gives a species that 
is not only stabilized by bonding to the metal 
but also by resonance delocaLization of the posi- 
tive charge developing on the carbonyl carbon to 
the adjacent amide nitrogen of the second pyr- 

azole ring. Otting and Staab (10) report that the 
dissociation into azole and phenylisocyanate is 
greater for imidazole-1-carboxanilide in solution 
that for 3,5-dimethylpyrazole-I-carboxanilide; in 
our case we find the opposite reactivity trend: 
1,l '-carbonyldiimidazole is inert toward acetone 
and CoCI,, and we attribute this difference to the 
favorablegeometry of the pyrazole structures for 
chelation a t  N-2 and N-2'. The third step is 
believed to involve addition of the ionic fran- 

u 

ments, held together by chelation, to the alde- 
hyde or  ketone to give a carbamate intermediate 
which is structurally similar to the monoalkoxy- 
monopyrazolylalkanes isolated by Trofimenko 
(3) from the reaction of pyrazole with certain 
ketals. Although all our attempts to isolate and 
characterize such an intermediate have failed,we 
consider structure 10 more likely and more 
stable than the alternative P-lactone of carbamic 
acid formed by 1,2-cycloaddition of the carbonyl 
compound across the C=N double bond of the 
isocyanate (14). Carbarnic acid esters derived 
from imidazoles and pyrazoles (8, 15) readily 
eliminate dioxide, presumably via an  incipient 
carbonium ion, since their decomposition rate 
has been reported (16) to parallel the relative 
stability order of the carbonium ions formed by 
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heterolytic cleavage of the 6-0 single bond; 
carbon-14 labelling experiments carried out with 
several compounds of this type (17) are in agree- 
ment with our finding that the CO, carbon de- 
rives exclusively from the amide carbonyl group. 
Finally, transfer of the metal ion to a second 
reagent molecule (I) gives the observed ] , I f -  
alkylidenedipyrazole (4). 

T o  determine whether the decarboxylation- 
metal exchange step (Scheme 1) is intra- or  inter- 
molecular, we prepared several unsymmetrical 
1,1'-carbonyldipyrazoles (eq. 6). In the absence 
of competing processes, the intra- and inter- 
n~olecular pathways would give particular alkyl- 
idenedipyrazole products, characteristic of the 
mechanism, in the reactions with acetone and 
Co(Il)Cl, of (a) unsymmetrical carbonyldipyr- 
azoles and (b) mixtures of symmetrical carbonyl- 
dipyrazoles. 

Although 12 and 13 appear to be stable com- 
pounds in the solid state under anhydrous condi- 
tions, n.m.r. spectroscopic analyses showed that 
they equilibrated with their symn~etrical analogs 
when dissolved or when heated above the melting 
point (eq. 7). Pyrazolyl-1-carbonyl chloride gave 

1 and phosgene by a similar process. Partial 
ionization is probably again involved in this in- 
termolecular exchange of the heterocyclic moie- 
ties, possibly kia a six-membered ring (14) as 
transition state, since the similar imidazolyl-l- 
carboxanilide dissociates into phenyl isocyanate 
and imidazole only in solution but not in the 
solid state (10). 

7 H 3  

Clearly, the equilibration process precludes prod- 
uct analysis as a means of distinguishing be- 
tween the intra- and illtermolecular routes. Pre- 
liminary kinetic measurements, however, have 
shown that the cobalt(I1)-catalyzed reaction of 
2 with excess acetone is second order ill the 
carboliyldipyrazole component, obeying the in- 
tegrated rate eq. 8 where b is the concentration 
of 2 at  time zero, t the time, and P the carbon 
dioxide pressure (at times t and infinity, respec- 
tively) at  constant volume. 

This result s~iggests that the last step of the 
mechanism (Scheme 1) is slow and bimolecular, 
i.e., a second carbonyld~pyrazole molecule is in- 
volved either in the rate-determining decar- 
boxylation of the carbamate intermediate fol- 
lowed by rapid metal ion exchange, or in the 
rate-determining metal ion exchange preceded by 
a rapid unimolecular decarboxylation step. 

To  clarify f i~rther the catalytic role of the 
transition metal salt, we are planning more de- 
tailed studies of the kinetics of the above re- 
actions, as well as X-ray crystallographic studies 
of the structures of selected carbonyl- and alkyl- 
idenedipyrazoles and their metal complexes. 

Experimental 
Compounds were manipulated under anhydrous con- 

ditions, using a nitrogen-filled dry box or  a high vacuum 
system. Solvents were rigorously dried and distilled before 
use (18). Elemental analyses were performed by the de- 
partmental analyst. Melting points are uncorrected. In- 
frared spectra were determined with a Perkin Elmer 457 
spectrophotometer, mass spectra with a double focusing 
RMU-6E Hitachi Perkin Elmer instrument, and n.1n.r. 
spectra with a Varian A56,60 or  Varian XLlOO spectro- 
meter, using CDCI, as  solvent and with T M S  as internal 
standard, unless otherwise specified. 

Prepnrrrtior~ of  Carbonylli@~razoles 
'To obviate the intermediate synthesis of a s o d i ~ ~ m  pyr- 

azolide salt ( I ) ,  a number of preparative routes were ex- 
plored, using a n  excess of the pyrazole or  triethylainine, 
as  hydrogen chloride acceptor, and phosgene, in the 
solvents T H F ,  benzene, and toluene. The following pro- 
cedure was f o ~ l n d  to  be most satisfactory: a mixture of 
COCI, (3.55 mmol), 3-methylpyrazole (7.07 mmol), and  
Et,N (7.07 mmol) was allowed to react in T H F  (-150 
ml) for 30 min. The precipitate was filtered, the solvent 
was removed ~ l n d e r  vacuum, and the product (2) was 
purified by sublimation. The above method also gave 
good yields (80-90%) of 1 and 3 when pyrazole or  3,5- 
dirnethylpyrazole were used in place of 3-methylpyrazole. 
In  the latter case, the residue, after removal of T H F ,  was 
contaminated with 3,5-dimethylpyrazole hydrochloride; 
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TABLE 2. Reactions of 1 with carbonyl compounds 

Temperature Time C 0 2  Product 
Carbonyl compound(s) ("1 (h) yield (%I structure (R, R')* 

CH3COCH(CH3),I 130 16 95 4e (Me, i-Pr) 
CH,COCH,CH(CH,),t 90 16 68 4 f  (Me, i-Bu) 
p-CH30C6H4CH0 25 0 .1  100 4 , ~  (H, p-CH30C6H4) 
p-ClC,H,CHO 170 16 89 4h (H, p-CIC6H,) 
p-(CH3)2NC6H4CH0 170 16 99 4 i  (H, P - ( C H ~ ) ~ N C ~ H ~ )  
CH3CH0 and 80 100 4 j  (H, Me) 
CH3COCH3 
CH3COCH, and 25 92 4 k  (Me, Me) (70%) and 
CH3COCH2CH3 41 (Me, Et) (30%) 
CH3COCH, and 160 16 100 4k  (Me, Me) 
(CHBCHZ),CO 
CH3COCH2CH3 and 160 16 93 41 (Me, Et) (90%) and 
(CH,CH,),CO 4 m  (EL Et) (10%) 
CH3COCH, and 100 16 100 4n (H, C6H5)$ 
ChHsCHO 
C ~ H J C H O  and 90 16 90 411 (H, C6H,): 
p-CH30C6H4CH0 
C6H5CH0 and 150 16 90 4n (H, C,H,)? 
p-(CH3)zNC6H4CH0 
C6H,CH0 and 150 16 100 412 (H, C6H5) (56%) and 
p-CIC6H4CH0 4h (H,p-ClCJL)  (44"J,):,§ 
p-CIC6H,CH0 and 160 16 100 4h (H, p-C1C6H,) 
p-(CH3)2CsH4CHO 

*Set eq. 1 (R, = R5 = H). 
tcatalyst  Fe,(CO),,, reagent ketone used as solvent. 
tSubiinied after trituratiori in hexane. 
$Vapor phase chromatography analysis (5Z SE-30, 150') of the crude mixture gave 4n :411 = 5 2  :48. 

the product was readily separated from t h i ~  impurity by 
extraction with benzene and purified by sublimation. 

Reartioil of  I ,  1'-Car.ho~~yldipyraiole ( I )  11.itli 
Acetot~e-2-"C 

Freshly dried tetrahydrofuran (approximately 5 nil) 
and 250 pCi of acetone-2-I4C (5 pCi 'nimol, New Englana 
Nuclear Corporation) diluted with unlabelled acetone 
(2.34 mmol) were condensed into a reaction tube con- 
taining 1,l '-carbonyldipyrazole (1.17 nimol) and dry 
COCI, (4 mg). The vessel was sealed and agitated for 
about I h at -70' and then 26 h at room temperature. 
Upon fractionation, the niixt~rre gave CO, (1.18 mmol) 
and a solid residue of 2,2'-dipyrazolylpropane which was 
purified by sublimation. The carbon dioxide was trapped 
in a solution (1 :2  vlv) of ethanolariiine in methyl cello- 
solve (19). The scintillation media used were (a)  a toluene- 
methyl cellosolve solution (2: 1 v/v) containing 5.5 g,1 of 
2,5-diphenyloxazole (DPO) for CO, and (b) a toluene 
solution containing DPO (4 g,'l) and p-bis[2-(5-phenyl- 
oxazolyl)jbenzene (50 mg I). The solutions were counted 
an a Becknian LS-230B Liquid Scintillation System to 
give 20 counts min-I mmol-' for CO, and 1.63 x 10' 
coutits niin-' mmol-I for the 2,2'-dipyrazolylpropane. 

Reactiotzs of I 11.it1z Carbotij.1 Cori7pouiids 
The procedure used lias been described before ( l ,2)  and 

the experimental parameters specific to the new reactions 
reported in this paper are listed in Table 2. Unless marked 
otherwise, CoClz was used as catalyst and dry THF as 
solvent. In the competitive experiments, equiniolar 
aniou~its of the two carbonyl conlpounds (1-5 riimol) and 

1,l'-carbonyldipyrazole were employed in the molar 
ratio 1 : 1 : x  where .Y = 0.5-1.0. In those cases where both 
possible alkylidenedipyrazoles were formed, the com- 
position of the sublimed product mixture was determined 
by n.ni.r. analysis. 

Cliarncterizarion of Ne~1, I ,  1'-,41kj~licJeriedi(,j~iazole.~ 
(Trrhle 2 )  

4e: n1.p. 35-36:; mass spectrum, Po,. 204, P ,,,,, 204. 
Anal. Calcd. for C,,H,,N,:  C, 64.68: H, 7.89: N, 

27.43. Found: C, 64.65; H, 7.99; N, 27.68. 
The n.ni.r. spectrum, r 9.15 (d, 6H, (CH,),C, J = 6.8 

Hz), 7.70 (s, 3H, CH3Cpy,), 6.50 (sept., IH, CHMe,, J = 
6.8 Hz), 3.75 (q, 2H, 4-H; Jj4 = 1.8 Hz: JA5 = 2.5 Hz), 
2.45 (q, 2H, 5-H; J3, = 0.7 Hz; JA5 = 2.5 Hz), 2.25 (4,  
2H, 3-H: J3, = 1.8 Hz; J35 = 0.7 Hz). 

4f: mass spectrum, Po,, 218, P ,,,,, 21 8. 
Anal. Calcd. for C,,H,,N,: C, 66.02; W, 8.31; N, 

25.66. Found: C, 65.78; H, 8.43; N, 26.01. 
The n.m.r. spectrum, r 9.18 (d, 6H, (CH3),C; J = 6.4 

Hz), 8.37 (m, lH,  CHMe2), 7.71 (s; 3H, CH,Cpy,), 7.33 
(d, 2H, CH2;  J = 5.9 Hz), 3.77 (q. 2H, 4-H: J,, = 1.8 
HZ;  J 4 ,  = 2.6 HZ), 2.62 (q, 2H, 5-H; Jis = 0.7 Hz; J45 = 
2.6Hz), 2.48 (q, 2H, 3-H; J,, = 1.8 Hz; J3, = 0.7 Hz). 

4g: m.p. 52-53"; mass spectrum, Po,, 254, P ,,,,, 254. 
Anal. Calcd. for C,,H,,N,O: C, 66.13; 11, 5.55; N, 

22.03. Found: C, 66.33; H, 5.63; N, 22.23. 
The n.m.r. spectrum, r 6.20 (s, 3H, CH,O), 3.70 (q, 

2H, 4-H; J34 = 1.9 Hz; JJ5 = 2.5 Hz), 3.10 (ni, 4H, 
CsH4), 2.50 (q, 2H, 5-H; J,, = 0.7 Hz; J,, = 2.5 Hz), 
2.40 (q, 2H, 3-H; J,, = 1.9 Hz; J 3 5  = 0.7 Hz), 2.30 (s, 
1H, CHPYZ). 
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PETERSON ET AL.: 1 , l ' -C  

4h: m.o. 81.5-82.5": mass spectrum, Pob, 258 and 260, 
Pcalcd 258 and 260. 

Anal. Calcd. for CI3HllC1N4: C, 60.35; H ,  4.29; N, 
21.66. Found: C, 60.49; H, 4.30; H ,  21.80. 

Then.m.r. spectrum, r 3.67 (q, 2H, 4-H; J34 = 1.8 Hz;  
J45 = 2.4 Hz), 2.88 (m, 4H, CsH4), 2.47 (q, 2H, 5-H; 
J3, = 0.6 HZ;  Jh5 = 2.4 HZ), 2.38 (q, 2H, 3-H; J,, = 1.8 
HZ;  J 3 5  = 0.6 HZ), 2.30 (s, 1H, C H P Y ~ ) .  

4i: m.p. 84.5-85.5"; mass spectrum, Po,, 267, P ,,,, ,, 267. 
Anal. Calcd. for CI5Hl7Nj :  C, 67.39; H ,  6.41; N, 

26.20.Found.C,67.35;H,6.36;N,26.57. 
The n.m.r. spectrum, r 7.13 (s, 6H, (CH,),N), 3.78 (q, 

2H, 4-H; J3, = 1.8 HZ;  J,, = 2 4 Hz), 3.24 (m, 4H, 
C6H4), 2.57 (4, 2H, 5-H; Jag = 0.7 HZ;  J4, = 2.4 HZ), 
2.45 (q, 2H, 3-H; J3+ = 1.8 HZ;  J35 = 0.7 HZ), 2.36 (s, 
1H,  CHPYZ). 

Preparation of  Pyrazole-1-~arbonjll Chloride ( 1 5 )  
A mixture of pyrazole (6.7 mmol), Et,N (6.6 mmol), 

and phosgene (6.8 mmol) in T H F  (-50 ml) was stirred at 
room temperature for 30 niin; the solution was filtered 
and the filtrate was fractionated under vacuum, the pro- 
duct being held mainly at - 63'. The product, 15, slowly 
decomposed into 1 and COCI, during handling and was 
extremely lachryn~atory in the open air; a saniple heated 
at  SO3 was converted quantitktively into 1 and COCI,. A 
freshly prepared sa~nple gave spectral data consistent with 
the given formulation, which was corroborated by sub- 
sequent conversions of 13 into identifiable products, yield 
50-60%; n1.p. 52-54 'C. 

Anal. Calcd. for C,H,CIN,O: C, 36.82; H, 2.30; N, 
21.50. Found: C, 35.60; H ,  2.15: N, 20.98. 

The i.r. spectrum, v(C-H), 3120,3065 cm-' ;  v(C=O), 
1830, 1770, 1720 c m '  ; v(C=N), 1540 c m ' .  

The n.m.r. spectrum, r 2.12 (q l H ,  4-H; J,, = 3.3 
H z ;  J,, = 1.3 Hz), 0.59 (s, broad, l H ,  3-H), and 0.15 
(d, 1H, 5-H; J45 = 3.3 Hz). 

Reacfio~ls  of  15 ~citlz Amino Co17rpounds 
Because of its instability, samples of pjrazole-l-car- 

bony1 chloride were freshly prepared it? sir[/ in THF, ac- 
cording to the method described above, and allowed to 
react, without further purification, with appropriate 
quantities of protic reagents and triethyiamine. The re- 
action with Et,NH is described in detail and is typical of 
the procedure followed with phenylhydrazine, A',l\'-di- 
methylhydrazine, irnidazole, 3-methylpyrazole, and 3,5- 
diniethylpyrazole. 

Preprution of Pyrilzole- 1-h'. h'-diet/7j,lcnr borrrrn~ide ( I  6 )  
A sol~rtion of 15 (1.1 rumol) in T H F  (50 ml) was treated 

with a mixture of EtzNH (1.1 mlnol) and Et3N (1.1 mmol) 
in TI-IF (50 nil). After 1 h, the solution was filtcrcd and 
solvent was removed under vacuum; the solid residue, 16, 
was purified by sublinlation (yield, 40%). In the i.r. spec- 
trum, v(C-0) vlas observed at I690 cm-' ,  while thc 
parent ion (P,,, 167, PC,,,, 167) was observed In the mass 
spectrum: n.1n.r. spectrum, r 8.51 (t, 6H, CH2CH3;  J = 
7.3Hz), 5.90 (q, 4H, CH,; J =  7.3Hz),2.50(q, 1H,4-H;  
J4s = 3.0 HZ;  J3, = 1.7 HZ), 0.50 (d, IH,  3-H: J,, = 1.7 
Hz), 0.02 (d, l H ,  5-H: J,, = 3.0 Hz). The crude product 
showed mass spectral impurity bands attrib~itable to 1 and 
(Et2N),C0. 

P~rn;ole-I-ccrrho-/?V'-pl1enj~1/1j.&n~ide) ( 6 )  
Procedure as above: yield 507 :  m.p. 145 'C (dec.); 

mass spectrum, Po,, 202. P ,,,,, 202; n.1n.r. spectruni, T 
2.70 (s, broad, IH,  C,H,NH), 2.32 (q, IH, 4-H; J,, = 
1.7; J,, = 2.8 Hz), 0.81 (s, broad, l H ,  3-H), 0.19 (d, lH ,  
5-H; J,, = 2.8 HZ), -0.75 (s, broad, lH ,  CONH), and a 
complex pattern in the region 1.2-1.9 due to phenyl pro- 
ton resonances. 

At temperatures above 90 C, 6 was observed to de- 
compose, with elimination of pyrazole, yielding a pro- 
duct with analytical and spectral data cons~stent for 
(C,H,NHNCO), (7); mass spectrum, P ,,,. 268, PC,,,,, 268. 

Anal. Calcd, for C,,H1,N,O2: C, 62.68; H,  4.51; N,  
20.88. Found: C, 63.29; H, 4.58; N, 21.10. 

Pymzole- 1-carbo-h;N-dimeth~.llrydraiide 
Procedure as above, but p~~rification by crystallization 

from a petroleum ether - acetone mixture, giving pale 
green crystals, yield 50-60%; m.p. 50-57 C; mass spec- 
trum, Po,, 154, P ,,,, , 154; n.m.r. spectrum, r 4.55 (s, 6H, 
NMe2), 2.35 (q, IH, 4-H; J34 = 1.0 Hz; JlS = 2.6 HL): 
1.64 (d, IH,  3-H; JZ4 = 1.0 HZ), 1.42 (s, broad, IH, 
N-H), 1.23 (d, 1 H,  5-H; J,, = 2.6 Hz). In the presence 
of D 2 0 ,  the signal at 1.42 disappeared, due to exchange. 
The i.r. spectrum, v(N-H), 3315 c m  ' : v(C=O), 1745 
cm- ' ;  v(C-H), 2800 cnl-I. 

Pj.razole-I-carbo-1'-itnidazolide l I  7) 
The reaction of 15 with imidazole was found to give a 

difficult-to-separate mixture of 17, 1, and carbonyldi- 
imidazole; both imidazole and pyrazole were found to re- 
act with 17 prod~icing carbonyldiimidazole and 1, respec- 
tively. The approximate yield of product was 70-80z; 
m.p. 53-56 'C: mass spectrum, P,,, 162, PC,,,,,, 162. The 
i.r. spectrum, v(C-H), 3100-3170 cni-' ; v(C-0), 1740 
cm- ' ;  v(C=N), 1532 c m ' :  n.1n.r. spectrum, r 3.45 (q, 
lH,4-H;J , ,  = 2.8 Hz;J3., = 1.5 Hz),3,14(d,  lH ,4 ' -H ;  
J4,,, = 1.4 HZ), 2.69 (d, IH,  3-H: J34 = 1.4 HZ), 2.60 (d, 
lH ,  5'-H; J , , ,  = 1.4 Hz), 2.35 (d, IH, 5-H; J4,  = 2.8 
Hz), 2.08 (s, 1 H,  2'-H ). The solution of 17 in CDCI, was 
unstable; after 1 day at room temperature, absorptions 
attributable to 1 were observed. 

3-Metl1~,lpyruzole- I-cuibo- 1'-pyrc~zolide i l l )  
The reaction of 15 ~ i t h  3-methylpyrazole gave a pale 

yellow liquid, with i.r. and n.nl.r. spectra consistent for a 
iuixture of 1, 11, and 2:  the same spectra were obtained 
for the product of a group-exchange reaction between 1 
and 2 in T H F  (reverse of eq. 7, R=H: R'z-Me). 

Because of rapid disproportionation in solution or when 
melted, to produce the symmetric end-members, com- 
pound 11 c o ~ ~ l d  not be isolated in th.: pure state. However, 
by subtracting bands due to 1 and 2 from the con~posite 
spectrunl, the n.m.r. spectriiin for 11 is T 7.64 (s, 3H, 
3'-Me), 3.68 (d, 1H, 4'-H: J,, = 2.9 Hz), 3.47 (q, IH,  
4-H; J3, = I .5 Hz; JS5 = 2.9 Hz), 2.13 (q, 1 H, 3-H; J 3 ,  

= 1.5 HZ;  J,, = 0.6 Hz), 1.38 (d, l H ,  5'-H; J,, = 2.9 
Hz), 1.31 (q. l H ,  5-H; J, ,  = 2.9 HZ;  J35 = 0.6 Hz). The 
same equilibration was detected when a mixture of 1 and 
2, dissolved in dry benzene, was injected into a gas chro- 
matography col~rrnn (5 ft x 1 8  in. 5 7  SE-30 on 70180 
Varaport 30) at 120'. While the pure components gave 
rise to peaks at 4.2 and 11.0 min, respectively, three peaks 
with retention times of 4.2, 6.9, and 11.0 min were 05- 
served for the binary mixture, suggesting the formation 
of 3-methylpyrazole-1-carbo-1'-pyrazolide (11) on the 
column. 
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3,5-Ditnerhylp~~rnzoie-l-ral.Do-1'-~rrlzolicl~ ( 1 2 )  
As in the previous case, the reaction of 15 with 3.5- 

diniethylpyrazole gave a mixture of 82,1, and 3, us~ially 
obtained as a v i sco~~s  liquid: if the solvent is q~~ ick ly  re- 
moved from the reaction medium, however, corapara- 
tively pure crystals of 82 are obtained. I n  a separate n.m.r. 
experiment, the eq~~ilibration of 1 and 3, in solution in 
CDCI,, to yield 12 was observed over a period of 2 days. 
The following absorptions were assigned to 12: T 7.71 (s, 
overlapping bands, 3'-Me), 7.51 (2, overlapping bands, 
3-Me), 7.50 (d, 3H, 5'-Me), 4.17 (m, IH,  4'-H), 3.72 (d, 
IH, 4-N), 1.41 (d, IH, 5-H). 

3,5-Din7ef/?ylpy,azole- I-ca~bo- 1'- (3'-1nerfrjlp~~ruzolide) 
( 1 3 )  

An equinlolar mixture (9.5 niniol) of phosgene, Et3N, 
and 3,5-dimethylpyrazole in THF (60 ml) was allowed to 
react at  room temperature for 30 min, then treated with a 
solution of metl~ylpyrazole (9.5 m~nol)  and Et,N (9.5 
mmol) in THF (20 ml). After stirring for 60 min, the mix- 
ture was filtered and solvent was removed under vacuum 
from the filtrate, leaving white crystals and a colorless 
liquid, which were separated by distillation under vacuum. 
The 1l.m.r. spectrum of a solution of the product in CDCI, 
was consistent for a mixture of 2, 3,  and 13. In a separate 
n.m.r. experiment, a mixture of 2 and 3 in CDCI, was 
observed to equilibrate over a period of several days, with 
formation of 13. Allowing for overlap and coincidence of 
some absorptions in the mixture, the following spectrum 
was assigned to 13: T 7.74 (s, 3-Me), 7.63 (s, 3'-Me), 7.43 
(d, 5'-Me), 3.93 (m, 4'-H), 3.70 (4-H), 1.47 (d, 5-H). 

Reactions of 6, 16, 17, and I,/'-Curbor~~./diit?~idazale 
\c,i/h Acetoze 

In a typical experiment, 16 (2.33 mmol), a n h y d r o ~ ~ s  
cobalt chloride (-0.01 g), and dry acetone (-15 ml) were 
sealed together in a reaction tube. After 5 days at  room 
temperature, the deep blue solution was fractionated, re- 
vealing the absence of C 0 2 ;  the components were sealed 
together once more and heated at 110' for 7 days. Again,- 
no C 0 2  was detected upon separating the products. 

In a similar fashion, the possibility of a cobalt(I1)- 
catalyzed reaction between acetone and (a) 6, (b) 17, and 
(c) carbonyldiirnidazole was investigated. 

I n  case a,  no CO, was produced, even at  100°C; at  
the higher temperatures, however, the formation of pyr- 
azole and (C6H5NHNCO)Z was noted. In case b, the slow 
evolution of CO,, at room temperature, was observed, 
and 4 (R=R'=Me) was identified spectroscopically as 
one component of the liquid residue. 

Kinetics o,f the CoC1,-catalyzed Reaction of 2 i,i.i/lz 
Acetone 

Excess acetone (approxiniately 10 ml) was condensed 
into a vessel containing 0.400 g (2.1 1 mmol) of 1,l '-car- 
bonylbis(3-methylpyrazole) (2) and 10 nig of dry CoCI, 
and the reaction flask was immediately connected to a 
mercury-filled manometer tube. At a temperature of 16 
i 0.5- and constant volume, the carbon dioxide pressure 
was measured at  13 time intervals ober a period of 135 

inin (approximately three half-lives) and an "infinity" 
reading was obtained after 30 11. Graphical determination 
of the reaction rate at  various times t followed by a plot of 
log rate cs. log [2] gavc a kinetic order of approxin~ately 
two, and all pressure readings taken after the initial 6 min 
were found to fit the integrated second-order rate law 
shown in eq. 8. During the first 6 min of the reaction, 
some reagent (2) remained undissolved thus causing major 
rate deviations. 

We wish to  express our sincere thanks to  Mrs. M. 
Belluce, Mr. F. Slawson, and Mr. R. Wojtyk for their 
technical assistance and to the National Research 
Council of Canada for the financial support of these 
investigations. 
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JACK G. BALLARD, THOMAS BIRCHALL, JOHS BB. MILNE, and W. D u h c ~ u  MOFFETT. Can. J. 
Chem. 52, 2375 (1974). 

The 12'Sb Mossbauer spectra of a number of SbX,- and S b 2 X g 3  salts have been recorded. 
Only SbF,-, SbC14-, and Sb2Fg3- show significantly large quadrupole splittings with the 5s 
electrons being stereochemically active. 

JACK G. BALLARD, THOMAS BIRCHALL, J O H ~  B. MILKE et M'. DUNCAN MOFFETT. Can. J .  Chem 
52, 2375 (1974). 

On a enregistre les spectres Mossbauer du 12'Sb pour un certain nombre de sels du SbX,- et 
du Sb2Xg3-. I1 n'y a que les sels SbF,-, SbCI,- et Sb2Fg3- qui montrent de larges couplages 
quadrupolaires irnpliquant des electrons 5s comrne CICments stereochimiquernent actifs. 

[Traduit par le journal] 

According to  the VSEPR theory of Gillespie 
( I ) ,  the geometry about the centra! antinlony 
atom in complexes of Sb(ll1) would be strongly 
influenced by the 5s electrons. For the most part, 
structural predictions based upon this sinlple 
theory are borne out in practice. However, a few 
exceptions are known, in which the lone pair is 
not  stereochemically active. In TeBr,' - , TeCl,, - 

(2) ,  and (NH,),Sb,Br,, (3) the 5s electron pair 
appears to have no distorting effect upon the six 
surrounding ligands. In all of these examples, the 
XMX angles are 90" but there is a significant 
lengthening of the M-X bond. Mossbauer 
studies on these compounds (4-7) have shown 
that  this nonactivity of the 5s electrons produces 
a marked effect on the chemical isomer shift of 
the Te and Sb nuclei. Participation of the 5s 
electrons in the bonding scheme would lead to a 
distorted environment and produce a quadrupole 
split spectrum. Such distortions have been 
claimed for the Co(NH,),SbX, and Cs,Sb,X, 
systems (7) though the original report (6) con- 
cluded that the Sb(II1) environments in Co- 
(NH,),SbCI, and Rb,Sb,CI,, were undistorted. 
This was subsequently confirmed by Schroeder 
and Jacobson (8) to be the case for Co(NH,),- 
SbCl,. They found Cl-Sb-C1 angles of 90' and 
all Sb-Cl distances equal at  2.643 A, consider- 

ably longer than Donaldson's estimate of 2.52 A 
(7). Furthermore, the NaC1-like structure of this 
salt indicates that there will be no contribution 
to the quadrupole splitting parameter from a 
lattice contribution. 

In mew of this, ~t seemed essent~al that the 
Mossbauer data for M,Sb,X, (7) and MSbX, 
(9) be checked In order that any structural con- 
clustons drawn, particularly from small \slues of 
quadrupole coupling constants, be based on well- 
established data. We here report our 12'Sb 
Mossbauer data for Cs,Sb,X, (X = C1, Br, I) 
and MSbX, (X = F, C1, Br, I) ,  together with 
new data on some other [Sb,X,13- and [SbX,]- 
salts. The results are discussed in terms of the 
known and likely structures. 

Experimental 
The sodium tetrafluoroantimonate(II1) mas prepared 

from antimony trioxide and sodium carbonate in excess 
H F  as described previously (10). The series of conlplexes 
S b X ,  (X = C1, Br, I )  were prepared by the treatment of 
the trihalide with a solution of tctraalkyla~nn~oniutn or 
ppridinium halide in various solvents as described in ref. 
11. The bis-n-butylammonium tetraiodoantimonate(II1) 
was prepared by adding the solution of antimony(I1I) 
iodide in concentrated HI slowly, with vigorous stirring, 
to a large excess of the solution of bis-n-butylan~monium 
iodide in concentrated HI (12). 

Hexamminecobalt nonafluorodiantimonate(1II) was 
prepared from a 0.2 ~ i M  solution of Co(NH3),F3 and a 
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solution of S b 2 0 3  in 49% H F .  Co(NH,),F, was prepared mm/s, the asymmetry of the spectrum is obvious 
by dissolving 0.01 mol of Co(NH,)eC13 in water and and one would only use the more complex fitting 
adding a saturated solution of AgF (Ozark Mahoning), 
0.03 mol. The precipitated AgCl was filtered off and the procedure. Where e2qQ is -6 mm/s or  less, the 
resulting solution was concentrated to 50 ml by pumping is not obvious the isomer shift 
on  the vacuum line. Sb,O, (0.01 mol) was dissolved in a of the sample is close to that of the source materi- 
minimum amount of 48% H F  (J. T.  Baker) and the SOIL]- al so that relatively slow sweep velocities can be 
tion was filtered to remove any suspended particles. employed, and it will  be much more difficult to 
Addition to the Co(NH,),F, solution yielded a good crop 
of dark orange crystals after cooling i n  dry ice, The evaluate a meaningful constant' The 
crystals were collected a t  the pump, washed with a small effect of changing e2qQ upon the shape of the 
quantity (a few mls) o f  cold ethanol, and  dried under absorption envelope has been demonstrated by 
vacuum. 

Anal. Calcd.: NH3,  17.73; Sb, 42.32; F ,  29.71. Found.  
NH3, 17.89; Sb,  42.15; F, 29.47. 

The c a e s i ~ ~ m  nonahalodiantimonate(II1) compounds 
were prepared from antimony trihalide and caesium halide 
i;i concentrated hydrogen halide solution as described in 
ref. 14. h-Butylan~monium nonachlorodiantimonate(II1) 
was prepared by addition of a s o l ~ ~ t i o n  of antimony tri- 
chloride in concentrated HCI to a solution of the amine in 
concentrated HCI yielding a white precipitate which was 
filtered and washed in ether and  dried under vacuum. 
Tetramethylammonium nonabromodiantimonate(II1) di- 
bromine was prepared as described in ref. 15. Pyridinium 
nonabromodiantirnonate(II1) dibromide was prepared 
from pyridine and antimony tribrornide in concentrated 
HBr (16). The n-butyl and i -bu ty lan~n~onium nonaio- 
doiantin~onate(IlI) compounds were prepared by addition 
of a n  excess of the respective amine in concentrated H I  
to  a soluiion of antimony(II1) iodide in concentrated H I  
(12). 

Antimony analyses were in good agreement with the 
formulae given. 

The Mossba-uer spectra were recorded on  apparatus 
previously described (10). The source was BaJzJSnO,  
(0.5 mCi) obtained from New England Nuclear Ltd. All 
spectra are reported relative to  InSb a t  4 ' K  and  cali- 
brated with iron foil at  room temperature, and were re- 
corded \+ith the source at  room temperature and the 
sample at  4 ' K .  The samples were finely powdered with 
8-10 m g  of S b  per cn12. The spectra \yere computer fitted 
to a n  eight-line quadrupole split pattern as previously 
described (lo), as  well as  to a one-line Lorentzian pattern. 

Results and Dissnssisn 

The problems inkolved in obtaining meaning- 
ful Mossbz~ler ~a ramete r s  from ' 'Sb scectra 
have been discussed (17) and great care must be 
exercised to ensure that the data are meaninzful. 
Clearly the peak maximum cannot be take,l as 
the isomer shift in cases where there is a finite 
quadrupole interaction (7, 17; 18). The error in- 
curred would be smaller if a single Lorentzian fit 
was used instead of the peak maximum, since the 
Lorentzian fit would he weighted to more posi- 
tive or  negative velocities depending upon the 
sign of the e2qQ. Where there is a iarge splitting, 
a single line h t  would be inferior to one of eight- 
lines. However, for situations with e2qQ > - 10 

Donaldson et al. ( 7 ) ,  but their simulated spectra 
are misleading in that they are all centered a t  0 
mm/s. In fact, their Sb(1II) spectra all have shifts 
at  - - 19 mm/s from the source, so that these 
spectra approximate more to a single Lorentzian 
and make the abstraction of meaningful quadru- 
pole coupling constants very difficult indeed. 
Since a splitting of +6.8 mm/s was claimed (7) 
for Co(NH,),SbCI,, when previous workers (6) 
found none and subsequent X-ray analysis (8) 
showed 0 ,  symnletry about antimony, one must 
view with some skepticism the small e2qQ values 
reported for the Sb(II1) halide conlplexes (7, 9). 

Table 1 contains data which illustrate the 
points discussed above. I t  includes Mossbauer 
parameters for some compounds which have 
been previously examined by us (10) and others 
(7, 9) tagether with some new data. All of our 
results were obtained under identical conditions; 
previous reporters have used a variety of condi- 
tions and standards (7, 9, 10). 

The complexes studied are of two types, name- 
ly MSb(III)X, and M,Sb(III),X, (X = F, C1, 
Br, and I). Only in the cases where there is a 
large e2qQ value do the isomer shift values, cal- 
culated by the two fitting procedures, differ ap- 
preciably. The spectra of IVaSbF, (10) and 
Co(NH,),Sb,F, can clearly only be rea1istical:y 
fitted to the eight-line pattern without incurring 
serious errors. In these two cases, the line width 
of the single Lorentzian fit is more than double 
the natural width (2.1 mm/s) and the width cal- 
culated from the eight-line fit. From a visual 
examination the spectra of NaSbF, (10) and 
Co(NH3),Sb2F, (Fig. 1) are also clearly asymme- 
tric. C5H5NHSbCI, is also visually asymmetric 
and has an  unacceptably high line width from the 
single line fit. The eight-line fit does give a fairly 
large quadrupole coupling constant but sur- 
prisingly the isomer shifts calculated by the two 
methods are not appreciably different. This is, 
perhaps, a reflection of the quality of this partic- 
ular spectrum. For  all of the other compounds, 
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BALLARD ET AL.: MOSSBAUER SPECTROSCOPY OF Sb(II1) HALIDE COMPLEXES 

TABLE 1. lZISb Mossbauer parameters for some antimony(lI1) halides 

Eight Lorentzians One Lorentzian 
- - -- 

Line Line 
Isomer shift* eZqQ width Isomer shift width 

Compound ( 2  0.1 mm/s) (+ 2 mm/s) (mm/s) (mm/s) (mmls) 

*Relative to InSb at 4 "K. 
?Reference 9. 
;Referenee 7. 

the isomer shift values computed by the two pro- 
cedures do not differ by more than 0.1 mm/s in- 
dicating that the presence of a "small" qcadru- 
pole splitting does not, in practice, affect the 
isomer shift parameter significantly at the high 
velocities employed. There does appear to be a 
correlation between the difference in the two line 
widths and the calculated quadrupole coupling 
constants. The greater the difference in width, the 
larger the coupling constant and a comparison 
of the data obtained by both fitting procedures 
should perhaps be made before drawing struc- 
tural conclusions. In our view, there will always 
be a large error in the quadrupole splitting param- 
eter, probably - i 2  mm/s, when l x g e  sweep 
velocities are employed in recording 12'Sb 
spectra. 

The quadrupole coupling constants reported 
here are, apart from Cs,Sb,Br,, in reasonable 
agreement with those of the previous workers (7, 
9) bearing in mind the above discussion. Our 
computer program would not give a reproducible 
value for the e2qQ of Cs,Sb,Br, and this, to- 
gether with the line width comparison, suggests 

to us that the value is much smaller than the 
+ 6.4 mm/s reported earlier (7). Similarly the 
SbI,- salts must also have negligible q ~ ~ a d r u p o l e  
splittings. Agreement with literature isomer 
shifts is good for NaSbF, and C,H,NHSbCl,, 
but poor for (C,H,),NHSbCI, and (C,H,),- 
NSbI, where the values (9) are up to 0.7 mm/s 
more positive than those reported here. The 
situation is even worse for the Cs,Sb,X, series 
where our shifts are up to 1.3 mm/s more posi- 
tive than those of Donaldson et a / .  (7). Brill e t a / .  
(13) find that (CH,NH,),Sb,Br, has an  isomer 
shift of - 8.20 mm/s, very close to the value we 
find for (C,H,NH),Sb,Br,Br, which gives us  
some confidence in our results. 

In both series of compounds the order of nega- 
tive chemical isomer shifts, i .e . ,  C1 > Br > I > 
F can be explained in terms of the probable struc- 
tures of the compounds and the relative electro- 
negativities of the halogens. Each of the anions in 
NaSbF, and C,H,WHSbCI, is halogen bridged 
to adjacent anions, but the two structures are 
quite different. NaSbF, has a chain structure 
(19, 20), with F bridges linking the ions to give 
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tron pair, as it has in SbF,-, and it is logical to 
infer that the 5s pair remains in an  essentially 
spherical orbital (21). The result is a high s elec- 
tron density on Sb and a more negative isomer 
shift for SbC1,- compared to SbF4-,  where the 
5s electrons are clearly involved in the bonding 
scheme. The isomer shifts of the remainder of the 
SbX,- salts can most reasoilably be explained if 
one assumes that they all have similar structures, 
i.e., six halogens about an Sb(Il1j having a stereo- 
chemically inactive pair of 5s electrons. As the 
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6 2- 
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6 . 2 -  

electronegativity of X decreases, the s electrons 

. ,  , , , , , , , . , / ,  # , , I  become more shielded by p and d bonding elec- 

, , ,  , 
, . . , . .  trons, the s electron density decreases and a more 

b b < , ? . < , ' , ,  
, , , . . ' ' C ' > < : * ' +  , .:.; ,-,; : ;,, . 

-;; 
; f'.;:, , .-,:. ,, . . . .  . , ., . . . positive isomer shift is observed. We find the , ' .  , ,;, . , ,,, 

,. 
? ,  . 

.I,$ I isomer shift of the Sb1,- salts to be close to that 
b reported for SbI, (23), and to be in the same re- 

- I ,  

, e gion as [Sb2I9I3- in both of which the Sb is six 
, : coordinate (13). Rationalizatiol~ of the quadru- 

pole coupling constants is much Inore difficult 
.,',I , because of the large errors involved. Clearly, 

where the 5s electrons are involved in the bond- 
- 10 o lo 20 3 0  ing (SbF,-) a large splitting occurs. I11 the other 

V E L O C I T Y  m m / s  SbX,- cases, the coupling must arise from the 
FIG. 1. L 2 1 S b  Mijssbauer spectra of C O ( N H , ) , S ~ ~ F ,  asymmetry created by the diferent Sb-X bond 

l~sing (a )  eight-line quadrupole split pattern, and (b) lengths, e.g., 2.380, 2.630, and 3.126 A in SbC1,-. 
single-line Lorentrial1 pattern. 0, experimental counts; TI . +, computed counts. 

11s asymmetry would be expected to decrease as 
the halogen size and hence the Sb-X distance 

five fluorir~es a b o ~ ~ t  the Sb(II1) with the sixth increases and indeed the trend is to smaller e Z q e  
coordination site being occupied by a lone pair of values from C1 to I. These trends are also paral- 
electrons. The effect is a distorted Sb environ- leled in the [ sb2~ ,13- '  series with F > C1 > Br 
ment and an  effective removal of 5s electron > I. 
density, both of which are apparent in the Moss-- In  the s ~ , x , ~ -  series, a number of X-ray 
bauer parameters (10). Pyridinium tetrachloro- crystallographic determinations have been com- 
antimonate(II1) also has anions linked by halo- pleted (16-19). The bromide salts all have anions 
gen bridges in an  infinite chain (21) but, two chlo- composed of two octahedra sharing a face to 
rines of each SbC14- are bridging. This results in give an  ion with D,,, symmetry. Each antimony is 
an  octahedral arrangement of six chlorines about in an  octahedral environment with the only obvi- 
the antimony, two at  2.380 A, two a t  2.630 A, ous place for the 5s electrons being a spherical 
and two at  3.126 A.  Donaldson et al. (9) consider orbital about the antimony. The Sb-Br distances 
that the two longest Sb-CI distances are non- are longer than in the parent SbBr, being 2.63 
bonding and discussed their data in terms of a and 3.00 A for the terminal and bridging bonds 
trigonal bipyramidal (1.b.p.) arrangement of four respectively. Taken together, these facts account 
chlorines and a lone pair about antimony. This for the large negative shifts obtained. With the 
appears most unrealistic since even the longest exception of the Sb2Fg3- salt, the other Sb,xg3-  
Sb-CI distance is 0.9 A less than the sum of van ions must have the same structure as the bromide 
der Waals radii (22) and indicates a significant and these ions will also almost certainly be found 
bonding interaction. Furthermore, in a t.b.p. to have longer Sb-X bonds than the parent 
arrangement, the CI-Sb-(CI) angles should be trihalide. 
at  -90' and - 120" (I),  whereas only 90" bond The nonafluoride is anomalous with a much 
angles are found in SbC1,- (21). The X-ray re- more positive isomer shift and a large quadru- 
sults show that the Sb environment has no space pole coupling constant indicating that it has a 
to accommodate a localized non-bonding elec- structure different from the other Sb2X,,- ions. 
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As in other Er~orida structures, where the central 
atom also possesses a lone pair, e.g.? XeF,, the 
short M--F bonds result in steric crowding which 
prevents the 5: electron pair from remaining in a 
spherical orbital and it becsrnes invoived in the 
bonding. In the [ s ~ , x , ] ~ -  ion where X = F, the 
stereochemicai effect of the 5s eiectrons domi- 
nates; the distorted Sb environment results in a 
large e2qQ and a inore positive isomer shift than 
than for the other [Sb,X,I3- ions. X-Ray 
analysis confirms that two Sb-X-Sb b r i d e  

Thanks a re  due to the National Research Council of 
Canada for financial support. 
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MICHAEL FALK,  CHUNG-HSI HUANG, and  OSVALD KYOP. Can. J .  Chem. 52, 2380 (1974). 
Infrared spectra of polycrystalline K,SnC14.H,0 at  different degrees of deuteration were 

recorded between 4000 and 300 c m - '  a t  temperatures between 30 and - 160 C. The spectra 
are consistent with the crystal structure proposed by Kamenar and Grdenic. The water mole- 
cules are all equivalent and asymmetric. They a re  sufficiently well separated from one another 
for the dynamic coupling of vibrations to  be negligible. Both hydrogens of the water molecule 
participate in hydrogen bonding: one of the hydrogen bonds is weak and bifurcated. Positional 
parameters of the hydrogen atoms have been calculated  sing supplementary information from 
available n.m.r .  studies. Infrared spectral characteristics of water molecules engaged in bi- 
furcated hydrogen bonding are discussed. 

MICHAEL FALK, CHUNG-HSI HUANG et OSVALD KXOP. Can .  J. Chem. 52, 2380 (1974). 
Les spectres infrarouges de K,SnCI,.H,O polycrystallin ont  etC enregistres entre 4000 et 

300 c m - '  a differentes temperatures et degres de deuteration. Les spectres sont en accord avec 
la structure cristalline proposee par Kanienar et Grdenic. Les nlolecules d'eau sont toutes 
equivalentes et asyrnetriques. Les distances entre les molecules d'eau sont s~~ffisanxnent  grandes 
pour que le couplage dynamique de leurs vibrations soit negligeable. Les deux hydrogenes de 
la molecule d'eau participent aux liaisons hydrogene: une de ces liaisons est faible et bifurquee. 
Les parametres de position des atonies d'hydrogene ont ete calcules en utilisant de donnees 
r.m.n. fournies par la litterature. Les caracteristiques spectrales infrarouge des rnolCcules 
d'eau qui participent aux liaisons hydrogene bifurquees, sont discutees. 

In the crystal structure proposed for K2Sn- 
C14.H20 in 1939 by Brasseur and de Rassenfosse 
(1, 2) (B.R.) the water oxygen was placed at  a 
center of symmetrq In a unlt cell of space-group 
symmetry Pnliia (No. 62). Fourteen )ear$ Inter 
Itoh et a/. (3, 4) attempted to complete tlie B.R. 
s t r ~ ~ c t u r e  by determining the positions of the 
hydrogen atoms from a proton magnetic res- 
onance (p.11i.r.) study of single crqslals of this hq- 
drate. Being unable t c  reconcile their results with 
the B.R.  structure, they assurned the structure of 
K2SnC14.H20 to be sim~lar to tha! of I<,Hg- 
CI,.H,O, which the) s t ~ ~ d i e d  at the same time. 
and accord~ngl) changed the space group PIII~IN 
to Pbunz (No. 551, nrthoul commenilng on the clif- 
ference In the c o n d ~ t ~ o n s  that golern observable 
reflecrions in the two space groups (5). The water 
oxygens were 1 1 o ~ ~  placed 111 equipo~nt 4( f )  of 
PDar71. of symmetry C2-2. necess~tat~ng the equiv- 
alence of the t ~ o  hydrogens of a water n~olecule 

'NRCC No.  13929. 

and hence the equi~alence of the FI ... CI bonds in 
which the hydrogen atoms were considered to en- 
gage. McGrath and Silvidi (6.7), who re-examined 
the hydrate by p.m.r. and obtained results oilly 
slightly different from those of refs. 3 and 4, 
adopted the B.R. structure as modified by Itoh 
et a/. and described the hydrogen bonds explicitly 
as being to two C1 atoms of the same type. 
CI(Ii1) ... H-0-H ... CI(111). H o w e ~ e r ,  a subse- 
quent re-in\.estigation by X-ray diffraction led 
Kameliar and GrdeniC (8) to propose for K2Sn- 
CI,.H20 a crystal structure (K.G.) sitbstantially 
different from tlie B.R. structure; though having 
the same space group, PIII.~IU (Table I ). Obi  iously 
if the positions of the non-hydroge~iic atoms in the 
K.G.  structure are essentiall!. correct. a re-inter- 
pretation of tlie p.ni.r. r e s ~ ~ l t s  of refs. 3 ,4 .  6. and 7 
is needed, especially as Kamenar and Grdenik 
made 110 reference to the p.m.r. studies. 

In  tlie following we shall (i) examine the com- 
patibilit) or the  K.G. s t ructu~e \\ill1 the available 
p.m.r. evidence, \vith a view to locating the H 
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FALK E T  AL.: INFRAREC STUDIES OF WATER 

TABLE 1. Positional parameters and site symmetries of atoms 
in K2SnCI4.H20 (Pnnza*) (8)  
pp --- --. - ~. 

Atom Equipoint Site symmetry x Y z 

*Converted from the original description in Pbnrn to the tabulated standard setting Pnr?ia (ref. 5; 
rf. also ref. 2). Unit-cell dimensions (8): a = 12.05(3) A. b = 9.14(2) A, c = 8.24(2) A ;  Z = 4. Un- 
certainties in ;he values of the positio"d parametersare stated to be comparable to those reported for 
the determination of the structure of SnCI2.2H2O (10) i.e. leading to standard errors of k0.03 in 
interatomic distances and k I '  in bond angles. An arbi;rary uncertainty of r 0.09 .& in the distances, 
and i 3' in the angles, has been assumed for the purposes of the present \bark. 

atoms correctly, and (ii) discuss new information 
obtained by us from a study of the i.r. spectra of 
the water molecule in partially deuterated poly- 
crystalline samples of K,SnCI,.H,O. 

Conclusions Possibie frotn the 
K.G. Structure Alone 

The four oxygen atoms in the unit cell are 
located in mirror planes parallel to 01 0 (Fig. 1 and 
Table 1) and are equivalent. The shortest 0...0 
separation is ca. 4.8 A, which precludes the exis- 
tence of 0-H ... 0 bonds and leaves hydrogen 
bonding of the 0-H ... C1 type as the only possi- 
bility. Each oxygen atom has six C1 neighbors at 
distances shorter than 3.78 A, the upper limit 
postulated for effective 0-H ... C1 hydrogen 
bonding (91, and a seventh C1 at 3.92(9) A. The 
immediate cation environment of an oxygen atom 
co~isists of two K atoms at 2.81 A: well within the 
range of observed K...OH, distances (9), and an 
Sn atom at a distance of 3.65 A, which is much 
greater than the Sn ... 0 distance normally ob- 
served for water coordinated to an Sn atom, ca. 
2.15 A (10). 

The K.G. structure requires the water molecule 
to be of symmetry C,. Depending on the orienta- 
tion of the molecule relative to the mirror plane, 
the following situations are consistent with the 
s t ruc t~~re  (cf. Fig. 1 for identification of atoms). 

(1) The two hydrogen atoms are mirror images. 
Then all the hydrogens in the unit cell are equiv- 
alent, in equipoint 8(d) of Pnn~a ,  and there 
are two possibilities for hydrogen bonding: ( la)  
C1(2)B. ..H-OA-H'...C1(2)B', with 0.. .C1 dis- 
tances of 3.42(9) A and a CI ... O...Cl angle of ca. 
64" ; (16) C1(2)C...H-OA-H'. ..C1(2)C', with 
O...Cl distances of 3.56(9) and a Cl ... O...CI 
angle of ca. 102". 

(2) The two hydrogens are situated in ihe mirror 

FIG. 1. Immediate environment of an oxygen atom 
( A )  of a water molecule in K,SnCI,.H20 according to ref. 
8. The original description in space group Pbnm has been 
converted to the standard setting Pnma. The fractional 
coordinates shown have been multiplied by 100: the inter- 
atomic distances are in A.  Double circles represent atoms 
related by a mirror plane parallel to 010. 

plane and are nonequivalent, each belonging to a 
different equipoint 4(c). Any hydrogen bond that 
could form would lie in the mirror plane. The 
bonds could be either norrnal (OA-H...C1(3)D, 
O...Cl = 3.32(9) A, or OA-H...CI(l)F, O...C1 = 
3.52(9) A) or b@rcated (On-H ... B, O...B = 

2.90(8) A, or OA-H ... C, O...C - 2.25(9) A, 
where B and C are the projections of Cl(2)B and 
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CI(2)' respectively onto the ~nir ror  plarie).2 Only 
one of the different combinations of these four 
possible H-bonds, Cl(3) "... H-OA-H ... B, is con- 
sistent with the assuniptioi? that the H-bond ac- 
ceptor angle is within 35" of 108', the meail 
H-0-H angle in hydrates ( 9 ) :  it involves one 
normal and one bi f~~rcated  hydrogen bond. 

For both ( I )  and (2) there exists also a range of 
configurations involving hydrogen atoms which 
are ~~ncommit ted .  i.r. not engaged in H...Cl con- 
tacts shorter than 2.80 A; the postillated cut-off 
distance for effective 0-M ... C1 bonding ( 9 ) .  

Cot7clctsiot?s,fiot~ t l~c. K.G. Struct~ire an(/ 
Profot? Mag~letic Reso~~unce El.iclei7ce 

The length r of the H-M vector in the water 
molec~~le  and the acute angle3 x which W~-H 
makes with the x-axis were estimated from p.ni.r. 
studies to be. respectively. 1.62 A and 50.5' 
(3, 4). and 1.59 A and 2 52' (6: 7 ) .  The angle P of 
the H-H vector with the b-axis was stated (7) to 
be 90', i.e. the vector lies in a plane parallel to 010. 
This information immediately eliminates possi- 
bilities ( l a )  and (Ib),  and is suficient to specify the 
positions of the two hydrogen atoms with some 
accuracy. Taking the Ineali of the two experi- 
mental values for r: 1.61(2) A, and 2, +51.2(1 I ) " ,  
and a s s ~ ~ n ~ i n g  that both 0-H distances are 
0.98 ;$ (9);  the positional parameters of the two 
hydrogen atoms H(1) and H(2) of O A  are cal- 
culated as (0.038, 1/4, 0.593) and (0.955, 114, 
0.440) respectively (Fig. 2).  The OA-H(1) ... Cl- 
(3)" and 0 " - ~ ( 2 )  ... B angles corresponding to 
these parameters would then be about 166' and 
180' respectively. 

The results of the p.m.r. studies are thus con- 
sistent with the K.G. structure. If this is taken as 
evidence for the correctness of both, no further 
experimental work is needed and the crystal struc- 
ture of M,SnCl,.H,O can be regarded as estab- 
lished, albeit with not very high accuracy. How- 
ever, the conclusion that the OA-H(2) ... B bond 
is bifurcated provides incentive for further study. 
The spectroscopic behavior of bifurcated hydro- 
gen bonds is practically unknown. OnIy four cases 

2The seventh C1 atom, C1(3)E, is unlikely to act as a 
H-acceptor, both because its distance from OA exceeds the 
above upper limit of 3.78 and because the 0A...C1(3)E 
vector makes an  angle of only 27' with the bisector of 
the two OA...K directions. 

3The angles formed by the H-H vector with the 
crystallographic axes have been renamed to conform with 
the standard setting Ptlt?za (Fig. 2). 

FIG. 2. Proposed location of il?e hydrogen atoms 
belonging to oxygen .,l in K,SnCl,.H,O (see Fig. :). Left, 
projection on 010. Righr, detail of tht  bifurcated l?ydrogen 
bond (m. mirror plane 010). 

of water molecules forming suci; bonds Iiave been 
clearly demonstrated ir! inorga:!ic crystalline hy- 
drates by neutron diffraction (cf. Table 111, p. 74 
of ref. 9), and the i.r. spectrum has beer, reported 
for only one of them. K,SnCi,.H,O appeared to 
offer a possibility for an i.r. study of the bifurcated 
H-bond that is unusually free from comp!ications. 
Furthermore, confirmation by additional means 
of the correctness of the K,SnCI,.H,O structure 
derived above seemed desirable, and for this i.r. 
spectra of partially deuterated material are well 
suited. 

Experimental 
Preparc7fiorz 

M2SnCl,.H,0 was prepared from a saturated aqueous 
solution of KC1 and an aqueous solution of stannous 
chloride acidified with HCI. 71ie two solutions were 
mixed at  room temperature in a K :  Sn r:ttio of approx- 
imately 2 :  1 or with the KC1 in large excess. Aftel a few 
minutes large white, opaque crystals began to form. 
Their habit was the same as described in ref. 11 for 
K2SnCI,.2H20, but chlorine and water analyses showed 
clearly that the composition corresponded to the forn~ula 
K,SnCl,.H,O, in agreement with ref. 2 and earlier reports 
quoted therein. Some of the crystals were recrystallized 
from a nearly saturated so l~~ t ion  of KC1 at room tempera- 
ture without change of composition. If the recrystalliza- 
tion was from warm concentrated HCI, the product was 
mostly the colorless transparent, well-developed octa- 
hedral crystals of K2S~~C16 .  

After the first two or three crops of the K2SnCI,.H20 
crystals were collected, the mother liquor, which had 
turned yellowish, was warmed up to dissolve any re- 
maining solids and allowed to crystallize. The trans- 
parent to white hair-like crystals that separated were 
KSnCI3.H2O; their appearance agreed with the descrip- 
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FALK ET AL.: INFRARED STUDlES OF WATER 2383 

TABLE 2. Interplanar spacings d (in A) and estimated powder ditiiactometer intensities* 
I of K,SnCI,.H,O and KSnCI,.H,O 

-- pp - 
p~ 

- - 
p- -~ - - - - -  

KZSnCl4.H2O KSnCI,.H,O 
----------------- 

d I d I d I d I 
--  - -  ~~ -- p- -- 

6 .62  s 2.382 m 7.80 s 2.557 w 
5 .84 w 2.294 m 6.31 m 2.534 w 
4.90 vw 2.265 nl 6 .05  vw 2.515 w 
4.48 w 2.221 vw 5 .75 vw 2.496 vw 
4.23 vw 2.149 w 4 .63 m 2.450 w 
4.07 w 2.130 1n 4.32 w 2.426 w 
3 .74 s 2.048 n1 4 .21 w 2.413 w 
3.58 m 2.017 m 4.08 w 2.385 s 
3.56 s 1.985 w 3.80 vw 2.319 w 
3.36 w 1.939 m 3.58 s 2.277 w 
3.03 s 1.916 m 3.55 m 2.258 w 
2.974 m 1.885 w 3 .46 vw 2.241 w 
2.936 s 1.869 v mJ 3.41 s 2.179 s 
2.845 w 3.29 w 2.100 vw 
2.827 m 3.16 w 2.058 vw 
2.796 m 3.09 m 2.043 w 
2.702 s 3 .07 s 2.017 w 
2.656 w 2.982 vw 1.998 vw 
2.609 w 2.909 111 1.988 vw 
2.556 w 2.823 nl 1.935 YW 

2.487 m 2.748 
2.410 m 2.614 
-- ~ ~ ~ -- -~ - - 

*CuKr; focussing monochromator after specimen. 

tion in ref. 11." Their X-ray powder diffraction pattern 
was completely different from that of K,SnCI,.H,O 
(Table 2). The formula KSnCI,.H,O was confir~ned by 
analyzing for Ci and HzO.  Weak additional features in 
the i.r. spectra of KSnC13.H20 showed occasionally the 
presence of small amounts of K,SnCI,.H,O. 

After the bulk of the KSnCl,.H,O crystals was removed 
from the mother liquor, by now quite yellow, thc solution 
was again warmed LIP and allowed to crystallize. This 
time only the characteristic octahedral, transparent crys- 
tals of K,SnCI, appeared. 

To prepare de~~tera ted  specimens, saturated solutions 
of KC1 in H,O--D20 nlixtures of different isotopic com- 
positions were mixed with HCI solutions of stannous 
chloride at  roorn temperature. Anhydrous SnCI, and DCI 
were used for the highest degree of deuteration. The crys- 
tals formed were q~lickly dried by pressing between filter 
papers and sealed in sample vials. Owing to the rapid 
E l - 0  exchange with atrliospheric moisture the highest 
degree of deuteration attained mas about 9 2 x .  

Irrthrrzticrrfio17 
The water contents were determined (in triplicate) by 

thermogravin~etric analysis. Chlorine was determined as 
AgCl (precipitation in the dark under vigorous stirring) 
by the Volhard method using dry reagent-grade KC1 as a 

"On occasion the few crystals of K2SnCI4.H,O that 
had formed initially acted as crystallization nuclei for 
KSnCI,.H20 and were eventually con~pletely enveloped 
by the latter material. 

standard. Several determinations gave the following re- 
sults (in utY,): 

Anal. Calcd. for K,SnCI,.H,O: H,O, 5.05: Cl, 39.75. 
Found: H,O, 5.0(1); C1, 40.0(3). 

Anal. Calcd. for K2SnC1,.211,0: H 2 0 ,  9.62; CI, 37.84. 
Anal. Calcd. for KSnCI,.H,O: H,O, 6.38; CI, 37.69. 

Fgund: H,O, 6.2(1); CI, 37.9(3). 
X-Ray p o ~ d e r  diffraction patterns were obtained both 

photographically ( I  14.6 nini Straumanis-type camera) 
and with a Philips diffractometer fitted uith a focussing 
monochromator after the rotated specin~en. In the latter 
case smear mounts mere prepared by mixing the finely 
ground sample pouder with silicone grease and pressing 
the thick paste into a shallow counterbore in a lucite slug 
to be fitted into the specimen holder. For powder photog- 
raphy the CuKz radiation (i.cr, = 1.54056 &., ?.z, = 

1.54440 a) was filtered with Ki. Advantage was taken of 
having analyzed samples of KSnCI,.H,O to characterize 
this compound by its powder diffraction pattern (Table 
2) and i.r. spectra (Fig. 3). 

Z~~f iared  spectra 
Infrared spectra uere recorded from 4000 to 300 c n ~ '  

using both the Nujol mull and the KC1 pellet techniques, 
with a Perkin-Elmer model 521 grating spectrophotom- 
eter. Careful calibration made it possible to measure the 
frequencies of sharp spectral features to within 0.5 c m ' .  
Low-temperatiire spectra were obtained using a Model 
VLT-2 variable temperature cell (Research and Industrial 
Instruments Co., London). 

The mulls were mounted between two KBr or CsBr 
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FIG. 3. Survey spectra of undeuterated K,SnCI,.H,O and KSnCI,.H,O at room temperature (Nujol mulls) 
N denotes major features of the nujol spectrum. 

plates; with the latter it was possible to record spectra 
down to 250 cm- ' .  The KC1 pellets of K2SnCII.H20 were 
prepared by pressing mixtures of the finely ground sample 
powder with freshly dried KC1 in an evacuable die. The 
mulls had the advantage that almost no moisture was 
introduced during the preparation, while small amounts 
of atmospheric moisture invariably found their way i:!to 
the KC1 pellets. With KSnCI,.H20 only mulls could be 
used. as pressing the powder with excess KC1 I-esulted in 
the formation of K,SnCI,.H,O. Pressing powdered 
SnCl2.2H,O (or SnCl, containing a trace of moisture) 
with excess KC1 resulted in mixtures of K,SnCI,.H,O 
and KSnCI3.H,O. 

Results and Discussion 

Vibrational Assigrzr?~ents 
Spectra of Nujol mulls and KC1 pellets were 

essentially the same. Figure 3 shows a typical sur- 
vey spectrum of K2SnCI,.H,0 and includes a 
spectrum of KSnCI,.H,O in a form suitable for 
identification Figures 4 and 5 show 
the spectrum in regions of stretching and bending 
fundamentals of the water n~olecule at different 
degrees of deuteration. At lower temperatures all 
bands become sharper and undergo small fre- 
quency shifts. 'Table 3 summarizes band assign- 
ments and the shifts of frequencies with tempera- 
ture. The most interesting effect of temperature is 

5The spectrum presented as that of "KSnCI3.xH2O" 
in Nyquist and Kagel's catalogue of i.r. spectra of in- 
organic compounds (ref. 12, spectrum No. 764) is in fact 
that of K2SnCI,.H,0. In the recent Raman study of 
KSnG1,.H20 and K,SnCII.H,O by Davies and Tench 
(13) the identity of the material investigated was correct, 
but the spectra are limited to the frequency region below 
about 325 cm-I. 

'The structural conclusions based on a study of the i.r. 
spectra of KSnCI,.H,O at different degrees of deuteration 
will be described in a subsequent paper. 

/ 601 HDO 

FIG. 4. Spectra of K,SnCI,.H,O at room tenipera- 
ture: stretching fundamentals of hater at different degrees 
of deuteration. 

in the region of water librations (Fig. 6 and dis- 
cussion below). 

At low isotopic concentrations of H 2 0  and 
D,O the bending fundamentals of these species 
are sharp singlets at 1620 and 1 192 cm- ' respec- 
tively, with a half-width of only aboat 3 c m l  a t  
- 150 "C and about 6 cm-' at room temperature. 
These frequencies are due to the essentially in- 
dependent motions of water molec~~les whose 
nearest water-molecule neighbors belong to other 
isotopic species. The fact that these frequencies 
are singlets proves that all water molecules i n  the 
structure are equivalent (cf. ref. 9). 
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TABLE 3. Vibrational assignments for water in K2SnCI,.H,0* 
- - - -- - -- 

-- --- -- 

HOH HOD DOD 

30 'C -160 C 30 "C -160 C 30 C -160 ' C  

OW21 

OH stretch 

OH(11 

2 x bend 

OD stretch 

OD(1) 

Bend + libration 

Bend 

Librations 

~p 

*Frequencies are in cm-I.  

In pure undeuterated (or highly deuterated) 
crystals dynamic coupling of vibrations of the 
four water molecules in the unit cell would be ex- 
pected to yield two i.r.-active H 2 0  (or D 2 0 )  
bending fundamentals, of species B,, and B,, 
(Fig. 7). However, the H,O and D 2 0  bending 
fundamentals remain sharp and single at  high 
isotopic concentrations; the half-widths increase 
only slightly, to about 6 cm- ' at  - 150 "C and 
about 8 cm-' a t  room temperature. The fre- 
quencies of these bands are independent of iso- 
topic content. Similar observations apply to the 
two stretching fundamentals of H 2 0  and D 2 0  
(Fig. 4). From this it is concluded that dynamic 
coupling of stretching and bending fundameritals 
of water is negligible, which implies that the water 
molecules are isolated from one another and 
probably do not share comrnon neighbors (cf. 
ref. 14). 

FIG. 5 .  Spectra of K2SnCI,.H,0 at room tempera- The stretching and bending fi~ndamentals of 
ture: bending fundamentals of water at different degrees HDO are well-separated dollbiets. Again there is 
of deuteration. no observable change of frequency with isotopic 
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FIG. 6.  Spectra of undeuterated K,SnCI,.H20 at dif- 
ferent temperatures in the region of libration of water 
molecules. 

concentration of HDO, which indicates negli- 
gible dynamic coupling. Doubling of the HDO 
fundamentals is indicative of an asymmetric force 
field in the water molecule. 

The values of the stretching frequencies of iso- 
topically isolated HDO are 3529 and 3453 cm-' 
for OH, and 2604 and 2554 cm-I for OD stretch- 
ing. These frequencies point to participation of 
both M atoms of the water molecule in hydrogen 
bonding; however, the bonding must be very 

;;u inactive 

1.r. a c t i v e  

' 63" J 
Fig. 7. Correlation table for H 2 0  fundamentals in 

K,SnCI,.H,O under the symmetry of the free n~olecule 
(C,,), symmetry of the site (C,; mirror plane =symmetry 
plane of the H 2 0  molecule), and the symmetry of the 
unit cell (factor group DZh). 

weak (cf. ref. 9). In the following and in Table 3 
we shall identify the H atom which gives rise to 
the lower OH frequency (and presumably is some- 
what more strongly K-bonded) with H(1) and the 
other H atom, with H(2). For H 2 0  (and D20)  the 
description of the two stretching fundamentals as 
individual OH(1) and OH(2) stretching modes is 
only approximate though more nearly correct, in 
view of the strongly asymmetric force field, than 
the description in terms of "symmetric" and 
"antisymmetric" stretching modes. 

The value of dv/dTis positive for the stretching 
of OM(1) and negative for the stretching of OH(2). 
This is characteristic of a water molecule engaged 
simultaneously in a nearly straight, 0-H(1) ... C1, 
a n d  in a highly bent, 0-H(2) ... C1, hydrogen 
bond; increasing thermal motion tends to bend 
the straight bond, thus raising the OH(1) fre- 
quency, and to straighten the bent bond, thus 
lowering the OH(2) frequency (cf. ref. 15). 

A water molecule in a crystal structure has three 
degrees of freedom corresponding to librational 
motion. However, the libration about an axis 
approximately coinciding with the HOPI bisector 
is usually of very low i.r. intensity; this "twist" 
mode is i.r.-inactive for H,O in sites of C,, sym- 
metry. The other two librations, "wag" and 
"rock", have intensities which vary widely de- 
pending on the force field in the crystal (cf. 
ref. 14). 

The spectrum of K,SnCl,.H,O in the libra- 
tional region contains three intense bands a t  
liquid-nitrogen temperature: a t  530, 458, and 
427 cm-' for H,O and a t  384,332, and 305 cm-I 
for D20.7  These bands are clearly identified as 

'The corresponding HDO motions could not be com- 
pletely enumerated because of interference from H 2 0  
and D,O bands. 
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librations by the frequency shift on deuteration, 
the frequency ratios averaging 1.40, very close to 
,/Zexpected for pure motion of hydrogen atoms. 
The possibility that the two lower frequencies are 
due to dynamic coupling is unlikely because other 
water vibrations show negligible coupling and 
because of the absence of absorption at  inter- 
mediate frequency, which would be expected for 
isotopically isolated H 2 0  or D,O molecules at  
lower isotopic concentrations. The appearance of 
all three librational fundamentals of the water 
molecule points to an extremely asymmetric force 
field. The gradual weakening of the 530 cm-I 
band and the convergence of the 458 and 427 ., 
cm-l  bands at  increasing temperature (Fig. 6) 
implies a diminution of molecular asymmetry 
through increased thermal motion, attested to 
independently by the temperature variation of 
H D O  stretching frequencies. 

A detailed description of the motion corre- 
sponding to each of the three librational funda- 
mentals is not possible, nor can we identify the 
one in-plane and two out-of-plane librational 
motions from the ~ r e s e n t  i.r. results obtained 
with polycrystalline specimens. 

Erzt.ironment of the Water Molecule 
in K2SnC14.H,0 

Analysis of the i.r. spectrum has shown that: 
(a) all the water molecules are equivalent; (b) the 
water molecules are isolated from one another 
and probably do not share common neighbors; 
(c) the environment of the water molecule is 
highly asymmetric, the asymmetry decreasing 
somewhat with increasing temperature; (d) both 
hydrogens of the water molecule participate in 
hydrogen bonding, but one ofthe hydrogen bonds 
is considerably weaker and probably highly bent. 

Conclusion (c) contradicts the structure pro- 
posed for K2SnC14.H20 by Itoh et al. (3, 4): 
placing the water oxygen in equipoint 4(f) of 
Pbam, of symmetry C2-2, implies equivalence of 
the two hydrogens of the water molecule. How- 
ever, ali four conclusions are compatible with the 
environment of H 2 0  which results when the K.G. 
structure is combined with the p.m.r. evidence 
(cf. above), i.e. essentially that of Fig. 2. While 
a more accurate location of the H atoms by 
neutron diffraction will be welcome, it is evident 
that H(1) participates in a "normal" hydrogen 
bond to C1(3)D, and H(2) in a bifurcated hydrogen 
bond to C1(2)B and C1(2)B'. 

The symmetric bifurcated hydrogen bond is an 

interesting feature of the structure. Only one other 
case of a water molecule participating in such a 
bond appears to be known, that of H,0(2) in 
NiCl,.6H20 (16). The bifurcated H-bonds in the 
two compounds have almost identical geometries, 
when one takes account of the difference of ca. 
0.40 A between the van der Waals radii of 
chlorine and oxygen: 

H-acceptor Angle M...X distance 
Compound atom, X 0-H ... X (deg) (A) 

NiC12.6M,0 Oxygen 139 2.27 

K2SnCI,.H20 Chlorine 137 2.64 

In both instances the other H atom of the water 
molecule participates in a norinal H-bond of 
average length and the coordination of the re- 
maining nearest neighbors about the M 2 0  mole- 
cule is approximately tetrahedral. However, in 
the Ni compound the two electron-acceptor 
neighbors are OH groups of other water mole- 
cules, while in K,SnCl,.H,O they are two 
potassium ions. 

Do Bifurcated Hydrogen Bonds Have 
Cliaracteristic Specfral Features ? 

K,SnCl,.H20 appears to be the first crys- 
talline hydrate which contains a bifurcated hydro- 
gen bond and whose i.r, spectrum has been ex- 
amined in detail. It affords an opportunity to en- 
quire whether or not it is possible to recognize the 
presence of a bifurcated H-bond from spectral 
features which may be characteristic of it. This is 
a question of a wider interest than might at first 
appear, for weak and highly bent hydrogen bonds 
in crystals tend to approach, or achieve, the bi- 
furcated geometry (9), and spectral evidence 
would be desirable for the presumed occurrence 
of bifurcated H-bonds as intermediate transition 
states during molecular rotations of H 2 0  mole- 
cules in liquid water. 

Several of the features observed in the i.r. spec- 
trum of water in K,SnC14.H20 are unusual: (i) 
the relatively high stretching frequency of OH(2), 
(ii) the negative value of dvldTfor OH(2), (iii) the 
nearly equal intensities of the three libration 
fundamentals, and (it.) the large effect of tempera- 
ture on the relative intensities of the libration 
fundamentals. I t  has previously been shown that 
(i) and (ii) are associated with weak and highly 
bent H-bonds (9), while (iii) and (iv) appear to 
indicate the presence of a highly asymmetric force 
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field. Thus none of the individual spectral features 
of K2SnCl,.H20 are uniquely attributable to bi- 
furcation, but obserced together, (i) to (ic) may 
prove to be characteristic of it. Whether or not 
these combined features constitute a reliable 
diagnostic can only be determined when the 
spectra of further hydrates containing bifurcated 
H-bonds have been examined. 

One may ask next whether 0,H groups of 
water molecules participating in bifurcated H- 
bonds show any characteristic deviations from 
the well-known correlation between the OH (or 
OD) stretching frequency and the 0, ... X distance 
(the v-R correlation) (9). On the one hand, bifur- 
cated H-bonds are highly bent and hence weaker 
than straight bonds of the same 0, ... X distance, 
so a shift toward higher frequencies may be ex- 
pected relative to 0 , H  groups engaged in 
"normal" H-bonds. On the other hand, two H- 
bond acceptor atoms are involved, leading to a 
stronger bond, hence a frequency lowjering would 
be expected. When the stretching frequencies of 
isotopically isolated HDO in K,SnCI,.H20 are 
entered in the v-R plot, such as the one in Fig. 17 
on p. 106 of ref. 9, it is found that the points for 
OH(1) and OH(2) lie about 1.50 off the v-R 
regression line toward low frequencies (i.e. 
greater interatomic distances). These deviations 
we consider too small to be significant, particu- 
larly as the deviation is about the same for both 
the normal and the bifurcated OH group. This 
would suggest that the expected opposing fre- 
quency shifts compensate almost exactly, at least 
in the symmetrically bifurcated case. 

Some i.r. data are available for BaCI2.2H,O, 
which contains two crystallographically distinct 
water molecules, H,0(1) with two "normal" H- 
bonds and H20(2) with one "normal" and one 
bifurcated bond (17). Although this hydrate has 
been the subject of several spectroscopic studies, 
serious problems of frequency assignment un- 
fortunately remain, in particular in the libration 
region, for which several sets of alternative band 
assignments have been proposed (for review see 
Table XI1 on p. 109 of ref. 9). The stretching fre- 
quencies of isotopically isolated HDO have been 
reported briefly by Schiffer and Hornig (18) and 
more fully by Brink (19), but corresponding fre- 
quencies in the two sets differ by as much as 
36 cm-I. Choosing the more recent data of Brink 
and assigning the highest stretching frequency to 
hydrogen H(4), which forms the bifurcated bond, 
leads to a good fit in the v-R correlation, well 
within one standard deviation. Brink's results also 

show that the value of dvldTfor the stretching of 
the bifurcated OH group is negative, in contrast 
to the positive dv/dT values for the remaining 
three O H  groups. Additional i.r. results for 
BaC1,.2H20 as well as for the several other hy- 
drates known to contain bifurcated and nearly- 
bifurcated H-bonds (Table 111, p. 74 of ref. 9) 
are clearly desirable. 

NOTE ADDED IN PROOF: The unit cell dimen- 
sions of K2SnCI,.H,0 have been redetermined 
using a single-crystal diffractometer on a crystal 
from the same batch as used for our i.r. study. 
The new values are 12.0316(9), 9.1300(13), and 
8.25 17(7) A. The differences between these 
values and those quoted in Table 1 are too small 
to warrant recalculating the interatomic dis- 
tances in the paper. We are indebted to Dr.. P. S. 
White for providing us with this information. 

We wish to  thank Miss Gwen H. Thomas for carrying 
out  the early stages of the experimental work, and  Mr.  
Ping F. Seto for his excellent and many-faceted assistance 
with this investigation. 
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ROBERT B. CATON and A. R. GANGADHARAN. Can. J .  Chem. 52, 2389 (1974). 
Vibrational relaxation in the A I B ,  and a3B, excited electronic states o f  sulfur dioxide vapor 

has been observed by direct spectroscopic means. The effects o f  vibrational relaxation on the 
phosphorescence quantum yield have been investigated in the pressure range from 0.6 to 
200 mTorr o f  pure sulfur dioxide and in mixtures o f  sulfur dioxide with He, N2, COz,  and SF,. 
Phosphorescence persists at the lowest pressure reached for excitation at 302.0 or 313.1 nm, 
contrary to previous reports. The mechanism for the production o f  sulfur dioxide phos- 
phorescence for the wide bandwidth excitation used here (185-370 cm- ' )  is consistent with 
recent evidence for two fluorescing species provided by Brus and McDonald from laser- 
excitation experiments. 

ROBERT B. CATON et A .  R. GANGADHARA~\ .  Can. J .  Chem. 52, 2389 (1974). 
On a observe a l'aide de-methodes spectroscopiques directes la relaxation vibrationnelle des 

etats electroniques excites A I B 1  et Z3B, du dioxyde de soufre a l'etat de vapeur. On a Ctudie les 
effets de la relaxation vibrationnelle sur le rendement quantique de phosphorescence pour 
l'intervalle de pressions de 0.6 a 200 mTorr de dioxyde de soufre pur et pour des melanges de 
dioxyde de soufre avec He, N,, CO, et SF,. Contrairernent a ce qui a ete rapporte precedem- 
ment, la phosphorescence des excitations a 302.0 et 313.1 nm persiste jusqu'a la plus basse 
pression atteinte. Le mecanisme propose pour expliquer la phosphorescence du dioxyde de 
soufre provoque par une excitation par de grande largeiu de bande telle qu'utilisee ici (185-370 
cm-I) ,  est en accord avec les resultats obtenus recemment par Brus et McDonald lors d'expe- 
riences d'excitation par laser et qui suggeraient I'existence de deux especes fluorescentes. 

[Traduit par le journal] 

Introduction 
Calvert and co-workers (1-3) have studied 

unresolved emission from the low-lying excited 
electronic states of SO, stimulated either by a 
broad-band light source or  by various laser 
lines. Recently, Brus and McDonald (4) re- 
ported fluorescence lifetime measurements made 
at  several wavelengths with a narrow-bandwidth 
(3 em-') tunable laser source, using cutoff or 
wide-bandpass filters to isolate SO, fluorescence. 
Implications of the vibronic structure of SO, 
emission, in both fluorescence and phosphores- 
cence, reported by Greenough and Duncan (5) 
and by Mettee (6), however, have received little 
attention. 

Recently, Sidebottom et al. (1) detected what 
appeared to be vibrational relaxation effects on 
the fluorescence lifetime and quantum yield of 
the A'B, state of SO,. Their interpretation of 
these results is that for levels with excess vibra- 
tional energy between 5329 and 9356 cm-' ,  
lower-lying vibronic states of excited singlet SO, 
undergo more rapid radiationless relaxation than 
d o  higher-lying states. The fluorescence lifetime 

of the exciting light. This trend is opposite to that 
observed by Douglas (7). 

Another uncertainty in the SO, literature con- 
cerns the zero-pressure fluorescence quantum 
yield. Mettee (6) found that the fluorescence 
yield determined by extrapolating Stern-Volmer 
graphs to zero-pressure is essentially unity at  
exciting wavelengths from 265.0 to 313.0 nm. 
Rao and Calvert (8) came to the conclusion that 
the wavelength-dependent fluorescence quantum 
yield is significantly less than unity for all 
relevant wavelengths. Brus and McDonald (4), 
however, demonstrated that SO, fluorescence 
excited in the 300 nm region is characterized by 
two emitting "states", one short-lived and one 
long-lived. On the basis of the work of Brus and 
McDonald, Calvert (9) has reinterpreted his 
group's previous results to be consistent with a 
fluorescence quantum yield of 1.0 for isolated 
SO, molecules. Thus, the phosphorescent ii3B, 
state must be populated from A'B, by collisional 
perturbation. The mechanism and energy depen- 
dence of populating the Z3B1 state have not yet 
been described clearly. 

appeared to increase with decreasing wavelength In  the hope of clarifying these processes we 
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have recorded vibronically resolved emission 
spectra from the A ~ B ,  ('SO,, fluorescence) and 
g3B, (3S0,, phosphorescence) states of SO, a t  
pressures of pure SO, between 6 x and 
2 x 10-'Torr and in mixtures of SO, with 
various quenching gases. We have used these 
spectra to compute fluorescence and phos- 
phorescence quantum yields as functions of 
pressure. 

Experimental 
The materials used were commercial cylinder gases: 

Anhydrous gradc SO2 (99.98'7,), High purity He 
(99.99573, Prepurified N 2  (99.9973, SF, (99.8Z), and 
Extra Dry grade CO, (99.8%). A11 materials were mani- 
pulated and admitted to the emission cell in a grease-free, 
mercury-free vacuum system. 

The apparatus for exciting and observing SO2 emission 
was similar to that described by Parmenter and Schuyler 
(10). A 15 cm long White cell formed the excitation arm. 
The detection arm of the cell was 35 cm long, 10 cm in 
diameter, and fitted with spherical mirrors. An MKS 
Baratron capacitance manometer was connected directly 
to the emission cell, whereby absolute pressure down to 
0.2 mTorr could be measured with 1'7, accuracy, accor- 
ding to the manufacturer's specifications. When experi- 
mental conditions, s~lch as outgassing and temperature 
variations, are taken into account, we estimate that for the 
duration of the experiments results of which are reported 
below, the ~~ncertainty in our pressure reading was about 
30% at 0.6 mTorr, improving to 5% at 7 niTorr and to 1% 
at 20 mTorr. 

The 289.4, 296.7, 302.0, or 313.1 nm pressure-broad- 
ened lines from a 200 W HglXe compact-arc lamp were 
selected by a + m monochromator. The bandpass of this 
instrument was between 1.6 and 3.2 nm for vario~ls 
experiments (about 185 to 370 cm- '  at these wave- 
lengths). 

The detecting system was a ~ p e x  314 m spectrometer, 
coupled with a cooled EM1 62568 photomultiplier tube, 
and an Ortec photon-counting unit with analog output 
through a linear ratemeter. A 0.5 nm bandpass was used 
during the recording of all spectra. 

All of the emission quantum yields which we measured 
were relative yields. They were computed either by 
integrating band areas or by measuring band heights in 
vibronically resolved spectra. Phosphorescence peaks 
were corrected for the underlying fluorescence contribu- 
tion. In the case of emission from pure SO,, the relative 
yields were computed by dividing the band area (or band 
height) by the SO, pressure, assuming the absorbed light 
intensity to vary linearly with pressure. This assumption 
was shown to be valid in our cell up to about 200 mTorr 
a t  313.1 nm and up to about 100 mTorr at the other 
wavelengths. 

In the case of SO, mixed with buffer gases, the relative 
yield was taken as the ratio of the band area to that of the 
pure SO, band. The selected phosphorescence band was 
scanned with 1 or 5 mTorr of SO2 in the cell. Quenching 
gases were admitted to the cell in increments through a 
micrometer needle value. When equilibrium was reachcd, 
as demonstrated by the stabilization of emission intensity, 

the peak was scanned again for each increment of 
quenching gas. The selected phosphorescence band was 
normally-that at 415.3 nm, which is assigned as the ii3B1 
(000) + XIAl (110) transition (5). This band was incom- 
pletely resolved from the (000) -(030) band to shorter 
wavelengths (413.2 nm), but since they both originate in 
the vibrationless level in the excited triplet state, their 
pressure dependence is identical. We monitored this 
band because it is the most intense band in the phos- 
phorescence spectrum and because this region of the 
spectrum is free from the resonance fluorescence bands 
(26) which appear interlaced with the phosphorescence 
bands at low pressure. See Fig. lc.  All of our reported 
phosphorescence quantum yields, then, refer to the zero- 
point level of the Z3B, state. 

Although we have measured only relative phospho- 
rescence quantum yields, those reported below have been 
converted to absolute yields by normalizing our data to 
Mettee's absolute yields (6, 27). Our relative values were 
converted by fitting pseudo-Stern-Volmer plots to the 
raw data which were the basis of Fig. 9 in ref. 6. This 
procedure seems reasonable, since there is consistent 
agreemenl about the absolute phosphorescence yields 
measured by Mettee and by Rao et  al. (1 I) .  

410 000 180 

WAVELENGTH Inml 

FIG. 1. Phosphorescence spectra of pure SO2 vapor 
at  (a) 102 mTorr, (b) 10 mTorr, (c) 3 mTorr. The band 
marked A is i i 3 ~ 1 ( 0 1 0 ) - ~ 1 ~ l ( 0 0 0 ) ;  B is 83B1(000)- 
XIA1(OOO). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CATON AND GANGADHARAN: ELECTRONIC AND VIBRATIONAL RELAXATION IN SOz VAPOR 2391 

Results collision removes an  average of 30 cm- l ,  and 

The Phosp/~orescence Spectrum and Vibrational 
Relaxation in the Z3B, State 

Figure 1 depicts part of the 313.1 nm excited 
emission spectrum originating from the Z3B, 
state of SO, at  three stages of relaxation. The 
high-pressure spectrum (a)  is that of the vibra- 
tionally-equilibrated 3B, state. The bands 
marked A and B are the (010)-(000) and (000)- 
(000) transitions, respectively, of the g3B,- 
%'A, system (12, 13). The relative intensity of 
these two bands changes markedly as the pres- 
sure is reduced, as shown in Fig. Ib and c. 
Figure 2 shows the pressure dependence of the 
ratio of intensities of bands A and B, demon- 
strating that equilibrium in the bending mode 
(v,) does not obtain below about 30 mTorr. That 
is, the ratio of intensities persists at  a value of 
about 0.2 from 30 mTorr to higher pressures, in 
good agreement with a prediction of 0.21 from 
the product of the Boltzmann factor for v, with 
the ratio of Franck--Condon factors from the 
absorption spectrum. 

If we assume Lhat the SO,-SO, collision fre- 
quency at  30 mTorr is the characteristic number 
of collisions necessary to bring about equilibra- 
tion and that the initial excess of vibrational 
energy in the 3B1 state is given by the difference 
between the energy of the exciting line and the 
zero-point energy of the 3B, state, we can com- 
pute the average amount of vibrational energy 
removed per collision. In the case of 313.1 nm 
excitation, the maximum excess vibrational 
energy is about 6170cm-' .  At 30mTorr,  a 
3S02  molecule undergoes about 200 collisions 
during its lifetime. Thus, an intermolecular 

0 
0 10 20 30 40 50 

PImTarrl 

FIG. 2. Relative intensity of the (010)-(000) and 
(000)-(000) phosphorescence bands, marked A and B in 
Fig. 1 ,  respectively, us. pressure of SOZ. 

about 12 collisions a t  max>mum. are required 
to remove one quantum of the bending mode in 
the triplet state (v, = 360 cm-I). 

The Fluorescence Spectrunz arfd Vibrational 
Relaxatiorz h the A"' B ,  State 

Figure 3 presents fluorescence spectra excited 
by 3 13.1 nm radiation of two different pressures. 
In Fig. 4, we have plotted the ratio of the 
intensity of the resonance fluorescence band 
which teminates in the (100) level of the ground 
state (marked R in Fig. 3) to the intensity at  the 
maximum of the fluorescence envelope for 
289.4, 296.7, 302.0, and 313.1 nm excitation. 
Figure 4, then, represents a rough measure of the 
redistribution of fluorescence intensity as the 
resonance emission diminishes and the equili- 
brated fluorescence increases with increasing 
pressure. This graph can be interpreted similarly 
to Fig. 2 to give the amount of excess vibrational 
energy in the 'B, state which is removed by an 
SO,-SO, collision. The pressure at  which equi- 
librium appears to obtain for 302.0 and 31 3.1 nm 
excitation is about 10 niTorr, where SO, singlets 
undergo about 5 hard-sphere collisions during 
their lifetime. If we take 28 238 cm- '  as the 
energy of the zero-point level in A 'B,  (14), the 
excess vibrational energy at  302.0 and 313.1 nm 
is 4875 and 3701 cm- ' ,  respectively. Thus, each 
SO2-SO2 collision removes a mean of about 
900 cm- '  of vibrational energy. 

For comparison, we note that McClelland and 

FIG. 3. Fluorescence spectra of pure SO, vapor at (a )  
56 mTorr, (b) 1 mTorr. The band ma_rked R is the reso- 
nance transition which terminates in XIAl(lOO). 
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FIG. 4. Relative intensity of resonance fluorescence 
and emission maxima for pure SO, taken as the ratio of 
the intensity of the (initially-excited level) -t % ' ~ , ( 1 0 0 )  
band, marked R in Fig. 3, to that of the maximum in the 
emission envelope cs. pressure. 0,  313.1 nm; V, 302.0 
nm;  0, 296.7 nm; 0, 289.4 nm excitation. 

Yardley (15) have found that the fluorescent 
state of biacetyl loses about 730 c m '  of vibra- 
tional energy per collision between excited and 
ground state biacetyl molecules by an unspeci- 
fied relaxation mechanism. 

Phosphorescence Quantur?~ Yields 
The phosphorescence quantum yields for 

289.4, 296.7, 302.0, and 313.1 nm excitation, 
normalized to Mettee's absolute yield data as 
outlined in the Experi~nental section, are 
presented as functions of pressure in Fig. 5 .  It is 
clear from this figure that the pressure depen- 
dence of Q, for 289.4 and 296.7 nm excitation is 
qualitatively different from that for 302.0 and 
3 13.1 nm excitation. We should bear in mind that 
all of the Q,'s in Fig. 5 refer to the zero-point 
level of the 3B, state, since this was the only level 
which could be monitored consistently at  all 
pressures. 

Figures 6 and 7 represent the relative phos- 
phorescence quantum yield for 313.1 nm excita- 
tion for various quenching gases added to 1 and 
5 mTorr of SO,, respectively. 

Vibronic Structure in the Relaxation Mecl~anisrn 
In terms of the traditional kinetic emission 

mechanism which has been proposed by several 
authors, the following scheme seems to pertain 

FIG. 5. Absolute phosphorescence quantum yield 
from the zero-point level of pure SO, vapor, Q,, us. 
pressure. Relative yields from this work normalized to 
Mettee's (6) data. Symbols refer to the same wavelengths 
as in Fig. 4. The arrow indicates essentially zero phos- 
phorescence at all pressures below the last data points for 
296.7 and 289.4 nm excitation. 

FIG. 6. Relative phosphorescence quantum yield of 
SO, for v a r i o ~ ~ s  foreign gases added to 1 mTorr SO, 
us. total pressure. 8 (-), SF, ; (- - -), SO, ; X(- - -), 
CO,; 4 (I I), He; A (...), N,. The lines are for guid- 
ance only. 313.1 nm excitation. 

to primary photophysical processes in SO, 
vapor: 

[21 'SO," + M -t 'SO," + M, n = m - 1, ..., 0 

Pal 'SO,"' + M I SO, + M 
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CATON AND GANGADHARAN: ELECTRONIC AN1 3 VIBRATIONAL RELAXATION IN SO2 VAPOR 2393 

FIG. 7. Relative phosphorescence quantum yield of 
SO, for various foreign gases added to 5 mTorr SO, us. 
total pressure. 6, SF,; V, CO,; 0, N2; H, He. 313.1 nm 
excitation. 

[7al 3S02p + M + SO, + M 

[10al ' ~ 0 , ' ~  -. SO, 

[lob1 'So,n + So ,  

M represents either SO, or an added gas. nz, n,  
p, and q represent vibrational quantum numbers 
for unspecified normal modes. 

It is clear from our work that steps 2, 4, 5, and 
perhaps 6 and 7 are important in regulating the 
channels by which electronic relaxation occurs in 
SO,. Certainly step 6 occurs, as the data of Fig. 2 
show, but whether step 7 influences the mech- 
anism of electronic relaxation in the low pressure 
region is not clear. Wampler et al. (3) have con- 
vincing evidence that step 7a is much faster than 
step 7b when q = 0, but in the low pressure 
region of the present work (S 15 mTorr) where 
new phenomena appear, neither step 7a nor step 
7b is important, that is, birnolecular quenching 
of 3B, is a slow and unimportant process. 

In the following discussion, we assume by 
inference from Figs. 4 and 5 that electronic 
relaxation out of various vibrational states of 
'SO, implies relaxation into 3B1, along with 
other final states. This correlation is suggested by 
the fact that the onset of a marked change in the 
3B1 emission yield occurs at essentially the same 
pressure as the onset of vibrational relaxation 
arrest in 'SO,. 

The rates of intersystem crossing for steps 4 
and 5, that is, for different vibrational levels of 
'SO,, appear to be quite different. Vibrational 
relaxation of 'SO, from the initial levels popu- 
lated by 289.4 and 296.7 nm radiation enhances 
the intersystem crossing process to 3B,. Vibra- 
tional relaxation from the initial levels reached 
by 302.0 and 313.1 nm radiation diminishes 
intersystem crossing to 3B,. The data for 289.4 
and 296.7 nm are consistent with the observa- 
tions of Sidebott~m et al. (1) that the non- 
radiative contribution to the 'SO, fluorescence 
lifetime increases with exciting wavelength up to 
298.0 nm. That is, in the wavelength region 
common to the two studies, the decrease in 
non-radiative decay of 'SO, as the excess 
vibrational energy increases observed by Side- 
bottom et al. correlates with the decrease in 
phosphorescence quantum yield which we have 
found. 

In this regard the 302.0 and 313.1 nm data are 
most illuminating. At these wavelengths, vibra- 
tional relaxation brings about the opposite effect 
on the quantum yield, namely the 3B, quantum 
yield increases when the vibrational relaxation 
of 'SO, is arrested. This trend is consistent with 
Douglas' observation (7) that the non-radiative 
contribution to the fluorescence lifetime of 'SO, 
increased with decreasing wavelength in an 
unspecified range. This qualitatively different 
behavior is strongly suggestive that a resonance, 
or at least some structure, occurs in the spectrum 
of the non-radiative relaxation rate of 'SO, into 
3S0,. 

If we combine our results with those of 
Sidebottom et al. ( I ) ,  we can locate very approxi- 
mately the region of strongest coupling between 
the 'B, and 3B1 manifolds. Sidebottom et al. 
observed that the lifetime of the unrellxed 
singlet state decreases with increasing wavelength 
of excitation between 266.0 (*lo) nm and 
298.0 (+ 14) nm. Our data imply that the non- 
radiative process which populates the 3B, mani- 
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fold increases in importance as the energy of the 
vibronic level approaches that of the level 
populated in direct absorption a t  either 313.1 
( k  16) nm or 302.0 ( k  16) nm. If the non-radia- 
tive processes which decrease the singlet lifetime 
and increase the triplet quantum yield are related 
(as we have presumed), then the region of maxi- 
mum interaction between the singlet and triplet 
manifolds, or between these two manifolds and 
some other manifold, is bracketed about the 
level corresponding to the absorption band a t  
300 nm. This level coincides with the maximum 
intensity in the magnetic rotation spectrum ob- 
served by Hardwick (16), but not with the maxi- 
mum intensity of the normal absorption spec- 
trum, which occurs at  shorter wavelengths. 

Thus, Renner-Teller coupling between the 'B, 
and 'A, components of a 'A, linear state, which 
Hardwick invokes to account for the appearance 
of the magnetic rotation effect in quasi-linear 
'B, SO,, may also provide the channel necessary 
for efficient radiationless relaxation of 'B, during 
collisional perturbations. Whether an inter- 
mediate state, as suggested by Sidebottom et al. 
( I ) ,  is involved cannot be determined from this 
work. 

Zero pressure Phosphorescence Qzlantut?l Yield 
We turn now to the question of the significance 

of the non-zero intercept of the Q ,  cs. P graphs 
for 302.0 and 313.1 nm excitation (Fig. 5).  in^ 
terms of the relaxation mechanism, steps 1-12? a 
non-zero phosphorescence quantum yield at  
zero pressure implies that step 11 occurs to an 
appreciable extent. A phosphorescence quantum 
yield of zero at  zero pressure, as obtains for 
289.4 and 296.7 nm excitation, implies that step 
11 is unimportant and that collisional perturba- 
tion (steps 4 and 5 )  is the only mechanism of 
3B, production. 

Even a t  the lowest pressure for which we have 
phosphorescence quantum yield data, 0.6 mTorr, 
neither singlet nor triplet SO, molecules are 
collision-free during their lifetime. From the 
usual kinetic molecular theory parameters and a 
typical lifetime of about 50 ps, one computes 
that a 'SO, molecule undergoes about 0.3 col- 
lision during its lifetime at  0.6 mTorr. The 
longest lifetime measured by Brus and 
McDonald (4), 532 ps for 319.8 nm excitation, 
would lead to a collision number of about 3 a t  
0.6 mTorr. Similarly for a typical lifetime of 
1 ms, a 3B1 molecule undergoes about 6 col- 

lisions at  the same pressure. We would have to 
extend our data to two orders of magnitude 
lower in pressure to be able to conclude con- 
fidently what happens in a truly isolated 'SO, 
molecule. We can state, however, that under 
conditions for which a 'SO, molecule undergoes 
a relatively sinail number of collisions, the 
quantum yield from the zero point level of Z3B1 
is 20 .01 for excitation by 302.0 or 313.1 nm 
radiation and near zero for excitation at  289.4 
and 296.7 nm at  the lowest pressure which we 
reached. Because of the con~plications in the 
mechanism caused by vibrational relaxation, 
the Q ,  cs. P relationsl~ip cannot be written in a 
simple algebraic form, and extrapolation of the 
< 5 mTorr data to zero pressure is unwarranted. - 

We can construct a more useful interpretation 
of the low pressure phosphorescence quantum 
yield data if we use a stationary-state model, 
rather than the customary time-dependent 
model. Douglas (7 )  and Gelbart and Freed (17) 
have suggested that the standard kinetic scheme, 
that is a sequence of transitions between pure 
electronic states, is of little value in interpreting 
the relaxation dynamics of small molecules like 
SO,. In the "mixed-state relaxation theory" of 
Gelbart and Freed, the stationary rovibronic 
states, expressed as linear combinations of Born- 
Oppenheimer (BO) states replace the pure BO 
states implied by the notation in our scheme, 
steps 1-12. 

Our data for SO, cannot be rationalized by 
the simple model which Gelbart and Freed (17) 
and Gelbart and Cazes (18) construct to account 
for the observed relaxation kinetics of CH,. The 
SO, data are complicated by the slow vibrational 
relaxation of the emitting states and by the large 
number of vibrational quanta excited in the 
region of strong interaction. The relaxation 
dynamics must then be described by coupling 
amongst many  nixed rovibronic states of the 
sort 
[I31 leer) = ~,(c ' r ' ) l 'B ,"~ ' )  

+ ~ ~ ( c " r " ) l ~ B ~ " " ~ " )  
+ C3(eIII,.I I I ) I  l ~ l V " ' I " " )  + .,. 

The coupling mechanism involves, presum- 
ably, both the Renner-Teller coupiing between 
the excited and ground state singlets suggested 
by Gardner (19) and elaborated by Hardwick 
(16) and (vibronic) spin-orbit coupling between 
the two BO singlet manifolds and the BO triplet 
manifold(s) of vibronic states. 
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There may be additional electronic states strongly coupled are quenched at a rate which 
located near the I S ,  and 3B1 states, such as 3B2 is an order of magnitude greater than gas- 
and 3A2, which contribute to the expansion [13] kinetic and a factor of 20 greater than the 
and influence the pathways of electronic relaxa- quenching rate for the weakly coupled levels 
tion (3, 13). I t  seems inappropriate, therefore, (4). Vibrational cascade (step 2) from the initially 
to speculate about the specific vibronic interac- populated levels at  289.4 or 296.7 nm will en- 
tions which might be responsible, especially hance Q,  through the participation of the lower- 
since rotational interactions, which we did not lying, strongly-coupled levels. Eventually, the 
resolve, may be as important in SO, as they cascade process slows down, since the relaxation 
appear to be in the excited states of NO, (20,22). probability is roughly proportional to the vibra- 

The following model suggests itself. Let us tional quantum number, and a steady-state 
assume, for the moment, that the two sets of distribution of vibrational energy is achieved 
lifetimes measured by Brus and McDonald through competition between the slow exit 
characterize not two different states but sets of channel [ 5 ]  and the slow relaxation channel [2] 
strongly coupled and weakly coupled (rotational) for small values of the quantum numbers. In 
levels of a state which is primarily 'R, in elec- this situation, Q,, is expected to increase linearly 
tronic character. We envision a mechanism with pressure (see below). Figure 5 exhibits 
whereby collisions induce the 'B, -, 'A,  in- these characteristics roughly. 
ternal conversion followed by or simultaneous Cascade from the initially populated levels at  
with intersystem crossing to 3B,, which then 302.0 or 313.1 nm, which we postulate have 
relaxes vibrationally and eventually emits from energies equal to or less than the strongly 
its lower-lying vibrational states. coupled levels, will diminish Q,  until the above 

According to Hardwick's analysis (16), the mentioned steady-state situation leads to the 
strongest Renner-Teller coupling between A'B, expected linear increase of Q,  with pressure. 
and %'A, occurs in the vicinity oft.,' = 19, 20, Figure 5 again has the proper characteristics for 
21. The energy of the initial level reached by these two wavelengths. This so-called steady- 
302.0 nni radiation is in the center of this strong state distribution of vibrational energy in the 
coupling region, whereas that reached at 3 13.1 singlet manifold is achieved by competition 
nm is below and those reached at 289.4 and between steps 2 and 5 (as well as [3], of course). 
296.7 nni are above this region. It  seems reason- That such a frozen, non-thermal distribution 
able to assume that levels above those populated obtains -is suggested by the appearance of the 
at 289.4 nm and below those populated at fluorescence spectrum, Fig. 3. There is clearly a 
313.1 nm are weakly coupled, since the mag- red-shift of the fluorescence maximum with 
netic rotation spectrum is weak in those regions. increasing pressure, but the limiting, high-pres- 

The two exit channels, steps 2 and 4 or 5 in our sure distribution of vibronic intensity appears 
scheme, compete as the SO, molecule relaxes not to approximate thermal equilibrium. 
vibrationally and electronically. A large number We cannot improve upon this qualitative 
of collisional coupling matrix elements is re- scheme with the available information; further 
quired to represent the dynamics of the vibra- detailed rovibronic matrix elements need to be 
tional relaxation intersystem crossing processes determined experimentally or computed theoret- 
involving sets of cascading levels. That is, ically in order to carry out a detailed analysis of 
vibrational-rotational relaxation modifies the the relaxation dynamics. In the Gelbart-Freed 
sets of quantum numbers c'r ' ;  r:"r", etc. in 1131 model, relaxation in SO, proceeds only by inter- 
and the nature of the mixed-state changes, like- molecular perturbations which have been en- 
wise the electronic relaxation dynamics. This hanced by intramolecular coupling such as we 
would lead to a distribution of relaxation rates have mentioned, in agreement with the original 
and multi-exponential transient fluorescence Bixon and Jortner mode1 (22). All of our evidence 
decay. If we confine ourselves to a scheme which is consistent with their model. 
involves only the two kinds of levels, strongly 
and weakly coupled, we can account for the Phosphorescence Yield from Z ~ B ,  (000) 
observed behavior of the phosphorescence A further comparisoll of our results with other 
quantum yield qualitatively, as follows. work concerns step 12 of the mechanism. Here 

First, we note that the levels which we call again we must choose between the spectroscopic 
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state (or mixed-state) model and the usual kinetic 
(or sequential) model to represent relaxation of 
the BO 3B1 state. We choose to use the language 
of the sequential model in order to expedite 
comparison with previous work. Horowitz and 
Calvert (23) and Strickler and co-workers (28) 
agree that the emitting levels of g3Bl, primarily 
the zero-point level, undergo apparent first-order 
radiationless relaxation to a surprisingly large 
extent. Both of these laboratories find k,/(k, + 
k,,) to be about 0.065. On the basis of a mech- 
anism which includes steps 1, 3, 5, and 8-12, that 
is, which involves the relaxed singlet and ex- 
cludes bi-molecular triplet quenching, the phos- 
phorescence quantum yield depends linearly 
upon pressure (concentration) as follows 

QE - k,/(k, + k,,) is the parameter of interest, 
and Q: is the "spontaneous" phosphorescence 
yield. The portion of our Q, rs. P graphs (Fig. 5) 
between 5 and 15 mTorr is, in fact, roughly 
linear. Substituting the best values of the rate 
constants of Calvert et al. in eq. 14 for excitation 
near 300 nm gives slope [14j = QE x 1.59 x 
lo5 1 mol-'. 

A least-squares fit to the linear portion of our 
Q, rs. P graph for 313.1 nm excitation gives 

Equating the slope of [14] to the slope of [15], 
we obtain Q ,  = 0.05, in good agreement with 
the above quoted value. There seems to be no 
reason to expect such an admixture of the 
ground state into the (000) level of ii3B,, since 
this level seems to be entirely free of rotational 
perturbations according to the high-resolution 
analysis of Brand et al. (12). The intercept of 
[Is], Q:, is not significant, except that it is near 
zero, as it should be if the weakly coupled, long- 
lived vibrational states of A ~ B ,  relax to ii3B, 
only under the influence of collisions (step 5). 

Foreign Gas Quencl~ing 
The results depicted in Fig. 6 indicate that 

the relative efficiencies for the production of 
3B1 phosphorescence by collision with the added 
gases CO, and N, are roughly the same as those 
found by Wampler et al. (2). The relative 
efficiencies of CO,, SF,, N,, and He for the 
production of phosphorescence are essentially 

the same as for the quenching of 'SO, fluores- 
cence reported by Mettee (24). This correlation 
provides additional evidence that fluorescence 
quenching and phosphorescence inducement are 
directly connected. Paralleling Mettee's results 
on 'SO, quenching (2.73, CO, and SF, are about 
as efficient as SO, in producing 3S02;  whereas, 
N, and He are significantly less effective. Our 
data for CO, suggest that, in fact, its efficiency 
in 3S02  production is slightly greater than that 
of SO, itself. This result agrees with Greenough 
and Duncan's conclusion (5) that CO, is about 
10% more efficient than SO, in quenching 'SO, 
fluorescence. The SF, and CO, curves in Fig. 6 
level off at  higher pressures and behave like the 
SO, curves of Fig. 5. The N, and He curves 
were not followed to higher pressures to deter- 
mine whether they behave similarly to CO, 
and SF,. 

When the foreign gases are added to the 
system in which 'SO, is vibrationally relaxed, 
represented by Fig. 7, the efficiency of phos- 
phorescence enhancement increases in the order 
He, N,, CO,, SF,. Similar data for 302.0 nm 
excitation follow the same pattern. 

These data imply that whereas CO, appears to 
be slightly more effective than SF, at inducing 
intersystem crossing from the vibrationally 
excited mixed state, on the basis of the quantum 
yield asymptotes, SF, is about 50x  more effec- 
tive than CO, in inducing intersystem-crossing 
in the mixed state in which the singlet component 
is vibrationally relaxed. Intersystem crossing 
means, in this context, collision-induced en- 
hancement of the coupling between the singlet 
and triplet components of the mixed state. The 
reason for this behavior is not clear, since the 
relative vibrational and electronic quenching 
cross-sections of these two inolecules are not 
known separately. Mettee (24) found that the 
quenching efficiency toward ' SO, correlated 
best with the polarizability of the collision 
partner, implying an electronic quenching mech- 
anism. The fact that CO, and SF, behave some- 
what differently toward vibrationally relaxed 
and excited 'SO, suggests that a vibrational 
energy transfer mechanism (v-v) may also be 
involved. More specific data from narrow-band- 
width experiments are necessary to quantify 
these observed differences. 

I t  is clear from our results that different vibra- 
tional levels of A'B,, and perhaps of g3B, as 
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well, have significantly different relaxation path- 
ways. This suggests caution in the interpretation 
of many of the kinetic data which have been 
published, since they are not detailed enough 
to  refer to  well-defined rovibronic states. 

Possible D~fusion EfSects 
A possibility which we must consider is 

whether diffusion, that is, a wall effect, plays a 
role in producing the observed, pressure-depen- 
dent phenomena. The vibrational relaxation 
effects depicted in Figs. 2 and 4 cannot be the 
result of wall effects, since relative intensities of 
bands in the same emission system have been 
plotted. Diffusion might be expected to decrease 
the phosphorescence quantum yields in Fig. 5 by 
removing emitting 3B, molecules from the field 
of detection, which is opposite to the trend of 
our data. Sidebottom et al. (1) and Otsuka and 
Calvert (25) have discussed the effects of SO, 
diffusion in their much smaller emission cell. 
Brus and McDonald (4) also discuss SO, dif- 
fusion. We calculate that at 1 mTorr, 'SO, 
molecules diffuse about 6 cm during their maxi- 
mum lifetime of about 500 ys. Because of the 
size and geometry of our cell (see Experimental) 
and because we detect elnission primarily from 
the center of a large illuminated area, we would 
not expect diffusion to the walls to enhance the 
3B1 yield through collision induced intersystem 
crossing, since 'SO, would have to hit the wall 
and return to the detection region as 3S0,, a 
distance of a t  least 10 cm. 

The strongest argument against attributing 
our results to diffusional effects is the quite 
different behavior of the 296.7 and 302.0 nm 
excited levels. The lifetimes of the long-lived 
fluorescing species measured by Brus and 
McDonald (4) near these wavelengths are 184 ps 
(296.2 nm) and 308 ys (304.4 nm). This difference 
in lifetimes would lead to a diffusion distance 
ratio of only (308/184)'!~ z 1.3, which is cer- 
tainly not great enough to produce the observed 
differences in Q, pressure dependence. 

Since diffusion is expected to decrease the 
apparent 3B1 phosphorescence yield, our data 
would tend to  underestimate rather than over- 
estimate the low pressure quantum yield. We also 
underestimate Q,  by monitoring only the zero- 
point level of the 3B1 state, since as Fig. 2 shows, 
the fraction of phosphorescent intensity which 
originates from excited vibrational levels of 3B, 

increases as the pressure decreases below 30 
mTorr. Correcting for this effect is expected to 
increase Qp for each wavelength by about the 
same factor. 

NOTE ADDED IN PROOF: The results in Fig. 5 
have been confirmed by experiments performed 
in a 35 cm diameter spherical cell with a large 
illuminated area. This supports the conclusion 
that diffusion effects were not responsible for the 
low-pressure upturn in Q,. 

Conclusion 
General trends in various relaxation param- 

eters for SO, excited electronic states (first and 
second order rate constants, quantum yields) 
which have been deduced in experiments without 
spectroscopic analysis may be misleading. The 
existence of resonances, or fine structure, in the 
spectra of these parameters for SO, or SO,/ 
foreign gas systems may explain some of the 
confusing discrepancies amongst the published 
results referred to in the Introduction. 

Since our quantum yield data refer only to the 
zero-point level in ?i3B1, we can say little about 
the total absolute quantum yield from all 
vibronic levels at z3B,. Our data, however, 
established a lowcr bound to the overall yield in 
this pressure regime, as discussed in the section 
on the zero pressure phosphorescence yield. This 
limitation does not affect the details of our 
arguments. 

This work was supported in part by the National 
Research Coullcil of Canada. We also thank Drs. L. E. 
Brus, J. L. Hardwick, and S. J. Strickler for preprints of 
their papers. 
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SHIVA MOHAK VERMA, KUMAR OM PRAKASH SINHA, and CHENNUPATI KOTESWARA RAO. Can. 
J. Chem. 52,2399 (1974). 

A number of N,N'-diimidyl compounds, which possess asymmetry about the imidyl planes, 
have been synthesized and characterized by n.m.r. and i.r. spectroscopy. The n.m.r. spectra of 
the compounds were found to be temperature dependent and provide evidence for the hindered 
rotation about the N-N' bond. This characteristic feature has been utilized to establish the 
proposed structures of the products. The asymmetric "cage moieties" have been found useful 
for the detection of noncoplanar ground states proposed for this system. 

SHIVA MOHAN VERMA, KUMAR OM PRAKASH SINHA et CHE~NUPATI  KOTESWARA RAO. Can. 
J. Chem. 52,2399 (1974). 

On a synthetise et caracterise par spectroscopie r.m.n. et i.r. un certain nombre de cornposCs 
N,N'-diimidyles qui possedent de l'asymetrie autour des plans imidyles. On a trouve que les 
spectres r.nl.n. de ces composes dependent de la temperature et ces resultats indiquent que la 
rotation est empechee autour du lien N,hr'. On a utilise ces caracteristiques pour etablir les 
structures proposies pour ces produits. On a trouve utile les "portions en demi cage" asyrne- 
triques (asymetric "cage moietiesWj pour detecter les Ctats fondanientaux non coplanaires 
proposes pour ce systeme. [Traduit par le journal] 

Hindered rotation about the N-N' bond in 
tetraacylhydrazine systems of the type 1 have been 
rationalized (1-4) in terms of nonbonding repul- 
sions between the carbonyls at  the two nitrogens. 
The nonbonding repulsive interactions in N,N'- 
diimidyl systems of the type 2 could be much 
stronger than those in N',N1-diacyl-N-amino- 
imide systems B studied so far, where the two car- 
bonyls at the exocyclic nitrogen are free to change 
their conformations about the N'-CO bonds. 
Hence it is reasonable to presume such non- 
planar ground states and restricted rotation 
about the N-N' bond in N,Nr-diimidyl systems 
also. X-Ray analysis (5) of N,N1-bisuccinimidyl 
has indicated a 65" dihedral angle between the two 
imide ring planes while the n.m.r. spectrum (6) 
failed to show hindered rotation because of sym- 
metry in the molecule. Introduction of some mag- 
netic asymmetry about one of the succinimidyl 
planes may differently affect the t ~ o  methylene 
groups of the other ring and thus the detection of 
nonplanar ground states by n.m.r. spectroscopy 
may be achieved. N,N1-Biscamphorimidyl has 
been shown (7) to assume nonplanar ground 

type 2 and characterization by their temperature 
dependent n.m.r. spectra. 

Compounds with Cycloyenfadiene - Maleic 
Anhjdride Adduct Cage Moiety 

The n.m.r, spectrum of the N-cltraconimidyl- 
[2.2.1]b1cyclo-5-heptene-2,3-et1do-dicarbox1mide 
(2a),  in CDCl,, shows a sllghtly broad doublet at 
6 2.20 for the N'-ring methyl protons, a inultiplet 
at  6 6.66 for the N'-ring proton, and normal 
resonances at 6 6.42 (2H, t),' 1.73 (2H, q), and 
3.50 (4H, 111) for the cage olefinic, methylene, and 
methine protons, respectively. On higher resolu- 
tion (50 Hz sweep width), the methyl doublet 
splits into two interlacing doublets of slightly 
different intensities (Av = 1 Hz) due to hindered 
rotation about the N-N' bond. Since these pro- 
tons are far away from the effective magnetic zone 
of the cage moiety, the signals are not well 
resolved. However, when citrobenzene is used as 
solvent, the N'-ring methyl signal appears as a 
sharp pair of doublets (Av = 1.6 Hz at 45") 
since the methyl group in the two conformers 
about the N-N' bond could be affected dif- 

states due to hindered rotation about the N-N' 'The brackets include the number of hydrogens re- 

bond. Hedaya etal. (8) used u.v., i.r., and n,m.r. sponsible for the signal and the shape of the signal 
abbreviated as s = singlet, d = doublet, t = triplet, q = ~PectroscoFY to distinguish between N,N'-di- quartet, and m = multiplet, In case of multiplicity due 

imides and N,N1-diisoimides. We report the prep- to restricted rotation, the ligand of the signal shape is 
aration of some N,N1-diimidyl compounds of preceded by the number of such signals observed. 
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ferently by the solvent. The spectrum is tempera- 
ture dependent and the two doublets move closer 
as the temperature is raised and coalesce at 95". 
This behavior is evidence of hindered rotation 
about the N-N' bond and supports a nonplanar 
type 2 structure. 

R 

X = A chain of four carbons 

1 

The other N,Nf-diimidyl compounds, 20-11, 
show simple n.1ii.r. spectra in CDCI, but when 
studied In nitrobenzene, the N'-ring protons show 
temperature-dependent multiplicity of signals, 
thus holding the valldity of the above arguments 
in favor of the proposed structures. 

The n.m.r. spectrum of the N,N'-bis[2.2.1]- 
bicyclo-5-lieptene-2,3-endo-dicarboximidy (3), in 
CDCI,, is similar to that of its simple anhydride. 
It shows a n ~ r n i a l  triplet at 6 6.35 for all the four 
olefinic protons, an AB type quartet at 6 1.70 for 
both the methylene groups, and a multiplet at 6 
3.45 for all the eight methine protons. In a non- 
coplanar conformation about the N-N' bond, 
the C,-proton in cage A is not magnetically iden- 
tical with the C,-proton, because these trio pro- 

tons lie one above and the other below the 
succinimidyl plane of the cage B and similar ob- 
servation holds with the other protons, except the 
methylene groups. Therefore, a complicated 
n.m.r. spectrum could be expected for this com- 
pound but the observed simplicity of the spec- 
trum is probably because the protons in each cage 
moiety are held far away from the magnetic 
asymmetry of the other cage moiety. 

Compounds witlz Antlzracene - Maleic 
(Citraconic) Anhydride Adduct 
Cage Moieties 

Since the cage moieties of the compounds 
4a-c are magnetically more asymmetric about the 
succinimidyl plane when compared to 3, it is ex- 
pected that the protons of each cage may be sub- 
stantially magnetically affected by the other cage. 
The n.m.r. spectrum of N,N1-bis-9,10-dihydro- 
anthracene-9,lO-endo-a-methyl-%, P-succinimidyl 
(4a), in CDCI,, shows the following resonances : 
C,, and C ,  ,, (methyls) 6 1.18 (6H, 2s); C , ,  and 
C12,62.71 (2H,2d); C1,andC,, .64.43(2H,2s);  
C , a n d C 9 , 6 4 . 7 8 ( 2 H , 2 d ) ;  andC,-,andC,,- , ,  
(aromatic) 6 7.37 (16H, m). It is evident that each 
set of protons exhibits two signals. A rotation by 
180" about the N-N' bond in structure 4 gives 
the other stable conformation of the molecule 
where the magnetic environments of the corre- 
sponding protons are changed. Thus the two sig- 
nals for each set of protons correspond to the two 
stable conformers. The spectrum of this com- 
pound in nitrobenzene exhibits a similar pattern 
(Av = 5 Hz for the cage methyl at 45') and is 
temperature dependent, thus supporting struc- 
ture 4. Similar observations were made for 40 
dissolved in nitrobenzene. It shows splitting for 
all the cage protons of the two cage moieties 
(Av = 8.5 Hz for the cage methyl at 45'). The 
well resolved signals of the asymmetric cage were 
found to be temperature dependent, which sup- 
ports the proposed structure and the nonplanar 
ground states about the N-N' bond. 

Colnpound 4c in nitrobenzene shows the 
following n.1n.r. signals : C ,-,, and C, ,-,, , 6  5.03 
(4H, m) and C, ,-,, and C , ,  ,-, ,, 6 3.45 (4H, m). 
The two conformers about the N-N' bond in 
this compound are identical as observed with 
compound 3. The complex nature of the signals of 
each set of protons (i.e, niethine protons), unlike 
the spectrum of the corresponding N-aniinoimide 
(l) ,  probably results from the multiplicity due to 
slow rotation about the N-N' bond, along with 
the many-fold spin couplings. 
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and nonplanar ground states about the N-N' w bond. Though the spectra of compounds 5c and 
5d in CDCI, are deceptively simple as both show 
broad singlets of 4H intensity for their N-suc- A cinimidyl protons at 6 2.75 and 2.80, respectively, 
along with other normal resonances for the cage 
protons, they exhibit temperature dependent 

\ 7 
A,B, pattern when studied in nitrobenzene (the 

/ /  lo - two innermost signals separated by 1.75 Hz at 

3 4 
5 6  45" move closer to 0.75 Hz at 120") and thus 

4 support the proposed structures. 
a R = R' = CH3 The spectrum ofcompound 5e in CDCl, shows, 
b R =  CH,; R ' = H  along with normal resonances for all other pro- 
c R =  R ' =  H tons, a broad signal at 6 6.3 for the C j  and C,, 

olefinic protons, whereas the corresponding N- 
aminoimide showed (2) a sharp triplet-like signal. 
Therefore this broadness could be assigned to the 
differential magnetic effect of the anthracene ad- 
duct cage on these protons in the nonplanar con- 
formation about the N-N' bond. 

Thus the N,N1-diimidyl systems could be 
characterized by their temperature dependent 
n.m.r. spectra and hindered internal rotation. 

5 Experimental 
a R = CH3; X = -CH=C(CH3)- Nuclear magnetic resonance spectra were recorded on  
b R = H; X = -CH=C(CH3)- a Varian A-60D spectrometer equipped with a variable 
c R = CH3; X = -CH2-CH2- temperature controller (Model No.  V-6040). The spectral 
d R = H ;  X = -CH2-CH2- data were recorded ~ising T M S  as internal reference 

standard. Proper care was taken, while recording the 
variable temperat~~i-e n.m.r. spectra of the compounds, b:: to establish a genuine exchange process. Movement of 

e R = CH3; X = the signals with the temperature u a s  considered not to be 
due to  the ditrerential effects of the solvent because the 

H temperature-dependent signals of these compounds 
moved closer and never apart ,  as  the temperature was 

The spectrum of compound sa in CDCI, shows raised. Exchange is, of course, preceded by a broadening 

a doublet for the ~~-citraconimidyl r ing of the resonance signals of different conformers and due 
care was taken to  ensure that this broadening was not  

protons at 2.08 ( J  = Hz) and a quartet for d ~ ~ e  to  loss of homogeneity of the magnetic field within 
its olefinic proton at 6 6.53 ( J  = 1.5 HZ) along the heated probe. Coalescence of the f i t -r ing methyl 
with other normal cage proton resonances. The 
spectrum of compound 56, in CDCI,, is very 
similar to that of 5a and shows a doublet at 6 2.05 
(3H, J = 2 Hz) and a quartet at  6 6.58 (lH, J = 

2 Hz) for N-citraconimidyl ring ~nethyl and ole- 
finic protons, respectively, along with normal 
resonances for the other protons. However, the 
spectrum of each of these compounds in nitro- 
benzene s h o i ~ s  two doublets for the N'-ring 
methyl protons (Av = 10 Hz) and two (poorly 
resolved) quartets for the olefinic proton, uhich 
are temperature dependent. The si~ililarity be- 
tween the spectra of these two compounds sug- 
gests that the signal multiplicity of 5a, in nitro- 
benzene, is not due to the presence of the cage 
methyl group but it is due to hindered rotation 

proton signals of the compound 2a was observid at  951; 
in other compounds, coalescence could not be observed 
up to  120' but exchangeable signals showed a definite 
movement, e.y. for compound 4b in nitrobenzene, the 
Av values of the methyl proton signals were found to  be 
8.5 and 6 Hz at  45 and 120', respectively. N'-Ring nieth- 
ylene and  methine protons in 2b-c and 5c-d, which 
appear to be singlets in CDCI,, show narrow rnultiplets 
in nitrobenzene and sharpen when the temperature is 
raised. 

Infrared spectra were recorded in Nujol medium o n  a 
Perkin Elmer-257 spectrophotometer. The characteristic 
i.r. bands, elemental analyses, and  the melting points are 
included in Table 1. 

Preparatiorz of Cor~7pour~ds2 
Conzpounds 2a-d arzd 3 
Compound 2a was prepared by refluxing the hT-amino- 

2All compounds were recrystallized from ethanol. 
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TABLE 1 Melting polnts, elemental analyses, and characteristic i.r." bands of the compounds 
-- 
- - - - -- -- -- -- - - - - -- -- - - 

Analysrs (Y,) 

Compound 
- -- - 

2a 
2b 
2c 
2d 
3 
4a 
46 
4c 
5tr 
56 
5c 
5 d  
5e 

Melting point 
("C) 

Carbon 

Found Calcd. 
- --- -- 

61.58 61.76 
60.54 60.46 
59.65 60.00 
61.56 61.31 
66.62 66.66 
78.95 79.17 
78.76 79.00 
78.64 78.81 
72.28 72.36 
72.59 71.87 
70.96 71.50 
70.35 70.95 
74.16 74.66 

Hydrogen 
--------- 

Found Calcd. 

Infrared bands 
C=O stretching 

(cnlrl)  

1730s 
1745s, 1725s 

1720s 
1725s 
1735s 

1780w, 1745s 
1780w, 1740s 
1780w, 1740s 
1810w, 1740s (broad) 
1820w, 1740s (broad) 
1785w, 1740s (broad) 
181Ow, 1755s, 1735s 
1780w, 1745s 

*s = strong, \u = \\eak. 

[2.2.1]bicyclo-5-heptene-2,3-er1do-dicarboximide (2) with 
equimolecular quantity of maleic anhydride in dry toluene, 
using Dean-Stark water separator, for about 6 h. The 
reaction mixture was filtered hot, the solvent evaporated, 
and the residue washed with water and petroleum ether. 
The other compounds (2b-d and 3) were obtained in the 
same way from N-amino[2.2.1]bicyclo-5-heptene-2,3- 
endo-dicarboximide and the appropriate anhydrides. 

Cornpounds 4a-c 
Compound 4a was prepared by refluxing N-amino- 

9,10-dihydroanthracene-9,10-endo-~1-metIiyl -x,P -succin- 
imide (4) with an  equimolecular quantity of anthracene - 
citraconic anhydride adduct in dry tol~lene for 4 h. Com- 
pound 40 was prepared similarly from hr-aniino-9,10- 
dihvdroanthracene-9.10-endo-r-methvl-z.0-succinimide 

d ,. 
and anthracene - maleic anhydride adduct. Compound 
4c3 was prepared from equimolar quantities of N-amino- 
9,10-dihydro-anthracene-9,10-erido-~,~-s~1ccinimide (1) 
and anthracene - nialeic anhydride adduct following the 
above procedures. 

Compounds 5a and b 
N-Amino-9,10-dihydroanthracene-9,10-endo-a-n~ethyl- 

a,p-succinimide and :V-amino-9,lO-dihydroanthracene- 
9,10-et2do-r,~-succinimide, on heating with citraconic an- 
hydride in equirnolar proportions at  120 for 2 h, gave 
§a and b, respectively. 

Compounds 5c and d 
Equimolar proportions of A'-amino-9,1O-dihydroan- 

3Synthesized earlier by a different procedure by Hedaya 
et a[. (8). 

thracene-9,10-endo-x-n1ethyl-a,~-succinimide and succinic 
anhydride were refluxed in dry toluene for 4 h to yield the 
compound 5c. The compound 5d was prepared similarly 
from A'-amino-9,lO-dihydroanthracene-9,1O-e11do-%,p- 
succinin~ide and succinic anhydride. 

Cornpound 5e 
Eq~~imolecular amounts of N-amino-9,lO-dihydro-an- 

thracene-9,10-endo-.1-metl1yl-cJ,B-succininiide and cyclo- 
pentadiene-maleic anhydride adduct were refluxed in dry 
benzene for 4 h to yield the compound 5e. 

The authors thank Prof. G. B. Singh for his keen 
interest and the C.S.I.R. for the award of a research 
fellowship to  C.K.R. 
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IAN R. PEAT and WILLIAM F. REYNOLDS. Can. J.  Chem. 52, 2403 (1974). 
Molecular orbital calculations of coupling constanrs based on finite perturbation theory in 

the CNDO/2 and INDO approximations have been carried o ~ ~ t  for styrene, benzaldehyde, 
and naphthalene. INDO calculations have also been carried out in which one-center exchange 
integrals involved in o-n interaction are omitted (INDO(o) calculations). Both CNDO and 
INDO(o) constants give reasonable estimates of o contributions to long-range ' H-'H couplings, 
with the former giving better results when strongly stereospecific o contribictions are present. 
INDO calculations also give reasonable, but generally overestimated, n contributions to these 
couplings. 

IAN R. PEAT et WILLIAM F.  REY~OLDS. Can. J. Chem. 52, 2403 (1974). 
On a effectui, pour le styrene, le benzaldehyde et le naphtalene, des calculs d'orbitales 

moleculaires des constantes de couplage en faisant appel a la theorie des pert~lrbations definies 
dans les approximations CNDO,'2 et INDO. 011 a ~ L I S S ~  effectue des calculs INDO dans les- 
quels les integrales d'echange impliquees dans I'interaction o-n ont ete negliges (calcul 
INDO(o)). Les rtsultats obtenus pour les constantes, tant par la methode CNDO et de I'INDO 
(o), correspondent a des approximations raisonables des contributions o dans les couplages 
'H-'H a longue distance; la premiere methode donne des meilleurs resultats quand des contri- 
b ~ ~ t i o n s  o stereospecifiques sont presentes. Des calc~cls INDO donnent aussi des valeurs raison- 
nables pour les contributions 7~ a ces co~plages; ces vale~crs sont toutefois generalement trop 
elevees. . [Traduit par le journal] 

Introdlnction 
Molecular orbital calculations based on 

finite pert~lrbation theory ( I )  in the INDO (2) 
and CNDO/2 (3) approximations have proved 
to  be a particularly useful method for deter- 
mining the relative importance of o and n  con- 
tributions to long-range 'H-'H coupling con- 
stants (4-1 3). 

Two approaches have been used to separate o 
and n  contributions to 'HPiH co~~pl ings  in 
planar conjugated systems. As a r e s ~ ~ l t  of the 
neglect of one-center exchange integrals in the 
CNDO,!2 approximation, these calculations only 
predict contributions from o coupling pathways 
in planar systems. By contrast, INDO calcula- 
tions include one-center exchange integrals and 
thus allow estimation of not only o contributions 

'Taken in part from the Ph.D. Thesis of I. R. Peat, 
University of Toronto, 1973. 

'Gulf Oil Fellomship Holder 1971-1973. Current 
address: Department of Chemistry, Florida State 
University, Tallahassee, Florida 32306, U.S.A. 

3To whom correspondence should be addressed. 

but also n confribi~tions arising via a spin 
polarization mechanism (14). Thus, one ap- 
proach has been to use J(CND0) as a measure 
of o contributions and J(IND0) - J(CND0) 
as a measure of n  contributions (7, 12). How- 
ever, this approach is not strictly valid because 
the different parameters used for the CNDO 
calculations lead to contributions to J(IND0) - 
J(CND0) which are neither o or  x  contributions 
but rather artifacts of the calculation (12, 13). 

Bacon and Maciel have suggested an alterna- 
tive, theoretically more valid, approach to the 
problem (4). They performed INDO calculations 
for butadiene and derivatives with and without 
one-center exchange integrals leading to the 
o-n exchange interaction (i.e, those involving 
C(2p,) atomic orbitals). This allows factoring 
out of the contribution to the coupling constant 
which is transmitted through the n  electron 
system via o-n exchange. Thus the modified 
INDO calculations (INDO(o)) give o contribu- 
tions with INDO - INDO(o) giving n  contribu- 
tions (INDO(n)). It should be stressed that this 
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PEAT AND REYNOLDS: MOLECULAR ORBITAL CALCULATIONS 

approach allows factoring out of contributions H 9 

due to o-rt exchange only in cases of planar 
molecules (4). 

This approach has not been tested beyond the 
H2H$: 

original publication (4). Consequently we H3 \ H 5 

decided to carry out CNDO, INDO(o), and H 4  
INDO calculations for a series of planar aro- 1 
matic molecules, both to test the relative validity 
of CNDO and INDO(o) calculatiolls to estimate CNDO and INDO(o) calculations both indi- 

contributions to coupling constants in these cate insignificant o contributioiis to long-range 
derivatives and also to estimate the relative couplings involving the Para Proton (J47, J48, 
importance of o and n pathways for coupling J49). INDO(n) contributions are in excellent 
constants in these derivatives. This represented agreement with the ex~erimelltal reslllts for 
a n  extension of our previous investigatioil of 3-bromo~tyrene and 2,s-dichloro~t~rene, con- 
conjugated dienes and diynes using CNDO and firming the previous conclusion that these cou- 

I N D O  calculations (13). Compounds chosen for plings are transmitted exclusively through the rt 

investigation were styrene, benzaldehyde, and system (j) .  
naphthalene since accurate experimental results BY contrast, there are o contributions to many 
were available for all three derivatives (5, 15, of the long-range couplings involving flleta 
16). Previous theoretical investigations of cou- (H3,H5) and ortl~o (H2,H6) protons.   he CNDO 
pling constants in these derivatives included and INDO(o) calculations confirm the Presence 
TNDO calculations for styrene (5) and CNDO of the expected (5, 18, 19) stereospecific o con- 
and INDO calculations for benzaldehyde (6). tribution to Jj,, transmitted through the all- 
Results of the present investigation are reported trans "zig-zag'' pathway.   his large o contribu- 
below. tion is overestimated by thc INDO(o) calcula- 

tions. The INDO calculations also appear to 
Details of Calculations overestimate to the n contributions to J,, and 

CNDO and INDO finite perturbation calcula- J,, since the near zero values of J,, in 2,5-di- 
tions were performed using a modified version chlorostyrene and 2-bromostyrene (5) indicate 
(8) of a standard CNINDO program (17). For czgligible n contributions. The CNDO results, 
the INDO(o) calculations, the program was however, are in excellent agreement with the 
further modified to allow exclusion of specific experimental results. Both CNDO and INDO(oj 
one-center  integral^.^ Calculations were per- calculations indicate a (positive) o contribution 
formed on an IBM 370 computer. Standard bond to J,, and insignificant o contributions to other 
lengths and bond angles (14) were used for the nzeta proton to P-vinyl proton couplings (J,,, 
calculations. In the INDO(o) calculations, all J,,, J,,). The experimental results support this 
one-center integrals involving C(2pZ) atomic conclusion since of all the coupling constants 
orbitals on all carbons (i.e. those orbitals of this type in the various styrenes which have 
forming the n electron system) were omitted. been investigated (5, 20), only J,, in 2,5-dichloro- 

styrene (5) has a measurable magnitude. J,, has 
Results and Disccnssion a magnitude of 0.10 Hz. Since the corresponding 

l a )  Styrene coupling in naphthalene (J,,) equals + 0.10 Hz, 
it is believed that J,, is also positive, as indicated 

CNDo' INDo(o)' and INDo by the INDO calculation (+O.l 1 Hz). The finite perturbation calculations of ring proton - 
vinyl proton coupling constants are summarized INDO calculations also indicate nearly equal n 

in Table I .  The numbering of protons is given contributions (ca. - 0.2 Hz) to J,,, J,,; J,,, and 

in I .  Results of INDO calculations agree very J,,. In the case of J,, and J,,, the combination 

closely with those obtained previously with a of a positive o contribution (to J,,) and negative 

different version of the INDO finite perturbation n contributions could lead to the observed near 

program (5). zero values for these couplings (see Table I ) .  
~ However, this cannot account for the small 

4Further details of prograin modifications are available values for J3, and J j , .  The n contributions to 
on request from the authors. these two couplings may be overestimated by the 
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I N D O  calculations. Alier~latively, n contribu- 
tions to all four couplings may be overestimated 
since n contributions to  all couplings should be 
similar because nearly identical n pathways are 
involved. 

Of the couplings involving the ortlzo protons, 
the most interesting are J,, and J,,. J,, in 2,5- 
dichlorostyrene is negative even though a 
positive n electron contribution is expected. 
Both C N D O  and INDO(o)  calculations indicate 
that this is due to a negative o electron contribu- 
tion. The negative coupling has been attributed 
to  a direct o r  through-space interaction of the 
proximate protons (see 1) (5). In support of this 
mechanism, C N D O  calculations in which the 
C(1)-C(a)-C(P) angle is opened to  130" show 
that J(CNDO),, changes from -0.41 Hz to  
-0.10 Hz  as the distance between H, and H, is 
increased (21). More surprisingly J(CNDO),, is 
also negative (-0.08 Hz) but becomes positive 
(+0.03 Hz) for L C(1)-C(r)-C(P) = 130' (21). 
I t  is not clear whether this represents some type 
of stereospecific o contribution o r  a through- 
space mechanism transmitted by the intervening 
proton, H,. 

I N D O  calculations quantitatively reproduce 
the magnitude of the averaged coupling constant 
(J2,,J6,). TNDO(o) and C N D O  calculations 
give opposite signs for o contributions but both 
indicate substantial n contributions. Both cal- 
culations indicate a stereospecific o effect, 
leading to difference values of J,, and J,,. How- 
ever, this may be due to some inadequacy in the 
calculations since experimental res~llts for both 
2,5-dichlorostyrene (5) and 3-vinyl-6-methyl- 
pyridine and 4-vinylpyridine (22) indicate that 
'27 J67. 

(b )  Beiizaldeh~ de 
The results of CNDO. INDO. and INDO(o)  

calculat~ons for benzaldehqde are sumtnarlzed 
In Table 1 Slnce the pattern of results resembles 
In many ways that for stqrenc and slnce C N D O  
and I N D O  results for benzaldehlde have ple- 
v ~ o u s l j  been reported (6), only differences be- 
tween stlrene and benzaldehyde u ~ l l  be discussed 
In de t a~ l  The nurnber~ng of benzaldehyde pro- 
tons IS glven In 2 

Just as In styrene, the TNDO calculat~ons 
quant~ta t~vely  predict the akerage value of J,, 
and J,, in benzaldehyde Both C N D O  and 
INDO(o) calculations Indicate that the marked 
change In (J,,, J,,) from styrene to benzalde- 

VOL.  52,  1974 

H;' 

H 4 

L 

hyde (-0.51 Hz to  -0.10 Hz) is due to a more 
significantly more positive o contribution to this 
coupling in benzaldehyde. By contrast, the n 
electron contribution is predicted to  be more 
negative in benzaldehyde. 

The C N D O  calculations correctly predict a 
negligible change in (J,,, J,,) from styrene to 
benzaldehyde. By contrast, the INDO calcula- 
tions predict a significant change in the magni- 
tude of this coupling. As in styrene, the C N D O  
calculations are in much better agreement with 
the magnitude (J,,, J,,) than either INDO(o) 
or I N D O  calculations. 

J,, changes from -0.26 Hz to -0.03 Hz 
from styrene to benzaldehyde. The small value 
of J,, in benzaldehyde suggests a negligible n 
contribution to  this coupling. However, the cal- 
culations indicate similar o and n contributions 
w ~ t h  excellent agreement between experimental 
and calculated results for styrene. Thus they pro- 
vide no explanation for the surprisingly small 
J,, coupling in benzaldehyde. 

(c) Naphthalene 
CNDO,  INDO(o) and INDO calc~~la t lons  for 

naphthalene are summarlzed In Table 2 with 
numbering of protons glven In 3 l N D O  calcula- 
tlons not only reproduce the slgns of all the 
expertmental ~n t r a -  and ~nter-rlng coupl~ng con- 
stants but also accurately reproduce the mag- 
n~ tudes  of most of these coupl~ngs. 

The C N D O  and INDO(o) calculations both 
indicate that the ortho and r~ie fa  intra-ring cou- 
pling constants are trans~llitted primarily 
through the o electron system, as nor~nally 
assumed (22). They also indicate a substantial o 
contribution to the para coupling constants 
(J,,. J5,). contrary to the u s ~ ~ a l  ass~lmption that 
this coupling is transmitted primarily through 
the x electron system (23). 
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PEAT AND REYNOLDS: MOLECULAR ORBITAL CALCULATIONS 

TABLE 2. Experimental and calculated 'H-'H coupling constants ( in Hz )  for 
naphthalene 

Coupling 
constantsa J ( C N D 0 )  J( INDO(0))  J(INDO(rc)) J ( I N D 0 )  J,,,h 

"Labelling shown in 3. 
"ef. 16. 

TABLE 3.  Comparison of experimental values for corresponding 
coupling constants in naphthalene and styrene 

Naphthalene Styrene 

Coupling 
constant 

Coupling 
constant 

-- - - 

aRef. 16. 
bRefs. 5, 20, 21. 
<Average for two planar conformations of vinyl group (5). 
dMagnitude only. 

All of the inter-ring coupling constants can 
be related to corresponding values in styrene (see 
Table 3). Both experimental and calculated cou- 
plings closely parallel those for styrene, sug- 
gesting that similar mechanisms are operative. 
The close similarity of experimental results is 
particularly striking. Since naphthalene is cer- 
tainly a planar molecule, this close parallel 
suggests that styrene is almost certainly also 
planar or nearly planar. Although the planarity 
of styrene has been questioned (12), available 
experimental evidence suggests that it is planar 
(5). Jl,(J4,) shows a strong o contribution just 
as Jj7 does in styrene. Again the actual magni- 
tude is best predicted by the CNDO calculation, 
suggesting that the INDO calculations overesti- 
mate both o and n contributions to this cou- 
pling. For J,,(J,,) both CNDO and INDO(o) 
calculations indicate a stereospecific o contribu- 
tion of ca. + 0.2 Hz just as in the case of J,, for 
styrene. The experimental evidence supports 

this since J,, = +O. 10 Hz, whereas it should be 
negative if n contributions dominate. The close 
parallel with styrene suggests that J,, for styrene 
(magnitude = 0. I0 Hz) is also positive. 

The calculations also indicate a positive o con- 
tribution to J,,(J,,, J,,, J,,) of 0.1-0.2 Hz, 
identical to the contribution to J,, for styrene. 
Again the experimental resultc support thls con- 
clusion. Finally, both the calculations and experi- 
mental results ind~cate dominant n electron 
contributions to J,,(J,,, J,,, and J,,(J,,), 
as in the case of J,, and J,? in styrene. 

Although the calculations parallel the experi- 
mental results, there does appear to be a persis- 
tent tendency of the INDO calculations to over- 
estimate n contributions to inter-ring couplings. 
This is most apparent for J,, and to a lesser 
degree for J, ,, J, , ,  and J2,. It would also account 
for the underestimation of J2, where o and n 
contributions are opposite in sign. 

To summarize, CNDO and INDO(o) calcula- 
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tions usually give similar and apparently reason- 
able estimates of contributions to long-range 
'H-'H couplings in planar aromatic derivatives. 
The sole exception is for VH,, couplings of the 
type 4. INDO(o) and INDO calculations per- 

sistently overestimate this coupling while CNDO 
calculations give much more reasonable values. 

INDO calculations also generally give reason- 
able estimates of TI contributioils to these cou- 
plings, when J(IND0) - J(INDO(o)) is taken 
as estimate of n contributions. However, the 
calculations often overestimate the magnitudes 
of the TI contributions. The INDO(x) calcula- 
tions predict nearly equal rc contributions to 
couplings involving similar x electron structures 
(e.g. J,,, J,,, J,,, Jj, for styrene, also see ref. 4), 
as expected. By contrast, J (IND0) - J(CND0) 
often predicts markedly different n contributions 
for these sets of couplings (13). Thus J(INDO(x)) 
appears to give a more reliable estimate of TI 

coupling contributions than J(IND0) - 
J(CND0). -Consequently the combination of 
INDO(o) and INDO calc~~lations appears to be 
superior to CNDO plus INDO calculations for 
separating o and TI contributions to 'I-IL'H 
coupling constants In planar conjugated systems. 
An alternat~ve, e m p ~ r ~ c a l  procedure w h ~ c h  may 
be even better when large o contr~butions are 
uresent 1s to take J(CND0) as a measure of o 
contributions (see previous paragraph) and 
J(INDO(rc)) as a measure of n contributions. 
However this has the disadvantage of requiring 
three instead of two calculations. 

For  the aromatic derivatives investigated, 
most long-range coupling constants are trans- 
mitted predominantly through the TI electron 
system. However, a number of stereospeclfic o 
contributions were noted. particularly those 

involving either all-trans coupling pathways or  
spatially proximate protons. 

Financial support from the National Research Council 
of Canada is gratefully acknowledged. I.R.P. thanks 
Gulf Oil Canada, Ltd. for a Fellowship. 
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2,2-Dioxido-4-phenyl-2-thiabicyclo[2.2.2]octa-5,7-diene-5,6-dicarboxylic anhydride (3) on 
heating gives about equal amounts of a biphenyl ( 5 )  and a cycloheptatriene (6), derived respec- 
tively from a reverse Diels-Alder reaction and a desulfonylation accompanied by allylic 
rearrangement followed by further rearrangement. This contrasts with our earlier observation 
that the corresponding dimethyl ester ( I n )  gives only the reverse Diels-Alder products. Possible 
factors affecting the course of the reaction of such species are discussed. 

JAMES FREDERICK KING, RUDYARD MEKDIOLA ENAKOZA et ERROL GEORGE LEWARS. Can. J. 
Chem. 52, 2409 (1974). 

Par chauffage de I'anhydride de I'acide dioxido-2,2 phenyl-4 thia-2 bicyclo[2.2.2]octadiene-5,7 
dicarboxylique-5,h (4), on obtient des q~~an t i t e s  egales de biphenyle (5) et de cycloheptatriene 
(6) q i ~ i  proviennent respectivement d'une reaction de Diels-Alder renversee et d'une reaction 
de desulfonylation accompagnee par un rearrangement allylique et suivie d'autres rearrange- 
ments. Ces resultats sont en opposition avec nos observations anterie~~res selon lesquelles 
I'ester dimtthylique correspondant ( I n )  conduit uniquement aux produits de reaction de Diels- 
Alder renversee. On discute des facteurs q ~ ~ i  peuvent affecter le cour5 de la reaction de telles 
especes. [Traduit par le journal] 

We have recently shown that thermolysis of 
the cyclic sulfone l a  gives dimethyl biphenyl-2,3- 
dicarboxylate (2a) and sulfene (3), the latter being 
detected by trapping experiments (1). Very re- 
cently Fischer and Lin (2) reported that the 
action of heat on the parent bicyclic sulfone (16) 
surprisingly gave only a small amount of the 
phthalate (Zb) and sulfene, the principal reaction 
being a desulfonylation with rearrangement to  a 
mixture of di~nethyl cycloheptatrienedicarboxy- 
lates. In this note we wish to point out  that 
another conlparatively minor structural change, 
namely conversion of the diester group to  the 
cyclic anhydride as in 4, also leads to  a pro- 
nounced decrease in the tendency to  yield the re- 
verse Diels-Alder reaction with fortnation of 5 
and sulfene (3),  and a corresponding increase in 
the extent of desulfonylation-rearrangement. 

Saponification of l a  gives the dicarboxylic acid 
which on gentle treatment with trifluoroacetic 
anhydride gives the cyclic anhydride (4). The 
structure of 4 follows from its mode of synthesis 
taken with (a) the presence of bands a t  1850, 
1785, 1325, and I 1 15 c m  ' (showing the presence 
-- -- 

'For Part 15 see ref. I I .  

of the cyclic anhydride and sulfone groupings) 
and (b) an n.m.r. spectrum with AB and ABX 
patterns very similar to those in the spectrum of 
l a  (1). When 4 is heated above 100' it readily 
yields a mixture containing the biphenyl an- 
hydride (5) (3) and a yellow crystalline solid 
shown by the following evidence to  have in all 
probability structure 6. 

Elemental analysis and the appearance of a 
molecular ion peak a t  nz,'e 238 established the 
nlolecular formula C,, H ,  ,O,. The i.r. spectrum 
showed bands a t  1840, 181 5, 1775, and 1765 
cm- '  ascribable to  a five-membered ring anhy- 
dride; the u.v. spectrum had bands a t  337 (E 

11 400), 290 (E  14 900), and 265 nm (shoulder,& 
14 900). The n.m.r. spectrum showed in addition 
to the phenyl multiplet, an AMX pattern (6, - 
7.5 (obscared by the phenyl hydrogens), 5, 6.72, 
6, 5.55 p.p.m., JAM = 6.2, J,, = 8.0 Hz)  with 
H, also coupled to a methylene   SO LIP a t  3.05 
p.p.m. ( J  = 7.4 Hz): this clearly requires the 
array C--CH-CH=CH-CH, with the addi- 
tional specification that HA be in a strongly de- 
shielded enviro~iment. There are only two phenyl- 
cycloheptatrie~iedicarboxylic anhydride struc- 
tures with this structural fragment; these are 
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shown as 6 and 7. In our view 6 accounts more 
readily than 7 for the downfield position of the 
HA signal, but since this argument seemed in- 
suficient to prove the point further evidence was 
obtained from the n.m.r. spectrum of the cor- 
responding dimethyl ester in the presence of 
Eu(fod),. The ester, obtained by basic hydrolysis 
of the anhydride followed by esterification of the 
diacid with diazomethane, showed n.ni.r. bands 
very similar to those in the spectrum of the an- 
hydride except that HA of the AMX pattern was 
not obscured by the absorption of the phenyl 
group. In the presence of Eu(fod), the H,signal 
shifted from 7.58 to 14.65 p.p.m. while the meth- 
ylenle doublet moved from 2.68 to 4.66 p.p.m., 
observations which in our opinion clearly favor 
the 1-phenyl-substituted structures (e.g. 6) for 
the anhydride and the diester over the 3-phenyl 
structures (e.g. 7). The assignment of the peaks 
in the above spectrum was carefully checked by 
decoupling experiments, a precaution taken 
partly because of the complexity in the 7.9 and 

9.3 p.p.m. regions arising from the splitting of 
the original phenyl singlet in the presence of the 
shift reagent. 

Thermolysis of 4 at  - 120" leads to roughly 
equal amounts of 5 and 6. At higher temperatures 
increasingly larger proportions of the biphenyl 
(5) are isolated, but when account is taken of 
greater stability of 5 under the conditions of the 
reaction and work-up, it would appear that the 
two products 5 and 6 are forliled at  approxin~ately 
the same rate. The preparation of 6: incidentally, 
may be carried out directly from the diacid de- 
rived from hydrolysis of la ,  simply by refluxing 
with acetic anhydride. 

As Fischer and Lin have pointed out (2) for 
the analogous reaction of Pb, the formation of 
the cycloheptatriene from the bicyclic sulfone sys- 
ten1 can be rationalized as in the scheme 4 + 

8 -t 6;  thermal extr~lsion of sulf~lr dioxide ac- 
companied by allylic rearrangement is followed 
by valence isomerization of the norcaradiene (8) 
to the cycloheptatriene (6). Thermal desulfonyla- 
tion with rearrangement in allylic sulfones was 
first reported by La Combe and Stewart (4), who 
prcsentcd evidence for a cyclic conccrtcd process 
at  lower temperatures, with incursion of a free 
radical mechanism at  higher temperatures. We 
have observed the analogous rearrangement of 
2-propenesulfonyl ("allylsulfonyl") chloride to 
ally1 chloride on flash thermolysis; these condi- 
tions are such that a radical recombination mech- 
anism is exceedingly unlikely, and in agreement 
with this, a deuterium labelling experiment 
showed the extrusion of sulfur dioxide to be ac- 
companied by an  allylic rearrangement ( 5 ) .  

The proposed reaction 4 -t 8 may also be re- 
garded as hon~ologous to the well-known chele- 
tropic reaction of 2,5-dihydrothiophe~ie 1, l-  
dioxide (butadiene sulfone) to give sulfur dioxide 
and butadiene; the transformation 4 -+ 8 differs 
only in that a substituted vinylcyclopropane is 
formed instead of butadiene. The reaction of 
butadiene sulfones shows the stereospecificity ex- 
pected of a cheletropic reaction (6, 7):  even with 
1,3-dihydrobenzo[c]thiophene 2.2-dioxide (8), 
which is particularly well arranged to display any 
tendency to react by a free radical process. This 
analogy argues in favor of a cyclic, concerted 
mechanism for the reaction 4 + 8, which in 
terms of the Woodward-Hoffmann rules for 
pericyclic reactions (9) may be regarded as a 
thermally allowed [,2, + .2, + J,] process. 

One o b v i o ~ s  question obtrudes: Why does one 
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substrate ( l a )  give the reverse Diels-Alder re- 
action, while a closely related compound (16) 
gives almost entirely the extrusion-rearrange- 
ment and another (4 )  gives both?  From the pre- 
vious paragraph it seems reasonable to discuss 
the desulfonylation-rearrangement in terms of a 
cyclic, concerted mechanism, the transition state 
for which may be approximated by 9 ;  the cor- 
responding stage of the reverse Diels-Alder pro- 
cess is given by 10. It is obvious that in the re- 
action of l a  the phenyl group is capable of con- 
jugative stabilization of 10 (R = Ph) but not 9 
(R = Ph) and this may well be the major factor 
responsible for the occurrence of the reverse 
Diels-Alder reaction as the principal thermal re- 
action of l a  but not 1b. The partial incursion of 
the desulfonylation-rearrangernent process with 
4 could conceivably also be due in part to es- 
sentially the same thing. The presence of the 
cyclic anhydride system leads to a nonbonding 
repulsioll between the phe~iyl group and the ad- 
jacent carbonyl oxygen. In the ciiester (la) the 
same interaction may be alleviated by rotation of 
the carbomethoxyl group, ~vhereas in the anhy- 
dride (4) only the phenyl group is capable of 
being rotated. The conformation of the phenyl 
group that minimizes the interaction with the 
carbonyl group is, however, the conformation 
least favorable for stabilization of 10 and hence 
this effect would lead to an increase in the energy 
of the transition state 10 in the reaction of 4 rela- 
tive to l a .  

The above, however, cannot be the onljr in- 
fluence at  work since 4 thermolyzes trzore readily 
than l a .  An important factor in this could be the 

f i~sion of the cyclic anhydride system to an  al- 
ready strained unsaturated system, which would 
lead to greater angle strain in the anhydride (4) 
than in the diester (la) and which may be partly 
released on going to either 9 or 10. It is also con- 
ceivable that this same angle strain deriving from 
the cyclic anhydride grouping or else the non- 
bonding repulsion between the phenyl and car- 
bony1 groups (or both) actually lowers the energy 
of 9 relative to 10 in the reaction of 4. We d o  not 
know enough about the geometry of 9 or PO to 
discuss these possibilities fruitfully at  present 
except to note that the phenyl-carbonyl inter- 
action in 8 is clearly less than in 5 (or 20) and to 
the extent that l a )  the transition states 9 and 10 

\ ,  

resemble these products and (b) the phenyl- 
carbonyl repulsion is greater in 4 than in Pa, this 
could be a factor contributing to the observed re- 
sults. 

Experimental 
Melting points were determined with a Gailenkamp 

melting point apparatus and are uncorrected. The i.r. 
spectra were determined with a Becknian IR-20A spec- 
trometer, u.v, spectra with a Cary Model 14 spectrom- 
eter, n.m.r. spectra with a Varian T-60 or  HA-100 spec- 
trometer, and mass spectra (m.s.) with a Varian M-66 in- 
strunlent. Camag D F 5  silica gel was ~ ~ s e d  for t.1.c. Sol- 
vents were removed from solut~ons with a Biichi rotary 
evaporator in co~ijunction with a water aspirator. 

2,2- Diosic(u-4-plienq.l-2-tliirrbicy)'c.lo.~2.2.2~'o~t~1-5,7-dienr- 
5,6-dicnrbosylic At?hq.c/ri& ( 4) 

A suspension of the diester ( l a )  (0.2 g, 0.56 mmol) in 
sodium hydroxide solution (5%, 24 ml, 31 n in~ol )  was 
heated at  83-86 ~ i t h  constant stirring for 10 h. The re- 
sulting lemon-yellou solution was allowed to cool to 
room temperature and then acidified to  about p H  1 with 
12 A' hydrochloric acid solution. Water was removed 
leaving a yellow solid residue which \\as taken up in 
acetone and filtered. The filtrate was evaporated to dry- 
ness and the residue was dried in ~.cr)'c.uo (0.2 mm) at  room 
temperature for 24 h.  The faintly yellow crystals were re- 
crystallized from acetone and pentane to give the diacid 
(0.15 g, 81%): i.r. (KBr): 1695, 1700 cn1-' (COOH), no  
absorption due to CO,CH,. T o  a solution of the diacid 
(0.1 g,  0.33 mmol)  in acetone ( I 0  ml) was added trifluoro- 
acetic anhydride (1.0 nil, 7.0 nimol) prepared by the 
method of Schmidt and Staab (10). After stirring for 7.5 h 
the reaction mixture was concentrated at  25' to a white 
solid residue which was recrystallized from niethylene 
chloride - pentane to yield colorless needles of the anhy- 
dride 4 (0.084 g, 89%); m.p. 174-174.5' dec.; i.r. (KBr): 
1850,1785,1325; I1 15 cm- ' ,nos ignof  COOH absorption. 
The n.m.r. spectrum showed a multiplet (5H) at  7.49 (Ph), 
an ABX pattern with 6 ,  6.98, 6 ,  6.85, 6 ,  5.47, JAB = 7.6, 
JAx = 7.4, and JBx = 0.3 H z ,  and an AB pattern with 6 ,  
3.64, 6" 3.29, and J A B  = 11.0 Hz.  

Anal. Calcd. for C15HI ,05S:  C, 59.60; H, 3.34; S,  
10.59. Found:  C,  59.88; H ,  3.30; S, 10.73. 
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TABLE 1 Thermolys~s of 2,2-diox1do-4-phenyl-2-th1abicyclo[2.2.2]octa-5,7-diene-5,6-dicarboxyl1~ anhydride 
("sulfone-anhydride", 4) 

- - 
-- - -- - - 

Recovery in the Estimated 
control after conversion 

Amount of Observed yield heat~ng* (%) (%I 
sulfone anhydr~de Temperatuie Tlme - 

(4) (mmol) 
-- 

("C) 
-- 

(mini 5 6 5 6 5 6 
-- -- - - - - 

1 29 118-123 210 I6t 151 100 8 3 227 277 

3.81 150-1 55 25 34 25 92 80 54 46 

2.09 188-190 25 28 21 89 58 43 52 
~ -- . --A - 

'Recovery in the controls on chromatography wa5 73Z for  5 and 69% for 6 (average of three runs each). The values in the "estimated con- 
version" columns were obtained by assuming the same percentage recobery for each compound on both heating and chromatography as in  the 
control experiments. 

+Incomplete conversion; i~nreacted starting ma te r~a l  \bas evident o n  t.1.c. 

I-Phenyl- 1,3,5-c~~&he~ratt~iene-2,3-dicaiboxylic 
At~I~yd~irle j 6 )  fi.orn the Diester l l a )  

To a solution of the diester ( l a )  (0.5 g, 1.44 mmol) in 
11-dioxane (10 ml) was added with stirring a solution of 
sodium hydroxide pellets (0.160 g, 4.0 n ~ n ~ o l )  in watcr (5 
ml). After stirring at room temperature for 12 h the mix- 
ture was acidified with 12 h! hydrochloric acid and then 
sodium chloride (ca. I g) was added and the resulting two 
layers were separated. The dioxane layer was dried over 
anhydrous sodium sulfate and then evaporated to dryness. 
Acetic anhydride (5 ml) was added to the residue and the 
mixture was refluxed at 145- for 30 min, after which the 
lemon-yellow solution t ~ ~ r n e d  dark orange. The reaction 
mixture was then evaporated leaving an orange oil which 
was crystallized from methylene chloride - pentane to 
give yellow needles of 6 .  The mother liquor was concen- 
trated to near dryness and then saturated with pentane to 
give an additional yield of0.03 g (total yield 0.10 g, 25z). 
The two crops were combined and carefully recrystallized 
from methylene chloride - pentane to give well-formed 
yellow needles (cu. 0.070 g), n1.p. 179-181,. The i.r. 
spectrunl s h o ~ e d  carbonyl bands appearing as a doubkt 
of doublets at  1840, 1815, 1775, and 1765 cm- ' ,  with no 
sign of bands due to a sulfonyl group. The ~1.v. spectrum: 
? .,,,,, (CH2CI2) 337 ( E  1 1  400), 290 ( E  14 900), 265 nm (sh, 
E 14 900). The n.ni.r. spectrum showed peaks which after 
integration and the appropriate decoupling experiments 
could be unambigi~o~~sly assigned as follows: 7.4-7.8 
(m, 5H3 phenyl group), an A M X  pattern, 6 ,  - 7.5 
(partly obscured by the phenyl multiplet), 6\, 6.72, 6, 
5.55 p.p.nI., JAM -. 6.2 and J,,, = 8.0 Hz, and a doublet 
a t  3.68 p.p.m. (2H) due to a methylene group coupling 
with Hx (J = 7.4 HZ). 

Anal. Calcd. for C,,H,,O,: C, 75.62; H, 4.23. Found: 
C ,  75.45; Elil', 4.26, 

The mass spectrum sho~vs the parent peak at m,'e 238.1 
(calcd.: 235.06): M -i i , M  = 16.48% (calcd.: 16.48%); 
M + 2/iM = 2.20% (calcd.: 0.6%). 

Biphet1yi-2,3-dicai'bo.~yIic Anhydride (5) fiorn Dir?7ethyl 
Biyher~~/-2,3-clicni'/1o.~yI~re 12n) 

A suspension of dimethyl biphenyl-2,3-dicarboxylate 
(20) (0.069 g, 0.255 mmcl) in sodium hydroxide solution 
(5%, 9~5 in], 12.5 mmol) was heated at  83' with constant 
stirring for 7 h. The clear solution was allowed to come to 
room temperature and then neutralized with 12 I\' hydro- 

chloric acid solution. Evaporation to dryness followed by 
extraction with acetone (25-30 ml) gave the diacid which 
was then dried in cacuo (0.2 mm) for 3 h. The crude diacid 
was dissolved in acetic anhydride (ca. 1.5 ml) with warm- 
ing and the resulting solution was heated under reflux at 
120' for 5 h. Evaporation of the solvent followed by re- 
crystallization from :nethylene chloride - pentane solvent 
mixture gave colorless needles of compound 5 (0.048 g, 
85%); n1.p. 145-146', (lit. n1.p. (3) 146-146.5"); n.m.r. 
(CDCI,)G8.0(3W,m),7.6p.p.m.(5H,s,Ph);i.r.(CH,CI2) 
1855, 1775 cm-', no sign of OH absorption; u.v. j,,,,, 
(cyclohexane) 274 ( E  13 000), 305 (E 2020), 317 nnl (2i00). 

Theirnolysis o f f h e  S:rlfone Anhyriricle 14) 
An accurately weighed sample of anhydride 4 was 

placed in a Pyrex tube (0.55 x 10 cm), then swept with 
nitrogen and evacuated, sealed in cacuo, and finally half 
immersed in an oil bath which was equilibrated at the 
desired temperature. After being heated for the specified 
time (scc Tablc I )  and then chillcd at 3' for ca. 1 h, the 
Pyrex tube was opened and the dark brown solid mixture 
dissolved in methylene chloride (1-2 ml) and then chro- 
niatographed on a silica gel column (1 x 10 cm). Succes- 
sive eluants used were the following: 1 : l chloroform - 
pentane, chloroform, 1 : 1 chloroforni - methylene chlo- 
ride, methylene chloride, and methanol (50 ml each). 
Separation was monitored by u.v. and t.1.c. The main 
products were identified as compounds 5 and 6 by t.l.c., 
coinparison of spectra (i.r. and u.v. of each compound 
and n.m.r. of reaction mixture), and mixture m.p. de- 
termination. Sulfur dioxide was detected by its odor and 
reaction to p H  paper. The yields were determined using 
subtractive u.v. analysis in the 335 and 250 nni regions 
u hich correspond to the absorption maxima of compound 
6 and 5, respectively. The "estimated conversion" v a l ~ ~ e s  
given in Table 1 were obtained by adjusting for attrition 
on the silica gel column a.nd in the reaction mixture as 
follows. In separate control experiments, the recovery of 
compounds 5 and 6 from the silica gel column (1 x 10 
c n ~ )  and the thermolysis reaction conditions was de- 
termined spectrophotometrically by means of subtractive 
u.v, analysis. In the latter case 5 and 6 were determined 
without prior chromaiographic separation. For com- 
pound 6 a calibration curve was used for more precise 
measurement of absorptivity, The results are summarize3 
in Table I .  
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Dimethyl I-Phenyl-1,3,5-cycloheptatriene-2,3- 
dicarboxylate fiom the Anhycivide ( 6 )  

T o  a solution of the anhydride (6) (33.1 mg, 0.139 
mmol) in tetrahydrofuran (5 ml) was added by means of a 
syringe 0.816 M sodium hydroxide solution (0.19 ml, 
0.153 mmol) and the resulting mixture was heated at 60' 
for 1 h and then stirred at room temperature for 2 h. The 
reaction mixture was then acidified with 0.1 N hydrochlo- 
ric acid solution to p H  3 and saturated with sodium chlo- 
ride (0.5 g). The organic layer was separated, dried over 
anhydrous magnesium sulfate, and concentrated to a 
yellowish gum which was dried at 0.2 m111 for 12 h. The 
diacid was then esterified with an ethereal solution of 
diazomethane, the solvent removed, and the product 
crystallized from methylene chloride - pentane to give 
yellow prisms of the dimethyl ester, m.p. 116-118p (18.4 
mg, 45%); v ,,,, 1720cm-';  n.m.r. (CDCI,): 6 7.58 ( lH,  
d, JA,=5.5) ,  7.10 (5H, s), 6.26 ( IH,  dd, JA ,=5 .5 ,  
J M x  = 9 . 9 ,  5.65 ( IH,  dt, J =  7.0,JMx = 9.5), 3.66 (3H, 
s), 3.35 (3H, s), 2.68 p.p.m. (2H, d, J = 7.0 Hz); rnle M +  
284.1047 (calcd. for C,,H,,O, 284.10476). The n.m.r. 
spectrum (CDCI,) of the dimethyl ester (18.4 mg, 6.5 x 
1 0 '  mmol) in the presence of Eu(fod),, i.e. tris(1.1,I ,2,2,- 
3,3-heptafluoro-7,7-dimethyl-4,6-octadiene)europiun1- 
(!II), (115.8 mg, 11 x lo-' mmol) showed: 6 14.65 (IH, 
d , J , ,  = 5.5),9.3(2H,m),7.9(3H,m),8.51 (3H,s),7.37 
( IH ,  dd, JAM = 5:5, J M X  = 9.5), 6.92 ( IH,  dt, J M X  = 9.5, 
J = 7.0), 6.66 (3H, s), 4.66 (2H, d, J = 7.0); appropriate 

decoupling experiments confirmed the above coupling 
patterns. 

We thank the National Research Council of Canada 
for financial support of this work. 
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Barfier to Internal Rotation in 2,6-Dichlorobenzal Iodide and some a,  seam-Xylyl 
Halides. Experimental Evidence for the Transition State Conformation 

in Benzal Halides 
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JAMES P E E L I ~ G ,  J .  BRIAN ROWBOTHAM, LUDGER ERNST, and TED SCHAEFER. Can. J. Chem. 
52,2414 (1974). 

The barriers to internal rotation in the oc,oc'-di-X-2,4,5,6-dichloro-m-xylenes (X = CI, Br, I) 
are determined by proton magnetic resonance bandshape analyses. Their magilit~ides are 
experimental evidence for the calculated conformation of the activated rotational state of the 
benzal halides, in which the C-H bond of the side chain is predicted to lie in a plane per- 
pendicular to tile aro~natic nucleus. The synthesis and the barrier to rotation in 2,6-dichloro- 
benzal iodide are reported. 

On a determine. par I'analyse de la forrne des bandes de r.m.n., les barrieres a !a rc:atioi~ 
interne dans les 2 , ~ ' - d i - X  diciiloro ill-xylenes-2,4,5,6. On deduit des valeurs observees gue les 
molCcules existent dans la conformation calculee pour I'etat rotationnel active des halogCriures 
de benzal dans lesq~iels le lien C-H de la chaine iaterale serait dans un plan perpeiidiculaire 
au noyau aromaiiqi~e. On rapporte la synthese et les barrieres a la rotation dam I'iodiire de 
dichloro-2,6 benzal, [Traduit par le journal] 

A recent analysis ( 1 )  of the long-range spin- 
spin co~~pl i l ig  constants in benzal fluoride and its 
dichloro derivatives shows that its ground state 
conformation is B and that the barrier to internal 
rotation is substantially less than 0.5 kcal/mol, 
in agreement with an  ab it~itio molecular orbital 
prediction of 0.18 kcal/mol(2) for the barrier and 

X = I;, C1, Br, I 

Y = W, C1, Br 

of 1 as the low energy form. As the size of the 
substituents X and Y in 1 increases, the barrier 
naturally rises (3) until for 2,6-dichlorobenzal 
iodide the free energy of activation, AG*, be- 

and approximate potential energy calculations 
( 5 )  suggest a high energy conformation, 2,  in 
which a C-X bond eclipses the C-Y bond. 

 more accurate classical calculations (3, 6) pre- 
dict 3 as the high energy form and give reasonably 

3 

X = CI, Br, 1 

Y = CI, Br 

21.05 * kcal/mol near 377 "K (see good agreement with the observed barriers to in- 
below). ternal rotation.' However, the computational 

All compounds 1 have the indicated ground 
state conformation, as have those in which two lCNDO/Z and INDO (7a) in this lab- 
or three CHC12 grollps are spaced by at  least one oratory using the geometries predicted by the classical 
ring halogen substituent (4). Moiecular nlodels model, yield 3 as the /o i l  energy conformation. 
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complexities demand some approximatiolls (6) 
and consequently it seems desirable to obtain 
experimental evidence for 3 as the transition 
state in the internal rotation process. This can be 
done by the following indirect approach. 

Of course, the high energy form is not ob- 
servable. However, if 3 is the transition state for 
the C H X ,  group, the eclipsed conformation 2 
being of lower energy, it follows that the benzyl 
hal~de,  4, whose transition state is the eclipsed 

conformation, 5, must have a considerably 
lower barrier to internal rotation than do the 
benzal halides. This conclusion is reasonable be- 
cause the calculations predict that 6 (OC,60" inter- 
action) has a s~~bstantial ly lower potential energy 
than 7 (3OC,30" interaction). Furthermore, a 

Y..  . . . x-C.. . .Y -  SO" 
0" X 

I 

Y ..... C.. . ..Y 

x y y x  

6Oo,6O" interaction as in 1 represents a near-zero 
potential energy (see calculations below), so that 
the eclipsed form 5 for the benzyl halide will 
hardly be of higher energy than 6 for the benzal 
halide. 

The barrier in the symmetrical benzyl halide, 
4, is not accessible to line-shape fitting methods. 
Therefore the more conlplex compounds 8, 9: 10, 

were prepared. Insofar as the CH,X groups with- 
in a given molecule can take on independent 
orientations, the protons in different methylene 
groups (8 and some forms of 10) or  within the 
san,e methylene group (9 and some forms of 10) 
need not be isochronous. Thus, for 9 the two 
forms I1 and 12 can display two distinct [AB], 

1 I cis 12 trans 

proton magnetic resonance spectra. Rapid rota- 
tion of the C H , X  groups on the time scale de- 
fined by the extent of the anisochronicity within 
one [AB], spectrum and between the two [AB], 
spectra leads to a single peak A, and the line 
shape at  intermediate rotational rates contains an 
extractable rate constant. 

For reasons described below, only AG* could 
be found and that only for 9 ( X  = C1, Br; I). Yet 
the r e s ~ ~ l t s  suffice as an indirect demonstration of 
the conformation of the rotational transition 
state i11 the benzal halides. In addition, the bar- 
rier to rotation in the 2,6-dichlorobenzal iodide 
is measured and calculated. 

Experimental 
Pcepnrutiorz of Co1~1po~mr1.s 

iu j  2,6- Dirl~loroher~zd ioiiicle (70) 
2,6-Dichlorobenzaldehyde (10 g). 20 1111 of hydrazine hy- 

drate, and 50 n ~ l  of CCI, were refluxed for 1.5 11. On 
cooling, white needi:s precipitated and the mixture was 
filtered after the addition of 5 0  ml of H,O. The needles 
were washed with H,O, dried by suction, and were added 
to 3 0  rnl of CCI, and 70 ml of N(CH,),. On addition of 
25 g of I ,  in ether, a gas evolved rapidly. The s o l ~ ~ t i o n  was 
bashed with 100 nil volun~es of 5% aqueous N a 2 S 2 0 3 ,  
3 N H C I ,  5% aqueous K,CO,, and H,O. The solution 
was dried over K,CO,, filtered, the solvent boiled off, 
leaving a red oil which was extracted twice with 5 0  ml 
portions of absolute ethanol. The product was a brown 
powder. 

i b )  Thc 9,~'-Di/?nloxj~lene Deriuntires 
Compounds 8 ( X  = C1) and 9 ( X  = CI) were obtained 

from Aldrich; compound 10 (X = CI) was prepared from 
mesitylene (4). The bromine derivatives of 8, 9, alid 10 
(X = Br) were prepared by slow addition of an aqueous 
solution of KBr to boiling acetone s o l ~ ~ t i o n s  of the cor- 
responding chlorides. After refluxing for 2 h the solution 
was poured into water and the precipitate was collected 
and recrystallized from ethanol (for the bromine derivative 
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TABLE 1. Physical characteristics of ring chlorinated a$'-xylyl halides and 
rx,af,a"-mesityl halides 

-- 

Melting point M o l %  Chemical shift? 
Comvound * PC) (solvent) (P .P.~ . )  

1 (toluene-d,) 
1 (toluene-d,) 
Insoluble 
1 (toluene-d,) 
1 (toluene-d,) 
1 (toluene-d,) 
1 (CS2) 
1 ( '32) 
0.25 (CS2) 

*p-CI means x,~,2,3,5,6-hexacl1loro-~?-xylene, 
,?I-xyiene etc. 

tRelative to internal tetramethylsilaile at 32 

of 10 the exchange was repeated four times, recrystalliza- 
tion from CCI,). 

For the iodine derivatives of 8, 9, and 10, acetone solu- 
tions of the chlorides were added to acetone solutions of 
Nal and the mixtures were poured into water. The precipi- 
tate was collected and recrystallized from CCI,. Chemical 
shift and 1~1.p. data for these compounds are collected in 
Table 1. 

Proton Magnetic Resonance Spectra 
( a )  2,6-Dichlorobmzal Iodick 
A 7 moly, solution in 1,2,3-trichloropropane, contain- 

ing a sn~all  amount of hexamethyldisilane, was not sealed 
for reasons of safety. Proton magnetic resonance spectra 
were calibrated on an HAlOOD spectrometer at  sweep 
rates of 0.02 or 0.05 Hzls. The homogeneity of the mag- 
netic field was monitored by the appearance of those res- 
onance peaks (methine and the two outer peaks of H, cor- 
responding to rrx and [J[J spin states of H, and H,) whose 
width was independent of the exchange rate. Tempera- 
tures were meas~~red as described previo~~sly (8). Falrly 
rapid decon~position occurred above about 110 ̂ C. 

( b )  The r,r*'-Di/~alo,~y/er~e Deriuatices 
Solutions of 9 (X = Br, 1) (1 molz )  in toluene-d,, con- 

taining a very small amount of CH,C12 for monitoring 
nlagnet homogeneity and tetramethylsilane as a locking 
material, were used at temperatures down to -90 -C. For 
X = C1, a 0.5 mol% solution in toluene-d, was used for 
reasons of solubility. No other suitable low-temperature 
solvent was found for 9. 

For 8 (X = I) no solvent was found: but for 8 (X = C1, 
Br) very dili~te solutions in toluene-d, could be cooled to 
- 80 ' C .  Some broadening of the spectral peak at - 80 'C 
may have arisen, not from a rate process, but from 
partial precipitation of the solute. 

The solubility of 10 (X = C1, Br, I) at low temperatures 
was insuficient for spectral work. 

Results and Discussion 
2,6-Dicl2lorobe!7zal Iodide 

( a )  Spectral Paranieters at Low Rotation 
Rates 

Near ambient temperatures the rate of con- 

ni-1 means a,a ,-diiodo-2,4,5,6-tetrachloro. 

' C .  

FIG. 1. The proton magnetic resonance spectrum at 
100 MHz and 50.6 'C  of a 7 moly, solution of 2,6-di- 
chlorobenzal iodide in 1,2,3-trichloropropane. The solu- 
tion was undegassed and the chemical shift scale is in Hz 
to low field of internal hexamethyldisilane. The labelling 
refers to structure 13 of the text. 

version from I3 to its superiinposable mirror 
image 14 is low ecough for observation of an  
ABCD proton spectrum at 100 MHz (see Fig. 1).  
The spectral parameters at  33.0 and 50.6 "C are 
given in Table 2 as obtained from the program 
LAME (9). T o  within expe,imental error the 
spin-spin coupling constants are temperature in- 
dependent. The shift between PI, and ti,, whose 
Larmor frequencies define the sites between which 
exchange occurs, does not change over this tem- 
perature range. The resonance frequency of H, 
is the same in 13 and 14 and therefore its peaks 

do not broaden at  intermediate exchange rates. 
The two outer peaks of Hc are not broadened by 
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TABLE 2. Spectral parameters and free energies of rotational 
activation for 2,6-dichlorobenzal iodide, 7 mol % in 

1,2,3-trichloropropane 

Value at 

Parameter 33.0 "C 50.6 "C 

V A  * 732.24 (0.006)1- 731.29 (0.005) 
V B  716.21 (0.006) 715.28 (0.006) 
V c  703.68 (0.007) 702.43 (0.006) 
V D  725.384 (0.007) 726.01 (0.005) 
"JAB: 1.28 (0.008) 1 .27 (0.007) 
3 J ~ c  8.07 (0.008) 8.10 (0.008) 
3 J ~ c  8.12 (0.008) 8.11 (0.007) 
' J A D  0.54 (0.008) 0.53 (0.007) 
' J B D  0 -0.01 (0.008) -0.02 (0.007) 
' JCD 0 -0.02 (0.008) - 0.04 (0.007) 
Root mean square error 0.0123 0.0110 
Largest error 0.035 0.022 
Lines assigned 32 32 

AG+ 
T YK) k (s-') (kcal/mol) 

366.5 2.25 _+ 0.15 21.02 i 0.08 
378.9 6.25 _+ 0.75 20.98 _+ 0.11 

11.5 _+ 1 .5  
-- 

390.2 21.16 + 0.11 

*In Hz at 100 MHz to low field of internal hexamethyldisilane. 
tProbable errors, to be multiplied by a factor of 3 to 5. 
$In Hz. 
§Not necessarily different from zero. 

the rate process because they correspond to ax 
and pp states for HA and H,. These Hc peaks 
and the H, peaks serve as convenient measures 
of the linewidth corrections, T,, applicable to the 
exchange-broadened spectra. 
(6) Free Energy of Acfivatior~ (AG*) 
Decomposition occurs fairly rapidly above 

110 "C. Exchange-broadened spectra were ob- 
tained at 93.3, 105.7, and 117.0 "C, coalescence 
occurring above 120 "C. Rate constants were ob- 
tained by matching complete spectral lineshapes 
with those calculated by the program DNMR2 
(10, 11). Rate constants and AG* values at the 
three temperatures are given in Table 2. The 
errors are the linearized relative statistical errors 
(1 2), including those arising from uncertainties in 
both the rate constants and in the temperatures. 
Slow decomposition occurred at  temperatures 
above 90 "C, so that insufficient data could be 
collected for a reliable determination of AH' and 
AG'. However, in 2,4,6-tribromobenzal bromide 
A S *  is zero within experimental error (3) and one 
may assume a similar value for 2,6-dicliloro- 
benzal iodide. 

l c )  Con~parison 1t.it11 P o t e ~ f i u l  Et~ergy 
Calculatio~s 

The method of calculation (6) allows the de- 
formation of the bond angles indicated in 13, the 
stretching of the C-C, bond, and for the non- 
bonded interactions via a 6-12 potential. The re- 
sults2 are given in Table 3. The calculated barrier 
of 21.7 kcal/mol is 3x higher than the observed 
value of 21.0, rt: 0. I ,  kca!/mol. 

When o = 60G, a C-I bond eclipses a C-Cl 
bond (see 6) and the potential energy relative to 
the ground state is then 7 6 x  of the transition 
state energy at  o = 90" (see 7). When o = 30G, 
one C-I bond lies in a plane perpendicular to 
the aromatic ring and the energy is 34% of the 
transition energy. To zero order the energy of the 
transition state for a CH21 group should then be 
55% of that for a CHI, group, when both are 
flanked by C-Cl bonds on the ring. Thus the 
barrier for a CH21 group may lie near 21.0 x 
0.55 = 11.5 kcalimol, while for CH2CI it may 
be near 15.3 x 0.55 = 5.4 kcalimol (3). These 

'Details of the calculations are available from the 
authors. 
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TABLE 3. Conformational energy calculations for 2,6-dichlorobenzal iodide.* 
. -p-p.-.-p-..-p. 

- -- 

Bond angles (deg) 

a (deg) LC,-c, E B Y Enb El Ee E Ere1 

0 1.510 124 125 113 -1 .00 0.08 1.57 0.65 0.00 
30 1 ,525 122 131 118 1.48 0.31 6.16 7.95 7.30 
60 1 ,545 124 135 121 4.58 0.84 11.85 17.28 16.62 
90 1.560 133 133 121 6.79 1.41 14.15 22.35 21.70 

- 
*Definitions of symbols used: iCl-,, - bond length C1--CZ in A ;  Enb - sum of nonbonded interactions; El = energy for deformation of 

C , - C ,  bond;  Ee - sum of bond bending energies; E = En, - El - Ee in kcal/niol: w = 0" when the C,-H bond lies in  plane of aromatic 
ring. Further definitions are given in the explanation of structure 13 in the text. 

values are high enough for extraction by a line- 
shape analysis and are the subject of the next 
section. 

Barriers to Rotatioi? in I?I-C,CI, ( C H ,  X )  , 
(X = C1, Br, I )  

( a )  Spectral Characteristics and Assignr?le~tr 
In principle, 11 and 12 each possess ABB'A', 

i.e. [AB], resonance spectra (13). Their appear- 
ance will be dominated by the large ,JAB coupling 
within a methylene group because the coupling 
between protons in different groups is at  least ten 
times smaller than 'JAB (14. 15). 

In the event, at  low enough temperatures the 
spectrum of each compound displays an AB quar- 
tet and, superimposed on the low-field tall peak of 
this quartet, there occurs a peak of relatively low 
intensity. The linewidths are about 1 Hz, sug- 
gesting the presence of ~~nresolved long-range 
coupling between protons in different methylene 
groups. The quartet with a relatively large in- 
ternal shift may be assigned to one conformer, 
11 or  12. and the single peak must then represent 
a tightly coupled AB quartet from the other, less 
abundant, conformer. A probable assignment 
can be made as follows. 

Electric fields (16, 17) f r o ~ ~ l  the bond dipoles in 
11 and 12 can cause relative chemical shifts of the 
methylene protons of less than 0.01 p.p.n.1. A de- 
tailed consideration of molec~:lar sizes and pack- 
ing. and of aromatic solvent induced shifts (18) 
suggests that the magnetic anisotropy of the 
toluene-d, solvent molecules causes the internal 
chemical shifts in 11 and 12 and that HB in the 
cis form experiences a net shift to high field. Such 
considerations are consistent with the observa- 
tion of no internal chemical shift in 8 at  consider- 
ably lower temperatures than those needed for 
spectral coalescence in 11. Intra~nolecular electric 
fields are again insufficient as causes of internal 
shifts in 8 and the barrier to rotation will be al- 
most identical in the nwta and para isomers, 

buttressing effects being rather small in even 
more crowded compounds (5, 19, 20). 

The above interpretation of the observed shifts 
implies the higher stability of the cis form, 11, at 
the temperatures in Table 4. Intramolecular elec- 
tric fields or  nonbonded interactions (17) are not 
large enough to reproduce the AGO values in 
Table 4 but the more polar form, 11, is stabilized 
by the aromatic solvent by as much as 0.5 kcall 
mol(21-26). The AGO values in Table 4 are then 
expected and observed to increase in the order 
C1> Br > I. The cis form, 11, is the11 more stable 
than the tranc form. 12. 

l b )  Extractiorz o f  Rate Constants and 
Rotatiorzal Barriers 

The chemical shifts and proton-proton cou- 
pling constants of the methylene protons are 
given in Table 4. The latter are no doubt negative 
and their magnitudes have the same relative or- 
der as those in the corresponding methyl halides 
(27) and in some benzyl halide derivatives (28). 
The relative stabilities are presented as AGO 
values, obtained by simulation of the well- 
defined quartet and s~~btrac t ion of this area from 
the total area of the observed spectrum. 

The exchange process occurs between c, t ,  c', 
and t '  (Scheme I) and the spectral types of each 
form are indicated as ABB'A' etc. The com- 
plexity of the process and the moderate quality 
of the spectra dictated an  approximate treatment 
of the data, yielding AG* at  the coalescence tem- 
perature of the well-defined quartet. The ex- 
change broadened spectra were simulated with 
the program ABXFIT (29) and the fitting method 
gave the rate of interconversion of c and c' .  At 
equilibrium one has p,k,, = p,k,, = p,k,,, = 
k '  = p,k,,., etc. The sum of the fractional popu- 
lations, p,  is unity and therefore the rate of the 
AB exchange is 
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TABLE 4. Spectral parameters, relat~ve populat~ons, and rate data for 
c(,a'-drhalo-2,4,5,6-tetrachloro-nz-xylenes 

-- - - -- -- 

Value 

Parameter 
. ~ 

Cl ('K) 

378.9 (161) 
390.7 
382.3 
11.8 i- 0.5 
1.260 i 0.100 (185) 

Br ('K) 

*Shift i n  Hz at  100 MHz to low field of Internal TMS, temperature i n  brackets; the center of the resonance of the less abun 
dant isomer is given as  v. 

+The subscripts ct refer to  the cis and ?run, Isomers, 11 and 12, of these compo~lnds:  see also Scheme l .  

ABB'A CDC'D' 

DCD'C' BAA'B' 

Noting that, for example, kc ,  is the rate constant 
for the conversion of c to t ,the rate constants and 
AG* values in Table 4 can be deduced. 

Generous errors of 25 to 33% in the rate con- 
stants and of k2  "C in the temperatures were 
treated by Binsch's method (12) to obtain the 
quoted errors in AG*. For the reasons given 
above, the AGO values will likely decrease as the 
temperature increases, so that AGCti and AG,," 
will likely converge at  higher temperatures. 

sponding benzal halides (3). Thus, AG= in 2,6- 
dichlorobenzal iodide is 2! .0, kcal/mol and 
(AGct* + A G , , * ) / ~  is 12.0, kcal/mol in R,cI.'- 

diiod0-2,4,5,6-tetrachloro-171-xylene. The AG* 
values are measured at  wldely different tempera- 
tures for the varlous compounds (3) and we take 
the constant ratlo of 60",or X = C1, Br, I as a 
strong lndlcatlon of very small AS* magnstudes 
in the hlndered internal rotations. Therefore the 
potentla1 energy calculations can be equated to 
AG* values with some confidence 

In  our opinion these results are evidence for 
the conformation, 3 or 7 ,  of the activated rota- 
t i o ~ ~ a l  state of the benzal halides. 

We are grateful to the National Research Council of 
Canada for financial assistance. 
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J. Tsau and  D. F. R .  GILSON. Can. J. Chem. 52, 2421 (1974). 
Wide line n.m.r. studies of the n-alkylammonium chlorides C,,-C,, show a nonreversible 

behavior which parallels that observed using differential scanning calorimetry. For samples 
which have been heated above the nonreversible transition the temperature dependence of the 
line width and second moment resemble that of the shorter chain compounds of this series: 
one transition due to  the onset of chain rotation and a second higher temperature transition 
due to more extended motion probably of a translational nature. A change in crystal structure 
is proposed in order to  explain the nonreversibility. 

J. TSAU et D. F. H. GILSON. Can. J. Chem. 52, 2421 (1974). 
Les etudes de la bande large en r.ni.n. des chlorures de t i -alkylanimoni~~n~ C,,--C,, montrent 

un comporternent non-reversible qui est du meme type que celui observe par calorimetrie a 
balayage differentiel. La dependance de la largeur de bande et du moment secondaire par 
rapport a la ternperat~ire pour les echantillons chauffks au-dessus de la transition non-reversible 
resemble  a ce qui a etC observe pour les co~nposes a chaine plus courte de cette serie: une 
premiere transition est due au debut de rotation de la chaine et Line deuxieme est d ~ ~ e  a un 
mouveinent plus developpe probablement de nature translationnelle. On propose un change- 
lnent dans la structure cristalline en vue d'expliquer la non-reversibilite. 

[Traduit par le joitrnal] 

Introduction 
Fragmentary evidence for the existence of 

solid-solid phase transitions in the homologous 
series of n-alkylammonium halides has existed 
for inany years but there have been few sys- 
tematic investigations of the nature of these 
transitions (1-3). The reported X-ray structural 
studies are limited almost entirely to room 
temperature measurements of the (001) long 
spacings (4-8), and only n-propyl- and n- 
pentylamnioniu~i~ chlorides (9, 10) and t1-  

dodecylamrnoni~~m bromide (7) appear to have 
been s t ~ ~ d i e d  in any greater detail. In general the 
chlorides are tetragonal up to a chain length of 
about 10 carbon atoms and either monoclinic 
(C,,,C,,,C,,,C,,) or orthorhombic (C, ,,C,,) 
thcreafter. Differential scanning calorimetric 
(d.s.c.) studies (2) showed that several thermal 
transitions exist for each co~npound and that 
these occur below room temperature for chain 
lengths up to C, and abo\e  room temperature 
for the longer members of the series. On the 
basis of this evidence it seems orobable tha: one 
of the thermal transitions involves a change 
from, at low temperature, a monoclinic or 
orthorhombic forin to a tetragonal structure at  
higher temperature. Such a transition has been 

observed for n-propylammonium chloride (9). 
The lowest temperature d.s.c. lransitions showed 
an odd-e\.en chain length alternation in tran- 
sition temperature, ~vhich is a ~vell knocvn 
phenomenon (1 1 ; 12) for such homologous 
series, particularly for melting temperatures. 
For the 11-alkylammoniuin chloride series C ,  
to C,, the low temperature transitions corre- 
lated approximately \\ith the lower of two line 
~ , i d t h  and second moment transitions observed 
by wide line n.m.r. methods (3) although the 
n.m.r.  transitions u,ere at  about 10-20' l o ~ ~ e r  
temperature. This n.1n.r. transition is due to the 
onset of molecular re-orientation about the 
chain axis. The higher temperature n.m.r, trans- 
ition involves a more extensive lnolecular 
motion, which must be of a translational 
nature as the second moments are too Io\v to be 
explained by rotation alone. 

The d.s.c. results for transition temperatures 
and enthalpies of the longer chain 12-alkyl- 
ammonium chlorides depend upon the thermal 
history of the sample. A single transition, with 
a large enthalpy change, was observed the first 
time the sample was heated but on cooling and 
on subsequent reheating cycles three smaller 
enthalpy transitions occurred at  temperatures 
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TABLE 1. Transition temperatures, second mornents. and enthalpies for the 
nonreversible transitions 

n.m.r. d.s.c. 
transition Second moment (GZ) transition 

Chain length temperature ------------ temperature AH,,,,, 
(C atoms) ("K) Before After ("K) (kcal/mol) 

TABLE 2. Experimental second moments and transition temperature ranges for the reversible transitions 

Chain Second moment Transition Second moment (G2) Transition Second moment (G2) 
length at  77 K temperature temperature 

(C atoms) (G 2 ,  range ( K )  Before After range ("K) Before After 

*Sot  studied. 

different from the original scan. The present 
paper describes the results of a wide line n.m.r. 
study of the 11-alkylammonium chlorides which 
have transitions above room temperature, ex- 
tending the series up  to C,,. 

Experimental 
The n-alkylammonium chlorictes were prepared by 

passing hydrogen chloride gas into a solution of the 
amine in chloroform or ether followed by recrystaili- 
zation three times from chloroform. Wide line n.m.r. 
spectra were obtained as described previously (3). 
Second moments were computer calculated from the ex- 
perimental derivative curves, using a program written 
in this laboratory, and corrected for finite modulation 
width. TEMPERATURE, "K 

Results FIG. 1 .  The temperature dependence of the second 

The most notable feature of the temperature 
dependence of the line widths and second 
momcnts, with the exception of n-undecyl- 
ammonium chloride, is the nonreversible be- 
havior. When samples, which have not been 
previously heated, are heated from ambient 
temperature the line widths and second moments 
undergo sharp transitions from second moment 
values in the range 13 to 18 G2 down to about 
3 to 6 G2, Table 1, but on cooling this initial 
behavior is not reversed and the transitions 
occur in two stages and at  lower temperatures. 
If the samples are then re-heated the line widths 
and second moments follow the path observed 
for the cooling direction. This temperature de- 

moment of n-dodecyclammonium chloride. The triangles 
indicate the initial heating cycle. 

pendence now resembles that previously ob- 
served for the lower members of the series (3): 
a gradual decrease from second moments of 
24 to 28 G2 at  77 'K to values in the range of 
15 to 20 G2, followed by a sharp transition to 
8 to 9 G2 and a broader transition at  still higher 
temperatures to second moments of less than 
3 G2. 

As an example, this temperature dependence 
is shown in Fig. 1 for n-dodecylammoniun~ 
chloride and second ~noments and transition 
temperature ranges are given for this series in 
Table 2. 
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TSAU AND GILSON: n-ALKYLAMMONIUM HALIDES 2423 

TARLE 3. Theoretical second nionients (G2)  
- -- -- - - -- -- 

End-methyl Chain 
Chain length Rigid rotation rotation 

Discussion 
The approximate theoretical second moments, 

Table 3, were estimated in the same manner as 
for the shorter chain members (3); the intra- 
molecular contribution was calculated using 
standard bond lengths and angles, and the inter- 
molecular second moment based upon values 
observed or  calculated for similar long chain 
compounds. The experimental second moments 
at  77 "K are in good agreement with the values 
calculated for a rigid chain with end-methyl 
rotation. A more extensive motion develops 
with increasing temperature, probably chain 
torsion plus wagging, until the first transition 
when chain rotation commences. For the sam- 
ples which had not been previously heated the 
low value of the second moment above this 
transition indicates the presence of additional 
motions, which must be of a translational 
nature, and there is no intermediate stage whzre 
chain rotation alone ocurs. If a heating cycle 
has occurred, then a plateau is reached, where, 
over a certain temperature region, chain rota- 
tion occurs without other extensive motions and 
the second transition follows a t  a higher tem- 
perature. In this high temperature phase the 
line is still broad in comparison with a liquid 
and there is no narrow co~nponent  of modula- 
tion width at the center of the absorption 
signal. This latter is in contrast to the observa- 
tions reported on salts of 11-alkylcarboxylic 
acids (131, ~vhich otherwise behave in very 
similar fashion. 

This behavior is now seen to be general for 
all the 11-alkylammonium chlorides, C,-C, ,; 
only end-methyl rotation occurs at  low tempera- 
tures, then, after some torsional chain motions, 
the chains rotate about their long axes and this 
is follo\ved by a translational motion uhich 
must involve groups of molecules within which 
some order must be maintained. In general the 
observed d.s.c. transitions occur in or  near the 
temperature region of the second n.m.r. tran- 
sition whereas chain rotation occurs at  lower 

temperatures, prior to the region of the thermal 
effects. 

The temperatures of the nonreversible n.ni.r. 
transitions correlate extremely well with those 
of the nonreversible d.s.c. transitions, Table 1 .  
The enthalpies of these transitions are large (2), 
greater than the enthalpies of fusion, except 
for n-tridecylammonium chloride. This con?- 
pound has an orthorhon~bic crystal structure 
(6) instead of the monoclinic form observed 
for the others. The difference in transition 
enthalpies may reflect this structural difference. 

These results now permit an explanation of 
the X-ray structural results and of inconsisten- 
cies between them. Gordon et al. (7) reported 
(001) spacings for n-dodecylanimonium chloride 
and bromide of 17.9 and 35.8 A, respectively, 
whereas Kertes et al. (8) found spacings of 35.3 
and 17.7 A. This discrepancy was attributed by 
Kertes et al. to the occurrence of twinning. 
Gordon et al. also observed that n-dodecyl- 
ammonium chloride underwent a transition at 
59 "C to another monoclinic or triclinic form, 
with a double sheet arrangement and on cooling 
did not return to the previous form but had a 
slightly different (001) spacing. No  other details 
of the thermal history of the samples were re- 
ported by either group. 

The important criterion resulting from the 
d.s.c. and n.m.r. measurements appears to be 
whether samples have been heated above the 
nonreversible transition. For chain lengths less 
than 10 carbon atoms the transitions occur at  
or below room temperature and unless suitable 
experimental precautions are taken these com- 
pounds will unavoidably be heated above the 
transition. This may have inadvertently oc- 
curred for n-undecylammonium chloride in the 
present studies (the lowest transition is at 
304 "K) and thus the nonreversible transition 
was not observed. If the longer chain com- 
pounds are heated, to remove solvent for in- 
stance, they will return to a different crystal 
structure upon cooling to room temperature. 
The reported X-ray results for n-dodecycl- 
ammonium chloride and bromide suggest that 
this change may involve a doubling of the (001) 
spacing (7, 8). The transition temperature of 
59 "C reported by Gordon et al. (7) agrees with 
the d.s.c. and n.ni.r. values but the (001) spacing 
was described as only "slightly different," not 
doubled. X-Ray studies are presently being 
undertaken for this series of alkylammonium 
chlorides with controlled experimental condi- 
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tions to determine the (001) distances a t  different and Spectroscopy, Tokyo, 1962. C.  Sandorfy. per- 

temperatures. 
Thus we believe that two different crystal 

structures can exist for those members of the 
series which have transitions sufficiently far 
above room temperature. One form can be 
obtained by crystallization below the lowest 
transition and the other by heating the first 
above the transition. The enthalpy difference 
between the two may be small but conversion 
back to the original forin will be slow if a large 
activatio~l energy exists. The n.m.r. line narrow- 
ing process will occur a t  different temperatures 
because the potential barrier hindering chain re- 
orientation depends upon the inter~nolecular 
contact distances, which differ in the two crystal 
lattices. Similarly the thermal transitions must 
also be dependent on the crystal structure. 
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The Methyl Ethers of 2-Amino-2,6-dideoxyglucopyranose (Quinovosamine)' 
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MALCOLM B. PERRY and VIRGINIA DAOUST. Can. J. Chem. 52, 2425 (1974). 
The 3-, 4-, and 3,4-dimethyl ethers of 2-amino-2,6-dideoxyglucose have been synthesized. 

3,4-Di-0-methyl-L-rhamnal on treatment with nitrosyl chloride gave dimeric 2-deoxy-3,4-di- 
0-methyl-2-nitroso-a-L-rhamnopyranosyl chloride which on reduction and N-acetylation 
afforded 2-acetamido-2,6-dideoxy-3,4-di-O-rnethyl-~-glucose and 2-acetamido-2,6-dideoxy-4- 
0-methyl-L-glucose. 2-Acebamido-2,6-dideoxy-3-0-methyl-D-glucose was made from methyl 
2-acetamido-2-deoxy-3-O-methyl-a-~-glucopyranoside by the reduction of its 6-deoxy-6-iodo 
derivative, prepared from synthesized methyl 2-acetamido-4-0-acetyl-2-deoxy-3-0-methyl-6- 
0-(p-to1ylsulfonyl)-a-D-glucopyranoside, to yield the required 6-deoxy-L-g!ucose derivative. 

MALCOLM B. PERRY et VIRGINIA DAOUST. Can. J. Chem. 52, 2425 (1974 
On a synthttise les mithoxy-3, methoxy-4 et dirnethoxy-3,4 amino-2 dideoxy-2,6 glucose. 

Le traitement du di-0-methyl-3,4 L-rhamnal par le chlorure de nitrosyle fourni le dimere du 
chlorure de dkoxy-2 di-0-methyl-3,4 nitroso-' cc-L-rhamnopyranosyle qui par reduction et 
N-acetylation fourni l'acetamido-2 dideoxy-2,6 di-0-methyl-3.4 L-glucose et I'acetamido-2 
dideoxy-2,6 0-methyl-4 L-glucose. On a prepare I'acktamido-2 dideoxy-2,6 0-methyl-3 D- 
glucose a partir de l'acetamido-2 deoxy-2 O-methyl-3 a-D-glucopyranoside de methyle par 
reduction de son derive deoxy-6 iodo-6 qui peut @tre prepare a partir de l'acetamido-2 0-acetyl-4 
deoxy-2 0-methyl-3 0-(p-tolylsulfonyl-6) a-D-glucopyranoside de niethyle pour conduire au 
derive ddoxy-6 L-gl~icose desire. [Traduit par le journal] 

2-Amino-2,6-dideoxy-D-glucose (D-quinovos- 
amine) is a component of several bacterial poly- 
saccharides (1-5). In our work on the determina- 
tion of the structures of some quinovosamine 
containing lipopolysaccharides obtained from 
strains of Pseudomonas aerugirzosa (6)  using 
methylation analysis methods, we were prompted 
to prepare, for use as reference compounds, the 
methyl ethers of the aminoglycose in order to 
facilitate the identification of these materials in 
the fission products of the methylated poly- 
saccharides. 

The 3,4-di- and 4-methyl ethers of 2-amino- 
2,6-dideoxy-L-glucose were made using the 
general synthetic procedure for aminogIycoses 
which was developed by Lemieux and co-workers 
(7a and 6) and involves reduction of the acetyl 
derivatives of 2-deoxy-2-nitrosoglycopyranosyi 
chlorides. It was found that nitrosyl chloride re- 
acted with 3,4-di-0-methyl-L-rhamnal to give the 
expected crystalline dimeric 2-deoxy-3,4-di-0- 
methyl-2-nitroso-a-L-rhamnopyranosyl chloride. 
The nuclear magnetic resonance (n.m.r.1 param- 
eters for this compound were in close agreement 
with those found for the dimeric tri-O-acetyl-2- 

'NRCC No. 13973. 

deoxy-2-nitroso-a-D-glucopyranosyl chloride (8) 
in keeping with the expected cis addition of the 
nitrosyl chloride to the rhamnal derivative and 
they were consistent with the assigned structure 
of the product. Reduction of the 2-deoxy-3,4-di- 
0-methyl-2-nitroso-cc-~-rhamno~~ranos~l chlor- 
ide with zinc-copper couple in acetic acid - acetic 
anhydride solution, followed by de-0-acetylation 
of the product, gave a mixture of 2-acetamido- 
2,6-dideoxy-3,4-di-0-methyl-L-glucose (41%) and 
2-acetamido-2,6-dideoxy-4-0-methyl-L-glucose 
(597,). While it was expected (7a) that the amino- 
glycose produced in this reduction would have the 
amino group in the equatorial orientation (i.e. 
gluco), the production of the 4-0-methyl deriva- 
tive by elimination of the 3-0-methyl substituent 
from the precursor is of note. Similar elimination 
of 3-0-substituents were observed in the reduc- 
tion of the nitrosyl chloride adducts of tri-0- 
acetyl-3-O-methyl-~-glucal and of 1 4 3 linked 
disaccharides. 

The mixture of the two acetamidoglycoses was 
fractionated by cellulose column chromatog- 
raphy to yield pure crystalline 2-acetamido-2,6- 
dideoxy-3,4-di-0-methyl-L-glucose and 2-acet- 
amido-2,6-dideoxy-4-Q-methyl-L-glucose. The 
identity of the di-0-methyl glycose was esta- 
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blished by the fact that it had identical chroma- 
tographic and physical properties to a sample of 
2-acetamido-2,6-dideoxy-3,4-di-0-methyl-L-glu- 
cose prepared by direct methylation of 2-acet- 
amido-2,6-dideoxy-L-glucose (9) which differed 
from those of the correspondingly-prepared, epi- 
meric 2-acetamido-2,6-dideoxy-3,4-di-0-methyl- 
L-mannose derivative. The 2-acetamido-2,6- 
dideoxy-4-0-methyl-L-glucose had a methoxyl 
value and also chromatographic properties cor- 
responding to a mono-0-methyl derivative; after 
methylation and hydrolysis of the product with 
dilute hydrochloric acid, it gave 2-amino-2,6- 
dideoxy-3,4-di-0-methyl-L-glucose hydrochloride 
thus establishing its gluco configuration. The 
posltion of the methoxyl group at C4 was infer- 
red from the fact that it had chromatographic 
and physical properties dictinct from those of the 
corresponding 3-0-methyl glycose. 2-Amino-2,6- 
dideoxy-3,4-di-0-methyl-L-glucose and 2-amino- 
2,6-dideoxy-4-0-methyl-L-glucose hydrochlor- 
ides were obtained crystalline by hydrolysis of 
the parent 2-acetamido-2-deoxyglucoses with 
dilute hydrochloric acid. 

2-Acetamido-2,6-dideoxy-3-0-methyl-D-glu- 
cose was made from methyl 2-acetamido-2- 
deoxy-3-0-methyl-cl-D-glucopyranoside (10). 
Mono tosylation and acetylation of the latter 
compound afforded crystalline methyl 2-acet- 
amido-4-O-acetyl-2-deoxy-3-O-methyl-6-O-(p- 
tolylsulfony1)-ci-D-glucopyranoside which on heat- 
ing with sodium iodide in acetone gave methyl 
2-acetamido-4-0-acety1-2,6-dideoxy-6-iodo-3-0- 
methyl-ci-D-glucopyranoside. This compound on 
catalytic reduction gave crystalline methyl 2- 
acetamido-4-O-acetyl-2,6-dideoxy-3-0-methyl-cl- 
D-glucopyranoside which on hydrolysis with 
dilute hydrochloric acid gave crystalline 2-amino- 
2,6-dideoxy-3-0-methyl-D-glucose hydrochloride, 
convertible by N-acetylation (1 1) to crystalline 
2-acetamido-2,6-dideoxy-3-0-methyl-D-glucose. 

The chromatographic and physical properties 
of the 3,4-di-, 3-, and 4-methyl ethers of 2- 
acetamido-2,6-dideoxyglucose and their amino 
hydrochloride derivative are recorded together 
with the gas-chromatographic relative retention 
times of the corresponding acetylated 2-acet- 
amido-2,6-dideoxyglucitol methyl ethers pre- 
pared by borohydride reduction and acetylation 
of the parent glycoses (12, 13). 

Experimental 
Paper chromatography was performed by the descend- 

ing method (14) on Whatman No. 1 filter paper using 

either (A) pyridine - ethyl acetate - water (2: 5:5 v/v, 
top layer) or (B) I-butanol - ethanol - water (4: 1 : 5 v/v, 
top layer) as the mobile phase. Glycoses were detected 
with either (a) 2% silver nitrate in acetone followed by 39, 
sodium hydroxide in ethanol (15), (b) 2% p-anisidine 
hydrochloride in ethanol (16), or (c) 2% ninhydrin in 
acetone. The rates of movement of the glycoses are quoted 
relative to L-rhamnose (R,,) or to 2-amino-2-deoxy-D- 
glucose hydrochloride (RGN). 

Thin-layer chromatography (t.1.c.) was done on silica 
gel G coated plates using benzene-methanol (10: 1 v/v) 
and compounds located by heating developed plates, 
sprayed with 10% sulfuric acid in ethanol, at  130 "C for 
20 min have their mobilities quoted relative to the solvent 
front (Rf). 

Gas-liquid partition chromatography (g.1.p.c.) was 
carried out using a Hewlett-Packard model 402 chroma- 
tograph with a hydrogen flame detector and fitted with 
glass U-tubes (4 ft x 6 mni x 3 mm internal diameter) 
packed with either (A) 10% (w/w) neopentylglycol seba- 
cate polyester on 80-100 mesh acid washed Chromosorb 
W or (B) 3% (w/w) ECNSS-M on 100-120 mesh Gas- 
Chrom Q (Applied Science Labs., State College, Pa.). 
Retention times are quoted relative to methyl 2,3,4,6- 
tetra-0-(trimethylsily1)-a-D-glucopyranode (T,,) or to 
penta-0-acetyl-L-arabinitol (T,). 

Melting points were determined on a Fisher-Johns ap- 
paratus and are corrected. Solutions were concentrated 
under reduced pressure and below 40 "C. Optical rotations 
were determined at  20 "C using a Perkin-Elmer 141 
polarimeter. Nuclear magnetic resonance (n.m.r.) spectra 
were recorded at  60 MHz with a Varian A-60A spectrom- 
eter with tetramethylsilane (z 10.00) as an internal standard 
in chloroform-d solutions. Molecular weight determina- 
tions were made on chloroform solution using a Mechro- 
lab osmometer model 301A. 

2-Amino-2,6-dideoxy-3,4-di-0-methyl-L-glucose and 
2-Amino-2,6-dideoxy-4-0-methyl-L-glucose 

(a) 3,4-Di-0-methyl-L-rhanlnal 
L-Rhamnal (17) (20 g) was dissolved in a mixture of 

dry N-dimethylformamide (100 ml) and methyl iodide 
(100 ml), and silver oxide (50 g) was added in four por- 
tions over 3 h to the cooled stirred mixture which was 
then stirred overnight. Following the addition of ether 
(1.5 I), the reaction mixture was filtered and the ether 
filtrate was washed with water (5 x 1 I). The dried 
(anhydrous Na,SO,) ether solution on concentration 
gave 3,4-di-0-methyl-L-rhamnal (21 g) as a syrup which 
had [ r ] ,  + 32.4' (c, 7 in chloroform) and gave a single 
spot on t.1.c. with R, 0.75, (n.m.r. OMe 7 6.40 and 6.57). 

Anal. Calcd. for C8HI4O3:C, 60.74; H, 8.92; OMe, 
39.24. Found: C, 60.71 ; H, 9.00; OMe, 39.03. 

(b) Dimeric 2-Deoxy-3,4-di-0-methyl-2-nitroso-r-L- 
rhamnopyranosjl Chloride 

A solution of 3,4-di-0-methyl-L-rhamnal (20 g) irc dry 
ethyl acetate (140 ml) was contained in a three-neck flask 
fitted with a thermometer and gas injection and outlet 
tubes. The magnetically stirred solution was flushed with 
nitrogen and then cooled to -40 'C using a Dry Ice - 
acetone bath. A slow stream of nitrosyl chloride gas was 
passed through the cooled solution over 15 min and the 
mixture was then flushed with nitrogen over 20 min whlle 
the mixture was allowed to warm to 0 'C. On keeping the 
solution for 10 min at  0 "C, the dimeric 2-deoxy-3,4-di-0- 
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methyl-2-nitroso-L-rhamnopyranosyl chloride crystallized 
out and it was collected by filtration, washed with a little 
cold ethyl acetate, and then dried in uacuo over phos- 
phorus pentoxide and potassium hydroxide. The product 
(19.8 g) gave a single spot on t.1.c. (Rf 0.89) and had m.p. 
136-137 'C and [a], - 300" (c, 3 in chloroform). Nuclear 
magnetic resonance data: T 3.42 (1-proton doublet, 
J1,2 4.0 Hz, H-1), 4.72 (1-proton quartet, J2,3 10.2 HZ, 
H-2), 6.34 (6-proton singlet, OMe), 8.65 (3-proton 
doublet, J5,6  6.4 Hz, H-6). Attempts to recrystallize the 
product caused decomposition. 

Anal. Calcd. for C16H2sC1ZN20s (mol. wt. 447.3): 
C, 42.96; H, 6.31; Cl, 15.85; N, 6.26; Found (mol. wt. 
445, osmometric): C, 42.88; H, 6.31 ; CI, 15.7; N, 6.21. 

(c)  Reduction of Dimeric 2-Deoxy-3,4-di-0-methyl-2- 
nitroso-a-L-rhamnopyranosyl Chloride 

Zinc-copper couple (11 g) (Ventron Corp., Congress 
St., Beverly, Massachusetts) was added to a stirred solu- 
tion of dimeric 2-deoxy-3,4-di-0-methyl-2-nitroso-a-L- 
rhamnopyranosyl chloride (6 g) in glacial acetic acid 
(120 ml) containing acetic anhydride (16 ml) and the 
mixture was stirred vigorously at room temperature for 
2 d. Following the addition of more zinc-copper couple 
(11 g), acetic acid (50 ml), and acetic anhydride (8 ml) 
the mixture was stirred for a further 2 d. The reaction 
mixture was filtered, the residue was washed with chloro- 
form (700 ml), and the combined filtrate and washings 
were washed successively with water, saturated sodium 
bicarbonate solution, and water and the dried (anhydrous 
Na2S04) chloroform solution was concentrated to a 
partially crystalline mass (5.0 g). This residue (4.9 g) was 
dissolved in 70% aqueous methanol (55 ml) and, follow- 
ing the addition of triethylamine (14 ml), the mixture was 
kept at 20 "C overnight. The concentrated solution was 
dissolved in water (30 ml), treated with charcoal (ca. 2 g), 
filtered, and the filtrate was concentrated to a syrup (3.52 
9). 

Paper chromatographic examination of the product 
(solvent A) revealed two spots with R,, 1.93 and 1.57 
(visual ratio I : 1) corresponding in mobility with 2- 
acetamido-2,6-dideoxy-3,4-di-0-methyl-L-glucose and 2- 
acetamido-2,6-dideoxy-4-0-methyl-L-glucose, respective- 
ly. Gas-liquid partition chromatography of the trimethyl- 
silylated (18) product (column A, 190 'C) gave four peaks 
having TGS 4.03 and 4.96 (TMS derivative of the 3,4-di-0- 
methylglycose, 41%) and 3.45 and 5.65 (TMS derivative of 
the 4-0-methylglycose, 59%). 

The product (3 g) was fractionated by cellulose column 
(4 x 40 cm) chromatography using 1-butanol - water 
(10: 1 v/v) as the mobile phase to yield the chroma- 
tographically pure components: 

( I )  2-Acetamido-2,6-dideoxy-3,4-di-0-methyl-L- 
glucose 

2-Acetamido-2,6-dideoxy-3,4-di-O-n1ethyl-~-glucose 
(1.03 g) was the first compound eluted from the column. 
It gave a single spot on paper chronlatography with 
RRh 1.93 (solvent A) and was obtained crystalline (0.88 g) 
from ethanol solution. The pure compound had m.p. 
21 1-213 "C and [ale -56.3 + - 17.2" (c, 0.14 in water). 

Anal. Calcd. for C10H19N05:C, 51.49; H, 8.21; N, 
6.01; OMe, 26.61. Found: C, 51.30; H, 8.10; N, 6.20; 
OMe, 26.40. 

The g.1.p.c. (column A, 190 "C) of the trimethylsily- 
lated crystalline 2-acetamido-2,6-dideoxy-3,4-di-0-methyl- 
L-glucose gave a single peak with TGS 4.03 whereas the 

trimethylsilylated product prepared from the glucose 
equilibrated in water gave two peaks having TGS 4.03 
(87%) and 4.96 (13%) corresponding in retention times 
with the TMS derivatives of 2-acetamido-2,6-dideoxy- 
3,4-di-0-methyl-L-glucose prepared by a small scale 
Haworth type methylation of 2-acetamido-2,6-dideoxy-L- 
glucose (9). 
2-Amino-2,6-dideoxy-3,4-di-O-metkyl-~-glucose hydro- 

chloride. A portion of crystalline 2-acetamido-2,6-dideoxy- 
3,4-di-0-methyl-L-glucose (0.5 g) was hydrolyzed with 3 
N hydrochloric acid (15 ml) at 100 'C for 2.5 h and, 
following concentration, the residue was twice concen- 
trated with toluene to remove HCI. The residue was dis- 
solved in hot ethanol, decolorized with charcoal, filtered, 
and on keeping the ethanol solution at 2 OC, crystalline 
2-amino-2,6-dideoxy-3,4-di-O-metl1yl-~-gucose hydro- 
chloride (0.43 g) was obtained which gave a single ninhy- 
drin positive spot on paper chromatography (RG, 3.87, 
solvent B) and had m.p. 200-205 "C (dec.) and [a], - 99.1 
+ -80.6' (c, 0.3 in water). 

Anal. Calcd. for CsH,,C1N04:C, 42.20; H, 7.97, C1, 
15.57; N, 6.15; OMe, 27.26. Found: C, 41.62; H, 7.77; 
Cl, 15.78; N, 5.95; OMe, 27.19. 

(2) 2-Acetamido-2,6-dideoxy-4-O-metlzyl-~-gl~icose 
The second fraction eluted from the column was 2- 

acetamido-2,6-dideoxy-4-0-methyl-L-glucose (1 .5O g) ob- 
tained as crystals (1.2 g) from ethanol solution which 
gave a single spot on paper chromatography (R,, 1.75, 
solvent A) and had m.p. 211-213 'C and [a], -72.3 + 
-26.15" (c, 0.14 in water). 

Anal. Calcd. for C9HI7NO5 : C, 49.30: H, 7.82; N, 6.39; 
OMe, 14.16. Found: C, 49.20; H, 7.68; hT, 6.13; OMe, 
14.16. 

Gas-liquid partition chromatography (column A, 190 
"C) of the trimethylsilylated crystalline 2-acetamido-2,6- 
dideoxy-4-0-methyl-L-glucose gave a single peak with 
TGs 3.45 whereas the trirnethylsilylated product of the 
glycose equilibrated in water gave two peaks with TGS 3.45 
(57%) and 5.65 (43%). 

A portion of the 2-acetamido-2,6-dideoxy-4-0-methyl- 
L-glucose (70 mg) after Haworth type methylation in 
aqueous dioxane (19) and subsequent hydrolysis of the 
product (3 N HCI, 3 h at 100 "C) afforded crystalline 
2-amino-2,6-dideoxy-3,4-di-0-methyl-L-glucose (45 mg) 
having m.p. and mixture m.p. 201-205 "C and identical 
chromatographic properties and i.r. spectra to the authen- 
tic glycose. 

2-Amino-2,6-dideoxy-4-0-methyl-L-glucose Izydrochlor- 
ide. A portion of 2-acetamido-2,6-dideoxy-4-0-methyl-L- 
glucose (0.5 g) was hydrolyzed with 3 N hydrochloric 
acid (20 ml) for 2 h at 100 "C. Subsequent concentration 
and dissolution of the residue in ethanol afforded crystal- 
line 2-amino-2,6-dideoxy-4-0-methyl-L-glucose hydro- 
chloride (0.41 g) which gave a single ninhydrin positive 
spot on paper chromatography (solvent B) with R,, 2.74 
and had n1.p. 197-200°C (dec.) and [a], - 99.8 + - 61.6" 
(c, 0.2 in water). 

Anal. Calcd. for C7HI6C1NO4:C, 39.35; H, 7.55; C1, 
16.59; N, 6.56; OMe, 14.52. Found: C, 39.21; H, 7.51; 
C1, 16.80; N, 6.70; OMe, 14.39. 

(a) Methyl 2-Acetamido-2-deoxy-3-0-methyl-6-0- 
(p-tolylsulfonyl) -a-D-glucopyranosicle 

p-Toluenesulfonyl chloride (9 g) was added over 30 min 
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to a stirred solution of methyl 2-acetamido-2-deoxy-3-0- 
methyl-a-D-glucopyranoside (10) (6 g) in dry pyridine 
(90 ml) and the mixture was kept at  room temperature for 
18 h. Water (6 ml) was added to the stirred reaction mix- 
ture and, after 2 h the mixture was diluted with chloro- 
form (1.2 1). The chloroform solution was washed suc- 
cessively with cold 3 N hydrochloric acid (ca. 350 ml), 
cold saturated sodium bicarbonate solution (ca. 100 ml), 
and cold water (ca. 100 ml) and the dried (anhydrous 
Na2S0,) chloroform solution was concentrated to a 
syrup (8.7 g). Crystalline methyl 2-acetamido-2-deoxy-3- 
O-n1ethyl-6-O-(p-tolyIsulfonyl)-a-~-glucopyranoside (7.2 
g), obtained from methanol solution of the product, had 
m.p. 159-160 "C and [a], + 99" (c, 0.2 in chloroform). 

Anal. Calcd. for C17H25N08S:C,  50.61; H, 6.25; N, 
3.47; S, 7.95. Found: C, 50.41; H, 6.23; N, 3.43; S, 7.79. 

(b)  Methyl 2-acetan1ido-4-O-acetyl-2-deoxy-3-O-methyl 
6-0- (p-to/y/sulfbny/) -a-D-g/ucopyranoside 

Methyl 2-acetamido-2-deoxy-3-O-methyl-6-O-(p-tolyl- 
su1fonyl)-a-D-glucopyranoside (5 g) dissolved in dry pyri- 
dine (25 ml) was treated with acetic anhydride (7 ml) and 
the mixture was kept at 70 ' C  for 1 h. The mixture was 
poured into stirred ice-water (I 1) containing acetic acid (25 
ml) and, after 4 h at 2'C, the precipitated product (5.6 g) 
was collected by filtration. Two recrystallizations of 
the product from methanol solution afforded crystalline 
methyl-2-acetan~ido-4-0-acetyl-2-deoxy-3-O-methyl-6-0- 
(p-tolylsulfony1)-a-D-glucopyranoside (5 g) which had 
m.p. 172-173 -C and [XI, + 113' (c, 2.2 in chloroform). 

Anal. Calcd. for C19H27N09S:C,  51.22; H, 6.11; N, 
3.14; S, 7.20. Found: C, 50.98; H, 6.09; N, 3.12; S, 6.90. 

(c) Methyl Z-Acetat77ido-4-O-acet~~l-2,6-dideo.~)~-6- 
iodo-3-0-methyl-a-D-glucopyranoside 

A mixture of methyl 2-acetamido-4-0-acetyl-2-deoxy-3- 
O-rnethyl-6-O-(p-tolysulfonyl)-a-~-glucopyranoside (5 g) 
and sodium iodide (5 g) in dry acetone (90 ml) was heated 
in a sealed tube at 100 "C for 7 h. The cooled reaction 
mixture was filtered to remove the crystalline sodium 
p-toluenesulfonate and the filtrate was diluted with 
chloroform (200 ml). The chloroform solution was 
washed with 1 0 z  sodium thiosulfate solution (10 ml) and 
with water (30 ml), dried (anhydrous Na,SO,), and con- 
centrated to a crystalline mass (5.2 g). Recrystallization of 
the product from methanol gave pure methyl 2-acetamido- 
4-0-acetyl-2,6-dideoxy-6-iodo-3-O-methyl-a-~-gluco- 
pyranoside (4.5 g) which had m.p. 226-227 'C and 1.11, 
+ 86' (c, 0.15 in chloroform). 

Anal. Calcd. for C1,H,,N061: C ,  35.92; H,  5.02: N, 
3.49; I, 31.63. Found: C, 36.10; H, 5.10; N, 3.41; 1, 31.7. 

(d) Methyl 2-acetat11ido-4-O-acety1-2,6-dir/eox.~-3-0- 
~?~er/~y/-r-~-g/~rcopyru~~oside 

Methyl 2-acetamido-4-O-acetyl-2,6-dideoxy-6-iodo-3- 
0-methyl-a-D-glucopyranoside (4 g) in methanol (40 ml) 
containing diethylamine (1.3 nll) was treated with fresh 
Raney nickel (2 g) and the compound was reduced by 
vigorous shaking for 2 h under a hydrogen atmosphere of 
40 p.s.i. pressure. The filtered reaction mixture was con- 
centrated to a solid which was taken up in hot methanol 
(cu. 10 ml) and, on keeping the solution at 0 "C, crystal- 
line methyl 2-acetamido-4-0-acetyl-2,6-dideoxy-3-0- 
methyl-2-D-glucopyranoside (2.2 g) was obtained which 
had m.p. 185-186 'C and [a], + 103" (c, 0.18 in chloro- 
form). 

Anal. Calcd. for C lzH21N06 :  C, 52.35; H, 7.69; 7-4, 
5.09.Found: C,52.14;N,7 .70;N,4 .96.  

(e) 2-Amino-2,6-dideoxy-3-O-rnethyl-~-glucose 
Hydrochloride 

Methyl 2-acetamido-4-O-acetyl-2,6-dideoxy-3-O-meth- 
yl-a-D-glucopyranoside (2 g) was hydrolyzed with 3 N 
hydrochloric acid (30 ml) for 2 h at  100 OC and, following 
concentration, the residue was kept in cacuo over sodium 
hydroxide. The residue was dissolved in hot methanol, 
decolorized with a little charcoal, filtered, and the filtrate 
was diluted with acetone. On keeping the solution at  2 "C 
it afforded crystalline 2-amino-2,6-dideoxy-3-0-methyl- 
D-glucose hydrochloride (1.6 g) which gave a single spot 
on paper chromatography (R,, 2.28, solvent B) and had 
m.p. 197-210°C (dec.) and [a], +99.7 + +73.SL (c, 0.54 
in water). 

Anal. Calcd. for C7H1,CIN04: C, 39.35; H, 7.55; C1, 
16.59; N, 6.56; OMe, 14.52. Found: C, 39.39; H, 7.61; 
C1, 16.71; N, 6.42; OMe, 14.61. 

(f) 2-Acetarnido-2,6-dideoxy-3-O-rnethyl-~-glucose 
N-acetylation (1 1) of 2-amino-2,6-dideoxy-3-0-methyl- 

D-glucose hydrochloride (0.5 g) afforded crystalline 2- 
acetanlido-2,6-dideoxy-3-0-methyl-D-glucose (0.44 g) 
from ethanol solution which gave a single spot on paper 
chromatography (R,, 1.52, solvent A) and had m.p. 
212-214 'C and [a], +42.9 -t 0" (c, 0.17 in water). 

Anal. Calcd. for C,H17N0,: C, 49.30; H, 7.82; N, 
6.39; OMe, 14.16. Found: C, 49.13; H, 7.84; N, 6.23; 
OMe, 13.99. 

Gas-liquid partition chromatography of the trimethyl- 
silylated crystalline glycose gave a single peak with T,, 
5.46 (column A, 190 "C) whereas the trimeihylsilylated 
product prepared from the glycose equilibrated in water 
gave two peaks having TGS 5.46 (56%) and 7.05 (44%). 

Gas-Liquid Partitiot~ C/~romatography of the Acetate 
Dericafirvs ofthe Metl~yl Ethers of 
2-Acetar?1ido-2,6-dideoxyglucr'tol 

The 3-, 4-, and 3,4-dimethyl ethers of 2-acetanlido-2,6- 
-dideoxyglucose or their amine hydrochloride derivatives 
(10 mg) in water (2 ml) were reduced by the addition of 
sodium borohydride (15 mg) and, after 12 h, the excess 
borohydride was destroyed by acidification with acetic 
acid. The mixtures were concentrated to dryness and the 
residues were evaporated repeatedly with methanol 
(6 x 15 ml). The final residues were treated with acetic 
anhydride (0.8 nil) and kept at 130 ' C  for 2 h .  Samples 
(1-5 p1) of the solutions were taken for direct injection on 
colun~n B at 200 'C. Each derivative gave a single peak 
and had the relative retention values recorded: 2-acet- 
amido-tetra-0-acetyl-2,6-dideoxy-L-glucito T,  4.20; 2- 
acetamido-tri-O-acetyl-2,6-dideoxy-4-0-methyl-~-gluci- 
tol, 7, 3.24: 2-acetamido-tri-0-acetyl-2,6-dideoxy-3-0- 
methyl-L-glucitol, T, 2.42; 2-acetamido-di-0-acetyl-2,6- 
dideoxy-3,4-di-0-methyl-L-glucitol, T, 1.25. 
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Redox Behavior of Diazotized Amines in Aprotic Solvents1 

R.  M. ELOFSON, F. F. GADALLAH, A.  A .   CANT^^, AND K .  F .  SCHULZ 
Re\rtrrc11 C O I I ~ Z L I I  ofAlbeitn,  Etimontorz, Alberta T6G2C2 

Rece~ved May 3,  19732 

R. M. ELOFSON, F. F. GADALLAH, A. A. C A ~ T ~ ,  and K. F. SCHULZ. Can. J. Chem. 52,2430 
(1974). 

The redox behavior of diazotized aromatic and aliphatic amines is discussed. The half-wave 
potentials of their cathodic and/or anodic waves is correlated with their chemical reactivity. 
The effect of redox reactions on the stability of the nitrogen moiety of diazo compounds is 
elaborated. The lability of nitrogen in the resulting ion-radical species is suggested as a key to 
fixation of nitrogen via redox schemes. 

R. M. ELOFSON, F. F. GADALLAH, A. A. C A \ T ~ ~  et K. F. SCHULZ. Can. J. Chem. 52, 2430 
(1974). 

On discute des proprietes oxydo-reductrices des amines aliphatiques et aron~atiques diazotees. 
Une correlation existe entre leur reactivite chimique et leur potentiel de denii-vague de leurs 
vagues cathodiques et,ou anodiques. On elabore une theorie sur I'effet des reactions d'oxydo- 
reduction sur la stabilite de la portion azotee des composis diazo. On suggere que la labilite de 
l'azote dans les especes ion-radical qui en resultent est la cause de la fixation de l'azote par 
I'intermediaire de schemas d'oxydo-reduction. [Traduit par le journal] 

Introduction 
This laboratory has reported the polarographic 

behavior of diazotized aromatic amines in sulfo- 
lane (1) and in subsequent papers (2-4) applied 
the electrocheinical data to a number of physical 
organic and synthetic problems. More recently, 
some of the chemical consequences of that work 
have been reviewed (5). In  the meantime, follow- 
ing a discussion with a ~ o l l e a g u e , ~  we decided to 
investigate the polarography of diazoalkanes and 
diazoacetic ester in sulfolane (6). 

The enormous differences in half-wave poten- 
tials among these compounds are shown in Table 
1 and Fig. 1 .  Also shown in Table I ,  last column, 
are the solution p12ase electron affinities (from 
Hg) and the solution phase ionization potentials 
(to Hg), defined according to the processes 

[I] ox(so1n) + ew(Hg) -t red(soln) + r ~ [ o x ( s o l n ) ]  

and 

[2] ~,[red(soln)] + red(soln) + ox(soln) + el-'(Hg) 

Through the Matsen equation (7 ) ,  these values 
are related to the half-wave potentials L.S. SCE4 

'Contribution No. 633 from the Research Council of 
Alberta, Edmonton, Alberta. 

'Revision received March 15, 1974. 
30. E. Edwards, National Research Council, Ottawa, 

private communication. 
4Since this is an aqueous SCE, an additive correction 

factor must be considered to allow for the difference in 
liquid junction potential. 

- 2 t  , , . . I 
+ 0 6  4 4  tO.2 0 - 0 2  -04 -0.6 -08 -10 - 1  2  - 1  4 i S  

Pot.ntl.1 

FIG. I.  Polarographic waves of 0.00066 1M diazo com- 
pounds in 0.1 A4 solution of tetrabutylan~monium per- 
chlorate in sulfolane: ( A )  benzenediazonium tetrafluoro- 
borate; ( B )  diazoacetic ester; ( C )  diazomcthanc. 

Discussion 
The well defined a.c. polarograms, together 

with the usual line shape analysis of the d.e. 
polarograms, show that the electrochemical 
reactions of diazomethane and benzenediazonium 
ion proceed by way of a reversible one-electron 
transfer. The reduction of diazoacetic ester has 
not been investigated as fully but from examina- 
tion of the diffusion constant it clearly involves 
one electron, and as suggested by Hoijtink and 
co-workers (8). the observed potential must be 
considered a measure of the energy required to 
add one electron to the molecule. Electrochemi- 
cal reduction of diazoacetic ester a t  a controlled 
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TABLE 1. Half-wave potentials, current type, ionization potentials, and/or electron affinity 
of some diazo compounds 

-- -- - 
t,,, us. SCE Current &, * EA* 

Compound (V) type ieV) (eV) 

Benzenediazonium 
tetrafluoroborate 

Diazoacetic 
ester 

Diazodiphenyl- 
methane 

Diazomethane 

more negative than 

Cathodic 

Cathodic 
(Anodic) 

Cathodic 
Anodic 
(Anodic) 

Anodic 
(Anodic) 
Cathodic 

*Calculated from eqs. 3 and 4. 
?See refs. 9-1 1. 

potential of - 1.5 V 1,s. SCE produced ethyl 
acetate and nitrogen. 

The results indicate that the benzenediazonium 
cation is a powerf~ll electrophile, diazoacetic 
ester is less strong, and that diazomethane is an 
electron donor.5 The nucleophilicity of diazo- 
methane is well established. 

The oxidation potentials at  a rotating Pt 
electrode of a large number of diazoalkanes were 
studied by Jugelt and co-workers (9-11). Their 
attempt to relate the potentials to the reaction 
rate with benzoic acid failed in the case of diazo- 
methane. The potential Jugelt and co-workers 
(11) reported for diazomethane (1.70 V) com- 
pared to what they found for, say, diphenyl- 
diazomethane (0.95 V) is in reverse order to the 
observed reactivities of these compounds toward 
benzoic acid. 

At the mercury electrode the oxidation poten- 
tial of diazomethane is 0.27 V (Fig. I), corre- 
sponding to a reactivity several orders of magni- 
tude faster than the diphenyl derivative, and 
more in line with the observed reactivity. The 
two electrodes gave similar oxidation potentials 
for diphenyldiazomethane. Jugelt believed the 
oxidation of diazomethane occurring a t  1.70 V 
at a platinum electrode to be irreversible. The 
oxidation at  0.27 V at the mercury electrode is, 

5For the purpose of orientation of the reader, conven- 
tion states that the more positive the cathodic potential 
(E,,,) of a compound, the more electrophilic it should be; 
the more negative the anodic potential the more nucleo- 
philic i t  should be. The linear correlation of half-wave 
potentials with electrophilicity of substituted benzene- 
diazonium compounds in coupling reaction was demon- 
strated in ref. 5a based on results previously published by 
R. M. Elofson and co-workers (56) and H. Zollinger (5c). 

on the other hand, apparently reversible. The 
reason for the discrepancy is not clear at this 
time. 

The polarogram of diphenyldiazomethane 
(Fig. 2) has two components: an anodic wave 
coinciding with the mercury dissolution wave 
at about 0.8 V and a cathodic wave at  - 1.7 V. 
The cathodic wave corresponds, roughly, to a 
one-electron transfer. The mercury drop-rate 
becomes irregular, suggesting attack of the 
electrode by the radical anion. Reduction of 
diazodiphenylmethane (0.1 M in 0.1 M solutlon 
of Bu,NBF, in sulfolane) on a mercury pool at 
- 2 V cs. SCE produced a 40% yield of diphenyl- 
methane and N, but no ammonia. However, due 
to resonance stabilization, the diazodiphenyl 
radical couples with a d~phenylmethyl radlcal to 
give azodiphenylmethane (detected by mass spec- 
trometry in residue) which is further reduced to 
produce diphenylaminomethane in 20% overall 
yield (g.1.c. and mass spectrometer compare with 

---, , 

to8 +0 4 0 -0 4 -0.8 -1.2 -1.6 

Volt. "S S C E  

FIG. 2. Polarography of ( A )  0.1 M tetrabutylammonium 
perchlorate in sulfolane; (B) 0.00066 M diazodiphenyl 
methane added; (C) 0.0013 M diazodiphenylmethane 
added. 
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red Ired 

authentic sample). The absence of ammonia H\, (4 ( - J  -e 
eliminates the possibility of cleavage of the [61 C=N=N ----4 CH? + N2 

N=N bond in the diazodiphenylmethyl radical. H ' 
A simple version of the suggested mechanism is 
shown in Scheme 1.  +H. + 

The electrode reaction, verified by charge dis- 
tribution analysis from all-Valence-Electron 
SCF6 calculation on the diazomethane system, is produced in the pyridine reaction is not known 
presumably given by: at  present. Methylation of other substrates by 

diazomethane is probably affected by a similar 
mechanism. 

The wide range in redox potentials of this class 
151 ~, (+) (-1 - - e (0 .25~)  H, 

--f 
of compounds can be rationalized on the basis of 

H ~ = ~ = ~ '  < 
charge distribution changes in the redox process 

C-8 =N and the subsequent nitrogen release. In terms of 
H ' acceptance or  donation of an  electron the follow- - 

ing mechanisms rationalize and unify diazo 
H \  - chemistry. 
H / C C I + N z  The C,H, moiety gains aromaticity on reduc- 

. tion, hence the strong electrophilicity of benzene- 
The existence of the radical cj t ion of rnethylene diazonium cation [71. The stability of phenyl 
was demonstrated experimentally by the follow- radical accounts for its discriminatory properties 
ing electrochemical oxidation of diazomethane: 121. The gain in energy, if any, by the diazo- 
a 0,001 M solution of diazomethane in sulfolane ester upon reduction is n?inin?al [ I  21. The ester 
(0.1 M of B~ ,NC~O, )  a t  a mercury is a very weak electrophile. Diazomethane can- 
anode and +0.3 V cs. SCE in the presence of not add an  electron as in [Sl, at  least up to the 
pyridine produced > 80% yield of methyl limit of energy available in polarography, instead 
pyridinium ion ( E , ~ ,  = - 1.36 v z.s. SCE agrees it loses one [ 5 ] .  In  the absence of a suitable 
with authentic sample). The suggested rnechan- acceptor, radical chain polymerization to ~ 0 1 ~ -  
ism is shown by eq. 6. I t  is not clear yet which methylene occurs after nitrogen release (12). 
happens first, the abstraction of H .  or coupling The reported coupling reactions between diazo- 
with ppridine. The spin state of the methylene if methane and P-substit~lted a-naphthol (13, 14) 

d o  not suggest that reactions of the type shown in 
'S. Fraga, University of Alberta, Edmonton. Alberta, [8] Can proceed. Nesnow and (I3) and 

private con~munication. The SCF calculations were per- Pyrek and Achmatowicz (14) propose methyl- 
formed for diazomethane and the benzenediazonium diazonium cation as the reacting species. Steric 
cation. Charge distributions for the corresponding factors and lnedia effects (formation of an "inti- 
reduced or oxidized radicals were acquired via the virtual 
orbital approximation and Koopman's theorem, respec- mate ion pair" between diazomethane and 
tively (17). For diphenyldiazomethane and diazoacetic x - n a ~ h t h o l  in media of low dielectric constant 
ester, the relevant canonical structures are inferred. (14)) may lead to the formation of the aliphatic 
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Othei- ~~tnonicdl  
\tructilre\ - 

diazonium cation. More likely, the intimate ion 
pair of Pyrek and Achmatowicz is actually a 
cyclic complex, involving a proton bridge (Fig. 3) 
then the complex might decay rupturing either 
the 0-H bridge bond to give azo c o ~ ~ p l i n g  with 
activated 4-position or  the C-N bond to yield 
the methylated conlpound. Whether hydrogen 
bonding by the phenolic hydrogen, in effect, 
raises the electrophilicity of diazomethane suffi- 
ciently to permit reduction and coupling is a 
moot point. 

Resonance stabilization of the resultant radical 

Other canonical 
\ti-uctuI'e\ 1 

( j'c< + Pi2 

+ d 1 
Othei- canonical 

\tructul-es 

makes diphenyldiazomethane [lo] and diazo- 
acetic ester easier to reduce [9] than diazo- 
methane. The oxidation of diazomethane pro- 
ceeds more readily than that of diphenyl- 
diazo~nethane, due, at  least in part, to the greater 
solvation energy of the smaller radical cation.' 
The oxidation potential of diazoacetic ester [ I  I] 
was not found polarographically, due to the 
limits of polarography (dissolution of Hg). That 

'For an introduction to the effect of ionic radius on 
solvation energies, see ref. 18. 
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oxidation does occur IS inferred from its chemical 
reactivity (1 5). 

Polarographic measurements suggest that the 
decomposition of aryl diazonium salts in aqueous 
protic media (rather than aprotic) is f i~nda-  
mentally different from the decomposition of 
diazoalkanes.* The former involves primary 
attack by a proton as the oxidizing agent. 
Diazoacetic ester and diazo ketone may act as 
either electron acceptors or donors. They pro- 
duce alkanes with Hf  and alcohols with OH-. 
Both reactions may occur simultaneously. A 
note of caution is in order. The redox potentials 
presented here are determined in a single aprotic 
solvent, sulfolane. Because of solvation, quanti- 
tative correlations may not be completely satis- 
factory in other solvents but a knowledge of 

- 

it),, 
Nl 

14 N 
\ / 

,C =c, 

O\ 
'H 

E t 

sThe electrode reactions in protic media of benzene 
diazonium salts and diazo ketones have been investigated 
in detail, and yield respectively phenyl hydrazine and 
ammonia. Diazoacetic ester in aqueous alcohol at  p H  4.7 
yields ammonia and the ester. Diazomethane has not 
been investigated in protic media. 

- - 

0 - 

\\ 

H 

Et 

solvation effects will enable useful qualitative 
correlations to be made (18). Useful polaro- 
graphic measurements cannot be made in wholly 
non-polar solvents and polarographic results In 
protic media must be handled with caution. 

Finally, it should be noted that the nitrogen 
moieties on diazomethane and benzenediazo- 
nium are reasonably stable in sulfolane solu- 
tion. Decomposition is effected by electron 
transfer to benzenediazonium but from diazo- 
methane. In either case, electron transfer results 

FIG. 3. The cyclic complex between diazomethane and 
phenol. 

- e(> 0.8V) 
< t 

Et 

O/ 'H 

'Et 

4 
I 

0 hr 
/N' 

% ./'- 
,c-C 
i 

H 

E t - - 

___f 

'Et 

0 

':'c--c9 + N 2  
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H ' - ' .  red Other -- m-+ NH: + ii~droiirptlil 
arnltie\ 

in destabilization of the molecule and release of 
nitrogen and a cation or anion radical. 

The lability of the diazo radicals in aromatic 
and aliphatic systems leads to consideration of 
the counter reaction, i.e. nitrogen fixation. The 
work done by several workers involving the 
reaction between molecular nitrogen and anion 
radicals in the presence and absence of catalysts 
under mild conditions (1 6) could be explained as 
redox like charge-transfer reactions. The pres- 
ence of a hydride transfer agent in the system 
effectively reverses the diazonium decomposition 
P31. 

Experimental 
All polarographic measurements were performed by a 

P A R  Model 170, Electrochemistry System. Each diazo- 
tired amine was dissolved in a solution of 0.1 M tetra- 
butylammonium perchlorate in sulfolane. 
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Anisotropic Conductivity and Phase Transformation Studies in Potassium 
Chromate Crystals 
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Deptrrtrnrnt ofClietnistt?., S f .  Frnricis Xovier University, Atirigonislr, N o v ~  .Scofici 
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MAHADEVA NATARAJAN and ETALO A. S~cco. Can. J. Chem. 52, 2436 (1974). 
Electrical conductivity measurements on single crystals of potassium chromate indicate 

anisotropic behavior in the directions I and to the c, axis. The cation migration energy, 
estimated from the conductivity cs. 1 ITplots, is slightly higher than the usual value in potassiun~ 
halides, suggesting the possibility of a d~ffcrent conduction mechanism. The defect formation 
energy, -2.20 eV, is con~parable to known values in ionic solids. The phase transformation near 
660 'C appears to be a first order transition associated with appreciable hysteresis. 

M A H A D E ~ A  NATARAJAN et ETALO A. S~cco. Can. J. Chem. 52, 2436 (1974). 
Des nlesures de conductivite electrique sur des cristaux uniques de chromate de potassium 

indiquent un comportement anisotrope dans les directions _L et 1 '  a l'axe c,. L'energie de 
migration du cation est CvaluCe a partir de graphiques de la conductivitC par rapport h 1/T; 
elle est Iegerement plus grande que la valeur usuelle des halogenures de potassium suggerant 
ainsi la possibilite d'un mecanisme different de conduction. L'energie de formation des defauts, 
-2.20 eV, est comparable a des valeurs connues dans des solides ioniques. La transformation 
de phase pres de 660 ' C  apparait &tre une transition de premier ordre associee a une hysttrtsis 
appreciable. [Traduit par le journal] 

Introduction 
Potassium chromate which exists in ortho- 

rhombic form (space group, Pnam with a, = 
7.663 + 0.003 A, 6, = 10.391 + 0.003 A, and 
c, = 5.919 f 0.003 A) transforms to hexagonal 
form -660 ' C  with the lattice constants, a,  = 
6.125 F 0.005 A and c, = 8.245 + 0.007 A at  
705 'C (1). The transition enthalpy and entropy 
were given as 5500 + 3500 cal mol-' and 5.70 f 
3.50 cal mol-I deg-'. The variation of ortho- 
rhombic lattice constants with temperature, ob- 
served by Pistorius ( I ) ,  indicates appreciable 
anisotropic thermal expansion in the three axial 
directions. The magnitudes of the transition en- 
thalpy and entropy together with the change in 
the molar volume, A V,  (- 1.87 cm3 mol-I) at the 
transition point suggest that the phase change in 
K,CrO, is likely to be a first order type and that 
it might be associated with hysteresis effects (2). 

In this paper, we report the study of phase 
transition in potassium chromate single crystals, 
employing differential thermal analysis (DTA) 
and electrical conductivity measurements. Studies 
were also made on polycrystalline powder sam- 
ples for comparison with single crystal data. 

Experimental 
Single crystals of potassium chromate were prepared by 

slow evaporation of an aqueous solution of AR grade 

(99.96%) K,Cr04. Seed crystals were washed and allowed 
to grow by hanging in saturated K,Cr04 solution; crys- 
tals grew to sizes of -10 mm x 5 mm. 

Differential thermal analysis curves were recorded on a 
DuPont 900 Thermo-analyzer, using the DuPont 1200 "C 
DTA cell with AI,O, as the inert reference standard and a 
constant heating rate of 20"/min (3). 

Electrical conductivity measurements were made on 
single crystals and i to the long axis (bo) ,  in a stainless 
steel conductivity cell as previously described (4). The cell 
was heated in a cylindrical furnace at a rate of --30'/h. 
The crystal was held between two platinum discs by a 
spring-loaded support. The conductivity was measured in 
air at 1 kHz as a function of increasing temperature em- 
ploying a General Radio 1608-A Impedance bridge. 
Chromel-alumel thermocouples were ~ ~ s e d  for tempera- 
ture measurements. Conductivity measurements were also 
made on a sintered polycrystalline pellet specimen. 

Results and Discussion 
D~ferential  Tl~ernzal Arlalysis 

The orthorhombic-hexagonal phase transfor- 
mation in K,CrO, takes place at -682 "C in 
single crystals (Fig. 1). The heating and cooling 
DTA curves clearly indicate that the transition is 
reversible and that the change is a sharp one oc- 
curring in a narrow temperature range. The 
smaller hysteresis observed in the single crystal 
indicates that thermal equilibrium is more easily 
established than in compact powders. The sharp- 
ness of the heating curves together with the ob- 
served hysteresis effects further confirm our 
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NATARAJAN AND SECCO: STUDIES ON K2CrO4 CRYSTALS 

I I I 

I I I I I I 
200 400 600 

 TEMPERATURE,'^ 
FIG. 1. Differential thermal analysis curves for (a) single crystal embedded in aluminum oxide, and (b) poly- 

crystalline powder sample of potassium chromate. Solid lines are the heating curves (at 20 "C per min); broken lines 
represent cooling curves. The transition temperature appears at  675 ' C  for the powder at  a heating rate of 1Oo/min. 

earlier view that the phase transition is a first 
order type. 

We note the two additional endotherms a t  - 373 and 400 "C, in the single crystal specimen; 
in a well ground powdered sample these endo- 
therms are not observed. As mentioned for thal- 
lium chromate (5, 61, these effects might arise 
from distortions irr the lattice. 

Electrical Conducticity 
The results of electrical conductivity measure- 

ments on single crystals and powder specimens 
of potassium chromate are shown in Fig. 2, where 
the logarithn~ of electrical conductivity, o, is 
plotted against reciprocal of absolute tenipera- 
ture, T. The open circles (curve I )  refer to mea- 
surements on the crystal along the c, axis. The 
room temperature conductivity remains constant 
up to -- 250 'C and rises slowly until at -3 375 "C 
there is a sharp rise. The activation energy, 0.24 8 0  

eV, in this region is comparable to activation 
energy values in Tl,CrO, and Ag,CrO, (6). 
Above this region, the conductivity is essentially 2.0 1.5 1 .o 

linear with slope value of -0.9 k 0.1 eV. This l o o o / r " ~ (  

energy refers to the cation migration energy, FIG. 2. Logarithm of electrical conductivity, o, cs. 
E,"', of K' ions. Both theoretical estimates and reciprocal of absolute temperature, T. Measurements 
experimental results in potassium halides have along the co axis are shown by open circles; open squares 

refer to data i to the co axis, and filled circles refer to given for E,"', values between 0.60 and 0.78 eV measuren,ents on powder sample. 
(7). The slightly higher value of 0.90 eV for the 
migration energy in potassium chromate might ity rises sharply with a large activation energy 
be due to different host lattice (orthorhombic) of -4.3 eV. 
symmetry (8). The transition is indicated by a Conductivity meas~~rements i to the c, axis 
"knee" a t  -658 "C, above which the conductiv- (curve 2) are shown by open squares. The room 
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temperature conductivity is lower than in the 1 1  
direction, indicating appreciable anisotropic con- 
duction in the crystal. The ratio o lo,, 4.8, 
slowly narrows to about 2.5 at  315 "C.  Above this 
temperature the conductivity behavior along 
each direction is quite different. The conductivity 
in the 1 direction shows a marked decrease be- 
tween 375 and 445 ' C .  These two effects are con- 
sistent with the two weak irreversible endotherms 
in the thermal analysis curves (Fig. I ) ,  and re- 
sembles the anomalous conductivity and thermal 
behavior in thallium chromate (5, 6). But unlike 

\ ,  

thallium chromate, no anomaly in the tempera- 
ture variation of the lattice dimensions is ob- 
served (1). The conductivity curve above 450 "C, 
is linear with a "knee" at  -535 "C. The activa- 
tion energy of 1.0 eV below the "knee", might 
include the cation migration energy, E," while 
above the "knee" the activation energy is -2.0 
eV. Assuming that this activation energy is equal 
to the sum of half the defect formation energy, 
E" and the cation migration energy, E,"', we find 
the defect formation energy, E" to be - 2.2 eV. 
While this latter value is comparable to ES values 
in alkali halides (in the Ft113m structure) we are 
unable to confirm this value since there are in- 
sufficient data in the literature on low symmetry 
systems like potassium chromate. The defect for- 
mation energies in the Pm3m and Fm3m forms of 

u 

cesium chloride have been shown to be different 
from theoretical (9) and experimental (10) studies. 
Thus, it is not yet clearly known whether defect 
formation energies are structure-sensitive and if 
so to what extent. The activation energy of 2.0 
eV in the intrinsic region above the "knee" in 
~ o t a s s i u m  chromate is close to values observed 
in thallium and silver chroniates (6). 

The orthorhombic-hexagonal transformation 
is indicated by a break in the conductivity plot at  
-663 'C above which there is a sharp increase in 
the conductivity in the solid. The anisotropy in 
conductivity increases with temperature and it is 
reasonable to suppose that the anisotropy will 
disappear a t  temperatures near the melting point. 
The energy of activation of -4.8 eV in the high 
temperature region is slightly higher than the 
value in the jl direction. The increased conductiv- 
ity in the high temperature form could arise from 
various contibutions such as anionic conduction. 

an  increased number of vacancies, and a loosen- 
ing of the lattice. - 

Conductivity measurements on a sintered poly- 
crystalline sample (curve 3, filled circles) show a 
somewhat different behavior below 375 "C. above 
which the conductivity merges with curve 1. The 
absence of any anomaly in the conductivity of 
the sintered sample corroborates the DTA curve 
on the powder specimen. 

The present study clearly reveals the existence 
of anisotropic electrical conductivity in a low- 
symmetry system like potassium chromate. The 
close agreement between polycrystalline data and 
single crystal measurements above the intrinsic 
region suggests that careful measurements on 
powder samples could be quite useful in cases 
where single crystals are unobtainable. The fairly 
large cationic migration energy in a low symme- 
try system like potassium chromate could be due 
to different transport mechanism(s) in such struc- 
tures. While this may be a conjecture, it would be 
interesting to explore such possibilities. Diffusion 
data on these low symmetry solids would lead to 
a better understanding of the transport phenom- 
ena in these crvstals. We thus look forward to 
more experimental and theoretical studies on the 
transport properties in low symmetry solids. 

The authors are grateful to the National Research 
Council of Canada and the University Council for Re- 
search for financial support during the investigation. The 
authors are grateful to the referees for very helpful com- 
ments and suggestions. 
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Synthesis and 19F Nuclear Magnetic Resonance Spectra of Fluorosubstituted 
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MICHAEL J. MCGLINCHEY and TEONG-SENG TAN. Can. J. Chem. 52, 2439 (1974). 
A series of substituted bis(fluorobenzene)chromium complexes, (C,H,FX),Cr, where X is 

H, F, C1, CH3, or CF3, have been synthesized by cocondensing Cr atoms and fluoroarenes. 
The lgF chemical shifts of these compounds correlate well with those of the corresponding 
C6F5X system suggesting that the overall electron-withdrawing effect of a x-bonded Cr on 
each ring is similar to the effect of four ring fluorine substituents. 

MICHAEL J. MCGLINCHEY et TEONG-SENG TAN. Can. J. Chem. 52, 2439 (1974). 
La cocondensation d'atomes de chrome et de fluoroarenes permet de synthetiser une serie 

de complexes de bis(fluorobenzene substitut) chrome de formule (C,H,FX),Cr dans lesquels 
X est tgal a H, F, CI, CH, ou CF,. Une bonne correlation existe entre le deplacement chimique 
du 19F de ces composes et ceux des systemes C6F5X correspondants; ce resultat suggere que 
l'effet Clectroaffinitaire global du chrome lie par des electrons x sur chacun des cycles est 
semblable a I'effet de quatre substituants fluor sur le cycle. [Traduit par le journal] 

Introduction 
The upfield chemical shift of protons in arene- 

metal n-complexes relative to those of the free 
arenes is well-known and has been ascribed to a 
number of factors uiz., decrease in the aromatic 
ring current, the magnetic anisotropy of the 
metal-arene bond, and the electron-withdrawing 
effect of the metal carbonyl moiety (1-3). In 
contrast, the chemical shifts of fluorine atoms on 
aromatic rings 7-r-bonded to zero-valent metals 
have received very little attention. To our 
knowledge, the only such compounds for which 
19F chemical shifts have been reported are 
fluorobenzene-tricarbonyl chromium and hexa- 
fluorobenzene tris(trifluorophosphine)chromium 
where upfield shifts of -20 p.p.m. relative to the 
free arenes were observed on complexation (2,4). 
I t  has been pointed out (2) that such shifts are 
too large to be attributable to either a decrease in 
the ring current (which should cause a change 
comparable to that observed with protons, i.e., 
1-2 p.p.m.) (5), or to the magnetic anisotropy of 
the metal-ring bond. They suggest that the 
strongly electron-withdrawing Cr(CO), group 
causes an increase in the electronegativity of the 
aromatic ring carbons leading to a partial 
S D ~  -+ SD, rehvbridization: this in turn distorts 

It has not been possible to synthesize fluoro- 
substituted bis(arene)chromium complexes be- 
cause the conventional route pioneered by Fischer 
and Hafner (6) fails when the arene has fi~nction- 
alities possessing lone pairs of electrons; pre- 
sumably the arene forms a complex with the 
Lewis acid AlCl, which is the catalyst for the 
process. However, the very recent syntheses of 
fluorosubstituted bis(arene)chromium complexes 
by cocondensation of the appropriate fluoroarene 
with atomic chromium vapor (4, 7) appeared to 
offer an ideal opportunity to investigate 19F 
chemical shifts in n-bonded arene-metal systems. 

Consequently, a series of substituted bis- 
(fluorobenzene)chromium complexes of general 
formula (C,H,FX),Cr, where X is H, F, C1, 
CH,, or CF,,' have been prepared and their 19F 
n.m.r. spectra recorded. 

Experimental 
Nuclear magnetic resonance spectra were recorded on 

a Varian DP-60 spectrometer and mass spectra on a 
C.E.C. 21-1 10-B spectrometer. Melting points (decompo- 
sition points for most of these complexes) are uncorrected. 
Elementary analyses were performed by Gygli Micro- 
analysis Laboratory, Toronto. 

Chromium vapor was produced by electrical heating 
(10 V, 45 A) of finely-crushed Cr chips in a conical 

the symmetry of the fluorine valence electrons 
'Attempts to prepare the bis(bromofluorobenzene)- and 'lters the Rarnsey paramagnetic term chromium compounds failed, and CrBr, was isolated in 

which is known to be a dominant in the good yield; this presumably reflects the weakening of 
shielding of fluorine nuclei (2). the carbon-halogen bond as one descends the group. 
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TABLE 1. Physical data for b~s(arene)chromium complexes 
-- 

c (%I 
---- 

H (%I 
Melting Yield 

-- Arene Color point ("C) (%I Calcd. Found Calcd. Found 
- - - - - - 

C6HsF yellow-green 96-98 19 59.02 59.27 4.10 3.99 
o-CsH4Fz orange 74 17 51.43 51.69 2.86 3.14 
nz-CsH4Fz brown 82 18 51.43 51.64 2.86 2.61 
P - C ~ H ~ F Z  red-brown 7 1 12 51.43 51.71 2.86 3.01 
o-C6H4FCI brown 74 23 46.00 45.76 2.55 2.30 
172-C6H4FCI brown 59 17 46.00 45.89 2.55 2.39 
p-CsH4FCI llght brown 104 17 46.00 45.80 2.55 2.46 
o-CH3 . C 6 H 4 F  olive green 70-73 16 61.77 61.66 5.15 5.02 
nz-CH, . CsH4F black 88 16 61.77 62.03 5.15 4.98 
p-CH3 . CsH4F dark green 62-65 2 1 61.77 61.71 5.15 5.28 
m-CF, . CsH4F red-brown 4 1 20 44.21 44.42 2.11 2.30 

tungsten spiral coated with alundum cement; this was 
mounted between two water-cooled stainiess steel elec- 
trode supports in an evacuated apparatus similar to  that 
previously described (8). Substrate vapor was led into the 
system through an inlet tube with holes suitably positioned 
such that the substrate and metal vapor cocondensed in 
the same region on  the cold (- 196 "C) walls of the re- 
action flask. Since 20% of the metal vaporized fails to  
reach the walls, being intercepted by the electrode sup- 
ports and the inlet ring, the weight of chromium available 
for reaction is only 80% of the weight loss of the crucible, 
and yields are c a l c ~ ~ l a t e d  accordingly. 

I n  a typical experiment, p-chlorofluorobenzene (25.0 g, 
192 mmol) was cocondensed with chromium vapor (312 
mg, 6 mmol) over a 65 min period. The  reaction flask 
was allowed to  warm to  room temperature and the excess 
unreacted arene was removed in cacuo. The lower portion 
of the flask was surrounded by a 60 "C water bath while 
the upper part of the flask was encircled by several coils 
of water-cooled Tygon tubing. Bis(p-chlorofluoroben- 
zene)chromium (320 mg, 1.03 mmol ; 17%) collected in the 
upper part of tile reaction flask as rcd-brown micro- 
crystals which were res~~blinied and identified by mass and 
n.1n.r. spectra and by microanalysis. 

The  remaining compounds were all prepared analo- 
gously and the relevant data is presented in Tables 1-3. 
All the compounds are air stable for several days a t  least 
except for the fluorotoluene complexes which have only 
moderate stability; in solution, however, they all de- 
compose quite rapidly unless oxygen is rigorously ex- 
cluded. They are soluble in aromatic solvents and moder- 
ately soluble in methanol, but they decompose rapidly in 
chlorinated solvents. 

The  mass spectra of these bis(fluorobenzene)chrorniurn 
complexes show not only the expected P and (P-arene) 
peaks, but also peaks rationalizable on  the basis of 
migration of fluorine to  chromium and loss of the re- 
mainder of the ring. This is also observed with C F 3  
groupsand gives rise to  ions of the type [(arene)Cr-CF,] +. 

Discussion 
Taft et a/. (9, 10) have demonstrated that 19F 

n.m.r. chemical shifts may be used as a sensitive 

probe to investigate electronic properties of 
aromatic systems. Although this method has 
been criticized on theoretical grounds ( I  1, ref. 4, 
pp. 53-67) it nevertheless fulfills the criterion of 
being empirically useful. I t  is well-established 
that the 19Fchemical shifts of r?l- andp-s~~bsti tuted 
fluorobenzenes correlate well with or and with 
o, + o,' respectively, where o, and o,' are the 
Taft inductive and resonance parameters derived 
from reactivity considerations. 

The most obvious effect on complexation is an  
upfield shift of 40-50 p.p.m. relative to the free 
arene, but there is little correlation between the 
shifts of the free and coniplexed arenes (see 
Table 3) indicating considerable modification of 
the electron density distribution upon complexa- 
tion. For the case of the bis(l-fluoro-3-X- 
benzene)chromium series there is no simple 
correlation between chemical shift and 0 , ;  in 
fact the data best fit the expression 

where A,,,F(complex) is the chemical shift of the 
fluorine atoms in the complex measured in p.p.m. 
upfield of CFCl,, and o, and oRO are the Taft 
inductive and resonance parameters of the m- 
substituent X. One must stress that this does not 
necessarily imply a large contribution from a 
resonance interaction since, classically at least, 
this is difficult to visualize: this is merely an  
empirical correlation that fits the experimental 
data. 

This correlation of 19F chemical shift with a 
combination of both o, and oRO for a rneta- 
s~~bst i tuent  is reminiscent of the pentafluoro- 
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TABL~. 2. Mass spectral data for bls(arene)chromlum complexes 
-- 

pppp-p 

- -- 

Relative lntensltles 

m/e Assignment ortho meta para 

Difluorobenzenes 
280 CiZH8F4Cr+ 
261 Cl  2H8F3Cr+ 
185 C6H4F3Cr + 

166 C6H4FZCrf 
147 C6H4FCr + 

114 CsH4Fz + 

95 C6H4F+ 
76 C&+ 

Chlorofluorobenzenes 
31213141316 C,zH8F2C12Cr+ 
29312951297 CI2H8FCl2Cr+ 
2771279 CI2HsFzCICr+ 
2581260 C12H8FCICr+ 
21712191221 C6H4FCI2Cr+ 
2011203 C6H4F2CICr + 

1821184 C6H4FCICr + 

1631165 C6H4C1Cr + 

147 C6H4FCr + 

1301132 C6H4FC1+ 
111/113 C6H4CI' 
95 C6H4F+ 
76 CsH4+ 

Fluorotoluenes 
272 
257 
253 
181 
162 
110 
95 
91 
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TABLE 3. Nuclear magnetic resonance chemical shifts* 
of arenes and complexes I 

Arene Free Complex 

m-CF3 . C6H4F 64.1 57 .8  - 6 . 3  
110.3 157.0 46.7 

n7-C,H,(CF3)z 64.5  58 .7  - 5 . 8  
~ - - - -  

*All p.p.m. values \\ere obtained from 2:x solutions In C,H, 
containing CFCI, as standard. 

tShift from free arene values on  complexation. 

phenyl system (12) in \+hich the chelnical shifts 
of the fluorines tneta to the substituent X follow 
the equation 

This apparent similarity of the dependence of 
the shifts of./?zeta-fluorines on a similar combina- 
tion of oI and oRO in two such different systems 
prompted us to see if there were any direct cor- 
relation between chemical shifts of correspond- 
ing fluorines in the two systems. Indeed the 
plot of 19F chemical shifts of the comp1exe.s 
(C,H,FX),Cr cs. the chemical shifts of fluorine 
atoms in the same position relative to the same 
substituent in the C,F,X system shows a good 
correlatioil (see Fig. l ) ,  and these data are 
summarized below 

A notable anomaly in Fig. 1 is the p-fluoro 
substituent which falls (probably coincidentally) 
directly on the meta-substituent line. A possible 
rationale may lie in the fact that, of the substitu- 
ents studied in the present work, only the fluoro 
has a very large resonance effect and so its 
effective oRO will be more drastically modified 
by a reduction of x-electron density in the com- 
plexed ring than are the Taft parameters of the 
other substituents. However, such reasoning 

FIG. 1. Plot of chemical shifts of substituted C,F,X 
against chemical shifts of bis(fluoroarene)chroniium com- 
plexes, measured in p.p.m. to high field of CFCI,. ("1, 
Data taken from ref. 12. 

must remaln speculative u n t ~ l  pK, or other such 
data are available for b~s(arene)chromluin 
systems. 

The proton n nl r. spectra for the halogen- 
substituted bls(arene)chrom!~ams show many 
lnterest~ng features such as reduced ring proton 
coupllng constants and large substlt~lent chemlcal 
shifts. We are presently study~ng these com- 
pounds a t  220 MHz In order to present unam- 
blguous assignments and substltuent chem~cal 
shifts In the near future 

Conclusions 
Although the ability of substituents to deliver 

their inductive, resonance, and presumably steric 
effects in the bis(fluorobenzene)chrom1um and 
pentafluorophenyl rings is not identical, there 
does seem to be enough similarity to postulate 
that the chemistry of the two ring systems 
should be analogous. In particular, one would 
anticipate that nucleophilic substitution reac- 
tions should occur in, for example, bis(p-di- 
fluorobenzene)chromium to parallel those al- 
ready known for hexafluoroben7ene ( I  3) .  Indeed, 
our preliminary investigations indicate that the 
fluorines in the complex are replaceable by 
methoxide. Hopefully, we may thus open up 
routes to many hitherto unavailable derivatives 
which cannot be made directly by the coconden- 
sation method because the arenes are involatile, 
and which cannot be made conventionally be- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



McGLINCHEk AND TAN ON FLUOROSUBSTITUTED BIS(ARENE)CHROMIUM COMPLEXES 2443 

cause the arenes have substituents with ]one 4. R. MIDDLE TO^. J .  R .  H U L L .  S. R. SIMPSO\.  and P. L. 

pairs which interact with the AlCI, catalyst. 
Finally, it is noteworthy that CF, groups 

directly bonded to rt-complexed rings undergo 
smail downfield shifts relative to the CF, reson- 
ance in benzotrifluoride (see Table 31, but no 
simple rationale is apparent. 
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Comments on the 14-12-8-4 Potential Function 
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ROBERTO EMILIO CALIGARIS, OSVALDO H ~ C T O R  SCALISE, J O S ~  RAUL GRIGERA, VEDENE H. 
SMITH, JR., and AJIT J. THAKKAR. Can. J. Chem. 52, 2444 (1974). 

Argon second and third virial coefficients for the recently proposed 14-12-8-6 potential are 
calculated and compared with experiment. The influence of the coefficients in the longrange 
dispersion energy on both of the virial coefficients is discussed. 

ROBERTO EMILIO CALIGARIS, OSVALDO H ~ C T O R  SCALISE, Josi RAUL GRIGERA, VEDENE H. 
SMITH, JR. et AJIT J. THAKKAR. Can. 9. Chem. 52, 2444 (1974). 

On calcule et compare avec I'experience les deuxieme et troisieme coefficients viriel de I'argon 
pour ies potentiels 14-12-8-6 proposes recemment. On discute de l'influence des coeficients 
dans la dispersion d'energie a longue distance sur les deux coefficients viriel. 

[Traduit par le journal] 

Introduction [ I ]  U ( x )  = &C,*(1 + A X - ~ ) ( X - "  - x - ~ )  
- - 

The recent availability3 of molecular Seam where x = r lo  C * = c6 /&06 ,  o is the slow 
measurements, both of the totai and differential collision dia~e;er,6E the depth of the potential 
cross-sections, and spectroscopic data has well, 6, the coefficient of the r - 6  term, and A a 
occasiona.lly resulted in the relative neglect of mixing coefficient. 
virial coefficients as a test of interatomic poten- 
tials proposed for argon. Second Virial Coefficients 

In this note we examlne the 14-12-8-6 poten- Second virial coefficients were evaluated by 
tial from the point of view of second and third of the 
virial coefficients and disuersion coefficients. The 
14-12-8-6 potential was recentiy used4 by Kalos 
and Grosser (3) as a trial potential for fitting the 
angular distribution of Ar + Ar scattering. It is 
given by 

lMember of Carrera del Investigador Cientifico of the 
Consejo Nacional de Investigaciones Cientificas y 
Tecnicas, Argentina. 

2Member of the Carrera del Investigador Cientifico 
of the Comisi6n de Investigaciones Cientificas de La 
Provincia de Buenos Aires, Argentina. 

3For recent reviews, see refs. 1 and 2. 
4Kalos and Grosser (3) also tried a number of Lennard- 

Jones (12,6) potentials, but they are not considered in 
detail because they are completely inconsistent with 
experimental second virial coefficients. Standard devia- 
tions from the smoothed data of Dymond and Smith (4) 
range from 32 to I09 cm3/mol. 

5Note that the expression given in ref. 3 contains a 

U(x) = &C,*(l - A x - ~ ) ( x - ' ~  - x - ~ )  

misprint. This is evident from the fact that the potential 
function has only one zero at finite separations. 

m 

[2] B* = Bib, = -3  x2f(x)dx 

where j"(x) = - i + exp (- U(x)/kT)  and b0 = 
2xNo3/3.  The smoothed values given by 
Dymond and Smith (4) were used for comparison 
with experimenL6 

.A comparison of calculated and experimental 
second virial coefficients is made in Fig. 1 for 

6The data point at  400 'K (-0.9 i 0.5 cm3/mol) was 
omitted because the percentage uncertainty in this value 
is an order of magnitude greater than that in the re- 
maining values. Three sets of standard deviations are 
presented in Table 1. SDI includes all points, SD2 all 
points except that at 81 'K, and SD3 all points except 
those at 81 and 85 "K. This procedure was adopted be- 
cause we have found that nearly ail potential functions 
fit the data better if the points at 81 and 85 "K are 
omitted. This suggests that these data could be in error 
as has been independently suspected (5). New measure- 
ments at  these temperatures would be useful. 
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CALIGARIS E T  AL.: ON THE 14-12-8-6 POTENTIAL FUNCTION 

15r 

FIG. 1. Comparison between theoretical and experimental second virial coefficients. 0, 14-12-8-6 potential 
number 7. A, 14-12-8-6 potential n~~rnbe r  1. Error bars set by Dymond and Smith (4). 

two of the seven 14-12-8-6 potentials listed in 
Table 1. 

Of the six 14-12-8-6 potentials given by Kalos 
and Grosser (3), only No. 1 and No. 4 (see 
Table 1) give satisfactory agreement with the 
second virial data. However No. 4 has too large 
a slow-collision diameter and gave poorer agree- 
ment (3) with spectroscopic data than No. 1. 

The C,  values of the 14-12-8-6 potentials 
given by Kalos and Grosser (3) were fixed to an  
older estimate of Dalgarno (6) which, however, 
lies outside the rigoro~ls bounds given by 
Starkschall and Gordon (7). Similarly none of 
these potentials predict a value of the Cx/C6 
ratio that lies within the bounds recently given 
by Starkschall and Gordon (8). In fact No. 2 is 
the only one that predicts a Cx/C6 ratio which is 
of the right order of niagnitiicle. 

It may be recalled that when the parameters 
of the similar 11-6-8 potential (9) were ~nodified 
(5) to obtain relatively better agreement with the 
k n o ~ r ,  values of the dispersion coefficients, the 
fit to the virial data was noticeably worsened 
(SD3 changed from 0.82 to 4.18 cm3/mol while 
C, x 1060 improved from 21.6 to 52.9 erg cm6 
and C,/C, improved from 103 to 28.2 A2).  In 
order to determine the effects of improving 
agreement between the known values of the dis- 
persion coefficients and those predicted by :he 
14-12-8-6 potential, we obtained a new set of 
parameters for the 14-12-8-6 potential by the 
following procedure. The values of C, and 
C,IC6 were fixed to the accurate semiempirical 
values (7, 8) and the third parameter was deter- 
mined by fitting to experimental second virial 
coefficients. The parameters of the resulting 
potential (No. 7) are shown in Table 1 and a 
comparison between experimental second virial 
coefficients and those calculated from No. 7 is 
made in Fig. 1 .  I t  can be seen that agreement 

with the virial data is reasonable. Hence it seems 
that it is easier to sinlultaneously fit second virial 
coefficient data and values of the dispersion 
coefficients with the 14-12-8-6 potential than it 
was with the 11-6-8 potential. 

Third Virial Coefficients 
In this section, we consider only the better of 

the 14-12-8-6 potentials (Nos. 1 and 7 of Table 
1). For the calculation of the third virial coeffi- 
cients we consider the usual additive third virial 
coefficients and contributions due to the multi- 
pole expansion of the non-additive third-order 
interaction encrgy (10). It is sufficient to take 
into account the non-additibe terms up to and 
including the dipole-dipole-quadrupole term 
(1 1). 

The additive, C ,,,, and non-additive, AC, 
contributions to the third virial coefficient may 
be ~vritten as:  

and 

where 

with 

In eq. 6 the W,,, are geometrical factors given by 
Bell (10) and e (x )  = f(x) + 1. The Z,,, are 
interaction coefficients which depend solely 
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CALIGARIS E T  AL.: ON THE 14-12-8-6 POTENTIAL FUNCTION 2447 

TABLE 2. Reduced third virial coefficient integrals for the 14-12-8-6 potential function 
- -- - -- 

pp --A- 

A = 1.26, Cs* = 1.98345 A = 0.458, C6* = 2.9299 

T* Cad,* Scddd* 36Cd6,* c8dd* 
-- 

SCddd* 3SCddq* 
-- - 

0.8  0.1405 26.93 65.95 - 0.2587 28.93 70 .62  
0 . 9  0.5010 19.05 45.16 0.3394 20.32 48.09 
1 .O 0.5962 14.41 33.25 0.5410 15.28 35.23 
1 .1  0.6001 11.44 25.78 0.5948 12.07 27.21 
1 . 2  0.5736 9.407 20.79 0.5921 9.890 21.87 
1 . 3  0.5396 7.949 17.27 0.5689 8.328 18.12 
1 .4  0.5064 6.860 14.69 0.5399 7.167 15.37 
i .5  0.4767 6.022 12.73 0.5111 6.275 13.29 
1 .6  0.4514 5.359 11.21 0.4847 5.572 11.68 
1.7 0.4300 4.823 9.991 0.4616 5.006 10.40 
1.8 0.4122 4.382 9.002 0.4416 4.541 9.353 
1.9 0.3975 4.014 8.185 0.4245 4.153 8.494 
2 . 0  0.3852 3.702 7.500 0.4099 3.825 7.775 
2 . 2  0.3667 3.204 6.420 0.3870 3.303 6.643 
2 . 4  0.3538 2.824 5.611 0.3704 2.906 5.796 
2.6 0.3448 2.525 4.984 0.3582 2.594 5.142 
2 . 8  0.3385 2.284 4.484 0.3492 2.344 4.622 
3 . 0  0.3340 2.086 4.078 0.3424 2.139 4.200 
3 . 5  0.3273 1.718 3.334 0.3315 1.758 3.429 
4 . 0  0.3241 1 ,463 2.829 0.3253 1 ,496 2.907 
4 .5  0.3222 1 ,277 2.464 0.3213 1 ,304 2.531 
5 .0  0.3208 1.135 2.189 0.3183 1.158 2.247 

- ~ - ~ -  ~ - -  - - -  

upon the atomic species involved in the interac- 
tion. The index ddd indicates the dipole-dipole- 
dipole contribution while the index ddq indi- 
cates the dipole-dipole-quadrupole contribu- 
tion. 

In Table 2, we list the calculated results corre- 
sponding to the additive and non-additive terms 
for potentials number 1 and 7. Comparison with 
experiment is made in Fig. 2.   he third virial 
coefficients predicted by potential No. I are 
similar to  those predicted by the Bobetic- 
Barker-Maitland-Smith (M.B.M.S.) potential 
(I 1) and the agreement with experiment is good. 

Previous calculations of C(T),  for the Barker- 
Pompe potential (12), the M.S.V. I 1 1  potential 
(13), the B.B.M.S. potential ( l l ) ,  and the 
R.M.M.V. potential (l4), along with the present 
results for potential number 1 could lead to the 
conclusion that any potential function for argon 
which incorporates theoretically calculated dis- 
persion coefficients and fits second virial coeffi- 
cients will predict third virial coefficients in good 
agreement with experimental data. On the other 
hand, potentials, such as the Lennard-Jones 
(12,6) and the previously mentioned 11-6-8, 
which d o  not reproduce the theoretical C, give 
third virial coefficients in poor agreement with 
experiment (15, 16). 

However, the third virial coefficients for 
potential number 7 are in poor agree~nent with 
experiment despite the fact that this potential 
provides a reasonable fit to second virial coeffi- 
cients and includes the correct C, and C,  
coefficients. Thus it is clear that the above criteria 
alone are not sufficient to ensure accurate third 
virial coefficients. 

Now the third virial coefficients for the square- 
well potential (17, 18) suggest that calculated 
values of C ( T )  for any potential will be too low 
if the width of the well is not wide enough. As 
Mason and Spurling point out (18), this con- 
clusion is illusory if non-additive contr ib~~t ions  
are not taken into account because neglect of the 
latter leads to the same sort of deviations. How- 
ever in the case of the 14-12-8-6 potential we 
have calculated non-additive triple-dipole and 
dipole-dipole-quadrupole contributions and the 
third virial coefficients are still too low. As- 
suming that other non-additive contributions 
are negligible, as indicated by previous calcula- 
tions (1 1, 19), we are tempted to conclude that 
the well of the 14-12-8-6 potential number 7 is 
too narrow. However we note that the third virial 
coefficient is also highly sensitive to the slow 
collision diameter, o, because o6 appears in the 
expression for the third virial coefficient. Corn- 
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2448 C A N .  J .  CHEM.  

FIG. 2. Comparison between theoretical and experi- 
mental third virial coefficients. Curves numbered 1 and 7 
refer to 14-12-8-6 potentials number 1 and 7 respectively. 
- C(additive); ---, C(additive +- ddd term); 
 additive + ddd term + ddq term). Experimental data:  
0, ref. 22; A, ref. 23. 

paring Present's estimate (20) of o with the o for 
potential number 7 ,  we see that the latter is too 
small and this is another factor co~ltributing to 
the low calculated values of C(T).  

Thus we see that a potential function that 
incorporates theoretically calculated dispersion 
coefficients and fits second virial coefficie~lts 
need not predict third virial coefficients in agree- 

VOL.  5 2 ,  1974 

ment with experiment. C(T)  is also sensitive to 
the shape of the well, most notably to  its width. 
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R. YAMDAGNI and P. KEBARLE. Can. J. Chem. 52, 2449 (1974). 
The equilibrium constants for the gas phase reactions: CI-(HCI), = CI-(HCI),-I + HCI: 

(n ,  n - 1) were measured at different temperatures with a pulsed electron beam high pressure 
mass spectrometer. This allowed determination of AG ,,,,,_ ,O, AH ,,,- ,O, and A S  ,,,,,+, O for 
reactions with n = 1 to n = 4. The enthalpy change for the reaction: (CIHC1) = C1- + HC1 
was AHl,oO = 23.7 kcal/mol. This value is much higher than the l i terat~~re value of 14.2 
kcal/mol based on Born cycles. The stabilities of the Cl-(HCI), clusters are compared with 
those of OH-(H20),  and C1-(HzO),, measured earlier. It is found that the (CIHCIj- is nearly 
as stable as the (HOH0H)- species but that the stabilities of the higher CI(HCIj,  clusters de- 
creases much more rapidly than that of OH-(H20),,. The initial strong interaction in (CIHCI) 
is assumed to be due to the high polarizability of CI. For large 11 this efTect becomes unimportant. 
C1-HOH is much more weakly bound than (ClHC1)-, however, at high 11 the CI-(H20),$ 
interactions become more favorable. 

R. YAMDAGNI et P. KEBARLE. Can. J. Chem. 52, 2449 (1974). 
On mesure avec un spectrometre de nlasse a haute pression a faisceau de pulsation d'electrons 

les constantes d'tquilibre a differentes temperatures pour les reactions en phase gazeuse: 
C1-(HCI),, = C1-(HC1) ,,-, + HCI, (n,  11 - 1). Par cela on determine AG ,,,,- ,O, AH ,,,,,- ,O  et 
AS,,,-,O pour les reactions avec n = 1 jusqu'a n = 4. Le changen~ent d'enthalpie pour la 
reaction: (CIHC1)- =Cl- + HCI est AH,,,' = 23.7 kcal/mol. Cette valeur est plus elevee 
que celle basee sur les cycles de Born trouvee dans la litterature (14.2 kca1:mol). On compare 
les stabilites des agglomerations CI-(HCI), avec celles mesurees precidemment OH-(H,O),, et 
C1-(H,O),,. On trouve que (CICK1)- est presque aussi stable que les especes ( H O H O H )  mais 
que les stabilites des groupes de plus haut degre CI-(HCI), decroissent plus rapidernent que 
celle de OH-(H20j, .  On attribue les fortes interactions initiales dans (CIHCI) a la haute 
polarisabilite du C1. Cet effet devient sans importance lo r sq~~e  la valeur de n est elevee. Cl-- 
(HOH) est plus faiblement lie que (C1HCI)-, cependant, pour une grande valeur d e n  les inter- 
actions CI-(H20), deviennent plus favorables. [Traduit par le journal] 

Introduction 
The bond energies and properties of the 

strongly hydrogen bonded halide systems XHX- 
have been subject to a number of investigations 
(1-9). The studies can be roughly divided into: 
estimates of the bond energies based on Born 
type cycles involving some extra thermodynamic 
evaluations (1-4), crystallographic investigations 
of crystals containing the bihalide ion (5) 
(quantum mechanical) calc~llations (6 ) ,  and 
studies of the infrared spectra of the XHX- in 
condensed phases (2, 7-9). 

It appears that the bond energies for FHF- 
and CIHCl- are still very uncertain. Not too 
long ago a study of strongly hydrogen bonded 
species C1--HR was made in this laboratory 
(10). The species HIP were compounds like: 
MOH, CH,OH, C,M,OH, CH,COOH, etc. The 
studies were based on measurement of the gas 
phase ionic equilibria 1 

[I] (ClHR) = C1- + HR 

observed with a speclal h ~ g h  pressure Ion source 
mass spectrometer Thls work showed that AGO, 
and AH0,  Increased wlth the gas pllase ac~dity of 
HR This regularity fitted an earlier observation 
(1 1 )  that the strength of the ~nteractions B-- 
HOH Increased w ~ t h  the gas phase bas~c~ty  of 
B It was therefore postulated (10, 11) that 
hydrogen bonding to charged species In the gas 
phase Increases rn strength with the gas phase 
baslc~ty of the (partsal) proton acceptor and 
a c ~ d ~ t y  of the proton donor. 

Agreement w ~ t h  the rule was later observed 
sn several systems in thls (12-16) and other 
laboratories (17, 18) The above rule 1s partscu- 
larly useful ~f the base B- 1s kept constant and 
the nature of the acsd HR vaned or t l ce  cersa. 
It is less useful for prediction of the bond~ng 
energies in symnietr~c species like (XHX)- where 
the base and conjugate base (of the ac~d)  are 
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identical. Nevertheless an  extrapolation of the 
regularities observed for the non-symmetric 
cases B-HR and one symmetric case (11, 12) 
(HOH0H)- allowed crude estimates for sym- 
metric species to be made (10). The prediction 
for AH,' involving the species ( C l H C l )  was 
22 kcal/mol. This value was in agreement with 
a value of 24 kcal obtained by extrapolations 
(10) of bond energies for the higher clusters 
Cl-(HCI),, measured in this laboratory (19),' 
but in serious disagreement with the value of 
14.2 kcal/mol obtained by McDaniel and ValleC 
(3) from Born type cycles. 

The present work describes measurements of 
the temperature dependence for the gas phase 
equilibria (n,n - 1 )  which permit the evaluation 

not only of AH,,,' but also of the binding 
energies for the higher clusters. 

Experimental 
The measurements were made with the p~llsed electron 

beam high pressure mass spectrometer described earlier 
(12, 20). The present measurements were done with pure 
HCI gas from 1-4 Torr and with mixtures o f  HCI 0.1-0.6 
Torr and some 4-5 Torr buffer gas like CH,  or N,. The 
gases passed in slow flow through the ion source. The 
measurcnicnts hcre made in the presence o f  some 0.01 
Torr CCI, whose presence greatly increased the intensity 
o f  the signal. The reaction sequence assumed to occur~is: 
(a )  near thermalization o f  primary and secondary elec- 
trons created by the electron pulse; (h )  dissociative 
electron capture e + CCI, = C 1  + CCI,; (c) establish- 
ment o f  clustering equilibria (n,  n - 1 )  at some level o f  n 
depending on concentration and temperature. The nega- 
tive ions escaping from a small sampling slit in the ion 
source were separated with a magnetic mass spectrometer. 
The ion counting system incl~~ded a multiscaler whose 
swcep was startcd by the electron pulse. The time 
resolved ion profiles after the pulse could be observed in 
this manner. At low HCI concentrations the approach to 
equilibrium was slow (several hundreds o f  1s) and could 
be observed. Generally the HCI concentrations were so 
selected as to lead to a more rapid approach to equilib- 
rium, assumed to occur when the observed ion count rate 
ratios became constant. The ion count rates in this station- 
ary range were assumed proportional to the equilibrium 
ion concentration in the ion source. The equilibrium 
constant expression K ,,,,_, = ( I  ,,+, [HCI])/I, was used 
where I is the ion count rate. 

'Quoted in ref. 10 as "Can. J .  Chem. In press." but 
subsequently withdrawn. 

Results and Discussion 
The equilibrium constants measured for the 

1,O equilibrium are shown in Fig. 1. Similar 
independence of HCl pressure was observed also 
for the higher cluster equilibria. The Van't Hoff 
plots of all the equilibrium constants determined 
in the present work are shown in Fig. 2. The 
resulting AGO, A H 0 ,  and AS0  values are sum- 
marized in Table 1. The errors given in Table 1 
correspond to standard deviation from least 
squares plot. Past experience has shown that the 
actual error is generally larger. Comparison 
between AGO values a t  a given temperature have 
proven reliable to about 0.3 kcal (a factor of 2 in 
value of K). However, the A H  values have been 
found to be reliable only to about f 2 kcal. This 
is due to the somewhat restricted temperature 
range which is accessible with present technique, 
difficulties of measuring accurately the tempera- 
ture of the gas in the Ion source, and other syste- 
matic errors of less tractable origin. 

The present experimental value for AH,,,' 
(Table I )  is seen to be equal to 23.7 kcal/mol. 
T h ~ s  is in good agreement with the previous 
est~mates from this laboratory (10) but in dis- 
agreement with the value of 14.2 kcal/mol of 
McDaniel and ValleC (3). We believe that the 
value of McDaniel and co-worker is erroneous, 
probably because of the inadequacy of the extra- 

Ti"C) 

0.1 0.0 1 0 2 HCI P R E S S U R E  0 4 (Torr) 0 6  

FIG.  1 .  Equilibrium constants KO, ,  for reaction: 
C 1  + HCI = (C1HCI)- (note KO, ,  = 1 IK,,,,) in function 
o f  temperature and HCI pressure. Measurements in 
presence o f  4-5 Torr CH,  or N,. Standard state 1 Torr. 
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o o 1 1 " 1 1 5 " " J " " ' " ~ i " " 1 ~  2 0 2 5  3 0 3 5 
I O ~ / T ( ' K )  

FIG. 2. Van't Hoff plots of equilibrium constants 
K,- ,,, for reactions: -, CI(HCI), ,_,  + HCI = C1-(HCI),,. 
The  equilibria, , OH-(H20),-, + H 2 0  = 
OH-(H20), and - - -, C I - ( H , O ) , - , + H 2 0 = C I - ( H a  
measured in earlier work (11, 12) are also shown for 
comparison purposes. 

bonding positions available for the third mole- 
cule. For the present systems we might expect 
that the OH-(H,O), will be totally H bonded 
system for all r z .  For higher n such structures are 
three dimensional with considerable charge dis- 
persal, the center of the charge being near the 
center of the cluster (21, 15, 16). The situation 
for C1-(HCI), should be somewhat different. The 
(ClHC1)- will be linear. The large C1 radius 
should affect the stability adversely. On the other 
hand since the dichloride has a high negative 
charge density, the high polarizability of C1 
should be important. This is in agreement with 
the observed nearly equal AH, ,,O for the dihalide 
and dihydroxide systems. The addition of further 
HCI molecules might initially lead to a further 
buildup of the linear chain. However, the large 
CI radius and the decreasing importance of the 
polarizability should probably make these struc- 

thermodynamic assumptions involved in the 
tures progressively less stable compared with the 

cycle used. 
~h~ relative strengths of the interactions in hydroxy h~drates .  A reorganization "'0 a 'en- 

C1-(HC1)n and the only other symmetric species tral C1- ion solvated by a shell of HCI molecules 

measured (1 1, 12), OH-(HOH),, can be most might be expected of some higher 17. The Present 

directly compared in the Van't Hoff plots given data do not give an indication whether or when 

in Fig. 2. This comparison is since it such a reorganization occurs. However, they 

involves AG differeIlces at  the temperature of do  show the expected Progressivel~ worsening 

determination which should be the most ac- bonding relative to the hydroxy system. 

curate. The 0,l interaction for the OH-  is only The Cl-(H,O), data (Fig. 2 and Table 1) 

slightly stronger than that for the formation of show that the binding free energy is initially 

CI-HCI, the principle difference being in the (n = 1 )  much weaker than that for Cl(HCl),. 

A S 0  values (Table 1). Interestingly the 1,2 inter- 
action for the Cl(HCl),, system which is very 100 

much weaker than that for the OH-(HOH), (Fig. 
2 and Table 1). In fact the 1,2 chlorine interaction z 

0 is comparable to the 2,3 interaction for the .- 
hydroxy system (Fig. 2). The relatively more 2 
rapid decrease of stability for the C1 system con- 0 
tinues as n is increased further. Thus the 3,4 plot - 50 

is much lower than the 2,3 plot for the OH- 2 
system (Fig. 2). A similar trend is observed for ' 
the AG ,,,,- ,O (300 "K) values, Table 1, which are 5 
based on relatively long extrapolations for the 
plots with low r z .  These findings may be ration- 
alized as follows. Previous work (15, 16) has o 
shown that hydrogen bonding remains the 10-2 10-1 100 101 102 lo3 
dominant interaction in many systems involving HCI PRESSURE porr) 

protic solvent (clustering) molecules. Thus it was FIG. 3. Calculated distribution of CI-(HCI), clusters 

found (1 5) that the species (~K,),oH+o(cH,), for 127 'C and different pressures of HCI. Equilibrium 
data from Table 1 were used for calculation. Numbers was very but that the addition of One more above curves equal to a. KO, x 100 000 (standard state 

dimethyl ether molecule led to a very unstable 1 Torr) at 127 "C. Therefore C1- (12 = 0) becomes equal 
cluster presumably because there were no H in concentration to Cl-(H20) at some Torr. 
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This was explained earlier as being due to the 
higher gas phase acidity of HCl. As n is increased 
the differences decrease. A crossover occurs after 
the addition of 3 molecules with AG,,,' for 
Cl(H,O) becoming larger than AG,,," Cl(HC1). 
This result is similar to that already discussed 
above. Water becomes the preferred solvent at 
high n since the high polarizability of Cl becomes 
less important at low charge densities. 

The presence of Cl-(HCI), clusters is of direct 
significance to the interpretation of the results 
for the gas phase radiolysis (22) of HCI. The 
present data (Table I )  permits the evaluation of 
the relative cluster concentrations for a varietv of 
temperatures and pressures. An example of such 
calculated distributions is given in Fig. 3 which 
shows that for 127 ' C  the data permits the pre- 
diction of the clusters for pressures from to 
lo3 Torr. 

1. J .  A. KETELAAR. Rec. Trav. Chim. 60,523 (1941). 
2. T. C. W ~ D D I N G T O N .  Trans. Faraday SOC. 54, 25 

3. D.  H. MCDAKIEL A N D  R. E.  VALLEE. Inorg. Chem. 2, 
996 (1963). 

4. S .  A. HARREL and D. H. MCDANIEL. J. Am. Chem. 
SOC. 86,4497 (1969). 

5. L. W. SCHROEDER and J .  A. IBERS. J .  Inorg. Chem. 7. 
594 (1968). 

6. P. A. KOLLMAN and L. C. ALLEN. J .  Inorg. Chem. 92, 
6101 (1970). 

7. J .  C. EVANS and G. Y. S.  Lo. J .  Phys. Chem. 70, 11 
( 1966). 

8. J .  W. NlBLERandG. ~ . P I M E N T E L .  J .  Chem. Phys.47, 
710(1967). 

9. D. E .  MILLICAN and M. JACOX. J. Chem. Phys. 53, 
2034 ( 1970). 

10. R. YAMDAGNI and P. KEBARLE. J.  Am. Chem. Soc., 
93, 7139(1971). 

11. ( ( I )  M. ARSHADI, R. YAMDAGNI,  and P. KEBARLE. J.  
Phys. Chem. 74, 1475 (1970). (b) M. ARSHADI and P. 
KEBARLE. J .  Phys. Chem. 74.1483 (1970). 

12. (a) J .  D. PAYZANT. R. YAMDAGNI.  and P. KEBARLE. 
Can. J .  Chem. 49,3308(1971);(h) R. YAMDAGNI. J. D. 
PAYZANT, and P. KEBARLE. Can. J .  Chem. 51, 2507 
(1973). 

13. R. YAMDAGNI and P. KEBARLE. J .  Am. Chem. Soc. 
95,3504 (1973). 
J. PAYZANT. A.  J .  CUNNINGHAM. and P. KEBARLE. 
Can. J. Chem. 51.3242 (1973). 
E .  P. GRIMSRUD and P. KEBARLE. J. Am. Chem. Soc. 
95,7939 (1973). 
K. HIRAOKA. E. P. GRIMSRUD, and P. KEBARLE. J .  
Am. Chem. Soc. Inpress. 
L. K.  BLAIR, P. C. ISOLANI, and J.  M. RIVEROS. J .  
Am. Chem. Soc. 95, 1057 (1973). 
R. T. MCIVER JR . ,  J .  A. SCOTT, and J .  M. RIVEROS. J .  
Am. Chem. Soc. 95,2706 (1973). 
R. YAMDAGNI and P. KEBARLE. Unpublished work. 
A. J .  CUNNINGHAM.  J. D. PAYZANT, and P. KEBARLE. 
J .  Am. Chem. Soc. 94, 7627(1972). 
M. D. NEWTON and S. EHRENSON. J .  Am. Chem, Soc. 
93,4971 (1971). 
D. E. WILSON and D. A. ARMSTRONG. Radiat. Res. 
Rev. 2,297 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Spin-labelled Eigands 
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C. T. CAZIANIS and D. R. EATON. Can. J. Chem. 52,2454 (1974) 
A spin-labelled ligand is defined as a molecule with two functional groups, one of which pro- 

vides a Lewis base site suitable for complexing to a metal ion. The second functional group 
comprises a site bearing an unpaired electron. The possible utility of such compounds in co- 
ordination chemistry has been explored. The spin density distribution in 4-pyridyl-t-butyl 
nitroxide provides information on the relative electron accepting abilities of different metal ions 
in various ligand environments. A method for measuring the rates of very rapid ligand exchange 
reactions is also suggested. 

C. T. CAZIANIS et D. R. EATON. Can. J. Chem. 52,2454 (1974). 
On defini un coordinat a spin marque comme une molecule possidant deux groupes fonc- 

tionnels un desquels peut servir de site basique dans le sens de Lewis pour la formation d'un 
complexe avec un ion metallique. Le deuxien~e groupe fonctionnel est forme d'un site portant 
un electron non paire. On a etudii les ~~tilisations que I'on p e ~ ~ t  faire de tels composes en chirnie 
de la coordination. La distribution des densites de spin dans le radical pyridyl-4 tertio-butyl 
nitroxyde f o ~ ~ r n i t  des informations sur les capacites relatives d'acceptation d'electrons de 
differents ions ni6talliques dans divers environnements du coordinat. On suggere une rnethode 
pour mesurer les vitesses de reactions d'echange tres rapide des coordinats. 

[Traduit par le journal] 

Introduction 
Electron spin resonance provides a powerful 

technique for the study of the molecular and 
electronic structure of n~olecules. If atoms 
possessing nuclear spin moments are present the 
resulting hyperfine coupling pattern is parti- 
cularly valuable since it permits investigation of 
the spin density distribution within the nlolecule. 
There is however a major limitation to the wide- 
spread use of the method: namely the molecule 
under study must be paramagnetic. The majority 
of molecules \vhich offer interesting problerns 
involving bonding or structure do not fulfil this 
condition. The technique of spill labelling has 
been introduced into biological chemistry in 
an attempt to extend the range of niolecules 
amenable to study by e.s.r. ( 1 ) .  A variety of 
enzymes and other biologically active molecules 
have been chemically modified by the introduc- 
tion of a paramagnetic substituent (the spin 
label) hopefully in the vicinity of the active site. 
The intent of the present work was to utilize the 
spin labelling concept in a study of metal ligand 
bonding. 

We define a spin-labelled ligand as a ~llolecule 
containing two functional groups, one of which 
possesses an electron pair suitable for donation 
to  a metal ion. The other functional group must 

possess an unpaired electron. Ideally the two 
functions must be connected, but not too closely 
connected. We wish to use the radical function 
as a probe for electronic changes at  the Lewis 
base site. If the unpaired electron is too \<,ell 
removed from the site of interaction ~vi th  the 
metal it hill obviously be an insensitive probe. 
If OII the other hand the Lewis base and radical 
functions are combined in the same group the 
ligand metal bonding may be very different from 
that of the unlabelled ligand. A number of e.s.r. 
studies involving radical ligands of this latter 
type have been reported.' Bn some cases, c.g. . 
o-semiquino~les (2) and alkyl nitroxides (3-6, 1 1 )  
the unpaired electrons remain essentially local- 
ized on the ligand. In other cases e.g. o-phenan- 
throlene (7) negative ions and dithiolate (8) ions 
the interactions with the n~e ta l  ion are sufficiently 
strong to lead to complete delocalization and it 
becomes debatable whether it is more correct to 
describe the compound as a complex of a radical 
with a metal ion in a high oxidation state or a 
complex of a non-radical ligand with a metal in a 
lower oxidation state. Thus for example V(dipy- 

'Very recently e.s.r. spectra of the chelate complexes 
of Zn, Cd, and Hg with 4,4,5,5-tetramethyl-2-(2 pyridy1)- 
A2-imidazoline-1-oxyl have been reported (21). 
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ridyl), could be described as a complex of V3+  
with three radical anions, a complex of V0 with 
three neutral diamagnetic ligands, or any inter- 
mediate combination. In  contrast to the above 
examples, the Lewis base and radical functions 
have been intentionally separated in the present 
study and molecules of this latter type may be 
described as "spin-labelled ligands." 

Pyridine was chosen for the Lewis base part 
of the n~olecule. I t  has the advantages of readily 
forming complexes with a wide variety of metal 
ions and of possessing a n system which can form 
a link with the radical group. Both semidione 
groups and nitroxide groups have been used to 
provide the spin label. Both are capable of 
forming relatively stable radicals. The second 
proved to be more useful than the first for our 
purposes. 

Synthesis and Electron Spin Resonance 
Spectra of Ligands 

Radicals with structures 1 and 2 have been 
prepared. Radical 1 can be obtained by exposing 

a solution of pyridyl ethyl ketone in dimethyl 
sulfoxide containing potassium t-butoxide to a 
trace of oxygen. The mechanism by which reac- 
tions of this type lead to the formation of 
semidione radicals has been discussed by Russell 
(9). The resulting e.s.r. spectrum is shown in Fig. 
1.  Forty-five of the possible 108 lines are resolved 
and the analysis is straightforward. The derived 
hyperfine coupling constants are a, = 1.6 6, 
a ,,,,, = 0.3 C,  a,,,,, = 1.9 6, and a,,, = 

2.6 G.  These constants may be compared with 
those reported for the radical containing a phenyl 
group (9) rather than a pyridyl group: a, = 

1.84 G ,  a,,, = 0.53 C ,  a,,, = 1.59 G ,  and 
a,,, = 3.43 G. The latter have been shown to be 
consistent with spin densities calculated by the 
McLachlan method and the similarity with those 
obtained for radical I confirms the correctness 
of the assignment. We may also assume by 
analogy with the phenyl compound that radical 
B has a trans configuration. Chelation of a metal 
ion with the seniidione oxygens is therefore 
unlikely. 

Radical 2 was prepared by the reaction se- 
quence : 

0' 

The preparation of the analogous p-tolyl radical 
has been reported by the reaction of r-butyl 
magnesium bromide with p-nitrotoluene (10). 
Electron spin resonance spectra here obtained 
by adding a few drops of the ethereal solution to 
an appropriate solvent. The resulting spectra are 
well resolved and analysis is again straightfor- 
ward. No  splitting is observed from the protons 
of the t-butyl group. Sixty-three of the predicted 
81 lines arising from the remaining magnetic 
nuclei can be observed. A typical spectrum is 
shown in Fig. 2. It proved convenient to prepare 
metal complexes of this radical in several dif- 
ferent solvents. The extent of the variation of 
hyperfine coupling constants with solvent is 
apparent from the data in Table 1 .  

Complexing of Radicals with Metail Ions 

Only very limited success was achieved in 
forming metal complexes of the se~nidione I. 
Addition of the ether and trimethylamine com- 
plexes of the very strong Lewis acid BF, to a 
solution of the radical in DMSO lead to the 
observation of a complex e.s.r. spectrum. The 
lack of symmetry of this spectrum suggests that 
more than one species is present and prevented 
analysis. A number of attempts were made to 
produce Zn co~nplexes by adding various Zn 
salts and labile complexes to the radical in 
DMSO or  DMSOITHF mixtures. These experi- 
ments lead to destruction of the radical. The 
problem probably lies in the ready oxidation of 
semidiones except in strongly basic solution. 
Addition of nietal ions removes the base 
( (CH, ) ,CO)  followed immediately by oxidation 
of the radical. This occurs even in solutions 
which have been very carefully deoxygenated on 
a vacuum line. An attempt was also made to 
produce complexed radicals by oxidation of the 
compound 

but this also proved unsuccessful. 
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TABLE 1 .  Hyperfine coupling constants (G) of 4-pyridyl-t-butyl nitroxide radical 
ppp 

-- 
-- 

a (position) 

Radical a,& f l C N  f l 4 , S H  f l ~ , 7 ~  Solvent 

10.57 1.26 2.17 0.63 Benzene 
5 4  1 

6 d > ~ - ( t - B u )  10.70 1.23 2.16 0.63 1,4-Dioxane 

7 8 A1 10.52 1.23 2.16 0.64 Benzene/THF (1 1 : 1) 

- - 
10.74 1.23 2.16 0.63 Dioxane/THF (1 1 : I)  

FIG. 3. Electron spin resonance spectra of 4-pyridyl-t-butyl nitroxide in benzene/THF mixture: (A) free radical; 
(B) complex with HgCI2; (C) complex with ZnC1,; (D) complex with Pd(N03)2. 

Experiments with the nitroxide labelled ligand 
proved more fruitful. The stability of this radical 
is unaffected by the presence of metal com- 
pounds except in one or t h o  special cases. The 
results obtained fall into six different classes. 

(1) Addition of the metal compound leads to 
no change in the e.s.r. spectrum of the radical. In 
this class fall complexes such as Co(acac), for 
which replacement of the chelating acetylaceto- 
nate would not be expected. Any change due to 
the presence of the spin-labelled ligand in the 
second sphere is apparently too s111all to ob- 
serve. Similarly the radical \vill apparently not 
replace phosphine in Pd(P+,),Cl, or pyridine in 
Copy,(NCS),Cl to any observable extent. 
Neither could we find evidence for increase in the 
metal coordination number on the addition of 
Pt(acac),, Pd(acac), or zinc phthalocyanine. 

(2) Addition of excess of the metal cornpound 
leads to the appearance of a s~ngle nen e.s.r. 
spectrum. Exa~nples are shown In Fig. 3. Results 
in this class Mere obtained with a variety of zinc 
compounds, with mercury halides, with cadmium 
iodide, and with palladium nitrate. The hyperfine 
coupling constants obtained from the analysis of 
these spectra are presented in Table 2. There 
are t u o  possib~lities which could lead to results 
of this type. Either all the spin-labelled ligand is 
colnplexed to the nietai ion or some is complexed 
and some is free and the ligand exchange rate is 
sufficiently fast to give an averaged e.s.r. spec- 
trum. In these experiments the ratio of metal ion 
concentration ( - l o - '  M )  to radical concentra- 
tion ( -  M )  is very large and none of the 
competing ligands is as strong a Lewis base as 
pyridine. The first possibility seems therefore the 
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CAZIANIS AND EATON: SPIN-LABELLED LIGANDS 

TABLE 2. Hyperfine coupling constants ( 6 )  and experimental spin-densities of 
4-pyridyl-t-butyl nltroxlde in the presence of metal compounds 

-- 

a (position)" 
Metal ~2~ 

compound agV a4.8H a5,7H ( e ~ p t l . ) ~  

@Obtained in benzene1THF. 11 : I mixture. P\ 
bCalculated using eq.'l. ' 
"H.C.C's of the uncomplexed radical. 
dObtained in I,4-dioxane!THF (10: 1). 
eTU thiourea. 

more likely but the second cannot be entirely 
ruled out. If the rapidly exchanging rree ligand 
were present only in small concentration it would 
of course produce only a small modification of 
the complexed ligand spectra. 

(3) The observed e.s.r. spectrum arises from at 
least two paramagnetic species. Such spectra are 
complex and generally unsymmetrical about the 
center. In these cases analysis is not feasible. 
This type of spectrum was observed on the addi- 
tion of Zn(+NH,),l,, Znpy,Br,, Znpy,(SCN),, 
Pd(hfac), (hfac r hexafluoroacetylacetone), Zn 
(hfac),(H,O),, and Pd(tfac), (tfac = trifluoro- 
acetylacetone). The most likely expianation in 
these cases is that free and com~lexed radlcals 
are present and that the rate of exchange is slow 
on the e.s.r. time scale. Two different environ- 
ments for complexed ligands (e.g.,  neutral and 
cationic compiexes) represents another pos- 
sibi!ity. 

(4) A single e.s.r. spectrum is observed but 
some of the lines are preferentially broadened. 
An example of such a spectrum is shown in Fig. 
4A.  Zn(acac),H,O and Znpy,(CNO), show this 
effect. A rate process involving the radical is 
indicated and rapid ligand exchange is the most 
plausible suggestion. The condition for such 
broadening is that z(o, - o,) - 0.1 where z is 
the average iifetime of the radical in a given 
environment and (o, - o,) is the difference in 
frequency of a transition for the environments 
A and B. 

(5) If the metal compound to which the spin- 
labelled ligand is attached is already paramag- 
netic interaction between the unpaired electron 

:umbering system as in Table 1 

FIG. 4. Electron spin resonance spectra of 4-pyridyl- 
t-butyl nitroxide. ( A )  Complex with Zn(acac),H,Q. (B) 
Complex with Wi(hfac),. (aN = 14 G). 

of the ligand and those on the metal must be 
anticipated. Both changes in the coupling con- 
stants and In the electron spin relaxation time 
can occur. A spectrum obtained by addition of 
Ni(l1)hexafluoroacetylacetonate to the labelled 
ligand is shown in Fig. 4B. Cobalt(l1) hexafluoro- 
acetylacetonate gives similar results except that 
the lines are broader and show siens of addi- - 
tional partly resolved hyperfine coupling. 

(6)  With some very strong Lewis acids such 
as BF, and AlCl, it appears that catalytic 
rearrangement of the radical occurs. These re- 
arrangement reactions will be discussed in a 
subsequent publication. 

Dissossisn 

Hyperfine coupling constants and spin den- 
sities obtained from the analysis of spectra in the 
second class in the above summary are shown in 
Table 2. I t  is apparent that there are significant 
changes in the spin density distribution of the 
radical. Most notably the I4N coupling involving 
the nitroxide nitrogen has diminished by up to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2460 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

TABLE 3. Theoretical spin densities" and corresponding hyperfine coupling constantsb in 4-pyridyl-t-butyl nitroxide as 
a function o f  the coulomb integral, 6(N),,,,,,, o f  the pyridine nitrogen atom 

.- -- - -- 

WN) a g N  
1. ring PI" p2" P3n p4.8' p5.7" P6n (theoretical) 

-- 

OMcLachlan calculations (ref. 12). Numbering as in Table 1.  
'Values obtained using eq. 2, (ref. 14). 

1.3 G and the "N coupling of the pyridine 
nitrogen has increased by up to 0.8 gauss. This 
behavior may be compared with that observed 
for metal complexes formed with the nitroxide 
oxygen (4-6, 11). In these cases the hyperfine 
coupling with the nitroxide nitrogen has been 
markedly increased due to enhanced contribu- 
tion of the valence bond structure 4. The present 

spectra, showing the opposite effect. i .e. dimin- 
ished coupling with the nitroxide nitrogen, 
clearly arise from complexing with the pyridine 
nitrogen. As a further check the phenyl t-butyl 
nitroxide radical \+as prepared and its e.s.r. 
spectrum examined in the presence and absence 
of metal compounds. In no case did any of the 
metal compounds of Table 2 cause any signi- 
ficant change in the e.s.r. spectrum demon- 
strating that the pyridyl nitrogen is necessary 
for complex formation. This conclusion has 
been further confirmed by molecular orbital 
calculations of the spin density distribution 
using the McLachlan method (12). The results 
of these calculations are show11 in Table 3. The 
model used is based on the premise that complex 
formation removes charge from the pyridine 
nitrogen thereby increasing its effective coulomb 
integral but that the remaining parameters are 
unchanged. Increasing the coulo~nb integral on 
the pyridine nitrogen clearly decreases the spin 
density on the nitroxide nitrogen (p, in Table 
3). The relationship between the nitrogen hypcr- 
fine coupling constant and the p, nitrogen spin 
density has been the subject of some discussion 

in the literature. Eames and Hoffman (6) have 
proposed the equation2 

[1 I QN = QPN" + q 

where Q = 16 G and q = 7.2 G. This equation 
gives p," - 0.5 for the t-butyl nitroxide radical 
which agrees well with arguments based on 
proton hyperfine coupling constants in related 
radicals. Using this formula the nitrogen spin 
density of the uncomplexed spin-labelled ligand 
is 0.21 consistent with substantial delocalization 
to the pyridine ring and in good agreement with 
the calculated spin densities in Table 3. On 
complexation the spin density falls by an  addi- 
tional 20-80%. This corresponds to changes of 
the order 0.5P in the pyridine nitrogen coulomb 
integral. We can therefore associate the smallest 
14N coupling constant with the largest amount 
of electron withdrawal by the metal ion from the 
pyridine. This qualitative conclusion is indepen- 
dent of the specific method used to calculate the 
spin densities and of the specific relationship 
between the spin densities and the nitrogen 
hyperfine coupling constant. The differences 
among the various metal complexes are signifi- 
cant as is apparent from the spectra of Fig. 3. 
We note particularly the sequence aN(Hg12) = 

9.87 G, aN(Cd12) = 9.38 G,  and a,(Zn12) = 

9.14 G. 
Clearly Zn withdraws electrons more effec- 

tively than Cd which in turn is more effective 
than Hg as would be anticipated from the elec- 
tronegativities of the elements. The various zinc 
compounds are presumably solvated by T H F  
under the conditions employed. Replacement 
of T H F  by thiourea apparently decreases the 

2A more sophisticated relationship was later suggested 
by Cohen and Hoffman (22). 
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electron affinity of the zinc as might be antici- 
pated on the basis that a Zn-S bond is likely 
to  be more covalent than a Zn-8 bond. The 
sequeece of the a,'s for the zinc halides C1 > 
Br > I is :he opposite to what might have been 
expected on the basis of the electronegativity of 
the halogens. However anomalous orders for 
the halogens have also been observed in n.m.r. " 
studies of the e!ectron withdrawing abilities of 
complexed metai Ions (13) and it is apparent that 
sin~pie considerations of electronegativities d o  
not a!uays suffice to account for charge density 
distributions In complexes. These results ~ndlcate 
that  the Pd con;poulad has a very small a,," and 
hence a large metal electron affinity. We must 
assume planar Pd coordination since the metal 
salt is diamagnetic and this should perhaps 
not be compared with the tetrahedral zinc com- 
pounds. The spin density distribution within the 
pyridyl ring differs somewhat from that of the 
other complexes most notably in the high value 
for the pyridyl nitrogen coupling. k t  is possible 
thzt metal-ligand n bonding is important for a 
square planar colnvlex in which case a calcula- 
tion simply changing the coulomb integrai of the 
nitrogen would be inappropriate. It is apparent 
that mith the present small number of corn- 
~ o u n d s  examined extensive discussion of trends 
in the charge distributions is inappropriate and 
that these resuits merely serve to illustrate the 
~otential i t ies of the method. 

We have also noted changes in the pyridine 
nitrogen hyperfine coupling constants. The inter- 
pretation here is a little more complicated since 
such coupling constants depend on the spin 
densities on both the nitrogen and the adjacent 
carbon atoms. Henning (14) has studied a 
number of nitrogen containing aromatic radicals 
and proposed the equation 

nhere C ,  and C ,  refer to the adjacent carbon 
atoms and Q ,  = 19.1 F I .7 G and Q ,  = 9.1 + 
1.7 6.  Experimentally a, changes from 1.26 G 
in the uncomplexed radical to 1.5-2.0 6 in the 
complexes. The spin density calculations in 
Table 3 show that both p, and pc of the adja- 
cent carbons decrease with increasing nitrogen 
coulonlb integral. The carbon spir, densities are 
however negative so that the net result is that the 
calculated a, increases from 0.904 G to 1.124 G 
for an  increase of 0.5P in the nitrogen coulomb 
integral, i.e, a change of approximately 2 0 x .  The 
absolute calculated values of a, are somewhat 

low but from the experimental increase on corn- 
plexation of approximately 25-75x \we would 
again deduce an  increase in the nitrogen coulomb 
integral of better than 0.5P. Thus the changes in 
the pyridine nitrogen coupling are entirely con- 
sistent with those of the nitroxide nitrogen. The 
nitroxide nitrogen however obviously provides 
a inore sensitive probe of the charge ~ ~ i t h d r a w i n g  
properties of the metal ion. 

Finally we note the line broadening effects 
iljustrated in Fig. 4A. These are attributed to 
rapid exchange between free and complexed 
ligand. Line broadening due to rate processes 
has been extensively discussed in the e,s.r. 
literature (15) and has been used to study cases 
of restricted rotation, electron transfer, proton 
transfer, and fluxioilal ion pairing. In the present 
case the central set of lines arising from transi- 
tions for which 172, for the nitroxide nitrogen is 
zero is much less broadened than the outer sets 
of lines for which nz, = & I .  This effect is clearly 
sho~vil in Fig. 4A.  A modulation of the nitroxide 
nitrogen hyperfine coupling by the exchange 
process is implied. Since free and co~nplexed 
ligands have substantially different coupling 
constants ligand exchange is indicated. It is 
necessary that the complexed ligand should 
have a lifetime such that ~ ( o ,  - a,) - 1 im- 
plying lifetimes of I O - ~ - ~ O - ~  s. The correctness 
of this interpretation is further confirmed by the 
observation that broadened spectra similar to 
that shown in Fig 4A can be obtained by adding 
srnall amounts of water or DMSQ to solutions 
of the nitroxide radical complexed to zinc 
chloride. In this case the exchange is between 
complexed ligand and the added coordinating 
boivent. There is precedence for the observation 
of extremely fast ligand exchange for pyridine 
ligands. Thus Corden and Rieger (16) have 
studied the broadening of the e.s.r. spectra of 
Cu(II)bis(di-11- butyldithiocarbamate) on the ad- 
dition of amines and Farmer et a!. (17) have 
reported a study of a similar process using Cu- 
(1I)bis(t-diethyldithiocarbarnate). Both groups 
interpret their results using a theory derived 
from the modified Bloch equations leading to 
line widths given by an  equation of the type 

T2-' = T2,-l  + PA2PBrB(oA - oB)' 

and arrive at  values for r,, the lifetime of com- 
plexed ligand, of the order of s. In  the 
present case we report the inverse of these experi- 
ments, i .e. the exchange is between a paramag- 
netic ligand and a diamagnetic metal rather than 
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between a diamagnetic ligand and a paramag- 
netic metal. An implication of this model is that 
the smaller hyperfine coupling constants of the 
exchanging ipectra should be intermediate be- 
tween those of the free and complexed ligand. 
Analysis of the central multiplet of spectrum 4A 
shows that this is true. 

Conclusion 
The intention of the present study was to 

investigate the potential utility of spin-labelled 
ligands in inorganic chemistry. Two of the areas 
uncovered seem to show promise. It has been 
demonstrated that the hyperfine coupling con- 
stants of a complexed radical are sensitive to the 
Lewis acid involved and that they may be used 
as a measure of the strength of this Lewis acid. 
A rather direct interpretation in terms of the 
change in effective coulonlb integral of the donor 
atom is possible. Further, this can be done using 
ligands only slightly perturbed, from those com- 
monly occurring in a large variety of metal 
complexes. The observation with the Pd complex 
suggests that more detailed studies of metal- 
ligand bonding, e.g.,  evaluations of the impor- 
tance of n bonding, may be possible. Secondly, 
a method for the study of very fast ligand ex- 
change reactions is suggested. Such studies need 
not be confined to paramagnetic metals as is the 
case uith previous e.s.r. work or to simple 
ligands in aqueous solution suitable for tem- 
perature jump or  ultrasonic relaxation tech- 
niques. Potentially the spin-labelled ligand 
approach has also a number of practical advan- 
tages in the form of sharper lines, the absence of 
quadrupolar broadening and of effects due to 
anisotropy in thc g tensors. It should be possible 
in favorable conditions to measure rapid ligalld 
exchange rates leading to lifetimes as short as 

s. 

Experimental 
Electron spin resonance spectra were obtained with a 

JEOLCO-JES-3BS-X spectrometer operating at  9400 
MHz (X band). All experiments were carried out at room 
temperature. Samples were deoxygenated before spectra 
were obtained using standard vacuum techniques. The 
field calibration was performed by recording sirnul- 
taneously the e.s.r. spectrum of the sample and that of a 
dilute aqueous solution of peroxylamine disulfonate the 
coupling constant of which has been given by Windle and 
Wiersama (1 8). 

Preparation of 4-Pj~idyl-t-bl1t4.I Nit~,oxirle (19, 20) 
Commercially available 4-nitropyridine-1-oxide was 

first purified by recrystaIlization from acetone. To  1 g of 
pure 4-nitropyridine-1-oxide (m.p. 159 "C) suspended in 
15 nil of ice cold chloroform, 1.9 ml of PC!, were added 
and the mixture heated for 1 h at  70-80 'C .  After cooling 
the resulting solution was diluted with water, made 
alkaline with NaOH, and the 4-nitropyridine extracted 
with chlorofornl. The chloroform so l~~ t ion  was dried 
over anhydrous Na2S04 and evaporated to dryness. The 
residue was recrystallized from petroleum ether to give 
4-nitropyridine as pale yellow crystals (m.p. 48 "C). To a 
solution of 1.24 g of this product in 100 ml of dry ether 
was added a frcshly preparcd ethereal solution containing 
0.03 mol of t-butyl magnesi~lm chloride. After neutraliza- 
tion with ammonium chloride the radical was extracted 
with ether and dried over Na,SO,. The ethereal solution 
was concentrated under vacuum and the product stored 
over Na2S04. 

We are indebted to the National Research Council of 
Canada for financial support of this research. 
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C. T.  CAZIANIS and D. R. EATON. Can. J. Chem. 52,2463 (1974). 
The interaction of nitroxide radicals with the Lewis acids, aluminum chloride and boron 

trifluoride has been investigated using e.s.r. and n.m.r. techniques. Three types of reaction have 
been demonstrated. Initially a paramagnetic complex with the nitroxide group is formed. This 
can then din~erize or polymerize to a diamagnetic complex. Concurrently rearrangement of 
t-butyl groups to s-butyl groups can occur giving a further series of radicals and complexes. The 
rearrangements are analogous to the well known carbonium ion rearrangements induced by 
Lewis acid catalysts. Relative equilibrium constants and rates for the various reactions are dis- 
cussed in a qualitative manner. 

C. T.  CAZIANIS et D. R. EATON. Can. J. Chem. 52,2463 (1974). 

On a examine, utilisant les techniques de la r.p.e. et de la r.m.n. les interactions entre les 
radicaux nitroxydes et des acides de Lewis tels que le chlorure d'aluminium et le trifluorure de 
bore. On a mis en evidence trois types de reactions. Au dCbut un complexe paramagnetique se 
forme avec le groupe nitroxyde. Celui-ci peut alors se dimeriser ou se polymtriser pour former 
un complexe diamagnetique. Concurremment des rearrangements des groupes tertio-butyles 
en groupes butyles secondaires peuvent se produire donnant naissance a une nouvelle serie de 
radicaux et de complexes. Les rearrangements sont semblables a ceux, bien connus, que subissent 
les carbocations sous I'influence de catalyseurs acide de Lewis. On discute, d'une f a ~ o n  qualita- 
tive, des constantes d'equilibre et des vitesses relatives des diverses reactions. 

[Traduit par le journal] 

~n&r6danction Results 
In a previous paper (1) we reported the syn- 

thesis and use of certain radicals as spin labelled 
ligands. In particular, interactions of a molecule 
in which a pyridine moiety acted as the Lewis 
base and a t-butyl nitroxide group provided the 
spin label were studied with a variety of metal 
compounds. In the large majority of cases the re- 
sulting e.s.r. spectrum could be interpreted in 
terms of complexing of the pyridine nitrogen with 
the metal. In the case of the strong Lewis acids 
AlCl, and BF, we obtained e.s.r. spectra which 
could not be readily interpreted along these lines. 
It seemed possible that with strong Lewis acids 
interaction with the oxygen of the nitroxide 
group was occurring. Electron spin resonance 
studies of such complexes have indeed been re- 
ported (2-4) b ~ l t  their relevance to the interpreta- 
tion of the spectra mentioned above was not 
clear. We have therefore filrther investigated the 
reactions of several nitroxide radicals with strong 
Lewis acids. In the course of these studies it be- 
came apparent that some of the e.s.r. spectra 
observed did not arise from the nitroxide radical 
introduced into the system. The present paper 
therefore presents ekidence for Lewis acid cata- 
lyzed rearrangements of nitroxide radicals. 

The radical initially used in these studies has 
the structure 1 

In the presence of AlC1, an e.s.r. spectrum con- 
sisting of 14 broad lines is obtained. In the pres- 
ence of BF, the spectrum is essentially similar 
except that an additional quartet splitting with 
intensity ratios 1 : 3 : 3 : 1 is observed. This can be 
reasonably assigned to the fluorine atoms. This 
latter spectrum is shown in Fig. 1 and the former 
in Fig. 5A. These spectra are anomalous in two 
respects: (a) we were unable to find a reasonable 
combination of coupling constants which, al- 
lowing for overlapping lines. would reproduce 
the observed spectrum. The basic problem is that 
radical 1 should give a spectrum with an odd 
number of lines whereas the observed spectra 
clearly have an even number of lines; (6 )  the 
e.s.r. spectra are much weaker than those ob- 
tained with other metal complexes and the spec- 
trum decays with time. Other complexes seem 
quite stable. In order to clarify these results the 
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5 G 
7-- 

FIG. 1. Electron spin resonance spectrum of 4-pyridyl-t-butyl nitroxide radical in 1,4-dioxane/THF mixture in the 
presence of excess (CzH5)20BF3. 

spectrum of the simpler radical 2 was investigated continues to fall for some time after an  aliquot of 
in the presence of BF, and AlCl,. In this case the BF,/ether solution is added. In the experi- 
only complexing with the oxygen of the nitroxide ments in which triethylamine was added to the 
group is possible solution with excess BF, no regeneration of the 

<CH3)3 C-N-C (CH,), second e.s.r. spectra was observed but since radi- 
I cal 2 is much more intense than the second spec- 
o trum the latter may still be present. I t  seemed 
2 likely that the solution with excess BF, was dia- 

The e.s.r. spectrum comprises a simple triplet magnetic. This was confirmed by measuring the 
which is  shown in Fig. 2A. Eames and Hoffman magnetic susceptibility using the n.m.r. method. 
(4) have described the preparation of complexes The susceptibility falls from - 1.45 l3.M. to zero 
of this radical with BF, using a technique of dis- on adding BF,/ether solution. As expected this 
tilling excess BF, into a solution of the radical in solution also gave a sharp line n.m.r. SPectrLlm 
toluene. I n  order to duplicate the conditions used shown in Fig. 3A. This proton spectrum shows 
to obtain the spectrum of Fig. 1 a rather dif- the CH2 and CH3 groups of the diethy1 ether and 
ferent approach was adopted, Initially a solution an additional intense peak assigned to the t-butyi 
of the diethy1 ether addition compound of boron Protons originating from radical 2. A number of 
trifluoride in 1,4-dioxane was added incremental- weaker peaks in the methyl region are also aP- 
ly  to a of radical 2 in the same solveIlt. parent indicating that a mixt~lre of diamagnetic 
It was observed that the e.s.r. spectrum of radical is probably formed. The ether chemical 
2 decreased in intensity M,ith the addition of BF, shifts have reverted from their positions in the 
but that a new weaker spectrum appeared. This BF3/etller colnplex (Fig. 3B) towards the P s i -  

second spectrum consists of three triplets and is t i o m  found for free ether (Fig. 3C) confirming 
shown in Fig. 2B. With a large excess of BF, this that the reaction proceeds by displacement of the 

latter spectrum also disappeared. The or ig inal  ether the BF,/ether complex. 
spectrum with approximately its original intensity Similar experiments were carried out with 
can be regenerated by adding triethylarnine to the *lCl3. In this case it proved more convenient to 

final solution. Presumably triethylamine, a strong tetrahydrofuran as a solvent. The e.s.r. re- 
base, preferentially complexes with the BF, and ~ u l t w e r e  exactly analogous to those with BF, 
restores the stur~rs quo. The rate of reaction of includi~lg the observation of the spectrum of ~ i g .  
di-t-butyl nitroxide with BF, appears to be rela- 2 B  However some further information resulted 
tively slow since the intensity of the e.s.r. signal from an attempt to examine the e.s.r. spectra in 

CCI,. An excess of AIC1, was added to a solu- 
1 /# 
I 

tion of the radical in CCI,. A yellow precipitate 

3/ _ I appeared immediately. After decanting the CCI, 
-' .------- --- this precipitate was found to be soluble in ben- 

I zene. On standing the solution separated into 
!; 1; 1 ;  

two layers the upper layer being yellow in color 
and the lower layer deep red. The yellow solution 

2~ <A' /-..- ' ---- /\ -. ' 
- ,  -A',- was found to be diamagnetic but the red solution 

5: gave the e.s.r. spectrum shown in Fig. 4. This 
spectrum has 18 lines of e q ~ ~ a l  intensity alld can 

FIG. 2 .  (A) Electron spin resonance spectrum of di-t- 
butyl nitroxide radical in 1,4-dioxane, (fj) Electron be O n  the basis of a hyper- 
spin resonance spectrum obtained by adding excess fine cou~l i l lg  constant of 20.1 G and a 27A1(I = 

(C2H5),OBF3 to di-t-butyl nitroxide in 1,4-dioxane. 512) hyperfine coupllng constant of 11.5 6. I t  is 
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C PS - TMS 
I 

FIG. 3 .  100 MHz n.m.r. spectra of benzene solutions 
containing ( A )  di-t-butyl nitroxide and excess (C2H5)2- 
OBF3; ( B )  ( C Z H ~ ) ~ O B F ~ ;  ( C )  (CzH5)20. 

netic. I t  is reasonable to assume the formation of 
a complex between the Lewis acid and the free 
radical is the initial reaction and that rapid pre- 
cipitation from CCI, has enabled us to isolate this 
intermediate. The AICl, complex has only 
limited stability in benzene since the spectrum 
disappears in 45-60 min. 

There remains the question of the assignment 
of the spectra shown in Figs. 1 and 2B. The pos- 
sibilities in the second case are quite limited. It is 
obviously a nitroxide radical showing hyperfine 
coupling with the nitrogen and two additional 
nuclei of spin 112. The latter call only be protons. 
Protonation of di-t-butyl nitroxide has been re- 
ported (5) .  The proton is located on the oxygen 
atom and gives rise to a hyperfine coupling of 
3.3 G. However this would only account for 
coupling with one proton and it is acconipa~lied 
by a large increase in the I4N coupling constant. 
We obserke coupling with two protons and a de- 
crease in the I4N coupling. Coupling to protons 
on the carbon adjacent to the nitrogen is therefore 
suggested. The observed couplings to a CH,R 
group in this position vary from 8-10 G ( 6 )  
whereas those for CHR,  groups are in the range 
3-4 G (6). A value of 3.6 G is found in this case. 
These arguments suggest the di-s-butyl nitroxide 
radical 3. 

C2H5, / C2Hc 
,C-N-C, 

CH3 ' I CHI 
H O H  

The e.s.r. spectrum of this radicai has been re- 
ported in the l i t e ra t~~re  (7). The reported coupling 
constants a,  = 13.4 G and a,  = 3.8 G (ob- 
tained in benzene) agree satisfactorily with those 
found in the present experiments, a, = 13.2 G 
and a,  = 3.62 G (obtained in dioxane). No other 
assignment of the radical seems plausible. 

By analogy the spectra obtained with the pyr- 
idine nitroxide radical 1 might be expected to be 
derived from 4. 

in fact the spectrum of the A1C1, colnplex re- This radical has not been reported previously 
ported by Eames and Hoffman (4). The signifi- and it was therefore synthesized by the reaction 
cant observation is that reaction with AlCl, leads of y-nitropyridine with s-butyl magnesium chlo- 
to two products only one of which is paramag- ride. It was obtained only in low yield and the in- 
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FIG. 4. Electron spin resonance spectrum of di-t-butyl nitroxide AICI, complex in benzene. 

FIG. 5.  (A) Electron spin resonance spectrum of 4-pyridyl-t-butyl nitroxide in the presence of excess AlC13 in 
1,4-dioxane. (B) Electron spin resonance spectrunl of 4-pyridyl-s-butyl nitroxide in the presence of ZnClz in 1,4- 
dioxane. 

completely resolved spectrum cannot be analyzed 
in detail. The nitrogen coupling constant of 9.4 G 
can however be readily plcked out and assigned 
to the nitroxide group. Some difficulty was ex- 
perienced obtaining reasonable spectra of this 
radical in the presence of metal compounds since 
the initial radical spectrum is relatively weak. A 
fairly well resolved spectrum was however ob- 
tained with zinc chloride. This spectrum proved 
to be virtually identical to that obtained ~nitially 
with radical 1 and AICI,. The two are shown to- 
gether in Fig. 5.  In both cases the nitrogen hyper- 
fine coupling constant has been reduced to 8.3 G 
as expected for metal complexing on the pyridine 
nitrogen. We therefore assign spectrum 5 A  to 

and spectrum I to the analogous BF, adduct with 
some confidence. Both spectra can be reasonably 
analyzed on this basis since an  even number of 
lines is predicted. The coupling constants ob- 
tained from the various spectra discussed in this 
section are gathered together in Table 1. 

Discussion 
I t  is apparent that strong Lewis acids can in- 

teract with ilitroxide radicals in several ways. The 

present studies provide evidence for three dif- 
ferent reactions namely: (I) the formation of 
paramagnetic adducts of the type reported by 
Eames and Hoffman (4); (2) the formation of dia- 
magnetic adducts presumably involving dimers 
or  polymers of the radical;' (3) rearrangement of 
thi alkyl groups to give different radicals. 

The third type of reaction is established by the 
identification of e.s.r. spectra arising from radi- 
cals containing s-butyl groups. We considered 
the possibility that such radicals might have been 
present as impurities in the original t-butyl radi- 
cals. Samples of di-t-butyl nitroxide were ex- 
amined very carefully to check this possibility. 
Several of the lines of the s-butyl radical occur in 
positions well away from the e.s.r. lines of the t- 
butyl radical. No signs of absorption a t  these 
frequencies could be observed. In the spectra 
used the 15N satellites of di-t-butyl nitroxide were 
observed with a signal-to-noise ratio better than 
10:  1 .  15N hks a spin of 112 and an  isotopic abun- 
dance of 0.365%. Each line therefore corresponds 
to an  abundance of 0 . 1 8 z .  We deduce thereFore 

'It has been reported that 2,2,6,6-tetramethylpiperidine 
nitroxide can be oxidized to give a diamagnetic compound 
[TMPN'=O]2SnX6Z- by reaction with Sn(1V) halides 
(14). Since neither BF3 nor AICI, is an oxidizing agent an 
analogous explanation of the diamagnetism observed in 
the present reactions seems unlikely. 
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that any s-butyl impurity is present in a concen- bond provides a rationale for the subsequent 
tration of less than 0.03x. This is insufficient to reactions. 
account for the observed spectra. A possible reaction to give a diamagnetic 

It is reasonable that the initial reaction in each species is 
case is formation of an adduct with the Lewis R R 
acid, e.g. 1 i 

X3M + 0-N? + 0-N + 

R,NO + AICI, i- R,NO -> AICI, 1 

Abakumov et al. ( 2 )  suggested that such adducts 
involved T bonding to the N-0 bond but Hoff- 
man and Eames (3, 4) and other authors (8) pre- 
fer a CT donor bond. The latter seems more rea- 
sonabie. The electronic structure of such adducts 
can be discussed either in terms of valence bond 
or molecular orbital theory. In the former terms 
the radical has two principal contributing 
structures : 

R-N-R R-PG-R 
and 

0' 
I 
0- 

Complexation with a Lewis acid greatly in- 
creases the contribution of b. This is manifested 
by a large increase in the 14N hyperfine coupling 
constant, e.g., from 15.2 to 20.1 G in the case of 
the aluminum chloride adduct with di-t-butyl 
nitroxide. In molecular orbital terms the effect 
of complexation may be represented by an in- 
crease in the coulomb integral of the oxygen and 
a Hiickel calculation reproduces the increase in 
the N spin density quite satisfactorily. Eames and 
Hoffnlan (4) have considered the molecular orbi- 
tal diagram in more detail and have calculated W 
spin densities from the equation 

where Q = 16.0 C and q = 7.2 G. We wish to 
suggest that the increased polarity of the N-0 

The Lewis acid must be involved in the diamag- 
netic complex since the n.m.r. experiments show 
that ether is no longer bound to BF,. More than 
one radical could be complexed to AICl, but not 
to BF,. The n.m.r. shows a single intense peak 
for the t-butyl group but this observation does 
not necessarily have structural significance since 
there may be exchange processes operative which 
are fast on the n.m.r. time scale. The weaker 
peaks could arise from higher polymers. Since 
nitroxide radicals show little or no tendency to 
dimerize in the absence of Eewis acids it seems 
reasonable to attribute the process to the en- 
hanced dipole of the N-8 bond which results 
from complexation. 

Rearrangements of alkyl groups catalyzed by 
strong Lewis acids are well known. They fre- 
quently occur for example during the alkylation 
of benzene using the Friedel Crafts reaction with 
AICI, as a catalyst. Perhaps the most pertinent 
report is that of Roberts et al. (9) who observed 
the isotope position rearrangement of t-butyl 
chloride on treatment with AlCl,. They proposed 
a carbonium ion mechanism with the secondary 
butyl carbonium ion acting as an  intermediate, 
i.e. 

The existence of carbonium ions in solutions of attributed only to weak-donor-acceptor com- 
alkyl halides with AlCl, or BF, seems to be un- plexes and not to carbonium ions." Alkyl fluo- 
certain. Thus 81ah and OIah (10) referring to rides and very strong Lewis acids such as S b F j  
studies with t-butyl chloride comment on the unambiguously produce carbonium ions and the 
basis of n.m.r. evidence that the shifts "couId be rearrangements of these ions hzve been directly 
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studied by n.m.r. ( I  I ) .  In  any event whether 
AlCl, produces discrete carbonium ions or  not 
it seems clear that its key function in catalyzing 
alkyl rearrangements is to withdraw charge from 
the carbon atom. 

In  the present case the e.s.r. data clearly show 
that complexation with AICI, withdraws a sub- 
stantial amount of charge from the nitrogen. The 
shange in spin density calculated from eq. I sug- 
gests that this withdrawal amounts to approxi- 
rnateiy 113 of an  electron. This effect will cer- 
tainly be reflected in a more positive charge on 
the adjacent carbon. Rearrangement of the alkyl 
group can then proceed in a manner exactly 
analogous to that suggested by Roberts ct cal. (9) 
for t-butyl chloride except that only the first two 
steps are necessary. The present results do  not 
provide any further evidence as to whether there 
is any carbonium ion intermediate. Any mech- 
anism which suffices to explain the AICI, cata- 
lyzed rearrangement of alkyl halides will suffice 
to explain the present rearrangement. 

BVe therefore postulate the following reaction 
scheme to describe the interactions of Lewis acids 
with nitroxide radicals. 

R 2 N 0  f MX3 A (R2NO)2,,(MX3),,, 

R,'NO + M X 3  RiNOMX, = (R,'NO)2,,(MX3),,, 

The species observed depend on the equili- 
brium constants for these various reactions and 
the rates a t  which equilibrium is attained. The 
observations are consistent with the equilibrium 
constant for complex formation (reaction 1)  
being smaller in polar solvents such as dioxane 
than in nonpolar solvents such as benzene or 
toluene. The dependence of this equilibrium 
constant on  solvent is demonsirated by the ob- 
servation that the addition of DMSO to a dia- 
magnetic di-t-butyl nitroxide/AlCl, solution in 
benzene leads to the regeneration of the di-t-butyi 
nitroxide e.s.r. spectrum. lt also appears that re- 
actions 1, 3, and 5 are fast but 2 and 4 are reia- 
tively siow and solvent dependent. Thus in 1,4- 
dioxane the dimerization reaction is fairly fast 
and this factor, combined with the smaller equili- 
brium constant for complex formation, does not 
allow sufficient buildup of the intermediate para- 
magnetic cornpiex to permit observation by e.s.r. 
In  the less polar solvents the equilibrium is more 
favorable arid dimerization is apparently much 
slower so t h ~ t  e.s.r. spectra of complexed radicals 

are observed although they decay slowly with 
time. The same considerations apply to the 
isomeric s-butyI compounds. The latter differ 
however in the important respect that the overall 
equilibrium of reactions 3 and 4 is significantly 
further to the left than that of reactions 1 and 2. 
Thus under conditions in which sufficient AICI, 
has been added to convert di-t-butyl nitroxide 
completely to the diamagnetic dimer there is still 
sufficient di-s-butyl nitroxide present to give a 
reasonably intense e.s.r. spectrum. I t  is this latter 
factor which allows the isomerization to be ob- 
served in spite of the fact that the equi l~br iu~n 
concentration of the s-butyl-isomer is consider- 
ab!y less than that of the t-butyl isomer. We 
also infer that the isomer with one r-buty! and 
one s-butyl group has equilibrium constants 
similar to those of the di-t-butyi compound and is 
not observed for this reason. 

Finally we turn to the original observations 
involving the pyridyl radical I. The considera- 
tions hcrc are similar but with the additional 
compl ica t io~ that cornplexing to the pyridine 
nitrogen can also occur. Apparently the addition 
to radical 1 of suficient A1C13 or  BF, to form the 
pysidine colnpiex also srifices to completely 
dimerize the compound. The e.s.r. spectrum of 
the expected complex was therefore not observed. 
However a smaller amount of the s-butyl isomer 
has been formed by rearrangement, this is less 
suscepiible to dimerization. and sufficient frec 
radical is present to form a pyridyl complex. It 
is interesting to note that the e.s.r. characteristics 
of the radicals obtained by interaction of the 
Lewis acid with the pyridine nitrogen mirror 
those of complexes involving the nitroxide group. 
Thus with the BF, pyridine complex the coupling 
constant of the nitroxide nitrogen is reduced, 19F 
coupling is observed but no ' 'B coupling occurs. 
For the nitroxide complex the 14N coupling is 
enhanced, i i B  coupling is quite large but I9F 
coupling is absent. Assign~nent of the Lewis base 
site is therefore unambiguous. 

Experimental 
The preparation of radical 1 has been described pre- 

viously (1). Di-i-butyi nitroxide was obtained by a stan- 
dard method (12) and purified by distillation(b.p. 52-54-C 
at 11 mm Hg pressure). Radical samples were degassed on 
a vacuum line before measuring the e.s.r. spectra. Alumi- 
num trichloride was purchased from Baker and Adamson 
and boron triffuoride etherate from Matheson Coleman 
and Bell. Electron spin resonance spectra were obtained 
using a 3 E 0 i  spectrometer operating at  9K MHz. It 
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Simultaneous Electron Spin - Nuclear Spin Transitions in Solid Solutions of Methyl 
Radicals 
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C. T. CAZIANIS and D. R. EATON. Can. J. Chem. 52, 2471 (1974). 
The e.s.r. spectra of methyl radicals produced by the ultraviolet irradiation of TI(II1) acetate 

show satellites attributed to simultaneous electron spin - nuclear spin transitions involving a 
proton of a neighboring water n~olecule. Measurement of the relative intensities of the satellites 
and the main transitions allows the average separation of the interacting proton from the 
unpaired electron to be calculated. Such measurements have been carried out over the tempera- 
ture range -180 to -120 "C. The implications regarding the environment of the methyl 
radical in the ice matrix are briefly discussed. 

C. T. CAZIANIS et D. R. EATON. Can. J. Chem. 52, 2471 (1974). 
Ides spectres r.p.e. des radicaux methyles produits par irradiation ultraviolet de I'acttate de 

Tl(IT1) montrent des satellites qui sont attribues a des transitions siinultanees spin electronique] 
spill nuclkaire impliquant un proton d'une molCcule d'eau environnante. Des mesures d'in- 
tensites relatives des satellites et des transitions principales permettent de calculer la distance 
moyenne entre les protons interagissant et les electrons non-paires. On a fait ces mesures a 
diverses temperatures entre - 180 et - 120 "C. On dlscute brievement des implications que I'on 
peut en deduire concernant I'environnement des radicaux methyles dans une matrice de glace. 

[Traduit par le journal] 

Introduction 
Second order transitions due to simultaneous 

changes in the spin state of a single proton and 
the spin state of the unpaired electron are oc- 
casionally observed in e.s.r. spectra. They are in- 
duced by a weak dipole-dipole coupling between 
the electron magnetic moment and the magnetic 
moment of the neighboring proton. These transi- 
tions were first detected as satellites accom- 
panying the main lines of atomic hydrogen pro- 
duced in y-irradiated frozen acids (1, 2). A 
theoretical treatment has been given by Trammel1 
et al. (3) who also predicted a second and even 
a third set of satellites corresponding to two and 
three neighboring protons simultaneously chang- 
ing state. This was confirmed experimentally by 
Kohnlein and Venable (4) who observed addi- 
tional sets of lines in the e.s.r. spectra of atomic 
hydrogen at high microwave power levels. There 
have been only two instances, however, in which 
the satellites appear in e.s.r. spectra of free 
radicals, i .e. the e.s.r. spectra of y-irradiated 
single crystals of thymidine (5) and of barbituric 
acid dihydrate (6). In neither case was an ab- 
solute determination of which protons in the 
crystal give rise to the satellite lines possible, but 
in the case of barbituric acid dihydrate it was 
assumed that the protons of the water molecules 

in the hydrated crystal are responsible for the 
effect. In the present work, experimental evidence 
for the occurrence of second order transitions in 
the e.s.r. spectrum of methyl radicals is reported. 
These transitions are attributed to the flipping of 
a single proton of a nearby solvent molecule to 
which the electron spin is weakly coupled through 
dipole-dipole interaction. The effective single 
proton distance from the carbon nucleus of the 
methyl radical has been estimated as a function 
of temperature. 

Preliminary Observations 
In the process of examining the photochemistry 

of Tl(II1) acetate (7) ,  the e.s.r. spectra of methyl 
radicals (produced during the u.v.-irradiation of 
Tl(OCOCH,), in 10% H,SO, at - 196 "C) were 
obtained, they showed clearly satellite lines ac- 
companying the main absorption lines. The 
separation of the satellites from the main hyper- 
fine lines, in frequency units, is close to the pro- 
ton resonance frequency for the particular mag- 
netic field strength at which the observation is 
made. Thus the observed separation of 4.85 6 
compared favorably with the theoretically pre- 
dicted value of 4.95 G for magnetic field 3250 G. 
Also, power-saturation experiments indicated 
that (a) the intensity ratio of the satellite to the 
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main transition increases on increasing the micro- 
wave power (this is in agreement with previous 
experimental observations) (1, 2). This effect is 
illustrated in Figs. 1A and B; (b) no additional 
sets of satellites appeared even at  high microwave 
power. 

I t  was therefore confirmed that the observed 
satellites correspond to a single proton con- 
currently changing state with the change in spin 
state of the electron. A solution of TI(OCOCH,), 
in IOZ H 2 S 0 4  (where H 2 0  has now been re- 
placed by D,O) was irradiated and its e.s.r. 
spectrum recorded at  - 196 "C. This spectrum 
is shown in Fig. 1 C. The fact that satellite lines - 
are not present in this spectrum indicates that 
the dipole-dipole coupling is to a deuteron 
rather than to a proton (in this case the separa- 
tion of the satellites is reduced by a factor 
g,/g, = 0.153 and therefore the satellites cannot 
be resolved). This observation shows that the 
nuclei which give rise to the satellites are protons 
on the water molecules. 

The Effective Proton-Electron Separation as a 
Ftlnction of Temperature 

In their theoretical treatment, Trammel1 et 01. 
(3) have derived expressions in which the inten- 
sity ratio of the satellites to the main ahsorotion 
line is related to the average distance ok the 
flipping protons from the nucleus on which the 
spin density is concentrated. The single proton 
distance for randomly oriented systems is given 
by 

where T I ,  T ,  are the intensities of the satellite 
and the main line, respectively, N is the applied 

FIG. 1. (A) Methyl radical e.s.r. spectrum obtained 
after 1 h irradiation of 0.1 M TI(II1) acetate in 10% 
H 2 S 0 4  at  77 "K. Microwave power attenuation 17 DB. 
(B) As in A but microwave attenuation 8 DB. (C) Spec- 
trum in D20. Microwave attenuation 8 DB. 

field, and ri represents the distance of the ith 
flipping proton from the nucleus on which the 
spin density is concentrated. 

In order to obtain the correct experimental 
ratio T,/2T,, it is necessary to correct for 
saturation effects and also for overlap of the 
lines. This was achieved as follows: a sample of 
Tl(OCOCH,), in 10% H 2 S 0 4  was irradiated for - 1 h. This gives a very intense and noise free 
spectrum. Using always the same irradiated 
sample, seven sets of e.s.r. spectra of the low 
field central line of the methyl radical (H E 
3250 6) were recorded a t  seven direrent tem- 
peratures ranging from - 182 to - 122 "C at  
10°C intervals. Each set consisted of seven 
spectra obtained a t  different microwave power 
levels, but otherwise recorded under the same 
instrumental conditions. Each experimental spec- 
trum was analyzed on the basis of a corre- 
sponding computer-calculated spectrum. This 
calculation was made on the following assump- 
tions: (0) the spectrum is conlposed of three lines 
each represented by the derivative of a Gaussian 
curve with two adjustable parameters, the am- 
plitudc and width; (b) the two satellite lines on 
each side of the main line are of equal intensity; 
(c) the sepa.ration of the satellites from the main 
line is constant and taken to be 4.85 C (experi- 
mental value); ( d )  all three lines have the same 
linewidth (peak to  peak). 

A computer program was written to generate 
simulated e.s.r. spectra of various relative line 
intensities and line widths, to compare the sini- 
ulated spectra with an  experimental spectrum, 
and to determine the parameters corresponding 
to optimum agreement (8). Thirty data points 
from each experimental s p e c t r ~ ~ m  were used to 
make this comparison. The intensities of the 
main line and the satellite lines corresponding to 
optimum fit were obtained directly from the cal- 
culated spectrum. An example of a spectrum fit 
is shown in Fig. 2A. 

The variation of the saturation behavior of 
the satellites and the main transition is illustrated 
in Fig. 2B, where the intensities obtained in the 
above manner are plotted against the microwave 
power. Figure 2C shows a plot of the intensity 
ratio rs. n~icrowave power. From this plot the 
corrected value of T,/2T2 is obtained by extra- 
polating to zero power. 

These ratios were substituted in eq. I to obtain 
an effective single-proton distance, defined as 
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CAZIANIS AND EATON: ON ELECTROI '4 SPIN -NUCLEAR SPIN TR.4NSITIONS 2473 

FIG. 2. (A)  Con~parison of calculated and observed 
e.s.r. spectra of one-half the low field central line of the 
CH, radical. The points are experimental. (B) Microwave 
power saturation of the main line and satellites. (C) Plot 
T1/2T2 t.s. power attenuation. (D) Variation of re,, with 
temperature. 

The plot of re,, 2,s. temperature is shown in Fig. 
2 0 .  A linear increase of re,, with temperature is 
apparent. 

Discussion 
The previous reports of the observation of 

satellite lines in e.s.r. spectra have referred to 
either hydrogen atoms or to complex organic 
radicals obtained by y-irradiation of single 
crystals. The present results are of interest in that 
they refer to a small radical of known geometry 
and because it has proved possible to study the 
effects as a function of temperature. From the 
method of produci~ig the radicals, we initially 
considered it possible that the interacting proton 
was located on a neighboring acetate ion since 
the reaction 

had to be postulated to occur in acetate photo- 
chemistry at  low temperatures (9). However, the 
disappearance of the satellites when the irradia- 

tion is carried out in D,O demonstrates that this 
is not the case and that the interaction is with a 
solvent proton. The calculated internuclear sep- 
aration of 1.95 A between the methyl carbon and 
the solvent proton a t  - 182 "C may be compared 
with the value of 1.73 obtained from atomic 
hydrogen satellites (3). This relatively short sep- 
aration places some clear limitations on the 
nature of the radical's environment. The inter- 
acting proton cannot be in the plane of the 
methyl radical since the C-H bond length of 
1.1  A plus the hydrogen Van der Waals radius 
of 1.0 A clearly will not allow the observed inter- 
lluclear separation. A much more plausible 
model is one in which the proton is situated per- 
pendicular to  the plane of the methyl radical. 
There is undoubtedly some tumbling motion of 
the CH, radical in the lattice which would have 
to be considered in a quantitative calculation. 
The lines of the CH, spectrum are always quite 
sharp but it is not clear that this implies free 
rotation about all axes since the g and u,, an- 
isotropies are both small (10). Examination of a 
molecular model of the ice crystal shows that the 
observed separation is consistent with that of a 
proton perpendicular to the plane of the radical 
for either the case where a CH; radical has been 
substituted for a H,O molecule in the lattice or 
for the case where a CH, radical has been in- 
troduced in one of the open "cages" in the ice 
lattice. We are not able to postulate a specific 
site.   he increase in the separation to 2.04 A at  
- 1.22 "C on warming can be correlated with the 
expansion of the ice lattice. At temperatures 
higher than - IOO'C methyl radicals are no 
longer observed. Pres~~mably  diffusion and sub- 
sequent recombination of the radicals becomes 
possible at this temperature, We have attempted 
no detailed analysis of this temperature depen- 
dence but the observation of these satellites 
would seem to  offer an  interesting apprcach to  
the study of crystal lattice behavior. 

Experimental 
Electron spin resonance spectra were obtained  sing a 

JEOLCO-JES-35s-X spectrometer operating at  9400 
MHz (X-band). Experimental details pertaming to the 
photolysis of metal acetates have been described else- 
where (7). 

We are indebted to Dr. C .  Charalambous of the 
Department of Electrical Engineering, McMaster Univer- 
sity, for aid and advice in the computer simulation of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2474 C A N .  J .  CHEM.  VOL. 5 2 ,  1974 

e.s.r. spectra and to the National Research Council of 
Canada for financial support of this reasearch. 
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k'oxydatisn chromique et les esters chromiques 
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JEAN-CLAUDE RICHER et JEAN-MARIE HACHEY. Can. J. Chem. 52, 2475 (1974). 
Des vitesses de dCcomposition d'esters chromiques derives de cyclanols aliphatiq~~es secon- 

daires ainsi que les vitesses d'oxydation de ces cyclanols par des esters chromiques derives 
d'alcools tertiaires ont ete mesuries dans le benzene anhydre. Les resultats o b t e n ~ ~ s  sont 
compares a ceux d'autres chercheurs pour des reactions en solvants polaires. Un mecanisme 
est propose pour expliquer les rtsultats obtenus. 

JEAN-CLAUDE RICHER and JEAN-MARIE HACHEY. Can. J. Chem. 52, 2475 (1974). 

Rates of decomposition of chromic acid esters derived from secondary alicyclic alcohols 
and rates of oxidation of these cyclanols by chromic esters derived from tcrtiary alcohols hake 
been measured in anhydrous benzene. The results obtained are compared to those of other 
workers for reactions held in polar solvents. A mechanism is suggested to explaln the obserked 
results. 

Introduction 
C'est Beckmann ( I )  que l'on doit les pre- 

rniires observations sur l'existence d'intermk- 
diaires lors de l'oxydation chromique. Di.s 1889, 
ce chercheur signale que durant l'oxydation 
chromique du menthol, il y a formation d'un 
compose cristallin rouge qui se dCcompose en 
menthone B 53 "C. Depuis lors, de nombreux 
chercheurs ont observe de tels intermediaires 
durant l'oxydation chrolnique d'alcools. (Pour 
un resume, voir la ref. 2). 

Le chromate de ditertiobutyle est un oxydant 
doux et specifique couramment utilise (3-8). En 
1967, Matsuura et Suga (9) publient un article de 
revue sur l'oxydation de cornposCs organiques 
par  cet ester chromique; ils font une retrospec- 
tive des travaux ayant trait a l'oxydation 
d'alcools primaires, d'alcools secondaires et de 
composes ayant des groupements mCthylCniques 
actives. 

Dans ce travail, nous etudions d'abord le 
mkcanisme de deco~nposition d'esters chro- 
rniques derives de cyclanols secondaires puis 
nous itelldons notre etude a l'oxydation de 
cyclanols secondaires par des esters chromiques 
derives d'alcools tertiaires. Les reactions sont 
faites dans le benzine anhydre avec divers 

'Les resultats rapportes dans le present travail sont 
extraits en partie de la these soumise par M. Jean-Marie 
Hachey en vue de l'obtention du grade de Ph.D., Faculte 
des sciences, Universite de Montreal, janvier 1972. 

'Adresse actuelle: Departement des sciences pures, 
UniversitC du Quebec a Chicoutimi, Chicoutimi, Quebec. 

cyclanols aliphatiques secondaires et des esters 
chromiques derives de differents alcools alipha- 
tiques tertiaires. 

Esters chromiques derivCs d'alcools secondaires 
Syntl12se rt caracte'risatio~~ d'estrrs cliron~iclues 

de'riz5e's d'ulcools secondaives c j~c l iq~~es  
La synthese des esters chromiques est une 

adaptation de la mCthode gtnerale decrite par 
Wienhaus (10). Un leger excis de CrO, solide 
est lnis en contact avec un alcool secondaire dans 
un solvailt apolaire (benzine, CCl,). Apris 2 ou 
3 min d'agitation, I'excis de CrO, est sCparC de 
la~solutioil par decantation; la solution est en- 
suite sechee sur Na,SO, anhydre puis dCcantCe. 
Apres evaporation du solvant, I'ester chromique 
presente les caractCristiques suivantes. Spectre 
u.v.: une large bande vers 385 11111 et une  noi ins 
large vers 285 nm. Spectre i.r.: la bande -OH 
est absente. Apparition de bandes Cr-0 vers 
985 et 960 cm- ' .  Apris quelques minutes, une 
bande carbonyle commence i se developper. 
Spectre r.m.n. : disparition totale du signal attri- 
buable au proton hydroxyle. Quelque 20 min 
plus tard, une seconde determination du spectre 
r.m.n. laisse voir une diminution dans l'intensite 
du signal de l'hydrogine carbinolique et l'appari- 
tion graduelle d'un signal vers 2.00 p.p.m. cor- 
respondant aux protons mCthylCniques en posi- 
tion r~ du carbonyle. 

Iclentrjication c/es yroduits de la re'actiori 
Les produits de la reaction de dCcomposition 

dans un solvant non polaire (benzine, CCI,) 
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TABLEAU 1. Vitesses de dCcomposition d'esters chromiques dkrives de cyclanols 
secondaires* 

.. .- --- . -- - . 

kl  x 105 k2 x 103 
Alcools (s - I )  1 0 1  s Vitesses relatives 
-- ~ - -  

Cyclopentanol (Bj 4- ,4010.12  5.91 k 0 . 1 8  1 .22  
Cyclohexanol (2) 3 .58+0.04  4.84-tO.06 1 .OO 
Cycloheptanoi (3) 6 .38*0 .07  8 . 6 0 k 0 . 0 9  1.78 
Cycloocta~~ol (4) 7 . 5 9 2 0 . 1 5  10 .31&0.28  2.13 
Cyclooctanol deu tere ( 5 )  1 .97 * 0 .06  2 . 6 7 k 0 . 0 8  0 .55  
Cyclononanol (6) 6.01 k 0 . 0 7  8 . 1 6 i 0 . 1 2  1.69 
Cyclod6canol (7) 5.19+0.06  6 . 9 8 k 0 . 1 2  1.44 
- - - 

*Conditions: [Alcool], r 7.1 I 1 0 - 3  M :  [Ester chromique], r 0.38 r 10-<;2.; T - 25'C. 

d'un ester chromique dCrivC d'iin alcool secon- 
d a r e  cyclique sont la cCtone correspondante, 
l'exces d'alcool et un cornposC insoluble du 
chrome rCduit (composition toisir7e de CrO,). 
Ces res~iitats sont identiq~ies B ceux rapportks 
par Leo et Westheirner (11) pour la dkcom- 
position dl; chromate de diisopropyle dans ie 
benzene. 

Vitesse de cl~co~?~positior? d'esters chrcmiqzles 
'C ues u'e'rir.6~ d'alcools secot?dczir.es cyc1:i 

Toutes les nlesures cinetiques furent effectuees 
dans le benzene anhydre en prCsence d'un 
excis d'alcool secondaire selon un rapport de 
concentrations lnolaires alcool: Cr(VI) de 20: 1. 
La vitesse de la rkaction fur mesurke a 24.05 1: 
0.03 "C au maximum d'absorption de 19ester 
chromique. 

Les tableaax 1 et 2 donneni les moyennes de 
trois ou quatre mesures avec l'i'chrt maximuln 
observe: les vitesses reiatives m n t  donnCes par 
rapport B k ,  pour ie cyciohesanol. 

La \ariation des vitesses relatives en foncticn 
de la grandeur du cycle, par rapport au cyclo- 
hexanol, est donnee dans la fig. 1.  La fig. 2 
montre la variation des vitesses relatives de 
decomposition d'esters chromiques derives de 
cyclanols secondaires. 

Disct!ssion 
A la fig. 1 ,  !es rCsul"iats de ce travaii sont com- 

pares aux rtsilltats (milieu H20-HCl0,)  de 
Kuivila et Wecker (12) ct a.ux rksiaitats (milieu 
AcOH-H,O) de Richer et t l oa  (13). La sequence 
des vitesses suit la mGme tendance pour les trois 
Ctudes. La fig. E indique que plus le milieu est 
polaire, plus ies icarts sont prononcCs enlre les 
vieesses d'oxydation du cyciohexanol et celle des 
cyclanois hornologues supirieurs. 

La fig. 2 permst de cornparer les sksuitats 

FIG. 1. Vitesses relatives d'oxydation chromique de 
cyclanols secondaires. Conditions: rCf. 12: T = 40.0 f 
0.01 ' C ;  [acide chromique], 0.001-0.002 M, iAlc~ol], 
variable, [HCIO,] 0.10-0.25 M, force ionique 0.40, solvant 
H20 ;  rPf. 13 : T = 25.10 "C ,  [acide chromique], -3 3.0 x 

N, [Alcool], 2 2  x M ,  solvant AsOH: H 2 0  
(3  : I). 

rCsurnCs a a  tableau 2, aux rCsultats (miiieu 
AcOH--H,O) de Richer, Eliel et a/ .  (14, 15) et 
2 ceux de Richer et Gilardeau (16). L'examen de 
la fig. 2 permet Cgalement de constater qu'un 
milieu non poiaire (favorisant un n~kcanisme 
cyclique intramoltcu!aire) contribue A attknuer 
ies Ccarts entre les ~i tesses  d'oxydaticr~. 
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FIG. 2. Vitesses relatives d'oxydation chromique de 
cyc1ohexanols.diversement aikylts. Conditions: ref. 14, 
15: T = 25 "C ,  [acide chromique], -5 x N, 
[Alcool], = (1.0 a 3.0) M, solvant AcOH: H 2 0  
(3: l ) ;  rCf. 16: T = 25 ' C ,  [acide chromique], -1.0 x 

M, [Alcool], 1 I .O x i 0 2  ,W, solvant AcOH: H 2 0  
(3 : 1). 

ter~sioris internes (I-slrain) de Bru\\n e f  ul. (17) 
pour UII changement de covalence de 4 (i.e. sp3) 
a 3 (i.e. sp2) dans les cycles rnoyens. 

La nature apoiaire du solvant, la faible valeur 
de l'eKet isotopique cinttique ainsi qrle la forma- 
tion d'un oxyde de chrome rCduit de coinposition 
voisine de CrO, s'accorderaient tres bien avec le 
mecanisme illustrk dans les conclusions gknirales 
et caractiris6 par la dtcornposition cyclique 
intramolesulaire de I'ester chromique. 

Les esters ehromiqoes dCrivCs d9arlcools 
tertiaires cornme agents oxydants 

dcleni~~catiorz des procluits de la re'actioil 
L'oxydation, dans le benzine anhydre, d'un 

exces de cyclanol secondaire par un ester chro- 
mique dCrivC d'un alcool tertiaire conduit a un 
mClange rCactionne1 contenant la citone corres- 
pondante, 1'exci.s d'alcool secondaire non rCagi. 
I'alcool tertiaire provenant de I'ester chromique 

ainsi qu'un prCcipitC brun d'oxyde de chrome 
rCduit (vraisemblablement le CrO,) et/ou un 
mtlange d'oxydes de chrome approchant cette 
composition. 

Ces observations sont conformCs a celles 
dkcrites dans !a litterature (8, 18) lors de l'oxy- 
dation d'un alcool par un ester chromique dCrivC 
d'un alcool tertiaire. 

k'analyse gravirnitrique, les tests de solubilite, 
la dicomposition thermique en Cr,O, avec 
degagement d'oxygene et l'aspect physique 
s'accordent bien avec la description du  CrO, 
donne dans la IittCrature (19, 20). Les produits 
organiques sont analyses par chromatographie 
en phase gazeuse et i.r. 

Vitesses d'oxj3dation cl~rornique de cyclanois 
secondaires au moyen d'esters cchor?. 'q ues 
de'ricgs d'alcools tertiaires 

kes vitesses d'oxydation chromique sont 
calculies a partir du  taux de dln~inution dans 
l'absorption du Cr(V1); la iol-igueur d'onde 
ayant CtC prealablement fix& zu maximum 
d'absorption. Des mesures effectukes 2 longueur 
d'onde variable et balayages lent5 et rCpCt6s con- 
firment les rksultats obtenus a longueur d'onde 
constante. La mithode utilisee est dCcrite dans 
la partie expirimentale. Les valeurs indiqukes 
sent des vitesses moyennes pour trois ou quatre 
mesures; l'ecart maximum observe est indique 
dans chaque cas. 

injuence de l'excds d'alcool ci oxyder sur la 
ritesse d'oxydation 

Le cas CtudiC fut celui de I'oxydation du cyclo- 
hexanol par le chromate de diadamantyle-1. 
Les rksultats du tableau 3 sont en accord avec 
plusieurs travaux antdricurs (14, 16, 19) oir ii est 
possible de constater que la vitesse d'oxydation 
diminue avec augmentation de la concentration 
de I'exc6s d'alcool a oxyder. 

Influence de la pj%ridir~e sur la citesse 
d'oxydation 

Le cas examink fut celui de i'oxydation du 

TABLEAU 3. Vltesses d'oxydat~on du cyclohexanol par le 
chromate de dladamaniyle-l 

- 

k2 x 103 
Rapport molaire kl x lo5 (I mo1r1 $-I) 
[A~~IOI[C~(VI) IO (s-11 
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RICHER E T  HACHEY: CHROMATES ORGANIQUES 

TABLEAU 4. Vitesses d'oxydation d'alcools par divers esters chromiques 
-- 

kl x lo5 k2 x lo3 Vitesses 
Alcools (s-l) (1 mol-I s - I )  relatives k ~ / k ~  

( a )  Oxj~datiorzs par le chromate de difertioburyle 
2 1 . 8 4 t 0 . 0 3  2 .37k0 .04  1 .OO 
4 4 .92k0 .06  6 .31k0 .08  2.66 2.13 
5 2 . 3 0 i 0 . 0 3  2.97 + 0.04 1.25 
8 1.23_+0.05 1 .59+0.07 0 .67 
9 2 .46k0 .07  3.17+0.09 1.34 

10 2 .27k0 .06  2 .92k0 .07  1.23 
11 2 .55k0 .06  3 . 2 9 i 0 . 0 7  1.39 

( b )  Oxydations par le chionzare de rli(mPthy1-3 pentyl-3) 
2 1.47+0.03 1 .90k0 .04  1  .OO 
4 3 . 1 0 i 0 . 0 6  3 . 9 7 i 0 . 0 7  2.09 2.01 
5 1 . 5 3 t 0 . 0 6  1 .98+0.07 1.04 

( c )  Oxydations par le chronlare de di(n7Prhyl-3 hexj~l-3) 
2 1.44k0.06 1.86+0.08 1  .OO 
4 2 . 9 2 i 0 . 0 6  3 . 7 2 i 0 . 0 5  2.00 2.05 
5 1.41 k 0 . 0 6  1 . 8 2 i 0 . 0 8  0.98 

( d )  Oxydations par le chron~ate de dilt17PrI1yI-3 heptyl-3) 
2 1 . 3 8 i 0 . 0 3  1 . 7 8 k 0 . 0 4  1 .OO 
4 2 .79k0 .07  3.58+0.09 2.01 2.20 
5 1.26+0.06 1 . 6 3 i 0 . 0 8  0.91 

( e )  Oxydations par le chvornare de diarlan~antj'le-l 
1 1.02k0.03 1 . 2 6 k 0 . 0 4  1.11 
2 0 .88k0 .04  1 .14k0 .05  1  .OO 
3 1 .48k0 .05  1 .90k0 .06  1.67 
4 1.65+0.03 2 . 1 2 i 0 . 0 4  1.86 
6 1 .4210 .03  1 . 8 3 i 0 . 0 4  1.61 
'7 1.35+0.03 1 .73k0.04 1.52 

12 1 .00k0 .03  1 . 2 9 i 0 . 0 4  1.13 
13 0.92 t 0.03 

-~ 

1 . 1 9 i 0 . 0 4  
-- 

1.04 

*Conditions: [Alcool], 2 7.7 , M :  [Ester chromique], 2 0.38 , 10-<.M; T - 25 'C. 

cyclohexano! par le chromate de ditertiobutyle 
a 24.05 1 0.03 'C. Les concentrations initiales 
en alcool et en ester chrolniaue Ctaient Cvidem- 
memt les mimes que celles utiliskes pour les 
autres rkactions d'oxydation. Les rksultats ob- 
servks permettent de conclure que !'addition d'un 
Ikger excks de pyridine (15.6 x M) n'affecte 
pas, de f a ~ o i ~  sensible, la vitesse d'oxydation. En 
effet, nous avons inesure k ,  = (1.84 i 0.03) 10-' 
s - '  et k ,  = (2.37 k 0.04) 1 moi- ' s - '  que 
la reaction soit faile avec ou sans pyridine. Les 
rCsultais obtenus permettent de suggCrer que 
I'ester chromique se decompose selon an  
mkcanisme cyclique intramolkculaire. En effet, 
une dicomposition bi~nolkculaire de I'ester 
chro~nique aurait vraisemblabienient ttC affectCe 
(acck1CrCe) par l'addition de pyridine. 

I??jrrence de la nature de I'alcool sltr la 
citesse d'oxjdatioiz 

Les resultats des vitesses d'oxydation de 
diffkrents alcools par divers esters chromiques 
dkrivks d'alcools tertiaires sont rCsumks au 
tableau 4. La fig. 3 illustre la variation des 
vitesses relatives d'oxydation de quelques cyclo- 
hexanols diversement alkyles. Une compar-: a ~ s o n  
entre les vitesses d'oxydation de ces alcools par 
ie (t-Bu),CrO, et les vitesses de dCcomposition 
pour les esters chrorniques secondaires dCrivCs 
de ces alcools laisse voir sensiblelnent la mime  
tendance. La fig. 3 fait Cgalemeilt ressortir le 
fait suivant: la dCconlposition d'un ester chro- 
mique dkrivk d'un alcool secondaire se fait plus 
rapidement que i'oxydation de ce mime alcoo1 
par un ester chromique dCrivC d'un alcool ter- 
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H,O) (pour une revue voir la ref. 2) est different 
du mecanisme prkvalant en solvant apolaire. 

Sur 17efSet isotopique cine'tique 
Nos rCsultats exposes au tableau 4 permettent 

de constater que l'effet isotopique est ltgerement 
superieur dans lc cas de la dkcomposition d'un 
ester chromique dkrivi d'un cyclanot secondaire 
(3.86) que dans celui de l'oxydation d'un cyclanol 
secondaire par un ester chromique derive d'un 
alcool tertiaire (- 2). 

Ce fait pourrait s'expliquer par la participa- 
tion de la transesttrification a la cinktique lors 
de I'oxydation par un ester chromique derive 
d'un alcool tertiaire. Ces rtsultats se comparent 
bien a ceux observCs par Rocek et al. (21) qui ont 
constatt un effet isotopique k,lk, de 2.0 pour 

w 
2 2.0 
t- 
d 
J 
W 
[L 

W 
V) 

l.0- 
t =- 

O H  e o n  b a n  don GH une oxydation faite dans AcOIi 60", en presence 
B 2 10 9 d'AcONa; les auteurs en conellrent que, dans ces 

FIG. 3. Vitesses relatives d'oxydation par (r-Bu), conditions, l'esterification et la decomposition 
CrO, (trait piein (I)). Vitesses relatives de decomposition de l'ester contribuent B la cinktique. 
d'esters chrorniques secondaires (traites espaces (2)). kes faibles valeurs de l'effet isotopique ob- 

tiaire. ces observations s-expliquent facilement servkes dans notre etude permeltent de confirmer 

de la nlaniire suivante: lors de l'oxydation par le 1'hypothi.se de Rocek et ses coilaborateurs (21) 

( t - ~ u ) , ~ r ~ , ,  la reaction se fait evidemment en en faveur d'une dCcomposition unimolCculaire 

deux ktapes: d.abord transesterification puis de l'ester chromique. Selon ces auteurs, le 

reduction du Cr(VI) en Cr(1V) (voir fig. 3, trace diplacement d'un atome d'hydrogene dans un 

I). Par centre, la reduction du Gr(VI) en Cr(IV) petit cycle devrait donnet' des eKet isotopiques 

(voir fig. 3, trace 2)  se fait directement; l'ester PIUS petits que ceux observes lors d ' ~ n e  decom- 

chromique dirivi de l'alcool secondaire Ctant position bimoleculaire. 

d e j ~  forme lors de la mesure du  laux de dis- . Ces resultats s'accordent Cgalement avec les 
parition du Cr(VP). travaux de Mosher et al. (22) traitant de l'oxy- 

6?Jiuence de la nature de l'ester chron~iqu~ dation d'cr-phCnylCthanols par Ie (t-Bu),CrO, 
dans le benzene anhydre. En efet ,  cet auteur sur la zitesse d'oxydutiorz 

kes risultats obtenus (voir tableau 4) lors de trouve un effet isotopique k,,/ic, de 3.30 B 

l'oxydation de cyclanols par divers esters chro- 25.85 "C et 3.09 B 34.5 "C. 

miques permettent de degager les points suivants. 
Tout d'abord, la vitesse d'oxydation est sensible- Conclusions gCnCrales 

ment reduite lorsque l'encombrement sterique Les rksultats observes dans ce travail permet- 
est accru dans l'agent oxydant c'est-a-dire, tent de tirer les conclusions suivantes: (i) la 
l'ester chromique. En second lieu, la sequence reaction, dans un solvant apolaire anhydre tel le 
des vitesses relatives d'oxydation (par des esters benzene ou le CCl,, entre l'anhydride chromique 
chromiques dans un solvant apolaire) suit assez et un alcool secondaire alicyclique conduit a 
bien la tendance observke lors d'oxydations par l'ester chromique correspondant dont la presence 
l'acide chromique dans 19acide acetique aqueux. est appuyie par les spectres u.v., i.r. et r.m.n. Ces 
Les ecarts pourraient ttre expliques, d'une part, observations confirment donc la formation de 
par la participation de la transestirification la I'ester chromique prealablement a l'oxydation; 
cinktique et, d'autre part, par le fait que dans le (ii) les produits de la reaction B 24.05 "C, dans 
benzene, la dCcomposition unimolCculaire de un solvant apolaire anhydre (benzene, ether de 
l'ester chromique selon un n~Ccanisnie cyclique a pCtrole), entre un excis de cyclanol secondaire et 
cinq atomes est la plus vraisemblable. De plus, il un ester chromique derive d'alcool tertiaire sont 
faut se rappeler que le mecanisme de l'oxydation la cCtone correspondante, l'alcool tertiaire 
chromique en solvants polaires (e.g. AcOH- provenant de l'ester chromique, un prkcipite 
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RICHER ET HACHEY: CHROMATES ORGANIQUES 

R = alkyle tertiaire A B 

ROH f Cr02 

SCHEMA I. Micanisme suggere 

brun d'oxvde de chrome de composition voisine sont mis en suspension sous forme d'emulsion dans le 

de CrO, i t  l'exces d'alcool secondaire retrouve NEkindices de r6fractlon kte mesurer sur un  refrac- 
intact; (iii) la vitesse d'oxydation chrolnique de Abbe de la Karl Zeiss, -. 
diminue avec une augmentatioil de la concentra- Les analyses par chromatographie en phase gazeuse 
tion de 1'exci.s d'alcool B oxyder; (ic) la vitesse (c.p.g.) furent effectuees de la f a ~ o n  suivante. Alcools 

d'oxydation chromique diminue avec augmenta- tertiaires: appareil de la cie "F & M" detection par 
ionisation de flamme; colonne en cuivre (14 pd x po) tion de l'encoinbrement stkrique de l'ester chro- contenant 10z dd"chyprosefl sur chromosorb "Pn; gaz 

mique utilise comme agent oxydant; (1:) la nature porteur: 60 ml We/min; 140 'C .  Alcools sccondaires: 
apolaire du solvant, la faible valeur de I'effet appareil de la cie "Microtek" a detection par conductivite 
isotopique cin6tique ains i  que l'absence de thermique; colonne en cuivre (12 pd x $ PO) contenant 
catalyse basique en prksence de pyridine s$accor- 10% de silicone "SE-30" sur "Chromport-XXX"; gaz 

porteur : 60 ml Helmin ; 180-200 ' C .  
deraient tres bien avec le mkcanisrne suivant Les spectres u,v, furent determines de la faCon suivante: 
caractCris6 par la participation de la transes- spectres u.v. de caractkrisation: spectrophotometre 
terification la cinktique et la decomposition "Bausch & Lomb", modele Spectronic 505; solvant, 

cyclique intralno16culaire de chro,nique. pentane; spectres u.v, de cinetique: les vitesses d'oxyda- 
tion ch romi~ue  furent mesurees a I'aide d'un spectro- 

Me'canisme de I'oxj~dation d'un alcool secoizdaire 
par un ester clirornique de'rice' d'un alcool 
tertiaire 

Ce mecanisme (represent6 dans le schema 1) 
se fait en deux Ctapes: ( i )  transestirification; (ii) 
oxydation de l'alcool. 

photometre "perkin-~lmer", modele 4000-A a houble 
faisceau equip6 de compartiments thermostates, spectres 
r.m.n.: spectrophotometre "Varian", modele A-60; 
solvant, CCI,; standard interne TMS. 

Esters chromiques dtriots d'alcool~ second~ire~ 
Synth2se er pvoprie'tts des alcools secondaives 
Les alcools secondaires utilises au cours de ce travail 

Bartie expCaimentaEe jDans le cas de la dCcomposition d'un ester chromique 
derive d'un alcool secondaire, la reaction se fait Cvidem- 

Les points de fusion ont kt6 dCterminCs sur un micro- 
merit partir de I,intermediaire gGC,, ,  intermediaire 

scope chauffant de la compagnie Reichert (Autriche) a pourrait s,ecrire 
19aide d'un thermometre calibre. r 0 1 

Les spectres i.r. ont ete pris sur un spectrophotometre 
de la cie "Beckman", modele I.R. 8 a double faisceau, 
entre deux plaques de NaCI. Les produits liquides sont 
examines sans solvant et sous forme de film; les solides 
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Ctaient, en majoriti, disponibles au Iaboratoire. Certains 
alcools furent synthetises par reduction de la citone 
correspondante par LiAIH, suivie d'une hydrolyse acide 
selon la methode decrite par Roberts et Sauer (25). La 
purete de tous ces alcools fut assurie par les methodes 
traditionnelles: distillation ou recristallisation, spectre 
i.r., indice de refraction, chromatographie en phase 
gazeuse. Les proprietes physiques et les caracteristiques 
spectrales de tous ces produits s'accordent bien avec les 
donnees de la littirature (26, 27). 

Synrhese e f  caracttrisation d'esfers chromiques 
derices d'alcools ~econdaires cycliques 

L'expirience a demontre que les conditions experimen- 
tales suivantes etaient optima pour la preparation d'esters 
chromiques derives d'alcools secondaires. Quelque 40 a 
50 mg d'alcool secondaire a esterifier sont dissous dans 
3-5 ml de CCI, a la temperature ambiante. Un exces de 
CrO, solide (generalement une quantite equimolaire; une 
molecule de CrO, reagissant avec deux n~olCci~les 
d'alcool) est alors ajoute a la soli~tion de l'alcool et 
I'agitation est maintenue durant 2-3 min 2 la temperature 
de la piece. Des l'addition des premiers cristaux de CrO, 
solide, la solution se colore rapidement jaune-rouge. 
Apres I'agitation, l'exces de CrO, est separe de la solution 
par decantation. La solution est ensuite sechee par 
Na,S04 anhydre durant environ 3 min. L'ester chromique 
fraichement prepare prksente alors les caracteristiques 
spectrales decrites plus haut. 

Vitesse de d&con~po.sirion #esters cl~~.o/niquea dtricts 
cl'ulcool~ ~econfluires 

(a) I(ientijicafior1 des pi.ocl~rirs de la rtac f ion 
Un exces d'alcool secondaire (0.3-0.5 g) en solution 

dans 10 ml de benzene anhydre est mis en presence de 
CrO, solide dans des conditions semblables a celles qui 
existent lors de la mesure d'une vitesse de deconlposition. 
L'agitation est maintenue durant 3-5 min puis la solution 
est skchee sur Na,SO, anhydre. Lcs s e ~ ~ l s  produits 
organiques observes par c.p.g. apres concentration de la 
solution par evaporation du solvant sous pression red~1it.e 
sont la cetone correspondante et l'exces d'alcool de 
depart; le spectre i.r. confirme cette observation. I1 y a 
aussi formation d'un precipite brun-noir (oxyde de 
chrome reduit, composition voisine de CrO,). 

( b )  Proctdt esptri/newml 
Des essais preliniinaires nous ont permis de constater 

que les conditions experimentales suivantes etaient op- 
tima: avant c h a q ~ ~ e  serie de mesures de vitesse, une solu- 
tion benzenique de I'alcool etudie est preparee (les con- 
centrations sont de l'ordre de 15.5 x mol I-'). La 
methode consiste a prelever, au nioyen d'une pipette, 
5.0 in1 de la solution benzenique de I'alcool qui sont 
ensuite transferes dans un ballon de 25 ml contenant 
deja 5.0 nil de benzene anhydre. Ensuite, quelques cris- 
taux de CrO, anhydre (conserve dans un flacon ren- 
fermant du CaCI, anhydre), sont ajoutes et l'agitation est 
assuree par une barre magnetique. L'agitation est pour- 
suivie durant 3-5 min jusqu'a ce que I'absorption de la 
solution soit de 1.2 (absorption correspondant a une 
concentration de 0.38 x IM en ester chromique et 
Cvaluee par calibration); la compensation est faite avec 
du benzene pur. Lorsque la solution donne cette absorp- 
tion, elle est transferee dans une fiole conique de 10 ml 
puis sechee sur Na,SO, anhydre durant 5 min. La solu- 
tion est ensuite a nouveau transferee dans une cellule en 

quartz puis placee dans un compartiment thermostate. 
Afin de s'assurer du thermostatage, un delai de 10 min est 
observe avant le debut d'une mesure. De cette f a ~ o n ,  le 
temps Ccoulk depuis la mise en contact de l'alcool et du 
CrO, et le debut d'une mesure varie entre 1000 et 1200 s. 
(L'exces d'alcool a oxyder par rapport a I'ester chromique 
secondaire est alors de I'ordre de 20: 1 ; ces concentrations 
initiales sont comparables a celles prevalant lors de 
I'oxydation d'un alcool secondaire par un ester chromique 
derive d'un alcool tertiaire). 

( c )  Mesures 
Une constante de vitesse ( k l )  est calculee a partir du 

taux de disparition du Cr(V1) a 385 nm (T = 24.05 f 
0.03 'C). Un facteur de conversion permettant de calculer 
la concentration en ester chromique a partir de I'absorp- 
tion en u.v. est determine. La concentration initiale de 
I'alcool est calculee en faisant la difference entre la con- 
centration totale de l'alcool secondaire mise en solution 
et la concentration calculee d'ester chromique. Une 
constante (k,)  est obtenue en divisant k ,  par la concen- 
tration initiale de I'alcool. 

Esters chromiq~ies diriois d'alcools terriaires comrne 
agents oxydants 

Identification des produits de la rtactiorz 
L'oxydation d'un exces de cyclanol secondaire par un 

ester chromique derivk d ' ~ ~ n  alcool tertiaire, dans des 
conditions comparables a celles qui prevalent lors de la 
mesure d'une vitesse d'oxydation, donne la cyclanone 
correspondante, le cyc!anol en exces, I'alcool tertiaire 
utilise pour la synthese de I'ester chromique et un preci- 
pite brun-noir de composition voisine de CrO,. Les 
produits organiques sont analyses par chromatographie 
en phase gazeuse; le spectre i.r. confirme la presence de 
cetone et d'alcool. 

Sfabilitt des esters chrorniques utilists conlnre agents 
oxydants 

I1 s'agit essentiellement de preparer un ester chromique 
derive d'un alcool tertiaire, de le stcher puis de mesurer le 
taux de diminution dans I'absorption du Cr(V1) a la 
longueur d'onde d'absorption maximum (?.,,,). La 
mithode generale utilisee est decrite ici dans le cas du 
chromate de ditertiobutyle. A I'aide d'une spatule, 
0.0014 g de f-BuOH sont peses dans un ballon jauge de 
25 ml. Ee ballon jauge est ensuite rince en utilisant trois 
portions de 2 ml de benzene anhydre afin de tout trans- 
ferer le t-BuOH dans un ballon de 25 ml muni d'une 
barre magnetique. L'exces de CrO, solide (conserve dans 
un flacon renfermant du CaCI, anhydre) est alors 
introduit au moyen d'une spatule. L'agitation est ensuite 
poursuivie durant 3-5 min. La solution benzenique 
coloree jaune (ester chromique) est decantee de I'exces de 
CrO, solide, ce residu est rince trois fois par 2 ml de ben- 
zene anhydre afin de tout en extraire I'ester chrornique. 
La solution benzenique de I'ester est sechee sur Na,S04 
anhydre pendant 3-5 n~ in .  La solution est ensuite separCe 
du Na,SO, par decantation et celui-ci rince 2 trois 
reprises par 1 ml de benzene anhydre; toute la solution 
est ensuite transferee dans un ballon jauge de 25 ml Iequel 
est e n s ~ ~ i t e  rempli jusqu'au trait de jauge avec du benzene 
anhydre. Une celle en quartz de 1 cm est ensuite remplie 
de la solution de I'ester, une autre cellule ren~plie de ben- 
zene pur assure la compensation pour le solvant. Afin de 
s'assurer du thermostatage, un delai de 600 s est observe 
avant le debut d'une mesure. Dans une premiere etape, le 
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RICHER ET HACHEY: CHROMATES ORGANIQUES 2483 

maximum d'absorption est determine puis la longueur 
d'onde est fixee a cette valeur pour l'etape suivante qui 
consiste a mesurer le taux de diminution dans I'absorption 
pour un laps de temps donne; on obtient ainsi une con- 
stante dz vitesse moyenne k l ; k 2  est obtenu en divisant 
k l  par la concentration initiale de I'alcool a oxyder. Le 
taux de diminution dans l'absorption de l'ester chromique 
tertiaire est mesure avant chaque serie de mesures et sa 
valeur est evidemment retranchee de celle observee lors 
de I'oxydation chromique. 

Vitesses d'oxydation chrornique de cyclanols 
secondaires au moyen d'esters chromiques ddrivis 
d'alcools tertiaires 

La methode generale utilisee est decrite ici dans le cas 
de l'oxydation du cyclohexanol par le chromate de 
ditertiobutyle. Le cyclanol secondaire a oxyder est pese 
dans un ballon de 25 ml. Ensuite, 5.0 ml (preleves a I'aide 
d'une pipette) de la solution benzenique de l'ester 
chromiclue sont aioutes a I'alcool secondaire e: le melange 
est agitk vigoure&ement durant 30 s. 11 s'agit d'abord 
de determiner la longueur d'onde au maximum d'absorp- 
tion (h,,,) du melange reactionnel. 

Ensuite, la frequence est fixee a cette valeur pour 
I'Btude cinetique. Le chronometre est mis en marche des 
le contact alcool secondaire - ester chromique et 600 s se 
seront ecoulees avant le debut de la mesure du taux de 
disparition du Cr(V1). L'experience a montre qu'une 
m&me valeur est obtenue pour la constante de vitesse 
i 2 0  nm du maximum ~ L I  melange; cette observation 
s'expliyue facilement par la largeur des bandes. De plus, 
des constantes de vitesse calculees a longueur d'onde 
constante ont Cte corroborees par d'autres calculees a 
longueur d'onde variable et balayages rCpCtCs a inter- 
valies definis. 

( a )  Mesure d'une vitesse d'oxydation a longueur 
d'onde cariable et balayage r ip i t i  

Dans le but de verifier les valeurs de constantes de 
vitesses obtenues 2. longueur d'onde constante, des 
mesures ont ete faites a longueur d'onde variable et 
balayages repetes a intervalles definis. Les concentrations 
initiales respectives d'alcool secondaire et d'ester chro- 
rnique sont Cvidemment les mtmes que lors des niesures a 
longueur d'onde constante. 

l b )  Influence de la pyridine sur la ziitesse d'oxydation 
Le cas examine fut celui de I'oxydation du cyclohexanol 

par le chromate de ditertiobutyle. La pyridine utilisee 
etait evidemment anhydre et classifiee "reagent"; elle fut 
distillte avant I'usage puis conservee sur tamis moltcu- 
laire. 

Mesure de la stabiliti de I'esrer chromique en preserzre 
depyridine. Ii s'agissait simplement de mesurer le taux de 
diminution dans I'absorption du Cr(V1) pour le (I-Bu)z- 
CrO, en presence de pyridine dans le benzene anhydre. 
I1 a i t4  observe que l'addition de 0.0185 g de pyridine dans 
15 ml de solution benzenique de I'ester chromique 
n'affecte pas de f a ~ o n  sensible le taux de diminution dans 
I'absorption du Cr(V1). Dans cette mesure, la concentra- 
tion en pyridine etait 15.60 x M e t  la concentration 
en ester chrornique 0.39 x M. 

Mesure de la citesse d'oxydation du cyclohexanol par le 
chvornate de ditertiobutyle en prbence de pyridine Le 
cycloliexanol est pese (0.0039 g) dans Lin ballon de 25 ml. 
A I'aide d'une pipette, 5.0 ml de la solution benzenique 
de (t-Bu),CrO, dont la concentration est 0.39 x 10-a M 

sont ajout6s au cyclohexanol puis le melange est a g ~ t e  
durant une minute. Le chronometre est mis en marche 
des le contact entre le cyclohexanol et le (t-Bu),Cr04. Le 
ballon est de nouveau agiti durant une minute. Le 
melange est finalenlent transfere dans une cellule en 
quartz de 1 cm puis dans un compartiment thermostatt. 
La compensation optique est faite avec une solution de 
pyridine (15.60 x 10- j  M) dans le benzene. Un delai de 
600 s s'ecoule avant le debut d'une mesure. 

( c )  Influence de la nature de l'ester chromique Jur la 
vitesse d'oxydation 

Les reactions sont effectuees et les vitesses sont 
mesurees selon la methode generale decrite ci-dessus a 
24.05 -C dans le benzkne "reagent" anhydre. 
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The Nuccleophilic Displacement of the Nitrate Group. I.  The Hydrolysis of 
a Series of Benzyl Nitrates in Water 
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The (/rziversih> of Cnlgc~ry, Calgary, Alberta T2N IN4 
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KALAVELIL MATTHEW KOSHY and Ross ELMORE ROBERTSON. Can. J. Chem. 52,2485 (1974). 
The temperature dependence of the rates of hydrolysis of a series of substituted benzyl 

nitrates in water provided estimates of the heat capacities of activation. These values varied 
with the substituent over a wide range (-28 + - 101 cal mol-' deg-I). 

An approximate parallelism has been found to exist between the AC,+ values and kinetic 
a-deuterium effects obtained for the nitrates and chlorides. 

While recognizing the existence of specific factors contributing to individual differences, the 
relative values of these parameters for the individual members of the two series provide a 
useful measure of the ionic character of the transition state. 

KALAVELIL MATTHEW KOSHY et Ross ELMORE ROBERTSON. Can. J. Chem. 52, 2485 (1974). 
On a mesure en solution aqueuse les vitesses d'hydrolyse d'une serie de nitrates benzyliques 

substitues: un examen de la relation entre ces vitesses et la temperature a permis de determiner 
les capacites calorifiques d'activation. Ces vale~lrs varient avec le substituant entre -28 et - 101 
cal mol- degg ' . 

Un certain parallelisme existe entre 1es valeurs de ACpT et Ies effets cinetiques ~ L I  de~~ter ium 
en r* sur les reactions des nitrates et des chlorures. 

Tout en reconnaisant I'existence de facteurs specifiques contribuant a des differences indivi- 
duelles, les valeurs relatives de ces parametres pour des produits individuels des deux series 
s'averent une mesure utile du caractere ionique de I'etat de transition. 

[Traduit par le journal] 

Introduction 
The chemistry of nitrate esters has been 

reviewed by Boschan et al. (1) and more recently 
by Connon (2). The hydrolysis of benzyl nitrates 
under basic conditions was found to involve both 
displacement and "carbonyl elimination" reac- 
tions, giving as products, benzyl alcohols and 
benzaldehydes (3 ) .  Electron withdrawing sub- 
stituents favored the "carbonyl elimination" 
reaction while electron donors favored substi- 
tution. Separate rate constants for the two reac- 
tions were reported by Baker and Heggs (3 ) .  
Under neutral conditions the mechanism ap- 
peared to be less complicated, benzyl alcohol 
being the only product (41, a fact subsequently 
confirmed by us. 

This "clean" solvolysis of benzyl nitrates in 
water prompted an  investigation with a view to 
determining the temperature dependence of the 
rates and kinetic a-deuterium effects for a series 
of substituted benzyl nitrates for comparison 
with similar data for benzyl chlorides (5). These 
comparisons are especially useful since the con- 

'Present address: Department of Chemistry, University 
of Saskatchewan, Saskatoon, Saskatchewan. 

clusions derived from the two sources ciz. the 
activation parameters, in particular the heat 
capacity of activation, and a-deuterium effect 
provide a useful basis for the discussion of dif- 
ferences in mechanism 

Experimental 
Materials 

Water 
Ordinary distilled water was passed through an ion 

exchange resin (Fisher Research Grade Rexyn 1-300) and 
subsequently redistilled. 

h'itmte Esters 
All nitrate esters were prepared either by (i) the homo- 

geneous method of Ferris and co-workers (6) or (ii) the 
heterogeneous method of Baker and Heggs (3). Both 
methods are based on the reactions between benzyl 
halides and silver nitrate. For the less reactive halides the 
honiogeneous method was the method of choice. 

Berlzyl nitrnir. Method i. The product was fractionally 
distilled: b.p. 63' (1 mm); n.m.r. .,,,CCI, 6 7.32 (s, 5, 
aryl), 5.31 (s, 2, methylene). 

4-lZfet/7jlber~zjl niirate. 4-Methylbenzyl alcohol ob- 
tained by the reduction of ethyl p-toluate (prepared from 
pure p-toluic acid) by lithium aluminum hydride, was 
converted to the corresponding chloride by thionyl 
chloride. The nitrate was prepared from this by method 
ii: b.p. 70' (0.4 mm); n.m.r. .,,CCI, 6 7.22 (s, 4, aryl), 
5.3 (s, 2, methylene), 2.36 (s, 3, methyl). 
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4-Clilorobe~zzyl nitrate. 4 commercial sample of 4-chlo- 
robenzyl chloride was purified by distillation under re- 
duced pressure and converted to the nitrate by method 
i :  b.p. 72' (2 mm); n.m.r. .,,,CCI, 6 7.35 (s, 4, aryl), 5.38 
(s, 2, methylene). 

4-h'itrobenzyl nitrate. Prepared from purified 4-nitro- 
benzyl chloride by method i. The product purified by 
recrystallization: m.p. 67-68'; n.m.r. .,,CCI, 6 7.4-8.4 
(m, 4, aryl), 5.5 (s, 2, methylene). 

4-Trifl~roromethylbenzyl  zitr rate. 4-Trifluoromethylben- 
zyl bromide (Air Products & Chemicals Inc.) was con- 
verted to the nitrate by method i :  b.p. 56" (0.3 mm); n.m.r. 
.,,CCI, 6 7.32-7.77 (ni, 4, aryl) 5.41 (s, 2, methylene). 

3-~l/lethoxq.benzql nitrate. 3-Methoxybenzyl chloride 
prepared from 3-methoxybenzyl alcohol (Aldrich) was 
converted to the nitrate by method i: b.p. 70" (0.2 mm); 
n.m.r. .,,,CCl, 6 6.67-7.39 (m, 4, aryl), 5.27 (s, 2, methy- 
lene), 3.75 (s, 3, methoxy). 

Rate Measuret?7ents 
Rate measurements were made by a conductance 

method which has been described previously (7). Teni- 
perature control was good to - i 0 .002  C and the tem- 
peratures were measured by a platinum resistance 
thermometer and an L & N Type C-1 M~~el l e r  Bridge. 
Before starting rate nleasurenients on a given compound,' 
the conductance cells were washed with acetone and 
steamed for 3 h to get rid of materials adsorbed on the 
walls. Doubly distilled water containing a trace of KNO, 
as backing electrolyte was introduced and the filled cells 
were placed in a constant temperature bath in the tem- 
perature range of study for at least 24 h. After this pre- 
liminary conditioning, the cells were not allowed to dry 
o ~ i t ,  the spent sol~ltion from one kinetic run being 
replaced by a fresh solution immediately prior to a new 
rate determination. This technique was designed to 
minimize errors due to adsorption on the walls. 

Product Detertnination 
In each case a neutral equivalent determination of the 

acid produced by the hydrolysis confirmed the assumption 
that 1 mol of nitric acid was produced for each mole of 
nitrate ester reacting. For this latter purpose, the hydrol- 
ysis had to be carried out under heterogeneous conditions 
but this was not considered to have a significant bearing 
on the above concl~~sions.  

The products of hydrolysis for 4-methylbenzyl nitrate 
and 4-nitrobenzyl nitrate (con~pounds representing the 
two ends of the reactivity scale for our series) were ex- 
tracted with ether and were found to contain only the 
respective alcohols by n.m.r. and g.1.c. 

Further, the amounts of NO2- ion produced during 
the hydrolysis of all the nitrate esters were estimated by a 
sensitive method (8). In all cases, the amount of NO,- 
found corresponded to less than 0.01% "carbonyl elimi- 
nation." 

Insofar as could be judged by the products, it was con- 
c l ~ ~ d e d  that the benzyl nitrates hydrolyzed in water 
remarkably free from side reactions. 

Results and Discussion 
In  Table 1 we give a typical set of tempera- 

ture-rate data for benzvl nitrate. 
Values of specific rate constants for each 

TABLE 1. Pseudo first-order rate data for the 
hydrolysis of benzyl nitrate in water4 
--- 
---A- 

Temperature Rate Estimatedb 
("c) x (s-') error x 

'These data were obtalned in part by Dr. Jan Han Ong 
bCalculated deviation from LMS plot. 

benzyl nitrate (the average of four replicate runs) 
for a series of temperatures covering a range of 
about 30" were fitted to the empirical equation 

log,, k = A ,  + A,/T + A, log,,T 

The values of the constants A , ,  A,, and A, are 
reported in Table 2. These constants permit the 
calculatioil of the specific rate constant at  any 
desired temperature within the experimental 
range and with less accuracy beyond that range. 
The activation parameters were derived on the 
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TABLE 2. Empirical constants" for the interpolation of rates 
------ -- -- 

Compound A I -A2 -A3 TI IT, (-C) 

Benzyl nitrate 103.0797 9858.501 30.43700 41-81 
p-Chlorobenzyl nitrate 90.72482 9341.646 26.24825 46-79 
3-Methoxybenzyl nitrate 67.20602 8149.836 18.35576 35-64 
p-Methylbenzyl nitrate 161.3484 12174.42 50.0448 1 10-4 1 
p-Nitrobenzyl nitrate 61.19654 7900.292 16.97718 73-90 
p-Trifluoromethylbenzyl nitrate 49.47034 7202.352 13.00073 58-89 

- -- --~. ~ 

QFor the equation log,, k = A ,  ( A z / T )  + A ,  log,, T. 
bT,/T,  define experimental temperature range. 

TABLE 3. Enthalpies and entropies of activation for the solvolysis in water of benzyl nitrates at  50 'C 

Compound 
AH* AS* AC,+ 

(cal mol-I) (cal mol-I deg-') (cal mol-' deg-') 

Benzyl nitrate 2 4 . 9 i 0 . 0  
4-Chlorobenzyl nitrate 2 5 . 2 1 0 . 1  
3-Methoxybenzyl nitrate 2 4 . 9 i 0 . 0  
4-Methylbenzyl nitrate 2 2 . 9 i 0 . 1  
4-Trifluoromethylbenzyl nitrate 2 4 . 0 k 0 . 2  
4-Nitrobenzyl nitrate 2 4 . 6 i 0 . 4  

basis of transition state theory and are discussed 
in terms of this formalism. Were the t empera t~~re  
coefficient of the Arrhenius activation energy 
substituted as an empirical parameter, the con- 
clusions would not be altered. The derived 
pseudothermodynamic values are collected in 
Table 3. 

Because the value of the temperature coeffi- 
cient of AH' is sensitive to mechanistic com- 
plexity and because alternative reaction paths 
yielding identical products are possible in the 
solvolysis of nitrate esters (2), it is obvious that 
the identification of the specific reaction path or 
paths that the solvolysis of benzyl nitrates fol- 
lows is essential for a meaningful interpretation 
of our results. The fact that the solvolytic product 
in all the cases consisted of at  least 99.9% of the 
corresponding benzyl alcohol rules out, for all 
practical purposes, the possibility of "carbonyl 
elimination." However, the formation of benzyl 
alcohols can, in principle, proceed by displace- 
ment of the NO,- group from the c/.-carbon 
atom or by nucleophilic attack on nitrogen (2). 
That the former is the predominant mechanism 
in a number of cases is evident from the rela- 
tively large x-deuterium effect and its near con- 
stancy with temperature2 and the large value of 

'See Table 4; the temperature efTect within the noted 
temperature range is not greater than 1-2z of the ob- 
served effect. 

the Hammett reaction constant. These two 
mechanistic indicators are consistent with C-0 
bond fission and the development of considerable 
carbonium ion character at the transition state. 
From the limited data available it would appear 
that the rate data for the hydrolysis of a series 
of substituted benzyl nitrates, as in the case of 
the corresponding chlorides, show considerable 
departure for a single Hammett plot. 

The temperature coefficient of the apparent 
enthalpy of activation (ACp*) for the hydrolysis 
of such compounds in water (in the absence of 
such spurious effects as impurities (9)) has been 
shown to be dependent to the extent of a b o ~ i t  
-30 cal mol-' deg-' on factors other than the 
structural properties of the water system. More 
negative values of this coefficient reflect the 
degree of solvent reorganization in the activation 
process and are traceable to  the nature of initial 
state solvation, the nature of the groups being 
displaced and the degree of charge development 
a t  the transition state. Be~lzenesulfonate and 
niethanesulfonate ions disturb water structure 
very little in comparison to the displacement of a 
halide ion (cf .  the value of ACpT = -40 ca1 
mol-'  deg-' found for the hydrolysis of 3- 
methyl-2-butylmethane s~llfonate with the corre- 
sponding value of -80 cal mol-'  deg-' for dis- 
placement of the bromide (10). The value of 
AC,* for hydrolysis of t-butyl chloride is -81 
cal mol-'  deg-' and about the same value was 
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TABLE 4. Heat capacities of activation and kinetic a-deuterium effect for the solvolysis of 
benzyl nltrates and benzyl chlorides in water 

- -- 

- ACp * ~ H I ~ D  
Compound (cal mol-' deg-') (per two deuterium 

atoms) TI  I T2 

4-Methylbenzyl nitrate 
4-Methylbenzyl chloride 
4-Chlorobenzyl nitrate 
Benzyl nitrate 
3-Methoxybenzyl nitrate 
Benzyl chloride 
4-Chlorobenzyl chloride 
4-Nitrobenzyl nitrate 
4-Trifluoromethylbenzyl nitrate 

aAverage of k,;k, ~ a l u e s  measured at  three different temperatures. 
bFrom ref. 5 .  
=From ref. 19. 
dFrom ref. 20. 

obtained for 4-methylbenzyl chloride (5). From differences but of differences in the degree of 
the available data, compounds tending to  solvent reorganization at  the transition state. 
hydrolyze by an ionizing mechanism in water The more negative values can be attributed in 
are dependent on the nature of the ionizing part to the greater "structure breaking" charac- 
group and in the range of about - 80 -t - 100 teristic of the fully charged nitrate ion compared 
for the halides and, as will be shown in this and to that of the halides (14) in aqueous solution 
in subsequent papers, to be - 100 -t - 150 cal (AS,(CI-) = 19 e.u. and AS,(NO,-) = 40.5 e.u. 
mol-I deg-I for the displacement of the nitrate with reference to AS,(H+) = -5.5 e.u.) (15). 
group. The kinetic a-deuterium isotope effect has 

The less negative values of AC,* found for the been shown to provide an  alternative indication 
hydrolysis of the 4-C1, 4-NO,, and 4-CF, benzyl of the extent of bond fission at  the transition 
nitrates (Table 4) lie in the same range as the state independent of solvation (16-18). Values 
earlier value for the hydrolysis of methyl nitrate of this rate ratio, k,/k,, for the benzyl nitrates 
(-44 cal mol-' deg-I) reported by McKinley- (19) together with corresponding data for the 
McKee and Moelwyn-Hughes (1 1) and these chlorides (5) and the AC,' values are collected 
values are also in the same range as the values in Table 4. In general, the rx-deuterium effects 
fo~111d by Heppolette and Robertson for the for the hydrolysis of the nitrates are somewhat 
hydrolysis of the methyl halides (12). In all of larger than for the displacement of the corre- 
these fatter examples the component of ACp* to sponding chloride, the limiting value probably 
be attributed to structure breaking of the solvent being a little less than found for the displacement 
a t  the transition state is small. There is some of a tosylate (21). Similarly, for a very different 
indication that at  low levels of charge develop- reason, the values of ACp* are more negative for 
ment at  the transition state, charge distribution 4-methyl and unsubstituted benzyl nitrates 
in the nitrate group leads to less solvent inter- where solvent structure-breaking is significant 
action than in the case of the halides, a charac- on activation. Both of these effects in a general 
teristic of the sulfonate ions (13). As the mech- way reflect the degree of bond fission a t  the 
anism shifts to a more limiting state, the transition state, hence, it is reasonable that a 
developing nitrate ion, as might be expected, positive correlation should be found between 
gives evidence of being a better structure breaker these two different parameters within the same 
than the halides. Thus, the values of AC,* for the series. In view of the differences cited above, it 
unsubstituted and the 4-methylbenzyl nitrates may seem surprising that the series of benzyl 
are about -20 cal mol-' deg-l more negative chlorides and nitrates taken together should 
than we found for the corresponding benzyl approximate to a smooth curve (Fig. 1). 
chlorides (5). In view of the lower values noted 3-Methoxybenzyl nitrate shows a rather large 
above where bond making was important, these deviation from this correlation due to its AC,* 
latter differences are indicative not of initial state being more positive than expected. The modifica- 
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KOSHY AND ROBERTSON: NUCLEOPHILIC DISPLACEMENT 

TABLE 5. AAH* and AAS* " values and relative rates for displacement of 
NO3- and Cl- from Y-C6H4CN2-X 

Temperature 
Y ("C) 

4-Me 25 
50 

4-C1 50 
H 50 
3Me0 
4NOz 50 

75 

A A H +  
(cal mol-') 
-- 

2700 
2530 
4600 
4450 

A A S  + 

(cal mol-' deg-I) kN03/kC,  
-- --- -- 

10.50 
8.65 1 .5  

11.1 0 .7  

FIG. 1. Correlation of kinetic a-deuterium effect 
with sC,*. 

tion of the solvation pattern of the initial state 
and the transition state (22) by the methoxy 
group which can strongly interact with the 
solvent may be responsible for this smaller 
magnitude of ACp*. Similar deviations from 
regular behavior have been reported for the 
solvolysis of 4-methoxyben~cnesulfonyl chloride 
(23) and for the ionization of 4-methoxybenzoic 
acid (24). 

In  spite of the accuracy with which AH' and 
AS* are determined in this study, the quantita- 
tive interpretation of differences in these param- 
eters arising from para substitution presents 
obvious difficulties. These are most apparent if 
we examine differences in AH* for displacement 
of the nitrate and chloride ions froin each of the 
substituted benzylic compounds (Table 5). 

From Table 5 it is apparent that the relative 
rates of displacement of the two ions (k,,,-/ 
kc,-)  are not greatly different for each pair. 

These rate ratios are much less, for example, 
than that reported by Lucas and Hammett (25) 
for the corresponding displacement from t-butyl 
where a ratio of 50 was found. Kevill and 
Suthoff (26) reported this ratio to be 2890 for the 
relative rates of deconlposition of the latter pair 
in acetonitrile, though this ratio need not be 
significant in the present comparison. In both of 
the latter studies on displacement from the 
t-butyl group, the difference in the rates of reac- 
tion was found to be due to the more positive 
entropy of activation, favoring the nitrate, the 
differences in AH* being small. In aqueous 
ethanol, Baker and Heggs (3) found that the 
variation in AH* for solvolysis of a series of 
benzyl nitrates was in the order of F 0.3 kcal, the 
differences in the rate arising to a much larger 
degree from differences in the apparent entropy 
of activation, hence presumably, to solvation 
differences. Part of this solvent dependent dif- 
ference may be attributed to the structural 
character of water and to the greater structure- 
breaking ability of the nitrate compared to the 
chloride ion. Such a combination will result in 
more positive values of AH* and AS' in the 
activation processes involving displacement of 
the nitrate ion compared to the displacement of 
the chloride ion. Such an explanation will 
account for part of the observed difference and 
implies a Inore negative value of AC," as already 
noted. Where bond making is more important 
and the transition state is characterized by a low 
degree of ionic character (compare the AAH" 
and k,,,/k,, values for methyl with 4-nitro, 
Fable 5), reorganization of the solvent becomes 
less important and some other factor must ac- 
count for the observed differences in AH* and 
AS* and the similarity in the values of AC,*. 
Wold and Exner begin their most recent paper 
on the statistics of enthalpy-entropy relationship 
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Photolysis of Di-tert-butyl Peroxide in Solution 

EDUARDO LISSI' 
Depi~rtun~ento de Quirnica, Universidud TPcnicu dei Estado, Santiago, Clzile 

Received November 27,1973 

EDUARDO LISSI. Can. 5. Chem. 52, 2491 (1974). 
Di-tert-butyl peroxide has been photolyzed at  3130 A in carbon tetrachloride solution in 

the presence of cyclohexane. The quantum yield of free tert-butoxy radicals was 1.9 _+ 0.1, 
independent of the hydrocarbon concentration. Unlike results obtained in the gas phase at  
2537 A, no evidence for the quenching of the excited peroxide molecule could be detected. 

EDUARDO LISSI. Can. J. Chem. 52, 2491 (1974). 
On a effectue la photolyse B 3130 A du peroxyde de tert-butyle en sol~ltion dans le tetra- 

chlorure de carbone en prtsence de cyclohexane. Le rendernent quantique de radicaux libres 
tert-butoxy est de 1.9 2 0.1 ; ce rendement est independant de la concentration d'hydrocarbure. 
Contrairenient aux resultats obtenus en phase gazeuse a 2537 A, on n'a pu dttecter aucun signe 
de dtsactivation des n~olecules excitees de peroxyde. [Tradult par le journal] 

The photolysis of di-tert-butyl peroxide in 
solution has been frequently employed as a 
clean tert-butoxy radical source (1). Neverthe- 
less, recent results obtained by Yip and Pritchard 
on the gas phase photolysis of di-tert-butyl 
peroxide a t  2537 A cast doubts about the sim- 
plicity of its photodecomposition (2). In this 
work it  was found that the quantum yield of 
reaction 1 

where P* stands for an excited peroxide mole- 
cule, is pressure dependent when hydrocarbons 
(propane or cyclopropane) are employed as pres- 
surizing gases. At 1 moll1 hydrocarbon concen- 
tration, the tert-butoxy radical quantum yield 
drops to nearly 0.5 (from a value of two obtained 
at low pressure). Yip and Pritchard postulated 
that reaction 2 

competes with the decomposition of the excited 
peroxide molecule. Since reaction 2 should have 
to be particularly important in solution, we have 
reinvestigated the photodecomposition of di- 
tert-butyl peroxide in carbon tetrachloride in the 
presence of different concentrations of cyclo- 
hexane. 

tubes were made of Pyrex, most of the absorbed 
radiation was in the 3 130 A region. Acetone and 
tert-butanol were analyzed by gas-liquid chrom- 
atography. 

Actinometries were carried out employing 
2-pentanone as standard. A value of 0.3 was 
taken for the acetone quantum yield in n-hexane 
(3). 

The obtained results can be summarized as 
follows: ji) At 22", the tert-butanol quantum 
yield was 1.9 F 0.1, independent of cyclohexane 
concentration in the 0.095 to 9.3 mol/l range. 
(ii) At 74", absolute quantum yields were not 
determined but (+,,,ton, + +,,,t-butan,,) was con- 
stant (less than 7 x  variation) when the cyclohex- 
ane concentration was changed from 0.03 to  
1.2 mol/l. (iii) At 78", the total product quantum 
yield was independent of di-tert-butyl peroxide 
concentration and light intensity. (ic) At 74", 
+ te r t - bu tnno l /+ace tone  was linear with cyclohexane 
concentration. 

Point (iii) shows that under our experimental 
conditions an induced peroxide decomposition 
must be minimal. This is in agreement with 
results obtained in similar systems (4). 

Points (i) and (iz:) indicate that reaction 3 

[31 P* - acetone + products 

Photolyses were carried out in a "merry-go- is negligible in the 20 to  74' temperature range. 
round" apparatus. Since a medium pressure In fact, we obtain that a t  20" the quantum yield 
mercury lamp was employed and the reaction 
-- of reaction 3 must be lower than 0.02. This result 

'Present address: Departmento de Fisico Quimica, agrees with qualitative data previously 
Facultad de Ciencias, Universidad de Buenos Aires, for the photolysis of di-tert-butyl peroxide in 
Ciudad Universitaria, Buenos Aires, Argentina. solution at 40" ( 5 ) ,  and with the results obtained 
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in the gas photolysis at  2537 A (2). Furthermore, 
the results obtained a t  74" are compatible with 
a simple mechanism comprising reactions 1, 4, 
and 5 

[51 r-BuO' -+ acetone + CH,' 

The data obtained at  74" give k,/k, = 8.0 l/mol. 
Points ( i )  and ( i i )  are the most relevant to the 

present discussion. They indicate that reaction 2 
cannot be important under our experimental 
conditions, even in neat cyclohexane. The vallle 
1.9 obtained for the tert-butanol quantum yieLu 
at  room temperature is particularly meaningful 
since it is compatible with a unity quantum yield 
for reaction 1 and the estimated cage recom- 
bination of tert-butoxy radicals in a solvent like 
carbon tetrachloride (6). The results obtained 
in the present work are then significantly different 
from those obtained in the gas phase by Yip and 

Pritchard (2). The reason for this difference is not 
clear since the fact that the wavelengths used 
were different is not expected to lead to different 
behavior in the high pressure limit. Further 
work would be necessary to elucidate this point. 

1. H. B. HEMBEST, J .  A. W. REID, and C. J. M.  STIR- 
LING. J.  Chem. Soc. 5239 (1961); 1217 (1964); W. J .  
MAGUIRE and R. C. PINK. Trans. Faraday Soc. 63, 
1907 (1967); A. G. DAVIES and B. P. ROBERTS. J .  
Chem. Soc. 19,699 (1969); A. G. DAVIES, D. GRITTER, 
and B.  P. ROBERTS. Perkin Trans. 11,993 (1972); A. G. 
DAVIES, B. P. ROBERTS, and J. C.  SCAIANO. J. Or- 
ganometal. Chem. 42. C27 (1972). 

2. C. K. YIP and H.  0.  PRITCHARD. Can. J. Chem. 50, 
1531 (1972). 

3. J .  C.  DALTON and N.  J. TURRO. Ann. Rev. of Phys. 
Chem. 21,499(1970). 

4. W. PRYOR. Tetrahedron Lett. 1201 (1963). 
5. H.  B. HENBEST, J. A. W. REID, and C. J. M.  STIR- 

LING. J.  Chem. Soc. 1220(1964). 
6. T. G. TRAYLOR and H. KIEFER. J .  Am. Chem. Soc. 

$9,6667 (1967). 
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Carbon-13 Nuclear Magnetic Resonance Spectra of Carcinogenic Polynuclear 
Hydrocarbons. 1.3-MethyHchoBanthrene and Related Benzaanthracenesl 

RICHARD S.  OZUBKO~ A N D  GERALD W. B U C H A N A N ~  

Depcii tlnetit ofClzeinlstt>, Car leton Unr~ersrtv, Otra~t a ,  Canada K l S  5B6 

4 N D  

IAN C. P. §FAITH 

Division of Biologiccrl Sciolcc~s, Natiorznl Resenrcll Corrncil of Canadn, Otttrwrr, Cuiziida K1A OR6 

Received February 4. 1974 

RICHARD S. OZUUKO, GERALD W. BUCHANAN, and IAN C. P. SMITH. Can. 9. Chem. 52,2493 
(1974). 

Carbon-I3 chemical shifts are reported for a series of carcinogenically active and related 
inactive poiynuclear hydrocarbons. Resonance assignments for complex systems such as 
3-methylcholanthrene, dibenzanthracenes, benz[a]anthracene and its 7-methyl and 7,12- 
dimethyl derivative, have been made primarily from a study of simpler models, including 
phenanthrene, triphenylene, and anthracene. Selective proton decoupling has been employed 
extensively. Quaternary carbon assignments have been aided by deuterium isotope shift and 
spin-lattice relaxation time meascrements. Vicinal C-D couplings have been fo~lnd to be un- 
reliable as means of assignnient for quaternary carbons. 

RICHARD S. OZUBKO, GERALD W. BUCHANAN et IAX C. P. SMITH. Can. 9. Chem. 52, 2493 
(1974). 

On rapporte les dCplacements chimiques du I3C pour une serie d'hydrocarbures polynu- 
ciiaires dont quelques uns sont cancdrigcncs. L'attribution des positions de rdsonance dans les 
systemes complexes tels le methyl-3 cholanthrene les dibenzanthracenes, le benz[a]anthracene 
et ses derives methyl-7 et dimethyl-7,12 sont fait principalement par comparaison avec des 
modeles plus simples tels que le phenanthrene, le triphenylene et i'anthracene. On a utilisk d'une 
facon extensive les decouplages selectifs de proton. On a attribue les resonances des carbones 
quaternaires a l'aide de mesures de deplacements dus aux effets isotopiques du deuterium el aux 
mesures de temps de relaxation spin-reseau. On trouve que les constantes de couplage vicinal 
C-D ne son1 pas satisfaisantes pour determiner les deplacements chimiques des atomes de 
carbone quaternaires. [Traduit par le journal] 

Introduction 
During the past decade a great deal of atten- 

tion has been directed toward the elucidation of 
proton n.m.r. spectra of polycyclic condensed 
benzenoid hydrocarbons. Initial attempts (1-8) 
a t  60 and 100 MHz were incomplete due to peak 
overlap and spectral complexity. Subsequent 
examinations at  220 MHz combined with itera- 
tive computer analysis have furnished reliable 
proton data for a series of benzanthracenes, 
benzpyrenes, and 3-methylcholanthrene (9, 10). 

The cancer-inducing properties of many of 
these molecules (1 1, 12) make them the object 

therein). I t  is in connection with the electronic 
structure5 of these systems that the carbon-13 
n.m.r. parameters are of greatest interest. 
Potentially the 13C chemical shifts should yield 
more valuable information regarding local elec- 
tronic properties at  carbon than the shieldings 
of the bonded protons. Accordingly we have 
obtained and analvzed the Fourier transform 
13C spectra of a series of benzanthracenes, and 
that for the most potent carcinogenic hydro- 
carbon known, 3-methylchola~~threne. 

Results and Discussion 
of theoret~cal interest. Numerous theories rela- The llumbering scheme j14) and structures for 
ting e!ectronic structure, chemical reactivity, and the fifteen compounds included in the present 
carcinogenic power of alternant hydrocarbons study are presented in Fig, 
have been advanced (1 1. 13 and references Assignments of resonance positions were 

'NRCC No. 13972. accomplished using a variety of techniques. 
'NRCC Postgraduate Scholar 1972-present. Initially resonances for quaternary carbons can 
3~~ whom correspondence should be addressed. be separated from those for carbons bearing 
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FIG. 1. Nunibering scheme for polyn~~clear hydrocarbons. 

directly bonded hydrogens by the retention of 
singlet structure for the former in off-resonance 
decoupling experiments. Furthermore a r e d ~ ~ c e d  
nuclear Overhauser enhancement for quaternary 
centres is evident. In cases where assigned proton 
data are available, spec~fic 'H decoupling using 
the graphical method of Birdsall, et al. (15) was 
employed. This method is particularly applicable 

to closely spaced 13C S I ~ I I ~ I S .  Extensive use was 
made of model co inpo~~nds ,  einpirical chemical 
shift additivity correlations, and, occasionally. 
de~iteriurn substitution. 

Ring carbon shifts for compounds 1-8, 9-12, 
and 13-15 are presented in Tables 1, 2, and 3, 
respectively, while methyl carbon data are col- 
lected in Table 4. 
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OZUBKO ET AL.: POLYAROMATIC HYDROCARBONS 2495 

TABLE 1. I3C shieldings for 1-8 (6, fro111 TMS 10 .1 )  
-- - -- 

Compound 

Position 1 2 3 4 5 6a 6b 7 8 

C- 1 127.7 128.3 125.3 124.6d 128.5 128.5 128.5 
C-2 125.6 125.2 124.6 125.3d 126.5 126.5 126.5 
C-3 125.6 125.2 124.6 125.2d 126.5 126.5 126.4 
C-4 127.7 128.3 125.3 129.0 122.6 122.6 122.3 
C-4a 133.3 131.6 129.9 131.5 130.3 130.3 130.2 
C-4b 130.3 130.3 130.2 
C-5 127.7 128.3 125.3 129.0 122.6 122.6 122.3 
C- 6 125.6 125.2 124.6 125.2d 126.5 126.5 126.4 
C-7 125.6 125.2 124.6 125.3d 126.5 126.5 126.5 
C-8 127.7 128.3 125.3 124.6d 128.5 128.5 128.5 
C-8a 133.3 131.6 129.9 130.1 132.0 131.9 132.0 
C-8b 
C-9 126.1 128.3 130.0 126.9 126.7 126.9 
C-9a 131.6 129.9 130.1 
'2-10 126.1 128.3 124.8 126.9 126.7 126.9 
C-lOa 131.6 129.9 131.5 132.0 131.9 132.0 
C-11 
C-12 
C-12a 
C-12b 
C-13 
C-13a 
C-14 
C- 14a 
C-14b 

- -- - . - - - pp 
NOTE: a-d indicate groups of resonances \\here specific assignments cannot be made due to proximity. 

All spectra were recorded using CDCI, 
solutions. 

Ring Carbon Cllemical Sl~ifts 
Results for naphthalene (I) in CDC1, are 

simllar to  those reported for CS, solutions (16). 
For  anthracene (2) however, the C-9,10 shifts in 
CDCI, are ca. 6 p.p.m. upfield from those in 
benzene solution as determined by Grant and 
co-workers (17). We have repeated this experi- 
ment and find the previous results for anthracene 
in C,D, to be in error. Correct chemical shifts 
for C-9,10 and C-1,4,5,8 of 2 are 6 126.9 and 
128.7, respectively. Values for C-2,3,6,7 and 
C-9a,lOa are close to those in CDCI,, and the 
aromatic solveilt induced shifts for 2 are all less 
than 1 p.p.m. Our assignments for 2 agree with 
those recently reported by Gunther ( 1  8). 

For 9,10-dimethylanthracene (3), the most 
remarkable effect of methyl substitution is the 
3.0 p.p.m. upfield displacement of C-1,4,5,8 
relative to that observed in 2. A "y" relationship 
exists between the methyl carbons and the 
C-1,4,5,8 positions, respectively. Apparently 
this is a further example of the now well-estab- 

lished upfield y 13C steric shift ( 1  9-22) for which 
a theoretical model based on charge polarization 
has been proposed (22). Nonbonded interactions 
between the methyl protons and protons at 
G-1,4,5,8 no doubt will perturb the electron 
distribution at these positions and increase their 
shielding. Employing 3 as a model and with 
selective decoupling, chemical shifts for 4 can 
then be assigned. 

Previous work on phenanthrene (5) (16, 23) 
has not permitted clear distinction between the 
resonances for quaternary centers 4a,4b cs. 
8a,10a. By examination of the 9,10- and 4,s- 
dideuterio derivatives 6a and 66, respectively, 
these resonances can be assigned with confi- 
dence. The most useful phenomenon in this 
respect is the isotope shift (24) of carbons adja- 
cent to the deuterium-bearing carbon; it is 
generally in the upfield direction by 0.12 0.04 
p.p.m., and that of the next-nearest carbon is 
insignificant. In the I3C spectrum of the 9,10- 
dideuterio derivative (6a),  the chemical shift of 
the pair of quaternary carbons resonating at 
132.0 p.p.m. in 5 has shifted upfield by 0.05 
p.p.m. Conversely, in the 4,5-dideuterio deriva- 
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TABLE 2. 13C shieldings for 9-12 (6, from TMS i 0 . 1 )  visibly tripled with a splitting of ca. 1.3 Hz, 
- 

- whereas that a t  130.3 p.p.m. (attributed to 4a 
Compound and 4b above) is a single line of width ca. 1.1 Hz 

Position 

NOTE: a-h indica te  g r o u p s  o f  resonances  u here specific ass ignments  
cani io t  be  made.  

tive 66 an 0.07 p.p.ni. upfield displacement is 
noted for the quaternary carbons resonating at 
130.3 p.p.m. in 5. In both deuterio compounds 
the resonance of the alternate pair of quaternary 
carbons changes by less than 0.01 p.p.m. relative 
to that in 5. Identical concentrations of 5 ,  6a,  
and 66 have been used and therefore we assign 
the resonances in 5 at 132.0 and 130.3 p.p.m. 
to pairs of carbons 8a,10a and 4a,4b. respec- 
tively. These are further substantiated by the 
relative values of spin-lattice relaxation times 
(7,) in these compounds (ride i t fru).  

An alternate possibility for assigning the 
resonances of quaternary carbons 4a, 4b, 8a, and 
10a is to utilize the observation that geminal 
1 3 C - L 2 H  couplings (JCCZH) are usually smal! 
(<0.15 Hz), whereas the corresponding cicinal 
(JISCCLLI,) couplings vary between zero and 
> 1 Hz depending upon the dihedral angle. Such 
an approach is not applicable to 6a beca~lse each 
of quaternary carbons 4a. 4b, 8a, and 10a is 
t r a ~ ~ s  to one or the other deuterium. Only a slight 
difference in couplings due to different paths, 
might be expected. In fact the resonance at 
131.9 p.p.m. (attributed to 8a and 10a above) is 

(coupling < 0.4 Hz). Thus the coupling path- 
way 2Hl,C,,C,C,a is more effective than 
2H,C,C,,C,,. In contrast, in compound 66 the 
deuterium at position 4 has a dihedral angle of 
ca. 180" with C,,, and 0" with C,,. Thus, de- 
pending on the symmetry of the relationship 
linking the vicinal couplings and dihedral angles, 
approximately equal and large (3 1 HZ) 2H 

TABLE 3. I3C shieldings for 13-15 (6 ,  from TMS 
*0.1) 

Compound 

Position 13 14* 15 

NOTE: b-d indicate g r o u p s  o f  resonances \%here  specific 
ass ignments  c a n n o t  be  m a d e .  

*Reference 28. 

TABLE 4. I3C sh~eld~ngs for methyl carbons (8, p.p n ~ .  
fro111 TMS i 0 . 1 )  

--- - 
-- 

Compound 

Position 3 4 11 12 14* 15 
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OZUBKO ET AL.: POLYAR( IMATIC HYDROCARBONS 2497 

couplings to both C,, and Clo, (or C,, and 
C,,) are expected. In the 13C spectra of 6b the 
resonance at  132.0 p.p.m. (attributed to 8a and 
10a) has a width of ca. 2.5 Hz (coupling d 0.8 
Hz) and that at  130.2 p.p.m. (attributed to 4a 
and 4b) has a width of ca. 1.8 Hz (coupling d 
0.6 Hz), demonstrating that the trans arrange- 
ment leads to a slightly greater coupling as ob- 
served in 'H-lH vicinal couplings (25). Ac- 
cordingly, the small magnitude of the vicinal 
13C-'H couplings and their sensitivity to the 
nature of the path, make them unreliable means 
of assignment of quaternary carbons in these 
molecules. 

Shifts for triphenylene (7) in CDCl, are 
reasonably close to those previously reported in 
CS, (20). Triphenylene constitutes a useful 
model for the C-1 to C-8 region of dibenz[a,c]an- 
thracene (8). Shieldings at carbons 1, 2, 3, 4, 4a, 
4b, 5, 6, 7, 8, 8a, and 14b of 8 are remarkably 
similar to those for corresponding carbons of 7. 
Specific assignments within several groups of 
resonances are not possible due to small chemical 
shift differences. These are denoted by letters in 
the tables. The quaternary centers 9a and 13a 
of 8 were assigned by analogy with those in 
anthracene, leaving the higher field quaternary 
resonance at 6 128.5 to be associated with C-8b 
and -14a. The C-9,14 protons appear as a singlet 
at  lowest field and therefore specific decoupling 
permitted clear assignment of the resonance at  
6 122.0 to these carbons. It is interesting that 
these carbons appear ca. 4 p.p.m. to higher field 
than C-9,10 of anthracene, presumably due to 
the y steric interaction involving C-1 and -8, 
respectively. 

The assignment for C-10,13 of 8 is by analogy 
with C-1,4,5,8 of 2. Similarly C-11 ,I2 of 8 are 
close in resonance position to C-2,3,6,7 of 2. 

The 'H n.m.r. spectrum of dibenz[a,hlan- 
thracene (9) has been completely assigned at 
220 MHz (9). As a result, specific 'H decoupling 
permits clear assignment of resonances for the 
methine carbons 1-14. Presumably the y steric 
shift is responsible for the high-field resonances 
for C-1,s and C-7,14. The validity of the model 

compound approach can be tested here. It is 
likely that the environment of C-4,1 1 in 9 is 
similar to C-1,8 of 5 and the chemical shifts for 
these carbons are found to be within 0.3 p.p.In. 
Likewise, the environments of C-5,6,12: 13 of 9 
should most closely approximate that of C-9,10 
of phenanthrene and a close correspondence in 
their shieldings is noted. Accordingly we feel 
justified in using the model compound approach 
in further assignments. 

In considering the quaternary carbon reso- 
nances of 9 extensive use of the simpler model 
compounds was employed. It is expected that 
4a,l l a  of 9 will be similar to 8a,10a of 5 and 
therefore the chemical shift at 132.0 is assigned 
to these positions. Analogously the 7b, 14b 
carbons of 9 are given a valne of 130.2, using 
4a,4b of 5 as a model. The 8b,14a qi~aternary 
carbons of 8 were used to assign the resonance 
at  130.8 to the 7a, 14a carbons of 9. By elirnina- 
tion the remaining resonance at 129.1 must 
correspond to C-6a, 13a of 9. 

Details of the 'H  n.m.r. spectrum of benz[a]- 
alithracene (10) have been pi~blislied (9) and 
from these, specific 'H decoupling allows 
definite assignment of the C-1,7 and 12 reso- 
nances. Once more the 1 and 12 carbons are 
shifted upfield due to the y effect. Shielding for 
C-2 and -3 are nearly identical and are close to 
those for C-2 and -3 of 5 and 9. The d o ~ ~ b l e  
intensity resonance at 126.9 was attributed to 
C-5 and -6 by analogy with C-9, I0 of 5 .  Protons 
at-C-9 and -10 of 10 appear at the highest field 
position (9) and specific ' H  decoupling sharpens 
I3C resonances at  6 125.6 and 125.7. Again, 
predictions based on the C-2,3,6,7 resonances 
for 1 and 2 would lend credence to the appli- 
cability of model compounds. Unambiguous 
assignments are not possible for the remaining 
methine carbon resonances at 6 127.6, 128.3, 
and 128.5. One might expect, however, that 
C-l of 5 would serve as a model for C-4 of 10 
and that C-8 and -I I of 10 should have a similar 
shift to C-1 of 2. These expectations are realized. 

Quaternary carbon assignments for 10 have 
been made in the following manner. C-12a and 
- 12b are designated as appearing at 130.5 and/or 
130.6, respectively, due to the similarity with 
C-4a,4b of 5. Remarkably, C-4a and -6a of 10 
appear at the identical position (131.9) to 8a and 
10a of 5 .  Carbon 7a should be similar to 4a, 8a, 
9a, and 10a in 2 leaving the remaining resonance 
at 128.8 to be associated with 1 la.  
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Knowledge of the 'H spectral parameters (9) C-6 appaars at  6 116.3. Relative to C-6 of 
for 7-methyl be~lz[a]anthracene (11) facilitated acenaphthene (13) an upfield shift of 5.7 p.p.m. 
specific decoupling experiments. Substitution of is evident which can be attributed to the y effect 
the methyl group at C-7 causes notable changes of the 7 position in 15. The proton at C-7 appears 
relative to 10 only at  the C-6, -7, and -8 carbons. as a doublet at  next lowest field in the spectrum 
The 3.7 p.p.m. downfield shift at C-7 is consis- and specific decoupling indicates a shift of 
tent with the empirically established trends of 123.3 p.p.m. for C-7. Predictably this is very 
alkyl substitution on 13C shieldings (20). The close to the shieldings for C- l of 7-11. The aro- 
upfield shifts of ca. 4 p.p.m. at  C-6 and C-8 are matic proton at highest field in the spectrum of 
presumably due to the y steric shift mentioned 15 is that bonded to C-4. The resonance at 6 130.7 
earlier. is associated with this position from specific de- 

In the 7,12-dimethyl benz[a]anthracene (12), coupling. If one employs C-4 of 13 as a model and 
the most remarkable observation is the 6.6 p.p.m. allows for a downfield shift of 2.1 p.p.m. from 
downfield shift at C-1 relative to C-l of 11. ortho methyl substitution (compare 1 and 14), the 
Apparently this constitutes another example of predicted shift for C-4 of 15 is (127.5 + 2.1) = 

the recently reported deshielding "6" effect 129.6, in reasonable agreement with that found. 
whereby substantial downfield shifts are found Similarly using 13 as a model and considering the 
in compounds containing spatially interacting influence of meta substitution in 14 cs. 1, a shield- 
6 functions (26, 27). The 6.6 p.p.m. effect in 12 ing of 121.7 is predicted for C-5 of 15, again 

within I p.p.m. of the observed shift. 
Resonances for C-8,9 of 15 were assigned by 

analogy to C-2,3 of phenanthrene (5) as was 
C-10 of 15 which is similar to C-l of 5. For C-l I ,  
appearing at 125.9, the resonance of C-9,10 of 5 

CH3 (126.6) was used as a model but we cannot 

[.s, 11 is  the same as that observed for the methyl clearly distinguish this from the 8,9 resonances 

groups of 1.8-dimethpinapl-ithaleiic relative to the of 15. For C-12 of 15 a shift of 123.8 P.P.m, is 

1 ,4-dimethyl derivative (26). found, i.e. 2.8 p.p.m, to higher field than 
C-9,10 of 5. A y steric interaction with the C-1 
position is deemed responsible for this effect. 

S~~rpr is ingly,  the C-1,2 resonances of 15 are 
shielded by only 0.5 p.p.m. relative to C-1,2 of 

. . 

The upfield shift of 3.6 p.p.m. at C-1 l of 12 
relative to 11 is again attributed to a y steric 
shift. For the quaternary centers of 12 only the 
4a resonance can be clearly assigned and re- 
maining designations must be regarded as 
tentative. 

Shieldings for acenaphthene4 (13) and 2- 
methylnaphthalene (14) have been previously 
reported and discussed (20, 28). These consti- 
tute particularly important model compou~~ds  
for 3-methylcholanthrene (15). 

The ' H  spectrum of 15 in CS, has been pub- 
lished and complete assignments have been made 
(9). In  CDCI, solutio~l the overall spectral 
appearance is similar to that in CS,, however 
only three resonances are sufficiently isolated to 
enable specific 'H decoupling of the carbon 
resonances. Initially the H-6 proton is a singlet 
at lowest field and specific decoupling shows that 

13, despite the apparent existence of y steric 
interactiotls of C-1 and -2 of 15 with C-12 and 
the 3-methyl group, respectively. 

Quaternary carbon assignments for the 2a, 
12b, and 12c positions of 15 were made by 
analogy with 13 and in light of the known de- 
shielding effects of ortho methyl substitution 
(20). For C-3 of 15, the C-3,8 resonance of 13 
at 118.9 was taken as a starting point and then 
combined with the known deshielding of 9.1 
p.p.m. for C- I of toluene relative to benzene, to 
predict a shift of 128.0 p.p.m., in good agreement 
with the observed 128.3. Assignment of the 6 
131.9 resonance to C-lOa of 15 is made by 
analogy with C-8a,lOa of 5 and C-4a,6a of 10. 
Similarly the peak at 129.9 p.p.m. is attributed 
to C-6b of 15 based on the chemical shift of 
C-4a,4b of 5. 

The C-12a resonance for 15 was assigned 
using C-6a of 10 (6  131.9) as a reference point. - 

4?%'e thank Professor J. B. Stothers for communicating Then the effects of the ethano bridge and methyl 
shieldings for 13 recorded in CDCI, solution. substitution were evaluated by comparing 
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C-3,8 of 13 (6 118.9), and C-7 of 14 (6 125.2), Accordingly C-4 with no ortho protons has the 
respectively, with C-2,3 of 1 (6 125.6). The pre- longest Ti. (14.2 s) while those for C-3 and -5 are 
dicted chemical shift for C-12a is therefore somewhat shorter. For C-1, with two ort l~o pro- 
124.8 p.p.m. (i.e. 131.9 - 6.7 - 0.4), and justi- tons and the CH, protons, relaxation is fastest. 
fies its association with the high-field resonance In  an attempt to put our assignments for 
a t  6 125.3. In a similar manner, C-6a of 15  is quaternary carbons on a firmer basis, T I  mea- 
deemed to resonate at  6 131.7, employing C-12a surements were carried out. Res~llts are presented 
of 10 as a reference point and comparing 1 with in Fig. 2 for 5,6a,  66, and 8. The greater standard 
13 and 14. The remaining resonance at  6 127.4 is deviations for co~npounds 6a, 6b, and 8 are due 
left to be associated with C-5a. to poorer signal-to-noise ratios in the spectra. a 

Metl~yl Curbon C~iemical Sl~ij ts  consequence of the smaller amoilnts of these 

In Table 4 it is interesting to note the similarity compounds available. 

of the methyl shieldings for 3, 4, 11, and the C-7 For phenanthrene (5) the resonance at 132.0 

methyl group of 12 (14.0 k 0.2 p.p.nl.). The p.p.m. had a TI  significantly shorter (2 twice the 

downfield shift of 6.8 p.p.m. for the C-12 methyl standard deviation) than that of the resonance 

of 12 is to the interaction (26, 27) at  130.3 p.p.m. This is consistent with the assign- 

with C-I as described earlier. Notably the mag- nient shown in Fig. 2, in which C-lOa (8a) has 

nitude of the 6 effect is comparable a t  C-l and two geminal hydrogens and C-4a (4b) has only 

- 12. one. Confirmation of this comes from the data 

For  2-methylnaphthalene (14) the shielding for 9,I0-dideuteriophena1~threne (60) in which 

of 21.4 p.p.m. is close to that observed for one of the hydrogens geminal to C-IOa has been 

toluene (20). The upfield shift of 2.8 p.p.m. for replaced by deuterium, whose dipole-dipole 

the 3-methyl group of 15 likely arises from a y coupling to 13C is only ca. 10'z of that of 'H. 

interaction involving the C-2 methylene func- This should s~lbstantially decrease its contribu- 

tion, although it is puzzling that the phenomenon tion to 13C relaxation. The T, values for C-l Oa 

is not reciprocal at  C-2. and -4a are equal (within the standard deviation), 

Interestingly the methyl carbon shielding for in agreement with the presence of only one 

1-methylnaphthalene is 19.1 p.p.m. (23). This ge~ninal hydrogen. A similar argument applies to 

upfield shift of 2.3 p.p.m. relative to 14 suggests the T ,  values for 4,j-dideuteriophenanthrene 

that steric repulsions between the CH, hydrogens (66). In this case the T I  values for C-4a (4b) 

and the peri hydrogen of the adjacent ring are could not be determined accurately within a 

operative. Similar interactions in 3, 4. 11 and for reasonable time due to their great length. How- 

C-7 of 12 probably contribute to the high field ever, the data clearly indicate that the resonance 

resonance positions observed for the methyls. assigned to C-lOa (8a) relaxes substantially faster 
than that assigned to C-4a (4b), as expected for 

H...CH, 

& +4l2 91 @ 4 ( 5  41 

Spit-La ttice Relaxation Tinzes /TI  / 
The recent work of Levy (29) has demon- 5 8 6 1 2 9 )  -4 h li 3 )  

strated that 13C Ti's may allow distinction be- 
tween various types of nonprotonated carbons 5 60 
based on the distances to nearby protons. Values 
for mescaline-d, are indicated below. Relaxation 

4r1 5\ of mescaline is dominated by the 13C-'H 
dipole-dipole mechanism. 

c 3 ! q 4 j K 5 4 ( 7 1  

5' 19) 

6 h  8 

FIG. 2. Spin-lattice relaxation times for designated 
carbons (in seconds). Standard deviations are indicated 
in parenthesis. 
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TABLE 5. Carcinogenic properties 
of hydrocarbons 

Con~pound Activity 

0 
Mild 
Mild 
Mild 
Potent 

0 
0 

Very potent 

two hydrogens gemi~lal to C-10a (8a) and none to 
C-4a (4b). Thus the T, data are in complete 
accord with the assignments lnade on the basis 
of deuterium isotope shifts (ride supra). 

The T ,  values for dibenz[a,c]anthrace~le (8) 
allow distinction of one ainbiguous q~laternary 
resonance (132.3 p.p.111.) from the other three 
(128.5, 130.1, and 130.2 p.p.m.). The shorter 
T, value is attributable to C-13a (9a) which has 
two gerninal hydrogens. 

Carbon Sl~ieldit~gs and Carci~~ogrnic Acticifj3 
Table 5 lists the known cancer inducing prop- 

erties of compounds 1-15 ( 1  1, 12). It is inter- 
esting to compare the chemical shifts for struc- 
turally related inactive con~pounds  such as 
phenanthre~le (5) with active materials such as 
dibenz[a,lz]anthracene (9). Assignments for these 
molecules are unambiguous from deuteration 
and specific decoupIing, respectively. 

I t  has been suggested (1 1, 13) that the activity 
of 9 is due to the presence of a bond which is 
active for addition reactions (K region shown 
below). It is now apparent, however, that an 
active K region, although a necessary condition 
for carcinogenic potency, is not a sufficient one. 

13C shieldings for K region carbons of 9 are 
nearly identical (within 1 p.p.m.) to  those for 
C-9,10 of 5 which implies no large differences in 
electron density a t  K region carbons of active 
and inactive materials. 

Recent 'H n.m.r. results of Clin and Leman- 
ceau (30) indicate that the noncarcinogenic 
dibenz[a,j]acridine forms only 1 : 1 complexes 

with benzene, whereas the carcinogenic dibenz- 
[a,c]acridine may form 1 : 2 complexes. This 
being the case, it may be possible to distinguish 
between active and inactive hvdrocarbon sites 
using solvent induced chemicai shifts, and such 
experiments are in progress. 

Results for related epoxides and benzpyrenes 
will be the subject of future reports. 

Experimental 
Materials 

Compounds 1 and 2 were obtained from Fisher 
Sc~entific Co. Ltd., Montreal, Quebec and were used with- 
out further purification. Samples of 3, 4, 5, 7 8, 9, 10, 11, 
12, and 15 were purchased from K and K Laboratories 
Inc., Plainview, New York. 

Spectra 
Nuclear magnetic resonance spectra of I3C in natural 

abundance were obtained by the pulsed Fourier trans- 
form technique at  25.16 MHz on a Varian XL-100-15 
spectrometer. The free-induction decays were stored in a 
Varian 620/L computer (1  6K memory) and were Fourier 
transformed after a sufficient number had been accumu- 
lated. Before transformation all interferograms were 
smoothed with an exponential function to enhance signal- 
to-noise. The maximum number of data points used in 
accumulating the interferograms was 8192. The spectral 
widths varied with the resolution required. 

Samples were studied in tubes of 12 mm outer diameter 
with concentrations on the range 0.09 to 0.40 IM in 
CDCl, ; (concentration effects on chemical shifts are small 
in this range). The deuterium of the solvent was used as a 
field-frequency lock and all chemical shifts are expressed 
as downfield from internal TMS. Routinely, spectra were 
recorded with complete proton noise decoupling at a 
probe temperature of 32 'C. For the specific decoupling 
experiments, proton irradiation was carried out at low 
deco~~pler  power (104 dB) with no noise modulation. The 
decoupler was calibrated by irradiating the protons of 
TMS under low power conditions. 

Spin-lattice relaxation times were measured using a 
pulse sequence of (90' - HS - z - 90' - AT - HS), where 
z is a variable internal and HS is a 20 ms pulse to spoil the 
homogeneity along the z axis (31). The 16K T I  program 
was supplied by Ellis and  peter^.^ The experimental points 
were fitted to be best straight line satisfying the relation- 
ship ln(6, - 6,) = -TIT, and standard deviations were 
calculated accordingly. 

G. W. Buchanan thanks the National Cancer Institute 
of Canada and the National Research Council of Canada 
for financial support. We thank Drs. L. C. Leitch and 
R. Renaud for sanlples of deuterated compounds 6a 
and 6b. 
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HENRY BRUSSET, HE~RI-GEORGES MENDELBAUM et CHANTAL FLICOTEAUX. Can. J. Chem. 
52, 2502 (1974). 

Une etude systematique a ete effectuee, concernant l'influence de deux facteurs: I'aciditC et 
la presence d'un solvant dans le milieu reactionnel de synthese des gels d'oxyde de titane. 
Cette etude montre que dans un milieu acide aqueux I'evolution des proprietes texturales est 
liee a la concentration en ions H' dissocies. La presence d'un solvant, tels que le butanol ou le 
benzene de basse constante dielectrique dans un milieu reactionnel acide, attenue l'ivolution 
des proprietes texturales en diminuant la dissociation ionique de I'acide. Nos resultats peuvent 
expliquer les mesures apparemment divergentes de la litteratwe. 

H E ~ Y  BRUSSET, HE~RI-GEORGES MENDELBAUM, and CHANTAL FLICOTEAUX. Can. J. Chem. 
52, 2502 (1974). 

A systematic s t ~ ~ d y  has been made of the influence of two factors on the synthesis of titanium 
dioxide gels: (i) the acidity of the reaction medium and (ii) the presence of a solvent. This 
study demonstrates that, in an aqueous acid medium, the development of textural properties 
is related to the concentration of free hydrogen ions. The presence in an acid reaction medium 
of a solvent, such as butan01 or benzene, of low dielectric constant, inhibits the development of 
the structural properties by lov.ering the ionic dissociation of the acid. Our results provide an 
explanation for the apparently divergent measuren~ents in the literature. 

[Journal translation] 

Introduction 
L'influence de I'aciditC du milieu riactionnel 

sur la texture des gels d'oxyde de titane a suscitC 
deux courants d'opinions. La premiere tendance 
suppose qile 17aciditC du milieu ~Cactionnel in- 
fluence le mode d'association des particules de 
sol lors de la coag~rlation des gels. Ainsi Gregg et 
Pope (1) en utilisant du  butylate de titane pus et 
des solutions d'acide sulfurique plus ou moins 
concentrees: ont  obseri.6 une evolution de la sur- 
face spicifique et du volume poreux en fonction 
de la concentration en acide sulfurique b ie~i  que 
le diametre de pore reste sensible~ne~it constant. 

L'autre tendance suggere qile l'aciditi du  
milieu reactionnel entraine pel1 ou pas de varia- 
tions des proprietks texturales. En effet, Harris et 
Whitaker (2) en hydrolysant des solutions de 
butylate de titane i 20; en poids dans le ben- 
zkne par divers melanges tampons, ont  constate 
Line legere variation du dianietre de pore passant 
par un niaxinium lorsq~le le p H  est voisin de 4. 
De nitme Vicarini et 01. (3) en faisant reagir des 
solutions de butylate de titane 5 10': en poids 
dans le butanol avec de I'acide acCiique plus o:r 
moins concentrk, n'ont pas o b s e r ~ k  de variations 
sensibles de la surface spkcifique et du  vol~rlne 

poreux en fonction de I'aciditC du milieu rCac- 
tionnel. 

Nous avons pens6 que cette divergence 
d.'opinion pouvait provenir du fait que les auteurs 
ont  opCrC avec des acides de forces diffkrentes et 
surtout dans un milieu rCactionne1 acide soit en 
absence (I) ,  soit en presence (2, 3) ~ ' L I I I  solvant 
tel qile le benzine ou le butanol. 

C'est pourquoi nous avons 6tudik l'effet de 
l'influence du milieu ionisant en presence ou en 
absence d ' i~n  alcool (tel que le butanol) sur les 
proprietka textusales des gels ainsi synthktises. 
Nous nous solnmes places dans des conditions 
operatoires a~lssi voisines que possible de celles 
utiliskes par Cregg et Pope ( I )  p ~ ~ i s  Vicarini ef 01. 
(3): afin de tenter de comprendre la diversite des 
r6sultats trouvis dans la litt6rature. 

Parmi les n~kthodes de preparation de gels 
d'oxyde de titane; nous avons choisi celle de 
Gregg et Pope ( I )  qili presente de nombreux 
avantages par rapport aux autres methodes. Elle 
peut s'effectuer B tempCrature ambiante, soit en 
presence, soit en absence de butanol, et avec une 
quantitC d'eau determinCe. Les caractCristiques 
texturales des produits ainsi synthktisis sont 
dkterminies par une ktude d'adsorption d'azote B 
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BRUSSET E T  AL.: DE GELS D'OXYDE DE TITANE 

FIG. 1. lsothernies d'adsorption d'azote a - 195 C sur des gels d'oxyde de titane prtpares en solutions sulfuriques 
(en absence de butanol). 

- 195 'C. La pureti des prodults de dCpart et les 
mCthodes de calcul employCes sent analogues B 
celles decrltes prCcCdemment (4). 

Influence de 1'aciditC du milieu aCactionne1 en 
absence de butanol 

Toutes nos prtparat~ons sont CffectuCes sans 
butanol et a tempCrature amblante par addltloli 
goutte a goutte de butylate de tltane, solt a 
dlverses solut~ons d'ac~de sulfurique dont la con- 
centratlon est comprlse entre N et N, solt 
a dlverses solutions d'aclde acCtlque dont la 
concentratlon est comprlse entre 10-I N et N 
Le tout est placC sous courant d'azote et sous 
agltatlon pendant quelques heures Le domaille 
de concentratlon ut111sC a CtC cholsl de f a ~ o n  a se 
replacer dans des conditions opiratoires aussi 
voisines que possible de celles employCes par 
divers auteurs de la littirature (1, 3). Seule la 
solution d'acide sulfi~rique normale n'a pas 
donne naissance a un prCcipitC. Dans les autres 
cas les prCcipitCs gClatineux sont mis a decanter 
pendant une nuit. 11s sont ensuite lavCs B l'eau 
distillie de p H  = 5.9 et sichis a 1'Ctuve a 110 'C 
pendant 24 11. Les solides ainsi obtenus, Ctudits 
par diffraction des rayons X et le rayonnenient 
Ka, du cuivre, prCsentent un faible Ctat de cris- 
tallisation se traduisant par un fond continu im- 
portant et la prCsence des raies diffuses de l'ana- 
tase. 

Une Ctude par adsorption d'azote B - 195 "C 
sur ces solides prkalablement dCgazCs B 110 "C 
sous un vide de Torr pendant I8 h, montre 
que les isothermes d'adsorption evoluent du type 
I au type IV de la classification de Brunauer et al. 
(5) lorsque la concentration en acide sulfurique ou 
en acide acCtique dicroit (voir figs. 1, 3 et 4). Les 
risultats de nos mesures d'adsorption sont ras- 
semblCs dans le tableau 1. Un calci~l statistique 
sur iln grand nombre de mesures nous a permis 
de dCterminer que les valeurs lnoyennes indi- 
quCes dans ce tableau sont connues a 5",res 
avec une probabilite de 95% (8). 

Ce tableau nous montre qu'il existe une bonne 
concordance entre les surfaces spkcifiques cal- 
culCes par les mCthodes B.E.T. (5) et B.J.H. (6). 
Par ailleurs la prCsence ou l'absence de butanol 
n'influence pas les propriktes texturales des gels 
d'oxyde de titane sy11thCtisCs en milieu neutre (4). 
En effet dans les deux cas, les surfaces respectives 
sont 220 m2 g-' (4) et 238 m2 g-I et les dia- 
metres de pores respectifs supposCs cylindriques 
sont de 42 A (4) et 44 A. 

\ ,  

Par contre il est possible d'observer une Cvolu- 
tion de la surface spkcifique, du volume micro- 
poreux, du volun~e poreux total et du diametre 
de pore lorsque la concentration initiale en ions 
H +  dissocies (avant rCaction avec le butylate) 
varie (voir fig. 2). En effet, la surface spCcifique et 
le volume microporeux passent par u i  maximum 
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FIG. 3. Co~uparaison des isothermes d'adsorption d'azote sur deux gels d'oxyde de titane prepares en milieux 
ionisants voisins (en absence de butanol) 5 et 8 x ion g 1 - ' .  

FIG. 4. Comparaison des isothermes d'adsorption d'azote sur deux gels d'oxyde de titane prepares en milieux 
ionisants voisins faibIes soit ion g I - '  (en absence de butat~ol) .  

et Pope (1) sur l'oxyde de titane colloidal. Ces 
auteurs ont montrt que les gels d'oxyde de titane 
etaient constituts par des agrtgats de particules. 
Or Cregg et Pope (1) ont emis l'hypoth6se selon 
laquelle l'aciditt du milieu rtaction~lel affecterait 
le mode d'association des particules donc la com- 
pacitt de l'agregat. Un milieu fortement acide 
favoriserait une texture compacte Cvoluant vers 
une texture plus 12che lorsque l'aciditt du milieu 
riactionnel diminue. 

Considerons nos rtsultats et p l a ~ o n s  nous en 
milieu forteinent acide. Empilons soit des parti- 
cules de 135 A, soit des particules de 60 A, 
suivant un mod6le hexagonal compact. Les 
longueurs des interstices laissts entre particules 
jointives varient entre 10 et 40 A (4). Dans les 
deux cas les longueurs sont sensiblement du 
mtme ordre de grandeur que le diarn6tre des 
pores trouvts exptrimentalelnent soit 20 a 30 A. 

Par contre lorsque la concentration en ions H t  
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BRUSSET ET AL.: DE GELS D'OXYDE DE TITANE 2507 

TABLEATJ 2. Con~paraison de 1'Cvolution des proprletes textural de gels d'oxyde de tltane synthitises 
en milleu sulfur~que aqueux 

-- - - pp -- 
- -- - 

-- 
- - - - 

-- - 
- 

H20 
Produ~ts SO,H, S0,H2 ~ O J H ~  ~ O ~ H Z  distrllee 

Auteuls de depart (10 A )  ( lo-Z C )  1 C )  ( < l o - 9  1) p~ = 5 9 
- - p- -- - - -- 

Gregg et Isopropylate ~ B E T  4 316 430 493 
Pope (1) de titane (mZ g-'1 

SBET 
Butylate (m2 g - I )  50 3 90 554 485-520 

de titane Lecture sur 

Nos Butylate SBET 114 317 242 
rCsultats de titane (mZ g-'1 

Gregg et Isopropylate VP No11 0.147 0.247 0.175 
Pope (1) de titane (cm3 g- ')  mesure 

Nos Butylate VU 0.049 0.194 0.272 
resultats de titane (cm3 g- ' )  

Gregg et Tsopropylate D ,  = 4VP1S Non 19 2 1 14 
Pope (1) de titane (A) rnesure 

Nos Butylate D, = 4 l/,lS 17 24 45 
resultats de trtane (A) 

dissocies diminue, il pourrait y avoir une Cvolu- 
tion vers une texture plus lsche et apparition 
d'une isotherme du type IV. Einpilons des parti- 
cules de 60 A suivant un modkle lnoins dense oil 
cubique simple. Les l o n g ~ ~ e ~ l r s  des interstices 
laissks entre les particules jointives varient entre 
25 et 60 A, ce qui est compatible avec nos resul- 
tats expCrimentaux donnant Lln diamktre de pore 
colnpris entre 40 et 60 A ssuivant le mod6le gko- 
metrique adopte. 

(3) Si nous coniparons les rks~~l ta ts  obtenus a 
partir d'une s o l ~ ~ t i o n  d'acide acetique 1.4 N et 
ceux obtenus partir d'~i11e solution d'acide sill- 
f u r i q ~ ~ e  N dont les concentrations initiales 
en ions H +  dissocies (avant rkaction avec 
(BuO),Ti) sont respectivement de I'ordre de 5 x 
l op3  et 8 x lop3  ion g l - ' .  Les gels ainsi syn- 
thktisis prese~itent des isotherrnes inter~nediaires 
entre le type I et le type IV, et possedent des 
textures poreuses analogues (fig. 3). 

De  m&me coniparons les textures des gels 
synthetisis soit en presence d'acide acetique 10-' 
N, soit en prksence d'acide sulfurique A;; ce 
qui correspond a une niEme concentration initiale 
en ions H' dissocies (avant reaction avec 
(BuO),Ti) de I'ordre de ion g I- ' .  Les iso- 
thermes de ces solides sont du type IV, les sur- 
faces specifiqiies sont idelitiques et de I'ordre de 
240 1n2 g - I ,  les diametres de pores respectifs 
sont de 36 et 42 A. Par contre, le kolurne poreux 
total d u  gel prepare en presence d'acide a c k t i q ~ ~ e  

est inferieur au volume poreux total du gel syn- 
thktise en prksence d'acide sulfurique. Ceci p e ~ ~ t  
s'expliquer par la presence d ' i ~ n  petit nombre de 
pores de grandes tailles q ~ l i  interviennent forte- 
merit dans le volume poreux total et n'ont que 
peu d'influence sur la surface spkcifiq~~e q ~ ~ i  reste 
constante (fig. 4). 

On peut done penser qu'il regne une certaine 
silnilitude entre les gels syntlietisCs soit en psi- 
sence d'acide sulfurique, soit en prCsence d'acide 
acitique l o r s q ~ ~ e  les coiicentrations en ions H +  
dissociis sont du 1nCtme ordre de grandeur. 

Ainsi nos rCs~lltats experime~ltaux montrent 
une evolution des proprietCs texturales des gels 
d'oxyde de titane en fonction de la concentration 
en ions H' dissociCs en absence de butanol. 

Influence de I'aciditk do milieu rkactionnei en 
prksence de butanol 

Toutes nos preparations sont effectuees a tem- 
pkrature ambiante par addition goutte a goutte 
d'une solution de butylate de titane ( 2 0 3 e n  
poids dans le butanol) ?i diverses solutions d'acide 
sulfi~rique a 1 0 '  :V) 011 d'acide acCtique 
( lo - '  N a N ) .  Apres skchage, les solides ainsi 
ohtenus prksentent un faible Ctat de cristallisation 
et les raies d i f f~~ses  de I'anatase. 

Le trace des isother~nes d'adsorption a - 195 
' C  sur ces solides, nous montre Lin decalage sys- 
tkmatique des courbes presentant un volume 
adsorb6 plus important qu'en milieu acide aqueux 
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BRUSSET E T  AL.: DE GELS D'OXYDE DE TITANE 

FIG. 5 .  Isothermes d'adsorption d'azote 3 - 195 'C  sur des gels d'oxyde de titane prepares en solutior-is sulfuriques 
(en presence de butanol). 

pour les faibles pressions relatives et les fortes 
concentrations en acide, ainsi qu'une Cvolution 
plus rapide des isotherlnes du type 1 vers des 
isothermes du type IV de la classificatiosi de 
Brunauer et a/. (5) (fig. 5) .  

Ainsi lorsqu'on est en prtsence de butano!, le 
passage d'une isotherme du  type I a une iso- 
therme du  type IV de la classification de Brunauer 
et al. (5) a lieu pour des concentrations respectives 
en acide sulfurique et en acide acCtique de l'ordre 
de N e t  191. Par contre dans un milieu reac- 
tionncl exempt de butanol, il s'effectue pour des 
concentrations respectives en acide sulfurique et 
en acide acetique de l'ordre de 10- et 10-' ,V. 

Nos rtsultats d'adsorption soslt regroupis 
d a m  le tableau 3. Nous pouvons constater que la 
surface sptcifique et le volume microporeux 
subissent unc evolution parall6le 11iais b c a u c o ~ ~ p  
plus attCnuCe qu'en milieu aqueux. Ainsi dans LLII 

milieu rkactionnel contenant de l'acide s~llfilrique 
et  du butanol, lorsquc la co~icentratio~i en ions 
H +  dissociks diminue, la surface specifique croit 
de 215 a 271 m2 g - l  puis dtcroit legirement. Par 
contre en milieu sulfurique aqueux, lorsque la 
conce~ltration en ions Hf dissociCs diminue, la 
surface specifique croit de 110 a 317 m2 g-', puis 
dCcroit ensuite. I1 en est de m&me du  volume 
microporeux. 

Le volume poreux total d'azote adsorbt en 
milieu acide cohtenant du butanol est 1Cgerement 
superieur a celui obtenu en milieu acide aqueux 

pour des concentrations initiales en acide identi- 
ques. Le dialnetre des particules reste sensible- 
ment constant et du m h i e  ordre de grandeur 
que le diamitre des pores (modele sphCrique) 
excepte pour une concentration en acide sulfuri- 
que egale B lo- '  N. 

Par ailleurs le tab lea^^ 3 montre que les gels syn- 

FIG. 6 .  Distributions des rayons de pores de gels 
d'oxyde de tirane prepares en solutions sulfuriques (en 
presence de butanol). 
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1 I r e o c  hon 8.10'1on.g.l ' 
I 

FIG. X. Cornparaison des isorhermes d'adsorption ti'azote sur deux gels d'oxyde de titanc prepares en niilie~lx 
ionisants voisins faibles (en presence de butanol) soit l o 3  ion g 1 ' .  

oil 51, = fraction solvolyste de I'acide HA qui 
depend du caractere du solvant et K,, = cons- 
tante de dissociation de SHA qui depend de la 
colistatite dielectrique du solvant. 

Or  il existe ulle relation due B Denison et 
Ramsey (14) bas& sur la theorie de Bjerrum (1 3) 
qui perniet de relies pKD a la constante dielectri- 
que du solvant E,. 

B = facteur de proportionnalitt independant de 
la constatite diilectrique et r ,  = rayotis des ions 
solvates. 

On voit done que si E ,  est grand, ce q ~ ~ i  est le 
cas de I'eau (E, = 78.5) ,  le second terlne de 
I'expression est petit, dotic pKD est petit ainsi que 
pK,. Comme p k ;  = -log h',. la constante de 
dissociation K, est grande, et par voie de conse- 
quence la constante K, de I'acide est grande. Par 
contre, lorsque E, est faible, ce q ~ ~ i  est le cas du 
butanol ou E, = 17.1 et du benzene ou E, = 2.3, 
la vale~lr de pK, croit. done i l  lui correspond une 
constante de dissociatio~i K,  plus faible que dans 
l'eau, et par consequent une constaiite d'acidite 
plus faible. 

D o ~ i c  on  peut penser que la presence de bu- 
tanol ou de benzene dans le niilieu rkactionnel 
a t t C n ~ ~ e  I'ionicite. Or  nous avons observe que les 
propri6ti.s textusales dependent etroitement de 
I'ionicite du  ~iiilieu. 

Conipte ten11 de nos rCs~11tats experiinentaux et 
de ceux luentionnes dans la litterati~re, cette 
etude nous a conduit A niontrer que les proprik- 
tes texturales des gels d'oxq.de de titane etaient 
liees la concentration en ions H +  dissociCs dans 
le milieu riactionnel. Par ailleurs la presence 
~ ' L I I I  solvant de faible constante dielectrique 
(comme le butanol ~ L I  le benzene) dans le milieu 
rkactio~lnel attknue les variations des proprittes 
text~~rales  ell diniinuant la dissociation ionique 
de I'acide. 

Ceci nous permet d'expliquer, non se~llelnent 
les resultats de Gregg et Pope ( I )  qui ont observe 
une evolution des proprietes text~~rales  en fonc- 
tion de la concentration en acide fort (H,SO,) du 
milieu aqueux de synthese, tnais aussi ceux de 
Vicarini et coll. (3) et ceux de Harris et Whitaker 
(2) qui n'ont pas observe d'evolution sensible des 
proprietes text~lrales en fonction de la concentra- 
tion en acide faible (CH,COOH) ell presence de 
butanol, ou d a m  des milieus tampons divers en 
prksence de benzkne. 
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The Near-ultraviolet Absorption Spectrum of Diimide in Liquid Ammonia 
and its Decomposition between -65 and -38 "C 
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Divisiotz ofChetnistty, Notiotz~il Resenrch Cout~cil of Cunncin, Ottnii.ii, Cnr~cida K I A  OR6 

Received March 8. 1974 

R. A. BACK and C. WILLIS. Can. J. Chem. 52, 2513 (1974). 
The near-ultraviolet absorption spectrum of diimide in liquid ammonia at  - 50 "C is shifted 

about 500 A to the red compared with the gas-phase spectrum, with h,,,, = 4000 A. The 
spectrum is also broadened and the vibrational structure largely obscured. It is suggested that 
hydrogen bonding is responsible for these changes. 

Diimide is much more stable in liquid ammonia between - 65 and - 38 "C than in the gas 
phase a t  room temperature. A first-order decay is observed with Arrhenius parameters of A = 
1.9 x !03 s-' and E = 6.6 kcal/mol; this is always preceded by a more rapid, higher-order 
initial decay which may be related to the rapid decomposition observed during vaporization. 

R. A. BACK et C. WILLIS. Can. J. Chem. 52, 2513 (1974). 
Le spectre d'absorption, dans le proche ultraviolet, de la diimide dans I'ammoniac liquide 

a - 50 "C est deplace d'environ 500 vers le rouge lorsqu'on le compare au spectre en phase 
gazeuse; h,,,, = 4000 A. On observe que le spectre est Clargi et que la structure vibrationnelle 
est obscurcie. On suggere qiie les ponts hydrogenes sont responsables de ces changements. 

La diimide est beaucoup plus stable dans I'amnioniac liquide erltre -65 et -38 "C qu'en 
phase gazeuse temperature de la piece. On a determine les taux de decon~position du premier 
ordre et etabli les parametres d'Arrhenius qui sont A = 1.9 x lo3 s '  et E = 5.6 kcal/inoI. 
Cette decomposition est toujours precedee par Line decon~position plus rapide d'un ordre plus 
Cleve qui est relie a la decon~position rapide que I'on observe durant la vaporisation. 

[Traduit par le journai] 

Introduction circulated from a low-temperature thermostat, and 
mounted in the light path of a single-bean1 Heath 

In a recent study its physical and che!ni- spectrophotometer. When the desired amount of diimide 
cal properties, diimide (N2H2) was trapped at had been collected, enough additional ammonia was 
- 196 "C together with a 5- to lo-fold excess of condensed to fill the cell above the level of the light beam. 
ammonia. on warming, the solid mixture The cold finger was then warmed until the diimide- 

ammonia mixture melted and flowed down into the at about -65 OC to a pale yellow liquid. thermostatted cell, and the spectrophotometric measure- 
The yellow color persisted for many minutes at ments were begun, During the decomposition the cell was - - 
temperatures between - 65 and -25 "C,  attached to a manometer to avoid excessive pressure 
suggesting that under these conditions diimide increase. No product analysis was undertaken, and 

was appreciably more stable than in the gas pressure changes were not recorded since their inter- 
pretation is complex (1). 

phase at room temperature. The present paper 
reports the measurement of the absorption Results: and Dissnssisn 
spectrum of diimide in liquid ammonia, and a ~i~~~~ 1 shows the absorption 
brief spectrophotometric study of its decomposi- spectrum of diimlde in liquid ammonia at - 50 
tion at temperatures from - 65 to - 38 "C. "C,  and for comparison, the spectrum of the 

Experimental vapor (1, 2). The absorption in liquid ammonia 
is shifted to the red by about 500 A, broadened 

Diimide-ammonia mixtures containing about 15% 
diimide were prepared by a ~lllcrowave discharge through considerably, and the sharp vibrational structure 
hydrazine vapor as descr~bed previously (1). For each observed in the gas phase is almost completely 
experiment, several (4-10) small batches were prepared, lost. The shift to the red seems anomalously large 
rapidly vaporized, and recondensed one after another at  for a simple polar-solvent effect and is opposite 
- 196 "C on a small "cold finger" attached to the top of in direction to the blue shift expected for a 
a 1 x 1 cm spectrophotometer cell. This was fitted in an 
insulated brass block cooled by a liquid refrigerant ng+n transition. There is evidence from the 

infrared spectrum (3) and from the vapor 
'NRCC No. 13963. pressure of diirnide-ammonia mixtures (1) that 
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3000 3800 4600 5400 

WAVELENGTH (h) 
FIG 1 Absorption spectra of N,H, and (CH,),N, 

In l ~ q u ~ d  aninionla (slits. 30 1. T, - 50 'C), and In the gas 
phase (1, 2, 4). 

the two components interact strongly, probably 
through hydrogen bonding, and the large red 
shift and broadening of the present spectrum 
can reasonablv be attributed to the same cause. 
To  test this hypothesis, a liquid amrnonia solu- 
tion of azomethane, which should be much less 
hydrogen-bonded, was prepared and its absorp- 
tion spectrum measured at  - 50 " C ;  this is shown 
in Fig. 1 ,  together with the gas-phase spectrum 
(4). Again, a shift to the red is observed, but 
much smaller than with diimide. This suggests 
that bonding of the diiniide hydrogens to the 
NH, lone pairs is much Inore important than 
the bonding of the NH, hydrogens to the lone 
pairs of azomethane or diiniide, as might be 
expected from the strong intra~nolecular inter- 
action between the two lone pairs in azo com- 
~ o u n d s  (5) which would make them less 
available for intermolecular interactions. 

Figure 2 shows typical first-order plots of the 
disappearance of diimide in liquid ammonia at  
-65, -58, and - 38 "G. Optical density at  
4000 A is plotted, rather than N,H, concentra- 

6l DECAY OF D M D E  IN LIQUID AMMONIA 1 

0 011 \ 1 1 
0 2 0  4 0  6 0  8 0  100 120 140 

TIME (min) 

FIG. 2. First-order plots of diiniide decay in liquid 
ammonia. 

tion, since the extinction coefficient is not known; 
optical densities in  the single-beam instrument 
were based on final values of the transmitted 
intensity attained after complete decay of the 
diirnide in each experiment. Differences in the 
initial optical densities have no significance, 
simply reflecting different amounts of diimide 
condensed into the cell. 

111 all the experiments a rapid initial disap- 
pearance with an order greater than one was 
observed, followed by a simple first-order decay; 
these features are evident in Fig. 2. The lifetime 
of diimide, as expected, is much longer than in 
the gas phase at  22 "C, and decreases with 
increasing temperature. Figure 3 shows an 
Arrhenius ulot of the first-order rate constant 
derived from the linear portions of the curves 
in Fig. 2, or similar ones, from which Arrlienius 
parameters of A = 1.9 x lo3 s- '  and E = 6.6 
kcal/mol were obtained. Also plotted in Fig. 3 
is a value of the rate constant obtained in the 
gas phase at  22 "C ( I ) ;  this lies below an extra- 
polatio~l of the low-temperature data. The gas- 
phase decomposition showed an activation 
energy of about 20 kcal between 22 and 200 " C ,  
and rather complex kinetics (1). 

It is evident from Fig. 2 that a major portion 
of the diimide disappeared in the rapid initial 
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BACK AND WILLIS: DIIMIDE IN LIQUID AMMONIA 2515 

FIG. 3. Arrhenius plot of first-order rate constants 
for diimide decay. 
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decay, which may well correspond to the rapid 
partial decomposition previously observed to 
accompany the vaporization of diimide (1). This 
is probably a biniolecular process and may 

\ Gas Phase Value at  22'C 

- /A\ 
- 0  

\ \  E=6 56 x 1 0 ~ c a l  mole-' 
\ A = I  87 x 103 S-1 
\ 

- \ 

j0 
- 
- 

- / % 

- 

- 

i 

3 5 3 7 ' 1 1 9 4 1  4 ' 3 ' 4 ' 5  4 ' 7 4 9  

involve the cis isomer of diimide (I), and it 
appears that extrapolation of the rates observed 
in the present experiments to the higher temper- 

T 

atures and much higher concentration present 
in the transient liquid phase formed during 
vaporization could account for the very rapid 
decomposition in the latter system (1). 

The slower first-order decay in liquid am- 
monia is probably similar in nature to the gas- 
phase decomposition, and may involve tra~is-cis 
isonierization as a rate-controlling step ( I ) ,  
although the activation energy of 6.6 kcai is much 
lower than any reasonable estimate for the energy 
barrier for isomerization (6) 

The authors wish to  thank Mr.  J. Parsons for his 
assistance in some of these experiments. 
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The Crystal Structure of Levoglucosan Triacetate 

F. LEUNG AND R. H. MARCHESSAULT 
Depurtn~ent of Cherniatr?., UniversitP de A140rztre'al, ,Montreal 101, Quebec 

Received December 14, 1973 

F. LEUNG and R. H.  MARCHESSAULT. Can. J. Chem. 52, 2516 (1974). 
The crystal structure of the acetylated levoglucosan (1,6-anhydro-2,3,4-triacetylglucose) was 

determined by X-ray crystallography. The crystal data are: P2,2,2,, a = 10.916, b = 8.318, 
c = 15.612 A. It was found that the pyranose ring of the lnolecule has the ~ C ( D )  chair con- 
formation with the acetate groups occupying the axial positions. The orientation of the acetate 
groups with respect to the pyranose ring was discussed in conjunction with other acetylated 
carbohydrate structures. 

F. LEUNG et R. F. MARCHESSAULT. Can. J. Chem. 52, 2516 (1974). 
On a determine la structure cristalline du levoglucosane acetyle (anhydro-1,6 triacetyl-2,3,4 

glucose) a I'aide de la diffraction de rayon-X. Les donnees cristallographiques sont: P2,2,2,, 
u = 10.916, b = 8.318, c = 15.612 A. On trouve que le noyau pyrannose de la molecule a 
une conforn~ation chaise ~ C ( D )  dans laquelle les groupes acetates se trouvent dans des positions 
axiales. On discute de ['orientation des groupes acetates par rapport au noyau pyrannose par 
co~uparaison avec d'autres structures de carbohydrates acetyles. [Traduit par le journal! 

Introduction 
The crystal structures of 1,6-anhydro-P-glu- 

copyranose (levoglucosan) l and 1,6 : 2,3-dianhy- 
dro-P-gulopyranose 2 have been reported re- 
cently (1, 2) and the importance of the anhydro 
sugars in carbohydrate chemistry has been out- 
lined by these investigators. Furthermore, since 
a trimethyl substituted derivative of 1 was the 
first stereoregularly polymerized carbohydrate 
monolner (3 ) ,  it would be helpful to examine the 
crystal structure of such derivatives in order to 
understand the steric and strain factors which 
may be involved in the selective opening of the 
anhydro ring. 

OAc OAc 

3a 

In  a recent study of the crystal structure of 
xylobiose hexaacetate (4) it was found that the 
orientation of the acetate group with respect to 

the pyranose ring was relatively constant for 
different positions on the ring and also insen- 
sitive to the conformatio~l of the disaccharide 
itself. This confirms the predicted ( 5 ,  6) prefer- 
ence for a planar trans conforn~ation of the 
acetoxyl groups, wherein the C(A)-O(A) bond 
is nearly eclipsed with the C-H bond of the ring 
as shown in Fig. 1 .  The limited amount of data 
concerning the favoured orientation of acetoxyl 
groups was mentioned by Corfield er al. (7)  
ivhose comments concerning the acetoxyl groups 
of tri-0-acetyl-P-D-arabinopyranosyl bromide 
are very much in Iine with some of the generaliza- 
tion which will be made in this study concerning 
the acetate groups in completely substituted 
1,6-anhydro-P-D-glucopyranose, 3a. 

We observed that the powder diffraction pat- 
tern of the sample crystallized from the melt is 
different from that of the sample crystallized 
from solution. Examination of molecular nlodels 
shows that the molecule readily assumes either 
the "chair" form 3a or the "boat" form 36 which 

FIG. 1. A diagram showing the orientation of the 
acetate group with respect to the pyranose ring. 
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LEUNG AND MARCHESSAULT: CRYSTAL STRUCTURE OF LEVOGLUCOSAN 2517 

places the acetate groups In axlal or equatorla1 
positions, respectively; the present study alms to 
establ~sh the form In the solution gronn crystal. 
The ~ C ( D )  ring conformation nhlch places the 
2, 3, and 4 substltuents In the axla1 posit~on was 
found for levoglucosan (1) Nlkltln et a1 (8) have 
observed changes In the I r spectra of levoglu- 
cosan whlch they have interpreted 111 terms of a 
"chalr-boat" transition. 

Experimental 
Suitable crystals were obtained by recrystallizing the 

compound from 1 : 1 water-methanol solution. The crys- 
tal data are: 

C12H1608 m.p. 108 'C f . ~ .  = 288 
Space group P2,2121, n = 10.916(3), b = 8.318(3), c = 
15.612(6) A, D,,, = 1.45 g/cc, D, = 1.44 gicc, Z = 4, 
p = 11.0 cnx-I (CuKn, j., = 1.5418 A). The cell parani- 
eters were determined from diffractometer measurements 
using 12 reflections and refined by a least-squares pro- 
cedure. The intensity data were collected on a Picker 
FACS-1 diffractometer using CuKr  (Ni-filtered) radia- 
tions. The crystal used for data collection had the 
dimensions of 0.7 x 0.5 x 0.3 min. A 20-scanning mode 
was used during data collection. A total of 1408 indepen- 
dent reflections were recorded within the range of 2 d 
28 < 130-. There are 115 reflections \+ith net counts less 
than 10% of the background; these reflections were con- 
sidered to be unobserved and were excluded froin struc- 
ture refinement. No absorption correction was applied in 
the data reduction procedure. Normalized structure 
factors were generated by the K-curve method (9). 

Structure Solution and Refinement 
The structure was solved using the multi-solu- 

tion TANFOR program1 which involved direct 
application of the tangent formula (10) in an 
interative manner. The following reflections with 
the corresponding phases were chosen as the 
starting set: 

7 1 8 2 . 5 0  k45 ,  f 135 
8 2 6 2 .27 +45, + I 3 5  

-~ - -- 

'The computer programs used were locally modified 
versions of the following: F. R. Ahmed and C. P. H~lber,  
NRC-2 (data reduction); M. Drew, TANFOR (tangent 
formula); A. Zalkin, FORDAP (Fourier and E-map); 
R. J.  Doedens and J. A. Ibers, NUCLS (least-squares 
refinement) with block-diagonal option introduced by 
J. Sygusch; R. Shinono and S. S. C. Chu, BONDLA 
(bond length and angles); M.  E. Pippy and F. R. Ahmed, 
NRC-22 (best least-squares planes); P. R. Sundararajan, 
BOND (torsional angles); C. K. Johnson, ORTEP (draw- 
ings). 

All reflections (206) with 1E/ 2 1.40 \\/ere used 
in the application of the tangent formula. A total 
of 32 different sets of phases were obtained, 
corresponding to the 32 different combinations 
of initial phases allocated to the above reflec- 
tions. For the set with the lowest R ,,,,, (0.25), 
157 phases were determined. The E-map com- 
puted using these 157 reflections revealed all the 
nonhvdroeen atoms of the molecule. . - 

The atomic coordinates estimated from the 
E-map were refined by full-matrix least squares 
nith individual isotropic thermal parameters. 
All observed reflections were given equal weights 
during this refinement procedure. The isotropic 
refinement converged to an R factor of 0.14, 
where R is defined as ~ ( l / F 0  - F , I ~ ) ~ z I F , .   he 
refinement was continued with anisotropic 
thermal parameters, an R factor of 0.08 has  ob- 
tained. At this stage, a difference map \$as com- 
puted ~ i t h  all the obserked reflections. it sho\\ed 
all the h y d r o ~ e n  atoins of the n~olecule. The 
refinement \ \as  then continued \\ith the hvdroneil 

d - 
atonis included and each assigned isotropic 
thermal parameters. The f o l l o ~ i n g  neighting 
function \\as used. It was obtained by making 

the aberage (1>A2 (uhere A = lF,l - IF,) similar 
in magnitude over the \\hole range IF,/. The 
atomic scatturing factors used for the hydrogens 
and nonhydrogen atoms \\ere taken from 
Stenart et a/ .  ( I  1 )  and Cromer and co-worker 
(12), respectively. The hldrogen atoms and the 
nonhydrogen atoms uere refined isotropically 
and anisotropically respectively. After sekeral 
cycles of block-diagonal least-squares refine- 
ment, convergence nas  reached at  an R factor 
of 0.048 for observed reflections only. The final 
positional and thermal parameters are listed in 
Table 1 .  Final F, and F, values have been placed 
in the Depository for Unpublished Data.' 

Results and Discussion 
The bond lengths, bond angles, and atomic 

labelling of the niolecule are illustrated in Fig. 2. 
The bond lengths of the niolecille are in good 
agreement with those in 1 (1). The difference in 
bond lengths between the t h o  inolecules is less 
than 0.01 A with the exception of the equatorial 

'Copies of F, and F, listing are available, at a nominal 
charge, froin the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA OS2. 
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LEUNG AND MARCHESSAULT: CRYSTAL STRUCTURE OF LEVOGLUCOSAN 2519 

TABLE 2. Mean values of bond lengths and angles of acetate groups attached to carbohydrates and related ~l~olecules. 
The weighted averages are calculated based on the number of acetate groups in each of the compounds 

-- 
--  

-- 

No. of 
acetate Bond length (A) Bond angles (deg) 

Compound groups C=O C-0 CH3-C CH3-C-0 CH,-C=O 0-C=O 

A* 6 1.195 1.336 1.496 111.7 125.0 123.3 
B t  3 1.170 1.367 1.493 111.3 126.7 122.3 
CS 1 1.180 1.334 1.488 112.2 124.3 123.4 
0 8 3 1.183 1.363 1.513 111.3 126.7 121.4 
El' 2 1.185 1.346 1.492 111.1 124.7 124.2 

This work 3 1.189 1.343 1 .490 111.2 126.8 122.0 
Weighted average 1.186 1.348 1.496 111.4 125.8 122.7 

+ 4)-P-D-Xylobiose hexaacetate (4). 
; y r i - O - a c e t y l - B - D - a r a b i n o s y 1  bromide (7). 
$3'-0-Acetyl-4-thiothymidin (13). 
~l-O-(p-Bromobenzenesuiphon).I)-4,5.7-tri-O-acetyl-2,6-anhydro-3-deoxy-~-glucoheptitol(14). 
Cytosamine  triacetate (IS); one of the acetate groups 1s not attached to the pyranose ring and is therefore excliided. 

FIG. 2. Bond lengths and bond angles of I,6-anhydro- 
2,3,4-tri-0-acetyl-~-u-g1~1copyranose. Maximum standard 
deviation for C-C bond is 0.006 A and for C-0 bond 
is 0.005 A. Maximum e.s.d. for bond angles is 0.4 . 

C-0 bonds, which are 0.016-0.028 A longer. 
The bond lengths and angles of the acetate 
groups are ~vell in line with those attached to 
other carbohydrate ring systems (4: 7, 13-15). 
The mean values of bond lengths and angles for 
the acetate groups are tabulated in Table 2 
together with those in some other carbohydrate 
rings. The angle CH,--C--0 (1 11.2') is much 
less than i20c. This observation is consistent for 

all 18 acetate groups in 6 different structural 
analyses. The smallest values reported for this 
angle is 107.8" (14). Such distortion of the bond 
angles were not found in the cases of acetic acid 
(16) and the acetate acidium ion (17). 

The pyranose ring of the molecule has the 
~ C ( D )  chair conformation with the acetate 
groups occupying the axial positions at C2, C3, 
and C4. A stereoscopic view of the ~nolecule is 
shown in Fig. 3. The best least-squares planes 
for the pertinent parts of the molecule are shown 
in Table 3. The acetate groups show m ~ ~ c h  less 
deviations from coplanarity than C1, C2, C4, 
and C5 in the pyranose ring and CI ,  C5, C6, 
and 0 1  in the anhydride ring. It is evident from 
Table 3 that the deviations from coplanarity for 
the.pyranose ring in the acetylated ~nolecule are 
almost 10 times larger than those obtained for 
the unacetylated molecule. The distance of C3 
from the mean plane is decreased by 0.054 A.  

The torsional angles of the molecule are listed 
in Table 4. The sign conventions used are those 
of IUPAC (18). The torsional angles of the 
pyranose ring are in good agreement with those 
of the unacetylated molecule 1 (1). In no case do 

FIG. 3. A stereoscopic view of 1,6-anhydro-2,3,4-tri- 
0-acetyl-p-a-glucopyranose. 
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TABLE 3. Least-squares planes in 1,6-anhydro-2,3,4-tri-O-acetyl-~-~-glucopyranose. The values in parentheses are 
those of 1,6-anhydro-13-D-glucopyranose, 1, (1). Equation for plane: Ax + Bg + Cz = D, where x,  y, z are in A 

-- -. 
- -- 

Atoms 
Atoms in out of 

"best" "best" Distance from "best" Estimated standard 
plane plane deviation in P Constants 

-- - -~ 
plane, A (P) 

-- 

Pyranose ring C1 0.010 (0,001) 0.003 (0.003) -0.9827 (0.501) A  
C2 -0.009 (-0,001) 0.003 (0.003) 0.1497 (0.477) B 
C4 0.009 (0,001) 0.003 (0.003) -0.1089 (0.722) C 
C5 -0.010 (-0,001) 0.003 (0.003) -2.8037 (2.638) D 

C3 -0.406 (-0.460) 0.003 (0.003) 
0 5  0.826 (0.820) 0.002 (0.002) 

Anhydride ring C1 0.018 (0.012) 0.004 (0.004) -0.2844 (0.049) A 
C5 -0.017 (-0,011) 0.004 (0.003) -0.2077 (-0.563) B 
C6 0.026 (0.017) 0.004 (0.004) -0.9359 (0.825) C 
01 -0.028 (-0,018) 0.003 (0.002) 3.0343 (1.599) D 

05 0.632 (0.623) 0.003 (0.002) 

Acetates 0 2  -0,001 0.003 - 0.0599 A  
C7 0.003 0.004 - 0.9494 B 
C8 -0.001 0.006 - 0.3082 C 
06 -0.001 0.004 1.4123 D 

0 3  0.004 0.002 0.1802 A 
C9 -0.011 0.004 0.6092 B 
07 0.005 0.003 - 0.7722 C 
C10 0.003 0.005 2.4530 D 

0 4  0.002 0.003 - 0.2276 A 
C11 -0.007 0.003 -0.1928 B 
08 0.003 0.006 - 0.9545 C 
C12 0.002 0.005 1.8805 D 

they differ by more than 5". These small devia- 
tions can be attributed to the slight "flattening" 
of the pyranose ring. In conclusion, the effect of 
the acetylation on levoglucosan are (a) to lessen 
the coplailarity of the atoms C1, C2, C4, and C5 
due to nollbonded interaction of the axial 
acetate groups; (6) to "flatten" the pyranose ring 
such that the distance of C3 from the mean plane 
defined by C1, C2, C4, and C5 is decreased by 
0.05 A; and (c) to leave the geometry of the 
anhydride ring unchanged. 

The orientation of the acetate groups with 
respect to  the pyranose ring is shown in the 
Newman projectioils of Fig. 4. In all three cases, 
the carbon(acetate)-oxygen bond makes a 
dihedral angle of approximately 30' with the 
carbon(ring)-hydrogen bond. In other acetylated 
carbohydrate rings (4,7,13-Is), the value of this 
dihedral angle varies from 0 to 43". The distri- 
bution of acetate groups cs. this dihedral angle 
magnitude is shown in Table 5. The calculations 
are based on nonhydrogen positions; the ring- 
hydrogen positions were estimated assuming sp3 
hybridization of the carbon atoms. With the 
data available at the present moment, one may 

FIG. 4. Orientation of the acetate groups (Newman 
projection) in 1,6-anhydro-2,3,4-tri-0-acetyl-a-D-glucopy- 
ranose. 

conclude that there is a "high probability" that 
the acetate groups in sugars lie in "near eclip- 
sing" positions3 as shown in Fig. 1. 

I t  is interesting to note that the tri-o-acetyl- 
levoglucosan assulnes the same 1 C(D) conforma- 
tion as in levoglucosan. Thus in spite of the 
bulky acetate groups, and perhaps because of 
their planarity, their substituents are able to 
occupy the axial positions as required by the 
~ C ( D )  chair. This was proposed by Hall and 

31t should be noted that our use of the word "eclipsing" 
is in terms of the standard terminology which uses four 
contiguous atoms, in this case: C(A)-0-C-H (rf. 
Fig. I). Some authors (7) refer to "eclipsing" of C=O in 
carbohydrate acetates with the ring C-H but this in- 
volves five atoms. 
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LEUNG AND MARCHESSAULT: CRYSTAL STRUCTURE OF LEVOGLUCOSAN 2521 

TABLE 4. Torsional angles of levoglucosan triacetate. The conventions used are of Klyne and Prelog (18) 
-- - - .- - 

Bonds Angles (deg) Bonds Angles (deg) 
- -- 

C2-CI-01-C6 -96.4 C3-C4-C5-C6 -56.8 
C2-C1-05-C5 75.3 C3-C4-C5-05 55.7 
01-C1-C2-C3 62.7 C3-C4-04-Cll 144.8 
01-C1-C2-02 - 179.7 C5-C4-04-Cll -94.5 
01-CI-05-C5 -43.2 04-C4-C5-C6 -172.1 
05-Cl-C2-C3 -53.7 04-C4-C5-05 -59.6 
05-C1-C2-02 63.8 
05-C1-01-C6 23.4 C4-C5-C6-0 1 86.6 

C4-C5-05-C1 -75.4 
Cl-C2-C3-C4 30.3 C6-C5-05-C1 44.6 
C1-C2-C3-03 -88.4 05-C5-C6-01 -30.4 
CI-C2-02-C7 153.6 
C3-C2-02-C7 -86.7 C5-C6-01-C1 4.7 
02-C2-C3-C4 -84.9 
02-C2-C3-03 156.5 C8--C7-02-C2 178.9 

06-C7-02-C2 -0 .6  
C2-C3-C4-C5 -32.0 
C2-C3-C4-04 86.1 C10-C9-03-C3 -176.0 
C2-C3-03-C9 - 156.1 07-C9-03-C3 1.8  
C4-C3-03-C9 82.1 
03-C3-C4-C5 84.7 C12-C 1 1-04-C4 179.6 
03-C3-C4-04 -157.2 08-Cll-04-C4 0 . 9  

~ - - ~ -  

TABLE 5. The distribution of acetate groups 3. C. C. Tu and C. SCHUERCH. Polym. Lett. 1, 163 
(4, 7, 13-15) us. the dihedral angle magnitude (1963). 
(the angle between two planes defined by H, 4. F. LEUNG and R. H. MARCHESSAULT. Can. J .  Chem. 

C, 0 ,  and the atoms C, 0 ,  C(A) in Fig. 1 )  51, 1215 (1973). 
-- - ~ 

-- -- 5. S .  M. GABBAY, P. R. SUNDARARAJAN, and R. H.  

Dihedral angle No. of acetate groups 
(deal 

4 
3 
3 
1 
7 
u 

1 
1 
1 
1 

Total 17" 
-- - 

*The acetate group attached to CG of the glucose uni t  
(14) was el~minated from this survey. 

co-worker (19) and Horton and co-horker (20) 
based on n.m.r. data. Proton n.m.r. studies (21) 
also assign the same coilformation to the tri-0- 
methyl derivative. Since the latter polymerizes 
stereoregularly under the influence of PF, 
catalyst while the tri-0-acetyl derivative does 
not (22) polymerize at  all. I t  would seem that 
there is no correlation between the stable 
monomer conformation and the mechanism 
responsible for the stereoregular polymerization. 
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Hydride Reductions of 1 -Phenyl-1-nonen-3 -one: Mass Spectrometry of 
1-Phenyl- 1-nonen-3-01s and Relative Stereochemistry of the Diastereoisomeric 

4-Dimethylaminomethyl-1-Phenyl-1-nonen-3-olsl 

WESLEY GORDON TAYLOR AND JONATHAN RICHARD DIM MOCK^ 
College of Phnrinucy, University of Sask i~ tche~~an ,  Saskrrtoon, Saskatclze~t.urz S7N OW0 
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WESLEY GORDON TAYLOR and JONATHAN RICHARD DIMMOCK. Can. J. Chem. 52,2522 (1974). 
The metal hydride reduction products of some styryl ketones and dimethylaminomethyl 

Mannich bases have been investigated. Sodium borohydride selectively attacked the carbonyl 
carbon atom to give the desired allylic alcohols. Reduction of I-phenyl-1-nonen-3-one with 
lithium alumin~~ln hydride gave I-phenyl-3-nonanol which represents the conjugate addition 
product. Fragmentations of I-phenyl-1-nonen-3-01 were compared to the modes of mass 
spectral breakdown of 4-phenyl-3-buten-2-01, an allylic alcohol which is known to behave like 
a saturated ketone on electron bombardment. Peaks corresponding to the McLaRerty ion and 
the loss of a methyl radical from this rearrangement product were observed. Certain Mannich 
bases were reduced to diastereoisomeric allylic amino alcohols. The separation, 'H n.m.r. 
spectroscopy, and relative stereochemistry of the diastereoisomers are discussed. 

WESLEY GORDON TAYLOR et JONATHAN RICHARD DIMMOCK. Can. J. Chem. 52,2522 (1974). 
On a examin6 les produits de la riduction par les hydrures mttalliques de quelques styryles 

cetones et de leurs bases de Mannich dimethylaminon?ethyJees. Le borohydrure de sodium 
a t t a q ~ ~ e  d'une f a ~ o n  selective le groupement carbonyle et conduit aux alcools allyliq~~es desires. 
La reduction de la phenyl-1 nonen-l one-3 par I'hydrure double de lithium et d'aluminiurn 
conduit aux phenyl-l nonanol-l : ceci correspond au produit d'addition conjugue. On a con?- 
pare Jes modes de fragmentations du phenyl-I nonen-1 01-3 avec les modes de coupures en 
spectromttrie de lnasse ~ L I  phenyl-4 buten-3 01-2, un alcool allyliq~~e connu pour rkagir comme 
une cetone saturCe lors du bombardement electronique. On a pu observer les pics correspon- 
dants a I'ion de McLafferty et a celui correspondant a la perte d'un radical methyle provenant 
du p r o d ~ ~ i t  de rearrangernent. Certaines bases de Mannich se reduisent en aminoalcools 
allyliques diastereoisomeres. On discute de la separation, de la r.m.n. du proton et de la 
stereochirnie relative des diastereoisomeres. [Traduit par le journal] 

Introduction 
The synthesis and mass spectral characteristics 

of the r .  P-etliylenic ketones I required for this 
\+ark have been reported (1). Nuclear substituted 
dimethylaminomethyl Mann~ch  bases 2 \\ere pre- 
pared (2) and these \\ater-soluble stjryl ketones 
have been e\al~lated for in ritro and it1 cico anti- 
cancer activity bq- established procedures (3). In 
attempts to alter the polarized olefinic system in 
the conjugated ketones \+bile maintaining the 
rigid stereochemistry of the ethylenic bond. the 
allylic alcohols 3 and allylic amino alcohols 4 
were prepared (Scheme 1) for testing in experi- 
mental tumor screens.' 

'Presented in part at  the Nineteenth Canadian Con- 
ference on Pharmaceutical Research, University of 
Alberta, Edmonton, Alberta, August 1972. 

'To whom inq~~ir ies  should be directed. 
3Revision recei~ed March 25, 1974. 
4The antineoplastic activity and other phnr~l~acological 

activities of these alcohols will be reported elsewhere. 

Current interest in ~rnsaturated alcoliols as 
possible anticancer agents has stemmed fro111 the 
req~riretnents for an allylic ester functional group 
in tumor-inhibitory members of the pyrrolizidine 
alkaloids (4). These allylic aininoesters are 
thought to function as biological alkylatingagents 
by a mechanism invol~ing alkyl oxy,  en ester 
fission to give stable carbonium ions ( 5 ) .  More 
recently, Willette and Driscoll (6) have studied 
synthetic allylic esters as acyclic model com- 
p o ~ i i d s  of the pyrrolizidine alkaloids. For the 
same reason, \be habe prepared and tested" a 
series of substituted allylic esters, two of which 
(30-p-nitrobenzoate and 40-p-nitrobenzoate are 
described herein. 

Based on early literat~rre reports, the choice of 
metal hydride reducing agent for synthesizing un- 
saturated alcohols from cinnamyl deri\atives is 
sodium boroliydride (7) because lithiurn alumi- 
nuin hydride map lead to reduction of the ethy- 
lenic bond (8). Conjugate addition by sodium 
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TAYLOR AND DIMMOCK: ALLYLIC ALCOHOLS 2523 

0 0 
I I HCHO 

R ~ C H = C H - C - ( C H 2 ) I  --CHI HN(CH3I2.HC1 R ~ C H = C H - C - C H - ( C H 2 ) 4 - C H 3  I I I 
CH2-N(CH3)2.HCI 

1 2 

CHzN(CH3)z 

4 

a R - H  
b R = 4 - C I  

borohydride to give saturated alcohols, howeker, 
represented a substantial colilpeting process in a 
more recent study of the metal hydride red~lctions 
of P-alkyl-r,P-unsaturated ketones (9). In fact, 
lithium aluminum hydride emerged as a better 
agent than sodium borohydride for preparing a 
series of allylic alcohol<. To  clar~fy the pattern of 
reduction with our olefinic ketones, and since the 
reduction of Mannich bases 2 is complicated by 
the formation of diastereoisoineric amino alco- 
hols, we initially examined the styryl ketone la to 
determine a suitable reducing agent for preparing 
allylic alcohols from n,p-unsaturated ketones of 
these two particular types. 

Results and Discussicnn 
Red~cctions 

Four metal hydrides were chosen for this study 
(Table 1 )  and they are listed in order of decreasing 
red~lcing power (1 0). Gas-liquid chromatography 
was employed in order to examine the ratio of 
carbonyl addition 3a to conjugate addition 5 
products. I t  was found that lithium aluminum 
hydride reductioil of the unsaturated ketone la 
gave the saturated alcohol 5 (>99"7,. As ex- 
pected, olefinic proton signals were absent from 
the n.m.r. spectrum and i.r. spectroscopy re- 
vealed the absence of carbonyl stretching bands 
with hydroxyl stretching appearing at  3350 cm-'. 

As seen in Table 1, sodium borohydride proved 
to be the best reducing agent for synthesizing 
1-phenyl-I-nonen-3-01 (30) from la. Reduction 
mixtures fro111 the lithium borohydride and sodi- 
um trimethoxyborohydride experiments analyzed 
as multi-component mixtures although ca. 80% of 
3a was detected by g.1.c. By avoiding reflux tem- 
peratures, sodium borohydride converted Pa to 
the allylic alcohol 3a (99%) whereas the saturated 
alcohol 5 represented 6% of the mixture when the 
~nethanol-water medium was heated under reflux 
prior to product isolation. Iqbal and Jackson (1 1) 
have likewise shown that the reductions of a,P- 
unsaturated ketone systems with sodi~lm boro- 
hydride gave more of the allylic relative to the 
saturated alcohol when low reaction temperatures 
are employed. The aqueous methanol media is 
also desirable in order to prevent solvent addition 
to the P-carbon atom (9). 

Sodiuln borohydride smoothly reduced the 4- 
chloro ketone Pb to the allylic alcohol 3b (Scheme 
I).  The crude reduction mixture showed 97% of 
one component (g.1.c.) with 3% representing un- 
reduced ketone and less than 0.5% of an unidenti- 
fied component. 

Mass Spectronqetry 
The fragmentation in 3a and b were somewhat 

predictable by reference to reported work (12, 13) 
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TAYLOR A N D  DIMMOCK: 

on  the mass spectra of other allylic alcohols. In 
this context, the alcohols gave spectra (Figs. 1 and 
2) which were characteristic of unsaturated alco- 
hol and saturated ketone mixtures. 

In the first case, an  allylic bond cleavage prod- 
uct which represented the base peak was ob- 
served. This ion (a) subsequently lost water to 
give peaks at  m/e 115 and 149 for 3a and 3b, 
respectively. The removal of an ortho hydrogen 
atom in the allylic ion (a) has been considered as 
one route to (a - H,O) (Scheme 2). In contrast 
t o  the ion (a - H,O) process, the emanation of 
18 mass units from the allylic alcohol lnolecular 
ions was not a favorable fragmentation (<2%) 
but the saturated alcohol 5, Fig. 3, gave the 
(M - H,O) ion a t  n ~ / e  202 (23";). The a-cleavage 
ion (a), t?l/e 135, from 5 also expelled water to 
give an important peak a t  mle 117.' 

The generation of a saturated ketone molec~llar 
ion from the allylic alcohol molecular ion follow- 
ed by fragmentation accounted for most of the 
remaining products (Scheme 2). In the case of 
4-phenyl-3-buten-2-01 (nz,'e 105 = 100°<; tnle 1 15 
= 35% :7/e 133 = 3 5 3  the t u o  rearranged 
hydrogen atoms originated from the secondary 
carbon atom and the hydroxyl group (12). Frag- 
ment ions from 3a and 3b included the acyliilm 
ion (a,). isomeric with the base peak (a), in addi- 
tion to the McLafferty ion (b,). The latter ion 
decomposed either to ion (a,) by an unusual loss 
of a methyl group (14, 15) or to a subst~tuted 
tropylium ion (c). Prominent peaks for the loss of 
one and t h o  hydrogen atoms from ion (c) mere 

FIG. 1. Mass spectrum (70 eV) of 30. 

'Exact mass measurements and metastable transitions 
of the ions involved in the major fragmentation pathways 
of 3a, 3b, and 5 are available from the Depository of 
Unpi~blished Data. National Science Library, National 
Research Council of Canada, Ottawa, Canada K I A  OS2. 

ALLYLIC ALCOHOLS 

i" 

m/e 

FIG. 2. Mass spectrum (70 eV) of 30. 

m/e 

FIG. 3. Mass spectrum (70 eV) of 5. 

noted. With 3b, ion (c) and the phenyl cation (e) 
decomposed by losing a chlorine atom or hydro- 
gen chloride. Peaks at  m/e 13 1 and 132 may be 
due to the loss of hydrogen chloride or a chlorine 
atoll1 from the McLafferty rearrangement prod- 
uct (1). Fragments in the region m,'e 127 to 130 
are ~ ~ n i q u e  to the allylic alcohols discilssed since 
these ions were si~ppressed in the inass spectra of 
5 (Fig. 3) and of 4-phenyl-2-butano~~e (1 2). 

Stereocl1e117istry 
Since sodium borohydride selectibity reduced 

tlie carbonyl group of the ketones 1 and of related 
nonasymmetric r .p-unsat~~rated  amino ketones 
(16, 17), this reagent was used to convert the 
available racemic Mannich bases 2 to the desired 
allylic amino alcohols 4 (Scheme 1). Reduction 
conditions were initially developed for 2a and, 
even after the required 3 h heating under reflux, 
there was obtained 110 evidence for sodium boro- 
hydride reduction of tlie ethylenic bond. The 
n.m.r. spectrum on crude 4a clearly revealed that 
diastereoisomeric allylic alcohols were present. 
In addition to the 10 lines evidenced from 6 5.85- 
6.87, the ~nethinc protons at  C-3 appeared at  
6 4.23 (ragged triplet) and at  6 3.98 (doublet of 
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TABLE 2. Nuclear magnetic resonance data for diastereoisomcl.ic allylic amino alcohols 

OH 
I 

Ratio of 
Tsomei isomers (x)  6 H 1  

- 

4a 
R = H  threo 67 6.63 

(6.77) 

erytllt o  3 3 6.52 
(6.60) 

4b 

Footnote 
6 H3 W H  3 J,3,4 reference 

-- -- 

0 
> 

4.23 9 3.5 4 Z 
(4.77) (10) (4 .5)  1 L( 

-. 
UI 

erythm 3 5 6.15 5.73 15 6 . 0  3.78 16 7 . 5  t N 

(6 .63)  (0) (16) - (7 .0)  (4 .22)  (18) (9) 7 ,  - 
4c 4 P 

R = 2-CI rhreo 7 0  l 1  6 .10 15.5 i 4 .5 4.28 1 0  3 .5-5 % 
1 1  (6 .15) (15.5)  1 1  ( 4 . 5 )  (4.77) (10) (5.5)  t 

erythro 30 1 1  6 . 0 0  15.5 1 1  6 .5  
... .. . -. 

4.03 16 8 $11 
- - - - - - 

the free base in carbon tetrachloride (D,O added). The  coupling constants and half-bandwidth measurenients are  expressed in Hz. 
t l n  parentheses are  given the corresponding values found in deuterochloroform for the l~ydrochloride salt (fhreo isomer) and the maleate salt (eryrhro isomer). 
$Data from the mixtrirc o f  free bases. 
$The lower field portion of t h ~ s  doublet o f  doublets was obscured by olelinic proton signal o f  maleic acid. 
I/The H1 signal appeared with the aromatic proton multiplet and hindered the observation ofallylic coupling between 11' and H3. JHIHl was identified in the other threo isomers by irradiating 

the HQignal. 
TAn attempt at isolating the minor isolner as the malel~te  salt was unsuccessful. The  n.m.r. data was then derived from the free base mixture. 
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TAYLOR AND DIMMOCK: ALLYLIC ALCOHOLS 2527 

doublets). On inteiration of H-3, the diastereo- 
isomeric ratio of the amino alcohols was found to 
be 67:33.6 Pertinent n.ni.r. data for the three 
pairs of diastereoisomers are collected in Table 2. 

Assignments of relative configurations to 
acyclic diastereoisomers (1 8, 19) has become pos- 
sible from the Karplus (20) relationship bet\veen 
the magnitude of J a n d  the dihedral angle separat- 
ing vicinal protons. In the present work, assign- 
ments to 4 are made using i.r. and n.m.r. spectro- 
scopy. Application is also made to the RS 
nomenclature wherein the 3R,4S/3S,4R and 
3R,4R/3S,4S isomers implies, respectively, the 
eryt l l ro  and threo configurations (21). 

stituents (22, 23), it was important to confirm 
that the amino alcohols were internally hydrogen 
bonded. The i.r. spectra of both diastereoisomeric 
bases 4a revealed broad absorptions correspond- 
ing to the bonded hydroxyl stretching band.7 
Diluted solutions of the aminoalcohols showed a 
strong i.r. band at 3220 cm-' ( threo isomer) and 
at 3185 + 5 cmpl (ery thro ~somer)  down to a 
concentration of 0.005 M .  A weak free hydroxyl 
stretching band appeared near 3600 c m ' .  The 
bonded and free hydroxyl stretching bands did 
not change dramatically in intensity and in posi- 
tion with changes in concentration thus providing 
evidence8 that the diastereoisomers were both 

Because intran~olecu~ar hydrogen bonded con- 
'The i.r. spectra in carbon tetrachloride were deter- formational preferences of diastereoiso- mined at the hllowing molar concentrations (cell thick- 

mers may contribute lllore to conformational ness in parentheses): 0.50 (0.1 mm); 0.10 (0.25 mm); 
preferences which are constructed by considering 0.025 (1.0 mm); O.OiO (2.5 mm); 0.005 (5.0 mm). 
nonbonded steric interactions of adjacent sub- 'In the related 3-dimethylamino-2-methyl-l-vhen~l-l- 

propanol system, Angiolini and Gottarelli (24) based their 
conformational analysis on the hydrogen bonded tetra- 

6The ~lnsubstituted alcohols 4a were resolved on a hydro-1,3-oxazine-like ring system. Rather than making 
Carbowax colunln (peak area ratio of 73 : 27) but identical configurational assignments to 4 based on axial-equa- 
retention times for the diastereoisomeric chlorinated torial relationships of H-3, and H-4, we have considered 
alcohols 4h and 4c precluded the use of g.1.c. to estimate "pure" staggered rotomers depicting trans (@ = 180") 
the isomer ratios. These ratios were determined by inte- andgauche(@ = 60') orientations of thecarbon-hydrogen 
grating the H-3 signals in the free base mixtures. bonds at  C-3 and C-4. 
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nonen-3-one gave, after adding water, filtering and evap- 
orating in uacuo the dried (MgSO,) ether extracts, a 
colorless oil which was distilled through an air condenser 
packed with 10 cnl of Raschig rings: b.p. 136-138^/l .O mnl 
(lit. (25) b.p. for 5 is 95-97",'0.5 mm). 

Anal. Calcd. for C1,H,,O: C,  81.76; H ,  10.98. Found:  
C, 81.44; H, 10.91. 

Preparation of (El-I-Phenyl-1-notzen-3-01s (3) 
(E)-1-Phenyl-1-nonen-3-one (4.326 g, 0.02 mol) was 

dissolved in methanol (30 ml) and cooled to  0'. Sodi~lm 
borohydride (0.757 g, 0.02 ~ n o l )  in water (12 ml ;  ad- 
justed to p H  8.5 with aqueous NaOH) was added drop- 
wise with stirring for 30 min. The reaction was c o n t i n ~ ~ e d  
a t  0' for I h ,  stirred a t  room temperature for 24 h ,  
evaporated in carrro, and  the resulting seriiisolid was sus- 
pended in p H  4 water (75 n ~ l ) .  The solution was extracted 
with ether, washed with water, and dried (MgSO,). 
Evaporation under reduced pressure gave an oil which 
was distilled in racuo to  give 2.37 g of 30, b.p. 128- 
(0.80 mm) (lit. (26) b.p. 156-157'2.0 mm). The distillates, 
which solidified on  cooling, furnished an analytical 
sample, m.p. 28-29', a s  a white solid (from hexane): 
n.m.r. (CCI,) gave doublets ( J  = 16 Hz) a t  6 6.45 and 

H 
6.02 for C=C with other signals as  expected. 

EI 
Anal. Calcd. for C, ,HZ,O: C, 52.51 ; H ,  10.16. Found: 

C ,  82.10; H ,  10.05. 
(E)-l-(p-Chlorophe11yl)-l-nonen-3-o1 (30) was pre- 

pared by the above procedure from (E)-I-(p-chloro- 
pheny1)-I-nonen-3-one (5.015 g, 0.02 mol) and s o d i ~ i ~ n  
borohydride (0.76 g, 0.02 mol). The crude product was 
recrystallized from hexane to  give 30 (2.89 g, 5 7 3  as a 
white solid with n1.p. 42-43', 

Anal. Calcd. for C,sH,lCIO: C ,  71.27: H,  8.375. 
Found:  C,  70.95; H ,  8.16. 

iE)-  l -(p-Chloropheny1)- I -noncn-3-01 p-nitrobcnzoatc 
was prepared from 30 (2.53 g,  0.01 mol. in 20 ml an- 
hydro~ts  pyridine) and p-nitrobenzoyl chloride (2.28 g; 
0.012 mol) by stirring at  5-  for 30 min then at  22 for I7 h. 
The reaction mixture was poured into ice and 5 ml of 1 0 z  
hydrochloric acid was added. The aqueous suspension 
was extracted with ether. The ether extracts were washed 
s~iccessively with 5 z  hydrochloric acid, 1 0 z  s o d i ~ i n ~  car- 
bonate. then water, and dried (MgSO,). Evaporation 
it1 c,oc,uo gace a yellow syrup which crystallized on cooling. 
Three recrystallizations from petrole~im ether (b.p. 60- 
80 ) gave the desired ester (0.27 g, 6.7%) as a white 
powder: n1.p. 58-59 ; i.r. (KBr) 1715 (C=O) and 

H - - 

965 c m '  (C-C); n.m.r. (CCI,) 6 8.13 (s, 4,p-N0,C6H,), 
H 

7.20 (s, 4, p-C1C6Ha), 6.60 (d, 1, J = 15 HZ,  C I H ) ,  6.08 
(dd,  1,  J =  1 5 H z , J  = 6 . 5 H z , C 2 H j , 5 . 5 7 ( q .  l , J =  6.5 
Hz, C3H) .  2.10-1.10 (m, 10, (CH,),), and 0.87p.p.m. 
(m. 3, C,H,): mass s p e c t r ~ ~ m  /we 401 ( M + ) .  

Anal. Calcd. for C,,H,,CINO,: C ,  65.75; H ,  6.02; 
N ,  3.49. Found:  C ,  66.00; H,  5.88; PIT, 3.53. 

Prepai.atiot~ of 4-Dii?ret/1ylrr112inonre1/1~~l-l-p/1e11yl-I- 
~iot~en-S-ol.i ( 4 )  (Table 2) 

A solution of (E)-4-dimethylaminomethyl-I-phenyl-I- 
nonen-3-one hydrochloride (30.99 g, 0.10 mol) in meth- 
anol (150 ml) was cooled at  0'. Sodi~irn borohydride 
(3.785 g, 0.10 mol) in p H  8.5 water (60 ml) was added 

dropwise and,  after stirring for 1 h a t  5-8 , the n l i x t ~ ~ r e  
was heated under refl~ix for 3 h. The reaction vessel was 
cooled (ice bath) and the p H  adjusted to 5 with ethanolic 
hydrochloric acid. Solvent evaporation in cuc,lro gave a 
white semisolid which, after dissolving in water (200 ml), 
was extracted with ether. The p H  of the cold aqueous 
sol~it ion was adj~isted to I0 by addition of aqueoiis 
sodium hydroxide solution. Following extraction of the 
free bases with ether, the ether extracts were washed with 
water and dried (MgSO,). Evaporation of the ether ~ tnder  
reduced pressure afforded a colorless oil (23.14 g, 84% 
yield of the mixtur-e of diastereoisomers (40)). 

Amino alcohols 4h were similarly prepared (12.40 g, 
71%) by reducing (E)-l-(~1-chlorophenyl)-4-dimeth\ila1ni- 
non~ethyl-I-nonen-3-one hydrochloride (19.4 g, 0.0565 
mol) with sodium borohydride (2.14 g, 0.0565 mo!). As 
the free base, (E)-l-(o-chlorophenyl)-4-diinethylan~i1~o- 
methyl-I-nonen-3-one (9.50 g, 0.031 n ~ o l )  gave the alco- 
hols 4 ~ .  (6.43 g, 67";)) on rediiction with s o d i ~ ~ n i  boro- 
hydride (1.46 g, 0.039 n ~ o l )  in methanol. 

(0)  Dri.il.nricc,s of 4a 
( i)  The mixture of diastereoisoineric aminoalcohols 

(20.65 g) was stirred in ether (350 ml) and ethanolic 
hydrochloric acid \\'as added until the p H  kcas adj~isted 
to 6. On cooling, a product precipitated which was re- 
crystallized from acetone to furnish //7i,c,o-4n hydro- 
chloride (9.03 g. 3 9 5 )  as white cr)stals: m.p. 126 : i.r. 

H - ~ 

(KBr) 3335 ( O H )  and 970 c n i '  (C-C): mass spectr~im 
H 

111,'c 275 ( M  + - HCI). 
Anal. Calcd. for C,,H,,ClNO: C ,  69.31: H,  9.70: 

N, 4.49. Found: C ,  69.50: H, 9.68: N, 4.55. 
(ii) A mixture of diastereoison~eric alcohols (2.0g,  

0.0073 mol) was dissolced in absol~ite  ethanol (2 ml) and 
methyl iodide (2.07 g,  0.015 mol) h a s  added. The re- 
action mixture was heated under r e f l ~ ~ x  for I h. Evapora- 
tion iw cac,rro gave a tan semisolid which crystallized on 
cooling. Recrystallization from a b s o l ~ ~ t e  ethanol gave 
//11.i,o-4o methiodide (0.91 g,  38%) as an off-white powder: 
n1.p. 112.5-1 13.5 : 1.r. (KBr) 3360 (OH)  and 970 c m l  
H 

(C-C j. 
H 

Anal. Calcd. for C , ,H, , INO:  C ,  54.67; H,  7.73; 1, 
30.41: N,  3.36. Found:  C,  54.68: H ,  7.71: 1, 30.63; N,  
3.40. 

No attempt was made to isolate the 'r~1hi.o isomer of 
4n as the methiodide. 

(iii) The ether mother l iq~ior  from i was evaporated 
it1 carrro to give a light yellow oil (9.46 g). From a 5.0 g 
portion of this oily mixture the free bases were liberated. 
The mixture (0.55 g, 0.002 mol) was stirred in ether 
(65 ml) and lnaleic acid (0.23 g, 0.002 mol) was added. 
O n  cooling, the deposited product (0.579 g, m.p. 83-90') 
was recrystallized from acetone to give evt/11.o-4a maleate 
(0.30 g, 38%): 1n.p. 9 8 ;  i.r. (KBr) 3290 (OH) and 975 

H 
cn1-' (C=C);  mass spectrum r?i:e 275 ( M +  - C4H,04). 

H 
Anal. Calcd. for C, ,H33KOs: C,  67.49; H, 8.50; 

N, 3.58. Found: C ,  67.45: H ,  8.45; N, 3.56. 
(ic) T o  a chilled (-5-) solution of threo-4ir free base 

(2.75 g,  0.010 mol) in 50 n ~ l  ether was added p-nitro- 
benzoyl chloride (2.23 g, 0.012 mol). After the addition 
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had been completed (30 niin), the reaction mixture was 
stirred (ice bath) for I h and ether (50 ml) was added. 
Esterification was continued for 42 h. A product was 
collected, washed with ether, and recrystallized froni 
acetone to give rhreo-4a p-nitrobenzoate hydrochloride. 
On thin layer silica gel plates (n-butanol - glacial acetic 
acid - water 12 : 3 : 5 v, v I \ )  the compound migrated as one 
spot. Another recrystallization from acetone did not alter 
the m.p. of 136.; i.r. (KBr) 1725 (C=O) and 960cm-'  
U 
I I + 

(C=C); n.ni.r. (CUCI,) 6 12.50-1 1.67 (broad s, I, NH, 
H 

exchanged with D20) ,  8.27 (s, 4, p-NO,C,H,), 7.33 (m, 
5, phenyl H) ,  6.83 (d, 1, J = 14 Hz, C ,  H),  6.57-5.90 

(m, 2, C 2 H  and C3H), 3.63-2.70 (111, 8, CH~N(CH~), ) ,  
2.70-2.20 (broad s. 1, C,H), 1.97-1.10 (m, 8, (CH,),), 
and 0.90 p.p.m. (ni, 3, C,H,); niass spectrum m,'e 424 
( M -  - HCI). 

Anal. Calcd. for CZSH3,CIN2O4: C, 65.13; H, 7.21; 
N, 6.08. Found: C, 64.92; H ,  7.18; N, 6.21. 

( b )  Dericrrtices of4D arrd 4c 
(i) A diastel~eoisomel-ic mixture of 4b (12.16 g) was 

stirred in ether and the p H  was adjusted to 6 with 
ethanolic hydrochloric acid. A product was precipitated 
with ether, dried, and recrqstallized froni acetone to give 
tlrreo-46 hydrochloride (5.05 g, 377,): n1.p. 151-152 : 

11 
i.r. (KBr) 3315 (OH) and 975 cni-' (C-C); Inass 

H 
spectrum tii'e 309 (M - - HCI). 

Anal. Calcd. for C,,H2,CI,NO: C, 62.42; H, 8.44; 
N ,  4.04. Found: C, 62.58: H. 8.46; N ,  4.04. 

(ii) The ether mother liquor from i was evaporated 
01 cacuo and the free bases liberated as previously 
described. To the mixture (2.33 g, 0.0075 mol) in ether 
(150 ml) was added maleic acid (0.87 g. 0.0075 nioi). 
Crystals were precipitated by adding cold ether to give, 
after recrystallization from ethyl butyrate, tlzr~o-4b 
maleate (1.48 g. 462 )  melting at 103-105.. An analytical 
sample had m.p. 109-1 10 : i.r. (KBr) 3290 (OH) and 

H 
975cm-'  (C=C): niass spectrum i i l>c3  309 ( M +  - 

H 
C,H,o,). 

Anal. Calcd. for C22H,,CIKOs: C, 62.03; H, 7.57; 
N, 3.29. Found: C, 62.20; H,  7.64; N. 3.22. 

(iii) The hydrochloride salts of 4c were formed on 
5.06 g of the free base mixture to give, after recrystal- 
lization from ethyl acetate, threo-4c hydrochloride 
(2.07 g, 46.5z) as white crystals: 1n.p. 113-114.; i.r. 

H . . 
(KBr) 3335 (OH) and 970 c n i l  (C-C); inass spectrum 

H 
m / e  309 (M + - HCI). 

Anal. Calcd. for C,,H,,Cl,NO: C ,  62.42: H,  8.44; 
N ,  4.04. Found: C, 62.26; H, 8.43; N, 4.22. 

(ic) Separation of eq3rhi.o-4c from the diastereoiso- 
meric mixture was unsuccessful giving, after adding equi- 
molar amounts of rnaleic acid to the mixture of free 

bases (2.77 g, 0.0089 mol) in ether, an insoluble oil which 
failed to crystallize by storage under vacuuni in a 
desiccator. 
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STEVEN J. RETTIG, JAMES TROTTER, and W. KLIEGEL. Can. J. Chem. 52,2531 (1974). 
Crystals of 4,4-dimethyl-2,2-diphenyl-1,3-dioxa-4-azonia-2-boranatacyclopentane are ortho- 

rhombic, a = 17.043(3), b = 6.289(1), c = 13.024(2) A, Z = 4, space group Pna2,. The 
structure was determined by direct methods, and was refined by filll-matrix least-squares 
procedures to R = 0.071 for 1100 reflections with I 2 3o(I). Bond angles in the five-membered 
ring, whlch has a distorted half-chair conformation, range from 101.5(4) for OBO to 107.1(4)" 
for NOB. Bond lengths are: mean B-C, 1.632(8), B-0, 1.506(7) and 1.556(8), N-0, 1.409(5), 
C-0, 1.378(9), C-N, 1.467-1.509(7-lo), mean C-C(aromatlc), 1.395(25) A. The structure 
consists of discrete molecules separated by normal van der Waals distances. 

STEVEN J. RETTIG, JAMES TROTTER et W. K. KLIEGEL. Can. J. Chem. 52, 2531 (1974). 
Les cristaux du dimethyl-4,4 diphenyl-2,2 dioxa-1,3 azonia-4 boranata-2 cyclopentane sont 

orthorhombiques, a = 17.043(3), b = 6.289(1), c = 13.024(2) A, Z = 4, groupe d'espace 
Pna2,. La structure est determinee par les methodes directes; elle est raffinee par la technique 
des moindres carrks (matrice entiere) a une valeur R = 0.071 pour 1100 reflexions avec I > 
3o(Z). Les angles des liaisons dans le cycle a cinq, qui a une conformation demi-chaise deformee, 
's'etalent entre 101.5(4) pour OBO a 107.1 (4)" pour NOB. Les longueurs de liaisons sont: 
moyenne pour B-C, 1.632(8), B-0, 1.506(7) et 1.556(8), N-0, 1.409(5), C-0, 1.378(9), 
C-N, 1.467-1.509(7-lo), moyenne pour C-C aromatique, 1.395(25) A. La structure se com- 
pose de molecules distinctes separees par des distances de van der Waals normales. 

[Traduit par le journal] 

Introduction 
From the reaction of N-hydroxydialkylamine 

(1) and formaldehyde an addition can be ex- 
pected either at the nitrogen or at the oxygen 
atom to give 2 or 4. The addition products, orig- 
inally regarded as N-hydroxymethyloxydialkyl- 
amines (4) by Zinner and Ritter (1, 2), react with 
diphenylboron-supplying reagents (Ph,B-X) to 
yield crystalline compounds which were initially 
assigned the structure 5 containing intramolec- 
ular N - + B  coordination. This assignment was 

based on the earlier studies of the "boroxazoli- 
dines" by Weidmann and co-workers (3-5) and 
was subsequently employed for compounds of 
this type (6-10). 

There is, however, some evidence which indi- 
cates that the alternate structures 2 and 3 are 
probably favored over the originally proposed 
structures 4 and 5: 

(I) The alkylation of N-hydroxydialkylamines 
normally leads to tertiary amine oxides. 

(2) N-Oxides show stronger basicity and pos- - - 
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sess better nucleophilic or donor qualities than 
the isomeric N-alkyloxyamines (I 1, 12). A hydro- 
gen bridge chelate of the type 2 should therefore 
be more stable than 4. 

(3) If both forms 2 and 4 existed, possibly in a 
state of equilibrium, the reaction with an electro- 
philic reagent such as Ph,B-X should shift the 
(hypothetical) equilibrium to the side of the 
better donor molecule, i.e. the N-oxide (2). 

(4) The N-oxide form not only facilitates the 
approach of the Lewis acid Ph,B-X to the donor 
(oxygen) atom but also results in a stericalIy 
favored chelate structure (3). 

(5) Ethanolamine esters of diphenylborinic 
acid are intramolecular N- tB  coordinated cyclic 
complexes (6), as recently proved conclusively 
for Ph2B-0-CH2CH2NH2 (1 3) and (p-FC,- 
H,),B-0-CH2CH,NH, (14). Despite the 
stability of these "boroxazolidines" (3-5, 15) the 
rechelation of the applied examples (6, R = H, 
CH,) was possible with the formaldehyde adduct. 
This also supports structures 2 and 3 since it is 
not  very plausible that a weakly basic N-hydroxy- 
rnethyloxydialkylami~~e, HO-CH20NR, (4), in 
an  equimolar quantity can displace the isosteric 
but more basic aminoalcohol HO-CH2CH2- 
NR,. 

(6) Finally there exists an  analogy between 3 
and the diphenyl boron chelates (7) of N-(2- 
hydroxyalky1)dialkylamine-N-oxides and other 
similar cyclic boron-nitrogen-betaines (1 6-20) 
which are closely related to 3 both in means of 

preparation and in their chemical and physical 
behavior. 

These considerations and also the chemical 
and physical data obtained to date are consistent 
with the betaine-type chelate 3, but d o  not pro- 
vide unambiguous proof. To  this end the full 
X-ray crystallographic study of the homologue 
with R = CH, has been carried out. 

Experimental 
4,4- Dimethyl-2,2-dighenyl-1,3-dio ua-4-azonia-2- 

boranafacjflopentane (3) 
A solution of N-hydroxydimethylamine (5 mmol) in 

5 ml of ethanol was mixed with an aqueous solution of 
formaldehyde (40%, 5 n~mol). After addition of: (a) 2.5 
mmol oxvbisdiohenvlborane. or (b) 5.0mmol trinhenvl- . . . . 
borane, or (c) 5.0 nimol B-(2-aminoethy1oxy)diphenyl- 
borane, or (d) 5.0 mmol B-(2-dimethy1aminoethyloxy)di- 
phenylborane, the mixture was heated until initial boiling 
and then allowed to cool. During the cooling or after the 
dissolution of the boron component the precipitation 
began. 

Yields: (a) 9 9 z ,  (b)  907,, (c) 98%, (d) 85%. M.p. 191- 
192 ' C  (acetonitrile); Lit. n1.p. (6): 191-192 'C (ethanol) 

Anal. Calcd. for C,,H,,BNO, imol. wt. 255.1): C, 
70.62; H, 7.11; B, 4.24; N, 5.49. Found: C, 70.96; H,  
7.21; B, 4.18; N, 5.45. 

'H-n.m.r. (100 MHz, d6-DMSO/TMS) .r(p.p.m.): 6.84 s 
(6, CH,), 5.25 s (2, CH,), 2.6-3.1 m (10, Ph). I1B-n.m.r. 
(32.1 MHz, DMSO): G(BF30Et,) = - 11.1 p.p.m. 

Crystals suitable for X-ray analysis were obtained by 
recrystallization from 3 : 1 acetone - carbon tetrachloride. 
The crystal used for data collection was bounded by the 
(OOl) ,  (OlO), and (100) planes a distances of 0.14, 0.35, 
and 0.14 mm from an internal origin and was mounted 
with b parallel to the goniostat axis. Unit-cell and space 
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RETTIG ET AL.: ON 4,4-DIMETHYL-2.2-DIPHENYL-l,3-DIOXA-4-AZONIA-2-BORANATACYCLOPENTANE 2533 

group data were obtained from film and diffractometer 
measurements. The unit-cell parameters were refined by 
a least-squares treatment of sin2 8 values for 27 reflections 
measured on a diffractometer with CuKx radiation. 
Crystal data are: 

C I ~ H I S B N O Z  f . ~ .  = 255.1 
Orthorhombic, a = 17.043(3), b = 6.289(1), c = 13.024(2) 
A, v = 1395.9(5) .A3, p,,, = 1.225 (flotation in aqueous 
KT), Z = 4, p, = 1.214(1) g ~ m - ~ ,  F(000) = 544 (20 'C, 
CuKsc, i. = 1.5418 A, fi = 6.4 c m l ) .  Absent reflections: 
Okl, k + I # 2n and h01, h # 2rz, space group Pna2, 
(C:,,  No. 33). 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, CUKE radiation (nickel filter and pulse 
height analyzer), and a 8-20 scan at 2' min-' over a range 
of (1.80 + 0.86 tan 8) degrees in 28, with 20 s background 
counts being measured at each end of the scan. Data were 
measured to 20 = 145" (minimum interplanar spacing 
0.81 A). The r.m.s. deviation of the intensity of the check 
reflection, measured every 40 reflections throughout the 
data collection, from its initial value was 2.4%. The final 
intensity was 1.045 times the initial value. Lorentz. 
polarization, and absorption corrections were applied, 
and structure factor amplitudes were derived. Of 1450 
independent reflections measured, 324 had intensities less 
than 3o(I) above background where 02(I) = S + B 
+ (0.06S)2 with S = scan count and B = background 
count, corrected to time of scan. These reflections were 
given zero weight in the refinement. 

Structure Analysis 
The systematic absences allow space groups Ptln2,, or 

Pntna; with only four molecules in the unit cell Pwr?7a is 
precluded on symmetry considerations. The structure was 
solved by direct methods, 158 reflections with normalized 
structure factor El 1 1.55 being ~lsed in the symbolic 
addition procedure for non-centrosymmetl-ic crystals (21). 
The phases of the 5 5 0, 8 3 0, and 14 2 1 reflections were 
fixed to define the origin and the enantiomorph was fixed 
by allowing one of the symbol phases to take only values 
between 0 and n. During a manual expansion, carried out 
among the 75 reflections with largest E values, it be- 
came apparent that there were eight reflections from which 
the three symbol phases could be chosen. After several 
unsuccessful runs, a combination of symbol phases which 
gave a promising set of trial phases was found. The three 
symbol phases; 1 I l I ,  3 I 13, and 1 4  8: along with the 
origin determining phases comprise the basic starting 
group given in Table 1. 

TABLE 1. Basic starting set of reflections 
for C 1 5 H ~ S B N O ~  

k k I ,El Phase (mc) 

5 5 0 3.28 
8 3 0 2.07 Origin determining 

14 2 1 1 . 9 9  0 
1 1 11 2.66 

:I 
3 1 13 2.62 b 
1 4 8 2.44 c 

Eight starting sets were generated by allowing symbols 
a and b to have initial values of + 250 mc and c to have 
initial values of 125 and 375 mc (thereby fixing the en- 
antiomorph). These sets were ~ ~ s e d  as input to a computer 
program which determines phases using the tangent for- 
mula (22, 23). The values of overall t ,  overall a, Q, and 
Rk on the final cycle for each of the sets are given in 
Table 2. Set 4, which had the lowest value of Rk,  was ex- 
panded to 185 reflections with E l  > 1.50 by starting with 
the same symbol values as in set 4. The final value of Rk 
was 0.23 with 180 phases assigned. An !E-map  based on 
these 180 phases gave positions for the 19 non-hydrogen 
atoms anlong the 40 highest peaks. 

Two cycles of full-matrix least-squares refinement of 
the positional and isotropic thermal parameters of the 
non-hydrogen atoms gave R = 0.156. This was followed 
by two cycles of anisotropic refinement which reduced R 
to 0.103. A difference map at this point revealed the posi- 
tions of seven of the ten phenyl hydrogen atoms. The re- 
maining hydrogen atom positions were calciilated and all 
18 hydrogen atoms were included in subsequent cycles of 
refinement with isotropic thermal parameters. The refine- 
ment was concluded at R = 0.071 for 1100 reflections 
with 12 3o(I)(26 reflectionswhich had IFo - Fc',/ 2 3o(F) 
were removed from the data set in the final stages of re- 
finement due to suspected extinction or counter errors). 
The standard deviation of a reflection of unit weight 
was 2.020. 

The least-squares refinement was based on the minimi- 
zation of Zit(F, - F,)'. The scattering factors for the 
0 ,  N, C, and B atoms were taken from ref. 24 and those 
for the hydrogen atoms from ref. 25. The anisotropic 
temperature factors employed in the refinement are 
U ,  in the expression 

where f 0  is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme, 
it = I/02(F) where 02(F)  is del-ived from the previously 
defined 02(l). gave constant average values of bl.(FO - Fc)2 
over ranges of IF,, and was employed in the final stages 
of refinement. 

On the final cycle of refinement no parameter shift was 
greater than 0.330 for non-hydrogen atoms except for 
t hey  coordinates of methyl carbon atoms C(2) and C(3) 
which shifted by 0.800. The shifts were less than 1.50 for 
the methyl hydrogens and less than 1.00 for the remaining 
hydrogen atoms. The final positional and thermal param- 
eters appear in Tables 3 and 4 respectively. Observed and 
calculated structure factors have been placed in the 
Depository of Unpublished Data.' 

Thermal Motion and Correction of 
Molecular Geometry 

The ellipsoids of thermal motion for the non- 
hydrogen atoms are shown in Fig. 1 .  The thermal 

'The structure factor table is available, at  a nominal 
charge, from the Depository of Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA OS2. 
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C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

TABLE 2. Results for the eight starting sets in the phase determination procedure 

Set a(mc) b(mc) ~ ( rnc )  t ~1 Q ~k N 

TABLE 3. F ~ n a l  pos~tional parameters (fract~onal x lo4, 
x lo3  for H atoms) w ~ t h  est~mated standard dev~a t~ons  

In parentheses 
-- - - -- - -- -. - 
-- 

Atom x Y z 

o(1) 3418(2) 4469(6) 1466(4) 
o(2)  3126(2) 962(6) 915 
N 3315(2) 977(7) 1968(4) 
'31) 3207(4) 3249(14) 2300(6) 
c(2) 4138(4) 108(17) 205 1(7) 

2771(5) - 431(22) 2513(6) 
2139(3) 

c(4) 1578(4) 
3904(9) 385(4) 

c(5)  2389(11) 255(7) 
C(6) 801(3) 2872(1 3) 39(7) 
c(7)  571(3) 4941(11) - 20(5) 

1 lOO(3) 
C(8) 1907(3) 

6539(13) 91(6) 

C(9) 3584(3) 
6006(10) 308(5) 

c (  10) 3654(9) - 463(5) 
c ( l 1 )  3659(3) 1995(10) - 1166(5) 
C(12) 4062(4) 2244(13) - 2085(6) 
c(13) 4409(4) 4265(14) - 2305(6) 
C( 14) 4327(4) 5879(14) - 1610(7) 
C(l5) 3922(3) 5542(12) - 688(6) 
B 3054(3) 3323(11) 570(5) 
H( 1 A) 354(4) 364(11) 307(6) 
H(lB) 255(4) 340(12) 255(5) 
H(2A) 434(5) 129(11) 159(8) 
H(2B) 422(9) 2(21) 298(14) 
H(2C) 425(5) - 177(14) 170(7) 
H(3A) 242(11) - 13(29) 228(16) 
Ht3B) 311(4) - 248(10) 226(5) 
H(3C) 285(7) -43(16) 336(10) 
H(5) 170(3) 99(9) 23(4) 
H(6) 47(3) 149(7) - 25(4) 
H(7) 5(4) 525(11) - 25(5) 
H(8) 91(3) 796(9) 12(4) 
H(9) 220(6) 706(17) 538)  
H(11) 342(5) 50(12) - 1 I 6(7) 
H(12) 404(3) 129(9) - 259(5) 
H(13) 479(5) 459(11) - 292(7) 
H(14) 443(6) 776(13) - 186(7) 
H(15) 384(4) 685(10) -33(5) 

motion has been analyzed In terms of the rigid- 
body modes of translation (T), libration (L), and 
screw (S) motion using the computer program 
MGTLS (26). Four analyses were carried out: 
the 19 non-hydrogen atoms were considered 
first, then each of the phenyl groups along with 

the boron atom, and finally the five-membered 
ring and attached carbon atoms which failed to 
give a positive-definite L tensor. The results of 
the analyses of the two phenyl groups appear in 
Table 5. 

The r.1n.s. standard deviation in the tempera- 
ture factors U,,  is 0.0035 A2 which indicates that 
the molecule as a whole (r.m.s. AU,j  = 0.0124 A2) 
is not a good rigid-body whereas the thermal 
motion of the phenyl groups is adequately des- 
cribed by the rigid-body parameters (r.m.s. 
AU,? = 0.0052 and 0.0046 A2). Both groups 
show somewhat anisotropic translational motion 
and anisotropic librational motion, particularly 
the C(4)-C(9), B group (see Table 5). The 
principal axes of L are oriented as expected: the 
largest oscillations, L,,  correspond to rotations 
about the B-C bonds, the angles between the 
L, axes and the B-C bonds being 7.3 (C(4)) and 
8.9" (C(10)). The unique origins (26) are in the 
expected locations for both groups, lying be- 
tween the B and attached phenyl C atoms. 

The appropriate bond distances and angles in 
the phenyl groups have been corrected for libra- 
tion (27, 28) using shape parameters q 2  of 0.08 
for all atoms. Both corrected and uncorrected 
bond lengths and angles appear in Tables 6 and 
7 respectively. 

Results and Discussion 
The X-ray analysis has shown that the betaine- 

type structure (3) is correct. Figure 1 shows a 
general view of the molecule and the crystallo- 
graphic numbering scheme. Figure 2 shows the 
packing arrangement viewed along b. Intra- 
annular torsion angles defining the conformation 
of the five-membered ring are given in Table 8 
and some weighted least-squares mean planes 
through the molecule in Table 9. Nonbonded 
intra- and intermolecular contacts are listed in 
Table 10. Henceforth, the molecules (C,H,),- 
BOCH,CH,NH, and (p-FC,H,),BOCH,CH,- 
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RETTIG ET AL.: ON 4,4-DIMETHYL-2.2-DIPHENYL-1.3-DIOXA-4-AZONIA-2-BORANATACYCLOPETANE 2535 

TABLE 4. Final thermal parameters and their estimated standard deviations 

(a)  Anlsotroplc thermal parameters ( U , ,  x LOO0 A2) 
- -- -- -- - -- - A - A -- -- - 

-- 

Atom U I I  u2 2 UJ 3 0 1 2  UI 3 U2 3 

(b) Isotropic thermal parameters 
-- -- - - - - - - -- -- --- - - - 

Atom B (A2) Atom B (A2) 

FIG. 1. A stereoscopic view of the molecule showing cl~ystallographic numbering scheme. 50% probability ellipsoids 
are shown for the non-hydrogen atoms. 
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2536 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

TABLE 5. Rigid-body thermal parameters* 
- -- -- -- 

C(4)-C(9), B 
-- 

C(10)-C(15), B 

104(17) - 18(7) 26(10) 23(9) -2(5) - 12(9) 
L (deg2) 9i7) -5(5) O(6) 

17i5) 
Principal axes of L 

13(6) 33(14) 

r.m.s. amplitude Direction cosines ( x  lo3) r.m.s. amplitude Direction cosines ( x 10,) 
10.7" 949 -171 264 6.4" - 562 26 827 
3 . 0  268 2 -963 4 .0  -702 512 -495 
2 .5  165 985 48 3 . 5  -436 -859 -269 

Principal axis of reduced T 
r.m.s. amplitude Direction cosines ( x lo3) r.m.s. amplit~lde Direction cosines ( x 10,) 

0.228, 45 -998 3 6 0.22 ,A 152 -857 -492 
0 .19 998 46 3 2 0.20 407 508 -759 
0.17 - 33 35 999 0.14 901 -84 426 

Displacement of axes from intersecting (A) 
Parallel to L,  0.74 1.60 
Parallel to L, 0.13 0 .55 
Parallel to L, 0.40 -0.03 

Effective screw translations (8,) 
Parallel to L,  0.014 0.002 
Parallel to L, -0.005 0.000 
Parallel to L,  -0.053 -0.004 

Fractional coordinates of unique origin ( x  lo4) 
x 2412 3051 
Y 4353 3786 
z 329 - 388 

Fractional coordinates of center of gravity 
x 1572 3871 
Y 4296 3851 
z 227 -1132 

r.m.s. AU,, (A2) 
-- 

0.0052 
- -- p~ 

0.0046 

*Axes of reference are orthogonal angstrom axes. E.s.d.'s of components of L are given in  parentheses in units of the last places shown. 
~. 

FIG. 2. The packing arrangement viewed along b, hydrogen atoms have been omitted for clarity. 
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RETTIG ET AL ON 4,4-DIMETHYL-2,2-DIPHENYL-1,3-DIOXA4-AZONIA-2-BORANATACYCLOPENTANE 2537 

TABLE 6. Bond lengths (A) wlth est~mated standard deviations In palentheses 

(a)  Non-hydlogen atoms 
- - -- --- 

Dlstance (A) D~stance (A) 
-- 

Bond Uncorrected Corrected Bond Uncorlected Corrected 

O(I)-C(l) 1.378(9) - C(5)-C(6) 1 388(9) 1 391 
O(2)-N 1 409(5) - C(6)-C(7) 1 361(10) 1 377 
O(1)-B 1 506(7) - C(7)-C(8) 1 359(10) 1 372 
O(2)-B 1 .556(8) - C(8)-C(9) 1 443(8) 1 .446 
C(4)-B 1 620(7) 1 624 C(10)-C(1 i) 1 394(8) 1 402 
C(1O)-B 1 634(8) 1 639 C(10)-C(15) 1 353(9) 1 363 
C(1)-N 1 SOS(l0) - C( 11 )--C(12) 1 390(9) 1 396 
C(2)-N 1 509(7) 1 551* C( 1 2)-C(13) 1 431(10) 1 441 
C(3)-N 1 .467(9) 1 520+ C(13)-C(14) 1 367(11) 1 374 
C(4)-c(5) 1 360(8) 1.373 C(14)-C(15) 1 401(10) 1 406 
c(4)-c(9) 1 383(8) 1 399 

- - -- -- - - - - - - - - - - -- 

(b) Bonds ~ n v o l ~ l n g  hyd~ogen atoms 
-- - - - - - - - - - - - -- - -- - -- - - - 

Bond D~stance (A) Bond Dlstance (A) 
-- -- -- - -- - - - -- - - - 

C(1)-H(1 A) 1 18(7) C(6)-H(6) 1 lO(5) 
C(1 )-H(1 B) 1 17(7) C(7)-H(7) 0 95(7) 
C(2)-H(2A) 1 02(9) C(8)-H(8) 0 95(6) 
C(2)-H(2B) 1 22(18) C(9)-H(9) 0 88(11) 
C(2)-H(2C) 1 28(9) C(1 I)-H(11) I 02(8) 
C(3)-H(3A) 0 70(20) C( 12)-H(12) 0 89(6) 
C(3)-H(3B) 1 45(6) C(13)-H(13) 1 05(9) 
C(3)-H(3C) 1 ll(13) C(14)-H(14) 1 24(8) 
C(5)-H(5) 0 90(5) C(1.5-H(15) 0 96(6) 
- - - - - - -- - 

*R~dlng  motlon correction oliy 

NH,  will be referred to as 6a and 6b, res- 
pectively. 

The conformation of the five-membered ring 
is nearly the same as that of the isosteric "bor- 
oxazolidine" ring in 6b, f o ~ ~ r  of the five torsion 
angles being equal within experimental error 
while the last differs by 2.5' (4 standard devia- 
tions). Atoms C(1) and N both lie on the same 
side of the OBO plane, displaced -0.75 and 
-0.31 from the plane. The observed torsion 
angles in the ring are in good agreement with 
those obtained from energy minimization cal- 
culations for w, = 10" (29), also given in Table 
8. The observed magnitudes of the torsion angles 
are slightly smaller than the calculated values 
since the mean angle in the ring, 104.6', is 
slightly greater than the calculated value of 
104.2" but in good agreement with the values of 
104.8 and 104.9" in the structures 6a and 6b. The 
individual values range from 101.5(4) a t  B to 
107.1(4)" a t  O(2). The angle at B is slightly, but 
significantly, greater than the mean value of 
99.8(1)" in the boroxazolidines. 

The bond distances in the five-membered ring 
differ from their expected values as a result of 
steric strain and electron distribution in the 
molecule, analogous to that occurring in systems 
with N -t B interactions (see e.g. 30 and 31). The 
O(I)-C(1) bond, 1.378(9) A, is significantly 
shorter than the usual value of 1.426 A as well as 
the values of 1.41 3 in  60 and 1.41 8 A in 66. The 
C(1)-N bond, 1.505(10) A, is somewhat longer 
than those in 6a and 66 (1.485 and 1.491 ,!I) 
but is not significantly longer than a normal 
C(sp3)-N(sp3) bond. The N-O(2) distance of 
1.409(5) A is significantly longer than the sum of 
covale~lt radii (1.36 A) but lies in  the range of 
1.34-1.44 A uusally observed for N-0 single 
bonds (32, 33). The two B-0 distances, 1.506(7) 
and 1.556(8) A, are significantly different. The 
pattern of one bond close to the normal value 
and one on the order of 0.1 A longer than normal 
also occurs in the boroxazolidines 6a and 6b 
where the B-0 distances (1.484 and 1.471 A) 
are normal while the B-N bonds (1.653 and 
1.652 A) are each on the order of 0.1 A longer 
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2538 C A N .  J .  C H E M .  VOL.  5 2 ,  1974 

TABLE 7. Bond angles (deg) with estimated standard deviations in parentheses 

(a )  Non-hydrogen atoms 
- 

Angle (deg) 
Uncorrected 

Bonds angle (deg) Bonds Uncorrected Corrected 

C(1)-O(1)-B 103 8(4) B-Ci4)-C(5) 122.5(5) 122.1 
N-O(2)-R 107.1!4) B-C(4)-C(9) 120.1(4) 119 9 
O(2)-N-C(l) 105.0(4) C(9)-C(4)-Ci5) 117.4(5) 118.0 
O(2)-N-C(2) 106 4(4) C(4)-C(5)-C(6) 122.8(6) 122.5 
O(2)-N-C(3) 108.8(5) C(5)-C(6)-C(7) 119.7(6) 119.5 
C(1)-N-C(2) 115.9(6) C(6)-C(7)-C(8) 120.7(5) 121.2 
C(1)-N-C(3) 110.9(7) C(7)-C(8)-C(9) 118.8(6) 118.5 
C(2)-N-C(3) 109 6(7) C(8)-C(9)-C(4) 120 5(6) 120.3 
O(1)-B-O(2) 101.5(4) B-C(1O)-C(11) 119.7(5) 119.6 
O(1)-B-C(4) 113 8(5) B-C(I0)-C(15) 121 8(5) 121.7 
O(1)-B-C(10) 110 5(4) C(15)-C(10)-C(1 I) 118.4(6) 118.5 
O(2)-B-C(4) 109 5(4) C(10)-C(11)-C(l2) 121.8(6) 121.7 
O(2)-B-C(10) ! 08 .4(4) C(I1)-C(12)-C(13) 11 8 . 3 7 )  118 5 
C(4)-B-C(l 0) 112 4(4) C(12)-C(13)-C(14) 119 O(6) 119.1 
O(1)-C(1) N 105 7(6) C(13)-C(14)-C(15) 120.4(7) 120.3 

-- 
C(14)-C(15)-C(10) 121.9(7) 121.9 

- 

(b) Angles involving hydrogen atoms 
- -- - 
- --- - -- -- 

Bonds Angle (deg) Bonds Angle (deg) 
-- 

O(I)-C(1)-H(1 A) 1 16(4) C(5)-C(6)-H(6) 113(2) 
O(1)-Ci1)-H(1 B) 1 15(3) C(7)-C(6)-H(6) 126(2) 
N-C(1)-H(1A) 11 2(4) C(6)-C(7)-H(7) 11 8(4) 
N-C(1)-H(l B) 106(4) C(8)-C(7)-H(7) 120(4) 
H(1A)-C(1)-H(1B) 102(5) C(7)-C(8)-H(8) 1 18(3) 
N-C(2)-H(2A) 90(4) C(9)-C(8)-H(8) 123(3) 
N-C(2)-H(2B) 101(7) C(8)-C(9)-H(9) 122(7) 
N-C( 2)-H(2C) 1 16(4) C(4)-C(9)-H(9) 1 16(7) 
H(2A)-C(2)-H(2B) 126(9) C(10)-C(11)-H(11) 130(5) 
H(2A)-C(2)-H(2C) 1 15(6) C( 12)-C(11)-H(11) 108(5) 
H(2B)-C(2)-H(2C) 107(8) C(11)-C(l2)-H(l2) 123(4) 
N-C(3)-H(3A) 100i16) C(13)-C(12)-H(12) 118(4) 
N-C(3)-H(3B) 1 OO(2) C(12)-C(13)-H(13) 126(4) 
N-CI 3)-H(3C) 1 14(6) C(14)-C(13)-H(13) 1134) 
H(3A)-C(3)-Hi3B) 119(17) C( 13)-C(14)-H(14) 121(4) 
H(3A)-C(3)-H(3C) 122(17) C(15)-C(14)-H(14) 1 16(4) 
H(3B)-C(3)-H(3C) 1 OO(6) C(14)-C(15)-H(15) 126(4) 
C(4)-C(5)-H(5) 121(3) C(I0)-C(15)-H(I5) 111(4) 
C(6)-C(5)-H(5) 1 15(3) 

TABLE 8. Intra-annular torsion angles (deg), 
five-membered ring 

p~ -- 

Angle (deg) 

Bond Observed Calculated 

than normal. The exocyclic C-N distances have 
been corrected for riding motion and are equai 
within experimental error. Bearing in mind that 
the riding model approach usually overcorrects, 
it still appears that these bonds are somewhat 
longer than normal (see Table 6). 

The two phenyl rings are planar within experi- 
mental error (see Table 9). Two hydrogen atoms, 
H(6) and H(14), are significantly displaced from 
their respective mean planes, probably as a re- 
sult of inaccuracy in the hydrogen atom positions 
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RETTIG ET AL.: ON 4,4-DIMETHYL-2.2-DIPHENYL-l,3-DIOXA-4-AZONIA-2-BORANATACYCLOPENTANE 2539 

TABLE 9. Weighted least-squares mean planes 

(a )  Distances (A) of relevant atoms from the mean planes 
-- 

- - -- 

Plane I : C(4)-C(9) Plane 2: C(10)-C(15) 

Atom d 4 0 Atom d dl 0 

(b) Equat~ons of planes IX + i l l  Y T i1Z = p* 
- 

-- -- - 
- -  - - - -  
-- -- 

Plane I i?l 11 P 

*The dihedral angle betiicen the planes is 7 4 ~ .  X; Y, Z are  ortiiogo~ial angstrom co- 
ordinates deriied as follows: (Z)  = (" 0 0 " c (;) 

due to thermal effects. The boron atom is sig- 
nificantly displaced from both phenyl mean 
planes, by 0.07 from the C(4)-C(9) plane and 
by 0.11 A from the C(10)-C(15) plane, rep- 
resenting a slight folding of the phenyl groups 
away from each other. The dihedral angle be- 
tween the mean planes is 74". The two phenyl 
groups are not equivalent, the rings being rotated 
unequally about the B-C bonds. The dihedral 
angles C(9)[C(4)-BlO(1). C( 15)[C(10)-B]O(l), 
C(5)[C(4)-BIO(2): and C( I I )  [C( I 0)-BlO(2) 
are - 52.1 (6), 39.9(6), 17.9(6), and - 33.4(6)" res- 
pectively. The orientation of the phenyl groups 
represents a minimization of intra- and inter- 
molecular steric interactions. 

The corrected C-C bond lengths in the phenyl 
groups range froin 1.363 to  1.446 with a mean 
value of 1.395 A. There is a significant variation 
in the individual bond distances, the C(l0-C(17) 
bond: 1.363 A. being significantly shorter and 
the C(8)-C(9), 1.446, and C(12)-C(13), 1.441 
A, bonds significantly longer than the normal 
value of 1.394 A (32, 33). The means over cheni- 
ically equivalent groups of bonds (as they are re- 
moved from the boron substituent) are 1.384, 

1.410, and 1.391 A. This pattern is different from 
that observed in the two boroxazolidine struc- 
tures (13, 14) where the bond lengths decrease as 
they are removed from the boron substituent. 
The &-C distances are e q ~ ~ a l  within experi- 
mental error and their mean value, 1.632 A ,  is 
longer than in the structures 60 (1.616) and 66 
(1.621) but shorter than in the tetraphenyl borate 
anion (1.63 1-1.648(8) A)  (34). 

The angles in the phenyl rings have values 
ranging fro111 1 18.0 to 122.5", showing some sig- 
nificant deviations from 120". The mean angle at 
the carbon atom carrying the boron group is 
118.3" and the other mean values are 121.6, 
119.2, and 120.2" for atoms ortl~o, meta, and 
para to  the boron group. These angular devia- 
tions have the same pattern as those in 6a and 6b 
but the magnitudes of the distortions are one- 
half as great. These variations have been ex- 
plained in terms of the electronegativities of the 
substituent groups (35). The angles a t  C(4) and 
C(10), mean 118.3", carrying the boron sub- 
stituent indicate that this group is weakly electron 
releasing. 

The overall geometry of the molecule suggests 
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TABLE 10. Selected intra- and intermolecular contacts 
- -- 

Intramolecular Intermolecular'+ 

Atoms D~stance (A) Atoms Distance (A) 

*Superscripts refer to atoms at positions: '1/2 - x, y - 112, 112 1 z ;  2x, 1 + y, z ;  
'112 - x, 112 T j ,  z - 112; 41 - r , - J', 112 - z ;  5x,  .L, - I, z. 

that the formal charges on B and N in 3 are de- 
localized in a way such that, formally, the B and 
O(2) carry partial negative charges while N and 
O(1) carry partial positive charges. This is in 
accord with the observed pattern of bond dis- 
tances, particularly the difference between the 
two B-0 distances. 

The mean bond angles in the molecule are  as 
expected. There are a number of significant de- 
viations from the mean values resulting from 
steric and electronic effects. Interior angles 
in the rings have already been discussed. The 
C(4)-B-C(1O) angle, 1 12.4(4)", is significantly 
smaller than in 6a and 6b, but is generally as ex- 
pected. Asymmetry in the packing arrangement 
appears to be responsible for significant dif- 
ferences between corresponding angle pairs 
0-B-C and C-N-C. 

The geometry involving hydrogen atoms is 
as follows: mean C(ar)-H, 0.99 A; mean 
C(sp3)-H, 1.14 A ; mean C(ar)-C(ar)-H, 
119"; mean R-C(sp3)-H, 107"; and mean 
H-C(sp3)--H, 113". The distances are long for 
X-ray data, probably as a result of relatively 
large thermal motion in the sample. 

The crystal structure consists of discrete mole- 
cules separated by normal van der Waals dis- 
tances, the shortest of which are iisted in 
Table 10. 

We wish to thank Professor H. Norh, University of 
Munich, for running the "B-n.m.r. spectrum; the 
National Research Council of Canada for financial 
support; and the University of British Columbia Com- 
puting Centre for assistance. 
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Inhibition Effects in the Electrochemical Reduction of Hydrogen Peroxide 
on Sodium Tungsten Bronzes 
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JEAN-PAUL RANDIN. Can. J. Chem. 52, 2542 (1974). 
An inhibition effect has been observed during the cathodic reduction of hydrogen peroxide 

on sodium tungsten bronzes (Na,W03). The effect is explained as competition for available 
surface sites between hydrogen peroxide and protons. The competing reaction is believed to 
be the formation of hydrogen bronze (NaXH,WO3). The experimental current-potential 
relationships fit with the theoretical curves calculated under Langmuirian conditions of 
adsorption to a point 30-40 mV on the cathodic side of the current maximum. 

JEAN-PAUL RANDIN. Can. J. Chem. 52, 2542 (1974) 
On a observe un effet d'inhibition durant la reduction cathodique du peroxyde d'hydrogene 

sur des bronzes de tungstkne dont 1'61ement d'insertion est le sodium (Na,W03). L'effet est 
expliqut par une competition pour les sites superficiels disponibles entre le peroxyde d'hydro- 
gene et les protons. La reaction competitive proposee est la formation de bronzes de tungstene 
dont 1'eICment d'insertion est I'hydrogene (NaxH1W03). Les courbes experimentales courant- 
potentiel correspondent aux valeurs theoriques calculees dans des conditions d'adsorption de 
Langmuir jusqu'a un potentiel 30-40 mV cathodique par rapport au courant maximum. 

Introduction 
Inhibition or passivation effects are observed 

for most anodic reactions, e.g., organic oxida- 
tions, oxidation of hydrogen, metal dissolution, 
etc. These effects Mere discussed quantitatively 
by Gilroy and Conway (l) ,  following earlier 
suggestions by Bagotskiy and \Jasilev (2). Inhibi- 
tion and passivation arise either as a result of an 
inhibiting species produced in a competing 
reaction, or  as a self-inhibition froin the decom- 
position of adsorbed radicals. Inhibition effects 
have rarely been reported, however, for cathodic 
processes. The purpose of this communication is 
to discuss the origin of an  inhibition process 
observed during the cathodic reduction of 
hydrogen peroxide on sodium tungsten bronzes. 

Experimental 
Sodium tungsten bronzes were prepared by electrolysis 

of molten mixtures of Na2W04 and WO, as described 
recently (3). Samples with an x-value (in Na,WO,) 
between 0.58 and 0.89 and only a few p.p.m. platinum 
were investigated. The cell and instruments employed, 
as well as the details of the electrode mounting, and gas 
purification were similar to those used in our recent work 
(4, 5). Solutions were made from sulfuric acid (ULTREX, 
J. T. Baker Chemical), unstabilized hydrogen peroxide 
(Fisher Scientific Co., Certified), and conductivity water. 
The peroxide concentration was determined by titration 
with potassium permanganate after completion of a set 
of measurements. The electrode potentials are given with 
respect to a standard hydrogen electrode. Experiments 
were carried out at room temperature. 

The current-potential measurements were restricted to 
the potential ranges where there is no interference from 
the hydrogen evolution reaction, i.e. at potentials less 
cathodic than about -0.3 V. As no detectable spon- 
taneous decomposition of H 2 0 2  was observed, the reduc- 
tion current can be attributed only to the reduction of 
H 2 0 ,  and not to that of oxygen. 

Results and Discussion 
The potentiodynamic profile shown in Fig. 1 

exhibits a peak at  about +0.05 V, whose current 
density in the maximum region increases slightly 
with increasing speed of rotation of the electrode. 
The dependence of the current density on the 
rotation speed will be examined in relation to the 
steady-state measurements to be discussed below. 
The relationships between l l i  and f - ' I 2  ( f  = 
rotation speed) obtained from the potentio- 
dynamic profiles are similar to those recorded in 
the steady-state. The analysis of the peak current 
as a function of scan rate indicates that in the 
peak region the process is neither under pure 
diffusion-control (no linear relationship between 
the peak current cs. the square root of the scan 
rate), nor under pure activation-control (no 
linear relationship between the peak current rs. 
the scan rate). 

Steady-state (point-by-point) current-potential 
relationships for three typical concentrations of 
H 2 0 2  are given in Fig. 2. The same measure- 
ments carried out without H,O, gave current 
densities lower than lo-' A over the 
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RANDIN: ON INH IBITION EFFECTS 2543 

I I I I 
4.0 0.5 0 - 0.5 

E ( V vs. s. h.eJ 

FIG. 1. Potentiodynamic profile for the electroreduction 
of H 2 0 2  on Nao,,,WO, in He-saturated 1 N H2S04  + 
0.052 M H,02  at 4 mV s-I and 900 r.p.m. Direction of 
sweep indicated by arrows. 

FIG. 2. Steady-state, potentiostatic current-potential 
relationships on Nao.65W0, in He-saturated 1 N H2S04 
a t  900 r.p.m. HzO, concentrations: x , 0.0046 M; 0,  
0.046 M; and 0, 0.18 M. Point-by-point measurements, 
10 mV steps per 2 min. Solid lines indicate theoretical 
relationships for inhibition by competing hydride forma- 
tion reaction under Langmuirian conditions of adsorption, 
calculated after the treatment of Gilroy and Conway (1). 
Broken line indicates (in the case of the higher H 2 0 2  
concentration) best fit of theoretical curve calculate for 
Temkin conditions of adsorption for f(0) = 10, after the 
same authors (1). 

entire potential range studied in Fig. 2. This 
means that the curves in this figure are free of 
interference from parasitic reactions. In the 
potential range studied no hysteresis was ob- 
served when the scanning potential direction was 
reversed. The current-potential curves exhibit a 
Tafel region between 0.5 and 0.2 V (us. standard 
hydrogen electrode) with a slope close to - 120 
mV/decade, i.e. 2 x 2.3RTIF. At potentials more 

cathodic than about 0.2 V a characteristic 
inhibition inflexion is observed. The dependence 
of the current density W. the rotation speed of 
the electrode (Fig. 3) indicates that, in the 
inhibition region, the process is first-order with 
respect to the H20, concentration (linear depen- 
dence of I l i  zls. f - I/') and is under mixed kinetic 
and diffusion control (since the extrapolation of 
the l/i us. f - ' I 2  line intercepts the l / i  axis at a 
value different from zero). In the Tafel region the 
rotation of the electrode had no significant effect 
on the current-potential curves. 

The kinetic component of the current density 
in the inhibition inflexion region is found by 
extrapolation of the lli as. f -I / '  line to f ' I 2  = 0 
(Fig. 3). The difference between the experimental 
current density measured at 900 r.p.m. (Fig. 2) 
and that found from Fig. 3 at infinite rotation 
speed is negligibly small and would not be 
significantly different from that plotted in Fig. 2, 
especially since the current density is given in 
logarithmic scale. Hence, the relationships in 
Fig. 2 can be considered as practically free of the 
diffusion component of the current density. 

A plot of the reaction rate as a function of the 

FIG. 3. Inverse of the current density in the inhibition 
inflexion region us. f - ' I 2  ( j  = rotation speed of the 
electrode) for the reduction of H,O, in He-saturated 
1 N H2S04 + 0.052 M H 2 0 2  on Nao.65W03 at E: 
0, 0.17; 0,  0.07; A, -0.03; and A, -0.13 V. 
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H20,  concentration indicates that a reaction (reaction 1). The reduction of H,O, is inhibited 
mechanism first-order with respect to H,O, takes by the appearance of the reduced form of the 
place at constant potential. At low p H  values, bronze electrode, which competes for sites upon 
the reaction order with respect to Hi is close to the bronze electrode surface. Gilroy and Conway 
zero. (1) have described numerous cases of anodic 

In the follo\ving discussion of the origin of the oxidations in competition with oxide formation. 
inhibition process it will be assumed that the The present study shows the cathodic analog of 
sodium tungsten bronze electrode plays an the anodic inhibition process, i .e . ,  a cathodic 
important role since this phenomenon has not reduction occurring in competition with hydride 
been observed on other electrodes (i.e. mercury formation. 
(6), platinum (7, 8), and graphite (9)). If a par- The steady-state current-potential relation- 
asitic reaction of the bronze itself were respon- ships in the inhibition region can be examined 
sible for the negative Tafei slope, this reaction more quantitatively in terms of the kinetic 
would have a more pronounced effect on the theory of inhibition effects developed by Gilroy 
current-potential curve at lower rather than at and Conway (1). The inhibition curve predicted 
higher H,O, concentrations. This is not ob- for competing reactions of the type 
served since the shape of the current-potential 

[5] S + H + + e - + S H  curves does not depend on the concentration of 
H,O, (Fig. 2) .  and the sequence of reactions 2 to 4 under 

On the basis of the regular shift of the current- Langmuirian conditions of adsorption exhibit a 
potential curves as the H,02 concentration symmetrical current-potential curve with an 
changes, it may be suggested that for a given inversion. This means that two Tafel regions 
potential the same fraction of surface sites are arise: (i) at low potential values the Tafel line 
blocked independently of the hydrogen peroxide exhibits a -2RTIF slope corresponding to the 
concentration. The competition for surface sites normal discharge reaction (reaction 3); (ii) at 
can arise from the occurrence of a parallel re- potentials greater than that of the inversion 
action such as the formation of hydrogen phenomenon the Tafel line exhibits a 2RTIF 
bronze slope corresponding to the inhibition reaction 5.  
[I1 Na,W03 + zH+ + ze- -> Na,H,WO, The experimental data in Fig. 2 fit these theoreti- 

cal predictions up to a point marked by the 
which has been shown to proceed in the same arrow. 
potential range as the beginning of the inhibition Since the experimentalcurrent-potential curves 
region, i.e. about 0.2 V (4). If the activity of in Fig. exhibit quite a broad maximum in  the 
NaxHzWo3 for the reduction Of H2°2 is lnuch inhibition region, it could appear attractive, at 
lower than that of NaxW03, the of first sight, to suggest that Temkin conditions of 
adtive sites decreases with increasingly cathodic adsorption may perhaps apply. The curve cal- 
potentials, i.e., with the occurrence of reaction l .  culated for Ternkin conditions of adsorption for 

On the basis previous studies On mercury f(0) = 10 (0 = electrode coverage) was found to 
(6) and On the present the mech- approximate best the broad shape of the experi- 
anism for the peroxide On mental points. However, this theoretical curve 
Na,WO, may be formulated as follows: does not fit the experimental points as exactly 
[21 S + Hz02 * S(H~0~)ada as the curve calculated for Langmuirian con- 

r.d.s. 
ditions (Fig. 2). 

131 S(H202)ads + e -  ---4 S(OH),,, + OH- At potentials more cathodic than the point 

[41 
marked by the arrow in Fig. 2,  the experimental 

S(OH),,, + e-  S + OH- current-potential curve departs from the theo- 
where S represents an undefined surface adsorp- retical one (under Langmuirian conditions of 
tion site at the bronze electrode. adsorption) and results in a slope much greater 

In view of the preceding discussion, the inhibi- than the expected 2RT/F. Such a deviation 
tion of the cathodic reduction of hydrogen from the theoretical curve may be associated 
peroxide on Na,WO, may be described as a with the role of the hydride surface compounds 
result of a competition for surface sites between in the inhibition process. It is possible that the 
hydrogen peroxide (reaction 2) and protons reduction of H,O, can occur on the layer of 
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inhibiting hydride after this latter has been 
formed to an appreciable coverage. This might 
explain the short, almost constant current region 
observed after the critical passivation current 
has been reached and reversal of the direction of 
the current-potential relation has occurred 
(Fig. 2). This phenomenon is similar to that 
reported on platinum in the formate ion dis- 
charge or the Kolbe oxidation (1). In this latter 
case, a current-potential relation exists beyond 
the passivation region where the Tafel slope can 
acquire a normal positive sign. Such a region is 
absent in Fig. 2, however. The shape of the 
experimental current-potential curves does not 
permit a more quantitative interpretation of its 
deviation from the theoretical line. 

It may finally be added that the Langmuirian 
kinetics indicated in Fig. 2 is consistent with the 

proposed rate-determining step t'or the hydrogen 
peroxide reduction reaction (reaction 3). 

The author thanks D r .  A. K. Vijh for helpful discus- 
sions and  Mr.  R. Bellemare for his assistance in the 
experimental work. 

1. D. GILROY and B. E. CONWAY. J. Phys. Chem. 69, 
1259 (1965). 

2. V. S. BAGOTSKIY and Y. B. VASILEY. Electrochim. 
Acta, 9, 869(1964). 

3. J.-P. RANDIN. J .  Electrochem. Soc. 120, 1325 (1973). 
4. J.-P. RANDIN, A. K. VIJH, and A. B. CHUGHTAI.  J. 

Electrochem. Soc. 120, 1174 (1973). 
5.  J.-P. RANDIN.  J. Electrochem. Soc. 120. 378(1973). 
6. V.  S. BAGOTSKIY and I .  E. YABLOKOVA. Zh. Fiz. 

Khim. 27, 1663 (1953). 
7. R. GERISCHER and H. GERISCHER. Z. Phys. Chem. 

N.F .  6 ,  178 (1956). 
8. D.  W I N K E L M A N N .  Z. Elektrochem. 60, 731 ( 1956). 
9. A. I. AXUROVA. V. S. DANIEL-BEK, and A. L. ROTI- 

NYAN.  Elektrokhimiya, 4, 815 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The Fluorination of Decachlorccyclopentaphosphonitrille with Potassium 
Huorosulfite 
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NORMAN L. PADDOCK and JAK SERREQI. Can. J. Chem. 52, 2546 (1974). 
Decachlorocyclopentaphosphonitrile N,P,Cllo is fluorinated by potassium fluorosulfite to 

give a mixture of chloride-fluorides N,P5Ci,0-,F, ( x  = 1-9), no compound containing more 
than one PCIF group. As for the comparable reactions of N,P,CI, and N4P4CI,, the domi- 
nance of the gerninal substitution pattern is attributed to the electrostatic or o-inductive effect 
of the electronegatibe fluorine atom. The relative rates of the first two fluorination steps, in 
con~parison with similar information for N,P,CJ, and N,P,CI,, confirm the importance of 
n-inductive eRects in determining the rates of the reactions. 

NORMAN L. PADDOCK et JAK SERREQI. Can. J. Chem. 52, 2546 (1974). 
La fluoration du d~cachlorocyclopentaphosphonitrile, N5P5Cllo, par le fluorosulfite de 

potassium conduit a un melange de chlorure-fluorures de formules N5P5CllO-,F, ( x  = 1-9); 
aucun compose ne contient plus qu'un groupe PCIF. Lors de reactions semblables avec le 
N3P3CI, et le N4P,CI, on observe une predominance de la substitution geminale et ces 
resultats sont attribuds a des effets electrostatiques ou induetifs o des atomes de fluor tiectro- 
affinitaires. Les vitesses relatives des deux premieres Ctapes de la fluoration comparees avec les 
donnees semblables obtenues pour N3P,CI, et N4P,CI, confirment I'importance des effets 
inductifs n dans la determination des vitesses de reactions. [Traduit par le journal] 

The reagents used most frequently in the in the two series. The difference was explained 
fluorination of phosphonitrilic derivatives are (3) in terms of a n-inductive effect modifying the 
potassiu~n fluorosulfite, first used for the prep- main orientational influences. If the explanation 
aration of N3P,F, and N,P,F, ( I )  and antimony is justified, the same argument would require 
trifluoride, which depends for its action on a c1 ~1 
primary electrophilic attack on nitrogen, and ~ ~ \ / 
which gives non-geminally substituted products P 

(2). In an earlier paper (3) it was shown that in c !  N' % 
' '4  CI-P 

N, /C1 
the fluorination of N3P,C1, and N,P,Cl, by P- C1 

\ 11 
potassium fluorosulfite, substitution by a second N 
fluorine atom takes place getr~inallj-, the third \\ P - N = P  7 
and fourth fluorine atoms entering at the nearest 
phosphorus atom to the first. All the possible 

c12, C1 bc  I 

chloride-fluOrides based On an N3P3 ring have that fluorination of N,PjC1,, should also pro- 
now been obtained, either in this or in  ceed gemit7nlb, bur that the rate of the second 
reactions with antimony trifluoride (2). Within step, relative to the first, should be mucll less 
the "geminal-cicinal" pattern, all the fluoride- than for the reaction of the tetramer, The present 
chlorides N,P,Cl,-XFX (x = 1-71 have also been work was designed to test these deductions. 
prepared by the KSo2F with Broadly speaking, they are confirmed, N,P,Cl,, 
N,P,CI,. Since the entering fluorine atoms are behaving more like N3P,CI, N,P,Cl, on 

electr0negative, it is likely that the fluorination, though the details, both 
getninai orientation pattern is an electrostatic and quantitative, show that a more detailed 
Or o-inductive effect, and, as for the experimental and theoretical study is desirable. 

k 1 k 2 

two steps PCI, + PClF -t PF,, lc, > k , .  The Experimental 
rate Of the second step is much greater Potassium fluorosulfite was prepared by shaking dry, 

for the tetramer than the trimer, sufficiently so to finely ground potassium fluoride with an excess of sulfur 
make different preparative techniques necessary dioxide in an  autoclave a t  room temperature for 80 h. 
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Pentameric phosphonitrilic chloride N5P5CIl0 was dis- 
tilled out of a crude mixture of chlorides kindly supplied 
by Albright and Wilson, Ltd., Birmingham, England, 
through the courtesy of Dr. A. F .  Childs, and purified by 
distillation and fractional crystallization. Its reaction 
with potassium fluorosulfite took place readily either dry 
o r  in hexane as a solvent, which had no effect on the 
qualitative con~position of the product. In most cases, a 
solvent was avoided, because it formed an azeotrope with 
the fluoride N5P5F,, which was always produced to 
some extent. 

In a typical experiment, decachlorocyclopentaphos- 
phonitrile (50 g, 0.09 niol) was mixed with potassium 
fluorosulfite (31.6 g, containing 0.2 mol KS02F),  and 
heated at 150" for 2 h.  A condenser at  0' prevented the 

1 2 3 c 5 E 7 e "  

escape of the volatile pentarneric fluoride in the stream of n l n N N 5 D  C c . 5  
sulfur dioxide. At the end of the reaction, the more F ~ ~ ,  1, ~ ~ l ~ ~ i ~ ~  yields of c ~ ~ o r o ~ u o r o c y c ~ o p e n t a -  
volatile components were distilled out and the remainder phosphollitriles i n  partial  fluorination experiment (see 
extracted with petrol ether (30-6OC), the total product text), 
weighing 32.5 e.  I t  was fractionallv distilled in L.NCUO, and - - - 
the individual fractions purified by g.l.c., using a sta- 
tionary phase of 3 0 z  silicone gum rubber SE30 supported 
on Chromosorb W 60:80. The higher boiling components 
(> 250') tended to polymerize on the column, which was 
kept as short as was compatible with a good separation. 
Longer columns, up to 20 ft, were used in the attempted 
separation of products known to be mixtures. Boiling 
points (at 1 nim., except N5P5C12F,, N,P5CIFq (760 
mni)) and analyses (by Alfred Bernhardt) of the products 
isolated are as follows: 
.V,-P5C19F (b .p .  172-174-) 

Anal. Calcd.: P, 27.5; N, 12.4; CI, 56.7; F, 3.4. Found: 
P, 27.5; N, 12.5; C1, 56.5; F, 3.5. 
,Y,P5C18F2 ( b . ~ .  146-148-1 

Anal. Calcd.: P, 28.3; N, 12.8; Cl, 51.9; F, 7.0. Found: 
P, 28.1: N, 12.9; CI, 51.9; F ,  7.1. 
& P5Cl,F, (6.p.  125-126:) 

Anal. Calcd. : P, 29.2; N, 13.2; CI, 46.8; F, 10.8. Found: 
P, 29.2; N, 13.4; CI, 46.6; F, 11.0. 
hr5P5C/6F4 ( b . ~ .  104-105') 

Anal. Calcd.: P, 30.2; N, 13.6:C1,41.4; F, 14.8. Found: 
P, 30.0: N. 13.9: CI. 41.3: F. 15.1. 
hr5 P,CI~ F~' ib .p .  83184") 

Anal.Calcd.:P,31.2:N, 14.1;C1,35.6:F,19.l.Fo~1nd: 
P, 31.0; N ,  14.3; CI, 35.3; F, 19.3. 
iV5P5C/4Fb l6 .p .  69-70:) 

Anal. Calcd. : P, 32.2; N, 14.6; CI, 29.5; F ,  23.7. Found: 
P, 32.2; N, 14.7; CI, 29.4; F ,  24.2. 
N5P5CI3F7 /b.p. 44-45'] 

Anal. Calcd. : P, 33.3 ; N, 15.1 ; CI, 22.9; F, 28.7. Found: 
P, 33.1: N, 15.1: C1, 22.6: F,29.1.  
hr5p5C/2F8 (6.p. 168-169 / 

Anal. Calcd.: P,34.6;N, 15.6;C1, 15.8; F, 34.0.Found: 
P, 34.4; N, 15.7; C1, 15.7: F ,  34.4. 
NjP5CIFg lb .p .  144-145-) 

Anal. Calcd.: P, 35.9; N, 16.2; CI, 8.2; F ,  39.7. Found: 
P, 35.8: N, 16.0; Cl, 8.2; F ,  39.9. 

As explained later N,P5CI,F,o.,, x = 3-7, are niix- 
t ~ ~ r e s  of isomers. Mixtures prepared as described some- 
times contained unreacted starting inaterial as well as 
some fully fluorinated pentamer (21% of the fluorinated 
product in this case). The distribution of chloride- 
fl~iorides was typically as shown (Fig. 1). A large pro- 
portion of the more highly fluorinated compounds was 

obtained by using a greater proportion of potassium 
fluorosulfite, and of those containing less fluorine by 
using less, or by stopping the reaction at an earlier stage. 

The relative rates of the first t ~ v o  fluorination steps 
were determined as described earlier (3). A therniostated 
mixture of 2 .0g  N,P,CI,, and an excess of KSOzF in 
25 rnl xylene mas stirred magnetically at constant speed. 
Small samples mere taken at 10 min inter~als and ana- 
lyzed by g.l.c., the proportionality constants rclating peak 
area and concentration lia\,ing been established by 
separate experiiiients with NsP5Cl lo  and N5P,CIqF. The 
decrease in concentration of NjPjC1,, with time was 
approximately first-order, de~iations being attributable 
to change in particle size distribution of the KSO,F as 
the reaction proceeded. The concentration of N5P,CIqF 
rose to a n~axim~in? at 60 min, declining more slowly 
thereaftir. The variations in concentration c o ~ ~ l d  be de- 
scribed in terms of two consecutive pseudo-unimolecular 
reactions, the ratio k , ' k ,  of the rate constants for the 
successive reactions PCl2 -. PCIF -* PF2 being cal- 
culated as 7.1 k 1 at 50 'C. 

Results and Discussion 
The I 9 F  chemical shifts and coupling con- 

stants of the separate products are given in 
Table 1. Although the spectra are too compli- 
cated for a co~nplete analysis (and contain too 
many phosphorus and fluorine nuclei for the 
application of decoupling techniques), the PClF 
and PF, regions are clearly separated, and the 
relative areas of the two sets of bands show that 
no molecule produced in this series of reactions 
contains more than one PClF group. Within 
the scope of this limitation, the possible reaction 
paths are shown in Fig. 2. 

The same spectra help to discriminate the 
actual paths followed. The PF, bands are too 
complex to be useful, but the PClF bands are 
more informative, and such assignments as seem 
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TABLE 1 .  19F n.m.r.* and infrared spectra 

~F(JFP') 

Product Identificat~ont (PCIF groups) 
-- -- - - 

NsPSCIgF A 36.4 (968) 

N5P5C1F9 I 33.6(912) 67.9(897), 67.1(892) 1420 
- -- pp 

'p.p.m. upfield from CFCI3, internal reference. J(Hz) primed to denote approximation. 
tFigure 2. 

A €3 C C E F  G h :  

FIG. 2. Orientation patterns found in the reaction of 
potassium fluorosulfite with cyclodecaphosphonitrile. For 
clarity the nitrogen and chlorine atoms are omitted. 

certain are based on an interpretation of their 
structure. In addition to the principal coupling 
constant 'JFPr,  the spectrum of N,P,Cl,F shows 
that the spin of the fluorine atom is also coupled 
to those of the other two pairs of phosphorus 
nuclei. The nine lines required for a triplet of 
triplets are indeed observed, but although 3 ~ F p '  

is clear at 24 Hz, the lines arising from interac- 
tions with the remote phosphorus atoms have 
spacings and intensities which are wrongly pre- 
dicted by a first-order treatment. Even so, the 
determination of 3 ~ F p '  in this compound is useful 
in recognizing those other compounds in which 
a PClF group is flanked by two PC1, groups. 

The first of these occurs in product C, whose 
I 9 F  spectrum has two PClF doublets of about 
equal intensity. Their symmetries indicate that 
they belong to different environments. The 

possibility that one doublet might correspond, 
in spite of the evidence of the areas, to the 
presence of some non-geminal isomers is ruled 
out, because a mixture of non-gemilzal isomers 
of the composition N,P,CI,F,, prepared in 
another way (9) has a lower shift and higher 
coupling constant (33.4 p.p.m., 992 Hz). The 
only two possible gerninal isomers are 3 and 4; 
both are evidently present, and their individual 
shifts and coupling constants can be assigned. 
Each band of the higher field doublet has a 
triplet structure ( 3 ~ F , '  27 Hz) and is assigned, 
consistently with its shift, to 4. The environment 
of the PClF group in 3 is less symmetrical 
(PC12/PF2) and the fluorine atoms would give 
additional splitting. The lower field doublet, in 
agreement, has a large number of lines, many 
unresolved, and does not approach a triplet 
structure. 

Product E is also a mixture, but the analysis of 
its ' 9F spectrum is incomplete. The PClF doublet 
at highest field again has a triplet structure 
(3JFp' 24 Hz) and evidently corresponds to 8. 
That at  lowest field has a diffuse triplet structure, 
compatible with the symmetry of 9 and secon- 
dary splitting by the fluorine pairs; it is much 
weaker than the other bands. The intermediate 
bands are reasonably assigned to 7 and 10, with 
intermediate (PC12/PF2) environments, but there 
is no certainty that both compounds are present. 
The PClF region of G is interesting in that the 
high-field triplet of A, C, and E is not found, 
presumably because the PClF group has PC12/ 
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PADDOCK AND SERREQI: FLUORINATION OF NsPsCllo 2549 

PCI, neighbors in neither 13 nor 14, The princi- 
pal doublet has a shift which suggests a PCl,/PF, 
environment, and is assigned to 13. The low 
intensity doublet at lower field is similar in 
appearance to the lowest field doublet in E (as- 
signed to 9) and, more significantly, has a similar 
shift to the PClF group in 16, in which the two 
flanking groups must be PF,/PF,; it is therefore 
assigned to 14. As would be expected, the two 
components of the PClF doublet of 16 are sym- 
metrically related, and show no signs of the 
additional bands attributed to isomers in the 
other spectra. Because of the complexity of the 
PF, spectra, no statement can be made about 
the possible isomers in D or F, though the 
spectra of B and H are consistent with the unique 
structures shown. 

The orientation pattern so determined, in 
which a PFCl group is always fluorinated in 
preference to a PCI, group, is similar to that 
found for the reaction of potassiun~ fluorosulfite 
with N3P3CI, and N,P,CI,. It presumably has 
the same cause, which is that the largest effect 
of the first fluorine atom is to induce, through 
its high electronegativity, a partial positive 
charge at the phosphorus atom to which it is 
attached, thus encouraging further nucleophilic 
attack at the same point. The higher reactivity 
of the PClF group is confirmed by the relative 
yields illustrated in Fig. 1 ; they are smaller for 
those compounds which contain a PFCl group. 

There are two differences from the behavior 
of N,P,CI,. The first is that only one of two 
possible trifluorides was produced in significant 
quantities from the tetramer, although smali 
amounts of unidentified compounds may have 
been formed by the alternative genzinal route. 
The pentamer gives both 3 and 4, in approxi- 
mately equal quantities, and the detection of 8 
shows that the use of alternative paths is not 
confined to the fluorination of the difluoride. 
There is no obvious explanation in terms of the 
effect of the substituents on charge density, 
though fluorination at remote sites is statistically 
favored more in the ten-membered than in the 
eight-membered ring. 

The second difference relates to the way in 
which a perturbation of the n-system affects the 
relative rates of the successive fluorination steps 
PCI, -, PClF + PF,. One of the clearest effects 
of an electronegative substituent on a phos- 
phonitrilic ring (discussed in more detail else- 
where (4)) is to raise v,,(PNP) by contracting the 

phosphorus d-orbitals and strengthening the 
n-bonds. The frequency of this mode, which is 
degenerate in the end-members N,P,CI,, and 
N5P,Fl,, is given in Table 1. The band is very 
broad (width at half-height -200 cm-l) partly 
from resolution of the degeneracy and partly be- 
cause there are other ring vibrations of similar 
frequency, but the trend of increasing frequency 
with increasing fluorine content is clear. 

The stronger n-bonding concentrates n-elec- 
tron density on phosphorus, and has a retarding 
effect on nucleophilic attack, which offsets the 
direct electrostatic or o-inductive accelerative 
effect of fluorine substitution. Such a n-inductive 
effect on charge density depends on both ring 
size and the type of n-system, and is measured 
approximately (5) by the atomic self-polariz- 
abilities n,,, = aq,/acn, of the substituted phos- 
phorus atom (Table 2), it being assumed that the 
substituent affects only the Coulonlb parameter 
of its own phosphorus atom. For the trimer and 
tetramer it was assumed (3) (as a first approxi- 
mation) that the reaction rate was controlled 
primarily by the field and o-effects, modified by 
n-electron density changes. The type of n-system 
is important, as ring size effects will differ for the 
two cases (Table 2). The alternation of ionization 
potential with increasing ring size has been 
interpreted (4, 6) in terms of a homomorphic 
n-system, and n-electron densities at phosphorus 
are consequently expected to decrease in the 
order (NP), > (NP), > (NP),. The activat.on 
energies for the reaction of the cyclic phos- 
phonitrilic chlorides decrease in just this order 
(7), suggesting that n-electron densities affect 
reactivity significantly. Table 2 shows that the 
same applies to changes in density caused by a 
substituent. We expect the second fluorination 
step to be faster than the first, on the purely 
electrostatic argument. Its rate is reduced by the 
induced (negative) n-charge, which again de- 
creases in the order (NP), > (NP), > (NP),. 
The acceleration of the second step relative to the 
first is then expected to be smaller for the trimer 
and pentamer than for the tetramer. The ratios 

TABLE 2. Atomic self-polarizabilities* 
- -- -- -- - 

System type N3P3 N ~ , I  N5P5 

Homomorphic 0.309 0.273 0.304 

Heteromorphic 0.253 0.273 0.283 
-- - 

* E , , ~  = aqp/aap, calculated (5) from Hiickel m.o.'s; units of P-'.  
a~ = a ,  + D; z,D, Coulomb and resonance parameters. 
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of rates k,/k, for trimer, tetramer, and pentamer 
are respectively 8, - 100, 7, confirming the 
importance of a n-inductive effect t o  a substitu- 
tion reaction. In other reactions, it also affects 
orientation pattern and bond lengths within the 
ring (8). Strictly, if only the homomorphic sys- 
ten1 were involved, k,lk, for the pentamer 
should be greater than 8, not less; a more exact 
treatment would be required to determine 
whether this is a result of the si~nultaneous per- 
turbation of the heteromorphic n-system (6 ) ,  
which could have the observed effect, or  a con- 
sequence of theoretical or  experimental imper- 
fections. 

W e  are grateful to  Mr .  R.  Burton and Dr. D. J. 
Patmore for spectroscopic and experlmeiital help, and to 
the Natlonal Rcsearcli Council of Canada for financ~al 
support. 
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Erratunx: Intrinsic Acidities of a ,  P ,  y Chlorosubstituted Aliphatic Acids from 
Gas Phase Equilibrian Mesurements 

R. YAMDAGNI A N D  P. KEBARLE 
Clre~~?isril\. Del~i:rtnient, U~ri\.e/..sity of ,-llherra, E C ~ I ~ I O I I ~ O I ~ ,  ;rlherr~r 

Received March 29. 1974 

(Ref.: Can. J .  Chern. 52, 861 (1974)) 

The correct title of this communication should read "Intrinsic Acidities of a ,  P ,  y Chlorosub- 
stituied Aliphatic Acids from Gas Phase Equilibria Measurements". 
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G.  E. DUSN and B.  J .  BLACKBURN. Can .  J. Chem. 52 ,2552  (1974). 
The  ~ n e c h a n i s ~ n  of catalysis of aroinatic bromination by pyridine was investigated by mea- 

suring the rates of broinination of mesitylene in acetic acid and  in chloroform with and  without 
added pyridinium or  other substit~ited ammonium salts. Most  salts increased both the second- 
a n d  third-order rate constants for bromination, and  pyridinium salts were n o  more effective 
than others. Bromide salts decreased the rate and  so~netirnes the order of the bromination reac- 
tion by con~plexing bromine as tribromide. The formation constants of pyridinium tribrornide 
and  tetra-17-b~~tylarnlnonium tribrornide in chlorofor~n a t  25.0' were f o ~ l n d  to be 2 x 10' and 
9 x lo5 / ! I - ' ,  respectively. I t  is concluded that in dilute solution pyridine catalysis of bromina- 
tion is simply a salt effect which can be accounted for by the conimonly accepted mechanism 
of bromination. 

G.  E.  DUN^ et B. J .  BLACKBURZ. Can .  J .  Chem. 52 ,2552  (1974). 
O n  a e t i~d ie  le mecanisme des bromurations aromatiques catalysees par la pyridine; pour ce 

faire on a mesure les ~ i tesses  de bromuration ~ L I  mesitylene, dans I'acide acetique et dans le 
chlorofor~ne avec et sans sel de pyridinium ou d'autres sels d'ammonium si~bst i t i~es.  La plupart 
des sels augmenrent a la fois les constantes de vitesse du deuxieme et du troisierne ordres de la 
brornuration: les sels pyridinium ne sont pas plus efficaces que les autres. L'addition dc brom~ires 
dimini~e la vitesse et quelquefois I'ordre de la reaction de bromuration en complexant le brome 
pour donner du tribromure. On a trouve q ~ l e  les constantes de formation ~ L I  tribromure de 
pyridiniiirn et du tribronlure de te t ra -n-buty lammoni~~n~ dans le chloroforine a 25.0 sont 
respectivement 2 x 10' et 9 x lo4 l Z i l ' .  On en conclut qu'en solution diluee de pyridine la 
catalyse de bromuration.est simplement un effet de sel qui peut etre expliquk par le mecanisme 
generalement accepte de la bromuration. [Traduit par le journal] 

In  1908 Cross and Cohen reported the use of 
pyridine as a catalyst for aroinatic halogenation 
(1). The broniination procedure \vas reproduced 
in Cohen's widely used laboratory manual (2) 
and students have learned ever since that pyri- 
dine is the catalyst of choice for aromatic 
bromination. Although pyridine catalysis is still 
recornniended (3) for halogenation, it has never 
become a common tool in organic synthesis. 
The most successful of the very few reported 
uses is de la Mare and Ridd's broniination of 
t-butylbeiizene (4). 

There are some interesting features of this 
pyridine catalysis. First, aromatic halogenations 
are invariably electrophilic substitutions and the 
usual catalysts are strong electropliiles but it is 
difficult to formulate pyridine as an electrophile. 
Various authors (4-6, for example) have specu- 
lated that the well-known pyridilie-halogen 
addition coniplexes serve as sources of positive 
halogen in the form of N-halopyridinium 
halides but this has never been demonstrated. 
Second, the halogen halide produced during 
halogenation ~vill immediately convert the 

catalytic quantities of pyridine (or pyridine- 
halogen complex) used in the Cohen, and de la 
Mare and Ridd procedures to pyridinium 
halides, \vhich are even more dific~ll t  to visualize 
in the role of electrophiles. Yet they must act 
as catalysts if the reaction is to proceed beyond 
the initial stages. 

With these ideas in mind, \ve undertook a 
study of the influence of pyridine or pyridinium 
salts on the rate and mechanism of aromatic 
halogenation. Broniination was examined first 
because it gave Cohen better results than did 
chlorination. The latter will be considered in 
Part I11 of this series. 

Results 

Although Cohen, and de la Mare and Ridd 
all report successful brominations M ith pyridine, 
they d o  not indicate \\hat happens under the 
same conditions in the absence of pyridine. 
Consequently, we repeated Colien's procedure 
both with and without pyridine. Using bromine 
and benzene in equimolar quantities at 25' n i th  
no solvent, the evolutioii of hydrogen bromide 
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was visibly more rapid in the presence of a trace 
of pyridine than in its absence. Distillation of 
the reaction mixtures after 4 11 gave 19% bromo- 
benzene in the presence of pyridine and 9z in 
its absence. 

That salts also catalyze the reaction was shown 
by a similar experiment using t-butylbenzene in 
excess a t  35". After 100 s the consumption of 
bromine was approximately 3% in the absence 
of catalyst, 50% in the presence of pyridine, 
33% in the presence of either pyridinium bromide 
or  tetra-11-butylammonium bromide, and 25Y, 
in the presence of pyridinium chloride. 

In ihe experiinents at 25", the reaction mixtures 
contaming pyridine deposited a dark red solid 
(I). When removed from the reaction mixture, 1 
could be kept a t  -20" but at room temperature 
it rapidly lost bromine, giving first a dark red 
liquid, then an orange solid (2). Compound 2 
lost bromine much less readily and could be 
analyzed. Its n.1n.r. spectrum closely resembles 
that of pyridinium bromide ( 7 )  and its analvsis 
fits the formula 3 C j H j ~ ~ B r . 2 b r , .  A compo;nd 
with similar analyses was prepared by Englert 
and McElvain (8) by mixing 1 mol of pyridiniurn 
bromide with 4 rnol of bromine in glacial acetic 
acid. Repetition of their synthesis produced a 
compound identical with 2. Both melted in the 
range 100-105" individually or in a mixture. 
Compound 1 contains about 70% reducible 
bromine, and the most likely cornposition for it 
is C,H,NHBr.2Br2. The composition and phase 
relationships of these bromine - pyridinium 
bromide complexes will be considered in Part PI 
of this series. 

Qualitative experiments of the type described 
above for pyridine showed that both 1 and 2 
catalyze the bromination of benzene under 
Cohen's conditions. In the process 2 is converted 
into 1. However, ail the reactions described up 
to this point are heterogeneous and therefore not 
suited to kinetic study. 

The only reported mechanistic study of 
pyridine-catalyzed bromination is on the bromi- 
nation of anisole in carbon tetrachloride by 
Yeddanapalli and Gnanapragasam (9). How- 
ever, repetition of some of their experiments 
showed that their system was also heterogeneous. 
Bromine - pyridinium bromide complexes pre- 
cipitated as soon as the reagents were mixed. 

Clearly the first requirement for kinetic study 
is a solvent which does not react with bromine 
and dissolves not only the reagents but also 

pyridinium salts. Acetic acid and chloroforn~ 
were found to be suitable. 

Rate Studies 
When toluene (0.40 1M) reacted with bromine 

(0.075 M )  in acetic acid at 25" the rate of 
disappearance of bromine was initially increased 
by pyridine but it soon dropped back below that 
of the uncatalyzed reaction. Curiously, more 
pyridine produced less catalysis. Thus, after 4 h 
the bromine consumed was 10% in the absence 
of pyridine, 2 9 z  in the presence of 0.06 M 
pyridine, 2 6 z  with 0.12 M pyridine, and 22% 
with 0.25 M pyridine. When pyridine was 
replaced by 0.12 M pyridinium bromide, no 
bromine uptake could be detected during 8 h. 

The effect of other substituted ammonium 
salts was then examined. Mes~tylene was chosen 
as the substrate because its bromination has been 
previously investigated by Keefer et al. (10). 
They showed that this bromination follows the 
rate law: 

[ I ]  - d[Br,]/dt = [Mesitylene](k,[Br,] + 
k3 [Br212) 

and that the only significant product is 2-broino- 
mesitylene. The rate of bromination was followed 
spectrophotometrically at 400 nm. The results 
are shown in Table 1. It is seen that not only 
pyridinium salts but ammonium salts in general 
increase the rate of bromination in acetic acid. 
Keefer et al. showed that smaller but significant 
increases in the rate of bromination of mesity- 
lene in acetic acid are produced by alkali metal 
chlorides, perchlorates, and acetates (10). There- 
fore the initial increase in the rate of bromination 
of toluene in acetic acid may reasonably be 
considered to be a salt effect. 

In an attempt to approximate Cohen's 
conditions (no solvent) more closely, attention 
was turned to  the aprotic solvent chloroform. 
Results are shown in Fig. 1. Again it is seen that 

TABLE 1 .  Bromination of 0.0480 M mesitylene in 
acetic acid at 25.0 'C 

- .- -- - -- 

[Bromine] Salta kz2K1 k 3 5  
x lo2 ( M )  (0.100 M )  ( M -  s - l )  ( M -  s - l )  

0.205 None 4.8 x 1.2 
0.115 FyHCl 2 . 0 ~  l o - z  65 
0.110 NEPCl 2 . 2 ~  l o - z  67 
0.110 TBACI 1 . 2 ~ 1 0 - ~  34 

"PyHCi = pyridinium chloride NEPCl = N-ethylpiperidinium 
chloride, TBACI = tetra-n-butylamhonium chloride. 
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FIG. I .  Bromination of 0.202 M mesitylene in chloro- 
form at 25.0  with and witho~lt added salts: PyHBr = 
pyridiniilm bromide; PyHCl = pyridinium chloride; 
Bu,NC10, = tetra-17-b~~tylammonium perchlorate. 

pyridiniuni chloride increases the rate of bromi- 
nation but pyridinium bromide decreases it. 
Tetra-n-butylarnmonium perchlorate is u~lusual 
in that it produces an initial large acceleration 
followed by strong inhibition after about 50"; 
reaction. Tetra-n-butylammonium bromide in 
the same conce~itration as tlie other salts nearly 
stopped the. reaction (less than 3'5 reaction 
after 3 h). 

Equilibrizlnz Constants 
To determine the formation constant for 

pyridinium tribromide in chloroform the spectro- 
photometric method of Rose and Drago (1 I) 
was used in the form of eq. 2. 

[2] 1,:K - S,B,E/D - S, - B, + D,'E 

K is the formation constant for the complex, 
So and Bo are the initial concentrations of 
pyridinium bromide and bromine, respectively, 
D = A - &,SO - E ~ B ~ ,  and E = E, - E, - E,. 

A is the measured absorbance of tlie solution, 
and E,, E,, and E~ are the absorptivities of 
complex, pyridinium bromide, and bromine, 
respectively. Concentrations were chosen where 
DIE - Bo is negligible so that a plot of So cs. 
SoB,/D should give a slope of E and an intercept 
of - 1/K. The results are give11 in Table 2 and 
Fig. 2. From a least-squares treatment of the 
data it was calculated that K = (2.0 + 0.4) x 
lo2 M-' and E = (1.50 _f 0.04) x lo3 M-'  
cm-'. Direct measurement on solutions of the 
components gave E,, = 38.7 h4-l cm-' and 

TABLE 2. Absorbance at  360 nm of pyridiniurn 
tribromide solutions in chloroform at 25.0 ' C  

-- -- -- 

[Pyridinium 
bromide] [Bromine] 
x 102 (.W) x 10" ( I M )  Absorbance 

FIG. 2. Determination of the formation constant of 
pyridinium tribroniide from a plot of eq. 2. Symbols are 
defined in the text. 

E, = 0.3 M - '  cm-l .  Hence, the absorptivity of 
the co~nplex is (1.54 i 0.04) x 10' M - '  cm-'. 

Deter~ninat~on of the formation constant for 
tetra-/I-butyla~nmoniu~n tribro~nide uas more 
difficult because the constant is much larger. so 
that more dilute solutions had to be used. At 
these high dilutions absorbances tended to drift. 
With approxinlately equal quant~ties of bromine 
and bromide the drift was less than 3 7 1 1  10 min. 
Readings were taken over 2-10 min and extra- 
polated back to zero time. The data are reported 
in Table 3. Under these conditions E, is negligible, 
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TABLE 3. Absorbance at 360 nm of tetra-n-butylam- 
monium bromide solutions in chlorofor~n at 25.0 'C 

[Tetra-n-butylamn~onium [Bromine] 
bromide] x lo4 (M) x lo4 (IM) Absorbance 

.- -~ 

2.20 2.35 0.277 
4.36 5.01 0.613 
9.18 9.56 1.283 

but DIE - B0 is not. The data were substituted 
into the righthand side of eq. 2 and the three 
sirnultaileous equations were solved in all com- 
binations to give E = (1.49 0.06) x lo3 M - I  

cm-l .  This value was then used to find K = 
(9 , 1) x lo4 M - I .  E, works out to (1.53 i 
0.06) x lo3 M-'  cm-I, in good agreement with 
the value found for pyridinium tribromide. Evi- 
dently the cation has a much larger effect on the 
stability of substituted ammonium tribromides 
than on their absorptivities. 

Discussion 

Equilibriunz Constants 
It  seems reasonable to attribute the inhibition 

of bromination by pyridinium and tetra-iz- 
butylammonium bromides to attenuation of the 
bromine concentration by complexation of 
bromine with brolnide ion. Such complexes are 
well known in the solid state and in aqueous and 
acetic acid solutions (12). They are generally 
considered to be polybromides and, in the solid 
state, tri-, penta-, and heptabromides are known. 
In solution only tribromides have been identified, 
although higher complexes may well be formed 
at high bromine concentrations. Since bromine 
was followed spectrophotometrically in our rate 
studies, its concentratio11 was very low and it is 
probable that only the tribromide would be of 
importance under these conditions. Popov and 
co-workers (13) found only tribromide under 
similar conditions in bromotrichloromethane. 
Our value of 9 x lo4 for the formation constant 
of tetra-rz-butylammonium tribromide in chloro- 
form agrees reasonably well with their value of 
2 x lo4 for the same complex in bromotrichloro- 
methane. 

The interesting feature of our formation con- 
stant studies is that the formation constant of 
pyridinium tribromide (2 x 10') is much smaller 
than that of tetra-n-butylammonium tribromide 
(9 x lo4). I t  is common knowledge that the 
stabilities of trihalides in the solid state increase 

with the size and symmetry of the cation (12) 
but this has not been shown to be true in solu- 
tion. It  seems reasonable, however, that the 
cation should influence trihalide ion stability in 
nonpolar organic solvents where ion-pair forma- 
tion has been found to be extensive (14). Such a 
conclusion is also required to explain the dif- 
ferent influences of different substituted-am- 
monium salts on the rates of bromination re- 
ported above under Results and discussed below. 

Formation constants are not known for the 
mixed trihalides formed when substituted- 
ammonium chlorides are added to bromination 
reactions but, by analogy with their stabilities in 
the solid state (12), they are expected to be much 
smaller than those of the corresponding tri- 
bromides. 

Rate Studies 
The commonly accepted mechanism (15) for 

aromatic bromination in the absence of catalyst 
is summarized in the following scheme. 

Except for a few very reactive substrates, there 
is no kinetic hydrogen isotope effect so the 
second step is usually rate determining. The 
mixed second- and third-order kinetics com- 
monly encountered (eq. 1) arise from the two 
routes for lieterolysis of the bromine in the 
arene-bromine -complex. Since the transition 
states in both routes are more polar than the 
initial state, both the second- and third-order 
terms in the rate expression show positive 
solvent and salt effects (10, 16). 

To facilitate analysis of our results in terms of 
this mechanism, it will be written in the form of 
the four equations following. 

K1 
ArH + Br2 S ArH.Brg 

k2 
ArH.Br, -z ArBr f HBr 

k3 
ArH.Br2 + Br2 + ArBr + HBr3 

K4 
HBr + Br2 $ HBr3 
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In the presence of pyridine or pyridiniu~n salts, 
of course, HBr and HBr, become pyridinium 
bromide and pyridinium tribromide, respectively. 

The rate expression for this mechanism is 
given by eq. 3. 

[3] d[ArBr]/dt = K, [ArH](k,[Br,] + k 3 [ ~ r 2 1 2 )  

Using the stoichiornetric relationship 

and the equilibrium expressions for K, and K,, 
the rate expression can be rewritten as eq. 4. 

In  our Lvork the concentrations on the right- 
hand side of this equation fall in the ranges 
[ArH], = 0.05-0.2 M, [Br,], = 0.001-0.004, 
and K, = 0.1-0.25 (10, 16). Hence, K,[ArH] is 
negligible in the denominator, and [ArH] is in 
sufficient excess that [ArH] = [ArH], in the 
numerator. Consequently, the rate expression 
can be integrated in the special case that K,[HBr] 
is corlstant or negligible. Standard tables of 
integrals yield eq. 5. 

(k2 + k3CBr2s)CBrZIO 
''I ln (k2 + k3[Br2],)[Br2] 

- - k2K,[ArHS, 
1 + K,[H Br] 

The rate of disappearance of bromine was 
follo\ved spectrophotometrically. Both ArH . Br, 
and HBr, absorb a t  the same wavelengths as Br,, 
so the absorba~lce of the reaction mixture is 
given by eq. 6. 

K ,  falls in the range 0.1-0.25, so [ArH. Br,] is 
al\+?ays small compared to [Br,] arid &, is less 
than E , .  Hence the second term in eq. 6 can be 
neglected. Absorbances were measured at  the 
isosbestic point for Br, and HBr,, so E ,  = E, = E.  

Therefore the relatio~lship between absorbance 
and bromine concentration is given by eq. 7. 

This can be used to convert eq. 5 into eq. 8, in 
which q = 1 + K,[HBr]. 

Still considering the special case where K,[HBr] 
is constant or negligible compared to 1, a value 
of k , / k , ~ q  can be chosen so that the left-hand 
side of eq. 8 will give a straight-line plot cs. t .  
From this and the slope of the plot, values can 
be obtained for k2K,/q and k,K, Iq2. 

For  the brominations in acetic acid q is 
expected to be constant and in most cases equal 
to  I .  The maximu~ll possible bromide concentra- 
tion is that at  complete reaction, which is about 
0.001 M,  and K, for tribromide in acetic acid is 
about 100 (12), so that the nlaximum value of 
K, is 0.1 and q 3 1. In the presence of chloride 
salts, the co~nplexing of bromine as CIBr2- must 
be considered. Chloride is in large excess, so q 
for this conlplex ~vill be constant. We have as- 
sumed q 3 1 because, although there is more 
chloride present than bromide, t(, is expected to 
be much smaller for ClBr,- than for Br,-. 
Figure 3a shows a plot of eq. 8 for the reaction 
w~ithout added salt, and Table 1 shows the rate 
and equilibrium constants obtained from the 
data in acetic acid. 

I t  is seen from Table 1 that pyridinium chloride 
produces a considerable increase in both the 
second- and third-order rates of bromination in 
acetic acid. Because of the crude kinetic treat- 
ment, the precision of the constants (about a 
factor of 2 in k, and +_lo': in k,) does not 
permit a decision as to whether the effect is 
larger on the second- or  third-order terms. 
Neither is it possible to determine \vhether the 
increase is predominantly in the rate constants 
or  in the formation constant of the initial 
n-complex. 

That pyridinium salts are not unique is shown 
by the fact that N-ethylpiperidinium chloride 
produces a si~ililar rate increase. Tetra-12- 
butylammoniurn chloride appears to produce a 
smaller increase but i t  seems probable that this 
is caused by a decreaxe in bromine concentration 
rather than a smaller increase in rate constants. 
In chloroforrll the tetra-17-butylammoniu~n ca- 
tion produces both an increased rate of bromina- 
tion and an increase in the formation constant 
of Br,-. It may well be, therefore, that K, for 
the formation of Bu,N+C1Br2- is large enough 
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3.6 pyridinium acetate, produces an initial increase 
in rate through its salt effect but, as reaction 

3 2 proceeds, HBr produced in the reaction converts 
pyridine to pyridinium bromide which ties up 

2 8 bromine as tribromide and thus decreases the 
rate of reaction. The more pyridine added, the 

2.4 
sooner the rate decrease occurs. This latter effect 
is confirmed by the large inhibition produced by 
added pyridinium bromide. 

-20  
% In  chloroform the results are similar but more + 

-I* complex. In the absence of added salts K, is 
-16  - expected to be small so that q is effectively unity 

and the data should fit eq. 8. Figure 36 shows 
I .2 that this is the case, and the values of k 2 K I  and 

k,K, are given in Table 4. Josephson et a/. (16) 
0 8  report that the bromination of lnesitylene in 

chloroform gives nuclear substitution and that 
04 the reaction is third order. An upward drift in 

the rate after 5 0 m e a c t i o n  they attribute to 
catalysis by the product HBr. However, in view 

I l o  I i  l 2  of the inhibition by bromides found in this work, 
T~me x lo-" s it seems equally reasonable to attribute the 

FIG. 3. Bromination of mesitylene at  25.0'. (0) 0.0450 deviation fro111 third-order to a second-order 
M solution in acetic acid; x = A ,  J? = 15, n = 3, term which becolnes significant in the latter 
(b)  0.202 M solution in chloroform; x = A ,  y = 2.5, stages of the reaction. 
n = 3. (c )  0.202 M solution in chloroform containing 
0,096 pyridinillm bromide; ,? = A,  O ,  = 3 , 3 ,  That a second-order reaction exists in chloro- 
( d )  0.202 hl solution in chloroform containing 0.100 h/l form is evident from the results with added 
tetra-n-butylammoniuin perchlorate; .u = 2A - A,, y = pyridinium bromide which fit simple second- 
10, rz = 2. order (pseudo first-order) kinetics as shown in 

Fig. 3c. In this case [HBr] can be taken as equal 
to make q in eq. 8 greater than 1 in this case, so to the- concentration of added pyridinium 
that  the values of k2K1 and k3K1 shown in bromide (0.1 M) and therefore effectively con- 
Table 1 for this salt are too small. stant. K, was found to be 200, making q = 21, 

I t  appears, then, that pyridinium salts have so that the quantity k, /k ,~q becomes negligible 
special catalytic effect. I t  is conceivable that ,.,. l l ~ ,  and eq, 8 becomes that of a pseudo 
pyridinium cation could facilitate bromination first-order reaction,  ~h~ second-order rate 
by extracting bromide ion rrom the x-colnplex, constants (Table 4) show that pyridinium salts 
either by complexation with the electron- have a positive salt effect i n  chloroform similar 

~yr id in ium nucleus or by to that in acetic acid. The retardation shown by 
bonding with the pyridinium protons. That this pyridinium brolnide in ~ i ~ ,  1 is therefore the net 
is not the case, however, is shown by the fact that result of a rate increase caused by the salt effect 
the nonaromatic N-ethylpiperidinium chloride 
and the unprotonated tetra-n-butylammonium 
chloride produce rate increases similar to those of TABLE 4. Bromination of 0.202 hl mesitylene in chloro- 
pyridinium salts. It appears, therefore, that the form at 25.0 'C 

- - -- - -- 
rate increase is an  ordinary salt effect on either - - - ~- - 

the extent of formation of the K-complex or its LBrornine] k2K1 k3K1 
x lo3 ( M )  Salt (IM) (IM-' S-') ( M - 3  S-I) rate of decomposition, and pyridinium ion is in 

no way unique. 4.21 None 2 .4  x l 0 - "  0.10 
I n  the light of these results, the effect of 3.93 PyHBr (0.096) 4 . 9  x - 

pyridine on the bromination of toluene in acetic 5 .21  PyHC1 (0.549) 1 .7qx  0.11q2 

acid can be reasonably explained. Pyridine, as 4.00 Bu4NC104 (0.100) 1 . 2  x lo-' 19 
-- - -- 
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which is overwhelmed by a rate decrease due to 
cornplexation of brolnine as tribromide. 

The results in 0.1 M pyridinium chloride d o  
not fit eq. 8 well, probably because the K, of 
pyridinium tribromide is large enough so that q 
varies during a run, while K, of pyridinium 
dibromochloride is not large enough to swamp 
it. When the pyridinium chloride concentration 
is increased to 0.549 IM the results fit eq. 8 
better, probably because K,[PyHCI] now exceeds 
K,[PyHBr] enough to make q effectively con- 
stant. However, since the value of K,[PyHCI] 
is not known, the rate constants shown in Table 
4 include the unknown value of q. 

Because the formation constant of tetra-n- 
butylammonium tribromide in chloroform (9 x 
10") is so much larger than that of pyridiniu~n 
tribromide (2 x lo2) the effect of tetra-/?- 
butylanimoniu~n salts on the rate of bromination 
in chloroform is much greater than that of 
pyridinium salts. Thus 0.1 M tetra-n-butyl- 
ammonium bromide practically stops the reac- 
tion by complexing nearly all of the bromine. 
When tetra-n-butylammonium perchlorate is 
used, the perchlorate ion can not complex 
bromine, but the bromide ion formed during 
the reaction complexes bromine as tetra-/?- 
butylammoniu~n tribromide so effectively that 
the reaction nearly stops after half the initial 
bromine is consumed. In other words [HBr,] z 
[ArBr] so that eqs. 7 and 8 take the form of 
eqs. 9 and 10. 

[91 [Br,] = (2A - AO)/& 

Figure 3d shows a plot of this last equation for 
the fast part of the bromination with tetra-n- 
butylammoniunl perchlorate added and the rate 
constants obtained from it are given in Table 4. 

The results in Table 4 show that in chlorofornl, 
as in acetic acid, soluble salts produce a sharp 
increase in the rate of bromination of mesitylene. 
Furthermore, pyridinium salts are not unique in 
this respect; in fact, the more highly ionic (less 
hydrogen bonded) quaternary ammonium per- 
chlorate is more effective than pyridinium salts. 

We may conclude that, in dilute solution, n o  
special catalytic effect is required to explain the 

increased rate of bromination produced by 
pyridine and pyridinium salts. I t  can be ac- 
counted for by the coillmonly accepted mecha- 
nism for aromatic halogenation, and is essentially 
a salt effect. I t  is, of course, impossible to extrap- 
olate from dilute solution to Cohen's prep- 
aration of aryl bromides in the absence of 
solvent. I t  would appear, however, from the 
results in chloroform, that the salt effect in 
nonpolar media might be large enough to account 
for Cohen's results. 

Experimental 
Materials 

Pyridine (Karl Fischer Reagent), bromine, and t- 
butylbenzene were commercial products used without 
further purification. Commercial mesitylene was distilled 
through a 90-plate column collecting the fraction boiling 
at  164.0-164.2'. Acetic acid was purified by the method 
of Orton and Bradfield (17). The fraction distilling at  
116.9-1 17.2" and melting at  16.55" was used. Chloroform 
was purified by the method of Fieser (18). However, when 
the stabilizing ethanol is removed chloroform rapidly 
forms decomposition products which absorb in the u.v. 
and consume bromine. It was found that this could be 
avoided if the purified chloroform is stored over chroma- 
tographic alumina and filtered just before use. Chloro- 
form so stored could be used for a period of several weeks. 

Tetra-n-butylammonium bromide and tetra-n-butyl- 
ammonium perchlorate were recrystallized from an 
ether-chloroform mixture. Tetra-n-butylan~monium chlo- 
ride (m.p. 74-75') was prepared from commercial tetra- 
n-butylammonium iodide by the method of Umni et al. 
{19). Pyridinium bromide (m.p. 213-215") was prepared 
by the method of Trowbridge and Diehl (20). Pyridinium 
chloride (m.p. 141-144") was prepared by passing HCI 
into an  ether solution of pyridine. The precipitated salt 
was recrystallized twice from 2-propanol. N-Ethylpiperi- 
dinium chloride (m.p. 231-233') was prepared similarly 
and recrystallized from a 3: 1 mixture of ligroin and 2- 
propanol. All hygroscopic salts were stored in a vacuum 
desiccator over P,O,, weighed, and transferred to reac- 
tion solutions in a dry box. 

Preparation and Analysis of Pyridinium Bromide-Bromine 
Complexes 

Compound 1 precipitated from a solution of 0.5 ml of 
uvridine and 10 ml of bromine in 15 ml of benzene, and 
&s filtered on sintered glass. Attempts to wash or 
recrystallize it resulted in decomposition to 2. A crude 
analysis for reducible bromine was made by quickly 
transferring a freshly prepared sample to a tared weighing 
bottle which was then weighed, immersed in a 1 :  1 
ethanol-water solution containing excess KI, opened, 
and titrated with sodium thiosulfate. 

Anal. Calcd. for C,H,NHBr .2Br,: reducible Br, 66.6. 
Found: reducible Br, 70.0. 

Compound 2 was prepared by the method of Englert 
and McElvain (8). The orange solid melted at  100-105". 
It was analyzed for reducible bromine by the method 
used for Compound 1. Total bromine was determined by 
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dissolving samples in saturated aqueous sulfilr dioxide 
and titrating potentiometrically with silver nitrate. 
Neutral equivalent was determined by dissolving samples 
in dimethylformamide, adding excess aqueous potassium 
iodide (to convert hydrolyzable bromine to less-hydrolyz- 
able iodine), and titrating with standard alkali. 

Anal. Calcd. for 3C,H5NHBr.2Br, (neutral equivalent 
266.6): reducible Br, 40.0; total Br, 70.0. Found (neutral 
equivalent 266.7): reducible Br, 40.3; total Br, 70.0. 

Rate Measuretnerzts 
All kinetic experiments were done in a dark room by 

following the rate of loss of bromine with the aromatic 
substrate in excess. The data for toluene were obtained by 
adding aliquots of the reaction mixture to excess arsenious 
oxide and back titrating with potassium bromate. All 
other rate measurements were made by following the 
disappearance of bromine spectrophotometrically. Ab- 
sorbance~ were measured at 400 nm in acetic acid and at  
440 nm in chloroform. Fast reactions (half life 5 mill or 
less) were followed in the stoppered cuvette of a Beckman 
DK-1 spectrophotometer thermostatted to 25.0 k 0.2". 
Previously thermostatted solutions of bromine and of 
substrate plus catalyst were mixed in the cuvette and the 
absorbance of the mixture was recorded continuously at  
fixed wavelength. l'he initial bromine concentration was 
obtained by titration of the bromine stock solution before 
mixing. Slower reactions were done in a thermostat and 
followed with a Beckman DU spectrophotometer with 
thermostatted cell compartment. All experiments were 
done in duplicate and rate constants were reproducible 
to within i 5%. 

Formation Cor~stnnts 
Separate chloroform solutions of bromine and bromide 

were prepared in a dark room, thermostatted, then mixed 
and immediately transferred to the cell compartment of a 
Beckinan DU spectrophotometer thermostatted at  
25.0 i 0.2'. Concentrations and absorbances are given 
in Tables 2 and 3. 

The authors are grateful to the National Research 
Council of Canada for financial support. 
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G .  R. TAYLOR, H. D. GESSER, and G .  E. DUNN. Can. J. Chem. 52, 2560 (1974). 
The con~position and melting points of the b izmine adducts of pyridinium bromide have 

been determined. Differential scanning calorimetr: has been found to be particularly well suited 
to this type of phase study because it uses small, enclosed samples and responds rapidly to small 
heat changes. The adducts are described in terms of stoichiometric mixtures of pyridinium 
bromide and pyridiniun~ tribroniide, or in terms of a general formula PyHBr(Br,), where n 
equals 113, 112, 213, 1, 3, 6, 18. When pyridiniurn bromide is allowed to pick up bromine iso- 
thermally in an apparatus for thermogravimetric analysis it does so in a stepwise manner with a 
plateau for each of the above adducts plus one with n e q ~ ~ a l  to 312. This provides valuable con- 
firmation of the compositions of adducts deduced from conventional phase diagrams. 

G .  R. TAYLOR, H. D. GESSER et G. E. DUNN. Can. J. Chem. 52,2560 (1974) 
0 1 7  a determine la composition et les points de fusion de produits d'addition du brome sur le 

b r o m ~ ~ r e  de pyridinium. On a trouve que I'analyse enthalpique differentielle est particuliere- 
ment bien adaptee a ce type d'etude de phase parce qu'elle utilise de petits echantillons et qu'elle 
repond a des petits changements de chaleur. On decrit les produits d'addition en terme de 
melanges stoichion~etriques de bromure de pyridinium et de tribromure de pyridiniurn ou en 
terme d'une formule gtnerale PyHBr(Br,),, OLI n = 113, 112,213, 1, 3, 6 et 18. Lorsqu'on permet 
a! bromure de pyridinium d'accumuler du brome d'une fafon isothermique dans un appareil a 
analyse thermogravimetrique, la reaction se fait par Ctapes avec un plateau pour chacun des 
produits mentionnes plus haut; on observe en plus un autre produit ou n est egal a 312. Ces 
resultats fournissent une confirmation utile de la composition des produits d'addition qui est 
deduite des diagrammes de phase du type conventionnel. [Traduit par le journal] 

During an  investigation into the pyridine 
catalyzed bromination of benzene. Part I of this 
series, it was observed that a dark red solid was 
precipitated from the reaction mixture (1). An 
investigation into the composition of this solid 
showed that it was an adduct of bromine and 
pyridinium bromide. 

Pyridine, pyridinium bromide, and pyridini~im 
chloride have all been reported to give stable 
crystalline adducts with bromine. Unfortunately 
these products contained variable proportions of 
bromine according to the method of preparation 
(2-4). The reaction between pyridine and bro- 
mine in benzene (5) gives a n  adduct which 
initially contains 70 mol% bromine but which 
subsequently decomposes to give an  adduct con- 
taining 40 m o l z  bromine (1). The latter adduct 
was found to be a derivative of pyridinium 

'Postdoctoral Fellow 1969-1971. 

bromide because the 'H  magnetic resonance 
spectrum, in Inethylene chloride, showed that a 
proton was present on the nitrogen atom (1, 6). 
The reaction between I mol of pyridinium bro- 
mide in acetic acid and 1 mol of bromine in 
acetic acid gives an  adduct containing 47 m o l z  
bromine. However, if 0.5 mol of bromine is used 
then the adduct formed contained only 39.7 
m o l z  bromine (7). Bromine and pyridinium 
bromide can react in the absence of a solvent to 
give an adduct whose con~position depends on 
the ratio of the reactants (8). Bromine can also 
form adducts with a number of tertiary and 
quaternary ammonium halides (9). Tetramethyl- 
ammonium bromide has been shown to absorb 
sufficient bromine to correspond to the adduct 
N(CH,),Br,, (10). However, this adduct is very 
unstable and decomposes to give the more stable 
trihalide N(CH,),Br,. Phosphorus trichloride 
has been shown to form polybromides and there 
is evidence for the existence of the adduct 
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PCI,Br,, (1 1). It  has also been reported that an 
anion exchange resin in the bromide form can 
absorb bromine corresponding to the formation 
of Br,- ions (12). 

The present study was undertaken to deter- 
mine the exact composition and stability of the 
adducts of bromine and pyridinium bromide. It 
was felt that a more comprehensive study of the 
phase equilibria of the two reactants (8) would 
serve toidentifv the adducts. However, there is 
evidence that the thermal analysis of a similar 
system, PC1,-Br,, had failed to reveal the 
existence of a compound (13). Therefore the 
system was studied by isothermal gravimetric 
analysis in order to confirm the existence and 
composition of the adducts. It was particularly 
useful in identifying the composition of com- 
pounds with incongruent melting points. 

Experimental 
Materials 

'Baker Analysed' Reagent bromine and aqueous hydro- 
bromic acid (47%) were used without further purifica- 
tion. Pyridine (for Karl Fischer Reagent) was obtained 
from Matheson Coleman and Bell and was used without 
further purification. Pyridinium bromide was made by 
the method of Trowbridge and Diehl (4), m.p. 213-215", 
and was stored in a vacuum desiccator. Recrystallization 
of the product from methanol-acetone did not raise its 
melting point. 

Measurements 
DifSerenrial Scanning Calorimetry (d.s.r.) 
The d.s.c. measurements were made using a Perkin- 

Elmer Model DSC-1B differential scanning calorimeter. 
Due to the corrosive nature of bromine, the conventional 
aluminum or gold sample pans could not be used. A 
sealed glass ampoule for use with a commercial dif- 
ferential scanning calorimeter was therefore designed (14). 

The temperature of the detected phase transitions was 
assumed to be that temperature at which the first evidence 
of the change appeared and was taken as the first observ- 
able deflection from the baseline. The temperature scale 
of the apparatus was calibrated at  a heating rate of 10" 
min- using the phase transitions of ammonium nitrate 
(15) and the freezing points of water and mercury (16). 

Pyridinium bromide was carefully introduced into a 
weighed glass ampoule so that no crystals were adhering 
to the sides of the stem and the whole was reweighed. 
Sufficient sample was introduced so that the total weight 
of the desired adduct would be approximately 0.20 g. 
Bromine vapor (at 25') was carefully added to the 
pyridinium bromide by means of a 'Pasteur-type' pipette 
with a fine tip. The bromine immediately reacted exo- 
thermally with the pyridinium bromide. The addition of 
bromine was continued until the final weight of the adduct 
was 0.20 g. The glass ampoule was then sealed as pre- 
viously described (14). The glass ampoule and the waste 
piece of stem were finally weighed to ensure that no sam- 
ple had been lost in the sealing procedure. Using this 

method, it was possible to prepare an adduct which con- 
tained exactly the desired ratio of bromine and pyridinium 
bromide. 

The quantitative thermal analysis of the adduct was 
then carried out in the usual way. The adduct was heated 
at  10" min-' until the temperature was approximately 40" 
higher than the final detected phase transition. The adduct 
was then cooled at  10" m i n '  until the temperature was 
approximately 40' lower than the first detected phase 
transition. The cycle was repeated on the same sample 
and the two sets of endotherms and exotherms were com- 
pared and analyzed. At cooling rates slower than 10" 
min-', the detection of the phase transitions became less 
sensitive because of increased uncertainty in locating the 
onset of the peak. Finally, the bromine content of the 
adduct was verified by titration using potassium iodide 
and standard sodium thiosulfate. 

The temperatures to which the samples were heated in 
the course of the d.s.c. measurements were, in some cases, 
in excess of 200". Under certain conditions it is possible 
to brominate the pyridine ring at these high temperatures 
(7, 17). However, the results obtained for each sample 
were entirely reproducible and reversible indicating that 
no side reactions were occurring. Further, the mixtures 
were analyzed by titration after the d.s.c. measurements 
and it was found that no bromine had been used in any 
substitution reaction. 

Isotherinal Gm~:itnetric Analysis ji.t.g.a.) 
The i.t.g.a. measurements were made using a modified 

version of the automatic recording balance described by 
Bancroft and Gesser (18). A circular glass pan was used 
instead of a platinum pan and provision was made so that 
the cover tube surrounding the glass pan could be im- 
mersed in a constant temperature bath. The cover tube 
was designed so that the glass pan was suspended about 
5 c n ~  above the bottom of the tube and an inlet was pro- 
vided for the introduction of bromine. The balance was 
calibrated before each measurement with known weights. 

Exactly 20 mg of pyridinium bromide was placed in the 
glass pan and the cover tube was attached. The cover tube 
was then immersed in a constant temperature bath and 
left for approximately 30 min to attain the temperat~~re 
of the bath. During this time no weight loss or weight 
gain was observed. Approximately 1 g of bromine was 
then introduced into the cover tube and the bromine 
vapor, at  atmospheric pressure, immediately enveloped 
the sample in the glass pan. Suffcient bromine was added 
so that there was always an excess. The uptake of bromine 
by the pyridinium bromide was continuously monitored 
until a constant weight was observed. The bromine atmo- 
sphere was then removed and the adduct was allowed to 
lose bromine until a constant weight was again observed. 
The glass pan was cleaned and the weight calibration 
repeated. 

Results and Discussion 
The detection of phase changes involving 

small heats of transition is difficult by conven- 
tional techniques. Figure 1 shows the obvious 
advantage in the detection and analysis of the 
phase transitions observed by the d.s.c. technique 
compared to the usual cooling curve method, 
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TABLE 1. Data from phase diagrams 
- 
- -- 

- -  - -- - -- -- - 

Temperature 
M o l z  bromlne ( c )  Classificat~on of mlxture Formula of compounda 

Eutectic 
Con~pound with congruent m.p. 

Eutectic 
Compound with incongruent n1.p. 
Compound with incongruent m.p. 
Compound with congruent m.p. 

Eutectic 
Compound with congruent m.p. 

Eutectic 
Compound with congruent n1.p. 

Eutectic 
Compound with congruent m.p. 

FIG. 1. Typical d.s.c. traces: ( a )  is the trace for the 
mixture containing 40 molx  bromine: (6) is the trace for 
thc ruixture containing 59 m o l z  bbrnminc. 

especially when it is reniembered that only a 
~. 

200 mg sample is being used. 
From an analysis of the d.s.c. measurements 

the phase diagrams, Figs. 2 and 3, have been 
constructed. They show the formation of several 
adducts with the coniposition and formulae 
shown in Table 1 .  The a d d ~ ~ c t s  are classified as 
either having a congruent melting point or an  
incongruent melting point (19). The formulae of 
the adducts are described in terms of various 
pyridine-bromine salts. 

I t  has bee11 proposed that the adduct a t  50 
m o l z  bromine has the trihalide formula 
PyHTBr3- ,  and it has been called pyridine 
hydrobromide perbromide (20, 21). This adduct 
is stable a t  room temperature but after pro- 
longed standing in air it gradualiy loses bromine. 
In Table 1,  the formulae of the adducts at  25, 33, 
and 40 moly, bromine are described in terms of a 
stoichiometric mixture of pyridinium bromide 
and pyridinium tribromide instead of a non- 
stoichiometric mixture of pyridinium ion and 

FIG.  2. Phase diagram. The open circles are experi- 
mental points which show evidence of supercooling. 

bromide ion. This would seem :nore likely since 
a bromine molecule would diffuse into the 
crystal lattice of pyridinium bromide and react 
with a single molecule to fornl the tribromide. 
The lattice would be further distorted by the 
introduction of more bromine molecules until 
sufficient had reacted to give the more stable 
adduct (PyM'Br-), . PyH+Br,- .  The addition 
would continue until the adducts PyHiBr - .  
PyH ' B r ,  and PyH ' ~ B r  . (PyHtBr3-), had 
been formed. Finally sufficient bromine would 
react to give the most stable adduct PyH+Br3-.  

Although the formation of the perbromide has 
confirmed the results of Lombard and Heywang 
(8), the occurrence and con~position of the inter- 
mediate adducts were not reported in their work. 
They have reported the existence of a sesquibro- 
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FIG. 3. Phase diagram. The open circle is an experi- 
mental point which shows evidence of supercooling. 

mide having the formula (PyHBr),Br,. Their 
evidence for the existence of this compound was 
that the eutectic plateau disappeared at this 
composition. The temperature of the eutectic 
that they observed at  93" is in good agreement 
with the value of 95" obtained in this study. 
However, since it will be shown in the i.t.g.a. 
study that an adduct exists at  33 mol% bromine, 
the eutectic plateau cannot exist beyond this 
concentration (19). The occurrence of further 
phase transitions, in their study and in ours, 
beyond this concentration at  approximately the 
same temperature, must be associated with cer- 
tain solid-solid phase transitions involving two 
or more isomorphic crystalline forms. A study 
of the crystal structure of the adducts in this 
region was attempted using X-ray powder 
photography.   ow ever, the powder photographs 
obtained showed only a few diffuse lines and a 
full analysis was not possible. Further work has 
to be carried out to confirm the Dresence of 
isomorphic crystalline forms. 

The presence of an adduct at  40 m o l z  bro- 
mine is indicated by the disappearance of the 
plateau at  106" (Table 1). The plateau a t  121" 
actually corresponding to the appearance of this 
compound was not observed. This is probably 
due to the small heat of transition of this parti- 
cular phase change and, further, the large peak 
corresponding to the first appearance of crystals 
could have masked the phase change since it was 
very broad and was still present when the phase 
transition a t  121" should have occurred. 

The adducts at  50, 75, 85.6, and 94.7 m o l z  

bromine can be described in terms of a general 
formula PyH+Br(Br,),- where rz is equal to 1,  3, 
6, and 18, respectively. The error in determining 
the position of the maxima in the phase diagram 
(Fig. 3) for the adducts containing 85.6 and 
94.7 m o l z  bromine is greater than for the other 
maxima. However, the adducts PyH+Br,,-  and 
PyH+Br,,- would appear to be the most likely 
compositions (10). The stepwise uptake of bro- 
mine by the adducts in this region (Fig. 3) should 
be analogous to the uptake below 50 moIo7, 
bromine. However, there is only evidence for 
the existence of PyHf Br7-, PyHiBr,,-, and 
PyH+Br,,-. The other adducts of general 
formula PyH'Br(Br,),-, where n is equal to 2, 4, 
5,  7, etc. would have been expected to exist since 
they have been found in the analogous tetra- 
alkylan~monium perhalide series as far as n equal 
to 6 (10). Therefore it can be concluded that these 
other adducts are probably less stable than the 
three detected adducts. 

The results of the i.t.g.a. measurements, at 
lo", shown in Fig. 4, confirm the presence of the 
adducts listed in Table 1 .  The uptake of bromine 
by pyridinium bromide shows a series of distinct 
steps. A similar single step process has been ob- 
served in the reaction of chlorine gas with potas- 
sium bromide (22). The shape of the curves is 
similar to a generalised isothermal decomposi- 
tion curve (23). However, the vast majority of 
curves, in the literature, involve a single reaction 
and hence a single step curve results. There are 
only a few examples of reactions involving more 

FIG. 4. Isothermal gravimetric analysis of bromine 
and pyridinium bromide. The length of a plateau varies 
from run to run, and every plateau does not appear in 
every run. This is a composite diagram with the sections 
between discontinuities taken from different runs. Hence 
the ordinate scale changes between discontinuities. 
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than one step. A review of the isothermal decom- 
position of copper sulfate pentahydrate (23) 
indicates that under certain experimental con- 
ditions a two step curve is obtained: the first 
step corresponding to the formation of the 
trihydrate and the second step corresponding to 
the formation of the monohydrate. 

The crystal shape and size and the presence of 
impurities in the sample have been shown to 
affect the shape of the curves which results in 
nonreproducible diagrams (22, 23). In this study, 
it was found that although the shape of the step 
and the length of the plateau (Fig. 4) were not 
reproducible, the positions of the plateaus were 
reproducible at the same bromine concentra- 
tions. In some cases the stepwise uptake of 
bromine was not observed, instead there was 
simply a change in the rate of uptake of bromine 
which resulted in a change in gradient of the 
curve for each adduct. The steps in Fig. 4 each 
correspond to a single process. Initially, bro- 
mine reacts slowly with pyridinium bromide, 
there is then a rapid acceleratory stage, and 
finally, there is a dece!eratory stage (24). Quanti- 
tatively each plateau corresponds to the begin- 
ning or end of a reaction. 

In Fig. 4, the plateaus occur at  25, 33, 40, 50, 
60, and 75 m o l z  bromine. The formation of 
each adduct occurs in a stepwise manner and the 
plateaus correspond to the adducts shown in 
Table 1. The plateau at  33 mol% bromine is very 
short and indicates the low stability of this 
adduct compared to the others. In addition, a 
plateau exists at 60 molx  brom~ne. This adduct 
was not observed in the d.s.c. study and this 
could be due to the large peak corresponding to 
the first appearance of crystals masking the 
detection of the phase change. This adduct 
corresponds to the formula PyH+Br,-.  PyH+- 
Br,-. By increasing the temperature of the 
bromine addition to 20" it was possible to ob- 
serve the formation of the adduct at 85.6 m o l z  
bromine. However, the adduct at  94.7 m o l z  
bromine was not detected since the vapor pres- 
sure of this adduct is greater than that of the 
bromine at  the temperature of the experiment. 
I t  was not possible to heat the adduct because 
sublimation was found to occur at  high tem- 
peratures. Under the conditions of the experi- 
ment, the maximum uptake of bromine corre- 
sponded to a mixture containing 92 m o l z  
bromine. 

When the uptake of bromine reached a con- 
stant value, the bromine atmosphere was re- 

moved and the mixture was allowed to decom- 
pose at  atmospheric pressure at  20". The mixture 
decomposed rapidly in a stepwise manner (23) 
until it contained 50 m o l z  bromine, corre- 
sponding to the adduct PyH+Br,-. The steps 
in the decomposition occurred at  75, 60, and 
50 m o l z  bromine again corresponding to the 
adducts shown in Table 1. The further decom- 
position of the adduct PyH'Br,- was very slow 
even under reduced pressure and it showed 
negligible weight loss after 3 days. 

In Part I of this series (I), the dark red solid 
which was precipitated from a solution of 
pyridine and bromine in benzene, was found to 
contain 70.0 m o l z  bromine. This solid lost bro- 
mine rapidly on standing or on washing to give 
an orange solid containing 40.6 m o l z  bromine. 
However, the results in this study would appear 
to indicate that the dark red solid should de- 
compose to the stable adduct PyH+Br,- con- 
taining 50 m o l z  bromine. The explanation for 
the failure to do this may be that the presence of 
any solvent, in this case benzene, would facilitate 
dissociation of the adduct to give bromine and 
pyridinium salt (1). In this study, there is no 
solvent present and hence the results are not 
comparable. 

The melting point of the adduct PyH+Br,-, 
as determined by d.s.c., was found to be 155". 
This does not agree with the value of 135" 
reported by Lombard and Heywang (8) and of 
132-135" reported for various commercial sam- 
p l e ~ . ~  The difference in the procedure for deter- 
mining melting points by d.s.c. and by con- 
ventional cooling curve methods is that in the 
d.s.c. method the sample is encapsulated and 
hence there is no bromine loss. However, in the 
latter method, the sample is open to the air and 
therefore there is the possibility that the mixture 
does not contain exactly 50 m o l z  bromine. If 
the mixture contains less than 50 moly, bromine, 
then a lower melting point will be observed 
(Fig. 2). However, the higher melting point ob- 
served in the sealed ampoules for this adduct 
could possibly be due to a lesser extent to the 
usual effect of pressure on melting point since at  
elevated temperatures, the pressure inside the 
ampoule is greater than atmospheric pressure. 

The authors are grateful to Dr.  E. M. Kartzmark and 
Dr. A. N. Campbell for their helpful discussion of the 

ZAldrich Chemical Company Inc., Milwaukee, Wis- 
consin. 
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Confformational Analysis of kppl.~2s-syn-&ans-4,5: 9, B&Biscyclo- 
hexano- 1,3,6,8-tetraoxecane: a Low-energy Pathway for Boat- 

Chair-Boat (BCB) Intereonversion 
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Received December 7, 1973 

T. BRUCE GRINDLEY and WALTER A. SZAREK. Can. J .  Chern. 52,2566 (1974). 
Two processes were observed by study of the variable temperature p.m.r. spectra of truns-syn- 

rvun~-4,5:9,10-biscyclohexano-1,3,6,8-tetraoxecane (I) ,  one of which, an equilibrium, was still 
rapid at -88"; the other had an energy of activation (AG*) of 11.7 kcal/n~ol. These processes 
are interpreted in terms of interchange in the 10-membered ring between four conformations, 
namely, two degenerate pairs of diastereomeric boat-chair-boat (BCB) conformations. Possible 
pathways of conformational interconversion are discussed. 

T. BRUCE GRINDLEY et WALTER A. SZAREK. Can. J. Chem. 52,2566 (1974). 
L'etude, a temperature variable, du spectre r.m.p. du biscyclohexanotetraoxCcane-1,3,6,8 

fmt1s-s~~tz-rrans-4,5:9,10 (1) permet d'observer deux processus I'un desquels, un tquilibre, est 
encore rapide a - 88^; I'autre a une energie d'activation AG= de 11.7 kcalimol. On interprete ces 
processus en termes d'un cycle a dix s'interchangeant entre quatre conformations a savoir deux 
paires dCgenerees de conformations diasterioisomere bateau-chaise-bateau (BCB). On discute 
des chemins possibles pour ces conversions conformationnelles. 

[Traduit par le journal] 

lntrodoction kcal/mol). Pseudorotation involves slight changes 
X-Ray,crysta]]ography (1)and strain rninimiza- in dihedral angles about every center, where- 

tion calculations (2, 3) have established that the as symmetric ~ n t e r c o n v e r ~ i o n ~  require major 
most stable conformation for virtually all cyclo- changes about one or two centers. Indirect 
decane derivatives is the boat-chair-boat3 (BCB) pseudorotation of a BCB cyclodecane conforma- 
form. The energies of other conformations have tion take place by  onv version into another 
been calculated (2-5) and these are listed in Table conformational family of relatively low energy, 
1. ~ l t h ~ ~ ~ - ,  the most form ofcyc~odecane, S U C ~  as the twist-boat-chair (TBC) or twist-boat- 
namely, the BCB, is well established, little is chair-chair (TBCC)-boat-chair-chair (Bcc), 
known about the interconversions of this confor- which pseudorotates and then converts back to 
mation. Pseudorotation for this form has several the pseudorotation partner of the original BCB. 
unusual features (2). Since a BCB conformation E%eca~lse of the potential complexity, these pro- 
has both an axis through bonds and a plane CeSSeS are difficult to study, as are asymmetric in- 
through atoms, its pseudorotation partner is an- terconversions ( 5 ) .  Annelation of other ring sys- 
other BCB conformation. The energy for the pro- tems to cyclodecane can restrict the number of 
cess has been calculated to be 24.6 kcal/mol (2) potential conformations and thus allow study of 
because it must pass through the long-chair (LC) only a portion of the interconversion pathways. 
conformation. The magnitude of this value is Study of oxygen-containing heterocycles has 
unique to BCB cyc]odecane since pseudorotation the advantage that in their p.rn.r. spectra separate 
for all other conformations of all rings calculated signals usually appear for protons a t  different 
by Hendrickson (2) is  of low energy with respect positions on the ring. It suffers from the disadvan- 
to symmetric interconversions 2 tage that results obtained from specific hetero- 

cyclic systems may not be applicable to other sys- 
tems. However, it has been found that conforma- 

'Present address: Department of Chemistry, Univer- tions of five- (61, six- (71, seven- (81, and eight- 
sity of Ottawa, Ottawa, Canada KIN 6N5. 

'To whom inquiries should be addressed. membered (9) rings containing 0-methylene 
3The nomenclature used is that devised by Hendrickson groups are qualitatively similar lo  their carbo- 

(2) for conformations having planes or axes of symmetry. cyclic analogs. 
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GRINDLEY AND SZAREK: CONFORMATIONAL ANALYSIS 

TABLE 1.  EnergiesY of cyclodecane conformations 

Calculated energy 
Conformation 

. -- 
(kcal/mol) Reference 

-- -..- 

Boat-chair-boat (BCB) 0 2 
Twist-boat-chair (TBC) 2 .1  4. 
Twist-boat-chair-chair (TBCC) 3 .1  4 
Boat-chair-chair (BCC) 3.75 or 4 . 5  5 or 3 
Chair-chair-chair (CCC) 7 .5  2 
Long-chair (LC) 24.6 2 

.~ - 

*Energy of the BCB confor~nation is set at 0 kcal!mol. 

The 10-membered ring in traizs-syn-trans- 
4,5: 9,IO-biscyclohexano-l,3,6,S-tetraoxecane ( I )  
(10) can exist in two degenerate sets of diastereo- 
meric BCB conforn~ations which are formally 
neighbors (2, 5) on the BCB pscudorotation itin- 
erary. There is a third type of BCB conforniation, 
in which both cyclohexane rings are axially sub- 
stituted. which is of considerably higher energy 
for reasons to be discussed iater. The presence of 
the two fiised rings prevents the heterocyclic 10- 
membered ring from assuming any of the other 
relatively low energy conformations (BWC, 
TBCC, or CCB). Two degenerate CCC conforma- 
tions are also possible, altkough the energy of the 
CCC has been calculated to be 7,5 kcal/ir,ol above 
that of the BCB conformation. Since no low 
energy alternatives to the BCB are available, dis- 
cussion of the stable conformations of 1 will be 
limited to the two pairs of degenerate BCB con- 
formations. 

The room temperature spectrum of l measured 
at 100 MHz showed an A& quartet at T 5.14 
(JAB = 7.0 Hz, Av = 33.5 Hz) for the O-meth- 
ylene protons, a broad multiplet at T 6.29 for the 
protons on the cyclohexane rings geminal to the 
oxygens (H, protons), and a complex broad signal 
between T 1.12 and 2.04 for the remaining 
protons. 

The ill-defined inultiplet for the H, protons 
(approximate band widths: 13 Hz at 50" and 60 
MHz, and 15 Hz at 40" and 100 MHz) broadened 
as the temperature was lowered and at -33" at 

60 MHz and a t  - 3 1' at I00 MHz split into two 
signals which exhibited maximum separations of 
41 Hz at - 61.5" and 60 MHz, and of 63.5 Hz at 
-51.5" and 100 MHz. These separations de- 
creased to 39.0 Hz at - 88' and 58.5 Hz at - 84", 
at 60 and 100 MHz, respectively. At these latter 
temperatures the integrations of the two signals 
were equal and the apparent band widths were 26 
and 27 Hz at 60 MHz and 28 and 31 Hz at 100 
MHz. Extrapolation of the chemical shift dif- 
ferences to the coalescence points gave separa- 
tions of 43 and 67 Hz, respectively. From the 
separations at the coalescence points, AC* values 
were calculated to be 1 1.7 and 1 1.6 kcal/mol at 60 
and 100 MHz, respectively, using the equation 
( I  I) for the collapse of an AB quartet with J,,, 
taken as 9 H z 4  

In contrast to the behavior of the signals of the 
H, protons, the appearance of the AB quartet 
for the 0-methylene changed only gradually as 
the temperature was lowered. At 50" and 60 MHz 
the chemicai shift difference was 21.3 Hz and the 
coupling constant was 7.0 Hz. These values 
slowiy altered to 10.8 and 8.4 Hz at - 88', and 
similar changes were observed at 100 MHz (see 
Table 2). No extra broadening of these lines, at- 
tributable to rate processes, was observed at any 
temperature. If it is assumed that the observed 
equilibrium is between two species, then eq. 1 is 
applicable (1 31, 

where K is the equilibrium constant and PI, P,, 
and P, refer to properties of conformations 1, 2, 
and their mixture, respectively. Reliable values 
of A S c  and AHc may be obtained using the Eyring 
equation (ey. 2 )  

C21 
--AH' A S 0  

l n K =  -+-- 
RT R 

4JH1H2 in conformationally stable trans-l,2-cyclohexane- 
diol w ~ t h  both hydroxyl groups equatorial is -9 HZ (12). 
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TABLE 2. Proton magnetic resonance spectral parameters 
for the 0-methylene groups of  compound 1 

Spectrometer Temperature JAB AVAB 
frequency ("1 (Hz) (Hz) 

60 MHz 50 
27 

100 MHz 40 
-5.5 

-31.5 
-51.5 
-81 
- 84 

but only if the data and the temperatures have a 
considerable range and are extremely accurate 
(13). For this procedure the four most accurate 
properties were chosen; these were the coupling 
constants and chemical shift differences a t  60 and 
100 MHz (Table 2). The approach used was to  
estimate PI  and P,, plot In K against l/T, and 
then alter P I  and P,  repeatedly to maximize the 
correlation coefficient; it is assumed that the 
properties were temperature independent. The 
use of four different sets of data increased the 
reliability of the results which are presented in 
Table 3. The conformation favored above room 
temperature has the larger enthalpy (average 
AHc 2.1 kcal/mol) and larger entropy (average 
AS0 8.6 e.u.). 

Discussion 
Interpretation of the Variable Tenzperature Spectra 

Temperature dependence of the p.m.r. spectra 
of 1 could, in theory, be due to changes in confor- 
mation either in the six-membered rings or the 
ten-membered ring. However, there is a con- 
siderable amount of evidence that, in nonpolar 
solvents, trans- 1,2-cyclohexanediol (1 2), and its 
mono-0-acyl (14) and di-0-acyl (12) derivatives 
exist predominantly in the conformation with 
both substituents in equatorial orientations. The 
band widths of -28 Hz observed below -50" 
for the H, protons in the spectra of 1 are only con- 
sistent with conformational stability with the two 
H, protons in each ring axial and anisochronous. 

At  temperatures above coalescence one would 
expect a band width of approximately 13 Hz for 
a diequatorially substituted cyclohexane ring and 
approximately 7 Hz for the diaxial conformation; 
the observed values (13-15 H3indicate  that the 
cyclohexane rings are conformationally stable 
having diequatorial substitution. The effect of 
temperature variation on the p.m.r. spectra of 1 
will therefore be discussed in terms of changes in 
the 1,3,6,8-tetraoxecane ring. 

Figure 1 shows a BCB conformation in which 
the three types of carbon atoms are indicated by 
I, 11, and 111; this numbering system will be used 
to indicate positions on a BCB conformation in 
the following discussion. 

The variable temperature p.m.r. spectral prop- 
erties observed for 1 are consistent with the pro- 
cesses pictured in Fig. 2. Interconversion of the 
degenerate sets of BCB conformations (BCB1 
and BCB2 P BCB1' and BCB2') exchanges en- 
antiotopic positions for the 0-methylene protons 
but diastereotopic ones for the H, protons. Hence 
slowing of this process (AG* = 11.6) would be 
apparent in the signals for the H, protons but not 
in those for the 0-methylene protons. Thus, inter- 
conversion of BCBl and BCB2 is the equilibrium 
process reflected by changes of the latter signals 
over the entire temperature range and of the H, 
signals below coalescence. The observed changes 
of the chemical shifts arise chiefly from the fact 
that the protons occupy disastereotopic positions 
in the BCB conformations in the equilibrium. The 
0-methylene carbons are of type I11 in BCB2 and 
of type I1 in BCB1; moreover, while one of the H, 
protons in each cyclohexane ring retains the axial 
orientation a t  a type I1 carbon in both BCBl and 
BCB2, the other proton has the axial orientation 
a t  a type I carbon in BCB2 and a t  a type I11 carbon 
in BCB1. A calculation of the maximum energy of 
activation possible for the equilibrium process 
was made by assuming that the protons with 
minimum chemical shift difference are intercon- 
verted and that coalescence occurs a t  a tempera- 
ture 10" below that of the lowest temperature 
spectrum, and gave a value for AG* of 8.7 
kcal/mol. This result is clearly different from that 
of the process observed in the signals for the H, 
protons. 

The variable temperature p.m.r. spectral pa- 
rameters of the individual conformations are 
compatible with the equilibrium favoring BCB2 
at  room temperature and above, and BCBl a t  the 
lower temperatilres investigated. Figure 3 shows 
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GRINDLEY AND SZAREK: CONFORMATIONAL ANALYSIS 

TABLE 3. Parameters obtalned for the equ~lrbrlurn BCBl @ BCB2 
--- ---- -- A - - -- -- 

Values calculated 
Spectrometer Property for contr~butors AH A S  

frequency studled P I ( H ~ )  P 2 ( H z )  (kcal mol) (e.u ) rX 

60 MHz Ja B 8 . 8  6 .4  2 . 4  9 . 5  0.993 
AV AB 7 .0  25 2 . 4  10.2 0.991 

100 MHz JAB 8 .5  6 .0  1 .7  6 .1  0.992 
AVAB 10 42 2 .0  8 . 4  0.997 

-- 
*The symbol v is the correlation coefficient for the final plot of I n  K against I I T  using I I points at 60 M H z  and 6 points 

at 100 MHz. 

I la 

FIG. 1.  The BCB conformation of cyclodecane; the 
numbers 1, 11, and 111 indicate the three different types 
of carbon atoms, and the letters (a) and (e) indicate axial 
and equatorial orientations. The dotted lines indicate 
high energy intraannular interactions. 

Newman projection formulas depicting bonds 
from the 0-methylene carbons in the conforma- 
tions BCBl and BCB2 and in two model com- 
pounds, namely, 1,3-dioxane and 1,3-dioxolane. 
In BCBl each 0-methylene group has the same 
relationship to the adjacent oxygens as in 1,3- 
dioxane but the two protons have opposite rela- 
tionships when viewed from the two directions 
(see Fig. 3, formulas a). Hence for the O-meth- 
ylene protons of BCB 1, one would expect a small 
chemical shift difference but a geminal coupling 
constant decreased algebraically (1 5) from that 
in 1,3-dioxane (- 6.2 Hz) (1 5, 16) because of the 
larger bond angles in the medium ring (15). For 
BCB2 one of the projection formulas is similar to 
that of 1,3-dioxane. In the other formula, the 
0-C-0-C dihedral angle approaches 180" ; 
the effect of this arrangement on the chemical 
shift difference between the two protons of the 
0-methylene group would be expected to be 
small. Maciel et al. (17) have predicted from 
INDO calculations on methanol that such an 
arrangement would represent an effect on the 
magnitude of the geminal coupling constant ap- 

proximately intermediate between the effects ob- 
served per oxygen atom in 1,3-dioxane and 1,3- 
dioxolane ( J  - 0 Hz) (1 5, 16). Thus for BCB2 a 
chemical shift difference approximately half that 
observed (1 8) in 1,3-dioxanes (1 7-40 Hz at  60 
MHz) is predicted, namely, - 14 Hz at 60 MHz, 
while J,,,, should be decreased algebraically from 
- 4.6 Hz because of the larger bond angles in the 
medium ring (15). The observed chemical shift 
differences in BCBl and BCB2 (see Table 3) are in 
agreement with these predictions in the relative 
order of magnitude but are approximately 9 Hz 
larger. The geminal coupling constants are also 
consistent with the equilibrium as described if the 
effects attributed to increase in bond angle were 
-2.3 to -2.6 H z o n  BCBI and - 1.4 to - 1.8 Hz 
on BCB2. 

Qualitative evaluation of the thermodynamic 
parameters also gives support to the proposed 
scheme. In the most flexible region of the tetra- 
oxecane ring of BCBI, each 0-methylene group 
has a gauche interaction with each cyclohexane 
ring, thereby restricting the freedom of motion of 
the 10-membered ring and hence lowering the 
entropy. BCB2 has only two such interactions 
and should have the higher entropy as observed. 
Enthalpies are more difficult to evaluate. Each of 
the gazrche type interactions referred to above can 
be evaluated as - 0.9 kcal/mol (I 9) ; on this basis 
alone the BCB2 conformation should be preferred 
by - 1.8 kcal/mol. However, in BCBI, all six of 
the high energy intraannular H-H interactions 
(Ic, 2, 3) have been removed by oxygen substitu- 
tion, while two remain in BCB2. In BCBl the 
ROCHzOR fragments assume +synclinal, + syn- 
clinal (+sc ,  +sc) and -sc, -sc arrangements 
which have been shown (20) to be present in di- 
methoxymethane and calculated (21) to be 4.4 
kcal/mol more stable than the synclinal, anti- 
periplanar arrangement in BCB2. From this in- 
formation it could be predicted that BCBI would 
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BCBl  B C B I '  

FIG. 2. The stable conformations of tmns-s~t1-fr.nris-4,5: 9 , l O - b i s c y c l o ~ r a o x e c a n  (1). 

FIG. 3. Newman projection formulas depicting bonds 
from the 0-methylene carbons in confor~nations BCBl 
(a) and BCB2 (b) and in 1,3-dioxane (c) and 1,3-dioxolane 
(4. 

be considerably more stable than BCB2 than by 
the 2.1 kcal/mol actually observed. The greater 
flexibility possible in BCB2 may allow it to distort 
so as to lower the energy of some of the inter- 
actions specified above. All of these points sup- 
port the model proposed in which an  equilibrium 
between BCBl and BCB2 changes from favoring 

BCB2 a t  room temperature to favoring BCBl 
below -30". 

Arguments similar to those above may also be 
applied to the third type of BCB conformation, 
which has diaxial substitution in both cyclo- 
hexane rings. Diaxial substitution in the cyclo- 
hexane ring would be of highcr energy than di- 
equatorial substitution (12, 14). In  this BCB con- 
formation all of the high energy intraannular 
H-H interactions (1 c, 2, 3 )  are retained. In addi- 
tion, the ROCH,OR fragments have the +sc, 
-sc arrangement calculated (21) to be 5.5 kcal/ 
mol above the +sc. +sc s i t ~ ~ a t i o n  present in 
BCBI. These considerations explain why no ex- 
perimental evidence was obtained for this con- 
formation. 

Pathways of Cot2formational ~rzterconversion 
Fusion of the two cyclohexane rings to the 

tetraoxecane ring severely limits the number of 
potential conformational processes for the 10- 
membered ring. In this system, interconversion of 
the degenerate sets (see Fig. 2) cannot take place 
by a process described by Hendrickson (2) for 
cyclodecane. One way that it can occur is by the 
following pathway. BCB2 is converted, probably 
by an  asymmetric route, to a CCC conformation 
(CCCI) which pseudorotates to a TCCC confor- 
mation in which the H, protons become equiv- 
alent. Pseudorotation to the degenerate CCC con- 
formation (CCCI ') in which 0-methylene proton 
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GRINDLEY AND SZAREK: C( 

positions are enantiotopic with respect to CCCI 
is followed by conversion to BCB2'. The highest 
barrier for this process would probably be in 
BCB2 CCCl interconversions. Another pos- 
sibility is that one of the cyclohexane rings inverts 
to the diaxial form, a route not inconsistent with 
the observed barrier of 11 .I kcalimol. Inversion 
of a cyclohexane ring provides a number of con- 
formational possibilities, none ofwhich have been 
described by Hendrickson (2). Inversion of one of 
the cyclohexane rings, with the tetraoxecane ring 
in the BCB2 conformation, gives an asymmetric 
conformation (Al)  which can transform into a 
form having C, symmetry with the dihedral 
angle description (2) of a TBCB conformation 

- - + + 
(+ - - + + - ) ; 5  in this case there is no  plane 

perpendicular to the axis (compare ref. 2). Also, 
in this conformation, the H, protons are equiv- 
alent. Transformation to the degenerate confor- 
mation (Al'), followed by cyclohexane ring in- 
version, gives BCB2'. A number of other path- 
ways for interchanging diastereotopic H a  posi- 
tions are also available, however, after the initial 
cyclohexane ring inversion. Some involve asym- 
metric forms, others involve forms having C, 
symmetry. An exarn-ination of models suggests 
that a few of these possibilities may be of similar 
or lower energy than the above route, but they 
will not be described in detail. 

Hendrickson (2) has shown that the BCB con- 
formations of cyclodecane pseudorotate through 
the LC conformation; the LC conformation has 
been calculated to be 24.6 kcal/mol higher in 
energy than a BCB. The strain energy in the LC 
conformation of cyclodecane arises chiefly frorn 
torsional and nonbonded interactions (2). In the 
case of compound 1, the presence of the four 
oxygen atoms results in the loss of much of the 
torsional and nonbonded interactions, although 
electrostatic interactions are added. Thus, the 
possibility of a L C  conformation as an  inter- 
mediate in the pseudorotation of BCBl and 
BCB2 must also be considered for 1. It is of in- 
terest to note that another 10-membered ring, 
namely, I ,  1-difluorocyclodecane, also intercon- 
verts BCB conformations by a pathway having a 

5Since this shorthand notation is somewhat deceptive 
in that it does not differentiate between dihedral angles, 

-b-c  d e 
we prefer to use a - f for this conformation. 

-b-c d e 
A more informative, but more unwieldy, description uses 
the actual sizes of the dihedral angles (22). 

3NFORMATIONAL ANALYSIS 2571 

very low energy barrier (5.7 kcal/mol) (5). Noe 
and Roberts (5) have suggested methods of inter- 
conversion of the BCB conformations of this com- 
pound which, except for the asymmetric modes 
and the LC conformation, are not possible for 
the tetraoxecane BCB conformations. 

The LC conformation can be considered to be 
the mid-point of a11 S2 symmetric interconversion 
of the tetraoxecane BCB conformations (see Fig. 
4 for an  example of an  S, symmetric conforma- 
tion). This interccnversiorl maintains the center 
of symmetry present in both BCB conformations 
and hence represents a new type of symmetric in- 
terconversion. Symmetric interconversions are 
~~orrnal ly  of high energy because the processes 
chiefly involve changes in dihedral angles about 
one or  two adjacent centers; however, S,  syni- 
metric interconversions may be of low energy 
because changes in dihedral angles occur about a 
number of centers (compare ref. 2), in the present 
case six. Symmetric interconversions in which S,, 
symmetry is maintained are possible for all con- 
formations having this symmetry. For even-mem- 
bered rings having crown conformations, an S ,  
symmetric process, when n is the number ofatoms 
in the ring, represents the highest energy path- 
way, since it passes through a planar conforma- 
tion. For  other systems, this pathway can be of 
low energy. For  example, interconversion of B 
and BB conformations of cyclooctane maintains 
S, symmetry and the intermediate, namely, the 
S, (2) or  twist-boat (23) conformation, is of lower 
energy (2,23) than the conformations being inter- 
converted. Anderson et al. (23) have discussed 

FIG. 4. An S, symmetric conformation of tetraoxe- 
cane 1. 
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this process in detail but not in these terms. An- 
other example of a relatively low energy S ,  sym- 
metric interconversion is the interconversion of 
C C C  conformations of cyclodecane (2); in this 
case the TCCC is the pseudorotation partner of 
the CCC but represents the mid-way point on the 
S ,  interconversion of CCC conformations. I t  is 
possible that interconversion of other conforma- 
tions, such as the D, or square conformation of 
cyclododecane (24, 25), may also occur by S,, 
pathways. 

In  the S ,  interconversion of BCBl and BCBZ, 
two OCOC dihedral angles a t  opposite ends of the 
tetraoxecane ring become 0" simultaneously ; al- 
ternatively it is possible that this process occurs 
in two separate stages. If the latter is true for com- 
pound I,  then the BCB conformations of 1, l-  
difluorocyclodecane may interconvert by a similar 
process. 

tmns-~yrz-trans-4,5 : 9,IO-Bi~cyclohexano-I,3,6,8-tetra- 
oxecane ( I )  

T h ~ s  compound was prepared according to the pro- 
cedure of Brin~acombe et (11. (26)6 and had m.p. 164.5- 
165.5'; (lit. m.p. 166-167.5 ). 

Proton Magnetic Resonarzce Spectral Measurernents 
Proton magnetic resonancc spectra were recorded at 

60 MHz on a Varian A-60A or Bruker HX-60 spectrom- 
eter and at  100 MHz on a Varian HA-100 spectrometer. 
Measurements were made using 10% (wiv) solutions in 
chloroform-d - carbon disulfide (1 : 1, v/v) with tetra- 
methylsilane (7 10.00) as the internal standard on the 
A-60A or as the locking signal on the HX-60 and the 
HA-100 spectronleters. Chemical shift calibrations on the 
latter two machines were provided by an internal counter. 
Coupling constants and chemical-shift differences were 
determined at  a sweep width of 0.2 Hzlcm. A methanol 
sample was used to calibrate the sample temperature on 
the Varian machines (error f 2') while the probe thermo- 
couple was used for temperature calibration on the 
Bruker HX-60 (error f 1'). 

The authors are grateful to the National Research 
Council of Canada for its generous financial support of 
this work. They also wish to thank Professor Morton 
Raban of Wayne State University for his highly con- 
structive suggestions. The counsel of Dr .  J. F. Stoddart 
is also acknowledged. The 100-MHz spectra were re- 
corded by one of us (T.B.C.) at the School of Chemical 
Sciences, Universit). of East Anglia. 
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The Reaction of Chlorine Monoxide with Cyclohexene. A Molecule Induced 
Homalysis Reaction1 
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DENNIS D. TANNER, NESTOR NYCHKA, and TAMEICHI OCHIAI. Can. J. Chem. 52, 2573 (1974). 
The reaction of chlorine monoxide with cyclohexene at  -20" in the dark was found to 

proceed by an addition reaction to yield trans-2-chlorocyclohexyl hypochlorite. Concomitant 
with the addition, a molecule induced homolysis reaction of the chlorine monoxide occurs 
with cyclohexene to produce a number of free radical substitution and addition products, as 
well as products possibly arising from ionic addition reactions. Induced halogenation was 
found with added cyclohexane. 

DECNIS D.  TACUER, NESTOR NYCHKA et TAMEICHI OCHIAI. Can. J. Chem. 52, 2573 (1974). 
On a trouve que la rkaction du monoxyde de chlore avec le cyclohexene a - 20- dans l'ob- 

scuritk conduit par une rkaction d'addition a I'hypochlorite du chloro-2 cyclohexyl-trans. 
Simultanement a I'addition une reaction homolytique induite par la molecule permet au 
monoxyde de chlore de reagir avec le cyclohexene pour fournir un certain nombre de produits 
de substitution radicalaires et d'additions de mCme que des produits provenant possiblement de 
reactions d'addition ioniques. En presence de cyclohexane on a trouve des reactions d'halo- 
genation induites. [Traduit par le journal] 

The photoinitiated reaction of carbon tetra- 
chloride solutions of chlorine monoxide with 
saturated alkanes has been shown to be a free 
radical chain halogenation having the overall 
stoichiometry: 2RH + CI20 + 2RC1 + H 2 0 .  
The mechanism of the reaction has been proposed 
to proceed through a mixed chain (Scheme 1) 
involving OCI, (a), and chlorine and/or hydroxy 
radicals, (b), as the chain-propagating species (1). 

(a) R H  + .OC1+ R .  + HOCl 
R + C120 -t RCI + .OC1 

21-roc1 P H z 0  + CIZO 

(b)  R H  + C1. + R .  + HC1 

HC1 + HOCl P HOH + C12 

R .  + Clz + RCI + C1. 
and/or 

R H  + . O H  -t R. + HOH 

R .  + HOCI + RCI + .OH 

The reaction was found to be thermally initiated 
slowly in the dark at 40". 

'Taken in part from the M.Sc. thesis of Nestor Nychka, 
University of Alberta, 1969. 

'University of Alberta Postdoctoral Fellow, 1973-1974. 

The overall reactivity of the reagent, with 
saturated alkanes, was found to be similar to 
that of t-butyl hypochlorite (1) and an obvious 
extension of the investigation of its reactions 
with organic materials was an investigation of its 
reactivity with unsaturated hydrocarbons. 

Results 
The addition of a carbon tetrachloride solution 

of chlorine monoxide to a large excess of cyclo- 
hexene at 40 to - 20" resulted in an instantaneous 
reaction; no color due to chlorine monoxide 
ever developed in the solutions. The reaction 
was spontaneous and exothermic at - 20" in the 
absence of light. Addition of atmospheric oxygen 
did not appear to qualitatively inhibit the rate 
of the reaction. The titer for active halogen drop- 
ped on initial mixing to 31% and after 20 h was 
still 27% of the titer of the starting chlorine 
monoxide. Analysis and isolation of the resultant 
products from the reaction mixtures after titra- 
tion showed, in addition to water, both addition 
and substitution products, accounting for all of 
the chlorine initially added as chlorine monoxide, 
(see Table 1). Karl-Fischer titration of reactions 
carried out at ambient temperature showed 
0.50 + 0.03 mol of water were produced for 
every mole of chlorine monoxide. The minor 
products (5-9) were present in amounts large 
enough to detect and identify by a comparison 
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TABLE 1. Products of the dark reaction of cyclohexene 
with chlorlne monoxide in carbon tetrachloride" 

Y~eld  
Products (mol/mol of Cl,Ob) 

3-Chlorocyclohexene (1) 
tuans-2-Chlorocyclohexanol (2) 
trans-l,2-Dichlorocyclohexane (3) 
2,2'-Dichlorocyclohexyl ether (4) 
4-Chlorocyclohexene (5) 
2-Chlorocyclohexanone (6)  
I-Chlorocyclohexene (7) 
2-Cyclohexenone (8) 
2-Cyclohexenol (9) 
Unidentified products 
Remaining active halogenc 

OThe reactions o f  0.3 M chlorine monoxide with cyclohexene (1 : 10 
mol ratio) were carried out  at  -20". 

bErrors reported are deviations from the average values obtained 
from three o r  more independent experimental determinations. The  
product yields are those determined after titration for active halogen. 

<Since n o  color for  CI20 was detectable, the active halogen was 
presumably in the form of the alkyl hypochlorite (ROCI), 10. 

of their g.1.p.c. retention times (two columns) 
with those of authentic materials but were 
present in amounts too small to isolate. One of 
the minor products, 4-chlorocyclohexene, was 
not only identified by its g.1.p.c. retention time 
(three columns) but its mass spectrum was shown 
to be identical to that of an authentic sample. 
Compound 6,2-chlorocyclohexanone, was found 
(g.1.p.c.) to react with 2,4-dinitrophenylhydra- 
zine when the reaction mixture was shaken with 
that reagent. Small amounts of other products, 
designated as unidentified products in Table 1, 
were shown by g.1.p.c. to be present in the 
reaction mixture. Some of these unidentified 

products decomposed slowly at room tempera- 
ture to give increasing amounts of products 8 
and 9. No cis-1.2-dichlorocyclohexane, cis-2- 
chlorocyclohexanol, cyclohexanol, or cyclohex- 
ene oxide were detected as products. 

Since the dichlorocyclohexyl ether has four 
centers of substitution, seven stereoisomers are 
possible. No stereochemical characterization of 
the ether products was attempted; it was noted, 
however, that analysis by g.1.p.c. showed the 
ether products to be composed of at least three 
isomers. 

Aqueous solutions of hypochlorous acid were 
used to synthesize authentic samples of rrans-2- 
chlorocyclohexanol, 2. When aqueous hypo- 
chlorous acid was allowed to react with carbon 
tetrachloride solutions of cyclohexene (-20°, 
dark), not only was the expected major product, 
2, found but lesser amounts of 1, 3, 4, and 5 
were also produced. 

When cyclohexane was added to the cyclo- 
hexene before its reaction with chlorine monox- 
ide, induced halogenation of the saturated 
material accompanied the reaction of the un- 
saturated olefin. The yield of cyclohexyl chloride 
formed in these induced halogenations was 
diminished by the addition of molecular oxygen 
(see Table 2). 

When the ratio of initially added cyclohexene 
to chlorine monoxide was varied from 3.5: I to 
35: 1 the yield of three of the major products 
(2-4) remained relatively constant while the yield 
of 3-chlorocyclohexene, 1, increased with in- 
creased olefin concentration. The yield of 1 
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TANNER E T  AL.: MOLECL rLE INDUCED HOMOLYSIS 2575 

TABLE 2. The production of chlorocyclohexane during 
the reaction of chlorine monoxide with cyclohexane in 

the presence of cyclohexene" 

Concentration Yield 
(relative amounts) (mol yield C6H1 lCl/mol C1,O) 

C6H12 C61d10 Cl,O Degassed Not degassed 

"All reactions were quenched immediately after mixing at 2 0 C .  
Experimental deviations are from two independent experiments. 

bValues in parenthesis were obtained after 20-h reaction at -20". 

obtained under these conditions was decreased 
by the addition of molecular oxygen, (see Table 
3). 

The apparently spontaneous reaction of 
chlorine nlonoxide with cyclohexene was similar 
to other chlorination reactions with reagents 
capable of undergoing both free radical and 
ionic addition reactions with unsaturated hydro- 
carbons (2,3). The major product 3-chlorocyclo- 
hexene, 1, has long been recognized as being the 
product of both ionic addition and free radical 
substitution (4). The formation of 4-chloro- 
cyclohexene, 5 ,  however, was indicative of a free 
radical substitution process, since no ionic 
pathway to its formation is available (2). Further 
substantiation of the radical nature of the major 
portion of the reaction was obtained by observing 
the effect of molecular oxygen on the relative 
rates of formation of the four major products 
(I-4), see Table 3. The yield of the major product 
3-chlorocyclohexene was markedly reduced by 
the presence of oxygen and it could be inferred 
that its formation, at least in part, was the result 
of a free radical chain chlorination which was 
inhibited by oxygen. A free radical chain 
chlorination process for the reaction of chlorine 
monoxide with cyclohexene (- 20") was firmly 
established by observing the facile induced 
chlorination of added cyclohexane, a reaction 
which itself only proceeds slowly by a free 
radical path with this reagent, see Table 2. 

The observation that the rate of free radical 
substitution of cyclohexane (see Table 2) was 

dependent upon the concentration of added 
cyclohexene was indicative of a molecuIe induced 
initiation reaction. Molecule induced homolyses 
have been shown to occur in the liquid phase 
dark chlorination of olefins with molecular 
chlorine (2). In the molecular chlorine chlorina- 
tion of cyclohexene it was demonstrated that the 
products 1, 3, 7, and 5 were formed by competi- 
tive ionic and free radical paths whose relative 
importance could be modified by molecular 
oxygen. The addition of cyclohexane, as in the 
case of chlorine monoxide, led to induced 
halogenation. The free radisal chain chlorination 
was found to be dependent upon the concentra- 
tion of the cyclohexene. The dependence of the 
radical path on the concentration of the olefin 
was interpreted as being due to an initiation step 
which had a greater than first order dependence 

on cyclohexene. A similar type of initiation 
process has been proposed to explain the 
spontaneous dark halogenation reactions of 
t-butyl hypochlorite and hypobromite with 
styrene and 2-butyne (3). 

Thermodynamic arguments have been pre- 
sented to justify the proposal that the formation 
of radicals directly from the reactants would 
overcome the activation energy necessary for the 
homolysis of the halogenation reagent (2,3). By 
analogy, a dissociation energy, D(C1-OCI), 
equal to 21.7-25.1 kcal/mol (5) could be over- 
come by the interaction of chlorine monoxide 
with cyclohexene to form radicals in an exo- 

thermic process.3 A reaction which is bimolecular 
in olefin would be even more highly exothermic." 

3The enthalpy for addition of a chlorine atom to cyclo- 
hexene has been estimated by Poutsma (2) to be -26 
kcal/mol. The enthalpy for the initiation reaction can be 
calculated for the reaction of chlorine monoxide and 
cyclohexene to be exothermic A H  = (D(C1O-C1) - 26) = 
- 1 to -4 kcal/mol. 

4The enthalpy for the reaction for the addition of OC1. 
to cyclohexene can be estimated at > 26 kcal/mol since 
generally D(R-C1) < D(R-OR). The trimolecular 
process would be exothermic by > 27 to 31 kcal/mol since 
two radicals are formed in the process. 
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TABLE 3. Distribution of major products (> 4%) from the reaction between cyclohexene and 
chlorine monoxide at various olefin concentrations (-2O0, dark, CCI, solvent) 

Products (mol/mol Cl,O)b 
Mol excess of -- 

cyclohexene" 
-- - -  

1 
-- 

2 3 4 
-A- 

3.5, degassed 0.59 0.50 0.11 0.194 
10, degassed 0 .79+0.01 0 .5350 .02  0.082i0.008 0.115 
10, not degassed 0 .38+0.03 0.53+0.02 0.10510.01 0.124 
35, degassed 0 .95k0.05 0 .5010 .03  0.063i0.006 0.092 
35, not degassed 
- - 

0.66k0.09 
- - 

0.50_+0.03 0.078+0.026 0.105 

"Mol excess u ~ t h  respect t o  CI,O. Reactions were carried out  in degassed ampoules or  ampoules containing 
atmospheric amounts  o f  oxygen (not degassed). 

bErrors are dev~ations from the rnean of at  leaat three independent experiments. 

It can be seen in Table 3 that as the olefin halogen. The ether, 4, derived from the addition 
concentration increased the production of 1 was of 10 to cyclohexene, is proposed to arise from 
also steadily increased, suggesting that the radi- the free radical reaction of the reactants since 
cal production of 1 involved an initiation step after mixing the titer for active halogen remains 
that is higher than first order in olefin. even in the presence of a large excess of cyclo- 

The observation that the initial titer for active hexene and therefore precludes a rapid ionic 
halogen fall to 31% upon mixing and remains pathway. 
relatively constant for 20 h, militates for the 
formation of a positive halogen species which 
can coexist under the reaction condition with 
large amounts of cyclohexene. Since the color of 
chlorine monoxide immediately fades on mixing 1 

and since both molecular chiorine and hypo- 
chlorous acid react rapidly with cyclohexene 
under the reaction conditions; the secondary 
hypochlorite from the addition of chlorine 
monoxide to the olefin appears to be a candidate 
for the active halogen containing compound. when = 

OH, 

, 1 2 0  + 0 - c:rl 
OCI Ether formation from hypochlorite addition 

to olefins has precedent in the free radical 
10 reactions of t-butyl hypochlorite, where as high 

Some evidence that the secondary hypochlo- as 17% addition accompanies allylic substitution 
rite, 10, is a product of the reaction can be (6). Chloroethers and 1,2-dichlorides, analogous 
obtained bv an examination of the reaction to 1,2-dichlorocvclohexane. 3. are also formed , , 

products after titration. The formation of trans- in the molecule induced homolytic reaction of 
2-chlorocyclohexanol, 2, as a major product t-butyl hypochlorite with styrene and disub- 
found after titration can be rationalized as stituted acetylenes (3). 
arising at least in part from the reductive The formation of 2-chlorocyclohexanone, 6,  is 
hydrolysis of 10. The formation of 2 has also likewise easily rationalized on the basis of inter- 
been shown to arise from the addition of hypo- mediate 10, since carbonyl compounds are the 
chlorous acid (formed as the product from the major products from the radical decomposition 
homolytic reactions of chlorine monoxide) to of primary and secondary alkyl hypochlorites 
cyclohexene and would also be formed from the (7-9). 
homolytic halogenation reactions of 10 as well. A schematic summary of the reactive pathways 
The amount of 2 arising from 10 after hydrolysis described which accounts for > 96% of the 
must be at least equal to the titer for active reaction products is given in Scheme 2. 
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-. 

(see Ref. 2) 
1 3 7 

radical ' 
pathway 

+ II." + @OH 
CI CI 

C1 

Experimental 
Materials 

Phillips 66 research grade (99.94 molz )  cyclohexene 
was used without purification; its purity was checked by 
g.1.p.c. "Freon 112" (tetrachlorodifluoroethane) was 
distilled through an 18 in. column containing glass 
helices and the middle fraction collected. Carbon tetra- 
chloride was distilled from phosphorus pentoxide. 
Cyclohexane was spectroquality reagent grade (Matheson, 
Coleman, and Bell) and its purity ckiecked by g.1.p.c. 
before use. Chlorine monoxide was prepared and analyzed 
as described previo~~sly (1). Concentrations of chlorine 
monoxide from 0.15 to 0.5 M were used in the reactions. 
Aqueous solutions of hypochlorous acid, free of chlorine 
monoxide and molecular chlorine, were prepared as 
previously reported (1). All glassware was chromic acid 
washed, rinsed with ammonia, then water, and dried 
before use. 

Reaction Procedure 
In  most reactions, 2 ml of a carbon tetrachloride solu- 

tion of chlorine monoxide (0.3 M) were degassed, in the 
absence of light, in a Pyrex breakseal containing a 
degassed sample of cyclohexene above the breakseal. The 
sealed ampoule was then put into a covered -20' bath of 
glycol-water for at  least 15 min and allowed to equili- 
brate in the dark. The seal was broken with the aid of a 
teflon covered stirring bar contained within the ampoule 
and the ampoule inverted to let the chlorine monoxide 
solution run into the cyclohexene at  -20' in the dark. 
The solution became cloudy and colorless as soon as the 
chlorine monoxide came in contact with the cyclohexene. 
The ampoules were kept at  -20" prior to analysis. Un- 
degassed ampoules contained atmospheric amounts of 
oxygen. 

Analysis 
Analysis of the products from the reaction of chlorine 

monoxide with cyclohexene was carried out by gas 

chromatography (g.1.p.c.j on an Aerograph Model 
1520-B chromatograph utilizing the flame ionization 
detector and matrix programmer. All of the products, 
with the exception of 4, were analyzed using a 10 ft 
0.125 in. polypropylene glycol JPPG) column (40-145"). 
By use of an internal standard, "Freon 112", the absolute 
amounts of products 1-3 were determined using calibra- 
tion plots of area ratios cs. mol ratio for the standard 
us. the authentic samples. 

The yield of 4 was obtained relative to 3 using a 10 ft 
0.125 in. NPGS column (70-200'). 

The reaction mixtures containing cyclohexane with 
added amounts of cyclohexene were frozen with liquid 
nitrogen, and quenched with acidified potassium iodide 
solution immediately after mixing at  -20' in the dark. 
Analysis of the reaction mixture was done by g.1.p.c. 
utilizing a 10 ft 114 in. column packed with Apiezon N, 
5%, on Chromosorb P. The analysis was carried O L I ~  using 
a thermal conductivity detector. The analysis for cyclo- 
hexyl chloride was quantitated using an external standard, 
o-dichlorobenzene, and standard calibration curves were 
used to determine absolute amounts. 

Prod~rcr Zdrrztificatiorz 
Most of the products were identified by comparing 

their g.1.p.c. retention times with those of authentic 
samples. The columns used for comparison of retention 
times were a t  least one of the columns mentioned pre- 
viously (PPG and/or NPGS) and a 10 ft 0.125 in. SE-30 
(Methyl) column. 

Compounds 1, 3, and 5 were further identified by 
comparing their mass spectra with those of commercial 
samples. Due to their small amounts, the compounds 
were analyzed by an AEI MS12 mass spectrometer 
coupled to a Varian Aerograph series 1200 chromato- 
graph fitted with a 10 ft 0.125 in. PPG column. 

rrans-2-Chlorocyclohexarzol (2) 
The compound was isolated from a reaction mixture 

by distillation through a spinning band column (50" at  
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25 mm); the infrared spectrum displayed a strong band 
at  3400 cm-' and was identical to that of a commercial 
s a m ~ l e  and the same as reported by Stevens and Grum- 
mitc(10). 

Anal. Calcd. for C6HlIOCl: C, 57.37; K, 7.97. Found: 
C, 57.33; H, 8.01. 

2,2'-Dichlorocyclohexyl Ether ( 4 )  
A reaction mixture was distilled under vacuum, 60'/20 

mm. The residue was subjected to column chromatog- 
raphy on silica gel (chloroform-benzene). 

The fraction containing mainly (4) was purified by 
vacuum distillation by collecting the fraction that distilled 
at  90-91 :0.1 mm. Analysis by g.1.p.c. showed the fraction 
to contain at  least three compounds. The chromatogram 
showed a ,major sharp peak followed by a smaller broad 
peak composed of at  least two compounds in the ratio of 
7:3, respectively. Since four isomers of the ether are 
pcssible, it is reasonable to assume that the purified 
fraction of compound 4 contains these isomers. 

Anal. Calcd. for C12HZOOC12: C ,  57.37; 53, 7.97. 
Found: C, 57.24; H, 7.79. 

Also consistent with the formula was the mass spec- 
trum. The exact mass by a mass spectrum was 250.0891 
(Calcd. 250.0892) and a pattern of three peaks in the ratio 
of 9 :  6:  1 at the parent peak was indicative of the presence 
of two atorns of chlorine in the molecule. The infrared 
spectrum of compound 4 shows a broad ether band at  
1095 cm-' and no carbonyl or alcohol bands. The n.m.r. 
spectrum shows two broad multipiets at  6.3 and 8.2 in 
the ratio of 1 :4, respectively. This is comparable to the 
n.m.r, spectrum of trans-2-chlorocyclohexanol which 
shows peaks a t  5.65, 6.4, and 8.4 in the ratio of I :2 :8 ,  
respectively. - 

2-Chlorocyclohexanone ( 6 )  
An authentic sample of the material displayed the same 

retention times as a sample obtained from the reaction. 
The material in the reaction mixture was consumed 
(g.1.p.c. analysis) when the reaction mixture was shaken 
with an acidified solution of 2,4-dinitrophenylhydrazine. 
An infrared spectrum of the reaction mixture displayed an 
absorption band at  1720 cm-', consistent with that of 6 .  

Other products 
Two products in the reaction mixture of cyclohexene - 

chlorine monoxide were identified as 2-cyclohexenone 
(8) and 2-cyclohexenol (9) by comparison of retention 
times with commercial samples. These compounds (8 
and 9) were always present when the mixture was 
analyzed, although their areas varied with cyclohexene 
concentrations. The areas of these two peaks were greatest 
for undegassed reactions. The peaks also increased if the 
reaction mixture remained at  room temperature for any 
period of time. 

Gas-liquid partition chromatographic retention times 
of authentic materials were used to establish the absence 
of cis-2-chlorocyclohexanol, cyclohexanol, cyclohexene 
oxide, cis-1,2-dichlorocyclohexane, and chlorocyclo- 
hexane. 

Hypochlorous Acid Reaction 
The reaction of hypochlorous acid with cyclohexene 

was carried out in a degassed a m p o ~ ~ l e  with a tenfold 
excess of cyclohexene in carbon tetrachloride and reacted 
cia a break seal as described earlier. The ampoules were 
put in a -20" bath and shaken vigorously during the 
course of reaction. Vigorous shaking of the mixture pre- 
vented the aqueous solution from freezing during reaction. 
After two minutes, 25% of the hypochlorous acid still 
remained and after five minutes the reaction was at  least 
95% complete. After 10 min of shaking at  -20' in the 
dark, the reaction mixture showed less than one percent 
titer (greater than 99% reaction). Analysis of the mixture 
by g.1.p.c. showed the presence of a number of the 
products present in the cyclohexene - chlorine monoxide 
reaction. The main product was the chlorohydrin (2). 
Compounds 3 and 4 were present in equal amounts (about 
25% of 2) and con~pounds B and 5 were also present; 
together they made up about 10% of the total. The ratio 
of 11:s was about 2:1. 

The authors wish to thank the National Research 
Council of Canada and the University of Alberta for their 
generous support of this work. 
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SHINGO MATSUOKA, TAKAAKI  TAMURA, KEICHI OSHIMA,  and Y U N ~ S U K E  OSHIMA. Can. J .  
Chem. 52, 2579 (1974). 

The radiolysis o f  11-butane was investigated at temperatures ranging from 17 to 548 -C in 
both static and flow systems. 

It was concluded that in the radiation-sensitized thermal cracking region the main products, 
methane, ethane, ethylene, and propylene, were formed by a radical chain mechanism. The 
conclusion was reached from comparison with the thermal cracking products, the effect o f  
ammonia addition, the dose rate dependence, and in partic~tlar the correlation betmeen the 
temperature change o f  the type o f  the main chain-termination reaction and that o f  the activa- 
tion energy o f  propylene formation. The v a l ~ ~ e  o f  the activation energy for propylene formation 
showed that the main chain-termination reaction at temperatures between 410 and 520 C \\as a 
corr~bination reaction o f  ethyl radicals. The major part o f  I-butene, ti.011~-2-butrne, and cis-2- 
butene, formed in the chain region, was shown to result from the therlnal decomposition o f  
the chain carrying butyl radicals. 

Rate parameters for some o f  the reactions involved were calculated. 

SHINGO MATSUOKA, TAK ~ A K I  TAMURA, KEICHI  OSHIMA et Y U N O S U K E  OSHIMA.  Can. J .  Chem. 
52, 2579 (1974). 

On a examine la radiolyse du butane h des temperatures allant de 17 a 548 ' C  dans des 
systemes statiques et continus. 

On en conclut que les produits principaux obtenus dans la region de craquage thermiq~le 
sensibilise par les radiations (methane, ethane ethylene et propylene), se forment par un 
mecanisme radicalaire en chaine. On arrive a cette conclusion par comparaison de ces res~lltats 
avec ceux obtenus lors du craquage therniique de meme qu'en examinant I'effct de I'addition 
d'ammoniaque, la dkpendance de la vitesse sur la dose de radiation et en particulier par une 
correlation entre le type de reaction principale de terminaison de chaine suivant la temperature 
et 1'Cnergie d'activation de formation du propylene. La valeur de I'energie d'activation pour la 
formation du propylene nlontre que la reaction principale de terminaison de chaine a des 
temperatures entre 410 et 520 ' C  est une reaction de combinaison des radicaux ethyles. On a 
demontrk qu'une proportion importante du butine-l et butene-2 +runs et ci.5 form& dans la 
rCgion de la reaction en chaine, resulte d'une decomposition therrnique des radicaux butyles 
propageant la chaine. 

On a calculC les parametres de vitesse de quelques unes des reactions impliquees. 
[Traduit par le journal] 

Introduction In these reports, it \+as shown that in the tem- 
Radiation-sensitized thermal cracking (r.t.c.) perature range of about 350-450 "C, there exists 

of hydrocarbons was first studied by Lucchesi an  r.t.c. region giving high G-values of decompo- 
et al. (1) and has been followed by many others sition, lo2-lo6, even though thermal cracking 
(2-13) mainly from the point of vlew of indus- ( t . ~ . )  does not proceed at  significant rate in this 
trial interest. temperature range. However, an unequivocal 

answer to the question whether r.t.c. results in the 
'Present address: Japan Atomic Energy Research 

Institute, Takasaki Research Establishment, Watanuki- same product composition as t.c. or not is not 
cho, Takasaki-shi, Gunma-ken, Japan. yet obtained. Topchiev (2) observed a marked 

ZRevision received March 26, 1974. increase in the olefin content of the C,-C, prod- 
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ucts from the gas phase r.t.c. of n-heptane, coin- 
pared with that from t.c., but other authors 
reported no significant difference between r.t.c. 
and t.c. in product distributions (1, 5 ,  9). 

In order to explain the existence of the r.t.c. 
region and the similarity of the products from 
r.t.c. with t.c., Lucchesi et al. proposed a radia- 
tion-initiated radical chain mechanism similar 
to the well-known radical chain mechanism for 
t.c. of paraffins (14). But there seems to exist 
some ambiguity in their experimeiital results so 
that it is not possible to conclude definitely that 
the distribution of products obtained by r.t.c. is 
the same as that by t.c. Pereverzev et al. (1 i )  also 
inferred from the effect of nitric oxide additive 
that the r.t.c. of propane proceeded via a radical 
chain mecha~lisni, though there is again some arn- 
biguity because it is known that nitric oxide 
reacts not only with radicals but also with sonie 
ions (15). The authors who reported the signifi- 
cant dlfference in the product composition be- 
tween r.t.c. and t . ~ .  d ~ d  not give explanations 
(2, 3). 

Thus there has been 110 thorough investigation 
of the reaction mechanism of r.t.c. of hydrocar- 
bons, and the present study was carried out in 
order to clarify the reaction mecha~lisni of r.t.c. 
of n-butane. 

On the other hand, Freeman and c o - ~ o r k e r s  
carried out a deta~led study of r.t.c. of ethers and 
alcohols using y-rad~ation, and have established 
the usefulness of the r.t.c. technique to obtain 
informat~on about the cham reactions that occur 
in pyrolysis systems In general (16-18). 

Experimental 
Radiation So~lrce 

Irradiations were performed with a 1.5 MeV collimated 
electron beam from a Hitachi Cockcroft-Walton type 
accelerator. 

i\/lateriuls 
Takachiho GR ethylene was used after being passed 

through a molecular sieve 3A column to remove traces of 
water. Gas chron~atographic analysis showed that hydro- 
carbon impurities having higher boiling points than eth- 
ylene were less than 1 p.p.m. A mixture of 11-butane and 
isobutane, purchased fro111 Suzuki Shokan Co., was 
passed through concentrated sulfuric acid and aqueous 
sodium hydroxide solution, and rectified to obtain pure 
iz-butane. The 11-butane was then dried with molecular 
sieve 4A and degassed. Hydrocarbon impurities in the 
11-butane were below the detection limit of the gas chro- 
matography; that is, isobutane, butenes, and 1,3-buta- 
diene were less than 0.1, 1, and 1 p.p.m., respectively. 
Takachiho G R  propylene was also rectified, dried, and 
degassed. The propylene after purifications contained 15 

p.p.m. propane as impurity. Matheson G R  ammonia 
(99.9975) was used without treatment. 

Irradiation Cells and Apparatus 
Experiments were carried out in both static and flow 

systems. In the static experiments, flame baked Pyrex 
cylindrical cells (16.5 mm i.d. and 105 mm long) with 
about 0.3 mm thick electron admission windows were 
filled with hydrocarbon gas and additives, if added, and 
were sealed, according to the conventional methods. In 
the flow experiments, a quartz irradiation cell or a copper 
cell with a 0.04 mm thick stainless steel window was used. 
The copper cell was treated before use at  410 "C for 2 h 
with hydrogen gas stream. 

Irradiation apparat~is is shown in Fig. 1. The tempera- 
ture of the cell was a~~tornatically controlled within i- 1 ' C  
for t.c. and 1 2 ' C  for r.t.c., over the whole length of the 
cell. In the static experiments, the cells were placed in the 
preheated furnace for 10 mill before irradiation. The 
quartz and the copper cells used in the flow experiments 
had both sufficiently long pre-heating tubes. Thus the 
gas attained the desired temperature before reaction. 
Tube 6 in Fig. 1, packed with magnesium ribbons and 
heated to 240 "C ,  was used to remove traces of dissolved 
oxygen, which was shown to strongly affect the thermal 
reaction (19). The gas stream line consisted of stainless 

FIG. 1. Apparatus for r.t.c. of n-butane in flow system 
I ,  rz-butane; 2,3, additive gases; 4, liquid additive; 5, 
water bath; 6, heated tube packed with magnesium; 7, 
pre-heater; 8, nickel plated copper sheath; 9, copper (or 
quartz) reactor; 10, accelerator; 11, asbestos plate; 12, 
measuring cylinder; 13, water solution bath; A ,  aluminum 
plate; B, aluminum foil; C-1 to C-3, capillary restrictors; 
F-1 to F-3, electric furnaces; M-1, M-2, magnetic valves; 
P-1 to P-3, pressure regulators with gauges; T-1 to 
T-6, thermocouples; 9 1  to S-5, three-way glass cocks. 
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MATSUOKA ET AL.: THERMAL CRACKING OF n-BUTANE. I 

TABLE 1. Columns used for gas chromatographic separations 
-- -- 

-- 

Column Length (m) Temperature ( C )  Separated products 
- 

Packed column 
(4 mm i.d.) 

Porapack Q 3 r.1.: Hz, (CH4, C2H4) 

Capillary column 
(0.25 mm i.d.) 

DNBM* 50 0 C3-Cs, (C7, c s )  

Squalane 25 

"DKBM = di-11-butylmaleate. 
iODPK = /?,/?'-oxidiproyionitrile 
t r . t .  = room temperature. 

steel pipe, glassware, and Kovar pipe for connection. For Results and Discussion 
sampling, the emuent gas was collected in a measuring 

by sodium chloride waicr In Fig. 2, the relative dose rate in the cell is 
solution. The dissolution phenomena of hydrocarbon plotted as a filnction of distance from the elec- 
gases into the soii~tions were carefi~lly examined and in tron admission windoN!. The dose rate was ob- 
our experiments the error caused by dissolution was tained by measur ing  the change in t rans ln i t t ance  
negligible. 

(at 655 nm) of Avisco Blue Cellophane (24). 
Dositner~:~ 

The absorbed dose rate in 11-butane, D, was determined 
from the electron beam current, I, collected by the 4 rnm 
thick aluminum plate A in Fig. 1 ,  according to the follow- 
ing relation. 

D = Ivk,I 

where kc is a coefficient to convert I to the corresponding 
absorbed dose rate in ethylene, and f,, is the ratio of the 
stopping power of 11-butane to that of ethylene for 1.5 
MeV electrons. The coefficient kc was determined for 
each cell with ethylene dosimetry since the thickness of 
window was slightly different from cell to cell. For the 
static experiments, the absorbed dose in ethylene was cal- 
culated based on G(H,) = 1.31(20). For the flow experi- 
ments, the acetylene yield of G(C,H,) = 2.45, which was 
determined in our static experiments on the basis of 
G ( H z )  = 1.31, was used to calculate the absorbed dose 
in ethylene, though some discrepancies were f o ~ ~ n d  in 
acetylene yields between the reported val~ies (20, 21) and 
ours. The product yields from the rz-butane-additive mix- 
tures were calculated on the basis of the energy absorbed 
only in the n-butane. 

Static Experinzerlts 
The effect of temperature on the r ad~o lys~s  of 

n-butane (density = 1.35 x g/cc) and of n- 
butane with 20 mol? ammonia (density of rz-  
butane = 1.1 x glcc) Mas studied a t  tem- 
peratures from 17 to 421 "C. The dose rate aver- 
aged over the length of the cell was 1.17 x 1018 
eV/g s. The absorbed dose Lvas varied between 
3.10 x l O I 9  and 3.41 x lo2' eVlg, correspond- 

i 
W 

Aizalysis cx 
All products were analyzed by gas chromatography; ; 4 0  

for hydrocarbon measurements flame ionization detec- t 
tors were used and for hydrogen a thermal conductivity $ detector. Gas chromatographic columns and their rele- w 
\.ant data are listed in Table 1. Products separated by 2 0  
di-n-butylmaleate column and by p,p'-oxidipropioni- 5 
trile-di-11-butylmaleate column were identified by use of 
known compounds, checking relative retentions. Sixty- 
five pure hydrocarbons between C,-C6 were ~ ~ s e d  for 
identification. Relative retentions on squalane column 

0 2  4 6 8 10 

were obtained from the literature (22, 23). DISTANCE, cm 
Accuracy of analysis was better than t 5% with the FIG. 2. Relative radiation intensity as a function of 

exception of some minor products. distance from the electron admission window. 
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CAN J CHEM VOL 5 2 ,  1974 

TABLE 2 Compa~lson of the product distributions obtained by t c , r t c , and 
1 t c w ~ t h  20 m o l z  aminonla addition at  421 C (uillt = molz )  

- - -  
- -- -- 

Radlatlon- Radiat~on-thermal Thelma1 
PI oduct thermal cracking c~ackillg (NH3) crack~ng 
- - - -- 

H2 1 48 1 72 0 70 
CH4 36 1 36 9 37 0 
G H s  12 I I1 7 12 2 
CzH, 12 3 12 3 12 8 
C3H6 35 '? 35 7 36 4 
1-C4H8 0 35 0 37 0 22 
tvnn~-2-C~H, 0 37 0 31 0 30 
crs-2-C4H8 0 23 0 19 0 18 
The other products 
-- 

1 73 
- - - - 

0 79 
-- 

0 20 
- 

ing to reaction temperature. The conversron \\as 
in the range betueen 0.10 and 2.005. 

M e c l ~ a t ~ i s l ~ ~  of Rair'iatiotj-ser~sitize~I TIler171al 
Cracking 

The main products formed in the r.t.c. region, 
where chain reactions proceed, Lvere methane, 
ethane, ethylene, and propylene, which were in 
accordance with those formed by the thermal 
cracking (t.c.1. I n  Table 2, the product distribu- 
tions obtained by t.c., r.t.c., and r.t.c. ~vi th  arn- 
monia addition at 42! 'Care compared \\ith each 
other. In  the static experinlents above 350 ' C ,  
some thermal cracking of samples occurred dur- 
ing the time of preheating and the irradiation 
yields reported were corrected for tlie contribu- 
tion of thermal cracking; the maximum correc- 
tion ariiounted to 1 5 5  at  421 'C. As seen in Table 
2, no  difference in the main product distributions 
is observed betmeen t.c. and r.t.c. The addition 
of 20 111015 ammonia nhich is well known to 
scayenge carboni~iiil ions, alters neither the de- 
composition rate in tlie r.t.c. of ll-butane (Fig. 
3) nor the distribution of the main products. 

In Fig. 3, Arrheni~is plots of the yields of pro- 
pylene from the radiolysis of 17-butane with and 
without ammonia are shown. It can be seen that 
the value of ac t i~at ion energy for propylene for- 
mation in the r.t.c. region varies \kith tenipera- 
ture and is not constant as ass~lmed by previous 
workers (1, 25). A similar phenolnenon was 
reported by Holein and Freeman (17) in the r.t.c. 
of diethylether, and they explained the phenom- 
enon by the change of the type of termination 
reaction in the radical chain mechanism due to 
different temperature. 

The following radical chain mechanism similar 
to that of thermal cracking (26) can be proposed 
for the main product formation in the r.t.c. of 
??-butane. 

I I I I I 
1.5 2. 0 2.5 3.0 3.5 

~ o ~ / T * K  

FIG. 3. Arrheni~~s  plots of the yields of (8) propylene, 
(A) 2-methylbutane, (7) 3-methylpentane, and (w) oc- 
tanes from the radiolysis of n-butane with 20 m o l z  am- 
monia, and of (0) propylene from the radiolysis of 11- 

butane. 

Initiation by radiation 

[I1 CjHlo -+ H 

[21 -+ CH3 . 
PI -+ CzHs . 
[41 -+ C4H, . 
Propagation 

[51 H + C4HIo --* Hz t C4Hg . 
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kl,/& = 3.1 x 10' exp (- 32 000/RT) 1 
mo11/2CC-1/2 S -  112 

Lin and Laidler (29) calculated the similar rate 
parameter with azomethane-sensitized decom- 
position of 12-butane, given by 

k,,,,/,~'k,~., = 1.31 x 10' exp (-32 600/RT) 
mol'!2 c c 1 / 2  S -  112 

where k12-, is the combination rate constant of 
s-butyl radicals. Since the ratio of k , , /kI2- ,  is 
2.1 (31) and kl,/k,,, is estimated to be 0.81 from 
Fig. 5, the agreement between our result and that 0 

of Lin and Laidler is quite good. 
The chain length of r.t.c. can be obtained from 

Fig. 3, and a t  421 'C the length is 42. 
Figure 4 shows the dose rate dependence curves A 

:\ 

of the yields of various products. Dose rate was 
varied between 0.97-1 1.5 x 10'' eV/g s. The ab- 

3 

2 

0 
0 
o 

- 1  

0 

\ 

Log(D0SE RATE,eV/gs)-17 Lin and Laidler (29) studied the azomethane- 
sensitized thermal decomposition of n-butane at 

FIG. 4. Dose rate dependences of the yields of (0) 
methane, (0) ethane, (A)  hydrogen, (V) I-butene, (a) temperatures from 262 to 340 'C. They found 
iran,y-2-butene, (8) cis-2-butene, and (0) 3-methylpen- 3,4-dimethylhexane and small amounts of hexane 
tane, at 390 'C .  and pentane as termination products, but detec- 

- 2 -  

i_____ - 

\ - 

-+2 - 

V 

I I I 

0 0.5 1 

I I I I 

1.5 2.0 2.5 3.0 3.5 
i O ~ / T - K  

FIG. 5 .  Temperature dependences of the yields of the 
individual octanes; (0) 3,4-dimethylhexane, ( A )  3-me- 
thylheptane, (7) n-octane, and (0) the other octanes. 

~. 
Open and filled marks correspond to the yields in the ab- 
sence and presence of 20 m o l z  ammonia, respectively. 

sorbed dose was in the range 1.16-3.46 x l o L 9  
eVIg, and the conversion 0.90-1.09",. The yields 
of the main products depend on dose rate with 
order of -0.45. It is nearly e q ~ ~ a l  to -0.5 which 
is derived from the radical chain mechanism 
(Table 3). The slight difference may be attributed 
to the insufficient chain length. The insensitivity 
of the yields of octane, 3-methylpentane, and 2- 
methylbutane to dose rate supports that they are 
termination products. 

Thus, several experimental res~llts confirm that 
the main products from the r.t.c. of M-butane are 
produced by the radical chain mechanism. 

Octane Fomzation 
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MATSUOKA E T  AL.: THERMAL CRACKING OF n-BUTANE. I 2585 

ted no measurable amounts of 3-methylheptane result mostly from the following radical combina- 
and n-octane. Their observations differ from ours. tion reactions. 
We foulld X4-dimethylhexane (3,4DiMHx), 3- [12-11 s-C4H, . + J-C4Hg . + 3,4DiMHX 
methylheptane (3MHp), n-octane (n-Oct), and 
the other octanes as the octane ~roduc ts .  The [12-2] J - C ~ H ~  . + P - C ~ H ~  . + 3MHp 

temperature dependences of these octane yields ~12-31 ,,-c,H, . + P - ~ 4 ~ 9  . + M - ~ c t  
in the absence and the presence of ammonia are 
represented in Fig. 5. The other octanes are prob- With the assumption that reactions 4, and 5-7 are 
ably formed by ionic processes, since their the only steps leading to butyl radicals, the ratio 
yields were suppressed by the addition of am- of G(3,4DiMHx)/G(3MHp), denoted as M ,  is 
monia. However, 3,4DiMHx, 3MHp, and 11-Oct given by 

where k ,  is the rate constant for radical-radical 
reaction; [ R . ]  is the overall concentration of 
radicals; subscripts s andp  refer to s- and p-butyl 
radicals, respectively. The temperature depen- 
dence curves o fa  are given in Fig. 6. The apparent 
activation energies of a in the absence and the 
presence of ammonia are found to be - 0.38 and 
- 0.16 kcal/mol, respectively, at temperatures 

FIG. 6. Temperature dependence curves of G(3,4- 
DiMHx)/C(3MHp) and of $. Open and filled marks cor- 
respond to those obtained in the absence and presence of 
20 molz  ammonia, respectively. 

below 180 ' C  where the thermal decomposition 
of butyl radicals does not occur. These results 
suggest that the ratio of the s- to p-butyl radical 
concentration originating from reaction 4 is 
greater than the ratio from abstraction reactions 
5-7, and that these ratios are independent of tem- 
perature. Since the contribution of the latter 
ratio increases with increasing temperature, the 
negative activation energies are observed. A de- 
crease of the apparent activation energy with the 
addition of ammonia is ascribed to the increase 
of the contribution of reaction 5 as follows (32) 

R C  + NH3 7 P + NH4+ 

NH4+ + e + NH, + H 

[5 1 Fi + C 4 H I 0 + H z  + C 4 H 9 .  

Jackson et al. (33) obtalned the activation energy 
of - 1.75 kcallmol for k,,/k,,,, but this conflicts 
with the observed activation energies for a since 
considerable part of the octane yields can be as- 
cribed to the formation of butyl radicals by re- 
action 6 and the subsequent combination reac- 
tions, as shown later. 

Thus, the second term of the third equality in 
eq. 20 approaches an asymptotic value of 2.4 
above the temperature at  which the chain reaction 
sets in (Fig. 6). Therefore eq. 20 reduces to eq. 
20-1 in the chain region. 

Substituting into eq. 20-1 the measured values of 
M at temperatures above 350 "C (Fig. 6), where 
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2586 CAN. .I. CHEM. VOL. 5 2 ,  1974 

A , ,  , kl, >> k ,  [R .  1, and using the literature value 
of - Ell  i- El, = 3.9 kcai~iuol, one gets 

A11 = 7.2 x 
-410 

This is cornparable to the ratio 

which is calculated fro111 literature (29, 30). Here 
A i  is the frequyiicy factor of reaction i. With these 
rate parameters, eq. 20-1 explains the coilvexity 
of x shown ill  Fig. 6. 

The teniperature dependence curves of 4, which 
are defined by 

are also represented in Fig. 6. The ~ a l u e  of 4 is 
constant at 2.1 in the temperature range of 23- 
230 ' C  where it coi~ld  be determined precisel). 
This value is close to 2, a value predicted by the 
simple collision theory of chemical kinetics. 

Metl7u~1e Forlnafioll 
The effect of  temperature on the yield of me- 

thane from the radiolysis of 12-butane with am- 
nionia is given in Fig. 7. I11 the ten7perature range 
between 85 and 220 'C, the methane yield in- 
creases uith an apparent acti\,ation energy of 
3.1 kcall:iiol. This should be attributed not to the. 
thernial decomposition of C , K I o i ~  ion (34) but to 
a hydrogen atom abstraction froin /I-butane mole- 
cule by the rnetl~yi radical as  follows 

[21 C,H,o C H 3 .  

[ I  1H41 R .  

[a CN, . 4- C,H,, - -  CH, t C,11:, . 

[21-11 CH, . + R . -. Prod~icts 

[21-21 R . f R . - Products 

This mechanism leads to the following expres- 
sion for the methane yield from reaction 6. 

1.5 2.0 2.5 3.6 3.5 
I O ~ / T " K  

FIG. 7. Temperature dependences of tile yields of (@) 
methane and (A) isobutane froni the radiolysis of n- 
butane with 20 m o l z  ail~monia. Broicen !ine shov;s a cal- 
cuiated one from eqs. 22 and 23. 

G(ufH,.) = t .5 (assumed), k z i  , = k,:  ., = 10'' 
cc;~.iiol s (assumed). G(R . )  = 10 jaisiir:iedj, A, '  
.G = i.56 x 10" exp (--8i0i)'i"lrj cc- '  

s-'!' (27):  IM = 1.9 x l C 5  i1:ol. cc, M,' = 

58 glmol, d = 1 , I7  x 1018 eV'g <. ail2 d(xj repre- 
sented in Fig. 2 ;  and integrating, n c  can ca!culate 
G(CH4). 

Methane is also formed by reactions other than 
reaction 6, and this yield, G,(CI-k,), is probably 
independent of temperature. TIlougb the me- 
thane yield from disproportionation reaction 21-1 
may show a temperature dependence since the 
methyl radical concentration decreases with in- 
creasing temperature up to about 220 "C, this 
contribution to G,(CH,) is sn-~all. G,fCH,) is es- 
timated to be 0.5 from the totai methane yield at 
room temperature, where reaction 6 does not pro- 
ceed. Now we can calculate the total yield of 
methane at  T "K, G(CH,), by 

Substituting the following values into eq. 2 2 ;  [23]  G(CH,) = G,(CH,) + 0.5 
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MATSUOKA E T  AL.: THERMAL CRACKING OF ?I-BUTANE. I 

TABLE 4. G-Values of the chain formation of propylene, and the 
measured activation energies in the individual temperature ranges 

(flow experiment) 
- 
~p 

- -. -. - 

Radiation-thermal cracking 
Thermal cracking 

Temperature ("C) Gtc(C3Hs) G,,,(C,H,) E(kcal/n~ol*) 

*The values of activation energy in parentheses are corrected for the contribution of thermal 
initiation. 

The dashed curve in Fig. 7 shows the results of 
eq. 23. The agreement between the calculated 
and the experimental curves is good. The devia- 
tiori at high tempemtures is due to the formation 
of methyl radicais by the chain reaction 10. 

4n the radiolysis with ammonia addition, 2- 
methylbutane and isobutane are formed by the 
co~nbination of methyl radicals with s-butyl radi- 
cals and with s-propyi radicals, respectively. The 
yields of these products decrease with increasing 
te~nperature up to 220 "C (Fig. 3 and Fig. 7 ) ,  cor- 
responding to the increase in the methane yield. 
Phis confirins the participation of reaction 6 in 
this temperature range. 

In the radiolysis without ammonia addition, 
the same methane increase was observed. 

F/ow Experii7ients 
Radiation-se~sitized Tlzernlal Cracking at 

High Tet??peratures 
The flow experirne:lts on t.c. and r.t.c. of 12- 

butane were carried out using the copper irradia- 
tion cell at temperatures from 316 to 548 "C and 
at a pressure of 1 atm. The dose rate averaged 
over the cell was 9.3 x 10'' eV/g s. The contact 
time was in the range 16.6-21.6 s, and the con- 
version in the range 0.078-5.0%. 

The t.c. reaction of n-butane above 400 "C was 
reported to be 312-order with respect to n-butane 
concentration (35). In our experiments, the fol- 

lowing 312-order rate constant for t.c. was ob- 
tained. 

~241 kt, = 3.4 x 1015 
x exp (- 59 200/RT) cc'12 mol-I'2 s-' 

Though a small wall effect was observed in the 
butene formation at temperatures below 500 "C, 
this rate constant agrees well with that obtained 
by Sagert and Laidler (36) in a static system, as 
expressed in the equation 

kt, = 3.24 x 
x exp (-59 3 0 0 1 ~ ~ )  cc1i2 mol-'I2 s-I 

In Table 4, the chain yields of propylene from 
t.c. and r.t.e., and the activation energies of the 
propylene formation in r.t.c. in the individual 
temperature ranges are shown. For convenience, 
the propylene yield in t.c. is also represented by 
G-value, which was calculated as if the reactant 
had absorbed the same dose as in r.t.c. The sharp 
increase of the value of activation energy above 
490 "C is due to the contribution of thermal ini- 
tiation, and the values in parentheses are correc- 
ted for this contribution. Above 410 "C, the acti- 
vation energy is between 14 and 12 kcal/mol. This 
corresponds to the termination reaction 15 as 
seen from Table 3; a slight lower value of 12 
kcal/mol obtained at high temperatures is prob- 
ably due to the build-up of the product propy- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2588 C A N .  J .  CHEM. VOL.  5 2 ,  1974 

I I 

2 4 
ETHYLENE. rnolOio PROPYLENE, rnololo 

FIG. 8. Effect of the addi t~on of ethylene and of pro- 
pylene on the yields of (0) methane, (0) 1-butene, (A)  
trans-2-butene, and (7) cis-2-butene at 449 "C. 

lene which suppresses the deco~nposition rate of 
n-butane (Fig. 8). 

Purnell and Quinn (26) indicated from the pres- 
sure effect on the activation energies for the for- 
mation of the major products that reaction 15 
was a main chain-ending step in the t.c. of n- 
butane, but Torok and SandIer (35) predicted. 
the predominance of reaction 1 7  from the calcu- 
lation of reaction order. O L I ~  results give more 
direct information that the main termination re- 
action is reaction 15 at  temperatures between 410 
and 520 'C. 

In t.c. and r.t.c., the chain yield cf propylene, 
G(C,H,), is proportional to square root of the 
initiation rate. With a proportionality constant 
k, G(C3H6) is expressed as follows 

where K and K' are the radiation and the thermal 
initiation rates, respectively. The measured values 
of GIt,(C3H6) and Gt,(C3H6) at 548 "C (Table 
4), together with K given by eq. 19, lead to K' = 
1.2 x 10-lo mol/cc s at 548 "C. 

The breakdown of n-butane into two ethyl 
radicals 

would be the most probable thermal initiation. 
Therefore 

A,, exp (- E2,/RT) = K1/2M 
= 4.2 x s-' at  548 "C 

where A,, is the frequency factor of reaction 25 
and M is the density of n-butane. Using the 
measured activation energy of 59.2 kcai/mol for 
the t.c. of 12-butane, E2, is calculated as 

Butene Formation 
1-Butene, trans-2-butene, and cis-2-butene are 

generated as minor products in the t.c. of n- 
butane (26). These butenes were presumed to 
arise from a dehydrogenation reaction at the wall 
or from a small molecular con~ponent of the re- 
action (36), or from secondary reactions with the 
products (26). In the r.t.c. of n-butane, these bu- 
tenes were also formed in nearly the same pro- 
portion of the total products as in t.c. (Table 2). 
Possible processes for the butene formation are 
as follows: (a) direct radiation reactions, (b) radi- 
cal disproportionation reactions, (c) secondary 
reactions with the products,  especial!^ with ole- 
fins, (d) radical chain propagation reactions, (e) 
ionic chain reactions. 

Dose  rate dependence curves of the yields of 
hydrogen and of each butene, obtained at 390 "C 
in the static system, are shown in Fig. 4. If we 
assume that the G-values of hydrogen, 1-butene, 
trans-2-butene, and cis-2-butene, produced by the 
dose rate independent processes (a) and (b) ,  are 
5, 0.5, 0.4, and 0.2, respectively, the remaining 
yields of these products which can be attributed 
to the processes (c), (d), and/or (e), depend on 
dose rate with order of -0.39, -0.45, -0.45, 
and - 0.44, respectively. These orders agree with 
that of the main products, - 0.45. Furthermore, 
the hydrogen yield increased (AG(H2) = 7.8) by 
approximately the same amount as the sum of 
the butene yields increased (AG(1,2-C,H,) = 

7.1) as the dose rate was decreased from 11.5 x 
10'' to 0.97 x 10'' eV/g s. Figure 8 shows the ef- 
fects of the addition of ethylene and of propylene 
on the yields of methane and each butene, ob- 
tained at  449 "C in the flow system with the 
quartz reactor. The amount of olefin shown on 
the abscissa is the sum of the added olefin and the 
half of the product olefin. Small part of the bu- 
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tene formation. 

From the facts described above, we may con- 
clude that the major part of the butenes arises 
from the propagating radicals in the chain reac- 
tions as follows 

Thus, in the r.t.c. of n-butane at a temperature 
of 390 "C, a dose rate of 11.5 x loi7 eV/g s, and 
a conversion rate of 0.90%, 50-70% of the product 
butenes result from the decomposition of butyl 
radicals which are generated by the radical chain 
propagation process. In the t.c. of n-butane, re- 
action 9 may also occupy the major part of the 
butene formation when a conversion is low. 

The authors would like to express their sincere thanks 
to Prof. Yoneho Tabata of the University of Tokyo for 
his helpful discussions and encouragement. The authors 
are also deeply indebted to Mr.  Keiichi Yotsumoto and 
Mr. Hiromi Sunaga of Japan Atomic Energy Research 
Institute for their valuable assistance. 

12. S. A. GABSATAROVA and A. M. KABAKCHI. Khim. 
Vys. Energ. 3, 126 (1969). 

13. G. M. PANCHENKOV and G.  I .  ZHURAVLEV. Zh. Fiz. 
Khim. 46, 1438 (1972). 

14. F.  0. RICE and K. F .  HERZFELD. J .  Am. Chern. Soc. 
56,284 (1934). 

15. P. A u s ~ o o s ,  S. G. LIAS, and R. GORDEN, JR. J .  Chem. 
Phys. 29,3341 (1963). 

16. H.  J. VAN DER LINDE and G.  R. FREEMAN. J. Am. 
Chem. Soc. 92,4417 (1970). 

17. G. HOHLEIN and G. R. FREEMAN. J.  Am. Chem. Soc. 
92, 6118(1970). 

18. K. M. BANSAL and G.  R. FREEMAN. Radiat. Res. Rev. 
3,209 (1971). 

19. I .  ENGEL, A. COMBE, M. LETORT, and M. NICLAUSE. 
Rev. Inst. Fr. Pet. 12,627 (1964). 

20. G.  G. MEISELS. J .  Chem. Phys. 41,51 (1964). 
21. M. C.  SAUER, JR. and L. F .  DORFMAN. J .  Phys. Chem. 

66,322 (1962). 
22. R. A. HIVELY and R. E .  HINTON. J.  Gas Chromatogr. 

6,203 (1968). 
23. D. H. DESTY, A. GOLDUP, and W. T. SWANTON. Gas 

chromatography. Edited by N. Brenner, J .  E. Callen, 
and M. D. Weiss. Academic Press, New York. 1962. 
p. 162. 

24. E .  J .  HENLEY and D. RICHMAN. Anal. Chem. 28,1580 
(1956). 

25. S .  BYWATER and E. W. R. STEACIE. J .  Chem. Phvs. 
19, 172 (1951). 

1. P .  J .  LUCCHESI, B. L. TARMY, R. B. LONG. D. L.  26. J .  H.  PURNELL and C. P. QUINN.  Proc. R. Soc. Lond. 
BAEDER, and J. P. LONGWELL. Ind. Eng. Chem. 50, A270,267 (1962). 
879 (1958). 27. A. F1 TROTMAN-DICKENSON, J. R. BIRCHARD, and 

2. A. V.  TOPCHIEV. Radiolysis of hydrocarbons. El- E .  W. R.  STEACIE. J .  Chem. Phys. 19, 163 (1951). 
sevier Pub. Co., 1963. Amsterdam. p. 203. 2 8 .  P. J .  BODDY and E.  W. R. STEACIE. Can. J .  Chem. 38, 

3. L. S. POLAK. Third United Nations International Con- 1576 (1960). 
ference on the Peaceful Uses of Atomic Energy. 29. M. C.  LIN and K. J .  LAIDLER. Can. J .  Chem. 45, 1315 
AICONF. 28/P/389 USSR. 1964. (1967). 

4. L .  S. P O L A K . ~ .  YA. G L A Z U N O V , ~ .  YE. GLUSHENEV, 
and G. G.  RYABCHIKOVA. Neftekhimiya, 5, 706 
(1965). 

5. K.  P. LAVROVSKII, M. M. FLORENTZEV, D. V. 
MAKAROV, V.  B. TITOV, Yu. N. ALEKSENKO, and 
Yu. L. FISH. Neftekhimiya, 7,580 (1967). 

6. A.M. BRODSKII, K. P. LAVROVSKII, andV. B. TITOV. 
Kinet. Katal. 4,337 (1963). 

7. A.M. BRODSKII, K. P. LAVROVSKII, V.  B. TITOV, and 
A. KH. EGLIT. Dokl. Akad. Nauk SSSR, 159, 1319 
(1964). 

8. A. M. BRODSKII, K. P. LAVROVSKII, V. B. T I T O V , ~ ~ ~  
A. KH. EGLIT. Neftekhimiya, 5, 134(1966). 

30. W. E. MORGANROTH and J.  G. CALVERT. J .  Am. 
Chem. Soc. 88, 5387 (1966). 

31. J .  T .  GRUVER and J .  G. CALVERT. J .  Am. Chem. Soc. 
78,5208 (1956). 

32. F.  WILLIAMS. J.  Am. Chem. Soc. 86,3954(1964). 
33. W. M. JACKSON, J .  R. MCNESBY, and B. DEB. DAR- 

WENT. J .  Chem. Phys. 37, 1610(1962). 
34. T. MIYAZAKI and S. SHIDA. Bull. Chern. Soc. Jap. 38, 

716(1965). 
35. J. TOROK and S. SANDLER. Can. J .  Chem. 47, 2707 

(1 969). 
36. N. H.  SAGERT and K. J. LAIDLER, Can. J .  Chem. 41, 

838 (1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Champ de force de valence et modes normaux de vibration de la 
gliycylglycine et du monochlorhydrate monohydrate de glycylglycine 

CHRISTIAN DESTRADE,' ELIANE DUPART, MONIQUE JOUSSOT-DUBIEN 
ET CHANTAL GARRIGOU-LAGRANGE 

Centre de Recherche Paul Pascal, Domaine Universitaire, 33405 Talence, France 

R e p  le 28 janvier 1974 

CHRISTIAN DESTRADE, ELIANE DUPART, MONIQUE JOUSSOT-DUBIEN et CHANTAL GARRIGOU- 
LAGRANGE. Can. J. Chem. 52, 2590 (1974). 

Le champ de force de valence et les modes normaux de vibration de la glycylglyci~le forme a 
sont calculCs a partir des spectres de vibration de dix derives isotopiques marques selectivement 
au deuterium ou a l'azote 15. On montre que ce champ de force permet de rendre compte des 
frequences du monochlorhydrate de glycylglycine a I'etat solide, compose presentant une 
structure tres differente de celle de l'ion bipolaire. L'accord est particulierement satisfaisant 
dans le cas des modes de vibration les plus sensibles a la conformation moleculaire. I1 est donc 
possible d'utiliser ce type de calcul pour determiner la conformation d'un oligopeptide. 

CHRISTIAN DESTRADE, ELIANE DUPART, MONIQUE JOUSSOT-DUBIEN, and CHANTAL GARRIGOU- 
LAGRA~GE.  Can. J. Chem. 52, 2590 (1974). 

The valence force field and normal modes of vibration of a-glycylglycine have been calculated 
using the vibrational spectra of ten isotopic derivatives, selectively labeled with deuterium or 
nitrogen-15. It is shown that this force field permits the determination of the frequencies of 
glycylglycine-hydrochloride in the solid state, despite a structure very different from that of the 
zwittcrion. The agreement is particularly satisfying for those modes of vibration most sensitive to 
molecular conformation. I t  is thus possible to use this type of calculation to determine the 
conforn~ation of an  oligopeptide. 

Nous avons rtcemment mis au point une 
mtthode permettant, au moyen d'un calcul de 
modes normaux de vibration, de dCterminer avec 
prCcision la conformation d'un composC dans un 
Ctat physique donnC, et en particulier en solution 
aqueuse (1, 2). Wous avons test& cette technique 
sur un cas relativement simple, la glycine, mole- 
cule pour laquelle les modificat~ons confor- 
mationnelles observkes sont peu importantes 
(150" < $ < 180") (3-5). Notre objectif est d'es- 
sayer d'appliquer cette mCthode a I'analyse 
structurale d'oligopeptides pour lesqueis on sait 
que les angles dii.dres J, et 4 peuvent varier de - 180" a +180°. Dans un premier temps, et c9est 
i'objet de cet article, il est ntcessaire de deter- 
miner de f a ~ o n  prCcise le champ de force d'un 
peptide simple, et de vCrifier si ce champ de force 
permet de rendre compte de f a ~ o n  satisfaisante 
des spectres de vibration de deux composCs de 
formule voisine mais de conformation diffkrente, 
tels que la glycylglycine et son chlorhydrate. 

On sait en effet que si les plans carboxylique 
et peptidique sont pratiquement confondus dans 
le cas de la glycylglycine forme cristalline a 

'A qui la correspondance sera adressee. 

(+, = - 156.5") (6) ils sont presque perpendicu- 
laires pour son chlorhydrate (4, = -79.6") (7). 

Effectuer un calcul de modes normaux de 
vibration suppose toujours au dCpart une ex- 
cellente interprktation des spectres de vibration. 
Nous avons pour cela CtC amenis a synthktiser 
plusieurs derives deutCriCs ~Clectivement sur ler 
diffkrents groupements fonctionnels de la glycyl- 
glycine, ainsi que le dCrivC marquC a l'azote 15 
sur l'azote pept~dique. La liste des composCs que 
nous avons CtudiCs et les notations que nous 
avosls utilisCes pour les dCsigner sont donnCes 
dans le tabieau 1. 

Me'tl~ode de synthPse 
La mCthode gCnCrale de synth&se employte 

utilise la rCaction entre l'ester benzylique de la 
glycine (gly-OBzl) et le benzyloxycarbonyle de 
glycine CBz gly. Ces composCs ont CtC prCparCs 
respectivement suivant les mCthodes de Cipera 
et Nicholls (8) et de Bergmann et Zernas (9). Le 
couplage peptidique est rCalisC par la N,N-di- 
cyclohexyl carbodiimide (10). Le dCblocage des 
fonctions ternlinales est effectuC en une seule 
Ctape en utilisant HBr en milieu acCtique (1 1). 

Les diffkrents dCriv6s isotopiques CD, de la 
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DESTRADE E T  AL.: VIBRATION DE LA GLYCYLGLYCINE E T  SES DERIVES 2591 

TABLEAU 1 Der~ves lsotoplques de la lnfluenctes par ia conformation, nous nous som- 
glyc,lglyc~ne que nous avons e tud~is  

- -- - - - - 

mes intCressCs uniquement 2 la rkglon 1700-200 
- 

-- - - - - - - cm-' ; notons cependant la frtquence de la vibra- 
H,h-CH,-CONH-CHZ-COO- ( d o )  tioil ainide A:  3288 cni-' sur le spectre de la 

diglycine forrne a et 3277 e m - '  pour son chlor- 
H ~ ~ - C H ~ - C O " N H -  CH2-COO ( d o  ' 'N) 

hydrate. 
D,G-CH,-COND-CH,--COO- ((i,) 

D,N-CH,-CO1'ND-CH,-COO ((1, "N) 
t 

H,N-CD2-CONH- CH,-COO- ( ( I , , )  

D,N-CD,-COND-CD,-COO (d,) 
- - - - 

glycylglycine (tableau 1) ont Ctt synthCt~sks en 
ut~lisant  sulvant le cas gly Bzl et CBz gly hydro- 
gCnCs ou deuttrlts sur le carbone Ces derniers 
con~pos t s  ont t te obtenus a p a r t ~ r  de glycine CD, 
(ennchlssement en deut t r iu~n de 9 5 7 )  prCparCe 
sulvant la mtthode de Gunther et Bonhoeffer 
(12). Pour la glycylglyclne "N, nous avons ut111sC 
gly 0Bz1 I5N ( I  3) (ennchlssement en "N de 96'7). 

(I) Interprktstion ales spectres de vibration de 
Ba glycylglyei~e et de son chlorhydrate 

A 196tat solide 

Ees spectres infrarouge des glycylglycines cc 
sont reprksentCs sur la fig. 1, ceux des chlor- 
hydrates sur la fig. 2 ;  iis ont i t6 enregistrks entre 
4000 et 200 em- '  l~aide  d'un spectrornetre 
Perkin-Elmer 225 etalonne a l'aide de diffirents 
gaz de reference. La precision des lectures est de 
l'ordre de + 1 cm-'  pour une bande fine. k e  
spectre Waman de la glycylglycine cfo (fig. 3) a CtC 
rialist a l'aide d'un spectronietre Raman Coderg 
type PH! equip6 d'un laser rouge He Ne. Sur les 
tableaux 2 et 3> nous avons report6 l'interprkta- 
tion des glycylglycines do et ci,12 nous centi-erons 
la discussion sur le seul dCrivt 4. 

L'attribution a CtC faite en utiiisant la notion 
de  vibration de groupe; dans le cas particulier du 
groupement CONH, les notations habituelles 
amide A et amide 1 a VII ont CtC conservees. 

kes vibrations de valence v(XH) n'ktant pas 

( A )  Analyse ~~ibratiotinelle de la g l ~ ~ c ~ ~ l g l j ~ c i n e  
forr91e a 

L'attribution de l'ensemble des absorptions 
comprises entre 1700 et 1400 cni-' se dCduit 
tres facilemeiit de la colnparaison avec les 
spectres de la glycine el du N-mCthylacCtaniide 
(NMA);  elle est donnee dans le tableau 2. 

RPgiorz 1400-1200 ctn- ' 
Dans ce domaine doivent apparaitre, outre la 

vibration aniide 111; les vibrations de groupe 
w(CH2) et t(CH,). Les trois mouvements Ctant 
susceptibles d'interagir les uns avec les autres, 
I'interprttation de cette region 11Ccessite I'analyse 
prkalable des deri~,Cs d e ~ ~ t e r i t s  selectivement sur 
les carbones C, ou Cp. 

Dans le derive deutkrik sur les carbones C, et 
C,, (f4,4. une seule bande est observee a 1328.5 
c m  (fig. I ) :  elle correspond sans anibiguite h 
la vibration amide 1 1 1 .  + 

Le spectre infrarouge du dCrivC H,NCD,- 
COIYHCH,C001 jd,,) presente deux absorp- 
tions intenses a 1334 et 1298 cm- '  alors que l'on 
attend trois vibrations (amide 111, w(CH ) et 4 
t(CH,)pj. Le mouvenient t(CH,) est en general 
situe autour de 1260 c i ~ i - ~  (15); une faible ab- 
sorption existe 9 cette frtquence, nous lui attri- 
buons t(CH2)e. Daiis Ie spectre du dtrivC 

D ,~ \~CIS ,CONHSCH,C~~-  d n0apparait 
qu9une absorption intense a 1313 cm-' ,  11 s'agrt 
done de W ( C H , ) ~  On peut penser que les deux 
bandes a 1334 et 1298 ~111- ' du dCrivC C,, sont 
dues aux moukements anllde %I1 et W(CW,)~ en 
inttraction + 

En ce q u ~  concerne le dCrik6 H,NGH,CONH- 
CD,COO- (dZl i ) ,  on attend dans le domaine 
de frkquence 1400-1 200 cm- ' les klbrat~ons 
w(CH,),, t(CH,), et anilde IHI Effectivement on 
observe trois absorpt~ons a 1388. 1336 et 1263 
cm- '  (fig 1 )  Dans le cas de la glyc~ne, nous 
avons montrk que les moukements t(CH,) et 
r,(NH,) sont couplts, ce qui explique 19abaisse- 
lnent de friquence important de !a vibration 

2Pour ['interpretation des autres derives ttudiks, cf .  3La faible bande vers 1310 cmr '  correspond vrai- 
(14) et le tableau 4. semblablement a un reste 3e dCri~e hydrogCnt. 
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DESTRADE E T  AL.: VIBRATION DE LA GLYCYLGLYCINE E T  SES DERIVES 

FIG. 1. Spectres infrarouges de 1700 a 200 cm-' des glycylglycines do, d,,, d,,, d,,,, d4, d6., ds8 et d, dans la forme 
cristalline a. 
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DESTRADE E T  AL.: VIBRATION DE LA GLYCYLGLYCINE ET SES DERIVES 2595 

Gly Cly solid.? fonne a 

I I I I I 1 I 1 
1700 1400 1200 1000 800 6W COO em-1 

FIG. 3. Spectre Raman de la glycylglycine dans la forme cristalline a. 

et situts respectivement a 1388 et 1263 cm-I puisque c'est le dtrivC substituC a I'azote 15 sur 
+ 

(tableau 2); en effet dans le composi D3NCH,- 
CONDCD,COO- (dsP), la vibration w(CH,), 
est abaisste a 1357 cm de la m&me inanikre 
que dans A Gly MA N-deutCrit (15). 

Nous sommes maintenant en mesure d'analy- 
ser le spectre de la glycylglycine do. Par analogie 
avec le dCrivC dZp, nous faisons correspondre le 
mouvement w(CH,), la bande 1388 cm-I. 
Deux absorptions sont relevtes B 1252 et 1233 
cm-I, dues aux deux vibrations amide I11 et 
t(CH&; la substitution de I'azote peptidique 
14N par I'azote "N les perturbe de la mEme 
f a ~ o n  (tableau 2), rious ne pouvons donc pas 
pricker davantage leur interpritation. Des deux 
bandes B 1337 et 131 1 cm-l, la premikre, peu in- 
tense sur le spectre Raman (fig. 3), se dtplace a 

1280 cm-' dans le dirivC D,NCH,CONDCH,- 
COO- (d,), il s'agit donc de t(CH,),; l'autre 
correspond a W(CH,)~. Notons que cette der- 
nikre se trouve a la m&me frequence que dans le 
dCrivC d,, ce qui traduit, dans ce cas particulier, 
I'absence de couplage avec la vibration amide 111. 

RPgion 1200-1000 cm-I 
Quatre absorptions sont observies a 1157, 

1134, 1097 et 1040 cm-' et l'on attend, outre les 
mouvements r,,(NH,) et r,(NH3), les deux ab- 
sorptions v(CN), et V(CN)~.  La vibration a 1097 
cm-I prisente l'effet isotopique 14N -+ "N le 
plus important (tableau 2), elle est due B v(CN), 

- 
le groupement peptidique que nous avons ttudit. 
Par analogie avec la glycine, nous attribuons les 
trois autres absorptions dans l'ordre a r ,(NH,),  
r,(NH3) et v(CN), (tableau 2). 

RPgion 1000-800 cm - 
Dans ce domaine doivent apparaitre les deux 

vibrations v(CC) et les deux vibrations r(CH,). 
Effectivement quatre bandes sont observCes a 
1001, 964, 918 et 900 cm-' (fig. 1). 

Les deux premi6res ne sont pas modifiCes par 
la deutkriation sur le carbone C,; celle a 964 
cm-I Ctant la plus intense en Raman (fig. 2), 
nous l'attribuons a v(CC)~;  la bande a 1001 
cm-I correspond a r(CHJB 

Des deux absorptions B 918 et 900 cm-I, seule 
la deuxikme est visible sur le spectre Raman, elle 
est due a v(CC),, I'autre a r(CH,),. 

Rkgion 800-400 cm-I 
Nous avons not6 dans le cas de la glycine que 

la vibration t(NH,) n'est visible q,ue sur le spectre 
B froid; il en est de m&me pour la glycylglycine 
(tableau 2) et nous localisons cette vibration B 
440 cm-'. 

Les mouvements 6(C00) et amide V sont at- 
tendus autour de 700 cm-'; deux absorptions 
apparaissent a 734 et 710 cm-' (fig. 1) mais, 
comme elles prCsentent toutes deux un effet iso- 
topique 14N -+ 15N voisin, il n'est pas possible 
de les distinguer. 

Les quatre absorptions relevies a 663, 592, 585 
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TABLEAU 4. Attribution des vibrations de la glycylglycine et de ses derives isotopiques 

Attribution* do d2 a d2 D d4.a d4 d6 d6 13 
-- -- 

amide A 3288 3288 3288 3288 2434 2434 2434 

amide I 1650 1653 1649.5 

Sd(NH3) 1629 1629 1626 1627 
v a ( c o 0 )  1605 1599 1606 1598 
Sd(NH3) 1575 1573 1574.5 1573.5 
a m ~ d e  I1 1532 1541 1539 1541.5 
Ss(NH3) 1482 1481 1479 1479 
6(CH2)= 1051 1442 1053 
6(CH2)p 1445 1049 - 

vs(CO0) 1406 1404 1409 1409 
w(CHz)= 1388 925 1388 92 1 
t(CHz), 1337 910 1336 895.5 
w(CH2)p 1311 1334 949 - 

amide 111 1252 1298 1263 1328.5 
t(CH,)p 11233 - 928 - 

r,,(NH3) 1157 1207 1157 1208 
rL(NH3) 1134 1227 1127 1227.5 
v(CN)p 1097 1086 1076 1078.5 
v(CN), 1040 1136 1017 1151.5 
r(CH21, 1001 999.5 - 947 
v(cC)13 964 960.5 867 867.5 
r(CH2), 918 803 909 803.5 
v(CC), 900 886 887 878.5 
S(CO0) 
amide V { 1;; 1 7 0 4  I 7 0 1  
r(CO0) 663 657 649 642.5 
amide I V  et VI 592 561.5 544.5 
~ ( c 0 0 )  585 589 
amide I V  et VI  532 496 536 48 1 

::s { 526 

t(NH3) 440 430 -430 -430 
( 400 399 400 397 

6 squelette i :sn 309 310 306 
226 226 228 

*Les notations sont donnCes pour le derive do.  

et 532 cm-' correspondent aux vibrations amide 
IV et VI et aux vibrations de dkformation 
y(CO0) et r(CO0). Des deux bandes a 663 et 
592 cm-' plus particuli6rement sensibles a la 
deuttriation sur le carbone P, c'est la seconde 
qui subit l'abaissement de frCquence le plus im- 
portant; nous l'attribuons, comme dans le cas 
de la glycine, a y(CO0); l'autre est due a 
r(CO0). Les absorptions a 585 et 532 cm-' se 
diplacent a 561.5 et 496 cm-' dans le dtrivC 
d,,, il s'agit des vibrations amide IV et VI. Ces 
deux bandes prtsentent pratiquement les memes 
caractCristiques spectroscopiques, une attribu- 
tion plus fine est donc impossible actuellement. 

Rkgion 400-200 cm-  ' 
I1 nous reste a situer quatre vibrations de dC- 

formation et quatre de torsion. Le domaine spec- 
tral que nous avons CtudiC est limit6 a 200 cm-'; 
dans la zone 400-200 cm-', trois raies intenses 

sont observtes sur les spectres infrarouge et 
Raman (figs. 1 et 3), elles doivent donc corres- 
pondre a trois vibrations de squelette. Les autres 
modes se trouvent vraisemblablement a une frt- 
quence infkrieure a 200 cm-'. 

Les attributions de tous les dCrivCs isotopiques 
CtudiCs sont rCcapitulCes sur le tableau 4. 

(B )  Discussion du spectre de cibration du 
chlorhydrate de g l y c ~ ~ l g l ~ ~ c i n e  

Par rapport B la glycylglycine forme rx, le 
chlorhydrate cristallisC prtsente deux difftrences 
importantes susceptibles de perturber les spectres 
de vibration: valeur de l'angle 4, (fig. 4); liaisons 
intermoltculaires en raison de la substitution du 
groupement COO- par un groupement COOH. 

Ces modifications concernent essentiellement 
la partie -NHCH,COOH de la moltcule. Au 
contraire, les angles 9 sont tr6s voisins (6, 7);  
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DESTRADE ET AL.: VIBRP,TION DE L >A GLYCYLGLYCINE ET SES DERIVES 2599 

FIG. 4. Conformation de la glycylglycine forme cc (a) 
et du chlorhydrate de glycylglycine a l'etat solide (b)  (con- 
ventions IUPAC-IUB (18)). (u) v1  = - 148.7", & = 

-156.SG, vz  = 169.7"; (b) v1 = - 162.1°, + 2  = -79.6", 
v z  = 176.8'. 

aussi I'attribution de la plupart des vibrations du 
+ 

groupement H,NCH,CO- se dCduit-elle de 
celle proposCe pour la glycylglycine. 

Nous discuterons donc principalement des 
mouvements mettant en jeu la partie -NHCH2- 
COOH de la rnolCcule l'exception des vibra- 
tions de valence du groupement carboxylique 
qui sont a des frequences tres proches de celles 
relevies sur le spectre du chlorhydrate de 
glycine (1 6). 

Vibrations alnide I1 et I11 
Les vibrations amide I1 et anlide 111 sont ob- 

servCes sur le spectre du chlorhydrate a des frC- 
quences beaucoup plus ClevCes que pour la gly- 
cylglycine. On sait que ces modes lnettent en jeu 
les coordonnees v(CN) peptidiques et 6(NH) (17) 
qui sont trks sensibles a la force des liaisons inter- 
molCculaires; leur frequence peut aussi varier 
avec I'angle 4,. Nous lie pouvons pas, B ce stade 
de notre Ctude, siparer l'effet respectif de ces 
deux parainktres sur la position de ces vibrations. 

R6gio11 1400-1300 cnz- ' 
En utilisant les mElnes criteres d'attribution 

que pour la diglycine forlne a ,  nous localisons la 
vibration W(CH,)~ B 1347 cm-'. Nous expli- 
quons la frequence ClevCe de ce mode par un 
couplage avec &(OH) comparable a celui observC 
dans le cas du chlorhydrate de glycine (16). 

Rggiot? 800-400 em - 
Par analogie avec le chlorhydrate de glycine 

(16), nous attribuons I'absorption a 707 cm-I a 
la vibration 6(CC--0). Trois bandes sont encore 
visibles a 589, 560 et 537 cnl-' alors qu'on attend 
les vibrations amide IV et VI, 6(CC-0) et 
y(C=O). Les deux absorptions a 560 et 537 cm-' 
sont surtout influencees par la deutkriation sur le 
carbone C,, nous les attribuons donc aux vibra- 
tions aniide IV et VI. La bande 2 589 cm-l ,  peu 
dCplacCe dans les dCrivCs d,, et dzD,  est vraisem- 

blablement due a S(CC-0). Enfin la vibration 
y(C=O) n'est vue que dans le dCrivC d,,, a 540 
cm-' (fig. 2). 

(11) Champ de force de valence de la 
glycylglycine et de son chlorhydrate 

Les coordonnees de groupe utilisies sont celles 
de la glycine ou de son chlorhydrate pour les 

+ 
groupements NH,, CH, et COO- ou COOH, du 
N-mCthylacCtamide (NMA) pour le groupement 
CONH; ces dernikres sont rappelees dans le 
tableau 5. 

Les longueurs, angles de liaison et angles di6- 
dres $,, $, et $, proviennent de resultats cris- 
tallograph~ques (6, 7). NCanmoins, comme dans 
le cas de la glycine et du NMA (17), tous les 
angles autour des atomes C, ,  N ,  et C, ont CtC 
supposes tetraedriques, ceux autour des atomes 
C, et N, egaux a 120'. 

Nous prCsenterons tout d'abord la recherche 
du champ de force de la glycylglycine forme a 
puis celle de son chlorhydrate. 

( A )  Recl~erclie du cha/?ip de force de la 
glycylglj~cit~e forvrze a 

Nous avons effectuC un premier calcul en 
transferant les champs de force de la glycine (1) 
et du NMA (17); I'accord entre frtquences cal- 
culCes et expkrimentales est relativement bon (14). 
Nous avons vkrifie Cgalement que les reparti- 
tions d'knergie potentielle sont souvent en bon 
accord avec I'interprCtation proposCe. NCan- 
moins les effets isotopiques calcules ne sont pas 
toujours satisfaisants; pour se rapprocher des 
valeurs experimentales, i l  a CtC necessaire d'in- 
troduire quelques constantes de force d'inter- 
action sptcifiques de ce peptide. 

Vibrations amide 11 et II' 
D'apres les rksultats de ce premier calcul, on 

observe un melange tres important des mouve- 
ments amide I1 et II', 6(CH2), et 6(CH,)p dans 
les dCrivCs d ,  et c l , ;  ceci est en contradiction avec 
la valeur de I'effet isotopique 15N observe 
(tableaux 2 et 3). L'introduction des interactions 
f lv(cN), ~(CHZ),I  et f lv(CN), 6(CH2IB I permet 
un meilleur accord avec les donnCes experimen- 
tales. 

Vibration alnide III 
L'interprCtation des spectres suggere un cou- 

plage entre les coordonntes S(NH), w(CH,), et 
W(CH,)~,  couplage confirme par le calcul. Nean- 
moins pour mieux rendre compte des frequences 
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TABLEAU 5 .  Coordonnies de groupe du groupement CONH et du squelette de la glycylglycine 
.- 

' x ,  et x 2  correspondent respectivement a la sortie hors du plan de I'atorne 0, et H,. 
t r ,  a T~ sont definis cornrne &ant la somme de tous les angles dikdres autour de la liaison consider&. 

dans les dtrivts substituts par le deuterium, i l  a 
CtC ntcessaire de tenir compte des inttractions 
f lG(NH), w(CH,),I et f IG(NH), W(CH,)~I. 

Vibratior~s de squelette 
Les deux modes mettant principalement en jeu 

les coordonntes V(CC)~ et V ( C N ) ~  sont calcults 
a des frtquences trop elevees (14); I'examen 
des rtpartitions d'tnergie potentielle montre 
qu'y participent tgalement les coordonntes 
G(C,C,N,) et G(C,N,C,). L'introduction des 
intkractions f ~ V ( C C ) ~ ,  G(C,N,C,)I et f ~ V ( C N ) ~ ,  
G(C,C2N,)/ permet d'ajuster les frtquences et 
en m@me temps d'amtliorer les effets isotopiques 
calcults. 

Par raison de symttrie, nous avons tgalement 
pris en considtration I'intCraction f lv(CC),, 
G(C2N,C,) 1. 

Vibrations amide ZV et VI 
Nous venons d'attribuer sans les distinguer les 

vibrations amide IV et VI a 585 cm-I et 532 
cm-I dans le dtrivC (I,. 

Deux types de champ de force ont CtC essayts, 
correspondant aux deux interprttations pos- 
sible~. Si la vibration amide IV est calculCe vers 
585 cm-l, elle prCsente un effet isotopique 
Av(d, - d,,) trks faible alors qu'expkrimentale- 
ment il est de 26 cm-I; de la m&me manikre, 
I'effet Av I5N calcult est trop grand. L'autre 
solution nCcessite l'introduction d'une nou- 
velle inttraction : f 16(C=0), G(N,C,C,) / mais, 
comme elle permet de bien rendre compte des 

effets isotopiques observts, c'est elle que nous 
avons retenue. 

RafJir.2 ement 
Nous avons raffint 21 constantes de forces 

principales et 14 constantes de forces d'inttrac- 
tion a partir de 190 frtquences expirimentales 
correspondant aux dCrivts do, d,, d,,, d2? d,,p, 
d,, et dsP Les valeurs obtenues sont groupees sur 
le tableau 6. L'tcart entre nombres d'ondes cal- 
cules et observts est alors de 0.75% en moyenne. 

(B) Champ de force du cchlorlzydrate 
de glycylglycine 

L'Ctude du chlorhydrate de glycylglycine nC- 
cessite la connaissance du champ de force du 
groupement COOH; celui-ci a CtC dkterrnint dans 
de bonnes conditions dans le cas du chlorhydrate 
de glycine gr2ce B l'utilisation de la substitution 
l60 + ''0 (14). 

Ce champ de force et celui de la glycylglycine 
forme sl ont ett  appliquts B la gtomttrie rtelle 
du chlorhydrate de diglycine. Les frtquences cal- 
cultes sont indiqutes sur le tableau 7. D'une 
facon gCntrale, l'accord avec les frtquences ob- 
servCes est bon sauf en ce qui concerne certaines 
vibrations impliqutes dans des liaisons hydro- 
gknes. Une simple perturbation des constantes 
de forces principales correspondantes permet de 
se rapprocher des donnCes exptrimentales; ce- 
pendant pour mieux rendre compte des frt- 
quences des vibrations amide I1 et 111, il a CtC 
ntcessaire de tenir compte de l'intkraction 
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TABLEAU 7. Cornparaison des frequences calculees et expkrimentales du chlorhydrate de glycine do a I'ktat solide 

v (cm-') v (cm-') 

Attribution Exp. Calc.* Ca1c.t Attribution Exp. Calc.* Calc.? 

amide A 
v(C=O) 
amide I 
&'(NH3) 
6,(NHa) 
amide I1 
&(NH3) 
6(CHdZ 
6(CH2), 
v(C-0) 
w(CHd, 
w(CH,)p 
t (CHJm 
amide 111 
~(CH,)I, 
&(OH) 
r(NH3) 
r(NH3) 

ViCN), 
viCN1, 
r(CH=), 
r(CH2), 
?(OH) 
v(CC), 
v(CC), 
6(C=O) 
amide V 
6(CC--0) 
amide IV et VJ 
y(C=O) 
amide IV et VI 

6 squelette 

*Frequences calculees i partir d 'un champ de force transfere de la diglycine forme .I et du chlorhydrate de glycine. 
+Frequences calculees a partir du  champ de force final. 

f IG(NH), v(CN)l; comme le montre le tableau 4,  3. Y .  TITAKA. Acta Cryst. 13, 35 (1960). 

cette constante de force est tr?s faible. 4. Y. IITAKA. Acta Cryst. 14, 1 (1961). 
5 .  P. G.  JONSSON et A. KVICK. Acta Cryst. B28, 1827 Par contre les frCquences calcultes des modes (1972), 

sensibles a la conformation moltculaire (15): 6, H, c, FREE MA^ et G, L. PAUL, Acts Cryst, B26, 925 
vibrations de s~uelet te  dans la rtgion 1050-850 (1970). 
cm-l,  amides iV et V dans la rigion 750-500 7. H .  KOETZLE et W. C. HAMILTON. Acta Cryst. B28, 

2083 (1972). cm-'> sent tr's proches des frCquences observCes' 8, J, D ,  CIPERA et R, V, V, NICHOLL~, (-hem, Ind, 16 
Nous avons verifiC que de la m&me manikre, les (1955). 

\ ,  

effets isoto~iclues NH + ND ou CH + CD cal- 9. M. BERGMANN et L. ZER\AS. Ber. Deutch Chem. 
A A 

cules mettant en jeu ces modes sont en bon accord Ges. 65, 1192 (1932). 

avec les rtsultats exptrimentaux. 10. GRAZZ. Chim. Ital. 94, 322 (1964). 
11. D.-BEN-ISHA. Contribution from the Weitzrnann 

Ceci montre donc que les variations de frC- Institute of Science (1953), 
quences observtes entre deux conformkres pro- 12. G.  G ~ ~ N T H E R  et K. F. BONHOEFFER. Z. ~ h y s .  Chem. 
viennent essentiellement, pour les vibrations ne AXSO, 187, (1937). 

mettant pas en jeu de liaison hydrogkne, des 13. SALZBERG et SUPNIEWSKI. Org. Synth. 21, 119 (1941). 
14. C. DESTRADE. These Bordeaux. CNRS A 0  5482.1973. modifications gComttriques (done de et 15. Y .  KOYAMA et J. SHIMAKOUCHT. Riopolymers, 6, 

qu'en premikre approximation on peut admettre 1037 (1968). 
que F est constant quel que soit le domaine 16. B. DUPUY. These Bordeaux. A 0  1275. 1967. 

angulaire CtudiC. 17. M. REY-LAFON, C. GARRIGOU-LAGRANGE et M. T. 
FOREL. Spectrochim. Acta, 29A, 371 (1973). 

1. C. DESTRADE, C. GARRIGOU-LAGRANGE et M. T. 18. Commission on biochemical nomenclature IUPAC- 
FOREL. J. Mol. Struct. 10, 203 (1971). IUB. J. Mol. Biol. 52, 1 (1970). 

2. C. DESTRADE, M. T. FOREL et C. CARRIGOU- 
LAGRANGE. C. R. Acad. Sci. 273B, 376 (1971). 
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CinCtique de I'interaction de I'inosine avec le [Pt(clien)Br]Br 

JEAN-YVES SEGUIN, PI-CHANG KONG ET MIKLOS ZADOR 
Dkpartement de chinzie, U~~ivers i tk  rle MontrPal, C.P. 6210, Succursule A ,  Montr4n1, QliPbec H3C 3V1 

R e ~ u  le 28 janvier 1974 

JEAN-YVES S~GUIN, PI-CHANG KONG et MIKLOS ZADOR. Can. J. Chem. 52, 2603 (1974). 
La cinetique de la substitution du [Pt(dien)Br]+ par l'inosine dans l'eau a etP Ptudiee. Les 

ions bromure inhibent fortement la reaction tandis que l'ordre par rapport a I'inosine est plus 
petit qu'un. Ces resultats sont en accord avec un mecanisme impliquant un complexe interme- 
diaire du platine, [Pt(dien)H,O]Z+, et une contribution relativement faible du mecanisme 
SN2. Les paramitres cinktiques correspondants ont Cte determines et sont discutes. 

JEAN-YVES S~GUIN,  PI-CHANG KONG, and MIKLOS ZADOR. Can. J. Chem. 52, 2603 (1974). 
Kinetics of s~~bsti tution of [Pt(dien)Br]+ by inosine in water has been investigated. The 

reaction is strongly inhibited by bromide ions, while the order with resect to inosine is smaller 
than one. These results are in agreement with a mechanism via an aquo-intermediate, [Pt(dien)- 
H,0I2-  and also with a relatively slnall contribution of the S,2 path. The kinetic parameters 
have been determined and are discussed. 

La  cinCtique de subst~tution de complexes du 
Pt(T1) a fait l'objet de nornbreux travaux. Pour 
les reactions du type PtA,X + Y + PtA,Y + X, 
on admet gCnCralement le rnicanisille de  Basolo 
et Pearson (l), qui en presence d'un exces de 
ligand conduit a l'expression suivante pour la 
constante de  vitesse experimentale 

[1I k,,, = Ic, + ky[Y] 

Dans 1'Cq. I k ,  reprtsente la constante de 
vitesse de  la voie rCactionnelle S,2 et /<, est at- 
tribuC au deplacement de X par le solvant, suivi 
par  une rCaction rapide avec Y. Ce mCcanisme a 
CtC vkrifie dans plusieurs cas, avec en gtntral, une 
contribution prCpondCrante de la voie S,2 (2-6), 
mais avec peu de risultats quantitatrfs concer- 
nant la voie impliquant le solvant. 

L'interaction des sels du Pt(I1) avec les nuclCo- 
sides a fait I'objet rCce~nment de plusieurs travaux 
(7-9). Ces Ctudes ont CtC initiies par la decouverte 
montrant que le dCveloppement des tumeurs 
cancereux est inhibC par les sels du Pt(I1) (10); 
une explication possible de ce phCnonii.ne serait 
l'interaction du Pt(I1) avec I 'ADN. 

Dans un effort pour elucider le mecanisme 
d'interaction du Pt(I1) avec les nucltosides, nous 
avons, dans le present travail, entrepris I'Ctude 
d'un systi.me modele, soit la substitution de 
[Pt(dien)Br]Br (ou dien = diithylene triamine) 
par I'inosine (In) conduisant a un seul produit 
[Pt(dien)InjZt. Comme dans les systemes bio- 
logiques on est en presence d'ions halogCnures, 
l'influence de I'ion Br- sur la cinttique a CtC 
CtudiCe quantitativement. 

LES i .Pa~f i f~  
L'inosine est u n  produit Raylo Co. Le [Pt(dien)Br]Br a 

ete prepare selon la methode de Mann (11). Le KBr 
utilise provicnt d'Anachernia (Reagcnt Grade). LC solvant 
utilisk est l'eau distillie. 

L,e produif 
L'identification du  produit est facilitie par le fait que 

seul l'ion bromure du complexe est substitue pendant un 
temps de reaction raisonable (3). Le problenie a resoudre 
concerne le site de coordination de l'inosine. 

Malheureuse~nent le produit de la reaction n'a pas pu 
ktre isole; par evaporation du solvant on obtenait les 
rtactifs de depart comme c'etait le cas du complexe du 
[Pt(tripy)Br]Br avec la pyridine (3). Le produit a CtC ob- 
tenu en solution dans le D,O en mklangeant l'inosine et le 
[Pt(dien)Br]Br dans un rapport 1 : 1. L'etude de cette 
solution par r.ni.n. indique la disparition complete des 
protons de I'inosine libre (Ha,  H z )  et l'apparition de deux 
pics nouveaux. Le proton H, subit un leger deplacernent 
(0.17 p.p.m.) vers les champs faibles, tandis que H, subit 
un deplacernent beaucoup plus prononce (0.5 p.p.m.) dans 
la meme direction. Ce dernier proton est couple en outre 
au L95Pt, dont l'abondance dans le Pt est de 33%; comme 
consequence on obtient un triplet 1 : 4 :  1 .  Par deutiration 
en position H,, ce triplet disparait. Ceci suggere forte- 
ment que la liaison se fait au voisinage de H,, soit en 
position N,. C'est le cas egalement des complexes de 
I'inosine avec le Pt(NH,),CI, et le Pt(en)Cl,, qui ont pu 
Ctre isoles et caracterises (8). 

Ribose 
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D'apres les rtsultats qualitatifs de Rosenberg et a/. (71, teur de I'ion bromure IibCrk et l'hypothkse a kt6 
obtenus par spectrophotomCtrie u.v., il semble que l'inter- verifiee en ktudiant 13influence de K B ~  a j o u t ~  sur 
action en position 1 soit aussi possible. Toutefois, ces 
auteurs ont utilise un grand exces de cis ou de trans 

la constante de vitesse expkrimentale d'ordre un, 
Pt(NH,),CI, par rapport B I'inosine et dans ces conditions kexp ; la fig. 1 montre que l'ion Br- inhibe forte- 
on peut avoir coordination a plus d'un site du ligand. ment la reaction. 11 faut noter qu'en prk~ence 
Dans notre cas, avec un rapport [Inosinel/[Ptl 2 1, d'un excgs de KBr l'ordre un est bien respectk. 
I'interaction en position 1 n'etait pas dicelable par r.m.n. ~ ' i ~ f l ~ ~ ~ ~ ~  de la collcentration en inosine a 
Finalement, la position N, n'est en general pas complexee 
par les metaux, dO probablelnent a I.encombrement CtC Ctudiee. La fig. 2 montre que la variation de 
sterique du groupe ribose. k,,, rs. [In] ne suit pas 1'Cq. 1 et qu'il y a une 

courbure nette impliquant un mCcanisme plus 
MPthode exptritnentale 

La substitution donne lieu j la liberation de Br- et c0mp1exe que celui 
s'accompagne de l'augmentation de la conductance qui a Pour expliquer ce comportement, il faut ad- 
e t t  enregistree en fonction du temps. Les rtactifs thermos- mettre que la voie reactionnelle, faisant intervenir 
tates ont ete melanges dans la cellule de conductivit6 1, diplacement du Br par le solvant devient pr& 
(Metrohm EA 645-05) elle-mCme plongte dans le bain pondCrante les et [6]: 
thermostate; le nielange reactionnel a ete agite au moyen 
d'une barre magnetique. Le conductimetre a lecture di- k  I 
recte ~~t i l i se  est dkcrit dans la litterature (12); pour les 151 [pt(dien)Br]+ + H,O = [ P ~ ( ~ ~ ~ ~ ) H ~ O I Z +  + B ~ -  
besoins specifiques de cette etude il a Cte muni d'un dis- k - ~  
positif permettant la compensation de la conductance 
initiale de la solution, augmentant ainsi la gainme d'utili- k2 
sation de I'appareil en presence d'un electrolyte tel KBr. [61 IPt(dien)H2012+ + In -> IPt(dien)In12+ + H z 0  
En absence d'inosine la variation de conductivite etait 
negligeable. En appliquant 1'Ctat stationnaire pour l'inter- 

La constante de vitesse expirimentale, en presence d'un mCdiaire aquo, on obtient l'iq. 7 
exces d'inosine a e t t  obtenue graphiquement a partir de 
l'equation integree d'ordre un 

c71 
Vitesse de rCaction 

P I  In[(S, - So)I(St - So)] = kt 
= [Pt(dien)Brli 

oh So ,  S, et S,reprtsentent le signal enregistre aux temps - - k,k, [In] 
0, t et infini respectivement. I<- ,[Br-] + k,[In] 

Dans certaines experiences oh le graphe de 1'eq. 2 
prisentait une courbure, dOe I'inhibition par l'ion Br- On Peut voir akkment que ce mkcanis~lle 
forme, qui etait apparente surtout en absence de KBr ~- 

ajoute k,,, a ete obtenu comme la pente initiale. 
L'influence de la force ionique est relativement faible 

aux concentrations etudiees; elle n'atteint qu'un maxi- ,, 
mum de 12% sur la constante de vitesse aux plus fortes 

l d  kq 

concentrations comme l'indiquent les experiences realisees 
en presence de KNO,. Cornme par ailleurs I'erreur expkri- 
mentale augmente rapidement en presence de sel inerte dO 
a la methode experimentale utilisee, la force ionique n'a 
pas ete maintenue constante. 

RCsultats et discussion 

.- 
La reaction de substitution se fait d'apr6s les 4 

Cqs. 3 et 4 
tres rapide 

[3] [Pt(dien)Br]%r A [Pt(dien)Br] + + Br- 

[4] [Pt(dien)Br]' + In i- [Pl(dien)lnI2+ + Br- 
2 .  

En prCsence d'un excgs d'inosine, i.e. [In] >> 
[Complexe], on observe un ralentissement de ia 

i 

-1 
-1 

% 
. 

rtaction en fonction du temps par rapport B une o s 10 
15 

cinetique d'ordre un par rapport au complexe de 104 [B,-] , m 

d C ~ a r t ;  ceci se manifeste par une cOurbure des FIG, 1, rinfluence de ]'ion bromure sur la constante 
droites d'intkgration (c.f Parlie experimentale). de "itesse experimentale. T = 50 OC; [ I ~ ~ ~ ~ ~ ~ I  = 2 . j  x 
Le ralentissement a CtC attribuC a l'effet inhibi- M. 
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SEGUIN ET AL.: L'INTERACTION DE i L'INOSINE AVEC LE [Pt(dien)Br]Br 2605 

lo2 [I.] , M 

FIG. 2. Influence de I'inosine sur la constante de 
vitesse expbimentale. T = 50 "C;  [Br-] = 4.1 x 
M.  

satisfait qualitativement les rksultats en rendant 
compte de l'inhibition par Br- et I'ordre infkrieur 
a un par rapport a l'inosine. L'equation 7 prCvoit 
une variation lineaire de [In]//c,,, en fonction de 
[Br-1; la pente de la droite devrait &tre k-  ,/k,k, 
tandis que l'ordonnte a l'origine serait [In]/k,. 
En essayant I'interpretation graphique de cette 
maniire, on observe, d'une part, une courbure 
nette des graphes et d'autre part, que 170rdonnCe 
A l'origine n'est pas proportionnelle a la concen- 
tration en inosine. Ceci indique qu'il y a un autre 
terme dont il faut tenir compte; l'hypothise la 
plus satisfaisante iinplique une contribution du 
mecanisme S,2, avec la constante de vitesse 
k,,,. Ceci est Cvidemment en accord avec les 
diverses Ctudes ayant conduit a 1'Cq. 1 (2-6). On 
obtient alors I'tq. 8. 

L'tquation 8 contient trop de paramitres pour 
qu'ils puissent Etre determinis directement par 
une mCthode graphique. On a dfi recourir a une 
mCthode d'itkration utilisant une calculatrice 
Clectronique programmCe. On a choisi en pre- 
miere approximation, une valeur de k,,, voisine 
a k,,, obtenue a concentration en Br- Clevee. En 
soustrayant alors le terme kSN2[In] de k,,,, on 
obtient la contribution du premier terme du 
membre de droite de 1'Cq. 8 dont les paramktres 
peuvent alors Etre d6termint.s par voie graphique. 
Compte tenu de la valeur trop ClevCe de k,,,, les 
valeurs de k,  et k-,/k, obtenues varient d'une 

sCrie d'expkriences a l'autre. En diminuant pro- 
gressivement la valeur de k,,,, on arrlve a des 
valeurs de k,  et k-  ,/k, raisonnablement cons- 
tantes. L'affinement est alors effectue en recalcu- 
lant la constante a l'aide de 1'Cq. 8 et en retenant 
la valeur des paramktres donnant le meilleur ac- 
cord entre k,,, et k,,,, sur l'ensemble des donnCes. 

A 50°C on obtient les valeurs suivantes: 
kSN2 = 2.5 x M - '  sC1, k,  = 1.5 x 
s f1 ,  k-,/k, = 30. Le tableau 1 rCsurne, pour 
diverses series d'expkriences, les constantes de 
vitesse experimentales et calculees. Comme on 
peut le constater l'accord est satisfaisant compte 
tenu de l'erreur experimentale qui est d'environ 
10% en presence de KBr. L'erreur sur k, et 
kl/k2 est aussi d'environ 10%; la valeur de k,,,, 
a cause de la contribution moindre jde 1097, a 
40%) du mecanisme S,2, est evidemment en- 
tachCe d'une erreur plus grande (-2597,). 

La variation de ces parametres avec la tem- 
perature n'a pas kt6 Ctud~Ce, par contre 1'Cnergie 
d'activation globale a CtC determinee. Elle est de 
17.1 1- 0.5 kcal pour un rapport [In]/[Br-] = 

24.3 et 16.9 i 0.5 kcal pour [In]/[Br-] = 60.4. 
Bien que les valeurs obtenues n'aient pas de 
signification univoque, dlie a la complexltC de 
1'Cq. 8, il est quand m&me a noter, qu'elles sont 
suptrieures de 5 a 7 kcal a celles obtenues pour 
k, dans le cas de substitution par SCN- et I-  
(4). 

11 est intkressant de comparer les valeurs de nos 
parametres avec celles provenant d'Ctudes cineti- 
ques independantes et concernant des systkmes 
differents. La valeur de k ,  a 50 "C peut &tre 
calculie A partir des donnies rapporties dans la 
IittCrature pour la substitution de [Pt(dien)Brlf 
par N,- (4) qui repond 1'Cq. 1. L'ordonnCe B 
l'origine a faible concentration en Br-, tend vers 
k,, et la valeur pour 50 "C est de 8.77 x 
rninp1 en bon accord avec notre k ,  = 9.0 x 
lo-' min-l .  

Les rCactions du complexe aquo [Pt(dien)- 
H 2 0 I 2 +  ont CtC CtudiCes par Gray et Olcott (5). 
Avec la pyridine on a une constante de vitesse, 
k, = 1.9 x s-I a 25 "C et B concentration 
en pyridine de 5 x M, tandis que sa reac- 
tion avec I'ion Br- a la m&me concentration, a 
une constante correspondant k-  ,, de 3.5 x 
sC1. On peut diduire de ces valeurs k-  ,/k, = 18 
pour la pyridine, relativement proche de notre 
valeur de 30, compte tenu des differences entre 
les deux bases azotCes el des conditions expCri- 
mentales. 
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TABLEAU 1. Constantes de vitesse experimentales et calculees* 
-- -- 
pep- - 

[Br-] = 2.7 M t  [Br-] = 4.1 M ;  [Br-] = 6.6 lo-" -&!f$. [Br-] = 1.4 M f  
-- -- - - -- 

[In1 k e x p  k c a l c  k e x p  kc,,, kexp k c a ~ c  k e x p  k c a l c  

x l o Z ~  104 S - I  x 104 S - I  x lo4 S-1 x 104 S-' x 104s-1 x 104 S - I  x 104 S-1 x 104 S - I  
. - -- - -- 

0.10 2 . 0  1.87 1.75 1.74 1 .1  1.15 - - 

0.25 4 .2  4.12 3 .4  3.17 2.75 2.69 1 .6  1.55 
0.40 5.75 5.91 4 .6  4.68 4 .4  4.05 2 .4  2.43 
0.50 - - - - 4.8 4.88 3 .1  3 .0  
0.60 9 . 1  7.84 7.25 6.42 6 .2  5.65 3 .6  3.55 
1 .OO 11.2 10.80 9 . 7  9 . 2  8 .3  8 .3  4.15 5 . 6  
1.75 16.5 14.26 13.7 12.86 10.3 11.96. 8 . 2  8.78 
2.50 16.8 17.4 14.0 16.3 16.8 15.5  11.1 12.2 
3 .OO 18.8 19.4 18.8 18.2 17.2 17.4  15.2  14.2 
4.00 20.3 22.6 20.3 21.6 22.7 21 .O 18.3 17.8 
6 .25 24.3 29.0 24.3 28.3 - - 20.0 25.18 

*T = 50 "C; [[Pt(dien)Br]Brl = 2.7 x M: 
tConcentration en Br- provenant de la dissoc~ation du [Pt(dien)Br]Br 
$Concentration totale en Br- comprenant + et KBr ajoute. 

Lavaleur de k,,,, soit 2.5 x M - '  s-I  est 
de  loin infirieure aux constantes de vitesse de la 
plupart d'autres ligands Ctudits, d'ou naturelle- 
ment la prCpondtrance dans notre cas du  mi- 
canisme impliquant le solvant. 

I1 faut souligner qu'une troisieme voie rCac- 
tionnelle, impliquant une rCaction d'ordre un du 
complexe aquo, tel que suggCrt par Gray et 
Olcott (5), peut aussi contribuer faiblement aux 
rCsultats, mais dans nos conditions experi- 
mentales elle sera probablement noyee dans 
l'erreur expirimentale. 

I1 est inttressant de situer 1'Cquation de vitesse 
[8] dans I'ensemble des rCsultats obtenus pour l a  
substitution de [Pt(dien)Br]+. Dans la rnajorite 
des cas, l'tq. 1 est verifiCe; par exemple, les rtsul- 
tats obtenus avec des ligands tels que CNS-,  I - ,  
C1-, N,-, SeCN-, donnent une relation linCaire, 
avec une contribution prCpondCrante du mica- 
nisme SN2 (4). 

Des Ccarts a la IinCaritC de 1'Cq. 1 ont dCjA CtC 
observCs et expliquCs qualitativement en faisant 
intervenir I'intermCdiaire aquo dans le cas du  
ligand NO2-  (6). Le mEme travail a mis Cgale- 
ment en Cvidence une courbure des equations 
intCgrCes attribuCe a I'inhibition par le bromure. 
L a  substitution par la pyridine a CtC Cgalement 
inhibee par l'ion bromure (6 ) ,  bien que les pre- 
miers rksultats concernant ce syst6me ne mon- 
traient aucune inhibition (3), ce qui Ctait pro- 
bablement dQ la haute concentration en pyridine 
et surtout B la faible concentration en ion bro- 
mure utiliskes. 

Dans le cas de la substitution du  trans-Pt- 

(NH,),C12 par la pyridine et l'aniline, Banerjea 
et al. (2) ont constat6 une inhibition par le 
chlorure IibCrC, et, bien qu'ils n'aient pas effectuC 
une Ctude dCtaillCe, ont propost un mtcanisme et 
une equation de vitesse sen~blables a ceux ob- 
serves ici. Enfin, dans le cas de co~nplexes de  
palladium, qui en gCnCral rtagissent par un m i -  
canisme semblable a 1'Cq. l ,  on a pu supprimer 
compl6tement la voie SN2 en utilisant des ligands 
encombrCs, dans le cas du Pd(Et,dien)Br (13). 

En rCsumant, 1'Cquation de vitesse [8] indique 
clairement que la voie rCactionnelle impliquant 
le solvant est loin d'Etre une riaction d'ordre un 
simple tel qu'elle apparait dans 1'Cq. 1.  La  raison 
pour laquelle elle n'a pas CtC vCrifiCe quantita- 
tivement est probablement dG au fait que dans 
les conditions expkrimentales utilisCes par divers 
auteurs le terme SN2 est de loin plus important 
que celui impliquant le solvant. 

Conclusion 
La cinetique de formation du complexe [Pt- 

(dien)1n12+ se fait principalement par une voie 
rkactionnelle impliquant la formation d'un inter- 
mtdiaire aquo et, par le fait mEme, cette reaction 
a pu Etre t tudite quantitativement. Les para- 
metres cinitiques cadrent bien avec les valeurs 
individuelles d'Ctudes indkpendantes concernant 
les complexes aquo. 

Tous les cas connus qui impliquent des ecarts 
au  mCcanisme de  Bas010 et Pearson ont CtC ob- 
servCs pour les bases azotCes. I1 est donc trks 
probable que le mecanisme puisse Etre gCnCralist 
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SEGUIN E T  AL.: L'INTERACTION DE L'INOSINE AVEC LE [Pt(dien)Br]Br 2607 

aux nucleosides, mais dont certains peuvent 
prtsenter plusieurs sites de coordination. 

I1 faut souligner 19importance de l'inhibition 
par l'ion bromure, Ctant donne que dans les sys- 
ti.mes biologiques, il y a en ginkral une concen- 
tration assez grande d7halogCnures. 

Les auteurs remercient le Ministhe de 1'Education du 
Quebec pour la subvention de recherche qui a rendu possi- 
ble la rtalisation de ce travail. 
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Infrared Chemiluminescence from the Reaction of Oxygen Atoms 
with Chloroethylenes 
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S. J. ARNOLD, G. H. KIMBELL and D. R. SNELLING. Can. J. Chem. 52,2608 (1974). 
Infrared chemiluminescence from vibrationally excited CO and from vibrationally excited 

HCI was observed when CzH3CI, 1,l-C2H2C12, cis- and trans-l,2-CzHzClz, or C,HCl3 was 
introduced into a stream of oxygen atoms. The mechanisms describing the reactions of oxygen 
atoms with these molecules are discussed in detail. The initial step is postulated to involve the 
formation of an aldehyde and a carbene. The reaction step responsible for the formation of 
C O t  is postulated to be 

+ CX,Xz + CO'j- + XI + Xz (XI,  Xg = H or C1) 
and for HClt  

H + C12 + HClt  + C1 

S. J. ARNOLD, G. H. KIMBELL et D. R. SNELLING. Can. J. Chern. 52,2608 (1974). 
La chimiluminescence infrarouge provenant de molCcules de CO et HCI vibrationnellement 

excitkes a etk observke lorsque du CzH,CI, C2HzC12-1,1, C2H2C12-1,2 cis et trans ou C2HCI3 
est introduit dans un debit d'oxygene trait6 par une dkcharge a haute frequence. Les 
m6canismes dkcrivant les reactions des atomes d'oxygene avec ces molCc~11es sont discutks. On 
croit que I'Ctape initiale produit un aldehyde et un carbene. La reaction responsable de la 
formation de COY serait: 

O + CXIX2 + cot + XI  + XZ (XI, Xg = H or C1) 
et  de HClt serait: 

H + C12 + HCit + C1 

Introduction 
In a previous paper ( I ) ,  the infrared chemi- 

luminescence observed in the reactions of oxygen 
atoms with chloromethanes was discussed. That 
study has now been extended to include the re- 
actions of oxygen atoms with chloroethylenes, 
the subject of the present paper. 

The reactions of oxygen atoms with fluoro- 
ethylenes has been the subject of several studies 
(2-7). The values of the rate constants for the re- 
actions of 0(3P) atoms with C2H,F,-, have 
been found to lie in the region of 7 x 10-13 
cm3 molecule-' s-'  (5-7). The mechanism for 
0(3P) atom attack on C2F, has been shown to 
involve the formation of an aldehyde and a car- 
bene (2, 3) 

The reactions of oxygen atoms with other 
haloethylenes, however, have not received much 
attention. Huie ef 01. (7) have measured the 
values of the rate constants for the reaction of 
0(3P) atoms with C2H3CI and C2H3Br obtain- 
ing values of 8.7 x 10-13 and 8.2 x 10-l3 cm3 

m o l e c ~ l e - ' s - ~  respectively and in the case of 
C2H3CI have observed the aldehydic product, 
C H 2 0 .  

The present experiments show that intense in- 
frared cherniluminescence is produced when 
0(3P) atoms react with C2H3CI, I, I -C2H2C12, 
cis- and trar1~-1,2-C,H~Cl,, and C2HC13. The 
chemiluminescence arises from vibrationally ex- 
cited CO and HC1. 

Experimental 
The apparatus used in these experiments is identical to 

that shown in Fig. 1 of ref. 8. The reaction cell consisted 
of a 1.5 in. glass "tee" equipped with a NaCl window, 
which was pumped by an Edwards 660 1/min two-stage 
pump. Oxygen atoms produced by the passage of an 
oxygen-helium mixture through a 2450 MHz microwave 
discharge entered the cell through the center tube of the 
concentric mixer. The chloroethylene in a helium buffer 
entered through five holes in the outer tube of the con- 
centric mixer. Carbon monoxide, when introduced, was 
premixed with the chloroethylene-helium mixture. 

The spectra were recorded using a McPherson Model 
218,0.3 m monochromator equipped with a 300 line/mm 
grating, a Dry Ice - acetone-cooled PbS detector, a phase 
sensitive PAR Model HR-8 amplifier and Hewlett- 
Packard Model 7100 B strip chart recorder. This assembly 
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ARNOLD E T  AL.: REACTION OF OXYGEN ATOMS WITH CHLOROETHYLENES 

TABLE 1. Experimental conditions for maximum total emission 
intensity of CO 

Relative total 
emission intensity 

Fuel Fuel : 0, Temperature of CO 

TABLE 2 .  Reaction products observed in C2H,C14-,-0, atomic flames 
-. -. -- 

- 

Chloroethylene Reaction products 

C12 CO CO, HCI CH,O 1,1 ,2-C2H3Cl3 1,l-C2H2C12 
I ,2-C2H2CIz 

1,l-CzH,ClZ CI, CO COz HCI CHzO 1,1,1,2-C2H2C14 CZHCI, 
CC120 C,HzCI2O 

1 ,2-C2H2C12 C1, CO Co2 HCI 1,1,2,2-CZH,C14 C2HC13 

clz CO CO, HCl CCI,O C2HC15 

permitted spectral studies in the region 1500 to 4000 nm. 
The entire optical path was flushed with dry nitrogen to 
minimize absorption by atmospheric water vapor. A 
500 "C black body source was used to provide a relative 
measurement of the sensitivity of the detection system as 
a function of wavelength. 

Temperatures in the reaction zone were measured with 
a glass-coated chromel-alumel thermocouple. 

Reaction products, trapped at liquid nitrogen tem- 
peratures, were analyzed by means of a CEC Model 
72-104 mass spectrometer and a Perkin-Elmer Model 900 
vapor phase chromatograph. 

All gases used were of the highest purity available from 
Matheson and were used without further purification. 
The 1,I-CZH,CI, was supplied by the J. T. Baker 
Chemical Company, the cis-1,2-C2H,C1, and the trans- 
1,2-C2HZCI, by Matheson, Coleman and Bell and the 
CZHC13 by the Fisher Scientific Company. Gas flows were 
measured using Matheson rotameters. 

Results and Discussion 
Infrared chemiluminescence attributable to 

COT and H C l m a s  observed from the reactions 
of oxygen atoms with chloroethylenes: C,H,CI, 
1, I-C,H,CI,, cis-] ,2-C2H,CI,, trans-1 ,2-C2H,- 
Cl,, and C,HCl,. The experimental conditions 
for maximum total emission intensity of the 
first overtone of C O  are given in Table 1. The 
flow rates of the inert buffer, He, and of 0, were 
4.8 mmol/s and 5.4 x 1 0-2  mmol/s, respective- 
ly. The pressure for all experiments was 8 . 2 i  0.2 
Torr. The most intense HC1 emission was from 

1,l-C2H,CI, and the weakest from C,H,Cl. In 
the case of 1,l-C,H,CI,, the HCI emission was 
strong enough to permit a vibrational analysis of 
the overtone emission; this indicated vibrational 
excitation of the HCI up to z>=6. The results of 
inass spectrometric and vapor phase chromato- 
graphic analysis of the reaction products are 
given in Table 2. 

Only the first 12 vibrational levels of COT 
were appreciably populated. Figure 1 shows a 
plot of the relative vibrational level population, 
Nr, calculated according to the method of Han- 
cock and Smith (9), against vibrational number, 
r., for conditions of maximum total emission in- 
tensity. Under these conditions the systems did 
not exhibit complete population inversion. As in 
the case of the oxygen atom - C,H2 and oxygen 
atom - chloromethane systems when vibration- 
ally "cold" C O  was premixed with the fuel-He 
mixture, a vibrational population inversion was 
marginally sustained a t  the 7-6 and 6-5 transi- 
tions. 

As in the case of chloromethane - oxygen 
atom systems, the relative vibrational level dis- 
tribution of C O  appears, within experimental 
error, to be independent of both the amount of 
fuel added and concentration of oxygen atoms. 
I t  thus seems unlikely that vibrational deactiva- 
tion by fuel molecules or  con~bustion products 
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the vibrational levels of CO. Hence, although 
the relative vibrational level distributions for 
various fuels can be compared with one another, 
they represent partially relaxed distributions with 
the population in the higher vibrational levels 
reduced with respect to those in the lower vibra- 
tional levels. 

The reaction of 0(3P) atoms with ethylene has 
been the subject of numerous studies (10-13). 
The initial step is thought to involve the forma- 
tion of an epoxide which would decompose to 
form a formyl radical and a methyl radical 

CHO + CH3 

The initial step in the reaction of 0(3P) atoms 
with C2F4, however, is thought to involve the 
formation of an aldehyde and a carbene (2, 3). 

FIG 1 Relatlve v~brational level population of C O i  
produced in C,H,C14-,,O, ( u  = 1,2 ,  3) atomlc flames. 
The data polnts represent the average value for the 
following number of experimental determinations 
CZH3CI = 5, 1,l-C2H2CI2 = 8, 1,2-CzHZClz = 1 1 ,  Cz- 
HCI, = 10. The data for CH,C14_,/0, (x = 1,2,  3) 
atomic flames IS  from ref. 1. 

are important in altering the vibrational energy 
distribution of the product CO. The residence 
time in the viewed region of 8 ms is of the same 
order of magnitude as the radiative lifetime of 

Heicklen and co-workers (2, 3) have shown that 
the reaction products are C F 2 0  and cyclo-C3F,. 
The epoxide, C2F,0, is observed only in the 
presence of molecular oxygen and is believed to 
be formed by a chain process. Mitchell and 
Simons (4), in their photolytic studies on substi- 
tuted 1,l-difluoroethylenes indicate that the ini- 
tial step is analogous to reaction 2. 

0 + CF2=CXY -+ 
\CF,O + CXY 

with reaction 3b being favored when X,Y = halo- 
gen. The mass spectrometric studies of Huie et 
al. (7) on the reactions of 0(3P) atoms with 
C2H,F ,-,, C2H3CI, and C,H,Br also indicate 
that the initial step involves the formation of an 
aldehyde and a carbene. Consequently, it appears 
likely that in the reaction of 0(3P) atoms with 
C2H,C1,-, (x = 1, 2, 3) the initial step involves 
the formation of an aldehyde and a carbene, 
analogous to reactions 3a and 6, rather than a 

methyl radical and a formyl radical, analogous 
to reaction 1. 

The possible initial steps in the reactions of 
0(3P) atoms with C2HxCl,-, (x = 1, 2, 3) are 
given in Table 3. (All rate constants are in units 
of cm3 molecule-I s-I.) Except in the case of 
1,2-C2H2C12, two possible aldehydes and two 
possible carbenes can be formed in each case. 
The rate constant for the reaction of 0(3P) atoms 
with C2H3Cl has been determined by Huie et al. 
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TABLE 3. Possible initial steps in the reaction of 0(3P) 
atoms with CzH,C14-, (x = 1,2,3) 

Reaction k ,  + kb* 

0 + CzH3CI 3 CHCIO + CH, 

b 8.7 x 10-l3 
-t CHCl + CHzO 

0 + CHClCHCl % CHClO + CHCl 

0 + C2HC13 2 CHCIO + CClz 

b -4.3 x 1 0 - ~ 3  
-t CC120 + CHCl 

-- - 

*All rate constants are in units of cm3 molecule-' s-1. 

(7), k ,2,2 C, = 8.7 x at  307 "K. Their 
work ind~cated that the rate constant for 0(3P) 
+ C2HC13 was s 112 this value and for 0(3P)  + 
C,CI,, 1.115 (7). Huie et 01. have shown that in 
the case of fluoroethylenes, the rate constaslts for 
the reactions with 0(3P) atoms lie within a 
reasonably narrow range (1.05 to 0.43 of that for 
0(3P) + C,H,). For the purposes of the present 
discussion it is assumed that the effect of succes- 
sive chlorine atom substitution is not much more 
pronounced than that of fluorine atom substitu- 
tion and that the unmeasured rate constants, 
0(3P) + 1,l-C,H,Cl, and 0(3P) + 1,2-C,H,- 
Cl,, will not be greatly different from the value 
obtained for 0(3P) + C,H,CI. 

The aldehyde, CHCIO, formed in the C,H3CI, 
1,2-C2H,Cl,, and C2HC13 cases is unstable to- 
ward decomposition 

[4]  CHClO -t CO + HCI + 8.5 kcal/mol 

The aldehydes, C H 2 0  in the case of C2H3CI, 
CH,O and CC1,O in the case of 1,l-C2H2C12, 
and CC120 in the case of C2HC1, are observed 
as reaction products. 

I t  has been shown that vibrationally excited 
CO js formed by the reaction 0(3P) atoms with 
carbenes (1) 

[5a] 0 + CHCl -t CO + H + C1 + 85 kcal/mol 

late CO up to v = 13 and reactions 50 and 5c up 
t o v  =15.' 

Thus it would appear probable that these re- 
actions are the source of the vibrationally 
excited carbon monoxide observed in the present 
experiments. Indeed the vibrational level distri- 
butions observed in the present experiments are 
remarkably similar to those in the study of the 
0 ( 3 ~ )  atoms with haloniethanes ( I ) .  Figure 1 
shows a comparison between the halogenated 
ethylenes and halogenated methanes. As in the 
case of the chlorinated methanes the carbenes 
with more halogen atoms yield distributions 
more highly populated in the upper vibrational 
levels. Indeed the data points obtained for the 
chlorinated ethylenes lie very close to 11nes ob- 
tained for the methanes. 

Insufficient quantitative information exists to 
warrant much further discussion of mechanisms 
for additional product formation or of loss 
mechanisms for fuel molecules. Nevertheless, 
sufficient information exists (14) (see Table 4) to 
show that chlorine atom addition to chloro- 
ethylencs is very fast, i.e. chlorine atom lifetime 
is given by 

If successive addition of two chlorine atoms 
occurred and the resultant complex partially 
decomposed by HCI elimination (1 5), then both 
C,H,CI,-, Cl,_, and C2H,_ ,el,-, should be 
formed as, in fact, they are (Table 2). 

Molecular chlorine, an observed reaction 
product, would appear to be formed by chlorine 
atom recombination following reactions 5a and 
5c or the fast reaction 

[GI H + HCI + H Z  + CI + 1 . 1  kcal/mol 

which has a value (16) of 

k ,  = 3.8 x lo-" exp (-35001RT) 

Vibrationally excited HCl is thought to be 
predominately formed by the reaction of hydro- 
gen atoms with molecular chlorine 

[7] H + C1, + HCI + C1 + 45.2 kcaljmol 

[5b] 0 + CH, -t CO + 2H + 73.8 kcal/mol One of the referees has suggested that the observation 
of C o t  from the C2C1,-0 atom system could lead to 

[5c] 0 + CCI, + CO + 2C1 + 85 kcal/mol corroborative evidence for this mechanism. Infrared 
emission from COT was observed from this system indi- 

Reaction 5b is sufficiently exothermic to popu- cating that reaction 5c is operative 
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TABLE 4. Reactions of C1 Atoms with C2H,C14-, (x = 1,2,  3) 
- 

Stabilization Elimination 
Reaction k ,  + kb* product product 

*All rate constants are  In units of cm3 molecule '  s- ' .  

which has a value of k, = 1.0 x 10-l1 (17) 
which is sufficiently exothermic to produce HCll 
in levels up to t. = 6, the highest level observed 
to be p ~ p u l a t e d . ~  

The other observed reaction products, the 
epoxides, C2H2C120 in the case of 1 ,  1-C2H2Cl, 
and C2HCl,0 in the case of C2HC1,, can be 
formed by stabilization of the epoxide inter- 
mediate produced in the initial step. 

1. S. J. ARNOLD, G. H. KIMBELL, and D. R. SNELLING. 
Can. J. Chem. 52, 271 (1974). 

2. D. S A U N D E R ~  and J. HEICRLEN. J. Am. Chem. Soc. 87, 
2088 (1965). 

'One of the referees has suggested that HCIt may be 
formed by elimination from the epoxide formed in re- 
action 3. We consider this process unlikely as all avail- 
able evidence indicates the epoxide decomposes to form 
a carbene and an aldehyde. 

In systems in which CHCl is formed, the exothermic 
reactions 

3. J. HEICKLEN and V. KNIGHT. J. Phys. Chem. 70, 
3893 (1966). 

4. R. C. MITCHELL and J. P. SIMONS. J. Chem. Soc. B, 
1005 (1968). 

5. S. J. Moss. Trans. Faraday Soc. 67, 3505 (1971). 
6. W. J. R. TYERMAN. Trans. Faraday Soc. 65, 163 

(1969). 
7. R. E. HUIE, J. T. HERRON, and D.  D. DAVIS. Int. J. 

Chem. Kinet. 4, 521 (1972). 
8. S. J. ARNOLD and G. H. KIMBELL. Can. J. Chem. 51, 

451 (1973). 
9. G. HAYCOCK and I. W. M. SMITH. Chem. Phys. Lett. 

3, 573 (1969). 
Ib. J. M. BROWN and B. A. THRUSH. Trans. Faraday Soc. 

63, 630 (1966). 
11. P. N. CLOUCH and B. A. THRUSH. Chem. Commun. 

21, 1351 (1968). 
12. H. NIKI, E. E. DABY, and B. WEINSTOCK. Twelfth 

Symposium (International) on Combustion. Univer- 
sity of Poitiers, Poitiers, France. July, 1968. pp. 277- 
288. 

13. D. D. DAVIS, R. E. HUIE, J. T. HERRON, M. J. 
KURYLO, and W. BROWN. J. Chem. Phys. 56, 4868 
(1972). 

14. J. A. KERR and M. H. PARSONAGE. Evaluated kinetic 
data on gas phase addition reactions. CRC Press, 

0 + CHCl + CO-1 + HC1 + 188 kcal/mol Cleveland, Ohio. 1972. pp. 101-102. 
0, + CHCl -> CO, + HCli + 196 kcal/mol 15. J. C. HASSLER, D. W. SETSER, and R. L. JOHNSON. J. 

Chem. Phys. 45, 3231 (1966). 
may contribute to the formation of HCl'r. These reactions 16. A. A. WESTE~BERG and N. DE HAAS. J. Chem. Phys. 
are not considered to be as important as reaction 7 be- 48, 4405 (1968). 
cause they are not l~kely to be operative In the 0 + 17. F. S. KLEIN and M. WOLFSBERG. J. Chem. Phys. 34, 
1,l-CzH,CI, system where CHCl can be formed only as a 1494 (1961). 
result of a complex rearrangement of the exc~ted epoxide. 
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Crystal Structure of l-(Bis-p-chlorophenyl)methylene-3-oxo-4,4-dimethyl- 
1,Zdiazetidinium Hydroxide, Inner Salt, C,,H,,Cl,N,O 

CRISPIN CALVO, PO C. IP, NARASIMHAN KRISHNAMACHARI, AND JOHN WARKENTIN 
Department ofchemistry, !Mc!Master University, Hnn~ilton, Otzicrrio, L8S 4WlI 

Received November 14. 1973 

CRISPIN CALVO, PO C. IP, NARASIMHAN KRISHNAMACHARI, and JOHN WARKENTIN. Can. J, 
Chem. 52, 2613 (1974). 

l(bis-p-Chlorophenyl)methylene-3-oxo-4,4-dimethyl-l,2-diazetidinium hydroxide,' inner salt, 
C,,H,,CI,N20, crystallizes with orthorhombic symmetry, a = 9.95(1) A, b = 28.73(2) A, 
c = 11.30(1) A, space group Pbm, Z = 8. The structure of this compound and its isostructural 
bromine analog were determined. The structure of the chloro-derivative was refined by full- 
matrix least-squares techniques using 1256 unique reflections to a final R of 0,099. The structure 
has a short intran~olecular C-H.. . N  bond ( C . .  . N  distance = 2.891(11) A). One of the 
phenyl rings is in the same plane as the 4-membered ring whereas the other ring lies in a plane 
almost perpendicular to this plane. The N-N distance in the heterocyclic ring is 1.415(10) A, 
and the N-C distances in the ring are 1.535(11) and 1.377(11) A. The molec~!lar configuration 
is stabilized by both the short N.  . . H interaction and delocalization between one of the phenyl 
groups and the diazetidinium ring. 

CRISPIX CALVO, PO C .  IP, NARASIMHAN KRISHNAMACHARI, et JOHN WARKENTIN. Can. J. 
Chem. 52, 2613 (1974). 

Le sel interne, I'hydroxyde du (bis-p-chlorophenyl) methylene-1 0x0-3 dimethyl-4,4 diazeti- 
dinium-1,2, C,,H,,C12N20, cristallise dans le systeme orthorhombique: a = 9.95(1) A, b = 
28.73(2) A, c = 11.30(1) A, groupe d'espace Pbca, Z = 8. La structure de ce composC et celle 
de son analogue brome isostructural ont ete determinees. La structure du dtrivC cblore est 
afFinee par la methode des moindres carres (matrice entibe) utilisant 1256 reflexions uniques 
jusqu'a unevaleur finale R de 0.099. La structure a une liaison intramoleculaire C-H ... N qui 
est court (la distance C...N = 2.891(11) A). Un des noyaux phknyles est dans le m&me plan que 
le cycle a 4 atomes alors que l'autre cycle se situe dans un plan presque perpendiculaire au 
cycle a 4 atomes. La distance N-N dans le noyau hCtCrocyclique est 1.415(10) A, et les distances 
N-C dans le noyau sont 1.535(11) et 1.377(11) A. La configuration molCculaire est stabiliste par 
une interaction N...H courte et par la delocalisation entre un des groupes phenyles et le noyau 
diazetidinium. [Traduit par le journal] 

Introduction 
Thermal decomposition of some members of 

the family of cyclic azo compounds (1) involves 
loss of N, to form products for which structures 
2-5 were reasonable possibilities. Spectroscopic 
data served to eliminate 4 from further considera- 
tion and to suggest 5 as the most likely structure. 
However, 2 and 3 could not be excluded rig- 
orously, first because iminooxiranes have not 
yet been isolated, meaning that there are no 
models for 2, and second because good models 
for 3 (a-lactams with an unsaturated substituent 

'The nomenclature is that recommended by Chemical 
Abstracts. Top priority is given to charged systems; hence 
the parent name diazetidinium rather than diazetidinone. 
When there is no obvious anion to go with the cation 
name the word hydroxide is artificially added and the fact 
that the system is actually mesoionic is indicated further 
with the words inner salt. 
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at  the ring nitrogen) are also unknown although 
the simple ring system in known (1). 

As the synthesis of any one of the small-ring 
systems 2, 3, or 5 from the readily available 1 (2) 
could be of considerable value, it seemed impor- 
tant to identify the actual product unambig- 
uously by X-ray crystallography. The fact that 
the crystal structure of one member of the 
family 5 (R, = R, = H; R, = C,H,, R, = 

I?-C,H,Br) had been determined (3) increased 
our interest for the authors suggested an unusual 
hydrogen bond betwccn amide nitrogen and 
ortho hydrogen of R,; a sugpestioll that was later 
challe~lged on the basis of a study of the infrared 
spectrum (4). It seemed possible that investiga- 
tion of our compounds, sliould they turn out to 
be 5, would help to resolve the controversy, for 
our route has the potential for synthesis of com- 
pounds more hindered than, and electronically 
different from, the few that are known (5). 

In this article we report the crystal structure of 
one of the new members of the series 5. 

Experimental 
Synthesis 

p,p'- Dic/1lorobenzopheno11e-4-nr,1i11osen1ico~~hazone 
A solution- prepared from p,p'-dichlorobenzophenone 

(18.5 g, 0.0735 ~noi) ,  carbohydrazide (13.2 g, 0.147 mol), 
acetic acid (1 ml), ethyl alcohol (350 ml), and water 
(150 nil) was refluxed on a steam bath for 40 h. Cooling 
caused separation of a white solid which was recrystallized 
from chloroform to give 10.3 g (43%) of y,p'-dichloro- 
benzophenone-4-aminosemicarbazone (6) m.p. 197-198.'. 

Carbolr~~drazor~e jror,~ 4,4'-Dicklornbenzopherrone 
and Acetone 

A solution of 6 (8.3 g, 0.026 niol) in 600 ml of acetone 
was refluxed on a steam bath for 8 11. The chalky precipi- 
tate of 1-(bis-p-chlorophenyl) methylene-5-isopropylidene 
carbohydrazide (7) which had formed weighed 8.7 g 
(93.5%) and melted sharply a t  240'. 

2- (his-p-Cl~loroj < 211j.l) t)1et/1yle11e/zj~druzono-5,5- 
di1~1etl1yl-k~-l,3,4-oxcrdiazolir1e 

A solution of 7 (7.0 g, 19.3 mmol) in 70 ml of glacial 
acetic acid was added during 15 min to an ice-cold solu- 
tion of lead tetraacetate (45 g, 0.103 mol) in 70 ml of 
rnethylene chloride. After 4 h the ice bath was removed 
and the temperature was gradually raised to 25'. During 
the following 10 h period at 25', methylene chloride was 
added periodically to compensate for losses from evapora- 
tion. Water (70 ml) was then added and the resulting 
mixture was filtered through a cake of Celite. The yellow 
methylene chloride layer was separated and washed three 
times with 70 ml portions of water, once with saturated 
sodium bicarbonate solution, and three times with water 
before it was dried with anhydrous magnesium sulfate. 
Evaporation of the solvent left 4.9 g of a yellow solid 
which was dissolved in 350 ml of petroleum ether (b.p. 
30-60"). The solution was gradually concentrated to 

80 ml. Cooling gave crystals of 2-(bis-p-chloropheny1)- 
methylene hydrazono-5,5-din1ethyl-A~-1,3,4-oxadiazoline 
(8) (4.0 g, 57.573, m.p. 143-145", dec. 

l-ibis-p-Chlorophe1~yI)nzeth~~lene-3-oxo-4,4-dimet/~yl-l, 
2-diazetidiniutn Hydroxide, Inner Salt (5, R, = R, = 

Cf,, R3 = R4 = p-C6H4Cl). 
The above named compound was prepared by thermal 

decomposition of 8 in aacuo. A vertically-mounted Pyrex 
tube (20 mm diameter), connected to a cold trap by 
meaa's of a glass connecting tube, served as the reaction 
vessel. A sample of 8 (0.804 g, 2.22 mmol) was loaded 
into the vertical tube, the cold trap was fitted, and the 
system was evacuated. The reaction vessel was then 
heated at  145' for 4 11 with the vacuum pump running. 
The dark brown residue in the reaction vessel was taken 
up  in acetone-water from which 1-(bis-p-chloropheny1)- 
methylene-4,4-dimethyl-3-oxo-l,2-diazctidiniun1 hydrox- 
ide, inner salt, crystallized, m.p. 200-201". 

Anal. Calcd. for Cl7Hl4CI2NZO: C, 61.27; H, 4.23; 
N, 8.41, C1, 21.27. Found: C, 61.27; H, 4.26; N, 8.46; 
CI, 20.98. 

X-Ray Structure 
A crystal of the chloro-derivative of approximate di- 

mensions 0.04 x 0.02 x 0.02 cm3 was used. The space 
group was uniq~~ely  Pbca (conditions limiting possible 
reflections: Okl, k = 212, h01, I = 2n; hh-0, h = 211). 

Crystal Data 

C,,HI,C[,NZO f.w. = 333.23 
Orthorhombic, a = 9.95(1), b = 28.7?(2), c = 11.30(1)A, 
U = 3230.3 W3, Z = 8, Dx = 1.37. 

Cl7Hl4Br2N2O f.w. = 422.15 
Orthorhombic, n = 9.90(1), b = 29.81(2), c = 11.38(1) .&, 
U = 3358.5 A3, Z = 8, D, = 1.07. 

Both with ?,, = 0.71069 A at 21 "C. Acc~lrate parameters 
were determined by least squares fit to 15 20 values ob- 
tained from diffractometer measurements. 

A total of 1256 unique reflections lying in the range 
0 i 20 I 40' yere measured for the dichloro conlpound 
on a Syntex P1 automatic diffractometer using graphite 
monochromatized MoK? radiation. Reflections were 
scanned in the 8-20 mode at  a rate between 2' and 24" 
per min depending on the peak intensity. Backgrounds 
were measured at  1' in 20 from the peak. A smaller data 
set (878 reflections and 459 with intensities >30) were 
collected on the bromo analog2 and used as an aid in 
locating the heavy atom position in the structure. The 
data were corrected for Lorentz and polarization effects, 
but not absorption (F - 4.07 cm-I). Calculations were 
carried out i~sing both least-squares refinement programs 
written by J .  S. Stephens and the XRAY-71 package of 
programs. 

A sharpened Patterson function of the bromine deriva- 
tive revealed the bromine atom positions and s~~ccessive 
Fourier and difference Fourier maps led to the positions 
of all the remaining non-hydrogen atoms. These coordi- 
nates were used as a starting model for the chloro coni- 
pound. All reflections of positive measure were included 

'The bromo compound was prepared by procedures 
analogous to those described above for the synthesis of 5. 
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CALVO ET AL.: CRYSTAL STRUCTURE OF C I ~ H I ~ C I ~ N Z O  

TABLE 1 .  Atomic parameters in I-[bis-(p-chlorophenyl)methylene]-3-0x0- 
4,4-dimethyl-1,2-diazetidinium hydroxide, inner salt 

-- ---- -- -- 

Atom x Y z u ( A 2 )  

Atom 

*Thc thcrrnal factor is exp -2rr2(U11112b12 + . . . + 2UI2hhblb2 + . . .) \\here the b,'s are reciprocal 
lattice vectors. 

in the refinement. Weights were given by w = [18.46 - 
0.4505jF01 + 0.004091F02 + 7502/F2]-I ,  with the con- 
stants chosen so that < wl IFo - IF,! l 2  > was indepen- 
dent of F, ! .  The data were corrected for secondary ex- 
tinction using the method of Larson (6 ) .  Atomic scattering 
factors were obtained from Cromer and Mann (7). 

When convergence had been achieved with this model 
the hydrogen atoms of the chlorophenyl group were added 
a t  C-H lengths equal to 1.084 A and U = 0.10 A2. A 
difference electron density revealed the positions of the 

and calculated structure factors are in Table 2.3 Selected 
interatomic distances and angles are given in Table 3. 

Description of the Structure 
A view of the molecule is seen in Fig. 1 .  The norn~als 

to the two chlorophenyl groups subtend an  angle of 
86.6" while the diazetidinium ring is 10" from coplanarity 
with the A chlorophenyl ring. Individually the atoms in 
the chlorophenyl ring and diazetidiniun] rings are within 
0.2 A of coplanarlty as determined by a weighted least- 

hydrogen atoms of the methyl group and no other signi- 
ficant peaks. Inclusion of all the hydrogen atoms in the 3Photocopies of Table 2 are available for a nominal 
refinement resulted in a minimum R of 0.099 and R, = charge from the Depository of Unpublished Data, 
(Zo(IF,I - F,')'/ ZwF,!"2 equal to 0.081. The final National Science Library, National Research Council of 
atomic parameters are l~sted in Table 1 and the observed Canada, Ottawa, Canada KIA OS2. 
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TABLE 3. Selected bond lengths and angles in 1-(bis-p-chlorophenyl) 
methylene-3-oxo-4,4-dimethyl-1,2-diazetidinium hydroxide, 

inner salt with standard deviations in parentheses* 

Bond Distance (A) Bond Distance (A) 

Cl(14)-C(l1) 1 . 736(8) CI(21)-C(18) 1 .737(10) 
C(6)-C(15) 1.447(12) C(6)-C(8) 1 .  505(lO) 
N(l)-N(2) 1.415(10) N(1 )-C(6) 1.293(10) 
N(2)-C(3) 1.377(11) C(3)-0(5) 1 .240(12) 
c(3)-C(4) 1 .496(12) C(4)-C(7) 1.535(13) 
C(4)-N(1) 1 .  535(11) C(4)-C(7') 1.503(14) 

-- 

Bonds Angle (deg) Bonds Angle (deg) 

C(4)-N(1)-N(2) 93(1) N(2)-N(1)-C(6) 131(1) 
N(1)-N(2)-C(3) 9 0 ~ )  C(4)-N(1)-C(6) 136(1) 
N(2)-C(3)-C(4) 96(1) N(2)-C(3)-O(5) 129(1) 
C(3)-C(4)-N(l) 81(1) C(4)-C(3)-O(5) 135(1) 

*The zverage C-C bond length In the phenyl rlngs if 1 391 A and all bond lengths Ile althln 
20(0 = 0 014 A) of the mean value exceqt for that of C(19)-C(l8) uhrch 1s ulthln 3 0  The 
C-C-C bond angles 11e althlr~ ZG, 0 = 1 , o f  120 . 

FIG. 1. A schematic view of the n~olecule of 1-(bis-p- 
chlorophenyl)methylene-3-oxo-4,4-din1ethyl- I ,2-diazeti- 
dinium hydroxide, inner salt. The A and B chlorophenyl 
groups are designated. The hydrogen atoms of methyl 
groups are not differentiated. The decimal numbers are 
distance in A and the remaining numbers designate the 
atoms. The average estimated error on the bond lengths 
involving hydrogen atoms is 0.08 A. 

squares procedure. This planarity favors an  interaction 
between N(2) and H(16) on the C(16) of the A chloro- 
phenyl ring. The N(2) ... H(16) distance is found to 
be 2.09(7) A. The short C(6)-N(1) bond length 
(1.293(10) A) involving the carbon atom shared between 
the chlorophenyl rings suggests a substantial amount of 
double bond character, which in turn implies charge sep- 
aration between the nitrogen atoms. The resulting nega- 
tive charge on N(2) leads to a stable interaction with 
H(16) and this together with possible delocalizations 
in the C(16) C(15) C(6) N(1) N(2) ring leads to coplanar 
inner salt (3). A similar situation is found in a-I-(p-bromo- 
pheny1)phenylmethylene-3-0x0-1,2-diazetidinium hydrox- 
ide (3). The bond lengths there and those in the present 

structure agree to within a b o ~ ~ t  20 except that C(3)-C(4) 
and C(4)-N(l) appear interchanged. 

The B ring is rotated from planarity with the A ring so 
that the hydrogen atoms of the phenyl rings can avoid in- 
teraction. The orientation found leads to interaction be- 
tween a hydrogcn atom on the methyl group, H(71'), and 
those on the phenyl group, in sufficient excess of the van 
der Waals contact such that these constraints are not 
sufficient to cause A and B to be nearly perpendicular. 

The molecules pack in layers near planes at  x = + 114 
with C(7'), N(1), C(6), C(8), C(11), and CI(14) nearly 
lying in this plane (see Fig. 2) and the common (molec- 
ular) plane of the A ring and the diazetidinium ring is at  
an angle of 55' to the a axis. Translationally equivalent 
molecules form rows parallel to the c axis with adjacent 
rows generated alternately by the c glide plane perpendic- 
~ ~ l a r  to b and thc two-fold screw axis at  x = 114 parallel 
to c. The double rows of molecules related by this glide 
plane form ribbons with the molecular planes on opposite 
edges of the ribbon but pointing in the same sense along a. 
Adjacent ribbons have this sense reversed b ~ ~ t  the layers 
are polar with the components of the N(1)-N(2) vectors 
along c being additive. Adjacent layers are related by the 
center of symmetries leading to an antiferroelectric ar- 
rangement of molecules with the van der Waals contact 

FIG. 2. A view of the structure of I-(bis-p-chloro- 
phenyl)methylene-3-oxo-4,4-dimethyl-1,2-diazetidiniun1 
hydroxide, inner salt, near the plane a = 0.75. 
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between Cl(14) and Cl(21) in these layers defining the a gest that the proton has moved toward N(2) to 
axis length. increase interaction with that atom. 

Discussion Whether the separation between H(l6) and 

The geometry of the methylene-oxo-diazeti- 
dinium moiety in the present compound is very 
similar to that in a-1-(p-bromopheny1)phenyl- 
methylene-3-0x0-l,2-diazetidinium(3). The fea- 
tures of interest are the planarity of the group 
(o  = 0.010 A, but o = 0.004 A excluding the 
oxygen atom). the contracted N(1)-C(4)-C(3) 
angle (81°), the double bond character of the 
C-0 and C(6)-N(1) bond and the partial 
double bond character in the N-N and 
C(3)-N(2) bonds. The deviation of the angle be- 
tween the normals to the two chlorophenyl rings 
from 90" is larger and the A ring is further from 
coplanarity with the methylene-oxo-diazetidin- 
iuin grouping in the present case. The ring formed 
as a result of the intramolecular hydrogen bond 
is planar (o = 0.002 A) and shows distances very 
similar to those reported by Fritchie and Wells 
(3). 

There is substantial evidence for n-electron 
delocalization in that C(6)-C(15) is significantly 
shorter than C(6)-C(8). The lengths suggest 
about 15% more double bond character for the 
former bond. The direction of n-electron polar- 
ization can be inferred from the infrared which 
shows the C=O frequency of 5 at 1775 emp' 
and that of N(2)-protonated 5 near 1845 em- 
(8). Substantial amide resonance in 5 is implied; 
a conclusion incompatible with delocalization 
from N(2) into ring A. Shortening of C(6)-C(15) 
most likely arises from n-electron polarization 
from ring A to N(1), the consequence of which is 
to decrease electron density at C(16) and to in- 
crease the C(16)-H ... N(2) interaction. The fact 
that the latter interaction is short is incontestable. 
At 134", the C(16)-H ... N(2) angle is not very 
favorable for hydrogen bonding. On the other 
hand, the H(16)-C(16)-C(rz) angles, at 1 lO(3") 
and 130(3") for n = 15 and 17 respectively, sug- 

N(2) is significantly less than the sum of the van 
asr Waal radii depends to some degree on one's 
taste concerning corrections to accepted atomic 
radii for the special environments involved. 
Negative nitrogen, for example, is undoubtedly 
larger than neutral nitrogen. Although the mag- 
nitude of the interaction in the crystal is hot 
known, it has the qualitative attributes of 
bonding normally called hydrogen bonding. We 
suggest that the H(16) ... N(2) interaction rein- 
forces the planarity which is imposed primarily 
by n-electron delocalization rather than that the 
former is a necessary force for maintaining 
planarity, as was proposed by Fritchie and 
Wells (3). 

This research was supported through grants from the 
National Research Council of Canada. 
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Huw 0. PRITCHARD, NABIL I. LABIB, and D. L. SEAN MCELWAIN. Can. J. Chem. 52, 2618 
(1974). 

Numerical integration of the gasdynamic equations describing the coupling between vibra- 
tional relaxation and dissociation for a hydrogen-helium mixture in a plane shock wave shows 
that the total entropy is a completely monotonic function of time; this is found to be the case 
whether the system is considered to be isolated, or whether there is loss of energy or mass 
from the flow. 

Huw 0. PRITCHARD, NABIL I. LABIB, et D. L. SEAN MCELWAIN. Can. J. Chem. 52, 2618 
(1974). 

L'integration numerique des eq~~a t ions  de la dyilamique des gaz qui dicrivent le couplage 
entre la relaxation vibrationnelle et la dissociation, pour un melange hydrogene-helium dans 
une onde de choc plane, montre que l'entropie totale est Line fonction du temps entierenlent 
monotone; il en est ainsi quand le systeme est consider6 isole, ou bien quand il y a perte 
d'energie ou de masse du courant. [Traduit par le journal] 

In 1956, McKean conjectured that successive 
derivatives with respect to time of the Boltzmann 
H-function inight alternate in sign ( 1 )  i .e. that 
for all integral n 

1 (- l)"dnH/dt" 3 0 

Since S = - k H ,  this implies that for entropy ~. 

production 

E21 (- l)"dnS/dtn < 0 

i.e. the first, third, fifth, etc., derivatives would 
be 2 0  throughout and the second, fourth, sixth, 
etc., derivatives would be 6 0  throughout, with 
the equality only applying at equilibrium: the 
mathematical description of such a function is 
that it is "completely monoton~c" (2); conven- 
tional thermodynamic reasoning can show only 
that dS/dt 3 0 and that, in the linear regime 
very close to equilibr~uni, dZS/dt2 < 0. 

McKean's original idea arose from the con- 
sideration of the speed of approach to equilibrium 
of a Maxwellian gas, but no rigorous proof was 
attempted; such a suggestion however has the 
kind of elegance which is attractive to mathe- 
matical physicists. and there has been in the 
interim a certain amount of activity to  try to 
establish whether the suggestion has any validity, 
and if so to delineate the bounds of such validity. 

The concept was first shown to be valid for a 
discrete velocity gas (i.e. for a rarefied system of 
particles constrained to move with a constant 
velocity in a fixed number of directions) by 
Harris (3) in 1967; the range of validity was 
extended by Simons to any gas whose behav~or 
could be described by certain simplified forms of 
the Boltzmann equation (4, 51, and thence to 
co~ iduc t~on  and d~ffi~sion in isolated systems (6). 
In addition, several examples have been proved 
where the H-function is "convex" (i.e. eq. 1 is 
shown to hold for n = 1 and n = 2) (7-1 1)  but 
Maass on the other hand has shown that this 
convexity does not extend to spatially inhomo- 
geneous systems (12). 

(I) Vibrational Relaxation and Dissociation 
in an Isolated System 

Over the same period of time we had been 
examining numerically the coupling between 
vibrational relaxation and dissociation or re- 
combination for H, highly diluted in Me at  
shock-wave temperatures, on the assumption 
that both the relaxation and the kinetics were 
adequately described by the master equation 
(13, 14). During the course of these calculations, 
we noticed that the total entropy of the relaxing 
and reacting H,/He mixture was a completely 
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monotonic function of time throughout the - 
whole approach to equilibrium, either starting 
with atoms only, or with ground-state molecules 
only (14). This calculation was however imperfect 
in a number of respects, and cannot therefore be 
accepted as proof of the monotonicity principle. 
The most serious flaw was concerned with the 
fact that the transition rate coefficients used in 
the calculation were those corresponding to the 
final equilibrium temperature of the system and 
were not allowed to change as the temperature 
of the relaxing system changed (by about 0.5 OK) 
during the evolution of the process: thus, the 
transition rate coefficients only obeyed detailed 
balancing a t  equilibrium and were slightly in 
error at all other times during the trajectory. 
Other lesser imperfections in the calculation were 
that it referred to constant energy and constant 
volume, rather than constant enthalpy which is 
characteristic of a shock wave, and no allowance 
was made for the change in shock velocity which 
accompanies the temperature change in real 
systems. 

We now report the results of a calculation 
which does not suffer from these deficiencies. We 
consider a 1000: 1 mixture of He and H, being 
heated by a plane shock wave from a low 
temperature to 2000.5 OK. This heating is 
envisaged to be instantaneous, and we then 
integrate the differential equations describing 
the coupling of the motion of the gas with the 
vibrational and chemical relaxations. The method 
of integration is the same as that used to examine 
the expansion of a dissociated gas through a 
nozzle which has been described elsewhere (1 5), 
basically conventional Runge-Kutta integration 
in which special attention is paid to the main- 
tenance of detailed balancing and the conserva- 
tion of particles.' Because of the pathological 
stiffness of these equations (15, 16), very short 
integration steps were necessary, viz. 1 x lo-' 
cm at a flow velocity of 4 x lo5 cm s - l ;  thus in 
a reasonable amount of computer time, it was 
possible to integrate the system of equations for 
a reaction time of 2 x s. With the transition 
rates used (16) the vibrational relaxation time is 
about 2.5 x s, so that our integration 

'One minor simplification was made in the present 
work, in that we used the tlzeoretical rather than the 
experimental equilibrium constant for the dissociation 
reaction, so that all thermodynamic parameters were 
automatically consistent without the need for any cor- 
rection terms. 

actually extends well beyond the vibrational 
relaxation and into the early part of the dissocia- 
tion regime. During the period the temperature 
had fallen to 2000.2 OK and the shock velocity 
had increased to 4.0002 x 10' cm s- l  with 
concomitant changes in the pressure and the 
density; at  the end of the calculation, both the 
total enthalpy and the number of hydrogenic 
particles differed from the starting values only 
in the 14th decimal place. 

The results of this calculation were that the 
first five derivatives of the total entropy per gram 
of mixture (calculated by standard methods (14)) 
alternated in sign throughout our range of in- 
tegration, and a brief summary of these results is 
shown in Table I .  In addition, the next four 
derivatives (not shown in Table 1) followed the 
same alternating pattern, but the 8th and 9th 
derivatives failed to obey the monotonicity 
principle at  about 1.3 x s, and the 6th and 
7th derivatives failed near 1.8 x and 1.7 x 

s respectively; an analysis of the accumula- 
tion of errors in our numerical differentiation in 
relation to the actual magnitudes of the various 
derivatives and the step sizes suggests that such 
failures will occur if the total entropy is incorrect 
in the 13th decimal place ! 

(11) Vibrational Relaxation and Dissociation 
in a Closed System 

In this section we show that the same mono- 
tonicity principle is obeyed if energy is allowed 
to escape from our reacting gas. If the principle 
is going to be valid for any kind of energy loss 
e.g. radiation, conduction, it is clear that the 
functional form of the energy loss term must be 
irrelevant, and therefore for computational con- 
venience we chose an energy loss term of dsldt = 
5 x 10'' erg s-' per gram of mixture. The gas- 
dynamic equations were recast to include this 
loss term and the integration was performed with 
the same initial conditions for a time period of 
1 x s ;  during this time, the temperature 
fell a little faster, to 1999.3 OK and the velocity 
rose to 4.0008 x lo5 cm s- l .  At very early times, 
the entropy of the system (S,)  rose, but after 2 x 
lo-' s, it began to fall again because of the 
cooling caused by the energy loss term: however, 
the first derivative of the total entropy, written as 
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TABLE 1. Total entropy per gram of a 1000: 1  helium-hydrogen mixture and 
derivatives of the entropy as a function of time* 

Value for time = 

Parameter 5  x  l o - s  2 . 5 ~  5 x  7 . 5 ~  l o - 7  2 x  l o - 7  

*Time in s and entropies in cal deg- '  g - I ;  S' denotes d"S/dt" (in appropriate derivative units); So = 8.781 cal deg-I g-'; initial dens~ ty  = 
2.327 x lo-" g cc-I .  

TABLE 2. Total entropy per gram of the same mixture and its derivatives with an 
arbitrary energy loss term of ds/dt = 5  x  101° erg s-' per gram of mixture; 

see footnotes to Table I for additional explanation 

Value for time = 

Parameter 5  x  l o - s  2 . 5 ~  5  x  l o - S  7 . 5 ~ 1 0 - ~  

rose monotonically up as far as 8 x s :  
beyond this time, the two terms in eq. 3 became 
almost exactly equal and of opposite sign, so 
that the net rate of entropy production became 
inaccurate; nevertheless, in the time range where 
S' was accurate, the next four derivatives 
alternated nicely, as shown in Table 2. Thus, the 
principle of monotonicity clearly extends to  
systems with an energy loss term: notice that in 
Tables 1 and 2 the derir'atires are al~ilost the 
same; they would have been identical if the 
transition rate coefficients had not been allowed 
to  change with te~nperature. 

(111) Vibrational Relaxation and Dissociation 
in an Open System 

In this section we show that the principle 
is also valid if matter is allowed to escape 
from the system. T o  simplify the analysis, we 
assumed that helium leaks out of our imaginary 
shock tube a t  the rate of dmH,/dt = 0.3 g s- '  
per gram of mixture (causing only changes 
to  the conservation equations with a minor 
modification to the collision rate in the kinetic 
equations); furthermore, it was assumed that 
when the helium escaped from the system, it did 
so at the current ambient temperature, and took 

with it also its momentum at  the current shock 
velocity. This mass loss resulted in a rather 
similar rate of temperature drop and shock 
acceleratio~l to that found in the preceding 
section, and after integration over a period of 
5 x l o p 8  s with the same starting conditions, 
the temperature had fallen to 1999.9 'K and the 
velocity ( U )  had risen to 4.0007 x lo5 cm s - l .  
As in the energy loss case, the entropy of the 
residual mixture rose for a short time, roughly 
8.5 x s, before the reductio~i due to  mass 
loss overwhelmed the natural increase due to 
vibratio~ial relaxation. By analogy with eq. 3, 
we now write for the first derivative of the total 
entropy (per gram of original mixture) 

where the second term represents the entropy 
loss associated with the mass loss, and the third 
term is the (kinetic) energy loss term. Cast in this 
way, the first derivative of the entropy increased 
monotonically throughout the range of inte- 
gration, and the next four derivatives alternated 
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TABLE 3. Total entropy per gram of the same mixture and its derivatives with an 
arbitrary mass loss of drnH,/dt = 0.3 g s- '  per gram of mixture; 

see footnotes to Table 1 for additional explanation 

Value for time = 

Parameter 5 x lo-' 2 . 5 ~  lo- '  5 x lo- '  

nicely in sign, as shown in Table 3 (except that 
because of cancellation problems, the 3rd and 
4th derivatives failed between 4 and 5 x s). 

Summary 
As we noted in the opening paragraphs, the 

monotonicity of entropy production for certain 
idealized models has been established in recent 
years, and the convexity of entropy production 
has been established for others. The results of 
our calculation described in Section I above show 
however that the monotonicity principle must 
be much more general than has hitherto ap- 
peared; in this calculation we have vibrational 
relaxation and dissociation (both first order in 
H e  and in H,) taking place, as well as recombi- 
nation (first order in He and second order in H). 
In addition, our gas changes its properties 
according to the laws of gasdynamics as they 
apply to a perfect gas, allowing interchange of 
thermal energy with flow veloc~ty and with P V  
terms, through the normal set of conservation 
relations (1 5) 

d E  + P d V  + VdP + i?zUdU = 0 

dp/p + dU/U = 0 (for constant 
area) 

- pUdU = d P  

Thus, in our view, the evidence is virtually 
conclusive that the monotonicity principle 
applies to  simple internal relaxations and 
chemical reactions in isolated perfect gas 
systems. Our calculations in Section I1 and I11 
then show, again in our view conclusively, that 
this principle extends to cases where energy or 
mass is being lost from the system; we did not 
attempt the calculation where both energy and 
mass were lost, since this must follow automati- 
cally and the investment in computer time did 
not seem necessary. Thus it appears that 

McKean's concept of monotonicity of entropy 
production is changing its status from that of 
a conjecture (which can be shown to be con- 
sistent with the Boltzmann equation for certain 
idealized models) to more nearly the status of a 
law. We intend to explore further the validity of 
this concept in chemical kinetic and relaxation 
regimes, and hope that others concerned with 
quantitative models in other statistical mechani- 
cal hierarchies may be persuaded to make 
precise calculations of the entropy and its time 
derivatives for their particular systems. Finally, 
we might add another conjecture: plots of 1nlSh/ 
against time are markedly curved at early times, 
but appear to  be tending towards linearity 
later in the evolution of the process; thus, could 
it be that in the limit the total entropy approaches 
its equilibrium value exponentially for certain 
classes of systems? 
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Characterization of Monohalogen and Monopseudohalogen Derivatives of 
Dimethylgermane 
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GEOFFREY K. BARKER, JOHN E. DRAKE, and RAYMOND T. HEMMINGS. Can. J. Chem. 52,2622 
(1974). 

The high yield syntheses of MezGeHX (X = F, C1, Br, I) and MezGeHPs (Ps = CN, NB, 
NCO, NCS, OAc) are reported. The dimethylgermane derivatives are identified and character- 
ized by various physical methods and by cleavage reactions where appropriate. A normal 
coordinate analysis based on a modified valence force field provides confirmation of the assign- 
ments for all the fundamental frequencies, except the torsional modes, in the vibrational 
spectra of the monohalogeno(dimethyI)germanes, Me2GeHX. 

GEOFFREY K. BARKER, JOHN E. DRAKE et RAYMOND T. HEMMINGS. Can. J. Chern. 52,2622 
(1974). 

On rapporte les syntheses effectuees avec de bons rendements, des cornposCs du type 
Me,GeHX (X = F, CJ, Br, I) et Me2GeHPs (Ps = CN, N,, NCO, NCS, OAc). On a identifie et 
caracterist les derives d~methylgermane par diverses mtthodes physiques; dans les cas appropries 
on a aussi fait appel a des reactions de clivage. Une analyse par coordonnees normales basee sur 
la theorie du champ des forces de valence modifite confirme les attributions de toutes les 
frequences fondamentales, excepte les modes de torsions des spectres de vibration des mono- 
halogeno dimethylgermane Me,GeHX. [Traduit par le journal] 

Introduction 
Brief reports have appeared in the literature 

for Me2GeHCI (1) and Me2GeHF (2) but the 
vibrational spectra, although reported in part, 
were not assigned. We report here the high yield 
syntheses and spectroscopic analysis of the 
halogeno- and pseudohalogeno-(dimethy1)ger- 
manes, Me,GeHX (X = F, C1, Br, I) and 
Me2GeHPs (Ps = CN, N,, NCO, NCS, OAc), 
as an extension to our earlier studies on methyl- 
germanium halides (3, 4) and pseudohalides ( 5 ) .  
The various species are identified by 'H n.m.r., 
infrared, Raman, and mass spectroscopy with 
further characterization from vapor pressure 
measurements, molecular weight determinations, 
and cleavage reactions where applicable. 

Results and Discussion 
The preparative reactions used to make the 

dimethylgermane derivatives are based on those 
developed earlier (3, 5-7) for the germyl and 
methylgermyl compounds. A typical series of 
reactions to produce the halide derivatives is 

'Present address: Schooi of Molecular Science, Uni- 
versity of Sussex, Brighton, England. 

'To whom correspondence should be addressed. 

shown in reactions 1-4 with conversion to 
pseudohalides provided by reactions 5 and 6. 

X = Br, 1 
[2] Me,GeHCI + HX Me2GeHX + HC1 

[5] Me,GeHI + AgPs + Me,GeHPs + AgI 
(Ps = CN, NCO, NCS, OAc) 

' H Vuclear Magnetic Resonance Spectra 
The parameters for the new dimethylgermane 

derivatives are presented in Table 1 along with 
comparative data for the related Me,GeX2 
(X = F, C1, Br, I) and Me,GePs (Ps = CN, N,, 
NCO, NCS) species for which apparently no 
reliable chemical shift and IJ,,( measurements 
have been made. 

The spectra of the hydridic species, Me2GeHX 
and Me2GeHPs, are satisfactorily analyzed as 
first order (AX, type) indicating an increased 
effective symmetry by rapid rotation about the 
C-Ge bond. For the fully substituted species, 
Me2GeX2 and Me,GePs, the methyl resonance 
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BARKER E T  AL.: CHARACTERIZATION O F  DERIVATIVES OF DIMETHYLGERMANE 2623 

TABLE 1. The 'H 11.m.r. parameters of the halogeno- and 
pseudohalogeno- dimethylgermanes" 

Compound 6(Me) 6(GeH') j JHH,""l IJcE<l 

"The spectra were recorded at ambient temperature in carbon tetra- 
chloride solutions (<a.  57 vlv).  Chemical shrfts (6 k 0.02 p.p.m.) are 
in p.p.m. to low field Kf tetramethylsilane as internal standard. 
Deviations for coupling constants are J (HH' )  i 0.05 Hz, J(13CH) ? 
0.2 Hz (neat liquid). 

"eference 41. 
<These compare with values measured in cyclohexane, ref. 2 
* J r l l f g e m l ,  46.8 Hz and IJHFv"l, 7.0 Hz. 
ei.r..-qici 5 6 " 7  i s F e r & E d - '  
Compare  with approximate 6 values for Me,GeX, (X = CI, Br, I )  

of 1.18 1.46 and 1.90 6 respectively given In ref. 46. 
"M; for Acetoxy group is 2.00 p.p.m.; lJ,,I, 128.3 Hz. 

is seen as the expected singlet at high field. The 
expected additional coupling with "F (100z 
abundant, I = +) and 13C (1.1% abundant, 
I =  1)' IS observed. 

a-Proton Slzfts 
In the Me2GeHX series (X = F, C!, Br, I) the 

G e H  resonance shifts to lower field as the halogen 
changes from iodine to fluorine. This was also 
observed in the MeGeH,X and MeGeHX, 
series (3). A comparison of these data with those 
reported for the parent germanes, GeH,X and 
GeH,X, (S), shows that the effect cannot be 
described by additive substituent parameters with 
the possible exception of the bromides. The 
largest deviations from additivity are observed 
with the fluorides (mean deviations: F, 0.56; CI, 
0.22; Br, 0.07; I, 0.24 p.p.m.) (9). A similar low- 
field shift in the G e H  resonance is observed with 
increasing methyl substitution; in this case the 
additivity is good for the monohalides but is 
poorer when extended to the dihalides (mean 
deviations: H,  0.04; F, 0.12; C!, 0.03; Br, 0.1 1 ; 
I ,  0.19; CH,, 0.02 p.p.m.) (9). These results 
suggest that the more polar or bulkier substituents 
in polysubstituted germanes give rise to irregular 

changes in the effective shielding of the ger- 
manium proton, which implies that the a-proton 
shifts are determined only partly by inductive 
changes in local diamagnetic shielding. Similar 
effects have been observed for a-substitution in 
related methylsilyl- (10) and alkyl- ( 1  1) deriva- 
tives. The linearity of the "a-shift plot" of 
G(SiHXYZ) cs. G(CHXYZ) was interpreted (10) 
as indicating a common cause of the relative 
changes in G(SiH) and 6(CH), while the slope of 
0.4 suggested that SiH resonances are less 
sensitive than C H  resonances to the nature of 
substituents. For a large number of pairs of 
silicon and germanium compounds of the type 
MHXYZ, where X, Y ,  and Z represent groups 
such as H ,  Me, halogen, Group V, and Group V1 
elements (9), a plot ofG(SiHXYZ) rs. G(GeHXYZ) 
is also approximately linear but wit!i a slope of 
ca. 0.6. This indicates that the sensitivity of 
M-H resonance to x-substitution decreases in 
the order C H  > GeH > SiH. It is perhaps 
fortuitous that this order reflects the probable 
increase in importance of (p -+ d\x-bonding ( I  2). 

p-Proton Slz;fts 
For the substituted ~nethylgermanes MeGeH2X, 

MeGeHX,, Me,GeHX, Me,,GeX,-, the CH, 
resonance shifts to lower field as the halogen 
changes from fluorine to iodine (i.e. in the 
opposite direction from the a-proton shift). The 
shift increases with increasing halogen substitu- 
tion but decreases with increasing methyl substi- 
tution. Closer examination shows that the p- 
shifts are approximately additive properties of 
the a-substituents, the mean deviations (F, 0.04; 
C1, 0.06; Br, 0.05; 1, 0.02 p.p.ni.) being close to 
the error limits for 6 values (9). The sensitivity 
of the CH, resonance to a-substitution in the 
methylgermanes is now similar to the analogous 
silicon species (10); both systems showing 
marked insensitivity compared to the carbon 
analogs. The linearity of "p-shift plots" such as 
GCH3GeH2X r3s. GCH,SiH,X or GCH,CH2X (9) 
again implies similar factors influence the p- 
proton resonance changes. Agreement among 
even semi-quantitative calculations of the relative 
importance of various second-order phenomena 
is poor (10, 13-1 5)  although they are expected to 
act in a direction leading to deshielding of the 
p-protons. 

Carbon-Gernzaniurn Bond Slzift 
Plots of G(MeGeHXY) cs. G(GeH2XY) show 

reasonable linearity (9) indicating that the intro- 
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2624 CAN.  J .  CHEM. VOL. 5 2 ,  1974 

TABLE 2. Carbon-germanium bond shift data* 
- 

GeH3X + MeGeH2X MeGeH2X -t Me2GeHX GeHzXY -t MeGeHXY 

H -0.34 -0.01 -0.24 0.05 Fz +0.32 1.20 
F -0.09 0.51 -0.02 0.57 c12 -0.27 0.87 
C1 -0.19 0.54 -0.25 0.55 ClBr -0.36 0.92 
Br -0.38 0.50 -0.37 0.57 Br2 -0.46 0.98 
I -0.66 0.45 -0.59 0.49 C11 -0.49 0.99 
CH3 -0.24 0 .05 -0.19 0.02 BrI -0.73 0.91 

I2 -1.07 0.80 

*AC_G,X = G(GeH2XY) - G(MeGeHXY) p.p.m. 'H n.m.r. parameters for compounds not reported in this study taken from ref. 5, 8 , 4 l ,  45. 
All shifts are corrected to the 6 scale (p.p.m. to low field of tetramethylsilane) with no allowance for solvent dependence. For dllute solutions In 
isotropic solvents this error is expected to be minimal. 

duction of the C-Ge bond introduces no drastic 
perturbations in the shielding of the germanium 
proton. This effective replacement of a proton in 
MH,X (M = C, Si, Ge) by M'H, (M' = C, Si, Ge) 
has been termed the M-M' bond shift, AM- ,.' 
(10, 15-17). By analogy the observations in the 
methylgermanes permit the "carbon-germanium 
bond shift," A,-,,', to be calculated (Table 2). 
It has been noted in related systems (10, 15) that 
the bond effect apparently works to deshield the 

+cts are CL- and 8-protons equally. Similar eff, 
observed in the methylgermanes. For the halides, 
one implication is that when the P-proton shift is 
corrected for the presence of the C-Ge bond a 
"constant" shielding and hence electronic en- 
vironment about the P-proton may be predicted 
suggesting it is not necessary to invoke second- 
order effects. However, deviations from this ruIe 
have been reported in the dihalogeno(methy1)- 
silanes (10) so the existence of a general phenom- 
enon is questionable. 

Spin-Spin Coupling Constants 
The spin interactions between vicinal protons 

have been studied extensively and an empirical 
additivity relationship for ethyl (18) and methyl- 
silyl (10) compounds has been proposed. No 
similar relationship is apparent in the disilanyl 
series (16). The absolute values of comparable 
coupling constants generally decrease in the order 
ethyl > digermanyl > methylsilyl > methylger- 
my1 > disilanyl. If these have the same sign, 
assumed positive (19), and the changes are 
primarily due to the changing H-H' distances 
as previously suggested (16) the high values of 
I J ~ ~ " " ~  for digermanyl compounds are out of 
place. 

For the related systems (10, 18) a coupling 

additivity relationship has been expressed : 

where A is a constant with value approximately 
that of jJHHVicI in the parent hydride, x is a small 
arbitrary constant, and AE = Ex - E,, is the 
difference in Huggins electronegativity (20) of the 
substituent X and hydrogen. 

For the mono- and di-substituted methyl- 
silanes this relationship gave IJHHViCj calculated to 
i 0 . 3  Hz and k 0 . 7  Hz respectively. It is clear 
from plots of lJHHViCj cs. AE (9) that a better 
description results from treating the mono- and 
di-substituted derivatives individually. Thus for 
MeSiH,X, JJHHvicj = 4.11(1 - 0.12AE); for 
MeSiHXY, (JHHVicI = 3.50[1 - 0.18(AEx + AE,)]; 
for MeGeH2X, jJHHvicI = 3.48(1 - 0.13AE); for 
MeGeWXY,IJHHVicJ = 2.82[1 - 0.30(AEx + AE,)]; 
for Me2GeHX, IJHHViCI = 3.16(1 - 0.18AE); for 
GeH,GeH,X, jJHHVicj = 4.70(1 - 0.13AE); for 
SiH,SiH,X, jJHHvicj = 3.1(1 - 0.08AE). The 
average errors of 0.03,0.05,0.05,0.08,0.02,0.03, 
and 0.05 Hz for the values of lJHHvicj obtained are 
close to the error limits quoted for experimental 
values. In the disubstituted methylgermanes 
H-H' coupling for MeGeH'F, was not ob- 
served (3); from the above jJHHVicI is calculated to 
be -0.04 Hz i .e. effectively zero within the 
quoted error limits. 

Values for the direct coupling constant IJcHI 
for the methylgermanes lie in the range 125- 
138 Hz which is significantly larger than in the 
methylsilanes (1 18-127 Hz) but comparable with 
the data in the methylstannanes and plumbanes 
(10, 11). I t  is interesting to note that for methyl 
derivatives IJcHI is more strongly dependent on 
the group of the a-substituent and particularly 
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BARKER ET AL.: CHARACTERIZATION OF DERIVATIVES OF DIMETHYLGERMANE 2625 

TABLE 3. The vibrational spectra (cm-l) of fluoro- and chloro(dimethyl)germane* 

- 
Infrared Raman Infrared Raman 

(gas) (lid Calcd. (gas) (liq) Calcd. Assignment 

3001 m,dp 

2924 s,p 

2086 s,p 

1423 wm,dp 

1252 m,p 

858 sh,dp 

845 w,dp 

Not observed 

715 m,dp 

645 ms,dp 

Not observed 

600 vs,p 

190 s,p 

222 s 

*The,spectra were recorded at  room temperature. w = weak, m = medium, s = strong, v = very, sh = shoulder, p = polarized, dp = 
depolar~zed, br = broad. 

insensitive to changes in electronegativity within 
each group, e .g . ,  CH3-Group IV (1 18-1 13 Hz) ; 
CH3-Group V (131-140 Hz); CH3-Group VI 
(138-148 Hz); CH3-Group VII (149-1 52 Hz). 
Nevertheless, in methylsilicon and methyl- 
germanium compounds, with few exceptions, 
IJcHI increases markedly with increasing halogen 
substitution, increases with decreasing halogen 
electronegativity and decreases with increasing 
methyl substitution, although it is not possible to 
describe these effects by simple additive substi- 
tuent parameters. 

Vibrational Spectra 
The vibrational spectra of the halogeno- 

methylgermanes Me,CeX,-, have been inter- 
preted for X = C1(21), Br (22), and I(23) and we 
recently concluded studies on the hydridic 
species MeGeH,X and MeGeHX, (X = F, C1, 
Br, I) (4). The present study of the Me,GeHX 
species completes the spectroscopic characteriza- 
tion of the hydridic halogeno-methylgermanes. 
Additional interest is focussed on the developing 
trends in force constants and fundamental 
frequencies arising from the interchange of 
halogen and methyl moieties attached to german- 
ium along series such as GeH,X -+ MeGeH,X -t 

Me,GeMX -+ Me,GeX. In this context we ha\le 
carried out a full normal coordinate analysis to 
obtain compatible sets of harmonic force con- 
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TABLE 4. The vibrational spectra (cm- ') of bromo- and iodo(dimethyl)germane* 
- -- 

Me2GeHBr Me2GeHI 

Infrared Raman Infrared Raman 
(gas) ( l id  Calcd. (gas) ( l id  Calcd. Assignment 

861 sh 862 w,dp 854.3 867 sh 856 w,dp 841.8 v 2 3  

840 w,p 849.0 824 w,p 836.3 V1o 
836 835 

768 m 770 vw,p 770.5 763 m 756 vw, dp 755.7 V z 4 , V l l  

170 ms 169.3 

154 ms 
- - 

155.0 

*See footnote to Table 3. 

stants, eigenvectors, and potential energy distri- 
butions for the Me,GeHX series (X = F, C1, 
Br, I). 

The molecules Me,GeHX are assum:d to be in 
a staggered configuration and to belong to the C, 
symmetry group. The expected 27 fundamental 
modes are then divided into those symmetric (a') 
or antisymmetric (a") with respect to the molec- 
ular plane of symmetry (Table 5). All bands are 
i.r. and Raman active. The observed i.r., Raman, 
and calculated frequencies are collected in 
Tables 3 and 4 bith the assignment of funda- 
mentals. The conventional description of the 27 
fundamental vibrations and the potential energy 
distributions amongst the force constants are 
given in Table 5. The spectral asssignments are 
discussed in general terms for all molecules. 

Vibrations of the CH,  Groups 
Compared to the related MeGeH,X and 

MeGeHX, series (4) the extra methyl group in 
the dimethylgermanes increases considerably the 
complexity of the CH, fundamentals and the 
overlapping band contours do not permit an 

unambiguous assignment for the individual 
modes. However, the CH, stretching and defor- 
mation modes are all readily assigned to band 
envelopes in the expected regions. Four CH, 
rocks are expected, two of a'-species, v,, and v, ,, 
and two of a"-species, v,,, v,,. Coupling 
between these modes gives rise to bands in both 
830 and 760 cm-I regions and these are only 
assigned with confidence by means of the normal 
coordinate analyses. The bands display no 
definitive i.r. gas contours and are of very low 
intensity with no clear degrees of polarization in 
the Raman effect. No assignment of the CH, 
torsions, v,, and v,,, is possible from the 
available spectra. 

Vibratioizs of the GeH Group 
The GeH stretching mode, v,, appears at 

ca. 2080 cm-'; its designation as an a'-species 
being confirmed by the observation of a strongly 
polarized Raman band. The separation of the 
two GeH deformation modes, v,, and v,,, 
decreases with increasing mass of the halogen so 
that in the gas-phase i.r. spectra of Me,GeHBr 
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w > 
76 

E 
TABLE 5. Description of the fundamental vibrations for Me2GeHX 0 

- - - - - - - -- - - - - - - - - - - - - - - - - -- - - - - -- - - - - - -- - - - - - - - - - - - - - - - -- - - - - - - - - _ - - -- _ _ _ - m 
1 

Fundamental Potentla1 energy distrtbution* > 
r 

a' a" Description Me2GeHF 
-- - 

Me2GeHCI Me2GeHBr Me2GeH1 n 
- - -- - - - -- - - - -- - - - - - - - - - - - - _ _ - - _ z  

CH3 str. (a) lOO(1) lOO(1) 
> 

vl ,VZ v16,v17 lOO(1) 1 oo(1) 0 
V3 v18 CH3 str.(s) lOO(1) lOO(1) lOO(1) lOO(1) 

> 
n 

V 4  GeH str. 1 OO(3) 1 OO(3) 1 OO(3) lOO(3) m 1 

V5 GeX str. 9(2) + 69(4) + 7(8) 934) 87(4) + 8(9) 52(4) + 22(9) + 27(11) Ti 
+ lorlo) ? 

GeC, str. (s) 
GeC, str. (a) 
CH, def. (a) 
CH3 def. (s) 

CH, rock 
CH, rock 

CH3 rock 

HGeX def. (I/) 
HGeX def. (I) 
GeC2 def. 

CGeX bend 

CGeX def. 
CH, torsion 
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TABLE 6. Force constant listings 

Force constant Value in 

Number Description Me,GeHF Me2GeHC1 Me2GeHBr Me,GeHI 

1 ~ C H  4.838 4.833 4.826 
2 f c ~ e  2.946 2.940 2.937 
3 f C e H  2.547 2.555 2.540 
4 fcex 4.078 2.080 1 .692 
5 ~ H C H  0.501 0.497 0.493 
6 fHc~e(11 to  o,) 0.325 0.322 0.346 
7 fHcCe(l t o  0,) 0.460 0.457 0.458 
8 ~ C G ~ H  0.454 0.417 0.397 
9 ~ C G ~ X  0.618 0.613 0.599 

10 ~ H G ~ X  0.324 0.322 0.341 
11 ~ C G ~ C  0.481 0.447 0.484 
12 ~ C H I C H  0.046 0.042 0.044 
13 fcCieicCe 0.059 -0.054 -0.015 
14 ~ H C H I H C H  -0.008 -0.008 -0.010 
15 ~ H C G ~ ~ H C G ~  ( 1 ,  1) -0.023 -0.025 -0.023 
16 f ~ ~ C e l l l C G e  (1. L) -0.029 -0.027 -0.034 
17 ~ C G ~ H I C G ~ H  0.001 0.003 0.001 
18 f C c e ~ j C G e X  0.047 0.008 -0.080 
19 ~ C G ~ ~ H C G ~  0.095 0.024 0.087 
20 ~ C G ~ ~ H C C . ~  -0.003 0.002 -0.028 

-- - 
*Units are. mdyn 8,-' for stretch~ng, mdyn 8, rad-2 for bendlng, mdyn rad- '  for stretch bend force constants. 

and Me,GeHI only one broad feature is ob- 
served. In the fluoride, the GeF stretch, v,, is 
also expected In this region. However, it is likely 
to be of extremely low intensity in the Raman 
effect so that the two fairly intense bands at  715 
and 645 cln-' may be attributed to v , ~  and v,,, 
respectively. The GeF stretch is then assigned to 
the intense feature in the i.r. spectrum at 
670 cm-l,  the band envelope presumably also 
containing v, ,. 

Vibrations of tlze C,GeX Skeleton 
The symmetric CeC, stretching mode, v,, is an 

intense, polarized band in the Raman spectrum. 
In all but Me,GeHF, the asymmetric stretch, v,,, 
appears as a depolarized shoulder at  higher 
frequency. In the i.r. spectra v,, has a d~stinct 
B-type contour in Me,GeHCl and Me,CieHBr. 
The GeX stretching mode, v,, has already been 
discussed for Me,GeHF. For the other Me,GeHX 
species it is confidently assigned to a Raman 
polarized band in the typical position. The Gee, 
deformation v, ,, is assigned by comparison with 
the Me,GeX, series in which the corresponding 
mode appears consistently in the 180 cm- region 
(21-23). I t  is typically unaffected by the nature of 
the halogen. Only for the fluoride is the band at 
190 cm-I clearly polarized. The CGeX deforma- 

tions, v,, and v,,, are assigned to the remaining 
features in the low wavenumber region of the 
Raman spectra. In the lighter chloro- and fluoro- 
species only one envelope remains. This acci- 
dental degeneracy of skeletal modes has been 
observed in MeGeCl, and Me,GeCl, (21). How- 
ever in Me,GeHBr and Me,GeHI the envelope 
is clearly resolved. 

As is often the case with such modes, the 
polarization data are not definitive. The choice of 
assignment results from the normal coordinate 
analysis. 

The Nornzal Coordinate Analysis 
As was found in the MeGeH,X and MeCeHX, 

(4) series the differences in the corresponding 
force constants for each mode in all the molecules 
is small (Table 6). This suggests that we do have a 
reasonable set of values. The CH, stretching 
modes are seen from the potential energy 
distributions (Table 5 )  to be pure modes and 
there is a gradual stiffening of the C-W bond as 
reflected by the gradual increase in the corre- 
sponding force constant, f,, along the series 
F > GI > Br > I. The same is true for the 
potential energy distributions of the CH, asym- 
metric deformation modes and the force con- 
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stant, f,,,. The CH, symmetric deformations are 
very mixed but show similar potential energy 
distributions as do the CH, rocking modes. 

The Ge-H stretch is a pure mode. Some 
general trends are apparent in both the averaged 
GeH absorption frequency and force constant: 
for increasing methyl substitution, e.g. GeH,CI 
(24) -+ MeGeH,Cl (4) -+ Me,GeHCI, both pa- 
rameters show a marked decrease (i.e. v,,, = 

2126, 2105, 2083 cmp' ;  f,,, = 2.663, 2.594, 
2.555 mdyn kl); for increasing halogen substi- 
tution, e.g. MeGeH, (25, 26) + MeGeH2C1 
(4) -t MeGeHCI, (4), the opposite effect is 
apparent (i.e. v,,, = 2084, 2105, 2125 cm-' ; 
f,,,, = 2.544, 2.594, 2.644 mdyn kl). It is 
therefore not surprising that for the Me,GeHX 
series the combination of the two trends leads to 
both a low GeH stretching frequency and force 
constant relative to GeH,X (24), MeGeH,X (4), 
and MeGeHX, (4). The GeH deformation modes 
are fairly mixed with the in-plane mode mainly 
dependent onf,,,,, and the out-of-plane mode on 
J;,,,, as would be expected. The GeC, stretches 
show strong dependence on f,,, and the GeC, 
deformation on,f,,,,. In the chloride there is an 
almost equal contribution to the potential 
energy distribution of the GeC, deformation 
from f,,,,, while in the iodide an important com- 
ponent isf,,, presumably reflecting the proximity 
of the corresponding modes. Finally, the CGeX 
out-of-plane deformation has a 100x dependence 
on,f,,,,, X = F or CI, but for the bromide and 
iodide there is some contribution to the potential 
energy distribution from the interaction force 
constant 18. The in-plane CGeX deformations 
have very mixed potential energy distributions, 
although the major component is still f,,,, with 
contributions from f,,,, and f,,,,. ', 

Tlie pseudohalides, Me,GeNPs, unlike the 
corresponding MeGeHfi,  species (51, were 
sufficiently stable towards disproportionation to 
allow their vibrational spectra as well as their 
n.m.r. spectra to be recorded. The i.r. and Raman 
spectra (Table 7) are largely assigned by com- 
parison with the related pseudohalides (5, 9, 27- 
30) and with the Me,GeHX series. The replace- 
ment of halogen by the polyatomic pseudo- 
halogens introduces additional fundamentals (3 1) 
which have distinct group frequencies and it is 
these modes ~ h i c h  best characterize the new 
species. If the pseudonalide group (represented 
by N-X-Y for N-C-0, Np-C-S, N-N- 

N) is linear and lies in the molecular plane then 
at  best the hydrides possess Cs symmetry. As a 
result the Me,GeH- moiety might be expected 
to give rise to similar sets of a '  and a" funda- 
mentals as the analogous halides. However, in 
view of the unknown molecular symmetries we 
make only tentative assignments to general types 
of motion. 

The pseudohalogen (Ps) stretching funda- 
mentals are readily distinguished and appear in 
typical spectral regions for these species : 21 90 
cm-I (v,,); 2106, 1291 cm-' (v,,,); 2276, 1414 
cm-' (v,,,); 2062, 967 cm-' (v,,,). The 
pseudohalogen deformation fundamentals are 
ill-defined since they appear in spectral regions 
overlapped by stronger Me,GeH- funda- 
mentals. By comparison with the related GeH,,- 
(28-30) Me,Ge- (28) and MeGeH,- (5) species 
the following tentative assignments are possible: 
674 cm-' (6,,,); 670 cm-' (h,,,); 480 cm-' 
(h,,,). It should be noted that for triatomic 
pseudohalides, group theory considerations pre- 
dict two skeletal N-X-Y deformations, i.e. an 
in-piane and out-of-place component (31). The 
apparent absence of additional features attri- 
butable to the second of these inodes both in 
these and the related molecules may be an 
indication of a near-degeneracy. The germanium- 
pseudohalogen stretching inodes may be assigned 
with some confidence to polarized Raman fea- 
tures at 457 cm-' (v,,-,,,), 445 cm-' (v ,,-, ,,) 
352 cm-' (v,,_,,,), and 470 cm-'  (v,,-,,). 

Evidence from I4N n.m.r. spectroscopy (29) 
and electron diffraction (32) favors the iso-form 
for the cyanates (i.e. Ge-N bonding). There is 
no direct evidence for similar bonding in the 
analogous thiocyanates. The pseudosymmetric 
stretch in organic isothiocyanates (v,,, at  
ca. 1000 a n - ' )  occurs at considerably higher fre- 
quency than the normal-bonded species (v ,,, at 
ca. 600-700 cm-') (33). This has been taken as 
good evidence for the iso-form in germanium and 
silicon compounds which produce spectral fea- 
tures in this region (28, 30, 34). However in this 
investigation the spectra are ambiguous and it is 
equally possible to assign a distinct feature at 
669 cm-' in the dilnethylgermane species to the 
isomeric Me,GeHSCN species (v,,,). This fea- 
ture also appears in MeGeH,NCS and MeGe- 
(NCS), ( 5 )  and may contribute to the observed 
splitting of the GeH, rock (C,, degenerate) in 
GeH,NCS (30). HI is also noteworthy that the 
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Ce-S stretch occurs at 385 cm-I in Me,GeSMe range -28" to +29' is given by: log p (mm) = 7.33 - 

(35) and 410 cm-l in GeH,SMe (36) so the 1614/T which leads to AH,,,, 7382 cal mol-', AS,,,, 
20.4 cal deg-' mol-', and an extrapolated boiling point fundamental in the 360 c m  region in german- of 892 (m,p, - 74-j, The - 96c trap wa shown to 

ium thiocyanates may well arise from the norul7al- a mixture of B,H, (ca, 0.35 mmol) and Me2GeH2 
\ 0.8 mmol) which could be separated by refractionation at 

bonded species i.e. -Ge-SCN. We await direct - 126', the latter being involatile at  this temperature. 
/ Bromo(dimethyl)germane, lMe,GeHBr 

structural evidence with some interest. In a typical reaction Me,GeHCI (1.50 mmol) and HBr 
(ca. 3 mmol) were distilled into a reaction vessel (150 ml) 

Experimental at -196" and allowed to warm to room temperature, 

~ ~ ~ i ~ ~ l ~ t i ~ ~ ~  and spectroscopic measurements of all occasional quenching with a -78' bath being applied as 

volatile conlpounds were carried out as described previ- the reaction became too vigoro~ls. After ca. 15 min 

ously (5) except that the Raman data were obtail,ed with reaction was complete and fractionation of the volatile 

laser excitation 488.0 nm (argon-ion), An 1 % ~  ~,'360-50 products gave Me,GeHBr (1.45 mrnol; mol. wt. calcd. 

series computer was used for the normal coordinate for MezGeHBr, 183.57; found, 185; mass spectral parent 

analysis with the programme SOTONVIB, a modified peaks at  m/e 176-186 (HnCzCeBr') held in a -78' trap 

version of GMAT and F ~ E R T  as described by Schacht- and a mixture of HCI and HBr (total, ca. 3 mmol, 

schneider (37). 7he  nlo]ecu]es were assumed to have "all- identified s~ectrosco~ically) in a - 196' following trap. 

tetrahedral3' angles and the following parameters were The vapor Pressure relationship for MezGeHBr in the 

assumed from available data on related species: C-H, 'ange -20 to f 23' is give11 by: log L' (mm) = 6.6 - 
1,083 A;  G~-H,  1.52 8,; ce-C, 1,945 A; Ge-F, 15001T which leads to AH,ap, 6864 cal mol-', AS,,,, 
1.73 8,; Ge-Cl, 2.15 A ;  G ~ - B ~ ,  2.30 8,; Ge-1, 2.50 A 17.0 cal deg-' mol-', and a boiling point (extrapolated) 
(24, 38). Initially a SVFF was set up involving eleven force 131". 

constants. The fit was improved by iterative adjustment Ioclo(dimerhyl)gern7ane, li{e2GeHI 
using the conventional least squares method (39) and the Typically, Me2GeH, (3.02 mmol) was distilled into a 
best fit between observed and calculated freq~~encies cooled reaction vessel (ca. 20 ml) containing resublimed I, 
obtained by introducing stretch-stretch, stretch-angle, (0.52 g, ca. 2.1 mmol). The reactants were maintained at  
and angle-angle interaction terms. - 78'; the reaction being accelerated by occasional local 

warming with the fingers. After ca. 1 h a light brown 
Starring Materials mixture showing no signs of residual I2 was obtained and 

~ichloro(dimethyl)germane, Me2GeC12, (*]fa In- after fractionation Me,GeHI (2.03 mmol; mol. wt. calcd. 
organics) was degassed at -45' 10 remove HCI; the for Me,GeHI, 230.57; found, 229; mass spectral parent 
'H n.m.r. and i.r. spectra of middle fractions agreed well peaks at m;e 227-234 (H,c,G~I+) was recovered from a 
with those reported (21,40) Dimethylgermane, Me2GeH,, trap held at  -78". A mixture of HI  and Me,GeH, (total 
was recovered in yields > 9 5 z  from the reduction of ca, 2.8 mmol, identified spectroscopically) was obtained 
Me2GeC1, with LiAIH, in dry n-butyl ether; its purity was in a - 196' following trap. The vapor pressure relation- 
confirmed by 'H n.m.r. (41 ), i.r. (251, and vapor pressure ship for Me,GeHI in the range - 8 to + 34- is given by: 
(42) measurements. Hydrogen bromide (Matheson) was log (mm) = 6.2 - 150917, which leads to AH,,,,, 6905 
fractionated through traps at  -78" and degassed by cal mol-l ,  AS,,,,, 15.4 cal deg-1 m o l - ~ ,  and a boiling 
pumping at - 196'. Boron trichloride (Matheson) was point (extrapolated) of 175". 
degassed at - 112': a high degree of purity was indicated 
from the i.r. spectra and vapor pressures (43) of middle FL"o'o(dimer;z~l)germane, Me2CeHF 
fractions. Iodine (B.D.H.) was resublimed in racuo In One e x ~ e r i m e ~ t  Me2GeHI (1.85 mmol) was passed 
before use. Reagent grade samples of the heavy metal through a colulnn loosely packed with a mixture of glass 
salts PbF,, AgCN, AgNCO, AgNCS, and AgOAc were WOO] and lead(II) fluoride (ca. 25 g). After five double 
dried i n  a high vacuum for several days before use, Passes the contents of the column were bright yellow and 
Me3SiN3 was obtained from the reaction of Me3SiC] the ' H  n.m.r. spectrum of the products showed that most 
with NaN, in diethyl ether (28). of the iodide had been consumed Distillation of the 

volatile material through a trap at -45" retained un- 
Preparation of the Halogeno((/i117ethyI)germane.c. reacted Me2GeHI and pure Me2GeHF (1.52mmol; 

Chloro(dimefhyl)germane, Me2GeHCl mol. wt. calcd. for Me,GeHF, 122.6; found, 122.1) was 
Typically, Me2GeH2 (3.05 mmol) and BCI, (0.76 mmol) collected in a - 196" trap. The vapor pressure relationship 

were condensed into a reaction vessel (150 ml) held at  for MezGeHF in the range -21 to +21° is given by: 
-196" which was then maintained at  -78' (1--2 h). The log p (mm) = 7.98 - 1715/T which leads to AH,,,, 
reaction mixture was then brought to room temperature 7847 cal mol-', AS,,,, 23.3 cal deg-' mol-', and a boiling 
to complete the reaction and fractionated through cold point (extrapolated) of 63" (m.p. -31"). 
traps at  -23', - 78", and - 196'. The -23" trap con- 
tained a trace of Me,GeC12 (identified by its ' H  n.m.r. P'.eparation of P~eudohalogeno(dimeth~1)~ermawes 
(40) and i.r. (21) spectra), and Me,GeHCI (2.1 mmol) Azido(dinzethyl)germane, Me,CeHN3 
was recovered from the - 78' trap. (Mol. wt. calcd. for Typically, Me,GeHF (1.1 1 mmol) and Me3SiN3 (0.94 
Me,GeHCI, 139.1 1 ; found, 138.8; parent peaks observed mmol) were condensed into a reaction vessel (ca. 10 ml) 
in the mass spectrum at mle 135-142 (H,C,GeCI+). cooled to -196". The mixture was warmed to room 
The vapor pressure relationship for Me,GeHCl in the temperature and allowed to react (15 min). Repeated 
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fractionation through a trap at  -78" gave Me3SiF (ca. 
0.9 mmol; identified by its 'H n.m.r. (10) and i.r. (44) 
spectra) and unreacted Me,GeHF (ca. 0.2 mmol) in a 
- 196" following trap. Distillation of the products in the 
-78" trap gave pure Me2GeHN3 (0.9 mmol; v.p. ca. 
13 mm Hg at  10"; parent peaks at  m/e 142-149 (H,C2- 
GeN3+);  mol. wt. calcd., 145.69) condensing in a trap at  
- 45" and traces of Me,GeHF and Me3SiN3 (< 5%) in a 
- 196" following trap. 

Cyano-, Zsocyannto-, Zsothiocyanato-, and Acetoxy-, 
(dirr~ethyljgerma~ze; Me2GeHCN, Me2GeHNC0, 
Me2GeHNCS, Me,GeHOAc 

In each case Me2GeHI (ca. 2 mmol) was passed through 
a column loosely packed with a mixture of glass wool and 
the appropriate silver(1) pseudohalide, AgCN, AgNCO, 
AgNCS, or AgOAc (ca. 25 g) until 'H  n.m.r. examination 
showed that all the iodide had been consumed. Complete 
reaction was usually obtained in three double passes. The 
yields and physical data for the new series were: Me2Ge- 
H C N  (87%; v.p. ca. 13 mm Hg  at  23"; parent peaks at  
m/e 126-133 (H,CZGeCN+); mol. wt. calcd., 129.68); 
Me,GeHNCO (78%; v.p. ca. 14 mm Hg at 20"; parent 
peaks at m/e 142-148 (H,C2GeNCO+); mol. wt. calcd., 
145.67); Me2GeHNCS (93%; v.p. ca. 5 mm Hg at  20"; 
parent peaks at  m/e 159-163 (H,C,GeNCS+); mol. wt. 
calcd., 161.74); Me,GeHOAc (83%; v.p. ca. 10 mm Hg 
at  24"; weak parent peaks a t  m/e 147-153 (H,C,Ge02); 
mol. wt. calcd., 150.70). 

Prominent features in the liquid phase i.r. and Raman 
spectra (cm-') of Me2GeHOAc assignable to Me2GeH 
fundamentals were observed a t :  3000m (3001 m,dp), (2925 
m,dp), (2928 s,p), -CH3 stretch; 2102 s (2097 s,p). -GeH 
stretch; 1420s (1420 w,dp), (1250 m,p), -CH, def.; 
%Is, 773 m, -CH3 rocks; (649 w), -CeH def; 628s 
(627 m,dp), 602s (601 vs,p), -GeC stretch; (555 s,p), 
-GeO stretch; (205 sh,dp), (194 s,dp), -skeletal modes. 
Raman values in parentheses. 

Cleacage Reactions with Hydrogen Bromide 
Known quantities of the pseudohalides were effectively 

cleaved by reaction with excess gaseous HBr (30 min. 
r.t.) to give Me,GeHBr which was identified quantita- 
tively and qualitatively from 'H n.m.r. and i.r. spectra: 
Me,GeHCN (0.95 mmol) gave Me2GeHBr (0.85 mmol); 
Me,GeHNCO (0.72 mmol) gave Me,GeHBr (0.69 
mmol); MezGeHNCS (1.02 mmol) gave Me2GeHBr 
(0.95 mmol); Me,GeHOAc (0.85 mmol) gave Me,GeHBr 
(0.83 mmol) and AcOH (ca. 0.8 mmol). The recovery of 
near-quantitative amounts of MeZCeHBr confirms that 
the Me2GeH- moiety is present in stoichiometric pro- 
portions in monomeric pseudohalide species. The hydro- 
gen pseudohalide species (i.e. HCN, IHNCO, HNCS) 
showed a marked tendency to polymerize under the 
experimental condition so they were identified only on a 
qualitative basis. 

We wish to thank the National Research Council of 
Canada for financial support. 
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Infrared and Raman Spectra of Arylazo Complexes: Assignment of 
v(N=N) in Some Molybdenum and Tungsten Polypyrazslylborate Compounds of 

the Type [RB(pz) ,~~(C~),(N,Ar)l  

Department of Chemistry, Sinzorl Frcl~er University, Blrrr~aby, B~itisll Col~rrnhin V5A IS6 
Received January 17, 1974 

DEREK SUTTOX. Can. J. Chem. 52, 2634 (1974). 
The infrared and Ranian spectra have been measured for the series of arylazo complexes 

[RB(pz),M(CO),(N2Ar)], where R = H, pz; M = Mo, W; pz = 1-pyrazolyl, and Ar = C,H,, 
ChD5, p-C6H4F, m-C6HrF, p-C6H4NOz, o-C,H4CH3, and o-C6H3(CH3),. On the basis of 
spectral shifts (including '5N-substitution) and Raman intensities, a band in the region 1530- 
1580 cm-' is assigned as v(NN) and a band at 1609-1630 is tentatively assigned as having 

4' 
a contribution from the antisymmetric -N-N-C stretch. 

\ 
DEREK SUTTOK. Can. J. Cheni. 52,2634 (1974). 
On mesure les spectres infrarouge et Raman d'une serie de complexes arylazoiques 

[RB(pz),M(CO),(N2Ar], dans lesquels R = H,  pz; M = Mo, W ;  pz = pyrazolyl-1 et 
Ar = C6H5, C,D5, p-C,H,F, ~n-C,H,F, p -C~H4N02 ,  o-C,H,CH, et o-C,H,(CH,),. En 
se basant sur les deplacements spectraux (la substitution 15N y comprise) et les intensites 
Raman, une bai-rde dans la region 1530-1580 cm-' est attribuee v(NN) et I'on propose, a 
titre d'essai qu'une bande a 1600-1630 provient d'une contribution de l'elongation anti- 

// 
symetrique N = N - G .  [Traduit par le journal] 

\ 

In&oduction 
Some years ago, Trofimenko (1) reported the 

reaction of the anions [RB(pz),M(CO),]- with 
a variety of aryldiazonium salts to yield neutral 
arylazo complexes [RB(pz),M(CO),(N,Ar)], 
where M = Mo, W;  R = H, pz; pz = 1- 
pyrazolyl. In the infrared spectra of these 
compounds, a band at -- 1620 cm-I was tenta- 
tively assigned to vibration of the -N=N- 
chromophore, or possibly as an aromatic ring 
mode (I ) ,  but no experiments to settle the assign- 
ment were undertaken at that time. More 
recently, the synthesis of a substantial number of 
transition metal - arylazo complexes has led to 
the observation that v(NN) for the coordinated 
arylazo ligand may extend over a rather wide 
range of values, at least from 2095 cm-' (2) 
to 1440 cm-' (3). The range of observed values 

0 
R N N - M  R R, @.- 

:N=$=M .N=N, 
M 

1 2 3 

is a reflection of different possible formalisms 
1-3 for the electronic structure of the metal- 
arylazo group, and it has recently been suggested 

that, provided observed v(NN) values are 
brought to a common scale, the corrected values 
vr(NN) fall into three fairly distinct groups (4). 
These are (i) lower than 1540-1560 cm-I, 
corresponding to doubly bent geometry 3, 
(ii) between 1540-1560 and 1700-1740 cm-I 
corresponding to singly bent geometry 2, and 
(iii) those greater than 1700-1740 cm- ' cor- 
responding to singly bent geometry 2, but 
tending to the linear case 1. 

Since the molecular geometry of [HB(pz),- 
Mo(CO),N,C,H,] has been determined fairly 
accurately by X-rays (5) and shown to conform 
closely to type 2, it seemed worthwhile to use 
isotopic substitution to settle the actual value of 
v(NN) for this compound and its relatives. 

Experimental' 
[ B ( ~ ~ ) , M o ( C O ) ~ ( ' ~ N = ' ~ N P ~ ) ]  was synthesized from 

Mo(CO)~,  K[B(pz),], and [Ph'4N-'5N]BF, following 
the published procedure (1). [Ph"N=l5N]BF, was 
synthesized by diazotizing aniline with NaI5NO2 (96%) 
purchased from Isomet Corp. [ B ( ~ z ) ~ M o ( C O ) , N , C ~ D , ~  
was synthesized using [C6D5N2]BF4 prepared by 

'Non-isotopically substituted compounds used in 
this study were kindly supplied by Dr. S. Trofimenko. 
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SUTTON: I.R. AND RAMAN SPECTRA OF ARYLAZO COMPLEXES 2635 

diazotization of C6D5ND,, and the presence of CsD5 
confirnied by con~parison of its n.m.r. and i.r, with that 
of the C6H, analog. 

Infrared spectra were measured as KBr pellets, 
Nujol mulls, and as solutions in cyclohexane (KBr cell). 
Significant shifts in band positions for KBr pellets 
were observed by comparison with solution or mull 
spectra. Values of v(C0) for solution spectra were in 
agreement with published values (1). Spectra were 
measured on Perkin-Elmer 457 and Beckman IR-12 
instruments and are considered reliable to within 
i 2 cm-I. Raman spectra were taken on the pure solids 
using a Cary Model 81 spectrophotometer equipped with 
a Spectra-Physics Model 125 He-Ne laser delivering 
60 mW. Samples were checked carefully for possib!e 
thermal decomposition, and where necessary this was 
avoided by defocussing. From the relative band positions, 
the i.r. Nujol mulls correspond most closely with the 
Raman san~pl i~lg  conditions. Satisfactory solution 
Rarnan spectra were not obtained. The Raman spectrom- 
eter was calibrated against rare-gas emission lines. 
Observed Raman shifts are believed to be reliable to 
i 2 cm-I or better. 

Results and Discussion 
The compounds under study exhibit no 

fundamental frequencies other than v(C0) in 
the region 2500-1 650 cm- '. Attention was 
focussed on the 1400-1 650 crn - ' region, where 
the spectrum was sensitive to the compound and 
to isotopic substitution. The bands observed in 
this region (excluding those due to RB(pz),) 
are listed in Table 1, and can be seen to fall into 
four groups: (i) a band of nlediuin intensity 
observed in the region of 1475 cm-'  in both 
Raman and infrared, (ii) a band in the region 
1530-1580 cnl-l ,  often around 1560 cm-' ,  pre- 
sent strongly in both Rarnan and i.r. and of 
variable position, (iii) a band a t  -- 1585 cm-'  
of much lower intensity, which appears in both 
Raman and i.r., and (it.) a band in the region 
1600-1630 a n - '  often quite strong in the in- 
frared spectrum but usually weak and difficult 
to observe in the Raman spectrum. The assign- 
ments for these four regions are now discussed. 

(i) 1475 em-' Region 
This is the position expected for a v(C=C) 

skeletal mode of the aromatic ring of the arylazo 
ligand derived from the El, mode of benzene. 
Splitting into component modes (e.g. A ,  and B, 
for C,M,X) is sometimes, but not always, 
distinguishable in such instances (6). Confirma- 
tion of the assignment in this case is afforded by 
the nonexistence of a band in this position in 
[B(pz),Mo(CO),(N2C,D,)1, together with the 
appearance of a new band of medium intensity 

in both Raman and i.r. a t  1355 cnl-' corre- 
sponding to the expected position for the corre- 
sponding v(C=C) mode of the C,D, group (7). 
The band is virtually insensitive to 15N substitu- 
tion. 
(ii) 1530-1580 cr?l-' Region 

Each compound studied exhibited a band in 
this region in both the Raman and i.r. spectrum. 
The band in question usually appeared as a 
quite well defined single peak in the solution 
i.r. sDectrum. It was not ~oss ib le  to record 
R a ~ n a n  spectra for the cyclohexane solutions due 
to limited solubility, and so solid phase i.r. 
spectra were run for better comparison with 
the Rarnan spectra. The solid phase i.r. spectra 
generally gave much broader peaks in this 
region (with occasional solid-state splitting) and 
the positions of the peaks often differed con- 
siderably from the solution i.r. positions. There 
was good agreement between peak positions in 
the Raman and Nujol-i.r. spectra, and on this 
basis there seems little doubt that the Raman and 
i.r. bands in question result froin the same 
normal vibration. There also seems littie doubt 
that this normal vibration is largely v(NN) 
since the peak shifts down by about 30 cm-'  
either on I5N substitution of the coordinated 
nitrogen atom in [R(pz),Mo(CO),(N=NCbH j)] 
or upon deuteriation of the phenyl group. I t  
is the onjy strong band in the Kaman spectrum 
between 1500 and 2000 cm-'  for any of the 
compounds measured, with the exception of 
v(N0,) frequencies of nitro derivatives. As 
expected, the band for a tungsten compound is 
invariably at a lower wavenumber than for its 
molybdenum analog. In most cases, but not 
all, values appear to be lower when R = H 
than when R = pz for similar compounds. 
The shifts induced by a change of substituent are 
not straightforward; for example in two series 
substitution by fluorine in a para position 
increases the frequency, whilst substitution meta 
decreases it. 

(iii) 1580-1597 ern-' Region 
The medium or low intensity band frequently 

observed in this region in the i.r. and Raman 
spectra is assigned as the skeletal v(C=C) mode 
of the aromatic nucleus derived from the E,, 
mode of benzene (6). I t  is unaffected by 15N 
substitution and appears to  shift down by the 
expected amount upon deuteriation of the 
phenyl group (7). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2636 C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

TABLE 1. Wavenumbers of observed bands in infrared and Raman spectra of [RB(pz),M(CO),(N=NAr)] in the 
range 1400-1650 cm-' (excluding RB(pz), absorptions) 

Wavenumbers of observed bands ( ~ m - ' ) ~  

Infrared 
Raman 

Compound KBr pellet C,Hl, solution Nujol mull (solid) 
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TABLE 1. (Continued) 

Wavenumbers of observed bands (cm-')* 

Infrared 
Raman 

Compound KBr pellet C6HI2 solution Nujol mull (solid) 

[B(P~),Mo(CO)Z(N=NPC,H,F)I 1475sh 
1485s 1492s 1490s 1488m 

1505w 
1545sh 1562sh 
1565s,b 1574s 1577s 15821-11 
1595sh 1595sh 1596111 
1616s 1622s 1620sh 

1628s 
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TABLE 1. (Concluded) 
-- 

Compound 

Wavenumbers of observed bands ( ~ m - ' ) ~  

Infrared 
Raman 

KBr pellet CBHIZ solution Nujol mull (solid) 

[HB(p7)3Mo(CO)Z(N=NoC6H3(CH3)2)] 1 5 0 0 ~  - 1505w,sh 
1542sh 1535w 
1560s,sh. 1560w,sh 
1570s 1579s 1 579sg 
1625vs,b 1624 

.. - - - 
1637 

~~~~~~~~ ~ - - ~-p- 

Walues for corresponding peaks in [ B ( ~ Z ) ~ M ~ ( C O ) , N - N C , D ~ I  in parentheses. 
*Defocussing necessary; spectrum o f  low quality. 
'Probably decomposition product, intensity increased with length of exposure of sample t o  laser beam. 
dNot  very soluble, weak spectrum. 
ev,(N02) occurs very strongly at  I330 cm- '  in the Raman spectrum of  these compounds. Solution i.r. is relatively weak due to poor solubility. 
f R a m a n  enhancement of 1590 c m l  bands possibly due to coupling with v,,(N02). An alternative assignment is v(N==N) at  1590 ( -  phenyl) 

and v,,(N02) at  1530 (usual position). 
$Spectrum tentative, sample decomposed in instrument. 
"s, very strong; w, weak; s, strong; sh, shoulder; m, medium; b, broad. 

(it') 1600-1630 cn1-l Region 
The band occurring in this region also shifts 

with 15N and 'H (phenyl) substitution in 
[B(pz),Mo(CO),(N,Ph)] and must be assigned 
to a vibration of the azophenyl group to which 
v(NN) makes some contribution. The infrared 
intensity of this band does not remain reasonably 
constant from compound to compound (as 
does the - 1550 band), and in particular de- 
creases substantially in the N15-substituted 
compound. The Raman intensity is invariably 
low (in several spectra the band seems to be 

absent altogether) indicating a very small change 
in polarizability, and a tentative assignment of 
this band is that it originates in a vibration 
involving some contribution from an anti- 

// 
symmetric -N=N-C stretching mode. 

\ 

Conclusion 
The compounds studied exhibit two bands in 

the infrared spectrum which shift position with 
15N and ,H (phenyl) substitution. The first, in 
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the - 1550 cm- region, appears strongly in the 
Raman spectrum also, and is assigned as pre- 
dominantly v(NN). The second, a band in the - 1620 cm-' region, shows smaller shifts upon 
isotopic substitution and very low Raman 
intensity. It  is tentatively assigned as due to a 
vibration involving a contribution from the 

// 
antisymmetric -N=N-C stretching mode. 

\ 
Dr. S. Trofimenko is thanked for kindly making 

samples available for study, and for his helpful com- 
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The Hydrolysis of Esters Related to 0-Mippuryl-2-hydroxybutanoic 
Acid by Garboxypeptidase A 

JOHN W. BUNTING AND JOE MURPHY 
Deportment of Chemistry, University of Toronto, Toronto, Ontario M5S 1Al 

Received February 14, 1974 

JOHN W. BUNTING and JOE MURPHY. Can. J. Chem. 52. 2640 (1974) 
The hydrolysis of each of the following esters by bovine carboxypeptidase A has been studied 

a t  p H  7.5, 25", ionic strength 0.5: 0-hippuryl-, 0-phenaceturyl-, 0-aceturyl-, 0-(N-methyl- 
hippury1)-, and 0-(N-hippurylglycy1)-2-hydroxybutanoic acids, and 2-(3-benzoy1propanoxy)-, 
2-benzoxyacetoxy-, and 2-(4-phenylbutanoxy)butanoic acids. Substrate inhibition occurs 
with only the hippuric and phenaceturic acid esters and in the six other cases simple Michaelis- 
Menten kinetics are observed. The relatively minor variations in the structures of the acid 
moieties of these esters lead to quite large variations in K,,,, although kc,, seems to be relatively 
independent of the nature of the acid moiety. Binding modes of substrate molecules at  both 
the catalytic and inhibitory sites are discussed in the light of these observations. 

JOHN W. BUNTING et JOE MURPHY. Can. J. Chen~.  52, 2640 (1974)., 
On a etudie I'hydrolyse des esters suivant par la carboxypeptidase A du bovin (pH 7.5, 25^, 

force ionique de 0.5): des acides 0-hippuryl, 0-phenaceturyl, 0-actturyl, 0-(N-methylhip- 
puryl) et 0-(N-hippurylglycyl) hydroxy-2 butanoiques et des acides (benzoyl-3 propanoxy)-2, 
benzoxy-acetoxy-2 et (phknyl-4 butanoxy)-2 butanoiques. L'inhibition du substrat n'a lieu 
seulement avec les esters d'acides hippuriques et phenaceturiques, et dans les six autres cas on 
observe les cinetiques simples de Michaelis-Menten. Les variations relativement mineures 
dans les structures des parties acides de ces esters conduisent a des variations assez impor- 
tantes de K , ,  bien que kc,, semble &tre relativement independant de la nature de la partie 
acide. A la lumiere de ces observations on discute des modes de liaisons des molecules du 
substrat aux sites catalytiques et inhibiteurs. [Traduit par le journal] 

The kinetics of the hydrolysis of N-protected 
dipeptides and their ester analogs by bovine 
carboxypeptidase A are complicated by substrate 
activation and inhibition effects (1- 9). Auld and 
Vallee (10-12) have shown that these kinetic 
complications are either absent or displaced to 
much higher substrate concentrations in anal- 
ogous tripeptides and the same is also apparently 
the case for ester depsipeptide subtrates (13). 

In a recent communication (9) we presented 
some of our data on the dependence of substrate 
inhibition on the structure of the alcohol moiety 
in the hydrolysis of hippuric acid esters by car- 
boxypeptidase A. In a companion investigation, 
we are also studying the dependence of this 
phenomenon on the structure of the acid moiety 
of the ester substrate for a series of O-acyl-2- 
hydroxybutanoic acids. In the present report, we 
will discuss the influence of acid moieties closely 
related to hippuric acid on the kinetics of car- 
boxypeptidase A catalysis. It will be shown that 
relatively minor variations on the hippuric acid 
structure can have profound effects on the kinetic 

parameter, K,, and also on the occurrence of 
substrate inhibition. However, kc,,  is relatively 
insensitive to these variations in the acid moiety. 

Experimental 
Materials 

Aceturic acid (141, phenaceturic acid (15), N-methyl- 
hippuric acid (16), and 3-benzoylpropanoic acid (17) 
were synthesized by the indicated literature routes. Hip- 
puric acid, N-hippurylglycine, 4-phenylbutanoic acid, and 
2-bromobutanoic acid were commercial products. 

Benzoxyacetic Acid 
A solution of benzyl chloroacetate (9.7 g) (prepared by 

the route described below for benzyl 2-bromobutanoate), 
benzoic acid (6.9 g), and triethylamine (5.3 g) in acetoni- 
trile (150 ml) was heated under reflux for 24 h. After 
removal of the acetonitrile under vacuum, the residue 
was taken up in dichloromethane and treated as described 
below for the synthesis of substrates. After debenzylation, 
the white solid was recrystallized from benzene - petro- 
leum ether (1 : l ) ;  yield 86%; m.p. 11 1-1 12" (lit. (18) m.p. 
112-1 13"). 

Benzyl2-Bromobutanoate 
A solution of 2-bromobutyric acid (0.13 mol) in 

benzyl alcohol (70 ml) was saturated with dry HCI and 
allowed to stand overnight. After dilution with ether 
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BUNTING AND MURPHY: SPECIE 'ICITY OF CARBOXYPEPTIDASE A 2641 

(300 ml) and extraction with saturated aqueous NaHCO, 
(500 ml), the ethereal solution was dried over magnesium 
sulfate and the ether removed at the water pump. The 
residue was distilled under vacuum with excess benzyl 
alcohol being collected at 80-9O0/3 mm, while the ester 
was obtained at 135-137"/3 mm; yield 87%. 

tert-Butyl2-Bromobutanoate 
To a solution of 2-bromobutyric acid (16.4 g) in di- 

chloromethane (120 ml) was added concentrated H2S04  
(0.5 ml) and sufficient tetrahydrofuran to completely dis- 
solve the mineral acid. Isobutene was slowly bubbled 
through the stirred solution for 4 h, after which the flask 
was stoppered and stored at room temperature for 3 days. 
After extraction with saturated aqueous NaHCO, 
(2 x 50ml) and drying over magnesium sulfate, the 
dichloromethane was removed under vacuum to give the 
desired ester as a colorless liquid; b.p. 72-76"/12 mm 
(lit. (19) b.p. 76"/15 mm); yield 90%. 

Synthesis of Substrates 
A11 substrates, except 2-(3-benzoylpropanoxy)butanoic 

acid were synthesized by the following general route. 
A mixture of the carboxylic acid (0.055 rnol), benzyl 

2-bromobutanoate (0.050 rnol), triethylamine (0.050 mol), 
and acetonitrile (100 ml) was heated under reflux for 
16-20 h, then cooled. The triethylammonium bromide 
was filtered off and acetonitrile removed under vacuum. 
The residue was dissolved in dichloromethane (300 ml) 
and extracted with 3 M HCI (lOOml), then saturated 
aqueous NaHCO, (200 ml), and dried over magnesium 
sulfate. Removal of the dichloromethane under vacuum 
gave an oil which usually crystallized on standing. A 
solution of this crude- benzyl ester (0.040 mol) in ethyl 
acetate (400 ml) was hydrogenated a t  1 atm and room 
temperature in the presence of 5% Pd-C (0.5 g) until up- 
take of hydrogen was complete. Acetone (400 ml) was 
added and the solution heated to boiling and filtered. 
Removal of the solvents under vacuum gave the crude 
2-acyloxy acid which was purified as in&cated in the 
following individual cases. (Yields are based on 2-bromo- 
butyric acid.) 

0-Hippuryl-DL-2-hydroxybutanoic acid: recrystallized 
from 1,2-dichloroethane-acetonitrile (8 : 1) ; yield 66%; 
m.p. 152-153"; p.m.r. (CF,COZH): 6 1.12 (3H, t, J = 
7 Hz), 2.08 (2H, rn), 4.60 (2H, d, J = 4 Hz),' 5.32 
( lH,  t, J = 6 Hz), 7.73 (6H, m)'. 

Anal. Calcd. forC13H15N05: C, 58.9; H, 5.70;N, 5.28. 
Found: C, 58.3; H, 5.73; N, 5.27. 

O-Phenacetur~~l-o~-2-hydroxybutanoic acid: obtained as 
a noncrystallizable oil. This acid was converted to the 
solid potassium salt by treating a solution of the oil in 50% 
aqueous acetone with 1 equiv. of 0.5 M potassium 
hydroxide, removing the solvent under vacuum, and then 
recrystallizing the residue from acetone containing a few 

'The signal from the methylene protons of the hip- 
puric acid moiety appears as a poorly resolved doublet, 
presumably due to splitting by the amide proton which is 
buried under the aromatic proton signal at 6 7.73. Similar 
phenomena are observed with the phenaceturic and 
aceturic acid esters. For a detailed discussion of this 
phenomenon, see ref. 20. 

drops of water; yield 50%; m.p. (potassium salt) 161- 
163"; p.m.r. (CF3COzH): 6 1.13 (3H, t, J = 7 Hz), 2.10 
(2H, m), 3.97 (2H, s), 4.41 (2H, d, J = 5 Hz)', 5.25 
(IH, t, J = 6 Hz), 7.42 (6H, s with broad base)'. 

Anal. Calcd. for Cl4HI6KNO5: C, 53.0; H, 5.08; 
N, 4.41. Found: C, 53.0; H, 5.29; N, 4.33. 

0-Aceturyl-~~-2-lz~~droxybutattoic acid: recrystallized 
from 1,2-dichloroethane-acetonitrile (8 : 1); yield 76%; 
m.p. 111-112"; p.m.r. (CF3COzH): 1.12 (3H, t, J = 
7 Hz), 2.10 (2H, m), 2.42 (3H, s), 4.44 (2H, d, J = 5 Hz)', 
5 . 2 7 ( 1 H , t , J =  6Hz),8.13(1H, broads) ' .  

Anal. Calcd. for C8H13N05:  C, 47.3; H, 6.45; N, 6.90. 
Found: C,47.1; H, 6.41; N, 6.90. 

0- (Ar-Methylhippuryl) -~~-2-/1ydro.~yh1itanoic acid: re- 
crystallized from 1,2-dichloroethane - carbon tetrachlo- 
ride; yield 62%; m.p. 122-123'; p.m.r. (CF3C02H):2 S 1 .I8 
(3H, m), 2.12 (2H, m), 3.35 + 3.47 (3H, singlets), 4.47 + 
4.72 (2H, singlets), 5.40 (I H, m), 7.63 (5H, broad s). 

Anal. Calcd. for Cl4Hl7NO5:  C, 60.2; H, 6.14; 
N, 5.01. Found: C, 59.8; H, 6.20; N, 5.00. 

DL-2- (Benzoxyacetoxy) butanoic acid: recrystallized 
from hexane-benzene (2: l ) ;  yield 61%; m.p. 79-80"; 
p.m.r. (CDCI,): 6 0.97 (3H, t, J = 7 Hz), 1.90 (2H, m), 
4.92 (2H, s), 5.08 ( lH,  t, J = 6 Hz), 7.43 (3H, m), 8.05 
(2H, m), 10.55 ( lH ,  s). 

Anal. Calcd. for C13H'406: C, 58.6; H, 5.30. Found: 
C, 58.7; H, 5.29. 

0- (N-Hippurylglycy1)-DL-2-hydroxybutanoi acid: re- 
crystallized from acetonitrile; yield 48%; m.p. 170-172"; 
p.m.r. (CF3C02H): 6 1.12 ( 3 H , t , J =  7Hz), 2.10 
(2H, m), 4.50 (4H, m), 5.28 (IH, t, J = 6 Hz), 7.75 
(6H, m)'. 

Anal. Calcd. for Cl,H,,N206: C, 55.9; H, 5.63; 
N, 8.69. Found: C, 56.0; H, 5.90; N, 8.75. 

DL-2-(4-Phen,vlbutanoxy)butarzoic acid: obtained as 
noncrystallizable oil; converted to potassium salt as 
described above but this salt also could not be crystal- 
lized. After several cycles in which this salt was dissolved 
in hot chloroform-hexane, and after cooling and decant- 
ing off the mother liquor, the glassy salt was dissolved 
in water, the solution acidified to p H  2 with 3 M HCI, 
and extracted with dichloromethane. After drying over 
magnesium sulfate, the organic solvent was removed 
under vacuum and the residual pale yellow oil was dried 
for 24 h at 5OC/4mm over P,O,; yield 48%; p.m.r. 
(CDCI,): 6 1.03 (3H, t, J = 7 Hz), 1.93 (4H, m), 2.32 
(2H, t, J = 7 Hz),2.68 (2H, t, J = 7 Hz),4.98 (lH,t, J = 
6 Hz), 7.22 (5H, s), 10.77 (IH, s). 

Anal. Calcd. for CI4Hl8O4:  C, 67.2: H, 7.25. Found: 
C. 66.6; H. 7.27. 
~~-2-(3-Benzoy1propanoxy)b~tan0ic acid: A solution 

of tert-butyl 2-bromobutanoate (0.040 mol), 3-benzoyl- 
propanoic acid (0.045 rnol), and triethylamine (0.040 mol) 
in nitromethane (80mI) was heated under reflux for 
18-20 h. After cooling, nitromethane was removed under 
vacuum, and the residue dissolved in dichloromethane 
(200ml). This solution was extracted with 3 M HCl 
(200 ml), then with saturated aqueous NaHCO, (200 ml), 
and dried over magnesium sulfate. Removal of dichloro- 

'The complexities in this spectrum are due to the 
presence of comparable amounts of the cis and trans 
amides. 
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methane under vacuum gave the tert-butyl ester of the 
required substrate as a brown oil; yield 72%. A mixture 
of this crude ester (0.030 mol), p-toluenesulfonic acid 
(i g), and benzene (100 ml) was heated under reflux for 
3 h and then cooled. After extraction with p H  3 chloro- 
acetate buffer (100 ml) and drying over magnesium sul- 
fate the benzene was removed under vacuum to give the 
desired acid as a brown oii which solidified on standing 
and was recrystallized from hexane-benzene (2: 1); yield 
289,; m.p. 74-75'; p.m.r. (CDC1,): 6 1.05 (3H, t, J = 
7 Hz), 1.95 (2H, m), 2.90 (2H, m), 3.38 (2H, m), 5.08 
( l H , t , J =  ~ H z ) ,  7.54 (3H,m), 8.02 (2H,m), 11.02 
( IK ,  s), 

Anal. Calcd. for G,,M,,O,: C, 63.6; W, 6.10. Found: 
C, 63.7; H, 6.33. 

Methods 
Stock solutions of bovine carboxypeptidase A were 

prepared by dialysis at 4" of a toluene-preserved suspen- 
sion of the enzyme (Worthington Biochemical Corp. 
Code COA) against I M aqueous sodium chloride in 
0.05 M tris buffer, p H  7.5, containing M zinc 
nitrate. Enzyme concentrations of these stock solutions 
were estimated spectrophotometrically at  278 nm ( E  = 
6.42 x 104 M-'  cm-' ) (21). All enzyme solutions were 
stored at 4' and were frequently assayed with O-hippuryl- 
L-3-phenyllactic acid (Fox Chemical Co.) io check for 
inactivation. 

Most of the substrates are relatively insoluble in water 
as the free acids but quite solubie as salts. Attempted 
preparation of stock substrate solutions by addition of the 
carboxyiic acid to an aqueous solution of 1 equiv. of base 
was found to lead to some hydrolysis of the substrate as 
a result of i t s  relatively slow dissolution. The following 
typical procedure was therefore adopted. Substrate (0.005 
mol) was dissolved in 50 ml of 50% aqueous acetone, 
warming on the steam bath to promote dissolution if 
necessary. To this solution was added dropwise, with 
constant swirling, exactly 10.2 m10.500 M aqueous KOH 
(0.0051 mol). After careful concentration on the rotary 
evaporator to a volume of about 10 ml (effectively remov- 
ing all the acetone), the resulting solution of the salt of 
the substrate was transferred to a 50 ml volumetric flask 
along with several aqueous washings from the original 
flask. Sodium chloride (1 . l7  g) was added and the volume 
adjusted to 50 ml with water. The resultant solution con- 
sisted of 0.1 M DL-substrate (as the potassium salt), 
0.4 M sodium chloride, and had p H  6-7. By changing the 
quantities of substrate, aqueous acetone, base, and 
sodium chloride, this procedure could be modified to 
allow the preparation of stock DL-substrate solutions with 
concentrations ranging from 0.01 to 0.5 M. 

All reaction kinetics were studied at  25", total ionic 
strength 0.5 (substrate + NaCl), p H  7.5. Hydrolysis of 
each ester was followed by titration with standard potas- 
sium hydroxide solutions on a Radiometer pH-stat (22). 
Initial velocities were estimated directly from the recorder 
traces. All calculations are based on the assumption that 
only the L-enantiomers of the racemic esters are hydro- 
lyzed and that the D-esters are neither substrates nor 
competitive inhibitors. This has been established for 
several carboxypeptidase A substrates by other workers 
(3, 5, 23, 24) and was supported by our observations 
that only 50 i 2% of each of the present racemic esters 
had hydrolyzed at  equilibrium in those kinetic runs that 

were allowed to proceed to completion. The influence of 
the D-enantiomers of two of these substrates as noncom- 
petitive inhibitors is discussed later. Kinetic parameters 
for those esters not displaying substrate inhibition were 
estimated using a computer program based on the regres- 
sion technique of Wilkinson (25). 

Results 
The dependence of initial velocity (VIE) of 

enzymic hydrolysis on substrate concentration 
for the 0-hippuryl, 0-aceturyl, and O-phena- 
ceturyl derivatives of 2-hydroxybutanoic acid 
(1 : R = @,PI,, CH,, and C,H,CH,, respec- 
tively) is shown in Fig. 1. Substrate inhibition is 

apparent for both the hippuric and phenaceturic 
acid esters, although the additional methylene 
group in the latter substrate has considerable 
effect upon the overall curve. Thus, the phen- 
aceturate ester reaches a maximum velocity that 
is approximately six times greater than that for 
the corresponding hippurate ester and this in- 
creased velocity is also accompanied by displace- 
ment of the appearance of substrate inhibition 
to somewhat higher substrate concentrations. 

FIG. 1 .  Ester hydrolysis by carboxypeptidase A a t  
p H  7.5,25", ionic strength 0.5; (1) 0-hippuryl-L-2- 
hydroxybutanoic acid; (2) 0-phenaceturyl-L-2-hydroxy- 
butanoic acid; (3) 0-aceturyl-L-2-hydroxybutanoic acid; 
(4) 0-(N-methylhippury1)-L-2-hydroxybutanoic acid. 
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BUNTING AND MURPHY: SPECIFIC 

Thus, maximum velocities for 1: R = C,H, 
and I :  R = C,H,CH, occur at substrate con- 
centrations of approximately 8 x lo-" and 
4 x M, respectively. The aceturic acid 
ester ( l : R  = CH,) gives no indication of sub- 
strate inhibition over the concentration range 
examined. A Lineweaver-Burk plot of the data 
for this ester (Fig. 2) is quite linear and clearly 
substrate activation is not present, while sub- 
strate inhibition is displaced to very high sub- 
strate concentrations if it occurs at all. 

Data for the hydrolysis of the 2-hydroxybu- 
tanoic acid ester of N-methylhippuric acid (or 
N-benzoylsarcosine) are also included in Fig. 1.  
This replacement of the amide hydrogen atom of 
hippuric acid by a methyl group leads to a 
drastic reduction in velocity at most substrate 
concentrations, although at high substrate con- 
centration (>0.05 M) the N-methyl derivative 
actually hydrolyzes faster than its hippuric acid 
analog as a result of the pronounced substrate 
inhibition of the hydrolysis of this latter ester at 
these concentrations. A reciprocal plot of the 
data for the N-methylhippuric acid ester is indi- 
cated in Fig. 3. While this plot is linear (slope 
Km/k,,,), it is clear that Km is very large and can- 
not be approached under the present experimen- 
tal conditions (ionic strength 0.5). 

Lineweaver-Burk plots (Fig. 4) for the hydroi- 
ysis of 2-(3-benzoy1propanoxy)butanoic acid 
(2), 2-(benzoxyacetoxy)butanoic acid (31, 2-(4- 
pheny1butanoxy)butanoic acid (4), and 0 - ( N -  
hippurylglycy1)-2-hydroxybutanoic acid are all 
quite linear up to substrate concentrations of the 
order of 0.1 M and so indicate that i r  substrate 

FIG. 2. Lineweaver-Burk plot for the hydrolysis of 
0-aceturyl-L-2-hydroxybutanoic acid. 

'ITY OF CARBOXYPEPTIDASE A 2643 

0 03 I 

FIG. 3. Lineweaver-Burk plot for the hydrolysis of 
0-(N-methylhippury1)-L-2-hydroxybutanoic acid. 

FIG. 4. Lineweaver-Burk plots for the hydrolysis of 
(a) L-2-(3-benzoy1propanoxy)butanoic acid; (b) L-2- 
benzoxyacetoxybutanoic acid; (c) L-2-(4-phenylbutan- 
oxy)butanoic acid; ( d )  0-(N-hippurylglycy1)-L-2-hydroxy- 
butanoic acid. 
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TABLE 1. Kinetic parameters for hydrolysis of L-RCO~CH(CH~CH,)CO,- by carboxypeptidase Aa 

R Ks (MI k2 (min-') kz/Ks 

C6H5CONHCH2 3 . 1 ~  6 . 4 ~  10, 2.1 x lo7 
C6H5CH2CONHCH2 2 . 9 ~  lo-3 5.1 x lo4 l.8x1O7 
CH3CONHCHZ 1 . 5 ~ 1 0 - ~  2 . 4 ~  lo4 1.6x106 
C6H5COCH2CH2 2 . 7 ~  lo-, 1 . 2 ~  lo4 4 . 4 ~  lo6 
C6H5CON(CH3)CH2 >0 .1  > 450 9 . 2 ~  lo3 
C6H5COzCH2 6 . 0 ~  l o 2  2 . 5 ~  lo4 4 . 2 ~  lo5 
C6H5CH2CHZCH2 1 . 8 ~  lo-,  6.7 x lo2 3 . 7 ~  lo5 
C6H5CONHCH2CONHCH2 2 . 7 ~  lo-, 8 . 2 ~  10, 3 . 0 ~  lo6 
- 

4At pH 7.5, 25" ,  ~ o n l c  strength 0 5, K,,, and kc,, are assumed equal t o  K s  and h2.  respectively. 

inhibition occurs, it is only important at much 
higher substrate concentrations than for O-hip- 
puryl-2-hydroxybutanoic acid (1 : R = C,H,). 
Kinetic parameters for these esters from the plots 
in Figs. 2-4 are collected in Table 1. 

We have previously fitted (9) the data for 
1 : R = C,H, to eq. 1 where the parameters k , ,  

k,, K,, and K,, are defined by Scheme 1. More 

recently, in our laboratories3 and elsewhere (26), 
it has been found that some D-esters analogous 
to our substrates do bind to the enzyme, con- 
trary to expectation (3, 5, 23, 24), and act as 
noncompetitive inhibitors. Thus, Scheme 1 
should be modified4 as in Scheme 2, which gen- 
erates the dependence of initial velocity on sub- 
strate concentration in eq. 2, where S is the 
concentration of the individual D and L isomers 
of the racemate. 

Ks k, 
E + S L e E . S L + E t  PI + Pz 

This equation is of the same form as equation 
1, with Kss = KsLKsD/(KsL + K,,). There is evi- 

dence3 (26) that K,, and K,, are similar for those 
esters previously tnvestigated, and if we assume 
that K,, z K,, and also k3 z k,, then equation 2 
becomes the same as equation 1 but with Kss = 
Ks,/2. The experimental data for 1:  R = C,H, 
and l : R  = C,H,CH, have been fitted (27) to 
equation 1 making these assumptions. The curves 
in Fig. 1 for these two esters are based on equa- 
tion l and the parameters in Table l ,  and give 
an acceptable fit to the experimental data (aver- 
age % errors between calculated and experi- 
mental velocities are 5.4 and 6.0% for the hip- 
purate and phenaceturate esters, respectively). 

If Kss is very large, the above schemes and 
equation 1 both reduce to the simple Michaelis- 
Menten form, and substrate inhibition will not 
be observed. The linear reciprocal plots observed 
in Figs. 2-4, also indicate that for these esters, 
the D-enantiomers do not act as noncompetitive 
inhibitors. 

Discussion 
We have previously (9) analyzed the substrate 

inhibition that is apparent in the carboxypepti- 
dase A catalyzed hydrolysis of various esters 
(5) of hippuric acid in terms of Scheme 1 .  The 

I I  I I I 
3J. Murphy and J. W. Bunting. Unpublished observa- 0 0 R 

tions. 5 
4Both Schemes 1 and 2 are particular cases of a more 

general scheme involving random binding of substrate dependence of velocity on substrate concentra- 
molecules to the two enzymic sites. We have previously tion for six such esters was fitted by shown (9) that the data for the hippuric acid ester are 
consistent with these simpler forms and we continue to equation and for each ester the value for 
use them here for convenience. P\I,, was within the range (1.2 + 0.4) x M. 
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BUNTING AND MURPHY SPECIFICITY OF CARBOXYPEPTIDASE A 2645 

Modification of this analysis as discussed above, strate binding at the second site, the values of Ks 
changes this value to KsL = (2.4 i 0.8) x in Table 1 seem to indicate that a much greater 

M. Since this dissociation constant seems variation in substrate structure is acceptable for 
to  be independent of the nature of the alcohol binding at the catalytic site to give the active E.S 
moiety (5:R = C,H,, n-C3H,, iso-C3H,, CH3- complex. In particular, a comparison of the 
(CH,),, C,H,, C,H,CH2), it is reasonable to esters of phenaceturic acid (1 :R  = C,K,CH2) 
believe that the R group in 5 plays no part in the and 3-benzoylpropanoic acid (2) is of interest. 
binding of these esters at the second site of the Thus, although these esters have very similar Ks 
enzyme in the formation of the E.S, complex. In values, the former displays substrate inhibition 
this case, it is reasonable to assume that interac- whereas this phenomenon is not apparent for the 
tion of the substrate (5) with the enzyme at this latter ester. However, in the comparison of rela- 
second site is predominantly through the hip- tive Ks values it is important to bear in mind that 
puric acid part of the ester molecule. Thus, the the experimentally observed value for this para- 
dissociation constant KsL should show some sen- meter may contain contributions from non- 
sitivity to the nature of the acid moiety of the productive binding modes for the substrate 
ester molecule. (Scheme 3). 

The above hypothesis is supported by the KS k ,  
results of the present work, in which we have E +  S = E . S + E + P ,  C P ,  

been able to show, by keeping the alcohol moiety KsNp 
constant and varying the acid moiety, that the E +  S f E . S N P  

occurrence of substrate inhibition is very de- SCHEME 3 
pendent on the presence of hippuric acid as the 
acid moiety. Thus, for the eight substrates con- Kinetic analysis Scheme gives eq. which 

sidered in Table I ,  only the phenaceturic and 
hippuric acid esters show any tendency to pro- 

k,l(l + KslKsNP) 
C31 v nounced substrate inhibition. Comparison of the 

structural features of these two esters with the 
other esters in this table seems to indicate two has the same form as the classical Michaelis- 
requirements for significant substrate inhibi- Menten equation in the absence of nonproduc- 
tion:' ( i )  the presence of a phenyl ring; and (ii) tive binding, but with 
the presence of a -CONH- moiety. Thus, re- 
placement of the phenyl ring of hippuric acid by 
a methyl group, as in the aceturate ester, does 
not lead to substrate inhibition, and so indicates and 
that the amide group alone is not sufficient for 
binding at the second site. Likewise, a phenyl 
group alone is not sufficient to produce substrate 
inhibition if an unmodified amide bond is not This predicts that nonproductive binding ac- 

present (6 C,H,CON(Me), C,H,COCH2, cording to Scheme gives apparent for 
C,M,C02, C,H,CH,CH2 in Table 1). The quite both k2  and K~ which are less than Ihe true 

different behavior of the isoelectronic -CON- values by the factor (1 + K,/K,~'), although the 

H- and -C02- groups in their ability to ratio kc,,/Km does reflect the true specificity 

promote substrate inhibition strongly suggests constant k2/Ks. 

that an interaction involving hydrogen-bond We have recently observed (35) that for the 

donation fronl this amide bond to an enzymic ester 0-benzoyl-2-hydroxybutanoic acid, non- 

acceptor atom is involved in the substrate bind- productive bind~ng modes predominate over 

ing to the inhibitory site. catalytically productive binding to this enzyme. 

whereas the formation of an E.S2 complex Thus it seems unreasonable to arbitrarily rule out 

has fairly rigid specificity requirements for sub- the ~ o ' s i b i l ~ t ~  of nonproductive binding for at 
least some of the esters in Table 1, and this being 
the case, it is then difficult to draw clear-cut con- 

'The observed absence of substrate inhibition in the 
hydrolysis of esters of acetic (24, 28) and cinnamic acids elusions about the influence of substrate strut- 
(6, 29) by carboxypeptidase A is also consistent with ture upon binding (i.e. &) and rate 
this interpretation. (i.e. k2) .  I t  is intriguing to note that although 
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k2/Ks is approximately the same for both the 
hippurate and phenaceturate esters, both k ,  and 
Ks are approximately a factor of ten lower for 
the former than for the latter. On the other hand, 
the aceturate ester is apparently hydrolyzed four 
times faster than the hippurate ester, although 
binding of the latter ester is approximately 50- 
fold stronger. Overall, it is clear from the data 
in Table 1 that if nonproductive binding does not 
occur in at least some cases, then there is no cor- 
relation between binding affinity and rate of 
enzymic hydrolysis. 

One might suspect that the unusually small 
value for k, for the ester 4 conlpared with the k ,  
values for the other subtrates in Table 1 might 
indicate unusually strong nonproductive binding 
in this case. One way in which nonproductive 
binding could occur would be for the phenyl 
ring in-the acid moiety of 4 to bind in the hydro- 
phobic pocket which is believed to normally 
accommodate the hydrophobic side chain of the 
alcohol moiety (30-33). Provided the other parts 
of the molecule can be reasonably located, one 
might suspect that the phenylpropyl moiety of 4 
might be able to very effectively compete with the 
relatively smali ethyl group for this hydrophobic 
pocket. It is unlikely that such "wrong-way" 
bound complexes would be catalytically active. 
Of all the esters in Table 1 ,  it might be expected 
that the aceturate ester ( I :  R = CM,) would 
show the least tendency to engage in such 
"wrong-way" binding, and the observed k ,  and 
iYs values for this ester probably accurately re- 
flect the true rate and binding constants. 

Despite the complications from nonproduc- 
tive binding that are discussed above, some de- 
tails of the binding of the acid moiety to the 
catalytic site are discernible from Table 1, since 
the observed K, values represent minimum values 
for the dissociation constants of the catalytically 
productive E.S complexes. Thus the extremely 
weak binding of the N-methylhippuric acid ester 
strongly suggests that the -CONH- moiety is 
,involved in an important binding interaction 
with the enzyme. The difference in binding of the 
esters of the isoelectronic benzoxyacetic and 
hippuric acids also may be interpreted tenta- 
tively in terms of the -CONH-- bond acting as 
a hydrogen-bond donor towards an enzyme ac- 
ceptor site in the formation of the productive 
E.S complex. The extremely poor binding of the 
N-methylhippuric acid ester is consistent with 
this interpretation, since it not only lacks the 

required proton for donation to the hydrogen 
bond, but the presence of the methyl group 
would also create a very unfavorable steric 
interaction with the enzvme at se~arations be- 
tween enzyme and substrate suitable for hydro- 
gen bond formation. 

We have previously commented (9) on the 
apparent independence of the ratio k,/k, z 26 
on the nature of the alcohol moiety for a number 
of hippuric acid esters. It is interesting to note 
that for the phenaceturate ester, the only non- 
hippurate ester in the current study to display 
significant substrate inhibition, the ratio k,/k, is 
also 26 (Table 1). 

In view of the many intriguing differences be- 
tween the peptidase and esterase activities of 
carboxypeptidase A (8, 341, it is of interest to 
compare our observed dependences of esterase 
activity upon the acid moiety of the substrate 
with the situation in the enzymic peptide hydro- 
lyses. Unfortunately, detailed investigations of 
the influence of the acid moiety of peptide sub- 
strates are not available at present for non- 
oligopeptide substrates. However, some com- 
parisons can be made. 'Thus, the reported (10) 
elimination, or displacement to high substrate 
concentrations, of substrate activation and in- 
hibition effects in the hydrolysis of N-protected 
tripeptide substrates parallels our observations 
on the esters of hippuric acid and hippuryl- 
glycine (see also ref. 13). In this regard, it is in- 
teresting to note that the most studied peptide 
substrates with this enzvme have been amides of 
hippuric acid and carbobenzoxyglycine (cJ 
phenaceturic acid), which one might predict, on 
the basis of our data for ester subtrates, to be 
the amide substrates that would be the most 
susceptible to substrate inhibition effects. Our 
observation of a drastic decrease in the rate of 
hydrolysis of an ester of N-methylhippuric acid 
relative to the corresponding hippuric acid ester 
is also consistent with the observation (23)  that 
(N-methylhippury1)phenylalanine is hydrolyzed 
much more slowly than hippurylphenylalanine. 

We appreciate the continued support of this research 
by the National Research Council of Canada, and the 
award of an Ontario Graduate Fellowship to J.M. 
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The Hydrolysis of Bemoate Esters by Carboxypeptidase A and the pH-Rate 
Profile Ifor the Hydrolysis of O-Hippuryl-~-3-pheny3lactic Acid 
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JOHN W. BUNTING, JOE MURPHY, CHESTER D.  MYERS, and GORDON G.  CROSS. Can. J. Chem. 
52, 2648 (1974). 

A series of para-substituted 0-benzoyl-2-hydroxybutanoic acids (but not the unsubstituted 
ester) are hydrcijred by bovine carboxypeptidase A (pH 7.5, ionic strength 0.5, 25"), For the 
CH,O, CH,, CI, CN, and NO2 substituents, there exist linear correlations of kc,, and K,,, 
with the Hammett o constants for these substituents (log kc,, = 1.170 f 1.17; log K,,, = 
-0.530 - 2.15), although the tert-butyl group shows significant deviations from both correla- 
tion lines. The above unsubstituted ester is a reversible inhibitor of the enzymic hydrolysis of 
0-hippuryl-L-3-phenyllactic acid and so the lack of observable hydrolysis of this ester is 
attributable to nonproductive binding. The pH-rate profiles for k,,,/K, and kc,, have been 
determined for the enzymic hydrolysis of 0-(p-nitrobenzoy1)mandelic acid (pKEH, = 6.95, 
pKEH = 7.9 and pKEH2, = 7.5, pKEHs = 8.3) and 0-hippuryl-L-3-phenyllactic acid (pKEH, = 
5.8, pKEH = 9.3). For the latter ester kc,, is p H  independent in the range p H  5-10. The mecha- 
nisrn of ester hydrolysis catalyzed by carboxypeptidase A is discussed in the light of the above 
observations and the known crystal structure of the enzyme. A definition of specific and non- 
specific substrates for this enzyme based on the observed p H  profiles for k,,,/K,,, is proposed. 

JOHN W. B U ~ T I N G ,  JOE MURPHY, CHESTLR D. MYERS et G O R D O ~  G. CROSS. Can. J .  Chem. 
52, 2648 (1974). 

Des series d'acides 0-benzoyl hydroxy-2 butanoi'ques substitues en para (rnais pas les esters 
non substitues) sont hydrolyses par la carboxypeptidase A du bovin (pH 7.5, 25', force ionique 
de @.5). I1 existe des correlations lineaires entre k,,,, K,,, et les constances o de Hammett des 
substituants CH,O, CH,, C1, CN et NO, (log kc,, = 1.170 + 1.17; log K,,, = -0.530 - 2.15). 
Toutefois le groupe revt-butyle montre des deviations significatives de ces deux droites de 
corrClations. L'ester non substitut ci-dessus est un inhibiteur reversible de I'hydrolyse enzy- 
m a t i q ~ ~ e  de I'acide 0-hippuryl phenyl-3 L-lactique, et ainsi on n'observe pas d'hydrolyse de 
cet ester a cause d'une liaison non-reactive. On determine la courbe de p H  pour k,,,/K, et 
kc,, 10:s de I'hydrolyse enzymatique de I'acide 0-(p-nitrobenzoyl) niandelique (pKEH2 = 6.95, 
PKE" = 7.9 et pKEH2, = 7.5, pKrHs = 8.3) et de l'acide 0-hippuryl phenyl-3 L-lactique 
(pKEH2 = 5.8, pKEH = 9.3). Pour ce dernier ester, kc,, reste constant pour une variation du 
p H  de 5-10. A la lumiere de ces observations et de la structure connue du cristal de l'enzyme, 
on discute du mecanisme de I'hydrolyse des esters catalysee par la carboxypeptidase A. On 
propose une definition des substrats specifiques et non-specifiques pour cette enzyme, basee 
sur I'observaticn des courbes de p H  pour k , , , 'K , , , .  [Traduit par le journal] 

During the past few years, evidence has 
accumulated that the y-carboxyl group of 
glutamic acid residue 270 plays a role in the 
mechanism of hydrolyses catalyzed by bovine 
carboxypeptidase A. Lipscomb and co-workers 
(1-4), based on their X-ray crystallographic 
investigation of the structure of this enzyme, 
originally suggested that this carboxylate ion 
may be a general-base or nucleophilic catalyst 
for the hydrolysis of ester and amide substrates. 
Following upon this suggestion, a number of 
reagents were observed to irreversibly inhibit 
both the peptidase and esterase activities of this 
enzyme by reaction with the glu-270 y-carboxyl 

group. Thus, the irreversible inhibition of the 
enzyme by both N-ethyl-5-phenylisoxazolium-3'- 
sulfonate (Woodward's reagent K) and N- 
bromoacetyl-N-methyl-L-phenylalanine has been 
unambiguously shown (5-8) to be due to n~odifi- 
cation of glu-270, while 1-cyclohexyl-3-(2-N- 
methy1morpholinioethyl)carbodiin~idey-toluene- 
sulfonate is also believed (9) to cause inhibition 
by modification of this same side chain. 

Experiments designed to distinguish between 
a general-base and nucleophilic role for the 
glu-270 y-carboxylate ion have not to date 
provided an unambiguous interpretation. A 
direct nucleophilic attack by the carboxylate 
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BUNTING E T  AL.: ESTERASE ACTIVITY OF CARBOXYPEPTIDASE A 

ion on the carbonyl carbon of the hydrolyzable 
bond of the substrate predicts the formation of a 

x ~ ~ - O - ~ H - C O ~ H  

mixed anhydride species as an acyl-enzyme 0 CH2 -CH3 
intermediate. Attempts to spectrophotometrically I 
observe such a species (10) or to trap it through 
transpeptidation or transesterification reactions 
(1 1, 12) have been unsuccessful. The lack of 
positive results in such experiments does not, o ~ 6 ~ 5  

of course, rule out the existence of an anhydride 2 
intermediate, which, if formed, would be expected 
to be highly reactive towards aqueous solvent. classes of substrates. The ester 2 was chosen for a 
In principle, nucleophilic and general-base complete p H  study to allow a more direct com- 
mechanistic pathways could also be distinguished parison with 0-acetylmandelic acid which has 
by the observation of a relatively large solvent been extensively studied by Carson and Kaiser 
isotope effect in the latter case. Studies in H,O (41). 
and D,O indicate that k,/k, = 1.1-1.2 for Experimental 
peptide substrates (13-15) and k,/k,  - 2.0 for 

Substrates ester substrates (I5, 16)' This data has been tents- The racemic esters, 1, were prepared by refluxing the 
t i ve l~  interpreted as supporting a triethylammonium salt of the appropriate para-sub- 
mechanism for ester hvdrolvsis: however. the stituted benzoic acid with either tert-butvl DL-2-bromo- 
usual complications (17j tha; obscure the inter- 
pretations of isotope effects in enzymic reactions 
cannot be eliminated and other experimental 
approaches to this problem are desirable. 

In considering this problem, we were attracted 
by the observation of Hubbard and Kirsch (18) 
that the Hammett p values for nucleophilic 
attack on substituted benzoate esters show a 
strong dependence on the charge of the attacking 
nucleophile (i.e. anionic or neutral). Within these 
two classes of nucleophiles, p seems to be 
relatively independent of the chemical nature of 

butanoate (X = C1, CN, NO,) in nitromethane or 
benzyl DL-2-bromobutanoate (X = H, CH,, CH,O, 
(CH,),C) in aceton~trile followed by removal of the 
tert-butyl (p-toluenesulfonic acid in benzene) or benzyl 
(hydrogenation) protecting groups. The detailed experi- 
mental procedures for these preparations closely followed 
the routes previously described for the synthesis of 
other ester substrates for this enzyme (19, 20). Melting 
points, p.m.r. spectra, and elemental analyses of these 
esters are collected in Table 1. 

8-(p-Nitrobenzoy1)-DL-mandelic Acid 
A xylene solutlon (100 ml) of p-n~trobenzoyl chlor~de 

(9.3 g) was slowly added dropw~se to a reflux~ng solution 
of mandelic a c ~ d  (7.6 g) in xylene (30 ml). After re- 

the nucleophile, in both enzylnic and nonenzymic A~ixing for a further 12 h, the soiution was cooled and a 

systems. Thus, provided a series of sinall amount of precipitated p-nitrobenzoic acid was 
removed. The solution was concentrated on the rotary 

Wbstrates can be found, Ihe p evaporator, whereupon the desired ester precipitated. 
values for the carboxypeptidase A-catalyzed This crude product ( m . ~ .  160-164") was se~arated and - -  - 
hydrolysis of such esters may provide an insight recrystallized twice frdm benzene'; yield '27%; m.p. 

into the charge type of the enzymic nucleophile 167-169'; P.m.r. (acetone): 6 6.20 (s, IH), 7.3-7.75 (m, 
5H), 8.32 (s, 4H). 

and thus allow a decision on a nucleophilic Anal. Calcd,: C ,  59,9; H, 3,6G; W, 4,65, C ,  
(anionic nucleophile) or general-base (neutral 59.5; H, 3.73; N, 4.93. 
nucleophile-water molecule) role for glu-270. 0-Wippuryi-L-3-phenyllactic acid was a prodcct of 

In the present work, we have synthesized a C ~ . ,  Los Angeles. 
Carboxypeptidase A was obtained as a suspension 

series of o -benzo~1-2-h~drox~-  preserved with toluene from Worthington Biochemical 
butanoic acids (I) and have shown in Gorp. (Code COA). Stock solutions of this enzyme were 
general, these esters are hydrolyzed by bovine prepared as previously described (21). 
carboxypeptidase A. In addition, we have 

Kinetic Measurements measured the profiles for the All hydrolyses were foilowed on a Radiometer pH- 
of 0-(p-nitrobenzoy1)mandelic acid (2) and Stat in aaueous solution at  25c and DH 7.5 unless other- 
0 - h i ~ ~ u r v l - ~ - 3 - ~ h e n d l a ~ t i c  acid bv this enzvme. wise indicated. The general experimental techni~ue 

A X  < A .  

Clearly, any mechanistic comp&-ison of the and estimation of kine& parameters were as previou~ly 

hydrolysis of benzoate and hippurate ester described (21). Studies on 0-hippuryl-L-3-phenyllactic 
acid and 0-(p-nitrobenzoyl)mandelic acid are at  ionic 

substrates lhis enzyme On a strength 0.2 (NaCl), while the benzoate esters (I) were 
similarity in "Lhe pH-rate profiles for these two investigated a t  ionic strength 0.5 (NaG1). I t  was found 
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TABLE 1. Characterization of the esters X -C,H,C0,CH(CH2CH3)C02H (I) 
-- - -- - - 

Analysis (%) 

Melting Proton magnetic resonance (6 in CDCI,) Calcd. Found 
point - -- - - 

X ("C) CH," CHZb CHC Aromatic O H  Other C H N C H N 

"3H,t,J = 7 H z .  
b 2 H , m .  
' IH, t ,J  = 6 H z .  
d3H and 2H rnultiplets, respectively 
' B o t h  2H.d.J = 9 Hz. 

necessary to work in the presence of 5% dimethyl 
sulfoxide in order to attain suitable concentrations of 2 
since even the sodium salt of this ester proved to be 
quite insoluble in aqueous solution. Stock solutions of 
the free acid of 2 were prepared in dimethyl sulfoxide. 
Suitable aliquots of this solution plus sufficient dimethyl 
sulfoxide to give a final composition of 5z dirnethyl 
sulfoxide (v,'v) in the reaction solution were added to an 
aqueous solution containing sufficient sodium hydroxide 
to neutralize the substrate carboxylic acid moiety and 
sufficient sodium chloride to give a total ionic strength 
0.2. Enzyme concentrations for the benzoate ester 
hydrolyses were in the range 1 x to 3 x M. 

For each of the pnm-substituted benzoate esters only 
50 + 2% of the racemic esters were hydrolyzed at  
equilibrium. This is consistent with the general observa- 
tion (22-25) that only the L-enantiomers of substrates of - 

this enzyme are hydrolyzed and all data and calculations 
are therefore based on the assumption that the D-esters 
are neither substrates nor competitive inhibitors. In all 
cases nonenzymic hydrolysis rates were observed to be 
less than 1% of the enzyme-catalyzed rates. 

Results 
Each of the esters I :  X = CM,, CH,O, C1, 

CN, NO,, (CM,),C was hydrolyzed by carboxy- 
peptidase A at p H  7.5. Lineweaver-Burk plots for 
each of these esters are shown in Fig. 1 .  These 
plots are clearly linear at  low substrate con- 
centrations but positive deviations are observed 

fitting the linear portions of these graphs. 
Values of these two parameters are collected i!i 
Table 2. 

Surprisingly, no hydrolysis of the ansubstituted 
ester, 1:  X = H, could be observed under the 
same conditions as were used for the substituted 
benzoate esters, or even at  enzyme concentrations 
as great as M. The ester I :  X = H ,  does 
bind to the enzyme, however, since it reversibly 
inhibits the enzymic hydrolysis o r  0-hippuryl-L- 
3-phenyllactic acid (Fig. 2). The inhibition does 
not appear to take a simple competitive or 
noncompetitive form, however, and we have 
been unable to evaluate an inhibition constant 
for this ester. 

From the data in Table 2, it is clear that each 
of Km, Ic,,,, and k,,,/Kn, for the esters, I .  shows a 
dependence on the substituent X. Plots of each of 
these parameters against the Hamrnett o sub- 
stituent constant (28) are indicated in Fig. 3. In 
each case, there appears to be a linear correlation 
with o for five substituents, although the tert- 
butyl group shows a large deviation from each of 
the correlation lines. Least-squares fitting 
(ignoring the tert-butyl data points) gives the 
equations : 

at high substrate concentrations for X = CM,O, log kc,, = 1.170 + 1.17 (r = 0.985) 
CH,, C1, and (CH,),C. This behavior is typical 

log K,,, = -0.530 - 2.15 (r = 0.943) of substrate inhibition and is observed with 
many ester and peptide substrates of this enzyme log (k,,,/K,,,) = 1.710 + 3.31 (r = 0.998) 
(22, 23, 26, 27). In all cases the concentrations at  
which substrate inhibition becomes important 0-(p-Nitrobenzoy1)mandelic acid (2) also 
are sufficiently large that reasonably accurate proved to be a reasonable substrate for bovine 
estimates of Km and kc,, can be obtained by carboxypeptidase A. The Lineweaver-Burk plot 
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BUNTING ET AL.: ESTERASE ACTIVITY OF CARBOXYPEPTIDASE A 

TABLE 2. Hydrolysis ofp-X-CsH4COzCH(CH2CH3)C02H by carboxypeptidase A" 

X kcat (min-') Km (M)  kca,/K,,, (M- '  min-I) 

<At p H  7.5, 25", ionic strength 0.5. 
b5% dimethyl sulfoxide - water, other conditions 

I I 
0 200 400 600 BOO 1000 

as above. 

Inhibitor Cono. mM 

FIG. 2. Inhibition of the hydrolysis of 0-hippuryl-L-3- 
phenyllactic acid (5.5 x M) by 1 :  X = H. 

pH-rate profile for this ester was also deter- 
mined at 25". The dependences of kcat/Km and 
kc,, on p H  are indicated in Fig. 5. Fitting of the 
data in Fig. 5 to the equations: 

0.08 C1l kCat/Km = 
k 2 l K s  

1 + C H t l I K E , ,  + K E H I C H f l  

and 
._E 006 

C21 kcat  = 
k 2  

E + [ H ' I I K E H ~ S  + K E H S / [ H + l  

0.04 
by least-squares analysis according to 

0.02 - [ H + ]  Km = - [ H + I 2  K s  - K Ks + [ H ' ]  I- K r ~  
kcat  KEH~ k 2  k 2  2 

0 I I 1 
0 500 1000 1500 2000 

and 

i/s (M-') CH'I CH'12 1 [ H i ]  + K E H S  -- -+ -- 
FIG. 1. Hydrolysis of esters 1 by carboxypeptidase A kcat K ~ ~ l ~ k 2  ' 2  li2 

at p H  7.5, 25", ionic strength 0.5; (substituent X is 
indicated on each line). gave the curves indicated in Fig. 5, with pKEH2 = 

6.95, pKEE, = 7.9, pKEHZs = 7.5, pKEHs = 8.3, 
for this ester a t  p H  7.5 (kcat = 167 min-I, k2 = 260 min-I, and Ks = 3.0 x M. The 
K,,, = 1.3 x M) in Fig. 4 also indicates that various ionization constants are defined by 
substrate inhibition is important at high sub- Scheme 1, which is the simplest general scheme 
strate concentrations in this case. A complete consistent with the observed p H  dependences. 
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FIG. 5. The p H  dependence of kc,, and k,,,/k;, for 
the hydrolysis of 2 by carboxypeptidase A. Curves are 
calculated as indicated in the text. 

K L H ~  A,.,, 
EH2 .: EH E 

s s +s11 
X, " , S  A,,,, 

CP EH2S EHS ES 

FIG. 3. Dependence of k ,,,, K,, and k,,,/K,, for the 
enzymic hydrolysis of P on the Ham~nett  o constant. 1 k: 

0 12 E + P, + PZ 

0 I0 SCHEME 1 

a 08 Fig. 6 .  The p H  profiles for i: ,,, and k,,,/K,, 
.- 
E for this ester are indicated in Fig. 7. The simplest 

a 06 general scheme applicable to these observed p H  
profiles is outlined in Scherne 2, which is a 

> 0 0 4  particular case of Scheme I but takes into 
2 account the observed p H  independence of 

0 01 
kc,, ( = k,).' Fitting /cc,,/Kn, to eq. 1 by means 
of the broken lines of slope 1: 0, and - 1 in Fig. 

0 

o 2000 4000 moo SOOO 7 allows the estimation of pK,,, = 5.8, pKEH = 
a/= w-' 9.3, k, = 3.5 x lo4 min-l, and K, = i.1 x 

FIG. 4. Hydro!ysis of 2 by carboxppeptidase A at 
M which have been used to compute the 

p H  7.5, 25,, ionic strength 0.2 in 5% dimethyl sulfoxide - Curve in Fig. 7 .  
water. Although this ester is by far the most widely 

studied ester substrate of this enzyme, previous 
The pH-rate profile for the carboxypeptidase investigators seem to have been dissuaded from 

A-catalyzed hydrolysis of 0-hippuryl-L-3-phenyI- - 
'The p H  independence of kc , ,  could also arise from an lactic acid has also been determined. Typical but less modification of Scheme 

kineweaver-Burk plots for the hydrolysis of this in which EH,S, EHS, and ES are all catalyiica!ly active 
ester a t a  inumber of pH values are indicated in with identical rate constants, k,. 
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BUNTING ET AL.: ESTERASE ACTIVITY OF CARBOXYPEPTIDASE A 2653 

FIG. 6. Hydrolysis of 0-hippuryl-L-3-phenyllactic 
acid by carboxypeptidase A at  selected p H  values (25", 
ionic strength 0.2). P H  

FIG. 7. The p H  dependence of K,, k ,,,, and k,,,/K,,, 
for the hydrolysis of 0-hippuryl-L-3-phenyllactic acid 
by carboxypeptidase A. 

+ S j l  hi 

EHS 

eters, although a t  p H  4.55 only k,,,/K,, could be 
accurately obtained. 

Discussion 
The esters 1 and 2 are the first esters of benzoic 

acid found to be substrates for bovine carboxy- 
peptidase A. All these benzoate esters are 
relatively poor substrates in terms of both kc,, 
and k,,,/Km compared with this enzyme's most 
studied ester substrate, 0-hippuryl-L-3-phenyl- 
lactic acid. However, most of these benzoate attempting a detailed study of the pH-rate 

profile for this ester by the substrate inhibition 
effects which intrude (22, 23, 26). As a result, 
relatively uninformative p H  investigations a t  
only one substrate concentration have previously 
been attempted (29). Our data indicate that this 
phenomenon does not, in fact, produce the 
anticipated limitations on a complete pH 
investigation. Thus, above the optimal pH 7.5, 
the occurrence of substrate inhibition is dis- 
placed to higher substrate concentrations, while 
a t  p H  < 7.5, although pronounced substrate in- 
hibition is still present, it does not seriocsly 
interfere in the estimation of the catalytic param- 

esters are as good as or better substrates than the 
extensively studied 0-acetyl-L-mandelic acid 
(kc,, = 33 min- ' ,  k,,,/Km = 400 M-I  minp'  
(25) at p H  7.5, 25', ionic strength 0.5). 

Comparison of the data in Table 1 for 1:  
X = NO, in water and in 5% dimethyl sulfoxide - 
water suggests that the presence of this cosolvent 
tends to decrease both kc,, and Km by a factor of 
approximately 2, and so has no net effect on 
kc,,/Km. Thus the ratio kc,,/& for 0-(p-nitro- 
benzoy1)rnandelic acid should bc directly com- 
parable with the specificity constants for other 
esters in aqueous solution. 
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Signijicance of the p Parameters 
Figure 3 clearly indicates a close correlation of 

both kc,, and K, with o for five substituents X in 
ester 1 which vary in electronic properties from 
CH,O to NO,. The deviation of X = tert- 
butyl from these correlation lines will be con- 
sidered later. The value of pikcat) = 1.17 for 
the correlation of kc,, with o is somewhat lower 
than is observed for correlations of nonenzymic 
base-catalyzed hydrolyses of benzoate esters: 
p(ko,-) = 1.93 for methyl benzoates in 33% 
dioxane-water (30); p(ko,-) = 2.01 for p- 
nitrophenylbenzoates in 33% acetonitrile-water 
(31). The value of p(kc,,) is, however, much 
greater than is typical of nonenzymic acid- 
catalyzed ester hydrolyses: p(k,+) = 0.1 1 for 
methyl benzoates in 6 0 x  acetone-water (32). 

Hubbard and Kirsch (18) have compiled p 
values for nucleophilic attack on acyl-sub- 
stituted p-nitrophenylbenzoates by a series of 
nucleophiles. The p values appear to fall into 
two groups depending only upon whether the 
nucleophile is anionic or neutral. Thus for 
neutral nucleophiles p = 1 .O-1.4, while for 
anionic nucleophiles p = 1.8-2.0, with each 
class containing both oxygen and nitrogen 
nucleophiles of various chemical type. These 
investigators quite reasonably explain this dif- 
ference in terms of a greater contribution from 
electron-withdrawing substituents to the stabiliz- 
ation of anionic transition states for nucleophilic 
attack relative to the stabilization of analogous 
neutral transition states. If we assume2 that a 
similar relationship also holds for attack by 
anionic and neutral nucleophiles on alkyl 
benzoates then the above comparison of pikc,,) 
and p(ko,-) values in this context clearly suggests 
that this enzymic reaction involves attack on the 
carbonyl carbon of the ester substrate by a 
neutral nucleophile. 

An alternative interpretation of p(k,,,) = 1.17 
is evident, however. If attack by an anionic 
nucleophile was assisted by general-acid catalysis, 
one might predict that the observed p value would 
be considerably smaller than normally observed 
for anionic nucleophiles. Such a prediction 

ZThe fact that p(koH-) for methyl and p-nitrophenyl- 
benzoates are not very different (see above) suggests 
that the p value is not strongly dependent on the nature of 
the alcohol leaving group (cf. p(koH-) = 2.2 for the 
even more highly activated 2,4-dinitrophenylbenzoates 
(18)), and therefore this assumption appears quite 
reasonable. 

would result from the base-weakening effect for 
protonation of the ester carbonyl group that 
would be caused by electron-withdrawing sub- 
stituents in the benzoic acid moiety. Since 
donation of a proton to the ester oxygen atom 
via general-acid catalysis will be related to the 
basicity of the accepting atom, we would there- 
fore have a situation in which p will be positive 
for the nucleophilic attack component but 
negative for the general-acid proton donation 
component. The net result will be a reduction in 
pikc,,) from the value normally observed for 
anionic nucleophilic attack and the possibility 
that this value would fortuitously fall in the range 
associated with the attack of neutral nucleophiles 
that are unassisted by general-acid c a t a l y ~ t s . ~  
The observed p H  dependence of kc,, for both 
0-acetyl- and 0-(p-nitrobenzoy1)mandelic acids 
on the base form of an enzymic acid (pK, - 7) 
and on the acid form of another acidic group 
(pK, - 8) is also suggestive of this interpretation. 

A choice between these two possible inter- 
pretations for p(kC,,) = 1.17 can ultimately only 
be made in the context of the catalytic groups 
that are available at  the active site of the enzyme 
to play general-acid a ~ d  general-base nucleophilic 
roles. Although the amino acid side chains 
that are present in the vicinity of the active site 
of this enzyme have been clearly indicated by the 
X-ray crystallographic investigations of Lips- 
comb and co-workers (1-4), the mode of binding 
of substrate molecules in this active-site region 
is still uncertain. Suggestions (3, 4) have been 
made from model-building studies that are 
based on the observed binding to the crystalline 
enzyme of the very poor substrate, glycyl-L- 
tyrosine. For both ester and peptide substrates, 
the favoured modes of binding are such that the 
side-chain carboxylate group of glu-270 is 
attractively situated for direct nucleophilic 
attack on the carbonyl carbon atom of the 
hydrolyzable bond or for general-base catalysis 
of the nucleophilic attack by a water molecule 
on this same bond. Furthermore, in these 
substrate binding modes, the phenolic OH of 
tyr-248 is suitably located so that it could donate 

3The extreme case of such general-acid catalysis can be 
considered to be specific-acid catalysis for which p 
values close to zero (33) are most often observed. In 
this case the electronic effects of a substituent in the 
phenyl ring upon susceptibility to nucleophilic attack 
on the one hand, and basicity on the other, are ap- 
proximately offsetting. 
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a proton as a general-acid catalyst in the transi- 
tion state for nucleophilic attack. Thus, functional 
groups would seem to be available to play each 
of the catalytic roles in the above two suggested 
interpretations of p(kc,,) = 1.17, provided that 
the postulated substrate binding modes are 
correct. 

A metal-coordinated water molecule is an 
alternative possible candidate for a general-acid 
catalyst role in the above mechanistic inter- 
pretation. This would require the assignment of 
the p K  -- 8.0 in the E.S complex to the de- 
protonation of this water molecule. Although in 
principle the coordinated water molecule may 
alternatively be able to play the role of a neutral 
nucleophile, this is unlikely to be the case, since 
the coordinated hydroxide ion that is produced 
upon deprotonation should then be a much better 
nucleophile, and so an enhanced rate of hydrolysis 
in basic solutions should result. This is not 
observed in the present cases (Figs. 5 and 7), 
although a pronounced increase in kc,, in basic 
solutions is observed in the enzymic hydrolysis 
of 0-cinnamoyl-L-3-phenyllactic acid (34). 

The results of chemical modification studies of 
this enzyme indicate that modification of tyr-248 
in any way, including acetylation of the OH 
group, destroys peptidase activity but results in 
activation of the enzyme for hydrolysis of 
specific ester substrates (23, 26, 29). Much of this 
activation of esterase activity is due to the relief 
of substrate inhibition effects. However, for 
the hydrolysis of 0-hippuryl-L-3-phenyllactic 
acid there is a modest increase (two- to three-fold 
(23, 26)) in kc,, for the acetyl-enzyme compared 
with the native en~yme,  and this clearly in- 
dicates that a mechanism involving this phenolic 
group as a general-acid catalyst is unacceptable 
for the hydrolysis of this ester. Also, Km for this 
substrate is increased 30-40-fold upon acetyla- 
tion (23, 26), and this latter observation is 
noteworthy in considering the brief report (15) 
that acetylation of tyr-248 also abolishes the 
enzymic hydrolysis of the ester substrate, 0- 
acetylmandelic acid. Although this indicates an 
apparent difference in the esterase activity of 
the acetyl-enzyme towards these two ester 
substrates, it should be noted that a 40-fold 
increase in K, for the latter ester with the acetyl- 
enzyme over that observed for the native enzyme 
( K ,  = 0.08 M (25)) would probably lead to 
undetectable hydrolysis of this poor substrate 
due to the low concentrations of the relatively 

unreactive E.S complex that would be present at 
the usual substrate concentrations. 

Thus, we do not feel that the available evidence 
upon the effects of acetylation of tyr-248 can be 
used to support a difference in the binding 
modes of specific and nonspecific ester sub- 
s t r a t e ~ . ~  On the other hand, the quite different 
p H  profiles for kc,,/Km for specific and non- 
specific substrates do seem to indicate that the 
more basic group, at  least, that controls sub- 
strate binding is different for these two classes 
of substrates. This must then reflect differences 
in the binding of specific and nonspecific sub- 
strates, and also possibly different catalytic 
mechanisms for the hydrolysis of these two classes 
of esters. 

The small negative p value for K,,, clearly 
indicates that if K, is a true reflection of the 
E.S dissociation constant (i.e. K,,, = K,), then 
the ester is not bound by coordillation of the 
carbonyl oxygen atom to the zinc ion as has 
been proposed for specific substrates ( 3 ,  4). 
Such coordination would be expected to be 
reduced by the presence of electron-withdrawing 
substituents, and thus lead to a positive value for 
p(K,,,), perhaps of the order of p = 1.1-2.2 as 
has been observed for the 0-protonation of 
benzoic acids (35), benzamides (36), benzalde- 
hydes (37), and acetophenones (38). The only 
interpretation of p(K,) = -0.53 that is im- 
mediately apparent is in terms of some weak 
dipolar interaction. The coordination of the 
terminal carboxylate group to the metal ion is 
not ruled out by these observations, however, 
since this group is sufficiently far removed from 
the phenyl ring of the benzoic acid moiety, that 
it is effectively insulated from the electronic 
effects of substituents in this ring. 

Deriations jronz the o-Correlations 
The above linear free energy correlations of 

kc,,, K,, and kca,/Km with o may be used to 
predict that kc,, = 15 niin-l, Km = 7 x M, 
and kca,/Km = 2 x 103 M -  min-' for the un- 
substituted benzoic acid ester ( I :  X = H). 
Clearly, if such parameters are applicable, the 
failure to observe enzymic hydrolysis of this 
ester may reflect pronounced substrate inhibition 
becoming important at  much lower substrate 
concentrations than for any of the yara-sub- 
stituted benzoate esters that were investigated. 

4See later discussion for our definition of "specific" 
and "nonspecific" substrates for this enzyme. 
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Such an interpretation would indicate a strong 
dependence of substrate inhibition on the 
presence of a para-substituent. 

On the other hand, the lack of observable 
hydrolysis of the unsubstituted ester could also 
be attributed to predominant nonproductive 
binding of this substrate. If nonproductive 
binding is represented in terms of the fallowing 
simple scheme : 

then, kc,, = k2/(l + Ks/KSNp) and Km = K,/ 
(1 + Ks/Ks'P). Thus, the observed kc,, and K, 
values are both predicted to be reduced by the 
presence of nonproductive binding modes for 
the substrate. For KsNP << KS, kc,, may become so 
small as to be unobservable. An obvious mode of 
nonproductive binding for this benzoic acid 
ester would involve "wrong-way" binding, in 
which the phenyl ring of the acid moiety enters 
the hydrophobic pocket which is believed (3, 4) 
to accommodate the alcohol hydrophobic side 
chain in the productive binding mode. 

The linear correlations in Fig. 3 make it 
unllkely that nonproductive binding modes are 
important for these para-substituted esters, and 
again a remarkable substituent effect upon non- 
productive binding seems to be present. This 
is in accord, however, with the very pronounced 
effect from the chlor~ne substituent in the binding 
of 0-hippuryl-p-chloromandelic acid to this 
enzyme relative to the corresponding un- 
substituted mandeiic acid ester (39). Furthermore, 
we have also observed5 that while the benzoate 
ion is a competitive inhibitor (K, = 6 m M  (21)) 
of esterase activity, the p-chloro-, p-nitro-, and 
p-methoxybenzoate ions are all noncompetitive 
inhibitors, and this again indicates a special 
effect from para-substituents in the binding of 
benzoic acid derivatives. 

The complicated biphasic nature of the 
inhibition of the hydrolysis of 0-hippuryl-L-3- 
phenyllactic acid by the unsubstituted benzoate 
ester is suggestive of the binding of more than 
one inhibitor species per enzyme molecule. 
This suggests that the observed jack of hydrolysis 
of this ester may in fact be due to a combination 

5J. W. Bunting and C. D. Myers. Unpublished ob- 
servations, 

of the above postulated substrate inhibition 
(via formation of catalytically less active E.S2 
species, etc.) and nonproductive binding. 

The p-tert-butyl benzoate ester has K, ap- 
proximately four-fold smaller than is predicted 
by the Km-o correlation and kc,, about seven-fold 
greater than predicted by the kc,,-o correlation. 
The deviation of this substituent from the cor- 
relation lines cannot be ascribed solely to non- 
productive binding, since such schemes predict 
diminished apparent kc,, values rather than the 
enhanced kcat value observed in this case. If it 
is assumed that Km reflects the dissociation 
constant for the E.S complex, it must be con- 
cluded that there is a special interaction of the 
tert-butyl group of this substrate with the enzyme, 
and that this interaction not only enhances 
binding but also results in an increased rate of 
hydrolysis. Similar interpretations have been 
suggested for other enzymic hydrolyses (e.g. 
chymotrypsin (18), emulsin (40)) in which the 
data for a tert-butyl substituent deviates signifi- 
cantly from linear free energy correlations 
defined by other substituents in a series of 
closely related substrates. 

Consideration of pH-Rate Projiles 
The observed p H  dependence of k,,,/K,,, for 

0-p-nitrobenzoylmandelic acid (Fig. 5) is similar 
to that previously observed for 0-acetylmandelic 
acid (41). The estimated pK, values for the 
operative enzymic dissociations in Fig. 5 are 
6.95 and 7.9 which are con~parable with the 
values observed (6.9 and 7.5) for O-acetyl- 
mandelic acid. The slightly higher value for the 
more basic ionization in the present case may be 
related to the presence of 597, dimethyl sulfoxide 
in the reaction solution. Although the p H  
dependence of k,,,/K, for the O-hippuryl-3- 
phenyllactic acid (Fig. 7) is nominally of the 
same shape as for 0-p-nitrobenzoylmandelic 
acid, the bell curve is much broader in thir case 
and is best fitted by enzymic ionizations of pK, = 
5.8 and 9.3. These latter ionizations are similar 
to those reported for 0-cinnamoyl-L-phenyllactic 
acid (6.6 and 9.4 (34)), for a series of N-protected 
oligodepsipeptide ester substrates (6.2 and - 9.1 
(42)), and also a series of N-protected tripeptide 
substrates (6.1 and 9.1 (43)). Clearly, the ioniza- 
tion of pM, - 7.5-7.9 in the 0-acylmandelic 
acid substrates cannot be considered to arise 
from the same moiety as the ionization of 
pKa -- 9 that occurs in all the other ester and 
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peptide substrates indicated above, and there is is the case. Certainly, modification of glu-270 
also some doubt whether the observed pKa abolishes both peptidase and esterase activities 
values - 6.9 and 6.1, respectively, in these two towards speczjic substrates (5-8), and suggests an 
classes of substrates represent the ionization of important functional role for this amino acid in 
the same enzymic acid. Furthermore, we feel the enzymic catalysis, although hindrance to 
that the differences between the p H  dependences binding through steric effects in the modified 
of kca,/K,,, for these two classes of substrates are enzyme cannot be excluded. 
sufficiently great that they can be conveniently Although it is clear that the same two acidic 
used to define a distinction between specific groups on the enzyme control the overall 
(peptides and depsipeptides) and nonspecific enzymic activity (kca,/Km) of the hydrolysis of 
(acetate and benzoate esters) substrates for this both 0-hippuryl-L-3-phenyllactic acid and related 
enzyme. It is interesting that according to this peptide substrates, the observed p H  dependence 
definition, 0-cinnamoylphenyllactic acid appears of kcat for this ester is different from that ob- 
to behave as a specific rather than a nonspecific served for peptide substrates (43). In fact, kc,, for 
substrate. We feel that this operational definition this ester is remarkably p H  independent over the 
of specific and nonspecific substrates is more range p H  5-10 (Fig. 7). For peptide substrates, 
reasonable than the somewhat arbitrary dis- kc,, is dependent on a pKa -- 6.1 in the acidic 
tinctions that have been drawn in the past, and portion of this same range, but is not influenced 
which have led to the classification of 0-cin- by the group of pK, -- 9 (43). Clearly it is not 
namoyl-L-mandelic acid as a nonspecific sub- possible to assign the pK, - 6.1 to the y-carboxyl 
strate and 0-cinnamoyl-L-3-phenyllactic acid as of glu-270 and still claim a role for the conjugate 
a specific substrate (44), and yet these two esters base of this side chain in the hydrolysis of both 
differ by only one methylene group. these peptides and this ester. The p H  dependence 

The acidic groups which are generally con- of kc,, for 0-hippuryl-L-3-phenyllactic acid 
sidered to be most likely to be responsible for the sugges.ts, in fact, that ifthe conjugate base of the 
ionizatiorls discussed above are the phenolic OH glu-270 y-carboxyl group is involved in the 
of tyr-248, the y-carboxyl of glu-270, a zinc- hydrolysis of this ester, it must have a pK, < 5. 
coordinated water ~ molecule and possibly the In fact, a pK, -- 4 for glu-270, typical of a 
imidazoliurn ions of his-69 and his-196 which "normal" glutamic acid y-carboxyl group, is 
appear to be coordinated to the zinc ion in the consistent with this assumption. 
crystalline enzyme (3, 4). Auld and Vallee (45) In the most recently proposed mechanisms for 
favour the pM, - 9 as being due to tyr-248 peptide hydrolysis by carboxypeptidase A (15), 
since the thermodynamic parameters for this the phenolic OH of tyr-248 plays the role of a 
ionization are typical of phenolic ionizations, general-acid cataiyst in the protonation of the 
and furthermore, this pK, value is the same within amine leaving group. If such a mechanism is 
experimental error for the Co, Mn, and Zn accepted, kcat for peptide hydrolysis should 
metalloenzymes which tends to rule out its clearly decrease upon deprotonation of tyr-248; 
assignment to the ionization of a metal-co- therefore, pKa - 9 cannot be assigned to tyr-248 
ordinated water molecule. However, on the on the basis of the current proposals for the 
basis of studies with the 0-acetyltyr-248 enzyme, mechanism of peptide hydrolysis, and if tyr-248 
Kaiser and co-workers (46) have concluded that does act in this way as a general-acid catalyst, 
the pKa - 9 should be assigned to M(OH)+ it must have pKa > 10. 
formation, and have then suggested that the Adoption of the suggestion (46) that the 
pK, - 7.5 observed with 0-acetylmandelic acid pK, - 9 which controls substrate binding to the 
as substrate is due to tyr-248. free enzyme is due to ionization of the hydrated 

An enzymic pK, - 7.0 is also observed in the metal ion seems consistent with the observation 
nlodification of glu-270 by two different reagents that this pl%, does not seem to be present in the 
(5, 7) .  This presumably reflects the same ioniza- catalytically active E.S complex for specific 
tion as the pK, -- 6.9 that is observed in the ester and peptide substrates. Coordination of the 
hydrolysis of 0-p-nitrobenzoyl- and 0-acetyl- free carboxylate ion or the carbonyl oxygen of the 
mandelic acids. It is tempting, of course, to hydrolyzable bond to the metal ion would be 
assign this ionization to the y-carboxyl group of expected to suppress this ionization in the E.S 
glu-270 but there is no direct evidence that this complex. 
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It is clear from the abote discussion that at 
present it is not possible to rationalize all of the 
observed ps-rate profiles for ester and amide 
substrates of carboxypeptidase A in terms of 
simple catalytic roles for the amino acid side 
chains which are in the near vicinity of the zinc 
ion. The differences observed between specific 
and nonspecific ester substrates even f ~ ~ r t h e r  
complicate the situation, and it is fair to say that 
not one of tile ionization constants that have been 
observed to be catalytically important can be 
assigned with any certainty at present. The 
crystallographic investigation of the binding of 
glycyl-L-tyrosine indicates that the tyr-248 side 
chain undergoes a major movement upon binding 
this ligand (2-4). This leads one to wonder 
whether the binding of good substrates in 
solution may not involve other major conforma- 
tional changes in the enzyme, and if such is the 
case, it is possible that one or more of the 
observed ionization constants may arise from 
an acidic group that is somewhat removed from 
the active site, but which controls an important 
conformational change. 
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Charge Development and Mechanism in Disrotatory Ring Opening of 
Cyclopropyl Bromides 
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JAN HAN ONG and Ross ELMORE ROBERTSON. Can. J. Cheni. 52,2660 (1974). 
The temperature dependence of the rates of hydrolysis of cis- and rratzs-2-vinylcyclopropyl 

bromides has been determined in water. The temperature coefficient of the enthalpy of activa- 
tion (AC,>') for both compounds was unusual (- 27 and - 35 cal m o l l  d e g ' ) .  From this fact, 
it was concluded that the charge development at the transition state was low, in agreement with 
the conclusions of Clark and Smale (19). The slightly inverse rs-deuterium isotope effect 
(k,/k, = 0.994) is consistent with that conclusion. 

JAN HA\  ONG et Ross ELMORE ROBERTSON. Can. J .  Chem. 52, 2660 (1974). 

On a determine la variation, en fonction de la temperature, des vitesses d'hydrolyse dans 
I'eau des isomeres cis et trans du bromure de vinyl-2 cyclopropyle. La valeur du coefficient de 
temperature de I'enthalpie d'activation (AC,*) pour les deux compos6s est exceptionnelle 
(-27 et -35 cal mol-' deg-'). On en conclut qu'a l'etat de transition la charge est peil de- 
veloppie. Ceci est en accord avec les conclusions de Clark et Smale (19). L'effet isotopique 
Iegerement inverse du deuterium-a (k,/k, = 0.994) est consistant avec cette conclusion. 

[Traduit par le journal: 

Introduction 
In this paper we present evidence bearing on 

the degree of charge development at  the transi- 
tion state for the hydrolysis of cis- and irmrs-2- 
vinylcyclopropyl bromides and from these 
observations draw conclusions concerning mech- 
anism. 

Solvolytic studies of cyclopropyl derivatives 
have attracted attention for many years (1-8). 
Initially there was the question of apparent in- 
ertness of such compounds to solvolysis, e .g .  
170 "C. was required to give a specific rate con- 
stant of 4.7 x s- '  (9). Brown attributed 
this inertness to the unfavorable angle strain, 
"'I-strain" (10, 11). Aliernatlvely, the less than 
normal internal bond angle (60") was jladged to 
contribute to excess s-character (12, 13) and 
hence to stabilize exocyclic bonds of the cyclo- 
propane ring (14). In contrast to these arguments 
advanced to account for unusual inertness, in 
1961, Schleyer and Nlchoias (IS),  notlng the even 
more pronouaced stability of 7-norbornyl tosy- 
late toward acetolysis, argued that the cyclo- 
propyl tosylate actually reacted faster than 
might be predicted from a consideration of the 

'Postdoctoral Fellow, 1971-1933. 
'Revision received December 11, 1973. 

internal bond angles. The authors suggested a 
kind of anchimeric assistance to provide an extra 
driving force equivaient to a factor of 10' in the 
rate ( l j ) .3  Further insight into the mechanism of 
ring opening of cyclopropyl derivatives came 
with the development of the Woodward-Hoff- 
-mann rule governing concerted reactions (16). 
According to that ru!e, ring opening of the cyclo- 
propyl cation to allyl cation is allowed in the 
disrotatory mode." Independently, De Puy and 
co-ivorkers (18) arrived at the conclusion that 
the ring opening is governed by the stereochem- 
istry of the leaving group. 

Recently Schleyer and co-workers ( 1 ,  2) in 
their extensive studies of the solvolysis of cyclo- 
propyl derivatives in acetic acid proposed that 
the degree of ring opening at the transition state 
of the cyclopropyl halides and sulfonates was 
considerable, "a protoallylic transition state". 
AS a consequence, charge delocalization to the 
P-positions was extensive. However, Clark and 
Smale (19) from a consideration of their theoret- 
ical calculations and the p +  values obtained by 

.- 

3SchIeyer's recent estimate is at  least a factor of lo5;  
see ref. 2. 

4Except for deamination reactions (17), allyl derivatives 
were the only product found for unsubstituted or B-sub- 
stituted monocyclic systems. 
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D e  Puy and co-workers (20), suggested that the 
transition state for the acetolysis of cyclopropyl 
derivatives was reached a t  an  early stage in the 
ring-opening and that the angle of rotation could 
not  be over 45". 

While recognizing that studies of solvolysis in 
water may not resolve the above difference of 
interpretation, nevertheless it would be useful to  
investigate charge development a t  the transition 
state for the solvolysis of such compounds in 
water. If the conclusion of Clark and Smale is 
valid, then the results obtained for hydrolysis in 
water would have bearing on the interpretation 
of evidence relative to charge development in 
other solvents. 

The inability of cyclopropyl systems to 
stabilize positive charge has been fairly well 
e ~ t a b l i s h e d . ~  As charge increases in the activa- 
tion process during solvolysis, it is accepted (1, 
2, 18, 20, 23) that a concerted back-side overlap 
of the C,-C, bond on the developing p-orbital 
of the C, carbon (i.e. ring opening) provides the 
necessary stabilization. Therefore charge devel- 
opment and ring opening are co-related. How- 
ever a different view was suggested by Schleyer 
and co-workers 

A large body of empirical data now exists 
which provides a basis for estimating the relative 
degree of charge development a t  the transition 
state for ionogenic reactions in water from the 
temperature coefficient of the enthalpy of activa- 
tion. This estimation is based on the unique 
structural properties of water, the nature of 
solvation of weakly polar solutes in water and 
the effect of charge development accompanying 
the activation process (24, 25). In the activation 
process for ionogenic reactions the requirement 
for solvent reorganization is a temperature 
dependent component of AH* which varies with 
the extent to  which water structure is reor- 
ganized or more correctly, disorganized. This dis- 
organization is dependent not only on the degree 
of charge development but also on the nature of 
the displaced group, the degree of reorganization 
for leaving groups having the same charge level 
being: arenesulfonate = methanesulfonate << bro- 
mide, chloride, iodide < nitrate.' The enthalpy 

'See ref. 9, 21 ; however, see ref. 22. 
'Reference 1, p. 140. 
'This applies for the nitrate group where the mechan- 

ism tends to SNl .  

requirement for reorientation of the solvating 
water molecules decreases as the temperature in- 
creases8 and the extent of this effect is reflected in 
the rate measurements provided the latter are 
made with sufficient accuracy. Clearly, this is but 
one source of a temperature dependency of AH* 
(26-291 and care must be exercised to exclude 
other contributions such as impurities or the pos- 
sibility of mixed kinetics before drawing conclu- 
sions from (6AH*/AT), with respect to the extent 
of solvent reorganizatibn. Where there is reason 
to  believe that the reaction is uncomplicated, 
values of (dAH*/dT), = ACp* for displacement 
of halides from primary carbon are found to lie 
in the range - 40 to - 50 cal deg- ' mol- ' ; from 
secondary carbons -60 cal deg-I mol-' and 
from tertiary carbons - 80 to - 100 cal deg-' 
mol-' (19). There are exceptions. Thus Cmethyl- 
benzyl chloride gives a value of - 79 cal deg.-' 
mol-l ,  and cyclopropylcarbinyl chloride (a 
primary chloride) and cyclobutyl chloride (a 
secondary halide) which are presumed to 
undergo rearrangement to nonclassical ions in 
the activation process give values of AC,' of 
- 81 and - 107 cal deg-' mol-I, respectively 
(30). In the absence of water-structure-breaking 
functional groups near the reaction site (3 1 ,  32) 
compounds showing pronounced anchimeric 
assistance and hydrogen participation (33) like- 
wise give more negative ACp* values than would 
be ex~ec ted  in the absence of such assistance. 
This observation is consistent with an approach 
to a limiting mechanism. Thus normal values of 
AC,* may be taken as evidence that the mech- 
anism of hydrolysis is similar to the class to 
which the reactant belongs. Values outside of the 
normal range may be taken as evidence of some 
alternative mechanistic explanation provided 
spurious contribution to AC,* have bekn elimi- 
nated. Thus the temperature dependence of 
AH* for the particular case of hydrolysis in 
water provides a useful mechanistic probe, even 

*It is obvious that this is but one of the posssible inter- 
pretations since a negative temperature coefficient for 
AN* would be found if the solvation of the developing 
ion increased with an increase in temperature or if the 
degree of char.ge development at  the transition state in- 
creased with temperature or both. These possibilities 
cannot be excluded on the available evidence. Reasons 
for believing that the breakdown of the initial state struc- 
ture is the dominant factor in determining the observed 
negative temperature coefficient of A H *  have been out- 
lined previously (24). 
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though the AH* values alone have proven of 
little analytical value. 

From the beginning of this investigation it 
was recognized that the conclusions based on the 
values of ACP3 obtained for hydrolysis in water 
need not necessarily apply to transition state 
characteristics in other solvent. However, as will 
be shown in the discussion, the particular systems 
under investigation here may be exceptional in 
this regard. 

Results and Discussion 
The rate data were determined conductomet- 

rically and are generally good to better than 
0.5% for repetitive runs (the trans compound 
gave better reproducibility). The standard error 
within a particular determination of the specific 
rate constant was usually better than 0.1%. The 
discrepancy between cells has been attributed to 
variations in absorption of the reactants and 
possibly differential adsorption of ions at  the 
walls, an inherent difficulty at  the low concentra- 
tions imposed by meagre solubility of the reac- 
tants. The use of larger cells would reduce this 
difficulty but introduces other complications. 
The methods used were consistent with past 
practise (24). The rate constants as a function of 
temperature are fitted to the empirical formula 

[I]  log k = A, i- A,/T + A ,  log T 

assuming dAC*/dT = 0, an assumption which is 
imposed by experimental errors and probably 
is not too serious over the relatively short tem- 
perature range available (60-94 "C). The corre- 
sponding empirical constants are given in Table 
1. The average specific rate constants over a 
range of temperatures can then be calculated 
from eq. 1 and Table 1. The method of Clarke 
and Glew (25, 27, 34) for the treatment of the 

TABLE 1 .  Empirical constants for the three-parameter 
equation (eq. 1) for the hydrolysis of cis- and 

trans-2-vinylcyclopropyl bromides 
-- -- - - 

2-Vinylcyclo- 
P ~ O P Y ~  

bromide A 1 - AZ - A3 n* 

trans 62.3978 8393.1382 16.4042 34;; 

temperature dependence of equilibrium data was 
modified to accommodate kinetic rate data and 
to compute the pseudothermodynamic param- 
eters (Table 2). 

The negative values of the ACp* derived from 
the temperature dependence of the rate of 
hydrolysis (- 35 F 2 and -27 f 4 cal deg-I 
mol-') are surprisingly low :9 lower, in fact, than 
had been found previously for the hydrolysis of 
any other alkyl halide (24). Careful purification 
excluded the possibility that the results were 
spurious as a consequence of impurities.'' In 
consequence we were led to the inevitable con- 
clusion that either the transition state was 
reached at a lower degree of charge development 
than had been found previously for the hydrol- 
ysis of even primary halides, or the results were, 
in both cases, a consequence of "mixed kinetics" 
or "partitioning7' (26, 27, 29, 35). 

A comparison of the values of AC," obtained 
in this study with those from the hydrolysis of 
other allylic halides is useful (Table 3). Ally1 
chloride and P-methylallyl chloride have values 
of - 50 cal deg- ' mol- '. a-Methylallyl chloride, 
which might be expected to have a transition 
state resembling that of a S,1 reaction has a 
value of -92 cal deg-' mol-l. The latter is con- 
sistent with a large degree of charge development 
at  the transition state and provides an obvious 
contrast to the values of AC,' obtained in this 
study. 

Having excluded impurities as a possible ex- 
?lanation for these less negative values of ACp*, 
we consider three possibilities: (i) partitioning, 
(ii) mixed kinetics, and (iii) that the low values 
of -ACp* simply reflect a lower degree of 
charge development at  the transition states than 
has been observed previousiy for the displace- 
ment of a halide. 

The fact that the a-deuterium isotope effect 
(Table 4) is negligible argues against any im- 
portant structural change. However, it is doubt- 
ful even if the cyclopropyl group opened up to 
give a fully conjugated allylic cation at the 
transition state, that a large isotope effect would 
be observed (36, 37). At best it is consistent with 
the proposed concerted "internal" S,2 type 
reaction. A much stronger argument against the 
formation of an intimate ion-pair such as implied 

cis 51.5332 8194.3581 12.7857 51;; 
9Low and high refer to the absolute values of AC,*. 

*n , , r~  = of rate determination; T ,  and T 2  give the 1°Impurities, however, need not always lead to a low 
perature range over which the rates were determined. negative value of the AC,' ; see ref. 27. 
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TABLE 2. Pseudother~nodynamic quantities for the hydrolysis of cis- and trans-2-vinylcyclopropyl bromides in water 

2-Vinylcyclopropyl T AH* AS* - AC, * 
bromide ("c) (cal mol-') (cal deg-' mol-') (cal deg-' mol-') 

trans 75 26 363 1 10 1 .2910 .03  35+2  

cis 75 27 957 1 28 0.85k0.08 2 7 1 4  

TABLE 3. Derived thermodynamic parameters for the hydrolysis of ally1 chlorides in water* 

Compound T AH* AS* AC,* 
(chloride) PC) (cal mol-') (cal deg-' mol-') (cal deg-' mol-') 

TABLE 4. Rate constants, a-deuterium isotope effects, and the m values for the hydrolysis of cis- and 
trans-2-vinylcyclopropyl bromides 
-- 

2-Vinylcyclopropyl T k nz 
bromide ("c) ( x  s-') (aqueous alcohol) kH/kD Reference 

--- 

cis 95 0.246 (50% EtOH) 4 
95 2.928 (HzO) 0.59 0.993 This work 

trans 95 2.65 (50% EtOH) 4 
95 32.067 (H,O) 0.59 0.995 This work 

by the possibility of partitioning is to be found in 
the shape of the energy diagram for the opening 
of the cyclopropyl ring plotted against the angle 
of rotation as calculated by Clark and Armstrong 
(38) and by Radom et al. (39). These authors 
show that ring opening in the cyclopropyl system 
is characterized by a steady steep decrease in 
energy, hence the existence of a solvent (water) 
stabilized charge intermediate seems as unlikely 
as it is unnecessary. 

As an alternative mechanism, the unusually 
low values of -ACp* found for these com- 
pounds can be attributed to "mixed kinetics", 
i.e. two reactions with different AH* values 
occurring in competition. In such a situation the 
reaction with the higher AH* value becoines 
more important as the temperature rises and this 
results in a positive contribution to ACp* com- 
bining to reduce the magnitude of the combined 
normal negative values (28). Such a rationaliza- 
tion is as difficult to prove as to disprove in the 
present system and the following citations are 
offered for consideration only. Parham and 
Yong (40) in attempting to account for the 

product found in the solvolysis of cis- and trans- 
1 , l  - dichloro - 2,3 - dipropylcyclopropane, sug- 
gested that the ring opening process is accom- 
panied by solvent attack concerted with ioniza- 
tion. Since there are two nonequivalent sites for 
nucleophilic interaction in our system the above 
mechanism could provide for the lower negative 
values of ACp*. This rationalization would 
imply two transition states each one occurring at  
a degree of charge development normal for an 
S,2 displacement but with sufficiently different 
AH* values to account for the more positive 
than normal - ACp* values. That both cis and 
trans isomers should have approximately the 
same compensating effect is possible but seems 
unlikely. Product analysis offers no assistance 
here. 

An abnormally low value for AGpS for a reac- 
tion which might be expected to react by an 
S,1-like mechanism is not without precedent. 
KO and Robertson have shown recently (41) that 
the values of ACp* for the hydrolysis of a series 
of sulfamoyl chlorides shift from - 76 cal deg-I 
mol-I for dimethylsulfamoyl chloride to -39 
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cal deg-I mol-I for the diethyl homolog. In the 
latter, other evidence shows that hydrogen parti- 
cipation occurs and crowding about the sulfur is 
enhanced. The rate is increased eight-fold over 
the dimethyl homolog. While charge dispersal 
may account for some decrease in AC,', this 
could hardly be a sufficient explanation and the 
possibility that the transition state coincides with 
the formation of the shared hydrogen bond must 
be regarded as a distinct possibility. 

Thus in the absence of evidence to the con- 
trary, it seems probable that for the hydrolysis 
of the 2-vinylcyclopropyl bromides, of the several 
possibilities the simpler hypothesis is sufficient, 
i.e. that the unusually low negative values of 
ACp* obtained in this study give evidence of the 
transition state having a relatively small charge 
development on the displaced group and con- 
sequently the transition state comes relatively 
early in the ring opening process. Such a con- 
clusion would be consistent with the conclusion 
of Clark and Smale (19), the p+ values obtained 
by DePuy and co-workers (20)" for analogous 
systems (though in a different solvent, acetic 
acid) and would tend to minimize the differences 
in AC,* between different leaving groups (40). 
Research on related systems aiming to confirm 
the generality of this conclusion is now in pro- 
gress. Even if evidence were uncovered sup- 
porting mixed kinetics rather than the simpler 
hypothesis cited above, the low values of AC,' 
obtained here would still probably imply that the 
transition state for the ring opening of cyclo- 
propyl halides and hence charge development 
was at  a very early stage, much less advanced 
than for the corresponding hydrolysis of methyl 
halides (24). 

Experimental 
Tri-n-butyltin hydride was made in the usual way (43, 

44). The physical properties and the n.ni.r. spectrum 
agreed with the literature (45-47). 

Tri-n-butyltin deuteride was made according to the 
procedure of Martin and Landgrebe (48, 49) in 60% 
yield: b.p. 50- (0.02 mm) lit. (48) 78' and up (0.6 mm); 
the n.m.r. (CCI,) spectrum showed no signal at r 5.21. 

"The p+ values were found to be - 1.75 for the B-sub- 
stituted and -4.31 for the %-substituted cyclopropyl 
tosylates (43). Whatever the magnitude these indicate a 
relatively lower degree of charge development at  the 
B-carbons compared to that at  the a-carbon. Therefore 
at  least for the phenyl substituted cyclopropyl derivatives 
it seems that the cyclopropyl ring does not open up be- 
yond 45" of rotation (19). 

1,l-Dibromo-2-vinylcyclopropane was prepared by the 
addition of dibromocarbene to 1,3-butadiene (4, 50-52): 
b.p. 36-37" (5 mm) (lit. (50, 51) 76-82" (50 mm), (4) 53- 
56" (10 mm), and (51) 70" (26 mm)); n.m.r. (CCI,) gave 
complex multiplet at  r 7.8 and 8.4 (3H, ring protons) 
and 4.6 (m, 3H, vinyl protons); the mass spectrum gave 
parent peaks at  mle 224, 226, 228 (1 : 2: I), significant 
fragments at  66 (C5H6+), 65, 39 and 145, 149 (1: l )  
(C5H6Br+), however no complete analysis was possible 
because the compound was not pureI2 and not so stable13. 

cis- and trans-2-Vinylcyclopropyl bromides were made 
by the reduction of 1,l-dibromo-2-vinylcyclopropane with 
tri-n-butyltin hydride (53) in 60% yield: b.p. 58-62" 
(80 mm) (lit. (4, 51) 60-74" (90 mm)). The isomers could 
not be separated by spinning band distillation but were 
isolated in pure form by passing through the preparative 
g.c. using a 20 ft x 318 in. QF-1 column (90"). The trans 
isomer was eluted first (4): the mass spectrum gave parent 
peaks at  mle 146, 148 (1: I), base peak at  67 (C5H7+), 
and significant fragments at  41 and 39; n.m.r. (CCI,) gave 
complex multiplets at  r 4.2-5.16 (3H, vinyl protons), 
7.14-7.42 ( lK,  CHBr), 7.9-8.35 ( lH ,  ring proton), and 
8.6-9.1 (2H, ring protons). The c b  isomer gave exactly 
the same mass spectrum as the trans compound, however 
the n.m.r. (CCI,) gave complex absorption at  r 4.1-5.05 
(3H, vinyl protons), 6.7-7.6 ( lH ,  CHBr), 8.1-8.85 (2H, 
ring protons), and 9.06-9.23 ( lH,  ring proton). Both 
isomers were checked again by g.c. using a 20% FFAP 
on Carbowax W column. 

cis- and trans-2-Vinylcyclopropyl-1-d bromides were 
made by the reduction of 1,l-dibromo-2-vinylcyclopro- 
pane with tri-n-butyltin deuteride (53) in 40% yield: b.p. 
52-60" (78-74 mm). The pure isomers were obtained as 
described above. The mass spectrum of the trans isomer 
gave parent peaks at mle 147, 149 (1: I), and significant 
fragments at  68 (C,H6D+, base peak), 42,41,40, and 39; 
n-.m.r. (CCI,) gave complex absorption at  r 4.2-5.15 
(3H, vinyl protons), 7.95-8.33 (q, SH, ring proton), 8.63- 
8.90 (m, 2H, ring protons). The cis isomer again showed 
exactly the same mass spectrum as the trans compound; 
n.m.r. (CCI,) gave r 4.10-5.20 (complex, 3H, vinyl pro- 
tons), 8.16-8.73 (m, 2H, ring protons), 9.03-9.22 (t, l H ,  
ring proton). Both isomers showed no CHBr signal and 
the %-deuterium content should be at least 97%. 

1. W. F. SLIWIYSKI, T. M SU, and P. v. R. SCHLEYER. 
J. Am. Chem. Soc. 94, 133 (1972). 

2. P. V.  R. SCHLEYER, W. F.  SLIWINSKI, G. W. VAN 

DINE, U. SCHOLLKOPF, J. PAUST, and K. FELLEU- 
BERGER. J. Am. Chem. Soc. 94, 125 (1972). 

3. U. SCHOLLKOPF. Angew. Chem. Int. Ed. Engl. 7, 
588 (1968). 

4. J. A. L A ~ D G R E B E  and L. W. BECKER. J. Org. Chem. 
33, 1173 (1968). 

''The impurities CHBr,, CH2Br, are present. Low 
intensity but distinct peaks are observable at  196, 198, 
200 (1 :2 :  1) corresponding to the loss of C2H,, at  184, 
186, 188 (1 :2 :  1) corresponding to the loss of C3H, and 
at  158, 160, 162 (1 :2 :  1) (Br2+). However a weak dibromo 
triplet at  21 1, 21 3, 215 (1 : 2: 1) cannot be accounted for. 

I3The freshly distilled dibron~o compound is colorless 
but turns yellow on standing at  room temperature. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ONG AND ROBERTSON: DISR 

5. J. W. HAUSER and J. D. UCHIC. J. Org. Chem. 37, 
4087 (1972). 

6. W. E. PARHAM and K. S. YONG. J. Org. Chem. 35, 
683 (1970). 

7. D. T. CLARK and G. SMALE. Chem. Commun. 868 
(1969). 

8. M. S. BAIRD and C. B. REESE. Tetrahedron Lett. 
4637 (1971). 

9. J. D. ROBERTS and V. C. CHAMBERS. J. Am. Chem. 
SOC. 73, 5034 (1951). 

10. H. C. BROWN, R. S. FLETCHER, and R. B. JOHAN- 
NESEN. J.  Am. Chem. Soc. 73, 212 (1951). 

11. H. C. BROWN and M. GERSTEIN. J.  Am. Chem. Soc. 
72, 2926 (1950). 

12. A. STREITWIESER, JR. Chem. Rev. 56, 571 (1956). 
13. D.  J. PATEL, M. E. H. HOWDES, and J. D. ROBERTS. 

J. Am. Chem. Soc. 85, 3218 (1963). 
14. W. BERNETT. J. Chem. Educ. 44, 17 (1967). 
15. P, v. R. SCHLEYER and R. B. NICHOLAS. J. Am. Chem. 

SOC. 83, 182 (1961). 
16. R. HOFFMAXX and R. B. WOODWARD. ACC. Chem. 

Res. 1, 17 (1968). 
17. W. KIRMSE and H. S C H ~ ~ T T E .  J. Am. Chem. Soc. 89, 

1284 (1967). 
18. C. H. DE PUY, L. G .  SCHNACK, J. W. HAUSER, and 

W. WIEDEMAY~. J. Am. Chern. Soc 87, 4006 (1965). 
19. D. T. CLARK and G. SMALE. Tetrahedron Lett. 25, 13 

(1969). 
20. C. H. DE PUY, L. G. SCHNACK, and J .  W. HAUSER. 

J. Am. Chem. Soc. 88, 3343 (1966). 
21. G.  GUSTAVSON. J. Prakt. Chem. 43, 396 (1891). 
22. M. J. S. DEWAR and S. KIRSCHNER. J. Am. Cheni. 

SOC. 93, 4290 (1971). 
23. R. B. WOODWARD and R. HOFFMANN. The conserva- 

tion of orbital symmetry. Verlag Chemie, GmCH, 
Weinheim, Germany. 1970. p. 46. 

24. R. E. ROBERTSON. Progr. Phys. Org. Chem. 4, 213 
(1967). 

25. R. E. ROBERTSON and S. E. SUGAMORI. J. Am. Chem. 
Soc. 91, 7254 (1964). 

26. J. M. W. SCOTT and R. E. ROBERTSON. Can. J. Chem. 
50, 167 (1972). 

27. L. J. BRUBACHER, L. TREINDL, and R. E. ROBERTSON. 
J. Am. Chem. Soc. 90, 4611 (1965). 

28. G.  KOHNSTAM. Advan. Phys. Org. Chem. 5, 121 
(1967). 

29. A. QUEEN. Can. J .  Chem. 45, 1619 (1967). 
30. C. Y. Wu and R. E. ROBERTSOX. J. Am. Chem. Soc. 

88, 2666 (1966). 

LOTATORY RING OPENING 2665 

31. M. J. BLANDAMER, H. S. GOLINKIN, and R. E. 
ROBERTSON. J. Am. Chem. Soc. 91, 2678 (1969). 

32. H. S. GOLINKIN, D. M. PARBHOO, and R. E. ROBERT- 
SON. Can. J. Chem. 48, 1296 (1970). 

33. Y. IKOMOTO, R. E. ROBERTSON, and G. SARKIS. Can. 
J. Chem. 47, 4599 (1969). 

34. E. C. W. CLARKE and D.  N. CLEW. Trans. Faraday 
SOC. 62, 539 (1966). 

35. W. J. ALBERY and B. H. ROBINSON. Trans. Faraday 
Soc. 85, 980 (1969). 

36. B. CAPON, M. J. PERKINS, and C. W. REES. Organic 
reaction mechanism. Interscience Publishers, John 
Wiley & Sons Ltd., London. 1965. p. 63. 

37. V. BELANIC-LIPOVAC, S. BORCIC, and D. E. SUKKO. 
Croat. Chem. Acta, 37, 61 (1965). 

38. D. T. CLARK and D. R. ARMSTRONG. Theor. Chem. 
Acta, 13, 365 (1969). 

39. L. RADOM, P. C. HARIHARAN, J. A. POPLE and 
P. V. R. SCHLEYER. J. Am. Chem. Soc. 95, 6531 
(1973). 

40. W. E. PARHAM and K. S. YONG. J. Org. Chem. 33, 
3947 (1968). 

41. E. C. F. KO and R. E. ROBERTSON. Can. J .  Chem. 50, 
946 (1972). 

42. K. M. KOSHY and R. E. ROBERTSOX, Unpublished 
work. 

43. G .  J .  M. VAN DER KERK and J .  G .  A. LUIJTEN. J. 
Appl. Chem. 6 ,  93 (1956). 

44. G. J. M. VAN DER KERK, J. G. NOLTES, and J. G. A. 
LUIJTEN. J. Appl. Chem. 7, 366 (1957). 

45. M.  R .  KULA, E. AMBERGER, and H. RUPPRECHT. 
Chem. Ber. 98, 629 (1965). 

46. J .  DUFERMONT and J. C. MAIRE. J .  Organomet. 
Chem. 7, 415 (1967). 

47. M. L. MADDOX, N. FLITCROFT, and H. D. KAESZ. 
J. Organomet. Chem. 4, 50 (1965). 

48. R. A. MARTIN and J .  A. LANDGREBE. J. Org. Chern. 
37, 1996 (1972). 

49. J .  C. LAHOUINERE and J. VALADE. J. Organomet. 
Chem. 22, C3 (1970). 

50. L. SKATTEBOL. J .  Org. Chem. 39, 2951 (1964). 
51. R. L. WOODWORTH and P. S. SKELL. J. Am. Chern. 

Soc. 79, 2542 (1957). 
52. P. S. SKELL and A. V. GARNER. 78, 5430 (1956). 
53. D. SEYFERTH, H. YAMAZAKI, and D. L. ALLESTON. 

J .  Org. Chem. 28, 704 (1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Canadian Journal Journal canadien 
of Chemistry de chimie 
Published by Publit! par 
THE NATIONAL RESEARCH COUNCIL OF CANADA LE CONSEIL NATIONAL DE RECHERCHES DU CANADA 

Volume 52 Number 15 August 1, 1974 Volume 52 numCro 15 1 aoQt 1974 

Thallic Ion Oxidation of Styrene: Kinetics of Decomposition of 
the Oxythallation Adduct C6H,-CH(OCH,)-CH2TI(OAc)2 

LOUISE NADON A N D  MIKLOS ZADOR 
DPpartement de chimie, Universirr'de Montr4a1, C.P. 6128, MontrPalI01, Quebec H3C 3V1 

Received March 4. 1974 

LOUISE NADON and MIKLOS ZADOR. Can. J. Chem. 52, 2667 (1974) 
The kinetics of decomposition of the organo-thallic adduct formed in methanol between 

styrene and TI(OAC)~, (C6H,-CH(OCH,)-CHZ-T1(OAc)Z) has been studied in a water- 
methanol solvent. The reaction follows a first order rate law. The organo-thallic compound, 
RTI(OAC)~, is shown to be dissociated at  low concentrations yielding two reactive specles, 
RTIOH+ and RTl2+. The influence of acidity on the rate of decomposition shows that RT12+ 
is much more reactive than RTIOHt. The kinetic parameters have been determined. The 
implication of the results on the rate-determining step of TI(II1) oxidation of styrene is discussed. 

LOUISE NADON et MIKLOS ZADOR. Can. J. Chem. 52, 2667 (1974). 
La cinetique de decomposition du compose organo-thallique forrne dans le methanol entre 

le styrene et TI(OAc),, (C,H,-CH(OCH,)-CHZ-Tl(OAc),) a ete etudiee dans un melange 
eau-methanol. La cinetique de la reaction est du premier ordre. Le compose organo-thallique, 
RTI(OAc),, se dissocie a faible concentration et conduit a deux especes reactives RTIOHt 
et RT12 + .  L'influence de I'acide sur la vitesse de dCcomposition montre que RTIZ + est beauco~~p  
plus reactif que RTIOH+. Les pararnetres cinetiques ont ete determines. Les consequences 
de ces resultats sur I'etape determinante de I'oxydation thallique du styrene sont discutees. 

Several workers have ~reviouslv described the 0 

oxidation of a variety ofolefins b i  thallium (111) I/ 
Tlt + CH3-C-R + H +  

salts from a preparative point of view (1-12). 
However, Henry's first kinetic measurements 
(13) suggested interesting mechanistic implica- [2bl TI+ + CH2-CHR + H +  

tions and thus prompted several recent kinetic I I 
studies (14-19). The kinetics and product distri- OH OH 

bution for the oxidation of manysimple olefins 
by TI (111) in aqueous acid solutions have been Reaction 1 represents the formation of an or- 

interpreted by Henry in terms of the following gano-thallic intermediate (1); it is followed by 

mechanism : the decomposition of 1 into the final products 
reactions (2a and 2b). 

[ I ]  Ti3+ + CHZ=CHR + H 2 0  The rate of oxida'tion of substituted phenyl- 
k I ethylenes has been investigated in both metha- 
-+ [TlCH2CH(R)OH12+ + H +  nol (17) and aqueous acetic acid (14) media. In 

1 both cases kinetic evidence indicates that the 
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formation of the organo-thallic intermediate is 
rate-determining although its rate of decompo- 
sition has not been measured experimentally. 

Halpern and his co-worker (18) have recently 
described the oxidation of a series of alkenols by 
TI3+ in aqueous perchloric acid. In  some of the 
reactions examined, the formation of the oxy- 
thallation adduct was found to be rate-determin- 
ing while in others, the rate of decomposition 
was definitely much slower. 

The present study on the rate of decomposi- 
tion of the organo-thallic intermediate was 
prompted by the existence of a stable styrene- 
TI(II1) adduct (2). Our first kinetic study (17) on 
the oxidation of styrene by thallic nitrate in 
methanol led us to propose a second order rate 
law. Kinetic evidence also suggested that the 
formation of the organo-thallic intermediate was 
rate-determining. The rate of decomposition of 
the intermediate presented in this work can be 
compared to the previously determined rate of 
formation in an attempt to characterize com- 
pletely these reactions. 

Experimental 
Reactants arzd Products 

The organo-thallic intermediate is prepared by a slight- 
ly modified version of Kabbe's method (2). Styrene (J. T. 
Baker Chemical Co.), 7 g, and TI(OAc), (Alfa Inorgan- 
ics), 10 g, are dissolved in a minimum of methanol. The 
solution is allowed to react 1 h at  room temperature. The 
precipitate is then filtered, recrystallized three times from 
benzene, and dried in a vacuum for 5 h. 

The reaction products were identified by g.1.c. reten-. 
tion times in comparison with authentic samples. The 
g.1.c. analyses were carried out on a F and M 5750 gas 
chromatograph using two different 6 ft columns, 10% 
Carbowax 20M on Chromosorb PAW-DMCS at 142 'C 
and 25% Diglycerol on Chromosorb PAW-DMCS at 
125 "C. These analyses identified the reaction products as 
phenylacetaldehyde (75-85%) and phenylacetaldehyde di- 
methyl acetal (15-25%), depending on the acidity of the 
medium. 

Kinetic Method 
The reactions were studied in a solvent containing 75% 

(v/v) water and 25% (v/v) methanol. The latter was nec- 
essary in order to dissolve the reactant. At high tempera- 
tures, the reactant was thermostated in pure methanol to 
prevent its decomposition prior to the kinetic measure- 
ments, and this solution was then mixed with the right 
amount of water containing all other additives. 

The course of the reaction was either followed by moni- 
toring the increase in electrical conductance, or, at  high 
acid concentrations, when accurate conductance measure- 
ments were not possible, the reaction was followed by u.v. 
spectrophotometry at  265-271 and 230 nm depending on 
the concentrations used. 

The fast reactions (rl < 60 s.) were studied by stopped- 
flow methods on a Durrum-Gibson system using a 
Jarrel-Ash 0.25 m monochromator. The decrease in ab- 
sorbance was registered on an oscillograph and the signal 
was then photographed. In intermediate cases, the 
stopped-flow system was used with a high-speed recorder. 

The temperature in the v a r i o ~ ~ s  reaction cells was main- 
tained constant within 0.1 "C. When necessary, the ionic 
strength of the solutions was maintained constant by 
using lithium perchlorate (G. F. Smith Chemical Co.). 

Results and Discussion 
The decomposition of the organo-thallic ad- 

duct of styrene follows the reaction path observ- 
ed in pure methanol, namely the migration of 
the phenyl group (17). In  our mixed solvent how- 
ever, containing 75% (v/v) water and 25% (v/v) 
methanol, one obtains two carbonyl products, 
resulting from the reactions with H,O and 
CH,OH respectively, according to reactions 3 
and 4 

[31 C~HSCH(OCH)~-CH~TI(OAC)~ + M 2 0  + 

CsH5-CH2-CHO + TIC + OAc- 

+ HOAc + C H 3 0 H  

Preliminary measurements showed that the 
conductance of a solution of RTI(OAC)~ in- 
creased with time. Furthermore, the high initial 
conductance of the solution suggested that the 
intermediate was dissociated to an  appreciable 
extent. A plot of the initial equivalent conduct- 
ance as a function of the square root of concen- 
tration strongly suggests that RTI(OAc), is a 
strong 1 : l  electrolyte (with A, = 114 at  45 "C) 
and dissociates according to reaction 5 

Furthermore, the p H  of the solution is that of 
an acetate/acetic acid buffer in which concen- 
trations of acetate ions and acetic acid are equal. 
This suggests that reaction 5 is followed by a 
second step 

[6] RTIOAc+ + H 2 0  -I RT10H+ + HOAc 

The increase of conductance observed during 
the course of the reaction is solely due to the 
smaller size and higher ionic conductance of 71' 
with respect to RTIOAci and RTIOH'. 

Our first kinetic studies showed a marked cata- 
lytic effect of H'. Hence, it seems reasonable to 
propose the formation of a more reactive spe- 
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cies. RTI2' 

As the concentration of H f  increases, the con- 
centration of RTIOH' decreases in favor of 
RT12'. This would explain the observed cataly- 
sis by strong acids and acetic acid as well as in- 
hibition by acetate ion. 

Kinetics of the Decolnposition 
The reaction is found to follow a first order 

rate law in a great variety of experimental con- 
ditions 

The experimental first order rate constant, 
k,,, depends on experimental conditions such as 
the concentrations of acetic acid, acetate ions, 
and strong acid added. However, added styrene 
has no effect on the rates contrary to the results 
of Halpern and co-worker (18) who studied the 
decomposition of the oxythallation adduct of 1- 
penten-5-01 observed a catalytic effect of the 
olefin. 

Influence of Acetic Acid and Acetate Ions 
As acetic acid and acetate ions are involved in 

reactions 5 and 6, their effect on the rate has 
been investigated. 

Addition of HOAc and OAc- in 1 :1 ratio at 
constant p H  does not affect the rate constant, at 
least at low concentrations ( -  5  x M).  This 
observation confirms that equilibria [ S ]  and [6] 
are well to the right, at least at low HOAc and 
OAc- concentrations. If greater amounts of 
HOAc and OAc- are added (-0.05 M, that is a 
50-fold excess with respect to the reactant), there 
is a significant decrease in k,,,. In this case, ap- 
preciable amounts of RTl(OAc), or RTIOAc' 
exist and these species are probably much less 
reactive than RTlOH and RTI2'. 

The experimental results can be interpreted by 
means of a two-term rate law 

At  low acidities, the dominant species is 
RTIOHf, hence [RTIOH'] >> [RTI~']. In this 
case eq. 8 yields eq. 9 for k,,,. 

k,,, = k l  -I- k2K[Hf ] 

In a buffered medium, the concentration of 

H +  can be related to those of acetic acid and 
acetate. 

The experimental results seem to agree with 
eq. 10. Indeed one observes an increase in rate 
upon addition of HOAc, which is caused by the 
displacement of equilibri~~m [7] towards the for- 
mation of RT12' a niore reactive species than 
RTIOHf. On the other hand, addition of OAc- 
has a retarding effect as predicted. 

Table 1 presents the results obtained at 45 "C 
at various concentrations of HOAc and OAc- 
added to 1.0 x M of RTl(OAc),. The rate 
constant has been calculated according to eq. 10, 
using k ,  = 6.5 x lo-, s-I  and k,KK., = 7.8 x 
I(--, M - l  s - ~  , obtained previously by plotting 

kc,, cs. [HOAc]/[OAc-1. The values of [HOAc] 
and [OAc-] include the acetate ion liberated in 
eq. 5 and acetic acid from eq. 6 in concentrations 
corresponding to that of the organo-thallic in- 
termediate used. As Table 1 indicates, there is a 
reasonably good agreement between the experi- 
mental and calculated rate constants at different 
HOAc and OAc- concentrations. 

The relatively high value of k ,  indicates that 
RTIOHf is a reactive species and, in the absence 
of additives, its contribution is about 40: of the 
observed rate. Using the literature value, K, = 
8.2 x for our solvent (20), one obtains 
k2K = 95 at 45°C. 

Iguence  of Perchloric Acid 
Due to the presence of acetate ions resulting 

from the dissociatio~i of RTI(OAc),, the per- 
chloric acid added reacts with OAc- to form 
HOAc. As long as the quantities of HCIO, are 
smaller than the initial concentration of RTI 
(OAc),, eq. 10 is respected when proper values of 
[HOAc] and [OAcC] are used. The results in 
Table 1 show the agreement between the experi- 
mental rate constants and those calculated as 
above. 

When higher perchloric acid concentrations 
are used, all acetate ions are converted to HOAc 
and the acidity is no longer that of a buffer 
system. The equilibrium concentration of H t  is 
obtained by substracting the concentration of 
acetate formed (equalling the initial concentra- 
tion of the intermediate) from that of HCIO, 
added. In this case, eq. 9 is followed and the plot 
of k,,, us. [Hi.] yields k ,  and k,K which are in 
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TABLE 1 .  Rate constants of decomposition at 45 "C 

[HOAC] [OAC - ] [HCIOJI kexp kc,,, 
(MI (MI (MI (s-l) (s-l) 

*[RTI(OAC)~] = M; solvent: 259, ( c / L )  methanol, 759,  (v/v) water 

good agreement with those determined pre- 
viously. 

When the concentration of perchloric acid is 
greater than that of the intermediate, the con- 
centration of H +  becomes much higher than in 
the buffered system (> M instead of about 
lo-' M) and accordingly there is a sharp in- 
crease in rate. In these cases the rate parameters 
can only be determined at lower temperatures 
because of experimental limitations. The values 
presented in Table 2 are thus obtained partly 
using perchloric acid and partly in a HOAc/ 
OAc- buffer. 

In cases where high acid concentrations were 
used, up to 0.025 M in HClO,, the ionic strength 
of the solution was maintained constant at 0.5 M 
by means of lithium perchlorate. This is neces- 
sary since preliminary results have shown a 
marked increase in reaction rate due to an in- 
crease in ionic strength. This effect is under- 
standable since the formation of RT~" in equi- 
librium [7] is enhanced at high ionic strength as 
predicted by the Debye-Hiickel theory. 

At higher acidity, eq. 9 is no longer valid as 

TABLE 2. Rate narameters at different 
temperatures* 

k ,  k,K T 
(s-l) ( s  M )  (OC) 

*[RTI(OAC)~] 1.0 x 10-3 M; solvent: 259, 
(v/v) methanol, 75% (v/v) water. 

FIG. I .  Influence of perchloric acid at 25 "C, [RTI- 
(OAC)~] = 2.5 x M, ionic strength = 0.5 M. 

shown by results in Fig. 1.  This is caused by the 
fact that the concentration of RT12+ is not neg- 
ligible and one has to take into account the mass 
balance of the organo-thallic compound. 

11 [RT1]t,,,, = [RTIOH'] + [RT~"] 

Equation 11 leads to a new expression of k,,, 

Considering that at these acidities k ,  is very 
small as compared to k2K[H+], it can be neglect- 
ed as a first approximation. The values of k2 
and K have been determined by a weighted least 
square method on the linear equation Ilk,,, = 
Ilk, + l/k2K[H+]. The values found at 25 "C 
are k2 = 0.36 s-' and K = 260 M-' and the 
overall agreement is presented in Fig. 1 where the 
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experimental points fit reasonably well to the cal- 
culated curve using these parameters. 

Of course, these rate parameters are much 
higher than those obtained at ionic strength of 
about M. 

The results also indicate that the reactivity 
of RT12+ is of about three orders of magnitude 
greater than that of RTIOHf which shows again 
the great sensitivity of TI(II1) to coordination 
effects. The equilibrium constant K, is in fact the 
reciprocal of the hydrolysis constant, which 
should consequently have a value of 3.8 x 

M. The fact that this value is only about 
one order of magnitude lower than that observed 
for hydrolysis of free  TI^' (21) indicates that 
Tl(II1) retains its affinity toward hydroxyl ions 
in the organo-thallic adduct. Therefore, it seems 
reasonable to expect that other ligands will co- 
ordinate RTI2+ and thus affect its reactivity. 
This is also suggested by the decrease in rate ob- 
served at high OAc- concentration in a buffered 
medium. 

Activatiorz Pcrameters 
The influence of temperature on k,,,, given by 

eq. 9 or 10 has been studied between 10 and 
45 "C. For k , ,  the activation parameters are 
AH' = 15.5 ) 1 kcal and ASi' = -25 i 3 e.u. 
For  k2K, values of AH' = 28 + I kcal and 
AS' = 39 _f 3 e.u. were obtained. The fact that 
AH' of k,K is greater than that of k ,  is due to 
the AH' value associated with K which for TI3+ 
is known to be 21 kcal (22). This value can be 
used as an estimate in our case since the hy- 
drolysis constants of  TI^+ and RTI2+ are similar 
as pointed our earlier. Hence, the activation 
energy of lr, is lower than that of k ,  as is to be 
expected. 

Conclusion 
In summary, the present studies show 

that the organo-thallic adduct, C,H,-CH- 
(OCH,)-CH2-TI(OAc)2 is dissociated in 75% 
water - 25% methanol solvent. The dissociation 
of RTI(OAc), leads to RTIOHt as the dominant 
species, which, in the presence of strong acid, is 
converted to RT12+. The kinetics of decomposi- 
tion of the organo-thallic intermediate is in 
agreement with these hypotheses. Furthermore, 
the results indicate that the most reactive species 
is RTI2+ ; however, at low acidities RTIOH+ con- 
tributes significantly to the reaction rate. The 
hydrolysis constant of RT~'' obtained from the 

kinetic data suggests that affinity of RT~" to- 
wards anions is comparable to that of TI3'. 

The information obtained in this work permits 
the assessment of the rate-determining step of the 
overall oxidation of styrene by TI(II1) in strong 
acid media. In most cases, the formation of the 
organo-thallic adduct has been proposed as the 
rate-determining step of the Tl(II1) oxidation of 
olefins (13, 14); this was also the case of T1- 
(NO3), oxidation of styrene i11 methanol and in 
methanol-water mixtures (1 7). It appears how- 
ever, that at least in this case, the nature of the 
rate-determining step depends on the conceritra- 
tions used. Based on the data obtained, it can be 
estimated that at  initial concentrations of 
M, the formation of the intermediate is about 50 
times slower than its decomposition. A t  higher 
concentrations, the situation is reversed : at 0.1 M 
the formation becomes twice as fast as the de- 
composition of the organo-thalllc adduct, and 
thus, there should be a definite acc~~mulation of 
the intermediate even in strong acid medium, at 
least for short periods of time. 

This implies, of course. that the nature of the 
rate-determining step largely depends on experi- 
mental conditions and this situation is further 
complicated by the fact that ligands can affect 
the rates of both reactions. 

The financial support given by the National Research 
Council of Canada is gratefully acknowledged. 
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MICHAEL J. KRECH, STANLEY JAMES W. PRICE, and W A Y ~ E  F .  YARED. Can. J. Chem. 52, 
2673 (1974). 

The heat of formation of iodopentafluorobenzene has been determined using the direct com- 
bustion method previously developed and used for hexafluorobenzene and octafluorotoluene. 
The combustion with oxygen yields CO,, CF,, F,, I,, and IF,. With a tenfold excess of oxygen 
the average C 0 2  to CF, molar ratio is 11.08 i 0.028. A material balance was obtained for car- 
bon and fluorine. An apparent shortfall of about 3 0 x  in iodine has been related to the formation 
of IO,(OH) during analysis. The value of AHf2980 (C,F,I,g) = - 133.2 1 3.0 kcal niol-' has 
been combined with D(C,F,-I) and AHr2,,O(I,g) to obtain AHr29s0(C,F5,g) = -92.6 kcal 
mol-'. Using this value and the appropriate values of AHr2g,0(C,F,X,g) and AHrZgs0(X,g), 
values of D(C6F,-X) have been calculated for X = OH, H ,  F ,  C1, I, CH,, and CF,. 

MICHAEL J. KRECH, STANLEY JAMES W. PRICE et WAYNE F. YARED. Can. J .  Chem. 52,2673 
(1974). 

La chaleur de formation de I'iodopentafluorobenzene est determinee par la methode de com- 
bustion directe anterieurement mise au point; elle est utilisee pour I'hexafluorobenzene et 
I'octafluorotoluene. La combustion dans I'oxygene donne du CO,, CF,, F,, I, et IF,. Avec dix 
fois plus d'oxygene que nkcessaire la moyenne du rapport molaire du CO, au CF, est 11.08 1 
0.028. On atteint I'equilibre ponderal pour le carbone et le fluor. Un resultat apparaniment 
inferieur d'environ 30% en iode est lie a la formation de IO,(OH) at1 cours de l'analyse. La 
valeur de AHr2,," (C,F,l,g) = - 133.2 + 3.0 kcal niol--' est combinee a celles de D[C,F,-I] 
et AHr2,80(I,g) et l'on obtient AHr,,,O (C6F,,g) = -92.6 kcal m o l ' .  Utilisant ce resultat et 
les valeurs appropriees de AHrZg80 (C,FsX,g) et deAHr2980 (X,g), on a calcule les valeurs de 
D(C6F5-X) pour X = OH, H, F ,  C1, I, CH, et CF,. 

[Traduit par le journal] 

Introduction 
The heats of formation of a variety of com- 

pounds containing the pentafluorophenyl group 
have been reported. Cox et al. (1 ,  2)  using com- 
bustion of samples contained in either polyester 
bags or polyethylene capsules have shown that 
in the presence of water compounds which con- 
tain only C, H, 0 ,  and F yield CO, and aqueous 
H F  along with small quantities of CF,. When 
chlorine was present, as in the case of C,F,Cl 
(2 ) ,  a solution of As,O, was used to reduce all 
the chlorine to the chloride. 

An alternate approach involves open dish com- 
bustion under anhydrous conditions and without 

'To whom correspondence should be addressed 

any auxiliary ~naterials (3) .  This method has been 
successfully employed for hexafluorobenzene (3 )  
and octafluorotoluene (4) .  In both cases complete 
combustion was obtained and the only products 
\yere CO,, CF,, and F,. In the present work this 
method has been extended to iodopentafluoro- 
benzene. 

Experimental 
Iodopentafluorobenzerle 

The iodopentafluorobenzene used was obtained from 
the Imperial Smelting Corporation. It was subject to frac- 
tional distillation with head and tail fractions being dis- 
carded. The final product had the following physical prop- 
erties (values in parentheses are those reported by the 
manufacturer (5)). b.p. = 165 "C (166 "C), nDZ5 = 1.4954 
(1.4950). Analysis by gas chromatograph> (6 ft x 118 in. 
o.d. Silicone Oil DC 710 on 80-100 mesh chroniosorb W, 
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TABLE 1. 

Mass C,F,I 
(g) 

- 

1.981 
2.072 
1.531 
1.360 
1 ,444 
1.351 
1.328 
1.374 
1.464 
1.365 

Combustion data and calculated enthalpy of formation for iodopentafluorobenzcne§ 
- 

T o r  COzICF,* co2 IFs Total F Z  AH2,,O(C6FSI,g) 
("c) (by g.c.) collected (g): collected (g) collected (g)t: (kcal/rnol) 

- 

0.8804 11.29 1.629 (99.8) -134.2 
0.9235 11.14 1.704 (99.8) -132.6 
0.6799 10.90 1 .269(100.6) 0.298 (99.7) -134.7 
0.6047 11.11 1.115 (99.5) - 134.0 
0.6452 11.11 1.187 (99.8) 0.235 0.284(100.7) -131.2 
0.6017 11.18 1.116(100.3) 0.208 0.268(101.9) -133.2 
0.5900 11.06 1.111(101.6) 0.213 0.256 (98.8) -134.5 
0.6130 10.98 1.129 (99.7) 0.231 0.262 (98.0) -132.6 
0.6518 10.98 0.238 0.290(101.4) -133.0 
0.6077 -133.2 

*Molar ratio. 
?From F2 and IF,. 
tVaIues in parentheses are theoretical yields based on the average C 

C 0 2 ,  CF,, F2. 1 2 .  and IF,. 
$Additronnl typical data (see ref. 21 for notation); AE,ign:cal = 2.41, 

N, carrier, 60 cc,'min, isothermal at  105 'C, electron cap- 
ture and flame ionization detection) showed the possible 
presence of minor impurities which were estimated to 
represent a maxinl~rm of 0.01% of the sample. 

Vapor pressure nieasurements were taken over the range 
13-84- using the same modified Ramsay-Young system 
previously employed for C,F, (3) and C6FsCF3 (4). 
Approximately 50 vapor pressure measurements were 
made over two separate runs. The conventional log P cs. 
lo3; T plot showed a marked curvature which flattened at  
the highest temperatures used. When the standard boiling 
point (166 -C) was included the curve above approxirnate- 
ly  60 'C appeared to be nearlq linear. 

The data from 13-84' are adequately represented by 

[ l ]  log,, P (cm) = 91.719 - 6685.0/T - 28.334 log T 

The resulting heat of vaporization and average heat 
capacity difference (vapor-liquid) are AHzy8' = 13.83 
+ 0.05 kcal mol-I and (ACp)13-84 i C  = - 56.3 cal deg-' 
m o l ' .  The error limits on AH are representative of the 
uncertainty in the precision only. 

It appears that over the temperature range studied in- 
creasing association in the liq~rid state is occurring as the 
temperat~lre decreases. Using (vaporization)= 
10.6 kcal mol-' (determined from the approximately 
linear portion of the log P cs. 10"Tplot above 60 "C) with 
an estimated (AC,) = - 12.0 cal deg-' mol-' (vapor - 
monomeric liquid) based on related compounds (6) leads 
to a hypothetical value of AHZgs0 = 11.8 Itcal m o l l  for 
the monomeric species or an apparent enthalpy of associa- 
tion of approximately 3 kcal mol- '  at 25 'C .  

Sodirinl Arsenite So!~rtiorz 
Dry arsenic(II1) oxide (2.4725 g) was dissolved in 20 ml 

of 1 N sodium hydroxide solution. The resulting solution 
was neutralized with 1 N sulfuric acid and diluted to 500 
ml to produce a 0.1 N sodium arsenite solution. 

COz, CF4, F2, IF5 
These substances were all obtained from Matheson. 

COZ, CF,, and F 2  were used without further purification. 
IF, was degassed to remove traces of CF, and then shaken 
with mercury under vacuum to remove traces of 1, which 

:02/CF4 ratio, 11.08, and on the assumption that the only products are 

give the IF5 a deep brown coloration. The resulting clear 
and nearly colorless (very slight blue tinge) liquid was dis- 
tilled into a glass trap where it was stored ~rnder its own 
vapor pressure. The vacuum system used had taps 
equipped with Teflon barrels and Viton O-rings and all 
joints were greased with KEL-F grease. 

Iodine 
Reagent grade iodine was used without further purifica- 

tion. 

Appnrntu.5 and Calorinietvic Proeecf~11.e 
The apparatus and procedure used for the main com- 

bustion process were identical to those previously used for 
C6F6 (3) and C6FsCF3 (4). 

The rate of loss of C6F51 from the platinum crucible in 
which it was weighed was 0.0099 mg!s. The time between 
weighing the crucible containing the C6F51 and sealing the 
bomb was such that less than 0.02% of the total sample 
was lost by evaporation. The correction for this loss should 
be accurate to better than i 3 z .  The error generated by 
the correction procedure should therefore be less than 
0.001%. With the size of sample used (1.3-2.1 g) the ac- 
curacy of this correction is not a limiting factor as it ex- 
ceeds the precision of the balance used (0.05 mg). 

Analysi.~ o f  Reaction  product.^ 
The ailalytical procedures for CO,, CF,, and FL have 

been described elsewhere (3,4). 1, was either reduced with 
excess sodium arsenite solution and then determined using 
an iodine specific ion electrode in conjunction with an 
Orion 701 digital p H  meter or coniplexed with K1 and 
titrated with standard 0.1 N sodium arsenite. Quantita- 
tive analysis for IF, was based on indirect procedures in- 
volving specific ion determinations for F- and I -  
Ranian spectra were recorded using a Spectra-Physics 
model 700 spectrometer equipped with a model 164 
Argon ion laser tuned to the 488.0 nm line. 

Resu!ts and Discussion 
The results of the C,F51 combustion studies 

are given in Table 1. The average CO,/CF, ratio 
is 1 1.08 with a probable error (7) of + 0.028 cor- 
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responding to an  uncertainty of f 0.14 kcal 
mol-'  in AH,, , ,~(C~F,I,~).  As previously noted 
(3) gas chromatographic calibration for CF, 
must be done with CF,-0, mixtures similar to 
those found in the bomb. Calibration with pure 
CF, leads to a n  error of 3.2 kcal mol-I in 
AHf,,,O(C,F,I>g). 

The products formed by the combustion of 
iodopentafluorobenzene were identified as car- 
bon dioxide, tetrafluoromethane, iodine, fluorine 
and  iodine pentafluoride. 

CO,, CF,, and F, were identified in the same 
manner as was previously used for the combus- 
tions of C6F, and C6F,CF, (3, 4). 

Ample evidence was available for the presence 
of I, as a combustion product, as the bottom and 
sides of the bomb were coated with a layer of 
crystals having the characteristic purple-grey 
color of iodine. Titration of a solution formed by 
the addition of saturated potassium iodide solu- 
tion to the solid contents of the bomb with a 
standard solution of 0.1 N sodium arsenite and 
determination of I-  by means of an iodide speci- 
fic ion electrode further confirmed that I, was a 
combustion product. 

In  preliminary, non-analytical combustions, 
the presence of a small amount of a deep red 
liquid in the platinum crucible and a t  the bottom 
of the bomb when it was opened subsequent to a 
con~bustion,  gave preliminary indication of the 
possible formation of an  interhalogen com- 
pound. During these preliminary combustions, a 
white smoke was given off from the liquid in the 
bomb when the bomb h a s  opened in the labora- 
tory. 

In  a subsequent study the liquid present in the 
bomb after a combustion was isolated from the 
other combustion products by connecting the 
outlet of the bomb to two traps in series followed 
by a vacuum pump. The first trap contained a 
small amount of mercury in the bottom and was 
equipped w ~ t h  two high vacuum stopcocks (with 
Teflon barrels and Viton O-ring seals), one at  
each end, so that the trap could be removed and 
sealed. I t  was important to take careful precau- 
tions that this entire system which was connected 
to  the bomb was moisture free. The first trap 
containing the mercury was set in a cooled ace- 
tone bath adjusted to -45 "C. The second trap 
was placed in a liquid nitrogen bath. The bottom 
half of the bomb itself was set in an  ice-water 
bath at 0 "C to prevent excessive amounts of 

iodine from being deposited in the trapping sys- 
tem once pumping on the bomb was started. 

After the combustion gases had been emptied 
from the bomb pumping was continued for ap- 
proximately 20 min. The first trap was then re- 
moved from the trapping system and from its 
cooled acetone bath and warmed slowly to room 
temperature. 

The contents of the trap were in the form of a 
deep red liquid. When this liquid was shaken with 
mercury it decolo~ized and in a few seconds 
formed a clear, very slightly blue liquid which 
rested on the surface of the mercury. This reac- 
tion was noted to be similar to that reported by 
Aynsley (8) for the reaction of IF, with mer- 
cury. The liquid was distilled, under vacuum, in- 
to a Pyrex capillary tube cooled in an  acetone 
bath a t  -45 "C. The capillary was then sealed 
under vacuum and removed for subsequent 
Raman spectrographic analysis. Similar proce- 
dures were used to prepare a tube containing an 
authentic sample of IF,. 

A melting point determination on the liquid 
sample collected froin the combustion bolnb 
gave a value of 9.6 'C in good agreement with the 
value reported for the melting point of IF,  of 
9.7 "C (5). 

The Raman spectrum of IF, has been reported 
by Gillespie and Clase (9), Lord et a/ .  (lo), and 
Begun et al. (1 1). These authors reported re- 
sponse in the Raman spectrum of IF, at  275, 
572, 595, 694, and 705 cm- ' .  The responses at  
694 and 705 cm- '  are in the form of a doublet. 
The Raman spectra of both the liquid removed 
from the bomb and that of the purified IF, were 
similar producing response at  565, 595, 692, and 
706 cm-' .  

After the Raman spectra had been run on the 
pure sample of IF, and on the sample obtained 
from a combustion experiment, the sealed capll- 
laries containing the IF,  were individually bro- 
ken under water, reacted with excess sodium 
arsenite solution, and analyzed for iodide and 
fluoride using the corresponding specific ion 
electrodes. In both instances, the yields of iodine 
and fluorine were in good agreement with that 
predicted from a knowledge of the original 
amount of IF, present. 

Quantitative determination of IF,  in the com- 
bustion studies was based on the residual fluo- 
rine content of the bomb (one-fifth the F found) 
plus the I -  found in the aqueous solution con- 
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tained in the Teflon bubbler through which the 
bomb gases were passed. Separate tests showed 
that no detectable I, reaches the bubbler when 
the bomb is maintained a t  0 "C during the flush- 
ing procedure. 

The F, material balance shown in Table 1 
rules out the formation of significant quantities of 
IF,. IF, is a highly volatile interhalogen com- 
pound (v.p. 2.54 atm at 25 "C) (12) which would 
be flushed readily from the bomb and would pass 
through the aqueous solution without reacting 
(13, 14). 

A material balance for iodine could not be ob- 
tained, except in an indirect sense. Both titration 
and specific ion methods consistently gave an ap- 
parent 27-32x shortfall. However similar syn- 
thetic mixtures of I, and IF, showed the same 
shortfall, presumably due to the sequence of re- 
actions (8) 

IO,F is white solid and has been observed as a 
white smoke when the bomb is opened in room 
air. No smoke is formed when the bomb is opened 
in a drybox. This sequence of reactions does not 
interfere with the fluoride analysis but it has been 
reported (15) that the 10,OH can be represented 
as (IO,)+(OH)-, a form in which apparently the 
iodine is unavailable for analysis by the methods 
used in this work. 

Faced with similar apparent iodide shortfall 
both in the con~bustion analyses and test experi- 
ments with IF,  and I,, and having obtained a 
material balance for both the total fluoride and 
total carbon in combustion experiments, it was 
assumed that all the iodide not found as IF, was 
present as I,. The CO,/CF, average molar ratio 
can then be used with the CO, and IF, yields to 
give the required combustion equation. 

The data for the IF, produced shown in Table 
1 along with the average CO,/CF, molar ratio 
were employed to calculate the following reaction 
which is representative of the combustion of 
iodopentafluorobenzene. 

In  treating a complex mixture of products such 
as those shown in reaction 4 all interactions be- 
tween the compounds found must be taken into 

account. No detectable heat of mixing was ob- 
served when F,, O,, CF,, and CO, were mixed 
under anhydrous conditions. However, experi- 
ments carried out both in the bomb calorimeter 
and in various types of auxiliary systems indi- 
cated that under conditions similar to those used 
in the runs a correction to AH,,,,'(C,F,I,~) of 
- 2.2 f 0.2 kcal mol-' is required to allow for the 
energy released when I, and IF, are mixed. An 
additional and much larger correction of -28.0 
f 1.7 kcal mol-' is required for the interaction 
of the anhydrous F,, O,, CF,, CO, mixture with 
the mixed I, and IF,. 

In carrying out the thermochemical calcula- 
tions the following heats of formation have been 
used: CO,(g), - 94.0517 kcal mol- ' (16); CF,(g), 
-223.0 kcal mol-' (17), and lF,(l), -210.44 
kcal mol- ' (1 8). The enthalpy of vaporization of 
C6F,I was taken from the present work as 13.83 
kcal mol-' and a small correction (0.1 kcal 
mol-') was made to allow for the C6F,I that was 
in the vapor state a t  the time of combustion. A 
correction may also be required for IF, in the 
vapor state in the products. If only IF, were 
present it would have a vapor pressure of 26 mm 
at 298 K and a correction to AHf,,80(C6F,I,g) of 
about 1.0 kcal mol-' would be required. How- 
ever, the IF,  exists as an 1,-IF, solution which 
shows marked negative deviations from Raoult's 
Law. The actual required correction is therefore 
estimated to be 0-0.2 kcal mol-'. 

Based on the preceding data and estimated cor- 
rections, reaction 4 leads to  AH,, , ,~(C,F~I ,~)  = 
- 133.3 kcal mol-l ,  with a standard deviation of 
2 1.10 kcal mol-I and a probable error (7) of 
k0.21 kcal mol-'. However, when the uncer- 
tainty in the auxiliary experiments is taken into 
account the overall error limits must be set at 
about + 3.0 kcal ~no l - ' .  

For the reaction 

AH2,,' = 66.2 kcal mol-' (19). Combining this 
with the present value of AHf2,80(C,F,I,g) 
and AH,(I,g) = 25.5 kcal mol-' (18) gives 
AHf,,,'(C6F,,g) = - 92.6 kcal mol-'. Defining 
D(C,F,-X) as AH,,,' for the reaction 

and using the present value for AHf2980(C,F,,g), 
in conjunction with previous thermochemical 
data then yields the values of D(C6F,-X) shown 
in Table 2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE 2. Calculation of D(C6F,-X) and con~parison with D(C6H5-X)$ 
- 

OH 9.3 (16) - 228.8 (2) 145.5 I10 (16, 22, 23) 
H 52.1 (16) -192.6 (2) 152.1 I I0  (22) 
F 18.9 (18) - 226.0 (3) 152.3 123 (22, 24) 

- 228.5 (2) 154.8 
C1 29.0 (18) -193.6 (2) 130.0 94 (22, 24) 
I 25.5 (18) -133.3 66.21- 63 (22, 24) 
CH 3 33.2 (16) -201.6 (2) 142.2 I00 (22, 25) 
CFB -114.0 (16) - 303.2 (4) 96.6 104 (31) 

-- 

*Based on ANf2983(C6FS,g) = -92.6 kcal/mol determined from (C6F51,g), and the kinetic value 
of D(C6F,-I) (corrected to 298 K). 

+Direct kinetic value (corrected to 298 K). 
$Reference numbers in parentheses. 

No previous values of D(C,F,-X) are available 
for comparison with the possible exception of 
D(C,F,-F). Based on the appearance potential 
of C,FSf from C,F, and an estimated value of 
10.6 eV for the ionization potential of C,Fs an 
approximate value of 145 kcal was obtained (20). 

Also in Table 2 a comparison is made between 
D(C,F,-X) and D(C,H,-X). The general pat- 
tern seems quite reasonable if it is assumed that 
the fluorines on the ring tend to back donate 
electrons to the ring. The increased potential 
overlap (cf  bonding of X with C,H,) would be 
expected to have a minimal effect when X = I 
and to lead to a very strong C-F bond. The 
value for D(C,F,-CI) is intermediate to C-F 
and C-I as expected and the similar differences 
between D(C,F,-X) and D(C,H,-X) for X = 

OH, H, and CH, seems plausible. 
The approximate equivalence between D- 

(C,F,-CF,) and D(C,H,-CH,) seems quali- 
tatively reasonable in terms of a balance be- 
tween increased potential overlap from C,Fs 
(cf. C,H,) and a smaller contribution from CF, 
(cr CCH,) due to the electron withdrawing power 
of F in the CF, group. 

It is felt that the large difference between 
D(C,F ,-CF,) and D(C,F,-CH,) should be 
amenable to investigation by vapor phase ESCA 
studies and work on these compounds along with 
C,H,CH, and C,H,CF, is planned. 

One further point may be worth considering. 
If the C-H, C-F, and C-C bond energy 
terms are consistent in aromatic systems then 

The difference between AHr2,80(C,F,X,g) ob- 

tained from this equation and the experimentally 
determined value is referred to as AH(destabi1i- 
zation) or just the destabilization energy. 

Destabilization energies for C,F,I and C,F,- 
CF, may be calculated using the relevant heats of 
formation from Table 2 and the following data: 
AH~,,,~(C,H,CF,,~) = - 143.2 kcal mol-' (26, 
27), AH,29,0(C,H,I,g) = 39.1 kcal mol-' (28), 
AHr2g80(C,H,F,g) = -27.8 kcal molP1 (29), 
and AHf2g80(C,H,,g) = 19.8 kcal mol-I (30). 
The resulting values are shown in Table 3 along 
with values calculated by Cox et al. (2) for five re- 
lated compounds. An alternate value for C,F, is 
also included. 

If only electrostatic considerations are taken 
into account the destabilization energy of C,F,I 
seems somewhat high. Such considerations have 
been shown to be useful for C,F,-X but pos- 
sible problems were also pointed out (2). In the 
case of C,F,I then either the simple electrostatic 
concept is insufficient or significant errors exist in 
the data used. From considerations of D(C,F,- 
CF,) it is quite clear that the problem cannot be 
resolved by assuming a lower value (a larger neg- 
ative value) for dHf29,0(C6F,I,g) than that 
found in the present work. It would be necessary 
to assume a value for AH~,,,'(C,F,I,~) of ap- 
proximately - 160 kcal mol-I to bring the AH- 
(destabilization) for C,F,I into line. This wou!d 
imply a value for D(C,F ,-CF,) of 70 kcal mol-I. 
Preliminary experiments on the pyrolysis of 
C,F,CF, indicate that at 121 1 K with a contact 
time of 0.77 s the rate constant for C,F,-CF, 
bond rupture is 0.90 s-I.  Combining this with a 
reasonable A factor, s-I (25), given El,, , . 
= 94 kcal mol-I or AH,,,' x 96 kcal mol-I in 
excellent agreement with the value given in Table 
2. 
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TABLE 3. Destabilization energies for  C6F5X 

AHt298°(C6F5X,g) 
A H  

X Observed Calculated* (destabilization) 

*From eq. 5. All values are expressed in kcal mol-1. 
tReference 2. 
:Reference 3. 
$Reference 4. 

This agreement suggests that significant sys- 
tematic errors do not exist in the present de- 
termination of A H , , , ~ ~ ( C , F ~ I , ~ ) .  Since the cal- 
culated values in Table 3 all involve  A AH,,,,'- 
(C6H.55~) - AHf2980(C6H6.g)) in  
AH,,,, (C,H,X,g) are significant in assessing 
the auxiliary data. The uncertainty from this 
source is unlikely to exceed about k2 kcal mol- l .  

The relative destabilization energies reported 
here should therefore all be accurate to within 
k.5 kcal mol- ' .  Obviously caution must be used 
in trying to put any simple interpretahon on 
AH(destabi1ization) values. 

This work has been supported by a n  operating grant 
from the National Research Council of Canada.  
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2679 (1974). 

Solvolysis of triphenyIvi11yl-2-'~C triflate was carried out in HOAc, 97% HCOOH, or 
CF,COOH. The reaction products showed rearrangements of the 14C-label from C-2 to C-1 
averaging about 6.7, 7.7, and 27.0%, respectively, for the acetolysis, formolysis, and trifluoro- 
acetolysis. The presence of the conjugate base of the solvent, added as the sodium salt, did not 
affect the extent of rearrangement. It is suggested that the I,%-phenyl shift across the double 
bond of the triphenylvinyl cation takes place during the ion-pair stage and that the extent of 
rearrangement is related to the lifetime of the ion-pair and the nucleophilicitj of the solvent. 

CHOI CHUCK LEE, ALLAN J. CESSNA, BRUCE A. DAVIS et MITSUO OKA. Can. J. Chem. 52, 
2679 (1974). 

On effectue la solvolyse du triflate du triphenylvinyl I4C-2 dans AcOH, 97% HCOOH ou 
CF,COOH. Les produits de reaction presentent des rkarrange~~lents du I4C marque passant de 
C-2 a C-1 avec des moyennes respectives de 6.7, 7.7 et 27.0% pour I'acetolyse, la forniolyse et la 
trifluoroacetolyse. La presence de la base conjuguke du solvant, ajo~~tCe a I'Clat de sel de sodium, 
n'affecte pas le taux de rearrangement. On suppose que le rearrangement du groupe phenyle de 
1 vers 2 a travers la double liaison du cation triphenylvinyle se produit durant le stade ion-paire 
et que le taux de rearrangement est relie a la duree de vie de I'ion-paire et la nucleophilie du 
solvant. [Traduit par le journal] 

The formation and reactions of vinyl cations, 
including rearrangements, have been the subject 
of recent extensive reviews (1,2). Much of the 
reported rearrangements that arose from 1,2-aryl 
shifts across the double bond of vinyl cations in- 
volved conversion of less stable to more stable 
cations. For example, the decomposition of 
1-phenyl-2,2-di-p-tolylvinyldiazonium ion gener- 
ated from the triazene in HOAc gave 20% of the 
rearranged product, 2-phenyl- 1,2-di-p-tolylvinyl 
acetate (3). According to Stang (2), the first 
example of an aryl migration across the double 
bond of a vinyl cation generated by solvolysis 
was reported in 1970 in the reaction of 1 -methyl- 
2,2-diphenylvinyl triflate in 8 0 z  EtOH to give 
almost exclusively the rearranged phenyl 1- 
phenylethyl ketone (4). Another early example 
was the 1,2-anisyl migration observed in the 
acetolysis in the presence of silver acetate of 
2,2-dianisyl-1-phenylvinyl bromide quoted by 
Hanack (5) as a personal communication from 
Z. Rappoport. Very recently, Rappoport and 
co-workers (6, 7) have carried out extensive 
studies on rearrangements arising from 1,2- 
phenyl or  p-methoxyphenyl shifts during the 

solvolyses of a number of 2,2-diaryl-1-phenyl- 
vinyl bromides in HOAc-AgOAc (6) or in 60"; 
EtOH or 2,2,2-trifluoroethanol (7). On the basis 
of stereochemical and kinetic evidence, these 
workers (6,7) concluded that the initial ionization 
did not involve P-aryl participation. On the 
other hand, solvolytic studies on cis- and trans- 
1,2-dimethyl-2-phenylvinyl triflates by Stang and 
Dueber (8,9) have implicated the phenyl-bridged 
or vinylidene phenonium ion as a reaction inter- 
mediate. Since rearrangements involving de- 
generate cations can be observed only through 
the use of isotopic tracers, Stang and Dueber 
utilized D-labeling of one of the methyl groups 
in order to study the extent of phenyl shifts 
across the double bond in the 1,2-dimethyl- 
2-phenylvinyl system. In  the present paper, ob- 
servations are reported on degenerate rearrange- 
ments arising from 1,2-phenyl shifts in the tri- 
phenylvinyl cation generated from solvolyses of 
triphenylvinyl-2-14C triflate (1-OTf-2-14C). 

Phenylacetic acid-1-14C was converted to the 
ethyl ester and treated with PhMgBr to give 
1,l ,2-triphenylethanol-1-'4C, which on reaction 
with Br, in HOAc gave tr iphenyl~inyl-2- '~C 
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TABLE 1. Data from solvolyses of tri~henylvinyl-2-I4C triflate (1-OTf-2-I4C) 

Solvent 

Specific activity" (d.p.n~./mmol) x 
Rearrangement 

(Ph),CHCH(Ph)OH PhCOPhb from C-2 to C-I, % 
- 

Run 1 Run 2 Run 1 Run 2 Run 1 Run 2 

Dioxane-H20-NaOH 18.1 8.52 
HOAc-NaOAc 18.1 9.18 
HOAc 4.56 3.06 
HCOOH-HCOONa 18.1 10.5 
HCOOH 6.41 3.74 
CF3COOH-CF,COONa 3.63 4.89 
CFaCOOH 6.41 24.8 
-- -- 

OMeasured by a liquid scintillation counter. 
*Assayed as the oxime. 

bromide (1-Br-2-14C), presumably via bromina- 
tion of triphenylethylene (10). The 1-Br-2-'"C 
was converted to the Grignard reagent and re- 
acted with 1, to give 1-I-2-14C (1 I), which in turn 
was treated with AgOTf in a nonpolar solvent, 
pentane, to give 1-OTf-2-14C (12). That all the 
14C-label was located at  the C-2 position was 
demonstrated by the conversion of 1-OTf-2-I4C 
to isotopically unrearranged u,x-diphenylaceto- 
phe~ione-a-14C upon reaction with a 60:40 
mixture of dioxane and 5% NaOH solution (see 
Table 1). 

The solvolyses were carried out by treating 
about 5.0 mmol of 1-OTf-2-14C in 10 1n1 of 
HOAc, 9 7 7  HCOOH, or CF,COOH, with or 
without the presence of a lO'",xcess of NaOAc, 
HCOONa, or  CF,COONa, respectively. The 
acetolysis and formolysis were effected a t  reflux 
temperature for 2 h and it was subsequently 
noted that refluxing the reaction mixture for 24 h 
did not materially affect the degree of isotopic 
scrambling in these reactions. The trifluoro- 
acetolysis was carried out at  room temperature 
for 2 h and changing the conditions to heating 
the reaction mixture at  40' for 24 h also did not 
significantly change the extent of scrambling. 
From n.m.r. analyses, the products from reac- 
tions in HOAc and CF,COOH were the expected 
esters, 1-OAc and 1-OAcF,, whereas formolysis 
in 9 7 7  HCOOH gave as product %,a-diphenyl- 
acetophenone (2) instead of the formate. 

All of the products from the active runs 
were converted to 1,2,2-triphenylethanol (3-"C) 
which, in most cases, was isolated with the aid 
of added carrier. When the product was 2-'"C, 
LiA1 H, reduction directly gave 3-'"C, whereas 
in the case of 1-OAc-14C or 1-OAcF,-14C, re- 

duction with LiAIH, first gave a mixture of 
2-14C and 3-14C which was treated once more 
with LiA 1 H, to give pure 3-14C. Each sample of 
3-14C was oxidized with alkaline KMnO, to 
benzophenone (4-I4C) and the difference in speci- 
fic activity between 3-14C and 4-14C gave the 
extent of scrambling of the isotopic label from 
C-2 to C-I .  The results are summarized in 
Table I .  

When the formation of products was followed 
by n.m.r., it was found that at  the n.Ii1.r. probe 
temperature of about 34", the time required for 
complete reaction was about 10 h, 5 h. and less 
than 3 min for acetolysis, formolysis, and tri- 
fluoroacetolysis, respectively. The kinetics of 
acetolysis of a number of triphenylvinyl sulfon- 
ates, including the triflate, have been studied by 
Jones and Maness (13) and it was concluded 
that the reaction followed an S,1 mechanism. 
The reported specific rate constant for the ace- 
tolysis of 1-OTf in the presence of an excess of 
NaOAc at  25' was 1.12 x lo-%-'  (13). This 
was an extrapolated value based on kinetic data 
determined at  higher temperatures by u.v. Be- 
cause the u.v. absorptions of 1-OTf and 1-OAc 
overlap extensively, we measured the acetolysis 
rate by titration with NaOAc in HOAc and 
found a somewhat lower value of 0.78 x lo- '  
s 1  for the unbuffered acetolysis of 1-OTf at  24'. 
The specific rate constant for the formolysis, also 
a t  24', was determined by u.v. at  3 10 nm and was 
found to be 0.86 x lo-' s - ' .  These kinetic 
results, together with the qualitative n.m.r, ob- 
servations, indicate that the rates of acetolysis, 
formolysis, and trifluoroacetolysis d o  parallel the 
extents of isotopic scrambling as recorded in 
Table 1. 
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The data in Table 1 definitely demonstrate the 
occurrence of degenerate rearrangements arising 
from I ,2-phenyl shifts across the double bond of 
the triphenylvinyl cation. The extent of isotopic 
scrambling from C-2 to C-1 averaged about 
6.7, 7.7, and 27.0%, respectively, for the aceto- 
lysis, formolysis, and trifluoroacetolysis of 
1-OTf-2-'4C.1 Before discussing any possible 
mechanistic explanations of these rearrange- 
ments, it may be of interest to compare the 
present data with the magnitudes of 1,2-phenyl 
shifts in similar solvolyses of isotopically labeled 
2-phenylethyl tosylate (5-OTs). Rearrangements 
of the '"C- or D-label from C-l to C-2 amounted 
to  about 6, 45, and 502,  respectively, in solvo- 
lyses of 5-OTs-I-'"C or 5-OTs-1-d2 in HOAc, 
HCOOH, and CF,COOH, buffered by the 
presence of the conjugate base of the solvent 
(14, 15). The relative rates for the acctolysis, 
formolysis, and trifluoroacetolysis, respectively, 
of 5-OTs at  75' were 1 : 137: 1 1 18 (1 5). Thus it 
appears that both in the extents of rearrangement 
and in relative rates, a change in solvent did 
not show parallel effects on the vinyl system, 
1-OTf, and on the saturated system, 5-OTs. The 
similarity in the rates of acetolysis and formo- 
lysis of 1-OTf at  24', with the formolysis being 
faster than the acetolysis only by a factor of 
about 1.1, is contrary to expectation on the basis 
of the higher ionizing power of HCOOH. A full 
explanation of this anomaly is not apparent from 
the present work, although a contributing factor 
may be that in the Grunwald-Winstein 171 Y 
correlation (16), the 177 value is reported to be 
low for solvolyses of triarylvinyl systems (17). 

The different extents of rearrangement ob- 
served in the different solvents as recorded in 
Table 1 conceivably could be attributed to dif- 
ferent degrees of P-phenyl participation during 
the solvolysis of 1-0~f-2- l"C in the various sol- 
vents. Although strong evidence for phenyl par- 
ticipation has been observed in the 1,2-dimethyl- 
2-phenylvinyl system (8, 9). kinetic arid stereo- 
chemical results have indicated that P-aryl par- 
ticipation is not important in solvolyses of 
triarylvinyl systems (6, 7, 17). It is of interest to 
note from Table 1 that the presence of the con- 
jugate base of the solvent, added as the sodium 

'Quoting from a private conimunication, Rappoport 
and Houn~iner  (7) reported that B. IM. Benjamin and  
C. J .  Collins have noted a 3.6% degenerate P-phenyl re- 
arrangement during the acetolysis of 1-OTf. 

salt, did not materially affect the extent of iso- 
topic scrambling. This finding is contrary to the 
observation that in the decomposition of 1 -  
(triarylviny1)-3-phenyl-I-triazene in HOAc, the 
extent of rearrangement was suppressed by the 
addition of an  excess of KOAc (3). This differ- 

\ ,  

ence may be due to the possibility of ion-pair 
formation under the conditions of the present 
experiments, while in the decomposition of tri- 
azenes, no counter ion was present to give rise to 
ion-pairs. I t  may be suggested that under sol- 
volytic conditions where the presence of the 
conjugate base does not affect the amount of 
rearrangement, the rearrangement takes place in 
the ion-pair ~ t a g e . ~ , ~  The longer the lifetime of 
the ion-pair, the greater will be the extent of 
rearrangement. It may also be pointed out that 
the presently observed rearrangements, aver- 
aging about 6.7, 7.7, and 27.0";,, respectively, for 
acetolysis, formolysis, and trifluoroacetolysis, 
appear to be related to the nucleophilicity of the 
solvents, the nucleophilicity of HOAc and 
HCOOH being quite similar, and that of 
CF,COOH being much lower (IS, 19). Such a 
relationship suggests a competition between 
rearrangement via 1,2-phenyl shifts in the ion- 
pair and reaction of the ion-pair with solvent to 
give the product. Consequently, the highest re- 
arrangement was observed in the solvent of 
lowest nucleophilicity. When 1-OTf-2-'"C was 
hydrolyzed in aqueous dioxane in the presence 
of NaOH, apparently 1,2-phenyl shift could not 
compete with product formation and no re- 
arrangement was found in the hydrolysis 
product. 

Experimental 
/ , / ,2-Tri~~/len) /ethirt~o/-/-I4C 

A solution of 1.64 g (0.01 mol) of ethyl phenylacetate- 
1-I4C (froni esterification of pl~enylacetic ac id-1- 'T)  in 
10 ml of ether Mas added slowly to a solution of PhMgBr 
(from 0.02 mol of PhBr) in 20 ml of ether. The mixture 
was gently re f l~~xed  for 1 h and then 30 ml of 3 '11 NH,CI 
was added. The product was recovered by ether extraction 
and the extract was hashed h i th  ha te r  and dried ocer 
MgSO,. The ether Lvas then removed and the colorless 

2The ion-pair nlechanisni was suggested to  us by 
Prof. 2. Rappoport. 

31n the solvolysis of D-labeled c0-1.2-dimethyl-2- 
phenyl\.inyl triflate in 6 0 z  ethanol, which did not involve 
phenyl participation, a 34.5% l,2-phenyl shift was ob- 
served and it was suggested that this rearrangement arose 
from the initial formation of a n  ion-pair with a classical 
vinyl cation which suhuequently rearranged to  the phenyl- 
bridged vinyl cation (8). 
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K. R. WLLLLR, N. S S I F ~ H O L S E ,  and HARRY WATTS. Can J .  Chen~ .  52,2684 (1974). 
In  the past, some authors have not defined the diffusion coefficient appropriate to their 

cxperimental system, consequently, valuable data have been lost. We discuss the v a r i o ~ ~ s  
diff~ision coefficients referred to all possible frames of reference in relation to the choice of a 
suitable experiniental sjstem for the determination of gaseous diffusion coefficients in porous 
~nedia.  A modified Ney and Arinistead type diff~lsion cell is described with an improved 
method of calculation of results from continuously monitored concentration changes in the 
diffusion cell. 

K .  R .  WELLER, N.  S. S T E ~ H O C S E  et HARRY WATTS. Can. J .  Chem. 52,2684 (1974). 

Quelques auteurs, dans le passe, n'ayant pas defini le coefficient de diffusion approprie a leur 
systeme experimental, i l  en resulte une perte de donnees interessantes. On discute des coefficients 
de diffusion varies rattaches i toutes les formes de references possibles en relation avec le choix 
d'un systeme experimental convenable pour la determination de coefficients de diffusion des gaz 
dans un milieu poreux. On decrit une cellule de diffusion modifiie de type Ney et Armistead 
ainsi qu'une niethode de calcul des resultats a~iieliorCe cause d'un contrble continu des 
changeinents de concentration dans la cellule de diffusion. 

[Traduit par le journal] 

Three mechanis~ns have been proposed (1) 
for the diffusion of a component of a gas mixture 
which permeates a porous medium: free-gas 
diffusion, Knudsen diffusion, and surface dif- 
fi~sion. The mechanism a t  any point in a porous 
medium depends on the ratio of the mean free 
path of the gas to the pore dimensions, the 
neighboring pore structure, and the nature of 
the gas-solid interactions. Since porous media 
may contain a wide range of pore sizes, all three 
types of diffusion could operate simultaneously 
within the one specimen. 

'Present address: Division of Chemical Engineering, 
Commonwealth Scientific and Industrial Research 
Organization, Melbourne, Australia. 

'Present address, University of Western Australia, 
Nedlands, Western Australia. 

3Present address: Research Department, Dow Chem- 
ical of Canada, Ltd., Sarnia, Ontario. 

4Revision received February 28, 1974. 

Experimentally, it has not been possible to 
separate the total diffusion flux into components 
arising from different diffusion mechanisms, so 
diffusion rates have been described by an overall 
effective diffusion coefficient D,,,. Many workers 
have attempted to relate measured values of 
Deff of free-gas diffusion coefficients by com- 
bination of a simple pore structure model with 
an analytical expression defining the relation 
between the different diffusion mechanisms. 
Unfortunately, some authors have not appreci- 
ated fully the difference between a diffusion 
coefficient referred to the apparatus-fixed refer- 
ence frame and one referred to a different frame 
of reference, e.g a center-of-mass reference 
frame. As a result, ( i )  the reference frame cannot 
be properly defined in some experimental 
systems. (ii) diffusion coefficients measured with 
respect to the apparatus-fixed frame cannot be 
compared with those referred to other reference 
frames because the data necessary to transform 
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WE1,LER E T  AL.: DIFFUSION OF GASES IN POROUS SOLIDS. I 2685 

'them were not obtained, and (iii) methods for [ l ]  D = Ec1/3(1 + d /h )  
developing expressions relating the different where 6 is the mean thermal velocity of a gas 
diffusion mechanisms have not always been molecule, An alternate form of is 
soundly based. 

In this paper, diffusion theory is discussed in [2] l /D  = ]IDkA + ~ / D A ~  
relation both to the choice of a satisfactory 
cxpcrimental system, and the development of an The derivation of [ I ]  assumes that gas mole- 

adequate expression describing the diffusion cules are diffi~sely reflected from the surface and 

mechanism. A modified "Ney-Armistead" ap- that the capillary is long, straight, and circular. 

paratus which meets the theoretical and experi- The effects of specr~lar reflection and capillary 

mental requirements, together with an improved shape and length have been discussed In de- 

method for calculating the diffusion coefficient, tail (12). 

is described and compared with previous tech- Wheeler (13) suggested the semi-empirical 

niques. formulae 
1n part 11, data obtained with the apparatus 

are analyzed and are used to formulate a new 
model for diffusion in porous media. 

Theory 
Bird and co-workers (2, 3) have discussed 

consistent definitions of fluxes, driving forces, 
and diffi~sion coefficients; we follow his notation. 
The diffi~sion coefficient D,, is referred to the 
mean molar velocity, while the diffusion coeffi- 
cient DABF is referred to an apparatus-fixed 
reference frame. We note that DABf # DBAf # 
DAB except in the special case of the coincidence 
of molar and apparatus-fixed references frames 
when these three diffusion coefficients are equal. 

Knudsen diffusion of a single gas species in a 
capillary has been considered variously as the 
limit of self diffusion (4) or slip slow ( 5 ,  6). We 
consider it to be the limit of self diffusion. The 
Knudsen diffusion coefficient D is referred to a 
fixed reference frame. As the Knudsen number 
Nk,, (defined as ratio of gaseous mean free path 
h to the capillary diameter d )  tends to infinity, a 
limiting value D, is reached (7, 8). 

For self diffilsion, the molar and fixed refer- 
ence frames coincide, and Pollard and Present (9) 
showed that D, tends to the limit D,, at low 
pressure and to D,,, the self diffusion coefficient 
at  high pressure. Pollard and Present used mean 
free path methods, but stated that the same 
result would follow from the Chapman-Enskog 
theory (10). However, D,, cannot be regarded 
physically as a limiting case of a,, because D,, 
is a function of gas-wall collisions only, whereas 
a,, is a function of gas-gas collisions only. 

Using the "Random Walk Theory" Bosan- 
quet (1 1)' showed that 

[3 1 D = ch[l - exp ( -  d/tlh)/3] 

as alternatives to [ l ]  and [2]. We compare these 
equations by plotting d c / D  (Fig. 1 )  against 
l/Nk,, and note that (i) if Bosanquet's formula is 
correct, D, may be estimated by the extrapola- 
tion of high pressure vali~es of D to zero pres- 
sure, thus enabling correct values of FA, to be 
determined, but (ii) if Wheeler's formula is 
correct, high pressure values of D are eqilal to 
a,, and D, cannot be determined from them 
with any precision because D, is the point of 
inflection on a curve that tends to zero on a l /D  
plot against pressure. Visner (14) measured self 
diffusion and flow in capillaries of various 
lengths at  low pressures, but insufficient low 
pressure diffusion data suitable for testing 111- 
[4] are available. 

In order to provide a theoretical background 
for measurements of diffusion in porous media, 
some authors (15) have assumed that a simple 

i- 
(1) Wheeler  

7.4 
**** ( 2 )  Bosanquet 

---BAA I 
' l N ~ u  

FIG. 1. A comparison of diffusion models. 5Cited in ref. 9. 
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relation between DAB (as distinct from D,,) and two-bulb experimental system to measure the 
DkA can be derived from the kinetic theory, but interdiffusion of N, and CO, through cylinders 
no such relation can exist because D,, is defined of compressed potassium perchlorate. They 
for the molar and D,, the fixed reference frame, calculated D,,, from Fick's second law, which is 
and because DAB depends only on collisions only valid for equimolar counter-diffusion. If 
between molecules of A and B, whereas DkA equimolar counter-diffusion does not occur, a 
depends only on collisions between A and a pore pressure gradient is quickly set up in opposition 
wall. Nevertheless, it is true that a,,, DkA, and to the excess diffusive flow. Pressure gradients 
D,, do  characterize the system in that they col- have been detected in the usual two-bulb free-gas 
lectively account for all intermolecular collisions, diffusion experiment (19) but, in the absence of 
hence the overall flux of A, for example, can be resistance to viscous flow, equimolar counter- 
described in terms of DAB and D,,,, but the only diffusion can be safely assumed. The same cannot 
type of relation possible between them is an be said of porous media. Hoogschagen (1) and 
empirical one based on experiment. others (16) observed pressure gradients in 

One can define an overall coefficient transient-state diffusion measurements, and we 

[5 I have detected pressure fluctuations whilst 
Do = ~ ( D A B , D ~ A )  attempting to measure the counter-diffusion 

referred to the molar reference frame. The form rates of CO, and N, in graphite (12). Dye and 
of g may depend not only on the variables that Dallevalle (18) did not monitor pressure changes 
affect DAB and D,, individually, but also on the across their specimens, so their values of D,,, 
arrangement of a particular experiment (e.g. cannot be accepted with any confidence. 
on whether the nieasurements are transient or Most other workers have used the steady-state 
steady-state, and on the geometry of the dif- system in which two gas streams flow past 
fusing system). opposite faces of a porous sample. Wicke and 

Scott and Dullien (15) obtained an expression Kallenbach (20), Weisz (21), and Walker et (11. 
for Do. They neglected reference frame dif- (22, 23) measured the concentration change in 
ficulties and assumed that bulk and Knudsen only one stream and calculated a diffusion coeffi- 
diffusion resistances acted in series. For a cient using Fick's first law. However, as later 
differential change in x, their expression be- authors have pointed out (17, 24, 25) equimolar 
comes counter-diffusion does not occur in steady-state 

experiments thus, the diffusion coefficient niea- 
[61 DO = ~ ( D A B ~ D ~ A )  sured was Defff, not D,,,. For this reason their 

= l / [ l /DAB - l/DkA(l - px,)] results cannot be compared with later experi- 
where mental work, nor can they be used immediately 

[7 I p = 1 + NBINA 
in developing diffusion theory for porous media. 
Some later authors measured the concentration 

In fact, [6] and the related integrated expressions changes in both streams and obtained Deff; 

(16) arise directly from the correct definition of their results are discussed in part 11. 

the diffusion coefficients and the assumption of The steady state method has the advantage of 

additive resistances. Nevertheless, [61 is a valid mathematical simplicity but has several serious 

e~npirical explicit expression for Do. disadvantages; (i) concentration changes are 

we follow prior practice 17) in defining an small, therefore analyses must be very accurate 
effective diffusion coefficient D,,, referred to the in to minimize errors in Deff, 
molar frame. when  the diffusion flux i s  (ii) a zero pressure differential across the speci- 

with respect to a fixed reference frame, as in men is difficult to achieve at  low pressures, and 

Knudsen diffusion, the diffusion coeffi- (jii) large quantities of gas are required. 

cient is D,,,,. We emphasize that D,,,~ must be We used the two-bulb method and measured 

clearly distinguished from D,,,. the diffusion of an isotopic trace of one com- 
ponent of a binary gas mixture saturating a 

Application of Theory to Clioice o j  Experinzerz- porous medium. Thus the molar and fixed 
tal Sjstenz reference frames coincide so D,,,' = D,,,; the 

Dye and Dallevalle (18) used essentially a diffusion approximates eqi~iniolar counter-dif- 
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fusion so Fick's second law applies, and no cor- 
rection for con~position dependence of D,,, is 
needed in any experiment. 

Apparatus and Method 
The experiments were performed in a modified 

Ney and Armistead (26) cell adapted for con- 
tinuous counting of a radioactive diff~ising gas by 
a Geiger-Muller tube. The apparatus was con- 
structed of glass and evacuated by a three-stage 
mercury diffusion pump. Most of the com- 
ponents and techniques used were standard for 
high-vacuum and gas-handling work. 

Tile Dlffiision Cell 
The cell consisted of two 70 n11 compartments, 

connected by a 15 or 20 mm bore stopcock (Fig. 
2); water from a thermostat was circulated 
through the compartment jackets. Geiger-Muller 
counters were sealed with epoxy resin to flanges 
on the ends of the cell. For the measurement of 
bulk gas diffi~sion coefficientr a length of pre- 
cision bore capillary tube was sealed into tlie 
central stopcock uith epoxy resin. For measure- 
ments of gas diffusion through graphite, a 
graphite rod was coated circumferentially with 
epoxy resin, turned on a lathe to the required 
diameter and cut into discs. A disc was sealed 
into an aluminum foil cylinder with epoxy resin 
and the cylinder was sealed into the bore of the 
central stopcock. The mounting procedure 

FIG. 2. Diffusion cell partly sectioned to show the 
water jacket and mounted specimen. 

enabled a graphite disc to be changed without 
damage to the cell. The cell compartment 
volumes were equalized by placing a short length 
of glass rod in one of them. 

Tlze Cout~ti t~g and Recording System 
End window G-M counters (C.E.C. type 

GM4/L,B) with aluminum windows (7 mg/cm2) 
were connected to EKCO ratemeters (type 
N522C) by coaxial cable. As several diffusion 
cells were used, but only two ratemeters were 
available, selector switches enabled each rate- 
meter to be connected to any G-M counter. The 
output from the two ratemeters was fed to either 
a Leeds and Worthrup Speedomax or a Honey- 
well-Brown Electronik strip-chart potentiom- 
etric recorder. Each ratemeter plus recorder was 
calibrated against a pulse generator. A linear 
relationship between input in counts per second 
and the recorder chart reading was established, 
thus 11' = C R  - G, where 71' is tlie true count, R 
the recorder reading, and C and G are ccnstant. 

When counting the activity of an isotope, the 
normal correction for counter dead time and, 
where appropriate, ( e . g .  with xenon-133), the 
usual correction for half life, were made. The 
formula for true count then became 

[8 I / I  = 
( C R  + 6) exp ( F t )  
( I  - r(CR - G ) )  - P 

where t is the dead time of the counter, F the 
half life correction factor, t the time from the 
start of the diffusion experiment, and P the 
background count. 

E.xperimenta1 Procedure 
The central stopcock and one cell compart- 

ment were filIed with the chosen gas mixture at a 
definite pressure. The other cell compartment 
was filled to the same pressure with a similar 
mixture containing a trace of a radioisotope of 
one component. An experiment was commenced 
by opening the central stopcock. The recorder 
trace obtained from an experiment was a curve, 
asymptotically approaching 90-100y7, of fill1 
scale. The trace showed clearly the normal 
statistical fluctuations in counting rate which 
appeared as "noise". The observed counts were 
obtained from this trace at different times 
throughout the diKusion process by drawing the 
best line, by eye, through the "noise". 
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Calculation of D~ffusion CoefJicient 
Barnes (27) and Dye and Dallevalle (18) have 

solved Fick's second law for the two-bulb dif- 
fusion cell with equal bulb volumes. Their 
expression for the instantaneous concentration 
in one bulb is an exponential series. For values 
of the various parameters in our experiments, all 
exponential terms but the first became negligible 
before 3", of the total time has elapsed. The 
exact expression r e d ~ ~ c e s  to 

[9] Ci(t) = [C,(0)/2][1 - v/2 + (-  I ) '  
x (1 - v/6) exp ( -  2vDt(l - v /6 ) /~ ' ) ]  

i =  l , 2  

Calculation of a 
To  use [lo] to find a,  and hence D, the con- 

stants A and B must be eliminated or separately 
determined. Most workers calculated A = 
C(m) from the initial concentrations and cell 
dimensions, then plotted In C(co) - C,(t) 
against time and fitted the best straight line to 
the data. The slope of this line gives a and the 
intercept B. Where the least squares line has not 
been fitted it has sometimes been assumed (30) 
that the curve passes through the origin. It is 
clear from the exact solution that the origin and 
very early points in a run should not be used to 
fit 1101 to experimental data. If three experimen- 
tal points are chosen at  time t , ,  t,, and t, where 

\vhere L ic the length of the diffusion path joining 
t2 = r ,  + and t, = t ,  + 20 then an initial 

the two cell conlpartments and v is the ratio of estimate of a i s  givell by 
the diffusion ~ a t h  \olunie to the cell cornpart- 
nient volume. Eq~lation 9 is of the form 

where a is a combination of the diffusion coeffi- 
cient and a cell geometry factor. The exact solu- 
tion shows that A < B because v is always 
positive. Thus, if the reduced s o l ~ ~ t i o n  is used, 
C(t) is negative at t = 0. a physical impossibility. 
The cffect of thc extra exponential terriis in the 
full solution is to bend the curve defined by the 
reduced solution at  small v a l ~ ~ e s  of t so that it 
passes through the concentration-time origin. 

Ney and Armistead (26) derived the approxi- 
mate solution by assuming that (i) the concen- 

1 I C,(t) = [C,(0)/21 x 
[I + (-  1)' exp ( -2  Dt:L2)] 
i =  l , 2  

tration gradient in the capillary is linear, i.e. a 
quasi-steady state exists, and (ii) the volume of 
the capillary is negligible compared nit11 the 
volume of the bulbs. This s o l ~ ~ t i o n  gives an 
equation similar in form to [ lo]  but ~ i t h  the 
restriction A = B, i.e. the curve for i = I passes 
through the origin. The constants A ,  B, and r 
differ slightly fro111 those in the reduced solution, 
but, if the second approximation is good, this 
difference is negligible. 

Ney and Ar~nistead also gave an expression 
for the end correction on a capillary. Such a 
correction is meaningless for a porous medium, 
but we have used it in bulk diffusion work (28, 
29). 

Between 60 and 90 points were read at  equal 
time intervals from the chart record of each run. 
Values of a were calculated from 1121 for each 
set of three points and their mean taken as a 
preliminary estimate of a. We then used the 
iterative multiple regression procedure developed 
by Williams (32)  to calculate the best values of 
the coefficients defined by [lo] and to estimate 
their standard errors. 

All the calculations were carried out on an 
I.B.M. 1620 computer. The variance ratio and 
standard errors in the regression coefficients for 
all experiments were of the same order of mag- 
nitude. Typical values obtained in one experi- 
ment are shown in Table I. Standard errors in the 
regression coefficients, and the fact that B ,  
accounted for a negligible amount of the vari- 
ability indicated that, for all the runs, the fitted 
curves represented the experimental data to a 
high degree of accuracy. In Fig. 3, the fitted 
curve described by the coefficients in Table 1 is 
plotted through the data points. 

Discussion 
Most transient-state gaseous diffusion experi- 

ments, whether in the bulk-phase or  in porous 
media, have been performed in cells similar in 
principle to the two-bulb capillary tube cell 
described by Ney and Armistead (26). In ekery 
two-compartment diffusion cell the n~echanisni 
for isolating one compartment from the other 
must be so constructed that the action of con- 
necting the compartments sets up readily defined 
boundary conditions. 
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WELLER ET AL.: DIFFUSION OF GASES IN POROUS SOLIDS. I 

TABLE 1. Statistical analysis of data plotted in 
Fig. 3 

- -- .- 

Regression coefficient 
Standard 

Parameter Value error 

BI * -330.20 0.277 
BZ 6 . 1 4 ~  9 . 1 8 ~  1 0 '  
C 6 . 2 6 7 ~  2.78 x 
A 329.94 
- -- 

*The ornlssloll of B2 dld not change B , ,  A be~arne 329 95 

Analysis of variance 

Regression 2 2.019 x lo5 1 .0099 x lo5 7.8252 x lo5 
Deviation 75 9.6800 1 . 2 9 0 6 ~  lo- '  
Total 77 2 . 0 2 0 ~  lo5 

physical and mathematical boundary conditions 
because neither the initial activity nor the first 

260 5-10x of the recorded data were used. 
The cells had lengths of capillary or different 

Z L O  size graphite for the diffusion paths. Analysis of 
many results on diffusion both in porous graphite 

220 (28) and in bulk gas (29) showed that a signifi- 
cant difference exists between diffusion coeffi- 

200 cients measured in different cells. This difference 
. may arise through a difference in cell geometry - 
; iao affecting the dif-fusion coefficient or, in the case 

of the capillary tube, the end correction factor 

160 
being incorrect. More recent work indicates that 
the effect is due to differences in cell geometry 

140 
(33). The existence of this difference implies that 
all measurements of bulk gas diffusion by the 
two-bulb technique may contain systematic 

120 errors up to 2%. Further, any standard error in 
D estimated from experiments replicated in only 

60 90 120 150 100 210 240 270 one cell would not include errors in the measured 
18me i m i n l  cell constant. Unless measurements are made in 

FIG. 3. Experimental points and fitted curve for more than one cell, no estimate of a "cell effect" 
diffusion of krypton-85 through a mixture of 25% can be made, The "cell effect" measured in  the 
krypton and 75% xenon in a porous graphite at a pressure 
of 156.3 mm Hg. graphite studies is discussed in detail in part 11. 

However, the action of opening a stopcock, or 
withdrawing a partition, will introduce a per- 
turbation into a system so that the physical 
boundary conditions produced may not corre- 
spond with the mathematical boundary condi- 
tions of the equation used to calculate diffusion 
coefficients. Our method of calculation elimi- 
nates the effect of any discrepancy between 

Limitation of the Method 
The need to use G-M tubes with thick win- 

dows to withstand repeated cell evacuations 
limits the range of isotopes that can be used with 
our apparatus. The tubes were entirely satisfac- 
tory with the medium to high energy P-radiation 
of krypton-85 and xenon-133 but would not be 
suitable for use with carbon-14 labelled gases 
such as CO, or CH,. 
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Co~xparison of Metlzods of Calculation 
As shown earlier, the concentration changes 

in both cell compartments can be described by a 
simple negative exponential function [ lo]  which 
may be fitted to the experimental data by least 
squares procedure provided either A or a can be 
estimated independently. Previous authors have 
found A either by direct measurement or by cal- 
culation from the cell geometry and the measured 
initial concentration. In the latter case, the 
detector on the "active" compartment must be 
calibrated against the one on the initially inactive 
compartment. G-M counters age a t  a variable 
rate, and ordinarily calibrations would be neces- 
sary prior to every run. Our numerical method 
of curve-fitting eliminates the need for such 
calibrations and gives a more precise regression 
than a least squares method using a value of A 
calculated from the initial conditions. 

The most consistent values of a were obtained 
when C(t,,,,)/C(m) exceeded 80%. Since some 
workers using the Ney and Armistead technique 
followed the course of a run to less than 60% 
completion (e.g. Srivastava and Srivastava (31), 
values of a quoted by them could be in error, 
particularly where the line, from which a was 
calculated, was established with only five or six 
data points. 

The difference of the two equations [ l l ]  is 

Several authors (34-36) have measured concen- 
tration changes in both cell compartments and 
used [13] to calci~late a by a graphical method. 
This eliminates A but does not necessarily in- 
crease accuracy because concentration-time 
plots must be prepared for both compartments 
to find corresponding values of C ,  and C,. 

Refinement of our present technique could be 
made by using scintillation counting with the 
scintillation phosphor cemented to the diffusion 
cell in place of the G-M counter. This would 
eliminate any error from flexing of the counter 
window with changes in cell gas pressure, and 
allow the use of gas labelled with low activity 
emitters such as carbon-14. The most important 
advantage to be gained, with scintillation 
counting, that addition of a multi-channel pulse 
height analyzer would allow the simultaneous 
diffusion of several gases in a multi-component 
mixture to be followed. 

A further refinement would be to use a scalar 

equipped with automatic print-out of the total 
count a t  predetermined intervals instead of a 
ratemeter. A sequence of numbers, each being a 
measure of the area under the exponential con- 
centration time curve would be obtained; this 
would require modification of our computation 
method to  calculate r from areas under, instead 
of points on, the curve. This would improve 
accuracy in two ways, first, the accuracy of a 
scalar is, in general, higher than that of a rate- 
meter; second, the errors in reading recorder 
charts would be eliminated. 

We are indebted to  the Australian Atomic Energy 
Commission for the award of a research scholarship to 
one of us (K.R.W..), and to Mr .  W. S. Boundy of the 
South Australian Institute of Technology for valuable 
discussions on  some theoretical aspects of diffusion in 
gases. 
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K .  R.  M'ELLER, N.  S.  STEUHOLSE, and H A R R Y  WATTS. Can.  J .  Chein. 52, 2692 (1974). 
Diffusion coefficients of krypton-85 and xenon-] 33 through binary mixtnres with He, Ne, Ar,  

Kr,  and Xe permeating a porous graphite \+ere measured. The statistical experimental design 
employing six 5 x 5 Latin squares permitted determination of the effects of gas type, mixture 
conlposition, and gas pressure. Five different cells were used and cell eRects also determined. 
A regression equation which adcq~tately correlated the experirnental data h a s  derived. This 
equation also correlated some iiterature data with better precision than did other model 
diffusion equations. 

K .  R .  WELLER,  N. S. S T E ~ H ~ L ~ ~  et HARR\I WATTS. Can.  J .  Cheni. 52, 2692 (1974) 
On a mesure les coefficients de diffusion a tra\'ers le graphite poreux, ~ L I  kt-ypton-85 et du 

xenon-133 sous forme de melanges binaires avec du He. Ne, Ar, K r  et Xe. Le dessin experi- 
~nenta i  statistique perniet, en ~ltilisant six carres latin 5 x 5, la determination des effets dC~s au 
genre de gaz, a la composition du melange et B la pression du gaz. On a utiiise cinq differentes 
c e l l ~ ~ l e s  et o n  a etabli leurs effets. On en derive une equation regressive; elle correspond ade- 
qiiatement aux donnees experinientales. Cette eq~iat ion correspond aussi a certaines donnees 
d e  la litterature a \cc  Line meilleure precisio~i quc d'autres equations de ~ i iod i le  de diffusion. 

[Traduit par le journal] 

In  Part I, attention was drawn to deficiencies 
in diffusion theory as it has been applied to binary 
diffusion through porous media and to the limi- 
tations of the experimental methods described 
in the literature ( I ) .  Most previous workers mea- 
sured the effective diffusion coefficient, n,,, by a 
steady-state method silnilar to that of Wicke 
and Kallenbach (2) .  They interpreted their re- 
sults in terms of a simple pore model and a 
diffusion model developed in full by Scott and 
Dullien (3), and Evans, et al. (4). Their work has 
been reviewed by Gunn and King (5) and Henry 
ef al. (6) who quote various forms of the equa- 

'Present address: Division of Chemlcal Engineering, 
Commonwealth Scientific and Industrial Research 
Organization, Melbourne, Australla. 

ZPresent address: Ulliversity of Western Australia, 
Nedlands, Western Australia. 

3Present address: Research Department, D o w  Chemi- 
cal of Canada Ltd., Sarnia, Ontario. 

4Revision received March 18, 1974. 

tions. We note in particular that the ratio of the 
observed diffusion fluxes in the steady-state 
system has been theoretically to be 

(where M is the molecular weight and the sub- 
scripts A and B refer to two gaseous species) 
and that this relationship holds experin~entally 
(7) from the Knudsen to the normal diffusion 
region in all porous materials tested to date, 
provided non-adsorbable gases are used. In the 
extreme limit of Knudsen diffusion, the kinetic 
theory predicts that the Knudsen diffusion coeffi- 
cients D,,. DkB are given by 

Clausing (8) and DeMarcus and Lang (9) have 
show11 theoretically that the effects of capillary 
shape and length are independent of the gas used, 
thus [ 2 ]  should hold for a gi\/en capillary of any 
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shape or length and in particular for a porous 
material. In  fact [ 2 ]  has been found to hold by 
extrapolating permeability data for non-adsorbed 
gases to zero pressure (71, but for adsorbed gases, 
valued of D,, estimated from [ 2 ]  are lower than 
experimental ones. 

Both Evans et al. (4) and Scott and co-worker 
(3) describe D e f f  measured at  high pressures as 
(DAB),,, and at  low pressures as (DL,),,, and claim 
that  these measurements completely define the 
diffusion system (in the absence of surface dif- 
f ~ ~ s i o n )  and M hen taken with T A B ,  the binary dif- 
fusion coefficient in a bulk gaseous phase charac- 
terize the porous medium. Thus 

where G is a property only of the porous medium 
and is independent of the gas mixture used. 
However, none of these authors supply any sup- 
porting evidence, as they used only one gas mix- 
ture per specimen. In the work described belor+,, 
this limitation was removed by using each gas 
mixture in all specimens. 

Summarizing, three related problems need to 
be solved for a complete description of the 
counter-diffusion of a binary mixture through a 
porous solid: ( I )  the determination of the correct 
pressure dependence of D,,, from very lo\v pres- 
sures to pressures high enough for the Knudsen 
diffusion effect to be negligible, (2) the develop- 
ment of a realistic pore model to enable the 
pressure and gas con~position dependence of D,,, 
to be predicted from measurable pore properties 
and simple gas phase diffi~sion data, and (3) the 
determination of the effect of adsorption and gas 
solid interactions, other than d i f f ~ ~ s e  reflections, 
on  the diffusion rate. 

Previous workers (3-6, 10) have concentrated 
on the first two parts of the problem by observing 
the counter diffusion of a pair of essentially non- 
adsorbable gases such as He, N,, Ar, and 0,. We 
attempted to solve the first part of the problem 
only. Our approach has been to examine how 
the measured effective diffusion coefficient varies 
with pressure and gas coniposition, to develop a 
model based on a statistical analysis of the ob- 
served variations, t o  test this model with pub- 
lished data and compare it with models developed 
by previous workers. N o  attempt is made to de- 
velop a pore structure model. 

I t  is known that the equation 

where the subscript A':: refers to a radioisotope 
of A, gives the effective diffi~sion coefficient 
DA*M of a trace of isotope through a binary mix- 
ture in the bulk gaseous phase ( 1  1-14). except 
when xenon-] 33 is the diffusing isotope ( 1  5). It 
might then be expected that an equation of the 
form 

would give the effective diffusion coefficient for a 
trace of isotope through a binary mixture in a 
porous solid. In this equation Q is a function of 
the pore geometry, 4 is a term to account for gas- 
solid interactions, and x is a mole fraction. The 
immediate aim of the experimental \vork u a s  to 
deduce an explicit function for D,,, of the form 

~vherep  is the pressure, which then might be used 
to examine the form of [5]. 

Experimental 
The diffi~sion cell, its operation and the method of 

ca lc~~la t ion  of the results are described (I)  in Part I .  Five 
such cells, each e q ~ ~ i p p e d  with a separate manometer, 
were attached to the high \acuum gas-handling apparatus 
enabling five runs using the one gas mixture to be set up 
at  the one time. 

The 150 runs comprising the set of measurenlents re- 
ported in this paper were arranged in six 5 x 5 latin 
squares (16) with the standard pressures, inactibe gases, 
and cells forming the columns, rows, and treatments 
respectively. The six squares were replicates in pressures, 
inactive gases, and cell arrangements, but for three 
squares the active species was krypton-85 and in the re- 
mainder it was xenon-133. Also for each active gas, the 
proportion of inactive species differed between squares 
as shown in Tables 1 and 2, where the numbers in the 
squares in Table 1 refer to the cells.' Two sets of counting 
and recording equipment were used; all numbers itali- 
cized in Table I being run with the one set. This experi- 
mental design enabled the total variability within the set 
to be partitioned into portions ascribable lo  each of the 
controlled variates, namely pressure, cells, active gases, 
inactive gases, gas composition, and instrument sets. 

Results 
The results given in Table 2  are the quantity u,  

the quotient of the effective diffusion coefficient 
and the cell constant F. Values of F a r e  tabulated5 
in Appendix A. The values of c* in Table 2 are 
displayed so as to show the arrangement of the 

'Tables 1 ,  4, 5, and 6, Figs. 2,6,  and 12, and Append~ces 
A and B, are available, at  a nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Coi~ncii  of Canada, Ottawa, 
Canada KIA OS2. 
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TABLE 3. Symbols for the controlled variates 

Controlled variate Symbol Levels of variate 

Pressure Pc(i = 1,2, ..., 5) 10, 25, 62.5, 156.3, 
390.6 mm Hg 

Cell c j ( j  = 1, 2, ,.,, 5) See Appendix A for 
geometry of cells. 

Active gas a,(/z = 1, 2) Kr, Xe 

Inactive gas g ~ ( k  = 1, 2, ..., 5)  Kr, Xe, Ar, Ne, He 

Ratio activelinactive 
gas (series) s,(t = 1, 2, 3) 50150, 75/25, 25/75 

Instruments I,(r = 1, 2) L and N recorder, 
H-B recorder 

six latin squares. The values italicized were ob- 
tained with one set of measuring equipment. 

Analysis of Results 
An analysis of variance (16) was performed on 

each latin square L,,,, where h and t are defined 
in table 3 .  This analysis established the relative 
significance of the controlled variates. Full de- 
tails of this analysis are given elsewhere (17). 
Also, regression analyses (18) were performed 
using various f~~nc t iona l  forms of a, in order to 
linearize the data. We define 

[7 I a' = log (100~) 

and  represent a after the removal of cell effects, 
as described in Appendix B,5 as a,. We found that 
the data could best be linearized by the function 

[8 I a,' = A + B log ( y  + H )  

where A ,  B, and H a r e  constants. The best value 
of H was 60. Figures 1 and 2 show5 a, and a,' re- 
spectively plotted against logp,  while Figs. 3-5 
show the linearity obtained using [8] for re- 
gression of the active gas, inactive gas, and con- 
centration effects. Our analysis gave the model 

+ e l l i j k t r  

where 
5 

[lo] P = log ( p i  + 60)/5 

The M and Bare  constants, while the m, 6, and p i  
depend on  the controlled variate, the subscripts 
having the significance given to them in Table 3. 
In  [9] and [lo], the effects were retained only of 

Xe means 
1 1 I 

- 2 - 1  0 1 2 
log p (a rb i t ra ry  s c a l e )  

FIG. 1.  Plot of r ,  agalnst log p show~ng mean value 
for all experln~ents and the means for expetlments w ~ t h  
Kr and Xe as dlff'uslng gas separately. 

." 
8 

0 Common 
A Xe 

2.0 2.2 2.4 2-6 

log (p+60)  

FIG. 3. Plot of a,' against log(p + 60) showing the 
mean value for all experiments and the means for ex- 
periments with Kr  and Xe separately. The units of p are 
mm Hg. 

those variables shown to be significant by the 
analysis of variance. This analysis of variance is 
summarized in Table 4.5 Table 5 gives the nu- 
merical values of the terms in [9] and [10].' 
Equation [9], with omission of the error term, 
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lag I p t 6 0 1  

FIG. 4. Plot of a,' against log (p + 60) showing g 
effects. Each line represents all experiments with the same 
inactive gas. Thus each point is the mean of all experi- 
ments in which Kr and Xe diffuse through all mixtures 
at  the same pressure. The units of p are mm Hg. 

log ( p + 6 0 )  

FIG. 5.  Plot of a,' showing series effects. Each point 
represents the mean of all experiments in which the two 
gases are present in the same proportion in the mixture. 
The units of p are mm Hg. 

can be used as a prediction equation with a mean 
square deviation from regression of 0.001759. 

Discussion 
Con7yavison of Models 

The analysis given above established an equa- 
tion which adequately correlated the experimen- 
tal results. Here we discuss the derived regression 
model [9] and compare it with models suggested 
by other authors. 

The models of Scott and Dullien (3) (S.D.) 
and Evans et al. (4) (E.W.M.) are essentially 
equivalent. In the present experiments the net 
diffusion flux is zero, thus any apparent difference 
between these models is removed. The form of 
the S.D.-E.W.M. model applicable to our ex- 
periments can be derived by specializing the equa- 
tion for multi-component diffusion (19) for the 
case where NA = - N,*, NB = 0, and x,, is suffi- 

ciently small to be neglected in comparison to 
x,, and adding a term for Knudsen diffusion, 
thus 

If, following Scott, [3] is assumed to hold for 
porous media, then 

Now DL, is pressure independent and bulk 
gaseous diffusion coefficients are proportional 
to l ip 

where K,, is some function of the molecular 
properties of A and B, so [12] may be put in the 
form 

where 

and 

Using the cell constant F and [7], [14] may be 
rewritten 

[17] a' = log G - log (100FZ) - log (p + H) 

Bearing in mind the physical significance of G 
and Z, and assuming the properties of A and A"  
are identical, the log term may be expanded, 

[18] ct' = Constant + f,(E,Q,+) 

f 2 ( M ~ ,  M ~ ,  OAB, o ~ ~ ,  &AB, FAA) 
- log (P + H) 

where the o and E terms are molecular interaction 
parameters arising in the Chapman-Enskog kine- 
tic theory, and Q and + have the significance 
attached to them in [5]. 

Wheeler's (20) model 

[I91 DCf,  = DAAEl - ~ X P  (-D,,in,A)l 

similarly transforms to 

[20] cl' = Constant + f,(E,Q,$) 

+ f 2 ( M ~ ,  MB, GAB, GAA, CAB, EAA) 
- log P(l - exp (-plH)) 

The difference between the Wheeler and S.D.- 
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E.W.M. n~odels lies solely in the predicted pres- 
sure dependence of a'. 

Both the S.D.-E.W.M. model and our regres- 
sion model are represented by [8], but the S.D.- 
E.W.M. model predicts that B = - 1 and is in- 
dependent of the gases used (strictly, the coeffi- 
cient of - 1 applies only to differential values of 
D,,,, measured at uniform x, as in our experi- 
ments). Previous workers have measured "inte- 
gral" values of D,,, where the appropriate model 
for the diffusion coefficient must be combined 
with the correct form of the diffusion equation 
and integrated). The regression model showed 
(i) the mean value of B for our experiments is 
- 0.47, and (ii) B varies from -0.38 when g is He, 
present as 75% of the mixture, to -0.57 when g 
is Xe, present as 25x  of the mixture. The three 
models can be expressed in the forin 

In Fig. 7 values of a' calculated from the appro- 
priate function for each model are plotted against 
log ( p  + 60). In each case A in [21] was adjusted 
to give a' approximately eq~lal to the experimental 
value of M in [9] at the mean pressure, using 
H = 60 mm Hg. For the regression inodel B was 
taken as -0.5, and the plot was limited to the 
pressure range appropriate to the model. The 
S.D.-E.W.M. coefficient B = - 1 does not fit 
our results well. Wheeler's model gives a non- 
linear plot, but if his value of A is ad,iusted to make 
his model coincide with the regression model at 
zero pressure, his model fits our results well up 
to 100 mm Hg. 

The data of Evans et al. (21) for the counter 
diffusion of He and Ar  through a fine pored 

1 8  2 0 2.2 2-4 2.6 

log  (p+60) 

FIG. 7. Plot of a,' against log ( p  + 60), showing a 
comparison of three different models: (I)  Wheeler's 
model; (2) S.D.-E.W.M. model; (3) regression model. 
The units of p are mm Hg. 

FIG. 8. Data of Evans er al. (21). The straight line 
represents the prediction of the regression model for 
their data. The  n nits of p are atm. 

graphite were treated to yield D,,,. Regressions 
of log D,,, on logp and log (p + H) (with H = 
0.08 atm = 60 mm Hg) were fitted to these re- 
sults. For the regression on logp, B = - 0.77 and 
on log (p + H), B = -0.79. The regression on 
log (p + H) is plotted, together with the experi- 
mental points in Fig. 8. Our model fits their re- 
sults well. 

Scott and Cox (10) measured the counter dif- 
fusion of H, and N, through some catalyst sup- 
port materials. Unfortunately they plotted Defff 
at low pressures and D,,, at high pressures, so 
there is some doubt as to the actual experimental 
values. Nevertheless values of B (Table 6 i5  caicu- 
lated from their Fig. 2 varied from -0.37 for 
kaolin-2 to -0.90 for celite. 

Henry et al. (6) measured D,,, for the counter- 
diffusion of He and N, through alumina pellets 
and Vvcor elass. and compared their results with 
the pridictGns of the s.D:-E.W.M. model and a 
model proposed by Rothfeld (22). The Rothfeld 
model combines the S.D.-E.W.M. model with a 
pore model. Values of D,,, predicted from our 
regression model were compared with predic- 
tions of these two other models. A comparison 
made on the basis of the difference between 
Henry's experimental values and the predicted 
values showed that the S.D.-E.W.M. model was 
badly biased, and even when corrected for bias 
was still the poorest predictor. There was little 
difference between the Rothfeld and regression 
models, but the latter was less biased. As both 
must be established from diffusion measurements 
at high and low pressures, our regression model 
is to be preferred, as it yields equivalent predic- 
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tions without the need to incorporate pore size and co-worker, and that our results show that B 
distribution data. depends on the gases used, it can be concluded 

Henry et al. (6) plotted the product D,,,p that all sets of results confirm the form of our 
against p on a log-log scale, but D,,, only de- regression model, and illustrate its usefulness. 
creased eight-fold over a thousand-fold increase The Constant H  
in p ,  so this plot effectively masks the experi- For the purpose of the analysis H  was regarded 

error i n  Deff. Their data are in merely as a linearizing device. However, the data 
Fig. as log (loooDeff) against log (P + 60) with given in Table 7 show that the ratio H,,/Hx, 
the calculated regression lines, and derived values to ( M x , l M K , ) ~  1 2 .  This should not 
of are given in 6. The experimental be taken as establishing a physical relationship 
scatter is probably no greater than that contained because of the high standard error in H. *lso, 
in any One five experiments in our experi- this result does not readily follow from [16] be- 
mental plan, but the results in Fig. 9 are to be con- cause of the comp~ex of Z ,  ~ ~ ~ ~ ~ ~ h ~ -  
trasted with our results in Figs. 3-5 where each less the agreement is interesting and merits 
point can represent the mean of at least six values further investigation 
of a' in the g regressions and LIP to 15 values as in 
the a regressions. The large error reduction The Interactiolz Effectsand Means of the 
achieved by an efficient statistical design is Regressions 
clearly illustrated. Despite the higher error in It Was pointed out above that B varied in our 
values of D,,, reported by other workers, their experiments, contrasted with the constant value 

results do show that B depends on the pore pro- for the S.D.-E.W.M. and Wheeler models. Prior 
perties of the solid, a point our results Mere not to Our experiments no data existed to test this 
designed to show. prediction of these last-named models. A plot of 

Finally, when it is considered that H = 60 the g regression c~efficients Bgk(= B + bg,) 
mrn Hg is not ~lecessarily the optimum value for against log M ,  is linear if the value for Kr 1s 
the results of Evans et a[., Henry et a/. ,  or Scott neglected (Fig. 101, suggesting that a linear rela- 

tionship exists. However, the discrepancy with 
Kr permits no firm conclusion, but it is consistent 
with the line for Kr being out of sequence in the 

0 Solid (1)  
plots of cc,' against log (p + 60) in Fig. 4. We can 

v 0 (11) offer no explanation of this observation, but the 
X " (111) 
a *I ( I V )  effect invites further investigation. 

The g regression lines should all converge to 
the same value at zero pressure because Knudsen 
diffusion then occurs and an a molecule does not 
then collide with any g molecules. The experi- 
mental lines do  converge at low pressures (Fig. 
4), but a lack of a common intercept probably 
reflects experimental error. 

The plot of the g means against log M,, given 
in Fig. 11 is of considerable interest. In particular 
a straight line fits all the points, except the one 

I lcates for He, but the position of the He mean i rd '  
that the true regression on log M B  is curved at the 

TABLE 7. Values o f  H for the a and 
common regressions 

.- ~~ -- -- -- 

O ' 1.8 2.0 2.2 2 . ~  2.6 2-8 Regression* H(mm Hg) Standard error 
log (pt601 - 

FIG. 9. Data o f  Henry et a/. (6) for diffusion through a I (Kr) 66.6 25.6 

four porous solids. The straight lines represent the pre- az(Xe) 54.0 7 .1  

dictions o f  the regression model for their data. The units Common 60.1 14.2 

o f  p are m m  Hg. *H,,IH,.  = 1.23; ( M X , I M , , ) " ~  = 1.25. 
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log M B  

FIG. 10. Plot o f  the g regression coefficients Bgk 
against the logarithm o f  molecular weight o f  inactive gas. 

FIG. 11. Plot o f  g means against the logarithm o f  
molecular weight o f  the inactive gas. 

low molecular weight end. More data are needed 
before a relation between the g mean and the g 
molecular weights can be proposed with confi- 
dence. 

Convergence of the series regressions at low 
pressure is expected for the same reason as it is 
expected for the g regressions, and Fig. 5 bears 
out this expectation. However, insufficient com- 
positions were incorporated in the experimental 
plan to permit regression of b,, against mole 
fraction, but the results do show that a is con- 
centration dependent. Thus one would expect 
that values of D,,, obtained from systems with 
high concentration gradients would differ from 
those obtained from systems with low concen- 
tration gradients. Nevertheless, the presence of 
the series term in the regression model means that 
the model can be used to estimate an "average" 
D,,, for systems in which high concentration 

gradients are expected, e.g. fast gaseous reactions 
in porous catalysts. 

There is no interaction between a and pressure. 
In particular the expectation that the a regres- 
sions would give different intercepts is fulfilled. 
There are also no significant interactions between 
the a effects and all the other determining variates. 
If this result could be shown to be generally true, 
the prediction of the diffusion rates of other 
gases would be possible, provided a relation be- 
tween the a means and a suitable gas property, 
such as molecular weight, could be established. 
This result is important since our method for 
measuring a can only be used with a limited num- 
ber of suitable radioactive gases. 

Cell Efects 
The factors likely to contribute to the cell 

effects may be grouped together as follows: (I) 
the geometry of the diffusion cell, (2) the pore 
structure and surface properties of the specimen, 
and (3) factors associated with the cells such as 
seals and G-M counters; and the variance due to 
cell effects may be considered to be made up of 
parts ascribable to variations in each of these 
factors. 

The normal procedure in experiments such as 
ours is to use measured cell constants to remove 
cell effects from the data before analysis. How- 
ever, if this is done, any errors associated with 
measured cell constants will be attributed to the 
data. We therefore performed the analysis with- 
out removal of cell effects, and subsequently re- 
moved them as outlined5 in appendix B. The 
justification of this procedure comes from the 
following: in Fig. 6 are plotted relative values of 
cell  effect^.^ It is seen that these relative values 
vary with time, indicating that aging of thecells oc- 
curs and at a different rate for each cell. In Fig. 12 
is plotted a comparison of a' as measured and as 
would be calculated from the measured cell con- 
s t a n t ~ . ~  This plot only serves as an indication of 
the contribution of the cell constants to the over- 
all cell effect, because of the variation in cell 
effect with time (Fig. 6). 

Comparisorz with D~ffusion CoefJicients in the 
Bulk Gaseous P/~ase 

A comparison of the present results with our 
measurements of diffusion coefficients in the bulk 
gaseous phase of the same systems (14, 15) may 
be made. If G as defined by [3] is independent 
of gas type, it follows that 
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[22] (D'C) = (3s) 
DBC cff a s c  true 

The mean value of (DAclDBc)eff for all experi- 
ments in which Kr and Xe diffuse through their 
50% mixt~lre with each other gas ( i .e ,  the ratio 
of the a effects in Table 8) is 1.2. The mean value 
of (aAc/B,,) ,,,,, calculated for the same mix- 
tures from the bulk diffusion data (14, 15) is 
1.196. Thus [22], and hence [3], is valid. 

However, the ratio of the a effects extrapolated 
to zero pressure gives for the ratio of the Knudsen 
diffusion coefficients of Kr and Xe a value soine- 
what different from that predicted by [2] (Table 
8). This failure to confirm [2] may mean that 
there is some surface diffusion occurring in these 
systems (23). Alternatively it could mean that 
[2] is not valid for diffusion in a porous solid: 
previous confirmation of [2] was confined to gas 
flow measurements in which a net pressure gra- 
dient existed across the specimen (7). I11 a com- 
parison of flow and self diffusion of Xe through 
this graphite there were indications that gas flow 
caused by a pressure gradient was not identical 
to self diffusion under zero pressure gradient in 
the Knudsen region (24). However, the results 
were not conclusive, and further work would be 
required to establish with certainty the reason 
for failure of [2]. 

Conclusion 
The prime contribution of this paper is in the 

form of the model derived from our data. This 
model correlates not only our data, but also those 
of others, provided that suitable values of the 
various constants are chosen. There are indica- 
tions that some of these constants may be rela- 
ted to properties of the diffusing gases, but further 
work would be required to establish any rela- 
tionship with certainty. The model is superior to 

TABLE 8 Pred~ctions of the regression 

model compared with [2] 
- - -- - 

- - 

Pressure (mm Hg) (DKrKr*i DXcXc*)eff 
- -- - - - 

0 1 176 
10 1 196 
88" 1 297 

Ratlo of a effects 1 200 

others in the correlation of experimental data. 
The power of statistical methods of experimental 
design has been demonstrated. These methods 
enabled us to establish correlations in systems 
with many variables from a minimum number of 
experiments. 
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Crystal Structure of Lead meta Vanadate, PbV2O6 
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BYRON D. JORDAN and CRISPIN CALVO. Can. J. Chem. 52,2701 (1974) 
PbV20, crystallizes in the orthorhornbic space group Pnrnn with n = 9.771(10), b = 3.684(4), 

c = 12.713(13) A, a n d 2  = 4. The s t r ~ ~ c t ~ i r e  was determined  sing 8 16 reflections measured with 
an  automatic diffracto~neter and refined by full-matrix least squares to an R val~ie oi'0.052. The 
two unique vanadium ions lie on mirror planes and are each coordinated to five oxygen atoms 
lying between 1.61 and 2.06 A. The distorted octahedra are completed by a sixth V-O interac- 
tion which is 2.73 A for V(I) and is 2.57 A for V(2). The lead ion is coordinated to nine oxygen 
atoms lying in a spherical shell with inner and outer radii of 2.56 and 2.90 a. The str~ict~ire con- 
sists of chains of VO, octahedra paralleling the b axis. 

BYRON D. J O R D A ~  et C R I ~ P I ~  CALVO. Can. J. Chern. 52.2701 (1974). 
PbV,O, cristallise dans le systeme orthorhombique: groupe d'espace Pr7/,1a acec o = 

9.771(10), b = 3.684(4), c = 12.713(13) A et Z = 4. La structure est determinee a I'aide de 816 
reflexions mes~~rees  avec un diffractonletre a u t o n ~ a t i q ~ ~ e  et affinee par la methode des ~noindres 
carres a matrice entiere jusqu'a une caleur R = 0.052. Les deux Ions vanadi~im se trouvent 
sur des miroirs plans; chacun de ces ions est lie a cinq atomes d'oxygene a des distances variant 
de 1.61 a 2.06 A. L'octakdre deforme est complete par Line sixieme interaction V-O de 
longueur 2.73 A pour V(1) et 2.57 A pour V(2). L'ion plomb est lie a neuf atomes d'oxygene a 
des distances variant de 2.56 a 2.90 A. La structure consiste en chaines d'octaedl-es VO, 
paralleles a l'axe b. [Trad~iit par le journal] 

Extensive studies of nM0.V20 ,  systems have 
established that for n = I the valiadium ion is 
coordinated to six oxygen atorns in a highly 
distorted octahedral environment. For higher 
integral values of n the vanadium is tetrahedrally 
coordinated except perhaps in Mg2V,0, (1). 
The nzeta-vanadates investigated to date, 
MV,O, with M = Mg, Zn, Cd, Cu, Ca show 
related structures (2-6) and in addition, poly- 
morphic behavior in some cases. Lead as a 
metavanadate, with an ionic radius intermediate 
between that required for an interstial site and 
that of an oxygen ion, would be expected to crys- 
tallize a new structural type. Further, because of 
the nature of the distorted VO, group and the 
high polarizability of the lead it would be ex- 
pected to have a high index of refraction. Thus 
if a non-centrosymmetric phase were obtained, 
the structure might be of interest in non-linear 
optics applications. 

Experiments 
Crystals of PbV2O6 were grown from a melt consisting 

of stoichiometric a m o ~ ~ n t s  of PbO and V20 ,  by slow 
cooling through the melting point (600 F 5°C).  The 
crystals grew predominately as dark brown needles, with 

the a axis as the needle axis, in a matrix whose composi- 
tion uas  not uniform. No independent chemical analysis 
was performed. 

Two crystals were investigated because of difficulties 
with absorption. Onc was a ncedle with dimensions of 
0.02 x 0.02 x 0.4 mm and the second was inore regularly 
shaped with dimensions 0.016 x 0.016 x 0.04 mm. The 
extinctions, hk0 with / I  odd and Okl with k + I odd estab- 
lished the space group as either Pt12,a or Pnnlri. Unit cell 
parameters were obtained by least-squares fitting of the 
calculated angles to 15 28 (20 < 28 < 25') values mea- 
sured with graphite monochron~atized MoKr radiation 
on a Syntex P i  diffractometer at 21 'C. 

Crystal data 
PbV206 f.w. = 405.07 
n = 9.771(10), b = 3.684(4), c = 12.713(13) A, V = 
457.6 A3, Z = 4, p,, not meas~~red  due to inhomogeneous 
samples, p,,,, = 5.89 g/crn, space group Pnnza. 

All the data were collected with a Syntex P i  automatic 
diffractometer. Peaks were scanned at  a rate dependent 
upon the peak counting rate and varied between 2 and 
24- in 28lmin. Backgrounds were measured on either side 
of the peaks. Reflections with intensity measures less than 
zero were discarded and those with v a l ~ ~ e s  of less than 3 0  
were considered unobserved. A data set consisting of 759 
unique reflections was collected within a sphere defined 
by 28 < 50' for the needle shaped crystal. These data 
were corrected for Lorentz, polarization, and absorption 
effects (11 = 400 cm-') a s s~~ming  a cylindrical shape for 
the crystal. 

The structure was solved from the Patterson function 
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TABLE 1. Atomic parameters for PbV,O, with estimated standard deviations in parentheses 
- - -- - - - -- - .- - - - - 

Atom x JJ z UI I* u2 z u3 3 U2 3 

*Thermal factor equals enp 2 n 2 [ b l 2 l r 2 U , ,  ; . . . + 2 b l b 2 1 ~ k U l i  + 
U values in  A2. 

] and the b,'s are  reciprocal lattice vectors. Isotropic 

using Pni,in as the space group. Structure factors were 
calculated using atomic scattering factors from Cromer 
and Waber (7) for V57 and International tables for 
X-ray crystallography (8) for 02- and Pb3+. These were 
corrected for dispersion. Near the end of the refinement 
the various layer lines along a were given separate scale 
constants. Significant shifts in these scale values sug- 
gested inadequate absorption corrections and thus a 
second data set was taken primarily to define the scaling 
between the layers. The second data set consisted of 649 
unique reflections although eight quadrants were 
scanned. Absorption corrections were made using 4 x 
4 x 8 grid for the integration network. The two data sets 
were scaled together and the final refinement used 816 re- 
flections. A least squares program written by J .  S. 
Stephens f o r  the CDC 6400 was ~ ~ s e d  and weights, w, 
were chosen so that o h 2  would be independent of F,, the 

atoms on  adjacent mirror planes, with double 
chains related by center of symmetries as shown 
in Fig. 1. 

The lead ions share oxygen atoms with three 
of these double chains. Eight of the oxygen atoms 
lie within a spherical shell with inner and outer 
radii of 2.56 and 2.70 A with a ninth, 0(1), lying 
over 0.2 A further removed (Table 3). Three 
oxygen atoms are coplanar with the lead and the 
remaining six related in pairs by the mirror plane. 
The nine form a trigonal prism about the lead 
ion with the rectangular faces capped. 

The structure contains columns of double 
chains ~ a r a l l e l  to the b axis centered at  the x and 

observed structure factors. The weighting function was ofi ,O and 0,i as seen in lzig, 2. ~ d j ~ ~ ~ ~ t  
w = [I9 - 1.28F0 + 0.0077F02]-'. A parameter was re- 
fined to correct for the effects of secondary extinction. chains are related by the glide plane with Pb 
The refinement was terminated when the shift to standard ions interspersed. The 0-0 lengths about the 
error ratio was less than 0.1. The final R value is 0.052 
and the weighted residual R,, = {Xw,Fo - F,i2 XwFoZj*iZ 
= 0.058. The final atomic positional and thermal param- 
eters are in Table 1.' No satisfactory solution in the lower 
symmetry space group could be found. 

Description of the Structure 
All the atoms lie on mirror planes in PbV,O,. 

There are two types of vanadium atoms in the 
structure, each bonded to six oxygen atoms in 
the form of distorted octahedra. Translationally 
equivalent octahedra share corner oxygen atoms 
and extend infinitely along the b axis. V(l)O, 
and V(2)O, groups form pairs by sharing an  
edge coincident with the mirror planes. Such 
octahedral pairs share edges connecting oxygen 

'Table 2, containing observed and calculated structure 
factors, is available at  a nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, FIG. 1. An idealized view of the edge shared VO, 
Canada KIA OS2. chains in PbV206. 
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JORDAN AND CALVO: CRYSTAL STRUCTURE OF PbVzO6 2703 

TABLE 3. Bond lengths and angles In PbV206 w ~ t h  standard errors in parenthes~s* 
-- - -- 

- - - -- - - 

Angle Angle 
Bond Dlstance (A) Bonds (deg) Bonds 

-- -- - - 

(deg) 

Pb-O(3) 2 643(14) O(3)a-Pb-O(4)c 151 3(5) O(4)c-Pb-O(4)d 67 3(4) 
-0(4)c 2.577(15) -0(4)d 128 l(3) O ( 5 ) b  86 5(4) 
-0(4)d 2 563(10) ( 2 ~ )  - O(5)b 72 7(4) - O(6)d 128 6(3) 
-0(5)b 2 703(10) (2x) -0(6)d 68.4(4) - 0 ( l ) a  1001(4) 
-0(6)d 2 675(10) (2x1 - O(1)a I08 7(4) O(4)d-Pb-O(5)b 84 7(3) 
-0(l)a 2 904(14) O(5)b-Pb-O(6)d 80 7(3) -0(6)d 62 l(4) 

-0(l)a 136 8(2) -0(l )a 59 9(4) 
-0(4)d 1526(5) -0(4)(1 91 9(3) 
-0(5)b 85 9(3) -0(6)d 1 2 1 4(4) 
-0(6)d 14 1 . O(4) O( l)a-Pb-O(4)d 59 9(4) 

O(6)d-Pb-O(l)a 61 7(3) O ( 6 ) d  61 7(3) 
-0(6)d 87 O(3) 

V(1)-O(2)a 2 732(14) O(2)a-V(1)-O(5)a 176 5(6) O(5)a-V( I) -O(6)a 107 3(7) 
-0(5)a 1 647(14) -0(6)a 76 2(6) -0(1)( 101 5(7) 
- O(6)a 1 666(14) -0(1)( 75 O(5) O ( 2 ) b  101 2(4) 
-O(l)c 2 063(15) -0(2)b 780(4)  0 ) - V )  1 ) 15 1 2(6) 
-0(2)b 1 928(4) (2x) O(l)(-V(1)-O(2)b 75 3(6) O ( 2 ) h  98 9(4) 

O(2)b-V(1)-O(2)c 145 7(6) 
V(2)-O(3)a 1 61 l(15) O(3)n-V(2)-O(4)a 105 O(7) ( 4 - 2 - 0  I d 97 7(4) 

-0(4)a 1 719(15) -0(l)d 102 O(6) -0(2)(1 150 5(6) 
-0(l)d 1 921(4) (2x) -O(2)a 104 5(7) -0i6)rr 75 2(6) 
-0(2)a 2 028(14) -0(6)a 179 8(6) O(1)d--V(Z)-O(2)n 76 l(4) 
-0(6)a 2 569(14) O(2)a-V(2)-O(6)a 75 3(5) O ( 6 ) n  78 O(4) 

O(l)d-V(2)-O(1)J 147 O(6) 
- - - - -- - - - - - - 

*Symmetry trailsformations a - x, j ,  z ,  b - - u, 1 2 J ,  i, c - I 2 - 1, v, 1 2 - z ,  ii - 1 2 - 1, I 2 I I 2 ( A ,  - z 
f = 112 - \, -y ,  112 - z 

FIG. 2. The structure of PbV20, projected onto the 
ac plane. The largest circles are oxygen atoms and the 
smaller ones of V atoms. The leads are shown as imme- 
diate sized circles. The filled bonds and open bonds lie in 
the mirror planes at  b = 314 and 114 respectively. 
Similarly, the filled circles represent vanadium or lead 
ions at  b = 314. 

vanadium ions are shown in Fig. 3. The O(1)- 
O(2) edge shared between V(1) and V(2) is short 
(2.44 A) and is subtended by V-0 bond lengths 
lying between 1.921 and 2.028 A. On the other 
hand, the O(2)-O(6) and O(2)-O(2) shared 
edges are 2.84 and 3.00 A long, respectively. 
These edges are subtended in part by the long 
V(1)-O(2) and V(2)-O(6) interactions. All the 
remaining 0-0 contacts are of intermediate 
length. 

Discussion 
The structure of PbV,O, differ from that of 

other MX,O, systems. All the previous meta- 
vanadates investigated have structures based 
upon the brannerite structure (9) which can be 
looked upon as a distortion from a close packed 
array of oxygen atoms. The columbite (10) and 
trirutile (1 1)  structures also have the M X 2 0 6  
stoichiometry and are based upon hexagonally 
close-packed arrays of oxygen atoms. In all 
these structures the cations lie in octahedrally 
coordinated sites. It is to be expected that as the 
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FIG. 3. The 0-0 contacts around the v a n a d i ~ ~ ~ n  ions 
in PbV206. The distances are in A units and the under- 
lined values correspond to interactions involving the 
oxygen atom below the plane of the figure. The mirror 
planes are designated by m. 

cation radius increases for a fixed X-0 bond 
length tha t  the packing will change because the 
cations become too large for the interstitial sites. 

The PbX,O, series of compounds change from 
one based upon c h a m  of corner shared tetra- 
hedra when X = P (12) to one based upon 
octahedra either corner shared. as In PbNb,?, 
(13) or edge shared as in the present case, and In 
PbSb20, (1 1). The PbNb,O, structure appears 
to  be unacceptable for PbV206 because it cannot 
support the trans distortion character~stic of the 
VO, grouping. In  the VO, groups reported to 
date the shortest V-0, generally near 1.60 A is 
trans to the longest bond in the grouping. Since 
both the PbNb,O, and PbV20, have mlrror 
plane through the pentavalent ion, this trans 
distortion must be restricted to the bonds in the 
mirror plane. The corner octahedral groupings 
in PbNb206  forin rings consisting of 3, 4, and 5 
octahedra. In  these circumstances it is not pos- 
sible to arrange the octahedra such that there is 

only one long-short trans pair of V-0 bonds 
per group. 

One final point worthy of comment concerns 
the appearance of crystals of PbV20, in the 
present study. Phase diagrams reported by 
Amadori (14) and Shimohira et al. (15) indicate 
that a eutectic is found between PbO and 
Pb2V,0, at a composition near PbO.V,O,. Thus 
it could appear that our crystals are a metastable 
phase. However, heating crystal PbV,O, and 
cooling slowly enough to avoid glass formation 
led to a powder pattern characteristic of the 
original PbV,O,. A DTA study was used to 
determine the melting temperature and indicated 
an  additional endothermic transitioil at  545 "C. 
Thus, further phase studies of the P b 0 . V 2 0 j  
system are indicated. 

These studies were supported by a grant from the 
National Research Council of Canada. We also wish to 
thank Dr. R.  D. Shannon for assistance in the crystal 
preparation and helpful discussions. 
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T .  I .  MAR TI^, D. B. MACLEAN, J .  T.  WROBEL, A.  I W A ~ O W ,  and  W. STARZEC. Can.  J. Chem. 
52, 2705 (1974). 

Thionupharoline has been shown to be identical with 6-hydroxytliiobin~~pharidine. The 
hydride reduction of hemiaminals of thiobinupharidine has been examined in ethanol solution. 
The steric course of reduction a t  C-6 is not nearly as selective as it has been reported to be in 
solution in methanol. 

T. I. MARTIN, D. B. MACLEAN, J. T.  WROBEL, A.  IWANOW et W. STARZEC. Can. J .  Chem. 52, 
2705 (1974). 

O n  montre que la thionupharoline est identique a l'hydroxy-6 thiobinupharidine. L'etude de 
la reduction par un hydrure des hemiaminals de la thiobinupharidine a ete effectuee en solution 
dans I'ethanol. Le developpement sterique de la reduction en C-6 n'est pas aussi selectif que ce 
qui a ete rapporte quand le solvant est le methanol. [Traduit par le journal] 

In 1970 Wr6bel reported the isolation of a new 
sulfur-containing alkaloid from the yellow water 
lily (1). He named the new alkaloid thionu- 
pharoline (C,,H,,N,O,S, 1) and suggested that 
it was related structurally to the known isomeric 
sulfur containing alkaloids of this series, 
thiobinupharidine 2 and neothiobinupharidine 
3, of composition C,,H,,N,O,S, but unlike the 
others to contain a hydroxyl group. In the same 
year LaLonde et al. (2) reported the isolation 
from the same species of the isomeric bishemia- 
minals of composition, C,,H,,N,O,S, that 
were named 6,6'-dihydroxythionuphlutine-A, 4, 
and 6,6'-dihydroxythionuphlutine-B, 5. Later 
(3) it was shown that thionuphlutine-A was 
identical with thiobinupharidine and the latter 
name having precedence in the literature is used 
for this compound. 

The structure of 3 has been known since 1965 
(4) but it is only in the last year that the structures 
of thiobinupharidine (5, 6, 7) and of thionuphlu- 
tine-B, 6 (6, 7), have been resolved. 

Very recently LaLonde et al. (6) reported the 
isolation and identification of a monohemia- 
minal, 6-hydroxythiobinupharidine. Here we 
report the identity of thionupharoline and 6- 
hydroxythiobinupharidine and describe p.m.r. 
and reduction studies in this series that differ 
from those reported (6). 
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Reduction of 1 in sodium borohydride yielded 
thiobinupharidine. Since hemiaminals but not 
simple alcohols are known to undergo reduction 
with this reagent, it was established that 1 was a 
hemiaminal and that it must be either 6- or 6'- 
hydroxythiobinupharidine. This conclusion was 
substantiated by the presence of a singlet in the 
p.m.r. spectrum of 1 measured in benzene a t  
4.25 6 assigned to the methine proton adjacent 
to  both oxygen and nitrogen. 

We found that the u.v., i.r., p.m.r., and mass 
spectra of 1 corresponded with those reported by 
LaLonde et al. (6) for 6-hydroxythiobinuphari- 
dine.' We prepared a monoperchlorate and a 
diperchlorate of 1 according to the procedure 
described by LaLonde et al. (6) and found them 
to be identical with the corresponding salts of 
6-hydroxythiobinupharidine (6). The diperchlo- 
rate of 1 described by Wrobel was reported to 
melt a t  170-172", nearly 100" lower than that of 
6-hydroxythiobinupharidine described by La- 
Londe. We repeated the preparation according 
to  the original procedure confirming the 
original result. It is apparent that the diper- 
chlorate is dimorphic or that it crystallizes with 
a mole of water when prepared by the original 
procedure of Wrobel. Because of the paucity of 
1 we were unable to resolve this problem to our 
satisfaction. 

Before we became aware of the results of 
LaLonde et al. (6) we attempted to resolve the 
structural problem through p.m.r. studies and 
mass spectrometry. This led us to examine tlie 
p.m.r. spectra of 1 and 2 at 220 MHz and to 
prepare 6-deuterio- and 6,6'-dideuteriothiobinu- 
pharidine for p.m.r. and mass spectrometric 
studies. The results that we obtained are suffi- 
ciently different from those already reported (6) 
that they merit discussion. 

We found that the spectra of 1 and 2 are much 
better resolved in perdeuteriobenzene than they 
are in deuteriochloroform. We therefore set about 
to  assign as many of the signals as possible 
in the spectrum of 2 recorded in benzene 
solution. Our assignments are based on analogy 
with those of the corresponding protons of de- 
oxynupharidine 7 and 7-epideoxynupharidine 8. 

The p.m.r. spectrum of 7, whose structure and 
absolute configuration are known (8), has been 

' W e  thank Professor LaLonde for disclosing his 
results to us prior to their publication and for providing 
spectra and samples o f  his compounds for comparison. 

studied in detailed by LaLonde and co-workers 
(9-11). As a result of their work no ambiguity 
exists with respect to the assignment of signals 
of the equatorial methyl group a t  C-1, the axial 
methyl group a t  C-7, and the hydrogens, H-4a, 
H-6a, H-6e, and H-7e. The majority of the prior 
work was carried out in CDCI,. We have 
repeated this work in benzene solution at 220 
MHz and have obtained the results shown in 
Table 1. 

7-Epideoxynupharidine was prepared syn- 
thetically (12, 13) before it was isolated from 
nature (14). Its structure and stereochemistry 
follow from the fact that it is formed along with 
7 when A6,'-dehydrodeo~~nu~haridine is treated 
with hydrogen over a Pd catalyst (10). Its p.m.r. 
spectrum in deuteriochloroform and in benzene 
has been examined but only a few resonances 
have been asslgned (14). We have re-examined 
the spectrum in benzene and through decoupiing 
experiments have made the assignments shown 
in Table 2. 

In the first p.m.r. study of thiobinupharidine 
(15) the signals of individual protons other than 
the C-methyl and the furan protons were not 
assigned but in a later study (2) the absorption 
of the methylene protons adjacent to sulfur were 
assigned. The latter assignment has been placed 
on a firm foundation through work on model 
systems (16). Assignment of the hydrogens at 
the axial and equatorial positions a t  C-6 and 
C-6' have been made through a study of the 
deuterated compounds obtained on reduction of 
6,6'-dihydroxythiobinupharidine (6). The axial 
hydrogens a t  C-4 and C-4' have also been 
identified in the spectrum (5, 6). Much of this 
work has been carried out in CDCI, where there 
is much overlap of the signals attributed to the 
protons at C-4, C-4', C-6e, and C-6'e (see for 
example the published spectrum of 2, ( 5 ) )  but 
better separation of the signals is obtained in 
perdeuteriobenzene (6). The assignments that 
we have made from 220 MHz studies are shown 
in Table 3. 

Inspection of the three tables shows that the 
chemical shifts of H-6a and H-6e of 2 differ from 
one another by approximately the same amount 
as the corresponding protons of 7. Similarly the 
chemical shifts of H-6'a and H-6'e differ from 
one another by approximately the same amount 
as the corresponding protons of 8. The protons 
a t  C-4 and C-4' of 2 absorb in the same region 
and have virtually the same chemical shift as 
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MARTIN ET AL.: NUPHAR ALKALOIDS 

TABLE 1. Proton magnetic resonance spectrum of deoxynupharidine in CsD6 

7 
- - - - - - -- -- 

Proton Chemlcal shlft ( 6 )  Multlpllc~ty Coupl~ng constants J (Hz) 

C-1 methyl e 0.81 
C-7 methyl a 1.10 
H-6a 1.78" 
H-6e 2.76 
H-4a 2.81 

-- 

d 6 . 0  
d 7 .0  
9 11 . 5  (6a-6e) and 3 .0  (6a-7e) 
9 11 .5  (6e-6a) and 2 .5  (6e-7e) 
q 1 1 . 0  (4a-3a) and 3 .0  (4a-3e) 

YIrradiation at  1.78 collapses quartet at 2.76 into broad singlet 

TABLE 2. Proton magnetic resonance spectrum of 7-epideoxynupharidine in C,D6 H-3em H-8e 

H-3a / 1 H-6s 
H-ia 

8 
.- -- 
- - --- -- - 

- -~ - ~ - 
-~ 

Proton Chemical shift (6) Multiplicity Coupling constants J (Hz) 
. -  -- -- - 

C-7 methyl e 0.68" d 6 .5  
C-l methyl e 0.83 d 6 . 0  
H-6a 1.29' t (1 :2 :  1) 1 1 .0  (6a-6e) and I I . O  (6a-7a) 
H-7a, H-3e, H-8e 1 . 64h Complex multiplet 
H-3a 1 .77' Multiplet 11.0 (3a-4a) recognizable 
H-4a 2.83d q - 11 .O (4a-3a) and 3 .5  (4a-3e) 
H-6e 3.03f d o f q  1 1 .0  (6e-6a) and 3.5 (6e-7a) 

- .  and 2.0 (6e-8e) 
.. .. - -- -- -- . - -- 

#Irradiation at 0.68 induced changes in the region 1.64. 
bIrradiation at 1.64 collapsed doublet at 0.68 into singlet; also collapsed quartet at 2.83 into doublet ( J  = 11.0 Hz) also 

collapsed doublet of quartet at 3.03 to doublet ( J  = 11.0 Hz). 
<Irradiation at 1.77 collapsed quartet at 2.83 to a doublet ( J  = 3.5 Hz). 
*Irradiation at  2.83 collapsed the 11.0 H z  coupling in signal at 1.77. 
'Irradiation at  1.29 collapsed doublet of quartet at 3.03 to multiplet with couplings 2.0 and 3.5 H z  recognizable. 
.'Irradiation at 3.03 collapsed 1 :2 :  1 triplet at 1.29 to a 1 : 1 doublet ( J  = 11.0 Hz). 

the protons at C-4 in 7 and 8. It is apparent that 
the equatorial alkyl substituent causes a shielding 
of H-6'a of 2 and H-6a of 8 relative to the cor- 
responding proton of 7. The protons H-6a and 
H-6e of 2 are deshielded, presumably by the 
equatorial sulfur, relative to the corresponding 
protons of 7. 

When the p.m.r. spectra of 1 and 2 were 
compared we found it impossible to assign 
definitively the hydroxy group to C-6 or to  C-6'. 
The presence of the hydroxy function introduced 
too many changes in the spectrum. We turned 
therefore to examine the products of the 
borodeuteride reduction of 6,6'-dihydroxythio- 

binupharidine 4 and of 1 in the expectation that 
an examination of these compounds by p.m.r. 
or mass spectrometry might lead to a resolution 
of the problem. While our work was in progress 
it was reported (6) that the reduction of 4 with 
NaBD, led to the incorporation of deuterium 
into the axial position at C-6' and into an 
equatorial position at C-6 with complete 
stereoselectivity. It was also stated that the 
reduction proceeded with about 70% incorpora- 
tion of deuterium and 30% incorporation of 
hydrogen, a result that was surprising. 

We reduced 4 with sodium borodeuteride in 
ethanol and obtained a dideuteriothiobinu- 
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TABLE 3 .  Proton magnetic resonance spectrum of thiobinupharidine in C,D, 

- -  - - -  
-- - 

-- 

Proton Chemlcal sh~f t  (6) Mult~pllclty Coupllng constants J (Hz) 
- - - - 

H-6 a 1 .40a d 11 5 (6'a-6'e) 
H-6a 1 . 92b d 11 . 5  (6a-6e) 
H-6e 3 11 9 11 5 (6a-6e), 2 .0  (6e-8e) 
FI-6 e 3.17 4 11 5 (6 a-6'e), 2 .5  (6'e-8'e) 
H-4a + H-4 a 2 80 9 10 5 (4a-3a), 3 .5  (4a-3e) 
C-7-CH2-C-7 2.18 AB9 J A B  = 14.0 
-S-CH2- 2 31 J A B  = 11 5 
-- -- - -- 

ABq 
-- -- - 

o i r r a d ~ a t ~ o n  at 1 40 collapses q at 3 17 Into broad s~ng ie t ,  q a t  3 l 1 unaffected 
*lrradlat~on d t  1 92 coildpses q at  3 l l  lnto broad slnglet, q at  3 17 unaffected 

pharidine and a monohydroxyrnonodeuteriothio- axial position (6). Our results show that sulfur in 
binupharidine. Unlike the published result (6) an equatorial position influences the reaction but 
our dideuterio compound was approximately not to the same extent as it does when the 
95': dideuterated material. The 220 MHz reaction is conducted in methanol solution. 
spectrum in perdeuteriobenzene showed that Other studies have shown that enamines in the 
one deuteri-uni was incorporated, almost ex- 
clusively, into the axial position a t  C-6' and 
that the second deuterium was incorporated to 
the extent of 40: into the equatorial position 
and 60:z into the axial position at C-6. The 
signal observed a t  1.40 6 (H-6'a) in 2 had 
virtually disappeared in the spectrum of the 
dideuterated compound while the signal a t  3.16 
6 (H-6'e) had collapsed to a poorly resolved 
doublet, apparently coupled only to H-8'e. The 
signal at 1.93 6 (H-6a) was now a broad singlet 
(0.4 H) whereas the signal at 3.10 6 (H-6e) was a 
poorly resolved doublet (0.6H) coupled to H-8e. 
Our results are compatible with those of LaLonde 
et al. (6) with respect to reduction a t  C-6' but they 
differ from his with respect to reduction at C-6. 
We actually observe only 40% introduction of 
deuterium into the equatorial position a t  C-6 
and not 100% as they observed. They attributed 
the stereoselectivity to sulfur interaction with an 
immonium salt intermediate. They proposed that 
the presence of an equatorial sulfur as in 2 
resulted in preferential introduction of deuterium 
into an equatorial position whereas the presence 
of an axial sulfur as in thionuphlutine-B led to 
preferential introduction of deuterium into an 

monomeric system are normally attacked on the 
face of the molecule to give axial introduction 

of hydrogen or deuterium at  the carbons adjacent 
to~nitrogen (10, 11). 

The second product of the borodeuteride 
reduction proved to be 6'-deuterio-6-hydroxy- 
thiobinupharidine with greater than 95% incor- 
poration of deuterium. This compound had a 
u.v. spectrum identical with I in acid and neutral 
media and formed a diperchlorate of the same 
melting point as I. Its melting point was un- 
depressed in admixture with the diperchlorate 
of 1. It differed in its 220 MHz spectrum from 
that of 1 only in one obvious respect, namely 
that the quartet present in 1 at 3.18 6 (H-6'e) had 
collapsed to a poorly resolved doublet inte- 
grating for one proton. It is clear that the 
deuterium has entered axially at C-6' and that 
reduction a t  C-6' has occurred more rapidly than 
a t  C-6. The more rapid attack at C-6' in this 
system is predictable on the basis of studies on 
model compounds (6). 

Reduction of 1 with borodeuteride gave 6- 
deuteriothiobinupharidine with deuterium in- 
corporation in excess of 95x .  The 220 MHz 
spectrum of this compound in benzene showed 
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only minor differences from the spectrum of 2. Cary 14 spectrometer using 1 or 0.1 cm quartz cells as 

l he signal at  1.93 6, formerly a doublet, now 
Melting points were determined on a Kofler micro-hot- 

appeared as a broad singlet (0.35 H) and the stage and are uncorrected, 
signal at  3.10 6 now appeared as a broadened Thin-layer chromatograms were performed under 
singlet (0.65 H). Thus deuterium had entered standard conditions using 0.5 mm silica gel coated on 

65% into the axial position and 35% into the glass plates available from Brinkman Instruments, 

equatorial position, a result in  clear agreement Rexdale, Ontario. Solvent ~ ~ s e d  for development in all 
cases was hexane-benzene-acetone, 1 : 5 : 1. Development 

with the borodeuteride reduction of 4. was carried out under conditions of tank saturation in a 
The results of the p.m.r. studies on the boro- vessel 25 c n ~  x 20 cm x 7 cm. The spray reagent was 

deuteride reduction products of 1 and 4 are il- Dragendorf reagent (17). Column chromatography was 

lustrated in ~ i ~ ,  1. ~h~ lower spectrum is that of performed using neutral alumina, Brockman Activity 1, 
80-200 mesh, available from Fischer Scientific, adjusted 

thiobinupharidine recorded at  220 MHz ill C P ,  to give the requi red  activity (18, 19), Sodium bore- 
and shows the double irradiation experiments deuteride-d, was ourchased from Stohler Isotove 
conducted on that c o m ~ o u n d .  The centre spec- Chemicals, and was certified 99% D. It was stored in its 
trum is that of the product of borodeuteride container under vacuum over KOH as desiccant. 

Mass spectra were determined on a C.E.C. 21-1 IOB of and the 'pper 'pectrum that of d o ~ ~ b l e  focussing mass spectrometer. Samples were 
the product of complete borodeuteride reduction introduced through a direct inlet system. Relative 
of 4. The spectra of the deuterated compounds intensity data were obtained from low resolution mass 
were recorded with 5-10 mg samples under the 
same conditions as the spectrum of 2. The 
deuterium incorporation at  the various sites is 
indicated. 

This work has established the identity of 
thionupharoline and 6-hydroxythiobinuphari- 
dine. It has shown that borohydride reduction in  
ethanol solution of hemiaminals of thiobinu- 
pharidine that carry a hydroxyl group at C-6 
does not occur with high stereoseiectivity. Our 
results contrast with those reported before (6) 
where the reduction was effected in methanol. 
We found that incorporation of deuterium was 
nearly complete in the borodeuteride reduction 
whereas only about 707, incorporation has been 
observed in an earlier study (6). 

Experimental 
Appamtus, Merhod~, untl Matevials 

Infrared spectra were recorded on a Perkin-Elmer 521 
spectrometer. Typically, samples of free bases were made 
up at  a concentration of 0.03 M in spectroquality carbon 
tetrachloride or dichloromethane, using cells with KBr 
windows and a path length of 0.1 mm. Perchlorate salts 
were made up in KBr discs prepared in the usual manner 
and the spectra were run against air as the reference side. 

Proton magnetic resonance spectra were recorded at  
220 MHz on a Varian 220 H R  spectrometer using a field 
sweep mode. A11 spectra were recorded at  ambient 
temperature. Samples were dissolved in CDCI, or CsD6 
as required using added TMS as internal standard. 
Chemical shifts are reported relative to TMS = 0.0 6. 
Typically a sweep width of 2500 Hz was employed but 
sweep widths of 1000, 500, and 250 Hz facilitated the 
determination of coupling constants. Symbols s, d ,  q ,  m, 
nw, br, and WliZ refer to singlet, doublet, quartet, 
multiplet, narrow, broad, and width at  half height, 
respectively. Ultraviolet spectra were recorded on a 

spectra, recorded under identical conditions at an 
ionization voltage of 70 eV, a trap current of 140 HA, a 
source temperature of 200 C (unless otherwise stated), 
and a source pressure of 2 x Torr. 

Deuterium contents were determined in the following 
manner. The molecular ion region from M - 3 to M + 3 
of the spectrum was scanned several times using several 
magnetic sweep velocities. The average peak heights were 
then determined for the labelled and the unlabelled 
compounds and the deuter i~~m content calculated by the 
method of Biemann (20). 

Isolarion of T/ziunupl7uroline fiom its Pevchlorute 
A 50 mg sample of thionupharoline diperchlorate, m.p. 

172-174' (see below), was treated with 10 ml of 20% 
ammonia and stirred for 30 min. The resultant oil was 
extracted with CH2C12 (5 x 10 ml). The extracts were 
combined, dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure to leave a colorless 
glass on the inside of the vessel. The yield was 34.6 mg of 
free base which was purified by chromatography from 
n e ~ ~ t r a l  alumina (Activity 11, 2 g) using 20% ether in 
hexane as eluant. The thionupharoline (34 mg) obtained 
as a glass, showed one spot on t.1.c. R, 0.36; u.v. (95% 
EtOH, neutral), end absorption only; u.v. (95% EtOH, 
acidic) i .,,,, 208 nm (q 20000), h ,,,, 293 nm (q 2540); i.r. 
(CH2C12) 2.80 (OH), (weak), 3.59 (Bohlmann band), and 
 ina assigned bands at  6.65, 6.90, 7.26, 8.66, 9.08, 9.40, 
9.67, 9.74, 11.45 p; p.m.r. (220 MHz CDCI,): 6 0.88 (d, 
.I = 5 Hz, 6 H, 2 x CHCH,), 2.20 (ABq, J A B  = 12 Hz, 
2 H, CH2-S), 2.26 (OH exchangeable on addition of 
D,O), 2.89 (q, J = 5.6 and 8 Hz, 1 H, H-4'), 2.92 
(quartet J  = 11.5 and 2 Hz, 1 H,  H-6'e), 3.70 (q, J  = 7.5 
and 7 Hz, 1 H,  H-4), 3.97 (s, 1 H ,  H-6, sharpens on addi- 
tion of D 2 0 ) ,  6.34 (nw m, W1,Z = 7 HZ, 2 H,  furan !3 H), 
7.21 (nw m, I H ,  fu rana  H), 7 .30(nwm, W,,, = 4 H z ,  
3 H,  furan a H) ;  p.m.r. (220 MHz C6D6): 6 0.75 (two 
superimposed doublets J  = 6 Hz, 6 H,  2 x CHCH,), 
2.11 (AB quartet, J A B  = 12 Hz, 2 H,  CH,-S), 2.42 
(OH, exchangeable with D 2 0 ) ,  2.79 (q, J  = 3 and 11 Hz, 
1 H, H-4'), 3.18 (q, J  = 2.5 and 12 Hz, 1 H, H-6'e), 3.90 
(q,  J  = 4 and 10 Hz, 1 H, H-4), 4.25 (s, 1 H,  H-6), 6.41 
(nw m, furan H), 6.48 (nw m, 2 H, with 6.41 furan H), 
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1 

I I I I I 1 I 
700 

i HZ 
600 530 400 300 200 100 

I . . ; . . .  I " "  t 
0 

3.0 2.0 1.0 
P P *  

FIG. I .  The 220 MHz spectra in C,D, of thiobinupharidine (a), the product of borodeuteride reduction of 1 (b), 
and the product of complete borodeuteride reduction of 4 (c). 
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7.16 (nw m, 3 H, furan a H), 7.22 (nw m, 1 H,  furan a H);  
mass spectrum (230") mie (relative intensity, %) 510 (15) 
M + ,  494 (19), 493 (31), 492 (72), 481 (I), 477 (2), 475 
(0.8), 464 (4), 459 (3), 445 (6), 431 (1.5), 425 (I), 397 (1.5), 
383 (I) ,  375 (8), 359 (2), 357 (2), 304 (4), 262 (5), 246 (5), 
244 (4), 231 (24), 230 (loo), 229 (28), 228 (45), 215 (9), 
178 (24), 176 (54), 136 (12), 107 (26), 94 (50). 

Monoperchlorate of Thionupharoline 
Thionupharoline (21.6 mg, 0.0424 mM)  was dissolved 

in 5 ml MeOH and treated with 2.23 ml of 0.019 M 
HCIO, (0.0424 mM). The solution was warmed for a few 
minutes on a steam bath and the solvent removed under 
reduced pressure leaving 27 mg of colourless semi- 
crystalline solid. Recrystallization from ether containing 
sufficient acetone to effect solution gave 25 mg colourless 
prismatic needles. Thionupharoline monoperchlorate, 
m.p. 240-243"; i.r. (KBr disc) 3.62 (weak Bohlmann 

+/ 
band), 6.03 and 6.06 (C=N ), 6.66 and 11.45 (furan). 

\ 
Treatment of the monoperchlorate with aqueous 

ammonia led to recovery of the free base, thionupharo- 
line, characterized by its p.m.r. and mass spectra. 

Diperchlorate of Thionupharoline 
Method I 
Thionupharoline 5.1 mg (0.01 mM)  was dissolved in 

1 ml of anhydrous ethanol and treated with 1 ml 0.02 M 
(0.02 mM) perchloric acid. Anhydrous ether (5 ml) was 
added and the solution was set aside to crystallize. The 
crystals, well-formed prisms, were filtered and washed 
several times with anhydrous ether; m.p. 172-174 , i.r. 

\ +/ (KBr disc) 6.02 ,C=N, , 6.65 and 1 1.46 (furan). Other 
/ ~\ 

unassigned absorptions were present at  6.88, 6.95, 7.06, 
7.24, 7.32, 7.52, 7.84, 8.09 p. 

Method 2 
Thioniipharoline 5.1 mg (0.01 mM) was treated 

directly with 1 ml of 0.02 M (0.02 mM) perchloric acid 
and a few milliliters of water were added to ensure 
that all the glassy base was in contact with the perchloric 
acid solution. After 30 min the solution was evaporated 
to  dryness under reduced pressure (50 "C bath) and the 
residue was dissolved in a minimum of boiling anhydrous 
MeOH. After storage at  -5" for 2 days crystallization 
had occurred. The crystals were washed twice with 
anhydrous MeOH leaving 4 mg of colourless needles, 
m.p. 260-263" (softening), 267-269' (main melting), 270' 
(all liquid), 278' (decomposition). 

A mixture n1.p. (50:50 mixture) with a sample of the 
diperchlorate of 6-hydroxythiobinupharidine obtained 
from Professor R. T. LaLonde (m.p. 258" (softens), 
263-266.5" (liquid), 276' (decomposition)), showed no 
depression in melting point: i.r. (ICBr disc) 6.03 and 6.06 
\ , 

( 'c=N+' ), 6.66 and 11.47 (furan), 8.1-10.2 (C10,-), 
/ \ 

and unassigned absorption at  3.27, 6.85, 6.89, 6.96, 7.08, 
7.21, 7.25, 7.47, 7.52, 7.85, 10.38, 10.62, 10.76, 12.35, 
13.65 p. The i.r. spectrum was identical with the i.r. 
spectrum of the sample of the diperchlorate of 6-hydroxy- 
thiobinupharidine. 

Reductiorz of Thionupharoline with Sodium Borohydride 
Thionupharoline (10 mg) was dissolved in 2 ml of 

absolute ethanol and treated with 100 mg of NaBH,. 

Further portions of 25 mg each of NaBH, were added 
four times over the course of 24 h. The slurry thus 
obtained was stirred occasionally. The mixture was then 
diluted with water and extracted with CH2C12 (3 x 10 
mi). The extracts were combined, dried over anhydrous 
sodium sulphate, filtered, and evaporated under reduced 
pressure. A colourless residue resulted which was 
adsorbed onto a narrow column of alumina (neutral, 
Activity 11,1.5 g). The column was then eluted successively 
with (i) 50 ml n-hexane and (ii) 50 ml 10% anhydrous 
ether in n-hexane. The latter solvent eluted 6 mg of 
thiobinupharidine from the column, [aIDZ2 + 8"(CH,OH); 
i.r. (CCI4) 3.59-3.88 (Bohlmann bands), 6.66 and 11.45 
(furan), and unassigned absorption a t  6.88, 6.91, 6.96, 
7.23, 7.26, 7.65, 7.76, 8.63, 8.78, 8.89, 9.05, 9.36, 9.65, 
9.74 y; p.m.r. (220 MHz CDCI,): identical with an 
authentic sample of 2 (5), 6 0.92 (d, J  = 5.6 Hz, 6 H, 
2 x CH-CH,), 1.45 (d, superimposed on envelope, J  = 
11.5 Hz, H-6'a), 1.72 (d, superimposed on envelope, 
J  = 11.5 Hz, H-6a), 1.90 (ABq, JAR = 14 Hz, 2 H, C-7- 
CH2-C-7'), 2.33 (ABq, J A B  = 11.5 HZ, 2 H, CH2-S-), 
2.81 (q, J = 1 1.5 and 2 Hz, 1 H,  H-6e), 2.94 (q, super- 
imposed on complex multiplet, J  = 11.5 and 2 Hz, H-6'e), 
6.39 (nw m, W,,, = 6 Hz, 2 H,  f~i ran  j3 H), 7.25 + 7.33 
(4 H furan a H), irradiation at  2.94 collapses the doublet 
at  1.45 into a singlet, irradiation at  1.45 collapses signal at  
2.94 into a broad singlet, irradiation at  1.72 collapses 
signal at  2.81 into a broad singlet, irradiation at  2.81 
collapses doublet at 1.72 into a singlet; p.m.r. (220 MHz 
C6D6): 6 0.78 (d, CH-CH,, J  = 5.6 HZ), 0.81 (d, J = 
6.0 Hz, CHCH,, with 0.78 = 6 H), 1.40 (d, J  = 11.5 Hz, 
H-6'a), 1.92 (d, J = 11.5 Hz, 1 H,  H-6a), 2.18 (ABq, 

J A B  = 14.0 HZ, 2 H ,  C7-CH2-C7'), 2.31 (ABq, JAR = 
11.5 Hz, 2 H, CHZ-S), 2.80 (q, J  = 10.5 and 3.5 Hz, 2 H, 
H-4a + H-4'a), 3.1 1 (q, J  = 1 1.5 and 2 Hz, 1 H, H-6e), 
3 .17(q ,J= 11.5and2.5Hz, I H,H-6 'e) ,6 .42(nwm,2H,  
furan a-H), 7.14 (nw m, 4 H ,  furan v H); irradiation at  
1.92 collapsed the quartet at 3.11 into a broad singlet but 
the quartet at  3.17 was unaffected; irradiation at  1.40 
collapsed the quartet a t  3.17 into a broad singlet but the 
quartet at  3.11 was unaffected; mass spectrum mle 
(relative abundance): 495 (10.3), 494 (30), 493 (5.6), 479 
(0.3), 465 (0.75), 461 (2.0), 451 (0.5), 447 (1.6), 427 (].I), 
413 (0.5), 360 (LO), 359 (8.5), 358 (1.9), 357 (2.1), 264 
(1.3), 247 (1.3), 231 (lo), 230 (35), 180 (lo), 179 (12), 178 
(loo), 136 (11.5), 107 (23), 94 (40). 

Reduction of Tlzionupharoline with Sodium Borodeuteride 
Thionupharoline (20.6 mg) was dissolved in 2 ml of 

absolute ethanol and treated with 100 mg of sodium 
borodeuteride. A further 100 mg were added in four 
portions of 25 mg each over a period of 24 h. The slurry 
was stirred occasionally and kept at  room temperature. 
After this time the reaction was worked up in the same 
manner as for the borohydride reduction. The resultant 
colourless residue was adsorbed onto a narrow column 
of neutral alumina (Activity 11, 3 g). This was eluted with 
(i) 50 ml of n-hexane, (ii) 50 ml 10% ether in n-hexane, 
(iii) 50 ml 20% ether in n-hexane, (iv) 50 ml 50% ether in 
n-hexane, and (0) 50 ml 100% ether. 

These eluants were examined by t.1.c. and mass 
spectrometry. 

Eluant (i) gave no  product, eluant (ii) gave pure 
monodeuteriothiobinupharidine M' 495 (R, 0.51, yield, 
8 mg), eluant (iii) gave predominantly the monoethyl 
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ether o f  thionupharoline (2  mg),  mass spectrum M' 538, 
intense ion at 222 ( R ,  0.42, along with traces of  slower 
and faster moving components), eluants (ic) and (c) gave 
thionupharoline (8 mg) (R ,  0.36). The thiobinupharidine- 
6d, had 2% 4, 94% d l ,  and 4 2  d2 by mass spectrometry; 
p.m.r. 220 MHz (CDCI,): 6 0.92 (d ,  J = 5.6 Hz, 6 H ,  
2 x CHCH,), 1.45 (d ,  J = 11.5 Hz, H-6'a), 1.70 (br s, 
superimposed on envelope, H-6a), 1.90 (ABq,  JAB = 14 
HZ, 2 H ,  C-7-CH2-C-7'), 2.33 (ABq,  J,, = 11.5 HZ,  2 H, 
CH2-S),  2.79 (d ,  J = 2 Hz, 0.6 H ,  H-6e), 2.93 ( q ,  J = 
11.5 and 2 Hz, H-6'e, superimposed on multiplet assigned 
to H-4a and H-4'a; 6.39 (nw m ,  W, , ,  = 7 Hz, 2 H, f~lran 
IJ H) ,  7.25 and 7.33 (nw m ,  4 H ,  furan z H ) .  There was a 
slight de~~ter ium isotope shift in signals at 1.70 and 2.79 6 :  
p.m.r. 220 MHz(C,D,): 60.78(d, J = 5.6 Hz, CH-CH,), 
0.81 (d ,  J = 6.0 Hz, CH-CH,, with 0.78, 6 H) ,  1.40 (d ,  
J = 11.5 Hz, H-6'a), 1.93 (s,  0.35 H, H-6a), 2.18 (ABq ,  
JAB = 14.0 HZ, 2 H, C-7-CH2-C-7'), 2.31 (ABq,  JAB = 
11.5Hz,2H,CHz-S) ,2 .80(q,J= 10 .5and3 .5Hz ,2H,  
I-I-4'a and H-4a), 3.10 (broadened singlet, 0.65 H ,  H-6e), 
3 . 1 8 ( q , J =  1 1 . 5 a n d 2 H z , I H , H - 6 ' e ) , 6 . 4 2 ( n w m , 2 H ,  
furan !3 H), 7.14 (nw n1 4 H, furan z H);  mass spectrum 
tn/e (relative abundance): 496 (26), 495 (72), 494 (13.5), 
480 (0.5), 466 (1.1), 462 (3) ,  452 (0.7), 448 (2.7), 428 (1.5), 
414 (0.7), 361 (5),  360 (17.5), 359 (4 .9 ,  358 (4.5). 265 
( 1  .O), 264 (1.31, 247.5 (2.6), 232 ( l o ) ,  231 (33), 230 (28), 
I80 (15),  179 ( loo ) ,  178 (9.5), 136 (8.5), 107 (18), 94 (28). 

6,6'-Di/~ydroxj~thiobi11~1pharidinef,.on1 its Diperclllornte 
The diperchlorate o f  6,6'-dihydroxythiobinupharidine 

(35 mg),  m.p. 225-227' (2),  was stirred with 15 ml o f  2 0 x  
ammonia for 30 min. The resultant oily base was ex- 
tracted with CHZC1, (5 x 10 ml). These extracts were 
combined, dried over anhydrous sodium sulfate, filtered, 
and evaporated-to give 22 mg o f  glassy residue. This was 
adsorbed on 4 g o f  neutral alumina (Activity 11) and 
eluted with 100 ml o f  20% ether in benzene to  give 17.3 
mg o f  6,6'-dihydroxythiobin~~pharidine, Rf 0.18; 
+SO" (c 1.73, CH,CI,) (LaLonde et al. (2 )  report 
+44.5"); u.v. h,,,, (ne~ltral 95% EtOH) 208 nm,  E 12 000; 
(acidic 95% EtOH), i ",,,, , 208 nm,  E 16 120; i 294 
nm,  E 1890; i.r. (Cci,) 2.75 nw and 2.83 br (OH) ,  no 
Bohlmann band at 3.59, 6.66, and 11.45 p (furan); p.m.r. 
220 MHz (CDCI,): 6 0.91 (d ,  J = 6.0 HZ,  CH-CH,), 
0.93 ( d ,  J = 6.5 Hz, CH-CH,, with 0.91, 6 H) ,  1.85 
(ABq,  JAB= 14.5 Hz, C-7-CH2-C-7'), 2.33 (br s, exchange- 
able with D 2 0 ,  OH) ,  2.44 (ABq,  JAB = 12 Hz, 2 H, 
CH,-S), 3.58 (q, J = 6 and 8 Hz, 1 H, H-4'a), 3.75 (q ,  
J = 7 and 7.5 Hz, 1 H, H-4a), 3.98 (s, 1 H, H-6), 4.24 
is, 1 H, H-67, 6.35 (nw m ,  W,, ,  = 7 Hz, 2 H ,  furan H ) ,  
7.25 (nw m ,  W,,, = 5 Hz, 2 H ,  furan H ) ,  7.35 and 7.37 
(nw m ,  W l 1 2  = 3 Hz, 2 H ,  furan a H ) ;  p.m.r. 220 MHz 
(C6Ds + D2O): 6 0.77 ( d ,  J = 6.0 HZ,  CHCH,),  0.80 
(d ,  J = 6.5 Hz, CH-CH,, with 0.77 = 6 H) ,  2.1 1 (ABq,  
Jas = 14.5 HZ, 2 H, C-7-CH2-C-7'), 2.46 (ABq ,  JAB = 
1 2 H z , 2  H, CH2-S),  3.41 (q ,  J =  3.5 and 10.5 Hz, 1 H, 
H-4'1, 3.86 (q ,  J = 4 and 10 Hz, 1 H, H-4), 4.23 (s,  1 H, 
H-6), 4.35 (s, 1 H, H-6'1, 6.37 (s,  W1, ,  = 3 Hz, 1 H, furan 
0 H ) ,  6.45 (s,  W , ,  , = 3 Hz, 1 H, furan 0 H),  7.13 (nw m ,  
W1,2 = 3 Hz, furan a H) ,  7.29 (s,  W , , ,  = 3 Hz, furan a 
H); mass spectrum (230") tn/e (relative abundance: 526 
( i 0. I ) ,  509 (2.5), 508 (7),  507 (2.5), 494 (0.3), 493 (0.3), 
492 (0.3), 491 (0.2), 490 (0.2), 480 (0.7), 479 (0.5), 475 
(1.5),461 (0.5), 447 (2.5). 446 ( 3 ,  445 (2),  371 (3): 302 ( I ) ,  
262 ( I ) ,  261 ( I ) ,  248 (7),  231 (20), 230 ( loo) ,  229 ( 1 . 9 ,  228 
( 1 . 1 1 ,  216 (1.51, 178 (0.7), 176 ( I ) ,  136 ( I ) ,  107 (5),  94 (7).  

Reduction of 6,6'-Dilzydroxythiobinupkavidine witlz 
Sodium Borohydride 

6-6'-Dihydroxythiobinupharidine (I00 mg) was dis- 
solved in 10 ml methanol and treated with 100 mg 
sodium borohydride. The slurry was left to stand for 
16 h ,  evaporated to  dryness, and 5 ml o f  water was added. 
T h e  aqueous solution was extracted with ether. The 
ethereal extracts were dried over anhydrous potassium 
carbonate and evaporated to  dryness giving 80 mg o f  
crude reduction product. The product was adsorbed onto 
neutral alumina (5 g Activity IV) and eluted with 100 ml 
o f  benzene to  give 53 mg o f  thiobinupharidine identified 
by comparison o f  its p.m.r. spectrum and its melting 
point with an authentic sample o f  thiobinupharidine. 

Reduction of 6,6'-Dih~~dro,~ythiobitzuphavirline w'itlz 
Sodiun-r Borodeuteride 

6,6'-Dihydroxythiobinupharidine (17 mg) was dis- 
solved in 2 ml absolute ethanol and treated with 100 mg 
sodium borodeuteride. A further four portions o f  25 mg 
each o f  borodeuteride were added over a period o f  24 h. 
The slurry was stirred occasionally at room temperature 
for this period, then worked up in the usual manner to  
give 14.5 mg o f  a colourless glass; t.1.c. showed three 
spots, R, 0.50 (intense), 0.27 + 0.42 (intense), and 0.15 
(trace), presumed to be starting material. The product was 
dissolved in n-hexane containing the minimum amount o f  
ether to complete dissolution, and was adsorbed onto a 
narrow c o l ~ ~ m n  o f  neutral alumina (Activity 11, 1.5 g). 
The c o l ~ ~ m n  was eluted with ( i )  50 ml n-hexane, ( i i)  50 ml 
5 x  ether in hexane, (iii) a further 50 ml 5% ether in 
hexane, (ic) 50 ml 25% ether in n-hexane, (c)  50 ml 50% 
ether in t1-hexane. All samples were analysed by t.1.c. 

Eluant ( i )  gave 4.5 nlg o f  thiobinupharidine-6,6'-d,, 
pure by t.l.c., R, 0.5. Eluant (i i)  gave a weak spot ( R ,  0.5) 
and an intense spot with R, 0.25 -t 0.40. Eluants (iii) 
and (ic) gave intense spots with Rc 0.26 0.42. Eluant 
(c)  showed traces o f  starting material at R, 0.16. Eluants 
(i i) ,  (iii), and (ic) were combined to give 9 mg which was 
adsorbed onto a further 2 g o f  neutral alumina (Activity 
11) using hexane as solvent. The column was eluted with 
50 ml o f  ti-hexane to give 1.5 mg (fraction ci), 100 ml o f  
20% ether in hexane to give 6.6 mg (fraction cii), and 
finally with 50 ml o f  ether to give less than 1 mg (fraction 
riii). Fraction cii showed only one spot on t.l.c., R,  0.34 
(center o f  spot). This was the sample used for spectro- 
scopic analysis and deduced to  be 6-hydroxy-6'-deuterio- 
thiobinupharidine; fractions 1.i and ciii were not further 
examined. 

Fraction i ,  Thiobit-rupllaridit~e-6,6'-d2 
Mass spectrometric analysis gave the following: do = 

1%, dl = I%, and d ,  = 98%; p.m.r. 220 MHz (CDCI,): 
6 0.92 (J = 5.6 Hz, 6 H ,  2 x CHCH,), 1.45 (H-6'a, 
essentially disappeared), 1.70 (br s, superimposed on 
envelope, H-6a), 1.90 (ABq,  JAB = 14 Hz, 2 H, C-7-CH2- 
C-7'), 2.33 (ABq ,  JAB = 11.5 HZ, 2 H, -CHz-S), 2.79 (d ,  
J = 2 Hz, -0.6 H, H-6e), 2.85 - >  3.0 (complex m not 
well resolved, ca. 3 protons, H-4a + H-4'a + H-6'e), 
6.39 (nw m ,  W,,, = 7 Hz, 2 H ,  furan B H), 7.25 + 7.33 
(nw m ,  4 H, furan a H ) ;  p.m.r. 220 MHz (C,D,): 6 
0.78 (d ,  J = 5.6 HZ,  CH-CH,), 0.81 (d ,  J = 6.0 HZ, 
CH-CH,, 6 H with 0.78), 1.40 (H-6'a, essentially dis- 
appeared), 1.93 (s ,  0.4 H, H-6a), 2.18 (ABq ,  JAB = 14.0 
HZ, 2 H, C-7-CHz-C-7'), 2.31 (ABq,  JAB = 11.5 HZ, 2 H, 
CH2-S) ,  2.80(q,J = 10.5and3.5 H i , 2 H ,  H-4'a + H-4a), 
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3.10 (poorly resolved doublet J -- 2 Hz, 0.6 H, H-6e), V. Robinson of the 220 MHz n.m.r. Centre at  Sheridan 
3.16 (poorly resolved doublet, J z 2 Hz, 1 H,  H-6'e); Park is gratefully acknowledged. 
mass spectrum m/e (relative abundance): 497 (17), 496 
(47), 495 (9), 481 (0.3), 467 (0.9), 463 (1.9), 453 (0.5), 449 1. J. T. WROBEL. ROCZ. Chem. 44, 457 (1970). 
(1.6), 429 (1.1), 415 (0.45), 362 (3), 361 (14), 360 (31, 2. R.  T. LALOKDE, C. F. WONG, and W. P. CULLEL. 
359 (3), 248 M f / 2  (2.5), 232 (lo), 231 (321, 230 (161, 181 Tetrahedron Lett. 4477 (1970). 
(lo), 180 (13.5), 179 (loo), 178 (4.5), 136 (8), 107 (17.5), 3. R.  T .  LALONDE and C. F. WOK. Phytochernistry, 11, 
94 (24). 3305 (1972). 

4. G.  I. BIRNBAUM. Tetrahedron Lett. 4149 (1965). 
Fraction vii, 6-Hydroxythiobinuphnridine-6'-d 5. J. T. WROBEL, B. BOBESZKO, T. 1. MARTIU, D. B. 

Mass spectrometric analysis showed 2% (io and 98% M ~ ~ L ~ ~ ~ ,  N, K ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ,  and C, cALvo, 
d l ;  U.V. ( 9 5 z  EtOH neutral) end absorption only, (95% can, J, them, s l ,  2810 (1973). 
acidic EtOH) '-maxi 208 nm, ' 21 Oo0> h m a x ~  289 nm, ' 6. R. T. L ~ L O N D E ,  C. F. WOK, and K .  C. DAS. J .  Am. 
2640. The diperchlorate salt was recrystallized from Chem, Sot, 95, 6342 (1973), 
MeOH at - 5 "C; m.p., 260' softens), 266-269" (liquid), 7, C, F, woxG and R,  1 .  L A L ~ ~ ~ ~ ,  J ,  erg, then,. 38, 
278" (decomposes); p.m.r. 220 MHz (CDCI,): 6 0.88 3225 (1973), 
(d, = 5.0 Hz, H,  CHCH3), 2.21 (ABq$ J~~ = 8. K. ODA and H .  KOYAMA. 3 .  Cheni. Soc. B, 1450 
12 Hz, 2 H ,  CH,-S), 2.26 (s, 1 H,  exchangeable with DzO, (1970). 
OH), 2.90q, J = 5.6 and 8 Hz, H-4'a), 2.92 (br s su~e r im-  9. C, F, wolrc;, E, A ~ E R ,  and R .  T. LALONDE. j. Org. 
posed on q at  2.90, total 2 H, H-6'e), 3.70 (q, J = 7.5 and Chem, 35, 970). 
7 Hz, 1 H, H-4), 3.97 (5, 1 H ,  H-61, 6.34 (nwrn, WI/Z = 10. R. T. LALONDE, E. AUER, C. F. Wok(;, and V.  P. 

Hz, H, p 7.21 (nw m, H,  7.30 MURALIDHARAN. J .  Am. Chem. Soc. 93, 2501 (1971). 
(nw m, Wl,2 = 4 Hz, 3 H ,  furan H): p.m.r. 220 MHz 11. R. T. L A L O ~ D E ,  J .  T. WOOLEVLR, E. AUFR,  and 
(C,D,): 6 0.75 (two superimposed doublets, J = 6.0 HZ, C. F. W O ~ G .  Tetrahedron Lett. 1503 (1972). 
6 H, 2 x CHCH3), 2.1 1 (ABq, J A B  = 12 Hz, 2 H, CH2-S), 12. F. B O ~ ~ , q ~ ' \ y ,  E. WI\TERFFLDT, P. STLDT, H. 
2.42 [br s, 1 H (exchangeable with D 2 0 ) ,  OH] 2.75 (q, LAURENT, G.  BOROSCHEWSKI, and K. KLEINF.  Chem. 
J = 3.5and 10.5Hz, 1 H, H-4') ,3,15(d,J = 2.0Hz, 1 H, Ber. 94, 202 (1961). 
H-6'e), 3.86 (q, = and Hz, H ,  H-4), 4.24 (s, H$  13. I. KAWASAKI, S. MATSUTAVI, and T. KANEKO. Bull. 
H-61, 6.38 (nw n1, W112 = 3 HZ, 1 H, furan p H), 6.44 Chem, sot, japan, 36, 1474 (1963). 
(nw m, H, W1!2 = Hz, furan H), 7.13 (nw m, H, 14. C. F. WONG and R. T. LALONDE. Phytochemistry, 9, 
furan a H), 7.25 (nw m, W,,, = 3 Hz, lH,  furan a H); 659 (1970). 
mass spectrum (200') nlif (relative abundance): 51 1 (721, 15, 0, A C ~ ~ ~ ~ ~ ~ l ~ Z  and J,  T, W R ~ B ~ ~ ,  Tetrahedron 
510 (9), 495 (12), 494 (52), 493 (90), 482 (6), 478 (4), Lett. 129 (1964). 
465 (7), 460 (4), 446 (6), 432 (21, 376 (221, 360 (101, 305 16. R.  T. LALONDE, C.  F. W O ~ G ,  and H .  G. HOWELL. 
(1 11, 231 (521, 230 (1001, 229 (22), 228 (20), 179 (7-61, 178 J ,  Org, Chem, 36, 3703 (19711, 
(52), 176 (30), 136 (20). 107 (37), 94 (48)- 17. M. MURRIER. BLIII. Soc. Chim. Fr. 33, 846 (1951). 

18. B. L. LOEV and M. M. GOODMAN. Chem. Ind. 2026 
We thank the National Research C o ~ ~ n c i l  of Canada (1967). 

forfinancial support of this work carried out at McMaster 19. B. L. LOEV and K .  M. SNADER. Cheni. Ind. 15 (1965). 
University. One of us, T. I. Martin, wishes to acknowledge 20. K .  B I E M A ~ N .  Mass spectrometry: organic chemical 
the award of an NRC postgraduate scholarship for the applications. McCraw-Hill Book Co., Inc., New 
years 1971-1974. The assistance of Dr.  A.  Gray and Mrs. York. 1962. 
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The Stereospecificity of a-Thioherniaminal Reduction. A 300 MHz Proton 
Magnetic Resonance Investigation of Deuteride Reduction 

Products from 6,6'-Dihydroxythiobinupharidine 
and 6-Wydroxythiobinupharidinel 

ROBERT T. LALONDE, CHUN F. WONG, A N D  KALA C. DAS 
Drptrr-trnet~t o f  Cllerwixtry, SUNY Collrge ofEnviror?tnentul Science rrtld Fores t~y ,  Syruc~tse,  Ne11. Yor-k 13210 

Received February 4, 1974 

ROBERT T. LALONDE, CHUN F. WOKG, and KALA C. DAS. Can. J. Chem. 52,2714 (1974). 
Thiobinupharidine-6-d, and thiobinupharidine-6,6'-d,, products obtained earlier from the 

sodii~m borodeuteride reduction of 6-hydroxythiobinupharidine and 6,6'-dil~ydroxythiobinu- 
pharidine, were examined in perdeuteriobenzene solution by 300 MHz p.m.r. Thiobinuphari- 
dine-6-d, was found to contain 84% equatorial deuterium and 16% axial deuterium at the C-6 
position. Thiobinupharidine-6,6'-& was found to contain 82% equatorial deuterium and 18% 
axial deuterium at C-6. 

ROBERT T. LALONDE, CHUK F. WONG et KALA C. DAS. Can. J. Chem. 52, 2714 (1974). 
Thiobinupharidine-6-dl et thiobinupharidine-6,6'-d2, produits obtenus prCcCdemment a partir 

de la reduction par la borodeuterure de sodium des 6-hydroxythiobinupharidine et 6,6'-dihy- 
droxythiobinupharidine, ont ete examines dans une solution de perdeuteriobenzene a 300 MHz 
r.m.n. Thiobinupharidine-6-&, s'est aver6 co~ltellir 84% de deuterium equatorial et 16% de 
deuterium axial en position C-6. Thiobinupharidine-6,6'-dz s'est avtre contenir 82% de deu- 
terium equatorial et 18% de deuterium axial en C-6. 

In an earlier publication ( 1 )  we reported on 
the sodium borohydride reduction of several 
a-thiohemiaminals of the Nuphar alkaloid 
family. Among these hemiaminals were 6-hy- 
droxythiobinupharidine, 1, 6,6'-dihydroxythio- 
binupharidine, 2, and 6,6'-dihydroxythionu- 
phlutine-B, 3. We reported that deuteride reduc- 
tion of 1 and 2 resulted in stereospecific incor- 
poration of equatorial deuterium at C-6 giving 4 
and 5 respectively. But incorporation of axial 
deuterium at  the same position was observed in 
the case of 3. On the basis of these results, the 
conforn~ation of the sulfur atom at C-7 in 2 and 
3 was assigned and this assignment constituted 
an important point in our overall assignment of 
relative stereochemistry to thiobinupharidine 6 
and thionuphlutine-B, 7. 

Our earlier determination of the stereochem- 
istry of deuteride reduction a t  C-6 of the 
bisherniaminals had rested on 60 MHz p.m.r. 
spectra determined in deuteriochloroform solu- 
tion. We employed the chemical shift positions 
of the p.m.r. of deoxynupharidine as well as 
decoupling experiments as a basis for locating 
the positions of the C-6 and -6' equatorial and 

'Support of this work by thc National Institutc of 
Health, U.S. Public Health Service (Grant No. A1 10188) 
is gratefully acknowledged. 

1 R1 = R3 = R4 = H; Rz = OH 
2 R1 = RB = H ;  Rz = R4 = OH 
4 R1 = R3 = R', = H ;  Rz = D 
5 R1 = R J  = H; R2  = R4 = D 
6 R 1 = R 1 = R 3 = R 4 = H  

3 R1 = R', = OH;  R Z  = Rg = H  
7 R 1 = R 2 = R 3 = R 4 = H  

axial protons in the C,, thiospiranes 6 and 7. 
Thus a comparison of the 60 MHz integration 
values of the spectral region containing C-4 axial 
and C-6 equatorial protons against the integra- 
tion of the higher field region containing all of 
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LALONDE E T  AL.: u-THIOHEMIAMINAL REDUCTION 

CHS 
6 2  38 

1 1 / , 1 1 1 1 1 1  
60 40 20 goo 80 6 0  40 20 800 80 6 0  40  20 700 80 60 40 20 600 

Hz DOWN FIELD FROM TMS(O.OHz) 

FIG. 1. 300 MHz p.m.r. spectra of: ( A )  thiobinupharidine-6,6'-d,, 5; (B) thiobinupharidine-6-d,, 4. 

the remaining protons was done in order to  effectiveness of the benzene induced shift in 
ascertain the loss of C-6 equatorial protons and ascertaining the stereochemistry of methyl 
thus establish the extent to which C-6 equatorial groups substituted on piperidine (3) and quino- 
protium had been replaced by deuterium. In the lizidine (4) rings. Thereafter, we extended the use 
case of the deuteride reduction of the mono- of this solvent to the more complex p.m.r. of the 
hemiaminal I ,  a similar analysis was employed 
although a 100 MHz p.m.r. determination in 
perdeuteriobenzene solution was used to estab- 
lish the stereochemistry of deuterium at  the C-6 
position. 

Recently we have learned from Prof. MacLean 
that, in the hands of his co-workers, the deuteride 
reduction of the r-thiohemiaminals 1 and 2 are 
not reduced at C-6 with the same high degree of 
stereospecificity that we had observed ( 2 ) . 2  Be- 
cause our results have been questioned, we have 
reexamined the p.m.r. spectra of the deuteride 
reduction products of 1 and 2. 

We had discovered some time ago, in our 
p.m.r. work with the C, nuphar alkaloids, the 

.- 

'We wish to thank Prof. D. B. MacLean for sending us 
a copy of his manuscript which discloses his results which 
appear in this issue (see ref. 2). 

C,, thiospirane alkaloids in order to obtain 
better separation of resonance signals, as for 
example in the 100 MHz p.m.r. spectrum of 
thiobinupharidine-6-dl, (1). Thus the re-examin- 
ation of the deuterium labeled thiobinuphari- 
dines involved the 300 MHz p.1n.r. determined 
in ~erdeuteriobenzene solution in order to 
achieve the best possible separation of resonance 
 signal^.^ The most important region of the 
spectra is shown in Fig. 1. Using one of the two 
thiomethylene protons (6 2.38) as the standard 

3The 300 MHz p.m.r. spectra of thiobinupharidine-6-dl 
and thiobinupharidine-6,6'-d, were determined in per- 
deuteriobenzene solution in 5 mm tubes by E. R. Santee, 
Jr., NMR Research Center, Institute of Polymer Science, 
The University of Akron, using a SC 300 NMR spectrom- 
eter operating in the sweep mode. Sweep widths of 2500 
and 500 Hz were employed. Chemical shifts were de- 
termined relative to TMS, 6 0.0. 
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for integration, thiobinupharidine-6-dl, (24z 
4, 76% dl):.' 4, contains 1.13 protons in the 
6 3.05-3.20 region, the proton in excess of 1.00 
being the signal a t  6 3.08 which arises in part 
from the labeled species containing a C-6 equa- 
torial hydrogen and a C-6 axial deuterium. The 
doublet of a doublet centered a t  6 3.15 represents 
the C-6' equatorial proton which is coupled in 
the W-mode to the C-8' equatorial proton and in 
the gerninal manner to the C-6' axial proton. 
Using all the methylene protons of the tetra- 
hydrothiophene ring as the integration standard, 
the same result is obtained. Employing the saine 
method of analysis for thiobinupharidine-6,6'-d, 
(67 do, 24% (dl, and 71",,), 5, we observe 1.14 
protons in the 6 3.05-3.20 region. The doublet at 
6 3.12 represents the C-6' equatorial proton 
coupled only to the C-8 equatorial proton since 
the C-6' axial protium is now replaced by 
deuterium. These analyses give values of 84 and 
82%, respectively, for the amount of C-6 equa- 
torial deuterium in 4 and 5 after correction for 

"Singly and doubly labeled samples (4 and 5) had been 
obtained (ref. 1) by reducing the mono- and bishemi- 
aminals with sodium borodeuteride purchased from 
Merck Sharp and Dohme who indicate that the reducing 
agent contains a minimum of 9 S z  deuterium. 

'A rcfercc-has requested that wc comment on thc 
anon~alously low content of deuterium in the singly and 
doubly labeled thiobinupharidines. The isotopic composi- 
tions given were determined by mass spectrometry (ref. 1) 
which possibly gives low values for d l  and d ,  because of 
the inaccuracies associated with comparing peak intensi- 
ties in labeled and unlabeled samples when large M +  - l 
peaks are observed. Thiobinupharidine does in fact 
exhibit a large M y  - 1 peak. A second possibility for the 
low deuterium content may be the greater reactivity of 
sodium borohydride, relative to sodium borodeuteride, 
which results from the isotope effect. Typically, 16- to 
20-fold excesses of reducing agent were used in deuteride 
and hydride reductions. Therefore if the sodium boro- 
deuteride contained the minimum amount of deuterium 
(98%) and if all the sodium borohydride of a 20-fold 
excess reacted with the hemiaminal before any deuteride 
reacted. then a minimum of 60% of dl species would 
result from a monohemiarninal. Obviously the hemi- 
aminals are not completely selective for hydride reduction 
as indicated in this hypothetical case but only partly so. 
Therefore the dl species will exceed 6Oz. 

VOL.  5 2 ,  1974 

the amount of C-6-do s p e c k 6  It is noteworthy 
that duplicate sodium borodeuteride reductions 
of 6-hydroxythiobinupharidine had been carried 
out by two of us7 with the same result. 

Both quantitatively and qualitatively, the 300 
MHz p.m.r. study reveals that indeed some axial 
incorporation of deuterium has taken place a t  
C-6 but essentially our earlier results are vindi- 
cated and differ from those of MacLean and co- 
workers. While cond~tiolls used by the latter 
group appear to be the same as we had used 
there is in fact a subtle difference. The three 
deuterium samples which we have studied by 
p.m.r. were obtained by reduction of the hemi- 
aminal in lnethanol solution (1) .  No precautions 
were taken to dry the methanol. MacLean re- 
ports (2) that his reductions were carried out in 
dry ethanol. It is not yet clear why this difference 
in solvent should change the amount of equa- 
torial deuteration. Regardless, it is remarkable 
that any equatorial incorporation of deuterium 
takes place a t  all since such incorporation must 
occur by attack of deuteride on the more highly 
hindered concave cl face of the im~llonium ion. 
Moreover the occurrence of equatorial incor- 
poration of deuterium at C-6 should be con- 
sidered along with the near C, symmetry of 
thiobinupharidine and the fact that incorpora- 
tion of deuterium at C-6' is completely axial 
(1, 2). 

1. R. T. LALOXDE, C. F. WOXG, and K. C. DAS. J. Am. 
Chem. Soc. 95, 6342 (1973). 

2. T. I. MARTIN, D. B. MACLEAN, J. T. WROBEL, A.  
Iwar;ow, and W. STARZEC. Can. J .  Chem. This issue. 

3.  C. F. W O ~ G  and R .  T. LALOIDE. Phytochemistry, 9, 
1851 (1970). 

4. C. F. WONG and R. T. LALONDE. Phytochemistry, 9, 
659 (1970). 

6A fraction of the proton signals in the 6 3.05-3.20 
region in excess of 1 .OO proton results from C-6 -4  and 
C-6'-do species. Corrections for the amount of C-6-do and 
C-6'-do species were made by using the integration value 
for the residual C-6 axial doublet centered at  6 1.93 and, 
in the case of 5, the integration value for the residual C-6' 
equatorial doublet of a doublet centered at 6 3.15. 

7C. F. W. and K .  C. D. 
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Sorption and Diffusion of n-Heptane in 5A Zeolite 
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I. H. DOETSCH, D. M. RUTHVEN, and K.  F. LOUGHLIN. Can. J .  Chem, 52, 2717 (1974). 
Kinetic and equilibrium data for sorption of 12-heptane in 5A zeolite are presented and 

discussed in relation to previously reported data for the C,-C, hydrocarbons in the same 
zeolite. 

A satisfactory interpretation of the equilibrium data is obtained on the basis of a simple 
theoretical model in which it is a s s ~ ~ m e d  that there are, within each cavity of the zeolite lattice, 
two distinct and energetically different adsorption sites. These sites may correspond to the 
region close to the cavity wall in which adsorption is energetically favorable, giving rise to 
localized adsorption, and the central region of the cavity in which the sorbate is less strongly 
bound with greater rotational and translational freedom. The differential diffusivity increases 
strongly with sorbate concentration and, as with the lighter hydrocarbons, the form of this 
concentration dependence may be satisfactorily explained by considering the driving force for 
the transport process to be the gradient of chemical potential. The limiting diffusional activation 
energy for TI-heptane is 7.5 kcal and this value is somewhat higher than the activation energy 
for the lighter paraffins. 

I .  H. DOETSCH, D. M.  RUTHVEU, et K .  F. Z.OI,C:HLTU. Can. J .  Cheni. 52, 2717 (1974). 
On Ctablit les donnees d'equilibre et la cinetique de l'adsorption du n-heptane sur la zeolithe 

5A. Ces resultats sont discutes en fonction des donnees deja p~~bl iees  pour l'adsorption des 
hydrocarbures C2-C, sur la mCme zeolithe. 

Une interpretation satisfaisante des donnees de l'equilrbre est etablie: elle s'appuie stir un 
niodele theorique simple pour lequel on suppose q~l ' i l  existe deux sites d'adsorption distincts 
energiquement diffkrents a I'interieur de chaq~le cavite du reseau de la zeolithe. Ces sites peuvent 
correspondre a une region proche de la paroi de la cavite dans laquelle l'adsorption est energi- 
quement favorable, donnant lieu a une adsorption localisee, et a la region centrale de la cakite 
oh le produit d'adsorption, q ~ i i  a une plus grande liberte rotationnelle et translationnelle, est 
moins fortenlent lie. La diffusivite differentielle augruente rapidement avec la concentration du 
produit d'adsorption. Comn~c  pour les hydrocarbures pl~rs 1Cgcrs. la forme de cette variation 
peut Etre expliqnee d'une maniere satisfaisante en considerant que la force necessaire au 
procede de transport est le gradient du potentiel chiniique. 

L'energie d'activation de diffusion limite pour le n-hepta~ie est 7.5 kcal et cette valeur est 
Iegerement plus elevee que I'energie d'activation des paraffines plus Iegeres. 

[Traduit par le journal] 

Recent studies of the sorption and diffusion of 
light hydrocarbons (C,-C,) in type A zeolites 
have revealed some striking regularities of be- 
havior (1, 2) and it is therefore pertinent to en- 
quire whether or not these features are common 
to the higher hydrocarbons. For sorption in 
zeolite T (a synthetic intergrowth of of'iretite and 
erionite) it has been shown that the pattern of 
variation of diffusivity with hydrocarbon chain 
length may be complex (3). Although the sorp- 
tion of medium chain hydrocarbons in 5A zeolite 
has been the subject of several studies (4-9), pub- 
lished experimental data are limited and con- 
flicting conclusions have been drawn. Previous 
kinetic studies have generally relied on integral 
measurements of transient uptake curves over 
comparatively large concentration steps and the 

results of such measurements can easily conceal 
the true concentration dependence of the differ- 
ential diffusivity. The present paper describes the 
results of a detailed kinetic study of the sorption 
of n-heptane in 5A zeolite, carried out by the 
differential method (10). The diffusivities so ob- 
tained show similar general trends to those ob- 
served for the lighter hydrocarbons. Although 
the study was originally concerned primarily 
with adsorption kinetics extensive equilibrium 
data were also obtained and these have been 
analyzed in terms of simple theoretical models. 

Experimental 
Equilibrium isotherms and transient sorption curves 

were measured gravimetrically using a Cahn vacuum 
microbalance system to follow the change in weight of a 
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small sample of 5A zeolite crystals when subjected to a 
differential step change in heptane pressure. Pressures 
were measured with a Barocel electronic manometer. The 
quantity of sorbate adsorbed or desorbed during an 
experiment was generally less than 29, of the saturation 
concentration and the volume of the system was sufficient- 
ly large so as to ensure that there was no significant 
change in pressure during the course of a run. The experi- 
mental technique and the method by which diffusivities 
were calculated from the sorption curves have been 
described elsewhere (10). 

The heptane (99z ++, Matheson, Coleman and Bell) 
was vacuum distilled within the system and only the 
middle fraction was retained. The sample of 5A zeolite 
was from Linde Lot No. 550043, with a mean cube side 
(2 F) of 3.91 M, as determined by photomicrography (10). 
Prior to the experimental measurements the zeolite 
sample was degassed at  400 "C,  Torr for several 
hours. 

Equilibrium Isotherms 
Equilibrium isotherms were determined a t  

four temperatures between 409 and 491 "K. The 
saturation limits obtained by linear extrapola- 
tion of a plot of sorbate concentration against 
the square of the adsorption potential (1 I) was 
almost exactly 2 molecules per cavity which is 
somewhat smaller than the quotient of the cavity 
volume and the van der Waals co-volume of the 
sorbate molecule (-2.25 inolecules/cavity). The 
theoretical _model isotherm, which has been 
found to provide a satisfactory interpretation of 
the equilibrium data for the light hydrocarbons 
(C,-C,) (12), does not provide a satisfactory re- 
presentation of the heptane isotherms. The data 
were therefore correlated initially in terms of a 
general empirical virial expression 

as suggested by Barrer and Gibbons (13) and by 
Kiselev (14). (In this expression p represents sor- 
bate pressure, c is adsorbed phase concentration, 
and the coefficients A i  are empirical, temperature 
dependent constants.) 

Henry's law equilibrium constants (K  = 
eCAo), calculated from the intercepts of plots of 
log(p/c) 1,s. c extrapolated to zero concentration, 
are given in Table 1 and the corresponding 
values of KO and qo (K = ~ ~ e ~ ~ / ~ ~ )  are given in 
Table 2. The value of go agrees well with the ex- 
perimental value given by Grossmann et al. (1 5) 
and is within the range of values estimated from 
the group contributions and from the linear cor- 
relation given by Schirmer (16). 

Some information concerning the state of the 
sorbed molecule may be obtained from the mag- 

nitude of the standard entropy of sorption AS0 
which, refer~ed to standard states of unit con- 
centration in the gaseous and adsorbed phases, is 
related to KO by the expression 

where k is Boltzmann's constant, R is the gas 
constant, and n is the number of a cavities per 
unit crystal volume. A lower limit to the magni- 
tude of AS0 may be estimated theoretically from 
a simple model in which it is assumed that the 
adsorbed molecules are confined within partic- 
ular cavities but not adsorbed a t  specific localized 
sites within the cavity. I t  is assumed that the 
adsorbed molecule has the same rotational and 
internal vibrational freedom as in the gas phase 
and that the motion of the center of gravity of 
the molecule can be represented as three dimen- 
sional translation within the free volume of the 
cavity (+). For such a system 

and 

For the C,-C, hydrocarbons in both 5A zeo- 
lite and in chabazite the values of KO (or AS0) 
calculated from eqs. 3 and 4, using values of + 
estimated from the free diameter of the cavity 
and the van der Waals radius of the sorbate, are 
close to the experimental values, suggesting that 
the sorbate molecules are essentially freely rota- 
ting and non-localized within the cavities ( 1 ) .  
Values of KO and AS0 calculated in the same way 
for n-heptane are compared with the experimen- 
tal values in Table 2. It is clear that the experi- 
mental value of AS0 derived from the equilibrium 
data is considerably greater (numerically) than 
the value estimated from the simple model. This 
difference suggests either localization of the sor- 
bed molecules with the cavity or loss of rota- 
tional freedom. In this respect adsorbed heptane 
differs significantly from the light hydrocarbons 
but such differences are perhaps to be expected 
in view of the increased length and flexibility of 
the molecule. 

Taken in conjunction with the evidence from 
the entropy data, the precise saturation limit of 
two molecules per cavity and the lack of varia- 
tion of this limit with temperature suggest local- 
ized sorption with two sites per cavity. We 
therefore consider four simple theoretical models 
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DOETSCH ET AL.: SORPTION AND DIFFUSION OF n-HEPTANE IN 5A ZEOLITE 

TABLE 1. Henry constants and interaction energies calculated from various 
model isotherms (values of K are in molecules/cavity-Torr) 

-. 

Equation 6 Equation 7 Equation 8 
Virial -- - 

T m )  K K 2w K 2 111 KI Kz 

*Determined by extrapolation of the van't Hoff plots since the 409 "K isotherm did not extend to suffi. 
cientiy low concentrations to allow reliable calculation of the model parameters. 

TABLE 2. Val~les of KO, q,, and AS0 for sorption of n-heptane in 5A zeolite (KO is in 
molecule/cavity-Torr, qo in kcal/mol, and AS0 in cal/mol deg.) 

.- ... .. - 
~- - -. - - 

Experimental values Theoretical values 
-- -- 

40 KO x  10' AS0 (lo  KO x los AS0 

Equation 6 17.0 2.24 -12.9 

Equation 7 17.9 0.83 -14.8 31.9* - 7.6* 

Equation 8 : K ,  16.9 2.24 -12.9 15.681 1.02t -9 .9 t  
K2 21.8 0.0018 -20.0 36.8q 2 . 6 ~  -53.8: 

Virial 16.7  3 .5  -12.0 

Grossmann 17.0 - - 

et al. (15) 

Schirmer (16) 16.2-18.4 - - 
. -- -- - - 

*Theoret~cal values of  KO and A S "  calculated according to eqs 2 and 3 w ~ t h  6 - 110 A3, t h ~ s  be~ng the value estimated 
from the free diameter of the cavlt) and the van der Waals d~ameter of the heptane molecule ( 5  46 A) 

+Values calculated from theoretical entropy and energy for non-locallzed (volume absorbed) specles (18) 
$Values calculated from theoretical entropy and energy for local~zed (wall adsorbed) species (18) 

representing localized sorption (1 7) : 
(i) Ideal localized sorption (Langmuir) : 

(ii) Localized sorption with weak interaction 
between molecules on neighboring sites (pair in- 
teraction energy = 2w): 

(iii) Sorption on a system of independent pairs 
of equivalent sites with interaction energy 2w 
when both sites of a pair are occupied: 

(it.) Sorption with negligible interaction be- 
tween adsorbed molecules on a set of indepen- 
dent pairs of nonequivalent sites : 

In these expressions 0 = c/cs, c, is the saturation 
limit (two molecules per cavity), b is an equili- 
brium constant, and K = bc, is a Henry con- 
stant. 

The validity of eqs. 5 and 6 may be tested by 
plotting log BJp(1 - 8) cs. 8 as shown in Fig. 1 .  
I t  is evident that the simple Langmuir model is 
not adequate to describe this system but that 
eq. 6 does provide a satisfactory representation 
of the isotherms up to about 70% of saturation. 
The Henry constants obtained from this model 
are in satisfactory agreement with the values 
from the virial extrapolation (see Table 1) and 
the values derived for IV (200-500 cal/mol) sug- 
gest a weak repulsive interaction between sorbed 
molecules which increases with increasing tem- 
perature. 

The experimental isotherms were fitted directly 
to eq. 7 using a least squares criterion of best fit 
to calculate the values of the parameters K and 
w. The values so obtained (see Table 1) are 
similar to the values obtained from eq. 6 and it 
may be seen from Fig. 2 that the model provides 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  CHEM.  VOL.  5 2 .  1974 

FIG. 1. Variation of log [0,'p(l - O)] with 0 for sorp- 
tion of heptane in 5A zeolite. 

FIG. 2. Equilibrium isotherms for sorption of hep- 
tane in 5A zeolite (comparison of experimental points with 
theoretical curves calculated from eqs. 7 or 8). 

an excellent fit of the experime~ltal data over the 
entire concentration range. The difference be- 
tween the isotherms given by eqs. 6 and 7 is, 
however, small and although eq. 7 gives a some- 
what better fit in the high concentration region, 
this improvement is at  least partly attributable 
to the method by which the model parameters 
were obtained. 

Equation 8 may be written as 

which becomes identical with eq. 7 if K, + K, = 

K and K, K2 = + K 2  exp (-2wlRT). Thus, with 
the appropriate values of K ,  and K2, which are 
given in Table 1, eqs. 7 and 8 give the same fit 
of the experimental isotherms (Fig. 2). The van't 
Hoff plot showing the temperature dependence 
of K, and K2 is shown in Fig. 3 and the values 
of KO and q, (K, = KO, exp(q,/RT);  K2 = 

KO, exp (q2/RT)) are given in Table 2 together 
with the corresponding values of AS0 calculated 
according to eq. 2. 

Applied to the present system, eq. 8, which is 
the sum of two Langmuir terms, implies that 
each cavity contains one site of each type and 
that  sorbate-sorbate interaction is negligible 
even when both sites within a given cavity are 
occupied. In a recent theoretical paper Spangen- 
berg et a / .  (18) have suggested that n-paraffins 
are adsorbed within the type A zeolite lattice in 
both localized and non-localized forms and that 
each cavity can accom~nodate one molecule of 
each type. The localized molecules are consid- 
ered as strongly adsorbed in the region of low 
potential energy near the cavity wall (low ener- 
gy, low entropy) while the non-localized mole- 
cules are assumed to have esse~itially complete 
rotational and translational freedom within the 

FIG. 3. Van't Hof'i plot showing comparison between 
v a l ~ ~ e s  of K1 and K,  calculated from equilibrium iso- 
therms with theoretical values of K for localized and non- 
localized adsorbed species. 
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central region of the cavity (higher energy and 
entropy). Using theoretical potential profiles 
calculated from the Kirkwood-Miiller expres- 
sions and by making several approximations 
concerning the internal freedom of the sorbed 
molecules, values for the entropies and energies 
of the two forms were estimated (18) (see Table 
2). It is clear that the model described by eq. 8 
is entirely consistent with Spangenberg's theory 
if it is assumed that the two different sites refer 
to the wall and central regions of the cavity. The 
values of K for both localized and mobile ad- 
sorbed species, calculated from the theoretically 
estimated entropies and energies, are compared 
in Fig. 3 with the experimental values of K, and 
K2 obtained by matching the experimental iso- 
therms to eq. 8. There is excellent agreement be- 
tween K, and the theoretical value of K for the 
non-localized adsorbed species but the agree- 
ment between K2 and the theoretical value for 
the localized species is less satisfactory. The ap- 
proximations involved in the theoretical estima- 
tion of both the entropy and the energy are how- 
ever far more severe for the wall adsorbed spe- 
cies than for the non-localized form of adsorbed 
molecule in the central region of the cavity and 
the discrepancy is therefore perhaps not surpris- 
ing. 

It appears that over the range of temperatures 
covered by the present study the mobile form of 
the adsorbed molecule is dominant (equil~brium 
constant K,) except as the saturation limit is ap- 
proached. However, extrapolation of the van't 
Hoff plot indicates that at  temperatures below 
345 O K  the wall adsorbed species (equilibrium 
constant K2) will become the dominant form. 
Such a transition can explain the anomalous 
maximum in the heat capacity - temperature 
curve for this system and is predicted by the 
theoretical calculations of Spangenberg et al. 
(18), although at a somewhat higher temperature 
(400-500 OK). 

The variation of isosteric heat (q) with sorbate 
concentration may be derived, in principle, from 
eq. 8 but it is not possible to obtain an explicit 
expression in terms of concentration. An explicit 
form may however be obtained in terms of pres- 

For the limiting cases this expression gives 

Linear isosteres are therefore to be expected only 
over limited ranges of temperature. If q, > q , ,  
the isosteric heat will increase with concentra- 
tion at temperatures above the temperature at  
which K, = K, while at  lower temperatures the 
opposite trend is to be expected. At the cross- 
over temperature the isosteric heat should be 
independent of concentration and equal to 
(41 + 4,112. 

In Fig. 4 isosteric heats calculated from the 
experimental isosteres are compared with the 
values calculated according to eq. 10 with the 
parameters given in Tables 1 and 2 (for the mean 
temperature of the experimental data). The ex- 
perimental values are subject to some uncertainty 
but the trend is quite clear and is correctly pre- 
dicted by eq. 10. A similar increase in isosteric 
heat with sorbate concentration has been ob- 
served for the lighter paraffins in 5A zeolite (19). 
Further experimental measurements would be 
required, at  lower temperatures, to establish 
whether or not the isosteric heat shows the pre- 
dicted temperature dependence but the low tem- 
perature isotherms are so rectangular that ac- 
curate data are difficult to obtain. 

The simple model represented by eq. 8 thus 
provides a very satisfactory interpretation of the 
equilibrium data. Although an equally good cor- 
relation of the actual isotherms may be obtained 

sure : 
0 0.2 0.5 0 -0  0.8 1 0  i 2 I 4  1-0 

c moleculelcarity 

FIG. 4. Variation of isosteric heat of sorption with 
sorbate concentration (0, experimental points from iso- 

- - lK1(l + K2fi+ q2K2(1 + K1p)2 steres; -, theoretical curve from eqs. 8 and 10 for mean 
Kl(1 + K2p)' + K2(1 +  KIP)^ temperature of experimental measurements). 
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from models, such as eqs. 6 or  7, which assume a through the expression 
single set of equivalent sites with interaction be- 

[I131 
a i n  p 

tween adsorbed molecules, these models are D = D o -  
a I n  c 

clearly less satisfactory than the two site model 
since they require additional assumptions con- where a In p/a In C is the activity correction term, 
cerning the temperature dependence of the mol- calculated from the equilibrium isotherm. Equa- 
ecular interaction energy. Although sorbate-sor- tion 137 with a of Do, has been 
bate interaction may be significant in some zeo- found to provide a satisfactory correlation of 
litic systems it appears to be a second order effect lhe di f fus iv i t~  data for C1-C4 hydrocarbons in 
in the present system. The main reason for the 5A sieve 2) and it appears to be equally valid 
deviation of the isotherms from simple Langmuir for the Present system. The curves shown in Fig. 

form seems to be the existence of two distinct were according to eq. 13 using the 
types of adsorption site. average value of Do from the experimental dif- 

fusivities together with values of a In y / a  In c 
Kinetics of Sorption calculated from the empirical virial equation for 

~h~ kinetic data were correlated in terms of the equilibrium isotherm. The curves provide a 
diffusivities calculated by matching the experi- satisfactory representation of the experimental 
mental sorption curves to the theoretical uptake data points suggesting that, as with the lighter 
curves calculated for a system of cubic particles hydr0carb0ns7 the depelldence 
subject to a step &ange in surface concentration arises entirely from the non-linearity of the rela- 
( 1 ~ ) .  ~h~ diffusivities are shown plotted against tionship between activity and concentration and 
sorbate in ~ i ~ .  5 from which the that the value of Do is essentially independent of 
strong positive concentration dependence is 
clearly apparent. There is no significant differ- It has been shown that, for systems in which 
ence between the diffusivities calculated from ad- the diffusivity increases Strongly with COnCentra- 
sorption and desorption as may be tion, integral diffusivities, calculated from sorp- 
seen from the data at  439 O K .  

tion curves measured over a large step change 
~f the dri"iing force for the zeolitic transport in concentration will be much larger for adsorp- 

process is considered to be the gradient of chemi- tion than for desorption (20). Such differences 

cal potential, rather than the concentration gra- have been by E b e r l ~  (9) for sorption of 
dient, the diffusivity D is related to Do, the limit- h e ~ t a n e ,  and other straight chain hydrocarbons, 

ing diffusivity a t  low sorbate concentrations, in 5A zeolite a t  366 OK but on the evidence of 
the present study it seems likely that there is no  
difference in the intrinsic kinetics of adsorption 

8 0 x and desorption and that the difference in the in- 

70 - 
tegral diffusivities is due to the effect of the non- 
linearity of the systems. For  such systems integral 

60 - diffusivities calculated from desorption curves 
will be only marginally greater than the limiting 

A 439 Adsorpt ion 

V 438  Desorpt ion 
diffusivity Do (20) whereas the integral diffusivity 
for adsorption will be much larger. The desorp- 

0 - + 4 9 1  tion diffusivity, calculated from the value of DIP2 
x 3 0 -  
a 

reported by Eberly for desorption a t  366 "K, 
20 - assuming the same mean crystal size as in the 

present sample of 5A zeolite crystals, agrees well 
with the value of Do estimated by extrapolation 

0 t I I a of the present data to  that temperature, as shown 
o 0.5  I .o  1 . 5  2.0 in Fig. 6. 

c (moieoules  c a v i t y - ' )  The temperature dependence of the limiting 
FIG. 5 .  Variation of diffusivity with sorbate concen- d i f fus iv i t~  which is in Fig. 6, may 

tration and temperature. (Experimental points; theoreti- be correlated in terms of an E ~ r i n g  equation 
cal curves calculated according to eqs. 1 and 13 with 
average value for Do.) [I41 Do = D* exp (-EIRT) 
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FIG. 6.  Temperature dependence of limiting diffusi- 
vity Do. (0, present work; ., desorption data of Eberly 
(9)). 

with D, = 1.5 x cm2/s and E = 7.5 kcall- 
mol. According to transition state theory (21) 
we have 

where 6' is the lattice parameter (12.3 A), h is 
Planck9s constant, u' is the potential energy of a 
molecule in the transition state, and f,*/f,' is the 
ratio of the molecular partition function for the 
transition state to the partition function per unit 
volume for a gaseous molecule. For the extreme 
cases of freely rotating and nonrotating transi- 
tion states we have 

Free rotation 

N o  rotation or rocking 

where m is the mass of a molecule, I is the mo- 
ment of inertia, 5 is the symmetry number, and 
f + represents the partition function correspon- 
ding to motion of the center of gravity of the 
molecule in the plane of the window. From eqs. 
15-17 with f + = 1 theoretical values of D, = 

3-13 x cm2 s-' (free rotation) and D, = 
9-40 x lo-" cm2 s-I (no rotation or rocking) 

were obtained.' The experimental value (1.5 x 
lo-' cm2 s-l)  lies between these two theoretical 
limits and this result is in agreement with trends 
previously observed with the lighter hydrocar- 
bons (1, 2). The experimental values of D, for 
C,H, and C2H, agreed well with the theoretical 
values for a non-rotating, non-rocking transition 
state while, for the C, and C, molecules, the ex- 
perimental values were found to lie, as for hep- 
tane, between the two extreme limits, thus sug- 
gesting an appreciable contribution to f," from 
restricted rotation or rocking oscillation in the 
transition state. 

Diffusional activation energies for hydrocar- 
bons through C, show a good correlation with 
the critical diameter of the sorbate molecule 
(1, 2). Although heptane has the same critical 
diameter as the linear C, and C, hydrocarbons, 
its diffusional activation energy is considerably 
greater (7.5 kcal compared with 3.5-4.0 kcal). 
Although any speculation as to the origin of this 
disparity is premature, it presumably rntlst be re- 
lated to the increase in rocking freedom available 
to the medium chain hydrocarbon in the transi- 
tion state. 

Conclusion 
Equilibrium isotherms for sorption of n-hep- 

tane in 5A zeolite may be satisfactorily inter- 
preted in terms of a simple model which assumes 
two adsorption sites per cavity with a significant 
differqnce between the energies and entropies of 
adsorbed molecules on the two types of site. The 
kinetic data for this system show similar general 
trends to those previously reported for the light 
hydrocarbons and the concentration depen- 
dence of the diffusivity is satisfactorily accounted 
for by the Darken equation (eq. 13). This strong 
positive concentration dependence of the differ- 
ential diffusivity differs clearly from the pattern 
of concentration dependence derived by Barrer 
and Clarke (8) from an analysis of integral dif- 
fusivity data for medium chain paraffins in par- 
tially ion exchanged type A sieves. For systems 
in which the diffusivity is strongly concentration 
dependent it is, however, extremely difficult to 
derive reliable differential diffusivities from in- 
tegral data. Furthermore it is evident that, for 

'The value of I was estimated assuming the linear 
equilibrium configuration of the heptane molecule. The 
range of theoretical values of D* corresponds to the range 
of KO values given in Table 2. 
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Diverse Reactivity of N-Aryl-a-ureidoacetals on Catalysis by 
Molecular Sieves or Acids 

T. P. FORREST, G.  A. DAUPHINEE. A N D  F. M. F. CHEN 
Chen7isrq Drpur.fr?lent, Dall~orisir Unil~er.sity, Holifns, .Vo~,u Scotiri B3H 3J5 
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T .  P. FORREST, G. A. D A L P H I ~ E E ,  and F. M.  F. CHEN. Can. J. Chem. 52. 2725 (1974) 
The acid-catalyzed cyclocondensation of a n  I\"-aryl-E-ureidoacetal (I) ,  having a tetrasub- 

stituted urea function, yields a 1,3-benzodiazepin-2-one (2), a quinazolinone (3), an oxazolidi- 
none (7), o r  an aryla~ninoalcoliol (6) depending upon conditiuns employed. Treatment of 1 with 
molecular sieves yields the ci.5 and rrur1.s ureidoenolethers 40 and 4h. The :V'-aryl-rl-~~reidoacetal 
8 on treatment with molecular sieves undergoes intra- and inter-molecular condensations 
yielding the iniidazolinones 9, 10, and 11. The thioureidoacetal 12 on treatment n i th  moiecular 
sieves yielded the thiarolines 13 and 14. 

T. P. FORREST., G .  A. DAUPHINEE et F .  M. F .  C H E ~ .  Can.  J .  Cherii. 52, 2725 (1974). 
La cyclocondensation acidocatalyse d'un h"-aryl-2-ureidoacktal ( I ) ,  possedant une fonction 

uree tetrasubstituee. conduit, suivant les conditions experimentales ~~ti l isees a une benzo- 
diazepin-1,3-one-2 (2), a une quinazolinone (3), a une oxazolidinone (7) et a un aryl-aniinoalcool 
(6). Le traitement de 1 avec des tamis n~oleculaires fournit les uriidoenolethers cis et trari.5 4u 
et 4b. Le A"-aryl-2-ureidoacetal 8, par traitement avec des tarnis ~~ioleculaires, subit des decon- 
densations intra- et inter-molec~~laires conduisant aux irnidazolinones 9, 10 et 11 .  Le thiourkido- 
acetal 12, par traitement avec des taniis moleculaires, conduit aux thiazolines 13 et 14. 

[Traduit par le journal] 

The 1,4-benzodiazepines constitute a class of 
compounds which has received a great deal of 
attention in recent years because of the wide- 
spread use of some examples as therapeutic 
agents. The 1,3-benzodiazepines have received 
much less attention and very few examp!es of this 
type are reported. We have employed N-aryl-cr- 
ureidoacetals in the synthesis of the 1,3-benzo- 
diazepin-2-one system by a cyclization reaction 
in which the acetal carbon alkylates the aromatic 
ring at the ortho position in a reaction similar to 
a Pomeranz-Fritz reaction (1). The formation of 
cyclic ureas by cycloalkylations a t  the urea 
nitrogen has recently been reviewed (2). We have 
found that N-aryl-cr-ureidoacetals undergo a 
variety of interesting conversions which we wish 
to report here. 

The cr-ureidoacetal 1 ,  obtained by the reaction 
of 2,2-dimethoxyethyl methyl alnine with N- 
methyl-N-phenyl carbamoyl chloride, was sub- 
jected to acid catalysis under different conditions 
in attempts to form a 1,3-benzodiazepine ring 
system. I t  was found that the 1,3-benzodiazepin- 
2-one, 2, could be obtained from 1, but a variety 
of other products could also be obtained de- 
pending upon the conditions employed in the 
reaction (See Scheme 1). 

'Revision received May 2, 1974. 

On treatment of I with relatively strong hydro- 
chloric acid (varying in concentration from 2 to 
12 N )  a t  room temperature for about 12 h a good 
yield of 2 was obtained. The progress of the re- 
action could be easily monitored by carrying out 
the reaction in an n.m.r. tube using DzO-DCl 
as solvent. The acetal 1 quickly hydrolyzes to the 
hemiacetal, which hydrolyzes more slowly to the 
hydrated aldehyde which is eventually con- 
verted to 2. 

At reflux temperature in 6 N HCI the major 
product from the reaction of I is the quinazoli- 
none 3. In order for 3 to be formed, the carbon a 
to the acetal group must alkylate the aromatic 
ring. The cyclization step must occur by means 
of some intermediate in which this cr carbon is 
converted to a more electrophilic state. A 
possible mechanism utilizing the vinyl chloride 
as an intermediate is illustrated in Scheme 2. 

An analogous compound, the en01 ether 4, the 
preparation of which is described later, also 
undergoes a reaction requiring the intermediacy 
of an electrophilic cr carbon atom. Compound 4 
is hydrolyzed a t  room temperature in 2 N HCI 
to yield N,N1-dimethyl-N-phenylurea 5. The 
double bond of the en01 ether is activated to 
protonation a t  either carbon but it appears that 
the nitrogen in this case is better able to stabilize 
the positive charge so that protonation on the 
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6 N  HCI kc/' 
N-CH2CH(OCH3), -d A q i . " C H 3  

oxygen-bearing carbon is preferred. The car- 
bonium ion in this instance, instead of alkylating 
the aromatic ring, is attacked by water leading 
to the urea 5. 

The 1,3-benzodiazepinone 2, which could be 
formed by treatment of I with 6 N HCl at room 
temperature, was found to undergo further re- 
action on heating at reflux with the same acid. - 
The product was o-methylamino-a-methylami- 
nomethyl benzyl alcohol (6) formed by hydrol- 
ysis of the urea functionality. Hydrolysis of 2 
with refluxing aqueous potassium carbonate also 
yielded 6. However, under milder basic condi- 
tions such as refluxing aqueous sodium bicar- 

bonate, 2 was converted to the oxazolidinone 7, 
which could be hydrolyzed in stronger base or in 
acid to 6 .  A good yield of 7 could also be ob- 
tained by heating 2 in the presence of alumina 
in refluxing toluene. 

When an N-aryl-a-ureidoacetal having a pro- 
ton on the aryl nitrogen is employed the possi- 
bility exists for alkylation to occur at  the nitrogen 
instead of the aromatic ring. In the case of the 
reaction of 8 with acid, alkylation occurs on the 
nitrogen yielding 1-phenyl-4-imidazolin-2-one, 9. 
The reaction occurs extremely rapidly, being 
complete in 2 N HC1 at room temperature within 
the time required to dissolve the starting mate- 
rial and record the n.m.r. spectrum. This re- 
action is analogous to that reported for u-ureido- 
acetaldehyde diethyl acetal (3). 

Since it appeared that the alkylation in this 
case occurred rapidly and exclusively at  the 
nitrogen under acid catalysis an attempt was 
made to catalyse an aryl alkylation by molecular 
sieves. Treatment of 8 with molecular sieve 5A 
in refluxing toluene also gave the N-alkylation 
product 9 as one product. Two other products 
10 and 11, obviously formed from intermolecular 
reactions, were isolated (Scheme 3). 

When the dimethyl analog, 1, was treated with 
molecular sieve 5A in the same manner the 
major products were the cis and trans en01 
ethers 4a and 46, formed in a ratio of cis: tratzs 
of 3 : 2 .  Minor products were N'-phenyl-N- 
methylurea and N,N1-dimethyl-N'-phenyl-a-ure- 
idoacetaldehyde, apparently formed by a hy- 
drolysis reaction with residual water in the 
molecular sieves. 

The thioanalogue of 8, N1-phenyl-N-(2,2-di- 
methoxyethy1)thiourea (12) gave no aromatic 
substitution products on treatment with acid. 
The reaction of 62 with 2 N HCl at room tem- 
perature yielded the thiazoline 13 as the sole 
product. This reaction proceeded extremely 
rapidly as detected by recording the n.m.r. spec- 
trum of 12 dissolved in 2 N DCl-D,O. The for- 
mation of thiazolines from N-alkyl-a-ureido- 
acetals on treatment with acid has been reported 
(4). The reaction of the thioureiodacetal 12 with 
molecular sieve 5A in refluxing toluene yielded 
the same thiazoline (13) as obtained in the acid 
catalyzed reaction, as well as a second product 
the thiourea derivative 14 (Scheme 4). 

Experimental 
Nuclear magnetic resonance spectra were recorded on 

a Varian T60 spectrometer using tetramethylsilane as in- 
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FORREST ET AL.: N-ARYL-a-UREIDOACETALS 

c H; c H~ 

H-C--OH 
I 

H-C-OH 
I I 

5H3 CHI  

ternal standard. Chemical shifts are reported as 6 values 3.35 (d, J = 6 Hz, CH2),  3.35 (s, OCH,), 4.42 (1, J = 6 
and absolute values of couplings in Hz with the following Hz, CH), 6.9-7.4 (b, aromatic H's); i.r. 1660 cm-'. 
abbreviations: s = singlet, d = doublet, t = triplet, b = 
broad, Infrared soectra were recorded on a Perkin-Elmer ~~3-Di~~e~ll~~-j-h~~drox~-I,3,4,~~~e~rah~'d1'0~2H-l,3- 

237 B spectromeier. Silica gel (Fisher A-288) was used bet~zodiazepin-2-ot~e (2) 
for chromatography, Mass spectra were determined on a N,N'-Dimeth~l-N'-~hen~l-N-(2,~-dimethox~eth~l)urea 

DuPont 21-104 mass spectrometer at  30 eV, Melting (1) (6.3 g, O.025 mol) was added to aqueous hydro- 

points are uncorrected. chloric acid (200 ml) and stirred at room temperature for 
18 h. The solution was then made basic with 2 N sodium 

N,N'-Ditnethyl-N-phenyl-N'- (2,2-dimefhoxyetl7yl) urea 
/ I )  , - ,  

N-Methyl-N-phenylcarbamoyl chloride (5) (16 g, 0.1 
mol) in benzene (100 ml) was stirred vigorously for 18 h 
with 2,2-dimethoxyethyl methylamine (12 g, 0.1 mol) in 
aqueous sodium carbonate (lo%, 600 ml). The benzene 
layer was then separated, dried (Na2S04), and the solvent 
removed itz vacuo; yield 23 g, 92%; b.p. 130-135'/0.4 
mm Hg; n.m.r. (CDCI,) 6 2.56 (s, NCH,), 3.17 (s, NCH,), 

hydroxide solution and extracted once with ether (30 ml) 
which removes a small quantity of N-methylaniline. The 
aqueous layer is then extracted several times with benzene. 
The combined benzene layers are dried (Na,S04) and 
the solvent removed to yield 2 as a colorless oil; yield 
4.5 g, 90%; b.p. 160-162'/0.7 mm Hg; n.m.r. (C,D,) 6 
2.13 (s, NCH,), 2.98 (s, NCH,), 2.62 (B), 2.78, (A), 5.10 
(X of ABX, J A B  = 16 HZ, JAx  = 10 HZ, JBx  = 5 HZ), 
6.30-7.00 (m, aromatic H's); i.r. 3600, 1700 cm- ' ;  mass 
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H 
I 

spectrum 206(29), 163(8), 162(9), 148(1 I), 134(14), 132(23), 
106(23), 44(100). 

4-Cliloror~~~~r/r)~I- 113-din~c~thyl-3,4-di/i)~(/ro-2 ( 1 H )  - 
q~rincrzolitiorre ( 3 )  

~~r,,lr'-Din~ethql-~V'-phenyl-,V-(2,2-diniethoxyethyl)urea 
( 1 )  (5 g, 0.02 mol) was added to refluxing 6 N hydrochloric 
acid (50 nil) and the solution heated under reflux for 
10 min. The solution was then poured into ice cold 2 hr 
sodium hydroxide solution (200 ml). The aqueous solu- 
tion was extracted with ether and after removal of the 
ether the residue was chromatographed on a silica gel 
column using chloroform as eluant. The first fraction 
yielded 4-chloromethyl-I,3-dimethyl-3,4-dihydro-2(lH)- 
quinazolinone (3) (yield 2.7 g, 60%) and the second frac- 
tion yielded the 1,3-benzodiazepinone (2) (yield 0.4 g, 
2073. Compound 3 was recrystallized from petroleum 
ether - benzene (30-60 ); m.p. 73,; n.m.r. (CDCI,) 3.13 
(s, NCH3); 3.25 (s, NCH,), 3.58 (d, J = 5.5 Hz, CH,), 
4.43 (t, J = 5.5 Hz, CH), 6.7-7.4 (m, 4 aromatic H's) 
mass spectrum 226(1.4), 224(4.1), 175(100), 131(3.2); i.r. 
1650 c m ' .  

Anal. Calcd. for C,,H,,N,OCI: C, 58.80; H,  5.83; N, 
12.47; C1, 15.48. Found: C, 58.95; H, 6.07; N ,  12.48; 
C1, 15.66. 

N-N'-Ditnethyl-N'-pIler2yl-N- (2-mefho.xycinyl)1lvea (4) 
N,N'-Dimethyl-N'-phenyl-N-(2,2-dimethoxyethyl)urea 

(L) (5 g, 0.02 mol) was heated under reflux In toluene 
(100ml) with molecular sieve 5A (100 g) for 18 h. The 
solution was filtered and the molecular sieves washed with 
fresh toluene. The toluene was then removed in caclro and 
the residue chromatographed on silica being eluted with 
chloroform. The first fraction contained a mixture of the 
cis and trans isomers of (4) (2.4 g, 5573, the second frac- 
tion contained a-(N,N'-dimethyl-N'-phcnylureido) acet- 
aldehyde (0.2 g, 573, and the third fraction contained 
N,N'-dimethyl-N-phet~ylurea (0.3 g, 9%). The cis and 
trans isomers of 4 which were obtained in a ratio of about 
cis: trans 3:2, were separated by chromatography of the 
mixture on silica using benzene as eluant. 

Compound 4a ( c i ~ ) :  n.m.r. (CDCI,) 3.00 (s, NCH,) 
3.25 (s, NCH,), 3.44 (s, OCH,), 5.03 (A), 5.07, (B, of AB, 
JAB = 5 Hz, 2 olefinic H's) 6.8-7.4 (m, 5 aroluatic H's); 
i.r. 1630 cm- ' ; mass spectrum 220(55), 134(100), 106(40). 

Compound 4b (trans): n.m.r. (CDCI,) 2.80 (s, NCH,), 
3.20 (s, NCFI,), 3.26 (s, OCH,), 6.07 (A), 6.13 (B, of AB, 
JAB = 12 Hz, 2 olefinic H's); i.r. 1630 cm- ' ;  mass spec- 
trum 220(17), 134(100), 106(64). 

o-Methylanzino-a-rnet/~~~Ia~~zinot~zetI~ylberzzyl Alco/iol 6 
1,3-Dimethyl-5-hydroxy- 1,3,4,5- tetrahydro-2H- 1,3- 

benzodiazepine (2) (1 g, 0.005 molf or 3-methyl-5-(0- 
methylaminopheny1)-2-oxazolidinone (7) ( 1  g, 0.005 mol) 
was heated under reflux for 18 h with an aqueous 10% 
K,C03 solution (10 ml) or 2 N HCI (10 ml). The solution 
was cooled and extracted with benzene (after basification 
in the HCI case). After evaporation of the benzene, the 
residue was crystallized from petroleum ether (30-60'); 
yield 0.75 g, 85%; m.p. 86 -C; n.m.r. (CDCI,) 6 2.37 (s, 
NCH,), 2.79 (s, NCH,), 2.82 (B), 3.05 (A), 4.72 (X of 
ABX, J 4 B  = 12.5 HZ, J,, = 9.5 Hz, JB, = 4 HZ), 6.50- 
7.34, (m, aromatic H's); mass spectrum 180(100), 162(18), 
137(64), 122(20), 118(55), 136(32). 

Anal. Calcd. for C,,H,,N,O: C, 66.63 ; H, 8.95; N, 
15.55. Found: C, 66.76; H, 9.15; N, 15.36. 

3-,2/lefhyl-5- io-methylanzinopher2yl) -2-oxazolidinone 7 
1,3-Dimethyl-5-hydroxy- 1,3,4,5- tetrahydro-2H- 1,3- 

benzodiazepin-2-one (2) (6 g, 0.03 mol) and alumina 
(Baker Analyzed, pH of 10% slurry 8.0, 20 g) in toluene 
(100 mlj was heated under reflux with stirring for 3 h. The 
alumina was removed by filtration and washed with an 
additional 100 ml of toluene. Evaporation of the toluene 
from the combined filtrates yielded a solid which was re- 
crystallized from petroleum ether (60-80'): yield 5.5 g, 
92%; m.p. 88-89'; i.r. 1750cm-I; n.ni.r. (acetone-d6) 
8 282 (bs, NCH,), 2.84 (s, NCH,), 3.47 (B), 3.97 (A), 5.60 
(X, of ABX, J A B  = 8.5 HZ, J 4 X  = 8.5 HZ, JBx = 7.5 HZ), 
4.68 (bs, NH), 6.55-7.40 (m, aromatic H's); mass spec- 
trum 206(26), 162(7), 161 (6), 132 (85), 13 1 (53), 106(29), 
91(23), 77(20), 44(100). 
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FORREST E T  AL.: A'-ARYL-a-UREIDOACETALS 2729 

iV '-Pheyl-N- (2,2-ciin~ethoxyethyl) ltrea ( 8 )  iV'-Phenyl-N- (2,2-dirnethoxyethyl) thiourea (12)  
Phenyl isocyanate (17.9 g, 0.15 mol) was added over a Phenylisothiocyanate (19.2 g, 0.14 mol) was added over 

period of 5 min to 2,2-dimethoxyethylamine (15.8 g, a period of 5 min to 2,2-dimethoxyethylamine (15.8 g, 
0.15 mol) while cooling in an ice bath. The reaction mix- 0.15 mol) while cooling in an ice bath. The reaction mix- 
ture was allowed to remain a t  room temperature for 1 h ture was allowed to remain at room temperature for 1 h 
during which time a crystalline mass formed. The solid during which time a crystalline mass formed. The solid 
was washed with petroleun~ ether (30-60"); yield 32 g, was washed with petroleum ether (30-60'); yield 34.8 g, 
95%; m.p. 86-87'; i.r. 1700, 1650 cm-'; n.m.r. (CDCI,) 9 9 z ;  m.p. 56"; n.m.r. (CDCI,) 6 3.35 (s, OCH,'s) 3.75 
6 3.32 (s, OCH,'s) -3.30 (CH,), 4.35 (t, J = 5 Hz, CH), (t, J = 5 Hz, CH,), 4.50 (t, J = 5 Hz, CH), 6.45 (bt, 
6.09 (bt, J = 5.5 Hz, NH), 6.80-7.36 (aromatic H's), 7.95 J = 5 Hz, NH), 7.10-7.45 (m, aromatic H's) 8.80 (bs, 
(bs, NH); mass spectrum 224(3.6), 209(0.5), 193(2.5), N'H). 
119(2.5), 93(17), 75(100). 

2-Anilino-5-methoxy-2-thiazoline ( 13 )  
I-Phenyl-4-imidazolin-2-one (9 )  N'-Phenyl-N-(2,2-dimethoxyethy1)thiourea (12) (3.8 g, 
N'-Phenyl-N-(2,2-dinlethoxyethyl)urea (5 g, 0.22 mol) 0.02 mol) was dissolved in 2 N hydrochloric acid (50 ml) 

was dissolved in 2 N hydrochloric acid (50 ml). After 10 (6). After 10 min at room temperature the solution was 
min at room temperature the solution was made basic made basic with 2 N sodium hydroxide and extracted with 
with 2 N sodium hydroxide and extracted with ether, ether (2 x 100 n~l).  Evaporation of the ether yielded a 
Evaporation of the ether yielded a crystalline solid; yield solid residue which was crystallized from ether-petroleum 
3.5 g, 99%; m.p. 123"; i.r. 1690 cm-l;  n.m.r. (CDC1,) ether(30-60'); yieId3.0 g, 95z(m.p. 140"); i.r. 1650 cm- ' ;  
6 6.32 (d, J = 3 Hz, H-4), 6.44 (d, J = 3 Hz, H-5), 10.9 n.m.r. (C,D,) 6 2.96 (s, OCH,), 3.74 (A), 3.91 (B), 4.92 (X 
(bs, NH), 7.00-7.64 (m, aromatic H's); mass spectrum or ABX, JAB = 13.5 Hz, JA, = 4.5 Hz, J,, = 1.5 Hz), 
160(100), 139(42), 104(36), 77(44), 51(23). 6.62 (bs, NH), 6.85-7.40 (m, aromatic H's). 

ibfolecular Sieve Treatment of N'-Phenyl-hT- 
(2,2-di111etho.uyethyl)~irea ( 8 )  

N'-Phenyl-N-(2,2-dimethoxyethy1)urea (1 g, 0.0044 
mol) was heated under reflux in toluene (25 ml) in the 
presence of molecular sieves 5A (10 g) for 16 h. The mo- 
lecular sieves were removed by filtration and washed with 
an additional portion (10 ml) of toluene. The combined 
filtrates were concentrated in vacuo yielding an oily 
residue. Addition of ether caused precipitation of a solid 
which was recrystallized from ether-hexane to yield 
0.16 g, 23% of 9. 

The mother liquor from the recrystallization of 9 was 
concentrated in vac~io and the residue separated by 
chromatography on silica gel (solvent, hexane-ether 9: 1 ). 

The first fraction yielded compound 10, m.p. 123 "C; 
yield 0.22g, 19%; n.m.r. 6 6.61 (d, J = 3 Hz, H-5), 7.20 
(d, J = 3 Hz, H-4) 7.20-7.64 (m, aromatic H's); 10.9 
(bs, NH); i.r., 1730, 1685 c m ' ;  mass spectrum 279(12), 
160(100), 131(24). 

The second fraction yielded compound 11; m.p. 75"; 
yield 0.26g, 24%; n.m.r. 6 3.44 (s, OCH,'s) 3.84 (d, 
J = 5 Hz, CH,) 4.54 (t, J = 5 Hz, CH), 6.41 (d, J = 3 
Hz, H-4) 6.55 (d, J = 3 Hz, H-5) 7.05-7.70, m, aromatic 
H's; i.r. 1685 cnl-' ; mass spectrum 248(30), 217(15), 
160(20), 75(100). 

When the above reaction was attempted using molecular 
sieve 4A, the starting material was recovered unreacted 
and when molec~~lar sieve 10A was used no starting 
material or products could be recovered. 

Molecular Sieve Trearn7enr of N'-Phenyl-N-(2,2- 
ditrrethoxyethyl) thiouven (12)  

N'-Phenyl-N-(2,2-dimethoxyethyl)thiourea (12) (1 g, 
0.0042 mol) was heated under reflux in toluene (25 ml) in 
the presence of molec~~lar sieves 5A (10 g) for 16 h. The 
molecules sieves were removed by filtration and washed 
with toluene (10 ml). The toluene was removed from the 
combined filtrates by distillation under reduced pressure 
(0.5 torr). The solid which formed was washed with ether 
leaving a crystalline residue of 13, 0.3 g, 36z.  The ether 
washings were subjected to silica gel colilmn chromatog- 
raphy (eluant, hexane-ether 9: I) yielding compound 14; 
0.26 g, 18%; m.p. 103'; i.r. 1620cm-l; n.m.r. (CDCI,) 
6 3.34 ( s ,  OCH,), 4.48 (dd, J = 5 Hz, J = 13 Hz, H-4), 
5.07 (d, J = 5 HZ, H-5), 5.49 (d, J = 13 HZ. H-4). 6.85- 
7.64 (aromatic H's); mass spectrum 208(100), 207(83), 
177(25), 150(10), 132(50), 104(44). 

The financial assistance of the National Research 
Council of Canada is acknowledged. 
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Isomeric Mixture Analysis of Some Ring-opening Reactions of 
Styrene Oxide 

M .  B .  HOCKING 
Drpnrfrnerit ctf Chenlistry, University of Victoria, Victoria, British Columbia VSW 2 Y2 

Received August 20, 1973' 

M. B. HOCKING, Can. J. Chem. 52, 2730 (1974). 
Mixtures of ring-opened and other products of reactions of acetic or benzoic acids, or 

ethanol, or phenol with styrene oxide under various conditions can be qualitatively and quanti- 
tatively analyzed without isolation of the components by the use of n.m.r. This method, in 
the case of the ester products, avoids confi~sing the initial ring-opening result with the results 
observed after subsequent acyl migrations which readily occur in this type of system. 

M. B. HOCKING. Can. J. Chem. 52, 2730 (1974). 
Le melange des produits ouverts et des autres produits de reaction de l'acide acitique ou de 

I'acide benzoi'que ou de ]'ethanol ou des phenols avec I'oxyde de styrene sous diverses con- 
ditions experimentales peut &tre analyse quantitativement et qualitativernent sans isoler les 
produits gr2ce a la r.m.n. Cette methode dans le cas des esters evite de confondre 1e resultat de 
I'ouverture initiale du cycle avec les resultats obtenus apres la migration subsequente du groupe 
acyle qui se produit facile~nent dans ce type de systeme. [Traduit par le journal] 

Introduction 
Synthetic ( 1 ,  2) and kinetic (3) studies of the 

ring-opening reactions of styrene oxide have 
gone a long way towards elucidation of the 
mechanism. The difficulty in studies of this 
type has been the qualitative and quantitative 
analysis of the often complex product mixtures 
obtained (4, 5). Isomer mixtures are frequently 
obtained on the opening of unsymmetrical 
epoxides (e.g. 1 ,  6) and the first-formed isomer 
mixture with carboxylic acids may undergo 
ready acyl migration with heat or  even mildly 
acidic or alkaline conditions, as seen with 
glyceryl part esters (7). Concomitant epoxide 
rearrangements in the presence of acid or  base 
give by-products which complicate ring-opened 
product recovery and analysis (8, 9), and low 
polyrner oils from condensation of two or three 
units of original epoxide (5, 10) also contribute to 
the difficulties. Complicating factors such as 
these confused much of the early work with 
epoxide ring-opening reactions (4, 5). 

We have examined the use of n.m.r. as a tool 
for qualitative and quantitative use in a study of 
some ring-opening reactions of styrene oxide. 
This method appeared to offer simplicity and 
speed of analysis, and also to make possible the 
determination of initial product ratios in the 
presence of extraneous material and prior to  

'Revision received May 2, 1974. 

possible subsequent rearrangements. Not  only 
would success with this procedure permit 
analysis in appropriate systems without isolation 
of the components but it would avoid errors of 
interpretation caused by chemical changes 
introduced by the work-up or derivitization 
techniques themselves. 

Experimental 
Styrene oxide was purchased from Aldrich Chemical 

Company and vacuum redistilled (fraction boiling at 
74.5-75-/I1 mm) immediately prior to use. Preparative 
details are given in Table 1 ,  with footnoted elemental 
analyses by A. B. Gygli and Associates, Toronto, for new 
compounds. Nuclear magnetic resonance spectra were 
obtained on 10x solutions in deuteriochloroform at 
room temperature on Varian A-60 and HA-60 instru- 
ments. Shifts are reported as centers of the respective 
multiplets from internal tetramethylsilane (Table 2). 
Isomer mixtures were identified by n.ni.r. and quantified 
by calculation using integrals of the same groupings of 
each isomer. 

Results and Discussion 
Styrene oxide was chosen as a sample substrate 

for this study because it was an  unsymmetrical 
epoxide expected to give ring-opened products 
with relatively simple n.m.r. resonance patterns 
for the aliphatic protons. And styrene oxide is 
no  different from other epoxides in the ap- 
pearance of conflicting reports on its behavior 
during ring-opening reactions. With acetic acid, 
for instance, Hickinbottom and Hogg (10) claim 
that attack is predominantly a t  the primary 
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HOCKING: RING-OPENING REACTIONS 2733 

TABLE 2. Nuclear magnetic resonance chemical shifts and calculated shift differences for some 1-phenyl-l,2-ethanediol 
derivatives* 
-- -- -- ~ - 

-- - -- 

Proton shifts p.p.111. (6) 6 d i e s t e r - 6 m o n o e s t e r  6 d e i l \ a t i v e - 8 d i o l  
-- -- 

Compound Methine Methylene Methine Methylene Methine Methylene 
-~ . -~ 

1-Phenyl-l,2-ethanediol 4.67 3.56 - - - - 

Acetates 
diacetate 5.97 4.25 - - 1.30 0.69 
sec. mono, 3a 5.92 3.88 0.05 0.37 1.25 0.32 
prim. mono, 4a 4.87 4.18 1 .10 0.07 0.20 0.62 

Benzoates 
dibenzoate 6.41 4.70 - - 1.74 1.14 
sec. mono, 36 5.97 3.68 0 .44 1.02 1.30 0.12 
prim. mono, 46 4.97 4.33 1 .44 0.37 0.30 0.78 

Monoethyl ethers: 
sec., 6a 4.39 3.69 - - -0.28 0.13 
prim., 7n 4.77 3.40 - - 0.10 0.16 
sec. ether, prim. benzoate 4.67 4.45 1.74 0.25 - - 

Monophenyl ethers : 
sec., 6b 5.13 3.78 - - -0.46 -0.22 
sec. ether, prim. benzoate 5.56 4.65 0.85 0.05 - - 

2-Phenyl-2-iodoethanol 5.13 3.91 - - -0.46 -0.35 

Styrene oxide 3.74 2.83 
~ 

*Integration o f  relative peak areas in all cases agreed hi th the assignmerits given. 

carbon to give 2-acetoxy-1-phenylethanol 40, 
whereas others (1 ,  6) claim that the secondary 
carbon is preferentially attacked giving largely 
2-acetoxy-2-phenylethanol3a. The present study 
finds support for the latter claim and provides 
a method which may prove helpful in other 
systems. 

OH OCOCH. 

Nuclear magnetic resonance chemical shifts 
were determined for the methine and the 
methylene protons of, for example, styrene 
glycol, 1, and styrene glycol diacetate, 2. 
Subtracting the shifts of the methine protons of 
the diol 1 from the diester 2, and subtracting 
the methylene protons in the same way, we 
obtained shift differences of 1.30 and 0.69, 
respectively (Table 2). 

For a styrene glycol monoacetate of unknown 
ester orientation, relative integrals establish 
whether a multiplet is arising from the methine 
or  the methylene group. Noting the respective 
shifts and carrying out the same type of opera- 
tion as outlined above but now between the 
monoester 3a and the diester 2, we obtain shift 

OCOR OH 

h R =  PI1 

differences for 3a of 0.05 and 0.37 for the 
methine and the methylene groups, respectively. 
This result immediately suggests that ester 
attachment is on methine. T o  confirm this, 
repeating the procedure, but now between 
monoester 3a and diol 1 we obtained shift 
differences of 1.25 for the methine proton and 
0.32 for the methylene protons, indicating that 
hydroxyl in 3a is on methylene. The evidence 
that both operations on 3a agreed and that 
duplicating the result on 4u gave the opposite 
ester orientation, strongly supported the use 
of the method for this purpose. With benzoate 
esters the method was found to be equally 
suitable. 

With monoethers, where the deshielding effect 
of an aryl or alkyl group was much less different 
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2734 C A N .  .I. CHEM.  VOL. 5 2 ,  1974 

from hydrogen than the deshielding effect of an  
acyl group, the distinction was far less marked 
than with the rnonoesters. But the method still 
gave the correct result, demonstrated by esterific- 
ation of the free hydroxyl and repeating the 
calculations based on ester differences. Since 
the ethers obtained by epoxide opening are 
much less prone to disproportion, even if ester 
preparation is necessary to distinguish ether 
orientation in particular case, it does not 
seriously detract from the usefulness of the 
method. 

The method may be used to silnultaneously 
determine each component (mol?) of mixtures 
of acetic acid, styrene oxide, and the two 
monoesters because the respective multiplets are 
well separated. And in ester systems a t  least, 
the side reactions of styrene oxide leading to 
phenylacetaldehyde or polymeric products 5 
can again be separated from the desired results 

because the deshielding effects of aldehyde and 
ether functions differ sufficiently from the 
compounds of interest. 

Reacting styrene oxide with acetic acid a t  
room temperature gave mixtures of the two 
monoacetates 3a and 4a (Table I), in accordance 
with that found earlier by Berti et al. (1) and 
Cohen et al. ( 6 ) ,  and not 2-acetoxy-1-phenyl- 
ethanol (10). At about +3' only 2-acetoxy- 
2-phenylethanol l a  was obtained, the first time 
this has been demonstrated and vindicating 
suggestions by others (1, 6). 

Reacting I -phenyl- l,2-ethanediol with acetyl 
chloride yielded 2-acetoxy-I-phenylethanol con- 
taminated with only about 5% of the other 
isomer (Table 1). Distillation only decreascd the 
proportion of 2-acetoxy-l-phenylkthanol present 
to 70%, and further heating established that the 
equilibrium lay a t  near a 50: 50 mixture. 

At elevated temperatures, benzoic acid plus 
styrene oxide gave a mixture (about 7 0 x  
primary, 2b) of monobenzoate esters, not 
significantly changed by reaction a t  room 
temperature (cf. 1). Pure 2-benzoyloxy-1-phenyl- 
ethanol was obtained directly via I-phenyl-1, 
2-ethanediol and benzoyl chloride (Table 2) but 
attempts to  obtain 2-benzoyloxy-2-phenyl- 
ethanol in pure form through silver benzoate 
plus 2-phenyl-2-iodoethanoi or  by fractional 

crystallization of the potassium xanthate salts of 
the mixed monoesters were unsuccessful. 

The monoether 2-ethoxy-2-phenylethanol 60, 
was isolated pure as a co-product. This finding 
supports the two earlier reports by Chapman 
et al. (3) and Winstein and Ingraham (15) 
claiming purely secondary ether formation on 
strong acid catalyzed ring opening of styrene 
oxide with methanol and does not correspond 
with Reeve and Christoffel's (16) finding that 
mixtures resulted. In the absence of benzoic 
acid 60% 2-ethoxy-2-phenylethanol 6a was 
formed. 
Ph-CH-CH2 + ROH + 

\ / 

h R = P h  

With phenol in boiling benzene 100% attack 
at  the secondary carbon of styrene oxide was 
obtained, near the 9 0 z  66 that was found by 
Cuss (17) for this reaction. The initial product, 
2-phenoxy-2-phenylethanol66, was not prone to 
rearrangement. 

The halogen acid ring-opened styrene oxide, 
which had been previously characterized ( 1  1) 
as 2-phenyl-2-iodoethanol, was also found to 
fit the assignment scheme quite well. 

The author thanks the National Research Council of 
Canada for partial financial support. 
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Synthetic Morphinans and Hasubanans. 11. On the Mechanism of Acid-catalyzed 
Transformations of 17-(N-Phenylthioamido)-3-methoxy-A8~14-morphinan 
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Bri~tol Lubot,rrtories of  Catzndn, 100 Ir?c/ristrial Blvd., Ctrtzdiac, Quebec J5R 1J1 
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MICHEL SAUCIER and Ivo MONKOVIC. Can. J. Cheni. 52, 2736 (1974). 
The acid-catalyzed rearrangement of 3-methoxy-l7-(N-phenylthioarnido)-A8~'4-morphinal~ 

(1) to 3-methoxy-17-(~V-phenylthioamido)-Ay~0-hasubanan (2), and acid-catalyzed cyclization 
of 2 to thiazinohasubanan (3) are described. Both transformations are discussed in terms of 
intramolecular ?.I. intermolec~~lar hydride (proton) transfers. The reduction of 3 afforded 3- 
methoxy-log-thiohasubanan (4), which was further hydrogenolized to 3-methoxy-hasubanan 
(5). 

MICHEL SAUCIER et Ivo M O N K O V I ~ .  Can. J .  Chem. 52, 2736 (1974). 
On decrit le rearrangement par catalyse acide du methoxy-3 (AT-phenylt!~ioamido)-17 

Ae,"-morphinane 1 en methoxy-3 (N-pheny1thioarnido)-17 Ay,'O-hasubanane 2, et de la 
cyclisation par catalyse acide de 2 en thiazinohasubanane 3. On discute de ces deux trans- 
formations en termes de transferts d'hydrure (proton): transfert intramolecu!aire compare a 
Lln transfert interrnoleculaire. La reduction de 3 conduit au lnethoxy-3 thio-log hasubanane 4 
qui donne par hydrogenation le methoxy-3 hasubanane 5 .  [Traduit par le journal] 

Introduction 
In the course of our studies of long acting and 

orally effective "pure" narcotic antagonists 
and nonaddicting analgesics (I), we have 
attempted the synthesis of 14-thiomorphinan 
derivative I via acid-catalyzed cyclization of 
N-thi~amido-A~~'~-mor~hinan I1 to the corre- 
sponding thiazolinomorphinan I11 (Scheme 1) .  

Cyclizations of this type are well documented in 
the literature; the N-allyl- and substituted N- 
allylamides, -urethanes, -ureas, and -thioureas 
were cyclized in sulfuric acid to the corre- 

sponding oxazolines and thiazolines, respectively 
(2) (Scheme 2). When Z was a carbonium ion 
stabilizing substituent such as aryl, the alterna- 
tive six-membered heterocycle was obtained (3). 
Accordingly, it was expected that the acid- 
catalyzed cyclization of thioureidomorphinan 1 
(Scheme 3) would afford 111 (Scheme 1, R = 
Phenyl). 

In contrast we obtained thioureidohasubanan 
2 and/or corresponding thiazinohasubanan 3 
(X = H), which was found to be a convenient 
starting material for the preparation of 
hasubanan and log-thiohasubanan derivatives 
(steroid notation), required for structure--activity 
relationship studies. 

Sulfuric acid-d,-catalyzed rearrangement of 1 
to 2 and deuterium chloride-catalyzed trans- 
formations of 1 and 2 to 3 enabled us to follow 
incorporation of deuterium into the hasubanan 
skeleton and in turn to make interesting me- 
chanistic observations. 

X = 0, S; Y = H, Alkyl, 0-Alkyl, 0-Aryl, 
lFor  Part I see ref. 1. NH,, NH-Ary!; Z = H, Alkyl, Aryl 
'To whom correspondence regarding this paper should 

be addressed. SCHEME 2 
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Results 
The reaction of 3-methoxy-~~~'~-morphinan 

(1) with phenyl isothiocyanate afforded the 
starting material, thioamidomorphinan 1. Treat- 
ment of 1 with concentrated sulfuric acid a t  
room temperature afforded a mixture of 
thioureidohasubanan 2 (68%) and thiazino- 
hasubanan 3 (8 '3) .  The latter was obtained 
exclusively upon treatment of either 1 or  2 with 
boiling concentrated hydrochloric acid (67.5 and 
69",, respectively), thus establishing inter- 
mediacy of 2 in the transformation of 1 to  3. 
The thiazinohasubanan 3 was reduced with 
lithium aluminum hydride to the 10P-thio- 
hasubanan 4, which in turn was desulfurized by 
treatment with Raney nickel to afford hasubanan 
5, a suitable intermediate for the synthesis of 

various N-substituted 3-hydroxyhasubanans. The 
reductive alkylation of 5 (Raney Ni, H,, CH,O) 
afforded the hasubanan 8. 

Alternatively 8 was obtained via the following 
series of reactions: treatment of 3 with methyl 
iodide afforded quaternary salt 6 .  This was 
reduced with lithium aluminum hydride to the 
10P-thiohasubanan 7, which in turn was hydro- 
genolized with Raney nickel to afford 8. The 
reaction of 8 with methyl iodide gave quaternary 
salt 9 and treatment of this with potassium hy- 
droxide in boiling 1-butanol (Hofmann elimina- 
tion conditions) afforded aminohexahydrophen- 
anthrene 10, which was identical to the sample 
obtained by reductive methylation (Raney Ni, 
H,, CH,O) of the aminohexahydrophenanthrene 
11 (1). 
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The sulfuric acid-d,-catalyzed rearrangement 
of 1 to 2 led to  the exchange of two aromatic 
protons as determined by n.m.r. spectroscopy. 
The extent of incorporation of unexchangeable 
deuterium was determined by mass spectrometry 
after cyclization of the above sample of 2 with 
hydrochloric acid to 3 and it was found to be in 
average of 0.74 atom/mol. However, 4 8 x  of 
3 did not have any deuterium incorporated, 
whereas 1 3 z  had two and 1% three deuterium 
atoms, respectively. 

The transformations of 2 to 3 and 1 to 3 ,  
effected with deuterium chloride led, in addition, 
to the exchange of two aromatic protons to the 
stereospecific incorporation of one deuterium 
atom at C-9P site and, in the case of latter, to the 
additional incorporation of approximately 1 5 7  
deuterium at C-9% site. The extent and the 
stereochemistry of incorporated deuterium were 
determined by n.m.r. spectroscopy and by 
chemical degradation. The transformation of 
doublets of doublets a t  6 4.04, 2.90, and 2.25 
(Table 1 ,  compound 3)  t o  doublets a t  6 4.02 
and 2.98 (compound 3a), each of which integrates 
for one proton when cyclization of 2 to 3 was 
effected with deuterium chloride. shows a 
specific incorporation of one deuterium atom. A 
singlet a t  6 4.01 in addition to  the doublet a t  
6 4.02 exhibited by the spectrum of compound 36 
indicates incorporation of some 9%-deuterium 
(= 1 5 9 ) .  The fact that the proton with lower 
chemical shift (6 2.25) is absent from the spec- 
trum of 3a and 36 suggests its axial stereo- 
chemistry with respect to the dihydrothiazine 
ring (4). In order to confirm this stereochemical 
assignment, we have transformed 3 (X = D )  via 
6, 7, 8, and 9 to 10, which completely retained 
the original C-9 deuterium, as shown in Table 
2. Although in the last step cis elimination 
under certain conditions could account to some 
extent for product formation it would not be 
expected to be the exclusive mode of elimina- 
t i ~ n . ~  Therefore, the combined spectroscopic and 

3 0 n  this subject see ref. 5 

chemical evidence can be considered as a 
sufficient proof for the 0-stereochernistry of C-9 
deuterium. 

Discussion 
Solvolytic rearrangements of 14-bromoco- 

deine to 9-substituted indolinocodeine deriva- 
tives were postulated to take place via 
aziridinium intermediate IV (6, 7) (Scheme 4). 
The analogous intermediate was also postulated 
in the rearrangement of 9-substituted indolino- 
codeine series to morphine series (8). The 
intermediacy of aziridinium ion was proven by 
the isolation of aziridinium salt V upon silver 
perchlorate treatment of 7P-iodoneopine di- 
methyl acetal and 14-bromocodeine dimethyl 
acetal (9), and by isolation of aziridinium hydro- 
bromide VI as an intermediate in the solvolytic 
rearrangement of 9x-bromo-3-methoxyhasu- 
banan hydrobromide to the 3 - m e t h o ~ y - A ~ . ' ~ -  
morphinan (I). 

Similarly, in the rearrangement of 1 to 2 
we considered as possible intermediates aziridium 
ion l c  and carbonium ion Id (Scheme 5) both 
of which could be derived from cation l a .  We 
assumed that the protonation of 1 to give l a  
is the first step in the interaction of 1 with acid 
media on the basis of previous studies (2). 
Protonation of the thioureido function at the 
sulfur rather than at one of the nitrogen atoms 
is expected (10). Thus protonation of la  a t  
C-8 could lead to the dications l b  or l c  both 
of which could be subject to a concerted re- 
arrangement to 2. This process would be 
expected to lead to the incorporation of a t  
least one deuterium atom at  C-8, and possibly 
in excess of one via the equilibrium between 
l a  and 16 or l c ,  respectively, when rearrange- 
ment is effected with sulfuric acid-d,. The fact 
that maximum 52% of the 2 could have specifi- 
cally incorporated one deuterium at  C-8 as 
determined by mass spectrometry indicates 
existence of alternative pathway or pathways 
accounting for the remaining 48% of the 
product. We suggest intramolecular hydride 
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path a pdth h 

SCHEME 6 

shift (1 1, 12) (C-lOu to C - 8 ~ )  via the transition (path 6). If protonation of the thioureido group 
state Id or 1,2-hydride shift (C-lOa to C-9%) is again assumed to be the first step in the 
followed by 1,3-proton transfer as shown by l e .  interaction of substrate with acid media, then 
The initial hydride shift, with considerable the thiouronium cation can be expected to 
C-N bond breaking seems to us inore ac- inhibit external P-protonation (path b) both by 
ceptable than initial protonation at C-8, since its charge and by its steric hindrance. On the 
the former would be assisted by electron- other hand a concerted addition of the thio- 
donating p-methoxyphenyl function, while the uronic acid across the double bond (path a) 
latter would require electron donating participa- appears to be a reasonable mechanism not only 
tion of positively charged thioureido-function. for the cyclization of 2 to 3 but also for cycliza- 
The incorporation of deuterium at C-8 could tion of other substrates such as those studied by 
occur after initial hydride shift either directly, McManus and his co-workers (2, 3). In general, 
or indirectly via deprotonation and reprotona- protonation of the heteroatomic function is 
tion at C-9. expected to precede that of the double bond and 

In conclusion, we suggest that rearrangement thus if anything to increase the activation energy 
of 1 to 2 proceeds via two or more competing for the latter process. This accounts for the lack 
pathways, involving initial C-lOu hydride shift, of a neighboring group participation effect, 
although initial C-8 protonation at least in part which was observed by McManus et al. and 
cannot be ruled out. on the basis of which they proposed a two-step 

The stereospecific incorporation of deuterium mechanism involving discrete carbonium ion 
at  C-9P in the course of deuterium chloride- intermediate (2). In the second step according to 
catalyzed cyclization of 2 to 3 could in principle our mechanism (path a) the protonated species 
occur either by intramolecular proton transfer adds across the double bond, as shown by 
(path a, Scheme 6) or by external protonation specific incorporation of only one deuterium 
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when deuterium labeling was used. The non- 
random incorporation of - 15% in excess of 
one deuterium at C-9 (Table 1, 3b), when 
transformation of 1 to 3 was affected with 
deuterium chloride is consistent with the already 
mentioned observation of multi-deuterated 
species in mass spectrum of 3. 

A significant increase in the reactivity of 
methylallyl cs. ally1 derivatives (2) is in harmony 
with the intramolecular addition mechanism. If 
intramolecular addition is not favored for steric 
or electronic reasons, or if other more favorable 
reaction pathways are available, the rearrange- 
ment may take place such as that of 1 to 2 
(Scheme 3) or VII to VIII (Scheme 7) (13). 

In the absence of other pathways the protona- 
tion of the double bond may take place under 
more drastic conditions. It is also conceivable 
that in some cases the cyclization may take 
place concurrently with the formation of the 
dication. If such would be the case, the cycliza- 
tion would be expected again to take place 
intramolecularly via the monocation, although 
incorporation of more than one deuterium 
should be observed, when catalysis is performed 
with deuterio acids as shown in Scheme 8. 

So far we have discussed the acid-catalyzed 
cyclizations of protonated N-allylamides and 

I 

X-D 

\ H D D 

I 
"+Y + I A,, I xi 4,. f\' X 

H H D D 

related systems in terms of a one-step intra- 
molecular addition processes. However, a 
two-step process such as proton transfer from 
one hetero atom to another prior to the cycliza- 
tion, or participation of the nitrogen to form 
unstable aziridinium or azetidinium cations 
which would rearrange under the given reaction 
conditions to the observed products is also 
conceivable. If existent, these processes should 
also involve intramolecular (hetero atom to 
carbon) proton transfers. 

Experimental 
The melting points were determined in a Gallenkamp 

melting point apparatus and are not corrected. The i.r. 
spectra were recorded on a Unicam Sp-200G grating i.r. 
spectrometer. The n.m.r. spectra were recorded on a 
Varian A-60A spectrometer using deuteriochloroform as 
solvent. The chemical shifts are expressed in 6 values 
 s sing tetramethylsilane as internal reference. Mass 
spectra were determined by the direct sample introduc- 
tion technique on a LKR 9000 instrument at 20 eV 
chamber voltage and 100" chamber temperature. Micro- 
analyses were performed by Micro-Tech Laboratories 
Inc., Skokie, Ill. The acids used were 96-98% reagent 
grade sulfuric acid, 99% sulfuric acid-rl,, hydrochloric 
acid, 36.5-38% reagent grade, and deuterium chloride 
38% in D 2 0  (99% D). 

17- (N-P/ienylthioa1?1icloj-3-rr1ethoxy-A~~~ 4-nzorphitzar~ ( I )  
T o  a solution of 3-metho~y-A*~'~-rnorphinan (1) (2 g) 

in ether (10 ml) was added a solution of phenyl isothio- 
cyanate (0.91 g) in ether (10 ml) and the mixture was 
heated to reflux for 15 min. Then the ether was evaporated, 
and the residual solid was recrystallized from methanol 
t o  afford thioureidomorphinan I (2.9 g, 97x1, m.p. 
155-157'; n.m.r. S 5.72 ( lH ,  t, .J = 3.5 Hz, 8-H). 

Anal. Calcd. for C2,H2,N2OS: C, 73.80; H, 6.71; N, 
7.17. Found: C, 73.94; H, 6.91; N, 7.23. 

1 7-(IV-Phenylthioamidoj -3-metlzoxy-A9.'O-ha.~ubanan (2) 
and Corresponding Tl~iazirzohasubanan (3) 

The thioamidomorphinan 1 (2 g) was added to sulfuric 
acid (5 ml) under nitrogen atmosphere and stirred for 
15 min. Then the deep red solution was poured over ice, 
carefully neutralized with ammonium hydroxide, and 
extracted with chloroform. After drying, the solvent was 
evaporated and the residue was dissolved in boiling 
benzene, filtered, and upon cooling the solid was removed 
by filtration to afford thioamidohasubanan 2 (0.96 g), 
m.p. 165-166". Another 0.44 g was obtained from mother 
liquors by chromatography on a silica gel column 
(20 g; activity V; eluent, dichloromethane) for a total 
of 1 .4g (68%); n.m.r. 6 6.73 ( lH,  d, J = 9 Hz, 10-H), 
6.2 ( lH,  d, J = 9 HZ, 9-H) 3.75 (3H, S ,  0-CH,), 
3.5 (2H, m, 16-H) 1.0-2.0 (8H). 

Anal. Calcd. for C24H26N20S:  C, 73.80; H,  6.71; N, 
7.17.Found: C,73.50;H,6.74;N,7.02.  

Further elution of the column afforded thiazino- 
hasubanan 3 (160 mg, 873, m.p. 205-207' (from meth- 
anol); molecular ions 390 (loo%), 391 (28%), 392 (8.673, 
and 393 (1.7%). 
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Anal. Calcd. for C24H26NzOS: C, 73.80; H, 6.71; N, 
7.17. Found: C, 73.73; H, 6.68; N, 7.16. 

Alternatively 3 was obtained from 1 in the following 
manner. A suspension of 1 (7.7 g) in concentrated hydro- 
chloric acid (30 ml) was heated to reflux under a nitrogen 
atmosphere for 2 h. After cooling, the solution was 
poured over ice and neutralized with ammoni~lm 
hydroxide. The crude 3 was extracted with chloroform, 
dried, and the solvent was evaporated. The residue was 
recrystallized from hot methanol to afford 3 (5.02 g, 
67.5%); m.p. 205-207'. 

Similarly 3 was obtained in 69% yield by treatment of 
thioamidoniorphinan 2 with refluxing concentrated 
hydrochloric acid for 30 min and isolation as described 
above. 

The mass spectrum of 3, which was obtained by rear- 
rangement of 1 to 2 with sulfuric acid-d2 and cyclization 
of this 2 to 3 with hydrochloric acid showed the following 
distribution of deuterium: do, 48, d l  33, d, 13, and d, 1% 
with total average of 74% atom,'mol. 

3-Merhoxy-1 OD-rhiol~asubanan ( 4 )  
To  a hot solution of LiAlH, (i00 mg) in dioxane 

(10mI) was added dropwise a solution of thiazino- 
hasubanan 3 (1 .O g) in dioxane (10 ml) and the mixture 
was heated to reflux for 16 h. After cooling, it was diluted 
with benzene (50ml) and the excess of hydride was 
decomposed ivith saturated aqueo~rs solution of am- 
monium chloride. The inorganic material was removed 
by filtration and the filtrate was dried (Na,S04) and 
concentrated in Lsacrru. The residue was crystallized 
from ether - petro le~~m ether to afford thiohasubanan 4 
(630 mg, 80%) as a solid, containing 1 mol of water of 
crystallization; m.p. 96-99.; i.r. (CHCI,) 2500, 3230, 
3450cn1-I: n.m.r.6 7.5(1H, d, J = 9.5 Hz, I-H), 6.8-7.0 
(2H, m, 2-H and 4-H), 4.4 (IH, t, J = 6 Hz, 10-H), 
3.85 (3H, s, 0-CH,), 2.9-3.3 (2H, m) 2.0-2.4 (4H, m), 
1.2-2.0 (XH, n1). 

Anal. Calcd. for C17H2,NOS.HZO: C, 66.41; H, 8.19; 
N, 4.55. Found: C, 66.23; H, 7.93; N, 4.70. 

When drying of the analytical sample was performed 
at above loo-, the water of crystallization was removed as 
indicated by analysis. 

Anal. Calcd. for C,,H,,NOS: C ,  70.54; H,  8.00; N ,  
4.83; S, 11.09. Found: C, 70.29; H, 7.97; N ,  4.91; S, 
11.15. 

3-Methoxyl~usubat~at~ ( 5 )  
To  a solution of thiohasubanan 4 ( 1  80 mg) in methanol 

(5 nil) was added Raney nickel (s 100 mg) and the 
mixture was heated to reflux for 1 h. The catalyst was then 
removed by filtration, the filtrate was concentrated it1 
racuo, and the residue (crude 5, 150 mg, 9773) was 
purified as hydrochloride salt, by recrystallization from 
methanol-ether; m.p. 263- (dec.); i.r. (neat) 3340 c m ' ;  
n.m.r. 6 6.5-7.1 (3H, m), 3.73 (3H, s, OCH,), 2.5-3.7 
(3H, m), 1.1-2.3 (12H, m). 

Anal. Calcd. for C,,H2,NO-HCI: C, 69.48; H, 8.23; 
N, 4.76. Found: C, 69.29; H, 8.34; N, 4.50. 

Thiazit~ohasubanan ~tlethiodide (6 )  
T o  a solution of thiazinohasubanan 3 (4.0g) In 

acetonitrile-dichloromethane 2 : 1 mixture (20 ml) was 
added methyl iodide (3 g) and the mixture was left a t  
room temperature for 20 h. The solvent was then 

evaporated to afford methiodide 6 (5.0 g, 92%). The 
analytical sample was recrystallized from dichloro- 
methane-ether; m.p. 214" (dec.). 

Anal. Calcd. for C24H26NOS.CH,I: C, 56.38; H, 
5.48; N, 5.26. Found: C, 56.24; H, 5.53; N, 5.30. 

3-Methoxy-I 7-methyl- 1013-thiokas~~banan (7) 
T o  a suspension of methiodide 6 (2.7 g) in dioxane 

(30 ml) was added LiAIH, (0.5 g) and the mixture was 
heated to reflux for 16 h. After cooling, benzene was added 
(501111) and the excess hydride was decomposed with 
saturated aqueous solution of ammoni~im chloride. 
The inorganic material was removed by filtration and the 
filtrate was concentrated in cacuo. The residue (1.5 g) 
was chromatographed on alumina (activity Ill-1V; 
eluent, dichloromethane) and the second fraction was 
collected to afford thiohasubanan 7 (0.91 g, 60.5%) as 
an oil; i.r. (neat) 2490 c m l .  

Anal. Calcd. for ClsHZ5NOS.HCI: C, 63.59; H, 7.70; 
N, 4.12; S, 9.43. Found: C, 63.70; H, 7.90; N, 4.01; S, 
9.40. 

3-.Wethoxy-/7-n1ethylhasubannrz ( 8 )  
T o  a solution of thiohasubanan 7 (300 mg) in methanol 

(15 ml) was added Raney nickel (2 300n1g) and the 
mixture was heated to reflux for 1 h. The catalyst was then 
removed by filtration and the filtrate concentrated in rac1ro 
to afford racemic 8 as an oil in a quantitative yield. The 
I-isomer has been prepared from natural sources and 
reported recently (14). The analytical sample was purified 
as hydrochloride salt from ethanol: m.p. 258-262" (dec.). 

Anal. Calcd. for Cl8H2,NO.HC1: C, 70.22; H, 8.51; 
N,4.55. Found:C,  70.28; H,8 .60;  N,4.60. 

Alternatively 8 was prepared from 5 in the following 
procedure. A solution of 3-methoxyhasubanan 5 (90 mg) 
and formaldehyde (40 mg of 35% aqueous solution) in 
methanol (5 ml) was hydrogenated with Raney nickel 
as catalyst at  50p.s.i. for 15 min. The catalyst was 
removed by filtration and the filtrate was concentrated 
in cacuo to afford 8 (80 mg, 84%). 

3-12.lefhoxy-J7-tnefhyllrasubnnan Methiodide ( 9 )  
A solution of 3-methoxy-17-methylhasubanan 8 

(0.50 g) and methyl iodide (2.0 g) in acetonitrile (20 ml) 
was kept at  room temperature for 7 days. The solvent was 
then evaporated, and the residue was crystallized from 
methanol-ether to afford methiodide 9 (0.676 g, 88%); 
m.p. 194-195 . 

Anal. Calcd. for Cl8HZ5NO.CH31: C, 55.20; H ,  
6.82; N, 3.38. Found: C, 55.09; H, 6.84; N, 3.34. 

4a-(2-Dirr1etl1ylat11inoetI1y/) -1,2,3,4,4a,9-hexahydro-6- 
nlethoxyplrenanthrene (10 )  

To a suspension of methiodide 9 (0.l lOg) in I- 
butanol (5 ml) was added potassium hydroxide (0.50 g) 
and the mixture was heated to reflux for 16 h. After 
cooling, it was poured into water, extracted with ether, 
and after drying (K,CO,) concentrated in vacuo to 
afford 10 (55 mg, 71.5x) as an oil. The hydrochloride 
salt was recrystallized from ethanol-ether; m.p. 228-230'. 

Anal. Calcd. for C,,H,,NO.HCl: C, 70.89; H, 8.76; 
N, 4.35. Found: C, 70.50; H,  8.85: N, 4.29. 

The same product was obtained in 80% yield by 
reductive alkylation of 4a-(2-aminoethyl)-l,2,3,4,4a,9- 
hexahydro-6-methoxyphenanthrcnc (11) (1)  in a similar 
procedure as given for the preparation of 8 from 5. 
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Systkmes aromatiques a 10 electrons TC derives de l'aza-3a-pentalene. XI. Etude 
par resonance magnetique nucleaire de I'imidazo [1,2-b] pyrazole et du 

pyrazolo [1 ,5-a] benzimidazole 
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JOSE ELGUERO, ALAIN FRUCHIER, LEIF KNUTSSON, R t N i  LAZARO et JAP\ SANDSTROM. Can. J. 
Chem. 52, 2744 (1974). 

L'Ctude r.m.n, a perinis de determiner la tautomerie annulaire et I'isoinCrie de position du 
derive acetyle de deux systemes hCttroaromatiques [5,5]: dans tous les cas c'est le praduit subs- 
titue (par H ou COCH,) sur l'atorne d'azote imidazolique qui est le plus stable. On a mis egale- 
nient en evidence des couplages peu courants avec le NH dans les produits non substitues sur 
I'azote et des barrieres anormalement elevees dans les azolides, ce qui a conduit a eniettre I'hypo- 
these d'une diminution de l'arornaticite de la partie imidazolique. 

Josi ELGUERO, ALAIN FRUCHIER, LEIF K N U T S S O ~ ,  R E N ~  LAZARO, and JAI\ SA~DSTROM. Can. 
J.  Chem. 52, 2744 (1974). 

Nuclear magnetic resonance spectroscopy has allowed us to determine the annular tautomer- 
ism in two [5,5]-heteroaromatic systems and the position of the acetyl group in their acetyl 
derivatives. In each case, the more stable compound is the one in which the imidazolic nitrogen 
atom is bearing H or COCH,. We have also found unusual couplings with the N-H in the 
N-unsubstituted conlpounds and abnormally high barriers for the azolides. These observations 
agree well with the hypothesis of a decrease in the aromaticity of the imidazolic part. 

Introduction 
Le but de ces recherches sur des systemes a 

10 Clectronc n dtrivts de I'aza-3a-pentalkne 
(1, 2) est d'examiner si la jonction de deux cycles 
pentagonaux plans, avec les tensions que cela 
entraine, conserve ?i ces noyaux le caractthe 
aromatique qu'ont les syst6mes bicycliques 
[5,6] et [6,6]. L'ttude r.m.n. de deux dtrivts de 
I'imidazo[l,2-blpyrazole, 1 et 2, et de deux 
dtrivts du pyrazolo[l,5-albenzimidazole, 3 et 4, 
a conduit B des rtsultats concernant des cou- 
plages avec le NH, produits 1 et 3, et des bar- 
riires a la rotation, produits 2 et 4, qui s'inter- 
pretent en fonction du caractire peu aromatique 
de ces bicycles [5,5]. 

Nous avons adopte pour ces noyaux un 
systime de numerotation non conventionnel 
afin de rendre la discussion plus claire et leur 
comparaison plus commode. 

'Adresse actuelle: Department of Organic Chemistry, 
University of UmeZ, Sweden. 

R 

5 N-N 
4 'R 

Partie exphrimentale 
Les spectres ont e t t  enregistrks en balayage de fre- 

quence sur des appareils Varian HA-100 (Montpellier) 
et XL-100 (Lund). Les deplacements chimiques sont 
exprimes en p.p.m. par rapport au TMS utilise comme 
reference interne, et les constantes de couplage en Hz. 

Les constantes de vitesse de rotation du groupe acetyle 
dans 2a, 12 et 13 ont ete dtterminees par comparaison 
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visuelle entre les spectres experimentaux des protoils 
COCH,, 12, ou HZ, 2a et 13, et les spectres calcules au 
inoyen de I'expression de McConnell (3) programmee 
pour un ca!culateur Hewlett-Packard 9820-A avec traceur 
de courbes. Les spectres sont enregistres a plusieurs 
temperatures et les energies libres d'activation AG* sont 
calculees par I'equation d'Eyring et collaborateurs (4). 
Les valeurs de AG' ne varient pas systtrnatiquement avec 
la temperature et les entropies d'activation A S *  sont 
probablement proches de zero. 

La temperature est mesuree par un thermocouple fixe 
dans la sonde juste au dessus de la bobine. La difference 
de temperature entre cette position et celle de I'echan- 
tillon a ete calibree au moyen d'un deuxieme thermo- 
couple situt dans un tube de r.m.n. a la hauteur de la 
bobine. 

On a utilise les unites SI pour les donnees thermo- 
dynamiques, ainsi AG* est donne en kJ mol-I. 

RCsultats et discussion 
A cause de  son insolubilite dans le CDCI,, 

nous avons dQ Ctudier le composC 1 dans le 
DMSO-d,. A la concentration de 1 mol I - ' ,  le 
spectre (fig. l a )  est de  premier ordre et prCsente 
peu de couplages. On y trouve (tableau 1) le 
signal du NH, celui du mtthyle et le systkme 
AMX des protons Hz,  H j  et H,. O n  note 
I'existence d'un couplage "cross-ring" J,, 
analogue a celui rencontrk dans l'indolizine ( 5 )  
et plus genkralement dans tous les systkmes 

C* ti. :vun 
DMSO 

bicycliques aromatiques. L'absence de couplage 
mesurable entre H z  et le groupe mtthyle en 3, 
JZ3 ,  est en faveur de la structure tautom6re l a ;  
en effet dans la strie du pyrazole (6) le couplage 
J,, est inobservable dans les mtthyl-3 pyrazoles 
N-substitues 5, tandis que le couplage J,j est 
tres net dans les isonitres mtthyl-5 6 .  Un cou- 
plage analogue a ce dernier a CtC dtcrit recern- 
ment entre le mtthyle en 6 et le proton en 5 du  
methyl-6 imidazo[2,1-blthiazole 7 (7). 

hCH3 & H3Cy~,xsl 
,N-N N-N, 

R R H5 

A la concentration de 0.5 mol 1 '  et dans le 
mEme solvant, on voit apparaitre des couplages 
entre les protons H, et H, d'une part et le proton 
du N-H d'autre part (fig. I b),' ce qui demontre 
sans ambigiiitt qu'il s'agit du tautomere l a  ( 1 ) .  
Seuls le pyrrole (8) et l'indole (9) prtsentent des 
couplages analogues: il faut admettre ici. conime 
pour ces derniers, une vitesse d'echange pro- 
tonique Iente. Ce dernier point est confirm6 par 
le spectre dans l'acide trifluoroactt~que (TFA) 
dans lequel les mEmes couplages avec le N-H en 
position 1 sont visibles, alors qu'aucun n'ap- 
parait avec le second N-H en position 4 dont la 
vitesse d'tchange est normale. Dans ce solvant, 
le mtthyle en 3 est couple avec le proton H,; 
ceci est surprenant car on ne trouve pas de 
couplage semblable dans les cations pyrazoliums 
(10). On peut attribuer cette difference de coni- 
portement a la presence d'un atome d'azote en 
position 1 qui permet d'icrire une forme de 
resonance 8a' ayant une double liaison en 
position 2-3 : 

Le dtrivt  acCtyle 2 prtsente dans le DMSO un 
spectre analogue a celui du compose l a  dans le 
mEme solvant et a la m@me concentration de 
1 mol I-'. T I  apparait seulement, en p!us, des 

I I 
7 4, 7 20 1 0 e  

FIG. 1. Le spectre du compose 1 dans le DMSO-d6: 
(u )  a la concentration de 1 mol I-'; (b) a la concentration 
de 0.5 mol I-'. 

ZCet effet de la concentration met en evidence le 
caractere intermoleculaire de ces echanges protoniques; 
vraisemblablement c'est le doublet de l'atome d'azote 
N, qui est I'accepteur du proton. 
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TABLEAU 1. Deplacements chlmlques et constantes de couplage des 1m1dazo[l,2-b]pyrazoles. Sauf 
~ n d ~ c a t ~ o n  contralre la temperature est de 300 K et la concentration de 1 mol I - '  

-- -- - 
-- 

2a 

l a  CDC13t 

DMSO-ds DMSO-d6* TFA DMSO-d6 CDC13 E Z 

'Concentration 0.5 mol 1 -'. 
tTempbrature 253 K. 
:Valeurs non mesurables. 

couplages faibles entre le mCthyle et les protons 
H, et H,. Le couplage J,,, non mesurable, est 
prouve par l'affinement du signal de H, lors de 
l'irradiation de celui du mCthyle. Nous avons 
attribuC a ce produit la structure acCtyl-l 2a pour 
justifier le trks net dtplacement vers les plus 
hautes frkquences des signaux des protons H, et 
H, quand on passe du produit N-H l a  au dtrivC 
N-acCtylC (tableau 1). 

Dans le CDCI, et a la concentration de 1 mol 
I-', le produit prCsente des signaux Clargis, en 
particulier celui de H, (tempkrature de la sonde: 
300 K), qui s'affinent en chauffant: cela est dil a 
la rotation lente du groupe acetyle (voir plus 
loin). A 253 K on observe la superposition de 
deux spectres provenant du mClange de deux 
rotameres 2aE et 2aZ: nous avons attribuC (1 1- 
13) au rotamkre 2aZ ( 3 5 7 3  le proton H, le plus 
dtblindk, celui qui rCsonne 6.10 p.p.m. Les 
autres signaux ont it6 attribuCs en tenant compte 
de leur intensitt et aussi grdce a des expCriences 
de double risonance. Les diplacements chimi- 
ques ont CtC trks peu influencCs par la variation 
de tempkrature; en effet, le centre ponder6 des 
signaux B 253 K coincide presque avec I'em- 
placement des signaux a 300 K. 

I 

N-N N-N 

Le produit 3 prCsente dans le DMSO un 
spectre (fig. 2) composC du signal de H, et du 
mCthyle, non couplCs, d'une partie complexe 
correspondant aux quatre protons du noyau 
benzinique et enfin le signal du N-H vers 11.4 
p.p.m. Comme dans le cas prickdent le fait que 
J,, soit nulle est en faveur du tautomkre 3a (2). 
Nous avons effectuC, au moyen du programme 
LAOCN 3 (14), l'analyse du systkme a quatre 
spins des protons H,, H,, H,  et HI,. Les 
diplacements chimiques et les constantes de 
couplage sont donnes dans le tableau 2. L'attri- 
bution des signaux a CtC baste sur le fait que le 
signal 7.70 p.p.m. (pouvant Etre H, ou H!,) est 
Clargi. Cet Clargissement disparait par irrad~ation 
du N-H. Comme dans l'indole 9, Black et 
Heffernan (9) ont montrC que c'est H, et non 
H, qui prCsente un tel couplage, l'attribution du 
signal B 7.70 p.p.m. au proton HI,  semble 
raisonnable. De 18 dCcoulent naturellement les 
dtplacements chimiques des trois autres protons. 

RCciproquement, ce couplage avec le N-H 
prouve qu'il s'agit du tautomkre 3a. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM.  V O L .  5 2 ,  1974 

c*, 

CDCI, 

FIG. 3.  Le spectre du compose 4 dans le CDCI,. 

TABLEAU 3 Barrieres a la rotation d'am~des et d'azolides (AG* en kJ mol-') 
- -- pppp- 

Populat~on 
de rotamere Slgnal 

Solvant E observe 
- -- 

Av (Hz) AG* (ref ) 

2a CDCI3 0 57* H2 36 (100 MHz) E i Z 6 2  
Z + E 6 1  

12 CHClzF 0 63.1 CH3CO 6 6 (100 MHz): E i Z  44f 5 
Z i E 4 3 t O  55 

13 CDCI3 0 85 H 2 41 6 (100 MHz) E i Z 7 5  
Z i E 7 1  

14 CDC13 P E  = Pz H2 22 8 (60 MHz) E + Z  52 (19) 
Z + E 54 (13,20)" 

15 Sans solvant - CH3 2 7 (60 MHz) 75 (22) 

16 CDC13 0.11 CH3CO - 69 (23) 

17 CDC13 0 39 CH3C0 - 69 (23) 

Les azolides (18), dtrivts N-acylts des azoles, 
ont un comportement tres particulier qui les 
difftrencie des amides; cela est dt3 au fait que le 
doublet de I'atome d'azote en position 1 fait 
partie du sextet aromatique; on peut donc penser 
que la hauteur de la barriere a la libre rotation 
du groupe acttyle donnera une indication sur 
l'aromaticite de l'htt~rocycle. 

Le seul azolide a avoir CtC ttudie jusqu'h 
prtsent est l'acttyl-l pyrrole 14 dont la barriere 
a t t t  dkterminte indtpendement par trois 
groupes d'auteurs (19-21) (tableau 3); la valeur 
trouvte, environ 52 kJ  mol-I est beaucoup plus 

basse que celle des amides; par exemple pour 
I'acttyl-1 pyrrolidine 15 on trouve AG* = 75 
kJ molpl (22). L'introduction d'un atome 
d'azote sp2 en position 3 diminue la barriere 
d'environ 10 kJ mol-l:  comparer les produits 
12 et 14. C'est I'effet normalement attendu si 
l'on considere qu'un atome d'azote sp2 a un 
caractere attracteur d9electrons comparable 
un groupe nitro (24) et que les barrieres a la 
rotation de thioamides dtrivant du pyrazole 
suivent I'tquation de Hammett (25). 

Le produit dihydro, 13, prtsente une barrikre 
de -73 kJ mol-l, clairement plus tlevte que 
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O y C H 3  0+C/CH3 0QC/CH3 du type A (aminopyrazole) convient mieux pour 
I I I ces moltcules qu'une reprtsentation du type H 

DCH3 (htttroaromatique). 
En effet on sait que pour les aminopyrazoles le 

14 15 (E) 16 ( E )  tautomere amino 18a prtdomine toujours (27), 
que I'on observe des couplages NH-CH (28), 

0,\C/CH3 que I'acylation a lieu sur I'atome d'azote exocy- 

I clique (29, 30), et que l'on observe des barrikres cm a la rotation tlevtes correspondant a leur struc- 
\ ture amidique, comme c'est le cas du produit 13. 

H/N 
17 (E) H H H 

\ I  1 \ I  /C-Nm /C-Ny+. celles de I'acttyl-1 indoline, 16 (211,~ et de - 
I'acttyl-1 benzimidazoline, 17 (23): cela semble N-N 

R ' R 
/N-N, 

H 
indiquer que I'effet de conjugaison du noyau 18a 186 
pyrazolique est plus faible que celui du noyau 
benztnique; il faut cependant tenir compte Cgale- Toutefois la diminution de la hauteur de la ment que le noyau pentagonal est plus "petit" barrikre a la libre rotation en passant du produit 
(comme le montre la proportion plus Clevte de 13 au produit 2a montre une certaine dtlocalisa- 
rotamkre E) ce qui doit permettre une plus tion du doublet de I'atome d'azote N,.  grande coplantite et partant, une stabilisation 
de 1'Ctat fondamental. 
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Kinetics and Mechanism of the Thermal Decomposition of Hexaamminecobalt(lI1) 
and Aquopentaamminecobalt(II1) Ions in Acidic Aqueous Solution 

ANTHONY MARTIN NEWTON AND THOMAS WILSON SWADDLE' 
Depurtnlent nf Chernirtry, The U t z i ~ ~ r s i t y  of Calgnry, Cnlgcrr~ ,  Alhertn T2N IN4 
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ANTHONY MARTIPI. NEWTON and THOMAS WILSOU SWADDLE. Can. J. Chern. 52,2751 (1974). 
The initial step in the thermal decomposition of CO(NH, )?~+  in acidic aqueous solution is the 

replacement of NH3 by H 2 0 ,  which occurs by a hydrogen-]on independent path, first order in 
complex, with rate coefficient k ,  = 7.9 x lo-' s-' (140.4"), AH* = 36.6 kcal mol-', and 
AS* = 10.7 cal deg-' mol-' in 0.1 M HCIO,. For CO(NH,),OH,~+, there is a similar initial 
aquation path with k l  = 12.6 x lo-' s-' (140.6'), AH* = 41.9 kcal mol-', and AS* = 24 cal 
deg-' mol-' and also a path first order in complex but inverse first order in [H+]  with k2,  = 
6.2 x lo-' M s-' (140.6'), AH* = 43.5 kcal mol-', and AS* = 26.7 cal deg-I mol-I, in per- 
chlorate media of ionic strength 1.0 M. The effects of electrolyte type and concentration on the 
rates of these reactions have been examined. Subsequent aquation steps are relatively rapid 
because of the predominance of inversely [Hf]-dependent pathways and are followed by redox 
to CO(H,O),~+, NH,+, N2, N 2 0 ,  and a minor amount of 0 2 .  A mechanism involving OH and 
NH2 radicals is proposed for the redox step. 

ANTHONY MARTIN NEWTON et THOMAS WILSON SWADDLE. Can. J. Chem. 52,2751 (1974). 
L'etape initiale lors de la decon~position thermique du CO(NH,),~+ en solution aqueuse 

acidifite est le remplacement d'un NH, par une molecule d'eau; cette reaction se produit par 
une voie n'inpliquant pas d'ions hydroghe, elle est du premier ordre en complexe avec un 
coefficient de vitesse k ,  = 7.9 x lo- '  s - '  (140.4"), AH* = 36.6 kcal mol-I et AS* = 10.7 cal 
deg-' mol-' dans HCIO, 0.1 M. Dans le cas du CO(NH,),OH,~+, il existe une equation 
similaire pour le chemin initiale et k,  = 12.6 x s-' (140.6"), AH* = 41.9 kcal mol-' et 
AS* = 24 cal deg-' mol-'; cette reaction est aussi du premier ordre en complexe mais d'un 
ordre inverse du premier en [H+]avec k2 '  = 6.2 x lo-' M s - I  (140.6"), AH* = 43.5 kcal mol-' 
et AS* = 26.7 cal deg-I mol-' dans un milieu perchlorate ayant une force ionique de 1.0 M. 
On a aussi examine les effets de type tlectrolyte et de concentration sur les vitesses de ces 
reactions, les tquations des Ctapes subsequentes sont relativement rapides a cause de la 
predominance d'un chemin dependant d'une f a ~ o n  inversement proportionnelle a la concentra- 
tion [H+ 1, ces Btapes sont suivies par une reaction d'oxydo-reduction conduisant a C O ( H ~ O ) ~ ~ + ,  
NH,+, N2, N 2 0  et des quantitks mineures de 0,: On propose un mecanisme impliquant des 
radicaux OH et NH, pour I'ttape d'oxydo-reduction. [Traduit par le journal] 

Introduction 
A striking feature of cobalt(II1) chemistry is 

the great decrease in reactivity which occurs on 
replacing several of the aquo ligands in Co- 
(HzO)63+ by NH,, to the extent that the ammine 
ligands in CO(NH,),~+ and CO(NH,),X(~-")' 
(X = halogen, H,O, oxyanions, etc.) are com- 
monly regarded as substitution inert in acidic 
aqueous solution. Nevertheless, kinetic studies 
of the aquations of X n -  from CO(NH,),X(~-")' 
begin to suffer from the complicating effects of 
NH, loss from either the parent complex or 
(more usually) from the product Co(NH,),- 
OH,3+ at temperatures above 80" (1). The 
present study seeks to determine the importance 

'To whom correspondence should be addressed. 

of this complication, as well as to gain insight 
into the mechanism of decomposition of Co- 
(NH,),,' and Co(NH3),0Hz3 + in solution. 

Since the completion of our kinetic studies, 
Garner and his co-workers (2) have published 
data on the decomposition of Co(NH3),OHZ3+ 
and ~~S-CO(NH,) ,(OH,)~~ + in acidic perchlorate 
media, in addition to their papers on the decom- 
position of the presumed facial isomer of 
CO(NH,),(OH,),~+ (3) and cis-Co(NH,),- 

+ (4). It appears that the initial replace- 
ment of an ammine ligand by water is the rate- 
determining step in the decompositions of the 
penta- and tetra-ammines (2) but that redox 
decomposition to cobalt(I1) predominates in the 
decomposition of the triammine (3) (however, 
up to 17% of the observed rate of disappearance 
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of the tetraammine could also conceivablv be 
due to redox (2)). cis-Diamminetetraaquocobalt- 
(111) decomposes by direct redox to cobalt(I1) 
(4), whereas amminepentaaquocobalt(I1I) under- 
goes an extraordinary disproportionation to 
cobalt(I1) and diamminetetraaquocobalt(II1) (5). 

We shall address ourselves primarily to two 
salient questions which remain. Firstly, there is 
no information on the kinetics of decomposition 
of the hexaammine, and, secondly, the nature of 
the oxidized reaction products has not been 
established. The latter has an important bearing 
on the mechanism of the redox steps. In addition, 
new information pertaining to electrolyte effects 
on the reaction rates will be presented, together 
with improved activation parameters for the 
decomposition of CO(NH,),OH,~+. 

Experimental 
iClaferial~ 

Salts of lithium, CO(NH,),~'. and Co(NH3),0HZ3+ 
were made by standard methods (6, 7) and were checked 
for purity by chemical analysis and by examination of 
their visible spectra; these and all other spectral measure- 
ments were made using a Cary Model 15 spectrophotom- 
eter. Baker Analyzed perchloric acid (72%) and Fisher 
"purified" sodium perchlorate monohydrate and sodium 
nitrate were used directly. Distilled water was either 
passed through Barnstead deionizer and organic removal 
cartridges or else redistilled carefully from alkaline per- 
manganate before use; the kinetic results were the same in 
either case. 

Kinetic Studiies 
Aliquots of solutions of the appropriate complex in 

aqueous NaC10,-HC10, or LiCI0,-HC10, of the re- 
quired ionic strength I were sealed into Pyrex ampoules, 
and these were preheated to about 95 (to facilitate ther- 
mal equilibration and to dissolve any solid hexaamn~ine- 
cobalt(II1) perchlorate) before immersion in an oil-filled 
Lauda NS-HT thermostat bath (-t0.lC).  Light levels in the 
bath were negligible. Timing of the reactions was begun 
2 min after inlnlersion of the samples, and ampoules were 
withdrawn periodically and chilled to room temperature. 
The samples were then analyzed spectrophotometrically 
at  427 nm (for the hexaammine) or 344 or 490 nm (for the 
aquopentaammine). Alternatively, the cobalt(I1) content 
of the samples were determined by making r. ml of the 
aliquot and (6 - c )  ml 0.1 M HCIO, up to 25 ml with 
concentrated HCI, and measuring the optical absorbance 
of the resulting blue solution at 690 nm (E 471 M - '  cm-'  
according to a calibration curve established using solu- 
tions of pure cobalt(11) nitrate) (8). The cobalt(1I) con- 
centrations so measured were also checked in some cases 
by Kitsen's method (9), with essentially identical results. 

Mass Spectra o f t he  Gaseorts Decotnposition Prodrict~ 
Solution aliquots, made up as for the kinetic experi- 

ments, were placed in breakseal ampoules and thoroughly 
degassed on a vacuum line by repeated freeze-thaw cycles. 

The an~poules were then sealed and immersed in the 
thermostat bath at 130.6' for several half-periods of the 
decomposition reaction. The samples were then frozen at 
liquid nitrogen temperatures and the gaseous contents of 
the tubes were released into a VarianIMAT CH-5 mass 
spectrometer for analysis. 

Results 
Throughout this article, the molar concentra- 

tions cited refer to solutions as at 25". Uncer- 
tainty limits quoted represent standard errors; 
where these are not stated for an experimental 
measurement, a single determination is implied. 

Decor?zposition of Aquoperztaamminecobalt(III) 
Ion 

The spectrum of the final reaction products 
(absorption maximum at 505 nm, E - 5 M-I 
cm-l) identified the Co-containing species as 
being entirely hexaaquocobalt(I1) (10). The 
absorbance A ,  at time t changed in accordance 
with first order kinetics as the reaction pro- 
ceeded, except during a short initial "induction 
period" (Fig. I ) ;  the latter phenomenon was 
much less marked than that reported (1 1) for the 
deconlposition of cobalt(II1) ammines in molten 
NH4HS04 and in 9 7 z  sulfuric acid. Further- 
more, as Garner and co-workers have observed 
also (2) ,  the visible spectra of partially reacted 
solutions showed isosbestic points at the early 
stages of the reaction, but these were not main- 
tained as the reaction proceeded. These facts 
ind~cate the presence of a fairly long-lived reac- 
tion intermediate in the decomposition. 

Because CO(NH,),(OH,),~+ is known (3) to 
decompose rapidly under the conditions of these 
experiments, the intermediate was presumably a 
mixture of cis- and trans-CO(NH,),(OH,),~', 

MINUTES 

FIG. 1. T ~ m e  dependence of the opt~cal absorbance 
A,  (490 nm, 10 mm opt~cal path, 25 )of  a solut~on ~nrtially 
0.0106 M aquopentaamn~inecobalt(lIl) perchlorate In 
HC10,-NaC104 (I  = 1 .O M) at 140.6'. 
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NEWTON AND SWADDLE: COBALT(I1I) AMMINES 

TABLE 1. First-order rate coefficients k,,, for the decomposition of 
C O ( N H ~ ) ~ O H ~ ~  + in 0.1 M HCIO," 

Temperature 102[NaC104] lo2 [NaN03] l ~ ~ k , , ,  
rc) ( M )  (M) (s - I) 

"[CO] ,,,,, = 0.0106 M. 
bComplex present as its nitrate salt; elsewhere, as the perchlorate. 

TABLE 2. Hydrogen Ion concentration dependence of the first-order rate 
coefficient k,,, for the decon~pos~t~on of CO(NH,)~OH,~+ " 

-- -- - 
- 

Temperature [HCIO,] IO4k0b, lo5kl 105kz 
("C) (MI w l )  (ss l )  (M s-') 

= 1.06 M, adjusted with NaCIO,. Initial [Co(NH3),0H13-I = 0.0106 M. 

with the former predominating, as Garner and K, 
CO-workers suggested (2). These decompose [2] C0(NH3)50Hz3+ * C0(NH3)50H2+ + H +  
more rapidly than their progenitor (2), and so 
the slopes of the linear portions of the plots of 

k2/ + H.0 
H +  

log (A, - A,) against t gave the first-order rate C O ( N H ~ ) , ( O H ~ ) ~ ~  + + NH3 -+ NH4+ 
coefficient kobs for the rate-controlling reaction 

H +  [3] kobs = k1 + k,~, [H+l- '  = kl 
[I] C O ( N H ~ ) ~ O H ~ ~  + 3 C O ( N H ~ ) , ( O H ~ ) ~ ~  + + NH4+ + k , , [ H + ] - '  

The values of kob, collected in Tables 1 and 2 In order to facilitate comparison with the 
confirm that parallel acid-independent (rate CO(NH,),~+ system (in which the low solubility 
coefficient k,) and inversely acid-dependent (k,) of the perchlorate salt imposes some restrictions 
paths operate (2), as per eqs. 2 and 3, and that on the kinetic experiments), the effect of nitrate 
high concentrations of perchlorate ion have no ion on the rate was also examined, and this 
drastic effect on the reaction rate. anion was found to cause a modest acceleration 
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of the decomposition reaction (Table 1). We 
attribute this to the fact that nitrate ion has 
appreciable Br~nsted basicity in aqueous solu- 
tions at high temperatures (the pK, of aqueous 
nitric acid rises from - 2 at 0" to + 2 at 300" (12)) 
and will therefore decrease the free hydrogen ion 
concentration and so increase the contribution 
of the inversely hydrogen-ion dependent path- 
way. 

The reaction product Co2+ has been reported 
to catalyze the radiolytic decomposition of 
hexaammine- and aquopentaammine-cobalt(111) 
(13), and to inhibit the reduction of Co(NH,),- 
OHZ3' by S,0a2-/Ag+ (14). The effect of added 
cobalt(I1) perchlorate on the rate of the spon- 
taneous decon~position of CO(NH,),OH,~' in 
0.1 M HC10, was therefore studied with refer- 
ence to control experiments in which Zn2+ was 
added in place of Co2+, as these ions have 
closely similar ionic radii and therefore similar 
medium effects. At 130.6", with an initial aquo- 
pentaamminecobalt(I11) perchlorate concentra- 
tion of 0.0106 M,  and [M(CIO,),] = 0.0109 M, 
k,,, was (3.52 + 0.13) x lo-, and (3.49 f 0.06) 
x lo-" s-' for M = Zn and Co, respectively; 
the corresponding data for [M(CIO,),] = 0.109 
M were (2.57 i 0.02) x lo-" and (2.61 k 0.03) 
x lo-" s-I, as against (4.01 + 0.01) x lo-" in 

the absence of added M(I1) perchlorates. Thus, 
divalent metal perchlorates exert a small retard- 
ing effect on the reaction (as does NaC10,). but 
there is no specific effect attributable to cobalt(11). 
Nevertheless, at high concentrations of added 
cobalt(II), an unidentified black precipitate 
formed as the reaction proceeded; this was not 
observed when Co(I1) perchlorate alone was 
heated in 0.1 M perchlor~c acid at 130" for several 
days, which suggests that Co(I1) in high concen- 
trat~ons can react with one of the decomposition 
products of CO(NH,),OH,~+ formed after the 
rate-controlling steps. 

Decomposition of Hexaamniinecobalt (111) Ion 
For this ion, as for the pentaammine, the final 

cobalt-containing product was CO(H,O),~+ but 
the spectral changes occurring during the decom- 
position reaction (Fig. 2) make it clear that an 
intermediate Co(111) complex was again in- 
volved, and this is verified by the appearance of 
the semilog kinetic plots (Fig. 3, cf. Fig. 1). Ion 
exchange chromatography of a solution of 
partially-decomposed CO(NH,),~ + on Dowex 
50W-X4 resin with 1.0 M HC10, produced a 

0 
440 480 520 560 

WAVELENGTH nm 

FIG. 2 .  Spectrum (25 ' ,  optical path 10 mm) of a solu- 
tion originally 0.0106 M CO(NH,),~+ in 0.1 M HCIO,, 
(a)  initially, and after (b) 100, (c) 360, and ( d )  830 min at 
130.3". 

MINUTES 

FIG. 3. Decomposition of Co(NH,),,+ in HCI0,- 
NaC10, ( I  = 1.0 M )  at 149.6-, followed by spectro- 
photometric determination of cobalt(I1) by Kitsen's 
method (9). 

rapidly-moving red band (hexaaquocobalt(I1)) 
and a thin, slow-moving pink band closely fol- 
lowed by an extensive yellow band of Co- 
(NH3),3t; the pink band was so small as to 
render its isolation impracticable, but it almost 
certainly consisted of Co(NH,) ,OH2, +, as the 
more highly aquated ammines would not have 
survived in detectable quantities under the 
experimental conditions (2, 3). 

The rate coefficients k,,, (Table 3) for the 
decomposition of hexaamminecobalt(III) were 
obtained from the linear portions of semilog 
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NEWTON AND SWADDLE: COBALT(II1) AMMINES 

TABLE 3. First-order rate coefficients k,,, for the decomposition of Co(NH,),j+ 
in acidic aqueous solution 

Ionic 
Temperature [HCI04] strength Supporting 1O4kObs 

("C) (MI (MI electrolyte (S - 

0.033 1 . O  NaClO, 
NaCIO, 
LiCIO, 

0.100 1 . O  NaClO, 
NaCIO, 
LiCIO, 

1 .oo 1 .o 

.'[Co'+] measured by HCI method. 
b[CoZ+] measured by Kitsen's method (9). 
<Direct spectropbotometric determination. Co(h'H3I63+ present as the nitrate salt (0.0106 M ) :  

elsewhere, as the perchlorate. 

plots such as Fig. 3 ; this was a valid procedure, 
since Co(NH3),0Hz3' had been shown to de- 
compose some 20 times faster than its progenitor 
under the experimental conditions. The effect of 
[H'] on the reaction rate in 1.0 M perchlorate 
media was investigated by analyzing for the 
product Co(I1) rather than by attempting to mea- 
sure the absorbance of the surviving hexaam- 
minecobalt(II1) ion, since the perchlorate salt of 
the latter is insufficiently soluble in these media 
at room temperature; however, it was established 
at low perchlorate concentrations that both 
methods gave the same results. 

The data of Table 3 show that the ionic 
strength effect was independent of the choice of 
NaClO, or LiCIO, as the supporting electrolyte 
and that the hydrogen ion concentration had 
only a very small effect on the reaction rate. The 
latter observation contrasts sharply with the 
case of CO(NH,),OH,~+ but is scarcely sur- 
prising, since the pKa of CO(NH,),~+ is about 
16 at 25" (15) as against 6.5 for CO(NH,),OH,~+ 
(16), so that the pathway corresponding to k, 
(eq. 2) is inaccessible for the hexaammine. Hy- 
drogen ion effects have therefore been ignored, 
i.e., kObs has been set equal to k ,  of eq. 3, in com- 
puting the activation parameters for the hexa- 
ammine complex (Table 4). The kinetic param- 
eters obtained for the decomposition of the 
aquopentaammine ion are also listed in Table 4 
and are in satisfactory agreement with (and 

somewhat more precise than) those obtained by 
Garner and co-workers (2). 

Gaseous Reaction Products 
The gaseous reaction products of the thermal 

decompositions of 0.01 M CO(NH,),~+, Co- 
(NH3),0H,3+, and hydroxylammonium sulfate 
at 130.6" in 0.1 M HCIO, were identified mass 
spectrometrically as N, (mle 28), N,O (mle 44) 
and, in the case of the complexes, a minor 
amount of 0, (mle 32). The peak heights R, 
relative to that for N, being 100, were measured 
at an electron energy of 70 V. For hexaammine- 
cobalt(II1) nitrate, R = 7 and 69 for 0, and 
N,O, respectively ; for aquopentaamminecobalt- 
(111), the corresponding R values were 9 and 35 
(for the nitrate salt) and 10 and 51 (for the per- 
chlorate), whereas for (NH,OH),H,SO, they 
were 0 and 29. For a sample of pure N,O, R at 
70 eV is 990 for mass 44; thus, virtually all the 
N,' and 0, + detected mass spectrometrically 
were derived from the N, and 0, in the reaction 
products and not from the N 2 0 f .  Furthermore, 
it was established spectrophotometrically that 
nitrate ion does not undergo significant decom- 
position in 0.1 M HCIO, at 130°, and in any 
event it is clear from the mass spectrometric data 
that the presence of nitrate in place of perchlo- 
rate does not affect the relative yields of N, and 
N,O significantly. It is therefore safe to conclude 
that the ultimate decomposition products of both 
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TABLE 4. Klnet~c parameters for the rate-determ~n~ng steps In the decomposlt~on of cobalt(II1) ammines In 0.1 M HCIO, at Ionic strength 1.0 M 

A&,* o 
Nature of rate controlling 106kl, . 5 r 1  A H 1 *  AS1* (cal kz., M A - '  AH2 * (cal deg-I > 

Complex step (109.8 ) (kcal mol-I) deg-I mol-I) (109.8") (kcal mol-I) mol-') 
- - - -- -- - - -- 

Ref. 
- ._- L1 

C O ( N H ~ ) ~ ~  + a 2.25" 36 6 k 1 . 8  10.72 5 .4  This work 2 
E 

C O ( N H ~ ) ~ O H , ~  + Aquation to 1.71 41 .9k1 .3  24 4 8.1 x 43.521.8  26.7k 5.4 This work 
CoiNH3)4(OHz)Z3 + 2.05 37 .9k6 .0  14 & I 5  8 . 1 ~  40 k 5  17 k 1 6  C 

2 0  
c~s-CO(NH,),(OH,),~+ Aquation to -1.1 

CO(NH,),(OH,)~~+ 

~ ~ c - C O ( N H , ) , ( O H , ) ~ ~ +  Redox to Co(I1) - 
e 

c~s-CO(NH~),(OH,),~+ Redox to Co(l1) 
-- -- -- - 

4 . 8 ~ 1 0 - ~ ~  36 .7k0 .9  26 .12  2.7 
- -- 

4 

"Ionic 3trength 0 16 M, nltrate salt of complex used. 
bCalculated for 109 8" from the actwatton parameters, for cornparlaon wlth d ~ r e c t  nicasurements made by Garner  rt a/ .  (2 )  at  thls temperatore. 
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NEWTON AND SWADDLE: COBALT(II1) AMMINES 2757 

C O ( N H , ) ~ ~ +  and CO(NH,),OH,~+ in dilute the same relative amounts whether the starting 
perchloric acid are Co(H20),2f,  N H 4 + ,  N2, material be the hexaammine or the penta- 
N,O, and a relatively small amount of O,, and ammine, which supports the conclusion that the 
that the yield of N,O relative to N, is roughly initial step in the deconlposition of the former 
the same for both complex ions and close to that complex is aquation to the latter without redox. 
expected if NH,OH were the intermediate giving A minor redox pathway may conceivably com- 
rise to both these gases. Pete with aquation in the case of the tetraammine 

(2) but even so the important redox step in the 
Discussion 

The first step in the thermal decomposition of 
CO(NH,),~+ in acidic aqueous solution is loss 
of ammonia to yield CO(NH,),OH,~ +. The sub- 
sequent aquation of this aquo-species and of its 
successor CO(NH,),(OH,),~+ are much more 
rapid than that of the hexaammine because 
paths with inverse dependence on the hydrogen- 
ion concentration become accessible when a 
coordinated aquo group is present (eq. 2), and 
these conjugate base pathways are favored over 
the acid-independent aquation paths at the acidi- 
ties used in these experiments, as the data of 
Table 4 will show. 

Interestingly, the rate coefficient for the acid 
independent path (k,) is essentially the same for 
CO(NH,),~+ and Co(NH,),OHZ3+, and if any- 
thing somewhat less for c ~ s - C O ( N H ~ ) , ( O H , ) , ~ ~  ; 
this is precisely the pattern found for the stepwise 
aquations of the corresponding chromium(ll1) 
ammines (17). However, whereas the overall 
decomposition rates of the cobalt(II1) complexes 
are greatly increased by the incursion of con- 
jugate base pathways which increase in impor- 
tance as the number of aquo groups increases, 
conjugate base pathways make no significant 
contribution to the aquation rates of any of the 
Cr(II1) ammines from C ~ ( N H , ) , O H , ~ +  to 
Cr(NH3)(OH,),3 ' in 0.1 M HCIO, (1 7). This is 
another illustration of the great susceptibility of 
Co(II1) systems to conjugate base hydrolysis 
mechanisms, relative to their Cr(II1) analogs, a 
phenomenon well documented for hydrolyses in 
alkaline media (18). The result is that the Cr(1II) 
ammines aquate via a series of ever-slower steps, 
resulting in complicated rate laws (1 7), whereas 
for the hexa-, penta-, and tetra-amminecobalt- 
(111) ions the overall rates of successive steps 
become faster and faster, so that spectral changes 
are very nearly first-order kinetically. 

On reaching C O ( N H , ) , ( ~ H , ) ~ ~  +, the decom- 
position of Co(II1) ammines proceeds by direct 
redox to Co(lI), N,, N,O, and a minor amount 
of 0 , .  The gaseous products appear in essentially 

sequence is clearly the decomposition of Co- 
(NH3)3(OH2)33+ (3). 

The redox decomposition of Co(NH,),- 
+ to cobalt(I1) must involve a single-elec- 

troll transfer a t  some stage, and oxidation of a 
water molecule (or aquo ligand) to O H  or of an 
ammine ligand to NH, afford the only dlrect 
one-electron initial redox steps. Since both N,O 
and a minor amount of 0, are ultimately formed, 
in addition to N,, an oxygen-containing radical 
must be involved in the overall redox process. 
This radical is almost certainly OH, and, because 
NH, is not expected to produce O H  by abstrac- 
tion of H fro111 H 2 0  (the H-OH bond strength 
being 1 19 kcal m o l l  as against 103 for H-NH, 
(19)). we may infer that O H  is the,first radical to 
be formed, as in eq. 4. 

It is known (14) that O H  does not attack 
coordinated NH, ligands. Thus, as long as the 
assemblage of species on the right hand side of 
eq. 4 remains intact within the solvent cage, 
further reaction (as distinct from recombination) 
can only occur following dissociation of one of 
the ammine ligands from Co(NH3)3(OH2)32t. 

The pseudo first-order rate coefficient for 
reaction 5 is about 6 x lo4 s- '  at 25" (20), and 
will be of the order of 10' s - '  at the tempera- 
tures prevailing in the present study. Reaction 5 
will therefore be slower by at least three orders 
of magnitude than the diffusion of H +  out of the 
solvent cage, a process which would inevitably 
be fast by operation of the Grotthus chain 
mechanism and which in this case will be accel- 
erated and rendered essentially irreversible by the 
double positive charge on the complex ion. Con- 
sequently, as long as O H  remains in the solva- 
tion cage, reaction 6 (for which the bimolecular 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2758 C A N .  J .  CHEM.  VOL.  5 2 .  1974 

rate coefficient is 1.0 x lo8 M-I  s-I  at 25" (21)) 
can occur without interference from protonation 
of the freshly-released NH,, a significant point, 
since OH does not attack NH4+ (21). Alterna- 
tively, NH, might be produced by direct oxida- 
tion of an NH, ligand in CO(NH,),(OH,),~+ by 
Co(lII), although, as noted above, coordination 
deactivates NH, toward oxidation (14). 

Thus, the free-radical product which emerges 
from the solvent cage will be OH itself or NH,, 
which, being odd-electron species, will survive in 
bulk solution until meeting another free radical. 
If the emergent species is NH,, it will scavenge 
an OH radical which either has been freshly 
formed as a Co(I1)-OH pair or has escaped from 
the solvent cage of its parent complex ion. In 
either case, the product will be hydroxylamine 
(eq. 7); an encounter between NH, and another 
NH, is less likely, as OH may well be the pre- 
cursor of NH, (eq. 6), and reaction 7 is known to 
be rapid (bimolecular rate coefficient 9.5 x lo9 
M-'  s- '  at  25" (21)). 

It is well known that hydroxylamine decom- 
poses thermally in acidic aqueous solution to 
give N,, N 2 0 ,  and NH4+ (22), and we have 
established that the relative amounts of N, and 
N,O observed for the thermal decompositions 
of N H 2 0 H ,  Co(NH,),,+, and CO(NH,),OH,~ + 

are sufficiently similar to indicate that hydroxyl- 
amine (or rather the hydroxylammonium ion) is 
indeed the first major non-radical oxidat~on 
product in the decomposition of the Co(II1) 
ammines to Co(I1). 

Alternatively, an OH radical may occasionally 
escape from the solvent cage before reaction 5 
occurs and scavenge another O H  radical, 
similarly formed, rather than NH,. In this case, 
hydrogen peroxide will be formed instead of 
N H 2 0 H ,  and will decompose to O,, which is 
indeed observed as a minor reaction product. 

The stoichiometry of the overall thermal de- 
composition of CO(NH,),~' may be summarized 
by eqs. 10-12, in which [ l l ]  is most important 
and [12] least. 

The kinetics and products of the thermal de- 
compositions of Co(NH,),,+ and Co(NH,),- 
OH,,' in acidic aqueous solution bear a marked 
resemblance to those of the corresponding 
decompositions in molten NH4HS04 and in 
9 7 z  sulfuric acid (1 1, 23). However, in the latter 
solvents, the intermediates are inevitably bisul- 
fato rather than aquo complexes, and the gaseous 
product is exclusively N, (apart from trace 
amounts of NO and SO,), as might be expected, 
since there is no obvious source of OH radicals 
to give rise to N,O or 0,. The enthalpies of acti- 
vation associated with the loss of the first NH, 
ligands from the hexaammine, pentaammine, 
and cis-tetraammine in 97% H2S04 are in the 
range 38-42 kcal mol-I, that is, very close to 
those for the corresponding processes in water; 
this suggests that the activation process is inde- 
pendent of the nature of the solvent, i .e . ,  that it 
is dissociative. In contrast, the initial step in the 
thermal decomposition of solid salts of Co(II1) 
ammines is evidently redox to Co(II), rather than 
ligand substitution (24-26). 

In the highly acidic solvent H2S04,  conjugate 
base pathways are unlikely to be of any impor- 
tance, so that the rates of loss of NH, from 
CO(NH,),HSO,~+ and Co(NH,),,+ are gov- 
erned by k ,  alone and are therefore closely 
similar. Thus, Sutula and Hunt (1 1 )  observed 
substantial accumulations of the pentaammine 
complex as the hexaammine underwent solvol- 
ysis in 97'7, H2S04,  and the kinetics of decom- 
positions in H 2 S 0 4  were more complicated than 
those in water, in which the conjugate base path- 
ways facilitate removal of reaction intermediates. 

We thank Dr. A.  W. Boyd for discussions, and the 
National Research Council of Canada for financial 
support. 
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JACQUES CRIGNOK et SANDOR FLISZAR. Can. J. Cheni. 52, 2760 (1974). 
Les geometries experimentales d'une serie d'alcenes sont dans certains cas assez bien repro- 

d ~ ~ i t e s  par les calculs PCILO. Des lacunes apparaissent cependant pour les chaines lineaires 
dans le butene-l et le pentene-I. Dans I'evaluation des angles HCH, les sens de variation 
experimentaux sont en general respectes, mais de f a ~ o n  exageree. 

JACQUES G R I G ~ O N  and SANDOR FLISZAR. Can. J .  Chem. 52, 2760 (1974). 
The experimental geometries of a number of alkyl-substituted ethylenes are satisfactorily 

reproduced by PCILO calculations. Deficienc~es appear, however, with linear substituents, 
e .g . ,  in I-butene and I-pentene. The experimental trends for the HCH angles are in general 
reflected but over emphasized by the PCILO method. 

En depit de nombreuses etudes thtoriques 
sur des olefines simples tels l'kthylene et le 
propine (1, 2), ou alors sur des molecules d'un 
haut degrt de complexit6 (3, 4), aucune etude 
systematique des olefines les plus courantes n'a 
encore ete entreprise. Dans le prksent travail, les 
olefines R-CHCH,, R-C(CH,)CH2, R- 
CHCHCH, (cis et trans), ainsi que les benzenes 
monosubstitues R-C,H, (R = alkyle) sont etu- 
dies. 

Les conformations Ies plus stables ont ete 
calculCes au  moyen de la mCthode PCILO (5) 
qui a dkji  donn6 de bons resultats lors de 
l'etude conformationnelle de lnolecules com- 
plexes. Ainsi les travaux de Pullman et ses colla- 
borateurs (3, 4) sur des molecules a caractere 
biologique montrent un excellent accord eritre 
les resultats du calcul et les donnies d'etudes 
cristallographiques. Une breve ktude portant sur 
les molecules RCHCH,, ou R = H, CH, et C O  
montre que l'ecart entre les angles calcules et 
expkrimentaux est de l'ordre de 2 a 3" (2). Par 
ailleurs, l'etude des alcanes au  moyen de la 
methode PClLO a rCvClC (6) que les distributions 
de charges sont en accord raisonnable avec 
"l'intuition chirnique" (7, 8), tout en ne posse- 
dant pas la qualit6 des rtsultats ctb initio (STO- 
3G) completernent optimisks (8, 9). 

La  mkthode PCILO ayant CtC plus parti- 
culierement conCue pour des etudes confor- 
mationnelles, les distances interatomiques n'ont 
pas e t t  optimistes dans le present travail.' Les 

'Des essais d'optimisation des distances interatomiques 
ont conduit aux valeurs suivantes: icc(ethane decale) = 
1.48 A et ~ ~ ( e t h y l e n e )  = 1.3315 A, qui illustrent bien 
que la methode PCILO ne saurait Ctre utilisee avan- 
tageusement pour l'etude des distances interatomiques. 

distances r,, et r,,, utiliskes ici (telles qu'ex- 
traites de la littkrature (10, 1 I)), sont indiquees 
au  tableau 1. 

Le programme2 utilise un parametre de pola- 
rite 6 pour chaque lien de telle sorte que les 
coefficients c i l  et c,, des orbitales liantes sont 

Le parametre 6 est optimise pour l'ensemble des 
liens de la molecule en melangeallt chaqi~e  or- 
bitale liante avec l'orbitale antiliante corre- 
spondante jusqu'a la minimisation de l'energie 
du dkterminant completement IocalisC selon un 
processus itkratif. La polaritt 6 Ctant en general 
supposCe nulle au  depart. il n'y a pas de charge 
nette dans la fonction d'onde d'ordre zero. La 
polarisation resulte a la suite du calcul de per- 
turbation. 

Les angles ont Cte varies jusqu'i l'obtention 
du minimum de l'energie totale, ceci en faisant 
optimiser l'ensemble des parametres de polarit6 
pour chacune des conformations Ctudites. Les 
calculs ont Cte effectues a l'aide d'un ordinateur 
CDC,  CYBER 74. 

Pour les molkc~~les en C, et C,, les spectres 
microondes fournissent des resultats experimen- 
taux qui permettent de verifier la prkcision des 
resultats obtenus par le calcul et, de ce fait, 
permettent de juger des limites d'application de 

ZLe calcul PCILO postule la formule chimique comme 
I'approximation d'ordre zero et considere la molecule 
comme un ensemble de liens en interaction, cette inter- 
action etant traitee par la theorie des perturbations. Les 
hypotheses CNDO/2 sont retenues dans le calcul des 
integrales impliquant des orbitales atomiques hybrides. 
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TABLEAU 1. 
Distances interatomiques 

Lien Distance (A) 

C-C 
sp3-sp3 
sp3-spZ 
sp2-spZ 
Benzene 

C-H benzene 
sp3prrrn-H 
spJSBc-H 
S ~ ~ ~ , , . ~ - H  
spZ-H 

la methode PCILO. Les geometries obtenus par 
d'autres methodes de calcul sont tgalement 
rapportees pour fin de comparaison. 

Etlzyl2nes mot~osubstitue's 
Le calcul montre que pour le p r o p h e  tous les 

atomes, sauf les H du groupement mtthyle, sont 
coplanaires, conformCment aux conclusions de 
I'analyse du spectre de micro-ondes (12). Les 
parametres de structure du p r o p h e  obtenues par 
la methode PCILO, ainsi que par d'autres 
methodes de calcul, sont compares aux rtsultats 
experimentaux (tableau 2). 

Le buthe-1 possi.de deux isomi.res de rota- 
tion: les formes cis et "skew". La forme dite 
"skew" possi.de un angle dikdre d'environ 120" 
a partir de la forme cis. Elle est a distinguer de 
la forme gauche usuelle qui forme un angle de 

TABLEAU 2. Structure du propene 
-- 

Valeur (deg) 

Angle PCILO Expo STO-3Gb EHMOc 

-IEORIQUE D'HYDROCARBURES 

120" a partir de la position trans. Le calcul 
PCILO trouve la forme "skew" comme Ctant la 
conformation la plus stable pour le b u t h e -  I .  La 
difference d'tnergie entre les deux formes est 
cependent faible (0.28 kcal). Ceci est en accord 
avec le spectre micro-ondes (16) qui permet de 
collclure que la forme "skew" est la plus stable, 
avec une difference d'energie entre les deux 
formes de 0.15 + 0.15 kcal (16). Les parametres 
de structure du butene-l sont exposes au tableau 
3. 

En ce qui a trait aux homologues superieurs, 
leurs spectres micro-ondes ne sont pas dis- 
ponibles. D'apres le calcul, dans le methyl-3 
butene-1, le groupe iso-propyle se place de f a ~ o n  
2 ce que I'hydrogene tertiaire soit eclipse par 
rapport a la double liaison, les methyles Ctant 
situes de part et d'autre du plan de la double 
liaison. Le dimethyl-3,3 butene-1 adopte la m&me 
conformation, c'est-a-dire que deux des methyles 
du tert-butyle occupent les m&mes positions que 
ceux dc l'isopropyle, alors que le troisii.mc rem- 
place I'hydrogene tertiaire en position cis par 
rapport a la double liaison. Les resultats sont 
exposes au tableau 4. 

Les resultats exposes aux tableaux 2-4 indi- 
quent que les angles autour de la double liaison 
sont pratiquement constants tout au long de la 
serie d'olefines R-CHCH,. Les angles HCH 
des mtthyles sont rigulierement un peu plus 

TABLEAU 3. Structure du butene-1 

Valeur (deg) 

Angle PCILO Exp." 

ClcZC3 
C2C3C4 
Angle diedre 
H3CzC3 
H6,7,8C4C3 
H4C3H5 
HlCiHz 
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TABLEAU 4. Structure du methyl-3 
butene-1 et du dimethyl-3,3 butene-1 

Valeur (deg) 

Angle X = H  X = C H 3  

H I C I H ~  114.0 114.0 
H3CzC3 115.0 116.0 
c iC2c3 123.0 123.0 
C2GR 111.0 111.0 
CzC3C4.5 108.0 107.5 
HCH (methyle) 105.7 105.7 

fermCs pour R = tert-C,H9 et R = i-C3H7 que 
pour R = CH, ou C2H,. Ces tendances se re- 
trouvent tgalement dans les series etudites plus 
loin. Pour cette raison, 1es angles ne seront in- 
diquks en dttail que pour les membres inferieurs 
de chaque strie, etant donnt qu'ils restent pra- 
tiquement constants pour les termes suptrieurs. 

Le substituant nkopentyle du dimethyl-4,4 
pentene- l prtsente une conformation assez parti- 
culi6re. Le groupe C ,H, ,  est situe a 85" du plan 
de la double liaison alors que I'ensemble des 
trois mtthyles effectue une rotation de 20" par 
rapport a la position trans. Les angles CCC du 
groupement tert-C,H9 sont de 109.47", alors 
que les autres angles, tels les HCH des mtthyles 
(105.7") et le HCH de 1'tthyli.ne (1 14"), sont les 
m&mes que pour les autres molecules de cette 
strie. 

Erhylst~es gem-disubstitue's R-C(CH,)=CH2 
Pour I'isobutene, le calcul montre que deux 

atomes d'hydrogene de chaque methyle sont 
situes dans le plan des atomes de carbone. Ceci 
est confirme par le spectre micro-ondes de 
I'isobutene (1 7). 

H 

HpC4, / 
H 

H," ,C2=CI, 
H-C 

/, , H 
H 

H 

Dans les homologues supkrieurs, l'angle HCH 
de la partie ethyltnique reste inchange; i l  en 
est ainsi de l'angle HCH du mtthyle en position 
2. Les termes suivants (R = C2H,, i-C,H7 et 
tert-C,H9) n'etant plus sy~littriques, l'angle 
C,C,C, diminue B 121" alors que l'angle entre 
CIC, et le premier carbone du substituant R 
augmente a 124-124.5", quelque soit R. Les sub- 
stituants occupent la position qu'ils avaient dans 

TABLEAU 5. Structure de I'isobutkne 
- 

Valeur (deg) 

ExpCrimental 

Diffraction 
Angle PCILO Microondea d'electronsb 

HCH (methyle) 106.2 108.0 108.5 
HCH (ethyle) 11 1.0 117.5 115.5 
Me-C-Me 114.0 115.9 112.0 
C1Czc3 123.0 122.0 124.0 

la strie prkcedente, c'est-a-dire l'ethyle a 120" de 
la position cis avec un hydroghe Cclipst a la 
double liaison, l'isopropyle avec l'hydrog6ne ter- 
tiaire cis a la double liaison et, enfin, le tert- 
C,H9 avec un des carbones en cis a la double 
liaison. 

Ethylsnes disubstitu6s-1,2 R-CHCH-CH, 
Pour les butenes-2 (cis et trans) le calcul 

montre que, comme pour I'isobutene, deux 
atomes d'hydrogene de chaque groupe mtthyle 
se trouvent dans le plan des atomes C, les autres 
ttant situCs de part et d'autre de la double 
liaison. Dans le tableau 6, les rtsultats du calcul 
sont compares aux donnees de diffraction 
d'electrons (19). 

Ainsi qu'il ressort de cette cornparaison, la 
geometrie du butene-2 trans est bien rendue par 
le calcul. Sauf en ce qui a trait l'habituelle 
exageration de la fermeture de I'angle HCH, les 
autres angles sont (a environ 1" pres) ceux 
fournis par I'experience. La geometrie de I'iso- 
mere cis, par contre, est moins bien rendue par 
le calcul. L'angle C,C2Hl est ouvert, alors qu'd 
devrait &tre ferme de plusieurs degrts et l'angle 
C,C2Hl est egalement ma1 rendu. Encore une 
fois, les homologues suptrieurs prtsentent les 

TABLEAU 6. Structure des butknes-2 
cis et trans 

.- -. -- 

Valeur (deg) 

trans cis 

Angle PCILO Exp.' PCILO Exp." 

c1Czc3 125.0 123.8 124.0 125.4 
CZCIH~,, , ,  112.0 109.0 112.0 110.5 
C ~ C Z H I  121.0 121.5 122.0 114.1 
CIC,HI 114.0 114.7 114.0 120.5 
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TABLEAU 7. Conformations des benzenes substitues 

PCILO STO-3G 

R Conformation R Conformation 

CH3 CCCH cisa CH3 CCCH cis ou 
orthogonal 

CZH, CCCC 120" C2H, CCCC orthogonal 
i-C3H7 CCCH,,,,cis CHFz CCCH cis 
tert-C4Hg CCCC cis CF3 CCCF cis 

NOTE: Dans la notation de Pople, CCCH ou CCCC indique un lien C-C du 
noyau phenyle et un lien C-H ou C-C du substituant. La notation cis implique 
clue ces deux liens sont cis I'un par rapport a l'autre alors que orthogonal signifie 
qu'ils forrnent entre eux un angle de 90'. 

mEmes angles que les bu thes -2  cis et trans. Les 
conformations des substituants sont les mtmes 
que dans les sCries CtudiCes pricedemment. I1 
apparait Cgalement que les energies calculCes 
pour les isomeres trans sont toujours infkrieures 
a celles calculCes pour les isomi.res cis, 1'Ccart 
etant d'autant plus prononci que le groupement 
R est plus volumineux. 

Les benzBnes r?zonosubstitue's 
Les benzenes substituis ont CtC calculCs en 

supposant que le cycle soit planaire avec des 
longueurs de liens C-C et C-H de 1.395 et 
1.08 A respectivement. Les atomes H du noyau, 
dans le plan de ce dernier, forment des angles 
CCH de 120". Seule la gComttrie des substi- 
tuants a CtC optimisCe. Les rCsultats sont exposes 
au tableau 7, en les comparant B des resultats 
obtenus rkcemment par Pople et ses collabora- 
teurs (20) par Lin calcul ab initio (STO-3G) en 
utilisant des angles standards. 

Dans le cas des benzenes substituks, il convient 
de souligner une particularit6 de la methode 
PCILO. Dans la construction de la molCcule 
il est nCcessaire de spicifier les quatre liens de 
chacun des atomes de carbone. Ainsi, dans le 
cycle benztnique, la position des doubles liaisons 
est fixCe a priori. Des lors, les deux structures de 
kekulC ne sont Das Cauivalentes lorsaue certains 
substituants sont rattachCs au noyau. 

La comparaison des risultats du tableau 7 
indique ce qui suit. Pour R = CH,, la position 
cis est prCf6rCe par PCILO, alors que le calcul 
STO-3G ne diffkrencie pas les positions cis et 
orthogonale. Par analogie avec le cas R = CF, 
oh la forme cis est prCfCrCe par le calcul STO-3G, 
il semble raisonnable de conclure que la forme 
cis serait Cgalement prdfkrte pour R = CH,. La 
barrii.re de rotation Ctant tri.s faible dans ce cas 
(14 cal/mol) (21), I'utilisation dans le calcul STO- 

3G de longueurs et de liens standards n'a peut- 
etre pas permis de mettre en evidence une si 
petite diffirence. Les substituants iso-propyle et 
tert-butyle n'ont pas CtC 6tudiCs par Pople et al. 
(20) mais I'analogie avec CHF, et CF, semble 
indiquer que la conformation cis calculee par 
PCILO est probablement correcte. Le cas R = 

C,H, est plus complexe. Ce substituant forme 
d'apres le calcul un angle de 120" avec la double 
liaison du cycle. Des lors, le resultat du calcul 
dipend de la position assignCe B la double 
liaison du cycle. Un changement de la position 
des doubles liaisons devient equivalent a faire 
osciller le groupe C,H, de 60 a 120" si cet angle 
est mesurC toujours par rapport aux rnEmes 
atomes de carbone. La position moyenne du 
C,H, est celle correspondant un angle de 90" 
(orthogonal, dans la notation de Pople), soit le 
resultat obtenu par STO-3G avec un noyau ben- 
zCnique dont les diverses positions des doubles 
liaisons sont Cquivalentes. 

En conclusion, les conformations obtenues par 
PCILO sont en accord avec celles calculCes par 
une mithode ab initio. En ce qui a trait aux 
angles entre les divers atomes des substituants, 
les valeurs obtenues ici sont les memes que celles 
calculees precidemment pour les substituants des 
diverses sCries d7Cthyli.nes substituCs. 

Moments dipolaires 
Les moments dipolaires calculCs par la mi- 

thode PCILO sont rapportis au tableau 8. Ces 
resultats y sont comparts aux valeurs expirimen- 
tales ainsi qu'aux rCsultats obtenus par d'autres 
mtthodes de calcul. 

Les moments dipolaires calculCs sont, en gCn6- 
ral, plus faibles que les valeurs experimentales. 
Deux valeurs PCILO sont en excellent accord, 
soit celles obtenues pour le butkne-1 et l'iso- 
butene. Encore une fois, les sens de variation 
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TABLEAU 8. Moment dipolaires 
-- -. 

Moment dipolaire (D) 

Olefine PCILO Exp." STO-3Gb CND0/2'  

P r o p h e  
Butene-1 
Pentene-1 
Methyl-3 butene-1 
DimCthyl-3,3 butene-1 
Dimethyl-4,4 pentene-1 
Isobutene 
MCthyl-2 butene-1 
Dimtthyl-2,3 butene-1 
Trimethyl-2,3,3 butene-1 
Methyl-2 pentene-1 
Toluene 
Ethyl benzene 
Iso-propyl benzene 
tert-Butyl benzene 
Butene-2 trans 
Pentene-2 trans 
Methyl-4 pentene-2 trans 
Dimethyl-4,4 pentene-2 trans 
Butene-2 cis 
Pentene-2 cis 
Methyl-4 penthe-2  cis 
Dimethyl-4,4 pentene-2 cis 

aRCf&rence 22. 
bReferences 1 et 20. 
CReference 1 1. 
dR&ference 12. 
=Reference 16. 
,Reference 17. 

sont quaiitativement reproduits par le calcul. 
Dans les quelques cas oG la comparaison est 
possible, les valeurs PCILO s'averent Etre du 
m&me ordre ou meilleures que celles calculCes 
par ab initio (STO-3G) OLI CND0/2 ,  sauf pour 
le propene ou le calcul C N D 0 / 2  (1 1) s'avere 
Etre nettement meilleur. 

Discussion 
A la lumiere des exemples exposes ici, on 

constate que d'une mani&re generale le calc~ll 
PCILO conduit a une Cnergie plus basse pour la 
conformation a priori la plus stable. Ceci con- 
firme que son utilisation pour des etudes con- 
formationnelles sur des molecules que I'on ne 
peut traiter commodement avec des methodes ab 
initio est justifiee. Sa grande rapidit6 et sa facilitt 
d'utilisation en font un outil tres utile pour des 
molecules comportant jusqu'a environ 120 elec- 
trons de valence. 

Un examen ditaille des parametres de struc- 
ture obtenus par PCILO compares aux donnkes 
experimentales rCvi.le cependant des lacunes 
assez importantes. Les angles C-C-C sont en 

gCnCral assez bien reproduits (a 1 OLI 2" pres) et 
les sens de variation sont bien rendus. Ainsi 
I'ouverture des angles C,C,C3 par rapport a 
I'angle trigonal de 120" pour le propene (124.3"), 
le butene (125.4"), 1'isobuti.ne (122") et le butcine- 
2 trans (123.8") est bien reproduite par les valeurs 
PCILO qul sont, respectivement, 123.5, 124.0, 
123.0 et 125.0". L'angle C,C3C, dans le butene-l 
est cependant beaucoup trop faible (107.5") com- 
pare B une valeur experimentale de 112.1". Cette 
lacune spicifiq~le sernble se manifester d'une 
maniere particuli6rement prononcee pour une 
chaine IinCaire; ainsi le terme superieur, soit le 
pentene-I, ne donne pas de minimum d'energie 
pour des angles C,C3C, et C3C,Cj raison- 
nables. Selon le calcul PCILO, ces deux angles 
auraient des valeurs inferieures B 103" ce qui im- 
pliquerait une deformation beaucoup trop im- 
portante. Une autre lacune reside dans l'evalua- 
tion des angles HCH. Les sens de variation sont 
en general respectis, mais de maniere exageree. 
Ainsi les angles HCH des CH, terminaux sont 
tous inferieurs a 120" ce qui est conforme 
I'expkrience; pour le p r o p h e  I'angle experimen- 
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GRIGNON ET FLISZAR: ETUDE THEORIQUE D'HYDROCARBURES 2765 

tal est de 118" alors que le calcul conduit a 114"; 4. J .  LANGLET. B. PULLMAN et H. BERTHOD. J.  Chim. 

de manii-re similaire, pour l'isobuti-ne la valeur Phys. 67, 480 
5.  S. DINER,  J .  P. MALRIEU,  and P. CLAVERIE.  Theor. calculCe pour cet est de ' ' '" c o m ~ a r C e  a Chim, Acts (Berl,). 13, 1 (1969): J ,  P, MALRIEU,  P,  

la valeur expkrimentale de 117.5-1 15.5". Le CLAVERIE. and S. DINER.  Theor. Chim. Acta (Berl.). 
mEme phknomene se produit pour les HCH des 13. 18 (1969): S .  DINER.  J .  P. M ~ L R I E U .  F. JORD,AN. 
mCthyles. Ces angles que ]'exp&ience situe dans and M. GILBERT. Theor. Chim. Acta fBerl.1, 15, 100 

(1969). le domaine 107-109" par le calcul 6. S ,  FLIsriiR et J .  SuGuscH, Can, J ,  Chem, 51. 991 
a 106-107". 1 1  4711 

En rksumk, on peut conclure que les sens de 
variation sont reproduits mais exagCrCs dans 
plusieurs cas. Pour les termes supCrieurs qui ont 
CtC calculCs et pour lesquels 1es valeurs experi- 
mentales ne sont pas disponibles. les valeurs 
calculCes pour les diffkrents angles sont trGs 
voisines de celles calculCes pour les premiers 
termes de chaque serie. En raison des Ccarts 
entre les valeurs calculCes et observkes qui ont 
CtC constatis dans les cornparaisons exposCes ci- 
haut, il y a lieu de soupConner que les risultats 
dCduits pour les termes suptrieurs presentent 
Cgalement des ecarts du mEme ordre par rapport 
a la rkalitC tout en t tant probablement qualita- 
tivement justes. 

,a, , . , , .  

7. S. FLISZAR. J .  Am. Chem. Soc. 95, 1068. 7386 (1972). 
8. S. F L I S Z ~ R .  G .  KEAN el R. MACAULAY. A paraitre. 
9. G. KEAN et S.  FLISZAR. A paraitre. 

10. Table of interatomic distances. Chem. Soc. (London). 
Special Publication No. 1 1  (1958). 

11. J .  A. POPLE et M. GORDOY. J .  Am. Chem. Soc. 89. 
4253 ( 1967). 

12. D. R .  L IDE et D. E.  M4Nh. J .  Chem. Phys. 27. 868 
(1957). 

13. D. R .  L IDE et D. CHRISTENSEZ.  J .  Chem. Phys. 35. 
1374(1961). 

14. L. RADOM, W.  '4. LATH*>.  W.  J.  HEHRE et J. A .  
POPLE. J .  Am. Chem. Soc. 93. 5339(1971). 

15. H .  VAU D E R  MEEK. MoI. Phys. 18.401 (1970). 
16. S.  KONDO. E. HIROT-\ et Y .  MORINO. J .  Mol. Spec- 

trosc. 28.4718(1968). 
17. V .  W. L A U R I E . J . C ~ ~ ~ .  Phys. 34. 1516(1961). 
18. L. S. B,ARTEI L et R .  A. B O N H ~ M .  J .  Chem. Phys. 32. 

824 1 1960). 
19. '4. ALAIFNUINGEY, I. M. ANFISEN et A. H,Z\I .AND. 

Nous tenons a re~nercier le Conseil national de re- Acta Chem. Scand. 24.43 (1970). 
Canada pour 'In octroi qui  a permis le 20, W, J ,  HEHRE,  L ,  R A D O ~ ~ ~ ~ J ,  A. POPLE, J ,  ,Am, Chem, 

present travail. SOC. 94. 1496 ( 1972). 

W,  J ,  HEHRE et J ,  A ,  POPI_E, A m ,  Chem, Sot, 92. 21. H. D. RUDOLPH, H. DREIZLER. .A. JAESCHKE et P. 

2191 (1970). W I N D L I ~ G .  Z. Natul-fol-sch. A. 22.940 (1967). 

2 ,  J ,  et tI, D E R  M E E R ,  Thee,., Chin,. 22. Table of experimental dipole moments. .4. L. McLel- 

Acta,21,410(1971). Ian, W. H. Freeman and Co.. San Franci~co. Califol-- 

3. J .  L ~ N G L E T ,  8 .  PULL.MAN et H .  BERTHOD. J .  Mol. nia. 1963. 

Struct. 6 .  139(1970): B. MAICRET. B. PULLMAY et J .  
CAILLET. Biochim. Biophys. 40.808 (1970). 
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Distributions de charges et effets chimiques. VI. Etude PCILO des rCpartitions 
de charges dans les hydrocarbures CthylCniquesl 

JACQUES GRIGNON ET SANDOR FLISZAR 
D~~pur t e t t~e t~ t  de Clzirrzie, UniversitP de MonrrPcrl, 1MotztrPa1, Quebec H3C3VI 

Requ le 18 fkvrier, 1974 

JACQUES G R I G ~ O N  et S A ~ D ~ R  FLISZAR. Can. J. Cheni. 52, 2766 (1974). 
Les analyses de population electronique pour des series d'ethylenes alkyl-substituCs refletent 

bien le transfert de charge de la part des substituants dans I'ordre inductif habitue]. L'accumu- 
lation de charge a lieu preferentiellement sur l'atome sp2 en [1 par rapport au substituant mais 
ne suit pas fidelement I'ordre ~nductif en raison d '~ ln  effet d'alternance de charge q ~ ~ i  s'y oppose 
en partie. 

JACQUES GRIGNO'U and SANDOR FLISZAR. Can. J. Cheni. 52, 2766 (1974). 
Analyses of the electron density distribution for some series of alkyl-substituted ethylenes 

reflects clearly the transfer of charge from the substituents in the normal inductive order. The 
accumulation of charge o c c ~ ~ r s  preferentially on the spZ atom in the position with respect to 
the substituent but does not follow exactly the inductive order because of the effect of a charge 
alternation which opposes in part the inductive effect. [Journal Translation] 

Des Ctudes rtcentes (1-4) ayant portt sur les 
distributions de charges dans les alcanes ont 
montre que les charges nettes2 q porttes par des 
atomes H ou des groupes CH, dtpendent, selon 
des tquations du type Taft, des constantes 
polaires o* (5) des groupes alkyles R auxquels ils 
sont rattachks. 

[ l ]  q, = aoR* + b (pour R-H) 

I1 a Ctt vtrifiC (3,4) que les distributions de 
charges calcultes a partir des Cqs. 1 et 2 sont en 
bon iccord avec celles obtenues au moven de 
nombreuses methodes thtoriques, voire m&me 
en parfait accord avec les rtsultats ab initio 
(STO-3G, completement optimisC) (4,6). 11 a 
Cgalement e t t  montrt que la difference essen- 
tielle entre les rtsultats fournis par les diverses 
methodes theoriques rCside dans la valeur de a 
devant etre utilisee dans les Cas. 1 et 2 afin de 
gCnCrer les valeurs deduites des calculs thtori- 
ques3. Finalement, il a t t t  montre que les dis- 
tributions de charges dCduites a partir des divers 
calculs thtoriques, tout en possedant essentielle- 

'Extrait de la these (Ph.D.) de J.G., Universite de 
Montreal (1974). 

2La charge nette de r est definie ici comnie &ant la 
charge nucleaire moins la population electronique totale 
en  r. 

3Cet aspect a kt6 discute (3,4) en termes d'un para- 
metre n defini par a = - 10/3n, dans une echelle d'unitks 
relatives par rapport a qC(CZH6) = 1. 

ment un "contenu chimique" (les effets induc- 
tifs) ne peuvent gkntralement pas etre utiliskes 
telles quelles pour 1'Ctude des relations: Pro- 
priCtC - distribution electronique (7).4 Sur cette 
base, un critere a CtC dCveloppt, en termes d'une 
reconsideration du mode d'attribution des popu- 
lations de recouvrement entre les divers centres, 
en vue de permettre 1'Ctude de propriCtts molt- 
culaires qui dependent des distributions Clec- 
troniques. Ainsi a-t-il CtC possible de gtnCrer des 
distributions de charges telles que les dCplace- 
ments chimiques des carbones (et des protons) 
des alcanes leur sont IinCairement reliCs (7). 

11 est donc entendu que les charges des Cthy- 
lenes, calcultes par la methode PCILO (S), qui 
sont prtsenttes ici ne sauraient Etre considCrtes 
comme Ctant "vraies" dans un sens absolu. 
Cependant, la mtthode PCILO ayant dCja mon- 
trC sa capacitC de gCnCrer des charges respectant 
"l'intuition chimique" (Cqs. 1 et 2) dans le cas 
des alcanes (3), il parait raisonnable d'esptrer 
que les distributions de charges PCILO peuvent 
Cgalement &tre utilisCes sur une base relative, 
pour fin de comparaison, dans le cas des ethy- 
Ienes. Dans cette hypothkse, il devient notam- 
ment intiressant d'examiner a I'aide de cette 
mCthode (i) si les effets inductifs rencontrts dans 
les alcanes se retrouvent Cgalement, en termes de 
distributions de charges, dans les composes in- 

4Par exemple, en vue d'etudier les deplacements 
chimiques du 3C en fonction des charges. 
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GRIGNON ET FLISZAR: DISTRIBUTIONS DE CHARGES. VI 

TABLEAU 1. Distribution de charges (me) des Cthylenes R-CH=CH, 
1 2  

*S, standard; 0, optimisee. 

saturts et (ii) comment les charges se repartissent 
entre les carbones sp2. 

RCsultats 
Les modalites du  calcul PCILO (8) ont i t t  

expostes antkrieurement (9). Les distributions 
Clectroniques ont Ctt calculCes dans chaque cas 
en utilisant deux gtomttries differentes: (i) la 
gtomktrie optimiske, soit cclle correspondant au  
minimum de l'energie totale d'ordre 3, et (ii) une 
geometrie "standard", definie par les parametres 
exposts antkrieurement (9). 

Toutes les charges nettes sont exprimkes en 
milliemes d'klectron (me). Une charge q > 0 
indique un dCfaut dlClectron (charge positive) et 
q < 0 indique la prtsence d'un exces d'tlectron 
sur I'atome considtrt. 

Lors de I'ttude de ccs distributions de charges, 
certaines difficultis sont amarues.  D'une ma- 

A. 

niere generale, certains caracteres gkometriques 
sont quelque peu exagkrts par le calcul PCILO, 
tout en conservant cependant un sens de varia- 
tion qui est gentralement correct. (9) A titre 
d'exemple, les angles H C H  sont rCguli6rement 
trop fermts par rapport aux valeurs mesurkes 
expkrimentalement. Le cas extreme est reprC- 
sent6 par le pentene-1, oh  le calcul semblerait 
indiquer que dans le groupement n-propyle les 
angles CCC sont tres fermts (4  CCC < 103"), 
ce qui est visiblement faux. Ces dkfauts de gto- 
mCtrie conduisent a des estimations de densites 
de charges qui sont tgalement entachtes d'er- 
reurs. Les erreurs gComttriques n'etant pas les 
memes pour les divers groupements c o n s i d ~ r ~ s ,  
il en resulte une distorsion inegale dans le calcul 
des charges pour les differentes moltcules. Pour 
cette raison, il a paru avantageux de  comparer 

les effets Clectroniques en supposant des criteres 
standard pour les gtometries des molecules. Par 
ailleurs, une comparaison des resultats obtenus 
au  moyen des geometries standards avec ceux 
dCduits aprks optimisation de la geometrie revkle 
les m&mes tendances gtnerales, aussi bien dans 
la skrie des tthylenes monosubstituts (tableau 1) 
que dans les autres ~ C r i e s . ~  

Pour les raisons enoncees ci-haut, seuls les 
rtsultats deduits partir de geometries standards 
sont rapportks pour les tthylenes gein-disubsti- 
tuts  (tableau 2) et disubstitues-1,2 (tableau 3), 
ainsi que pour les alkyl benzknes (tableau 4). 

Discussion 
L'utilitt premiere de resultats tels que ceux 

exposes aux tableaux 2-5 rtside dans "l'informa- 
tion chimique" qui y est contenue. Cette infor- 
mation est extraite a deux points de vue: (i) par 
I'ttude du  transfert de charge du  substituant 
alkyle vers la partie CthylCnique (effet inductif) 
et (ii) par l ' ttude de la rtpartition de charge dans 
la partie insaturte (alternance de charge). 

L'Effet inductif 
Dans I'interprttation du  comportement chimi- 

que des moltcules organiques, de nombreux et 
importants arguments sont relits aux change- 
ments de densites Clectroniques induits par les 
substituants. Notamment, des interprttations de  
la rkactivitt des moltcules sont relites ( 5 )  au fait 
que le pouvoir donneur d'tlectrons des groupe- 
ments alkyles peut etre chiffrt par des constantes 
(o* polaires de  Taft) dans l'ordre tert-C,H, 
(o* = -0.300) > i-C,H, (-0.190) > nto- 

5Les resultats dCtaillCs sont indiques dans la these.' 
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C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

TABLEAU 2. Distribution de charges ( m e )  dans les ethylenes RI(CH3)C=CH2 
1 2  

trans C H 3  
C z H ,  
i-C3H7 
ferf-C4H, 

c i ~  C H 3  
C2H5 
i-C3H, 
ter/-C4H9 

Distribution de charges ( m e )  dans les tthylenes R-CH=CH-CHJ 
1 2  

-- - 

q d R )  qc-1 ( J H - 1  d C H 3 )  qc-2 q ~ - 2  
- . 

- 16.0 - 13.4 8.5 - 16.0 - 13.4 8.5 
15.3 - 13.8 9.3 - 17.2 - 22.8 9.4 
46.2 - 13.9 9.8 - 18.3 - 29.9 10.3 
69.2 - 17.2 8.1 - 19.6 - 32.5 13.7 

- 19.5 - 13.2 6.1 - 19.5 - 13.2 6.1 
12.2 - 13.7 7.1 - 20.9 - 22.6 7.2 
51.3 - 16.5 7.1 -32.1 -26.7 8.2 
72.3 - 18.3 6.4 -31.7 - 29.0 8.6 

TAB LEA^ 4.  Distribution de charges dans les alkyl benzenes 
-. - - 

R 4c(R)  clc-1 qc-3 qc-4 
-- 

qc-2 
--- - - 

C H 3  - 35.3 20.8 -23.9 - 15.0 - 14.7 
C2H5 - 7.8 25.1 -28.2 -15.9 - 14.4 
i-C3H7 19.2 24.0 - 29.3 - 17.1 - 14.5 
tert-C4Mg 42.2 20.4 - 29.8 - 17.4 - 15.2 

C,H,,(-0.152)(6) > n-C,H, (-0.1 15) > C2H5 
(-0.100) > CH,(O). Ainsi s'attend-on a ce que 
la densite Clectronique dans la partie insaturCe 
soit plus importante avec un substituant tert- 
butyle qu'avec un mtthyle. En fait, l'effet induc- 
tif a Cte implicitement associC a un transfert 
d'tlectrons. Une justification theorique de ce 
point de vue a Ctt prCsentCe rtcemment (1-4) 
dans le cas des alcanes. 

En vue de reconnaitre I'aspect "transfert de 
charge" dans les tthylknes ici CtudiCs, nous for- 
mons les charges nettes des groupes CH=CH,, 
CH3C=CH2, CH=CHCH3 et C,H, (selon la 
classe de composCs considCrte) B partir des rt-  
sultats exposts aux tableaux 1-4. 

Par les rtsultats du tableau 5 il devient possible 
de relier entre elles d'une mani6re cohCrente les 
distributions de charges indiquCes aux tableaux 
1-4. La fig. 1 reprtsente les charges nettes 
q(CH=CH,) dkduites pour les Cthylknes mono- 
substituts en fonction des constantes polaires o* 

de Taft (5) des substituants R ,  (gtometrie 
standard). 

I1 apparait clairement de cette cornparaison 
que les charges q(CH=CH,) sont en bon accord 
avec une equation de type Taft (eq. 3). 

[3] q(CH=CH,) = ao,* + constante 

Dks lors, il devient raisonnable d'admettre, 
comrne cela avait CtC fait pour les alcanes (1-4) 
que I'interpritation usuelle des effets inductifs en 
termes de transfert d'tlectrons est adCquate ct 
que les constantes o* dtcrivent, comme cela avait 
CtC postulC (5), les effets polaires. 

L'analyse, en termes de 1'Cq. 3. des rtsultats se 
rapportant aux charges q(CH,C=CH,) des Cthy- 
lines gem-disubstituis, q(CH,CH=CH) des 
CthylCnes disubstituts-1,2 (cis et trans), ainsi 
qu'aux charges q(C,H ,) des alkyl-benzhes, con- 
duit B des corrClations en tous points similaires 
B celle prCsentCe dans la fig. 1 .  L'accord obtenu 
avec les gComCtries optimistes est en gCnCral un 
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GRIGNON ET FLISZAR: DISTRIBUTIONS DE CHARGES. VI 2769 

TABLEAU 5. Charges nettes (me) des fragments insaturts des ethylenes R1 (R,)C=CHR, 

Molecule 
Fragment Charge nette* 

RI  Rz R3 considere du fragment 

*Les valeurs indiquees entre parentheses sont deduites 6 partir des geometries optiniisees, les autres correspondent 
aux geometries standards. 

tCalcule d'apres les resultats (10) deduits par  une methode de type SCF. 

FIG. 1. Verification de 1'Cq. 3 pour les ethylenes 
RCH=CH2. 

peu moins satisfaisant que celui observC pour les 
resultats deduits avec les gComCtries standard, 
sans pourtant infirmer la validitt de 1'Cq. 3. 
Notamment, le groupement n-propyle, qui don- 
ne un rCsultat satisfaisant lorsqu'on fait appel a 
la geomCtrie standard, est complktement hors de 
la corrClation avec la geometric optimisee. Ceci 
n'est cependant pas surprenant etant donnt que 
I'optimisation de la gComCtrie conduit a une 
forme molCculaire invraisemblable (9). Notons, 

finalement, que l'analyse des resultzits de Lips- 
comb et collaborateurs (10) dCduits par un cal- 
cul du type SCF pour les alkyl-benzknes conduit 
a une correlation du type Taft (Cq. 3) ICgkrement 
supCrieure a celle obtenue par PCILO. 

Les rksultats exposCs ci-haut ont trait a la 
comparaison des groupements alkyles entre eux, 
en ce qui concerne leur pouvoir donneur d'Clec- 
trons. En aucun cas il n'a CtC fait rCfCrence a une 
comparaison entre un groupe alkyle et un atome 
d'hydrogkne. En effet, une telle comparaison ne 
saurait etre valable B la vue seule des densites de 
charges telles qu'obtenues par la plupart des 
mCthodes theoriques. En effet, une distorsion 
subsiste dans la plupart des calculs (7) qui 
prend origine dans le fait que dans le mCthane la 
charge de chaque H est positive (donc y, < 0), ce 
qui revient 2 dire que le groupe CH, appara7t 
comme un attracteur d'ilectrons par rapport a H. 
Ceci est reflttC, par exemple, dans le calcul 
EHMO ( I  1) qui conduit q(C,H5) = -21 me 
(toluene) et q(C,H5) = - 101 me (benzkne), tout 
aussi bien que dans les calculs ab initio (12) 
(q(C,Hj) = - 37 me dans le tolukne, - 51 me 
dans le benzene). Cette meme distorsion est 
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TABLEAU 6. Pentes et ordonnees a l'origine de I'Cquation q = a o* + b (me) 
- -- 

-- 
- --- 

coefficient 
Olefines Geometric* a b de correlation 

CsHS-R S 
0 

*S, standard; 0, optimis6. 

en fait retrouvke chaque fois que le calcul thto- 
rique conduit a une polarit6 C--Ht dans le 
mithane (7). Cet aspect a CtC discutC en termes 
d'analyse de populations (7); notamment il a kt6 
montrC que si le partage des populations de recou- 
vrement CP,, S,, a raison de ) entre des atomes 
de carbone lies semble raisonnable, i l  n'en est plus 
ainsi pour les liens C-H. Dans ce dernier cas il 
convient de reconsidkrer le dkpartage des popula- 
tions de recouvrement par une "calibration phC- 
nomCnologique". C'est a la lumiitre de ces faits 
que doit Etre examink le cas mkthyl-2 p rophe ,  par 
opposition au propitne. Les rCsultats du tableau 5 
sembleraient indiquer que le remplacement de 
l 'hydroghe gCminC au mtthyle dans le propitne 
par un groupe mtthyle dinhue la charge du 
groupe C=CH, de - 17.0 me pour le propine a 
-2.3 me (mCthyl-2 prophe) .  Ce rCsultat est 
clairement une distorsion du mEme type que 
celles rencontrtes avec les autres mithodes 
theoriques conduisant a une polarite C--Hf 
pour le mCthane et ne saurait donc Etre invoquC 
en vue d'interprktations de faits experimentaux. 
Seuls peuvent Etre comparCs entre eux les rtsul- 
tats de stries de composCs ne diffkrant que par la 
nature, et non pas par le nombre, des groupe- 
ments alkyles. A titre d'exemple, cet aspect se 
manifeste dans la comparaison des potentiels 
d'ionisation avec la somme des charges nettes 
des deux atomes de carbone Cthyltniques (fig. 
2): ce stade, ne peuvent Etre compares entre 
eux que les rCsultats se rapportant a une mEme 
strie de composCs, dont les membres se distin- 
guent uniquement par la nature des substituants 
alkyles. 

L'alternance de charge 
L'examen de la rtpartitions des charges entre 

les carbones sp2 en a et en P par rapport au subs- 

FIG. 2. La comparaison des potentiels d'ionisation 
(13) avec les charges accumulees dans la partie tthyle- 
nique (qc-, + qC-2) reflete I'idee (14) que I'arrachement 
d'un electron est d'autant plus facile que la region mole- 
culaire concernke est plus riche en electrons, ainsi qu'il a 
etC verifie pour les alcanes (14). La droite I (RCH=CH,) 
est decalee de 2 x electron par rapport a l'echelle. 
La droite 2 se rtfere aux composCs R(CH,)C=CH2 et la 
droite 3 aux composes RCH=CHCH, trans (ronds) et 
cis (triangles). 

tituant rtvele une accumulation prCfCrentielle 
en position P des Clectrons ctdCs par le substi- 
tuact. Cependant, la charge nette du carbone en 
p n'augmente pas rkguliitrement dans l'ordre 
inductif CH, < .... < tert-butyle. Ceci peut Etre 
interprCtC en termes d'alternance de charge 
(1,2): "un site positif est promu par un entourage 
nCgatif." Cette ritgle (dont le caract6re approxi- 
matif a dCja CtC discutC (2)) est reprksentte par 
l'tq. 4 

reliant la charge nette sur l'atome i une somme 
pondCrCe des charges nettes qj des voisins j de 
l'atome i. La fig. 3 reprtsente les charges nettes 
(4,) des carbones sp2 de toutes les molCcules 
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-100  (me) o 
zajqj :b 

FIG. 3. Alternance de charge. Verification de l'eq. 4, 
avec a,(sp3) = -0.1295, a,(sp2) = -0.7441, a, = 
- 1.4157, [3 = - 19.86 me, a partir des resultats des 
tableaux 1-4. 

ttudiCes ici en fonction de la somme pondtrCe 
&qj des charges des atomes adjacents a i. 

L'alternance de charge permet ainsi d'inter- 
prCter d'une f a ~ o n  grossikre les tendances ob- 
servCes pour la ripartition des charges entre les 
deux carbones sp2 de la partie Cthylenique. Un 
substituant CH,, dont le carbone est "riche" en 
Clectrons, "accepte" un voisin sp2 a caractere 
positif, d'autant plus que le carbone en P devient 
lui-meme nCgatif. Avec un substituant tert- 
butyle, I'alternance de charge s'oppose en partie 
a la transmission de charge sur l'atome sp2 en P 
car le carbone central du groupe tert-C,H, 
(entourt de trois CH, avec des carbones nCga- 
tifs) acquikre lui-mSme un caractere positif. Dks 
lors le carbone sp2 en a tend a reprendre un 
caractkre moins positif (par rapport au cas du 
substituant CH,) par un reflux partiel de la 
charge negative, au ditriment du carbone sp2 en 
p. Dis  lors, tout en conservant le caractkre 
global de l'effet inductif, i.e. le transfert d'klec- 

trons en faveur de la partie Cthylenique (fig. 1 ,  
eq. 3), I'accumulation de charge en P ne suit pas 
fidklement l'ordre inductif. Ainsi, si la rtactiviti 
d'un CthylCnique venait a dependre de l'accumu- 
lation de charge en P par rapport au substituant, 
un dCfaut de la rCactivitC a suivre fidklement 
I'ordre inductif ne saurait &tre imputC a un 
manque des substituants a ceder des Clectrons 
dans cet ordre. Notamment, i l  n'y aurait alors 
pas lieu d'invoquer un effet tel I'hyperconju- 
gaison, car l'ordre inductif des groupements 
alkyles, en ce qui touche leur habiletC ceder des 
electrons (eq. 3), est bien rifletee par les popu- 
lations tlectroniques. 

Nous tenons a remercier le Conseil national de 
recherches du Canada pour un octroi qui a permis ce 
travail, ainsi que le Centre de Calcul de I'Universitt de 
Montreal pour toutes les facilites dont nous avons 
benCficie. 
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G ~ R A R D  KEAN and SAYDOR FLISZAR. Can. J. Chem. 52, 2772 (1974). 
STO-3G calc~ilations are presented for methane, ethane, propane, isobutane, neopentane, 

ethylene, and benzene. Optimized geometries were used; all K and L shell exponents were 
optimized for each molecule until stable charge distributions were obtained. The marked 
influence of full optimization on calculated charges is discussed in comparison both with 
selected GTO results and with "chemical expectancy." 

G ~ R A R D  KEAN et SAYDOR FLISZAR. Can. J. Chem. 52, 2772 (1974). 
Les calculs STO-3G sont prtsentts pour le methane, I'tthane, le propane, l'isobutane, le 

neopentane, ]'ethylene et le benzene. Les geometries, ainsi que tous les exposants des couches 
K et L furent optimists pour chaque molecule jusqu'a l'obtention de distributions de charges 
stables. L'influence marqute d'une telle optimisation sur les rtsultats est discutee en termes de 
cornparaisons avec des calculs GTO et avec 1' "intuition chimique." 

A good insight into the possibilities offered by, 
and the problems related to, ab itzitio calculations 
at various levels of sophistication can be ex- 
tracted from recent literature (1-3). In STO-NG 
calculations, the replacement of each Slater-type 
atomic orbital by an atomic orbital which is a 
sum of N Gaussian-type orbitals yields total 
molecular energies which converge rapidly to- 
wards the full S T 0  result with increasing size of 
Gaussian expansions (2). These energies are, 
however, still far from what can be obtained by 
an improvement of inner-shell description, e .g . ,  
at the 6-31G level (3). Any such improvement 
in total molecular energy does not necessarily 
mean that all calculated properties are drasti- 
cally different or, simply, better than what can 
be obtained from the relatively simple STO-NG 
calculations: equilibrium geometries and (within 
limits) relative energies are not altered signifi- 
cantly. Two typical examples are presented in 
Table 1.  At the level of extended sets, the obvious 
drawback is that the gain in flexibility is accom- 
panied by a definite loss of practical feasibility, 
in comparison with minimal basis set methods, 
if all variational parameters were to  be optimized 
in the calculation of each molecule of interest. 

In STO-NG calculations, the study (2) of the 5 
exponents when treated as variational parameters 
indicated that the optimized values (for each 
type of atom) are largely independent of the size 
of the Gaussian expansion but vary considerably 
from one molecule to another. Using standard 

geometries, optimum exponents were calculated 
for atoms in selected molecules, and "standard" 
exponents were defined as averages of optimized 
( values. While the standard set of [ exponents 
appeared to be sufficient for the calculation of 
total or atomization energies, it also became 
clear that charge distributions are very sensitive 
to ( optimization. For example (2), the carbon 
net charge in methane drops from -255 me 
(standard ['s) to -73 me (optimized ['s). 

Clearly, any attempt of calculating charge 
distributions which may be regarded "accurate" 
at the level of the method which is used to derive 
them implies a very careful optimization of the 
exponents and, to a lesser extent, of the molecular 
geometry. Hence, if the calculations are to be 
kept within reasonable limits of feasibility, the 
"accuracy" which can be attained depends 
largely upon the size of the Gaussian expansions. 
We, therefore, choose to perform the calculations 
using a minimal basis set STO[ls + 3(ls,) / 2s -t 
3(l s,), 2p -t 3(2p,)] in order to obtain with good 
accuracy the charge distributions corresponding 
to this level, thus providing a best possible basis 
for discussing the merits of such a theoretical 
approach. Relevant additional information is 
provided by the results of calculations using 
GTO functions. 

Results 
The calculations were made by means of a 

CDC CYBER 74 computer, using the PHAN- 
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TABLE 1. Total energies, geometries, and net charges calculated by STO-3G and 6-31G methods 

STO-3G 

Molecule Property 

CH4 Total energy (au) 
r(CH) (A) 
C net charge (me) 

C2H4 Total energy (au) 
r(CH) (A) 
r(CC) (A) 
L HCC (deg) 
C net charge (me) 

Fixed 5" Optimum 6" This work 
-- 

-39.7153 -39.7305 -39.7334 
1.083 

- 524 - 73 -48.92 

-77.0506 -77.0725 -77.0766 
1.080 
1.318 

116.59 
- 276 - 156 -135.47 

6-31G Experimental 

nFrom ref. 2. 

TABLE 2. Optimization of the exponents for the L shell (propane) and the K shell (neopentane) 
- -- - 

Molecule Exponent (shell) Energy (au) 
Atomic net charge 

electron unit) 

Propane 1 .  760(CpL) 1.76O(CsL) - 116,898948 -24.54(C ,,,,) 23.55(CS,,) - 1 .  68(Hsec) 
1.750 -116.898980 -19.64 -3.88 5.65 
1 .755 -116.898987 -29.09 9.85 1.98 

1.7590 1.75354 -116.898992 -23.81 5.94 2.20 

Neopentane 5.710(CPK) 5.705(CqK) - 194.073250 - 3 1 . 05(Cp,,,) 74.84(Cq,,,) 
5.7048 5.705 -194.077771 -28.04 56.65 

5.700 -194.077632 -27.90 54.04 
5.728 -194.077781 -28.66 62.92 

NOTE: CDL, CsL: L shells of the primary and secondary C atoms; C,K, C,K: K shells of the primary and quaternary C atoms. 

TOM (4) system of programs. Optimized molec- 
ular geometries were used, and all exponents 
were optimized individually for each molecule, 
including those of the carbon K shells. Of course, 
different C and H atoms in the same molecule 
were optimized separately. Each energy mini- 
mization was carried out until a stable charge 
distribution was obtained. within -0.01 me. 

The importance of this last criterion can be 
inferred from the example given in Table 2, 
illustrating the effect of ( optimization for the L 
shells in propane. In this case optimization 
achieves only a small energy improvement 
whereas the accompanying changes in atomic 
electron populations are very pronounced, par- 
ticularly for the secondary C atom. It became 
therefore necessary to determine accurately the 
energy minimum from numerous results, involv- 
ing small steps in the [ variations. In other cases, 
however, the changes in electron densities with 
those of the exponents were not as pronounced 
as in the example given above. The effect of the 
optimization of K-shell exponents on carbon 
net charges is illustrated in Table 2 for neo- 
pentane. 

The molecular geometries were calculated 
using Pople's optimized exponents (2) for 
methane and ethane which had been derived 
assuming standard geometries ( 5 ) .  The geom- 
etries thus obtained (Table 3) can be regarded as 
sufficiently accurate for our purpose. The reasons 
are as follows. (i) The new set of optimized ('s 
which has been calculated using the optimized 
geometries of Table 3 turns out to be very similar 
to that derived by Pople et 01. (2) from standard 
geometries. Since small changes in the ['s appear 
not to affect significantly the geometrical param- 
eters (and vice versa) a reoptimization of geom- 
etry using the optimum [ parameters derived 
from the set given in Table 3 would not achieve 
any significant improvement of the geometrical 
parameters. Moreover (ii), in the process of 
calculating the optimum geometries it has 
appeared that minor changes in their parameters 
(of the order of what could result from their 
reoptimization using optimum [ values) have a 
negligible effect on the charge distributions. 
Consequently, we feel justified in using the 
geometries of Table 3 for pursuing the calcula- 
tions. The set of optimized [ values derived 
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TABLE 3. Equilibrium geometriesa 

Symmetry 
Molecule constraint Coordinate STO-3G Experimentalb 

Td r(CH) 
D3d r(cC) 

4 C H )  
L HCH 

Dzh r(CH) 
r(CC) 
L HCH 

CZ L; r(CC) 
r(CH) (sec) 
r(CHs) 
r(CHa) 
L CCC 
L HCH sec 
L H,CH, 
L H,CH, 
L CCH, 
L CCH, 

C3" r(CC) 
r(CHt) 
r(CH,) 
r(CH,) 
L CCC 
L CCH, 
L H,CH, 
L H,CH, 
L CCHt 

Td r(CC) 
r(CH) 
L HCH 
L CCC 

D2h r(CC) 
r(CH) 
L HCC 

Dbh r(CC) 
r(CH) 

ODistances in A,  angles in decimal degrees. 
WH4, C2H6, and C2H4 from ref. 6 ;  i-CJHIO and C3H, from ref. 7 ;  C,Ho from ref. 8 

using these optimum geometries is given in 
Table 4. 

These optimum [ values are, as expected, simi- 
lar to those calculated by Pople et al. (2) for 
methane and ethane, which were 1.18 (H) and 
1.76 (C, L shell). The carbon K-shell exponents 
are somewhat different from the value (5.67) 
used by Pople, which is the [ corresponding to 
the free atom Slater-type orbital. 

Population analyses were carried out following 
Mulliken's method (9). The results are given in 
Table 5. 

In order to provide data for the forthcoming 
discussion, the following calculations were also 
made. (i) A "standard" STO-3G calculation 
using Pople's recipe (2). Standard geometries 
were assumed with r(CH) = 1.091 A, r(CC) = 

1.540 A, L H C H  = L C C C  = 109.47", and 
Pople's (2) optimized scale factors were used. 
(ii) A GTO(6s3p13s) calculation, using the opti- 
mized geometries and exponents given in Tables 
3 and 4. (iii) A GTO(9s5p15s) + [5s3p13s] calcula- 
tion of methane and ethane, using the geometries 
of Table 3 and the exponents calculated by 
Dunning (10). 

The net ( i .e . ,  the nuclear minus gross) charges 
which were calculated in the present study are 
given in Table 6, in electron units. Selected 
"inductive" charge distributions (11-13) are 
included, which shall be discussed in the next 
section. 

The effect of optimization of geometries and 
scaling factors at  the STO-3G level is clearly 
reflected by the comparison between "standard" 
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KEAN AND FLISZAR: CHARGE DISTRIBUTIONS. VII 

TABLE 4. Optimum exponents for molecules 
- 

Molecule Atom 

C H 4  

C2H6 staggered 
C2H6 eclipsed 
C 3 H a  C p r i m  

C 5 e c  

H p r i m ( s 1  

H p r i m t a )  

H s e c  

C p r i m  

C t e t t  

H p r i m ( a )  

H p r i m C a )  

H t e r t  

C p r i m  

C,",t 

H 

TABLE 5. Population analyses from the optimized STO-3G calculations (electron units) 
- -. - - . - 

Orbital population 

Molecule Atom 

and "optimized7' net charges. The concurrent 
lowering of total molecular energy is, in each 
case, relatively small: AE = 0.0028 au (CH,), 
0.0033 (C2H6), 0.0050 (C,H,), 0.0064 (i-C4Hl,), 
and 0.0181 au (neo-C,H,,). A substantial lower- 
ing of the energies with respect to the optimum 
STO-3G ones is observed with the GTO(6s3p13s) 
results: - 39.77333 (us. - 39.73336) au for CH,, 
- 78.39065 (us. -78.31488)for C,H,, - 117.0097 
(us. - 116.89899) for C,H,, - 155.63221 (us. 
- 155.48318) for i-C,H,,, and - 194.24842 (us. 
- 194.07778) au for neo-C,Hl,. The same trends 
are observed with GTO(9s5p15s) -t [5s3p13s] 

results, i.e. still larger charge separations and 
lower molecular energies : q, = - 705.17 me 
(E = -40.18721 au) for methane, and q, = 
-506.38 me (E = -79.20852 au) for ethane. 

Discussion 
The results given in Table 6 indicate that 

"better" (i.e., improved Gaussian set) ab initio 
calculations yield quite larger and less credible 
charge separations than those derived using a 
minimal basis set. This trend is confirmed by 
the methane-C net charge (in electron units) 
calculated by Andrt et al. (14) (q, = -0.79), 
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TABLE 6. Net charges, electron units 

Molecule Atom Standard Optimized 

Methane C 

Ethane C 

Propane cprim 

c s e c  

HDrimL? 
H s e c  

Isobutane cor~m 

Neopentane Cprim 
C,",, 

GTO 
( 6 ~ 3 ~ 1  3s) 
-. - 

-334.8 

-234.0 

-236.5 
-132.9 

75.9  
75.3 

-238.3 
-27.6 

74.5 
71.8 

-237.3 
60.1 

"Inductive" 
n = 14.11 

OAverage for nonequivalent H atoms. 

Allen and co-workers (1 5) (- 1.072), and that 
calculated (1 3) using Pople's 6-3 1 G extended 
basis set (3) (-0.63 e). 

The adequacy of theoretical charge densities 
for the study of molecular properties involving 
charges has been discussed recently (12, 13) in 
terms involving "inductive" charge distributions. 
The detailed comparison of "inductive" charges 
f(n, p) with their theoretical counterparts from 
semi-empirical and partially or nonoptimized 
ab initio methods has revealed an overall agree- 
ment which is satisfactory. This applies also to 
the "standard" STO-3G results; the optimized 
STO-3G results, however, are virtually in perfect 
agreement with the "inductive" charges. The 
comparison of the GTO net charges with their 
"inductive" counterparts is presented in Table 6. 
With n = 14.1 1 and P = - 232.5 me, the agree- 
ment is satisfactory, although not of the quality 
which has been observed for the fully optimized 
STO-3G net charges. It must be noted, however, 
that the present GTO(6s3p13s) results have been 
deduced without any reoptimization of the 
exponents. 

I t  is also noted that the net charge of the neo- 
pentane quaternary C atom is nearly independent 
of the choice of the method used for calculating 
it: q(C,,,,) = 62.92 me (STO-3G, optimum), 
60.1 me [GT0(6s3p13s)], 54 me (from AndrC's 
7 ~ 3 ~ 1 3 s  results (14)), and 81 me (from Hoyland's 
BO results (16)). Finally, from the present con- 
tracted GTO(9s5p15s) calculations, q(C,,,,) is 
estimated at  90 me. The near invariance of the 
quaternary C net charge and the fact that all 

other C charges become increasingly (and exces- 
sively) negative as the Gaussian expansions are 
improved both point at  the role of an adequate 
partitioning of the C-H overlap populations, 
as discussed earlier (13). This further stresses the 
need for a more general analysis of the problem, 
e.g., along the lines recently given by Roby (17). 

There is one final point concerning the quality 
of fully optimized STO-3G charge distributions. 
The "inductive" charge distributions, with n = 

-4.4122, were found to give a virtually perfect 
linear relationship between 6-1 3 chemical shifts 
and carbon charges (1 3). The standard deviation 
of f 0.3 p.p.m. implies an accuracy of f0.13% 
in the evaluation of the net C charges. Subject 
to this choice of definition of "accurate" charge 
distributions, the set of optimized STO-3G 
results obtained in this study qualify as "excel- 
lent" since the modified set which is deduced 
from the original STO-3G results by an appro- 
priate mode of partitioning CH overlap popula- 
tions also exhibits a virtually perfect correlation 
with carbon chemical shifts (13). It appears, 
therefore, that in view of obtaining charge dis- 
tributions which are accurate in their relative 
scaling one should prefer to work at the simple 
STO-3G level and carry out carefully the 
optimizations discussed in this paper, rather than 
attempting calculations involving large Gaussian 
descriptions without optimizing adequately all 
the variational parameters. 

We wish to express our gratitude to R. Macaulay and 
D. Goutier for assistance and many helpful discussions. 
The computational facilities offered by the "Centre de 
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The Effect of Bond Function Polarization on the 1.c.a.o.-m.0.-s.c.f. 
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JOHN 0 .  JARVIE, ARVI RAUK, and CLYDE EDMISTO~.  Can. J. Chem. 52, 2778 (1974). 
The effect of including polarization into a flexible s,p basis set by use of bond functions is 

studied in the systems H,O, NH,, H,O,, and N,H4. In all cases a decrease and subsequent 
improvement in calculated bond angles is found. Barriers to nitrogen inversion are also signi- 
ficantly improved. Bond function polarization alone does not account for the anti rotation 
barrier in H,O, although it does lead to stabilization of the gauche form relative to the anti 
form. The effect on molecular charge distributions is to allow movement of charge into the 
bonding regions. The results indicate that bond functions are an efficient means of introducing 
polarization into a basis set and lead to an improved agreement between calculated and experi- 
mental geometric and energetic parameters. 

JOHN 0. JARVIE, ARVI RAUK et CLYDE EDMISTON. Can. J. Chem. 52, 2778 (1974). 
L'inclusion de la polarisation dans un ensemble de base flexible s,p, par le biais de fonctions 

de liens, a e t t  etudiee dans les systemes H,O, NH,, H,O, et N,H4. Il en resulte dans tous les 
cas une dirninution et une amelioration des angles des liaisons calcules. Les barrieres d'inversion 
de I'azote sont ameliorees d'une maniere significative. La polarisation des fonctions de liens 
n'explique pas a elle seule la barriere rotationnelle anti dans H,OZ bien qu'elle conduise a une 
stabilisation de la forme gauche par rapport a la forme anti. L'effet sur les distributions de 
charges se reflete par un accroissement de densite electronique dans les regions de liaisons. Les 
resultats montrent que les fonctions de liens sont un nioyen efficace pour introduire la polarisa- 
tion dans un ensemble de base, conduisant ainsi a un meilleur accord entre le calcul et l'ex- 
perience pour les parametres geometriques et energetiques. 

[Traduit par le journal] 

Introduction 
The results of recent near Hartree-Fock 

1.c.a.o.-m.0.-s.c.f. calculations have indicated 
that the independent particle model is capable 
of accurately determining bond angles and 
lengths in small molecules. The calculated 
results for CH, ( I ) ,  NH, (2), and H,O (3) differ 
by only 1-2% from the results of microwave and 
electron diffraction experiments. Similar results 
have also been obtained for the calculation of 
bond lengths in diatomic molecules where neither 
of the atoms may be hydrogen (see, for example, 
the table compiled by Wahl and Bertoncini (4)). 
In most cases accurate results for both bond 
lengths and bond angles can also be obtained 
with carefully chosen but substantially smaller 
basis sets which give energies significantly above 
estimated Hartree-Fock limit values. Similarly, 
it has been demonstrated that the independent 
particle model is capable of quantitatively 

predicting both inversion and rotation barriers 
(5, 6) in molecules in which these features exist. 
It is apparent that potential surfaces obtained by 
the Hartree-Fock method for intramolecular 
motions that do not involve significant bond 
stretching are parallel to the true potential 
surfaces. When considering motions of this type, 
it is unnecessary to extend the method to include 
configuration interaction (c.i.). 

However, in order to obtain consistently 
reliable results, some important observations 
regarding atom centered basis sets have emerged. 
For first row atoms (e.g. C, N, and 0) the s and 
p basis should be made flexible by having two 
or more basis functions (after contraction) for 
each occupied valence atomic orbital (a.0.). In 
most instances this ensures the calculation of 
bond lengths to reasonable accuracy. However, 
the calculation of accurate bond angles, dihedral 
angles, and energy barriers in many cases requires 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JARVIE ET AL.: CALCULATION OF BOND ANGLES AND ENERGY BARRIERS 

TABLE 1. Exponents and Contraction coefficients for the 7s-3p basis set 

X = Nitrogen X = Oxygen 
-- 

Basis Contraction Contraction 
function Exponent coefficient Exponent coefficient 

H-Is' 

Bond 
functions 

the inclusion of polarization functions' (functions 
with higher order spherical harmonics). The 
most notorious cases involve molecules which 
have atoms with nonbonded electron pairs 
(2, 5, 6) .  

I t  has been proposed on the basis of studies of 
the methane molecule, that the effect of adding 
polarization functions can to a large extent also 
be obtained through the use of bond functions 
(1, 7), s-type Gaussians centered near the mid- 
points of the various bonds in the molecule. 
Rothenberg and Schaefer have concluded "Bond 
functions provide a reasonable alternative to the 
more conventional polarization functions. In 
particular, the effect of eight bond functions . . . 
was not improved on by using fewer than 18 
conventional polarization functions. . . " (7). The 
results of Meyer and Pulay also on methane 
support this conclusion (1). 

Although bond functions have been reported 
to  be very efficient in introducing polarization 
into methane (1, 7), it is not clear whether the 
polarization is of the correct type to allow 
prediction of bond angles and energy barriers in 
molecules with fluxional structures. Accordingly 
we have investigated, and report below, the 
effect of bond function polarization in H 2 0 ,  

NH,, H 2 0 , ,  and N,H,. Each of these molecules 
serves as a test for accuracy of bond angle 
calculation, the last two having a dihedral angle 
as well. In NH,  one has the additional problem 
of calculating the inversion barrier and in H 2 0 2 ,  
two rotational barriers including the recalcitrant 
anti barrier. Both barrier problenls exist in the 
case of N2H,. The results of detailed calculations 
on the potential surface for N2H,, using one of 
the basis sets involved in this study, are reported 
elsewhere (8). 

Method 
A b  initio 1.c.a.o.-m.0.-s,c.f. calculations 

were carried out according to the Roothaan 
scheme (9) on H 2 0 ,  NH,, H 2 0 2 ,  and N2H4.  
The basis sets used were of the Gaussian lobe 
function (G.1.f.) type, augmented with bond 
functions. In all cases, the bond lengths were 
kept fixed at the values, R,, = 0.96 A, RNH = 
1.013 A ,  R,, = 1.45 A, and R,, = 1.475 A.  

The exponents for the 7s-3p basis set were 
taken from Ditchfield et al. (10) with minor 
modifications and are shown in Table 1. The 
p-exponents were taken directly from their 3p 
representation. However, the seven s-exponents 
were composed of four from their 4s Gaussian 
representation of a Is atomic orbital (a.0.) and 

-- - 

'For first row hydrides these functions take the form 
thEee from their Gaussian representation of a 2s 

of 3d-type orbitals on the central atom and 2p-type a.0. The latter three exponents are the Outer 

orbitals on hydrogen centers. exponents which are used to describe the 
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valence region. The other two Gaussia~ls in the 
5s representation enter with a negative coeffi- 
cient: consequently they are used to form the 
inner "cusp" of the 2s a.o.  It would seem that 
this cusp could be sufficiently represented by the 
Is a.o. Choosing the s-exponents in this fashion 
allows three Gaussians to be used for describing 
the valence region whereas an energy optimized 
7s basis set allows only two Gaussians to be used 
to describe the valence region ( 1  1).  

The three s-exponents for hydrogen are scaled 
values of those reported by Whitten (12). A 
scale factor of 1.2 was used,' which we have 
found to be near the optinlurn value for CH,. 

The Gaussian composition of the basis 
fullctions can be conveniently notated as 
(4,2,1;2,112, I), which indicates how the 7s-3p 
basis set on O and N and the 3s basis set on H are 
contracted to 3s-2p and 2s, respectively. The 
contraction coefficients for the p-type Gaussians 
on N and O (10) and for the s-type on hydrogen 
(12) have been previously reported. We have 
opti~nized the coefficients (Table 1) for the 
nitrogen s-type Gaussians in a W atom calcula- 
tion. 

A g.1.f. p-type basis function is formed as a 
linear combination (with equal and opposite 
sign) of two s-type Gaussians (lobes) displaced 
equally and oppositely along a line through the 
nuclear center. The total energy is quite insensi- 
tive to the exact location of the p-lobes. A 
comparison of Gaussian lobe and Cartesian 
basis sets has been reported (13). In addition a 
formula for determining the displacement 
distances has been given (13, 14) 

where a is the p-exponent to be used. A value of 
0.03 for k was used here. 

We have optimized exponents and coefficients 
of a two component bond function in the N H  
and O H  systems using a (3,4,2,1;5/2(b.f.)/4,1) 
basis set. The 10s-5p bases on nitrogen and 
oxygen are those reported by Whitten (15). The 
5s basis on hydrogen is taken from Fink and 
Allen (16). For NH, after optimization, the 
exponents are 0.30 and 1.4 with contraction 
coefficients of 1.0 and 0.49, respectively. For 

'Each exponent is multiplied by the square of the scale 
factor. 

OH,3 after optimization, the exponents are 0.42 
and 1.6 with contraction coefficients of 1.0 and 
0.72 respectively. 

The exponents and contraction coefficients 
were optimized with the bond functions a t  the 
midpoints of the NH and O H  bonds. For OH,  
optimization of the displacement along the O H  
axis led to a minimum energy for displacement 
distances of 0.8R0, and O.6RO,,, for the small and 
large exponent Gaussians respectively. Since the 
energy corresponding to both bond functions 
being located a t  the bond midpoint was only 
0.0056 a.u. (0.35 kcal/mol) above the minimum 
value, this positioil was used in later calculations 
for convenience. This restriction makes a 
difference of less than half a degree in the HOH 
bond angle in H,O as calculated with the 10s-5p 
basis set. In the studies 011 N,H, and H,02 ,  the 
bond functions were placed a t  the midpoints of 
the N-N and 0-0 bonds and are identical to 
the bond functions used for the N-H and OH 
bonds, respectively. 

Resaalts and Discussion 
Water and Atnt??o~ia 

The initial calculations were performed on 
H 2 0  and NH, using the 10s-5p basis set 
(3,4,2,1;4,1/4,1). For H,O, addition of the bond 
functions to this basis set improved the calcu- 
lated bond angle from 112.7" to 109.5" (exp = 

104.5" (17)). The corresponding minimum 
energies are - 76.0029 and - 76.0209 a.u. which 
are near the estimated Hartree-Fock limit, 
-76.06 a.u. (IS). For WH,, a more substantial 
bond angle improvement, from 1 15.1" to 1 10.8", 
occurred (exp = 106.7' (19)) with a resulting 
increase in the calculated barrier to pyramidal 
inversion, from 0.8 to 2.8 kcal/rnol (exp = 5.8 
kcal/n~ol (20)). The minimum energies with and 
without bond functions are -56.1733 and 
-56.191 1 a.u. which are near the Hartree-Fock 
limit, - 56.22 a.u. (for a discussion, see ref. 21). 

With the 7s-3p basis set, inclusion of bond 
functions resulted in the calculated bond angle 
changing from 108.5" to 106.2" in H,O and from 

31n the OH case, the electronic environment was made 
cylindrically symmetrical to better simulate a molecular 
environment by doubly occupying the rc-like orbitals on 
oxygen with electrons of charge 3/4e. 

4The displacements were restricted to the range 0.25RoH 
to 0.9Ro,,, as measured from the oxygen atom. 
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JARVIE ET AL.: CALCULATION OF BOND ANGLES AND ENERGY BARRIERS 2781 

TABLE 2. Comparison of gross electron populations with and without bond functions 
for near equilibrium geometries. 

- - 
- -- - - -- 

H ~ O *  N2H4 i. 
Without b.f. W ~ t h  b.f. W~thout  b.f. With b.f. 

N or O 
Total 
1s 
2s 
2s ' 
2px + 2p, + 2p, 
2p,' + 2p,' + 2pi 

H8 
Total 
Is  
1s' 

Bond functions5 
N H  or O H  
N N  

*7s-3p basis set. HOH = 105'. 
77s-3p basis set. NNH = HNH = 110"; @ = 135". 
$The values for H in N,H4 are an average of two nonequivalent 11qdrogcns. 
§See the text for a discussion of the effect of bond functions on the electron distr~but~on. 

112.2" to 107.7" in NH,. The corresponding 
minimum energies are - 75.7700 (without b.f.) 
and - 75.7993 x u .  (with b.f.) for H 2 0 ;  the values 
for NH, are -56.0068 (without b.f.) and 
-56.0356 (with b.f.). A significant improve- 
ment, from 1.6 to 6.0 kcal/mol, occurred in the 
calculated inversion barrier of NH,. These 
results indicate that calculations using the 7s-3p 
basis set with bond functions represent quite 
well the energy surface of NH, and H 2 0 ,  even 
though the s.c.f. energies are  significant!^ above 
the Hartree-Fock limit. 

The results of a Mullikcn population analysis 
(22) for H,O are shown in Table 2. The calcu- 
lated atomic populations suggest that the effect 
of the bond functions is to allow movement of 
charge from the central atom into the bonding 
region. There is a subsequent decrease in the 
calculated dipole moment. 

Hydrazine 
The calculations on N2H, have been carried 

out with the constraint that the N N H  and HNH 
angles be the same (8). Inclusion of bond 
functions into the 7s-3p basis set causes the 
calculated equilibrium bond angle to change 
from 112.8" to 109.5" which is very near the 
experimental value of 1 10".5 The calculated 

'This is a weighted average of the values NNH = 112" 
and HNH = 106" which result from the analysis of 
microwave experiments (23). 

barriers to internal rotation with the bond 
angles fixed a t  110' are similar to other reported 
values (see Table 3) and are quite independent 
of the basis set used. However, if the bond 
angles are relaxed, the inclusion of bond func- 
tions causes the anti barrier to decrease from 3.1 
kcal/mol (without b.f.) to 1.6 kcal/mol. As might 
be expected from the NH, study, an increase 
occurs in the inversion barrier (from 2.2 to 6.1 
kcal/mol; exp = 7.5 kcal/mol (29)). 

As for NH, and H 2 0 ,  a population analysis 
shows a movement of charge from the nitrogen 
into the bonding regions when the bond functions 
are added to the basis set (see Table 2). There is 
again a decrease in the calculated dipole moment. 

Hydrogen Peroxide 
For H20 , ,  inclusion of bond functions into 

the 7s-3p basis set resulted in a small equilibrium 
bond angle change, from 100.3" to 99.6", in the 
anti conformation. Calculations both with and 
without bond functions failed to give the 
elusive (30, 31) anti barrier in H 2 0 2 ,  even after 
optimization of the OOH bond angle a t  the two 
dihedral angles, 4 = 120" and 4 = 180". How- 
ever, the calculated values of the OOH bond 
angles, 99.6" (100.3" without bond functions) for 
4 = 180" and 100.6" (101.3" without bond func- 
tions) for 4 = 120°, agree very well with those ob- 
tained by Veillard using a large conventionally 
polarized basis set (100.2" and 101.3" a t  4 = 180" 
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TABLE 3. Summary of LCAO-MO-SCF calculat~ons of the barriers to 
~nternal rotation In N,H,* 

-- 

Constant 8 Optimum 0 
Eo ,$ -------- 

( a , ~ . )  (deg) Trans C ~ J  Tram C ~ J  Reference 

-111.0021 100 3 .6  12.3 24 
- 110.6853 94 3 .7  9 .6  25 
-111.0743 -100 3 . 7  11.9 26 
-111.0301 94 4 .7  11.5 27 
-110.1239 -90 6 . 2  11.1 28 

Present 
- 110.8180 95 3 .6  13.2  3.1 13.7 work? 

Present 
- 110.8785 95 4 .6  12.4 1 . 6  12.0 work$ 

*Barrier heights are in units of kca1:rnol 
t W ~ t h o u t  bond functions. 
$With bond functions. 

and 4 = 120" respectively) (30). The experimen- 
tal value for the OOH bond angle is 94.8" a t  a 
dihedral angle of 11 1" (32). 

An attempt was then made to further improve 
the H 2 0 2  basis set by introducing lone pair 
polarization functions (1.p.-b.f.). Each function 
is a d,,-like orbital and consists of two lobes 
displaced by a distance +ROE, in opposite direc- 
tions from the oxygen center. One 1.p.-b.f. is 
directed in the OOH plane b~secting the OOH 
angle, while the other is directed perpendicular 
to the OOH plane. The exponents and contrac- 
tion coefficients of each lobe are the same as 
those of an O H  bond function. 

Only two points of the H 2 0 2  surface were 
determined with this basis set since the results 
on H 2 0  indicate almost no change in the 
calculated bond angle as a result of adding the 
1.p.-b.f.'s. The anti conformation is calculated 
to be 0.05 kcal/mol above the 4 = 120" confor- 
mation for a constant OOH angle of 100". The 
srnall value of the barrier is to be compared with 
the results of Veillard who obtained a value of 
0.6 kcal/mol for the anti barrier (exp = 1.1 
kcal/mol (33)) with a large polarized basis set 
and with optimization of the OOH angle (30). 
Dunning and Winter were able to improve on 
this by a complete geometry optimization and 
obtained a value of 1.1 kcal/mol (3 1). 

It is difficult to assess the relative importance 
of bond functions and 1.p.-b.f.'s. Comparison of 
the data in Table 4 indicates that the effect of 
bond functions alone (toward destabilizing the 
anti form of H ,02  relative to the gaucl~e (+ = 

120") form) is slightly less than half of the 
combined effect of bond functions and 1.p.-b.f.'s. 

However, the total population of the four 
1.p.-b.f.'s, obtained by the usual Mulliken 
population analysis, is only 0.3 electron whereas 
the population of the two O H  and one 00 bond 
functions amounts to three times this number. 

Summary and Conclusions 
The calculated results for all of the molecules 

studied here are summarized in Table 4. It is 
significant that in all cases, the addition of bond 
functions to the basis set results in a decrease and 
subsequent improvement in the predicted bond 
angles. The effect of the bond functions on the 
calculated bond angles is fairly constant and 
largely independent of basis set size. In H,O, 
for example, addition of the bond functions to 
the 7s-3p basis results in a decrease of 2.3" in 
the bond angle while their addition to the 10s-5p 
basis set results in a decrease of 3.2". In NH,, 
the respective values are 4.5' and 4.3'. However, 
for both H,O and NH,  the energy lowering in 
the 7s-3p basis set is nearly twice that obtained 
in the 10s-5p set. 

Previous conclusions (1, 7) concerning bond 
functions are further substantiated by this work. 
In additlon some new conclusions are indicated: 
(I) the type of polarization required for the 
calculation of accurate bond angles in nitrogen 
and oxygen-containing molecules is to a large 
extent supplied by bond functions; (2) the 
largest effect of bond functions on the charge 
distribution is a movement of charge from 
oxygen (or nitrogen) into the bonding regions; 
(3) improved values of calculated inversion 
barriers at nitrogen are obtained due to polari- 
zation by bond functions. Fortuitously, with the 
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TABLE 4. Summary of calculated equilibrium geometries and barrier heightsa 

Calculated value 
Basis Experimental 

Molecule set Parameterb s,P b.f. b.f. + Ip - b.f. value 

Bond angle 
Bond angle 

Bond angle 
(6 = 180°)b 
Bond angle 
(6 = 120°)h 
anti rotation 
barrier 

Bond angle 
Bond angle 
Inversion 
barrier 
Inversion 
barrier 

Bond angleh 
Dihedral 
angle 
anti rotation 
barrier 
syn rotation 
barrier 
Inversion 
barrier 

OBarriers are expressed in units of kcal/rnol. 
b~ is the HOOH dihedral angle. 
'Reference 17. 
dReference 32. 
=Reference 33. 
'Reference 19. 
#Reference 20. 
"NH = H N H  = 8. 

smaller basis set, the results are nearly quantita- 
tive for both NH, and N2H4;  (4) the present 
data suggest that polarization due to bond 
functions alone cannot account for the anti 
barrier in H 2 0 2 ,  although it does lead to stabili- 
zation of a gauche structure relative to the anti 
structure. 

The notorious difficulty that has been en- 
countered in obtaining an  anti barrier for H 2 0 ,  
offsets the equally notorious success that has 
been obtained for theisoelectronic C2H,. The 
isoelectronic N2H4, of course, lies somewhere 
between these two extremes. A variety of 1.c.a.o.- 
m.0.-s.c.f. calculations, none of which involved 
bond angle variation or inclusion of polarization 
functions, have all succeeded in obtaining a 
substantial anti barrier for hydrazine (see Table 
3). Our own calculations indicate that relaxation 
of bond angles and inclusion of polarization (at 
least by bond functions) serve to lessen this 
barrier (Table 4). Apparently, a study of the 
potential energy surface of hydrazine does not 

require nearly as much basis set sophistication 
as is needed for a study of H 2 0 2 .  

In conclusion, the results indicate that the 
bond functions are an efficient means of intro- 
ducing polarization into a basis set and lead to an 
improved agreement between calculated and 
experimentally derived geometric and energetic 
parameters. 
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JOHN 0 .  JARVIE and ARVI RAUK. Can. J.  Chem. 52, 2785 (1974). 
Ab initio restricted Hartree-Fock-Roothaan 1.c.a.o.-m.0.-s.c.f. calculations using a 

Gaussian lobe basis with bond functions have been performed to determine the characteristics 
of the potential surface for nuclear motions in hydrazine. It was found that in its equilibrium 
conformation the molecule has a dihedral angle of 95'. The barrier to pyramidal inversion at  
one nitrogen is 6.1 kcal/niol and the s jn  and anti rotational barriers are calculated to be 12.0 
and 1.6 kcal/mol, respectively. There is a very slight torsional component in the inversion path- 
way. During rotation over the anti barrier the bond angles contract fro111 their average equili- 
brium value of 109.5" to 105.3'. This contraction appears to be an important feature of the ro- 
tational potential curve. Features of the surface are used to rationalize experimental results 
in cyclic and acyclic substituted hydrazines. 

JOHN 0. JARVIE et ARVI RAUK. Can. J. Chem. 52, 2785 (1974). 
On a effectut les calculs ab initio et par la mkthode 1.c.a.o.-m.0.-s.c.f. de Hartree-Fock- 

Roothaan restrictif en s'appuyant sur une base des lobes de Gauss avec des fonctions de 
liaisons, afin de determiner les caracteristiques de la surface d'energie potentielle pour les 
mouvements nucleaires dans I'hydrazine. On trouve que la molecule possede un angle diedre de 
95" dans sa confornlation d'equilibre. L'inversion pyramidale ail niveau d'un atome d'azote 
possede une barriere de potentiel de 6.1 kcallmol tandis que les barrieres aux rotations syn et anti 
sont tvaluees respectivement a 12.0 et 1.6 kcalimol. I1 existe une faible composante torsionnelle 
durant le processus d'inversion. Lors de la rotation impliquant la barriere nnti, les angles de 
liaisons se referment et passent de leur valeur moyenne d'equilibre de 109.5' a 105.3'. I1 semble 
que cette contraction soit une caracteristique essentielle de la courbe de potentiel de la rotation. 
On utilise-les caractkristiques de la surface pour appliquer les resultats experirnentaux aux 
hydrazines substituees cycliques et acycliques. [Traduit par le journal] 

Introduction place by rotation about the N-N bond or by 
The hydrazine system 1 has been the subject pyramidal inversion at  One of the nitrogen cen- 

of extensive study by a variety of experimental ters. Both processes are complex and, for differ- 
ent reasons, pose difficulties for both the experi- 

R1 
\ rj mental and theoretical chemist. 

Rotation may take place through a conforma- 

R2 
tion 3 in which all N-H bonds are eclipsed or 
through 4 in which all N-H bonds are max- 

1 

techniques and by some molecular orbital cal- 
culations. The geometry and bonding is well 
understood. However, a number of fundamental 
questions have resisted resolution. Although it 
is known (1-3) that the parent hydrazine 1 
(R, = R, = R, = R, = H) exists in two enan- 
tiomeric interconverting skew conformations 2 
in which the dihedral angle is very close to 90°, 
the detailed mechanism of the interconversion 
has defied elucidation. Interconversion may take 

imally staggered. Except by coincidence, the 
energy barriers hindering the two directions of 
rotation must have different magnitudes. A var- 
iety of theoretical calculations (4, 5 )  in which the 
angles at  nitrogen were kept constant have yield- 
ed values in the range 3.6-6.2 kcal/mol for the 
anti or staggered barrier, Eon,,, and 9.6-12.3 
kcal/mol for the syn or eclipsed barrier, E,,,. A 
recent calculation in which the bond angles were 
varied has yielded the values, 12.4 and 1.6 
kcalimol, respectively, for the two barriers (6). 
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A value of 3. I kcal/mol obtained by microwave 
spectroscopy (3) is rendered suspect by the as- 
sumption that the two barriers are of equal 
magnitude. As yet there is no accurate experi- 
mental value for either rotation barrier of hy- 
drazine. 

The magnitude of the inversion barrier in a 
molecule such as hydrazine is of some theoreti- 
cal and practical importance also. Barriers to  
pyramidal inversion at nitrogen atom with hy- 
drogen or alkyl substituents are close to that in 
ammonia and fall in the range 4-7 kcal/mol (7). 
It is an empirical observation that substitution 
by heteroatoms with non-bonded electron pairs 
generally raises the barrier to pyramidal inver- 
sion (7). Whether this is due to a repulsive inter- 
action involving non-bonded electron pairs on 
the nitrogen and heteroatom, or to the inductive 
effect of the electronegative heteroatom cannot 
easily be resolved by experimental measurements 
since both effects usually occur together. The 
hydrazine system 1, however, provides an  op- 
portunity for partially separating these effects. 
One may argue that in the stable skew form 2 of 
the nlolecule, one non-bonded lone pair lies ap- 
proximately in the nodal plane of the other and 
as a result the repulsive interaction is mini- 
mized. In this case the influence of the hetero- 

atom (the other nitrogen) on the inversion bar- 
rier should be due principally to its inductive 
effect. Estimates of 7.4 and 6.1 kcal/mol for the 
inversion barrier of hydrazine have been ob- 
tained by C N D 0 / 2  (8) and ab initio 1.c.a.o.- 
m.0.-s.c.f. (6) calculations, respectively. Re- 
cently, an analysis of the vibrational spectrum of 
hydrazine was carried out in an attempt to de- 
termine the magnitude of the barrier to vvrami- 

of spectroscopic data. We wish to report the 
results of a theoretical study by restricted Har- 
tree-Fock 1.c.a.o.-m.~.-s.c.f. calculations (10) 
on the potential surface of hydrazine. 

Method 
Restricted Hartree-Fock-Roothaan 1.c.a.o.- 

m.0.-s.c.f. (10) calculations were performed on 
N,H,. Although the complex multidimensional 
potential surface may be simplified to some ex- 
tent without serious loss of information by ne- 
glecting bond stretching modes and by restrict- 
ing angle variation a t  each nitrogen to be de- 
pendent, a minimum of three independent pa- 
rameters still remain. These are shown in Fig. l 
along with the bond lengths adopted. 8, and 8, 
describe the bond angles at N ,  and N,, respec- 
tively, and 4 describes the torsional angle. The 
study was conducted in two phases. In the first 
phase, using a minimal Slater-type orbital basis 
set as described elsewhere (1 I), the complete 
surface was computed over the range of varia- 
bles 100" < 0, 6 120°, 100" < 0, 6 120" and 
0" (eclipsed geometry) < $ < 180" (staggered 
geometry). 0, and 0, were varied in 5" incre- 
ments and 4 was varied in 45" increments. The 
rotational curve with constant bond angles 0, = 
8, = 110" agreed well with that obtained in other 
non-empirical calculations (4, 5), E,,,, = 3.1 
kcal/mol and E,,,, = 9.6. However, when 8, and 
8, were varied to their equilibrium values, the 
anti barrier disappeared and the most stable 
geometry was predicted to be the anti conforma- 
tion, 4, 4 = 18O0, 0, = 8, = 103.9", contrary 
to experimental observations. Variation of the 
H N H  and NNH angles independently gave re- 
sults which differed negligibly from the average 
case where 0 = 3(2 x NNH + HNH). Simi- 
larly, independent relaxation of the N N  and NH 
bond lengths at selected values of 4, 8, ,  and 8, 
showed that the computed equilibrium bond - A - 

dal inversion (9). It was found that inversion 
takes place one nitrogen at a time through an 
antisymmetric angle bending mode. By assuming 
that the rotational and vibrational modes are 
uncoupled (as would be the case if the torsional 
angle is exactly 90") a value of 7.5 kcal/mol was 
found for the barrier to inversion. 

From the above considerations it is apparent 
that a detailed knowledge of the nature of the '44 H2 
potential surface for nuclear motions in the hy- FIG. 1. Bond lengths and variables used to define 
drazine system is essential for the interpretation the potential surface for hydrazine. 
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JARVIE AND RAUK: CONFORMATIONAL CHANGES IN HYDRAZINE 2787 

lengths were close to the experimental value TABLE 1. Parameters for the Gaussian 

(calcd. (4 = 90°, 0, = 8, = 105") NN = 1.461 lobe function - bond function basis set* 

A, NM = 1.043 A;  exp (4 = 90°, NNH = 112", 
HNH = 106") NN = 1.45 A, NH = 1.02 A) Basis Contraction 

function Exponent coefficient 
but made a negligible change in the shape of the 
potential surface. I t  was found that equilibrium N-1s 615.6398 0.019462 
bond lengths are nearly independent of the tor- 92.84316 0.133704 
sional angle 4 : for 4 = 180°, NN = 1.465 A, 20.70341 0.462798 

5.470375 0.508829 
and NH = 1.042 A (0, = 0, = 105"). 

In  the second phase of the study a larger, more N-2s 0.8537230 0.379053 
0.3472534 0.531409 

flexible basis set of Gaussian lobe functions 
(G.1.f.) (12) was used. Although the basis set N-2s' 0.1398734 1.0  

has been described in detail elsewhere (6) the N-2p 6.085492 0.116425 

salient features are shown in Table 1. Polariza- 1 .252070 0.490566 

tion is incorporated into the s,p basis set by the N-2p' 0.289677 1 . 0  

use of bond functions (b.f.)l (6). There have been H-1s 6.409584 I . O  
several reports that bond functions are capable 0.974304 5.721 

of producing an energy lowering in CH, which H-1s' 0.217296 I . O  

is as substantial as that produced by the addition Bond 0.30 1 .0  
of 3d orbitals on the carbon atom (1 3, 14). Speci- function 1 . 4  0.49 

-- 
fically, the present basis set has been shown to *Reference 6. 
allow quantitative calculation of the bond angles 
of H20, NH,, and H202 and of the inversion TABLE 2. Self consistent field energies for 
barrier in NH, (6). Gaussian lobe function - bond function 

Using this G.1.f. + b.f. basis set (Table I ) ,  key basis set 
. - - .- regions of the potential surface for N2H4 (as 

indicated by the first phase of the study) were 01 0' cb E 
(deg) (deg) (deg) (a.u.)* 

examined in detail. Important cross-sections of 
the surface are expressed in analytical form. Pre- 100 100 180 -110.869574 
vious treatments of spectroscopic data for NH, 105 105 0 -110.856165 
(and other pyramidal species) have indicated 105 105 90 -110.874492 105 105 135 -110,875289 
that the form of the inversion barrier is repre- ~. 105 105 180 -110.876161 
sented quite well by a purely parabolic potential 105 120 180 -110.850747 
energy function, provided that the coordinate is 110 110 0 - 110.858766 
taken to be the change in the HNH bond angle2 110 110 90 - 110.878388 

110 110 135 -110.874552 
(14) A0 = El,,, - 0. Thus for N2H, we take the 110 110 180 -110.871051 
form 110 120 90 - 110.868768 

115 115 0 -110.849004 
[ I]  v(01, 0,) = 3k[(A01)~ f + Vo 115 115 135 -110.863695 

120 120 180 -110.826809 
where V,  and k are still functions of 4. We com- 120 120 90 - 110.858800 
ment further on the specific form of [I]  in the 

* 1  a.u. of energy = 627.52 kcal/mol. 
next section. 

In order to express the potential energy V(4) 
hindering internal rotation in analytical form, [2] V(4) = +Vl(l - cos 4) + 3V2(1 - cos 24) 

we have followed the work of Radom et al. (4) + 9V3(l - cos 34) + V(0) 
and assumed a three term Fourier series repre- where ~ ( 0 )  is still a function of 0, and 0, as are 
sentation. Thus V,, V,, and V,. 

'Bond functions are s-type Gaussian functions placed Results and Discussion 
at the midpoint of the bonds in the molecule. 

'The potential function referred to in ref. 14 incorpora- The total s.c.f. energies calculated using the 
tes some bond length variation which is assumed zero in G.1.f. + b.f. basis set are shown in Table 2. BY 
the present work. fitting eq. 1 to points of the same dihedral angle, 
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TABLE 3. Calculated Fourier parameters for internal rotation a t  
various bond angles* 

e i  VI V2 V3 Emin 4min 

(deg) (kcal/mol) (kcal/mol) (kcal/mol) 
. . (a.u.145 (deg)$ 

100 -15.519 - 3.803 
105 -10.677 -5.226 
106 -9.780 -5.728 
107 -8.907 -6.302 
108 -8.058 -6.949 
109 -- 7.232 -7.668 
110 -6.431 -8.459 
115 -2.780 -13.501 
120 0 . 0  -20.075 

*The parameters refer to  eq. 2.  
i t? ,  = 6,. 
tv>lue correspond in^ t o  the m ~ n i m u m  in the potential curve. 
B l  a.u. of energy = 627.52 kcallmol. 

4, and interpolating, we were able to generate a 0 5 ~  

set of Fourier series a t  various values of the bond 
angle 0. The results are summarized in Table 3. 
'4dditional sets of inversion potential curves (eq. .,,, 060 

I) were generated for values of 4 between 90" and 
180' by using the three Fourier series (Fable 3) 
corresponding to bond angles of 105, 1 10, and 
1 1  5'. The resulting values for the parameters of -440 865 

eq. 1 are given in Table 4. - 
Several cross-sections of a part of the potential < 

surface for hydrazine are shown in Fig. 2. The 
equilibrium- geometry corresponds to 4 = 95'- .,lo 070 

and 0 ,  and 0, = 109.5". Within the restriction " 
that the H N H  and NNH angles are the same (see 
the previous section): the calculated value of 
bond angles, 109.5', agrees well with the experi- -410 875 

mental value, N N H  = 112', H N H  = 106" (1 5j. 
The experimentally determined torsional angle 
is 90-95". -110 879 

TABLE 4. Calculated parabolic potential parameters 
for symrnetrlc ~nverslon at  various 

dihedral angles* 
- -- -- - ---- 

- - 

4 k v o  o m l n  

(deg) (kcal m ~ l - l d e g - ~ )  (a.u.)t 
-- 

(deg)t 
-- 

0 0.1545 -110.8593 108.6 
90 0.1146 -110.8784 109.6 

100 0.1136 -110.8784 109.4 

FIG. 2. Representative rotational potential curves 
4 = 0' corresponds to 3; 4 = 180' corresponds to 4. 
The barrier heights are in kcal/mol. e, 0, = 0, = 110'; 
0, 01 = B2 = 105"; 0, O1 = O 2  = 108.6"; A, 0, = IlO', 
02 = 120'. The broken line corresponds to the extrapola- 
ted miniinurn energy path connecting the curves shown 
with solid lines. 

110 0.1150 -110.8779 108.9 
120 0.1186 - 8772 108 , 2  Inuersion Barrier 

130 0.1239 -110.8765 107.5 The G.1.f. + b.f. basis set employed in this 
140 0.1302 - 110.8760 106.8 work allows one to calculate quantitatively the 
150 0.1366 -110.8759 106.2 energy barrier to pyramidal inversion in am- 
160 0.1419 
170 0.1456 

105.7 monia: calcd. 6.0 kcal/mol (6); exp 5.8 kcal/mol -110.8761 105.4 
180 0.1468 - 110.~762 105.3 (1 6). It is of considerable interest, therefore, that 

- 
*The parameters refer to  eq. 1, with 0 ,  = 6,. 

the minimum energy required to invert one nitro- 
?Values corresponding t o  the minimum in  the potential curve. gen atom of hydrazine, 6.1 kcal/mol, is virtually 
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Rotational Barriers 
Observation by dynamic nuclear magnetic re- 

sonance (d.n.m.r.) spectroscopy of hindered ex- 
change processes in substituted hydrazines (17, 
18), hydroxylamines (19), sulfenamides (20), am- 
inophosphines (21), and aminoarsines (21a) have 
led one to expect substantial barriers to rotation 
about nitrogen-heteroatom bonds. Fro111 our 
calculated surface (see Fig. 2 and Table 3), the 
rotational potential curve (eq. 2) is very sensitive 
to the values of the bond angles at nitrogen. In 
the equilibrium geometry the dihedral angle is 

- 110.868 

-110.870 

= 
O -110.872 - 
> 
w 6 -110.874 
z 
w 

-110 876 

-110 878 

8, (DEGREES) 95" and the bond angles are 109.5'. The bond 
FIG. 3. A cross-section of the potential surface show- angles contract slightly to 108.6" in the most 

ing the approximate inversion coordinate. 8, = 11oo, stable eclipsed geometry (4  = 0") and contract 
4 = 90". The barricr height is in kcal/~nol. significantly to 105.3' in the most stable anti 
the same as in ammonia, and that this value is  geometry (4 = 180"). The sl.11 barrier is calcula- 

obtained when the torsional angle is 900. The po- ted to  be 12.0 kcal/mol, nearly twice the barrier 
lential curve for inversion at one nitrogen with to pyramidal inversion. For the anti barrier, a 
$ = 900 is shown i n  ~ i ~ .  3, ~t appears that when value of 1.6 has been obtained. The rotation co- 
the lone pair  - lone pa i r  interaction is minimized ordinate over the atzfi barrier is shown as a 
(4 = 9001, the presellce of the other nitrogen has broken line in Fig. 2. The values of the bond 
little effect the illversion barrier. That the angles along this coordinate are given in Table 4. 
nitrogen atoms invert independently is drama- The anti barrier is very flat in the range 130' < 
tized by the observation that the energy required $ 180". The interpolated pathway (the broken 
to make both nitrogen atoms planar  a t  4 = 90" line in Fig. 2) actually has a very shallow mini- 
is 12.4 kcal/rnol. In fact, the results of the Phase mum at $ = 180". Although it is beyond the re- 
1 study indicate that to a very good approxima- solutiorl of the present method to determine 
tion, for any value of 4 between 90 and ]go3, whether the minimum at 4 = 180' exists in hy- 
the energy required to make both nitrogens drazine, its presence is consistent with the ob- 
nar is double that required to invert configura- se rva t i~n  of an uilti as well as a garrc/le collformer 
tion a t  one nitrogen, hence eq. 1 .  If the torsional of N2F4 (22) and with calculations on the iso- 
angle 4 were such as to 111aximize3 lone pair - electronic ethylene dicarbanion (23), [C2H4l2-. 
lone pair interactions, $ = 18Oc, the barrier to If the geometry at one of the nitrogen atoms is 
pyramidal inversion a t  one nitrogen is increased constrained to be planar (as might arise from n 
to 15.9 kcal/mol. The implications of this tor- conjugation as in an amide or aniline), the ar~ti  
sional dependence of the inversion barrier are barrier increases significantly. With 8, = 120" 
discussed after the next subsection. and 8, = 110" and assuming a 5" torsional re- 

As mentioned i n  the introduction, a barrier of laxation in 8, the syn and anti barriers to rota- 
7.5 kcal/mol has been estimated from i.r. spec- tion are identical, about 1 1  kcal/mol. Implica- 
troscopy (9) with the assulllption that the inver- tions of the 8 dependence of the rotational bar- 
sion pathway has no $ dependence. The present riers are discussed in the next subsection. 
calculations support this approximation in as ~ollseque,7,es to substituted Hyd,.azines 
much as we find that the equilibriuln geometry To the extent that the computed potential sur- 
corresponds to 4 = 95", and as a there is face for hydrazine can be extended to substituted 

a torsiona1 in the in- hydrazines, a number of apparent]y inconsistent 
version coordinate Figs. and 3). experimental results are explained. The inver- 
However, the consequences of sion barriers found by d,n.m.r. for the alkYl sub- 
this component can only be determined by a de- stituted hydrarines s and 6 (K = are 6.8 
tailed vibrational analysis. kcal/rnol (24) and -8.5 kcal/mol (17), respec- 

3By forcing the occupancy of an  ethylenic n*-like tively. These values are significantly lower than 
molecular orbital. those found in cyclic and bicyclic hydrazines (7) 

- v 
- 

- 

& ,b ,& ,15 ,kO 1:5 I& 
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C6HSCH2 
\ FH3 C6HSCH2 

CH3 CH3 C6H5CH2 H 
8 

5 6 
involve a synchronous inversion a t  the two nitro- 

iH3 gens. Although steric and ring relaxation effects 
C6HSCH2-N are not considered, the value of 14.5 kcal/mol 

\ calculated for the synchronous inversion pro- 
C H Z C ~ H S  cess is in accord with the experimental barrier 

7 AG," = 13 k ~ a I / m o l . ~  

where values are typically in the range 11-14 The highly hindered Processes observed (17) 
kcal/mol. By extension from the potential sur- in 6 (R = 234-dinitro~hen~l),  AGc* = 16.6, 6 

face, one would expect that alkyl substituted hy- (R = picryl), A G ~ *  = 16.2, and 6 (R = 2-pyri- 
drazines should have barriers of approximately m i d ~ l ) ,  AGc* = 11.5 must be attributed to bin- 

the same magnitude as alkylamines (an inver- dered r ~ t a t i o n . ~  The aryl substituted nitrogen is 
sion barrier of 6.0 kcal/mol which is similar to expected to be nearly planar. BY extension from 

that in ammonia was recently found (25) for 7). the hydrazine surface, planarity a t  one nitrogen 
Constraints imposed by the ring in cyclic hydra- does not significantly affect the barrier to pyra- 
zincs render it impossible to attain the optimuln midal inversion a t  the other since the optimum 
torsion angle of -90'. For  example, illversion in dihedral angle, $ = 90" can be achieved, but 
8 takes place by the route shown i n  lzig. 4, ~h~ does increase the rotational barriers to approxi- 
corresponding parameters of the surface and in- mately 11  kcal/mol, neglecting steric effects. 
terpolated relative energies are given. As deduced 
from experi,nent (26), the process is expected to The authors wish to acknowledge the cooperation of 

the Department of Computer Services, University of 
Calgary. Rece~pt of a generous Computing Grant from 
the Un~versity of Calgary and continued financial sup- 
port by the National Research Counc~l of Canada are 
also gratefully acknowledged. 
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The Structure of Sideritol, a Diterpenoid of the ent-Atisane Class 
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WILLIAM A. AYER, Jo-ANK H.  BALL, BENJAMIN RODR~C~UEZ,  and SERAFIN VALVERDE. Can. J. 
Chem. 52, 2792 (1974). 

Sideritol, C20H3203 ,  diterpenoid isolated from Sideritis angustifolia Lag., has been shown to 
be cr~t-13-atisen-1 fJ,l6r,17-trio1 (1). Sideritol is the first reported oxygenated diterpenoid of the 
ent-atisane class which does not contain nitrogen. The transformation of sideritol into ent-17- 
noratisane ( l l ) ,  previously prepared from atisine, rigorously defines the skeleton and absolute 
stereochemistry of sideritol. 

WILLIAM A. AYER, Jo-ANN H. BALL, BEKJAMIN RODR~GUEZ et SERAFIN VALVERDE. Can. J. 
Chem. 52, 2792 (1974). 

Le sideritol, diterpene de formule brute C,,H,,O,, isole du Sideritis ~rngustifolia Lag., est 
I'c3nr-antisen- 13 triol-1 fJ. 16a, I7 (1). Le sideritol est le premier diterpene oxygene ne contenant 
pas d'azote que I'on mentionne danr la classe de I'ent-atisane. On definit rigoureusement le 
sq~lelette et la stereochimie absolue du sideritol par sa transformation en ent-nor-17 atisane 
(11) qui a deji ete prepare a partir de I'atisine. [Traduit par le journal] 

Although numerous diterpene alkaloids of the 
atisane-type have been isolated from natural 
sources ( l ) ,  only two nitrogen free diterpenoids 
of this skeleton, atisirene and isoatisirene, have 
been reported (2). We report herein the structure 
of the first oxygenated nitrogen-free diterpenoid 
of the ent-atisane type. 

Plants of the genus Sideritis (family Labiutae) 
have proven to be a rich source of diterpenoids 
of the kaurene-isokaurene, labdane (3, and refs. 
therein), rimuene (4), and stachene (5) types. 
The isolation and separation of the diterpenoids 
of Sideritis ang~istifolin Lag. have been reported 
(5). Among the compounds isolated after acetyla- 
tion of the crude diterpenoid fraction is the oily 
triacetate of a trioll C2,H3,03. Saponification 
of the triacetyl derivative with alcoholic potas- 
sium hydroxide yields a nicely crystalline mono- 
acetyl derivative C2,H3,0, (monoacetylsider- 
itol) which has been the starting point for our 
structural studies. In order to facilitate the dis- 
cussion we will use the structure 1 derived for 
sideritol throughout. 

Inspection of the i.r. and n.m.r. spectra (see 

'We have no direct proof that the triol, for which we 
suggest the name sideritol, does not occur in a partially 
acetylated form in the plant. Triacetylsideritol is referred 
to as "the fourth component" in the previously described 
( 5 )  isolation procedure. 

Experimental) of sideritol monos-cetate (2, pre- 
pared by saponification of the triacetate), tri- 
acetate (3), and diacetate (4, prepared by 
acetylation of 2 in the cold) reveals that the 
oxygen functions of sideritol are present as a 
primary, a secondary, and a tertiary alcohol and 
that it is the secondary hydroxyl function which 
is acetylated in the monoacetate 2. The spectra 
also reveal the presence of a disubstituted ole- 
finic linkage. Sideritol is thus a tetracyclic com- 
pound. The n.m.r. spectra also show the pres- 
ence of three quaternary methyl groups. 

The mass spectrum of the monoacetyl com- 
pound 2 (M' 362) was especially informative. A 
strong metastable ion peak a t  mle 229 corre- 
sponds to the fragmentation of the molecular 
ion to the intense m/e 288 ion (362 - C3H,02, 
C,,H,,0,).2 A metastable peak at 180.5 corre- 
sponds to the loss of acetic acid from the nzle 288 
ion to give the intense 228 ion (C,,H2,).2 The 
facile loss of the fragment C3H,02 in one step 
shows that the primary hydroxyl and the tertiary 
hydroxyl are located on three contiguous car- 
bons. This was confirmed by the finding that 2 
readily forms an acetonide (5). Periodate 
cleavage of 2 gave the norketone 6, absorbing 

ZFormulas of fragment ions determined by high resolu- 
tion mass spectrometry. 
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at 1720 cm-' in the i.r., showing that 2 is a 
vicinal diol. The fragmentation may be rational- 
ized in terms of a retro-Diels-Alder cleavage as 
shown in Scheme 1, and first suggested the pres- 
ence of the bicyclo[2.2.2]octene system, and thus 
the atisene skeleton, in sideritol. In bicyclo- 
[2.2.2]octene systems J ,,,, i , i ,  = 8.0-8.8 Hz (6) 
and J,,, = 6.6 Hz (7). The values found in the 
sideritol series for J ,,,,, and J, ,,,, agree (see 
Experimental) with this formulation. 

The circular dichroism (c.d.) spectrum of 
ketone 6 shows a strongly positive Cotton effect 
at 294 nm (A& +4.97) and a negative Cotton 
effect at 222 nm (A& - 3.73), consistent (8) with 
the absolute stereochemistry of the bicyclo- 
[2.2.2]octenone system in 6. However, the c.d. 
spectrum is also consistent with structure 7 and 

it was important to determine whether sideritol 
is an atisane derivative (ketone 7) or an ent- 
atisane derivative (ketone 6). It has been shown 
(9) that in atisene derivatives the presence of a 
C-13,C-14 double bond causes an abnormal 
shielding of the C-10 methyl so that it shows a 
chemical shift in the range 6 0.4-0.6. In none of 
the sideritol derivatives mentioned thus far is 
this the case. However, none of the model com- 
pounds has an oxygen substituent at C-1. In 
order to assess the effect of the C-1 substituent 
the acetonide 5 (highest field methyl at 6 0.79) 
was transformed to the alcohol 8 (highest field 
methyl at 6 0.62) by lithium aluminum hydride 
reduction (the C-1 ester function is extremely 
difficult to hydrolyze). Alcohol 8 was oxidized 
to ketone 9 (i.r. 1695 cm-', highest field methyl 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2794 CAN.  J .  CHEM. VOL.  5 2 .  1974 

9 R, R' = Carbonyl 
1 0 R = R 1 = H  

12 R = H ;  R' = OAc, R"; R"' = Carbonyl 
13 R = H;  R' = OH; R" = R"' = H 
14 R, R' = Carbonyl; R" = R"' = H 

6 0.97) and this was reduced (10) to 10. The 
highest field methyl signal in 10 appears at  6 
0.57, suggesting that the C-10 methyl is shielded 
by the C-13,C-14 double bond and that sideritol 
is an ent-atisane derivative. Since this argument 
is subject to some ambiguity the absolute 
stereochemistry was rigorously established by 
direct correlation of sideritol with a compound 
of known absolute stereochemistry. 

Both ent-17-noratisane (11) and its enantiomer 
17-noratisane are known compounds of estab- 
lished absolute stereochemistry (1 I). We have 
therefore converted sideritol into ent-17-nora- 
tisane (11) in the following manner: catalytic 
hydrogenation of ketone 6 gave 12 and the latter 
upon Wolff-Kishner reduction afforded alcohol 
13. As expected (12) ketone 12 shows a negative 
Cotton effect at  290 nm in its c.d. spectrum. 
Alcohol 13 was transformed to the ketone 14 by 
Sarett oxidation and this was reduced (10) to 
ent-17-noratisane ( l l ) ,  identical in all respects, 
including 0.r.d. spectrum, with an authentic 
sample prepared from atisine (1 1). 

There remains to justify the positioning of the 
secondary hydroxyl group at C-l and the assign- 
ment of stereochemistry at  C-16. The latter 
point will be dealt with first. Catalytic hydro- 
genation of the olefinic double bond in sideritol 
derivatives is accompanied by a significant 
downfield shift of the protons geminal to the 
primary hydroxy group (6 3.23 in 2, 3.75 in 

dihydro 2), thus the hydroxymethylene group 
appears to be syn to the olefinic linkage (13). 

The location of the secondary hydroxyl group 
at C-l is based on the following arguments: the 
signal for the proton geminal to this oxygen 
function invariably appears as a doublet of 
doublets, J = 5 and 10 Hz, indicative of an axial 
proton flanked by one axial and one equatorial 
proton. This restricts the location of the hy- 
droxyl to C-I, C-3, or C-7. The extreme resis- 
tance to saponification (the monoacetates 2a, 
5a, and 6 are resistant to hydrolysis with hot 
alcoholic KOH) of an equatorial acetoxyl group 
is best rationalized if it is located at  C-1 (peri 
interaction with C-1 I). The effect of the func- 
tionality on the chemical shift of the C-10 methyl 
group (ride supra) also supports its location at  
C-1. The c.d. spectra of ketones 9 and 14 both 
show weakly positive Cotton effects associated 
with the n + n* transition of the carbonyl group 
as expected for a C-I ketone (14). If the carbonyl 
group were located at  C-7 a strongly positive 
(AE > +2.0) Cotton effect would be expected 
in both cases (15). 

In conclusion it should be noted that sideritol 
may be biogenetically related to jativatriol (15), 
a compound occurring in S. angustfolia (5). 
Rearrangement of jativatriol as indicated by the 
arrows in 15 would lead to sideritol (1). A 
laboratory analogy for the transformation of the 
ent-beyerene skeleton to the ent-atisene skeleton 
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has recently been reported (16). Attempts to cor- 
relate sideritol with jativatriol utilizing the 
reported method are in progress. 

Experimental 
Solutions were dried over anhydrous magnesium sul- 

fate unless otherwise specified. 
Melting points were determined on a Fischer-Johns 

hot-stage melting point apparatus and are uncorrected. 
Infrared spectra were recorded on a Unicam SPlOOO 

grating infrared spectrophotometer or a Perkin-Elmer 
Model 421 dual grating infrared spectrophotonieter. 

Nuclear magnetic resonance spectra were measured 
using a Varian Model HR-100 spectrometer with tetra- 
methylsilane as internal standard and are quoted as 6 
(number of protons, description of signal assignment). 
Only significant signals are quoted. 

Mass spectra including high resolution measurements 
(h.r.m.s.), were recorded on an A.E.I. Model MS-9 mass 
spectrometer and are reported as n7le (relative intensity). 
Unless diagnostically significant only peaks over m/e 
40 and over 20% as intense as the base peak are recorded. 
Because of the small quantities of pure material available, 
most of the molecular formulas of transformation prod- 
ucts have been determined by h.r.m.s. 

Woelm silica gel (less than 0.08 mm) was used for 
column chromatography. 

Zsolaiion of Triaceiylsiderirol (3) 
Triacetylsideritol was isolated as previously described 

(5). A crystalline sample was prepared by acetylation of 
purified monoacetylsideritol. The acetylation was accom- 
plished by refluxing a solution of monoacetylsideritol 
(20 mg), isopropenyl acetate (11 mg), and p-toluenesul- 
fonic acid (trace) in benzene (2 ml) for 1 h, then removing 
the acetone under reduced pressure. The benzene solution 
(after being washed with saturated NaHCO, and water, 
dried, and concentrated) gave triacetylsideritol (13 mg). 
After crystallization from acetone-ether it melted at 
121-124'C; i.r. (CCI,) cm-I:  3010 medium (olefinic 
CH), 2940, 2850 medium (C-H stretching vibrations), 
1745 strong, 1730 shoulder, 1715 shoulder (C=O), 1250 
strong (C-0 of ester); nn1.r. (CDCI,) 6 :  5.96 (2H, 
multiplet, H-13 and H-14), 4.50 (IH, apparent doublet of 
doublets, H-la),  4.27 (2H, quartet, -CH,-OAc), 2.83 
(1H, multiplet, w,,, 12 Hz, H-12), 1.97 (3H, singlet, 
-OCOCH,), 1.94 (3H, singlet, -OCOCH,), 1.92 (3H, 
singlet, -OCOCH,), 0.82 (3H, singlet, quaternary 
methyl), 0.78 (3H, singlet, quaternary methyl), 0.72 (3H, 
singlet, quaternary methyl); mass spectrum nzle: 446 
(M+ 3), 386.2457 calcd. for CZ,H,,04, 386.2461 measured 
(Mi - CHaCOOH, 4), 265 (21), 228 (34), 200 (20), 173 
(20), 172 (23), 157 (26), 142 (20), 131 (21), 124 (loo), 123 
(26), 122 (26), 121 (26), 119 (28), 118 (29), 117 (28), 109 
(761, 107 (24), 105 (38), 104 (36), 95 (34), 93 (22), 91 (63), 
81 (72), 79 (38). 

Monoacetylsideritol (2) 
Crude triacetylsideritol in ethanol was added to a 

cooled (0") solution of KOH in ethanol (2.5z). The solu- 
tion was allowed to stir at room temperature for 1: h. It 
was then acidified (10z HCI) to p H  5 and extracted with 

CHCI,. Column chromatography on silica gel (eluent 
ethyl acetate) affords monoacetylsideritol 2, m.p. 181- 
182 "C (from acetone-pentane); i.r. (Nujol) cm-I: 3400 
medium, 3220 broad (OH), 1737 strong (C=O), 1240 
(C-0 of ester); n.m.r. (CDCI,, 220 MHz) 6: 6.07 (IH, 
doublet of doublets, JI2,,, = 6.5 Hz, J13,14 = 8 HZ, 
H-13), 5.82 (IH, doublet, J,3,14 = 8 HZ, H-14), 4.58 (1H, 
doublet of doublets, J = 6 and 10 Hz, H-la), 3.23 (2H, 
quartet J = 12 Hz, -CHZ-OH), 2.50 (IH, multiplet 
wIiz 13 Hz, H-12), 2.00 (3H, singlet, -OCOCH3), 0.91 
(3H, singlet, quaternary methyl), 0.85 (3H, singlet, 
quaternary methyl), 0.81 (3H, singlet, quaternary methyl); 
mass spectrum mle: 362 (M+ 2), 344 (2), 302.2246 calcd. 
for CZOH3002, 302.2244 measured (3), 288.2089 calcd. for 
C19HZ8O2, 288.2097 measured (20), 228.1878 calcd. for 
CI7H2,, 288.1875 measured (58). 213 (23), 171 (49,  125 
(26), 124 (loo), 123 (20), 118 (25), 109 (57), 105 (21), 104 
(37), 95 (27), 92 (22), 91 (53), 81 (47), 55 (20), 42 (40), 41 
(22). 

Anal. Calcd. for C22H3404:  C, 72.89; H, 9.46. Found: 
C, 73.10; H, 9.60. 

Monoacetylsideritol (2, 100 mg) in ethanol solution 
was hydrogenated over 1 0 z  Pd-C during 8 h ;  n.m.r. 
(CDCI,) 6 :  4.58 (IH, multiplet, -CHOAc), 3.70 (2H, 
quartet, J = 9 Hz, -CH2-OH), 1.80 (3H, singlet, 
-OCOCH,), 1.10 (3H, singlet, quaternary methyl), 0.80 
(6H, singlet, 2 quaternary methyls). 

Sideritol (1 )  
To monoacetylsideritol (2, 20 mg) in ether (15 ml) was 

added an excess of a 1 M ether solution of LiAIH,. The 
solution was allowed to stir at room temperature over- 
night (under nitrogen). Excess LiAIH, was then destroyed 
by addition of water and ether extraction gave sideritol 
(12 mg), m.p. 174-176 "C (from acetone-pentane); i.r. 
(CHCI,) cm-': 3590 weak, 3420 broad (-OH), 3015 
strong (olefinic C-H), 2930, 2850 strong (C-H 
stretching vibrations); n.m.r. (CDCI,) 6: 5.95 (2H, multi- 
plet, H-13 and H-14), 3.56 (2H, quartet, J = IOHz, 
-CH2-OH), 3.25 ( lH,  multiplet, H-la), 2.52 ( lH,  
multiplet, wliz 6 Hz, H-12), 0.87 (3H, singlet, quaternary 
methyl), 0.82 (3H, singlet, quaternary methyl), 0.80 (3H, 
singlet, quaternary methyl); mass spectrum mle: 302 
(M+ - HZO, 4), 247 (22), 246 (loo), 228 (29), 213 (29), 
172 (28), 157 (20), 137 (23), 131 (22), 125 (21), 124 (loo), 
123 (44), 122 (31), 119 (22), 118 (71), 117 (20), 109 (loo), 
107 (33), 106 (21), 105 (37), 104 (56), 96 (43), 93 (25), 92 
(35), 91 (77), 83 (20), 81 (57). 79 (25), 69 (33), 55 (33), 43 
(24), 41 (38). 

Diacetylsideritol (4) 
A mixture of monoacetylsideritol (20mg), pyridine 

(1 ml), and acetic anhydride (0.5 ml), was allowed to 
stand a t  0 "C for 48 h. The reaction mixture was then 
taken up in benzene (-5 ml) and evaporated under re- 
duced pressure. The residue was taken up in benzene 
(-2 ml) and washed with one drop of water. The benzene 
layer was removed and evaporated to afford a crude mix- 
ture of the triacetyl and diacetyl derivatives. Chromatog- 
raphy over silica gel (eluent, ethyl acetate) gave diacetyl- 
sideritol 4, (I1 mg); i.r. (Nujol) cm-': 3480 medium 
(OH), 1740, 1708 strong (C=O's), 1645 very weak 
(C=C); n.m.r. (CDCI,) 6: 5.95 (2H, multiplet, H-13 and 
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H-14), 4.52 (IH, doublet of doublets, J = 6 and 8 Hz, 
H-la)  3.76 (2H, quartet, CH2-OAc), 2.42 ( lH,  multi- 
plet, wl12 7 Hz, H-12), 2.06 (3H, singlet, CH2- 
OCOCH,), 1.94 (3H, singlet, CH-OCOCH,), 0.87 (3H, 
singlet, quaternary methyl), 0.81 (3H, singlet, quaternary 
methyl), 0.77 (3H, singlet, quaternary methyl); mass 
spectrum mle: 344 (3), 288 (lo), 228 (68), 172 (46), 157 
(30), 131 (22), 124 (94), 118 (26), 117 (24), 109 (60), 105 
(33), 95 (26), 91 (loo), 81 (76), 79 (36), 77 (25), 74 (32). 

ent-l~-Acefoxyatis-l3-en-l6a,I7-acetonide ( 5 )  
To a solution of monoacetylsideritol (20mg) in 

acetone (2 ml) was added 1 drop of HClO, (70z). The 
solution was then allowed to stir a t  room temperature for 
1 h. One drop of pyridine was added and the acetone 
evaporated under reduced pressure. Water was added to 
the residue. Extraction with ether gave the acetonide 
derivative 5 (18 mg), m.p. 152-154"C, (from acetone- 
pentane); i.r. (CHCI,) cm-': 1725 strong (C=O), 1150 
medium (C-0-C), 1260 strong (C-0 of ester); n.m.r. 
(CDCI,) 6: 5.98 (2H, multiplet, H-13 and H-14) 4.54 
( lH ,  doublet of doublets, J = 6 and 8 Hz, H-la), 3.57 
(2H, quartet, -CH,-0-), 2.45 (IH, multiplet, wl12 
12 Hz, H-12), 2.00 (3H, singlet, -OCOCH,), 1.40 (3H, 
singlet -0-C-CH,), 1.32 (3H, singlet, -0-C- 
CH,), 0.90 (3H, singlet, quaternary methyl), 0.85 (3H, 
singlet, quaternary methyl), 0.79 (3H, singlet, quaternary 
methyl); mass spectrum mle: 402 (M+ 4), 288 (6), 228 
(14), 124 (16), 91 (26), 79 (23), 43 (loo), 41 (32). 

The acetonide derivative (5, 100 mg) in ethanol solu- 
tion was hydrogenated oper 1 0 z  Pd-C during 8 h; n.m.r. 
(CDCI,) 6 :  4.55 ( lH,  multiplet, -CH-OAc), 3.70 (2H, 
quartet, J = 7 Hz, -CH2-0), 2.00 (3H, singlet, 
-OCOCH3), 1.10 (3H, singlet, quaternary methyl), 0.80 
(6H, singlet, 2 quaternary methyls). 

Mol. wt. Calcd. for CZ5H,,o,: 402.2770. Found 
(h.r.m.s.): 402.2773. 

ent-I~-Acetoxy-l7-noratis-13-en-16-one (6) 
Periodic acid (380 mg) in water (4 ml) was added fo 

a solution of monoacetylsideritol (2, 170 mg) in methanol 
(15 ml). The solution was stirred at room temperature for 
24 h, diluted with water, and methanol removed under 
reduced pressure. Extraction with ether and chromatog- 
raphy over silica gel (eluent ethyl acetate) gave the crys- 
talline ketone 6 (88 mg), m.p. 126-127.5 "C (from 
acetone-pentane); i.r. (Nujol) cm-': 1735 shoulder, 
1720 strong (C=O), 1240 strong (C-0 of ester); n.m.r. 
(CDCI,) 6: 6.12 (2H, apparent doublet, separation 3.5 
Hz, H-13 and H-14), 4.60 (IH, doublet of doublets J = 6 
and 9 Hz, H-la), 3.02 ( lH,  multiplet w,,, 8 Hz, H-12), 
1.98 (3H, singlet, -OCOCH,), 0.91 (3H, singlet, quater- 
nary methyl), 0.88 (3H, singlet, quaternary methyl), 0.86 
(3H, singlet, quaternary methyl); mass spectrum mle: 
330 (M+ 3), 288 (7), 228 (13), 124 (70), 109 (30), 91 (53), 
81 (39,  55 (15), 43 (loo), 41 (34); circular dichroism (c 
0.0034 M, methanol): A&,,, $4.97, A&,,, -3.73. 

Mol. wt. Calcd. for C21H3003: 330.2195. Found 
(h.r.m.s.): 330.2200. 

ent-1 ~-Hydroxyatis-l3-en-l6c(,I 7-acetonide (8) 
The acetonide (5, 15 mg) was taken up in ether and 

treated with LiAIH, (20 drops of a 1 M ether solution) 
under nitrogen for 5 h. Work-up in the usual manner 
gave the crystalline alcohol 8 (10 mg), m.p. 129-132 "C 

(from acetone); i.r. (Nujol) cm-I :  3515 weak, 3400 
broad (OH), 1150 medium (C-0-C); n.m.r. (CDCI,) 
6: 5.94 (2H, multiplet, H-13 and H-14), 4.00 (2H, quartet, 
J = 12 Hz, -CH2-0-), 4.23 (IH, multiplet, H-la), 
2.46 (1H, multiplet, H-12), 2.36 (3H, singlet -0-C- 
CH,), 2.28 (3H, singlet, 0-C-CH,), 0.62 (3H, singlet, 
quaternary methyl), 0.74 (3H, singlet, quaternary 
methyl), 0.81 (3H, singlet, quaternary methyl); mass 
spectrum mle: 360 (M+ 4), 246 (42), 228 (8), 124 (loo), 
118 (36), 109 (65), 105 (20), 104 (30), 95 (20), 92 (20), 91 
(64), 81 (42), 79 (20), 69 (32), 57 (30), 55 (50), 43 (74), 
41 (65). 

Mol. wt. Calcd. for CZ3H3603:  360.2665. Found 
(h.r.m.s.): 360.2677. 

ent-l-Oxoatis-13-en-16a,17-acetonide (9)  
To pyridine (18 mg) in methylene chloride was added 

CrO, (30 mg). The resulting dark solution was stirred for 
15 min, then alcohol 8 (10 mg) in methylene chloride was 
added. After 15 min the solution was filtered and evapo- 
rated. The residue was distributed between water and 
ether, and the ether extracts dried and evaporated to give 
the ketone 9 (7mg), i.r. (Nujol) cm-': 1696 strong 
(C=O), 1145 medium (C-0-C); n.m.r. (CDCI,) 6: 
6.00 (2H, multiplet, HI3 and HI,), 3.57 (2H, quartet, 
J = 9 Hz, -CHZ-0), 2.50 (1H, multiplet, H-12), 1.42 
(3H, singlet, -0-C-CH,), 1.35 (3H, singlet, -0- 
C-CH,), 1.04 (3H, singlet, quaternary methyl), 0.98 
(6H, singlet, quaternary methyls); mass spectrum mle: 
358 (M+ 4), 244 (27), 188 (33), 139 (loo), 91 (33), 43 (34), 
41 (22); circular dichroism (c 0.0028 M, methanol) 
A E Z ~ O  -0.09, A E ~ ~ o  $0.07, A&320 +0.06. 

Mol wt. Calcd. for C2,H,,O3: 358.2508. Found 
(h.r.m.s.): 358.2522. 

ent-Atis-I3-en-16a,17-acetonide (10)  
Anhydrous hydrazine was distilled into a solution of 

sodium (0.2 g) in diglyme (15 ml) until the solution re- 
fluxed freely at 180 "C. The ketone 9 (7 mg) was then 
added and refluxing continued for 18 h. The temperature 
was then raised to 210 "C by distilling hydrazine out of the 
reaction vessel. Refluxing was continued at this tempera- 
ture for 18 h. The reaction mixture was then cooled and 
diluted with water. Continuous extraction with pentane 
(24 h) gave the crystalline co~npound 10 (3 nlg), m.p. 
134-136 "C (from acetone); i.r. (CCI,) cm-': 2920, 2850 

\ / strong (C-H stretching), 1655 very weak ( C=C ), 
/ \ 

1385, 1375, 1365 sharp (methyls), 115b medium 
(C-0-C); n.m.r. (CDCI,) 6 :  0.87 (3H, singlet, quater- 
nary methyl), 0.78 (3H, singlet, quaternary methyl), 0.57 
(3H, singlet, quaternary methyl); mass spectrum mle: 
344 (M+ 6), 230 (loo), 137 (82), 106 (88), 105 (20), 104 
(24), 95 (22), 94 (22), 92 (50), 91 (58), 81 (26), 69 (40), 67 
(20), 57 (21), 55 (40), 43 (36), 41 (44). 

Mol. wt. Calcd. for C23H3602: 344.2715. Found 
(h.r.m.s.) : 344.2721. 

ent-l~-Acetoxy-17-noratisan-16-one (12) 
Ketone 6 (116 mg) in methanol was hydrogenated, a t  

atmospheric pressure, over 5% Pd-C for -3 h. The 
reaction mixture was then filtered and concentrated to 
give the crystalline ketone 12 (1 15 mg), m.p. 166-169 "C 
(from acetone); i.r. (Nujol) cm-l:  1720 strong, 1698 
shoulder (C=O), 1240 (C-0 of ester); n.m.r. (CDCI,) 
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6: 4.50 (1H, doublet of doublets J = 6 and 8 Hz H-la), 
1.92 (3H, singlet, -0-CO-CH,), 1.14 (3H, singlet, 
quaternary methyl), 0.82 (6H, singlet, quaternary 
methyls); mass spectrum mle: 332 (M+ 6), 272 (25), 230 
(50), 106 (30), 93 (20), 81 (25), 79 (20), 55 (30), 53 (31), 
43 (loo), 41 (40); circular dichroism (c 0.0045 M, meth- 
anol), A E ~ ~ ~  - 0.073. 

Mol. wt. Calcd. for C21H3203:  332.2352. Found 
(h.r.m.s.): 332.2336. 

ent-17-Noratisan-la-01 (13) 
The ketone 12 (115 mg) was reduced as described for 

the reduction of 9. Pentane extraction gave the crystalline 
alcohol 13 (74mg) purified by sublimation a t  88 'C/ 
0.5 mm Hg, m.p. 155.5-156.5 "C; i.r. (Nujol) cm-': 3370 
medium, broad (OH); n.m.r. (CDCI,) 6: 3.32 (IH, 
doublet of doublets, J = 6 and 7 Hz, H-la), 1.01 (3H, 
singlet, quaternary methyl), 0.81 (3H, singlet, quaternary 
methyl), 0.80 (3H, singlet, quaternary methyl); mass 
spectrum m/e: 276 (M + I I), 258 (60), 243 (28), 134 (40), 
123 (27), 121 (26), 109 (26), 107 (22), 95 (38), 93 (40), 91 
(32), 83 (32), 81 (68), 79 (40), 69 (561, 66 (46), 57 (90), 55 
(86), 44 (94), 43 (loo), 41 (90). 

Mol. wt. Calcd. for C,9H,20:  276.2453. Found 
(h.r.m.s.): 276.2459. 

ent-17-Noratisan-I-one (14) 
The alcohol 13 (65 mg) was oxidized as described 

above for alcohol 8, to give the crystalline ketone 14 
(40 mg), m.p. 79-81 "C (from methanol - Skelly B); i.r. 
(CCI,) cm-': 1708 strong (C=O); n.m.r. (CDCI,) 6 :  
2.73 ( lH ,  8 lines, J2 . .2p=14Hz ,  J2p,3 ,=11.5Hz,  
J2,,3, = 6 Hz, H-2a), 1.32 (3H, singlet, quaternary 
methyl), 1.05 (3H, singlet, quaternary methyl), 0.93 (3H, 
singlet, quaternary methyl); mass spectrum mle: 274 
( M +  40), 259 (40), 256 (57), 175 (26), 139 (46), 105 (20), 
95 (20), 93 (30), 91 (42), 81 (46), 79 (48), 77 (20), 69 (26), 
67 (48), 56 (61), 53 (22), 41 (100); circular dichroism (c 
0.009 M, i~o-octane) A E ~ ~ ~  f0 .11,  A~311 +0.22, AE3,4 
+0.15; (c 0.007 M, methanol) AE,,, +0.32. 

Mol. wt. Calcd. for CI9H3,,O: 274.2297. Found 
(h.r.m.s.) 274.2293. 

ent-17-Noratisane (11) 
The ketone 14 (30 mg) was reduced as described above 

for 9. Continuous pentane extraction (2 days) followed by 
column chromatography of the residue over alumina 
(eluent pentane) and sublimation (atmospheric pressure, 
150 "C) gave the crystalline hydrocarbon 11 (13 mg) m.p. 
83-85 "C, identical in i.r., n.m.r., o.r.d., and mass spectra 
with an authentic sample (11); i.r. (CCI,) cm-': 2920, 
2855 strong (C-H stretching vibration), 1450 medium 
(methylene scissoring and asymmetrical methyl bending 
vibrations), 1380 sharp (-CH,), 1360 sharp, 1355 
shoulder (gem dimethyl group); n.m.r. (CDCI,) 6: 1.05 
(3H, singlet, quaternary methyl), 0.90 (3H, singlet, 

quaternary methyl), 0.80 (3H, singlet, quaternary methyl); 
mass spectrum m/e: 261 (M + + 1,23), 260 (M + loo), 245 
(73), 175 (36), 137 (27), 136 (30), 135 (21), 125 (21), 124 
(471, 123 (loo), 111 (21), 109 (49, 107 (23), 105 (27), 95 
(48), 93 (36), 91 (33), 82 (33), 81 (54), 79 (49,  77 (23), 75 
(57), 69 (51), 67 (48), 55 (51), 45 (loo), 43 (24), 41 (66); 
optical rotatory dispersion (c 0.03, methanol) 25": [a],4o 
- 370°, [a1260 - 270°, [a]zgo - 200", [a]300 - 130°, 
[a1350 - loo0, [a1400 - 80'. 

Mol. wt. Calcd. for ClgH3,: 260.2504. Found 
(h.r.m.s.): 260.2514. 

The financial support of the National Research Council 
of Canada is gratefully acknowledged. We also thank the 
Canadian 220 MHz NMR Centre, Sheridan Park, 
Ontario for the 220MHz spectrum of monoacetyl- 
sideritol, Dr. T. Nakashima and his associates for the 
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The Synthesis of 1,2Diazepines from Thiapyrylium Salts1 
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The reactions of thiapyrylium salts 3a-c with hydrazine and methylhydrazine yield the 
3,5,7-triphenyl-l,2(4H)-diazepines 4a-c and 1-methyl-3,5,7-triphenyl-l,2(lH)-diazepines 5a-c 
in good to excellent yields. Although numerous I-acyl-1,2(1H)-diazepines are now known, 
compounds 5a-c represent the first examples of I-alkyl-1,2(1 H)-diazepine derivatives. With a 
slight variation in work up conditions, the reaction of thiapyrylium salts 3a and 3c with 
methylhydrazine leads to the formation of the pyrazoline derivatives 6a and 6c, respectively; 
on the other hand, only pyrazolines 9a and 9b can be obtained from the corresponding reaction 
with phenylhydrazine. Pyrolysis of the pyrazolines 60, 6c, 90, and 9b provides the pyrazoles 
7a,  7c,  I O U ,  and lob,  respectively. The mechanism of some of these transformations is briefly 
discussed. 

DAVID JOHN HARRIS, G O R D O ~  Y.-P. KAX, VICTOR SNIECKUS, et E. KLINGSBERC. Can. J. 
Chem. 52, 2798 (1974). 

Les sels de thiapyrylium 3a-c rtagissent avec I'hydrazine et la methylhydrazine et donnent les 
triphenyl-3,5,7 (4H) diaztpines-1,2 4a-c et les methyl-1 triphenyl-3,5,7 (1H) diazepines-1,2 5a-c; 
les rendements de ces reactions sont bons a excellents. Bien que plusieurs (1H) acyl-1 diazC- 
pines-1,2 sont maintenant connues, les composis 5a-c representent les premiers exemples de 
derives de type alkyl-1 (1H) diazkpine-1,2. Avec une ICg6re variation dans les conditions de 
reaction, les sels de thiapyrylium 3a et 3c rtagissent avec la methylhydrazine et donnent les 
derives de la pyrazoline 6a et 6c respectivement; par ailleurs, la reaction correspondante avec 
la phenylhydrazine conduit seulement aux pyrazolines 9a et 9b. La pyrolyse des pyrazolines 
6a, 6c, 9a et 9b donnent respectivement les pyrazoles 7a,  7c,  10a et lob. Le mecanisme de 
quelques-unes de ces transformations est brievement discutk. 

[Traduit par le journal] 

The reaction of pyrylium salts with nitrogen- 
containing nucleophiles to yield a variety of pyri- 
dine derivatives (3) provides one of the earliest ex- 
amples of interconversion of aromatic heterocy- 
clic systems in which a one for one interchange of 

heteroatoms occurs:4 1 -+ 2, X-Y = k - ~ l k ~ l ,  

'Portions of this work have been presented at  con- 
ferences (1, 2). 

2Abstracted in part from the Ph.D. Thesis of G.Y.-P.K. 
submitted to the University Graduate Council, University 
of Waterloo, 1971. 

3To whom correspondence may be addressed. 
41n recent years the utility of this type of reaction with 

other n-isoelectronic heteroaromatic systems has been 
exemplified as follows : 1,2-dithiolium salts -- isothiazoles 
(7) ; 1,3,5-oxadiazinium salts ?- aminopyrimidines (8); 
1,3,4-oxadiazolium salts -- s-triazolium salts (9); oxazo- 
lium salts + 3-imidazolines and 3-imidazolinium salts 
(10); 1,2,4-dithiazolium salts + 1,2,4-thiadiazoles (1 1,12); 
N- (4 - Arylmethylene-A2- oxazolin-5-ylidene) ammonium 
salts -t 1,3-diazafulvenes (13); 1,3-oxazinium salts -- 
pyrimidines (14). 

k-CH,A~, N-CH,CO,H (4), &-NHA~, 

k-NHCOR: R = NH,, R = Ph(5), N -+ 0 (6). 
Analogous reactions have been shown to be useful 
forthe conversionof pyrylium salts into sulfur and 

+ 
phosphorus heterocycles (2, XY = S, P) as well 
as benzene derivatives (2, X-Y = C-CO,R, 
C-COMe, C-CN, C-NO,) (3). New trans- 
formations of pyrylium salts include the follow- 
ing: reaction with 2-phenyl-A2-oxazolin-5-one to 
form benzanilides (1 5); rearangement to 2- 
amino-3-aroylpyridines with cyanamide (16); 
ring contraction to isoxazolines with hydroxyl- 
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amine hydrochloride (6, 17), to pyrazolines or 
pyrazoles (10, 176, IS), and to pyrazolo[2,3-a]- 
quinolines (19); and ring expansion to 1,2- 
diazepines with hydrazines in a two for one 
heteroatom exchange reaction (1 7a, 18,20a, 21).5 
Although the mechanism of these transforma- 
tions are presumably related, evidence is avail- 
able only in isolated cases (6, 17b). 

Thiapyrylium salts would be expected to 
resemble pyrylium salts in their chemistry 
although it should be noted, perhaps surprisingly, 
that thiapyrylium salts have by no means 
received a proportionate amount of attention 
(3b, 28). Herein we report on the reaction of 
thiapyrylium salts (3a-c) with hydrazine de- 
rivatives. When originally announced (l) ,  some 
of these reactions represented the first prepara- 
tions of highly unsaturated 1,2-diazepines (4, 5). 
In the meantime, direct routes to 1,2(4H)- 
diazepines (4) (20a) and the 1 -methyl-1,2(1 H)-  
diazepine (5a)6 (18) from pyrylium salts have 
been discovered. The structural assignments (1) 
of 4a were partly based on n.m.r. characteristics 
which have since been extensively discussed by 
other investigators (20)7 and therefore are not 
recapitulated here. The accompanying paper 
describes the protonation and acid-catalyzed 
rearrangement studies of these 1,2-diazepine 
derivatives (30). 

Treatment of the triarylthiapyrylium salts 
3a-c with an excess of hydrazine in ethanol 
solution gave the 1,2(4H)-diazepine derivatives 
4a-c in 86-90';: yield (Scheme 1). Structure 
assignments were based on n.m.r. spectra as 
indicated above and on catalytic hydrogenation 
of 4a to the known dihydrodiazepine 8 prepared 
from hydrazine and 1,3,5-triphenyl-1,5-pentane- 
- 

5Related rearrangements and ring contractions have 
been observed with other heterocycles (nucleophiles): 
1,2-dithiolium salts (H2NNH2, H2NNHR, RSH) (7, 22, 
26) ; 1,2,4-dithiazolium salts (KNCO) (12) ; 1,3,4- 
oxadiazolium salts (H,NCN) (9a); pyrimidines and 
pyrimidinium salts (H2NNH,, H2NNHR) (23); oxazo- 
lium salts (H,NNHPh) (24); N-phenacylpyridinium ylides 
(PhNHN=C(CI)C02Et) (25); 1,3-oxazinium salts (Hz- 
NNH2, H,NOH) (14); isothiazolium salts (RNH2, 
H2NNHR, NHzOH, HzN(CH,),SH, RSH, H2S) (26); 
thiazolium salts (RNH,) (27). 

%imple 1,2(1H)-diazepines are available by photolysis 
of N-iminopyridinium ylides (29). 

'This allows unique structural assignment ruling out 
theoretically possible valence isomers and tautomers. A 
more highly substituted derivative, 3,7-bis(p-iodopheny1)- 
4,5,6-triphenyl-l,2(4H)-diazepine was elucidated by X-ray 
analysis only after several misassignments based on 
n.m.r. and U.V. techniques (31). 

dione. Pyrylium salts give comparable yields of 
1,2(4H)-diazepines (20a), eliminating a synthetic 
step, since thiapyrylium salts are prepared from 
pyrylium salts. Compared to these convenient 
reactions, thiapyrylium salts provide the 1- 
methyl-l,2(1 H)-diazepines only under different 
and stringently controlled reaction and workup 
conditions. Addition of the thiapyrylium salt to 
an excess of neat methylhydrazine at -70" 
under nitrogen followed by further reaction at  
0" gave the crude crystalline 1,2(1 H)-diazepines 
(5a-c) in 55-75% yield.* Analytical and spectral 
data (Table 1) are in full support of the proposed 
structures, in particular the n.m.r. spectrum of 
5a shows the weakly coupled (J = 1.5 Hz) vinyl 
hydrogens, C,- and C6-H at 2.95 and 4.15 t, 
respectively. These chemical shifts and coupling 
constants may be compared to similar values 
obtained for the elusive 2,4,6-triphenyl-1,3- 
oxazepine obtained but not isolated from the 
photolysis of 2,4,6-triphenylpyridine N-oxide 
(32). The U.V. spectra of the 1,2(1 H)-diazepines 
show marked differences from those of the 
1,2(4H)-diazepine series (20a), a fact which was 
used in support of the original structural 
assignments (1). Compound 5a was also syn- 
thesized from the 1,2(4H)-diazepine 4a and 
methyl iodide. The invariable production of 
some 2,4,6-triphenylpyridine in this reaction 
(see Experimental) speaks for the lability of 5a 
to thermal (18, 33) and acidic (30) conditions. 

If, in the reaction of thiapyrylium salts with 
methylhydrazine, great care is not taken to 
remove excess methylhydrazine immediately 
after the reaction (see Experimental), the ob- 
served products are pyrazoline derivatives rather 
than the 1,2(1 H)-diazepines. For example, 
pyrazolines 6a and 6c were obtained under these 
conditions. Usually the fate of the reaction could 
be predicted on the basis of whether oily or 
crystalline material was obtained directly from 
the reaction mixture. The oily materials ob- 
tained were mixtures of diazepine and methyl- 
hydrazine and could be shown to produce the 
pyrazolines upon standing and/or recrystalliza- 
tion (n.m.r. analysis). 

The structures of the pyrazolines 6a, 6c and 
9a, 96 rest on spectral and chemical data. The 
mass spectrum of compound 6a even at  low 

8These reaction conditions have not yet been con- 
sistently successful for the preparation of 5a-c directly 
from pyrylium salts; G.Y.-P. Kan and D. J. Harris. In 
progress. 
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A 
Ph N-N PI1 

8 

H z N N H 2  
EtOH 

voltages did not show a parent peak due to facile 
loss of acetophenone methylhydrazone to yield 
the pyrazole 70. The n.m.r. spectrum of 6a 
showed an aliphatic proton pattern (T 6.6, s, 2H, 

-CH,C=N-, 6.5, q, 2H, J = 16 Hz, ring 
CH,) which was expected on the basis of that 
observed for the side chain ketone corresponding 
to 6a whose structure has been established (17b, 
18). Structures 6a, 6c and 9a, 9b were confirmed 
by thermolysis to the corresponding pyrazoles 
7a, 7c, 10a, lob, respectively. 

Under the conditions that afforded diazepines 
5a-c, the reaction of 30 and 3b with phenyl- 
hydrazine unfortunately gave only the pyrazo- 
lines 9a and 9b, nor could the desired 1,3,5,7- 

tetraphenyl-1,2(1 H)-diazepine be detected by 
n.m.r. analysis of the crude reaction product. If 
this reaction was carried out in benzene sus- 
pension, 1,3,5-triphenylpyrazole 10 was ob- 
tained as the only major characterizable product. 

The mechanism for the formation of the 
observed products may be discussed by reference 
to the general comments advanced by Balaban 
(17b) and Buchardt and co-workers (6) for the 
reaction of pyrylium salts with nucleophiles 
(Scheme 2). Good precedent and analogy exists 
for the formation of cr-thiapyran (11) (3b) and 
open-chain (12) (3b, 34) intermediates in reac- 
tions of pyrylium salts and related heterocycles. 
In some cases these may be isolated; in the case 
of thiapyrylium salts they have not been detected 
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TABLE 1. Ultraviolet and nuclear magnetic resonance data of 1,2(IH)-diazepines (5) 
-- -- 

7 values (CDCI,) 

Compound h,,,(EtOH) ( E )  nm NMea C,-Hb C,-Hb Aromatic Other 

5a 407.5 (321) 7.05 4.15 2.95 2.15-2.8 
270 (21 250) (m, 15H) 
225 (15 100) 

5b 415 (330) 7 .1  4.25 2 .9  2.1-2.75 
275 (28 200) (m, 14H) 
222 (20 300) 

5c 357.5 (1 3 800) 7.05 4.10 2 .9  2.0-2.7 3 , 2 5 ( d , 2 H , J = S H z ,  
266 (22 100) (m, 12H) ortho-H in -C,H,N(C1I3),), 
222.5 (20 400) 7 .0  (s, 6H, N(CH3)Z). 

as,  3H. 
bdd, lH,  J = 1.5 Hz. This coupling was confirmed by decoupling studies. 

HN 
HNR 

HN 
HNR 

N 
HNR 

and only the 1,2-diazepines (4) or pyrazolines 
(6 and 9) have been isolated. Diazepine forma- 
tion may be favored by equilibration to 13 
catalyzed by excess hydrazine. In the case of 13, 
R = H and Me, condensation with the thio- 
ketone is facilitated by nucleophilic strength and 
steric factors of the juxtaposed hydrazone. In the 
intermediate phenylhydrazone 13, R = Ph, how- 
ever, nucleophilicity of the attacking nitrogen 
atom is decreased and unfavorable steric inter- 
actions due to the phenyl moiety are introduced. 
Consequently, a pyrazoline (6 or 9) is formed 
from 13, R = Ph, or, more likely, from 12, 
R = Ph, by an internal Michael addition mecha- 
nism. Considering the diversity of results in 
reactions of pyrylium and thiapyrylium salts 
with hydrazines (17, 18, 20a), it is premature to 
speculate on the role played by the heteroatom 
(oxygen cs. sulfur) in directing these transforma- 
tions except to note that thiones are usually 
much more reactive towards nucleophiles than 
ketones (35). 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. Analysis were performed 
by Micro-Tech Labs., Inc., Skokie, Ill., A. B. Gygli, 
Toronto, Ontario, and by J. J. Kobliska, Analytical 
Laboratories, American Cyanamid Co. The i.r. spectra 
were recorded on Beckman 1R-5A and -10 instruments in 
chloroform solution unless otherwise noted. The U.V. 
spectra were measured on a Beckman DB-G spectro- 
photometer in ethanol solution unless otherwise indicated. 
The n.m.r. spectra were recorded on Varian T-60 and 
HA-100 and Perkin-Elmer R-12B spectrometers in deu- 
teriochloroform solution unless otherwise stated using 
TMS as internal standard. Spectra listed follow the order: 
chemical shift, multiplicity (s = singlet, d = doublet, 
t = triplet, q = quartet, and m = multiplet), number of 
protons, coupling constant ( H z ) ,  and assignment. Mass 
spectra were determined with Hitachi-Perkin Elmer 
RMU-6E and MS-30 spectrometers. Thin-layer, prepara- 
tive thick-layer, and column chromatography were per- 
formed with silica gel specified for these purposes and 
obtained from Brinkmann (Canada) Ltd. 

Thiapyrylium Salts (3a-c) 
These were prepared by the method of Wizinger and 

Ulrich (36). 
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2,4,6-Triphenylthiapyrylium Fluoroborate (3a) .  
This was obtained in 80% yield. A sample recrystallized 

from acetic acid showed m.p. 201-202.5" (lit. (28c) m.p. 
218", (40) m.p. 196.5-197.5"). 

4- (p-Chlorophenyl) -2,6-diphenylthiapyrylium 
Fluoroborate (36 ) .  

This was obtained in 72% yield after recrystallization 
from acetic acid, m.p. 143-146". 

Anal. Calcd. for C23H16SC1BF4: C, 61.81; H,  3.58; 
S,7.17.Found: C,61.52; H, 3.42;S,6.82. 

4- (p-Dimethylanzinophenylj -2,6-diphenylihiapyryli~im 
Perchlorate (3c) .  

This was obtained in 88% yield after recrystallization 
from acetic acid, m.p. 256-258" (lit. (36), m.p. 247-249", 
(37) 256-258"). 

I,2 ( 4 H )  - Diazepines (4a-c) 
3,5,7-Triphenyl-1,2(4Hj -diazepine (4a )  ' 
Two hundred milliliters of 100% hydrazine hydrate 

(87-fold excess) was stirred at room temperature while 
20.0 g (0.048 mol) of 2,4,6-triphenylthiapyrylium per- 
chlorate (36) was sifted in during 112 h. Stirring was 
continued overnight, the product then being filtered, 
washed with water, and dried. Crystallization from 800 
ml of methylcyclohexane (Darco) gave 9.0 g (59%) of pale 
yellow product, m.p. 186-190'. Recrystallization from 
acetonitrile gave colorless crystals, m.p. 195-196" (lit. 
(20a) m.p. 191-192'). 

When the reaction was carried out under the conditions 
of Buchardt er al. (20a), an 89% yield of 4a was obtained. 

The bright yellow picrate of 4a was prepared in butanol 
and crystallized from alcohol; m.p. 198-200.5". 

Anal. Calcd. for C,9H21N507: C, 63.1; H, 3.8; N, 
12.7. Found: C, 62.9; H, 3.7; N, 12.8. 

Compounds 46 and 4c were prepared according to the 
conditions of Buchardt et al. (20a). 

5-(p-Chlorophenyl) -3,7-diphenyl-1,2(4H) -diazepine 
( 46) .  

This was obtained in 86% yield. A sample recrystallized 
from acetonitrile showed m.p. 190-191.5" (lit. (20a) n1.p. 
188-189"). 

5- (p-Dimethylaminophenylj -3,7-diphenyl-l,2(4H) - 
diazepine (4c ) .  

This was obtained in 90% yield and recrystallized from 
acetonitrile for analysis, m.p. 216.5-218". 

Anal. Calcd. for CZ5HZ3N3: C, 82.2; H, 6.3; N, 11.5. 
Found: C, 81.9; H, 6.5; N, 11.5. 

The picrate of 4c was prepared in butanol and cry- 
stallized from the same solvent as bronze needles, m.p. 
217.5-219.5" (dec.). 

Anal. Calcd. for C,,H26N607: C, 62.6; H, 4.5; N, 
14.1. Found: C, 62.9; H, 4.4; N, 14.3. 

Hydrogenation of 4a to 4,5-Dihydro-3,5,7-triphenyl-1,2- 
( 6 H )  -diazepine ( 8  j 

Compound 4a (0.141 g, 4.37 mmol) in 35 ml of absolute 
ethanol was hydrogenated at atmospheric pressure in the 
presence of ca. 70 mg of 5% palladium on charcoal. 
Hydrogenation was stopped after absorption of approxi- 
mately 5.25 mmol of hydrogen. The solution was filtered 
and the filtrate concentrated in cacuo. The residue was 
passed through a column of silica gel to yield 0.091 g 
(64%) of colorless compound 8, m.p. 159-16l0, identical 
by mixture m.p. and n.m.r. comparison with an authentic 
sample prepared according to Amiet and Johns (38). 

1,2 ( 1  H )  - Diazepines (5a-c) 
1-Methyl-3,5,7-triphenyl-1,2(1H)-diazepine (5a)  
The apparatus consisted of a two-necked flask equipped 

with a drying tube and an attachment for addition of 
solid (39). The flask was charged with neat methyl- 
hydrazine (10 ml) and the attachment was charged with 
thiapyrylium salt 3a (4.0 g, 10 mmol). After the flask was 
immersed in a liquid nitrogen bath, compound 3a was 
sifted in over a few minutes. The mixture was allowed to 
warm to 0" and was stored at this temperature for 13 h. 
The resulting red crystals (2.55 g, 65%) were collected by 
filtration and were dried under high vacuum. Careful 
recrystallization from ethanol or methylcyclohexane at 
room temperature or below gave burgundy red crystals 
of 5a, m.p. 116.5-118'; mass spectrum (mle, % relative 
intensity) 336 (M+,  14), 308(21), 307(48), 306(21), 
234(29), 233(100). 

Anal. Calcd. for CZ4HzoNZ: C, 85.7; H, 6.0; N, 8.3. 
Found:C,85.6;H,6.1;N,8.2. 

Compounds 56 and 5c were prepared by the above 
procedure. 

I-Methyl-5-(p-chlorophenyl)-3,7-diphenyl-l,2(1H) - 
diazepine (56 )  

This was obtained in 74% yield. Recrystallization from 
methylcyclohexane and then from ethanol gave an 
analytical sample, m.p. 132.5-133.5"; mass spectrum 
(mle, relative intensity) 370.5 (M+,  18), 369(18), 343(23), 
342(23), 341(50), 306(23), 269(36), 268(27), 267(100), 
11 8(45). 

Anal. Calcd. for C24H19N2C1: C, 77.73; H, 5.13; N, 
7.56. Found: C, 77.74; H, 4.96; N, 7.63. 

I-Methyl-5- (p-dimethylaminophenyl) -3,7-diphenyl-1,2- 
( 1  H j  -diazepine (5c  j 

This was obtained in 68% yield. Successive recrystalli- 
zation from methylcyclohexane and ethanol provided an 
analytical sample, m.p. 126-127"; mass spectrum (mle, % 
relative intensity) 379 (M+,  lo), 378(10), 351(30), 350(100), 
349(30), 277(23), 276(70), 103(41). 

Anal. Calcd. for CZ6Hz5N3: C, 82.29; H, 6.64; N, 
11.07. Found: C, 82.50; H, 6.75; N, 11.11. 

Preparation of 1-Methyl-3,5,7-triphenyl-1,2(1Hj- 
diazepine (5a )  from 4a 

A mixture of 4a (0.190 g, 0.59 mn~ol), methyl iodide 
(6 ml), and pulverized sodium hydroxide (0.250 g, 6.25 
mmol) was stirred at room temperature for 24 h. The 
solid was removed by filtration and the filtrate was 
concentrated to yield a gum (0.229 g) which was subjected 
to preparative thick-layer chromatography (CH,Cl,) to 
afford 2,4,6-triphenylpyridine (6%) and compound 5a 
(70%) which were shown to be identical to authentic 
materials by n.m.r., m.p., and mixture m.p. comparison. 

Formation ofpyrazoline Deri~atices 6a, 6c, and 90, 96 
The instability of the pyrazoline derivatives described 

below precluded elemental analysis. 

I-Methyl-3,5-diphenyl-S-phenacyl-2-pyrazoline 
Methylhydrazone (6aj  

The apparatus which was described in connection with 
the preparation of compound 5a was used. To methyl- 
hydrazine (10 ml) that had been frozen to a glass in liquid 
nitrogen was added 2,4,6-triphenylthiapyrylium fluoro- 
borate (3a) (2g, 4.85 mmol) under anhydrous conditions. 
The mixture was allowed to warm to 0". The resulting red 
solution was stored at this temperature and deposited, 
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over 13 h., a red gum which was collected by filtration. 
The gum was recrystallized from hot ethanol to give 1.1 g 
(29%) of 6a, m.p. 135" (dec.); n.m.r. T 2.2-2.9 (m, 15H, 
aromatics), 3.1 (br s, 1H, NH, exchanged with D,O), 
6.6 (s, 2H, side-chain CH,), 6.5 (q, 2H, J = 16 Hz, CH,), 
7.05 (s, 3H, side-chain NCH,), 7.3 (s, 3H, NCH3); mass 
spectrum a t  < 10 eV, 80" inlet temperature (mle, % 
relative intensity) 234 (M+ -C,H5C(=NNHCH3)CH3, 
loo), 233(27), 148(50), 147(27), 118(39). 

I -Methyl-3-phenyl-5-(p-dimethylaminophenyl) -5- 
phenaryl-2-pyrazoline Methylhydrazone (6c) 

This compound was obtained under conditions similar 
to those described for the formation of 6a, m.p. 118-120" 
(dec.); n.m.r. T 2.2-2.9 (m, 13H, aromatic and N H  
(exchangeable with D,O) protons), 3.3 (d, 2H, J = 8 Hz, 
ortho-H of dimethylaminophenyl ring), 6.6 (s, 2H, side- 
chain CHJ, 6.4 (q, ZH, J = 15 Hz, CH,), 6.95 (s, 3H, side- 
chain NCH,), 7.0 (s, 6H, N(CH3),), 7.22 (s, 3H, NCH,); 
mass spectrum at < 10 eV, 80' inlet temperature (mle, Y, 
relative intensity) 277 (M + - C6H5C(=N-NHCH3)- 
CH3, loo), 276(20), 148(47), 119(36), 118(55). 

1,3,5-Triphenyl- 5 - pherracyl- 2 -pyrnzolirze Phenylhydra- 
zone (9a) 

T o  phenylhydrazine (2.16 g, 19 mmol) which had been 
frozen to a glass in liquid nitrogen was added 2,4,6- 
triphenylthia&rylium fluoroborate (3a) (4g, 9.6 mmol) 
and the mixture was set aside at  room temperature for 
one week. The solid was collected by filtration and 
recrystallized from ethanol to give 1.3 g (26%) of 9n, 
m.p. 101-104"; n.m.r. .r 2.26-3.41 (m, 26H, aromatic and 
NH (exchangeable with DZO) protons), 6.14 (s, 2H, 
side-chain CH,), 6.65 (q, 2H, J = 18 Hz, CH2); mass 
spectrum at < 10 eV, 80c inlet temperature (mle, 7, 
relative intensity) 296 (MT-C6HSC(=NNHC6H,)CH3, 
50), 295(28), 210(36), 105(64), 104(64), 103(100). 

5-p-Chlorophenyl-l,3-diphenyl-5-phenacy[-2-pyrazoline 
Phenylhydvazone (96) 

This compound was obtained in 20% yield by the 
method described for the preparation of 9a, m.p. 110" 
(dec.); n.m.r. T 2.2-3.6 (m, 26H, aromatic and NH 
(exchangeable with D 2 0 )  protons), 6.1 (s, 2H, side-chain 
CH,), 6.65 (q, 2H, J = 17 Hz, CH,); mass spectrum 
mle, %relative intensity 330.5 (M+ - C6HsC(=NNHC6- 
H5)CH3, 50), 329.5(22), 210(100), 119(57). 

Thermolysis of Pyrazolines 6a, 6c, 9a, and 9b to 
Pyrazoles 7a, 7c, IOa, and l o b  

Compound 6a (173 mg, 0.45 mmol) was pyrolyzed at  
its melting point in a sealed tube inserted in an oil bath 
(135') for 25 min to give after column chromatography 
(benzene) 98 mg (91%) of 1-methyl-3,5-diphenylpyrazole 
(7a), m.p. 52-54" which was shown to be identical by 
mixture m.p. determination to an authentic sample 
prepared by a literature procedure (41). 

Under the above conditions, pyrazoline 6c gave 1- 
tnethyl-3-phenyl-5-(p-ditnethylarninophenyl)pyrazole (7c) 
in 81% yield, m.p. 98.5-99.5'; n.m.r. .r 2.12 and 2.65 (m, 
7H, aromatics), 3.23 (d, 2H, J = 7.5 Hz, ortho-H of 
dimethylaminophenyl ring), 3.46 (s, l H ,  pyrazole ring H) 
6.09 (s, 3H, NCH3), 7.02 (s, 6H, N(CH,),); mass 
spectrum (mle, 7, relative intensity) 277 (M', loo), 
276(21), 263(32), 167(26), 149(74). 

Anal. Calcd. for CI8Hl9N3:  C, 77.95; H, 6.90; N, 
15.15. Found: C, 77.38; H, 6.99; N, 15.09. 

Pyrolysis of 9a gave I,3,5-triphenylpyrazole (10a) in 
68% yield, m.p. 136-140" shown to be identical by 
mixture m.p. determination to an  authentic sample 
obtained by a literature method (42). 

Pyrolysis of 96 gave 5-(p-chloropheny1)-1,3-diphenyl- 
pyrazole (lob) in 60% yield, m.p. 112-1 14"; lit. (22c) m.p. 
113-115'; n.m.r. T 1.8-2.15 and 2.3-2.75 (m, 2H, and 
12H, aromatics), 3.15 (s, l H ,  pyrazole ring H). 

Direct Formation of 1,3,5-Tripheny[pyrazole (IOU) 
T o  a suspension of 2,4,6-triphenylthiapyrylium fluoro- 

borate (3a) (2.0 g, 4.8 mmol) in benzene (150 ml) was 
added phenylhydrazine (1.08 g, 10 mmol) and the mixture 
was stirred at  room temperature overnight. The mixture 
was evaporated to dryness in racuo and the resulting oil 
was passed through a short column of silica gel (benzene) 
to afford 0.97 g (67%) of 10a identical to an authentic 
sample (42) by mixture m.p. determination. 

Part of this work was supported by the National 
Research Council of Canada and Bristol Laboratories. 
We are grateful to Professor R. Bell and Mr. B. Sayer for 
100-MHz n.m.r. spectra and to Professor J. M. Miller for 
mass spectra. Thanks are due to C. Bender and M. 
Kaufman (Chem 13 News Award holders, University of 
Waterloo) for assistance with large scale preparation. 
We thank J. J. Kobliska, American Cyanamid Co., for 
carrying out some of the elemental anal~ses.  
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DAVID JOHN HARRIS, M. T. THOMAS, VICTOR SNIECKUS, and E. KLINGSBERG. Can. J.  Chem. 
52, 2805 (1974). 

The protonation of the 1,2(4H)-diazepines 2a, 26, and the 1,2(1H)-diazepine 3a in various 
acidic media has been studied by U.V. and n.m.r. spectroscopy. Compounds 2a and 3a undergo 
protonation to give 4a and 7a, respectively, whereas 2b provides the monoprotonated species 4b 
in dilute acid and the diprotonated form 4c in strongly acidic solution. Spectral characteristics 
of crystalline 1,2(4H)-diazepinium perchlorates 4a, 4d, 7a, and 7c correlate well with those 
observed for the corresponding free bases in acidic solutions; 7a-C10, and 7c-CIO, were 
obtained either from 2a and 2c or from 3a and 3c, respectively. In trifluoroacetic acid-d - D,O, 
deuterium exchange a t  C, and C, of 2a, 2b, and 3a was observed indicating the presence of 
small equilibrium concentrations of species l a ,  l c  and/or Id, and l b  under these conditions. 
Temperature variable n.m.r. spectroscopy provides evidence for ring inversion phenomena for 
the protonated forms 4a and 7a. In  the case of 4a, the activation energy, AG,* = 10.2 i 0.2 
kcal/mol (T, = 8 + 3") has been estimated. The difference in the activation energy between the 
free base and the protonated form, AG* (2a) - AG+ (4a) = 6-7 kcal/mol is attributed to 
strong repulsive N,-N, lone pair interaction in 2a in the transition state for the ring inversion 
process. 

Under vigorous acidic conditions, the 1,2(4H)-diazepines 2a-c give pyrazoles (10a-c), 
pyridines (12a-c), and acetophenone. Using identical conditions, the 1,2(4H)-diazepinium salt, 
7a-C10, provides pyrazole l l a  and pyridine 12a and, in addition, the 1-methylaminopyridinium 
salt 13a. However, rearrangement also proceeds under very mild conditions (ethanol-water) as 
shown for 7a-C10, and 7c-C10, which yield compounds l l a  and 12a, and l l c ,  12c, and 13c, 
respectively. The 1,2(1H)-diazepine 3a gives l l a ,  12a, and 13a in ethanol-water solution and 
exclusively 13a in trifluoroacetic acid. The mechanism of these reactions is discussed in terms of 
formation of open-chain (15) and diaziridine-type (19) intermediates. Electrocylic mechanisms 
are eliminated from consideration on the basis of the absence of products 23,24, and 25 which 
should have been observed from the reactions of 26, 2c, and 7c-C10, if these pathways were 
operative. 

DAVID J o ~ s  HARRIS, M. T. THOMAS, VICTOR SNIECKUS et E. KLINGSBERG. Can. J. Chem. 52, 
2805 (1 974). 

La protonation des 4H-diazepines-1,2 2a, 26 et de la 1H-diazepine-1,2 3a dans des milieux 
acides varies est ttudike par spectroscopie U.V. et r.m.n. On protone 2a et 3a pour obtenir 
respectivement 4a et 7a tandis qu'avec 2b on obtient I'espece monoprotonee 4b en milieu acide 
dilue et la forme diprotonee 4c en solution fortement acide. Les caractcristiqucs spectrales des 
perchlorates du 4H-diazepinium-1,2 cristallins 4a, 4d, 7a et 7c sont en harmonic avec celles 
qu'on observe pour les bases libres correspondantes en solutions acides; 7a-C10, et 7c-C10, 
sont respectivement obtenus soit a partir de 2a et 2c, soit a partir de 3a et 3c. Le traitement de 
2a, 2b et 3a par un melange d'acide trifluoroacetique deuttrie - D,O provoque ]'introduction 
de deuterium en C4 et C,: ces rtsultats indiquent la presence, sous ces conditions, de petites 
concentrations des especes l a ,  l c  et/ou Id, et l b  a I'equilibre. L'etude spectroscopique en 
r.m.n. a temperature variable met en evidence les phenomenes d'inversion de noyaux des 
formes protonees 4a et 7a. Pour 4a, l'energie d'activation AG,* et de 10.2 f- 0.2 kcal/mol 
(T, = 8 i 3") La difference des energies d'activation de la forme protonee et de la base libre, 
AG' (2a) - AG' (4a) = 6-7 kcal/mol, est attribuee a l'interaction fortement repulsive des 
doublets libres de N,-N, dans 2a pour I'ttat de transition amenant l'inversion du noyau. 

Dans des conditions fortement acides on obtient les 4H-diazepines-1,2 2a-c conduisant aux 

'A portion of this work has appeared in preliminary form (1) and has been presented at  conferences (2, 3). 
'To whom correspondence may be addressed. 
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2806 CAN.  J .  CHEM. VOL. 5 2 ,  1974 

pyrazoles (10a-c), aux pyridines (l2a-c) et a I'acttophenone. Dans des conditions identiques, 
le sel de 4H-diazipinium-1,2 le 7a-CIO,, donne du pyrazole l l a ,  de la pyridine 12a et en plus 
du sel de methylaminopyridinium-1 13a. Pourtant, le rearrangement se produit aussi dans des 
conditions tres douces (ethanol-eau) comme on le montre pour 7a-C10, et 7c-C10, qui 
conduisent respectivement, d'une part a 1 l a  et 13a, et d'autre part a l l c ,  12c et 13c. Avec 
1H-diazepine-1,2 3a en soli~tion ethanol-eau on obtient l l a ,  12a et 13a et, en presence d'acide 
trifluoroacetique seul 13a est obtenu. Le mecanisme de ces reactions est discuti en termes de 
formation d'intermediaires en chaines ouvertes (15) et d'autres du type diaziridine (19). On ne 
considere par les mecanismes Clectrocycliques a cause de I'absence des produits 23, 24 et 25 
qu'on aurait observes a partir des reactions de 26, 2c et 7c-C10, si ces processus intervenaient. 

[Traduit par le journal] 

Some time ago, the planar structures l a ,  16, 
and l c  were suggested for the species resulting 28r 
from protonation of the 3,5,7-triphenyl-1,2- 
diazepines 2a, 3a, and 2b, respectively, on the '7 

t basis of u.v. spectral comparison (2). Likewise, 
the diprotonated form i d  was advanced for I '''1 
compound 26 in strongly acidic s ~ l u t i o n . ~  In l E , -  

connection with the general sysnthesis of 1,2- ' [ 
diazepines from thiapyrylium salts ( 5 ) ,  we have 
re-examined this problem utilizing mainly n.m.r. 
spectroscopy (1). Herein we report the detailed - - - - - -  

4 -  

results of this study together with our observa- - 
tions on the acid-catalyzed rearrangement of the 0L-~--- - .8  

ZW 2ii 240 2 h L  280 300 320 340 361' 382 400 

1,2-diazepine  derivative^.^ 
i ( n m l  

Protonation Studies 
Diazepines 2a and 3a show marked u.v. 

absorption differences (Fig. 1) which were used 
for the original structural assignment (2). Both 
display benzenoid absorption in the 260 nm 
region but 2a shows a second strong band at 
293 nm. These spectra are completely changed by 
acidification and in 5 N ethanolic hydrochloric 
acid the differences between the two compounds 

3These interpretations have been quoted in reviews (4). 
4Prototropic equilibria of 1,2-diazepine derivatives 

have not been previously studied, whereas these aspects 
of 1,4-diazepines (4, 6) and 1, 5-benzodiazepines (4) have 
received considerable attention. 

FIG. 1. Ultraviolet spectra of compounds 2a, 26, and 
3a in ethanol solution. 

FIG. 2. Ultraviolet spectra of compounds 2a, 26, and 
3a in 5 N ethanolic HCI solution. 

almost vanish (Fig. 2, Table 1). To account for 
this resemblance, and for the bathochromic shift 
upon protonation, the planar structures l a  and 
l b  were suggested for the cations of 2a and 30, 
respectively. Furthermore, the u.v. spectrum of 
the dimethylamino analog 2b (Fig. 1) also under- 
goes a bathochromic shift in 5 N HCI-EtOH 
solution giving rise to an almost identical spec- 
trum to that displayed by its parent system (2a) 
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TABLE 1. Ultraviolet spectra of 1, 2-diazepines and -diazepinium derivatives 
-- - . - - - - - A  - -- A - -- - 

- - 

~ m . 3 ,  L a x  hmax 

L~x (EtOH) (HCI-CHCI,) (5 N HCI - EtOH)" (0.1 N HC1- EtOH)" h,,, (CF,CO,H) h,,~ (CH3CNIb 
Compound 
-- - 

(E) nm (4 nm ( E )  nm (E) nm (E) nm ( 4  nm 
- - 

2a 293(22 600) 342(27 600) 343(28 600) 343(29 300) 
258(30 800) 266(10 900) 253(15 100) 270(13 900) 

4a 288(19 300) 
255(19 800) 

2b 376(20 700) 484(17 400) 340(29 700) 510(44 900) 335(22 900) 
298(23 500) 336(20 600) 265(18 500) 325(17 800) 262(11 900) 
243(24 000) 265(17 400) 258(16 100) 

4d 291(21 600) 
261(31 700) 

3a 407.5(320) 338(19 500) 333(18 000) 475(290) 
270(21 300) 257(18 200) 260(16 600) 322(14 000) 
225(15 100) 288(11 800) 

7a-C1O4 331(21 000) 329(17 100) 
255(20 800) 273(13 100) 

250(18 700) 
- -- -- -- -- - 

"These solutions were prepared by d ~ l u t ~ o n  (v/v) o f  concentrated HCI wlth ethanol 
bOn the crystalline perchlorate derlvatlves 
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TABLE 2. Nuclear magnetic resonance spectra of 1, 2(4H)-diazepinium derivatives" 

.r values (multiplicity) 

Compound Solutionb Aromatic C4-H2 Cs-H Other 

5.5-6.0 
(br) 

5.6-6.32 
(br) 

5.42-5.95 3.12 6.6 
(br) (br s) 6 ,  6H, N(CH~)Z) 

5.44-6.0 6.54 
(br) (s, 6H, N(CH3)2) 

5.45-6.45 2.8 6 .9  
(br) (br S) (s, 6H, N(CH3)2) 

5.7-6.19 
(br) 

5.15-6.82 3.15 6.0  
(br) (br s) (s, 3H, NCH3) 

"Recorded at ambient temperature. 
bA = 5 N HC1-ethanol-d6; B = CF,C02D;  C = crystalline perchlorate in CD,CN; D = 0.1 N H C I ~  

ethanol-d6: E = CDCI,. 
pe asked by aromatic proton absorption. 
dEssentially identical with the n.m.r. spectrum of 3a in HCI-CDCI, solution. 

(Fig. 2). This result was interpreted to mean that 
the dication I d  had been formed from 2b, since 
it is well known that protonation of the normally 
bathochromic dimethylamino function deprives 
it of almost all spectral influence. In the case of 
the cations l a  and lc ,  it was proposed that pro- 
tonation is accompanied by a 4H- to 1H-dia- 
zepine tautomerization (a [1,5] sigmatropic 
shift). In 0.1 N HC1-EtOH, compounds 2a and 
3a show absorptions very similar to those ob- 
served in 5 N HCl-EtOH but 2b is converted 
into a red dye (A,,, 258, 325, and 510 nm) and 
this was taken as an indication of the monopro- 
tonated species lc,  the color being associated 
with charge separation due to aromatic reso- 
nance as is well known of countless basic 
dyes (7). 

The n.m.r. spectrum of 20 in CDCI, solution 
containing dry HCl gas shows, however, a broad 
singlet at t 6.1, 2H which indicates that the 
C,-methylene protons are still present (Table 
2). Solutions of 2a in trifluoroacetic acid (TFA) 
and concentrated sulfuric acid and of its crystal- 
line perchlorate salt in acetonitrile-d, exhibit 
essentially the same type of absorption at ap- 
proximately t 6.1. In all cases, the starting 
material was recovered from solution in high 
yield even after prolonged standing at room 
temperature. These observations lead to the con- 
clusion that the protonated species of 2a is 
represented by either 4a or 5. The essentially 
identical U.V. spectra of 2a in several acidic solu- 

tions (including 5 N HC1-EtOH) support this 
conclusion (Table 1). Of the two forms, 4a and 
5 ,4a  is favoured on the basis of the recent X-ray 
crystallographic analysis of the picrate of 2a 
which shows that it possesses the 4a structure 

Further work showed that the originally pro- 
posed (2) structure l a  must obtain in low con- 
centrations upon dissolution of 2a in acidic 
solutions. Prolonged stirring of 2a in a TFA-d 
solution containing a few drops of D,O at room 
temperature gave a high yield of deuterated 2a 
in which 71% of the deuterium was located at 
C, and 21% at C, (n.m.r. analysis). Incorpora- 
tion of deuterium probably takes place cia the 
protonated 1,2(1 H)-diazepine l a  which arises by 
tautomerization of protonated 2a, i.e., 40. An 
alternative possibility that deuterium exchange 
occurs rjia the open-chain form 6 is unlikely in 
view of its much greater thermodynamic in- 
stability with respect to 2a even in neutral solu- 
tion (9). 

Similar analysis of n.m.r. and U.V. spectral 
data supports, contrary to our previous tentative 
conclusions (I), structure 7a  rather than 8 for the 
protonated species of the 1-methyl- 1,2(1 H)- 
diazepine derivative 3a in HCl-CDCl,, 5 N 
HCl-EtOH, and TFA solutions (Table 2). In 
HCl-CDCI,, the n.m.r. spectrum of compound 

5We warmly thank Dr. Gerdil for this information 
prior to publication. 
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HARRIS ET AL.: REARRANC 

3a at  room temperature shows signals at  r 5.78 
(s, 3H, NMe) superimposed on an extremely 
broad envelope6 at r 4.5-6.7 (2H, C,-CH,) in 
addition to a slightly broadened singlet at r 3.1 
( lH,  C6-H) and a complex multiplet at  r 2.04- 
2.75 (15H, aromatics). The large downfield 
shifts for the NMe and C6-H signals in 7a (A 
p.p.m. = 1.24 and 1.01, respectively) compared 
to those of the free base 3a (5) are expected and 
may be compared to similar shifts observed in 
1,4-diazepine derivatives (10). The similarity of 
the u.v. spectra of 3a in HC1-CDCl,, 5 N HC1- 
EtOH, and TFA solutions indicate the presence 
of the same protonated form; what is more signi- 
ficant is the similarity of spectra of 3a and 2a in 
these acidic solutions (Table 1). That no trans- 
formations of the somewhat sensitive (5) dia- 
zepine 3a has taken place was shown by recovery 
of starting material from the acidic solutions 
used in u.v. and n.m.r. measurements. Deu- 
terium incorporation at  C, in 3a took place in 
TFA-d-D,O solution but not at  room tempera- 
ture as in the case of 20. Nuclear magnetic reso- 
nance analysis indicated 50% C6-H exchange 
but the problem was complicated by our in- 
ability to determine the extent of C,-deuteration 

6This led to our initial misassignment of structure 8 for 
the protonated species. Temperature variable n.m.r, data 
clearly supports 7a (see following section). 

due to overlapping aromatic and C,-H signals 
and competitive rearrangement under the acidic 
conditions of the experiment (see below). 

Chemical support for structure 7a as repre- 
senting the protonated form of 3a was obtained 
as follows (Scheme 1). Treatment of 3a with 
perchloric acid gave a crystalline perchlorate 
(70-C10,) the n.m.r. spectrum of which was 
essentially identical to that observed for a 
CDC1,-HCl solution of 3a (Table 2). The same 
compound (7a-C10,) was obtained by successive 
treatment of 2a with methyl fluorosulfonate 
(Magic Methyl) and perchloric acid. 

Once it was established that structures 4a and 
7a represent the species of diazepines 2a and 3a, 
respectively, which obtain in acidic solution, the 
remaining question regarding the protonation of 
the dimethylamino derivative 2b was examined. 
The n.m.r. spectrum (Table 2) of 2b in 5 N HC1- 
ethanol-& showed a broad signal centered at  r 
5.7 (2H) characteristic of C,-methylene protons 
thus implicating the N,-protonated 1,2(4H)- 
diazepine structure as already observed for the 
parent compound (40). I n  addition, the di- 
methylamino singlet which appeared at  r 6.9 in the 
spectrum of the free base in CDCI, was observed 
downfield at z 6.6 under these acidic conditions. 
The downfield shift could not be attributed to a 
solvent effect since compound 2b showed essen- 
tially the same spectra in HCl-CDC1, and in 
TFA-d- as that observed in 5 N HC1-ethanol-d, 
(Table 2). The magnitude (A p.p.m. = 0.32) and 
direction of the chemical shift in acidic solution 
is strong evidence for the presence of a pro- 
tonated NMe, function as documented for 
numerous benzenoid (11) and heteroaromatic 
(12) systems. This information together with 
the strong sinlilarity in the u.v. spectra of 2b in 
HCl-CHCI,, 5 N HC1-ethanol, and TFA (Table 
1) indicates the presence of the diprotonated 
species 4c under these acidic conditions. The 
near identity of the u.v. spectra of 26 and 2a in 
strongly acidic solution is therefore easily ex- 
plained. That tautomerism between 4c and low 
concentrations of l c  and/or I d  occurs could be 
demonstrated by deuterium exchange studies in 
TFA-d-D,O solution as already discussed for 
the case of 4a (see Experimental). 

In 0.1 N HC1-ethanol-d6, compound 2b ex- 
hibits an n.m.r. spectrum consistent with the 
presence of the monoprotonated species 4b 
(Table 2). The NMe, singlet appears at the same 
chemical shift (r 5.9) as is observed for the free 
base in CDCI, solution. Repeated attempts to 
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P I1 P h P h 
I ( I ) .  MeOS02F I I 

(2). HClOj HClOj A -  P h  N+--~ P h  
Me Me 

ClO, 

prepare crystalline diazepinium salts 4b and 
76-C10, for U.V. and n.m.r. spectral comparison 
purposes were unsuccessful. 

In summary, the available evidence supports 
structures 40, 412, and 7a for the protonated 
forms of 2a, 26, and 3a, respectively, in several 
strongly acidic solutions and 4b for the pro- 
tonated species of 2b in dilute acid. The original 
U.V. spectra data (2)  and the new n.m.r. and 
chemical information are now fully compatible 
with these assignments. 

Temperature Variable Nuclear Magnetic Reso- 
izance Spectra of 4a and 7a 

The temperature variable n.m.r. spectra of 
2a and a variety of its phenyl substituted deriva- 
tives show reversible line-broadening effects as a 
function of temperature due to the AB exchange 
of the C,-methylene protons caused by a ring 
inversion process (1 3). Using line shape analysis, 
the energy of activation (AG,*) has been deter- 
mined in several solvents: AG,* = 17.1 kcal} 
mol has been recorded for the parent system 2a 
in CDBr, solution (130). 

In comparison to the room temperature n.m.r. 
spectrum of 2a which shows a sharply-defined 
set of AB quartets at  z 5.58 and 7.37 for the 
C,-methylene protons (13a), its spectrum In 
acidic solution exhibits broad absorption at  T 
6.1 suggesting a lower AG,* for the ring inver- 
sion process in the protonated form (4a). This 
was confirmed by a temperature variable study 
in HCl-CDCl,.' At + 60°, the broad absorption 
coalesces into a sharp spike as expected for 
rapid exchange. On cooling, first an exchange- 
broadened doublet is observed (-24") which 
then resolves into two distinct AB doublets 
(JAB = 10 Hz) at  a separation of 276 cycles 
representing the low temperature limit spectrum 

"The perchlorate of 2a could not be studied owing to 
solubility problems. 

(-40"). The free energy of activation, AG,* = 
10.2 + 0.2 kcal/mol, at  the coalescence tempera- 
ture (T, = 8 * 3") is estimated from the well- 
known approximation equation. Raban has 
recently demonstrated that activation energies 
obtained by this equation for coalescing AB 
quartets are in good agreement with those of 
complete line shape analysis if the condition 
AvlJ >3 is met (14). Our case approximately 
satisfies this criterion. An estimate of AG,* = 
12 kcal/mol for the ring inversion process in 
TFA has been previously reported (13a) and 
compares favorably with our value in HC1- 
CDCl, solution. We have shown above that the 
monoprotonated form 4a is present in both sol- 
vent systems. 

The difference in activation energy for ring 
inversion between the free base and the pro- 
tonated form, AG'(2a) - AG*(4a) = 6-7 kcall 
mol, merits brief comment.' In the free diazepine 
(2a), the ring inversion 9a F? 9b must pass 
through a planar transition state in which strong 
repulsive interaction between the skewed N, and 
and N, lone pairs would be expected, i.e., a 
partial N-N double bond would develop. We 
propose (1) that monoprotonation at N, sub- 

8A detailed temperature variable n.m.r. study of the 
protonated species 4, X = C1, NO2, OMe, NMe, as 
well as 7a-C104 is in progress in order to gain more in- 
sight into this problem. D. J. Harris, T. E. Gough, and 
V. Snieckus. To be submitted. 
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a X = H ;  b X=WMe2; c X - C I  

HC1-EtOH 
2a-c - 1Oa-c + 120-c + PhCOMe 

A 

CF3C02H 
(room temperature) 

EtOH-H20 1 3 ~  
7c-Clod - l l c  + 1Zc f 13r 

A 
~ H ~ . P ~ - c  / 

stantially diminishes this interaction with the 
effect that the barrier to ring inversion in 4a is 
decreased thus accounting for the lower observed 
activation energy. Since only the X-ray crys- 
tallographic picture of the 1,2(4H)-diazepinium 
picrate (40) and not of the conjugate base (20) 
has been reported (8), insight into their potential 
conformational differences in the solid state is 
not available a t  the present time. 

Temperature variable n.m.r. measurements 
of 3a in CDC1,-HCI and of 7a-C104 in CDCI, 
also strongly support the existence of the 
1,2(4H)-diazepinium species in solution. Upon 
cooling the solution of 3a in CDC1,-HCl, the 
broad absorption for the C4-hydrogens a t  r - 
4.5-6.7 observed a t  + 35" gradually splits into 
two distinct doublets. At -30" (not low tem- 
perature limit), these are observed a t  r 4.72 and 
6.50 (JAB = 10 Hz). Very similar spectral 
changes were observed for the 1,2(4H)-dia- 
zepinium salt 7a-C10, in CDCI, s o l ~ t i o n . ~  

Acid-catalyzed Rearrangenzents 
Upon reflux in 5 N ethanolic HCl solution for 

prolonged periods of time, the 1,2(4H)dia- 

zepines 2a-c underwent rearrangement to pyra- 
zole (IOU-c) and pyridine (12a-c) derivatives 
(Scheme 2). In the case of 2a, it was shown that 
acetophenone was produced in a yield closely 
corresponding to that of the pyrazole 10a. The 
less satisfactory material balance of products 
obtained from 2b is due to extensive decom- 
position observed during the course of the reac- 
tion. The same products in similar distribution 
were obtained from the reaction of 2a and 2b in 
1 :1 H,O-TFA mixture a t  reflux (Table 3). Con- 
trol runs showed that both types of products 
result from an acid-catalyzed process. Further- 
more, 1-methyl-l,2(4H)-diazepinium salt 7a- 
C10, in refluxing ethanolic HC1 gave 6 7 z  of the 
N-methylpyrazole l l a ,  1 3 x  of 120, and a trace 
amount of the N-methylamino-2,4,6-triphenyl- 
pyridinium salt 130. However, compound 7a in 
refluxing ethanol-water (- 1 :I) solution also 
provided 1 l a  and 12a in comparable amounts 
thus showing the negligible effect of acid on the 
rearrangement processes. The absence of the 
pyridinium salt 13a is most likely the result of its 
instability with respect to  12a under these con- 
ditions as shown by separate control experi- 
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TABLE 3. Rearrangement of 1, 2-diazepines and -diazepinium salts 

Compound Condition" Products (z yield) 

A lOa(81) lZa(14) 
B (83) (trace) 

A lOb(37) 12b(24) 
B (35) (22) 

-- 
aA = 5 N HCI-EtOH, reflux; B = CF3C02H-HI~ ,  I : I ,  reflux; C = EtOH-H20, 1 : 1, reflux; 

D = CF,CO,H, room temperature; E = EtOH. 
bBy n.m.r. analysis. 
cBy t.1.c. analysis. 

ments. The effect of exclusion of water and 
slightly lower reaction temperature was observed 
when 70-C10, was thermolyzed in ethanol solu- 
tion. In this reaction, N-methylpyrazole (110) 
and pyridine (12a) formation was essentially 
totally supressed and production of 13a was 
enhanced to- a 902 yield. Identification of 13a 
was achieved by n.m.r. spectroscopy and by 
catalytic hydrogenation to 2,4,6-triphenylpyri- 
dine (12a). The rearrangement of 7c-C10, in 
ethanol-water provided the analogous products 
l l c ,  12c, and 13c (see Experimental). 

The reaction of I-methyl- 1,2(1 H)-diazepine 
derivative 3a in 5 N HCI-EtOH gave the 
N-methylpyrazole l l a  as the major product and 
compounds 12a and 13a in comparable and low 
yields. The effect of acid on this reaction was 
demonstrated in the control run (ethanol-water, 
I : I )  which gave only 12% of l l a  and 86% of 120. 
A similar yield of 12a was obtained from the 
thermolysis of 3a in ethanol. Clearly compound 
12a is produced by a purely thermal rearrange- 
ment process. Under the nonhydrolytic and 
relatively milder conditions of TFA at room 
temperature, compound 3a gave the pyridinium 
salt 13a in quantitative yield (n.m.r. analysis). 

A common mechanistic rationale for the acid- 
catalyzed rearrangement of 1,2-diazepines 2, 3, 
and 7 is given in Scheme 3. The 1,2(4H)-dia- 
zepinium cation 14 could, by hydrolytic ring 
opening, provide the intermediate 15. The latter 
type of compound is known to produce pyrazo- 

lines (16) in refluxing ethanol solution (15)9 and 
N-aminopyridinium salts (20) under acidic con- 
ditions (17). Furthermore, the acid-catalyzed 
reverse aldol reaction of pyrazolines (16) to 
pyrazoles (17) is known (15) and the partial 
thermal instability of 20, R = Me, X = H with 
respect to the pyridine 12, X = H, has been 
demonstrated (~ide supra). Thus all the observed 
products (pyrazoles, pyridines, and N-aminopy- 
ridinium salts) may be explained by invoking the 
common intermediate 15. However, since in 
the absence of water and yet under acidic con- 
ditions both 3a and 7a perchlorates provide the 
pyridinium salt 130 in high yield to the almost 
complete exclusion of pyrazole l l a ,  the alternate 
pathway for the formation of 13 20, 14 -+ 

18 -+ 19 -, 20, appears to be more likely. More- 
over, literature precedent exists for similar rear- 

gIsomerization of 15 to i and electrocyclic ring closure 
of the latter (arrows) could also lead to the pyrazoline 16. 
This type of cyclization has been proposed to occur in 
reactions of ct, /3-unsaturated ketones with hydrazines 
(16). However, evidence presented by Balaban (15) makes 
it unlikely that i would be an  intermediate leading to the 
formation of 16. 
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HARRIS E T  AL.: REARRANGEMENT OF 1,2-DIAZEPINES 

I 

R R N  
HNR 

HNR 

15 

rangements in related systems (4a, 18-21).1° in the proposed acid-catalyzed rearrangement is 
Evidence for a diaziridine-type intermediate (19) available in the single example reported by 

'OA series of derivatives 18 (R = COMe and other acyl P1eiss and Moore (22). 
functions) give compounds 21 and 12 in refluxing acetic In the absence of acid catalysis, the equili- 
acid. V. Snieckus. Unpublished results. brium 18 P 14 is not established and thus it is 
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found that the 1,2(1 H)-diazepine 3 ~ ~ 1 8  gives 
exclusively 12, X = H, in protic (ride supra) and 
aprotic (23) solvents. These are then essentially 
thermolysis reactions and probably proceed cia 
an electrocyclic process to the diaziridine 19 
which loses a nitrene species1' either directly or 
by way of the ylide 21 to give 12, X = H. 

It  is of interest to consider an alternate mech- 
anistic pathway for the formation of pyrazoles 
(17) from the 1,2(4H)-diazepinium salts (14) 
(Scheme 3) in light of recent categorization of 
cyclizations of quaternized azines [-CH(R)- 

CH=N-N(R)=CH-CH(R)-] ( I  6a, 24) and 
the tautomeric bis-ene-hydrazines [-(R)C= 
CH-NH-NR-CH=C(R)-] (25) according 
to the Woodward-Hoffmann rules (160). For 
example, it has been pointed out that cyclization 
26 -+ 27 may be viewed in terms of a thermal 
disrotatory process (16a). The diazepinium salt 
1, formed by prototropy from 14, is simply an 
extended conjugation analog of 26 and some 
other cases discussed (16a, 23, aild 24). Clearly, 
however, this conjugation plays a critical role in 
the observed acid-catalyzed rearrangements as 
may be seen by reference to Scheme 3. Dis- 
rotatory ring closure of 1, X = C1, R = H or 
Me, involving C,-C, and N,-C, bond forma- 
tions is predicted to lead to pyrazole 23, R = H 
or Me, and an equal mixture of pyrazoles 24 
and 25, X = C1, R = H or Me, respectively. 
The experiments carried out with compounds 2b 
and 2c, on the one hand, and compound 7c- 
ClO,, on the other, clearly eliminate both path- 
ways fro111 consideration. Related 2,3-diazabi- 
cyclo[3.2.0]heptane derivatives (22) have been 
recently shown to undergo thermal fragmenta- 
tion to pyrazoles (26). 

Finally, it may be noted that products from 
the electrocyclic pathway 7 -+ 28 were not ob- 
served presumably due to the substantial energy 

"Attempts to trap methyl nitrene in the thermolysis 
of 3a have been unsuccessful, ref. 23 and D. J. Harris, 
work in progress. 

disadvantage in going to an N-N double bond 
arrangement (27). 

Experimental 
For general experimental procedures, see the accom- 

panying paper (5). Trifluoroacetic acid-d and ethanol-d6 
were obtained from Stohler Isotope Chemicals, Montreal. 
Methyl fluorosulfonate (Magic Methyl) was purchased 
from Aldrich Chemical Co. 

Preparation of l,2(4H)-Diazepinium Perchlorates 4a, 
4d, 77, and 7c 

3,5,7-Triphenyl-1,2(4H)-diazepinium Perchlorate (4a) 
Compound 2a (5) (0.32 g, 1 mmol) in 100 ml of ethanol 

was heated on a steam bath until most of the material 
dissolved. A small amount of solid was removed by filtra- 
tion and the filtrate was treated with 1 ml of 70% per- 
chloric acid solution. The solution was evaporated to 
dryness in uacuo and the residue was triturated with 5 ml 
of a chloroform-ether mixture (1 : 3 v/v) to give crystalline 
material which was collected by filtration and washed 
with copious quantities of ether. There was obtained 
0.379 g (90%) of 4a which, after recrystallization from 
methylene chloride - petroleum ether (30-6O0), showed 
m.p. 227-229". 

Anal. Calcd. for C23H19N,C104: C, 65.50; H, 4.50; 
N,6.62.Found: C,65.10;H,4.52;N,6.47. 

5-(p-Chlorophenyl) -3,7-diphenyl-I ,2(4H) -diazepinium 
Perchlorate (4dj 

This compound was similarly prepared in 94.5% yield 
from 2c (5). Recrystallization from methylene chloride- 
petroleum ether (30-60') gave an analytical sample, m.p. 
226-228". 

Anal. Calcd. for C23H18NZClZ04: C, 60.39; H, 3.94; 
N,6.13.Found: C,60.56;H,4.06;N,5.89. 

I-Methyl-3,5,7-triphenyl-1,2(4H)-diazepinium 
Perchlorare (7a-C/O4) 

(a) From 3,5,7-Triphenyl-1,2(4H) -diazepirze (2aj. 
Compound 2u (1.0 g, 3.1 mmol) in 40 ml of methylene 
chloride solution was cooled to 0' and treated with 3.5 ml 
of methyl fluorosulfonate also cooled to 0". The mixture 
was stirred at 0' for I h and evaporated to dryness to 
yield an oil. The oil was dissolved in methanol and 
treated with 5 ml of 70% perchloric acid and sufficient 
water to induce precipitation. After 5 h at 0', the precipi- 
tate was collected by filtration and washed with water and 
then ether to give 1.2 g (87z) of 7a-CIO,, m.p. 158-160". 

Anal. Calcd. for C,,H,,N,ClO,: C, 65.98; H, 4.81 ; 
N, 6.41. Found: C, 65.92; H, 4.71; N, 5.79. 

( b )  From 1-,Weth~l-3,5,7-rripI1e11yl-I ,2(1H) -diazepine 
(3aj.  Compound 3a (0.123 g, 0.75 mmol) in 30 ml of 
methanol was treated with 2 ml of 70% perchloric acid 
and then with sufficient water to cause cloudiness. After 
1.5 h at 0', the rcsulting precipitate was collected by fil- 
tration and washed thoroughly with water. There was 
obtained 0.160 g (90%) of 7a-C10, which was shown to 
be identical with the compound prepared by method (a) 
above by m.p. and mixture m.p. determination. 

l-Methyl-3,7-diphenyI-5-(p-chloropheny/)-l,2(4Hj - 
diazepiniunz Perchlorate (7c-Clod) 

This compound was prepared from 2c and 3c (5) in 
quantitative and 74% yields, respectively, according to 
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HARRIS E T  AL.: REARRANGEMENT OF 1,2-DIAZEPINES 2815 

methods (a) and (6) used for the synthesis of 7a-C1O4. Rearrangement of Compounds 2a-c, 3a, 7a, and 7c 
Recrystallization from ethanol-chloroform gave an (Scheme 2) 
analytical sample, m.p. 295-297"; n.m.r. 1.9-2.9 (m, (a) In 5 N Ethanolic HCI and in EtOH-H20 
14H, aromatics), 3.1 (s, lH ,  Cs-H) 5.98 (s, CH,) super- Solutions 
imposed on br envelope, 5.1-6.37 (CHz), 5H. Compound 2a. Compound 2a (387 mg, 1.2 mmol) was 

Anal. Calcd. for C2,H2oN2C1204: C, 61.15; H, 4.25; refluxed in 20 ml of 5 N ethanolic HCI solution for 48 h. 
N, 5.95. Found: C, 60.84; H, 4.01; N, 5.99. The mixture was cooled and neutralized with cold con- 

centrated ammonium hydroxide solution. The mixture 
Deuterium Exchange Studies in CF3C02D-D20 was extracted with ether and the ether extract was dried 

Compound 2a (Na2S04) and evaporated to dryness. Chromatography 

Compound 2a mg, 0.31 mmol) was dissolved in over silica gel (benzene) gave, in order of elution, aceto- 

TFA-d (2 ml), drops of DzO were added, and the phenone (characterized as its 2,4-dinitrophen~lh~drazone 

tion was stirred at room temperature for 16.5 days. The by m.p. and mixture m.p. comparison with an authentic 

was diluted with D 2 0  and extracted with methy- 3 , 5 - d i ~ h e n ~ 1 ~ ~ r a z o l e  (lea), m.p. 201.5-2040 

Iene chloride. The organic extract was treated with anhy- (lit. (28) m.p. 198-200"); and 2 , 4 , 6 - t r i ~ h e n ~ 1 ~ ~ r i d i n e  
drous sodium bicarbonate and then dried (pJa2S04), (l2a), m.p. 133.5-135.50 (lit. (29) m.p. 137-138") in 

Evaporation yielded 91 mg of deuterated za, m,p. 194.5- amounts indicated in Table 3. lea and 12' 

195.5c; d-content by relative integrated intensities of were found to be identical with authentic samples by mix- 

n.m.r. absorptions: C4-H (71%), C6-H (21%); from mass ture m.p. and n'm'r. 'IJectra1 determinations. 

 spectrum:^^ do = 14z, dl = 32z, dz = 3 7 z ,  d3 = 12%, In a control experiment, refluxing 2a in ethanol-water 

d4 = 4%. (57:43 v/v) for 48 h resulted in quantitative recovery of 
starting material. 

Compourzd 20 The above experiments were carried out on compounds 
2b ('1 (30 mg, 0.08 mmO1) was in 2b and 2c to give p rod~~c t s  and yields indicated in Table 3. 

TFA-d containing three drops of D20 and the Cornpound 3a. Compound 3a (220 mg, 0.66 mmol) was 
solution was allowed to stand at room temperature for refluxed in 20 of ethanolic solution for 24 h, 
72 days. Work-up as for compound 2a gave 20 mg of Work-up and chromatography as in the case of 2a gave 
deuterated 26, m.P. 214-216"; d-content by integrated the pyrazole l l a ,  the pyridine 1Za, and l-rnethylamino- 
intensity of n.m.r. absorptions: CL-H (100%) (overlap of 2,4,6-triphenylpyridinium salt 13a in yields indicated in 
C6-H with aromatic proton absorption precluded estima- Table 3, The characterization of 1 3 ~  is given in a later 
tion of exchange at C,); from mass spectrum: do = 9%, section. 
dl = 2175, d2 = 34%, d3 = 28%, d4 = 7%. The control experiment was executed on 355 mg 

When the reaction was carried out for l6 only (1.1 rnmol) of 3a in 40 ml of an ethanol-water (57 : 43 v/v) 
30% exchange at '4 was Observed by n.m.r. mixture for 24 h. Isolation of products as above gave the 

Compound 3a results shown in Table 3. 
Compound 30 (5) (100 mg, 0.30 mmol) was dissolved Compound 7a-Clo,. Compound 7a-C1O4 (330 rng, 

in TFA-d (2 rill), 10 drops of DzO were added, and the 0.76 mmol) was refluxed in 20 ml of 5 N ethanolic HCl 
solution was heated on a steam bath for 20 min. Work-up solution for 24 h. Processing the reaction mixture in 
as for compound 2a gave 84 mg of deuterated 3a, m.P. the manner described for 2a gave 1-methyl-3,5-diphenyl- 
116-118'; d-content by integrated intensity of n.m.r. pyrizole ( l la) ,  m.p. 54-57' (lit. (30) m.p. 59-60"); 2,4,6- 
absorption itnmediately after isolation: Ce-H (50%) triphenylpyridine ( 1 2 ~ ) ;  and the pyridinium salt 13a in 
(overlap of CA-H with aromatic proton absorption pre- yields indicated in Table 3. Compounds l l a  and 12a were 
eluded estimation of exchange at C4); from mass spec- found to be identical with authentic samples by m.p. and 
trum: do 43%, dl = 39%, dz = 17%, d3 = 5%, d4 = n.m.r. spectral determinations. 
3%. In the control experiment, compound 7a-C10, (300 

mg) was refluxed in 40 rnl of an ethanol-water (57: 43 v/v) 
solution to give results shown in Table 3. 

Compound 7c-CIO,. Compound 7c-C104 (340 mg) was 
P h - I T  It refluxed in 40 ml of an ethanol-water (57: 43 v/v) solution 

D*ph 

as described for 7a-C104 to give results indicated in 

(-ND) , Table 3. 
P h l'N-N' (b) In CF,C02H-H20 Solution 

P h P h Compound 2a (322mg, l.0mmol) was refluxed in 
m/e 324 m/e 308 40 rnl of TFA-H20 solution (1 : 1) for 24 h. Work-up as 

in the case of procedure (a) above gave the products in 
lZComparison of the mass spectra of 2a and deuterated yields shown in Table 3. 

2a [mle, % relative intensity: 324 (M+,  33), 308 (171, 296 Compound 2b was similarly treated to give the results 
( l l ) ,  221 (loo), 219 (331, 205 (111, 118 (331, 116 (2.91, 103 indicated in Table 3.  
(53)] provides evidence for a minor fragmentation path- 
way proceeding by ND expulsion (m/e 324 +- 308) (prob- Characterization o f ~ ~ r a z o l e s  lob, IOC, and 1 l c  
ably via the proposed mechanism for the thermolysis 5-(p-Dimethylaminopheny1)-3-phenylpyrazole (lob) 
18 19 -t 21, Scheme 3) rather than by loss of the This was prepared in 57% yield by the method of 
C4-rnethylene and a 3-phenyl hydrogcn in concert as Hauser and co-workers (28). Recrystallization from 
previously proposed (13a). ethanol gave an analytical sample, m.p. 192.5-193.5"; 
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n.m.r. (CF3C0,H) T 1.7-2.5 (m, 10H, aromatics), 2.6 (s, 
l H ,  pyrazole ring H), 6.5 (s, 6H, N(CH&); mass spec- 
trum (mle, % relative intensity) 263 ( M + ,  loo), 262 (39), 
131 (21). 

Anal. Calcd. for CI7H17N3: C, 77.54; H, 6.51; N, 
15.96. Found: C, 77.74; H ,  6.61; N, 16.34. 
5-(p-Chlorophenyl)3-phenylpyrazole (IOc) 
This was prepared by the method of Widman (31), 

m.p. 217-218" (lit. (31) m.p. 216-217'). 
1-1Methyl-5-(p-chlorophenyl)-3-phenylpyrazole ( I lc)  
This was first obtained crystalline from the reaction of 

the 1-methyl-l,2(4H)-diazepinium salt 7c-C10,. Two 
recrystallizations from hexane gave an analytical sample, 
m.p. 59-60'- ; n.m.r. T 2.0-2.25 (m, 2H) and 2.35-2.75 (m, 
7H), aromatics, 3.35 (s, lH, pyrazole ring H), 6.1 ( s ,  3H, 
NCH3); mass spectrum (m/e, % relative intensity) 270 
[M+(37CI), 301, 268 [M+(,'Cl) 1001, 267(13), 167(< I), 
165(< 1). Fragmentation by loss of PhCN (270 + 167, 
268 + 165) is indicated. 

Anal. Calcd. for C16H13NZC1: C, 71.52; H, 4.84; N, 
10.43. Found: C, 71.36; H ,  5.04; N, 10.51. 

Preparation of Pyridines 12b and 12c 
4- (p-Din~ethylaminophenyl) -2,6-diphenylpyridine 

(120) 
This was prepared by adoption of a literature method 

(29), n1.p. 132-134' (lit. (32) m.p. 137'). 
4-(p-Chlorophenyl) -2,6-dipkenylpyridi~ze (12c) 
This was prepared by adoption of a literature method 

(29), m.p. 128-130" (lit. (33) m.p. 129-130"). 

Characterizntion ofP}~ridinirrr?7 Salt;\ 130 and 13c 
I-Merhylanzino-2,4,6-trip/~en~~lp~~ridiniu Perchlorate 

( 1 3 ~ )  
This compound was best obtained by refluxing 7a- 

C10, (300 mg, 0.72 mmol) in dry acetonitrile (30 ml) for 
24 h. Evaporation of the solution to dryness in caclro 
gave a glass which upon trituration with petroleum ether 
(30-60') gave 250 mg (82%) of 13a as a powdery solid: 
Two recrystallizations from ethanol-chloroform (9: 1) 
gave an  analytical sample, m.p. 188-189,; n.m.r. r 2.15 
(s, pyridine ring a-H) and 1.90-2.75 (m, aromatics), 17H, 
3.9 (q, lH ,  J = 6 Hz, NH, exchangeable with D20) ,  7.7 
(d, 3H, NCH,, J = 6 Hz, collapses into singlet upon 
D 2 0  exchange). 

Anal. Calcd. for C,,H21N2C10,: C, 65.98; H, 4.81 ; N, 
6.42. Found: C,  65.56; H,  4.91; N,  6.32. 

Compound 13cr (165 mg, 0.378 mmol) was dissolved in 
60 ml of absolute ethanol and hydrogenated at  atnlo- 
spheric pressure in the presence of 54, palladi~~in on char- 
coal (20 mg) (34). The reaction was stopped after 3 h and 
the solution was processed in the normal manner. 
Preparative t.1.c. (silica gel) gave 80 mg (69z)  of 2,4,6- 
triphenylpyridine ( 1 2 ~ )  identified by n1.p. and mixture 
n1.p. comparison with an authentic sample. 

l-Methylamino-4-(p-cklorophen~~l)-2,4-d@/letr~l- 
pyridiniunz Perchlorate (l3c) 

Compoul-td 7c-C10, (300 mg, 0.64 mmol) was refluxed 
in acetonitrile solution as described for 7a-C10, to give, 
after work-up, 280 mg (93%) of 13c as a yellow powder. 
Recrystallization from CHC1, - EtOH - petroleum ether 
(30-60") provided an analytical sample, m.p. 164-165"; 
n.m.r. r 2.15 (s, pyridine ring B-H) and 1.9-2.6 (m, aro- 

matics), 16H, 3.9 (q, 1H, J = 6 Hz, NH,  exchangeable 
with D,O), 7.74 (d, 3H, NCH,, collapses into singlet 
upon D,O exchange). 

Anal. Calcd. for C24H,oN2ClZ04: C, 61.15; H, 4.25; 
N, 5.95. Found: C, 61.00; H,  4.28; N, 5.78. 

Compound 13c (140 mg, 0.30 mmol) was hydrogenated 
according to the conditions described for 13a above to  
give, after preparative t.l.c., 52 mg (91% based on re- 
covered starting material) of 4-(p-chloropheny1)-2,6- 
diphenylpyridine (12c) which was found to be identical 
with an  authentic sample by m.p. and mixture m.p. 
determination. 

Stability of Conzpound 13a in Ethanol- Water Solution 
A solution of 13a (168 mg) in 35 ml of EtOH-H,O 

(57: 43 v/v) was refluxed for 24 h. Separation by prepara- 
tive t.1.c. gave 17 mg (18%) of 2,4,6-triphenylpyridine 
(12a) identified by m.p. and mixture m.p. comparison 
with an  authentic sample. The remainder of the material 
balance was recovered 13a (n.m.r, analysis). 
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provided by Professor J. M. Miller, Brock University. 
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connection). Dr .  G. Y.-P. Kan carried out some pre- 
liminary experiments and C. Bender and M. Kaufman 
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Biosynthesis of Corydaline and of Ochotensiminel 
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H. L. HOLLAND, M.  CASTILLO, D. B. MACLEAN, and IAN D. SPENSER. Can. J. Chem. 52, 
2818 (1974). 

Radioactivity from [3-I4C]tyrosine and from [mefhyl-'4C]methionine is incorporated non- 
randomly into predicted positions of corydaline and ochotensimine in Covydalis solida and 
C. ochormai.c, respectively. The methyl group of methionine supplies the C-methyl group of 
corydaline and the exocyclic methylene group of ochotensimine, as well as the "bridge" carbon 
atom and the exocyclic 0- and N-attached one-carbon units of each alkaloid. Maintenance of 
the 3H/ '4C ratio of [n-refhyl-3H,14C]methionine within these units of corydaline is consistent 
with incorporation of intact CH, groups. 

Partial loss of 3H relative to I4C is observed in the course of a Schmidt reaction of [2-3H,2-'4C] 
acetate. 

H .  L. H O L L A ~ ,  M.  CAST:LLO, D. B. MAC LEA^ et lax  D. SPEMER. Can. J .  Chem. 52,2818 
(1974). 

La radioactivite due a la ['"C-31 tyrosine et a la [14C-~nethyl]methionine est respectivement 
introduite, d'une f a ~ o n  ordonnee, dans des positions prevues de la corydaline et d'ochotensimine 
dans la Corydalis solida et la C. ochotcnais. Le groupe methyle de la methionine aliinente le 
groupe C-methyl de la corydaline, le methylene exocyclique de I'ochotensiniine ainsi que 
I'atome de carbone de pont et les groupenients exocycliques B un atome de carbone relie a O 
OLI N de chaque alcaloYde. La conservation ~ L I  rapport W / l 4 C  de la [311-, '"C-mcthyl] 
ruCthionine a I'interieur de ces unites de corydaline est en accord avec I'hypothese que les 
groupes CH, sont introduits d'une f a ~ o n  intacte. On observe une perte partielle de 3H 
relative a 14C durant la reaction de Schmidt effect~~ee sur de I'acetate [3H-2, I4C-21. 

[Traduit par le journal] 

Introduction 
Chemical models which have been proposed 

(1) for the biogenesis of ochotensine (1) and 
ochotensimine (2), spirobenzylisoquinoline al- 
kaloids which contain an  exocyclic methylene 
group (2,3), envisage a skeletal rearrangement of 
a suitably functionalized protoberberine pre- 
cursor in which a preformed C-methyl group is 
already present at  the corresponding position, 
C-13, and is converted into the exocyclic methy- 
lene group in the course of the rearrangement 
(Scheme 1). Such a C-13 methylated protober- 
berine precursor would be closely related to the 
alkaloid corydaline (5). The simulta~leous occur- 
rence of corydaline and ochotensine in Corydalis 
solida2 may then be more than coincidental. 

'This paper is dedicated to Professor Otto Hoffmann- 
Ostenhof, Professor of Biochemistry, Institute of General 
Biochemistry, University of Vienna, Austria, on the 
occasion of his 60th birthday, October 18, 1974. 

'C .  K. Yu, H. L. Holland, D. B. MacLean, R. H. F. 
Manske, and R. Rodrigo. Unpublished observation 
(1972). 

The origin of the C-methyl group of corydaline 
has not been determined. The suggestion has 
been made (5) that this group arises from a one- 
carbon unit which is introduced into C-13 of a 
preformed protoberberine system (Scheme 2). An 
analogous chemical synthesis of the corydaline 
skeleton, by reaction of formaldehyde (6) or of 
methyl Iodide (7) with a dihydroprotoberberine, 
has been accomplished. 

An alternative proposal (8) for the biogenesis 
of corydaline (Scheme 3) does not invoke an 
intermediate containing a preformed protober- 
berine system, but envisages that the corydaline 
skeleton is generated by de noco combination of 
amino acid fragments. In particular, the segment 
of corydaline containing the C-methyl group is 
thought to be derived from a branched chain 
C,-C, unit (e.g., 6) ,  analogous in structure to 
tropic acid (13). 

It  was the aim of the present study to establish 
the origin of the C-methyl group of corydaline 
and the exocyclic methylene group of ochoten- 
simine. The evidence to be presented demon- 
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c , f :  ref. 4 I ' l t ,  

1 R = H (Ochotensine) 
2 R - CH;  (Ochotensimine) 

SCHEME 1 Biogenesis of ochotensimine. One of several possible routes (c : f . .  
refs. 1, 4) for the transformation of the protoberberine into the spirobenzyliso- 
quinoline skeleton 

strates unequivocally that in each case a one- 
carbon unit serves as the precursor. The findings 
lend support to the view that the spirobenzyliso- 
quinoline and the 13-methylprotoberberine sys- 
tems are further structural variants among the 
alkaloids related to norlaudanosoline (31, as had 
been widely assumed. 

Methods and Results 
In six tracer experiments, specifically labelled 

samples of methionine, tyrosine, and phenylala- 
nine were administered by the wick method to 
intact plants of Corydalis solida (L.) Swartz 
(Expts. S1, S2, S3) and of Corydalis ochotensis 
Turcz. (Expts. 01,  02, 03). Samples of cory- 
daline and of ochotensine and ochotensimine, 
respectively, were isolated from these plants. 
Corydaline was purified to constant radioactivity 
by repeated crystallization and sublimation at 
reduced pressure. Ochotensine was purified by 
crystallization. Ochotensimine was converted 
into the methiodide which was crystallized to  
constant radioactivity. The details of these ex- 
periments are recorded in Tables 1 and 2. 

The alkaloids from the feeding experiments 
with methionine and tyrosine were highly radio- 
active (Expts. S1, S2, S3, 01, 03). Label from 

phenylalanine was not incorporated to a signi- 
ficant extent into the alkaloids of C. ocl~oterzsis 
(Expt. 02). 

The labelled samples of corydaline and of 
ochotensimine, obtained from individual feeding 
experiments, were diluted with inactive carrier 
and degraded by reactions, described in the 
Experimental section, into the degradation 
products shown in Schemes 4 and 5. The specific 
activities of the degradation products are listed 
in Tables 3 and 4 (indicated limits are standard 
deviation of the mean). 

The samples of corydaline and of ochotensi- 
mine, derived from the experiments with 
[3-14C]tyrosine (Expts. S3 and 03) yielded acetic 
acid containing one-ha2f of the activity of the 
intact alkaloid (Tables 3 and 4). Since the 
methylamine obtained by further degradation of 
the acetic acid was devoid of activity in each 
case, it was the carboxyl group of the acetate, 
and hence the ring carbon of corydaline and of 
ochotensimine to which the C-methyl and the 
C-methylene group, respectively, is attached, 
which contained one-half of the activity of each 
alkaloid molecule. 

The sample of ochotensimine, derived from 
the experiment with [methyl-14C]methionine 
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H < d o p a i n e  "0%. 

HO NH2 via 
\ 

Tyrosine dihydroxyphenyl- OH 
pyruvate 3 

SCHEME 2. PI-otoherhe~-ine route to cor)daline 

(Expt. 01)  contained approximately one-sixth of 
its activity within the exocyclic methylene group 
(Schmidt methylamine), and one-sixth within 
the methylenedioxy group (formaldehyde). The 
phthalic acid derivative (11) obtained from rings 
C and D contained one third of the total activity. 
Half of this activity, i.e. one-sixth of the total, is 
accounted for by the methylenedioxy group 
(Table 4). 

The corydaline derived from [methyl-'4C]me- 

thionine (Expt. S1 and Expt. S2, 14C activity) 
contained one fifth of its 14C-activity at the C- 
methyl group (Schmidt methylamine) and one 
fifth at the berberine bridge (C-8) (benzoic acid). 
Des-0-methylcorydaline (7) accounts for two 
fifths of the 14C-activity of corydaline. The rela- 
tive specific activity of tetramethylammonium 
chloride, representing the average 14C activity of 
four 0-methyl groups, was one sixth that of the 
intact alkaloid. The four 0-methyl groups thus 
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HOLLAND ET AL.: CORYDALINE AND OCHOTENSIMINE 

6 Phenylanine 
(C,-C3) 1 ring c larure  

SCHEME 3. Biogenesi\  of co t -yd~~ l ine .  Route fl-om a branched C,,-C, precursor  (no\\  d i \ p l - o ~ e d )  

account for two thirds of the 14C activity of the 
alkaloid (Table 3). 

The 3H/14C ratio found within the corydaline 
derived from [nzetlzyl-3~,14~]methionine (Expt. 
S2) is compared with the 3H/14C ratio of the pre- 
cursor and with that observed within the degra- 
dation products of corydaline (Table 5). Some 
loss of 3H, relative to 14C (10-20%) in cory- 
daline and in all but one of its degradation 
products is observed, compared to the 3H/14C 
ratio of the doubly labelled methionine. 

Schmidt degradation of [2-3H,2-14C]acetate 
under three differellt experimental conditions 
(sulfuric acid (98 and 85% w/v) and phosphoric 
acid (85%)) leads to [3H,14C]-methylamine whose 
3H/14C ratio is approximately 5% lower than that 
of the acetate from which it is derived (Table 6). 

Discussion 
Several tests can be applied to invalidate one 

or the other of the two hypotheses which have 
been advanced to account for the origin of 
corydaline. 

The simplest of these tests is a tracer experi- 
ment with a one-carbon donor such as [methyl- 
14C]methionine. The protoberberine route (5) 

to corydaline demands that the C-methyl group 
is derived from such a precursor. The branched 
chain route (8) demands that it is not. In the case 
of the protoberberine route (9), and probably 
also in the other case, five other sites within the 
molecule, namely the "berberine bridge" (C-8) 
and four 0-methyl functions, will incorporate the 
tracer if corydaline formation occurs at the time 
of the experiment, and this serves as internal 
evidence of active biosynthesis (Scheme 6). 

Tyrosine would serve as a precursor of the two 
C6-C2 units which complete the skeleton of the 
molecule, if corydaline originated via the pro- 
toberberine route (10). In the case of the other 
postulated route to corydaline only one tyrosine 
derived C6-C2 unit is likely to be involved. The 
other fragment required to complete the cory- 
daline skeleton by this route, a phenolic branched 
chain C6-C3 unit, might be derived from 
phenylalanine or tyrosine by rearrangement of 
the carbon chain. Such a rearrangement might 
be analogous to that which leads, by a carboxyl 
migration of unknown mechanism, from phenyl- 
alanine (12) to tropic acid (13) (1 1) or it might be 
similar to that which leads from phenylalanine, 
by phenyl migration, to the branched chain 
phenylpropanoid moiety of the isoflavones (e.g., 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  CHEM.  VOL. 5 2 ,  1974 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HOLLAND ET AL.: CORYDALINE AND OCHOTENSIMINE 

13' 

CH3NH2 
.f 

NaN3 I Schmidt 

CH30 

13' 13 [ol 

CH3C02H 7 Kuhn-Roth C H 3 0 q k H 3  CH3 / 
0CH3 

\ 
OCH? 0CH3 

* 
HCHO 

Na N; 
Schmidt 

0 
H 

SCHEME 5. Degradation of ochotensirnine 
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TABLE 3. Distrrbution of label within corydaline 
.- - - - - -- - - - - - 

-- - - - - - - -A - -- -- A - - - - - -- 

Substrates 
- -P- -- A -- - ---- - ----- - --- 

L-[mefl~yl-'4C]Meth~onrne 
- A - - - - - - - - - - - ~~- [3 - '~C]Tyros rnc  

Expt. SI Expt. S2 Expt. S3 
Carbon atoms -- - -- -- A - -- - - -- -- -PA - -----A- 

Products of corydalrne SA" RSAh SA"' RSA" SA" RSAh 2 
pp- - - - - -p - -pP - - Z 
Corydaline (diluted) (4) All 10.1 1 k0.22" l o o k 2  90 43 f 0.87d loo+ 1 15.64+0.19"l100f1 , 
Kuhn-Roth acetate C-13,13' 1.91 f0.05 192  1 18.61 f0.25 2 1 k l  7.84k0.16 S o i l  

(as a-naphthylamide) 3; 

Schmidt methylamrne C-13' 17.30k0.16 192 1 0.01 f 0.02 
(as p-naphthoyl derivative) 

2 
< 

Corydal~ne (d~luted) (4) All 10.11 +0.22d 1 0 0 j 2  76.20f 0.53d lO0t  1 0 
r 

Methyl ~ o d ~ d e  Average of four 1.67 + 0.04 17+ 1 1 1.96 + 0.52 16f 1 u 

(as tetramethylammonium OCH3 groups N 

chlor~de) P.2 

10 4 

Corydaline (drluted) (4) All 98.01 f 0.94d 100k 1 e 

Benzo~c acid C- 8 17.37 2 0.48 1 8 f 1  

Corydalrne (drluted) (4) All 72.85+ 0.30d loo+ 1 
Des-0-methylcorydallne(7) All except 28.1020.81 3 9 i  l 

four 0 C H 3  groups 
-- - - - - - Pp -P - -- - - - -- - pp 

OSA = specrfic dctlv~ty (d p m per rnrnol) x 
bRSA = relatlve speclfic actlvlty (z) (Intact coryddllne = 100). 
=Specrfic actlvlty due to 14C only. 
*Obtained from the or~glnal labelled corydallne (Tdble 1) by d~lutlon w ~ t h  lnactlve corydallne. 
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HOLLAND ET AL.: CORYDALINE AND OCHOTENSIMINE 2825 

TABLE 4. Distribution of label within ochotensimine 

Substrates 

Product 

Expt. 0 1  
L-[methyl-'4C]Methionine 

Carbon atoms - 
of ochotensimine S A" RS Ab 

Expt. 0 3  
DL-[3-'4C]Tyrosine 

SA" RSAb 

Reduction product (10) All 64.01 10.57 1001 1 9.2410.11 look 1 
of ochotensimine methiodidec 

Kuhn-Roth acetate C-14,14' 10.30+0.19 16+ 1 4.53 + 0.08 49k 1 
(as a-naphthylamide) 

Schmidt methylamine C-14' 10.4210.16 16+ 1 0.05 + 0.03 1 + 1 
(as a-naphthoyl derivative) 

3,4-Methylenedioxyphthalic C-9 to 14, 21.36k0.26 3 3 1  1 
acid (11) (as N-ethylimide) -OCH20- 

Formaldehyde -OCH,O- 10.47+0.11 16+ 1 
(as dimedone derivative) 

"SA specific activity (d.p.m. per mmol) x 10-4. 
*RSA = relative specific activity (7) (reduction product of ochotensimine methiodide = 100). 
<Obtained from the original labellehoochotensirnine (Table 2) by dilution with inactive ochotensimine, followed by methylation and borohydride 

reduction. 

TABLE 5. The 3H/14C ratio at the one-carbon sites of corydaline derived from L-[rnethyl-3H,'4C]methionine 
(Expt. S2) 

% retention of 
3H, relative to 14C 

Precursor 
L-[methyl-3H,14C]methionine 

Products One-carbon units 
Corydaline (4) All six 
Des-0-methylcorydaline (7) C-8 plus C-13' 
Methyl iodide Average of four 

(as tetramethylammonium chloride) 0CH3 
Kuhn-Roth acetate C-13' 

(as a-naphthylamide) 
Corrected" 

Schmidt methylamine C-13' 
(as a-naphthoyl derivative) 

3H/'4C ratio Observed Calculated 

"See text. 

TABLE 6. Schmidt reaction of [2-3H,2-14C]acetate 

3H/'4C ratio of 
3H/'4C ratio of methylamine Tritium 

acetate (as a-naphthoyi loss 
Solvent (as a-naphthylamide) derivative) (%I 

-- 

Sulfuric acid (989, w/v) 21.0i0.1 20.1 kO.l 4.3 

Sulfuric acid (85% w/v) 21.0k0.1 19.510.1 7.2 

Phosphoric acid (85%) 21.0k0.1 20.3 50.1 3.4 
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PI-otoberberine 
route to 
col-ldaline 

1" precursors 

2 x tyrosine 
6 x S - l n e t h ~ l  

Route to coi-ydaline 
from a bl-anched chain 
C,-C, precursor 

I x tqrosine 
1 x phenylalanine 
5 x 5-methbl 

Protoberberine 
corydaline route 
to ochotensimine 

2 x tyrosine 
6 x 5 - m e t h ~  I 

SCHEME 6 .  Con\truclion of the \i\eletons of cor)dalinc and ochotensirnine TI-om precul-sol- fragment\ 

SCHEME 7. Keiit I i in~e~l icn t  of phen! 1:il:itiinc to ti-op~c tic~cl and to the bt-'inched phen) lpropanoid unit of the iwfliii - 
one\ (nurn!7el.s ~.et;.l- to C-i~torns of phcnq Inl~inine) 

formononetin (14)) (12) and rotenoids (13) 
(Scheme 7). 

Since phenolic C,-C, units which partici- 
pate in alkaloid biosynthesis appear to be de- 
rived from phenylalanine (e.g., colchicine (14), 
decodine, and decinine (1 5) ) ,  whereas tyrosine 
supplies phenolic C,-C, units, phenylalanine 
would be a more likely precursor than tyrosine. 
In  most higher plants phenylalanine is not con- 
vertible into tyrosine (16). 

In the event, the C-methyl group (C-13') of 
corydaline was found to originate from the 
S-methyl group of methionine (Table 3, Expts. 
S1  and S2). The Kuhn-Roth acetate (C-13', 
-13) obtained from [nzetl~yl-14C]methionine-de- 
rived corydaline contained 20% of the total 

activity of the molecule. all of which, within 
experimental error, was shown to reside in the 
C-methyl group (C-13') recovered as methyla- 
mine in a Schmidt reaction. The berberine bridge 
(C-8), recovered as benzoic acid, contained 18% 
of the total label. That no carbon atom within 
the carbon skeleton of corydaline, other than 
C-8 and C-13', contained radioactivity is shown 
by the observation that des-0-methylcorydaline 
(7) contained 39 + 1 2  of the total activity of the 
alkaloid. The label within des-o-methylcoryda- 
line (7) is fully accounted for, within experi- 
mental error, by C-8 plus C-13' ((19 f 1) + 
(18 f 1) = 37 1 1%). The four 0-methyl groups 
contain the rest of the activity (4 x (16 + 1) = 
64 + 473. 
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I t  is noteworthy that the six one-carbon units 
do  not each contain exactly one sixth of the 
activity of the alkaloid. This is to be expected, 
since, even though the six units arise from the 
same precursor, they are introduced into the 
product at different stages of biosynthesis. How- 
ever, even though it might be tempting to do so, 
it is not possible on the basis of the observed 
data to draw conclusions regarding the sequence 
in which the units enter the product. 

The distribution of activity within corydaline, 
derived from [3-14C]tyrosine, is in accord with 
prediction and consistent with the protober- 
berine route of biosynthesis. Half of the activity 
within the molecule resides at C- 13, the benzylic 
carbon of one of the C6-C, units of the pro- 
toberberine system (Kuhn-Roth acetate (C-13', 
-1 3) minus Schmidt methylamine (C-13')) (Expt. 
S3, Table 3). The other half of the activity was 
not extruded, but can be predicted to be localized 
at C-5, the benzylic carbon of the other C,-C, 
unit (cf. ref. 10). 

The distribution of activity within corydaline 
derived from [methyl-14C]methionine and [3- 
14C]tyrosine is clearly consistent with the proto- 
berberine route (Scheme 2) and inconsistent with 
the route from a branched chain C6-C3 pre- 
cursor (Scheme 3). 

A similar conclusion was arrived at on the 
basis of the incorporation into corydaline of 
label from [N-methyl-'4C]reticuline (4) (17). 
Since the site of activity (presumably C-8) within 
the corydaline was not determined the experi- 
ment was indicative rather than conclusive. 

If the spirobenzylisoquinoline system of ocho- 
tensimine were indeed derived by rearrangement 
of a corydaline-type skeleton (Scheme I) ,  whose 
C-methyl group yields the exocyclic methylene 
group of the product, label from [ n ~ e t h ~ l - ' ~ C ]  
methionine and [3-14C]tyrosine must enter sites 
within the ochotensimine skeleton which cor- 
respond to those now established for corydaline. 
The results of the tracer experiments with 
ochotensimine, summarized in Table 4, agree 
with this prediction. 

One half of the activity of ochotensimine de- 
rived from [3-14C]tyrosine resides at C-14 
(Kuhn-Roth acetate (49 + 1) minus Schmidt 
methylamine (I I I) = 48 i 1) (Expt. 03). The 
other half of the label, which was not isolated, is 
presumably located at C-5. 

Ochotensimine, derived from [methyl-14C] 

methionine, contains one-sixth of its activity at 
the exocyclic methylene (Schmidt methylamine) 
and one-sixth at the methylenedioxy group 
(formaldehyde). C-14, the C-atom to which the 
exocyclic methylene group is attached, is free of 
activity (Kuhn-Roth acetate (16 1)  minus 
Schmidt methylamine (16 F 1) = 0 F 1%). Since 
the 3,4-methylenedioxyphthalic acid derivative 
(11) contained two-sixths of the total activity, 
half of which resides in the methylenedioxy 
group, and since one of its two carboxyl groups 
(that derived from C-14 of ochotensimine) is de- 
void of label, and since the nucleus is part of a 
tyrosine-derived C6-C, unit, the remaining 
sixth of the total activity must be located at the 
other ccrboxyl group, derived from C-9, which 
thus corresponds to the "berberine bridge". Half 
of the total label of the alkaloid is thus accounted 
for in terms of three sites, namely the exocyclic 
methylene group, C-9, and the methylenedioxy 
group. The other half of the activity, presumably 
located at the N-methyl and the two 0-methyl 
groups, was not separated. Label from [3-14C] 
phenylalanine, a putative precursor of the 
branched chain C,-C, unit (ride supra) was not 
incorporated significantly into ochotensine or 
ochotensimine (Expt. 02). 

The tracer evidence is thus entirely consistent 
with the view that the skeleton of spirobenzyl- 
isoquinolines such as ochotensimine arises by 
rearrangement of a C-13 methylated protober- 
berine skeleton of the corydaline type, which, in 
turn, originates from a preformed protober- 
berine intermediate by introduction of a one- 
carbon unit. 

That this one-carbon unit originates from a 
CH3-group, presumably the S-methyl group of 
methionine, and that this group is incorporated 
intact, without C-H bond cleavage, is made 
likely by the results, presented in Table 5 ,  of an 
experiment (Expt. S2) with ~-[metlz~l-~H,meth~l-  
14C]methionine. 

Corydaline contains six one-carbon sites 
(Table 3). Five of these, the C-methyl group 
(C-13') and the four 0-methyl groups are each 
associated with three H atoms. The sixth, the 
berberine bridge (C-8), originates by oxidative 
cyclization of an N-methyl group (IE), a reaction 
in the course of which one of the H atoms must 
be extruded. 

Thus, if S-methyl groups supplied all six one- 
carbon sites as well as the H atoms which are 
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attached to them, a maximum of 17 of the orig- 
inal 18 H atoms associated with the precursor 
methyl groups could be retained within cory- 
daline. A maximum of 94.4x (17118) of the 
tritium, relative to 14C, of the doubly [methyl- 
3H,'4C]-labelled precursor would then be re- 
covered within the alkaloid in the absence of an 
isotope effect. The observed value (92 f 1%) 
(Table 5 )  agrees with this prediction. That the 
0-methyl groups represent intact precursor- 
methyls is shown by the quantitative retention of 
tritium, relative to 14C, within the tetramethyl- 
ammonium chloride obtained as the degradation 
product representing these groups. The des-0- 
methylcorydaline (7), which retains the remain- 
ing two one-carbon sites, the C-methyl group 
(C-13') (3 H) and the bridge (C-8) (2 H), retains 
82% 3H, relative to 14C. The predicted value for 
retention of five of six H atoms is 83.3%. 

The observed 3H/14C ratios are entirely con- 
sistent with and therefore support the view that 
the 0-methyl and C-methyl groups of corydaline 
represent precursor CH3-groups whose H atoms 
are entirely retained, and that in the formation 
of the berberine bridge two of the original three 
H atoms of the methyl precursor are preserved. 

At first sight, the 7% loss, rather than quanti- 
tative retention of tritium, relative to 14C, within 
the Kuhn-Roth acetate, representing the one- 
carbon unit, C-13', of corydaline together with 
the ring carbon to which it is attached (Table 5), 
appears to be inconsistent with the other results. 
However, not all the 14C within this acetate 
resides within the methyl group. It is evident 
from Table 3 (Expt. S2) that of (18.61 + 0.25) 
x lo4 d.p.m. per mmol (specific activity of 
Kuhn-Roth acetate) only (17.30 + 0.16) x lo4 
d.p.m. per mmol (specific activity of Schmidt 
methylamine), i.e. 93 i 2% of the total activity 
of the acetate, resides within its methyl group. If 
the observed 3H/'4C ratio of the Kuhn-Roth 
acetate (9.8 + 0.1) is corrected to allow for this 
scatter of label 

retention of tritium, relative to 14C, within the 
methyl group of acetate, i.e., within the C-methyl 

group of corydaline, is indicated, in conformity 
with the other r e ~ u l t s . ~  

Schmidt degradation of the Kuhn-Roth ace- 
tate (3H/14C ratio observed 9.8 f 0.1, corrected 
10.5 + 0.2) yielded methylamine whose 3H/14C 
ratio (9.1 + 0.1) was significantly lower than 
that of the acetate. This apparent tritium loss 
under the conditions used in the Schmidt reac- 
tion (concentrated H2S04)  is presumably due to 
exchange. That the loss is indeed inherent in the 
Schmidt reaction of the doubly labelled acetate 
is indicated by the results of a series of experi- 
ments in which [2-3H,2-14C]acetate of known 
3H/14C ratio was subjected to this reaction under 
different experimental conditions (Table 6). In 
each case a small but significant loss of tritium, 
relative to 14C, was observed. It  may well be that, 
by a more extensive search, conditions for quan- 
titative tritium retention in the course of this 
reaction can be found. Until such a search is 
successful, however, the present results serve to 
indicate that caution is advisable in the interpre- 
tation of 3H/'4C ratios obtained in the ~ r o d u c t s  
of a ~ c h m i d t  reaction. 

Experimental 
Adnlinistration of Labelled Con~pounds to Corydalis solida 

( L . )  Swartz and to Corydalis ochotensis Turcz 
Plants 
Corydalis solida, a perennial, and Corydalis ochotensis, 

a biennial, were propagated out of doors. Corydalis solida 
was potted and transferred to the greenhouse in April, 
and kept at  a temperature not exceeding 18 'C. The ex- 
periments were carried out in May. Corydalis ochotensis 
was potted and transferred to the greenhouse in May. The 
feeding experiments were carried out 2 months later. 
Voucher specimens of both species are deposited in the 
herbarium of the Royal Botanical Gardens, Hamilton. 

Administration of Labelled Con~pounds 
The labelled compounds were administered to the 

plants by infusion into the stem, using the cotton wick 
technique described elsewhere (10). The plants were kept 
in contact with the radioactive tracers for 3-4 days. The 
details of the individual feeding experiments are sum- 
marized in Tables 1 and 2. 

Extraction of the Alkaloids 
Corydaline 
After exposure to the radioactive amino acid for 4 

3Correction for scatter of label of the 3H/'4C ratios of 
corydaline and des-0-methylcorydaline does not affect 
the ratios significantly, since the amount of 14C, at  centers 
other than those derived from one-carbon units, repre- 
sents a much smaller fraction of the total 14C than in the 
case of the Kuhn-Roth acetate. Such correction would 
increase the ratios and bring them closer to the calculated 
values. 
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days, the plant material from 16 plants (aerial parts and 
corms, fresh weight, typically 80 and 40 g, respectively), 
of Corydalis solida (L.) Swartz was dried at 40' for 72 h. 
I n  a typical feeding, the yield of dry plant material was 
20 g. The corydaline was extracted by a method similar to 
that used by Manske (19); the finely ground plant material 
was extracted with methanol in a Soxhlet apparatus for 
48 h. After this time, the solution was evaporated and the 
residue dissolved in hydrochloric acid (5%, 50 ml), the 
solution filtered, and the filtrate extracted with chloro- 
form. The chloroform extract was dried over Na,S04, 
evaporated, and the residue redissolved in 5% hydro- 
chloric acid (30 ml). The acidic solution was then washed 
with ether, basified with 10% KOH and then thoroughly 
re-extracted with ether. The ethereal extract was dried and 
evaporated to give a residue (Manske fraction BC, 
typically 200 mg) which was redissolved in the minimum 
quantity (ca. 5 ml) of methanol. 

A sample of the methanolic solution was examined by 
t.1.c. (Merck silica gel F-254; 2Y, methanol in chloro- 
form). Five components, at  R, 0.1, 0.2, 0.3, 0.5, and 0.65, 
were detected under u.v. light. Most of the radioactivity 
of the fraction was shown by radioscanning (Radio- 
chromatogram Scanner, Model 7201 Packard Instrument 
Con~pany) to be associated with the major component, 
corydaline, at R, 0.5. Inactive corydaline (typically 
200-400 mg) was added to the methanol solution and the 
total corydaline allowed to crystallize from this solution. 
Recrystallization from methanol gave corydaline (typi- 
cally 200-400 mg) melting at  135-136" (lit. (19) m.p. 
135"), which was sublimed at 100-1 10- and 5 x 10-3 mm 
to give the sample used in the degradation experiments. 

Ochotensirze and Ochotensitnine 
The plant material(aeria1 parts and roots, fresh weight, 

typically 160 and 30 g, respectively) from five plants of 
Corydalis ochoterisis Turcz used in each radioactive feed- 
ing was dried and ground to a fine powder (typically 20 g) 
which was extracted as outlined above to give fraction 
BC of the Manske extraction procedure (20). Radio- 
scanning of a thin-layer chromatogram (Merck silica gel 
F-254; 275 methanol in chloroform) of the material 
isolated from the methionine and tyrosine feedings 
showed most of the activity to be associated with ocho- 
tensimine at R, 0.4. A similar scan of the crude product 
obtained from the phenylalanine feeding experiment 
failed to detect significant activity on the thin-layer plate. 
The crude fraction BC was dissolced in a small quantity 
of benzene and applied to a silica gel column (Woeln~ 
activity 1, 100 g). A 5Y, stepwise elution from benzene to 
chloroform afforded ochotensimine as a pale yellow oil. 
Further elution of the column with 5% methanol in 
chloroform gave ochotensine, which on crystallization 
from chloroform melted at  247-250' (lit. (20) m.p. 252'). 
Radioactive ochotensimine was diluted with inactive 
material before degradation. 

Degradation of Corydaline (5) (Scheme 4 )  
Carbon-13 and the C-Methyl Group as Acetic Acid 
Chromium trioxide (4 g) was added to a solution of 

corydaline (200 mg) in sulfuric acid (4 M, 20 ml) and the 
mixture subjected to the Kuhn-Roth oxidation procedure 
(21). The acetic acid formed was converted to sodium 
acetate by titration with 0.1 M sodium hydroxide and the 
solution divided into two equal portions. One portion was 

evaporated to give sodium acetate (8 nlg) which was re- 
dissolved in water (1 ml) and reacted with a-naphthyl- 
amine hydrochloride (15 mg) as described (22) to give 
N-acetyl-r-naphthylamine (3 mg), m.p. 158-160" after 
sublimation at  80-90" and 1 x mm (lit. (22) m.p. 
159-160"). 

The C-Methyl Group as hlethylamine 
The second portion of the sodium acetate solution from 

the Kuhn-Roth oxidation (see aboce) was evaporated to 
dryness to give sodium acetate (8 mg), which was reacted 
with sodium azide (50 mg) and concentrated sulfuric acid 
(1 ml) as described (21). The methylamine evolved upon 
basification of the reaction mixture was trapped by 
passage through three traps each containing 1 ml of 0.1 M 
HCI and the resulting solution evaporated at  90' to give 
methylamine hydrochloride (4 mg). This was dissolved in 
dry dimethylsulfoxide (0.5 ml) and added to a solution of 
p-naphthopl chloride (40 mg) in pyridine (1 ml). The solu- 
tion was kept at  room temperature for 12 h and was then 
poured onto water (4 ml) and extracted with ether 
(3 x 5 ml). The ethereal extract was washed with aqueous 
sodium bicarbonate (2 M, 3 x 5 ml) and with water 
(3 x 5 ml), was dried over sodium sulfate, and evaporated 
to give a residue which was crystallized from benzene and 
sublimed at  75-80" and 5 x 10-3mm. The resulting 
N-methyl-B-naphthoamide (3 mg) melted at 107-109" 
(sealed capillary) (lit. (23) m.p. 108-109.5-). 

Carbon-8 as Benzoic Acid 
The procedure used followed the published method (9) 

for the isolation of C-8 of berberine as benzoic acid. 
Iodine (380 mg) was added to a solution of corydaline 
(280 mg) in anhydrous ethanol (50 ml) and the solution 
was stirred at  room temperature for 12 h. The solvent was 
then removed and the resulting dehydrocorydaline iodide 
dried it2 vacuo for 12 h at room temperature and 5 x 
mnl. The salt was then suspended in dry ether (50 ml) and 
the stirred suspension treated with a solution of phenyl- 
magnesium bromide (0.05 mol) in ether (50 ml). After 2 h 
at  reflux temperature, the solution was cooled and excess 
phenylmagnesium bromide decomposed by the careful 
addition of ice (100 g). The resulting solution was extrac- 
ted with ether, and the ethereal extract re-extracted with 
5% hydrochloric acid. The acid extract was then basified 
with 10% aqueous ammonia and extracted with ether. 
The ether extract was washed with water, dried (Na,S04), 
and evaporated to give crude 8-phenyl-13,14-didehydro- 
corydaline (8) (200 mg) which was used in the next stage 
without further purification. 

Potassiun~ permanganate (1.5 g) was added at room 
temperature over a period of 72 h to a stirred suspension 
of 8-phenyl-13,14-didehydrocorydaline (8) (200 mg) in 
water containing potassium carbonate (1.5 g). Work-up of 
the reaction by the procedure outlined (9) gave benzoic 
acid (6 mg, 10.5%), which after sublimation at 80-90" 
and I x 10-2mm, and recrystallization from water, 
melted at  119-120'. 

The 0-methyl Groups as Tetrametkylarnn~onium Chloride 
Corydaline (200 mg) was reacted with freshly distilled 

hydriodic acid (d 1.7, 10 ml) and the evolved methyl 
iodide converted to tetramethylammonium iodide (0.13 
g) by the described procedure (9). The product was re- 
crystallized from methanol and converted into tetra- 
methylammonium chloride as follows. Freshly precipita- 
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ted silver oxide (250 mg) was added to a solution of the 
iodide (100 mg) in water (10 ml), and the resulting sus- 
pension was stirred at room temperature for 20 h. The 
suspension was filtered and the filtrate neutralized with 
0.1 M HCl. The neutral solution was evaporated to dry- 
ness at  80" and the residue was crystallized from methanol 
yielding tetramethylammonium chloride (44 mg). 

Des-0-n~ethylcorj~daline (7) and its Treatment with 
Diazomethane 

A solution of corydaline (50 mg) in freshly distilled 
hydrobromic acid (5 ml, 489,) was heated under reflux for 
7 11, the methyl bromide produced being swept away in a 
slow stream of nitrogen. After this period, the solution 
was cooled, basified with ammonia, and extracted with 
ether. The ethereal extract was washed with sodium 
metabisulfite solution (5% w/v, 10 ml) and with water, 
dried (Na,S04) and evaporated. The residue (37 mg) was 
dissolved in methanol (5 ml), and the solution mixed with 
a large excess of diazomethanc dissolved in ether (100 ml) 
and the mixture allowed to stand at  room temperature for 
48 h. 

Evaporation of the ether gave a solid residue which, on 
purification by preparative layer chromatography (Merck 
silica gel F-254, 2% methanol in chloroform), afforded 
corydaline which was sublimed at 100-110" and 5 x 
mm (1.2 mg), n1.p. 135-136" (lit. (19) m.p. 135"). 

Degradation of Ochoter~simine (2) (Scheme 5)  
Ocliotensitnine Merhiodide (9) 
A solution of iodomethane (0.3 ml) in ether (3 ml) was 

added to ochotensimine (365 mg) dissolved in methanol 
(3 ml). After 48 h at  room temperature the deposited 
crystals were filtered off and dried in aacrro to give a pure 
sample of methiodide (470 mg, 84%), melting with de- 
composition at 225-228" (lit. (20) m.p. 225"). 
I-h4ethy!-2[2'-(2"-dimeth~.!aminoethy) -4',5'- 

din1etho.~~phen.~l]-4,5-n1eth~~lenedioxy-I-indee ( 1 0 )  
Sodium borohydride (370 mg) was added to a stirred 

suspension of ochotensimine methiodide (510 mg) in 
2-propanol (30 ml) and the resulting mixture stirred at- 
room temperature for 24 h. Water (200 ml) was then 
added and the solution extracted with chloroform. The 
extract was dried and evaporated to give a residue which, 
on recrystallization from hexane, afforded the title com- 
pound (10) (250 mg, 6673, melting at  87-89" (lit. (3) m.p. 
91-92'). For degradation purposes, the compound was 
sublimed at 70-75' and 5 x 10-3mm to give a sample 
melting at  87-89". 

The C-Methyl Group and Carbon-1 of (10)  us Acetic 
Acid 

1 - Methyl - 2[2' - (2" - dimethylaminoethyl( - 4',5' - di- 
methoxyphenyll-4,5-methylenedioxy-I-indene (10) (200 
mg) was subjected to Kuhn-Roth oxidation as outlined 
above for corydaline. A portion of the sodium acetate (7 
mg) from this reaction was converted to N-acetyl-r-naph- 
thylamine (3.8 mg, m.p. 158-160") as described above. 

The C-Methyl Group of (10)  as Methylurnir~e 
Another portion (7 mg) of the sodium acetate obtained 

from the Kuhn-Roth oxidation described above was con- 
verted to methylamine by the Schmidt degradation pro- 
cedure and the methylamine was characterized as N- 
methyl-(3-naphthoamide (2 mg) by the procedure de- 
scribed above. 

Rings C and D of Ochoiensimine as the N-Ethylimide 
of 3,4-Meihylenedioxyphthalic Acid (11) 

Potassium permanganate solution (50 ml, 2% w/v) was 
added over a period of 1 h to a suspension of l-methyl- 
2[2'- (2"- dimethylaminoethyl) - 4',5'- dimethoxyphenyl] - 
4,5-methylenedioxy-1-indene (10) (120 mg) in water (5 
ml) containing potassium carbonate (1.0 g) at  60". When 
addition was complete, the solution was acidified (5% 
HCI), decolorized with sodium bisulfite and extracted 
with ether. The ethereal extract was re-extracted with 2 M 
sodium bicarbonate solution and the basic extract acidi- 
fied (concentrated HC1) and extracted with ether. This 
extract was dried and evaporated to give a residue (220 
mg) to which an excess of a solution of ethylamine in 
ethanol (5 ml, ca. 30% w/v) was added. The resulting 
solution was evaporated, and the residue reacted twice 
more with ethanolic ethylamine. The final residue (310 
mg) was sublimed at  90" and 0.4 mm to give N-ethyl-3,4- 
methylenedioxyphthalimide (15 mg) melting at  126-128' 
after recrystallization from ether (lit. (24) m.p. 127-130"). 

The Methylenedioxy Group of Ochotensimirze as 
Formaldehyde (Dimedone Dericatiue) 

A suspension of N-ethyl-3,4-methylenedioxyphthali- 
mide (10 mg) and dimedone (5,5-dimethylcyclohexan-1,3- 
dione) (30 mg) in dilute sulfuric acid (3 ml, 33% v/v) was 
refluxed for 24 h. The mixture was cooled, water (5 ml) 
added, and the solution extracted with ether. The extract 
was washed with water, dried, and evaporated to give a 
residue which on crystallization from aqueous methanol 
and sublimation at  75-80" and 3 x 10-'mm afforded the 
dimedone derivative of formaldehyde (3 mg, 207,) melt- 
ing a t  188-190". 

Conoersion of [2-3H,2-14C]Acetic Acid into 
[3H,'4C]Methylamine by the Schmidt Reaction 

A solution of sodium [2-3H,2-'4C]acetate was prepared 
by mixing samples of sodium [2-I4C]acetate (nominal 
total activity 5 pCi, non~inal specific activity 2 mCi per 
mmol, New England Nuclear), sodium [2-3H]acetate 
(nominal total activity see footnote 4, nominal specific 
activity, 1.3 Ci per mmol, New England Nuclear), and 
inactive sodium acetate (100 mg). The mixture was dis- 
solved and the volume of the solution adjusted to 10 mL4 

41n a preliminary experiment solutions containing 
sodium [2-3H]acetate and [2-14C]acetate were mixed in 
proportions calculated to yield a 3H/14C ratio of 12.0. A 
sample of the sol~rtion of the resulting sod i i~m[~H, '~C]  
acetate did indeed show a 3H/14C ratio close to this pre- 
dicted value. However, when the cr-naphthylamide deri- 
vative of this [3H,'4C]acetate was prepared, the 3H/14C 
ratio of the derivative was found to be much lower (-4) 
than that given by the solution of the sodium acetate from 
which it had been obtained. That this discrepancy was 
due to the presence of exchangeable tritium in the sample 
of sodium [3H]-acetate (presumably as tritiated water of 
crystallization) was confirmed as follows. 

A sample of known total activity of the original solu- 
tion of sodium [2-3H]acetate, to which a weighed amount 
of carrier sodium acetate had been added, was repeatedly 
evaporated and redissolved in distilled water. Sodium 
[3H]acetate was ultimately obtained whose specific 
activity was less than 30% of that calculated for the 
original sample. 
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For each of the following experiments a 2-ml portion of NUGENT. Tetrahedron Lett. 2625 (1970); Chem. 
the solution, containing approximately 20 mg sodium Commun. 1642 (1971); Tetrahedron, 29, 1265 (1973). 
acetate, was used. 2. S. MCLEAN and M-S. LIN. Tetrahedron Lett. 3819 

Deterrnination of the 3H/14C Ratio of the Doubly (1 964). 
Labelled Acetute 3. S. MCLEAN, M-S. LIN, and R. H. F .  MANSKE. Can. J. 

A portion of the ~odiurn[2-~H,2-'~C]acetate (approx- Chem. 44, 2449 (1966). 
imately 20 mg) was converted into ,V-acetyl-a-naphthyl- 4. B. NALLIAH, R. H. F. MAN~KE, R. RODRIGO, and 
amine (22), which was purified by sublimation at  5 x D. B. MACLEAN. Tetrahedron Lett. 2795 (1973). 
10-~rnrn. 5. R. ROBINSON. The structi~ral relations of natural 

This purified derivative was used for the determination products. Clarendon Press, Oxford. 1955. pp. 87, 104. 
of the 3H/'4C ratio4 of the sodium acetate which was to be 6. H. W. BERSCH. Arch. Pharm. 283, 192 (1950). 
converted to methylamine by the Schmidt reaction. 7. M. FREUKD and K. FLEISCHLR. Ann. 409, 188 (1915); 

Methylamine by the Schmidt Reaction F. VON BRUCHHAUSEN. Arch. Pharm. 261, 28 (1923). 

In  each of three separate experiments a sample (20 mg) 8' R' H' F' The 4, 
of sodium [2-3H,2-'4CIacetate, obtained by evaporation 9' R' N' GUpTA and I' D' SpENsER. Can. J. 43, 
of 2 nll of the stock solution at  80°, was dissolved in the 133 (1965). 

appropriate solvent (2 ml) (Table 6). Sodium azide (100 lo' J' R' GEAR and I. D. Can. J.  41, 783 

mg) was added and the Schmidt reaction performed in the (1963). 

usual manner (21). The methylamine formed in the re- E' LEETE. Biosynthesis, 2, ' I 5  

action was converted into N-methy]-p-naphthoamide 12. H. GRISEBACH. Z. Naturforsch. 14B, 802 H. 

(typically 10 mg) which was purified as described above GRISEBACH and N. DOERR. Z. Naturforsch. 15B, 284 

(see section on the C-methyl group as methylamine). (1960). 
13. L. CROMBIE and M. B. THOMAS. J .  Chem. Soc. (C) 

Determirzatiorz of Radioacticity 1796 (1967); L. CROMBIE, C. L. GREEN, and D. A. 
Radioactivity was assayed by liquid scintillation count- WHITING. J. Chem. Soc. (C) 3029 (1968). 

ing (Mark 1 liquid scintillation computer, Model 6860, 14. E. LEETE. J .  Am. Chem. Soc. 85, 3666 (1963); A. R.  
Nuclear Chicago). Activity due to 3H and 14C was de- BATTERSBY, R .  BINKS, J. J. REYNOLDS, and D. A. 
termined simultaneously, by external standardization YEOWELL. J .  Chem. Soc. 4527 (1964). 
counting with 133Ba. Samples were dissolved in methanol 15. S. H. KOO, F. COMER, and I. D. SPENSER. Chem. 
or water and the solution dispersed in a solution of Commun, 897 (1970). 
Aquasol (New England Nuclear). Triplicate samples of 16. 1. D. SPENSER. Compr. Biochem. 20, 291 (1968). 
each compound were counted under comparable condi- 17. G. BLASCHKE. Arch. Pharm. 301, 439 (1968). 
tions of quenching. For highly quenched samples the 18. D.  H. R .  BARTOK, R .  H .  HESSE, and C.  W. KIRBY. 
confidence limits of t he  quench correction curves were Chem. Commun. 267 (1963); A. R.  BATTERSBY, R.  J. 
+ 5%. Confidence limits shown in the tables are standard FRANCIS, M. HIRST, and J. STAUNTON. Chem. 
deviation of the mean. Commun. 268 (1963). 

19. R. H. F. MANSKE. Can. J. Chem. 34, 1 (1956). 

We are greatly indebted to Dr.  R. H. Manske, Univer- 20' R' -H' F' MANsKE' Can. J. 75 (1940). 
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was supported by the National Research Council of 3, 300 (1938). 
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Solid-Phase Synthesis of Selectively Protected Peptides: Use of Thallous 
Alkoxide as Catalyst in the ~ransesterification Step1 

J.  Y. SAVOIE~ A N D  MOIRA A.  BAR TON^ 
Deportment ofltntnunology, Unii'ersity of Alherto, Edmonton, Alberta T6G 2El 

Received March 5 ,  1974 

J.  Y. S A ~ O I E  and MOIRA A. BARTON. Can. J. Chem. 52,2832 (1974). 
Transesterification with 2-dimethylarninoethanol, in the presence of thallous alkoxide, was 

found to provide a useful method for the cleavage of protected peptides from the Merrifield 
resin after solid-phase synthesis. The extent of racemization, at  the C-terminal residue, was low 
(< 1%) in the case of peptides containing C-terminal alanine or valine residues. The method 
was also found to provide good yields of the protected peptide derivative even in the case of the 
severely sterically hindered C-terminal valine peptides. A study of the a -. (3 aspartyl trans- 
peptidation, showed that the extent of this side reaction was low (< 1% ',-isomer) in the case 
of the labile a-aspartylglycine sequence, when a short transesterification time was employed. 
The t-butyl ester group was shown to be stable under the conditions of transesterification and 
this group is recomn~ended for the protection of carboxylic acid side chains. Hydrolysis of the 
2-dimethylaminoethyl esters was accomplished by treatment with water or dilute base, to yield 
the selectively protected peptide acids, suitable for use as building units in the synthesis of large 
molecules by solid-phase or solution techniques. 

J. Y. SAVOIE et MOIRA A.  BAR TO^. Can. J .  Chern. 52, 2832 (1974). 
On a constate que la transesterification avec le dimethyl-2 arninoethanol, en presence 

d'alcoolate thalleux etait une methode tres  tile pour le clivage de peptides proteges de la resine 
de Merrifield apres la synthkse en phase solide. Le taux de racemisation, au niveau du residu 
C-terminal, est faible (<  1'7,) dans le cas de peptides contenant comrne residu C-terminal 
I'alanine ou la valine. La niethode conduit au peptide protege akec de bons rendenients m@me 
dans le cas de peptides contenant la valine, dont le C-terminal est tres encombre steriq~~enient. 
Une etude de la transpeptidation Y -t B aspartyl niontre le peu d'importance de cette reaction 
secondaire (isomere p i 1%) dans le cas de la sequence labile a-aspartyl-glycine; lorsque l'on 
utilise un temps court pour la transesterification. Le groupe ester de r-butyle est stable sous les 
conditions de transesterifcation et ce groupe est reconiniende pour la protection des fonctions 
carboxyliq~~es portees par les chaines laterales. Les esters de dimethyl-2 aminoethyle sont 
hydrolyses par l'eau ou les bases diluees, pour doriner selectivement les acides de peptides pro- 
teges. Ces derniers sont appropries pour la synthese par sequences de grandes n~o lec~~ les  par 
voie solide OLI liquide. ~. [Traduit par le iournal] 

Introduction 
The solid-phase method of peptide synthesis 

(1) provides a useful route for the rapid syn- 
thesis of unprotected peptides. The method is 
applicable for the synthesis of peptides in the 
size range of 10-20 amino acids, provided that 
effective purification procedures are available 

'Presented in part by J. Y. Savoie and Moira A. 
Barton at  the 16th Annual Meeting of the Canadian 
Federation of Biological Societies, Saskatoon, June 
26-29, 1973. Abstract No. 90. 

2Postdoctoral Fellow supported by the Banting Re- 
search Foundation, 1972-1973. Present address: Centre 
de Toxicologie, Centre Hospitalier de 1'Universite Laval, 

for the separation of the final product. The 
application of the method for the synthesis of 
large molecules, including enzymes, has proved 
to be of more limited value, as a result of the 
escalation in the magnitude of the purification 
difficulties with increasing size of the target mole- 
cule (2). These problems are well documented 
in a recent account of the attempted solid-phase 
synthesis of lysozyme (3). 

It is evident that some of the major difficulties 
of the solid-phase method will be avoided if 
purification steps are introduced at intermediate 
points in the course of the synthesis. For this 
reason there has been some interest in the devel- 

Quebec. opment of routes for the preparation of pro- 
3Address correspondence to: Dr. M. A. Barton, 

Department of Immunology, 345 Medical Sciences tected peptides by solid-phase methods (4-10). 
Building, University of Alberta, Edmonton, Alberta After purification these peptides would be useful 
T6G 2E1. as building blocks for the preparation of large 
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SAVOIE AND BARTON: SOLID-PHASE PEPTIDE SYNTHESIS 

R' CH3 
I 4 0  

R-NH-CH-C + 6-CH2-CH2-??-H 
'0-c~~ ~ P o ~ ~ r n e l  - C H X  I 

R' 
I 40 

R-NH-CH-C 
\ 0-CH2-CH2-N ,CHI + H O - C H : ~ ~ O I ~ ~ E I  - 

'CH, 

R' CH3 

R-NH-CH-C 
1 

H O C H 2 - I H 2 L N - H  
\o- 

CH3 

molecules by solid-phase fragment condensa- 
tion techniques (1 1-15) or by solution methods. 

We recently described a method for the solid- 
phase synthesis of selectively protected peptides 
bearing a free terminal carboxylic acid group 
(15). This procedure employed a self-catalyzed 
transesterification step, using 2-dimethylamino- 
ethanol, with formation of the water-labile 
2-dimethylaminoethyl ester of the protected 
peptide. Since the rate of transesterification with 
2-dimethylaminoethanol was slow this method 
was limited, in practice, to peptides containing 
a nonsterically hindered C-terminal amino acid. 
In thc present paper we describe the use of thal- 
lous alkoxide as a catalyst in the transesterifica- 
tion step. This catalyst gives a considerable in- 
crease in the reaction rate, which allows a more 
general application of the transesterification 
route. 

Results and Discussion 
Transesterification with 2-dimethylamino- 

ethanol (15) was developed as a method for the 
release of protected peptides from the solid sup- 

port, after solid-phase synthesis on the conven- 
tional Merrifield resin. In the Merrifield solid- 
phase method the peptide is linked to the solid 
support by means of a benzyl ester bond cia the 
C-terminal carboxylic acid group. This bond 
was found to be susceptible to transesterificatron 
with 2-dimethylaminoethanol with accom- 
panying release into solution of the 2-dimethyl- 
aminoethyl ester of the protected peptide, 
according to Scheme 1. The ester was obtained 
by evaporation of the solution after filtration 
from the resin. On treatment with water the 
2-dimethylaminoethyl group was removed to 
yield the selectively protected peptide containing 
a free terminal carboxylic acid group. Pre- 
liminary results (1 5 )  indicated that the addition 
of a catalytic amount of thallous 2-dimethyl- 
an~inoethoxide caused a significant increase in 
the rate of transesterification. The thallium 
derivative was found to be a more effective 
catalyst than the corresponding sodium com- 
pound. To evaluate the general utility of thallous 
alkoxide as a transesterification catalyst in this 
reaction, we have now studied the transesterifi- 
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TABLE 1. Elution conditions and operational color values of dipeptides* 

Peak 
Eluent Sodium position Operational 

Dipeptide p H  citrate (N) (ml) color value? 

L-Leu-L-Ala 4.32 0.20 125.0 1.06 
L-Leu-D-Ala 4.32 0.20 106.0 0.85 
L-Leu-L-Ala 6.00 0 .35 36.5 1.29 
L-Leu-D-Ala 6.00 0.35 44.0 1.15 
L-Ala-L-Phe 6.00 0.35 50.0 1.09 
L-Ala-D-Phe 6.00 0.35 59.5 0.87 
L-Leu-L-Val 6.00 0.35 36.0 1.42 
L-Leu-D-Val 6.00 0 .35 49.5 1.20 
0-L-Aspgly 3.25 0.20 48.0t 0.67 
r-L-Aspgly 3.25 0.20 105 .O$ 1.34 

*Chromatography of the dipeptides on a column, 0.9 s 59 cm, packed with Beckman 
UR-30 resin; How rate 58 mllh; temperature 57'. Samples applied at  p H  2.2. 

+Relative to glycine 1.00. 
Stlow rate 68 ml/h. 

cation of a series of model dipeptides which 
enabled the calculation of both reaction yields 
and the extent of racemization at the C-terminal 
amino acid residue. The dipeptides chosen for 
study were BOC-L-leucyl-L-alanine: BOC-L- 
alanyl-L-phe~lylalanine, and BOC-L-leucyl-D- 
valine. 'These dipeptides each form pairs of 
diastereoisomers which are easily separable by 
ion-exchange chromatography using the amino 
acid analyzer (16). The transesterification of 
p - t - butyl benzyloxycarbonyl- L - aspartylglycine 
was also studied in order to determine the 
stability of the j3-t-butyl group under the trans- 
esterification conditions and to determine the 
extent of a -+ j3 aspartyl transpeptidation oc- 
curring during the transesterification. The elution 
conditions and operational color values of the 
dipeptides are reported in Table 1. 

Enhancetnerzt of tlze Rate of TransesteriJicatiorl 
by  the Addition of Tl~allous Alkoxide 

The rate of transesterification with 2-di- 
methylaminoethanol was studied using the 
polymer-linked dipeptide BOC-L-ala-L-phe-0- 
polymer, in both the presence and absence of 
thallous alkoxide. As shown in Fig. 1 the addl- 
tion of the catalyst brought about a significant 
increase in the reaction rate, close to  quantita- 
tive reaction being obtained in a 5 h reaction 
time. A similar increase in rate in the transesteri- 
fication of BOC-L-leu-L-ala-0-polymer was ob- 
tained on addition of the catalyst, as shown in 
Table 2. In  the case of the severely sterically 
hindered dipeptide BOC-L-leu-D-val-0-polymer, 

4BOC indicates t-butyloxycarbonyl. 

0 12 24 36 48 
TIME (h) 

FIG. I .  Transesterification of BOC-L-ala-L-phe-0- 
polymer (2 g ;  1.1 mmol peptide) in 2-dimethylamino- 
ethanol-dimethylformamide solution (15 ml; 1 : 1 v/v); 
-@-, no catalyst; -0-, 0.1 equiv. thallous 2-dimethyl- 
aminoethoxide; -x-, 0.2 equiv. thallous 2-dimethyl- 
aminoethoxide. 

where no significant transesterification was ob- 
served in the absence of catalyst, addition of 0.25 
equiv. of thallous alkoxide gave a transesterifi- 
cation yield of 85% in a reaction time of 16 h. 
Similarly the hindered proline derivative BOC- 
L-pro-0-polymer gave little transesterification in 
the absence of catalyst but addition of 0.1 equiv. 
of thallous alkoxide gave a transesterification 
yield of 96% in a 21 h reaction time. 

Extent of Racemization of the C-Terminal 
Amino Acid during Transesterijcation 
with 2-Dimethylaminoethanol in the 
Presence of Thallous Alkoxide 

For measurement of the racemization oc- 
curring in the transesterification, the 2-dimethyl- 
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TABLE 2. Transesterification with 2-dimethylaminoethanol in the presence of thallous alkoxide* 

Thallous 
alkoxide Time Transesterification RacemizationS 

Protected peptide-resin (equiv.) (h) yield (73 (%) 

BOC-r-Leu-L-Ala-0-poly~ller None 72 
0 . 1  5 

BOC-L-Ala-L-Phe-0-polymer None 43 
0 .1  5 

BOC-L-Leu-D-Val-0-polymer 0.15 2 .5  
0. I 16 
0.25 16 

BOG-L-Pro-0-polymer None 96 
0 . 1  2 1 

*See Esperi~nentai for detailed procedure. 
?Racemiration (for L,L-peptides) = [D,L/(D,L -L L,L)] Y 100% 

aminoethyl ester group was removed from the 
transesterification product, by treatment with 
water o r  dilute base. Acidolytic cleavage of the 
BOC group then yielded the fully deprotected 
dipeptide. The product was applied to the 
column of the amino acid anaivzer. without 

d ,  

purification, and the diastereoisomers were 
quantitated by the method of Manning and 
Moore (16). As shown in Table 2: the extent of 
racernization in the catalyzed reactions generally 
fell below Thus the product of transesteri- 
fication of BOC-L-leu-L-ala-0-polyrner showed 
0.6x racemization after a 5 h reaction, at  which 
time the transesterification was complete. Simi- 
larly BOC-~-leu-~-val-0-polymer showed 0.6% 
racemization in a 2.5 h reaction, increasing to 
0.8% after 16 h. Thus the extent of racemization 
occurring in the transesterification of these two 
peptides fell within reasonable limits for a 
practical use of the method, being similar in 
magnitude to that obtained in the saponification 
of the dipeptide methyl esters in solution (17). 
As expected, the dipeptide BOC-L-ala-L-phe-0- 
polymer showed a much greater extent of race- 
mization. In the absence of catalyst the racemi- 
zation of this dipeptide was 2.8x in a 43 h 

acid as these are particularly susceptible to ra.ce- 
mization by direct cl-hydrogen abstraction. The 
use of the amino acids cysteine, serine, threonine, 
and aspartic acid a t  the C-terminal position, will 
also be precluded as these amino acids are 
known to be labile to racemization by the same 
mechanism. 

As shown in Tabie 3, it was found that the 
extent of racemization was minimised if the 
isolation of the product from the reaction niix- 
ture was performed a t  a number of intermediate 
points during the course of the reaction. Thus 
the lowest level of racemization was obtained by 
the batchwise method of operation, whereby 
the transesterification solution was filtered off 
and worked up at  regular intervals during the 
course of the reaction, the transesterification of 
the peptide resin then being continued by the 
addition of a fresh batch of solvent and catalyst. 
In practice, the batchwise procedure also pro- 
vided a convenient method for monitoring the 
course of the reaction, the procedure being 
repeated until no further yield of product was 
obtained. This method was utilised in prepara- 
tive scale experiments for the isolation of BOC- 
L-leucyl-L-alanine and BOC-L-leucyl-D-valine. 

reaction, where the transesterification yield was 
37%. In  the presence of 0.1 equiv. of thallous TransesteriJication of Peptides Containing 

alkoxide the extent of racemization was 4.5% in Acidic Amino Acids 

a 5 h reaction with a transesterification yield of If the transesterification procedure is t o  be 

80z. Thus it appears that this transesterification utilised for the preparation of protected peptides 

procedure will not be applicable in the case of containing acidic amino acids, it is evident that a 

peptides containing a C-terminal aromatic amino transesterification-resistant protecting group will 
-- be required for the protection of the carboxylic 

5The treatment of solvents with alumina, as described acid side chains. For  this reason an  investigation 
in the experimental section, was essential to obtain a low the stability of the f-butyl ester group, was 
level of racemization. carried out using the dipeptide P-t-butyl benzyl- 
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TABLE 3 Ylelds and racemlzation in the batchwlse transesterlficatlon procedure uslng 2-d~methylaminoethanol* 
- -- 

Batch Total Yield in 
reactlon reactlon each Total Racemizatlon 

time time batch yield in each 
Protected peptide-res~n Batch (h) (h) (%) (%) batch§ (%I 

-- -- - 

BOC-Leu-Ala-0-polymerf A 0 . 5  0  5  10 10 0 . 4 i 0 . 1  
B 0 .5  1  12 22 0 .4  
C 1  2 22 44 0 . 4  
D 1 3 23 67 0 . 5  
E 2  5 24 9  1  0 . 6  
F 7 12 9  100 0.8 

BOC-Leu-Val-0-polymerl A 2  5 2  5  70 70 0 .6  
B 2 5 5 27 97 0 .7  
C 4 9 2 99 0 .9  

- -- -- - -- -- - - 
*See Experimental for detailed procedure. 
t0.02 equiv. thallous alkoxide. 
$0.15 equiv. thallous alkoxide. 
§Racemiration (for L,L peptides) = ID,L;(D,L + L,L)] x 100'Z. 

TABLE 4. Extent of r* + 0 transpeptidation during cleavage of p-t-butyl 
benzyloxycarbonyl-L-aspartylglycine-resin* 

Reagent 

Thallous 
alkoxide Time Yield 0-Isomer 
(equiv.) (h) (%I (2) 

Hydrogen bromide - 
trifluoroacetic acid 

2-Diinethylaminoethanol None 24 40 9 .2  

*See Experimental for detailed procedure. 
tBatchnise transesterification procedure (total reaction time, 2 h, total yield, 76z, preparative scale 

reaction). 

oxycarbonyl - L - aspartylglycine. Transesterifica- 
tion of the polymer-linked P-t-butyl benzyloxy- 
carbonyl-L-aspartylglycine in 2-dimethylamino- 
ethanol containing 0.1 equiv. of thallous 
alkoxide, yielded 76x of the protected dipeptide 
ester, after two 1 h reaction periods. Examina- 
tion of the product by n.m.r. spectroscopy con- 
firmed that the t-butyl ester group remained 
intact under these conditions. The dimethyl- 
aminoethyl ester function was selectively 
removed by treatment with aqueous dimethyl- 
formamide and the product, p-t-butyl benzyl- 
oxycarbonyl-L-aspartylglycine, was characterised 
by conversion to the crystalline dicyclohexyl- 
ammonium salt. 

The protected aspartylglycine dipeptide was 
also utilised to determine the extent of a + P 
transpeptidation, occurring at the aspartyl 
residue, under the transesterification conditions. 
This side reaction generally presents a serious 

problem when aspartyl peptides are exposed to 
alkali (18) and the reaction has also been found 
to occur in anhydrous hydrogen fluoride (19) 
under the conditions which are used routinely 
for the cleavage of the peptide from the resin in 
conventional solid-phase synthesis. The aspartyl- 
glycine dipeptide was chosen for the present 
work because this peptide is known to be un- 
usually prone to transpeptidation (20) and thus 
provided a severe test of the transesterification 
conditions. Quantitation of the a- and p-isomers 
was accomplished by ion exchange chromatog- 
raphy of the deprotected peptide, using the 
Beckman 120C amino acid analyzer. In the ab- 
sence of catalyst the transesterification was 
accompanied by considerable transpeptidation 
as shown in Table 4, the amount of p-isomer 
being 9.2% in a 24 h reaction. When the reaction 
was performed with the addition of 0.1 equiv. of 
thallous alkoxide, the amount of p-isomer was 
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1.0% in a 1 h reaction, with a total yield of 55%. (B. D. H., Brockman activity 11) immediately before use. 

when  this reaction was continued for a further Dimethylformamide was purified by distillation (25 mm) 
over phosphorus pentoxide, stored over Linde molecular 

period, by addition of fresh solvent and sieve (Type4A), and filtered through a column of alumina 
catalyst, an additional 20% yield of product was immediately before use. Peroxide-free dioxane was pre- 
obtained, containing 2.3% ;;-isomer. A control pared and tested as described by Stewart and Young 

cleavage using hydrogen bromide in (21). BOC amino acids were obtained from Cycle Chem- 
ical Corp. or were synthesized by the method of Schnabel trifluoroacetic acid gave a product containing (22). P-t-Buty] benzyloxycarbony~-~-aspartic acid dicyclo- 

0 . 5 z  Pp-isOmer ; therefore it was assumed that hexylamine salt was obtained from Schwartz Bioresearch 
this amount of B-isomer existed in the synthetic Inc. DL-~eucyl-DL-a~anine, L-~eucyl-L-va~ine, a-L-aspartyl- 
peptide before cleavage from the resin. Thus the gl~cine,  and S-~-as~artylglycine were obtained from Fox 

net extent of transpeptidation occurring during Chemical Co., Inc. L-Alanyl-L-phenylalanine and L-ala- 
nyl-D-phenylalanine were prepared as described by 

the transesterificatiOn was 0.5z in the reac- Lemieux and Barton (23). Ch]oromethy]ated copo]y- 
tion with thallous alkoxide catalysis. styrene, 2% divinylbenzene, containing 1.8-2.2 mequiv. 

From the above results we conclude that chlorine per gram, was obtained from Schwartz Biore- 
transesterification with 2-dimethylaminoethanol search Inc. 

Synthesis of resin-linked peptides was performed by in the presence of thallous provides a the conventional solid-phase method (1) using a 2% cross- 
convenient method for the removal of protected ]inked resin, except for the case of B O C - L - ] ~ ~ - D - ~ ~ ] - O -  
peptides from the solid support, after solid-phase polymer where a 1% cross-linked resin was employed. 
synthesis by conventional methods. The reaction The progress of these syntheses was monitored by amino 

is to peptides containing both hin- acid analysis of hydrolysates of samples of the peptide- 
resin. Acid hydrolysis of peptide-resin and peptide sam- dered or nonhindered C-terminal residues, how- ples was performed using 6 hydrochloric acid - pro- 

ever the route is not recommended for use in the pionic acid (1 : 1 "/") in oacuo at  130' for 3 h (24). Amino 
case of peptides containing the C-terminal amino acid analyses were performed using a Beckman amino 
acids phenylalanine, cysteine, serine, threonine, acid analyzer, lWodel 120C. 

Thallous ethoxide was obtained from Aldrich Chem- 
Or aspartic where the risk of racemization ical Co., Inc. Thallous 2-din~ethylaminoethanol solution 
is greatly increased. In the case of peptides con- was prepared by mixing thallous ethoxide (1.4 mmol) 
taining an acidic amino acid, the t-butyl ester with 2-dimethylaminoethanol (25 ml). An aliquot of this 
grouping is recommended for the protection of standard solution was added to each reaction mixture. 

carboxylic acid side ,-hain. ~ f i i ~  protecting Precautions were taken to ensure that skin contact, and 
contamination of work areas, with thallium derivatives, 

group is compatible with the use of the biphenyl- scrupulously avoided (25), 
isopropoxycarbonyl group for the temporary Thin-layer chromatography was performed using 
protection of a-amino functions. Catalysis of the silica gel G (Brinkman Instruments, (Canada) Ltd.). The 
transesterification, with tha]lous alkoxide, is folkowing solvent systems were used: TLC-1, 1-butan01 - 

required in the case of peptides containing acidic acetic acid - water (2: 1 : 1 v/v); TLC-2, chloroform- 
methanol-water (40: 25: 5 v/v); TLC-3, dimethylform- 

amino acids, in order to keep the risk of trans- amide-chloroform (2:3 v/v); TLC-4, chloroform - 

peptidation to a minimum. methanol - acetic acid (85: 15:5 v/v). The plates were 
Selective removal of the 2-dimelhylaminoethyl sprayed with ninhydrin and with the chlorine peptide 

ester group from the transesterification product, (26). 
Nuclear magnetic resonance spectra were obtained is by treatment with using a Varian A-60 instrument. Optical rotations were 

aqueous dimethylformamide, to yield the measured using a Perkin-Elmer polarimeter (Model 141) 
partially protected peptide containing a free ter- with a 10 cm tube. 
minal carboxylic acid group. After purification 
by conventional techniques, the selectively pro- Transesterificatioiz Proceclure with Tlzallous Alkoxide 

Catalysis. Measurement of Yields and Racemization tected peptide is available for use as a building The peptide-resin was stirred in 2-dimethylamino- 
unit in the synthesis of larger molecules by either ethanol-dimethylformamide (1: 1, 10 ml/g resin) con- 
solid phase or solution methods. taining thallous alkoxide catalyst, as described in Tables 2 

and 3. At the end of the reaction time the resin was filtered 
off and the filtrate (the transesterification solution) was 

Experimental passed through a column of Amberlite IRC-50 in order 
2-Dimethylaminoethanol, obtained from Eastman to remove the thallium salt. The resin was washed with 

Organic Chen~icals, was dried by distillation with two dimethylformamide and the washings were passed 
volumes of dry benzene. The fraction boiling at  133-135' through the ion-exchange column as above. The filtrates 
(760 mm) was collected and kcpt ovcr molecular sieve were evaporated in tiacuo at  30" and reevaporated twice 
(Type 4A) and was filtered through a column of alumina with dimethylformamide to yield the protected peptide 
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2-dimethylaminoethyl ester. When the batchwise trans- 
esterification method was employed, as in Table 3, the 
above procedure was repeated a number of times, with 
the same sample of peptide-resin, until the removal of the 
peptide from the resin was complete. 

For cleavage of the 2-dimethylaminoethyl ester group 
the protected peptide ester was dissolved in 50% aqueous 
dimethylformamide and the mixture was kept overnight 
at room temperature. In the case of peptides containing a 
C-terminal valine residue, the solution was kept at  pH 
10.5 by titration with 0.2 N NaOH for 8 h using a p H  
stat. The reaction mixture was evaporated in vacuo. The 
BOC group was then removed by treatment with 1 N 
HCl in acetic acid for 15 min at  room temperature. After 
evaporation of the solution in cacuo, the peptide dia- 
stereoisomers werequantitated by the method of Manning 
and Moore (16), using a Beckman amino acid analyzer, 
Model 120C(59 x 0.9 cm column packed with Beckman 
UR-30 resin, flow rate 58 ml/h, 57"). Peak positions and 
operational color values of the diastereoisomers are 
reported in Table 1. 

Determination ofrhe Extent of a + 8 Asparty1 Trans- 
prptidation duritig the Preparation of B-t-Butyl 
Benzyloxycarbonyl-L-Aspa~tylglycitie via the 
Transesterificution Route 

j3-t-Butyl benzyloxycarbonyl-L-aspartylglycine-polymer 
(30 mg; 10 pmol dipeptide) was stirred in the transesteri- 
fication solution as described above, for the reaction 
times shown in Table 4. The crude protected aspartyl- 
glycine dipeptide solutions were treated with aqueous 
dimethylformamide as described above, to bring about the 
cleavage of the 2-dimethylaminoethyl ester group. The 
solution was evaporated in Ltac.uo, the product was dis- 
solved in trifiuoroacetic acid (10 ml), and hydrogen bro- 
mide gas was passed into the solution for 30 min at  room 
temperature to bring about the removal of the benzyloxy- 
carbonyl and r-butyl ester groups. The solution was 
evaporated in vacuo and reevaporated twice with aqueous 
acetic acid (3: 1 ,  10 ml). Quantitation of the a- and j3-iso-. 
mers was accon~plished by ion-exchange chromatography 
using a Beckman amino acid analyzer, Model 120C 
(59 x 0.9 cm column packed with Beckman UR-30 resin, 
flow rate 58 mljh, 57"). Peak positions and operational 
color values, given in Table I ,  were determined using 
commerical samples of a-L-aspartylglycine and j3-L- 
aspartylglycine. Direct cleavage of the protected dipeptide 
from the resin, using hydrogen bromide in trifluoroacetic 
acid (ref. 21, p. 40), was performed to determine the 
amount of 8-isomer occurring in the synthetic peptide 
before transesterification. 

Preparation of BOC-L-leucyl-L-alanine via the Trans- 
esterification Route 

BOC-L-leucyl-L-alanine-resin (400 mg; 0.23 mmol di- 
peptide) was transesterified in the presence of thallous 
alkoxide catalyst (0.02 equiv.; 5 pmol) for 0.5 h as in the 
transesterification procedure described above. The fil- 
trates were evaporated in vacuo to yield the first batch of 
product (Batch A, Table 3). The transesterification was 
continued by addition of fresh solvent and catalyst to the 
same sample of peptide-resin to give the further yields of 
product (B-F), as described in Table 3. The first five batches 
of product (A-E) werepooled. Thin-layer chromatography 

showed one major spot having the following Rr values: 
TLC-1, 0.65; TLC-2, 0.76. The protected peptide 2-di- 
methylaminoethyl ester was hydrolyzed in aqueous 
dimethylformamide for 24 h and, after evaporation of the 
solvent, the residual oil was taken up in ethyl acetate, 
washed with 10% citric acid solution and saturated 
sodium chloride solution, dried (MgSO,) and evaporated 
in vacuo at  30" to yield BOC-L-leucyl-L-alanine (60 mg; 
oil) which crystallized from ether-hexane (52 mg, 76%); 
m.p. 133-134"; [aIDz5 -33.8' (c, I in methanol) (lit. (16) 
m.p. 132-133"; [rIDz5 -32.6" (c, 1.01 in methanol)). The 
product showed a single spot by thin-layer chromatog- 
raphy, having the following R, values: TLC-I, 0.90; 
TLC-2, 0.50; TLC-4, 0.68. 

Anal. Calcd. for C14&605N2: C, 55.62; Hi, 8.66; N, 
9.26. Found: C, 55.54: K,  8.47; N, 9.33. 

Preparation of BOC-L-leucyl-D-valine via the Trans- 
esterification Route 

BOC-L-leu-D-val-0-polyn~er (5 g;  2.16 mmol dipeptide, 
1% cross-linked resin) was transesterified in the presence 
of thallous alkoxide catalyst (0.15 equiv.; 0.33 n~nlol) for 
2.5 h, as in the transesterification procedure described 
above. The filtrates were evaporated in vacuo to yield the 
first batch of product (Batch A, Table 3). The transesteri- 
fication procedure was repeated to give further batches 
of product (B  and C) as described in Table 3. Batches A 
and B were pooled, dissolved in ethyl acetate, washed 
with 1 M ammonium carbonate, foliowed by saturated 
sodium chloride, dried (MgSO,), and evaporated in cncuo 
at  30' to yield the protected dipeptide ester (830 mg, oil). 
Thin-layer chromatography showed a single spot having 
the following R, values: TLC-1, 0.68; TLC-2, 0.80. A 
portion of the product (600 mg; 1.5 mmol) was dissolved 
in dimethylforn~amide (20 ml), 0.1 N sodium hydroxide 
(20 ml) was added, and the solution was stirred overnight. 
Acetic acid (0.5 ml) was added and the solution was 
evaporated in cacuo at  30'. The residue was taken up in 
ethyl acetate, washed with 10% citric acid and saturated 
sodium chloride, dried (MgSO,), and evaporated to give 
an  oil which precipitated from ether on addition of 
n-hexane (490 mg; 96%). The product, BOC-L-leucyl-L- 
valine, was recrystallized twice from n-hexane-ether 
(435 mg; 85%); m.p. 106-107'; -34" (c, 1 in 
methanol). Thin-layer chromatography showed a single 
spot having the following Rf values: TLC-I, 0.90; TLC-4, 
0.70. 

Anal. Calcd. for C16H2905N2: C, 58.38; H,  8.87; N, 
8.50. Found. C, 58.32; H, 9.06; N, 8.28. 

Preparation of j3-t-Butyl Benzyloxycarbonyl-L-Aspartyl- 
glycine via the Transesterification Route 

8-f-Butyl benzyloxycarbonyl-L-aspartylglycine-polynler 
(2 g; 0.71 mmol dipeptide) was transesterified in the 
presence of thallous alkoxide catalyst (0.1 equiv; 0.07 
mmol) for 1 h as in the transesterification procedure 
described above. The filtrates were evaporated in vacuo 
to yield the first batch of product (0.39 mmol; 55%). 
Quantitation of a- and 8-isomers, as described above 
showed the presence of 1% (0.004 mmol) j3-isomer. The 
transesterification procedure was repeated for a further 
1 h period to give an  additional yield of product (0.15 
mmol, 20%) which was found to contain 2.3% S-isomer. 
The two batches of the protected peptide 2-dimethyl- 
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aminoethyl ester were combined. Thin-layer chromatog- 
raphy showed one major spot having the following R, 
values: TLC-1, 0.60 with traces at 0.50 and 0.70 (pro- 
tected dipeptide acid); TLC-3, 0.80 with traces at  0.70 
and at  the origin (protected dipeptide acid). The n.m.r. 
spectrum (CDCI,, 60 MHz, TMS internal) showed peaks 
a t  r 9.60 (s, 9H  (CH,),C), 7.72 (s, 6H, (CH3)2N), 7.43 (t, 
0CH,CH2N), 7.25 (m, CHCI&CO, 4H with 7.43 peak), 
5.98 (d, 2H NHCHzCO), 5.78 (t, 2K, QCH,CH,N), 5.38 
(m, lH,  NHCHCO), 4.90 (s, 2K, C6H,CH20), 2.67 (s, 
SH, C6H5CK,), plus two broad doublets at  3.00 and 3.90 
(CONHCH). 

A portion of the protected dipeptide ester (0.43 mmol) 
was treated with aqueous dimethylformamide for 24 h. 
The solvent was evaporated in vacuo to yield a-t-butyl 
benzyioxycarbonyl-L-aspartylglycine (220 mg; oil) which 
was converted to the dicyclohexylammoniun~ salt (27) 
and recrystallized from n-hexane-benzene (210 mg, 87%); 
m.p. 138-139"; [.*IDz5 -10.7' (c, ! in methanol). Thin- 
Iayer chromatography showed a single spot for the free 
acid, R, values: TLC-I, 0.70; TLC-4, 0.65. 

Anal. Calcd. for C,,H,,O,N,: C: 64.15; H, 8.43; N, 
7.48. Found. C, 63.99; H, 8.30; N, 7.62. 

The authors express their appreciation to Ester Fraga 
for valuable technical assistance. This work was sup- 
ported bq the Medical Research Counc11 of Canada 
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COMMUNICATIONS 

Structure and Reactivity of Methyl Radical - Cyanide Ion Pairs 
in Crystal I and Crystal 11 of Acetonitrile1 

ESTEL DEAN SPRAGUE,~  KELTI T A K E D A , ~  JIH TZONG W A N G , ~  A N D  FFRANCON WILLIAMS' 
Deprrl.tr7lctlt c~f'Cliernisir:\', Unii.ersity of Terzrlessee, Knoxville, Trr~nessee 37916 

Received May 13. 1974 

ESTEL DEAN SPRAGLE, KEIJI  TAKEDA,  JIH T z o h c  WAYG, and FFRA\COY WILLIAMS. Can.  J .  
Chem. 52, 2840 (1974). 

The extent of interaction between methyl radicals and cyanide ions produced in pairs by 
dissociative electron capture in the two solid phases of acetonitrile has been studied by e.s.r. 
using CD, ' T N .  Although no  interaction is observed when the radical-anion pairs are gener- 
ated by photobleaching the acetonitrile dimer radical anion in Crystal I, a very weak interaction 
as evidenced by a n  isotropic 13C hyperfine splitting of 3.4 G is found for the corresponding 
species produced from the acetonitrile monomer radical anion in Crystal 11. The rate of 
hydrogen atom abstraction by the methyl radical in Crystal 1 is at  least a factor of 10 greater 
than in Crystal 11 at  the same temperature over the range 77-1 13 K.  These results show that the 
weak perturbation of the methyl radical by the cyanide ion does not enhance methyl radical 
reactivity in hydrogen atom abstraction. Evidence from " C  hyperfine splitting measurements 
o n  '%El, . ---Cn'  and '3CH,.---Br- indicates that the configuration of the methyl radical is 
planar in these radical-anion pairs. It is emphasized that quantum mechanical tunneling provides 
a satisfactory explanation for the low apparent acthat ion energies, the curved Arrheni~ls plots, 
and the abnormally large deuterium isotope effects uhich characterize hydrogen atom abstrac- 
tion reactions by methyl radicals in glassy and crystalline solids at  low temperatures, Moreover. 
since the ti~nneling rate is extremely sensitive to the ~vid th  of the barrier. methyl radical reactivity 
is expected to show a very strong dependence on the precise geometry of the reacting partners in 
the solid state. 

ESTEL D E A N  SPRAC~UE, XEIJI TAKEDA. JIH TZOX W A ~ G  et FFRA\CO\ W I L L I A ~ I S .  Can. J. 
Chern. 52, 2840 (1974). 

O n  a Ctudie grice a la r.p.e. et en faisant appel a du CD,  '"Ch', le taux d'interaction entre les 
radica~lx methyles et les ions cyanures produits sous forrile de paires par la capture d'electrons 
prodiiisant des dissociations; on  a effectue ces etudes dans dcux phases solides de I'acetonitrile. 
Q ~ i o i q ~ ~ e  I'on observe ailcLuie interaction quaiid les paires de radicaux anions sont gCnerCes 
par photodecoloration dil radical-anion dimerc avec l'acetonitrile dans le crystal I, on t rou ie  
gr ice  B iin h.f.s. isotopique 13C de 3.4 G ilne tres faible interaction dans les especes corres- 
pondantes produites B partir dii radical-anion monomere avec I'acetonitrile dans le crystal 11. 
Le taux d'abstraction des atolnes d'hydrogene par le radical methyle dans le crystal 1 est 
au moins 10 fois plus grand que dans le crystal I 1  a la rueme temperatiire eritre 77-1 13 K .  
Ces resultats montrent que la faible perturbation d ~ i  radical methyle par l'ion cyanure n'aiig- 
inente pas la reacti\ite d ~ i  radical methyle lors de l'enl&\e~ne!it ii'atonies d'hqiirogene. Les 
resultats obtenus lors de la mesure de h.f.s. 'T pour ' C D . - - - C N  et "CH, , - - -Br  montre 
que la configuration ~ L I  radical methyle est plane dans ces paires de radicaux anions. On 
met en evidence que I'effet tunnel de la micanique qi~antique fourni une explication satis- 
faisante pour les energies d'activation apparaninient basses, poi11 les c o ~ ~ r b e s  d 'ArrhCni~~s 
courbees et pour les effets isotopiques du d e i i t e r i ~ ~ n ~  q ~ ~ i  sont anormalement grandes et qui 
caracterisent les reactions d'abstraction d'atomes d'hydrogene par des radicaux methyles 
dans des rnateriaux vitreux OLI cristallins basse temperature. D e  plus puisqiie le taux d'effet 
tunnel est extrgmement sensible a la largeur de la barriere, on s'attencl A ce que la reactivite 
des radicaux methyles montre une tres grande dependence sur la geo~netrie exacte des parte- 
naires reactifs dans l'etat solide. [Traduit par le journal] 

'This work was supported by the U.S. Atomic Energy "Institute of Nuclear Energy Research, Atoniic Energy 
Commission (Document No. ORO-2968-87). Council, P.0. Box 3, Lung-Tan, Taiwan, Republic of 

'Department of Chemistry, University of Cincinatti, China. 
Cincinatti, Ohio 45221. 'John Simon Guggenheini Memorial Foundation 

3 F ~ j i  Photo Film Co. Ltd., Research Laboratories Fellow, 1972-1973; author to  whom correspondence 
Tokyo, Asaka, Saitama, Japan 351. should be addressed. 
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COMMUNICATIONS 

A recent Communication (1) has suggested an 
alternative explanation to quantum mechanical 
tunneling (2, 3) for the unusually low value of 
the apparent activation energy (E, < 2 kcal 
mol-I) for hydrogen atom abstraction by 
methyl radicals in y-irradiated crystalline aceto- 
nitrile at 77-87 K. According to these authors 
(I), the proximity of the cyanide ion to the 
methyl radical produces a perturbation which 
distorts the methyl radical from planarity and 
lowers the energy requirements for the reaction. 
Before commenting on the evidence presented 
in support of this proposal (I), we wish to report 
new e.s.r, results which bear directly on this 
question. 

Earlier work from this laboratory (4-1 1) has 
established that the photobleachable product of 
electron capture in y-irradiated acetonitrile at 
77 K differs according to the nature of the 
crystalline phase. Thus in Crystal I metastabilized 
at 77 K by rapid cooling from above the solid- 
solid phase transition at 217 I( (12), the radiation- 
induced color center (A,,, = 510 nm) is the 
dimer radical anion (MeCN),-, whereas in 
Crystal I1 the corresponding light-sensitive 
species (A,,, = 430 nm) is the monomer radical 
anion MeCN-. Since both of these radical 
anions give rise to a methyl radical and a 
cyanide anion on photobleaching with visible 
light as depicted formally in reactions la  and b, 

fi v 
[ l a ]  (MeCN),- @ Me. + CN- + MeCN 

A 

/ I  v 
[ lb l  MeCN- @ Me. i CN- 

A 

a comparison of the results for these two systems 
might well be expected to shed some light on 
whether or not the extent of interaction between 
the radical and the anion is related to the 
reactivity of the methyl radical in the irreversible 
hydrogen atom abstraction [2], 

as postulated by Sargent et al. (1). 
It has been shown that the photochemical 

dissociation products in reactions la and b 
undergo a thermal reaction to regenerate the 
acetonitrile radical anions (4, 6). Each of these 
recovery reactions competes with [ 2 ]  in CH,CN 
(2, 13-15) but in CD,CN the radical anions are 
regenerated with close to 100% efficiency, this 

FIG. 1. Geometrical arrangement of a methyl radical 
- cyanide anion pair showing the possibility of interaction 
between the unpaired electron in the carbon 2p orbital of 
the methyl radical and the lone pair in the carbon sp 
orbital of the cyanide anion. 

difference in behavior corresponding to a 
primary kinetic isotope effect k,"/k," greater 
than 2 x lo3 for the abstraction reaction in 
Crystal I at 77 K. For this reason and to avoid 
the broadening effect of unresolved hyperfine 
coupling in the e.s.r. spectra of the radical 
anions (1 I), most of our structural e.s.r. studies 
have been carried out on the deuterated com- 
pounds CD3C14N, CD,C"N, 1 3 C ~ 3 C 1 4 N ,  and 
CD,13C14N. However, it should be emphasized 
that the unusually large hydrogen isotope effects 
in these two systems are entirely kinetic, not 
structural. 

In this report we focus on the results obtained 
with CD3I3CN since any interaction between 
the CD3* radical and the 13CN- anion should 
be revealed most clearly by a weak hyperfine 
coupling to the 13C nucleus. As depicted in Fig. 
1, the likely disposition of the dissociation 
products results in a favorabie geometry for 
possible overlap between the lone-pair sp orbital 
on the carbon of the cyanide ion and the carbon 
2p orbital containing the unpaired electron in 
the methyl radical; indeed, were the C,, symmetry 
of the neutral CD3CN molecule to be retained 
in the dissociation products, the major axes of 
these two orbitals would coincide exactly. In 
addition to this orientation factor, the extent of 
interaction will be governed by the CD,----CN- 
recoil distance. The possibility therefore exists 
for the formation of a weak three-electron 
( o ~ , o * ~ )  bond resulting in a partial delocalization 
of the unpaired electron into the sp hybrid 
orbital of the cyanide carbon. It is readily 
calculated from the magnetic resonance param- 
eters for atomic orbitals (16) that a spin density 
p distributed equally between the s and p 
orbitals of the lone pair should result in an 
isotropic 13C hyperfine splitting ( 6 )  of 565p and 
an anisotropic I3C hyperfine splitting ( 6 )  tensor 
of [33p, - 1 6 . 5 ~ ~  - 16.5pl. In the case where p 
is of the order of 0.01, the 13C coupling will 
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FIG. 2. The e.s.r. spectrum of y-irradiated Crystal I 
of acetonitrile-d, containing 55% CCD,'3CN after photo- 
bleaching with visible light at  77 K.  The stick diagram 
represents :he spectrlini of the CD,.  radical. 

FIG. 3 .  The e.s.r. spectrill11 of y-irradiated Crystal II 
of acetonitrile-d, containing 557; CD,  I 3 C N  after photo- 
bleaching with iisible light at  77 K .  For an explanation 
of the stick diagram, see text. 

appear to be isotropic since the total anisotropy 
is less than the linewidth. Therefore, we have 
available an extremely sensitive magnetic probe 
to determine if there is a methyl radical - cyanide 
anion interaction in these two systems. 

The e.s.r. spectrum shown in Fig. 2 was 
obtained on photobleaching the dimer radical 
anion of CD3CN in a sample of Crystal I 
enriched to 55% CD,'3CN. The simple septet 
pattern with the intensity ratios 1 : 3 : 6 : 7 : 6: 3 : 1 
and the 'H hyperfine splitting of 3.35 G is 
clearly that of CD,., the spectrum being 
indistinguishable from that obtained on photo- 
bleaching the dimer radical anion of CD312CN. 
In contrast, Fig. 3 shows that the spectrum ob- 
tained after photobleaching the monomer radical 
anion derived from the same enriched CD, '~CN 
material in Crystal I1 is not a simple septet, the 
pattern consisting of 1 1  prominent components 
with a constant spacing of ca. 1.7 G. These 
components are extrtmely narrow and well 
resolved for a polycrystalline spectrum, suggest- 
ing immediately that the additional lines originate 

from an isotropic i3C hyperfine splitting, as 
envisaged earlier. Since the spectrum of the 
products from the photobleaching of the CD3- 
lZCN monomer radical anion is the usual CD,. 
septet (6), this proves beyond a doubt that the 
superhyperfine structure in the spectrum of Fig. 
3 originates from a 13C interaction. Below the 
spectrum is a stick diagram calculated for a I3C 
doublet of 'PI septets superimposed on a 'H 
septet according to the coupling constants 
A,,,(13C) = AIS,('H) = 3.4 G, the intensities of 
the two contributing spectra being in the 
'3C/12C ratio of 0.55 to 0.45. This plot consists 
of 15 lines with an even spacing of 1.7 G and 
intensity ratios (for half the spectrum) of 1.1 : I .8 : 
4.4: 5.4: 9.9: 10.8: 14.3 : 12.6, in satisfactory agree- 
ment with the observed spectrum consisting of 
11 major components. The uniqueness of the fit 
is readily established since the spacing excludes 
I3C hyperfine splitting values other than 3.42 G, 
where n is an odd integer, and the intensity 
distribution is consistent only with n = 1. 

Additional studies on authentic single crystals 
of the enriched CD3'3CN material showed that 
the e.s.r. spectrum of the photodissociation pro- 
ducts from the monomer radical anion in Crystal 
I1 exhibited no orientation dependence, the 
pattern being identical with that obtained in the 
polycrystailine spectrum of Fig. 3. These experi- 
ments verify that the 13C superhyperfine coupling 
is isotropic, the splitting of 3.4 G representing a 
spin density of 0.003 in the 2s orbital of the 
cyanide carbon. Since no anisotropy was 
observed in the single crystal spectrum, the spin 
density in the 2p orbital of the cyanide carbon 
cartnot be reliably estimated. However, an upper 
limit of 0.01 is set by the fact that the total 
anisotropy (3B) cannot be greater than the 
linewidth of ca. 1 G. Thus, the results in Crystal 
11 are completely consistent with an extremely 
weak o interaction between the unpaired electron 
in the p orbital of the methyl radical and the lone 
pair of electrons in the sp hybrid orbital of the 
cyanide ion. 

A brief comment is needed here on the impli- 
cations of the negative 13C results in Crystal I. 
At the very least this shows a negligible o inter- 
action since the isotropic hyperfine splitting is 
an extremely sensitive measure of this perturba- 
tion. However, even if a n interaction were to 
apply such that spin density is transmitted 
exclusively to the 2p7t orbitals of the cyanide ion, 
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the failure to observe 13C splittings in the spectra 
obtained from single crystals points again to a 
spin density of less than 0.01 in the p orbitals of 
the cyanide carbon. The suggestion that the 13C 
lines may be too broad to detect can be rejected 
since small anisotropic 13C splittings were re- 
solved in the spectra of the dimer radical anion 
(10) obtained from the same samples of Crystal 
I. I t  should also be added that a n interaction 
would require almost a 90" reorientation of the 
C,, axis of the methyl radical after photodis- 
sociation of the almost linear MeCN fragment 
in the dimer radical anion (10). Moreover, this 
geometry would obviously be much less favor- 
able than that of Fig. 1 for the thermal recombi- 
nation of the methyl radical and the cyanide ion. 
In our view the most reasonable explanation for 
the difference in the 13C hyperfine splitting 
results is that the Mes---CN- recoil distance is 
greater in Crystal I than it is in Crystal 11. 

Having established the occurrence of a methyl 
radical - cyanide ion interaction in the products 
formed in Crystal I1 but not in Crystal I, we now 
turn our attention to the question of methyl 
radical reactivity in reaction 2. From compre- 
hensive kinetic studies of the parallel reactions 
- 1 and 2 using both e.s.r. and optical methods 
of detection, we have found (2, 3, 14, 15) that 
the pseudo first-order rate constants k, for 
hydrogen atom abstraction in Crystal I and 
Crystal I1 of CH3CN at 77 K are 2.5 x lo-' 
min-' and 1.4 x min-l, respectively, the 
former result being in essential agreement with 
the value of 2.2 x lo-' min-' reported by 
Sargent et al. Moreover, in the entire range 
between 77 and 113 K for which comparative 
measurements are available (1 5), the value of k2 
in Crystal I is at least a factor of 10 greater than 
in Crystal I1 at the same temperature. Evidently, 
as far as reaction 2 is concerned, the reactivity of 

6The similarity between our kinetic data for hydrogen 
atom abstraction in Crystal I(2, 3, 14, 1 5 )  and the results 
obtained by Sargent et al. (1) at 77 K appears to establish 
that the latter experiments were also carried out on 
samples o f  Crystal I .  Consistent with this conclusion, we 
have observed that Crystal I is the phase invariably 
formed when samples o f  pure liquid acetonitrile are 
shock cooled in liquid nitrogen. It might also be noted 
here that Sargent's results (1) are apparently uncorrected 
for any contribution due to the simultaneous regeneration 
o f  the dimer radical anion. Although this correction is  
relatively small at 77 K ,  it becomes significant at nigher 
temperatures when the experiments are not carried out 
under continuous photobleaching conditions. 

the methyl radical produced from the monomer 
radical anion in Crystal I1 is lower than that of 
the methyl radical produced from the dimer 
radical anion in Crystal I, contrary to the 
postulate (1) that the reactivity is enhanced by a 
perturbation from the cyanide ion. This observa- 
tion should certainly not be construed to mean 
that the reactivity of the methyl radical is 
actually depressed by the weak perturbation 
observed in Crystal 11. It is our view that such 
weak interactions have little or no effect on the 
reactivity of the methyl radical and that other 
considerations are paramount (see below). 

We now turn to information from e.s.r. studies 
about the geometry of the methyl radical in these 
systems. Sargent et nl. (1) suggest that the 
cyanide ion interaction causes the configuration 
of the methyl radical in the radical-ion pair to 
become intermediate between sp2 and sp3 and 
that the sp3 character lowers the activation 
energy for abstraction. In support of this idea, 
the authors attach particular significance to 
small apparent differences of ca. 1 G in 'H 
splittings for methyl radicals and say that values 
slightly below 23 G are indicative of pyramidal 
deformation from the planar state. However, a 
much more sensitive and precise indicator of 
pyramidal deformation is the isotropic compo- 
nent of the 13@ hyperfine splitting tensor which 
responds directly to the percentage s character 
in the orbital of the unpaired electron. Along 
these lines, Rogers and Kispert (17) have shown 
that the I3C hyperfine splitting tensor for the 
methyl radical in y-irradiated single crystals of 
sodium acetate trihydrate is definitely character- 
istic of a planar radical although the isotropic 
'H hyperfine splitting of 22.3 f 0.5 G is again 
lower than the value of 23.02 G obtained for 
the radical in solution (18). In addition, un- 
published work carried out in our group has 
shown from the l3  C splitting ( A , ,  = 83.3 G) that 
the configuration of the methyl radical in the 
CH3.---Br- radical-anion pair (8) is planar 
despite the fact that the 'H isotropic splitting is 
only 20.8 G, the reduction in the 'H hyperfine 
splitting arising in this case from transfer of spin 
density to the bromine. Finally and most 
directly, the 13C splittings derived from single 
crystal spectra of the dissociation products 
derived from the two radical anions of l3CII3CN 
indicate a contribution of less than 47, from the 
2s orbital of the methyl carbon to the orbital 
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occupied by the unpaired electron. This is of the 
correct magnitude for spin polarization (18) and 
so there is no spectroscopic evidence to suggest 
that the methyl radical is nonplanar in the 
systems under investigation. 

In conclusion, we comment on the general 
question of reactivity differences between methyl 
radicals generated in different ways within a 
particular crystalline solid. Actually, such effects 
are to be expected if tunneling applies since the 
tunneling rate is calculated to be extremely sensi- 
tive to the barrier width as well as to the barrier 
height (3, 15). Consequently, we do not view the 
results of Sargent et al. (I) as inconsistent with 
the tunneling hypothesis which has been shown 
to provide a satisfactory description of the low 
apparent activation energies, the curvature in the 
Arrhenius plots, and the large deuterium isotope 
effects for a variety of hydrogen atom abstraction 
reactions in the solid state (2, 3, 14, 15, 19-21). 

We thank Dr. F. P. Sargent for sending us a preprint 
of his paper and the Editor of the Canadian Journal of 
Chemistry for inviting us to comment on this previous 
article. 
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C. PRETI and G. TOSI. Can. J. Chem. 52,2845 (1974). 
Complexes of thiomorpholin-3-one, thiomorpholin-3-thione, thiazolidine-2-thione, and 

thiazolidine-2-selenone with CrX,,nH,O (X = C1, Br, I) were prepared and characterized. On 
the basis of vibrational (conventional and far infrared) and electronic spectroscopy, magnetism 
and conductivity measurements, the structures of these complexes were identified. The bonding 
occurs through the oxygen in the complexes of thiomorpholin-3-one and through the nitrogen 
in all the remaining complexes. The complexes CrL,X, involve unidentate ligands, are neutral, 
monomeric, and hexacoordinate. Spectroscopic parameters for the complexes have been cal- 
culated and compared with similar chromophores containing CrN3X,, Cr0,X3, and CrS3X3 
chromophores. 

C. PRETI et G. Tosr. Can. J. Chem. 52,2845 (1974). 
On a prepare et caracterist les complexes du CrX3.nH,0 (X = C1, Br, I) avec la thio- 

morpholinone-3, la thiomorpholinethione-3, la thiazolidinethione-2 et de la thiazolidlne- 
selenone-2. On a identifie la structure de ces conlplexes en utilisant les spectroscopies de 
vibration (coiiventionnelle et infrarouge lointain) et-electronique de mCme que des mesures de 
magnetisme et de conductivite. La liaison se rait par l'oxygene dans les complexes de la thio- 
morpholinone-3 et par l'azote dans tous les autres complexes. Les complexes CrL,X, impli- 
quent des ligands monovalents; ces complexes sont neutres, sous forme de monomeres et hexa- 
coordonnes. On a calcule les parametres spectroscopiq~~es des con~plexes et ces calculs ont ete 
compares avec ceux obtenus pour des chromophores semblables contenant des chroniophores 
CrN,X,, Cr03X3 et CrS,X,. [Traduit par le journal] 

In order to study the competition between These ligands behave as a soft or a hard base 
group VA and VIA donor atoms in heterocyclic depending on the metal class. 
ligands in the coordination to the metals, we 
have reported in our previous papers (1-3) the 
characterization of several complexes of thio- 
morpholin-3-one 

(tm = O=C-NH-CH,-CH,-S-CH,), 

thiomorpholin-3-thione 
(ts = S=C-NH-CH,--CH,-S-CH,), 

thiazolidine-2-thione 
(ttz = S=C-NH-CH,-CH2-S), 

and thiazolidine-2-selenone 
(tzse = Se=C-NH-CH2-CH2-S). 

In this paper we have studied the complexa- 
tion behavior of tm, ts, ttz, and tzse with chro- 
mium(III), a metal classified as typically hard, 
in order to further our present knowledge and to 
fill in some of the gaps in the knowledge of the 
behavior of chromium(II1) with this class of 
ligands. 

By reaction of CrX3.nH20 (X = C1, Br, 1) with 
the ligands, according to the methods described 
in the experimental section, we have obtained 
complexes of the general fornlula CrL3X3 
(L = tm, ts, ttz, tzse; X = C1, Br, I). The com- 
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TABLE 1. Analytical data 

Decom- 
position 

Found (23 Calculated (z) tempera- p A 
ture ("C) (B.M.) DMF 

Compound Color M C H M C H 

Dark-green 
Dark-green 
Dark-green 
Dark-green 
Dark-violet 
Dark-violet 

Violet 
Violet 

Dark-violet 
Green 
Green 

Dark-violet 

-- 

3.9 44.0 
3.9 dec. 
4.2 39.2 
4 .2  16.5 
4.0 32.1 
3.9 31.4 
4.2 24.8 
3 .9  dec. 
4 .0  22.0 
3.8 20.1 
3 .7  18.2 
3 .7  19.1 

pounds are microcrystalline and high-spin; they 
are sparingly soluble in most solvents; only in 
coordinating solvents such as dimethylsulfoxide, 
acetonitrile, and acetone is the solubility rela- 
tively high, but then the dissolution is accom- 
panied by extensive solvolysis. This behavior 
prevents recrystallization of the products; puri- 
fication can be accon~plished by means of re- 
peated washing with a noncoordinating solvent. 

The metal conlplexes obtained, their analytical 
data and room-temperature magnetic moments, 
and other physical properties are listed in Table 
I. The most important i.r. data are shown in 
Tables 2 and 3. and the solid state electronic 
spectra are reported in Table 4. These derivatives 
are nonelectrolytes, A lying in the range 16.5.- 
44.0 ohm-'  cm2 mol-' in N,N1-dimethylform- 
amide. The A values, even for 1 : 1 electrolytes, 
are 65-90 ohm- '  cm2 mol-' in N,N-dimethyl- 
formamide (4). 

With chromium halides, complexes of essen- 
tially octahedral geometry are formed. Their 
magnetic moments and solid state electronic 
spectra are in accord with those expected for this 
stereochemistry. The p values in the range 3.7- 
4.2 B.M. are as expected for three unpaired elec- 
trons and these magnetic moments are given by 
the spin-only term (5). 

As for the infrared spectra, passing from the 
tm free ligand spectrum to those of the com- 
plexes, we observe that v(NH) falls a t  3250-3270 
cm- ' against the value of 3400 cm- ' for v(NH) 
for the free ligand in chloroform solution. The 
v(C=O) vibration occurs a t  1660 cm-'  in the 

spectrum of the free ligand and is shifted towards 
lower frequencies, 1610-1 620 cm- ', in the 
spectra of the complexes. The stretching vibra- 
tions due to  the prevailing contribution of v(CS) 
symmetric and asymmetric occur a t  the same 
wave number or show small positive shifts. 

Passing on thiomorpholin-3-thione derivatives 
we observe that the band I and I1 of the 
-N-C=S group, according to the nomencla- 
ture of Rao and co-worker (6), are at the same 
wave numbers while band 111 is moderately 
shifted toward lower energies. The v(NH) in the 
ts-complexes is shifted towards lower wave 
numbers of about 250 cm-'  using as reference 
the value of 3380 cm-'  for v(NH) for the free 
ligand in chloroform solution. The bands due to 
the symmetric and asymmetric v(CS) show 
positive shifts. 

In the complexes of thiazolidine-2-thione, the 
v(NH) appears as a sharp band and shows a 
shift of ca. 300 cm-' ,  having as reference the 
v(NH) solution value for the ligand. The thio- 
amide I band, the band at 1288 cm-' ,  attributed 
to v(C=S) + G(NCS) and those due to sym- 
metric and asymmetric v(CS) show positive 
shifts. 

The same behavior is observed in the deriva- 
tives of thiazolidine-2-selenone. The v(NH) 
shows a negative shift of ca. 250 cm-' having as 
reference the value of 3400 cm-'  for the free 
ligand in chloroform solution. The selenoamide 
I band (7) and the band at 1285 cm- '  attributed 
to v(C=Se) + G(NCSe) show positive shifts 
while the bands due to the prevailing contribu- 
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TABLE 3. Most important i.r. bands (4000-200 cm-') for ttz and tzse complexes 

v(C=S)+ v(C-S) sym. 
v(N-H) Thioamide I G(NCS) and asym. v(M-X) v(M-L) 

ttz CHCI3 solution 
[Crttz3C13] 

tzse CHCI, solution 
[Crtzse3CI3].2H,O 

3400s 1490s 1288vs 690s, 650vs - - 

3 100s 1550vs 1310s 690m, 660m 350s, 339vs 238m 
305s 

3100s 1530vs 1310s 700m, 660m 320m, 280s 225m 
3 130s 1515s 1305ms 700m, 655m - 229m 

Seleno- v(C=Se)+ v(C-S) sym. 
v(N-H) amide I G(NCSe) and asym. v(M-X) v(M-L) 

3400vs 1515vs 1285vs 705ms, 655ms - - 
3200s 1560s 1340s 705m, 655m 350m, 330ms 230m 

300m 
3150s 1530s 1320s 700m, 660m 320m, 285ms 225m 
3 160s 1 550111 1300ms 705w, 655w - 230m 

TABLE 4. Electronic spectra and crystal field parameters 

4A~g(F)  + 4A,g(F) + 

Compound 4Tzg(F) 4Tlg(F) v3* Dq B ' p 

[Crtm3C131 15 875 22 220 34 925 1590 648 0.71 
[Crtm3Br3].2H20 15 200 21 280 33 440 1520 620 0.68 
tCrtm3131 14 700 21 050 32 340 1470 600 0.65 
[Crts3C13] 14 700 20 000 32 340 1470 600 0.65 
[Crts3Br3] 14 250 18 870 31 350 1425 582 0.63 
[Crts3131 14 100 18 520 31 020 1410 576 0.63 
[Crttz3CI31 14 300 18 870 31 460 1430 584 0.64 
[Crttz3Br3].2HZ0 13 900 18 520 30 580 1390 567 0.62 
[Crttz313] 13 500 18 020 29 700 1350 551 0.60 
[Crtzse3C13].2H20 15 625 20 400 34 375 1560 638 0.69 
[Crtzse3Br3] 15 000 19 850 33 000 1500 612 0.67 
[Crtzse313] 14 600 18 520 32 120 1460 596 0.65 

*Calculated values; B is taken as 918 cm-I for the chromium(1ll) iun 

tion of v(C'5) are unchanged at the same wave 
numbers as in the free ligand. 

From these facts we can suppose that the 
coordination center is the oxygen atom in the 
tm-derivatives; in fact the carbonyl stretching 
frequency is lowered (ca. 40 cm-') whenever the 
oxygen atom is bonded to the metal (8). The 
nitrogen atom clearly is the donor atom in the 
ts-, ttz-, and tzse-derivatives, because when a 
ligand is N-bonded, as in complexes of mor- 
pholine, thiazolidine-2-thione, thiomorpholin- 
3-thione, and thiazolidine-2-selenone, the v(NH) 
occurs as a sharp band near 3100 cm-'  with a 
shift of ca. 300 cm-' (1, 2, 9-13). The positive 
shifts of stretching vibrations due to  bonds 
involving sulfur and selenium atoms suggest that 
these atoms are not involved in the coordination 
to the metal. 

The small negative shifts of v(NH) in the 
tm-derivatives spectra could arise from inter- 
molecular hydrogen bonding. 

The above conclusions, that the tm com- 
pounds are bonded through oxygen while all 
those of ts, ttz, and tzse are nitrogen bonded, are 
in keeping with most of the previous observa- 
tions on the complexes previously studied and 
reported. The electronic spectra below provide 
some further evidence to this point. 

Some strong bands are present in the i.r. 
spectra of the complexes in the range 400-200 
cm-' (Tables 2 and 3), a t  380m, 350m, 320vs 
cm-' for [Crtm3C1,], a t  325m, 290ms for 
[Crtm3Br,], at 370m, 330ms, 300s for [Crts,Cl,], 
a t  310m, 265s for [Crts,Br,], a t  350s, 339vs, 305s 
for [Crttz,Cl,], a t  320m, 280s for [Csttz,Br,], 
a t  350m, 330ms, 300m for [Crtzse,Cl,], and a t  
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PRETI A N D  TOSS: O h  I Cr(1II) COMPLEXES 2849 

320m. 285ms for [Crtzse3Br3]. They may be 
attributed to metal-halogen stretching by com- 
parison with the spectra of similar chromium- 
(111) complexes (14, 15). 

The medium absorption bands present in the 
range 3490-3450 cm- ', v(0H) and 1650-1620 
cm-l, 6(HOH) in [Crtm3Br3].2H20, [Crttz3- 
Br3].2H,0, and [Crtzse3C13].2H20 confirm the 
presence of water of crystallization. This water 
is purely lattice water since it is lost near 100 "C. 
In addition the wagging, the twisting, and the 
rocking vibrational modes of coordinated water 
are not present in the expected ranges (16). 

Analysis of the electronic spectra of the com- 
plexes allows us to determine the mode of 
bonding. Three spin allowed transitions are pre- 
dicted for chromium(II1) in an octahedral field; 
these are in order of energy. 

The v, transition, expected to appear at  about 
31 000 cm-', usually is not observed due to 
intense charge-transfer bands in the ultraviolet 
region. 

The chromium-tm spectra exhibit two major 
bands in the range 14 700-16 000 and 21 000- 
22 300 cm-' (Table 4). The bands positions are 
similar to those reported with other oxygen 
coordinating ligands (17, 18). The bands can be 
assigned to the v, and v2 transitions. 

The spectra of the complexes yield, by the 
standard treatment, values for the ligand field 
parameters, Dq, B', and /3 (19). These param- 
eters and the v, calculated values are reported in 
Table 4. Data for other complexes of the type 
[CrL3C13] have been compared (14, 20-25). The 
parameter Dq lies in the order, with respect to 
the donor atoms. of P > 0 > As > N > S > 
C1. The phosphorus-, arsenic- and sulfur-donor 
ligands have uniformly low values for P (0.50- 
0.44) in comparison with those for oxygen- and 
nitrogen-donor ligands (0.70-0.60). 

The Dq values decrease in the order C1 > 
Br > I and this is consistent with the generally 
accepted sequence in the spectrochemical series. 
As for the different ligands, Dq values are in the 
order tm > tzse > ts > ttz. The B' values are 
of the order of 60-70% of the free ion value 
(918 cm-') suggesting that there is a consider- 

able orbital overlap. The nephelauxetic param- 
eter /3 shows an order ts -- ttz < tzse < tm. 

The /3 values in our complexes are in the range 
0.60-0.71. Since selenium has the same soft 
character as sulfur, we can conclude in good 
agreement with the infrared results that the sulfur 
and selenium atoms are not involved in coordi- 
nation bonds. 

By comparison of Dq and B' values reported 
for CrL3X3 complexes and for CrLb3+ cations 
and CrX,3- anions (26, 27) we can distinguish 
between N- or 0-bonded complexes. For CrO,j ' 
chromophores, Dq lies in the range 1480-1650 
cm-' and B' in the range 605-670 cm-'. The 
corresponding ranges for CrN,, + chromophores 
are 1300-1470 cm-' and 530-600 cm- ', respec- 
tively. The Dq and B' values for CrL3X, com- 
plexes may be calculated by taking averages of 
Dq and B' values of CrL,3+ and CrXb3- ions, 
using the "law of average environment" (26, 
27). Table 4 shows that Dq and B' values of the 
complexes are in very good agreement with the 
literature data for CrL3X3 derivatives con- 
taining chromium-oxygen bonds in the tm- 
derivatives and chromium-nitrogen bonds in all 
the other complexes. The Dq and B' values for 
the tzse-derivatives are at  the upper limit for the 
CrN3X3 chromophores. and near the lower limit 
for the Cr03X3 chromophores, but this ligand 
contains sulfur, selenium, and nitrogen donor 
atoms only. 

From these results, the halogen independent 
bands at 340cm-', 335 cm-', and 345cm-' 
present in the i.r. spectra of chloro-, bromo-, and 
iodo-derivatives of tm, and absent in the spectra 
of the other complexes, can be attributed to the 
v(Cr-0) vibrations according to the literature 
data (28-33). Medium strong bands appear in 
the infrared spectra of the complexes of ts, ttz, 
and tzse in the range 225-245 cm-' (Table 2, 3) 
that may be attributed to a metal-nitrogen 
stretching mode (34). 

This type of coordination is coherent with the 
behavior of chron~ium(lII), classified as typically 
hard acid. 

Experimental 
Preparation of the Ligands 

Tlziomorpholin-3-one: tm supplied b y  Aldrich was puri- 
fied by extraction with ethyl ether in soxlet apparatus 
(m.p. 93 'C ,  lit. 93 "C) (35). 
Thiomorpholin-3-thione: ts was prepared by treating 
thiomorpholin-3-one with an excess of P4SL0 slurry in 
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refluxing benzene as previously described (1) (m.p. 141- 
141.5 'C). 

Thiazolidine-2-thione: ttz supplied by Fluka, was twice 
recrystallized from water (m.p. 106-107 "C, lit. (36) 106- 
107 'C). 

Thiazolidine-2-selenone: tzse was prepared as pre- 
viously described (3). 

Preparation of Complexe~ 
All compounds were obtained by reaction of 

CrX3.nH,0 (X = CI, Br, I) in the molar ratio 1:3 in 
refluxing chloroform or chlorobenzene solution of the 
ligands for 6-10 h. The iodo-derivatives have been better 
obtained by reaction of the chromium halides in molten 
ligands. The complexes have been purified by means of 
repeated washing with chloroform or chlorobenzene. 

Infrared Mea~urenlents 
The i.r. spectra have been recorded in the range 4000- 

200 cm- ' with Perkin-Elmer 457 and 225 spectrophotom- 
eters as KBr discs. The far i.r. spectra have been recorded 
as Nujol mulls between polyethylene sheets. 

Ultra~~iolet risible Spectra 
Solid state electronic spectra have been recorded with a 

Shiliiadzu MPS-50L spectrophotonieter by the method of 
Venanzi and co-workers (37). 

Magnetic Susceptibility Measuren~ents 
These were carried out by Gouy's method. Molecular 

susceptibilities were corrected for diamagnetism of the 
component atoms by use of the Pascal's constants. 

Coriductiritj~ Meusurenletits 
These measurements were carried out with a WTW, 

LBR type conductivity bridge for M N,N'-dimethyl- 
formamide solutions at 25 + 0.1 -C. In order to avoid 
solvolytic effects every measurement has been made 
immediately after the dissolution of the complex. 

We thank Dr. V. Braidi for his experimental work and 
the National Research Council (C.N.R.) of Italy for 
financial support. 
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Resonance Raman Spectra of Cu-tetrapyridinoporphyrazine 
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S. SUNDER and H. J. BERNSTEIN. Can. J. Chem. 52,2851 (1974). 
Resonance Raman spectra of dilute aqueous solutions of Cu-tetrapyridinoporphyrazine 

have been obtained using a tunable dye and Ar+ lasers. Six bands in the spectra have anomal- 
ous depolarization ratios. This is the first observation of anomalous polarization in a molecule 
of C4,, point group symmetry. Intensities and depolarization ratio, p, ,  of the observed bands 
are measured as a function of the wavelength of the exciting radiation. Bands are assigned 
to different symmetry species on the basis of the dispersion of their p, values. 

S. SUNDER et H. J. BERNSTEIN. Can. J. Chem. 52,2851 (1974). 
Les spectres de resonance Raman de solutions aqueuses diluees de tetrapyridinoporphyrazine 

de cuivre sont obtenus par des lasers a colorants accordables et d'ions Ar+.  Six bandes de ces 
spectres ont des rapports anormaux de dkpolarisation. C'est la premiere observation de 
polarisation anormale dans une molecule dont la symetrie du groupe ponctuel est C,,. Les 
intensites et les rapports de dkpolarisation p, des bandes observees sont mesurees en fonction 
de la longueur d'onde de la radiation d'excitation. Les bandes sont attribuees a des especes 
de differente symetrie en se basant sur la dispersion de leur valeur p,. 

[Traduit par le journal] 

Introduction 
Resonance Raman scattering occurs when the 

frequency of the exciting radiation falls within 
an electron absorption band of the scattering 
molecule (1, 2). The main feature which distin- 
guishes the resonance Raman scattering from 
conventional Raman scattering is the preferen- 
tially strong enhancement in the intensity of the 
vibrations coupling the electronic transitions (1, 
2). Another interesting feature of the resonance 
Raman scattering is that the depolarization ratio 
is a function of the exciting radiation frequency 
and some of the modes can show anomalous 
values (1-9) for p ,  greater than $. 

The phenomenon of resonance Raman scat- 
tering was treated theoretically by Placzek (3) 
in his classic paper on Raman scattering. Interest 
in this field has significantly increased since the 
observation of "anomalously polarized (ap) 
bands" by Spiro and Strekas in ferrocytochrome 
C and oxyhemoglobin (4). So far all reports of 
the ap bands in molecules have been limited to 
asymmetrically substituted porphins (4-9) whose 
rigorous symmetry is no more than C,. Here we 
report the resonance Raman spectra of Cu- 
tetrapyridinoporphyrazine-methosulfate, CuPP, 

'NRCC contribution No. 14023. 
'NRCC Postdoctorate Fellow, 1973-present. 

called quinolinic phthalocyanin in ref. 10. The 
resonance Raman spectrum arises from the tetra- 
valent cation, Fig. 1 A ,  which is essentially of 
symmetry C,,. The cation can have C,, sym- 
metry either with the methyl groups in suitable 
configuration or behave like free rotors. Its 
resonance Ralnan spectrum is of biological 
interest as CuPP is a model compound for 
phthalocyanines and for the dyes used for 
staining in biological studies ( 1  0-1 3). 

Experimental 
A crystalline sample of CuPP was obtained from Dr. 

J. E. Scott (10) of Medical Research Council of U.K. 
by Dr. R.  Williams of National Research Council of 
Canada who supplied us with a small sample. The Raman 
spectra of the dilute aqueous solutions of CuPP were 
obtained using a Jarrell-Ash model 25-102, double mono- 
chromator, a photomultiplier tube (RCA-C31034), and 
photon counting electronics. The exciting radiation was 
obtained from an Ar+ laser (Spectra Physics model 164) 
and a tunable dye laser (Spectraphysics model 370, with 
model 371 dye circulator) using a solution of rhodamine 
6G dye in methanol-water mixture. The laser power at 
the sample was about 150 mW for the region between 
5700 to 6250 A. The Raman samples were contained in a 
spinning cell to avoid local heating and the focussed laser 
beam was kept very close to the cell walls to minimize 
reabsorption of the scattered light (14). A 9 0  scattering 
geometry was used. The depolarization ratios of the bands 
in the Raman spectra were measured by analyzing the 
scattered light, keeping a scrambler in front of the entrance 
slit. The intensities of the bands were approximated by 
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Thus Figs. 1A and 2 show that the intensity of 
the features seen in the resonance Raman spectra 
increases as the exciting radiation approaches 
the region of higher absorption. But the increase 
is more marked for some of the low frequency 
bands, particularly the one a t  750 cm- l .  The 
frequencies of the different features seen in the 
spectra are given in Table 1 and are accurate to 
+ 2  cm-'. These frequencies remain constant 

1 within the limits of the experimental error, for 
different exciting radiations. Qualitative relative 
intensities of the different lines, obtained with the 
6241 A exciting radiation, Fig. 2, are listed in 

, Table 1, to help in correlating the features in 
Table 1 and Fig. 2, as the Jarell-Ash spectrometer 
used here is linear in wavelength and not in 

- 5  z 
wavenumbers. The Raman spectra showed a 

2 weak fluorescence background which reaches a 
&i maximum around 6500 A (Fig. 2). However, the 

interference from the background was not very 
strong and did not require the use of zero sup- 

I 5  

8 
2 
rX 125- 
z 
F 
4 
- 
% 10 
A :: 
W 0 

a75 

. &  -- -* 3 k  -- 6200 lo pression to record the spectra. 
A&) The depolarization ratios for the observed 

FIG. 1. (A) Absorption spectra of aqueous solution of the Raman spectra are given in Tab1e 
CuPP -; relative Raman intensity of 1553 cm-I  band for five different exciting radiations and are ac- 
with different exciting radiation, 0. ( B )  Depolar i~a t ion  curate to 5 0 . 1  unless stated otherwise. The six 
ratio of 1553 and 750 c m - '  bands with different exciting bands at 680, 750, 992, 1 1  71, 1209, and 1553 
radiation. 

cm- ' show anomalous polarization in the region 
of strong absorption. Here it may be mentioned 
that this is the first observation of anomalously 

their peak heights and corrected for the instrument and 
photom~~lt ipl ier  response. The band due to the 0-H polarized bands in a n~olecule of "rigorous C,,, 
stretch of the solvent (H,O) was used as the internal synlmetry". The depolarization ratios of two 
reference to study the intensity of the Raman bands as a strong bands at 750 and 1553 cm- ' are plotted 
f ~ ~ n c t i o n  of the wavelength of the exciting radiation. The as a function of the exciting radiation 
visible and U . V .  absorption spectra were recorded with a i n  ~ i ~ ,  1 B, ~~~h appear to pass through a maxi-  
Cary 14 spectrophotonieter. 

mum in theregion of the visible absorption band. 
Results Similar results have been reported for other re- 

The aqueous solution of CuPP is deep blue in lated systems (6). 

color. Its absorption spectrum for the region 
6700 to 3500 A is shown in Fig. 1 A. In the Discuss~on 
visible region, there is a strong doublet with The CuPP tetravalent cation contains the 
maxima at  about 6230 and 6370 A having a same number of x electrons as Cu-phthalocy- 
sho~ilder at about 5675 A. anine (CuPc) and is also square planar, with a 

The resonance Raman spectra of a dilute similar structure, Fig. 1A. I t  has been suggested 
aqueous solution of CuPP shown in Fig. 2 were that in CuPc, as well as in Cu-benzoporphin, 
obtained with 4 different exciting radiations of Cu-azoporphin, and Cu-porphin, the visible and 
wavelength 5615, 5974, 6032, and 6241 A. These near u.v. absorption spectra arise from n-n* 
spectra were recorded at  -4  cm- '  resolution transitions (ref. 15 and references cited therein). 
and different gain settings were used for different The similarity of the absorption spectra of CuPP 
exciting radiation. The relative intensity of the and CuPc (16-17) suggests that the absorption 
1553 cm-'  band is plotted as a function of spectrum of CuPP probably also arises from 
wavelength of the exciting radiation in Fig. 1A. x-n* transitions. 

B 
G 

0 1553 c m '  band u g 
o 750cm1 band 
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SUNDER AND BERNSTEIN: SPECTRA OF Cu-TETRAPYRIDINOPORPHYRAZINE 2853 

FIG. 2. Resonance Raman spectra of 4 x M aqueous solution of CLIPP, slit -4 c m ' .  The frequency scale at  
the bottom is for the spectrum with 6241 A excitation, lnonochrornator used was linear in wavelength. 

CuPP, lnolecular formula C,,H,,N , ,Cu. 
Fig. 1 A ,  has 32 A,  + 33 B, + 17 E, modes 
active in its R a ~ n a n  spectrum (18) under the 
molecular point group C,,,. Of these 5 A ,  + 
5 B, + 1 E, are C-H stretching modes wh~ch  
were not observed under the exper~mental con- 
ditions used here. It is not possible to describe 
the observed Raman bands in terms of the in- 
ternal coordinates with the present data. But it 
is possible to identify the symmetry of the vibra- 
tion on the basis of the dispersion in the p, values 
obtained in this work. 

In conventional Raman spectroscopy (18) B, 
and E, modes are expected to be depolarized 
p, = 2 ,  while A,  modes should be polarized, i.e. 
p, .c a. Under the conditions of resonance 

Ranian scattering the abo\/e relations are modi- 
fied and the depolarization ratio is given by (3,4). 

J L  3g' + 5 q '  I - ' [ = - =  
J , ;  log0 t 4gS 

where 

= 3?i2 = +(axx + a?? + 'j'::)2 

g ' = +  a [( xx - c * ~ ~ ) ~  + ('j'Ty - azz)2 
+ (%,= - + f + apx)2 

+ (a,, + zzx)' + ( ryz  + azy)21 
and 

2 
g" = +[(a,, - 'j').JZ + (ayz - a:y) 

+ (a,, - ~ x z > 2 1  
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'0 

v, v, 0 
ah! a a ~ w  ? ? v] n - -0-00 %do - -  v, 
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The three quantities go, g" and ga are the iso- 
tropic, the quadrupole, and the magnetic dipole 
components of the scattering tensor (3, 4). For  
non-resonance Rarnan scattering, the scattering 
tensor is symmetric and, hence, ga = 0. As go is 
zero for nontotally symmetric modes one obtains 
the value of 2 for p,  for Be and E, modes in non- 
resonance Raman scatterhg. 

The range of possible values of p,  for the 
vibrations of different symmetry species can be 
determined by reference to the tables which are 
available in the literature (19-20) giving the form 
of the scattering tensor. For A,  modes of C,,, 
a,, = ct,,., z,, = -my,, and all other elements 
except ct,, are zero; for B, modes a,, = -ct,,, 

and a,, = z,,, all other elements are zero; and 
for E, modes ct,, = - ia,, and azx = - ktZy, 
other elements are zero. Using these values in 
the above relations it turns out that for A, modes 
p, > 0, for E, modes p l  > 2 and for B, modes 
p ,  = 4. From the observed depolarization ratios 
eiven in Table 1 it is clear that 28 modes are 
b 

polarized (p), p ,  < a, and of A,  symmetry while 
5  nodes are depolarized (dp), p ,  = 2 ,  and of 
B, symmetry. The six bands showing ap char- 
acter can in principle be either A, or E, modes. 
All of the E, modes arise from out-of-plane 
deformations s o  none of them can have a value 
as high as 1553 cni- I .  Hence the band at  1553 
cnl- ' r n ~ ~ s t  be assigned to an A ,  The 
direct product of the representations of the 
allowed electronic transitions (E,,, A,,) indicates 
that E, and B, modes can borrow intensity in 
the event that appropriate transitions can inter- 
act vibronically. In  other porphyr~n-like mole- 
cules only the intensity of the in-plane modes 
have been vibronically enhanced (4-9). Thus 
the out-of-plane 4 modes are expected to be 
weak and probably absent in the resonance 
Raman spectra. The remaining five a.p,  bands 
are also likely then to be A,  modes.3 This in- 
creases the number of observed A,  modes to 34 
from the 27 predicted by theory for the spectral 
region considered here. Hence at  least seven of - 
the features assigned as A, mode must cor- 
respond to overtones or combinations. An analy- 

3We thank the referee for drawing our attention to 
this point. 

sis of the frequency values does indicate that 
more than seven of the weak features can be 
assigned as combination bands as shown in 
Table 1 .  Although the B, modes can in principle 
gain intensity because of vibronic coupling, the 
fact that only 5 out of 28 were observed and with 
weak intensity, and no intensity enhancement 
with frequency, strongly indicates that the B, 
modes have not been intensity enhanced in this 
spectrum. Thus only the A, modes account for 
most of the observed intensity in the resonance 
Raman spectra of this molecule. 

We thank Dr. Ross Williams for supplying LIS with a 
sample of CuPP and Dr. W. F. Murphy for help in setting 
up the dye laser. 
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Isomerization of 1-Olefins by Dihalogenobis(nitri1e)palladium Complexes 
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SHIGEYOSHI SAKAKI, HIROYOSHI KANAI, and KIMIO TARAMA. Can. J. Chem. 52, 2857 (1974). 
Isomerizations of 1-olefins were carried out with dihalogenobis(nitrile)palladium(II). The 

activity of palladium complexes decreased in the order PdC12(C6H5CN)2 > PdC12(CH3CN)2 >> 
PdBr2(C,H5CN)2 > PdBr2(CH,CN)2. The ratio of cis-2-olefin to trans-2-olefin, which ex- 
ceeded the thermal equilibrium ratio, decreased in the order C1 > Br > I, while nitriles did 
not influence this ratio. The reactivity of olefins decreased in the order 1-hexene > I-pentene >> 
I-butene. The isomerization of 1-butene was accelerated by the presence of other olefins. 
Addition of lithium borohydride also accelerated the isomerization of olefins. The nature of 
active species and the effects of ligands on activity are discussed. 

SHIGEYOSHI SAKAKI, HIROYOSHI KANAI et KIMIO TARAMA. Can. J. Chem. 52, 2857 (1974). 
Les isomerisations des olefines-1 sont effectuees avec le dihalogeno-bis (nitrile) palladium(l1). 

L'activite des complexes de palladium decroit dans l'ordre PdCI2(C6H5CN), > PdC12- 
(CH3CN)2 >> PdBr2(C6H,CN), > PdBr,(CH,CN),. Le rapport cis olefine-2/trarrs olefine-2 
qui excede le rapport d'equilibre thermique, decroit dans I'ordre CI > Br > I, tandis que les 
nitriles sont sans effet sur rapport. La reactivite des olefines decroit dans l'ordre hexene-1 > 
pentene-1 >> butene-I. On accelere I'isomerisation du butene-1 par la presence d'autres 
olefines. L'addition de borohydrure de lithium accelere aussi I'isomerisation des olefines. On 
discute de la nature des especes actives et des effets des ligands sur I'activite dcs olefines. 

[Traduit par le journal] 

Introduction 
Much work has been carried out on the cataly- 

sis of reactions of olefins by palladium(I1) com- 
plexes (1). Such a study is the isomerization of 
olzfins, which is the simplest and most con- 
venient reaction for studies on the interaction 
between palladium and olefins. Many studies 
have been carried out to clarify the mechanism 
of isomerization (2-5). However, the isomeriza- 
tion by palladium bromide complexes has not 
been studied extensively (5) and ligand effects on 
catalytic activity have received little attention. 

To  ascertain what determines the catalytic 
activity, we have carried out the isomerization 
of 1-butene, 1-pentene, and 1-hexene with 
PdX,(RCN), (X = C1 or  Br, R = CH, o r  
C,H,) and have obtained the kinetic param- 
eters of these reactions. Explanations of the dif- 
ference in the catalytic activities between pal- 
ladium chloride and palladium bromide com- 
plexes are also presented. 

Experimental 

dlum bromide was prepared from palladium metal and a 
mixture of concentrated hydrobromic acid and concen- 
trated nitric acid (7). Palladium iodide was prepared by 
addition of aqueous potassium iodide to aqueous pal- 
ladium chloride (8). However, PdI,(RCN), could not be 
obtained. Commercially available I-butene (Takachiho 
Chemical grade), I-pentene, and I-hexene (Nakarai 
Chemical grade) were purified by distillation. 

Reaction Procedure and Analysi~ 
Isomerizations of I-pentene and I-hexene were carried 

out homogeneously in three-necked 50-mI flasks under 
stirring by a magnetic stirrer in toluene at 40-90 'C. The 
mol ratio of olefin to palladium was 800-900: 1 and the 
concentration of catalyst was 0.5-0.6 mmol/l. Samples 
were syringed from the stirred solution at regular time 
intervals and analyzed by gas chromatography (AgN0, - 
benzyl cyanide column (3 m), carrier gas hydrogen). 
Since Pd12(RCN), could not be prepared, the saturated 
solution of Pd12 in toluene was used. 

Isomerization of I-butene, on a scale one-third of that 
used for 1-pentene and 1-hexene, was carried out in 
sealed glass tubes. Products were analyzed by gas chroma- 
tography (dimethylsulfolane column (3.5 m), carrier gas 
hydrogen). 

Palladium complexes were used with and without 
lithium borohydride in tetrahydrofuran as cocatalyst. 

Results and Discussion 
Material5 

Dihalogenobis(nitrile)palladium, PdX2(RCN),, was The isomerization of 1-pentene was pseudo 
prepared by Kharash's method (6). Palladium chloride first order in I -~en tene  (4). Reaction rate con- 
was extra pure grade from Nakarai Chemical Co. Palla- stants per unit concentration of catalyst, k 
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TABLE 1. Kinetic parameters of isomerization of I-pentene with PdX,(RCN), 

Catalyst k (l/mol s)" E ( k ~ a l / m o l ) ~  In A (I/mol s)' 

.'The first-order rate constant per unit concentration o f  catalyst (mol/l) a t  70 "C 
"he activation energy. 
<The frequency factor. 

(I/mol s), activation energies, E (kcal/mol), and 
frequency factors, A (I/mol s), are given in Table 
1. The reaction rates at  70 "C decrease in the 
order PdCl,(C,H,CN), > PdCl,(CH,CN), >> 
PdBr,(C,H,CN), > PdBr,(CH,CN),. The li- 
gand effects on catalytic activity are C1 >> Br 
and C,H,CN > CH,CN. The frequency fac- 
tors of chloro systems are much larger than 
those of bromo systems, while the activation 
energies of these catalytic systems are nearly 
equal.' The activity of catalysts seems to depend 
mainly on the frequency factors. The larger fre- 
quency factors of chloro systems are considered 
to be due to the higher concentration of active 
species than those of bromo systems; this is also 
supported by the acceleration due to LiBH, as 
described below. 

While the isomerization of I-butene by 
PdCl,(RCN), and those of 1-butene, I-pentene, 
and I-hexene by PdBr,(RCN), were very slow,' 
the addition of LiBH, accelerated these reac- 
tions, as shown in Fig. 1.  The hydride anion 
(H-)  generally reacts with transition metal halo- 
gen complexes to form hydride complexes or  
low valent metal complexes (9). In our experi- 
ments, the acceleration depenced almost lin- 
early on the concentration of LiBH,, although 

'The authors do  not present a discussion on the small 
difference of frequency factors between benzonitrile and 
acetonitrile, since the kinetic parameters obtained in this 
work include thermodynamic parameters of equilibrium 1 

[I]  2 P ~ X Z ( R C N ) ~  + 2 RCH=CH2 
+ [PdX2(RCH=CH2)I2 + 4 RCN 

However, the large difference in frequency factors be- 
tween chloro and bromo systems is discussed, for this 
discussion is supported by another experimental result; 
see the results of acceleration by LiBH, and the discus- 
sion of the results. 

21n the case of PdBr,(C,H,CN), system, the isomeri- 
zation of I-butene was not observed at 70 'C, the values 
of k (limo1 s) for the isomerization of I-pentene and 
I-hexane are 0.23 and 0.70, respectively. 

h 
7 0  - 

s 
a 60. 
E 
V 

s 
.g 50 ' 
f! 
a g LO-  
U 

3 0 .  

2 0 .  

X 

FIG. 1. Effect of the addition of LiBH,; 70 C, 0 5 h. 
0; PdBr,(C6H5CN)2 - I-pentene, a; PdBr,(C,H,CN), 
- I-butene, x ; PdC12(C,H,CN), - I-butene. 

too high a concentration of LiBH, decreased the 
activity and deposited palladium metal. Thus, 
the acceleration by LiBH, is simply explained 
by the formation of palladium hydride com- 
plexes and by the fact that a t  too high concen- 
tration of LiBH, these palladium complexes 
would be reduced via low valent palladium com- 
plexes thus decreasing the activities. This ex- 
planation agrees with our previous discussion 
on the low activities of palladium complexes; 
i.e., their low activities are due to the low con- 
centration of active species; however once the 
active species are formed, they are expected to 
have high a ~ t i v i t i e s . ~  The quantity of LiBH, 

3The active species in the system without LiBH, seem 
to be the same in the system with LiBH, as described 
below. 
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SAKAKI ET AL.: ISOMERIZATION OF 1-OLEFINS 

TABLE 2. Isomerization of I-butene with presence of other olefins" 

Conversion of 1 -butene Conversion of I -pentene Conversion of I -hexene 
(%I (%I (%I 

2 .9b  49. 2b 5 5 . j h  
4.6' 
9 .  4d 8 . 6  

18. je 18.6 

"Catalyst is PdCI,(C,H,CN),, 70 "C 0.5 11, a mixture of olefin-Pd, 800-900 (in mol ratio), I-hurene - 
other olefin, 1.0 (mol ratlo). 

DWithout other olcfin. 
'In presence of propene. 

presence of I-pentene. 
'In presence of I-hexene. 

which gave the maximum catalytic activity 
depends on the natures of the halogens and the 
olefins. This result suggests that halogen anion 
and olefin coordinate to palladium hydride com- 
plexes. Generally speaking, complexes coordin- 
ated by strong electron donor ligands such as 
hydride and alkyl groups are stabilized by ligands 
which can accept nonbonding d electrons of the 
metal ion through n-backbonding (9). Since an  
olefin has an accessible n-antibonding orbital, 
palladium hydride complexes are presumably 
stabilized by the coordination of olefins. 

The addition of LiBH, scarcely changed the 
stereoselectivity, which suggests that the active 
species are the same as in these reaction systems 
whether or  not LiBH, is added. Harrod et 01. 
(3a) also proposed that the palladium hydride 
complexes were the active species in the isomeri- 
zation reaction and that their hydrogen source 
was olefin. Thus, palladium complexes would re- 
act with olefin giving active species: palladium 

suggesting the hydrogen atom at  the y position 
interacts preferably with the platinum atom rela- 
tive to other hydrogens. Since I-pentene and 1 -  
hexene have hydrogen atoms a t  the y position 
but I-butene does not, they seem to be more 
effective hydride sources than is the latter. 
However, there remains a problem why the pro- 
pene accelerated the isomerization of I-butene. 

Two mechanisms were proposed by Assinger 
et al. (2) and Bond and Hellier (4), which are (i) 
the hydride addition and elimination mechanism 
and (ii) the n-ally1 mechanism, respectively. The 
n-ally1 mechanism is based on the high activa- 
tion energy (25 kcal/mol) for I -pentene isomeri- 
zation in the range of 40-70 'C (4). In our re- 
sults, the activation energy was about 18 kcall- 
17701 for the same reaction system. An activation 
energy of 23.9 kcal/mol was reported for 1 - 
pentene isomerization with RhH(CO)[PPh,], via 
the hydride addition and elimination mechanism 
(1 1). Therefore, a high activation energy is not 

hydride complexes. a requirement for the n-ally1 mechanism. While 
The reactivities of I-olefins are compared in we d o  not have decisive evidence to distinguish 

Table 2. I t  is noted that I-butene was isomerized between the two mechanisms, it is difficult to 
very slowly and that its isomerization was accel- explain the acceleration of the isomerization of 
erated by the presence of propene, I-pentene, or 
1-hexene. This acceleration is similar to that of 
the isomerization of 2-pentene by the presence 
of I-pentene (4). The hydrogen atoms of 1- 
butene are considered to be much less effective 
as a hydride source than those of I-pentene, I -  
hexene, and propene. This consideration is sup- 
ported by the fact that the I-butene isomeriza- 
tion was accelerated by the addition of LiBH,; 
i.e., the slow isomerization of I-butene is not due 
to its low reactivity but to the low ability for 
forming the active species. A hydrogen-deute- 
rium exchange reaction occurs a t  the y position 
of I-olefins catalyzed by Pt(I1) complexes (lo), 

I -butene by the presence of I -pentene, I -hexene, 
and propene., Our results are not in conflict 
with the hydride addition and elimination mech- 
anism. 

The stereoselectivity of the reaction (i.e., the 
mole ratio of cis-2-olefin to trans-2-olefin) de- 
pends not on nitrile but on halogen ligands. 
cis-2-Olefin is formed to a greater extent than 

41n the x-ally1 mechanism, a catalyst abstracts a hydro- 
gen atom as a proton from one carbon atom of the olefin, 
forming a x-ally1 complex, and then adds it to another 
carbon atom of the x-ally1 group, forming the isomerized 
olefin. The presence of other olefins cannot be expected 
to accelerate these steps. 
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TABLE 3. Stereoselectivities in the 
ison~erization of 1 -olefins 

=The stereoselectivity does not depend on nitrile ligands. 

the thermodynamic eauilibrium value. While 

hypothesis is therefore that cis-selectivity arises 
from the stability difference of the palladium 
olefin complexes. Its stability difference should 
be influenced by the electronic character of halo- 
gen ligands. 

1. P. M.  MAITLIS. The organic chemistry of palladium. 
Academic Press, New York and London. 1971. 

2. F. ASSINGER, B. FELL, and P. KRINGS. Tetrahedron 
Lett. 633 (1966). 

3. J. F .  HARROD and A. J. CHALK. (a)  J. Am. Chem. 
cis-selectivity in the I-butene isomerization with Sot. 86, 1766 (1964); (b) J. Am.  hem. ~ o c .  88, 

3491 (1966). Ni(l')- Or Co( l l )b~hos~h ine  increases 4, G .  C. BoND and M,  HELLIER, J ,  Cata], 4, 1 (1965). 
in the order C l  < Br < 1, i.e.9 their coordina- 5. M. B. SPARK,. L. T U R ~ E R .  and A, J ,  M. WENHAM. 
tion bond radii (121, the cis-selectivity in this J .  Catal. 4, 332 (1965). 
work, decreases in the order C1 > B; > I, as 
shown in Table 3. In the former case the selec- 
tivity has been considered to arise from the 
steric effect of the halogen ligands in the inter- 
mediate o-alkyl complexes (12) but in the latter 
case it is unreasonable for the selectivity to arise 
from steric effects because of the absence of 
large ligand groups such as tertiary phosphine 
and because of the decrease in cis-selectivity with 
the increase in the coordination bond radii of 
halogen ligands. 

The formation constant of the palladium-cis- 
2-butene complex is larger than that of trans-2- 
butene complexes in eq. 2 (13, 14). A reasonable 

[2] PdCIj-Z + C,H,, G [PdCI,(C,H,,)J + CI- 

6. M. A. KHARASH, R . c .  SEYLER, and F. R. MAYOR. 
J .  Am. Chem. Soc. 60, 882 (1935). 

7. J .  W. MELLOR. A comprehensive treatise on inorganic 
and theoretical chemistry. Vol. XV. Longmans, 
Green and Co., London. 1936. p. 675. 

8. F. A. COTTON and G .  WILKINSON. Advanced inor- 
ganic chemistry, a comprehensive text. John Wiley 
and Sons, Inc., New York, 1962. p. 851. 

9. J. P. CANDLIN, K. A. TAYLOR, and D. T. THOMPSON. 
Reactions of transition metal complexes. Elsevier 
Publ. Co., Amsterdam. 1968. p. 327. 

10. C. MASTER. Chem. Commun. 1258 (1972). 
11. M. Y A G U P ~ K Y  and G. WILKINSON. J. Chem. SOC. (A), 

941 (1970). 
12. H. KANAI, S. SAKAKI, and K .  TARAMA. To be pub- 

lished. 
13. P. M. HEKRY. J .  Am. Chem. Soc. 88, 1595 (1966). 
14. G.  F. PREGAGLIA, F. C O ~ T I ,  B. MINASSO, and R. UGO. 

J .  Organomet. Chem. 47, 165 (1973). 
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Mass Spectra of C-Amino- and C-Azido-1,2,4-triazoles 

BRUCE T. HEITKE AND C. GORDON MCCARTY 
Department o f  Cheniisrry, West  Virginia Unil%ersity, Morgnnrown, West  Vitgitiin 26506 

Received January 22. 1974 

BRUCE T.  HEITKE and C. GORDON MCCARTY. Can. J. Chem. 52, 2861 (1974). 
A study of low resolution mass spectra of 1,2,4-triazoles shows that fragmentations of C- 

amino-l,2,4-triazole nuclei are analogous to the three fragmentation modes reported for pyrrole. 
The extent to which these fragmentations account for the peaks in the mass spectra depends on 
the substituents of the 1,2,4-triazoles. Mass spectra of C-azido-1,2,4-triazoles cannot be inter- 
preted by the three modes found for pyrrole. Without exception, their mass spectra contain a 
base peak which is shown, with the aid of deuterium labeling, to represent an ion formed by 
the loss of four nitrogen atoms plus the substituent on the endocyclic nitrogen atom. 

BRUCE T. HEITKE et C. GORDON MCCARTY. Can. J .  Chem. 52,2861 (1974). 
Une etude des spectres de masse a basse resolut~on des triazoles-1,2,4 montre que les frag- 

mentations des noyaux C-aminotriazole-1,2,4 sont semblables aux trois modes de fragmenta- 
tions deja observes dans le cas du pyrrole. Les quantitts relatives de ces fragmentations depen- 
dent des substituants des triazoles-1,2,4. Les spectres de masse des C-azidotriazoles-l,2,4 ne peu- 
vent pas Ctre interprttes par les trois modes trouves dans le cas du pyrrole. Leurs spectres de 
masse contiennent sans exception un pic de base qui a ete identifie grice au marquage par du 
deuterium comme Ctant un ion forme par perte de quatre atomes d'azote en plus du substi t~~ant 
sur I'atome d'azote endocyclique. [Traduit par le jo~irnal] 

Recently, there have appeared a number of re- 
ports of the mass spectra of 1,2,4-triazoles (1- 
10); however, only one (4) sets forth a general 
fragmentation pattern for 1,2,4-triazole nuclei. 
This paper reports our analyses of low resolution 
mass spectra (only one of which has been pre- 
viously reported) of some I ,2,4-triazoles (Tables 
1 and 2). We conclude that the fragmentations of 
compounds in Table I are analogous to those of 
pyrrole (1 I ) .  Although the general fragmentation 
scheme cited above (4) predicts many of the frag- 
ment ions that are accounted for by our interpre- 
tation, the proposed processes by which these 
fragments are obtained are different; further- 
more, the inclusion of metastable transitions in 
the other general fragmentation scheme seems 
unwarranted in view of the paucity of pertinent 
metastable data reported. 

Results and Discussion 
C-Atnino-I ,2,4-triazoles 

The three modes of fragmentation for pyrrole 
are shown in Scheme 1. The complete fragmenta- 
tion mechanisms were reported by Budzikiewicz 
et al. (1 1). 

The possible application of fragmentation 
modes of pyrrole (a, b, c) to 1,2,4-triazole nuclei is 
complicated when hydrogen is bonded to one of 

the ring nitrogens because of the possible tautom- 
erism (1 e 2  s 3). There is evidence that such 
1,2,4-triazoles exist in the gas phase as a mixture 
of primarily unsymmetrical tautomers 1 and 2 (7, 
12), which may then give rise to isomeric molecu- 
lar ions (7). 

Using the same mechanistic approach of 
charge localization in the molecular ion prior to 
its fragmentation, the modes of fragmentation in 
Scheme 1 were applied to the interpretation of 
the mass spectrum of 1,2,4-triazoles listed in 
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C A N .  J .  C H E M .  VOL. 52, 1974 

TABLE 1. Fragmentation modes of 1,2,4-triazoles analogous to those of pyrrole 
4 

R2 (position Fragmentation 
Conlpound R '  on ring) R3 Transition mode 

TABLE 2. Expelled fragments which account for the base peaks in the mass 
spectra of the C-azido- l,2,4-triazoles 

R2 (position Fragment 
Compound R '  on ring) Transition expelled 

lla 
llb 
12 
13a 
136 
14a 
14b 
15a 
156 
16 
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HEITKE AND McCARTY: MASS SPECTRA OF l,2,4-TRIAZOLES 

R ' ~ ~ > R ~  - _, R I < ~ , ~ R ~  

?-" N-N 

H 
\ 
H 

H 
I 

R L ~ ~ ~ R '  - 
N-N 

Table 1 .  As an example, Scheme 2 accounts for 
five major peaks in the mass spectrum of 3- 
amino-5-dimethylamino- I ,2,4-triazole (5, Fig. 2). 
Fragmentations labeled 1 a, 16, and I ccorrespond 
to the cleavage of tautomer 1 by each of the three 
modes indicated in Scheme I, and fragmentation 
26 corresponds to the cleavage of tautomer 2 by 
mode b. In contrast to unsubstituted pyrrole, a 
1,2,4-triazole nucleus can fragment by a particu- 
lar mode in two different ways (e.g. 1 a and 1 a*) 
giving rise to two different ions. A comparison of 
the m/e ratios of the resulting ions listed in Table 
1 with the mass spectra of compounds 1-9 (e.g., 
Figs. 1-3) indicates the extent to which this in- 
terpretation is successful.' 

As might be expected, when the methyl groups 
are separated from the triazole nucleus by a 

FIG. I. The mass spectrum of 3-amino-5-methyl- 
1,2,4-triazole (1). 

FIG. 2 .  The mass spectrum of 3-amino-5-dil~lethyl- 
amino-l,2,4-triazole (5). 

'Spectra of compounds listed in Tables 1 and 2 which 
are not contained in this paper and a table of all metasta- heteroatom (5-9), ions appear in the mass spectra 
ble data are available, at a nominal charge, from {he which are unexplained by the interpretation de- 
Depository of Unpublished Data, National Science Li- scribed above, ~h~ existence of M - 1 peaks in  the 
brary, National Research Council of Canada, Ottawa, 
Canada KIA OS2; they are also included i n  the Ph,D, 'pectra of 5-9, however, is probably 
dissertation of B.T.H., West Virginia University, August, not due to the fact that a heteroatom separates 
1973. the methyl group from the ring, but rather that 
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CAN. J .  CHEM. VOL.  5 2 ,  1974 

Ftc;. 3. The mass spectrum of 3-aniino-5-methylthio- FIG. 4. The Illass spectrum of 5-azido-1,3-dimethyl- 
1,2,4-triazole (7). 1,2,4-triazole (12). 

the hydrogen atoms are fi, instead of a, to the 
ring (9). 

Mass spectra of compounds 7-9, in which the 
methyl group is separated from the triazole nu- 
cleus by a sulfur atom, reveal other deviations. 
All three display metastable peaks which indi- 
cate the loss of CHS and HS from the molecular 
ions. Metastable peaks for these transitions have 
been observed in the mass spectrum of 3-methyl- 
thlo-1,2,4-triazole and the daughter ion of the 
process in which CHS is lost is regarded as pro- 
tonated 1,2,4-triazole (4). Daughter ions of the 
transitions in which HS IS lost may be represented 
as 10. Metastable peaks indicating loss of HS 

have been observed in the mass spectra of a num- 
ber of 2-alkylthio-5-aminothiazolo[5,4-d]pyrimi- 
dines and a fragmentation mechanism leading to 
an ion analogous to 10 has been proposed (13). 

C-Azido-I~2,4-ti~iazoles 
The loss of nitrogen in the decomposition of 

azides by electrol~ impact is common (14-18) 
and, in the case of aryl azides, the base peak 
usually correspol~ds to the remaining ion (16, 
18). However, in the cases of triarylmethyl azides 

( 1  4), sulfonyl azides (I 7), and benzoyl azides (I 8), 
the base peak represents the ion formed when 
the azide group is lost. In these last three cases, 
the driving force is probably the formation of a 
stable catioil. We have obtained and examined 
the low resolution mass spectra of C-azido-1,2,4- 
triazoles and their deuterated analogs (Table 2) 
for the first time and propose that the fragmenta- 

FIG. 6. The liiass spectrum of 3-a7ido-I-deuterio-5- 
d1methylami1io-l,2,4-triazole (136). 

100- 

"- 
80- 

70- 

$ 60- 
7 

- 50- 

tions of these compounds lead, primarily, to 
stable nitriliuln ions. 

The mass spectra of the C-azido-1,2,4-triazoles 
(e .g. ,  Figs. 4-6) are characterized by a strong 
peak corresponding to the ~nolecular ion and the 
base peak which together account for 28 to 4 8 5  
of the total ionization at  70 eV. The mass spec- 
trum of 3-azido-5-dilnethylamino- l,2,4-triazole 

q U0- - HCN t 
- HCN X 

- 
30- 

+ 

20- i 
10- 

0 

.IS 

FIG. 5. The luass spectrum of 3-azido-5-dimethyl- 
amino- l,2,4-triazole (130). 

- H N , X  ! 

i i 

( H ~ c I ~ ~ $ ~ ~ ~  - '"3'" ' 
H 

130 
- c2n5 * 
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HEITKE AND McCARTY: MASS SPECTRA OF I,2,4-TRIAZOLES 

N + -N2 if\j +. 
( c H ~ I ~ N - ? ~  ,F%N-N 7+ (CH3)2N<qi,)TN --+ 

N-N 
/ 

N-N 

+ -HN2. A 

( C H 3 ) 2 N - C ~ N - C ~ N  F (CH 3)2N-C=N-C=N 
I i w 

(13a) contains metastable peaks which illuminate 
the transitions leading t d  its base peak. These 
transitions, which are shown in Scheme 3, can be 
rationalized by charge localization in the molecu- 
lar ion on the azide group. Even though the peak 
representing the M - N, species is not present in 
the spectrum (Fig. 5 ) ,  a metastable peak indicates 
the loss of nitrogen typical of azides. The addi- 
tional loss of HN, forms a species corresponding 
to  the base peak, which can be represented by the 
stable nitrilium ion. 

Table 2 indicates that the formation of a nitril- 
ium ion is likely for all the C-azido-l,2,4-triazoles, 
since, in every case, the base peak corresponds to 
the loss of a molecule of nitrogen plus I-N, 2-N, 
and any group attached to them. The mass 
spectra of compounds 11,13,14, and 15 in which 
approximately 507 of the exchangeable hydro- 
gen was replaced with deuterium are essentially 
unchanged from those of the undeuterated com- 

The C-azido-l,2,4-triazoles were deuterated prior to de- 
termining their mass spectra by a general method (19). The 
syntheses of the various 1,2,4-triazoles will be published 
elsewhere (20). 
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The Halogen-scrambling Mechanism Leading to Formation of 
the Mixed Boron Trihalide Adducts of Trimethylamine1 

BARRIE W. BENTON, AND JACK M.  MILLER^ 
Depnrt~nent ofchewistry,  Brock University, S t .  Cntharines. Ontario L2S3AI 
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BARRIE W. BENTON and JACK M. MILLER. Can. J. Chem. 52,2866 (1974). 
Trimethylamine adducts of the boron trihalides, Me3N.BX3 are shown to react in solution 

with free boron trihalides BY, to yield mixed halide adducts such as Me3N.BX2Y. Isotope 
labelling shows that the B-N bond remains intact and that the reaction proceeds in either 
direction, i.e. either X or Y may be the heavier halogen. A bridged transition state involving 
five-coordinate boron is postulated. Only in the case of Me3N.B13 is an  ionic predissociation 
of a B-X bond indicated by reaction with ionic species. Two adducts do not react in solution 
without the presence of excess Lewis acid, again indicative of a lack of predissociation. In 
the gas phase two adducts will scramble their halogens even in the absence of excess acid but 
these reactions occur via B-N bond cleavage. 

BARRIE W. BENTON et JACK M. MILLER. Can. J. Chem. 52,2866 (1974). 
Les produits d'addition des trihalogenures de bore sur la trimethylamine, Me3N.BX3, 

reagissent en solution avec des trihalogenures de bore libres BY, pour donner des produits 
d'addition d'halogenures mixtes tels que Me3N.BX2Y. Le marquage avec des isotopes montre 
que le lien B-N reste intact et que la reaction se produit dans un sens ou dans I'autre: c'est a 
dire que X ou Y peut t tre l'halogene le plus lourd. On admet un etat de transition pontt 
impliquant du bore pentacoordonne. Seul le cas de Me3N.B13 prisente une predissociation 
ionique du lien B-X marquee par une reaction avec des especes ioniques. Deux produits 
d'addition ne reagissent en solution qu'en presence d'acide de Lewis en exces; ces resultats mon- 
trent a nouveau un manque de prtdissociation. En phase gazeuse, deux produits d'addition 
mClent leurs halogenes mCme en I'absence d'exces d'acide, ces reactions se produisent toutefois 
 pa^ la rupture du lien B-N. [Traduit par le journal] 

Introduction differ in part from those reported by others for 
The formation of mixed boron trihalide similar (6, 16). 

complexes of dimethyl ether ( 1 ,  2), trimethyl- 
amine, and other amines (3-7), esters (8), 
ureas (9), dimethyl sulfide (lo), and phosphines 
(11, 12) have been studied by n.m.r. while 
Me,N.BF,Br and Me,N.BFBr, have been 
isolated (4) and studied by mass spectrometry 
(13). Unlike the more labile oxygen and sulfur 
donor adducts. the amine adducts tend to be 
stable at  room temperature, halogen exchange in 
solution occurring while the B-N bond re- 
mains intact (14, IS), thus making these ideal 
systems for the study of the halogen exchange 
mechanism leading to mixed adduct formation. 
We now report our results on the trimethylamine 
system (15) and compare mechanisms which 

'Abstracted in part from the M.Sc. Thesis of B. W. 
Benton-Jones, Brock University. 

'Present address: Department of Chemistry, Vanier 
College, Montreal, P.Q. 

3Address correspondence to this author. 

Experimental 
Materials 

Trimethylamine and the boron trihalides were purified 
as described elsewhere (2). The pure unmixed adducts 
were similarly prepared and purified (17, 4). Boron-10 
trifluoride (isotopic purity, 96%) was prepared by the 
action of heat on the stable calcium fluoride- boron 
trifluoride adduct (Oak Ridge National Laboratories). 
Typically 0.02 mol of CaF,'OBF, were placed in a 
stainless steel tube which was evacuated. The temperature 
was raised slowly to 300 'C using heating tape; the BF, 
evolved was trapped at -196 'C and then distilled prior 
to use. Me3N.'OBCl3 and Me,N.''BBr, were prepared by 
adding unlabelled natural abundance BCI, or BBr, to a 
solution of about 0.01 mol of Me3N.'OBF3 in methylene 
chloride. A large excess of free trihalide was used and the 
reaction allowed to stand overnight or until all traces 
of Me3N.'OBFX2 were absent from the n.m.r. spectrum. 
Solvent was removed under vacuum and the labelled 
a d d ~ ~ c t  sublimed. Me3N.''B13 was prepared in a similar 
fashion at  0 "C a l tho~~gh  some decomposition occurred. 
The 'H n.m.r. spectrum was consistent with 96% labelling, 
the same as that of the I0BF3. Bu,NtBr, Et,N+F- 
(Pfatz + Bauer), Bu4N'I-, and Et,N + CI- (Eastman 
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BENTON AND MILLER: HALO( 

Kodak) were used without further purification. 
R,N+BX,- salts (X = F, C1, Br) were prepared using 
the method of Schrobilgen (18), the tetrabutyl salts 
being preferred to the tetraethyl since they were more 
soluble in methylene chloride, although the butyl 
group caused more interference in the n.m.r. 

Reagent grade methylene chloride (BDH) was frac- 
tionated before use and stored over Linde 4A molecular 
sieves. Hydrogen halides (X = CI, Br, I) and arsenic 
trichloride were purified by vacuum distillation. 
Aluminum chloride, silicon tetrachloride, phosphorus 
trichloride, and pentachlorides were used without further 
purification. 

Sample Preparation 
Samples were prepared in 5 mm 0.d. diameter n.m.r. 

tubes on a standard vacuum system. Solids were weighed 
out into the tubes which were then evacuated and known 
amounts of solvent, free trihalide, or other reagent were 
condensed in at  - 196, after which the tube was sealed. 
Adduct concentrations of both 0.1 and 0.2 M were 
used, while Lewis acid - adduct ratios of 0.5: 1 thro~lgh 
10: 1 were examined. Moisture sensitive solids were 
transferred in a nitrogen filled dry box. When the reaction 
had reached equilibrium the contents of most of the 
tube (the iodides excepted) then remained unchanged 
with respect to their n.m.r. spectra over a period of 
many months, although, as a precaution, they were 
stored at - 196 "C. 

Gas phase dissociation reactions were carried out in 
25-cm long heavy walled glass tubes. Weighed amounts of 
two adducts were sealed in the evacuated tubes and 
heated to + 160 C. I f  necessary, boron trihalide was 
also added. At the completion of the reaction the tube 
was opened, excess halide removed, and the resulting 
solid dissolved for n.m.r. study. The n.m.r. instrumenta- 
tion for "B noise decoupling with a Varian A-60 ' H  
n.m.r. spectrometer has been described previously (4). 

Forward Reactions in Solution 
Reactions in the forward direction, i.r. 

those leading to formation of adducts of 
heavier halides, for example, Me,N.l0BF, + 
BCI, * M~,N. '~BF,CI  + BC1,F were carried 
out using labelled boron to ascertain whether 
the B-N bond remained intact. Boron-10 with 
a spin of 3 gives a characteristic septet in the 
'H n.m.r. of the adducts compared to the "B 
quartet that dominates the spectra of adducts 
prepared with natural abundance boron. A 
solution of Me3N.l0BF3 gave rise to a broad 
envelope due to overlapping of fluorine and 
boron splittings. Boron-1 1 decoupling gave a 
small peak on the top of the broad resonance, 
due to the 4 x  isotopic contamination of the 

4Detailed n.m.r. shifts and coupling constants are not 
given in this paper as they have been reported previously 
(4). 

3EN EXCHANGE MECHANISM 

FIG. I .  Me3N.10BF3-BC13 system: ( A )  Me3N.''BF3: 
( B )  Me3N.'OBF2CI; ( C )  Me,N~"'BFCI,: ( L ) )  Me3- 
N.1°BC13. 

starting material with "B. Addition of natural 
abundance BCI, to the solution rapidly gave 
rise to three new ~nultiplets corresponding 
to  Me,N.'OBF,Cl, M e , N . L O B F ~ l , ,  and 
Me,N.'OBCl,, the latter two clearly showing 'OB 
septets (Fig. I) which did not change appreciably 
on turning on the "B decoupler, indicating 
that the Me,N was still bonded to the original 
labelled 'OB. Similar results were observed for 211 

the possible halide combinations for the for- 
ward reaction. The septets had coupling con- 
stants about 113 those originally reported for 
the "B couplings (4) as would be expected from 
the relative gyromagnetic ratio of the two 
boron isotopes. There was some quadrupole 
broadening which could be reduced by heating 
the adducts to about 70 "C sharpening the lines 
considerably. 

Rererse Reactions it7 Soltitions 
Reactions in the reverse direction involve the 

adduct with a free trihalide containing a halogen 
of lower atomic weight, such as Me,N.BBr, + 
BCI, * Me,N.BBr,CI + BC1,Br. These reac- 
tions were undertaken in an effort to deter- 
mine whether the relative strengths of the free 
and complexed Lewis acid were an important 
criterion in the halogen exchange mechanism 
and also as a test of the hypothesis that an  
ionic pre-dissociation step occurred for the 
heavier halide adducts. 

Me,N.BI, reacted almost immediately with 
BBr, at ambient temperatures, the n.m.r. 
showing the presence of all four possible adducts 
(Fig. 2). Reaction with BCI, was slower re- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN.  J .  CHEM.  VOL.  5 2 ,  1974 

10 H z  served just as for the forward reaction. This 
C------) applies as well to the B1, adduct whose reactions 

were somewhat anomalous. 

Gas Phase Reactions 
As we had previous evidence of donor- 

acceptor bond breaking (4, 14) in particular for 
the more labile oxygen donors, and for com- 
parison with our solution results, a series of 
gas phase reactions were attempted using 
adduct - free acid ratios of 5 :2  in sealed tubes 
at 160". The reactions were carried out in both 
forward and reverse directions for all combina- 
tions of adduct and free halide, the adducts 
being 'OB labelled while the free halide con- 
tained natural abundance boron isotopes 
(1. 80% "B, 20% 1°B). Mixed adducts were 

210.0 obtained in all cases, but unlike the solution 
F ~ G .  2. Me,N,BI,-BBr, system, decoupled: reactions a t  lower temperatures, in this case 

( A )  Me3N.BBr3; (B) Me3N.BBr21; ( C )  Me3N.BBrIz; isotopic equilibration had occurred. 
(D) Me3N.BI3. 

Reactions in Solution with Anhydrous Metal 
quiring 24 h before all four adducts could be Halides 
observed whereas BF, reacted only slightly in In reactions analogous to the forward and 
several days, not surprising in view of the reverse solution reactions, aluminum chloride 
unfavorable equilibrium constants for mixed was added to methylene chloride solutions of 
fluoride iodide complexes (4). Me,N,BBr, Me,N.BF,, Me,N.BBr,, and Me,N,BI, and in 
reacted at a moderate rate with BCI, but each case mixed adducts and Me,N.BCI, were 
neither Me,N.BBr, or Me,N.BCI, was found to formed rapidly at 25 "C. With silicon tetra- 
react to any extent with BF, when the adduct - chloride, however, only small amounts of 
acid ratio was about 1 : 1. A report by Krishna- product were formed in reaction with Me,N.BF, 
rnurthy and Lappert (6) suggested that, contrary for several days a t  50 "C, while no reaction 
to our results, the Me,N.BBr, would react with occurred with Me,N.BBr,. However, Me,N.BI, 
BF, \+/hen the solution was 0.2 M in each. 1 f  was again the exception, Me,N.BCIl, and 
however, the BF, concentration was increased Me,N.BCI, being produced but no BCI,I 
so that the adduct - acid ratio was 1 :  10 then adduct. 
mixed adducts involving B-F bonds were Arsenic trichloride did not react with the 
observed for both the BBr, and BC1, adducts, BF, or BBr, adduct but again Me,N.BI, 
the latter not having been reported by Krishna- reacted differently. A thick white crystalline 
murthy and Lappert (6). These reactions were precipitate formed and Me,NH+CI (character- 
more rapid a t  50 "C but proceeded slowly at istic doublet J = 5.0 Hz) was detected in 
ambient temperature. In an attempt to ascertain solution, and some iodine was liberated. The 
if Krishnamurthy had some impurity to catalyze n.m.r. showed that Me,N.BI, had decreased 
his reactions we prepared a series of tubes and Me,N.BCII, and Me,N.BCI, were formed, 
0.2 M in both BF, and either Me,N.BBr, or the BC1,I adduct barely being detected. The 
Me,N.BCI,. Each of these in addition contained reaction proceeded until only Me,N.BCI, adduct 
potential catalysts such as small quantities of was present. Phosphorus trichloride showed no 
water, ethanol, BBr,-, BC1,-, BF,-, and HBr. halogen exchange with any of the adducts even 
In none of these systems was significant reaction after 24 h at 50 "C. Phosphorus pentachloride 
observed even after several days a t  50 "C. reacted slowly with Me,N.BF, in solution a t  
Using 1°B labelling for the reverse reactions we 50 "C until after 24 h all four adducts were 
again find the 1°B label retained attached to detectable but mostly the BCI, adduct was 
nitrogen, i.e. no B-N bond breaking is ob- formed. No  reaction was observed with 
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BENTON AND MILLER: HALOGEN EXCHANGE MECHANISM 2869 

Me,N.BBr, but the iodide was again different, Br, I) were prepared for all adducts. With the 
rapidly yielding large quantities of Me3N.BC1, exception of Me3NB13 none of the other adducts 
with onlv traces of mixed adducts. showed the fornlation of any mixed halide 

species. For those systems which had not 
Reaction of Adducts with Adducts in Solution reacted, a new series was prepared to which 

Equimolar amounts of pairs of different water was added, to encourage ionization if 
adducts were dissolved and heated in various this was an important mechanism, No mixed 
solvents for 6 h (50 "C in CHZCIZ~ 70°C in adducts were observed but some M e 3 N H + ~ l -  
CHC13, and loo O C  in C6H5C1). No formation was detected. Me3N.B13 reacted very 
of mixed was nor after with hydrogen bromide when both components 
further periods of days at  25 "C. As halogen were 0.2 in an anhydrous solution. 
exchange in the presence of excess base has been Me3N.BBri, was detected by n.m,r. In the 
documented (1, 2) excess trimethylamine was sample in HBr all four adducts were 

added to in the series, again identifiable after 24 h at  50 "C, In an analogous 
without observable results. Some decomposition system under the same conditions but with 
was observed in the heated to the added water, halogen exchange had occurred to 
higher temperatures but no mixed a greater extent, in agreement with previously 
were detected. The one common decomposition postulated ionic mechanisms for the Me3N.B13 
product observed appeared to be Me3NH+. system (15). 
Me3N.BF3 showed the greatest degree of 
decomposition as evidenced by the decrease in Reactions 0 fAdd~ct .Y  with Ior~ic Species irz 
intensity of the adduct resonance. Sealed samples Solutiorz 
kept in solution at  room temperature, showed Meth~lene chloride solutions were prepared 
no appreciable decomposition after 2 years. of all possible combinations of Me3N.BX3 

(X = F, C1, Br, I) with the following tetra- 
Reaction of Adducts with Adducts in the alkylammonium salts: Et,N+A- (A = F - ,  

Gas Phase C1-, BF4-, BC1,-, OAc-, NO3-, BH,-) and 
Since the gas phase reaction of adduct and B ~ , ~ N + B -  (B = B ~ - ,  I -, and BB~,-) .  some 

BX3 leading to formation of mixed adducts systems had free trimethylamine added but, 
were conducted at  a high enough temperature with the exception of the production of some 
for B-N bond rupture as shown by the isotope M ~ , N . B C I ,  from solutions of E~,N+BcI,-, 
labelling study, an analogous series of adduct- the free base had no effect. Nothing assignable to 
adduct reactions without excess acid was mixed adducts was observed when x was F, 
attempted. Typically 0 . j  mmO1 each of a pair CI, or Br, although the BF, adduct in particular 
of Me3N'BX3 adducts were sealed in a tube at partially decomposed in the presence of OAc-. 
160 "C and allowed to react for several hours. H ~ ~ ~ ~ ~ ~ ,  with M~,N.BI ,  halogen exchange 
At this temperature the pair adducts did not was observed, ~ f t ~ ~  maintaining a sample of 
show decomposition products when examined the adduct E~,N+BCI,- at 50" for 48 h, 
by n.m.r. after opening the tubes. The n.m.r. Me3N.BC13 and Me3NBC112 could clearly be 
spectra of the product from the binary mixtures identified. Identical results were obtained for 
showed that halogen scrambling leading to the sample with Et,N + C]-.  In the presence of 
mixed adduct formation had occurred. Using B , , ~ N + B ~ -  it was possible to detect M ~ , N . B B ~ I ,  
one adduct labelled with "B, it was shown that but results were inconclusive with the BB~,-  
complete equilibration of both boron isotopes ion. N~ mixed was detected when F- 
o ~ c u r r e d . ~  Traces of decomposition product de- was allowed to react but BF,- led to the forma- 
tected included M ~ , N H +  and MeX (X = Br tion of some Me3N.BF3. No mixed F-I adduct 
and I). was detected. 

Reactions of Adducts with Hydrogelz Halides in A labelling experiment involving Me3N"OBI3 

Solution in reaction with Et,N+BCI,- gave further 
~ ~ ~ h ~ l ~ ~ ~  chloride solutions 0.2 M in adduct evidence for an ionic B-I predissociation as an 

and both 0.2 and 2 M in anhydrous HX (X = ~ 1 ,  important mechanism, the B-N bond remaining 
intact, since after several days a t  50 "C a very 

'See for example Fig. 3 in ref. 15. clear-cut Me,N."BCI3 septet was observed. 
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FIG. 3. Transition state. 

Discussion 
The Mechanism of Halogen Exchange 

Possible mechanisms of substituent redistribu- 
tion in three- and four-coordinate boron have 
been discussed by Lockhart (19), Massey (20), 
and Hartman and Schrobilgen (18). Exchange 
may occur in three-coordinate compounds via a 
bridged four-coordinate transition state, B,X,. 
Four-coordinate compounds such as BX,- 
probably require a preliminary dissociation to 
BX, and X- as a first step (18), followed by 
reaction with either Y-  or BY,-, the latter 
giving an intermediate analogous to B2F,- 
(21, 22), or A12X,- (23), or DB,F, (24). 

In the trimethylamine adduct system, an 
initial examination reveals that there are three 
classes of mechanism worthy of consideration. 
The first, a bimolecular reaction, involves only 
halogen exchange without rupture of the B-N 
bond. This could resemble a typical S,2 substitu- 
tion at carbon, i.e.; 

N M e i  
I 

[ I ]  BCIi + MeiN.BF3  + C l z B  CI--B F 
/ \ 

F F 

+ C I ~ B '  i- Me3N.BF2CI + F 

or a doubly bridged intermediate (I ,  eq. 2) whose 
geometry is shown in Fig. 3. 

Secondly, the mechanism may be first order, 
with an initial pre-ionization step (6) in which a 
halide ion is lost: 

[31 Me3N.BF3 + (Me3NBF2)+ + F -  

The third mechanism would involve breaking the 
B-N bond, followed by halogen scrambling 
among the free boron trihalides, followed by re- 
combination with the base. 

It is evident from the results above that 
adducts react rapidly in solution with free 
boron trihalides, particularly when the free 
acceptor is a stronger Lewis acid than that 
complexed. The growth of seven-line resonances 
corresponding to Me,N.'OBX, (X = C1, Br, I) 
during the appropriate reactions is consistent 
with halogen exchange occurring without the 
donor-acceptor bond being broken. Similar 
conclusions are drawn when an adduct was 
reacted with a weaker boron trihalide Lewis acid. 
These reactions were generally slower but 
nonetheless indicated that halogen scrambling 
occurred without exchange of boron and, 
therefore, without rupture of the B-N bond, 
eliminating the third mechanism from considera- - 
tion for solution reactions. 

Although the halogen exchange can probably 
be explained by one of the first two basic 
mechanisms suggested above, we feel that we 
have eliminated the first order mechanism 
except in the case of Me3N.B13. Krishnamurthy 
and Lappert (6) had advanced a pre-ionization 
process to explain the reaction of Me,N.BBr, 
with BF, in methylene chloride. They found 
that when the concentration of each reactant 
was 0.2 M, mixed adducts and Me,N.BF, 
formed after several days. Their argument was 
that pre-ionization, 

is to be expected in this system in which the 
ligand-boron bond is strong while the boron- 
halogen bond may be relatively easily hetero- 
lyzed. Heaton and Riley (25) proposed a similar 
mechanism to explain the kinetics of solvolysis 
of amine-boron trihalide complexes. However, 
it was also suggested (6) that the BF, and BCI, 
trimethylamine adducts would only undergo 
halogen exchange if a stronger Lewis acid was 
present. We could not duplicate their results; 
only traces of mixed F-Br adducts could be 
detected after several weeks when the initial 
concentrations were 0.2 M in each component. 
Reproducible results were, however, obtained 
when the Me,N.BBr, :BF, mol ratio was 1 : 10. 
Under identical conditions it was also found that 
Me,N.BCI, would react with BF,. Thus the 
boron trichloride com~lex does react with a 
weaker Lewis acid and an equilibrium is 
established. 

The fast forward reaction and the slow 
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reverse reactions are readily explained, steric 
factors being important about the five-coordinate 
boron in either the typical SN2 or doubly bridged 
(Fig. 3) transition state. It is far more difficult 
for the fluorine of BF, to  attack a boron sur- 
rounded by a Me,N and three bromines of 
Me,N.BBr,, than for the bromine of BBr, to 
attack a boron surrounded by Me,N and the 
three fluorines of Me,N.BF,. 

T o  examine more closely the possibility of 
pre-ionization playing a predominant role in 
halogen exchange, samples of adducts in an 
ionic environment were prepared. Both hydrogen 
halides and tetraalkylammonium salts were 
used for this purpose. The results almost 
universally showed that no reaction occurred. 
This is taken as good evidence against a facile 
rupture of the boron-halogen bond and that the 
most probable mechanism for halogen exchange 
must be bimolecular. The notable exception was 
Me,N.BI,. This adduct reacted fairly readily 
with BF,-, BCI,-, Cl- ,  and Br- to form 
mixed adducts, except in the F-I system. 
Halogen exchange occurred even more readily 
when Me,N.BI, was mixed with HBr in the 
presence of a trace of water, compared with an 
anhydrous system. Water therefore seems to 
play an important role in the exchange reaction 
with HBr, presumably by encouraging its 
ionization. 

The mechanism of acid and alkali catalyzed 
hydrolysis of Me,N.BF, (26) and Me,N.BCI, 
(25, 27) has been studied. For the former, an 
S, I dissociation of the coordinate bond is the 
rate determining step, whereas for the latter, 
SN2 attack of water and rupture of the B-CI 
bond probably controls the rate. Blackborrow 
(16) has recently reported complete line shape 
analyses of the BCI, adducts of N,N-dimethyl- 
aniline and p-chloro-N,N-dimethylaniline over 
a range of temperatures, the spectra being com- 
plicated at low temperatures by quadrupole 
collapse of the methyl proton "B quartet and a t  
higher tenlperatures by collapse due to halogen 
exchange. These data for exchange were 
analyzed in terms of a unimolecular ionization 
process. Our spectra, over the temperature 
range used by Blackborrow, continued to sharpen 
with increasing temperatures, i.e. quadrupole 
broadening was reduced but dissociation had 
not begun. Since in addition, our exchange 
reactions were carried out at temperatures 

corresponding to  Blackborrow's "absence of 
exchange," this is further evidence for our 
proposed bimolecular mechanism in the presence 
of excess Lewis acid. If, for our system, the 
Blackborrow, or other pre-ionization mecha- 
nisms were operative, we would have observed 
scrambling and mixed adduct formation when 
two adducts were heated together in solution. 

It is noteworthy that one of the mixed adducts, 
namely Me,N.BX,I, was normally discriminated 
against. Its concentration was considerably 
lower than other adducts in the equilibrium 
reaction mixtures. The ability of iodine to 
behave as a leaving group may be enhanced in 
the monoiododihalogenoborane conlplexes. This 
also supports, for the iodide systems, the first 
order, ionic, dissociative mechanism of Krishna- 
murthy and Lappert (6), as shown in eqs. 5 
and 6, particularly since isotopic labelling again 
showed that the dative bond remained intact. 

Solution reactions of adducts with adducts 
also ruled out the possibility of either B-N 
or B-X bond cleavage under mild conditions, 
no halogen exchange being observed, even after 
several months at 50 "C. This supports our 
previous work (3) in which a solution of 
Me,N.BF, and Me,N.BCI, was heated to 180" 
in an unsuccessful attempt to prepare mixed 
adducts. In sharp contrast is the dimethyl 
ether - BX, system (1, 21, for which halogen 
exchange occurs, apparently because the weaker 
B-0 bond is constantly breaking and re- 
forming; thus producing trigonal boron tri- 
halides in solution, capable of exchange. 

For nitrogen donors, a t  higher temperatures 
and in the absence of a solvent, dissociation of 
the coordinate bond does become an important 
factor in halogen exchange reactions. Coyle (14) 
showed that Et,N.BF, reacted with BCI, 
via B-N bond breaking at 60" and via some 
halogen exchange pathway with the B-N bond 
maintained at O'C. Our results substantiate 
his findings. Reaction between two adducts in 
the gas phase did not provide any meaningful 
data even when one adduct was 'OB enriched. 
If however, an adduct containing only l0B was 
allowed to react with a free boron trihalide 
containing natural abundance boron, the mecha- 
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nism would be established if the inixed adducts 
contained isotopically equilibrated "B, as our 
work clearly showed thus establishing dis- 
sociation of the B-N bond as the operative 
mechanism in the gas phase. The free boron 
trihalides would undergo halogen scrambling 
dnd recombine with Me3N. 

The results of the reactions of the trihalide 
adducts with the anhydrous metal chlorides are 
difficult to interpret. Aluminum chloride behaves 
as a Lewis acid but is normally a dimer, there 
being little evidence for monomers in relatively 
non-polar solvents such as lnethyiene chloride. 
If the monomer were the reacting species, 
bridging exchange mechanisms similar to those 
mentioned above (eqs. 1 and 2) could be sug- 
gested. This may be the case since considerable 
steric hindrance would be expected in any 
transition state involving the dimer. The 
possibility of B-N bond rupture is ruled out 
since no Me,N.AICI, was detected. The iodide 
adduct presumably reacts as usual via the ionic 
mechanism. 

The reaction of adducts with PCI, supplies 
some interesting data. Me,N.BF, and Me,N.BI, 
were observed to undergo halogen exchange, 
while Me3N.BBr3 did not react. An S,l mecha- 
nism involving B-N bond rupture has already 
been ruled out under mild conditions. If a 
bi~nolecular reaction of the S,2 variety controlled 
the reaction we would expect a very crowded 
transition state. The reaction niay proceed via a 
polar mechanism in which PCI, would abstract a 
fluorine from the adduct to form the hexa- 
coordinate PCI,F-. Forniation of a boron- 
chlorine bond during further interaction of the 
PCI,F- with the (Me,NBF,)+ species would 
yield a neutral chlorinated adduct. This polar 
mechanism could also explain why Me,N.BBr, 
does not react with PCI,. The bulky bromine 
atom may prevent the formation of PCI,Br-, 
even though B-Br bonds in the adducts are 
more easily broken than B--F bonds. 
This suggestion could be tested by mixing 
Me,N.BF,Br or Me,N.BFBr, with PCI,. 
If the mechanism is valid, formation of 
Me,N.BCI,Br and Me3N.BCIBr,, respectively, 
would be expected. The tertiary mixed adduct, 
Me3N.BFC1Br may also be formed. Again, for 
Me,N.B13, a mechanism involving pre-ioniza- 
tion of the B-I bond may be the best explana- 

tion, particularly since the mixed adducts are 
discriminated against. 

The authors wish to thank the National Research 
Council of Canada for financial support, and Professors 
J .  S. Hartman and J. E. Drake for helpful discussions. 

I. D. E. HAMILTON, J. S. HARTMAN, and J. M. MILLER. 
Chem. Commun. 1417 (1969). 

2. M. J. BULA, D. E. HAMILTON, and J. S. HARTMAN. 
J. Chem. Soc. Dalton, 1405 (1972). 

3. J. S. HARTMAN and J. M. MILLER. Inorg. Nucl. 
Chem. Lett. 5, 831 (1969). 

4. B. BENTON-JONES, M. E. A. DAVIDSON, J. S. HART- 
MAN, J .  J. KLASSEN, and J .  M. MILLER. S. Chem. Soc. 
Dalton, 2603 (1972). 

5. G. E. RYSCHKEWITSCH and W. J. RADEMAKER. J. 
Magn. Res. 1, 584 (1969). 

6. S. S. KRISHUAMURTHY and M. F. LAPPERT. Inorg. 
Nucl. Chem. Lett. 7 ,  919 (1971). 

7. B. W. ASHCROFT and A. K.  HOLLIDAY. J. Chern. 
Soc. A, 2581 (1971). 

8. M. J. BULA, J. S. HARTMAN, and C. V. RAMAN. J .  
Chem. Soc. Dalton, 725 (1974). 

9. J. S. HART MA^ and G.  J. SCHROBILGEN. In prepara- 
tion. 

10. M. J. BULA and J. S. HARTMA\. J .  Chem. Soc. 
Dalton, 1047 (1973). 

11. 3 .  E. DRAKE and B. RAPP. J .  Chem. Soc. Dalton, 
2341 (1972). 

12. G .  JUGIE, J. P. LAUSSAC, and J. P. LAUKEXT. Bull. 
Soc. Chim. Fr. 2542, 4238 (1970). 

13. G. F. L A ~ T H I E R  and J .  M. MILLER. J .  Chem. Soc. A 
346 (1971). 

14. T. D. COYLE. Proc. Chem. Soc. 172 (1964). 
15. B. BE~TON-JONES and J. M. MILLER.  Inorg. Nucl. 

Chem. Lett. 8, 485 (1972). 
16. J. R. BLACKBORROW. J. Chem. Soc. Dalton, 2139 

( 1  973). 
17. J .  M. MILLER and M. OIUYSZCHLK. Can. J .  Chem. 41, 

2898 (1963). 
18. J. S. HARTMAN and G.  J .  SCHROBILGEN. Inorg. 

Chem. 11, 940 (1972). 
19. (0) J .  C. LOCKHART. Redistribution reactions. 

Academic Press, N.Y. 1970. (0) J .  C. LOCKHAKT. 
Chem. Rev. 65, 13 1 (1965). 

20. A. G .  MASSEY. Adv. Inorg. Cheni. Radiocheni. 10, 
I (1967). 

21. J. J .  HARRIS.  Inorg. Chem. 5, 1627 (1966). 
22. S. BROWNSTEI~  and J .  PAASIVIRTA. Can. J .  Chem. 43, 

1645 (1965). 
23. C. M.  B E G U ~ ,  C. R. BOSTON, G .  TORSI, and G. 

MAMASTOV. Inorg. Chem. 10, 886 (1971). 
24. R. J .  GILLESPIE and J. S. H A R . ~ ~ ~ I A N .  Can. J. Chem. 

46, 2147 (1968). 
25. G .  S. H E A T O ~  and P. N. K.  R I L ~ Y .  J .  Chern. Soc. A, 

952 (1 966). 
26. 1. G. Rvss and S. L. IDEL. Russ. J .  Inorg. Cheni. 5, 

852, 855 (1960). 
27. 1. G .  Ryss and U.  D. M A H O ~ I N .  Ukrainski Khimi- 

cheskii Zhurnal, 37, 9, 863 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Studies on Theoretical Psychotogens. Synthesis of 0-Methylated Analogs 
of Catecholamine Neurotransmitters and Metabolic Precursors 

J .  R .  BUTTERICK AND A.  M.  UNRAU 
Department of Chemistry, Simon Fmser University, Burnnhy, Britisll Columhirr VSA IS6 

Received February 4, 1974 

J. R. BUTTERICK and A. M. UNRAU. Can. J. Chem. 52, 2873 (1974). 
The catecholamine analogs (+)-1-(3,4-dimethoxypheny1)-2-alanine (I), p-(3,4-dimethoxy- 

pheny1)ethylamine (2), (k)-1-(3,4-dimethoxypheny1)-2-amino propane (3), (It-)-erythro,threo- 
a-aminomethyl-3,4-dimethoxybenzyl alcohol (4), and (It-)-erythro, threo-x-methylamino- 
methyl-3,4-dimethoxybenzyl alcohol (5) have been synthesized and optimized yields are reported. 
The availability of certain carbon-14 compounds has dictated logical starting points in the 
synthesis of 14C-tagged analogs. These syntheses were designed for metabolic and disposition 
work in connection with a pilot project concerned with the aetiology of schizophrenia with 
particular reference to the Osmond-Smythies - Harley-Mason hypothesis (2) of 1952. 

J. R. BUTTERICK et A. M. UNRAU. Can. J. Chem. 52, 2873 (1974). 
Les analogues de la catecholamine (ri-)-(din~ethoxy-3,4 pheny1)-1 alanine-2 (I) ,  (J-(di- 

methoxy-3,4 phenyl) ethylamine (2), (2)-(dimethoxy-3,4 phCny1)-1 amino-2 propane (3) I'alcool 
(+)-Prythro, thrio-a-aminomethyl dimkthoxy-3,4 benzylique (4) et I'alcool (l)-irvtllr.o, fhrio- 
a-methylaminomethyl dimkthoxy-3,4 benzylique (5) sont synthetists et les meilleurs rendements 
sont rapportes. La disponibilite de certains composes du carbone-14 a impose des points de 
depart logiques dans la synth6se d'analogues marques au '"C. Ces syntheses sont destinees a un 
travail sur le mttabolisme en relation avec un projet pilote concernant I'etiologie de la schizo- 
phrenie plus particulikrement en rapport avec les hypothese de Osmond-Sniythies - Harley- 
Mason (1952). [Traduit par le journal] 

Introduction 
The aetiology of the diffusive clinical syndrome 

"schizophrenia" remains unresolved to date 
despite the fact that an estimated 600 papers on 
the subject appear each year (1). Osmond and 
Smythies in 1952 (2) put forward their hypothesis 
for an "M-substance model psychosis" couched 
in terms of what was the best understanding of 
catechola~nine metabolism at  the time. In con- 
sultation with Harley-Mason, Osmond and 
Smythies postulated an  aberration in trans- 
methylation of noradrenalin to 0-methylated 
derivatives, such as a-aminomethyl-3,4-dimeth- 
oxybenzyl alcohol (4) and a-aminomethyl-3- 
hydroxy-4-methoxybenzyl alcohol (6 ) .  These 
authors were struck by the similarities of the 
psychiatric syndrome and mescaline (7) intoxica- 
tion, and postulated a metabolic transformation 
from normal body metabolites to compounds 
which structurally resembled mescaline. 

Osmond and Smythies (2) noted in passing 
that P-(3,4-dimethoxypheny1)ethylamine (2), a 
"catatonic" in animals, (3) required fairly high 
doses for its effect ( > o n e  mescaline unit (4)). In 
the ensuing years, a considerable amount of re- 

search has accumulated (5). Of historical signifi- 
cance, Friedhoff and Van Winkle in 1962 (6) 
isolated a ninhydrin positive "compound" from 
the urine of schizophrenics (by means of a paper 
chromatographic system) which they claimed to 
be isographic with P-(3,4-dimethoxypheny1)- 
ethylamine. Also notable were the subsequent 
refutations and confirmations that appeared over 
the next 10 years (7). In 1969, Shulgin et a/. (4) 
in a study of mescaline analogs in humans sug- 
gested examination of cz-aminomethyl-3,4-di- 
methoxybenzyl alcohol (4), the compound Har- 
ley-Mason had suggested originally. In 1969 we 
embarked on synthesis of 0-methylated deriva- 
tives of the dopamine-noradrenergic metabolic 
pathway with the future objective toward phar- 
macological testing, ease of carbon-14 incor- 
poration, and subsequent ~netabolic and distri- 
bution studies. 

Results and Discussion 
Published syntheses (8, 9) of (2)-1-(3,4-di- 

methoxypheny1)-2-alanine (I) proved to be sensi- 
tive to side reactions. In  the course of our work, 
we substituted a facile synthesis based on an  
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available outline (8) and preliminarily explored 
the nature of the side reactions (Scheme 1). 

Veratraldehyde (8) was condensed with hip- 
puric acid (can obtain label from glycine-14C) by 
the method of Buck and Ide (10). The "azlac- 
tone" (9a, 96) was cleaved with potassium car- 
bonate in aqueous acetone to u-benzoylamino- 
3,4-dimethoxyacrylic acid. Reduction of 10a, lob 
was effected at O" with 3% sodium amalgam. The 
resulting N-benzoyl-I-(3,4-dimethoxypheny1)-2- 
alanine (11) was unreactive toward the barium 
hydroxide hydrolysis reported (8); instead, cleav- 
age with 6 M HCI in a sealed tube yielded the 
desired 0-methylated dopa derivative, 1-(3,4-di- 
methoxypheny1)-2-alanine (I), in 2.5% overall 
yield. 

Cleavage of the azlactone (9a, 9b), as des- 
cribed by Deuloffeu and Mendivelzua (8), in 
sodium hydroxide gave rise to a mixture of 
u-benzoylamino-3,4-dimethoxyacrylic acid (IOU, 
lob) and N-benzoyl-1-(3,4-dimethoxypheny1)-1- 
hydroxy-2-alanine (12). Such a hydrolytic cleav- 
age to 12 has been exploited recently in the syn- 
theses of substituted phenylpyruvates (14) via the 
intermediacy of 12 or 13 (1 1, 12) (Scheme 2). 

Reduction of the azlactone (9a, 9b) with a 
specially prepared Raney nickel catalyst utilized 
as described by Badshah et al. (13) gave rise to 
4-(3,4-dimethoxy benzy1)-4-methoxy-2-phenyl-5- 
oxazolone (15) in addition to the cited N'-ben- 

zoyl- 1 -(3,4-dimethoxypheny1)-2-alanine amide 
(16) (Scheme 3). The fact that the authors ne- 
glected to mention the requisite washes asso- 
ciated with Raney nickel generation afforded us 
the opportunity of observing an ambient tem- 
perature reaction of ethoxide with the azlactone 
(9a, 9b). 

P-(3,4-Dimethoxypheny1)ethylamine (2) and 
1 - (3,4- dimethoxyphenyl) - 2- aminopropane (3) 
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BUTTERICK AND UNRAU: CATECHOLAMINE NEUROTRANSMITTERS 

were prepared by methods of Raiford and Fox 
(14) and Ramirez and Burger (15). In addition, 
3 was prepared by a modified procedure (16). 
Commercial I4C-nitromethane and accessibility 
of 14C-nitroethane via a Victor Meyer displace- 
ment (17) of I4C-ethyliodide renders this route 
especially attractive for labelling purposes. Over- 
all yields were 6 8 7  for 2 and 3 5 z  and 6 0 x  for 3. 

Of three published accounts for the synthesis 
of -r*-aminomethyl-3,4-dimethoxybenzyl alcohol 
(4), two were unattractive because of low yields 
due to side reactions (18, 19) and one was pub- 
lished without details (20). The synthetic route 
most attractive to us involved the use of potas- 
sium cyanide (can be obtained radioactively 
labelled). In a modified method of Hahn and 
Rumpf (21) 3,4-di~nethoxybenzaldehyde cyano- 
hydrin (16), was obtained fro111 coinmercially 
available veratraldehyde (8). Lithium aluminum 
hydride reduction (19) of the cyanohydrin gave 
rise to m-aminomethyl-3,4-diniethoxybenzyl alco- 
hol (4) in 94: overall yield. 

A serious side reaction in the procedure of 
Hahn and Runipf (21) is the formation of 
3,3',4,4'-tetramethoxybenzoin (17). 

E - Methylarninomethyl- 3,4 - dimethoxybenzyl 
alcohol (5) was not obtainable by the method of 
Adityachaudhury and Chatterjee (19) for reasons 
mentioned below. The method of choice appears 
to be that of Friedman et ul. (22). 1-(3,4-Di- 
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methoxypheny1)-2-ethanolamine (4) was con- 
densed with ethyl chloroformate and the re- 
sulting urethane (18) was reduced with lithium 
aluminum hydride to yield the desired N-methyl 
compound (5) in 2 2 x  overall yield (starting with 
veratraldehyde (8)). The method of Adityachaud- 
hury and Chatterjee (19) was explored. a-Amino- 
methyl-3,4-dimethoxybenzyl alcohol (4) formed 
a Schiff's base with piperonal(l9) and a methio- 
dide adduct (20) with methyliodide. However, 
cleavage with hydrochloric acid resulted in 1-  
(3,4-dimeth0xy)acetaldehyde (21) instead of the 
reported x-methylaminomethyl-3,4-dimethoxy- 
benzylamine (5) (Scheme 4). The reaction of 
I-aryl-2-amino alcohols with strong acid had 
been known for some time (23-25) and mech- 
anism studies have recently been reported (26). 

Experimental 
Melting points were measured on a Fischer-Johns appa- 

ratus and are uncorrected. Ultraviolet spectra were 
measured on a Unicam SP 800 with ethanol as solvent. 
Infrared spectra were measured on a Perkin-Elmer 457 
spectrometer. Nuclear magnetic resonance spectra were 
recorded using a Varian A56/6O and the requisite data 
are reported as 6 cs. an internal TMS standard. Mass 
spectra were obtained on a Perkin-Elmer Hitachi RMU-7 
instrument using an ionization voltage of 80 eV. Gas- 
liquid partition chromatographic analyses were per- 
formed on a Bendix Chroma-Lab series 2200 eq~~ipped 
with a T.C. detector. 

4- 13,4- Dinletkoxybenzal) -2-phenjll-5-oxazolone~ (9a, 9b) 
The procedure by Buck and Ide (10) was found to be 

satisfactory (65% yield); n1.p. 151-152a, (lit. (10) m.p. 
151-152'); n.m.r. (CDC!,): 3.90 (m-OCH,, s, 6), 4.00 
(p-OCH,, s, 6), 6.75-7.25 (olefinic H, 2s, 2), 7.40-8.20 
(Ar-H, m, 16); v,,, (KBr): 1745, i760 cm-'  (carbonyls, 
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BUTTERICK AND UNRAU: CATECI HOLAMINE NEUROTRANSMITTERS 2877 

1625 cm-' (C=N); h,,, (EtOH): 298 (E 10 500), 350 nm 
(E 5000). 

Anal. Calcd, for Cl8HI5NO4 (mol. wt. 309) : C, 69.89; 
H ,  4.89; N, 4.52. Found(M+,  309): C, 69.46; H, 4.85; N, 
4.49. 

a-Benzoylamino-3,4-dimethoxyacrylic Acid (IOa, lob) 
The azlactones (9a, 9b) (81 g, 0.262 mol) were refluxed 

(12 h) in a 1 1 10% KK,CO, solution - 200 ml acetone. The 
reaction mixture was poured over 1 1 10% HCl - 500 g 
ice. The product was collected, recrystallized from acetic 
acid -water, 78.0 g (92.0% yield); m.p. 196-198"; n.m.r. 
(DMSO-d,): 3.60 (m-OCH,, s, 6), 3.75 (p-OCH,, s, 6), 
6.80-8.10 (Ar-H, olefinic, -NHCOC6H5, m, 20), 9.85 
(C02H,  s, 1) ( D 2 0  exchange, 4.00-4.70, broad s); v,,, 
(KBr): 3200 (NHCOC6H5), 2500 (C02H),  1600-1690 
cm-' (C=C, C=O); h,,, (EtOH): 295 nm ( E  12 500). 

Anal. Calcd. for Cl8Hl7No5 (rnol. wt. 327): C, 66.04; 
H ,  5.24; N, 4.28. Found (M+,  327): C, 66.01; H, 5.21; 
N, 4.30. 

N-Benzoyl-3- (3,4-dimethoxyphenyl) -2-amino 
Proprionic Acid (11) 

The acrylic acid (lOa, lob), (1 g, 3.06 mmol) was sus- 
pended in deionized water (10 ml), cooled, and stirred in 
an ice bath (0 "C). Powdered 3% sodium amalgam (3 g) 
was added in three portions at 15 min intervals; 15 min 
after the last addition, the solution was stirred at room 
temperature (25 "C) for 30 min, Hg was filtered through a 
gravity funnel with two thicknesses of filter paper, and 
washed with lOml deionized water. The filtrate was 
cooled in an Ice bath, acidified (20% HCI), stored in a 
refrigerator overnight, and the precipitate subsequently 
dried. The compound after recrystallization from acetic 
acid - water, 620 mg (1.89 mmol, 57.5% yield) had m.p. 
182-184"; n.m.r. (DMSO-d6): 3.20 (CH2, m, 2), 3.70 
(OCH,, s, 6), 4.6 (CH, m, I), 6.80-7.00 (Ar-H, m, 3), 
7.4-8.0 (Ar-H, m, 5), 8.50 (NHCOC6H5, s, I) ,  9.00 
(C02H,  s, 1) D 2 0  exchange, 4.00-4.70 (broad s, 1); 
v,,, (KBr): 3300 (NHCOC,H,), 2500 (C02H), 1690- 
1670 cm- ' (C=O's). 

Anal. Calcd. for CI8Hl9NO, (rnol. wt. 329): C, 65.64; 
H ,  5.81; N, 4.25. Found ( M + ,  329): C, 65.64; H, 5.87; 
N, 4.44. 

( ) -3- (3,4-Dimethoxypheny1)-2-alanine ( I )  
The N-benzoyl amino acid (11) (130.3 mg, 0.396 mmol) 

dissolved in 6 M HC1 (5 ml) was hydrolysed for 1 h in a 
sealed tube (97'). The solution was cooled in an ice bath, 
extracted immediately with 5 ml ether to remove benzoic 
acid and the aqueous acidic layer evaporated on a 
vacuum pump (1 mm) at room temperature. The crude 
material (1 11.7 mg) was taken up in water and eluted with 
the same from a silica gel column and the effluent was 
evaporated on a vacuum pump. The residue was dried 
in vacuo over P205 ,  62.9 mg (0.280 mmol, 70.8% yield); 
m.p. 249-250"; t.1.c. (silica gel GF-254): CHC13:CH3- 
0H:NH40H(concentrated) 80:20: 1 ;  R, 0.20; g.1.p.c. of 
the trifluoroacetic acid - n-butyl ester (27) (1.5% GE- 
XF1105 on Chromosorb W) (160") showed a single com- 
ponent; n.m.r. (D20):  3.30 (CH2, m, 2), 3.92 (OCH,, s, 
6), 4.60 (CH, m, I), 4.75 (NH,, C 0 2 H  exchanged, s, 3), 
6.98 (Ar-H, m, 3); v,,, (KBr): 3000 (NH,), 2100 cm-' 
(COzH). 

Anal. Calcd. for C11HlSO4N (rnol. wt. 225): C, 58.65; 
H, 6.71; N, 6.22. Found(M+,225):  C, 58.64; H,6.70; 
N, 6.22. 

Hydrolysis of Azlactone (9a, 9b) (8) 
The azlactones (9a, 96) (5 g, 16 mmol) were refluxed in 

2% NaOH solution (500 ml) for 10 h. On cooling in ice, 
the mixture was acidified with dilute HCI and the crude 
product collected; t.1.c. (silica gel GF-254) acetone - 
water (1: 1, v/v) revealed two major components. The 
a-benzoyl-3,4-dimethoxyacrylic acid (IOa, lob) (20%) 
which chromatographed as one component was charac- 
terized by mass spectrum and m.p. as described previous- 
ly. The other compound, N-benzoyl-1-(3,4-dimethoxy- 
pheny1)-1-hydroxy-2-alanine (12), (65% yield) had m.p. 
211-212"; n.m.r. (DMSO-d,): 3.70 (OCH,, s, 6), 4.60- 
5.20 (CH's OH, m, 3), 7.40-8.00 (Ar-H, m, 8), 8.50 
(NHCOC,H,, s, I), 9.00 (CO,H, s, I), D 2 0  exchange, 
4.00-4.50 (broad s, 2). 

Anal. Calcd. for C18Hl9NO6 (m01. wt. 345): C, 62.60; 
H, 5.54; N, 4.06. Found (mle, 345): C, 62.58; H, 5.52; 
N, 4.02. 

4- (3,4-Dimethoxybenzyl) -4-ethoxy-2-phenyl-5- 
oxazolone (15) 

The azlactones (9a, 9b) (3.86 g, 12.5 mmol) in 100 ml 
95% EtOH, were hydrogenated with a mixture of 4.25 g 
NH, (anhydrous) and 1.5 g catalyst (prepared as des- 
cribed by Badshah er a/. (13)) at 42 p.s.i. Hz  for 14 h 
using a Parr shaker. The catalyst was filtered, washed with 
hot ethanol, and the filtrate evaporated. The product 
(92% yield) had m.p. 215-217"; n.m.r. (DMSO-d,): 2.10 
(CH,, t, 3), 4.55 (CH,, quartet, 2), 3.70 (OCH,, s, 6), 
4.60-5.00 (CH's, m, 2), 6.75-8.20 (Ar-H, m, 8). 

Anal. Calcd. for C20H,lN05 (mol. wt. 355): C ,  67.59; 
H, 5.96; N, 3.94. Found (M+,  355): C, 67.55; H, 5.94; 
N, 3.90. 

B- (3,4-Dimethoxypheny1)ethylamine (2) 
Condensation of veratraldehyde (8) with nitromethane 

and ammonium acetate in acetic acid (14) gave the known 
nitrostyrene; m.p. 140-14l0(lit. (14)m.p. 140-141"); n.m.r. 
(CDCI,]: 2.9 (OCH,, s, 6), 6.85-7.45 (Ar-H, m, 3), 7.71 
(CH=CH, dd, 2, J = 15 Hz); v,,, (KBr): 1570 cm-I 
(CH=CH); h,,, (EtOH): 290 nm (E 10 000); M +  209. 
Lithium aluminum hydride reduction of the nitro styrene 
in ether (15) gave 2, (68% yield), m.p. (HCI salt) 156-157 
(lit. (28) m.p. 156-157"); n.m.r. (DMSO-d,): 2.70-3.00 
(CH,CH2, m, 4), 3.80 (OCH,, s, 6), 6.8-7.0 (Ar-H, m, 31, 
8.40 (NH,, s, 3); v,,, 3400cm-' (NH,); t.1.c. (silica 
gel GF-254) CHCI, : C H 3 0 H :  NH40H(concentrated) 
80:20: 1 showed a single compound, R, 0.30, as did 
g.1.p.c. on 3% OV-17 - Gas Chrom Q (220"). 

( + ) - I -  (3,4-Dimethoxypheny1)-2-aminopropane (3) 
Condensation of veratraldehyde (8) with nitro ethane 

and ammonium acetate in acetic acid (14) as well as with 
nitroethane (neat) (16), gave the nitropropenyl derivative, 
35 and 60% yield, respectively; m.p. 145-146"; n.m.r. 
(CDCI,): 2.50 (CH3-C=C, S, 3), 3.95 (OCH,, S, 6), 
6.9-7.0 (Ar-H, m, 3), 8.0 (CH=C, broad s, 1); v,,,: 
1590 cm-' (CH=C); h,,, (EtOH): 296 nm (E 11 000). 

Mol. Wt. Calcd.: 223. Found (mle): 223. 
Lithium aluminum hydride reduction of the B-nitro- 

propene in anhydrous THF (15) gave 3 (74% yield); m.p. 
(HC1 salt) 1477148" (lit. (29) m.p. 147.5-148"); n.m.r. 
(CDCI3): 1.05 (CH,, d, 3), 2.5-3.0 (CH,CH, m, 3), 3.80 
(OCH,, s, 6), 6.80-7.00 (Ar-H, m, 3); v,,, (KBr): 
3400cm-' (NH,) t.1.c. (silica gel GF-254) CHCI,: 
CH30H:NH40H-(concentrated) 80:20: 1, R, 0.35; g.1.p.c. 
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on 3 z  OV-17- Gas Chrom Q (220") both showed a 
single component. 

Mol. Wt. Calcd.: 195. Found (mle): 195. 

3,4-Dimethoxybenzaldehyde Cyanohydrin (16)  (21) 
Freshly distilled veratraldehyde (8) (0.1 rnol) was 

ground in a mortar and slurried with 0.172 mol KCN 
dissolved in 23 ml water. Hydrochloric acid (17 ml) was 
added dropwise with rapid stirring until the temperature 
of the mixture reached 45-50" and maintained at  this level 
by cooling with ice. The mixture was allowed to come to 
room temperature, cooled in ice, the solid removed by 
filtration and washed with cold water (5 x 50 cc), and 
dried in uacuo (m.p. 59-69'). The crude material was 
stirred in 100 ml cold anhydrous benzene (twice), filtered, 
and dried it1 uacuo; 18.7 g (0.097 mol, 97.2Z yield); m.p. 
87-90d; n.m.r. (CDCI,): 3.40 (OH, s, I), 4.05 (OCH,, s, 
6), 5.65 (CH, s, I), 6.90-7.60 (Ar-H, m, 3). v,,, (KBr): 
3430 (OH), 2000cm-I (C=N); h,,, (EtOH): 295 nm 
(E I0 000). 

Anal. Calcd. for C l o H I  I N 0 3  (rnol. wt. 193): C, 62.16; 
H, 5.74; N, 7.25. Found ( M + ,  193): C, 62.17; H, 5.70; 
N, 7.12. 

a-Aminotnethyl-3,4-dimethoxybenzL.I Alcohol ( 4 )  
The cyanohydrin (16) (12.3 g, 64 mmol), dissolved in 

anhydrous THF,  was added dropwise to an ice-cooled 
slurry of LiAIH, (12 g, 3 18.5 mmol) in dry T H F  (250 ml). 
The mixture was stirred at  room temperature (15 min), 
refluxed thereafter for 5 h followed by hydrolysis with 
H,O under cooling until the salts that formed coagulated. 
The mixture was filtered and the filtrate dried and evapo- 
rated in racuo, leaving a high boiling liquid. Vacuum dis- 
tillation afforded a fraction collected at  160-164" (0.7 
mm), 11.5 g (0.058 mol, 97x7,) which had as the solid HCI 
salt m.p. 163-165"(lit. (19) m.p. 163'); n.m.r. (DMSO-d,): 
2.70-3.00 (CHI-NH2, m, 21, 3.50 (OH, NH2,  broad s, 4), 
3.75 ( O m , ,  2s, 6), 4.60-4.80 (CH(OH)CH,, m, I) 
6.8-7.0 (Ar-H, m, 3); v,,, 3400-3500cm^' (NH,, OH); 
t.1.c. (Silica Gel G F  254): CHCI, : CH30H:NH40H-  
(concentrated) 80:20: 1, R f ,  0.33; g.1.p.c. on 5% SE 30-- 
Chromasorb W DMCS A/W, 60-80,160, showed a single 
peak for the Trisil-BSA derivative. 

Anal. Calcd. for CIoHISNO,  (mol. wt. 197): C, 60.90; 
H, 7.67; N, 7.10. Found ( M + ,  197): C, 60.85; H, 7.50; 
N, 7.05. 

N- ( I -  (3,4-Din1ethoxypheny1)-2-ethanol) 
Carbarnate (18) 

The ethanolamine 4 (0.349 g, 2 mmol), slurried in water 
(10 ml) and 2 gchopped ice, was treated with ethylchloro- 
formate by the method of Friedman et a/. (22) to yield 18, 
(0.349 g, 65%); m.p. 63-65,; n.m.r. (DMSO-d,): 1.30 
(CH,, t, 31, 2.80-3.30 (CH2NH, m, 2), 3.50 (OH, NH,, 
S, 2), 3.75 (OCH,, S, 6), 4.50 (CHZ, q, 2), 4.60-4.80 
(CH(OH)NH, m, I), 6.80-7.00 (Ar-H, m, 3): v,,, 1750 
(C=O), 3430-3500 cm- '  (NH,  OH). 

Anal. Calcd. for C13H1yN0s (mol. wt. 269): C, 57.98; 
H, 7.1 l ; N, 5.20. Found ( M + ,  269): C, 57.96; H, 7.10; 
N, 5.16. 

( f )-evthro,thlvo-a-Metl1ylan2inomefhj~l-3,4- 
dinierhoxybenzyl Alcohol (5) 

The carbamate (18) (0.345 g, 1.3 1 mmol), dissolved in 
anhydrous THF,  was added with stirring to a slurry of 

266 mg (7.0 mmol) LiAIH, in anhydrous T H F  (10 ml) 
at  room temperature. The mixture was refluxed for 80 h, 
then hydrolyzed with water, and precipitated salts re- 
moved. The filtrate was dried (MgSO,) and evaporated 
yielding the crude amino alcohol which was purified by 
elution with ether from a silica gel column. The combined 
ether fractions were dried over MgSO, and evaporated 
to a small volume followed by saturation with anhydrous 
HCI. The ethanolamine hydrochloride (5) was collected 
and dried, 97 mg (0.46 mmol, 35%); m.p. 132-133"; n.m.r. 
(DMSO-d,): 2.44 (CH,NH, s, 3), 2.7-3.0 (CH,NH,, m, 
2), 3.70-3.80 (OCH,, 2s, 6), 4.6-5.0 (CHOH, s, I), 
6.8-7.0 (Ar-H, m, 3); v,,,: 3400-3500 cm-' (NH, OH) 
t.1.c. (silica gel G F  254): C,H, : CHCI, : C H 3 0 H :  NH,OH- 
(concentrated) 8 :  6 :  5 : 1 ; and g.1.p.c. of the Trisil-BSA 
derivative on 5% SE-30 as above (160') showed one com- 
pound. 

Anal. Calcd. for C11H1,N03 (mol. wt. 211): C, 62.53; 
H, 8.11; N, 6.63. Found(M+,211) ;C ,62 .50 ;  H,8.09; 
N, 6.61. 

Conuersion of ( 4 )  to I-(3,4-Dimethoxyphen)i1)- 
acetaldehyde (21)  (19)  

1-(3,4-Dimethoxypheny1)-2-ethanolamine (4) formed, 
as has been reported (19), the Schiff's base (19) with 
piperonal; n.m.r. (CDCI,): 3.50 (OH, s, 1) 3.7-3.8. 
(OCH,, s, 6), 4.6-5.0 (CHCHZ, m. 3), 6.0 (OCH,O, s, 2), 
6.8-7.0 (Ar-H, m, 6), 7.20 (CH, s, I).  

Anal. Calcd. for (rnol. wt. 329): C, 65.64; H, 5.81; N, 
4.25. Found (mle, 329): C, 65.62; H, 5.75; N, 4.15. 

The Schiff's base (19) was reacted with CH,I (19) to 
form the adduct (20); n.m.r.: 2.30 (=N-CH,, s, 3), 
2.70-3.00 (CH,-N, m, 2), 3.50 (OH, s, I), 3.75 (OCH,, 
2s, 61, 4.60-4.80 (CH(OH)CH,, m, I), 5.50 (CH, s, I), 
6.00 (0-CH,-0,  s, 2), 6.80-7.50 (Ar-H, m, 6). 

Anal. Calcd. for ClYH2,NO51 (mol. wt. 471): C, 
48.42; N ,  4.70; N, 2.97; Found (MS,  471): C, 48.35; H, 
4-69; N, 2.95. 

The adduct 20 (2.4 g, 0.535 rnol) was refluxed in a 
mixture of water (25 ml) and HCI (2.5 ml, 12 M )  for 2 h. 
The solution was extracted with ether and the aqueous 
solution treated with 30% NaOH. The alkaline solution 
was extracted with CHCI,, the CHCI, layer dried 
(MgSO,), and evaporated leaving an oil which was dis- 
tilled in uacuo; b.p. 125" (1.5 mm): n.m.r. (CDCI,): 3.50 
(CH2, d ,  I), 4.75 (OCH,, s, 6), 6.8-7.0 (Ar-H, m, 3), 9.0 
(CHO, s, I) ;  v,,, (NaCI plate): 1725 c m  '. 

Mol. Wt. Calcd.: 180. Found (M+) :  180. 
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(1974). 

Titanium tetrachloride reacts rapidly with trichloro-, tribromo- and methyldichlorophos- 
phine in the presence of t-butyl chloride to give compounds containing a phosphonium cation 
R'R2PXz+ (R' = t-butyl, R2 = chloride, bromide, or methyl, X = chloride or bromide) and 
the principal metal-containing anion, Ti2CIy-. For tribromophosphine and t-butyl chloride a 
stoichiometric product, [ButPBr3][Ti2Clg] was obtained which was characterized using vibra- 
tional spectroscopy. The other reactions gave non-stoichiometric materials, the sublimates of 
which may contain higher polymeric anions whilst the residues contained TIC],- along with 
the parent dimeric anion. 

Zirconium tetrachloride and titanium tetrabromide reacted in a similar way to give the 
ncw ions ZrzCly- and Ti2Br,- in stoichiometric reactions. 

JOSEPH I. BULLOCK, FREDERICK W. PARRETT et NICHOLAS J. TAYLOR. Can. J. Chem. 52,2880 
(1974). 

Le tetrachlorure de titane reagit rapidement avec les trichloro-, tribromo- et methyldichloro- 
phosphines en presence de chlorure de t-butyle pour donner des composes contenant un cation 
phosphonium R1R2PX, + (R' = t-butyle, RZ = chlorure, bromure ou mtthyle, X = chlorure 
ou tsronlure) et le principal anion contenant un metal Ti,CIy-. Pour la tribromophosphine et 
le chlorure du t-butyle, on obtient un produit stoechiometrique [Bu1PBr3][TiZCI,] qui est 
caracterise par spectroscopie vibrationnelle. Les autres reactions donnent des substances non- 
stoechiometriq~~es dont les produits de sublin~ation peuvent contenir des anions d'un degre de 
polymerisation plus eleve tandis que les residus. contiennent T i C I ,  avec l'anion dimere 
apparente. 

Le tetrachlorure de zirconiuni et le tetrabromure de titane reagissent d'une faqon siniilaire 
pour donner des ions nouveaux ZrzC1,- et TizBr,- dans des reactions stoechiomCtriques. 

[Traduit par le journal] 

Introduction 
The anions (1, 2)' BC1,-, AlC1,-, SnC1,-, 

NbC1,-, TaC1,-, and WC1,- have been syn- 
thesized from the chlorides BCI,, AlCl,. SnCl,, 
NbCl,, TaCl,, and WC1, by reaction with 
t-butyl chloride and a phosphorus(I1I) halide. 
The analogous reactions for titanium(1V) and 
zirconium(1V) chlorides are now presented in 
which B-trichlorohexachlorodimetallate ions, 

which may be [(C,H ,),PCI,] [TiCl , I ,  was pre- 
pared by refluxing a diphenyl phosphinodi- 
thionic acid, (C,H,),P(S)SH and TiCl,, in either 
chloroform or carbon tetrachloride. The anions 
TiC1,-, Tic],,-, Ti2Cl,-, and Ti,Br,- have 
been reported (4, 5) in the reactions of titanium 
(IV) halides with tetraethylammonium halide at 
the required molar ratios and ZrC162- is known 
for zirconium (6). 

M,CI,-, are formed. The titanium bromo-ion, Experimental Ti2Br,-, is also reported. Previously (3), the 
phosphorane colnplex. (C6H5)2PC13, T iCL  

P u ~ $ ~ ~ ~ ~ ~  :{t::,"Er& phosphorus tribro,nide, phos- 
phorus trichloride, methyldichlorophosphine, I-butyl 

[Present address: Chemistry Department, The Univer- chloride, and t-butyl bromide were purified by fractional 
sity of Waterloo, Waterloo, Ontario. distillation in a stream of dry nitrogen. Carbon disulfide 

'Reference 1 is part I1 of the series. and isopentane were shaken with phosphorus pentoxide 
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before distillation. Titanium tetrabromide and zirconium 
tetrachloride (99%) were used as supplied. 

Preparations 
The compounds were water sensitive so vacuum-line 

and glove-box techniques were employed for all prepara- 
tions and manipulations. 

The reactions with titanium tetrahalides were rapid and 
exothermic resulting in poor mixing of the reagents and 
localized reaction. Titanium tetrahalides were diluted 
with isopentane prior to adding slight excesses of the 
phosphorus halide and then the t-butyl halide. Precipi- 
tates formed quickly. 

The compounds could not be recrystallized but subli- 
mation significantly altered the composition of the 
titanium compounds. Samples for sublimation were 

heated in an  evacuated all-glass apparatus and the sub- 
limates collected in a cooled part of the system. 

The use of large excesses of t-butyl chloride and phos- 
phorus halide did not significantly suppress the formation 
of polymeric anions. For aluminum trichloride (2), a 10- 
fold excess of phosphorus trichloride was found necessary 
to prevent formation of such species as AI,CI,- and yield 
a product containing only AlC1,-. 

Zirconium tetrachloride was suspended in carbon 
disulfide. 

All products were stored in sealed glass tubes. 

Analyses 
Experimental and theoretical results of analyses are set 

in table form as follows: 

(a) Experimental results of product analyses 

Results 

Component 1 Component 2 % M  % P 4, Cl(Br) M : P:  Cl(Br) Comments 

PCI3 TiCI, 
TiCI, 
ZrCI, 

CH3PCI, TiCI, 
TiC14 
TiC14 

PBr, TiCI, 
TiBr, 

2.3: 1 : 12.8 
2.8: 1:15.2 Sublimate 
2.0: 1 : 11.95 

2.1:1:11.4 
2.35: 1: 12.3 Sublimate 
1.5:1:9.0 Residue 

2.0: 1 :9.0(3.0) Br= 32.4% 
2.0: 1 : 12.0 

(b) Theoretical results of product analyses 

Analysis 

Amount of P 
Complex M Amount ( Z )  ('73 X Amount (%) 

Spectroscopy 
Raman spectra of the compounds in sealed capillary 

tubes were obtained using a Spex 1401 spectrometer with 
helium-neon excitation. The compounds were more 
stable than the corresponding tetraethylammonium salts 
(5) in the laser beam. Infrared spectra of Nujol mulls 
between potassium bromide or polythene plates were 
obtained using the Grubb Parsons Spectromaster (1000- 
400 cm-') and the R.I.I.C. FS-720 Interferometer (400- 
30 cm-I). 

The reactions did not yield single crystals and the 
products dissolved only in reactive solvents so that 
polarized Raman spectra could not be obtained. 

Results and Discussion 

The Cation Spectra 
The C,,, ButPCl,+ cation with rvib = 3A1 

(i.r., Raman) + 3 E  (i.r., Raman) and the C,, 
ButMePCl,' cation with TVi, = 6A' (i.r., Ra- 
man) + 3A" (i.r., Raman) were identified in 
similar reactions (1, 2) with other metal halides 
(the internal modes of the t-butyl group were 
ignored in assigning symmetry groups). 

For BCI,, AICI,, SnCI,, NbCI,, TaCl,, and 
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WCI, the six modes for the ButPC13+ cation 
occurred in the following ranges. 

- 

Symmetry Assignment Frequency (cm- ') 

A I vP-C 778-783 
vP-CI sym 481-486 
GP-CI3 229-235 

E vP-CI asym 632-648 
GBur-P-CI 208-214 
GCI-P-CI 154-1 59 

The above values are self-consistent and cor- 
relate well with the results (7) for MePCl,'. 

For Bu'MePCI,', strong anion vibrations 
usually obscured two of the deformation modes 
but the remaining seven and an overtone were 
consistently observed for SnCl,, NbCl,, TaCl,, 
and WCl, complexes 

Symmetry Assignment Frequency (cm-') 

A ' vP-C(Me) 
vP-C(Bur) 
GP-Cl(sym) 
GPCIZ 
6PC1, twisting 
GBur-P-Me 

A" vP-CI asym 
GMe--P-CI 
GBur-P-CI 

3x 6PCI2 ? 

796-803 
774-78 1 
505-510 
208-21 8 

obscured 

610-614 
248-260 
223-232 

620-635 

Because of these observations, we felt justified 
in subtracting these vibrations from the observed 
spectra of the titanium and zirconium complexes 
and assigning the remainder to anion vibrations 
(Table 1). 

TABLE I .  Vibrational *? assignments for ButPC13 + and ButMePC12+ 

(i) ButPC13 + 

[ B U ' P C I ~ ] [ T ~ ~ , ~ C ~ ~ . ~ ]  [Bu'PCl3][Zr2CI9] 

Raman Infrared Raman Infrared Mode Assignments 

780vw 781vw A 1 vP-C 
485w 483mw 484m 482m vP-CI 
235mw 233mwx 232m 230sh vP-CI, 

639s 639s E vP-C1 
212w 210w 212w 212wbr GBut-P-CI 

a 156wsh ? GCI-P-CI 

(ii) ButMePCI, + 

[Bu'MePC121[T~Z.,C19.41 

Raman Infrared Mode Assignments 

250wsh 
228sh i Deformations 

208w 212w 

*Anion vibrations omitted. 
t R ,  i.r. results (cm-I). 
$May be an  anion vibration. 
§Obscured by an  anion vibration. 
! M a y  also be a very mixed vibration although the observed intens~ty 1s 

variable. 

For ButPBr3+ it was necessary to compare our spectra with those of PBr,' (8,9). The T, PBr,' 
has four vibrational frequencies at 227 cm- ' (v,), 72 cm- ' (v,), 474 cm- (v,), and 140 cm- ' (v,). 
By analogy with ButPC13+ we would expect 6 vibrational frequencies for Bu'PBr,' which we have 
assigned as follows: 
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Frequency (cm-') 

Mode Assignment [BurPBr3][Ti2Cl9] [BufPBr3][Ti2Br9] 

V 1  At vP-C 7 7 2 ~  7 6 9 ~  
VZ vP-Br sym 260sh 260sh 
V3 GPBr3 168w 166w 
V4 vP-Br asym 524vs 526ssh 

518s 
V5 GBur-P-Br 144vw ? 146w 
v6 GBr-P-Br - 123w 

Thus v,, v,, v,, and v, (PBr,') correspond to 
vl,  V6, v,, and v, (BurPBr3+) respectively but 
there was some doubt as to the assignment of v, 
because of possible anion vibrations in that re- 
gion. The vP-C vibrations of BurPX3 + (X = C1 
or Br) may well be similar and GBut-P-Br 
should be at a lower frequency than &But-P-CI. 
The last splits at low temperature in the i.r. 
spectrum eliminating the possibility that this 
might be the non-degenerable v,. 

A number of combination bands based upon 
this cation are included in Table 2 for [ButPBr3] 
[Ti,Br,]. These are symmetry allowed and con- 
firm the assignments made for the cation funda- 
mentals. These assignments have been verified 
(1 8) by the vibrational spectra of other complexes 
containing ButPBr3 +. 

Anion Spectra 
[ButP Br, ] [Ti, C1, ] 

This was stoichiometric and the i.r. and 
Raman spectra (Tables 1 and 3) were assignable 
in terms of these ions only. 

The i.r. spectrum (4) of the anion as the tetra- 
ethylammonium salt has absorptions at 416 vs, 
379 vs, 268 m, 230 w, 188 w, 171 w, 74 w, and 
57 cm-'. There are no Raman spectra (4, 5). 
The ion has near D,, symmetry (10) with the 
following i.r. and Raman active vibrations ex- 
pected, 4A11(R) + 3A2" (i.r.) + 5E' (i.r., R) 
+ 4Et'(R). These are subdivided to give: 4 ter- 
minal Ti-Cl stretches, A,' + A," + E' + E"; 
4 bridge Ti-C1 stretches, A,' + A," + E' + 
E"; 6 terminal Ti-C1 deformations, A,' + A," 
+ 2E' + 2E"; and 2 bridge Ti-Cl deforma- 
tions, A,' + E'. 

Beattie et al. (1 1) have characterized the spec- 
tra of the D,,,, T12C193- as the caesium salt using 
single crystal Raman, infrared, and normal co- 
ordinate analytic techniques. Both experimental 
and calculated results gave the order, All(R) > 

A,"(i.r.) > E1'(R) > Ef(i.r., R) for the terminal 
TI-C1 stretching modes. These four were 
closely grouped (264-288 cm-') and it was 
pointed out that for such bridged species related 
Raman- and i.r.-active vibrations are likely to 
occur at closely similar frequencies without being 
true coincidences. 

In the present case it was not possible to ob- 
tain polarized Raman spectra (see Experimental). 

We observed three strong i.r.- and two strong 
and one weak Raman-active vibrations in the 
region expected for the Ti-Cl stretching modes. 
There were alternative assignments for these. 

First, the highest frequency i.r. band (419 
cm-') could be assigned to A," apparently 
coincident with A,' in the Raman spectrum (416 
cm-I). The other two i.r. bands (409 and 382 
cm-l) could be components of E', split by 
lowering of the crystal symmetry, with the cor- 
responding E '  Raman-active mode at 390 cm-'. 
The weak Raman shift at 342 cm-' could then 
be assigned E". These assignments follow the 
pattern for T12C193- although in our case the 
order of the E modes was reversed and the A 
modes were accidentally coincident. 

Secondly, the i.r. bands at 419 and 409 cm-' 
could be components of E' with the correspond- 
ing E' Raman shift at 416 cm-'. The third i.r. 
absorption would then be assigned A," and the 
remaining Raman bands to A,' (390 cm-l) and 
E" (342 cm-l). The splitting of the E '  mode in 
the i.r. would be smaller in this case. 

It was fairly clear that the highest Ti-Cl 
bridge stretching frequency was A,' (R, 314 
cm-') and the E '  mode (i.r., 240 cm-') the 
lowest (Table 3) although there was some doubt 
as to the assignment of the other bridge stretch- 
ing modes. A cation vibration may interfere. 

For Zr,Cl,- we have assigned the highest 
frequency bands to A,' and A," terminal 
stretching modes (see below). This suggested 
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TABLE 2. (i) Vibrational spectrum for [Ti2Br9-I* 

Frequency (cm-') 

Infrared Raman Assignments 

A,' + A," + E'  + E" vTi-Br terminal 
(see text) 

EJ(i.r., R) 
A2" (i.r.) vTi-Br bridging 
E"(R) (see text) 
A 1 '(R) 
A2" (i.r.1 
A,' (R) 'i 

1 low 1 low E '  (i.r., R)  
- E" (R) GTi-Br terminal 

l 0 lw  
94w 93w E'(i.r., R) 
- 83s E" (R) 
- 71s A,' (R) [sTi-Br bridging 

46w 48wsh E '  (i.r., R )  

*Cation vibrations omitted. 

(ii) Infrared combination bands from [BufPBr3']* 

Frequency Combination 
(cm-') mode Note 

893wbr vl f v6 (769 + 123 = 892) 
812wbr v g + v 4 + v 6  ( 1 6 6 + 5 2 2 + 1 2 3 = 8 1 1 )  
597mw VI - v3 (769 - 166 = 603) 
476wsh 2 ~ 3  + V, (2 x 166 + 146 = 478) 
412mw v2 + vs (260 + 146 = 406) 
390vw v3PBr3 7 
3 8 0 ~ ~  v2 + v6 (260 + 123 = 383) 
35Ovw V 4  - V3 (522 - 166 = 352) 

that the preferred interpretation of the bands in the known structures of Ti2C1,  and Ti,Clg3- 
T,,Cl,- was that based upon the T1,Clg3- except that the assignments of the Zr-C1 ter- 
model. However, in the octahedral MCl,,- minal stretching E modes were reversed as was 
(M = Ti, Zr) the v,(A,,) and v3(T,,) modes of the case for the Ti2CI,- ion. Weak shoulders in 
O,, are accidentally coincident for titanium but the i.r. spectra may correspond to the Raman 
v, clearly has the higher frequency for zircon~um allowed transitions. Splitting of the degenerate 
(6) .  E modes was again observed in the i.r. spectra. 

The remaining absorptions of [ButPBr3][Ti2 For the bridge stretching modes, A,' and E' 
Cl,] were assigned as shown in Table 3. were a t  the highest and lowest frequencies, re- 

The vibrational spectra were not interpretable spectively. In this case, a cation band dld not 
in terms of the alternative product [BufPBr2C1] interfere and so we placed E" at a higher fre- 
[Ti,Cl,Br] which suggested that the mechanism quency than A," because of the clear coincidence 
of reaction involves the simple transfer of the which confirmed that the same may be true for 
components of the alkyl halide (12) rather than Ti,Cl,- (Table 4). 
dissociation of the phosphorus halide (13) or a 
pre-equilibrium (14) involving the alkyl and [ButPBr, ] [Ti, Br, ] 

No p-tribromohexabromodimetallate has been phosphorus halides. fully characterized using vibrational techniques. 
[ButPCl, ] [Zr2Cl,]   he stretching frequencies for the tetrahedral 

This new anion has been assigned the vibra- TiBr, are (15) 384 cm-' (T,) and 230 cm-' 
tional modes shown in Table 4. The spectra were ( A , ) .  The totally symmetric stretching frequency 
much as expected for the D,, model based upon (6) of ~ i B r , ~ -  is 190 cm-l.  For Ti,Cl,- the 
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TABLE 3. The vibrational spectrum of (Bu2PBr3)(Ti2Clg) (cm-') 

Infrared frequency 

Room temperature Low temperature Raman Assignments 

V6 ? / 
Al'  i- AZ" + E' + E" 

vTi-C1 terminal (see text) 

E" (R) vTi-C1 bridging "" AZr'(i.r.) ) (see text) 
E R )  

140s 
124 E" (R) ? 
108m E' (i.r., R) 
8lwsh E" (R) 1 
77w A I '  (R) 

E i ,  R) 'bTi-CI bridging 
64mw 

207vw ? 
f 

TABLE 4. The vibrational spectra of (Zr2C1,-) (cm-')" 

Infrared frequency 

Room temperature Low temperature Raman Assignments 

A 1 '(R) 
Zr-C1 terminal 

AZJ'(i.r.) (see text) 
E '  (i.r., R) 

A~; (R)  
E"(R) I Zr-C1 bridging 
AZ"(i.r.) 
E'(i,r,, R) 

( Zr-Cl terminal 
ET(i.r., R) 
E" (R) 

A 1 '(R) 1 Zr-CI bridging 
E' (i.r., R) 

*Cation vibrations omitted 
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terminal stretching modes were at lower fre- 
quencies than the asymmetric stretching fre- 
quency (16) of TiCl, (499 cm-') but at higher 
frequencies than the totally symmetric stretching 
frequencies of TiCl,,- (320 cm-', ref. 6) and 
TiCl, (388 cm-I, ref. 16). Much the same is true 
for the zirconium chloride system: ZrCl,, 421 
and 388 cm-' (17); ZrCl,,-, 321 cm-' (6); 
Zr,Cl9- 350-387 cm-' (see above). Assuming 
that similar relationships hold for Ti,Br,- we 
may expect the terminal stretching modes to 
occur near 300 cm-I. The only previous report 
of spectra for the Ti,Brg- ion is an i.r, spectrum 
of [Et4N][Ti,Brg] where strong bands at 325 
and 278 cm-I were assigned to Ti-Br terminal 
stretching (5). Our tentative assignments of these 
bands in our compound are discussed from con- 
sidering our Raman data. 

For Ti2Br,- we again encountered the diffi- 
culties found for Ti,Cl,- in that the terminal 
Ti-Br stretching frequencies (Table 2) occur at 
closely similar positions. A Raman-active mode 
A,' should possibly be at the highest frequency. 
Two bands in the i.r. (321 cm-I, vs) and the 
Raman (320 cm-', vs) spectra appeared to be 
coincident and it was tempting to assign these to 
the E' mode. Following this, an absorption at 
279 cm-' (m) in the i.r. spectrum may corres- 
pond to the observed Raman shift at 294 cm-'. 
In D,, symmetry this (A,' ) is i.r.-forbidden. We 
would then obtain the order: E' (i.r., Raman) 
321 and 316(sh) cm-', 320 cm-'  > A," (i.r.) 
288 cm-I > A,' (Raman) 294 cm-I (allowed in 
i.r. at 297 cm-' by breakdown of D,,) > E" 
(Raman) 280 cm-' (weak shoulder in i.r. at 
278 cm-'). 

Alternatively, using the T12Clg3 - pattern the 
assignments would be: A,' (Raman) 320 cm-' - A," (i.r.) 321 cm-I, (sh, 316 cm-l)  > E' (i.r., 
Raman) 297 and 288 cm-I, 294 cm-' > E" 
(Raman) 280 cm- '. 

These possibilities cannot be distinguished in 
the absence of polarized Raman results. 

Similar problems occurred in the assignment 
of the Ti-Br bridges stretching modes in that 
the strongest band in the Raman spectrum (198 
cm-') was not the highest frequency transition 
observed in the likely bridge stretching region. 
Again, it is possible that the E modes are at 
higher energy than the A (Table 2). 

Possible assignments for the bending modes 
are also given in Table 2. 

The Non-stoichiometric Chloro-conzplexes 
It was not possible to obtain a stoichiometric 

product using t-butyl chloride, phosphorus tri- 
chloride (or methyldichlorophosphine), and ti- 
tanium tetrachloride (see Experimental). 

The spectra of the unsublimed materials were 
very similar to those of [ButPBr3][Ti2C1,] and 
so we allocated the absorptions shown in Table 
5.  The assignments of the terminal and bridge 
stretching modes were ambiguous (see above). 

The chemical analyses of the parent com- 
pounds and their sublimates suggested that more 
than two titanium atoms per phosphorus atom 
were present. If  small amounts of trimeric or 
higher polymeric anions were present they 
would not be detected necessarily by vibrational 
spectroscopy, since the vibrational frequencies 
would be very close to those of Ti,CI,-. The 
titanium-to-phosphorus ratio increased in the 
sublimates but no difference in the spectra was 
observed except for an absorption at 495 cm-' 
which appeared in the i.r. spectrum. This could 
be v,, TiCl,. For the tin compounds some de- 
composition to give SnCI, was noted (2) in the 
laser beam and a similar process may have oc- 
curred here. Some vibrational bands of residues 
are due to Ti,Cl,- but they have medium inten- 
sity absorption at 388 and 348 cm-I in the i.r. 
spectra with a Raman-active coincidence at 348 
cm-I. The i.r. spectrum (4) of [(C,H,),N] 
[TiCl,] has strong bands at 385 cm-' and 346 
cm-' which were assigned to v,, E1(i.r., R) and 
v,, A," (i.r.) modes respectively of the trigonal 
bipyramidal TiC1,-. We suggest our residues 
contained TiC1,- and the assignments were re- 
versed because of the Raman-active coincidence. 
The analytical results require a titanium to phos- 
phorus ratio of less than 2 so that a monomeric 
titanium species is likely to occur. 

The unsublimed materials contained Ti,CI,- 
as the major anion although excesses of the or- 
ganic reagents were used. The ready formation 
of Ti,CIIo2-, Ti,Clg-, TiC1,-, and TiCl,,- was 
reported (4, 5, 10) for reactions with titanium 
(IV) chloride and quaternary chlorides at the 
required molar ratios. Our reactions generated 
products which were chlorine deficient with 
respect to the highest reported chloro-species. 
Thus, there was no evidence for TiCl,2- or 
Ti,ClIo2- and TiC1,- was only synthesized as a 
minor component of a thermolysis reaction. A 
similar result was found (2) for SnCI,. 
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Rate constants for the quenching of singlet oxygen by a series of s ~ ~ b s t i t ~ ~ t e d  N,A1-dirnethyl- 
anilines were obtained by a direct method employing a dye-laser. The Hammett p value obtained 
from the data (- 1.71) suggests that a (partial) charge-transfer complex may be responsible for  
the quenching action. This rate data was combined with that obtained for the total quenching 
action o n  the sensitized photooxidation of 1,3-diphenylfuran. The quenching action on  the 
photooxidation reaction is due to both the quenching of singlet oxygen and the quenching of 
the triplet state of the sensitizer (rose bengal o r  methylene blue). The combination of the data 
from each series of experiments resulted in rate constants of quenching of the triplet states of 
the sensitizers. A number of the N,Ar-dimethylanilines quenched the triplet states at  the diffusion 
limit. Hamniett p v a l ~ ~ e s  ( -  1.86 for rose bengal and -4.19 for niethylene blue) indicate that 
charge-transfer intermediates are probably responsible for the quenching action. This was 
confirmed by the observation of a transient intermediate assigned to the charge-transfer radical 
of methylene blue. The t e c h n i q ~ ~ e  ~ ~ s e d  here represents a novel approach to the investigation of 
triplet states. 

ROBERT H.  YOLNC, D. BREWER, R .  KAYSER,  R.  MAR TI^, D. FERIOZI,  et R I C H A R D  A.  KELLER. 
Can.  J .  Chem. 52,2889 (1974). 

Utilisant une ~iiethode directe faisant appel a un laser a colorant, on a obtenu les constantes 
d e  vitesse de piegeage de l'oxygene i l'etat singulet par une serie de N,N-din~ethylanilines. La 
valeur de - 1.71, evaluke i partir de ces resultats comrne constante rho d'Hammelt, suggere que 
le piegeage est cause par un complexe de transfert (partiel) de charge. O n  a combine les valeurs 
obtenues pour ces vitesses d e  reaction avec celles o b t e n ~ ~ e s  pour le piegeage total de la photooxy- 
dation sensibilisee du diphenyl-1,3 furanne. Le piegeage de la reaction de photooxydation est d i ~  
a I'effet combine de piegeage de l'oxygene a I'etat s i n g ~ ~ l e t  et de I'etat triplet du sensibilisate~~r 
(rose de Bengale ou bleu d e  niethylene). La conibinaison des resultats obtenus dans chaque serie 
d'experiences conduit aux constantes de vitesse de piegeage des etats triplets des sensibilisateurs. 
Un certain nombre de A',A'-dimethylanilines piegent les etats triplets a la limite de diffusion. 
Les valeurs des constantes rho d'Hammett ( -  1.86 pour le rose de Bengale et -4.19 pour le bleu 
d e  methylene) indiquent que les intermediaires du transfert de charge sont probablement 
responsables pour I'effet d e  piegeage. Cette conclusion est confirmee par ]'observation d'un 
intermediaire de co~l r te  d ~ ~ r C e  de vie attribue a u  radical de transfert cle charge du bleu de 
liiethyltne. La technique ~~t i l i see  ici represente Line nouvelle approche pour 1'Ctude des etats 
triplets. [Traduit par le journal] 

Introduction illustrates the increase in the understanding of 

l-he number of review on singlet oxy- the interactions between excited states and oxy- 

gen chemistry over the past few years ( I )  aptly gen. Kearns and co-worker (2) and 
Wilkinson and co-worker (3) independently de- 

'Presented in part at  the 55th C.I.C. Conference, veloped a flash technique for the determination 
Quebec, P.Q. Canada, June 1972 and at  the W. A. Noyes, of the lifetime of singlet oxygen in solution. We 
Jr., Symposium, Austin, Texas, November 1972. 

2 T o  whom correspondence should be addressed. Present have modified this method to obtain the lifetime 
address: Union Carbide Chemicals and Plastics. 1 River of singlet oxygen in a number of solvents (4) 
Road ,  P.O. Box 670, Bound Brook, New Jersey 08805. and have applied it to the determination of abso- 
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lute rate constants of quenching of singlet oxygen 
by various acceptors and quenchers, including 
a series of N,N-dimethylanilines. This method 
involves the measurement of the effect of an  
added quencher on the lifetime of singlet oxygen. 
The results are not affected by possible interac- 
tions between the quencher and the sensitizer 
excited states, a problem previously encountered 
( 5 ) .  

We have rationalized that a comparison of 
these data with the rate of quenching of a photo- 
oxidation reaction (dependent on the quenching 
of both singlet oxygen and excited state(s) of 
the sensitizer) should yield rate constants for 
the quenching of the sensitizer excited state(s). 
This would be the triplet state, provided there 
was no significant interaction by the anilines 
used with the singlet state of the sensitizer. This 
was shown to be true as there was little fluores- 
cence quenching 'of the singlet state of rose 
bengal ( 5 ) .  

This comparative technique is unique in that 
rate constants can be obtained for triplet state 
quenching by measuring the combined effective 
quenching of the triplet state and singlet oxygen 
and comparing the results with singlet oxygen 
quenching only. Other methods, including sta- 
tionary and flash photolytic techniques, have 
been used to explore interactions between vari- 
ous compounds and triplet states. These methods 
d o  not have general applicability and a t  times 
require extensive instrurnentation. Perhaps the 
best method is measurement of the decay of 
triplet-triplet absorption as a function of quen- 
cher concentration. However, not all triplets 
have easily discernible triplet-triplet absorption 
bands and in some cases the photolytic prod- 
ucts obscure the absorption band(s). This was 
particularly true for the investigation of the in- 
teraction between methylene blue (and similar 
dyes) and amines. For this reason the present 
technique was developed to overcome these diffi- 
culties. I t  represents a simple method for investi- 
gation of triplet state - quencher interactions. 
In addition, the results obtained in this study 
provide confirmation for some previous work 

which involved the use of a much less sophisti- 
cated technique (5, 6). 

Discussion 
Quenching of Singlet Oxygen 

Evidence is increasing to indicate that the 
mechanism for the quenching of singlet oxygen 
by amines involves a charge-transfer (7) or  partial 
charge-transfer intermediate (8). The best evi- 
dence for this is through the correlation of the 
log of the rate constant for quenching of singlet 
oxygen by various amines and the ionization 
potential for the amines in both the gas phase 
(76) and in solution (8). 

In addition, there is some evidence (9) that the 
mechanism of the quenching of singlet oxygen 
by amines is similar to the amine quenching of 
other excited singlet states which have also been 
postulated to proceed by charge-transfer inter- 
mediates (10). 

We have previously obtained a Hammett sub- 
stituent effect for the quenching of the first ex- 
cited singlet state of a series of substituted naph- 
thalenes by diazobicyclooctane (DABCO) (p = 

2.24 i 0.1 1) and other anlines (9). This Ham- 
mett p indicates a moderate charge-transfer 
as measured by the acceptor species. In order to 
further investigate the interaction between 

FIG. 1. Hammett plot for the quenching of singlet 
oxygen by s~~bs t i tu ted  N,hr-diniethylanilines. 
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amines and excited states, rate constants were 
obtained for quenching of singlet oxygen by a 
series of N,N-divethylanilines. These results 
were obtained by the direct determination (see 
ref. 4 for method) of the effect of each substi- 
tuted N,N-dimethylaniline on the lifetime of 
singlet oxygen in methanol and agree very well 
with those obtained by a less direct method (5). 

A Hammett substituent plot of log k ,  rs. 
o (o- for p-CHO and p-CN) is given in Fig. 1. 
o- values were used for the last two anilines and 
indicate the extensive ground state stabilization 
of the amine by these two substituents. The 
slope of the Hammett plot was found to be 
- 1.7 1 i: 0.22 (previous result - 1.4 by less di- 
rect method) (5). This is a moderate slope and 
indicates a partial charge-transfer complex may 
be involved in the quenching of singlet oxygen. 
This confirms previous suggestions that the corn- 

plex responsible for quenching of singlet oxygen 
is charge-transfer in nature (8). The contribution 
of such a state would perturb the singlet state 

so as to cause increased singlet-triplet interac- 
tion and hence enhance intersystem crossing. 
The extent of the charge-transfer contribution is 
reflected in the rate constants for quenching and 
is affected by changes in the substituents of the 
N,N-dimethylanilines. 

Quenching of Triplet States by 
N, N-Dimethylut~ilines 

The mechanism of the quenching of the photo- 
oxidation reaction of 1,3-diphenylisobenzofuran, 
DPBF, is illustrated in the following scheme: 

where D is the sensitizer (rose bengal or methy- 
lene blue). 

A combination of the results from the quench- 
ing of singlet oxygen by the N,N-dimethylani- 
lines with the effect of these anilines on both the 
triplet state of the sensitizer and singlet oxygen, 
in a sensitized photooxidation reaction of 1,3- 
diphenylisobenzofuran, yields the rate constant 
for quenching of the triplet state (Table 1). As 
can be seen from these results, the quenching 
action of the triplet states of rose bengal and 
mcthyiene blue is very rapid by I I I O S ~  N,N- 
dimethylanilines. In fact, for a number of ani- 
lines the rate constant probably approximates 
the rate of diffusion. This is especially noticed 
when Hammett plots are made by plotting the 
log of the rate constants of quenching 1,s. the 
appropriate o constants (see Fig. 2). Although 
the rate constants of quenching of the triplet 
state of rose bengal and methylene blue ap- 
proach the rate constant of diffusion for a num- 
ber of the anilines, those that remain were used 
to  calculate Harnmett p values ( -  1.86 for rose 
bcngal and -4.19 for methylene blue). These 

values indicate, especially for methylene blue, 
that a charge-transfer intermediate may be re- 
sponsible for the quenching action of the triplet 
states by the N,N-dimethylanilines. 

These results are substantiated by the evidence 
presented by Cohen and co-worker (I I). They 
found that the triplet state of fluorenone was 
quenched by a series of substituted N,N-dime- 
thylanilines. They suggested that this quenching 
action was a result of a charge-transfer inter- 
mediate between the anilines and the triplet ex- 
cited state. Their results gave a Hammett p value 
of - 1.83 (using o') or -2.6 (using o). The re- 
sults of Cohen and co-worker can be compared 
to those obtained by ourselves and it appears 
that there is a higher charge-transfer interaction 
between methylene blue and the N,N-dimethyl- 
anilines than for either rose bengal or fluore- 
none. This is indicated by the higher Hammett 
p value obtained with methylene blue. The higher 
rate constants obtained for the quenching of the 
methylene blue triplet suggests that the rate of 
quenching is proportional to the degree of 
charge-transfer in the intermediate. This has 
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TABLE I. Rate constants for the quenching of singlet oxygen and the triplet states of rose bengal 

and methylene blue by anilines x----@~(cH& - 

Triplet states 

Singlet oxygen Rose bengal Methylene blue 
X G* k, x 10-8(s-1 M- ' )?  k,, x 10-s(s-l M-I)  k , ,  x 10-s(s-' M-I)  

*Reference 14. 
?Errors expressed to a 95:: confidence level. 

-1.0 4.5 0.0 0.5 1.0 

6 

FIG. 2. Hammett plots for the quenching of triplet 
states of rose bengal (0) and methylene blue (0)  by 
substituted N,N-dimethylanilines. 

been substantiated by ourselves and others (12) 
by the observation of a transient charge-transfer 
species, I, , , ,  - 420 nm, from the methylene blue 
triplet. This absorption band is assigned to the 
semiradical form of methylene blue. We are in- 
vestigating these results further. 

Conclusions 
This paper illustrates a novel and useful tech- 

nique for investigation of triplet states with 
specific triplet state quenchers. The method was 
applied to two dyes, rose bengal and methylene 

between singlet oxygen and a series of N,N- 
dimethylanilines gave results which were com- 
parable to those obtained by a less direct method 
(Hammett p = - 1.7 L'J. - 1.4). In addition, the 
method was used to obtain improved rate con- 
stants for the quenching of the triplet state of 
rose bengal by the N,N-dimethylanilines and to 
obtain the rate constants of interaction with the 
triplet state of methylene blue which was not 
previously possible (5). Co~nparison of the re- 
sults of these triplet state interactions show sig- 
nificant differences which are probably due to 
the differences in reduction potentials of the 
triplet states. 

Experimental 
N,N-Dimethylaniline and p-bromo-!l.',h1-dimethylan- 

iline were obtained conlmercially (Fisher). All other 
N,N-dimethylanilines were prepared, as outlined by 
Vogel (13), from the appropriately substituted aniline. 
All compounds were purified by one or more distillations 
and checked by n.m.r. 

The method used to obtain the rate constants for the 
quenching of singiet oxygen by the N,N-dimethylanilines 
is given in detail in ref. 4. The method used to measure 
the effect of each N,N-dimethylaniline on the quenching 
of the photooxidation reaction of 1,3-diphcnylisobenzo- 
furan was similar to that given in detail in ref. 6. - 

The following equation was used to calculate the rate 
constants ( K q 2 )  of triplet state interaction (see ref. 5): 

it be to any where So is the slope of the first order decay plot for the 
other compound which acts as a oxygen photooxidation reaction of DPBF, and S,,, is the slope 
('A,) sensitizer. The rate constants of interaction of the first order react~on plot for the photoox~dat~on 
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YOUNG E T  AL.:  ON THE MECHANISM OF QUENCHING BY AMINES 2893 

reaction of D P B F  with different concentrations of amine 
(NR,) .  The rate constant of decay of singlet oxygen in the 
methanol solvent has been obtained previously (k, = 
9.0 x lo4 S -  1).4 

The rate constants of quenching of the triplet states of 
the sensitizers (rose bengal o r  methylene blue) by oxygen 
were measured by observing the pseudo-first order decay 
of the triplct-triplet absorption band (i,,,, 390 nm for 
rose bengal and I . , , ,  400 nni for methylene blue triplets) 
in a solution of known oxygen concentration. The triplet 
states of the sensitizers were generated and monitored 
using the flash system described in ref. 4. The oxygen 
concentration of the solutions was varied by shaking the 
solutions with nitrogen-oxygen mixtures containing 
known pressures of oxygen. The rate constants which 
were obtained are the averages of three or  more measure- 
ments (k, = 1.36 x lo 's- '  M-' for rose bengal and 
k, = 2.70 x lo9 s ' M - '  for methylene blue). 
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Nouvelle voie d'accks aux P-~Ctophosphonates y,6-CthylCniques 

GILBERT PEIFFER 
Institlrt Utziversitaire de Technologie de ,Mar.seille. Rue ties GPratiiums - 13337 Marseille Ceclex 3, Frar-rce 

E T  

PIERRE COURBIS 
Ecole SlrpPrieur-e de Cllirnie de ~Mclrseille, Trc11.erse de la Bnrasse - 13013 Mnrseille, F~.ar~ce 

R e ~ u  le 25 fevrier, 1974 

GILBERT PEIFFER et PIERRE COURBIS. Can. J. Chem. 52, 2894 (1974). 
L'addition d'alcools aux phosphonates knyniques (RO),-P-C=C-C=CH-R, en 

l l  I 
0 R1 

presence de trifluorure de bore, conduit avec des rendements pouvant atteindre 7 0 z  ii une 
nouvelle famille de cetophosphonates ethyleniques, les a-cetophosphonates y,6-Cthyleniques. 

Que I'on parte des isomeres Z ou E des derives enyniques, on obtient dans tous les cas 
etudies le cetophosphonate E. Les moments dipolaires de ces deux familles de composes oilt 
i t e  mesures. 

GILBERT PEIFFER and PIERRE COURBIS. Can. J. Chem. 52, 2894 (1974). 
The addition of enynic phosphonates (RO)2-P-C~C-C=CH-R, to alcohols in the 

I 1 
0 R 1 

presence of boron tr~fluor~de, leads to y,6-ethylenlc b-ketophosphonates. 

0 
/ I  

RO, ,CH2-C, 
CzCH-R2  

R d P + 0  
R 1 

Yields of 7 0 z  have been obtained. Whether Z or E enynic derivates are starting materials 
the E ketophosphonate is obtained in both cases. The dipole moments of both families of 
compounds have been measured. 

L'Ctude de la rtactivitt de l7enchaEnement rtsultats ne sont pas toujours concordants. 
Cnynique conjuguC a fait l'objet de nombreux Ainsi Favorskaya et ses collaborateurs (1-3) 
travaux. En ce qui concerne l'addition des isolent dans la plupart des cas des dCrives de di- 
alcools, en prtsence de trifluorure de bore, les et de triaddition 1 et 2 

Reprenant une telle Ctude, I'un d'entre nous octanone-2 3, avec des rende~nents voisins de 
(4) a montrC qu'il se forrnait i cat6 de ces 80x. Compte tenu de ces rtsultats, nous 
composCs, des dCrivCs de la bicyclo[2,2,2]- pensions pouvoir accCder aux composCs 4 
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PEIFFER ET COURBIS: 0-CETOPHOSPHONATES 2895 

TABLEAU 1. Constantes physiques des phosphonates enynes (R0)2P-C--C-C=CHR2 
;I 
0 

I 
R 1 

Nature des groupements Point 
- -- d'kbullition 

R RI  R Z  IsomQe ("CImmHg) n d t  4' Rendement (%) 

par condensation d'Cthano1 sur des phosphonates 
Cnyniques : 

En fait la rkaction Cvolue diffiremment et 
conduit avec un rendement pouvant atteindre 
70% B une nouvelle famille de ~Ctophosphonates 
CthylCniques, les P-~Ctophosphonates y,6-Cthy- 
lCniques 5: 

Ce rCsultat prksente un certain intkret, 
d'autant plus que, comme l'a montrC Sturtz et al. 
(5 ) ,  l'oxydation des phosphonates Cnyniques en 
prksence d'ions mercuriques ne conduit pas au 
produit normalement attendu. I1 est B noter 
cependant que I'utilisation de l'ethylineglycol 
conduit non pas a un cttophosphonate mais 
I'acCtal correspondant 6 

0, /o 
RO, ,CH2-C, ,H 

,c=c\ 
Ro'P"o R, R2 

Les travaux de Bertrand et Monti (6, 7) 
relatifs B la prCparation de dCrivCs cyclo- 
propaniques par addition d'Cthylkneglyco1 aux 
Cnynes conjuguCs suivi d'une rCaction de 
Simmons Smith (11, 12), nous ont permis de 
determiner la configuration des produits obtenus. 
Que I'on parte des Cnynes Z ou E, on obtient 
toujours l'isomkre E. L'acktal intermediaire 
ttant Cgalement de forme E. Par comparaison 
avec les travaux de McGreer et al. (8) sur l'ttude 
r.m.n. des isomires Z et E de la mCthyl-3 
penthe-3 one-2, nous avons pu prkciser sans 
Cquivoque la structure E pour tous nos cCto- 
phosphonates obtenus : 

0 CH3, ,CH3 
I /  ,C=C, 

RO, ,,CH2-C \ Y H(a) 

RO1'\0 
C=CHR2 
I En particulier, le proton (a) sort sous forme 
R I d'une quadruplet dans tous les cas, avec un 

5 dCplacement chimique Cgal a 6.84 p.p.m., et 
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TABLEAU 2. Deplacements chimiques et constantes de couplage des phosphonates Cnynes 

Dtplacements chimiques (p.p.m.) 

Phosphonates 

Protons 
Constantes de 

(a) (b) (c) (d) couplage (Hz) 
-- -- 

(e) 

Ex Th Ex Th Ex Th Ex Th Ex Th Phosphore J P - , ,  J c - d  J c - t ,  

CH3-CH2-0 CEC-C=CH2 (a) 
\ / 

m d t t m  t 
I 

CH3 CH3-CH2-0 5.58 5.50 1.97 1.95 4.10 1.35 

(d) (c) (b) 

C H 3 - 0 ,  ,CEC-C=CH2 (a) 
P I d d , m  q d 

C H ~ - - O /  \\O $Hz (b) 5.52 5 . 8 0 ' 2 . 1 8  2.23 3.74 

CH3-CH2-0,  ,,C=C-C=CH2 (a) 
P I d d m q m  t t t  

CH~-CH~-O' \\O CH2 (b) 
I 5.52 5.50 2.16 2.22 4.08 1.38 1.15 1.12 

(d) (c) CH3 (e) 

CH3--O\ ,,C=C \ /CH3 (b) 

/ P  /c=c m m d 
CH3-o 11 CH3 "H (a) 

0 (b) 5.97 1.90 3.72 
(c) 

z 
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0 
I I 

H 
TABLEAU 3. Constantes physiques des cetophosphonates 

R2 

Nature des groupements Point 
d'ebullition 

R R I R 2 Isomere ("CImmHg) ndf d4 Rendement (x) 
CZHJ CH3 CH 3 E 12810.15 1.4668124 1 .095/24 70 
CZHS CH3 H 9210.15 1 ,4468123 1 ,104123 25 
CzHs CZHS H 110/0.2 1 ,4603123 1 ,090123 30 
CH 3 CH3 CH3 E 10210.3 1 ,4738124 1 .092/24 49 

ceci que l'on parte des isomeres Z ou E des 
phosphonates Cnyniques. 

Nous avons determint Cgalement les moments 
dipolaires experimentaux des phosphonates 
Cnyniques (tableau 5 )  et des P-cttophosphonates 
(tableau 6). 

En ce qui concerne les premiers le comporte- 
ment des isomeres Z et E est totalement dif- 
firent. Les isom6resZ ayant un moment dipolaire 
superieur B ceiui des isomires E. Ainsi dans le 
cas des isomkres Z et E du (methyl-3 penthe-3 
yne-1) yl phosphonate de dimtthyle, on trouve 
2.82 D pour le composC E et 3.57 D pour le 
dCrivC Z. Les cetophosphonates quant B eux 
ayant une structure E, ont des moments di- 
polaires trks voisins, de I'ordre de 3.1 5 D. 

Etude ExpCrimentale 
Syt~thtse des phosphonates bnyniques 

Ils sont obtenus par action des trialcoylphosphites sur 
les halogenures Cnyniques selon un mode operatoire 
decrit prCcedemment (9, 10). 

Les constantes physiques des produits obtenus se 
trouvent rassemblees tableau 1. Nous avons par ailleurs 
regroupe dans le tableau 2 les deplacements chimiques des 
differents types de protons et du phosphore ainsi que les 
constantes de couplage J H H  et J P H  Les deplacements 
chiniiques des protons sont donnes par rapport au 
tetramethylsilane pris comme reference interne, alors que 
nous avons utilist PO,H, a 85% comme reference interne 
pour le phosphore. Nous avons calculC dans certains cas 
les deplacements chimiques des protons a I'aide du 
programme LAOCOON 111 (13). 

Synthtse des cbtophosphonutes 
Dans un ballon de 250 em3 muni d'un systeme d'agita- 

tion, d'une ampoule a brome et d'un refrigerant, on 
place un mtlange de 1.5 g d'oxyde mercurique, 0 .2g 
d'acide monochloracCtique, 0.5 g d'etherate de trifluorure 
de bore et 1.5 em3 d'alcool (methanol ou ethanol). On 
chauffe ce melange jusqu'a obtention d'une boue 
homogene. Le catalyseur etant ainsi prepare, on ajoute 
en une seule fois 70 em3 d'ethanol absolu et on agite en 

chauffant doucement. Le melange prend une coloration 
jaune orangee. On additionne alors goutte a goutte un 
melange compose de 30 cm3 d'alcool et de 0.25 mol de 
phosphonate enyne en chauffant a tres leger reflux. 
L'addition dure 1 h environ. Le melange rkactionnel 
devient gris. On maintient ie reflux 5 h. On termine alors 
en ajoutant 0.5 g d'ethylate de sodium afin de neutraliser 
I'acide monochloracetique. L'exces d'alcool est chassk 
sous pression atmospherique. Une rectification sous vide 
permet d'obtenir les [3-cetophosphonates y,6-CthylCniques 
dont les constantes physiques se trouvent rassemblees 
tableau 3. Les deplacements chimiques des differents 
types de protons et les constantes de couplage se trouvent 
rassembles tableau 4. 

Syntlitse du JmPthyl-3 Pthyltt~e cPtnl-2 penrtne-3) y1 
phosphonate de dibthyle 

On utilise le mCme mode operatoire que celui employe 
precedemment pour la synthese des [3-cetophosphonates 
y,k-ethyleniques. On additionne au methyl-3 pentenyne 
( Z  ou E) I'tthyleneglycol. Apres les traitements habituels 
on isole le E (methyl-3 ethylene cetal-2 pentene-3) yl 
phosphonate de diethyle: 
p.Cb. 'Clmm, 1 12/0.1; n d Z 3 ,  1.4614; dAZ3, 1.109; Rende- 
ment, 409,. Spectre r.m.n.: les deplacements chimiques 
des diffkrents protons sont les suivants: 

\ / 
CH3-CH2-0, ,CH,-C , ,H (a) 

P (el ,C=C 
CH~-CH~-O' \\O CH3 (g )  'CH~ (b) 

(a) quadruplet centre a 5.66 (b) massif centre a 
1.57 (g) massif centre 1.52 (c) massif centre 
a 3.94 (d) triplet centre a 1.22 (e) doublet 
centre a 2.18 (f) massif centre a 3.72 con- 
stantes de couplage: J,-.. 9 Hz; J,-., 18 Hz. 

Dtterrnination des nlornetzts dipolaires 
Nous avons determine les moments dipolaires des 

phosphonates tnyniques et des [3-cetophosphonates, en 
solution diluee en utilisant la thtorie fondamentale de 
Debye-Clausius-Mosotti et le procede de calcul propose 
par Hedestrand (14), et Gaydou (15). Les mesures ont 
Cte faites en utilisant soit le tktrachlorure de carbone 
( E ~  = 2.2363 a 25 'C) soit le cyclohexane = 2.0148 a 
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RO-, ,C=C-C=CHR2 
TABLEAU 5. Determination des moments dipolaires des phosphonates enynes P 1 

RO' \O RI 

Composes 

R R 1  R Z  Isomere Solvant E I dl ' " i ~  (Dl 

ii 
RO CHI-C 

'P' 
\ 

TABLEAU 6. Determination des moments dipolaires des p-cetophosphonates C -CHR2 
RO'II 

0 
I 
R 1 

Composes 

R R 1 R z Isomere Solvant & I  dl ' "iJ (Dl 

25 "C) comme solvants a I'aide d'un dipolmetre WTW 
type D M  01 comportant des cellules du type DFL2. 
Les resultats obtenus se trouvent rassembles dans les 
tableaux 5 et 6. 
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An Electron Spin Resonance Study of the Arylsilyl Adducts of Phenyl 
tert-Butyl Nitrone and Their Decomposition Kinetics 

BABATUNDE B. ADELEKE, SAU-KING WONG, AND JEFFREY K. S. WAN 
Department of Chemistry, Queen's University, Kingston, Ontario K7L 3N6 

Received October 26. 1973I 

BABATUNDE B. ADELEKE, SAU-KING WONG, and JEFFREY K. S. WAN. Can. J. Chem. 52, 
2901 (1974). 

The formation and the stability of some arylsilyl adducts of phenyl tert-butyl nitrone were 
studied in a photochemical system using di-tert-butyl peroxide as solvent. The D-proton 
splittings of all the arylsilyl adducts, ranging from 5.6 to 8.3 G, are relatively larger than their 
carbon analogs, which are usually less than 4 G. The arylsilyl adducts are found to decompose 
in di-tert-butyl peroxide solvent by a first-order kinetics. The activation energy involved in the 
decomposition of a series of arylsilyl adducts varies from about 14 to about 9 kcal/mol, as the 
size of the silyl group increases. In  all cases, very low values of the A factors (between lo6 and 
10l0) were observed. 

BABATUNDE B. ADELEKE, SAU-KING WONG et JEFFREY K. S. WAN. Can. J. Chem. 52, 2901 
(1974). 

On a ttudie la formation et a1 stabilite de quelques produits d'addition arylsilylts de la phenyl 
tert-butyl nitrone dans un systeme photochimique utilisant le peroxyde de di-tert-butyle comme 
solvant. Les couplages des protons de tous les produits d'addition arylsilyles qui s'etalent 
entre 5.6 et 8.3 G sont relativement plus larges que ceux de leurs derives carbones analogues 
qui sont generalement de I'ordre de 4 G. On a trouve que les produits addition arylsilylts se 
decomposent dans un solvant comme le peroxyde de di-tert-butyle par une cinetique du premier 
ordre. L'energie d'activation implique dans la dCcomposition d'une serie de produits d'addition 
arylsilyles varie de 14 B 9 kcal/mol au fur et a mesure que la grosseur du groupe silyle augmente. 
Dans tous les cas ou observe des valeurs tres basses (entre lo6 et 10lo) pour les facteurs A .  

[Traduit par le journal] 

Introduction 
The technique of spin trapping (1) has been 

increasingly popular in mechanistic studies in- 
volving elusive free radical intermediates. The 
persistent failure of observing the e.s.r. spectrum 
of the triphenylsilyl radical in liquid solution in 
our laboratory has led us to consider the appli- 
cation of spin trapping methods. Thus in a re- 
lated study we have shown that the presence of 
triphenylsilyl radicals can be detected by using 
benzophenone as the spin trap at high tempera- 
tures (2). Because the phenyl tert-butyl nitrone 
(PBN) has been widely used as a spin trap, we 
chose PBN in this study as traps to react with 
various arylsilyl radicals produced in a conven- 
tional photochemical system using tert-butyl 
peroxide as the solvent. Quantitative kinetic 
studies on the subsequent decomposition of these 
arylsilyl adducts were carried out. The results 
suggest that under the same experimental con- 
ditions, various arylsilyl radicals give spin ad- 

'Revision received May 13, 1974. 

ducts of different stability, hence different steady- 
state concentrations of the resulting adducts. The 
conclusion illustrates the point that for quanti- 
tative studies of the relative reactivity of free 
radicals in solution using the spin trapping tech- 
niques, steady-state intensities of the e.s.r. 
spectra of the various spin adducts are not re- 
liable indications of the relative reactivity. 

Experimental 
Triphenylsilane (Alfa), diphenylsilane(K & K), phenyl- 

silane (Alfa), phenyl tert-butyl nitrone (Eastman), and 
di-tert-butyl peroxide (K & K) were used as received. Use 
of zone-refined triphenylsilane gave identical results. 

About 0.05 M solution of each of the nitrone and the 
silane was prepared in liquid di-tert-butyl peroxide 
(BOOB). Attempts have been made to use BOOB in a 
variety of common solvents, including benzene, cyclo- 
hexane, and carbon tetrachloride. The best results were 
obtained with BOOB as solvent. 

In a typical experiment, the sample solution in a Pyrex 
tube was degassed thoroughly under Torr vacuum. 
The sample tube was sealed and placed in an  optical 
microwave cavity equipped with a variable temperature 
controller. The sample was irradiated in situ using a 
200 W high pressure mercury lamp with Pyrex optics. The 
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TABLE 1. Experimental e.s.r. parameters of the arylsilyl and BO 
adducts of phenyl teut-butyl nitrone in tert-butyl peroxide 

Radical ON aaH 
adduct (GI (GI g value 

* S o r n e ~ h a t  larger values o f  a~ (14.22 G )  and a@" (1.95 G )  observed in benzene 
solvent have been given by Janzen and Evans (3).  

decay of the e.s.r. spectra between -20 and 30 "C was 
followed using a Hewlett Packard fast speed recorder 
with a response time better than 0.5 s. The decay curve 
of the e.s.r. signal monitored at  the maximum of one of 
the outermost hyperfine lines was obtained after the 
light beam was cut off. 

Electron spin resonance spectra were recorded with a 
Varian X-band spectron~eter with 100 kHz modulation. 
The magnetic field was calibrated with a Varian F-8A 
fluxmeter and the g-value measurements were made with 
DPPH as a standard at 2.0036. Calibration of theabsolute 
concentration of the radicals studied was found to be 
unnecessary, since they decay by first-order kinetics. 

Results 
Photolysis of BOOB in the Presence of 

Phenjd tert-Butyl Nitrone 
At room temperature and without specific ir- 

radiation, the solution of phenyl tert-butyl ni- 
trone in BOOB exhibits a weak e.s.r. signal. The 
intensity and resolution of the signal increased 
greatly upon irradiation. This spectrum has 
parameters similar to those of the butoxy radical 
adduct (3) (1) formed in the following reactions 

[ I ]  BOOB + hv + 2 ~ 0  

1 

The experimental hyperfine coupling constant 
for adduct 1 is listed in Table 1. Upon further 
irradiation, the doublet fine structure of the 
main triplet spectrum disappeared, leaving only 
a three-line spectrum with a splitting of 13.6 g. 
This is consistent with the following reaction 
scheme : 

0 
t 

131 1 + ~ i )  -+ Ph-C=N-B + BOH 
I 

2 

It is reasonable to expect the radical adduct (2) 
to give a simple triplet spectrum with a nitrogen 
splitting in the order of 13 G. Further experi- 
ments show that in the presence of a better 
hydrogen donor such as silane, the triplet spec- 
trum was not observed. 

Photolysis of BOOB in the Presence of 
Triphenylsilar~e and Phenyl tert-Butyl Nitrone 

Photolysis of this solution led to the observa- 
tion of an e.s.r. spectrum shown in Fig. 1. This 
spectrum is analyzed into three component rad- 
icals; two of them are readily recognized by their 
hyperfine splittings as the BN(O)OB radical (4) 
and the butoxy adduct (1). The third radical has 
a triplet splitting of 14.5 G and a smaller doublet 
splitting of 5.6 G. Both the BN(O)OB radical 
a i d  th; third radical are found to be unstable in 
the dark. Considering analogous reactions ( 5 )  
we tentatively assign the third radical to be the 
triphenylsilyl adduct, phC~(s iPh , )N(o)B.  T o  
support this assignment, we have made a thor- 
ough search for the 29Si splitting. All attempts 
were unsuccessful and we suspect that the 29Si 
splitting may be too small to be resolved, since 
the Si is in the y-position (6). Nevertheless, in the 
absence of observable 29Si splitting, the identi- 
fication of this radical must remain tentative. 

It is noted here that all reported spin adducts 
of the phenyl tert-butyl nitrone and either hydro- 
carbon radicalsZ or oxygen radicals have 
P-proton splittings less than 4 G and nitrogen 
splittings between 12 and 16 G (7). Only the 

'One of the referees had pointed out to us that the 
trifluoroacetyl spin adduct of PBN (see E. G .  Janzen et al. 
(13)) is reported to have a p-proton splitting of 5.4 G. 
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ADELEKE ET AL.: E.S.R. STUD Y OF ARYLSILYL ADDUCTS 

FIG. 1. Electron spin resonance spectrum obtained 
upon photolysis of BOOB in the presence of phenyl 
ievi-butyl nitrone a n d  triphenylsilane: (I)  BN(0)OB; 
(2) the triphenylsilyl adduct; and (3) the butoxy adduct. 

hydrogen adduct, PhCH,N(O)B, has a larger 
P-proton splitting of 7.13 G (7). It is thus in- 
teresting to observe that the radical adducts in 
the arylsilane systems all have 0-proton splittings 
substantially greater than 4 G (see Table 1). 

Plzotolysis of BOOB in the Presence of 
Di'phenylsilane and Phenyl tert-Butyl Nitrone 

At room temperature and without irradiation, 
a liquid mixture of phenyl tert-butyl nitrone and 
diphenylsilane undergoes a thermal reaction pro- 
ducing the hydrogen adduct phCH,N(O)B. In 
the presence of BOOB, both the hydrogen adduct 
and the butoxy adduct (1) were observed without 
irradiation (Fig. 2). Upon photolysis of the 
solution, the hydrogen adduct disappeared and 
two other radicals were produced (Fig. 3): one 
is the BN(O)NB radical and the other radical has 
a triplet splitting of 14.5 G and a smaller 
doublet splitting of 7.5 G. This radical is ten- 
taticelq assigned to the diphenylsilyl adduct 
PhCH(SiHPh,)N(O)B. 

The disappearance of the hydrogen adduct 

Frc .  2. Electron spin resonance spectrum obtained 
upon mixing at  room temperature BOOB and diphenyl- 
silane in the, presence of pherlyl tert-butyl nitrone: 
( I )  PhCH,N(O)B; (2) the butoxy adduct. 

upon photolysis is probably due to the reaction 
with the photo generated BO radicals. 

Pl~otolysis of BOOB in the Presence of Phetlyl- 
silane and Pllenyl tert-Butjll Nitrone 

Photolysis of this solution led to the observa- 
tion of an e.s.r. spectrum which can be tentatively 
assigned to two component radicals: the butoxy 
adduct (1) and the corresponding phenylsilyl 
adduct PhCH(SiH2Ph)N(0)~.  The parameters of 
the latter radical having a large doublet splitting 
of 8.3 G, are given in Table I. 

Pl~otolysis of BOOB in the Presence of Trimethyl- 
s i l a ~ e  and Phenyl tert-Butyl Nitrone 

Photolysis of this solution gave an e.s.r. spec- 
trum which is tentatively assigned to the tri- 
methylsilyl adduct PhCH(Si[CH,],)N(O)B. The 
experimental parameters are given in Table 1. 
Unlike the arylsilyl adducts, the trimethylsilyl 
adduct was found to be very stable in the dark. 

Decay o f  the Arylsilyl Adducts 
The decay of arylsilyl adducts in the dark was 

found to follow the first-order kinetics. Figure 4 
shows a typical first-order plot obtained from 
the decay curves of the diphenylsilyl adduct. The 
decay rate constants at various temperatures and 
the Arrhenius parameters are summarized in 
Table 2 for the three arylsilyl adducts studied. 
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TABLE 2. Kinetic parameters for the decay of arylsilyl adducts 

First-order Activation 
Temperature rate constants energy 

Adduct (OK) k x lo2 (s-I) (kcaI/mol) log A 

Phenylsilyl 265 
273 
282 
29 1 
300 

Diphenylsilyl 247 
255 
265 
273 
282 

Triphenylsilyl 264 
273 

FIG. 4. A first-order piot for the decay of the diphenyl- 
silyl adduct; h,/h is the relative e.s.r. signal heights at  
initial time t,, and time t .  

( 1 1 1  I I I I I Discussion 

( 2 )  1 I 1 I I I In all three arylsilanes systems studied, the 
adduct radical spectra consistently exhibit a 

FIG. 3. Electron spin resonance spectrum obtained relatively large doublet splittings p,.esumably due 
upon photolysis of BOOB solution of diphenylsilane and 
phenyl tert-butyl nitrone: (1) the diphenylsilyl adduct; to the P-proton the adduct radical. This is a 
and (2) the butoxy adduct. rather interesting observation. In the case of spin 
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adducts of hydrocarbon and oxygen radicals, the 
variation in the P-proton splittings of the 
nitroxide seems to be related to the size of the 
carbon or oxygen radical group. For example, 
the P-proton splitting in CH,N(O)B is 12.7 G 
(8). Upon replacing one of the methyl protons 
with a phenyl group, the P-proton splitting of 
the resultant nitroxide drops to 7.13 G (7). In 
this respect, we observe (Table 1) the similar 
trend in the arylsilyl adducts; the phenylsilyl ad- 
duct has a larger P-proton splitting than that of 
the diphenyl and triphenyl substituted silyl ad- 
ducts. However, on the basis of group size alone, 
it would be expected that the arylsilyl adducts 
should have smaller P-proton splittings than 
their carbon analogs. In a solid state pulse n.m r. 
study, it has been determined (9) that the activa- 
tion energy for the C, rotation in the solid state 
of the methyl group in (CH,),SiCl and in 
CH,SiCl, is substantially lower than the values 
for their carbon analogs (CH,),CCl and 
CH,CCI,. Perhaps despite the larger size of the 

the three arysilyl adducts the activation energy 
of their decomposition decreases with the in- 
creasing size of the arylsilyl group. This is also 
consistent with the observation of Maender and 
Janzen (10) for carbon adducts. It should be 
emphasized that the present experiments were 
carried out in BOOB solvent. However, the use 
of BOOB as solvent does not seem to interfere 
with the decomposition of the adducts. For ex- 
ample, we had used liquid diphenylsilane itself 
as solvent and the decay of the diphenylsilyl ad- 
duct was virtually the same as in BOOB. Indeed, 
the use of BOOB as solvent for radical studies is 
relatively common in recent years. 

Finally the low values of the A factor deter- 
mined and given in Table 2 cannot be satisfac- 
torily explained at the present time. While there 
have been a few other low values of A factors 
reported for unimolecular reactions (1 1 ,  12), 
further systematic studies of unimolecular de- 
composition of free radicals are required before 
this can be explained. 

arylsilyl group there is-less steric strain in these 
arylsilyl adducts as to their carbon This research is supported by the National Research 

Council of Canada. B.B.A. also wishes to acknowledge analogs. the award of a Canadian Commonwealth Postgraduate 
While the triphenylmethyl radicals do not scholarshiD. 

seem to add to the phenyl tert-butyl nitrone (7), 
arylsilyl radicals-including the triphenylsilyl rad- 1. E. G. J A ~ Z E N .  ACC. Chem. Res. 4, 31 (1971). 
ical appear to add readily to the nitrone and their 2. A. R. MCI~TOSH and J. K. S. WAN. MoI. Phys. 22, 

resultant adducts can be observed by e.s.r. l Z 3  Can. J. Chem. 499 812 
3. E. G. JANZEN and C. A. EVANS. J. Am. Chem. Soc. during irradiation. These arylsilyl adducts are 95, 8205 (1973). 

unstable in the dark and they decompose with 4. M. J. PERKINS and P. WARD. J .  Chem. Soc. B, 395 
various first-order rate constants. In all three (1970). 
systems studied, the BN(0)OB radicals were also 
observed. These observations are consistent with 
the following reaction scheme : 

H 0. 
I I . / H 

[5] Ph-C-N-B -+ Ph-C, + BNO 

[GI BNO + BO -t BN(O)OB 

Similar schemes of reactions of carbon analogs 
have been proposed by Maender and Janzen (10). 

The fate of the silyl substituted benzyl radical 
formed in reaction 5 is not known. 

The present experiments show that among 

5. S.  w.' BENNETT, C. EABORN, A. HUDSON, and H. A. 
H u s s ~ r x .  J .  Organomet. Chem. 16, P36 (1969). 

6. P. J. K ~ u s t c  and J. K. KOCHI. J. Am. Chem. Soc. 
93, 846 (1971). 

7. E. G.  JANZEN and B. J. BLACKBURK. J. Am. Chem. 
SOC. 91, 4481 (1969). 

8. A. R: FORRESTER, J.  M. HAY, and R. H. THOMSON. 
Organic chemistry of stable radicals. Academic Press, 
London. 1970. p. 195. 

9. S. CHANDRA. Ph.D. Thesis. Queen's University, 
Kingston, Ontario. 1973. 

10. 0. W. MAENDER and E. G. JANZEN. J. Org. Chem. 
34, 4072 (1969). 

11. B. G. GOWENLOCK. Q. Rev. 14, 133 (1960). 
12. M. DAVIES and F. P. EVANS. Trans. Faraday Soc. 51, 

I506 (1955). 
13. E. G .  JANZEN, I. G. LOPP, and T. V. MORGAN. J. 

Phys. Chem. 77, 139 (1973). 
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Thermodynamics of Ionization of Benzoic Acid and Substituted Benzoic Acids 
in Relation to the Hammett Equation 

TAKEKI MATSUI, HON CHUNG KO, AND LOREN G. HEPLER 
Deprrrrt,let~t of Chetnistp, University oflethbridge, Letl~bridge, Alberta T I K  3M4 

Received February 4, 1974 

TAKEKI MATSUI, HON CHUNG KO, and LOREN G. HEPLER. Can. J. Chem. 52, 2906 (1974). 
We have made both ampoule and titration calorimetric measurements leading to AH0 of 

ionization of aqueous benzoic acid at  298 K, and have considered our results in relation to those 
from several earlier investigations in an  effort to select the "best" value for this important 
quantity. We have also made calorimetric measurements leading to AH0 values for ionization 
of several substituted benzoic acids, and have selected "best" AH0 values for 15 meta- and 
para-substituted benzoic acids. It is found that there are good linear relationships between AGO, 
AH0, and AS0 values for most of these substituted benzoic acids. It is also found that the Hammett 
equation accounts well for ionization constants over the temperature range 278-318 K for all 
of these acids and accounts very well for ionization constants of those acids with positive o 
substituent parameters. 

TAKEKI MATSUI, HON CHUNG KO et LOREN G. HEPLER. Can. J. Chem. 52, 2906 (1974). 
Des mesures par ampoule et par titrage calorimetrique, on obtient la valeur de AHod'ionisa- 

tion de l'acide benzoi'que aqueux a 298 K ;  on considere ces rtsultats en rapport avec ceux de 
plusieurs etudes anterieures pour choisir la "meilleure" valeur de cette importante quantite. 
On fait aussi des mesures calorimttriques qui menent aux valeurs de AH0 d'ionisation de 
plusieurs acides benzoi'ques substitues, et I'on choisit les "meilleures" valeurs de AH0 pour 15 
acides benzoi'ques substituCs en mtta et para. On trouve une bonne relation lineaire entre les 
valeurs de AGO, AH0 et AS0 pour la plupart de ces acides benzoi'ques substitues. L'equation de 
Hammett explique bien les constantes d'ionisation dans I'intervalle de temperatures de 278- 
318 K de tous ces acides, et elle explique tres bien les constantes d'ionisation de ceux qui ont les 
parametres de substituants o positifs. [Traduit par le journal] 

Introduction 
Ionization constants for benzoic acid and sub- 

stituted benzoic acids in aqueous solution at  
298 K were the basis for Hammett's original as- 
signment of o substituent parameters (1). Al- 
though applications of the Hammett equation 
and other linear free energy equations have been 
extended far beyond Hammett's early applica- 
tions to equilibria and rates of reactions in- 
volving meta- and para-substituted benzene de- 
rivatives, the ionization constants and corre- 
sponding standard free energies of ionization of 
benzoic acid and substituted benzoic acids are 
still of fundamental importance in relation to 
substituent effects. 

For many years there has been considerable 
interest in the temperature dependence of ioniza- 
tion constants and of related substituent effects. 
This interest has been based partly on the prac- 
tical desire to apply the Hammett equation at  
temperatures other than 298 K and partly on a 
desire to gain more understanding of the theoret- 
ical basis and consequences of the Hammett 
equation. All of these concerns can be expressed 

in terms of AHo and ASo values for the various 
acid ionization reactions, as discussed in several 
previous publications (2-8). 

In spite of a considerable number of experi- 
mental investigations of the thermodynamics of 
ionization of benzoic acid and substituted ben- 
zoic acids (cited later in this paper), there are 
still substantial disagreements between the re- 
sults of different investigators. We have therefore 
undertaken the calorimetric measurements and 
thermodynamic calculations that are described 
in this paper. 

Experimental 
All calorimetric measurements were made with an LKB 

Precision Calorimetry System. Many of our measure- 
ments were made with "standard" glass ampoules from 
LKB. Small corrections to allow for heat effects asso- 
ciated with ampoule-breaking were based on results of 
blank determinations. For titration calorimetry measure- 
ments the titrant was supplied by a Metrohm Dosimat 
automatic titrator. Heats of dilution of titrant solutions 
were determined separately. All of our results refer to 
(298.15 5 0.05) K and are reported in ternis of the defined 
calorie (1 cal = 4.1840 J). 

Sodium benzoate (BDH) was recrystallized three or 
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more times from aqueous ethanol and then dried in 
vacuum for 24 h at 120 'C. 

Sodium m-nitrobenzoate was prepared by reaction of 
NaOH in 95% ethanol with m-nitrobenzoic acid (J. T. 
Baker) that had been previously recrystallized from 
aqueous ethanol. The sodium in-nitrobenzoate was re- 
crystallized three times from aqueous ethanol and then 
dried in vacuum for 24 h at 120 "C. 

Sodium salts of m-fluorobenzoic acid (Aldrich), 
m-methylbenzoic acid (Eastman and BDH), and m- 
methoxybenzoic acid (Eastman) were prepared by re- 
action of the acid, previously recrystallized from water, 
with NaOH in 95% ethanol. The salts were recrystallized 
three times from aqueous ethanol and then dried in 
vacuum for 24 h at  120 "C. 

For every compound we made duplicate measurements 
on at least two different samples prepared and purified 
at different times. 

Results and Discussion 
We have measured heats of solution of sodium 

benzoate and sodium m-fluorobenzoate in 0.001 
M NaOH (to repress hydrolysis) as represented 
generally by 

Results of seven determinations of heats of solu- 
tion of sodium benzoate (concentrations from 
0.01 to 0.03 M) have been extrapolated rs. the 
square root of concentration to infinite dilution 
to yield AH,' = -581 cal mol-'. Similar treat- 
ment of similar results for sodium m-fluoro- 
benzoate has led to AH,' = 260 cal mol-'. 

We have also measured heats of solution of 
sodium benzoate and sodium m-fluorobenzoate 
in 0.024 M HC1 solution, as represented gen- 
erally by 

Again, results of seven determinations (concen- 
trations of HBz formed ranging from 0.005 to 
0.018 M) have been extrapolated to infinite dilu- 
tion to yield AH,' = -687 cal mol-I for so- 
dium benzoate and AH2' = 40 cal mol-l for 
sodium m-fluorobenzoate. 

Our estimates of total uncertainties (calori- 
metric, chemical: and extrapolation) are about 
f 25 cal mol-' in AH,' and AH,' values for 
sodium benzoate. For sodium m-fluorobenzoate 
the total uncertainties in AH,' and AH,' are 
about i-40 cal mol-' and f 50 cal mol-', re- 
spectively. 

Combination of AH,' and AH,' values leads 
to the desired enthalpies of ionization as follows : 

In this way we obtain AHiO = 106 f 35 cal 
mol-' for ionization of benzoic acid and AH~O = 

220 f 65 cal mol-' for ionization of m-fluoro- 
benzoic acid. 

We have also carried out titration calorimetry 
measurements in which perchloric acid solution 
was added to a solution of a sodium salt in the 
calorimeter. Combination of these results with 
separately evaluated heats of dilution has led to 
the following standard enthalpies of ionization: 
AHiO = 114 f 25 cal mol-' for benzoic acid, 
AHiO = 381 f 30 cal mol-' for m-nitrobenzoic 
acid, AHiO = 49 f 35 cal mol-' for ~n-methoxy- 
benzoic acid, AHiO = 70 f 30 cal mol-' for m- 
methylbenzoic acid. All of the + values listed 
here are estimates of the total uncertainty, as 
described above. 

In Table 1 we list our two calorimetric AH0 
values for ionization of aqueous benzoic acid at 
298 K, along with results reported by earlier in- 
vestigators. The considerable range (-420 to 
+ 169 cal mol-') in these values must be due 
to substantial systematic errors in some of the 
cited investigations. Because of these systematic 
errors and because different authors attach dif- 
ferent meanings to quoted f values, it is impos- 
sible to carry out any weighted averaging pro- 

TABLE 1. AH0 values for ionization of aqueous benzoic 
acid at 298 K" 

A H 0  
(cal mol-') Reference 

+ 40 (T) 
+ 110 + 60 (C)b 
- 420 (T) 
+104+150(T) 
+105+50 (C) 
+ 90 (C)" + 169 (T) 
+ 1 (TI + 150&24(T) 
+150+50(C) 
+ I00 (C) 
+I18 (C) 
-67+ 19 (T) 
+I10 (C) 
+106+35 (C) 
+114+25 (C) 

7 
22 

This work, ampoule calorimetry 
This work, titration calorimetry 

"(T) indicates that the quoted A H o  value was derived from equilib- 
rium constants at  several temperatures. (C) indicates that the quoted 
A H o  value was derived from calorimetric measurements. All i values 
are those quoted by the original authors. 

bCalorimetric measurements were made at  10, 20, and 30 "C. The 
value listed is based on  our interpolation of the published results. 

<The authors originally reported A H o  = +90 cal molkl based on  
their A H o  for ionization of water. Recalculation of their res'ults, using 
the "best" A H o  of ionization of water (3), now leads to A H n  = 
-70 cal mol-' for ionization of benzoic acid. Because of probable 
~pncellation of errors, it is likely that the original +90 cal mol-I is 

better" than the recalculated -70 cal mol-I. 
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cedure to obtain the "best" AH0 value. We there- 
fore proceed as follows. 

An average of all the AH0 values listed in 
Table 1 leads to AH0 = + 61 cal mol- '. An av- 
erage of all AH0 values except that (-420) from 
ref. I1 leads to AH0 = $93 cal mol-l. An av- 
erage of all positive AH0 values leads to AH' = 
+ 105 cal mol-I. An average of all positive AH0 
values derived from equilibrium constants at 
several temperatures is AH0 = + 93 cal mol-'. 
An average of all calorimetric values gives 
AH0 = + 11 1 cal mol-'. On the basis of these 
averages and our opinions about the various re- 
ported values, we select AH0 = + 1 10 cal mol- ' 
as the "best" standard enthalpy of ionization of 
aqueous benzoic acid at 298 K. We estimate that 
the total uncertainty in this value is no more 
than f 20 cal mol- '. 

Equilibrium results reported in refs. 7, 9, 12, 
and 16-1 8 and reviewed in ref. 3 lead us to select 
the following "best" values for ionization of 
aqueous benzoic acid at 298 K :  K = 6.25 x lo-', 
pK = 4.204, AGO = 573, cal mol-l. The total 
uncertainty in this AGO appears to be less than 
i 10 cal mol-I. 

Combination of the "best" AGO and AH' 
values above leads to AS0 = - 18.87 cal K-'  
mol-' for the standard entropy of ionization of 
aqueous benzoic acid at 298 K. All of these 
AGO, AH', and AS0 values for benzoic acid (and 
those given later for substituted benzoic acids) 
are based on the "infinite dilution" or "hypo- 
thetical 1.0 molal" solute standard state. 

In Table 2 we list our AH0 values for ioniza- 
tion of substituted benzoic acids, along with 
values reported by earlier investigators for 
several acids. We first consider the accuracy and 
reliability of the various reported AH0 values and 
then turn to consideration of these values in 
relation to other thermodynamic quantities. 

On the basis of a previous review (3) and com- 
parison of AH' values in Tables 1 and 2, we sug- 
gest that the AH0 values based on the work of 
Briegleb and Bieber (I I )  are too uncertain to 
warrant further discussion. 

Everett and Wynne-Jones (9) used old (1898) 
equilibrium data from Schaller and Euler to cal- 
culate AH0 values for ionization of benzoic acid 
and several substituted benzoic acids. Generally 
reasonable agreement between their AH0 values 
and those reported subsequently suggests that 
we can accept (most of) their results with con- 
fidence. 

TABLE 2. AH0 values for ionization of substituted 
benzoic acids at 298 Kn 

AH0 
Acid (cal mol- I )  Reference 

+220_+60(C) 
+ 20 (T) 
+233+46 (T) 
+I78117  (T) 
- 60 (T) 
+168?16(T) 
+197*17(T) 
+ 190 (T) 
+ 1 50 
+ 170 (T) 
+ 60 (C)' 
+22*12 (T) 
+ 4 9 i  35 (C) 
+ 70 (T) 
+ 70 (C)' 
+ 1201 _+ 93 (T) 
-91k 13 (T) 
+ 70 30 (C) 
+ 320 (T) 
+421 L25 (T) 
+381&30(C) 
+ 230 (T) 
+388&15(T) 
+ look26  (T) 
+I10 (T) 
+191_+24(T) 
+ 107i28  (T) 
78?15 (T) 
+ 360 (C)' 
+ 540 (T) 
+386?34(T) 
+ 800 (T) 
+ 570 (C)' 
+258?26(T) 
+ 300 (T) 
+ 240 (C)b 
+l lO1+82(T)  
- 134+ 9 (T) 
+ 70 (T) 
+432+36 (T) 

This work 
11 
18 
7 

11 
18 
7 
9 

10 
9 

15 
7 

This work 
9 

15 
18 
7 

This work 
9 
7 

This work 
11 
18 
7 

11 
18 
7 
7 

10 
11 
18 
9 

15 
7 
9 

15 
18 
7 

1 1  
7 

- -- 
O ( T )  indicates that the quoted AHo value was derived from equilib- 

rium constants at  several temperatures. (C) indicates that the quoted 
AHo value was derived from calorimetric measurements. All i values 
are  those quoted by the original authors. 

bValues quoted are those reported by the authors based o n  t h e ~ r  
AHo for ionization o f  Hater. Because of probable'canceliat~on of 
errors it is likely that these values are "better" than those that can 
be obtained by recalculation w ~ t h  the "best" AHo for ~onlzat ion of 
water. 

'Calorimetric measurements were made at  10 20 and 30 "C.  The  
value listed is based o n  our  interpolation o f  the bubiished results. 

Comparison of calorimetric results reported 
by Cottrell et al. (10) and by Zawidski et al. (15) 
with independent results listed in Tables 1 and 2 
suggests that the values attributed to these 
workers can generally be accepted as reliable. 

Wilson et al. (18) have measured equilibrium 
constants for ionization of benzoic acid and 
several substituted benzoic acids at several tem- 
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TABLE 3. "Best" AGO, AH0,  and AS0 values for ionization of aqueous benzoic acids at  298 K 

Acid 
AGO 

(cal mol-') 
AH0 AS0 

(cal mol-I) (cal K- '  mol-') (T 

Benzoic (1) 
m-Fluorobenzoic (2) 
m-Chlorobenzoic (3) 
m-Bromobenzoic (4) 
m-Iodobenzoic (5) 
m-Hydroxybenzoic (6) 
m-Methoxybenzoic (7) 
m-Methylbenzoic (8) 
m-Nitrobenzoic (9) 
p-Chlorobenzoic (10) 
p-Bromobenzoic (11) 
p-Iodobenzoic (12) 
p-Hydroxybenzoic (13) 
p-Methoxybenzoic (14) 
p-Methylbenzoic (15) 
p-Nitrobenzoic (16) 

peratures and calculated corresponding AH0 
values as listed in Tables 1 and 2 for several 
acids, with still others being listed in their original 
paper. Comparison of their results with others 
listed in Tables 1 and 2 suggests that several of 
their quoted f values are optimistic and that 
there are probably large systematic errors in 
their results for m-methylbenzoic acid and p- 
methylbenzoic acid. 

The most recent extensive investigation of 
ionization of benzoic acids is that of Bolton et a / .  
(7), who measured equilibrium constants a t  
several temperatures and calculated correspond- 
ing AH' values. Comparison of their AH' = 

-67 19 cal mol-'  for benzoic acid with other 
values listed in Table i suggests that the reported 
value is either in error by about 180 cal mol-'  or  
that  the uncertainty is much larger than that 
given in the original publication. For m-methyl- 
benzoic acid we have AH' = + 70 cal mol-'  
from three independent investigations, AH0 = 

-91 + 13 cal mol-' from Bolton et a / .  (7), and 
AH' = + 1201 + 93 cal mol-'  from Wilson et 
a / .  (18). Again we suggest that the result from 
Bolton et  a / .  (7) is in error or that the uncer- 
tainty is much larger than the quoted estimate. 
It appears that there is a large systematic error 
in the work of Wilson et al. (18) on this com- 
pound. Similar comments apply to results for 
p-methylbenzoic acid. 

In  spite of uncertainties and possible errors of 
100-200 cal mol-'  in some of the results from 
Bolton et a / .  (7), we believe that their AH0 for 
p-nitrobenzoic acid is to be preferred to that from 

another investigation (I I). Several other AH' 
values from Bolton et a / .  (7) are in satisfactory 
agreement with results of other investigations. 

Our selection of "best" values for A H 0 ,  AGO, 
and AS' of ionization of benzoic acid and sub- 
stituted acids is given in Table 3. All AH0 values 
are based on our assessments of the AH' values 
listed separately in Tables 1 and 2. The AGO of 
ionization of m-fluorobenzoic acid is taken from 
Dippy and Lewis (23). All other AGO values are 
taken from investigations (7, 9, 18) cited in 
Tables 1 and 2. Some AH' and AS0 values in 
Table 3 (followed by ? mark) are based on our 
uncertain selection from among conflicting 
values reported by different investigators. 

Bolton et a / .  (7) have noted that their pub- 
lished results lead to linear relationships between 
AGO and AS0,  between AGO and A H 0 ,  and be- 
tween AH0 and AS0.  Similar graphs of values re- 
ported by Wilson et al. (1 8) for some of the same 
acids (and others) exhibit considerable scatter 
about any single line. Because of substantial un- 
certainties or  errors in several of the AH0 and 
AS0 values reported by these investigators (18), 
neither the presence nor absence of these linear 
relationships can be taken as proven on the basis 
of their results. 

We have used the "best" AGO, AH', and AS' 
values in Table 3 for construction of graphs of 
each of these thermodynamic functions against 
the other two, as previously done by Bolton et al. 
(7). Although there are differences between our 
graphs and theirs (due to some substantial dif- 
ferences between our "best" values and their 
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values), we also find that most of the points fall 
reasonably close to a straight line in each graph. 

For consideration of the thermodynamics of 
substituent effects, it is most convenient to work 
with the thermodynamic functions for reactions 
of type 

in which HBz represents benzoic acid and 
HBzX represents a substituted benzoic acid The 
standard free energy change for reaction 5 is ob- 
tained as 6AG0 = A G ~ , ~ , ,  - AGOHBz; 6AH0 and 
&AS' ~ a l u e s  are obtained similarly. These  AGO, 
&AH', and 6AS0  values are direct measures of 
substituent effects. 

A graph of 6AH0 cs. SASO is shown in Fig. 1.  
If we exclude points 13, 14, and 15 from con- 
sideration, we see that there is a good linear cor- 
relation of 6 A H 0  with 6ASo.  Because there are 
substantial differences in the uncertainties to be 
associated with the various thermodynamic 
quantities listed in Table 3, there is no reliable 
statistical method for determining the "best" 
straight line. We can, however, say that the slope 
of the "best" straight line is about 80". A graph 
of SAG0 1.s. 66s' also shows points 13, 14, 
and 15 significantly above a straight line drawn 
through the othcr points. In this case, the slope 
of the "best" line is about -220". It  may be 
shown by way of 6AG0 = 6 A H 0  - T 6 A S 0  that 
the slope in Fig. 1 minus the slope of 6AG0 cs. 
6AS0 must equal T, as they do  here. 

Points 13, 14, and 15 (p-hydroxy-, p-methoxy-, 

&As" 
cal K" mold 

FIG. 1 .  Correlation of enthalpics and entropies for 
the "Hammett reaction" represented by eq. 5. 

and p-methylbenzoic acids) are distinctly above 
any reasonable straight line through the other 
points in a graph of 6AG0 versus &AS0.  Although 
there are larger than usual uncertainties in the 
thermodynamics of ionization of two of these 
acids, any reasonable selection of "best" values 
.leads to points above the lines. It therefore ap- 
pears that we must regard these substituents as 
"abnormal" in some sense. 

The Hammett equation may be written in 
terms of the equilibrium constant for reaction 
5 as 

[61 log K, = p a  

and thence 

in which p  is a temperature and solvent depen- 
dent "reaction" parameter and a is a substituent 
parameter. Taking p  - 1 at  298 K,  we have used 
&AGO values to calculate the "best" G parameters 
that are listed in Table 3. 

Now we note that the three points that fall 
above the line drawn through "normal" points 
in Fig. 1 represent the three acids that have 
reasonably large negative G values. It therefore 
seems reasonable to conclude that substituents 
with negative o values exhibit "abnormal" en- 
thalpy-entropy relationships in this reaction 
series. 

Rigorous thermodynainic analysis (4) of the 
Hammett equation has shown that eq. 6 can be 
exactly valid over a range of temperature only if 
there are linear relationships between the thermo- 
dynamic quantities 6AG0, 6AH0,  and 66s ' .  It 
has also been shown (4) how "compensation" of 
6AH0 and 6AS0 may lead to an approximate 
linear free energy relationship such as eqs. 6 or 7 
even when there is no linear relationship be- 
tween 6 A H 0  and 6 ~ s ' .  Thus we can anticipate 
from Fig. I that eqs. 6 and 7 will apply very well 
to most substituted benzoic acids over a range of 
temperature, and may even apply reasonably well 
to the "abnormal" acids with negative G values 
over this same temperature range. 

It has been shown (4) that the reaction param- 
eter p can be expressed as 

in which P i  is the slope of &AH0 versus 6 a S 0  and 
p, is a constant of integration. Thus we may use 
pi  = 80 K and p I I a t  298 K to evaluate p, 
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and thence obtain values of p at  various tem- Research Council of Canada. We also thank Dr.  W. F. 

peratures. this way we have calculated at O'Hara for sending us the results of his measurements 
that are cited in Table 1. Dr. F. M. Hall has kindly dis- 

278 and 318 K. Then, using eq. 6, we have cal- ,,,, ed with us his earlier work (7), 
culated values of K,  at 278 and 318 K for all of 
the acids listed in 3. We denote these I.  L. P. HAMMETT. Physical organic chemistry. 2nd ed. 
values calculated from the Hatnmett equation McGraw-Hill, New York. 1970. 

by KH. 2. P. R. WELLS. Chem. Rev. 63, 174 (1963). 

we have also used the A H G  and ASO values i n  3 J. W. LARSON and L. G .  HEPLER. In Solute-solvent 
interactions. Edited by J .  F .  Coetzee and C.  D. 

Table to K5 for of these Ritchie. Marcel Dekker, Inc., New York. 1969. 
same acids at 278 and 318 K. These K,  values, 4. L. G. HEPLER. can .  J ,  Chen~ .  49. 2803 (1971). 
which can be regarded as reliable ex~erimental 5. p. D. BOLTON and L. G .  HEPLER. Quart. Rev. 25,521 - 
quantities based only on thermodynamic quan- 
tities, are designated KT. 

If the Hammett equation were exactly valid 
over the range of temperature 278-318 K, each 
K,, value at each temperature would be identical 
with each corresponding KT value. On the basis 
of previous work (4) as summarized in the para- 
graph above eq. 8, we should expect very good 
agreement between KH and KT values for all 
"normal" benzoic acids, with at least some 
chance of good agreement for other acids. 

The average [log KT - log KH( for all acids 
listed in Table 3 is 0.007 at 278 K and 0.006 at 
318 K. The largest difference between log K,, and 
log KT is 0.031 for p-methoxybenzoic acid. The 
standard deviation of the difference between log 
K, and log KT for a11 acids is 0.003 at both tem- 
peratures. We can therefore see that the Ham- 

(1971). 
6. L. D.  HANSEN and L. G .  HEPLER. Can. J .  Cheni. 50. 

1030 (1972). 
7. P. D .  BOLTON, K. A. F L E M I ~ G ,  and F. M .  HALL. 

J. Am. Chem. Soc. 94, 1033 (1972). 
8. L. G .  HEPLER and E. M. WOOLLEY. 111 Water: a com- 

prehensive treatise. Vol. 3. Edited by F. Franks. 
Plenum Press, New York. 1973. 

9. D. H.  EVERETT and W. F. K .  W Y ~ ~ E - J O N E S .  Trans. 
Faraday Soc. 35, 1380 (1939). The quoted A H o  
values are based on equilibrium (cond~ictivity) data 
fro111 Schaller (1898). except for rn-hydroxybenzoic 
acid, which is based on data from Euler (1898). 

10. T. L. COTTRELL~, G .  W. DRAKE,  D .  L. LEVI. K .  J .  
TULLY, and J .  H. WOLFENDEN. J .  Chem. Soc. 1016 
( 1948). 

1 I. G .  BRIEGLEB and A.  BIEBER. 2. Electrochem. 55, 250 
(1951). 

12. A. V. JONES and H. N .  PAR TO^. Trans. Faraday Soc. 
48, 8 (1952). 

13. L. P. F E R N A ~ D E Z  and L. G .  HEPLER. J .  Phys. Cheni. 
63, 1 10 (1959). 

mett equation "works" well for this whole group 14. W.  J .  CAIADY, H M.  PAPEE. and K .  J LAIDLER. 
Trans. Faraday Soc. 54, 502 (1958). of substituted acids Over the range of tempera- 

15, T,  W, ZAWIDaKI, H. M ,  PAPEL, and K ,  J ,  LAIDLER,  
ture 278-318 K. Trans. Faraday Soc. 55, 1743 (1959). 

If we now eliminate from consideration those 16, A.  J .  ELLIS. J .  Chem. Soc. 2299 (1963). 
acids for which o is negative, we find that the 
average /log KT - log K,l is 0.004 at 278 K and 
0.003 at 318 K,  with the largest difference being 
0.007. The standard deviation of the difference 
between log KT and log K,, is 0.001. Thus we see 
that the Hammett equation "works" per), well 
for this group of "normal" acids over this tem- 
perature range. 

We are grateful to the Research Corporation for their 
support of preliminary measurements that led to the 
work reported here, which was s~lpported by the National 

17. B. S. SMOLYAKOV and M.  P. PRIMANCHUK. RLISS. J .  
Phys. Chem. 40, 33 1 (1966). 

18. J .  M .  WILSON, N. E. GORE, J .  E. SAWBRIDGE, and 
F.  CARDE~AS-CRUZ.  J .  Chem. Soc. (B), 852 (1967). 

19. J .  J .  CHRISTENSEN, R. M.  IZATT, and L. D. HA?.sE\I. 
J .  Am. Chem. Soc. 89, 213 (1967). 

20. L. AVEDIKIAK and N.  DOLLET. Bull Soc. Chini. Fr. 
4551 (1967). 

21. C. S. LEUNG and E. GRUIUWALD. J. Phvs. Chem. 74. 
687 (1970). 

22. W. F. O'HARA. Personal communication. December, 
1973. 

23. J.  F .  J .  DIPPY and R. J .  LEWIS. J .  Chem. Soc. 644 
(1936). 
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Calorimetric Heats of Ionization of Aqueous Benzoic Acid from 5-100 "C 
and Derived Thermodynamic Quantities 
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TAKEKI MATSUI, HON CHUNG KO, and LOREN G. HEPLER. Can. J. Chem. 52, 2912 (1974). 
We have made calorimetric measurements at  5.0, 12.5, 25.0, 40.0, 50.0, 65.0, 75.0, 85.0, 

and 100 "C that lead to values of AH0 of ionization of aqueous benzoic acid at  each of these 
temperatures. These AH0 values have been used with pK = 4.204 at  25.0 "C for calculation of 
pK values from 5 to 100 "C and also ACDO of ionization values over this range. Usefulness of 
various extrapolation functions for AH0, ACP0, and pK up to 225 "C has been investigated. 

TAKEKI MATSUI, HON CHUNG KO et LOREN G. HEPLER. Can. J. Chem. 52,2912 (1974). 
Des mesures calorimetriques a 5.0, 12.5, 25.0,40.0, 50.0,65.0, 75.0, 85.0 et 100 "C permettent 

d'evaluer les AH0 d'ionisation de I'acide benzoique aqueux a chacune de ces temperatures. A 
I'aide de ces valeurs de AH0 et le pK de 4.204 a 25.0 "C, on calcule les pKentre 5 et 100 ' C  et les 
ACP0 d'ionisation dans ce mCme intervalle de temperatures. On examine I'utilitt de l'extrapola- 
tion des fonctions A H 0 ,  AC,,O et pK jusqu'a 225 'C. [Traduit par le journal] 

Introduction 
There have been many investigations of the 

thern~odynalnics of ionization of aqueous 
benzoic acid, as reviewed in another paper (1) 
from this laboratory. Results of many of these 
investigations are in poor agreement with 
each other. For example, reported values for 
AH0 of ionization at  298 K range from -420 
to + 169 cal molpl .  Although it now appears 
(1)  that AH0 = + 1 I0 cal mol-'  is reliably 
established as the "best" value a t  298 K, there 
are still substantial uncertainties in the ther- 
modynamics of ionization a t  other temperatures. 

Three previous calorimetric investigations 
(2-4) have led to AH0 and AC: values for 
ionization of aqueous benzoic acid from 5 to 
55 "C. Disagreements between reported results 
are sufficient to justify further calorimetric 
measurements. Further, it is desirable to extend 
calorimetric measurements on aqueous benzoic 
acid to substantially higher temperatures. 

The most recent investigation of the ionization 
constant of aqueous benzoic acid over a range 
of temperatures (5-60 "C) was that of Bolton 
et 01. (5), who used a spectrophotometric 
method. Earlier conductance measurements 
from 25 to 90 "C by Smolyakov and Primanchuk 
(6) and from 25 to 225 "C by Ellis (7) have also 
led to ionization constants for aqueous benzoic 
acid over the designated temperature ranges. 

Still other investigations over smaller tempera- 
ture ranges as reviewed previously (1) have 
also led to ionization constants a t  several 
temperatures. There are modest differences in 
reported K values and very large differences in 
such derived quantities as AH0 and AC: of 
ionization a t  various temperatures. These dif- 
ferences can only be resolved by results of 
further measurements at  temperatures both 
above and below 25 "C. 

Feates and Ives (8), lves and Marsden (9), and 
Leung and Grunwald (4) have all discussed the 
relationship between solute-solvent interactions 
and AC: of ionization, with particular emphasis 
on the temperature dependence of AC:. 
Evaluation of ACP0 from pK values at  different 
temperatures requires two differentiations with 
respect to temperature and inevitably leads to 
magnification of experimental errors in the 
original measurements and subsequent data 
treatment. Evaluation of AC: from calorimetric 
AH0 values a t  different temperatures requires 
only one differentiation with respect to tempera- 
ture and may therefore be preferable. In either 
case, it is important to have reliable experi- 
mental results of the best attainable accuracy 
that cover the widest possible range of tempera- 
ture. 

In this paper we report the results of our 
calorimetric determinations of the AH0 of 
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ionization of aqueous benzoic acid from 5 to  
10O0C, along with results of our thermo- 
dynamic calculations. 

Experimental 
Ail calorimetric measurements were made with an 

LKB Precision Calorimetry System. Measurements at  
5.0, 12.5, 25.0, 40.0, and 50.0 "C were made with the 
standard 100 ml LKB glass reaction calorimeter, using 
glass ampoules to contain the solid sample to be dissolved 
in the calorimetric solution. Measurements at 25 "C 
were also made with the LKB glass titration calorimeter, 
with the titrant solution being supplied by a Metrohm 
Dosimat automatic titrator (1). Measurements at 50.0, 
65.0, 75.0, 85.0, and 100.0 -C were made with a stainless 
steel bomb calorimeter identical to that described by 
Olofsson e t a / .  (10). Heat effects associated with ampoule 
breaking and titrant dilution were determined by means 
of separate experiments. All AH0 values, reported in 
terms of the defined calorie (1 cal = 4.1840 J), refer to 
the stated temperature to within i 0 . 0 5  'C. 

Preparation of sodium benzoate has been described 
previously ( I ) .  Acid and base solutions were prepared 
and standardized by traditional methods. 

Results 
We have measured heats of solution of sodium 

benzoate in 0.001 M NaOH (to repress hydro- 
lysis) as represented by 

At each temperature (5, 12.5, 25, 40, 50, 65, 
75, 85, and 100 "C) we have made at least seven 
determinations, with final concentrations of 
dissolved sodium benzoate ranging from 0.005 
to 0.035 M .  The results at each temperature 
have been extrapolated cs. the square root 
of concentration to infinite dilution to obtain 
the corresponding value of AH,', as listed in 
Table 1 .  

We have also measured heats of solution of 
sodium benzoate in dilute hydrochloric acid 
(0.024 and 0.049 M) as represented by 

At each of the temperatures listed above we 
have made a t  least seven determinations. with 
final concentration of dissolved benzoic acid 
ranging from 0.003 to 0.030 M, and have again 
extrapolated to infinite dilution to obtain the 
AH,' values listed in Table I. 

Combination of AH,' and AH,' values leads 
to the desired enthalpies of ionization as 
follows: 

Our AHiO values are listed in Table 1. 
If we had any adequate theory for partial 

molal heat capacities of aqueous solutes. we 
could start with an equation for AC: of the 
"right" functional form and by integration 
obtain the corresponding equation for AHi' 
as a function of temperature. Then the parani- 
eters of this equation could be adjusted to fit 
our experimental A H ~ O  values. Finally, an 
equation of this sort could be used for reliable 
extrapolation outside the temperature range of 
the original experimental AHiO values. 

In the absence of any semi-adequate theory 
for C: of aqueous solutes, we must make use of 
arbitrarily selected algebraic expressions, such 
as polynomials in temperature T. We have been 
unable to find any two or three parameter 
equations that fit all of our AHiO values satis- 
factorily and have therefore turned to four 
parameter equations : 

[7] AHiO= A + B T +  CT2 + D I n T  

Equations 5-8 have been fitted to our A H ~ O  

TABLE 1 A H 0  values for s o l ~ ~ t ~ o n  of sod~um bentodte 
in base and in a c ~ d  and for ~onlzatron of aqueous benro~c 

ac~d"  

t AH,' A H Z O  AH,'  

( C )  (cal mol- ' )  (cal mol- ') (cal mol- ' )  

OAll k values indicate our estimates of total uncertainties (calori- 
metric, chemical, and extrapolation). 

bWe have also used titration calorimetry (1) to obtain AH,O = 
+114cal mol-I. On the basis of our work and AH,O values from 
earlier workers, we selected ( I )  AH,O = - 110 cal mol-I as the "best" 
value. In this paper \+e use AH,O = 106cal mol-' because we are 
partly concerned with dAH,O/dT and consider that this quantity is 
best obtained from AIfC0 values that have all been obtained in the 
same way. 

(At 50 "C we have made measurements with both of our calorimeter 
vessels (same electrical circuitry used throughout) to ensure that there 
is no systematic difference. Results obtained with different vessels were 
the same, and values reported here are based on  all measurements 
made with both calorimeters. 
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TABLE 2. Values o f  parameters in equations for A H i O  as function o f  temperature" 

Value 

Parameter Eq. 5 Eq. 6 Eq. 7 Eq. 8 

A 86051.7 29 520.9 83 3046.8 - 170505.8 
B -712.02 - 1 ,33990 1086.775 496.629 
C 2.00298 4.9818 x -0.815246 -0.513144 
D -0.0019521 -5.3619 x -190346.7 0.203167 x 10' 

=All A H Z o  values are expressed In terms of cal mol-1 and all temperatures In Kelv~ns 

TABLE 3. Comparison o f  AHiO values" for aqueous benzoic acid 

Eq. 5 Eq. 6 
Our 

Eq. 7 Eq. 8 calorimetry 
Earlier 

calorimetry 

+ 46Ob 
+ 295' 
See ref .  I 
- 68' 
- 272h 
- 465* 
- 657" 

+243", +974f 
+ 123', +562f, +338' 
See ref. 1 
- 262f, - 143' 
-250e, - 674f, -390' 
- 1087f 

YAll AH,O values are expressed in cal mol-'. 
bLeung and Grunwald, ref. 4. 
=Cottrell et a/., ref. 2. 
*Fernandez and Hepler ref. 3. 
=Smolyakov and ~rimaAchuk, ref. 6, based on experimental K values over the range 25-90 'C. 
*Wilson er a/ . ,  ref. 1 1 .  
YJones and Parton, ref. 12. 
*Ellis, ref. 7; based on experimental K values over the range 25-225 "C. 

values over the range 5-100°C (278-373 K). 
Values of the A, B, C, and D parameters for 
each equation are listed in Table 2. Standard 
deviations of these equations are f 19.5, 
+ 18.5, f 21.7, and f 26.8 cal mol-', respec- 
tively. Although these equations are all about the 
same in terms of representation of our experi- 
mental AHiO values, they may well be signifi- 
cantly different in other respects that are dis- 
cussed in detail later. 

Our experimental and calculated AHiO values 

are summarized in Table 3, along with results 
from several other investigations. The earlier 
calorimetric AHiO values (2-4), which were 
determined from 5 to 55 "C, are in reasonable 
agreement with our results except at 5 and 
55 "C. This limited disagreement is of consider- 
able importance in connection with evaluation 
of AC; and extrapolation of thermodynamic 
functions to higher temperatures. 

We also have AH~O values calculated from 
d In K/dT. It has been suggested previously (1) 
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TABLE 4. Comparison of ACP0 valuesa for ionization of aqueous benzoic acid 

AC,O 
t 

PC) Eq. 5' Eq. 6' Eq. 7' Eq. 8' Ref. 4h Ref. 6' Ref. 7" 

10 -47.2 -47.5 -47.1 -47.4 -27.6 -23 .5  
15 -43.9 -44.4 -43.6 -43.8 -23.9 
20 -40.9 -41.5 -40.5 -40.6 -34.2 -24.3 
25' -38.2 -38.8 -37 .7  -37.9 -24.7 -29.1 
30 -35.8 -36.4 -35.4 -35.6 -39.0 
35 -33.7 -34.2 -33.3 - 33.6 -25.5 
40 -31.8 -32.2 -31.6 -31 .9  -38 .5  
50 -29 .0  -29.1 -29.1 -29.6 -37.2 -26.8 -29.4 
60 -27.4 -27.1 -27.8 -28.3 -27.6 
75 -27.2 -26.6 -27.6 -28.3 -28.8 -29.8 
90 -29.6 -29.4 -29.5 -30.1 -30.1 

100 -32.6 -33.4 -31.7 -32 .2  -30.9 -30.2 
125 -45.4 -51.5 -40.5 -40.2 -33.0 -30 .6  
150 -65.5 -83.0 -52.9 -51.1 -35.0 -30.9 
175 -92.9 -129.8 -68 .6  -64.5 -31.3 
200 -127.6 -194.0 -87.0 -79.7 -31.7 
225 -169.7 -277.5 -107.5 - 96.5 -32.1 

"All AC O values are expressed in cal K- '  mol- 1. 

bBased 6" calorimetric measurements from 5-55 "C. 
CBased on K values from 25-90 "C. 
dBased on K values from 25-225 'C .  
eBolton el al. (5) report ACP0 = 4 2  k 3 cal K - '  mol-I at  25 'C, based on K values from 5-60 "C.  

that some of the results of Wilson et al. (1 1) 
contain substantial errors. We now see that 
their AH,' values are mostly in poor agreement 
with our results and also with other results 
listed in Table 3. Our AHiO values are in reason- 
able agreement with those of Jones and Parton 
(12) near 25 "C. Smolyakov and Primanchuk (6) 
have calculated AHiO values for temperatures 
from 10-150°C. Agreement between their 
results and ours is reasonably good for 25- 
100 "C but is generally poor outside this tempera- 
ture range. Here it should be noted that all of 
their values for t > 90 "C and also our values for 
t > 100 "C are based on extrapolations and that 
their values for t < 25 "C are based on extrapola- 
tions. We have used the equation given by 
Ellis (7) for log K over the range 25-225 "C to  
calculate AHiO values a t  25" intervals with 
results that are in fair agreement with our 
AHiO values a t  the lower temperatures and 
poorer agreement a t  the higher temperatures. 

Differentiation of our eqs. 5-8 with respect to 
temperature leads us to related equations for 
ACpO of ionization: 

Numerical values of ACpO at  various tempera- 
tures calculated from these equations are 
listed in Table 4, along with ACP0 values from 
earlier investigations. 

Our ACpO values based on eqs. 5'-8' are in 
generally good agreement with one another 
over the temperature range 5-100 "C, which is 
also the range covered by our experimental 
AHiO values. We estimate the uncertainty in 
AC: to be about 2 2  cal K-' mol-' in this 
temperature range. A graph of our AC: values 
against temperature clearly has a maximum of 
AC: g -27 cal K- '  mol-' a t  t z 70 "C. The 
AC: values reported by Leung and Grunwald 
(4) exhibit a distinctly different temperature 
dependence over a smaller temperature range. 
Their Ac,' values pass through a minimum of - - 39 cal K- '  mol-' a t  t E 35 "C. Because 
their  AH^' values extend only to 55 "C,  it is 
impossible to use their results to conclude 
anything about a possible maximum (such as we 
find) a t  t E 70 "C. Smolyakov and Primanchuk 
(6) and also Ellis (7) were able to fit their pK 
values to  functions of T that lead to ACpO 
expressed as linear functions of T. Thus neither 
of these latter investigations (6, 7) by themselves 
can tell us anything about a possible minimum 
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TABLE 5. Comparison o f  pK values" for ionization o f  aqueous bcnzoic acid 

PK 
t 
('0 Eq. 5" Eq. 6" Eq. 7" Eq. 8" Graphical Ref.  6' Ref. 7' 

5 4.227 4.231 4.225 4.231 4.231 
10 4.217 4.219 4.215 4.220 4.220 4.211 
15 4.209 4.211 4.209 4.212 4.211 4.208 
20 4.204 4.206 4.205 4.206 4.206 4.206 
25 4.204 4.204 4.204 4.204 4.204 4.205 4.214 
3 5 4.205 4.206 4.209 4 .206 4.206 4.207 
50 4.226 4.224 4.229 4.223 4.223 4.222 4.228 
60 4.243 4.242 4.249 4.240 4.242 4.238 
75 4.280 4.277 4.286 4.275 4.277 4.269 4.281 
90 4.324 4.319 4.331 4.318 4.319 4.310 

100 4.358 4.351 4.365 4.351 4.352 4.341 4.364 
125 4.456 4.448 4.464 4.447 4.432 4.470 
150 4.579 4.576 4.584 4.565 4.538 4.592 
175 4.733 4.750 4.729 4.706 4.728 
200 4.933 4.989 4.902 4.874 4.873 
225 5.189 5 . 3  18 5.109 5.071 5.027 

"All p K  = l o g  K balues a r e  o n  t h e  m o l a l  scale. 
bQuoted values a r e  based o n  t h e  a u t h o r s '  equat ion ,  w h ~ c h  was  fitted t o  exper imenta l  p K  values over  t h e  range  25-90 "C a n d  

ext rapola ted  outs ide  this range. 
'Quoted baiues a r e  based o n  t h e  autliors '  e q u a t i o n ,  a h i c h  Mas fitted t o  experiniental p K  valiies over  t h e  range  25-225 -C. 

or  maximum in a graph of AC: against tempera- 
ture. 

There are, however, results from other 
investigations that give us some ideas about 
"normal" variation of AC,? of ionization with 
respect to temperature. 

A recent analysis (13) of all available thermo- 
dynamic data for the ionization of water shows 
that there is a maximum in AC: for this 
reaction at  about 70 "C, similar to our results 
here for benzoic acid. Because the results of 
Leung and Grunwald (4) for ionization of water 
lead to a maximum ill AC,: at  about 30 "C 
(rather than 70'C) and because their AC: 
values for ionization of benzoic acid appear 
to exhibit an "abnormal" temperature de- 
pendence, we suggest that there are small 
temperature dependent systematic errors in 
their calorimetric results. It should be recognized 
that sn~all temperature dependent errors can 
lead to substantial errors i n  quantities such as 
ACpO that are obtained by differentiation. 

We also note that calorimetric measurements 
by Ackermann and Schreiner (14) lead to 
maxima (at 70-80°C) in graphs of ACpO of 
ionization of formic acid, acetic acid, and 
propionic acid against temperature. 

Our experimental values of AHiO can be used 
with a p K  value at  any temperature within the 
range 5-100 "C to calculate p K  values a t  any 

other temperature within this range. One way 
to d o  these calculations begins with the ther- 
modynamic equation d ( A G O / T ) / d ~  = -AH0/T2. 
Integration of this equation and combination 
with AGO = - R T l n  K leads to 

-We take pK2,, = 4.204 from our previous 
analysis ( I )  of several determinations of the 
ionization constant a t  25 "C. Then, using our 
 AH^' values for ionization of aqueous benzoic 
acid, we evaluate the integral in eq. 9 from 
a large scale graph of AH0jT2 against T and 
calculate values of pK at  various temperatures T, 
with results listed in Table 5. The uncertainty in 
the calculated pK at  100 "C due to uncertainties 
in our AHiO values is estimated to be no more 
than 1 0 . 0 1 ,  with still smaller uncertainties 
a t  temperatures closer to 25 "C. 

Another way to calculate pK values at  
various temperatures is to integrate the van't 
Hoff equation d In K/dT = AH'/RT~ using our 
eqs. 5-8 for AH0 as functions of temperature 
and the "best" pK2,, = 4.204. The resulting 
equations are the following: 

[5"] pK, = 18 802.9/T + 358.303 log T 
- 0.437665T + 2.13269 

x 10-4T2 - 833.929 
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[8"] pK,. = - 37 256.6/T + 0.1 12125T 
- 249.869 log T + 2 219 663/T2 + 689.047 

The p K  values we have calculated with these 
equations are listed in Table 5.  

All of the pK values calculated graphically 
and from eqs. 5"-8" (listed in Table 5) are in 
good agreement with one another from 5- 
I00 "C, the largest difference between calculated 
pK values a t  a single temperature being 0.014 at  
100 "C. This excellent agreement of the various 
pK values is expected because all calculations 
are based on the same experimental data and 
the same pri~iciples of thermodynamics. 

We also see that our calculated pK values 
from 25-90 "C are in good agreement with the 
experimental values reported by Smolyakov 
and Primanchuk (6), the largest difference 
between any of our values and theirs being 
0.021 at  90 "C. Similarly, our pK values a t  
temperatures from 25-100 "C are in excellent 
agreement with those from Ellis, the largest 
difference between any of our values and his 
being 0.010 a t  25 "C. 

I t  is both well known and often forgotten 
that algebraic expressions of distinctly different 
forms can be used to fit experimental results 
about equally well. If one is interested only in 
concise representation of a large number of 
results or in interpolation between closely 
spaced points, one equation may very well be as 
"good" as another equation of drastically 
different functional form. But if one is interested 
in differentiation or  extrapolation beyond the 
range of original fit, then one equation may be 
much better than another. As stated earlier, 
our eqs. 5-8 for AHiO as functions of tempera- 
ture all fit the experimental results about 
equally well. We now consider extrapolations 
and derivatives of these equations. 

We have used our eqs. 5-8 for calculating 
AHiO values at  25" intervals from 125-225 "C, 
well above the range (5-100 'C) of our original 
measurements and fits of experimental results to 

the equations. Although the AHiO values cal- 
culated with these equations are in good 
agreement with one another and with our 
experimental A H i O  value a t  100 "C, differences 
between values calculated with different equa- 
tions are more than 600 cal mol- '  at  150 "C 
and more than 7000 cal mol-'  at  225 "C. It 
is therefore obvious that these equations must 
be used cautiously for extrapolation outside the 
range of original measurements and fit of 
equations to experimental results. 

Because eqs. 5-8 all fit our A H i O  results quite 
well over our entire range of experimental 
temperatures, it might be hoped that eqs. 5'-8' 
obtained by differentiation will yield A C ;  
values in good agreement with one another 
over this same temperature range. Calculated 
A C ;  values listed in Table 4 support this hope. 
But calculated AC: values obtained from the 
different equations are drastically different 
from one another at  temperatures above 100 "C, 
thus forcing us once again to be cautious about 
extrapolation. 

Analysis (13) of the thermodynamics of 
ionization of water over the temperature 
range 5-300 "C suggests that eq. 8' is likely 
better than eqs. 5'-7' for extrapolation above 
100 "C and that eq. 6' is likely worse than the 
other equations for similar extrapolation. 
Evidence for or  against these suggestions 
cannot b e  obtained from the AC: values 
calculated by Smolyakov and Primanchuk (6) 
because their values are based on extrapolation 
above 90°C.  Although the A C ;  values we 
have calculated by two differentiations of the 
log K = f(T) equation given by Ellis (7) are 
based on  experimental data obtained above 
100 "C, the accuracy of these AC; values is too 
low to permit us to choose between eqs. 5'-8'. 
However, the AH~O values we have calculated by 
one differentiation of the log K = f(T) equation 
from Ellis (7) are of sufficient accuracy to suggest 
that eq. 8 is better than eqs. 5-7 for extrapolation 
to high temperatures and that eq. 6 is worse than 
the others for this purpose. Thus we d o  have 
indirect evidence that eq. 8' is best and eq. 6 '  
is worst for extrapolation above 100 "C. 

Because very accurate p K  values over a wide 
range of temperature are needed to yield reliable 
information about AC: by way of two dif- 
ferentiations with respect to temperature, it 
follows that relatively inaccurate ACP0 values 
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will suffice for calculation of p K  values over a 
wide range of temperature. This point is 
illustrated by our calculated pK values (Table 5) 
for temperatures above 100 "C. Although our 
calculated ACpO values are considerably different 
from one equation to another, calculated p K  
values differ from one another by relatively 
small amounts. For example, the largest 
difference between our highest and lowest 
calculated pK values at  any temperature is 
0.247 at  225 "C. At 150 'C (a 50' extrapolation) 
our  highest and lowest calculated pK values 
differ from each other by only 0.019, in spite of 
substantial differences in calculated AC: values 
a t  this temperature. 

Comparison of our calculated pK values with 
those from Ellis (7) provides further support for 
the suggestion that eq. 8' (also 8 and 8") is 
best for extrapolation. The worst discrepancy 
between our pK values calculated from eq. 8" 
and values from Ellis is 0.044 a t  225 'C. Thus 
we see that eq. 8 leads to a very good extrapola- 
tion formula (eq. 8") for pK of aqueous benzoic 
acid. Even the worst ext ra~ola t ion formula 
(eq. 6") leads to pK values in fair agreement 
with the experimental values. 

As a matter of principle, it should be noted 
that our calculated pK values a t  temperatures 
above 100 "C are all for hypothetical solutions 
maintained at  a constant pressure of exactly 
1 atm, while the experimental pK values f r o m .  
Ellis (7) are for solutions a t  the saturation 
pressure a t  each particular temperature, With 
P,,,., 2 20 atm at  t E 225 'C and an estimated 
(13) A v o  for ionization at  this temperature, we 
can calculate pK (I atm) - pK (20 atm) and 
find that the difference is too small to worry 
about in connection with this investigation. At 
t = 300" where - A v o  and P,;,,,, are both larger 
than at  225 "C,  this effect is too large to be 
ignored. 

The work reported here has shown that it is 
possible to use calorimetric AH0 values over a 
range of temperature for calculation of accurate 
and reliable equilibrium constants over a 
considerably wider range of temperatures. 
These AH0 values also permit calculation of 
ACpO values over a range of temperatures by 
way of only one differentiation rather than two 
as required to obtain AC: from p K  values a t  
different temperatures. These ACpO values are of 
considerable potential value (4, 8, 9) for gaining 
understanding of solute-solvent interactions. 

We are grateful to the National Research Council of 
Canada for support of this research and to Dr. Gerd 
Olofsson for her helpful advice on all aspects of this 
research. 
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Electron Spin Resonance Studies in Aqueous Solution: 
Titanium(II1) in the pH Region 1.0-3.5 

PAVLE ILIJA PREMOVIS AND PAUL RONALD WEST 
Department of Chetnistq,  University of Victoria, Victoria, British Colutnbia V8 W 2Y2 

Received February 14. 1974 

PAVLE ILIJA PREMOVIC and PAUL RONALD WEST. Can. J. Chem. 52, 2919 (1974). 
In  aqueous solutions of titanium(II1) between p H  1.0 and 3.5 a single line e.s.r. signal is recor- 

ded with g = 1.9408 _+ 0.001 and linewidth 95 i 3 G. Evidence is presented in support of a 
hydrolyzed metal ion complex [Ti(OH)2(H20)4]+ as the likely active species. 

PAVLE ILIJA PREMOVIC et PAUL RONALD WEST. Can. J. Chem. 52,2919 (1974). 
En  solutions aqueuses de titane(III), entre des p H  variant de 1.0 a 3.5, on enregistre un 

signal d'une seule raie r.p.e. avec g = 1.9408 i 0.001 et de largeur 95 f 3 G. On fournit des 
donnkes indiquant que I'ion mktallique complexe hydrolysk [Ti(OH)2(H,0),]C est l'espece 
active probable. [Traduit par le journal] 

Introduction Experimental 
The titanium(II1) ion (3d1) exists in acidic 

aqueous solution as the hexaaquo ion Ti- 
(H,0),3+. In spite of the unpaired electron that 
is present, no e.s.r. signal is observed for this 
species. Such an observation is fully consistent 
with the octahedral crystal field symmetry of the 
ion. In the orbitally degenerate ground state, 
2T2,, the spin angular momentum is cancelled by 
the residual orbital angular momentum, leading 
to the expectation that g z 0 (1, 2). Although 
small axial or rhombic distortions can partially 
quench the orbital angular momentum, spin- 
lattice relaxation time is too short to detect the 
e.s.r. signal. Reduction of the symmetry of the 
ion to tetragonal or lower leaves essentially only 
the spin angular momentum, and hence a signal 
with g close to the free electron (2.0023) and with 
a narrow linewidth expected. The complexes 
T~(CH,O)~ + and TiF, + in methanol solutions 
have such a distortion of the octahedral field, and 
exhibit e.s.r. signals (3). Other examples of e.s.r. 
spectra from titanium(II1) complexes have been 
published (4-8). 

We now wish to report the observation of an 
e.s.r. spectrum from aqueous solutions of TiCI,, 
Ti2(S04),, and TiI, in the p H  interval 1.0-3.5. 
Our experiments indicate that the signal arises 
from one of the equilibrium forms of the par- 
tially hydrolyzed titanous ion Ti(OH)2f, most 
reasonably either the species [TiO(H20),lf or 
[Ti(OH),(HzO),lf. 

All spectra were recorded on a Varian E-6S X band 
e.s.r. spectrometer operating at  100 kHz modulation. 
Samples were contained in standard Varian E-248 
aqueous solution cells. 

The titanium(II1) solutions were prepared by dissolv- 
ing the metallic sponge (Fisher) with gentle heating in 
approximately 1 N HCI or H,SO, respectively. In all 
cases a nitrogen atmosphere was employed to minimize 
oxidation of the titanous species. Alternatively Fisher 
reagent titanium(II1) chloride solution (20%) was used 
directly as received without qualitative change in any 
results. Titanium(II1) iodide was prepared in methanol 
by the procedure of Giggenbach and Brubaker (9). 
Methanol was eliminated by several evaporations to dry- 
ness employing water as the solvent in the second and 
subsequent cycles. 

The g factors are quoted relative to DPPH, g = 2.0036. 
Relative spin concentrations were estimated from the 
product of the peak-to-peak height of the first derivative 
signal and the square of the maximum slopewidth. 
Absolute concentrations were estimated by comparison 
with standard aqueous manganous chloride. The u.v./ 
visible spectra were recorded on a Cary Mode! 17 in- 
strument. 

Results and Discussion 
Detailed examinations of the behavior of 

dilute aqueous titanium(II1) solutions in the p H  
region between 0.0 and 3.5 indicate that Ti- 
(H20), + and T i ( 0 ~ ) ~ '  are the dominant species 
with insignificant amounts of further hydrolyzed 
ions present below p H  3.5 (10-12). Applying 
e.s.r. spectroscopy we observe the existence of a 
paramagnetic signal from dilute titanous ion in 
aqueous solutions of p H  1.0-3.5. The e.s.r. 
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TABLE I .  Electron spin resonance data for conlplex ions 

Proposed g factor AHPP Total 
complex ion* + 0.00 1 + 2 G-t unpaired spins (%) 

[TiO(D20)51 + 

or 1.941 1 72 -2 
[Ti(OD)2(D20)41+ 

*Total concentration of Ti3+ was between 0.001 to 0.500 M i n  the p H  region between 
1.5 to 3.5. 

tAH,, is the peak-to-peak linewidth. 
:Room temperature. Value decreases to 84 2 3 G at 0 "C. 

I lk-" 
DPPH 

FIG. I .  (a)TiC13,0.016 M , 2 5 ' C ;  pH2.7.(b)T1CI3, 
0.018 M,  77 'K (frozen solution); Solution pH 2.2 D 2 0 ;  
g, = 1.925 f 0.001, g = 1.961 + 0.001. 

spectrum is shown in Fig. l a  and the spectral 
data are tabulated in Table 1. By approximate 
calculation, employing graphical integration of 
the derivative absorption curve, we estimate the 
maximum concentration of spins contributing to 
the signal to be ca. 2z of'the total Ti3+ con- 
centration. 

Assignment of the basic structural feature of 
the conzplex prociding the signal is based on the 
close agreement of its p H  dependence with that 
of the hydrolyzed ion Ti(0H)''. In Fig. 2 the 
relative concentration of Ti(0H)' + both based 
on the absorption maximum at 465 nm, and 
based on the titrimetric data of Pecsok and co- 
worker (10) is compared with the e.s.r. signal. 

The close correspondence of the relative inten- 
sity of the e.s.r. signal with the titrimetric 
~ i ( 0 H ) "  concentration in particular, is clearly 
apparent. Note that precipitation brings a halt 
to spectrally estimated concentrations at about 
p H  3.5. 

Examination of the effect of the anions C1-, 
S 0 2 - ,  and I -  on the e.s.r. signal sheds further 
light on the nature of the paramagnetic species. 
First, the variation of the relative signal intensity 
with p H  is nearly the same for the three species, 
Fig. 2. Second, the linewidth of the signal is in- 

FIG. 2. The p H  dependence of Ti(OH)2+ concentra- 
tion and of relative e.s.r. signal intensity for aqueous 
solutions of titanium (111). e, TiI,, 0.016 M, e.s.r. signal; 
0, TiCI,, 0.008 M, e.s.r. signal; A, TiZ(S0J3 0.005 M, 
e.s.r. signal; - - - B, Ti(OH)2+, i,,,, 465 nm, absorbance; 
- Ti(OH)'+, titrimetric, calculated as per ref. 10. 
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bridged species precludes a Ti(IT1)-Ti(II1) 
dimer in view of the expected rapid spin-spin 
relaxation processes. Likewise spin exchange 
with Ti(IV) might be expected to broaden any 
signal from species 3 and 4 making them un- 
likely candidates for the e x .  active species. 
Moreover, at concentrations from 0.01 to 0.500 
M, a direct variation in signal intensity with in- 
creasing titanium(II1) was observed. 

Clearly the structural possibilities reduce to 
aquated and hydrolyzed titanium(II1) ions 1, 2, 
and 5, as produced in reactions 1-3. 

FIG. 3 .  Electron spin resonance signal linewidth for 
aqueous titanium(lI1) solutions, 25 .C. a, %I3, 0.016 M; [21 Ti0H(H20)52' + H20 * Ti0(H20)5+ + H30- 
0, TiCI3, 0.008 M; A,  Ti,(SO,),, 0.005 M; U ,  Tic],, 1 
0.080 M. 

[3] [Ti(OH)(H20)512' + H 2 0  + 
dependent of anion above p H  1.6 as shown in 
Fig. 3. Finally, the intensity of the signals in the 
caie of the chloride and iodide do noi change on 
increasing the anion concentrations to 2.0 M in 
samples of 0.001 M titanous ion, in keeping with 
their low complexation constants (10-12). In 
contrast, increased sulfate (2.0 M) destroyed the 
signals in chloride, iodide, or sulfate samples. We 
ascribe the effect to complexation of the e.s.r. 
"active" species by added sulfate. In summary, 
the anion is not required in the primary coordina- 
tion sphere, indeed in the case of sulfate it 
diminishes signal intensity. Moreover since we 
see no change in  g value or linewidth, Fig. 3, even 
though cryatal field effects of the anions should 
be significantly different, we conclude that the 
anion is not present in the e.s.r. active complex. 

The possibility that the species was a dimeric 
or polyn~eric oxygen bridged form of TI(III) and 
Ti(IV), 3 and 4 were considered. 

However no increase in signal intensity was 
achieved by either deliberate addition of excess 
Ti(1V) ions or purposeful partial oxygenation of 
a TiCl, test solution at p H  2.5. We note that the 
internuclear separation of the metal ions in a 

Since 5 is the predominant form of titanium in 
these solutions, it cannot be the e.s.r. "active" 
species that is present at only 2",f the nominal 
lnetal concentration. The conlplex ion 1 is more 
attractive since it will be oresent in low concen- 
tration but linearly related to titanium concen- 
tration and independent of anion. 

Moreover in analogy to V 0 2 + ,  we can expect 
a much stronger axial perturbation by the oxide 
ligand in [TiO(H,O),]+ than by OH- in the 
dominant complex 5. However, in the particular 
case of V02+ ,  e.s.r. and spectroscopic studies 
( 1  3-1 5) have convincingly demonstrated that 
the local point symmetry of vanadium in 
[VO(H,O),]+ is C,, and that the unpaired elec- 
tron lies in the d,,, orbital ( 2 ~ 2 , ) .  Hence axial ~c 

bonding is possibie, effective~y"~iving rise to a 
triple bond between the vanadium and the 
unique oxygen atom. Therefore the axial com- 
ponent to the ligand field will lead to a high 
deviation from O,, symmetry. The isotropic g 
factor for the complex [VO(H20),]2+ is 1.964 
(13-1 5) and indicates a strong axial field and a 
relatively small anisotropy in the g value. In 
contrast, the active titanium species described 
here has a lower g value (1.9408), and moreover, 
a rather large linewidth (see Discussion below). 
Accordingly, although not recognized in the 
solution studies (9-1 1) we feel that the complex 
2 [Ti(OH),(H,O),]+, is a more likely candidate 
than the [TiO(H,O) , I t .  The dihydroxy species 
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will have the necessary axial perturbation, but dependence of the linewidth and by the lack of 
much less than the alternative TiO' species. effect of the anion or metal ion concentration. 

To test further the nature of the e.s.r. active Over the ranee 0.001 to 0.500 M of titanium(II1) 
u , , 

species we have prepared T,CI, in D,O at p H  concentration no change in linewidth is observed 
2.2, observing a decrease in linewidth at 0.008 M (Fig. 3). Accordingly, we can conclude that the 
from 96 to 72 G. The change is assigned to re- linewidth is determined mainly by the relaxation 
placement of the hydrogens of water ligands by processes within the coordination shell of the ion. 
deuterium, narrowing the resonance line by re- It seems plausible that vibrational spin-orbit 
moving the larger hyperfine interaction with the processes are responsible for the linewidth, and 
protons.' For example, Johnson et al. (8) have that there is a near degeneracy of the electronic 
reported a splitting of 1.8 G for each proton in levels. Observation of significant narrowing on 
four water ligands of a titanium(I11) complex going from room temperature to 0 OC (see Table 
with /-butyl alcohol. If the present complex 2 1)  and the relatively narrow linewidth of the 
has four water ligands and two OH groups, as randomly oriented sample at 77 "K in D,O (see 
formulated, we can project a total contribution Fig. l a  and b), is consistent with excitation 
of ca. 20 G from this source. A slight change in energies of the order kT. 
coupling constant would clearly accommodate 
the whole of the line narrowing that is observed. The generous support from the National Research " 
clearly the proton hyperfine coup- Councilof Canada and the University of Victoria in oper- 

ling in our complex and that of Johnson et al. ating funds for this project is gratefully acknowledged. 

(8);s consistent kith a similar degree of delocali- 
1. C. J. BALLHAUSEN. Introduction to ligand field zation of the d electron onto the water ligand in theory, McGraw H i l l ,  New York, N,Y, 1962, Chapt, 

both instances. 6. 

Linewidtli Effects 
The spectrum of the frozen solution in D,O 

at 77 "K provides evidence for the axial sym- 
metry expected for complexes 1 and 2 (Fig. 16). 
From the values of g, = 1.9250 + 0.001 and 
g i l  = 1.9606 k 0.001, one calculates go = +(gi, 
+ 2g,) = 1.9368 + 0.002 which compares fa- 

vorably with the value recorded in solution 
1.941 1 + 0.001. The possibility of species such 
as Ti(OH), and the unsymmetrical bridged 
species 3 and 4 are ruled out by this observation. 
Finally, we observe no resonance lines indicative 
of dimeric titanium(II1) species with triplet 
character. One is struck by the relatively narrow 
line (ca. 115 G) observed in the randomly 
oriented frozen sample. Consideration of the 
linewidth at room temperature 72 i 3 G would 
indicate that the basic resonance linewidth has 
actually decreased. 

There are several sources that contribute to 
the relaxation of the e.s.r. signal. Electric quad- 
rupole effects are negligible in magnitude. Aniso- 
tropic processes and intermolecular interactions 
are eliminated by the nature of the temperature 

'The broad resonance line obscures resolution of both 
proton and 47Ti or 4 9 T ~  coupling with the electron spin. 

2. A. CARINGTON and A. D. MCLACHLAND. Introduc- 
tion to magnetic resonance with applications to 
chemistry and chemical physics. Harper and Row, 
New York. 1967. Chapt. 10. 

3. E. L. WATERS and A. H. MAKI. Phys. Rev. 125, 233 
( 1  962). 

4. (a)  V. I. AVVAKUMOV, N. S. GARIF'YANOV, and E. I. 
SEMENOVA. SOV. Phys. Jetp, 12, 847 (1961); (b) N. S. 
GARIF'YANOV, A. V. DA~ILOVA,  and R. R.  SHAGIDUL- 
LEN. Opt. Spectrosk. 13, 212 (1962); Opt. Spectrosc. 
(USSR), 13, 116 (1962). 

5. S. FUJIWARA and M. CODELL. BLIII. Chem. Soc. Jap. 
37, 79 (1964). 

6. S. FUJIWARA, K. NAGASHIMA, and M.  CODELL. Bull. 
Chem. Soc. Jap. 37, 773 (1964). 

7. 1. B. GOLDBERG and W. F. GOEDPINGER. Inorg. 
Chem. 11, 3129 (1972). 

8. R. JOHNSON, P. W. MURCHISON, J .  R. BOLTO~.  J. 
Am. Chem. Soc. 92, 6357 (1970). 

9. W. G I G G E ~ B A C H  and C. H. BRUBAKER, JR. Inorg, 
Chem. 8, 1157 (1969). 

10. R. L. PECSOK and A.  N. FLETCHER. Inorg. Chem. 1, 
155 (1962). 

I I .  F. R. DURE and P. R. QUINNEY. J. Am. Chem. Soc. 
76, 3800 (1954). 

12. H. J. GARDKER.  A L I S ~ ,  J. Chem. 20, 2357 (1967). 
13. C. J. BALL HA USE^^ and H. B. GRAY. Inorg. Cheni. I ,  

I11 (1962). 
14. D. K~VELSON and S. V. LEE. J. Chem. Phys. 41, 1896 

(1964). 
15. C. J .  BALLHAUSEN and H. B. GRAY. Inorg. Chem. 2, 

426 ( 1  963). 
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Structure cristalline et molCculaire du 
cis-dithiocyanatobis(ph6nanthroline- 1 ,lO)mercure(II), Hg(SCN)2(C 12H8N2)2 

ANDRE L. BEAUCHAMP, BERNARD SAPERAS ET ROLAND KIVEST 
Dipartemenide Clzimie, Universite'de Monire'al, Case Postnle 6210, MontrPal101, QsrPhec H3C 3Vl  

R e ~ u  le 13 juin 1973' 

ANDRB L. BEAUCHAMP, BERNARD SAPERAS et ROLAND RIVEST. Can. J. Chem. 52,2923 (1974). 
Le complexe cis-Hg(SCN),(Phcn), cristallise dans le systtime triclinique, groupe spatial P i ,  

a = 13.252(5), b = 11.077(4), c = 8.443(3) A, cc = 105.20(3), = 83.25(3), y = 90.92(3)" et 
Z = 2. La structure a Cte resolue par la mtthode de I'atome lourd et affinee jusqu'a R = 0.069 
au moyen de 1718 reflexions independantes. Le cristal est constitue de molecules individuelles 
dans lesquelles le mercure est hexacoordonne. L'environnement du mercure correspond a un 
octaedre deforme. Les liaisons Hg-N avec les molCcules de phenanthroline varient de 2.42(2) 
a 2.52(2) A, alors que les liaisons Hg-S avec les groupes thiocyanates sont Cgales a 2.622(8) 
et 2.582(8) A. Les molecules de complexe sont empilees de maniere a former des couches 
paralleles aux plans (1 lo), entre lesquelles il n'existe que des contacts normaux de van der Waals. 
A I'interieur des couches, la disposition parallele des phknanthrolines a une distance de -3.4 A 
assure une grande surface de contact entre ligands appartenant a des molecules voisines. 
L'azote terminal des groupes thiocyanates n'est pas coordonne. 

A N D R ~  L. BEAUCHAMP, BERNARD SAPERAS, and ROLAND RIVEST. Can. J. Chem. 52,2923 (1974). 
The compound cis-Hg(SCN),(Phen), belongs to the triclinic space group P i ,  with a = 

13.252(5), b = 11.077(4), c = 8.443(3) A, r = 105.20(3), fi = 83.25 (3), y = 90.92(3)", and 
Z = 2. The structure was solved by the heavy atom method and refined on 1718 independent 
reflections to an R factor of 0.069. The crystal contains discrete molecules, in which mercury is 
coordinated to four nitrogen atoms from two phenanthroline molecules and to two sulfur atoms 
from thiocyanate groups. These donor atoms define a distorted octahedral geometry around 
mercury. The Hg-N bond lengths are in the range 2.42(2)-2.52(2) A, whereas the Hg-S 
bonds are equal to 2.622(8) and 2.582(8) A. The molecules are packed in layers parallel to the 
(1 10) planes and the layers are held together by normal van der Waals interactions. Within the 
layers, the packing of the complex is characterized by parallel stacking of phenanthroline ligands 
at  distances of -3.4 A. The terminal nitrogenatoms of the thiocyanate groups are uncoordinated. 

Le composk d'addition Hg(SCN),.2Phen (ou 
Phen = phknanthroline-1 ,lo) a Ctk prkpart par 
Jain et Rivest (1). Son spectre infrarouge a t t t  
interprttt en fonction d'une esp6ce monomere 
dans laquelle le mercure est hexacoordonnk. 
L'etude cristallographique de ce composk a Ctt 
entreprise dans le but de vtrifier la coordination 
octatdrique du mercure, d'une part, et de dtter- 
miner duquel des isomcires cis ou trans il s'agit. 
Ce travail a fait l'objet d'une communication 
prtliminaire (2). 

Partie expkrimentale 
PararnPtres crisiallographiques 
Formule: C,6H,6N,S,Hg Masse moleculaire = 677.17 
Maille triclinique, groupe spatial P i  (confirme par 
I'absence d'effet piezoelectrique), a = 13.252(5), b = 
11.077(4), c = 8.443(3) A, r = 105.20(3), fi = 83.25(3), 
y = 90.92(3)', V = 1187 A3, D,,, = 1.95 g cm-3 (pycno- 
metrie), Z = 2, D, = 1.99 g ~ m - ~ ,  t = 23 'C. LCuKcc = 
1.5418 A, hCuKfi = 1.3922 A, pCuKC = 152 cm- '. 

'Revision reGue le 2 mai 1974. 

La structure est decrite en fonction du systeme d'axes 
non-conventionnel ci-dessus. La maille reduite (type I) 
(3) aurait les paranietres suivants: a, = 8.443, b, = 
11.077, c, = 13.252A, r ,  = 89.08, !3, = 83.25 et y, = 

74.80". Les axes de la maille reduite seraient relies aux 
autres par les transformations n, = c, b, = - b et c, = a. 

Mesures cristallographiques 
Les cristaux ont ete obtenus par recristallisation dans 

la dimethylformamide. Ils ne sont aucunement alteris 
par I'air. Les parametres de maille ont etC obtenus par 
affinement (4) dcs angles 20, o et x de douze pics CuKfi 
(28, i 20 < 42.) centres automatiquement sur le diffrac- 
tometre Picker FACS-I. 

Pour recueillir les intensites, un cristal de dimensions 
0.06 x 0.09 x 0.13 mm3 a ete monte s i ~ r  le diffracto- 
metre. Les mesures ont Cte faites avec la radiation CuKZ 
filtree au nickel, selon la techniq~~e du balayage 8/28, a 
raison de I' (28) par min. Le balayage s'etalait sur un in- 
tervalle 20 initialement fixe a 1.6" et graduellement elargi 
en fonction de 20. On procedait au comptage du fond 
continu durant 20 s au debut, puis a la fin de I'intervalle 
de balayage. Les reflexions temoins 400, 422 et 123, dont 
I'intensite a etC determinee a toutes les 30 mesures, ont 
manifest6 des fluctuations de I'ordre de i 5% pendant la 
duree de travail. 
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Parmi les 3620 mesures effectutes (hkl, h i l ,  hkle t  hk[ 
20 < 1203), seules celles qui satisfaisaient au critere 
I 2 301 ont ete jugees statistiquement significatives. Ces 
criteres ont conduit au rejet de -1700 reflexions. Apres 
avoir pris la moyenne, dans le cas de reflexions mesurtes 
plus d'une fois, on disposait d'un ensemble de 1769 re- 
flexions non-equivalentes statistiquement significatives, 
auxquelles les corrections habituelles pour la polarisation 
et I'effet de Lorentz ont ete appliqutes. 

Dbtertnination el afjnetnent de la structure 
La structure a etC determinee par la methode de l'atome 

lourd et les parametres atomiques ont ete affines par 
moindres carres en inversant la totalite de la matrice. 
Apres un affinernent isotrope portant sur les parametres 
de tous les atomes, sauf les hydrogenes, le facteur residuel 
R = Z F ,  - F c F , / X F ,  valait 0.116. 

Une correction d'absorption a ensuite ete calculee 
pour chaque reflexion, d'apres le coefficient d'absorption 
p = 152 cm-' et les equations des faces du cristal (Pro- 
gramme NRC-3, Ahmed et Singh). L'affinement isotrope 
sur les donnees corrigees a reduit le facteur R a 0.089. Les 
atomes d'hydrogenes ont alors Cte places aux positions 
prevues par calcu12 (distance C-H de 1.08 A) et leurs 
facteurs thermiques isotropes ont ete fixes a 5 A2. Par la 
suite, les parametres des atomes d'hydrogene n'ont pas 
etC affines, mais les deplacements subis par les carbones 
ont egalement t te appliques aux atomes d'hydrogene 
correspondants. 

Vers la fin de I'affinement isotrope, il persistait des 
Ccarts anormalement grands entre F ,  et ,F,I pour une 
cinquantaine de reflexions situtes a sin 8/1, = 0.33 ou 
0.44. Un examen attentif des donnees brutes a rkvele, 
d'une part, que les mesures en question avaient des fonds 
continus avant et arriere inegaux et, d'autre part, que 
dans le domaine 0.33 < sin 01). < 0.44, le fond continu 
etait generalement plus eleve qu'ailleurs, ce qui entrainait 
une proportion plus elevee de reflexions jugees statisti- 
quement inacceptables. Par la suite, les reflexions pour 
lesquelles IF, - JF, )  > 7 ont ete exclues des calculs~de 
moindres carrees. De la sorte, toutes les reflexions pre- 
sentant un fond continu asymetrique ont ete Climin6es, 
ainsi que quatre reflexions tres intenses aux petits angles 
(022, 11 1, 11 i et 1 TI), qui semblent affectees par l'ex- 
tinction. 

L'affinement a ete compltte au moyen des 1718 re- 
flexions restantes. Comme ce nombre de mesures ne 
permet pas un affinement anisotropic complet, nous avons 
procede a des affinements partiels sur quelques atomes a 
la fois. Nous avons alors note que I'anisotropie, peu 
marquee pour les molecules rigides de phenanthroline, 
etait plus importante pour les groupes SCN. Des facteurs 
thermiques anisotropes ont donc ete attribues au mercure 
et aux atomes des groupes SCN, tandis que les atomes des 
molecules de phenanthroline conservaient leurs facteurs 
thermiques isotropes. Des poids individuels, bases sur les 
statistiques de comptage ,ii; = l / oF  (5) ont ete appliques 

2Le tableau des facteurs de structure et les coordonnees 
des hydrogenes sont deposes en archives. Les photocopies 
des documents archives peuvent Etre obtenues du DCpGt 
des documents non publies, Bibliotheque scientifique 
nationale, Conseil national de recherches du Canada, 
Ottawa, Canada KIA OS2. 

lors des derniers cycles d'affinement. Apres stabilisation, 
le facteur R etait 0.069, alors que le facteur residuel pon- 
dkre R, = ZwliF,l - JF,i 2 / Z ~ F o / 2  valait 0.077. Sur la 
carte difference de Fourier calculee avec les parametres 
affints, le fond continu restait inferieur a 1 0 . 8  e/A3, sauf 
au voisinage du mercure, oh se trouvent quatre pics de 
2 1.7 e/A3. 

Les facteurs de diffusion utilises sont ceux de Cromer 
et Waber et on a tenu compte des facteurs de dispersion 
A f '  et A f "  du mercure et du soufre (6). Les parametres 
atomiques affines sont reunis au tableau 1.' 

Les calculs ont ete effectues sur un ordinateur CDC 
6400. Les versions localement modifiees des programmes 
suivants ont ete utilisees: Ahmed et Huber, NRC-2 
(traitement preliminaire des donnees); Ahmed et Singh, 
NRC-3 (correction pour I'absorption); Prewitt, SFLS5 
(moindres carres, matrice entiere); Zalkin, FORDAP 
(cartes de Patterson et Fourier); Shiono et Chu, BONDLA 
(distances interatomiques et angles de liaisons); Pippy 
et Ahmed, NRC-22 (plans moyens et angles diedres); 
Johnson, ORTEP ( t ra~age des figures). 

Description de la structure et discussion 
Le cristal renferme des moltcules monomeres 

Hg(SCN),(Phen), dans lesquelles le mercure est 
hexacoordonnC (fig. 1). L'environnement immt- 
diat du mercure peut Stre dtcrit comme un 
octahdre dtformC dont deux sommets cis sont 
occupks par les atomes de soufre des groupes 
thiocyanates. Ce type de chClates donne lieu a 
I'isomCrie optique, mais le cristal ttudie est un 
ractmique. 

L'environnement octatdrique du mercure est 
trks irrtgulier (tableau 2). Les angles N-Hg-N 
a l'intkrieur des cycles sont particulikrement petits 
(-67") cause de la taille du mercure, qui exige 
une liaison Hg-N longue, d'une part, et de la 
rigiditt du ligand, qui fixe I'tcartement des 
atomes d'azote, d'autre part. Dans un complexe 
du thallium (7), on a observt un angle N-TI-N 
de 63" comparable a ceux-ci. Notons qu'un angle 
N-M-N de -60" permet d'obtenir des angles 
M-N-C voisins de la valeur normale de 120°, 
ce qui pourrait contribuer B la stabilisation de 
chtlates de mCtaux volumineux, en dtpit des 
angles N-M-N tr&s petits qu'exige la phtnan- 
throline. 

Les groupes SCN prtsentent les caracttristi- 
ques habituelles (8-10): coordination au mercure 
par I'intermediaire du soufre, angles Hg-S-C 
voisins de loo", segments S-C-N a peu pr&s 
lintaires, liaisons S-C (1.64, 1.67 P\) et C-N 
(1.14, 1.16 A) de longueur normale. Les liaisons 
Hg-S (2.62 et 2.58 A) sont plus longues que 
celles qu'on a observtes dans diverses espices 
Hg-SCN tttratdriques (2.54-2.56 A) (8, 10). 
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TABLEAU 1. (a) Coordonnees ( x  lo3) et facteurs thermiques anisotropes* 
( x  lo3) du mercure et des atomes des groupes thiocyanates 

Atome x Y z Sl l  I322 033 8 1 2  81 3 I323 

TABLEAU 1. (b) Coordonnkes fractionnaires ( x  lo3) et 
facteur thermique isotrope des atomes des molecules de 

phCnanthroline 

Atome x Y z B 

La longueur des liaisons entre le mercure et les 
azotes de la phknanthroline se situe entre 2.42 et 
2.52 A. Pour le complexe mercureux [Hg,Phen]- 
(N0,),(1 I), l'une des liaisons Hg-N (2.48 A) 
s'apparente aux n6tres, mais I'autre est beaucoup 
plus courte (2.30 A). Les structures de deux com- 
plexes du mercure avec des pyridines sont con- 
nues, mais toute comparaison s'avere difficile 
parce que les longueurs des liaisons Hg-N (2.18 
A pour HgCl,.Collidine (12) et 2.60 A pour 

HgC12.2Pyridine (8)) different considCrablement 
en dCpit de la grande similitude des ligands. 

Les angles dans la moltcule de phknanthroline 
sont compris entre 117(2) et 123(2)" (moyenne 
120"). Les liaisons C-N, 1.33(3)-1.39(3) A 
(moyenne 1.35 A) sont plus courtes que les 
liaisons C-C, 1.35(3)-1.45(3) A (moyenne 1.40 
A). Les molCcules de phknanthroline sont planes 
aux erreurs expkrimentales pres. L'atome de 
mercure devrait normalement occuper ces plans. 
I1 se trouve a -0.2 A du plan passant par le 
ligand 2, Ccart comparable a ceux qu'on a rap- 
portts (0.1-0.3 A) pour des chClates de la phCnan- 
throline avec d'autres mCtaux (13). Toutefois, 
dans le cas du ligand I, la distance est de 0.45 A, 
ce qui correspond B un angle de - 10" entre le 
plan du ligand et le plan Hg-N(101)-N(110). 
L'empilement molCculaire permet d'expliquer cet 
angle relativement grand. 

Les molCcules Hg(SCN),(Phen), s'empilent en 
couches paralliles aux plans rkticulaires (110) 
(fig. 2). Les atomes d'azote des groupes SCN ne 
sont pas coordonnCs, comme le laissait prevoir la 
position des bandes v,,, et v,-, du spectre in- 
frarouge (I). Chaque couche renferme un nombre 
Cgal des deux isomeres optiques et les molCcules 
sont disposees de maniere a assurer une grande 
surface de contact entre les ligands phknanthro- 
lines. Deux ligands adjacents sont a peu pres 
paralleles, a -3.4 A l'un de l'autre, et le contact 
implique principalement deux cycles de chaque 
ligand. Les ligands de type 2 (azotes blancs, fig. 
2) interagissent deux a deux et on dtnombre 5 
contacts plus courts que 3.6 entre la molCcule 
(x, y, z) et la molCcule (1 - x ,  j ,  5). Chaque paire 
est en retrait par rapport a la suivante et il y a peu 
de contact d'une paire a l'autre. Par ailleurs, 
chaque ligand de type 1 (azotes noirs, fig. 2) est 
pris "en sandwich" entre deux autres. Ainsi, la 
molCcule (x, y, z) possede 12 contacts plus courts 
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FIG. 1. Projection stereoscopique de la molecule cis-Hg(SCN),(Phen),. Les enveloppes des atomes correspondent 
a une probabilite de 50%. 

TABLEAU 2. Distances interatomiques et angles de liaisons 

Liaisons Distance (A) Liaisons* Angle (deg) Liaisons Angle (deg) 

Hg-S(l) 2.622(8) N(101)-Hg-N(110) 66.3(7) S( I )-Hg-S(2) 95.2(3) 
Hg-S(2) 2.582(8) N(201)-Hg-N(2 10) 68.0(6) N(110)-Hg-N(210) 91.4(7) 
Hg-N(lO1) 2.52(2) N(101)-Hg-N(201) 147.3(6) 
Hg-N(I 10) 2.52(2) N(101)-Hg-N(210) 89.5(6) Hg-S(1)-C(1) 100.6(12) 
Hg-N(2Ol) 2.42(2) N(1 10)-Hg-N(201) 89.9(6) Hg-S(2)-C(2) 100.7(11) 
Hg-N(210) 2.43(2) S(l )-C(1)-N(1) 174(3) 
s(1?-c(l? 1 .67(4) S(1)-Hg-N(201) 93.6(4) S(2)-C(2)-N(2) 177(3) 
s(2)-c(2) 1 .64(3) S(2)-Hg--N(IO1) 93.1(5) Hg-N(IO1)-C(112) 1 16(2) 
C(I)-N(I) 1 .14(5) Hg-N(1OI)-C(102) 124(2) 
C(2)-N(2) - 1 .16(4) S(I)-Hg-N(110) 8 l .4(5) Hg-N(110)-C(109) 120(2) 

S(2)-Hg-N(2 10) 98.3(5) H I  1 - ( I  I 1 1 17(2) 
Hg-N(201)-212) 1 14(2) 

%I)-Hg-N(IO1) 104.0(5) Hg-N(201)-C(202) 123(2) 
S(2)-Hg-N(201) 1 12.8(4) Hg-N(2 10)-C(209) 120(2) 

Hg-N(210)-C(211) 1 19(2) 
S(1)-Hg--N(2lO) 160.3(5) 
S(2)-Hg-N(1 10) 157.2(5) 

* D a m  cette colonne, les angles d'une meme paire devraient Stre equivalents si le squelette HgS2N, possedait I'axe binaire prevu pour un 
chelate d u  type c~s-MX,(L-L)~.  

que 3.6 A avec la molecule (.Y, 1 - y, 1 - z )  et 
12 autres avec la molecule (2, 1 - y,  2). C'est 
sans doute pour favoriser cet emboitement que le 
plan du ligand de type 1 fait un angle avec le plan 
Hg-N(101)-N(l lo), tel que mentionnt price- 
demment. 

Le tableau 3 renferme les contacts courts entre 
atomes non-lies. Trois d'entre eux seulement sont 
intramoleculaires et le contact H(209). . .C(102) 
(2.8 A) est le seul qui pourrait denoter quelque 
tension a l'interieur de la moltcule. On a invoque 
cette absence de tension pour expliquer la prC- 
ference que manifestent les complexes MX,- 
(Phen), pour la configuration cis. Dans I'isom6re 
trans, au contraire, il existerait des repulsions 
importantes (H(102) ... H(202) et H(109) ... H(209)) 

entre deux molecules de phenanthroline forceps 
d'occuper un meme plan (14). Compte tenu des 
valeurs extrcmes (2.42 et 2.52 A) observtes pour 
les liaisons Hg-N dans le chelate cis-Hg(SCN),- 
(Phen),, on peut aisCment calculer que dans 
l'isomere trans, la distance H...H se situerait entre 
2.2 et 2.4 A. Comme le rayon de van der Waals 
de l'hydrogene est 1.2 A (1 5), il y aurait une cer- 
taine repulsion H...H, mais beaucoup moindre 
que dans le cas de complexes d'tlkments plus 
1Cgers. Par consequent, bien que l'isomere cis du 
complexe mercurique soit favorid, il n'est pas 
inconcevable qu'on puisse isoler un chelate trans, 
dans lequel les rCpulsions H...H dkja faibles 
soient Climinees en laissant les ligands pivoter 
quelque peu I'un par rapport I'autre autour de 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BEAUCHAMP E T  AL.: STRUCTURE CRISTALLINE ET MOLECULAIRE DU H ~ ( S C N ) ~ ( C I ~ H ~ N ~ ) Z  2927 

FIG. 2. Projection stereoscopique de I'empilement dans le cristal cis-Hg(SCN),(Phen),. Les molecules de phenan 
throline peuvent Ctre distinguees d'apres leurs atonles d'azote (spheres noires pour les ligands de type 1 et spheres 
blanches pour les ligands de type 2). Sur la diagonale de la figure, on remarque les co~iches des molecules orientees 
selon les plans reticulaires (1 10). La disposition parallele des phenanthrolines est un facteur important qui gouverne 
I'empilement a I'interieur de la couche. 

TABLEAU 3. Choix de distances entre atomes non-lies 

Atomes Transformation* Distance (A) 

Dans la molecule 
S(1)-H(202) 2.93(3) 
C(102)-H(209) 2.81(4) 
C(202)-H(109) 2.94(4) 

A l'inter~eur d'une couche 
S(1)-H(104) 2, I - J ,  7 2.91(3) 
S(2)-H(204) 1 : X, 7, ,? 2.95(3) 
C(2)-H(204) 1 - X, 7, 7 2.61(4) 

Entre couches 
C(106)-H(207) x, 1 + J,, z 2.71(4) 
C(114)-H(207) x, 1 + J,, z 2.74(4) 
S(1)-H(262) I - .Y, I - J ,  2 2,96(3) 
N(2)-H(106) X, - 1 + y ,  - 1 + = 2.60(4) 
N(2)-H(107) X, - 1 + y, - l + z 2.60(4) 
N(2)-H(209) x, y, r 2.64(4) 

'Appliquee au second atome, le premier &ant a (x, J ~ ,  z). 
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MICHAEL FALK, CHUNG-HSI HUANG and OSVALD KNOP. Can. J. Chem. 52, 2928 (1974). 
Infrared spectra of polycrystalline KSnCI,.H,O were recorded between 4000 and 300 cm-' 

at different degrees of deuteration and at temperatures between 30 and - 160 'C. At low tem- 
perat~~res  the spectra show a complexity indicative of the presence of several crystallographically 
distinct water molecules. These molecules occupy sites with nearly identical environments and 
at room temperature are spectroscopically indistinguishable. The environment of each of these 
molecules is asymmetric. Hydrogen bonds are very weak and probably highly bent. The water 
molecules are less separated from one another than in K,SnCI,,H,O and may share their 
potassium neighbors. 

MICHAEL FALK, CHUNG-HSI HUANG et OSVALD KNOP. Can. J. Chem. 52,2928 (1974). 
On a enregistre les spectres infrarouges de KSnC13.H,0 polycristallin entre 4000 et 300 

cm-I a differentes temperatures et degres de deutiration. La complexitt des spectres B basse 
temperature indique que plusieurs types distincts de molCcules d'eau existent dans la structure. 
Ces mol6cules, situtes sur des sites aux entourages asymitriques presque identiques, ne peu- 
vent pas Ctre distingutes, a temperature ambiante, par les spectres infrarouges. Les liaisons 
hydrogene sont tres faibles et probablement coudees. Les separations intermoleculaires H,O- 
H20 sont moins grandes dans KSnCI,.H20 que dans K2SnCI,.H20. 

Recently good crystals of KSnC1,.H20 (I) 
were obtained as a byproduct in the preparation 
of K2SnCI,.H,0 (11) (1). No crystallographic 
work appears to have been reported on I, and the 
only spectroscopic work is that by Davies and 
Tench (2) on the Raman spectrum below about 
325 cm-'. We have taken advantage of the 
availability of analyzed and authenticated 
KSnCI,.H20 to see how much information 
about the water molecule could be extracted from 
the i.r. spectra of partially deuterated polycrys- 
talline samples of a hydrate in the complete ab- 
sence of crystal-structure data. 

The preparation of samples for i.r. spectra has 
been described in ref. 1. 

Results 
The room-temperature survey spectra of un- 

deuterated I and I1 (Fig. 3 of ref. 1) differ mainly 
in the frequencies of the OH stretching bands. 
These are higher in I, indicating that hydrogen 
bonding in I is weaker than in 11. Since the spec- 

INRCC No. 14046. 

trum of I looks even simpler than that of I1 and 
both compounds contain only one H 2 0  per 
formula unit, a single type of water molecule was 
expected to exist in the structure; the room- 
temperature spectra of partially deuterated I 
(discussed in the following) reinforced this im- 
pression. The appearance of additional peaks in 
the spectra of undeuterated I on lowering the 
temperature (Figs. 1 and 2, Table 1) came there- 
fore as a surprise. It left no doubt about the con- 
siderably greater complexity of the structural 
situation in KSnCI,.H20 than had been antici- 
pated. 

The bending fundamentals of isotopically di- 
lute D 2 0  (Fig. 2) and H 2 0  (not shown) were 
singlets at room temperature, like in 11, which is 
normally evidence of only one crystallographical- 
ly distinct type of water molecule (3). Below 
about - 60 "C these singlets gradually resolved 
into close doublets, with peak separation (at 
- 160 "C) of 4.8 cm-' for H 2 0  and 3.3 cm-' for 
D,O. These doublets require the existence of two 
or more types of water molecules in the structure. 
The gradual coalescence of the doublets with in- 
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FALK ET AL.: INFRARED SPECTRA OF WATER IN KSnCI,.H20 

TABLE 1. Vibrational assignments for water in KSnCI,.H20* 
-- -- 

HOH HOD DOD 
-- 

Description 30 "C -160°C 30°C -160°C 30°C -160 "C 
- -- - - -  

3618 36321- -3596 36161- 
O H  stretch 3577 { 3538 -3554 3565 

2653 2666t 2690 2700t 
O D  stretch 2638 -2610 

2621 2630 2595 2604 

Bend (isotopically 1616 
pure) { 1615 1612 

1602 

Bend (isotopically -1609 
dilute) 1608 1422 iii; 1186 ( ''lo 1603 

1411 14051- 

Libration 430 427 

*Frequenc~es are In cm-1. 
iShows slgns of be~ng an unreaolved multtplet. 

FIG. 1.  Spectra of KSnCl3.H,O (Nujol mulls) at  
- 160 "C in the OH and OD stretching regions at different 
deuterium contents. A and B indicate two of the compo- 
nent doublets resulting from non-equivalent water mole- 
cules. 

creasing temperature corresponds to structural 
changes which make the nlolecular environment 
of the different types of H,O more similar. 

At room temperature the bending fundamental 
of isotopically dilute H D O  was a doublet, but 
those of D,O and H,O were singlets (Fig. 2 ;  the 
H,O spectrum is not shown). This would indi- 
cate the presence of a single type of asymmetric 
water molecule (3). However, a t  lower tempera- 
tures the H D O  doublet split further, giving rise 
to  three bands of unequal intensity a t  1405, 1412, 
and 1419 cm-'. The most intense band of the 
three, at 1405 cm-', showed some evidence of 

FIG. 2. Spectra of KSnCI,.H,O (Nujol mulls) at  dif- 
ferent temperatures. O D  stretching region, 50% D;  HDO 
bending region, 30% D ;  D,O bending region, 30% D. 

further structure compatible with an incompletely 
resolved quartet. The H D O  bending region can 
thus be interpreted as arising from at  least two 
very similar types of asymmetric water molecules. 

The spectra of the O H  and O D  stretching re- 
gions (Figs. 1 and 2, Table 1)  support this anal- 
ysis. At room temperature, the doubling of the 
H D O  fundamentals is consistent with one type of 
water molecule in an asymmetric environment. 
Emergence of structure on temperature lowering 
points, however, to the presence of a t  least two 
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distinct types of asymmetric water molecules in 
the crystal. The asymmetry must be appreciable, 
to judge by the large splitting of the room- 
temperature doublet. The non-equivalent water 
molecules must be chemically very similar, for 
the low-temperature doublets nearly coincide 
and remain only partially resolved even at - 160 
"C. The spectra of the stretching fundamentals of 
H,O and D,O showed features analogous to 
those observed in the HDO stretching region. 
This again is consistent with the existence of at 
least two distinct types of water molecules. 

Consideration of the relative intensities of the 
spectral features shows that the situation is even 
more complex. Assuming that the structure of 
the low-temperature bands can be interpreted as 
the result of superposition of two discrete sets of 
bands, each corresponding to one type of water 
molecule, the band-intensity ratio estimated 
from the HDO stretching bands (Fig. I )  is ap- 
proximately 3 : 1 but only 1 : 1 when estimated 
from the isolated D,O bending fundamental 
(Fig. 2).' This apparent discrepancy can be ex- 
plained only on the assumption that more than 
two types of water molecules are present in the 
crystal. Three types with an abundance ratio of 
2: 1 : 1 would, in certain circumstances, be com- 
patible with the estimated band-area ratios (see 
Discussion). 

The stretching frequencies in partially deu- 
terated I confirm the conclusion from the room- 
temperature spectrum of the undeuterated com- 
pound, namely, that hydrogen bonding in I must 
be considerably weaker than in 11. More specifi- 
cally, the stronger bonds in I are somewhat 
weaker than the bifurcated bond involving H(2) 
in IS, while the weaker bonds in I are weaker 
than either bond in I1 and may correspond to 
a non-hydrogen-bonded situation. The only 
stretching frequency for water in crystalline hy- 
drates that is of comparably high value has been 
reported for H(2) in sodium nitroprusside dihy- 
drate (5): this hydrogen is known to participate 
in a H-bond which is at bestaborderline. The 
properties of borderline and non-bonded water 
hydrogens have not yet been adequately investi- 
gated (4). 

All of the stretching frequencies exhibit ap- 
preciable negative values of dv/dT, which implies, 
as for OH(2) of 11, that all the H-bonds in I are 

'These are the two bands studied with most care. 

highly bent and possibly bifurcated or nearly 
bifurcated. 

At higher isotopic concentrations the band 
shapes in the stretching region are not apprecia- 
bly modified. Those in the bending region, on the 
other hand, become more complex and an in- 
completely resolved multiplet is observed for 
H 2 0  in undeuterated samples and for D 2 0  in 
highly deuterated ones. This shows that, in con- 
trast to 11, dynamic coupling of bending vibra- 
tions (though not of stretching vibrations) of 
water molecules is appreciable in I. The magni- 
tude of the frequency splitting is comparable to 
that in sodium nitroprusside dihydrate, in which 
structure the water molecules share their sodium 
neighbors (5). One may thus infer that water 
molecules in I are less well isolated from one 
another than the water molecules in 11. 

Conclusions 
The following information has been extracted 

from the i.r. spectra of KSnCl,.H,O, in spite of 
the unexpected complications encountered in 
their analysis: 

(1) The unit cell contains several crystal- 
lographically distinct sets of water molecules. 
These molecules occupy sites with nearly identi- 
cal environments, whose similarity increases with 
temperature. 

(2) The water molecules are asymmetric. Bar- 
ring orientational disorder in the structure, this 
requires the oxygen atoms of the water molecules 
to be located at sites of symmetry C, (both H 
atoms in the mirror plane) or C,. 

(3) Hydrogen bonding is very weak and the 
bonds are highly bent, possibly bifurcated. In 
each type of water molecule one of the H atoms 
may be borderline- or non-bonded. 

(4) The water molecules are less well isolated 
from one another than in I1 and may share their 
potassium neighbors. 

Discussion 
Stoichiometric crystalline monohydrates con- 

taining more than one type of water molecule are 
rare. A survey of 146 monohydrates whose crys- 
tal structures have been reported has uncovered 
only two such cases. Both are listed in Wyckoff's 
compilation (5): BaS,.H,O ( D Z 3 ,  Z = 4, two 
types of H 2 0  of symmetry C,) and CaC20,.H20 
(whewellite, P2,/c, Z = 8, two types of H,O of 
symmetry C,). 
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A preliminary examination of single crystals 
of I by X-ray diffraction (8) gave a diffraction 
symmetry rnrnm and approximate unit-cell di- 
mensions of 8.55, 8.76, and 18.24 A. Combining 
these values with the density reported for I in ref. 
7, 2.78 g/cm3, leads to 8[KSnC13.H,0] per unit 
cell. If these crystallographic data are confirmed, 
and assuming further that 1 is a stoichiometric 
hydrate with an ordered structure, the population 
ratio of the non-equivalent water molecules must 
correspond to a non-trivial partition of 8 and the 
partition must be compatible with the site multi- 
plicities 1, 2, or 4 admissible in orthorhombic 
space groups. The above tentative estimates of 
the band-area ratios as 3:  1 and i : 1 are consis- 
tent with the ternary partition 4:  2:  2: and the 
band-area groupings (4 + 2) : 2 = 3 : 1 and 4 : (2 + 
2) = 1 : 1. A monohydrate structure containing 
three types of water molecules would be most 
unusual but conceivable. For example, if 1 has a 
layer-like structure with the H,O molecules be- 

tween SnC1,- layers, certain stacking arrange- 
ments might produce environments of the water 
molecules that would differ only slightly. 

We thank Dr.  Peter S. White for obtaining the unit- 
cell dimensions of KSnCI,,H,O, and to Mr. P. F. Seto 
for technical help. 
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On the Reaction ofp-Cresol with 4-Aminoantipyrinel 

VINOD DAVE, J. B. STOTHERS, AND E. W. WARNHOFF 
Department of Chemistry, U~ziversit)~ of Western Ontario, London, Ontario N6A 3K7 

Received February 19. 1974 

VINOD DAVE, J. B. STOTHERS, and E. W. WARNHOFF. Can. J. Chem. 52, 2932 (1974). 
The structure of the yellow product from the ferricyanide oxidation of p-cresol and 4- 

aminoantipyrine is shown to be 1 and not 3. Borohydride reduction of the imine 1 gave 2 
which underwent elimination to 5a. Ferricyanide oxidation of 5a regenerated 1. 

VINOD DAVE, J. B. STOTHERS et E. W. WARNHOFF. Can. J. Chern. 52, 2932 (1974). 
On demontre que le produit jaune, obtenu lors de l'oxydation au ferricyanure du p-cresol 

et de l'arnino-4 antipyrine, possede la structure 1 et non la structure 3. La reduction de l'in~ine 
1 par le borohydrure conduit a 2 qui subit une elimination pour fournir 5a. L'oxydation au 
ferricyanure du produit 5 regenere le produit 1. [Traduit par le journal] 

In a recent publication in this journal structure 
3 was proposed for the yellow compound, 
m.p. 150°, formed on ferricyanide oxidation of 
a mixture of p-cresol and 4-aminoantipyrine (1). 
One experimental fact, the position of the 
methyl signal at 6 1.52 in the 'Hm.r. spectrum 
of the compound, was not in keeping with 
formula 3. and the authors attributed this 
discrepancy to strong shielding of the 5-methyl 
group of the-antipyrine moiety by the adjacent 
o-quinoneimide. However, the "unusually high 
field position" of this methyl group could more 
plausibly be explained by its being on an sp3 
carbon instead of an sp2 carbon. Moreover, 
3 would be expected to undergo fast electrocyclic 
ring closure to 1 which does place this methyl 
group on an sp3 carbon. In the following is 
presented evidence that the structure of the 
yellow compound is indeed 1 and not 3. 

The 13Cm.r. spectrum of the yellow com- 
pound (Table 1) had signals from four sp3 
carbon atoms, three from methyl carbon (19.7, 
20.3, and 39.7 p.p.m.) and one from carbon not 
bearing hydrogen (87.4 p.p.m.), in agreement 
with 1 but not with 3. When the yellow com- 
pound in methanol-tetrahy'drofuran was treated 
with sodium borohydride at - 1Oo, the yellow 
color was discharged within 25 min. There was 
isolated a colorless crystalline solid 2, m.p. 
155-175" (dec.), whose i.r. spectrum contained 
an NH peak at 3350 cm-l .  Its 'Hm.r. 
spectrum contained, in addition to three 
methyl singlets, a one-proton (non-exchangeable) 

'Part 41 of 13Cm.r. Studies; for Part 40, ref. 5. 

singlet at  6 4.27 which is required by structure 2. 
The 13Cm.r. spectrum of the reduction product 
now contained five sp3 carbons: three methyl 
(19.4, 20.8, and 38.1 p.p.m.), one quaternary 
(90.4p.p.m.), and a new methine carbon 
(57.6 p.p.m.) in agreement with 2. On standing, 
the borohydride reduction product underwent 
elimination of the phenol oxygen part of the 
carbinolamine ether and tautomerization to 50, 
m.p. 205". Its 13C, 'H, and U.V. (Fig. 1) spectra 
agree with this formulation. In addition, 
acetylation produced an 0,N-diacetate 5b,  

eso wo 
A nm 

FIG. 1. Ultraviolet spectra of p-cresol - 4-amino- 
antipyrine transformation products. 
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m.p. 15l0, which was hydrolyzed in aqueous 
hydrochloric acid back to 5a. Since amino- 
phenol 5a would be expected to be the first-stage 
intermediate in the two-stage oxidation of 
p-cresol and 4-aminoantipyrine to 1, it is not 
surprising that treatment of 5a with ferri- 
cyanide gave 1 in very high yield. 

With the revised structure 1, the formation of 
compound 4, whose structure was correctly 
assigned (I), can be regarded in a more familiar 
alternative way than the [1,7] sigmatropic shift 
suggested in ref. 1.  Thus, the carbinolamine ether 
of 1 opens to the imonium ion 3' (merely a 
canonical form of 3) which, after proton loss 
from the methyl group, can undergo readdition 
of the phenol to the conjugated ilnine 6 to 
produce 4. This interpretation accom~nodates 
both the thermal reaction and the catalysis by 
hydroxylic solvents. The suggested base catalysis 
(1) could well be just the effect of the greater 
polarity of pyridine (1,s. CDCI,) on formation 

of the polar resonance hybrid 3 ++ 3'. A further 
point of interest is that the ring closure of 
6 to 4 is reversible. When 4 was heated a t  105" 
in ethanol-0-d, the recovered 4 had partially 
exchanged the protons of the -OCH,- group 
for deuterium, a result which is only possible 
if the reaction sequence 4 + 6 + 3 '  occurs. 
Although compound 6 can cyclize either to a 
6-membered ring (I)  or  to a 7-membered ring 
(4). the unusual result is that the 7-membered 
\ ,  

ring is strongly favored at  equilibrium. 
The very low-field position (6 8.00-8.22) for 

two of the aromatic protons of the cresyl ring 
of 1 is not exceptional; quinoxaline and quinoline 
derivatives also have such low-field protons 
(2). Nor is the yellow color of 1 surprising when 
it is noted that 1 has more extended conjugation 
than 4-aminoantipyrine which is yellow. 

Therefore, although 3 is probably an inter- 
mediate in the formation of 1, it remains un- 
detected as yet. 

0 0 except for the following. Infrared spectra were recorded 

1 
on Beckman IR-5A and IR-20A instruments. Aromatic 

3' protons in the 'Hm.r. spectra are not reported. 
'3Cm.r. spectra were obtained with a Varian XL-100-15 

Me  system operating in the Fourier transform mode with 
1 proton decoupling. The nature of specific carbons (i.e. 

f P  

quaternary, methyl, e.' was determined by OR-resonance 
decoupling with and without noise modulation. Samples 

0 of -20 mg'0.3 ml were examined in the solvents noted 
(Table 1). Merck aluminum oxide PF-254 (type E) was 

6 used for some thick-layer chromatography. Thin layer 
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TABLE 1. 13Cm.r. absorption data relative to TMS standard 

Antipyrine ring N-Phenyl Cresol ring" 
Compound - - 

(solvent) C-5 C-4 C-3 N-Me C-Me C-1 C-2 C-3 C-4 C H  C Me 

4-NH2 antipyrine 137.9 119.1 162.1 37.9  10.1 135.5 122.8 129.0 125.8 
(CDC13) 

1 87.4 159.3 161.1 39.7 19.7 133.4 118.9 129.3 125.7 
(C,D,) 

116.7 133.2 20.3 
(C-6) (C-4) 
130.2 138.3 

(C-2) 
131.7 141.6 

(C- 1) 
115.5 120.4 20.8 

(C-4) 
117.5 129.8 

(C-2) 
119.6 138.9 

(C-1) 

114.0 128.5 21.1 
(C-4) 

114.9 134.4 
(C-2) 

119.7 150.8 
(C-1) 

119.4 134.8 20.7 
(C-6) 
122.3 135.1 
123.4 146.1 

(C- 1) 

"The assignments indicated for  the arql carbons \\ere made by comparison ui th those observed for benro\alole  (41,~-cresol ,  and o-amino- 
phenol. 

b-CH20- signal. 

chromatography plates were sprayed with a 4 :  1 mixture 
of concentrated H2S0, - concentrated HNO,. 

Reacriorl of p-Cr.esul w,itl~ 4-Aminonntipyrine 
The reaction was performed as described by Jones and 

Johnson (1) with p-cresol (175 mg, B.D.H.), 4-amino- 
antipyrine (550 mg, Matheson), K,Fe(CN), (10.5 g), 
and p H  10 phosphate buffer (Coleman) solution (I25 rill). 
The filtered material was dried under reduced pressure 
to give a yellowish-brown solid (420 mg, 85x1, m.p. 
130-134". The 'Hm.r. spectrum of the cr~lde  material 
showed methyl peaks corresponding only to the yellow 
oxidation product 1, and i t  could be ~ ~ s e d  without further 
purification (ride irrjka). For spectroscopy, the compound 
was purified by recrystallization from n-pentane or by 
preparative t.1.c. on alumina with benzene-ether (75:25) 
eluer~t. The yellow band at R, 0.65 yielded bright yellow 
granules of 1, m.p. 146-14Sr, after recrystallization from 
ether; v,,, (CHCI,) 1689 (amide C=O) and 1658 
(weak)z cnl-', h,,,, (MeOH) 242 (15 800) and 330 nm 
(8600); 6 (CDCI,) 1.54 (3H, s, CH,), 2.40 (3H, s, ArCH,), 
and 2.76 p.p.m. (3H, s, NCH,). 

=The absorption peak at  1658 cm-'  has only about 
one sixth of the intensity of the 1689 cm-' peak (amide 
C-0) and therefore cannot be due to a carbonyl group. 

~ o r o h ~ d r i d e  Reduction qf 1 
To  a stirred (magnetic bar) solution of 1 (25 mg) in a 

mixture of methanol (1.0ml) and tetrahydrofuran 
(1.0 1111) at -10" was added NaBH, (25 mg). Within 
2.5 min the yellow color was discharged. After stirring 
at - 10" for another 0.5 min, the reaction mixture was 
diluted with cold ether, washed with ice-cold water, 
dried, and concentrated at  room temperature to give 
an almost colorless crystalline solid. Three recrystalliza- 
tions from acetone - petroleum ether (b.p. 30-60') 
gave colorless gran~rles (7 mg) of essentially one stereo- 
isomer of 2, m.p. 155-175" ( d e ~ . ) ; ~  v,,,, (CHCI,) 3350 
(NH) and 1725 cm-' (amide C=O); h,,, (MeOH) 245 
(16 000) and 295 nm (-7000); 6 (CDCI,) 1.63 (3H, s, 
CH,), 2.13 (3H, s, ArCH,), 2.73 (3H, s, NCH,), and 
4.27 p.p.m. ( IH,  s, N-CH-C=O); tn/e 309 (molecular 
ion). 

Anal. Calcd. for C18H19N302 (309.4): C, 69.88; H,  
6.19. Found: C, 69.57; H ,  6.03. 

,The clean 'Hm.r. spectrum is the best indication 
that a single stereoisomer of 2 is present. The wide m.p. 
is probably caused by some elimination to Sa which is 
apparent from t.1.c. of the melt. It is also possible that the 
cis and tratls stereoisomers of 2 are being interconverted 
via 3 tt 3' during t.1.c. or melting. 
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Thin-layer chromatography on silica gel in ether- 
benzene (75:25) showed two overlapping spots more 
polar than 1 but less polar than 5a.j 

Elimination Product 5a 
(a) The 'Hm.r. solution of 2 in CDCI, was allowed 

to  stand overnight, whereupon the three methyl signals 
due to 2 had disappeared and three new methyl signals 
had appeared. Recrystallization from chloroform - 
petroleum ether (b.p. 60-80") gave colorless microcrystals 
of 5a, m.p. 199-205" (dec.); v,,, (CHCI,) 3100-3500 
(broad, OH, NH) and 1675cm-' (amide C=O); 
3Llndx (MeOH) 240 (17 000) and hi,,r (MeOH) -280 nm 
(10 000); 6 (CDCI,) 2.14 (3H, S, CH,), 2.18 (3H, S, CH,), 
and 3.09 p.p.m. (3H, s, NCH,); m/e 309 (molecular ion). 
This sample was identical with that prepared in b. 

(b) To a stirred (magnetic bar) solution of crude 1 
(100 mg) in a mixture of methanol (1.0 ml) and tetra- 
hydrofuran (1.5 ml) at room temperature was added 
NaBH, (100 mg). After being stirred for 0.5 h, the 
mixture was diluted with ether, washed with water, 
dried, and evaporated to leave an oily solid (102 mg). 
The crude solid dissolved in acetone (5 ml) was treated 
with 0.1 N aqueous HCI (1 ml) for 1 h. Work-up and 
two recrystallizations from chloroform -petroleum ether 
(b.p. 60-80") gave colorless crystals of 5a (40 mg), m.p. 
199-205' (dec.). 

Anal. Calcd. for ClsH1,N3O2 (309.4): C, 69.88; H, 
6.19. Found: C, 69.42; H, 6.40. 

Diacetate 5b 
A solution of aminophenol 5a (lOOmg), pyridine 

(1.0 ml), and acetic anhydride (1.5 ml) was stirred 
(magnetic bar) under nitrogen at 100" for 2.5 days. 
After distillation of the pyridine and excess anhydride a t  
reduced pressure, the residual mass was taken into 
chloroform, washed with 5% aqueous NaHC0, and 
water, dried, and concentrated to an amber oil. Thin- 
layer chromatography on 20 g of silica gel with ether- 
methanol (85:15) gave under u.v. a band at R, 0.43 
which was extracted several times with ether to yield 
60 mg of solid. Recrystallization of 40 mg from acetone - 
petroleum ether (b.p. 30-60") gave colorless granules of 
56 (30 mg), m.p. 150-151"; v,,, (CHCI,) 1760 (acetate 
C=O) and 1675 cm-' (2 amide C=O); h,,, (MeOH) 
275 nm (12 670); 6 (CDCI,) 2.08 (3H, broad hump, 
CH, of acetate, sharpened at 80" to a singlet), 2.18 
(3H, s, CH,), 2.27 (3H, s, CH,), 2.33 (3H, s, CH,), and 
3.10 p.p.m. (3H, s, NCH,); mle 393 (molecular ion). 

Anal. Calcd. for C22H2,N304 (393.4): C, 67.16; 
H, 5.89; N, 10.68. Found: C, 67.85; H, 6.05; N, 10.21.4 

Acid hydrolysis of 5b (10 mg) with 10% aqueous HC1 
(0.8 ml) in a sealed glass tube at 100" for 2.5 h gave 
4 mg of oily solid. Four recrystallizations from chloro- 
form - petroleum ether (b.p. 60-80") gave colorless 5a 
(1.3 mg) identical (m.p., mixture m.p., t.1.c.) with an 
authentic sample. 

Ferricyatzide Oxidation of 5a 
To a stirred (magnetic bar) solution of 5a (2.0 mg) 

in tetrahydrofuran (0.1 ml) and p H  10 buffer solution 
(0.5 ml) was added 20 mg of K,Fe(CN),. A yellow solid 
precipitated immediately. After 0.5 h the solid was 
filtered, washed thoroughly with water, and dried to 
yield 0.5 mg of bright yellow granules of 1 identical 
with an authentic sample (m.p., mixture m.p., and t.1.c.). 
Extraction of the filtrate with ether gave 1.5 mg more 
of yellow oily solid which t.1.c. showed to be essentially 
pure 1. 

Deuteriunz Exchange with 4 
A solution of 4 (10 mg) in ethanol-0-d (1 ml) was 

heated in a sealed tube at 105" for 2 days. Two recrystal- 
lizations of the product from ethanol to remove ND gave 
7.3 mg of colorless 4, m.p. 215-218". Deuterium analysis 
by mass spectroscopy gave 52% do, 32% d l ,  and 16% d2. 
The 'Hm.r. spectrum of the recovered 4 revealed a 
considerable decrease (-40z) in the intensity of the 
-OCH,- peak at 6 5.07. 

We thank the National Research Council of Canada 
for financial support. 
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,Three analyses of the same sample of 5b gave carbon 
values varying by 1.8%. However, the sharp melting 
point, single t.1.c. spot, molecular ion at mle 393, and the 
absence of extraneous absorption in the 'Hm.r. spectrum 
are convincing evidence of its formula and purity. 
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A Salamander Alkaloid Synthesis 
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MICHAEL BENN and ROGER SHAW. Can. J. Chem. 52,2936 (1974). 
Lithium-ethylamine reduction of 17(3-acetoxy-la-hydroxy-2a-aza-A-homo-5(3-androstan-3- 

one, obtained by a Schmidt reaction on 17(3-acetoxy-la-hydroxy-5(3-androstan-3- yielded 
an alkaloid isolated from Cryptobranchus masimus Stanley and provided access to other 
salamander alkaloids. 

MICHAEL BENN et ROGER SHAW. Can. J. Chem. 52,2936 (1974). 
La reaction de Schmidt sur I'acttoxy-17[3 hydroxy-la androstane-5(3 one-3 conduit a 

I'acetoxy-17(3 hydroxy-la aza-2a A-homo-androstane-5(3 one-3 qui par reduction avec du 
lithium en presence d'ethylamine conduit a un alkaloide isole du Cr.vstobranchus maxin~us 
Stanley; cette mtthode permet aussi d'obtenir d'autres alkaloides de la Salamandre. 

Apart from toxicities, to which they presum- 
ably owe their role as predator-repellants, the 
salamander alkaloids possess some interesting 
and potentially useful physiological properties; 
thus samandarine (1) has been reported to be a 
potent local anesthetic (1). As supplies of the 
alkaloids from natural sources are limited and 
difficult to obtain their synthesis therefore has 
some practical importance. 

The characteristic skeleton of the alkaloids is 
that of a 2a-aza-A-homo-5P-steroid and, as ex- 
emplified by samandarine, samandarone (2), and 
samandaridine (3), there is usually a lcr,3cc-oxide 
bridge and further oxygenation at C-16. The 
visualization of the alkaloids as steroid meta- 
bolites has some experimental substantiation in 
the observation that cholesterol can function as 
their precursor (2). Intrigued by this transforma- 
tion we decided to construct our synthetic 
approach to the alkaloids by attempting to mimic 
reactions which might occur in vivo. 

The formation of 2 from a simple sterol can be 
considered as involving two operations: the syn- 
thesis of a 16-oxoandrostane (3); and formation 

'Work completed at the Department of Biochemistry, 
Rice University, Houston, Texas 77001 ; present address: 
Department of Biochemistry, St. Louis University 
Medical School, St. Louis, Missouri. 

of the expanded and oxygen-bridged ring A. We 
concentrate our discussion here on the second 
of these operations, selecting as our target the 
alkaloid 4 isolated from Cryptobranchus maximus 
Stanley (4). 

The most obvious routes for construction of 
the desired A-ring system proceed either by way 
of 2,3-seco intermediates, involving 5 or its 
equivalent, or else employ ring expansion fol- 
lowed by bridging e .g .  7 -t 8 -+ 10 -t 4. Both 
the first two successful syntheses of salamander 
alkaloids (5, 6) employed seco steroid routes. 

OHC 

We preferred the alternative approach, and 
planned our synthesis as shown in Scheme 1. 

Experiments by Pelc and Hodkovh (7) have 
revealed that hydrogenation of lcr,2a-epoxy-3- 
oxoandrosta-4,6-dienes, prepared by alkaline 
hydrogen peroxide epoxidation (8a) of the cor- 
responding 1,4,6-trien-3-one (86) yielded la -  
hydroxy-3-0x0-5P-androstanes. Application of 
their procedure to 6 gave reasonable yields of the 
desired la-hydroxy compound 7. The stereo- 
chemistry at C-5 was established unequivocally 
by the following methods: the half-band width 
of the C-19 protons was within the range sug- 
gested for 5P-steroids (9); the mass-spectral 
cleavage of combined C-3 and C-4 units (42 
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BENN AND SHAW: SALAM ANDER ALKALOID SYNTHESIS 2937 

a.m.u.) from the molecular ion or  the dehydrated 
molecular ion was weak, in accordance with the 
findings of Egger (10); and finally, a weakly 
negative Cotton effect was observed, analogous 
to  50-cholestanone (1 1). 

Our original plan was to prepare the mixed E- 
and Z-oximes of I7P-acetoxy-la-hydroxy-5P- 
androstan-3-one (7), separate them (12) and iden- 
tify them by p.m.r. (13). Stereospecific Beck- 
mann rearrangement (14) of the Z-oxime should 
then afford the lactam 8 with the correct skeleton 
and functionalization for conversion to 4. An 
attractive feature of this approach is that the 
"wrong" E-oxime might be isomerized to pro- 
vide more of the "right" Z-oxime. In the event, 
preliminary experiments with la-hydroxy-5P- 
cholestan-3-one persuaded us that it would 
probably be less time consuming to convert 7 to 
a mixture of 8 and 9 by a Schmidt reaction, and 
then to separate the mixed lactams, and this we 
did. The conversion of 7 to 8 and 9 was good. 
Separation of the mixed lactams ultimately 
proved to be the most difficult step in the entire 
synthesis and was achieved by careful prepara- 
tive thin-layer chromatography. 

The assignment of structures 8 and 9 to  the 
two lactams was made on the basis of spectro- 
scopic evidence, including the relatively facile 

formation of an  up-unsaturated lactam when 
(9), was heated briefly with acetic anhydride in 
the presence of pyridine. Final proof of the cor- 
rectness of the assignments was provided by the 
successful conversion of the lactam 8 to the 
Cryptobranchus alkaloid. 

Lithium aluminum hydride reduction of 8 
gave satisfactory yields of 1 a ,  l7P-dihydroxy-2a- 
aza-A-homo-5P-androstane (10) but partial back- 
oxidation with a variety of agents including 
silver(I1) picolinate (1 5), gave complex mixtures 
in which, however, the presence of 4 was evi- 
denced by g.1.c.-m.s. 

Another approach to the ring-A transforma- 
tion involves a direct partial reduction of the 
lactam to the intermediate iminol 11 which 
should spontaneously cyclize to the more stable 
oxazolidine structure. 

Benkeser et al. (16) have shown that such a par- 
tial reduction can be accomplished electrolytic- 
ally. Using an  analogous, but technically simpler 
approach, dissolving lithium in a solution of 8 
in ethyl amine containing 2-methyl-2-propanol, 
we were indeed able to convert lactam 8 to the 
Cryptobrancl~us alkaloid in a reasonable yield. 

Since 4 has been converted into 1 (5a), and this 
into 2 and 3 (I), in a formal sense our synthesis 
also provides access to these other salamander 
alkaloids. 

Experimental 
Melting points were uncorrected. Thin-layer chroma- 

tography was carried out on silica gel G plates. Proton 
magnetic resonance spectra were measured on a Varian 
A60 or HA100 spectrometer. Mass spectra were recorded 
on AEI-MS9 and Varian-M-18-CH5 spectrometers and 
g.1.c.-m.s. were carried out on a Varian CH7 spectrome- 
ter coupled with a Varian G2700 gas chromatograph fitted 
with a 6 ft column containing 3% OV1 on Chromosorb 
Q (oven 21OP; He 50 ml/min). Optical rotary dispersion 
and c.d. curves were determined on a Durrum-Jasco 
ORD-UV/5 spectropolarimeter with 20 c.d. modifica- 
tion, at  31-, in chloroform-ethanol, The estimated [XI, 
error was 12" .  

Preparation of 17~-Acetoxy-I,4,6-andvo~tatrien-3-one 
17p-Acetoxyandrostan-1,4-dien-3-one (18.246 g ;  55.6 

mmol) (Sigma Chemical Co.) was dissolved in distilled, 
anhydrous, oxygen-free (scrubbed with nitrogen) carbon 
tetrachloride (200 ml). To this solution was added N- 
bromosuccinimide (10.00 g ;  56.2 mmol) and benzoyl 
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peroxide (0.63 g) and the mixture was refluxed in the dark 
for 5 h, with continuous stirring, in a slow current of 
nitrogen with rigorous exclusion of moisture. The resulting 
red-brown suspension was allowed to cool to room tem- 
perature in the dark under a nitrogen atmosphere. It was 
then filtered and the solid which had separated was col- 
lected and washed well with carbon tetrachloride. The 
filtrate and washings were combined, and evaporated to 
dryness at room temperature under reduced pressure. 

The product, a red-brown gum (31 g) was dissolved in 
anhydrous, freshly distilled dimethylformamide (300 ml) 
containing suspended powdered calcium carbonate (10 
g), and the reaction mixture was stirred and refluxed, 
under an atmosphere of nitrogen, for 1 h. It was then 
cooled, acidified with 2 Nhydrochloric acid, and extracted 
with ethyl acetate. The ethyl acetate extracts were com- 
bined, washed with saturated aqueous sodium bicarbon- 
ate solution, and water, dried (MgSO,), filtered, and 
finally evaporated to dryness under reduced pressure. 
The residual red-brown gum (20 g) was chromatographed 
on a column of Florisil from which ether-benzene (1 :8) 
eluted 17p-acetoxy-I ,4,6-androstatrien-3-one as a yellow 
solid (16.7 g, 92.59,). This substance, which was more 
than 90% pure on t.1.c. (R, 0.19; EtOAc-C,H,, 1 : 2), was 
recrystallized from aqueous ethanol and then carbon 
tetrachloride - hexane to yield yellowish prisms, m.p. 
151-152' (lit. (8b) m.p. 151-153'); t.1.c. homogeneous 
(R, 0.32; Et20-C,H,, 1 :2); v,,, (KBr) 3030, 1735, 1650, 
1610, and 1580cm-';  ? .,,,, 220 (E 18 120), 258.5 (E 
1 1  loo), and 305 nm (E 16 160) [cf: lit. (17) 222(11 loo), 257 
(9500), and 299 nm (12 800)l; 6 0.88 (S)(3H), 1.18 (S) (ca. 
3H), 1.97 (S) (ca. 3H), 4.37-4.75 (m) (IH),  5.70-6.37 (m) 
(4H), and 6.94 p.p.m. (d ;  J = 10 Hz) (1 H).  

TIIF Epoxidation of 17~-Acrtox~~-/,4,6-androstal,.ien-3-on: 
Preparation of Ir,2r-Epoxy-l7~-acetoxy-4,6-androsta- 

dim-3-one (6) 
The trienone (16.8 g ;  51 mmol) was dissolved in a 2: 1 

mixture of methanol-dichloromethane (660 ml). After the 
addition of 10% aqueous sodium hydroxide (I l ml), the 
mixture was kept at room temperature for t h and 30% 
hydrogen peroxide (66 nil) was then added, after which 
the reaction mixture was kept at  0' for 12 h. At the end 
of this time the solvents were removed under reduced 
pressure, at  room temperature, with the simultaneous 
addition of small amounts (ca. 10 ml) of water until the 
total volume was about 100 ml. The solid (1 1 g) which 
separated was collected and washed with water until the 
washings were neutral. The mother liquors were diluted 
with more water and extracted with ethyl acetate. The 
organic extracts were combined, washed with water, dried 
(MgSO,), filtered, and evaporated to dryness under re- 
duced pressure to yield a gum (1.18 g). 

The solid and gum products were combined and acetyl- 
ated with acetic anhydride (30 ml) and pyridine (15 ml), 
at room temperature, overnight. The reaction mixture was 
then diluted with ice water and extracted with chloroform. 
The combined chloroform extracts were washed succes- 
sively with 2 N sulfuric acid, water, saturated aqueous 
sodium bicarbonate, water, and thcn dried (MgSO,), 
filtered, and evaporated to dryness. 

The crude product from the acetylation was purified by 
p.1.c. (Et,O-C6H6, 1 :2) with low loadings, giving three 
components: R, 0.17 (0.8 g), 0.28 (0.15 g), and 0.41 (I l g;  
62%). 

The component with Rf 0.41, la,2a-epoxy-l7p-acetoxy- 
4,6-androstadien-3-one (6) was recrystallized from ace- 
tone-hexane to yield colourless needles m.p. 187-203", 
not raised by further recrystallization, (cf. lit. (8a) 205- 
206-); v,,, (CHCI,) 1735, 1675, 1630, 1595, and 1260 
cm- '  (lit. 1725, 1665, 1620, 1590, and 1250 cm-I); 
)L,,, 293 nm (E 35 870) (lit. (8a) 292 nm (34 300)); 6 0.94 
(S) (3H); 1.21 (S) (ca. 3H), 2.05 (S) (ca. 3H), 3.41 (q; J = 
2 and 4 Hz) (1 H), 3.57 (d; J = 4 Hz) (1 H), 4.63 (m) 
(1 H), 5.61 (d;  J = 2 Hz) (I H), and 6.04 p.p.m.(m) (2 H), 
(cf: lit.(7) 6 0.92 (S), 1.19 (S), 2.04 (S), 3.41 (q; J = 2.4 
Hz), 3.54 (d; J = 4 Hz), 4.62 (b), 5.62 (d; J = 2 Hz), and 
6.05 p.p.m. (m)); m/e 342 (M +') (30), 300 (40), 282 (30), 
and 43 a.m.u. (100). 

The component with R, 0.28, 15,25-65,75-diepoxy-17(3- 
acetoxy-4-androsten-3-one, was recrystallized from ace- 
tone-hexane as yellow rods m.p. 230-2503, unchanged by 
further recrystallization; g.1.c. showed it to be almost 
pure (R, 23.2 min; 90% of total area); v,,, (CHCI,) 1735, 
1685, and 1635 cm- ' ;  A,,, 243 nm (E l l 250); 6 0.92 (S) 
(3H), 1.19 (S) (ca. 3H), 2.08 (S) (ca. 3H), 3.28-3.99 (m) 
(ca. 4H), 4.54-4.90 (m) (I H), and 6.12 (S) ( IH);  m/e 358 
(MC') (12), 342 (3), 326 (30), 316 (8), 300 (lo), 284 (40), 
and 43 a.m.u. (100). 

The component with R, 0.17, la-methoxq-l7a- 
acetoxy-4,6-androstadien-3-one was recrystallized re- 
peatedly from acetone-hexane to give colorless rods, m.p. 
202.5-207.5'; [XI, + 159; v,,,, (CHCI,) 1735, 1670, 1630, 
and 1600 cm-I ;  ?,,,, 290 nm (E 16 900); 6 0.90 (S) (3H), 
1.14 (S) (ca. 3H), 2.06 (3) (ca. 3H), 2.64 (q ;  J = 3 and 
17 Hz) (1 H), 2.84 (q;  J = 3 and 17 Hz) (1 H), 3.31 (S) 
(3 H), 3.63 (t ;  J = 3 Hz) (I H) 4.67 (t ;  J = 7 Hz) (I H), 
5.74 (S) (1 H), and 6.12 p.p.m. (S) (2 H);  rn/e 358.2135 
( M + '  Calcd. for C,,H,,O,: 358.2144) (lo), 326 (30), 298 
(51, 284 (60), 266 (lo), 251 (lo), and 28 a.m.u. (100). 

The Hydrogenation of I r , 2a  - Epoxy - 17a-acetoxy -4,6- 
. androstadien-3-one : Prepamtion of 17a-Acetoxy-1 r - 

l~ydrosy-5(3-androstan-3-orze (7) 
Various solvent systems were investigated for the 

room-temperature, atmospheric-pressure hydrogenation 
of 6, over 5% palladiuni on calcium carbonate. The most 
satisfactory conditions which we discovered used 2- 
propanol as solvent and a typical experiment is described 
below. 

A solution of the epoxide 6 (0.393 g;  1.15 mmol) in 
2-propanol (40 ml) was added to a mixture of prereduced 
59, palladium on calcium carbonate (0.200 g) and 2- 
propanol (10 ml). The hydrogenation was carried out at 
room temperature and atmospheric pressure. The uptake 
of hydrogen gas was constant at  85.2 n11 (cf: calculated 
hydrogen uptake 95.4 ml) after 42 min. 

The reaction mixture was filtered through Celite and 
then evaporated to dryness at room temperature under 
reduced pressure. The colorless gum (0.442 g) so obtained 
was separated by p.1.c. with low loadings (Et20-C6H, 
1 :2 ;  developed twice), whereby one major fraction (R, 
0.34), and three minor fractions (R, values 0.13, 0.60, and 
0.75) were isolated. 

The major fraction, corresponding to 1713-acetoxy-la- 
hydroxy-5(3-androstan-3-one (7), (0.198 g;  49% yield) was 
recrystallized from acetone-hexane as colorless rods, 
m.p. 185-188", v,,, (CHCI,) 3520, 1735, and 1700 cm-'; 
[%lo a 0 ;  [€I],,, - 522; 6 0.92 (S) (3 H), 1.22 (S) (ca. 3H), 
2.04 (S) (ca. 3H), 3.64 (t ;  J = 8 Hz) (1 H), and 4.45-4.83 
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p.p.m. (ni) (1 H); the difference in the half band-widths of 
the C-19 methyl and TMS absorptions = 0.1 Hz (15% 
w/v steroid in CDCI,; 2% TMS) (cJ 5 0.36 Hz for 
5a-steroids (9)); m/e 348 (M+') (8), 330 (6), 262 (40), 202 
(40), and 28 a.m.u. (100). 

The Schmidt Reaction of 17a-Aceto,~y-la-hydvoxy-5(3- 
andvostan-3-one (7 )  

A solution of 17(3-acetoxy-la-hydroxy-5(3-androstan-3- 
one (2 g ;  5.75 mmol) in anhydrous chloroform (300 ml) 
was treated with a freshly prepared and standardized 
0.89 M solution of hydrazoic acid in chloroform (7.1 ml; 
6.32 mmol). The mixture was cooled in an ice bath under 
anhydrous conditions, and to it was added, dropwise, 
concentrated sulfuric acid (2 ml) at such a rate that the 
temperature of the mixture was maintained below 5". 
The reaction mixture was stirred throughout the addition, 
and was stirred for a further 20 min at 0" after the addi- 
tion had been completed. Excess ice water was then added 
and the mixture was left in the refrigerator overnight. 

The reaction mixture was brought to p H  ca. 6 with 2 N 
sodium hydroxide, and then extracted exhaustively with 
chloroform. The combined chloroform extracts were 
washed with saturated aqueous sodium bicarbonate and 
then water, dried (MgSO,), filtered, and evaporated to 
dryness in vacuo. The greenish foam (2.22 g) thus isolated 
was separated by p.1.c. (MeOH-CHC1,-Et20 1 : 3 : 3) into 
three components; R, 0.41 (0.101 g; u.v. active), Rf 0.24 
(0.377 g;  barely visible on the p.1.c. plates under U.V. 

light), and Rf 0.20 (0.793 g; barely visible on the p.1.c. 
plates under U.V. light). The last two components had to 
be eluted with 20% methanol-chloroform as neither was 
soluble in pure chloroform; they were purified by crystal- 
lization. 

The major component, Rf 0.20, 17B-acetoxy-la-hy- 
droxy-2a-aza-A-homo-5~-androstan-3-one (8)(38% yield), 
separated from acetone as a gel, but this gradually turned 
into colorless plates when air dried, m.p. 223-228.5'; 
[a], + 128; v,,, (KBr) 3400, 1735, and 1630 cm-';  
?.,,, (CE) 210 nm (E 15 130), 6CF3C0m 0.97 (S) (3 H), 1.24 
(S) (ca. 3H), 2.20 (S) (ca. 3H), 2.78-3.00 (m) (2 H), 4.76 
(t;  J = 8 Hz) (1 H), and 4.94 p.p.m. (q; J = 3 and 10 Hz) 
(1 H); m/e 363.2426 (M+', Calcd. for C2,H33N0,: 
336.2410) (12), 348 (I), 346 ( I ) ,  334 (20), 320 (2), 304 (31, 
303 (3), 291 (6), 273 (lo), 262 (8), 260 (lo), 243 (lo), 
and 30 a.m.u. (100); microanalysis: Calcd.: N, 3.85. 
Found: N, 3.62. 

The pure 2a-aza-lactam (0.050 g) was acetylated by 
allowing it to stand overnight, at room temperature, in 
a mixture of pyridine (5 ml) and acetic anhydride 
(10 ml). The solution so obtained was diluted with ice 
water and then extracted repeatedly with chloroform. 
The chloroform extracts were combined, washed suc- 
cessively with saturated aqueous sodium bicarbonate 
solution and water, then dried (MgSO,), filtered, and 
evaporated to dryness in tiacuo. The colorless crystalline 
residue (0.048 g) of l a ,  1713-diacetoxy-2a-aza-A-homo- 
5S-androstan-3-one was recrystallized once from ace- 
tone-hexane and obtained as colorless needles, m.p. 
222-224.5'; [=ID -64; v,,, 3460, 3100, 1735, and 1680 
cm-I ; 6 0.79 (S) (3 H), 1.12 (S) (ca. 3H), 1.98 (S) and 2.03 
(S) (ca. 6H), 2.55 (d; J = 9 HZ) (2 H), 2.98 (heptet; 
J = 3.5, 10.5, and 14 Hz) (1 H), 3.99 (octet; J = 2,8, and 
14 Hz) (1 H), 4.30 (q; J = 2 and 10.5 Hz) (I H), and 4.56 
p.p.nl. (q; J = 7 and 9 Hz) (1 H); m/e 405.2532 (M" 

Calcd. for CZ3H3,NO5: 405.2515) (20), 346 (lo), 333 
(35), 291 (40), 286 (15). and 273 a.m.u. (90), and 43 
a.m.u. (100). 

The other major product of the Schmidt reaction, Rf 
0.24, 17p-acetoxy-la-h~droxy-3a-aza-A-homo-5B-andro- 
stan-3-one (9) (18% yield), crystallized from methanol- 
chloroform as colorless microcrystals, m.p. 322-325' 
(dec.); [a], - 16; v,,, (KBr) 3455, 3235, 3090, 1735, and 
1675 cm-' ; ?.,,, (CE) 209 nm (E 13 360); GC'"OZD 0.96 
(S) (3 H), 1.13 (S) (ca. 3H), 2.17 (S) (ca. 3 H), 3.00-3.40 
(m) (3 H), 4.05-4.47 (m) (2 H), and 4.55-4.85 p.p.m. (m) 
(1 H); nz/e 363.2426 (M+', Calcd. for C21H33N04: 
363.2410) (20), 345 (5), 335 (25), 320 (15), 303 (8), 290 (8), 
276 (20), 216 (60), and 101 a.m.u. (100). 

Lactam 9 (0.05 g) was allowed to stand overnight at 
room temperature, in a mixture of pyridine (51 ml) and 
acetic anhydride (10 ml). This lactam, however, did not 
dissolve. The mixture was therefore refluxed for 10 min, 
cooled, and the homogeneo~is solution so obtained diluted 
with ice water. The mixture was extracted well with 
chloroform and the chloroform extracts were combined, 
washed successively with 2 N sulfuric acid, water, satu- 
rated aqueous sodium bicarbonate, and water, then 
dried (MgSO,), filtered, and evaporated to dryness in 
vaccio. A slightly yellowish gum (0.053 g), a mixture of 
l a ,  17a -dihydroxy-3a-aza-A-homo-5kandrostan- 3 -one 
triacetate and 17(3-hydroxy-3a-aza-A-homo-513-androst-1- 
en-3-one diacetate obtained, which could not be induced 
to crystallize. The gum had v,,,, (film) 1735, 1695, 1675, 
and 1630 cm-'  : A,,,, 225 nm (E 5875); 6 0.81 (S) (3 H), 
1.04 (S) and 1.12 (S) (ca. 3 H), 2.03 (S) (ca. 4 H), 2.45 (S) 
and 2.52 (S) (ca. 3H), 3.13-3.71 (m) (1.5-2 H), 4.10-4.93 
(m) (2.5-3 H), 5.85 (d; J = 13 Hz) (0.5 H), and 6.28 
p.p.m. (d; J = 13 HZ) (CU. 0.5 H). 

The minor product apparently 17B-acetoxy-3a-aza-A- 
homo-5(3-androst-I-en-3-one, R, 0.41 (5.5% yield), was 
repeatedly recrystallized from acetone-hexane from which 
it separated as light yellow rods, m.p. 323-333"; g.1.c. (C) 
suggested that it was more than 90% pure, R, 25.2 min; 
v,,, (KBr) 3030. 1735, 1675, and 1630 cm-'  ; 6 0.82 (S) 
(3 H), 1.14 (S) (ca. 3H), 2.03 (S) (ca. 3H), 3.49-3.82 (m) 
(2 H), 4.60 (t; J = 7 Hz) (1 H), 5.73 (d; J = 13 Hz) (1 H), 
6.20 (d; J = 13 Hz) (1 H), and 6.80-7.04 p.p.m. (m) (1 
H);  m/e 345.2318 (M +', Calcd. for C2,H3,N03: 345.2304) 
(50), 330 (40), 316 (15), 302 (lo), 285 (8), 270 (15), and 
43 a.m.u (100). 

The Reduction of I 7B-Acetoxy-IE-hydvoxy-2u-aza-A-homo- 
50-atzduostatz-3-one 17-Acetate ( 8 )  

The reduction with lithium aluminum hydride could 
not be carried out in ether because the compound was 
insufficiently soluble. 

The lactam (0.119 g; 0.33 mmol) was added to a sus- 
pension of lithium aluminum hydride (0.6; 15.2 mmol) in 
freshly double-distilled tetrahydrofuran (100 ml) and the 
mixture was refluxed for 29 h. Ice was added slowly to the 
cold, well-stirred reaction mixture until the evolution of 
gas became mild; then water was added until the solids 
turned almost completely white. The mixture was filtered 
and the filter cake washed well with chloroform. The 
mother liquor and the washings were combined, dried 
(MgSO,), filtered, and evaporated to dryness under re- 
duced pressure. The colorless solid, 10, so obtained 
(0.096 g; 80.3%) m.p. 235-240" and 250-260" (dec.), was 
sublimed (193"; 0.003 mm Hg), giving almost quantitative 
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amounts of colorless microcrystals, m.p. 247.5-248.5'; 
v,,, (KBr) 3370-3400, 3320 cm- ' ;  rnie 307.2499 (M+',  
Calcd. for C,,H3,NO2: 307.251 1) 292 (lo), 278 (45), 274 
(lo), 234 (5), and 44 a.m.u. (100). 

A solution of the amine 10 (0.082 g ;  0.267 mmol) in 
anhydrous, freshly distilled dimethyl sulfoxide (30 ml) 
was stirred with argentic picolinate (0.188 g;  0.534 mmol) 
at  room temperature for 45 min after which time the 
color had turned from red to colorless. The mixture was 
filtered and then diluted with water (70 ml), followed by 
the addition of concentrated ammonia until the p H  be- 
came l l to 11.5 (indicator paper). The brown solution 
was exhaustively extracted with ether; and the extracts 
were combined, washed with water, dried (MgSO,), fil- 
tered, and evaporated to dryness under water-pump 
vacuum, and finally under high vacuum, overnight at 
room temperature. 

The crude product so obtained (0.058 g) was compared 
with a genuine sample of 4 by both t.1.c. and g.1.c. The 
t.1.c. suggested that the reaction product was a mixture of 
seven components, three of them major R, 0.00,O. 16, and 
0.25: two medium, R, 0.36 and 0.50, and two minor R, 
0.10 and 0.60. The spot at R, 0.25 was coincident, and 
cochromatographed with 4. Gas-liquid chromatography 
analysis revealed only four components but the second 
of these cochromatographed with 4, and upon g.1.c.-m.s. 
the fragmentation pattern of this component was identical 
to that of the Cr)ptobvancltus alkaloid: r?~ /e  305 (7) 
(Mi) ,  287 (4), 277 (8), 262 (4), 260 (5), 246 (a), 218 (5), 
201 (5), 187 (7), 176 (4), and 85 a.m.u. (100). An attempt 
was made to isolate this component by preparative t.1.c. 
(MeOH-CHC1,-Et,O 1 : 3 : 3 ; detected by iodine vapor) 
but we were unable to recover the compounds from the 
silica gel, even when 50% methanol-chloroform was used 
as eluant. 

Prepavatior~ of the Crypptobrartc~ltu~ Alkaloid by a Modified 
Bivclt Reductiot~ of 8 

Anhydrous ethylamine (Eastman; ca. 7 ml) was dis- 
tilled into a cold mixture of 17!3-acetoxy-lr-hydroxy-5B- 
androstan-3-one (I4 mg; 38.6 pmol) and 2-methylpropan- 
2-01 (MCB: 0.5 ml) under anhydrous conditions. The re- 
action mixture was allowed to warm up to the room 
temperature and small pieces of freshly-cut lithium metal 
were added in two portions of ra. 50 mg + h apart. The 
reaction mixture was allowed to stir vigoro~lsly at room 
temperature. After a total reaction time of 14 h, the light 
blue suspension was treated with dropwise addition of 
saturated aqueous ammoni~ini chloride until excess 
lithiurn was destroyed. After removal of most of the 
ethylamine on a rotary evaporator, the mixture was 
diluted with water and then extracted extensively with 
ether. The combined ether extract was washed with water, 

then extracted with dilute hydrochloric acid. The com- 
bined acid extracts were washed with ether, cooled, and 
finally basified with solid sodium hydroxide. The colorless 
solid which separated was extracted with ether. The com- 
bined ether extracts were washed with water, dried, and 
evaporated to dryness, giving a colorless gum (6.4 ing) 
which was crystallized from acetone-hexane as colorless 
needles (5.8 mg; 49.3%); m.p. 186-188'; m.p. of supplied 
sample2 186-188'; mixed n1.p. 186-188" (lit.(5a) m.p. 
191-193'). Gas-liquid chromatography (3% OV 1, 6 ft; 
230'; 60 ml/min) revealed a single component which 
cochromatographed with a genuine sample; t.1.c. (meth- 
anol-chloroform-ether 1 : 3 : 3) also showed identical mo- 
bility and the i.r. (in KBr) was superimposable upon that 
of the authentic alkaloid. 
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M. NEEMAN and J. S. O'GRODNICK. Can. J. Chem. 52,2941 (1974). 
The reaction of A/B cis-4[3,5[3-epoxy-17J3-hydroxyandrostan-3-one acetate l b  with hydrogen 

fluoride in chloroform gave 5a-fluoro-4a,17(3-dihydroxyandrostan-3-one acetate lob by P-mode 
oxirane opening to IOU, followed by epimerization at  C-4. Reactions of A/B cis-a$-epoxy- 
ketones l a  and l c  in acetone containing aqueous hydrogen chloride resulted in a-mode regio- 
specific oxirane opening, followed by a-dehydration to 4-chloro-4-en-3-ones 40 and 4c. Reac- 
tion of hydrogen chloride in " 1 0 ~ "  ethanol-chloroform with 4B,5~-epoxy-17!3-hydroxyandro- 
stan-3-one l a  gave non-regioselectively 3a and 4a (a:a ' ,  1 :  l), whereas the reactions with 
4a,5a-epoxy-171j-hydroxyandrostan-3-one acetate 2, la,2a-epoxy-17~-hydroxy-5a-androstan- 
3-one 60, and 1~,2~-epoxy-17~-hydroxy-5a-androstan-3-one acetate 5 were a-mode regio- 
specific. Epoxyketone 5 was readily converted to the trans-diequatorial 2a-chloro-18,17(3- 
dihydroxy-5a-androstan-3-one acetate 7. The reactions of hydrogen fluoride with 4[3,5B- 
epoxy-17a-hydroxy androstan-3-one l a  in "10%" ethanol-chloroform or in N,N-dimethyl- 
formamide, and with Ia,2a-epoxy-17~-hydroxy-5a-androstan-3-one 6a in N,N-dimethyl- 
formamide were a'-regioselective. Mechanisms are proposed for the observed a-, B-, and 
a'-mode reactions of hydrogen halides with steroidal a,e-epoxyketones 1,  2, 5, and 6. 

M. NEEMAN et J. S. O'GRODNICK. Can. J. Chem. 52, 2941 (1974). 
La reaction de l'acttate de 1'Cpoxy-4e,5fJ hydroxy-17P androstanone-3 A/B cis (lb) avec 

I'acide fluorhydrique dans le chloroforme conduit a I'acetate du fluoro-5a dihydroxy-4a,l7B 
androstanone-3 (lob); cette transformation s'effectue par une ouverture du type a de I'oxiranne 
conduisant au produit (10a) qui s'epimkrise ensuite en position C-4. La rCaction des epoxy-a,B 
cttones AIB cis l a  et l c  dans I'acetone contenant de l'acide chlorhydrique aqueux conduit a 
des ouvertures rCgiospecifiques de I'oxiranne par un mode a ;  ces ouvertures sont sulvies par une 
deshydratlon-a fournissant les chloro-4 en-4 one-3 4a et 4c. L'acide chlorhydrique dans un 
melange ethanol-chloroforme a 10% reagit avec l'Cpoxy-4B,5S hydroxy-170 androstanone-3 
(la) et conduit d'une f a ~ o n  non-regioselective aux produits 3a et 4a (a:%', 1 :1) alors que les 
reactions de l'acetate de I'Cpoxy-4a,5a hydroxy-l7a androstanone-3 (2), de 1'Cpoxy-la,2a 
hydroxy-l7a androstane-5a one-3 (6a) et de I'acetate de l'epoxy-1[3,2B hydroxy-17a andro- 
stane-5a one-3 se produisent d'une faqon regiospecifique avec un mode a .  L'CpoxycCtone 5 se 
transforme rapidement en produit trans diequatorial, acetate de chloro-2a dihydroxy-lfi,l7B 
androstane-5a one-3 (7). Les reactions de l'acide fluorhydrique avec l'epoxy-4f3,SP hydroxy-l7a 
androstanone-3 (la) dans un melange d'ethanol-chloroforme a 10% ou dans la N,N-dimethyl- 
formamide et avec 1'Cpoxy-la,2a hydroxy-17B androstane-5a one-3 (6a) dans la N,N-dimethyl- 
formamide sont regioselectives a'. On propose des mecanismes pour les modes de reaction cc,B et 
a '  observes lors des reactions des halogenures d'hydrogene avec les cetones steroidales a$  
epoxydkes 1, 2, 5 et 6. [Traduit par le journal] 

Introduction 
Recently we reported reactions of hydrogen 

halides with steroidal 4,5-epoxy-3-ones (1). These 
studies have led to revision of several erroneous 
structure assignments based on mechanistic mis- 
conceptions (la, 2) and the development of 
regiospecific routes, via 19-norsteroid interme- 
diates, to Zfluoro and 4-bromo- ring-A-aromatic 

'Part V, see ref. 3c. 

steroids (3a and 6). The present paper gives a full 
account of these reactions and extends the study 
to la,2a- and 1 P,2P-epoxy-Sa-androstan-3-ones. 
The a,P-epoxyketones 1, 2, 5, and 6, (Schemes 1 
and 3) were selected as model compounds in 
which stereoelectronically normal trans-diaxial 
oxirane cleavage could occur either by a-mode, 
or by P-mode reactions. These conformational 
determinants did, however, not account for all 
the observed reactions: several "abnormal" re- 
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a 
t 

11 1 
( I  R1 = a -H ,  P-OH: R2 = Me; X = CI ci R1 = a-H,  P-OH; R2 = Me 
h R' =a -H ,P -OH:  R2 = H :  X = C I  h R1 = a-H, P-OAc: RZ = Me 
( R1 = a-H,p-OH:  R2 = H: X = Br c R' =a -H ,P -OH;  RZ = H  

1 d R' = a-H,  @-OH; RZ = OH 
e R1 = 0 ;  R2 = O H  

R' 

I 

X 
4 

( I  R1 = a - H , P - O H :  R2 = M e :  X = C l  
h R1 = a-H. P-OAc: R2 = Me: X = CI 
(, R1 = a-H.  p-OH; R2 = H: X = CI 
tl R1 =a -H .P -OH:  R2 = H ;  X = B r  
(. R' =a -H .p -OH:  R L = O H :  X = B r  
,f Ri = 0 :  R' = O H :  X = Br 

H H 
6 - 0  6 -9  8 - 0  s t g  
s+ll s-/' \ 
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X - X - 

A D 
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W H  
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C""C'-II'C-C O- 

dl- 
B E 

H 
OH ( 0  

I /+\ 
X-c=&-c-C 

C 

1 -  & - 3  

HO 

2-c 

+ - .  
HO 

L~-C 
SCHEME 2 

actions occurred, such as facile trans-diequatorial 
a-mode oxirane cleavage by chloride; and a'- 
mode cine-halogenations by chloride (non-regio- 
selective) and by fluoride (regioselective). The 
present study is addressed to mechanistic inter- 
pretations of these reactions with regard to halide 
polarizabilities and steric requirements, as well 
as the interaction of neighboring orbitals in 
nucleophilic oxirane cleavage (Scheme 2). 

Results and Discussion 
Reaction of A/B cis-4P,5 P-epoxy- 17P-hydroxy- 

androstan-3-one acetate l b  with hydrogen 
fluoride in neat chloroform proceeded by P-mode 
(Scheme 1) and gave, as the only isolable prod- 
uct, the 5a,4a-fluorohydrin lob, v,,, (KBr) 
3462, 3510 (OH), 1731 (17-ester C--0), 1715 
cm-' (C(3)=0); G(CDC1,) 4.71(1H, t, J = 7.5 
Hz, 17a-H), 4.64 ( lH,  q, JH,,, = 33 H Z  (4), 
JHH = 6.5 HZ, 4-H), 3.45 ( lH,  d, JHH = 6.5 Hz, 
4-OH), 1.13 (3H, S, 19-H,), 0.89 (3H, S, 18-H,). 
The 6.5 Hz coupling between the 4-H and the 
4-OH proton was removed by spin decoupling; as 
well as by conversion of 106 to the diacetate 10d, 
or by exchange of the hydroxyl proton of 106 for 
deuterium in 10c, v,,, (KBr) 2580, 2405 cm-' 
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OAc OAc 

8 
a R - H  
b R A c  

(associated OD (5)). The OH stretching band at 
3510 cm-' of the 5a,4cc-fluorohydrin lob was 
concentration independent in the range 0.005- 
O.Pl5 M in carbon tetrachloride solution, as was 
the C=O stretching band at 1715 cm-'. These 
data are interpreted as supporting an OH....F 
hydrogen bonded structure for the cis-fluoro- 
hydrin lob. The P-mode reaction is envisaged to 
produce initially the trans-diaxial fluorohydrin 
IOU, via a transition state D (Scheme 2) of the 
protonated oxirane bearing a partial positive 
charge at C-5, where it can be more readily ac- 
commodated than at C-4, adjacent to the posi- 
tive end of the carbonyl dipole. A fractional posi- 
tive charge at C-5 in D could, in part, be the con- 
sequence of the positive charge on the leaving 
group, the protonated oxirane oxygen (6a). The 
nature of the transition state I) is akin to that 
proposed by Diggle and co-workers (6b) for acid 
catalyzed ring opening of steroidal 5cc,6cc-epox- 
ides in largely non-aqueous medium (butanone 
containing 0.05 N perchloric acid); bond-break- 
ing at C-6 in the protonated oxirane was con- 
sidered more advanced than bond-making, with 
a partial positive charge developing at C-6 in the 
transition state. A similar mechanism would 
allow a close approach to C-5 of the small nu- 
cleophile of low polarizability F- (or its equiva- 
lent HF, -)from the steroid's hindered a-side. The 
cis-5a,4a-fluorohydrin lob is regarded as the end 
product of facile acid-catalyzed epimerization at 
C-4 of the primary reaction product, the trans- 
diaxial 5a,4P-fluorohydrin 1 0 ~ . ~  In contrast to 
the P-mode regioselectivity of the hydrogen 
fluoride reaction with epoxyketone la ,  hydrogen 
chloride in chloroform reacted cc-mode regio- 
specifically with la ,  giving 4-chlorotestosterone 
4a. 

Attempted reaction of hydrogen fluoride with 
A/B cis-epoxyketone l c  in the presence of a small 
amount of water (acetone containing aqueous 
30% hydrofluoric acid; 1.8 N in HF) led to re- 

'The reaction of boron trifluoride etherate in benzene 
with 4f3,5~-epoxycholestan-6-one and SB,6p-epoxychol- 
estan-4-one afforded respectively the trans-diaxial fluoro- 
hydrin 4~-fluoro-5~-hydroxycholestan-6-one and the 
trans-diequatorial fluorohydrin 6a-fluoro-5p-hydroxy- 
cholestan-4-one (7). In contrast to the predictable in- 
stability of the axial C-4 carbinol in 10a, the configura- 
tions of the tertiary C-5 carbinols in the heteroannular 
cholestanone p.u-fluorohydrins are stable. These p-regio- 
specific trans-oxirane cleavages are thus akin to the 
trans-oxirane opening of l a  to 100 via D. 
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covery of lc ,  reflecting the expected lowered 
nucleophilicity of fluoride on hydration (8). 
Hydrogen chloride, however, reacted under simi- 
lar conditions (acetone containing aqueous 10 N 
hydrochloric acid; I .O N in HCI) with the A/B 
cis-epoxyketone l a  a-mode regiospecifically, af- 
fordine 4-chlorotestosterone 4a. That this reac- 

L 

tion proceeds through the intermediate trans- 
diaxial 4a,5P-chlorohydrin l l a  is evidenced by 
the isolation of the corresponding 4~,5P-chloro- 
hydrin l l b  after reaction of AIB cis- 19-norepoxy- 
ketone l c  with hydrochloric acid in acetone 
(O", 15 min). The analogous 19-nor-4a,5P-bromo- 
hydrin l l c  was obtained by reaction of l c  with 
hydrogen bromide in acetone at 20' for 15 min, 
whereas reaction at 57" for 1 h of either the 
a,P-epoxyketone l c  or the P,cr-bromohydrin l l c  
afforded 4-bromo- 19-nortestosterone 4d. The 
cr-mode regiospecific oxirane cleavage of the 
A/B cis- IOP-hydroxyepoxyketones I d  and l e  with 
hydrogen bromide was utilized in the regiospe- 
cific svntheses of 4-bromo-I 70-estradiol and 
-estrone via 19-norsteroid interAediates 4e and 
4f (36). The regiospecific a-mode oxirane open- 
ing of the A/B ci~-epoxyketones l a ,  Ic, Id, and 
l e  was envisaged to pass through a transition 
state A stabilized by orbital overlap with car- 
bonyl, and the observed difference in a vs. P 
regioselectivity between hydrogen chloride and 
hydrogen fluoride (in chloroform) was viewed 
as a reflection of the polarizability of chloride, in 
contrast to fluoride (Ib). 

Reaction of A/B cis-4P,SP-epoxy- 17P-hydroxy- 
androstan-3-one l a  in "10%" ethanol-chloro- 
form with hydrogen chloride (3 min, 23") was 
non-regioselective, affording a 1 : 1 mixture of 
the a-mode product 4-chlorotestosterone 4a and 
the a'-mode product 2a-chlorotestosterone 3a 
(Scheme 3).3 This finding could suggest as an 
intermediate a delocalized allylic cation B, which 
is attacked by nucleophile at cr and a '  (9), how- 
ever, such a rationalization of the non-regio- 
selectivity would involve ,the unwarranted pre- 
sumption that the charge distribution in B 
would not be rendered unsymmetrical by overlap 

3The two products 3a and 4a were shown not to be in- 
terconvertible by migration of chloride. The a-mode 
chlorohydrin 4%-chloro-5PP17O-dihydroxyestran-3-one 1 l b  
gave 4-chloro-19-nortestosterone 4c on reaction with 
hydrogen chloride in "10%" ethanol-chloroform, which 
rules out a$-chlorohydrins 11 as intermediates in the 
a'-mode reaction. 

with the C-5P oxygen. The observed non-regio- 
selectivity may reflect competing reactions: 
a-mode oxirane opening A at C-4ci of the 
4P,SP-epoxyketone l a  by chloride assisted by 
neighboring orbital overlap with carbonyl (lo), 
and concurrent a'-mode reaction of chloride at  
C-2a of the A2-enol C of l a  concomitant with 
opening of the protonated 4P,SP-oxirane and 
fast P-elimination in the resulting 5P-hydroxy- 
A3-enol. 

The plausibility of these mechanisms, A and 
C, for the concurrent a-  and a'-mode reactions 
of the A/B cis-epoxyketone l a  with hydrogen 
chloride is supported by the finding that hydro- 
gen fluoride, in contrast to hydrogen chloride, 
reacted a'-mode regioselectively with l a  in 
" 1 0 ~ ' '  ethanol-chloroform (3.5 min, 43"), or in 
N,N-dimethylformamide (22 N, 3 h, 23") afford- 
ing 2a-fluorotestosterone 36 as the sole isolable 
product. In contrast to the polarizable nucleo- 
phile C1- with a relatively large bonding orbital, 
the small and non-polarizable F- would not be 
capable of orbital overlap (as in A) and thus 
oxirane cleavage adjacent to carbonyl by fluo- 
ride would be precluded. In the presence of 
protic solvent, solvated fluoride would not be 
sufficiently nucleophilic to effect P-mode oxirane 
opening D and due to its solvent shell it would 
encounter hindrance in the approach to C-5a in 
the A/B cis-epoxyketone la .  The a'-mode cine- 
fluorination was exploited in the regiospecific 
synthesis of 2a-fluoro-IOP-hydroxyestr-4-ene-3, 
17-dione from 4P,5P-epoxy-10P-hydroxyestr-4- 
ene-3,17-dione le ,  the key intermediate in the 
synthesis of 2-fluoroestrone via 19-norsteroid in- 
termediates (I a, 3a). 

The A/B trans-la,2a-epoxy-3-one 6a gave the 
a'-mode reaction product 9a with 22 N hydrogen 
fluoride in N,N-dimethylformamide. The mech- 
anism of the a'-mode fluorination of 6b to 9b, 
proposed by Kerb and co-workers (1 1) (rear- 
rangement involving fluoride migration) is im- 
plausible and contradicted by available experi- 
mental evidence (la).  Plausible reactive inter- 
mediates in the a'-mode reactions of epoxy- 
ketones 1 and 6 are the respective enols A2-C 
and A3-C protonated on oxirane oxygen (Scheme 
2), which give rise to the halogen configurations 
observed in the products 3 and 6 on nucleophilic 
displacement by halide entering trans to the 
oxonium leaving group. Precedents for trans 
S,2' type reactions are the displacement by hy- 
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dride in diastereomeric 1,3-t-butylpropargyl sul- 
fonates (12a) and acylolyzes of steroidal a-bro- 
moketones (1 2b).4 

In  contrast to the a'-mode reaction of hydro- 
gen fluoride with A/B trans-la,2a-epoxy-3-one 
6a, its reaction with hydrogen chloride in "10%" 
ethanol-chloroform proceeded regiospecifically 
by a-mode, as did the same reaction with A/B 
trans-4a,5a-epoxy-3-one 2. These a-mode regio- 
specific reactions of 6a and 2, as contrasted with 
the non-regioselective reaction of the A/B cis- 
4P75P-epoxy-3-one l a  with hydrogen chloride, 
may reflect a relatively more hindered approach 
of solvated chloride to C-4a in the A/B cis-epoxy- 
ketone l a  than to C-2P and C-4P in the A/B 
trans-epoxyketones 6a and 2. Consequently, the 
a'-mode reaction can successfully compete with 
the normally favored a-mode reaction, when the 
latter is sterically impeded, as in l a ,  provided the 
reaction milieu is favorable to enolization. 

In contrast to the A/B trans-epoxyketones 2 
and 6a, in which a-mode oxirane opening by 
hydrogen chloride leads to the stereoelectroni- 
cally normal trans-diaxial product, the A/B trans- 
lP,2P-epoxy-3-one 5 would give the diaxial 
chlorohydrin if it reacted by p-mode, which was 
not realized. In fact, the reaction of 5 with hy- 
drogen chloride in "10x" ethanol-chloroform 
was fast (1 min, 23") and cr-mode regiospecific, 
affording the trans-diequatorial chlorohydrin 7 
together with its dehydration product, the 
2-chloro-enone 8. 

An a-mode oxirane opening in epoxyketone 5 
via a transition state with ring A in a half-boat 
conformation E, followed by conformational 
change to the diequatorial chlorohydrin 7, would 
have to overcome severe non-bonded interac- 
tions in the near-eclipsed conformation of the 
incipient chlorohydrin hydroxyl and the C-19 
methyl, as well as the hindrance by H-5a to the 
approach of chloride in forming the "flagpole" 
bond at C-2a. This mechanism would therefore 
not be conducive to a fast reaction. 

4Bordwell (1 3a-c) has questioned whether the concerted 
SN2' mechanism can be realized. He favored alternative 
step-wise carbonium-type mechanisms involving revers- 
ible formation of ion-pair intermediates, pointing out the 
difficulty of distinguishing experimentally between these 
mechanisms. The C=C bonds in the enols A2-C and 
A3-C are not akin to the unactivated C=C bonds dis- 
cussed by Bordwell, and the C-halogen bond-making may 
well assist significantly in the bond-breaking of the pro- 
tonated oxirane. 

The facile diequatorial a-mode oxirane open- 
ing of epoxide 5 can be envisaged to pass through 
a transition state A sufficiently stabilized to com- 
pensate for the oxirane conformation in 5, which 
is stereoelectronically unfavorable for a-mode 
ring opening. Transition state A reflects the 
mechanistic concepts of Dewar (10a) or Streit- 
wieser (13b). This reaction is stereochemically 
akin to the accelerated S,2 reaction of the con- 
formationally fixed axial a-chloroketone trans-2- 
chloro-4-t-butyl-cyclohexanone, in which both 
AH* and AS* were found to be lowered relative 
to these parameters in trans-3-t-butylchloro- 
cyclohexane (l0d). The expected lower activation 
energy due to delocalized bonding in transition 
state A, although partly offset by entropic 105s 
reflecting the geometric requirements of the 
three-center reaction, would account for the 
observed fast diequatorial oxirane opening of 
epoxyketone 5 to chlorohydrin 7. 

Experimental 
Melting points were determined with a Thomas micro- 

stage and are corrected. The u.v. spectra were recorded 
with a Cary 14 spectrophotometer and the i.r. spectra with 
a Beckman IR-9 spectrophotometer, n.m.r. spectra were 
determined at  60 MHz with a Varian A60A spectrom- 
eter, with tetramethylsilane as internal standard; 0.r.d. 
and c.d. measurements were made with a Jasco ORD,'UV 
5 spectropolarimeter with c.d. attachment. Microanalyses 
were performed by Huffn~an Laboratories, Wheatridge, 
Colorado. Mass spectral analyses were performed by 
Morgan Schaffer Corporation, Montreal. Nylon tubing 
used for dry columns was obtained from Walter Coles 
a n d  Co., 47/49 Tanner Street, London, England. Dry 
column adsorbent was Woelm silica gel, obtained from 
Waters Associates, Framingham, Massachusetts, pre- 
equilibrated with 10% by weight of benzene - ethyl 
acetate - ethanol (80:20: 1); t.1.c. was performed on 
Eastman "Chromagram" silica gel with benzene - ethyl 
acetate -ethanol (80:20: 1) as the developing solvent, 
unless otherwise specified. 

4B,5B-Epox~-l7B-h~droxyandrosran-3-one (la) 
Melting polnt 155-158< (11t. (14) 157-158", (17) 156- 

157 ); 6 (CDCI,) 3.00 ( lH ,  S, 4a-H), 3.72 ( IH,  t, J = 7.5 
Hz, 1 7 ~ - H ) ,  1.07 (3H, s, 19- H,), and 0.69 (3H, s, 18- H,); 
0.r.d. (c 0117, chloroform) [Q],,, + 2603, + 417", 
[@I334 + 9750°, [@I310 oO, [@I290 -75801; [%IDz3 + 137' 
(Ilt. (14) + 136", (17) + 145"); c d. (0.00158 M in metha- 
nol) A&313 + 3.80; t.1.c. Rf 0.58; mass spectrum mie 
304 (M+). 

4~,5!3-Epoxy-17!3-hydroxpzndrostan-3-one Acetate ( I b )  
v,,, (CCI,) 1735 (17-ester C=O), 1715 (C(3)=0), and 

1245cm-' (17-ester C-0); 6 (CDCI3)4.67 (IH, t, J = 7.5 
Hz, 17a-H), 3.00 ( lH,  s, 4a-H), 2.03 (3H, s, 17-OAc), 1.15 
(3H, s, 19-H,), and 0.82 (3H, s, 18-H,); 0.r.d. (c 0.052, 
chloroform) [@I,,, +26lC, +46OC, + 
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l l OOO', [@I,,, OC, [@I,,, - I0 600'; + 134C (lit. 
(17) + 130 ); c.d. (0.00134 M in chloroform) AE,~,  +4.30 
(lit. (15) +4.2); t.1.c. R, 0.82. 

4a,5r-Epoxy-17~-l1ydroxyondrasta11-3-one Acetate (2) 
 melting point 171-172' (lit. (17) 172-173'); v,,, 

(CHCI,) broad 1722 c m '  (C(3)=0 and 17 ester C=O); 
6 (CDCI,) 4.70 ( IH ,  t, J = 7.5 Hz, 17a-H), 3.05 ( IH,  S, 
4P-H), 2.04 (3H, s, 17-OAc), 1.07 (3H, s, 19-H,), and 0.82 
(3H, s, 18-H,); 0.r.d. (c 0.178, dioxane) [@I7,, - 135:, 
[@Is89 -194 ,  [@I342 -840OC, [@I332 -87602, [@I312 o', 

+10000'; c.d. (0.00515 M in dioxane) 
-3.50, shoulder at 320 nm; t.1.c. Rf 0.82. 

IP,2P-Eposj~-I7~-li~droxj~-5~-and10~ta1-3-one Acetate (5) 
Melting point 178-179- (lit. (18) 179-180'); v,.,, (KBr) 

1730 (C(3)=0 and 17 ester C=O) and 1245 ctn-' (17 
ester C-0); 6 (CDCI,) 4.68 ( IH,  t, J = 7.5 Hz, 17a-H), 
3.50 (IH, d, J = 3.5 Hz, 1-H), 3.12 ( IH,  d ,  J = 3.5 HZ, 
2-H, \ I , ,  3 Hz), 2.07 (3H, s, 17-OAc), 1.09 (3H, s, 19-H,), 
and 0.86 (3H, s, 18-H,); c.d. (0.00527 M in dioxane) 

-0.23; t43 .7 '  (lit. (18) $38.5"); t.1.c. Rf 
0.83; mass spectrum m:'e 347 (M+). 

la,2r-E~ox~~-17~-I1ydro~~y-5r-nndrota1-3-01e (6a) 
Melting point 159-161' (lit. (20) 161-162 ); v,,, (KBr) 

1712 cm-' (C(3)=0); 6 (CDCI,) 3.72 ( IH,  t, J =  7.5 Hz, 
17%-H), 3.58 (IH, d, J = 3.5 HZ, I-H), 3.27 ( IH,  d, J = 
3.5 Hz, 2-H) 0.93 (3H, s, 19-H,), and 0.78 (3H, s, 18-H3); 
0.r.d. ( c  0.08, dioxane) [Q],,, +178', [@I328 +6030t, 
[r3)]310 0 , -5800'; c.d. (0.00277 M in dioxane) 
A&,lo +2.08; [rIDZ3 + 58.7'; t.1.c. R,0.50; mass spectrum 
/PI 'e 304 (M +). 

Ia,2r-Epo.~~-17~-/1)~dr0~~~-5~-androst0n-3-ot1e Acetate 
(6b) - 

Melting point 160-161' (lit. (20) 160-161'); 6 (CDCI3) 
3.73 (IH, t, J = 7.5 H, 17a-H), 3.57 ( IH,  d, J = 3.5 Hz, 
I-H), 3.25 ( IH ,  d, J = 3.5 HZ, 2-H), 0.90 (3H, S, 19-Ha), 
and 0.77 (3H, s, 18-H,); t.1.c. Rc 0.78. 

5a-F/uoro-4a,17P-di/1~~droxyandro.~tat7-3-or2e 17-Acetate 
frob) 

Anhydrous hydrogen fluoride was bubbled into chloro- 
form (50 ml, ethanol-free) for 7 min. A solution of 4P,5P- 
epoxy-17P-hydroxyandrostan-3-one acetate Ib  (1.365 g) 
in chloroform (15 ml, ethanol-free) was added to the 
hydrogen fluoride solution at 25'. After 2 h a portion 
(47 mi) was poured into sodium hydroxide (2.0 N ,  200 ml, 
0-), extracted with chloroform, washed with water, dried 
(Na,SO,), and evaporated. The residue was placed on a 
colunin (2 x 77 in.) of dry column adsorbent (1020 g) 
(2 1 ). The column was developed with benzene -ethyl ace- 
tateethano1(80:20: 1). The fraction R, 0.18 to 0.44 was 
rechromatographed on a column (1 x 65 in.) of dry 
column adsorbent (290 g) and gave tOb (2273, needles of 
m.p. 186-189' (from ethyl acetate - ligroin): 0.r.d. (c 
0.236, dioxane) [@I,,, O", [@I,,, +9', -575", 
[@Izs2 O', [@I,,, +770'; c.d. (0.00646 M in dioxane) 
A E Z ~ ~  -0.88; t .1.~.  Rf 0.57. 

Anal. Calcd. for C21H31F04:  C, 68.82; H, 8.53; F, 
5.19. Found: C, 68.66; H, 8.08; F, 5.04. 

The diacetate 10d was prepared in the usual manner, 
m.p. 189-193' (from methanol-water); v,,, (CHCI,) 1751 
(4 ester C=O), 1733 (17 ester C=O), 1255 cm-' (ester 
C-0); 6 (CDC13) 5.75 ( lH ,  d, 3J,,a,F8 = 33 HZ, 4-H), 4.68 

(IH, t, J = 7.5 Hz, 1 7 ~ - H ) ,  2.25 (3H, s, 4-OAc), 2.05 
(3H, s, 17-OAc), 1.10 (3H, s, 19-H3), and 0.82 (3H, s, 
18-H,); c.d. (0.00823 M in dioxane) A E ~ ~ ~  -1  0.098, 
shoulder at  308 nm, A&,,, -0.088; t.1.c. Rf 0.72. 

4-Chlorotestosterone (4a) 
(a) Hydrogen chloride was bubbled into chloroform 

(ethanol-free) for 15 min (0.6 N HCI). To  the stirred 
hydrogen chloride solution (19.0 ml) was added 4P,5B- 
epoxy-17fLhydroxyandrostan-3-one l a  (1.008 g) in 
chloroform (15.0 ml, ethanol-free) at  0'. After 10 rnin at  
O", a 3.5-ml portion of the mixture was poured into 
aqueous sodium hydroxide (2.0 N, O"), extracted with 
chloroform, washed with water, dried (Na2S0,), and 
evaporated. The residue contained starting material l a  
and 4-chlorotestosterone 4a (33z  by u.v.). After 35 rnin 
at  O", a 3.5-ml portion was worked up and yielded 
4-chlorotestosterone 4a (67% by u.v.), m.p. 188-189" 
(from acetone-ligroin) (lit. (14, 16) 188-189'); h,,, 
(EtOH) 256 nm (E 14 700); t.1.c. R, 0.43. 

(b) To  a stirred solution of l a  (0.350 g) in acetone 
(8.6 nil) at 23" was added hydrochloric acid (10 N, 0.86 
nil). After 40 min at  23', the reaction mixture was worked 
up as in a,  yielding 4a (99% by u.v.) identical (t.l.c., i.r., 
L I . ~ . ,  m.p.) with 4a from a .  

4r-Cl1loro-5~,17P-diI1~~dro.xyestvan-3-one ( l lb)  
To  a stirred solution of 4j3,5B-epoxy-17P-hydroxyestran- 

3-one l c  (19) (0.604 g) in acetone (2.0 ml) at  0" was added 
aqueous hydrochloric acid (10 N, 0.43 nil). After 10 min 
at 0 , the crystalline precipitate formed was filtered and 
washed with acetone, yielding l l b  (30Y,), m.p. 189-190'; 
v,,, (KBr) 3480 and 3270 (OH) and 1735 cnx-' (C(3)=0); 
6 (DMSO) 4.10 ( IH,  s, 4P-H), and 0.67 (3H, s, 18-H,); 
0.r.d. (C 0.120, methanol) [@I,,, +127", [@j,,, +127', 
[@],IS + 3720', [@I294 0°, [@1z7, - 3370"; ~ . d .  (0.00352 M 
in methanol) + 1.42; m.p. 198-200'. 

Anal. Calcd. for ClaH,7C103; C, 66.14; H,  8.34; CI, 
-10.85. Found: C, 65.61; H, 8.60; CI, 10.51. 

A second crop of crystals (15%) was identical (i.r.) with 
the first crop of l l b .  The filtrate was worked up yielding 
a material (0.265 g) which showed the 3-chloro-4-en-3-one 
chromophore i.,,, (EtOH) 256 nm (E 6800). 

4a-Bron1o-5~,l7~-dil7ydro,~j~estvan-3-one ( I lc)  
To a stirred solution of 4!3,5P-epoxy-17B-hydroxy- 

estran-3-one I c  (19) (0.6804 g) in acetone (10 ml) at  20" 
was added aqueous hydrobromic acid (30%, 1.2 n~ l ) .  After 
15 rnin at  20', the crystalline precipitate formed was 
filtered and washed with acetone, yielding l l c  (4573, 
m.p. 128-129"; v,,, (KBr) 3487 and 3270 (OH) and 1714 
cm-' (C(3)=0); 6 (DMSO) 4.13 (IH, s, 4P-H) and 0.68 
(3H, s, 18-Ha); 0.r.d. (c 0.034, methanol) [Q],,,, +2607. 
[@I589 + 260i, [@I332 + 5600, [@I287 - 8860C, [@I278 
-9300"; c.d. (0.00108 M in dioxane) b ~ 3 ~ 8  $3.52, 
As3' + 3.06 (inflection), As,, , + 3.46 (inflection). A 
second crop of crystals (24%) was identical (i.r., 0.r.d.) 
with the first crop of l l c .  

Anal. Calcd. for C,,H,,BrO,; C, 58.22; H,  7.33: Br. 
21.52. Found: C, 58.43; H, 7.35; Br, 21.22. 

4-Bromo-19-nortestosterone (4d) 
(a) T o  a solution of 4r-bromo-5P,17B-dihydroxy es- 

tran-3-one l l c  (0.145 g) in acetone (12.0 ml) was added 
aqueous hydrobromic acid (30Y,, 2.0 ml) and the mixture 
heated to 60" for 75 min. After cooling to 23", the crystal- 
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NEEMAN AND O'GRODNICK: STEROID SYNTHESIS. VI 2947 

line 4d was filtered (41% by u.v.). The product was placed 
on a column of Fluorisil (6.0 g). Elution with heptane- 
acetone (19:l)  gave 4d, m.p. 149-152" (lit. (22) 125- 
128'); kmaX (EtOH) 262 nm (E 11 800) (lit. (22) 262 nm 
(E 8000)); v,,, (KBr) 1677 (conjugated C=O) and 1576 
cm-' (conjugated C=C); 6 (CDCl,) 0.77 (3H, s, 18-H,); 
t.1.c. (Eastman "Chromagram" alumina sheets, benzene - 
ethyl acetate, 4: 1) R, 0.49. 

(6) To a solution of 4/3,5e-epoxy-17B-hydroxyestran-3- 
one l c  (0.540 g) in acetone (4.0 ml) was added aqueous 
hydrobromic acid (30%, 1.0 ml). The mixture was warmed 
to 60' for 1 h, and water was added to turbidity. The 
uroduct 4d which crvstallized was identical (t.1.c.. u.v., 
h . ,  n.m.r.) with 4d &scribed in a.  

Attempted a-Mode Reaction of 4~,5B-Epoxy-17P-hy- 
droxyestran-3-one (Ic) with Hydrogen Fluoride 

To a stirred solution of l c  (0.830 g) in acetone (3.0 ml) 
at 0" was added aqueous hydrofluoric acid (30%, 0.40 
ml). After 3 h at O", the mixture was poured into sodium 
hydroxide (2.0 N, O'), extracted with chloroform, washed 
with water, dried (Na2S0,), and evaporated, yielding 
starting material lc.  

4-Chloroiestosierone (4a) and 2a-Chlorotestosterone (3a) 
fror~l 4~,5~-Epoxy-I7~-hydroxyandrastan-3-one (la) 

To a stirred solution of 1.9 N hydrogen chloride in 
"10%" ethanol-chloroforn~ (2.0 ml) was added at 23" l a  
(0.063 g) in "10%" ethanol-chloroform (l.0ml). After I 
min at 23", the reaction mixture was poured into aqueous 
sodium hydroxide (2.0 A', O'), extracted with chloroform, 
washed with water, dried (Na2S0,), and evaporated, 
leaving a 1 : 1 mixture5 of 4-chlorotestosterone 4a and 
2%-chlorotestosterone 30 (by n.m.r.) which was placed on 
a column (1 x 22 in.) of dry column adsorbent (140 g) 
(21). The column was developed with benzene - ethyl 
acetate - ethanol (80:20: 1). The fraction R, 0.13 to 0.18 
yielded 4a, m.p. 188-189"; ?.,,, (EtOH) 256 nm (E 14 700); 
v,,, (CHCI,) 3620 and 3450 (OH), 1688 (conjugated 
C=O), and 1582 cm-' (conjugated C=C); 6 (CDCI,) 
1.26(3H, s, 19-H3)and0.80(3H, s, 18-H3); t.1.c. R'9.51. 
The fraction R, 0.25 to 0.54 yielded 3a; h,,, (EtOH) 244 
nm (E 14 800) (from ether) (lit. (23) 243 nm (E 14 500)); 
v,,, (KBr) 3500-3400 (OH), 1695 (conjugated C=O), 
1618 (conjugated C=C) cm-', G (CDCI,) 5.90 ( lH,  
broads ,  4-H), 4.70(1H, q, J.,,= 5.5 Hz, J , ,=  14Hz ,  
2B-H), 1.31 (3H, s, 19-H,), and 0.79 (3H, s, 18-H,); t.1.c. 
Rf 0.59. 

4-Chlorotestosterone Acetate (3c) from 4a,5a-Epoxy-l7B- 
hq~droxyandrostan-3-one .Acetate (2) 

To a stirred solution of 1.9 N hydrogen chloride in 
"10%" ethanol-chloroform (9.0 ml) was added at 23' 2 
(0.300 g) in "10%" ethanol-chloroform (3.0 ml). After 1 
min at 23', a 4.0 ml portion of the mixture was worked 
up as usual, affording a mixture of 3c (66% by u.v.) and 
unreacted starting material 2 (25% by n.m.r.). Dry column 
chromatography gave 3c, m.p. 225-227' (from methanol- 
water) (lit. (16) 228-230'); A,,, (EtOH) 255 nm (& 12 900) 
(lit. (16) 255 nm (E 13 300)). 

2-Chloro-17B-hvdroxv-5a-androst-1-en-3- (8a) from 

"10%" ethanol-chloroform (2.0 ml) was added at 23- 
6a (0.063 g) in "10%" ethanol-chloroform (1.0 mi). After 
1 min at 23' the reaction mixture was worked up as usual, 
affording 8a (82% by u . ~ . ) .  This material was placed on a 
column (1 x 21 in.) of dry column adsorbent (140 g). 
This column was developed with benzene e t h y l  acetate - 
ethanol (80:20: 1) and yielded (R, 0.25-0.81) 80, n1.p. 
224-225' (from methanol) (lit. (24) 224-226'); h,,, 
(EtOH) 248 nm (E 11 400); v,,, (KBr) 3510 (OH), 1693 
(conjugated C=O), 1600 cm-'  (conjugated C=C); 6 
(CDCI,) 7.41 (IH, S, I-H), 3.73 (IH, t, J =  7.5 HZ, 

2-Chloro-17B-hydrosp.-5rw-undro.st-I-el-one Acetate (80) 
utzd 2a-Chlor0-lCj,l7~-diIij~droxj~-5a-nndro~tat1-3-one 
17-Acetate (7) ,fro171 1~,2B-Epoxj~-17~-h~cIroxy-5r- 
cindvostarz-3-one Acetate (5) 

To a stirred solution of 1.9 N hydrogen chloride in 
"10%" ethanol-chlorofor1r1(2.0 ml) was added 5 (0.700 g) 
in "10%" ethanol-chloroform (1.0 ml). After 1 min at 23', 
the reaction mixture was worked up as usual, yielding a 
mixture of 8b (48% by ~1.v.) and 7 (50% by n.m.r.). The 
mixture was placed on a column (1 x 2 in.) of dry 
column adsorbent (140 g) and developed with benzene - 
ethyl acetate- ethanol (80:20: 1). The fraction R, 0.68 to 
0.86 yielded 86, n1.p. 155-157' (from methanol) (lit. (24) 
155.5-1565); 1. .,,, (EtOH) 247 nm (E 1 1  200); v ,.,, 
(CHCI,) 3460 (OH), 1735 (17 ester C=O), and 1717 
cm-' (conjugated C-0); 6 (CDCI,) 7.40 ( IH,  s, I-H), 
4.63 (IH, t, J = 7.5 Hz, 17%-H), 2.06 (3H, s, 17-OAc), 
1.10(3H, s, 19-H,), and0.83 (3H, s, 19-H,); t.1.c. R,0.89. 
The fraction from Rr 0.41 to 0.59 yielded 7 (52%), m.p. 
220-222' (from diethyl ether); v,,,, (CHCI,) 3580 (OH), 
1733 (17 ester C=O), and 1727 cm-' (C(3)=0); 6 
(CDCI,) 4.68 (IH, t, J = 7.5 Hz, 17%-H) 4.61 ( lH,  d, 
J l Z , ? p  = 9.5Hz,2-H),3.60(1H,d,Jla,2O = 9.5Hz, 1-H), 
2.08 (3H, s ,  17-OAc), 1.22 (3H, s, 19-H,), and 0.80 (3H, 
s, 18-H,); 0.r.d. (c 0.032, methanol) [@I,,, +97.3", 
[@I584 f 194', [@I310 +3180C, [@I281 o", [@I262 -330OC; 
t.1.c. R, 0.75; mass spectrum mle 382 (M+). 

2-Chloro-I7~-hydroxy-5a-androst-I-en-3-one Acetate (8b) 
from 2~-Chloro-I~,17~-dihydroxy-5r-androstan-3-one 
17-Acetate (7) 

To a stirred solution of 1.9 N hydrogen chloride in 
"10%" ethanol-chloroform (2.0 ml) was added at 23' the 
23,l B-chlorohydrin 7 (0.01 5 g) in "10%" ethanol-chloro- 
form (1.0 ml). After 2 min at 23" the reaction mixture was 
worked up as usual, affording a mixture of the 2-chloro-l- 
en-3-one 8b and starting material 7 in a 2: 1 ratio (by u.v. 
and n.m.r.). 

Atternpted Rearrangement of 4-Chlovotestosterorze (4a) 
To a stirred solution of 2.46 N hydrogen chloride in 

"10%" ethanol-chloroform (6.6 ml) was added 4-chloro- 
testosterone 40 (0.150 g) at 23". After 7 min at 23" the 
reaction mixture was poured into sodium hydroxide 
(2.0 N, 0"), extracted with chloroform, washed with water, 
dried, and evaporated, yielding unchanged 4a (t.l.c., u.v., 
i.r,, n.111.r.). 

'The ratio a : a '  was 3:2 after 3 min reaction at 0' and A sofution'of the chlorohydrin l l b  (0.100 g) in "10%" 
7:3 after 0.5 min reaction at 40'. ethanol-chloroform (1 1.0 ml) was added to a solution of 
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1.15 A' hydrogen chloride in "10%" ethanol-chloroform 
(4.4 ml). The mixture was stirred at  21' for 7 min, poured 
into sodium liydroxide (2.0 N, O"), extracted with chloro- 
form, washed with water, dried, and evaporated, yielding 
4c (25) (70% by u.v.), m.p. 220-222" (from methanol- 
water) (lit. (25) 220-223"); ?.,,, (EtOH) 255 n m  (& 13 500). 

AItel?lpred Interco~~cersion of 2%-Chlorotestosterone (3a) 
and  4-C/~lorotesrosterone (40) 

T o  a stirred solution of 7.63 N hydrogen chloride in 
tetrahydrofuran (7.0 ml) was added a 1 : 1 mixture of 3a 
and 40 (0.358 g) in tetrahydrofuran (7.0 ml) at  0". After 10 
~ u i n  at  0' the reaction mixture was poured into sodium 
liydroxide (2.0 N, O'), extracted with chloroform, washed 
with water, dried, and evaporated, giving unchanged 
starting mixture (I : 1) of 30 and 40;  6 (CDCI3) 5.89 
(0.50 H ,  s, 4 -H)4 .20  (0.50 H ,  q, J,, = 5.5 Hz,  J,, = 14 
Hz, 2p-H), 1.3 (1.5 H ,  s, 19-H, of 3a), and 1.26 (1.5 H ,  
s, 19-H3 of 40). 

28-F/uor.ore~tosterone (30) 
(a) Anhydrous hydrogen fluoride was bubbled into 

0 1 0 ~ , ,  . . ethanol-chloroform (68.2 ml) for 7 min, while the 
t e m p e r a t ~ ~ r e  rose to 43'. Two phases separated: the con- 
centration of hydrogen fluoride was 44 N in the upper 
phase and 0.7 h in the lower phase. Powdered 4P,58- 
epoxy-l7B-hydroxyandrostan-3-one 10 (1.562 g) was 
added in one batch. A portion (17.0 nil) was removed 
after I min, p o ~ ~ r e d  into sodium hydroxide (2.0 N, O ) ,  
extracted with chloroform, washed with water, dried, and 
evaporated. The product was placed on a column ( I +  x 
32 in.) of neutral alumina ("Woelm"), pre-equilibrated 
with water (6% by weight). The  colunln was developed 
with benzene - ethyl acetate -ethanol (80: 20: 1) and 
gave ( R ,  0.18 to 0.45) 30 (4473, 111.p. 152-153' (lit. (26) 
150-151 ); ? .,,,, (EtOH) 240 nrn (E I6 100); v ,,,,, (KBr) 
1698 (conjugated C-0), 1664 c m  ' (conjugated C=C): 
6 (CDCI,) 5.79 ( I H ,  d,  4J,1, = 5 HZ, 4-H), 5.04 ( I H ,  
octet, ' J , , ,  = 49 Hz, J,,, = 5.5 Hz, J , ,  = 13 Hz, 2P-H). 
3.67 ( I H ,  t, J -  7.5 Hz, 178-H), 1.30 (3H, s, 19-H3.), 
and 0.78 (3H, s, 18-H,); 0.r.d. ( c  0.04, dioxanc) [@I,,,, 
+480' ,  [@I,,, +815 , [O],,, 2 5 4 O P ,  [@],,, + 13 700.; 
c.d. (0.00131 >LI in dioxane) -2.60; t.1.c. R t  0.47. 
This specimen of 30, R-H) was identical (i.r., L I . ~ . .  
0.r.d.. t.l.c., n1.p.) with an authentic sample of 2%-fluoro- 
testosterone 30 synthesized by an independent route (26). 

(b) T o  a stirred solution of 22 2\' hydrogen f l ~ ~ o r i d e  in 
,V,.V-din~ethylforma~nide, was added l a  (0.340 g). After 1 
h at  23 the reaction mixture contained 3b ( 4 2 z  by n.m.r.) 
and starting material l a  (50% by n.m.r.). After 3 h at  23-,  
the reaction mixture was worked up yielding 3h (80% by 
n.m.r.), which was placed on  a colunin (I x 12 in.) of 
dry co lun~n adsorbent (84 g). The column was developed 
with benzene - ethyl acetate - enol (80:20:  I), yielding 
3h (65x),  identical (i.r., u.v., o.r.d., t.l.c., m.p.) with the 
specimen from reaction a .  

2n-Fl~~orotesrosferone Acerate (3c) 
Hydrogen fluoride was b~lbbled through a solution 

of 4~,5P-epoxy-17!3-hydroxyandrostan-3-one acetate l a  
(1.913 g, 5.56 mniol) in " 1 0 ~ ' '  ethanol-chloroform (83.6 
ml). Portions (8.8 ml) were removed at  1 min intervals, 
poured into sodiu111 hydroxide (2.0 ,2;, 0-), extracted with 
chloroforn~,  washed with water, dried, and evaporated. 
The portions from 1 to 5 min gave unreacted l a  (as deter- 

mined by n.m.r.). The 7-min portion yielded 3c (76% by 
n.m.r.), m.p.  179-181' (from methanol) (lit. (26) 180- 
182"); I,,,, (EtOH) 240 nm ( E  14 800); v,,, (KBr) 1738 
(17 ester C=O), 1704 (conjugated C=O), and 161 8 cm- '  
(conjugated C=C); t.1.c. R, 0.69. 

4~-Fluoro-17~-hydvo.w~-5r-atzdrost-I-en-3-one (90) 
T o  a stirred solution of 22 N hydrogen fluoride in 

N,N-dimethylforniamide (9.0 ml) at  23" was added 
I r,2r-epoxy-l7!3-hydroxy-5a-androstan-3-one 6a (0.150 
g). After 3 h a t  23', the reaction mixture was worked u p  
in the usual manner, yielding 10d (83% by n.m.r.), which 
was placed on  a column (I  x 14 in.) of dry column 
adsorbent (100 g). The column was developed with 
benzene e t h y l  acetate e t h a n o l  (80:20: 1)  yielding (R, 
0.14 to 0.78) 9u, 111.p. 156-158- (from acetone-water); 
I -,,,,, (EtOH) 234 nm ( E  10 400); 6 (CDCI,) 7.44 ( l H ,  d,  
J  = I0 HZ, H-I), 6.08 ( I H ,  d,  J  = 10 HZ, 2-H),4.53 ( IH,  
4, Z J f l F  = 49 HZ, J,,, = 3 Hz, 48-H), 1.20 (3H, d,  5J1,, = 
2 Hz, 19-H,), and 0.80 (3H, s, 18-H,); t.1.c. R, 0.47; mass 
spectrum n7le 306 (M +). 

One of us (J.S.O.) thanks the National Institutes of 
Health for a pre-doctoral traineeship and the State of 
New York Health Department for a pre-doctoral fellow- 
ship. 
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Five-membered Heterocyclic Thiones. Part V. The Sulfurization of 
5- Lithioisothiazoles 
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DONALD E. HORNING and JOSEPH M. MUCHOWSKI. Can. J. Chem. 52, 2950 (1974). 
5-Lithioisothiazoles reacted with sulfur at  -70" to produce the corresponding unstable (in 

air) lithium isothiazole-5-thiolates. The salts could be utilized in situ to prepare 5-alkylthioiso- 
thiazoles or they could be transformed in low yield into stable mercuric thiolates. 

DOXALD E. HORYING et M. MUCHOWSKI. Can. J. Chem. 52, 2950 (1974). 
Les lithioisothiazole-5 reagissent avec le soufre a - 70' pour donner les lithium isothiazole 

thiolate-5 correspondallts instables (a I'air). Ces sels peuvent Etre utilists in situ pour prtparer 
les alkylthioisothiazole-5 ou bien ils peuvent Etre transformts, avec un faible rendement, en 
thiolates mercuriques stables. [Traduit par le journal] 

Isothiazole-5-thiols and thiolates have hereto- 
fore been prepared by total synthesis (2-6) or by 
displacement of halide ion from electronega- 
tively substituted 5-halo isothiazoles (3, 7). Inas- 
n1uch as C-5-unsubstituted isothiazoles are 
known to undergo metalation a t  that position 
(S), it occurred to us that the sulfurization re- 
action, which has been especially successful in 
the thiophene series (9, lo), might also be appli- 
cable to the synthesis of lithium isothiazole-5- 
thiolates. Accordingly, metalation of 4-methyl- 
isothiazole ( l a )  with butyl lithium a t  -7O0, fol- 
lowed by the addition of sulfur, gave a solution 
of the lithium salt 2a .  When ethyl bromoacetate 
was added to this solution, a mixture was pro- 
duced which was judged to contain about 80% 
of the ester 3a by n.m.r. spectroscopy. Saponifi- 
cation of the crude ester gave a crystalline car- 
boxylic acid 3 b  in 51% yield from the isothiazole. 
Similarly, 3-methylisothiazole ( l b )  gave the acid 
3d in approximately 40% overall yield. The thiols 
corresponding to 2 had limited stability in air 
since acidification of the solution containing 2 
failed to give any material which was soluble in 
dilute alkali. If, however, the thiolate solutions 
were added to an  excess of aqueous mercuric ace- 
tate, mixtures, from which could be isolated the 
mercuric salts 43 and 5, were produced (Scheme 1). 

'For Part I V  see ref. 1. 
'To whom enquiries should be addressed at, Syntex, 

S.A., Division de Investigacion, Apartado Postal 10-820, 
Mexico 10, D.F. 

3This compound had a strong infrared absorption at  
1575 cnl-'. The data a t  hand are also consistent with a 
1 : 1 complex of mercuric acetate and the diarylthio mer- 
curic salt analogous to 5. 

The structures of these salts were supported by 
spectroscopic and analytical data (Table 1). The 
mercuric salts could be transformed into the cor- 
responding sodium salts with sodium sulfide, and 
these were converted into the thioacetic acid 
derivatives 4b and 4d identical to those derived 
from the lithium salts. 

The experiments described herein promise to 
have wide applicability for the synthesis of 
simple substituted isothiazol-5-yl alkyl sulfides, 
most of which have heretofore been relatively 
inaccessible. Indeed, the methodology described 
in this paper has already been utilized to attach 
various isothiazol-5-thio moieties to certain 
water soluble alkylating  agent^.^ 

Experimental 
The isothiazoles were purchased from Raylo Chemicals 

Ltd., Edmonton, Alta., Canada. The melting points were 
determined in a Me1 Temp or a Gallenkamp melting 
point apparatus and are not corrected. 

Sulfurization of 5-Lifhioisothiazoles 
The sulfurization of 4-methyl-5-lithioisothiazole was 

typical. A solution of the lithium compound, prepared 
in the usual way (11) from 4-methylisothiazole (4.76 g, 
48 n~mol)  in dry tetrahydrofuran (125 ml) and n-butyl- 
lithium in hexane (30 ml of a 15.05% solution (48 mmol)), 
was treated all at  once with sulfur (1.68 g, 52.5 mmol) at  
-60 to -70'. The stirred solution was left to come to 
room temperature (1.25 h) and then cooled to On. Ethyl 
bromoacetate (8.78 g, 53 mmol) was added in a dropwise 
manner, the solution was allowed to reach room tem- 
perature, and then heated at  reflux temperature for 1 h. 
The cooled mixture was evaporated in cacuo, water was 
added to the residue, and the product was extracted into 
ether. The dried extract was evaporated in cacuo and the 
-- - -- - 

4Unpublished observations of the Antibiotic Chemistry 
Department, Bristol Laboratories, Syracuse, New York. 
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2 3 

a R' = H; RZ = CH3 a R' = H; R2 - CH3; R3 = CzH5 

b R' = CH,; R2 = H  b R ' = R ' = H ;  R 2 = C H 3  
c R' = CH3; R' = H; R3 CZHS 

d R '=cH, ;  R ' = R , = H  

TABLE 1. Spectral properties of some 5-substituted isothiazoles 

Infrareda Ultraviolet" Nuclear magnetic resonancec 
Compound (cm-') ?,,,, (nm)(log E) 6 ( P . P . ~ . )  

30 1739 1.28(t, 3H, J = 7.4), 2.53(s, 3H), 
3.65(s, 2H), 4.27(q, 2H, J = 7.4), 
8.45(s, 1H)  

36 3400-2350 277 (3.66) 2.27(s, 3H)," 3.80(s, 2H), 
1723 262 (3.70) 4.92(s, 1 H ,  W ,  = 34 Hz), 

225 (3.60) 8.37(s, I H )  

3c - 1732 1.30(t, 3H, J = 7.2), 2.47(s, 3H), 
3.74(s, 2H), 4.25(q, 2H, J = 7.2), 
6.84(s, IH).  

3d 3 500-2400' 270 (3.48) 2.37(s, 3H)" 3.93(s, 2H), 5.67 
1736 256 (3.79) (s, l H ,  WH = 70 HZ), 7.16(s, I H )  

221 (3.76) 

'Recorded as  chloroform solutions ~ i t h  a Unicam SP-ZOOG 1.r. spectrophotometer or  a Perkin-Elmer 267 
G r a t ~ n g  i.r. spectrophotometer. 

bMeasured in methanol with a Perkiri-Eirner 402 U . V .  spectrophotometer. 
"Recorded in CDCI ,  (unless otherwise Indicated) mith a Varian A-60A spectrometer o r  a V a r ~ a n  T-60 

spectrometer; q = quartet, s - singlet, t = triplet; J baliies In H z .  
"ecorded in DMSO-d,. 
eMcasured in dioxan solution. 

residual oil was distilled to  give a fraction b.p. 105-1 12.1- 
0.3 m m  (7.05 g). This material had a purity of ca. 80% as 
deduced from its n.m.r. spectrum. 

The crude ester (3.26 g, 15 mmol) in 50% aqueous 
methanol (30 ml) which was 1 N in sodium hydroxide, 
was boiled under reflux for 2.5 h. The s o l ~ ~ t i o n  was diluted 
with water and extracted with benzene (discarded). The 
aqueous phase was made acidic with hydrochloric acid 
and the solid which precipitated was collected by filtra- 
tion. The crude acid was crystallized from 50% aqueous 
ethanol to give the product (2.12 g, 51% based o n  4- 
~nethylisothiazole) m.p. 11 1-1 13' in three crops. Two 
f ~ ~ r t h c r  crystallizations gave material with n1.p. 112-1 13". 

Anal. Calcd. for C,H,N02S,:  C ,  38.06; H ,  3.73; N, 
7.40. Found:  C ,  37.88; H, 3.74; N, 7.44. 

In  the same way 3-methyl-5-carboxymethylthioiso- 
thiazole (3d) was prepared in 36% yield overall from 3- 
methylisothiazole. After crystallization from aqueous 
ethanol (1 : 1) the carboxylic acid had n1.p. 166-168'. 

Anal. Calcd. for C ,H,N02S2:  C ,  38.06; H,  3.73; N ,  
7.40. Found:  C, 37.89; H,  3.72; N, 7.56. 

Preparariot~ of the .Wereuric Sa1t.c 
The lithium thiolate solution (20 mmol), prepared by 

the s~~lfurizat ion of the 5-lithioisothiazole (as described 
above), was added in a dropwise manner to a stirred 
solution of mercuric acetate (8.28 g, 26 mmol) in water 
(120 ml) containing acetic acid (1.2 ml). After 3 h the 
white solid was collected by filtration, washed first with 
water, and then with tetrahydrofuran, and finally dried 
in cric~ro. 

In  this way mercuric-3-methylisothiazole-5-thiolate (5) 
was obtained in a crude yield of 96%. A sample, after 
crystallization from a large volume of acetone gave a 
small amount (15% recovery) of material with m.p. 199- 
200'; U.V. 258 n m  (log E = 4.40). 

Anal. Calcd. for C,H,N2S,Hg: C,  20.85; H ,  1.75; N,  
6.08. Found:  C, 20.59; H ,  1.80; N,  6.32. 
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In the same manner, the hemiacetate 4 was obtained The authors gratefully acknowledge the proficient as- 
in 1 0 0 z  yield (crude). It is not understood why the hemi- sistance of M. C. Doria. 
acetate was obtained in preference to the normal mer- 
curic salt. After crystallization from a large volume of 1. G. LACASSE and J. M. MUCHOWSKI. Can. J. Chem. 
methanol, a low yield of tlie salt, which had m.p. 210-212' 51, 2353 (1973). 
dec., was obtained. 2. E.  SODERBACK. Acta Chem. Scand. 17, 362 (1963); 

Anal. Calcd. for C4H4NS2: HgC2H30,:  C, 18.62; H, 19, 549 (1965); 24, 228 (1970). 
1.81; N, 3.62. Found: C, 18.46; H, 1.75; N ,  4.00. 3. W. R. HATCHARD. J. Org. Chem. 29, 665 (1964). 

The conlpound was not sufficiently soluble in methanol 4. M.  PIAKKA. J.  Sci. Food Agr. 19, 507 (1968). 
to  measure the U.V. spectrum. 5. K. GEWALD. J. Prakt. Chem. 31, 214 (1966). 

6.  M.  DAVIS, G.  SNOWLING, and R. W. WINCH. J. Chem. 
Generation o f  the Carbo.~.vn~ethylthio Deri~5ntices fro!?? SOC. C, 124 (1967). 

the Mercuric Salts 7.  W. R. HATCHARD. J.  Org. Chem. 29, 660 (1964). 
The method described by Soderback (12) was used. 8. K. R. H. WOOLDRIDGE. In Advances in heterocyclic 

The crude merc~~r i c  salt (10 mmol) was added at  0" to a ,-hemistry, vol,  14, ~ d i ~ ~ d b ~  A, R. ~ ~ t ~ i t ~ k ~  and A ,  
stirred solution of sodium sulfide nonahydrate (9 mmol) J. ~ ~ ~ l ~ ~ ~ ,  ~ ~ ~ d ~ ~ i ~  press, N~~ york ,  ~ , y ,  
in water (150 ml). The mixture was stirred in a nitro 1972, pp, 18-20. 
gen atmosphere at 0- for $ h, ethyl brolnoacetate (20 9, S. GRONOWIT~.  01 Advances in heterocyclic chemis- 
mmol) was added, and stirring at  room teniperatllre try. vol,  I, ~ d i ~ ~ d  by  A, R,  ~ ~ t ~ i ~ ~ k ~ ,  ~ ~ ~ d ~ ~ i ~  
was then maintained for 20-24 h. Ether was added, the press, N~~ york ,  ~ , y ,  1963. p, 86. 
mixture was filtered through celite, the organic phase was 10,  E, joNEs and 1. M,  M ~ ~ ~ ~ ~ .  organic syntheses, vol, 
separated, dried, and evaporated it1 cncuo. The excess 50. john wiley and sons, I ~ ~ , ,  N~~ york .  1970, 
ethyl bromoacetate was removed at 80 115 mni and the pp, 103-106, 
oil which remained (crude yields ca. 20%) was hydrolysed 11. R, G,  M ~ ~ ~ ~ ~ c H ,  Can, J ,  Chem, 48, 2006 (1970). 
to the corresponding acid in the normal manner. The 12, E. sODERBACK. 465, 184 (1928). 
carboxplic acids obtained in this way were identical in all 
respects to those (3n,3d) obtained from the corresponding 
lithium salts (2a, 26). 
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The Synthesis and Reactions of Chiral Sulfonium Ylids 

STEWART J.  CAMPBELL' AND D. DARWISH~ 
Depurttnent of Chemistry, U n i ~  ersity ofAlbertu, Edmonton, Alberta 
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STEWART J. CAMPBELL and D.  DARWISH. Can. J Chem. 52,2953 (1974) 
Treatment of (-)-ethylmethylsulfonium phenacylid, (-)-I, in T H F  at room temperature 

with 15 equiv. of benzoic anhydride, acetic anhydride or 1 equiv. phenyl isocyanate produces 
the corresponding (-)-ethylmethylsulfoni~~m diacylmethylids, (-)-5, (-)-6, and (-)-8. Treat- 
ment of (-)-I with dimethyl sulfate in acetone gives (Z)-(+)-ethylmethyl-x-methoxy-P-styryl- 
sulfonium methyl sulfate, (+)-lo.  Resolution of (+ ) - lo  via its DBT salt and conversion to per- 
chlorate gives the corresponding vinyl perchlorates (+)- and (-)-13. Under the resolution 
conditions the ketal perchlorates, (-)- and (+)-ethylmethyl-2,2-dimethoxy-2-phenylethy1sul- 
fonium perchlorate, (-)- and (+)-14, are also obtained. The rates of racemization at  50' in 
benzene of 1, 5, 6 ,  and 8 are 39.7, 55.5, 106, and 79.1 x s-', respectively. The rates of 
racemization at  50" in methanol of 10, 13, and 14 are 1.93, 2.08, and 5.64 x s-'. Race- 
mization is proposed to proceed via pyramidal inversion. The synthetic potential of chiral sul- 
fonium ylids is discussed with respect to their ease of racemization. 

STEWART J. CAMPBELL et D .  DARWISH. Can. J. Chem. 52, 2953 (1974). 
Le traitement du phenacylure de (-)-CthylmCthylsulfonium, (-)-I, a tempCrature de la 

piece dans le THF, par 15 equiv. d'anhydride benzoique, d'anhydride acttique ou 1 equiv. 
d'isocyanate de phenyle conduit aux diacylmCthylures correspondants, (-)-5, ( - ) - 6  et (-)-8. 
Le traitement de (-)-I avec du sulfate de dimCthyle dans I'acCtone donne le methylsulfate de 
(Z)-(+)-CthylmCthyl cc-mtthoxy (3-styrylsulfonium, (+)-lo.  La resolution du (*)-lo par son 
sel de DBT et sa conversion en perchlorate donne les perchlorates de vinyle correspondants 
($)- et (-)-13. Dans les conditions de rCsolution on obtient aussi les perchlorates de l'acetal 
et les perchlorates des (-)- et (+)-CthylmCthyldimCthoxy-2,2 phenyl-2 Cthylsulfonium, (-)- et 
(+)-14. Les taux de rackmisation a 50" dans le benzene de 1,  5, 6 et 8 sont respectivement de 
39.7, 55.5, 106 et 79.1 x s- ' .  Les taux de racemisation de 10, 13 et 14 dans le mCthanol 
a 50 "C sont respectivement de 1.93, 2.08 et 5.64 x s-'. On suppose que la racemisation 
s'effectue par une inversion pyramidale. On discute des possibilites de synthese qu'offrent des 
ylures chiraux de sulfonium par rapport a leur facilite de racemisation. 

[Traduit par le journal] 

The first sulfonium ylid, dimethylsulfonium 
fluorenylid, was prepared by Ingold and Jessop 
(1) in 1930 by the reaction of its conjugate acid 
bromide with base. A number of stable sul- 
fonium ylids has been prepared since 1930, the 
chemical properties of which have been exten- 
sively studied and reviewed (2). Although chiral 
sulfonium salts have been known since 1900 (3), 
failures in obtaining chiral sulfonium ylids were 
reported as late as 1966. Nozaki et al. (4), for 
example, obtained racemic methylphenylsul- 
fonium p-iodophenacylid upon basic treatment 
of (-) - p  - iodophenacylmethylphenylsulfonium 
picrate. The pyramidal configuration of the 
sulfur atom in sulfonium ylids, however, had 

'National Research Council of Canada Scholarship 
holder, 1972-1 973. Current address : Oilseeds Research, 
Agriculture Canada Research Station, Saskatoon, 
Saskatchewan. 

'Deceased April 15, 1973. 

been confirmed by n.m.r. spectroscopy (5-7) and 
X-ray crystallography studies (8, 9). In 1968, 
Darwish and Tomilson (10) reported the isola- 
tion and facile racemization via pyramidal in- 
version of (-)-ethylmethylsulfonium phenacylid, 
(-1-1. 

Because of the general utility of ylids as syn- 
thetic intermediates, it has been desirable to 
investigate the synthetic potential of chiral sul- 
fonium ylids as asymmetric transfer agents. In 
testing the carbonyl and conjugate addition 
reactions of a chiral sulfonium methylid and the 
[2,3] sigmatropic rearrangement of a chiral ally1 
sulfonium salt, Trost and Hammen (11) ob- 
served an efficient transfer of asymmetry for the 
[2,3] sigmatropic rearrangement only. By com- 
parison, several chiral oxosulfonium methylids 
are efficient asymmetric transfer agents (12). 
Several factors including temperature and steric 
effects (13-17), and angular constraint of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN.  J .  CHEM. VOL.  5 2 ,  1974 

sulfonium center (1 8) affect the rates of pyrami- 
dal inversion of sulfonium salts. Presumably, 
similar factors affect the pyramidal inversion of 
sulfonium ylids. 

In this article, we describe several reactions of 
the ylid (-1-1 in which the stereochemistry of 
the pyramidal sulfur is largely maintained during 
the course of each reaction. Kinetic studies of 
the racemization of the novel sulfonium ylids and 
salts prepared are reported. From these and a 
study of a conjugate addition reaction of 
(-)-I, the synthetic potential of chiral sulfonium 
ylids is discussed in relation to the racemization 
phenomena. 

Synthesis and Reactions 
The treatments of the achiral analog of 

(-)-I,  dimethylsulfonium phenacylid, 2, with 
acylating and alkylating agents have afforded 
various sulfonium compounds as depicted in 
Scheme 1 (19-21). The synthesis of (-)-5 and 
(-)-6 from (-)-I illustrates one solution to the 
problem associated with racemization of starting 
material. (-)-I racemizes with tt ca. 54 h at  25" 
in CH,CI, (10). Benzoylation of 2 with equi- 
molar benzoic anhydride is reported to require 
a reaction time of 43 h (21). Even if (-)-5 were 
t o  racemize a t  the same rate as (-)-I, it would 

have been impossible to isolate (-)-5 in the 
reaction time reported. However, a kinetic study 
of the loss of optical activity of a T H F  solution 
of (-)-I containing 15 equiv. of benzoic anhy- 
dride a t  25" indicated the benzoylation reaction 
time could be reduced to ca. 50 min. The rate of 
loss of optical activity did not become first order 
until after 50 min which suggested that before 
this time (-)-I was reacting to give a product of 
different optical rotatory power than itself. 
Therefore, by quenching the acylation reactions 
after 1 h, the chiral ylids (-)-5 and (-)-6 were 
obtained. The synthesis of (-)-8 required no 
such modification as the reaction of (-)-1 with 
equimolar phenyl isocyanate is complete within 
15 min. 

Alkylation of (-1-1 with excess dimethyl sul- 
fate in acetone for 30 min a t  room temperature 
afforded (Z)-(+)-ethylmethyl-a-methoxy-P-styr- 
ylsulfonium methyl sulfate, (+)- lo .  The alkyla- 
tion of 2 with trimethyloxonium tetrafluoro- 
borate has been reported to yield a 2 :  E isomeric 
mixture of the vinyl sulfonium salt 9 in a ratio 
of 94: 6 (22). The assignment of the Z configura- 
tion to (+)- I0  is based on analogy to that of the 
major product of this alkylation reaction. 

Because considerable quantities of (+ ) - lo  
were required for racemization studies, a more 
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CAMPBELL AND DARWISH: SULFONIUM YLIDS 

(? )  - 10 
I 

12 X = D B T  
fractional crystallization 

CH2CH3 

Crop # 1 Crop #? Crop #3 
DBT Salt DBT Salt DBT Salt 

I I 

( 1 )  hydroxide exchange, CH,OH 
(2)  H D B T  

(1) hydroxide exchange. CHqOH 
( 2 )  HCIO, 
(3) fractional crystallization 

F r o m C r o p # l :  ( - ) - I 3  and ( + ) - I 4  
From Crop # 3 :  ( - ) - I 3  and ( - ) - I 4  

efficient synthesis was attempted by direct resolu- 
tion. Upon elution of a methanolic solution of 
(*)-lo through a Dowex 1-X8 hydroxide 
exchange column and neutralization of the 
eluate with (2R,3R)-2,3-dibenzoyltartaric acid 
monohydrate (HDBT), a diastereomeric salt 
mixture of the corresponding DBT.H,O salt, 
11, was obtained. In addition to 11, variable 
amounts of the ketal sulfonium salt, ethyl- 
methyl -2,2-dimethoxy - 2-  phenylethylsulfonium 
hydrogen (2R,3R)-2,3-dibenzoyltartrate 12, were 
also obtained. The complex mixtures of vinyl 
and ketal sulfonium DBT salts were resolved by 
fractional crystallization and conversion to the 
corresponding perchlorate salts, 13  and 14, as 
outlined in Scheme 2. Unfortunately, the experi- 
mental conditions could not be established such 
that either DBT salt could be obtained pre- 

dictably. Recently, Stirling and co-workers (23) 
have reported the base-catalyzed addition of 
methanol across the double bonds of analogous 
vinyl sulfonium salts. 

Carbonyl stabilized sulfonium ylids are con- 
siderably less nucleophilic than simple alkylids. 
Thus, 1 decomposed to phenacylmethyl sulfide 
(10) rather than undergoing the carbonyl addi- 
tion reaction with cyclohexanone or benzalde- 
hyde. Treatment of 1 with equimolar chalcone in 
benzene for 17 h a t  25" yielded the expected 
d l -  and meso-cyclopropanes (19). Under the 
same conditions, (-)-I also provided the d l -  and 
meso-cyclopropanes. The enantiomeric purity 
of this reacting ylid would have been consider- 
ably reduced prior to the cyclopropanation. 
Therefore, we diverted our attention to studies 
of more reactive chiral sulfonium ylids. In  this 
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TABLE 1. Rates of racemization of some sulfonium ylidsa 
- -- - 

Temperature A H *  AS*  
Compound [Ylid] ("c) lo5 k,,, (s-') (kcal/mol) (e.u.) 

( - 1-5 0.0463 50 55.5 k 1 . 3  23 .920 .5  0 .4+ 1 .5  
0.0232 50 57.7 i l . l  
0. 0463b 25 2 . 2 7 i 0 . 0 7  

'546 nrn; Method I unless otherwise specified; benzene. 
%46 nm; Method 11; benzene. 
cReferences 10 and 27. 

connection, our observations with chiral benzyl 
sulfonium salts3 parallel those recently reported 
by Trost and Hammen for chiral ally1 sulfonium 
salts. 

Kinetic Studies 
The rates of loss of optical activity, k,, of the 

chiral sulfonium ylids and salts prepared were 
studied by following the disappearance of 
optical activity with time. A Perkin-Elmer Model 
141 Polarimeter was used with incident light of 
wavelength 546 and 365 nm as required. Reac- 
tion solutions were heated either in thermostated 
polarimeter cells (Method I) or in sealed am- 
poules immersed in constant temperature oil 
baths (Method 11). Rotations were obtained 
directly from the digital readout of the instru- 
ment with infinity measurements taken after 10 
half-lives of reaction. Reactions were usually 
followed to ca. 85% completion. As the n.m.r. 
spectra of the evaporation residues obtained 
after 10 half-lives of loss of optical activity were 
superimposable upon those for racemic materials, 
kdec for these ylids and salts were estimated to be 
very much smaller than k,. Therefore, to an  
excellent approximation, k,,, = k,. 

Table 1 summarizes the racemization rate 
constants for the sulfonium ylids and Table 2, 
those for the salts. The values for (-)-I and 
(-)-ethylmethylphenacylsulfonium perchlorate, 
(-)-15, are included for comparison. The estima- 
tion of errors in the enthalpy and entropy of 

3Asymmetric induction in the Sommelet rearrangement 
of chiral sulfonium salts. Stewart J. Campbell and D. 
Darwish. In preparation. 

activation was calculated from the average 
deviation of the rate constants using the method 
described by Wiberg (24). Though the average 
deviations for the salts are high, it was not 
practical t o  endeavour to reduce them because 
of the low specific rotations of the salts and the 
difficulties in the resolutions. 

Discussion 
In  1967, Nozaki et al. (7) reported an  n.m.r. 

spectral study of dimethylsulfonium diacetyl- 
methylid. This compound exhibited magnetic 
equivalence of the two C-methyl groups a t  room 
temperature. At - 6OC, the C-methyl signal split 
into a 1 : 1 doublet with the coalescence tem- 
perature being ca. -25". However, 110 change 
was observed for the S-methyl signal. Nozaki 
also observed that the C-methyl signal of 4 was 
broadened on cooling to - 60". Of the processes 
postulated to account for these observations, 
hindered rotation around the ylid bond and 
inversion of configuration a t  the sulfur atom, 
both of which would be slowed down upon 
cooling, were considered most likely. In favoring 
the latter interpretation, these authors calculated 
the half-life of pyramidal inversion to be ca. 
0.02 s a t  -25". We have recorded a broadening 
of the C-methyl signal of (-)-6 identical to that 
reported for the related ylid 4. In view of the 
isolation and kinetic study of the related 
optically active diacylmethylids, the kinetic 
process observed in the temperature dependent 
n.m.r. appears related to  hindered rotation about 
the ylid bond. Furthermore, the steric and elec- 
tronic effects of a diacylmethylid substituent t.~. 
those of a phenacylid are not so great as would be 
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CAMPBELL AND DARWISH: SULFONIUM YLIDS 

TABLE 2. Rates of racemization of some ethylmethylsulfonium salts* 

Temperature AH* AS*  
Compound [Salt] Cc) lo5 k,,, (s-I) (kcal/mol) (e.u.) 

*365 nm; Method I unless otherwise specified; methanol. 
t365 nm; Method 11; methanol. 
$References 13 and 27. 

implied from the earlier results of Nozaki et al. 
and Darwish and Tomilson. 

Pyramidal inversion of sulfonium salts has 
been shown to be subject to steric acceleration. 
For  example, substitution of a phenyl for an  
ethyl substituent in several aryl sulfonium salts 
results in ca. 10-fold increases in the rates of 
racemization (1 6). A rate acceleration from sub- 
stitution of a phenyl for an ethyl substituent 
probably accounts for the failure to obtain chiral 
methylphenylsulfonium p-iodophenacylid (4). 

The slower rate of racemization of (+ ) - lo  
compared with that for (-)-I is expeeted from 
changes in the electronegativities of the sulfur 
substituents (25). T o  explain the fact that the 
salt (-)-I5 racemized 200 times slower than the 
ylid (-)-I in methanol, it was assumed the 
greater electronegativity of the phenacyl sub- 
stituent relative to that of the phenacylid 
favored a less planar ground state in the salt 
(10). Thus, a higher activation energy for the 
racemization of the salt was expected. Similarly, 
the j3-styryl substituent of 10 would be more 
electronegative than the phenacylid substituent 
of 1 and (+)- lo  would racemize slower than 
(-)-I. The 15-fold rate enhancement upon 
ketalization of the phenacyl substituent of 
(-)-I5 may be due to the reduced electro- 
negativity of the keial substituent relative to that 
of the phenacyl substituent and to the increased 
steric size of the ketal substituent. 

The ease racemization and reduced reactivity 
of the ylid (-)-I contributed to the failure to 
observe significant optical activity in the product 
of the conjugate addition reaction. As shown by 
Trost and Hammen (1 I) ,  extensive racemization 
may be avoided by operating at  low tempera- 

tures, however the chemical reactivity of the ylid 
must be considered. Enantiomeric stability of an  
ylid may be improved by minimizing steric 
interactions of the sulfonium substituents. 
Nevertheless, chiral sulfonium ylids will serve as 
useful asymmetric transfer agents only if signi. 
ficant free energy differences between diastereo- 
meric transition states exist. 

Experimental 
All melting points (uncorrected) were obtained using a 

Hershberg-type melting point apparatus with a set of 
Anschutz thermometers. Nuclear magnetic resonance 
spectra were recorded on Varian Analytical n.m.r. 
Spectrometers, Models A-60 and A-56-60. Chemical 
shifts are-reported in 6 units from internal TMS. Infrared 
spectra were recorded on a Perkin-Elmer Grating Infrared 
Spectrometer, Model 421. Optical rotations were obtained 
using a Perkin-Elmer Polarimeter, Model 141. Synthetic 
procedures and physical constants, except specific rota- 
tion, were identical for racemic and chiral compounds. 

(-) -Efhj~lmerhylsrrlfoniunz Pl~enacylid ((-1 -1) 
(*)-I was obtained by treatment with 5% NaOH of the 

crude product from reaction of phenacyl bromide with 
ethyl methyl sulfide in acetone and extraction of the mix- 
ture with CHCI,. The racemic ylid was treated with 
equimolar HDBT (26) in methanol to provide the corre- 
sponding crude diastereomeric tartrates after evaporation 
of the solvent. (-)-Ethylmethylphenacylsulfonium hydro- 
gen (2R,3R)-2,3-dibenzoyltartrate, [a],,, '. ' . -90.2' (c 
0.56, methanol) (reported - 88.2" (c 0.44, 
methanol) (27) was obtained after three to five fractional 
crystallizations at 5' of the crude dissolved in minimum 
amounts of methanol at room temperature. (-)-I, 
[ E ] ~ , , ' . ' ~  -216' (c 0.42, benzene) (lit. (10) [ ~ t ] ~ , , ' . ' .  

- 337' (c 0.49, benzene)) was prepared directly from the 
resolved tartrate by treatment with 5% NaOH at 0'. 
Extraction of the crude ylid with cold CHCI,, a rapid and 
efficient evaporation of the solvent, and recrystallization 
of the residual oil from benzene - Skellysolve B at - 10' 
provided ylid of high specific rotation. In synthetic experi- 
ments, ( - ) - I ,  with [.1],,,'.'. ca. -180' was used as the 
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final recrystallizations of the resolution were extremely 
tedious. Other physical data for (-)-I were identical with 
those reported elsewhere (10). 

The precautions indicated in isolating (-)-I with high 
optical rotation were rigorously followed in isolating the 
new diacylmethylids. 

(-1-Ethylmethylsulfonium Dibenzoylmethylid 
f(-)-5) 

Benzoic anhydride (20.3 g, 91 mmol) and (-)-1 (1.16 g, 
5.97 mmol) were dissolved in 15 ml THF.  The solution 
was stirred for I h at  room temperature, diluted with 
chloroform, and extracted with dilute NaOH several 
times. The combined aqueous layers were extracted with 
CHCI,. The organic layers were washed with water, dried 
over MgSO, and concentrated. The residual oil was 
recrystallized from CHCI, - Skellysolve B to yield (-)-5 
(1.132 g, 3.80 mmol, 63.4%), m.p. 153-154"; [a],,,'.'. 
-31.9' (c 1.38, benzene); n.m.r. (CDCI,), 6 7.02 (in, 
IOH), 3.92 (m, lH),  3.24 (m, IH), 2.95 (s, 3H), 1.34 (t, 
J = 7.0 Hz, 3H); i.r. (Nujol), 1570, 1545, 1015,955 cm-I. 

Anal. Calcd. for C18Hls02S :  C, 72.45; H, 6.08; S, 
10.74. Found: C, 72.26, 72.48; H ,  6.23, 5.89; S, 10.85, 
10.67. 

(-)-Ethylmethylsulfoniun~ Acetylbenzoylmethylid~lid 
( f  -)-6) 

Acetic anhydride (10 ml, 106 mmol) and (-)-I (1.26 g, 
6.47 mmol) were dissolved in 10 ml THF.  The solution 
was stirred for 45 min at room temperature diluted with 
100 ml IOY, NaOH and the resulting mixture stirred for 
20 min at 0'. Extraction of the mixture with CH,C12, 
drying and concentration of the extracts and crystalliza- 
tion of the residual oil from benzene - Skellysolve B pro- 
vided (-)-6 (1.31 g, 5.55mmo1, 85z) ,  n1.p. 98-99L; 
[a],,,' '. -30.8" (c 0.77, benzene); n.m.r. (CDCI,), 6 
7.33 (s, 5H), 3.81 (m, 1H), 3.06 (m, IH), 2.86(s, 3H), 2.14 
(s, 3H), 1.24 (t, J = 7.0 Hz, 3H); i.r. (Nujol), 1605, 1560, 
1020, 960, 710 c m ' .  

Anal. Calcd. for C,,H,,O,S: C, 66.07; H, 6 .82;~S,  
13.57. Found: C, 65.69, 66.10; H, 6.83, 6.76; S, 13.50, 
13.44. 

(-)-Etlzyltnethylsulfoniu1?7 Benzoyl-(N-phen~ylcau- 
bamoyln~ethylid) (( - ) -8) 

Phenyl isocyanate (1.3 g, 10.9 mmol) and ( - ) - I  (2.09 
g, 10.8 mmol) were dissolved in 25 ml THF,  and the solu- 
tion stirred for 15 min at room temperature. The solvent 
was removed and the residual oil crystallized from 
CHCI, - Skellysolve B to yield (-)-8 (3.03 g, 9.67 mmol, 
89.6%), m.p. 171-172'; [cr],,,'.'. - 39.9' (c0.73, benzene); 
n.m.r. (CDCI,),6 12.32(s, IH), 7.34(n1, IOH), 3.97(m, 
IH), 3.09 (m, lH),  2.89 (s, 3H), 1.20 (t, J = 7.0 Hz, 3H); 
i.r. (Nujol), 2200-4000, 1635, 1595, 1520, 1055 cn1-I. 

Anal. Calcd. for C,,H,,NO,S: C, 68.98; H, 6.11; N ,  
4.47; S, 10.23. Found: C, 68.79, 69.11; H,  6.37, 6.20; N, 
4.42, 4.45; S, 10.49, 10.38. 

(2)-(+) -Ethyln~etl~yl-a-n~et/~oxy-~-sty~ylid~IsuIfoniun~ 
Methyl SuSfate ( ( + ) - l o )  

Dimethyl sulfate (2.2 g, 17.5 mmol) and ( - ) - I  (2.2 g, 
11.3 mrnol) were dissolved in 30 ml acetone, and the 
solution stirred for 30 min at room temperature. Ether 
was added to the cloud point and the mixture cooled at  
-5" to yield (+)-lo,  m.p. 103'; [~1]365~"' +3.94" (c 5.2, 

methanol); n.m.r. (CDCI,), 6 7.51 (s, 5H), 6.00 (s, IH), 
3.74(s, I H ) , 3 . 6 2 ( ~ , 3 H ) , 3 . 6 2 ( q , J =  7 .0Hz,2H) ,3 .13 
(s, 3H), 1.42 (t, J = 7.0 Hz, 3H); i.r. (CHCI,), 2990, 1608, 
1572, 1490, 1452, 1210, 610, 575 cm-'. 

Anal. Calcd. for C13H2005SZ: C, 48.73; H, 6.29; S, 
20.01. Found: C, 48.60, 48.95; H,  6.18, 6.23; S, 20.26, 
20.28. 

Resolution of ( _+ ) -10 
The difficulties encountered in this resolution are 

illustrated by the nonreproducibility of the following 
three experiments. 

Experiment I :  (*)-lo (2.75 g, 8.58 n~mol) was dis- 
solved in a minimum amount of CH,OH, and the solu- 
tion eluted through a Dowex 1-X8 hydroxide exchange 
column into a flask containing HDBT (3.15 g, 8.48 
mmol). The solution was concentrated to ca. 50 ml, ether 
added to the cloud point and the mixture cooled at 5' to 
yield 11 (1.39 g, 2.46 mmol), m.p. 114'; [cr]58,r.'. -78.2' 
(C  0.60, methanol); n.m.r. (DMSO-d,), 6 8.00-7.10 (m, 
15H), 6.08 (s, IH), 5.70 (s, 2H), 3.76 (s, 3H), 3.43 (q, J = 
7.0 Hz, 2H), 3.03 (s, 3H), 1.30 (t, J = 7.0 Hz, 3H); i.r. 
(Nujol), 3500, 1715, 1645, 1625, 1600, 1255, 1110, 715 
cm- ' .  

Anal. Calcd, for C,oH3,01,S: C, 61.63; H, 5.52; S, 
5.48. Found: C, 61.75, 61.40; H, 5.51, 5.54; S, 5.54, 5.74. 

Experiment 2: (+ ) - lo  (5.50 g, 17.2 mmol) was treated 
in a similar manner with equimolar HDBT to yield 12 
(6.6 g, 11.0 mmol), m.p. 129"; [cr],8,r.'. -75.6" (c 0.45, 
methanol); n.m.r. (DMSO-d,), 6 8.08-7.17 (m, 15H), 
5.64 (s, 2H), 4.05 (s, 2H), 3.26 (q, J = 7.0 Hz, 2H), 3.20 
(s, 6H), 2.73 (s, 3H), 1.22 (t, J = 7.0 Hz, 3H); i.r. (Nujol), 
1728, 1670, 1600, 1585, 1260, 710 c m ' .  

Anal. Calcd. for C3,H,,Ol0S: C, 62.20; H,  5.72; S, 
5.36. Found: C, 62.51, 62.41; H ,  5.74, 5.63; S, 5.35, 5.57. 

Experiment 3: (?)-I0 (4.68 g, 14.6 mmol) was treated 
in a similar manner with equimolar HDBT to yield 2.67 g 
.of a 3 : 2  mixture (by n.m.r.) of 11 : 12, n1.p. 114-120". 

In each of the above three experiments, a second crop 
of material was obtained by the addition of more ether 
and the cooling of the resulting mixture at 5'. After fil- 
tering the second crop, the mother liquor was concen- 
trated to near dryness and excess ether added. After 
cooling, the supernatant was decanted leaving a tacky 
white semi-solid which solidified to a hard cake under 
reduced pressure. 

Concevsion of DBT Salts to Perclzlorate Salts 
A methanolic solution of 2.67 g of a 3 : 2  mixture of 

11 : 12 (first crop) was eluted through an hydroxide ex- 
change colun~n into a flask containing 70% HCIO, (0.72 
g, 5.04 mmol). The resulting solution was neutralized by 
the addition of dilute sodium methoxide, reduced in 
volume and ether added to the cloud point. The mixture 
was cooled at  5' to precipitate (-)-I3 (0.361 g, 1.17 
mmol), m.p. 115'; [cr],,,'.'. - 8.80" (c 0.72, methanol); 
n.m.r. (DMSO-d,), 6 7.56 (s, 5H), 6.02 (s, IH), 3.79 (s, 
3H), 3.43 (q, J = 7.0 Hz, 2H), 3.04 (s, 3H), 1.36 (t, J = 
7.0 Hz, 3H); i.r. (CHCI,), 1610, 1570, 1490, 1080, 1000, 
970 c m ' .  Excess ether was added to the mother liquor to 
precipitate after cooling (+)- I4  (0.621 g, 1.82 mmol), 
m.p. 65"; [r],,,'.'. f4 .75 -  (c 0.64, methanol); n.m.r. 
(DMSO-d,), 6 7.55 (s, 5H), 4.03 (s, 2H), 3.24 (q, J = 7.0 
Hz, 2H), 3.28 (s, 6H), 2.72 (s, 3H), 1.73 (t, J = 7.0 Hz, 
3H); i.r. (CHCI,), 2840, 1490, 1450, 1420, 1285, 1090,703, 
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622 cm-'. The conversion of a sample of pure 11 (first 
crop) to its perchlorate gave only (+)-14. 
In a similar manner, a 1.77 g quantity of a 2 : 1 mixture 

of 11 :12 (third crop) was converted to the less soluble 
(+)-13, m.p. 114'; [ ~ ( ] 3 ~ ~ ~ ' ~ '  +8.84' (c 0.84, methanol) 
and the more soluble (-)-14, m.p. 55"; [ E ] , ~ ~ ' . ~ .  - 5.16" 
(c 1.14, methanol). 

Conjugate Addition Reaction of (-)-I 
(-)-I (1.16 g, 6 mmol) and chalcone (1.25 g, 6 mmole) 

were stirred in 20 ml benzene for 17 h at room tempera- 
ture. The solvent was removed and the residual oil crys- 
tallized from benzene-pentane. The precipitate was col- 
lected and recrystallized from cyclohexane to yield 0.14 g 
(1.26 mmol, 21%) of the meto-cyclopropane, m.p. 149" 
(19). The original mother liquor was concentrated and the 
residual oil crystallized from cyclohexane to yield 0.49 g 
(1.5 mmole, 25%) of the dl-cpclopropane, m.p. 114", 
[ ~ 1 5 8 9 2 5  -0. 
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NORMAN H. SAGERT and RITA M. L. POUTEAU. Can. J. Chem. 52,2960 (1974). 
Specific activities of unsupported powders of all six Group VIII noble metals have been deter- 

mined for hydrogen - water deuterium isotope exchange. The metal surface areas, which are 
required to calculate the specific activities were measured by hydrogen chemisorption and were 
checked by electron microscopy. Specific activities were measured as a function of temperature 
in the range 353 to 573 K and also as a function of the partial pressure of hydrogen and water 
a t  suitable temperatures and over a tenfold range of partial pressures. 

The variation in the specific activities was Pd i Ir 5 Ru i Rh < 0 s  i Pt, and these 
specific activities varied over a range of about 1000. The observed orders with respect to hydro- 
gen and water are shown to be consistent with a mechanism in which chemisorbed hydrogen 
atoms exchange with physically adsorbed water. 

From the orders and the apparent activation energies, the chemical activation energies (Eo)  
were calculated. These varied randomly within the range 61 F 6 kJ  mol-' for all the metals 
studied. Previously we showed that there was a correlation of Eo with the work function of the 
metal when metals were supported on a highly graphitized carbon black, and suggested that 
electron donation from the carbon to the metal was responsible for the correlation. This sug- 
gestion is supported by the present results which show that Eo is relatively constant for all six 
metals in the absence of a support. 

NORMAN H. SAGERT et RITA M. L. POUTEAU. Can. J. Chem. 52,2960 (1974). 
On a determine les activites specifiques des six metaux nobles du groupe VIII pour l'tchange 

de deuterium hydrogene -eau. La superficie de la surface metallique,qui est necessaire pour cal- 
culer les activites specifiques a ete evaluee par chemisorption de I'hydrogene et verifiee par 
microscopie electronique. On a mesure les activites specifiques en fonction de la temperature 
dans l'intervalle de 353 a 573 K et aussi en fonction de la pression partielle d'hydragene et d'eau 
aux ten~peratures appropriees et sous dix intervalles de pressions partielles. 

Les activites specifiques varient dans I'ordre Pd i Ir 5 Ru < Rh i 0 s  i Pt, dans un 
intervalle environ de 1000. Les ordres que Ilon observe par rapport a l'hydrogene et I'eau son1 en 
accord avec le mecanisme dans lequel des atomes d'hydrogenes chemisorbes s'echangent avec 
I'eau adsorbee de maniere physique. 

On calcule les energies d'activation (Eo )  a partir des ordres et des energies apparentes d'activa- 
tion. Les valeurs obtenues varient d'une f a ~ o n  desordonnee dans I'intervalle de 61 F 6 kJ 
mol-' pour tous les metaux etudies. Prtctdemment nous avions montre qu'il y avait une cor- 
relation de E, avec la fonction de travail du metal lorsque ce dernier etait fixe sur du noir de 
charbon graphitise et nous avions suggere que cette correlation etait due au transfert d'electrons 
du carbone au metal. Les presents resultats, qui montrent que Eo est relativenlent constant 
pour les six metaux en l'absence d'un support, viennent a l'appui de cette suggestion. 

[Traduit par le journal] 

Introduction 
Two recent studies from this laboratory con- 

cerned the effect of the support on the hydro- 
gen - water deuterium exchange reaction over 
supported noble metal catalysts (1, 2). Such 
studies have become possible with the develop- 

'AECL No. 4794. 
ZPresented in part at  the Third North American 

Meeting of the Catalysis Society, San Francisco, Cali- 
fornia, February 1974. 

ment of  neth hods for determining metal surface 
areas in the presence of a support (3). The 
hydrogen - water deuterium exchange reaction 
was selected for study because it is a simple 
reaction and is not complicated by varying selec- 
tivities, high heats of reaction, and self-poi- 
soning. It is sterically simple and so allows us to 
examine the "chemical" or "electronic" effects 
of a change in the support without the complica- 
tion of "geometric" effects which may arise in 
reactions requiring very special sites (4). In addi- 
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SAGERT AND POUTEAU: ON HYDROGEN - WATER DEUTERIUM EXCHANGE 

TABLE 1. Properties of the metal powders 

Calculated Metal 
Source of site area surface area 

Metal metal mZ) (lo3 m Z  kg-') 

tion. the reaction is of interest as a method of 
producing heavy water commercially. 

We previously noted that the reaction was 
faster and proceeded with a lower activation 
energy over platinum supported on highly 
graphitized carbon than over unsupported 
platinum (1) or over platinum supported on 
silica (5) .  This led us to propose that graphite 
donated electrons to the platinum, giving rise to a 
platinum-hydrogen bond polarized in the sense 
Pts'-H". It was thought that such a polariza- 
tion should lead to a lower activation energy. 
In order to test this hypothesis, we then studied 
the exchange over the six Group VIII  noble 
metals supported on Graphon, a highly graphit- 

structure was examined by electron microscopy. Samples 
were prepared in the dry state (6) and were examined on a 
Hitachi HU-I LA electron microscope. 

The sources and means of purifying water, D,O, hydro- 
gen, and argon have been described (5). The metal 
powders were prepared by reduction of appropriate com- 
pounds (Table 1) with sodium borohydride. About 2 g of 
the metal salts was dissolved in 50 ml of water, the solu- 
tion was cooled in an ice bath, and 50 rnl of a 5% solution 
(w/w) of sodium borohydride was added slowly. The 
precipitates were allowed to age for several days at room 
temperature and then were filtered and washed carefully 
using a 50 pm millipore filter. Finally the washed powders 
were air dried at  383 K. 

Results 
Metal surface areas were calculated from the 

ized carbon black (2). An inverse correlation 
was obtained between the surface chemical 
activation energy and the thermionic work func- 
tion of the metal. This correlation was taken as 
evidence that electronic interactions between the 
metal and the support could be important. How- 
ever, it was realized that this correlation could 
be a function of the metal itself. Therefore we 
have now examined the hydrogen-water ex- 
change over unsupported Group VlII  noble 
metal powders, where no metal-support interac- 
tions are possible. 

Experimental 
Rates were measured in a flow system at  a total pressure 

of 101 kN rn-' using techniques previously described 
(1,2). The HD concentrations were measured with a Con- 
solidated 21-621 mass spectrometer fitted with a con- 
t~nuous  inlet. Its calibration has been described (5). 
Catalysts were evacuated at  423 K for 2 h and were then 
reduced in situ in flowing hydrogen at  573 K for 18 h. 
They were then cooled to reaction temperature in flowing 
hydrogen. Their activity became constant after about 
30 min conditioning in a water-hydrogen stream, and 
remained constant ( f. 5%) for several weeks provided that 
they were kept in flowing hydrogen at -400 K when runs 
were not being made. 

Metal surface areas were measured by hydrogen 
chemisorption as previously described (5). The catalyst 

amount of hydrogen chemisorbed, assuming that 
one H atom covers one metal atom (7). The area 
of an exposed platinum atom was taken as 8.9 x 
lo-" m2 (7) and the relative areas of the other 
metal atoms were estimated by averaging the site 
areas of crystal faces with high densities of atoms 
(8). The areas of the other metals were then cal- 
culated from the area of a platinum atom and the 
relative areas of the other metals. The resulting 
surface areas are shown In Table 1. Figure 1 
shows an electron micrograph of the platinum 
black. The size of the particle is about 0.1 pm 
which is in rough agreement with the size of 
0.086 pm calculated from hydrogen chemisorp- 
tion data. 

The reaction rate coefficient, k, in moles of HD 
per kg of catalyst per s is given by eq. 1 .  This 
equation is valid for deuterium concentrations 
of less than 5% ( 5 ,  9). 

In eq. 1, F is the hydrogen flow rate in mol s-', 
W is the catalyst weight in kg, a is the reciprocal 
of the equilibrium constant for reaction 2, and 
y is the ratio of hydrogen partial pressure to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN.  J .  CHEM. VOL. 5 2 ,  1974 

FIG. I. Electron micrograph of the catalyst after the 
standard reduction procedure, and use for 100 h for 
hydrogen-water exchange. Particle size -0.1 urn. 

water partial pressure. The HD concentration at 

[2] HDO + H, F', H,O + HD 

equilibrium is given by n,, the HD concentration 
in the incoming hydrogen by no, and that at the 
reactor exit by n. The rate coefficient, k, can be 
shown to be the initial rate of reaction 2 in the 
forward direction if static experiments could be 
done using pure HDO and H, as reactants. We 
have previously shown that our results were not 
affected by internal or external diffusion for 
Graphon supported catalysts with particle dia~n-  
eters up to 0.35 mm (I).  The metal particle 
diameters used in this work were of the order of 
0.1 p i ,  with agglomerates of particles up to 
0.1 mm, so no effects of diffusion are expected. 

Specific rates were calculated by dividing the 
rate coefficient, k, by the metal surface area per 
kilogram of catalyst. These specific rates are 
shown in Fig. 2 as a function of temperature. All 
points were calculated from experiments done at 
a number of flow rates by taking initial slopes 
to plots of In (n, - n,)/(n, - n) against WIF. 
The hydrogen pressure was 78.0 kN m-2 and the 
water pressure was 23.7 kN m-2 in all cases. The 
experimental kinetic parameters are listed in 
Table 2. The apparent activation energies, Ed,,, 

FIG. 2. Arrhenius plots of specific rates. = 78.0 
kN m - 2  and PHZ0 = 23.7 kN m-2.  

were taken directly from the slopes of the lines in 
Fig. 2, and the orders were taken from double 
logarithmic plots of k against hydrogen or water 
pressure. The pressures were varied over about 
an order of magnitude. Straight lines were 
generally obtained so that the rate expression 
could be written as 

For the hydrogen pressure variation on osmium 
and iridium curved lines were obtained which 
had a zero slope at high pressures and a slope 
approaching 0.5 at low pressures. The value of b 
used, i.e. zero, was taken from the slope at a 
pressure of 78 kN m-2  which was the pressure 
used in determining the activation energies. 

It has previously been shown (1, 10, 11) that 
the true surface activation energy (E,) is related 
to the apparent activation energy by eq. 4. where 

AH> and A,,, are the heats of desorption of 
hydrogen and water, respectively. It has also 
been shown (1, 10, 11) that a equals (1 - OH,,) 
and 2b equals ( I  - OH) where OHZ0 and OH are 
the water and hydrogen atom coverages ex- 
pressed as fractions of a monolayer. The heat 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SAGERT AND POUTEAU: ON HYDROGEN - WATER DEUTERIUM EXCHANGE 

TABLE 2. Experimental kinetic parameters 

Temperature 
Specific rate Order Order in where orders 
at  433.2 K in water hydrogen obtained E ~ P D  

Metal (mol HD m - Z  s-') a b (K) (kJ mol-') 

of desorption of water was required and this was 
taken as 50 kJ mol-'  (12). Table 3 gives the 
values of E, as well as the absolute surface con- 
centration of hydrogen atoms, C,,, and water, 
C,,,,, and the frequency factors A,' as defined 
by eq. 14. For comparison, E, and A,' are also 
shown from our previous results on Graphon- 
supported noble metals (2). 

Figure 3 shows specific rates at  433.2 K and 
E,'s plotted against periodic group number. For 
the third triad metals, a minimum in specific rate 
is observed for iridium, and for the second triad 
metals a maximum in specific rate is observed 
for rhodium. The E,'s are constant within 
experimental error. the values being 60.6 + 6.1 
(20) kJ mol-' .  

Discussion 
The results will be discussed in terms of the 

mechanism previously proposed for hydrogen - 
water deuterium exchange over platinum sup- 
ported on alumina (13) and on Graphon (1, 2). 
The mechanism is summarized below and in- 
volves adsorption of hydrogen and water kapor 

on different sites I and 11. If reaction 7 is taken to 
be rate limiting, the following rate expression is 
obtained (1, 13): 

where small k's refer to rate constants and large 
K's to equilibrium constants. If the water is in 
equilibrium with the surface then K,K9 will 
simply be the isotope effect for the adsorption of 

'Em, m2 m 3  

PERIODIC GROUP NUMBER 

FIG. 3. Correlations of specific rate at 433.2 K (Fig. 
30) and surface activation energy E,, (Fig. 36) with 
periodic group number. 

HDO, and will be close to unity. Thus the final 
rate expression is 

As previously discussed, reaction 7 may con- 
sist of a number of steps (2). We have also shown 
that taking reaction 8 or  9 as rate limiting does 
not lead to the proper form for the rate expres- 
sion (2). If k7 may be expressed as a frequency 
factor and an  exponential term, we obtain 

I t  is easily shown that if a Freundlich isotherm is 
assumed (1 1, 12), eq. 3 can be written as 
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TABLE 3. Derived kinetic parameters 

Powders Graphon supported (2) 

ct,,o C,, Eo Ao' c ~ i , o  CI I E n  An'  
Metal (10-5 mol m-2)  (10-5 mol m->) (kJ mol-1) (m2 mol-I s s l )  mol m-2) mol m-2) (kJ mol-1) (mZ mol-I s-I) 
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SAGERT AND POUTEAU: ON HYDROGEN - WATER DEUTERIUM EXCHANGE 2965 

Thus the experimental k ,  can be identified with 
k,, and A, and E, with A,  and E,. Since 0 is 
expressed as a fraction of a monolayer coverage, 
it is convenient to use 8 together with the mea- 
sured surface areas to calculate the surface con- 
centrations of water and hydrogen atoms, C,,, 
and C,, in mol m-2  and to insert these in eq. 12 
to  give eq. 14. 

The values obtained for C,,, C,,,, A,', and E, 
are listed in Table 3. 

A comparison of activity as a function of 
position of the metal in the periodic table is of 
some interest (Fig. 3a). For the third triad metals, 
osmium, iridium, and platinum, the specific 
activity shows a minimum at iridium. On the 
other hand, for the second triad metals, ruthe- 
nium, rhodium, and palladium, a maxim~tm is 
noted at rhodium. This pattern is somewhat 
similar to that observed for the hydrogenation 
of cyclopropane (14) except for the position of 
iridium. All the rates fall within a s ~ r e a d  of 3.5 
orders of magnitude, indicating that the reaction 
is facile in the sense used by Boudart et 01. (3, 
15). For a really demanding reaction, such as the 
hydrogenolysis of ethane, rates vary by as much 
as eight orders of magnitude (14, 16). The rela- 
tive insensitivity of the rates and activation 
energies to the metal suggests that the reaction 
may not require dissociative chemisorption of 
water, as previously discussed (2), and thus is in 
accord with our suggestions for a mechanism. 

The E,'s are relatively constant at  61 _f 6 kJ 
molF1. This is a reasonable nunlber for the true 
surface exchange (reaction 7) when compared 
to the gas phase equivalent for reaction 7 which 
has an activation energy of 85 kJ 11101-~ (17). 
Over Graphon-supported metals, however, E, 
varied from 103 kJ mol-I for ruthenium to 
36 kJ ~ n o l - '  for platinum and a good correlation 
of E, was obtained with the thermionic work 
functions selected by Bouwman and Sachtler 
(18). 

We previously suggested (1, 2) that the 
Graphon could lower E, by donating electrons 
to the platinum, giving rise to platinum-hydro- 
gen bonds polarized in the form PtSi-H6- 
which should give a lower value of E,. This 
general picture is supported by the present results 
which show that, in the absence of any support, 

1 1 I 1 I 
4.6 4.8 5 . 0  5.2 5.4 5 .6  5.8 

THERMlONlC WORK FUNCTION ( e V )  

FIG. 4. Ratio of the chemical activation energies over 
powders to those of Graphon-supported catalysts (b) and 
ratio of frequency factors over powders to those over 
Graphon-supported catalysts (a) as a function of ther- 
mionic work function. 

E, is relatively constant. However, E, over the 
powders is lower than the highest value obtained 
over the supported metals. In Fig. 46 we show 
the ratio of E, over supported metal divided by 
the E, over the powder as a function of the 
thermionic work functions selected by Bouwman 
and Sachtler (18). A good correlation is obtained, 
and it is noted that the ratio of activation ener- 
gies is equal to unity at a work function of about 
5.3 eV. This suggests that the work function of 
the Graphon is effectively about 5.3 eV, which is 
somewhat higher than the 4.6 eV previously 
assumed (1, 2). It appears that although E, is 
lowered relative to the powder for Graphon 
supported platinum, it is actually increased for 
Graphon supported ruthenium, osmium, rho- 
dium, and palladium and is little affected for 
Graphon supported iridium. Thus the Graphon 
support may cause the metal-hydrogen bonds 
to be polarized in the form MSf-H" for 
platinum, relatively unchanged for iridium, and 
polarized in the form M"-H" for palladium, 
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ruthenium, osmium, and rhodium. Evidence 
from the infrared spectra of hydrido-platinum 
complexes suggests that the former polarization 
gives a weaker metal-hydrogen bond, and that 
the latter polarization gives a stronger one (19). 
If a weaker metal-hydrogen bond leads to a 
lower activation energy for exchange, as seems 
probable, our interpretation is justified. 

The model presented is also supported in a 
general way by the variation of frequency factor 
with the thermionic work function of the metal. 
Some caution should be noted here as the data 
listed in Table 3 for the Graphon-supported 
catalysts show that there is a linear relationship 
between A,' and E,. Such correlation can be 
observed as a result of small errors in measuring 
activation energies for rates that are similar (20). 
On the other hand, E,'s are relatively constant 
over the powders while the A,'s vary. Figure 4a 
shows the logarithm of the ratio of frequency 
factors over Graphon-supported and -unsup- 
ported catalysts as a function of the thermionic 
work function of the metal (18). The relative 
frequency factor for platinum is less than one. 
This suggests that there are relatively fewer 
active sites produced by electron transfer to the 
metal than were present in the absence of this 
effect. Similarly the relative frequency factor for 
ruthenium, osmium, and rhodium is much 
greater than unity suggesting that more of the 
surface participates in the reaction. The implica- 
tion is that electrons are withdrawn from some 
of the more active sites leaving a much more 
uniform surface for reaction. It should also be 
noted that the ratio of frequency factors is unity 
for a work function of about 5.4 eV, suggesting 
that the effective work function of Graphon 
is about this value. The relative frequency factor 
for iridium seems anomalously high. This may 
be the result of experimental error since the E, 
for unsupported iridium is the lowest of the six 
E,'s measured. 

For unsupported platinum, the reaction is 
almost exactly first order in water pressure and 
zero order in hydrogen pressure. Robe~tson (21, 
22) has stated that, for catalytic reactions in- 
volving two reactants when the order with 
respect to any reactant is first, the rate of reac- 
tion of that reactant can be expressed in terms of 
the probability, P ,  that a reactant will react at  a 
collision with the surface. The situation is similar 
to a first order reaction involving one reactant, 

and P is given by eq. 15. 

The rate of production of H D  is equal to the 
rate of disappearance of HDO. Now the rate 
coefficient is the initial rate of reaction 2 in the 
forward direction if pure HDO could be used as 
a reactant, so that we wish to calculate the col- 
lision rate for HDO with the surface under these 
hypothetical conditions. Under such conditions 
all the water would be HDO, so under our actual 
conditions we can calculate the collision rate 
using the total water pressure. Since pH,, is 
small compared to P,,,, the total number of 
collisions of water molecules with the surface 
per m2 s is PH,o(2~m,,okT)-112. Thus the reac- 
tion probability P is 2.9 x at  433.2 K for 
a water pressure of 23.7 kN mP2,  so B equals 
2.6 x Such a value of B, being several 
orders of magnitude less than unity, suggests a 
rather immobile transition state (21). This is in 
accord with our postulate of a definite adsorp- 
tion site (site 11) for water adsorption. These 
sites appear to be present on the metal itself, and 
probably exist in addition to the water adsorp- 
tion sites located at  the edges of metal particles 
deposited on hydrophilic surfaces as postulated 
by Rolston and Goodale (13). It would be in- 
structive to obtain a similar analysis for the other 
metals, supported and unsupported. However, 
the calculation is not possible, as the orders of 
reaction are not zero and one for these catalysts. 

At the standard pressures used (78 kN/m2) the 
orders with respect to hydrogen were zero for all 
the metal powders (Table 2). This implies that a 
full coverage of hydrogen is maintained. How- 
ever, as mentioned above, the orders with 
respect to hydrogen approach 0.5 over osmium 
and iridium at lower pressures. Since 2b equals 
(1 - OH), hydrogen coverages approach zero 
under these conditions. Thus at  low pressures a 
full hydrogen coverage is maintained with the 
second triad metals, but for the third triad metals 
hydrogen coverage increases with atom: 1c num- 
ber. Water coverages are all about 0.5 over the 
second triad metals, but decrease with increasing 
atomic number for the third triad metals. 

In summary, the pattern of specific activities 
for hydrogen - water deuterium exchange is 
similar to that for cyclopropane hydrogenation 
(14). Thus the reaction is probably facile. Surface 
activation energies are constant for all six metals, 
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D. E. AXELSON, S. A. KANDIL, and C. E. HOLLOWAY. Can. J. Chem. 52,2968 (1974). 
Twenty-four four-coordinate organotin derivatives have been examined by I3C n.m.r. and a 

set of 11 additive parameters computed to determine shielding effects of substituents. The chem- 
ical shift coefficients obtained are compared to their organic analogs. 

D E. AXELSON, S. A. KANDIL et C. E. HOLLOWAY. Can. J. Chem. 52,2968 (1974). 
On a examine, par r.m.n. du 13C, 24 derives organiques de l'etain posskdant une coordinance 

de quatre. On a obtenu un groupe de 11 parametres additifs permettant d'kvaluer les effets de 
blindage causes par les substitutions au sein de ces derives. On a compare les coefficients ainsi 
dCterminCs avec leurs analogues organiques. [Traduit par le journal] 

Introduction 
Although a body of 13C n.m.r. data is now 

available for organometallic derivatives, there 
are often insufficiently different related deriva- 
tives to warrant an analysis of the shifts for 
additivity relationships. In many cases the 
appropriate parameters available for organic 
compounds (1-7) can be applied quite success- 
fully. In this study we have taken 90 13C chem- 
ical shifts from 24 tetrasubstituted organotin 
compounds and obtained additivity parameters 
to compare with those derived for analogous 
carbon systems. Modifications introduced by 
the presence of the tin atom are then observable 
as differences i.. the parameters obtained for the 
tin and the corresponding organic compounds. 

The multiple regression analysis employed 
(8) searches for the best least-squares fit to the 
equation 

where 6,(,, is the chemical shift of the k'th car- 
bon, B is a constant, t ~ , ,  is the number of like 
substituents in the l'th position relative to the 
k'th carbon, and A ,  are additive chemical shift 
parameters assigned to the I'th substituent. Input 
data to the computer programme consists of all 
the observed shifts (dependent variables) and a 
population matrix representing the presence or 
absence of a particular substituent and the 
number of like substituents in a particular 
position. Positions are denoted by a, P, y, etc. 
depending on whether the substituent is at  the 
k'th carbon (a), or one atom removed (P), and 

so on. For substitutions at  the p position or 
further, it is necessary to specify the intervening 
atoms. This has been done by denoting any 
non-carbon atoms in the parameter subscript, 
similar to the way in which coupling constants 
across hetero atoms are denoted. Thus Ps,, 
refers to the shift on substituting a carbon atom 
for a hydrogen at a position P to the k'th carbon 
(the one being calculated), when the intervening 
atom is tin. Similarly a P,, would imply substi- 
tution at the p position by a phenyl group where 
the intervening atom is carbon. Ambiguity can 
arise with ysnX parameters since the k'th carbon 
can be either cr or p to the tin atom. We have 
ignored this problem in the results presented 
because the observed y effects are all very small 
and the number of relevant cases are insufficient 
to establish a statistically significant difference. 
Dimerization, with formation of a tin-tin bond, 
introduces a P,,,, term which describes a shift 
at all the carbons directly attached to each tin 
atom. Finally, a special parameter 6 has been 
designated to account for the shift of the neophyl 
tertiary carbon atom. Removal of this parameter. 
together with the neophyl tertiary carbon shift 
data, leaves the regression analysis virtually 
unchanged. The parameter thus has no direct 
relevance to the presence or absence of the tin 
atom but is effectively an upfield correction for 
the positional constraint associated with the 
neophyl group, for which there is other n.m.r. 
evidence (9). 

The best fit with the least number of param- 
eters was aimed for and this was accomplished 
with the 11 substituent effects discussed below. 
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AXELSON ET AL.: N.M.R. STUDIES OF ORGANOTIN 

TABLE 1. 13C Substituent effects 

No. o f  Organoalkane 
Substituent effect" Coefficient observations coefficient 

ac 
PC 
a P h  

B P ~  
as* 
Bsn 

Ysn 

Bsn ~h 

Bsosn  

E(neophyl) 
Bsnl 

Constant term 
Correlation 

coefficient 

11.4+0.2'  79 
9.OiO.15 51 

25.6+ 1.45 26 
7 . 5 k 1 . 2  3  5  

-5 .2k0.65 39 
4 . 0 i 1 . 6  3  1  

-0 .3k0 .15  21 
1.1+0.05 39 
2 . 2 1 0 . 1  6  

-22 .714 .7  15 
9 . 5 1 2 . 0  5  

-3 .2  90 

0.995 

Estimated parameters 
9 .2  + 0 .  2Sf 7  
9 . l i 0 . 8  1 1  
5 . 4 i 0 . 6  6  
2 .6k0 .85  4 

9 .1  
9 .4  

23 (estimate) 
9.5 

- 
(See text) 

(BI 11 .3Id 
-2 .5  

"In p.p.m. from TMS,  posltrve dounfield. 
bReference 3. 
<Standard dev~at~on. see ref. 8. 
dFrom data in ref. 7. 
'For Bcnc and ysnx see text. 
fsrandard dev~atton. 

Experimental 
The organotin compounds were prepared by published 

methods (10) and contain phenyl, benzyl, neophyl, 
methyl, isopropyl, 1-butyl, and t-amyl groups in various 
combinations. Halo tin derivatives were also included but 
because few in number the halogen substituent effects 
were deduced independently o f  the regression analysis. 
Chemical shift data were obtained in CDCI, solution at 
approximately 209, w/v concentration and relative to 
internal T M S ,  using a Varian NV-14-FT spectrometer. 
Some spectra obtained at higher concentrations and also 
in CCI, indicated that solvent effects are negligible. Com- 
parison o f  our data with some recently published data 
(1 1 )  in which some identical compounds were examined 
almost in the pure state also confirms the relative unim- 
portance o f  the solvent shift. The largest variations, about 
0.5 p.p.m., occurred with halo tin derivatives such as 
trialkyltin chlorides. 

Results and Discussion 
The additivity parameters derived as above 

are shown in Table 1. In correlations of this 
type it must be assumed that the parameters are 
actually independent. This is not strictly true 
since deletion of the smaller parameters does 
cause changes in the values of the others. The 
choice of 1 1  parameters was made on the basis 
that inclusion of more less important effects 
gave no overall improvement in terms of statis- 
tical tests. In addition, the 11-parameter set gave 

values which are compatible with the corre- 
sponding shift parameters observed in organic 
compounds. 

The constant term B may be considered 
largely as a correction from methane to TMS as 
reference and might therefore be expected to 
approach the methane 13C chemical shift of 
-2.1 p.p.m. The value obtained is reasonably 
close and this was also taken into account in the 
selection of a parameter set. The large 5 param- 
eter, although it has the air of an arbitrary cor- 
rection factor, also has its correspondence with 
related branched organic derivatives. For ex- 
ample the quaternary carbon shifts in com- 
pounds such as 3-ethyl-3-methylpentane (34.8 
p.p.m.) and in dineophyl itself (39.5 p.p.m.) can 
be reproduced using a similar parameter together 
with the coefficients for simple alkanes. It 
represents a summation of branching parameters 
which constitute an overall upfield shift. Such 
effects have been discussed at  length in the 
literature. The development of a more extensive 
set of branching corrections, such as those of 
Lindeman and Adams (6), is not warranted 
since only the neophyl group appears to  be 
affected in our series of compounds. The iso- 
butyl group (see below, Table 3) also seems to 
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TABLE 2. 13C shifts with low predictability4 

Neophyl 
Methyl Benzyl tert-Butyl 

Compound or other CH2 tert-C CH2 CH3 

- - 

"Worse t h a n  i 1 p.p.rn. 
bIsopropyl secondary carbon. 
'tert-Butyl tertiary carbon. 
dttart-Pentyl tertiary carbon. 
e(+BzBut)Sn - C 

Oryano t~n  coefficients -0 .3  
Organoalkane coefficients - 

CHd 
+ 3 . 4  (with y, included) 
7 1 . 1  

Ph 
anisochronous 

FIG. I .  Typical fit of I3C data, observed (calculated). 

require a smaller upfield correction at the tertiary 
carbon atom. 

A typical fit is shown for tert-butylphenyl- 
neophylbenzyltin in Fig. 1 ,  the predicted shifts 
being shown in parenthesis. Most of the shifts 
were reproducible to within + 1 p.p.m. and 
those that were not are shown in Table 2. In the 
case of the tert-pentyl derivatives (designated 
Amt), the poorer predictions can be improved 
by using the coefficients for organo alkanes 
(Table 1). The carbon atom particularly affected 
is two atoms removed from the tin and it is 
reasonable to expect that it reverts to an essen- 
tially unperturbed organic situation. A similar 
argument should apply to the neophyl methyl 
groups. However, here the differences between 
organotin and organoalkane parameters cancel 
out (see E, and P,,, Table 1). This raises an 
important problem with interpretation of addi- 
tive effects such as these, since coefficients which 
cancel on a one to one basis are virtually im- 
possible to detect. This is particularly relevant 
to the discussion of p and y effects in our system. 

Since the main value of parameters such as 
these is in their predictive ability, it is of interest 
to examine shifts which were not used in the 
analysis. Some recent data (11) on simpler 
organotin derivatives have been used to test our 
coefficients and the results are shown in Table 3. 
The relatively poor fit for ethyl and n-propyl 
derivatives in particular attests to the presence 
of other, possibly long range or conformational, 
effects which we have not been able to take into 
account. In the rz-butyl examples a better fit is 
observed, in general, if organo alkane param- 
eters are used for C, and C,. This applies both 
to calculations of their own shifts and their con- 
tributions to the other shifts. The summation of 
halogen effects across tin appears to deviate 
from the simple additivity relationship to a much 
less extent than in corresponding halo alkanes 
(12, 13). We suggest that the larger size of the tin 
atom serves to mitigate interactions leading to 
pairwise additivity corrections and this also 
appears to play a role in the attenuation of P 
effects across tin in general. A brief assessment 
of the individual effects is now given. 

ar Effects 
The negative value of the a,, effect is consis- 

tent with the electronegativity difference between 
tin and carbon. The dependence of a, on the 
electronegativity of X has been indicated pre- 
viously (14). A valence-bond calculation by 
Cheney and Grant (15), based on simple electron 
transfer arguments relating to electronegativity 
differences, gave an E, effect of 9.9 p.p.m. com- 
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TABLE 3. Predictions of 13C shifts 

Scca l cd )  - 8 (obs )  ( P . P . ~ . )  

Compound CI CZ c3 c4 

Me4Sn (1.2" or 0.7b) - 
- - 

Me3SnC1 (0.8" or 1 .3b)  - - - 
Et4Sn 3.0 1 .1  - - 
Et3SnCI4 2.9 2.3 - - 

Et3SnC12 2.7 3.1 - - 
Pr4Sn " -0 .3  2.7(0.4)" -2.3(-3.5) - 

Pr,SnBr4 0 .9  3.8(1 .5) - 1.4(-2.6) - 

Pr2SnBr2 " 0.3 3.5(1.2) -0.4(-1.7) - 

Bu4Sn a 0 . 4  3.0(1.2) 0.7(-0.6) 1.0(-0.1) 
(Bu3SnI2 " 1.4 1.6(-0.2) 0.5(-0.8) 1 .O(-0.1) 
Bu3SnBra 1 .4  4.1(2.3) 1.4(0.1) l.l(O.0) 
Bu2SnCIza 0.9 5.6(3.8) 2.0(0.7) 1.2(0.1) 
i-Bu2SnCI2 " 0.9 9.1(4.5) 0.2(-0.4) - 

aData from ref. 11. 
W u r  data. 
CBracketed data uses orxanic parameters for C3 and C1. 

pared to the experimental value of 9.1 p.p.m. 
Thus charge density variations causing changes 
in the paramagnetic shielding term, o,, would 
appear to be the dominant mechanism of the a 
effect. It was therefore surprising to note a 25Y, 
increase in a, for the organotin compounds 
(Table 1). Using the simplified expression (16) 

changes in AE (the average excitation energy) 
and CQ,, (bond-order charge density terms) 
can occur but seem unlikely to be as large as 
25%. The electronegativity difference of tin and 
carbon suggests that any changes in the average 
radius of the carbon 2p orbital, (r),,, will lead 
to a decrease in o, if anything. It is not altogether 
impossible that the ci, effect includes another 
smaller parameter which has not been delineated, 
a possible candidate being the P,,, effect. In such 
a case, however, one might expect a larger 
scatter for the coefficient concerned since the 
number of carbons P across tin to the k'th carbon 
does not vary systematically with its degree of 
substitution. Similar studies on related organo- 
metallics such as silicon and germanium deriva- 
tives would be of considerable interest. 

p and y Effects 
Perhaps the most striking difference between 

tin and carbon is the general attenuation of P 
effects across tin. The apparent absence of a P 
effect through some hetero atoms has been noted 
earlier (17) and it was interesting to see the same 
unfold from this analysis. Using the 13C data 
of Mitchell (1 I), an a priori estimation of a P,,, 

effect can be obtained. Looking at the carbon a 
to the tin, a direct comparison of the trialkyltin 
hydride and tetraalkyltin shifts indicates possible 
PSnc effects of 2.2 p.p.m, (methyl), 0.3 p.p.m. 
(ethyl), and 0.8 p.p.m. (n-butyl). Thus substitu- 
tion of carbon for hydrogen on tin moves the 
other directly attached carbons downfield. 

The big change in the apparent P,,, from 
methyl to ethyl may indicate a comparable, but 
negative, y,,, effect operative in the ethyl and 
n-butyl derivatives. This cancellation of P and y 
effects would not be detectable in our com- 
pounds since, except for methyl groups, each 
alkyl group would contribute both effects. This 
is rather different to the situation with the a, 
plus P,,, possibility mentioned above. Never- 
theless, the &,, effect is obviously quite small, 
being around one-fifth of its corresponding 0, 
effect. The P,,,, effect is similarly reduced in 
magnitude. Comparing the P,,,, effect with the 
pSn effect also reveals the attenuating effect of the 
intervening tin atom but now only to a factor cf 
one-half. Since steric interactions are believed to 
play a role in P effect (1 8), these observations are 
all consistent with the interposing of a larger 
atom between sterically interacting fragments. 
An apriori PSn,, effect can also be obtained from 
Mitchell's study (11) by subtracting trialkyltin 
hydride shifts from the corresponding hexa- 
alkylditin shifts. The values so obtained are 1.6 
(methyl), 2.1 (ethyl), and 2.0 (n-butyl) which 
compare favorably with our value of 2.2. 
Dimerization thus leads to a downfield shift, 
provided that comparisons are made from the tin 
hydride. In all known cases, except the methyl, 
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TABLE 4. Average 13C shifts for aryl groups 

6 ring (p.p.m.) 
- - No. of 

Group c, c2 c3 c4 observations 

Phenyl 139.9(5.1)" 136.5(2.0) 127.5(2.8) 128.0(2.2) 19 
Benzyl 141.6(3.5) 126.9(3.1) 127.5(2.7) 123.2(3.1) 15 
Neophyl 150.4(4.2) 124.8(5 .5) 125.3(1.4) 124.8(1.9) 8 
Benzene 128.7 

.Range from highest to lowest shift observed. 

there is also a downfield 13C shift on going from 
the tetraalkyltin to  the trialkyltin dimer. The 
anomaly in the methyl case is almost certainly 
due to  the concomitant loss of the Ps,, effect. 

Halide P effects are only slightly attenuated 
across tin, relative to carbon, which may indicate 
the greater importance of an inductive route for 
this effect (15). Again, comparison between 
organometallic series would be of interest here. 

The y effects are equally elusive in these com- 
pounds, but those obtained are negative as 
expected. There is some evidence for a negative 
y-halogen effect of 1-2 p.p.m. Thus the tert-butyl 
methyl shift is overestimated by I .3 p.p.m. for 
both an iodotin and bromotin derivative. From 
the simple alkyl derivatives (11) a similar 
y-halogen effect can be estimated for chloride 
and bromide but in triethyltin iodide the effects 
appear to be small and positive. Evidence for a 6 
effect of the same order of magnitude and nega- 
tive can be inferred from the n-butyltin series. 

In a recent paper (22) the y effect of a tri- 
methyltin moiety has been discussed in exo and 
endo norbornvl derivatives. However, the carbon 
atoms under consideration are y to  a tin atom 
and also 6 to the three methyl groups on the tin. 
Distortions in the norbornyl skeleton, particu- 
larly in the endo derivative, can also introduce 
small changes in the c* and P effects. Estimation 
of a y effect is therefore difficult to justify under 
the circumstances. A more convincing demon- 
stration of a y effect across tin can be obtained 
from data in the same paper by comparison of 
the 13C shifts of the common trimethyltin 
moiety. The shift of this group hovers around 
-9 to  - 11 in most alkyltin derivatives but 
moves upfield to - 13 p.p.m. in the 2-adamantyl 
derivative. In the adamantyl group there are 
three carbon atoms y to the methyl carbons on 
tin, and each has two C-H bonds in fixed 
orientations favorable for operation of a nega- 
tive y-effect. Thus the upfield shift can be ex- 

plained by a y effect of around -2  p.p.m. In 
general (23) y effects are not additive or neces- 
sarily reciprocal. Thus the relevant adamantyl 
carbons (at 38.2 p.p.m. in the parent hydrocar- 
bon) are shifted by the P,, effect to  42.2 p.p.m., 
which is where they are observed. However, if 
the enhanced cc, effect vide supra is taken into 
account the predicted shift becomes 44.5 p.p.m., 
which then requires a y effect of about - 2 p.p.m. 
to reproduce the observed shift. 

T l~e  Aryl Carbons 
No attempt was made to correlate the aryl 

carbon shifts, primarily because systematic shifts 
were not apparent for the derivatives studied. 
Table 4 lists average 13C shifts for each type of 
aryl group with the range from highest to lowest 
noted in brackets. The neophyl and benzyl aryl 
carbon shifts are as expected from shifts in 
comparable organic compounds. The phenyl 
group shows a large shift from benzene at C , ,  
to which the tin is attached, but unlike its be- 
havior in the alkyl derivatives, the tin deshields 
the attached carbon by about 10 p.p.m. A similar 
effect is noted with C,H,Si(CH,), (7) where the 
phenyl C ,  carbon is deshielded by some 13 
p.p.m. Electron spin resonance studies of sub- 
stituted benzene anions (19), show the groups 
-Si(CH,), and -Ge(CH,), are electron with- 
drawing, while -C(CH,), is electron releasing. 
This has been ex~lained in terms of x electron 
drift onto the metalloid atom, and the same 
effect might be expected with -SnR,, leading 
to a comparable 13C shift at the phenyl C,  car- 
bon. Substituents with - I and + M  effects. such 
as halides, also show large changes in directly 
bonded 13C subst i t~~ent  effects from alkyl to 
aryl derivatives (7), but in the opposite sense to 
those noted above. Changes a t  the para carbon 
in all these cases are relatively small. Assign- 
ments were made from JSnc measurements, using 
published data (24) as a guide. 
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To summarize, a consistent set of additive 
parameters can be derived for the 13C shifts of a 
fairly wide range of organotin derivatives. The 
effect of the tin atom appears to be a damping 
out of long range effects operating through or 
across itself, and a general relaxing of steric 
interactions due to branching of the alkyl chain. 
An attempt to remove the 4 parameter by 
applying a correction for the diamagnetic con- 
tribution to the shifts was unsuccessful. This 
correction using the formula of Flygare and 
Goodisman (20) for neighbor diamagnetic con- 
tributions has been applied by Mason (21) to 
branched alkanes and alkyl halides, but does not 
seem to be effective in removing ambiguities in 
the present case. 

In conclusion, organometallic derivatives 
represent perturbed organic moieties where 13C 
chemical shift data may provide extra insight into 
the origins of the additivity effects which have 
proved so useful in 13C spectroscopy. 

One of us (D.E.A.) thanks the province of Ontario for 
a Graduate Fellowship. We also acknowledge support 
from the National Research Council of Canada and the 
loan of an NV-14 FT NMR from Varian Associates. 
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Erratum: 13C Nuclear Magnetic Resonance Studies. 32. The 13C Spectra of 
Several Norbornyl Derivatives 

J. B. STOTHERS, C. T. TAN, AND K. C. TEO 
Department ofchemistry, University of Western Ontario, London, Ontario N6A 3K7 

Received June 3, 1974 

(Ref.: Can. J .  Chem. 51,2893 (1973)) 

In Table 4, page 2897, the chemical shifts of protons 1 and 4 should read 2.80 and 3.075 p.p.m., 
respectively. 
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Studies on Trifluoromethanesulfonic Acid. Part I. Trifluoromethanesulfonic 
Acid as a Weak Acid of the Sulfuric Acid Solvent System 

DAVID GRAHAM RUSSELL AND JOHN BRIAN SENIOR' 
Department of Chemistty and Chemical Engineering, University of Saskrrfcherr,nn, Saskafoon, Strskarcher~~c~n S7h7 OW0 

Received January 3 1 ,  1974 

DAVID GRAHAM RUSSELL and JOHN BRIAN SENIOR. Can. J. Chem. 52, 2975 (1974). 
Trifluoromethanesulfonic acid ionizes as a weak acid in anylidrous sulfuric acid. Conductance 

measurements and conductimetric titrations with the base potassiuni hydrogensulfate, lead to 
a K, value of 8 x mol kg-' at  25 "C. Trifluoromethanesulfonic acid is thus a weaker acid 
in this solvent than is fluorosulfuric acid and is similar in strength to chlorosulfuric acid. 

DAVID GRAHAM RUSSELL et JOHN BRIAN SENIOR. Can. J. Chem. 52, 2975 (1974). 
L'acide trifluoromethanesulfonique s'ionise conime acide faible dans I'acide sulfurique 

anhydre. Des mesures de conductibilite et des titrages conductimetriques avec la base hydro- 
genosulfate de potassium donnent une valeur K, de 8 x mol kg- '  a 25 C. L'acide tri- 
fluoromethanesulfonique est donc un acide plus faible dans ce solvant que n'est I'acide fluoro- 
sulfurique; sa force est comparable a celle de I'acide chlorosulfurique. 

Introduction 
Shortly after it was first prepared, the claim 

was made, based on measurements of the elec- 
trical conductivities and Hammett acidity func- 
tions of solutions in glacial acetic acid, that tri- 
fluoromethanesulfonic acid is the strongest 
simple monoprotic acid known (1) .  More re- 
cently Engelbrecht and Rode ( 2 ) ,  on the basic of 
conductimetric studies in anhydrous acetic acid, 
have obtained the following order of acid 
strengths in that solvent: CF,S03H > HCIO, 
> HBr > HI  > FS0,H > H2S0, > HCI. In 
sulfuric acid, on the other hand, the order of acid 
strengths FSO,H > ClS0,H > HC10, has been 
reported (3 ) ,  the first two species behaving as weak 
acids, whereas perchloric acid, though described 
as a very weak acid, is effectively a nonelectro- 
lyte. The behavior of trifluoromethanesulfonic 
acid in sulfuric acid has not been studied pre- 
viously, although it has been suggested (4) that 
it should be intermediate in strength between 
fluorosulfuric and chlorosulfuric acids. 

We are currently studying the behavior of tri- 
fluoromethanesulfonic acid as an ionizing sol- 
vent and it was thus of interest to compare its 
acid strength with that of other acids in the sul- 
furic acid system, in which the dissociation of a 
considerable number of simple and complex 
acids has been studied (3). 

'To whom correspondence should be addressed. 

Results and Discussion 
We have measured the specific conductances 

at 25 "C of solutions of trifluoromethanesulfonic 
acid in anhydrous sulfuric acid. Experimental 
data are presented in Table 1 .  Trifluorome- 
thanesulfonic acid behaves as a very weak elec- 
trolyte, with specific conductances at any given 
concentration very slightly less than the values 
reported for chlorosulfuric acid ( 3 ) ,  although the 
differences are probably within experimental 
error. The sol~ltions can be titrated to a con- 
ductivity minimum with the strong base potas- 
sium hydrogensulfate, showing that trifluoro- 
methanesulfonic acid does indeed behave as a 
weak acid, ionizing according to eq. I .  

It may be assumed, to a good approximation, 
that solutions of different acids in sulfuric acid 
having the same conductivity contain the same 
concentration of the H,SO,+ ion (3). By com- 
parison of the conductivities of solutions of tri- 
fluoromethanesulfonic acid with published data 
for disulfuric acid ( 5 ) ,  whose dissociation be- 
havior is known, the acid dissociation constant, 
K, = [H3S0,f][CF3S03-]/[CF,S0,H] may be 
determined. Table 2 shows the results of such 
calculations. Columns 1 and 2 list the stoi- 
chiometric molalities [H2S,0,]%nd [CF,SO3HIs 
of solutions of the two acids having the same 
conductivities. Columns 3  and 4 give the cor- 
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TABLE 1. Conductivities of solutions of trifluoroniethanesulfonic acid 
in sulfuric acid 

Molality K x Molality K x 
(mol kg-') (ohm-'cm-') (mol kg-') (ohm-'cm- I )  

0.0120 1.0455 0.1548 1.0881 
0.01 60 1.0470 0.1613 1.0889 
0.0480 1.0523 0.2409 1.1153 
0.0628 1.0582 0.3603 1.1589 
0.0962 1.0688 0.3609 1.1534 
0.0971 1.0684 0.3684 1.1515 
0.1040 1.071 3 0.6984 1.2442 
0.1357 1.0816 

TABLE 2. Dissociation constant from conductivities 

IHzSz07I3 [CF3S03H]'  [H3S04+ I [CF3S03-1 [CF3S03Hl K, x lo4 
(mol kg-') (mol kg-') (mol kg- ')  (mol kg-') (mol kg-') (mol kg-') 

Ave. 9.6 

responding concentrations of H,SO,+ and 
CF3S03- ,  derived from Tables 4 and 2, res- 
pectively, of ref. 6. Column 5 shows the concen- 
trations of undissociated CF3S03H derived from 
the material balance relation [CF3S03H] = 

[CF,S03H]" [CF3S0,-1. Column 6 gives the 
calculated values of K,. 

It has been shown (7) that in the titration of a 
weak acid HA with the strong base MHSO, in 
sulfuric acid, the conductivity minimum occurs 
at the molar ratio r , , ,  = n ,,,,, In,, given by 
eq. 2, where K, is the dissociation constant of 
HA and a is the initial stoichiometric molality 
of HA. 

The results of four conductimetric titrations of 
trifuoromethanesulfonic acid with potassium 
hydrogensulfate and the derived values of K, are 
given in Table 3. 

The values of K, obtained by the two methods 
are in reasonably good agreement, considering 
that approximations are involved in both 
methods. There seems to be no compelling reason 
to prefer the results of one method over those of 
the other, and we therefore adopt the average 
value, K, = 8 x mol kg-', as the best 
value for this quantity. Trifluoromethanesulfonic 
acid is thus a significantly weaker acid in sul- 

furic acid than is fluorosulfuric acid (K ,  = 2.3 
x and is very close in acid strength to 
chlorosulfuric acid (K,  = 9 x lo-,). This is con- 
sistent with the similar group electronegativities 
(8) of the CF, (3.35) and C1 (3.16) moieties, 
which would be expected to exert similar induc- 
tive effects on acid strengths, although trifluoro- 
methanesulfonic acid might indeed have been 
expected to be slightly stronger than chlorosul- 
furic acid. Fluorosulfuric acid is appreciably 
stronger than either, consistent with the much 
greater electronegativity of F. Although the 
order of acid strengths F S 0 3 H  > CF3S0,H > 
HCIO, in sulfuric acid is very different from that 
found in acetic acid, the two series are not strictly 
comparable. In a solvent of low dielectric con- 
stant, such as acetic acid, ionization of an acid 
HX occurs by proton transfer to give ion-pairs, 
H,OAc+,X-, which are dissociated only to a 
very slight extent to give free ions. The over-all 
acid dissociation constant K,, as determined 
from conductimetric measurements, is given by 
eq. 3. 

[H,OAc+][X-I 
[3] K,=- -  - -- K I K D  

[HX] + [H,OAC+, X-] - 1 + K ,  

where K,  is the ionization constant, K, = 
[H20Acf ,  X-]/[HX] and KD is the ion-pair 
dissociation constant, KD = [H,OAc+][X-]I 
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TABLE 3. Dissociation constant from 
conductimetric titrations 

a K, x lo4 
(m01 kg-') r m i n  (mol kg-') 

0.155 0.050 6.2 
0.361 0.051 6.7 
0.368 0.050 6.6 
0.698 0.051 6.8 

Ave. 6.6 

[ H 2 0 A c f ,  X-1. Engelbrecht and Rode (2) make 
the assumption that for strong mineral acids in 
acetic acid, K, >> 1 so that K, = K,. In  fact the 
only separately determined value in the literature 
is KI = 0.8-1.0 for perchloric acid (9). It is likely 
that fluorosulfuric and trifluorornethanesulfonic 
acids would also have K, values of this order of 
magnitude and would thus be "strong" acids in 

cessary relationship exists between the relative 
strengths of acids in dilute solution, and the 
acidities of the corresponding bulk acids, which 
are modified by intermolecular association 
through hydrogen bonding, it is of interest to 
mention our finding (to be published in detail in 
a later paper) that a number of weak organic 
bases are all ionized to  a lesser extent in tri- 
fluoromethanesulfonic acid than in fluorosulfonic 
acid, showing that the latter is also the stronger 
acid in the bulk state. 

Experimental 
Conductance measurements were made at 25 0.002 

'C. Details of the equipment used have been given else- 
where (12). Trifluoromethanes~~lfonic acid (3M Co.) was 
distilled twice under an atmosphere of dry nitrogen (b.p. 
162'C). Conductimetric titrations were carried out as 
described (3). 

acetic acid, arbitrarily defined as those-acids with 
This work was s~lpported in part by an operating grant 

K1 (9)' For acids' the of K'i is from the National Research Council of Canada. 
mainlv determined bv K, and is rather insensi- - - 
tive even to quite large changes in K,. Thus K, is 
not a good measure of acid strength in the sense 
of proton-donor ability toward the solvent, 
which would be properly measured by K,. In 
sulfuric acid on the other hand, ion-pair forma- 
tion is negligible and K, gives a direct measure 
of the ability of an  acid to donate a proton to 
the solvent. 

While it is becoming increasingly obvious that 
no unique order of protonic acid strengths, in- 
dependent of solvent, can be obtained (see, e.g., 
the inversion in the acid strengths of F S 0 , H  and 
H2S,0,  on going from sulfolane (10) to propy- 
lene carbonate (1 1) as solvent), it is probable 
that the order found in sulfuric acid will also be 
valid in other solvents of the same general type, 
i.e. strong, highly associated protonic 0x0 acids 
of high dielectric constant. At least in such sol- 
vents, trifluoromethanesulfonic acid is not the 
strongest simple acid known. Although no ne- 

1 .  T.  GRAMSTAD. Tidsskr. Kjemi, Bergvesen Met. 19, 
62 (1959). 

2. A. ENGELBRECHT and B. M. RODE. Monatsh. Chem. 
103, 1315 (1972). 

3. J .  BARK, R. J .  GILLESPIE, and E. A. R O B I ~ S O N .  Can. 
J .  Chem. 39, 1266 (1961). 

4. E. A.  ROBINSON. Can. J .  Cheni. 39, 247 (1961). 
5. S. J .  BASS, R. H .  FLOWERS, R. J .  GILLESPIE, E. A. 

Ros~usoh ,  and C. SOLOMOM. J .  Chem. Soc. 4315 
(1960).~ 

6. R. H;  FLOWERS, R. J .  GILLESPIF, E. A .  ROBI\SON, and 
C. SOLOMONS. J .  Chem. Soc. 4327 (1960). 

7. R .  H. FLOWERS, R .  J .  GILLESPIE, and E. A.  R O B I \ S O ~ .  
Can. J .  Chem. 38, 1363 (1960). 

8. P. R. WELLS. Progr. Phys. Org. Chem. 6, l l l (1968). 
9. I .  M. KOLTHOFF and S. BRUCKE\STEI~ .  J .  Am. Chem. 

Soc. 78, 1 (1956). 
10. R .  L. Btuorr, C. BLISSON, and G. CHOLX. Can. J .  

Chen~ .  48, 2353 (1970). 
11. M. L'HER and J .  COGRTOT-COUPEZ. J .  Electroanal. 

Chem. 48, 265 (1973). 
12. J .  B. SENIOR and J .  L. GROVER. Can. J .  Chem. 49, 

2688 (1971). 
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Photo-CIDNP Studies of 2-Butanone and 3-Pentanone in Solution 

SHIV P. VAISH, ROBERT D. MCALPINE,' AND MICHAEL COCIVERA 
Deportment of Chemistry, University of Glrelph, Guelph, Ontario N1G 2 WI 

Received March 12, 1974 

SHIV P. VAISH, ROBERT D .  MCALPIKE, and MICHAEL COCIVERA. Can. J. Chem. 52, 2978 (1974). 
The results of photolysis of 2-butanone and 3-pentanone as studied by chemically induced 

dynamic nuclear polarization (CIDNP) and electron spin resonance spectroscopy (e.s.r.) are 
reported. In aqueous solutions and t-butanol only the ethyl radical is detected by means of e.s.r., 
indicating r cleavage to be a major path involving excited states. This observation is further 
supported by the n.m.r. spectra which are obtained during irradiation of these ketones in D 2 0  
and a mixture of CD,CN-D,O (1: 1 by volume) containing carbon tetrachloride. Several 
compounds are detected with their protons spin polarized. A mechanism involving radical 
reactions is proposed which is consistent with the experimental results. 

SHIV P. VAISH, ROBERT D.  MCALPINE et MICHAEL COCIVERA. Can. J. Chem. 52, 2978 (1974). 
On rapporte les resultats de la photolyse de la butanone-2 et de la pentanone-3 tels qu'etudies 

par polarisation nucleaire dynamique induite chimiquement (CIDNP) et par spectroscopic de 
resonance paramagnetique electronique (r.p.e.). En solution aqueuse et dans le tevt-butanol 
on ne detecte par r.p.e, que des radicaux ethyles indiquant que le clivage a est une route impor- 
tante pour les etats excites. Cette observation est corroboree par des donnees de r.m.n. obtenues 
durant l'irrad~ation de ces cetones dans D,O ct dans un melange de CD,CN-D20 ( I  :I par 
volume) contenant du tetrachlorure de carbone. On dktecte plusieurs composCs ayant des 
protons avec des spins polarises. On propose un mecanisme impliquant des reactions radica- 
laires; ce mecanisme est en accord avec les donnees expCrimentales. 

[Traduit par le journal] 

Introduction 
In our earlier paper ( I )  we reported the results 

of photolysis of acetone as studied by chemically 
induced dynamic nuclear polarization (CIDNP). 
In this case, a cleavage and intermolecular hy- 
drogen abstraction involving the triplet state of 
acetone were the main photochemical reactions 
responsible for the CIDNP effects. The present 
study is an extension of our earlier work to  other 
ketones, namely 2-butanone and 3-pentanone, to 
ascertain if a cleavage and hydrogen abstraction 
steps occur for these systems also. In this paper, 
we report CIDNP evidence which supports the 
occurrence of the a-cleavage step. We obtained 
no evidence in support of hydrogen-abstraction 
step. 

Experimental 
N~lclear Magnetic Resonance 

The proton n.m.r. spectra at  100 MHz were obtained 
at  15 .C using a Varian HA-100-15 spectrometer, which 
was modified to operate on a time-sharing mode. This 
enabled us to use a quartz probe built in our laboratory (2) 
and take the n.m.r. spectrum while the sample was being 
irradiated. The radiation source was a 1000 W Hanovia 
mercury-xenon arc lamp. Filtering the light to transmit 

'Present address: Atomic Energy of Canada Ltd., 
Chalk River, Ontario. 

radiation having wavelengths greater than 310 nm reduced 
the intensity of polarization without altering any details. 

Electron Spin Resonance 
The e.s.r. spectra were obtained at 9.6 GHz (X band) 

using Varian E-12 and Bruker BE-414 spectrometers. 
These spectra were obtained during irradiation with the 
full spectrum of a 1000 W mercury--xenon lamp at room 
temperature. The solutions were flowed at  a rate of about 
1 nil per s. 

Chemicals 
2-Butanone (Aldrich) and 3-pentanone (Aldrich) were 

fractionally distilled and the purity was checked using 
g.1.c. and n.m.r. Deuterioacetonitrile and D,O were 
obtained from Stohler Isotope Chemicals, and carbon 
tetrachloride (spectroquality) from Matheson, Coleman 
and Bell. These solvents were used as received. Other 
solvents used were also reagent grade. 

Results 
Electron Spin Resonance 

The e.s.r. spectrum obtained during irradiation 
of 8% 2-butanone in water is given in Fig. 1. 
The spectrum is assigned to the ethyl radical on 
the basis that the hyperfine splittings 27.0 G for 
CH, and 22.1 G for CH, protons are similar to 
those reported in the literature (Ap = 26.9 G and 
A ,  = 22.4 G) at  - 180 "C (3). 

When t-butanol was used as a solvent, no new 
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FIG. 1. Electron spin resonance of 8% 2-butanone in 
water at  room temperature obtained during irradiation 
with the full spectrum of a mercury-xenon lamp. The 
large line in the center is a cell signal. The theoretical 
reconstruction is given below the experimental spectrum 
as a stick figure. 

lines were observed, however the intensity of 
ethyl radical spectrum was improved. When 3- 
pentanone was photolyzed in the cavity of the 
e.s.r. spectrometer in t-butanol, only the spec- 
trum of ethyl radical was again observed al- 
though the intensity of the spectrum was stronger 
than when 2-butanone was used. Ethyl radicals 
can be generated by the following reactions: 

Since we were not able to observe any signal 
corresponding to CH,CO or C,H,CO. radicals, 
these radicals are probably too short lived to be 
detected under our experimental conditions. 
Furthermore, the observation of only the ethyl 
radical (resulting from a cleavage) suggests that 
the hydrogen abstraction involving excited triplet 
or singlet states may be less important for these 
ketones. The n.m.r. results are consistent with 
this observation. 

Nuclear Magnetic Resonance 
The n.m.r. spectra obtained during irradiation 

of an air-saturated solution of 0.1 1 M 2-butanone 
and 0.10 M 3-pentanone in D,O are shown in 
Fig. 2. These spectra were obtained using the full 
spectrum of a 1000 W mercury-xenon arc lamp. 
When irradiation is stopped after exposing the 
samples for a few minutes, the spectrum of each 
ketone is observed without enhancement and all 
other signals disappear. The temperature in the 
n.m.r. probe was maintained at  15 "C although 
the irradiated portion of sample was hotter. 

As is evident in these spectra, a number of 
compounds are formed during irradiation. The 

FIG. 2. Proton nuclear magnetic resonance spectra 
obtained at  100 MHz for an  air-saturated solution during 
irradiation of: (A) 0.10 M 3-pentanone in D,O at 1000 
Hz sweep-width. Spectrum a at increased sensitivity and 
at  1000 Hz sweep-width: spectrum b at  500 Hz sweep- 
width and at  different higher gains. (B) 0.1 1 M 2-butanone 
in D,O at 1000 Hz sweep-width. Spectrum c at increased 
sensitivity and at 1000 Hz sweep-width; spectrum d at 
500 Hz sweep-width and at  different higher gains. Dashed 
lines indicate the intensity of larger signal of the multiplet 
after irradiation. The stick diagram refers to calculated 
relative intensities on the basis of radical pair [CH,CH,. 
.COCH3IT.' where i denotes recombination and ii denotes 
disproportionation. Numbers on the top of the signals 
refer to assignments given in Table 1. 

spectrum 2A was obtained for 3-pentanone and 
the spectrum 2B for 2-butanone. As is clear from 
the figure, both compounds show very similar 
spectra and exhibit either enhanced absorption 
or emission indicating non-Boltzmann nuclear 
spin polarization. Assignment of these lines is 
given in Table 1 .  Compounds were identified 
either by adding them to the solution or by their 
literature chemical shifts. The lines at  1.25 and 
at  4.00 p.p.m. in Fig. 2 wgre not identified. The 
calculated spectra based on the theory given else- 
where (4) are also shown as stick diagrams for 
2-butanone in Fig. 2. 

In the presence of nitric oxide no polarizations 
were observed. The rates for triplet quenching of 
ketones by nitric oxide in the gas phase are es- 
timated to be diffusion controlled (5). Additional 
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TABLE 1 .  Assignment of n.m.r. lines observed during irradiation of 2-butanone and 3-pentanone in D 2 0  
or CD3CN-D,O (1 : 1 by volume) 

Position " CIDNPb 
-- - -- 

Resonance 2-Butanone 3-Pentanone CCI,' Compound" 

"In p.p.ni. relative to T M S  as external standard. 
bAbsorption A,  enilssioii E, and multiplet AtE and E/A \\ith A and E, respectively, a t  lo\\er field 
'In CD,CN-D,O mixture. 
dPos~tion refers to  italicized groups. 
'Very weak. 

information about the photoreactions of these 
ketones was obtained by trapping experiments 
using carbon tetrachloride which acts as a free- 
radical scavenger. Since carbon tetrachloride 
does not dissolve appreciably in D 2 0 .  a mixture 
of equal volun~cs of deuterioacetonitrile and 
D,O was used as a solvent. The spectra in this 
solvent, in the presence of 0.07 M carbon tetra; 
chloride, are given in Fig. 3. The spectruni with- 
out CCI, differs only slightly from that obtained 
in pure D,O. The difference is that the hydrates 
of thc corresponding aldehydes were not ob- 
served i n  the mixed solvent, probably due to 
lower intensities. Also some more lines appeared 
at  0.9 and 1.3 p.p.m. which are presently not con- 
clusively identified although their chemical shifts 
fall in the same region as those for butane. As is 
evident from Fig. 3, new polarized products are 
observed. Both 2-butanone and 3-pentanone 
again show very similar spectra. When irradia- 
tion is stopped after exposing the samples for a 
few minutes, the spectrum of each ketone is ob- 
served without enhancement, and all other sig- 
nals disappear. The assignments of the resonan- 
ces are listed in Table 1. Except for l , l , l - tr i-  
chloropropane, all assignments were confirmed 
by adding the compound to the solution. 

As indicated in Table 1 ,  acetic acid is formed 

when CCl, is present. We suggest that it results 
from the hydrolysis of acetyl chloride which is a 
radical trapping product during photolysis of 
2-butanone. One would expect to observe pro- 
pionic acid in the same way from the hydrolysis 
of C,H,COCl formed by the trapping of pro- 
pionyl radical generated during photolysis of 3- 
pentanone in presence of CCI,. However we 
were not able to observe any lines due to the acid 
or  the acid chloride. 1,1,1-Trichloropropane 
(CH,CH2CCI,) (triplet at  1.3 p.p.m. and quartet 
a t  2.8 p.p.m.) could not be obtained commer- 
cially and we were not able to obtain literature 
values of the chemical shifts for this compound. 
However, we report its prescnce on the grounds 
discussed later. The signals (absorption) a t  3.97 
p.p.m. and the singlet (emission) a t  6.6 p.p.m. 
could not be identified. The calculated spectra 
are given as stick diagrams in the case of the 
2-butanone system but not for the 3-pentanone 
system because the results are very similar for 
both cases. 

Discussion 
The spectra obtained in Fig. 2 can be explained 

according to following scheme in terms of reac- 
tions involving radical-pairs. The photoreactions 
in the case of 3-pentanone could be explained in 
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3 tionate to give acetaldehyde and ethylene (eq. 4). 
For the third path, the radical pair could dis- 
sociate and the free radicals could undergo other 

i reactions such as eq. 6 (discussed below) or re- 
associate. Comparison of the observed signs in 
Table 1 with the calculated signs for the products 
indicates that this scheme is consistent with our 
experimental results. The calculations were 
based on a model in which non-Boltzmann nu- 
clear spin polarization occurs as a result of reac- 
tion via a radical pair (6). Details of the theory 
given in earlier publications (4), will not be re- 

iv peated here. 
For calculations, literature values for the iso- 

tropic g factors and electron-nuclear hyperfine 
coupling constants were used (3), and positive 
values were used for the indirect nulcear-nuclear 
coupling constants for vicinal protons of the 
products. Since some of the parameters used in 
the calculation are somewhat arbitrary, only the 
relative values of intensities are meaningful. 

3-97 370 ?.M 2.582.23 1.30 1.02 b w .  
Consequently for a compound exhibiting only 

H - one n.m.r. line, the calculated relative intensities 

FIG. 3. Proton nuclear magnetic resonance spectra 
obtained at 100 MHz for an air-saturated solution during 
irradiation of: ( A )  0.1 M 3-pentanone in CD,CN-D,O 
(1 : 1 by volume) solutions in presence of 0.07 M CC14. 
Spectrum a was taken at higher gain. Sweep-width 1000 
Hz. ( B )  0.11 M 2-butanone in CD3CN-D20 (1:1 by 
volume) solutions in the presence of 0.07 M CCI,. Spec- 
trum b was taken at higher gain. Dashed lines indicate the 
larger signal of the m~~ltiplet  after the irradiation is 
stopped. Stick diagrams refer to calculated relative in- 
tensities on the basis of radical pairs i to ci, where i de- 
notes [ C H 3 C 0  .CH,CH3IT, recombination; iii [CH,CO. 
.CH2CH3IT, trapped; ic [CH3CH2. .CC13]F, trapped; v 
[CH3CHr .CC131F, recombination: ci [CH3CH2. ,CC131F, 
disproportionation. Figures 3 A  and 3 B  were recorded 
at about twice the gain used for Figs. 2 A  and 2B. 

a similar fashion. In this scheme, the brackets 
indicate a radical pair and the superscripts indi- 
cate that the radical pair has a triplet T and/or 
free-radical F, precursor. The signs beneath the 
products indicate the calculated signs for the 
1l.m.r. signals for the proton, (+) for enhanced 
adsorption, and (-)  for emission. 

According to Scheme I ,  a molecule of 2-bu- 
tanone is excited into a singlet state, which goes 
to a triplet state via intersystem crossing. The 
radical pair formed in eq. 2 via the triplet state 
of the ketone could have three pathways. It  
could recombine to give the parent molecule in 
the ground state (eq. 3) or it could dispropor- 

have not been illustrated, unless a comparison 
with another line is possible. As a result in Fig. 2, 
the calculated relative intensities are illustrated 
only for acetaldehyde, ethylene, and 2-butanone. 
When comparing the calculated and experimen- 
tal spectra for 2-butanone, one must take into 
account the fact that the experimental spectrum 
is a superposition of spectra due to some mole- 
cules having Boltzmann polarization and others 
having non-Boltzmann polarization. The inten- 
sity due to Boltzmann polarization during irra- 
diation could be approximated as equal to the 
intensity of the spectrum after irradiation (indi- 
cated by dashed lines in Fig. 2). When this in- 
tensity is subtracted from the spectrum obtained 
during irradiation, agreement between calculated 
and experimental intensities is obtained for the 
2-butanone molecule. 

According to eq. 4, acetaldehyde and ethylene 
are formed via a disproportionation step involv- 
ing [CH,CO .CH,CH,]T.F. While the calcula- 
tion based on this radical pair gives the proper 
signs for the polarization of acetaldehyde car- 
bony1 hydrogen cs. the ethylene hydrogen, the 
relative intensities do not agree as well as might 
be expected. That is, relative to the acetaldehyde 
carbonyl hydrogen, the experimental value for 
ethylene appears smaller than the calculated 
value. This lower than expected value for the 
ethylene intensity might be explained by the fact 
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that we observed the evolutio~l of gas from the 
n.1n.r. sample during irradiation. On the other 
hand, we cannot rule out the possibility that the 
difference between calculated and observed rela- 
tive intensity may be due in part to different re- 
laxation times and/or some additional contribu- 
tion to the polarization from other steps. The 
possibility of an additional step also is suggested 
by radical trapping experiments discussed below. 

The polarization observed for ethane may be 
accounted for by eqs. 5 and 6. According to  this 
mechanism, dissociation of [CH3C0.  .CH2 
CH,]T,F results in free radicals whose nuclei are 
initially polarized. If these radicals react to form 
diamagnetic products at  rates which are compe- 
titive with nuclear spin - lattice relaxation rates, 
the polarization is carried over into the products. 
Thus, we suggest that the rate for eq. 6 is com- 
petitive with relaxation rates. Other steps are 
possible but either d o  not account for the polari- 
zation or are not consistent with other facts. For 
example, disproportionation in [CH,CO .CH, 
CH,ITsF results in positive rather than negative 
polarization for ethane and would require the 
formation of ketone (or acetic acid, its hydroly- 
sis product) which is not observed. Dispropor- 
tionation in [CH3C0.  .CH,CH31S gives the cor- 
rect sign for ethane polarization but is not con- 
sistent with the CCI, trapping results discussed 
below. Thus we conclude that eqs. 5 and 6 pro- 

vide the main contribution to the ethane polari- 
zation. 

/?-Butane formed by a coupling reaction via 
[C2Hy C2H;IF will have net zero polarization 
but would exhibit a multiplet effect. In CD,CN- 
D,O there are some lines where butane spectrum 
is expected; however its presence is not con- 
clusively proved. 

In the case of 2-butanone in D 2 0 ,  spin-polar- 
ized acetaldehyde hydrate (methine proton quar- 
tet a t  5.1 p.p.m.) is observed and similarly for 
3-pentanone in D,O, spin-polarized propional- 
dehyde hydrate (methine proton, triplet a t  4.96 
p.p.m.) is observed. Since the rates of hydration 
of these aldehydes are known to be competitive 
(7, 8) with the spin-lattice relaxation rates, the 
polarization for the methine hydrogen of each 
hydrate may be explained by a process in which 
the polarization of the carbonyl hydrogen in the 
aldehyde (eq. 4) is carried into the hydrate as a 
result of the hydration process. 

In the presence of carbon tetrachloride, the 
following scheme is suggested when 2-butanone 
is photolyzed in CD,CN-D,O solutions. A 
similar mechanism should hold for 3-p en tan one. 
According to this schenie in eq. 2; 2-butanone 
forms a radical pair via its excited triplet state. 
The radical pair could either combine as in eq. 3 
or  could dissociate (eq. 5). After dissociation, 
acetyl and ethyl radicals cannot recombine be- 
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cause carbon tetrachloride traps these radicals to 
give products: acetyl chloride (eq. 8), ethyl 
chloride (eq. 7), and CC1, radical. The acetyl 
chloride signal is not observed because it is 
rapidly hydrolyzed in aqueous solution to spin- 
polarized acetic acid whose enhanced absorption 
signal is observed. For 3-pentanone, neither 
spin-polarized propionyl chloride nor propionic 
acid is observed, indicating either that nuclear 
spin-polarized propionyl radical is not trapped 
by 0.07 M CCI, or that the polarization is weak 
because the hypertine coupling constant for the 
CH, proton of this radical is small (9). Accord- 
ing to eqs. 9, 10, and 11,  [CH,CH, cC131F can 
combine to form CH,CH,CC13, disproportion- 
ate to form ethylene and CHCI,, and dissociate 
with the subsequent formation of ethyl chloride 
by a trapping step with CCI,. Except for ethyl 
chloride, the agreement between calculated and 

observed signs of polarization can be seen by 
comparing Table 1 with the signs given in 
Scheme 2. In addition, this scheme is consistent 
with the fact that the signal due to ethane is not 
observed when CCI, is present (Fig. 3). When 
carbon tetrachloride is added for radical trap- 
ping experiments, the polarization in the parent 
compound is reduced. The reduction is evident 
by comparing Fig. 2 with Fig. 3 which was ob- 
tained at twice the gain used in Fig. 2. This re- 
duction cannot be considered to be conclusive 
evidence for polarization due to [CH,CO CH,- 
CH,IF since CC1, might also be acting as a trip- 
let quencher. For the aldehydes, the polarization 
for the carbonyl hydrogen is reduced much more 
than that for the parent ketone. Although this 
reduction indicates that the aldehyde polariza- 
tion results from F as well as T pairs, it seems 
unlikely that the F type polarization comes 
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solely from [CH,CO CH,CH,]~ since the reduc- 
tion is not the same for both the aldehyde and 
the ketone. Consequently an additional free radi- 
cal reaction is probably responsible for at  least 
part ~f the polarization observed for the alde- 
hydes in the absence of carbon tetrachloride. 
This additional path may also be indicated by 
the discrepancy between calculated and observed 
polarizations for acetaldehyde and ethylene dis- 
cussed above. The nature of this path is not 
obvious to us. It is difficult to use this evidence 
as an indication of a hydrogen abstraction 
mechanism as observed for acetone ( I )  because 
additional products would be expected and we 
have not detected them. If this process occurs, it 
does not appear to make a major contribution to 
the observed polarization. 

For comparison, the calculated relative inten- 
sities are shown in Fig. 3 to illustrate the agree- 
ment between calculated and observed values. 
The only exception is ethyl chloride whose ob- 
served relative intensities do not conform to the 
calculated values based on either eq. 7 or eq. 1 1  
(indicated in Fig. 3 as iii and it., respectively). 
However, good agreement is obtained for both 
the CH, and CH2 resonances if the calculated 
values based on eq. 7 are added to those based 
on eq. I I .  For this reason we suggest that eqs. 7 
and 1 1  make comparable contributions to the 
polarization observed for ethyl chloride. Altern- 
ative mechanisms such as contributions from 
singlet and triplet pairs do not give the proper 
relative intensities. - .  

The assignment of the quartet at 2.80 p.p.m. 
and the triplet at 1.3 p.p.m. to I, 1 ,I-trichloro- 
propane cannot be considered conclusive since 
we have not added the compound to the solution 
and have been unable to find a report of its spec- 
trum. We base this assignment on indirect evi- 
dence. For example, compounds such as ethyl 
chloride, propionyl chloride, and propionic acid 
have been ruled out because their chemical shifts 
differ substantially from 2.80 and 1.3 p.p.m. 
Other compounds have been ruled out on the 
basis of multiplicity in addition to chemical shift. 
Second, the chemical shifts for the protons of 
trichloroisobutane are CH,, 1.30 p.p.m. and 
CH, 2.73 p.p.m. (10). and the chetnical shift for 
1,1,1-trichloroethane is 2.80 p.p.m. ( 1 ) .  Finally, 
as can be seen in Table 1 and in Fig. 3, the iden- 
tical spectrum (including relative intensities) is 

observed when 3-pentanone replaces Zbutanone. 
Since c i  cleavage of both compounds can provide 
ethyl radicals, 1, 1,l-trichloropropane would be 
expected in both cases. The calculated relative 
intensities based on [CH,CH,. .CC13]F are given 
in Fig. 3 (denoted c )  to illustrate the agreement 
with observed values. 

At CCI, concentrations which are substan- 
tially higher than 0.07 M, CIDNP evidence has 
been obtained (10, 11) for the reaction of excited 
singlet state ketones with CCI,. Furthermore, for 
more highly branched di-t-butyl ketone, quench- 
ing data indicate reaction occurs via excited 
singlet and triplet states (12). In the case of 2- 
butanone and .?-pentanone, the maximum con- 
centration attainable for CCI, in the mixed sol- 
vent is not large enough to provide the oppor- 
tunity to detect the singlet mechanism. At any 
rate, our results do not preclude the possibility 
that both the singlet and triplet mechanism occur. 
Our results indicate only that Schemes 1 and 2 
provide the main contribution to the CIDNP 
effects observed for 2-butanone and 3-pentanone 
in D,O and D,O-CD,CN. 

We are grateful to Prof. Hanns Fischer for providing a 
preprint of his work and a copy of H.  Paul's Thesis. This 
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Petroleum Research Fund and by the National Research 
Council of Canada. 
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JAMES C. BARRICK, CRISPIN CALVO, and FREDRIC P. OLSEN. Can. J. Chem. 52,2985 (1974). 
The crystal and molecular structure of benzylidenimine disulfide has been determined. 

Crystals are n~onoclinic with space group P2,/c, Z = 4, a = 12.93(2), b = 5.554(9), c = 
20.46(3) A. and B = 112.5(2)'. A full matrix least squares refinement on 2304 unique reflections 
of positive intensity measure collected on a Pi  Automatic diffractometer produced a conven- 
tional R of 0.029. The molecular geometry is very similar to that in the corresponding tetra- 
and trisulfides with a fairly short sulfur-sulfur bond length of 2.033(2) 8, and a fairly long 
sulfur-nitrogen bond length of 1.690(3) A. 

JAMES C. BARRICK, CRISPIN CALVO et FREDKIC P. OLSE\. Can. J .  Chem. 52,2985 (1974) 
On determine la structure cristallinc et molCculaire du disulfurc dc la bcnzylideniminc. 

Les cristaux sont monocliniques, groupe d'espace P2,;c, Z = 4, a = 12.93(2), b = 5.554(9), 
c = 20.46(3) 8, et a = 112.5(2)'. Les donnees sont collectees sur un diffractometre automatique 
P i ;  Lln affinement par la methode des moindre carres (matrice complete) sur 2304 reflexions 
non-equivalentes d'intensite positive mene a un facteur conventionnel R de 0.029. La geometric 
moleculaire est tres similaire a celles des tetra- et trisulfures correspondants; la longueur de 
liaison soufre-soufre, 2.033(2) A, est toutefois assez courte alors que la longueur de liaison 
soufre-azote, 1.690(3) A ,  est asse7 tongue. [Traduit par le journal] 

Benzylidenimine tetrasulfide (I)  and a number The compoi~nd was prepared from the reaction of 

of other tetrasulfide chains (2-5) show alterna- s~~ l f i i r  with benzylamine in the presence of lead oxide at 

tion in sulfur-sulfur bond lengths, In seeking the 5 :2  sulfur: benzylamine ratio expected (7) to optimize 
the yield of the disulfide. The product was isolated as 

an this effect, data previously described (6, 7) and recrystallized froln ben- 
on  very similar compounds with differing zene to give white needles melting at  100 1 0 0 . 5 ' ~  
numbers of sulfur atoms in the sulfur chain (lit. (7) 100-100.5 -C). h01 and 1111 Weissenberg photo- 
would be highly desirable. A preceding paper (6) graphs with systematic absences of the type / = in + I 
discussed the structure of the odd membered on the 1701 layer and k = 211 + 1 along the 0kO axis 

established the space group as P2,Jc.  Unit cell pararneters 
chain, benz~lidenimine trisulfide. This paper were determined at room temperature by least squares 
reports the crystal and molecular structure of adjustment to the 28 values of 38 well centered reflections 
the comparable compound with an  even measured on a Syntex P i  Diffractonieter. The crystal 
membered sulfur chain, benzylidenimine di- used for intensity measurements had dimensions of 

sulfide. 0.6 mm x 0.6 mm x 0.35 mm. The maximum variation 
in transmission factor was less than 4.5Z. and no absoro- , ", 

Experimental tion corrections were applied. Intensity data were 
collected on the above diffractometer using graphite 

C r j ~ t a l  Data monochromated radiation with a monochromater angle 
C I ~ H I Z N Z S Z  f.w. 272.4 of 12'. Intensities were measured using a variable scan 
Monoclinic, a = 12.93(2), b = 5.554(9), c = 20.46(3) A, time in the 8-28 technique with stationary counts on 
p = 112.5(2)", V = 1357.5 A3, p, = 1.33 g/cm3, Z = 4, each side of the peak for 112 of the scan time to establish 
MoKa,  7, = 0.71069 A. background. Thus, the peak intensity, N,, = N ,  - 
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N,,, - N,,, where N ,  is the total peak count and Table 3 lists bond lengths and angles with their estimated 
N,,, and NBgZ are the background counts. 0,'s were standard deviations. 
derived from 

,/Zkr+ (0.01 1Fo(2)2 Results and Discussion 
where - 

 UP^ = + + Nsgz Figure I shows a perspective view of the 
molecule and gives the system of atom labels 

A total of 2304 symmetry independent nonzero reflections used, this view, in which the two nitrogens 
resulted of which 1807 had I > 3 and were considered as 
"observed'., After correction for Lorentz and polariza- are the aromatic 
tion effects using the XRAY 67 program DATRDN, rings are rotated well away from each other 
these gave the structure factors used for comparison on one side and the two sulfur atoms are on the 
with model structures.' other side. 

Solutioe of the Structure 
Application of direct methods yielded an E-map from 

which the position of two sulfur atoms, a nitrogen, and 
two carbon atoms were obtained. Successive refinement 
(CUDLS)Z and electron density and difference Fourrier 
synthesis (SYMFOU)2 then led to the gradual location 
of the remaining non-hydrogen atoms. Hydrogens were 
added in their calculated positions assuming sp2 hydridiz- 
ation at carbon and a C-H bond distance of 0.97 8, 
(most hydrogens were also visible in an electron density 
difference map). Positional and isotropic temperature 
factors were then refined for hydrogen along with 
other atoms by full matrix least squares methods. The 
function minimized in the least squares refinement was 
XI{.( Fo - IF, ) 2 .  A total of 212 parameters, including 
those for scale and extinction corrections (9, lo), were 
refined. The weighting scheme used took the form 

where the 0,'s were derived from counting statistics. 
In the final cycle of refinement the maximum shiftierror 
was 0.28 and the average value was 0.052. The final 
unweighted R-factor (all reflections) was 0.029 and the 
weighted value (all reflections) was 0.036 where 

The final calculated and observed structure factors 
are compared in Table 1 ,3 and the final values for atomic 
positions and thermal parameters4 are listed in Table 2. 

'Atomic scattering factors were taken from ref. 8. 
2Computer programs CUDLS and SYMFOU were 

written locally by J. Stephens and J. Rutherford, re- 
spectively. 

3Table 1 is available, at  a nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 

4Thermal factors are in A2 and were obtained from 
Uij = pij/2nzai*aj* where the pij's appear as the effect 
of temperature through exp [- pllh2 + 2pl2hk ...I in the 
structure factor expression and the ai*'s are the reciprocal 
lattice vectors. These units are chosen so that U = mean 
square thermal displacement directly. 

Pl~enyl Rings 
The ring carbon atoms are planar with 

maximum and average deviations of 0.013 A 
(C,) and 0.007 A, respectively. The ring hydrogen 
atoms refined to give average and nlaximum 
deviations of 0.02 A and 0.05 A (H,,) from the 
planes established by the carbon atoms. The 
average carbon-carbon distance in the two 
rings of 1.381 A (ring A) and 1.383 A (ring B) 
are in good agreement with values of 1.381 A 
and 1.372 A in the tri- and tetrasulfide and with 
those of 1.392(4) A reported (I I) for crystalline 
benzene considering that translational and 
librational corrections have not been applied. 

The average C-C-C angle in both rings is 
120' with maximum and average deviations of 
1.6 and 0.5". The average carbon-hydrogen 
bond length as refined was 0.94 A with maximum 
and average deviations of 0.06 and 0.03 A, 
respectively. A riding correction (12), if applied, 
would increase the average value to 0.97 A. The 
corresponding value without corrections was 
0.92 A in the trisulfide. 

The C-Phenjd crud C=N Bonds 
The aliphatic carbon-carbon bonds average5 

1.468(3) A compared to values of 1.464(4) A 
in the trisulfide and 1.460(8) A in the tetra- 
sulfide. The C-C-N angles at 121.2(3)" are 
nearly identical to the values of 121.9(4)" and 
121.6(7)" in the tri- and tetrasulfides. The 
carbon-nitrogen bonds at  1.268(3) A are also 
in excellent agreement with values of 1.269(3) 
and 1.271(8) found in the tri- and tetra- 
sulfides, respectively. As observed in the tri- 
and tetrasulfides, the nitrogen atoms lie very 
near the planes of the aromatic rings. Deviations 
from these planes are 0.02 A for N ,  and 0.1 1 A 
for N, (i.e. dihedral angles around the phenyl-C 
bonds of 2.5" and 4.0°, respectively). The 

-- 

SWhere o,,, = 1/ X ( ~ / O , ~ ) .  
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TABLE 2. Positional and thermal parameters* for benzylidenimine disulfide 

Atom .ria Y /b z/c UI I U22 U33 UIZ Cr13 u2 3 

S l  0.29594(4) 0.99957(10) 0.63918(2) 578(3) 760(4) 550(3) lOl(3) 254(2) 10(2) 
S2 0.28072(4) 0.22889(9) 0.55856(3) 554(3) 580(3) 647(3) - 24(2) 168(2) - 5(2) 
N1 0.3942(1) 0.7866(3) 0.64809(8) 537(9) 680(10) 503(8) 49(8) 177(7) - 13(7) 
N2 0.1820(1) 0.1329(3) 0.48183(8) 519(9) 558(9) 598(9) ll(7) 181(7) 4'47) 
C l  0.4512(1) 0.7754(3) 0.60985(9) 539(10) 599(11) 461(9) - 22(9) 170(8) - 27(9) 
C2 0.5370(1) 0.5891(3) 0.62149(9) 471(9) 558(10) 461(9) - 35(8) 129(7) - 65(8) 
C3 0.6015(2) 0.5931(4) 0.58084(11) 756(13) 637(12) 653(12) 91(11) 353(10) 77(10) 
C4 0.6813(2) 0.4165(4) 0.58948(13) 785(15) 944(14) 852(15) 149(12) 467(12) 58(12) 
C.5 0.6974(2) 0.2370(4) 0.63810(12) 618(13) 631(13) 798(14) 94(11) 234(1l) - lO(11) 
C6 0.6348(2) 0.2340(4) 0.67983(11) 601(12) 655(13) 635(12) 37(10) 138(9) 90(10) 
C7 0.5553(2) 0.4090(4) 0.67155(10) 512(11) 676(12) 496(10) - 26(9) 152(8) - 3(9) 
C8 0.1272(2) 0.9380(3) 0.47399(10) 550(10) 51 2(11) 609(11) 77(8) 272(9) 5 1(9) 
C9 0.0393(1) 0.8736(3) 0.40572(9) 478(10) 483(10) 619(10) 50(8) 251(8) -20(8) 
ClO 0.9781(2) 0.6632(4) 0.39841(12) 701(13) 522(11) 789(14) 9(10) 335(11) 34(11) 
C l l  0.8920(2) 0.6066(4) 0.33457(13) 680(13) 586(12) 951(17) - 109(11) 341(12) -217(12) 
C12 0.8677(2) 0.7574(4) 0.27765(12) 583(12) 741(14) 721(13) 4(11) 230(11) - 185(12) 
C13 0.9298(2) 0.9635(4) 0.28339(11) 607(12) 705(14) 630(12) 72(10) 218(9) -3(11) 
C14 0.0149(2) 0.0224(4) 0.34674(10) 533(10) 529(11) 648(11) 23(9) 238(9) 21(9) 

Atom xla Y lb z/c u,,, Atom xla Y/b  z /c  Ui,, 

H I  0.437(1) 0.882(3) 0.571(1) 30(5) H8 0.140(2) 0.829(4) 0.513(1) 31(5) 
H3  0.558(2) 0.71 l(4) 0.548(1) 38(6) HI0  0.999(2) 0.566(4) 0.437(1) 39(6) 
H 4  0.725(2) 0.425(4) 0.559(1) 52(6) HI  1 0.853(2) 0.469(4) 0.330(1) 55(7) 
H5 0.752(2) 0.118(4) 0.646(1) 48(6) H12 0.810(2) 0.720(4) 0.235(1) 58(7) 
H6 0.648(2) 0.112(4) 0.714(1) 45(6) H13 0.91 3(2) 0.069(4) 0.244(1) 46(6) 
H 7  0.512(2) 0.412(4) 0.698(1) 36(5) H14 0.058(2) 0.171(4) 0.352(1) 33(5) 

*All U's x 104except U,,, x lo3. 

(' $1 
/+%! 1.687(3) A are quite consistent, and the average 

value is 1.690 A. This is somewhat longer than 
expected compared with values of 1.655(5) A 
in the tetrasulfide and 1.661(3) in the tri- 
sulfide. Comparing the disulfide to the tri- 
sulfide gives A and o, of 0.029 and 0.004 A 
while comparing it to the tetrasulfide gives A 
and o, of 0.035 and 0.006 A, where o, = m+ oZ2. These differences of 7 and 6 o,, 
respectively, are difficult to ignore in view of the 
excellent agreement in the phenyl and C-N 
parts of the structure and appear to be "signifi- 

FIG. 1. Perspective vlew of benzyl~denlmlne dlsulfide. cant". The N-S-S angles average 1 1 1.2(3)" 

C-N-S angles at 124.5(2)" are quite reasonable and compare well with values of 1 i1.4(2)" and 
111.5(3)" in the tri- and tetrasulfides. In the 126.0(2)G and 124'0(4)' in the tri- 
latter two compounds quite small C-N S S and tetrasulfides. The C-C-N/C-N-S di- 

hedral angles are quite small at 1.5" and 2.5", dihedral angles (3" in both structures) were 
observed leading to planarity in the full C,H,- respectively, for C,-N, and C,-N,. These 
CHNS, units. This structural feature is retained compare with values of 1.5' in the trisulfide 
in the disulfide where the two C-N and 1.1" and 3.0" in the tetrasulfide. 
dihedral angles are 1.0" and 3.0" for N,-S, 

The Suljilr-Nitrogen Bonds and N,-S,, respectively. Thus, S, and S, lie 
The two crystallographically independent 0.02 and 0.11 A, respectively, from the plane 

sulfur-nitrogen bond lengths at 1.694(3) and of ring A and 0.37 and 0.23 A from the plane 
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TABLE 3. Bond lengths* and angles in benzylidenimine disulfide 

Bond Distance (A) Bond Distance (A) Bond Distance (A) 

SI-S, 2.033(2) c7-c2 1 .386(3) C4-H4 1 . OO(3) 
Sl-Nl 1 .694(3) Cs-C, 1 .468(4) c5-H~ 0.93(2) 
Sz-N2 1 .687(4) C~-clo 1 .387(3) C6-H6 0.95(2) 
N I-C I 1.265(4) C~O-CII 1 .390(5) C7-H, 0.91(3) 
N2-CB 1 .270(3) CII-CIZ 1 .370(4) Cs-H8 0.96(2) 
Cl-Cz 1 .468(3) c12-c13 1 .377(4) Clo-HIO 0.90(2) 
Cz-c3 1 .386(4) cl,-C14 1.381(4) Ci ,-HI 1 0.90(3) 
c3-c4 1 .385(4) C~4-c9 1 .396(3) CIZ-HIZ 0.93(2) 
C4-C, 1 .367(4) CI-HI 0.96(2) C13- HI^ 0.95(2) 
Cs-C, 1 .384(4) C3-H3 0.91(2) C14-H14 0.98(2) 
C6-C7 1 .377(3) 

Bonds Angle (degj Bonds Angle (deg) Bonds Angle (deg) 

'Errors are estimated standard deviations and include uncertainty in both the least squares adjustments from Table I and the errors 
in  cell parameters. 

of ring B. Planes fit to the full C,H,CHNS, 
unit (excluding hydrogens) have maximum 
and average deviations of just 0.024 and 0.047 A 
(S,) for ring A, and 0.046 and 0.087 A (S,) 
for ring B. Thus, where the tetrasulfide con- 
sisted of two coplanar units joined by an S-S 
bond, the trisulfide had these same two units 
sharing a sulfur atom, and in the disulfide the 
same two coplanar units share two sulfur 
atoms. 

Tl~e Sulfur Sr~lfrir- Bond 
The sulfur-sulfur bond has a length of 

2.033(2) A. In the trisulfide the value for the 
sulfur-sulfur bond was 2.051(1) A. With A 
and o, of 0.018 and 0.002 A, these two bonds 
differ by go,, an amount taken as "significant". 
The long S-S bond of the tetrasulfide a t  
2.085(4) is also significantly different from 
that in the disulfide with A and o, of 0.052 and 
0.005 A, a difference of more than 100,. The 
short bond of the tetrasulfide a t  2.026(3) A, 

however, differs by only 0.007 A with a o, of 
0.004 A, and is apparently equivalent. 

The N-S-S-N dihedral angle a t  91.2" is 
quite similar to the outer (N-S-S-S) di- 
hedral angles of 89.4" and 94.3" ill the tetrasulfide 
and somewhat larger than the N-S-S-S 
dihedral angle of 78.2" in the trisulfide. 

Packitqg 
Unlike the tri- and tetrasulfides where the 

packing along the short axis was determined 
primarily by sulfur-sulfur and sulfur-nitrogen 
Var7 der Waals contacts, the short axis distance 
in the disulfide depends on ring-ring contact. 
The cants of the rings with respect to the short 
(6) axis are 56" and 60" and account for the 
thickness of the unit cell relative to the thinnest 
dimension of a benzene ring (3.4 A). 

The closest intermolecular contact distance 
is H,-HI, a t  2.52 A (Van der Waals contact: 
2.4 A);  the closest non-hydrogen distance is 
C,-C, at  3,4 A (Van der Waals contact: 3.4 A); 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BARRICK ET AL.: STRUCTURE O F  BENZYLIDENIMINE DISULFIDE 2989 

and the closest involving sulfur are Sl-C,, and 
Sl-C,,, both at 3.46 A (Van der Waals contact: 
3.55 A). Thus, there are no unusual inter- 
molecular non-bonding interactions. As in the 
tri- and tetrasulfide, however, the S,-C, and 
Sl-C, intramolecular distances at 3.25 and 
3.26 A are rather short. 

This work was supported under a grant from the 
National Research Council of Canada. 
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Reactions of Sodium Tetrahydroborate and Cyanotrihydroborate With Divalent 
Co, Ni, Cu, Pd, and Pt Chlorides In the Presence of Tertiary Phosphines 
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Received February 8, 1974 

DAVID G. HOLAH, ALAN N. HUGHES, BENJAMIN C. HUI, and KEN WRIGHT. Can. J. Chem. 
52.2990 (1974). 

The reactions of divalent Co, Ni, Cu, Pd, and Pt chlorides with NaBH, and NaBH,CN in 
the presence of tertiary phosphines under inert atmosphere conditions have been examined. The 
nature of the product varies enormously depending upon reaction conditions, and compounds 
obtained include complexes involving coordinated BH,- and BH,CN- of the type ML,, 
MBL,, and MHBL, (L = phosphine, B = BH,- or BH3CN-, n = 2, 3, or 4'). The first 
univalent nickel and cobalt BH, complexes are reported. Platinum abstracts the CN group 
from BH,CN- to form the species PtH(CN)L,. I~ f ra red  spectral data are reported and appear 
to indicate two types of bonding (M-N and M-H) between BH,CN- and metals. Some 
electronic reflectance spectra and magnetic properties are also reported, including those of 
Co(1) and Ni(1) species. Attempts are made to rationalize the data in terms of a suggested 
mechanism for the reduction of metal halides by NaBH,. 

DAVID G. HOLAH, ALAE*' N. HUGHES, BENJAMIN C .  HUI et KEN WRIGHT. Can. J. Chem. 52, 
2990 (1974). 

On examine les reactions des chlorures de Co, Ni, Cu, Pd et Pt bivalents avec NaBH, et 
NaBH,CN en presence de phosphines tertiaires dans des conditions d'atrnosphere inerte. 
La nature du produit varie enormement selon les conditions de la reaction et les composes 
obtenus comprennent des complexes du type ML,, MBL,, et MHBL, (L = phosphine, B = 
BH,- ou BH3CN-, n = 2, 3 ou 4). On rapporte les premiers complexes de BH, avec du nickel 
et du cobalt nionovalents. La platine enlkve le groupe CN de BH3CN- pour former les especes 
PtH(CN)L,. On rapporte les spectres infrarouges de ces complexes qui semblent indiquer deux 
genres de liaisons (M-N et M-H) entre BH,CN- et les metaux. On rapporte aussi quelques 
spectres de reflexion electronique et des proprietds magnetiques, y compris ceux des espices 
de Co(1) et Ni(1). On essaie de rationaliser les.donnCes en termes d'un mecanisme suggCrC pour 
la reduction d'haloginures metalliques par NaBH,. [Traduit par le journal] 

Introduction ligands. Thus, nickel colnplexes of BH, and 
As well as being a powerful reducing agent BH,CN stabilized by nitrogen containing bases 

and an excellent source of hydride ion in the have been characterized (1 1,  12) and complexes 
synthesis of metal hydrides, the BH,- group formulated as trans-(R,P),MH(BH,) (M = Ni, 
will coordinate to a variety of metals to form Pd, but not Pt;  R = Pri or cyclohexyl) have 
covalent complexes such as M(BH,), (for an been prepared and briefly investigated as 
excellent review of metal tetrahydroborate reducing agents ( 1  3-1 5). Copper forms numerous 
derivatives see ref. 1 and references therein) e .g .  complexes containing these groups and various 
Zr(BH,),. While the use of the octahydrotri- phosphines, examples being L,Cu(BH,) (2, 8) 
borate (B,H,-) (2-4) and the cyanotrihydro- or, for chelating phosphines, LCu(BH,) (8) as 
borate (BH,CN-) anions (5-7) as coordinating well as L,Cu(BH,CN) (L = PPh,, AsPh,, 
species has been demonstrated, much less is SbPh,), and [L,Cu(BH,CN)], (L = PPh,) (6, 
known about their coordinating abilities. 12). 

In the case of divalent Co, Ni, Cu, Pd, and This paper reports in detail (16) the results of 
Pt, the metal ions of interest in this study, no our studies on the very carefully controlled 
simple compounds with BH, or BH,CN are reactions between some transition metal chlo- 
known, although it is well established that rides and both NaBH, and NaBH,CN in the 
transition metal cornplexes of BH, can be presence of various phosphines and related 
stabilized by, for example, tertiary phosphines ligands. We were particularly interested in 
(2, 8, 9), cyclopentadiene (lo), and various other studying the conditions under which BH,- and 
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HOLAH ET AL.: REACTIONS O F  SODIUM BORATES WITH SOME CHLORIDES 2991 

BH,CN- will either (a) fully reduce the above are not generally effective in stabilizing the BH, 
mentioned metal ions to  metal(0) compounds, complexes although Cu(BH,)(PPh,)(o-phen) has 
(6) coordinate to divalent metal ions or  to been reported (8). 
reduced species, or (c) produce metal hydrides or  Similar reactions to those reported above 
even mixed hydride - BH, type complexes. using NaBH,CN result in the formation of 
These compounds of type (c) are of interest to complexes of the type Cu(BH,CN)L, (L = 
us as part of our homogeneous catalysis work PPh,,DBP,PEtPh,)andCu(BH,CN)(Diphos),,, 
(1 7), particularly since they may be important (Diphos = 1,2-bis(dipheny1phosphino)ethane). A 
intermediates in hydrogenation and hydrogen complex with the stoichiometry Cu(BH,CN)- 
transfer reactions. A later paper will deal with (PPh,), different from that mentioned above has 
Rh,  Ru, and I r  systems. been previously reported by Lippard and co- 

worker (6) who obtained it from the reaction of 
Results and Discussion NaBH,CN and CuCI(PPh,), in an  ethanol- 

Copper Complexes chloroform solvent and both complexes with 
While tertiary phosphines themselves reduce this stoichiometry are further discussed below. 

Cu(1I) to Cu(I) in ethanol solutions, addition of Cyanotrihydroborate co~llplexes of Rh(1) and 
NaBH, to the reaction mixture in situ produces Ir(1) (20) have also been synthesized and these 
complexes such as Cu(BH4)(PPh3)2 (2) and complexes, together with Lippard's complex 
Cu(BH,)(DBP)2 (16).' Analytical data are Cu(BH,CN)(PPh,), (6), are believed to  contain 
recorded in Table I while i.r. ~ p e ~ t r o s ~ ~ p i c  data N-bonded BH,CN groups which invariably 
appear in Table 2. The former complex has also show an increase of up to 20 cm-'  in the C N  
been made previously by the reaction between stretching frequencies (from 2180 cm- l  in 
CuCIL, (L = PPh3 or other substituted ~ h o s -  NaBH,CN), although the shifts are generally 
phines) and NaBH, (8). Studies on hydroborate smaller than for most coordinated nitriles (21). 
complexes (18, 19) indicate that the BH4 group While the complex Cu(BH,CN)(PPh,), syn- 
is bonded via a double hydrogen bridged thesized by us (complex A,  m.p. 159-162") and 
structure shown below that synthesized by a different procedure by 

PII,P H H Lippard and co-worker (6) and also duplicated 
\ / 

f~.ei'. 18) by us (complex B, m.p.  157-1 58:) have the same 
YCLi\ / \ 

PII,P H H empirical formula, they differ, sometimes con- 
siderably; in a number of respects. For example, 

H H although the i.r. spectrum of A is almost 
/ \ /  

(C,H5I2Tl B (ref: 19) identical t o  that of B (Table 2) it has an extra 
\ / \H 

H band at  2122 cm- ' .  At room temperature B is 
soluble in chloroform and insoluble in benzene, 

and on this basis the i.r. spectrum of Cu(BH,) although it does slowly dissolve a t  higher 
3 )  has been satisfactorily ex~laine' (2). telnperatures Addition of n-hexane to this 
Thus the band which occurs in the i.r. spectrum benzene solution precipitates [Cu(BH,CN)- 
at c m l  is assigned to the B-H deforms- (P.lh,)l]2 (6). On the other hand, A is soluble in 
tion mode. the 1900-2000 cm-' band to the benzene from which it can be recovered un- 
chelatin& BH2  :rou~illg, the terlllinal challged by addition of ,?-hexane, A solution of B-H stretching mode at between 2300 A in has the same i , r ,  spectrum as 
and 2300 c l n  Even these '~('1 does a lnu]l of the solid, but addition of borate complexes are more stabie than similar to the chloroform solution precipitates a mixture 
Co and Ni comp!exes (ride ir~fra)  we were, as 
were previous workers (20). unable to form of  A and [Cu(BH,CN)(PPh,),],. 

AsPh, and SbPh, adducts, Nitrogen donors also The relatively minor differences between the 
- -- i.r. spectra of the two complexes A and B 

'DBP is the cyclic phosphine, 5-phenyl-S~-dibenzo- together with their different solubilities in 
phosphole. various solvents might suggest that they are a merely different crystalline forms of the same 

compound. However, the differences in be- 
PI,' havior of A and B in solution mentioned above 
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HOLAH E T  AL.: REACTIONS OF SODIUM BORATES WITH SOME CHLORIDES 

TABLE 2. Infrared spectral data* 

Infrared (cm-l) 

Deformation Chelating Terminal 
BH, complexes 6 ~ - H  V ~ I H ~ B  V B - H  

Cu(BH4)(DBP)zCsHs 1065s 2030m 2340s 
C O ( B H ~ ) ( P P ~ ~ ) ~  1105ni 2340sh 2390s 
Ni(BH4)(PPh3)3 1120m 2350sh 2388s 

Infrared (cm-') 

BH3CN (B) Deformation Terminal 
complexes 6 - H  V V - B - H  V L = \  V B - H  Other 

CuB(PPhs)3t 
CuB(PPhB), 
CuB(DBP), 
C U B ( P E ~ P ~ ~ ) ~  
CuB(Diphos), , , 
CoB(DBP), 
CoB(Diphos), 
NiB(PPh3)2 
NiHB(PPh3)2 
NiHB(DBP), 
NiCIB(Diphos) 
NaB 

2192s 2330s 2358sh 
2185s 2280sh 2340s 
2188s 2290sh 2350b 
2190s 2336s 
2188s 2340sb 
2188s 2360sb 
2190s 2336s 
2185s 2340sb 
2200s 2336s 722s(N1-H?) 
2201s 2334s 
2192s 2340sb 343nl(Nl-C1) 
2180s 2325s 2350sh 

Infrared (cm-') 

Pt comulexes 6 ~ t  - ,, v ~ t - H  vc N 

*s = strong, m = medium, \r - weak, b = broad 
?Lippard's complex, ref. 6. 

together with the fact that the additional band a t  
2122 cm-I in the i.r. spectrum of A is retained in 
chloroform solution strongly suggests that they 
are indeed different compounds. Since both 
con~pounds  are almost certainly normal tetra- 
hedral Cu(1) complexes, it follows that the 
differences probably arise from a different mode 
of attachment of one or inore of the ligands. 
I t  is difficult to see how the three PPh, ligands 
could bond through anything but the phos- 
phorus atoms but the unidentate BH,CN 
grouping could bond through either the B-H 
link or the nitriie group, 

Lippard and co-worker (6) have produced 
considerable chemical and i.r. spectroscopic 
evidence for the Cu-NCBH, linkage in B. 
Therefore it seems likely that in A the mode of 
attachment is through the B-H link and the 
available evidence is consistent with this sug- 
gestion.Thus, the additional band a t  2122 cm-I  

in the  i.r. spectrum of A is consistent with the 
Cu-H-B vibration and Lippard and co- 
worker (6) have also attributed bands in this 
region of the i.r. spectrum of the related com- 
pound [(PPh,),Cu(BH,CN)], to Cu-H-B 
bonding where the presence of such linkages, as 
well as groupings of the type Cu-NCB, has 
been shown by X-ray crystallographic studies. 

Similar bands occur at  -2100 cm-'  in the i.r. 
spectra of several other cyanotrihydroborate 
complexes of Cu (e .g.  Cu(BH,CN)(Diphos), , 5 )  

and Ni (see Table 2) and the implication is that 
M-H-B bonding is also present in these 
compounds. However, there is little difference 
in the C N  stretching frequency between those 
compounds which show the extra 2100 cm-' 
band and those which d o  not and some doubt 
must therefore remain regarding the detailed 
method of BH,CN bonding in these compounds 
although it should be borne in mind that a t  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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least in some cases both types of bonding (with crfi'x low3 

the BH,CN group acting as a bridging ligand) 
may be present as in the case of [(PPh,),Cu 
(BH3CN)12 (6). 

In  the case of the complexes A and B, where 
Q il 

comparison of the C N  stretching frequencies may E, 11<-, 
be expected to yield some positive information 
because of the very closely related nature of the 
two complexes, it is worth noting that in the 
i.r. spectrum of A, where Cu-H-B bonding is 
postulated, the CN stretching vibration is a t  8 '. .... \. '. 
2185 cm-' which is only marginally higher than "'..........- ........., \ .,-*,,,,, 
in uncoordinated BH3CNP (2180 cm-I). On 5 , , ; 11 13 15 17 -. IS 

the other hand, in the i.r. spectrum of B where AOX 

CU-NCB bonding is postulated (6) the band Flc;. 1. Reflectance spectra of Co compounds: -, 
occurs a t  the significantly higher value of 2192 Co(BHd(PPh3)3; ---, COCI(DBP)~; Co(BH,CN) 

cm-'. (DBP),; . . ., Co(BH,CN)(Diphos),. 

Exactly what determines why either or  both 
of two modes of bonding occur in  the been taken up. The dinitrogen gives rise to  two 

BH3CN complexes is not clear although it intense bands in the infrared region a t  2089 and 

appears to be related to both steric and electronic 2098 cm- '  while the bands due to the BH, group 

factors, Thus, the rigid and flattened DBP, are unchanged. The analogous di- 

which has very similar donor character to nitrogen complex CoH(N,)(PPh,), has been 

PPh,, apparently forms a less sterically hindered prepared ('1 the reduction of bis(acet~laceto- 

situation when the BH,CN is N-bonded to give nato) cobalt(l1) with dialkylaluminum alkoxide 

(DBP),Cu-NCBH,. All attempts to form the in the presence of N, (23) or by (b) the displace- 

corresponding Cu-H-B bonded isomer were ment of H, from CoH,(PPh,), by N, (24). It is 

unsuccessful. This N-bonding is also apparently interesting that in the synthesis of CoH,(PPh,), 

adopted by the Cu-BH,CN complex of the involving a mixture of CoC1,-PPh,-NaBH, in 

more basic PEtPh,, possibly to enable more ethanol, an  intermediate red solid (Co(1) halide 
or  BH, complex?) was observed which sub- effective back donation of metal electron density. .. 
sequently decomposed to the Co(11l) hydride. 

Cobalt Cot7plexes Similar reactions of Co(I1) with NaBH, in 
Addition of triphenylphosphine (6 M excessj the presence of AsPh,, SbPh,, or o-phen result 

to an  ethanol solution of hydrated cobalt(l1) in the precipitation of a small amount of a 
halides followed by addition of NaBH, at  room black solid, presumably cobalt metal, while a 
temperature under nitrogen results in the reaction in the presence of Diphos produces 
precipitation of the known (22) complexes CoH(Diphos), (25a). 
CoX(PPh,), (X = Cl, Br, or I) which, on The first stage of the reaction between Co(1I) 
addition of more NaBH, yield a paramagnetic chloride and NaBH, ( I  : 1) in the presence of 
solid Co(BH,)(PPh,), with a magnetic moment the bulky DBP is similar to the case of PPh, in 
of 2.71 B.M. Its electronic spectrum (Fig. 1 )  is that the a~ia logo~ls  yellow brown, paramagnetic 
typical of a tetrahedral d8 system and is extremely (p=3.25 B.M.) CoCl(DBP), is produced (v,,~,, 
similar to the spectra of CoX(PPh,), (22). The at  315 cm-I).  Its eiectronic spectrum (Fig. 1)  is 
BH, group must therefore be bonded to the basically similar to that of CoCI(PPh,), sug- 
metal through one hydrogen atom, consistent gesting a tetrahedral Co(1) system. Addition of 
with the absence of the ring breathing mode in an  excess of NaBH, to CoCl(DBP), ill sit14 does 
the i.r. spectrum (Table 2). Recrystallizatioll of not give the expected tetrahydroborate complex, 
Co(BH,)(PPh,), from nitrogen-saturated ben- and when the reaction is left for - 60 h, Co(DBP), 
zene and 71-hexane produces a yellow-brown is the only product. However. a brown solid 
complex which approximates to Co(N,)(BH,)- isolated after -20 h has an intense Co-H 
(PPh,),, although elemental analysis invariably stretching frequency in the i.r. spectrum a t  
indicated that less than 1 rnol of nitrogen had 1840 c m '  and a Co-C1 stretching frequency at  
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3 15 em-'. Its reflectance spectrum shows bands a shoulder a t  16000 cm- ', and is very similar to 
due  to CoCI(DBP), (although of lower intensity the spectra of some other complexes (e.g. 
than when the latter is pure) and the solid CoX(C,H,PPh,),) (26). These spectra are 
appears to  be a mixture of the unreacted CoCI- considered typical of low spin, d8 trigonal 
(DBP), and possibly a Co(1) hydride - DBP bipyramidal (C,,) structures. 
intermediate cbmplex which decomposes readily 
to  the diamagnetic Co(DBP),. This last complex 
can also be made by the addition of NaBH, to 
Co(1I) chloride and a 6-fold excess of DBP in 
boiling ethanol. There is n o  evidence in the i.r. 
spectrum of this compound of a Co-H band, 
and only a charge transfer transition a t  - 14000 
em- '  is visible in its reflectance spectrum. 
Probably the diamagnetism is accounted for by 
dimerization, although molecular weights were 
low and clearly indicative of extensive dissocia- 
tion in benzene. The complex is somewhat 
analogous to the weakly paramagnetic, mono- 
meric Co(Diphos), (25b). 

A similar reaction of Co(1I) and NaBH, with 
a 3-fold excess of DBP produces the paramag- 
netic (x, = 3.33 x c.g.s) Co(DBP),. Again 
n o  metal hydride could be detected by i.r. or  
n.m.r. and n~olecular weight data were conipli- 
cated by dissociation and air sensitivity. 

We have been unable to identify a specific 
product from the CoC1,-PPh,-NaBH,CN re- 
ac t io~i  in ethanol, contrary to what we reported 
in our previous communication (16). However, 
with DBP under similar conditions the complex 
Co(BH,CN)(DBP), is obtained. This complex 
is high spin with a magnetic moment of 3.02 
B.M. and has a reflectance spectrum (Fig. 1) 
showing two bands at  8350 and 16700 em- '  
which could correspond to the 3A2g + 3T2g and 
3A,g + ,TI &F) transitions in an octahedral d8 
system. implying that the RH,CN group occupies 
two of the coordination sites on the Co. Varying 
amounts of dinitrogen (v,, = 2104 em-') are 
incorporated into this compound after recrystal- 
lization from solvents saturated with nitrogen. 

Finally, reactions of Co(l1) with NaBH3CN 
in the presence of Diphos produce the dia- 
tnagnetic compound Co(BH,CN)(Diphos),. Un- 
like some Co coinplexes mentioned above, 
recrystalli7ation of this does not result in N, 
uptake and the difference may be associated 
with greater lability of the monodentate phos- 
phine ligands in Co(BH,CN)(DBP), compared 
to  the chelating Diphos, and the readiness of 
Co(BH,)(PPh,), to expand its coordination 
shell. The Diphos complex has a band in its 
reflectance spectrum (Fig. I )  a t  10000 em- '  with 

Nickel Con~plexes 
Hydrated nickel(I1) halides react in the 

presence of an  excess of PPh, with NaBH, a t  
room temperature (Ni : BH, molar ratio 1 : 1) 
under nitrogen to produce the complexes NiXL, 
(X = C1, Br, 1; L = PPh,). These paramagnetic 
compounds (p = 2.1-2.3 B.M.) were previously 
made by "a curious process in which [ ( / I , -  
allyl)NiX], is treated with an excess of PPh, in 
the presence of norbornene" (27). Their electronic 
reflectance spectra (Fig. 2) show what appears 
to be a spin-forbidden band at  1 1100 em-'  and 
a broad strong band centered a t  -6000 em-' ,  
not inconsistent with the + 2 E  transition in 
a tetrahedral d9 system. 

As in the case of cobalt, addition of more 
NaBH, (6-10 M excess) to the above Ni(1) 
halide complexes produce the same (regardless 
of the halide used) yellow-brown complex 
Ni(BH,)(PPh,),. In a preliminary communica- 
tion (16), we reported this complex as NiH(BH,)- 
(PPh,),, but we now feel it to be a Ni(1) com- 
pound on the following grounds : 

(I) It is made from a Ni(1) complex in the 
presence of the reducing NaBH, in a manner 
entirely analogous to that used for Co(BH,)- 
(PPh,), . 

(2) It would be unusual for a Ni(I1) conlpound 

FIG;. 2. Reflectance spectra of Ni compounds: -, 
NiXiPPh,),; ---, NiCI(DBP),; C7 0, Ni(BH,CN) 
(PPh3)2 ; . . . , NiH(BH3CN)iPPh3)2 and NiCI(BH,CN) 
(Diphos): - NiH(BH,CN)(DBP),: and -@-0-0, 
Ni(BH4)(PPh3),. 
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to sliow the extreme air-sensitivity of this 
compound in both the solid state (pyrophoric) 
and in solution, in which it is too unstable to 
allow n.m.r. and molecular weight determina- 
tions. 

(3) A diamagnetic, presumably 5-coordinate 
Ni(I1) compound, would probably have bands 
in the reflectance spectrum below where the 
charge transfer transition starts, at  -16000 
cm- ' .  

(4) The absence of a Ni-H band in the i.r. 
spectrum. Bands a t  1120 and 2388 cn1-' in the 
i.r. spectrum (Table 2) are due to the BH, group 
and it seems likely therefore that, unlike 
Co(BH,)(PPh,),, the species is dimeric with 
bridging BH, groups and with spin interaction 
between the Ni atoms. Further reactions of this 
compound are under investigation. 

The only other known hydroborate-phosphine 
complexes of nickel are the Ni(I1) compounds 
NiH(BH,)L, (1 3) (L = tricyclohexylphosphine 
or triisopropylphosphine) which were prepared 
by the reaction of NaBH, on the corresponding 
NiHCLL, complexes. A double hydrogen- 
bridged structure has also been suggested for 
these compounds which have been used effective- 
ly as reducing agents. However: other Ni-BH, 
complexes appear to exist and, in this connec- 
tion, reports (28. 29) on the uses of a soluble 
nickel hydrogenation catalyst prepared by 
adding NaBH, to NiC1, in D M F  at  25' have 
appeared. It is likely that the active species is a 
hydroborate complex e . g .  NiH(BH,)(DMF), or 
Ni(BH,)(DMF),. Finally, the Ni(I1) coniplexes 
NiA(BH,)CIO, and NiA(BH,),, where A is a 
nitrogen donor (cyclic tetramine or  a noncyclic 
tetradentatc Scl~iff base) have been reported ( 1  1) 
although in this present study we have been un- 
able to stabilize Ni-BH, con~pounds  using 
o-phenanthrolinc. 

As in the case of cobalt, the product of the 
reaction between Ni(I1) chloride and NaBH, in 
the presence of DBP depends on the amount of 
DBP present and the reaction temperature. 
With a Ni :DBP molar ratio of 1 : 3  in boiling 
ethanol, the dark brow11 diamagnetic Ni(0) 
complex Ni(DBP), is formed, while a 1 : 6 ratio 
produces the red Ni(DBP),. No  Ni-H bands 
were found in the i.r. spectra of these complexcs 
and their reflectance spectra show only charge 
transfer transitions. Molecular weight data 
indicated extensive dissociatio~i in benzene. 

I VOL 5 2 ,  1974 

These compounds are not isostructural with the 
analogous Co-DBP complexes, although Ni- 
(DBP), is presumably similar to Ni(PPh,), (30). 
However, if the above (1 : 6) reaction is carried 
out a t  room temperature an orange-yellow 
colored, paramagnetic (p = 1.95 B.M.) complex 
NiCl(DBP), is formed even when an excess of 
NaBH, is used. Its reflectance spectrum (Fig. 2) 
is similar to that of NiCl(PPh,), with the broad 
band centered a t  - 7600 cm- l ,  and the Ni-CI 
stretching frequency occurs a t  272 cm- '  in the 
i.r. spectrum. Addition of more NaBH, and 
prolonged stirring produces Ni(DBP), with no 
tetrahydroborate complex found in this case. 
Thus ~t would seem that the sterically bulky 
DBP prevents the substitution of chloride by 
the BH,- ion in both CoCI(DBP), and NiC1- 
(DBP),, although DBP appears to have a 
similar donor strength to PPh,. 

Unlike Co(iI), NiC1, is not reduced to the 
metal in the presence of AsPh, or SbPh, by 
NaBH,. In both cases the NiL, (30) complexes 
are forked.  Similarly, Diphos forms ~ i ( ~ i p h o s ) ,  
(3 1 ). 

We now turn to reactions between NiC1,.6H20 
and NaBH,CN in ethanol in the presence of 
phosphines. So far these reactions have yielded 
only Ni(I1) c o n ~ p o u ~ i d s  such as NiH(BH,CN)- 
(PPh,),, NiH(BH,CN)(DBP),, and NiCI(BH,- 
CN)(Diphos) (Table 1). However, the para- 
magnetic (k = 1.88 B.M.) Ni(1) complex Ni- 
(BH,CN)L, (L = PPh,) is formed from the 
reaction between NiCIL, and NaBH,CN in 
ethanol. Its electronic reflectance spectrum (Fig. 
2) is similar to that of NiX(PPh,),; except that 
the weak higher energy band is not seen, while 
the i.r. spectrum (Table 2) shows a weak 
Ni-H-B band at  2070 cm- '  and very little 
shift of the CN stretching frequency (21 85 cm-') 
compared to that of uncoordinated BH,CN- 
(2180 cm-'). These data are consistent with a 
monomeric structure involving tetrahedral Ni(1) 

as shown. The nature of the ligand is once again 
extremely important in determining the product 
formed. Thus we were unable to isolate an 
analogous Ni(1)-BH,CN-DBP complex from 
the reaction between NiCI(DBP), and NaBH,- 
CN,  which yielded Ni(DBP),. 
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The diamagnetic Ni(I1) complexes NiC1- 
(BH,CN)(Diphos) and NiH(BH,CN)(PPh,), 
have electronic spectra (Fig. 2) very character- 
istic of 4-coordinate, square planar d8 systems. 
The i.r. spectra (Table 2) of the two colnpounds 
are different in that the former shows no 
Ni-H-B vibration while the latter has a band 
a t  2140 cm- l .  This implies a different mode of 
attachment of BH,CN in the two cases. Alterna- 
tively, the 2140 cm-'  band (atid the 2 138 cm- ' 
band in NiH(BH,CN)(DBP),, see below) may 
be due to  Ni-H vibrations a t  unusually high 
energy, although we were unable to find a 
hydride in the n.m.r. spectrum of NiH(BH,CN)- 
(PPh,),, and the DBP compound is not suffi- 
ciently soluble for n.m.r. studies. 

Most of the visible region of the electronic 
spectrum of the diamagnetic NiH(BH,CN)- 
(DBP), is obscured by a charge transfer transi- 
tion, but a very weak absorption occurs a t  
-7600 cm- ' .  While this is in the same position 
a s  the intense band in the spectrum of NiC1- 
(DBP), (Fig. 2), we have found no other 
evidence for reduction of Ni(I1) by NaBH,CN 
and therefore the presence of a trace amount of 
this complex in NiH(BH,CN)(DBP), is not 
likely. Hence the weak absorption .is probably 
a n  unusually low energy transition associated 
with the low spin d8 system (32). 

Palladium uiid Plutiti~rt?~ Cotnyle.ues 
Tetrahydroborate and cya~iotrihydroborate 

complexes of palladium and platinum could not 
be isolated even under the mildest reaction 
conditions employed in this study. For example, 
the room temperature reaction of trat~s-PdC1,- 
(PPh,), and cis-PtCI,(PPh,), with NaBH, in 
ethanol in the presence of a large excess of 
ligand results in the deposition of the yellow 
complexes M(PPh,), (M = Pd or Pt) which 
have been prepared before in a number of 
different ways (30, 33). Similar reactio~is between 
the PdCI,L, (L = PPh, or DBP) species and 
NaBH,CN also yield the PdL, complexes. The 
ML, (M = Pd or Pt, L = PPh, or DBP) 
derivatives may also be isolated from the reaction 
between NaBH,, the metal(1I) chloride, and a 
six-fold excess of ligand under reflux in ethanol. 

The room temperature reaction of PtC1,L2 
(L = PPh, or DBP) with NaBH,CN in ethanol 
in the presence of an  excess of ligand leads to  
tlie unexpected formati011 of the platinum(I1) 

cyanohydrido complexes PtH(CN)L2.0.5C6H6 
(L = PPh, or DBP). This reaction does not 
appear to be general and its synthetic value is 
uncertain a t  present. The i.r. spectra (Table 2) 
of these complexes contain bands associated with 
Pt-H stretching and bendlng modes and also 
to a CEN stretching mode. The complex 
PtH(CN)(PPh,), has been previously reported 
(34. 35) but the methods of preparation differ 
considerably from that used here. 

Conclusions 
In this study, reactions bet\+een NaBH, or 

NaBH,CN and Cr(IlI), Mn(II), Fe(II), Fe(lII), 
Pd(11), or Pt(I1) halides in the presence of various 
ligands have not yielded complexes containing 
coordinated BH, or BH,CN groups. In the Co, 
Ni, and Cu cases, it appears that the nature of 
the product depends essentially on three factors: 

( I )  Ease of reductioti oj'the ttzetal. For example 
the stability of the M(BH,)(PPh,), complexes is 
clearly in the order Cu > Co > Ni >> Pd and 
Pt. The less powerful reducing properties of 
NaBH,CN are probably responsible for the 
absence of the direct formation of Ni(1)-BH,CN 
complexes while Co(1) and Cu(1) are readily 
formed under similar conditions. 

(2) Nature of the ligu/it/. In this work, it was 
found that only PPh, stabilized the Co(1) and 
Ni(I),BH, complexes, tlie Inore bulky, rigid 
DBP and Diphos leading generally to the 
formation of hydrido species of Co(1) ( e .g  
CoH(Diphos), (25rr)), or  zero valent complexes 
such as Ni(DBP), or  Ni(Diphos), (31), while 
AsPh, and SbPh, resulted in reduction (even of 
Cu(1)) to the nictals, except in the case of nickel. 
Nitrogen bases d o  not generally stabilize these 
lower oxidation states. 

(3) E.xperitt~ciitu1 conditions. It is well estab- 
lished (30) that divalent metal halides call be 
reduced by NaBH, under refluxing conditions 
producing, generally, metal(0) complexes e.g. 
M(PPh,), M = Ni: Pd, Pt), although whether 
this is a stepwise reduction M(I1) + M(1) -t 
M(0): or  whether reduction occurs through a 
dihydride intermediate is not known. By care- 
fully controlling reactioli co~iditions of tempera- 
ture; time, and mole ratios of reactants, we have 
identified intermediate products and therefore 
suggest the following stepwise mechanism for 
the reduction process for divalent metal halides: 
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NaBH, NaBH, 
vX, L M X L ,  M(BHJL,, 

ML,, - MHL,, 

(L = phosphines or  possibly N, or  CO, n = 2, 
3, or  4) 

Thc final product then will depend on a 
combination of factors outlined in points 1, 2, 
and 3. For example, Cu(BH,)L, species are 
particularly stable whilc in the Ni, Pd, and Pt 
series, only the unstable Ni(BH,)L, co~nplex has 
been isolated (with difficulty) and therefore 
reactions involving these metal halides readily 
result in the ML,, species. Reduction to the 
M(0) state is therefore likely to go through a 
M(1) hydride complcx, such as, for example, 
NiH(N,)(PEt,), (36), prepared by the reaction 
of triisobutylaluminum and bis(acety1acetonato) 
nickel(I1). Co(BH,)L,, forms readily and CoHL,, 
complexes have been reported. (25). Oxidative 
addition of H, to MHL,, or  ML,, probably 
accounts for ihe formation of CoH3L3 (24) and 
FeH,(Diphos), (37). 

This mechanism is probably not restricted to 
divalent metal halides and hydrido complexes 
such as RuH,L,, RuHL,. and IrH,L3, prepared 
(38) by NaBH, reduction of the metal chlorides 
in ethanol under reflux are probably the decom- 
position products of the intermediate tetra- 
hydroborate con~plexes. Indeed RuH(BH,)L3 
and IrH2(BH,)L3 have been isolated in our 
laboratories and are being investigated. 

Experimental 
Materials 

DBP was orenared bv the method of Hoffrnann (39). . , 

All other reagents were used w~thont further pur~ficatlon. 
All solvents Mere p~~rlfied In the ~ ~ s u a l  nay, degassed, and 
stored oler molecular sleves (4.4). 

Plijsical Measurenlents 
Room temperature magnetic moments were measured 

in the standard way using a double ended Gouy tube 
suspended from a semimicro balance between the poles 
of a Varian magnet. All other physical measurements 
were carried out as previously described (40). Infrared 
spectra were calibrated using polyethene. 

Syntheses 
All reactions were carried out under nitrogen atrnos- 

pheres in glove boxes. The complexes were prepared by 
dissolving the metal halide in ethanol followed by the 
addition of the phosphine at  room temperature. NaBH, 
or NaBH,CN, suspended in ethanol, was then added 
dropwise and the mixture stirred by a magnetic stirrer for 
periods which varied between 2 and 20 h depending on 
the reaction. The product was separated, washed with 
ethanol, ethanollwater, ethanol, and n-hexane and 
recrystallized either from benzeneln-hexane or chloro- 
form,'/~-hexane if necessary. Yields were generally high. 
Unless otherwise specified, the amount of NaBH, or 
NaBH3CN used in the reactions amounted to a 6-10 M 
excess over the metal concentrations. Analytical data are 
recorded in Table 1. 

Copper Co~trplexe~ 
CLICI,.~H,O (0.15 g) was dissolved in ethanol (15 ml) 

and the phosphine (6 M excess) added. A white precipitate 
formed on stirring the mixture. A saturated solution of 
NaBH, or NaBH3CN in ethanol (10 ml) was then added 
to the mixture which was stirred at room temperature for 
-$ h before isolation of the product. 

CO f BH,) IPPh3 I 3 

CoCI,.6H,O (0.21 g) was mixed with PPh3 (1.41 g) in 
ethanol (20 ml). Dropwise addition of sufficient of a 
saturated solution of NaBH, in ethanol to give a Co:BH4 
mole ratio of 1 : 1 immediately prod~~ced C O C I ( P P ~ ~ ) ~ .  
Further addition of NaBH, (at least a 10 M excess) was 
made and the reaction mixture stirred for 3 h before 
isolation of the complex. CoBr, and CoIz hydrates gave 
the same complex. 

Recrystallization of Co(BH4)(PPh3), from nitrogen 
saturated benzene and 11-hexane resulted in the uptake of 
varying amounts of dinitrogen and the formation of 
pres~~mably CO(N,)(BH,)(PP~~)~.  

CoCIjDBP) 3 

CoCl(DBP), was prepared ~n a slm~lar way to CoCI- 
(PPh3),. Addlt~on of more NaBH, to the chlorlde 
complex m ~1tr1 with stlrrlng for -60 h resulted In the 
formatlon of Co(DBP),. 

Co (BH3CN) (DBP), and Co IBH, CNj  (D@hosj, 
These complexes were prepared in a way analogous to 

that used for Co(BH,)(PPh,),. Varying amounts of 
nitrogen can be incorporated into Co(BH3CN)(DBP), 
by recrystallization in a nitrogen atmosphere. 

IV~XL, ( L  = PPh3, X = CI, Br, or I ;  L = DBP, X = Cl) 
PPh, or DBP (0.7 g) was added to Nix, hydrates 

(6: 1 molar ratio) in ethanol followed by a 1 molar ratio 
of NaBH,, suspended in ethanol. The mixture was 
stirred for -3 h when the solid p rod~~c t s  had precipitated 
as orange red to brown solids. Prolonged stirring (20-40 
h) of NiCl(DBP), in an excess of NaBH, produced 
Ni(DBP),. 

Ni(BH4) (PPh3) a r ~ d  Ni(BH3CN) IPPh,) 2 

NaBH, (6-10 M excess) was added to NiX(PPh3)3 
(X = CI, Br. I) in situ and the mixture stirred for 18-20 h. 
In each case the yellow-brown Ni(BH4)(PPh3), was 
produced. 

Ni(BH3CN)(PPh3), was prepared by suspending 
NiC1(PPh3), in ethanol and adding an cxcess of NaBH3- 
CN. The reaction mixture was stirred for 20 h. 
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NiH(BH3CN) (PPh,),, NiH(B&CN) (DBP) ,, or. 13. M. L. H.  GREEN, H.  MUNAKATA, and T. SAITO. 
NiCIJBH, CN) (Dipkos) J. Chem. Soc. A, 469 (1971). 

NiC1,.6Hz0 (0.2 g) and either a 2 M excess of Diphos 14. M .  L. H. GREEN andH.  MUNAKATA. Chem. Commun. 
or a 6 M excess of the other phosphines were mixed in 1287 (1969). 
ethanol (20 ml) followed by the addition of an excess 15. H. MUNAKATA and M. L. H. GREEN. Chen~.  Commun. 
of NaBH,CN. The mixture was stirred for 4-5 h before 881 (1970). 
isolation of the product. 16. D. G .  HOLAH, A. N. HUGHES, B. C. HCI, and K. 

WRIGHT. Inorg. Nucl. Chem. Lett. 9, 835 (1973); 10, 
M(DBP),(M = Co, iVi) :M(DBPJ4(M = Co, A'i, Pd, 427 (1 974). 

P t )  17. D. BUDD, D. G .  HOLAH, A. N.  HUGHES, and B. C. 
These complexes were precipitated by heating under H ~ ~ ,  can, J. chern,  52, 775 (1974). 

reflux in ethanol, mixtures of the metal halide, DRP 18, S, J, L~~~~~~ and K. M,  M ~ ~ ~ ~ ~ .  J. A ~ ~ ~ ,  them. 
(1 : 3 mole ratio for the former adduct, 1 : 6 for the latter), Soc. 89, 3929 (1967). 
and an excess of NaBH,. Pd(DBP), was obtained even 19, K. M. M E L M E ~ ,  D, c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  and S, J ,  L ~ ~ ~ ~ ~ ~ .  
when the reaction was carried out at  room temperature. Inorg. Chem. 12, 232 (1973). 
Also, reaction of Pt and Pd(1J) chlorides with NaBH, in 20, L. vASKA, W, V,  M , ~ ~ ~ ~ ,  and B. R,  F ~ ~ ~ ~ ,  cheln, 
the presence of PPh, at room temperature res~~l ted  in the ,615 (1971). 
M(PPh,), complexes. 21. R. A. WALTON. 0. Rev. Chem. Soc. 19, 126 (1965). 

PtH(CN)L2 0 5C6H6 ( L  = PP/13 0 1  DBP) 
PtCI, and Ilgand (PPh, or DBP, 1 4 molar ratlo) were 

heated under reflux In ethanol (20 ml) for 20 h. An excess 
of so11d NaBH,CN was slowly added with stlrrlng to the 
cooled solntion wh~ch  was then allowed to stand for 24 h. 
The solvent was removed under vacuum and the product 
was recrystall~zed twlce from benzene 17-hexane and 
washed wlth n-hexane. 
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The Synthesis and Application of Anchored Catalysts in Hydrogen Isotope 
Exchange Systems. D2 - Protic Solvent Exchange1 
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GRAEME STRATHDEE and RUSSELL GIVE>. Can. J. Chem. 52,3000 (1974). 
A number of polymer-attached, or anchored, catalysts of rhodium and ruthenium have been 

synthesized, and their activities for D2  exchange with ethanol have been measured. Among 
the rhodium anchored catalysts, three exhibited specific activity comparable to Wilkinson's 
catalyst, RhCI(PPh,),. No polymer-attached ruthenium species had specific activities close 
to that of the active homogeneous catalyst RuCI,(PPh,),. Conditions for the synthesis and 
optimum loading of complexing resins are discussed. St ruct~~ra l  and kinetic comparisons are 
made between anchored catalysts and their homogeneous analogs. 

G R A E ~ I E  STRATHDFE et RUSSELL GIVEN. Can. J. Chem. 52,3000 (1974). 
On a synthetise un certain nombre de catalyseurs polynieriq~~es sur lesquels se trouvent fixes 

le rhodium et le ruthenium et mesure leur activite pour l'echange de D, avec I'ethanol. Trois des 
catalyse~~rs sur lesquels le rhodium se trouve fixe, presentent ~ ~ n e  activite specifique comparable 
au catalyse~~r de Wilkinson, RhCI(PPh,),. A u c ~ ~ n  catalyseur sur lequel le r ~ ~ t h e n i i ~ m  se trouve 
fixe ne presente d'actikite specifique comparable au catalyse~lr honiogene actif R L I C I ~ ( P P ~ , ) ~  
On discute des conditions pour la synthese des resines cornplexantes, et de la faqon d'obtenir une 
fixation optimale sur ces dernieres. Des comparaisons s t r~~ct i~ra les  et cinetiques sont faites entre 
les catalysei~rs ancres et leurs analogues homogenes. [Traduit par le journal] 

Introduction 
Deuterium enrichment for production of 

heavy water is a topic of particular importance 
to us, since D,O is an essential material for 
CANDU reactors. Several processes for con- 
centration of deuterium make use of the varia- 
tion of the equilibrium constants for hydrogen 
isotope exchange reactions with temperature. 
For example, the exchange of deuterium between 
hydrogen and water has been employed in a 
two-phase counter-current contactor (1): 

111 HDO + H 2  H 2 0  + H D  

The exchange of H D  with other protic 
solvents, particularly ammonia or amines, is 
also important. 

Catalysts are required to promote rapid 
exchange of deuterium between hydrogen and 
water, or other protic solvents. Conventional 
metal catalysts, for example, of the supported or 
promoted Group VIII  type, have been used but 
the specific activity is generally reduced signifi- 
cantly upon irnrnersion in the liquid phase 
unless a protective hydrophobic coating is 
employed. Some soluble transition metal corn- 

'AECL No. 4796. 

plexes promote H-D exchange but the maximum 
overall rate is often determined by the solubility 
limit of the complex. A third class of catalyst 
has received considerable attention recently: 
the polymer-supported transition metal complex 
catalyst, or anchored catalyst. 

We have employed this nomenclature to 
signify that the metal atom essentially retains the 
properties of a homogeneous catalyst while 
being covalently bonded to a solid substrate 
with appropriate functional groups. Since the 
i~nmobilized species is an analog of a homoge- 
neous catalyst, it is useful to regard the active 
metal complex as fixed or  anchored, in this case, 
to a polymer support. This terminology also 
avoids the imprecise use of the terms "homoge- 
neous" or  "heterogeneous" to describe these 
compounds. The synthesis and applications of 
these materials have been reviewed recently in 
considerable detail (2). 

The following topics have been of importance 
to us and are considered in the text: (i) the 
synthesis of high capacity complexing resins; 
(ii) the synthesis of highly loaded anchored 
catalysts; (iii) the activities of anchored species 
relative to their homogeneous analogs; (ir) the 
process of co~nplex formation on the resin. 
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STRATHDEE AND GIVEN: ON ANCHORED CATALYSTS 3001 

This work has dealt mainly with anchored 
rhodium(1) complexes. 

Experimental 
Preparations 

All preparations were conducted in a nitrogen filled 
glove box purged with N, containing less than 10 p.p.m. 
oxygen. All solvents were slowly percolated through 
Linde 4A molecular sieves before distillation under 
flowing N,. 

Complexing Resins 
A chloromethylated macroporous crosslinked poly- 

styrene (Rohm and Haas, GRA-806) containing 
5.74 mequiv. C1 pcr gram of dry resin was washed with 
water, ethanol, and T H F  and vacuum-dried. The resin 
was ground to a fine powder and was employed for all 
resin syntheses. Diphenylphosphinolithiurn was prepared 
quantitatively in one of two ways: (i) by reaction of 
3.5 g (0.5 mol) Li metal in anhydro~is T H F  distilled 
from LiAIH, with 25 ml (0.1 mol) chlorodiphenyl- 
phosphine and, ( i i)  by dilution of 5.35 g (28.6 mmol) 
diphenylphosphine (Alpha Inorganics) with 10 ml T H F  
and slow addition of an equimolar amount of n-butyl 
lithium as 2.2 M solution in hexane. An excess of either 
Ph,PLi solution was stirred with a portion of resin for 
20 h at room temperature, then was filtered and washed 
with T H F  and ethanol to remove LiCl and any un- 
reacted Ph2PLi. A typical product contained 2.9 i 
0.1 mequiv. -PPh, and about 0.5 mequiv. C1 per gram 
of dry resin. This apparent reduction in capacity was 
due to the introduction of the high mass -PPh, group. 
A typical analysis was:. 

Anal. Calcd. for C,,H,,CI ,.,, P :  C, 83.0; H ,  6.6; CI, 
1.3;  P, 8.9. Found: C, 81.7: H, 6.4; CI, 1.3; P, 8.7. 

The calculated formula may be regarded as that for a 
polymer composed of these monomers: 7 4 z  diphenyl-1)- 
vinyibenzyl phosphine, 7% a-chloro-4-vinyltoluene, 4% 
divinylbenzene, and 15% styrene. 

Merul Conlplexe~ 
Literature methods were used to prepare the following 

compounds: p-dichlorotetraethylenedirhodi~~ni(l) (3) 
(this con~plex remained stable if stored at 263 K under a 
positive pressure of C2H,): bis(ethylene)rhodi~~m acetyl- 
acetonate (4); 11-dichlorodicyclopentadienerhodiun~(1) 
(5); dichlorotetrakis(di1nethyls~1lfoxide)ruthenium(11) 
(6), dichlorobis (dimethyls~~lfoxide)(triphenylphosphine)- 
ruthenium(l1) (6). Melting points and U.V. or infrared 
spectra agreed with those reported for these compounds. 

Anchored Rhorlirrni Cornpleses 
(I)  To a suspension of (C2H4),Rh2CI~ (444 mg, 

1.14 mmol dimer) in 10 ml of C,H, was added 662 mg 
(1.92mmol) -PPh, substituted resin. Ethylene was 
evolved. The mixture was stirred overnight at  room 
temperature and filtered to yield a clear filtrate and a 
brown solid which was then vacuum dried. Chemical 
analysis yielded Rh :  P = 0.56, therefore high loading had 
been achieved. 

(11) (C,H,),Rhacac (0.5 g, 1.94 mmol) was dissolved in 
10 ml C6H, and added to 1.1 g of the resin with stirring. 
Rapid reaction occurred with evolution of C,H,. After 
3 h the bright yellow resin was filtered and washed with 

C6H6, and 50mg unreacted starting complex was 
recovered. Thus, 0.55 mol Rh reacted per mole P P h , .  
Chemical analysis showed Rh :P  was 0.54. The v, and 
v, acetylacetonate bands (7) had intense nlaxinia at 
1580 and 1510cm-' respectively in the i.r. spectrum 
(KBr disk) as expected. 

(111) An excess of (C,,H,,),CI,Rh2 (46 mg, 85 pmol) 
in 5.0 ml C6H6 was added to 58 mg of the resin (168 pnlol 
P) and stirred until no f~lrther decrease in concentration 
of the complex was detectable by LI.~.-visible spectrom- 
etry. Unreacted conlplex was washed from the resin 
with C6H,. The resin absorbed 0.25 mequiv. Rh per 
mequiv. -PPh,. 

(IV) Evolution of CO occurred during rapid quantita- 
tive reaction of about 50mg [Rh(CO),Cll2 (Strem 
Chemicals) with excess resin in C6H,. The product had 
two carbonyl bands in the i.r. spectrum (KBr disk): 
2085 111, 1950 s br cm- ' .  
Anchored Ruthenium Complexes 

( V )  About 0.2 mmol of the cluster anion Ru,CI, ,'-,2 
prepared by H2  reduction of hydrated RuCI, in CH,OH 
over platinum black (8), was reacted with 2 g resin 
(5.8 mmol P P h , )  for 3 days at room temperature. The 
pale green product was filtered, washed with CH,OH, 
and vacuum dried. 

(VI) One gram (1.04 mmol) of RuCI,(PPh,), (Strem 
Chemicals) was dissolved in 50 ml CHCI, and 100 mg 
resin (0.29 mmol) was added. The suspension was 
stirred for 2 weeks under N,, then the product was 
filtered, washed, and analyzed. 

Anal. Calcd. for C,,,H,,,CI,P,,Ru: C, 78.3; H ,  7.5; 
Cl, 3.8; P, 9.0; RLI, 1.5. Found: C, 75.4; H, 7.2: C1, 
3.7; P, 8.8; Ru, 1.5. 

(VII) An excess of RuCl,[(CH,),SO], (0.5g, 
1.03 mmol) and 0.15 g resin (0.43 mequiv. P) were sus- 
pended in toluene and heated at 353 K for 2 h. The light 
brown pr-oduct was filtered and washed with toluene and 
ethanol. A low freq~~ency shoulder at 1090 cm-'  on 
the  v(S=O) band in the i.r. spectrum suggested that 
unreacted starting material was present (6). Extraction 
with ethanol under N, In a Soxhlet apparatus was 
contin~led for several hours until the extract was colorless 
for several cycles. From the total weight of unreacted 
RuCI,(Me,SO), (0.35 g, 0.723 mmol) the ratio of Ru 
to -PPh, in the product was calculated to be 0.71. The 
i.r. spectrum had v(S-0) at 1132 s, 11 15 s, and 
1100 s cm-' .  

(I'III) Fe,(CO), , (9) (0.27 g, 0.69 mmol) was dissolved 
in 25 ml anhydrous T H F  and filtered. The solution was 
added to 0.30 g resin (0.87 mequiv. P) and the suspension 
was stirred overnight at 353 K .  The grey colored resin 
was filtered and washed ~ i t h  T H F  until the filtrate was 
clear. The carbonyl region of the i.r. spectrum (KBr disk) 
had intense bands at 2050 s, 1975 s, 1940 s br, 1897 m, 
1875 m cnl-'. 

D, E.xc/zur~gr E.uperirnent~ 
The procedure used to measure and calculate the rates 

of D, exchange with H 2 0  or C,H,OH as the protic 
solvent was similar to that previously described for 

'Mercer and Dumas (27) have shown that the formula- 
tion of this cluster ion may be incorrect. This notation 
is used here for convenience. 
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experiments with RhC1(PPh3)3 (10). Dilute s~~spensions 
(about 0.10 g) in 20.0 nil of the solvent were generally 
used in a glass reactor of volume 95 n ~ l .  All rate data 
below are quoted as initial rates cf exchange of D,, 
calculated with the expression 

where no and 11, = gas phase m o l x  D, at t = 0 and 
t = t s, and n, was the value at equilibrium. The 
gas:liquid ratio A = initial D, (mol) + liquid volume 
(liters). 

Generally the decay of D, was accurately first-order 
during the periods of observation which were up to 
5 h. There was never any loss of catalytic activity with 
time, b ~ ~ t  in some experiments the exchange rates in- 
creased with time to upper limiting values. These cases 
are identified in the text. 

Hj~drogc~nczfion oJ Butrr~c-I 
A suspension of 80mg of the catalyst in C,H,OH 

was equilibrated with 88 kPa of H,  for 15 liiinutes in a 
reaction flask of 0.120 1 total volun~e. Hydrogenation 
commenced with in.iection of 5.0 ml butene-1. Gas 
phase samples were taken with a gas sampling valve and 
were fractionated on 2.0 In n-octane Durapak at  25 -C. 

Results 
Resin Sy17fl1eses 

Preparation of Ph,PLi by reaction 3 was more 
rapid and convenient than by reaction 4 

About 90";;f the chlorine in the chloro- 
methylated d~vlnylbenzene-crosslinked polysty- 
rene was replaced by reactlon with Ph2PL1. The 
specific volume of the dry resin had approxi- 
mately doubled after this substitution reaction 
due to introduction of the large Ph,P group. 
Probably reaction of the residual C1 was 
prevented by the large volurne requirement of the 
diphenylphosphine group. 

Atfcl~ored Cataljlst Sjntheses 
With Rh Conlplexes 
Rapid. quantitative attachment of a metal 

complex to the resin was achieved if the initial 
reagent complex (i) was very soluble in the 
solvent used, and (ii) possessed a sniall, volatile 
ligand easily displaced by the Ph2P function. 
For  example, Rh(C,H,),acac reacted readily 
with the resin with evolution of C,H,, whereas 
the precursor dilner [Rh(C,H,),CI], which 
was relatively insoluble in C,H,, reacted more 
slowly. The bulky dimer [(C,,H12),RhC1],, 
although more soluble in benzene than 
[(C,H,),RhCl],, also was absorbed slowly, 

probably because of the greater steric require- 
ments of the large dicyclopentadiene ligand. 

Volatile carbon monoxide was readily dis- 
placed from the soluble dimer [Rh(CO),Cl], 
by the PPh, group of the resin. The analogous 
homogeneous reaction with PPh, is complex, 
giving several carbonyl-containing dimers and 
trans-Rh(CO)CI(PPh,), (1 1,  12). The presence of 
the broad, intense i.r. band a t  1950 cm-'  
suggested that most of the Rh(1) had been 
anchored as trans-Rh(CO)Cl(Ph,P-),. How- 
ever, the moderately intense band at  2085 cm-'  
indicated that some Rh(1) was present as a 
dimer, perhaps as 

Presumably, the second v ( C ~ 0 )  band expected 
from this species was hidden under the broad 
1950 cm-'  peak ( 1  1). Because it has been 
demonstrated in the l~omogeneous case that 
intermediates of this type do form (1 1, 12) this 
carbonyl displacement reaction cannot be 
employed to demonstrate that coordination of 
PPh, to  a metal center in this anchored catalyst 
is unique and stereospecific. 

Wit11 Ru Complexes 
It was desirable to anchor an analog of the 

extremely active homogeneous catalyst RuC1,- 
(PPh,), (13). Since no suitable Ru(l1) com- 
plexes existed which would enable resin attach- 
ment to be achieved by ligand displacement, 
two different approaches ( V  and V I )  were tried. 
The slow reaction of "Ru,C1,22-" with the 
resin gave a green product, probably a Ru(II1) 
species. In view of the low catalytic activity of 
this material, the identity of the complex was 
not investigated. In contrast, PPh, reacts 
readily with "Ru,C1,22-" in solution to yield 
RuCl,(PPh,), (14). This suggests that either 
the fixed PPh, groups on the resin cannot 
participate in the complex cleavage of the cluster 
anion or  the large "Ru,C1122-" anion cannot 
penetrate the resin matrix for steric reasons. 

Reaction of a large excess of RuCl,(PPh,), 
with the cornplexing resin anchored only 1.5 
weight percent Ru. This ligand exchange pro- 
cedure (-PPh, for PPh,) is extremely slow 
both i11 this Ru(11) case and in Rh(1) system 
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studied by Grubbs et al. (15). Since the yield of 
anchored Ru(I1) was so low, we did not deter- 
mine if the magnitude of the equilibrium constant 
for  the ligand exchange reaction 

or the component rate constants were limiting. 
The infrared spectrum of the anchored com- 

plex obtained by reaction of RuCI,[(CH,),SO], 
with the resin (preparation V I I )  differed from 
that of RuC12[(CH,),SO]2PPh, prepared by 
the method of Evans et al. (6). All three Ru 
complexes had two intense S-bonded v(S--0) 
bands centered a t  1 120 and 1090 c m p  I. In  
addition, the anchored con~plex had a strong 
shoulder a t  1135 cm-l .  Since the S=O stretch 
occurs a t  1055 c m p l  in neat (CH,),SC and a t  
928 c m p l  for 0-bonded (CH,),SO in RuC1,- 
[(CH,),SO], ( 6 ) ,  the 1135 cm- '  band may be 
due to the presence of an isomeric analog of 
RuC12[(CH3),SO],PPh, on the resin. It is also 
possible that the resin functioned to some extent 
as a tridentate ligand towards Ru(I1). Evans et 
01. (6) found that triphenylphosphite, (PhO),P, 
a less sterically demanding ligand than PPh,, 
yielded the complex RuCI,[(PhO),P],- 
[(CH,),SO]. Mo-lecular models showed that 
the phosphorous atom is somewhat less hindered 
in the resin than in PPh,. 

Wit11 Fe Con~plexes 
The reaction of PPh, with Fe(0) carbonyls 

yields a mixture of Fe(CO),(PPh,) and 
Fe(CO),(PPh,),. Each compound possesses a 
distinct infrared spectrum and detection of 
each in a mixture is a simple matter. I t  was of 
interest to determine if the complexing resin 
acted as a mono- or bi-dentate ligand towards 
Fe(0). 

Triiron dodecacarbonyl was reacted with the 
resin (preparation VI I I )  to yield a product with 
an  infrared spectrum in the carbonyl region 
identical to that for Fe(CO),PPh,, except for a 
weak shoulder at  1875 c m p l .  This peak may 
have been due to the formation of a trace of an 
analog o' Fe(CO),(PPh,),. These data are 
summarized in Table 1. 

These data show that the complexing resin 
functioned mainly as a monodentate ligand 
towards carbonyl stabilized Fe(0). The product 
distribution may have been azected by the use 
of Fe,(CO),, instead of Fe(CO),. for example by 

TABLE I .  Comparison of infrared spectra in the 
carho~lyl region for Fe(0) complexes 

Complex Infrared bands (cm-I) 

Fe(C0)4PPh3 2055 s, 1977 s, 1935 s hr, 
1895 m 

Fe(CO),(PPhd2 1875 s br 
Reaction product 2055 s, 1975 s, 1930 s br, 

Resin + Fe,(CO),, 1895 m, 1875 rn 
- 

the size of the molecular triiron complex, the 
mechanism of the cleavage process, or the 
rigidity of the -PPh, functional group in the 
resin matrix. However, in the fully homoge- 
neous case with PPh,. the product distribution 
is independent of the iron carbonyl complex 
used (9, 16). 

Catalytic Acficity 
D,-C, H,OH Exchange 
As noted in the experimental section. the 

decay of D, was usually accurately first-order. 
This is illustrated in Fig. I for catalyst I1 
prepared from (C,H,), Rh acac and the com- 
plexing resin. The effect of addition of con- 
centrated HCI is clearly shown. Other catalysts 
caused D, to exchange on approximately the 
same time-scale. The catalyst activities have 
been compared on the basis of initial rates, 

0 
0 O 0 
0 5 I0 15 20 

TIME , ks 
FIG. I .  D2-C,H,OH exchange catalyzed by Rh- 

catalyst II. Addition of 200 ~1 concentrated HCI was 
made at 7.3 ks. 
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TABLE 2. Anchored catalyst activity for D, exchange with H 2 0  and C2HsOH* 

Initial rate of D, exchange 
( x lo6) 

(Mol D2/gram catalyst second) 
Preparation -- 

Startlng metal complex number in H,O in C2H,0H 

[(CzH,),RhCIl, I  76 1 .9  
(C2H4),Rh acac.1 II 8 . 3  6 . 9  
[ (CIOHIZ)R~CI IZ  III  105 25 .O 
K U ~ C I , ~ ~ -  V - 0.4: 
R L I C I Z ( P P ~ ~ ) ~  V I  - 1 . 8  
RuClz[(CH3)2SOl4 VII  - 0 . 5  

*T, 298 K ;  P, 88 hPa D,. 
f l n  0.1 M HCI. 
$Rate ( /  lo6) mas 19 rnol D, g - I  s s l  aitli excess 

calculated from the slopes of these log D, r.s. 
time plots and the gas:liquid ratios (c.f eq. 2). 

Initial rates per gram for D,--H,O and D,- 
C,H,OH exchange in the presence of some 
of the anchored catalysts noted above are 
summarized in Table 2. Those not listed were 
inactive for this D, exchange application. The 
catalysts will be referred to below by prepara- 
tion number. 

TiCI, added to suspension 

Rllodi~i~li Catalj.sts 
( I )  and ( / I )  These anchored species are con- 

sidered similar. Little catalytic ac t i~ i ty  for D, 
exchange was exhibited by / I  until the acetyl- 
acetonate ligand was displaced by addition of 
200 11 of concentrated HC1 ro the ethanolic 
suspension. Table 3 contains a comparison of 
the rates of I),-C2H,0H exchange per equiva- 
lent of rhodiuni for I  and II together with that 
for the hornoge~ieous analog RhCI(PPh,), in 

1 : 1 CHCI,-C,H ,OH ( I  9). The specific rates for 
I ,  / I ,  and RhCI(PPh,), are similar: suggesting 
that the catalytically active species are closely 
related. The higher specific rate obtained with 
I /  ]nay indicate that the Rh(1) metal center was 
stabilized by just t ~ v o  PPh, groups of the resin, 
that is, it was coordinatively unsaturated. 
Montelatici el 01. (20) have shown that niaxinium 
activity for olefin hydrogenation occurs in the 

T A B L ~  3. Comparison of anchored and hon~ogeneous 
rhodium and ruthenium catalysts for D2-C2HsOH 

exchange" 

I n ~ t ~ a l  rate ( x  lo3) 
Catalj st (mol D, mol luetal second) 

. - 
R ~ C I L , ,  class of homogeneous catalysts when 
11 = 2. Alternatively, it is possible that the excess 
HCI added to a c t i ~ a t e  I /  acted as a co-catalyst 
for D, exchange. We have observed this 
behavior with RhCI(PPh,), (19). 

Care must be taken in the synthesis of I  
to avoid the formation of metallic rhodium. an  
extremely effective D, exchange and hydrogena- 
tion catalyst (17). Some preparations of I  
possessed catalytic activities more than 1000 
times that sllown in Table 3. Electron niicros- 
copy on the powdered resin sarnples showed that 
particlcs in the range 500-1000 A were in the 
matrix. X-Ray diffraction analysis proved that 
rhodium was present. This ~neta l  may have been 
formed by (i) reduction of unreacted startlng 
material absorbed on, but not complexed by, 
the resin. (ii) by reduction of partially PPh2- 
stabilized Rh(I), or (iii) because Rh particlcs 
were present in the [(C,H,),RhCI],. Data 
reported in Table 3 are for anchored catalysis 
which did not promote hydrogenation of 
benzene. This is a sensitive test for the presence 
of Rh  or Ru metal in these materials. 

We attribute the exchange rate increase 
ok*served with I in H,O to reduction of some 
Rh(1) to the metal. The solubility of D, is less 
in H,O than in C 2 H , 0 H ,  thus the enhanced 
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activity cannot be explained by this factor (1 8). 
A similar effect is not noted with 11 which also 
required activation by HC1 in H,O suspension. 

(III) The exchange rate quoted in Table 2 was 
calculated from the upper limiting value of the 
experimental rate constant reached after 2 h of 
exchange. This anchored cornplex had ap- 
proximately the same specific activity per mol Rh  
as did I and 11: 2.6 x lo-, mol D,/mol Rh s. 
This may be compared with 1.5 x mol 
D,/mol Rh  s obtained for the homogeneous 
catalyst prepared by reacting 3: 1 PPh, and 
(C,,H,,),Rh,CI, in 1 : l  CHC1,-C,H,OH a t  
295 K and 88 kPa D,. The higher activity per 
gram of III over I and II was not due to the 
presence of Rh metal. 

R~i the~ iunz  Catalj3sts 
(V) and (VI) It was expected that these 

anchored complexes would be analogs of the 
extremely efficient homogeneous catalyst 
RuCI,(PPh,),. Reaction of " ~ u , ~ l , , ' - "  with 
excess PPh, readily yields this Ru(I1) conlplex 
(14), and n.m.r. ligand exchange studies (21) 
have indicated that the phosphines in RuC1,- 
(PPh,), are labile, so that exchange of the resin 
with excess RuCl,(PPh,), should have yielded a 
related anchored complex. Data in Table 3 
illustrate that the anchored Ru species VI had 
little D, exchange activity compared to 
RuCl,(PPh,),. Perhaps this is because the 
anchored species were Ru(III) rather than 
Ru(1l) complexes, since addition of the reducing 
agent TiCI,, which converts Ru(1II) to Ru(II), 
enhanced the exchange rate with V by a factor 
of 47 (c.J Table 2). 

(VII) This anchored catalyst and the precursor 
dimethylsulfoxide complexes RuCI,[(CH,),SO], 
and [RuCI,[(CH,),SO],PPh, were all com- 
paratively inactive for D,-ethanol exchange. 
Our infrared spectroscopic study indicated 
that the anchored species was essentially 
equivalent to the PPh, derivative. The rate data 
in Table 3 show that the anchored species was 
about four times less active per mol of Ru than 
was RuCl,[(CH,),SO],PPh,. The low activity of 
the common starting complex confirmed that 
the exchange in the presence of the anchored 
catalyst was not due to physically adsorbed 
RuCl,[(CH,),SO], on the resin. Thus, a 
reduction in specific catalytic activity was 
evident upon resin attachment. 

TABLE 4. Hydrogenation of butene-l* 

Inltial rate of hydrogenation ( x  lo3) 
Catalyst (mol butene-l /mol R h  s) 

I I  1.76  
I I  + 5 nih l  HCI 11.7 
RhCl(PPh3)3.> 5 5 . 5  

Hydrogenation of Brrterre-1 
The activity of catalyst II for hydrogellatioil 

of butene-l was assessed. Table 4 shows that 
the rate obtained with I1 was increased more 
than six times if a 10: 1 excess of HCI: anchored 
rhodium was added. The datum for the homoge- 
neous catalyst RhCl(PPh,), taken under similar 
conditions was somewhat higher, but was 
within a factor of 5 of that for II. This difference 
may arise with solvent or Inass transport 
effects in the resin. 

Discussion 
High Capacitj. Co~?~p lex i~ lg  Resitls 

The preparation of anchored catalysts with 
high activity per gram requires a resin with the 
maximum number of complexing functional 
groups per unit weight. It is also desirable to 
employ cross-linked resins of the porous or 
macroreticular type to minimize effects of 
reagent diffusion. 

The diphenylphosphino group was readily 
attached to the chloromethylated polystyrene 
substrate in about 90': yield based 011 C1 by using 
diphenylphosphinolithium as the coupling agent. 
Other methods may be employed s~ich as the 
polymerization of vinyldiphenylphosplline (22). 
diphenyl-p-strylphosphille (22, 2 3 ) ,  or by 
lithiating the halogen substituted resin follo\ved 
by reaction with Ph,PCI (24, 25). Different 
supporting polymers such as polyvinyl chloride 
have also been used (26). However, we favor 
the route discussed above because of its facility: 
convenience (c. f. ref. 14) and the fact that the 
copolytner structure is uniform. 

Sj.nthesis of  Highlj. Loatlrd Atichorecl Catalysts 
T o  obtain high overall conversion rates for a 

given reaction it is necessary that the quantity 
of catalyst per unit reactor volurne be as large 
as possible. It is therefore desirable that the 
catalyst itself habe a high activity or  loading 
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factor per unit volume. For the case of anchored 
catalysts, the number of functional groups 
required to stabilize and activate a nietal atom 
should be kept to a miiiimum. 

Our results show that these criteria are best 
met by using soluble starting metal complexes 
which have small volatile ligands easily dis- 
placed by the functional group of the complexing 
resin. For example, the Rh(1) complexes 
(C2H4), Rhacac and [Rh(CO),Cl], reacted 
rapidly and quantitatively with the diphenyl- 
phosphino-substituted resin. The less soluble 
[(C,H,),RhCI], and the larger [C,,H,,RhCl], 
required longer reaction times. The levels of 
rhodium present in the catalysts prepared by 
these ligand substitution methods were higher 
than those obtained by simple PPh, ligand 
exchange of RhCI(PPh,), wit11 the PPh, 
groups of the resin (1 5). 

Fro111 a synthetic point of view, it should not 
be assumed that nietal species attached to 
resins by these techniques will be exact analogs 
of actike homogeneous catalysts such as 
RhCI(PPh,), or RuCl,(PPh,),. The chemical 
evidence of Collman er a/. (25) and our con- 
struction of molecular ~nodels show that 
PPh,-substituted styrene-divinylbenzene poly- 
mers can behave either as mono- or  bidentate 
ligands. The steric requirements of the aromatic 
groups \vhich surround the P(111) centers, and 
the restricted rotation of these ligand units 
about the polymer backbone make tridentate 
coordination by three adjacent PPh, units 
essentially impossible. In the limiting case, it 
may be shown with lnolecular models that 
either two adjacent or two alternate PPh, groups 
on the same polymer chain may bond to a metal 
atom. 4 third PPh, in close proximity, but from 
a neighboring chain, may participate to provide 
the equivalent of tridentate coordination. I t  is 
also possible that PPh, groups fro111 different 
polymer chains may complex the metal atom. 

The infrared spectroil~etric data suggest that 
some anchored species are simiiar to their 
honiogeneous analogs. For example the spectrum 
of I V  resenibles that of RhCl(CO)(PPh,),, that 
of 1/11 is like that of RuCI,[(CH,),SO],PPh,, 
and that of V I I I  is similar to that of Fe(CO),- 
PPh,. Unf9rtunately, the spectra of those 
catalysts which possessed the highest activities 
for D, exchange were not suitable for this 
type of comparison. 

A Con?parisor~ of the Catalytic Acticities of 
Anchored Species Relative to Their Homoge- 
neous Analogs 

The activity of rhodium catalysts I and 11 
was equivalent to that of RhCl(PPh,), for 
D2-C,H,OH exchange (c.$ Table 3). Catalyst II 
promoted butene-1 hydrogenation at  a specific 
rate five times lower than that obtained with 
RhCI(PPh,), (c.$ Table 4). Collman et al. (25) 
have found that a similar polymer-attached 
Rh(1) catalyst, prepared using RhCl(C,H,)- 
(PPh,), and a PPh,-substituted resin, had 
similar activity to Wilkinson's catalyst for olefin 
reduction. In contrast, Grubbs et al. found 
that the anchored Rh(1) catalyst obtained by 
ligand exchange of RhCl(PPh,), with the same 
type of resin gave a product which was about 
16 times less active per mole of R h  (15). We 
have found no evidence that the specific catalytic 
activity of either Rh or Ru is enhanced upon 
anchoring, compared to that of their homoge- 
neous analogs. 

Such comparisons must be made with caution 
in view of the effects of olefin size and solvent 
polarity which Grubbs et a/ .  ( 1  5) have discussed. 
Undoubtedly, the active coordination site of 
the lioniogeneous catalyst will be generally 
more accessible to incoming substrate molecules 
compared to the anchored species in the matrix 
of a cross-linked polymer. We suggest that coni- 
parison of the rates of hydrogen isotope 
exchange reactions involving small ~nolecules 
may be a better test for the relative activities 
of related anchored and homogeneous catalysts 
than the comparison of the rates of olefin 
hydrogenation reactions. 

Anchored Con~plex Fortnation 
The feasibility of preparation of a particular 

anchored catalyst must depend on the chemistry 
of the anchoring reaction. 111 this work, the 
same cotnplexing resin has functioned as a 
monodentate iigand in the reactions with 
Fe,(CO),, and RuCl,[(CH,),SO],. By analogy 
with the work of Collnian et 01. (251, it is 
probably also monodentate with [(C,,H,,)- 
RhCl],. The resin behaved at  least as a bidentate 
ligand in the Rh(1) colnpounds I  and II .  

The Fe(0) example is particularly important, 
because in the homogeneous case Fe,(CO),, 
reacted with excess PPh, to yield about equal 
quantities of mono- and disubstituted products 
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Fe(C0)4PPh3 and Fe(CO),(PPh,), (9). Under 
similar conditions, the reaction with the resin 
gave only the monosubstituted complex, perhaps 
because the PPh, ligand sites were insufficiently 
free to displace a second mole of CO. Thus, 
steric control of anchored species must be 
anticipated in some systems. 

The reaction between RuCI,[(CH,),SO], and 
PPh, is facile in the homogeneous case and 
yields the monosubstituted RuCI,[(CH,),SO],- 
PPh,. The group RuCI,[(CH,),SO], appeared 
to be the dominant one attached to the resin, 
but our infrared and catalytic evidence suggested 
that the two cases were not identical. The 
possibility that isomeric modifications of species 
present in solution might become attached to 
the resin must be considered. 

Conclusions 
In the Rh(1) case, a comparison of specific 

activities has shown that an anchored analog of 
the efficient homogeneous catalyst RhCI(PPh,), 
may be synthesized by several methods. We 
have been unable to fix a Ru(I1) species, with 
activity comparable to the homogeneous catalyst 
RuCI,(PPh,),, to the coniplexing resin. 

Since D, exchange or olefin conversion 
reactions over an anchored catalyst or its 
homogeneous analog may proceed at similar 
rates per mole of metal, the use of dense anchored 
catalyst slurries will enable the reaction rates 
at the solubility limit of the homogeneous 
catalyst to be exceeded. Problems associated 
with precipitation, dimerization, or side-reaction 
of soluble catalysts may thus be avoided. 

The authors wish to thank M. Tomlinson and Dr. N. H. 
Sagert for useful discussions, and D. Bell and his assis- 
tants for the deuterium analyses. 
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ROBERT E. J E R ~ I S ,  BELLA TIEFEZBACH, and AMARES CHATTOPADHYAY. Can. J. Chem. 52, 
3008 (1974). 

Two nuclear activation techniques have been applied for the determination of trace cadmium 
residues In a variety of Canadian foodstuffs, soils, and other biological materials. A neutron 
activation procedure based on radiochemical isolation of '15Cd has been used for p.p.b. con- 
centrations in foods, vegetables, and scalp hair whereas an instrumental photon activation 
method eniploying assay of ' ll '"Cd with a solid state Ge(Li) detector has been useful for soil, 
fertilizer, and a few vegetation samples at  p.p.rrl. le\,els. For the latter technique, bombardment 
at  either 15 or  35 MeV has been used, the higher energy bombardment gave a slightly higher 
sensitivity. However, in samples contatning appreciable amounts of indium and tin, interference 
is minimized by irradiating at  the lower energy. 

The cadmium content of most Canadian foods ranged from 2-70 p.p.b.; agricultural soils 
studied contained 0.5-2 p.p.ni., some of which could be attributed to fertilizers containing up 
to 5 p.p.m. of cadmium, whereas vegetable crops grown o n  such soils generally contained 
0.1-0.2 p.p.m. t o r  scalp hair, cadmium concentrations ranged from 0.25-2.7 p.p.m. 

The accuracy of the nuclear activation techniques was assessed with standard reference 
materials and by comparison with atonlic absorption and the agreement was generally in the 
range of 2-7%. 

ROBERT E. JERVIS, BELLA TIIFE\BACH et AWAKES CHATTOPADHYAY. Can. J. Chem. 52,3008 
(1  974). 

o n  a utilisk deux techniques d'activation nucleaire pour determiner les traces de cadmium 
contenues dans les residus d'un grand nombre d'aliments, de sols et d'autres substances bio- 
logiques trouves au Canada. Pour determiner des concentrations en p.p.b. de cet element 
contenu dans les aliments, les legumes et les cheve~!x, on  a fait appel a un procede d'activation 
de neutrons base sur l'isolement du cadmium '"Cd: au niveau des p.p.m. dans les sols, les 
fertilisants et quelques echantillons de vegetation, une methode instrumentale d'activation de 
photon faisant appel a la determination du ' ""Cd avec un detecteur Ge(Li) a I'etat solide s'est 
averee utile. Pour cette derniere technique, I'on a utilise des bombardements soit i 15 OLI 35 
MeV; le bombardement a l'inergie la plus elevee donne une sensibilite q u e l q ~ ~ e  peu amelioree. 
Toutefois dans les echantillons contenant des quantites appreciables d'indium ou d'etain, 
l'interference est minimisee en irradiant a l'energie la plus basse. 

Les quantites de cadmium contenues dans la plupart des aliments canadiens varient entre 
2-70 p.p.b.: les sols et~~diescontiennent  entre0.5-2 p.p.m. et unecertaine q ~ ~ a n t i t e  de ce cadmium 
peut provenir des fertilisants qui contiennent jusqu'a 5 p.p.m. de cet element alors que les ali- 
ments qui poussent dans ces sols en contiennent en general 0.1-0.2 p.p.n?. Les concentrations 
de cadmium dans les cheveux s'etalent entre 0.25-2.7 p.p.rn. 

O n  a evalue la precision des techniques d'activation nucleaire a l'aide de materiaux de 
references internes et par comparaison avec l'absorption atomique; la correspondance entre 
les deux methodes est generalement de I'ordre d e  2 a 7%. [Traduit par le journal] 

Cadmium and its compounds are known to be 
very toxic to living species (1).  Cadmium has 
been classified as the second most toxic heavy 
metal for numerous aquatic organisms, mercury 
being considered the most toxic (2). The toxicity 
of cadmium to human beings is perhaps drama- 
tized most clearly in the reported deaths of about 
150 women affected by the "itai-itai" disease in 
the Jintsu River Valley of Japan. The "itai-itai" 

disease caused by acute cadmium poisoning (3, 
4) is again second only in heavy metal intoxica- 
tion of human populations to the fatal mercury 
poisoning and subsequent death of several hun- 
dred people in Iraq ( 5 ,  6) and Japan. In Canada, 
several cases of industrial poisoning due to the 
inhalation of vapors containing cadmium have 
been reported (7). 

Environmental cadmium has been of concern 
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in air, industrial effluent, sediment, soil, crops, PAA, an  entirely different spectrum of nuclides 
fish, meat, and tobacco, among numerous other 
materials (8, 9). Moreover, traces of cadmium in 
the biosphere can be strongly enriched from a 
negligibly small level to a potentially hazardous 
concentration through the food chains. In order 
t o  follow these pathways, to reveal sources of 
cadmium intake, and to understand the mech- 
anism of accu~llulation of cadmium in man, it is 
necessary to have available very sensitive and 
highly specific techniques for rapid and accurate 
determination of trace quantities of cadmium 
bound in varying degrees to complex sample 
matrices. At present, there is a considerable effort 
directed to developing methods for the measure- 
ment of trace cadmium as evidenced in a recently 
compiled bibliography (10). The nuclear activa- 
tion technique "is one of the four most popular 
techniques for trace element analysis" (1 1).  No t  
long ago, activation analysis was found very 
useful for the accurate determination of mercury. 
The same technique has been used in this study 
to  measure cadmium. Two types of nuclear acti- 
vation, one in which radioactivity is induced by 
thermal neutrons and the other by 15- and 35- 
MeV photons, are compared for this purpose 
and reported here. 

Thermal neutron activation analysis (NAA) of 
cadmium in biological materials has been re- 
ported by a number of other investigators (12- 
15). Although it is theoretically possible to deter- 
mine submicrogram (ciz. 10-7-10-9 g) quantities 
of cadmium present in a suitable matrix by in- 
strumental neutron activation analysis (INAA) 
(9a), in practice, the analysis is almost always 
carried out by separating radiocadmium from 
any activated matrix using suitable radiochemical 
methods. We, also, have observed a large radio- 
activity due to numerous nuclides present in 
neutron activated biological materials and have 
appreciated the necessity therefore of developing 
a radiochemical separation method for accurate 
and renroducible measurements of low level 
cadmium. When neutron activation is followed 
by radiochemical separation (RNAA), the 336- 
keV y-ray of "'"'In (in equilibrium with ' lSCd;  
half-life, 53.5 h) has been assayed with a NaI(T1) 
detector for the determination of cadtniunl con- 
centrations. 

Alternatively, radioactivity can be induced in 
cadmium isotopes by irradiating the samples in a 
bremsstrahlung beam, a technique otherwise 
known as photon activation analysis (PAA). In 

is formed by (y, y'), (y, n), (y,  p), and other 
complex photonuclear reactions compared to 
NAA. The main advantage of PAA over NAA 
of biological materials is the virtual absence of 
matrix activity in photon activated samples. 
Moreover, many interfering competing reactions 
in PAA can often be eliminated by a suitable 
choice of the energy of irradiation (E,,,). It is also 
possible in practice to determine cadmium in 
biological materials without a need for chemical 
separation using instrumental photon activation 
analysis (IPAA) and by selecting an interference- 
free nuclide and *(-ray. Photon activation of cad- 
mium has been reported by the authors of this 
paper (16, 17) as well as by others (18-21). In 
this study, the samples have been irradiated a t  
15- and 35-MeV maximu~n electron energies and 
the 247-keV y-ray of "'"Cd (half-life, 49 min) 
has been followed using a high resolution Ge(Li) 
detector for the measurement of c a d n ~ i u n ~ .  

In the work reported here, both RNAA and 
IPAA have been used to determine cad~nium in 
seeds, fertilizers, soils, vegetation, fish, meat, and 
a number of other consun~able materials. Human 
scalp hair has been analyzed ~ to estimate cad- 
mium concentration in the body. The cadmium 
content of soil has also been measured after 
chemical separation by atomic absorption spec- 
trophotometry (AAS) for comparison purposes. 
The coal and fly ash standards circulated to 
analytical laboratories for intercomparison pur- 
poses by the U.S. Environmental Protection 
Agency (EPA) and the National Bureau of Stan- 
dards (NBS), the multielen~ent gelatin standard 
(TEG-50-A) supplied by the U.S. Eastman 
Kodak Co., and NBS Orchard Leaves Standard 
Reference Material (I 57 I ) have all been analyzed 
for the cadmium content to check the accuracy 
of the methods developed here. The precision of 
measuiernent has also been discussed. The 
advantages of each of the activation methods 
used in this study in analyzing specific samples 
are also described here. 

Experimental 
Samples 

Various types of food were obtained from most prov- 
inces across Canada for the determination of several 
toxic metals with the assistance of the Food and Drug 
Laboratories, Department of National Health and Wel- 
fare. Some tissue samples were received in frozen condi- 
tion and were stored in a refrigerator. Prior to the neutron 
activation, samples were freeze-dried for 24 h and known 
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quantities of them were placed in cylindrical quartz tubes 
(length, 4.5 cm; internal diameter, 0.4 cm) which were 
subsequently heat sealed. Other foodstuffs were received 
in their normal dry condition. Since these samples were 
analyzed in our laboratory for a number of toxic metals 
including mercury, and since mercury can be lost from the 
samples (especially from fish) in polyethylene containers 
during neutron activation (22, 23), all food samples were 
irradiated in the quartz tubes to eliminate any such loss. 

Soils, fertilizers, seeds, and vegetation were collected 
from a market gardening tract knonn as the Holland 
Marsh in south central Ontario and were analyzed by 
RNAA for cadmium content. Very little pre-irradiation 
treatment was given to these samples. For example, soils, 
fertilizers, and seeds were dried in air at  room tempera- 
ture. However, vegetation specimens had been washed 
and dried previously at  65 C in an oven by the Botany 
Department, and were used as such. Human scalp hair 
sanlples collected from the residents of the Holland Marsh 
area were caref~~l ly  washed with ether to remove oily 
layers with externally attached dust particles and were 
dried in air. 

Cultivated soils with a high organic matter content, 
fertilizers, and vegetation, collected from the Holland 
Marsh were also analyzed by IPAA. For this purpose, the 
dried samples were packed in polyethylene bags and heat 
sealed. A typical sample package size was 2 cm x 1.2 cm. 
The polyethylene bags were placed in cylindrical poly- 
ethylene irradiation capsules for IPAA. 

Standards 
T o  serve as comparator standards for RNAA, micro- 

liter quantities of pure cadmium nitrate solution (con- 
taining known-microgram quantities of cadmium) were 
weighed into clean quartz tubes. 

A synthetic soil matrix was prepared as a support 
material for trace amounts of cadmium by mixing starch 
powder (46.1%), diammonium hydrogen phosphate 
(42.8%), calcium oxide (2.173, ferric trioxide (2.273, and 
silicon dioxide (6.873. Microgram quantities of pure cad-- 
mium oxide were added to the synthetic soil matrix and 
mixed thoroughly. A known amount of this mixture was 
placed in a clean polyethylene bag, sealed, and ~ ~ s e d  as the 
cadmium standard for IPAA of soil. For IPAA of other 
materials, known amounts of pure cadmium oxide sealed 
in polyethylene bags were used as the standard reference 
material. 

Irradiations 
Two different nuclear reactors were used for the RNAA 

reported here. At the McMaster University Nuclear Re- 
actor, Hamilton, Ontario, a flux of 2 x lOI3 and 5 x lOI3 
neutrons/cni2 s were available for the neutron activation 
work. The samples, standards, and a blank quartz tube 
or polyethylene bag, as the case might be, were put in an 
aluminum irradiation capsule and were normally irra- 
diated for 20-60 h. About 50 to 80 mg portions of each 
food sample were used and as many as 10 different samples 
plus standards were irradiated simultaneously in each 
capsule. 

However, it was possible to irradiate a larger amount, 
ciz. about 1 g, of each sample in a flux of 2.5 x 10" 
neutrons/cniz s at  a Safe Low Power Critical Experiment 
(SLOWPOKE) Nuclear Reactor of the University of 
Toronto. A few samples were irradiated at a higher 
neutron flux, namely at  1 x 1012 neutrons/cm2 s, at the 

above reactor whenever the higher flux was available. For 
certain types of sample, especially soils, a 1-g portion was 
considered to be more representative than a 100-mg por- 
tion of the soil analyzed such as was used in the high flux 
irradiations. Therefore, many soils with suspected elevated 
levels of cadmium were irradiated in the SLOWPOKE 
Reactor for RNAA determination. Soil samples along 
with the cadmium standard, an empty quartz tube, and a 
polyethylene bag were placed in a SLOWPOKE 7-cc 
polyethylene irradiation capsule and were irradiated for a 
maximum period of 16 h. 

A Vickers 45-MeV electron linear accelerator (Linac) 
at the University of Toronto was used as the bremsstrah- 
lung source for IPAA. The maximum current output at a 
given electron energy was obtained in this Linac by using 
pulses of 2.1 ps width at the repetition rate of 240 pulses 
per second. The bremsstrahlung was produced by allow- 
ing the electron beam to impinge on a 3-mm-thick water- 
cooled tungsten converter placed 3 cm away from the face 
of the beam exit window of the Linac. The beam currents 
were measured on the tungsten converter by a current 
monitor and typical average electron currents were found 
to be 80 pA at 15 MeV and 225 pA at 35 MeV. An energy 
precision of about 1 0 . 5  MeV and a current spread of 
1 5  pA from the selected values were observed during 
this work. The average flux of photons was of the order 
of 1 to 2 x 1OI3 photons/cm2 s. A detailed description of 
this Linac and the various facilities for IPAA have been 
discussed elsewhere (24). Soil samples (normally 1 g) 
along with the cadmium standard and a blank poly- 
ethylene bag were irradiated at 15 MeV for I h. All other 
samples were irradiated at  35 MeV, also for 1 h. Irradia- 
tions were carried out by placing the polyethylene irradia- 
tion capsules on a specially designed rotating sample 
holder which has been described in a previous paper (16). 
This sample holder was used to achieve the same mean 
irradiation exposure to samples and standard even though 
there was a considerable spatial bremsstrahlung flux 
variation at  the sample position. 

Postirmdiation Treatft~ent of Neutron Acticated San~ples 
Following neutron activation, the samples were 

"cooled" for 1-2 days to minimize radiation standards 
before chemical processing. Then the external surface of 
the quartz tubes containing samples and standards were 
cleaned by boiling in aqua regia, rinsed several times with 
distilled water, and dried. For RNAA, samples were 
dissolved by the method described bclow. 

About 20 ml of liquid nitrogen were placed in a beaker 
containing 5 ml of concentrated HNO,. The acid was 
thus solidified. This was designed to protect the beaker 
from breaking during subsequent crushing of the sample 
quartz tube. The quartz tube was placed in the beaker and 
more liquid nitrogen was added to make the quartz tube 
fragile and also to eliminate loss of any volatile material 
that might have been formed during irradiation. The 
quartz tube was crushed with a stainless steel plate which 
was washed with concentrated HNO, and the washings 
added to the beaker. Cadmium carrier solution (normally 
10 mg) was added to the solution and the beaker was left 
covered in an ice bath for about 16 h to allow cold 
digestion of the mixture overnight. 

The resu!ting solution was evaporated almost to dryness 
to eliminate nitric oxide fumes and then concentrated 
HCl was added dropwise while boiling gently. In the case 
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of samples which were difficult to dissolve, approximately 
2 ml of 30% H,O, were added slowly into the solution to 
destroy any residual organic matter in samples. A de- 
tailed method for the dissolution of soils was reported 
earlier (15). The final solution was made 10 N with respect 
to HCI. The anionic chloro complexes of cadmium thus 
formed were separated from those of other elements 
using an anion exchange resin column. 

Several tracer experiments involving arsenic, cadmium, 
mercury, selenium, and zinc nuclides were carried out to 
determine the most suitable conditions for ion exchange 
separation of cadmium. From the results of these experi- 
ments, a strongly basic anion exchange resin (4602, 
CGA-549, 100-200 mesh) in a column of 10 cm height 
and 1.2 cm internal diameter was selected. The flow rate 
was adjusted to 2 ml/m. 

The 10 N HCl solution containing the chloro com- 
plexes of several elements including cadn~ iun~  was trans- 
ferred onto the ion exchange column. Arsenic, selenium, 
and zinc were first eluted by washing the column with 
varying strengths of HCI down to 0.01 N concentration. 
Cadmium was eluted with I N H2S04. The first 30 nil of 
the eluate were found to contain very little cadmium and 
thus were discarded. The next 55 ml of the eluate con- 
tained most of the cadmium and were collected in a 
beaker for further treatment. 

Tracer experiments revealed the presence of a small 
amount of zinc in the cadmium eluate. A precipitation 
method (25, 26) using Reinecke salt for the separation of 
zinc from cadmi~lm was found to be excellent for our 
purpose and thus was used. 

T o  the cadmium eluate, 10 ml of 5% thiourea solution 
(w/v) were added. Then 4 ml of a freshly prepared 4% 
solution on Reinecke-salt in 1% thiourea were added 
after cooling with constant stirring. The mixture was 
left on an ice bath for 30 min with frequent stirring. The 
[Cd(thio~rea),][CriSCN)+(NH~)~]~ precipitate was cen- 
trifuged and the supernatant was discarded. The precipi- 
tate was washed with 15 ml of 1% thiourea solution, 
centrifuged, and the supernatant was discarded again. The 
precipitate was washed with 10 ml of chilled absolute 
ethanol and was transferred to a tared circle of Whatman 

Instr~rrnental Analysis o f  Pllofotl Actiaated Scrmples 
Following photon activation, the samples, standard, 

and the blank polyethylene bag were transferred to clean 
glass counting vials and were given identical geometrical 
shape. After a "cooling period" of about 2 h from the end 
of irradiation, samples and standards were counted with 
two high resolution Ge(Li) detectors (described below). 
Background subtractions and decay corrections were made 
as usual. The number of events detected in the 247-keV 
y-ray of "'"Cd (half-life, 49 min) were calculated by 
using the net peak area method. 

Two solid-state detectors were used: either a 60- or 
40-cm3Ge(Li) detector coupled, one to a 4096-channel 
Canberra and one to a Kicksort pulse height analyzer 
was used in various experiments for the instrumental 
analysis of cadmium. The full-width at half-maximum 
of the photopeak produced by the 1332-keV y-ray of 
60Co was 1.9 and 2.5 keV for these two detectors, respec- 
tively. The peak-to-Conipton ratios were 30: 1 and 18 : 1, 
respectively. The efficiencies for these two detectors were, 
respectively, 6.7 and 4.0% with respect to a standard 
NaI(T1) detector. 

Results and Discussion 
Plloton Acfivatiot~ of Cadnliun? Isotopes 

In 1941, Feldmeier and Collins (27) have re- 
ported the formation of " ' "'Cd by photoexcita- 
tion of cadmium isotopes. However, not much 
work was done until 1964 when Lukens et al. (28) 
studied the possible applications of such nuclear 
inelastic scattering reactions to trace element 
analysis. Since then a few investigators (21, 29, 
30) have measured cross sections, half-lives, 
y-ray energies, detection limits, and some have 
used them to determine cadmium in samples. 

With the advent of high resolution Ge(Li) 
detectors, the possibility of instrumental analysis 
of cadmium employing metastable isomers has 

filter paper No. 41. I t  was washed with an additional 5 ml increased considerablv in recent vears. Moreover. 
of chilled absolute ethanol on the filter paper. no studies of the photon activation of cadmium 

The precipitate containing cadmium was dried at  110 ' C  
for 30min and cooled in the desiccator for an equal isotopes and their interferences have been re- 
length of time. A chemical recovery of 80-95% of the ported so far. For these reasons, we have irra- 
added cadmium carrier was typical. The radiochemically diated pure cadmium standards at  8, 10, 12, 14, 
separated cadmium was found to be absolutely free from 15, 20, 22, 25, 30, 35, and 40 MeV maximum 
zinc. The total time for the radiochemical separation of bremsstrahlung energies and have identified the 
nanogram traces of cadmium was approximately 8 h for 
a batch of six samoles. nuclides produced, determined their half-lives 

The nuclide li5%n (half-life, 4.5 h), daughter product and ')'-ray energies. We have compared these 
of 'I5Cd (half-life, 53.5 h), was allowed to grow into the nuclear data with those published in recent litera- 
radiochemically pure cadmium precipitate and to reach ture and found them to be very consistent. We 
equilibrium after 20 h from the final precipitation of cad- 
mium. The activity due to the 336-keV y-ray of "5"In was have also studied the interferences that may be 
then assayed with a 7.5 cm x 7.5 cm NaI(T1) detector in encountered for the kind envirollmental 
coniunction with a 1024 channel model 601 Northern samples analyzed in this work. Some of the 
scientific Inc., pulse height analyzer. Background sub- nuciear data ;elating to the present analysis are 
tractions, chemical yield, and decay corrections were in ~ ~ b l ~  1. 
made in estimating the net activity due to the sample. The 
integrated net peak area method (corrected for back- Hislop and (I8) suggested the use of 
ground) was used in determining the concentration of the 336 keV ?'-ray of 'I5 "In for the determination 
cadmium in the sample. of cadmium in air particulates. In an attempt to 
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use 115mIn for the same purpose in soil analyses, 
we have experienced interferences from a num- 
ber of competing reactions, particularly that of 
indium and tin isotopes (Table 1). Interference 
from the reaction ll'In(y, y')'15n1 In seems un- 
avoidable in soil analyses even at  15 MeV irra- 
diation energy. The nucl~de '15Cd suggested by 
Sulin (19) could not be used for the determina- 
tion of cadmium in soil because of similar inter- 
ferences from the competing reactions of a num- 
ber of tin isotopes (Table 1). Moreover, the sen- 
sitivities of IPAA determination of cadmium 
using "'Cd reported by Kato (31) and Sulin (19) 
of 15 and 5 p.p.m., respectively, are not low 
enough for trace cadmium analysis. 

The 300 keV y-ray of1 13Ag has been interfered 
with by the 303.8 keV y-ray of 75Se as well as by 
a competing reaction shown in Table I .  On the 
other hand, although "'Ag has not apparently 
been produced by any interfering photonuclear 
reaction, its I I I O S ~  abundant y-ray of 617.1 keV 
has been seriously interfered with. Kato (31) has 
reported a sensit~vity of cadmium determination 
of 104 p.p.m. using the 61 7.1 keV line of '12Ag. 
Several interferences and the unfavorable long 
half-lives of both '''Ag and "'"A g (Table 1) 
have restricted the use of these nuclides for the 
rapid determination of cadmium. y-Rays emitted 
by relatively short-lived lo5Cd and lo7Cd were 
also interfered with. The full energy peak of 
83.8 keV of lo4Cd cannot be measured efficiently 
with the high volume Ge(Li) detectors used in 
this study. 

The nuclide 11' "Cd, which was finally selected 
for use in this work, can be produced by three 
different reactions from cadmium isotopes as 
shown in Table 1 along with the interfering re- 
actions. At an E,,, of 15 MeV, the reaction 
ll5Sn(y, .x)lll"Cd (E,,,, 3.2 MeV) can interfere. 
However, considering the low isotopic abun- 
dance of l1  'Sn(0.34%), any such interference has 
been estimated to be negligible. The other reac- 
tion llGSn(y, nz)ll'"Cd has an E,,, of 12.8 MeV 
and is not expected to interfere seriously at  en- 
ergies only a couple of MeV above that. For 
these reasons, soil samples have been irradiated 
at  15 MeV for the determination of cadmium. 
The main photon reactions at 15 MeV producing 
this nuclide are: ll'Cd(y, y')"ln'Cd and ll'Cd- 
(y, n)''' "Cd. 

The 246.8 keV y-ray of ll1"Cd which is quite 
abundant (9473 and relatively free from inter- 
ference, was used in this study. Baciu et al. (32) 

have mentioned y-rays such as the 246 keV of 
39C1 (from 40Ar), 247.9 keV of s4"Rb, and 
249.8 keV of I3'Xe as the possible sources of 
interference. However, we have not observed any 
detectable quantities of these nuclides in irra- 
diated soils. Aras ef al. (33) have detected the 
249.7 keV y-ray of 77Br produced by the reaction 
79Br(y, 2n)77Br in photon-activated air particu- 
late samples. To reveal any interference from 
77Br, a search for other abundant y-rays such as 
the 238.9 and 521.0 keV of 77Br was made in the 
gross y-ray spectra of soils recorded at different 
time intervals. No such y-rays were identified. It 
was concluded therefore that no detectable 
amount of bromine is present in soils analyzed. 
Moreover, the half-life of the 247 keV y-ray was 
found to be 48 2 min which is in excellent 
agreement with the reported half-life of 49 min 
of '" "Cd. Thus any interference from the above 
nuclides has been considered negligible. 

When significant amounts of indium and tin 
were not present, as we have observed for fer- 
tilizers, seeds, and vegetation, the samples were 
irradiated at  35 MeV, and the maximum obtain- 
able beam current was used to induce maximum 
possible activity and improve detection levels for 
cadmium. Under such circumstances, a number 
of nuclides can be used for the determination of 
cadmium. Advantage can be taken of the longer 
53.5 h half-life of "'Cd (in equilibrium with 

l 5  "In) -for routine cadmium analysis provided 
appreciable gold is also absent from the sample 
(Table I ) .  However, a better detection limit can 
still be achieved by using the "lmCd nuclide. 
This is due to the fact that 11' "Cd is simulta- 
neously produced by three different photo- 
nuclear reactions at  the higher energy of 35 MeV 
as shown in Table 1. 

Cadrnium in Food 
The cadmium residues detected by RNAA in 

the various specimens of a variety of typical food 
items are summarized in Table 2. The cadmium 
concentrations of all food items are expressed as 
ranges in parts per million (p.p.m.) by weight, 
based on the fresh weight of the sample. To  be 
specific, the levels of cantaloup, fish, meat, 
oyster, etc. are expressed with their respective 
normal water content (i.e., wet weight) while 
those for coffee, flour, tea, etc. are based on the 
normal dry condition in which they are available 
in the market (i.e., dry weight). In giving the ap- 
proximate ranges of cadmium content in food, 
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TABLE 2. Cadmium content of food by RNAA 

Range (p.p.m., as received, 
Sample weight basis) 

Buck wheat 0.094 
Cantaloup 0.007 
Coffee 0.007, 0.017 
Cream of wheat 0.032 
Egg 0.004, 0.005 
Fish 0.004-0.008 (0.10, 0.014, 0.015) 
Flour (wheat) 0.028 
Meat 

beef 0.002-0.021 (0.061, 0.097, 0.115)* 
chicken 0.002-0.003 (0.063,0.068)* 
lamb 0.003-0.016 (0.253)* 
pork liver 0.033-0.069 

Oats 0.026 
Oyster 0.445, 0.796 
Rice 0.015-0.023 
Tea 0.004, 0.015 
Wheat 0.29 

*High cadmium contents beyond the ranse quoted are shown in the 
parentheses and  a re  mostly for organs such as liver and  kidneys. 

care is taken to exclude the scattered high values 
which are separately shown in the parentheses. 
The cadmium concentrations of individual items 
are shown in a few cases where enough samples 
have not been analyzed to give a range but for 
most foods analyzed the individual concentra- 
tions are too numerous to be listed separately. 

Different cuts of various types of meat have 
been analyzed. In general, the muscle mass of 
these meats show a very low cadmium content. 
However, kidney and liver have been observed 
to concentrate more cadmium (up to 10 
times more). The cadmium concentrations of 
these organs in beef, chicken, and lamb are con- 
siderably higher and are shown in the parentheses 
of Table 2. Similar enrichment of cadmium in the 
organs has also been described by Yamagata 
and Shigematsu (3). Das and de Vries (34) re- 
ported less than 2 parts per billion (p.p.b.) of 
cadmium in commercially available canned beef 
for infants. On the other hand, Ishizaki et al. (35) 
and Rautu and Sporn (36) found 0.054 and 
0.060 p.p.m. of cadmium in beef, respectively. 
Schroeder et al. (37) originally estimated 0.89 
p.p.m. of cadmium in beef. Although this value 
could be reduced to half of the original amount 
after making necessary corrections for the inter- 
ferences observed in their analytical technique 
used for the determination of cadmium (8a, 9b), 
even then it appears to be almost four times as 
high as the highest value found in this study. 
Essing et al. (38) homogenized four beef samples 

of different origin and found a 0.017 p.p.m. cad- 
mium content. We have observed a range of 
0.003 to 0.20 p.p.m. and Ishizaki et al. (35) 
detected 0.027 p.p.m. of cadmium in chicken 
whereas Schroeder et al. (37) reported 0.31 and 
2.00 p.p.m. for chicken wing and leg, respec- 
tively. The range of cadmium content in pork 
liver is shown in Table 2. For comparison, the 
normal concentration of cadmium in Japanese 
pork liver has been reported as 0.080 p.p.m. (3). 

In general, the cadmium concentration of the 
axial muscle of freshwater fish is of the order of a 
few p.p.b. irrespective of the species as observed 
in this study. This is in contrast to the food-chain 
accumulation in predatious fish found for mer- 
cury. Similar low values have been reported from 
Japan (35) and West Germany (38). In the U.S., 
cadmium content of 0.036 in fish has been quoted 
(9c). The cadmium concentrations in the muscle 
of pike from southeast Sweden (13) have been 
found to be 6 2 0  p.p.b. in general with a few 
scattered high values up to < 100 p.p.b. Jaakkola 
et al. (29 have analyzed pikes from both non- 
polluted and polluted waters in Finland and have 
observed an enrichment of cadmium from muscle 
to liver and kidney. They observed the lowest 
cadmium residue in the clean water fish muscle 
ranging from 2 to 3 p.p.b. and approximately 
five times more in the contaminated water fish 
muscle. For clean water fish, they reported a cad- 
mium enrichment of about 10 times in liver and 
50 times in kidney compared to that in the 
muscle. 

Oysters are reported to concentrate cadmium 
from sea water. The cadmium contents of oysters 
observed in this study, riz. 0.4 and 0.8 p.p.m. 
(Table 2), are comparable to those of 0.62 (35) 
and 0.85 p.p.m. (3) found in Japan. 

Eggs have been found to contain about 5 
p.p.b. of cadmium (Table 2). Slightly higher 
values of 15 (35) and 21 p.p.b. (36) have also been 
reported. However, even after correcting for in- 
terference as mentioned above the 90 p.p.b. 
result observed by Schroeder et al. (37) appears 
unusually high. 

The cadmium content of rice found in this 
study (Table 2) is considerably lower than that 
of 0.07 p.p.m. found normally in Japan (3). A 
wheat sample has been found to contain 0.29 
p.p.m. of cadmium in this study. Recently, Huff- 
man and Hodgson (39) reported an average of 
0.20 p.p.m. of cadmium in wheat from 19 states 
east of the Rocky Mountains. The cadmium resi- 
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dues of 0.047 and 0.07 p.p.m. in wheat flour re- 
ported by Essing et al. (38) and Schroeder and 
Balassa (40), respectively, are considerably higher 
than that of 0.028 p.p.m. found in this work 
(Table 2) which, in turn, agrees with concentra- 
tions of 0.02 and 0.025 p.p.m. of cadmium re- 
ported by others (41, 35). 

The cadmium residues of three types of edible 
vegetation from the Holland Marsh area have 
also been analyzed by RNAA and are listed in 
Table 3. Seeds, in general, contain very low cad- 
mium except some onion seeds which had a 
level of 0.066 p.p.m. There is not any satisfactory 
explanation at this stage for high cadmium con- 
tent found in onion seeds. The cadmium concen- 
trations of the various portions of the vegetables 
were calculated on the dry weight basis (often 
after drying at 65 "C for 48 h). The cadmium 
content in the edible portion of the vegetables 
on the wet weight basis are estimated from the 
dry weight results as: 0.024 p.p.ni. in carrot 
(root), 0.036 p.p.m. in lettuce (leaf), and 0.013 
p.p.m, in onion (bulb). We have also obtained 
similar vegetation samples from the open market 
in Toronto, analyzed then1 by RNAA, and cal- 
culated the cadmium content on both the wet 
weight and dry weight basis. The similarities in 
the cadmium residues of these vegetables from 
two different sources is generally quite close. 

By comparison, Ishizaki et al. (35) and Yania- 
gata and Shigeniatsu (3) have detected 0.041 and 
0.050 p.p.m. (wet weight) cadmium residues, 
respectively, in normal carrots. Essing ct a / .  (38) 

TABLE 3. Cadmium content of fertilizers 
and vegetables* by RNAA 

Content 
Sample (p.p.m., dry weight basis) 

Muriated potash (60% KCI) 
Ammonium nitrate (3373 
Carrot 

seed 
leaf 
root 

Lett L I C ~  

seed 
leaf 
root 

Onion 
seed 
leaf 
root 
bulb 

*Samples of fertilizers and crop vegetables from Holland Marsh. 

have reported 0.032 p.p.m. cadmium in carrot 
which agrees with our findings. They have also 
reported 0.042 p.p.m. of cadmium in lettuce. 
Somers (42) has reported cad~nium contents up 
to 0.69 p.p.m. in carrots and 2.4 p.p.m. in lettuce 
grown within 2-3 miles of a smelter in Trail, 
British Columbia. Onions have been analyzed by 
a number of investigators in many countries. The 
cadmium concentrations in onions range from 
0.0077 p.p.m. (36) in Rumania, 0.003 (3) and 
0.012 p.p.m. (35) in Japan, 0.01 p.p.m. (37) in 
the U.S., to 0.017 p.p.ni. (38) in West Germany. 
Yamagata and Shigematsu (3) have noticed a 
difference in the cadmium content of two types 
of onion described as onion (0.003 p.p.m.) and 
long onion (0.01 8 p.p.m.). Although both species 
were collected from two nonpolluted areas they 
were not grown on the same soil area so any 
comparison in the accumulation of cadmium be- 
tween the two different onion species cannot be 
made. 

Celery has also been analyzed by the IPAA 
technique. The cadmium content of celery leaf 
has been found to be 0.63 p.p.m. (dry weight) 
corresponding to 0.085 p.p.m. (wet weight) on 
the average (Table 5). Essing et 01. (38) have re- 
ported a mean concentration of 0.085 p.p.m. 
(wet weight) cadmium in celery leaf by analyzing 
a homogeneous mixture obtained from four 
different sources. 

Cadt?iiut?~ in Soils atld Fertilizers 
Cultivated soils collected frorn the Holland 

Marsh at various depths have been analyzed in 
replicate by RNAA, IPAA, and AAS after cheni- 
ical separation. The concentrations of cadmium 
in these soils are presented in Table 4. The ap- 
proximate range of cadmium in soils found in 
this study was 0.50-1.72 p.p.m. (air-dry basis). 

The concentration of cadmlum in soils has 
been reported by many other workers. Bowen 
(43) has summarized the range of cadmium in 
typical soil as 0.01-0.7 p.p.m. with an average of 
0.06 p.p.m. Yamagata and Shigematsu (3) re- 
ported less than 1 p.p.m. of cadmium in non- 
polluted Japanese soils. In general, a high cad- 
mium content has been observed throughout the 
entire depth profile (Table 4) of the Holland 
Marsh muck soils. This is not surprising in view 
of the fact that the Holland Marsh soils have 
a high organic matter content (85-902) and that 
both cadmium and zinc tend to concentrate in 
the organic matter of soils. Moreover, cadmium 
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TABLE 4. Cadmium content of cultivated soils by 
RNAA,  II'AA, and AAS methods 

(p.p.m., dry weight basis) 

Destructike Instrunlental 
Depth in crn N A A  PAA A AS 

TABLE 5. Precision of cadmiuln determination 
by KNAA and IPAA 

Number of measure- 
ments and contents 
(p.p.m., dry weight 

basis) 

Sample First Second Third 

R N A A  Surface-l soil 1.42 1.40 1.41 
0 . 0  7 . 5  c n ~  soil 1.72 1 .72 1.71 
7 . 5 1 5 . 0 c m  soil 0.950 0.942 0.929 

lPAA Surface- 1 soil 1.40 1 . 3 8  1.42 
5-10-15Fertilizer 4.48 4 .50 4.51 
Celery 

leaf 0.629 0.636 0.631 
root 0.562 0.564 0.560 

and zinc are known to occur together in nature 
and also cadmium is present in numerous phos- 
phate fertilizers in appreciable concentrations 
(9d, 37). T o  check the latter, three widely used 
fertilizers were analyzed for trace cadm~um 
(Table 3 and Table 5). The 5-10-15 fertilizer was 
found to contain the maximum amount of cad- 
mium (about 4.5 p.p.m.). Recently, Hammer et 
al. (44) reported 15 p.p.m. of cadmium in the 
18"7,uperphosphate fertilizer from a U.S. 
source. Since muck soils In the Holland Marsh 
were originally found to be rather deficient in 
zinc and phosphates, large amounts of these 
nutrients have been appl~ed through the years to 
improve vegetable cultivation. This can very well 
explain the relatively high cadmium concentra- 
tions (riz. 1-2 p.p.m.) observed in the surface 
soil layers which are normal recipients of fer- 
tilizers and nutrients. We have also observed a 
high zinc content in these soils as reported in our 
earlier study (15). Zinc to cadmium ratio in these 
soils has been found to vary between 250 and 850 

compared to a value of 445: 1 in the earth's 
crust (I). 

Cadrrziutn it? Hair 
Hair has been well recognized as an important 

human tissue in the forensic individualisation 
studies. In the past, it has been mostly used in 
criminalistics with some success (45). On the 
other hand, in this laboratory numerous hair 
samples from various sources have been analyzed 
for about a decade to monitor human ingestion 
of different toxic metals. Consequently, data on 
the normal coricentrations of many metals are 
available from more than 1000 hair samples. By 
comparing these background hair metal levels 
with those measured in hair from a person ex- 
posed to abnormal environmental metal concen- 
trations, it is possible to determine whether pollu- 
tion sources have caused increased ingestion into 
that individual's body. This method has been 
particularly valuable in assessing cases of mer- 
cury poisoning in Japan and also in Iraq (6). 
Moreover, a relationship between blood concen- 
tration and hair mercury content has been estab- 
lished. At present, there is a growing interest in 
the use of hair as a "practical dosimeter" for a 
number of environmental contaminants such as 
arsenic, cadmium, and lead (46, 47). 

Sixty-two scalp hair samples were collected 
from the residents of the Holland Marsh com- 
munity (who regularly consume vegetable pro- 
duce from the area) and analyzed for the cad- 
mium content by RNAA. The results are shown 
in the form of a histogram in Fig. 1 .  The range 
observed in this study is 0.25-2.7 p.p.m. for all 
the samples analyzed. 

The cadmium content of hair has also been 
reported by a number of other investigators. For 
example, Schroeder and Nason (48) have re- 
ported 0.48-2.8 p.p.m. for male and 0.24-1.8 
p.p.m. for female hair cadmium concentrations. 
They have also observed a difference in cadmium 
content according to the color of hair and the age 
of the subject. Hammer et al. (46) pretreated 
their hair samples with EDTA before analysis 
and reported a mean hair cadmium content of 
four groups of people between 0.9 and 2.0 p.p.ni. 
They also reported a mean cadmium content in 
hair of 45 10-year-old boys from five different 
areas having varying degrees of cadmium con- 
tamination, as 3.5 p.p.m. Recently, Lagerwerff 
et 01. (49) found 0.9 p.p.m. cadmium on average 
in hair collected from low exposure areas. Cad- 
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TABLE 6.  Cadmium content of interlaboratory intercomparison standards 
(p.p.m., dry weight basis) 

Information 
Sample (agency) RNAA IPAA value 

Coal (NBS-EPA) 0 .20+0 .02  0 .20+0.02 0 .23+  0.03 
Fly ash (NBS-EPA) 1 . 0 6 i 0 . 1 6  1 .5250 .15  1 .45+ 0.06 
Gelatin (Kodak) 50.4 1 1 . 0  - 40-60 
Orchard leaves (NBS) 0.11 1 0.01 3  0.11_+0.01 0 . l l i  0.02" 

"Certified value. 

30- curacy of the cadmium content obtained using 
this synthetic mixture in IPAA, the same samples 
were analyzed by a third (nonactivation) stan- 

UI 
Y dard analytical technique, namely atomic ab- : 20- sorption. For this purpose a few selected soils 
E 
I were dissolved by following a standard dissolu- 
LI tion method described in an earlier paper (15). 

= lo- Cadmium was then extracted from an alkaline 
m solution with dithizone. The cadmium content 
3 was determined using a Jarrell Ash Dial Atom 

Mark I1 atomic absorption spectrophotometer. 
0 I 

0 1 2 3 
The results are shown in Table 4. The agreement 
in the cadmium content obtained by three dif- 

P.P.M. ferent methods, namely RNAA, IPAA, and AAS, 
FIG. 1. Freq~lency distribution of cadmi~~n i  in human is (Liz. F 2 to 7 ~ )  as can be 

head hair. seen from the table. 

miuln contents of 0.24-1.3 p.p.m. have been re- 
ported for Swedish hair and 0.20-1.5 p.p.m. in 
hair collected in rural areas of Yugoslavia (86). 
It should be noted that all these hair samples 
were cleaned with detergents. Das and de Vries 
(34) found 0.04 p.p.m. cadmium in normal hair 
and reported a range of 2.2-27 p.p.m. cadmium 
for hair samples that were possibly contaminated. 
Ishizaki et uI. (350) reported 0.4 and 0.7 p.p.m. 
cadmium in hair for men and women above 55 
years of age, respectively. 

Precision and Accuracy of Mensurements 
The reproducibility of both the RNAA and 

IPAA techniques for the determination of cad- 
mium reported here have been evaluated by 
analyzing replicate samples. The results are 
shown in Table 5 and it is quite clear that the 
reproducibility of both techniques is very good 
(riz. within F 2  to 1 0 z )  and is of a degree that is 
expected of a reliable micro-analytical technique. 

I t  has already been mentioned that the cad- 
mium concentrations in muck soils have been 
determined by a relative method, i.e., by refer- 
ence to the cadmium standard supported on  a 
synthetic soil mixture. In order to check the ac- 

As an  additional check on the accuracy of both 
the RNAA and IPAA techniques, NBS Orchard 
Leaves Standard Reference Material (1571) was 
analyzed for cadmiuni by the procedures des- 
cribed above. It can be seen from Table 6 that 
the agreement between the NBS certified value 
and the results obtained in this study is excellent, 
i . r ,  within the limits of reference value. 

The coal and fly ash trace element standards 
circulated for inter-laboratory colnparison pur- 
poses by the U.S. EPA and NBS have been 
analyzed and the results are shown in Table 6 
along with the information values supplied by 
NBS. The agreement in the cadmium content of 
coal between RNAA and lPAA is excellent 
again. In the case of fly ash, the cadmium residue 
obtained by IPAA is higher than that by RNAA. 
It  should be pointed out here that although the 
sample dissolution method described earlier has 
been satisfactory for other materials analyzed in 
this study, it apparently did not completely dis- 
solve the fly ash sample. Under such conditions, 
the cadmium content of 1.06 p.p.m. should be 
considered as the acid extractable cadmium of 
fly ash only. 

A multielement gelatin standard (TEG-50-A) 
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supplied by the U.S. Eastman Kodak Co. was 
also analyzed. The cadmium content of the 
gelatin powder was measured only by RNAA 
and the mean value of five such measurements is 
also shown in Table 6. The analysis of gelatin by 
IPAA presents some difficulty because of the 
considerable radiation damage caused by the 
high intensity photons, and for this reason, 
gelatin was not analyzed by IPAA. 

Errors it? Analyses 
Activation analysis, like other analytical tech- 

niques, is also not entirely free from error. Since 
it is a highly sensitive method of analysis, the 
possibility of external contamination is always 
present. This has been considerably reduced in 
this study by minimal pre-irradiation treatment 
of all samples. Moreover, with the availability of 
nuclear reactors, such as the SLOWPOKE at  the 
University of Toronto, in which samples can be 
irradiated without any pre-irradiation drying, 
the loss of volatile elements or their compounds 
froin the samples during drying can be elim- 
inated. There can be a number of other system- 
atic errors in RNAA. However, with proper pre- 
cautions as have been taken in this study, the 
total error in RNAA can be limited to about 
+ 10%. 

The general errors involved in IPAA have 
already been discussed in earlier publications 
(16, 24, 50). With a careful choice of E,,,, the 
main interfering photonuclear reactions can be 
eliminated and such errors can be kept to a mini- 
mum. The total error in cadmium analysis by 
IPAA is about + 77 at  the 0.5 p.p.m, level. How- 
ever, it increases to more than * 1 0 9 e a r  the 
detection limit. 

Limits of Detection 
The limits of detection for cadmium by RNAA 

have been described by many investigators (1 2- 
14) including the present authors (1 5). Depending 
on  the flux of neutrons and the length of irradia- 
tion, different sensitivity limits can be obtained. 
The results of such evaluations are shown in 
Table 7. A maximum sensitivity of 0.08 ng for 
the determination of cadmium can be obtained 
by following the method described here. The 
various parameters for achieving this limit are 
listed a t  the bottom of Table 7. The sensitivity 
limit of 0.08 ng was found to be more than 
sufficient for the detection of trace cadmium in 
all samples analyzed in this study. 

Limits of detection for the measurement of 

TABLE 7. Detection limits of cadmium by RNAA 
- - 

Length of Neutron flux Detection 
irradiation (h) (n/cm2 s) limit (ng)* 

*Criteria: td 2 2 0 h  from chelnical separation of cadmium; 
counting of 336-keV y-ray of "'"'Jn \vrth a 7.5 cm x 7.5 cm NaI(T1) 
detector, and minimum detectable radioactivity of 1000 d.p.m. 

TABLE 8. Detection limits of cadmium by IPAA 

Length of Energy of Detection 
irradiation (min) irradiation (MeV) limit (ng)* 

*Criteria: beam currents of 80pA at  15 MeV and 225uA at 35 MeV 
measured on the converter; r, 2 2 half-lives; counting of 247-keV 
"(-ray of 'll"lCd uith a 60-cc Ge(L1) detector; and \%eight approxima- 
tion 3 o detector background, 

cadmium by IPAA vary widely with the activa- 
tion parameters. The energy and length of irra- 
diation, the beam current intensity, and presence 
of interfering elements in the matrix are the most 
important factors determining the detection 
limits. The sensitivities obtained at  two different 
irradiation energies and for three different irra- 
diation times are shown in Table 8. I t  can be seen 
from this table that optimal sensitivity for the 
determination of cadmium by IPAA can be 
achieved by irradiating samples at  35 MeV for 
60 min. The various criteria used in calculating 
these limits are given a t  the bottom of Table 8. 
I t  should be pointed out here that no  inter- 
ference was assumed in estimating these limits. 
Other investigators (1 8-21) have reported slightly 
higher detection limits for the determination of 
cadmium by IPAA in a number of matrices. 

Comparison betw,een R N A A  and IPAA 
Irradiation facilities in a nuclear reactor are 

readily available for the thermal neutron activa- 
tion of cadmium isotopes. On the other hand, at  
present, access by analytical chemists to an  elec- 
tron Linac or betatron for photon irradiations is 
rather limited. However, if both the facilities are 
equally available for use in cadmium analysis, 
the neutron activation technique involving the 
radiochemical separation of cadmium is a fairly 
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lengthy procedure. Since IPAA as developed here The assistance of the group of Prof. T.  C. Hutchinson, 

is a purely nondestructive method, and provided Department of Botany of the University of Toronto in 
obtaining soil and vegetable samples is greatly appre- the cadmium concentration is not less than ng' ciated. Financial assistance to this project under a Public 

a sample can be analyzed in a much shorter Health Research Grant. Proiect No. 605-7-664. Denart- 
time for example, about 3 h. With respect to the 
limits of sensitivity it is obvious from the above 
that RNAA is 1000 times more sensitive than 
IPAA. 

In  RNAA, both the cadmium standard and 
the sample are irradiated in precisely the same 
flux of neutrons. On the other hand appreciable 
errors can be introduced in IPAA due to fluc- 
tuation in the photon flux. However, such errors 
can be kept to a minimum by designing a special 
irradiation assembly such as the one used in 
this study. 

In conclusion, neutron activation followed by 
radiochemical separation (RNAA) has been 
found to be an invaluable technique for the 
determination of cadmium in food and other 
materials in which very low p.p.b. concentrations 
are often present. We have not observed any 
distinct pattern of the cadmium residues in 
various specimens of food items from different 
geographical locations of the various provinces 
in Canada. For this reason, we have not specified 
the origins of the foods individually. Moreover, 
the cadmium content of the foods analyzed are 
very similar to those reported by other investi- 
gators in several countries (ciz. a range of ap- 
proximately 2-70 p.p.b. with higher contents for 
a few specific items). It should be stressed at  this 
point that a number of additional food items 
need to be analyzed before any general conclu- 
sion regarding the cadmium residues in food can 
be drawn. At present, we are analyzing various 
foods for cadmium content on a routine basis 
using the RNAA method as developed here. 

Samples such as the fly ash which are very 
difficult to dissolve by the available methods, 
can be easily analyzed by instrumental photon 
activation analysis (IPAA). Since the contam- 
inated materials such as soils and fertilizers are 
suspected to have high concentrations of cad- 
mium, they can be rapidly analyzed by IPAA. 
This is also an inexpensive method for measuring 
cadmium in a large batch of samples. The real 
art of IPAA, however, lies in the fairly simple 
multielement determinations (24). This method is 

ment of National ~ e a l t h  and Welfare is also'ackAow- 
ledged, as well as an NRCC research operating grant. 
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3021 (1974). 

The treatment of a variety of heterocyclic thiones with hydrogen peroxide in acetic acid 
produces either heteroaromatic cations or the corresponding "oxo" con~pound. The results may 
be correlated with structural and electronic features. Benzo substitution or the presence of 
strongly electron withdrawing groups in the molecule favors the latter product, whereas the 
presence of a o trivalent nitrogen atom in the n~olecule favors the former. 

JAMES L. CHARLTON, S H E E ~ A  M. LOOSMORE et DAVID M. M c K ~ h \ o v .  Can. J. Chem. 52, 
3021 (1974). 

La reaction d'un grand nombre de thiones hCterocycliq~~es avec le peroxyde hydrogene dans 
I'acide acitique produit soit des cations heteroaromatiq~~es ou les composes 0x0 correspondants. 
Les resultats peuvent &tre relies avec des caracteristiques structurales et electroniques. La 
substitution par des groupernents benreniques OLI la presence de groupes fortenlent electro- 
affinitaires dans la molecule favorise la formation des derives 0x0 alors que la presence d'un 
atonle d'azote trivalent favorise la formation des cations. [Traduit par le journal] 

A useful reaction in heterocyclic chemistry is 
the treatment of heterocyclic thiones with per- 
acetic acid to form heteroaromatic cations. While 
the reaction actually involves reduction of the 
ring system, the exocyclic sulfur atom is oxidized 
and eliminated as sulfate. Although the reaction 
was originally applied to 1,2-dithiole-3-thiones 1 
(1, 2) and has since been applied to a variety of 
other systems indicated below, it is by no means 
general and fails in other apparently related or  
isoelectronic systems. In these cases, the exo- 
cyclic sulfur atom is replaced by oxygen. This 
has been observed for 1,2,4-dithiazole-3-thiones 
(3), pyran-2- and -4-thiones, and thiopyran-4- 
thiones (4). Even in certain cases in systems which 
usually give cationic products, certain other 
products are obtained. These will also be in- 
dicated below. 

T o  clear this confusioll and to establish the 
conditions and structural features which would 
lead to  either of these types of products, we have 
investigated the reaction of a number of hetero- 
cyclic thiones with 3 equiv. of hydrogen peroxide 
in acetic acid, which behavcs analogously to 
peracetic acid (5). T o  maintain uniformity of 
experimental parameters, we have used this as a 
standard rcaction condition. 

In  view of our interest in sulfur chemistry, we 
have confined our studies mainly to simple sys- 
tems containiilg only sulfur atoms, e.g. dithiole- 
thiones and thiopyranthiones or to sulfur and 

nitrogen containing compounds which have 
similar structural and electronic features to these. 
A large amount of work is reported on the oxida- 
tion of nitrogen containing thiones, e.g., pyrazo- 
lethiones (6, 7), 1,2,4-triazoline-3-thiones (8, 9). 
thiazolinethiones, and imidazolethiones (10-1 2) 
but in these cases, while products are more 
diverse, no cationic material formed by loss of 
sulfur i s  found. Oxidation of 1,2-dithiole-3- 
thiones with alkaline hydrogen peroxide is also 
reported (13) but the treatment affords acyclic 
products. 

For  this study, we used a number of selected 
heterocyclic thiones, some of which are new or  
prepared by different lnethods to established 
literature procedures. These are indicated below. 
For convenience we will refer to  cationic prod- 
ucts as "salt" and to the other type of product 
as "oxo." These products included thiolactones, 
lactams, and, in some cases, ketones. For the 
5,6-bel1zothiopyran-2-thiones (dithiocoumarins) 
4, the usual method of preparation has been by 
the sulfurization of o-methoxyallylbenzenes (14) 
but we have found a more convenient procedure 
to  be the sulfurization of benzodihydrothio- 
pyrans, in the form of their crude mixtures with 
benzodihydrothiophenes, obtained by thio-Clai- 
sen rearrangement of ally1 phenyl sulfides (15). 

T o  examine the effect of two benzo rings on 
the reaction of thiopyran-2-thiones we syn- 
thesized 3,4 : 5,6-dibenzothiopyran-2-thione (4m). 
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S-s R3 R 2  

R2 

1 

n R1 = Ph; R, = C02Et;  Z = S 
6 R1 = Ph; R, = C02Et;  Z  = 0 
c R1, R, = COCH2CMe2CH, ;  Z = S  
d R,, R2  = COCH,CMe,CH,; Z  = O 

R4 

n R l  = R, = Ph; R, = R, = H;  Z = S 
b R,,  R2 = (CH=CH),; R3 = H ;  R4 = Ph; Z  = S  
c RI ,  R, = (CH-CH),; R3 = H ;  R, = Ph; Z = O 
d R1 = C02Et;  RZ = R4 = Ph; R3 = H: Z  = S 
e R, = C02Et;  R, = R, = Ph; R 3  = H ;  Z = 0 
f R, = CN; R2  = R4 = Ph; R3 = H ;  Z  = S 
g R1 = CN; R, = R4 = Ph; R3 = H;  Z  = 0 
h R1, R2 = (CH=CH12; R 3  = H ;  R4 = Ph; S  = 0 ;  

Z = S  
i R 1 , R Z = ( C H = C H ) 2 ; R 3 = H ; R 4 = P h ; S = ~ =  0 
j R1 = Rz = R 3  = R4 = H ;  S = NMe; Z  = S 

a R l  = R 3  = Ph; Rz = R, = H; X = CIO, 
b R1 = R2 = R3 = R, = H ;  S = NMe; X = I 

Diazotized 2-aminodiphenyl was converted to 
2-niercaptodipheiiyl via the xaiithate and treat- 
ment of this with thiophosgene in base gave 
2-diphenylyl dithiochloroformate, which cyclized 
on treatment in carbon disulfide with anhydrous 
aluminum chloride to give the desired product 
(41112). This latter reaction is a~a logous  to a prep- 
aration of dithiobeiizoates from arvl dithio- 
chloroformates and aromatic compounds (16). 

To  obtain some results on the effect of electron 
withdrawing groups on the course of the re- 
action of monocyclic thiopyran-2-thiones, the 
ester 2d and the nitrile 2f were synthesized by 
thionation of the corresponding thiopyran-2- 
ones 2e and g. respectively. 

2- Methyl-4,5 -diphenylisothiazoline- 3 - thione 
(9b) was prepared by treatment of 3-methylthio- 
4,5-bei1zo-1,2-dithiolium iodide with methyl- 

4 1  R <  a:; 
a R l = R , = R 3 = R , = R 5 = R 6 = H ; Z = S  
b R 1 = R 2 = R 3 = R 4 = R 5 = R s = H ; Z = 0  
c R1 = Me; R, = R3 = R, = R, = R6 = H ;  Z  = S 
d R1 = Me; R, = R, = R, = R, = R6 = H; z = 0 
e R1 = R6 = Me; R2  = R, = R, = R, = H ;  Z = S 
f R1 = R6 = Me: R, = R, = R, = R, = H ;  Z  = 0 
g RI = RZ = R3 = R, = R6 = H ;  R4 = OMe; Z  = S 
h R1 = R, = R 3  = R, = Rb = H ;  R4 = OMe; Z  = O 
i R, = R2 = R3 = R4 = H ;  Rs, R6 = (CH=CH12; 

Z = S  
j R1 = R, = R3 = R, = H ;  R,, R6 = (CH=CH12; 

z = o  
k RI = R2 = Rg = R6 = H ;  R3, R4 = (CH=CH),; 

z = s  

arnine. This convenient method is analogous to 
the preparation of N-alkylisothiazoline-3-thiones 
from monocyclic 3-alkylthio-l:2-dithiolium salts 
and primary aliphatic aini~ies (17). 

The results of the oxidative studies are pre- 
sented in Table I .  The oxidation of 3,s-diphenyl- 
thiopyra-i~-2-thione gave the salt 3u. This is con- 
sistent with other thiopyranthione oxidations re- 
ported (4) and demonstrates that it is a general 
reaction. On the other hand, two monocyclic 
thiopyran-2-thiones containing strongly electron 
attracting groups, i.e. the ester 2d and the nitrile 
2f, the 4,5-benzothiopyran-2-thiones (4u, c, e, 
and g), the 3,4-benzothiopyran-2-thione, (2b), 
and the naphthothiopyran-2-thiones (4i and k) 
and 3,4: 5,6-dibenzothiopyran-2-thione (4m) all 
gave "oxo" products on reaction. Only in one 
case, 4c, were we able to isolate a small amount of 
"salt", whose analysis corresponded to 3-methyl- 
benzothiopyrylium perchlorate (5). 

The 3,4-benzopyran-2-thione (211) also gave 
"oxo" product 2i on oxidation. This result is 
comparable to reactions of monocyclic pyran-2- 
thiones and 5,6-benzopyran-2-thione\ (4). 

For simple 1,2-dithiole-3-thiones (1) the re- 
action is an established method of conversion to 
1,2-dithiolium salts (2, 5). Although 1,2-dithiole- 
3-thiones containing strongly electron with- 
drawing groups have been little studied, 3-thio- 
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1,2-dithiole-5-carboxylic acid gave the unsub- 
stituted 1,2-dithiolium cation on treatment with 
peracetic acid (1). Whether the decarboxylation 
was prior or subsequent to the formation of ca- 
tion was not established. The reaction performed 
on the ester l a  gave only "oxo" product 16 and 
on the ketone l c  gave predominantly "oxo" 
product Id. Only a s~iiall amount of salt 7a was 
obtained. The effect of benzo substituents on the 
oxldation of 1,2-dithiole-3-thiones has been es- 
tablished. "Poorly defined oxidation products 
which were not salt-like" (18, 19) were generally 
obtained but one naphtho derivative was un- 
usual in that it did give a small amount of a 
naphtho- l,2-dithiolium salt (1 8). 

Generally, the reaction applied to 1,3-dithiole- 
2-thiones (8) affords 1,3-dithiolium salts in good 
yields (5, 20). When we applied it to the ester 80, 
the dicarboxa~nide Sc, and 5-methylbenzo- 1,3- 
dithiole-2-thione (8e) the correspoilding "oxo" 
products (Sb, d, and f ,  respectively) were ob- 
tained. Peracetate oxidation of 2-thio-1,3-di- 
thiole-4-carbonitrile is reported to produce a 
sulfine, whereas 2-thio- l,3-dithiole-4,5-dicar- 
boxylic acid and 2-thio-1,3-dithiole-4-carboxylic 
acids give unidentifiable products (21). 

a R, = R, = C02Me; Z = S 
b R1 = R2 = C02Me; Z = O 
c R1 = Rz = CONH,; Z = S 
d R1 = R, = C O N H , ; Z =  O 
e R,, R2  = (CH=CMe-CH-CH); Z = S 
f R,, R2 = (CH=CMe-CH=CH); Z = 0 

a R, = CH,; R, = H ;  R3 = Ph 
b R1 = Ph.CH2; R2 = H ;  R3 = Ph 
c RI  = Ph; Rz, R3 = (CH=CHj2 
d R, = Me; R,, R3 = (CH=CH), 

n R1 = Me; R, = R4 = H ;  R3 = Ph; X = CIO, 
b R1 = Ph.CH2; R2 = R4 = H ;  R3 = Ph; 
c R1 = R, = Ph; R2 = Rg = H ;  X = C104 
d R, = Ph; R,, R4 = (CH=CH),; R, = H ;  X = CIO, 
e R, = Me; R,, R, = (CH=CH),; R, = H; X = I 
f R1 = Me; R,, R, = (CH=CH),; R, = H 

, 

R q S  

Among mixed sulfur nitrogen systems, the 
recently available (22) N-alkylisothiazoline-5- 

R ,  thiones (10a and b), the N-arylisothiazoline-3- 
thione (9a). and the benzisothiazoline-5-thiones 

9 (l0c and d) were converted to the corresponding 
a R ,  = R, = Ph; R 3  = H isothiazolium salts ( l l a  and e, respectively). 
b R1 = Me; R,, R3 = (CH=CH), These results correspond to earlier studies of 
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isothiazolinethiones (23, 24). Oxidations of 
thiazoline-2-thiones appear to have been little 
studied. We  have found that 3-methyl-4-phenyl- 
thiazoline-2-thione (120) and 3-methylbenzothi- 
azoline-2-thione (126) gave salts 13a and b on 
reaction. I t  is known (10, 25) that 2-mercapto- 
thiazoles, which on the basis of related structures 
probably exist as the thione tautomers (26), are 
converted into 2-unsubstituted thiazoles by loss 
of the suifhydryl group. 

From these results and from the literature cer- 
tain features become evident. I t  appears that 
treatment of monocyclic compounds containing 

S 

the -S-C- group will lead to formation of 
"salt" where such would have aromatic character. 
If the ring is fused or  if it has a n  electron with- 
drawing substituent or group, the preferred prod- 
uct of the reaction is the "oxo" compound. In  the 
five-membered rings these principles hold and 
replacement of a sulfur atom in dithiolethiones 

by an  -N-R group, giving thiazoline- or iso- 
thiazolinethiones, also favors "salt" formation. 
The effect in the benzo series of these co~npounds  
is also to favor "salt" formation. The benziso- 
thiazoles and benzothiazoles should be con- 
trasted with the isoelectronic benzothiopyrans 
and benzodithioles, where the formation of 
"oxo" products is usually favored. The difference 
is likely due to the electron releasing ability of the 
nitrogen atom. Replacement of a sulfur atom by 
a n  oxygen in the 1,3-dithiole system appears, in 
the one example we studied, to have an opposite 
effect to nitrogen. We found that reaction of 
4,s-diphenyl-I ,3-thioxole-2-thione (140) gave the 
"0x0" compound (14b). This may be related to 
the reactions of pyran-2-thiones, which in con- 
trast to thiopyran-2-thiones, give "0x0" products 
on oxidation (4). There are insufficient data to 
assess the effect of carboxyl groups on the oxi- 
dation products but it seems likely that if de- 
carboxylation could occur, "salt" would be ob- 
tained. Phenyl substituents appear to be too 
weakly electron withdrawing- (27) to be im- 
portant in determining the course of the reaction. 

I t  should also be noted that these results are 
only applicable to thiones which have potentially 
aromatic character. I t  is known (28) that the 
oxidation of certain cyclic trithiocarbonates 
which do not have potentially aromatic character 
gives an array of products. 

Finally, in an attempt to assess the structural 
features necessary in compounds without ring 
sulfur atoms, the reaction performed on N-  
methylpyridine-2-thione (2e) yielded the N- 
niethylpyridinium cation (3b). This result differs 
from studies reported on pyridine-4-thiones (29), 
although a peroxide oxidation of 4-mercapto- 
pyridines, which exist predominantly in the 
thione forms (30), gave 4-insubstituted pyridines 
(31). Such variety of products is also reported 
for pyran-2- and -4-thiones and may be due to 
similar causes. 

Experimental 
Mass spectra of compounds prepared were obtained 

on a Finnegan 1015 q~iadrupole mass spectrometer. Thin- 
layer chromatography, where necessary, was performed 
on "Camag" silica gel D.S.F.5 and colunln chromatog- 
raphy on Alumina 506-C-1 Brockman Activity 1 ,  both 
supplied by Mondray Ltd. Development of both, unless 
otherwise stated, was by benzene. Melting points were 
obtained on a precalibrated Kofler Micro hot-stage 
apparatus. 

Treafment of Hererocyclic Thiotzes n,it/f Hj'c/rogeti Peroxide 
it? Acetic Acid 

Fairly standard conditions were used. The thiones 
(0.1-0.5 g) in glacial acetic acid (-10 ml) were treated 
with 3 equiv. of 30% aqueous hydrogen peroxide. In most 
cases the solutions warmed somewhat, accompanied by 
intensification of color. After 5-10 min there was gradual 
decolorization. After 30 mill the solutions were treated 
with 7 0 z  perchloric acid (0.1-0.5 nil) and diluted with 
ether. Salts usually precipitated as crystalline solids, 
especially on scratching, but in a few cases they were 
hygroscopic and precipitated as oils. Any salts were re- 
moved by filtration or decantation and the filtrate was 
diluted with water. The ether extracts were washed, dried, 
and evaporated to yield the "oxo" compounds which 
were purified by recrystallization from appropriate sol- 
vents, usually ethanol. Where perchlorate salts were non- 
crystalline they were freed of hydrogen peroxide by re- 
precipitation from acetic acid and converted to their 
iodides by treatment with saturated aqueous potassium 
iodide solution. Unless otherwise stated, salts were ob- 
tained as perchlorates (X = C1O4). The results are 
presented in Table 1. 

Preparnrion of5,6-Benzothiopyrrrn-2-thior~e (40 )  
Ally1 phenyl sulfide (30 g, 0.2 mol) was converted into a 

mixture of benzodihydrothiopyran and methylbenzodi- 
hydrothiophene according to the procedure of Kwart er al. 
(15). The crude mixture was added to sulfur (25 g) in 
refluxing ethyl benzoate and the mixture heated I f  h. The 
cooled m i x t ~ ~ r e  was diluted with ether, let stand 4 h, and 
filtered to remove excess sulfur. Treatment with saturated 
mercuric chloride solution in methanol (50 ml) afforded 
a dark precipitate which was collected and decomposed 
with aqueous sodium sulfide. Extraction of the mixture 
with ether gave on evaporation a red solid which was 
purified by chromatography and crystallized from 
ethanol-benzene, 1 : l mixture, as red needles m.p. 109" 
(lit. (37) 109', 6% from ally1 phenyl sulfide). 
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Prepararions of  Other 5,6-Benzothiopyrail-2-tlliones 
(4c and g )  

This was done by analogous methods to above using 
suitably substituted alkyl phenyl sulfides. Melting points 
of con~pounds obtained were identical with those reported 
(14) by alternate synthesis. 

Preparation of  Ethyl 2-Tl7io-4,6-diphenylthiopyran-3- 
carbonylate (2d) 

Ethyl 2-0x0-4,6-diphenylthiopyran-3-carboxylate (336 
mg, 1 mmol) (39) and phosphorus pentasulfide (0.7 g) 
were refluxed in benzene (10 ml) for 1 h. The mixture was 
treated with sodium carbonate solution and the benzene 
extract washed and dried. A deep red solid was obtained 
which was recrystallized from ethanol as dark red 
prisms, m.p. 79-80', 

Anal. Calcd. for CzoH1,S2Oz: C, 68.18; H, 4.54; S, 
18.18. Found: C, 67.89; H, 4.54; S, 18.04. 

The mass spectrum M +  352, calcd. 352. 

Preparation of  2-Thio-4,6-dipheny1fhiopyrar1-3- 
carbonitrile ( 2 f )  

This was prepared as above from 2-0x0-4,6-diphenyl- 
thiopyran-3-carbonitrile (40); red prisms, m.p. 196" (lit. 
(40) 196') were obtained (82%). 

Preparation of 3-MethyI-4-Phenylthia:oIh1e-2-thione (12a) 
3-Methyl-4-phenylthiazoline-2-one was thionated as 

above. work - ip  yielded pale yellow prisms, m.p. 126-128" 
(5879. ~ , ", 

Anal. Calcd. for CloH,NS2: C, 57.97; H,  4.35; N, 
6.76; S, 30.92. Found: C, 58.08; H, 4.41; N, 6.62; S, 
30.69. 

The mass spectrum M' 207, calcd. 207. 

Preparation of2-Mercaptodiphenyl 
2-Aminodiphenyl (84.5 g, 0.5 mol) was added to a 

mixture of concentrated hydrochloric acid (100 ml) and 
crushed ice (100 g). The mixture was diazotized by addi- 
tion of saturated sodium nitrite (37 g) solution in water. 
The diazotized solution was added over 1: h to a solution 
of potassium ethyl xanthate (93 g, 0.58 mol) in water 
(250 n ~ l )  at  45^. The oil which separated was hydrolyzed 
in boiling alcoholic potassium hydroxide (20 g in 100 ml) 
for 6 h and the mixture diluted with water. Any oil) 
material which separated was rejected and the cooled 
alkaline solution was acidified and extracted with ether. 
Further purification was effected by back extraction into 
aqueous s o d i ~ ~ n ?  hydroxide solution and re-acidification. 
The dried ether extract on evaporation gave a pale 
yellow oil which crystallized on standing. The product 
was recrystallized from petroleum ether as colorless 
needles, m.p. 36' (62%). 

Anal. Calcd. for C,,H,,S: C, 77.41: H,  5.38; S, 17.21. 
Found: C, 77.35; H, 5.56; S, 16.99. 

The mass spectrunl M + 186, calcd. 186. 

Preparation of 2-Diphenylj~l Cl~lororlithiofornlnte 
2-Mercaptodiphenyl (18.6 g, 0.1 mol) was treated with 

a solution of sodium hydroxide (4 g, 0.1 mol) in water 
(6 ml). A slurry was formed which was slowly added to a 
stirred so l~~ t ion  of thiophosgene (12.65 g, 0.1 l n~o l )  in 
benzene (30 ml). Temperature was maintained at 10-15- 
during the addition. The mixture was left 16 h, then the 
benzene layer was separated, dried, and evaporated to 
give a yellow oil (79%). This was not purified but was 
used directly in the next reaction. 

Preparation of 3,4;5,6-Dibenzothiopj~ran-2-thione (4m) 
The crude diphenylyl chlorodithioformate from above 

(13.27 g, 0.05 mol) in carbon disulfide (50 ml) at 0' was 
treated with anhydrous aluminum chloride (6.5 g, 0.05 
mol). The mixture became virtually solid and hydrogen 
chloride was evolved. After standing 16 h, the mixture 
was decomposed by addition of water and dilute hydro- 
chloric acid. The carbon disulfide layer was separated, 
dried, and evaporated to give a pasty solid. Recrystalliza- 
tion from benzene afforded red fibrous needles, m.p. 
113-114" (85%). 

Anal. Calcd. for C,,H8S2: C, 68.62; H, 3.51; S, 28.07. 
Found: C, 68.44; H, 3.50; S, 27.88. 

The mass spectrum M f  228, calcd. 228. 

Preparation of 2-Methyl-4,5-benzisothiazoline-3- 
thione ( 9 b )  

3-Methylthio-4,s-benzodithiolium iodide (3.24 g, 10 
mmol) in ethanol (10 ml) was treated with 25% methyl- 
amine solution in ethanol (25%) with stirring. The mixture 
rapidly turned yellow and was stirred until homogeneous. 
After I h the solution was diluted with saturated sodium 
chloride solution in water and ether extracted. The dried 
extract gave on evaporation a crystalline yellow solid 
which was recrystallized from methanol as yellow needles, 
m.p. 137" (lit. (38) 137") (62%). 

The authors are very grateful to the National Research 
Council of Canada for financial support of this research. 
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J .  D.  COONEY, S. K. BROWNSTEIN, and J .  W. A P S I M O ~ .  Can. J. Chem. 52.3028 (1974). 
The energy barrier to internal N-N bond rotation in five cyclic and two bicyclic N-nitros- 

\ 
\ amines ( N-N=O) has been determined  sing high temperature 100 MHz n.m.r. spectros- 
/ 

copy. A s~~bs tan t ia l  contribution from the ionic resonance structure of \ 
P N = O  

produces considerable double bond character in the nitrogen-nitrogen bond and a concomitant 
increase in the rotational barrier about  the N-N bond. The molecules were examined in the 

liquid state and had ring sizes varying from five to  nine atoms. The Arrhenius and Eyring activa- 
tion parameters for the energy barrier were determined  sing total line shape analysis and the 
intensity ratio approximation method. The energy barrier to N-N bond rotation was found 
to range from 23-29 kcal:'mol depending on  the molecular structure and the solvent. 

J .  D. COOKEY, S.  K .  BROWNSTEIX et J .  W. A ~ S I M O ~ .  Can. J .  Cheni. 52.3028(1974). 
On a deterinine la barriere d'energie pour la rotation interne autour du lien N-N dans cinq 

11'-nitrosamines (\N-NYO) cycliques et deur  bicycliques: les resultatr ont  i t 6  obtenus en 

faisant appel a la spectroscopie r .m.n.  a 100 M H z  a haute temperature. Une contribution 

importante de la structure de r k s o n a ~ r e  i o n i q ~ ~ e  de ')N-N-0 (1) induit un caractere de 

double liaison important dans le lien azote-azote et augmente par le fait m&me la barriere a la 
rotation autour du lien N-N. 

O n  a examine les molecules a I'etat l ~ q ~ ~ i d e  et elles possedaient des cycles contenant cinq 2 neuf 
atomes. O n  a determine les parametres d'activation d ' A r r h e n i ~ ~ s  et d'E1ring pour les barrieres 
d'energie en faisant appel a l'analyse de la fornie globale des bandes et a la methode d'approxi- 
mation des rapports d'intensite. O n  a t r o ~ ~ v e  que la barriere d'energie pour la rotation autour du 
lien N-N est de 23-29 kcal'mol suivant la structure n~oleculaire et le solvant. 

Contribution from the 1,3-dipolar resonance character between the two nitrogen atoms re- 
structure 1 of the AT-nitrosamino group produces sulting in hindered rotation about the N-N 
a planar C,C,,NNO structure with double bond bond. 

Ca 
'Issued a s  N R C C  No.  14079. \ 

0 CQ 

ZPortions of this work were first reported in the M.Sc. 
\ P 

N-N// +--+ +N=N 
Thesis of J .D.C. ,  Carleton University, April, 1970, and  / / 
second a t  the 56th Canadian Chernical Conference of the c,, c,, 
Chemical Institute of Canada, Montreal, June, 1973. 1 
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COONEY ET AL.: N.M.R. O F  N-NITROSAMINES 3029 

TABLE I .  Energy barrier to  nitrosamine N-N bond rotation 

Ea AG,* 
Compounds Solvent (kcallmol) (kcal mol) Ref.  

Neat 
Neat 
Neat 
Neat 
G a s  

Chloronaphthalene 
or phenyl cyanide 

Ethylene glycol 
Neat 
Neat 

(I-DCB 
cs2 

Neat 
- 

OPeak seoaratlon method 

eConcentratio~i dependent. 
fcalculated from literature data 

This statement is supported by i.r. spectros- 
copy (I), a large dipole moment, 4.01 D (2), elec- 
tron diffraction studies (3), molecular orbital 
theory (4), and a large barrier to N-N bond ro- 
tation (5-13) determined by various means. The 
energy barrier to N-N bond rotation has been 
estimated from n.m.r. spectra in several ways: 
(a) The free energy of activation, AG," (14) cal- 
culated from the "slow exchange" peak separa- 
tion (Av) and the coalescence temperature (T,). 
(6) The Arrhenius activation energy, E,, calcu- 
lated from : (i) peak separation approximation 
method ( 1  5); (ii) intensity ratio approximation 
method (16); (iii) spin-echo method (7 ) .  Litera- 
ture values obtained from these calculations are 
listed in Table 1 .  Measurements of AG,* and E, 
by all these methods have been obtained for N- 
nitrosodimethylamine and the energy barrier 
ranges from 18 to 38 kcal/mol depending on the 
environment of the molecule. i.e. neat liquid, in 
the presence of a solvent, or in the gas phase and 
also depending on the method of calculation. 
The most acceptable value appears to be 23.0 
kcal/mol for the neat liquid (5). 

A t  present, the total n.m.r. line shape fitting 
methods and the spin-echo Carr-Purcell measure- 
ments are the preferred techniques of obtaining 
activation energies but it must be noted that the 
spin-echo method has been reported (17) to 
generate values that are approximately 10-1 5% 
too low. 

This paper outlines the first use of total line 

shape analysis, to determine a nitrosamine's bar- 
rier to N-N bond rotation. We used the variable 
high temperature 100 M H z  n.m.r. spectra of 
some cyclic and bicyclic nitrosamines to deter- 
mine the activation parameters for hindered 
N-N bond rotation. Data obtained from the 
intensity ratio approximation method and the 
calculation of AGc* have also been included for 
comparison. 

The n.m r. spectra of nitrosamines can be in- 
terpreted in terms of the N N O  shielding cones 
and deshield~ng zones (18). The trans-v-hydro- 
gens3 w111 therefore resonate further downfield 
than the cis-u-hydrogens4 for the cyclic and 
[3.2.2]bicyclic n i t rosa~n~nes  described in this pa- 
per. 

Experimental 
The nitrosamines were prepared by nitrosation of the 

parent amine with HNO, prepared it1 ~ i t u  (19) and showed 
all the requisite spectral and analytical properties for the 
structures quoted (20). 

Proton resonance spectra were recorded at  100 MHz on  
a Varian Associates HA-100 spectrometer using TMS as 
a n  internal standard. The sample temperature was regu- 
lated by a Varian V-4343 temperature controller, cali- 
brated against ethylene glycol (21), and s h o ~ ~ l d  be accurate 
within 1 -C. All n.m.r. spectra were of neat liquids unlessa 
solvent is quoted. The theoretical and experimental spec- 
tra were compared visually and T was varied until the best 
fit and a n  indication of the error was obtained. 

The data were correlated by least-squares analysis and  
the errors in Table 2 are q~lo ted  as standard deviations. 

3Tvans to  the oxygen atom. 
4Cis to the oxygen atom. 
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3030 C A N .  J .  CHEM.  VOL.  5 2 .  1974 

Results 
N-Nitrosopj~rrolidine 

The cis- and trans-a-methylene resonances of 
N-nitrosopyrrolidine 2, 11 = 1, Fig. 1, appear as 
complicated multiplets because of coupling with 
the P-methylenes in a small ring system. The 
multiplet a t  6 3.41 represents the cis-a-methylene 
resonance while the multiplet at 6 4.17 is the 
trmls-a-methylene resonance. The "slow ex- 
change", 23 'C, cis- and tra/7s-a-111ethylene reso- 
nance separation is 76.4 Hz. Each multiplet in 
the "slow exchange" experimental spectrum, the 
bottom left of Fig. 1, has a central multiplet with 
a width at half-height approximately twice that 
of the flanking n~ultiplets. This suggests AB 
coupling with the adjacent P-hydrogens.Neglect- 
ing further splitting, this would indicate an 
eight-line input for total line shape analysis (t.1.s.) 
in the region of interest using a stochastic ap- 
proach, i.e. the Johnsoil method (22, eq. 5). The 
populations and positions of each line were 
varied but this failed to give a reasonable fit, so a 
simpler six-line input was employed. Since it was 
difficult to duplicate the 23 'C spectrum, we 
varied the parameters to obtain a satisfactory fit 
at 140 'C as shown in Fig. I. The mean lifetime,. 
T (s), of the exchange process is included with 
each theoretical spectrum. Figure 2 shows some 

4.17 & 3.41 6 
EXPERIMENTAL THEORETICAL 

FIG. 1. Temperature dependence of the experimental 
and theoretical N-a-methplene n.m.r. resonances of Ar- 
nitrosopyrrolidine. 

FIG. 2. Temperature dependence of the experlmcntal 
(--) and theoretical (.....) N-a-methylene n.m.r, reso- 
nances of N-nitrosopyrrolidine. 

experimental a-methylene resonances above 140 
"C with deviations in the fit of the theoretical 
curves indicated by dots. Coalescence occurs a t  
190 "C. An Arrhenius plot [log I / T  rs. 1O"TcK] 
produced the thermodynamic activation param- 
eters listed in Table 2. 

N-~itrosopi~eridine 
The multiplet a t  6 3.68 in the n.m.r. spectrum 

of N-nitrosopiperidine 2, n = 2, represents the 
cis-a-methylene resonance while the multiplet a t  
6 4.12 is the trat~s-a-methylene resonance. The 
"slow exchange" cis- and trans-a-methylene reso- 
nance separation is 43.9 Hz at 23 ' C  but this in- 
creases to 47.8 Hz a t  140 "C. Above 140 "C the 
exchange rate is fast enough that the peaks are 
starting to broaden and come together. At 23 "C,  
the trans multiplet a t  6 4.12 was too complicated 
to duplicate by t.1.s. while the cis multiplet a t  6 
3.68 was much simpler to approximate. The cis 
multiplet suggests a four-line program because 
the central peak has a width a t  half-height that is 
double that of the flanking peaks, as well as a 
shoulder indicating the presence of two reso- 
nance lines. An eight-line input was used for t.1.s. 
analysis in the region of interest, again using the 
Johnson method (22, eqn. 5) .  The computer pro- 
gram included four lines for the cis- and four 
lines for the trans-r-methylene resonances with 
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COONEY ET AL.: N.M.R. OF N-NITROSAMINES 3031 

TABLE 2. Arrhenius and Eyring activation parameters for nitrosamine hindered N-N bond rotation 

E a  
Compound Method (kcal/mol) Log A 

2 , n =  1 t.1.s. 2 3 . 4 i 0 . 5  
2 , n = l  I / I a  20.3 i 0 . 4  
2 , n = 2  t.1.s. 24 .020 .4  
2 , n = 2  I,,,/I,,, 1 9 . 4 i 0 . 4  
3 in o-DCB t.1.s. 29 .020 .8  
3 in DPE t.1.s. 2 6 . 5 i 0 . 5  
4 in DPE t.1.s. 25.1 i 0 . 4  
4 in o-DCB - - 

aIm,,/I,,,,, = lntenslty ratlo method. 

the line positions being determined from a 
straight line plot of the "slow exchange" Av cs. 
temperature for 23-140 "C and extrapolation to 
195 "C. The experimental and theoretical 23 and 
150 "C a-methylene resonances are shown in Fig. 
3 and a fair fit was obtained for the 150 "C spec- 
trum. Some experimental spectra at higher tem- 
peratures are shown in Fig. 4 with the theoretical 
spectra superimposed and deviations in fit shown 
as dots. A fair fit of the experimental and theore- 
tical spectra was obtained and coalescence occurs 
at  180 "C. The calculated activation parameters 
are listed in Table 2. 

N-Nitrosoazac~clol~eptane 
N-Nitrosoazacycloheptane 2, = 3, has a cis- 

a-methylene resonance multiplet at  6 3.56 and a 
trans-a-methylene resonance multiplet at  6 4.29 
(Fig. 5) giving a "slow exchange" Av of 73 Hz. 
The collapse of the triplets, slight peak broaden- 
ing, and valley filling of the resonances at  200 ' C  
suggests a very slow rate of N-N bond rotation 
even at this high temperature. A Tc > 200 ' C  in- 
dicates a AG," > 23.3 kcal/mol. 

FIG.  4. Temperature dependence of the experimental 
(--) and theoretical (.....) I\;-a-methylene n.m.r. reso- 
nances of N-nitrosopiperidine. 

N-Nitrosoazacyclooctat~e 
N-Nitrosoazacycloocta~~e 2, n = 4, has a cis- 

cx-methylene resonance multiplet at 6 3.62 and a 
trans-x-methylene resonance multiplet at 6 4.20 
giving a "slow exchange" Av of 58 Hz. A slow 
rate of N-N bond rotation is calculated from 
the collapse of the triplets, slight peak broaden- 

23- C ing, and valley filling of the resonances even at  
200 "C. The rate constant is only 4.0 s- '  at  200 
"C as determined by the crude six line t.1.s. (22) 

4.12 1 161 8 shown in Fig. 6. A T, > 200 "C indicates a 
EXPERIMENTAL THEORETICAL AG,* > 23.5 kcal/mol. 

FIG. 3. Temperature dependence of the experimental 
and theoretical hla-methylene n.m.r. resonances of ,V- N-Nitrosoazac~clonoizane 
nitrosopiperidine. N-Nitrosoazacyclononane 2, n = 5, has a cis- 
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FIG. 5.  Tcniperat~ire dependence of the experimental 
A'-x-methylene n.ni.r. resonances of I\-nitrosoazacyclo- 
heptane. 

EXPERIMENTAL THEORETICAL 

FIG. 6.  Temperature dependence of the experimental 
and theoretical A'-rl-methylene n.m.r. resonances of N- 
nitrosoazacycloocta~~e. 

EXPERIMENTAL THEORETICAL 

FIG. 7. Temperature dependence of the experimental 
and theoretical h'-a-methylene n.m.r. resonances of ,V- 
nitrosoazacyclononane. 

a-methylene resonance multiplet at  6 3.57 and a 
trans-u-methylene resonance lnultiplet a t  6 4.23 
giving a "slow exchange" Av of 66 Hz. Applying 
the t.1.s. Johnson method (22) in the region of in- 
terest, with an eight-line program gave the theo- 
retical spectra shown in Fig. 7. The rate of N-N 
bond rotation was still slow at  195 "C (k = 5.6 
s-') and this did not give sufficient information 
to calculate a realistic E, value. Even so, the 
AG*,,, = 24.2 f 1.0 kcal/mol is quite close to 
the expected value. A T, > 195 "C gives a AG,* > 
23.4 kcal/mol which supports the AG*,,, value. 
AG,* values have been reported to be less sensi- 
tive to systematic errors (23). An indication of 
the magnitude of AG*,,, was obtained from 
AH*, , ,  - TAS* ,,,, where A H *  and A S *  were 
calculated from data in the Arrhenius plot. 

N-Nicroso-3-azabicyclo[3.2.2]nonane (3) in o- 
dichlorobenzene (o-DCB) solution has a "slow 
exchange", 23 "C. cis-z-methylene doublet reso- 
nance a t  6 3.75 (J = 3.9 Hz) and a trans-3- 
lnethylene doublet resonance at  6 4.26 (J = 3.9 
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COONEY ET AL.: N.M.R. OF N-NITROSAbIINES 

Hz). This splitting arises from coupling with the 
P-methines. The peak separation, Av, between 
the a-methylene resonances is 50.7 Hz at  23 "C 
but increases to 56.0 H z  at 175 "C. A t.1.s. 
Binsch DNMR3 AB, CD, program (24) with 
a transverse relaxation time, T, = 0.34 s, and 
variable "slow exchange" chemical shifts were 
used to generate the theoretical spectra shown on 
the right in Fig. 8. The rate constant, k, is quite 
small (0.1-8.5 s-I) for the temperatures studied 
and therefore we would expect less accurate re- 
sults, see Table 2. 
N-Nitroso-3-azabicyclo[3.2.2]nonane (3) dis- 

solved in diphenyl ether (DPE) has a "slow ex- 
change", 23 "C, cis-a-methylene doublet reso- 
nance a t  6 3.50 ( J  = 3.9 Hz) and a trans-Y- 
methylene doublet resonance at 6 3.92 ( J  = 3.9 
Hz). This splitting again arises from coupling 
with the P-methines. The cis- and trans-%- 
Inethylene peak separation is 42.3 Hz a t  23 "C but 
increases to 5 1.0 Hz at 185 'C then decreases a t  
higher temperatures as the peaks broaden and 
start moving together. A t.1.s. Binsch DNMR3 
program with a transverse relaxation time, T, = 

0.265 s and variable "slow exchange" chemical 

EXPERlMLNTdL THEORETICAL 

FIG. 9. Temperature dependence of the experimental 
and theoretical h'-x-metl~ylene n.m.r. resonances of I\- 

nitroso-3-arabicycio[3.2.2Jnonane in diphenyl ether solti- 
tion. 

shifts were used to  generate the theoyetical curves 
shown on the right in Fig. 9 The rate constant, 

EXPERIMENTAL THEORETICAL 

FIG. 8. Temperature dependence of the experimental 
and theoretical A'-Y-methylene n.m.r. resonances of A: 
nitroso-3-azabicyclo[3.2.2]1io1iane in o-dichlorobenzene 
solution. 

k, varies from 0.1-38.8 s-I  and is expected to 
give quite accurate activation parameters, since it 
is quite large at 185, 195, and 200 "C,  see Table 2. 

4 

N-Nitrosocamphidine (4) (N-nitroso-1,8,8- 
trimethyl-3-azabicyclo[3.2.l]octane) exists as a 
1 : 1 mixture of syn and arzti isomers (25) showing 
four methyl resonances in its n.1n.r. spectrum. A 
single resonance is observed for each of the two 
8-methyls and two resonances for the 1-methyl, 
i.e. one for sy~z isomer and one for the anti 
isomer. The four methyl peaks, shown for the 100 
"C,  "slow exchange" spectrum in Fig. 10, reso- 
nate at 6 0.886, 0.821, 8.799, and 0.733 in DPE 
solution. Designating the resonances, from left 
to right, 6 0.886 represents the cis-8-methyl5 of 
the SJIZ and an t i  isomer, 6 0.821 represents the 1- 
methyl in the anti isomer, 6 0.799 represents the 

'8-Methyl closest to the rlng nitrogen. 
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E X P E R I M  E  N T  A L 

T H E O R E T I  C A L  

FIG. 10. Temperature dcpcndencc of the experimental and theoretical methyl n.m.r. resonances of N-nitroso- 
camphidine in diphenyl ether solution. 

trans-%methyl6 of the syn and n t ~ t i  isomer, and 6 
0.733 represents the I-methyl in the syn isomer. 
On heating, the I-methyl resonances, i.e. the 
second and fourth peaks from the left, decrease 
in height, coalesce at  185 ' C ,  then eventually 
appear as a single resonance at  200 "C.  A density 
matrix approach to total line shape analysis, 
Binsch D N M R 3  and an ABC + ADC system 
was used to duplicate this event. A transverse re- 
laxation time, T, = 0.3 s was used along with 
variable methyl chemical shifts (determined by 
linear plots of "slow exchange" peak positions 
rs. temperature and extrapolation of the lines 
where necessary). The theoretical spectra are 
shown at the bottom of Fig. 10 and agree quite 
well with experimental spectra considering the 
close proximity of the methyl resonances. The 
calculated activation parameters are listed in 
Table 2. 

A si~nilar total line shape analysis of 4 in o- 
DCB solution did not yield enough data to pro- 
duce a reliable Arrhenius plot since the maxi- 
mum temperature was 175 "C and this just pro- 
duced coalescence. We needed spectra above the 

68-Methyl f~~r thes t  from the ring nitrogen 

coalescence temperature as obtained in diphenyl 
ether solution. 

Discussion 
In examining the data in Table 2 the thermo- 

dynamic parameters obtained by the intensity 
ratio method and AG," should only be looked on 
as an approxin~ation of the value to be expected 
from t.1.s. analysis. The intensity ratio method is 
inacc~~ra te  in the region where the most infornia- 
tion is available, that is the region where the 
spectral shape is changing most rapidly (near T,) 
while this is just the region where t.1.s. is most 
accurate. The activation parameters listed for 
t.1.s. are therefore considered to be the most re- 
liable. The AG," values are based on only two 
measurements, the chemical shift and coalescence 
temperature, and do not compare the total spec- 
tral shape at  several temperatures as is done with 
t.1.s. Therefore, AG,* is only a rough estimate 
of the actual free energy of activation. 

The Arrhenius activation energy, E,, derived 
from t.1.s. analysis was found to vary from 23-29 
kcal/mol, for the nitrosamines examined in this 
paper, depending on the ring structure and sol- 
vent. I t  was hoped to observe a ring size effect on 
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C O O N E Y  ET AL.: N . M . R .  OF N - N I T R O S A M I N E S  

TABLE 3. .I-Methylene nuclear magnetic resonances of nitrosainines 
in CCI, solution" 

rx-Methylene resonances (6) Average 
------- cl-methylene 

Nitrosamine Trnr~s Ci.5 resonance (6) 
- 

N-Nitroso- 
pyrrolidine 4.204 3.415 3.81 
piperidine 4.131 3.642 3.89 
azacycloheptane 4.279 3.526 3.90 
azacyclooctane 4.180 3.539 3.86 
azacyclononane 4.208 3.500 3.85 
camphidine 4.097 3.501 3.80 
3-azabicyclo[3.2.2]nonane 4.366 3.755 4.06 

*Internal standard is 0.000 

the energy barrier to rotation with the five- and 
six-membered rings having the smallest energy 
barriers because of the strain induced in attempt- 
ing to have a double bond exocyclic to small rings 
but insufficient data was obtained on the seven-, 
eight-, and nine-membered ring systems to sub- 
stantiate this statement. 

Chemical shifts of the a-methylene resonances 
also indicate the extent of N-N double bond 
character. The a-methylene resonances of N- 
nitroso-3-azabicyclo[3.2.2]nonane were observed 
to be further downfield than those of any other 
nitrosamine examined (26) and this is confirmed 
by examining the average a-methylene resonances 
listed in Table 3. This suggests that N-nitroso-3- 
azabicyclo[3.2.2]nonane will have more N-N 
double bond character and therefore a larger 
energy barrier to  N-N bond rotation. This is 
precisely as observed in Table 2. The E,'s (29.0 
and 26.5 kca1,'mol) of N-nitroso-3-azabicyclo- 
[3.2.2]nonane in o-DCB and DPE solutions in- 
dicate the substantial role the solvent can play in 
deterniining the N-N double bond character. 
The more polar o-DCB, 11 = 2.27 D (27), sta- 
bilizes the 1,3-dipolar N N O  resonance structure 
1 more than DPE, p = 1.1 D (27), and therefore 
encourages the formation of more N-N double 
bond character and a larger E~, .  

Error analysis of the Arrhenius equation (28) 
utilizes the error in temperature (o,), the tern- 

perature range of study (AT) and the error in the 
rate constant (0,) and points out the importance 
of a large temperature range of study. This error 
analysis is more indicatike of the actual errors in 
E, than is the standard deviation obtained by 

least-squares analysis. Arrhen~us equatlon error 
analysis of our t.1.s. data gave the fo l lou~ng 
errors 111 E,. 

Abcrdge 
eiror ~n AT Ea 

Cornpo~~nd n Solvent h (5)" ( K )  (kcal mol) 

2 1 Neat 2.0 30 23.4 1.2 
2 2 Neat 2.3 34.5 24.0k1.1 
3 o-DCB 6.3 25 29.0-2.1 
3 DPE 4.2 25 26.5 I 1.8 
4 DPE 6.7 20 25.1 I 2.8 

'0, = 1 "K. 

The errors in k were determined by varying k 
until the t.1.s. curve definitely did not correspond 
to the experimental curve at  a particular tem- 
perature. 

The Arrhenius activation energies to hr-N 
bond rotation of the ~iitrosamines (23-29 kcall 
mol) are definitely larger than observed for total 
n.m.r. line shape analysis of N,N-dimethyl- 
formamide 20.8 i- 0.6 (17) and 20.5 i 0.2 kcalj 
mol (29). 

The frequency factor, log A ,  (Table 2) is ex- 
pected to be 13 for a unimolecular process such 
as we are observing here with simple hindered 
two-fold barriers and the entropy of activation 
AS* would be expected to be approximately zero. 
These criteria are observed for all compounds ex- 
cept 3 dissolved in o-DCB which had large log 
A = 15 and AS* = +8.3 e.u. but still a very 
realistic AG*,,, = 25.9 kcal:/mol (AG* is pre- 
dominantly determined by intramolecular in- 
teractions). This large positive AS*,,, for 3 in- 
dicates loss of solvent involvement in going from 
the ground state to the transition state for N-N 
bond rotation (AH* and AS* are sensitive to in- 
termolecular interactions (30)). 
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Proton Magnetic Resonance Study of Intramolecular Hydrogen Bonding 
in Halophenols 
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J. BRIAN ROWBOTHAM and T. SCHAEFER. Can .  J. Chem. 52.3037 (1974) 
The long-range spin-spin coupling constants over five bonds between the hydroxyl proton 

and the ring protons in a series of trihalophenols imply that the intramolecular hydrogen bond 
strength (negative entlialpy) to fluorine is greater than that to iodine by 75 + 20 cal,mol, 
whereas the strengths to  chlorine and bromine are 460 i 60 caliniol greater than to  iodine. If 
a distinction can be made between chlorine and bromine, then chlorine-hydrogen bonds more 
strongly by only a few tens of calories per mol. The meas~lrenients were ~ u a d e  mainly o n  dilute 
solutions in carbon tetrachloride a t  32 ' C .  

J. BRIAK ROWBOTHAM et T.  SCHAEFER. Can. J. Chern. 52.3037 (1974) 
Les valeurs des constantes de couplage spin-spin a longue distance sur cinq liens entre le 

proton de I'hydroxyle et les protons du cycle ont  ete mesurees pour une serie de phenols tri- 
halogenes: ces valeurs impliq~le~it  que la force du lien hydrogene intramoleculaire (entlialpie 
negative) vers le fluor est plus grande que celle Lers I'iode par 75 I 20 cal mol alors qne les 
forces des liens hydrogenes intraniolCculaires vers le chlore et le bronie sont plus grandes que 
celle de I'iode par 460 i 60 cal/niol. Si l'on peut faire une distinction entre le chlore et le brome 
on  note alors que les atomes de chlore font des liens q ~ t i  sont plus forts: la difference n'est que 
quelques dizaines de calories par niol. O n  a fait les niesures principalenlent sur des solutions 
diluees dans le tetrachlornre de carbone a 32 C .  [Traduit par le journal] 

Introduction 
The strengths and relative strengths of the 

intramolecular hydrogen bonds in o-halophenols 
have been investigated extensively but with 
conflicting results (1-3). The most common 
approach has involved the temperature depen- 
dence of the intensities of the hydroxyl stretching 
frequencies (4-6). Competitive hydrogen 
bonding with added ether (7 ) ,  dipole moments 
(8), and hydroxyl proton chemical shifts (9) have 
also been studied. I t  has been pointed out (3, 10) 
that all of these techniques suffer from weak 
assumptions and/or rather large uncertainties in 
the derived thermodynamic parameters. 

More recently, the frequencies of the hydroxyl 
torsion bands in the far i.r. were employed in the 
gas phase and in cyclohexane solution to find the 
strengths of the intramolecular hydrogen bonds 
(3, 1 I ) .  Contrary to some of the earlier work, it 
was shown that all four halogens form a hydro- 
gen bond with the hydroxyl group in both 
phases. In  cyclohexane solution, the relative 
strengths were C1 > Br > I > F but the quoted 
errors of 120 cal/mol allow an inversion of the 
relative stabilities. 

'Research Associate, 1973-1974. 

Now, it is known (10, 12) that strong intra- 
molecular hydrogen bonds exist in the salicyl- 
aldehydes and o-nitrophenols.' In these com- 
pounds a stereospecific coupling over five bonds 
between the hydroxyl proton and the ring proton 
occurs over the all-trans or  zigzag bond path. 
Such a stereospecific coupling of x protons in the 
side chain to nwta protons in aromatic systems is 
also observed in halogenated toluenes (13), 
benzaldehydes (14, 15), anilines (I 6, 17), styrenes 
(18), and in bicyclic systems (19, 20). It is pre- 
dicted theoretically In toluenes (21), benzalde- 
hydes (1 5), and styrenes (1 8, 22). 

In principle, this stereospecificity can be used 
to find the preferred conformation, A or B, of a 

'The free energy of activation for intermolecular hy- 
droxyl proton exchange in a 5 m o l z  solution of 3,5-di- 
chlorosalicylaldehyde in CCi, is at  least 22 kcal/mol a t  
350 "K (10). 
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TABLE 1. Hydroxyl proton coupling constants in Hz and free energy differences in cal/mol in 
2-X-4-Y-6-2-halophenols 

- 
Compound X Y Z mol z* J B  JS J B  + J5  AGO 

1 F Br H 4.9 0.00 0.435 0.435 - 
2 C1 C1 H 6.3 0.00 0.456 0.456 - 
3 Br Br H 1 . 6  0.00 0.481 0.481 - 

4 CI C1 C1 0.47 0.307 0.307 0.614 - 

5 C1 Br C1 3.9 0.300 0.300 0.600 - 
6 Br Br Br 2.0 0.290 0.290 0.580 - 

7 I I I 0.6$ 0.290 0.290 0.580 - 

8 F C1 C1 3.4 0.403 0.204 0.607 4125 
9 F Br Br 2.811 0.379 0.197 0.576 397 

10 F I I 2.2 0.251 0.283 0.534 - 73 
11 CI CI Br 3.2 0.268 0.288 0.556 - 44 
12 Cl C1 I 1 .5$ 0.182 0.378 0.560 - 443 
13 Br Br I 1.9 0.167 0.367 0.534 - 477 

* l i i  CCI,, ~ ~ n l e s s  other\%ise noted, to  an  accuracy of 10><. 
t I n  toluene-d,. 
$In chioroform-ii. 
$The conformer is'itii the hbdroiy proton fr i i t is  t o  sub~ti t l ient  X is the rnore stable at 32 'C uhen AGO is positive. 
A t  1.1 mol'",, and J i  are 0.390 and 0.196 Hz, respect~vely, a t  5.7 mol'z they are 0.380 and 0.193 Hz. 

phenol derivative, and will give the energy dif- 
ference between A and B if both conformations 
are significantly populated. 

When the ring substituents are halogen atoms 
only, no coupling to ring protons has been 
reported, presumably because of intermolecular 
exchange of the hydroxyl protons. If this ex- 
change can be slowed sufficiently, A and B (X, Y, 
Z = halogens) become candidates for a p.m.r. 
study of the relative stabilities of the intramolec- 
ular hydroxyl-halogen hydrogen bonds; because 
both A and B are substantially populated near 
room temperature and because the presence of 
two halogen atoms in the ortho position will dis- 
courage competitive hydrogen bonding between 
hydroxyl groups in different molecules. 

In this paper the results of such a study are 
reported. 

Experimental 
The halophenols were comnlercial materials or were 

prepared by standard methods, namely, addition of 
chlorine gas to a cold aqueous alkaline solution of a 
phenol; addition of bromine to a cold carbon disulfide 
solution of a phenol; addition of an aqueous iodine- 
potassium iodide solution to an aqueous alkaline solution 
of a phenol. 

Nuclear magnetic resonance sample tubes were dried 
at  120 "C for several days. Solutions were left over molec- 
ular sieve for at  least a day and were then transferred to 
the tubes in a dry atmosphere. Several pieces of molecular 
sieve were added and the tubes were degassed by the 
freeze-pump-thaw technique. 

Proton magnetic resonance spectra were repeatedly cali- 
brated on an HAlOOD spectrometer at  sweep widths of 
1 Hz/cm and sweep rates of 0.02 Hz/s. Tickling experi- 
ments were carried out in the usual manner. The sample 
temperature was 32 "C. 

Because many compounds were insufficiently soluble in 
inert solvents such as cyclohexane, most of them were 
studied in carbon tetrachloride solution. Deuteriochloro- 
form was needed for triiodophenol, while toluene-d, was 
used for trichlorophenol to indicate that the couplings 
of interest were not appreciably solvent dependent. Con- 
centrations were not constant but were held below 6 mol% 
to discourage interr~lolecular hydrogen bonding. At this 
concentration a solution of phenol in benzene is 85% 
monomeric (23a) but a 3.4 m o l z  solution in CCI, is 57% 
associated (23b). However, appreciable intermolecular 
hydrogen bonding in solutions of o-halophenols would be 
manifested as a concentration dependence of the five- 
bond couplings. Such was not the case, see Table 1. 

Results and Discussion 
Analysis of Spectra 

Although most spectra were almost first order 
in character, all were fully analyzed by the pro- 
gram LAME (24) coupled to a plotting routine 
(25). All peaks were assigned to calculated transi- 
tions, chemical shifts were assigned on the basis 
of known halogen atom substituent effects (26, 
27), and the signs of the five-bond couplings 
were determined by double irradiations (28). 

Linewidths, including those from the hydroxyl 
protons varied from 0.12 to 0.15 Hz, and com- 
parison of simulated with the relatively simple 
observed spectra convinced us that 5 ~ H 3 0 H  is 
known to an  accuracy of f 0.01 Hz, the probable 
errors being a factor of four or  five smaller than 
this. The couplings are listed in Table 1. 

In  Fig. I a representative p.m.r. spectrum is 
displayed. Note the sharpness of the hydroxyl 
proton resonance peaks, normally appearing as 
rather broad in the literature. 
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ROWBOTHAM AKD SCHAEF 'ER: HYDROGEN BONDING 3039 

FIG. I .  The p.m.r. spectrum at 100 MHz o f  a 1.5 
mol% solution o f  2,4-dichloro-6-iodo-phenol in CDCI, 
under anhydrous conditions. Note that the linewidth o f  
the hydroxyl proton peaks is the same as that o f  the ring 
proton peaks. 

Tfle 2,4- Dihalophenols 
In phenol the barrier to rotation of the hy- 

droxyl group from one planar (29, 30) form to 
the other is 3.56 kcal/mol in cyclohexane solu- 
tion (30). Therefore only planar confor~nat~ons  
are significantly populated at  room temperature. 
We shall assume that planar hydroxyl conforma- 
tions A and B exist in all the halophenols in 
Table 1. 

Substantial contributions from conformations 
in which the hydroxyl group lies sufficiently far 
from the ring plane would lead to observable 
coupling to H, in C .  

Nematic phase n.m.r. measurements on 
salicylaldehyde suggest that the hydroxyl and 
aldehyde groups are twisted out of the ring plane 
by 10 to 15" (3 I), consistent with an  unobserved 
but deduced anti-zigzag coupling (J,,,) over five 
bonds from the hydroxyl proton to H, of 0.13 + 
0.05 Hz in 3-methoxysalicylaldehyde (32). 

However, in the halophenols the formation of 

the weak hydrogen bond completes a five-mem- 
bered ring and there is no  obvious reason why 
nonplanar conformations should be preferred. 
Small deviations from coplanarity will not signifi- 
cantly alter the later conclusions. 

In  C a hydrogen bond to the halogen, X, im- 
plies an  observable coupling, 5J,,H5,0H 3 J 5 ,  and 
is observed (compounds 1 to 3 in Table I), 
whereas J, is unobservably small. This result 
indicates that the hydrogen bonded form is 
favored by at  least 1.5 kcal/mol at  ambient tem- 
peratures, previous work placing it between 1.0 
and 3.5 kcal/mol for the o-halophenols (3, 6-9). 

J, is substituent dependent, increasing from 
0.43, Hz for X = F to 0.48, for X = Br. One 
might argue that for X = F the C-0-H angle 
is smaller than for X = Cl, Br because the 
hydrogen atom is drawn towards the sn~aller 
fluorine atom, thereby decreasing the zigzag 
nature of the coupling path and causing a de- 
crease in J,, relative to X = Br. Another pos- 
sibility involves the formation of planar cis- 
t ra t~s  dimers, as suggested by Allan and Reeves 
(9) on the basis of proton chemical shifts, which 
would be most highly populated for X = F. Such 
dimers imply an  observable J ,  as large as 0.05 
Hz, which we did not observe. 

Jaffk (33) points out that the entropy change 
on intramolecular hydrogen bond formation in 
these con~pounds  is practically negligible and AH 
and A C  are essentially equal. Therefore the weak 
intramolecular bond can form in preference to the 
stronger intermolecular bonds, where the entropy 
change is as much as -20 cal/mol deg. (23). 
When both ort l~o positions in phenol are occupied 
by halogen atoms the probability of intermolec- 
ular hydrogen bonding decreases further, so that 
the discussion of the other compounds in Table 1 
can safely ignore intermolecular bonds. 

In any event, J, for X = F indicates hydrogen 
bonding to fluorine, contrary to hydroxyl proton 
chemical shift (9) and i.r. data (34), only one 
hydroxyl stretching band being present for 
o-fluorophenol, but in agreement with far i.r. 
work (3). 

Symmetrical 2,4,6-Trihalophenols (X = Z) 
Rapid interconversion of the isoenergetic 

forms A and B occurs a t  ambient temperatures. 
If Jci, is still zero, then J ,,,,, = J, + J ,  and is 
rather larger than in the 2,4-dihalophenols. The 
increase in J,,,,,, apparently depends mainly on 
the degree of substitution and not much on, for 
example, the electronegativity of the substituents, 
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J,,,,, varying between 0.58, and 0.61, Hz for J,,,,, for a given compound. A safer conclusion 
compounds 4-7 in Table 1. is that in these compounds the hydrogen bond 

I t  may be that the symmetrical substitution strengths are C1 - Br > F > I and that, relotice 
pattern causes a similar distortion of the benzene lo iodine, they are 75 +_ 20 cal/mol for fluorine 
skeleton in each of the four compounds, leading and 460 1 60 cal/mol for chlorine and bromine; 
to essentially the same geometry for the coupling the errors reflecting the 14% range of J ,  + J ,  
path over five bonds. In that event an  asym- (from 0.53, to 0.60, Hz) in the asymmetrical 
metrical 2,4,6-trisubstitution pattern implies a 2,4,6-trihalophenols. 
greater variation in J,,,,,, as observed in the next Finally, if JCi,  were slightly greater than zero 
set of con~pounds.  the relative energies would be a few tens of 

calories larger than stated. 
Asynzn~efrical 2,4,6-Trihalopher7ols ( X  # Z) 

O n  the a''umption that J t ra l l s  is the for A We are grateful to the National Research Council of 
and B for a given X, Y, Z: the relative free ener- Canada for financial support. 
gies (and enthalpies, AS being essentially zero) 
of the two are frO1n eq. 1, M, MACLEAN DAVIS, Acid-base behaviour in aprotic 
At 32 "C the AGO values are entered in Table 1 organic solvents. NBS Monograph 105. Washington, 
for compounds 8-13. D.C. 1968. 

2. S. N. VINOGRADOV and R. H. LINNELL. Hydrogen 
[ l ]  AGO = GIo - G,' = - RT ln (J,/J,) Bonding. Van Nostrand Reinhold Company. New 

York. 1971. 
From these nunlbers for compounds 8-11 and 3, G,  L, CARLSON, W. G. FATELEY, A. S. MANOCHA, 

13 in Table 1, one then has the relative hydrogen and F. F. BENTLEY. J. Phys. Chen~. 76, 1553 (1972). 
bond strengths as ~1 , B~ > F > 1, in agree- 4. 0. R. WULF and U. LIDDEL. J. Am. Chem. Soc. 57, 

1464 (1935). lnent with the qualitative deductions for similar 5, L, PAULING, J, Am, Chern, Sot, 58, 94 (1936), 
t r ihalO~henO1s based On h ~ d r O x ~ l  stretching 6. A, W, BAKER and A. T. SHULCIN. Can. J .  Chem. 43, 
band intensities (35). In cyclohexane solution 650 (1965). 
(3), the torsion band frequencies yield C1 > 7. H. BOURASSA-BATAILLE, P. SAUVAGEAU, and C. 

SANDORFY. Can. J. Chem. 41, 2240 (1963). Br > I > for the o-ha10phen01s7 the enthal- 8, J. H. RICHARDS and S. WALKER. Trans. Faraday Soc. 
pies being - 1.62, - 1.57, - 1.45, - 1.44 kcall 412 (1961). 
mol, respectively, all with an  estimated error of 9. E. A. ALLAN and L. W. REEVES. J. P I I~S .  Chem. 66, 
0.12 kcal/mol. 613 (1962); 67, 591 (1963). 

The order of hydrogen bond strengths in the 10.- T. SCHAEFER and G. KOTOWYCZ. Can. J. Chem. 46, 
2865 (1968). 

o-halophenols need not be the same as in the . 11. G. L. CARLSON and W. G. FATELEY. J. Phys. Chern. 
2,4,6-trihalophenols. On the basis of hydroxyl 77, 1157 (1973). 
deformation frequencies, it is argued that in 12. s .  F O R S ~ N  and B. AKERVARK. Acta Chem. Scand. 
2-nitro-6-X-phenols a large substituent X en- 17, 1712 (1963). 

hances the strength of the hydrogen bond by 13. T. SCHAEFER, R. SCHWENK, C. J. MACDONALD, and 
W. F.  REYNOLDS. Can. J. Chern. 46, 2187 (1968). bending the h ~ d r o x ~ l  group 'loser to the nitro 14, V, J. K O ~ A L E W S K I  and D,  G, DE KOWALEWSKI. J. 

group (36). A similar buttressing effect in the them, phys. 36, 266 (1962). 
t r ihalo~henols mav account for their somewhat 15. R. WASYLISHEN and T. SCHAEFER. Can. J. Chern. 49, 
greaterL difference' in relative hydrogen bond 3116 (1971). 
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served -443 cal/mol, while comparison with 11 51, 953 (1973), 
and 13 suggests -521 cal/mol for 12. Compound 20. R. W. CRECELY and J. H. GOLDSTEIN. Org. Magn. 
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Thyroid Hormone Stereochemistry. 11. Molecular Structure of 
Thyronine -HCl Ethyl Ester Monohydrate' 
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ARTHUR CAMERMAN and NORMAN CAMERMAN. Can. J. Chem. 52, 3042 (1974). 
The three-dimensional structure of L-thyronine, the non-iodinated physiologically inactive 

analog of thyroxine, has been determined by single crystal X-ray diffraction and compared 
to the active thyroid hormones. The compound crystallized as the monohydrate of thyronine 
hydrochloride ethyl ester in the monoclinic space group P21 with cell dimensions a = 10.502, 
b = 5.165, c = 17.940 A ,  /3 = 109.74'. The structure was solved by Patterson methods to 
find the chloride ion and iterative Fourier maps to locate the rest of the atoms. Kefinenient was 
by anisotropic full-matrix least squares to convergence at  R = 0.048. 

The two phenyl rings adopt a twisted orientation with respect to each other with angles of 
-37' and -67' between the plane of the inter-ring ether linkage and the planes of the a- 
and !3-rings, respectively. This orientation differs considerably from that found in the iodinated 
thyronines. The conformation of the alanine side chain is remarkably similar to that of the 
alanine in the iodinated thyronines. 

ARTHUR CAMERMAX et NORMAN CAMERMAV. Can. J. Chem. 52, 3042 (1974). 
Faisant la diffraction par rayons-)< d'un cristal unique, on determine la structure tridimen- 

sionnelle de la L-thyronine, I'analogue non-iodC et physiologiquement inactif de la thyroxine 
et on la compare aux hormones actives de la thyroide. Le compose cristallise sous forme de 
chlorhydrate de l'ester d'ethyle de la thyronine monohydrate dans le systeme monoclinique, 
groupe d'espace P2, ,  avec les dimensions de la n~aille a = 10.502, b = 5.165, c = 17.940 A, 
B = 109.74.. La structure est resolue par la niethode de Patterson pour localiser le chlore et 
avec des cartes repetees de Fourier, on localise le reste des atomes. On affine par la methode 
des moindres carris (matrice entiere) jusqu'a-une convergence a R = 0.048. 

Les deux noyaux phenyles adoptent une orientation croisee l'un par rapport a l'autre avec 
des angles de - 37- et - 67" respectivement entre le plan de la liaison ether reliant les noyaux 
et les plans des noyaux r et p. Cette orientation differe considerablenient de celle trouvee pour 
les thyronines iodees. La conformation de la chaine laterale d'alanine est remarquablement 
similaire a celle de l'alanine dans les thyronines iodees. [Traduit par le journal] 

Introduction 
One of the features deemed necessary to 

confer biological activity upon a thyronine 
derivative is substitution of iodines or other 
bulky groups at the 3, 5 ,  and 3' positions of the 
a- and P-rings (1) (see fig. 2 for ring nomencla- 
ture). Thyronine, which has no substitution at 
any of these positions, is physiologically in- 
active as a thyroid hormone. 

A comparison of the three-dimensional 
structure of this inactive compound with those 
of the active hormones L-thyroxine and 3,5,3'- 
triiodo-L-thyronine will show the effects that 

'For Part I of this series see ref. 3 

iodination has upon the molecular conformation 
of this type of molecule. Of particular interest is 
the effect of iodine substitution on the orienta- 
tion of the a- and P-rings with respect to one 
another, and on the conformation of the alanine 
side chain. Kier and Hoyland (2) have concluded 
from theoretical calculations that the most 
stable orientation for the two phenyl rings in 
thyronine would be an eclipsing arrangement. 
We consider such a conformation to be highly 
unlikely and deem a crystallographic investiga- 
tion appropriate to settle this question. 

For the above reasons and as part of our 
investigations of the stereochemistry of thyroid 
hormones and analogs we have determined the 
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crystal and molecular structure of L-thyronine 
hydrochloride ethyl ester.H,O. 

Experimental 
L-Thyronine (To) was dissolved by heating in a mixture 

of ethanol and HCI and slow solvent evaporation 
yielded small needle-shaped crystals. Structure deter- 
mination subsequently showed that thyronine had 
reacted with ethanol to form the ethyl ester and had 
crystallized as thyronine ethyl ester hydrochloride with 
one water molecule of crystallization per molecule of 
thyronine. The unit cell dimensions were determined 
from diffractometer measurements and these and other 
crystal data are listed in Table 1. X-Ray intensities were 
measured on an automated four-circle diffractometer 
(Ni-filtered Cu radiation) in shells of 20: (i) 20 < 55", 
(ii) 55" < 28 < 90°, (iii) 90" < 28 C 100". Reflections 
in all three shells were scanned over a 2" interval in 20; 
for the first two groups we used a scan rate of 1' per min 
with 20-s background counts on either side of the peak, 
while the third group was collected at a scan rate of +" per min with 40-s background counts. The three 
layers were scaled together using the "standard" re- 
flections which had been measured multiple times in 
each data collection shell as monitors of crystal deteriora- 
tion. There was no appreciable intensity fall-off of the 
standards during data collection. Of the 1082 measured 
reflections, 916 had intensity greater than twice the 
standard deviation of their net counts and were used in 
the structure refinement. Absorption of X-rays by the 
crystal was examined by measuring the intensity of the 
020 reflection at x = 90" for different values of I$. 

Total intensity change was only f 2 .5z  and no absorp- 
tion corrections were calculated. Structure amplitudes 
were obtained from the intensities in the usual fashion. 

Structure Determination and Refinement 
B'ecause both thyroxine and triiodothyronine had 

crystallized as the hydrochlorides we assumed that 
thyronine would do the same. Thus, we interpreted a 
sharpened, origin-removed three-dimensional Patterson 
function for the chloride ion position. A Fourier map 
phased with the chloride ion alone, although containing a 
false plane of symmetry, allowed the positions of two 
more atoms to be determined. The rest of the molecule 
was iteratively located from further successive three- 
dimensional Fourier maps. The electron-density plots 
revealed that thyronine had crystallized as the ethyl 

TABLE 1. Thyronine ethyl ester crystal data 

Formula 
Mol. wt. 
Crystal system 
a, A 
6, A 
c, A 
B> deg 
D, g ~ m - ~  (z  = 2) 
Space group 

(for CuKcc) cm-'  
Crystal size, mm 

C17Hl9N04.HC1.H2O 
355.86 
Monoclinic 

10.502k0.005 
5.165f0.002 

17.94oao.007 
109.74 k 0 . 0 4  
1.29 
p 2  1 

20.8 
0 . 1 x 0 . 2 x 0 . 2  

ester and also revealed the presence of one water mole- 
cule per molecule of T,. 

Atomic coordinates and anisotropic thermal param- 
eters of all the atoms were refined by full-matrix least 
squares to a discrepancy index R of 0.070. The weighting 
scheme used was the same as for triiodothyropropionic 
acid (7). During refinement we verified that we had 
correctly chosen the L-configuration for the molecule. 

At this stage, we computed a AF map which revealed 
the positions of 15 hydrogen atoms. The other 7 
hydrogens were located from a second AFmap phased on 
the refined positions of all non-hydrogen atoms plus 
the initially found 15 hydrogens. After final least- 
squares refinement with the hydrogens assigned isotropic 
thermal parameters and the rest of the atoms anisotropic, 
the discrepancy factor R = 0.048, and the weighted 
discrepancy factor wR = 0.026. Fractional coordinates 
and thermal parameters are listed in Table 2 (non- 
hydrogen atoms) and Table 3 (hydrogens). The aniso- 
tropic thermal parameters are coefficients in the expres- 
sion exp [-  2 ~ ~ ( h ~ L f ~  la*Z + ... + 2klUzab*c*)]. Atomic 
scattering factors used were the same as for L-thyroxine 
(3). The table of final observed and calculated structurc 
factors may be found in the Depository of Unpublished 
Data.2 

Discussion 
A stereoscopic drawing of thyronine hydro- 

chloride ethyl ester is presented in Fig. 1. 
The conformation of the amino acid portion of 
the molecule can be described by five torsion 
angles; angles labelled \I/ refer to rotation about 
the carboxyl carbon - C(a) bond, X, refers to 
rotation about the C(a)-C(P) bond, and X, 
indicates rotations about the C(P)-C(y) bond. 
Thus for thyronine $, and $, are the angles 
which the O(3)-C(9)-C(8) and O(4)-C(9)- 
C(8) planes, respectively, make with the C(9)- 
C(8)-N plane; i .e.,  $, and $, are the torsion 
angles N-C(8)-C(9)-O(3) and N-C(8)- 
C(9)-0(4), respectively, where the term A-B- 
C-D means the angle between the plane 
A-B-C and the plane B-C-D. (See Fig. 2 
for atom numbering scheme.) Similarly, x,, 
is the torsion angle N-C(8)-C(7)-C(1), x,, 
is the angle C(8)-C(7)-C(1)-C(2), and x,, 
is the angle C(8)-C(7)-C(1)-C(6). The values 
of these five torsion angles for L-thyronine are 
listed in Table 4 and compared with the same 
angles found in the crystal structures of L- 
thyroxine, triiodo-L-thyronine, diiodo-L-thyro- 
nine, and tyrosine. In accordance with the rules 
adopted by the IUPAC-IUB Commission on 

'Tables of final observed and calculated structure 
factors for To are available, at a nominal charge, from 
the Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 
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TABLE 2. Fractional atomic coordinates and anisotropic thermal parameters ( x  lo4) for the non-hydrogcn atoms 

Atom x Y z u11 uz z u3 3 u12 u13 UZ 3 

O(1) 
O(2) 
O(3) 
O(4) 
N 
C(1') 
C(2') 
C(3') 
C(4') 
C(5') 
C(6') 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C1- 
0(W) 

c1- 
0 
O(water) 
C and N 
C(ethy1) 

0.3389 
0.5754 
0.9282 
0.8964 
0.9147 
0.5163 
0.4621 
0.4009 
0.3984 
0.4543 
0.5143 
0.7461 
0.7138 
0.6575 
0.6311 
0.6622 
0.7184 
0.8071 
0.8926 
0.9089 
0.9055 
0.8781 
0.8988 
0.2650 

Approxitnate 
0.0001 
0.0002 
0.0004 
0.0003 
0.0006 

standard det'iations 
10 12 

FIG. 1 .  Stereoscopic drawing of thyronine hydrochloride ethyl ester illustrating the molecular conformation in 
the crystal. The water molecule of crystallization is included in the drawing. 
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TABLE 3. Fractional atomic coordinates and isotropic 
thermal parameters (A2) for the hydrogen atoms 

Atom Y Y z 

H(01)  -0.590 0.359 0.312 
H(2) 0.255 0.045 0.730 
H(3) 0.174 0.379 0.643 
H(5) -0.219 0.313 0.641 
H(6) -0.144 0.007 0.737 
H(2') -0.149 0.247 0.450 
H(3') -0.356 0.188 0.358 
H(5') -0.517 0.889 0.448 
H(6') -0.276 0.861 0.558 
H(N1) 0.075 0.020 0.962 
H(N2) -0.025 0.130 0.883 
H(N3) -0.005 -0.107 0.901 
H(7.1) 0.163 -0.306 0.790 
H(7.2) 0.030 -0.366 0.803 
H(8) 0.189 -0.242 0.934 
H(1O. 1) 0.523 0.209 0.961 
H(10.2) 0.467 0.328 0.867 
H ( l l  . l )  0.639 0.131 0.858 
H(11.2) 0.655 -0.232 0.928 
H(11.3) 0.510 -0.095 0.804 
H(W1) -0.677 -0.012 0.245 
H(W2) -0.587 -0.049 0.267 

Approxin~ate ~tarzdard deciations 
H 0.004 0.011 0.003 
H(ethy1) 0.009 0.024 0.006 
H(water) 0.008 0.020 0.005 

FIG. 2. Bond lengths (A) and angles (deg) in thyro- 
nine hydrochloride ethyl ester. 

Biochemical Nomenclature (4) each angle is 
measured in the range from - 180 to + 180". 
As can be seen in Table 4, there is relatively 
little difference in the conformations of the 
amino acid parts of the various molecules 
compared. In particular, a comparison of 
thyronine, which is physiologically inactive, 
with the active thyroid hormones T, and T,, 
shows that differences in the torsion angles 
are slight. These results suggest that this is the 
preferred conformation for this type of aromatic 
amino acid. However, they also show that in 

ifseIf alone this alanine conforn~ation is not 
sufficient to confer physiological activity. 

The orientation of the two phenyl rings in 
thyronine type con~pounds can also be described 
by the values of relevant torsion angles. The 
planes A-B-C and B-C-D which give the 
most accurate conformation description for 
this part of the molecule are the two phenyl ring 
planes and the ether-linkage plane, C(4), 0(2), 
C(1'). In thyronine, the orientation of the two 
phenyl rings is very different from that found for 
the iodinated compounds. Whereas the a-ring 
ether-linkage interplanar (or torsion) angle is 
approximately + 85 to + 100" for the iodinated 
diphenyl ethers, for thyronine this angle is 
-37". The angle between the P-ring and ether- 
linkage plane in thyronine is -67", again very 
different from that found in the iodinated 
compounds. Table 5 compares the phenyl ring 
orientations of thyronine with those found in 
other compounds in this series. It is obvious 
from this table that iodination of the 3 and 5 
positions of the cc-ring in these compounds 
greatly affects the orientation of the a- and 
P-rings with respect to each other. 

Kier and Hoyland (2), using molecular 
orbital calculations, predicted that the most 
stable conform~tion for thyronine would be 
with the two phenyl rings eclipsed, i.e. with 
both phenyl rings perpendicular to the ether- 
linkage plane. The crystal structure results 
suggest that this prediction is entirely incorrect; 
as is apparent in Fig. 1 and from the phenyl 
ring ether-linkage torsion angles quoted above 
the orientation of the two phenyl rings is far 
from an eclipsing conformation. One of Kier 
and Hoyland's major errors is that they con- 
sidered only rotations of the P-ring about its 
ether bond in their calculations and did not 
consider the possibility of concurrent rotations 
of the r ring about its ether bond. Thus their 
calculations omitted most of the possible con- 
formations that the thyronine molecule can 
adopt, including the observed crystal structure 
conformation which is of lower energy (5) than 
the eclipsed arrangement which they predicted. 

Bond lengths and angles in thyronine ethyl 
ester are shown in Fig. 2. The standard devia- 
tions, estimated from the shifts in the final 
least-squares cycle, are less than 0.01 A for the 
bond lengths and approximately 0.6" for the 
angles (0.017 A and 0.9" for bonds and angles 
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TABLL 4. Torsion angles (deg) in the alanine side chain of thyronine (To), triiodothyronine (T,), 
thyroxine (T,), diiodothyronine (T2), and tyrosine 

W 1  W 2 X 1 1  X 2  1 X22 

Thyronine (To) - 7 + 174 + 66 + 90 - 90 
Triiodothyron~ne (T,) (3) + 8 - 175 + 56 + 98 - 89 
Thyroxine (T,) (3) - 9 + 172 + 66 + 98 - 84 
Diiodothyronine (T,) (6) + 18 - 165 + 60 + 120 - 55 
Tyrosine (8) - 18 + 164 + 72 + 96 - 83 

TABLE 5. Dihedral angles (deg) between phenyl ring planes and ether linkage plane and deviation of atom C(4) from 
plane 1 and atom C(1') from plane 2 in thyronine and iodinated compounds 

Deviation (A) of atom C(4) Deviation (A) of atom 
C-0-C from the plane containing C(1') from the plane 

the P-ring, phenolic oxygen, containing the a-ring 
Compound wring a-ring and ether oxygen and ether oxygen 

L-Thyronine (To) - 37 - 67 1 .05+0.02 
3,5,3'-Triiodo-L- + 86 -13 0 .29k0 .05  

thyronine (T,) (3) 
L-Thyroxine (T,) (3) + 101 - 34 0 . 7 3 i 0 . 0 7  
3,5-Diiodo-L-thyronine + 84 + 19 0 .39k0 .01  

(1.2) (6) 
3,5,3'-Triiodothyro- i 88 + 10 0 . 1 7 i 0 . 0 1  

~ r o ~ i o n i c  acid (7) 

in the ethyl group). The values of the bond 
distances and angles are normal and require 
little comment. The angle at the inter-ring ether 
linkage is 117", similiar to the values for the 
other molecules of this series. The C(10)--C(ll) 
bond in the ester part of the molecule appears 
shorter than it should be and this is undoubtedly 
due to the large thermal motion of these atoms 
(thermal parameters are listed in Table 2). 

As was the case for T, also (3), the chloride ion 
in this structure makes close contacts (hydrogen 
bonds) with the nitrogen atoms of three sym- 
metry-related thyronine molecules and with one 
of the water molecule hydrogens. There is 
hydrogen bonding also between the water 
molecule and the phenolic hydroxyl group of the 
fi ring. All short intern~olecular distances are 
listed in Table 6. 

As a possible model for thyromimetic and 
thyro-antagonistic action Jorgensen (1) has 
postulated that the bulky 3 and 5 substituents 
of thyroxine-like analogs sterically prevent 
resonance interaction between the ether oxygen 
and the a-ring. His hypothesis is that "copla- 
narity of the phenolic hydroxyl oxygen, P-ring, 
ether oxygen and C(4) of the a-ring may permit 
the O-ring to act as a hydroquinone with 
facilitated release of electrons to  a substrate via 

TABLE 6. Short intermolecular distances 

Atom 
(molecule 1) to Atom in Molecule* d (A) 

CI- N I 3.15 
- C1F H(N3) 1 2.45 

Cl- N 2 3.20 
CI - H(N2) 2 2.31 
CI- N 3 3.15 
CI - H(N1) 3 2.37 
CI- H(WI) 4 2.65 
o ( w )  o(1) I 2.74 
o ( w )  H ( 0  1) I 1.77 

*Molecule I at r, y, z ;  molecule 2 at x, y -1, z ;  molecule 3 at x ,  
y-+, 2 - 2 ;  molecule 4 at I - x ,  -1 7 y, 1-2. 

the 4'-hydroxyl oxygen. Analogs lacking a 
3 or 5 bulky substituent could undergo phenyl 
ring rotation about the C(4)-0 bond and 
assume a coplanar orientation for the cc-ring, 
ether oxygen, and C(1') of the O-ring. The ct- 
ring could then compete with the O-ring in its 
resonance interaction with the ether oxygen. 
This could provide an extended 71 bond character 
for the ct-ring and might enhance a-ring receptor 
binding. At  the same time, this resonance 
competition would reduce the electron-donating 
ability of the P-ring. If such electron donation 
is associated with the functional role of the 
hormone, thyroxine-like activity of such ana- 
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logues would decrease and antagonistic activity 
could result." 

~ l t h o u g h  this hypothesis does not adequately 
explain why replacement of iodine with other 
bulky groups at the 3 and 5 positions results in 
decrease of hormonal activity, it may illustrate a 
partial role for the 3 and 5 iodines. To examine 
this hypothesis in the light of the crystal structure 
results we have so far obtained, we have cal- 
culated the deviations of C(4) of the a-ring 
from the best plane through the P-ring including 
the phenolic and ether oxygens, and the devia- 
tions of C(1') of the P-ring from the best plane 
through the atoms of the a-ring and ether 
oxygen, for L-thyroxine, 3,5,3'-triiodo-L-thyro- 
nine, L-thyronine, 3,5,3'-triiodothyropropionic 
acid, and 3,5-diiodo-L-thyronine. The results 
are shown in Table 5. 

Four of the five compounds have iodines 
at  the 3 and 5 positions; these four should, 
according to the above hypothesis, show very 
little deviation of atom C(4) from the plane of 
the phenolic P-ring plus ether oxygen (plane 1) 
and large deviation of atom C(1') from the 
plane of the N-ring plus ether oxygen (plane 2). 
Thyronine, which contains no iodine on either 
ring, has no steric restrictions to rotation about 
the phenyl-oxygen bonds and could adopt either 
of the conformations postulated for thyro- 
mimetic action or thyro-antagonism. The values 
in Table 5 show that for the four molecules 
containing 3 and 5 iodines deviations of C(4) 
from plane 1 are much less than deviations of 
C(1') from plane 2 which is certainly consistent 
with the hypothesis. However, the deviations 
of atom C(4) from plane 1 are all relatively 
large and it is doubtful whether the crystal 

structure results for these four molecules 
provide an experimental foundation to the 
above hypothesis for thyroid hormone activity. 
In the crystal thyronine displays neither of the 
two hypothesized conformations but is closer 
to that suggested to be thyro-antagonistic. 

It should be noted that these results do not 
disprove Jorgensen's hypothesis. It is certainly 
possible that at the active site there may be 
sufficient rotation about the phenyl-oxygen 
bonds such that C(4) could become more 
coplanar with plane 1 and hydroquinone-like 
activity ensue. A better test of this hypothesis 
would be comparison of the corresponding 
deviation-from-the-plane values for a known 
thyroid antagonist such as 3,3'5'-triiodo-L- 
thyronine (reverse T,). X-Ray investigation of 
this molecule is in progress in these laboratories. 

Support was from the Medical Research Council of 
Canada grant MA-4695 and from the general research 
support grant of the University of Washington School 
of Medicine, supplied by USPHS grant RR 05432 from 
the National Institutes of Health. 
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NORMAN C A M E R M A ~  and ARTHUR CAMERMAN. Can. J. Chem. 52,3048 (1974). 
The three-dimensional structure of triiodothyropropionic acid ethyl ester has been deter- 

mined as part of an investigation of the stereochemistry of the thyroid hormones. The com- 
pound crystallizes in the monoclinic space group P2,/c, with cell dimensions a = 14.60, 
b = 8.843, c = 16.70 A, B = 111'27'; Z = four molecules per cell. The structure was de- 
termined by direct centrosymmetric phasing procedures to locate the iodine atoms and phasing 
on the iodines to find the light atoms. Refinement was by anisotropic full-matrix least squares 
to a final discrepancy value R = 0.038. 

The two phenyl rings in the molecule are skewed with respect to each other and are not far 
from being mutually perpendicular, with angles of 88 and 10' between the plane of the inter-ring 
ether linkage and the planes of the diiodo-ring and the monoiodo-ring, respectively. The con- 
formation is such that the 3'-iodine atom isproximal to the diiodo-ring, similar to the molecular 
conformation found in the crystal structure of triiodo-L-thyronine hydrochloride. 

NORMAN CAMERMAN et ARTHUR CAMERMAS. Can. J. Chem. 52,3048 (1974). 
On determine la structure tridimensionnelle de I'ester tthylique de l'acide triiodothyropro- 

pionique comme une partie de I'etude steriochimique des hormones thyroides. Le compose 
cristallise dans le systeme monoclinique, groupe d'espace P2,lc avec les dimensions de la 
maille a = 14.60, b = 8.843, c = 16.70 A, a = 11 1'27'; Z = 4 molecules par maille. On 
determine la structure par des procedts directs de phasage centrosymetrique pour localiser 
les atomes d'iode; on phase les iodes pour trouver les atomes 1Cgers. On affine par moindres 
carrts a matrice entiere anisotrope a une valeur finale de R = 0.038. 

Les deux noyaux phenyles dans la molCcule sont gauches l'un par rapport a l'autre, et ne 
sont pas loin d'ttre perpendiculaires avec les angles de 88 et 10" entre d'une part le plan de lien 
ether entre les noyaux et, d'autre part, les plans respectifs du noyau diiodC et du noyau mono- 
iode. La conformation est telle que I'atome iodo-3' est le plus proche du noyau diiode: elle est 
similaire a la conformation moliculaire trouvee dans la structure cristalline du hydrochlorure 
triiodo L-thyronine. [Traduit par le journal] 

Introduction 
Triiodothyropropionic acid (T3P) (P-[4-(3'- 

iodo-4'-hydroxyphenoxy)-3,5-diiodophenyllpro- 
pionic acid) is chemically very similar to triiodo- 
thyronine (T,), the most potent naturally-occur- 
ring thyroid hormone; the two molecules differ 
in chemical structure only in that T3P lacks an 
a-amino group. In various tests of thyromimetic 
action T,P exhibits from 2-20% of the hormonal 
potency of T, and from 10-60Y, of the activity 
of thyroxine, depending on the biological func- 
tion being measured (1). Indeed, in one test, the 
determination of the minimal dose of a com- 

'For Part 11 of this series see ref. 8. 

pound which would promote metamorphosis of 
the tadpole (Rana pipiens), T3P was 60 times as 
active as T, and 300 times more active than 
thyroxine (1). It has also been found (1) that T3P 
administered to myxedematous patients mim- 
icked T3 in lowering serum cholesterol levels but 
had little effect on the basal metabolism rate; 
these results indicate that certain physiologic 
effects of thyroid hormones can be dissociated 
by alteration of molecular structure. The thy- 
romimetic action of T,P has led to its marketing 
in Europe as a thyroid supplement and choles- 
teropenic agent. 

We have recently determined the three-dimen- 
sional structure of triiodo-L-thyronine (2) and 
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found that the molecular conformation is such Structure Determination 

that the pring 3/-iodine is situated proximal to The symbolic addition procedure was used to deter- 
mine the phases of the reflections. Three reflections were the d i i odo t~ ros~ l  ('1 ring, rather than as ,,signed phases of Oc, three more were assigned symbo]ic 

was concluded from chemical structure - bio- phases, and the X2 formula was iteratively applied. 
logical activity tests (3). Though molecular orbi- Phases were ultimately determined for 391 reflections with 
tal calculations (2) gave additional support for ! E 2 1.4 and these were used to calculate a three- 
the greater stability of the 3t-iodine dimensional E map. It had been noted early in the struc- 

ture determination that almost all of the planes with high 
conformation than the possibility in T3, it E values had indices of the form 1 = even (only 2 of 86 
is highly desirable to seek other structural data planes with E > 2.2 had 1 = odd and similarly only 22 
of T, analogs to clarify this conformational of 184 planes with E > 1.9), which indicates that the 

T~~~~~~~ chem[cal similarity o f ~ 3 p  to iodines in the molecule of T3P (ethyl ester) are situated 
at  rather special positions in the cell with respect to their 

T 3  and the fact that it possesses some degree y coordinates. This was confirmed by the E map: there 
of thyromimetic activity make it the obvious and were four major peaks on the map and all had y coordln- 
ideal choice for structural elucidation and con- ates close to 0. 112. or 314. In addition. one of the ~ e a k s  , , ,  , 

formational comparison with T,. Thus we have was at  x = 0.25 and two of the others were related to 
determined the three-dimensional molecular each other by a pseudo mirror plane at  s = 0.25. One of 

these mirror-related peaks was chosen along with the 
structure of triiodothyropropionic acid ethyl other two independent peaks as the positions of the three 
ester in ~ r d e r  to see if the 3'-iodineproximal con- iodines, structure factors were calculated and a difference- 
formation found for T, is the generally favored Fourier map was computed. All of the carbon and oxygen 
one for this type of thyromimetic agents and to atoms of the T3P molecule were clearly revealed and addi- 

see if differing stereochemical features can be in- tional density in the map showed that the compound was 
the ethyl ester of triiodothyropropionic acid, esterification 

vOked the differing spectra biological apparently having taken place during crystallization from 
actions of these two hormones. HC1-ethanol. 

Experimental 
Triiodothyropropioni( acid (whitish powder) was dis- 

solved in an ethanol-HC1 solution and thin colorless 
diamond shaped plates (later shown by the structure de- 
termination to be the ethyl ester of T3P) were obtained 
by solvent evaporation. The unit cell dimensions were 
determined from diffractometer measurements and crystal 
data are as follows: ethyl triiodothyropropionate,C17H,, 
130,, mol. wt. 664.02, monoclinic, a = 14.60 , 0.01, 
b = 8.843 + 0.005, c = 16.70 k 0.01 A, /J = 11 1' 27' i 
lo', space group P2,lc. The density, calculated on the 
basis of four molecules per unit cell is 2.199 g ~ m - ~ .  
Absorption coefficient, p (for Mo K a  radiation) is 47.5 
cm- ' .  

Intensity data were collected on an automated four- 
circle diffractometer (Zr-filtered Mo radiation) and all 
independent reflections with 28 (MoKrx) i 48" (corres- 
ponding to a minimum interplanar spacing of 0.87 A) 
were measured. The moving crystal -moving counter 
technique was employed (28 scan) with stationary counts 
for background radiation on each side of the reflection. A 
total of 3152 reflections was measured, of which 2488 had 
intensity greater than 20,, where o, = (N,, + NpK + 
NB2)'12, NB1 and N,, are the background counts, and 
N p K  is the scan count. Those reflections with intensities 
less than 20, were classified "unobserved" and were not 
used in structure refinement. The crystal used for data 
collection had dimensions approximately 0.1 x 0.2 x 
0.9 mm, and absorption corrections were applied using a 
modified version of a computer program by Coppens et 
al. (4). Lorentz and polarization factors were applied and 
structure amplitudes F (  and normalized structure am- 
plitudes : El were derived. 

Structirre Refinenlent 
The atomic coordinates and thermal parameters were 

refined by full-matrix least squares. The function mini- 
mized was Zw ( F 0  - , with weights M. = ( 1 / ~ , ) ~  
and the atomic scattering factors were taken from the 
International Tables for X-Ray Crystallography (5).2 
Two cycles of refinement with isotropic thermal para- 
meters resulted in a discrepancy index R = 0.099 and two 
anisotropic cycles lowered R to 0.044. The hydrogen 
atoms were located from difference Fourier maps and 
three cycles of refinement, allowing everything to vary 
except the hydrogen thermal parameters (held fixed at the 
values of the atoms to which the hydrogens are bonded) 
resulted in a final R of 0.038. The atomic fractional 
coordinates and thermal parameters are given in Table 1 ,  
in which the Ui, are coefficients in the expression exp 
[ -  2n2 (h2U1 la*2+ ... + 2klUz3b*c*)]. The table of final 
observed and calculated structure factors may be found 
in the Depository of Unpublished Data.j Coordinates for 
the hydrogen atoms are given in Table 2. 

Discussion 
A stereoscopic drawing of ethyl triiodothyro- 

propionate illustrating both the molecular con- 
formation and the relative magnitudes and 

2The scattering curve for iodine was not corrected for 
anomalous dispersion. 

3Tables of final observed and calculated structure fac- 
tors for T,P are available, at  a nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada, KIA 0S2. 
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TABLE 1. Fractional atomic coordinates and anisotropic thermal parameters (x105) 

Atom x Y z U I I  u2 2 u3 3 u12 u13 u2 3 

I(3 '1 
I(5) 
1 0 )  
O(1) 
O(2) 
O(3) 
O(4) 
C(1') 
C(2') 
C(3 '1 
C(4') 
Ci5') 
C(6') 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
Ci6) 
C(7) 
C(8) 
Ci9) 
C(10) 
C(11) 

I 
0 
C (ring) 
C (7-10) 
C (11) 

Standard deviations 
0.0000 4 5 
0.0006 43 59 
0.0007 56 55 
0.0008 6 1 8 5 
0.001 8 138 163 

TABLE 2. Hydrogen atom fractional coordinates 

Atom x Y z Atom x Y z 

H(O) 0.019 0.296 0.360 H(8) 0.723 0.310 0.451 
H(2') 0.339 0.392 0.335 H(8a) 0.766 0.486 0.476 
H(5') 0.028 0.538 0.316 H(10) 0.988 0.124 0.493 
H(6') 0.159 0.689 0.295 H(lOa) 1.052 0.258 0.517 
H(2) 0.559 0.503 0.226 H(11) 0.962 0.023 0.561 
H(6) 0.624 0.629 0.453 H(l la) 1.091 0.084 0.613 
H(7) 0.728 0.434 0.325 H(l1 b) 1.002 0.100 0.627 
H(7a) 0.760 0.617 0.345 Standard deviations 0.007-013 0.010-020 0.006-01 0 

shapes of the atomic thermal ellipsoids is shown 
in Fig. 1. The conformation of the molecule is 
such that the 3'-iodine atom is proximal to the 
a-diiodo ring and the uniodinated 5' position is 
distal, identical to the conformation observed in 
the crystal structure of triiodo-L-thyronine (2). 
The aromatic rings are planar (Table 3) and are 
close to being completely skewed with respect to 
each other and mutually perpendicular. The 
angles between normals to the plane of the inter- 
ring ether linkage and the planes of the a-diiodo 

and P-monoiodo rings are *88 and T lo0, res- 
pectively; these values compare closely with the 
values of + 86 and - 13" for the related angles in 
triiodo-L-thyronine and are also similar to angles 
+ 86 and $- 19" found in 3,5-diiodo-L-thyronine 
when it is complexed with N-methylacetamide 
(6). A plus value of the angle indicates rotation 
of the phenyl ring away from coplanarity with 
the plane of the inter-ring ether linkage in an 
anticlockwise direction when viewed along the 
(pheny1)C-O(ether) bond in the direction from 
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FIG. 1. Stereoscopic drawing of ethyl triiodothyropropionate showing the molecular conformation and the relative 
sizes and shapes of the thermal motion ellipsoids. 

TABLE 3. Deviations of atoms from least-square planes 

Plane I Plane 2 Plane 3 

Atom A (A) Atom A (A) Atom A (A) 

'These atoms not used in calculat~ng the plane 

C to 0. The angles for T3P have dual signs be- 
cause the P2,lc space group contains a glide 
plane which means that both conformers must 
exist in the crystal. Thus the conformation of the 
diphenyl ether parts of these three molecules are 
remarkably similar. The conformation of this 
part of the L-thyroxine molecule (7) differs some- 
what from these, with greater deviations of the 
two rings from being perpendicular to and co- 
planar with the inter-ring ether plane (angles of 
+ 101 and -34"). 

The conformation of the propionic acid chain 
in T3P differs markedly from that of the alanine 
chains in L-thyroxine, triiodo-L-thyronine, and 
L-thyronine (8). In these latter three molecules 
the alanine conformations are virtually identical, 
whereas in T3P, in which the propionic acid 
chain differs from alanine only in that it lacks 
the @-amino group of alanine, the conformation 
about the C(a)-C(P) bond is different from that 
occurring in the thyronine derivatives; the side 
chain in T3P is more extended and lies slightly 
more in a direction "proximal" to the P-ring, 
rather than "distal" to it as is the case with the 

alanine chains (see Fig. 1 and related figures for 
the thyronine derivatives in refs. 2, 7, and 8). The 
atoms comprising the carboxyl grouping lie on a 
plane (Table 3). 

Bond lengths and angles in the T,P molecule 
are shown in Fig. 2. Because the iodine atoms 
dominate the X-ray scattering the estimated 
standard deviations for light atom bond distances 
and angles are rather high (0.015-0.022 A, ex- 
cept for C(10)-C(I1) which is 0.035 A, and 
0.7-1.8") but the values are all near normal and 
require no special comment. The iodine-carbon 
bond lengths average 2.10 A, in good agreement 
with average values of 2.11 A in triiodo-L-thyro- 
nine and L-thyroxine, and 2.10 A in 3,5-diiodo- 
L-thyronine. This is longer than the normal 
carbon (aromatic) - iodine distance of 2.05 
and may explain why the iodinated thyronine- 
type compounds often exhibit tendencies toward 
decomposition when irradiated with X-rays, with 
apparent liberation of iodine. The angle at  the 
inter-ring ether linkage is 119", similar to what 
has been found for other diphenyl ether com- 
pounds. Bond distances and angles involving 
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FIG. 2. Bond lengths (A) and angles (') in ethyl 
triiodothyropropionate. 

hydrogen atoms are omitted from Fig. 2: the 
inaccuracies in their values are too large to merit 
their inclusion. 

The hydroxyl group is the only hydrogen 
donor in the molecule for hydrogen bonding and 
it takes part in an  intermolecular contact with 
the carbonyl oxygen in the molecule one unit cell 
away in the x direction; the hydrogen ... carbonyl 
oxygen distance is 2.1 A (oxygen-oxygen dis- 
tance = 2.76 A) and the 0-H ... 0 angle is 176". 
There is also a network of short intermolecular 
iodine ... iodine distances: every I(3') at  (x,y,z) 
has an  intermolecular contact of 4.03 A with an 
I(5) in a related n~olecule a t  (x, 1 /2  - y ,  1 /2 + z), 
and one of 3.93 A with an I(3) in a molecule at  
(x, y - 1, z ) ,  and these latter two atoms are sep- 
arated by 3.78 A. These intermolecular separa- 
tions are significantly shorter than the normal 
I...I van der Waals separation of 4.30 A given by 
Pauling (9) (though only slightly shorter than 
the 4.08 A value of Bondi (10)) and indicate some 
degree of charge transfer bonding may be taking 
place among the iodines, aiding in stabilizing the 
crystal structure. 

The elucidation of the crystal and molecular 
structures of ethyl 3,5,3'-triiodothyropropionate 
has shown that the molecular conformation is 
such that the 3'-iodine is situated proxin~al to the 
a-ring, identical to the results found in the struc- 
ture determination of triiodo-L-thyronine. Thus 
the structural evidence obtained so far consis- 
tently indicates this conformation to be an  ener- 
getically favored one, whereas the indications of 
Jorgenson et al. (3), from biological activity 
studies of thyroid hormone analogs, are that 
the 3'-iodine distal conformation is biologically 
more active. Further clarification of these con- 
tradictory results must await structural studies 
of other thyromimetic agents and of the ana- 

logs used in the biological activity studies; 
such investigations are now in progress in these 
l a b o r a t ~ r i e s . ~ , '  

The conformation of the propionate chain of 
T,P is quite different from the alanine conforma- 
tion found in L-thyroxine, triiodo-L-thyronine, 
and L-thyronine ethyl ester; and since the di- 
phenyl ether parts of T,P and triiodo-L-thyro- 
nine are conformationally virtually identical, the 
differences in biological potency of the two 
hormones undoubtedly result from these differ- 
ing side chain structures. The essential differences 
are (a) absence of the amine functional group in 
T,P and (b) the change in conformation about 
the P-carbon atom of the chain. 

We thank Dr. Robert Meltzer of Warner-Lambert 
Research Institute for supplying the triiodothyropropio- 
nic acid. Support was from the Medical Research Council 
of Canada grant MA-4695, and from the general research 
support grant of the University of Washington School of 
Medicine, supplied by USPHS grant RR 05432 from the 
National Institutes of Health. 
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A Synthesis of Specifically Substituted Pyrenes: 2,7-Dimethylpyrene 

REGINALD H. MITCHELL' A N D  ROBERT J.  CARRUTHERS 
Depiirtri~ent of Cherizisrry, University of Vicforicr, Victorin, British Colcrnlbia VSW 2 Y2 

Received April 3, 1974 

REGINALD H. MITCHELL and ROBERT J. CARRUTHERS. Can. J. Chem. 52.3054(1974). 
The synthesis of 2,7-dimethylpyrene (la)  from mesitylene is described as an  example of a 

general synthesis applicable to many substituted pyrenes. Intermediates in the synthesis are 
2,ll-dithia[3,3]metacyclophanes (4) and [2,2]metacyclophane-1,9-dienes (6). 

REGIXALD H. MITCHELL et ROBERT J. CARRUTHERS. Can. J. Chem. 52.3054 (1974). 
A titre d'exemple d'une synthese generale pouvant s'appliquer a plusieurs pyrenes substitues, 

on decrit la synthese du dimethyl-2,7 pyrene (la)  a partir du mesitylene. Les intermediaires 
dans la synthese sont les d~thia-2,11 [3,3]nietacyclophanes (4) et les [2,2]niPtacyclophadienes- 
1,9 (6). [Traduit par le journal] 

Introduction 
It came to our notice recently when we re- 

quired substantial quantities of 2,7-dimethyl- 
pyrene2 that most syntheses (1)  of the pyrene 
ring system are not readily adaptable for specifi- 
cally substituted pyrenes. This would not be so 
important if it were not for the fact that it is 
difficult to control electrophilic substitution of 
pyrene itself (1, 2). A controlled synthesis, in 
which the positions of substituents can be pre- 
decided is thus desirable. We would now like to 
report such a synthesis using the now readily 
accessible metacyclophane- l,9-dienes recently 
reported by one of us (R.H.M.) and Boekelheide 
(3, 4). 

Results and Discussion 
Our synthesis of generally substituted pyrenes 

is depicted in Scheme 1. The metacyclophane- 
1,9-dienes (6) can be prepared readily in good 
overall yield from benzylic halides by way of the 
dithiametacyclophanes (4) (3, 4). Conversion of 
6 to the pyrene (1) is then achieved in essentially 
quantitative yield by irradiation with light of 
wavelength 2537 A to the 15,16-dihydropyrene 
(7) and then either continued irradiation to 1 or 
exposure of 7 to oxygen gas. Since the sequence 
can be carried out in the presence of a variety of 
substituent groups (e.g. R = Me, F, C1, Br, CN, 
C0,Et) a versatile and fairly general synthesis is 
thus in hand (see Experimental). 

Convincing evidence for the need and utility 
of such a synthesis is apparent for the case 

'To whom correspondence should be addressed. 
ZPreviously called 4,9-dimethylpyrene. 

in point, 2,7-dimethylpyrene (la) (a refers to 
R , = R , = M e ;  R , = R , = R , = R , = H ) .  
Although l a  has been referred to several times 
in the literature (5-9), it has been synthesized 
only in very poor yield. Originally l a  was iso- 
lated from various lignites in milligram amounts 
(5) and ha? subsequently been synthesized by 
pyrolysis of bimesityl in << 1% yield (6) and 
from 1,4,5,8-naphthalene tetracarboxylic dianhy- 
dride in < 5% yield (7), none of which seemed 
particularly suitable to prepare gram amounts of 
l a .  Application of our synthesis however readily 
yielded l a  in overall yield of up to 3 5 z  from 
3,s-bis(bromomethy1)toluene (2a) as is detailed 
in the Experimental below. 

Experimental 
All melting points were determined on a Kofler hot 

stage and are uncorrected. The p.ni.r. spectra were deter- 
mined on a Perkin-Elmer R12A spectrometer using tetra- 
methyl silane as internal standard. The mass spectra were 
recorded on a Hitachi-Perkin-Elmer RMU-7 mass 
spectrometer at 70 eV. Microanalyses were performed by 
Dr .  D. McGillivray. 

3,5-Bis(bro1~101~1efhyl)toluene (20) 
This compound could be prepared in markedly im- 

proved yield (60-80%) over that of the literature (10) by 
treating mesitylene dissolved in refluxing carbon tetra- 
chloride (1 g per 25 ml) with 2.0 molar equiv. of h'- 
bromosuccininiide (added in four batchcs) in the presence 
of benzoyl peroxide catalyst. The product was obtained 
(after removal of succinimide) by direct recrystallization 
of the crude reaction mixture from ethanol and showed 
physical properties in agreement with those reported (1 1). 

3,5-Bis(r~~ercaptomethyl)toluene (30) 
The bisbromide (20) could be converted to the bis- 

mercaptan 3a in essentially quantitative yield by the 
thiourea method (12). The crude light yellow oil so 
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MITCHELL AND CARRUTHERS: SUBSTITUTED PYRENES 

R2 

2 

+ EtOH - (1) (MeO)2CHBh + 

H C6H6 
(2) t-BuOK-THF w 

SMe 
MeS H H (1) (Me0)2CHBF4 

(2) t-BuOK-THF + 

/ i:: Ra R fi 

obtained was shown by n.m.r. to be sufficiently pure to t r u n ~  mle (relative intensity), M +  = 300 (loo), 151 (52), 
use directly in the cyclization step that follows. 

6,15-Din~eth~l-2,1l-dithia[3.3]metacycloplzane (4a) 
A filtered solution of the bisbromide (20) (24 g, 0.086 

mol) and the crude bisthiol (3n) (16 g, 0.086 mol) in 
benzene (2 I) was added dropwise at room temperature 
under nitrogen over about 48 h to a well stirred solution 
of KOH (12 g, 0.2 mol) in 95% ethanol (3 1). After 
evaporation of the solvent, the residue was washed several 
times with water and extracted with hot benzene. After 
cooling the benzene deposited some crystals of product, 
the remainder being obtained by evaporation of the 
solvent and chromatography of the crystalline residue 
on silica gel using benzene- petrol.:um ether (25 : 75) 
as eluant. 

Crystallization from cyclohexane gave colorless crystals 
of 4a in 40-80% yield, m.p. 104-105.5'; p.m.r., CDCI3 (7) 
3.34 (41.1, bs, ArH), 3.42 (2H, bs, internal ArH), 6.38 
(8H, s, -CH,-), and 7.87 (6H, s, -CH3); mass spec- 

150 (42), 149 (27), 120 (80), 119 (68). 
Anal. Calcd. for ClsHzoSz: C, 71.95; H, 6.71; Found: 

C ,  72.05; H, 6.99. 

Conversiorz of 4a to the Mixed Oon~ers of 5a 
A solution of 4a (4.0 g, 13.3 mmol) in CHZCIZ (50 ml) 

was added over 15 min to a stirred suspension of di- 
methoxy carbonium fiuoroborate (13) (36 mmol) in 
CH2Cl2 (20 ml) at - 30" under N2. After stirring for 4 h 
without further cooling, ethyl acetate (75 ml) was added 
and stirring continued for a further 30 min. The bissul- 
phonium salt was collected, washed well with ethyl 
acetate and dried under vacuum to give 6,15-dimethyl- 
2,ll-dithia[3,3]metacyclophane bismethylsulphonium 
fluoroborate in near quantitative yield, as a white powder, 
m.p. 200" dec. 

Anal. Calcd. for C20HZ6S2B2Fs: C, 47.65; H, 5.20. 
Found: C, 47.55; H, 5.24. 

Potassium t-butoxide (3.14 g, 28 mmol) was added to 
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a suspension of the above sulphonium salt (6.41 g, 12.7 
mmol) in dry T H F  at  room temperature under N,. After 
stirring for 5-10 min, aqueous HCI, H,O, and CHzClz 
were added. The organic layer was washed, dried, and 
evaporated to give a better than 959, yield of 5a, as a 
mixture of isomers (by p.m.r.) which was used directly 
without further purification. 

anri-5,13-Dimefhyi[Z,Z!metacyc/uphane-~ne ( 6 a )  
A solution of the mixed isomers of 5a (8.2 g, 25 mmol) 

in CH,CI, (80 ml) was added to a stirred suspension of 
dimethoxy carbonium fluoroborate (70 mmol) in CH,Cl, 
(20 ml) and the mixture of biss~~lphonium salt isomers 
was isolated in ca. 90% yield as described above. 

This salt was suspended in dry T H F  (400 ml) under N, 
at  room temperature and potassium t-butoxide (17 g, 
0.15 mol) wai added. The mixture was allowed to stir at  
room temperature for 3 h, after which time benzene was 
added and the mixture was acidified carefully with 
aqueous HCI. The organic layer was separated, washed 
with water, dried, and evaporated at  reduced pressure 
below 30 . The pale greenish residue was chromato- 
graphed on silica gel using petroleum ether as eluant to 
give 6a in 40-50% yield. Careful recrystallization of a 
sample of 6a from petroleum ether below 40- gave pale 
yellow crystals, m.p. 150-151' ( d e ~ . ) ~  which rapidly turn 
green on their surface; p.m.r., CCI,, (T) 2.39 (2H, s, inter- 
nal ArH), 3.57 (4H, s, ArH), 3.80 (4H, s, -CH=CH-), 
and 7.79 (6H, s, C H , ) ;  mass spectrum, m,'e, M +  232. 

Anal. Calcd. for CI8H, , :  C, 93.06: H,  6.94. Found: C, 
93.18; H,  7.01. 

The Hofmann elimination to give 60 could also be 
affected by KOH-H,O, KOH-EtOH, f-BLIOK-DMSO 
with varying anlounts of 6a and l a  being produced. 

2,7-Diniefl1ylp~rene ( l a )  
A solution of 6a dissolved in degassed cyclohexane 

(1 g/200 ml) under vacuum, was irradiated with light of 
wavelength 2537 A from a 6 W source (Ultraviolet Prod- 
ucts PCOXI). Examination of the resultant bright green 
solution by n.m.r. indicated the presence of trans-15,lh- - 

dihydro-2,7-dimethylpyrene (internal protons at  T 15.31). 
Continued irradiation until the green colour was totally 
destroyed or exposure of the green solution to the atmos- 

3Sample put on at  135", turns dark green at  once and 
resolidifies after melting, cf. ref. 4. 

V O L .  5 2 ,  1974 

phere or 0, gave, after filtration through silica gel, an  
essentially quantitative yield of l a ,  m.p. 235-236- (lit. 
(6,7) m.p. 238-) identical to an authentic sample (9). 

Other Pyrenes 
Whilst we have not deliberately carried out the above 

scheme to achieve the synthesis of other substituted 
pyrenes, it has been noticed (14) that the sequence does 
in fact work for a variety of substituent groups. The 
experimental technique used was identical to that de- 
scribed above, and although not optimized, overall yields 
of 10-40z can be expected. 

We thank the National Research Council and the 
University of Victoria for the support of this investigation. 
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The Vibrational Spectra of Methyl Cyanoacetate 
and Methyl Cyanoacetate-d3' 

Drpcrrtmetzt of  Cl~rnzistry, Miarni Uniijer~ity, Osfortl, Ohio 45056 

Received March 12. 1974 

DEEPALI SINHA and J. E. KATON. Can. J. Chem. 52,3057 (1974) 
The i.r. spectra of methyl cyanoacetate in both liquid and solid phases and of methyl cyano- 

acetate-d3 in the liquid phase have been recorded in the region 4000-250 cm-l.  The Ranian 
spectra of both the con~pounds in the liquid phase have also been recorded. A tentative vibra- 
tional assignment has been made both for the light and the heavy ester. Evidence is presented 
for the existence of conformational isomers in the liquid phase. 

DEEPALI SIKHA et J. E. KATON. Can. J. Chem. 52,3057 (1974). 
On a enregistre le spectre i.r, du cyanoacetate de methyle en phases liquide et solide et celui 

du cyanoacetate de methyl-d, en phase liquide dans la region 4000-250 cm-' .  On a aussi en- 
registre les spectres Raman de chacun de ces composes en phase liquide. Des attributions 
vibrationnelles non dtfinitives sont faites pour les esters legers et lourds. On presente des donnees 
qui impliquent l'existence d'isomeres conformationnels dans la phase liquide. 

[Traduit par le journal] 

Introduction Experimental 
Although a number of workers have concerned 

thelnselves with the vibrational spectra of organic 
esters, very few detailed spectral studies have 
been reported. Vapor and liquid spectra of meth- 
yl formate and methyl acetate, together with a 
partial assignment of the spectral bands have 
been reported by Wilmshurst ( I )  and Susi and 
Zell (2) but spectra of these compounds in the 
solid state have not been studied. The vibrational 
spectra and structure of two isomeric esters, 
methyl acrylate and vinyl acetate, have been dis- 
cussed by Feairheller and Katon (3). Recently a 
detailed and thorough study of methyl chloro- 
formate has been reported (4) from this labora- 
tory. 

This paper reports the i.r. and Raman spectra 
of methyl cyanoacetate and methyl cyanoace- 
Late-d, in the liquid phase. In addition, the i.r. 
spectrum of methyl cyanoacetate in the crystal- 
line state has also been recorded. A tentative vi- 
brational assignment has been made based on 
these spectra and comparison with the assign- 
ments of cyanoacetic acid (51, methyl acetate, and 
methyl acrylate. Evidence is presented for the 
existence of a conformational equilibrium of 
methyl cyanoacetate in the liquid state but the de- 
tailed structures of the conformers cannot be de- 
termined from the data available. 

Methyl cyanoacetate (Eastman Organic Chemical) was 
purified by distillation under reduced pressure. CH,- 
CNCO,CD, was prepared by refluxing C D 3 0 D  with 
CH,CNC02H in ether and then separating the ester by 
fractional distillation. Infrared spectra in the 4000-250 
cm-' region were recorded as capillary films between 
CsBr windows 011 a Perkin-Elmer Model 180 infrared 
spectrophotometer. Infrared spectra in the region 300-75 
cm-' were recorded on the pure liquid on a Perkin-Elmer 
Model 301 Far Infrared spectrophotometer. A crystal film 
of methyl cyanoacetate was obtained with difficulty by 
keeping a capillary film near the temperature of liquid 
nitrogen for about 3 h. Under usual conditions of cooling 
only a glass could be obtained. A crystal film of the deut- 
erated compound could not be obtained even under 
similar conditions. All attempts to induce crystallization 
of this compound failed and only a glass was obtained. 

Raman spectra of both compounds were recorded on a 
Cary Model 81 Raman spectrometer utilizing an argon 
ion laser source. The i.r. spectra of a capillary film and 
crystal film of CH,CNCO,CH, and that of a capillary 
film of CH,CNCO,CD, are shown in Figs. 1-3. Typical 
Raman spectra of the light and the heavy esters are shown 
in Figs. 4 and 5. The vibrational absorption bands with 
their proposed assignments are listed in Table 1. 

Vibrational Assignments 
The assignment of the vibrational spectra of 

methyl cyanoacetate is aided by the fact that 
several of the vibrations of this molecule are well- 
known group frequencies. In addition, the pub- 
lished assignments of methyl acetate, methyl 
acrylate, and cyanoacetic acid provide useful 

'Supported in part by the U.S. Air Force under con- guides to some of the assignments. The lack of 
tracts F33615-72-C-1040 and F33615-73-C-5013. symmetry and the relatively large number of 
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WAVELENGTH !MICRONS] 
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Y 64 - 
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2 3 40 

20 
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4000 3500 3000 25W 2000 18W IMM 1400 1200 1000 8 W  6CO 400 200 0 
I 

FIG. 1. The i.r. spectrum of liquid methyl cyanoacetate. 
FIG. 2. The i.r. spectrum of crystalline methyl cyanoacetate. 
FIG. 3. The i.r. spectrum of liquid methyl cyanoacetate-d,. 
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SINHA AND KATON: VIBRATIONAL SPECTRA 

WA- IW 

FIG. 4. The Raman spectrum of liquid methyl cyanoacetate. 
FIG. 5. The Raman spectrum of liquid methyl cyanoacetate-d3. 

fundamental vibrations, however, prevent a 
completely unambiguous assignment of the mol- 
ecule at the present time. 

Methyl cyanoacetate has five C-H stretching 
modes, consisting of two antisymmetric and one 
symmetric for the CH, group and one symmetric 
and one antisymmetric for the CH, group, and 
they are relatively easily located by comparison 
of the spectra of the light and heavy isotopically 
substituted molecules. The two strong Raman 
bands at 2966 and 2938 cm-'  must represent the 
two symmetric modes. The relatively strong in- 
tensity of the lower frequency band in the Raman 
spectrum of the rl, compound leads to the assign- 
ment of this band as the vCH, symmetric mode, 
the 2966 cm-' then represents the vCH, sym- 
metric mode. The antisymmetric vCH, mode at 
3025 cm-' is close to the 3035 cm-' band in 
methyl acetate. The other CH, antisymmetric 
mode has been assigned to the very weak i.r. 
band at 3057 cm-' in the spectrum of the solid 
compound. These two antisymmetric modes 

occur at 2189 and 2124 cm-'  in the -d, com- 
pound. The remaining C-H stretching mode to 
be assigned is the vCH, antisymmetric mode. In 
cyanoacetic acid this mode occurs at  2972 cm-' 
and we feel that this vibration in methyl cyano- 
acetate must occur near 2970 cm-' and is there- 
fore assigned as being accidentally degenerate 
with the vCH, symmetric mode. The occurrence 
of a band at 2966 cm-'  in the d, compound and 
its relatively low intensity in the Raman spec- 
trum further confirms this assignment. The band 
at 2860 cm-' which appears as a reasonably 
strong band in the Raman is believed to be the 
overtone of the symmetric CH, bending mode in 
Fermi resonance with the vCH, symmetric 
stretching mode. 

The assignment of vC-N and vC=O modes 
is obvious as they are good group frequencies. 

In the 1500-1380 cm-'  region there are only 
three observed bands in the liquid phase and four 
in the solid phase spectra. This is the region ex- 
pected for the three CH, bending modes and the 
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TABLE 1 Observed vibrational frequencies of methyl cyanoacetate and methyl cyanoacetate-d3 
and thelr proposed assignment (in cm-') 

CHzCNCOzCH3 
CHZCNC0zCD3 

Infrared -- 
- Raman Infrared Raman 

Liquid Sol~d liqu~d liquld liquid Ass~gnment 

3460 vw 2262+ 1202 = 3464 
3057 vw 3048 w v C H ~  (antisym) 

3025 sh 3029 w-m 3018 w, sh vCH3 (antisym) 
2963 m 2973 m 2966 s 2970 W-m 2970 sh vCH3 ( s Y ~ ) ,  

vCHz (ant~sym) 
2936 m 2925 m 2938 s 2936 W-m 2936 s K H z  (sym) 
2860 w 2860 w 2860 m 2 x  1440 = 2880 
2270 sh 2278 sh 1342+931 = 2273 
2258 w 2262 w 2263 s 2263 w-m 2265 s vCN 

2189 w-m 2190 m-s vCD3 (antisym) 
2124 vw 2125 w vCD, (ant~sym) 

2155 w 2 x  1060 = 2120 
2083 W-m 2085 m-s vCD3 (sym) 

1790 w 2 x 894 = 1788 
1749 vs 1745 s 1753 m, b 1746 vs 1746 m, b vC=O 

1699 w 1405 +297 = 1702 
1626 w 894+ 728 = 1622 

1455 sh 1463 m-s 1460 w-m, b 6CH3 (ant~sym) 
1439 s 1449 m-s 1443 sh 6CH3 (antisym) 

1140 m-s 1 6CH3 (sym) 
1396 m 1400 w-m 1396 m 1400 w 6CH2 (scissors) 1 2-s 1 

1357 m-s 894+460 = 1354 
1341 s 1342 s 1347 vw 1349 m-s 1350 vw, b 6CH2 (wag) 

1324 sh 931 +391 = 1322 
1303 sh 1310 sh 1310 w 1010+295 = 1305 

1302 s 1305 vw, b 926+377 = 1303 
1269 s 1269 vw 1252 s 1255 vw vCOC (antisym) 

Isomer 

1202 m-s 
1181 m-s 1185 s 

1156 w-m 

933 m 931 m 
894 W-m 894 m 
845 m 849 vw 

1190w, b 
1174 vw 

1015 w-m 

967 vw 

930 w 
898 s 
849 s 

720 w-m 
705 w 

1135 m 
1085 s 
1053 sh 
986 w-n~ 
971 w-m 

926 m 
912 w-m 

848 w-m 

770 w 

687 w 
677 w 

1086 w 
1060 w 
990 m, b 

930- 

900 m, b 

845 1 820 w-m 
777 w-m j 

680 vw, b 

vCOC (antisyn~), 
6CHz (twist) 
6CHz (twist) 
6CH3 (rock) 
6CH3 (rock) 
687+453 = 1140 
6CD3 (antisym) 
6CD3 (sym) 
vCOC (sym) 
6CD3 (rock) 
Isomer 
6CHz (rock) 
6CD3 (rock) 
vC-CN 
vc-C 

Isomer 

6C02  (scissors) 
Isomer 
6C02  (scissors) 
Isomer 
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SINHA AND KATON: VIBRATIOKAL SPECTRA 3061 

TABLE I. (Corzcluded) 

CHZCNCOZCH3 
CHZCNC02CD3 

Infrared 
Raman Infrared Raman 

Liquid Solid liquid liquid liquid Assignment 

-600 vw, sh 608 vw, sh 
581 w-m 580 n~ 590 w 577 vw 580 vw 

539 w 540 vw 
487 vw 490 w 
453 vw 455 m 
377 m 380 m 

360 w 
338 w 338 w 
271 m 275 w-m 

140 w 

Isomer 
GCCC 
Isomer 
Isomer 
GCO, (rock) 
GCCN 
GCOC 
Isomer 
yCCN 
yCO, (wag) 

CH, scissors mode. The lowest frequency band 
at 1396 cm-I appears both in the light and the 
heavy ester and is obviously the 6CH, scissors. 
The high frequency bands disappear in the spec- 
trum of the deuterated compound with the con- 
comitant appearance of two new bands in the 
1100-1000 cm-' region and have been assigned 
as the CH, bending modes. 

It  is interesting to note that two reasonably 
strong bands at  1269 and 845 cm-' essentially 
disappear in the spectrum of the solid phase in- 
dicating the presence of rotational isomers in the 
liquid phase. The antisymmetric vCOC stretch- 
ing mode is expected near 1200 cm-' .  The two 
bands at  1269 and 1216 cm-I seem reasonable 
for this mode. Only the 1216 cm-' remains in the 
low temperature spectrum, however, and has 
therefore been assigned as the vCOC antisym- 
metric mode for the stable form while the 1269 
cmp '  band is probably due to the same mode of 
the less stable conformer. The band at 1341 cm-I 
seems to be unusually high for any of the funda- 
mentals expected in the 1350-800 cm-' region. 
This has been assigned as the CH, wagging mode 
and must certainly be highly mixed with other 
CH, bending modes as well as perhaps skeletal 
modes. The 11 80 cm- ' band that disappears in 
the heavy ester has been assigned as the re- 
maining CH, deformation mode, namely CH, 
rock; the other CH, rocking mode is found only 
in the solid phase spectrum. The CH, twisting 
mode assigned a t  1202 cmp'  is hidden under the 
vCOC antisymmetric mode in the liquid phase 
spectra. The frequencies assigned to the CH, 
twist, CH, rock, vC-CN and vC-C are very 

close to those assigned in cyanoacetic acid.The 
medium band at 845 cm-' that disappears in the 
solid phase spectrum has been assigned as the 
vC-C for the less stable conformer. The re- 
maining band at 1010 cm- ' has been assigned as 
vCOC symmetric stretch. The skeletal bending 
vibrations expected below 800 cm-' are certainly 
highly coupled and hence their descriptions are 
very approximate. The assignments made are 
reasonably close to those observed in methyl ace- 
tate, methyl acrylate, and cyanoacetic acid. One 
of the major uncertainties is probably the assign- 
ment of the 1010 and 894 cm-'  bands, and these 
possibly could be reversed. Both vCOC (syn~) 
and vC-C are expected to be strong in the Ra- 
man spectrum but only the 894 cmp '  is actually 
strong. Since deuteration of the CH, group would 
be expected to affect vCOC (sym) more than 
vC-C, we have chosen the higher frequency 
band as this mode. 

Another area of uncertainty is a number of 
bands below 900 cm-'. The Raman spectra of 
both the light and heavy compounds contain a 
larger number of bands than can be explained in 
terms of fundamentals of one isomer. The cor- 
responding frequencies in the infrared are either 
very weak or absent. Since skeletal bending 
modes are expected in this region and such nor- 
mal modes are nearly always much stronger in 
the Raman than in the i.r., these are assigned as 
fundamentals of a second isomer rather than as 
overtones or combinations. Unfortunately the 
lack of low temperature Raman data prevents 
rigorous assignment in terms of the fundamental 
modes of one isomer. 
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Discussion 
When the liquid and solid state infrared spectra 

(Figs. 1 and 2) of methyl cyanoacetate are com- 
pared, two features are immediately apparent. 
First, the spectrum of the solid is much better de- 
fined than that of the liquid. Most of the bands 
in the spectrum of the liquid are broad and un- 
resolved whereas those obtained in the solid state 
are sharp and well resolved. Secondly, two 
reasonably strong bands (1269 and 845 cm-l) 
essentially disappear on crystallization, a typical 
effect when a substance exists as a mixture of 
conforniational isomers in the liquid state, but as 
only one conformer in the solid. Further, the 
Raman spectra of both the light and heavy com- 
pounds contain far more bands than can be ex- 
plained on the basis of one conformer only. 
Evidence for the existence of a conformational 
equilibrium brought about by rotation about the 
carbonyl carbon - ether oxygen bond in esters has 
been sought by many workers. These efforts have 
been recently reviewed by Jones and Owen (6). 
Only very recently has such an equiiibrium mix- 
ture been reported for a methyl ester (7), and all 
indications are that the cis ester structure is con- 
siderably more stable than the trans in all esters 
other than possibly those in which a tertiary 
butyl structure is bonded to the oxygen atom. 
On the other hand, conformational equilibria re- 
sulting from rotation about the carbon-carbon 
single bond adjacent to a carbonyl group is well 
known. Mizushima (8) summarizes the early 
work with such compounds as chloroacetyl chlo- 
ride and chloroacetone and shows that the stable 
forms are those in which a substituent on the 
alpha carbon atom eclipses the carbonyl oxygen 
atom, or nearly so, leading to trans and gauche 
isomers. Such structures of the conformers have 
been more recently proposed for acyl halides (9), 
substituted ethyl acetates (6, lo), chloro- and 
bromoacetaldehydes (1 1,  12) and bromo-, fluoro- 

VOL. 5 2 ,  1974 

and iodoacetone (13, 14). In all cases, the more 
stable conformer is that one with the bulky group 
trans to the second carbonyl substituent (cis to 
the carbonyl oxygen atom). 

The liquid phase of methyl cyanoacetate there- 
fore is probably a complex equilibrium between 
four conformers, two differing by rotation about 
the carbon-carbon bond and two differing by 
rotation about the carbon-oxygen bond. By 
analogy with other molecules possessing these 
structural features, we would certainly expect 
that the most stable structure, and that possessed 
by crystalline methyl cyanoacetate. is that in 
which the CN group eclipses the carbonyl oxy- 
gen (trans carbon-carbon structure), as does the 
methyl group (cis ester structure). 

We wish to thank Dr. G. L. Carlson of Carnegie- 
Mellon University for the use of his Raman spectrometer. 
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BORDAN WALTER KRUPAY and ROBERT ANDERSON ROSS. Can. J. Chem. 52, 3063 (1974). 
The water-gas shift reaction has been studied from 200 to 300 r C  at atmospheric pressure 

on both black and green forms of nickel(I1) oxide which contrast in their magnetic properties 
and stoichiometry. Whereas black oxide samples, prepared in various ways, exhibited activation 
energies of 23 i 1 kcal mol-' throughout the temperature interval, the green oxides were 
characterized by a change in activation energy from 20 i 1 kcal mol-' above 250'C to 
between 10 and 15 kcal mol-' below this temperature. These values were obtained with a 
standard water-gas mixture of 40 Torr carbon monoxide and 40 Torr water vapor. With a 
carbon monoxide partial pressure of 80 Torr the green oxide gave a monotonic value of 
21 i 1 kcal mol-I. 

Rate order data suggest that the rate-limiting process does not change on the black oxides 
in this temperature interval, whereas on the green oxides rate control is probably associated 
with the surface reactivity of carbon monoxide above 250 'C and water vapor. below this 
temperature. These effects may be related to different forms of active surface oxygen species 
that are present on the green oxide samples above and below the Nee1 temperature region. 

BORDAN WALTER KRUPAY et ROBERT ANDERSON ROSS. Can. J. Chem. 52, 3063 (1974). 
On etudie la reaction d'equilibre du systeme eau-gar de 200 a 300 "C a pression atn~osphCrique 

sur les deux formes noire et verte de l'oxyde de nickel(I1) qui contrastent dans leurs proprietes 
magnetiques et stoechiometriques. Tandis que des echantillons d'oxyde noir, prepares par 
differents precedes, prisentent des energies d'activation de 23 i 1 kcal mol-' sur tout l'inter- 
valle de temperature; par ailleurs les oxydes verts sont caracterises par un changement de 
1'Cnergie d'activation qui varie de 20 1 kcal mol-' au-dessus de 250 ' C  a entre 10 et 15 kcal 
mol-' au-dessous de cette temperature. On obtient ces valeurs en utilisant un melange standard 
contenant 40 Torr de monoxyde de carbone et 40 Torr de vapeur d'eau. Avec une pression 
partielle de 80 Torr de monoxyde de carbone, l'oxyde vert donne une valeur constante de 21 i 1 
kcal mol-'. 

On suggere d'apres les donnees de l'ordre de la reaction que 1'Ctape determinante de la 
reaction ne change pas pour les oxydes noirs dam-cet intervalle de temperatures, tandis que, 
pour les oxydes verts, le contrale de la vitesse est probablement lie a la reactivite superficielle 
du monoxyde de carbone au-dessus de 250 'C et a la vapeur d'eau au-dessous de cette tempera- 
ture. Ces influences peuvent Ctre reliees aux differentes formes des especes d'oxygene sur la 
surface active qui sont presentes sur les echantillons d'oxyde vert au-dessus et au-dessous de la 
region de temperatures de Neel. [Traduit par le journal] 

Introduction 
In a recent study ( I )  of the kinetics and mecha- 

nism of the water-gas shift reaction on man- 
ganese(I1) oxide, a change in the activation 
energy of the reaction was observed around 
340 "C, which corresponds closely to the Curie 
temperature of the oxide, and it was proposed 
that the change was associated with the type of 
surface oxygen species most active during the 
different stages of the temperature cycle. 
Previously, variations of catalytic activity have 
been reported in the temperature region of 
magnetic transitions (2-6) especially for nickel 
oxides (2, 5-9). Studies of hydrogen oxidation 

(6), carbon monoxide oxidation (3, lo), and 
oxygen adsorption rates (11) have also been 
made. These variations have been related to 
the magnetic properties of the oxides. Hence 
it was felt that nickei(1I) oxide catalysts presented 
a suitable model system to use in a study of the 
kinetics of the water-gas shift reaction, especially 
since the oxide can be prepared in both green 
and black forms which have associated dif- 
ferences in their stoichiometry as well as their 
magnetic properties. 

This paper reports the results of a study of 
the water-gas shift reaction between 200 and 
300 "C using a range of nickel(1I) oxide catalyst 
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preparations with attention given to the possible 
relationships between catalytic activities and 
the surface condition and established magnetic 
properties of the oxides. 

Experimental 
Apparatus and Procedure 

The all-glass flow system and quartz reactor were 
described previously (12, 13). High-purity helium was 
used as the carrier gas at  atmospheric pressure in the 
flow system and in the Beckman GC-5 gas chromato- 
graph. Carbon monoxide, water, and carbon dioxide 
were analyzed by a thermal conductivity bridge using 
stainless-steel columns, 120 x 0.125 in., o.d., packed with 
Poropak Q, 100-120 mesh, at 100 'C .  

Surface areas were determined by low temperature 
krypton adsorption (B.E.T.; - 196 ' C ;  o = 21.5 A'). 

Experimental conditions were established in the 
usual manner (12) such that the reaction was studied in 
the regime of chemical kinetics. Measurements were 
conducted at  a total gas flow rate of 350 ml min-' 
normal temperature and pressure (n.t.p.) which was 
equivalent to a range of space velocities from 12.9 to 
15.6 (cc gas) (cc catalyst)-' s - '  between 200 and 300 "C. 

All reaction rate measurements were made after the 
steady catalyst activity levels were attained and experi- 
mental rates were determined from the rates of carbon 
dioxide production. 

Materials 
The black and green forms of nickel(l1) oxide were 

prepared by calcining nickel(1) carbonate (Baker; 
z 99.9z  pure) in air at  400 'C for 3 h and 800 "C for 
5 h, respectively. Complete decomposition of the car- 
bonate was confirmed by thermogravimetric analysis 
in air using a Stanton-Redcroft Thermobalance Model 
HT5A. The maximum rate of decomposition was 
observed at  360°C. The black and green forms had 
surface areas of 96 and 7 m2 gg', respectively. 

In  all experiments, 0.5 g of the black or 7.0 g of the 
green oxide was used after pretreatments at  200°C 
in the standard water-gas stream of 350 ml min-' 
(n.t.p.) helium containing 40 Torr carbon monoxide and 
40 Torr water vapor. From the results of nickel analysis 
by atomic absorption spectroscopy, the black catalyst 
samples contained excess oxygen to a maximum level 
of 3 g-atom %. 

Carbon monoxide (C.P.; 99.5% minimum) and helium 
(high purity; 99.995%) were supplied by Matheson of 
Canada Ltd. The water in the gas saturators was de- 
ionized and boiled prior to use. 

From a previous publication (14) on the 
water-gas shift reaction on various first-row 
transition metal oxides and their chromites. it 
was noted that cobalt and nickel oxides were 
reduced to the metals by carbon monoxide. 
Hence preliminary experiments were conducted 
to establish if such bulk reduction could be 
avoided. Thus, the reaction of the standard 

water-gas mixture on black nickel(I1) oxide 
was studied at temperatures below 300 "C when 
conversions were less than 3% and no metallic 
phase could be detected by either X-ray powder 
diffraction or X-ray diffractometry. In all cases, 
the physical appearance and the surface area 
of the samples were the same before and after 
catalysis. 

Tlze Eflect of Water-Gas Conjponents on 
Catalyst Activity 

The effects of components of the water-gas 
mixture were studied at 250 "C on black oxide 
samples which had been equilibrated in the 
standard water-gas mixture. Exposing these 
subsequently to a mixture of 120 Torr carbon 
monoxide and 40 Torr water vapor for 0.5 h 
followed by the standard water-gas mixture 
showed a 3691, increase in the rate of reaction 

8 "  

15 min later which then remained at a constant 
level. Such reduced samples were oxidized 
more slowly by water vapor, 215 min, than 
by air, 60 min, as shown by the return of the 
shift reaction rate to its original level prior to 
reduction. These experiments indicated that the 
catalyst activity was influenced by changes in 
the surface stoichiometrv which was affected 
by the amount of excess carbon monoxide in the 
reacting gas mixture and that such changes in 
surface composition were reversible. 

Equilibrated catalyst samples exposed to 
120 Torr carbon monoxide and 40 Torr water 
vapor for 60min at 250°C showed a 38% 
increase in steady activity after 15 min when 
followed by the standard water-gas mixture. 
By cycling the temperature of the reduced sample 
to 300°C for 0.5 h and then to 250°C, the 
rate of reaction was found to have increased to 
5 5 z  above the initial activity level. X-Ray 
diffractometry did not show the presence of any 
metallic phase in any of these catalyst samples. 
Also, the increased rate of reaction after 
thermal cycling returned to the initial catalytic 
activity of the equilibrated surface if the samples 
were exposed to either water vapor for 5 h 
or air for 0.5 h at 250 "C. Thus, the surface 
stoichiometry was sensitive to temperature 
as well as the reacting-gas composition. 

Kinetic Experiments 
(1)  Black Nickel(1I) Oxide 
Catalysts Equilibrated it? the Standard Water- 

Gas Mixture:-Black oxide samples, designated 
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- - 
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E - 
a, + 

0.4- 
o 

m ,. 0 2 -  
0 

water-vapor partial pressures constant at 40 Torr. 
In the partial pressure range 1 to 3 Torr, rate 

037 

0 2  0 4  0 6  
inhibition by carbon dioxide was indicated by 
an order of -0.4 (inset of Fig. l(i)). 

- 
The carbon monoxide rate order was deter- 

mined from 20 to 130 Torr carbon monoxide 
partial pressure while inaintaining the water- 
vapor partial pressure constant at 40 Torr 

( I  
(Table 1). A change in the order with respect to 

I carbon monoxide was observed at 60 Torr. In 
the partial pressure range 20 to 60 Torr the 

!::'; XI, order was 0.4, which changed to 0.8 between 
60 and 130 Torr (Fig. l(i)). 

Fresh Catalysts:-Carbon monoxide rate 
- 
4 orders were determined at 250 "C on fresh 
a 1 0  samples of black nickel(I1) oxide which had 

not been pretreated in the standard water-gas 
o 8 mixture. The samples, designated NiO(FS), 

were initially exposed to a gas mixture con- 
I - 

10 15 2  0 
sisting of 20 Torr carbon monoxide and 40 Torr 

1 6 -  

2 14- 
e 9 
E? 12-  - + 
o - 10 

08 -  

water vapor until the steady catalyst activity 
level was attained. The carbon monoxide 
partial pressure was then increased stepwise 

- 5 280°C from partial 20 pressure to 120 was Torr held while constant the water-vapor at 40 Torr. 
The results are shown in Fig. l(i) and Table 1. 

The same catalyst samples, designated as 
E-- NiO(ES2), were then pretreated in the standard 

250°C water-gas mixture until the onset of steady 
( 1 1 1 1  

I 
catalytic activity and the rate order for carbon 

I 

1 0  1 5  2 o monoxide was again determined from 20 to 
l ~ ~ , ~ [ ~ a r t ~ o l  Pressure (~orr)] 120 Torr at 250 "C (Fig. l(i)). 

FIG. 1 .  Reaction rate dependency on ~ variations in In separate experiments, NiO(ES1) and 
the partial pressures of carbon monoxide: (i) black NiO(ES2) samples were exposed loo m1 nlin- 
nickel(I1) oxide at 250 "C; A, NiO(ES1) (@); B, NiO(ES2) (n.t.p.) air at 250 "C for 3 h to determine if the 
( 0 ) ;  C, NiO(FS) (0 ) ;  inset: effect of carbon dioxide on behavior of NiO(FS) would be re-established. 
reaction rate; (ii) NiO(RS) ( 0 ) ;  (iii) green nickel(I1) 1, both cases, the carbon monoxide rate orders, 
oxide at 280 (D) and 250'C (E); and water-vapor (A) 
partial pressure in (i), (ii), and (iii). (For experimental determined in the same manner as On Nio(FS), 
details, see text.) were identical to those for NiO(ES1) and 

NiO(ES2). 
NiO(ESl), were equilibrated for 2 h at 250 "C Reduced Catalysts:-Carbon monoxide rate 
in the standard gas mixture and the rate order orders were determined at 250 "C on the re- 
for water vapor was then determined from duced catalyst samples, NiO(RS) (Fig. l(ii) and 
16 to 56 Torr while the carbon monoxide partial Table 1). 
pressure was maintained at a constant 40 Torr. 
Figure l(i), curve A, shows that the water-vapor (2 )  Green NickeljII) Oxide 
rate order was zero in this partial pressure Rate orders were determined at 280 and 250 "C 
range. after catalysts had been stabilized at each of 

The rate order with respect to carbon dioxide these temperatures in the standard mixture 
partial pressure was studied in a narrow partial for 90 min. The variations in rate orders shown 
pressure range corresponding to the limit of 5% by the black oxide samples were not exhibited 
set on the experimental conversion percentage in these experiments (Fig. l(iii) and Table 1). 
while maintaining both carbon monoxide and Since the maximum conversion was 1.6%, 
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TABLE 1 .  Reaction rate order results for the water-gas shift reaction on nickel(I1) oxides: rate of reaction, 
r (mol m-2 s- l )  = kpcoxpH,oYpco,z 

Pressure 
Temperature range 

Con~ponent Catalyst ("c) (Torr) x Y z 

Carbon monoxide Green NiO 
(PH,O = 40 Torr) 

Green NiO 

Water Green NiO 
(pco = 40 Torr) Green NiO 

NiO(ES1, ES2) 

NiO(RS) 

(pco = 80 Torr) Green NiO 

Carbon dioxide NiO(ES1, ES2) 
(pro = PH,O = 40 Torr) 

accurate rate orders with respect to carbon 
dioxide could not be obtained. However, it was 
assumed that the desorption of carbon dioxide 
would readily occur as the ability of nickel(l1) 
oxides to desorb carbon dioxide increases 
progressively from the black to the green forms 
(17, 18). 

The reaction rate, r (mol m-2 s- ' ) ,  can be 
represented for catalysis on all nickel(I1) oxide 
samples as 

The values of the exponents x, y,  and z are 
shown in Table 1. 

The Effect of Teniperatiire on the Reaction Rate 
Rate measurements were recorded after the 

catalysts had been equilibrated at  200 "C in the 
standard water-gas mixture for 120 min. Steady 
activity levels were established after 60 min 
exposure. These levels were verified at  several 
fixed temperatures in separate tests when the 
variation of reaction rate was within 0 . 5 x  after 
exposure for several hours. 

The reaction rate was determined at  various 
temperatures from 200 to 300 'C, 300 to 200 "C,  
and again from 200 to 300°C in stepwise 
increments between 4 and 10 "C.  

Rate constants were computed from eq. 1 with 
component concentrations in mol I-'. The 
Arrhenius plots are shown in Fig. 2. Black 
nickel(I1) oxides gave an activation energy value 
of 23 f 1 kcal mol-'  throughout the tempera- 
ture range while green nickel(I1) oxides were 
characteriied by a change in activation energy 
from 20 1 kcal mol-' above about 250 "C to 

FIG. 2. Arrhenius plots of the rate constants of the 
water-gas shift reaction on nickel(I1) oxides: A, black 
nickel(I1) oxide: B, green nickel(I1) oxide (A and B 
determined with the standard gas mixture); C, green 
nickel(I1) oxide with 80 Torr carbon monoxide and 
40 Torr water vapor. 
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between 10 and 15 kcal mol-I below this I/log,, (r/kl) rs. log,, p,, should be linear over 
temperature. the entire carbon monoxide partial pressure 

In separate experiments, samples of green range studied. 
oxide were exposed to 80 Torr carbon monoxide The results for fresh and equilibrated samples 
and 40 Torr water vapor and a monotonic of black nickel(I1) oxide, NiO(FS), NiO(ESl), 
activation energy of 21 1- 1 kcal mol-' was and NiO(ES2), conformed to this relationship 
determined throughout the temperature interval (Fig. 3). I t  may be noted also that plots of 
(Fig. 2). The reaction rate was found to be l/log,, r rs. log,, pco were also linear and this 
independent of water-vapor partial pressure at procedure provided a useful and rapid test of 
250 "C in contrast to the results obtained using the results. Equations, similar to eq. 3, were 
the standard water-gas mixture. derived from the Langmuir (1) and Temkin 

adsorption isotherms (1 5, 16) but the results did 
Discussion not give a linear relationship for any of these 

Studies of the water-gas shift reaction have samples. ~h~ applicability of the ~ ~ ~ ~ ~ d l i ~ h  
tended to focus mainly On technological aspects adsorption isotherm suggests that reaction 
concerned with iron oxide based catalysts (19). occurs on surface sites of a heterogeneous 
On pure iron(II1) oxide a mechanism involving character, which is consiste~lt with conclusions 
respective reaction of components with oxidized derived from oxygen isotopic exchange studies 
and reduced sites (2O) has been proposed and and calorimetric nleasurements (23, 245. With 
interpreted to proceed via a two-step alternating equilibrated black nickel(1I) oxide samples the 
oxidation-reduction scheme on an iron(l11) reversibility in reductioll by carbon monoxide 
oxide catalyst promoted with chromium oxide and the oxidation by either water vapor or air 
(20) and via a concerted redox process on 
iron - chromium oxide (21) and copper chroniite 
(22). At the same time variations of kinetic 
expressions and mechanisms for the water-gas 
shift reaction on industrial iron oxide based 
catalysts have been attributed to factors such as 

H,S impurities, nonisothermal conditions, and 
changing surface coniposition, the presence of 0 2 7 r  

surface diffusion (19). 
On manganese(I1) oxide, a Langmuir-Hinshel- 

wood mechanisn~ was proposed (I) for the shift 
~ - 1 

reaction and the surface process was inter- -- 
preted to proceed via alternating oxidation and 
reduction of the reactants on specific sites. 

The present kinetic data were analyzed by _o 

application of the Langmuir, Freundlich, and & 
Temkin adsorption isotherms (15, 16). For the 
Freundlich case, the relationship between the 
reaction rate and the surface coverage of carbon 
monoxide, O,,, can be expressed (16) in terms 
of the carbon monoxide rate order data, in 
which all other components are maintained at 
fixed concentration, as \ 

[21 r = k1QcO 
50 100 2 0  0 

or 
1 1 U P a r t i a l  Pressure  (To r r  ) - [3] ------- -- -- 

In (J- /kS)  In c In c In Pco 
FIG. 3. Plots of carbon monoxide rate order data 

according to eq. 3. Black nickel(I1) oxide at  250°C. 
where 0 = RT/AH,,  and -AH,  is the heat of (O), NiO(ES1); (a), NiO(ES2); and (A), NiO(FS). 
adsorption at surface coverage, 0. Thus a plot of Green nickel(i1) oxide at  280 -C (A)  and 250 'C (B). 
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suggests that reaction occurs by a redox process 

consistent with rate inhibition by carbon dioxide 
(inset of Fig. l(i)). 

On NiO(RS), pretreatment with carbon 
monoxide rich gas mixtures would be expected 
to  deplete much of the excess surface oxygen (25) 
creating a surface of homogeneous character 
which is consistent with the linear relationship 
established between the reaction rate and surface 
coverage assuming Langniuirian behavior (Fig. 
4). Lattice oxygen would then bccomc the 
predotiiinant adsorption site for carbon mon- 
oxide and if water vapor interacts dissociatively 
with the catalyst surface, that is by the formation 
of surface hydroxyl groups (26) involving a 
lattice anion, then competitive adsorption with 
carbon inonoxide might be anticipated (Fig. 
l(ii)). Carbon monoxide could effectively block 
these sites to water dissocation which would be 
consistent w ~ t h  thc obscrved rate order values. 

The catalytic behavior of black nickel(I1) 

lo2/ Partla1 Pressure Rorr) 

FIG. 4. Relationship between reaction rate and the 
partial pressures of carbon monoxide (a) and water 
vapor (0) according to the Langmuir isotherm at 
250 "C on NiO(RS). 

oxide samples (Figs. 1, 3, and 4) shows trends 
similar to those observed in the oxidation of 
hydrogen (25) where surface stoichiometry had 
a critical influence on the results. 

Correlations between the reaction rate and 
carbon monoxide surface coverage for catalysis 
on the green oxides were obtained using eq. 3 
(Fig. 3), while the rate order data suggest that a 
change in the rate-determining step may occur 
a t  about 250 "C (Table 1). Further, the activa- 
tion energy for catalysis on green nickel(I1) 
oxide samples exposed to  the standard gas 
mixture also changes at  about this temperature 
which lies in the NCel temperature range of the 
oxide (27) where the transition from antiferro- 
to paramagnetism occurs. This transition has 
been reported (27) to take place between 220 
and 260 "C for green oxides while particle 
size affects the value for black oxide samples 
such that temperatures near 200 "K have been 
observed with fine powders (28). 

Variations in the catalytic and chernisorptive 
properties of nickel oxide (2, 5-1 1) have been 
observed a t  the NCel temperature, as well as 
changes in crystallographic and magnetic prop- 
erties (29). In particular, the magnetic state of 
nickel oxide has been correlated with the nature 
of the adsorption forins of the surface oxygen 
( I  1) in studies of carbon monoxide oxidation 
and these correlations used to explain dif- 

-ferences in catalytic behavior which have also 
been observed in the oxidation of hydrogen 
( 5 ,  6). The present results are in good agreement 
with these previous studies (Fig. 2). 

The different values for the rate orders ob- 
served with the green oxides above and below 
about 250 "C (Fig. l(iii) and Table 1) are believed 
to be connected with a switch in rate control 
from a step associated with the surface adsorp- 
tivity and reactivity of carbon monoxide to 
one connected with water vapor. This phenom- 
enon probably has its source in the change 
which occurs in metal-to-oxygen bond strength 
in the oxide (2, 11, 30) a t  the NCel teinperature 
which has consequences on the nature and 
reactivity of the surface oxygen species. Further, 
rates measured on green oxide samples exposed 
to  a reaction mixture containing excess carbon 
monoxide gave a monotonic Arrhenius plot 
(Fig. 2, curve C) which is in agreement with the 
latter proposal since at  and below 250 "C the 
reaction rate was independent of water-vapor 
partial pressure. This feature may be the con- 
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sequence of the depletion of much of the reactive V. V. POPOVSKII, and T .  M .  YUR'EVA. Kmet. Catal. 
surface oxygen (25) species by the carbon mon- 12> 116 (l971). 

oxide, thus altering the surface stoichiometry as 15. G. HALsEy and H.  S. TAYLOR. J .  Chem. Phys. 15, 
624 (1947); C .  HALSEY. Adv. Catal. 4, 259 (1952). 

previously in studies On 16. G .  C. B o ~ D .  Catalvs~s bv metals. Academic Press. 
this system (24). 

We thank Dr .  D .  G. Klissurski and Dr .  D.  Dollirnore 
for helpful suggestions and Mr. S. Spivak for drafting 
assistance. 
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Structure of a Phosphonomannan, as Determined by the Effect of 
Lanthanide Ions on Its Carbon-13 Magnetic Resonance Spectrum1 
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PHILIP A. J. G O R I \  and M y ~ o s e  MAZUREK. Can. J. Chem. 52, 3070 (1974). 
The carbon-13 magnetic resonance spectrum of phosphonomannan 2 in deuterium oxide 

expands on  addition of e ~ ~ r o p i u m  and praseodyrniurn chlorides. With the aid of a parallel study 
on  s t r~~ctura l ly  related a-D-mannose-I-phosphate and rx-~-mar1nose-6-phosphate the signal 
displacements were interpreted in terms of chernical structure. Both ions cause predominantly 
contact shifts, and in general addition of praseodymium ion produces a downfield shift of the 
I3C.m.r. signal of the esterified I3C nucleus, which is accompanied by a smaller downfield shift 
of that of the adjacent carbon. Europium ion produces smaller and approximately equal shifts of 
signals of the corresponding a-I3C and B-I3C nuclei, but in the opposite direction and with less 
broadening. Displacements produced by neodymium chloride were comparable in size and 
downfield. Other lanthanide chlorides, namely those of ytterbium, holmium, neodymium, and 
gadolinium, broadened the signal of the I3C nucleus attached to  the phosphodiester group with- 
ou t  displacement. Changes produced in proton nuclear magnetic resonance spectra of the 
phosphates and phosphodiester 2 are more difficult to  interpret in terms of structure. 

PHILIP A.  J .  GORI\  el M Y T O ~ K  M A Z I ~ R E K .  Can. J. Chem. 52, 3070 (1974) 
Le spectre de resonance magnetique du carbone 13 d u  phosphonomannane 2 en solution dans 

le D 2 0  est etale lorsqu'on y ajoute des chlorures d'europium et de praseodyniiuln. A l'aide 
d'une etude parallele sur 1.2-D-mannose phosphate-1 et l'a-D-niannose phosphate-6 qui lui sont 
relies au point de vue structure, 011 a pu interpreter les deplacements de signaux en terme de 
structure chimique. Les deux ions causent principalement des deplace~nents par contact et d'une 
fayon generale I'addition d'ions praseodymes produit un deplacemerlt vers les bas champs des 
signaux r .m.n.  du C I 3  du carbone esterifie qui est accompagne par un diplacement plus petit 
Fers les bas champs du carbone qui lui est adjacent. L'ion europium produit des deplacements 
plus petits et approximativement egaux de signaux correspondants des carbones a et !3 du 
noyau;  les deplacements sont toutefois dans des directions opposees et se font akec rnoins 
d'elargissement des bandes. Les deplacernents produits par le chlorure d c  neodynic etaient ous 
les bas champs et a pen pres de la mCme grandeur. D'autres c h l o r ~ ~ r e s  de lanthanide, a savoir 
ceux de l ' itterbii~m, de l'holrnium, de neodymium et de gadolinium, elargisscnt les signaux d u  
carbone 13 attache au groupe phosphodiester et ccci sans deplacement. Les changements 
produits dans le spectre de resona~ice magnetique nucleaire du proton des phosphates et ~ L I  

phosphodiester 2 sont plus difficiles a interpreter en termes de structure. 

The yeast Hansen~ila capsulata produces an 
exocellular phosphonomannan which was orig- 
inally assigned structure 1 (Fig. I). The position 
of the phosphodiester link was based on the 
production of formaldehyde on periodate oxida- 
tion of the mannobiose phosphate obtained by 
acidic cleavage of the C-6-orthophosphate link- 
age (1). On the other hand, carbon-13 magnetic 
resonance (13c.m.r.) studies on the mannobiose 
phosphate favored structure 2 (Fig. l), which has 
repeating units of 2-0-P-D-mannopyranosyl-a- 
D-mannopyranose joined by (1 +6)-linked phos- 
phodiester (2). The present study concerns the 
expansion of the 13c.m.r. spectrum of the poly- 
mer that is observed on addition of chlorides of 

'NRCC No. 14078. 

europium and praseodymium and the interpre- 
tation of the signal displacements that leads to a 
confirmation of structure 2. 

Recently, Birdsall et al. (3) observed that the 
13c.m.r. spectrum of aqueous a,P-D-ribose-5- 
phosphate contains signals that change their 
relative positions on addition of europium ion. 
Presumably this is due to two effects, one caused 
by complexing with the phosphate group and the 
other caused by complexing with OH-1, OH-2, 
and OH-3 of the sl-anomer. Phosphste-Eu3+ 
interactions have also been demonstrated by 
Barry et al. (4) since addition of europium ion to 
a solution of 9-P-D-ribofuranosyladenine-5'- 
phosphate in deuterium oxide resulted in a strong 
upfield shift of the H-5' signal in the proton 
spectrum. Strong interactions by lanthanide ions 
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GORIN AND MAZUREK: STRUCTURE OF A PHOSPHONOMANNAN 

1 I I 1 I I 
100 90 80 70 60 100 90 80 70 60 

8,-.,p.p.m. from T M S  

FIG. 1 .  Structure of phosphonomannan from Har~ser~ula cap.sulatn 2 and its 'k .m.r .  spectra, before and after addi- 
tion of lanthanide ion. Spectrum A:  2 (80 mg) in D,O (2 ml). Spectrum B: after addition of PrCI3,6H,O (7 mg). 
Spectrum C: after addition of EuCl3.6H,O (14 mg). 

and hydroxyl groups occur since improved and 
modified proton spectra have been obtained from 
methyl-P-D-hammamelopyranoside on addition 
of praseodymium chloride or europium nitrate 
(5). However, this type of complexing would not 
be expected to take place in the unesterified man- 
nopyranose series since the stereochemistry 
appears unsuitable. 

The exocellular phosphonomannan of H. cap- 
sulata forms a very viscous aqueous solution (6)  
and it was necessary to partially degrade it with 
hot aqueous 1% potassium hydroxide prior to 
spectral examination. Since the 13c.m.r. spec- 

trum of the derived free acid contained 11 signals 
(Fig. 1, Spectrum A) instead of the expected 12, 
tests were carried out on a number of lanthanide 
salts that might expand the spectrum. According 
to Barry et al. (4), Eu3+ and Nd3+ should cause 
signal displacement in proton spectra with little 
line broadening, whereas broadening should be 
greater with Ho3+,  and greatest with Gd3+.  A 
summary compiled by Mayo (7)  shows that 
broadening of proton signals relative to their 
displacement is smallest in shift reagents con- 
taining praseodymium and europium, and larger 
with those of samarium, holmium, and ytter- 
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TABLE 1. Chemical shifts and assignments of '3c.n~.r.  signals of mannose and related phosphates 

Downfield difference of chemical shifts of signals from that external TMS, contained in 
Compound a coaxial capillary in p.p.m. (6,) 

a-D-Mannose (2) 94.5 (C-l), 72.9 (C-5), 71.2 (C-2), 70.8 (C-3), 67.5 (c-4), 61.6 (c-6) 
rj-D-Mannose (2) 94.1 (C-I), 76.7 (C-5), 73.6 (C-3), 71.8 (C-2), 67.1 (C-4), 61.6 (C-6) 
a-D-Mannose-6-phosphate 95.20 (C-I), 72.38; J 8 Hz (C-5), 71.75 (C-2), 71.19 (C-31, 67.50 (C-4), 65.71 ; J 5 Hz (C-6) 
rj-D-Mannose-6-phosphate 94.84 (C-1), 75.95; J 8 Hz (C-51, 73.97 (C-3), 72.22 (C-2), 67.26 (C-4), 65.71 ; J 5 Hz (C-6) 
a-D-Mannose-1-phosphate 97.10; J 5 Hz (C-l), 74.76 (C-5), 71.51 ; J 8 Hz (C-2), 70.99 (C-3), 67.58 (C-6) 
Phosphonomannan 99.72 (C-1'), 95.29 (C-1), 78.29 (C-2), 77.38 (C-5'1, 73.81 (C-5, C-3'), 71.83 (C-2'), 70.24 

(C-3), 67.86 (C-4), 67.26 (C-4'), 65.60 (C-6), 62.22 (C-6') 

bium. In the present study, considerable down- 
field shifts were produced on addition of praseo- 
dymium chloride (Fig. 1, Spectrum B) and smal- 
ler ones with neodymium chloride. Europium 
chloride, on the other hand, produced upfield 
shifts (Fig. 1, Spectrum C).2 Chlorides of hol- 
miurn, ytterbium, and gadolinium caused con- 
siderable broadening of signals of the two ester- 
ified 13C nuclei (for assignments see Fig. 1 and 
below), without displacement to higher or lower 
field. Samarium chloride did not displace or 
broaden signals when added in relatively large 
amounts. (In these studies the acid form of the 
phosphonomannan was used rather than the K 
salt, whose 13C spectrum was less susceptible to 
modification.) Using the preferred salts, the 
chlorides of praseodymium and europium, 4 
signals were affected and the direction of the 
displacement, which is opposite to that produced 
by a pseudocontact interaction, indicates a con- 
tact interaction (8).j These results suggest that 
both the signals of the esterified 13C nucleus and 
the adjacent I3C nucleus are displaced. To aid 
interpretation of the displacements, parallel re- 
sults from structurally related a-D-mannose-I- 
phosphate and P-D-mannose-6-phosphate were 
obtained. 

The signals of the 13c.m.r. spectra of the 1- and 
6-phosphate are assignable since most of them 
are close in shift to those of a,p-D-mannose (2). 
The only differences are that the 13C-0-31P 
signal is displaced downfield (3-4 p.p.m.) with 
coupling (5 Hz) and that the 13C-C-0-31P 
signal is coupled and without displacement (9, 

'Under similar conditions the 13c.m.r, signals of a,B-D- 
mannose, a - ~ - M a n p ' . 2 a - ~ - ~ a n ~ G ~ - ~ a n  and a poly- 
saccharide containing alternating (1 + 4)- and (1 + 3)- 
linked b-D-mannopyranose units were shifted less than 
0.04 p.p.m. 

3No diamagnetic effect, due to the charge of the cation, 
was observed since no shift was observed with lanthanum 
nitrate. 

10) (8 Hz; see Table 1). Addition of Pr3+ (17 mg) 
causes a downfield shift of the signals of the 
phosphorylated 13C nuclei and a smaller down- 
field shift of those of the adjacent nuclei (Tables 
I and 2). C-6 and C-5 signals of a-D-mannose-6- 
phosphate underwent shifts of + I .9 and +0.6 
p.p.m. respectively. The C-1 and C-2 shifts of 
a-D-mannose-1-phosphate were + 1.4 and + 0.6 
p.p.m., respectively, and were accompanied by 
a shift of -0.6 p.p.m. of the C-6 resonance. On 
addition of Eu3+ (19 mg) to the mannose phos- 
phates the shifts of the phosphorylated 13C 
nuclei were smaller and upfield (Table 2 ;  -0.6 
to -0.7 p.p.m.). Their magnitude was almost 
matched by the shifts of the adjacent nuclei 
(-0.5 to -0.6 p.p.m.). A downfield shift, +0.3 
p.p.m., of the C-6 signal of a-D-mannose-I- 
phosphate was also observed (Table 2). 

As stated above, 4 signals in Spectrum A of 
t h e  phosphonomannan are displaced on addition 
of Pr3+ or Eu3+ (compare with Spectra B and C, 
Fig. 1). Based on the nomenclature presented in 
Fig. 1 ,  three of the signals are respectively from 
C-2 (6, 78.69), C-5 (6, 73.81) which is superim- 
posed on the C-3' signal, and phosphorylated 
C-6 (6, 65.67). These assignments are made 
since the resonances are close respectively to 
those of the following: C-2 of 2-0-P-D-manno- 
pyranosyl-3-D-mannose (2; 6, 78.6), C-5 of a-D- 
mannose (2; 6, 72.9), and C-6 of a-D-mannose- 
6-phosphate (6, 65.7 1). The displacement of the 
C-5 signal is particularly significant since it sup- 
ports structure 2, rather than structure 1, which 
would require a displacement of a signal in the 
region of C-5 of p-D-mannose (2; 6,76.7), that is 
the one at  6,77.38. Displacement of the signal at 
6, 95.29 on addition of the salts indicates its 
13C nucleus is attached to a phosphate group and 
must be C-1. This signal, and the three others, 
do not show two- or three-bond coupling with 
31P (9) because they are too broad. 

Comparison of the 4 signal displacements ob- 
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served in the phosphonomannan spectra with 
those of u-D-mannose-l,6-diphosphate would be 
ideal, but unfortunately this compound was not 
readily available. Instead estimates of the dis- 
placements were made by addition of the values 
observed for given 13C nuclei in a-D-mannose-1- 
phosphate and cr-D-mannose-6-phosphate. The 
additive values (in p.p.m.) are as follows: Pr3+ : 
C-I, + 1.47; C-2, +0.62; C-5, +0.67; C-6, + 1.27 
and Eu3+ : C-1, -0.68; C-2, -0.56; C-5, -0.60; 
C-6, -0.39. It can be seen from comparison of 
these values to those in Table 2 that they are of 
the same direction as those of the phosphono- 
mannan and are of aid in assigning C-6 signals 
in the expanded spectra. This assignment was 
doubtful since the signal assigned to C-6 resolved 
into 2 signals on addition of salt. 

The other eight 13C nuclei can be assigned to 
signals in Spectrum A, since the signals in the 
phosphorylated mannose unit should have reso- 
nances similar to those of u-D-mannopyranose 
(2). Those of the other unit should correspond to 
P-D-mannopyranose (2) with the exception of the 
C-1' signal, which should be at  6, 99.72 by a 
process of elimination. On this basis the follow- 
ing assignments were made, values being in 
6,: 77.38 (C-5'), 73.81 (C-3' and C-5), 71.83 
(C-2'), 70.24 (C-3), 67.86 (C-4), 67.26 (C-4'), and 
62.22 (C-6'). 

Since the signals of a-13C and p-13C nuclei of 
the above phosphorylated compounds can be 
detected by addition of Pr3+ and Eu3+, it fol- 
lows that similar spectral studies can be extended 
to other phosphonomannans and phosphono- 
galactans (1 I). 

The proton nuclear magnetic resonance spec- 
trum of the potassium salt4 of the phosphono- 
mannan (Fig. 2, Spectrum D) was expanded 
downfield on addition of praseodymium chloride 
(Fig. 2, Spectrum E), but the changes are far 
more difficult to interpret in terms of chemical 
structure: europium chloride caused upfield 
shifts resulting in crowded spectra that cannot be 
interpreted. At lower concentrations of Pr3+, 
the coupled H-1 signal at  66.45 shifted downfield 
and as the concentration increased stepwise (see 
inserts a and b in Spectrum D, Fig. 2, and Table 
3) further shifts to 68.26 took place which were 
accompanied by broadening. In addition, two 

4When the acidic form of the polymer was used the 
ratio of signal broadening to signal displacement was very 
large. 

1 1 , I I I 

9 8 7 6 5 4 

8. ppm from T M S  

FIG. 2. Proton spectra of the potassium salt of the 
phosphonomannan (40 mg) in D,O (2 ml), before (D) 
and after addition of 9 mg of PrC13.6H,0 (E). Inserts a 
and b are the H-1 portions of spectra after addition of 
0.9 mg and 1.8 mg of salt, respectively. 

new broad single proton signals appeared at  
66.46 and 66.78 (Fig. 2, Spectrum E), which are 
attributable to the two nonequivalent H-6's. On 
reduction of the temperature to 27", a new signal 
appeared, which was formerly obscured by the 
DOH signal. 

The proposed downfield shifts of the H-1 sig- 
nals occurred in the proton nuclear magnetic 
resonance spectrum of the disodium salts of 
u-D-mannose-1 -phosphate. The investigation was 
hindered somewhat since a precipitate frequently 
formed on addition of Pr3' and the spectra were 
poorly resolved (improved resolution occurred 
on going to the free acidic forms). Similar experi- 
ments carried out with the 6-phosphate could 
not be interpreted properly because the H-6 sig- 
nal could not be assigned. 

The p.m.r. shifts observed on addition of lan- 
thanide ion to solutions of the mannose phos- 
phates are due almost entirely to the presence of 
the phosphate group. When a,p-D-mannose, 
a - ~ - M a n ~ s a - ~ - M a n p G ~ - M a n ,  and a polysac- 
charide containing alternate (1-3)- and (1+4)- 
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GORIN AND MAZUREK: STRUCTURE OF A PHOSPHONOMANNAN 3075 

TABLE 3. Signal displacements observed in proton spectra on addition of lanthanide ion to solutions of 
mannose phosphates and phosphonomannan in the salt and acid forms (27" and 70") 

Temperature Observed Shift of signal 
Shift reagent PC) signal* (p.p.m.1 

Disodium salt of 
a-D-mannose-1- - 70 H-1 (6 5.90) + 0 
phosphate (20 mg) in PrCI3.6H2O (1.8 mg) 70 H-1 f 0 . 3 3  
D,O (2 ml) PrCI3.6H2O (3.6 mg) 70 H- 1 $0.56 

EuCI3.6H2O (1.8 mg) 70 H-1 -0.15 
EuCI3.6H2O (3.6 mg) 70 H-1 -0.31 

Disodium salt of 
a$-D-mannose-6- - 70 H-6 (6-4.56) 0 
phosphate (20 mg) In PrC13.6H20 (0.9 mg) 70 H-6 - + 0.2 
D,O (2 ml) PrC13.6H20 (1.8 mg) 70 H-6 -+0 .4  

Potassium salt of 
phosphonomannan (40 - 70 H-1 (6 6.44) 0 
mg) in D 2 0  (2 ml) PrCl3.6H2O (0.9 mg) 70 H- 1 f 0 . 1 8  

PrCI3.6H2O (1 . 8  mg) 70 H- 1 f 0 . 3 8  
PrC13.6H20 (9 mg) 70 H- 1 +1.82 
PrCI3.6H2O (9 mg) 70 H-6's + 1 . 5  to 1 . 8  

Acid form of 
a-D-mannose-1- - 27 H-1 (6 5.57),s 0 
phosphate (17 mg) in PrC13.6H20 (0.9 mg) 27 H-1, b f O .  14 
D 2 0  (2 ml) EuCI3,6H2O (1 .8  mg) 27 H-1, b -0.09 

- 70 H-1 (6 5 .99,s  0 
PrCI3.6H2O (0.9 mg) 70 H-1, b +0.25 
EuC13.6H20 (1 . 8  mg) 70 H-1, s -0.11 

Acid form of 
a,P-D-mannose-6- - 27 H-6 (6 4.26), s 0 
phosphate (17 mg) in PrCI3.6H2O (0.9 mg) 27 H-6, b f 0 . 2 0  
D,O (2 ml) EuCI3,6H2O (1 .8  mg) 27 H-6, b -0.17 

- 70 H-6 (6 4.62), b +0.36 
PrCI3.6H2O (0.9 mg) 70 H-6, s +0.36 
EuCI3.6H,O (1.8 mg) 70 H-6, s -0.24 

*s = sharp with a half-he~ght llne uldth of  1 Hz, h = relatively broad with a half-helght llne uldth of 2-3 Hz. 

linked P-~-mannopyranOSe units (12) were sub- on a filter, washed with ethanol, and dried. The acid form 

jetted to the same conditions only very small was prepared by the same method as used above for the 

spectral shifts were induced. mannose phosphates. 

Experimental 
The disodium salt of D-mannose-6-phosphate and di- 

sodium salt of cc-D-mannose-1-phosphate were obtained 
from thc Sigma Chemical Co., St. Louis, Missouri, and 
were converted to their free acidic forms by shaking in 
water with Amberlite IR120 (H+ form) and lyophilizing. 
Hexahydrates of holmium chloride, ytterbium chloride, 
samarlum chloride, praseodymium chloride, neodymium 
chloride, and europium chloride were supplied by Alfa 
Inorganics, Beverley, Mass. Hydrated gadolinium chlor- 
ide was from Apache Chemicals, Rockford, Ill. The phos- 
phonomannan from Hansenula cap~ulata NRRL Y-1842 
was kindly supplied by Dr. M. E. Slodki of the Northern 
Utilization Research and Development Division, U.S. 
Dept. of Agriculture, Peoria, 111. A portion (1 g) was de- 
graded with 1% aqueous potassium hydroxide (200 ml) at 
100" for 30 min. The solution was neutralized (AcOH), 
evaporated to 25 ml, and excess ethanol added. The pre- 
cipitate of the potassium salt which formed was collected 

Carbon-13 Magnetic Resonance Spectroscopy 
Carbon-13 magnetic resonance spectra were obtained 

using a Varian XL-100-15 spectrometer with Fourier 
transform. The phosphonomannan (as its acidic form and 
potassium salt; 80 mg) was dissolved in D 2 0  (2 ml) and 
examined at 33" in a 12 mm diameter x 8 in. n.m.r. tube 
fitted with a Teflon vortex-plug. The spectral width used 
was 5000 Hz, the acquisition time 0.4 s, the pulse width 
50 ps which represents a 43" pulse width, and the num- 
ber of transients 100 000. Chemical shifts are expressed 
as 6, in p.p.m., based on the downfield difference of the 
signal resonance and that of external TMS. Six runs were 
carried out, one addition of neodymium chloride (14 mg), 
two successive additions of praseodymium (3.5 mg each) 
and europium chloride hexahydrates (7 mg each), each 
being added to the acid form of the phosphonomannan. 
(Likewise, similar additions were made to a solution of the 
K salt.) Additions of ytterbium chloride or holmium 
chloride (3 mg amounts) or gadolinium chloride (1 mg) 
resulted in broaden~ng of the C-l and C-6 signals. Com- 
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paratively, high levels of samarium chloride (28 mg) and 
lanthanum nitrate (14 mg) did not affect the spectrum. 

The 13c.m.r. spectra of r*,B-D-mannose-6-phosphate and 
r*-D-mannose-I-phosphate were obtained from samples 
(65 mg) in D 2 0  (0.8 ml) contained in a coaxial cylinder 
within a 12 mm diameter x 8 in. tube containing D,O 
(4 ml). The temperature used was 33", the spectral width 
2500 Hz, the acquisition time 0.8 s, the pulse width 65 
ps, representing a 55' pulse, and the number of transients 
was 4000. Two runs were carried out with each phos- 
phate, two successive additions of praseodymium chloride 
(8.5 mg each) and europium chloride (9 rng each) being 
made. 

Prototz Nuclear 1Wagnetic Resonalzce Spectroscopy 
Proton spectra were obtained using the spectrometer 

described above. The acidic form and the potassium salt 
of the phosphonomannan (40 mg) were each dissolved in 
99.7z D,O, which was evaporated and the process re- 
peated. Finally, the polymer was examined in 99.977, 
D,O (2 ml) at  70' or 27' in a 12 mm diameter x 8 in. 
n.m.r. tube containing a Teflon vortex-plug. The spectral 
width was 1000 Hz, the acquisition time 2.0 s, the pulse 
width 65 ps, and the number of transients 200. The 
chemical shifts are based on the downfield difference of 
the signals' resonance and that of external TMS in a 
coaxial capillary and are expressed as 6 in p.p.m. The 
downfield difference of the resonance of dioxan and ex- 
ternalTMSis4.18p.p .m.  at  27'and4.29p.p.m. at  70'. 
In the determination of spectral shifts, on addition of lan- 
thanide ion, dioxan was used as an internal refer- 
ence. Two successive additions of praseodymium chloride 
(0.9 mg each, that had previously been equilibrated with 
D 2 0 )  were made followed by a larger one (7.2 mg). 

Similar additions of europium chloride were made follow- 
ing replacement of the water of crystallization with D,O. 
When a quantitative estimation of proton size was needed 
a continuous wave mode was used. 

The conditions used for proton studies on a-o-man- 
nose-1-phosphate and a$-D-mannose-6-phosphate are 
summarized in Table 3. 

The authors wish to thank Mr. R. J. Magus for tech- 
nical assistance. 
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Erratum: The Electron Pair in Chemistry 

R. DAUDEL 
Centre de Mbcnnique Ondulatoire Appliqrlhe de C.N.R.S., Paris, France 

AND 

Department of Chemistry, McMnster Unir.ersity, Hamilton, Ontario 

Received June 20,1974 

(Ref.: Can. J .  Chem. 52. 1310 (1974)) 

A computational error was made in this laboratory1 for 
one of the three-loge partitionings of BeH,. Specifically, 
the simple partitioning which yields a spherical core loge 
and two bond loges all with average populations of 2.0 is 
found to yield the best partitioning of BeH, in terms of 
maximizing the probability of the event (2,2,2) and mini- 
mizing the missing information function I(P,R). The 
correct data for this case, replacing that in Table 5(a) is 
given below. The discussion given on p. 1318 of the 
original article stating that in BeH, an  "extended" core 
yields a better partitioning of BeH, is incorrect. The new 
Table 5(a) together with the data in Tables 5(b) and 5(c) 
indicate that I(P,R) undergoes a continuous decrease as 
the volume of the "core" loge is decreased to that of the 
traditional tight two-electron core. The data given in the 
original Table 5(a) actually refer to the symmetrical 
partitioning of the BeH, (with the exception of the core 
loge) by a o, symmetry plane, rather than by a gh sym- 
metry plane as was implied. A comparison of the original 
and the new results for Table 5(a) shows that the impor- 
tant requirement for the minimization of Z(P,R) is the 
maximization of P,(R) rather than simply obtaining 
loges with average populations of 2.00. This result is in 
agreement with the same comparison given in the paper 
for the isoelectronic system BH. 

The corrected result for BeH, reinforces the conclusion 
reached in the paper, that for the molecules considered in 
this investigation, the most probable partitioning is one 
which localizes pairs of electrons in well-defined spatial 
regions or loges. 

TABLE 5. Three-loge partitioning in BeH, (Xi Z,') 
(a) Symmetrical partitioning* 

(i) Probability of events (n,,nb,izb.) 
\ 

(ii) Leading events for two-loge partitioning 
and I(P,R) values 

Core Bonded 

'This refers to the laboratory at  McMaster University, * r ,  = 0.93 a.u., a = 9O3,@!R,) = 1.998, F(nb)  = 2.001, 
RiR,.) = 2.001, I(P,R,,R,) = 0.8847. 

Hamilton, Ontario. 
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Partition Function Ratios of the Methyl Halides Differing Only in 
Isotopic Substitution 

Department of Chernistv, University of Natal, Durban, South Africa 

Received February 27. 1974 

JAN BRON. Can. J. Chem. 52, 3078 (1974). 
By using the best available spectroscopic data for the force fields and geometries of the 

methyl halides, partition fi~nction ratios for these species are evaluated as a function of tempera- 
ture. These ratios are of the type q(AXYZB)/q(12CH3B) in whichq is the partition function; A is 
"C, I3C, or 14C; X, Y, and Z are either 'H,  2H, or 3H;  and B stands for either F, C1, Br, or 1. 
To the logarithm of these functions at  the various temperatures (200-500 K) a curve is fitted 
with the equation In (q,/q,) = p l  In (T1500) + ~ , (T /500)" -~ .  All ratios are determined with 

,,= 7 

respect to the unsubstituted I2CH,B molecule. &imples of the utility of the partition function 
ratios are given. 

JAN B R O ~ .  Can. J. Chem. 52, 3078 (1974). 

Faisant appel aux meilleures donnees spectroscopiques disponibles pour les champs de force 
et les gComCtries des halogenures de methyle, on evalue les rapports de la fonction de partition 
de ces composCs en fonction de la temperature. Ces rapports sont du type q(AXYZB)/q(12CH3B) 
ou q est la fonction de partition, A est 12C, 13C ou 14C, X, Y ,  et Z sont 'H, 'H OLI 3H et B repre- 
sente F, C1, Br ou I. Avec le logarithme de ces fonctions a diverses temperatures (200-500 K), 
on trace une courbe dont l'tquation est 1n(q2/ql) = p l  l n  (T/500) + 2 ~, , (T/500)"-~.  Tous les 

" = 9  

rapports sont dCterminCs par rapport a la molecule 12CH,B non substituie. On donne des exem- 
ples de I'utilitC des rapports de la fonction de partition. [Traduit par le journal] 

Introduction 
Methyl halides are frequently used as models 

to study the mechanistic aspects of a particular 
type of chemical reaction. Kinetic isotope effects 
are frequently used to  gain this mechanistic in- 
sight, since isotopic substitution creates the 
smallest possible structural perturbation of a 
molecule (1). Examples may be proton transfer 
and nucleophilic substitution reactions (2, 3). 

By using transition state theory and statistical 
mechanics the bonding and geometry of the 
activated complex can be deduced (2, 4). The 
theoretical expression for the kinetic isotope 
effect involves beside the partition function ratio 
(p.f.r.) of the transition states also p.f.r.'s of the 
reactant molecules (4). In order to evaluate the 
p.f.r.'s of molecular species, which may be either 
stable or transient, the geometry and force field 
should be known ( 5 ) .  The geometry and force 
field of the transient species or transition state 
depend upon the reaction conditions (6) contrary 
to the reactant molecules. 

I t  is, therefore, useful to know the p.f.r.'s of the 
methyl halides as a function of temperature since 
it eliminates the necessity of recomputation if 
these quantities are needed. The p.f.r.'s can also 

be used for calculating the eq~iilibrium constants 
(7) of isotope exchange reactions involving 
methyl halides. The ratios evaluated are of the 
type q(AXYZB)/q(12C'H,B) in which q is the 
partition function; A is 12C, 13C, or I4C; X, Y, 
and Z are either 'H, 'H, or 3H; and B stands for 
either F, C1, Br, or I. 

The expression for the p.f.r. (8) is 

3iY-6 sinh (iu, i) 
sinh ( i sz i )  

where M, is the molecular mass, Ii(") the principal 
moment of inertia, and ui is equal to (hcoJkT).  
The vibrational frequency of normal mode i is 
oi. Application of the Teller-Redlich product 
rule (9) reduces eq. 1 to a ratio involving vibra- 
tional frequencies and atomic masses (n?,,) only 
(4). The result is 

N mZi 312 3 N - 6  uZj sinh ()uIj) 
PI = i =  n l (%) n u I j  sinh (+uZj) 

In eqs. 1 and 2 symmetry numbers have been 
ignored. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BRON: PARTITION FUNCTION RATIOS OF METHYL HALIDES 3079 

Calculations 
The normal frequencies of vibration of a 

molecule can be calculated from a detailed 
knowledge of the geometry and force field of the 
molecule. In this case the frequencies have been 
determined by the Wilson's FG matrix method 
(10). The internal (symmetry) coordinates for 
the halides (1 1, 12) are presented in Table 1 .  The 
coordinate S2 is a function of the geometry of 
the molecule and hence depends upon the identity 
of the halide atom. Although the coordinates in 
Table 1 are symmetry coordinates (10) for the 
species CX,Y only, they have been used, for 
reasons of convenience, for all methyl halides 
regardless of the symmetry of the molecule. 

The equilibrium geometries of methyl flu- 
orides, chlorides, bromides, and iodides are 
listed in Table 2. The quadratic force constants 
in the coordinates used (Table 1) are given in 
Table 3. All force constants have the units of 
mdyn/A. In order to obtain the proper units for 
the stretching-bending and bending force con- 
stants they should be multiplied by the C-H 
bond distance and the square of this distance 
respectively (1 2). 

Results and Discussion 
The p.f.r.'s have-been calculated by using eq. 1 

TABLE I .  Symmetry coordinates for the methyl 
halide inolecules 

H H 

S I  = (Ar,  + Ar2 + At3)/ ,3 
Sz = PS2. - QSzb 
S3 = A14 

7 

S4 = (2A11 - A/ 2 -rA1 3 ) /  , 6 
Ss = (AVZ - A13)/, 2 
Sg = (2Ar1 - AS(* --As3), ,'Z 
S ,  = (ArZ  - 2 - 
Sg = (2AD1 - AD2 - 1183) , 6 
s, = (AD2 - AD3)l-T 
S2, = ( A ~ I  + Ar2 + Ar3 - AD1 - AD, - AB3) / ,3  
S2b = (AQI  + A%, + An3 + ADl + AB2 + A P ~ ) / , %  
P = (1 + K)/(2  + 2K2)'I2 
Q = (1 - K)l(2 + 2K2)"' 
K = - 3 sln 8 cos D/s~n r 

in the temperature range of 200 to 500 "K, using 
steps of 25 "K. This range of 300 "K has been 
chosen since it represents the temperature region 
of main chemical interest. In order to avoid the 
usual listings (13-15) of the p.f.r.'s at the various 
equally spaced (25 "K) temperatures a curve 
with the equation (16, 17) 

has been fitted to the values of In (q,/q,) at  the 
various temperatures by using the method of 
least squares. Table 4 lists the value ofp, in eq. 3 
for the various p.f.r.'s together with the errors. 
The error, mean deviation, is defined as 

The quantity (q,/ql),z(e) is the value of the p.f.r. 
as evaluated by eq. 1 or 2 at temperature Ti, 
while (q,/q,),i(s) is the value of the p.f.r. recom- 
puted from eq. 3 at the same temperature. As can 
be seen in the table the error does not exceed 
0.005z. It is important to attach no theoretical 
significance to the values for p,,, since they may 
depend upon the computer and program used. 

The utility of the series method may be demon- 
strated by some examples. The deuterium isotope 
effect for the reactions 

[5] CH3X + B % BCH3XV + P I  

CD3X + B % BCD3X+ i- P, 

in which BCY,X* is the transition state, is 
simply within the framework of the transition 
state theory (4) 

where Api is equal to[pi(CD,X) - pi(CH,X)]. 
The p.f.r.'s of the non-linear transition state can 
be calculated by means of eq. 1, but the product 
in this equation involves then only 3N - 7 fre- 
quencies since the zero or imaginary frequency, 
which corresponds to the reaction coordinate, 
should be left out (8). 

Another example may be the exchange 
equilibrium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  CHEM. VOL.  5 2 ,  1974 

TABLE 2. Equilibrium geometries of methyl halides* 

Compound r,(CX) (A) r,(CH) (A) L HCH (a) (deg) L HCX (p) (deg) 

CH3F 1.398 1.109 110.0 108.93 
CH3Cl 1.780 I .085 110.83 108.07 
CH3Br 1.938 1.085 111.33 107.54 
CHsI 2.139 1.085 111.67 107.18 

*The geometries of molecules diliering only In ~sotoplc subst~tutlon are the same. 

TABLE 3. Harmonic force fields* of methyl halides (mdyn/A) 

Value 
Force 

constants CHjF CH3C1 CH3Br CH31 

FI I 5.354 5.492 5.534 5.530 
F12 0 .0  0.026 0.070 0.119 
F I ~  0 .0  0.173 0.121 0.065 
F2 2 0.616 0.541 0.512 0.479 
FZ 3 -0.588 -0.489 -0.436 -0.383 
F3 3 5.803 3.499 2.938 2.393 
F 4 4 3 5 5  5.382 5.364 5.436 5.450 
F463F57 -0.121 -0.121 -0.135 -0.131 
F48,Fsg 0.121 0.056 0.074 0.118 
Fs6,F77 0.498 0.461 0.454 0.447 
FSSF~Y -0.057 -0.071 -0.016 -0.009 
Fss,F99 0.756 0.610 0.545 0.474 

*The force fields of molecules only d~ffer~ng In ~sotoplc subs t~ tu t~on  are the same 

[7] CH3CI + CD3Br % CH3Br + CD3CI sion or multiplication. In this case, for example 

In terms of p.f.r.'s the equilibrium constant for [ I l l  q(CD3X)Iq(CHD,X) = 

this reaction is [4(CD3X>/4(CH3X>I/[q(cHD,X)/q(CH,X)I 

9(cD3cl)/q(CH3cl) Differences in thermodynamic quantities be- 
C8l K ( T )  = 

q(CD,Br)/q(CH,Br) tween the isotopic species can be obtained as a 
series from the p.f.r.'s by using the standard 

Written in terms of the coefficients p, the equilib- statistical mechanical relationships (8). 
rium constant becomes The p.f.r.'s have been calculated within the, 

The quantity Api is now defined as 

By substituting the values for p i  from Table 4 
K(T)  becomes 1.104, 1.065, 1.042 and 1.028 at 
200, 300, 400, and 500 OK respectively. Since in 
the p.f.r.'s as listed in Table 4 symmetry numbers 
have been ignored they should be inserted 
if the need arises. Other p.f.r.'s, like q(CD3X)/ 
q(CHD,X), which are not directly obtainable 
from Table 4 may be determined by simple divi- 

so-called, harmonic approximation (4). To cor- 
rect for, say, anharmonicity would require a 
knowledge of the cubic and quartic force con- 
stants. At the moment thesedata are lacking. 
Other corrections (7) can also be applied but, 
again, the necessary data are not available. How- 
ever, even if the detailed force fields of the methyl 
halides were known, the amount of computer 
time required to calculate all possible corrections 
would be prohibitive. 

Over the last 25 years (18-21) much work has 
been done in expanding eq. 2 in terms of a power 
series of ui. This essentially involves expansion 
of the function (&ui)-l sinh (+ui), which leads to 
a power series involving only even powers of ui. 
By use of the sum rule (10) the sum of even 
powers of ui can then be expressed in terms of 
the FG matrix elements. So rather than calcu- 
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5 

TABLE 4. Coefficients* p, for In (q,/q,) = pl  In (T /500)  + p,(T/500)"-3 
n=2 

Mean 
A B p ,  x lo4  p2  x 102 p ,  x l o 2  p ,  x l o 2  p ,  x 10, deviation 

*Symmetry numbers have been ignored. 

lating the normal frequencies mi, which requires 
the dianonalization of two symmetric matrices 
(22), theequality Cui2 = C T - ~ Z ~ F ~ ~ G ~ ~  is used. 
I n  this equality C i s  a constant. The double sum 
requires tha t  the F and G matrix elements for 
each molecule must be calculated or  taken from 
tables. Closely related methods to estin~ate p.f.r.'s 
have been developed by Bigeleisen e f  ul. (20). 

The quadratic terms in ui are usually referred 
to  as the first quantum correction. T o  be more 
specific for the equilibrium constant of the ex- 
change equilibrium H,O + D,O = 2 H D 0  the 
classical value plus the first quantum correction 
1 s 

In this case the first quantum correction is zero 
a t  all temperatures by virtue of the rule of the 
mean (10). Since the experimental value for K is 
3.76 a t  25 "C (23) the first quantum correction 
is obviously inadequate and higher corrections 
should be considered. Application of eq. 1 or 2 
gives results very close to the experimental value 
(24). For  the same reasons the first quantum 
correction for the equilibrium constant of the 
reaction 7 is zero, quite different from the results 
obtained by eq. 1 or  2. 

T o  consider higher quantum corrections de- 
feats the purpose of the method and in general 
cannot be carried out without the aid of a com- 
puter. The methods to calculate normal fre- 
quencies are well known (10, 22, 25) and are 
readily programmed. By means of eq. 1 or  2 
p.f.r.'s as a function of temperature can then' be 
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calculated a t  the various tem~eratures.  As 8. T. L. HILL. An introduction to statistical thermo- 
pointed out before a least squares fit results in a 
very small error. Therefore, it follows that these 
p.f.r.'s, for example, which are the key to differ- 
ences in thermodynamic quantities and which 
are listed by means of five constants only, result 
in much more accurate predictions than the first 
quantum correction. 

Over the years the expansion of eq. 2 has in- 
creased in sophistication but not in simplicity 
(18-21) and the results are certainly not better 
than the simple series method proposed in this 
paper. However, it should be realized that the 
first purpose of the series method is to  eliminate 
long listings of thermodynamic quantities a t  
various equally spaced temperatures. Further- 
more, an accurate knowledge of p.f.r.'s in isotope 
effect calculations eliminates a t  least one of the 
many uncertainties inherent in these computa- 
tions (6, 26). 

The author would like to thank the South African 
Council for Scientific and Industrial Research and the 
Atomic Energy Board for financial assistance. 
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Redox Interchange Reactions of Halogenoplatinum(IV) Complexes. pH 
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DAVID W .  J O H N S O N  and ANTHONY POE. Can. J. Chem. 52,3083 (1974). 
Successive stages in the reaction o f  the con~plex [PtBr6I2- with iodide have been reexamined 

with particular attention t o  their pH dependence. A reassignment o f  two o f  the three stages is 
necessary although the intimate mechanism remains unchanged. Reoxidation o f  [PtBr412- pro- 
duced by the slow reduction o f  [PtBr6lZ- with iodlde leads t o  a mixture o f  tranr-[PtBr41(OH2)]- 
and t rans - [P~BS ,~ (OH)]~- .  Rate constants for reaction o f  iodide with the aquo- and hydroxy- 
complexes have been determined, as well as a value o f  3.7 for the pK, o f  the aquo complex. 

DAVID W. JOHNSON et ANTHONY Poi .  Can. J .  Chem. 52.3083 (1974). 
O n  reexamine les etapes successives de la reaction du complexe [PtBr6l2- avec I'iodure en 

portant une attention particuliere a leur dependance du pH. Une  revision de deux des trois 
etapes est necessaire; le mecanisme intime reste toutefois inchange. La reoxydation de [PtBr412- 
produite par la reduction lente de [PtBr6l2- avec I'iodure conduit a un melange de tmns- 
[PtBr41(0H2)]- et de tram-[PtBr4I(OH)IZ-. O n  ditermine les constantes de vitesse des reactions 
de I'iodure avec le complexe aqueux et I'hydroxy-complexe de mCme que la valeur de pK, de 3.7 
pour le complexe aqueux. [Traduit par le journal] 

Reaction mechanisms of platinum(1V) com- 
plexes have recently been reviewed (1, 2). One 
that is of particular importance for halide inter- 
change reactions of anionic complexes is reduc- 
tive elimination followed by oxidative addition 
(r.e.0.a.). Proposed originally by Grinberg and 
co-worker (3) it has recently been confirmed and 
elaborated (4). This mechanism is believed to 
operate in the reaction of [ ~ t ~ r , ] ~ -  with iodide 
to form [PtI,12- (5), a reaction that proceeds in 
three kinetically distinct stages, each of which 
was proposed to be of the form shown in reac- 
tion 1 where the four ligands in the plane perpen- 

[ I ]  I- + Br-Pt(1V)-Br ---t I-Br + Pt(I1) + Br- 
slow 

1- 
A Br- + I-Pt(1V)-I 
very fast 

dicular to the page (omitted for simplicity) were 
Br,, trans-Br,I,, and I, in the first, second, and 
third stages, respectively. This conclusion was 
based in part on the observation that the second 
and third stages were also detected after the very 
rapid oxidation of [PtBr,12- by I,--I- mix- 
tures. However, a study of the pH  dependence 
of the reactions has shown that Stages I1 and I11 
are more complicated than this, each consisting 
of at least two parallel reactions, but that no 

change is necessary in the basic type of mechan- 
ism proposed. 

Experimental and Results 
Sodium hexabromoplatinate(1V) hexahydrate, 

sodium hexachloroiridate(IV), and potassium 
tetrabromoplatinate(I1) (Johnson, Mathey and 
Mallory, Ltd.) were used as received. The 
kinetics were followed in the same way as before 
(5), reacting solutions being contained in tightly 
stoppered cells in the thermostatted cell holder 
of a Perkin-Elmer 402 or Cary 16K recording 
spectrophotometer and the changing absorbance 
at a fixed wavelength being followed automat- 
ically. The temperatures of the solutions were 
measured directly with a calibrated thermistor 
and Wheatstone Bridge, and were constant to 
within 10 .05  "C throughout the period of the 
reactions. The ionic strengths of the solutions 
were controlled by addition of sodium perchlo- 
rate and their pH  values were adjusted with 
standard perchloric acid solutions, the values 
being measured with an Instrumental Labora- 
tory, Model 205, pH  meter. 

Stage I 
The kinetics were followed in the presence of a 

pseudo-first-order excess of iodide by observing 
the growth in absorbance at 430 nm which is 

' T o  whom all correspondence should be addressed. close to an isosbestic point for Stage 11. Isos- 
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TABLE 1. Rate constants for Stage I of the [PtBr612--I- reaction" 

Temperature lo3 f ib  k2 

( 'C) (MI  pH (I n101-~ SKI) 

20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
15.0 
20.0 
25.0 
30.0 
35.0 

A H *  = 56.6 i 2.9 kJ  mol-' 

3.90 2.08, 2.06 
3.90 2.O2,2.1Oc 
3.90 1.83, 1 .95d 
3.40 2.26, 2.48 
4.40 1.99, 2.16 
5.40 2.18, 2.30 
6.90 2.08, 2.12 
6.90 1.99, - 
2.85 1.99, 2.03 
6.90 2.10, - 
2.30 2.70, 2.74 
6.90 2.64, - 
6.90 4.34, - 
6.90 4.86, - 
6.90 1.87, 1.69 
6.90 2.36, 2.40 
6.90 3.44, 3.75 
6.90 6.02, 6.10 
6.90 8.02, 8.45 
AS* = -44.2 i 9.7 J mol-I K-I 

= _+9.0% 

"[PtBre2-I = 9 1 x 1 0 - j M ,  [ I - ]  = 5 . 0  x 10-4.~1, k 2  
bp = ionic strength. 
C[lrC162-l = 8 x M. 
d[I~C162-] = 1 ): M. 

bestic points were observed at 279, 334, 371, and 
393 nm during Stage I at p H  = 6.9 in quite good 
agreement with those observed before (5). How- 
ever, the isosbestic point at  279 nm shifted to 
283 nm at p H  = 2.3 and the growth of a 
shoulder at >a. 490 nm was much more pro- 
nounced at the lower pH, suggesting a possible 
pH-dependence of the nature of the product. 
The observed pseudo-first-order rate constants 
were divided by [I-]  (the reaction having already 
been shown to be first-order in iodide (5)) and 
the resulting values of the second-order rate 
constant for Stage I are reported in Table 1. The 
activation parameters were obtained by a least- 
squares analysis of data at  ionic strength 5.5 x 

M in which each value of k ,  was assumed 
to have the same percentage uncertainty. The 
quoted uncertainties are standard deviations that 
have been adjusted according to the number of 
degrees of freedom so that 9575 confidence limits 
can be obtained by doubling them. 

Stage I1 
This was followed at 470 nm (an isosbestic 

point for the subsequent stage (5)) with a pseudo- 
first-order excess of iodide and the observed 
pseudo-first-order rate constants were divided by 
[I-]  to give values of k ,  for Stage 11 (Table 2). 

TABLE 2. Rate constants for Stage 11 of the [PtBr612--I- 
reaction" 

Temperature lo3 y lo2 k z  
('C) (IW pH (1 mol-I s- ' )  

The rate constants at 17.1 "C interpolate quite 
well into the rather scattered data in ref. 5 but 
Fig. 1 shows that the rates are dependent on the 
p H  of the solutions. 

Discussion 
Data in Table i are in good agreement with 

earlier ones ( 5 )  and show, in addition, that the 
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JOHNSON AND POE: REACTIONS OF HALOGENOPLATINUM(1V) COMPLEXES 3085 

FIG. 1. pH dependence of k ,  for Stage 11. Curves are 
calculated according to parameters quoted in the text. 

rates are independent of pH  from 3.4 to 6.9. 
Values of log k2 increase linearly with p'I2 up to 
p = 0.05 M. A least-squares analysis shows the 
gradient to be 1T7.5 f 0.20 M-' I2 ,  each in- 
dividual measurement of the rate constant 
having a standard deviation of +4.5%. This 
compares with values f_9.0% and +_8.4% ob- 
tained from the temperature dependence (Table 
1) and from the data at 20 "C and p = 1.0 M, 
respectively. The gradient is in accord with that 
expected (6) for a bimolecular reaction between 
uni- and di-valent anions in solution. Hexa- 
chloro-iridate(1V) has no effect on the rates and 
this confirms the absence of complications due 
to platinum(II1) intermediates (5, 7). The sug- 
gestion that there is an acid-base equilibrium 
involving the products of Stage I is confirmed by 
the pronounced pH-dependence of the rates of 
Stage 11 (Fig. 1). This can most reasonably be 
explained if Stage I is as shown in reaction 2 so 

trans-iodoaquo- and trans-iodohydroxy-com- 
plexes. This implies that even in the presence of 
iodide, admittedly at rather low concentrations, 
solvent usually competes successfully with iodide 
for the active site trans to the site of oxidation by 
halogen. 

This competition was previously assumed (5) 
to be in favor of the iodide ion. However, oxida- 
tion of [Pt(CN),I2- with bromine in the presence 
of bromide has been shown to occur extremely 
rapidly to form trans-bromoaquo and trans- 
bromohydroxy products at low [Br-] (8, 9) and 
even up to [Br-] = 0.02 M (12) so the phe- 
nomenon is probably quite general. The rela- 
tively slow reaction following the rapid oxidation 
is anation of the aquo complex by bromide to  
form trans- [pt(CN),Br212 - and data for this 
reaction are also in accord with the r.e.0.a. 
mechanism (12), the slowness being due to the 
small proportion of oxidation processes that 
lead directly to the product with two trans bro- 
mide ligands. The reaction scheme, somewhat 
simplified, is therefore as shown in reactions 
3a-3c 

very 
[3aI Br2 + Pt(CN)42- - fast Br- 

+ trans-[Pt(CN),Br(OHz)]- 
and tran~-[Pt(CN)~Br(OH)1~- 

[3b] trans-[Pt(CN),Br(OH2)] - 
+ Br- -+ Br2 + Pt(CN)4Z- 

slow 

[3c] Br, + Pt(CN)42- + Br- - fast Br- 

the initial "kinetic" products being a mixture of 
aquo and hydroxy complexes, the final, ther- 
modynamically most stable product being 
formed by the r.e.0.a. anation of trans-[Pt(CN),- 
Br(OH,)]-. (Although the intermediates Br, 
and Pt(CN)42- are shown as separate, indepen- 
dent species there is good evidence that they are 
probably associated with each other to some 
extent (8a, 12).) 

The data for Stage I1 can be analyzed ac- 
I- cording to the rate equation in [4] characteristic 

[2a] [PtBr6l2- + IBr + [PtBr4I2- + Br- 
slow of parallel second order reductions of the aquo 

IBr 
[2b] [PtBr4I2- - tralzs-[PtBr41(OH2)]- 

fast 
and trans-[PtBr4I(0H)l2- 

and hydroxy complexes. Ka is the acid dissocia- 
that the product is an equilibrium mixture of tion constant of the aquo complex, and kOH2 and 
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k,, are the second-order rate constants for the 
slow reduction of the aquo and hydroxy com- 
plexes, respectively. Equation 4 can be rear- 
ranged to give [5]. Above p H  ca. 5 the second- 
order rate constants are essentially independent 

of p H  with a value of ca. 0.26 1 molF1 s - l .  This 
value is therefore assignable to k,,, and a plot 
of (k, - k,,)/[H+] against k, is linear as ex- 
pected. The extreme curves in Fig. 1 correspond 
to the values k,, = 0.28 1 mol-'  s- ' ,  k,,, = 
0.63 1 mol-'  s- ' ,  and K, = 3.8 x mol I - '  
( - - - ) , a n d  k,, = 0.241 m o l l  s- ' ,  k,,, = 0.60 
1 mol-'  s - ' ,  and K, = 1 x mol 1- '  
(-.-.-. ), so that the values of k,, and k,,, are 
quite well defined and pK, must certainly fall 
within the limits 3.7 + 0.3. The solid line corre- 
sponds to k,, = 0.26 1 mol- '  s - ' ,  k,,,, = 0.60 
1 mol-'  s- ' ,  and K, = 1.7 x lo-" mol I - '  with 
a standard deviation of k ,  (obs) from k, (calcd) 
of $-4.3%. 

The p H  dependence of the rates of anation of 
mixtures of trans-[Pt(CN),Br(OH,)]- and tmns- 
[Pt(CN),Br(OH)I2- shows that the hydroxy 
complex is reduced by bromide at  a rate that is 
quite negligible compared with that of the aquo 
complex whereas trar~s- [PtBr,I(OH)I2 - is re- 
duced by iodide less than 3 times more slowly 
than the corresponding aquo complex. This sug- 
gests that the site of reduction of the hydroxy 
complex in Stage I1 is probably a bromide ligand 
trans to another bromide rather than one trans 
to hydroxide. I t  is also possible that a similar 
site is attacked in the aquo complex (so that the 
small difference between kcoH and k,,,, represents 
a relative cis effect of O H  and OH, ligands) 
although attack at  the iodide trans to the OH, 
ligand cannot be ruled out. The products of 
Stage I1 may therefore be quite complex mix- 
tures of aquo- and hydroxy-iodobromo com- 
plexes and this makes any consideration of Stage 
111 premature at  this stage. The original study of 
Stage 11 (5) involved solutions equilibrated with 
the atmosphere and the activation parameters 
obtained then are, therefore, appropriate to the 
r.e.0.a. reaction of the hydroxy complex. 

The value of pK, = 3.7 for trans-[PtBr,I- 
(OH,)]- compares with 4.4 for [PtBr,(OH,)]- 
(lo), where only the ligand trans to the aquo 

group is changed, and a value of 8.6 for [PtI,- 
(OH,)]- (11), where the four cis ligands have 
been changed. The cis effect of four iodides rela- 
tive to four bromides decreases the acidity by 
about 5 units of pK, whereas a trans iodide in- 
creases the acidity by ca. 0.7 units compared with 
bromide. The pK, value of ca. 1.6 for trans- 
[Pt(CN),Br(OH,)]- (8, 9) shows that four cis 
cyanides strengthen the acidity by ca. 3 pK, 
units compared with four bromides. A cis acid- 
strengthening effect C N  > Br > I, and a trans 
acid-strengthening effect I > Br are, therefore, 
defined. The msgnitudes of the inequalities are 
not too dissimilar when the cis effect is adjusted 
to  take account of the number of ligands in- 
volved. Further data obtained under more 
closely comparable conditions are required 
before a detailed explanation can be offered but 
orie might remark here that the trans effect is not 
in accord with the relative Pt-OH, bond 
strengths expected from the o inductive effects 
of iodide and bromide but could be explained in 
terms of greater repulsive n effects in the 
Br-Pt-OH system compared with that in 
I-Pt-OH. The cis effect order seems to require 
a normal inductive effect for bromide and iodide 
but an overriding n-acceptor effect of C N  which 
allows for a smaller repulsive rr eKect in the 
Pt-OH bond. 

The authors are grateful to the National Research 
Council of Canada and Erindale College for support of 
this work. 
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Etude cinktique des interactions Clectrostatiques entre la phosphatase 
alcaline intestinale de veau et ses substratsl 

Dc;pnr.ter?~ent de Cl~ir?lie, Uni~vrsi tP Lnvnl, Q~lPbec 10, Quebec GIK 7P4 

R e ~ u  le 15 fevrier 1974 

MARIUS JULIEX et L u ~ o v r c  OUELLET. Can. J. Chem. 52, 3087 (1974). 
Le r6le de la charge de la niolCcule d'enzyme dans la cinetique de la reaction catalysee par 

diverses phosphatases alcalines a Cte etudie. Les donnees experimentales obtenues en utilisant 
le phosphate de p-nitrophenyle (charge nette - 2 )  cornrne substrat montrent que la repulsion 
entre le molecule d'enzyme, de charge negative, et la molecule de substrat peut tenir compte, 
quantitativement, de la variation de la constante de Michaelis du systeme avec le p H  entre p H  
8.5 et p H  10.5. Toutefois les resultats obtenus en utilisant le phosphate d'ethanolamine (charge 
nette, - 1) et dep- ou o-carboxyphenyle (charge nette - 3)  montrent soit que la partie organique 
de la molecule de substrat ne joue aucun r61e dans la formation du complexe enzyme-substrat, 
ou que la charge de la molecule d'enzyme ne joue pas le r6le suggere par les resultats obtenus 
avec le phosphate de p-nitrophenyle. 

Une etude plus pousske de cette derniere reaction en variant la force ionique et la constante 
dielectrique du milieu suggere que le centre actif de la molecule d'enzyme soit porteur d'une 
charge positive, et soit hydrophobe. 

MARIWS JULIEN and L U D ~ V I C  OUELLET. Can. J. Chem. 52, 3087 (1974). 
The role played by the ionic charge of the enzyme in the kinetics of the reactions catalyzed by 

alkaline phosphatases has been investigated. Data obtained from the hydrolysis ofp-nitrophenyl 
phosphatc (net charge - 2 )  indicate that the repulsion between the negatively charged enzyme 
molecule and the substrate molecule is sufficient to take into account, quantitatively, the varia- 
tion of the Michaelis constant with the pHof  the system between pH8.5 and 10.5. However, the 
results obtained with ethanolamine phosphate (net charge - I )  and p- or o-carboxyphenyl phos- 
phate (net charge - 3)  show that either the organic part of the substrate molecule is not involved 
in the formation of the enzyme substrate intermediate or the charge of the enzyme does not 
have the role suggested from the work with p-nitrophenyl phosphate. 

Further investigation of this reaction in solutions of various ionic strength and dielectric 
constants suggests that the active center of the enzyme m~olecule is positively charged, but that 
hydrophobic effects are important. 

Introduction 
La phosphatase alcaline intestinale de veau 

(EC 3.1.3.1.) a d6ji fait i'objet de plusiers ktudes 
cinktiques. Lazdunski et Ouellet ont etudik son 
action catalytique sur l'hydrolyse du phosphate 
de p-nitrophtnyle (I),  sa sensibilite a certains 
inhibiteurs (2), et, en collaboration avec Brouil- 
lard, sa sensibi1itC aux variations de force 
ionique et de constante diklectrique (3). Fernley 
et Walker ont examin6 sa phosphorylation par 
quelques substrats (4), sa spkcificitk ( 5 ) ,  et sa 
catalyse de I'hydrolyse du phosnhate de mkthyl-4 
umbellyphtryle (6). Quant B Fernley et Bisaz, ils 
ont ktudik sa phosphorylation par l'acide pyro- 
phosphorique (7). 

iExtrait de la these de doctorat de Marius Julien, 
Universite Laval, Quebec 10, Quebec, 1970. 

'Adresse actuelle: Petit Seminaire de Quebec, 1, rue de 
la Fabrique, Quebec 4, Quebec. 

Jusqu'B prksent, Lazdunski et al. (3) semblent 
les seuls a avoir accord6 une importance prepon- 
dtrante aux effets des variations de charge de la 
phosphatase intestinale sur son actioncatalytique. 
Or, il est difficile de penser que les effets de pH en 
particulier ne sont pas liCs a ceux de la charge de 
la molCcule de phosphatase. En effet, de p H  7.5 
a p H  10.5, domaine couvrant la majorit6 des 
Ctudes cinCtiques, la charge de cette molCcule 
varie considCrablement et comme tous les 
substrats sont Cgalement porteurs de charges, les 
interactions entre ces charges et celle de l'enzyme 
ne sont peut-Etre pas a negliger. 

Malheureusement, une Ctude quantitative de 
ces interactions est pratiquement impossible 
pour l'instant, parce que la phosphatase alcaline 
intestinale de veau n'a pas encore CtC titrCe B 
1'Ctat pur. Les donnCes de Lazdunski et al. B ce 
sujet (3) furent en effet obtenues a partir de 
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preparations dont le contenu en phosphatase 
Ctait de beaucoup plus faible qu'ils ne le 
croyaient et ne peuvent donc etre retenues telles 
quelles. On peut, malgrC tout, avoir une idCe de 
la charge nette de cet enzyme en sachant, d'une 
part, qu'elle diminue lorsque le p H  augmente et 
en la comparant, d'autre part, avec celle d'une 
molCcule apparentee: la phosphatase alcaline 
d'Escherichia coli. Quelques electrophori.ses sur 
papier nous ont en effet permis d'observer que 
le point iso6lectrique de la phosphatase intes- 
tinale est aux environs de p H  6.5 a 25 "C. Le 
titrage de la phosphatase bactirienne, rCalisC par 
Reynolds et Schlesinger (8), Ctablit par ailleurs 
que le point isoionique de cet enzyme est a p H  
6.3 a 6 "C. Sachant ainsi que les deux phos- 
phatases ont peu prks le meme point isoionique 
et que la rnasse moltculaire de la phosphatase 
intestinale est legerement supCrieure a celle de 
la phosphatase de E. coli (100 000 ( 9 )  dans le 
premier cas contre 86 000 (10) dans le second) 
on peut admettre en premiere approximation 
que les charges sont dans le meme rapport que 
les masses moliculaires. Ces donnCes doivent 
nous suffire pour prkciser l'influence de la charge 
de la phosphatase intestinale sur son activite 
catalytique. 

ThCorie et modele 
L'hydrolyse enzyn~atique des monoesters 

phosphoriques, catalyste par la phosphatase 
alcaline intestinale de veau, se fait au minimum 
en trois Ctapes qu'on peut schematiser comme 
suit:  

oh, E reprisente l'enzyme, S le substrat, ES le 
complexe de Michaelis, EP, la phosphorylphos- 
phatase, P le radical organique du substrat et 
Pi l'acide phosphorique, 

Aux conditions rapportkes dans ce travail, la 
vitesse initiale d'hydrolyse est donnCe par la loi 
de Michaelis-Menten (1 

3A p H  infbrieur a 9 et a force ionique faible (0.01), la 
reaction d'hydroiyse presente un effet certain d'activation 
par exces de substrat, lequel disparait progressivement 
lorsque le p H  etiou la force ionique s'eleve. 11 est evidem- 
ment invisible toutes conditions lorsque la concentra- 
tion de substrat est faible (26). 

ou, d'aprks Hearon (12) 

Or, d 'apri .~ les rtsultats de Fernley et Walker 
(4), la formation de la phosphorylphosphatase 
est 1'Ctape dkterminante de la reaction en milieu 
alcalin; on peut donc admettre que la constante 
k ,  de l'Cq. 1 est bien inferieure a la constante k,. 
Cette conclusion est d'ailleurs confirmee par les 
resultats de la fig. 7 qui montrent des vitesses 
maxima diffirentes selon les substrats. Si la 
dCphosphorylation ( k 3 )  ttait dkterminante, on 
devrait avoir des courbes identiques et super- 
posies pour les trois cas qui y sont montrCs, ce 
qui n'est manifestement pas le cas. L'Cq. 3 
devient alors : 

[51 v m  = k2tElo 

Par ailleurs, on peut considirer, en premiere 
approximation, que la formation du complexe 
de Michaelis est une rCaction d'tquilibre 
veritable. Cela implique que la constante k2  est 
Cgalement inferieure B la constante k -  ,, de telle 
sorte que 1'Cq. 4 devient: 

Si 1'011 veut maintenant considkrer les effets 
que peuvent avoir les interactions Clectrosta- 
tiques entre la charge de la phosphatase et celles 
de ses substrats, on peut se rCf6rer aux modeles 
de la fig. I .  La formation du complexe de 

FIG. 1. Modele cinitiq~le decrivant les interactions 
Clectrostatiques entre la phosphatase alcaline et ses sub- 
strats (voir le texte pour la signification des symboles). 
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Michaelis y est reprCsentCe comme l'association 
11131 

dpK, - 0.435e2ZEZs 
-- 

de deux ions sphtriques, E et S, de charges d(1ID) k T R ,  
respectives Z ,  i t  Zs et de rayons RE et Rs, 

- 

laquelle association donne un ion tgalement 1141 d& - 0 . 4 3 5 r e 2 Z ~ Z ~  
sphCrique ES, de charge ZEs supposCe Cgale a dP1l2 - DTp1'2(1 + K U ~ ) ~  

Z~ + Z~ et de ray0n R ~ s '  En admettank 'Omme La relation 13 suppose que le facteur de Debye- 
l'explicite la relation 6, que K, est une constante Hiickel est une constante. Ceci tient si le rap- 
d'kquilibre, on peut alors tcrire : port p/DT est constant (voir rtsultats et dis- 

oh, AG ,,,,,. et AG ,,,, reprksentent respectivement 
les variations d'energie libre standard non 
Clectrostatique et Clectrostatique relatives a la 
dissociation du complexe ES, k est la constante 
de Boltzman et T la tempkrature absolue. 

Or, d'apres Tanford (13), 17Cnergie libre Clec- 
trostatique G, d'un ion sphirique i, de rayon R,  
et charge Zi ,  plongC dans un milieu de constante 
ditlectrique D et de force ionique p, est donnte 
par la relation suivante: 

Dans ces relations 8 et 9, e est la charge de 
l'tlectron, N le nombre d'Avogadro et ai le rayon 
d'exclusion de l'ion i. Ainsi, en admettant que 
ZEs soit tgale Z E  + Zs,  et en combinant les 
relations 7 et 8, on obtient: 

ou, wi le facteur Clectrostatique de l'espkce i est 
donnC par 

Si l'on admet de plus, que le facteur w,, est a peu 
pris Cgal au facteur wk, ce que permet la simili- 
tude des ravons des esvkces ES et E. et aue le 

cussion). 
Quant a la formation de la phosphorylphos- 

phatase, la fig. 1 montre que, d'un point de vue 
Clectrostatique, la formation du complexe activt 
correspondant devrait apparaitre comme le 
changement de volume d'un ion spherique de 
charge Z,, dont le rayon passerait d'une valeur 
RE, a une valeur RE,*. Ce modkle a dCja permis 
2 Lazdunski et al. (3) d'interprkter certains de 
leurs rtsultats, lesquels ne tenaient toutefois pas 
compte de l'effet d'activation par excis de 
substrat auquel fait allusion la note 3. 

En combinant les relations 5, 8, 11 et 15, 

[I51 In k ,  = In kZ0 - AG*/kT 

on obtient 

[16] log Vm = log V,' 
- - wES) 

ou V,' est une constante. Les effets de constante 
ditlectrique et de force ionique sur log V ,  sont 
alors donnCs par les relations 17 et 18 

d log Vm - zES2e2 1 
[I71 - - 

d ( l / D )  4.6kT (P R,~* 

d log V,, zEs2e2A(aEs* - aEs) [18] d p ' / 2  - - 4.6DkT 

La relation 17 est obtenue en supposant que le 
facteur ~ / ( 1  + K U ~ )  est le msme pour chacun 
des complexes ES et ES*. Le symbole A de 1'Cq. 
18 reprtsente une fonction positive de la force 
i ~ n i q u e . ~  

terme en 2,' est une constante et probablement 
La phosphatase alcaline intestina!e de veau provient nCgligeable devant le terme en ZEZ~,  On obtient de Mann Research Laboratories (No 4806). cactivite 

finalemerlt spicifique de cette preparation n'etant que d'environ 
2.2 x 102 unites Roche rt a/. (14), elle fut portte a 4.5 x 

[12] pK, = pK,' - 0.87 zEZswE lo4 unites Roche grgce a une chromatographie sur 
DEAE-cellulose, suiiie d'une filtration sur gel de skpha- pKm' est une constante qui la nature dex de type G-200. Dans chacun des cas, la preparation 

du substrat. De la, on tire ensuite les relations 
13 et 14, qui rendent conipte des effets de con- 4A = (ZK2 + K3aES* + K3LIES) /%4( l  + KaES*)2(1 + 
stante ditlectrique et de force ionique sur pK,. ~ a ~ ~ ) ~ .  
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des colonnes (2.5 x 100 cm) et l'elution furent rCalisCes 
avec un tampon trishydroxyrnethylaminomtthane-HC1 
0.01 M a p H  8.5, contenant du MgC1, lo- '  M e t  du KC1 
en quantite adequate pour donner une force ionique de 
0.01. Pour la chromatographie toutefois, la force ionique 
fut augmentee IinCairement de 0.01 a 0.1 avec les 600 
premiers ml elues, et gardke constante par la suite. Toutes 
les operations fi~rent effectuees a 15 ' C .  

La phosphatase alcaline d'Escherichiu coli provient de 
Sigma Chemical Corp. (Alkaline Phosphatase from E. 
coli, type 111). Son degre de purete etant supkrieur 95% 
elle fut utilisee directement apres dilution dans des tam- 
pons appropries. 

La phosphate de p-nitrophenyle vient de Sigma 
Chemical Corp. (Sigma 104, Phosphatase Substrate). Les 
phosphates d'ethanolamine et d'o-carboxyphenyle sont 
de Mann Research Laboratories (No 2264 et 2029). Le 
phosphate de p-carboxyphenyle fut prepare selon les 
indications de Chanley et Feageson (15). 

Comme tampons, le trishydroxymethylaminometha~~e 
(Fisher Chemical Corp.; No T-370) servit aux pH 
inferieurs a 8.6, I'ethanolaniine (Eastman Organic 
Chemical; No 1597) de pH 8.6 a pH 10.0 et la triethyla- 
mine (Matheson, Coleman et Bell; No 5325) aux pH 
superieurs a 10.0. 11s furent utilises B Line concentration 
de 0.004 M e t  amenes aux pH choisis par addition de I-ICI 
1.0 hi. 

Le dioxanne (Fisher Scientific Co.;  No D-111) f i ~ t  
purifie selon la methode rapportee par Fieser (16). Cette 
purification est particulierement importante, parce que 
les impuretes presentes dans le dioxanne affectent le p H  
des melanges eau-dioxanne. 

Toutes les solutions furent preparees dans l'eau dis- 
rillee dans unappareil en verre. 

Les n7esur.e~ 
Toutes les niesures, sauf celles dont les res~iltats sont 

donnes dans la fig. 2, furent effectuees a une temperature 
de 25.3 + 0.1 'C. 

La force ioniqiie p toujours controlee rigoureusement, 
fut generalement maintenue a line valeur de 0.01, par des 
additions adequates de KCI. Lors de ces additions, il fut 
tenu conipte des constantes d'ionisation des substrats et 
des tampons. 

LC dioxanne servit de rnodificateur de constante 
dielectrique, D. Les valeurs de D des melanges eau- 
dioxanne furent calculees a partir des donnees de AkerlBf 
et Short (17). 

La mesure du p H  se fit avec iin pH-metre Radiometer 
TTTI-b, muni d'une electrode de calomel K-401. Les 
tampons standard Harleco (Canlab; No 43-907:1, :2 et 
i 3 )  servirent a I'etalonnage. Le p H  des solutions con- 
tenant ~ L I  dioxanne fut determine par la methode de 
Inagami et Sturtevant (18), telle que decrite par Lazdunski 
et al. (3). 

Les vitesses initiales d'hydrolyse des substrats f ~ ~ r e n t  
determinees colnme suit: 39 ml d'une solution contenant 
du tampon, du substrat et d'autres reactifs (KCI, dio- 
xanne) sont incubes a 25.3 -C pendant 15 min, en m&me 
temps que 1 rnl d'une solution dilllee d'enzyme. La 
reaction est mise en marche par le mklange rapide des 
deux solutions. Une portion du melange est a~~ss i t a t  
versee dans Line cellule de 1 cm, de 5 cm ou de 10 cm de 
trajet optique et placee dans un spectrophotometre 
Beckman DU. La reaction est suivie par la mesure de la 

variation d'absorbance d'un des produits, a une longueur 
d'onde appropriie. L'absorbance est enregistree pendant 
une ptriode de 5 a 15 min suivant les grandeurs des varia- 
tions observees. La concentration initiale d'enzyme est 
reglee de facon a ce que le pourcentage de transforma- 
tion du substrat n'excede pas 10% pendant la durke de 
l'observation. De cette facon, la vitesse mesuree peut 
&tre considCree egale a la vitesse initiale d'hydrolyse. Elle 
est exprimee en unite arbitraire proportionnelle a la 
variation d'absorbance en fonction du temps. 

L'hydrolyse du phosphate de p-nitrophenyle est suivie 
a 407 nm, celle du phosphate d'o-carboxyphinyle a 310 
nm et celle du phosphate de p-carboxyphenyle a 280 nm. 
Le phosphate d'ethanolamine ne fut utilise que comme 
inhibite&. Les coefficients d'extinction molaire furent 
determines de la facon habituelle oar rnesure des variations 
d'absorbance en fonction de la Eoncentration. A 25.3 "C 
et a une force ionique de 0.01 les valeurs obtenues pour 
le p-nitrophenol, I'acide salicylique et l'acide p-hydroxy- 
benzoi'que sont respectivement de 17 880 (407 nm), de 
1912 (310 nm) et de 16 480 (280 nm) lorsque ces sub- 
stances sont totalement ionisees. Dans le cas du p-nitro- 
phenol et de l'acide p-hydroxybenzoi'que, une variation 
du p H  s'accompagne d'une variation apparente du 
coefficient d'extinction qui est due au changement de 
concentration de I'espece ionique observee. On tient 
compte de cette variation en faisant intervenir dans les 
calculs le facteur de correction (1 + 10P"-PH) ou K est la 
constante de dissociation qui regle I'ionisation du produit 
observe. L'hydrolyse des phosphates de p-nitrophenyle 
et dep-carbonyphenyle fiit egalernent etudiee en presence 
de dioxanne. Nous avons verifie que I'extinction de I'ion 
p-nitrophenolate n'est pas affectee par la presence de 
dioxanne aux p H  utilises dans nos travaux. Par contre, 
il y a un effet considerable pour I'ionp-carboxyphenolate 
a cause surtout du voisinage du p H  d'etude et du pK 
d'ionisation de la fonction phenolique (pH 9.6, pK 9.21). 
Cet effet etant dC a plusieurs facteurs, nous avons deter- 
mine empiriquement la correction necessaire a la nor- 
malisation des vitesses d'hydrolyse. Nous avons constate 
que le logarithme du coefficient d'extinction rnolaire de 
I'ionp-carboxyphenolate varie lineairement avec l'inverse 
de la constante dielectrique, a pH 9.6, a 25.3 C et a 
p/DT egale a 5.13 x lo-'. 11 diminue de 4.07 a 3.55 
lorsque la concentration en volume de dioxanne passe de 
0 a 25%. 

Quant a la mesure es constantes cinetiques V,, et K,, 
elle s'est faite graphiquement, au nioyen de la representa- 
tion de Lineweaver-Burk (19) de la loi de Michaelis- 
Menten (eq. 2). 

RCsultats et discussions 
Les donnies sur la phosphatase alcaline 

intestinale de veau ne permettant pas une vCri- 
fication quantitative rigoureuse du modele 
propose dans la fig. 1 ,  nous avons choisi d'en 
faire tout d'abord une verification partielle, en 
l'appliquant a des donnees obtenues avec la 
phosphatase alcaline de E. Coli. En effet, le 
titrage de cet enzyme rialise par Reynolds et 
Schlesinger (8) permet une telle verification. 

La fig. 2 montre les variations de pK, pour le 
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FIG. 4. Variation de pK, avec I'inverse de la constante 
dielectrique a 25.3 "C,  a p H  9.6 et a plDT &gal a 5.13 x 
lo-' (voir texte) pour les systemes phosphatase alcaline 
intestinale de veau - phosphates dep-carboxyphenyle (a) 
et de p-nitrophenyle (0). 

pentes sont de 242 et de 161, donnant ainsi un 
rapport de 1.50. 

La plus simple hypothese permettant d'expli- 
quer ce rCsultat B la lumiere de la relation 13, est 
de supposer que le centre actif de la molCcule de 
phosphatase porte une charge positive dont les 
effets sont plus importants que ceux de la charge 
globale de la molCcule. On peut alors prevoir 
qu ' i  un p H  inferieur a 9.6, les pentes seront 
encore dans le rapport 3 a 2 mais plus grandes. 
En effet, on peut considCrer ces pentes comme 
une difference de deux termes dont le plus grand 
est proportionnel B la charge positive du centre 
actif et l'autre a la charge nCgative de la molecule 
d'enzyme. Si une diminution du p H  affecte ces 
charges, elle ne peut qu'augmenter la charge du 
centre actif et diminuer celle de l'enzyme dont le 
point isoionique est en bas de pH  7. 

La fig. 5 montre les rksultats obtenus a pH  9.0. 
Cette fois les valeurs des pentes, encore positives, 
sont de 113 et de 89, donnant ainsi un rapport de 
1.27. Aucune des predictions formulCes dans le 
paragraphe prickdent n'est donc vCrifiCe. D'une 
part, pour chacun des substrats, les pentes sont 
plus faibles 2 pH  9.0 qu'a pH  9.6. D'autre part, 

le rapport des pentes B p H  9.0 (1.27) est dif- 
ferent du rapport 21 pH  9.6 (1.50). 

L'effet de force ionique sur la constante de 
Michaelis peut au moins confirmer les hypo- 
theses deja avancees quant au signe du potentiel 
Clectrostatique du centre actif. Comme le montre 
la fig. 6, obtenue avec le phosphate de p-nitro- 
phCnyle B pH  9.6, pK, diminue avec la force 
ionique. Ce risultat, interpret6 a la lumiire de 
I'Cq. 14, mene B la m&me conclusion que 
l'examen des figs. 4 et 5: le centre actif est 
porteur d'une charge positive dont l'influence 
est plus grande que celle de la charge globale de 
la molCcule de phosphatase. 

Ainsi donc, d'apris les effets de pH  (fig. 2), la 
charge nette du substrat n'a aucune importance 
sur les variations de pK, puisque les courbes 
pK,-pH de substrats diffiremment chargCs sont 
paralleles. Si l'on se rapporte au modele de la 
fig. 1, il faut admettre pour expliquer ce paral- 
lClisme que les rtpulsions enzyme-substrat sont 
IimitCes au seul groupement phosphorique du 
substrat. On peut justifier une telle restriction 
en tenant compte des dimensions relatives de 
l'atmosphere ionique (environ 30 A a une force 
ionique de 0.01) et de la molkcule de phosphatase 

FIG. 5. Variation de pK, avec l'lnverse de la con- 
stante dielectrique, a 25.3 ' C ,  a p H  9.0 et a H / D T  egal a 
5.13 x lo-' pour les systemes phosphatase alcaline 
intestinale de veau - phosphates de p-carboxyphenyle 
(a) et de p-nitrophenyle (0). 
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FIG. 6. Influence de la racine carrCe de la force 
ionique sur pK, pour le systeme phosphatase alcaline 
intestinale de veau - phosphate de p-nitrophenyle, a 
25.3 -C et a p H  9.6. 

(environ 30 A Cgalement). I1 est possible en effet 
que seule la charge du groupement phosphorique 
du substrat soit en relation Ctroite avec la charge 
globale de l'enzyme, les autres se trouvant alors 
en dehors de l'atmosphere ionique. Cette expli- 
cation permet de rendre compte des effets de p H  
sur pK, au moyen de l'eq. 12. Par contre, il faut 
de nouveau considerer la charge globale du 
substrat et restreindre celle de l'enzyme a une 
charge positive situke au centre actif, pour 
expliquer les effets de constante dielectrique et 
de force ionique sur pK,. 

PlutBt que de tenter de concilier des hypo- 
thi.ses aussi contradittoires, il nous semble 
preferable de faire intervenir d'autres facteurs, 
et de considkrer, par exemple, la formation du 
complexe de Michaelis comme un quelconque 
proctde d'extraction. Une telle hypothese a dtja 
permis de rendre compte de certaines proprietks 
de l'a-chymotrypsine (21, 22), de la dtshy- 
drogtnase malique (23) et de l'hkmoglobine 
bovine (24). La constante de Michaelis, qui 
devient en quelque sorte un coefficient de 
partage, serait alors proportionnelle a la solu- 
bilitC du substrat dans la phase aqueuse (le sol- 
vant) et inversement proportionnelle h sa solu- 
bilite dans la phase enzymatique (le centre actif). 

Comme tous les substrats de la phosphatase 
intestinale sont porteurs de charges et fortement 
polaire, leur solubilitk dkpend la fois de leur 
charge, de leur moment dipolaire et de la polarit6 
du milieu. La rtgion du centre actif, surtout si 
elle s'etend sous la surface de la molecule 
d'enzyme, est probablement tres hydrophobe et 
caracterisee par une constante ditlectrique tres 
faible. De telles caractkristiques se retrouvent en 
particulier au centre actif de cette autre hydrolase 
qu'est la chymotrypsine (25). Posons donc, en 
tenant compte de la spkcificitk de groupe de la 
phosphatase intestinale, que la fixation du sub- 
strat a l'enzyme se fait surtout en surface et que 
seul le groupement phosphorique interfere 
Ctroitement avec le centre actif. La faible con- 
stante ditlectrique de la region situee sous la 
surface pourrait justifier l'importance accordte 
aux attractions entre la charge positive du centre 
actif, dont les resultats des figs. 4 et 5 indiquent 
l'existence, et la charge negative du groupement 
phosphorique. D'un autre cBtC, si la charge du 
centre actif est due a la prksence a cet endroit du 
zinc que contient la phosphatase (9), on pourrait 
aller jusqu'a concevoir la formation du com- 
plexe de Michaelis comme la formation d'un 
phosphate de zinc. L'extraction du substrat 
serait alors une association d'ions ou, encore 
une fois, les interactions entre la charge du centre 
actif et celle du groupement phosphorique 
auraient beaucoup d'importance. 

Quoi qu'il en soit, on peut expliquer les varia- 
tions de pK, en admettant que tous les facteurs 
qui augmentent la solubilitk du substrat dans la 
phase aqueuse ou diminuent sa solubilitk au 
centre actif provoquent une diminution de pK,. 
Par exemple, la diminution de pK, avec l'aug- 
mentation du p H  pourrait s'expliquer par une 
diminution de la polarit6 du centre actif, causke 
par la neutralisation progressive de la charge 
positive du centre actif par la charge negative de 
la matrice protkique. Puisque seul le groupement 
phosphorique interfere etroitement avec le 
centre actif, cette variation de polaritk serait 
ressentie Cgalement par tous les substrats, ce qui 
expliquerait le parallklisme des courbes pK,-pH 
de la fig. 3. L'addition d'un solvant non-polaire 
comme le dioxanne, en diminuant la constante 
diklectrique du milieu, aurait pour effet de 
diminuer la solubiliti des substrats dans la phase 
aqueuse et d'augmenter les pK,. De meme, une 
augmentation de la force ionique, en augmentant 
cette solubilite, provoquerait une diminution des 
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pK,. En se concentrant dans la rigion hydro- 
phobe du centre actif, les solvants organiques 
ameneraient des effets differents selon le pH. 
Ainsi, 2 haut p H  o h  le centre actif est pratique- 
ment neutralise et peu polaire, la solubiliti du 
substrat dans l'enzyme est peu influencie par 
l'addition d'un solvant comme le dioxanne. A 
plus bas pH, o u  la polarite du centre actif 
s'exerce davantage, une telle addition cause une 
diminution de la solubilite du substrat dans la 
phase enzymatique, laquelle compense la dimi- 
nution produite dans la phase aqueuse. Ceci 
rendrait compte du fait que les pentes des 
courbes pK,-(1/D) sont plus faibles B p H  9.0 
qu'a p H  9.6. 

Bien que qualitative et incomplete, cette ex- 
plication des variations des constantes de 
Michaelis est corroborie par la suite qu'on peut 
lui donner en interpretant les effets de constante 
diilectrique et de force ionique sur les vitesses 
maximums. En effet, il ressort de ce qui prCci.de 
que la molicule de substrat reste relativement 
loin de la molecule d'enzyme dans le complexe 
de Michaelis, le groupement phosphorique etant 
la seule partie du substrat unie Ctroitement au 
centre actif. Si cette hypothese est correcte, la 
formation de la phosphorylphosphatase a partir 
du complexe-de Michaelis devrait conduire ii un 
contact beaucoup plus intime entre l'enzyme et 
le substrat. D'ou, le modele prksenti dans la 
fig. 1, oh cette Ctape de la reaction (k,) est 
decrite conlrne une variation de rayon d'un ion 
spherique. Les effets electrostatiques de charge; 
de constante diilectrique et de force ionique sur 
V, sont alors donnes par les relations 16, 17 et 
18. 

La fig. 7 montre les variations de log V, avec 
le p H  pour les phosphates d'o-carboxyphinyle, 
de y-nitrophtnyle et de p-carboxyphenyle. Les 
pentes des segments liniaires des courbes sont 
respectivenzent de 0.95, de 0.68 et de 0.49. Les 
unites de V,,, sont arbitraires mais semblables 
dans les 3 cas. Les positions relatives des courbes 
sont donc significatives. 

L'interpretation de ces rksultats a la lumiere 
de la reiation 16 n'est pas simple. En effet, 
d'apres cette relation et les variations des charges 
Z,, en fonction du pH, les pentes des courbes 
obtenues avec les 2 phosphates de carboxy- 
phenyle devraient &tre identiques et differer 
assez peu de celle obtenue avec le phosphate de 
p-nitrophinyle. Or, les risultats sont tout autres. 
I1 semble donc que la variation de rayon du 

log Vm 

1.5- 

1.0 - 

0.5- 

FIG. 7. Variation de log V,,, avec le p H  pour dif- 
ferent~ systemes phosphatase alcaline intestinale de 
veau - substrat a 25.3 ' C  et a une force ionique de 0.01. 
Les substrats sont les phosphates d'o-carboxyphknyle 
(a), de p-nitrophenyle (O), et de p-carboxyphenyle (e). 

complexe ES, dont tient compte la difference 
/L 

\vESr - wES de la relation 16, soit plus impor- 
tante que la variation de charge de ce mgme 
complexe. 

La fig. 8 montre la variation des pentes 
d log V,/d(l ID) en fonction du pH;  le phosphate 
de p-nitrophknyle etant le substrat. Chacun des 
points fut obtenue en mesurant la variation de 
vitesse en fonction de la constante dielectrique a 
concentration de substrat ilevee et constante. 
L'extrapolation de chacune des vitesses a con- 
centration infinie de substrat aurait pour effet de 
diminuer legerement la valeur absolue des 
pentes. D'apres les resultats des figs. 4 et 5 ,  cette 
diminution serait moindre que 10% aux p H  
inferieurs B 9.6 et plus grande que 1 0 z  aux p H  
superieurs. 

En bas de p H  10.6, les pentes d log I/,/d(l/D) 
sont nigatives. Ainsi, d'apres l'eq. 17, le rayon 
RE,* est plus petit que le rayon RE,. Le passage 
du complexe de Michaelis B l'etat active, con- 
duisant a la formation du phosphate d'enzyme, 
implique donc une contraction de l'espkce ES. 
A p H  10.6, le passage de I'etat initial a l'ktat 
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d log Vm 
d(l/D) 

0 - 

FIG. 8. Influence du p H  sur les pentes des courbes 
log V,, - ( l i D )  pour le systeme phosphatase alcaline 
intestinale de veau - phosphate de p-nitrophenyle a 
25.3 'C et a une force ionique de 0.01. 

active se ferait sans variation de rayon et au- 
dessus de p H  10.6-avec augmentation de rayon. 

Ces resultats sont confirmis par ceux obtenus 
en Ctudiant les variations de la vitesse maximum 
avec la force i o n i q ~ ~ e  (tq. 18). La fig. 9 nlontre les 
variations des pentes d log Vm/d p1i2 en fonction 
du pH, toujours avec le phosphate de y-nitro- 
phinyle. Cette fois-ci, la pente est nulle a p H  
10.4. Cela implique, d'apres l 'tq. 18, que la 
variation du rayon d'exclusion de l'espkce ES, 
lors de son passage h l'etat activiti, est nulle a 
ce p H  de 10.4. Aux p H  inftrieurs, il y aurait une 
diminution de rayon et aux p H  suptrieurs, une 
augmentation. 

La vtrification la plus intkressante du modele 
proposk a la fig. 1 est probablement celle que 
permettent les donnCes de la fig. 10 h partir des- 
quelles on peut comparer les pentes d log Vm 
/d(l/D) a p H  9.60 pour les phosphates de 
p-nitrophknyle et de p-carboxyphknyle. Les 
points furent obtenus en tenant compte des 
variations de pK,, avec la constante dielectrique 
et en gardant le facteur K constant ( p / D T  = 
5.13 x lo--'). Si on suppose que le produit 
R,,R,,* est tgal B REs2 et que la difference 
RE, - R,,* est la mtme pour chacun des sub- 
strats, 17Cq. 17 permet d'icrire la relation 19, 

d log Vm 

FIG. 9 Influence du p H  sur les pentes des courbes log 
V ,  - , pour le systeme phosphatase alcaline intestinale 
de beau - phosphate de p-nitrophenyle a 25.3 C. 

log Vm 

0.8 

FIG. 10. Variation de log V,, avec l'inverse de la con- 
stante dielectrique, a 25.3 "C,  a p H  9.6 et a p/DT egal a 
5.13 x lo-' (K constant), pour les systemes phosphatase 
alcaline intestinale de veau - phosphates de p-carboxy- 
phenyle (@) et de p-nitrophenyle (0). 
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ou les symboles N et C referent aux phos- 
phates de p-nitrophknyle et de p-carboxyphCnyle 
respectivement. 

D'apres les donnCes que l'on possede sur la 
phosphatase alcaline intestinale de veau, on peut 
estimer que Z,, est Cgal a -27-2 dans le cas 
du phosphate de p-nitrophenyle et a -27- 3 
dans l'autre cas. De m&me, d'apres la conforma- 
tion des substrats et celle proposte plus haut 
des complexes de Michaelis correspondants, la 
charge du groupement carboxyle du phosphate 
de p-carboxyphenyle est probablement situte a 
environ 10 A de la surface de la phosphatase. 
Ceci devrait donner une sphere equivalente au 
complexe enzyme-substrat dont le rayon est de 
2 (ou 3) A superieur a celui du complexe phos- 
phatase-phosphate de p-nitrophenyle. Approxi- 
mativement, on aurait RE, Cgal a 32 A dans le 
premier cas et a 30 A dans le second. D'apres ces 
donnies, le rapport des pentes (eq. 19) serait de 
1.12. Celui des courbes de la fig. 10 est de 1.09 
(- 981 - 90). Avec une difference de rayon de 3 A 
au lieu de 2 A, le rapport des pentes serait de 
1.14; avec une difference de 4 A, il serait de 1 21.  

L'accord entre les valeurs calculees et exptri- 
mentales est assez satisfaisant pour corroborer 
le modele de la fig. 1, ou la formation de la 
phosphorylphosphatase a partir du complexe de 
Michaelis apparait, d'un point de vue electros- 
tatique, comme une variation de rayon d'un 
ion sphkrique. Par ailleurs, on peut attribuer 
cette variation a une reorganisation du complex 
enzyme-substrat au cours de laquelle la mole- 
cule de substrat, d'abord fixee par son groupe- 
ment phosphorique a la charge positive du centre 
actif, glisserait sur cette charge pour penktrer 
plus profondtment dans le centre actif. On peut 
alors speculer sur les grandeurs relatives des 
pentes d log V,,/d pH (fig. 7). En effet, la neu- 
tralisation progressive de la charge positive du 
centre actif par l'augmentation de la charge 
nCgative de la matrice proteique avec le pH, 
serait ressentie differemment par les substrats 
lors d'un tel diplacement. Elle le serait davantage 
par le phosphate d'o-carboxyphknyle, dont les 3 
charges sont rapprochtes, que par le phosphate 
de p-nitrophinyle qui n'en porte que 2. De 
mEme, elle le serait davantage par le phosphate 
de p-nitrophknyle que par le phosphate de 

p-carboxyphCnyle dont la troisikme charge 
serait placte de f a ~ o n  B faciliter le glissement de 
la molCcule au-dessus de la charge du centre 
actif. 

Ce mEme modele, relatif aux vitesses maxima, 
confirme a posteriori, celui propose a l'inter- 
prktation des constantes de Michaelis, a savoir 
une fixation du substrat B la surface de l'enzvme. 
En effet une telle association doit normalement 
&tre suivie d'une pinetration du substrat au 
coeur m&me du centre actif. L'image de la forma- 
tion du com~lexe de Michaelis et celle de sa 
transformation en phosphorylphosphatase forme 
ainsi un ensemble coherent. 

Nous adressons des remerciments au Conseil national 
de recherches du Canada pour l'octroi des s~lbventions 
ayant permis la realisation de ce travail et des bourses 
accordees a l'un de nous (M.J.); de mCme qu'au Dr. A. 
Lebrun et a M. C. Langevin dont la collaboration fut 
tres appreciee. 
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Photolyse du chlorure d'Cthyle gazeux en-dessous et au-dessus 
du potentiel d'ionisation 

Dbpcirten~ent de clzirnie et Centre de Recherche s ~ r  les Atonles et les Mnle'cules, Uni~vr-sit6 Lavol, 
Q~tPhec, Quebec G I K  7P4 

LIONEL CREMIEUX et JAY A. HERMAK. Can. J. Chem. 52,3098 (1974) 
La photolyse du chlorure d'ethyle gazeux est effectute a h = 123.6 et 106.7-104.8 nm. A 

123.6 nm il n'y a pas ionisation de la molecule, tandis qu'a 106.7-104.8 nm 40% de photons 
absorbes conduisent a la formation d'ions. Les produits de photolyse identifies sont: Hz, 
CH,, C2Hz,  C2H4, CZHs, C3Hs, C3Hs, C4H10, CH3CI, C2H3CI, 2-C4H9C1, 2,3-C4H,C1, et 
1,3-C4HsC12. La formation des produits est ttudiee en presence de capteurs de radicaux et 
d'electrons. Les reactions de neutralisation des charges augmentent sensiblement les rende- 
ments en H,, C,H, et C2H4. 

LIONEL CREMIEUX and JAN A. HERMAK. Can. J. Chem. 52,3098 (1974). 
Photolysis of gaseous ethyl chloride was performed at ?. = 123.6 and 106.7-104.8 nm. There 

is no ionisation at 123.6 nm, while at 106.7-104.8 ilm 40% of the absorbed light lead to ions. 
The identified products are the following: H,, CH,, C,H,, C,H4, C,H6, C,H,, C3Hs, C4HI0, 
CH,CI, C2H3CI, 2-C4HyCI, 2,3-C,HsCI2, and 1,3-C,H,CI,. Theeffect of radical and electron 
scavengers on the product formation was studied. Charge neutralization reactions increase 
yields of Hz ,  C2H,, and C,H,. 

Introduction 
Les etudes de photochimie dans l'ultraviolet 

a vide (3, < 180 nm) des hydrocarbures substi- 
tuCs par des atomes d'halogine sont jusqu'i 
prtsent peu nombreuses. En particulier l'influ- 
ence des substituants halogCnCs sur les processus 
primaires photolytiques n'a pas reCue l'attention 
qu'elle mirite. Dans le cas du chlorure d'Cthy1e 
il existe une Ctude photolytique a h = 123.6 
nm de Tiernan et Hughes (I),  mais l'accent est 
mis sur les processus ioniques en regard des 
phCnomknes radiolytiques. Wijnen et ses coll. (2) 
ont CtudiC la photochimie des chloro-alcanes B 
IL > 200 nm. Signalons enfin le travail de 
Schindler (3) sur la radiolyse du chlorure d7Cthyle 
gazeux par des Clectrons de 2.8 MeV. Nous avons 
repris 1'Ctude de ce systime en vue d'apporter 
des prCcisions supplCmentaires sur les mCcanis- 
mes impliquks lors de l'absorption des Cnergies 
inferieures et superieures au seuil d'ionisation. 

Procedure experimentale 
Les sources de lurniere ultraviolette sont des lampes au 

krypton X = 123.6 (-85z), 116.5 nm (-15z), et argon 
?b = 106.7 (--70%), 104.8 nm (-30%), construites sui- 
vant la description de Ausloos et coll. (4). Ces lampes 
sont munies de fenetres en fluorure de lithium. Elles sont 
fixees par un joint etanche a des cellules d'irradiation 
d'environ 300 ml. 

L'actinometrie est rCalisCe par la mesure du courant 
d'ionisation dans les cellules d'irradiation. A cet effet, 
elles sont munies d'electrodes circulaires paralleles en 
nickel (4). Pour le rayonnement de resonance de I'argon 
et du krypton on utilise I'oxyde nitrique et I'isobutylene 
comme gaz actinometriques pour lesquels les rendements 
quantiques de photoionisation sont connus (5-7). 

Les produits de photolyse sont analyses par chroma- 
tographie en phase gazeuse (c.p.g.) dans des instruments 
equipes de detecteurs a ionisation de flamme. Les pro- 
duits sont separis sur les colonnes suivantes: les hydro- 
carbures C, a Cg SLIT du squalane, les chloro- et dichloro- 
butanes sur l'huile de silicone GE SF96. Dans certains cas 
les produits ont ete piigts a la sortie du c.p.g. et analysis 
par spectromttrie de masse. T o ~ ~ t e s  les irradiations sont 
faites a la temperature ambiante, soit 23 'C _f 3.  

Le chlorure d'ethyle ainsi que les autres gaz proviennent 
de Matheson Co. Tous ces gaz sont purifies avant leur 
emploi par chromatographie a gaz preparative. Le chlo- 
rure d'tthyle perdeuttrt (-d,) provient de Merck, Sharp 
et Dohme. I1 contient 10.8% d'impurete isotopique, 
C2D4HCI; les resultats sont corriges pour la presence de 
ce dernier. 

Le potentiel d'ionisation du C,H,Cl Ctant 
1 1.0 e~ (8), seul le rayonnement de rksonance de 
l'argon (1 1.6-1 1.8 eV) est suffisant pour ioniser 
cette moltcule. Dans ce cas, le rendement photo- 
chimique peut Ctre reprtsentk par le rendement 
ionique, M ( X ) / N , ,  qui exprime le nombre de 
moltcules M d'espkce X produit par paire d'ions, 
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CREMIEUX ET HERMAN: PHOTOLYSIS DU CHLORURE D'ETHYL 3099 

N , .  Si par extension, M(X)/N,,  reprksente le 
nombre de moltcules M d'espice X produit par 
molCcule neutre excitCe ne s'autoionisant pas, ni 
ne se dissociant pas en paire d'ions, alors 
M(X)/Ne, est identique au rendement quantique, 
@, au-dessous du potentiel d'ionisation de la 
molCcule irradiee. Par contre la relation qui lie 
M(X)/Ni avec M(X)/Ne, au-dessus du potentiel 
d'ionisation est 

oit q est le rendement quantique d'ionisation. 
Dans le cas du chlorure d'ithyle ce rendement 
de photoionisation a h = 106.7-104.8 nm est 
0.405, tel que mesure par rapport a NO pris 
comme reference. 

Dans le tableau 1 sont presentis les rende- 
~nents M(X)/N,, des produits de photolyse pour 
les 2 lampes a raies de resonance des gaz nobles. 
Pour obtenir les rendements ioniques, M(X)/N,, 
des irradiations a 106.7-104.8 nm il  suffit de 
multiplier par 1.46 les valeurs des rendements 
M(X)/N,, correspondant. Les concentrations des 
additifs varient, en general, entre 0.1 et 6%. Les 
rendements pour ces melanges presentis au tab- 
leau 1 correspondent aux valeurs du palier oit 
l'influence de la concentration de I'additif ne se 
faisait plus sentir. 

MalgrC de nombreux essais, le chlorure d'hy- 
drogene, HCl, qui est un produit majeur de la 
photolyse, n'a pu Etre analyse en raison des 
difficultes analytiques. En effet, la methode par 
voie humide a une sensibilite qui est a la linlite 
des quantitks de HCI formi, et de plus on ne peut 
I'employer en raison du materiel des fenEtres des 
lampes d'irradiation. D'autres essais par voie 
s6che n'ont pas donne les risultats escomptes. 

chlore ne concordent plus. Cela suggi.re que des 
produits polyhalogenes sont formts en quantites 
non negligeables dans des processus ioniques ou 
de recombinaison de charges, lesquels n'ont pas 
Ctt identifies et detectis par c.p.g. dans les con- 
ditions de nos experiences. 

Le chlorure de propyle a CtC identifie, mais pas 
mesure. 

EfSets de dose et de pression 
I1 y a un faible effet de dose (fig. 1) au moins 

jusqu'a conversion de 0 .05z du C,H ,CI, sauf en 
ce qui concerne l'hydrogene. Les rendements en 
ethylene et acCtyline flichissent legirrement au 
f i ~ r  et A mesure de l'accumulation de ces produits. 
Pour le methane et l'ethane il y a iln faible effet 
d'accumulation. L'effet de pression pour les 
produits les plus importants est montre dans la 
fig. 2 pour les rayonnements de risonance du 
krypton et de I'argon. Pour les irradiations 
123.6 nm les courbes montrent une legere dC- 
croissance des rendements l o r s q ~ ~ e  la pression 
augmente, sauf pour le chlorure de vinyle qui 
subit l'effet inverse. Dans le cas des irradiations 
a 106.7-104.8 nm l'effet de pression se traduit par 
une dicroissance des rendements en fonction de 
I'augmentation de la pression, sauf pour C,H, 
et C2H,C1 qui ne sont pas affectks. 

Eflets des a ~ l d ~ t l  fs 
Les rksultats nlontrent (tableau 1 )  que pour 

les C~ierg~es ell-dessou\ du potent~el d 'ron~sat~on 
I'oxygene entraine la d ~ s p a r ~ t ~ o n  de CH,, C,H,, 
C3H8, CH3C1, t?-C,H,,, 2-C,H,Cl, 2,3-C,H,Cl, 
et I,3-C,H,CI,, d ~ m ~ n u e  les rendements en 
C2H4, et C2H3C1, Inals affecte peu les rende- 
ments en C,H, et H,. Pour le rayonnement 
d'energle superleure au potent~el d'lonrsat~on 

Nkanmorns, on peut estrmer la valeur superreure 
du rendement en HCl a partlr du brlan C H C1 
des produ~ts Pour l ' lrrad~at~on a 123.6 nm on 
trouve un rapport experimental lequel compare I 

au rapport theor~que montre un dificlt de 0.42 ,004 

pour l'hydrogene et 0 54 pour le chlore SI 
l'hydrogene manqoant se trouvalt unlquement 
sous forme du chlorure d-hydrogene, on a alors 5 
un rendement quantique en HC1 d 0 42. M a ~ s  I! 

en manque aussl du carbone, ~ n d ~ q u a n t  alnsl 
qu'll y a encore des prodults non ldent~fiks et du 
coup le rendement en HCl dolt Etre encore plus 

6 8 io I.(D"I 

bas Le n1E1ne bllan pour l'lrradlatlon 106 7- DOSE inombr. dm,] 

104 8 nm ne pernlet pas l'evaluatlon du rende- FIG 1 Effet de dose pour I'l~radlatlon a 106 7-104 8 
ment en HCl, car cette f o ~ s  l'hydrogene et le nm Pression 10 Torr 
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CREMIEUX ET HERMAN: PHOTOLYSIS DU CHLORURE D'ETHYL 

TABLEAU 2. Composition isotopique de I'ethylene et du chlorure de vinyle*? 

Produits h (nm) -do -dl -dz -da -6 

Ethylenes 123.6 61.6 4 .3  0 2 . 8  31.3  
106.7-104.8 63.0 7.7 0 3 .4  25.9 

Chlorures 123.6 52.6  5 . 5  2 .5  39.4 
de 

vinyle 106.7-104.8 12.8 0 .1  0 87.6 

*C2HsC1:CzD5C1:02 = 50:50:5. 
 pressi ion totale: 10 Torr. 

, 8 - .  
I 2  5 P R E S S I O N  I T ~ r r l  2 0  

FIG. 2. Rendements IM(X),'I?V',, en ethylene, acetylene, 
chlorure de vinyle et hydrogene en fonction de la pres- 
sion. Symboles blancs; irradiations a 123.6 nm, symboles 
noires: irradiations a 104.8-106.7 nm. 

l'oxygine a un effet different de celui rencontrk 
pour la larnpe preddente. Si le C,H, n'est pas 
affecti, le C,H, connait une chute de 30% de sa 
valeur sans additif. Le CH, et le C,H, sont en- 
core ici presents, t a n d ~ s  que les autres co~llposCs 
disparaissent. Le C,H,Cl est affect6 de facon 
similaire B celle observke lors des irradiations B 
123.6 nm. On observe aussi une diminution im- 
portante de l'hydrogine. L'oxyde nitrique a,  
d'une maniire gCnCrale, un effet semblable B 
celui de I'oxygene. 

Le SF, ajoute au  systkme semble n'avoir au- 

L'addition de l'ammoniac au  systime ne 
donne aucun resultat significatif en raison d'une 
diminution rapide de la transparence de la fen@- 
tre en LiF due B la formation d'un depht, 
probablement du NH,Cl. 

Expe'riences isotopiq~res 
Les analyses isotopiques de I'Cthyline et du 

chlorure de vinyle sont donnCes au tableau 2. 
Ces produits proviennent de l'irradiation du 
melange C,H5C1:C,D,Cl:0, = (50: 50: 5) aux 
deux radiations de resonance. Toutefois, la 
dur6e de ces exp6riences etant trks longue, il est 
possible que l'oxygine ait ete consomme et 
qu'une partie de ces produits soit formee par 
voie radicalaire. 

Discussion 
La nature de l'excitation suggkre que l'on 

distingue deux cas: ( a )  celui oh leb photons ont 
une energie inf6rieure au  potentiel d'ionisation 
du chlorure d'tthyle, et (6) celui oh  l e ~ ~ r  Cnergie 
est superleure 2 ce potentiel. Dans le premier cas 
la molecule est portie dans un Ctat Clectronique 
excite 

[I]  C2H5C1 + lzv + CZH5CI*" 

Dans le second OII doit ajouter 2 ce processus un 
autre qui dCcrit l'ionisation de la molCcule 

[2] C2H5CI + Irv - C,H,CI+ + e-  

cline action marclu6e sur les rendements dans les P a l  C2H5C1** + C2H5CI+ + e 
lilnites des erreurs expirimentales pour les irra- les ions pouvant provenir soit par l'ionisation 
diations aux energies inferieures au potentiel directe, soit de l'autoionisation de la lnol6cule 
d'ionisation Par contre dans le cas d'irradiation sLlperexcitee. 
a h  = 106.7-104.8 nm, le SF, aio~ltk au syst6ine 

u - 
provoque une diminution des rendements du ( a )  Irradiation ri 123.6 MWZ 

C,H, (-300;), dl1 C2H, ( -407)  et de l'hydro- Le tableau 1 illontre que mEme en presence 
gene d'enhiron de moitii. On peut remarquer que d'intercepteurs de radicaux les compos6s prin- 
l'addition simultanee de SF, et 0, n'entralne pas cipaux sont C,H,, C,H,, C,H,CI et H,, ce qui 
un effet culnulatif de chacun de ces deux additifs laisse supposer que les processus primaires de 
pris sCparCment. dCcon~position de la molecule excit6e sont 
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[3] C2H5C1** i- C2H4 + HCI 
AH, = 16.7 kcal:mol 

[41 C2H4 + H + C1 
AH, = 120.2 kca1,'mol 

[51 + C2H3C1 + H2 
AH, = 34.8 kcal/mol 

[61 + C2H3C1 + H + H 
AH, = 139 kcal/rnol 

[71 - CZH,' + HC1 + H 
AH, = 116 kcal'mol 

Ces processus sont confirmes par I'analyse par 
spectrometric de rnasse de l'kthyl2ne et du chlo- 
rure de v~nyle oh les especes perhydrogenies et 
perde~lteries representent plus de 8 5 5  du total 
(tableau 2). On rernarquera sur le tableau 2 que 
le detachement subit un effet isotoplque marque, 
du probablelne~it a une difference de coefficlellts 
d'extlnct~on des chlorures d'kthyle perhydro- 
gene et perdeuterk. MEme en presence d'oxygene 
en\lron 15'2 de l'kthylene est -d l  et -d,. Cela 
s'expllque par la reactroll 

car les radicaux vinyles produits en [7] et [8] ne 
sont pas tous intercept& par I'oxyge~le et rkagis- 
sent avec le monomere. 

En preiiant colnme Cnergie excitatrice 231 
kcal, celle dtlivrie par la larnpe au k r y p t o ~ ~ ,  on 
peut calculer grossierement l'inergie disponible 
pour 1'Cthyli.ne forme par la reaction 3 et dont 
AH, = 16.7 kcallmol (9). En supposant une re- 
partition statistique de 1'Cnergie suivant les de- 
grCs de libertis internes de la molicule on dCduit 
que 1'Cnergie elnportee par C,H, sera 145 kcal 
enviroii, oh on a pris 57 kcal/'mol (10, 11) comme 
inergie d'activation du processus 3. Cette valeur 
est suffisante pour entrainer la decomposition de 
l'ithylkne suivant le processus 10: 

[lo]  C2H4* + C2H2 - H2 AHlo = 41.4 kcal rnol 

I1 y a cependant une autre voie possible, pro- 
posie par Schindler (3), consistant h la dicom- 
position simultanee du C2H,C1** en C2H2,  
HC1 et H,: 

L'endothermicite de la reaction 11 est compa- 
tible avec 1'Cnergie des photons incidents. I1 

n'est guere facile de distinguer l'importance 
relative de cette dCcomposition 11 par rapport 
au processus 3 suivi de la reaction 10, puisque 
l'effet de pression ne permet pas de trancher 
entre ces deux voies, celui-ci Ctant sensiblement 
le mtme dans un cas comme dans l'autre. I1 y a 
cependant un effet de pression sur la formation 
de 1'Cthylene et de 1'acCtylkne comme en tCmoigne 
la variation du rapport C,H,/C,H, en fonction 
de la pression (fig. 3) et il semble ttre de mtme 
importance pour les irradiations B 123.6 et 
106.7-104.8 nm. Les processus 10 et/ou 11 sont 
juslifiis par I'augmentation du rapport C,H,/ 
C2H4 en fonct~on de I'Cnergie excitatrice. Celui- 
ci passe pour les irradiations faites en prCsence 
de 0, ou NO de 0.39 ii 0.99 quand 1'Cnergie passe 
de 10.0 B 11.6-1 1.4 eV. 

Outre les processus 5 ,  8, 10 et 11 qui ne peu- 
vent rendre compte de l 'appar~tion de tout 
I'hydrogene, les reactions suivantes peuvent ttre 
suggkrees pour repondre au bilaii du compose 

[13] H' + C,H,CI i- Hz T C2H+CI 

[I41 I HCI + C2H5' 

L'Cnergie de rupture de la liaison C2H,-C1 
ttant de 81.5 kcal/mol (l2), alors que celle de la 
liaison C,H,CI-H est estimCe a 98 kcal/mol 
(13), la reaction 14 doit ttre plus inlportante que 
la reaction 13. Ce fait est confirm6 par 1'Ctude 
des vitesses de reaction de l'atome d'hydrog6ne 
avec divers hydrocarbures chlores oh l'on trouve 
k,,/k,, = 0.68 (14). 

Les quantitks des intercepteurs ajoutCs au 
systenie sont trop faibles pour affecter de maniere 
irnportante le rendenlent en hydrogkrle prove- 
nant par voie radicalaire, [13]. D'autre part on 
peut s'attendre qu'une partie des atomes d'hy- 

FIG. 3. Rapport des rendements en acetylene et ethy- 
lene en fonction de la pression pour I'irradiatioil a 123.6 
nm.  (A)  valeur de la ref. 1. 
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CREMIEUX ET HERMAN: PHOT( ILYSIS DU CHLORURE D'ETHYL 3103 

drog6ne soit constitute d'atomes chauds, car les 
energies disponibles apri.s fragmentation de la 
rnolicule parent excitee sont suffisantes pour 
qu'elles se retrouvent sous forme translation- 
nelle dans les fragments atomiques. Les atoiiies 
chauds kchappant aussi B l'action des capteurs 
de radicaux, on prevoit au total une faible di- 
minution du rendenient en hydrog6ne pour les 
irradiations en presence d'ilitercepteurs et cela 
est confirm6 par les donntes du tableau 1 .  

Environ 18; de 1'Cthylene form6 B 123.6 nm 
l'est par voie radicalaire. Une partie de celui-ci 
provient de la reaction de dismutatioll des radi- 
caux ethyl et chlorkthyl 

Le rapport k ,  ,/k,, = 0.22 ca lc~~le  a partir des 
donnees de Schilldler (3) et Roquitte et coll. (1 5), 
pourrait justifier qu'une partie du C,H, dis- 
paraisse en presence d'oxygine ou d'oxyde ni- 
trique. I1 faut cepe~idant tenir compte du fait que 
les reactions 15 et 16 sont en competition abrec 

A partir des donnCes du tableau I on calc~ll 
que le rendemelit en C,H, formi par la reaction 
15 compte pour 0.015. 11 faut dotic adlnettre que 
la contrlbutioli de la reaction 9 au @(C,H,) est 
d'environ 0.04. 

Le chlorure de vinyle provient B 60", eliviron 
de la dCcomposition nionomoleculaire [5] et [6]. 
Le restant a pour orig~ne Lln (des) precurseur(s) 
susceptible(s) de rCagir avec des capteurs de 
radicaux. Les processus suivants 

pourraient contribuer au rendement du C,H3C1 
radicalaire. L'addition du C,H, entraine une 
augmentation du chlorure de vinyle (3) et dalis 
notre cas l'effet de dose corrobore l'hypothese 
des reactions 20 et 21, par contre nous n'avons 
pas dice16 ni du chlorobutine, ni du dichlorobu- 
tene qui pourraient Ctre formis par reconibinai- 
son du C,H,Cl. avec des radicaux ethyl et 
chloroCthyl. 

L'origine du CH,, C,H,, CH3Cl, C3H,, 
C,H,, C,H,Cl, C,H,, et les dichlorobutanes est 

radicalaire coninie l'indique leur disparition en 
prCse~ice d'oxygene et de l'oxyde nitrique (ta- 
bleau 1). Les reactioiis suivantes 

[23] CH,' + HCI - CH, + C1 

[24] C z H s '  + HCI C2H6 + C1' 

et les recolnbinaisons et dis~nutatio~is entre 
les divers radicaux: CH,', C2Hj ' :  CH,Cl' et 
C,H,Cl', rendent compte de ces produits. Nous 
ne dktaillerons pas toutes ces reactions. 

L'augmentation des concentrations du CH, et 
du C,H, avec la dose tend B mo~itrer que les 
reactions 23 (do~l t  1'Cnergie d'activation est 
eslimGe h 2-5 kcal/mol (16)) et 24 ont bien lieu. 
D'autre part l'abstraction de l'liydrog?ne 2 la 
n~olCcule parent par les radicaux methyl et ethyl 
thermalis& devrait Ctre insignifiante: vue les 
Cnergies d'activatio~i ClevCes de reactions simi- 
laires (17). De mCme l'abstraction d'un atorne de 
chlore h la molCcule parent par le radical methyl 
n'est pas favorisie, car elle est largement prC- 
firentielle pour l'atome d'hydrogkne (18). La 
formati011 du CH,C1, C,H,,, C,H,C1 et des 
C,H,Cl, a ttC d6jB discutC dans d'autres tra- 
vaux (1, 3). 

Irrur/iutions d 106.7-104.8 11/71  

L'ionisation ne porte que sur 40'1; des mole- 
cules ayant absorb6 le rayonnement incident. 
Les autres 1iio1Ccules excrtkes vont se dkcornposer 
comme dans le cas precede~lt, avec cepe~idalit la 
diffirence due a l'knergie qui est de 27 kcal 
superieure a ce qu'elle Ctalt dans le cas des 
photons Cmis par la lampe de krypton. En con- 
seque~ice cela changera les proportions relatives 
des diffkrents produits de di.composition. C e c ~  
est rnis en evidence par l'effet des additifs (tab- 
leau 1). 

L'hydrogene a une valeur ClevCe, mais en pre- 
sence de 0, et du NO on ne retrouve plus que 
4 0 7  environ de 1'1iqdrogi.ne total. Par ailleurs 
la presence de 1 z  de SF, a le 1nE1ne effet sur la 
formatioli de l'hydrogene que l'oxygene ou 
l'oxyde nitrique. Pourtant le SF, n'est pas 
reconnu coinme intercepteur efficace de radi- 
caux. Cela nous a m h e  a envisager une autre ex- 
plication de la baisse de rendement en hydrogine 
en presence de ces additifs. 

L'ion C,HjClf est la seule espice ionique 
primaire possible produite par photolyse du 
chlorure d'ethyle a 106.7-104.8 nm (19). Cette 
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prtsence d'ions positifs et d'tlectrons peut con- 
duire: (a) l'attachen~ent dissociatif d'tlectrons 
sur la molecule, (b) aux rtactions ion-moltcule 
d'ions positifs aussi bien que ntgatifs, (c) B la 
neutralisation des charges. 

L'attachement dissociatif 

est certainement sans grande importance pour le 
chlorure d'ethyle, car sa section efficace est 
faible, o = 7 x cm2 et de plus ce proces- 
sus exige des Clectrons de 0.4 eV (20). A partir 
de ces donnees et des dimensions de la cellule 
d'irradiation nous estimons que dans nos condi- 
tions la probabilitt de ce processus est inftrieure 
a 0.01, donc ntgligeable. Les rtactions ion- 
moltcule de l'ion parent, C2H,Clf ,  ont ttC 
Ctudiies par spectromttrie de masse par Tiernan 
et Hughes (1) et par Wincel et Luczynski (21). 
Selon Tiernan et coll. (1) les seules rtactions de 
l'ion parent observtes dans leurs conditions de 
mesure (- 250 "C) sont 

[261 + C2H3CI+ + produits neutres 
suivie de 

[27] C,H,CI+ + C2H5CI -> C4Hl0C1+ + HCI 

et l'ion vinyle ne rkagissant pas avec le chlorure 
d'ethyle. Wincel et Luczynski (21) ont montrC 
qu'a teniptrature plus base (- 120 "C) et aux 
vitesses therlniques la reaction prtpondtrante 
aux pressions 0.1-0.2 Torr est 

[28] C,H,CIL + CZHSCI -i C2H6C12+ 
+ produits neutres 

Dans nos conditions d'irradiation a 25 "C on 
peut penser que nous aurons aux pressions uti- 
listes, l'espece C2H,Cl2+ ou m@me des ions plus 
lourds provenant de la condensation sur l'ion 
parent. Par constquent seul la neutralisation 
semble jouer un r61e inportant 

~ 2 9 1  CZH6C12+ + e - ,  (R-) i produits 

sauf en ce qui concerne le HCl, dont une partie 
peut parvenir par rtaction ion-molCcule. 

S'il en est ainsi l'addition du SF6 ou du CCI,, 
qui ont des sections efficaces d'attachement 
d'tlectron elevte, respectivement 5.7 et 1.3 x 
lo-', cn12 (22), va avoir une influence sur le 
rendement de divers produits de la dkcomposi- 
tion rtsultant de la neutralisation [29]. Un calcul 
sommaire indique que dans nos conditions 1% 

en SF, (ou CCI,) suffit pour attacher tous les 
tlectrons. I1 est difficile de savoir sur quelles 
es~kces ioniaues la neutralisation va avo; lieu. 
Par exemple, il est possible que l'anion chlore, 
C1-, soit form6 dans un processus d'attachement 
dissociatif d'tlectron sur des produits polyhalo- 
gtnts, C,H,Cl, ou z 2 2. Cependant, en adinet- 
tant que la vitesse de neutralisation ion positif - 
Clectron est environ lo-, cm3 moltcule-I s- l ,  
alors que celle d'une neutralisation ion positif- 
ion nCgatif est supposte gtre un ordre de grandeur 
plus faible (23), et que la constante de vitesse de 
la rCaction ion-moltcule du genre [28] est d'en- 
viron cm3 molCcule-I s-l .  on arrive la 
conclusion que dans nos conditions de concen- 
tration en tlectrons dans le volu~ne irradie la 
neutralisation de l'ion parent, C,H,CI+, par 
l'tlectron a Deu de chance de se rCaliser. I1 rtsulte 
donc que la neutralisation s'effectuera sur l'es- 
pkce ionique prtpondtrante aux pressions utili- 
stes. Les rtsultats obtenus en prtsence du SF, et 
du CCl, montrent une diminution des rende- 
ments en H,, C2H2 et C2H4 principalement. On 
peut donc penser que la neutralisation conduit 
a la formation de ces ~ r o d u i t s  via un Drocessus 
radicalaire sensible aux capteurs de radicaux. 
Par ailleurs, on a signale que l'addition simul- 
tankc dc SF, ct 0, n'entraine pas un effet curnu- 
latif de chacun de ces additifs pris stpartment. 
Ceci semble montrer que les mtcanismes ionique 
et radicalaire sont constcutifs. 

Remarques jnales 
I1 est B remarquer que la somme des rende- 

ments primaires de dtcomposition du C2HjClA * 
en C2H4, C2H2 et C2H3Cl (rtactions 3-6, 10) est 
constante, soit 0.41, pour les deux rayonnements 
de rtsonance. Seul change le rapport C2H2/C2H4 
qui augmente au fur et a niesure que les photons 
absorbts transportent de plus en plus d'tnergie. 
II resterait alors a expliquer les contributions des 
autres processus primaires de dtcomposition 
coniptant pour la difftrence: 

Les processus mis en jeu sont, selon toute 
vraisernblance, [7, 8, 12, 221 et 
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Sus la reduction de polymbthyldihydro-2,3 phenalenones-1 par l'hydrure 
de lithium et d'aluminium 

E. COSTAKIS', P. CANONNE ET R. ST-JEAN' 
D&ptrrte~ncnr de chinlie, Univrr.sirP Lrivnl, Quebec, Qcrebec GIK  7P4 

R e ~ u  le 4 avril, 1974 

E. COSTAKIS, P. C A ~ O N N E  et R .  ST-JEAN. Can. J. Chem. 52, (3106) 1974. 
La reduction dc quclques polymCthyldihydro-2,3 phinaltnones-1 par I'hydrure de lithiuin et 

d'aluminium fournit un melange d'isomeres cis et trans et le pourcentage de chaque isomere 
depend considerablement de leur structure. En effet, pour certaines, I'isomere trans reste prC- 
ponderant tandis que pour d'autres I'isomere cis est obtenu jusqu'a 88%. Par ailleurs, dans le 
cas particulier ou I'isomere trans se forme en faibles quantites, sa conformation privilegiie 
est trans diaxiale. 

Nous discutons a I'aide des donnees spectroscopiques des alcools obtenus, les contraintes 
steriques qui defavorisent certains etats de transition lors de I'attaque de I'hydrure. 

E. COSTAKIS, P. CAAONNE and R .  S T - J E A ~ .  Can. J. Chem. 52. (3106) 1974. 
The reduction of some polymethyl-2,3-dihydro phenalen-I-ones by lithium aluminum 

hydride yields a mixture of cis and trans isomers; the percentage of each isomer depends to a 
considerable extent on its structure. Indeed, for some, the trans isomer predominates while for 
others the c i ~  isomer is obtained in up to 88% yields. Moreover, in the particular case in which 
the trans isomer is formed in low yields, its preferred conformation is trans diaxial. 

The steric constraints which render certain transition states unfavourable during the attack 
of the hydride are discussed with the aid of spectroscopic data on the alcohols obtained. 

[Journal translation] 

Introduction 
Dans le cadre gCnCral de nos recherches sur la 

synth6se d'hydrocarbures aromatiques poly- 
cycliques (1, 2, 3) nous avons entrepris, en rela- 
tion avec un travail dtja publiC par l'un de nous 
(4), la preparation de polymCthylphCnalenes. 

Selon l'approche prCvue, nous devons obtenir 
les phCnalenes par rkduction de polymithyldi- 
hydro-2,3 phtnalitnones suivis d'une deshydrata- 
tion des polymtthyldihydrophCnalitnols- 1. Les 
diffkrences entre le pourcentage des isom6res cis 
et trans obtenus ainsi que la conformation in- 
attendue des isomkres trails dans le cas de cCtones 
encombrts nous ont paru mtriter I'intCrEt du 
prCsent travail. En effet, les thtories actuelles sur 
la stCrCochimie de la rCduction des cetones 
reposaient sur 1'Ctude de certains types de 
cttones alors que nous travaillions sur des types 
diffkrents et que nous dCsirions leur Ctendre 
l'application de ces thCories (5-8). Nous avons 
donc fait une etude systkmatique de cette 
rCduction dans le but de dCgager la relation entre 

'Adresse actuelle: Laboratoire de Chimie Pharma- 
ceutique, Universite d'Athenes, 104, rue Solonos, 
Athknes, Grece. 

ZServices de Protection de llEnvironnement, Quebec, 
P.Q. 

la position des substituants dans les composCs 
de dipart et les produits obtenus. 

MCthode de synthese 
La synthkse des polymCthyldihydrophCnalk- 

nols-1 repose essentiellement sur la sCrie des 
rkactions donnCes au schtma 1. Les polymtthyl- 
naphtalines prtparCs selon les mCthodes dCcrites 
(9, 10) ont CtC chloromethylCs avec de meilleurs 
rendements en suivant deux modes opiratoires 
diffirents (3) tenant compte de la rCactivitC des 
naphtal6nes et de la tendance a la polymirisation 
des chloromtthylnaphtalenes 1-4 obtenus. 

La synthise malonique appliquCe sur ces 
substrats en utilisant comme solvant le benzene 
fournit les esters maloniques substituis 5-8. 

L'hydrolyse des esters maloniques est effectuie 
par une solution hydroalcoolique d'hydroxyde de 
potassium (3 M) et le rendement de cette opCra- 
tion varie entre 80 et 90%. Les acides maloniques 
sont decarboxylts par chauffage aux environs de 
180 "C et fournissent, avec un rendement presque 
quantitatif, les acides P-naphtylpropioniques 
correspondants 9-12 lesquels sont cyclisCs en 
prtsence d'acide fluorhydrique. 

Les polymCthyldihydro-2,3 phCnalinones ob- 
tenues sont rtduites par LiAlH, de f a ~ o n  
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COSTAKIS ET AL.: LA REDUCTION DE POLYMETHYLPHENALENES 3107 

CH3 CH3 

TABLEAU 1. Caractiristiques spectrales, i.r. et r.m.n., des polymtthyldihydro-2,3 phenalenols-1 

Resonance magnetique nucleaire (CUCI,) 

\ 
yoH -C---CH, 

/ 
Infrarouge (CS,) 

' 'Hn Hi3 v (CO) (cm- ') - 
PolymCthyldihydro-2,3 phknalenols-1 6 (p.p.m.) J (Hz) 6 (p.p.m.) J (Hz) Axial Equatorial 

17 a (cis) 35% 4.86 2 1.25 6.5  1020(m) * 1050(f) 
b (trans) 65% 4.55 7.5  1.06 6.5 1010(tf) 1050(f) 

18 a (cis) 36% 4.75 2 1.21 6.5  1020(m) 1050(f) 
b (trans) 64% 4.48 8 1.05 6.5  1010(tf) 1050(f) 

19 a (cis) 88% 4.93 2 1.26 6.5  1015(m) 1050(m) 
b (trans) 12% 4.72 3 0.66 7 1015(f) 

20 a (cis) 87% 5.02 2 1.28 6 . 5  1015(m) 1050(m) 
b (frans) 13% 4.87 3 0.73 7 1015(f) - 

*f = fort, m = moyen, tf = trks faible. 

habituelle en les mettant en solution dans le 
benzkne. Apris hydrolyse, les alcools 17-20 sont 
extraits et le dosage des sttrCoisomires est 
effectuC par r.m.n. et vtrifit apris stparation 
chrornatographique. 

RCsultats 
L'examen des rtsultats rassemblts au tableau 

1, montre que les pourcentages d'alcools 
isomires a et b sont totalement differents selon 
les citones etudites, et dans le cas des cetones 
fortement encombrees (15 et 16) ou l'isomire a 

prtdomine, la rtduction fait apparaitre une plus 
grande sttrtostlectivite. Les cttones peu encom- 
brCes au voisinage du carbonyle (13 et 14) 
montrent une stCrCoselectivitC moins marqute 
et l'isomkre b pridomine legerement. 

Ste're'ochimie des alcools peu encombre's 17 et 18 
Pour dtterminer la configuration et les con- 

formations des alcools isomires 17, 18 (a et b), 
nous nous basons sur les spectres de r.m.n. et 
tout particuliirement sur les diplacements 
chimiques et les constantes de couplages des 
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protons rapportks au tableau 1. Le signal du 
proton liC au carbone portant la fonction 
hydroxyle (Ha) se manifeste a 6 4.86 et 4.75 
p.p.m. pour les isomi.res 17a et 18a tandis qu'on 
le retrouve a 6 4.55 et 4.48 p.p.m. pour les 
isomkres 17b et 186. Les valeurs des constantes 
de couplage de (Ha) avec le proton adjacent (HP) 
sont respectivement de J = 2 Hz pour les alcools 
a et de J = 8 Hz pour les alcools b. Ces valeurs 
permettent de diterminer, sans ambiguitC, la 
configuration de chaque couple d'isomeres car le 
dCplacement chimique le plus deblindC ne peut 
t tre attribuC qu'a un proton equatorial et il a la 
constante de couplage la plus faible. 

On attribue alors a 17isomi.re b la configuration 
trans dans laquelle le mCthyle se trouve en 
position Cquatoriale et l'hydroxyle en position 
pseudo-Cquatoriale (forme E, schtma 2). La 
conformation et la configuration de ces alcools 
trans "diequatoriaux" ont CtC Cgalement con- 
firmees par spectroscopie i.r. En effet, on observe 
pour ces alcools que la bande caractiristique de 
la liaison C-O des hydroxyles Cquatoriaux a 
1050 cm-'. 

En ce qui concerne les alcools cis (17a et 18a), 
les resultats spectroscopiques suggirent que nous 
sommes en presence d'un Cquilibre rapide entre 
les deux conformations possibles pour ces 
isomkres. (formes C et D, schCma 2). 

Premierement, les spectres i.r. montrena la 
prCsence des deux bandes (1050 et 1020 cm-l)  
caractkristiques dans la region d'absorption des 
liaisons C-0 des hydroxyles. ~. 

Deuxikmement, les spectres de r.m.n. con- 
firment la prCsence des deux conformeres en 
Cquilibre rapide car le signal du mCthylene se 
retrouve simplifie en un doublet alors qu'il se 
manifeste sous une forme plus complexe dans 
le cas des isom6res b. 

Ste're'ochirnie des alcools encornbrks 19, 20 (a  et b)  
Pour diterminer la configuration et les con- 

formations des isomtres a et b, nous nous basons 
aussi sur leurs spectres i.r. et de r.m.n. En 
examinant les spectres de r.m.n. (tableau 1) on 
constate que la valeur des constantes de couplage 
du proton H a  nous permet d'exclure la prisence 
de la conformation diequatoriale pour l'isomkre 
trans des alcools 19 et 20. 

Nous attribuons la configuration trans a 
l'isomkre b des alcools 19 et 20 en nous basant sur 
le spectre i.r. lequel montre pour l'isomkre b une 
seule bande 1015 cmpl  correspondant B une 

absorption d'un hydroxyle axial. Par ailleurs, les 
donnies de r.m.n. concernant les constantes de 
couplage du proton Ha(3 Hz) et le signal du 
mithyle cyclanique fortement blind6 nous per- 
mettent d'assigner sans ambiguiti cette con- 
figuration trans. 

A l'isomere a des alcools 19 et 20 nous attri- 
buons la configuration cis en nous basant Cgale- 
ment sur leurs spectres i.r. En effet, leurs spectres 
prksentent deux bandes a 1015 et 1050 cm-I 
correspondant a v (C-0) axial et v (C-0) 
equatorial. 

En suivant le mtme raisonnement que pour les 
isomtres 17a et 18a, nous pouvons dkduire que 
les isomtres 19a et 20a ont la configuration cis 
sous forme d'un Cquilibre conformationnel 
(formes C et D, schCma 2). Cependant nous 
pensons qu'en solution la conformation C est 
favorisee B cause de I'intCraction avec le mCthyle. 

Discussion 
Les resultats obtenus lors de la presente etude 

montrent une diminution du pourcentage de 
l'isomere trans des dihydrophenalenols par 
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COSTAKIS ET AL.: LA REDUCTION 

rapport B celui obtenu dans le cas de la mCthyl-2 
cyclohexanone. Cette diminution est particu- 
librement forte dans le cas des dihydrophCnale- 
nols tres encombrts par le mtthyle aromatique et 
l'isomkre cis prCdomine, tandis que l'isomkre 
trans qui se trouve en plus faible proportion 
(1273 a la conformation diaxiale. 

Pour tenter d'expliquer ces constatations il 
nous a sembli nicessaire de reconsidkrer les 
hypothkses Cmises rCcemment sur la stCrCochimie 
de la rtduction des cyclohexanones substituies 
(5-8). Elles envisagent d'une part les contraintes 
stCriques des substituants en position 3 et 5 lors 
de 1'entrCe axiale de l'hydrure sur le carbone sp2, 
et d'autre part les tensions de torsion avec les 
substituants en position 2 et 6, lors de l'entrte 
Cquatoriale. 

Nous avons reprCsentt au schtma 3 les ttats de 
transition possibles et indiquC par "A" l'attaque 
axiale qui conduit a l'hydroxyle pseudo- 
Cquatorial et par '"'' l'attaque Cquatoriale qui 
conduit B l'hydroxyle pseudo-axial. 

Le fait que l'hydroxyle prCfere la position 
axiale dans le cas des alcools 19b et 206 (trans aa) 
montre qu'une intiraction stCrique dtstabilisante 
existe entre 170xygi.ne et le groupe mCthyle 
aromatique qui empsche la formation de 
1'isomi.re trans ee- Lorsque l'on examine les 
diffkrents Ctats de transition, on constate que 
cette intCraction est importante dans CA et 
encore davantage dans TA dans laquelle trois 
groupes tendent B s'tclipser. Au contraire, les 

ttats de transition CE et TE permettent d'iviter 
une telle inttraction distabilisante avec les mi- 
thyles. Par ailleurs, l'Ctat de transition TE est 
moins favorist que CE car le rtactif est tclipsi. 
par le mCthyle cyclanique en position axiale. On 
peut ainsi expliquer la configuration trans aa des 
alcools fortement encombrCs et leur formation 
en faibles quantitts dans le melange rCactionne1. 

On peut supposer encore que l'etat de transi- 
tion CE, fournissant l'isomkre cis prtpondtrant 
(88Y,), est le plus favoris6 car non seulement il 
permet d'iviter des inttractions entre le mtthyle 
aromatique et l'oxygkne mais il facilite aussi 
1'entrCe de l'hydrure. En effet, les tensions de 
torsion sont moins importantes du fait qu'un 
seul hydrogkne en position 2 tclipse le rtactif 
attaquant. 

Nous ne pouvons nCanmoins exclure la parti- 
cipation de 1'Ctat de transition CA pour I'obten- 
tion de 1'isomi.re D (schtma 2) Ctant donne 
I'existence de deux hydroxyles dans l'isomere 
cis, sauf si nous tenons compte de la faible 
difftrence d'tnergie mise en cause entre les deux 
conformations possibles (C et D schCma 2). 

Les hypotheses Cmises ci-dessus sont appuytes 
tgalement par les pourcentages d'isomeres 
obtenus dans le cas des dihydrophknalenones 
non encombries 13 et 14 et surtout par la 
sttrtochimie des alcools 17 et 18. 

L'obtention de l'alcool trans diiquatorial 
prtpondtrant (65%) indique que l'ttat de transi- 
tion TA est favoris6 comme dans le cas de la 
mkthyl-2 cyclohexanone et l'on impute ce 
rtsultat k l'absence du mCthyle aromatique au 
voisinage du carbonyle. 

De m&me l'isom6re cis (35%) peut provenir de 
l'ttat de transition CE que nous retenons comme 
Ctant plus favoris6 que CA. Cependant on ne 
peut exclure la participation de CA puisque les 
donntes spectroscopiques i.r. montrent deux 
bandes correspondant aux positions axiale et 
tquatoriale de l'hydroxyle. Toutefois il faut 
Cgalement tenir compte de la structure plane des 
phinalenones qui fait disparaitre les interactions 
habituelles 3, 5 avec le mithyle en position 
axiale. 

Partie expkrimentale 
Les points de fusion sont rapportks non corrigts et ont 

CtC determines sur un appareil Thomas-Hoover. Les 
spectres i.r. ont et6 enregistres sur un spectrophotometre 
Perkin-Elmer 457 en solution dans CCll et CS, (solvants 
pour spectroscopie prkalablement sCchCs). Les analyses 
elementaires ont CtC effectuies sur un appareil F et M 
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modele 181. Les spectres i.r. ont Cte pris a chaque etape; 
en raison de la grande similitude entre les composes des 
quatre series, nous avons remarque dans tous les cas les 
absorptions suivantes: v (C=O) (ester malonique) -1740 
em-', v (C-0) (acide malonique) -1720 em-', (acide 
P-naphthylpropionique) -1710 em-', v (C=O) (cetone) 
-1680 em-'. Les spectres de r.m.n. sont mesures sur un 
spectrometre Varian A-60 en utilisant le CDC1, comrne 
solvant et le TMS comme reference Interne. Pour la 
chromatographie sur colonne nous avons utilist de 
I'alumine Woelm p H  7.0-7.5 et pour la chromatographie 
en couche mince du gel de silice GF 254 (Merck). 

Prdparation du chloromdrhyl-1 n~irhyl-2 naphtalbne 1 ( 3 )  
Dans un ballon, on chauffe a 60 ' C ,  35.5 g (0.25 mol) 

de methyl-2 naphtalene, 13.75 g (0.45 mol) de parafor- 
maldehyde, 32.5 ml d'acide acetique pur, 45 ml d'acide 
chlorhydrique concentre et 21 ml d'acide phosphorique a 
8 5 z .  On arrete la reaction en ajoutant 250 ml d'eau 
glacee et le melange est extrait par 1'Cther de petrole et 
I'tther diethylique (50 : 50). On lave au bicarbonate de 
soude et a l'eau, seche sur MgSO, et evapore le solvant 
sous pression reduite. Par cristallisation fractionnee dans 
l'ether de petrole, on recueille 36.0 g (86%) de chloro- 
methyl-1 methyl-2 naphtalene, p.f. 65 'C. 

Anal. calc. pour Cl,HllC1: C, 75.58; H, 5.81. Trouve: 
C, 75.72; H,  5.89. 

Pr&parariotl du chloro/nttlryl-I cli,11trhyl-2,3 naphtal2ne 2 
On suit le mode operatoire precedent en utilisant 39.0 g 

de dimethyl-2,3 naphtalene et on obtient 22 g (4373 de 
chloromethyl-1 dimethyl-2,3 naphtalene, p.f. 86-87 "C 
(litt (11) p.f. 88 'C). 

Priparafion d ~ i  chloromithyl-I rPrrnmdt/ij~l-2,4,5,7 
napliraIi/ie 3 

Dans un flacon, on met 8.0 g (0.2 mol) de parafor- 
maldehyde en suspension dans 750 ml d'acide acetique 
pur et on y fait barboter un courant de gaz chlorhydrique, 
prealablement seche sur H2S04,  jusqu'a dissolution du 
paraformaldehyde. Apres addition de 23.0 g (0.125 n-101) 
de tetramethyl-1,3,6,8 naphtalene, on ferme le flacon qui 
est abandonne, pour 2 h, a 25 'C. La reaction est arretee 
par I'addition de 150 ml d'eau glacee et on extrait par un 
melange ether -ether de pitrole. La phase organique est 
lavee au carbonate de sodium a 5Y,, a l'eau, puis sechee 
sur sulfate de magnesium. Apres evaporation du solvant 
et recristallisation dans l'ether de pitrole on recueille 6% 
de bis(po1ymethylnaphthyl) methane et 26.7 g (92%) de 
chloromethyl-1 tetramethyl-2,4,5,7 naphtalene, p.f. 123 
"C. 

Anal. calc. pour Cl,HI7CI: C, 77.42; H,  7.31. Trouve: 
C, 77.52; H, 7.35. 

Pripararion du chloromirhyl-1 tirranitrhyl-2,4,6,7 
naphraktze 4 

On suit le mode operatoire prtcederlt en utilisant 23.0 g 
(0.125 mol) de tetramethyl-1,3,6,7 naphtalene et on 
obtient 26.1 g (90%) de chloromethyl-1 tetramethyl-2,4,6,7 
naphtalene, p.f. 144 "C. 

Anal. calc. pour C1,Hl7CI: C, 77.42; H,  7.31. Trouve: 
C, 77.71; H, 7.34. 

Priparation de l'ttho.uycarbony1-2 mttliyl-2 [(nrtthyl-2 
naphtyl-I),--3 propionate d'tthyle 5 

En utilisant le mode operatoire deja developpe dans 

notre laboratoire (1, 2), on introduit 1.72 g (0.075 at.-g) 
de sodium dans 150 ml de benzene anhydre, puis 13.0 
g (0.075 mol) de methylmalonate d'ethyle et porte a 
reflux. Apres attaque complete du sodium, on ajoute 
goutte a goutte, une solution de 14.3 g (0.075 mol) de 
chloromethyl-1 methyl-2 naphtalene dissous dans le 
minimum de benzene anhydre. Apres introduction com- 
plete, on porte a reflux une nuit, verse dans l'eau glacee, 
decante, extrait la phase aqueuse a I'ether, seche la phase 
organique sur sulfate de sodium anhydre, filtre et evapore 
le solvant. 

On redissous dans le pentane et chromatographie sur 
colonne en eluant au pentane. On obtient 22.6 g (92%) 
d'une huile incolore. 

Anal. calc. pour C,,H2,04: C, 73.14; H, 7.37. TrouvC: 
C, 73.25; H, 7.52. 

Prtpa~.arion de l'tthoxycarbonyl-2 mtthyl-2 [(dimtthyl-2,3 
naphty1)-I, -3 propionate d'drhyle 6 

On suit le mode operatoire precedent en utilisant 15.3 g 
(0.075 mol) de chloromethyl-1 dimethyl-2,3 naphtalene 
pour obtenir, apres chromatographie selon le mode 
decrit precedemment, 22.9 g (89%) d'une huile incolore. 

Anal calc. pour C2,H,,04: C, 73.66; H,  7.66. Trouve: 
C, 73.42; H, 7.83. 

PrPparntion de 1'Ptho.uyearbonyl-2 mPthy1-2 [(t t tra- 
nctthyl-2,4,5,7 naphryl)-l,7-3 propionate d'tthyle 7 

On suit le mode operatoire general en operant sur 17.4 
g (0.075 mol) de chloromethyl-1 tetramCthy1-2,4,5,7 
naphtalene pour obtenir, apres chromatographie, 23.6 g 
(86%) d'une huile incolore (tzDZ3 1.5749). 

Anal. calc. pour C,,H,,04: C, 74.56; H, 8.16. Trouve: 
C, 74.59; H, 7.94. 

Prdpararion de l'irho,~yearbonyl-2 nitthyl-2 [(rtrra- 
1~1drhy1-2,4,6,7 ~zaphtyl) -I-;-3 propionate d'itliyle 8 

On suit le mode operatoire general en utilisant 17.4 g 
.(0.075 mol) de chloromethyl-1 tetramethyl-2,4,6,7 
naphtalene pour obtenir, apres chromatographie, 25.2 g 
(91%) d'une huile incolore (nDZ3 1.5779). 

Anal, calc. pour C2,H,,O4: C, 74.56; H, 8.16. Trouve: 
C, 74.49; H, 8.24. 

PsPparatio~i dc l'acide nrdrhyl-2 [(t?ldrhyl-2 nnphry1)-Id -3 
propioniy~ie 9 

On met en presence 9.84 g (0.03 mol) d'ester malonique 
5 dissout dans 30 ml d'ethanol a 99% et une solution de 
10.1 g (0.18 mol) de KOH dans 30 ml d'eau. On porte a 
reflux une nuit p ~ ~ i s  on distille pour eliminer I'alcool. On 
refroidit le residu, on lave a I'ether pour eliminer les 
composes neutres, puis on acidifie la phase aqueuse pour 
obtenir I'acide malonique. Le diacide est decarboxyle par 
chauffage sous atmosphere d'azote a 180-C jusqu'i 
cessation du degagement de CO,. Apres refroidissement, 
le solide recueilli est recristallise dans un melange pentane- 
benzene et I'on obtient 6.50 g (95%) de l'acide propionique 
substitue 9, p.f. 98-99 'C. 

Anal. calc. pour C, ,H1,02 : C, 78.92; H, 7.06. TrouvC : 
C, 79.14; H, 7.10. 

Priparation de l'acide mtthyl-2 [(dimdthyl-2,3 
napktyl) -1. -3 propionique 10 

En procedant selon le mode operatoire precedent et sur 
8.55 g (0.025 mol) d'ester malonique 6 on obtient apres 
hydrolyse et decarbonylation, 5.7 g (94%) de cristaux 
incolores de I'acide 10, p.f. 123-124 "C. 
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COSTAKIS E T  AL.: LA REDUCTION DE POLYMETHYLPHENALENES 3111 

Anal. calc. pour C1,H1,02: C, 79.31 ; H, 7.49. TrouvC: ajoute une solution de 2.10 g (0.01 11101) de cCtone 13 dis- 
C, 79.33; H, 7.63. soute dans 30 ml de benzene anhydre, de f a ~ o n  a main- 

tenir une douce ebullition. Apres 19 h de reflux, on re- 
Priparation de I'acide rnithyl-2 [(tCtramPthyl-2,4,5,7 froidit puis hydrolyse de la faqon habituelle. On extrait 

naphtyl-1):-3 propioniqlte I 1  plusieurs fois la phase aqueuse au benzene, on reunit les 
Apri.s hydrolyse de 9.25 g (0.025 mol) d'ethermalonique phases organiques qu'on lave a I'eau et siche sur sulfate 

7 suivit d'une dtcarboxylation on obtient 6.5 g (96%) de de sodium anhydre, par evaporation du solvant, on 
I'acide attendu 11, p.f. 143 "C. recueille un solide, qui d'apres ses spectres i.r. et de r.m.n. 

Anal. calc. pour Cie.Hzz0z: C, 79.96; H, 8.20. Tr0uvt: et chromatographique sur touche mince, est Lln 
C, 79.81 ; H, 8.34. melange d'isomere cis et trans (rendement 93%). 

Preparation de l'acide rnithyl-2 [(titramitliyl-2,4,6,7 Les alcools isomeres sont stpares par chromatographie 

naphtyl-1);-3 propionique 12 sur alumine en eluant par un melange ether - ether de 

selon le mode operatoire on traite 9.25 petrole et nous obtenons: une premiere fraction (170) de 

(0.025 mo]) d'ester ma]onique 8, on obtient apres hydro- 0.69 g (35%), p.f. 119 "C; i.r. (solution 0.1 M dans CS2) 

lyse et decarboxylation, 6.3 g (93%) de cristaux incolores: (C-O) fort a cm-' et 
de l'acide 12, p.f. 125-5 'C. moyen a 1020 cm-'; i.r. (KBr) v (C-0) equatorial fort 

Anal. calc. pour C18HZ202:  C, 79.96; H, 8.20. TrouvC: a lo50 cm-l et (C-O) absent a 
C, 80.18; H, 8.37. r.m.n. (CDCI,) 6 1.25 (d, J = 7 Hz, mtthyl-2), 2.44 

(s, methyl-4), 4.86 (d, J = 2 H7, CH-OH). 
Preparation de la dimethyl-2,4 dihydro-2,3 phinalinone-I Une seconde fraction (17b) de 1.28 g (65%), p.f. 

13 140 "C; i.r. (solution 0.1 M dans CS2) v (C-0) equatorial 
On ajoute, par petites portions, 4.56 g (0.02 mol) fort a 1050 cm-' et v (C-0) axial tres faible a 1010 

d'acide naphtylpropionique 9 dans un recipient en poly- c n - ' ;  i.r. (KBr) v (C-0) equatorial fort a 1050 cm-'  et 
Cthylene contenant 60 ml d'acide fluorhydrique, puis on v (C-0) axial absent a 1010 ou 1020 cm-'; r.m.n. 
agite doucement jusqu'a dissolution con~plete de I'acide 9. (CDCI,) 6 1.09 (d, J = 6.5 Hz,methyl-2) 2.43 (s,methyl-4), 
On abandonne dix min pour completer la cyclisation puis 4.63 (d, J = 8 Hz, CH-OH). 
on hydrolyse en versant le melange riactionnel sur de la Anal. calc. pour C,,Hl,O: C, 84.87; H, 7.60. Trouve: 
glace et on extrait la cetone 13 au benzene. Cette phase (17a) C, 84.69; H, 7.82. Trouve (176): C, 84.78; H, 7.51. 
organique est lavee par une solution de NaOH (5%) puis 
a I ' ~ ~ ~  et est s~chke sur sulfate de sodium anhydre, ~~~e~ Priparation du trin1Cthyl-2,4,5 dillyrho-2,3phinal2nol-J 18 
evaporation du solvant, on obtient 3.95 (94%) de la Selon le mode operatoire precedent on utilise 2.24 g 

cttone 13 qui est recristalist dans l'tther de petrole, p.f. (0.01 mol) de cetone 14 et on obtiellt Par chromatographie 

83 "C. sur alumine, pour un rendement global de 93%. 

Anal. talc. pour c,,I-I~,o: C, 85.68; H, 6.71. Trouve: Une premiere fraction ( 1 8 ~ )  de 0.76 g (36Y,), p.f. 

C, 85.74; H, 6.93. 144 "C; i.r. (solution 0.1 IM dans CS,) v (C-0) equatorial 
fort a 1050 cm-', v (C-0) axial moyen a 1020 cm- ' ;  

Preparation de la trimithyl-2,4,5 dihydro-2,3phCnaldt2one- i.r. (KBr) v (C-0) equatorial fort a 1050 cm-' et v 
I I 4  (C-O).axial absent a 1020 cm- ' ;  r.m.n. (CDCI,) 61.21 

On suit le mode operatoire prkcedent en utilisant 4.84 g (d, J = 6.5 HZ, methyl-2) 2.33 et 2.41 (s, s, methyles 
(0.02 mol) d'acide naphtylpropionique 10 et on obtient aromatiques), 4.75 (d, J = 2 Hz, CH-OH). 
apres recristallisation dans 1'Cther de petrole, 4.30 g Une seconde fraction (18b) de 1.345 g (64z), p.f. 
(96%) de cristaux incolores, p.f. 102 "C que l'on identifie 164 "C; i.r. (solution 0.1 M dans CSZ) v (C-0) equa- 
par spectroscopie comme etant la phenalenone 14. torial fort a 1050 cm-' et v (C-0) axial tres faible a 

Anal. calc. pour C16H,,0: C, 85.68; H, 7.19. Trouve: 1010 cm-I;  i.r. (KBr) v (C-0) equatorial fort a 1050 
C, 85.78; H, 7.08. cm-' et v (C-0) axial absent a 1010 ou 1020 cm-'; 

Priparatiori de la per~tamitlzyl-2,4,6,7,9 dihydro-2,3 r.m.n. (CDCI,) 6 1.05 (d, J = 6.5 Hz, mtthyle-2) 2.33 et 
2.41 (s, s, methyles aromatiques), 4.48 (d, J = 8 Hz, phhalPnone-1 15 CH-OH). On suit le meme mode 'pCratoire et sur 5'40 g (0'02 Anal, ca]c. pour C16H180: C, 84.91; H, 8.02. TrOuve mol) d'acide naphtylpropionique 11 on obtient apres 

recristallisation dans l'ether de pitrole, 4.74 g (94%) de (18a): C, 84.82; H, 8.17. Trouve(18b): C, 84.99; H, 8.21. 

fins cristaux blanc, p.f. 103 "C. Priparation du pentamithyl-2,4,6,7,9 dihydro-2,3 
Anal. calc. pour C,,H2,0: C, 85.67; H, 7.99. Trouve: phtnal2nol-I 19 

C, 85.58; H, 7.86. En suivant le mCme mode operatoire que precedem- 

Priparation de la pentamtthyl-2,4,6,8,9 dihydro-2,3 
phinaknone-1 16 

On suit le mode operatoire gtniral et en operant sur 
5.40 g (0.02 mol) d'acide naphtylpropionique 12 on 
obtient apres recristallisation dans l'ether de petrole, 
4.89 g (97%) de fins cristaux blancs, p.f. 136-5 "C. 

Anal. calc. pour C,,H,,O: C, 85.67; H, 7.99. Trouve: 
C, 85.55; H, 7.99. 

ment, on utilise 2.52 g (0.01 mol) he cttone 15 et on obtient 
par chromatographie sur alumine, pour un rendement 
global de 95%. 

Une premiere fraction (19a) de 2.16 g (8873, p.f. 
136 "C; i.r. (solution 0.2 M dans CS,) v (OH) libre a 3610 
cm-', v (OH) polymere absent a 3310 cm-', v (C-0) 
equatorial moyen a 1050 cm-', v (C-0) axial moyen a 
1015 et 1000 cm-'; r.m.n. (CDCI,) 61.26 (d, J = 6.5 Hz, 
methvl-2): 2.33. 2.48 et 2.81 (singulets, methyles aroma- 

Preparation du dimithyl-2,4 dihydro-2,3 phdnal2nol-I 17 tiques), 4.93 ( d , . ~  = 2 Hz, CH-OH). ' 

A une suspension de 190 mg (0.005 mol) d'hydrure de Une seconde fraction (19b) de 0.29 g (1273, p.f. 150 "C; 
lithium et d'aluminium dans 60 ml d'ether anhydre, on i.r. (solution 0.2 M dans CS,) v (OH) libre a 3610 cm-', 
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3112 C A N .  J .  CHEM.  

v (OH) polymere a 3310 em-', v (C-0) equatorial 
absent a 1050 cm- ', v (C-0) axial a 101 5 et 1000 em- ' ; 
r.m.n. (CDCI,) 6 0.66 (d, d = 7 Hz, methyle-2) 2.33,2.48 
et 2.81 (singulet, methyles aromatiques), 4.82 (d, J = 
3 Hz, CH-OH). 

Anal. calc. pour CI8H2,O: C, 85.00; H, 871. Trouve 
(19a): C, 84.88 ; H, 8.77. Trouve (19b): C, 84.86; H, 8.68. 

Prrparation du pentamtfhyl-2,4,6,8,9 dihydro-2,3 
pht!nalenol-1 20 

En operant sur 2.52 g (0.01 mol) de cetone 16 selon le 
mode operatoire precedent dereduction on obtient I'alcool 
20 avec un rendement global de 97%. 

Une premiere fraction (20a) de 2.12 g (87%), p.f. 107 
'C; i.r. (solution 0.2 M dans CS2) v (OH) libre a 3610 
cm-I, v (OH) polymere absent a 3310 cm-', v (C-0) 
equatorial moyen a 1050 em-', v (C-0) axial moyen a 
1015 et 1000 em-'; r.m.n. (CDCI,) 61.19 (d, J = 6.5 Hz, 
methyle-2) 2.33, 2.42 et 2.55 (singulets, methyles aro- 
matiques), 5.02 (d, J = 2 Hz, CH-OH). 

Une seconde fraction de 0.32 g (13x1, p.f. 157 "C; i.r. 
(solution 0.2 M dans CS,) v (OH) libres a 3610 em-', 
v (OH) polymere a 3310 em-' ,  v (C-0) equatorial 
absent a 1050 em-', v (C-0) axial a 1015 et 1000 em-' ; 
r.m.n. (CDCI,) 6 0.67 (d, J = 7 Hz, methyl-2), 2.33, 
2.42 et 2.55 (singulets, methyles aromatiques), 4.95 
(d, J = 3 HZ, CH-OH). 

Anal. calc. pour C,8H,,O: C, 85.00; H, 8.71. Trouve 
(2011): C, 85.08; H, 8.67. Trouve (20b): C, 84.92; H, 8.69. 

VOL. 5 2 ,  1974 
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A Study of d-Orbital Effects in Esters of Trifluorothiolacetic 
Acid. A Comparison of Evidence from Dipole 

Moment and Kinetic Data 
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E. BOCK, A. QUEEN, S. BROWNLEE, T. A. NOUR, and M. N. PADDON-Row. Can. J. Chem. 
52.3113 (1974). 

The dipole moments of a series of esters of trifluoroacetic acid and trifluorothiolacetic acid 
have been determined in benzene solution at  25 'C. The results are consistent with conjugative 
and hyperconjugative electron release by the hydrocarbon groups to the d-orbitals of sulfur. 
This conclusion is supported by data for the hydrolysis of these compounds in water or aqueous 
acetone. 

E. BOCK, A. QUEEN, S. BROWNLEE, T. A. NOUR et M.  N. PADDOK-ROW. Can. J. Chem. 52, 
3113 (1974). 

On a determine les moments dipolaires d'une serie d'esters des acides trifluoroacetique et 
trifluorothiolacetique dans des solutions benzeniques a 25 'C. Les resultats sont en accord 
avec le concept q ~ ~ c  Ies groupes hydrocarbonis repoussent vers les orbitales d du soufre des 
electrons par conjugaison et hyperconjugaison. Cette conclusion est confirmee par les donnees 
sur I'hydrolyse de ces composes dans I'eau et dans des solutions aqueuses d'acttone. 

[Traduit par le journal] 

Introduction 
The dipole moments of thiolesters and similar 

compounds are usually greater than those of 
their oxygen analogs and the differences are par- 
ticularly large for aryl compounds. We have 
recently demonstrated that this also applies to 
chloroformate (1; X = C1) and chlorothiol- 
formate esters (2; X = C1) (1)  and also that the 
differences decrease as the hydrocarbon groups 
change from phenyl to secondary alkyl. For this 
reason, we have proposed that the observed dif- 
ferences between sulfur and oxygen compounds 
mainly reflect conjugative or hyperconjugative 
electron release to the d-orbitals of sulfur in the 
thio compounds. Under appropriate conditions 
such effects might manifest themselves in kinetic 
phenomena. Unfortunately, wc have found that 
chloroformates react bimolecularly with water 
(mechanism 1) (2) whereas the corresponding 

'Summer student 1968. 
'Deceased 1971. 
3University of Manitoba post-doctorate fellow, 1967- 

1969. 
4University of Manitoba post-doctorate fellow, 1968- 

1970. 
5Revision received May 2, 1974. 

chlorothiolformates react unimolecularly (mech- 
anism 2) (3, 4). Consequently, a conlparison of 
the reactivities of these compounds towards 
water would hardly constitute a test of d-orbital 
effects in the thiolesters. However, esters of tri- 
fluoroacetic acid and trifluorothiolacetic acid re- 
act bimolecularly with water (mechanisms 4 and 
5) (5-7) a t  convenient rates for systematic study. 
I t  therefore seemed that a comparison of the 
evidence obtainable from dipole moment and 
kinetic data would be a usefill way in which to 
test the importance of d-orbital effects in sulfur 
compounds. Moreover, since dipole moments 
have not been previously reported for any of 
these compounds, their determination seemed to 
be a worthwhile piece of work in its own right. 
We have therefore measured these quantities for 
seven esters of trifluoroacetic acid (1; X = CF,) 
and the corresponding derivatives of trifluoro- 
tliiolacetic acid (2; X = CF,) in dilute benzene 
solutions. The hydrocarbon groups were varied 
so as to provide a wide variation in their abilities 
to donate electrons by conjugation or hypercon- 
jugation to the d-orbitals of sulfur. The rates of 
hydrolysis of some of the thiol esters and phenyl 
trifluoroacetate in water or  aqueous acetone 
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TABLE 2. Boiling points of esters of trifluoroacetic acid and trifluorothiolacctic acid* 

Boiling point ("C) Calculated (Y,) Found (Y,) 

R Y This work Literature Reference C H F S C H F S 

CH3 0 44 43 16 
CzH5 0 62 61.5 16 

-C3H7 0 82.5 82 16 
-C3H7 0 73.5 73 17 
-C4H9 0 104 104 16 
-C4H9 0 87 85-86 18 

CsHs 0 66/38 mm 67/40 mm 17 
CH? S 7 1-72 25.0 2.1 39.6 22.2 25.0 2.1 39.0 21.8 

- c ~ H ~  S 135 o 
-C4H9 S 113 38.7 4.8 30.6 17.2 38.4 4.6 31.0 17.0 

CsH5 S 109170 mm 140-1 50 20 5 
*General formula, R-Y-(C0)-CF,. < 

0 
r 
-. 
N TABLE 3.  Dipole moments for halo-esters in benzene solution at  25 "C* 
+ 
w 4 

P (Dl 
P 

!J (Dl 

R RO-(C0)-ClII RS-(C0)-ClIl A~(s-o)? RO-(C0)-CF3 5 RS-(C0)-CF, 5 Aw(S-O)$ 

CsHs 2.39 2.86 0.47 2.68 2.95 0.27 
CH3 2.38 2.69 0.31 2.71 2.84 0.13 
CzH, 2.66 2.84 0.18 3.00 3.07 0.07 
C3H7 2.70 2.88 0.18 3.02 3.10 0.08 
n- C4H9 2.71 2.93 0.21 3.10 3.16 0.06 
i-C3H7 2.86 2.96 0.10 3.08 3.15 0.07 
t - C4H9 - 3.20 - 3.30 3.37 0.07 

*Given in Debye unit D. 
tAp(S-0) = p(RS-CO-Cl) - v(RO-CO-CI). 
$Ap(S-0) = p(RS-CO-CF,) - v(RO-CO-CF,). 
$This work. 
IlReference I 
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have also been measured, corresponding data for The symbols have the same meanings as those 
the oxygen analogs being already available in used in our earlier papers (1). In order to facili- 
the literature (5). tate comparisons, Table 3 also includes pre- 

viously reported values of the dipole moments of 

"\ "\ R 
+ /X the corresponding chloroformate (9) and chloro- 

0-c S-c Y=C, thiolformate esters (1). 
\O Nil 0- Table 4 lists rate constants for the hydrolysis 

1 2 3 of four esters of trifluorothiolacetic acid (2; 
X = CF,, R = C,H,, C2H5, i-C,H,) and the 

OH corresponding esters of trifluoroacetic acid (1; 
I 

[ll RO-C-CI + H 2 0  RO-C-CI - 
I I 
0 

I 
OH 

ROH + C 0 2  + HCI 

+ Hz0 [2] RS-C-CI RS-CEO + C I  - 
I I 

RSH + CO2 + HCI 

Experimental 
Solcents 

The methods used for purifying the benzene, acetone, 
and water used as solvents in the present studies have been 
previously described (1-4). Some physical properties of 
benzene solutions are listed in Table I lodged with the 
Depository of Unpublished Data.6 

Materials 
The esters were prepared by reacting the corresponding 

alcohols and thiols with trifluoroacetic anhydride and 
were purified by distillation before use. Physical proper- 
ties are recorded in Table 2. 

Procedures 
These have been previously described (1-4). 

Products of Hydrolysi~ 
Experiments were carried out with methyl and iso- 

propyl trifluorothiolacetates as previously described for 
the corresponding chlorothiolformate esters (3). The 
thiols produced were characterized by conversion to the 
corresponding 2,4-dinitrophenyl alkyl sulfides which 
were then shown to be identical with authentic samples. 

Results 
Table 1 summarizes the experimental data 

from which the solution dipole moments (Table 
3) have been calculated by Smith's method (8) 
using eq. 3 

Tomplete  set of data may be obtained, at a nominal 
charge, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

X = CF,), the solvent being water in the cases 
of the alkyl esters and 70% aqueous acetone for 
the phenyl compounds which react very rapidly 
with water. The values for the alkyl trifluoro- 
acetates have been calculated from the data of 
Winter and Scott (5). These workers have shown 
that t-butyl trifluoroacetate hydrolyses, at least 
partly, by an S,1 mechanism and we have there- 
fore excluded tertiary esters from our studies. In 
the case of isopropyl trifluorothiolacetate, com- 
plete hydrolysis of 0.002 mol of the ester in 100 
ml of water gave only 94.7% of the calculated 
amount of acid. Nevertheless, the compound 
appeared to be quite pure since only a single 
peak was produced when it was examined by 
vapor phase chromatography. Isopropyl mer- 
captan was identified as a product of hydrolysis 
and there was no evidence that isopropyl alcohol 
was formed, indicating that the possibility of 
alkyl-sulfur bond fission may be ignored. In 
individual runs at concentrations of approxi- 
mately 0.001 M, good first order kinetics were 
obtained but agreement between the values ob- 
tained in different experiments were rather poor. 
However, by working at lower concentrations of 
the ester (approximately 0.00005 M), satisfactory 
agreement between separate runs was achieved. 
These problems were probably associated with 
supersaturation in the more concentrated solu- 
tions. Despite these difficulties, it is considered 
that the rate constants for the hydrolysis of 
isopropyl trifluorothiolacetate are sufficiently re- 
liable for the purposes of the present studies. No 
similar problems arose with the other com- 
pounds which gave excellent, reproducible rate 
constants and at least 99% of the theoretical 
amount of acid on hydrolysis. 

Discussion 
Dipole Monzents 

The results in Table 3 show three features to 
which we have previously drawn attention (1). 
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TABLE 4. Rates of hydrolysis of esters of trifluoroacetic acid and trifluorothiolacetic acid in 
water or 7 0 z  aqueous acetone at 6.09 "C 

k ( X  104 S-I) 

Solvent R RO-(C0)-CF3 RS-(C0)-CF3* kob>/k0b: 

70% aqueous CsHs 82.54* 15.90 0.1926 
acetone 

Water CH3 25.72t 19.55 0.7601 
Water CzHs 9.642.t 14.08 1.460 
Water i- C3H7 2.702t 9.753 3.610 

*Values obtained In t h ~ s  work. 
?Reference 5. 

First of all, the dipole moments of the sulfur 
compounds are larger than those of their oxygen 
analogs. Then, the monotonous dccrcase in the 
values for the oxygen compounds, as the induc- 
tive effect of the group R decreases (t - C,H, > 
i-C,H, > C,H5 > CH, > C6H5), is not 
exactly mirrored in the thiol esters. In particular, 
the dipole moments of the phenyl thiolesters are 
greater than those of the methyl thiolesters, a 
reversal of the situations for the oxygen com- 
pounds. Thirdly, the values of Ap(S-0) de- 
crease as the ability of the group R to donate 
electrons conjugatively or hyperconjugatively 
falls off. It is admitted that the trend is less 
marked for the present fluorinated esters than 
for the chlorothiolformates, an apparently con- 
stant difference of about 0.07 D being reached at 
the ethyl compounds. However, this small dif- 
ference may be less than the combined experi- 
ment errors7 in the quantities subtracted and 
may not be really constant. Since we have prc- 
viously presented our interpretation of these 
trends in some detail ( I )  it seems unnecessary to 
repeat them at this time. However, on the basis 
of earlier conclusions, the results are consistent 
with the proposal that conjugative and hyper- 
conjugative electron release to the d-orbitals of 
sulfur are the main reasons for the larger dipole 
moments of the sulfur compounds. Other ex- 
planations are, of course, quite possible. For 
example, the different sizes of oxygen and sulfur 

'The calculation of the standard errors in the dipole 
moments from the measured quantities is a very compll- 
cated procedure. However, one of us has previously 
demonstrated (10) that the dipole moments calculated 
from measurements made with our equipment are prob- 
ably good to f 0.1 D on an absolute scale and to better 
than this on a relative scale since standardized conditions 
and procedures were used for all the experiments. 

atoms and different steric effects associated with 
the hydrocarbon groups (R) could markedly 
alter bond angles and spacial orientations of the 
"lone-pair" electrons. However, in this case it 
would be reasonable to expect that the largest 
groups (R = C,H5 and t - C,H,) would gener- 
ate the most closely related values of Ap(S-O), 
which is not the case. Moreover, the relationships 
p(C,H,O-CO-CF,) < p(CH,O-CO-CF,) 
and p(C6H ,S-CO-CF,) > y(CH,O-CO- 
CF,) would still remain unexplained. In the ab- 
sence of a knowledge of such diEerences, further 
speculation would seem to be pointless and a 
more profitable approach is to consider evidence 
of a different kind. 

Rutes of Hydrolysis 
Esters of trifluoroacetic acid react with water 

at low acid concentrations by the uncatalyzed 
process shown in [4]. The observed pseudo first- 
order rate constant (k,,,") is given by eq. 5. 

1 3 

RO-C-CF, - + ROH + CFiCOOH 

Esters of trifluorothiolacetic acid react by a 
slightly different mechanism [6] in which step 2 
is subject to acid catalysis. The rate constant is 
given by eq. 7 which, at the low acid concentra- 
tions generated in the present studies (less than 

M )  reduces to eq. 8 
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OH 
I k 7 '  

RS-C-CF J RSH I CF,COOH 
I 
0- 

181 kobs) = k l l  at low [ H f ]  

These differences have been discussed in detail 
by Johnson (6). 

Esters, including the present trifluoroacetates 
(1 and 2, X = CF,), and similar compounds are 
stabilized by conjugation (3; Y = 0 or S) in- 
volving the carbonyl group and the "lone-pair" 
electrons on the hetero-atom (Y). Similar con- 
jugation is not possible for the tetrahedral inter- 
mediates (4 and 5) formed in step 1 of the two 
reactions. It would therefore be expected that the 
rates of these steps would largely reflect the dif- 
ferences in initial state conjugation for the oxy- 
gen and sulfur compounds. Since sulfur shows 
less tendency than oxygen to use its "lone-pair" 
electrons for n-bond formation ( l l ) ,  it follows 
that the oxygen esters should be more stabilized 
than the thio-analogs with k ,  < k,'. Equation 5 
shows that k, is the upper limit for k,,,", the rate 
constant for hydrolysis of the oxygen esters, 
while eq. 8 gives k,' = kobSS. It would therefore 
be expected that the oxygen esters would hydro- 
lyze more slowly than the thiolesters. On the 
other hand, the replacement of oxygen by sulfur 
should alter the inductive effects of the substit- 
uent groups (R) by roughly similar amounts, if 
at all, so that the relative orders of reactivities 
within each series should be rather similar. While 
the first of these expectations is realized for the 
ethyl and isopropyl compounds (Table 4), the 
second one is not realized at all. Moreover, 
methyl and phenyl trifluoroacetates hydrolyze 
more rapidly than the corresponding trifluoro- 
thiolacetates, the difference being particularly 
large for the aromatic compounds. The depar- 
tures from expectation are particularly well 
shown by a comparison of the changes of rela- 
tive reactivities (kob,s/kob,") as the substituent (R) 
changes from phenyl to isopropyl. Clearly, some 

effect or effects other than those described above 
must be operating in at least one of these two 
series of compounds. Moreover, these effects 
must decrease as the group R changes from 
phenyl to isopropyl. But, this is just the trend 
that would be expected if conjugative or hyper- 
conjugative electron release to the d-orbitals of 
sulfur occurs in the initial states for the hydrol- 
ysis of the present compounds. This is reason- 
able, since the partial positive charge on sulfur 
(resonance form 3; Y = S) should facilitate 
electron release towards this center. 

A referee has suggested that for the phenyl 
compounds the results might be explained in 
terms of electron withdrawal due to 7c overlap, 
which would be more important for oxygen than 
sulfur. The phenyl trifluorothiolacetate then 
reacts more slowly than the oxygen analog due 
to decreased initial-state stability of the latter 
compound, rather than increased stability of the 
sulfur compound due to d-orbital participation 
as we have suggested. However, this explanation 
cannot apply to the methyl compounds, where 
the R group is not only electron donating but 
cannot participate in electron withdrawing n 
overlap, despite which the oxygen ester is the 
more reactive. Moreover, this explanation ig- 
nores the dipole moment data which indicates 
that charge separation is greater in C,H, 
SCOCF, than in CH,SCOCF,, despite the fact 
that the phenyl group should withdraw electrons 
inductively. 

No doubt other explanations involving transi- 
tion state differences could be advanced. How- 
ever, it is significant that the kinetic data do 
support the conclusions drawn from comparisons 
of dipole moments, which must reflect ground- 
state properties. While previous studies by Bord- 
well et al. (12) have failed to demonstrate that 
d-orbital effects influence chemical reactivity, 
Tarbell and co-workers (13) have previously 
argued that such electron donation to sulfur 
could account for the inversion of the ratio 
k0,,"kob," in the basic hydrolysis of alkyl ace- 
tates and thiolacetates. 

Lee (14, 15) has recently carried out INDO and 
CND0/2 calculations for methyl chloroformate 
(1; R = CH,, X = C1) and its various thio- 
analogs and compared the results with our ex- 
perimental dipole moment and kinetic data. He 
concludes that d-orbital effects account for at 
least some of the differences between the oxygen 
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and sulfur compounds. We are presently carrying 
out similar calculations for the trifluoroacetates. 

The authors gratef~~lly acknowledge financial support 
for this work by the National Research Council of Cana- 
da and by the Research Board of the University of Mani- 
toba. 
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Composition and Stability of Iron and Copper Citrate Complexes 
in Aqueous Solution 
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TERRENCE B. FIELD, JANET L. MCCOURT, and W. A. E. MCBRYDE. Can. J. Chem. 52,3119 
(1974). 

The acidity constants of citric acid and the stability constants of the citrate complexes of 
copper(lI), iron(II), and iron(I1I) have been measured at 25 "C in 0.1 M KNO, background. 
The measurements were based on mass balances on hydrogen ions, supplemented in the case 
of Cu(I1) and Fe(lI1) complexes by measurements of free metal concentration with a solid-state 
copper-ion-sensitive electrode and a redox electrode respectively. The data required the 
assumption of a binuclear copper complex, but all complexes characterized were of 1 : 1 
stoichiometry. 

TERRENCE B. FIELD, JANET L. MCCOURT et W. A. E. MCBRYDE. Can. J. Chem. 52,3119 
(1974). 

On a mesure, a 25 'C et en presence de KNO, 0.1 M, les constantes d'acidite de I'acide 
citrique et  les constantes de stabilite des complexes de citrate avec le cuivre(II), le fer(I1) et le 
fer(II1). Ces mcsurcs sont basees sur les balances dcs masses des ions hydrogene auxquels 
s'ajoute dans le cas des complexes du cuivre(I1) et du fer(I1I) des mesures de concentration 
d'ions metalliques libres en utilisant respectivement une electrode sensible aux ions cuivre et 
une electrode redox. Les donnees recueillies necessitent que l'on fasse l'hypothese que les com- 
plexes de cuivre sont binucleaires mais que tous les complexes sont caracterises par une stoi- 
chiometrie 1 : 1. [Traduit par le journal] 

Hn&oduction or potassium hydroxide solutions were stored and used 

Citrates have been traditionally used as mask- under nitrogen to limit contamination by carbon dioxide. 
Volumetric glassware for preparation, dilution, or trans- 

ing agents for various metal ions and as eluting fer of solutions was Class A grade. Small amounts of 
agents in ion exchange chromatography. Re- acid or alkaline solutions were delivered from an Agla 
centlv citrate has been considered as a i-~~ssible syringe equipped with micrometer drive, the delivery of 

subsljtute for polyphosphates added to s h d  de- which was by direct weighing. 
The cell used for tltratlons, measurements of pH, etc , 

tergents. appllcations are based On 'Orma- consisted of a jacketed upper and lower colupartment 
tion of stable complexes with metal ions, but through which water thermostatted at 25 o + o 1 c was - - 
examination of the literature discloses some un- circulated (2). Measurements of DN or cell e.1n.f. were 
certainty regarding the composition and stability 
of some of these, especially those of copper(I1) 
and iron(1lH). This investigation was undertaken 
to try to clarify this situation for the last-named 
complexes. Two facilities, novel for the study of 
citrate complexes, were appiied: first, a solid- 
state electrode was able to furnish data on the 
concentration of copper ion in equilibrium with 
complexes; second, the experimental data were 
interpreted by the computer program §COGS 
(I ) ,  which is of particular value when, as in this 
case, protonated, deprotonated, or polynuclear 
species are involved. 

Experimental 
All solutions were prepared from reagent grade chemi- 

cals and standardized by conventional methods. Sodium 

made with an Orion Model 801 meter. All p H  readings 
were converted to hydrogen ion concentrations by the use 
of an  empirical factor measured in the appropriate salt 
background (3, 4). A solid-statc copper(1l) ion sensitive 
electrode (Orion 794-29) was used in conjunction with a 
reference eiectrode (Orion $90-01-00) for measurements 
of copper(I1) ion concentration. This electrode was cali- 
brated for this purpose with solutions of known concen- 
trations of copper(I1). A platinum electrode, used to 
measure redox potential, was similarly calibrated with 
solutions containing known concentrations of iron(l1) 
and iron(II1) in the background electrolyte used. 

Spectrophotometric measurements were made on a 
Carji Model 14 spectrophotometer with carefully matched 
1 cm cells. In view of the known sensitivity of iron citrate 
solutions toward light (5), these were prepared and titra- 
ted in wrapped glass vessels. Also, in view of the marked 
sensitivity of the copper ion electrode to illumination, all 
measurements with it were made in a shrouded titration 
vessel. 
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Treatment of Data 
Acidity constants were calculated as protona- 

tion constants, Pi0, and used as concentration 
quotients applicable to the particular medium in 
which measurements were consistently made, 
namely 0.1 M potassium nitrate solution. It  is 
worth calling attention to the fact that conven- 
tional thermodynamic acidity constants, partic- 
ularly for citric acid, differ from these conditional 
constants owing to the appreciable effect of mul- 
tiple ionic charges on the activity coefficients. 

The data from p H  titrations (except those 
which included simultaneous measurement of 
copper-ion concentration in some cases) were 
submitted to processing by the powerful com- 
puter program SCOGS (I),  which finds best fit 
values of acidity constants or metal-complex 
stability constants. In using this, one postulates 
a set of plausible species to describe the compo- 
sition of the solution throughout the range of the 
p H  titration; tentative stability constants are 
assigned to these, and the computer adjusts these 
until a minimum is found in the standard devia- 
tion of titre (s.d.t.). The most probable of several 
alternative sets of postulated constituents is that 
yielding the smallest s.d.t., though it is wise to 
recognize that this criterion cannot be regarded 
as proof for the preferred selection of species. 
The program will also reject a particular con- 
stituent by failing to give convergence in the re- 
finement of a constant for it, so that the inappro- 
priateness of certain species or groups of species 
is thus signalled. 

Spectrophoton~etric Competitive Method 
Within the p H  range 1.5 to 2.5 iron(II1) will 

react with sulfosalicylic acid (H2A) or with citric 
acid (H,L), or will undergo some hydrolysis. The 
sulfosalicylate complex under these conditions is 
MA and has an intense purple color. In the 
presence of citric and sulfosalicylic acids to- 
gether the intensity of this purple color is dimin- 
ished. Apart from a uniform reduction in ab- 
sorbance the visible spectral characteristics of 
these solutions are in no way altered from those 
of MA, and so it may be assumed that no mixed 
complex has been formed by the two ligands 
together. 

The mass balances and other relationships ap- 
plying in these solutions are given by the follow- 
ing equations. 

The symbols Po and F' will be used respectively 

to apply to citric acid and to sulfosalicylic acid. 

121 C, = [A]F1 + [MA] 

In the absence of citrate 

This contains the quantity K,, the first-stage hy- 
drolysis constant of iron(I11); at  the p H  and pre- 
vailing concentrations in these experiments this 
adequately compensates for hydrolysis; the value 
of K, used (6) was 2.5 x 

It had been established from p H  and poten- 
tiometric titrations subsequently to be described 
that the citrate complexes apparently present 
were MHL, ML, and MOHL. Therefore with 
citrate and sulfosalicylate present together 

[41 CM = [MI(] + KhI[HI) + [MA1 
+ [MHL] + [ML] + [MOHL] 

[5] C, = [L]FO 
+ [MHL] + [ML] + [MOHL] 

The concentrations of the citrate complexes may 
be expressed in terms of their stability constants 
designated P,,, for M,H,L,. 

[6] [MHL] + [ML] + [MOHL] 
= X 

= [MI[HI[Ll (PI,, + Bioi[HI-' 
+ P1.11[Hl-2> 

There is a reliable method for evaluating E,, 
the molar absorptivity for MA (7) ,  so from the 
measured absorbance [MA] can be determined. 
There is sufficient information in eqs. 2 and 3 to 
enable PI  for MA to be evaluated under these 
experimental conditions. With this information 
x, the concentration of iron(1II) in citrate com- 
plexes could be found in any solution by means 
of eq. 4, and hence [L] from eq. 5. It is seen from 
eq. 6 that x is pH-dependent. However, if values 
of x/[M][H][L] were plotted against l/[H], all 
data fell on a smooth curve (Fig. I). Either by 
standard curve-fitting routines or by solutions of 
equations in X, values of the required B's could 
be obtained. 

Results 
Most investigations published in the past 

twenty years have shown 1 : 1 stoichiometry in 
the reactions of copper(11) and iron(II1) with 
citric acid, and this has been confirmed by the 
results in this study. Also in agreement with 
several previous studies, it was observed that up 
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FIG. 1. Variation of x;[M] [HI [L] with l/[H] for iron- 
(111) citratc complexes; x is the total concentration of 
iron(1II) present as citrate complexes. 

to  four protons were displaced through complex 
formation per metal ion or per molecule of citric 
acid reacting. It is not yet proven whether the 
fourth proton is displaced from the carbinol 
group of the citric acid or from the remainillg 
coordinated water ~nolecules associated with the 
central metal ion. It is also clear that the proton 
balance observed in formation of these com- 
plexes indicates the presence of two or more 
species differing in degree of protonation. Thus 
if citric acid is represented as H,L, mono- 
nuclear metal complexes may form from among 
the series MH2L, MHL, ML, and MOHL. 

It is advisable to point out that systems of this 
sort stretch the capabilities of the Calvin-Bjer- 
rum pH-titration method of establishing the 
formation of metal complexes because the pro- 
ton balance, which is normally the basis of cal- 
culating the concentration of free ligand, must 
additionally define the extent of protonation of 
the series of metal complexes. This is demon- 
strated by the relationship 

[7] CH - [HI + [OH] = 

~qP,,,[MIPIHlq[Llr + ~jPj"[HIj[Ll 

in which CH is the total net concentration of 
ionizable hydrogen at any point. If q = 0 
throughout, [L] is immediately available pro- 

vided the pjO are known; but if q # 0, this re- 
lationship is alone insufficient to define [L] and 
must be combined with other conservation 
equations to secure information on [MI and [L]. 
The solution of the necessary equations con- 
taining experimental quantities is less precise and 
can also lead to a number of possible sets of p, 
q, and r values (i.e., alternative sets of possible 
complex species) which satisfy the data roughly 
as well. I t  is undoubtedly for this reason that 
somewhat different assignments of compositions 
and stabilities have been made in the case of the 
metal citrates by various investigators. 

Acidity Constants 
From p H  titrations at 25 "C in a background 

solution of 0.1 M potassium nitrate the following 
conditional proton-association constants were 
obtained: log PI0  = 5.70 & 0.02; log P,O = 
10.06 & 0.02; log p , O  = 12.87 & 0.08. 

Copper Complexes 
When p H  titrations were carried out with 

copper(11j present at  various ligand: metal ratios, 
the results could be fitted reasonably well by the 
assumption that the complex species present 
were MHL, ML, and MOHL. A second set of 
titrations was then performed in which point- 
by-point the copper ion concentration was 
measured as well as the pH. The p H  titration 
data were analyzed by SCOGS according to the 
above choice of constituents, with print-out of 
the theoretically related concentrations of free 
metal ion. The latter were then compared with 
the measured copper ion concentrations. The 
comparison revealed a significant discrepancy 
between these values in the range of occurrence 
of the species ML, the difference increasing and 
decreasing in much the same way as the con- 
centration of this species. A marked improve- 
ment in fit to the data was obtained by assuming 
that the species present were MHL, M2L,, and 
MOHL, and allowing the computer to seek the 
best values for the corresponding formation con- 
stants. There were thus two criteria for best fit of 
the data to assumed species and derived equilib- 
rium constants: the standard deviation in titre 
(volume of base), and minimum deviation be- 
tween calculated and observed metal ion con- 
centration. For these two criteria together the 
above choice of species gave the optimum fit to 
the data. 

A number of other combinations of species 
were tried out, particularly those suggested by 
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FIELD ET AL.: ON IRON AND COPPER CITRATE COMPLEXES 3123 

the work of other investigators (see Table 2), but 
in all cases these either yielded stability con- 
stants that failed to give convergence in the com- 
puter treatment, or they did not give as good 
agreement with observations on the basis of the 
two criteria mentioned. For instance, the spe- 
cies M2(OH),L, has been identified in similar 
solutions by other workers, but assumption of 
its presence made worse the fit to the observed 
concentrations of metal ions. 

Calculation of stability constants from our 
data could be done in either of the two ways: (i) 
the values and their standard deviations deter- 
mined by the SCOGS program; (ii) values ob- 
tained by the solution of simultaneous linear 
equations. Conservation equations such as 171, or 
others based on C,-[MI, can be set up with 
simultaneous values of [MI, [HI, and [L], and 
solved for the appropriate values of P,,,. For this 
particular choice of constituents only 

An IBM computer subroutine CLLSQ con- 
veniently handles the solution of the equations, 
yielding values of the P,,, and standard deviation 
of these. The results of five titrations of this sort 
gave the values shown in Table 1. The lack of 
agreement between two estimates of PMZk2 based 
on the same data illustrates the difficulty In fixing 
values of equilibrium constants unambiguously, 
especially for polynuclear species. 

Iron Cotn~lexes 
The direct determination of formation con- 

stants for the iron(II1) citrate complexes proved 
to be unsatisfactory. The complexes are so stable 
that at all hydrogen ion concentrations which 
can be measured precisely with a p H  meter [MI 
or [L], according to which reactant is not in 
excess, cannot be fixed precisely by the experi- 
mental data (8). The difficulty can be overcome 
in the presence of excess ligand if an independent 
probe is available to measure [MI. For this 
purpose the authors employed Fe3+/Fe2+ redox 
electrode in the presence of a fixed concentration 
of iron(I1). 

I t  was first necessary to determine the forma- 
tion constants of the iron(I1) citrate complexes. 
This was done by a direct p H  titration carried 
out in triplicate at  each of nine different metal 
and ligand concentrations. The results obtained 
are included in Table 1. Their magnitude is such 
that under the conditions of low p H  applying to 
the study of the iron(II1) complexes very little 

formation of iron(I1) complexes occurs. The 
actual extent of such complex formation can, 
however, be calculated. 

Iron(II1) complexes were studied by titrations 
with p H  and redox electrodes enabling the de- 
termination of [HI and [MI, point by point. Cor- 
responding values of [L] could be deduced as be- 
fore, though allowance had to be made for hy- 
drolysis of free iron(II1) as mentioned previously. 
The experimental results were processed by solu- 
tion of linear conservation equations based on 
C,-[MI, as in the second method for copper(l1) 
complexes mentioned previously. The values of 
stability constants obtained in this way are given 
in Table 1. In order to have a cross check on the 
foregoing work, the spectrophotometric com- 
petitive procedure described earlier was applied. 
These results are also included in Table I .  

Discussion 
A comparison of the results in Table 1 for 

copper(I1) citrates with a selection of other pub- 
lished results shown in Table 2 reveals that the 
values for MHL and MOHL are in reasonable 
agreement with those obtained by other workers 
who have postulated these species. The variety 
of different assumptions apparent in Table 2 
concerning which complexes are or are not 
present illustrates the difficulty mentioned pre- 
viously concerning interpretation of p H  mea- 
surements. For instance, our data when fitted to 
the complexes MHL, ML, and MOHL gave log 
Pill = 9.1, log PI,, = 5.8, and log PI-,, = 

1.6. But, taking into account the measured 
values of [MI, we were led to replace ML by the 
dimer and to assign the relatively high value of 
log P,,, shown in Table I .  This value is appre- 
ciably larger than those for the same species 
proposed by Lefebvre (9) and by Rajan and 
Martell (10). 

The formation of a dimeric complex of cop- 
per(1I) is consistent with the e.s.r. spectra and 
magnetic susceptibility measurements of Dunhill 
et al. (20). These authors have deduced that in 
solutions at  low and high p H  copper citrate 
exists as a chelate monomer, whilst over an in- 
termediate range of p H  a dimeric species is 
formed. This is qualitatively in agreement with 
our findings, though these authors worked with 
ranges of concentration very different from ours, 
and did not evaluate any equilibrium constants; 
they regarded their dimeric species as deproton- 
ated, e.g., M,(OH),L2. This matter clearly re- 
quires further study. 
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0 9 

FIG. 2. Distribution of copper(I1) among citrate com- 
plexes according to stability constants reported in this 
paper. C,, = 1.0 x M, CH3, = 2.0 x M. 

FIG. 3. Distribution of iron(II1) among citrate com- 
plexes according to stability constants reported in this 
paper. CE, = 1.0 x M ,  CHBL = 2.0 x M. 

VOL. 5 2 ,  1974 

The data for iron(II1) citrate complexes in 
Table 1 are in fair agreement with those of other 
workers for ML (see Table 2). The formation 
along with this of a protonated species of pK - 
1.2 is revealed by the experiments conducted at  
fairly low pH. Formation of the deprotonated 
species MOHL has been reported previously; 
nothing in our observations, which included 
measurements of [MI, suggested formation of a 
dimer as reported by Timberlake (17), but this 
may simply be a consequence of working in 
more dilute solutions. 

Species distribution diagrams for copper(I1) 
and iron(II1) citrates, calculated with the con- 
stants of Table 1 ,  are shown in Figs. 2 and 3. 

The authors are obliged to Dr. V. Cheam, Canada 
Centre for Inland Waters, Burlington, Ontario, for pro- 
viding facilities for and assistance with the measurements 
with the copper-ion-sensitive electrode; also to W. J. 
Reynolds for preliminary experiments with the spectro- 
photometric method described. The work was assisted by 
a grant from the Inland Waters Directorate, Department 
of the Environment, Government of Canada. 
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The Crystal and Molecular Structure of Diazido-2,2'-bipyridinecopper(II) 
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GORDON W. BUSHNELL and M A S O ~ D  A. KHAN. Can. J. Chem. 52, 3125 (1974). 
The crystal and molecular structure of diazido-2,2'-bipyridinecopper(II), C,,HxN2(N,),Cu, 

is determined by single crystal X-ray diffraction, and refined to an R value of 0.067. The cell 
dimensions are u = 664.9(2), b = 843.3(1), c = 1082.0(2) pm, r* = 86.99(2)', D = 87.77(3)", 
y = 78.59(2)". The space group is Pi (No. 2) with 2 molecules per unit cell and the meas~ired 
density is 1.71(2) g ~ m - ~ .  The copper coordination is square planar with two additional longer 
bonds. The coordinate bond lengths in pm to the bipyridine ligand are: Cu-N(l), 201.6(6); 
Cu-N(2), 201.9(6). The coordinate bonds to the azido ligands are: Cu-N(3), 194.9(6); 
Cu-N(6), 196.6(6). The longer bonds are: Cu-N(3)", 268.0(8), Cu-N(6)', 268.2(8). The 
N-N bond lengths within each azido ligand are unequal: N(3)-N(4), 118.2(10); 
N(4)-N(5), 115.4(11); N(6)-N(7), 119.2(9); N(7)-N(8), 114.8(9). The angles at N(3) and N(6) 
are both 130' and at  N(4) and N(7) the angles are both 175(1)". Each azide takes part in 
asymmetric bridging through a single nitrogen atom. The results are compared with other struc- 
tural studies on azido complexes and to a nitratecomplex of Ag(I1) which is structurally similar. 

GORDON W. BUSHNELL et MASWOOD A. KHAK. Can. J. Chem. 52, 3125 (1974). 

On a etudie la structure cristalline et moltculaire du diazido bipyridyl-2,2' c~iivrique (C,,- 
HXN2(N3),Cu) par diffraction des rayons-x sur crystal unique, et affini cette structure jusqu'a 
un facteur d'accord de 0.067. Les dimensions de la maille sont: a = 664.9(2), b = 843.3(1), 
c = 1082.0(2) pm, a = 86.99(2)", D = 87.77(3)', y = 78.59(2)". Groupe spatial PI (No. 2) 
avec deux molCcules par maille et la densite mesurke est de 1.71(2) g ~ m - ~ .  La coordination du 
cuivre est plan carre avec deux autres liaisons plus longues. Les liaisons entre le cuivre et les 
azotes de la bipyridine mesurent: Cu-N(1) = 201.6(6) et Cu-N(2) = 201.9(6) pm. Quant 
aux liaisons entre le cuivre et les coordinats azido, elles sont de:  Cu-N(3) = 194.9(6) et 
Cu-N(6) = 196.6(6) pm. Les liaisons plus longues sont Cu-N(3)" = 268.0(8), Cu-N(6)' = 
268.2(8) pm. Les longueurs de liaisons N-N a I'interieur de chaque coordinat azido sont: 
N(3)-N(4) = 118.2(10); N(4)-N(5) = 115.4(11); N(6)-N(7) = 119.2(9); N(7)-N(8) = 
114.8(9) pm. Les angles aux N(3) et N(6) sont tous deux de 130' tandis qu'aux N(4) et N(7) ils 
sont de 175(1)". Chaque groupe azide participe au pontage asymetrique par un seul atome 
d'azote. On compare ces resultats avec ceux d'autres etudes structurales effectutes sur les 
azido-complexes ainsi qu'auec un complexe de nitrate d'argent, qui possede une structure 
semblable. [Traduit par le journal] 

Introduction 
i n  the last few years numerous crystal struc- 

tures involving the copper(I1) ion have appeared 
in the literature. The 3d9 electronic configuration 
lacks cubic symmetry, and causes distortions 
from regular cubic structures (1, 2). A similar 
electronic system, the silver(11) ion (4d9) also 
shows similar distortions and it would be in- 
teresting to study the two ions in similar sur- 
roundings. Last year we reported (3) the crystal 
structure of dinitrat~bip~silver(II).~ After some 
exploratory preparative work, we decided to in- 
vestigate the crystal structure of diazidobipy- 
copper(i1). The choice of azido ligand for the 
copper(1I) complex made a wide range of results 
possible. I t  has been shown (4-7) that the azide 

group may coordinate to a metal atom in a 
number of ways, the simplest being as a terminal 
group (T). Bridging (B) may occur in the short 
(S) or long (L) modes. 

The bridging may be symmetric (I) or  asymme- 
tric (11) with respect to the metal nitrogen bond 
lengths. For type I, I, = I, and for type 11, 
I, + I,. The structures observed contain com- 
binations of the above elements. A related but 
separate topic is the comparison of the two 
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N-N bond lengths in each ligand, for which an 
accurate structure determination is necessary. 
We anticipated an interesting comparison of the 
structural aspects of the coordinated azide in 
our complex with data already existing. 

Experimental 
Diazidobipycopper(I1) was prepared according to the 

method of Dutta and De (8). Long needle shaped green 
crystals were obtained by evaporating a solution of com- 
plex in dimethylsulfoxide at  room temperature. 

Anal. Calcd. for CU(C,,H,N,)(N~)~: Cu, 20.92; C, 
39.54; H,2.65; N, 36.89. Found: Cu, 20.80; C, 39.05; 
H, 3.06; N, 35.21.2 

Crystallographic Measuren~ents 
Microscopic examination of crystals indicated the 

possibility of twinning. Preliminary photographic work 
showed that the crystals were rotationally twinned with a 
two fold twin axis along a .  The cell parameters were ob- 
tained by using the method of double offset reported 
previously (3). It was also possible to obtain single 
crystals by cutting the twinned crystals into two halves 
along the needle axis. The cell parameters were con- 
firmed by obtaining the precession photographs (hkO and 
1101 layers) of a single crystal. A single crystal used for the 
diffractometer measurement had dimensions 0.60 x 
0.08 x 0.06 mm. The crystal was mounted on a Picker 
4-circle diffractometer along reciprocal axis a*. A set of 
64 28 measurements were obtained at 22 'C and the cell 
parameters were refined by the method of least squares. 
The crystal data are given in Table 1. Confirmation of 
space group Pf was based solely on structure refinement. 
The density of the crystals was measured by flotation 
method using a solution of carbon tetrachloride and 
bromoform. The set of independent intensity data was 
collected at room temperature on a manual Picker four- 
circle diffractometer using MoKz radiation (?- = 71.069 
pm) and a Zr filter. A 8/20 scan for 1 min at  a rate of 
2','min in 28 was used. The scan range was from - 1.0" 
to 1.0 of the calculated 28 value. The instrument was 
operated in the bisecting position with w = 0. Back- 
ground counts were measured for 30 s at each end of the 
scan. The positions of a set of three reflections were 
measured twice a day for orientation checking and one 
of the three reflections was used as an  intensity standard 
and examined after every batch of 30 reflections. The in- 
tensities of a total of 1550 independent reflections (20 < 
45') were measured. 1396 of these reflections were given 
"observed" status using the criterion that the net count 
must be >o, where o is the standard deviation of the 
background count. The intensities were corrected for the 
usual Lcrentz and polarization effects but no absorption 
correction was applied owing to the smallness of the ab- 
sorption coefficient ( p t  = 0.15 and 0.11) and the uniform- 
ity of the two relevant crystal dimensions (0.08,0.06 mm). 

Sfrucfure Determination 
The structure was solved by the usual heavy atom 

method. The atomic scattering factor curve for copper 

2The discrepancies in the analytical results are attribu- 
ted to the explosive nature of the diazidobipycopper(I1). 

TABLE 1. Crystal data for diazido-2,2'-bipyridine 
copper(I1) 

System Triclinic 
Space group PI (NO. 2) 
Molecular weight 303.77 
Cell dimensions u = 664.9 + 0.2 pm 

b = 843.3 f 0.1 pm 
c = 1082.0 f 0.2 pm 
cc = 86.99 f 0.02' 
f3 = 87.77 + 0.03" 
y = 78.59 f 0.02" 

Cell volume 593.6(2) x cm3 
Density (measured) 1.71 f 0.02 g ~ m - ~  
Molecules per cell (calculated) 2.01 
Absorption coefficient (MoKz) 19.11 cm-' 
Density (calculated) 1.70 g ~ m - ~  

was obtained from the work of Cromer and Waber (9). 
Atomic scattering factor curves for C and N were obtained 
from the International tables for X-ray crystallography 
(10). All atoms were assumed to be uncharged and a cor- 
rection for the anonlalous dispersion of copper was made 
(I I). The calculations were done using a set of programs 
supplied by Penfold (12). The coordinates of the copper 
atom and the four closest nitrogens were obtained from 
a three dimensional Patterson map. A subsequent 
Fourier synthesis phased on these 5 atoms revealed the 
coordinates of 15 atoms. A refinement for the minimiza- 
tion of C w (  F, - F, : )2  using full matrix least squares 
was applied at  this stage. The weights were derived from 
counting statistics and an experimentally determined 
instrument instability factor of 0.04 using the formula 
given by Stout and Jensen (13). The unobserved reflections 
were included in the structure factor calculations but ex- 
cluded from the least squares sums. The first cycle of re- 
finement with 15 atoms with isotropic temperature factors 
gave R = 0.249. The second Fourier synthesis phased on 
the coordinates of 15 atoms revealed all thenonhydrogen 
atoms. For the second cycle of refinement all the atoms 
were allowed to vibrate anisotropically and the R value 
dropped to 0.115. The refinement was continued with 
anisotropic temperature factors till the maximum shift/ 
error ratio was 0.05. The final R value was 0.067, and 
including the "unobserved" reflections it was 0.074. De- 
fining the weighted R factor as ( Z I V A ~ / ~ V F , ~ ) ' ~ ~ ,  the final 
values for the "observed" set only and for all reflections 
were 0.087 and 0.091 respectively. A final difference 
synthesis did not show any peak higher than 9.35 x 
e pn1r3 whereas the typical electron density value for a 
C atom was 7.13 x e pn1r3. The estimated standard 
deviations of the parameters were calculated using the full 
variance-covariance matrix. The structure factor table is 
in the Depository of Unpublished Data.3 

Results 
The fractional atomic coordinates and the 

anisotropic temperature parameters are given in 

3Copies may be obtained, at  a nominal charge, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada K I A  0S2. 
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BUSHNELL AND KHAN: STRUCTURE OF DIAZIDO-2,2'-BIPYRIDINECOPPER(I1) 

TABLE 2. Fractional atomic coordinates* 

Atom x Y z 

*Estimated standard deviations in parentheses. 

TABLE 3. Anisotropic temperature parameters* 

Atom 8 1  I B z z  0 3 3  8 1 2  8 1 3  B 2 3  

Cu 245(3) 78(2) 28(1) XI)  - 1 1(1) 
N(1) 172(17) 97(11) 30(5) - 9(10) 4(7) - 9(6) 
N(2) 230(18) 64(10) 31(6) 2(11) 5(8) - 8(6) 
N(3) 268(22) 138(13) 54(7) 31(13) 16(9) - 42(8) 
N(4) 260(22) 127(13) 8 3 (9) - 37(13) 37(10) - 48(9) 
N(5) 409(33) 353(28) 124(12) - 90(23) 26(15) - 158(16) 
N(6) 296(21) 93(11) 31(7) 20(12) -21(9) - 5(6) 
N(7) 237(19) 79(11) 35(7) - 34(11) 4(8) - 10(6) 
N(8) 381(28) 225(19) 33(7) - SG(17) 27(10) - 9(8) 
C(1) 250(24) 66(13) 68(9) 11(13) - 17(11) 4(8) 
c(2) 318(28) 94(14) 6469 - 32(15) 2(12) 4(9) 
C(3) 289(27) 130(16) 80(9) - 17(16) - 17(12) 46(1G) 
C(4) 247(25) 133(16) 49(8) - 34(15) - 12(11) 14(9) 
c(5) 150(18) 102(13) 2616) - 18(12) - 2(8) - 9(7) 
C(6) 214(21) 89(13) 23(6) - 30(13) 8(9) - 16(7) 
C(7) 300(26) 113(15) 40(7) - 4(15) 1 O(10) - 25(8) 
C(8) 364(30) 103(15) 63(9) - 3(16) 6(12) - 38(9) 
C(9) 438(35) 98(15) 59(9) 12(18) 28(13) - 16(9) 
C(10) 329(28) 104(15) 44(7) 14(16) -0(I 1 )  - 1 l(8) 

*T = exp [-(h2Bll - /12/122 l 2 D I j  - 2hliSI2 - 2h/Bi, - 2ir/B2j)] T h e  parameters hd \e  been multiplied by 104 
Estimated standard deviations are yi\en In parentheses 

Tables 2 and 3. Figure 1 gives the atom labels 
and the intramolecular bond lengths. The copper 
coordination is tetragonally distorted octahedral, 
the two longer coordinate bonds being consid- 
ered intermolecular for convenience only. Figure 
2 gives a perspective view of several units cells 
and shows the longer coordinate bonds. Selected 
edge to edge intermolecular contacts are indica- 
ted by dashed lines. The thermal ellipsoids are 
based on 50% probability. Considering Cu-N, ' ' 

and Cu-N,' the crystal structure is polymeric 
in the x-direction (the primes are defined below 
Table 6). 

The bond lengths in Fig. 1 are largely sym- 
metrical about a central vertical line. The mag- 
nitudes of the bond angles visible on this figure 
show similar symmetry (see Table 4). Cu-N 
(azide), mean 195.8(4), is significantly shorter 
than Cu-N(bipy), mean 201.8(4), indicating 
strong covalent bonds between Cu and the azide 
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TABLE 4. Bond angles* 

(a )  Copper atom octahedron 

Bonds Angle (deg) Bonds Angle (deg) Bonds Angle (deg) 

(b) Azido ligands 

Bonds Angle (deg) Bonds Angle (deg) 

(c) 2,2'-Bipyridine ligand 

Bonds Angle (deg) Bonds Angle (deg) Bonds Angle (deg) 

N(1)-C(1)-C(2) 121.9(7) N(2)-C(10)-C(9) 121.5(7) N(1)-C(5)-C(6) 114.5(6) 
C(1)-C(2)-C(3) 119.5(8) C( 10)-C(9)-C(8) 118.6(8) N(2)-C(6)-C(5) 114.3(6) 
C(2)-C(3)-C(4) 119.8(8) C(9)-C(8)-C(7) 121.6(7) C(1)-N(1)-CU 124.9(5) 
C(3)-C(4)-C(5) 117.5(8) C(8)-C(7)-C(6) 1 16.4(7) C(l0)-N(2)-CLI 124.6(5) 
C(4)-C(5)-N(1) 122.0(7) C(7)-C(6)-N(2) 122.4(7) C(5)-N(1)-CU 115.7(5) 
C(1)-N(1)-C(5) 119.2(6) C(10)-N(2)-C(6) 1 19.4(6) 
C(4)-C(5)-C(6) 123.3(6) C(7)-C(6)-C(5) 123.3(7) C(6)-N(2)-CU 11 5.7(5) 

*Estimated standard deviations are given in parentheses. 

FIG. 1. The diazido-2,2'-bipyridinecopper(I1) mole- 
cule with atom labels and bond lengths shown. 

groups. Within the azide groups the N-N bonds 
closer to the Cu atom are longer than the other 
Inore distant N-N bonds. Treating each ligand 
individualiy, the differences in the bonds were 
2.8(15) and 4.4(13) pm. Averaging over both 
ligands, the difference between the mean N-N 
length nearer to the Cu atom and that further 
from the Cu atom is 3.6(9) The significance of 
such small differences can be judged by standard 

statistical methods. The bond lengths within the 
bipyridine ligand are in accordance with the 
reported values for monobipy complexes of 
Cu(I1) and Ag(I1) (3, 14, 15) and the free bipy 
molecule (16). 

Table 4(a) gives the bond angles for the Cu 
coordination. The first row gives the angles for 
the trans ligands (ideally 180"). The remaining 
four rows list the angles (ideally 90") within the 
three mutually perpendicular planes of the octa- 
hedron. The copper atom coordination is sig- 
nificantly distorted. Table 4(b) contains bond 
angles involving the azido ligand. The angles 
around the central N atoms are slightly less than 
18Oo, a feature which has already been observed 
in several azido co~nplexes (6, 7 ,  17). The angles 
subtended by the coordinated nitrogens N(3) and 
N(6) indicate trigonal hybridization. Table 4(c) 
contains the bond angles of the bipyridine 
ligand. The angles of the 6 membered rings de- 
viate 53.6"  from 1203, whereas the other angles 
are generally less regular, as might be expected. 
The bond angles involving the bipy ligand are 
colnparable with the reported values in the liter- 
ature (3, 14-16). 

Some selected least squares planes are pre- 
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BUSHNELL AND KHAN: STRUCTURE OF DIAZIDO-2,2'-BIPYRIDINECOPPER(I1) 

FIG. 2. A packing diagram of diazido-2,2'-bipyridine co~: 

sented in Table 5. The orthogonal axis system 
used has x along a, y in the (a,b) plane, and z along 
c*. The quantity minimized was R - CiwiP?, 
where the weight HI, for atom i is given by 
3/[02(xi) + 02(yi) + 02(zi)] and Pi is the per- 
pendicular distance of atom i from the plane. 
The quantity X2 = CiP?/02(Pi), is calculated as 
an index of the planarity of the group. The per- 
pendicular distance of the copper atom from the 
planes is denoted PC,. Planes 1-6 are calculated 
to  show the distortion of the octahedral con- 
figuration around Cu. Planes 1 and 2 indicate 
that the 4 strongly coordinated nitrog- ~ n s  are not 
planar and that the Cu atom lies almost in these 
least squares planes. Two reasonably good 
planes (4 and 6) are found involving the atoms 
N(3)" and N(6)', but the Cu atom lies 11 and 17 
pm respectively from these planes. Planes 7, 8, 
and 9 show that individually each pyridyl ring is 
planar but that the complete bipyridyl ligand is 
non-planar. The departure from planarity can be 
described as a rotation about C(5)-C(6), and 
this phenomenon is commonly observed in co- 
ordinated bipyridine compounds (3, 14, 15). 

The intermolecular contacts given in Table 6 
resemble closely those found in dinitratobipy- 
Ag(I1) which have been described in terms of a 
slipping stack of coins (3). The crystal axis a is 
almost perpendicular to the coin faces and the 
contacts are head-to-head and tail-to-tail alter- 
nately. Table 6(a) presents important face-to- 

jper(I1) illustrating the explanation of the crystal twinning. 

face contacts and the two coordinate bond dis- 
tances in the first row are obviously most im- 
portant. Such weak coordination is quite com- 
mon in copper(I1) complexes and these bonds 
are called semicoordinate bonds by Hathaway 
and Billing (1). The semicoordination occurs 
along the x-axis and this direction coincides with 
the needle axis of the crystals. Crystal growth is 
presumably facilitated by this bonding. Table 
6(b) gives the very weak edge-to-edge contacts. 

Discussion 
The crystal structure of diazidobipyridylcop- 

per(11) is very similar to that of dinitratobipy- 
ridylsilver(I1) (3), both being based on tetra- 
gonally distorted octahedral coordination geom- 
etry, having bridging groups, and belonging to 
the same space group. There is an approximate 
similarity in unit cell lengths and the way in 
which the x, j l ,  and z crystallographic directions 
have been chosen in relation to the n~olecules. In 
the copper compound the metal to bipyridyl 
nitrogen bond lengths are equal, whereas ine- 
quality of the corresponding Ag-N bonds was 
found and attributed to the limited span of the 
bipyridyl ligand and the size of the silver atom 
(3). The bridging of the n~olecules through 
semicoordinate bonding in the x-direction is 
done in slightly different ways: in the diazido- 
copper compound both azides are similarly in- 
volved but in the dinitratosilver compound one 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  CHEM. VOL.  52 .  1974 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BUSHNELL AND KHAN: STRUCTURE OF DIAZIDO-2,2'-BIPYKIDINECOPPER(I1) 

TABLE 6. Intermolecular contacts* 

(a) Face-to-face 

Contact Length (pm) Contact Length (pm) 

(b) Edge-to-edge 

Contact Length (pm) Contact Length (pm) 

*Estimated standard deviations are give 
correspond to the atoms with coordinates 
-y ,  -2; I = x, y ,  1 + z; 11 = -x, 1 - 

nitrate group deals with both bridges, one on 
each side of the plane of closest coordination. 
These two bridges differ being of the one atom 
and three atom types AgOAg and AgONOAg 
respectively. The shape of the nitrate ion causes 
a predominantly unidentate nitrato ligand to 
have some bidentate character (3), and in dini- 
tratodipyridylsilver(I1) both of the nitrato li- 
gands apply this effect on the same side of the 
plane of closest coordination. Presumably as a 
consequence of these effects the Ag atom lies 
19.9(2) pm from the least squares plane through 
the four closely coordinated atoms, in contrast 
to the Cu atom in diazidobipyridylcopper(I1) 
which lies very close to such a plane. An interest- 
ing feature of the two structures is the occurrence 
of twinned crystals. Both complexes show similar 
crystal habits, and crystallize as triclinic twins. 
The formation of twinned crystals is probably 
caused by the occasional reorientation of the 
polymeric units. Such reorientation can be visual- 
ized in Fig. 2. If one strand is fixed and the other 
allowed to rotate by 180" about the x-axis, the 
resulting setup would have considerable non- 
bonding repulsions owing to the closely ap- 
proaching bipy ligands. But by translating the 
rotated unit a12 along x, unfavorable interactions 
can be minimized and the result has very similar 
intermolecular contacts to the original single 
crystal. 

Table 7 contains structural information re- 
lated to the coordinated azide iigand (1 x T 
indicates one terminal, 2 x B indicates two 
bridging azido groups, etc.). Since each coordi- 

n in parentheses. Superscripts on, the atoms 
as follows: = r ,  - y ,  - 2 ;  = I - x, 

- y ,  i .  

nate bond involves a metal atom and a ligand, the 
sum of the coordination numbers (N,) for the 
metal atoms present (i) must equal the sum over 
all ligands (j) of the number of bonds f ~ r m e d  by 
each ligand ( 1 1 ~ ) .  

A ligand may form one bond thus being terminal 
or  it may form more than one bond in two ways: 
(i) to the same metal atom (polydentate be- 
havior), (ii) to different metal atoms (bridging 
behavior). The azide ligand is never polydentate 
and though often terminal it also displays great 
versatility in bridging. When the bridging in- 
volves three metal atoms the nomenclature (S.1, 
L.11, L.II), for example, signifies 

Equation 1 can be applied to the crystal structure 
analysis results of Table 7, but does not have any 
predictive powers. Within Table 7 this difficulty 
lies more with the various modes of azide co- 
ordination than with (a) the behavior of other 
ligands, or (6) metal atom stereochemistry. Ac- 
cordingly, some attention may well be directed 
towards understanding the behavior of the azide 
ligand. 

In  copper azide the complicated bridging is 
necessary to attain the coordination number of 
6 for Cu(II), and the (S, S, S) type of bridge is 
probably only feasible in the absence of large 
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TABLE 7. Mode of azide coordination* 

Steric Mode of azide 
Compound Stereocheinistry N interaction coordination Reference 

Cu(N3)z Distorted 6 Low 1 x B (S.1, L.11, L.11) 4 
octahedral 1 x B (S.1, S.11, S.11) 

Cu(N3)2(NH3)2 Distorted 6 Low 1 x 7  18 
octahedral 1 x B (S.11, L.11, L.11) 

C U ( N ~ ) Z ( C ~ H ~ N ) Z  Distorted 6 Low 1 x T  19 
octahedral 1 x B (S.11, L.11, L.11) 

C L ~ ( N ~ ) ~ ( C I O H ~ N Z )  Distorted 6 Moderate 2 x B (S.11) This work 
octahedral 

[Cu(N3) IP(C&j)3 1212 Distorted 4 High 2 x B (L.1) 6 
tctrahedral 

[CO(N~)(NH~) , I (N, )~  Octahedral 6 Low 1 x T  20 
(Ph4A~+)2[Fe(N3)512- Trigonal 5 Low 5 x T  5 

bipyramidal 
Et4N+ [Mn2(CO)6(N3)31- Octahedral 6 Low 3 x B (S.1) 2 1 
(Ph4As+)2[Pd2(N3)6l2 - Square-planar 4 Low 4 x T  7 

2 x B (S.1) 
E R U ( N ~ ) ( N ~ ) ( ~ ~ ) ~ I  Octahedral 6 Moderate 1 x T 22 
Zn(N3)2(NH3)2 Distorted 4 Low 2 x T  23 

tetrahedral 
Zn(N3)2(CjH5N)2 Distorted 4 Low 2 x T 24 

tetrahedral 
C ~ ( N ~ ) Z ( C ~ H ~ N ) Z  Octahedral 6 Moderate 2 x B (L.1) 25 

* T  = Terminal, B = Bridging, S = Short, L = Long, I - symmetric, 11 = asymmetric. 

TABLE 8. Bond lengths in azides 

Compound N,-N,* NB-Nc* Comment Reference 

CH3N3 124(1) 11 2(1) Covalent 26 
HN3 124.0(3) 113.4(3) Covalent 27 
NaN3 115.0(16) 115.0(16) Ionic 28 
C ~ ( N , ) Z ( C ~ H , N ) ~  116.7(20) 114.1(21) L.1 bridged 2 1 
C U ( N ~ ) Z ( N H ~ ) Z  118.6(11) 113.9(13) Terminal 18 

117.4(11) 114.2(12) Bridging 
C U ( N ~ ) ~ ( C ~ H ~ N ) Z  1 14(4) 108(4) Terminal 19 

123(3) 11 9(4) Bridging 
C U ( N ~ ) ~ ( C I O H ~ N ~ )  118.2(10) 115.4(11) - This work 

119.2(9) 114.8(9) - This work 
[ C O ( N ~ ) ( N H ~ ) S I ( N ~ ) ~  117.2(7) 115.8(7) Ionic 20 

120.8(7) I14.5(7) Coordinated 

*Where coordinated a r ~ d e  IS  represented as M N,=N,-N, 

ligands. We see also in Table 7 that M(N3),- 
(NH,), resembles M(N,),(C,H,N), in mode of 
azide coordination where M = Cu or Zn. On 
the other hand the lllode of azide coordination 
in diazidobipyridine copper(l1) differs froin that 
in diazidobis(pyridine)copper(lI) and the dif- 
ference arises fro111 the cis and trnris structures 
respectively of these complexes in their crystals. 

The occurrence of short and long bridging can 
be rationalized in terms of the steric interactions 
present in a con~plex. ( C U ( N ~ ) { P ( C ~ H ~ ) ~ ) , ) ~  is 
a good example of a double L.1 type bridge pro- 

viding relief from the overcrowding which would 
occur in the analogous double S.1 bridged 
structure. 

Asymmetric bridging occurs in Table 7 for the 
Cu(I1) complexes only and is therefore best ex- 
plained in terms of the d9 configuration of the 
cupric state. 

In Table 8 we present some N-N bond 
lengths in various azides. In hydrazoic acid and 
the alkyl azides there is no doubt that a signifi- 
cant difference exists between the two N-N 
band lengths. Equal N-N lengths occur in ionic 
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BUSHNELL AND KHAN: STRUCTURE 

azides and L.1 bridged complexes. The majority 
of cases found in coordination chemistry would 
be expected to give intermediate results with the 
difference between the two N-N lengths being 
dependent on the polarising power of the metal 
atom(s) present and their positions. Unfortu- 
nately, the difference between the N-N bond 
lengths is often small and the error in the same 
quantity appreciable. Thermal motion analysis 
for the azido ligand (29) has been applied only 
infrequently. The application of this correction 
usually diminishes the difference between the 
bond lengths. It is interesting that one of the 
best examples of an asymmetric azido ligand 
does occur in a Co(II1) complex where the 
oxidation number is high and the group is ter- 
minal. The topic of N-N lengths in azido com- 
plexes has been discussed (17), our results are 
relevant, but more accurate structure determina- 
tions will be needed to fully explore the factors 
involved. 

The authors acknowledge grants from the University of 
Victoria and the National Research Council of Canada. 
Comp~lting facilities were provided by the University of 
Victoria and the paper was prepared at  the Chemical 
Crystallography Laboratory, Oxford. 
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ROBERT J. CRAWFORD and MASATOMI OHNO. Can. J. Chem. 52, 3134 (1974). 
A mixture of cis- and trans-3,5-divinyl-I-pyrazoline was synthesized and isolated at  Oc 

by the cycloaddition of vinyldiazo~nethane to butadiene. The kinetics of the thermolysis in 
diphenyl ether at 35-65' were studied by measuring the rate of nitrogen evolution. The cis 
isomer gave log (k, Is-') = (12.28 i 0.9) - (22.8 + 0.4),/6 where 9 = 2.303RT in kcal mol-', 
for the rratls isomer log (k,js-') = (13.9 F 0.9) - (25.7 i 0.4)/9 was obtained. These data 
when compared with those of I-pyrazoline and 3-vinyl-1-pyrazoline lead to the conclusion 
that both carbon-nitrogen bonds are being broken in the rate determining step. Thus the 
alkyl-1-pyrazolines are concerted whereas the azoalkanes are not. 

ROBERT J. CRAWFORD et MASATOMI OHNO. Can. J. Chem. 52, 3134 (1974). 
Un melange de divinyl-3,5 pyrazoline-1, cis et trat7s a etC prepare et isolt a Oc par cycloaddi- 

tion du vinyldiazomethane sur le butadiene. La cinetique de la thermolyse dans l'ether dipheny- 
lique a 35.0-65- a ete etudiee en mesurant la vitesse du dkgagement d'azote. L'isomere cis 
a donne un log (k,/s-') = (12.28 2 0.9) - (22.8 F 0.4)/9 ou 9 = 2.303RT en kcal niol-', 
pour I'isomere trati~ on a obtenu un log (k,/s-I) = (13.9 _+ 0.9) - (25.7 + 0.4)/0 ou 9 = 
2.303RT en kcal mol-'. Ces risultats, comparts a ceux de la pyrazoline-l et de la vinyl-3 
pyrazoline-1 nous amenent a conclure que les deux liaisons carbone-azote sont rompues dans 
I'etape lente. Ainsi les alkyl pyrazolines-l ont une rupture concertee au contraire des azoalkanes. 

In&odoctisn 
The question of whether both carbon- 

nitrogen bonds are breaking in the rate deter- 
mining step during the thermolysis of 1- 
pyrazoline is central to the possibility of tri- 
methylene diradicals being produced from such 
a source (1). In an earlier publication we 
suggested that the concerted cleavage of both 
carbon to nitrogen bonds was indeed operative 
(2). This was based upon the observed decrease 
in activation energy, 1.2 kcal mol-l ,  for each 
methyl introduced a to the azo iink in the 
1-pyrazoline system. The kinetic and product 
data for 4-methyl-1-pyrazolii~e and 4-methyi-l- 
pyrazoline-44, demonstrated that there was an  
intermediate afier the rate determining transition 
state. It was, a t  that time, generally accepted 
that symmetrical azoalkanes undergo thcr- 
moiysis by the concerted cleavage of both 
carboil-nitrogen bonds (3). Carter sad Bergman 
(4) have questioned the size of thc a-methyl 
substituent effect, 1.2 kcal mol- ', and suggested, 
on the basis of hydrocarbon data, that a value 
in excess of 2 kcal mol-' should have been 
observed. This has lead to the suggestion that 
the mechanism proposed by Roth and Martin 
(5) can be used for the methylated I -pyrazolines 

(6). More recently it has been observed that the 
thermolysis of several azoalkanes occur by a 
step-wise mechanism (7, 8) and thus some of our 
earlier suggestions as to concertedness in the 
pyrazoline thermolysis require closer examina- 
tion. 

The ally1 group with its large resonance 
stabilizatioil of allylic radicals (9) presents an 
ideal group for probing concertedness in 
thermolysis reactions and this fact was taken 
advantage of in the study of azoalkeile ther- 
molyses (7). An additional advantage of the 
ally1 system is that the influence of possibie 
steric factors can be minimized by comparing 
the vinyl and ethyl groups in the cornpouild~ 
under investigation. We wish to report herein 
the ther~nolysis of cis- and trrxns-3,S-divinyl-i- 
pyrazolinc (1 and 2) .  If the rzte determining 
transition state in pyrazoline ther~nclysis is 
concerted with respect to the breaking of two 
carbon-nitrogen bonds then we expect a 
significant decrease in activation energy upon the 
introduction of each vinyl group on going from 
3 to 5 to 1 and 2. The size of this decrease in 
activation energy should be clearly greater than 
that expected from steric factors, the largest of 
which appear to be around 2-3 kcal mol-' (10). 
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H,, H, curvature due to the isomers reacting a t  dif- 
ferent rates. The rates in Table 2 were obtained 
by coriiputer fitting of the equation for two 
simultaneous first-order reactions giving a 

i-1, common product; e.g. 

1 2 [ l]  J, = (V, - V,)/V, = A,eChl7 + B,e-'z7 

where V ,  and V, are the volume of nitrogen 
evolved a t  times t and infinity. The rate constants 
k ,  and k2  are assigned to 1 and 2, respectively, 
and A, and B, are the mole fractions of 1 and 2 
present in isomer mixture at  t = 0. The eq. 1 
was rearranged to give 2 and an estimated value 
of the slolver isomer, k, ,  was estimated from the 

[2] k ,  = - l l t  ln (l/A,)(y - B,e-kz') 

'L rate of evolution of nitrogen between 70 and 80% 

Results 
Synthesis 

The synthesis of a 40:60 mixture of cis- 
and trans-3,5-divinyl-I-pyrazoline (1 and 2) was 
achieved by adding a concentrated solution of 
vinyldiazomethane (I 1) in diethyl ether, purified 
by distillation, to a large excess of 1,3-butadiene 
maintained as a liquid in a pressure bottle at  
5 "C.  The intermolecular 1,3-cycloaddition of 
the diazoalkane proceeded more rapidly than 
the intramolecular cyclization to pyrazole (12). 
While we were not able to separate 1 and 2 
we were able to obtain different mixtures of 
isomers, because of the greater reactivity of 1, 
and thus analyze the I1.m.r. spectrum of the 
mixture and make the assignments given in 
Table 1. Because of the thermal lability of 1 
and 2 all purifications etc. had to be carried out 
a t  less than 5 "C. For comparison we have also 
synthesized cis- and trans-3-ethyl-5-vinyl-l- 
pyrazoline (5) by the cycloaddition of l-diazo- 
propane to  1,3-butadiene. 

Kinetics 
The rate of evolution of nitrogen from a 

diphenyl ether solution of 1 and 2 was measured 
volumetrically at  four temperatures. Attempts 
to plot log ( V ,  - V,/V,) z>s. t resulted in 

completion. Froin n.m.r, s tud~es it was observed 
that the cis isonler 1 was the faster and values of 
A ,  and B, for each sample were measured from 
the n.m.r. spectrum immediately before each 
rate measurement. The mean value of k ,  and its 
standard deviation o ,  for the 40 data points was 
then computed. The value of k ,  was then de- 
creased by 1'; and a ne\+ o ,  was calculated. 
This was repeated until o, was minimized and 
the corresponding mean value of k ,  was adopted. 
The value of o2 for each k2  was obtained in a 
complementary fashion and the errors listed in 
Table 2 were calculated from the standard 
deviations. The success of this method was 
confirmed by the isolation of a small sample of 
the pure trans isomer and measuring its rate at  
50.5 . This was found to be (3.38 i 0.02) x 

sC1 and compares favorably with the 
value computed (3.40 f 0.06) x s - '  from 
the data obtained from the mixture of isomers. 

The rate data for the thermolysis of cis- and 
trans-5 produced a good straight line with no 
detectable curvature when log (V, - V,/V,) 
was plotted us. t. The computer treatment 
of the data indicated that the rate constants for 
the pair of isomers must be essentially equal. 
The activaticn parameters for 5 are those 
indicated in Table 3. 

Experimental 
Vitgvldiuzonzetlzatze 

A solution of N-nitrosoallylurea (11) (10.3 g, 81 mmol) 
in ether (70 ml) was added slowly to a stirred, cooled 
(salt-ice bath), solution of potassium hydroxide (4.5 g, 
81 mmol) in methanol (12 ml). Upon completion of 
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TABLE 1. The proton magnetic resonance spectra for some I-pyrazolines (chemical shift 6 in p.p.m., 
solvent C,D6 at 5 'C) 

Compound Proton (intensity) Shift Coupling (Hz) 

1 (cis) Hx (1) 
Hm (1) 
Ha (2) 

Hc, H* (4) 
Hb (2) 

2 (rrans) H m  (2) 
Ha (2) 

Hc, Hd (4) 
Hb (2) 

3 (cis) Hx (1) 
Hf, Hg, Hm (6) 

He (1) 
Ha (1) 

Hc, Hd (2) 
Hb (1) 

3 (trans) Ht, H,, H,, H, (7) 
Hc (1) 
Ha (1) 

H', Hd (2) 
Hb (1) 

J,, = 12.6,Ja, = 9.9 
J,, = 12.6,Ja, = 8.1 
J a , = 9 . 9 , J , , = S . l , J , , = 7 . 1  
Complex multiplet 
Complex multiplet 

Jam = 7.1 
Jab= Jam= 7.1 
Complex multiplet 
Complex multiplet 

J,,= 1 2 . 2 , J , , = J e m = 9 . 5  
Complex multiplet 
Approximate quintet 
Approximate quartetb 
Complex multiplet 
Complex multiplet 

Complex multiplet 
Approximate quintetb 
Approximate quartet 
Complex multiplet 
Complex multiplet 

=Assigned by analogy with 4 in ref. 17. 
bc i s -H,  and [runs-H, overlapped each other. 

TABLE 2. Thermolysis rate constants for P and 2 from isomer mixture 

lo4 k (slow isomer) lo4 k (fast isomer) 
Temperature ("C) (s-l) (s-l) 

E, (kcal mol-') 25.7 k 0 . 2  22.8 k 0 . 4  
log A 13.90 12.28 

'A sample of essentially pure 2 gave a rate constant of (3.38 k 0.02) x s- '  at this 
temperature. 

TABLE 3. Thermolysis rate constants for 3 

lo4 k 
Temperature ( C) (s-l) 

100.33_+0.02 0.033+0.008 E, 31.3 + 0 .3  kcal mol-' 
110.18i0.03 2.72 k0 .03  log A 14.29 
120.16+0.03 7.82 k0.08 

addition the stirring was maintained for 1 h before 
ice-cold water (50 ml) was added to the reaction mixture. 
The ether layer was then separated, washed with ice-cold 
water (3 x 50ml), and dried over anhydrous sodium 
sulfate. Thin-layer chromatography (t.1.c.) indicated that 
the wine-colored vinyldiazomethane had an impurity so 
the ethereal solution was transferred in a stream of 
nitrogen to a flask cooled with Dry Ice. The yield was 
30-40% as measured by the amount of nitrogen evolved 

upon treating an aliquot with p-nitrobenzoic acid. This 
solution showed no impurity by t.1.c. and was used 
directly for the preparation of 3,5-divinyl-1-pyrazoline. 

Synthesi~ of cis- and trans-3,5-Divinyl-I-pyrazoline 
(1  and 2) 

The freshly prepared ethereal solution of vinyldiazo- 
methane (see above) was divided into equal portions and 
each was added to buiadiene (40 ml) in a 100-ml pressure 
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bottle maintained at  -80'. The reaction mixture was 
allowed to stand at 5 "C until the wine color had faded 
(3-4 days). The excess butadiene and ether were removed 
at  0' and aspirator pressure. The residual oil was taken 
up in pentane (50 ml) and the solution was washed w ~ t h  
ice water to remove any pyrazole (3 x 50 ml), dried over 
anhydrous sodium sulfate, and never allowed to warm 
above 0'. The solvent was removed at 0' (20 Torr) and 
the residual colorless oil was vacuum transferred 
(0.02 Torr) to a trap cooled to -35',; yield, 300-400 mg 
of 3,5-divinyl-1-pyrazoline (60% tt,ans, 4 0 z  cis), 10% 
based on vinyldiazomethane; i.r. (neat) 3090, 1637, 
988, 922 cm-' (CH=CH,), 1546 cm-' (-N=N-); 
mass spectrum exact mass (25', 70 e.V.) calcd, for 
C,H,,N, : 122.0844; found: 122.0846; u.v. (cyclohexane) 
334 nm, log E 2.56 for mixture of 6 0 z  rrans and 40% cis. 
The n.m.r. spectra of cis and frarl~ are described in 
Table 1. 

Sjvzzl~esis of cis- and frarrs-3-Et/zyl-5-cin7yl-l-pyruzolitre (5 )  
A solution of 1-diazopropane (6.3 g, 90mmol) in 

ether (100ml) was prepared from N-nitroso-A'-/!- 
propylurea (16 g, 0.122 mmol) and p~irified by flask-to- 
flask transfer by vigorously passing a stream of nitrogen 
through the system (13). The ethereal diazopropane 
solution was added to four 100-ml pressure bottles 
containing butadiene (cn. 160 ml) at Dry Ice temperature. 
The mixture was then allowed to warm to rooin tempera- 
ture and after the color had completely disappeared 
(approx. I h) the excess butadiene and ether were re- 
moved by evaporation under slightly red~lced pressure. 
The residual oil was subjected to trap-to-trap distillation 
(25 -C, 0.05 Torr) to afford 7.69 g (69% based on diazo- 
propane) of a colorless oil. The 1l.m.r. spectrum indicated 
a 1 : 1 mixture of cis- and trans-3-ethyl-5-vinyl-1-pyraz- 
oline (see Table 1); mass spectrum (25', 14 e.V.) calcd. 
for C,H,,N,: 124.1000; found: 124.1004; i.r. (neat) 
3080, 1638,985, and 920 cm-' (-CH=CH,), 1548 c m '  
(-N=N-). , ~1.v .,,,, (cyclohexane) 332 nm (log E 2.56). 

A sample enriched in the trarls isomer was prepared by 
subjecting a 50: 50 cis: trarls sample to silica gel col~inin 
chron~atography (Mallinkrodt 100 mesh silicic acid 
using a 15:85 ether:tl-pentane as the eluent). One of the 
early fractions, followed by vacuum distillation, afforded 
a sample of 5 which had a cis to trurri ratio of 18: 82. 

Prociuct Proporriorl~ fi.0111 flre T/2e~ti1olysis of cis- nrrci 
tran.s-5 

A sol~ition of C ~ J -  and rrutrs-5 (20 mg; 18% cir, 8 2 5  
trans, n.1n.r.) in diphenylether (2 1171) was heated at 120- 
for  2 h. The product proportions were determined by g.c. 
to  be 5 7 z  cis-I-ethyl-2-vinylcyclopropane and 43% tt.arl.\. 
The cis isomer mas identified by its thermal isomerization 
at 220 to 2,Sheptadiene and from its n.m.r. spectrum. 

( ' 1  
A sample of essentially pure (n.1n.r.) 2 was obtained by 

allowing a sample of 1 and 2 (40:60 mixture, 800 111g) to 
stand for 2 weeks at  6 'C and then 1 week at -10'C. 
During this period all of the cis isomer and approximately 
half of the trans isomer decomposed. The remaining 
pyrazoline was subjected to trap-to-trap distillation under 
reduced pressure (2 Torr,'O 'C) and after complete 
evaporation of the cycloheptadiene and divinylcgclo- 

propane the sample was distilled (0.02 Torr/OP) to afford 
tmns-3,5-divinyl-1-pyrazoline (< 95% pure by n.m.r. ; 
75 mg). 

Prod~rct Proporriorl~ f i o ~ z  the Tl7ei.1t1ulj~si~ of l and 2 
A solution of 1 and 2 (50 mg; 39.5% ciis and 60.5x 

trans, n.m.r.) in C6D6 (0.5 ml) \\.as placed in an n.m.r. tube. 
The upper portion of the t ~ ~ b e  was fitted with an extension 
such that Dry Ice conld be packed around it to prevent 
the removal of any volatile products. The louer part of 
the t~ lbe  was then immersed in an oil-bath heated at  
40.9- for 18 h. The n.m.r. spectrum of the resulting 
solution corresponded to a ~ n i x t ~ ~ r e  (63:37) of 1,4- 
cycloheptadiene (4) and t/~crn.c-l,2-divinylcyclopropal7e (5). 
A sample of 50 mg of pure 2 treated in the same manner 
gave a 60:40 mixture of 4 and 5. 

Kinetic Metl~od 
The reactions were folloued by meas~lring niano- 

metrically the volume of nitrogen evolved. The apparatus 
used was essentially that described by Petersen er ill. (14). 
The cell containing diphenyl ether (10 ml) uas  first 
saturated with nitrogen while i~n~nersed in the constant 
temperature bath. A solution of 3,5-divinyl-1-pyrazoline 
(ca. 2 mn~ol)  in diphenyl ether (1 ml) was injected into 
the solvent and the nleasurernents started immediately. 
Each reaction uas  carried to an estimated 10 half-lives 
before the I/, was recorded. Barometric corrections mere 
made as required. The yield of nitrogen in each run was 
greater than 90;; of that calculated on the basis of 
sample size. 

A sample run for a mixture of 38.3% 1 and 61.7:'; 2, at 
34.98 , gave the fallowing data: t in s x (V, - V,)  
V,; 0.3290, 0.7955; 0.3466, 0.7840; 0.3874, 0.7619; 
0.4102, 0.7495; 0.4637, 0.7215; 0.4988, 0.7052; 0.5225, 
0.6941; 0.5596, 0.6773; 0.5948, 0.6600; 0.6329, 0.6430; 
0.6943, 0.6178; 0.7458, 0.5982; 0.7909, 0.5807; 0.8374; 
0.5644; 018855, 0.5472; 0.9317, 0.5319; 0.9770, 0.5177; 
1.0155, 0.5065; 1.0708, 0.4889; 1.1486, 0.4671; 1.1969, 
0.4541 ; 1.2894, 0.4310; 1.3232, 0.4231 ; 1.3798, 0.4099: 
1.4265, 0.3995: 1.5010, 0.3830; 1.5562, 0.3749; 1.6066, 
0.3619; 1.7311, 0.3369; 1.7896, 0.3280; 1.8514, 0.3184, 
1.9258, 0.3070; 1.9884, 0.2996: 2.1474, 0.2767; 2.2233, 
0.2656; 2.3101, 0.2554; 2.4076, 0.2427; 2.6214, 0.2198; 
2.7414, 0.2074. 

Discussion 
The activation enthalpies, entropies, and 

relative rates at  50" for the thermolysis of a 
series of azoalkanes and 1-pyrazolines are given 
in Table 4. In the azoalkane series the introduc- 
tion of a double bond, such that the carbon- 
nitrogen bond becomes allylic, affects a rate 
enhancement of lo7 for the first double bond but 
less than six for the second (7). This is in con- 
trast to the pyrazoline series wherein the 
introduction of the first vinyl group increases 
the rate constant by lo5 and the second increases 
the rate constant by an additional factor of lo3! 
The rate constants for 1 and 2 were measured 
in diphenyl ether solution and while the change 
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TABLE 4. Activation enthalpies, entropies, and relative rates of thermolysis, at  50", for several azo 
compounds" 

Relative rate 
AH* Log A AS* (kcal mol-') 

OCompounds 1 ,  2, and 5 were measured in diphenyl ether solution, all others in the gas phase 

from the gas phase to solution is not readily 
assessed, it is known from the work of Masters 
(17) that 4 undergoes thermolysis in n-butyl 
phthalate solution at 128" at one half the rate 
that it reacts in the gas phase. Masters found 
AH' of 33.4 kcal mol-' and AS' of f8.7 e.u. 
in solution (17) in comparison with AH' of 
3 1.4 kcal mol-I and AS' of + 4.7 in the gas 
phase (18), thus if anything the rate constants 
for 1 and 2 would be larger if they could be 
measured in the gas phase. There is a 9.0 kcal 
mol-' decrease in AH' on introducing the 
first vinyl group in the pyrazoline system, and an 
additional decrease of 8.5 kcal mol-l on intro- 
ducing the second vinyl group in the cis series, 
but only 5.6 in the trans series. There can be no 
doubt that for both 1 and 2 that both vinyl 
groups are contributing to the decrease in activa- 
tion enthalpy. The possibility that steric factors 
are contributing is minimized by comparing 
1 and 2 with 5, and with cis- and trans-3,5- 
dimethyl-I-pyrazoline, rather than with 3 and 4. 

Evidence for concertedness has previously 
been provided in cyclic azo compounds by the 
observation of enhanced rates of thermolysis 
and high stereospecificity (19, 20). In the case 

of 1 and 2 the product distribution is given in 
Table 5 along with that implied from studies on 
the implied diradical, 8, as produced during the 
racemization of (-)-6 (21). The recent work of 
Brown et al. (22) makes it clear that any cis- 
1,2-divinylcyclopropane produced, under the 
conditions of thermolysis of 1 and 2, will be 
observed as 7 but it is not necessary that all of 
the 7 produced has been generated via cis-1,2- 
divinylcyclopropane since the diradical 8 may 
close directly to 7. It is evident from the work 
of Hamelin and Carrie (23) and McGreer et al. 

TABLE 5. Product proportions for 
the thermolysis of 1, 2, (-)-6 and 

cis- and trans-5 
- 

Reactant Product ratio 6:7 

1 34:66 
2 40: 60 

(- )-6 43 : 57" 
cis-5 44: 56b 

trans-5 60: 40b 

OObtained by extrapolation of k l ,  the rate 
constant for the interconversion of enanti- 
omers, and k l ,  the formation of 7 from 
(-1-6 (21). 

bRatio of cis-1-ethyl-2-vinylcyclopropane 
to trans-1-ethyl-2-vinylcyclopropane. 
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(24) that other mechanisms prevail for the 
thermolysis of 1-pyrazolines wherein electron 
withdrawing groups, such as nitrile or car- 
bethoxy, are located on the a-carbons but sup- 
port for a concerted cleavage to a diradical is 
found in thermolysis of trans-3,5-diphenyl-1- 
pyrazoline (25). 

We suggest, on the basis of the evidence 
presented herein and upon the observation of 
secondary deuterium kinetic isotope effects from 
I-pyrazoline-3,3-d,, I-pyrazoline-3,3,5,5-d, (2), 
and 3-vinyl-1-pyrazoline-5,5-d, (18), that the 
transition state for alkylpyrazolines is best 
represented as an extension of the normal mode 
vibration, i.e. the symmetric C-N stretching 
frequency, 880 cm-I, observed by Durig and 
Harris (26) in the i.r. spectrum of 3. In the 
case of 1 and 2 the similarity of the product 
mixture suggests that nitrogen does not influence 
the ratio of 6 and 7. The fact that cis- and trans-5 
show the now familiar cross-over supports the 
suggestion of Roth and Martin (5) that even 

6. H. E. O'NEAL and S. W. BENSOP.. NSRDS-NBS 
Monograph No. 21, 1970. pp. 30-34; P. C O ~ D I T  
and R. G. BERGMAN. Chem. Commun. 4 (1971). 

7. R. J. CRAWFORD and K. TAKAGI. J. Am. Chem. Soc. 
94, 7406 (1972). 

8. R. A. JOHNSON and S. SELTZER. J. Am. Chem. Soc. 
95, 938 (1973); S. SELTZER and F. T. DUNNE. J. Am. 
Chem. Soc. 87, 2628 (1965); S. SELTZER and S. 
MYLONAKIS. J. Am. Chem. Soc. 89, 6584 (1967); 
N. A. PORTER, M. E. LANDIS, and L. J. MARNETT. 
J. Am. Chem. Soc. 93, 795 (1971). 
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though kinetic evidence is available to suggest J. Am. Chem. Soc. 83, 3819 (1961). 

cleavage the primary carbon-nitrogen bond, 15. G. GEISLER and J. HOFFMANN. Zelt. Phys. Chem. 57, 
318 (1968). in systems such as 43 that a sufficient amount of 16. B. H. AL-SADER and R. J. CRAWFORD. Can. J. Chem. 

bonding remains to influence the stereochemical 48, 2745 (1970); T, BODDINGTON, P, c R A Y ,  and B J. 

distribution of the ~roducts  and that inversion TAYLOR. Int. J. Chein. Kinet. In uress. 
will dominate but ;lot overwhelm the product 
distribution. 

The authors gratefully acknowledge the award of a 
Killam Postdoctoral fellowship to M.O. and the support 
of the National Research Council of Canada for experi- 
mental facilities. We also wish to acknowledge some 
preliminary experiments by Dr. Burkhardt Strehlke. 

1. R. G. BERGMAN. In Free radicals. Vol. 1. Edited by 
J. Kochi. Wiley-Interscience Publishers, New York, 
N.Y. 1973. p. 191. 

2. R. J. CRAWFORD and A. MISHRA. J. Am. Chem. Soc. 
88, 3963 (1966); B. H. AL-SADER and R. J. CRAW- 
FORD. Can. J. Chem. 46, 3302 (1968). 

3. S. SELTZER. J. Am. Chem. Soc. 83, 2625 (1961); 
S. SELTZER and E. HAMILTON, JR. J. Am. Chem. Soc. 
88, 3775 (1966); C. G. OVLRBERGER and A. V. 
DIGULIO. J. Am. Chem. Soc. 81, 2154 (1959). 

4. W. L. CARTER and R. G. BERGMAN. J. Am. Chem. 
SOC. 90, 7344 (1968). 

5. W. R. ROTH and M. MARTIN. Ann. 702, 1 (1967). 

17. 1. M. E. MASTERS. Ph.D. ~hes i s ,  Unlverslty of 
Br~tish Columb~a, February 1969. p. 67. 

18. R. J. CRAWFORD and D. M. CAMERON. Can. J. Chem. 
45, 691 (1967). 

19. J. A. BERSOP., E. W. PETRILLO, JR., and P. BRICKART. 
J. Am. Chem. Soc. 96, 636 (1974); J. A. BERSON and 
S. S. OLIN. J. Am. Chem. Soc. 91, 777 (1969). 

20. E. L. ALLRED and K. J. VOORHEES. J. Am. Chem. 
Soc. 95, 620 (1973); E. L. ALLRED, J. C. HINSHAW, 
and A. L. JOH~SON. J. Am. Chem. Soc. 91, 3382 
(1969). 

21. M. ARAI and R. J. CRAWFORD. Can. J. Chem. 50, 
2158 (1972). 

22. J. M. BROWPU, B. T. GOLDING, and J. J. STOFKO. 
Chem. Commun. 319 (1973). 

23. J. HAMELIN and R. CARRIE. Bull. Soc. Chim. Fr. 
2162, 2513, 2521 (1968). 

24. D. E. MCGREER and J. W. MCKINLEY. Can. J. Chem. 
49, 105 (1971) and earlier papers in this series. 

25. J. W. TIMBERLAKE and B. K. BANDLISH. Tetrahedron 
Lett. 1393 (1971). 

26. J. R. DURIG and W. C. HARRIS. J. Chem. Phys. 52, 
6096 (1970). 



Water-soluble Lysine-containing Polypeptides. I. The Synthesis and 
Characterization of Several Sequential Lysine-Glycine Polypeptides 

Including a Preliminary Study of their Interaction with DNA1 

JOHN  BROWN,^ JEAN R. LANGLOIS,~  DENIS R.  LAUREN.^ BARBARA K. STOOCHNOFF,~ 
AND ROSS E.  WILLIAMS^ 

Div is ior~ ofBiologica1 Sciences, Nntionri l  Research Co~rnc i l  ofCanczdlr, Ottcr~vn, Cancldii K I A  OR6 

Received May 24, 1974 

JOHN BROWN, J E A ~  R. LAPIGLOIS, DENS R. LAUREN, BARBARA K. STOOCHNOFF, and Ross 
E. WILLIAMS. Can. J. Chem. 52, 3140 (1974). 

The preparation and characterization of several sequential lysine-glyc~ne polypeptides is 
described. A preliminary study of their interaction with DNA is also presented. 

JOHN BROWPI, JEAPI R. LANGLOIS, DENIS R. LAUREPI, BARBARA K. STOOCH~OFF et ROSS 
E. WILLIAVS. Can. J. Chem. 52, 3140 (1974). 

La preparation et caracterisation de plusieurs lysine-glycine polypeptides d'une sequence 
reguliere est decrite. De plus, une Ctude preliminairc sur lcur association avec ADN est pre- 
sentee. 

Introduction and metabolism could be gained from experi- 
Chromosomal proteins, of which the basic ments using models of the natural proteins. As 

amino acid containing histones constitute by far models, synthetic polypeptides containing signi- 
the largest class, play an important role in the ficant quantities of either of the basic amino 
determination of the morphology and mela- acids, lysine or arginine, could be used. The 
bolism of the eukaryotic cell (1, 2). The associa- homopol~mers, poly-(~-lysine) and poly-(L-ar- 
tions between these basic proteins and the cel- gininel, have been used as models in the study of 
lular DNA (deoxyribonucleic acid) have been DNA - basic protein (polypeptide) interactions 
postulated to play an important role in the main- (3, 4). A natural extension to these studies would 
tenance of the chromosomal architecture and be to use synthetic copolymers containing one or 
may offer some degree of regulation during the more of the common aliphatic amino acids as 
various stages of cell development (2). well as a basic amino acid. Incorporation of the 

The formation and stability of these protein- amino acids in a sequential or known manner 
DNA complexes is governed primarily by long would facilitate the interpretation of experi- 
and short range interactions. The longer range ments designed to investigate the interaction of 
electrostatic interactions form the basis of his- these ~ o l ~ ~ e ~ t i d e s  with DNA. This should give 
tone-DNA association and are of prime impor- Some insight into the effect of chain sequence 
tance in formation of histone-DNA complexes, and solution conformation on the interaction of 

A firmer understanding of the various ways in proteins with DNA. 
which electrostatic interactions between the his- We have synthesized several polypeptides hav- 
tones and DNA could regulate cell architecture ing the amino acids lysine and glycine in a de- 

fined sequence. In this paper we wish to describe 
'NRCC No. 14077. the synthesis of the monomer blocks used for the 
'National Research Council Postdoctoral Fellow, preparation of the polymers, the polymerization 

1969-1971. Present address: 1.C.I. Pharmaceuticals, conditions used, and the spectroscopic character- 
Macclesfield, U.K. 

3Present address : Canadian Department of Agriculture, ization of the final polypeptide products. Pre- 
Ste. Foy, P.Q., Canada. liminary results on the interaction of the poly- 

4National Research Council Fellow, 1971-1973. Pres- peptides with DNA are also presented. 
ent address: Ruakura Agricultural Research Centre, 
Hamilton, New Zealand. Methods and Materials 

'Present address: Canadian Department of Consumer Experimental 
and Corporate Affairs, Ottawa, Canada. All chemicals were of reagent grade and were used as 

6To whom correspondence should be directed. received unless otherwise stated. 
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BROWN ET AL.: POLYPEPTIDES. I 

TABLE 1. Molecular weights of lysine-glycine polypcptidcs 

End-group 
Polymera analysisb Gel filtrationc 

Po~Y-(L-~Ys) 10 250 - 
POIY-(L-IYS) 20 540 - 

Poly-(L-IYS-gly) 19 000 19000 2000 
Poly-(L-lys-gly-gly) 12 500 12000 _+ 3000 
Poly-(gly-L-lys-gly-gly) 7 410 7 000 _+ 1000 

'Final polypeptide product isolated as the hydrobromide salt. 
bMeasured on  fullv blocked ~olvvevtide.  verchloric acid Drocedure. ref. 9. 

All values given are % 57' given value: 
' A 

CMeasured on unblocied polypeptide: Sephadex G-100, 0.002 M sodium 
phosphate, p H  7.0, refs. i0, 1 1 .  Distribution limits are given. Ribonuclease, 
chymotrypsinogen, and ovalbulmin uTere used as standards. 

Optical rotations were measured on a Perkin-Elmer 
polarimeter, model 141 in a 1 dm microcell. Dilute hydro- 
chloric acid (HCI), acetic acid (HOAc), or methanol 
(MeOH) were used as solvents as noted. Melting points 
were taken on a Fisher-Johns melting point apparatus 
(heated block) and are uncorrected. Combustion analyses 
were determined on a Perkin-Elmer C, H, and N analy- 
zer, model 240. Amino acid analyses were done on a 
Beckman automatic analyzer, model 120 C. Amino acid 
hydrolyses were carried out at 110 "C for 16 h. 
N~Benzyloxycarbonyl(Cbz)-L-lysine m.p. 235-237 "C, 

[a], + 14.1' (c 1.0, 0.1 N HCI) (lit. (5) m.p. 235 'C, 
[a], + 14.0 (c, 2.6 dilute HCI)), N-hydroxysuccinimide 
(HOSu), dicyclohexylcarbodiimide (DCC), and glycyl- 
glycine were purchased from Fluka AG, Buchs, Switzer- 
land. Triethylamine (TEA) (B.D.H. reagent grade) was 
used only if taken from a freshly opened bottle. For poly- 
merizations it was purified by distillation from p-toluene- 
sulfonyl chloride and stored under nitrogen atmosphere 
(6). Dimethylformamide (DMF) was purified by treat- 
ment with barium oxide, filtration, and distillation under 
reduced pressure (6). Dimethoxyethane (DME) was puri- 
fied by distillation from lithium aluminum hydride (6). 
Nm-t-Butyloxycarbony1(Boc)-glycine, m.p. 85-86 "C, 

was prepard in 94% yield according to the procedure of 
Schnabel (7) from glycine and t-butyloxycarbonyl azide 
(Pierce Chemicals, Rockford, Illinois); reaction condi- 
tions: pHob, 10.0, in water. NZ-t-Boc-N'-Cbz-~-1~sine was 
prepared similarly (isolated in 92% yield as Nn-t-Boc-NE- 
Cbz-L-1ysine.DCHA salt, m.p. 113 "C, [a], -9.3" (c 1.0, 
HOAC)); reaction conditions: pH,,, 10.2, in dioxane- 
water, 2: 1, v/v, 50 g per 700 ml of solution, vigorous 
stirring. 

Highly polymerized deoxyribonucleic acid (DNA) was 
obtained from Worthington Biochemicals (Freehold, 
N.J.). Stock solutions (approximately 1 mg/l) were pre- 
pared by suspension of the solid in cacodylate buffer, 
0.01 M, p H  7.0, and dialysis overnight (4 'C) against this 
buffer. The solution was centrifuged before being diluted 
to the desired concentration. DNA-phosphate concentra- 
tion was estimated from the absorbance at 260 nm ( E  

phosphate 6600(8)). 
Polymer molecular weights were estimated on the 

blocked polypeptides by end-group titration (perchlorate 
procedure) (9) and on the unblocked polymers by thin- 
layer gel filtration on Sephadex 6-100 (sodium phos- 
phate, 0.002 M ;  sodium chloride, 0.05 M ;  p H  7.0) using 

ribonuclease, chymotrypsinogen, and ovalbumin. as 
standards (10, 11). Detection was bv trinitrobenzene- 
sulfonic acid treatment of a paper replica (12). The mole- 
cular weights are given in Table 1. 

Circular dichroic spectra were taken on a Cary spectro- 
polarimeter, model 61, in quartz cells (path length 0.1 
cm). Reported ellipticities are based upon the lysine con- 
centration (as determined by amino acid analysis). The 
ellipticities measured at 225 nm are given in Table 2. 

Poly-(NE-Cbz-L-Iysine) (13) of differing molecular 
weights was prepared by polymerizing NLCbz-L-lysine 
N-carboxyanhydride, m.p. 97-98 "C (lit. (14) m.p. 100 "C 
dec.) in D M F  solution using diethylamine as initiator. 
The polymer was precipitated with acidified water (2.3 
drops concentrated HC1 per liter), washed with methanol- 
ether (2: 1 vlv) to remove small molecular weight impuri- 
ties, and dried under high vacuum. 

Monorlzer Preparation 
The monomers used for the preparation of the poly- 

peptides-were prepared according to the procedures out- 
lined in Scheme 1. The physical constants and elemental 
anakyses are given in Table 3. The general procedure for 
the preparation may be exemplified by the preparation of 
Nn-t-Boc-NLCbz-L-lysylglycylglycineDCHA salt. Na-t- 
Boc-NZ-Cbz-L-lysine (73.9 g, 0.195 M )  and N-hydroxy- 
succinimide (22.4 g, 0.195 M )  were dissolved in purified 
dimethoxyethane (750 ml). The solution was cooled to 
melting ice temperature and dicyclohexylcarbodiimide 
(DCC) (40.6 g, 0.205 M )  was added. After stirring over- 
night, during which time the temperature was allowed to 
rise to ambient, the solution was filtered to remove the 
precipitated dicyclohexylurea. The filtrate was evaporated 
(93 g) and was taken up in 150 ml dimethoxyethane. This 
solution was added directly to a stirred solution contain- 
ing the following: glycylglycine (27.1 g), sodium bicar- 
bonate (65.5 g), and water (225 ml). Reaction was allowed 
to proceed with stirring for 20 h at room temperature. 
Water (2000 ml) was added and the solution carefully 
acidified with saturated citric acid solution to p H  3. The 
product was extracted into ethyl acetate, the organic 
phase was dried over sodium sulfate, and evaporated to 
dryness under reduced pressure (oil, 96 g). This oily 
product was taken up in ether (260 ml) and purified 
dicyclohexylamine (38.2 g, 0.211 M) was added. The 
solution was refluxed on a steam bath for 2 h during which 
time the salt precipitated. The solution was then allowed 
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TABLE 2. Circular dichroic ellipticities 

EL - E R  (225 nm)" 

0.14 M NaF  1.0 M NaF  

aAIl values o f  AE ( E ,  - E,) are t 5'%, . The calculations are based upon the number of moles of lysine 
in solution (approximately 5-10 Y M'l)  as determined by hydrolysis and amino acid analysis. 
Spectra were first taken at p H  7 in Tris-HCl buffer, 0.01 IM, at the salt concentrations noted. The solutions 
were then adjusted to p H  12 with concentrated sodium liydroxide (1 N )  and the spectra measured. All 
compounds were as their hydrobromide salts. 

hPrepared by HBr removal of the Cbz blocking group from Ar-'-a-acetyl-Ne-Cbz-L-lysine amide (21). 
<Molecular \\eight, I0 250 (end group titration). The lower AE observed for this polymer may be related 

to effccts of thc loucr molecular weight upon the dichroic properties (22, 23). 

Cbz 
t-Boc-lys 

HOSu, DCC 

Cbz I 
t-Boc-lys-OSu gly-gly 

Cbz 
t-Boc-lys-gly 1 HOSu, DCC 

Cbz 
t-Boc-lys-gly-OSu 

I 

1 
Cbz 
lys-gly-osu 
(TFA salt) 

1 (1) TEA 
(2) HBr-HOAc 

HBr 
P O ~ Y - ( ~ Y ~ - ~ Y )  

Cbz 
t-Boc-lys-gly-gly T& 

-f I 

Cbz 
t-Boc-lys-gly-gly-OSLI , TFA 

Cbz 
lys-gly-gly-osu 
(TFA salt) 1 (1) TEA 

(2) HBr-HOAc 

to cool overnight to room temperature. The salt was col- 
lected by filtration and crystallized from ethyl acetate 
(EtOAc) -petrol (30-60^) (107.5 g). 
Nn-t-Boc-NC-Cbz-L-1ysylglycine.DCHA salt was pre- 

pared in a similar manner from NZ-r-BooNe-Cbz-L-lysine 
succinimide ester and glycine. 

Nu-t-Boc-glycyl-N-Cbz-L-lysylcylglycine was prepared 
as the free acid by coupling t-Boc-glycine N-hydroxysuc- 
cinimide ester (15) with NE-Cbz-L-lysylglycylglycine in 
aqueous sodium bicarbonate and working up as des- 
cribed above. The unblocked tripeptide used was pre- 
pared from Nu-t-Boc-Ne-Cbz-L-lysylglycylglycine by de- 
blocking with 1 : 1 (v/v) trifluoroacetic acid (TFA) - 

Cbz 
Iys-gly-gly ' (TFA salt) 

1 
t-BOC-gly-OSU 

Cbz 
t-Boc-gly-lys-gly-gly 

1 HOSu, DCC 
Cbz 

r-Boc-gly-lys-gly-gly-OSu 
I I TFA + 

Cbz 
gly-lys-gly-gly-osu 

(TFA salt) 

I (1)  TEA 
+ (2) HBr-HOAc 

methylene chloride (0.5 h, room temperature) (16) and 
precipitating with ether. 

Actication and Polymerization of the Monomer Blocks 
N-Hydroxysuccinimide esters of the blocked peptides 

were prepared by coupling the free acid (liberated from 
its DCHA salt where necessary) with N-hydroxysuccinide 
using DCC. The coupling was done in ice cold dimethoxy- 
ethane-pyridine (95: 5, v/v). After reaction (usually 6 h) 
the urea was filtered off and the solution evaporated. The 
oily residue was triturated several times with ether to re- 
move excess pyridine. The washed residue was then 
thoroughly dried and treated with an excess of trifluoro- 
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BROWN ET AL.: POLYPEPTIDES. I 3143 

acetic acid and methylene chloride (1 : 1, v/v) at  room 
temperature (20 min). The TFA salt was precipitated by 
addition of 10-20 volumes of ether and then washed 
several times with ether by decantation. 

The TFA-succinimide ester salt (approximately 1 g) 
was suspended in amine-free, purified D M F  in a centri- 
fuge tube (50 ml) to make the solution 1 M in monomer. 
A chain terminator (HCl.N"Cb7-~-lysine methyl ester) 
(1 7) was added to give a monomer: terminator ratio of 50- 
100: 1, depending on the molecular weight desired. Puri- 
fied triethylamine (2-3 mol equiv. per mol of monomer) 
was added and the mixture rapidly stirred with a glass rod. 
N o  attempt was made to remove the heat of reaction. 
The polymerization was allowed to proceed overnight at  
ambient temperature. The gel or viscous solution which 
had formed was then diluted with purified D M F  to give 
a monomer concentration of approximately 0.2 M. The 
polymerization was allowed to proceed for a further 2 or 
3 days. The polymeric material was isolated by addition 
of the DMF solution to approximately 10 volumes of 
acidified water (1 drop concentrated HC1 per liter). The 
resulting solid was collected by centrifugation and dried 
under iacuum. Small nlolecular weight fragments and 
cyclic materials were removed by washing the solid with 
methanol three times (15-25 ml/g). The insoluble residue 
was washed with ether and dried under vacuum. The 
blocked polyn~ers could be generally prepared in 60-80% 
overall yield based upon the amount of monomer acid 
used to prepare the succinimide ester. 

B l o c k i t ~ ~  Group Reniot.ul 
Benzyloxycarbonyl (Cbz) blocking groups were re- 

moved from all polymers with saturated HBr - acetic 
acid (I 8). The hydrobromide salt was isolated by precipi- 
tation with ether. The HBr - acetic treatment acid was 
repeated in order to ensure complete removal of all 
blocking groups. The ether insoluble salt was then washed 
with isopropanol (three times) (10 ml/g) and with ether 
and then thoroughly dried under high vacuum over KOH 
pellets. The extent of blocking group removal after two 
treatments with HBr - acetic acid was estimated from the 

natant (approximately 1.5 ml) was then read to estimate 
the amount of DNA remaining in solution. A solution of 
DNA in the same buffered salt solution without added 
polypeptide was used as a control (100% soluble). It was 
thoroughly mixed to simulate conditions of addition, 
incubated, spun and read as above. The % DNA precipi- 
tated by each of the polymers under these standardized 
conditions is presented in Table 4. 

Results 
Sj~ntliesis of Monon~ers and Poljpeptides 

The synthetic scheme for preparation of the 
monomers and their polymerization is given in 
Scheme 1 .  All monomers were prepared from the 
common N-hydroxysuccinimide active ester I 
via a backing-off procedure (1 5) and led directly 
without racemizatio~l (24, 25) to the desired acid 
products. They were either purified and charac- 
terized directly or  converted to their dicvclo- 
hexylarnine (DCHA) salts for characterizition 
(Table 1). For polymerization the acids were con- 
verted to their respective N-hydroxysuccinimide 
esters since it has been previously demonstrated 
that good yields of polymeric materials could be 
obtained using these esters (26-30). The t-Boc 
blocking group was removed and the resulting 
active ester trifluoroacetate (TFA) salt used for 
polymerization in D M F  solution. During poly- 
merization monomer concentration was kept 
high (approximately 1 M) in order to reduce the 
formation of cyclic and low ~nolecular weight 
material and molecular weights were controlled 
by use of a chain terminator. The polymers were 
isolated by precipitation in acidified water and 

residual benzyloxycarbonyl (Cbr) absorption at  254 nm extracted with methanol to remove cyclic and 
(aqueous solution, approximately 2 mg!'nll ( ~ 2 5 4  200 low molecular weight material. The fully blocked 
(19)). In all cases greater than 99.5% of all blocking groups were generally isolated in 60-80% 
were estimated to have been removed. 

yield based uDon the amount of free acid used to 
Precipitation E.tpei.iment~ 

DNA precipitation experiments were performed by a 
method similar to that described by Leng and Felsenfeld 
(20). To prepare samples with equal 1ysine:DNA-phos- 
phate ratios, 20 pl aliquots of a buffered stock solution of 
the polypeptide icacodylate, 0.01 M, p H  7.0; polypeptide 
1.0-2.5 mg per ml; lysine concentration approximately 
4 x IM) were added sequentially to 3.0 ml of a 
buffered salt so l~~ t ion  containing DNA (50 i- 5 ~g per ml, 
phosphate concentration approximately 1.5 x M). 
Each aliquot was added as the solution was vigorously 
mixed (Vortex mixer). After the final addition to obtain 
the desired ratio (5 x 20 I[]), the solution was thoroughly 
mixed and allowed to equilibrate for 30 min at room 
temperature. At the end of the equilibrium period the 
solutions were again mixed. The tubes (15 ml Corex) were 
then centrifuged at  10 000 r.p.m. (Sorval, rotor SS-34, 
12 000 g) at  4 ' C  for 20 min. The u.v. absorption at  260 
nm (1 cm pathlength) of the top portion of the super- 

prepare the monomer active ester. Two treat- 
ments with HBr - acetic acid were then used to 
ensure con~plete removal of all the benzyloxy- 
carbonyl blocking groups. The resulting hydro- 
bromide salts were washed with isopropanol, 
rinsed with ether, and dried under high vacuum. 

Polypeptide Molec~llar Weights 
Molecular weight determinations of the poly- 

mers (Table 1) were performed on the fully 
blocked material by end-group titration using 
perchloric acid titration in acetic acid (9). After 
unblocking the molecular weights were again 
checked by gel filtration on Sephadex G-100 
(10, 11). This latter determination allowed us to 
determine molecular weight distribution (Table 2) 
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BROWN ET AL.: POLYPEPTIDES. I 

TABLE 4. Amount (%) DNA precipitated by lysine-glycine polymers" 

Salt concentration (M)"  

Polymer 0.15 0.30 0.40 0.60 1 .0 

"Percentage precipitated u a s  estimated at  Iysine -DVA phosphate ratlo, I .O + 0.05. Ail polypeptides 
were as  their hydrobroin~de salts. All values are an  average of three deternilnations. Estimated error 
in each value is i- 5z. 

bSod~um chloride concentration in cacodylate buffer, 0.01 M ,  p H  7.0. 
cTitrated molecular weight, 10 250. 
dTitrated molecular weight, 20 540. 

and  determine if any degradation had occurred 
during the deblocking. As indicated the distri- 
butions were quite narrow and little degradation 
seemed to  have occurred. 

From the gel filtration results, one thing may 
be noted. At  p H  7 all lysine-glycine poly~ners 
seemed to  behave hydrodynamically very much 
like globular proteins, because the end-group 
titrated molecular weights and those determined 
by gel filtration analysis (when globular proteins 
were used as standards) were identical. This 
would indicate that the polypeptides were not 
adopting a rod shaped conformation but were 
completely disorganized in solution. This is in 
accord with following the circular dichroism 
results. 

Circulur Dichroic Spectra 
Circular dichroic spectra have been used to 

investigate the conformation of polypeptides and 
proteins (31). Circular dichroic spectra of poly- 
peptides in the various standard conformations 
are available (32, 33) and co~nparison of these 
with the circular dichroic spectra of the lysine- 
glycine polypeptides would indicate which, if 
any, of the standard conformations the synthetic 
polypeptides adopt. 

Circular dichroic spectra under differing con- 
ditions of p H  (7 and 12) and salt concentrations 
(0.14 and 1.0 M) have been taken of each of the 
polypeptides. The ellipticities a t  225 nm, pre- 
sented in Tabie 2, are based upon the concentra- 
tion of lysine in solution. The ellipticity ob- 
served at  225 nm has been used to coinpare each 
of the polymers with poly-(L.-lysine) in random 
and R-helical conformations ( p H  7 and 12, re- 
spectively) and with NZ-acetyl-L-lysine alnide 
under the sanie experimental conditions. The 225 
nm band is sensitive to changes in environment 

(changes in salt concentration) and conforma- 
tion (changes in pH)  as is readily seen in the 
results obtained with poly-(L-lysine), molecular 
weight 10 250. 

In general, as evidenced by the weak negative 
ellipticity at  225 nm, each one of the lysine- 
glycine polymers exhibited CD spectra at  p H  7 
(0.14 M NaF) which were apparently those of a 
random coil conformation. This may be con- 
trasted with the poly-(L-lysine) spectrurn which 
is that of an  extended or disordered confornia- 
tion under these conditions (34-36). When the 
p H  of the solution was changed to 12 in order to 
neutralize the side-chain charges, the poly-(L- 
lysine) conformation shifted to that of the R- 
helix with the concomitant production of an in- 
tense negative band at  225 nm. With the lysine- 
glycine~polymers, on the other hand, changing 
the-salt concentration (0.14 to 1.0 M) or altering 
the charge on the side chains (pH 7 to 12) caused 
only slight changes in the shapes or intensity of 
the spectra, thus indicating that the insertion of 
one or  more glycines into alternating positions 
along the lysine chain had hindered the forma- 
tion of helical structure. In fact, the observed in- 
tensities of the n-rr* band a t  225 nm were found 
to resemble those of Na-actyl-L-lysine amide, 
again indicating that the lysine residues were 
behaving more or less independently and were 
not being influenced by their nearest neighbors. 
These observations on the influence of the gly- 
cine residue OII helix formation are i11 accord with 
recent ab initio calculations made by Scheraga 
and co-workers (37). 

In conclusion, circular dichroic spectra indi- 
cated that all lysine-glycine polymers were very 
flexible chains, lacking, for the most part, the 
rigidity observed in the polypeptide poly-(L- 
lysine). 
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DNA-Poljpeptide Interactions 
The ability of each of the lysine-glycine poly- 

mers to precipitate D N A  from solution was de- 
termined in a manner similar to that used by 
Leng and Felsenfeld (20). Poly-(L-lysine) of two 
different molecular weights was used to allow 
con~parison of our results (Table 4) with those 
previously reported. As can be seen, a t  a lysine: 
DNA-phosphate ratio of 1 .O, poly-(L-lysine) was 
very cffcctive in precipitating D N A  from solu- 
tion at  salt concentrations below 1 M. In salt 
concentrations at  or above 1 M, poly-(L-lysine) 
became decreasingly effective, as had previously 
been reported (20). A t  salt concentrations above 
0.8 M the amount of D N A  precipitated in- 
creased linearly with lysine - DNA-phosphate 
ratio. The amount precipitated also appeared to 
be dependent upon the molecular weight of the 
sample (see 1 M salt results). 

Three things are immediately obvious when 
comparison is made of the abilities of the lysine- 
glycine polypeptides to precipitate DNA a t  
1ysine:DNA-phosphate ratios of 1.0: (a) all 
polymers are ineffective at  precipitating D N A  
above sodium chloride concentrations of 0.40 M ;  
(6) in 0.30 M salt solutions, their precipitating 
ability is apparently inversely proportional to 
either charge density or molecular weight; (c) the 
most striking difference among the polymers is 
seen under physiological conditions (i.e. p H  7.0, 
0.15 M sodium chloride). Of all polymers, poly- 
(L-lysylgiycine) precipitated the least at  0.15 M 
salt even though it has the highest nlolecular 
weight and charge density. Poly-(L-lysylglycyl- 
glycine) is almost as ef'fective as poly-(L-lysine) 
under these conditions while poly-(glycyl-L- 
lysylglycylglycine), on the other hand, did not 
completely precipitate the DNA. 

The differing abilities of the lysine-glycine 
polymers to precipitate D N A  under the physio- 
logical conditions d o  not appear to be caused 
simply by changes in charge density along the 
peptide chain. I t  is unlikely to be a reflection of 
the initial conformational dlfferences since the 
c.d. data indicates that each has roughly the 
same conformation. Rather, the diEerences seem 
to arise from the changing lysine-lysine spacings 
in the polymers. 

As can be seen from the c.d. spectra the lysine- 
glycine polymers exist in a random conforma- 
tion. The insertion of an  amino acid containing 
n o  side chain between the lysines seems to have 

caused a complete loss of the disordered or ex- 
tended conformation of poly-(L-lysine) (34-36). 
These results seem to be in accord with recent ab  
initio calculatioi~s made on the conformational 
stabilities of polypeptides containing glycine 
residues (37) and support the fact that when- 
ever one glycine residue, and most certainly 
whenever two are found in sequence, the sur- 
rounding polypeptide chain conformation will 
be broken. 

The precipitation experiments show that con- 
siderable difference exists in the ability of the 
lysine-glycine polymers to precipitate D N A  from 
solution, especially at  physiological salt concen- 
trations (0.15 M). These differences must reflect 
changes in primary sequence only and not 
changes in initial conformational states, since the 
c.d. spectra indicate that each has essentially the 
same conformation. The differences are not a 
reflection of changes in molecular weight since 
poly-(L-lysylglycine) with a molecular weight of 
19 000 precipitated jess D N A  than poly-(L- 
lysylglycylglycine) with a molecular weight of 
12 500. The cause of the differences must reside 
then in the changing lysine-lysine spacings which 
would lead to alterations in the degree of coin- 
cidence of lysines and DNA-phosphates in the 
complex. 

The differences amongst the polymers can be 
satisfactorily explained by a modified version of 
a previous proposal (38). The distance between 
phosphate groups spacings along the sugar 
phosphate backbone in one strand of D N A  
(P-conformation) is 7.1 A (39). In  poly-(L-lysine) 
inter-lysine side chain distances depend upon 
helix geometry, but are approxin~ately 3.5 A in 
the disordered or zig-zag form (46). Thus, in 
poly-(L-1ysine)-DNA con ip lexe~~  every other 
lysine residue is out of phase with the phosphates, 
and thus is available to make not only inter- 
strand bonds which would cause helix disruption 
and lead to DNA aggregation but also bonds 
betneen two DNA helices and so crosslink the 
helices. This network would be more easllg 
centrifuged from solution. In poly-(L-iysyigry- 
cine), the inter-iysine spacings are about 7 
apart, depending again oil the helix geometry. 
The random form, indicated by the c.d. results, 
could easily adopt a zig-zag form, and this would 
put the two side chains very nearly 7.2 A apart 
(40). This distance would allow each iysine resi- 
due to be coincident with a DNA-phosphate 
within the same strand. The result would lead to 
little or  no helix disruption andlor crosslinking 
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of the complex, and thus, a greater solubility. 
Similar arguments would explain the results 
obtained for the two other polypeptides; poly- 
(L-lysylglycylglycine) would have every second 
lysine out of phase, while each lysine in poly- 
(glycyl-L-lysylglycylglycine) could coincide with a 
DNA phosphate. The increased amount of cross- 
linking seen in going from poly-(L-lysylglycine) 
to poly-(glycyl-L-lysylglycylglycine) may be ex- 
plained by a diminished cooperative factor by 
which one Iysine is able to position the sub- 
sequent lysine for the making of the next lysine- 
phosphate bond. 

The results we have obtained through the pre- 
cipitation experiments may have relevance to the 
interaction of proteins, especially of lysine-rich 
histones, with DNA (41). Our observations on 
the interactions of the polypeptides with DNA 
indicate a similarity in behaCior between the 
lysine-rich histone F1 and the polypeptides 
described here, since little or no complex forma- 
tion was observed above 0.4 M salt. Histones F1 
can be dissociated from the calf thymus chroma- 
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HERBERT F. SHURVELL, SHIV C. DASS, and ROBERT D. GORDON. Can. J. Chem. 52.3149 
(1974). 

The infrared spectrum of gaseous C F 3 N 0  has been studied in the region 4000-35 cm-'. The 
infrared spectrum of the condensed phase has also been recorded and a complete vibrational 
assignment is proposed. Attempts to record the Raman spectrum have been hampered by 
photolysis. A frequency of 50 cm-' for the CF3 torsional mode has been estimated from com- 
bination and hot bands. This corresponds to a barrier to internal rotation of approximately 
425 cal/mol (150 cm-I). A normal coordinate analysis has been carried out and potential 
energy distributions, and valence and symmetry force constants are reported. 

HERBERT F. SHURVELL, SHIV C. DASS et ROBERT D. GORDON. Can. J .  Chem. 52,3149 (1974). 
On a etudie le spectre infrarouge du CF,NO a l'etat gazeux dans la region de 4000-35 cm-'. 

On a aussi enregistre le spectre infrarouge a 1'Ctat condense et on propose des attributions vibra- 
tionnelles pour toutes les bandes. Des essais en vue de  determiner le spectre Raman ont ttC 
faits; la photolyse du produit a empeche d'obtenir des spectres convenables. On estime que le 
mode torsionnel de CF, a une frequence de 50 cm-l ; cette Cvaluation est dCrivCe des bandes de 
combinaisons et des bandes chaudes. Ceci correspond a une barriere a la rotation interne 
d'environ 425 cal/mol (150 cm-I). On a effectue une analyse de coordonnee normale et I'on 
rapporte les distribution d'knergie potentielle et constante de force de valence et de symetrie. 

[Traduit par le journal] 

Introduction 
The present study of CF,NO is an extension 

of previous work in this laboratory on the sym- 
metric top molecule CF,CN (1, 2). CF,NO 
belongs to point group C,, but is very nearly an 
accidentally symmetric top (prolate). Splittings 
are expected for those CF, vibrations which are 
degenerate in CF,CN and other C,, molecules 
containing the CF, group. It was also hoped to 
learn something about the barrier to internal 
rotation. These aspects have all been studied 
here and previous assignments (3, 4) of the 
fundamentals have been revised. 

Nitroso compounds are employed in the 

'Revision received May 6 ,  1974. 

nitroso rubber field, and can be used as blowing 
agents to produce foamed thermoplastics and 
rubbers. CF,NO and CF,NO-C,F, polymers 
have recently been produced at NASA (5). Thus, 
a spectroscopic study of CF,NO, one of the 
simplest nitroso compounds, could be of some 
practical interest. 

Infrared spectra of CF,NO recorded under 
low resolution between 4000 and 400 cm-I 
were reported several years ago (3,4). An assign- 
ment was made in which two absorption bands 
were each attributed to two (accidentally degen- 
erate) fundamentals. The estimate of the CF, 
torsional frequency was very high (200 cm-I). 
The extended range and higher resolution of our 
instrument has enabled us to record many pre- 
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viously unobserved absorptions and to assign 
individual bands to 11 of the 12 fundamentals 
of CF,NO. Also, from combination and hot 
bands and from the Raman spectrum, a more 
reasonable estimate of the CF, torsional fre- 
quency has been made. 

Normal coordinate calculations using both 
valence and symmetry force constants have been 
carried out in support of the new assignment 
reported here. 

Trifluoronitrosomethane is a deep blue gas at 
room temperature. The color changes through 
green to yellow on exposure to visible light and 
fluorine magnetic resonance studies (6) confirm 
that complex photochemical reactions occur in 
both the gas phase and in solution in CCl,, CHCl,, 
and CFCI,. This has made the observation of 
the Raman spectrum very difficult. 

Boggs et al. (7) have measured the dipole 
moment of CF,NO and found it to be much 
lower (0.31 f 0.03 D) than the value (1.5 to 
1.9 D) predicted by addition of bond moments. 
Their attempt to study the microwave spectrum 
was not successful and an ionic structure CF,- 
(NEO)' was suggested, indicating a withdrawal 
of electron density by the "pseudo-halogen" 
CF, group. It was hoped that the vibrational 
spectrum might provide some evidence for or 
against this structure. 

The vibrational spectra of several molecules 
containing a CF, group have been published 
recently. Berney et al. studied the compounds 
CF,COZ (Z = C1, H, F) (8-10) and CF,C=CH, 
CF,C=CD, and CF,C_CCF, (11). More 
recently, studies on trifluoroacetate esters (12), 
trifluoroacetic acid (13), and methyl trifluoro- 
acetate (14) have appeared in the literature. 

Experimental 
The compound CF,NO was obtained from Penninsular 

Chemresearch Inc. High purity of the samples was indi- 
cated by gas chromatography and mass spectra, and no 
impurity could be identified in the infrared spectrum. The 
compound is a blue gas which slowly photolyses irrevers- 
ibly on the absorption of visible light. Therefore, pre- 
cautions were taken to protect the sample from room 
light. Gas phase infrared spectra were run on a Perkin- 
Elmer model 180 spectrometer. A 15 cm variable tem- 
perature gas cell (15) with CsI windows and a metal cell 
with polyethylene windows were used to record the 
spectra a t  various temperatures and pressures. 

When sprayed onto a Csl window cooled to 77 K by 
liquid nitrogen, a viscous liquid film is formed. The com- 
pound does not appear to crystallize. Both a conventional 
glass Dewar and an Air Products and Chemicals Inc. 

Cryotip refrigerator were used for the condensed phase 
work. Spectra were recorded using Perkin-Elmer models 
180 and E 14 spectrometers. The instruments were cali- 
brated using standard reference spectra of methane, 
carbon dioxide, ammonia, and water vapor, and the fre- 
quencies reported in Tables 1 and 2 are believed to be 
accurate to within i 1.0 cm-'. The resolution varied from 
0.5 to 4.0 cm-', depending on the band studied. 

Raman spectra were recorded of the gas at 2 atm pres- 
sure, a solution in CCl, under 1-2 atm of gas in a sealed 
tube, the liquid at 110 K, and condensed films deposited 
at 4 and 77 K. Instruments used were Jarrell-Ash 25-100 
and Spex 1400 monochromators with photon counting 
systems in the laboratory of Bernstein a t  the National 
Research Council of Canada in Ottawa and a Cary 82 
spectrometer in the laboratory of James and Hall at the 
University of Queensland. Several lasers provided 
numerous exciting lines which were used at powers 
ranging from 30 to 200 mW. A conventional type of low 
temperature cell, described in ref. 2, and an Oxford 
Instruments CF  100 cryostat were used for the condensed 
film studies. A Raman spectrum of a solution in CC1, was 
also recorded by Cook of Cary Instruments using a Cary 
83 spectrometer and a spectrum of the liquid at 110 "K 
was obtained by Sipos of Dupont of Canada, using a Spex 
Ramalab instrument. 

Molecular Structure 
An electron diffraction study (16) gave the 

following structural parameters. C-F = 1.321 
-t 0.004A; C-N = 1.555 f 0.015 A;  N-0 = 
1.171 + 0.008 A;  F-C-F = 111.9 + 0.4"; 
C-N-0 = 121.0 + 1.6". The N=O group 
was found to be eclipsed with one of the C-F 
bonds so that the molecule has C, symmetry. 
Figure 1 shows the resulting structure of CF,NO 
relative to the principal axes of inertia. The 
atoms C, N, and 0 and one of the F atoms lie on 
the symmetry plane and the other fluorine atoms 
are above and below this plane. 

Rotational constants calculated from the data 
above indicate an asymmetry parameter 
x -0.99, so that the molecule is very nearly an 
accidentally symmetric top (prolate). 

Results and Discussion 
A survey spectrum of the infrared absorption 

of CF,NO in the gas phase is shown in Fig. 2, 
from which the relative intensities of the bands 
can be seen. Figure 3 illustrates the shapes of the 
gas phase bands recorded under higher resolu- 
tion and at different temperatures. The infrared 
spectrum of the condensed phase is shown in 
Fig. 4. Observed wavenumbers and assignments 
are listed in Tables 1 and 2. 

The assignments of the fundamentals are 
based on group frequencies, normal coordinate 
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TABLE 1. Observed frequencies (cm-') in the infrared and Raman spectra 
of CF,NO in the regions of the fundamentals* 

Infrared 

Gas Condensed Ramant 
phase phase (various phases) Assignment3 

vl(Ar) NO stretch 

1280 vvs 

~4 + ~7 (1237) 
v3(Af) C F  stretch 
v p  - v12(-1230) 

1220 vvs 

~4 f V I I  (1183) 
vg(An) CF  stretch 
~7 f 2~11(1173) 

1165.5 vvs 

v,(A') CN stretch 

v5(Af) CF3 def. 

v,(A') CF, def. 

vlo(AU) CF3 def. 

v,(A') skeletal bend 

370 m 379 ms vl l(A") CF, rock 

296 m 300 vw v8(Af) CF, rock 

- -50 sh v ,  "(A") torsion 
~- 

*v = very, s = strong, m = medium, w = weak, sh = shoulder. 
?These are the frequencies believed to be due to monomer, see text. 
$Some possible combination bands which might contribute to the complicated structure in 

the 1300-1 100 cm-I region are included. 

calculations discussed below, and comparisons 
of the observed frequencies and band shapes with 
those reported for a series of similar molecules 
CF,COZ (Z = C1, H, F) studied by Berney 
(8-10). In all these molecules the arrangement of 
the atoms with respect to the principal axes 
shown in Fig. 1 is approximately the same as in 
CF3N0  so that similar band shapes might be 
expected. The similarity of CF,NO to CF3CH0 
(9) is particularly marked. These molecules are 

isoelectronic and have closely similar atomic 
arrangements, moments of inertia, vibrational 
frequencies, and band shapes. 

Most of the bands contain multiple peaks, the 
relative intensities of which do not change with 
temperature. The wavenumber of the strongest 
feature in the region of each fundamental was 
taken to coincide with the frequency of the 
fundamental. 

The bands in the infrared spectrum of the con- 
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TABLE. 2. Observed frequencies (cm-') of overtoile and 
combination bands in the infrared spectrum of C F 3 N 0  

Infrared frequency * 

Gas phase Condensed phase Assignment? 

2520 w 
2430 mw 
2400 mw 
2080 vw 
2020 
1970 w 
1905 vw 
- 
- 

1619 ssh 

- 

2436 w 
2397 w 
2088 w 
2021 vw 
1969 w 
1896 w 
1716 vw 
1698 vvw 
1617 s 

1537 w 
1460.5 w 
1358 sh 
1340 m 
1261 sh 
1152 sh 
1134.5 sh 

1100 m 

966.5 vw 
954 w 
864 vw 
843.5 m 
768 vvw 
662 w 

$14 + v5 (1538) 
3v5 (1462) 
vq + vs (1360) 
vq + vlO (1342.5) 
vg + V I O  (1264) 
V, + v7 (1150.5) 
2v, + v, (1139) 
vq + v8 (1105) 
2v6 (1 102) 
v5 + ~ 1 1  (1099) 
V, + v7 (972) 
v7 + t'10 (960) 
vq + V I Z  (-860) 
v6 f V 8  (847) 
v, + v,, (-779) 
vs + ~ I I  (666) 

- 615 vw 
585 st, 1 2 ~ s  (592) 

318 variable: Xot observed vl - v,, (323) 

*s - strong, m - medium v = Xrery, w - \leak, sh - shoulder. 
tWavenunibers o f  combin'ations and overtones are  based o n  gas 

phase fundamentals, except \\here the band is only observed in the 
condensed phase. 

$The intensity of this band varied with temperature (see text). 

FIG. 1. The structure and principal axes of CF,NO. 
One of the fluorine atoms lies on the symmetry plane. 
The accuracy of the calculated moments of inertia is such 
that the B and C axes could be interchanged. 

densed phase were generally sharper than in the 
gas phase and the absence of rotational structure 
simplified the spectrum. This spectrum was 
particularly useful in the interpretation of the 
complex absorption in the 1300-1100 and 540 
cm-' regions. Only the @F3 stretching funda- 
mentals were significantly shifted in going froin 
gas to condensed phase. 

Raman Spectra 
Many attempts have been made to record the 

Raman spectrum of C F 3 N 0  in gas, solution, 
and condensed phases. Five Raman spectrom- 
eters and many exciting lines from various lasers 
have been used in these attempts, which have 
involved three independent groups of workers. 
Spectra have been observed, but in no case has it 
been possible to obtain the spectrum of the pure 
monomer. Alnlost instantaneous photolysis 
appears to occur where the laser beam nieets the 
sample. This can be monitored by the appearance 
of a line at 1515 cm-' which soon becomes very 
strong. A transient peak can be observed at  
1596 cm-' which rapidly disappears. 

Table 1 includes the wavenumbers of Raman 
lines observed in illost spectra which correspond 
with infrared bands assigned to fundamentals. 
Many other lines were observed in the Raman 
spectra but these are due most likely to the dimer 
or other photolysis products. 

~Vornzal Coorditzate Calculations 
The twelve fundaluental vibrations of CF,NO 

comprise eight A '  and four A"  modes. A normal 
coordinate calculation was carried out in the 
hope of obtaining a reasonable description of the 
normal modes in terms of a potential energy dis- 
tribution (p.e.d.), and a set of force constants. 

The vibrational problem was set up in internal 
valence coordinates, using the Wilson FG matrix 
method (17). The internal coordinates are shown 
in Fig. 1 and the symmetry coordinates based on 
the C ,  point group are given in Table 3. The G 
matrices were calcuiated using the structural 
parameters given above. Computer programs 
written by Schachtschneider (18) and modified 
by Brooks (19) were used for the calculations. 

Initial values of some force constants were 
taken from work on related molecules (20). After 
making several changes to the original assign- 
ment (3), we were able to obtain a reasonable fit 
between our observed and calculated frequencies. 
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SHURVELL ET AL.: SPECTRA OF TRIFLUORONITROSOMETHANE 3153 

FIG. 2. A survey spectrum of CF,NO gas (15 cm cell): (a) pressure = 100 Torr; (b) pressure = 3 Torr. 

FIG. 3 .  Infrared band contours of CF,NO gas (15 cm cell): (A)  v, at 35 ' C  and 20 Torr pressure; (B) The v,, v,, 
and v!, regions at 3 Torr pressure, (a) at - 60 "C,  (b) at + 35 "C; ( C )  v, at 35 ' C  and 100 Torr pressure; (D) v5 at 35°C 
and 20 Torr pressure; ( E )  v6 and v,, at 35 'C and 63  Torr pressure; ( F )  v, at 35 'C and 100 Torr pressure; (G) v8 and 
v,, at 500 Torr pressure using a five fold ordinate expansion, (a) at - 70 'C, (b) at +90 -C. 

The resulting valence force constants are listed 
in Table 4. A set of symmetry force constants 
was obtained by the method of Brunvoll and 

c Cyvin (21). These are listed in Table 5. The fre- 
quencies calculated using the force constants of 
Table 5 are all within 3.5 cm-I of the observed 
values. Table 6 summarizes the results, including 
the major contributions to the p.e.d. 

The approximate descriptions given for the 
'BOO 1-00 1000 603 *0° c m '  normal modes correspond to those used for 

FIG 4. The infrared spectrum of CF,NO at 77 K: similar molecules (8-10). For Seven of the twelve 
( A )  thick film, (B)  a very t h ~ n  film. normal modes (v,, v,, v,, and v ,-,, ), it can be 
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TABLE 3. Symmetry coordinates of CF,NO* 

Symmetry coordinate Description 

Species A' 
S, = lN=O 
S2 = 3-1'2 (r.1 + r ,  + Y,) 
SB = 6G1I2 ( 2 ~ ~  - y2 - Y,) 
Sq = dc-N 
S - 6-112 

5 - (31 + a, + a, - B1 - P2 - 13,) 
S6 = 6-'12 (-31 + 232 - a31 
s, = 6-112 (281 - 132 - 133) 
S s  = Yc-N=O 
S - 6-"2 
R - (a1 + a z  + a, + 13, + Bz + Pa) 

Species A " 
S - 2-112 

9 - (r2 - ~ 3 )  
Sl0 = 2-112 (a l  - a,) 
Si i = 2 - l i 2  (B2 - 133) 
S I Z  = T FCNO 

*The internal coordinates are shown in Fig. I .  

N=O stretch 
CF, stretch 
FCF, stretch 
C-N stretch 
CF, def. 
FCF, def. 
CF, rock 
C-N=O bend 
Redundancy 

FCF stretch 
FCF def. 
CF3 rock 
Torsion 

TABLE 4. Valence force constants (in mdyn/A) for CF,NO 

Diagonal constant Interaction constant 
-- 

Value Assignment Value Assignment 

4.900 C-F str. 1.053 CF-CF 
3.626 C-N str. 0.233 CF-FCF 

10.101 N=O str. 0.316 CN-CNO 
i ,034 FCF bend 0.015 FCF-FCF 
0.504 FCN bend -0.002 FCF-FCN 
1.290 CNO bend 0.063 FCF-CNO 
0.004 FCNO torsion 0.055 FCN-FCN 

seen from the chief contribution to the p.e.d. that 
the description is quite meaningful. The other 
five modes (v,_,, v,) involve extensive mixing of 
the symmetry coordinates, and the descriptions, 
which are given in parentheses, have no precise 
significance. 

Assignments 
The strong band centered at 1594 cm-' is 

clearly the N=O stretch, v,.  Mixing with other 
vibrations is negligible. There is almost no shift 
of this band on going to the condensed phase. 

A very strong and complex absorption system 
is observed in the gas phase between 1320 and 
1160 cm-l. In the condensed phase, only three 
very strong bands are observed at 1280, 1220, 
and 1165.5 cm-I. These are assigned to the three 
C F  stretching modes. The gas phase absorption 
is so complicated by hot bands and overtones 
and combinatims that no definite assignments 
can be made. The peaks are sharpened a little 

at - 60 "C (Fig. 3B, trace a) and the frequencies 
reported in Table 1 for the gas phase were taken 
from this spectrum. The most prominent peaks, 
located at 1283, 1240, and 1181 cm-I are 
assigned to the fundamentals. 

There is a very prominent feature at 1308 cm- ' 
in the gas phase spectrum. This band is absent 
in the low temperature condensed phase spec- 
trum and is probably due to hot bands such as 
v ,  - v , ,  (1308) or v ,  + v,  - v,, (- 1310). 
Another strong feature at 1254 in the gas phase 
spectrum only appears as a shoulder on the low 
frequency side of the 1280 cm-' band at 77 K. 
This is probably a coinbination band, whose 
intensity is enhanced by hot bands in the gas 
phase spectrum. 

The order of assignnlent of the CF stretching 
frequencies has given rise to some discussion in 
the literature. Mason and Dunderdale (3) 
assigned the highest frequency CF, band in 
CF,NO to the A" stretching vibration v,, and 
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SHURVELL E T  AL.: SPECTRA OF TRIFLUORONITROSOMETHANE 3155 

TABLE 5. Symmetry force constants in mdyn/A for CF3N0 
(a) Species A '  

S1 s2 s3 s4 s5 s6 si s8 

(/I) Species A" 

TABLE 6. Approximate description of the normal modes and potential energy distributions 
of C F 3 N 0  in terms of symmetry coordinates S,* 

(a) Species A '  

Potential energy distribution 
Frequency 

Mode (cm-') Assignment SI S, S3 S4 S5 S6 S7 S8 

N-0 stretch 
(CF, stretch) 
(FCF2 stretch) 
(C-N stretch) 
(CF, def.) 
FCF, def. 
(skeletal bend) 
CF3 rock 

(b) Species A" 

Potential energy distribution 
Frequency 

Mode (cm-') Assignment SS SIO SII SIZ 

VQ 1181 FCF stretch 7 1 27 10 - 
V I O  533 FCF def. 21 69 - - 

v11 373 CF, rock -- - 92 - 
V I Z  (50) torsion - - - 102 

*Potential energy distribution terms smaller 

bands at 1250 and 11 8 1 cm- ' to the A'  modes 
v, and v,. Berney (8) has suggested that when a 
CF, group is attached to a hydrogen or halogen 
atom, the degenerate2 stretch has the higher 

'These are the mode(s) which would be degenerate or 
non-degenerate in a CSU molecule containing a CF, 
group. 

than 10 are omitted. 

frequency, but when the CF, group is bonded to 
another polyatomic group, it is the non-degen- 
erate2 stretch whose frequency is higher. This 
assignment has been adopted for several other 
molecules containing the CF, group (8-14). 
Thus, for CF,NO we assign the highest fre- 
quency, 1283 cm-I, as the CF, symmetric 
stretch, v,, while the 1240 and 1 181 cm- ' bands 
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are attributed to v3(A1) and v,(A") respectively 
(these correspond to the degenerate stretching 
modes of a free CF, group). 

The band at 8 10 cm- ' is assigned as the C-N 
stretch, v,. Its PQR band contour resembles that 
of the C-C stretching band contours in the 
CF,COZ series (8-10). 

A PQR structure was observed for the band 
at 731 cm-' and this can be assigned to v,, the 
symmetric deformation of the CF, group. The 
contour and location is in agreement with that 
found for similar molecules. 

Mason and Dunderdale (3) assigned a single 
band at 542 cm-' to both CF, deformation 
modes, v6(A1) and v,,(Ar'). They were assumed 
to be accidentally degenerate at this frequency. 
Under our higher resolution this band shows 
three peaks (Fig. 3E). The two peaks at 551 and 
533 cm-' are assigned (arbitrarily) to v6 and 
v,, respectively. A very strong sharp doublet was 
observed at 551 and 533.5 cm-' in the solid 
state spectrum (Fig. 4). 

The 427 cm-' band is assigned as the skeletal 
bending mode v,. The corresponding solid state 
frequency is 42 1.5 cm- ' . Two previously unob- 
served fundamentals were found below 400 
cm- '. The band at 373 cm- ', which has a PQR 
contour, is assigned to v,,, the CF, rocking 
mode of A" symmetry. A less well resolved 
feature at 296 cm-' is assigned to the A' CF, 
rocking mode v,. Corresponding sharp bands 
of medium intensity were observed in the solid at 
370 and 296 cm-' respectively. The order of 
these frequencies is the same as in CF,COH (9) 
and the p.e.d. is in agreement with the assign- 
ment. 

A broad absorption was observed in the gas 
phase spectrum centered at 3 18 cm- '. This band 
is almost as strong as the 296 cm-' fundamental 
at room temperature, but is absent from the 
spectrum of the solid at 77 OK. The region be- 
tween 400 to 250 cm-' was studied at various 
temperatures, ranging from - 70 to + 80 "C (see 
Fig. 3G). The band near 318 cm-' becomes 
stronger at higher temperatures. This, together 
with its absence from the spectrum of the solid, 
indicates that it is a hot band. The lower level 
of the transition giving rise to this band is most 
probably the CF, torsion. If we assume that the 
torsional frequency is approximately 50 cm-', 
then the band at 318 can be assigned as v,, - 
v12 (373 - 50 = 323 cm-I). 

The far infrared region was scanned to 35 
cm-' on a Perkin-Elmer model 180 spectrom- 
eter in the laboratory of Jones at the National 
Research Council of Canada, Ottawa, in an 
attempt to observe the torsional mode directly. 
However, no real evidence of any absorption 
was found with up to 500 Torr pressure of 
CF,NO gas in a 10 cm cell. 

The Barrier to Internal Rotation 
An estimate of 50 cm-' has been made for the 

torsional mode (v,,) from the hot band at 318 
cm-', from a shoulder on the exciting line in the 
Raman spectrum of a liquid film, and from 
several combination bands in the infrared 
spectrum. 

A torsional frequency of 50 cm-' corresponds 
to a barrier to internal rotation of the order of 
150 cm- ' (425 cal mol- '), as calculated by the 
method given in refs. 22, 24, and 25. This 
torsional frequency must be considered tentative 
pending confirmation by a thorough investiga- 
tion of the far infrared region. 

The interactions leading to internal rotation 
barriers are not well understood, but similar 
molecules are often found to have barriers of the 
same order of magnitude. Barrier heights in 
some closely related molecules are listed below. 

Molecule Barrier V ,  (cm-I) Reference 

CH3CHO 408 22 
CH,NO 398 23 
CF3CHO 190 9 
CF,NO 150 (approx.) This work 

It has already been pointed out that CF3N0 
and CF,CHO are very similar in many ways, and 
they might also be expected to have similar 
barriers to internal rotation. In going from 
CH3CH0 to CH,NO the barrier decreases 
slightly. If the same is true for the pair CF,CHO 
and CF,NO, then C F 3 N 0  should have a barrier 
somewhat less than 190 cm-', in agreement with 
our findings. 

Conclusions 
The gas phase infrared spectrum of CF,NO 

has been reinvestigated under higher resolution 
over an extended range and all 12 fundamentals 
of the molecule have been located. A completely 
revised assignment based on C, symmetry has 
been made. This assignment is supported by a 
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Kinetics of the Thermal Decomposition of P-Trifluoroethylsilanes 
and Hot Molecule Kinetics of (CF3CH2SiF3)"' 
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T. N. BELL, R. BERKLEY, A. E. PLATT, and A. G. SHERWOOD. Can. J. Chem. 52,3158 (1974). 
The thermal decomposition of [3-trifluoroethylsilanes (CF3CH2SiFX(CH3),-, where x = 0-3) 

is described by the reaction 
CF3CH2SiFx(CH3)3 -, + CF2CH2 + FSiFX(CH3), -, 

The Arrhenius parameters for the series of silanes studied are as follows: 

CF3CHzSi(CH3)3 log A = 12.38 E = 47.24 kcal mol-' 
CF3CH2SiF(CH3)Z log A = 12.59 E = 41.35 kcal mol-' I CF3CH2SiF,CH3 log A = 12.59 E = 39.57 kcal mol-l 
CF3CH2SiF3 log A = 11.7 E = 37.27 kcal mol-' 
preferred value log A = 12.5 E = 37.01 kcal mol-I 

Some results for the decomposition of the hot molecule CF3CH2S1F3* are reported. 

CF3CH2SiF3* + SiF4 f CFzCHz 

T. N. BELL, R, BERKLEY, A. E. PLATT et A. G. SHERWOOD. Can. J. Chem. 52,3158 (1974). 
La decomposition thermique de (3-trifluoroethylsilane (CF3CH2SiFx(CH3)3-, ou x = 0-3) 

est dCcrite par I'equation 
CF3CH2SiF,(CH3)3-, + CF2CH2 + FSiFx(CH3)3 -, 

Les parametres d'Arrhenius pour la sCrie de silanes Btudies sont les suivants 

CF3CH2Si(CH3)3 log A = 12.38 E = 47.24 kcal mol-I 
CF3CH2SiF(CH3)2 log A = 12.59 E = 41.35 kcal mol-' 
CF3CHzSiF2CH3 log A = 12.59 E = 39.57 kcal mol-' 
CF3CH2SiF3 log A = 11.7 E = 37.27 kcal mol-' 
la valeur prtfkrte log A = 12.5 E = 37.01 kcal mol-I 

On rapporte aussi quelques rksultats pour la dtcomposition de la molecule "chaude" 
CF3CH2SiF3* 

CF3CH2SiF3* + SiF4 + CFzCH2 
[Traduit par le journal] 

Introduction 
In recent work involving hydrogen abstrac- 

tion from alkyl silanes and Group IV organom- 
etallics (1-3), we obtained p-fluoro compounds 
CF3CH,MX3 through radical combination. 

As initially formed, these molecules are vibra- 
tionally "hot" due to the energy released in the 
formation of the new C-C bond. 

The hot molecule may undergo a p-fluoro 
rearrangement elimination reaction 

or be stabilized by collision (1-3). In order to  

'*denotes hot molecule. 

treat the kinetic data for the hot molecule by 
unimolecular theory, knowledge of the Arrhe- 
nius parameters for the corresponding thermal 
decomposition is required. The present work 
was designed to measure these parameters for 
the series of compounds CF3CH,SiFxMe,-, 
where x varies from 0 to 3. In addition some 
results were obtained for the decomposition of 
the hot molecule CF,CH,SiF, *. 

Experimental 
Materials 

Hexafluoroacetone (Allied Chemical), tetramethyl- 
silane (Alfa Inorganics NMR Grade), trimethylfluoro- 
silane, dimethyldifluorosilane, and methyltrifluorosilane 
(Peninsular), were degassed and purified by low tempera- 
ture distillation. 1,l-Difluoroethylene and silicon tetra- 
fluoride (Matheson), which were used for calibration, 
were purified by preparative gas chromatography. 
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BELL ET AL.: THERMAL DECOMPOSITION O F  p-TRIFLUOROETHYLSILANE 3159 

The p-trifluoroethylsilanes required for the present 
study were prepared through the radical combination 
reaction 

which occurs during the photolysis of hexafluoroacetone 
in the presence of the appropriate silane. Isolation and 
purification was through preparative gas chromatog- 
raphy. 
2,2,2-Trifluoroethyltrifluorosilane (CF3CH2SiF3) was 

difficult to isolate in quantity in the above way, and most 
of the pyrolysis experiments were carried out on this 
compound unisolated from the starting materials (hexa- 
fluoroacetone + methyltrifluorosilane) (3). 

Apparatus 
Pyrolyses were carried out in a Pyrex cell of 117 ml 

volume having a small cold finger as an appendage. 
Before first use, the cell walls were conditioned by over- 
night photolysis of a HFA-silane mixture at about 
200°C. The cell was heated by a tubular aluminium 
block furnace, and was connected to a vacuum line 
through a series of distillation traps. The furnace tem- 
perature was regulated to 10.5" by a Sirect MK 2 Pro- 
portional Temoerature Controller. and the temoerature 
was measuredwith a copper-constantan thermbcouple. 

Procedure 
Pyrolyses were carried out by freezing a known quan- 

tity of the P-trifluoroethylsilane con~pound into the cold 
finger of the cell, closing off the cell from the vacuum 
line, and abruptly warming the cold finger with hot water. 
Pressures in all pyrolyses were between 10 and 50 Torr. 
At various pyrolysis times the reaction was quenched by 
freezing, and the CF2CH, formed was separated by 
fractionation, following which, the remaining reactant 
was returned to the cell for another period of pyrolysis. 
Thus the formation of CF2CH2 was monitored as a func- 
tion of time. Reaction times were sufficiently long that the 
interruptive procedure led to negligible error in the time 
parameter. The total CF2CH2 formed after complete 
pyrolysis of a given sample of starting material correlated 
1 : 1 with the amount of starting material. Hence the 
CFzCH2 formed at  time t ,  (see below) was used as a 
measure of the initial amount of silane. The terminal 
pyrolyses, corresponding to a time of t ,  were achieved 
by raising the cell temperature to approximately 300°, 
and maintaining the reaction mixture at that temperature 
until no more CF,CH, was formed. Blank experiments 
showed that the products of reaction, FSiF,(CH3),-, 
and CF2CH2, were stable under the pyrolysis conditions 
used. The CFzCH2 formed was measured by a gas 
burette and gas chromatography (2 ft x 114 in. alumina 
column). 

the following reactions which are relevant to the 
present work. 

The p-fluoro compounds produced in reaction 
3 were purified as described above, and used in 
the present work. 

Stoichiome fry 
The pyrolysis of P-fluorosilanes has been 

shown (4) to proceed cleanly via the p-fluoro 
transfer reaction 4, with a 1 : 1 ratio of products, 
and a stoichiometry corresponding to 1 mol of 
each product from 1 mol of reactant. 

The remarkable cleanness of this reaction has 
been confirmed in the present work. 

Rate Equation 
Haszeldine and co-workers (4, 5) demon- 

strated the first order dependence of the pyrolysis 
reaction in the case of several 2:  2 difluoroethyl- 
silanes. Bell and Zucker (3) showed the decom- 
position of CF,CH,SiF, fitted a first order 
kinetic analysis for an in situ pyrolysis. 

In the present work, we have clearly demon- 
strated the pyrolysis is first order with respect 
to the P-trifluoroethylsilanes for, (a) the in situ 
pyrolysis (CF,CH,SiF,), and (b) the pyrolysis 
of the pure samples of the other P-fluoro silanes, 
(pressures used > 10 Torr). First order plots 
corresponding to log (a,/ao - x) us. time, are 
shown in Figs. 1 and 2. 

Thus the rate of reaction of [4] is adequately 
described by 

Rate Data 
For the in situ pyrolysis of CF3CH2SiF3, the amount Rate constants were derived for each of the 

of CF3CHzSiF3 was determined solely from the total pyrOlySeS at various temperatures by applying 
amount of CFzCH2 produced a t  t ,  (3). 

the integrated first order rate equation, log 
(ao/a, - - x )  = kt to the experimental data. 

Results The results from the pyrolyses of the isolated 
Pyrolysis of P-Fluorosilanes compounds are given in Table 1, and Arrhenius 

The photolysis of hexafluoroacetone leads to  plots shown in Fig. 3. 
the formation of CF, radicals, which results in Because of the difficulty in purifying CF,CH,- 
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BELL ET AL.: THERMAL DECOMPOSITION OF P-TRIFLUOROETHYLSILANE 

T m e  ( m n l  

1 / T  x 10' ( 'Kt )  
FIG. 1. First order dependence of log a,/(a, - x) as. 

time for the pyrolysis of CF,CH,SiF, (in situ). FIG. 3. Arrhenius plots of log,, k c ~ .  1/T for the 
pyrolysis of 13-trifluoroethylsilanes. 

FIG. 2. First order dependence of log ao/(ao - s) as. 
time for the pyrolysis of isolated 13-trifluoroethylsilanes. 
0, 1000 min scale; ., 1250 min scale; 0, 5000 min 
scale. 

SiF, only two pyrolyses were made on the puri- 
fied compound (results in Table 1). The in situ 
pyrolysis results are given in Table 2. 

Least squares treatment of the data plotted in 
Fig. 2, yielded the rate constants which are 
graphed in Arrhenius form in Fig. 3. It is to be 
noted that the results by the in situ and isolated 
methods do differ, and this is commented on 
below. 

The Arrhenius parameters derived from the 
above data are collected in Table 3. 

Hot Molecules 
When initially formed (reaction 2) the mole- 

/ .  cule CF3CH Si- is hot, several studies (1-3), 
\ 

have shown that 'this hot molecule gives rise to 
CF2CH2 through a molecular elimination, 
reaction 5. 

The rate of the hot molecule decomposition is 
considerably faster than the normal pyrolysis 
process, and occurs during the photolysis of 
hexafluoroacetone with the parent silane. Thus, 
by measuring the CF,CH2 formed during the 
period of photolysis, and subsequently mea- 
suring the total CF2CH2 produced from the 
complete in situ pyrolysis of the stabilized tri- 
fluoroethylsilane, a measure of the stabilization/ 
decomposition ratios may be determined. 

The in situ pyrolysis of CF3CH2SiF3 was 
treated this way, by measuring both the CF,CH, 
formed during the photolysis of HFA + 
CH,SiF3, and the total CF,CH2 formed at t ,  
(corresponding to the amount of P-fluorosilane 
stabilized). 
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TABLE 2. Pyrolysis of l,l,l-trifluoroethyltrifluorosilane M 
(CF3CH2SiF3) in situ [6] (CF3CH2SiF3)* -+ CF3CH2SiF3 

L 
Temperature Time [CF,CH,] k x lo6 [71 CF,CH, + SiF, 

("C) (min) (mol x 10') (s-I) R~~~~ - k 6 [ ~ 1  
220 155 7.82 14.63 Rdecomp l i 7  

125 3.67 
120 3.99 The results are given in Table 4. 
120 2.50 As expected the ratio Ks,,b/R,e,,m, decreases 
co 30.94 with temperature, and the pressure dependence 

Total 48.92 of this ratio has been well demonstrated in this 
65 4.38 47.88 and similar systems (2, 3). Because of the higher 

120 9.93 
190 8.60 

activation energies associated with the thermal 
240 6.46 4 8 

co 6.17 
Total 35.54 

70 6.79 81.16 
60 3.57 4 6 

125 4.48 - 
180 3.21 - 

L 
co 2.40 E 

Total 20.45 - 44 
U 

32 4.22 135.8 - Y 

93.5 10.88 
113 4.90 

> 
a 

170 2.95 f, 42 

152 0.58 
Z 
W 

co 0.26 z 
Total 23.79 0 

!-- 

260 10 2.73 40 - 267.4 + 

20 5.29 o a 
40 9.61 
83 6.46 

105 2.01 38 
co 0.44 

Total 26.54 

20 6.01 
40 5.23 
80 1.92 
co 0.23 

Total 21.54 

BOND INDEX 

FIG. 4. Plot of activation energy for decomposition 
V . S .  Si-F bond index of bonds being formed. 

TABLE 4. Stabilization/decomposition ratios for the hot 
molecule CF3CH2SiF,*" 

TABLE 3. Arrhenius parameters for the pyrolysis of [CF,CH,] (mol x lo9) 
0-trifluoroethylsilanes 

Temperature From From 

Compound log A E (kcal/mol) CC) pyrolysis ~hotolysis R,,,blRd,,,,, 

CF3CH,SiMe3 12.38 i. 0.16 47.24 + 0.42 
CF3CH2SiFMe, 12.59 i. 0.07 41.35 i. 0.16 
CF3CH2SiF,Me 12.59 ? 0.03 39.57 i. 0.06 
CF3CH,SiF3 (isolated 

pyrolysis) 12.5 (assumed) 37.01 (calcd.) 
CF3CH2SiF3 (in situ 

pyrolysis) 11.70 + 0.53 37.27 i. 1.26 #Experiments carried out i n  t h e  presence of 30 Torr H F A  and 60  
Torr CH3SiF3. 
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BELL ET AL.: THERMAL DECOMPOSITION OF p-TRIFLUOROETHYLSILANE 3163 

decomposition of substituted ethanes compared 
with the P-fluoroethylsilanes, the hot silanes will 
likely have a much greater excess energy (-50 
kcal) above the critical energy than with the 
ethane systems (-30 kcal). It is reasonable 
therefore to suggest that a multi-step cascade 
deactivation process is likely with the silane 
systems. The data is insufficient at this stage for 
a satisfactory R.R.K. calculation to be made to 
test this proposal. 

Discussion 
Pyrolysis of P-Fluorosilanes 

Experimentally the thermal decomposition is 
first order with the kinetics being adequately 
described by the equation 

Mechanistically we consider the reaction 

to  be unimolecular involving a four center tran- 
sition state. 

CF2 - CH2 

The A factors in the present work are in three 
cases ff and, for the in situ pyrolysis, 
1011.7 . A review of the tabulated data of Benson 
and O'Neal (6) for molecular elimination pro- 
cesses involving four center transition states 
shows that while many are in the range 1013-13.5 
there are a number of preferred values somewhat 
smaller. 

Of particular relevance here is the data on 
P-fluorine transfer. Thus in the case of CF2- 
HCH,SiF, A = CHF2CH2SiMeF2, 
A = 101, (5). 

Thus we consider our values 1012.5 to fall 
within the expected range. The value of 
for CF,CH,SiF, must be considered low in 
comparison, and possibly due to additional fac- 
tors occurring in the in situ pyrolysis. Such fac- 
tors include problems of analysis of CF2CH2 in 
the presence of large amounts of HFA + silane, 
and the possibility of minor secondary reactions 
of CF2CH2 with the reactants over the long 
periods of the pyrolysis. Even if minor, such 
secocdary reactions could lead to significant loss 

of CF2CH2 in the content of the small quanti- 
ties being formed overall. 

Two experiments were carried out on small 
amounts of purified CF,CH,SiF, yielding 
values of k (Fig. 3), an order of magnitude higher 
than for the in situ situation. These two values 
are certainly more in line with the results for the 
rest of the series of compounds. Assigning an 
average experimental value of log A = 12.5 to 
the two isolated pyrolysis results for CF3CH2- 
SiF, leads to an estimate of E = 37.01 kcal for 
each k value. This compares with the value of 
37.27 determined from the in situ pyrolyses. We 
prefer these estimates for the Arrhenius param- 
eters to the in situ values. 

The entropy changes associated with the pro- 
cesses under consideration - 30 gibbs/moi, cor- 
relate with the A factors determined. 

The activation energies decrease with in- 
creasing fluorine substitution on the silicon 
atom (Table 3), thus, in those cases where the 
silane is fluorosubstituted, addition of an addi- 
tional fluorine atom results in a decrease in the 
activation energy --2 kcal. A large difference, 
-6 kcal, is observed between the non-fluoro- 
substituted compound (CF,CH2Si(CH3), and 
the mono-fluoro system CF,CH,SiF(CH,),. 

A similar trend has been observed (5) in 
P-difluoro systems CHF2CI12SiF3 ( E  = 32.7), 
CHF2CH2SiMeF2 (E = 36), CHF2CF2Si(Me), 
(E  = 46.9). 

The enthalpy of reaction is given by the sum 
of the bond, breaking and forming terms. For 
each of the pyrolyses we can assume DcTc and 
D C p F  will be unchanged. D,,- ,  is not likely to 
have an extensive n: bond contribution and to a 
first approximation may be considered un- 
changed. The most likely change will be asso- 
ciated with DSi- , .  If E,,, is a function of A H  
the experimental results would conform with the 
Si-F bond increasing in strength with an in- 
creasing degree of fluorine substitution, thus, 
D S i - ,  values are expected to be in the order 
F,Si-F > F2CH3Si-F > F(CH,),Si-F >> 
(CH,),Si-F. 

The lower activation energies for p-fluoro 
transfer from the P-difluoroethylsilanes would 
indicate that the C-F bond strength is greater 
in the PCF, group compared to the PCF2H 
group assuming again E,,, is a function of AH. 

In all cases the reaction should be endother- 
mic. The least endothermic case (CF,CH,SiF,) 
taking, (7), DC- ,  - 115, DcEc ff 45, Dsi-c  - 
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76, DSi-, (In SiF,) - 135 yields an endother- 
micity AH = -I- 11 kcal. The measured activa- 
tion energies are not unreasonable for such 
endothermicities associated with a molecular 
elimination process. For a free radical process 
having some bond breaking step as the rate 
determining step, the measured activation ener- 
gies would be unreasonably low. 

The p-fluoro transfer process is the reverse of 
molecular addition to a double bond and is 
forbidden by the application of symmetry rules 
to chemical reactions (8). It would be expected 
that an increase in the polarity of the Si-F 
bond would decrease the "degree of forbid- 
deness", and enhance the probability of reac- 
tion as reflected in the relative reactivities. 

The relative reactivities are in line with this 
argument assuming the F3Si-F bond is more 

\ 

polar than the ~ S I - F  bond. Of course, as 
/ 

pointed out abovk, relative bond energies are of 
critical importance in defining the energy of 
activation, and differences observed are not 
necessarily a simple function of bond polarity. 

Professor P. Perkins (University of Strathclyde, 
Glasgow, Scotland) has very kindly calculated 
bond polarities and bond indices relevant to our 
systems, the results of which confirm the above 

bond energies DF3Si -F > DFZMeSi - > DFMe2Si -F 

> D ~ e 3 ~ i - ~ .  

Bond indices calculated as sums of elements 
from the rotationally invariant density matrix 
(overlap weighted) are: SiF, = 0.545; 
MeSiF, = 0.529; Me2SiF2 = 0.523; Me3SiF = 
0.515. Hence, the bond indices follow the same 
trend as the polarities and the dissociation 
energies. 

A plot, Fig. 4, of the measured activation 
energy us. the bond index of the newly formed 
Si-F bond of the product of the p-fluoro trans- 
fer reaction, shows an excellent correlation. 

dn-pn bonding in the Si-F bond might be 
expected to markedly influence the bond 
polarity. Calculated values of the dn-pn bond 
orders (abstracted from the rotationally in- 
variant density matrix) are: SiF, = 0.030, 
MeSiF, = 0.032, Me2SiF2 = 0.039, Me3SiF = 
0.044, showing the greatest extent of dn-pn 
bonding with the least degree of fluorine sub- 
stitutions. However the extent of dn-pn bonding 
is insignificant compared to the o and pn-pn 
interactions reflected in the total bond index 
measurements. Thus dn-pn interactions have 
little effect on the polarity and strength of the 
Si-F bond, which is greatest for F,Si-F and 
least for Me,Si-F. ., 

predictions. Professor Perkins' calculated values 
We are most grateful to Professor P. Perkins for his and conclusions are below. contribution to the analysis of the results, and to the 

Si-F bond polarities (units fraction of an 
electron charge) 

Molecule Charge at Si Charge at F 

SiF4 + 1.704 - 0.426 
MeSiF, + 1.283 - 0.420 
Me2SiF2 +0.908 -0.407 
Me3SiF + 0.524 -0.377 

This is in accord with the polarity of the Sia' 
Fa-  in the order SiF, > . . . . Me3Si-F. 

Bond Indices of the Si-F Bond 
The bond index is a measure of the overall 

bond order of the Si-F bond and the experi- 
mental activation energies suggest an order of 

National Research council of Canada for financial 
support. 
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The Effects of Adsorbed Ions on Simple Electrode Reactions. 
11. The Reduction of Chromium(E1) Ion in the Presence 

of Toluene p- Sulfonate Anions 

KAMARUZZAMAN ALIAS A N D  W. RONALD FAWCETT 
Depnr t ~n r r l t  of Cl~en~lctr-~, U N I L ~ I S I ~ >  oj Glrelpll, Guelph, Orztnrro Y I G  2WI 

Rece~ved March 26. 1974 

K A M A R U ~ ~ A M A N  A ~ r a s  and W. ROYALD FAWCETT. Can. J. Chem. 52,3165 (1974). 
The kinetics of electroreduction of Cr3+ ion have been studied at a mercury electrode both 

in the absence and in the presence of chemisorbed toluene p-sulfonate ions. The rate of the 
reaction was considerably accelerated in the presence of the chemisorbcd anions. Analysis of 
the data has shown that the reaction acceleration can be accounted for on the basis of Frum- 
kin's theory for double Iayer effects suggesting that the reaction site is at the outer Helmholtz 
plane or close to it in the diffuse layer. 

KAVARUZZA\~AN ALIAS et W. R O ~ A L D  FAWCETT. Can. J. Chem. 52,3165 (1974). 
On a t tudit  la cinttique de I'tlectrortduction de I'ion Cr3+ & une electrode de mercure en 

presence et en l'absence d'ions p-toluene-sulphonates absorbes chimiquement. Le taux de 
reaction est accelerC considerablement en presence de ces ions adsorbts. L'analyse des donntes 
montre que I'accClCration de la rtaction peut Ctre attribuee sur la base de la thtorie de Frum- 
kin sur les effets des doubles couches suggtrant que le site de la reaction est au plan de Helm- 
holtz le plus eloignt ou pres de celui-ci dans la couche diffuse. [Traduit par le journal] 

Introduction 
In recent years considerable effort has been 

directed to examining the catalytic effect of 
adsorbed anions on the kinetics of simple redox 
reactions involving cations (1). The systems 
studied have included the Cr(III)/Cr(II) (2-5), 
Eu(III)/Eu(II) (6-8), and V(TII)/V(II) couples 
(9). However, unambiguous analysis of the kinet- 
ic data is often difficult because the nature of 
the species reacting at  the electrode is not always 
clearly defined, and because the electron trans- 
fer process is sometimes accompanied by ligand 
exchange. The first problem has been discussed 
recently by Rodgers and Anson (8) with respect 
to their study of the accelerating effect of ad- 
sorbed thiocyanate ions on the rate of reduction 
of Eu(II1). They concluded that the kinetic data 
must be analyzed in terms of the parallel reduc- 
tion of Eu3+ and EuNCS2+ ions and thereby 
demonstrated serious shortcomings in the work 
of Sluyters and co-workers (6, 7). The second 
problem arises when the adsorbed anion is also 
a good Lewis base and is involved as a ligand 
bridge in the transition state complex. Thus, in 
the electrooxidation of Cr(II), Anson and co- 
workers (4, 5) have demonstrated that adsorbed 
halide and thiocyanate ions are incorporated to 
varying extents in the reaction product at  the 
electrode. 

In order to avoid the problems of ligand ex- 
change reactions in the bulk of the solution and 
at  the electrode it was decided to study the 
kinetics of the electroreduction of Cr3+ ion in 
the presence of a strongly adsorbed anion which 
is also a good Lewis acid. In this regard, it is well 
known that sulfonate ions are not good ligands 
for transition metal ions. In addition. from their 
interfacial impedence measurements, Parry and 
Parsons (lo, 11) showed that benzene disulfonate 
and toluene p-sulfonate ions are strongly chemi- 
sorbed at the mercury/aqueous solution inter- 
face. The latter ion was chosen for the present 
study since it is monovalent and thus will exhibit 
less tendency to ion pair in solutions containing 
polyvalent cations. The Cr(III)/Cr(II) redox 
couple was chosen since its standard potential 
(-0.65 V against a saturated calomel electrode) 
is the most negative of the three systems dis- 
cussed above. Thus, its kinetics could also be 
determined in the presence of the non-complex- 
ing perchlorate anion in a potential region 
where adsorption of this ion at  the electrode is 
very small (12). 

Experimental 
Current-potential curves for the reduction of chro- 

mium(lI1) cation were measured at  a dropping mercury 
electrode in solutions of constant ionic strength (0.51 M) 
containing varying concentrations of sodium toluene p- 
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- 

sulfonate (TPS) and sodium perchlorate, and a constant 
concentration of perchloric acid (0.01 M). The acid was 
added to establish a p H  of 2 and thereby eliminate hydro- 
lysis of the Cr3 + ion (5). The data were obtained using a 
Radiometer PO4 polarograph modified with an opera- 
tional amplifier in order to achieve potentiostatic control 
of the working electrode, and with an external linear volt- 
age ramp generator (Chemical Electronics, Newcastle, 
England) which supplied a voltage ramp of 30 mV min-' 
to the working electrode. Other details of the apparatus, 
experimental procedure, and general methods of reagent 
purification viere given previously (13). 

The necessary equilibrium double layer data were ob- 
tained by measuring the differential capacity of the mer- ," 
cury/solution interface as a function of electrode poten- ?+ 
tial in the same solutions. The details of the experimental 

\ 
procedure and results are presented elsewhere (14). 

Sodium perchlorate was recrystallized twice from 
doubly distilled water and dried at 100 "C. Sodium TPS 
was prepared by neutralizing the acid (Eastman) with 
sodium hydroxide and purified by double recrystalliza- 
tion. The water of crystallization as determined by Karl 
Fischer titration was one-third mole of water per mole of 
NaTPS. The depolariser, Cr(C10,),.6H20 was recrys- 
tallized from 0.5 M perchloric acid and dried in vacuo at 
room temperature. The water content of the product was 

--x,* 

0 5  -09 
verified by Karl Fischer titration. F v 

Ail ex~krirnents were carried out at 25.0 + 0.1 "C. The 
- 

potential of the working electrode was measured with FIG. The charge density due to 
respect to a saturated calomel electrode (s.c.e.). p-sulfonate anions, q, plotted against electrode potential, 

E (us. s.c.e.) for various bulk concentrations of the ad- 

Results and Discussion 
Capacity-potential curves were measured for 

ten solutions of composition x M NaTPS + 
(0.51 - x) M NaClO, where x had the values 
0, 0.005, 0.01, 0.016, 0.025, 0.05, 0.1, 0.16, 0.25, 
and 0.4. Analysis of the data to obtain the charge 
density due to adsorbed TPS ions as a func- 
tion of electrode potential was based on the 
Parsons-Hurwitz method and has been described 
in detail in Part I (14). From the data obtained 
(Fig. I), it is apparent that adsorption of TPS is 
strong in the potential region where Cr3+ is 
reduced. 

Current-potential curves for the electroreduc- 
tion of Cr3+ ion were recorded in solutions of 
the same ionic strength for seven different TPS 
concentrations (x = 0, 0.01, 0.016, 0.025, 0.05, 
0.1, and 0.16 M) ; the concentration of Cr3 + was 
5 x M and the p H  maintained at 2.0 by 
addition of HClO,. The diffusion coefficient of 
Cr3+ as determined from the diffusion limited 
current using Kouteck9's equation was 4.1 x 

cm2 s-' in the absence of TPS. It was ob- 
served that the limiting current decreased by 5% 
with increase in TPS concentration from 0 to 
0.16 M for constant depolariser concentration, 
mercury flow rate, and drop time. A similar ob- 

sorbing anion: x , 0.01 ; 0, 0.025; A, 0.05; 0, 0.10; and 
V, 0.16 M. 

servation was made with data obtained for the 
electroreduction of periodate ion in the presence 
of TPS (14). The decrease is attributed to a de- 
crease in the diffusion coefficient of the depolar- 
iser with increase in the viscosity of the solution 
which results when perchlorate ion is substituted 
by TPS ion (15). In this regard, it should be 
noted that the decrease cannot be attributed to a 
decrease in available electrode area due to ad- 
sorption of TPS (16). This follows from the fact 
that the diffusion controlled current is unaffected 
by nonuniformity of the reaction kinetics at the 
surface when the thickness of the diffusion layer 
is large compared with the thickness of the inner 
layer (17). 

Values of current were read from the recorded 
current-potential curves at 15 mV intervals in 
the range -0.600 to -0.945 V. The standard 
potential for the reaction was confirmed to be 
-0.65 V against the s.c.e. using the method of 
Hale and Parsons (18) for the data obtained in 
the absence of TPS. The current readings were 
corrected for the back reaction as described by 
Anson et al. (5). The rate constant at each poten- 
tial was then calculated using Kouteckq's theory 
with correction for electrode sphericity (13). 
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FIG. 2. Rate constant data ((ln k ) / f  where f  = F/RT) 
for the electroreduction of chromium ion plotted against 
electrode potential E for various bulk concentrations of 
adsorbing toluene p-sulfonate ions: x ,  0;  0 ,  0.01; 
A, 0.025; 0, 0.05; and V, 0.16 M. 

The rate constant data are shown as a function 
of electrode potential for various TPS concen- 
trations in Fig. 2. The accelerating effect of the 
adsorbed anions is apparent and amounts to as 
much as a forty-fold increase in reaction rate for 
the highest TPS concentration studied. 

Corrected Tafel plots (c.t.p.) were constructed 
assuming that the reaction plane coincides with 
the outer Helmholtz plane (o.h.p.), the average 
potential on the o.h.p., 4, being calculated ac- 
cording to Gouy-Chapman theory. The latter 
calculation was based on the equation 

where q, is the charge density on the electrode, 
q,, that due to adsorbed TPS ions, ci ,  the con- 
centration of ion i having charge zi in the bulk, 
and E, the dielectric constant of the pure solvent. 
The calculation took into consideration the pres- 
ence of Cr3+ in the bulk, and thus, is the diffuse 
layer but was much less complicated than that de- 
scribed by Sluyters and co-workers (6); the sim- 
plification resulted from the facts that a signifi- 
cant concentration of the reaction product, 
Cr2+ was absent from the system and complex 
ion formation equilibria did not have to be con- 
sidered ' It was also assumed that specific ad- 
sorption of C10,- ion was negligibie in the po- 
tential region where kinetic data were obtained; 
thus, the only contribution to q, was that due to 
adsorbed TPS ions. 

'For a discussion of the approximations involved in 
calculating 4, as described see ref. 8. 

The resulting c.t.p. are remarkably simple in 
the present case, being both linear and coinci- 
dent within experimental error (Fig. 3). This 
result differs from that obtained for periodate 
reduction where the c.t.p. are not coincident in 
potential regions where TPS adsorption is signi- 
ficant (14). Thus, it can be concluded that the 
reaction plane for Cr3+ is sufficiently far away 
from the adsorption plane for TPS ions that 
lateral interaction and coverage effects can be 
neglected. The reaction plane is therefore very 
close to the 0.h.p. or slightly beyond it in the 
diffuse layer. 

It is interesting to note that no effects of ad- 
sorbate reorientation are apparent from the data 
presented in Fig. 3. From the work of Parry and 
Parsons (11) it is postulated that the TPS ion 
lies flat with the delocalized electron density of 
the benzene ring interacting with the mercury 
electrode at low coverages. Under these circum- 
stances, the traditional model which envisages 
the inner layer as the region adjacent to the elec- 
trode accessible to chemisorbed species and sol- 
vent but not to nonadsorbed species is probably 
valid. At higher coverages it is proposed that the 
TPS ion reorientates so that the benzene ring is 
perpendicular to the surface and the polar sul- 
fonate group is directed to the aqueous phase. 
Considering the size of the TPS ion, it is quite 
probable that on reorientation the plane con- 
taining the charge centers of the sulfonate groups 
is further from the electrode than the 0.h.p. 
which is chiefly occupied by solvated Na' ions. 
Then, the usual model of the double layer is not 
valid and one would expect marked deviations of 

- $2 4 

FIG. 3. Corrected Tafel plots of kinetic data for the 
electroreduction of chromium ion for various bulk con- 
centrations of the adsorbing toluene p-sulfonate ions: 
x ,O; 0 , 0 . 0 1 ;  A, 0.025; 0 ,0 .05 ;  and V, 0.16 M. 
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the c.t.p. from the simple behavior found here. 
Thus, it is concluded that for the range of poten- 
tial and bulk concentration used, the TPS is 
chiefly adsorbed in the flat configuration. 

The value of the transfer coefiicient, o: deter- 
mined from the c.i.p. is 0.58 1 0.01. This value 
is slightly higher than that obtained by Anson 
et al. (5) in acidified 0.5 M NaClO, (a = 0.46). 
The discrepancy could be due to the use by these 
authors of a model to correct for mass transfer 
polarisation which does not account for the 
effects of electrode curvature (19). The value of 
a obtained by Parsons and Passeron (20) in the 
same overpotentiai range is also lower but it 
seems clear that these authors worked under con- 
ditions in which complications due to Cr3' 
hydrolysis were present (5). It is interesting that 
the transfer coefficient obtained here is exactly 
that predicted by Marcus9 theory of heterogenous 
electron transfer for slow reactions when the 
Frunikin correction for double layer effects is 
valid (21, 22). The corrected rate constant at  the 
standard potential (E - 4, = 0.624 V) is 1.3 x 
10-' cm s-' (In k + 3f@, = -15.85). This 
value is close to those reported by other authors 
(5, 20), differences being due to extrapolation 
errors and other variations in calculation pro- 
cedures. 

An alternative technique for investigating 
double layer effects in electrode kinetics is to 
study the dependence of the reaction rate on 
ionic strength at constant overpotential. Unfor- 
tunately, for the present system these experi- 
ments are limited to systems of high ionic 
strength because of the development of polaro- 
graphic maxima when lower base electrolyte 
concentrations are employed (5). Anson et al. 
(5) observed a negligible decrease in reaction 
rate at  constant potential (-0.65 V cs. the s.c.e.) 
when the electrolyte was changed from 0.5 M 
NaC10, to 1.0 M NaC10,. However, more re- 
cent experiments by Zielinska-Ignaciuk and 
Galus (23) have clearly shown that an increase 
in NaC10, concentration in the range 1 to 5 M 
results in a shift in the standard potential of the 
reaction from -0.655 to -0.614 V cs. s.c.e. 
Thus, the decrease in rate expected due to the 
drop in 0.h.p. potential wiih increase in electro- 
lyte concentration is apparently compensated by 
the increase in overpotential at  constant potential 
for the two systems considered by Anson et al. 
(5). Careful investigation of double layer effects 
as a function of ionic strength in concentrated 

solutions would require information regarding 
the variation of the standard potential and ac- 
tivity coefficients, and regarding the limitations 
of Gouy-Chapman theory. For these reasons, 
the present investigation was limited to one ioriic 
strength. 

It is interesting to note that no coniplications 
due to C10,- adsorption are apparen.t in the 
data as analyzed. From Payne's interfacia! im- 
pedance data for the systenls x M NH,Cl0, + 
(1 - x) M NH,F ( I  2), it might be construed that 
this anion is significantly adsorbed in the region 
of the standard potential of the Cr(IIX)/Cr(SI) 
couple for a bulk NaClO, concentration of 0.5 
M. However it illust be emphasized that the 
Hurwitz-Parsons analysis used to obtain the 
surface excess data in Payne's study contains a 
noc-thermodynamic assumption, namely, that 
the planes of closest approach for the adsorbing 
ion (C10,-) and nonadsorbing ion (F-) are co- 
incident (24). I: is reasonable that the weakly 
solvated C10,- ion can actually move closer to 
the electrode than the strongly solvated F- ion. 
Then. the calculated surface excess will be high 
and contain a contribution from the diffuse layer 
distribution of the C10,- ion. The fact chat linear 
c.t.p. are obtained over the whole potential re- 
gion suggests that adsorption of C10,- is indeed 
negligible for the present conditions. 

It is interesting to speculate on the significance 
of the present results with respect to discreteness- 
of-charge effects in heterogenous electron trans- 
fer kinetics. It has recently been shown (25, 26) 
that significant discreteness-of-charge effects are 
expected when the reaction plane is in the inner 
part of the double layer. Indeed the anomalously 
large double layer effects observed for the elec- 
troreduction of H' ions and some oxyanions can 
be explained if such an assumption is made (25). 
One contribution to discreteness effects is the 
variation in self-atmosphere potentials of the 
reactant and product with electrode potential 
due to changing imaging conditions in the elec- 
trode and diffuse layer (26). The self-atmosphere 
potential is always attractive at  the metal/ 
solution interface, its significance being such that 
the ionic concentrations on a given plane are un- 
derestimated if they are calculated on the basis 
of the average potential on that plane. Imaging 
forces decrease rapidly with distance from the 
interface due to the screening effect of other ions 
in the reaction plane. The simple character of 
the present results suggests that discreteness-of- 
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This problem certainly merits more intensive 49, 2657 (14'~ ,. 
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Effect of Molecular Weight on Glass Transition by 
Diflerential Scanning Calorimetry1 

LOUIS-PHPLIPPE BLANCHARD, JEAN H E S S E , ~  AND SHADI LAL MALHOTRA 
De'parternent de Ge'liie chirniqrte. Faccri/th des Sciences, UniversitP Lai'al, Que'hec, Quibec G I K  7P4 
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LOUIS-PHTLIPPE BLAYCHARD, JEAN HESSE, and SHADI LAL MALHOTRA. Can. J. Chem. 52, 
3170 (1974). 

The influence of molecular weight (900 to 1.8 x lo6) on the glass transition temperature of 
low polydispersity polystyrene (anionically prepared) has been studied by differential scanning 
calorimetry at  heating rates of 5 t c  80 "C min-l .  Over the range of molecular weight studied, 
and at  an extrapolated heating rate of 1 "C min-I, T,,("C) = 106-2.1 x lo5/@". A thermally 
prepared polystyrene sample ( R ,  = 1.35 x lo5 and Pd = 3.2) showed a T,, value of 93 ' C ,  
some 10" below the value predicted by the above equation. Low molecular weight species in 
the highly polydisperse sample are believed to be responsible for the discrepancy. The changes 
in heat capacity brought about by the glass transitions are accon~panied in all cases on heating 
by an endothermic peak and this regardless of the heating rate (even extrapolated to I "C min-') 
or the molecular weight of the sample, suggesting that the glass transition phenomenon en- 
countered with polystyrene ii a process involving a positive heat effect. 

LOUIS-PHILIPPE ELANCHARD, JEAN HESSE et SHADI LAL MALHOTRA. Can. J. Chem. 52,3 170 
(1974). 

L'influence de la masse moleculaire (900 a 1.8 x lo6) sur la temperature de transition vitreuse 
d'echantillons de polystyrene de faible polydispersite (prepare par voie anionique) a ete etudiee 
par la technique d'analyses enthalpiques differentielles a des vitesses de chauffage allant de 5 a 
80 ' C  min-'. Dans la gamme des masses molec~~laires etudites et B un taux de chauffage ex- 
trapole a 1 ' C  min-', T,,('C) = 106-2.1 x 105/R,. Un echantillon de polystyrene (h', = 
1.35 x 10' et Pd = 3.2) prepare par voie thermique a montre une valeur de T,, de 93 ' C  soit 
quelques 10" en-dessous de la valeur predite par 1'Cquation ci-haut. Les especes de faible masse 
moleculaire dans cet Cchantillon de grande polydispersite seraient vraisemblablement respon- 
sables de cette divergence. Les variations de chaleur spicifique que provoquent les transitions 
vitreuses sont acconipagnCes dans tous les cas d'un pic endothermique au moment du chauffage 
et ceci sans tgard au taux de chauffage m&me extrapole a 1 'C min-' ou a la masse molCculaire 
de l'echantillon. Cette observation laisse croire que le phenoni6ne de transition vitreuse dans 
le cas du polystyrene est un processus accompagnk d'un effet thermique reel. 

The temperature at which an amorphous 
polymer in the liquid state passes, upor1 cooling, 
to the solid state without undergoing a crystal- 
lization process is generally referred to as its 
glass transition temperature T,. A number of 
years ago Flory and his co-worker (1) defined the 
glass transition process as being "a second order 
transition which is not an equilibrium transition 
in the thermodynamic sense but that originating 
from kinetic limitations on the rates of internal 

'Paper presented at  the 56th annual Conference of the 
CIC, Montreal, Quebec, June 4 to 6 ,  1973. The work 
described here is part of the general research program of 
the "Groupe de Recherche en Science Macromol~culaire" 
a t  Lava1 University. 

'Present address: Villa Societi. Nationale des Petroles 
Aquitaines 6 ,  64370 Arthez-de-Bearn, France. 

adjustments occasioned by changes in tempera- 
ture". 

The literature today abounds with papers 
promoting varying opinions on the subject, 
many centered on a kinetic phenomenon ap- 
proach (1-4), and numerous others on a thermo- 
dynamic equilibrium approach (5, 6); the con- 
troversy between the two schools of thought is 
far from being settled. This paper which deals 
primarily with the effects of molecular weight on 
glass transition nevertheless touches upon some 
aspects of the controversy though making no 
pretense at settling the difficult issue. 

In literature (1-4) the expression relating the 
glass transition temperature to the molecular 
weight is generally accepted to be the following 
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BLANCHARD ET AL.: ON GLASS TRANSITION 

TABLE 1. Influence of heating rate* and n~olecular weight on T, 

Tg ("C) Tge("C) 

1.8 x lo6 
8 .6  x lo5 
5.0 x 105 
4 .1  x lo5 
1 . 6  x lo5 
5 .1  x 104 
1.98 x lo4 
1 .03 x 104 
4.08 x 103 
2.03 x lo3 
0.90 x 103 
(Hoechst PS) 
1.35 x 105 

*Unit of q = 'C min-1 
tExtrapolated value. 

in which T, is the glass transition temperature 
(in OK) observed with a polymer of molecular 
weight M,, Tg ,  is the glass transition tempera- 
ture when the polymer molecular weight goes off 
to infinity, and K is a constant whose units are 
"K mol g- l .  

Most if not all of the earlier studies reported 
are based on results obtained by dilatometry or 
differential thermal analysis. Recently differen- 
tial scanning calorimetry has been used to in- 
vestigate glass transitions (7). In this laboratory 
it has been used to study the effect of molecular 
weight and poiydispersity on Tg of polystyrene as 
well as other associated heat effects. 

Experimental 
Poiymer Samples 

Anionically prepared polystyrene (PS) standards having 
molecular weights ranging from 900 to 1.8 x lo6 were 
obtained from the Pressure Chemical Company in the 
U.S.A. A thermally prepared polystyrene sample, pro- 
vided by Farbwerke Hoechst A.G. in Germany, was also 
included in :he study. Its viscosity-average (ATv = 4.47 x 
lo5) and number average (AT,, = 1.40 x lo5) molecular 
weights were found to agree reasonably well with molecu- 
iar weight values obtained by GPC (ATw = 4.35 x lo5 
and R, = 1.35 x lo5) using a calibration curve prepared 
with the polystyrene standard samples. These were used 
as such, without further purification, for the DSC runs 
when preliminary tests with purified (by precipitation) 
and nonpurified samples yielded the same results. 

Experimental Procedure 
Following the method suggested by Ellerstein (71, 

polymer samples weighing approxin~ately 2 to 5 mg each 
were pressed between 100 mesh stainless steel screens 
placed in standard DSC aluminurn sample pans. Both 
pans and screens were weighed together before and after 
the addition of polymer. Similar screens were placed in 

the reference pan but it contained no polymer. The pans 
were closed with aluminum covers bearing tiny holes to 
allow the free movement of trapped gases. The use of 
identical aluminum covers reduced differential radiant 
energy losses in the DSC. The pans were then placed in 
the DSC instrument which was continuously flushed with 
a gentle stream of pure dry nitrogen flowing through the 
heating area. To condition the polymer samples prior to 
making the initial T, measurements, each sample was 
heated for 30 min to a temperature approximately 30" 
above the estimated T, value (first heating) after which 
it was cooled through the glass transition region at a rate 
of 1.25 'C min-' as suggested in the literature (8-10). 
After cooling, T, was determined by subsequent heatings 
of the sample at several different heating rates, (See Table 
1 for a summary of the principal experimental results.) 

Results 
In Fig. I(a) and (b) are shown typical DSC 

thermograms (l(a), after first heating and l(b), 
on subsequent heatings) obtained with a poly- 
styrene standard ( M ,  = 5.1 x lo4) heated at a 
rate of 40 "C min-l. In this case, as in all others 
studied in this work, ACT the change in heat 
capacity with glass transitions, is accompanied 
by an endothermic peak and this regardless of 
the heating rate or the molecular weight of the 
sample. The glass transition temperature itself 
was estimated in all cases at the half-height of the 
observed AC,. The presence of such a peak, ana- 
logous to that obtained during the fusion of any 
crystalline substance in the same apparatus, indi- 
cates that the phenomenon observed at the glass 
transition in the case of polystyrene carries with 
it (over and above the baseline shift caused by 
the change in C,) a positive heat effect even 
though polystyrene is well known to be non- 
crystalline in nature from X-ray analyses. 
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T E M P E R A T U R E ,  O C  

FIG. 1. Typical DSC thermograms obtained in the 
glass transition range at a heating rate of 40 "C min-I. 
Sample: PS, 51 000; (a)  first heating; (b) subsequent 
heatings. 

Wunderlich and co-worker (1 1)  encountered a 
similar endothermic peak in their DTA studies 
on the glass transition temperature of polysty- 
rene. They explained their observation in terms 
of the "hole theory" which suggests that, on fast 
heating, the equilibrium number of holes N,  is 
overshot in the absence of sufficient time to reach 
equilibrium. As the temperature continues to 
rise, the glass eventually reaches equilibrium con- 
ditions but via a temperature path (in DTA) 
which gives every indication of being endother- 
mic. This explanation may be plaus~ble in the 
light of the fact that Wunderlich and co-worker 
(1 1) made use of substantial quantities (0.5 g) of 
polymer which produced, by overshooting, the 
apparently endothermic peak. When they heated 
their samples at  much lower rates no endother- 
mic peak was found. 

In the present study the quantity of polymer 
involved during a run was never more than 5 mg. 
The possibility of overshooting equilibrium con- 
ditions, though present, cannot alone explain the 
area observed under the peak. Reducing the 
heating rate to 5 "C min-' did not eliminate or 
reduce proportionately the area observed at  
higher heating rates. I t  is difficult under these 
circumstances to discard the notion of a heat 

effect associated with the glass transition of PS. 
This will be discussed further later on. 

In DSC, the rate of heating q was found to 
have an influence on the value of T,. These can 
be related in the following fashion (1 1) 

log q = A - BIT, 

Values of T, obtained with several polystyrene 
standards, at  different heating rates, are sum- 
marized in Table 1. I t  is clear that T, increases 
with heating rate. To compare DSC data with 
values obtained by other methods (dilatometry 
and DTA), a standard procedure was adopted 
whereby T, values were determ~ned at several 
heating rates after which an extrapolated value 
T,, was determined at a heating rate of 1 "C 
min-I from the line representing the variation of 
log q with IIT,. The T,, values for the polysty- 
rene standards available were plotted and are 
shown in Fig. 2. T,, increases up to a point be- 
yond which it remains essentially constant. The 
critical value of the molecular weight IS located 
in the vicinity of 1.6 x lo5, keeping in mind the 
fact that the maxllnum error in these measure- 
ments does not exceed k0 .5  "C. This agrees well 
with the idea put forth by Fox and Loshaek (3) 
according to which the structure of low molecu- 
lar weight polystyrene differs somewhat from 
that of the higher molecular weight species. 

T,, values of polymers having molecular 
weights ranging from 4.08 x lo3 to 1.8 x lo6 
have also been plotted as a function of 1/M, 
(Fig. 3). T,, is found to vary as follows: 

[3] T,, (in "C) = 106.0 - 2.1 x 1O5/1@, 

The glass transition temperature T,, (106 "C) 

z nu  

' 4  1 1 
3 2 2  

/O 1 
- LL --- 

n 3 0 4  - 5 

M O  E L L A -  W E  - H T  n 

FIG 2 Glass transition temperature (extra~olated 
values at  a rate of 1 C m ~ n - ' )  as a fi~nctlon of M ,  8, 
Hoechst polystyrene. 
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TABLE 2. Components used to simulate the GPC size distribution of the Hoechst polystyrene and the contri- 
bution of each to the lowering of T,* 

Contribution 
Weight fraction towards 

Component m,, mn Pd TEe (-C) (7%) lowering of TE 

FIG. 3. Glass transition temperature as a function of 
1 ,'lV". 

and the value of K (2.1 x lo5) obtained in this 
work are higher than some values reported in the 
literature ( 1 ,  12) (100 'C for Tg,  and (1.0 to 
1.2) x 10' for K) ,  but close to the value reported 
by Jenckel and co-worker (13) (105 'C). 

As a consequence of the higher value of Tz',,, 
the data in this-work are found to be higher 
than that obtained by others using polystyrenes 
prepared by free-radical reactions. With this in 
mind, the free-radically prepared Hoechst poly- 
styrene sarnple (;Z;i, = 1.35 x lo5) was brought 
forth in order to determine its T,, by DSC. As 
was expected, the T,, value of this sample was 
about 10 'C lower than that of an  anionically 
prepared polystyrene standard of nearly the 
same nlolecular weight. In order to elucidate 
structure differences between the two polymers, 
these were subjected to an n.11l.r. study in the 220 
MHz instrument a t  Sheridan Park in Toronto. 
The spectra obtained were superimposable, in- 
dicating that both samples had similar stereo- 
reg~~lar i ty  in their structures. Furthermore, the 
ratios of -CH and --CH, protons to those of 
benzene in the two polymers were identical, indi- 
cating that there is little or no detectable chain 
branching in these samples. The absence of 
branching in the thermally prepared polymer was 
further supported by viscosity ~neasurements 
which were of co~ilparable magnitudes regard- 
less of the polymer origins. The only noteworthy 
difference observed between the two samples 
resided in their polydispersities, that of the 

thermally prepared polystyrene being 3 times that 
of the anionic polystyrene. Could the higher 
polydispersity be the factor responsible for the 
lowering of its T,, value? 

In order to verify the effect of polydispersity 
on glass transition temperatures, the GPC size 
distribution of the Hoechst polystyrene sample 
(Pd = 3.2) was reconstructed with the help of 
low polydispersity polystyrene components (A, 
B, C, and D) as shown in Fig. 4. Polystyrene 
standards with M,,, = 1.8 x lo6 and 1.6 x 10' 
are represented by the distribution of compon- 
ents A and C ,  respectively. The other two dis- 
tributions denoted by B and D, have been fitted 
in such a way that the sum of the combined 
areas of four components is equal to that of the 
G P C  distribution of the Hoechst polystyrene. 
Table 2 shows the weight percent proportions of 
each of the components along with their respec- 
tive molecular ~veights and their corresponding 
contribution towards the lowering of the T, 
values. 

Computatio~i of the contribution of conl- 

E L L T I O N  V O L U M E  , m l  

FIG. 4. CPC size distrib~ltion of the Hoechst polysty- 
rene sample reconstituted with four low dispersity com- 
ponents (A, B, C, and D). 
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TABLE 3. Influence of heating rate and molecular weight on AH 

AH (cal g-I) 
AHe 

Mn q = 8 0  q = 4 0  q = 2 0  q = 1 0  q = 5  ( q = l ) *  

8 .6  x lo5 1.23 0.87 0.85 0.80 - 0.73 
5.0 x lo5 1.21 1 . O l  0.67 - - 0.83 
4 .1  x lo5 1.21 1.04 0.99 1.16 - 0.92 
1 .6  x lo5 - 0.82 0.68 0.60 - 0.60 
5 . 1 x 1 0 4  0.92 0.75 0.68 0.60 - 0.60 
1.98 x 104 - 0.73 0.60 0.50 - 0.55 
1.03 x lo4 - 0.78 0.67 0.60 0.56 
4.08 x lo3 - 0.78 0.75 0.70 - 0.70 
2.03 x lo3 - 0.89 0.72 0.60 0.55 
0.90 x lo3 - 1.38 1 .OO 0 77 0.83 0.66 

*Extrapolated value. 

ponents towards the lowering of T, values is 
based on eq. 1 rewritten in the following form 

[41 l/Mn = (T,, - T,)IK 

Furthermore, for a highly polydisperse sample, 
made up of known weight percentages (N,, N,, 
N,, and N,) of four low polydisperse compon- 
ents (A, B, C ,  and D) each having a known 
number-average molecular weight (MI, M,, M,, 
and M,), its number-average molecular weight 
M,, is related to these components as follows: 

N N N 100 N1+2+,+,=-- 
M, M3  M4 M,, 

Combining eqs. 4 and 5, one obtains 

from which the T, value of a highly polydisperse 
sample can be easily computed when T, of each 
component has been established by one or other 
of the well established techniques. The value 
104.2 "C computed with eq. 6 for a mixture 
simulating the Hoechst thermaliy prepared poly- 
styrene sample, is high when compared to 93 OC, 
the experimental value. One is led to conclude 
that other factors, over and above polydispersity 
and stereoregularity must contribute more sig- 
nificantly to the discrepancy. 

An analysis of the results given in Table 2 
shows that 15 wtY, of the species in the Hoechst 
polystyrene have an M ,  value of the order of 

3.66 x lo4 with a T,, of 97 "C (Fig. 3). It would 
seem, therefore, that the glass transition temper- 
ature (93 "C) obtained with the Hoechst poly- 
styrene sample is in reality that of its lowest 
molecular weight species. The presence of other 
higher molecular weight species would seem to 
change but the shape of the remainder of the 
endothermic peak in the DSC thermogram with- 
out influencing unduly the initial value of the 
glass transition temperature; hence, the lower 
T,, value observed. 

It  was mentioned earlier in the text that the 
glass transition of polystyrene carries with it a 
positive heat effect. In differential scanning 
calorimetry such heat effects can readily be de- 
termined by comparing endothermic areas in the 
DSC thermograms (Fig. 1) with corresponding 
areas obtained for the fusion of indium whose 
enthalpy of fusion per unit weight is very 
well known. The AH values (in cal g-l), 
obtained at the heating rates used in this 
study with the various polystyrene samples, are 
listed in Table 3. It  is clear from the values 
reported that increasing the heating rate in- 
creases the AH values. This is what one would 
expect if thermal lag associated with overshoot- 
ing of equilibrium conditions were the sole ele- 
ment responsible for this area, but plots of AH 
values as a function of the heating rate q pre- 
pared (but not shown here) for each of the poly- 
styrene standards studied revealed that AH obeys 
a law of the form y = a + bx  and not y = bx.  
This indicates that, if overshooting from thermal 
lag contributes to the areas under the thermo- 
gram, it is not the sole factor involved since AN 
retains a substantial value AH, when the data is 
extrapolated to zero heating rate. In practice and 
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FIG. 5. Extrapolated value (zero heating rate) of AH 
as a function of molecular weight. 

for comparison purposes only, extrapolated 
values are given in Table 3 for a heating rate of 
1 "C min-l. Any discrepancy introduced in AH,, 
the heat effect associated with the glass transition 
process, is negligible. Figure 5 shows a plot of 
AH, (in cal g-') as a function of the molecular 
weight M,,. Though no definite trend can be de- 
tected from this plot other than the fact that AH, 
has a positive value from 0.5 to 0.9 cal g-' over 
the whole range of molecular weights studied, 
these values, averaging around 0.65, are not too 
far removed from the experimental enthalpic 
value (0.92 cal g- l )  reported by Lambert (10). 
Gee (14) in a separate study involving the effects 
of pressure on the glass transition of polystyrene 
came forth in his thermodynamic study with a 
residual enthalpic value of 0.8 cal g-l  for his 
process. He did not assign this value to any one 
step in his study and it is difficult to say that it 
belongs particularly to the glass transition itself. 
Strangely enough the value reported by Gee is 
comparable to that observed experimentally in 

the present work and which the authors have 
associated with the glass transition process itself. 

The authors are grateful to the National Research 
Council of Canada for financial assistance in support of 
this work. One of the authors (J.W.) acknowledges receipt 
of a post-graduate bursary from the Canada Council. 
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Dielectric Behavior of the Aniline-Cyclohexane System in the Consolute Region 
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I. LUBEZKY and R. MCINTOSH. Can. J .  Chem. 52 ,3  176 (1974). 
Measurements of E' and E" at  5 kHz are reported for the system aniline-cyclohexane in the 

region of the consolute temperature. No  anomalously large values of E' and E" were found in 
the region of concentration where the binodal curve is essentially flat. Traces of water increase 
the temperature for phase separation. An explanation in terms of the formation of molecular 
clusters is offered for the difference of behavior of this system and that of nitrobenzene - 
trimethyl pentane. 

I. LUBEZKY et R .  M C I ~ T O S I ~ .  Can. J. Chem. 52,3176 (1974). 
On rapporte des mesures de E' et de E" a 5 kHz pour le systeme aniline-cyclohexane dans la 

region de temperature de miscibilite. On ne trouve pas de valeurs anormalement elevees pour 
E' et E" dans la region de concentration ou la courbe binodale est essentiellement aplatie. Des 
traces d'eau augmentent la temperature pour la separation de phase. On presente une explica- 
tion faisant appel a la formation d'amas mole'culaires pour Ia difference de con~portement entre 
ce systeme et celui du nitrobenzene-trimithyl pentane. 

[Traduit par le journal] 

Inh.odoction 
Although Gibbs' treatment predicts generally 

a sharp and indefinitely large increase of E', the 
real part of the dielectric constant, at the tem- 
perature of transition from a one phase to a two 
phase system (I), experimental evidence is 
meager and is frequently contradictory. Thus, 
for partially miscible two component liquid sys- 
tems near the consolute temperature, Piekara (2) 
noted a sharp increase of E', whiie Arkhangelskji 
and Semenchenko (3) reported maxima in E '  and 
E" at  a slightly higher temperature than that of 
the break in the curve obtained by Piekara. A 
study of the nitrobenzene - 2,2,4-trimethyl pen- 
tane system using a frequency of 3300 MHz (4) 
revealed maxima in the dielectric constant and 
loss tangent at  a temperature 1.5 "C above the 
separation temperature. In this system the max- 
ima were sharpest near the consolute temperature 
and concentration, but increased in magnitude 
with increasing concentration of nitrobenzene. 
Quinn and Smyth (5) examined the same system 
at a single concentration of nitrobenzene, 
namely 257, by weight, at  frequencies of 0.5, 
3.0 x lo3, 9.3 x lo3, and 2.4 x lo4 MHz. A 
pronounced maximum was found in E'  at  a tem- 
perature about 2 "C above the consolute tempera- 

lPostdoctoral Fellow, 1972-1973. Present address: 
Physical Chemistry Laboratory, South Parks Road, 
Oxford University, Oxford, England. 

ture. Dispersion was characterized by a single 
relaxation time over much of the temperature 
range in the microwave region of frequencies. 
More recently (6) the same chemical system, 
when studied using a frequency of 60 kHz, 
showed maxima in E' for compositiolls from 22.3 
to 35% nitrobenzene by weight, but an abrupt 
change in the value of ds l /dT  between that con- 
centration and 75% nitrobenzene by weight. At 
this high concentration dsl /dT appears to be 
continuous. There is therefore a measure of 
agreement both with Piekara's results and those 
of Arkhangelskii and Semenchenko. One differ- 
ence in the nature of the studies is that audio and 
low radio frequencies were employed by Piekara 
(2) and Semenchenko (3), micronlave frequencies 
in ref. 4 and by Quinn and Smyth (5). However, 
the study reported in ref. 6 employed low fre- 
quencies and shows agreement with both refs. 2 
and 3 for particular concentration ranges. 

Snider (7, 8) has discussed the dielectric param- 
eters of such systems theoretically using the con- 
cept of density fluctuations in submicroscopic 
regions. Losses were attributed to diffusion as 
the critical systems respond to the applied field. 
Large contributions to E '  were considered to 
arise because of correlation effects between di- 
poles. Snider's work predicted losses at  a fre- 
quency of about 0.5 MHz and contributions to 
the dielectric parameters which would be greatest 
at the critical or consolute composition, and 
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which would shift to low frequency at the con- 
solute point. 

In  addition to predicted anomalies in E '  at the 
consolute temperature, viscosity and specific heat 
are known (9, 10) to show maxima at a tempera- 
ture closely above the transition temperature. 
Arcovito et al. (11) have reported the viscosity 
anomaly for the system aniline-cyclohexane, 
while Rowden and Rice (12) have established 
that a substantial part of the coexistence curve is 
flat at the consolute temperature. In a one com- 
ponent system Harrison and Mayer (13) have 
depicted a region above the critical temperature 
in which a denser phase exists with no surface 
tension and gives rise to a flat coexistence curve 
near the critical temperature. Such a conception, 
extended to binary systems, is consistent with 
the assumption of submicroscopic regions of 
differing composition and density. On these 
grounds it seemed advantageous to determine 
the dielectric parameters of the system aniline - 
cyclohexane over the compositional range which 
the very careful earlier work of Rowden and Rice 
established as a flat portion of the coexistence 
curve. 

Experimental 
Dielectric constants and losses were measured at  a 

frequency of 5 kHz. The measuring circuit, dielectric cell, 
and experimental arrangements were described in an 
earlier work (6). The impurity of the chemicals, especially 
the presence of water, had a pronounced influence on the 
critical temperature and the behavior of the dielectric 
quantities. Therefore, special attention was paid to 
purification of the chemicals prior to measurements. 

Aniline, 99.9-1-% from Aldrich Chemical Company, 
was twice refluxed for 4 h in the presence of CaH2, 
followed by a vacuum distillation each time. Further 
treatment did not alter the values of the critical transitions. 

Cyclohexane, spectrophotometric grade from Aldrich 
Chemical Company, was refluxed for 4 h over CaH, and 
distilled. 

Purified aniline and cyclohexane were kept in sealed 
vessels, covered with aluminum foil, and stored in a 
vacuum dessicator. Upon exposure to the laboratory 
atmosphere, aniline absorbed, in minutes, an amount of 
water which increased the consolute temperature almost 
0.5 "C.  

Results 
In Fig. la the dielectric constants (E') are rep- 

resented as a function of temperature in the con- 
solute regions for different concentrations. It 
seems that within experimental error, E' is linear 
with temperature until break points in the curves 
which occur at phase separation. Between the 

concentrations 0.417 mole fraction and 0.459 
mole fraction of aniline these points possess a 
constant temperature, 29.61 + 0.01 "C, which 
agrees with the data of Rowden and Rice (12). 
though it appears slightly higher than the value 
29.587 "C reported by Atack and Rice (14). This 
difference could be attributed to better purifica- 
tion of the components, or due to a different 
thermometer calibration in the latter case. 

The point of separation into two phases was 
observed as a distinct cloudiness followed by the 
appearance of the meniscus. Clearly, there is no 
sign of anomalous behavior in E' over the entire 
concentration range of interest. 

The same behavior is indicated by the losses 
(E") which are represented over the same con- 
centration and temperature range in Fig. 1b. 
Despite the greater scattering in loss measure- 
ments, the same trend of linearity in the curves, 
down to the critical temperature, and the same 
delineation of the flat portion of the coexistence 
curve result. 

In Fig. 2 a and b a few curves are depicted for 
E' and E" in the same concentration range, where 
the system contains traces of water as a result of 
a short exposure to the laboratory atmosphere. 
Besides a shift in the critical temperatures toward 
higher values, by about 0.3 "C, the separation 
into two phases is no longer accompanied by a 
sharp break in the curves. The transitions in 6' 

and E" are now gradual and deviation from 
linearity begins 0.3 to 0.5" above the critical 
temperature. 

In this audio frequency range the reaction of 
aniline or cyclohexane to an electric field pertur- 
bation is fast enough to allow the polarization to 
reach its equilibrium value. Therefore the losses 
of the system at temperatures far from the 
critical temperature could be due to d.c. con- 
ductivity, dielectric relaxation of particles greater 
than 100 A (15) in diameter, or a combination of 
these. To examine the extent of the d.c. contribu- 
tion one should employ lower frequencies for 
measurements. However, this frequency range 
was beyond the capabilities of the present 
apparatus. 

The behavior of the dielectric parameters 
could be interpreted despite the uncertainty in 
the origin of the losses. As previously mentioned, 
measurements of the solution viscosity did show 
an anomalous behavior before the critical tem- 
perature (1 I), and despite the Debye correlation 
between viscosity and dielectric properties, no 
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2 9 . 5  30.0 30.5 31.0 3 1 . 5  3 2 . 0  

TEMPERATURE 'C 

FIG. 1. (a) E' 5 kHz as a function of temperature and composition.Composition is expressed as mole fraction of 
aniline. (b) E" at 5 kHz as a function of temperature and composition. Composition is expressed as mole fraction of 
aniline. 

such behavior has been observed here, until 
phase separation occurs. 

Discussion 
At temperatures far from the critical region, 

local density fluctuations occur, but the time in- 
tervals are usually smaller than 10-12s (16). Thus, 
as far as dielectric processes are concerned, the 
liquid is homogeneous. As the system approaches 
the critical region, the fluctuations become longer 
in duration and extend over longer spatial 
regions (17). Quinn and Smyth (5) therefore ex- 
pect such a solution to reach a point of hetero- 
geneity, due to  fluctuations in the molecular 
environment, where the dielectric parameters 

would be affected suddenly. More specifically, 
according to Snider (7, 8), losses would be attri- 
buted in this case to diffusion of molecules to- 
wards their new equilibrium positions as the 
system is subjected to the applied alternate 
electric field perturbation. The correlation effects 
among the dipoles will cause the anomalous be- 
havior of the dielectric parameters. The correla- 
tion effects will be the result of a rapid increase 
of molecular clusters in the liquid as the system 
approaches the phase separation point. 

Such a model would in general explain the 
anomalous dielectric behavior which has been 
found in the different frequency ranges as de- 
scribed in the introduction. However, the question 
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The same conclusion, that in the present sys- 
tem there is no sudden buildup of molecular 
clusters (multimers) above the critical tempera- 
ture, is developed by the results of Sen and Ghosh 
418) on different grounds. Also, according to 
Harrison and Mayer (13), in a one component 
system, a wide region exists, above the critical 
temperature, where the denser phase exists with 
no surface tension. Such a model, extended to a 
binary solution, fits into the present concept of 
the microregions. 

In such a system, traces of water are likely to 
adsorb on the surfaces of the aniline aggregates. 
The hydrogen bonds among the different surfaces 
will result in increasing the temperature at  which 
the surface tension of the aggregates is created 
and phase separation occurs. As the aggregates 
increase in size, for geometrical reasons the 
water content on the surfaces will increase too. 
This can explain the deviation from linearity of 
the dielectric curves in the region preceding the 

FIG. 2. (a)  E' at 5 kHz as a function of temperature 
and composition. Composition is expressed as moie 
fraction of aniline. Moisture has been admitted to the 
dried system. jb) E" at 5 kHz as a function of temperature 
and composition. Composition is expressed as mole 
fraction of aniline. Moisture has been admitted to the 
dried system. 

remains why the dielectric phenomena have not 
been observed for the aniline-cyclohexane sys- 
tem down to the separation point. 

A feasible explanation would be that for the 
given concentration range of the system, the 
components are divided between two types of 
microregions even a t  temperatures far above the 
critical temperature. Each of the microregions 
contains an excess of one component, nameiy, 
aniline or cyclohexane. These microregions are 
separated by density gradients, and while the 
temperature decreases, the microregions increase 
in size and change siightly in concentration. 
During this process, the density gradients become 
sharper, until finally the molecular aggregates 
reach their maximum size and concentration and 
phase separation occurs. As in such a system 
there is no sudden increase of clusters above rhe 
critical temperature, no anomaly in the dielectric 
parameters is expected to the point of phase 
separation. In such a case the dielectric constant 
and energy losses will be continuous function of 
temperature down to the phase transition. 

phase separation when water traces are present 
(Fig. 2 a and b). 

The anomalous effects reported in the various 
systems (see Introduction) occur rn the same 
temperature interval where the curves In the 
present study begin to deviate from linearity in 
the presence of water. One should therefore 
carefully verify that any anomalous dlelectrlc 
effects obtained in this region are not connected 
~vith the presence of ~mpurlties in the system. 

Conclusion 
The jump in the dielectric parameters at phase 

separation of' a pure binary solution was found 
to be a convenient and sensitive tool for the 
determination of the critical temperature. The 
results obtained here support (within the experi- 
mental accuracy) the observations by Rice and 
collaborators of a flat portion in the coexistence 
curve of the aniline-cyclohexane system. It is 
suggested that the approach of the system to 
phase separation involves only density fluctua- 
tions and gradual changes of the concentration 
of aggregates already existing far from the 
critical region. No evidence was found for the 
sudden formation of' molecular clusters upon 
approaching the critical point of the system. 

This work was made possible by support from the 
National Research Council of Canada through an 
operating grant to R. Mclntosh. 
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The Effect of Pressure on the Solubility of 
CaC03, CaF2, and SrS04 in Water 

ROBE W. MACDONALD' A N D  NEIL A. NORTH 
Deportment ofOre~~r~ogrnaplzy, Dolhousir U t z i ~ ~ ~ r s i t ~ ,  Hci l ( f ' i i~ ,  R1101.<1 Scotiil 

Received October 1. 1973' 

RORIE W. MACDONALD and NEIL A. NORTH. Can. J. Chem. 52.3 181 (1974). 
The effect of pressure on the solubility of CaCO,(calcite), CaF,, and SrSO, in water was 

investigated for temperatures between 0 and 35 ' C  for pressures up to 1000 atm. It was found 
that for SrSO, a t  0 'C, and at  22 -C  above 500 atm, and CaCO, the high pressure solubility 
producls were appreciably lower than those expected from calculations based on the anhy- 
drous salts. It is postulated that this effect may be due to the formation of a bulk or surface 
hydrate. Consequently, care must be taken in assigning the solid phase when predicting the 
pressure dependence of the solubility of a sparingly soluble salt. 

ROBIE W. MACDOSALD et NEIL A. NORTH. Can. J. Chem. 52. 3181 (1974). 
On a examine l'effet de la pression sur la solubilite du CaCO,(calcite), CaF, et SrSO, dans 

l'eau a des temperatures variant entre 0 et 35 cC pour des pressions allant jusqu'a 1000 atm. 
On a trouvt que les produits de solubilite a haute pression du CaC0, et du SrSO, a 0 et a 
22'C au-dessus de 500 atm sont beaucoup plus bas que ceux attendus en se basant sur des 
ca l c~~ l s  extrapoles de donnees pour des sels anhydres. On fait I'hypothese que cet effet peut 
&tre dG a la formation d'un hydrate 3. la surface. Par consequent I'on doit prendre garde en 
attribuant des phases solides lorsque I'on predit la dependance sur la pression de la solubilite 
d'un sel tres peu soluble. [Traduit par le journal] 

Introduction 
The pressure dependence of the thermodyna- 

mic equilibrium constants is described by the 
equation 

a - A V  
-(In K,,) = -- a~ RT 

where AV is the difference between the partial 
molal volumes of the product and reactant spe- 
cies. For homogeneous reactions in aqueous 
solutions, it has been demonstrated both in 
theory and by experiment that the AV calculated 
from the pressure dependence of equilibrium 
constants are in good agreement with the AV 
determined from the partial molal volumes of 
the product and reactant species. The same 
agreement should also be found with hetero- 
geneous equilibrium constants, in particular for 
the solubility products of sparingly soluble salts. 

Some recent determinations of the pressure 
dependence of SrSO, solubilities (1 1) produced 
an experimental A V that was approximately 1 1.0 
cm3 mol-I more positive than the theoretical 
value calculated from the partial molal volumes 

'Present address: 21 1 Harbour Road, Victoria, British 
Colunlbia V9A 3S2. 

ZRevision received May 3, 1974. 

of Sr2+, SO4,-, and anhydrous SrSO,. This dis- 
crepancy was tentatively attributed to the forma- 
tion of a layer of hydrated SrSO, on the surface 
of the anhydrous crystals. 

Tn this paper are reported the solubility prod- 
ucts of three sparingly soluble group I1 salts: 
CaCO,, CaF,, and SrSO,, for pressures of up to 
1000 aim and at various temperatures between 
0 and 35 "C. The experimental AV calculated 
from these measurements are compared to the 
theoretical A V calculated from the partial molal 
volumes, assuming the equilibrating solid phases 
to be the anhydrous salts. From these compari- 
sons the authors were able to show that the pre- 
viously reported behavior of SrSO, is also found, 
to a lesser extent, with CaCO, and, in both cases, 
this behavior appears to arise from the formation 
of crystalline hydrates. 

Method 
The solubility products of CaF,, CaCO,, and 

SrSO, in distilled water were measured at pres- 
sures between 1 and 1000 atm and at various 
temperatures between 0 and 35 "C. The distilled 
water used in these measurements was de-ionized 
water which was boiled vigorously prior to use 
to expel1 any dissolved CO,. The p H  of the water, 
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before the addition of the salts, was between 6.5 
and 7.0. 

The SrSO, solid was a powder, of Laboratory 
Reagent purity, supplied by B.D.H. The CaCO, 
was in the form of small natural calcite crystals 
from Mexico. An analysis of the calcite showed 
that it contained less than 0.1 mol% magnesium. 
The CaF, were small handpicked crystals from 
a geological laboratory specimen of unknown 
origin. 

The solubilities were determined using the 
apparatus shown diagrammatically in Fig. 1. 
The solutions were saturated by allowing the 
water to percolate, at a known rate, through the 
reaction column which was packed with the dis- 
solving solid. This method produces a large sur- 
face area to liquid volume ratio and so allows a 
relatively rapid attainment of equilibrium. After 
percolation through the column, the liquid was 
collected in flasks and diluted with acidified 
NaCl solution. The resulting solution was ana- 
lyzed for either Ca or Sr by atomic absorption, 
where all determinations had better than f 2% 
accuracy. Saturation was considered to be at- 
tained when an increase in the contact time be- 
tween the percolating solution and the solid 
produced no increase in the metal ion concentra- 
tion in the solution. 

The thermodynamic solubility products for 
each of the salts were calculated from the con- 
centrations of the respective metal ions in the 
saturated solution. For SrSO, and CaF, the 
solubility products are 

[3] K (d,CaF2) = [Ca2+] [F-l2 yi3(CaF2) 

As the pK,'s of HS0,- and H F  are 1.92 and 
3.45 respectively (I), the concentration of these 
species in the saturated solutions are negligible. 
A simple calculation will show that the H F  in 
the present solutions is over 99% dissociated. 
Consequently, the anion concentrations are 
given by 

and 

The mean activity coefficients for the dissolved 
solutes (y,) were calculated from the extended 
Debye-Hiickel equation, following the same pro- 
cedure used by Fisher (2). This gives y-  + as a 

3: 
FIG. 1 .  Schematic diagram of the apparatus. 

function of pressure. The method is well docu- 
mented by Fisher, and a repetition here would 
be superfluous. 

In calculating the CaCO, solubility products, 
allowance was made for the carbonate equilibria. 
In the closed system, with no GO2 gas dissolved 
in the water, the concentration of H2C03  ,, was 
found to be negligible compared with C0,'- 
and HC0,-.  In fact it was found that it con- 
tributed less than 0.1% to the total carbonate 
present. As a result, only a correction for the 
formation of HC0,-  was necessary. In order to 
do this a temperature and a pressure correction 
were required. The temperature correction was 
applied first by using the data of Harned and 
Hamer (3) for K, and the values given by Horne 
(4) for K2, where 

[6I K, = [Ht]  [OH] 

[7] K2 = [Hf ] [C0,2-']/[HC03-] 

Thus it was possible to obtain K, and K2 at 
1 atm and at any temperature between 0 and 
25 "G. 
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MACDONALD AND NORTH: EFFECT OF PRESSURE ON SOLUBILITY 

O S,35q 2 2 " .  

In eq. 8 the measured value of Ca and the cal- 
culated value of C0,2- were used. The extended A. -01 : 2 0  c 

Debye-Huckel equation was applied in the same 3S0C 

procedure as that used by Fisher (2) to give y, 3 0  

as a function of pressure. 
The calculated thermodynamic solubility prod- 2c 

ucts are collected in Table 1, and some of these 
are shown graphically in Figs. 2 and 3. The 
values of AVO were determined by using a least 
squares fit of the data. Both parabolic and linear ", - 
representations were examined. From the stand- 
ard error it was found that the parabolic fit was 

X" 7" 
an improvement over the linear fit in the case of 
SrSO,, and to a lesser extent for CaF,. CaCO,, 
however, was better represented by a linear fit. 
The calculated AVO at one atm are reported in " 
Table 2. The parabolic fit is equivalent to the 
equation given by Lown et 01. ( 5 )  and therefore 
takes into account the compressibility. Particular 
note should be made of the SrSQe curve for 2 

The further correction for pressure was made 
by using the equation of Lown et al. (5). This 
procedure has been shown to work well for :I 
pressures below 2000 atm. The AV values were 0 S a F z  ( 2 3 " : .  A = I  I 

obtained from Millero (6) and were adjusted for 
temperature by assuming that A V varied linearly 
with temperature between 0 and 25 "C. The AK 2 0 -  

value for water was taken from North (7), while 
AK pertaining to K, was obtained from Owen 
and Brinkley (8). I t  was assumed that AK did not 
vary appreciably with temperature. Following ao - ,,- 
the above method, K,(P,T) and K,(P,T) were x 

- 

found. From these and the measured concentra- ra :I 
tion of Ca2 ', the concentration of other species 
present were calculated. By applying the exten- 
ded Debye-Huckel equation, and the values for 
d, the ion size parameter for individual ions given 
by Berner (9), the equilibrium was recalculated 
in terms of activity. The Debye-Huckel equation 

22 ' C  found in Fig. 3. Unlike the curves at 35 1 , , , , , 
and 2 "C, the 22 "C curve has a definite break. 21C <S? F ~ O  e r r ,  I G O G  

A V  for P d 500 atm and P 2 500 atm are re- P R E S S O R E  ( A T M )  

was reapplied to the second set of equilibrium 
values, but owing to rapid conversion, significant 
changes in concentrations were not found. 

ported in Table 2. FIG. 3. A semi-log plot of K, us. pressure (in atm) 
Taking SrSO, as an example, the dissolution for SrSO,. 

- 

I I I I I 
The thermodynamic solubility products were c ~ C C  4 0 5  ~ C O  3 c r o  

then calculated in the same manner as those for P R E S S U R E  ( A T M )  

CaF, and SrSO, yielding FIG. 2. A semi-log plot of K, us. pressure (in atm) for 
CaCO, and CaF,. 

[8] K(d,CaCO,) = [Ca2+] [CO,, - 1  y ,2(CaC03) 
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TABLE 1. Concentration of M2+  In saturated solut~onr, and lhermodynamlc solubilrty products (pressures In atm, M Z +  in pg/g) 
-- -- -- - -- 

SrS04 CaF, CaCO, 
-- -- - 

T 03 P M=+ ~ ~ ~ 1 0 '  T( 'C) P M2+ K, x  1 O l L  T PC) P M ~ +  K,, x  lo9 
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MACDONALD AND NORTH: EFFECT OF PRESSURE ON SOLUBILITY 

TABLE 2. Volunle change of dissolution 

v0 
VO Confidence (theoretical, 

Temperature (experimental, intervals anhydrous salt 
Solute E l  cc/mol) (95%) cc/mol) 

SrS04 2 -48 .1  - + 6 . 2  -56.1 
SrS04 22 (P < 500) -51.8 k 2 . 7  -50.8 
&SO4 22 (P 2 500) - 39 .0  1 4 . 2  -50.8 
SrS04 3 5 -53.2 k 1 1 . 2  -49.5 
CaCO, 25 -58.0 k 3 . 9  -59.1 
CaC03 23 -54.9 - +2.2 -59.5 
CaCO, 8 - 57.5 k 5 . 0  -62.3 
CaCO, 1 -57.1 - + 1 . 8  -63.7 
CaF2 25 -43.4 -1-7.8 -44.7 
CaF, 23 -44.3 t 4 . 0  -44.9 

reaction for the anhydrous salts is 

[91 SrS04(s, + Sr2+ + Sod2- 

and AVO for this reaction is 

where vO(S~~',SO,~-) is the partial molal vol- 
ume at atmospheric pressure of SrSO, dissolved 
in water at the same temperature at which the 
solubility products were determined. V(SrS0,) is 
the molal volume of anhydrous SrSO,. The par- 
tial molal volumes of ions in distilled water at 
0, 25, and 50 "C have been tabulated by Millero 
(6). Using these tables it is found that 

[ l l ]  AvO(~.S~SO,) = -50.6 T 0.097(T-25) 

1121 AVo(d,CaC03) = -59.1 + 0.188(T-25) 

where T is in "C. 

Discussion 
A comparison of the experimental and theore- 

tical A V0 for the dissolution of these three solids 
shows that only in the cases of SrSO,, in the 
high temperature - low pressure region, and 
CaF, are the solubility pressure dependences 
in agreement with those predicted for the anhy- 
drous salt. For SrSO,, in the low temperature - 
high pressure region, the difference between the 
experimental and theoretical values is approxi- 
mately 1 1 cm3 mol- l .  

This discrepancy between the experimental 
and theoretical AVO for CaCO, and SrSO, can 
be resolved if the equilibrating solid phases are 
considered to contain water(s) of crystallization. 
Using SrSO, as an example, the dissolution re- 

action for a hydrated solid is 

[14] SrSO4.nHzO =$ Sr2+ + SO4'- + nH20 

and the molal volume change for this reaction is 

where Vw and V(SrSO,.nH,O) are the molal 
volumes of pure water and of the hydrated 
SrSO, solid respectively. To calculate a value for 
A Vo from eq. 15, it is necessary to know the molal 
volume of the hydrated salt. Whilst the molal 
volumes of hydrated for~ns of SrSO, and CaCO, 
are not known, it is possible to estimate these 
from the measured molal volumes of other salts 
which occur in the anhydrous and hydrated 
forms. A comparison of the molal volumes of 
the corresponding hydrated and anhydrous forms 
of a number of group I1 salts shows that these 
volun~es are related by the approximate ex- 
pression 

where Vw(cryst.), the mean partial molal volurne 
of the water of crystallization, is approximately 
14.6 cm3 mol-I (1). By combining eqs. 10, 15, 
and 16 with 18.1 cm3 mol-I as the molal volume 
of water, it is seen that 

There are two significant features of eq. 17 
which should be noted. Firstly, the volume 
change for the dissolution of a hydrated salt must 
always be more positive than that for the cor- 
responding anhydrous salt. Secondly, the dif- 
ference between the AVO for the corresponding 
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anhydrous and hydrated salts should be approxi- 
mately 3.5 cm3 mol-' for each water of crystal- 
lization. 

These two features are observed in the pressure 
of the solubilities of CaCO, and SrSO, (low 
temperature - high pressure region). The differ- 
ences between the experimental and the theoreti- 
cal, anhydrous, AVO for these two salts suggests 
that the hydrated solid phases are CaC03.H20 
and SrS0,.3H20 respectively. From eq. 15 it 
follows that the molal volume of CaC0, .H20 is 
52.6 cm3 mol-l, and that of SrSO,.3H,O is 
89.7 cm3 mol-'. 

The SrSO, solubility measurements indicate 
the presence of two SrSO, solid phases: anhy- 
drous SrSO,, and SrS0,.3H20. The anhydrous 
salt forms the equilibrating solid phase at 35 "C, 
up to at least 1000 atm, and at 22 "C for pres- 
sures up to 500 atm. The hydrated salt forms 
the equiiibrating solid phase at 2 and at 22 "C for 
pressures greater than 500 atm. In both cases 
the equilibrating solid phase is that form which 
has the lower solubility in water under the ex- 
perimental conditions. 

With SrSO,, the phase transformation reac- 
tion 1s 

For this reaction AVO is - 11.0 cm3 mol-I. From 
the value of AVO it is seen that, in accordance 
with the experimental observations, increasing 
the pressure will favor the formation of the hy- 
drated solid from the anhydrous salt. The in- 
creased stability of anhydrous SrSO, with re- 
spect to SrS04.3H,0 at higher temperatures is a 
feature frequently observed with the hydrateable 
group I1 salts. For example, MgSO,.7H,O con- 
verts to anhydrous MgSO, at 200 "C (1) .  

In this paper the authors have postuiated the 
existence of two hydrated salts: CaCO,.H,O, 
and SrSO4.3H,O. The former has previously 
'Seen reported (10) as the precipitant from soiu- 
tions slightly over-saturated with Ca2+ and 
CO,'- ions. There have been no previous reports 
of any hydrated form of SrSO,. However, the 
experimental conditions which were used in this 
work, namely a suspension of the solid in a iarge 
excess of water at low temperatures and high 
pressures, should be close to the ideal conditions 
for the formation of hydrated solids. Conse- 
quently, the hydrated solids formed under these 
conditions may not be sufficiently stable to be 
characterized by the more usual procedures: i .e . ,  

at room temperature, atmospheric pressure, and 
isolation from the liquid. Conversely, when a 
normally anhydrous salt is placed in water, a 
hydrated phase may form on the surface of the 
solid. The presence of such a phase may not have 
a significant effect on solubility measurements 
carried out at constant pressure, but if the pres- 
sure dependency of the solubility of the salt is 
predicted on the assumption that the solid phase 
is anhydrous, the calculated high pressure solu- 
bility products will be appreciably greater than 
the true values. 

Conclusion 
The thermodynamic solubility products for 

CaF,, CaCC,, and SrSO, were determined at 
various temperatures between 0 and 35 "C for 
pressures of up to 1000 atm. The pressure de- 
pendence of the solubilities of SrSO,, at 22°C 
up to 500 atm and at 35 "C up to 1000 atm, and 
CaF, were in agreement with those calculated 
for the respective anhydrous salts. For SrSO,, 
at 0 and at 22 "C above 500 arm, and CaCO, the 
high pressure solubility products were appre- 
clably lower than those expected for the anhy- 
drous salts. It was shown that these lower solu- 
bility products could be reasonably attributed to 
the formation of hydrated solids in equilibrium 
with the liquid. Such hydrate formation may 
occur with other salts which are normally only 
found in the anhydrous form. Consequently, any 
prediction of the pressure dependence of the 
solubility of a sparingly soluble salt should be 
treated with caution unless there is experimental 
evidence to ~ustify the choice for the equilibrating 
solid phase. 
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Alkali Tin Paraperiodates (MSnI06): Thermal Analyses, Electrical Conductivity, 
Infrared, and X-Ray Diffraction Studies 

MAHADEVA NATARAJAN, PALEPU RAMAMURTHY, A N D  ETALO A. SECCO' 
Deprrrtment of Che~riistry, S t .  Fvnncis Xavier U~~i ivr .c i t y ,  Arztigoni.clz, hTovu Scotio 
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MAHADEVA NATARAJAN, PALEPU RAMAMURTHY, and ETALO A. S ~ c c o .  Can. J. Chem. 52, 
3187 (1974). 

Crystalline sodium tin paraperiodate has been prepared; the X-ray powder diffraction data 
are indexed to the hexagonal system. 

The thermal analyses, TG and DTA of MSnIO,, where M = NH,; Na, K, Rb, Cs, reveal 
that the initial mode of decomposition is via partial evolution of I, and 0 2 .  

The infrared spectra of these compounds exhibit six well-defined absorption bands. These 
bands are located within the frequency region characteristic of 1-0 vibrational modes suggest- 
ing a lowering of the normal 01, symmetry for the [IO6I5- species. 

The electrical conductivity cs. temperature behavior for CsSnIO, is reported. 

MAHADEVA NATARAJAN, PALEPU RAMAMURTHY et ETALO A. SECCO. Can. J. Chem. 52, 
3187 (1974). 

On a prepare du periodato-stannate de sodium cristallin et determine sa structure a l'aide 
d'un diagramme de poudre. Les resultats permettent de I'identifier comme ttant un systeme 
hexagonal. 

Les analyses thermiques du compose MSnIO,, dans lequel M est successivement NH4, Na, 
K, Rb, Cs montrent que le mode initial de decomposition passe par une evolution partielle de 
I, et 0,. 

Les spectres infrarouges de ces composts montrent six bandes d'absorption bien definies. 
Celles-ci sont situees dans la region de frequences, caracttristique des modes vibrationnels 
1-0, et laissent supposer une diminution de la symetrie normale Oh pour le type [IO6I5-. On 
traite aussi du comportement de la conductivite Clectrique en fonction de la temperature du 
CsSnI06. [Traduit par le journal] 

Introduction 
Mixed metal paraperiodates (hereafter referred 

to simply as periodates) of the type M'MIVI06 
have been known for some time (1,2) but hither- 
to no detailed work on the physico-chemical 
aspects and mode of decomposition of this type 
of compound has been reported in the literature. 

Recently, the alkali tin periodates, MSnIO, 
where M is NH,, K, Rb, or Cs were prepared by 
Frydrych (3). The reported X-ray powder dif- 
fraction data were fitted to the hexagonal sys- 
tem; NaSnIO, was not obtained in the crystal- 
line form. 

The purpose of this paper is to report on the 
preparation of sodium tin periodate, the X-ray 
powder diffraction data of NaSnIO,, the mode 
of decomposition, and infrared spectra of all the 
known alkali tin periodates along with some 
electrical conductivity measurements. 

Experimental 
All the periodate compounds used in this study were 

'To whom correspondence should be addressed. 

prepared according to Frydrych (3) with a slight modi- 
fication in the procedure where SnCI, solution was added 
dropwise under constant stirring. The precipitates were 
aged at  room temperature up to six weeks. (A trend in 
ageing time required for crystallization was observed: 
for Cs and R b  less than two weeks, for NH4, K, and Na 
about six weeks.) The aged precipitates were washed in 
30% acetic acid, ethanol, and ether, and finally dried at  
-1 10 'C. The identity of each compound was ascertained 
from its known X-ray diffraction data and/or the results 
of thermogravimetry. 

The X-ray diffraction patterns for NaSnIO,, confirmed 
in four different preparations, were recorded on a Norelco 
diffractometer unit previously described (4). 

Thermoanalytical results were obtained on a DuPont 
Thermal Analyzer, DTA-900 and TGA-950, and DuPont 
1200 "C DTA cell, at  constant heating rate of 20" min-' 
as previously described (5). The solid products of de- 
composition were identified by their X-ray powder 
diffraction patterns. 

The infrared spectra were recorded on a Perkin-Elmer 
Model-180 spectrometer using the standard KC1 pellet 
technique. 

Conductivity measurements were made on compressed 
polycrystalline powder discs (2 mm thickness and 12 mm 
diameter) in a stainless steel conductivity cell whose 
construction (6n) and conditions of operation (6b) have 
already been described. 
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TABLE 1. Powder diffraction X-ray data on NaSnI06* 

Line 
d (4 
--- Uncorrected 

number Observed Calculated hkl I/Io 

*Cell constants: a. = 5.278 A; co = 

Results and Discussion 
X-Ray Diffraction Analysis 

Our X-ray powder diffraction data agree very 
well with those data previously reported by 
Frydrych (3). The data for NaSnIO, were in- 
dexed (7) to the hexagonal system with the cell 
constants calculated to be a,  = 5.28 i% and 
c, = 10.40 A. The sodium analog is therefore 
isomorphous with the other members of this 
series. The observed and calculated d spacings 
(Table 1) along with their relative intensities and 
hkl values are placed with the Depository of 
Unpublished Data.' 

An examination of the d spacings for the 
MSnIO, compounds reveals that those d values 
identified with crystallographic planes (I1kl) in- 
corporating the cell edge c,  vary in the series 
whereas the cell edge a,  remains unaffected. 
Assuming the c,  to be a function of the crystal 
radius of the alkali metal ion r (8), the c,/u, ratio 
was plotted against the ionic radius r, Fig. 1. The 
quasi-linear dependence of colao with r indicates 
a contraction of the hexagonal unit cell in going 
from CsSnIO, to NaSnIO,. The unfilled dotted 
circle represents the extrapolated c,/a, - 1.63 
for the expected Li analog with r.(Li+) = 0.60 A; 
this value is the theoretical limit of cola, assumed 
for the closest packed hexagonal system. The 

'Complete set o f  data may be obtained, at a nominal 
charge, from the Depository o f  Unpublished Data, 
National Science Library, National Research Council o f  
Canada, Ottawa, Canada K I A  0S2. 

0.5 r,crystal 1.0 radius ot ions 1.5 (A) 

FIG. I .  The colao ratio o f  the hexagonal unit cell o f  
MSnIO, ( M  = Na, K ,  Rb, Cs, or NH,) as a function o f  r ,  
the ionic crystal radius o f  the ions, M'.  

above relation could explain our repeated failure 
to obtain crystalline LiSnIO,. 

Thermal Analyses 
The thermal decomposition of these perio- 

dates were studied by both differential thermal 
analysis (DTA) and thermogravimetry (TG). On 
the basis of thermal analysis behavior, the com- 
pounds are discussed under two groups. 

MSnZO, ( M  = lVa, K, Rb, or Cs) 
Typical DTA and T G  recorded traces repre- 

sented by NaSnIO, and CsSnIO, are presented 
in Fig. 2 a and b where solid and broken lines in 
Fig. 2a represent heating and cooling modes, 
respectively. Similar recorded curves were ob- 
tained for KSnIO, and RbSnIO,. The peak 
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NATARAJAN E T  AL.: STUDIES OF AL ,KALI TIN PARAPERIODATES. MSnI06 3189 

FIG. 2. (a) ~ifferential  thermal analyses traces of 
CsSnIO, and NaSnIO,. Solid lines refer to heating mode, 
broken lines refer to cooling mode. (b) Thermogravi- 
metrical analyses curves for NaSnIO, and CsSnIO,. The 
weight ordinate in arbitrary units. 

temperatures for the observed thermal effects 
and the thermogravimetric data are given in 
Table 2. 

Since these compounds were in a highly crys- 
talline state, the two weak exothermic effects 
preceding the intense decomposition endotherm 
cannot be ascribed to crystallization. The T G  
trace shows a very slight weight loss in the tem- 
perature interval of these two weak exotherms 
which suggests a predissociation of metastable 
imperfections (occlusions and/or surface growth) 
prior to the major bulk decomposition step. 
The TG data for the main decomposition step 
can be fitted to the general equation 

The visual evolution of elemental iodine fumes 
during this stage supports this mode of decom- 

position and is consistent with the earlier ob- 
servation (2). A shoulder precedes the major 
endotherm for the Rb, K, and Na compounds, 
becoining most prominent in NaSnIO,, suggest- 
ing that the decomposition involves two over- 
lapping .teps. The decreasing peak temperature 
for the decomposition endotherm in going from 
Na to Cs, Table 2, parallels the trend reported 
by Balek and Julek (9) on some group IIA 
periodates. 

Two additional endotherms appear on the 
DTA heating curve after the bulk decomposition 
reaction, that is, in the residue from [I].  The 
first weaker endotherm is assigned to M20,  
melting and the second endotherm is identified 
with MI fusion (both eKects appear as exotherms 
on cooling). These two latter endotherms were 
confirmed by DTA on a Na,O,-NaI-SnO, mix- 
ture in a 1 :4:  6 mole ratio. However, X-ray 
diffraction of the solid residue from [l] revealed 
lines characteristic of only SnO, and NaI. The 
second major weight loss in the T G  curve was 
confirmed using a stoichiometric mixture as 
above, to be due to (i) volatilization of I, in the 
case of Na salt, (ii) volatilization of MI in the 
case of K and Rb salts, and (iii) volatilization of 
CsI and Cs202 leaving a final residue of SnO, 
in the case of CsSnIO,. The final residue from 
Na, K, and Rb periodates gave a strong alkaline 
test in water whereas the final residue from 
CsSnIO, was non-alkaline. 

NH,SnIO, 
Differential thermal analysis and TG heating 

traces are presented in Figs. 3a and b. 
The TG data for NH,SnIO, (A) are fitted to 

the decomposition pattern of CsSnIO, as shown 
in Table 2. In contrast with this result, the T G  
curve for NH,SnIO, (B), that is the original 
NH,SnIO, precipitate stored for two months in 
a dessicator, reveals a sharp one step process 
amounting to 83% weight loss. This feature sug- 
gests a rapid disintegration process with a con- 
comitant volatilization and splattering of the 
reaction products. 

The DTA heating trace for NH4SnI06 illus- 
trates the fundamental distinct features relative 
to the heavier members of this series, viz. the 
decomposition step occurs at much lower tem- 
peratures with an exothermic effect and no evi- 
dence of MI or M 2 0 2  fusion endotherms. The 
presence of NH,I and (NH4),02 are thought to 
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NATARAJAN E T  AL.: STUDIES OF ALKALI TIN PARAPERIODATES, MSnIO6 3191 

FIG. 3. (a) Differential thermal analyses curve (solid 
and broken lines refer to heating and cooling modes 
respectively) of NH4SnI06 (A). (b) Thermogravimetric 
analyses curves for fresh NH,SnIO, (A) and stored 
NH,SnIO, (B). 

1 
J 

be tied up with SnO, as NH,I.(NH,),SnO, 
which subsequently dissociates at >410 "C to 
give a residue of SnO, identified by X-ray dif- 
fraction. 

17 '10 I . 3 "10 

I I I I 

Electrical Conductirity 
The results of conductivity measurements on 

CnSnIO, powder specimen is shown in Fig. 4 
where the logarithm of conductivity, o, is plot- 
ted us. reciprocal temperature, T. The conduc- 
tivity of CsSnIO, remains constant from room 
temperature to 380 "C. The rapid rise in con- 
ductivity above 380 "C and the two anomalies 
at 456 and 496 "C can be correlated with the two 
weak exothermic effects ascribed to the predis- 
sociation of metastable imperfections. Above 
500 "C the conductivity increases sharply with 
the onset of decomposition. 

200 400 600 80C 
Temperotdre ,'C 

Infrared Spectra 
The infrared spectral data of all compounds 

are presented in Table 3. All compounds gave 
six well-defined absorption bands typified by 
RbSnIO, in Fig. 5. 

To our knowledge no infrared spectrum has 
been reported and no vibrational analysis is 
available for tin paraperiodates, MSnIO,. Since 
each of the six bands show essentially a constant 

FIG. 4. Logarithm of electrical conductivity, (s versus FIG. 5. Infrared absorption spectrum of RbSnIO, in 
reciprocal of absolute temperature, T for CsSnIO,. KC1 pellet matrix. 
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TABLE 3. Infrared absorption band frequencies of MSnIO,* 

Frequency (cm-') for M = 
- -- 

Band Na K Rb Cs NH4 

* s  = strong, m = med~um,  u = ueak,  br  = broad, vbr = very broad 

frequency, within 10 cm-', it is unlikely that any 
mode intimately involves the alkali metal M. 
Furthermore, these bands are located within the 
frequency region characteristic of iodine-oxygen 
vibrational modes observed in iodates (10, 1 I), 
periodates, and paraperiodates (12). 

The paraperiodate ion [10,15- was fitted to an 
octahedral arrangement of six oxygens about the 
central iodine (13). Of the six normal modes of 
vibration for 0, symmetry, only two (v,, v,) 
are predicted to be infrared active. The appear- 
ance of six infrared bands in the 1-0 vibrations 
region strongly suggests a reduction of the 
[I0,I5- O,, symmetry. Two structural effects can 
account for this lowering of symmetry, (i) 
monodentate (C,,) IO, group and (ii) crystal 
field. It is virtually impossible to distinguish 
between these two effects in the absence of single 
crystal structural data on MSnIO, compounds. 

In addition to the 10, group, the presence of 
the SnO, group in crystalline state of the 
MSnIO, compounds is a distinct possibility. We 
have observed stannates to exhibit absorption 
bands in the region 300-700 cm-' as hell and it 
has been suggested (14) that of the six observed 
bands in this region some bands might originate 
with SnO, vibrational modes (v, and v,). 

Grateful acknowledgement is made to the National 
Research Council of Canada and the University Council 
for Research for financial support of this research pro- 
gram. 
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Isoxazole Hydrate 
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S. R.  GOUGH, S. K. GARG, J. A. RIPMEESTER, and D .  W. DAVIDSON. Can. J. Chem. 52,3193 
(1974). 

X-Ray, n.m.r., and dielectric studies show that the hydrate of isoxazole is a typical type I1 
clathrate hydrate in structure, in reorientation rates of host and guest molecules, and in com- 
position. 

S. R. GOUGH, S. K. GARG, J. A. RIPMEESTER et D. W. DAVIDSOK. Can. J. Chem. 52,3193 
(1974). 

Des etudes de rayon-X, de r.m.n. et de relaxation dielectriques montrent que I'hydrate 
d'isoxazole est un hydrate de clathrate de type I1 typique tant au point de vue de sa structure, 
des taux de reorientation des molPcules reticulaires et encagees, et de sa composition. 

[Traduit par le journal] 

A hydrate of isoxazole (CH = CHCH = NO) 
with a decomposition temperature of 271 K was 
recently found by ~a lous t ian  et al. (1) from ther- 
mal analysis. It was reported to give (2) the same 
X-ray powder diffraction pattern as the well- 
known structure I1 (3) clathrate hydrate of tetra- 
hydrofuran (4) but to contain (1) 34 mol of water 
per mol of isoxazole, in contrast to the - 17: 1 
waterlguest mole ratio which characterizes tetra- 
hydrofuran and other structure I1 hydrates (5). 

We summarize here the results of X-ray, con- 
tinuous wave n.m.r., and dielectric studies of 
isoxazole hydrate. 

The X-ray powder diffraction pattern (6) of a 
sample of composition C3H,N0.14.7H,0, con- 
ditioned for 36 h at 259 K, was that characteris- 
tic of the structure 11 hydrate lattice, Fd3m, a = 

17.17 i 0.09 A at - 120 K, where the error is the 
standard deviation of measurement of 16 lines. 
Several weak lines due to ice Ih were also ob- 
served. 

Derivatives of the proton magnetic resonance 
lines of a sample of composition C3H3N0.19.9- 
D,O, conditioned for more than a week at 261 K, 
were recorded at temperatures between 4.2 and 
212 K and a frequency of - 16 MHz with a mar- 
ginal oscillator (7). Spectra obtained below about 
15 K and above about 85 K showed some satur- 
ation even at the lowest level of oscillation, but 
not to the extent necessary to significantly affect 
the line widths (separation of derivative extrema) 
-- 

'NRCC No. 14133. 

FIG. 1 .  Line width and second moment of the p.m.r. 
of the deuteriohydrate of isoxazole. The rigid-lattice 
derivative line shape is also shown. 

and second moments (corrected for audio-fre- 
quency modulation) plotted in Fig. 1. 

The rigid-lattice line shape reached at the 
lowest temperatures has no well-defined fine 
structure; the corresponding second moment 
(1.6, G2) is much smaller than that of a Gaussian 
line of the experimental width (3.5 G). The ex- 
perimental rigid-lattice second moment agrees 
well with the value of 1.6 G2 calculated for the 
model (8) in which the isoxazole molecule is 
fixed in random orientations with the center of 
mass located at the center of the 16-hedral cage 
and the C3H3 group is assumed to have the same 
geometry as the corresponding group in furan 
(9). The second moment then includes an intra- 
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isoxazole contribution of 1.3, G2, an inter-isoxa- 
zole contribution of 0.09 G2, and a contribution 
of 0.13 G2 from D20 .  

The second moment (Fig. 1) begins to fall at 
about 15 K, reaches 0.80 G2 at 32 K and 0.20 
G2 at 125 K,  and at 211 K attains a value 
(-0.14 C 2 )  not much greater than the 0.10 G2  
that corresponds (8) to isotropic rotation of both 
isoxazole and D 2 0  moiecules. A similar de- 
crease of second moment over a wide tempera- 
ture range is found in structure 11 deuterio- 
hydrates of other polar guest molecules; the 
shape of the second lnornent curve of Fig. I re- 
senlbles especially 'that shown by tetrahydro- 
furan (10). 

Dielectric relaxation of both water and isoxa- 
zole molecules was measured (1 1) at frequencies 
between 0.1 Hz and 1 MHz and temperatures 
between 1.8 and 262 K. A suspension of com- 
position C,H3NO.17.0H,O was frozen in the 
dielectric cell and conditioned at 261 K for a 
week. 

The complex permittivity plot at relatively 
high temperatures showed the locus characteris- 
tic of the relaxation of the water nlolecules of the 
structure I1 lattice (1 l), overlapped on the low- 
frequency side by a dispersion-absorption re- 
gion ascribable to ice. Since the maxiinunl ab- 
sorption by ice occurred at a frequency which 
was lower by a factor of more than 30 than the 
frequency of the n~axilnuln of the donlinant ab- 
sorption by the hydrate, the latter was not ap- 
preciably affected by the presence of ice. The 
Arrhenius plot of this frequency (Fig. 2) gives an 
activation energy of 7.1 kcal/mol for reorienta- 
tion of the water molecules in isoxazole hydrate 
above 180 K (cf .  7.4 kcal/mol in tetrahydro- 
furan hydrate (1 1)). The curvature which occurs 
at lower temperatures is also present in the rate 
plots of all structure 11 hydrates previously 
studied (8, 11). 

Figure 3 shows the variation with temperature 
of the permittivity measured on the high fre- 
quency side of the water dispersion region. This 
is shown as E ~ ~ ,  the static permittivity with re- 
spect to reorientation of isoxazole molecules. Its 
dependence on temperature may be explained in 
the same way as for other structure I1 hydrates 
of polar molecules (11), the relatively large 
values of cO2 (eg., almost 14 near 40 K) being a 
consequence of the reorientational freedom and 
large dipole moment (2.9 D (12)) of isoxazole. 
Dispersion of the permittivity occurs at low tem- 

FIG. 2. Arrhenius plots of frequencies of maximum 
dielectric absorption by host and guest molecules of 
isoxazole hydrate. 

peratures as the reorientation rates become com- 
parable to the measuring frequencies. The cor- 
responding absorption is illustrated in the inset 
of Fig. 3. In terms of frequency, the dispersion 
and absorption are very broad and as before 
(1 1) squat and asymmetric Cole-Cole plots re- 
sult. The Arrhenius plot (Fig. 2) of the rather 
ill-defined frequency of maximum absorption 
yields an "activation energy" of 1.25 kcal/mol 
for reorientation of encaged isoxazole between 
17 and 30 K. Values of 0.91 and 1.02 kcal/mol 
were previously found (1 1) for reorientation of 

FIG. 3. Temperature dependence of measured co2 of 
isoxazole hydrate. Dispersion associated with reorienta- 
tion of isoxazole and water molecules is shown at low and 
high temperatures, respectively. Dielectric absorption by 
isoxazole is shown in the inset. 
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tetrahydrofuran and acetone in the isostructural 
hydrates. 

At the lowest temperatures the permittivity 
measured is E ~ , ,  a value which includes no re- 
laxational contribution. When allowance is 
made for the presence of ice, the experimental 
value of 4.0 is raised to 4.2. This high value, like 
the values of 3.5 and 4.0 previously reported 
(I  I) for tetrahydrofuran and acetone hydrates, 
must include a substantial contribution from 
rotational oscillations of the guest molecules. 

Previous examination (5) of the composition 
data for structure I1 hydrates of a large number 
of guest species M failed to show an experimen- 
tally significant departure from the ideal com- 
position of M.17H20. Likewise, the present 
dielectric and n.m.r, results are not consistent 
with any substantial departure from this stoi- 
chiometry. For example, the experimental value 
of sO2 is 8.1 at 168 K, a temperature where the 
n.m.r. results show the isoxazole molecules to be 
undergoing very nearly isotropic reorientation. 
As a result of some incomplete "reaction", the 
dielectric sample contained not only ice but also 
some unhydrated isoxazole, as may be seen from 
the small break in the E,, curve (Fig. 3) at 206 K, 
the eutectic temperature. Allowance 'for the ice 
and solid isoxazolcpresent raises E,, at 168 K to 
about 9.4, a value which lies on the line relating 
E,, to the square of the guest-molecule dipole 
moment for structure I1 hydrates of normal 
composition. (See Fig. 2 of ref. 13.) A value of 
no more than 6.2 would be expected for the 
composition C3H3N0.34H20 previously pro- 
posed (1) to result from occupancy of only half 
of the 16-hedral cages. 

We conclude that isoxazole hydrate differs in 
no essential way from other structure I1 hydrates. 
Isoxazole molecules of maximum van der Waals 

diameter - 5.9 A easily occupy, and have con- 
siderable reorientational freedom within, the 16- 
hedral cages of free diameter 6.6 A. 

Concurrent permittivity measurements of 
solid isoxazole gave values between 2.9 and 3.0 
at temperatures down to 77 K and therefore 
showed no evidence of the presence of a rotator 
phase such as is found for furan (14, 15). 

We are indebted to Mrs. F. Lee for the diffraction 
photographs. 
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Carbon-13 Nuclear Magnetic Resonance Studies of Some 
Methyl Substituted Diphenylmethanes 

GERALD W. BUCHANAN' 
Deprirtment ofClzemistr3.. Carleton Uni~'ersity, Ottalva, Canada K1S 5B6 

AND 

GIORGIO MONTAUDO AND PAOLO FINOCCHIARO 
Inctit~rte of Ind~rrtriul Clzemistry of the U n i ~  ersity of Cntania, Catania, Italy 95125 

GERALD W. BUCHANAN, GIORGIO MONTAUDO, and PAOLO FINOCCHIARO. Can. J. Chem. 52, 
3196 (1974). 

Carbon-13 n.m.r. chemical shifts are reported for diphenylmethane and nine methylated 
derivatives. Results are compared with those for related methylbenzenes. In the case of tri- 
ortho-substituted materials the predominance of a perpendicular conformation is suggested. 
Ring c ~ ~ r r e n t  calculations show that in contrast to the 'H chemical shift interpretations, the I3C 
shielding trends cannot originate primarily from anisotropic effects. 

GERALD W. BUCHANAN, GIORGIO M O ~ T A U D O  et PAOLO FINOCCHIARO. Can. J. Chem. 52,3196 
(1974). 

On rapporte les deplacements chimiques du carbon 13 en r.m.n. pour le diphenylmethane et 
neuf derives methyles. On compare les resultats avec ceux obtenus pour des methylbenzenes 
similaires. Dans le cas des composes tri-ovtho substitues, les resultats suggerent la preponderance 
d'une conformation perpendiculaire. Des calculs de courant de cycle montrent que contraire- 
men1 aux interpretations de deplacement chiniique des protons, les tendances dans les con- 
stantes d'ecran des carbon 13 ne pe~lvent pas avoir leur origine dans des effets anisotropiques. 

[Traduit par le journal] 

Introduction 
Previous reports from these laboratories have 

dealt with 13C 1i.m.r. cheniical shifts for a series 
of ortho-substituted diphenyl ketones (1) and 
diphenyl ethers (2). In particular, the I3C shield- 
i n g ~  were correlated with molecular confornla- 
tions via a measure of the steric interference to 
conjugation between the bridged carbonyl group 
or oxygen atom and the phenyl rings. 

For diphenylmethanes, co~ljugation through 
the bridging methylene group is expected to be 
minimal. From 'H 1l.rn.r. data (3, 4), preferred 
conformations can be deduced only for tri- 
and tetra-ortho-substituted diphenylmethanes. 
Among the possible conforriiers in the tri-sub- 
stituted materials, only those with the ortlzo 
hydrogen inside the n-cloud of the adjacent 
phenyl moiety were judged to be populated 
appreciably. 

N o  conformational conclusions regarding 
mono- and di-ortho-substituted diphenylmeth- 
anes were possible based on 'H n.m.r. data. 
Since it is known ( 5 )  that 13C shieldings can be 
an  order of magnitude more sensitive to struc- 

'To whom correspondence should be addressed. 

tural change than 'H shifts, we now have in- 
vestigated the application of 13C n.m.r. to this 
problem. Furthermore, supporting evidence for 
the previous conclusions regarding the solution 
geometry of triply substituted materials is 
desirable. 

Results and Discussion 
To facilitate comparison, previously reported 

(6) carbon shifts for some pertinent methylben- 
zenes are presented in Table 1. Aryl carbon 
shieldings for the diphenylmethanes are shown in 
Table 2 while the shifts for the methyl and meth- 
ylene groups are tabulated in Table 3. Values in 
parentheses indicated possible a~nbiguities in the 
assignments. 

Standard procedures were e~iiployed for res- 
onance assignments. Carbons bearing no directly 
bonded protons were identified by their retention 
of singlet structure in off-resonance decoupling. 
From the previous 'H 1l.m.r. work (3) it is known 
that diphenylmethanes having at  least one ortlzo 
methyl group in each ring exhibit shielding effects 
for the remaining ortho proton, thus permitting 
designation of ortilo carbon resonance from 
specific decoupling. 111 symmetrical compounds, 
relative peak intensities were valuable as an aid, 
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TABLE 1. I3C chemical shifts for some methylbenzenes (6= from TMS ?0.1)* 

Methyl 
Compound position C-1 C-2 C-3 C-4 C-5 C-6 1-CH3 2-CH3 3-CH, 4-CH, 5-CH3 

1 1 137.8 129.3 128.5 125.6 128.5 129.3 21.3 
2 1,2 136.4 136.4 129.9 126.1 126.1 129.9 19.6 19.6 
3 1,4 134.5 129.1 129.1 134.5 129.1 129.1 20.9 20.9 
4 1,2,4 133.4 136.3 130.5 135.2 126.7 129.8 19.1 19.5 20.9 
5 1,2,3,5 136.0 131.6 136.0 128.9 134.3 128.9 20.3 14.6 20.3 20.9 
6 1,2,3,4,5 133.0 132.1 134.5 132.1 133.0 131.5 20.7 15.8 16.1 15.8 20.7 

*0.5 M solutions in CDCI,. 

since care was taken to minimize differential 
nuclear Overhauser enhancements. 

I t  is interesting to compare the ring carbon 
chemical shifts of diphenylmethane 7 with tol- 
uene 1. With the exception of C-l of 7 wh~ch is 
deshielded by a P substituent effect (5) relative 
to C-1 of 1, the aryl carbon shieldings are re- 
markably similar, suggesting minimal conjuga- 
tive interaction between the aromatic functions 
of 7. 

For the 2-methyl derivative 8, the aryl shield- 
ings for the substituted ring correspond closely to 
those for o-xylene 2. Chemical shifts for carbons 
in the non-methylated ring are nearly identica! 
to those for 7, indicating that a single ortho 
methyl function induces little or no conforma- 
tional preference in diphenylmethanes which is 
detectable by 'H or 13C chemical shifts. A clear 
consequence of ortho-methyl substitution, how- 
ever, ls the shielding effect of 2.5 p.p.m. ex- 
hibited by the methylene carbon of 8 relative to 
7. This is a manifestation of the 'y' steric shift (5) 
for which a theoretical model based on a concept 
of sterically induced charge polarization (7) has 
been advanced. 

Results for the 4-methyldiphenylmethane 9 
can be compared with those forp-xylene 3 and a 
striking similarity is evident for the methylated 
ring. As might be expected, there is no pro- 
nounced influence of the 4-CH, group on either 
the CH, or the remote ring carbons relative to 7. 

In the tetramethyl derivative 10, again the re- 
mote ring carbon shieldings are within 1 p.p.m. 
of those of 7, suggesting that no conformational 
preferences can be detected by I3C n.m.r. for 
di-ortho-methylated diphenylmethanes. The 'H 
spectra (3) are similarly insensitive. Methyl car- 

bon shieldings are similar to those of penta- 
methylbenzene 6. Upfield shifts for the 2,6-CH, 
groups of 10 are a consequence of the additional 
y interaction (6) with 3- and 5-CH, functions, 
respectively. The methylene carbon resonance 
undergoes a shielding of 3.9 p.p.m. relative to 8, 
indicating that the y effects of successive ortho- 
methyl substitution are not strictly additive 
(cf. 7 LCS. 8). 

Employing results for 3 and 10 as a basis, 
carbon shifts for 11 are consistent with the above 
trends. For 13 and 14, previous findings for 
pseudocumene 4 can be used for comparison and 
no unusual features seem evident for these 
diphenylmethanes. 

In the tri-ortlzo-methyl derivatives 12 and 16, 
the preferred conformations on the basis of 'H 
n.m.r. (3) are suggested to be the perpendicular 
forms in which the one ortho H is inside the 
.x-cloud- of the adjacent phenyl ring. Accordingly 
the upfield ortho-proton shift has been attributed 

to the shielding influence of the ring current (9) 
in the remote phenyl moiety. Most interestingly, 
specific 'H decoupling indicates that C-6' of 12 
is shielded by ca. 3 p.p.m. relative to C-6' of 8 
in which the adjacent phenyl ring lacks ortho 
substituents. Also C-6' of 16 is shielded by more 
than 3 p.p.m. compared to C-6' of 14. If the per- 
pendicular conformation is preferred, C-6' and 
C-1 will be cis-coplanar and the shielding y 
effect will be maximal at C-6' of 12 and 16. The 
magnitudes of these y steric shifts are nearly 
identical to those in related systems such as tri- 
phenylene and phenanthrene (13), where the 
geometries are essentially planar. Examination 
of molecular models shows that in the perpen- 
dicular form, (2-6' does not lie directly in the 



TABLE 2. Aryl carbon shifts for diphenylmethanes (Sc from TMS &0.1)* 

Methyl 
Compound pos~tlon C- l C-2 C-3 C-4 C-5 C-6 C-I '  C-2' C-3 ' C-4' C-5' C-6' 

7 - 140.8 (128.7) (128.3) 125.7 (128.3) (128.7) 

8 2 138.5 136.1 129.6 126.1 127.0 130.0 140.0 (128.4) (128.1) 125.6 (128.1) (128.4) 
9 4 137.8 (128.8) (128.6) 134.5 (128.6) (128.8) 141.2 (128.4) (128.1) 125.6 (128.1) (128.4) 

10 2,3,5,6 136.2 132.7 133.3 129.8 133.3 132.7 140.0 (128.0) (127.6) 125.3 (127.6) (128.0) 
11 2,3,5,6,4' 136.5 132.7 133.3 129.7 133.3 132.7 137.0 (128.7) (127.5) 134.6 (127.5) (128.7) 
12 2,3,5,6,2' 136. 1 132.9 133.3 129.7 133.3 132.9 137.8 135.6 129.4 125.7 126.4 125.4 
13 2,5 138.3 133.1 129.9 126.8 134.9 130.5 140.3 (128.4) (128.0) 125.5 (128.0) (128.4) 
14 2,5,2',5' 138.0 133.0 (129.8) 126.6 135.0 (129.7) 0 
15 2,4,6,2',4',6' 134.6 136.3 129.0 134.5 129.0 136.3 

> 
16 2,4,6,2',5' 135.0 136.7 128.6 134.9 128.6 136.7 137.4 133.4 129.2 126.5 133.6 126.0 , 

*0.5 M in CDCI,. 0 
x 

F 
C 
0 

TABLE 3. Methyl and lnethylene carbon shifts for diphenylmethanes (6, from TMS +0.1)* !- 
- -- m N 

Compound 
Methyl 
posltlon 

- 

*0.5 M in CDCI,. 
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shielding 'cone' of the adjacent phenyl ring, in ortho CH,'s of 15 relative to the C-2,6 methyls 
contrast to its directly bonded proton. Thus, of 16 and the C-1,3 methyls of 5. This may orig- 
anisotropic effects cannot be invoked to ratio- inate from a deshielding '6' steric interaction (1 1) 
nalize the upfield shifts at the ortho carbon with C-1 of the adjacent ring. X-Ray data on 
position. 4,4'-dihydrosydidurylmethane (12) indicate that 

In order to quantify this argument somewhat, this compound adopts a helical conformation in 
the anisotropic shielding influence of the ad- which the two aryl rings are equally twisted 
jacent phenyl ring on the C-6' and H-6' res- (4, = 0 = 43") and a similar solution geometry 
onances of a triply-ortho-substituted diphenyl- has been suggested for 15 (3) shown below. 
inethane have been calculated and the results are Averaging between the equivalent conforma- 
depicted in Fig. l .  Clearly, the 6'-proton is sub- tions of 15 will render the ortho CH, groups al- 
ject to a much greater shielding anisotropic effect ternately in the shielding and deshielding regions 
than C-6'. Theoretical values for the ring current of the adjacent phenyl ring. Accordingly the 
contributions were taken from the Johnson and anisotropic influence on the methyl resonances 
Bovey tables (9). The C-1-CH,-C-1' angle would be expected to average to a near zero 
was taken as 116" and the CH,-C-Ar bond value. 
lengths as 1.525 A using the X-ray data for 
4-bromo-2,3,5,6-tetramethyl-2'-chlorodiphenyl- 
methane as a model (10). 

For the tetra-ortho-methylated material 15, 
the methylene carbon resonance is the most 

&:A 
shielded of all the studied due to the TO summarize, it is clear that 13C n.m.r. con- 

four y steric interactions with the ortho CH, stitutes a useful addition to the existing methods 

groups. In general the chemical shifts for 15 and d i ~ h e n ~ l m e t h a n e  geometry for 

16 are in close agreement with the corresponding tri-ortl?o-methylated materials in which sup- 

methylbenzenes 4 and 5, a de- porting evidence for perpendicular conforma- 
shielding effect (ca. 0.6 p.p.m.) is evident for the tions has been obtained. No conformationai 

conclusions can be drawn for rnono- and di- 

d 7 
ortho-alkylated materials from either 'H or 13C 

A ( P P ~ I  

1.5 

1.0 

0.5 

- 3 
\ , \ - \ , \, H-6' 

f \,dl 

I 
i 

i 
I 

I \ 
I - 

I 
1 

I 1 

magnetic resonance chemical shifts. 

Experimental 
Materials 

Synthetic procedures for the diphenylmethanes have 
been described previously (8). 

Spectru 
The carbon-13 spectra were obtained at 25.2 MHz 

using a Varian XL-100-12 NMR spectrometer, most 
commonly under conditions of complete proton noise 
decoupling. Spectral acc~~mulations were accomplished 
with a Varian C-1024 time-averaging computer. Samples 
were contained in 8 mm tubes and were examined as 
0.5 M solutions in CDCI, containing 2% TMS as an in- 
ternal standard. Off-resonance decoupling experiments 
were carried out with the proton frequency offset approx- 
imately 500 Hz from the center of the proton spectral 

-0.5 

-90 - 6 0  -30 
generous financial aid. 

0 30 60 90 

FIG. 1. Calculated anisotropic contributions to the 1. G. W. BUCHANAN, G. MONTAUDO, and P. FINOC- 
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trimethyl substituted diphenylmethancs. For the confor- 2. G.  W. BUCHANAN, G. MONTAUDO, and P. FrNoc- 
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Oxydation du cyclohexkne par le nitrate ce'rique d'ammonium' 
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CLAUDE BRIGUET, CHRISTIAN FREPPEL, JEAU-CLAUDI: R I C H ~ R  et MIKI.OS ZADOK. Can. J .  
Chem. 52,3201 (1974). 

O n  Ctudie l'oxydation d u  cyclohexene par le CAN. Dans le DMSO anhydre, la reaction 
conduit a u  nitrato-3 cyclohexene tandis que dans I'acetonitrile, i l  y a formation de I\-(cyclo- 
hexene-2 yl) acetamide. En presence d'eau, i l  y a formation des produits hydroxyles. Les 
rksultats obtenus s'expliquent en faisant appel a la formation d'un interniediaire provenant 
d e  l'addition du radical NO,' sur la double liaison de I'olefine. 

CLAUDE BRIGUET, CHRIST~AU FREPPEL, JEA\- CLAUD^ RICHER, and MIKLOS ZADOK. Can J .  
Chem. 52.3201 (1974). 

The oxidation of cyclohexene by ceric ammonium nitrate has been studied. In anhydrous 
DMSO the reaction leads to  cyclohexene-3-nitrate, while in acetonitrile A'-(cyclohexene-2-yl) 
acetamide is formed. Hydroxylated products are formed in the presence of hater .  The results 
obtained a re  explained in terms of the formation of a n  intermediate arising from the addition 
of the radical NO,' to  the olefinic do i~ble  bond. [Journal translation! 

Introduction 
L'oxydation des produits organiques par le 

cirium(1V) a fait l'objet de nombreuses etudes 
tant au point de vue synthkse qu'au point de 
vue du mecanisme (1-5). Le reactif le plus 
frequernrnent utilise, a cause de sa solubilite 
dans les solvants organiques ou mixtes contenant 
de  l'eau, est le nitrate cerique d'ammoniuni 
(CAN); il a ete rapport6 que ce reactif conduit 
quelquefois a des nitrates organiques comliie 
produits de reaction (3-5). 

Un travail preliminaire sur le styr6ne ayant 
indique que l'oxydation de doubles liaisons 
par le CAN conduit, dans certains cas. i des 
dinitrates. 11ous avonr port6 notre attention 
vers 1'Ctude de l'oxydation du cyclohex6ne ( la )  
afin de determiner si des cyclohexanes 1.2- 
disubstituks peuvent se former dans cette 
reaction: les resultats obtenus au cours de ce 
travail font I'objet de la prksente con~n~unicatiori. 

Resultats et discussion 
Des etudes preliminaires nous ont permis de 

determiner que le dimethylsulfoxyde (DMSO) et 
I'acetonitrile sont des solvants efficaces pour le 

'Presente a u  56eme Congres de I'Institut de Chirnie 
d u  Canada, Montreal, Quebec, 4-6 juin, 1973. 

'Les res~lltats rapportes dans ce travail font partie 
d u  memoire de Mzitrise en chirnie so~lmis par M. 
Claude B r i g ~ ~ e t  h la Faculte des Et i~des  Superieiires de 
I'Universite d e  Montreal (septembre 1973). 

CAN et de plus qu'ils sont relativenient risistants 
B I'oxydation par ce rtactif; nos travaux ont 
done ete effect~ks dans ces solvants. 

L'oxydation du cyclohexine ( la)  par le CAN, 
dans le DMSO anhydre et sous atmosphere 
d'azote. conduit au  nitrato-3 cyclohex6ne (16) 
souille par environ lo'< d'un produit dont la 
nature n'a pas ete dCterminCe. Cette reaction 
s 'avi reune methode utile pour obtenir en une 
seule etape ce nitrate (16) a partir du cyclo- 
hexene. En utilisant un exces de cyclohexene, 
on obtient un rendement de 40'7, par rapport ail 
Ce(1V) utilise, ce qui est assez eleve si I'on tient 
compte du fait que le Ce(1V) attaque la plupart 
des solbants organiques. Le nitrato-3 cyclo- 
hexine Ctait inconnu jusqu'B ce jour, et sa 
synthese univoque a ete rCalisee par reaction du 
bromo-3 cyclohexene ( lc)  avec le nitrate 
d'argent (6). I1 est B noter que l'oxydation, 
realisCe dans du DMSO commercial ou con- 

1 

u X = H  
b X = O N O L  
c X = B r  
J X = O H  
e X = NHCOCH, 
f X = N 3  
R X = NHZ 
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ture du d5tcc;cl;r est de 175 C et celle de la colonne de 
100 '-C. 

( b j  RtL:ctiori ;inn.\ le DMSO conterzar~t 1 0 z  dl'euu 
La reaction rapportee precedemment a ete repttee 

en ajoutant volontairement 1 0 x  dd'eau au milieu reac- 
tionnel. On obtient alors 1.12 g d'un liquide; la chromato- 
graphie en phase gazeuse nous indique qu'il s'agit du 
cyclohexeiie-2 ol (ld) (75%) et ~ L I  cyclohexanediol-1,2 
(20) (25%). 

(c) Sj~titl12.re roiir~oyiie CJN ~iitrafo-3 c ~ ~ c l o / ~ e ~ t ? n e  (Ib) 
Dans un ballon a col rode contenant 50 nil de DMSO, 

on introduit 4.05 g (0.025 mol) de bromo-3 cyclohexene 
( 1 ~ ) .  En maintenant une vive agitation, on y ajoute 
goutte a goutte une solution contenant 5.5 g (0.032 mol) 
de nitrate d'argent dissous dans 50n1l de DMSO. 
Apres filtration du brornure d'argent, on ajoute 100 ml 
d'kther et 50 ml d'eau saturee en nitrate de sodium au 
milieu reactionnel. La phase etheree est recueillie et 
lavee quatre fois par 50 nil d'eau saturee en nitrate de 
sodium. Apres sechage sur du carbonate de sodium et 
evaporation sous vide, on obtient 2.1 g (60% de rende- 
nient) de nitrato-3 cyclohexene (16) presentant les 
caractkristiq~~es physiques suivantes: i.r.: bandes a 
1650 (C=C) et a 1280 cni-' (0-N); r.m.n.: 5.9 sous 
forme de multiplet (2 protons olefiniques) et 5.35 p.p.m. 
(proton allylique); spectre de masse: 97 ( M +  -46), 
caracttristique du groupe nitrate. 

(a) Osydutior~ rlarl~ I'acPtonitrile conterrant 1% d'ean 
Dans un ballon de 500 n ~ l  contenant 250 ml d'aceto- 

nitrile fraichement distille et 2.5 n11 d'eau distillee, 
on ajoute sous vive agitation 33 g (0.06 mol) de nitrate 
cerique d'arnmonlum. Lorsque la solution est homogene, 
on introduit 7.38 g (0.09 mol) de cyclohexene (la) .  Le 
melange reactionnel est alors abandonne a la temperature 
de la piece. A mesure que la reaction progresse, la 
solution tend vers la couleur jaune p5le et une suspension 
de sels cereux peu solubles dans I'acetonitrile apparait. 
Apres 8 jours, le milieu reactionnel devient effectivernent 
jaune pile indiquant ainsi la fin dc la reaction. La 
solu~ion est alors concentree sous vide jusqu'h un volume 
de 50 ml. Les produits organiques sont alors solubilises 
dans 100 rnl d'ether et I'amide extraite par lavage avec 
de l'acide chlorhydrique 3 iV, (1 x 100 ml et 2 x 50 1111); 
les trois fractions aqueuses sont reunies et de la soude 
environ 5 ,li y est alors ajoutee jusqu'a l'obtention d'un 
p H  de 9. Le A'-(cyclohexene-2 yl) acetamide (le) est 
extrait de la phase aqueuse par de !'ether (3 x 100 mi). 
Apres sechage de la solution etheree sur carbonate de 
calcium et evaporation du solvant sous vide, on obtient 
2.15 g de produit cristallisC. Apres purification par 
sublin~ation, I'on recueille 1.98 g (rendement de 50% par 
rapport a la quantite de cerium utilisable) de IV-(cyclo- 
hexhe-2 yl) acktamide (le) possedant les caracteristiques 
suivantes: p.f.: 77 "C [litt. (7) 78 'C]; r.m.n.: pic a 7.6 
(doublet correspondant au proton NH), 5.5 (deux protons 
sur la double liaison), 4.2 (proton allylique) et 1.98 p.p.m. 
(3 protons du COCH,); spectre de rnasse: pics cars-ctCris- 
tiques a 139, 11 1, 97, 96, 60 et 43. 

(b)  0.uydation d a n ~  I'ac&torzitrile conterzant IOZ d'eau 
La reaction qui vient d'etre rapportee a ete rtpetee en 

ajoutant volontairement 10% d'eau au milieu reactionnel. 
On n'obtient alors que du cyclohexene-2 ol (Id) et du 
cylohexanediol-1,2 (2a). 

(c) SynthPse urzi~3oyue clu N-(cyclohexdne-2 yl) 
acitamide ( l e )  

A 1.33 g (0.01 niol) de chlorhydrate de l'amino-3 
cyclohexene (lg) prepare selon les indications de Boyer 
(1 I), on ajoute 20 ml de methanol, 2 g d'acetate d'argent 
et 2 ml d'anhydride acetique. La solution est agitte a 
0 'C durant 1 journee, 5 h a la temperature de la piece 
puis portke quelques min a ebullition. Apres refroidisse- 
ment l'amide est extrait en introduisant dans le milieu 
50 ~ n l  d'ether et 25 ml de soude 0.1 N. La phase etheree 
est lavie deux fois avec 25 ml d'eau saturee en carbonate 
de sodium et sCchee sur le mime carbonate. Apres 
evaporation du solvant sous vide et sublimation du 
produit, on obtient 0.980g (70% de rendement) de 
AT-(cyclohexene-2 yl) acetamide (le) dont les caracteristi- 
ques sont identiques a celles decrites dans le paragraphe 
2a. 

(3) Influence de la lunii2re sur la riuction 
Afin d'evaluer I'influence de la lumiere sur la reaction 

d'oxydation, on a irradie par de la lumiere emise par une 
lampe Hanovia High Pressure Quartz Mercury-Vapor 
A 6373 une cellule en quartz contenant une solution 
4 x lo-' 124 en nitrate cerique d'amnioniurn et 6 x 

M en cyclohexene dans l'acetonitrile. Les filtres 
Hanovia nume;os 6544-001 et 6540-001, donnant une 
bande passante a 360 nm, nous assuraient une absorption 
i~niquement par le cerium. Dans ces conditions la 
reaction etait completee en 55 min alors q~1.a la lumiere 
a~ubiante la merne reaction prenait 10 h pour se realiser. 

14) Sirbstitutior~ du grolipe nitrate allj~liyrre de (Ib) dam 
l'acttonitrile 

(a) Dans un ballon a col rode de 250 ml contenant 
IOOrul d'acetonitrile et 1 ml d'eau, on introduit 
1.43 g (0.01 mol) de nitrato-3 cyclohexene (lb). Le 
melange est abandonnee sous agitation a la temperature 
ambiante pour une journee. Aprcs extraction par la 
niethode decrite ail paragraphe 2n, on obtient 0.76 g 
(0.055 mol. soit un rendernent de 55z )  de I\'-(cyclohexene-2 
yl) acetamide (le). 

(b) Afin d'cxamincr si le nitrate cCrique d'ammoniurn 
avait tine influence sur cette reaction de substitiltion. 
une reaction semblable a ete effectuee en presence de 
nitrate cerique d'ammoniurn et le rendenlent en h'- 
(cyclohexene-2 yl) acetan~ide est alors de 737;';. 
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T. DURST, R. VAN DEN ELZEN, and R. LEGAULT. Can. J. Chem. 52,3206 (1974). 
0-Lactams, unsubstituted in the 1 and 3 position react with 2 equiv. of n-butyllithium in T H F  

at 0" within 1 h to form 1,3-dilithio salts. The dilithio salts react with various electrophiles 
(ketones, alkyl halides, 12)  to give 0-lactams substituted in the 3 position. 

T. DURST, R. V A ~  DEN ELZEIU et R .  LEGAIJLT. Can. J. Chem. 52,3206 (1974). 
Les (3-lactams, non-substitues dans leurs position 1 et 3, reagissent en moins d'une heure 

avec deux equivalents de n-butyllithium dans le THF a 0" pour former les sels dilithiCs en posi- 
tion 1 et 3. Les sels dilithies rtagissent avec divers tlectrophiles (les cetones, les haloginures 
d'alkyle et 12)  pour fournir des F-lactams substit~1i.s en position 3. [Traduit par le journal] 

Recently we reported on the metallation of 
N-substituted p-lactams at the 3 position upon 
treatment of lactains such as 1 (R = Alkyl or 
Aryl) with lithium diisopropylamide and on the 
synthetic utility of the metallated species 2 for 
the introduction of substituents into the 3 posi- 
tion into such lactams (see eq. 1) ( la ) .  Closely 
related to the above has been the considerable 
use over the past few years of carbanionic inter- 
mediates at position 6 in penicillins ( lb)  and 7 in 
cephalosporins ( l b )  for the introduction of a 
variety of substituents into these positions (eq. 
2). 

We would now like to report an extension of 
the above results to the formation of N,C-3- 
dimetallated p-lactams such as 5. Addition of 
various electrophiles such as alkyl halides, car- 
bony1 compounds, and iodine results, as ex- 
pected, in reaction only at C-3 and thus provides 
a relatively simple method for the introduction of 
substituents at that position in simple N-unsub- 
stituted p-lactams. 

a R, = Ph; R, = H 
b Ri = Vinyl; R2 = H 
c R1 = Vinyi; R, = GHs 
d R, = CHzCH3; K2 = H 

The expectation that p-lactams might form 
stable dianions was based on the observation by 
Hauser and co-workers (2) that acetanilide un- 
dergoes dimetallation on reaction with n-butyi- 
lithium in tetrahydrofuran at 0". When the 
p-lactams 4a-d were reacted with 2 equiv. of 
n-BuLi in THF at 0" for 30-60 min, dimetallation 
occurred in up to 90% yield as shown by sub- 
sequent trapping experiments (see Table 1 ) .  
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'FABLE 1. Introduction of substituents into position 3 of 
a-lactams 

Yield (%) of 
3-substituted 

B-Lactam Electrophile product 

Jx Acetone 55 
Methyl iodide 53 

o n-Butyl bromide 66 
4~ Iodine 16 

&Q 
Benzophenone 8 8 
Cyclohexanone 

0 
5 5 

n-Butyl bromide 77 
46 Isopropyl bromide 45 

Benzophenone 57 

J= Benzophenone 65 
o n-Butyl bromide 65 

4d 

The structures of the products followed from 
spectroscopic and analytic data. The i.r. spec- 
trum of each product showed bands in the re- 
gions 3300-3400 and 1730-1760 cm-' thus con- 
firming that the N-unsubstituted p-lactam struc- 
ture had been retained. In contrast to the reac- 
tion of the monoanion 2 with electrophiles 
which produced only trans-3,4-substituted P- 
lactams (I), the reaction of the dianions 5 with 
the same electrophiles usually produced mixtures, 
the trans-cis ratio varying from about 3 :  1 to 
10: 1. The formation of the two isomers from 
4a, b, d was confirmed by the n.m.r. spectra of 
the crude products. Inspection of the signal due 
to the C-4 proton revealed two areas of absorp- 
tion, one showing a coupling constant of -2 Hz, 
the other a J = 4-5 Hz with the remaining pro- 
ton on C-3. These were assinned to the trans and - 
cis isomers, respectively (3). For the products 
obtained from 5c the isomeric mixture was 
evident from the appearance of two singlets due 
to the remaining proton at C-3. 

Dimetallation of the 3-alkylated p-lactam 7 
under conditions which resulted in metallation 
of 4 was not successful and the starting material 
was recovered. This result was not altogether 
unexpected in view of the well-known decrease 
in acidity in going from a secondary to a tertiary 
hydrogen. 

Experimental 
Melting points were taken on a Thomas Hoover appa- 

ratus and are uncorrected. Infrared spectra were obtained 
as films for liquids and in CHCI, solution for solids on a 
Beckman IR-20A Spectrophotometer; n.m.r. spectra 
were obtained using Varian HA-100 and T-60 Spectro- 
meters; peak positions are reported in 6 units. All reac- 
tions involving alkyllithiums were carried out using 
freshly distilled tetrahydrofuran (THF) and under N2.  
Usual work-up refers to quenching the reaction with 
excess H,O, extraction with CH,CI,, drying the organic 
extracts over MgSO,, and evaporation of the solvents 
under reduced pressure. For the sake of clarity the azeti- 
din-2-one nomenclature will be used throughout this 
section. 

Formation of the Dilithio Salts 
General Procedure 
The appropriate 2-azetidinone (approx. 0.5 g) was dis- 

solved in T H F  (30 ml) at 0' and reacted with 2 equiv. of 
n-BuLi (1.9 M in hexane, Alfa Inorganics Inc.) The reac- 
tion mixture was stirred at  0' for 30-60 min. The appro- 
priate electrophile was then added and the reaction mix- 
ture was stirred for an additional 5-10 min. The usual 
work-up gave the crude product which was purified by 
recrystallization or column chromatography over silica. 

The azetidinones used in this study were prepared by 
cycloaddition of chlorosulfonyl isocyanate with the ap- 
propriate olefins (4) followed by reduction of the chloro- 
sulfonyl group with Na2S0, (5). 

Reactions of 1,3- Dilithio-4-pkenylazetidin-2-one (5a) 
n-Butyl Bromide 
T o  4-phenylazetidin-2-one (400 mg) dissolved in 30 ml 

of T H F  at 0' was added 3.0 nil of n-BuLi solution. The 
reaction mixture was stirred for 1 h during which time the 
solution darkened considerably. n-Butyl bromide (400 
mg) was added and the solution was allowed to stir for a 
further 20 min. The crude product obtained upon usual 
work-up was chromatographed (silica gel). Elution with 
ether yielded 330 rng (607,) of the trans isomer; n.m.r.: 
0.8-2.1 (m, 9H), 2.95 (d of t ,  J = 2.0 and 7.0 Hz, lH),  
4.25 (d: J = 2.0 Hz, iH),  7.0 (broad s, SH), and 7.30 
(s, 5H); i.r, peaks at  3270 and1753 cm-'. Further elution 
with ether furnished 30 mg (6%) of the cis isomer; n.m.r.: 
0.8-2.1 (m, 9H), 3.3 (m? 1H),4.79 d(J = 5.5 Hz, IH), 6.0 
(broad s, IH), and 7.2 (s? 5H). The N H  and C=O peaks 
of the cis isomer occurred at  3250 and 1745 cm-' res- 
pectively. 

.4nal. Calcd. for C13H,,N0 (the trans isomer): C, 
76.83; H, 8.42. Found: C, 76.78; H, 8.40. 

Methyl Iodide 
To a solution of the dianion Sa prepared from 500 nlg 

of 4a was added 0.26 ml (I  equiv.) of methyl iodide. 
Work-up, followed by careful chromatography gave 310 
mg of a 4: 1 tmns-cis mixture of methylated products. 
Several recrystallizations from ether-pentane gave a 
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sample or  the pure trcrr~.~ isomer, m.p. 95-96' (lit. (6) 111.1). 

99-100 ). The n.m.r. of the t~.an.r isomer showed peaks at  
1.30 (d, J = 7.5 Hz,  3H), 2.95 (d of q ,  J =7.5 a n d  2.5 
Hz,  l H ) ,  4.21 (d, .I = 2.5 Hz, iH) ,  6.2 (s, IH), and 7.26 
(s, 5H). 

Iodine 
The  solution of the dianion 5u prepared from 500 m g  

of 4a was added 864 mg of solid I,. The reaction mixture 
was stirred a t  0" for 30 min, then worked up. The crude 
product was purified by preparative t.1.c. The yield of 
tiuns-3-iodo-4-phenylazetidin-2-one was 150 mg (16"j,), 
m.p. 118-119'; nn1.r.: 4.67 (d, J =  2.1 Hz ,  IH), 4.88 
(d, J = 2.1 Hz, 1H),6.9(s ,  l H ) , a n d 7 . 4 ( s ,  5H);i . r .  3420 
and 1770 cn1- '. 

Anal. Calcd. for C,H,INO: C,  39.58; H ,  2.95; 1, 46.47. 
Found:  C ,  39.83; H ,  2.95; 1, 46.29. 

.4cetorle 
Acetone (1 ml) was added to  a s o l ~ ~ t i o n  of the dianion 

5n prepared from 400 mg of 4cr. Work-LIP gave 0.6 g of 
crude p r o d ~ ~ c t  whose n.m.r. indicated it to be mainly a 
m i x t ~ ~ r e  or  the tirr~~.> and c,i.s adducts (5:  1 ratio). I'repara- 
tive t.1.c. yielded 380 mg 55% of crystalline material, 111.p. 
12 1-1  29 . The t r . c r ~ ~ ~  isomer showed the methyl groups as 
two singlets at  1.30 and 1.40, the C-3 H at  3.02 (d, J = 
2.0 Hz), and C-4 H at  4.72 ( J  = 2.0 Hz). The correspond- 
ing peaks for the ci.5 isomer occurred a t  0.95 (s), 1.13 (s), 
3.60 (d, J = 5.5 Hz), and 4.97 (d ,  J - 5.5 Hz). 

Anal. Calcd. for C , ,H, ,NO, :  C, 70.22; H,  7.37. 
Found:  C, 70.08, H,  7.34. 

Renr,tion., of 1,3- t9ilirhio-4-r.ir1~.lc1z~~tidit1-2-or?r (5b) 
Betzzop/renol~e 
Dianion 50 was generated a t  0 froln 500 n ~ g  of 4b and 

allowed to react with 910 117g of benzophenone. The crude 
product (1.48 g)  Mas recrystallized from CH2C12-pentane. 
Yield, I .24 g ( 8 8 z ) ,  m.p. 186--190'. The n.m.r. spectrum 
was very complex but in general agreement with the ex- 
pected product; i.r. peaks: 3600, 3420, 1750, 983, and 
922 cm- ' .  

Anal. Calcd. f o r C l a H L 7 N 0 2 :  C ,  77.39; H,  6.13. Found: 
C, 77.33; H,  6.16. 

n-Burjll Broii~ide 
/I-Butyllithium (21 mmol) was added to  a solution of 

970 mg (10 mmol) of 4-\,inylazetidin-2-one in 40 n ~ l  of 
T H F .  The reaction mixture was stirred for 1 h and 1.37 g 
(10 mmol) of 11-b~~tyl bromide was added. The crude 
reaction p r o d ~ ~ c t  was purified by chromatography on  
silica gel. Elution with 1 : 2 ethyl acetate - petroleum ether 
(35-60.) gave I .  19 g of ri.tm.s-3-n-butyl-4-vinylaretidin-2- 
one;  n.m.r.: 1.7-2.2 (m, 9H),  2.8-3.0 (m, IH) ,  3.73 (d of 
d,  J = 2.0 and  6.0 Hz, IH)  5.6-6.4 (m,  3H), artd 7.7 (s, 
I H ) ;  i.r.:  3260, 3090, 1748, 1642, 985, and 920 cn1-'. 

Anal. Calcd. for C,H,,NO: C, 70.55; H ,  9.87. Found: 
C, 70.75; H ,  9.79. 

Isopropj~l i?~.oi?ii& 
T o  the dianion 50 generated fro111 500 rng of 40 was 

added 630 mg of isopropyl bromide. The reaction mixture 
was stirred for 15 min then worked up. The crude prod~rct  
was chromatographed (ether) to yield 315 mg (4573 of 
tiuns-3-isopropyl-4-vinylazetidin-2-one The n.m.r. spec- 
t rum shob+ed peaks a t  0.98 (d, J = 6.0 Hz,  3H), 1.05 (d, 
J = 6.0 Hz, 3H),  1.65-2.35 (m, IH) ,  2.62 (d of d ,  J = 2.2 
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and 7.5 Hz, lH) ,  3.60 (d of d,  J = 2.2 and 6.5 Hz ,  IH),  
5.0-6.3 (m, 3H), and 7.3-7.8 (s, 1H);  i.r. peaks occurred 
a t  3270, 3090, 1750, 1646, 985, and  920 cm-'. 

Anal. Calcd. for C8Hl ,NO:  C, 69.03; H ,  9.42. Found:  
C,  69.49; H ,  9.73. 

Cj~clohexnnone 
The crude product obtained from 500 mg of 4b, 12.0 

mmol of iz-BuLi and 490 n ~ g  of cyclohexanone was puri- 
fied by preparative t.1.c. (ether-pentane 4 :  1). The color- 
less oil (480 mg, 55%) thus obtained had n.m.r. peaks at  
1.0-2.0 (m, 10H) 1.7 (s, OH) ,  1.80 (d, J = 2.2 Hz,  IH),  
4.02 (d of d,  J = 2.2 and 6.0 Hz, lH),  5.0-6.5 (m, 3H), 
and 6.8 (s, N H ) ;  i.r. peaks occurred a t  3470, 3400, 1750, 
978, and  930 cm '. 

Anal. Calcd. for Cl ,H,,NO,:  C, 67.66; H ;  8.78. 
Found:  C,  67.41; H ,  8.63. 

Rraction of 1,3- Dilit/1io-4-1nrt~1yl-4-ci11~Inzetidi1~-2-one 
kcirk Bet~zophenot~e 

Azetidin-2-one(4r, 250 mg, 2.3 mmol) in 40 rnl of T H F  
a t  0 was reacted with 5.0 mmol of n-BuLi for 0.5 h and 
then condensed with 420 mg of benzophenone. The crude 
product ;gas recrystallized from ether pentane to  give 
380 mg (57%) of adduct. Several further crystallizations 
gave one isomer as colorless crystals. n1.p. 201-202". 

.411al. Calcd. for C l g H , , N 0 2 :  C ,  77.79: H ,  6.53. 
F'ou~id: C, 77.84; H, 6.27. 

The crude product p r o d ~ ~ c e d  in the L I S L I ~ I  manner from 
500 mg of 4-ethplazetidin-2-one and 685 mg of n-butyl 
bromide was chromatographed on  silica gel. Elution with 
ether gave 506 mg (65%) of ti.nrrc.-3-1r-butyl-4-ethylazeti- 
din-2-one; n.m.r. 0.7-2.3 (111, 14 H), 2.6-3.0 (m,  IH), 
3.50 (d o f t ,  J = 1.8 and 6.0 Hz, IH),  and 7.7 (s. NH);  
i.r. peaks 3270 and 1755 c m L .  

Benzo/~henone 
The adduct was obtained in 65% yield. Recrystallira- 

tion from ether-hexane gave colorless needles, n7.p. 
148-155 . The n.m.r. was in agreement u i th  the expected 
structure. 

Anal. Calcd. for C18H ;<,NO,. C ,  76.84; H ,  6.81. Found:  
C ,  76.93: H, 7.06. 
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Etude de l'oxydation des ethylknes RCH=CH2 et Ri(R2)C=CH2 
par le T1(N03)3 dans le methanol 

J. GRIGNON ET S .  FLISZAR 
Dbpartement de Cl~ imie ,  UniversitP de MontrPal, !Montreal, QuPl~ec H3C3VI 

Received January 28, 1974 

J. GRIGNON et S. FLISZAR. Can. J. Chem. 52,3209 (1974). 
La distribution des produits engendres par I'oxydation des olefines R-CH=CH2 et 

R,(R2)C=CH, dans le methanol par le TI(N03)3 a ete etudiee. Les ethylenes monosubstituCs 
(R = alkyle) engendrent un diether RCH(OCH3)-CH20CH, et une cetone RC(O)CH,, 
cette derniere dans une proportion de 40-55%; avec R = CH,Cl, seulement le diether est 
forme. Avec les ethylenes R1(R2)C=CH2, le rapport des constantes de vitesse de formation 
des cktones isomeres k,  (impliquant la migration de R,) et k, (impliquant la migration de R2)  
est relie aux constantes polaires de Taft par I'tquation log (k,/k,) = p*(02* - G,*) avec 
p* = -4, ce qui indique que la migration du meilleur donneur d'elcctrons sc fait de faqon 
preferentielle. En plus du melange de citones (-10-15%), -75-80% de diether et -10-20% 
d'aldthyde sont formes. 

J. GRIGKON and S. FLISZAR. Can. J. Chem. 52,3209 (1974). 
The distribution of products formed in the oxidation by Tl(N03), of the olefins RCH=CH2 

and R,R,C=CH, in methanol has been studied. The monosubstituted ethylenes (R = alkyl) 
lead to a diether RCH(OCH3)-CH,0CH3 and to a ketone RC(O)CH,, the latter being 
formed in an amount of 40-55%; when R = CH2CI only the diether is formed. With the 
disubstituted ethylenes RIR2C=:CH2, the ratio of the rate constants for the formation of the 
isomeric ketones k ,  (implying the migration of R,) and k2 (implying the migration of R2) is 
related to the polar Taft constants by theequation log (k2/k,) = p*(02* - 0,") with p* = -4.  
This indicates that the migration of the better electron donor occurs preferentially. In addition 
to the ketone mixture (-10-15%), -75-80% of the diether and -10-20% of the aldehyde are 
formed. [Journal translation] 

Le grand intCr&t presente par les reactions du 
thallium(IT1) avec les cotnposCs organiques au 
point de vue synthetique a incite divers auteurs 
a ttudier leurs mCcanismes; l'approche Ctant 
alors celle de 1'Ctude systematique des effets de 
substituant, de solvant, de temperature et de la 
participation d'ions itrangers sur les vitesses de 
reaction et sur la distribution des produits. En 
ce qui a plus particulierement trait a l'oxydation 
des olefines aliphatiques, les etudes sont, 
cependant, relativement peu nombreuses (1-5). 
C'est dails le but d'evaluer les effets des groupe- 
merits alkyles sur la distribution des produits 
que la presente etude de l'oxydation des olefines 
aliphatiques par le nitrate thallique dans le 
methanol a etC effectuee; elle porte sur (i) les 
Cthylknes RCH=CH, et (ii) sur les ttliyIi.nes 
gem-disubstituees R,(R,)C=CH,. 

Dans la presente etude, le nitrate thallique a 
Cte choisi comme agent oxydant a cause de sa 
grande reactivitk ainsi que pour sa solubiliti dans 
le methanol. Le nitrate thalleux qui se forme au 

cours de la reaction est insoluble dans ce solvant, 
ce qui permet une appreciation visueile de 
l'avancement de la rkaction. Le inethallol s'est 
aver6 etre un solvant tres sClectif lors de l'oxyda- 
tion des olefines aromatiques (6), ce qui a 
motive son choix pour la presente etude. Son 
utilisation permet d'effectuer facileilient les 
dosages des divers produits de reaction en 
chromatographie en phase gazeuse. A moins de 
spCcifications contraires, les experiences ont etC 
effectuees a 25 f 0.1 "C. 

Oxydufion des e'tlzjll2nes RCH=CH, 
Iu'er?tij?catio~ c/es p r o d ~ ~ i f s  de re'uctiol? 
L'oxydation des Cthylenes ~llonosubstitues 

engendre la formation de deux produits de 
reaction. Ceux-ci ont i t6 identifies comme Ctant 
le diniethoxy-1,2 ethane (1) correspoildant a 
l'olefine utilisee et la cttone (2) rksultailt de la 
migration de l'hydrogene du carbone-2. 

R-CH=CH2 ---- MeOH 1 

R C(0)-CIi3 
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TABLEAU 1. Bilan de I'oxydation du methyl-3 bu the - l  
a 25 i 0.1 "C 

Produits formis (mmol) 
Olefine consom~nee 

(mmol) Cttone Diether Total 

0.273 0.102 0.170 0.272 
0,450 0.151 0.275 0.426 
0.456 0.151 0.299 0.450 
0.768 0.241 0.483 0.724 
1.335 0.439 0.838 1.277 

L'identification des produits de reaction a etC 
effectuee au  moyen de diverses methodes 
anaiytiques. En ce qui a trait aux diethers (I),  
dans deux cas (ceux du dimi.thoxy-1,2 chloro-3 
propane et du dimethoxy- 1.2 methyl-3 butane) 
ies diethers attendus o ~ i t  Cgalement Cte synthe- 
tisks par une autre voie en vue d'une com~ara i son  

oes reactionneis. avec ies produits isoles des rnklan, 
La comparaison des spectres r.m.n., des points 
d'ebuilition, ainsi que des tenips de retention en 
chromatographie en phase gazeuse des sub- 
stances de reference avec ceu\ des produ~ts  de 
react~on ont confirmi. I'identite de ces derniers. 
De plus, dans quelques cas, les microanalyses 
confirment la formule des produits de reaction 
isolCs. Les &tones (2) ont ete identifikes par la 
comparaison de leurs temps de rCtention en 
chromatographie en phase gazeuse avec ceux 
d'CchantilIons authentiques. Ces comparaisons 
des temps de retention ont i t6 effectuees sur 
trois colonnes differentes. Dans un cas, celui de 
1'oxyd:ition de i'hexene-l qui engendre l'hexa- 
none-2. la cetone a Cte isolee du melange re- 
actionnel. Son point d'ebullition, le point de 
fusion de ?a  semicarbazone corres~ondante.  
ainsi que son spectre r.1n.n. confirment qu.11 
s'agit bien de i'hexa~lone-2. 

Dans chaque cas. le seul produit carbony16 
obtenu resulte de ia migrarlon de I'hydropene 
porte par I'atome C-2. La mlgratlon du groupe 
alkyle port6 par ce mEme carbone entrainera~t la 
forinat~on d'un aldihyde. Or, I'absence d'un tel 
aldehyde et de son acetal parnil ies produ~ts  de 
reaction a ete ver~fiie dans tous les cas C e c ~  
impl~que qu'11 nay a pas de n l ~ g r a t ~ o n  apprkc~able 
du groupement alkyle dans nos condit~ons 
experinienrales 

Reproci~tctihilife' des rPs~tltuts 
La reproductibilite est satisfaisante. Ainsi, par 

exeinple, I'oxydat~on du methyi-3 butene-l 5 
25 + 0.1 "C a conduit B une f rac t~on molaire en 

~nethyl-3 butanone-2 de 0.345 F 0.007 (par 
rapport aux produits formes, i.e. cCtone et 
diether); ce resultat t tant  indique avec une 
iiniite de confiance de 95"7,, a partir de huit 
experiences independantes, pour des concentra- 
tions initiales en oiefine comprises entre 0.087 et 
0.24 M. 

I1 a etC vCrifiC dans tous les cas que la rkaction 
est pratiquement quantitat~ve apses 10-20 min 
B 25 ' C :  les rendements sont alors de I'ordre de 
95-i00'%, ainsi que l'illustre i'exemple rapporte 
au tableau i .  

Le tableau 2 rapporte la distribution des 
produits de reaction observee loss de l'oxydation 
des ithyienes monosubstitues B 25 + 0.1 ' C .  
Chaaue sCrie d'expCriences a &ti. rCpCtCe ail 
n~oins  cinq fois et les resultats sont ind iq~~es  avec 
une liniite de confiance de 95'11;. 

Ces resultats indiquent une tendance genCrale 
d'une !nigration preferentielle d'un hydrogine 
voisin d'un groupement donneur d'electrons par 
rapport 2 celui qui est voisin d'un attracteur, ce 
qui se traduit par ilne proportion de cetone 
engendree pius grande avec R = fert-butyle 
qu'avec R = CH,CI. II  n'est cependant pas 
possible d'etablir une correlation precise en 
terrnes d'effets polaires. 

Kfer de te/7?peruti/re 
Loss de la dCcompcsition de l'intermediaire 

organothallique i i  y a competition entre !e 
ciivage du lien C-TI par le solvant pour donner 
le diether et ia migration de i'hydrogene en C-2 
pour engendrer la cetone. Ces deux processus 
Ctant differents. on peut s'attendre h ce flue les 
proportions relatives des deux voies de reactions 
(conduisant 21 I et a 2) dependent de la tempera- 
ture. Cette dependance est indiquee par les 
resultats rapportes au  tableau 3. 

Dans I'hypothise que ies deux reactions 
soient du m&me ordre par  rapport a I'intcrn~k- 
diaire. ie rapport des deux vitesses de reaction kc  
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GRIGNON ET FLISZAR: OXYDATION DES ETHYLENES 

TABLEAU 2. Produits obtenus lors de l'oxydation des ethylenes 
RCH=CH, a 25 i 0.1 -C 

Fractions mola~res 

Olefine (R) Cetone Cetone Diether 

terr-C,H9 Pinacolone 0.539 1 0 . 0 0 7  0.461 
iso-C,H, Methyl-3 butanone-2 0.345 i 0.007 0.655 
n-C4H9 Hexanone-2 0.396 2 0  012 0.604 
n-C3H, Pentanone-2 0.385 1 0 . 0 1 2  0.615 
CZHS Butanone-2 0.395 i: 0.013 0.605 
CHzCl Chloro-3 propanone 0 .00 1 .OO 

TABLEAU 3. Proportions des produits obtenus a partir des 
Cthylenes RCH=CH,, en fonction de la temperature 

Fractions  nol la ires 
Temperature 

Olefine (R) (-C) Cetone Diether 

(conduisant a la cetone) et k d  (conduisant au 
diether) est egal au rapport des fractions  nol la ires 
Xc (de la cetone) Xd (du diether) des produits 
formis. En termes de la thkorie du complexe 
active (7 ) ,  i .e . ,  dans la notation habituelle 

[ I ]  k = {KTlh) exp ( - A G * / M T )  

il s'ensuit que 

[2] In (X,IX,) = In (kc /k , )  = -AAG'/RT 

avec AAG= = AGc* - AGd=, oh AGc* et AGd* 
se referent, respectivenient, la formation de 
ci tone et de diether. 

Ainsi que le montre la fig. 1 ,  le Iogarithme du 

lo3/ T 
FIG. I .  Froportions des prod~~i ts  d'oxydation a 

differentes tempkratures pour le methyl-3 butene-1 (1). 
le pentene-1 (2), I'hexene-l (3) et le dimethyl-3,3 butene-1 
(4). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3212 CAN.  J .  CHEM . VOL.  52,  1974 

TABLEAU 4. Valeurs de AAH * et AAS* pour l'oxydation 
des Cthylenes R-CH=CH2 

Olefine (R) AAH * (kcal) AAS* (u.e.) 
-- 

n-C3H7 1.80 i- 0.06 5 .13  F 0.03 
n-C4Hq 1.57 k 0.06 4 .44  i 0.05 
iso-C,H7 1 . I 9  F 0.07 2.74 i- 0.03 
tert-C4Hg" -0 .83 i- 0.01 -2 47 + 0.03 

*Calcule a partir de la partie lineaire, i .e . ,  pour T < 25 "C.  

rapport des fractions rnolaires X,/X, est relie 
lineairement a ['inverse de la temperature dans 
tous les cas, sauf celui du dimCthy1-3,3 butene-1. 
La chute brusque de la proportion de pinacolone 
observte aux tempkratures suptrieures a 25 "C 
peut Etre possiblement attribuCe a une decompo- 
sition partielle de cette cCtone dans le milieu 
rkactionnel. 

L'Cquation a(AAG*/T)/a(l IT) = AAH* per- 
met le calcul de AAH' = AH,' - AH,' a 
partir des pentes (fig. 1) de In (XJX,) cs. 1/T 
(eq. 2). Le tableau 4 rapporte les valeurs de 
AAH* et AAS' calculCes au moyen de la 
mCthode des moindres carres a partir des 
rCsultats du tableau 3. 

0,uldation cks e'thy1Pnrs gem-disubstitue's 
Ident/$cation des produits de re'action 
L'oxydation des Cthylknes gem-disubstituks 

entraine la formation de plusieurs produits. 
Ceux-ci comprennent (i) un diether (3) analogue 
2 celui form6 lors de  l'oxydation des Cthylknes 
monosubstituCs, (ii) deux cCtones isomeres (4 et 
5) rCsultant de la migration de l'un ou de l'autre 
des groupes alkyles et (iii) un aldehyde (6) et son 
acCtal mithylique (7) provenant de la participa- 
tion du groupe mkthoxyle de l'intermediaire 
organothallique. 

TI(N03), 
RI(R2)C=CH2 

MeOH 

MalgrC la complexitt des melanges rCaction- 
nels obtenus, 17inttr&t present6 par l'etude de 
cette serie d'olifines rCside dans le fait qu'elle 
permet de comparer entre elles les aptitudes 

migratrices des divers groupes alkyles. De plus, 
cette Ctude permet Cgalement de suivre la migra- 
tion concurrente du groupe methoxyie de 
l'intermediaire. 

Les diethers 3 ont ttC identifies comme ceia 
avait Ctt fait lors des exptriences avec les 
Cthylknes monosubstituts surtout l'aide de 
leurs spectres r.m.n., semblables a ceux des 
diethers issus des tthylknes RCH=CH,. Un 
diether, le dimethoxy-1,2 Cthyl-2 hexane, a 
egalement t t t  synthetist par une autre voie et a 
Ctt reconnu identique a un des produits d'oxy- 
dation de 1'Cthyl-2 hexene-1. De plus, les analyses 
Clementaires des produits isolts a partir des 
melanges reactionnels ont bien confirmt les 
formules postultes. Les aldehydes, les citones et 
les acetals ont ttC identifies par la comparaison 
de leurs temps de retention en chromatographie 
en phase gazeuse par rapport 2 des Cchantillons 
authentiques obtenus de source commerciale ou 
synthCtisCs par des methodes standards. Cette 
comparaison des temps de rttention a CtC 
effectuke dans tous les cas a l'aide d'au moins 
deux colonnes d~ff~rentes .  De plus, il a Cte 
vCrifiC qu'en presence d'acide le pic chroma- 
tographique attribuC a I'acttal disparait, alors 
que celui attribue a l'aldthyde augmente. 

Distribution des produits forme's 
I1 a Ctt verifie dans tous les cas Ctudies que les 

rendements en produits engendrts sont de l'ordre 
de 90-100x par rapport a l'olkfine consommte. 
Un bilan typique est present6 dans le tableau 5, 
qui se rapporte l'oxydation du dimithyl-2,3 
butene- 1. 

Dans les tableaux 5 et 6 le terme cttone denote 
la somme des deux cttones isomkres formees 
lors de la reaction alors que le terme aldehyde 
se rCfkre a la somme de l'aldehyde et de son 
acetal mtthylique qui est present en proportion 
appreciable dans le milieu rCactionnel. Les 
proportions des diffkrents produits sont expri- 
mCes par rapport au total des produits formes. 
La reproductibilite des rksultats est illustrte par 
l'exemple de l'ethyl-2 l-texkne-l a 25 k 0.1 "C. 
Les fractions molaires en produits observies lors 
de cinq oxydations independantes etaient alors : 
0.173 k 0.09 (cktones), 0.043 0.008 (aldehyde) 
et 0.782 f 0.007 (diether), ces rtsultats Ctant 
indiquCs avec une limite de confiance de 95yx. 

L'ensemble des rtsultats concernant la distri- 
bution des produits issus de l'oxydation des 
Cthylenes gem-disubstituts est rapport6 au 
tableau 6. Ces donnies representent dans 
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TABLEAU 5. Bilan de l'oxydation du dimethyl-2,3 butene-1,8 25 1 0.1 'C 

Ole fine Produits formes (mmol) 
consommee 

(mmol) Cetones Aldehyde Diether Total 

TABLEAU 6. Distribution des produits d'oxydation des Cthylenes R1(R2)C=CH~ 
a 25 1 0.1 "C 

Fractions molaires 

R I R 2 CCtones Aldehyde Diether 

CH 3 C2H5 0.085 + 0.004 0.140 i 0.011 0.775 i 0.009 
CH 3 n-C3H7 0.113 i 0.001 0.125 1 0.019 0.762 k 0.020 
CH3 n-C4Hg 0.148 k 0.002 0.120 + 0.005 0.732 i 0.010 
CH3 iso-C3H7 0.108 + 0.014 0.314 _+ 0.024 0.582 i 0.015 
CH3 CH,CI 0.00 0.200 i 0.018 0.800 + 0.021 
C2Hs n-C,Hq 0.173 1 0.009 0.043 1 0 . 0 0 8  0.782 + 0.007 

chaque cas les rksultats d'au moins cinq deter- 
minations independantes et sont indiquees avec 
une limite de confiance de 95%. 

Les rksultats du tableau 6 permettent d'tvaluer 
(i) I'importance de  la migration des groupements 
alkyles, telle qu'elle est refletee par la quantitC 
totale de cetone formte, ( i i )  la migration du 
groupe methoxyle indiquee par la proportion 
d'aldihyde engendre et (iii) la proportion de 
diether forme. On constate que, tout comme 
pour la serie des Cthylenes monosubstitues, la 
quantite de diether form6 diminue d'autant plus 
que (a R ,  Cgal) le substituant R, est un meilleur 
donneur d'ilectrons. 

fnfluet~ce de la ternpPrature 
En raison de la complexite des melanges 

riactionnels, la dependance de la distribution 
des produits en fonction de la temperature n'a 
pas Cte ttudiee de  f a ~ o n  systkmatique. I1 a 
cependant et6 vkrifik que le rapport des deux 
cttones isomeres formCes est independant de la 
temperature dans le domaine 0 a 40 "C etudie 
ici. Ceci est illustre par les resultats de I'oxyda- 
tion de 1'Cthyl-2 hexene-1, ou le rapport octanone- 
3-octanone-4 est 1.17 + 0.01 entre 0 et 40 "C. 
11 a tgalement Cte vCrifiC que ce rapport ne varie 
pas lorsque la solution est laisste au  repos 
durant plusieurs heures. 

Aptitude rnigratrice des groupes alkyles 
Lors de I'ttude de I'oxydation des oltfines 

monosubstituCes i l  a ttC montre que seuls les 
atomes H migrent. D i s  lors, les aptitudes 
migratrices relatives des groupements alkyles ne 
pouvaient stre determinkes. Par contre, ceci 
devient possible par 1'Ctude des &thylines gern- 
disubstitues. Le rapport des quantitts des deux 
cetones isomeres engendrkes est une mesure de 
l'habilite relative de migration des groupes R1 
et R,. Les aptitudes migratrices sont exprimees 
par la suite en termes de k,/k,,  ou k ,  et k ,  
dtnotent, respectivement, les constantes de 
vitesse de reaction impliquant la migration de 
R ,  et de R,. Ces aptitudes migratrices sont 
exposees au  tableau 7, avec une limite de 
confiance de 95%. 

En postulant pour k ,  et k ,  la validitt de 
1'Cq. 1 et en faisant appel a la relation linkaire 
d'enthalpie libre (7) AG* = AG,* - 2.3RT 
p*o*, il en dtcoule une equation du type Taft (8) 

log (k , /k l )  = p*(o,* - o l X )  

qui est bien vCrifiCe, ainsi que le montre la fig. 2, 
pour les deux series, i.e., avec R ,  = CH, et 
R ,  = C2H5.  

Les deux droites parallkles correspondent a 
une pente p* = -4.0. Ces rtsultats indiquent 
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TABLEAU 7. Proportions relatives des pro- 
duits de migration lors de l'oxydation des 

ethylenes R,(Rz)C=CH2 

RI  Rz kzlkl 

CH 3 CH3 1 .OO 
CH3 C Z H ~  2.64 + 0.09 
CH3 1z-C3H7 2.85 + 0.10 
CH3 n-C4H9 3.00 + 0.18 
CH3 iso-C3H7 4.41 + 0.09 
CzH, CH 3 0.38 0.01 
CzHs CzHs 1 .OO 
CzH5 n-C4H9 1.18 + 0.02 

donc clairenient que la migration du meilleur 
donneur d'electrons se fait de faqon prefkren- 
tielle. Ceci est en parfait accord avec les risultats 
obtenus par Ouellette et al. (9) pour l'oxydation 
des styrenes substituks (dans l'acide acitique), 
ou p+ = - 1.7, ainsi qu'avec les rksultats 
observes lors de l'oxydation des diphknyl-1,1 
Cthylenes dans le methanol (6), avec p+ = -2.27. 

Discussion 
Les presents resultats sugg6rent que, lors de la 

mtgratlon, 11 y a uti important diveloppement de 
charge posit~ve. La f o r ~ n a t ~ o n  d'un Ion carbon- 
ium, tel que postule prkcedemment (9) resulterait 
d'une rupture prkalable du hen C-T1. I1 semble 
plus satisfa~sant de supposer, comme cela avatt 
Cte f a t  pour les phknylethylenes (6), que le 
groupement alkyle rntgre vers un carbone 
posskdant une charge positlve part~elle due a la 
forte ClectronCgattvttC du Tl(II1) auquel 11 est 

I 1 
-02 -01 0 

0' 
FIG. 2. Verification dc 1'Cq. log (kz/kl) = p*(oz* - 

ol*) pour les produits de migration des ethylenes 
R1(R2)C=CH2, avec R1=CH3 (1) et Rl-CzHs (2). 

attache. La rupture du lien C-TI et la migration 
de l'alkyle seraient alors concerties. Ceci est en 
accord avec 1'Ctude sttreochimique de l'oxyda- 
tion de cyclohexenes rigides qui conclut que la 
dicomposition de l'organothallique intermediaire 
n'est pas initite par la rupture de la liaison C-TI 
(10). 

Contrairernent aux olefines aromatiques qui 
conduisent, avec le Tl(NO,), dans le methanol, 
a un seul produit carbonyle resultant de la 
migration du groupe aryle (6), les olefines ali- 
phatiques etudiees dans ce travail conduisent B 
plusieurs produits. Les 6thyli.nes monosubstitues 
engendrent un diether et un produit carbonyle 
resultant d'une migration d'hydrogine, tandis 
que les ethylhes disubstituCs conduisent a la 
formation de cinq produits: un diether, deux 
cetones isoinires, ainsi qu'un aldehyde et son 
acCtal. L'ensemble de ces rksultats peuvent 6tre 
rationalisks par le schema rkactionnel 1 suivant, 
a partir de l'intermediaire organothallique 
Rl(R2)C(OCH3)-CH2T1X2 (8). 

La voie C (contrairernent a B) implique 
Cgalement une migration d'hydrure, en plus de 
celle du groupe CH,O. 11 est difficile, a ce stade, 
de dtfinir la chronologie des e\ltnements ainsi 
que le moment pricis de la rupture du lien 
C-71. De plus, les prtsentes donnCes ne 
permettent pas d'itablir si un dCfaut de reaction 
doit Etre attribue en premier lieu a un manque 
d'habilitk migratrice du groupe CH,O ou, par 
contre, de l'hydrure. La formation d'un ion 
R(OCH3)(CH3)C+ ne semble, cependant, pas 
pouvoir Ztre invoqute facilement, d'aprks les 
rksultats de Zador et coll. (10). 

La formation de l'internikdiaire organothal- 
lique (8) ayailt etC prouvee pour les olefines 
aroinatiques (1, 6) et certaines olefines alipha- 
tiques (12) l'attention est maintenant portCe sur 
sa deconiposition. 

Seule la voie A itnplique la migration d'un des 
substituants R du carbone 2. La voie B implique 
le clivage du lien C-71 avec ou sans participa- 
tion du groupe mkthoxyle rattach6 au carbone 2 
alors que la voie C iinplique la migration du 
groupe ~nkthoxyle et d'hydrure. 

Le groupe methoxyle n'Ctailt pas un bon 
groupenlent participant (13), la migration du 
groupe aryle est de beaucoup plus importante 
qu'une quelconque participation du groupe 
mtthoxyle et seule la voie A est suivie dans le cas 
des olefines aromatiques. Ceci explique la forina- 
tion d'un seul compose carbony16 dans ce cas. 
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(?CH3 

En effet, le phinyle migre beaucoup mieux que 
l'hydrogene puisque les styrenes substituks con- 
duisent quantitativement aux dimtthylacttals des 
aryltthanals correspondants (6). 

Pour les kthylenes monosubstituks nous avons 
en prtsence un alkyle, un hydrogene et le groupe 
mkthoxyle. La migration de l'hydrogene l'em- 
porte d'emblke sur celle de l'alkyle ou sur la 
participation du mkthoxyle ce qui fait qu'un seul 
composk carbonylt est observe; mais, cette 
migration t tant quand m&me apprtciablement 
plus lente que celle du phknyle, le clivage du lien 
C-TI devient apprtciable. I1 y a donc compiti- 
tion entre les voies A et R. I1 se forrne en moyenne 
environ 40:x de cttone et 6 0 z  de diether. 

Pour les kthylenes gem-disubstituts la situation 
est encore plus compiexe. En effet, il y a alors 
compttition entre deux groupes alkyles (voie A) 
et le groupement mtthoxyle. De plus, le clivage 
du  lien C-TI par le solvant devient prtdominant, 
les groupes alkyles migrant encore rnoins que 
l'hydrogene. Les deux groupes alkyles ayant des 
aptitudes nligratrices voisines, les deux migrent 
et deux cttones isomeres sont formkes (voie A). 
De plus la participation du groupe mtthoxyle est 
maintenant colnpttitive 2 celle des alkyles 
entrainant tgalement la formation d'un aldehyde 
et de son acktal. I1 se forme dans cette skrie 
environ 10 a 15:z de cttone, 75 a 80% de ditther 
et 10 a 2 0 x  d'aldthyde ou de son acttal. 

Le choix entre les voies B d'une part, et A ou 
C d'autre part dkpend du solvant, lequel 
dktermine la nature du groupe OR de l'inter- 
mtdiaire. Alors que le rntthanol est un rnauvais 
participant, I'acide acttique favoriserait la for- 
mation de diacCtate car OAc est un tres bon 
groupement participant (1 3). Pour un solvant 

donnt, les aptitudes de migration des groupe- 
ments R dtterminent les proportions de cttone 
et de ditther qui seront formks. Plus R migre 
facilement, plus i l  y aura de cttone formke. 

L'aldthyde rtsultant de la migration du groupe 
OR dtpendra de l'abondance de I'intermtdiaire 
pontt (9) qui est en fait une forme hybride 
rtsultant des structures 9 (14). 

La facilitd de migration de OR est like 2 
l'abondance relative de la structure 9b qui 
augmente avec la capacite des groupements R, 
et R, a stabiliser une charge positive sur le 
carbone adjacent. Le fait que l'aldthyde n'est 
fornle qu9a partir des Cthylenes disubstituks peut 
alors @tre attribuC & la stabllisation accrue d'une 
charge positive sur un carbone tertiaire par 
rapport a celle sur ua  carbone secondaire. 

R6acrifi el prodlrits de r6f6rence 
La preparation du nitrate tl.iallique, la stabilitt de sa 

solution dans le methanol, ainsi que son dosage iodome- 
trique ont ete decrits precedemment (6). 

Les olefines, de source commerciale (Eastman et 
K & K); ont ete redistillies et leur p~~retC a Ct6 verifiee par 
chromatographie en phase gazeuse (c.p.g.). 

Les diethers de reference ont e t t  prepares selon des 
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methodes standards. Pour la preparation du dimdthoxy- trentaine de secondes. Au bout de 15-20 min la reaction 
1,2 methyl-3 butane, l'olefine a it6 convertie en diol selon est complete et le melange est analyst. 
(15a). La methylation du diol au moyen de sulfate de 
mkthyle a e t C  effectuee selon (15b). Apres trois distilla- analytiqL1es 

tions, le diether (p,Cb, 68-70 ~ ~ 1 1 5  mm H ~ )  pur presente Lesanalyses ont Cte effectuees par chromatographie en 
le spectre ~ . .m.n.  (dans le CCI4, par rapport au TMS): un phase gazeuse au moyen d'un appareil Hewlett-~ackard 
singulet  3,33 p,p,m, (OCH3 et 0 c H 2 ) ,  un mL,ltiplet F & M 5750 equipe d'un detecteur a flamme, en utilisant 
large a 1,70 p.p.m, (H tertiaire du  i s o - c 3 ~ , )  et un 1'1lClium comnle gar vecteur. La quantite injectee a 

doublet a 0,93 p,p.m., dfi aLlx deLlx groupes Le toujours CtC de 5 ml. Les spectres r.m.n. ont 6tP enregistres 

proton voisin des OCH, semble sortir sous le singLl]et a a frequence de 60 Mc, en solutioll dans le CC14 en 

3,33 p,p,m, L.intCgratioll des signaux est compatible utilisant le tetramtthylsilane conime reference interne, au 

cette attribution (9: 1 :6). moyen de spectrcmetres Jeolco C-60H et Varian T.60. 

Le chloro-3 dimethoxy-1,2 propane a obtenu a Pour les dosages, les solutions ont ete illjectees dans le 
partir du  dial correspondant ( ~ ~ k ~ ~ )  par methylation au ch'onlatographe sans aucLln traitenxnt prkalable, le 
moyen de sulfate de methy~e et purifiC par distillation prel"ier dosage ayant Ct6 effectue apres un temps de 
(p,eb, 60 .C,15 mnl Hg;  150 oC a atm), Le spectre reaction de 20 min. Chaque melange a ete analyse plu- 
1,m.n. presente un massif vers 3.4-3.6 p,p,nl,, par rapport ~ i e u r ~  fois, ce qui a permis de s'assurer que la reaction 

au TMS, en solution dans le CCI4. Ctait terminee. Chaque resultat final repose sur cinq ou 

L~ dimethoxy-1,2 ethyl-2 hexane a ete obtenu par six reactions conduites de maniere independante. 
oxydation de I.olCfine par H , 0 2  (15',) pour former le dial surfaces des differents pics chromatographiques 
qui  a kt& methyle par cH,, en presence d'oxyde d-argent obtenus sont ensuite mesurees a l'aide d'un planimetre. 

(16) dans le DMF,  Le diether purifie (p,eb. 80-82 LC115 La surface de chacun des pics est mesuree au rnoins 
rnrn H ~ )  presente le  spectre r,m,n, suivant (dans le c c14 ,  quafre fois pllis comparee a I'aire d'un pic de reference 

par rapport a u  TMS): singLllets a 3,17 et 3,20 p,p,m, obtenu en i~~jectant une so l~~ t ion  de concentration connue 

( O C H ~  et OCH,), Lln mLlltiplet a (CH,), ainsi qLlsun de la mCme substance. La distribution des produits de la 
multiplet vers 0.9 p.p.m. (CH,). Les integrations relatives reaction s'obtient en procedant de la mCme facon pour 
sont dans le rapport 8:8:6. c h a c ~ ~ n  des pics d'un melange reactionnel donne. I1 est 

L~ chloro..4 butanone-2 a etP preparee selon (17); possible de cette faqon de calculer le rendement de la 
p,eb, 56-58 n,nl Hg;  ( t i t t ,  (18) p,Cb, 57-60 cC,15 reaction et les proportions relatives en chacun des 

mm Hg). Le spectre r.m.n. (dans le CCI4, relatif au TMS) produits. L'ensernble des obtenus pour les 
montre un a 3,87 p.p,m, (CH,CI), un  triplet a diversmelanges reactionnels est ensuite soumis a une 

3.03 p,p,ln, (CH,)et un  singulet a 2,33 p,p,m. (CH3CO). analyse statist iq~~e et les resultats finaux sont exprimes 

L'integration conduit au rapport 2:2:3.  avec une limite de confiance de 95%. 
L~ chloro-l butanone-2 a etC preparee en generant la  Pour I'identification des diethers, les reactions ont ete 

chlorhydrine (19) a partir d u  butene-l, qui  a Ctt oxydPe effectuees sur une plus grande echelle: soit -7-10 g 

par le melange chronliqL1e (15d) pour engendrer la "olefine dalls le CH3OH et 15-20 g d'oxyde thallique 

cetone, p,Cb. 136-138 -C (19) p,Cb, 135-137 Le dans I'acide nitrique. Lorsque le test au KI confirme que 

spectre r,nl,n, (dans le CCI,, relatif au  TMS) nlolltre un  ]'ion thallique est entierement disparu, la solution est 

singulet a 3.8 p,p,rn, (CH,CI). ~ l n  lnultiplet large 2.0 concentree, par environ 200 rnl d'eau puis 

P,P.m. (CH,) et un  triplet a p,p,m, (CH,) u n -  extraite a I'Cther. La phase etherte est iavee avec une 
rapport d'integration de 2:2:3 .  solution a 5 z  de carbonate de sodium, puis a l'eau 

les a c ~ t a l s  R C ~ ( C ~ , ) - - ~ ~ ( O C ~ , ) ,  = c,H,, jusqu'a neutralitt. Apres sechage et evaporation du 
,?-c,H, n-C4H, etC par synthese magne- solvant, le diether est ensuite distille sous pression 

siellne a parti,. des iodo- oLI bromo-2 correspon- reduite. Lors de l'oxydation des ethylenes disubstitues, 

dants (15~1 ,  Les acetals d u  dimCthyl-2,3 butanal,  de I'acetal qui se forrne sin~ultanCment a Lln point d'ebullition 

l'ethy]-2 hexanal, du  valeraldehyde et de I.isovaleraide- Ires voisin de celui du diether ce qui fait qu'il faut 
hyde etP par acetalisation de ces aldehydes, repeter la distillation d e ~ ~ x  ou trois fois. Lorsqu'une 

ke  dilnethy]-2,3 butanal a ete selon !20). Les petite quantite de diether suffit, la meilleure technique 

aldehydes de reference ohtenus par hydro- consiste a distiller grossierement une premiere fois et a 

lyse de 1 . ~ ~ 6 ~ ~ 1  en de H,S04 a 20z, L.iodo-2 purifier cette solution contenant de 80 a 90% de diether 

hexane requis pour la preparation de I.acetal m6thyliqLle par chromatographiepreparative. L'appareil utiliseacette 
d u  methyl-2 hexanal a ete synthCtisC selon (15f'). fin est un chromatographe Hewlett-Packard F & M 5750 

equippe d'un detecteur a conductivite thern~ique et d'iin 
MPtlzode d'oxydation dispositif de chromatographie preparative F & M 5797-8. 

L'olefine est mise en solution dans 2 ml de methanol, a Les colonnes utilisees avaient un diametre de + po. et une 
uneconcentration deO.l-0.25 M. Unequantiteegaled'une Iongue~lr de 15 pi. 11 s'agissait d'une colonne a 20% de 
solution methanolique de TI(NO,), de concentration B,B'-oxydipropionitrile ~ L I  a 2 0 z  de nitrile-silicone gum 
Idgerement inferieure celle de I'olefine est preparee XE-60. Les analyses elementaires, effectuees par Dr.  C. 
separement, puis ajoutee a la solution d'olefine. II a etC Daessle, Organic Microanalyses, Montreal, ainsi que les 
verifie que les resultats sont les mCnles Iorsque le TI(NO,) spectres r.ni.n. ont dans tous les cas bien confirme la 
eSt ajoutC sous sa forme solide a la solution d'olefine. nature de ces produits, qui ont egalement ete compares 
routes les solutions ont ete thermostatees avant leur aux produits de synthese. 
usage. Le nitrate thalleux precipite en general apres une L'identification des produits carbonyles a ete faite par 
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la comparaison de leurs temps de retention en c.p.q. sur 12. W. KRUSE et T. M. BEDNARSKI. J. Org. Chem. 36, 
deux ou trois colonnes differentes avec ceux observes 1154 (1971). 
pour des echantillons authentiques. 13. A. STREITWIESER JR. Solvolytic displacement reac- 

tions. McGraw-Hill Book Co. Inc.. New York. N.Y. 
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Coordinating Properties of the Fluorosulfate Ion. Tetrakis(pyridine) 
Complexes of Zinc@), Copper(II), and Nickel(I1) Fluorosulfates 
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CARL. S. ALLEYNE and ROBERT C. THOMPSON. Can. J. Chem. 52,3218 (1974). 
Complexes of the type M(py),(SO,F), (py = pyridine, M = Ni, Cu, Zn) have been prepared 

and characterized. Infrared spectra of all three complexes, electronic spectra and magnetic 
susceptibility studies of the copper and nickel complexes, and e.p.r. studies of the copper coni- 
plex are reported. The co~nplexes have tetragonally distorted octahedral structures with fluoro- 
s~llfate groups coordinated to metal ions as unidentate ligands. To facilitate comparison of the 
coordinating action of the fl~~orosulfate ion with other polyatomic anions the complexes, 
Cu(py),X, (X = C10,-, BF,-, NO3-,  y-CH,C,H,S0,-3 CF,CO,-) have been prepared and 
their electronic properties examined. The s t~~d ies  indicate that the coordinating strength of 
S 0 3 F -  touards metals is greater than C10,-; BF,-, and NO,- but less thanp-CH,C,H,SO,- 
and CF3C0,-.  Electrical conductivity studies on solutions in acetonitrile indicate a correlation 
between the relative coordinating strength of the anion in a given complex and the extent to 
which thc complex undergoes ionic dissociation in this solvent. 

CARL S.  ALLEY^^ ct ROBERT C. THOMPSON. Can. J. Cheni. 52.3218 (1974). 
On a prepare et caracterisk des complexes de type M(py),(SO,F), (py = pyridine, M = Ni, 

CLI, Zn). On rapporte aussi les spectres infrarouges des trois complexes, les spectres electro- 
niques et les etudes de susceptibilite magnetique des complexes de cuivre et de nickel ainsi que 
les etudes r.p.e. des cor-r?pIexes de cuivre. Les complexes ont des structures octaedriques defor- 
lnees tetragonalement et elles contiennent les groupes fl~~orosulfates coordonnes aux ions 
metalliques sous forme de ligands univalents. Afin de faciliter la comparaison de l'action co- 
ordigante de I'ion f l ~ ~ o r o s ~ ~ l f a t e  avec celle d'autres anions polyatomiques, on a prepare les 
complexes CLI(PY),X~ (X = C10,-, BF4- ,  NO3-,  p-CHaC6HsS03-,  CF3COr-) et on a 
examine le~irs proprietes electroniques. Ces etudes rnontrent que la force de coordination de 
SO;F- vis a vis les metaux est plus grande qLie celle de C10,-, BF,- et NO3- niais plus faible 
que celle de p-CH,C,H,SO, et CH3C02 .  Des etudes de conductivites electriques sur des 
solutions dans I'acetonitrile montrent Line correlation entre les forces relatives de coordination 
des anions dans un complexe donnC et le taux de dissociation ionique que subit ce coniplexe 
dans ce solvant. [Traduit par le journal] 

Introduction 
As the anion of a very strong acid, the fluoro- 

sulfate ion might be expected to coordinate only 
weakly to metal ions in complex conlpounds; 
relatively little is known, however, about the 
coordinating properties of this anion. Lange ( 1 )  
and Wilke-Dorfurt et al. (2) appear to have been 
the first to study such cornplexes while, more 
recently, reports have appeared on ammonia 
complexes of copper(I1) and nickel(I1) fluoro- 
sulfates (3), pyridine and substituted pyridine 
complexes of copper(1T) fluorosulfate (4), and 
methyl cyanide conlplexes of zinc(II), copper(I), 
and copper(I1) Auorosulfates ( 5 ) .  

We describe here the preparation and charac- 
terization of three complex compounds of the 
type M(py),(SO,F), (py = pyridine, M = Ni, 
Cu, Zn). T o  facilitate co~nparisons of the co- 
ordinating properties of the fluorosulfate ion and 

other anions we have also prepared and studied 
tetrakis(pyridine1 complexes of copper(I1) per- 
chlorate, tetraf uoroborate, p-tolysulfate, nitrate, 
and trifluoroacetate. 

Experimental 
:L.fafer.in/s 

Fluorosulf~~ric acid was purified by double distillation 
a? described previously (6). Diethyl ether, pyridine. and 
acetonitrile were reagent grade and were dried by re- 
fluxing over calci~~ru hydride followed by distillation. 
The acetonitrile i~seii in conductivity measurements was 
purified by the method of Forcier and Olver (7) and had 
a specific conductance of 3-5 x lo- '  ohm-'  cm-'. 
Dichloronlethane was allowed to stand over Linde 4A 
molecular sieves for several days and then was distilled. 
This treatment gave dichloromethane with a specific con- 
ductance of 4 x lo-" ohm-' cm-'. 

Prepai.ufioi?s 
Previously reported procedures for the preparation of 

pyridine cornplexes of metai fluoros~~lfates haie ~nvolved 
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reactions in aqueous solutions (1). It has been claimed 
recently that such methods applied to the preparation 
of ammonia complexes result in hydrolysis and the 
formation of sulfates rather than fluorosulfates (3:. To 
avoid the possibility of product contamination by sulfate 
impurity we have elnployed anhydrous conditions 
throughout this work. Whenever possible, manipulations 
involving metal fluorosulfates and their pyridine com- 
plexes were performed in a dry box. Anhydrous metal 
fluorosulfates were prepared as described previously (8). 
Pyridine complexes were prepared by reacting acetonitrile 
solutions of the appropriate metal fluorosulfate with 
excess pyridine. Detailed descriptions of individual 
preparations follow. 

Anhydrous zinc(I1) fluorosulfate (0.004 mol) was dis- 
solved in 8 ml of boiling methyl cyanide and an excess 
(0.050 mol) of hot pyridine was added. On cooling to 
room temperature colorless crystals separated out of 
solution. The yield of product was increased by cooling 
in an ice-water bath. The crystals of Zn(py),(SO,F), 
were filtered, washed with dry ether, and dried under 
vacuum. 

Anal. Calcd. for ZnC2,H2,N,S206F2: C, 41.43; K, 
3.48; N, 9.66; ZII, 11.27. Found: C, 41.0; H ,  3.70; N, 
9.72; Zn, 11.3. 

Anhydrous copper(1I) fluorosulfate (0.004 mol) was 
dissolved in 18 n11 of boiling methyl cyanide and an excess 
(0.045 mol) of hot pyridine was added. When the solution 
cooled a solid product separated out. Analysis of this 
material showed that it contained pyridine in excess of 
the required 4 :  1 mole ratio of pyridine to copper. The 
solution was filtered and on addition of ether to the 
filtrate a quantity of a purple solid precipitated. This 
material was filtered from the solution, washed with 
ether, and dried under vacuum. Analysis showed it to be 
the complex c~(py) , (So ,F )~ .  

Anal. Calcd. for C U C ~ ~ H ~ ~ N ~ S ~ O ~ F ~ :  C, 41.56; H,  
3.49; N, 9.69; CLI, 10.99. Found: C, 41.2; H ,  3.27; N, 
9.56; Cu, 11.0. 

Anhydrous nickel(11) fluorosulfate (0.004 mol) was 
dissolved in 10 ml of boiling methyl cyanide and an excess 
(0.81 11101) of hot pyridine was added. The so l~~ t ion  was 
then cooled to room temperature. On addition of dry 
ether a pale blue product precipitated from solution. The 
complex, Ni(py),(SO,F),, was filtered, washed with 
ether, and dried under vacuum 

Anal. Calcd. for NiC2,H,,N,S206F2: C, 41.91; H, 
3.52; N, 9.77; Ni, 10.24. Found: C, 41.8; H, 3.50; N, 
9.50; Ni, 10.5. 

The tetrakis(pyridine) complex of copper(I1) p-tolylsul- 
fate was prepared as follows. Copper(I1) chloride and 
silver p-tolysulfate were reacted in stoiehiometric amounts 
in aqueous solution. Precipitated silver chloride was 
removed by fiitration and on concentration the filtrate 
yielded pale blue hydrated copper(11)p-tolysulfate. About 
3 g of this copper salt was dissolved in 20 ml of warm 
methanol and 8 rnl of pyridine was added. The complex 
Cu(py),(p-CH,C6H,S0,),, was precipitated from solu- 
tion with ether, filtered under vacuum, washed with ether, 
and dried under vacuum. 

Anal. Calcd. for C U C ~ ~ H , ~ N , S ~ O ~ :  C, 56.53; H, 4.74; 
N, 7.76. Found: C, 56.2; H, 4.94; N, 7.54. 

The following were prepared by literature methods: 
CLI(PY),(C~O,)~ (9), CL~(PY),(BF,)~ (91, C U ( P Y ? ~ ( N O ~ ) ~  

(lo), C L ~ ( ~ ~ ) ~ ( C F , C O , ) ,  (11). All gave satisfactory 
analyses for C, H, and N. 

Elemental analyses for carbon, hydrogen, and nitrogen 
were done in the microanalytical laboratory in this 
department. Metal analyses were performed by EDTA 
titration. 

Physicni ~Wefhorir 
Infrared spectra were recorded on a Perkin-Elmer 457 

spectrophotometer over the frequency range 4000-250 
cm-'. Samples were contained as N~tjol and hexachloro- 
butadiene mulls between KRS-5 (Harshaw Chemical 
Co.) plates. Spectra were calibrated using polystyrene 
film and frequencies are considered accurate to i 4 cni-'. 

A Cary 14 recording spectrophotometer was used to 
obtain electronic spectra in the range 5-33 kK. Solution 
spectra were run on to 10-3 iC1 solutions contained 
in rnatched silica glass cells with 1 or 10 cm path lengths. 
Solid state mull spectra were obtained on samples using 
Nujol, hexachlorobutadiene: or Kel-F mulls pressed 
between silica windows. The background due to light 
scattering from the sample was subtracted from the 
spectra of the copper con~plexes as described previously 
(12). Light scattering was compensated for in the spectra 
of the nickel con~plex by placing a Kujol-soaked filter 
paper in the reference beam. DiRuse reflectance spectra 
were recorded over the range 13.5-28.5 kK on a Bausch 
and Lornb Spectronic 600 spectrophotorneter equipped 
with a visible reflectance attachment. Magnesium car- 
bonate was used as the reflectance standard. 

Magnetic susceptibilities were measured using the Gouy 
apparatus and calibration procedure described previously 
(12). For all of the compounds studied, the room tem- 
perature magnetic susceptibilities were determined from 
at least three separate packings of the Gouy tube and 
magnetic moments are considered accurate to & 0.02 
B.M. Measurements at  magnetic fields of approximately 
4500 and 7000 G gave no evidence for dependence of 
magnetic susceptibilities on field strength. The molar 
lnagnetic susceptibilities were corrected for the diamag- 
netic contributions of the ligands and metal ions. The 
diamagnetic susceptibility values, obtained from pub- 
lished sources (I 2-14) are: - 13 x for nickel and 
copper, -49 x for pyridine, -40 x for 
S03F- ,  -32 x for Clod- ,  -39 x for 
BF,-, and -97 x for p-CH,C,H,SO,- (all values 
in c.g.s.u.). 

Electron paramagnetic resonance spectra were recorded 
on a Varian E-3 spectrometer using 100 kHz field modu- 
lation. The X-band microwave freq~~ency was monitored 
on a Hewlett-Packard 5245L electronic counter equipped 
with a 8-18 GHz frequency converter. The solutions, 
which generally had a concentration of about 5 x lo-, 
M ,  were contained in 3 mm i.d. quartz tubes. 

Electrical conductivities were obtained at  25.00 1 
0.01 '.C using equipment and techniques described pre- 
viously (15). Molar conductance values, corrected for 
solvent conductivity, are considered accurate to i 1 
ohm-' cm2 mol-I. 

Results and Discussion 
Infrared Spectra 

The infrared spectra of M(py),(SO,F), (M = 

Ni, Cu, Zn) provide good evidence that the 
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TABLE 1. Infrared data for pyridine complexes of metal fluorosulfates" 

Infrared frequency (cm-') 
-- 

Pyridine ring 
So3F vibrationsb vibrationsb 

- -- 

Complex V ~ E )  ~ ' ( A l l  VZ(AI) vs(E)  v3iA1) 8a 6a 166 

's = strong, m = medium, sh = shoulder 
bSee text for description of vibrations. 

fluorosulfate ions are coordinated to the metal 
ions in all three complexes. By comparing the 
spectra with those of pyridine and previously 
studied pyridine co~nplexes (16) they are readily 
resolved into bands arising fro111 vibrations of 
the fluorosulfate groups and those arising from 
vibrations of coordinated pyridine molecules. 
Bands assigned to vibrations of the SO,F group 
are given in Table 1 .  The free fluorosulfate ion 
has C,, symmetry and is expected (8, 17) to show 
six infrared active bands (3E and 3A,). The 
anion symmetry is clearly lower than C,, in all 
three complexes as the spectra show splittings of 
the doubly degenerate v,(E) and v,(E) modes. 
We did not observe the v,(E) modes for these 
complexes, possibly because they are weak or, 
Inore likely, because they are obscured by pyri- 
dine bands a t  420-430 cm-I.  The remaining 
bands in the spectra of each of the complexes are 
assignable to coordinated pyridine; three of these 
bands are given for each con~plex in Table 1. In 
liquid pyridine the 16b vibration (an out-of- 
plane ring deformation) is at  403 cm- '  while the 
6a and 80 vibrations (in-plane ring deformations) 
are a t  601 and 1578 ~117' respectively (16). As 
expected from previous studies, the three bands 
show significant shifts to higher frequencies on 
coordination of pyridine to the metal (16, 18). 
The doubling of some of the pyridine bands 
probably arises (18) from interactions between 
different pyridine molecules. 

The infrared spectra of the nickel and copper 
complexes show that all pyridine molecules are 
coordinated to metal ions. This, together with 
evidence (to be presented later) from electronic 
spectral and n~aglletic studies that the metal ions 
are hexacoordinated, suggests a molecular struc- 

ture in which the fluorosulfate ions are coordina- 
ted as unidentate ligands. Since Zn(py),(SO,F), 
has an infrared spectrum virtually identical to 
the spectra of the nickel and copper complexes, 
it probably has a similar structure. By compari- 
son, the perchlorate ions in Zn(py),(CIO,), are 
apparently uncoordinated and the coordination 
about zinc is tetrahedral in this complex (9). 

The magnitude of the fluorosulfate E Inode 
splitting and the position of v, (SF stretch) in 
these complexes suggests a "semi-coordination" 
of the fluorosulfate groups. This term has been 
used (19, 20) to describe anions which are in- 
volved in coordination of sufficient strength to 
produce slight distortions of the anion, but not 
of sufficient strength to produce the gross dis- 
tortion and full sy~ll~netry lowering which occurs 
when the anions are involved as "fully coordina- 
ted" groups. The v, band frequencies of 724-743 
cm-'  are low indicating relatively weak interac- 
tions between the fluorosulfate ion and the metal 
(8, 17). This, together with a v, band splitting of 
only 50-74 cnl- ' ,  suggests a much weaker 
fluorosulfate coordination than is present, for 
example, in CH,SO,F (21) and KBr(SO,F), (22) 
where v, band splittitigs of the order of 230 atid 
180 cm- '  and v, band frequencies of 840 and 
834 cm- l ,  respectively, are observed. 

Electrot~ic Spectrcr 
The electronic spectrum of Ni(py),(SO,F), is 

that expected for a tetragonally distorted octa- 
hedral complex and is pi\en in Table 2 together 
with the spectrum of the perchlorate cotnplex 
(23) with assignments according to Peeters (24). 
Expressions relating tra~isition energies in tetra- 
gonal nickel(I1) complexes to the crystal field 
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TABLE 2. Electronic spectra of nickel complexes 

Energies of band maxima (kK) 

OKel-F mull spectrum. 
bData from ref. 23. 
'Assignments from ref. 24. 
dA shoulder on  the low energy side of this band (-25 kK) is observable in the 

diffuse reflectance spectrum of this conlplex giving evidence for band splitting. 

TABLE 3. Electronic spectra of copper complexes 

Energies of band maxima (kK) 

Diffuse CHzClz CHzCIz/C5H5N 
Complex reflectance Mull solutiona solutionb 

CU(PY),(NQ~), 18.1 18.3 14.2(81) 16.6(55) 
C U ( P Y ) ~ ( C ~ O ~ ) Z  17.8 - 17.8(60) 17.8(61) 
CU(PY),(BF,)~ 17.7 18.0 18.0(53) I8  O(53) 
CU(PY),(SO~F)~ 17.0 17.2  17.3(52) 17.1(56) 
C U ( P Y ) , ( P - C H ~ C ~ H ~ S O ~ ) ~  16.5 16.9 14.0(76) 16.6(52) 
C U ( P Y ) ~ ( C F ~ C O Z ) ~  15.5  15.7 15 . O(74) 14.7(91) 

aMolar absorpt~vrtles, E, in parentheses. 
%olutlons are 10Z pyrtdlne by volume Numbers In parentheses are molar absorptlvltles 

parameters Ds, Dt, Dq,,, and Dq, have been 
given (25) and of particular interest here is the 
radial parameter Dt. This parameter, which to a 
first order approximation is 4/35 of the separa- 
tion between the two lowest energy transitions, 
is a direct measure of the degree of tetragonality 
(Dt = (4/7)(Dq,, - Dq,) assuming the absence 
of configurational interaction between E states). 
Using data obtained from room temperature 
spectra the degree of tetragonality in the fluoro- 
sulfate complex (Dt = 380 c m p l )  is less than 
that in the perchlorate complex (Dt = 600 cmpl )  
greater than that in the analogous chloride com- 
plex (Dt = 250 cm-'  (26)) and similar to that 
in the analogous bromide and iodide complexes 
(Dt = 340 and 400 cmpl ,  respectively (26)). 

The complex ion [Ni(py)6]2+ was first identi- 
fied (23) in solutions of Ni(py),(C10,)2 and 
Ni(py),(BF,), in nitromethane containing excess 
pyridine. It appears that the fluorosulfate com- 
plex, Ni(py),(SO,F),, gives the same complex 

ion when disqolved in dichloromethane contain- 
ing excess pyridiile. The spectrum of this com- 
plex in a solution containing 2 0 x  pyridine by 
volume consists of three bands a t  9.57. 16.2, and 
26.3 kK,  with molar absorptivities of the band 
maxima of 5 ,  9, and 18 respectively, in good 
agreement with the spectrum previously reported 
for [Ni(py),I2+. 

The diffuse reflectance and mull spectra of the 
copper(I1) complexes studied here have asym- 
metrical bands which span the entire visible re- 
gion. Energies of band maxima are recorded in 
Table 3. Solid state spectra have been reported 
previously for the perchlorate (9, 27, 28), tetra- 
fluoroborate (9), nitrate (lo), and trifluoroace- 
tate (29, 30) complexes and there is good agree- 
ment with the earlier results although we were 
unable to observe the band splitting previously 
reported in the spectrum of the trifluoroacetate 
complex. Although the molecular structures of 
these copper complexes are not known with cer- 
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tainty, the earlier work indicated tetragonal 
structures in which four pyridine molecules form 
a square plane about the central copper ion with 
anions coordinated in axial positions. Tetra- 
gonal structures of this type are well established 
for the related bis(ethylenedian1ine) copper(I1) 
complexes (20). Three electronic transitions, 
'B1, + 'Alg, 'Big --+ ,B2,, and 'B,, 3 'E,, are 
expected for such complexes. The observation 
of a single broad and asymmetrical band which 
presumably contains all three transitions, un- 
resolved, is not uncommon particularly where 
spectra were obtained as in the present work, on 
polycrystalline samples a t  room temperature. 
The relative intensities of the different compon- 
ents of the visible band could change on going 
from diffuse reflectance to mull and this may 
account for the small differences observed in the 
reflectance spectra compared to the mull spectra 
(Table 3). 

From studies of a large number of complexes, 
Lever and Mantovani (31) showed that in bis- 
(ethylenediamine) complexes of copper(I1) the 
position of the visible band provides a useful 
indication of the degree of tetragonal distortion, 
the band shifting to higher energies with in- 
creasing tetragonal distortion. Hathaway ef al. 
(32) have shown,. from polarized single-crystal 
electronic spectral studies, that the highest 
energy component in the visible band of these 
complexes arises from the ' B , ,  -t ' E ,  transition 
and it is largely the shift of this transition to 
higher energies on increasing tetragonal distor- 
tion that accounts for the overall shift of the 
visible band. The data in Table 3 suggest that the 
energy of the visible band maximum provides a 
measure of the degree of tetragonal distortion in 
tetrakis(pyridine) copper([[) complexes also. 
Highest energies are observed for coruplexes 
containing the weakly coordinating NO3- ,  
C10,-, and BF,- ions. The degree of tetragonal 
distortion in the fluorosulfate complex appears 
to be less than that in the perchlorate cornplex 
(the same relative order of degree of tetragonal 
distortion in the analogous nickel colnplexes 
was demonstrated above) but greater than that 
in the p-tolylsulfate or trifluoroacetate complex. 
Similar arguments were used before (33) to show 
that  the degree of tetragonal distortion in 
Cu(py),(PF,), (where the room temperature mull 
spectrum shows a main band at  19.1 and a shoul- 
der at  16.2 kK) is greater than that in the per- 
chlorate or tetrafluoroborate complex. 

For  the electron parainagnetic resonance 
studies, to be discussed below, we required a 
solvent that would dissolve the copper complexes 
without significantly changing their inolecular 
structures. The solution electronic spectral data, 
recorded in Table 3, indicate that dichloro- 
methane containing 10% by volunle of pyrid~lle 
is a suitable solvent for the perchlorate, tetra- 
fluoroborate, fluorosulfate, and p-tolylsulfate 
complexes. The spectra of the first three remain 
essentially unchanged when the complexes are 
dissolved in dichloromethaile or in dichloro- 
methane containing 10% pyridine, indicating that 
the tetragonal Cu(py),X, inolecular structures 
present in the solid state are retained in these 
solutions. The spectrum of Cu(py),(p-CH3C,H4- 
SO,), changes significantly when the complex 
is dissolved in dichloron~ethane. This change is 
appareiltly caused by the dissociation of pyri- 
dine from the cornplex since in the dichloro- 
methane-pyridine solvent, where the excess pyri- 
dine would suppress such dissociation, the spec- 
trum is essentially that observed in the solid 
state. The spectra of the nitrate and trifluoro- 
acetate complexes show shifts in their visible 
bands to lower energies on dissolution in di- 
chloromethane. Similar band shifts accompany- 
ing dissolution of these colnplexes in chloroform 
were reported previously (10, 29) and were 
ascribed to the dissociation of pyridine. The data 
in Table 3 show that even in solutions containing 
10% pyridine the dissociation of pyridine is not 
completely suppressed for these complexes. The 
trifluoroacetate complex, dissolved in pure pyri- 
dine, gives a visible spectrum consisting of a 
single broad line with the band maximum at  
15.4 kK and E = 64. It appears that the undis- 
sociated Cu(py),(CF,CO,), complex species is 
present in these solutions. The low solubility of 
the nitrate complex in pyridine precluded a simi- 
lar investigation of that complex. 

Magnetic Properties 
The magnetic moment of Ni(py),(SO,F), has 

been determined froin bulk magnetic suscepti- 
bility measurements over the temperature range 
313-125 "K and the results are given in Table 4. 
The room temperature magnetic moment of 
3.14 B.M. is comparable to the values reported 
elsewhere for the analogous trifluoroacetate (341, 
trichloroacetate (351, cyanate, thiocyanate, and 
selenocyanate (36), chloride, bromide, and iodide 
(371, perrhenate (38), perchlorate, and tetra- 
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fluoroborate complexes (9, 23). The magnetic 
moments observed for these complexes are in the r---- dh?, I ,A I, 

j \L'b"? t', , I 

7 
range normally observed for six-coordinate I 1 I 

Ni(1L) coinplexes The increase in illagnetic 
moment over the spin-only value of 2.83 B.M. 
has been ascribed to an orbital contribution 
arising from spin-orbil coupling between the 
ground state and excited states (39, 40). Variable 

, h b ~ h B . ~ ~ q w ~ ~ t ~  J 
',, / I  / i, ' , #  ; ',, , 
h' \ 1 1 ~fl~!wd!'!kw%* 

8 8 

' , /  / 
! I '  ~ 

I I ,  

temperature magnetic susceptibility data otl , ' 
8 I 

Ni(py),X, complexes are available only for the 
I ,' 

fluorosulfate derivative studied here. For regular 
octahedral nickel(11) complexes the magnetic 

1 

2803 300 3200 3COC 36C0 

moment should be independent of temperature. MAGNETC FIELD ( G )  

The data obtained for the fluorosulfate con l~ lex  FIG. 1. Tetrakis(pyridine) copper(I1) fluorosulfate in 
gives evidence for a small decrease in n~agnetic 90% dichloromethane- 10% pyridine. Electron para- 
moment with decreasing teinperature. The origin magnetic spectrum at room temperature. 

of this temperature dependence may be the de- 
parture of this complex from regular octahedral 
symmetry (39); unfortunately, the effect is too 
small Magnetic to permit susceptibility further analysis. data were obtained 7&pi 1 
over the temperature range 3 16-90 "K for the tet- I 

1 1  l l  l V f  ",, 
I I " ,  

rakis(pyridine) copper(I1) complexes, Cu(py),X2 l ~ l ;  I 
(X = SO,F-, C10,-, BF,-, p-CH,C6H,S0,) .  i ---, ,,---, I \----- 

Data, at  room temperature, have been reported i 
.i--- j i  

previously for the perchlorate (9, 27) and tetra- *',?, I l l  \ 
fluoroborate (9) complexes. The magnetic 1 m?, I I 

moments, given in Table 4, are of a magni- i 
323C 3400 

I 
1 \ 1 1  , , i 

+__-_..~- --. --.-7- ~ ---- 

tude usually observed for copper(I1) complexes 2600 2800 300c 

(39) and are independent of temperature. The MAGNETIC F'E-D ' G i  

moments d o  not vary significantly from one FIG. 2. Tetrakis(pyridine) copper(I1) fluorosulfate in 
complex to another; the bulk magnetic suscepti- 90% dichloromethane - 10% pyridine. ~ l e c t r o n  para- 
bility measuremellts used to obtain these n~agnetic resonance spectrum at liquid nitrogen tem- 

perature. 
moments are not sufficiently sensitive to detect 
variations in the electronic properties of the room temperature spectrum shows four lines 
complexes arising froin differences in the co- arising from copper nuclear hyperfine interac- 
ordinating properties of the anions. tion. The spectrum obtained at  liquid nitrogen 

Electron paramagnetic resonance, e.p.r., tech- temperature indicates a tetragonal copper(1I) 
niques provide another method of investigating environment with two regions of absorption 
the magnetic properties of copper(11) com- centered a t  g and g,. The splitting of the g l  
plexes. We obtained e.p.r. spectra, a t  room tem- peak by copper nuclear hyperfine interaction is 
perature and liquid nitrogen temperature, of observed where three of the four components 
solutions of Cu(py),X2 complexes in dichloro- are clearly resolved; the fourth is hidden by the 
inethane containing 10% pyridine by volume. g, peak ~ , h i c h  overlaps it. The splitting on the 
Results are given here for the perchlorate? tetra- ,q, peak is not resolved because of the smaller 
fluoroborate, fluorosulfate, and p-tolylsulfate magnitude of A, compared to A I and because of 
con~plexes; we are reasonably certain, from the superiruposed nitrogen superhyperfine splitting. 
electronic spectral studies described above, that The complex pattern of lines appearing at  g, has 
these co~ilplexes dissolve in this solvent without not been analyzed in this work. 
appreciable change in l~lolecular structure. The e.p.r. parameters, calculated employing 
Figures I and 2 show spectra obtained for equations which include magnetic hyperfine 
Cu(py),(SO,F),; the general features of the coupling to second order (41) are listed in Table 
spectra of all four complexes were the same. The 5. The isotropic go and A, values were calculated 
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TABLE 5. Electron paramagnetic resonance parameters of copper complexes in CH2C12,'C,H,N solution " 

A x 104 A~ x 104 A~ x 104 
Complex ~ I I  g~ g o  (cm- ') (cm - ') (cm- ') 

OThe signs of the hyperfine parameters are not determined. Values reported are absolute magnitude. 
bThe values of A 1 1  and A L  have opposite signs in this complex. 

from the room temperature spectra and the g l  
and A values were obtained fro111 the low tem- 
perature spectra. I t  is not possible to measure 
A, and g, directly from the spectru~n of the 
frozen solution and these values have been cal- 
culated, instead, from the equations go = 

+ ( g  + 2gL) and A ,  = +(A + A,) (42). The 
conlplexes each exhibit a two g-value spectrum 
in which the lowest g-value is equal to or  greater 
than 2.04. According to Hathaway and Billings 
(43). this is consistent with an  elongated tetra- 
gonal octahedral e~iviro~iment about copper in 
which the unpaired electron occupies the 
dX2 -),2 orbital in the ground electronic state. 

The effect of varying axial interactions on 
e.p.r. parameters of copper(11) complexes has 
been exalnined in some detail by other workers. 
Antosik et 01. (42) investigated weak complexes 
of a ~iuniber of copper(I1) b-ketoenolates with 
chloroform and they predicted and observed 
greater values of g and ~iu~nerically smaller 
values of A for the chlorofor~n complexes coni- 
pared to the isolated copper(l1) chelates. In a 
study of the e.p.r. spectra of copper(I1) acetyl- 
acetonate in a variety of solvents Adato and 
Eliezer (44) found A, to be the parameter 11iost 
sensitive to changes in solvent, decreasing in 
magnitude as the coordinaiting strength of the 
solvelit increases. 

Although variations on the e.p.r. parameters 
of the tetrakis(pyridine) complexes studied here 
are sliiall (Table 5) trends are readily apparent. 
Assuming increasing values of go and decreasing 
values of A,  accompany increas~ng axial interac- 
tion. the relative coordinatilig strengths of the 
anions is C 1 0 ,  - BF,- < SO,F- < p-CH,- 
C,H,SO,-, the same order as determined above 
fro111 electronic spectral results. Adato and 
Eliezer (44) pointed out that the perpendicular 
components of the e p.r. parameters are expected 
to be strongly influenced by variations in axial 
ligand coordination. In spite of the possibility of 

relatively large errors in the absolute niagnitudes 
of g, and A, values: arising from the fact that the 
values were calculated, as described above, from 
measurements at two different temperatures (42), 
a comparison of the value obtained for onc 
compound relative to another is probably valid. 
In particular we note that the variations in the 
perpendicular components of the parameters 
correlate well ~vi th  variations in the isotropic 
components. The sensitivity of to variations 
in axial ligand coordination is easily understood. 
The expression for g, for a copper(I1) ion in 
D,,, symmetry with a 2 B , ,  ground state is (20) 

where k', and 2- are the orbital reduction factor 
and spin-orbit coupling constant respectively. 
Hathaway et 01. have shown that decreasing 
tetragonal distortion, i.e. increasing axial co- 
ordination, leads to a shift in the 2 ~ 1 ,  + 2Eg 
transition to lo\ver energies (32). In the absence 
of a relatively larger decrease in the magnitude 
of KL2i. (A is negative for copper(l1)) this would 
result in an increase in This appears to be the 
case for the pyridine complexes studied in the 
present work. Taking the position of the visible 
band in the electronic spectrum as a measure of 
the relative energy of the 2 B l ,  + 2Ep  transition 
(see previous discussion), as this energy de- 
creases on going from the perchlorate and tetra- 
fluoroborate to the fluorosulfate to the p-tolyl- 
sulfate complex, the value of g, increases. 

The room temperature magnetic mo~nents of 
the four copper(l1) conlplexes in solution may be 
calculated from the expression 

using g, values obtained froin the e.p.r. spectra. 
The \ d u e s  so calculated are 1.83 B.M. for the 
perchlorate and tetrafluoroborate complexes and 
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1.84 B.M. for the fluorosulfate and 17-tolylsulfate 
complexes. Within experimental error, the values 
are in agreement with those obtained from bulk 
magnetic suscep~ibility measurements 011 the 
powdered samples. This supports our assump- 
tion that these complexes dissolve in the dichlo- 
ronietha~ie-pyridine solvent without appreciable 
change in nlolecular structure. 

Electrical Co/~d~rcti~. i t ies  
The extent to which a coniplex compound 

undergoes dissociation into ions in coordinating 
solvents deuends on factors such as solvent 
coordinating strength and dielectric constant, 
the solvation energies of the neutral complex and 
of the ions produced. and the coordinating 
strength of the anion towards the metal ion. - 
Acetonitrile is a good coordinating solvent \\it11 
a sufficiently large dielectric constant to support 
ionic dissociation of complex conipounds (45). 
We have measured electrical conductivities of 
acetonitrile solutions of tlie complexes prepared 
in tlie present work in an effort to determine the 
extent to which they undergo ionic dissociation 
in this solvent and to iook for possible correla- 
tions with anion coordinating strength. Molar 
conductivities of 1 x IM solutions of the 
co~nplexes and of tetrabutylammonium bromide 
are given in Table 6. The bromide salt was 
studied to give an indication of values expected 
for strong 1 : 1 electrolytes. 

The molar collductivities of the fluorosulfates, 
the perchlorate, and the tetrafluoroborate are all 
high indicating that these complexes are exten- 
sively dissociated into complex cations, probably 
in the form of [M(py),L2I2' (where L is a sol- 
vent molecule), and coordi~lately non-bonded 
anions. So~ile replacement of pyridine by solvent 
molecules in the-comalex cation is ~oss ib le .  The 
differences which are observed in the molar con- 

TABLE 6. Molar conductances, A,I, of I x M 
solutions of complexes in aceton~trile at 25 "C 

Complex A, (ohm-' mol-' cm2) 

ductivities of these five coinplexes arise from 
variations in the degree of ion association pres- 
ent in the different solutions and variations in 
ion mobilities. Of these two effects the latter is 
probably the least important. The lack of signifi- 
cant variations in mobilities of large complex 
cations has beer1 demonstrated previously for a 
nuinber of hexakis(acetoilitri1e) complexes (46). 
In addition, it has been shown that the per- 
chlorate and fluorosulfate ions have similar 
mobilities in different solveilts (15). The smaller 
moiai conductivity of Cn(py),(SO,F), on the 
one hand comparcd to Cu(py),(BF,), and 
Cu(py),(CIO,), on the other suggests a slightly 
higher degree of ion association in the fluoro- 
sulfate co~~lplex .  In  a study of electrical con- 
ductivities of solutions of tetrakis(acetonitri1e) 
complexes of copper(I1) and ziiic(l1) fluoro- 
sulfates Milne ( 5 )  also foulid that the fluorosul- 
fates mere less conducting than correspondi~~g 
perchlorates; however, in Milne's study the 
fluorosulfates were found to be less conducting 
even than 1 : I electrolytes making the difference 
between perchlorates and fluorosulfates con- 
siderably greater than that observed here. 

For one complex, tetrakis(pyridine) copper(11) 
fluorosulfate, electrical conductivities were meas- 
ured over a range of concentrations and data are 
recorded as molar co~iductivities in Table 7. Of 
releva~ice to the present study 1s the work of 
Libui and Strzelecki (46) involv~ng conducto- 
~netrlc s tud~es  on solut~ons of b~valent nietal 
perchlorates ill acetonitrile. The authors found 
that the manganese, cobalt, cadmium, nickel, 
copper, and zinc perchlorates have conductivi- 

TABLE 7. Mo!ar conductance data for solutions of 
Ci1(py)~(S0,F), in acetonitrile at  25 "C 

Concentration (lo3 ;k') A,,, (ohm-' cm2 mol-') 
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ties which are very similar at  any given concen- 
tration (range 0.001-0.085 M) and concluded 
that  the salts undergo ionic dissociation to give 
exclusively [ME,I2' complex cations (where L 
is acetonitrile) and coordinatively non-bonded 
perchlorate anions. The equivalent conductivity 
values we obtained for solutions of tetrakis- 
(pyridine) copper(1l) fluorosulfate a t  different 
concentrations over the range 0.001-0.01 M are 
about 1 5 2  lower, but otherwise parallel, those 
reported for solutions of copper(l1) perchlorate. 
This result supports the conclusion drawn above 
that the fluorosulfate conlplex undergoes rather 
extensive ionic dissociation in acetoiiitriie soiu- 
tions. 

The equivalent conductivity a t  infinite dilution 
of Cu(py),(S03F),, obtained by extrapoiatio~l of 
a plot of equivalent conductivity 1,s. the square- 
root of the niolar concentration, is 188 ohm- ' 
cm2 equiv-', compared to the value 198.5 
ohm-'  cni2 equiv-' reported for Cu(C10,),. 
The difference between these two values, which 
reflects differences in ionic mobilities, is not 
sufficiently large to account for the differences in 
niolar conductivities at finite concentratioiis. It 
is probable that although both compo~lnds are 
extensively dissociated illto ions in solution there 
is some ion association present, the extent of 
which is slightly higher in the solutions of the 
fluorosulfate complex. I t  is liot known whether 
this ion association i~ivolves the formation of a 
complex ion in which the anion coordinates 
directly to the metal or whether it involves an 
ion-pair in  which the anion does iiot penetrate 
the first coordination sphere of the metal. 

The molar conductance data (Table 6) for the 
tetrakis(pyridine) complexes of copper(I1) p- 
tolylsulfate, nitrate, and trifluoroacetate show 
them to be less coliducting even than 1 : I electro- 
lytes. They arc significa~ltly less dissociated in 
solution than the perchlorate and fluorosulfate 
compounds and it seems likely that the primary 
mode of ionic dissociation for these complexes 
involves the formation of complex ions such as 
[Cu(py),X]' (where X is tlie appropriate anion) 
and coordinately non-bonded anions. The dif- 
ferences in the molar conductance values prob- 
ably reflect differe~lces in relative degrees of 
dissociation. 

Ordering the anions according to  decreasing 
molar conductivity of the appropriate tetrakis- 
(pyridine) copper(11) complex gives, CiO,- - 
B F ,  > S 0 3 F -  > CH3C,H,S03- > NO3- > 

'ERTIES OF FLUOROSULFATE ION 3227 

CF3C0,- .  This order correlates well with the 
relative coordinatillg strengths of tlie anions as 
determined by the electronic spectral and mag- 
netic studies described above. The more weakly 
coordinating ailions have a greater tendency to 
dissociate in acetonitriie solution giving more 
highly col lduct i~~g solutioil~. The N O ,  ion is an 
exception. The electroilic spectral data suggest 
it is a weakly coordinating anion yet the copper 
complex is not extensi~ely dissociated ill ace- 
tonitrile solutio!l. The S O , F  ion is again found 
to occupy a position intermediate between the 
weakly coordinating C10,- and BF,- ions and 
the more strongly coordinating p-CH3CGH1S03- 
Ion. 

We thank Dr.  F. G.  Herring and Dr. R .  L. Tapping for 
help in the interpretation of the e.p.r. spectra. The finan- 
cial support of the Kational Research Council of Canada 
is gratefully ackno~ledged. 
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Dielectric Studies. Part XXXV. Relaxation Studies of 
Benzaldehyde and four para-Substituted Aldehydes 

P. F. MOUNTAIN A N D  S.  WALKER 
Lnkelzead University, Thunder B a j ,  Ontario P7B 5EI 

Received March 11, 1974 

P. F. MOUNTAIN and S. WALKER. Can. J. Chem. 52,3229 (1974). 
The dielectric absorption has been determined for benzaldehyde, p-fluoro-, p-chloro-, p- 

bromo-, and p-nitro-benzaldehyde in p-xylene solution at mainly five or six frequencies in the 
6.70 to 70.1 GHz region. For all three p-halo- substituents the mean relaxation time values 
indicate that some mechanism faster than n~olecular relaxation occurs whereas none was 
apparent in benzaldehyde itself. A deta~led study has been made of p-chlorobenzaldehyde in 
p-xylene solution at  five temperatures, and the data have been analyzed into contributions 
from a n~olecular relaxation process and a shorter relaxation time r2.  In the p-xylene solutions 
of benzaldehyde the relaxation data indicate weak intermolecular hydrogen bonding between 
the solute and the solvent which is probably of the type C-H ... n. 

I' 

P. F. MOUNTAIN et S. WALKER. Can. J. Chem. 52,3229 (1974). 
On adetermint l'absorption dielectrique du benzaldehyde et des p-fluoro, p-chloro, p-bromo 

et p-nitro benzaldehydes en solution dans le xylene; on a effectue ces mesures principalement 
a 5 ou 6 frequences entre 6.70 et 70.1 GHz. Dans le cas des trois derives substitues par des 
halogenes en position para, la valeur moyenne des temps de relaxation indique qu'un meca- 
nisme plus rapide que la relaxation molCculaire se produit alors qu'il n'y en a pas d'apparent 
dans le benzaldehyde lui-m&me. On a fait une etude detaillee du p-chlorobenzaldehyde dans le 
p-xylene a 5 temperatures differentes et on a analyse les donnees afin de determiner les con- 
tributions provenant d'un processus de relaxation moleculaire et d'un processus de relaxation 
r2 plus court. En solution dans le p-xylene les donnees de relaxation pour le benzaldehyde 
montrent que des ponts hydrogenc intermoleculaires faibles existent entre le solute et le solvant 
et que ceux-ci sont probablement du type C-H ...TI. [Traduit par le journal] 

l l  

Introduction 
Fischer (1) examined the dielectric absorption 

of benzaldehyde in solution and was unable to 
detect the relaxation of the aldehyde group. Even 
if aldehyde group relaxation cannot be detected 
for benzaldehyde by dielectric absorption in the 
microwave region, this does not rule out such a 
possibility in the p-halo and p-nitro benzalde- 
hydes. In the p-halo case withdrawal of electrons 
from the FI-electron system by an inductive 
( -  1 )  effect occurs with respect to the halogen 
substituent while a release of electrons into the 
ring also takes place by a mesomeric (+M) 
effect (2). Thus, the two effects are opposed al- 
though the inductive outweighs the mesomeric 
effect, and the net effect is electron withdrawal 
from the ring. If electron withdrawal from the 
conjugated C,H,-CO system results from the 
introduction of a p-halo substituent in benzalde- 
hyde, then the electron density in the C ,,,,,,,, - 

C ,,,,,,,,, bond may well be reduced as could be 

the energy barrier for rotation of the aldehyde 
group. It is interesting to note that from far- 
infrared studies in benzaldehyde, p-fluoro-, p- 
chloro-, and p-brofiobenzaldehyde the energy 
barriers evaluated for the vapors are 19.5, 15.0, 
11.8, and 9.8 kJ mol-I while for the pure liquids 
they are 28.0, 21.9, 19.2, and 15.6 kJ mol-I re- 
spectively (3). p-Chlorobenzaldehyde has also 
been examined in Nujol solution, and its energy 
barrier (4) is 20.4 kJ mol-l .  Both the vapor and 
liquid phase values bear out the fall in the energy 
barrier in passing from benzaldehyde to the 
p-halogenated aldehyde. However, as Miller et 
al. (3) nave indicated the energy barrier values 
quoted for the condensed states are not to be 
trusted if they are deduced from torsional fre- 
quency data. Thus, of the values given above, 
only the values for the vapors may be regarded 
as reliable. 

From the actual energy barrier values them- 
selves it would be difficult to predict whether re- 
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laxation of the aldehyde group could be detected 
by dielectric absorption measurements on dilute 
solutions in the microwave region which are best 
applied to energy barriers less than - 15 kJ 
mol-l .  The most favorable case for detection 
would appear to be that of p-bromobenzalde- 
hyde which has the lowest energy barrier in the 
vapor phase. Potentially, solely from an I and M 
effect point of view, the chances of detecting re- 
laxation of the aldehyde group in the microwave 
region should increase in the sequence benzalde- 
hyde < p-halobenzaldehyde < p-nitrobenzalde- 
hyde. 

Experimental Methods 
The apparatus and techniques employed have been 

described previously (5, 6) and the errors assessed (7). 
The dielectric constant (E') and loss factor (E")' were 
determined by a bridge method at  some of the following 
frequencies 70.1,35.11,23.98,9.313, 16.20, and 6.70 GHz. 
The static dielectric constant ( E ~ )  was measured with a 
heterodyne beat apparatus at 2 MHz. 

Purification of Materials 
The materials were obtained from commercial sources. 

The p-fluorobenzaldehyde and benzaldehyde were first 
dried, then purified by distillation under reduced pressure 
by using a (30 theoretical plates) spinning band column, 
and a small center fraction has  collected and then stored 
over a suitable drying agent in darkened glassware. The 
p-chlorobenzaldehyde was fractionally distilled and then 
recrystallized, while the p-nitrobenzaldehyde was recrys- 
tallized. The observed boiling and melting points com- 
pared well with literature values, and gas- liquid chroma- 
tography could not then detect impurities in these 
compounds. 

Results 
The evaluation of the high frequency dielectric 

constant (E,), distribution coefficient ( m ) ,  mean 
relaxation time (t,), discrete relaxation times 
(z, and r,), weight factors (C, and C,), and 
dipole moment (p) has been described pre- 
viously (S), and these results are presented in 
Table 1. 

The use of Debye distributions to analyze the 
dielectric data of dilute solutions can be defended 
empirically and theoretically (9) and has been 
confirmed by experiment (7). If the dielectric 
data are analyzed into contributions from two 
relaxation times, 7 ,  alld z,, then the values of the 
dielectric constant (E',,,,) and the loss (E",,,,) 

'The &'and E" data for all the systems may be obtained, 
at a nominal charge, from the Depository of Unpublished 
Data, National Science Library, National Research 
Council of Canada, Ottawa, Canada K I A  OS2. 

calculated from the z, ,t,, and C,  values have to 
correspond with the measured values within the 
limits of the appropriate experimental error. 

The weight factors for the molecular and 
group relaxation, C, arid C, respectively, may be 
estimated from dipole moment data. The weight 
factors C, and C, in benzaldehyde depend on 
the angle, 8, that the molecular dipole moment 
subtends with the long axis of the molecule 
(between the carbon-l-carbon-4 axis in the ben- 
zene ring). If p is the dipole lno~iient of the 
molecule, then p, = 11 cos O and p, = p sin 8 
while C,/C, = (p,/p,)'  and C,  + C, = 1 (10). 
This value of O may be taken as equal to that in 
benzaldehyde if there is only a little mesomeric 
interaction bet~veen the aldehyde group and the 
para-substituent. 

Fischer (1) deduced 0 to be 30", and from this 
and the above equations the corresponding C,  
values are 0.75, 0.37, 0.30, 0.29, and 0.49 for 
benzaldehyde, p-fluoro-, p-chloro-, p-bromo, and 
y-nitrobenzaldehyde, respectively. From analyses 
of the dielectric data according to the Bud6 
equations the accuracy of C ,  is not normally 
better than 20.1.  Thus, the C, values for the 
p-halobenzaldehydes are very similar. 

The errors in the Bud6 analysis may be appre- 
ciable, and Grubb and Smyth (10) have quoted 
an accuracy of + 2 0 x  for -r, and z, values. A 
recent s t ~ ~ d y  by Crossley et al. (1 1) revealed that 
such analyses have limitations when applied to 
a wide variety of cases. A case which is favorable 
for analysis for T, values is when C, > C, and 
z, > 6 x lo-', s while t, > t,. The average 
calculated value of C, from group moments for 
the p-halobenzaldehydes is 0.68 and agrees with 
the one from the Bud6 analysis within the range 
of error (1 1) (k0 .1 )  for such an analysis. A com- 
parison of the z, values for the p-halobenzalde- 
hydes at a given temperature supports C, being 
greater than C, .  The resulting z, values for the 
p-halobenzaldehydes at the various temperatures 
range between 8 to 12 x lo- ' ,  s. Thus, these 
cases would seem potentially satisfactory for a 
successful analysis (I 1) for z,. Points in support 
of the analyses are (i) that they all can be analyzed 
for a C, value of the correct magnitude, (ii) the 
C, value does not vary with temperature (this is 
a severe test in the case of p-chlorobenzaldehyde 
where five temperatures are employed), (iii) the 
values of E' and E" calculated from z,, r,, and C, 
agree with the measured values within experi- 
mental error. This did not prove to be the case 
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for benzaldehyde, (iv) the plot of log t ,T us. 1/T 
for p-chlorobenzaldehyde is a good linear one. 

The error in the t ,  values may well be appre- 
ciable and could well be of the order of i 2 0 z  
or greater (1 1). However, such an error in the t, 
values in Table 1 permits an acceptable sequence 
of 7,  values for the p-halobenzaldehydes for a 
particular teiiiperature if it is borne in mind that 
the error in the values may be i- 20% or greater. 

Discussion 
Hassell and Walker (12) found that for a 

number of monosubstituted benzenes the mole- 
cular relaxation tiine has a linear dependence on 
the volume of the molecule as estimated from 
Courtauld models. From measurements on these 
models the sequence of molecular relaxation 
times would be expected to increase as follows, 
chlorobenzene > benzaldehyde > bromoben- 
zene, where the benzaldehyde value would be 
closer to the chlorobenzene than the bromoben- 
zene valuc. This is, in fact, the sequence of the 
observed relaxation times which in cyclohexane 
solution at 25 "C are 7.1, 8.3, and 11.6 x 10-"s 
respectively. At 40 and 60 "C for benzaldehyde 
in p-xylene solution the distribution parameter 
is zero while at 40 "C in cyclohexane the a = 0.01 
may not be significant. The near zero a at 15 and 
25 "C in cyclohexane and p-xylene solutions 
could be accounted for by local association which 
becomes negligible at higher temperatures.  in^ 
addition, no satisfactory Bud6 analyses could be 
obtained where the value of C ,  remained con- 
stant at different telnperatures and for both 
solvents. Thus, a detailed study of benzaldehyde 
bears out that the microwave dielectric data can 
best be acco~lnted for in terms of molecular 
relaxation and that it does not appear feasible 
to detect relaxation of the aldehyde group from 
such data. 

On a comparison of the observed relaxation 
times of benzaldehyde in cyclohexane and p- 
xylene solution it will be noted that in the latter 
solvent, the relaxation time increases by about 
4 5 x  at each of the three temperatures. This is an 
exceptional increase between the two solvents 
which normally would be about 10% (13); such 
an increment is indicative of some form of inter- 
action between the solute and solvent. Interac- 
tion of pyrrole with the solvent p-xylene of the 
type N-H ... N has been noted previously by 
Tucker and Walker (14). 

In p-xylene solution at  15 "C the observed re- 

TABLE 2. AAG* data (in kJ mol-*) for 
benzaldehyde based on relaxation time data 
in the inert solvent cyclohexane and the in- 
teracting solvent p-xylene. The relaxation 

time are quoted in ps 

Solvent t ("C) z AAG * 

CYC 15 9 .0  
0.92 

P-)a: 15 13.3 

laxation times of chlorobenzene, benzaldehyde, 
and bromobenzene are 10.2, 13.3, and 14 x 
10-I' s respectively (that is, the broinobenzene 
and benzaldehyde are now of the same order and 
appreciably longer than that of chlorobenzene 
which is to be contrasted with the behavior in 
cyclohexane solution). At 60 "C in p-xylene solu- 
tion the relaxation times of bromobenzene and 
benzaldehyde are virtually identical, being 7.6 
and 7.7 x lo-" s respectively. Thus, it would 
seem likely that some forin of interaction occurs 
between the benzaldehyde and the p-xylene 
which lengthens the relaxation time. An estima- 
tion of the interaction may be made by an equa- 
tion employed to study the interaction of halo- 
genated ethanes (1 5, 16) with various solvents. 
Thus, if T,-, is the relaxation tiine of the solute 
in p-xylene solution and t,,, the corresponding 
relaxation tiine in the inert solvent, cyclohexane, 
then application of the equation to this system 
gives : 

= exp (AS',,, - AS',ls) 
R 

p - X  - AH+ exp (AH* 

The most probable form of interaction would 
be where the H in the aldehyde group acts as an 
electron acceptor and a hydrogen bond of the 
type C-H ...liI is formed with the FI-electrons of 
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p-xylene which act as the donor. This would be 
a very weak form of interaction and no stable 
complex would be anticipated but just a viscous 
drag on the re-orienting molecule which would 
lengthen the molecular relaxation time. For such 
a case of weak interaction the use of eq. 1 is 
permissible and has previously been employed 
in studies of weak interaction (1 5, 16). However, 
for strong molecular interactioli a pre-exponen- 
tial factor might be necessary in eq. 1 probably 
involving an inertia term which might change in 
passing from an unassociated to a strongly 
associated system. 

If z,-, > z,,,, then AAG* may be regarded as 
the increased free energy of activation for mole- 
cular relaxation in p-xylene as opposed to cyclo- 
hexane solution. Further, if AS*, - ,  - AS*,,,, 
then AAG' may be looked upon as reflecting the 
larger enthalpy of activation (AH*,. ,  > AH*,,,) 
required when interaction takes place between 
the solute and p-xylene when weak attachment 
leads to the hindering of rotation of the solute 
molecule. Since inductive effects of the polar 
solute molecule may influence the value of 
AH*,-,, then some similar reference molecules 
are required to gain an estimation of this effect. 
The dipole moments of benzotrichloride and 
benzonitrile are 2.06 and 4.03 D respectively, 
while that for benzaldehyde is 2.92 D. The AAG* 
values for benzotrichloride and benzonitrile are 
0.23 and 0.53 kJ mol-', respectively. Since the 
moment of benzaldehyde lies between that of 
benzotrichloride and benzonitrile, then, if only 
iilductive effects operate between the benzalde- 
hyde and the p-xylene, its AAG* might be expec- 
ted to lie between 0.34 and 0.53 kJ mol-l. In 
fact, its average value for the three temperatures 
is 0.93 kJ mol-' which is slightly more than 
double the mean of these two values. 

The AAG* of benzophenone based on the 
T ~ ~ ~ ~ ~ ~ ~ / T ~ ~ ~  ratio is only 0.33 kJ mol-l. Benzo- 
phenone has a similar dipole moment (2.98 D) to 
benzaldehyde, and the moments of both these 
compounds are largely determined by the keto 
grouping. Thus, it would seem that the appre- 
ciably larger AAG* value of benzaldehyde re- 
quires an additional form of interaction with the 
solvent to account for its magnitude; the most 
likely type is -C-H...II. Pimentel and Mc- 
Clellan (17) have already indicated that there 
remains uncertainty concerning hydrogen bond- 
ing by the aldehyde C-H bond. Hence the de- 
tection of C-H ... X, where X is a weak electron 

donor (such as p-xylene), by most physical 
methods can be difficult and uncertain. Thus, 
this dielectric approach employing eq. 1 would 
seem useful to indicate such weak interaction. 

For solubility reasons the p-halo- and p-nitro- 
benzenes had to be examined inp-xylene solution 
rather than in the inert solvent, cyclohexane. As 
indicated earlier the observed relaxation times of 
benzaldehyde in p-xylene are very similar to 
those for bromobenzene in the same solvent at 
the same temperature, and, in addition, Cour- 
tauld models indicate that the methyl and chloro 

LO ows groups are of similar size, and therefore it 11 
that a reasonable comparison for the molecular 
relaxation time of p-chlorobenzaldehyde would 
be that of p-bromotol~~ene. The relaxation times 
of p-bromotoluene are 22.3 x 10- l2  s at  25 "C 
and 18.8 x lo-" s at 40 ' C ,  while the T, values 
for p-chlorobenzaldehyde are 15.8 and 12 x 
10-l2 s respectively. Such a big difference be- 
tween the two values at  each temperature sug- 
gests some additional relaxation process in the 
case of p-chlorobenzaldehyde which makes the 
observed relaxation time shorter than that of the 
molecular relaxation time. This is borne out by 
comparison of (i) and (ii) below: 

(i) the molecular relaxation times of p-chloro- 
and p-bromotoluene inp-xylene at 15 'C are 19.3 
and 27.2 x 1 0 1 2  s respectively; that is on sub- 
stitution of Br for CI the relaxation time in- 
creases by - 407 .  

(ii) the observed relaxation times of p-chloro 
and p-bromobenzaldehyde are 18.5 and 19.2 x 
10- l2  s at  15 'C: 
that is, they are virtually identical. 

The variation of the observed relaxation times 
of p-fluoro-, p-chloro, and p-bromobenzalde- 
hyde in p-xylene at 40 "C are comparatively very 
small, their values being 11.2, 12, and 13.6 x 
10- l2  s respectively. This is to be contrasted with 
the variations in the molecular relaxation times 
for fluoro-, chloro-, bromo-, and iodobenzene 
which in p-xylene at  15 "C are 6.8, 10, 14, and 
18 x 10-l2 s respectively; thus, as the halogens 
increase in size (their van der Waals' radii being 
1.35, 1 .SO, 1.95, and 2.15 A respectively) the re- 
laxation time exhibits an appreciable increase 
altering by more than 1007 from the fluoro to 
the iodine derivative. Hence. variation in the size 
in the p-halobenzaldehydes on their passing from 
the fluoro to the bromo derivative should pro- 
duce a much greater alteration in the nlolecular 
relaxation times than the variation seen in the 
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observed relaxation times. There can be little 
doubt from the near constancy of the observed 
re!axation times for fluoro-, chloro-, bromoben- 
zaldehydes in p-xyiene a t  40 'C that the contribu- 
tion to the dielectric absorption is not the major 
absorption process: that is C, < C,. This bears 
out the C, ~ a l u e s  for the 11-halobenzaidehyaes 
(as estimated from group moments) which are 
-0.3. The Budo analyses for r, and C, (see 
Table 1) 11-l~alobenzaldehydes, on the whole, 
appear to be reasonable and in line with the C, 
value calculated from group moments since the 
value from the Bud6 analysis would not be Inore 
accurate thafi + 0.1. Since the weight factor for 
C, is small, then the error in r l  could well be 
appreciable (1 1). The enthalpy of activation 
(AH,*) for the 11-chiorcbenzaidehydg t, process 
is 6.7 kJ m o l l  from transition state theory while 
fro111 the Arrhenius equation the value is 9.2 kJ 
rnol-' \\here the accuracy would not be greater 
than f 2 kJ m o l l .  Thus, the value is of a 
similar order to the value (1 1.8 kJ nioi-') ob- 
tained for aldehyde group rotation in the gaseous 
phase. In view of the criticism (3) levelled a t  
values derived from far-infrared data in con- 
densed phases, it mould seem unwise to compare 
our value with those in the pure liquid state (3) 
and Nujof solution (4). 

Although the molecular tilne ofp-bromo- and 
p-nitrobenzaldehyde ought to be fairly similar, 
since the molecular relaxation times of bromo- 
and nitrobenzene in y-xylene at 15 "C are within 
experimental error the same, their observed re- 
laxation times differ, being 13.6 and 15.8 x 
lo-'' s respectively in p-xylene at  40 "C. Hen.- 
ever, this could be a c c o ~ ~ n t e d  for since the cal- 
culated C ,  value for the p-nitro derivative is 
appreciably greater than that for the p-bromo. 

higher than that in p-chlorobenzaldehyde. Thus, 
it ~vould  be understandabie if in solution meas- 
urements within our frequency range, we detec- 
ted aldehyde relaxation in p-chlorobenzaldehyde 
but not in benzaldehyde itself. The difference in 
behavior between these p-substituted aldehydes 
and benzaldehyde itself could then be related to 
the electron-withdrawing characteristics of the 
p-halo and p-nitro groups. However, little is 
known as to how the energy barrier would vary 
on passing from the gaseous phase to solution, 
and perhaps. at  this stage no definite conclusions 
should be drawn until more data become avail- 
able as to how energy barriers for group rotation 
vary with the medium. It  would appear that in 
the p-xyleile solutions of benzaldehyde weak in- 
termolecular hydrogen bonding of the type 
-C-H.. .n solvent. occurs. 
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Occurrence 0% Strontium-Iron Oxide SrFe, ,01, in the Fe,O,-Na,O-SrSO, System 
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8. J. ROUTIL and D. BARHAM. Can. J. Chem. 52.3235 (1974). 
The formation of SrFe,,O,, in the Fe,03-Na,C03-SrSO, system was found to proceed 

through three stages, first an  endothermic reaction between Fe,03 and Na,C03 to forill 
Na2Fe,04 and CO,, second an exothermic reaction of Na2Fe,04 with SrSO, to produce 
Na2S04, Sr,FeloO,,, and SrFel2OI,, third an  exothermic reaction between Sr7FeloOzz and 
Fe,O, towards more SrFe1,Olg. The yield of SrFe1,019 depended on the molar ratio of the 
reactants and on temperature, Below 700 'C the formation did not proceed beyond the second 
stage. Samples prefired at  900-1200 ^ C  contained SrFe,,O,, in all cases when the original relative 
molar concentrations xFe,03, yNa,C03, and zSrSO, satisfied the condition (I - y + z)/z > 51'7 
or x/y > 517 2 x/z. Substitution of Na,CO, in the reaction mixtures with equivalent amounts 
of NaOH or other precursors of Na,O did not affect the second and the third stage of the re- 
action and the final yield of SrFel2O1,. On the ternary diagram of the Fe2O3-Na20-%SO4 
system the SrFelzO,, region was represented by the area of a quadrilateral with the corner 
points located at  the conlposition points 98-1-1, 1-1-98. 26-36-38, and 50-49-1 mole percent. 
The highest yields were obtained from the mixtures represented by the mo!ar ratio 6Fe20, : 1Na2- 
0: ISrSO,. The hexagonal lattice parameters of SrFel,019 were determined as a, = 5.885 A 
and co = 23.047 A. X-Ray diffraction reflections of SrFeI2O1, were indexed and reassignment 
of several indices in ASTM 7-276 for BaFe,,O,, was suggested. 

R. J. ROUTIL et D. BARHAM. Can. J .  Chem. 52,3235 (1974) 
La formation de SrFI2Ol9 dans le systeme Fe,03-Na,C03-SrS04 passe par trois etapes: la 

premiere, une reactionendothermiqueentre Fe,03 et Na2C03  qui donneNa,Fe,O, et C 0 2 :  la 
seconde, une reaction exothermique de Na,Fe204 avec SrSO, qui produit Na2S04, Sr7FeI0O2, 
et SrFe,z0,9; la troisieme, une reaction exothermique entre Sr,Fe,,Oz, et Fe,O, qui donne 
d'autre SrFe,,O,,. Le rendement de S rF12019  depend du rapport molaire des reactifs et de la 
temperature. A des temperatures plus basses que 700 'C la formation s'arrete a la deuxieme 
Ctape. Des Cchantillons precuits a 900-1200'C contiennent du SrFe120,,  dans tous les cas 
quand ies concentrations rnolaires relatives originales xFe203,  yNa,C03 et zSrS04 satisfont 
la condition (x - y + z)/z > 517 ou X I ) .  > 517 2 .uiz. La substitution de Na2C03  dans les 
melanges rkactionnels avec des quantites equivalentes de NaOH ou d'autres precurseurs de 
Na,O n'affecte pas la seconde ou la troisieme Ctape de la reaction ni le rendement final de 
SrFeI,Ol9. Sur le diagramme ternaire du systeme Fe,03-Na,O-SrSO,, la region de SrFel,O,, 
est representee par un quadrilatere dont les soninlets sont localises aux pourcentages de composi- 
tion 98-1-1, 1-1-98, 26-36-38 et 50-49-1 mole. Les rendenients les plus eleves sont obtenus a 
partir des melanges dont le rapport molaire est: 6Fez03 :  lNa,O; ISrSO,. On determine les 
parametres de la maille hexagonale de SrFe,,O,,: a,  = 5.885 et c, = 23.047 A. On indexe les 
reflexions de la difrraction des rayons->< de SrF,,Ol,, et I'on suggere une attribution de 
plusieurs indices de I'ASTM 7-276 pour BaFel,019. [Traduit par le journal] 

Introduction 
Preparation of ferrimagnetic oxides BaFe,,O,, 

and SrFe,,O,, according to the overall reaction 

[l! !Ba,Sr)SO, + 6Fe203 + Na,C03 
+ (Ba,Sr)Fe,,O,, + Na2S04 + CO, 

was originally reported in ref. 1 .  The possibility of 
using barium and strontium in their most common 
natural form, sulfates, and other potential advan- 
tages of this method over the traditional methods 

'Present address: Atlantic Industrial Research Institute, 
Nova Scotia Technical College, Halifax, Nova Scotia. 

'Revision received May 6, 1974. 

requiring carbonates or other non-sulfate forms 
of barium and strontium was outlined in ref. 2. 
The study of the Fe,O,-Na,O-SrSO, system 
with respect to the occurrence of SrFe,,O,, was 
stimulated by the recognition of SrFe,,O,, as 
superior to other hexagonal ferrite materials for 
manufacturing permanent magnets (3) and by the 
discovery of large deposits of SrSO, ores in Cape 
Breton. 

Experimental Strategy 
The area of SrFe,,O,, in the Fe203-Na,O-Sr- 

SO, system was established by investigating 
Fe,O,-Na2C03-SrSO, mixtures prefired to 600- 
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1400 "C. Na2C03 was chosen as the most con- 
venient source of Na,O. As noted in ref. 1 the use 
of NaOH, NaNO,, or other N a 2 0  precursors 
would not affect the final yield of SrFe12019, but 
it would be less practical both experimentally and 
from the point of view of prospective industrial 
application. The whole concentration range of the 
system was subdivided into smaller regions rep- 
resented by the nineteen evenly spaced concentra- 
tion points derived by substituting (I, 1 ,  I) and all 
permutations of (5,5,2), (2,1, l), (7,4, 1), (4,1,1), 
and (10, I, 1) for (x,y,z)  with x, y, and z indicating 
relative molar ratios of Fe203,  Na20,  and SrSO, 
respectively. Depending on the SrFe12019 yields 
from these nineteen concentration points, a series 
of additional concentration points was investi- 
gated to determine the boundaries of the SrFe12- 
019 region. 

Small quantities of SrFe12019 were found in all 
samples fired to 700 "C. After firing to higher tem- 
peratures the concentration of SrFeI2Ol9 in- 
creased in samples with x 3 y and decreased in 
those representing the Na20-rich corner of the 
system. Heating temperatures below 850 "C ap- 
peared insufficient for the completion of the 
SrFe12019 formation. Heating to temperatures 
above 1250 "C was associated with a decrease of 
weight whtch was attributed to losses of sodium 
and oxygen. 

Variations of the heating rate did not have any 
appreciable effects on the samples, provided that 
the heating rate was slow enough to prevent spat- 
tering of sodium carbonate. The effects of the 
cooling rate were apparent only on the samples 
which were preheated to, or above, their liquidus 
temperatures; the grain size of the SrFe12019 
particles was then inversely proportional to the 
cooling rate. 

The heating time affected the yield of SrFe12019 
from the samples heated below 900 "C. The effects 
of repeated heating to the same temperature were 
cumulative with respect to the total heating time. 

For homogenized samples heated above 1000 
"C for 10 min or longer heating time had no effect. 
The effects of heating time on the grain growth of 
SrFe,,O,, particles became apparent only when 
the temperature exceeded 1 100 "C. No differences 
were observed between the samples heated inter- 
mittently at gradually increasing temperatures 
and the samples heated only once to the maximum 
temperature. 

The effects of the homogeneity of the samples 
on the yield of SrFe12019 were studied on a series 

of samples subjected to repeated heating andinter- 
mediate crushing to either 10, 60, 100, or 200 
mesh. The homogeneity of the samples was im- 
portant to the formation of SrFe1201, up to 
900 "C. Above 900 "C the inadequacies in the 
homogeneity could be compensated for by pro- 
longed heating. The homogeneity was less impor- 
tant above 1000 "C and after heating to 1200 "C 
for 1 h no differences were observed between the 
samples homogenized by a single screen through a 
20-mesh sieve and those screened twice through a 
200-mesh sieve. 

Heating to 1200 "C for 1 h was selected arbi- 
trarily as the standard heat treatment of the 
Fe,O,-Na2C03-SrSO, mixtures preceding the 
separation of the SrFel,019 phases for the pur- 
pose of comparative evaluation of the yield, 
chemical composition, and lattice parameters of 
the SrFe,,O,, phase with respect to the relative 
molar ratios of the original components. This was 
considered a suitable compromise between the 
use of a high temperature to ensure the comple- 
tion of the SrFe12019 formation in a relatively 
short time and to minimize potential effects of 
any inhomogeneities, and the necessity of keeping 
the temperature below 1250 "C reported to cause 
appreciable evaporation of N a 2 0  (4). The total 
weight losses observed in the samples fired at 
1200 "C for 1 h were in good agreement with the 
theoretical loss of carbon dioxide. The 1 h period 
of heating was fully adequate as no further 
changes in the appearance and in the weight of the 
samples were observed after the first 20 min at 
1200 "C.  A relatively slow heating rate, about 10 
"C per minute, which was necessary to prevent 
spattering of the samples containing large 
amounts of sod~um carbonate, was adopted for 
all samples in order to standardize the heat 
treatment. 

Experimental Results 
Preparation of Savzples 

Certified grade ferric oxide and anhydrous 
sodium carbonate from Fisher Scientific Co. and 
reagent grade strontium sulfate from British Drug 
Houses Etd. were used. The reagents were stored 
at 110 "C to prevent the intake of moisture. 

The total weight of individual samples before 
firing was maintained at about 20 g. Each sample 
was homogenized in an agate mortar and then it 
was tightly packed into a 20 ml platinum crucible 
and covered with a platinum lid. The samples were 
heated in a muffle furnace and on completion of 
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the 1 h period at 1200 "C the furnace was switched 
off and the samples were allowed to cool in the 
furnace. 

Separation of Ferrimagnetic Phases 
The reacted samples, cooled to room tempera- 

ture, contained two or more solid phases. To 
separate the SrFe,,O,, phase the sample was 
first leached with warm water in order to remove 
water soluble phases such a sodium sulfate. This 
treatment was sufficient to isolate high purity 
SrFe,,O,, from the samples based on the molar 
ratio 6: 1 : 1. The samples based on other molar 
ratios were then leached with slowly boiling 10% 
nitric acid to dissolve the phases insoluble in 
water and soluble in nitric acid, e.g. Na,Fe,O, 
and Sr,Fe,,O,,. The acid leaching was completed 
when the whole sample disintegrated to small 
particles and when no appreciable change in the 
color of fresh leaching acid was observed for at 
least 1 h of leaching. The leaching acid was then 
decanted and the sample was washed with water. 
After drying, the samples were tested for non- 
magnetic particles. The samples containing non- 
magnetic particles, such as strontium sulfate or 
hematite, were ground to 100 mesh and then sub- 
jected to magnetic separation. Although the mag- 
netic separation improved the purity of the ferri- 
magnetic phase, the separation was not quanti- 
tative. 

Preparation of Standard SrFe, ,01 , 
The method devised by Gambino and Leonhard 

(4) for growing single crystals of BaFel2O1, from 
sodium ferrate flux was adapted for the prepara- 
tion of a SrFe,,O,, standard. 

A mixture containing 28.7 g Fe203,  7.95 g 
Na2C0,, and 4.43 g SrCO, was prefired at  900 "C 
for 1 h and after cooling it was ground to pass 40 
mesh. The powder was heated in a closed plat- 
inum crucible up to 1200 "C and after 15 h at 
1200 "C it was cooled at the rate of about 10 "C 
per hour to 1100 "C; then the furnace was turned 
off and the sample was allowed to cool inside. 
After cooling to room temperature the crucible 
containing the solidified melt was immersed in 
10% nitric acid in a 250 ml beaker and was heated 
to slow boiling. The leaching acid was changed 
every 4 h until the major part of the solidified melt 
disintegrated. The separated SrFe, ,O,, crystals 
were leached with boiling 5 z  nitric acid for 2 h. 
After washing with water the crystals were dried 
at  110 "C. The total yield of SrFe,,O,, crystals 
was 17.85 g. 

The crystals were sorted according to their size 
by screening, the fraction 0.15-0.25 mm was se- 
lected as a standard. 

Chemical Analysis 
Samples of the separated ferrimagnetic phases 

were dissolved in hot hydrochloric acid; excess 
hydrochloric acid was evaporated; the remaining 
solution was diluted with 50% ethanol, and if any 
strontium sulfate was present it was separated by 
filtration. In the filtrate iron was determined by 
titration with 0.01 F EDTA at p H  2 using salicylic 
acid as indicator (5) and strontium was deter- 
mined by precipitation of strontium sulfate in 
50% ethanol (6). Only those samples which ap- 
parently did not contain any foreign phases other 
than strontium sulfate were analyzed. The at- 
tempts to analyze the samples containing hema- 
tite or other iron oxides as foreign phases were 
abandoned because of the difficulties in distin- 
guishing the iron introduced by the foreign 
phases from the iron of the SrFe,,Ol, phase. 

The strontium hexaferrite phase formed within 
that area of the Fe,O,-Na20-SrSO, system rep- 
resented by the samples listed in Table I was 
stoichiometric strontium-iron oxide SrFe120,,. 
The deviations of the analytical results from the 
theoretical value were attributed to some minute 
amounts of undetected foreign phases and to 
analytical errors rather than to real variations in 
the composition of the hexaferrite phase. This 
assumption was confirmed as valid for the whole 
strontium hexaferrite region of the system on basis 
of the lattice parameter determination. 

X-Ray Drfraction Analysis 
The ferrimagnetic phases separated from the 

samples were identified by the Debye-Scherrer 
technique. The photographs were taken in a 
Straumanis-type 114.6 mm powder diffraction 
camera using manganese filtered iron K radiation. 
The wavelengths A,, = 1.936042A and A,, = 
1.939980 A were used for the calculation of the 
d-values from the fully resolved a-doublets, and 
the weighted average wavelength x, = 1.937354 
A, based on (2h,, + Au2)/3, was used in the cases 
of unresolved doublets. 

An exposure of about 15 h (10 mA, 30 kV) was 
found necessary to obtain good quality lines in 
the high angle region and to detect the strongest 
lines of the foreign phases present in minor 
quantities. 

The X-ray diffraction pattern of the strontium 
hexaferrite standard sample appeared identical 
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- - .  1. Composition of the strontium hexaferrite phase separated from various samples 
fired at  1200 'C for 1 h 

-- - -  - 

Orrginal molar ratio 
% Fe203  in the Standard Value of n Standard 

= Fe203  Na2C03 SrSO, SrFe120,, phase error in Sr0.nFe203 error 

6 1 1 90.229 0.058 5.999 0.004 
13 3 3 90.325 0.066 6.006 0.004 
4 1 1 90.267 0.120 6.002 0.008 
7 2 2 90.133 0.066 5.993 0.004 
2 1 1 90.246 0.105 6.000 0.007 
1 1 1 90.063 0.178 5.988 0.012 
1 1 2 90.029 0.125 5.986 0.008 
5 5 2 90.000 0.051 5.984 0.003 
5 2 5 90.289 0.248 6.003 0.017 
7 4 1 90.210 0.066 5.998 0.001 
7 1 4 90.450 0.167 6.014 0.011 
4 1 7 90.296 0.114 6.004 0.008 

Standard sample 90.210 0.066 5.998 0.004 
Theory 90.241 - 6.000 - 

with the patterns of several samples isolated from 
the Fe20,-Na,O-SrSO, system. The corre- 
sponding d-values of all these samples differed by 
less than 1 %  in the low angle region and by less 
than 0.002% in the high angle region. With respect 
to the relative intensities of the observed reflec- 
tions, evaluated visually, no discernible differ- 
ences were found among the patterns of these 
samples. 

As strontium hexaferrite has not been included 
in the Powder Diffraction File 1968 and the avail- 
able data on the isostructural magnetoplumbite, 
barium hexaferrite, and lead hexaferrite (ASTM 
4-0704, ASTM 7-276, ASTM 15-623, and ASTM 
17-660) contained considerable discrepancies in 
the indices assigned to corresponding reflection of 
the three patterns, it was necessary to recalculate 
relative intensities of all possible reflections for 
the d-values between 5 and 0.968 A using the 
structure factors calculated from observed re- 
flections of single crystal barium hexaferrite as 
given in ref. 7.3 The results revealed a number of 
indices in ASTM 7-276 as incorrect (Table 2). 
Similar recalculations for magnetoplurnbite and 

3The observed and the calculated structure factors for 
the reflections 00.14, 20.11, and 220, omitted in ref. 7 
were obtained from the principal author W. D. Townes 
via private communication: 

for lead hexaferrite showed that the indices in 
ASTM 4-0704 were basically correct and the in- 
dices in ASTM 15-623 and ASTM 17-660 con- 
tained only a few errors. 

The indices assigned to the X-ray d~ffraction 
pattern of strontium hexaferrite (Table 3) were 
considered correct as a good agreement was found 
between the experimental d-values and the the- 
oretical d-values calculated from the latt~ce 
parameters. 

Lattice Parameters of SrFe120,, 
As shown in Table 3, the number of either lzk0 

or 001 lines in the high angle region of the FeK, 
diffraction pattern was not sufficient to determine 
the lattice parameters by the Nelson-Riley extra- 
polation method. Under these circumstances the 
Cohen's least-squares method was empioyed as 
the most suitable alternative. Of the relatively 
large number of good quality lines in the region 
of 0 > 60": the following 19 were selected: the 
a,-reflections 410, 10.21 and 2i.18, and the 
a,-@, doublets of 327, 22.14, 414, 4G.11, 30.18, 
40.14, 330, and 507. 

Using the error term 

the system of three linear algebraic equations, 
devised by Cohen for finding the "most probable 
lattice parameters" in the hexagonal system, was 
transfornied into an augmented matrix which, as 
it contained the coefficient matrix in the form of a 
symmetric positive definite matrix, could be con- 
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TABLE 2. ASTM 7-276 compared with the values correlation between the lattice parameters and the 
calculated form the lattice parameters and structure chemical composition, together with the obvious 

factors given for BaFelzOI9 in ref. 7 independence of the lattice parameters on the 

ASTM 7-276 Calculated 
original Fe203 : Na2C03 : SrSO, molar ratios, 
confirmed the assumption that the strontium 

d ( A )  z/Il h k 1 d ( A )  111, h k I hexaferrite phase separated from the Fe20,- 
Na2C0,-SrSO, systems after a one-hour heating 

4.94 10 1 0 1 4.98 12 1 0 1 
4.65 13 4.67 21 

to 1200 'C was stoichiornetric strontium-iron 
3.86 15 o o 6 3.87 11 o o 6 oxide SrFe120,,, and that this phase did not 

3.83 5 1 0 4 differ, either chemically or crystallographically, 
3.08 9 1 0 6 from the strontium hexaferrite phases separated 

2.94 40 O 2.95 j6 O from the hexaferrite regions ofthe Fe20,-SrCO, 
2.89 13 0 0 8 2.90 17 0 0 8 
2.85 10 1 1 2 2.86 11 1 1 2 Or Fe203-SrC03-Na2C03 systems. 
2.77 100 1 0 7 2.78 100 1 o 7 The values of the strontium hexaferrite lattice 
2.62 100 1 1 4 2.63 88 1 1 4 parameters determined in this work differ from 
2.55 2.55 O O those published earlier, e.g. a, = 5.86A and 

2.54 7 2 0  1 
2.52 8 1 0 8 2.52 c, = 23.00 A (9), a, = 5.864 b. and c, = 23.03 b. 
2.42 40 2 0 3 2.42 45 2 0 3 (lo), a, = 5.876 A and c, = 23.08 A (11). These 

2.34 5 I 1 6 variations could be explained by the different 
2.23 40 O 2.24 31 O methods of the lattice parameter determination 
::f:5 ::f:9 used by individual authors, by the differences in 

1,823 4 1 1 10 the wavelength values used in the calculations, 
1.814 15 1 1 lo* 1.813 9 2 0 9 and, possibly, in some cases by the incorrect in- 
1.715 5 2 1 O* 1.716 4 2 0 10 dexing of reflections mentioned earlier. The re- ' .699 l o  ' 6* ' .701 g ' ' sults presented in this work, based on the Cohen's 1.666 40 2 1 7 1.667 43 2 1 7 

.657 14 least squares method applied to nineteen reflec- 
1.632 25 3 o 4 tions in the range 60 < 8 < 85", should be con- 

1.625 50 3 0 - 4* 1.625 46 2 0 11 sidered more reliable. 
1.616 6 1 1  12 

1.606 5 2 1 8 1.606 8 2 1 8 Dlfferential Tlternzal Analysis 
1.530 10 2 1 9* 1.542 5 2 1 9 Differential thermal analysis was enlployed to 

2 0 12 
40 37 

obtain general information on the temperatures 

.423 6 2 1 11 at which reactions in the Fe20,-Na,CO,-SrSO, 
1.389 15 3 I O* I ,390 14 2 o 14 system start and on the exo- or endothermic char- 

1.318 1 I 0 17 acter of these reactions. The DTA samples in- ' ' ' 17* l 1  cluded pure Fe20,  and the stoichiometric mix- 
1.302 20 1 1  16* 1.302 22 3 1 7 

16 tures (6Fe20, + Na2C0,), (6Fe203 + SrSO,), 

*To be corrected. 
(Na2C03 + SrSO,), (6Fe20, + Na2C0,  + 
SrSO,), (Na2Fe204 + SrSO,), (5Fe20, + 

veniently solved by the method of conjugate Na2Fe204 + SrSO,), and (SrFe120,, + 
gradients (8) in three iterations using double Na2S0,). cc-Alumina was used as a standard with 
precision intermediate values. all samples and in supplementary tests the mix- 

The lattice parameters of the strontium hexa- tures (6Fe20, + SrSO,) and (5Fe20, + Na2- 
ferrite standard sample and samples prepared Fe20,) were used as standards against the samples 
from mixtures of nineteen different Fe203:  Na2- (6Fe20, + Na2C03 + SrSO,) and (6Fe203 + 
CO, : SrSO, molar ratios varied within a very Na2C0,). The non-standard DTA equipment 
limited range of 5.8843-5.8848 A for a,, 23.044- used in the tests required a relatively high heating 
23.05 1 A for c,, and 3.9 160-3.9 173 for cla. The rate of 40 "C per minute, the observations of per- 
overall average values and their standard devia- tinent temperatures were nevertheless made with 
tions were calculated: a, = 5.8845 f 0.0002 A, an accuracy of + 5 "C as confirmed by tests on 
c, = 23.047 i 0.002 A, and c/a = 3.9165 k inorganic standards with well defined melting 
0.0003. The limited range of the variations from points. 
the average values and the lack of any discernible The DTA curve of (6Fe203 + Na2C0,) in Fig. 
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TABLE 3. X-Ray diffraction pattern of SrFel2OI9* 

d (A)  111, h k 1 d ( A )  I / I ,  h k 1 d (A)  I / [ ,  h k 1 

4.66 10 1 0 2  1.806 5 2 0  9 1 .209 5 4 0  6 
4.25 2 1 0  3 1.709 2 2 0 10 1.174 10 1 1 1 8  
3.84 10 0 0  6 1.699 10 3 0  0 1.172 5 3 1 1 1  
3.07 2 1 0  6 1.663 50 2 1  7 1.112 10 4 1  0 
2.94 50 1 1 0  1.646 10 0 0 14 1.1017 20 3 2  7 
2.88 15 0 0  8 1.629 30 3 0  4 1.0969 20 2 2 1 4  
2.85 8 1 1  2 1.618 50 2 0 11 1.0919 25 4 1 4 
2.765 90 1 0 7  1.601 10 2 1  8 1.0886 30 4 0 1 1  
2.620 100 1 1  4 1.534 5 2 0 12 1.0729 10 1 0 2 1  
2.548 10 2 0  0 1.471 70 22010 15 1.0663 15 2 1 1 8  
2.533 10 2 0  1 1.455 5 2 0 13 1.0476 5 0 0 2 2  
2.508 10 1 0 8  1.418 5 2 1 11 1.0402 5 3 1 1 5  
2.418 50 2 0  3 1.383 20 2 0 14 1.0346 5 4 0 1 3  
2.336 10 1 1  6 1.310 10 228 10 17 1.0292 5 2 2 1 6  
2.288 2 1 0  9 1.299 15 3 1  7 1.0225 20 3 0 1 8  
2.230 40 2 0  5 1.294 5 1 1 16 1.0076 20 4 0 1 4  
2.123 30 2 0  6 1.272 2 3 0 1 2 4 0 1  1.0016 5 4 1 10 
2.015 2 2 0  7 1.257 5 4 0  3 0.9889 2 2 1 2 0  
1.938 5 1 0 1 1  1.242 2 1 0 18 0.9808 20 3 3  0 
1.814 5 1 1 1 0  1.228 5 4 0  5 0.9736 50 5 0  7 
Additional weak lines were not recorded 

*Radiation FeK,; h = 1.936042; filter, M n ;  111, visual: Straumanis camera 114.6 mm. Not corrected for ahsorption. System, hexagonal; 
space group Dsh4 - P6JMMC.  a, = 5.884,, C ,  = 23.047, unit cell = 2 (SrFe1201g). 

1 showed a small endothermic peak a t  685 "C 
characteristic for the N6el point of hematite (18). 
The start of an endothermic reaction was indi- 
cated at 760°C by a slight deviation which 
changed to strongly endothermic at 850 "C and 
reached a ~ e a k  a t  890 "C. The reaction (formation 
of sodium ferrate Na2Fe20,) was completed a t  
940 "C. 

Temperature O C  
7 0 0  800 9 00 1000 

endotherm e x o t h e r m  
I -1- 1 

-0 .3mV 0 +0,3mV 

FIG. 1. DTA curves of Na2Fe204 + SrS04, Na2- 
COB + SrS04, and 6Fe20, + Na2C03. 

A small exothermic peak occurred at 980 "C. 
Because no counterpart to this peak was observed 
on cooling and because a similar peak appeared 
also with prefired (5Fe20, + Na2Fe204)  used 
as a standard, the possibility of a reversible phase 
transformation had to be excluded. A feasible ex- 
planation for this peak would be the formation of 
sodium-iron oxide Na,,Fe,602, (19). 

Tn the sample (Na2C0,  + SrSO,) (Fig. I), a 
slightly exothermic reaction started at 740 "C and 
reached a small flat peak a t  780 "C. At 800 "C the 
reaction became strongly endothermic. 

The DTA curve of the (Na,@e204 + SrSO,) 
sample (Fig. I )  showed the start of an exothermic 
reaction a t  700°C with a further exothermic 
deviation a t  765 "C.  A sharp exothermic peak and 
a sudden change to endothermic occurred at 870 
"C followed by a sharp endothermic peak a t  940 
"C with a change of direction to exothermic. 
Around 965 "C the direction gradually changed 
back to endothermic again. 

These results indicated that the reaction be- 
tween sodium ferrate and strontium sulfate 
started a t  700 "C and was completed below 965 "C. 
The rate of the reaction increased at 765 "C and 
again a t  about 850 "C.  The endothermic trend 
between 870 and 940 "C was explained as melting 
of the sodium sulfate generated by the reaction 
and by dissolution of unreacted strontium sulfate 
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in the sodium sulfate melt. A part of the stron- 
tium-iron oxides produced by the reaction started 
dissolving in sodium sulfate above 965 "C. 

The curve of the (6Fe203 + Na2C03 + SrSO,) 
sample (Fig. 2) showed a slightly endothermic re- 
action immediately after the NCel point of hema- 
tite. The reaction became distinctly endothermic 
at 800 "C and an endothermic peak was reached 
at 840 "C. Between 870 and 890 "C the trend of the 
curve gradually changed from endothermic to 
exothermic and a sharp exothermic peak followed 
at 9 10 "C. 

With the exception of the NCel point peak of 
hematite the DTA curve of the sample (5Fe20, + 
Na2Fe20, + SrSO,) (Fig. 2) did not show any 
trend up to 885 "C, then at this temperature an 
exothermic reaction started. The exothermic peak 
which followed at 910 OC was considerably lower 
and flatter than the peak of the (6Fe203 + 
Na2C0, + SrSO,) sample. This could be ex- 
plained by endothermic formation of a sodium 
carbonate - sodium sulfate - strontium sulfate 
liquid phase which was hidden in the endothermic 
part of the (6Fe203 + PJa2C03 + SrSO,) curve 
below 870 "C and before the exothermic reaction 
started, whereas in the sample (5Fe20, + Na2- 
Fe20, + SrSO,) the endothermic formation of a 
sodium sulfate - strontium sulfate liquid phase 
could not start before the melting point of sodium 
sulfate was reached. The endothermic formation 
of the liquid phase then partiy overshadowed the 
exothermic reaction proceeding simultaneously. 

Temperature O c 
, 7 0 0  , 800 9 0 0  7o 

I 

endotherh  exotherm 
- 1 -  

- 0.13 r n ~  
I 

0 +0.3m\l 

FIG. 2. DTA curves of 6Fe20, + Na2C03 + %SO4 
and 5Fe203 + Na2Fe204 + SrS04. 

The DTA curve of the (6Fe20, + SrSO,) 
sample did not show any definite trend between 
the NCel point of hematite and 1050 "C. The only 
distinct feature on the DTA curve of the sample 
(SrFe1201, + Na2S0,) between 700 and 1100 
"C was the melting of sodium sulfate indicated by 
a sharp endothermic peak at 885 "C. 

After completion of the DTA tests the X-ray 
diffraction patterns of the samples (6Fe203 + 
Na2C03 + SrSO,), (5Fe,03 + Na2Fe20, + 
SrSO,), and (SrFe120,, + Na2S0,) were iden- 
tical. 

The results of the DTA tests showed that the 
formation of SrFe, ,O1, proceeded through two 
or more distinct stages rather than being a one- 
step reaction of all three starting components. 
Among the three hypothetical possibilities of the 
first stage, i.e. the reactions of any two of the 
three starting components 

[3] Na2C03 + SrSO, SrCO, + Na2S04 

the reaction between ferric oxide and sodium car- 
bonate [2] appeared to represent the actual re- 
action mechanism better than [3] or [4]. 

Thermo-gravimetric Analysis 
The main purpose of the TGA tests was to 

determine the effects of temperature and composi- 
tion on the rate of disappearance of sodium car- 
bonate or strontium carbonate from the stoichio- 
metric mixtures (6Fe20, + Na2C03 + SrSO,), 
(6Fe203 + SrCO, + Na2S0,), (6Fe203 + 
Na2C03), and (6Fe20, + SrCO,). Under the 
experimentalconditions of the tests thedisappear- 
ance of the carbonates was equivalent to the for- 
mation of carbon dioxide which in turn was rep- 
resented by the decrease of weight of the samples. 

The loss of carbon dioxide expressed in per- 
centage of the total amount of the carbon dioxide 
present in (6Fe203 + Na2C0, + SrSO,) is rep- 
resented graphically in Fig. 3. Two distinct types 
of the loss us. time curves are obvious. In one 
group the curves at the temperatures 950, 900, 
and 850 "C have a similar S-shape while in the 
other group the curves for 800, 750, 700, and 650 
"C appear almost linear. Particularly interesting 
are the relatively small differences in the slopes of 
the curves within one group in comparison with 
the large gap between the two groups of curves. 
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100 small amounts of strontium sulfate and sodium 
carbonate were produced by the reversible re- 

80 action. 

% 60 [S] Na2C03 + SrS0, e Na,SO, + SrC03 

Loss 
of  This reaction could not reach equilibrium as 

c 02 
40 sodium carbonate and strontium sulfate were 

continuousiy removed from the system by the 
2 0 reaction 1. 

The difference between the rates of the reactions 
o in the (6Fe203 + SrCO, + Na2S0,) and (6Fe2- 

T i m e  1min . i  0, + Na2C03 + SrSO,) samples at  700 'C was 
FIG. 3. LOSS of COz from 6Fe203 + Na2C03 + explained by a presumed difference between the 

SrSO, z;s. time at various temperatures. rates of the reactions 2 and 5. At 900 "C, above 

The sudden increase in the rate of disappearance the melting point of sodium sulfate, the rate of re- 

of sodium carbonate around the melting point of action 5 increased suficiently to become approxi- 

sodium carbonate when the solid-solid reaction mately equal to the rate [21 and the difference 

changed to solid-liquid reaction was interpreted between the reaction rates observed on the two 

as an indication that the activation energy of re- practically disappeared. 

action 2 decreased between 800 and 850 "C. Identijication o f  Intermediate Pl~ases 
  he results of the TGA tests on the samples The samples from TGA were used for qualita- 

(6Fe203 + Na,CO,), (6Fe203 Na2C03 + tive identification of intermediate phases by X-ray 
SrSO,), (6Fe203 + SrCO3): and (6Fe20, + diffractometry and for quantitative chemical 
SrCO, + Na2S0,) at  700 and 900 "C are shown analysis. The effect of heating time on the dis- 
in Fig. 4. The reaction of strontium carbonate appearance of hematite and appearance of stron- 
with hematite in the (6Fe203 + SrCO3) samples tium hexaferrite in the (6Fe20, + Na2C03 + 
proceeded at a considerably slower rate than the srso, )  samples fired to 850 oc or higher became 
reactions in all the other samples tested at  the from the change i n  the relative intensities 
same temperature. This together with the sim- of the hematite and hexaferrite reflections of the 
ilarity between the reaction rates observed in diffraction patterns. ~h~ samples fired to 
(6Fe7-03 + Na2CO3) and(6Fe203 + Na2C03 + iower temperatures showed little change in their 
SrSO4) was considered an additional proof that diffraction patterns even after prolonged heating. 
the initial stage of reaction 1 was reaction 2. The weight loss of a sample fired at 700 "C for 

The formation of strontium hexaferrite in the 100 h was equal to the stoichiometric amount of 
(6Fe203 + SrCO3 f Na2SO4) sample aPPar- carbon dioxide generated by reaction 1 and the 
e n t l ~  ~roceededfirst throughastageduringwhich amount of sodium sulfate separated from the 

sample by leaching with water was also in agree- 
100 ment with the stoichiometry. The sa~nple was 

slightly ferrimagnetic, but its X-ray diffraction 
80 pattern showed mainly hematite lines, with inten- 

% sities similar to those of an unfired sample and 
LOSS 

60 only a few weak reflections indicative of the 
of hypothetical 'SrFe,O,' (ASTM 1-1027). 

G O 2  40 An assumption that the second stage of reaction 
1 is 

20 

[6] Na2Fez0, f SrSO, + 'SrFe,O,' + Na2S0, 

0 10 2 0  30 
T i m e .  h i n . 1  was supported by a remarkable similarity between 

the X-ray diffraction patterns of the (6Fe203 + 
FIG. 4. Loss of CO, from samples 0. 0,  0, and II 

us. time at 700 and 900'C. 0, 6Fe203 + Na2C03;  0,  Na2C03 + SrSO,) sample fired at 700 'C for 
6Fe203 + Na2C03 + SrSO,; 0; 6Fe,03 + SrCO3 + 100 h and leached with water and the pattern of a 
Na2S0,. mixture prepared from a (Fe,O, + Na2C0, + 
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SrSO,) sample, prefired a t  950 "C for 30 min and 
leached with water, and an equivalent of (5Fe203) 
added in the form of Fe,O, precalcined a t  700 "C. 
Similar X-ray diffraction pattern was obtained 
from a mixture of (5Fe203) and 'SrFe,O,', the 
'SrFe204' prepared by heating an equimolar mix- 
ture of SrCO, and F e 2 0 3  a t  900 "C for 60 h with 
intermittent homogenization every 12 h. Thus 
'SrFe204' appeared to be the intermediate phase 
in the formation of SrFe, ,O1,. 

In ASTM 1-1027 'SrFe,O,' was classified as 
hexagonal, in ref. 12 as orthorhombic. Although 
claims of preparing 'SrFe,O,' and identifying it 
as a single phase were made occasionally, e.g. 
by Beretka and Brown (13), the existence of 
'SrFe,O,' as a single phase has not been acknowl- 
edged by most researchers in the Sr-Fe-0 sys- 
tem. For the phase between SrFeO,,,,, and 
SrFe,,O,,, Kanamaru and Kiriyama (14) and 
Goto and Takahashi (1 5) proposed the composi- 
tion approximately 'Sr,Fe,O,' (Sr/Fe ratio 0.75); 
this was later denied by Kanamaru et al. (16), 
who suggested that 'Sr,Fe,O,' is a mixture of 
SrFeO,, +, and 'Sr,Fe,O, ,' (Sr/Fe ratio 0.67), 
whereas earlier Batti (17), probably unknown to 
the former, suggested the formula Sr,Fe,,O,, 
(Sr/Fe ratio 0.7) and identified both 'Sr,Fe,O, ,' 
and 'SrFe,O,' as-mixtures of Sr,Fe,,O,, and 
SrFel,Ol,. 

T o  clarify this matter a series of samples was 
prepared by mixing SrCO, and Fe,O, in the 
ratios corresponding to Sr/Fe = 0.50, 0.60, 0.67, 
and 0.70. The samples were fired at 900 'C for 
12 h, homogenized by crushing to pass 200 mesh, 
then the firing and homogenization were re- 
peated until the X-ray diffractograms of the 
samples did not show any further changes. An- 
other series was processed similarly at 1000 "C 
and a third series at 1200 "C. After the initial 
firing the X-ray diffractograms of all samples were 
very similar, after the final firing all samples had 
the same basic pattern of the (Sr/Fe = 0.7) 
sample corresponding to the pattern assigned to 
'Sr,Fe,O,,' in ref. 16. Besides this pattern, the 
samples (Sr/Fe = 0.5, 0.6, and 0.67) showed 
similar foreign reflections with intensities decreas- 
ing inversely to the Sr/Fe ratio. The diffracto- 
grams of the (Sr/Fe = 0.5) samples corresponded 
roughly to ASTM 1-1027, but numerous splittings 
were obvious (e.g. the strongest reflection in 
ASTM 1-1027, d = 2.75 A, split into three sepa- 
rate reflection d = 2.782, 2.765, and 2.734 A ;  this 
was explained by the relatively short molyb- 

denum radiation on which the data in ASTM 
1-1027 were based). 

Finally each sample was subjected to leaching 
in hot 10% nitric acid with magnetic stirring for 
30 min. The undissolved particles from all samples 
appeared strongly ferrimagnetic, their amounts 
were barely visible in the (Sr/Fe = 0.7) samples 
but those from the other samples were sufficient 
for mass balance calculation and for X-ray diffrac- 
tion analysis which in all cases showed the pattern 
of SrFe,,O,,. The leaching acids were analyzed 
for strontium and iron, the Sr/Fe ratio in all cases 
was close to 0.7. The results of mass balance cal- 
culations were in good agreement with the as- 
sumption that the samples were mixtures of two 
phases, the SrFe,,O,, phase which is only 
slightly soluble in nitric acid, and a second phase 
soluble in nitric acid. This second phase is better 
represented by the formula Sr,Fe,,O,, (17) than 
by the formula Sr,Fe,O,, (16). The intermediate 
product 'SrFe,O,' was thus identified as a stoi- 
chiometric mixture ((5/37)Sr,Fe,,02, + (2137)- 
SrFe,,O,,?. 

The Effect of Sodilm~ Sulfate 
The effect of sodium sulfate on completion of 

the reaction 

was studied on the stoichiometric mixtures 
(5Fe203 + (5/37)Sr,Fel0O2, + (2/37)SrFel ,Ole) 
and (5Fe20, + (5/37)Sr,Felo022 + (2137)- 
SrFe,,O,, + Na,SO,) prepared by mixing equi- 
molar (SrCO, + Fe,O,) samples, prefired to 
1200 "C, with additional ferric oxide or with ferric 
oxide and sodium sulfate in proper molar ratios, 
and in parallel exper~ments on samples prepared 
from prefired (Fe203  + Na2C03  + SrSO,) mix- 
tures and additional ferric oxide. These samples 
were fired to 850. 900, or 950 "C for various 
periods of time and then examined by X-ray 
diffractometry. The intensities of hematlte reflec- 
tions decreased and the intensities of hexaferrite 
reflections increased a t  a considerably faster rate 
in the samples containing sodium sulfate than in 
the samples without sodium sulfate. This was 
particularly apparent on the samples fired above 
the melting point of sodium sulfate. 

This was explained by the action of molten 
sodium sulfate as a transfer agent for SrSO,, 
Na,O, and SrO generated by the presumed 
reactions 
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[81 Sr7Felo022 + 7Na2S04 
G 7SrS04 + 5Na2Fe204 + 2Na20  

and 

191 SrSO, + N a 2 0  Na2S04 + SrO 

The Na,SO,-SrS0,-Na,O-SrO liquid phase 
thus formed diffused into the neighboring un- 
reacted ferric oxide with which it reacted accord- 
ing to 

[lo] N a 2 0  + Fe203  + Na2Fe204 

and [6]. The chain of reactions 8, 9, 10, and 6 
continued until completion of 171. This assump- 
tion was confirmed by analysis of the molten 
phase poured off a (Fe,O, + Na,CO, + SrSO,) 
sample heated to 1200 "C for I h. The composition 
of the phase was approximately 27Na,SO, : 3Sr- 
SO, : l(Sr,Na,)O, which is substantially below 
the solubility of strontium sulfate in sodium sul- 
fate at 1200 "C, approximately represented by the 
ratio IONa,SO,: 1 I SrSO,. The absence of iron in 
the molten phase poured off the (Fe,O, + Na,- 
CO, + SrSO,) sample was in agreement with 
the conclusion that the diffusion controlled re- 
actions in the Fe,O,-Na,O-SrSO, system were 
based on diffusion of strontium and sodium ions 
rather than on diffusion of iron ions. 

Proposed Reaction Mechanism 
The formation of SrFel,Ol, in the 6Fe,03- 

Na,CO,-SrSO, system above 650 "C according 
to the overall reaction 1 proceeds in three major 
stages, the first of which is the endothermic re- 
action 2, the formation of carbon dioxide and 
sodium ferrate from equimolar amounts of ferric 
oxide and sodium carbonate, the second stage, 
simultaneous with the first stage is the exothermic 
reaction 6 during which equimolar amounts of 
sodium ferrate and strontium sulfate form sodium 
sulfate and the strontium-iron oxides Sr,Fe,,O,, 
and SrFe,,O,,, followed by the third stage, a 
complex chain of reactions formally summarized 
as the exothermic reaction 7. The chain of re- 
actions expressed summarily as [7] include the 
reaction 8, the products of which in part react 
according to [6] while the remaining strontium 
sulfate and sodium oxide dissolve in sodium sul- 
fate and by diffusion to unreacted ferric oxide 
react according to [lo] and [6]. 

The first stage starts at about 650 "C and pro- 
ceeds very slowly at the temperatures below the 
melting point of sodium carbonate (851 "C). 
Around 850 "C the reaction rate increases sub- 

stantially. In the second stage, the rate of the re- 
action 6, per se faster than the rate of the first 
stage reaction 2, is controlled by the rate of [2]. In 
the third stage the rate is controlled by the 
diffusion of sodium oxide and strontium sulfate 
towards the unreacted ferric oxide. The diffusion 
is facilitated by the formation of a Na,SO,- 
SrS0,-Na,O-SrO liquid phase at temperatures 
near the melting point of sodium sulfate (884 "C). 

The completion of the overall reaction 1 
depends on temperature, homogeneity, and grain 
size of the components. At 700 "C the reaction 
does not proceed beyond the second stage, at 
850 "C it progresses into the third stage without 
reaching completion, and at 900 OC the comple- 
tion requires 30 min to several hours depending 
on homogeneity and grain size. The effect of 
homogeneity and grain size on the completion of 
the reaction decreases gradually as the firing 
temperature exceeds 1000 "C. 

Region of SrFe,,Olg in the 
Fe,O,-Na,O-SrSO, System 

The proposed reaction mechanism and the 
actual yields of SrFe120,, from the (xFe,O, + 
yNa,CO, + zSrSO,) mixtures discussed earlier 
were applied to formulation of mathematical 
models simulating the formation of SrFe,,O,, 
from any x: y :z  ratio. The experimental yields of 
SrFe,,OIg from the samples subjected to the 
standard 1 h firing at 1200 "C were found in good 
agreement with the yields computed by the model 
represented in flow-chart form in Fig. 5. Substitu- 
tion of Na,CO, with equivalent amounts of 
NaOH or other Na,O precursors did not affect 
the yield of SrFe,,O,,. 

The best agreement between the theoretical and 
the experimental yield was found with the 6 :  1 : 1 
molar ratio where no acid leaching was required 
and consequently no strontium hexaferrite was 
lost by dissolution. The effect of the leaching with 
acid was demonstrated on the x:  1 : 1 molar ratios 
where the amount of the acid necessary for the 
decomposition of Sr,Fe,,O,, increased with the 
decreasing value of x, e.g. the molar ratios 4:  1 : I, 
2:1:1,and 1 : l : l .  

Very good agreement between the theoretical 
and the experimental yields, around 95%, was 
observed on the ratios 7 .4 :  1 ,  6 :3:  1, and 7:3:  1. 
The samples based on these ratios melted during 
the firing and the strontium hexaferrite phase 
separated from these samples was in the form of 
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amounts of the acid, needed to dissolve sodium 
ferrate, on the very fine strontium hexaferrite 
phase distributed evenly in the sample. 

Although the nlain emphasis of the investiga- 
tion was on the samples fired at 1200 "C,  several 
experiments at lower firing temperatures were in- 
cluded in the evaluation of the strontiuin hexa- 
ferrite yields. The yields from the sainples based 
on the molar ratios close to 6 :  1 : 1 and fired at 
900-1000 "C were approximately the same as 
from the samples fired a t  1200 "C. 

The firing temperature had a considerable 
effect on the yields from the samples based on the 
1 : 1 : 1 molar ratio. The yields from the samples 
fired at 900 "C were about 100x of the theory, 
compared with the 78% yields from the samples 
fired at 1200 "C. This difference was explained by 
the separation of the strontium sulfate rich liquid 
phase at 1200 "C which on cooling could not 
penetrate the compact iron-rich phase a t  the 

FIG. 5. Flow chart for computation of the yield of bottom of the crucible, Under such conditions 
SrFel,Ol, symbols representing molar fractions of re- 
actants and products: A,  Fe,O,; B, Na2C0,:  C, SrSO,; 

the formation of strontium hexaferrite could not 
D, Na,Fe,O,; E, 'SrFe,O,'; G, Sr7Fe10022; and H,  be The of the liquid phase 
SrFelzOI9. did not occur at lower temperatures and the con- 

relatively large crystals resistent to the leaching 
acid. The samples based on the molar ratios with 
x/y z 2 and xlz >- 7 melted during the firing and 
the hexaferrite phase was crystalline, but the 
yields were generally lower, mostly in the 80-90% 
range, because more extensive acid leaching was 
necessary during the separation process. This 
was well demonstrated 011 the molar ratios 
(6 + x):(l  + x ) : l .  

Strontium hexaferrite in the form offine powder 
was separated from the x :  x :  z molar ratios. The 
yields were in the range 72-78% of the theory, for 
z lx  ranging from 0.4 to 10. The yields decreased 
with the increasing value of z, this was caused by 
the more difficult separation from the larger ex- 
cesses of strontium sulfite, as was observed on 
the1nolarratios5:5:2,  l : l : l ,  111.2, 1 :1:4 ,and 
1 : l : lO .  

The combined effect of fine grain size and ex- 
tensive leaching with acid was apparent on the 
series of the inolar ratios 6:  ( 1  + y):  1 .  The stron- 
tium hexaferrite phase changed with the value of 
y, froin a crystalline powder (ratio 6:  1.5: 1) to 
large crystals (ratio 6:  3:  I )  to very fine powder 
(ratio 6 : 6 :  1). The extent of the acid leaching 
necessary for separation increased proportionally 
with the value of j.. The very low yield from the 
ratio 6 :  6:  1 was explained by the effect of large 

ditions necessary for the formation of strontium 
hexaferrite were thus maintained. 

On the ternary diagram of the Fe,O,-Na,O- 
SrSO, system (Fig. 6) the region of stront~um 
hexaferrite was represented by the area of a 
quadrilateral with the corner points located at 
the composition points 98-1 - 1, 1-1-98, 26-36-38, 
and 50-49-1 in mol% Fe20,-Na20-SrSO,, 

In the terms of the relative concentrations of 
the original components expressed as molar 
ratio xFe20,  :yNa2C0,  :zSrSO,, the reglon of 

FIG. 6.  Region of SrFe120,, (squared area) in the 
FeZ03 + Na,O + SrSO, system. 
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SrFe, ,O,, included that area where either 4. R. J. G A M B I ~ O  and F. LEONHARD. J. Am. Ceram. Soc. 
x - y + z ) / z  517 or where x/y > 517 3 xlz. 44, 221 (1961). 

5. T. S. WEST and A. S. SYKES. Analvtical aoolications 

Conclusions of diamino-ethane-tetraacetic acid. British Drug 
Houses Ltd., Poole, England. 1956. 

Strontium-iron oxide, SrFe,?O,,, was found 6, W. F. HILLEBRAND and G. E. F. LUNDELL. Applied 
to form a stable phase within a w ~ d e  concentration inorganic analysis. J. Wiley and Sons, roc., New 

York. 1955. 
range of the Fe203-Na20-SrS04 lernary system 7. W. D. TOWNES, J. H. FANG, and A. J. PERROTTA. 
at temperatures above 700 'C. The region of z. Kristallogr. 125, 437 (1967). 
SrFe, ,01, in the system after heating to 900- 8. A. RALSTON and H. S. WILF. Mathematical methods 
1200 "C was determined. Within the region of for digital computers. John Wiley and Sons, Inc., 
SrFe,,O,, (M-type) none of the other hypothet- New YOrk. 1960. 

9. L. H. BRIXNER. J. Am. Chem. Soc. 81,3841 (1959). ical ferrimagnetic hexagonal oxides, namely V. ADELSKBLD, Ark, Mineral. Geol. 12A, 
SrFe18027 ( W - t ~ ~ e ) ,  S r 2 F e ~ , 0 2 2  ( Y - t ~ ~ e ) ,  and (1938). 
Sr3Fe2,04, (Z-type) were found. 

The reaction mechanism of the SrFe1201, for- 
mation was proposed and a method for calcu- 
lating theoretical yields of SrFel2O1, from the 
molar ratios of original reactants was developed. 

The X-ray diffraction pattern of SrFe, ,01, 
was indexed and the lattice parameters were 
determined. 
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The Carbon-13 Magnetic Resonance Spectrum of Propane 
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RODERICK E. WASYLISHEN and TED SCHAEFER. Can. J. Chem. 52, 3247 (1974). 
The carbon-13 magnetic resonance spectra of propane and of propane-2,2-d2 are analyzed 

to give 'J(l3C1,H) = 124.3,, 'J(13C2,H) = 125.3,, 2J(13C1,H) = -4.25, 2J(13C2,H) = -4.39, 
3J(13C,H) = 5.8", 3J(H,H) = 7.375, 4J(H,H) i k0.18 Hz. The deuterium isotope shift at 
C2 is 0.72 f 0.10 p.p.m. to high field. 

RODERICK E. WASYLISHEN et TED SCHAEFER. Can. J. Chem. 52, 3247 (1974). 
On a analyse les spectres de resonance magnitique nucleaire du carbon-1 3 du propane et du 

propane [d2-2,2] et I'on peut en tirer les valeurs suivantes: 'J(I3C,H) = 124.3,, 'J(I3C2,H) = 
125.35, 'J(I3C1,H) = -4.25, 2J(13C2,H = -4.39, 3J(13C,H) = 5.80, 3J(H,H) = 7.375, 4J(H,H) 
< i.0.18 Hz. L'effet isotopique du deuterium sur le deplacenient chimique en position Cg est 
de 0.72 t 0.10 p.p.m. vers les hauts champs. [Traduit par le journal] 

Introduction Results and Discussion 
Analysis of the carbon-13 magnetic resonance 

spectrum of propane yields one-, two-, and 
three-bond coupling constants between 13C 
nuclei and protons. These data serve as reference 
vdlues in the experimental ( I ,  2) and theoretical 
(3,4) study of substituent effects. Combined with 
spectral data on propane-2,2-d,, information is 
obtained about proton-proton coupling data 
over four bonds and about the deuterium isotope 
shift at carbon-2(13C,). 

Spectral A~lalysis 
The I3C spectrum of propane was analyzed 

as a composite of A3A3'B,X and A,B,X 
spectra for C,  and C,, respectively, by means of 
the computer program LAME (6). For the 
'3Cl('3C2) spectrum, 93(86) of the strongest of 
the 145(143) calculated transitions with a 
reasonable intensity were assigned, the r.m.s. 
deviation between calculated and observed 
peaks being 0.084(0.078) Hz. Correlation 
numbers for parameters were less than O.OS(0.20). 

Experimental Values of 7.37, Hz for 3 ~ ( H , H )  and 0.0 Hz for 
"(H,H) were assumed in the iterations. These 

The 13C resonance spectrum of propane-2,2-d2 from 
Merck, Sharpe and Dohme was recorded on a 220 MHz couplings were obtained from the p.m.r. 
spectrometer in the FT mode (1200 pulses, 4 points/Hz, spectra. fit between 
unfiltered) on a sample consisting of --50:50v/v% and calculated spectra was obtained for a 
solution in cyclohexane-d12. The 13C spectrum of neat positive ,J(13C,H). The standard deviations of 
propane was similarly recorded (2000 pulses at the final parameters are given in Table 1 and 
55.32512 MHz). in order to estimate the optimum pulse 
delay times, the relaxation times of should be increased by a factor of 5 to obtain a 
and 13C, were measured as 14.5 i 2 and 12.3 f 2 s, realistic error limit (7). Figure 1 displays the 
respectively. The I3C spectra obtained on different spectrum. 
occasions agreed very well and had line widths at half- A first-order analysis of the 13c1 spectrum 
height of about 0.8 Hz. 

In addition, the p.m.r. spectrum of propane was of propane-2,2-d, gave 'J(I3C,H) = 124.1 , + 
measured at 220 MHz and that of propane-2,2-d2 was 0.2 HZ and 3 ~ ( 1 3 ~ , ~ )  = 5.75 f 0.2 Hz. Under 
recorded under conditions of deuterium decoupling. conditions of deuterium decoupiing, the line 

Calculations of the coupling constants were carried widths in the p.m.r. spectrum of the  13CH3 
out by the CND0/2 and INDO-MO-FPT methods group showed that 4 ~ ( H , H )  < i 0.18 Hz. 
(3; 5) using convergence criteria described previously (4). 

The Coupling Constants 
'NRCC Postdoctorate Fellow, 1972-1973. The values of 124.3, + 0.1, HZ for lJ(l3C1,H) 
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3J(13C,H) and not ,J(13C,H). AS these are lower 
in magnitude than 3J('3C,H) in propane itself, 
there exists qualitative agreement with the 
predicted (4) changes in 3J(13C,H) caused by an 
electronegative substituent at  C,. 

The 7.37, 4 0.04 Hz for 3 ~ ( H , H )  lies near 
the values of 7.35 + 0.02 (15) and of 7.45 f 

at 60 MHz. The C N D 0 / 2  

of less than 0.18 Hz. 

CND0/2  value is 0.02 Hz while INDO yields 
-0.33 Hz. For a series of I?-propyl derivatives 
(19) 4JH.H varies between -0.05 i- 0.03 and 
-0.12 +_ 0.03 HZ. 

The Clzenzical Shifts 
In neat propane at  220 MHz the internal 

proton chemical shift is 0.435 p.p.m., compared 
with 0.439 p.p.m. at  60 MHz (16). The 13C2 
resonance lies 0.518 p.p.m. to low field of the 
l3Cl  resonance in neat propane (Table l), 
in good agreement with the 0.5 p.p.m. reported 

The carbon-13 magnetic resonance spectrum of for a proton-decoupled 13C spectrum (20). In 
neat propane at 55.325 MHz is shown together with propane-2,2-d2, the 1 3 ~ ,  Shift is 0.21 P.P,m 
the spectra of Ci and C2 calculated from the param- 
eters in Table 1. The calculated spectra assumed as to high field of 1 3 ~ 1 .  Hence the deuteriuln isotope 
linewidth of 0.8 Hz. The analysis was performed on shift of 13C2 is 0.72 0.1 p.p.m., within the 
spectra expanded to 2 Hzlcrn. range recently reported for some hydrocarbon 

derivatives (21). 
and of 125.3, f 0.1, Hz for 'J(13C2:H) may 
be compared with 125.0 f 0.2 Hz in ethane We are grateful to the National Research Council of 
(8, 9). 3J(13 C, H) is 5. So i 0.1 , HZ, whereas the Canada for financial assistance. 

numbers calculated by INDO are 4.26 Hz (4) 1. J, B. STOTHERS. Carbon-13 NMR spectroscopy. 
for the standard, all-staggered, geometry (1 0) Academic Press, New York. 1972. Chapt. 10. 

and 4.47 H~ for the microwave (1 1) geometry. 2. G. SCHRUMPF. Tetrahedron Lett. 3421 (1972). 
3. J. A. P ~ P L E  and D. L. BEVERIDGE. Approximate 

Substituent effects have been (4)' molecu]ar orbital theory, McGraw-Hi]] Book Co., 
The observed value may be compared with the New York, 1970. 
measured values of 5.7 F 0.1, - 1.8 +_ 0.1, 4. R. WASYLISHEN and T. SCHAEFER. Can. J. Chem. 51, 
- 1.4 + 0.2 Hz in dimethylether (12), dimethyl- 961 (1973). 

5. J. A. POPLE, J. W. MCIVER, JR., and N. S. OSTLUKD. 
mercury (I2)> and dimethylcadmium (I3), J. Chem. phys. 49, 2965 (1968). 
respectively. 6. C. W. HAIGH and J. M. WILLIAMS. J. Mo1. Spectrosc. 

,J(l3c1,H) is - 4.25 f 0.07 Hz while 32, 398 (1969). 
2 J( 13 C,,H) is -4.39 f 0.04 Hz in propane, 7. S. CASTELLANO, C. SUN, and R.  KOSTEL~IK. Tetra- 

hedron Lett. 5205 (1967). indicating a similar magnitude of the substituent *, D. M. GRAHAM and C, E. HoLLowAu, Can. J. Chem, 
effects of the methyl group on 2~(13C,H)  in the 41,2114 (1963). 
two sites symbolized by l3C1-C-H(CH3) and 9. R. M. LYNDEN-BELL and N. SHEPPERD. Proc. ROY. 
H-C-l3C2(CH3). In ethane, ,J('~c,H) is SOC. A269, 385 (1962). 
-4.8 i 0.2 H~ (8, 9) but is + 1.1 H~ in sym- 10. J. A. POPLE and M. GORDON. J. Am. Chem. Soc. 

89, 4254 (1967). tetrabromoethane (I4)' Taken together, these 11. D. R. LIDE, JR. J. Chem. Phys. 33, 1514 (1960). 
data suggest that the 13C,H couplings 12. H. DREESKAMP and K. HILDENBRAND, and G. 
(2) in a number of isopropyl derivatives are PFISTERER. MOI. Phys, 17, 429 (1969). 
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13. H. DREESKAMP and K. HILDENRRAND. Z. Naturforsch 18. D. J. SARDELLA. J. Mol. Spect~osc. 31, 70 (1969); 
23a, 940 (1968). J .  Am. Chem. Soc. 94, 5206 (1973). 

14. R. FREE MA^ and W. A. A N D E R S O ~ .  J. Chem. Phys. 19. G. SCHRUMPE. J. Magn. Resonance, 6, 243 (1972). 
39, 806 (1963). 20. D. M. GRANT and E. G. PAUL. J. Am. Chem. Soc. 

15. R. C. FERGLSON and D. W. MARQUARDT. J. Chem. 86, 2984 (1964). 
Phys. 41, 2087 (1964). 21. G. C. LEVY and J. D. CARGIOLI. J. Magn. Resonance, 

16. P. E. CORIO and L. C. HIRST. J. Chem. Educ. 46, 6, 143 (1972). 
345 (1969). 

17. H. DREESKAMP. Z. Phys. Chem. (Frankfurt), 59, 
321 (1968). 
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The Methyl Ethers of 2-Arnino-2,6-dideoxy-~~ga9actopy1t"anose 
(D-Fucosamine) 

MALCOLM B. PERRY A N D  VIRGINIA DAOUST 
Di~.isio;l ofBiologic.nl Sc,ie17c.ca, lVirtionc~l Resrcrrcl~ Coirncil of Cnrlcld~, Ott i r i r ,~ ,  Cani~dri K I A  OR6 

Received June 12. 1974 

MALCOLM B. PERRY and VRGINIA DAOUST. Can. 3. Chem. 52,3251 (1974). 
The 3-, 4-, and 3,4-dimethyl ethers of 2-amino-2,6-dideoxy-D-galactose (D-fucosamine) have 

been synthesized. 2-Amino-2,6-dideoxy-3,4-di-0-methyl-D-galactose was made by the methyla- 
tion of methyl 2-acetamido-2,6-dideoxy-a-D-galactopyranoside to its 3,4-di-0-methyl derivative 
which was hydrolyzed to yield pure 2-amin0-2,6-dideoxy-3,4-di-O-methyl-~-galactose hydro- 
chloride. 2-Amino-2,6-dideoxy-3-O-methyl-~-gaiacCose was made from methyl 2-acetamido-2- 
deoxy-3-0-methyl-a-D-galactopyranoside by conversion of its 6-sulfonate lo the 6-deoxy- 
6-iodo derivative, followed by reduction to the 6-deoxy derivative which, on hydrolysis, 
gave 2-amino-2,6-dideoxy-3-0-methyl-D-galactose hydrochloride. 2-Amino-2,6-dideoxy-4-0- 
methyl-D-galactose was made from methyl 2-acetamido-2-deoxy-3,6-di-O-(p-tolylsulfonyl)-rs-o- 
galactopyranoside which was methylated to yield the 4-0-methyl derivative and s~tbsequen: 
conversion of the latter con~pound to its 6-deoxy derivative, via its 6-deoxy-6-iodo derivative, 
followed by detosylation, gave methyl 2-acetamido-2,6-dideoxy-4-0-methyl-r-~-gaIactopy- 
ranoside convertible by acid hydrolysis to 2-amino-2,6-dideoxy-4-O-n1ethyl-~-galactose 
hydrochloride. 

MALCOLM B. PERRY el V~RGINIA DAOUST. Can. J. Chem. 52,3251 (1974) 
On a synthetise !es ethers methyl-3 et -4 ainsi que dimethyl-3,4 de 19amino-2 dideoxy-2,6 

D-galactose (D-fucosamine). 0 1 1  a prepare I'amino-2 didioxy-2,6 di-0-methyl-3,4 D-galactose 
par methylation de I'acCtamido-2 dideoxy-2,6 x-D-galactopyrannoside de methyle qui fournit le 
derive di-0-mCthyle en positions 3 et 4; I'hydrolyse de ce dernier conduit au chlorhydrate de 
I'amino-2 dideoxy-2,6 di-0-methyl-3,4 D-galactose. On a prepare l'amino-2 dideoxy-2,6 0- 
rnCthyl-3~~-galactose a partir de I'acetamido-2 dtoxy-2 0-methyl-3 r-galactopyrannoside de 
methyle sous forme de sulfonate en position 6 qui permet d'obtenir le derive deoxy-6 iodo-6; 
une reduction de ce dernier derive forme le deoxy-6 qui par hydrolyse donne le chlorhydrate 
de I'amino-2 dideoxy-2,6 0-methyl-3 D-galactose. On a prepare l'amino-2 dideoxy-2,6 0- 
methyl-4 D-galactose a partir de I'acetaniido-2 deoxy-2 di-0-(p-tolylesulfony1)-3,6 a-D-galacto- 
pyrannoside de methyle qui par n~ethylation conduit au derive 0-methyl-4; la transformation 
subsequente de ce dernier compose fournit successivement le derive deoxy-6 iodo-6 puis le 
derive deoxy-6 et finalement par detosylation I'acetamido-2 dideoxy-2,6 0-methyl-4 cr-D-galac- 
topyrannosicle de nikthyle qui peut @tre transformi par hydrolyse en chlorhydrate de l'amino-2 
dideoxy-2,6 0-methyl-4 D-galactose. [Traduit par le journal] 

Both 2-amino-2,6-dideoxy-D-galactose (D-fu- 
cosamine) (1-6) and 2-amino-2,6-dideoxy-L- 
galactose (L-fucosamine) (7-9) are components 
of some bacterial polysaccharides. The methyl 
ethers of 2-amino-2,6-dideoxy-D-galactopyranose 
were prepared in this laboratory for use as 
reference compounds in the identification of 
these compounds which have been isolated from 
the hydrolysis products of methylated polysac- 
charides currently under study. 
2-Amino-2,6-dideoxy-3-0-methyl-D-galactose 

was synthesized from methyl 2-acetamido-2- 
deoxy-3-0-methyl-a-D-galactopyranoside (10). 
Monotosylation of the latter compound afforded 
methyl 2-acetamido-2-deoxy- 3-  0-methyl- 6 -  0- 

'NRCC No. 14168. 

(p-tolylsulfony1)-a-~-galactopyranoside which on 
acetylation afforded methyl 2-acetamido-4-0- 
acetyl-2-deoxy-3-O-methyl-6-O-(p-tolylsulfonyl)- 
a-D-galactopyranoside. On heating this com- 
pound with sodium iodide in acetone solution it 
was converted to methyl 2-acetamido-4-0-acetyl- 
2,6-dideoxy-6-iodo-3-0-methyl-a-D-galactopy- 
ranoside which, on catalytic reduction gave 
crystalline methyl 2-acetamido-4-0-acetyl-2,0- 
dideoxy - 3 - 0 - methyl - a - D - galactopyranoside. 
2-Amino-2,6-dideoxy- 3- 0-methyl-D-galactose 
hydrochloride was obtained in chromatograph- 
ically pure form by the hydrolysis of the methyl 
2-acetamido-4-O-acetyl-2,6-dideoxy-3-0-methyl- 
a-D-galactopyranoside with hot dilute hydro- 
chloric acid. 
2-Amino-2,6-dideoxy-4-0-methyl-D-galactose 
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was made from methyl 2-acetamido-2-deoxy-3- 
0-(p-to1ylsulfonyl)-a-D-galactopyranoside (1 1). 
Monotosylation of this latter compound afforded 
methyl 2-acetamido-2-deoxy-3,6-di-0-(p-tolyl- 
sulfony1)-a-D-galactopyranoside which on treat- 
ment with methyl iodide and silver oxide gave 
methyl 2-acetamido-2-deoxy-4-0-methyl-3,6-di- 
0 -  ( p -  tolylsulfonyl) - a - D - galactopyranoside. On 
heating this compound with sodium iodide in 
acetone solution it was converted to methyl 
2-acetamido-2,6-dideoxy-6-iodo-4- O-methyl-3- 
0-(p-tolylsulfony1)-a-D-galactopyranoside which 
on catalytic reduction gave methyl z-acetamido- 
2,6-dideoxy-4-0-methyl-3-0-(p-tolylsulfony1)-a- 
D-galactopyranoside which could be subsequently 
reduced in aqueous methanol by sodium amal- 
gam to yield crystalline methyl 2-acetamido-2,6- 
dideoxy-4-0-methyl-a-D-galactopyranoside The 
methyl 2-acetamido-2,6-dideoxy-4-0-methyl-a- 
D-galactopyranoside was hydrolyzed with hot 
dilute hydrochloric acid to yield chroma- 
tographically pure 2-amino-2,6-dideoxy-4-0- 
methyl-D-galactose hydrochloride. 

2 - Amino - 2,6 - dideoxy - 3,4 - di - 0 - methyl - D- 

galactose hydrochloride was prepared directly 
from 2-acetamido-2,6-dideoxy-D-galactose (12). 
2 - Acetamido - 2,6 - dideoxy - D - galactose with 
boiling methanolic hydrogen chloride gave 
crystalline methyl 2-acetamido-2,6-dideoxy-a-D- 
galactopyranoside which on treatment with 
methyl iodide and silver oxide was converted to 
methyl 2 - acetamido - 2,6 - dideoxy - 3,4 - di - 0- 
methyl-a-D-galactopyranoside. Hydrolysis of this. 
latter compound with hot dilute hydrochloric 
acid gave 2-amino-2,6-dideoxy-3,4-di-O-methyl- 
D-galactose hydrochloride. 

The chromatographic properties of the 3-, 4-, 
and 3,4-dimethyl ethers of 2-amino-2,6-dideoxy- 
D-galactopyranose hydrochloride and their corre- 
sponding N-acetyl derivatives are recorded 
together with the gas chromatographic relative 
retention times of the corresponding acetylated 
2-acetamido-2,6-dideoxygalactitol methyl ethers 
prepared by borohydride reduction and acetyla- 
tion of the parent glycoses (13, 14). 

Experimental 
Paper chron~atography was performed by the descend- 

ing method (15) on Whatman No. 1 filter paper using 
either (A) pyridine - ethyl acetate - water (2: 5: 5 vjv, top 
layer) or (B) 1-butanol - ethanol - water (4: 1 : 5 v/v, top 
layer) as the mobile phase. Glycoses were detected with 
either (a)  2% silver nitrate in acetone followed by 3% 
sodium hydroxide in ethanol (16), (b) 27, p-anisidine 

hydrochloride in ethanol (17), or (c) 2% ninhydrin in 
acetone. The rates of movement of the glycoses are 
quoted relative to L-rhamnose (RRh) or to 2-amino-2- 
deoxy-D-glucose hydrochloride (RGN). 

Thin-layer chromatography (t.1.c.) was done on silica 
gel G coated plates using benzene-methanol (5: 1 vjv) 
and conlpounds located by heating developed plates, 
sprayed with 10% sulfuric acid in ethanol, at  130 "C for 
20-30 min; mobilities are quoted relative to the solvent 
front (R,). 

Gas-liquid partition chromatography (g.1.p.c.) was 
carried out using a Hewlett-Packard model 402 chroma- 
tograph with a hydrogen flame detector and fitted with 
glass U-tubes (4 ft x 6 mm x 3 mm internal diameter) 
packed with either (A) 10% (wlw) neopentylglycol 
sebacate polyester on 80-100 mesh acid washed Chromo- 
sorb W or (B) 3% (w/w) ECNSS-M on 100-120 mesh 
Gas-Chrom Q (Applied Science Labs., State College, Pa.) 
Retention times are quoted relative to 2-acetamido-2- 
deoxy-1,3,4,5,6-penta-O-(trimethylsilyl)-~-glucitol (TGN) 
or to penta-0-acetyl-L-arabinitol (T,). 

Melting points were determined on a Fisher-Johns 
apparatus and are corrected. Solutions were concen- 
trated under reduced pressure and below 40 "C. Optical 
rotations were determined at 20 "C using a Perkin-Elmer 
141 polarimeter. 

( I )  2-Arnino-2,6-dideoxy-3-O-n1etlz~~l-~-galactose 
hydrochloride 

(a) Methyl 2-Acefamido-4-0-acetyl-2-deo.wy-3-0- 
methyl-6-0- (p- to l~~ls~i l fon~~l)  -a-D-gnlactopyia~zosidc 

To a solution of methyl 2-acetamido-2-deoxy-3-0- 
methyl-a-D-galactopyranoside (10) (1.24 g) in dry pyri- 
dine (18 ml) was added a solution of p-toluenesulfonyl 
chloride (1.86 g) in dry pyridine (12 ml), both solutions 
having been previously cooled to - 15 ' C .  The stirred 
mixture was kept at 2 ' C  for 18 h and at 20 "C for 12 h. 
The excess chloride was destroyed by the addition of ice 
(2-3 g) and, after 1 h, the solution was poured into ice 
water (100 ml) containing acetic acid (15 ml). The re- 
action product was extracted with chloroform (3 x 70 
ml) and the extract after successive washings with cold AT 
hydrochloric acid, s a t~~ra ted  sodium bicarbonate solu- 
tion, and water, was dried (anhydrous Na,S04) and the 
chloroforn~ solution was concentrated to a syrup (2.5 g). 
The syrup (2.5 g), which failed to crystallize from 
methanol solution, was dissolved in dry pyridine (6 ml) 
and, following the addition of acetic anhydride (3.4 ml), 
the mixture was kept at  75 ' C  for 1 h. The cooled reaction 
mixture was poured into ice water (100 ml) containing 
acetic acid (10 ml) and, after 1 h, the product was ex- 
tracted with chloroform (2 x 50 ml). The chloroforn~ 
solution was washed successively with water, N sulfuric 
acid, sodium bicarbonate solution, and water and the 
dried (anhydrous Na,S04) chloroform solution was con- 
centrated to a syrup (2.7 g). The product was dissolved 
in a minimum amount of hot methanol and on keeping 
this solution at 2 'C it afforded crystalline methyl 
2-acetamido-4-O-acetyl-2-deoxy-3-O-methyl-6-O-(p- 
tolylsu1fonyl)-a-D-galactopyranoside (2.2 g) which had 
m.p. 147-148 "C and [a], + 103' (c, 0.25 in chloroform) 
and on t.1.c. gave a single spot with R, 0.41. 

Anal. Calcd. for C,,H,,NO,S: C, 51.22; H,  6.11 ; N, 
3.14; S, 7.19. Found: C, 51.40; H, 6.21; N, 3.28; S, 7.31. 
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PERRY AND DAOUST: METHYL ETHERS OF D-FUCOSAMINE 3253 

(b)  Methyl 2-Acetamido-4-0-acetyl-2,6-dideoxy-6- 
iodo-3-0-mefhyl-a-D-galactopyranoside 

Methyl 2-acetamido-4-0-acetyl-2-deoxy-3-0-methyl-6- 
0-(p-tolylsulfony1)-a-D-galactopyranoside (2 g) and 
sodium iodide (2 g) in dry acetone (35 ml) were heated in 
a sealed glass tube at 100 "C for 5 h. The crystalline 
sodium p-toluenesulfonate was filtered off from the 
cooled reaction mixture and the filtrate, after dilution 
with chloroform (150 ml), was washed with 3% sodium 
thiosulfate solution (15 ml), with water (20 ml), and the 
dried (anhydrous Na,SO,) solution was concentrated to 
a syrup (1.70g). The product was dissolved in hot 
methanol (ca. 4 ml) and, on keeping the solution at 0 "C, 
it gave crystalline methyl 2-acetamido-4-0-acetyl-2,6- 
dideoxy-6-iodo-3-0-methyl-a-D-galactopyranosde (1.46 
g) which had m.p. 81 -82 "C and [a], + 150" (c, 0.35 in 
chloroform) and gave a single spot on t.1.c. with R, 0.43. 

Anal. Calcd. for C12HZoINOs: C, 35.92; H,  5.02; N, 
3.49; I, 31.63. Found: C, 36.03; H, 5.23; N, 3.35; I, 
3 1.45. 

(c) Methyl 2-Acetamido-4-0-acetyl-2,6-dideoxy-3-0- 
methyl-a-D-galactopyvanoside 

Methyl 2-acetamido-4-O-acetyl-2,6-dideoxy-6-iodo-3- 
0-methyl-a-D-galactopyranoside (1.3 g) was dissolved in 
methanol (28 ml) containing triettiylamine (0.4 ml) and, 
following the addition of fresh Raney nickel (3 g), the 
mixture was shaken vigorously for 5 h under a hydrogen 
atmosphere of 50p.s.i. pressure. The filtered reaction 
mixture was concentrated to a syrup which was dissolved 
in a methanol-ether mixture. On keeping the solution at 
2 "C, crystalline methyl 2-acetamido-4-0-acetyl-2,6-di- 
deoxy-3-0-methyl-a-D-galactopyranoside (0.71 g) was 
obtained which had m.p. 147-148 'C, [a], + 104.2' (c, 
0.92 in chloroform), and gave a single spot on t.1.c. with 
Rs 0.42. 

Anal. Calcd. for C12H21N06: C, 52.35; H, 7.69; N, 
5.09; OMe, 22.55. Found: C, 52.30; H, 7.70; N, 5.08; 
OMe, 21.99. 

(d) 2-Amino-2,6-dideoxy-3-O-merhyl-~-galacfose 
Hydrochloride 

Methyl 2 - acetamido - 4 - 0 - acetyl - 2,6 - dideoxy - 3 - 0- 
methyl-a-D-galactopyranoside (0.5 g) was hydrolyzed 
with 3 N hydrochloric acid (10 ml) a t  100 "C for 3 h and 
the solution was concentrated to dryness. The residue 
was dissolved in warm methanol, decolorized with a little 
charcoal, filtered, and on concentration afforded 2-amino- 
2,6-dideoxy-3-0-methyl-D-galactose hydrochloride (0.27 
g) as a syrup which had [a], + 85.3" (c, 1.1 in water) and 
on paper chromatography (solvent B) it gave a single 
ninhydrin positive spot with R,, 1.69. 

Anal. Calcd. for C7Hl6C1NO4: C, 39.35; H, 7.55; C1, 
16.59; N, 6.56; OMe, 14.52. Found: C, 39.25; H, 7.50; 
CI, 16.70; N, 6.66; OMe, 14.37. 

(2) 2-Amino-2,6-dideoxy-4-O-merhyl-~-gala~tose 
Hydrochloride 

(a )  Methyl 2-Acetarnido-2-deoxy-3,6-di-0-(p-tolyl- 
sulfonyl) -a-D-galactopyranoside 

To a solution of methyl 2-acetamido-2-deoxy-3-0- 
(p-tolylsu1fonyl)-a-D-galactopyranoside (1 1) (2.4 g) in dry 
pyridine (8 ml) was added a solution of p-toluenesulfonyl 
chloride (1.36 g) in pyridine (14 ml), both solutions having 
been previously cooled to - 15 OC. The mixture was kept 
a t  0 'C for 18 h and at room temperature for 24 h. Ice 

(3 g) was added to the mixture to destroy excess chloride 
and, after 2 h, the mixture was poured into ice water 
(100 ml) containing acetic acid (20 ml). The water solu- 
tion was extracted with chloroform (3 x 80 ml) and the 
combined extracts were washed successively with N sul- 
furic acid, sodium bicarbonate solution, and water and 
the dried (anhydrous Na,S04) solution was concentrated 
to a syrup (3.24 g). The product gave a single spot on 
t.1.c. with R, 0.63 (t.1.c. starting product had R, 0.41) and 
had [a], + 87' (c, 0.1 in chloroform). 

Anal. Calcd. for C23HZ9N010SZ: C, 50.81; H, 5.38; N, 
2.58; S, 11.80. Found: C, 50.88; H, 5.30; N, 2.51; S, 
11.77. 

(b) Methyl 2-Acetamido-2-deoxy-4-O-methyl-3,6-di- 
0 -  (p-rolylsulfbnyl) -a-D-galactopyranoside 

Methyl 2-acetamido-2-deoxy-3,6-di-0-(p-tolylsulfony1)- 
a-D-galactopyransoside (3 g) dissolved in methyl iodide 
(60 ml) was heated under gentle reflux while freshly pre- 
pared silver oxide (10 g) was added in 2-g portions over 
12 h. The mixture was filtered and the residue was washed 
with warm acetone. The filtrate and washings were con- 
centrated to a semicrystalline mass (3.2 g) which on t.1.c. 
showed a major new spot with Rf 0.82 and a trace of 
starting material (Rf 0.63). The methyl 2-acetamido-2- 
deoxy-4-0-methyl-3,6-di-O-(p-tolylsulfonyl)-a-~-galacto- 
pyranoside had [r], + 79" (c, 1.2 in chloroform). 

Anal. Calcd. for C2.1H31NOIOSZ: C, 51.69; XI, 5.60; N, 
2.51; S, 11.50; OMe, 11.13. Found: C, 51.63; H, 5.68; N, 
2.48; S, 11.39; OMe, 11.30. 

(c)  methyl 2-Acetamid0-2,6-didroxy-6-iodo-4-0- 
methyl-3-0- (p-tolylsnlfonyl) -a-D-galacfopyranoside 

A solution of methyl 2-acetamido-2-deoxy-4-0-methyl- 
3,6-di-0-(p-tolylsulfony1)-a-u-galactopyanosde (2 g) and 
sodium iodide (2 g) in dry acetone (50 ml) contained in a 
sealed glass tube was heated at 100 "C for 6 h.  The cooled 
reaction mixture was filtered to remove crystalline sodium 
p-toluenesulfonate and the filtrate was diluted with 
chloroform (200ml). The chloroform solution was 
washed with 2% sodium thiosulfate solution (20 ml) and 
with water (20 ml), and the dried (anhydrous NazSO,) 
solution was concentrated to yield methyl 2-acetamido- 
2,6-dideoxy-6-iodo-4-O-methyl-3-O-(p-tolylsulfonyl)-r- 
D-galactopyranoside (1.72 g) as a syrup having [a], 
+71' (c, 0.7 in chloroform) and giving a single spot on 
t.1.c. with R, 0.85. 

Anal. Calcd. for C,,H241N07S: C, 39.77; H, 4.71; I, 
24.72; N, 2.73; S, 6.25; OMe, 12.09. Found: C, 39.80; H, 
4.62; I, 23.47; N, 2.58; S, 6.20; OMe, 12.00. 

(d) Methyl 2-Acetamido-2,6-dideoxy-4-O-methyl-3-0- 
(p-rolylsulfonyl) -a-D-galactopyranoside 

To a solution of methyl 2-acetamido-2,6-dideoxy-6- 
iodo-4-O-methyl-3-O-(p-tolylsulfonyl)-a-~-galactopyrano- 
side (1.5 g) in dry methanol (45 ml) containing triethyl- 
amine (0.3 ml) was added fresh Raney nickel (4 g) and 
the mixture was shaken vigorously under a hydrogen 
atmosphere of 50 p.s.i. pressure over 6 h. The filtered 
solution was concentrated to a syrup (1.5 g) which was 
fractionated on a column of silica gel (3 x 35 cm) (100- 
200 mesh) using benzene-methanol (10:l v/v) as the 
mobile phase to yield pure methyl 2-acetamido-2,6- 
dideoxy-4-O-methyl-3-O-(p-tolylsulfonyl)-a-~-galactopy- 
ranoside (1.1 g) as a syrup having [a], + 102.5" (c, 2 in 
chloroform) and giving a single spot on t.1.c. with Rf 0.81. 
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Anal. Calcd. for CI,H,,NO,S: C, 52.70; H, 6.50; N, 
3.62; S, 8.28. Found: C, 52.50; H, 6.45; N, 3.80; S, 8.30. 

( e )  Methyl 2-Acetamido-2,6-dideoxy-4-0-methyl-a-D- 
galactopyvanoside 

A solution of methyl 2-acetamido-2,6-dideoxy-4-0- 
methyl-3-0-(p-tolylsulfonyl)-a-~-galactopyranoside (0.9 
g) in 90% aqueous methanol (80 ml) was treated with 2% 
sodium amalgam (15 g) and the mixture was stirred 
vigorously at  room temperature over 18 h. The methanol 
solution was filtered, the filtrate was saturated with 
carbon dioxide and was then concentrated to dryness. 
The residue was extracted with acetone and the concen- 
trated extract was then taken up in a small amount of 
warm methanol. On cooling, the methanol solution gave 
crystalline methyl 2-acetamido-2,6-dideoxy-4-0-methyl- 
a-D-galactopyranoside (0.54 g) which had m.p. 220- 
221 "C, [a], + 125" (c ,  0.12 in chloroform), and gave a 
single spot on t.1.c. with Rf 0.52. 

Anal. Calcd. for CIUHl9NO5: C, 51.49; H, 8.21; N, 
6.01. Found: C, 51.29; H, 8.37; N, 6.07. 

(f) 2-An1ino-2,6-didco.~y-4-0-i?1efhyl-~-galactose 
Hydrochlovidc 

Methyl 2-acetamido-2,6-dideoxy -4 -  0-methyl-a-D-  
galactopyranoside (0.5 g) was hydrolyzed with 3 N 
hydrochloric acid (15 ml) at 10OCC for 2 h and the solu- 
tion was concentrated to dryness. The residue was taken 
up in hot methanol, decolorized with a little charcoal, 
filtered, and the concentrated filtrate was diluted with 
acetone. On keeping the solution at  2 ' C  it gave crystal- 
line 2-amino-2,6-dideoxy-4-0-methyl-~-~alactose hydro- 
chloride (0.38 g) which had m.p. 192-195 "C (dec.), [%ID 
f 122 -+ +97" (c, 0.14 in water), and or, paper chrorna- 
tography (solvent B) it gave a single ninhydrin positive 
spot with RGN 1.92. 

Anal. Calcd. for C7H16C1N04: C, 39.35; H, 7.55; CI, 
16.59; N, 6.56; OMe, 14.52. Found: C, 39.32; H, 7.40; 
C1, 16.70; N, 6.55; OMe, 14.48. 

(3)  2-An1i120-2,6-dideoxy-3,J-di-O-methyl-~-galactose 
Hydi.oc11loride 

( a )  Methyl 2-Aceramido-2,6-rlideoxy-~-galacfopy- 
van05 ide 

2-Acetamido-2,6-dideoxy-n-galactose (12) (0.5 g) dis- 
solved in 2% (iv;'v) methanolic hydrogen chloride (50 ml) 
was boiled under reflux for 3 h and the cooled solution 
was neutralized with silver carbonate and filtered. The 
filtrate was passed down a column of methanol washed 
mixture of Duolite A4 (OH-) (4 ml) and Rexyn 10l(HC) 
(4 ml) ion-exchange resins and the eluate was concen- 
trated to a crystalline solid (0.51 g) which on crystalliza- 
tion from ethanol gave pure methyl 2-acetamido-2,6- 
dideoxy-a-D-galactopyranoside (0.43 g) which had m.p. 
227-228 C and [XI, + 179' (c, 0.1 1 in methanol). 

Anal. Calcd. for C9H17N05: C, 49.30; H, 7.82; N, 
6.39. Found: C, 49.44; H, 7.90; N, 6.37. 

Gas-liquid partition chromatography of the trirnethyl- 
silylated methyl 2-acetamido-2,6-dideoxy-rs-o-galactopy- 
ranoside (column A, 200'C) gave a single peak with 
T G N  1.28. 

(b)  Methyl 2-Acetamido-2,6-dideoxy-3,4-di-0- 
metltyl-a-D-ga/actopyrriwoside 

Methyl 2-acetamido-2,6-dideoxy-a-D-galactopyrano- 
side (0.4 g) was dissolved in methyl iodide (20 ml) and 

fresh silver oxide (4 g) was added. The mixture was re- 
fluxed gently for 5 h and, following the addition of chloro- 
form (60 ml), the mixture was filtered and the concen- 
trated filtrate was remethylated by the same reagents 
under the same conditions. Gas-liquid partition chroma- 
tographic examination of the product (column A, 200 " C )  
showed a single peak having TGN 1.86 corresponding 
to authentic methyl 2-acetamido-2,6-dideoxy-3,4-di-0- 
methyl-a-D-galactopyranoside (prepared in a separate 
experiment via the sequence methyl 2-5enzamido-2- 
deoxy-6-0-(p-tolylsuIfonyl)-a-~-galactopyranoside (1 8) -+ 

methyl 2-benzamido-2-deoxy-3,4-di-Q-methyl-6-0-(p- 
tolylsulfonyl) - a - D - galactopyranoside + methyl 2- benz- 
a~nido-2,6-dideoxy-6-iodo-3,4-di-O-methyI I-D-galacto- 
pyranoside + methyl 2-  benzamido-2,6-dideoxy - 3,4-di- 
0-methyl-r-D-galactopyranoside + methyl 2-acetamido- 
2,6-dideoxy-3,4-di-O-methyl-c*-n-galactopyranoside (low 
overall yield, ca. 8%)). The methyl 2-acetamido-2,6- 
dideoxy-3,4-di-0-methyl-z-D-galactopyranoside (0.28 g) 
obtained from methanol solution had m.p. 199-200 "C 
and [a], + 134" (c, 0.5 in chloroform). 

Anal. Calcd. for CI1H,,NO,: C, 53.42; H, 8.56; N, 
5.66; OMe, 37.65. Found; C, 53.40; H, 8.54; N, 5.55; 
OMe, 37.80. 

( c )  2-Amin0-2,6-dideoxy-3,4-di-O-n~ethyl-o-galactose 
Hydrochloride 

Methyl 2-acetamido-2,6-dideoxy-3,4-di-0-methyl-a- 
D-galactopyranoside (0.22 g) was hydrolyzed with 3 N 
hydrochloric acid (25 ml) at  100'C for 2.5 h and fol- 
lowing the concentration of the solution and removal of 
excess acid by distillation with toluene, the residue was 
dissolved in methanol, decolorized with charcoal, filtered, 
and the filtrate was concentrated to a syrup (0.20 g). The 
syrup was thinned with a little methanol and, on keeping 
at  2 'C it afforded crystalline 2-amino-2,6-dideoxy-3,4-di- 
0-methyl-D-galactose hydrochloride which had m.p. 
198-200-C (dec.), [a], + 61" (c, 0.5 in water), and on paper 
chromatography it gave a single ninhydrin positive spot 
with RGN 2.63 (solvent B). 

Anal. Calcd. for C8H18CIN04: C, 42.20; H, 7.97; C1, 
15.57; N, 6.15; OMe, 27.26. Found: C, 42.14; H, 7.80: 
C1, 15.76; N, 6.11; OMe, 27.00. 

(4) Cltroinarographic Analysis of the Methyl Ethers of 
2-A1ni12o-2~6-dideoxy-~-galactopyuanose 

( a )  Methyl Ethers of 2-Acetni?1ido-2,6-dideoxy-~- 
galactopyrnnose 

Samples of the 3-, 4-, and 3,4-dimethyl ethers of 
2-amino-2,6-dideoxy-D-galactose hydrochloride (en. 3 
mg) were converted to their corresponding Ar-acetyl 
derivatives by treatment with aqueous acetic anhydride in 
the presence of basic ion-exchange resin (19) and the 
single p r o d ~ ~ c t  obtained from each glycose, on paper 
chromatography (solvent A), gave the following relative 
retention values : 2-acetanlido-2,6-dideoxy-D-galactose, 
R,, 0.97; 2-acetamido-2,6-dideoxy-3-0-methyl-~-galac- 
tose, RRh 1.19: 2-acetamido-2,6-dideoxy-4-0-methyl-o- 
galactose, R,, 1.29; 2-acetamido-2,6-dideoxy-3,4-di-0- 
methyl-D-galactose, R,, 1.56. 

(b)  Gas-Liquid par ti ti or^ C!~rornntograplzy of the 
Acetate Dericatices o f t he  3-, 4- ,  aizd 3,4-Diil1ethyl 
Ethers of 2-Acetnr~1ido-2,6-di&oxy-o-gn/acritol 

Samples (ca. 2 mg) of the 3-. 4-, and 3,4-diniethyl 
ethers of 2-acetam1do-2,6-d1deoxy-~-galactose (from 
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PERRY AND DAOUST: METHYL ETHERS OF D-FUCOSAMINE 3255 

Experimental, 4a) in water (1 ml) were reduced by the 6. U. ZEHAVI and N. SHARRON. J. Org. Chem. 29, 3654 
addition of sodium borohydride (4 mg) and, after 12 h the (1964). 
excess borohydride was destroyed by acidification with 7. G. T. BARRY and E. ROARK. Nature, 202,493 (1964). 
acetic acid. The mixtures were concentrated to dryness 8. S. A. BARKER, J. S. BRIMACOMBE, M. J. HOW, and 
and the residues were repeatedly evaporated with M. STACEY. Nature, 189, 303 (1961). 
methanol (5 x 10 ml). The residues were treated with 9. J. A. CIFONELLI, J. A. REBERS, M. B. PERRY, and 
acetic anhydride (0.6 ml) and kept at 130 "C for 2 h. J. K. N. JONES. Biochemistry, 5, 3066 (1966). 
Samples (1-5 p1) of the solutions were taken for direct 10. P. J. STOFFYX and R.  W. JEANLOZ. J. Am. Chem. SOC. 
injection on column B at 200 "C. Each derivative gave a 76,  561 (1954). 
single peak and had the relative retention values recorded: 11. P. J. STOFFYN and R. W. JEANLOZ. J. Am. Chem. 
2-acetamido-1 ,3,4,5-tetra-0-acetyl-2,6-dideoxy-D-galacti- SOC. 76,  563 (1954). 
tol, T, 5.43; 2-acetan~ido-1,3,5-tri-O-acetyl-2,6-dideoxy- 12. M. B. PERRY and V. DAOUST. Can. J. Chem. 51, 974 
4-O-methyl-~-galactitol, TA 3.92; 2-acetamido-l,4,5-tri- (1973). 
O-acetyl-2,6-dideoxy-3-O-n1ethyl-~-galactol T, 2.85; 13. M. B. PERRY and A. C. WEBB. Can. J. Chem. 47, 
and 2-acetamido-1,5-di-O-acetyl-2,6-dideoxy-3,4-di-O- 4091 (1969). 
methyl-D-galactitol, T, 1.85. 14. M .  B. PERRY and V DAOUST. Can. J. Biochem. 51, 

1335 (1973). 
1. M. J. CRUMPTON and D.  A. L. DAVIES. Biochem. J. 15, S. M. PARTRIDGE. Biochem. J. 42, 238 (1948). 

70, 729 (1958). 16. W. E. TREVELYA~,  D. P. PROCTOR, and J. S. HAR- 
2. R. WHEAT, E. L. ROLLINS, and J. LEATHERWOOD. RISON. Nature, 166, 444 (1950). 

Nature, 202, 492 (1958). 17. L. HOUGH, J. K.  N. JONES, and W. H. WADMAN. J .  
3.  R. W. WHEAT, E. L. ROLLINS, and J. M. LEATHER- Chem. Soc. 1702 (1950). 

WOOD. J. Biol. Chem. 238, 26 (1963). 18. R. KAHN and L. HOUGH. Carbohydr. Res. 24, 147 
4. J. D. HIGGINBOTHAM and M. HEIDELBERGER. Car- (1972). 

bohydr. Res. 23, 165 (1972). 19. S. ROSEMAN and J. LUDOWIEG. J. Am. Chem. Soc. 
5. N. SHARON, I. SHIF, and U. ZEHAVI. Biochem. J. 93, 76, 301 (1954). 

210 (1964). 
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Erratum: Reactions of Aralkyl and Unsaturated Chloramines: 
the Nitrenium Ion Question 

0. E. EDWARDS, G. BERNATH, J .  DIXON, J .  M. PATON, AND D. VOCELLE 
Division o.fBiologica1 Sc i t r lce~,  Narionul Research Council ofCanadn, Ottu\t,a, Canada K I A  OR6 

Received August 1, 1974 

(Ref.: Can. J .  Chem. 52,2123 (1974)) 

Reference 24 should read Chemistry Letters, 393 (1972). 
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Methyl 5-Bromolevulinatel 

S. F. MACDONALD 
Division ofBiologica1 Sciences, National Research C O L I I ~ C ~ ~  of Canada, Ottu~vcl, Canada K I A  OR6 

Received March 12. 1974 

S. F. MACDONALD. Can. J. Chem. 52,3257 (1974). 
Methyl 5-bromolevulinate (30%) is obtained directly by brominating levulinic acid in 

methanol. The synthesis of 5-aminolevulinic acid over the 5-phthalimido ester thus becomes a 
three-step one. 

S. F. MACDONALD. Can. J. Chem. 52.3257 (1974). 
La bron~uration de l'acide levulinique dans le mtthanol conduit directenient au bronio-5 

ltvulinate de methyle avec un rendement de 30%. La prtparation de l'acide amino-5 ltvulinique 
par l'intermediaire de l'ester phtalimido en position 5 devient donc une synthese en trois etapes. 

[Traduit par le journal] 

Of the numerous routes to 5-aminolevulinic 
acid (ALA), cf. ref. 1, the five-step synthesis (2) 
from hippuric acid and succinic anhydride over 
5-phenyl-2-oxazolone (3) and P-carbomethoxy- 
propionyl chloride is apparently preferred (4). 

5-Chloro- and 5-bromolevulinic esters are con- 
verted into ALA via the 5-phthalimido deriva- 
tives (>70%) cf. ref. 5. However, the halogena- 
tion of Ievulinic acid or its esters has led almost 
exclusively to 3- rather than to 5-halo derivatives. 
The latter were .usually obtained from p-car- 
balkoxypropionyl chlorides with diazomethane 
followed by HC1 or HBr (5, 6). Alternatively, 
diethyl acetylsuccinate was brominated, the 
initial product was rearranged to diethyl bro- 
macetylsuccinate, and the latter hydrolyzed, 
partially decarboxylated, and re-esterified (1). 

We have obtained methyl 5-bromolevulinate 
(30%) directly by brominating levulinic acid in 
methanol, conditions under which the methyl 
groups of methyl ketones are brominated prefer- 
rentially (7). Fractional distillation readily 
separated methyl 5-bromolevulinate and the by- 
products : the 3-bromo ester and smaller amounts 
of methyl levulinate and its 3,5-dibromo deriva- 
tive. However, as the boiling points wandered, 
the fractionation was followed by gas-liquid 
chromatography (g.1.c.); inconsistencies in the 
reported boiling points had been noted (8). 

Unfortunately, further work on the bromina- 
tion was impracticable because the writer be- 
came sensitive to the products. Presumably the 
bromine should be added more rapidly (7) and 

the product could be separated more efficiently. 
Methyl 3-bromolevulinate has also been con- 
verted to ALA (9, lo), and both the 3-bromo 
acid and the 3,5-dibromo acid have been con- 
verted to 5-bromolevulinic acid (the "a" acid 
of ref. 1 l), see refs. 8 and 11. We found no 
definite evidence that the bromo esters were 
interconverted during their purification or that 
the 3- was converted into the 5-bromo ester 
when heated with methanolic HBr. 

Experimental 
The products were identified by their p.m.r. spectra 

(cf .  ref. 8). The composition of the fractions as determined 
by g.1.c are given as (% methyl levulinate, % 3-bromo, 
Y,  5-bromo, % 33,-dibromo ester). 

~vonlination of Levulinic Acid 
A solution of levulinic acid (58 g,) in methanol (500 ml, 

dried with magnesium) was stirred in a 20' bath of water 
while bromine (80 g) was added at a rate which maintained 
the temperature of the solution a t  30'. After 2) h the 
KI-starch test was negative and the solution was refluxed 
for 1 h. After removing the methanol (rotary, finally at 
0.5 mm), the residue was stirred with ether (500 ml) and 
water (100 ml) while excess sodium bicarbonate was 
added. The ether layer was washed with aqueous bicar- 
bonate, dried (Na2S04), and the ether was distilled off. 
The residue was distilled to 95' at 0.2 mm. Yield: 94 g 
(90%) (8, 31, 56, 5) or 50% of the 5-bromo ester. 

Levulinic acid (29 g), methanol (500 ml reagent grade), 
and bromine (40 g) by the same method gave 45 g (86%) 
(8, 28, 61, 3) or 52% of the 5-bromo ester. 

Methyl 5-Bromoleoulinate 
The crude product (396 g) (8,28,56,8) was distilled 

through a 12 in, vacuum jacketed Vigreux column at ca. 
0.1 mm, collecting seven fractions between 40 and 85": 
I :  116g (35,62,3,0): 2: 44g (1,88,11,0); 3: 18g(0,6,92,2); 
4: 89 g (0,0,96,4); 5 :  78 g (0,0,93,7); 6 :  (0,0,72,28); 
7: (0,0,5,95); residue (0,0,3,97). 
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The fractions 4 and 5 were combined and fractionated 1. S. LARTILLOT and. C. BARON. Bull. SOC. Chim. Fr. 
again in the same way to give successively 8 g (i 1, < 1, 3798 (1966). 
99, O), 103 g (0,0,99,1), 35 g (0,0,97,3), 16 g (0,0,80,20) 2. U. R. HEARN and M. E. WILDFEUER. Anal. Biochem. 
etc. The first three distillates came over a t  55-64 and 2, 140 (1961). 
were combined as the product (146 g (0,0,98,2)), a stable 3. P. T. FRANGOPOL, A. T. BALABAN, L. BARLADEANU, 
(sic) colorless oil; n.m.r. (CDCI3): z 6.00 (s, 2H, CH,Br), and E. GIORAKESCU. Tetrahedron, 16, 59 (1961). 
6.33 (s, 3H, OCH,), 7.19 p.p.n~. (m, 4H, CH2CH2); 4. D. GURNE and D. SHEMIN. Science, 180, 1188 (1973). 
yield from levulinic acid 30%. 5. E. PICHAT, M. HUCLEUX, and M. HERBERT. Bull. Soc. 

Anal. Calcd. for C,H,O,Br: C, 34.48; H, 4.43; Br, Chim. Fr. 1750 (1956). 
38.23. Found: C, 34.22; IS, 4.19; Br, 38.41. 6. D. SHEMIN. In Methods in Enzymology. Vol. 4.. Edited 

The rnethyl f3-(2-amino-4-thiazolyl) propionate from by S. P. Colowick and N. 0. Kaplan. Academic Press, 
i t  had 1n.p. 97-98.5" (corr.) (lit. (8) 96-97.5"). New York. 1957. p. 648. 

7. M. GAUDY and A. MARQUET. Tetrahedron, 26, 5611 
5-Brornolerolinic Acid (1970). 

The above ester was stirred to solution in 10 parts of 8. C. RAPPE. Ark. Kemi, 13,425 (1959); 14,467 (1959); 
POX hhydrobromic acid at 20'. The acid was extracted into 20, 51 (1963). 
ether, the ether was removed, and the residue was re- 9. H. PAULY, R.  GILMOUR, and 6. WILL. Ann. Chem. 
crystallized from benzene-hexane as colorless plates, m.p. 403, 119 (1914). 
79-80' (corr.) (lit. (1 1) 79-80'). 10. R. Vv'. WYNN and A. H. CORWIN. I. Org. Chem. 15, 

Anal. Calcd. for C5H703 Br: C ,  30,80; H, 3.62; Br, 203 (1950). 
40.99. Found: C, 30.92; H, 3.63; Br, 40.81. 11. L. WOLFF. Ann. Chem. 264, 229 (1891). 
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Pulse Radiolytic Formation of Solvated Ellectrons, Ion-pairs, 
and Alkali Metal Anions in Te&rahydrofuranl 

Plzysical Chemis t~y  Bmnch, Atomic Etlergy o f  Canada Limited, Chalk Ri1.e~ Nuclerrr Laboratories 
Chalk River, Ontario KOJ IJO 
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G. A. SALMON, W. A.  SEDDON, and J. W. FLETCHER. Can. 9.  Chem. 52.3259(1974). 
Pulse radiolysis of solutions of alkali metal cations in tetrahydrofuran (THFj demonstrates 

the formation of solvated electrons e,-, alkali metal cation - ion pairs (M', e,-), and alkali 
metal anions M- .  This paper describes the spectra, extinction coefficients, and radiolytic yields 
of es-, iithium, sodium, potassium, and cesium species in TFIF. The reaction kinetics are 
colnplex but largely involve reactions A and B 

with the concomitant disappearance of all three species by reaction with radiolytically produced 
radicals. Rate constants and ion-pair dissociation constants for e,- and the sodium and potas- 
sium species are presented and compared with data established from studies of blue solutions 
of alkali metals dissolved in THF. 

6. A. SALMON, W. A. SEDDON, et J.  W. FLETCHER. Can. J. Chem. 5%. 3259(1974). 
La radiolyse pulsee de solutions de cations de metaux alcalins dans Ie tetrahydrofuranne 

(THF) decele la formation d'electrons sol\ratCs e,-, de paires d'ion metaux alcalins ( M L ,  e,-: 
et d'anions de metaux alcalins (M-). Cette etude dCcrit les spectres, les coefficients d'extinction 
et les rendements radiolytiques de %-, et de paires d'ions et anions de lithium, de sodium, de 

ait essen- potassium et de cesium dans le THF. La cinetique de la reaction est cornplexe mais f-' 
tiellement intervenir les reactions A et B 

[A] e,- + M +  (M+,  e,-) 

[Bl ( M f , e , - j  + e,- + M -  

avec une disparition simultanee de toutes les trois especes par une reaction avec les radicaux 
produits d'une f a ~ o n  radiolytique. On etablit les constantes de vitesse et les constantes de 
dissociations des paires d'ions pour e,- ct les esgeces de sodium et de potassium, et on les 
compare avec des donnies deja connues par les etudes faites sur des solutions bleues de mktaux 
alcalins dissous dans le THF. [Traduit par le journal] 

Introduction absorption spectrurn and the conversion of es- 
Numerous investigations of sol~ltions of alkali t0 ( M + ,  es-) and ultinlately M-  can be readily 

metals in amines and ethers have shown that This Paper expands our preliminary 
three species coexist in equilibrium (1-3). These account (7) and describes the spectra and kine- 
species are considered to be the solvated electron t i c ~  of formation a.nd decay of e,-, lithium, so- 
(e,-), the alkali metal cation - ion pair (M+,  dium, potassium, and cesium species in THF. 
es-), and the alkali metal anion M - .  

Pulse radiolysis and flash photolysis experi- Experimental 
merits in ethylamine (4, 5) ,  tetrahydrofuran Detailed accounts of the pulse radiolysis facilities and 

techniques have been described elsewhere (5, 13). Solu- (THF) (6-9)9 2-methy1 THF (lo), dig'yme '1, tions were irradiated in 0.5 to 2.0 cm quartz cells with 0.3 
and dimethoxyethane (DME) (12) have demon- to 1 ps pulses of electrons from a 2.5 MeV Van de Graaff 
strated that each species has a distinct optical accelerator and optical absorptions were monitored using 

fast infrared detectors (14). T H F  was purified and dis- 
'AECL No. 4851. tilled from blue solutions prepared and stored over Na/K 
'This work was carried out while G.A.S, held the post alloy as described earlier (7, 15). 

of visiting scientist CRNL, June-September 1973. Present Solutions of alkali metal ions were prepared by dis- 
address: Cookridge Radiation Research Centre, The solving either (a )  the pure mirrored metal (potassium 
University of Leeds, Cookridge Hospital, Leeds LS16 only), (b) NaIK alloy, ( c )  the tetraphenylboron salts 
6QB. (Na+,  K T ,  Cs+), or (d)  the aluminum hydride salts 
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( ~ i + ,  ~ a + ) .  Sodium tetraphenylboron (NaBq,), Fisher to this dose indicates that the difference can be 
Chen~icals, was used as received. The corresponding for by the decay, in (191, ofe,- during potassiun~ and cesium salts were prepared and purified 
as described previously (16). Sodium aluminum hydride the pulse. 
(K & K Laboratories Inc.) and lithium aluminum hydride At the doses used in our study (200 to 1250 
(J. T. Baker Chemical Co.) were "purified" under vacuum 
by dissolving in THF, filtering the residue, and then 
evaporating to dryness. Both salts were stored in a drybox 
and appropriate quantities transferred under vacuum to 
the flow system (17). 

Results and Discussion 
Pure THF 

Figure 1 (open circles) shows the spectrum of 
e,- observed immediately after an - 1 krad 
pulse. This is in good agreement with the normal- 
ized spectrum (solid line) obtained previously by 
Dorfman et al. (18, 19). Correcting for decay 

rads) the decay of e,- was essentially first order, 
but the quality of the first-order plots was some- 
what better at  the smallest doses. The observed 
first-order rate constant increased from 1.25 x 
lo5 to 4.5 x lo5 sC1 (see inset to Fig. 1) over the 
range of doses studied. Jou and Dorfinan (19) 
using either shorter pulses or larger doses/pulse 
observed a significant second-order component 
to the decay of e ,  and concluded that k ,  = 2 x 
1012 M-1 s-1 , where k ,  is the rate constant for 
the homogeneous reaction between free e,- and 
cations derived from THF.  - 

during the pulse (- 10z)  and taking GeS - = 0.39 
(6, 19), we obtain ~ ( e , - )  = 5 + 0.5 x lo4 M - '  i l l  e,- + THF(H)+ - Product 

cm-' at 2000 nm. This is to be compared with 
~(e,-),,,, .., = 4 + 0.8 x 104 M-I  cm-' (19) 
obtained by measuring GE at 1000 nm, extrapola- 
ting to Lero pulse length, and then normalizing 
to the maximuin at  2100 nm. Although the agree- 
ment is within experimental error it is significant 
that in our work using a 300 ns pulse GE remains 
constant over a dose range of 200 to 1250 rads 
and is about twice that measured previously (19) 
for a corresponding pulse length. 

The doses/pulse used in the latter work were 
not stated explicitly but the beam currents used 
indicate that the doses delivered by the 400 ns 
pulse were probably about 10 krad. Extrapola- 
tion of our data on the decay of e,- (see below) 

I I I I l l  1 1 '  - I 

(nm) 

FIG. 1. Transient absorption spectrum of e,- ob- 
served immediately after the pulse in pure THF.  Open 
circles, this work; solid line, normalized spectrum ob- 
tained previously (18, 19). The inset shows the observed 
(uncorrected) first order rate constant for the decay of 
e,- as a f~~nc t ion  of doselpulse (see text). 

We therefore assume that this reaction is occur- 
ring but at  the doses employed in this work sig- 
nificant deviations in the linearity of the first 
order plots are not discernible. 

The decay of a light absorbing species by a 
mixed order process is given by eq. C (20) 

where A ,  is the absorbance at time t ,  A' the ab- 
sorbance at t = t ' ,  k ,  and k, ,  first and second 
order rate constants, E the extinction coefficient 
of the light absorbing species, and I the optical 
path length of the cell. We therefore treated our 
data using eq. C, and the method of least squares 
refinements (21) in  order to obtain the best fit 
values of k ,  when substituting k , ,  = k ,  = 2 x 
10" M -' s f '  (see above). 

This treatment produced fits of our data on 
the decay of e,-, as judged by C(de~ia t ions )~ ,  
which were significantly better at  the higher doses 
than were obtained on the basis of a simple 
first-order decay. The values of k ,  obtained \\ere 
proportional to dose (see Fig. 2) and we assign 
this decay process to the reaction between e,- 
and radiolytically produced radicals (reaction 2). 

[21 e,- + R -t Product 

Since G(e,-) = 0.39 (6, 19) and G ( R . )  - 6.0 (22) 
this process is expected to obey a first-order law 
as observed. On this basis we deduce k ,  = 
d k , l d [ R ]  = k , / [ R ]  = 3.0 x 101° s-'. 
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DOSE / R A O S  

FIG. 2. Corrected pseudo first order rate constant for 
the reaction of e,- with rad~olytically produced radicals. 
The results were deduced from the original data using eq. 
C and the method of least squares refinements (see text). 

THF Containing Salts o j  Tctr.aphenylboror~, 
Optical Absorption Spectra 

Figure 3 shows the transient absorption spec- 
tra obtained in solutions containing M 
NaBq, and saturated solutions ( < 7  x M) 
of KBq, and CsBq, respectively. The actual 
concentrations of the latter two salts were not 
established in view of their limited solubility in  
THF. 

The spectrum obtained in NaBq, solutions 
has been assigned to the sodium cation - electron 
pair (Naf ,  es-) formed in reaction 3. The line 
drawn through our experimental points (open 
circles) represents the normalized spectrum pre- 
sented by Bockrath and Dorfman (6). 

FIG. 3. Ion-pair absorption spectra observed in solu- 
tions containing lo-' M NaB9, and saturated solutions 
( 5 7  x M) of KBq, and CsBp, respectively: 
0, (Na+, e,-); A, ( K + ,  e,-); and 0, (Cs+, e,-). The 
solid 11ne drawn through our data (open circles) repre- 
sents the spectrum of (Na+,  e,-) presented by Bockrath 
and Dorfman (6). 

As in the case of Naf the precursors of the tran- 
sient species obtained in KBq, and CsBq, were 
found to be e,- and the corresponding cations 
K +  and Cs', respectively. Therefore we assign 
the absorption bands with maxima at 1125 and 
1400 nm to the corresponding ion-pairs (Kf, 
e,-) and (Cs', es-). Hitherto complete spectra 
for the latter species have not been obtained but 
a flash photolysis study of (tetracene2-, 2Kf )  in 
2-methyl THF (10) gave a broad absorption with 
a maximum at 1100 nm attributed to (K', es-). 

Reaction Kinetics and Molar Extinction 
CoefJicients 

Rate constants for the formation of ( ~ a ' ,  
e,-) and (K', e,-) were determined by observing 
the pseudo first order decay of e,- at either 1650 
or 2000 nm. The concentrations of Naf and Kf  
were deduced using the known dissociation con- 
stants of 8.22 x and 3.22 x M for 
NaBq, and KBq, respectively (16). Salt concen- 
trations (4 to 7 x M) were adjusted to give 
a halflife for reaction 3 of about 150 ns, i.e. - 10 
times shorter than the decay of e,- in pure THF 
using doses < 1 kradlpulse. At these low concen- 
trations the salts are almost completely dissocia- 
ted and hence possible reactions w ~ t h  the undis- 
sociated form were ignored. However, unlike the 
situation in pure THF the absorption of es- does 
not decay completely in solutions containing pM 
concentrations of Na' but reaches a constant 
value (see below) some 2 ps after the pulse. Rate 
constants were therefore deduced from linear 
plots of -log (OD, - OD,) us. time where 
O D ,  represents the optical density after -2 ps. 
The average value found for Na ', k ,  = 7.8 + 
0.7 x 10" M-'  s-' is in excellent agreement 
with the earlier determination of 7.9 f 0.7 x 
1011 ~ - 1  s - l  obtained by monitoring the for- 

mation of (Na', e,-) (6). For K f  the reaction is 
slower with k ,  = 4.6 f 0.6 x 10'' M-'  S-'. 

Experiments with Cs' were not attempted be- 
cause of the significant spectral overlap of the 
e,- and (Csf,  es-) absorptions. However the 
corresponding rate constant must be of similar 
magnitude since the formation of (Csf,  es-) is 
complete in -500 ns in solutions containing 
1.15 x M CsBq, (K,,,, = 1.87 x M 
and therefore Cs' = 1.37 x M (16)). 

The molar extinction coefficients E(N,+,,s - ,, 
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This can be compared with K,, = 1 x M 
deduced from e.s.r. data presented by Catterall 
et  al. (24) and since k ,  - k-, ,  = 4.6 x 10" 
M- '  s-I then k,, = 9 x lo4 s - I  t o  4.6 x lo5 
s - l .  
Decay Kinetics of ( M ' ,  e,-) 

The ion-pair decay kinetics have not been in- 
vestigated in detail, but whereas at  low concen- 
trations (< 10-' M) of the tetraphenylboron 
salts we find the kinetics to  be first order as stated 
previously (6), a t  higher salt concentrations 

M) and larger doses (up to 1.5 krads) 
mixed order decays were observed. Unlike pre- 
vious pulse radiolysis studies in ethylamine (4, 
5) or flash photolysis in DME (12) the ion-pair 
decay is not associated with the concomitant 
formation of M - ,  except in solutions also con- 
taining sodium aluminum hydride (see below). 

In the absence of aluminum hydride ion the 
reactions probably involved in the decay of 
(M', e,-) are [6], [8], and [I I]. 

[I 11 (M +, e,-) + R. + M + + Product 

For  lo\$ concentrations of M i ,  G(M+,  es-) 
-0.4 and since G(R) - 6.0 (22) the decdy of 
(M', e,-) will be approx~n~ate ly  first order as 
obse r~ed  Our datd a t  low salt concentrations 
and lo\$ doses lndlcate that the \ d u e s  of k , ,  for 
(Na-.  e,-). (K', e,-), and (CsS, e,-) are ap- 
proximately 9.5 x lo9, 5 x 10LO, and 4 x 10" 
M -  ' s- ' respect~vely. but the latter two \ alues 
are upper llmits only slnce solile second-order 
component probably remains. 

THF Sol~itioizs Cotztairzing K -  and Na- 
Blue solutions of alkali metals in ethers were 

first reported by Down et al. (25, 26). Since that 
tinie solutions of potassium in T H F  and D M E  
have been studied by electrical conductance (27). 
optical absorption (15, 24, 27, 28), and e.s.r. 
(12, 24). Sodium alone is insoluble in THF (and 
DME) but is carried into solution in the presence 
of potassium. Optical spectra of potassium solu- 
tions prepared in quartz cells (28). or in the 
presence of crown compounds (3), show a maxi- 
mum at 900 * 10 nm. However, in Pyrex cells 
(24). solutions of Na/K alloy (26), or sol~ltions 
containing sodium plus crown compounds (3), 
the maximum is shifted to 715 1 10 nm. I t  is 
nou  accepted that these spectra correspond to 
species of stoichiometry M -  and are generally 
considered to be the alkali metal anions K -  and 
Na- ,  respectively ( I ,  2, 28). 

FIG. 5. Optical spectra of N a  and K -  obserbed in 
THF. Solid line, this hark, spectrum obtained in Na K 
alloy solutions, sol~rbility -2-3 p M ;  dotted line repre- 
sents the spectrum of N a  o b s e r ~ e d  by ourselves in solu- 
tions containing NaAIH, (sce text and (7)). The solid 
circles represent the calci~lated spectrum corresponding 
to 7 5 z  N a  and 25% KK- assuming identical extinction 
coefficients for both species. K - ,  all spectra obserred in 
potassium solutions: solid line, this work, solubility -2 
p M ;  dotted line, Eloranta and Linschitz ( 1 5 ) ;  x , Hurley 
er ul. (28). 

In Fig. 5 our spectra are compared with those 
obtained previously. The agreement for K-  is 
good but it is noticeable that the spectrum ob- 
tained with NaIK alloy is broader toward longer 
wavelengths than that due to Na- obtained by 
pulse radiolysis (7) and in the presence of crown 
compound (3) (see Fig. 8). This difference sug- 
gests the NalK alloy spectrum contains both 
N a  and K with the latter present to about 
2 5 5 .  

Flash photolysis st~idies of K -  in DME (12) 
have been explained in terms of the production 
of e,-, the intermediate formation of (K', e,-), 
and the ultimate regeneration of K via a second 
order process involving e,- and (K', e,-). 

Similar studies made earlier in T H F  and DME 
(15) \yere interpreted as resulting from photo- 
dissociation of doubly trapped electrons (e,2-) 
followed by recombination to an intermediate 
triplet state of e,2- and finally recovery back to 
the original singlet. Current knowledge suggests 
that this earlier work should be re-interpreted in 
terms of the species K and ( K f ,  e,-). These 
results suggested to us that a similar process 
ought to occur with radiolytically produced e,-. 

Figure 6 shows oscilloscope traces monitored 
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FIG. 6. Bleaching of K -  observed at 900 nm in THF. 
Scale factors refer to trace B, cell length, 0.5 cm. Picture 
1, doseipulse = 2.7 x eV/I-' ; picture 2, dose/pulse 
= 1.2 x I O l 9  eV;l-' ; picture 3, dose:pulse = 6.7 x 
1OI9 evi l - ' .  

at 900 nm for THF solutions saturated with 
potass i~~m at room temperature and subject to 
doses ranging from - 50 to 1000 rads per pulse. 
Taking&,,, = 1 x 10' A4-l c m l  (5) the initial 
optical density corresponds to a K -  concentra- 
tion of 2 x M. The traces show an initial 
rapid bleaching of K -  followed by a I I I L I C ~  slower 
partial recovery of the original absorption. The 
extent of recovery is markedly dose dependent 
and is not observed at doses of - 1000 rads/ 
pulse. The yield of bleaching ~ n e a s ~ ~ r e d  after - 100 11s decreases significantly with increasing 
dose but for doses 6 100 radsjpulse is reasonably 
constant giving G( -K- )  = 4 & 0.4. This value 
does not represent the maximum yield since 
some 25:z of K -  is being reformed in a period 
of 2.8 nis (Fig. 6). Nevertheless this yield indi- 
cates that the bleaching is not simply due to a 
reaction of K -  with, for example, cations 

[I41 THF(H)' + K- -, (Kt ,  e,-) i- T H F  + H 

since G(THF(H)+) = GeS - = 0.39 (6). We there- 
fore suggest the only reasonable alternative must 
involve the oxidation of K-  by radiolytically 
produced radicals (R). Cherniak et al. (22) 
estimated G(R) - 6 from the reduction of FeCI, 
in the y-radiolysis of THF. Our results show 
G(R) > 4 and hence K- to be a stronger re- 
ducing agent than R in THF. 

At  very low doses (< 100 rads/pulse) the rate 
of disappearance of K- is approximately first 
order. Assuming [K-] = 2 x M we then 
estimate k , ,  - 2.5 x 10'' M - I  s-'. 

1151 K- + R + (K+, e,-) + Products 

We propose that the reaction scheme for bleach- 
ing of the K- solutions includes reactions 12 
and 13 proposed by Glarum and Marshall (12), 
reactions 2 and 14, and the radical reactions 11, 
15, and 16. 

Using this mechanism we have utilized the com- 
puter program WR 20 (29) to calculate the con- 
centrations of a11 the species taking part in the 
simultaneous first and second order reactions 
occurring during and after the pulse. The pro- 
grams require for input data a list of the species 
taking part in the chemical reactions, the reac- 
tion rate constants, radlatlon y~elds 

- u 

the 

FIG. 7. Reproduction of oscilloscope traces showing 
the bleaching of K in THF. The open circles represent 
the computed values based on the mechanism and pa- 
rameters described in the text and Table l ;  ( I )  dose/ 
pulse = 3.2 x eV/1-I, (2) dose/pulse 1.0 x loL9  
eV/I-', (3) 3.2 x l o t 9  eV/l-'; cell length, 0.5 cm. 
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TABLE 1. Reactions and rate constants used in the computer simulation of the K 
bleaching experiments. 

Reaction 

[4], [-lo] e,- + K +  + (K+,  es-) 
[I41 THF+ + K -  + ( K f ,  e,-) + T H F  
[lo] (Kt ,  e,-) + e,- + K +  
[I31 (K+,  e,-) + e,- -t K- 
[21 e- + R -t Products 
~ 1 5 1  R + K- + (K+ ,  e,-) + Products 
[I11 R + ( K + ,  e,-) -t K +  + Products 
1161 R + R + Products 

Rate constarit" 
-. 

4.6 x 12:' h l - I  s - '  (4.6 x 10") 
1.0 x 1C1! ~ W - ' S - ~  
1.6 x 10's- '  (0.9 to 4.4 x lo5) 
1.0 x 1GZ0 M - I  s-' 
6 x 10l0 IM-I s- '  (3 x l o t0 )  
2.0 x 101° M - I  s- '  ( -2.5 x 10") 
2.0 x 101° M - '  s-I ( 1 5  x 10") 
5.0 x lo9 M- I  S - I  

*The values in parentheses correspond to those presented, measured, or estimated in this work. 

primary radiolysis products, the initial concen- 
tration of species, extinction coefficients of the 
abaorbing species, and the dose per pulse. We 
have therefore sought to check the validity of the 
above reaction sequence by comparing the com- 
puted result with the experimental observations. 
Figure 7 curves I to 3 show reproductions of the 
experimentally observed transient signals as a 
function of dose per pulse. The computed points 
(open circles) superimposed on the traces were 
calculated using G,? - = G,,,(,+, = 0.5, G, = 

5.5, E;;, ,,, = 1 x lo5, E&;,K,,%:;-) = 2.0 x lo4, 
and &',hi ,,,, = 1.0 x lo4 M -  ' cm- ', respec- 
tively. Initial concentrations of e ,  and ( K f ,  
eSp) were taken as 4.3 x and 8.6 x 
M (24), and K-  as 2 x M. Reactions and 
rate constants are summarized in Table 1.  The 
inclusion of reaction 17 

[I71 (K', e,-) + (Kt, e,-) -t K -  + K i  

requires unreasonably low values of k , ,  (< lo9 
M-1 s- '  ). This suggests, as noted previously 
(12), that reaction 17 is not a significant process 
in the recovery of K - .  

Although the agreement between experiment 
and calculation is good we do  not claim that this 
represents a unique solution. However, we be- 
lieve it illustrates the importance of radical 
reactions and their high reactivity with e,- and 
alkali metal species in the radiolytic system. 

Solutions of THF Contairling NaAlH, 
Figure 8 shows the absorption spectra ob- 

served in saturated solutions (-1 M )  both 
immediately after the pulse and 750 ps after the 
pulse. Apart from the sligilt shoulder at  -720 
nm the spectrum observed at the end of the pulse 
is very similar to that observed in NaBq, solu- 
tions (Fig. 3) and hence is attributed to ( N a f ,  
e,-). The species remaining after 2750 ps has a 

FIG. 8. Absorption spectra observed in -1 M soh-  
tions of NaAIH, in THF. A,  immediately after the pulse; 
0, 0 different experiments, 750 ps after the pulse. The 
solid line drawn through the triangles represents the nor- 
malized spectrum (our data) of (Na+,  e,-) from Fig. 3. The 
dotted line represents the spectrum of Na- obtained by 
Lok er ul. (3). The upper inset (trace B) shows a transient 
signal observed at  725 nm, dose/pulse 1.27 x loZ0 eV/l-I, 
and- the lower inset a corresponding signal at 1050 nm, 
dose/pulse 1.27 x loZ0 eV/l-'. Cell length in both cases, 
2.0 cm. In both cases trace A shows the profile of the 
analyzing light (with the transient signal superimposed at  
lower gain) at a sweep speed of 100 ms/division. 

spectrum corresponding to that of Na- (see 
earlier disc~lssion and Fig. 5). The shoulder on 
the initial ( N a f ,  e,-) spectrum is therefore attri- 
buted to a small contribution from Na-.  Also 
shown as insets in Fig. 8 are oscilloscope traces 
of signals observed at 725 and 1050 nm. At the 
latter wavelength where the absorption is pre- 
dominantly due to (Nat ,  e,-) the decay is com- 
plete in - 1 ms, but that part of the signal at 725 
nm due to Na- is very long lived (> 1 s). 

As with LiAIH, (30) the yield of e,-, moni- 
tored in our case as (Na', e,-), increases with 
increasing concentrations of NaAIH, to a maxi- 
mum G(e,-) = 2.0 * 0.1 in saturated solutions 
(Fig. 9). However, in -0.4 M LiAlH, solutions 
G(e,-) = 2.6 (30). Assuming es- does not react 
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2 5 I I I lo-' M NaBq, solution we observe G(Na', 

e,-) = 1.8 indicating that both NaAiH, and 
NaBq, cause an increase in the yield G(Naf ,  
e,-) by reducing the rate of geminate recornbina- 
tion processes with the T H F  positive ions. 

It seems iikely, therefore, that the major dif- 
ference between these solutes !ies in the nature of 
the products of reactions 7 and 21. 

[ Z l ]  T H F ( H ) +  + AIPI,- AIHj  + THF 4- Fd, 

It may be that whereas reaction 21 yieids prod- 
ucts which are unreactive towards (Na', e,-) 
and \~lhich d o  not yield radica!~ by reaction with 
T H E + ,  reaction 7 may yield Bq, radicals, which 
probably react by reaction 8, and H atoms, 
which would react with the solvent to generate 

I - 
! 

0 0 1 0  2 . 0  3.0 4 . 0  
free radicals. 

Using the computer program WR 20 (29) and 
4 + l c g ( ! N a A I H 4 j i M )  taking G(ej-) = 2.0, G(R) = 2.5, and assuming 

FIG. 9. Yield of ( N a - ,  e,-) as  a f~ t~ ic t ion  of NaAIH, THF(H)' is removed rapidly by reaciio:~ 21 vde 
concentration in THF. have attempted to fit by computer calculations 

the experimental traces observed at 725 and 90C 
with the undissociated salts this suggests that nm. Figure 10 shows the computed points 
NaAlH, is less dissociated that LiAiH, in THF. (crosses) superimposed on reproductions of the 
Since k ,  (e,- + N a + )  is k n o ~ n  the concentra- experimental traces. Table 2 summarizes the 
rion of Na' can be deduced from the e ,  half reactions, rate constants, and extinction coefi- 
lives in solutions containing different initial con- cients used in the calculations. 
centrationsnf NaASW,. Using this technique we It is significant that if reaction 22 is omitted 
estimate K , ,  = 1 i 0.2 x lo-' M. it is impossible to predict the correct yield of 

N a  unless K, - lo-, IW, a value which is in- 
:I81 NaAlH, N a +  + AIH,- com~a t ib le  with our estimate of - iW (see 

Fro111 the data in (30) and assuming k ( e ,  + earlier) or that of Fisher et al. ( 3  x 1W8 M )  

Lii)  - kie,- + Na') then one can deduce @' 
K, ,  3 1 x h.1. [22] (Na- ,  e,-) + ( N a + ,  e,-) + N a +  + N a -  

In the preliminary \+ark (7) it nas  suggested 
that the difference between NaAIH, and NaBq, 
hinged on the capacity of the former to (a) In- 
crease G(e,-) and hence G(Na+,  eSp), (b) to ex- 
tend the lifetime of (Na', es-)  by eliminating its 
reaction with THF(H)+,  and (c) to reduce the 
yield of radicals formed by the geminate recom- 
bination reaction 20 

These suggestions were apparently supported 
by our finding (7) that in - 1 M NaAlH, solu- 
tions only about 25-f the (Na', e,-) decays 
to produce Na-  whereas a careful examination 
of M NaBq, solutions showed the corrcs- 
ponding conversion to be < 17. However in 

The significance of reaction 22 as distinct from 
the analogous, but apparently much slower, 
reaction 17 in potassiuin solutions (see above), 
may well be important in the predominant for- 
mation of Na-  in solutions containing mixtures 
of Na' and K +  ions (28, 3 1, 32). 

Reaction 23 representing the collapse of so- 
dium ion-pairs into sodium atoms, NaO, was 
proposed by Fisher et al. (8, 9) 

If we exclude this process the computed yield 
of N a  continues to increase slightly rather than 
level off with time as depicted in Fig. 10. Using 
k, ,  = 4 x lo3 s P 1  (8, 9) causes Na-  to con- 
tiiuouslv decrease. Reactions 24 and 25 assume 
that NaO would react in an analogous manner to 
(Na', e,-). Further experiments are 
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SALMON ET AL.: PULSE RADIOLYSIS IN TETRAHYDROFURAN 

TABLE 2. Reactions, rate constants, and extinction coefficients used in the computer 
simulation of the pulse ladiolysis of NaAIH4 solutions in THF 

Reaction Rate constant* 

[3] e,- + Na+ + (Na+,  e,-) 8 x 10" IM-' s- '  (7.8 x 10") 
[9] (Na+ ,  e,-) -t e,- + Na+ 8 x lo4 s-I (0.8 to 2.3 x lo5) 

(Na+ ,  e,-) + e,- -t Na 1 x lO1O ,M-' s-I  
[22] (Na+ ,  e,-) + (Na+ ,  e,-) + Na- + NaT 3 x lo9 M-'  s - '  
[2] e,- + R + Product 6 x 101° M-'  s- '  (3 x 10l0) 

R + Na- + (Na+,  e,-) + Product 2.0 x 1010 M s-I  
[I 11 R. + (Na+,  e,-) + Na+ + Product 1.3 x 1010 M - '  s-I ( -9.5 x lo9) 
[16] R + R + Product 5 x lo9 M-I  s - I  
[23] (Na+,  e,-) + NaO 1.5 x lo3 s- '  (4 x lo3).l 
[24] NaO + e,- + Na- 1 x l oLo  M - '  S - I  

[25] NaO + R + Na+ + Product 1 x loL0  M - I  S - I  

E (M- I  cm-') 
-- 

Species 725 nm 900 nm 

*The values in parentheses correspond to those presented, measured, o r  estimated in this \%ark. 
?Reference 9. 

FIG. 10. Reproductions of oscilloscope traces show- 
ing the formation and decay of (Na', e,-) and Na-  in 
-1 M solutions of NaAIH, in THF. The crosses repre- 
sent the computed values based on the mechanism and 
parameters given in the text and Table 2. ( 1 )  Formation 
and decay monitored at 900 nnl ( I . , , , ,  for (Na+,  e,-)); 
(2) formation and decay monitored at 725 nm O,,,.,, for 
Na-). Dose/pulse 1.27 x loZ0 evil, cell length, 2.0 cm. 

[24] NaO + e,- -, Na- 

[251 Na" + R + N a +  + Product 

necessary to substantiate the significance, if any, 
of this result. 

As in the case of K experiments we do  not 
claim that computer simulation yields a unique 
solution, but again the calculated curves are 
self-consistent with the rate constants, equili- 
brium constant, and extinction coefficieilts de- 
duced in this paper. 

Solut io~s  Cot7taining LiAIH, or LiCl 
T H F  solutions containing LiAlH, \\ere not 

investigated in detail but are worthy of mention 
since unlike previous claims (30) it was found 
that the absorption maximum of e ,  does not 
shift towards shorter wavelengths in the presence 
of LiAIH,. Similar spectra were obtained with 
either LiAIH, or LiCl as  solute, but in both 
cases the spectrum was indistinguishable from 
that of e,- in pure T H F ,  although GE a t  2000 
nm depended on the sol~lte concentration. Thc 
observation by Baxendale et al. (30) of a peak 
a t  900 nm in LiAIH, solutions strongly suggests 
that their sol~ltions mere contaminated by Na' 
ions. 

In  a s a t ~ ~ r a t e d  LiAIH, solution co~ltainilig 
5.4 x 1 0 - 9  NaBv,, GE~, , , ,~  n m  -2.0 x 10, 
a t  the end of 0.3  is pulse. If Kdis, for NaBq, is 
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unaffected by the presence of LiAlH,, t+ -4.5 x 
lo-' s for reaction 3 at  this concentration of 
NaBv, and therefore little absorption due to  
e,- should be observed at  the end of the pulse. 
This suggests that, like the situation in ethyl- 
amine (51, (Li+,  es-) ion pairs are formed, the 
absorption spectrunl of which is indistinguish- 
able from that of e,-. Again further experimen- 
tation is required to verify this suggestion. 

The authors gratefully acknowledge the technical 
assistance given by Mr. F. C. Sopchyshyn, Mr. E. B. 
Selkirk. and Mr. J. J .  Jevcak. 
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Pulse Radiolysis of Liquid Methylamine, Ethylamine, and Ammonia: 
The Yield of Solvated Electrons1 

Physical Chemistry B r ~ n c h ,  Atotnic Energy of  Cnnadn Litnited, Chalk Ri\.er. Nlrclrnr Lllboratorie~, 
Chalk Rii,er, Onturio KOJ 1JO 

Received March 25, 1974 

WILLIAM ARTHUR SEDDON, JOHN WALLACE FLETCHER, FRED CHARLES SOPCHYSHYN, and 
J o ~ h  JEVCAK. Can. J .  Chem. 52.3269 (1974). 

Yields of solvated electrons, G,,-, have been meas~~red  in both the pure and basic solvents 
using biphenyl and pyrene as electron scavengers. In pure methylamine and ethylamine G,?- = 
2.2 i: 0.1 and 1.8, 1 0.1, respectively. However in basic solution these yields more thar, double 
giving G,,- = 4.75 f 0.2, Inliquid NH,andND,a t  - 15"C,GcS- = 3.1, 1 0 . 1 5 a n d 3 . 6  i- 0.2, 
respectively. The latter yields seem independent of base and temperature from - 15 to - 50 C .  
Comparisons with previous work are discussed. 

WILLSAM ARTHUR SEDDOPU, JOHN WALLACE FLETCHER, FRED CHARLES S O P C H Y S H Y ~  et 
J o ~ s  JEVCAK. Can. J .  Chem. 52.3269(1974). 

On mesure les rendements d'electrons solvates, G,,-, dans des solvants purs et hasiques en 
utilisant le biphinylc ct le pyrene comme pieges d'elcctrons. Dans la methylanline et I'ethylamine 
pures, on obtient respectivement G,,- = 2.2 i 0.1 et 1.8, i 0.1. Pourtant, dans L I ~ C  solution 
basique, la valeur de ces rendements est plus que doublee G,,- = 4.75 i: 0.2. Dans du NH, 
et ND3 liquide a - 15 "C, on obtient respectivernent G , ,  = 3.1, i- 0.15 et 3.6 + 0.2. Ces 
derniers rendenients ne dependent pas de la base et de la temperature entre - 15 et -50 C. 
On discute ces resultats par comparaison avec ceux obtenus au cours d'etudes anterieures. 

[Trad~rit par le journal] 

Introduction using 0.3 ~s pulses and doses 5 6 x I O l 9  eV I - '  as deter- 
mined by comparison with the thiocyanate dosimeter (6). 

radiO1~sis studies in liquid amines and Dosimetry corrections based on stopping powers per 
ammonia (1, 2) have illustrated that significant gram for 2.2 MeV electrons in H,O, NH,, ND,, 
discrepancies exist in the literature concerning C H ~ N ~ , ,  and C2H,NH2 (7) were within 1% of electron 

the radiolytic yield of solvated electrons in these density corrections using p(NH3) (-15 'C) = 0.659 g 
c m ~ 3  and the ratio p(ND,)/p(NH3) = 1.184 (S), 

solvents. With the exception of our earlier work in p(CH3NH2) = 0,662 and p(C,H,NH,) = 0,683 cm-3 
liquid ammonia (1) little attempt has been made at 20 :c (9). ~t -30 and -50 -c P(NH,) = 0.678 and 
to  measure these yields directly. In the nondeu- 0.703 g cn1r3, respectively (10). Zone refined (Aldrich 

terated solvents the solvated electron, e,-, has a Chem. Co., Inc.) biphenyl and PYrene were used as 

broad absorption band with a maximum a t  received. 

2 1800 nm a t  room temperature (2-4). How- Results and Discussion 
ever, yield measurements at  the peak wavelength The aromatic radical anions B- or P are 
are difficult due to solvent absorption and uncer- formed by attachment of the solvated electron, 
tainties in the extinction coefficients. In this eS-, to the aromatic compound in solution ( 1  1 ,  
paper we have determined the yields G e S  (moll 12). 
100 eV), using the well known electron scaven- 

[I I e,- + B + B- gers biphenyl (B) and pyrene (P) which form the 
corresponding radical anions B- and P- with [2] e,- + P -t P- 

known extinction coefficients. Such reactions are known to be fast and rate 

Experimental constants range from k ,  = 4.3 x lo9 in ethanol 
(12) to k ,  and k ,  = 1.2 + 0.2 x 10'' M-I  s-'  

Detailed descriptions of the experimental procedures in tetrahydrofuran ( T H F )  (13, 14). since extinc- and solvent preparation have been given elsewhere (1, 2, 
5, 6). Solutions were irradiated with 2.25 MeV electrons tion for B- and '- are in 

THF (15), and assuming these are solvent inde- 
'AECL No. 4852. pendent (16), values for G,-- are deduced from 
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FIG. 1. Spectrum of the biphenylide anion observed 
immediately after the pulse in 10- 'M solutions of 
biphenyl in ethylamine. 

FIG. 2. Spectrum of the pyrenide anion observed 
immediately after the pulse in lo-' M solutions of pyrene 
in methylamine. 

measurements of GE (anion) as a function of 
biphenyl or pyrene concentration. 

Figures 1 and 2 show examples of the spectra 
due to B- and P as observed immediately after 
the pulse for solutions containing lo-, M 
pyrene in methylamine and l o p 2  biphenyl in 
ethylarnine. Identical spectra were observed in 
liquid NH, or ND, and all are in good agree- 
ment with previous work in alcohols and ethers 
(12, 17-19). Yields in each case were calculated 
from linear plots of optical density against dose 
for B- a t  407.5 nm and P at 495 nm taking 
EB- = 4 x 104and E,- = 5 x 1 O 4 ~ - ' c m - '  (15). 

Liquid Anlmonia (NH,) at - 15 O C 
Since pyrene was found to be less soluble than 

biphenyl ( ~ 5  x M compared to --lo-, 

FIG. 3. Opt~cal density of the biphenylide ion ob- 
served immediately after the pulse in liquid NH3 at 
- 15 ' C ;  cell length, 2.0 cm; A, 9.9 x M biphenyl 
(B); 0 , 9 . 5  x M B ,  1 x M NaNHZ;  0, 1 x 

M B, 1 x M NaNH2. 

M, respectively) most experiments were done 
using biphenyl. Figure 3 shows examples of the 
optical density of B- (observed immediately 
after the pulse) as a function of dose per pulse, 
biphenyl and sodium amide concentration. 
Similar plots were obtained in solutions ranging 
from lo-, to lo-' M biphenyl and mixtures 
containing 10-"biphenyl and M NaNH, 
to lo-,  M in both solutes. The result of eight 
separate experiments gave G,?- = 3.1, f 0.15. 
The value obtained in biphenyl and lo-,  
M NaNH, was somewhat higher giving GeS- = 

3.4 * 0.1,. 
A single dose study in a solution containing 

1 5  x M pyrene and 5 x M NaNIH, 
gave GeS- = 2.7. 

Liquid N D ,  at - 15 ' C  
Similar experiments to those above were made 

in solutions containing 1 x NaND, and 
biphenyl concentrations from 1 x !OP4 to 
1.2 x M. The results gave GeS- = 3.6 i 
0.2. 

Liquid ND,, - 15 to -50 O C  
Figure 4 shows results obtained as a function 

of temperature and dose per pulse in solutioiis 
containing M NaND, and -lo-,  M 
biphenyl. From the slope we calculate Ge9- = 

3.7, + 0.2. 
The results in NH, and ND, confirm our 

earlier indication (1) of a significant isotope 
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SEDDON ET AL.: YIELD OF SOLVATED ELECTRONS IN PULSE RADIOLYSIS 3271 

FIG. 4. Optical density of the biphenylide ion ob- 
served immediately after the pulse in liquid ND, con- 
taining -lo-' M B and M NaND,; cell length, 
2.0cm; A, -15'C; 0, -30°C; 0, -50°C. 

effect for Ge7- in the ammonia system. A com- 
parable effect has been established in the 
analogous aqueous system where Geq- = 2.6 in 
H 2 0  and 2.9 in D 2 0  (20-22). The effect of tem- 
perature on G,$- in ammonia is, however, 
within experimental error at  - 15 and - 50 "C. 

Considerable discrepancy exists in the litera- 
ture concerning G,-- in liquid ammonia. Values 
range from -0.35 (23, 24), 0.75 (25), 1.2 (26), - 3 (27) to our preliminary measurements (1) of 
3.3 i 0.3 (NH,) and 3.6 i. 0.4 (ND,). After the 
present paper was submitted for publication 
Farhataziz et al. (28) also reported G ,  (,,, = 

3.1 + 0.4. Thus the most recent results all con- 
firm the validity of the higher values. 

Methylanline and Ethylamine 
Figures 5 and 6 show the initial anion yields 

observed in methylamine and ethylamine as a 
function of biphenyl and pyrene concentration. 
The insets iliustrate typical transient signals. 
Although the effect of scavenger concentration 
is more pronounced in ethylamine the end of 
pulse yield, G(anion),, in both cases approaches 
a plateau at  >lo- '  M giving G(anion), = 
GeS-  = 2.2 & 0.1 and 1.8, i 0.1 for methyl- 
amine and ethylamine, respectively. However, the 
addition of base in the form of the corresponding 
alkyl amide, CH,NHM or CH,CH,NHM 
where M = alkali metal (2), results in an addi- 
tional growth and stabilization of the anion ab- 

FIG. 5.  Anion yields observed immediately after the 
pulse in methylamine; A, (biphenyl-); 0, (pyrene-). 
Insets show transient signals observed in a 1.0 cm cell, 
lower left trace B, formation and decay of (biphenyl-); 
dose/pulse 8.2 x l o i 9  eV I - '  ; lower right trace B, forma- 
tion and decay of (pyrene-), dose/pulse 1.2 x loZ0 eV 
I - ' .  In both cases trace A shows the analyzing light pro- 
file and transient signal at  lower gain, abscissa, 500 
ps/div. 

FIG. 6 .  Anion yields observed immediately after the 
pulse in ethylamine: A, (biphenyl-); 0, (pyrene-). 
Insets show transient signals observed in a 1.0 cm cell, 
upper left trace B, formation and decay of (biphenyl-). 
dose/pulse 1.6 x loZ0 eV I - '  ; lower right trace B, forma- 
tion of (biphenyl-) in solutions containing -lo-' M 
biphenyl and 1.6 x M CH3CH,NHK (see text); 
dose/pulse 2.1 x l o t 9  eV I - ' .  In both cases trace A shows 
the analyzing light profile and transient signal at  lower 
gain, abscissa, 500 ps/div. 

sorption. This effect is shown by the oscilloscope 
traces in Fig. 6. 

Quantitative studies of this effect were done 
only in ethylamine. It was shown that in solu- 
tions containing lo-' M biphenyl G(B-), = 

1.8, Jt 0.2, remains independent of base con- 
centration from 6 x to lo-' M. However 
the long time scale yield, G(B-),, is a function of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3272 CAN.  J .  CHEM. 

FIG. 7. Optical density of B ,  observed in a 1.Ocn1 
cell in the presence of various concentrations of potas- 
sium ethylamide: @, 1.6 x M; 0, 8.4 x M; 
0,7.6 x 1 o Z 4 ~ ,  a, 6.7 x 10-4 M, x , 6 . 2  x to-"M. 
The optical densities A and x were monitored 40 ps 
after the pulse (owing to faster decay of B-) and the 
remainder 400 ps after the pulse. The dotted line repre- 
sents the slope corresponding to the yield of B-  observed 
immediately after the pulse, G(B-), = 2.0. 

base concentration. This is illustrated in Fig. 7 
which shows that the optical density of B,-,  
measured 40-400 ps after the pulse, is markedly 
dose dependent at  potassium ethylamide con- 
centrations < M. At 1.6 x M and 
doselpulse 1 4  x I O l 9  eV 1 - '  G(B-), = 4.7, 1 
0.2 (mean of 51 separate measurements) and is 
independent of biphenyl concentration from 

to lo- '  M. 
We suggest that G(B-), = G(e,-) = 4.8 repre- 

sents the ion yield due to scavenging of geminate 
and solvated electrons while G(B-), = G,*- - 2.0 is the free ion or homogeneous yield of 
solvated electrons (29, 30). However G(B-), is 
not observed instantaneously indicating that the 
conversion of geminate electrons to B,- is more 
complex than simple scavenging in the spur. 
Since aromatic radical anions are readily pro- 
tonated (12, 18, 31) it is possible that B- pro- 
duced in the spur could first recombine with the 
geminate positive ion (RHf)  

followed by a slower regeneration step involving 
the solvent base (RNH-) 

l.41 BH. + RNH- -t B- + RNHz 

Although this process is speculative a weak 
absorption (GE -- 2 x 104 M - I  cm-l) with a 
maximum at -- 310 nm is observed 1-2 ps after 
the pulse and may be due to B H  (12, 32). 
Furthermore in solutions containing lo-' M 
biphenyl and 8 x M potassium ethylamide 
this absorption decays at a rate corresponding to 
the concomitant formation of Bt-. 

The marked dose dependence is probably due 
to a second order disappearance of BH., B-, or 
their precursors e,-, ( M t ,  eSp), or M-, with 
positive ions or solvent radicals, R, produced 
during the pulse (33). Increasing concentrations 
of base may inhibit such processes by removing 
the positive ion and/or converting R into a less 
reactive basic form as in ethanol (34). 

We have not attempted any detailed kinetic 
study but note that in ethylamine the rate of 
formation of B,- is (a) first order, (0) increases 
with base concentration, and (c) is independent 
of biphenyl concentration. In base the first 
order rate constant k(Bt-),,, = 3 x lo5 s-'. 

From other work in ethylenediamine (35) it 
has been proposed that the solvent base reacts 
with radiolytically produced radicals to form a 
radical ion which in turn subsequently rear- 
ranges to produce e,-. Alkali metal cations can 
also scavenge e,- to produce ion-pairs (M', 
es-), which in turn can react with biphenyl to 
produce B- (2, 13, 33). With these additional 
complications and the lack of information con- 
cerning the dissociation constants of alkali metal 
alkylan~ides in liquid amines (2), we feel that 
further speculation on the overall mechanism is 
outside the scope of this paper. 

Comparisons wjith Precious Work 
Steady state data obtained from the y radiol- 

ysis of liquid methylamine (36) and ethylamine 
(37), give Ges- = 3.2 + 0.2 and 2.1 k 0.1, 
respectively. In both amines G(H2) = 5.5 F 0.1 
and Geq-  was deduced by observing the decrease 
in G(H2) in the presence of electron scavengers. 
Experiments were not extended to basic solution 
although the addition of acid did enhance the 
yield of hydrogen by a further 0.6. This increase 
was attributed to the scavenging of geminate 
electrons which otherwise would not form 
hydrogen. 
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Our results clearly demonstrate that addi- 8. C. A. HUTCHISON, JR. and D. E. O'REILLY. J. Chem. 
tional e,- can be scavenged, and apparently Phys. 34, 163 (1961). 

more easily, in basic amine solutions. ~ ~ ~ ~ h ~ ~ -  9. Matheson gas data book. The Matheson Co. Inc. 
Matheson of Canada L~mited, Whitby, Ontario. more a value of Ges- 2 4 is self consistent with 1961. pp. 311, 305. 

our earlier work concerning the yield and extinc- 10. E. W. WASHBURN (~ditov-in-chief), International 
tion coefficient of Na-  (GE - 2 x lo5) in the critical tables, Vol. 111. McGraw Hlll Book Co., Inc., 

pulse radiolysis of ethylamine (2). Assuming New York and London. 1928. p. 23. 
11. I. A. TAUB, D. A. HARTER, M. C. SAUER, JR., and Ges- = 4.8 then G,,- = 2.4 and E,,- - 8 to L. M. DORFMAN. J. Chem. Phys. 41, 979 (1964). 

lo lo4 M - l  cm-I which is in good agreement 12. S. ARAI and L. M. DORFMAN. J. Chem. Phys. 41,2190 
with previous measurements (2, 38). (1964). 

By comparison in pure water Ges- = 2.8 at  
120 ns and 3.6 at  7.5 ns after a 5 ns pulse and 
increases to + 5  in the presence of I M OH- 
and 1 M CH,OH (39). This time and concentra- 
tion dependence was explained in terms of the 
diffusion model and competing spur processes 
for e,-. Since lower solute concentrations are 
required in amines our results suggest that the 
time scale for spur processes must be longer than 
those observed in water. In liquid ammonia 
Farhataziz et al. (28), comment that Ges- is 
exceptionally large and, compared to water, 
indicates some difference in the nature of the 
spur processes. Further theoretical studies are 
required to explain this apparent anomaly. 

Decay Kinetics of B-  and P- 
No attempt was made to study the decay 

mechanisms of B- or P- since these are quite 
clearly complex and of mixed order. A few 
points are however worth noting. In a given 
solvent P- decays more slowly than B-. Both 
anions have longer "half lives" in methylamine 
(and NH,) than in ethylamine. An indication of 
these differences can be seen by reference to the 
oscilloscope traces in Figs. 5 and 6. The second 
order component (i.e. dose dependence) of the 
decay is more significant in methylamine than 
in ethylamine. 
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Hydrates des halogenures de gallium. 11' Spectroscopie de vibration 
des complexes coordines GaX, . H 2 0  (X = C1 ou Br) 

JACQUES ROZIERE,' MARIE-THERESE ROZIERE-BORIES, ALAIN MANTEGHETTI 
ET ANTOINE POTIER 

Laboratoil e dea Acides .M~nPrnu.~, ussociP irrl CNRS no 79, Unit,ersitP des Sciences et Techniques 
du Longliedoc 34060 Montpellier, F r ~ n c e  

R e ~ u  5 mars 1974 

JACQUES ROZIERE, MARIE-THISR~SE ROZIERE-BORIES, ALAIN MANTEGHETTI et ANTOINE POTIER. 
Can. J. Chem. 52,3274 (1974). 

GaX,.H,O (X = CI, Br) est un complexe tetracoordine du gallium. Les attributions sont 
faites a partir des hydrates, deuteriates et deuteriates partiels dans I'etat solide. Les modeles de 
base sont OGaX, (C,.) et H 2 0  (C,.), la symetrie maximale du con~plexe peut Etre C, mais elle 
est en rtalite C ,  car les deux liaisons 0-H de I'eau ne sont pas equivalentes. Les frkquences de 
vibration "Ga-On sont identifiees et le champ de force calcule. La liaison de coordination est 
forte et les liaisons Ga-X sont plus courtes que dans les ions GaX,-. 

JACQUES ROZIERE, MARIE-THER~SE ROZIERE-BORIES, ALAIN MANTEGHETTI, and ANTOINE 
POTIER. Can. J. Chem. 52,3274 (1974). 

GaX,.H20 (X = C1, Br) is a tetrahedrally coordinated adduct of gallium. From vibrational 
spectra of hydrates, deuteriates, and mixed crystals, bands assignments are made. Spectra are 
consistent with OGaX, (CgC) and H 2 0  (C,,) groups but the maximum symmetry of the whole 
complex (C,) is lowered to C ,  owing to the nonequivalence of the two 0-H of the water mole- 
cule. The "Ga-0" stretching modes are located and the valence force field of OGaX, skeleton 
is computed. The coordination bond is strong and the halogen-metal bonds are shorter than in 
the tetrahalogenogallate ions. 

Introduction 
Si l'on connait de nombreux composts 

d'addition 1 : 1 entre les haloginures de bore, 
d'aluminum et dc gallium et un ligand, peu 
d'entre eux ont fait l'objet de dkterminations 
structurales. Parmi les plus ricentes, on citera: 

C6H,COCI: + AIC13 (ref. 1) 

H2S: + AIBr, (ref. 2) 

MeZO: + BF3 (ref. 3) 

Etre: (Ga2X,.2H20), (Ga,X,OH-.H,Ot), 
(GaX,-.GaX,(H,O),+) soit du fait de la rela- 
tive pauvrete des spectres, soit pour des raisons 
plus sptcifiques (absence de ponts Ga-X-Ga, 
Ga-0-Ga, etc..). 

Resultats experimentaux 
Sur la fig. 1 ,  on a report6 les spectres in- 

frarouges a - 180 "C du monohydrate de GaBr, 
fortement deuttr i i  (95% D,O, 57, H,O) et 

H,N: -. BF, (ref. 4) ., 
Dans tous les cas, le groupement L-MX, est 

pyramidal, l'atome mttallique occupant le 
centre d'un t i traidre pratiquement rigulier 
form6 par les trois ha loghes  et l'atome donneur 
d'tlectrons. 

I1 est normal d'accepter la mEme struc- 
ture pour les monohydratcs considirts ici; d9ail- 
leurs, une t tude rapide permet d'tliminer 
d'autres structures admissibles qui pourraient 

'La premiere partie de cette Ctude: Hydrates successifs 
du tribrornure de gallium - Equilibres liquide-solide 
doit paraitre au Bulletin de la Societe Chimique de 
France. 
'A q ~ l i  toute correspondance doit Etre adressee. 

FIG. 1. Spectres infrarouges du monohydrate du 
tribromure de gallium: ( a )  fortement deuterie (95% D,O, 
5% H 2 0 ) ;  (b )  faiblement deuterie (5% D,O, 95% H20) .  
Les bandes marquees d'une croix sont dues aux molecules 
isotopiques HOD. 
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ROZIERE ET AL.: HYDRATES DE S HALOGENURES DE GALLIUM 3275 

FIG. 2. Spectres infrarouges et Raman des monohy- 
drates GaX3.H20 au dessous de 500 cm-I:  (a)  spectre 
infrarouge de GaC13.H20 (b) spectre infrarouge de 
GaBr,.H,O (c) spectre Raman de GaC13.H,0 ( d )  spectre 
Raman de GaBr3.H,0. 

FIG 3. Geometrie du complexe GaX3.H,0. Les 
angles autour des atomes de gallium et d'oxygene sont 
supposes tktraedriques. 

faiblement deutkrie (5",D,, 95% H,O) entre 
400 et 4000 cm-'. Sur la fig. 2, sont represent& 
les spectres infrarouges entre 200 et 500 cm-' 
et Raman entre 100 et 500 cm- ' de GaCl,.H,O 
et GaBr3.H,0 B temperature ambiante. Les 
frkquences observtes font l'objet des tableaux 
2 et 3. 

Modele de base et denombrement 
On considere que H 2 0 :  -+ GaX, est un com- 

plexe de coordination tr2s classique oh le 
gallium est a la coordinence 4. Le modele !e 
plus simple est le motif represente ci-dessous 
(fig. 3). 

Les modes de vibration peuvent &tre decrits, 
en premiere approximation, dans l'hypothkse 
des vibrations de groupe. I1 y a alors a con- 
sidkrer ies vibrations du groupe H,O et celles du 
groupe OMX,, puis celles resultant de l'associa- 
tion de ces deux groupes. La symktrie maximale 
de l'ensemble est C, lorsqu'un plan de symCtrie 
du groupe OMX, coincide avec le plan de 
symetrie du groupe H,O. 

On doit attendre six vibrations fondamentales 
pour le squelette OGaX,, toutes actives la fois 
en infrarouge et Raman: deux modes de vibra- 
tion de valence v, et v,,,(GaX,), deux modes de 
vibration de deformation 6, et Gde,(GaX,), un 

mode de vibration de balancement pde,(GaX3) 
et un mode de vibration de valence v(Ga0). Du 
fait de la plus basse symCtrie du complexe, les 
mouvements dCginCrCs du groupe OGaX, 
peuvent kclater en deux composantes. 

Outre les vibrations caractkristiques de la 
molicule d'eau: v,(H,O), v,,(H,O) et 6(H20), il 
existe trois vibrations provenant des mouve- 
ments de rotation de cette m@me molecule: R,, 
R,, R, qui sont respectivement la torsion 
.c(H,O), la rotation plane p(H,O) et le balance- 
rnent o(H,O). 

Etude gCnCrale 
On Ctudiera separkment les vibrations propres 

aux complexes qui sont entrem&lCes dans le 
domaine 100-1000 cm-' et les vibrations in- 
ternes des molCcules H,O, HDO, D 2 0 ,  seules 
prksentes entre 1000 et 4000 cm- '. 
( I )  Vibrations du squelette et librations de I'eau 

(a) Me'thode d'attribution 
Discutant des resultats obtenus en termes de 

vibrations ou de frkquences de groupe, on 
utilisera les trois cr~teres principaux suivants: 
(i) l'effet isotopique du deuterium qui doit 
permettre de diffirencier les librations de l'eau 
des vibrations du squelette, (ii) la substitution 
d'halogene qui a pour effet principal de diffkren- 
cier ies vibrations de valence metal-halogene de 
la vibration de valence v(GaO), (iii) enfin, la 
comparaison avec les spectres de vibration de 
composis voisins, en particulier, les complexes 
d'addition GaX,-ither. 

(b) Discussion 
Librations de l'eau 
La bande intense en infrarouge vers 770 cm-'  

et l'tpaulement vers 480 cm-'  dans le spectre de 
GaCl,.H,O se retrouvent peu dCplacCs dans le 
spectre de GaBr,.H20 mais disparaissent dans 
le spectre de GaCl,.D,O. Seul, l'kquivalent de 
la bande la plus intense est observe vers 585 
cm- ' ;  nous pensons que l'autre bande est 
masquCe par l'absorption v,(GaCI,) a 360 cm-'. 
Le rapport des friquences vH/vD peut &tre com- 
park aux valeurs attendues pour les vibrations de 
rotation d'une moltcule H,O isolee: vH/vD 
(torsion) - 1.41, vH/vD(balancement) - 1.34, vH/ 
vD(rotation plane) 2. 1.39. 

Nous pensons que le rapport isotopique ob- 
serve de 1.32 et l'intensite de l'absorption a 
770 cm-' permettent d'attribuer cette bande au 
balancement o(H,O). L'tpaulement a 480 
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TABLEAU 1. Frtquences infrarouge et Raman du squelette 0-GaX3* 

(a) GaC13 

H20-GaCI, 
Infrarouge Infrarouge 

Et20-GaC13 THF-GaCI, Infrarouge Raman Attributions 

412 415 410 F 418 f vdeg(GaC13) et v(Ga0) 
390 F 404 f 1 

361 3 60 360 ep 364 F v, (GaCI,) 
320 f 320 f 2 pdeg(GaC13) 

155 169 f P ~ ~ ~ ( G ~ C I S )  

140 

Infrarouge 
Et20-GaBr, H20-GaBr3 

- 

Ref. 5 Rtf. 6 Infrarouge Raman Attributions 

*Intensites relatives des bandes: F, fort; M, moyen; f, faible; ep, epaulement. 
?Observe mais non attribue par (2). 

cm-I provient plut6t de la rotation plane 
p(H20). 

Vibrations nze'tal-halogPne 
Au dessous de 500 cm-I,  plusieurs bandes 

infrarouges et Raman ne sont pas sensibles a la 
substitution isotopique mais sont fortement 
dCplacCes par changement d'halogene. Les 
absorptions intenses du compose chlort a 410 et 
390 cm-' se retrouvent Q 305 et 295 crn-' dans 
le spectre infrarouge de GaBr,.H,O. La raie de 
diffusion intense 2 364 cm-I dans le spectre 
Raman de GaC13.H20 se retrouve B 230 cm-I 
dans celui du composC bromt. Ces frequences 
doivent donc correspondre aux vibrations de 
valence mttal-haloghe. La comparaison des 
intensitts relatives de ces bandes en infrarouge 
et Raman, la cornparaison avec de nombreux 
composts L-GaX, oii L est un ligand 
organique (5, 6), nous permettent d'attribuer les 
bandes de plus hautes frequences (intenses en 
infrarouge) aux vibrations provenant de la levee 
de dCgCntrescence de vd,,(GaX3), celle de plus 

basse frtquence (intense en Raman) B la vibra- 
tion v,(GaX,). Dans le tableau suivant, ces 
frtquences peuvent Etre comparees a celles ob- 
tenues par differents auteurs pour des complexes 
L-GaX, (5, 6). (Tableau 1). 

Ceci confirme la structure proposke comme 
hypothhse de depart: l'atome de gallium est dans 
un environnement tCtraCdrique constitut par 
trois atomes d'halogene et l'atome d'oxyg6ne 
provenant de la moltcule d'eau. 

Les bandes observees en diffusion a des frt- 
quences inftrieures B 200 cm-I ne sont pas 
attribuables avec prtcision; elles correspondent 
certainement aux vibrations de deformation du 
squelette: p,,,(GaX,), 6, et G,,(GaX,). 

I1 faut toutefois remarquer que l'tclatement 
des vibrations v,,,(GaX,) thtoriquement prtvu 
n'est pas observe pour les complexes Et,OGaX, 
ou THFGaX, par Greenwood et al. (5) ou Lewis 
et al. (6). Les spectres de ces complexes ont ttC 
obtenus dans l 'ttat liquide ou en solution et on 
peut Etre tent6 d'attribuer l'tclatement observt 
pour GaX,.H,O Q un effet de cristal: coulage 
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TABLEAU 2. FrCquences infrarouge des complexes entre 4000 et 400 cm-'* 
- 

Frequence 

GaC13.H,0 GaBr3.H,0 GaCI3.D20 Ga.Br,.D,O Attributions 

3420 t p  2620 ep 2600 ep 
3290 T F  3290 T F  2460 T F  2460 T F  V, et vaS(H2O) 
3180 Cp 3180 ep 2350 ep 2350 ep 26(H20) 
2380 M 2350 M 1800 f 1770 f &(Hz01 + w(HzO) 
1615 M 1605 M 1185 M 1175 M 6(H2Q) 
770 F 750 F 585 F 570 F w(H2O) 
480 ep 475 ep P(HZO) 

440 T F  418 T F  v(Ga0) 
410 T F  410 T F  vd,,(GaCi,) + v(Ga0) 

*Intensites relatives des bandes: TF, tres fort; F, fort; M, moyen; f, faible; ep, epaulement. 

TABLEAU 3. Bandes provenant de HDO en dilution dans le spectre de GaCl,.H,O. Dans le spectre 
isotopique infrarouge, ce domaine est obscurci par la vibra- 

tion v,,,(Ga~l,) particuli6rement intense et il est 
CaBr3 .HD0 GaCi3 .HDO probable que la vibration metal-oxygkne est ici 

3305 v(OH) masquee par cette bande dont le maximum se 
3270 3275 1 situe vers 410 cm-'. On peut remarquer que 
2800 2840 ' 2 a(HD0) 17intensitC de cette bande doit Etre ~articulikre- 
2465 2470 1 v(OD) ment faible en diffusion puisque rien n'apparait 
2435 2440 ) 
2070 2100 a(HDO) + w(HDO) entre 420 et 500 cm-I dans le spectre Raman de 
1420 1445 a(HD0) ces complexes. 
640 655 w(HD0) 

(11) Vibrations internes de l'eau 
( a )  Me'thocle d'attributiorz 

intermolCculaire ou effet de site. Etant donne Dans le domaine entre 4000 et 1000 cm- 1, on 
''ecart assez importallt pour 'es deux cornPo- n'attend que les vibrations internes de la 
santes (17 cm- ' en moyenne pour GaCI,.H,O, cule ,eau, 
15cm- '  pour GaBr,.H,O), on peut penser 
plut8t B UII effet de site &cornpagnC d'une dis- 
torsion appreciable des groupes terminaux 
GaX,.3 

Localisation de la cibration (CaO)  
11 existe peu de donnCes dans la bibliographie. 

Carty et a/. (7), dans I'ion [ G ~ ( M ~ , S O ) , ] ~ + ,  la 
situent entre 400 et 500 cm-l .  Ici, on peut 
utiliser les deux critires suivants: absence de 
diplacement par substitution d'halogkne et 
deplacement isotopique puisque cette vibration 
peut &tre considCrte comme une des trois trans- 
lations de l'eau. 

Dans le spectre infrarouge de GaBr,.H,O, 
une bande tr6s intense, dont le maximum se 
situe vers 440 cm-l ,  glisse vers 41 8 cm-' dans le 
spectre de GaBr,.D,O; le rapport des frequences 
( p  -- 1.05) est tout B fait compatible avec celui 
attendu pour une des translations de l'eau. 11 
est plus difficile de localiser la vibration v(Ga0) 

3Les auteurs tiennent a remercier l'un des rapporteurs 
pour avoir attire leur attention sur ce point. 

TABLEAU 4. Champ de force de valence des motifs 
0GaX3* 

Constantes de forces principales 
/c(GaO) 1.43 1.48 
F(v,(GaX3)) 2.25 2.05 
F(vd~g(GaX3)) 2.14 1.90 
F(adGaX3)) 0.55 0.50 
F(adcg(Gax3)) 0.50 0.43 
F(pde,(GaX3)) 0.50 0.43 

Constantes d'interactions 
v(Ga0) ++ v,(GaX,) 0.20 0.30 

v,(GaX3) tt 6,(GaX3) 0.30 0.20 
v(Ga0) ++ 6,(GaX3) -0.20 -0.35 

vdeg(GaX3) 6deg(GaX3) -0.29 -0.28 
vdeg(GaX3) ++ pdeZ(GaX3) 0.29 0.28 
Gde,(GaX3) * pdLg(GaX3) 0.02 

*Les constantes de forces correspondant aux differentes vibrations 
de groupes sont donnees en: dynlcm pour les vibrations de  
valence, lo-" dyn cm/rad2 pour les vibrations de deformation, 

dyn/rad pour les interactions valence-deformation. 
Les constantes de forces de liaisons et d'angles peuvent &re obtenues 

a partir des valeurs de ce tableau par des relations simples telles que: 
k(GaX) = [F(v,(GaX3) + 2F(vd,,(GaX,))1/3. 
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Plusieurs facteurs sont susceptibles de modi- Bandes de HDO, H,O et D 2 0  en dilution 
fier le spectre de l'eau dans un sel hydrate: isotopique, environnenzerzt et synze'trie de 
liaison hydrogene, effet de coordination de la mole'cule d'eau 
l'atome d'oxygine sur le metal, multiplicite des A faible concerztration de deuterium ou 
bandes due, soit l'interaction entre mo1Ccules d'hydrogene ( 5 z  H 2 0 ,  95% D 2 0  et 5% D 2 0 ,  
d'une mEme maille (effet de correlation), s,oit a 95% H 2 0 ) ,  les trois vibrations fondamentales 
l'existence de moltcules d'eau non equivalentes des molecules H D O :  v(OH), v(0D) et 6 donnent 
a l'intirieur de la maille cristalline. La methode des bandes simples a temperature ambiante. A la 
des cristaux mixtes (obtenus par dilution iso- temperature de l'air liquide, les vibrations de 
topique) deja dicrite par Falk et coll. (8) permet valence v(0H) et v(0D) Cclatent en deux com- 
de supprimer le couplage intermoleculaire et de posantes (3305 cm- l ,  3270 cm-'  pour v(0H) et 
mettre en evidence l'existence (ou la non exis- 2455, 2435 cm-I  pour v(0D) dans le bromure). 
tence) de molecules d'eau non Cquivalentes. Les rapports isotopiques pour les deux fre- 
Cette methode a, de plus, I'avantage de prkciser quences sont tres voisins (1.342 i 0.001 et 
la geometric de la moltcule d'eau et de differen- 1.347 i 0.001). Ce phtnomkne est dti a l'exis- 
cier les vibrateurs O H  (ou OD), deux vibrateurs tence de deux groupes OH distincts dans le cristal. 
differents donnant naissance a deux bandes L'application de la regle de Badger (9) conduit 
v (0H)  (ou v(0D)). a une difference de distance 0-H de l'ordre 

(b)  Discussion de 5 x A. Ces deux groupes distincts 
Spectres des compose's hydroge'ne's peuvent provenir, soit de l'existence de deux 
Dans les spectres infrarouges des deux hy- especes de molecules d'eau differentes mais 

drates, les bandes, qui apparaissent 3290 et symetriques, soit d'une seule espece de molCcule 
1615 cm- '  (1605 cnl-'  pour GaBr, .H20),  sont d'eau asynlttrique. 
dues aux vibrations de valence et de deformation. Pour des corzcentrations plus e'leve'es de 
Aucune de ces deux bandes ne semble dkdoublee, deuterium ou d'hydrogene, l'apparition d'un 
m&me a basse temperature ( -  180 "C). 11 apparait seul pic pour la dtformation d'une molecule 
seulement un Cpaulement a la premiere vers H 2 0  ou D,O isotopiquement isolie prouve 
3180 cm-'  q u i  semble correspondre 2 l'har- l'existence d'un seul type de mole'cule distordue 
monique 2 6(H,O). Une bande additionnelle de dans un environnement dissymitrique. La dis- 
faible intensite est observke vers 2360 cm-I et torsion est plus importante B basse temperature 
peut Etre attribute a une combinaison 6(H,O) + puisqu'a temperature ambiante, les deux groupes 
o(H,O). L'abaissement de temperature ne O H  sont indiscernables spectroscopique~nent. 
cause aucune modification importante du spectre, Dans ces domaines de concentration, on peut 
ni augmentation d'intensite, ni deplacement en voir apparaitre de part et d'autre des bandes 
frequence (except6 pour la combinaison qui v(0H) des molecules H D O  les bandes v,(H,O) 
devient plus intense), contrairement a ce qui et v,,(H,O) de la molecule d'eau en dilution 
aurait pu Etre attendu dans le cas d'interactions isotopique (v,,(H,O) a 3350 cm- l ,  v,,(D20) a 
fortes par liaison hydrogene. Toutes ces bandes 2490 cm- '  et v,(H,O) a 3250 cm-I ,  v,(D20) a 
subissent le deplacenient isotopique habitue1 2405 cm- '  pour le bromure). 
apres deuteriation. Pour de .~  concetitratiorzs supe'rieures a 50%, 

Thtoriquement, on doit attendre dans la les bandes v(0H) et v(0D) sont plus structurees; 
rtgion 4000-3000 cm- '  les deux vibrations de en particulier, cette structure est due a l'appari- 
valence de la molecule d'eau: v, et v,,(H,O). I1 tion de l'harmonique 2 6(H20)  et en partie aux 
est probable que ces deux vibrations se situent composantes provenant du couplage inter- 
ici a des frequences voisines et que chacune peut moleculaire. Cependant, deux Cpaulements sur 
donner lieu a differentes composantes provenant la branche haute frequence peuvent Etre attribues 
du  couplage des mouvements de molCcules a des combinaisons des vibrations v(0H) avec 
voisines. Ceci doit conduire a l'existence d'une des modes de basse frequence. En effet, les 
bande unique dont le maximum se situe a differences (~(combinaison) - v(0H) - 160 & 
3290 cm- ' . 10 c m '  pour GaC13.H,0, 130 + 10 cm- '  pour 

Ce point particulier peut Etre Cclairci par la GaBr, .H20) semblent presenter une legere 
dilution isotopique et la deuteriation partielle de dependance a l'egard de la substitution d'halo- 
la molkcule d'eau. gene mais, par contre, ne sont pas apparemment 
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tres sensibles 2 la substitution isotopique. Or, en force comparable dans le complexe b ron~ t  et le 
Raman, des bandes a 169 cm-I pour le com- complexe chlork. La 1Cgere diffkrence de fre- 
post chlort, 120 cm-' pour le compost bromC, quence observee peut provenir d'un couplage 
ont Ctt dtja dtcrites comme des vibrations de possible avec v,(GaX,) rtsultant de la levCe de 
dtformation du squelette. Certains de ces modes degtnPrescence de vde,(GaX3) qui, dans le cas 
pouvant posseder un caract6re de translation de la du chlorure, doit se situer i une friquence 
moltcule d'eau, il n'est pas exclu qu'ils puissent voisine de v(Ga0). 
participer a ces combinaisons. Les attributions proposkes pour les frk- 

quences correspondant aux vibrations v(GaO), 
Effet de la coordination: constantes de forces vde8(GaX3), v,(GaX,) doivent permettre une 

des complexes est~mation des constantes de forces metal-ligand 

(I) Sz~r la r~zole'cule d'eau a partir d'un modele simplifik OGaX, de 
on doit remarquer tout d3abord que la sub- ~ymetrie C,,. De plus, le calcul des frtquences de 

stitution d3halogene n'a que tres peu d 5 e ~ e t  sur vibrations de deformation B partir d'un champ 
les frequences v(OH), ce qui laisse supposer que de force derive de celui de l'anion tktrakdrique 
les interactions du groupe H 2 0  avec le reste du GaX,- doit permettre de pricker les difftrentes 
complexe et les moltcules voisines sent du attributions dans le domaine des vibrations de 
meme ordre le chlort et le con,- deformation du squelette. Les rksultats sont 

pose bromk. rassemblts dans le tableau 4.  La quasi trans- 

Les frtquences v, et va,(H20) sent tri.s in- fkrabilitt des constantes de force de l'anion 

fkrieures i celles de la molLicLlle isolte. Les con- GaX4- 'quelette 0GaX3 constitue une bonne 

stantes de forces des vibrateurs OH pour le confirmation des attributions proposkes. En 

compost bromt (k, -- 6.04 et k, -- 5.94 mdyn/ particulier, se trouve justifike l'attribution des 

A) sent environ 20% plus faibles que celle de la 'jbrations de balancement ' des 

moltcule d'eau dilute dans un inerte tel frkquences superieures a celles des vibrations de 

que CCl, (9). Get affaiblissernent de la liaison deformation '~(~a'3). Les 'Onstantes de forces 

0-H est du mEme ordre que celui obtenu par obtenues ici pour les liaisons Ga-0 (k - 1.48 

la formation de liaisons hydrogene de force mdyn/A pour le bromure et k N 1.43 mdyn/A 

moyenne. Par exemple, les constantes de forces pour le chlorure) sont sensiblement plus faibles 

sont tout a fait comparables celles obtenues que celles obtenues par Derouault (13) pour les 

pour le perchlorate de di-oxonium (10) ou  1es liaisons Al-0 dans les complexes (CH,),O- 

moltcules d'eau sont engagees dans des liaisons AIX, (k - 1.96 pour le bromure et k -- 1.91 

hydrogene de 2.78 et 2.79 A (11). Cependant, pour le chlorure). La liaison gallium-oxygkne 

bien que les bandes v(0H) et v(0D) de semble donc plus faible que la liaison alu- 

GaX3.H20 et GaX3.D20 soient relativement minium-oxygine et ceci est en accord avec ies 

larges, les bandes v(0H) et v(0D) dans les forces relatives des deux acides de Lewis GaX, 

cristaux mixtes sont ttroites: la faible demi- et AIX,. 
largeur des bandes (inftrieure a 10 cm-', par On peut remarquer que des conclusions 

exemple, pour les bandes v(0D)) n'est donc diffkrentes (la liaison Ga-0 est plus forte que 

compatible qu'avec une liaison hydrogkne la liaison Al-0) ont ete obtenues dans une 

faible. Les principales causes d'elargissement ttude rCcente des hexahydroxodialuminate et 

sont donc le couplage intermolkculaire et la digallate de potassium (KAl,O(OH), et KGa,O- 
presence de combinaisons et harmoniques dans (OH),) (13) mais 11 faut penser que, dans ce 

le domaine des vibrations v, et va,(H20) et non dernier cas, ce sont plut6t les acidites relatives 

la formation de liaisons hydrogitne et nous des atomes Ga  et Al que l'on doit comparer. Les 
pensons que l'abaissernent des fie'quences v(0H) constantes de force k(Ga-0) sont tris voisines 

est due en grarzde partie a I'affhiblissement des dans 1es deux composks, bromC et chlork, ce qui 

liaisons 0-H par coordination de I'atome indique que les aciditts des deux halogknures 

d'oxygene sur Ie galfiun?. sont tres voisines. Greenwood et al. ( 5 )  font une 
remarque analogue pour les complexes 1-1 de 

(11) Sur le squelette OGaX,  GaC1, et GaBr, avec des ligands contenant le 
11 semble, apres l'examen des vibrations du soufre ou l'azote comme atome donneur. 

squelette OGaX,, que la liaison GaO soit de Les constantes de forces obtenues pour les 
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Phase Diagrams for the Sodium and Potassium 
Benzoate - Water Systems1 

E. COLIN W. CLARKE AND DAVID N .  GLEW 
Research and Development, Don Chenlicnl of Cunudcr, Limited, Sarnici, Ot~mrio N7T 7K7 

Received March 11. 1974 

E. COLIN W. CLARKE and DAVID N. GLEW. Can. J. Chem. 52,3281 (1974). 
The low temperature phase diagrams have been determined for the potassiun~ benzoate - 

water and the sodium benzoate - water systems. The ice eutectics with these anhydrous alkali 
benzoates were found at  -11.8 "C with 34.89% potassium benzoate and at - 14.5 "C with 
39.7% sodium benzoate. Previously reported hydrates of potassium benzoate (3) were not 
observed. Concentrated sodium benzoate solutions below 0 'C were found to attain equili- 
brium with sodium benzoate only with the greatest difficulty. 

E. COLIN W. CLARKE et DAVID N. GLEW. Can. J. Chem. 52,3281 (1974). 
On a determine les diagrammes de phase 2 basse temperature des systemes de benzoate de 

potassium -eau et benzoate de sodium-eau. On a trouve que les eutectiques de glace pour ces 
benzoates alcalins anhydres sont a -11.8 "C avec 34.89% de benzoate de potassium et a 
- 14.5 "C avec 39.7% de benzoate de sodium. On n'a pas observe les hydrates du benzoate de 
potassium (3) qui avaient &ti. rapportes antirieurement. On a trouve que les solutions con- 
centrees de benzoate de sodium a des temperatures plus basses que 0°C  atteignent difficilement 
1'Cquilibre avec le benzoate de sodium. [Traduit par le journal] 

Introduction 
An interest in shipping aqueous potassium 

and sodium benzoate solutions in Canada 
prompted the need for us to know their low 
temperature phase diagrams. The potassium 
benzoate - water system had been previously 
nuch  studied (2-4) but results were still in- 
complete. Results for the sodium benzoate - 
water system were fragmentary (2 ) ,  despite the 
considerable use of sodium benzoate in the food 
and drug industries. 

Experimental 
Materials 

Potassium benzoate was made by reaction of Fisher 
certified A.C.S. grade benzoic acid with Fisher certified 
A.C.S. grade potassium carbonate. The crude potassium 
benzoate was purified by recrystallization from ethanol 
containing about 10 v o l z  water. The potassium benzoate 
was shown to be anhydrous and dry by the zero weight 
loss of a sample after 24 h heating at  80 'C in a vacuum 
oven at 0.02 Torr. Equivalent weight determination (1) 
by perchloric acid titration in glacial acetic acid showed 
that the potassium benzoate was 99.8+% pure. 

Fisher USP sodium benzoate was used both directly 
without purification and after recrystallization from 
water. A further sample was made by recrystallizing the 
product from the reaction of benzoic acid with sodium 
carbonate, both Fisher A.C.S. grade. Perchloric acid 
titration in glacial acetic acid (1) showed no detectable 
impurities in various preparations of sodium benzoate. 

Saturated aqueous solutions of sodium benzoate 
invariably cooled to form voluminous gelatinous flocs 

'Contribution No. 197. 

from which it was difficult to filter the mother liquor; 
complete removal of water from the sodium benzoate 
gel was slow, requiring at  least 24 h heating at  80 "C 
and 0.02 Torr. 

MeItCzg Point Determitlntion 
Equilibria between ice and aqueous benzoate solutions 

were determined by melting point measurements. The 
test solutions, containing 5 g water, were made up by 
weight in a stoppered test tube by first adding the solid 
benzoate and then the water. The test tube was cooled 
in a Dry Ice - acetone slush until the first solid separated 
from solution, after which the stopper was removed and 
a mercury-in-glass thermometer, marked every 0 .2cC 
from -38 to +42 "C, was inserted. The system was 
cooled slowly with continuous stirring by the thermometer 
until the temperature reached about -30'C when the 
system was completely solid. The test tube was thermally 
insulated by inserting into a hole in a polyurethane foam 
block. The temperature was taken every 30 s and the 
system stirred when possible; this was continued until 
the temperature was at  least 2 "C above that at  which the 
last ice melted. The time-temperature plot indicated 
the eutectic melting point and the temperature at  which 
the last crystal of ice melted. 

Solubility Determination 
Aqueous solubilities of the anhydrous benzoate salts 

were determined by an equilibrium method. The solubility 
vessel was a stoppered 50ml volumetric flask which 
contained weighed quantities of salt and water, sufficient 
to yield 30ml of saturated solution with about 10% 
of the solid undissolved at  the experimental temperature. 
Stirring was effected by rotating the flask slowly in a 
water-glycol thermostat controlled within 10.002 "C. 
The thermostat temperature was measured with a 
precision of 0.001 "C by a platinum resistance thermom- 
eter used with a Mueller bridge, amplifier, and galvanom- 
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eter. After equilibration for at  least 48 h a 2-3 ml sample TABLE 2. Aqueous solubility of 
of the soiution was withdrawn through a glass wool potassium benzoate 
filter viti a hypzdermic syringe, placed in a tared weighing 
bottle arid weighed. The weight of salt in the sample was 
determined by evaporating the water slowly from the Potassium 

open weighing bottle initially on a hot plate a t  90 'C benzoate 

and finally in a vacuum oven at  80 'C and 0.02 Torr. Temperature concentration 

Solid potassium benzoate settled rapidly leaving a ( c )  (wt%) 
clear saturated supernatant but the gel-like sodium 
benzoate did not settle over a period of hours and 

25.00 42.28 

invariably plugged the glass wool filter so that it was 
24.99 42.21 

difficult to withdraw a full 2 ml sample. 
24.99 42.23 

The saturated potassium benzoate solutions readily 
24.99 42.28 
24.99 42.17 

lost all water after 16 h on the hot plate so that further 
drying in the vacuum oven was unnecessary. However, 

20.01 41.30 

the saturated sodium benzoate solutions were much 
15.00 40.47 
9.99 39.53 

more difficult to dry and did not give up all water even 5.01 38.57 
after 48 h on the hot plate. For these solutions water 
was evaporated by heating for 16 h on the hot plate and 

0.02 37.50 
0.01 37.52 

for a t  least 24 h in the vacuum oven. 
- 5 .OO 36.50 
-8.00 35.76 

Results and Discussion -10.00 35.34 
Potassiur?? Benzoate - Water System -11.50 34.96 

The ice melting temperatures in aqueous -11.50 34.98 

potassium benzoate solutions are given in 
Table 1 and define curve AE in Fig. 1. Solubilities 30 

of anhydrous potassium benzoate are given in 
Table 2 and are plotted as curve CE. Values from 
the literature (2-4) are also plotted. Our measure- 
ments for the ice melting temperatures are in 

20 
good agreement with those of Sidgwick and 
Ewbank (2j, but differ systematically from 
Druzhinin and Sukhova (3). Our measurements 
for the solubility of anhydrous potassium 
benzoate are in good agreement with Pajetta (4) 10 

and in reasonable agreement with Sidgwick and  .. 
0 

Ewbank, but again differ systematically from L 
Druzhinin and Sukhova. These latter authors a 
claimed that their measurements between 9.2 $ 
and 38 "C represented the solubility of a stable : 

0 

TABLE 1. Ice melting temperatures and molal 
osmotic coefficients for potassiun~ benzoate 

? e 
solutions 

-10 

Potassium Ice 
benzoate melting - 

concentration temperature 
(wt%) ("C) 4 

I I I I I 1 

0 10 20 30 40 
Potasslum benzoate weight '1. 

11.49 -2.60 0.864 FIG. 1. Potassium benzoate - water phase diagram : 
16.00 -3.95 0.895 V, Pajetta; x , Sidgwick and Ewbank; A, Druzhinin and 
20.01 - 5.35 0.923 Sukhova; 8, this work. 
24.00 -6.95 0.951 

-8.30 
-9.40 : potassium benzoate dihydrate phase; in con- 
- lo .  l o  0.950 trast, Sidgwick and Ewbank, who were specifi- 

32.99 - 10.65 0.936 cally searching for hydrates, were very definite 
34.89* -11.80 0.953 that their equilibriunl potassium benzoate solid 

*Eutectic. phase was invariably anhydrous. We consider 
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that our curve CE represents the solubility of 
anhydrous potassium benzoate because no 
change in the physical appearance of the 
anhydrous potassium benzoate added initially 
took place during a 30 day equilibration period 
with continuous stirring. 

We also tried to repeat the formation of 
potassium benzoate tetrahydrate under the 
conditions given by Druzhinin and Sukhova (3), 
but were unsuccessful. A saturated solution 
with excess anhydrous potassium benzoate 
was kept at  0 "C with continuous stirring for 
42 days without the allegedly stable tetrahydrate 
(3) forming, despite the fact that each day the 
flask bottom was scratched firmly with a glass 
rod and the solution was shaken vigorously. 
Similarly, a saturated potassium benzoate 
solution with ice was maintained at  - 10 "C, 
with continuous stirring and with daily scratching 
and shaking, for 14 days without the tetrahydrate 
forming. 

All melting point experiments showed well- 
defined eutectic arrests at  - 11.8 "C for periods 
of up to 50 min. This eutectic, characterizing 
the equilibrium coexistence of ice with anhydrous 
potassium benzoate, is represented in Fig. 1 by 
BE. The eutectic composition, 34.89 w t x  potas- 
sium benzoate, was determined from extrap- 
olation of our anhydrous potassium benzoate 
solubilities to - 11.8 "C. Our melting point 
measurements above - 11.8 "C did not show the 
thermal arrest which would have been expected 
for the ice-tetrahydrate eutectic (3). 

The solution water activity, was calculated 
from the ice melting temperature using the 
freezing point equation given by Dorsey (5). 
The derived molal osmotic coefficients for water, 
4, are included in Table 1 and plotted against 
potassium benzoate molality in Fig. 3. The 
composition dependence of 4 is similar to that 
of sodium valerate solutions (6). 

Sodium Benzoate - Water System 
The ice melting temperatures for sodium 

benzoate solutions given in Table 3 define 
curve AE in Fig. 2. Three measurements by 
Sidgwick and Ewbank (2) are in general agree- 
ment with our results. When concentrated 
sodium benzoate solutions were being prepared 
the rate of solid dissolution was found to be 
much slower than for potassium benzoate. The 
sodium benzoate solutions at  low temperatures 
were more viscous than corresponding potassium 

MS FOR BENZOATE-WATER SYSTEMS 3283 
,- 

I I I I I I I I 
0 10 20 30 40 

Sodium benzoate  weight % 

FIG. 2. Sodium benzoate - water phase diagram: 
x , Sidgwick and Ewbank; 0,  this work. 

TABLE 3. Ice melting temperatures and rnolal 
oslnotlc coeffic~ents for sodium benzoate solut~ons 

Sodlum Ice 
benzoate melting 

concentrat~on temperature 
(wt%) ( C )  + 
12.99 -3.45 0.897 
17.01 -4.80 0.909 
20.99 -6.30 0.921 
23.00 -7.10 0.924 
25.00 -7.80 0.910 
26.01 -8 .15 0.901 
27.01 -8.40 0.883 
27.99 -8.75 0.875 
29.00 -9.10 0.867 
30.02 -9.40 0.852 
30.98 -9.85 0.854 
31.97 -10.10 0.836 
33.01 -10.30 0.813 
35.01 -10.90 0.787 
37.00 -11.70 0.776 
38.01 -12.60 0.800 
38.50 -13.10 0.815 
39.7* - 14 50 0.858 
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'"I solutions at  low temperatures is caused by the 
slow attainment of equilibrium of the aqueous 

i r  solution with solid sodium benzoate, resulting 
in supersaturation and glass phase formation. 

Solubilities of anhydrous sodium benzoate 
are given in Table 4 and plotted as curve CE 
in Fig. 2. The values given in Table 4 for 0.00 

0.8 @ 0 a 9 9  

and -5.00 "C are means and standard devia- 
tions for four and eleven determinations 
respectively. Solubility measurements by Sidg- 

m wick and Ewbank (2) are in general agreement 

FIG. 3. Variation of rnolal osmotic coefficient with with Our 
benzoate molality: x ,  potassium benzoate; 0, s o d i u ~ l ~  Further differences between the sodium 
benzoate. benzoate - water and potassium benzoate - 

water systems were found during the solubility 
TABLE 4. Aqueous solubility of measurements. The addition of only a small 

sodium benzoate quantity of sodium benzoate to a stirred mobile 
solution with a slight excess of solid resulted in 

Sodium transition to a thick gelatinous fluid from 
benzoate 

Temperat~~re concentration which no sample could be withdrawn. This 

("C) (wt%) contrasted with the potassium benzoate system 
where the stirred solution remained mobile 

0.00 38 .41 i0 .16  and readily sampled when excess solid was 
-5.00 38.60k0.23 

-11.49 39.41 added. A series of eleven measurements at  
-11.49 39.38 -5.00 "G, extending over a total of 37 days 
- 13.00 39.53 and with four distinct initial compositions, 
-13.81 39.91 demonstrated that equilibration with sodium 

benzoate was extremely slow, whereas with 
benzoate solutions. The eutectic melting point potassium benzoate solubility equilibrium was 
for sodium benzoate was poorly defined in attained within 24 h. 
contrast with the well defined eutectic for - Our measurements show that below 0 "C the 
potassium benzoate. The sodium benzoate temperature coefficient of solubility for sodium 
system never exhibited an invariant eutectik benzoate is small and negative in contrast to the 
telnperature but only a decreased rate of more usual positive coefficient for potassium 
temperature rise. Further, for experiments with benzoate. 
similar sodium benzoate concentrations, some- The water molal osmotic coefficients for 
times the eutectic temperature discontinuity sodium benzoate solutions are included in 
was readily apparent but at other times hardly Table 3 and plotted against molality in Fig. 3. 
perceptible. The eutectic temperature of The shape of the 4, curve bears a family re- 
- 14.5 "C denoted by BE in Fig. 2 is the mean semblance to those for aqueous solutions of 
value for experiments where eutectic melting sodium valerate and sodium caproate (6). 
was clearly e;ident. 

- 

While prefreezing sodium benzoate solutions 
for the ice melting point experiments, we found 
that the viscosity became very high and yielded 
a sticky plastic mass which did not harden 
until below -20 "C. Further, the slope of the 
ice melting point curves at  temperatures below 
the eutectic was always smaller than for the 
corresponding potassium benzoate system, in- 
dicating heat absorption and ice melting between 
-20 "C and the eutectic at  - 14.5 "C. This 
behavior of concentrated sodium benzoate 

1. The United States Pharmacopeia, 18th ed. Mack 
Publishing Company, Easton, Pa. 1970. 

2. N. V. SIDGWICK and E. K.  EWBANK. J. Chem. Soc. 
121, 1844 (1922). 

3 .  I. 6. DRUZHININ and S. I. SUKHOVA. IZV. Vyssh. 
Ucheb. Zaved., Khim. Khim. Tekhnol. 11(2), 135 
(1968). 

4. R. PAJETTA. Gazz. chim. Ital. 36, 67 (1906). 
5. N. E. DORSEY. Properties of ordinary water substance. 

Reinhold Publishing Corporation, New York, N.Y. 
1940. p. 562. 

6. R. A. ROBINSON and R. H. STOKES. Electrolyte 
solutions. Butterworth Scientific Publications, London. 
1955. p. 469. 
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random until a fraction a of the A groups have joined by No - 1 bonds. In the limit of No 
reacted. What is the limiting distribution of becoming infinite, u,,, becomes 21fi 
monomers. dimers, trimers, etc., when No tends ~h~ polymer distributions corresponding to 
to infinity? the rings allowed and rings forbidden models may 

Two variants of this model will be distin- be attained by other means than the two random 
guished: growth processes outlined above. For example, 
( i )  Rings Allowed Model 

In this variant, the reaction proceeds without 
restrictions. Since intramolecular reactions are 
allowed, rings of different sizes may be formed, 
including rings which involve two A groups on 
the same structural unit (Fig. la) .  The process 
may continue until a = 1, when all A groups 
will have reacted and, i f f  > 2, a cross-linked 
network will have been formed. The random 
choice of reacting pairs, in the absence of restric- 
tions, ensures that the principle of equal reac- 
tivity of all functional groups in the system is 
always fulfilled. This principle states that at every 
stage of the reaction the probability that a given 
unreacted functional group will react does not 
depend on the size or configuration of the mole- 
cule to which it is attached (cf .  Appendix IV). 

( i i )  Rings Forbidder? Model 
In this variant, intramolecular bonds, i.e. 

pairings between A groups on the same polymer, 
are forbidden, so that rings cannot form (Fig. 
Ib). Bonding occurs at random between pairs of 
unreacted functional groups belonging to dif- 
ferent molecules. Since all pairs of functional 
groups which belong to the same molecule are 
excluded from the reaction, the principle of 
equal reactivity of all functional groups is not in 
general valid, though it remains valid for special 
cases (cf .  Appendix IV). The total number of 
molecules in the system, N, is a linear function 
of a, N = No(l - wfi2), and the maximum value 
of a that may be reached is a,,, = (2/f)(l - 
]/No), at which point N = 1, the system con- 
sisting of a single polymer of No structural units 

FIG. 1. Typical polymer mixtures formed by the 
self-condensation of the monomer RA, for f = 4. 

asymptotic equilibrium-attainment processes 
may be envisaged in which the system initially 
consists of an arbitrary distribution of polymers, 
with a total number of bonds corresponding to 
the desired value of u. Bonds are then alter- 
nately broken and re-made at random, the total 
number of bonds remaining constant and rings 
being either allowed or forbidden. After a suf- 
ficient number of bonds have been broken and 
re-made, the distribution of polymer sizes in 
such systems should become statistically equiva- 
lent to that attained by the corresponding 
process of irreversible random growth. 

The rings allowed and rings forbidden models 
are idealized representations of condensing or 
polymerizing molecules and represent limiting 
cases of more realistic but far more complex 
model systems. The rings allowed model corre- 
sponds to intermolecular and intramolecular 
bond formation proceeding with the same rate 
constant, which represents the limit of infinite 
concentration of reactive groups. The lack of 
dependence of the rate constant of ring closure 
on ring size corresponds to the absence of any 
geometrical restrictions imposed by the bonds, 
which may be approached by polymers having 
highly flexible backbones. The rings forbidden 
model, in complementary fashion, may be 
approached by polymers with a rigid backbone 
and a geometry which makes bonding between 
two unreacted groups on the same polymer un- 
likely. More elaborate models may be con- 
structed (5-10) which set different probabilities 
for the closure of rings of different sizes or 
introduce additional variables. However, as the 
treatment of such models is far more difficult, in 
the present study we shall only be concerned 
with the simplest rings allowed and rings for- 
bidden models defined above. 

Flory declared that exact treatment of pro- 
cesses allowing ring formation is "hopeless at 
present" (ref. 11,  p. 348). Approximate treat- 
ment has been presented by Harris (6) and 
Temple (10). The simplicity resulting from 
assigning equal reactivity to all pairs of unreacted 
groups in the system at all stages of reaction, 
which corresponds to the rings allowed model 
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FALK AND THOMAS: RANDOM POLYFUNCTIONAL CONDENSATION 

defined above, does not appear to have been 
recognized before. 

For what was stated to be the rings forbidden 
model, Flory3 (1 1-13) and later Stockmayer (14) 
and others (as summarized in ref. 1) derived the 
following general expression for the number of 
x-mers (polymers of any configuration, con- 
taining x structural units)4 : 

C11 N, = No 
f ( f x  - XI! 

( fx  - 2x + 2)!x! 

However, the Flory-Stockmayer (F.S.) expres- 
sion has the disturbing mathematical property 
(1 1, 14) that the sums of the weighi fractions and 

m E 

mole fractions of all x-mers, 1 w, and 1 N, 
x =  l x= 1 

are unity only over the limited range of a frorn 0 
to  a critical value of cc, a, = l / ( f  - 1). This is 
the value of a above which the probability of 
occurrence of infinite polymers becomes non- 
zero when A', -+ cr; for a process obeying equal 
reactivity of unreacted groups (ref. 1 I ,  p. 353). 

0: 

Beyond a,, 1 w, is less than unity while N, 
x= 1 x=  1 

is greater than unity. Flory's explanation (ref. 
15, p. 192; ref. 11, p. 375) that the distribution 
equations include only species of finite size is 
unclear, because the derivation in ref. 1 1  did not 
specifically exclude infinite species. These dif- 
ficulties have been a t  the root of recent debates 
(1, 16-1 8) regarding the applicability of the F.S. 
expression and of the alternative expression 
proposed by Whiteway, Smith, and Masson 
(W.S.M.1 for what was declared to be the same 
system (19). Expressed in terms of the number of 
x-mers in the system, the W.S.M. expression is 

This expression yields weight and mole fractions 

3See, however, footnote 7 in Appendix 11. 
4For the number of x-mers, N,, one can derive the 

weight fraction of x-mers, w, = xNx/No,  and the mole 
fraction of x-mers, N, = I V ~ / N  = Nx/No(l  - ?f/2), the 
last equality being valid only when rings are absent. 
The weignt of material lost during a reaction step (e.g.  
H 2 0  molecules given off during etherification or esteri- 
fication) is assumed to be negligible. 

for which 

1 w,= 1 and C IS,= 1 
x= 1 x =  1 

over the total range of cl appropriate to the rings 
forbidden model, i.e. from a = 0 to cl = 2/f. 
Equations 1 and 2 coincide when f = 2 but 
diverge for f 2 3. Publication of the W.S.M. 
derivation (19, 20) led to a controversy ( I ,  
16-18) which we now hope to settle by a re-ex- 
amination of the problem, supported by com- 
puter simulation. A suggestion that the F.S.- 
W.S.M. controversy be settled by a computer 
simulation of the rings forbidden model has been 
made independently by Stepto (17). 

Counting of Rings 
In order to avoid any possible confusion in 

the counting of rings (21): we shall avoid the 
term "number of rings" and employ the term 
"number of ring closures", with the symbol C. 
We define the number of ring closures as the 
number of intramolecular bonds required to 
construct the system from ringless components. 
An alternative and equivalent definition is that it 
is the minimum number of bonds that must be 
broken to return the system to a ringless con- 
dition. Thus defined, the number of ring closures 
corresponds to the cyclornatic nun~ber in graph 
theory (22). The symbol 2; wi!l be used for the 
number of ring closures per structural unit. As 
defined above, C and C obey the simple relations 
C = N - N ,  + B and C = CIN,, where N is 
the number of molecules, No the number of 
structural units, and B the total number of bond. 
in the polymer mixture. 

Computer Simulation, Rings Allowed Model 
The functional groups on the N ,  monomers 

initially present were represented by an array 
of N ,  J numbers. The numbers from 1 to f were 
taken to correspond to  the functional groups 
on monomer 1, the numbers f + 1 to 2f to the 
groups on monomer 2, and so on. Pairs of 
random numbers were used to select pairs of 
functional groups which were considered to 
form bonds. A record was kept of the groups 
which had reacted and of the structural units 
which had become bonded together, but details 
of connectivity were not recorded. Whenever a 
random number was selected which corre- 
sponded to a group which had already reacted, it 
was disregarded. If the two groups selected to 
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react happened to belong to the same polymer, 
a ring closure was recorded. 

Each run consisted of a sequence of reaction 
steps carrying the system from a = 0 to slightly 
below a = I .  At specified values of a a record 
was made of the number of ring closures, the 
total number of molecules, and the number of 
monomers, dimers, etc., without rings. For every 
value of No the results of a large number n of 
runs (100 to 400) were averaged and the means, 
standard deviations, o, and estimated standard 
errors of the mean, o/&, were recorded. 
Standard deviations were lowest for the mono- 
mer, which was statistically the majority 
species, and gradually increased with x. The 
standard deviation was proportional to 1/N,, 
and thus the most accurate results were obtained 
at the highest values of No. 

Figures 2, 3, and 4 show the partial results for 
a series of simulations with j = 3, n = 100, and 
No = 20, 40, 80, 160, 320, 640, and 1280. The 
main parameters under study were the weight 
fractions5 of monomers through tetramers with- 
out rings i.e. w,, w2, 1v3, and w,, as well as the 
total number of ring closures per residue, C. 
The mean values of these five parameters were 
plotted against I/N,. Such plots proved to be 
reasonably linear at high values of No and the 
limiting values for No + a were obtained by 
linear extrapolation as shown in Fig. 2. The 
standard errors on the limiting values, which 
appear as bars in the subsequent figures, were 
estimated graphically by combining the esti- 

FIG. 2. An extrapolation of results from computer 
simulation. Rings allowed, f = 3, No = 20 to 1280, 
n = 100, a = 0.5. 

'In the simulation with rlngs allowed, weight fractions 
are simpler to use than mole fractions, because the 
number of molecules at a given vaiue of a varies from 
run to run. 

L 

R I N G L E S S  D I M E R  

I 

0 0.2 0.4 0.6 0.8 

FIG. 3. Results of computer simulation. Rings 
allotved, f = 3 .  Limiting values of the weight fractions 
of ring-less monomers, w,, and ring-less dimers, wz, 
as a function of the extent of reaction, a .  Solid lines: 
ey. 1 .  

FIG. 4. Results of computer simulation. Rings 
allowed, f = 3. Limiting value of the number of ring 
closures per structural unit, c, as a function of the extent 
of reaction, cc. 

mated uncertaintv of the extra~olation with the 
standard error df the mean of the individual 
point at the highest value of N,  (cf.  Fig. 2). 

Figure 3 shows the plot of the limiting values 
of w, and w,, obtained from the above series 
of simulations. Figurc 4 shows the limiting value 
of C as a function of a. The principal results are: 
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FALK AND THOMAS: RANDOM PO 1LYFUNCTIONAL CONDENSATION 3289 

(i) The limiting values of w, and w, (as well as 
those of w, and w,, not shown in Fig. 3) agree 
with the Flory expression over the entire range 
of a. from 0 to 1. This confirms the deductions 
of Appendix 11. 

(ii) The limiting number of ring closures per 
structural unit, C, is zero in the range of 0 < 
a < a, (Fig. 4). This confirms the deductions of 
Appendix I. 

(iii) Above a,, C becomes finite and increases 
with a, approaching the final value en,,, = 0.5 
at a = 1 .  The slope, dC/da, approaches the 
maximum value of 1.5. These values for f = 3 
coincide with those deduced in Appendix 111. 

Computer Simulation, Rings Forbidden Model 
This simulation was carried out similarly to 

the preceding one but with rings excluded. 
Whenever two numbers were selected which 
corresponded to unreacted groups on the same 
molecule, both numbers were disregarded and a 
new selection was made. Minor simplifications 
of record keeping were possible due to the 
absence of rings. The values of mole fractions, 
N,, of monomers through tetramers (i.e. for 
x = 1, 2, 3, and 4) were recorded. 

Table 1 and Figs. 5 to 8 report the results of 
sirnulations for f = 2, 3, and 4, rz = 400, and 
values of No ranging from 10 to 1000. The mean 
values of N ~ ,  h2, r ~ ~ ,  and N, were extrapolated 
to the limit of l /NO = 0,  as before (Fig. 5) .  The 
limiting values of the inole fractions, with the 
estimated standard errors of extrapolation, are 
recorded in Table 1. In Figs. 6 to 8 the weight 
fractions as well as mole fractions of monomers, 
dimers. and trimers have been plotted againsi a. 
The principal results are: 

(i) For f = 2, the F.S. and W.S.M. expressions 
coincide. Our limiting values of weight fractions 
and mole fractions of x-mers obtained by simula- 
tion fall on the joint F.S.-W.S.M. curve over the 
entire range of a (Fig. 6). 

(ii) For f = 3 and f = 4, the F.S. and W.S.M. 
curves differ, the difference increasing with a. 
Our limiting weight and mole fractions (Figs. 7 
and 8) fall on the F.S. curve in the range 

(iii) Above a, our data deviate increasingly 
Erom the F.S. curve. The deviations are in the 
direction of the W.S.M. curve, but the data do 
not attain the W.S.M. values except in the limit 

0 074iO 0 0 5  
T E T R A M E R  I 

I 

FIG. 5.  An extrapolation of results from computer 
slmulatlon. Rzrlg~ forbidden, f = 4,  No = 20 to 1000, 
n = 400, ct = 0.25. 
Cr--- - - 3 1 ~ -  -- - - 
\ 

f - 
c e  \ M c O + I E ~  I L C -  t ii,lM 

~ 
0 2 

FIG. 6. Results of computer simulation. Rings 
forbidden, f = 2. Solid curve: eqs. 1 and 2. The ordinate 
scales of Figs. 6, 7, and 8 have been displaced for clarity. 

of a 4 a,,,, and then only on the weight fraction 
scale. 

(iv) In the limit of a 4 a,,,, the weight frac- 
tions of all x-mers tend toward zero, while their 
ratios, e.g. wI /w2,  tend toward unity. At the 
same time for f 3 the mole fraction of the 
monomer appears to increase toward unity, 
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TABLE 1. Limiting values for No + cc of mole fractions of monomers, dimers, 
trimers, and tetramers from computer simulation, rings forbidden* 

*Numbers in parentheses are  the estimated standard errors o f  extrapolation, expressed in units 
of the last decimal. 

0 while the mole fractions of the remallllng species 
fall  to^ ard zero. 

, a  

I 
I 

0 6 -  

* I 8 1 I l l  1 0 6 1  '\\\ 

z 0 I Verification of Computer Simulation for 
Low No 

5 0 4 -  
< rn 1 G o , ,  Expectation balues of the mole fractions of 5 I 
L I L various x-meri may be found by sequentla1 
y 0 2 -  2 0 2 L  \ 
0 - enumeration of all poss~ble states of the system, 

i 1 D M E R  

\ 4 start~ng with Y. = 0 and proceed~ng stepu~se over 
' 0 L  7.8 ,,iJ 

J 11' , I all poss~ble values of 3.  At each value of cr the 

, I' I., . 1 relatlve probabilitl of every possible state IS cal- 

l """ ., +,1~ 
- I T R " E R  1 culated from the n~imber of poss~ble ways to 

/I -- 
,A - form that state. 

' 3  0 0 4  0 ' 6 '  
'J13, 

0  0 2  a 0 4  06: As an iilustration, let No = 5. j = 4, and let 
FIG. 7. Results of computer slmulatlon Rings rlngS be forbidden. in l t la l l~ ,  all molecules are 

forbrdden, f = 3.  Solld curve: eq. 1, broken curve eq 2 monomers, Y. = 0, A', = 5, and N, = I .  The 
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FALK AND THOMAS: RANDOM PI 3LYFUNCTIONAL CONDENSATION 3291 

FIG. 8. Results of computer simulation. Rings 
forbidden, f = 4. Solid curve: eq. 1, broken curve: 
eq. 2. 

first reaction step leads to the formation of one 
bond, leaving four molecules; the value of a is 
now 2/(5 x 4)  = 0.1. The only possible state of 
the system is N ,  = 3, N2 = 1. Hence, the ex- 
pectation values of the mole fractions are N ,  = 
314 and = 114; the remaining mole fractions 
being zero. After the next reaction step a equals 
0.2. There are now two bonds and three mole- 
cules in the system and two states are possible: 
(a)  N ,  = 2, N ,  = 1 and (b) N ,  = 1 ,  N2 = 2. 
From considerations of all possible pairings of 
unreacted groups at the previous stage of reac- 
tion, we obtain the relative probabilities 315 
for (a) and 215 for (b). Hence the expectation 
values of the mole fractions are N~ = (2 x 
315 + 1 x 2/5)/3 = 811 5 ;  w2 = (2 x 2/5)/3 = 

4/15; N ,  = (1 x 3/5)/3 = 3/15. Similarly. after 
the next reaction step a = 0.3. There are now 
three bonds and two moIecules in the system 
and two states are possible: (c)  N ,  = 1, N,  = 1 
and (d )  N, = 1, N ,  = 1. The relative probabil- 
ities of these two states are calculated to be 1 I 117 
for (c) and 6/17 for (d) ,  so we obtain the fol- 
lowing expectation values of mole fractions: 

= N4 = ( 1  X 11/17)/2 = 11/34; N2 = N3 = 
(1 x 6/17)/2 = 6/34. 

We have made such calculatioils for f = 2, 3, 
and 4 and for No from 4 to 10, the latter value 
approaching the practical limit of hand calcula- 
tions. The computer silnulations of the corre- 
sponding systems yielded values of mean mole 

fractions which were statistically distributed 
about the calculated expectation values. This 
direct verification gives us additional confidence 
that our simulation is free from systematic errors. 

Applicability of the Flory-Stockmayer 
Expression 

It will be recalled that the F.S. equation ap- 
pears to have been presented (11-14) as the 
limiting expression for the rings forbidden model. 
Our simulation results demonstrate the validity 
of the Flory equation for this model in the range 
0 < a < a,; the reasons for the failure of this 
equation above a, are discussed in Appendix IV. 
If may be noted that below a, the F.S. expression 
describes the limiting distribution of polymer 
sizes in the rings forbidden model system exactly, 
and is not "somewhat inaccurate owing to the 
disregard of intramolecular reactions", as stated 
by Flory (ref. 15, p. 192; ref. 1 1 ,  p. 348). 

In addition, our simulation results show that 
the F.S. equation is the valid limiting equation 
for the rings allo~ved model, over the entire 
accessible range of a ,  0 < a < 1. The applic- 
ability of the Flory equation in the rings allowed 
model is independently demonstrated in Appen- 
dix 11. The limiting polymer size distributions 
in the two models coincide in the range 0 < 
a < a,, (Appendix I ) ,  and are both described by 
the F.S. expression. 

For f = 2, the value of a,  is 1. In this special 
case the limiting distribution is independent of 
whether rings are allowed or forbidden, and is 
described by the F.S. expression over the entire 
attainable range of a ,  0 to 1. 

For f 3 3, a,  lies below a,,,, and for rings 
forbidder7 the Flory expression fails above a,, as 
demonstrated in Figs. 7 and 8. There is at the 
present no analytical expression for the distribu- 
tion of polymer sizes above a,  when rings are 
forbidden. 

Applicability of the Whiteway-Smith-Mason 
Expression 

The W.S.M. expression (eq. 2), like the Flory 
expression, has been proposed for the random 
polymerization of RAf monomers with rings 
forbidden (19). However, our computer simula- 
tion of such polynierizations does not agree with 
the W.S.M. expression, except for the special 
case off = 2 when that expression and the F.S. 
expression reduce to the same form. 
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I t  appears in fact that the W.S.M. equation 
represents the random polymerization of 
RA*A,-, monomers rather than that of RA, 
monomers. RA *Af-,  represents anffunctional 
monomer in which one of the f fi~nctional groups 
on each residue R, distinguished here by an 
asterisk, is singled oilt and only mixed pairs of 
groups, i.e. A .  . . A* but not A .  . . A or 
A * . . . A *, are allowed to form bonds. For this 
case, though with somewhat different notation, 
Flory (23) has derived an expression for the 
mole fraction of x-mers, which leads to the fol- 
lowing expression for the number of x-mers: 

where a ,  is defined as the fraction of unstarred 
A groups which have reacted. Equation 3 has 
validity over the entire attainable range of a, 
from 0 to 1 / ( f  - 1). The maximum value of a, 
coincides with the critica! value of a, at which 
infinitely large polymers appear. Therefore, in 
the limit of N o  + m, the incidence of rings be- 
comes zero (cf. Appendix I) and the distinction 
between the rings allovt~ed and rings forbidden 
variants vanishes. 

The similarity of eq. 3 to the W.S.M. expres- 
sion (eq. 2)  may be immediately noted. To show 
the exact equivalence of the two expressions we 
introduce a new variable a defined, for the 
polymerization of RA*A,-, , as the fraction of- 
all groups, A and A*, which have reacted. Since 
a, = B/N,(f - 1) and a = 2B/N, f ,  where B is 
the number of A .  . . A* bonds that have been 
formed, the relation between a, and a is a, = 
ctf;l2( f - 1). When this relation is substituted in 
eq. 3, we obtain eq. 2 exactly! 

The exact correspondence of the W.S. M.  
expressio~l with that for the polymerization of 
the RAYA,-, system shows that the W.S.M. 
counting procedure (19), which singles out one 
A group on every monomer, is equivalent to 
replacing random polymerization of RAf mono- 
mers with rings forbidden by random polymeri- 
zation of RA*A,-, monomers under the con- 

zero. This ensures that rings do not form over 
the entire accessible range of a ,  0 to 2/f ,  in agree- 
ment with the original derivation of the W.S.M. 
expression in ref. 19. 

Conclusions 
( i )  The Flory-Stockmayer expression de- 

scribes the limiting (for N, + co) distribution 
of ringless polymers in the random self-con- 
densation of RA, monomers with rings allowed. 

( i i )  In the above case, the limiting incidence 
of ring closures per residue is exactly zero below 
a, but becomes non-zero above a,; the occur- 
rence of rings is limited to infinite polymers. 

(iii) Below a,  but not above a,  the F.S. expres- 
sion also represents the limiting distribution 
of polymer sizes in the random self-condensation 
of RAf with rings forbidden. 

(iv) There is presently no analytical expression 
valid for the rings forbidden model in the range 
a,  < a < 2/f .  Some numerical parameters of 
the polymer distribution in this range were ob- 
tained by our co~nputer simulation. 

(a) The Whiteway-Smith-Masson expression 
represents the limiting distribution of polymer 
sizes In the random self-condensation of f-func- 
tional monomers R A * A f r l  when bonding 1s 
restricted to A . . . A* pairs. This mechanism 
ensures that rlngs do not form over the entire 
attainable range of a, 0 to 2/ f .  

Computations 
The computations were performed on the 

CDC 6600 computer of Dalhousie University, 
Halifax. Copies of the Fortran programs em- 
ployed in this work are available on request. 

We are indebted to Dr. C. R. Masson for bringing 
the problem to our attention, Mr. P. F. Seto for assistance 
in computations, Drs. C .  R. Masson, S. G. Whiteway, 
A. G. McInnes, W. R. Smith, and W. Brostow for 
valuable discussions, and Professor Manfred Gordon 
for critical comments on the manuscript. 

Appendix I 

Probability of Ring Closures in the 
Rings Allowed Model 

straint that only A .  . . A* bonds may form. Consider a system of No monomeric f-func- 
There is only one A* group per polymer of any tional units (No -+ a), which has undergone 
size, hence, in the limiting case of an infinite random self-condensation without restrictions 
system, the probability of an A group reacting until the fraction a of all functional groups have 
with an A * group on the same n~olecule becomes reacted. The mixture may then contain mono- 
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FALK AND THOMAS: RANDOM POLYFUNCTIONAL CONDENSATION 3293 

mers, dimers, . . . , x-mers, . . . , some with rings 
and others without rings. 

The probability that in a given reaction step a 
ring closure will occur on an x-mer, pxc, is equal 
to the probability that two unreacted groups 
chosen a t  random happen to belong to the same 
x-mer. Suppose that the current number of 
x-mers with or without rings is NXf. The highest 
possible number of unreacted groups on one 
x-mer is fx - 2x + 2, corresponding to an 
x-mer without any rings. The total number of 
unreacted groups in the system is No f(1 - a). 
Therefore the probability that an unreacted 
group chosen a t  random will belong to some 
x-mer is not greater than NX1(f x - 2x + 2)/ 
N,f(l - a). The probability that the second 
group chosen a t  random will belong to the same 
x-mer is not greater than (fx  - 2x + 1)/ 
No f (1 - a)  - 1. We thus obtain 

The above relation is true for any No. If No 
approaches infinity, a may be treated as a con- 
tinuous variable, which is incremented by da  = 
2/N,,j in each reaction step. Unity may be 
neglected compared to No f (1 - a), and we may 
rewrite [All  to obtain 

X 
(fx - 2x + 1) da  

2 (1 - a )  

range 0 < a < 1. But in an infinite system, the 
total number of x-mers with or without rings, 
NX1, is infinite for any finite x throughout the 
range 0 < a < 1. Hence, the incidence of rings 
on x-mers. which we define as the ratio of x-mers 
which contain rings to the total number of 
x-mers, and which cannot be greater than 
CX/Nxf (the incidence is smaller than CX/Nx1 if 
some x-mers contain several rings, and equal to 
CX/Nxf if no x-mer contains more than one ring) 
must be zero for any finite x. 

The total incidence of rings, which we define 
as the number of ring closures per residue, C, is 

given by 2 C,/N,. Since each individual C, is 
x =  1 

m 

finite, the sum 1 Cx remains finite so long as in- 
x =  1 

finite polymers are absent from the system, i.e. in 
the range 0 < tt < a,. Thus the incidence of rings, 
i.e. the expected number of ring closures per resi- 
due, for an infinite rings allowed system is zero 
below a,. The polymer size distribution in such a 
system, below a,, must therefore coincide with 
that of the rings forbidden system. 

Some earlier workers have stated that the 
incidence of rings may be negligible in suf- 
ficiently concentrated systems undergoing poly- 
merization (24, 25). However, the important 
facts that for the rings allowed model and in the 
limit of No -+ GO the expected incidence of rings 
on finite x-mers is exactly zero at any a ,  and that 
the total incidence of rings on all x-mers is 
exactly zero below a,, do not appear to have been 
observed. 

But the term in square brackets must be less than Appendix I1 

unity, as, for any value of a ,  N,'(J'x - 2x + 2 )  Derivation of the Flory Distribution as the 
is the maximum number of unreacted groups on Distribution of Ringless Polymers in the 
the x-mers, while No f (I - a)  is the total number Rings Allowed Model 
of unreacted groups in the system. Hence, 

The following derivation follows closely the 

[A31 P," < 
f x  - 2x + 1 d a  derivation by Flory in ref. 1 1 ,  offerred for the 

2 1-G rings forbidden modeL6 The present derivation 
is for the rings allowed model. Consider a system In order to obtain an upper bound for the num- 
of f-functional units which has undergone of ring closures On x-mers, we may inte- random self-condensation wjt/lour restrictions, 

grate the upper bound for pxc from [A31 be- 
tween a = 0 and a = a .  We bbtain 

6Flory did not state unequivocally whether his model 

[A41 C, < )(f x - 2x + 1) In --- 
( I  !a) 

forbade ring formation or simply neglected it (e.g. 
ref. 11, p. 348). Stockmayer (ref. 14, p. 46) and most 
subsequent workers (1) have construed Flory's derivation 

which is $finite for any finite x throughout the to apply under the assumption that rings are forbidden. 
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as in Appendix I. The probability that an un- sum 
reacted group selected at random belongs to an w m 

x-mer witllout rings, P,, may be expressed in two w, = xNx/No 
x= I x =  I 

ways. 
Firstly, P, is equal to the product of the 

probability p, that the selected group belongs 
to a ringless x-mer of a given configuration, and 
the number w, of distinguishable configurations 
of ringless x-mers which start with the selected 
group 

The number of configurations, ox,  has been 
shown (cf .  ref. 11, p. 366) to be 

[A61 w, = (fx - x)!/(fx - 2x + I)! x!  

Provided that the system is infinite and that the 
reaction has proceeded at random, without 
restrictions, the probability that a group en- 
countered along the polymer is bonded or non- 
bonded is a or (1 - a), respectively, independent 
of the size of the polymer or the presence of 
ring-containing polymers in the system. The 
value of p, is then 

where (x - 1) is the number of bonds on a ring- 
less x-mer, while (f x - 2x + 1) is the number 
of non-bonded groups, not counting the group 
originally selected. We therefore obtain 

[A81 P, = [(fx - x)!/(fx - 2x + l ) ! ~ ! ]  
aX-l(l - &)fx-Zx+l 

Secondly, since the originaily selected un- 
reacted group was chosen at random, P, must 
also equal the ratio of unreacted groups on 
ringless x-mers to the total number of unreacted 
groups in the system: 

where N, is the number of ringless x-mers in the 
system. Eliminating P, from eqs. A8 and A9, 
we obtain the Flory-Stockmayer expression 
(eq. I). Our derivation formally recognizes the 
quantity N,  as the number of ringless x-mers in a 
system which allows rings. Our mode of deriva- 
tion is general and implies that eq. 1 should be 
applicable over the entire accessible range of 
a, 0 to 1, whether or not the ringless polymers 
constitute the whole system or only a fraction of 
it. When the incidence of rings is non-zero, i.e. 
above a, (cf. Appendix I), the total weight frac- 
tion of ringless polymers, given by the infinite 

must be less than unity. It has indeed been 
established (13, 14) that for the F.S. distribution 
this infinite sum equals unity for a between 0 
and a,, but deviates increasingly from unity 
above a,, becoming zero at a = 1. 

Appendix 111 

Expected Number of Ring Closures at a = 3 

Consider a system composed of No ffunc- 
tional monomers (No -t a), which has under- 
gone complete self-condensation, without re- 
strictions on ring formation, so that ci = 1. Let 
e represent the number of ring closures per 
residue. The maximum value of C is f/2 when f 
is even and (f - 1)/2 when f is odd (Table 2). 
The reason for this is that in order to maximize 
ring closures only the smallest possible rings 
must be constructed and these rings involve a 
pair of functional groups on the same residue. 
I f f  is odd, it can be seen that one functional 
group per residue, which cannot be used to form 
rings, always remains. The minimum value of C 
at a = 1 is zero for f = 1 and (f - 2)/2 for 
f 3 2, because the first two functional groups 
per residue may be used to form an infinite chain 
without any rings, but all remaining functional 
groups must then form rings. 

When the self-condensation proceeds at ran- 
dom, the expectation value of C coincides with 
the minimum value. This is because in the limit 
of an infinlte system the probability of ring 
closure is non-zero only for polymers of infinite 
size (Appendix I). In such polymers two func- 
tional groups per residue are involved in the 
formation of the backbone, so that only f - 2 

TABLE 2. Minimum, maximum, and expected numbers 
of ring closures per residue, c, for the complete self- 
condensation of a large number off-functional monomers. 

f c m , n  C x p  G a x  

1 0 0 0 
2  0 0 1 
3  112 112 1 
4  1 1 2  
s 312 312 2  
6 2 2  3  
. . . . . . ... . . ~ 

f / 2  when f even 
( f - 2 ) 1 2  ( f - 2 ) 1 2  { ( f - 1 ) / 2 w h r n f o d d  
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FALK AND THOMAS: RANDOM POLYFUNCTIONAL CONDENSATION 3295 

functional groups per residue are available for 
ring formation, which leads to (f - 2)/2 ring 
closures per residue. The value of the derivative 
dC/da increases from 0 at a = a, to a maximum 
value when a approaches 1. The largest possible 
rate of ring formation is one ring closure per 
reaction step, i.e. (AC),,, ,,,, = l/No. Since 
(Ac(),~, step = 2/No f, the maximum possible value 
of 

dC/da = lim (AC/Aa) 
No+m 

must be (I/NO)/(2/No f )  = f/2. This value should 
be reached in the limit of a -+ 1, when all the 
residues will have polymerized into a single 
giant polymer and every remaining reaction step 
must result in ring closure. 

Appendix IV 
The Incompatibility of the Postulate of Equal 

Reactivity of Functional Groups with the 
Exclusion of Rings 

The Flory-Stockmayer distribution has been 
derived in several ways. Apart from the deriva- 
tion by Flory (ref. 11, p. 370), there are two 
reported derivations by Stockmayer (14), and 
one each by Good (26), Whittle (2), and by 
Gordon and Judd (1). These derivations postu- 
late (i) that intramolecular reactions do not 
occur and (ii) that all unreacted functional 
groups are equally reactive regardless of the size 
of the polymer to which they are attached (1). 
The conditions under which these two postulates 
are mutually compatible do not appear to have 
been clearly noted. 

In a random selection of pairs with rings 
allowed, the probability p, that a particular un- 
reacted group on an x-mer will be selected is 
2/No f (1 - a), there being No f (1 - a) unre- 
acted groups in the system, each of them being 
equally likely to be selected. The value of p, is 
independent of x, so that all groups are equally 
reactive as a result of the selection being random. 

When ring formation is forbidden, those pairs 
of unreacted groups which belong to the same 
molecule are excluded from the reaction. An 
unreacted group on an x-mer is then forbidden 
to react with the other (fx - 2x + 1) unre- 
acted groups on the same x-mer and is allowed 
to react with only the remaining No f (1 - a) - 
(fx - 2x + 1) unreacted groups in the system. 
Thus the reactivity of an unreacted group on an 
x-mer relative to one on a y-mer, defined as the 
relative probability of being selected to react, is 

When f 2 3, this ratio approaches unity for finite 
x and y in the limit of No -t co. (In the special 
case off = 2, this ratio is unity for any value of 
No and for any x and y, since then fx - 2x + 
1 = fy - 2y + 1 = 1.) Thus, when f 3 3, the 
compatibility of the postulate of equal reactivity 
of all unreacted groups with non-occurrence of 
rings requires ( i )  an infinite system, and (ii) 
absence of infinite polymers, which is fulfilled 
only below a,. The derivations of the Flory 
expression in refs. 1, 2, 11, 14, and 26, which 
postulate simultaneously these two conditions, 
are therefore valid below cl,, and invalid 
above a,. 
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Erratum: Primary Bond Formation in the Addition of 
Cyclopentenone to Chloroethylenes 

R. 0. LOUTFY AND P. DE MAYO 
Department of Chemistry, Utziversity of Western Orztario, Lorzdorz 72, Onturio 

Received July 17, 1974 

(Ref.: Can. J .  Chem. 50,3465 (1972)) 

The name of N .  A. Farid was inadvertently omitted from the list of authors of this article. The 
authors names should read R. 0. Loutfy , P. de Mayo, and N. A. Farid. 
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HARM BENJAMINS, FAZAL HAQUE DAR, and W. DAVID CHANDLER. Can. J. Chem. 52,3297 
(1974). 

Experimental evidence is presented to support the hypothesis that, in triply ovtho-substituted 
diphenyl ethers, conformer interconversion involves both rings. The free energy barrier, 
measured by p.m.r., is sensitive to substituent effects arising in the ring having only one ortho 
substituent. The exceptionally high barrier found when an ortho iodine is present is consistent 
with the existence of a substituent-inside intermediate occurring during conformer conversion. 

HARM BENJAMINS, FAZAL HAQUE DAR et W. DAVID CHANDLER. Can. J. Chem. 52,3297 (1974). 
On rapporte une preuve experimentale demontrant l'hypothese selon laquelle les intercon- 

versions de conformeres, dans les ethers diphenylks trisubstitues en position ortho, impliquent 
les deux noyaux. L'energie de la barriere a la rotation, tel que mesure par la r.m.n. du proton, 
est sensible aux effets de substituants decoulant de la presence dans un noyaux de seulement un 
substituant en position ortho. La barriere exceptionnellement elevke qui est trouvte lorsqu'un 
iode est present en position ortho est en accord avec l'existence d'un intermediaire comportant 
un substituant a I'intkrieur durant la conversion des conformeres. [Traduit par le journal] 

Introduction 
Using rotational barriers, obtained from vari- 

able temperature p.m.r. spectra, a previous paper 
speculated on the mechanism by which stable 
conformers of doubly and triply ortho-substi- 
tuted diphenyl ethers are interconverted (1). For 
the latter, it was proposed that ring rotation 
could take place through two butterfly confor- 
mations in which both rings make an angle of 90" 
with the central COC plane (Fig. 1). For the 
former, either a concerted rotation of the two 
rings (Fig. 2, X = H) or rotation through the 
butterfly intermediates could account for the 
experimentally observed free energy barriers. 
The importance of studies such as this lies in 
their potential for explaining the lack of success 

'Author to whom all correspondence should be ad- 
dressed. 

in resolving potentially chiral diphenyl ethers. 
The purpose of this paper is to present a more 
detailed mechanistic and topological analysis of 
isomerization for triply ortho-substituted di- 
phenyl ethers along with experimental evidence 
for a mechanism involving both rings. 

FIG. 1. Interconversion of stable, skew, H-inside con- 
formers of triply ortho-substituted diphenyl ether through 
butterfly intermediates I1 and 111. 
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3298 CAN.  J .  CHEM. VOL.  5 2 ,  1974 

FIG. 2. Application of a concerted, cogwheel rotation 
to a skew, H-inside conformer of a triply ortho-substituted 
diphenyl ether. 

For diphenyl ether itself, the stable conforma- 
tion appears to be one in which the two rings are 
rotated from coplanarity in a conrotatory man- 
ner by angles estimated to  be between 18 and 52" 
(2 and refs. therein). Since the energy barrier 
between possible conformers is small, there is a 
continuous and rapid interconversion of these a t  
ordinary temperatures (2-5). A concerted or 
cogwheel mechanism, similar to that illustrated 
in Fig. 2, was suggested by Fong (3) as the prime 
method of internal motion in diphenyl ether. 
From a study of the potential energy surface 
calculated using an extended HMO method, 
Galasso et al. (2) concluded that the mechanism 
is more likely to involve a butterfly-like transi- 
tion state. Nonetheless, the barriers for the cog- 
wheel and the butterfly mechanisms were cal- 
culated to be only 0.3 kcal/mol apart. 

In a very extensive analysis of isomerization 
due to  restricted rotation of phenyl rings Gust 
and Mislow (6) labelled the concerted motion as 
a one-ring flip and the mechanism involving 
butterfly transition states as a two-ring flip. For 
the remainder of this paper the terms zero-ring 
flip, one-ring flip, and two-ring flip will be used 
as they have been defined by Gust and Mislow. 

For ortho-substituted diphenyl ethers and 
many other bridged diphenyls there is ample 
evidence to  suggest that the twist, H-inside con- 
formations are the most stable (7-26). Figure 3, 
which was prepared in the manner of Gust and 
Mislow (6), displays all eight possible twist con- 
formers for a triply ortho-substituted diphenyl 
ether. The four that have an ortho hydrogen in- 
side or proximal (A, B, A', and B') occur in two 
pairs. The one pair, A and B, are interconvertible 
by a one-ring flip through the skew conforma- 
tion, I. The other pair, A' and B', are similarly 
interconvertible through I' where A', B', and I' 
are nonsuperimposable mirror images of the 
unprimed set. 

FIG. 3. Possible twist conformers for triply ortho- 
substituted diphenyl ether and ring-flip interconversions. 
The apices of the cube represent twist conformers. The 
roman numerals I, IV, V, VI, and their primed analogs 
represent skew conformers; 11, 111, and their primed 
analogs represent butterfly conformers. The horizontal 
edges are one-ring flips. The vertical edges are two-ring 
flips. Lines connecting diagonally opposite corners and 
passing through the center (not shown) are zero-ring 
flips. 

Potential energy calculations (8) indicate that 
the barrier for the one-ring flip that interconverts 
A and B or A' and B' is very low. For this 
reason, several groups (2, 8, 23) have suggested 
that the conformation of these ethers in solution 
is best described as the average of each pair or 
the skew, H-inside conformation. Thus the in- 
terconversion of stable conformers is represented 
by I tt I' (See Fig. 1). 

The topological analysis of conformer inter- 
conversion is clearly evident from Fig. 3. The 
eight horizontal edges represent one-ring flips 
through skew conformations I, IV, V, VI, and 
their mirror images (Figs. 1 and 2 as well); the 
vertical edges represent two-ring flips involving 
butterfly conformations 11, 111, and their mirror 
images; the four lines (not drawn) connecting 
diagonally opposite corners of this cube and 
passing through the center represent zero-ring 
flips through a planar conformation. T o  inter- 
convert I and I' there are two types of mecha- 
nisms: (i) a zero-ring flip or (ii) a two-ring flip 
plus a one-ring flip. Rotation of the di-ortho-sub- 
stituted ring alone is a zero-ring flip but this has 
been tentatively rejected because of the high en- 
ergy needed to overcome ortho group repulsions 
in the planar transition state. The butterfly mech- 
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anism of Fig. 1 (I -+ I1 -+ I11 -+ I'  or the equiv- 
alent I -t 111' + 11' -+ 1') is analogous to a two- 
ring flip plus a one-ring flip. The concerted 
mechanism of Fig. 2 (1 -+ IV -+ V or alterna- 
tively I + VI -+ V) can be ruled out as a possible 

m 

method of conformer interconversion in this 
instance because V is a higher energy conformer 
that is not a mirror image of I. Rotation of the I 
X-substituted ring alone, a one-ring flip, has the 

p 11 
same effect so that the only processes that need 
be considered are rotation of the di-ortho-sub- R a t a t o n  f b r o r g h  0 ond $ 

stituted ring alone or a double-ring mechanism FIG. 5. Free energy diagram for interconversion of 
such as that shown in Fig. 1. the conformers I and I' through a twist, X-inside inter- 

mediate D or D'. Montaudo and his co-workers (7-10) have 
presented potential energy surfaces for several kcal/mol more stable than other twist 
model doubly and triply ortho-substituted, conformations shown here as cross-hatched 
bridged di~henyls,  in all but one case using only areas. Were Y and Z identical I and I' would be 
nonbonded interactions to estimate the potential superi,posab~e mirror images; otherwise they 
energy (10). Rowbotham (12) has obtained are enantiomeric and under certain conditions 
crude estimates of steric overlap between ortho be resolvable, 
substituents as well as the interaction of these expected the energy diagrams of Montaudo 
substituents with the rings' n-clouds to arrive at  and ~ i ~ ~ ~ ~ h i ~ ~ ~  (8) and Rowbotham (12) indi- 
similar diagrams of allowed and forbidden areas cate that the zero-ring flip or di-ovtho-substituted 
for diphenyl ether conformations. From these rotation (1 ++ 1' at constant 0) requires far 
diagrams, the lowest energy route for intercon- too high an energy to be considered seriously. 
version of stable conformers can be assessed in ~ h ,  suggested lowest energy, two-ring intercon- 
a qualitative way. version mechanism (solid line) probably involves 

For triply ortho-substituted d i~henyl  ethers a single intermediate rather than the two butterfly 
Fig. 4 represents the results of these  calculation^ intermediates suggested earlier (dashed line). 
including the areas of a number of conformations ~ h ,  intermediate would have a twist, x-inside 
and several interconversion routes possible (8, confo~n,ation with 4, and 8 in  the neighborhood 
12). The shaded areas represent the stable con- of -45 and - 1200, respectively, Because it has 
formational regions including H-inside twist and no piane of the interconversion of I 
skew conformations. These are estimated to be and 11 should involve two different transition 

states (Fig. 5 ) . 2  The higher energy one has large 

-90 - 

!I1( @ @ 

Z-X and Z-H interactions while the other has 
only a Z-X interaction. Interconversion of I and 

z&" 
I'  would then involve rotation of the two rings 
in a disrotatory fashion as the first step so that 
the measured barrier is that of this step. 

Gx Although a two-ring mechanism for conformer 
d interconversion was postulated qualitatively in a " previous paper (1) and energy contour diagrams 

suggest its existence as outlined above, experi- 
-9 0 0 90 

@ ( d e g l  
2As long as Y and Z are substantially different there 

FIG. 4. Rotational map for a triply ortho-substituted would be two different routes both with two transition 
diphenyl ether. 8 = 6 = 0' is the planar H-inside con- states. These two routes would be I - D, D'* I' and 
formation. The shaded areas represent the stable time- I tt C, C' tt 1'. D and D' being mirror images would 
average H-inside conformations; the cross-hatched areas have the same energy but D and C or D' and C' would 
represent the twist, X-inside conforn~ations; - - - - - is ro- not. Figure 5 and the discussion above were prepared 
tation through butterfly intermediates as illustrated in with the simplifying assumption that Z is the 'smaller' of 
Fig. 1 ;  - is the lowest energy path for conformer inter- the two substituents making D and D' more stable than 
conversion as calculated by Montaudo et a / .  (8) and C and C'. The interconversion route would then involve 
Rowbotham (12). D or D' primarily. 
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mental verification has been lacking. In this 
paper we present evidence for such a mechanism 
using the two ether families 1 and 2. 

It has been shown that, for compounds such 
as 1 and 2, the p.m.r. spectra of the isopropyl 
methyl groups are temperature dependent (1, 
27). Below a temperature, Tc, there appear two 
doublets while at temperatures greater than Tc 
there is a single doublet. This phenomenon is 
explained in terms of rotation by 180" about the 
alkylated ring - 0 bond, a process which ex- 
changes the identity of the two anisochronous 
methyls comprising each isopropyl. Thus the 
measured energy barrier for the methyl exchange 
is the barrier for whatever mechanism is involved 
in rotating the alkylated ring and, as a result, in 
converting, in this case, the two equivalent con- 
formers I and 1'. If the diisopropyl-substituted 
ring had no plane of symmetry I and I' would be 
enantiomers. 

If the methyl exchange occurs by rotation of 
the alkylated ring alone, the barrier should be 
essentially independent of the variable substi- 
tuent in both 1 and 2. If, on the other hand, a 
two-ring mechanism is involved, the barrier 
would be expected to depend on the electronic 
character of X in 1 and on electronic and bulk 
effects in 2. For example, in l a  where X = NO,, 
a large mesomeric effect should be operating, 
increasing the double bond character of the 
Ar-0 bond and lowering the energy of the 
stable, skew conformers I and I' relative to what 
would be expected in I d  where X = H. As the 
effect of the NO, on the transition state, being 
nearer the butterfly conformation, should be 
less, AG* will be greater in l a .  When X = NH,, 
as in 16, the reverse mesomeric should operate 
and AG* will be lower than for Id. In fact one 
would expect AG* to increase with changing 
para-substituent in the order NH, < H < I < NO,. 

The p.m.r. spectra of the eight compounds in 
families 1 and 2 were obtained over a wide range 
of temperatures and the coalescence data were 
extracted. 

Results and Discussion 
The coalescence data and AG* values, calcu- 

lated for an uncoupled AB system as outlined 
previously (I) ,  are presented in Table 1. Clearly 
AG* and T, vary with substituent in both series 
beyond experimental error. For 1 the variation 
in AG* is roughly as expected with a difference 
of 2.5 kcal/mol (measured at different tempera- 
tures) between X = NO, and X = NH,. Thus, 
the electronic character of the groups substituted 
on one ring is important in influencing the barrier 
to rotation of the other ring, indicating the exis- 
tence of a two-ring conformer conversion pro- 
cess. These results point out that in general the 
neglect of mesomeric effects in calculating poten- 
tial energy contours could lead to erroneous 
results. 

In series 2, where steric effects may come into 
play, the results are also as expected for a two- 
ring process. AG* is largest for the ortho-substi- 
tuent with greatest size. Thus the barrier is greater 
when X = NO, than when X = NH, and is 
greater for l a  and 2a. When X = H the barrier 
is very low and another interconversion mecha- 
nism may be operative (1). In series 2 there is a 
much larger barrier for X = I than for X = 
NO, in spite of the fact that the nitro group, 
even if twisted out of the ring plane, is a stronger 
electron withdrawing substituent. The steric, 
ortho-substituent parameters, E,, for iodine and 
nitro are -0.20 and -0.75, respectively (28), 
suggesting that NO, should have a larger steric 
effect in interacting with the isopropyl groups in 
the transition state of the two-ring mechanism. 
If that were so 2a should have a larger rotational 
barrier than 2c since virtually all the steric inter- 
action would arise in the transition state. 

However, several groups (29-31) have postu- 
lated the existence of an interaction between 
iodine and the TC system of a phenyl ring in studies 
of the preferred conformations of some iodo-di- 
phenyl ethers. Such an interaction would make 
the X-inside, twist conformation of Figs. 4 and 5 
even lower in energy for 2c. If AG* is to be ab- 
normally large in this case, during the rotational 
process toward the intermediate the electron 
cloud about the iodine must become deformed 
in the direction of the phenyl ring. The interac- 
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TABLE 1. Coalescence data and AG* values for series 1 and 2 

Compound X Tc PC) Av (Hz)" kc (s- ') AG* (kcal/mol) 

"At 60 MHz. 
bEstimate based on previous work (I) .  Temperatures considerably below T,  aere  unavailable uslng A-60A. 

TABLE 2. Properties of diphenyl ethers in series 1 and 2 

Analysis (z) 
Melting Calculated Found 
point 

Compound PC) C H N I C H N I 

l a  84-85 67.21 
l b  131-133 73.37 
l c  80-8 1 54.81 
I d  79-80 76.89 
2a 170-171/1 mma 67.21 
26 155-156 73.37 
2c Viscous oil 54.81 
2d 76-77 76.89 

"Boiling point at 1 rnm Hg. 

tion between an isopropyl and the distorted 
electron cloud would then increase the energy of 
the transition state relative to that if NO, were 
the ortl~o-substituent. Such an argument re- 
quires that the iodine act as an electron donor in 
its interaction with the phenyl ring in the twist 
intermediate of 2c. Whatever the cause of the 
high barrier for 2c it is interesting to note that 
ortho-iodo-substituted biphenyls have long been 
known to have anomalously high rotational bar- 
riers (32, 33). It may be that chiral diphenyl 
ethers with an ortho iodine are best suited for 
resolution studies. 

The results of Table 1 clearly support a two- 
ring mechanism for interconversion of the stable 
conformers of triply ortho-substituted diphenyl 
ethers and all the evidence is consistent with this 
mechanism involving a single, X-inside inter- 
mediate. 

Experimental 

discussion of the method used to calculate AG* has been 
given previously (1). 

The compounds were prepared by standard methods 
outlined earlier for other ethers (1, 14, 34). Table 2 gives 
the properties of these ethers. 

The authors wish to acknowledge the generous support 
of the National Research Council of Canada for grants 
in aid of research and for a Scholarship to one of us 
(H.B.). 
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R. F. CHILDS and B. D. PARRINGTON. Can. J. Chem. 52.3303 (1974). 
The protonation of a series of methyl substituted phenols and anisoles in FS0,H has been 

examined. When the para position of the phenol is unsubstituted, protonation was found to 
take place exclusively at  this site. A methyl group on C-4 reduces the basicity of this carbon 
such that protonation on C-2, C-6 or oxygen can now compete withpara protonation. Despite 
claims to the contrary, in FS0,H no significant amount of nzeta protonation was observed for 
any of the phenols. In FS0,H-SbF,, 2,4,6-trimethylphenol is protonated on C-3 or C-5; how- 
ever, it would appear that this meta protonation is accompanied by a modification of the 
hydroxy group by either further protonation or reaction with the Lewis acid SbF,. 

R. F. CHILDS et B. D. PARRINGTON. Can. J. Chem. 52,3303 (1974) 
On a Ctudie la protonation, dans l'acide fluorosulphonique, d'une serie de phenols substi- 

tubs par des groupes methyles ainsi que des anisoles. On a trouve que la protonation se fait 
uniquement en position 4 lorsque le phenol ne porte aucun substituant en position pam. 
L'introduction d'un groupe methyle en position 4 reduit la basicite de ce carbone d'une faqon 
telle que les carbones 2 et 6 ainsi que I'oxygene peuvent entrer en competition avec la protona- 
tion en position para. Malgre les assertions du contraire, on n'observe, dans l'acide fl~torosul- 
phonique, aucune protonation en position rntta des phenols. Dans un melange FS0,H-SbF,, 
le trimethyl-2,4,6 phenol se protone en position 3 ou 5 ;  toutefois i l  sen~ble que cette protona- 
tion en nztta est accompagnee par une modification du  groupe hydroxyle soit par une protona- 
tion subsequent ou par reaction avec le SbF, qui agit comme acide de Lewis. 

[Traduit par le journa!] 

Introduction 
We have previously reported that protonated 

2,4- and 2,5-cyclohexadienones undergo a series 
of rearrangements when irradiated in FS0,H 
(2, 3). Protonated phenols, which are often ob- 
served as products of these reactions, undergo 
competing photoisomerizations. In order to 
understand these rearrangements, it is important 
to  know in some detail the structures of the ca- 
tions resulting from the protonation of these 
phenols in super acids. 

There have been several reports of the pro- 
tonation of phenols (4-9) and anisoles (10-14, 4, 
5) in super acid media and some discussion as to 
the preferred site of proton attachment (15-17, 
5, 8). When a phenol is unsubstituted a t  the para 
position, it is generally agreed that in FS0,H 
protonation takes place a t  this site (18). The 
situation is more complex when the para position 
is substituted and in these cases oxygen, ortho, 
meta, and para protonation have all been claimed 
(7, 8). 

'We acknowledge helpful discussions with Dr. K. E. 
Richards whose results appear in an accompanying paper. 

2A preliminary report of part of these findings has 
appeared (1). 

We report here the results of a systematic 
study of the protonation of a series of methyl 
substituted phenols in FS0,H and discuss the 
factors that determine the site(s) of protonation. 
These results differ in some respects to previous 
interpretations, particularly with regard to the 
question of meta protonation. 

Experimental 
General 

Nuclear magnetic resonance spectra were obtained on 
Varian A-60 and HA-100 spectrometers fitted with vari- 
able temperature probes. The temperature of the probe 
was determined with a methanol sample and all spectra 
were run at temperatures between -55 and -45". 
(CH,),N+CI-, taken as 3.1 6, was used as an internal 
standard throughout. Ultraviolet spectra were obtained 
with a Cary 14 recording spectrophotometer using I-cm 
quartz cells. The sample cell was maintained at low tem- 
peratures by mounting it in a Dewar with flat quartz win- 
dows thatcould befitted in theCary 14spectrophotometer. 
The Dewar was cooled with a stream of N2 gas obtained 
by boiling liquid N2 and the temperature monitored with 
a thermocouple. 

Materials 
Fluorosulfuric acid (200 ml), to which NaF (2 g) was 

added, was distilled at  atmospheric pressure through a 
10 in. V~greaux column. The middle fraction was collec- 
ted and stored in sealed glass ampoules until required. 
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TABLE 1. Site of protonation of methyl substituted phenols and anisoles* 

% protonation 

Substituents Compound Acid Oxygen C-2 C-3(C-5) C-4 C-6 

Phenols 
4-Methyl 

Anisoles 
2,4-Dimethyl 
2,4,6-Trimethyl 

HFSO3 
HFS03-SbF, 

HFS03 
HFSO, 
H F S 0 3  
HFS03 
HFS03  
H F S 0 3  
HFSO3 
HFSO, 
HFS03 
HFS03 
H F S 0 3  

HFS03-SbF5 
HFSOj 
H F S 0 3  
HFS03 
H F S 0 3  

HFS03  
HFSO, 

*Numbering scheme of phenol or anisole is maintained throughout. 
?Some variation in the ratio of 0 to C protonation was observed with 50 depending on the batch of acid used. The ratio of the cations derived 

from protonation on  C-2 and -4 remained constant with change of acid. The other phenols did not amear  to exhibit a similar variation. 
:Positions 2 and 6 are equivalent 

Antimony pentafluoride was distilled twice and stored in 
Teflon bottles. 

Most of the phenols are available commercially. Penta- 
methylphenol was prepared both by the method of Will- 
statter and Kubli (19) and by that of MacDonald and 
co-workers (20), m.p. 123-124" (lit. (21) m.p. 125"). 
2,3,4-Trimethylphenol was obtained by the BF, catalyzed 
rearrangement of 2,3-dimethylanisole, m.p. 81-82' (lit. 
(22) m.p. 81"). 6,6-Dimethylcyclohexa-2,4-dienone was 
obtained from dimethylfulvene by the procedure of 
Alder et 01. (23). Oxidation of 4,4-dimethylcyclohex-2- 
enone (24) was used to ob ta~n  4,4-din~ethylcyclohexa- 
2,5-dienone (25). 2,3,4,5,6,6-Hexamethylcyclohexa-2,4- 
dienone and 2,3,4,4,5,6-hexamethylcyclohexa-2,5-dienone 
were obtained by the procedures of Hart er a/.  (26, 27). 
3,5,6-Trideuterio-2,4-dimethylphenol was prepared by 
refluxing the phenol in 5% DD,SO, in D 2 0  for 40 h. Inte- 
gration of the n.m.r. spectrum of the product showed 
94% of the ring protons had been replaced by deuterium. 

Pvepararion of' Cations 
The phenol or dienone (30-50 mg) was placed in an 

n.m.r. tube and cooled to -78" before FS0,H (0.6 ml) 
(or the appropriate mixture of FS0,H-SbF,), also cooled 
to -7gS, was added. The suspension was stirred with a 
thin glass rod until solution occurred, A crystal of 
(CH,),N+CI- was added to the solution as an  internal 
standard. 

Results 
The cations produced upon protonation of the 

methyl substituted phenols in FS0,H and 
FS0,H-SbF, were identified by their low tem- 
perature n.m.r. spectra. In many cases protona- 
tion occurred at more than one site of the phenol 
and our findings are summarized in Table 1 .  

Protonation of Phenols Lacking a Para Substituent 
The phenols shown in Scheme 1,  which are all 

characterized by being unsubstituted in the 4 
position, were ail protonated on the para posi- 
tion when dissolved in FS0,H. The n.m.r. spec- 
tra of these cations are completely consistent 
with the structures indicated and no other 
cations could be detected. The assignment of the 
various resonances, shown in Table 2, was made 
by considering their multiplicity and integration, 
together with the changes occurring in the spec- 
tra as the substitution pattern of the cation was 
altered. Similar results have been previously re- 
ported for the protonation of 7 (6, 7). The 
marked similarity in the n.m.r. spectra of these 
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TABLE 2. Proton chemical shifts of para protonated phenols and related materials in FS0,H 0 

5 
r u 

Chemical shift* V) 

C-2(C-6) C-3(C-5) C-4 
- -- -- - - -- - % u 

Cation Substituents Me H Me H Me H Coupling 

53 4-Methyl -. . ? ? 1.57d ? J = 8 H z  - 
E w 

537 4-Methyl - ') - '? 1.57d ? J = 8 H z  2 
2 2,3-Dimethyl 2.22 7.18d 2.54 8.26d .- 4.15 J S , = 9 H z  2 

- - --- ? 1.55d 3.96q J = 7 H z  0 
44 2,4-Dimethyl ? 

- 1 - 
2 

48 2,4-Dimethyl ? 1.55d ? 
4 2,5-Dimethyl 2.23 7.03 2.57 8.06 - 4.07 

-- - - 
5 

6 2,6-Dimethyl 2.36 8.35 4.17 
39 3,4-Dimethyl ? ? 2.59 8.31 1.62d 3.82q J = 8 H z  

~- 

g 
3.99 

X 
8 3.5-Dimethyl ? 6.94 2.52 - 4 

24 2,3,4-Trimethyl 2.17 ? 2.49 8.24d 1.54 3 .82 J M ~ - H = ~ H Z , J ~ . ~ = ~ H Z  m 
10 2,3,5-Trimethyl 2.15 6.95 2.46 -. 4.01 

- 4.  l l 
E 

12 2,3,6-Trimethyl 2.24, 2.26 - 2.53 8.04 N m 
26 2,4,5-Trimethyl 2.21 7.03 2.53 8 .03 1.55d 3.73q J M e - H  = 8 Hz 
33 2,4,6-Trimethyl 2.33 -. 

-. . 8.23 1.52d 3.88m J M ~ - ~ ~  = 7 HZ z 
28 3,4,5-Trimethyl - 6.93 2.53 -- 1.60d 3.66q J , , - , = 8 H z  5 

z 
20 2,3,4,6-Tetramethyl 2.23, 2.27 - 2.50 8.02 1 .56d 3.73m J,,- ,, = 7 HI. 

- -- 4.05 
5 

14 2,3,5,6-Tetramethyl 2.20 2.46 - Z 
19 2,3,4,5,6-Pentamethyl 2.16 - 2.42 - 1.52d 3.62y Jh l c -H=8Hz  o 
15 -- 7.  IOd - 8.38d 1 .52 - Jz., = 9 Hz > 

4,4-Dimethyl 
16 2,3,4,4,5,6-Hexamethyl 2.17 - - 2.41 - 1.41 -- 2 

* I n  p.p.m. from .l.MS using (CH3),Nt as internal standard. Number~ng  scheme of original phenol maintained in cations. d - doublet, q = quartet. 
5 

tFS0,H-SbF, (4: I )  solvent. 
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CHILDS AND PARRINGTON: HYDR( IXY BENZENENONIUM CATIONS 3307 

protonated phenols and those of the protonated 
cyclohexadienones 15 and 16 confirms their 
structural assignment (28-31). 

Protonation of Phenols with a 4-Methyl 
Substituent 

Both pentamethylphenol, 17, and the tetra- 
methylphenol, 18, were protonated only on the 
para position in FS0,H at - 50" giving 19 and 
20 respectively. The resonances of the methyl 
groups on C-2, -3, -5 ,  and -6 of 19, for example, 
display the requisite symmetry and occur in the 
regions expected on the basis of the spectra of 

the previous cations. Coupling of the methyl 
protons and proton on C-4 results in the signal 
of the former being a doublet and the latter a 
quartet. The coupling constant, J = 7 Hz, for 
both 19 and 20, is comparable to that observed 
for the hexamethylbenzenonium cation ( J  = 
6.87 Hz) (13). 

The n.m.r. spectra of solutions of the tri- 
methylphenols 21, 22, and 23 in FS03H are 
more complex than can be accounted for on the 
basis of protonation at a single site. The pres- 

ence of a cation resulting from para protonation 
was shown in each case by a high field doublet 
(ca. 1.5 6) and a quartet (ca. 3.8 6); characteristic 
of 4-methyl and 4-methine protons, respectively. 
As is shown in Table 2,  the other resonances of 
these para protonated cations are quite in accord 
with their assigned structures. 

Cations resulting from proton attachment at 
an ortho position are also present In FS03H 
solutions of these phenols. The protonated cyclo- 
hexadienones 30 and 31 are good models for the 
chemieal shifts expected upon ortho protonation 
of a phenol and as can be seen from Table 3, 
there is a close correspondence between the 
chemical shifts of 25, 27 and 29 with those of 
30 and 31 (Table 3). If protonation had occurred 
at C-5 of any of these phenols, then the electron 
donating properties of the hydroxy group would 
be reduced and a considerable downfield shift 
of all the resonances would be expected as com- 
pared to the model cations (uide infra). The 
composition of the ions resulting from the pro- 
tonation of these phenols was determined by in- 
tegration of the n.m.r. spectra, see Table 1. 
Similar conclusions have been reached by Hart- 
shorn et al. (7) for the protonation of 23. 

OH QH 

The n.m.r. spectrum of a solution of 32 in 
FS03H, shown in Fig. IA,  can be accounted for 
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TABLE 4. Proton chemical shifts of oxygen protonated phenols and 
related materials 

Chemical shift* 

Cation Substituents Me Ring H 0-Me 

51 4-Methyl 2.38 7.35 - 
43 2,4-Dimethyl 2.36 7.24 - 

47 2,4-Dimethyl 2.37 7.22 4.63 
34 2,4,6-Trimethyl 2.31,2.37 7.05 - 

36 2,4,6-Trimethyl 2.26, 2.35 7 .0  4.62 

*In p.p.m. from TMS using (CH&N+ as internal standard. 

FIG. 1. Proton magnetic resonance spectra of 2,4,6- 
trimethylphenol in FS03H ( A ) ,  in FS03H-SbF, (C), 
and 2,4,6-trimethylanisole in FS0,H (B). (The singlet at 
3.1 p.p.m. is due to tetramethylammonium chloride.) 

on the basis of protonation both on oxygen and 
C-4. The high field doublet at  1.55, singlet at  
2.33, broadened quartet at  3.88, and singlet at  
8.23 6 can be attributed to 33. The remaining 
signals at 2.31, 2.37, and 7.05 6 can be assigned 
to 34. 

The n.m.r. spectrum obtained from a FS03H 
solution of 35 which is shown in Fig. Ib indi- 
cates that only the oxygen protonated cation 36 
is present. As is usually the case in FSO,H, 
coupling between the methyl proton and proton 

on the oxygen is not observed (9). There is very 
close agreement between the spectrum of 36 and 
the signals assigned to 34 in the more complex 
spectrum obtained from a FS03H solution of 
32 (cf. Table 4). 

The protonation of 3,4-dimethylphenol, 37, 
has been previously reported to give 38 and 39 
in a ratio of 90: 10 (7). In this study both 38 and 
39 were observed; however, in addition a small 
amount ( -  3%) of the isomer 40 was detected, as 
characterized by a low field doublet at  8.48 6 
(J = 9 Hz), a singlet due to the methylene group 
at 4.33 6, and methyl resonance at  2.37 6. Other 
resonances attributable to 40 were not detected, 
probably due to their coincidence with those of 
38 and 39. The low temperature u.v. spectrum of 
a FS0,H solution of 37 exhibited bands at  361 
and 255 nm which is in accord with the major 
product being 38. Protonated 2,4-cyclohexa- 
dienones have very similar u.v. spectra (2, 3, 30, 
33). 

Protonation of 2,4-dimethylphenol is particu- 
larly interesting in that it has been claimed that 
the corresponding anisole is partially protonated 
in the meta position in FS03H (9). The n.m.r. 
spectrum obtained from a solution of 41 in 
F S 0 3 H  is indeed complex but in our opinion it 
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does not give any evidence for meta protonation. 
Rather, the spectrum is consistent with the for- 
mation of the three cations 42 (4779, 43 (41x1, 
and 44 (1257,). The cation 44 was readily charac- 

terized by a doublet and quartet attributable to 
the C-4 methyl and proton at 1.55 and 3.96 6, 
respectively. While a methylene group resonance 
at 4.31 6 clearly indicated that protonation at 
C-6, -5, or -3 had occurred, its relative area 
showed that another cation must be present. This 
was identified as 43, the oxygen protonated 
system, with resonances at 2.36 and 7.24 6 .  
Allowing for the resonances of 43 and 44, this 
leaves a series of signals at 2.26, 4.31, 7.24, and 
8.36 6 to be accounted for. Their multiplicity, 
area, and positions are completely consistent 
with the 6-protonated isomer 42 (Table 3). If 
proton addition to C-3 or -5 had occurred, then 
a much different charge distribution and hence 
chemical shifts of the proton resonances would 
be expected. Protonation of the trideuterio- 
phenol 49 in FS03H and observation of the 
n.m.r. spectrum after 10 min at - 50" showed 
that 42, 43, and 44 were formed. Complete re- 
placement of all the deuteriums by hydrogen had 
taken place under these conditions. 

4 9 
In view of the suggested meta protonation of 

the anisole 45, we have repeated its protonation 
and find very similar results to those outlined 
above for the phenol. The products resulting 
from dissolution of 45 in FSO,H were found to 
be 46 (72%), 47 (23x1, and 48 (573, the positions 

of the observed resonances in the n.1n.r. spec- 
trum being entirely consistent with the assigned 
structures. It is difficult to make a direct com- 
parison between the chemical shifts published 
for 49 and those quoted here for 46 as different 
reference compounds and acid media are used. 
However, while the chemical shifts quoted for 
49 and 46 differ in their absolute magnitude, 
there is a constant difference between the two 
sets of figures. This would suggest that these 
cations are indeed the same and result from 
ortho protonation of 45. 

Dissolution of p-cresol, 50, in FS0,H gave a 
solution of the three ions 51 (5.57352 (4057,), and 
53 (5%). Both 51 and 52 have been detected be- 
fore as protonation products of 50, although it 
has been claimed that in FS03H only 51 is 
produced (9). 

OH t OH2 

Protonations in SbF,-FS03H 
It has been shown in general that the addition 

of SbF, to a FS03H solution of a phenol results 
in an increase in the amount of carbon and re- 
duction in the amount of oxygen protonation (9). 
Accordingly, to see if C-protonation could be 
enhanced in solutions of 32 and thus add further 
confirmation to the correctness of the spectral 
assignments, its protonation in a FS0,H-SbF, 
mixture (4: 1 v/v) was examined. 

From the n.m.r. spectrum obtained from a 
solution of 32 in FS03H-SbF, (Fig. lc), it is 
quite clear that protonation has not occurred as 
before on either oxygen or C-4 in this medium. 
The relative areas of the signals suggested that 
meta protonation had taken place to give 54. 

The resonances of 54 are all shifted downfield 
from those of the comparable protons of the 
protonated phenols shown in Tables 2 and 3. 
This is not unexpected as the hydroxy group (or 
modified hydroxy group) can no longer stabi- 
lize the positive charge on the benzenonium 
cation but rather would be an inductively elec- 
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32 54 

Me's 2.80 
2.86, and 
2.96 6 

tron withdrawing group in this position. Evi- 
dence for this can be seen by cornparing the 
chemical shifts of the proton resonances of 54 
and protonated mesitylene, 55 (32). The reso- 
nances of 54 are occurring considerably further 
downfield than those of 55. A better model for 
54 is protonjted cl~loron~esitylene, 56 (33).3 It is 
quite possible that the hydroxy group of 54 is 
further protonated to give a dication. No reso- 
nance attributable to the proton(s) on oxygen 
could be detected in the n.m.r. spectrum of 54. 
A cornparable diprotorlation has been described 
with 2,4,6-trimethylaniline which in FS0,H- 
SbF,-SO, and HF-SbF, gives 57 (34, 18). It is 
difficult, however, to compare directly the 
chemical shifts of 54 and 57 as an external refer- 
ence was used in reporting the latter resonances. 

The rneta protonated cation 54 was not detec- 
ted by n.m.r. in FS0 ,H solutiorls of 32 that did 
not contain SbF,. However, the u.v. spectrum 
of a solution of 32 in F S 0 3 H  exhibited bands a t  
270 and 308 nm, and a very weak absorption at  
385 nm. The latter band, which cannot be at- 
tributed to either 33 or 34 (cff: 2, 3, 32), could 
conceivably originate from a small amount of 36, 
too small to be detected by n.m.r. A F S 0 , H  

3The chemical shifts of 56 quoted in ref. 34 are based 
upon internal tetramethylammonium chloride taken as 
3.2 6. The values quoted here have been modified to re- 
flect the resonance position of tetramethylammonium 
chloride (3.1 6) used in this paper. 

solution of 56 showed a long wavelength absorp- 
tion a t  380 nm. 

Discussion 
A great deal of information is available on the 

basicities of aromatic hydrocarbons (35, 18). In  
particular, it is known that methyl substitution 
ortho or para t o  a given site on a benzene ring 
causes about a 1000-fold increase in its basicity, 
while methyl substitution in the rneta position 
gives rise to  only about a 5-fold increase. In 
contrast, substitution of a methyl upon the site 
of protonation reduces its basicity by a factor of 
about 20 (1 8). These effects are clearly operative 
within the series of phenols discussed in this 
paper. 

Before discussing this, however, it is clearly 
important to know whether a kinetic or  thermo- 
dynamic distribution of products is being ob- 
tained upon protonation of these phenols. The 
time invariance and reproduc~bility of the ratios 
of the cations poduced  from any individual 
phenol would suggest that a therniodynarnic 
equilibrium is being reached. Direct evidence for 
this assertion comes from the results of the pro- 
tonation of the trideuteriated phenol 49, in 
which complete exchange of all the ring protons 
occurred prior to  observation of the n.1n.r. 
spectrum. 

Phenol itself is protonated on carbon in 
FSO,H, the proton being attached to C-4. Any 
methyl substituents upon C-2, -3, -5, or  -6 of the 
phenol would be expected to enhance the basi- 
city of the 4-position and have little effect upon 
the basicity of the oxygen. Indeed, all the phenols 
which lack a 4-methyl substituent are protonated 
in FS0,H to give exclusively cations resulting 
from protonation para to the oxygen. No evi- 
dence for any other iso~neric cations was found 
in any of these systems. Even in the case of 
2,6-dimethylphenol, 5, where the two methyls are 
situated so as to increase the basicity of C-3 
and -5 by loh,  no protonation in these positions 
could be detected. Clearly, the effect of the hy- 
droxy group is overriding that of the methyl 
groups in phenols of this type. 

The results in Table 1 show that when t.he 
4-position of a phenol bears a methyl substituent. 
protonation of one of the two ortlio positions or  
upon oxygen becomes possible. Protonation a t  
C-2 or -6 of these systems is only observed when 
at  least one of these sites is unsubstituted. Thus 
17, 18, and 32 which all have methyls on C-2, -4, 
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CHILDS AND PARRINGTON: HYDR lOXY BENZENENONIUM CATIONS 3311 

and -6, show n o  indication of being protunated 
upon C-2 or -6. This is in accord with the known 
equilibrium position between 31 and 16 which 
lies heavily in favor of 16 (29-31). 

The relative basicities of the ring carbons and 
oxygen of these 4-substituted phenols is very 
dependent upon the presence and position of 
other substituents on the ring. Thus p-cresol, 50, 
is protonated to the extent of 5 5 z  on oxygen and 
4 0 x  on C-2 and -6. With 2,4-dimethylphenol, 
41, a small increase in the amount of ring pro- 
tonation is seen but clearly the additional methyl 
a t  C-2 has not influenced the relative basicities of 
the various sites to any great extent. This is in 
contrast to 3,4-dimethylphenol, 37, where the 
additional tnethyl in the 3 position has so in- 
creased the basicity of C-2, -4, and -6, which are 
ortho or para to this 3-methyl group, that only 
ring protonation is detected. 

It is interesting that for 37, protonation a t  
C-6, para to the 3-methyl group, is much favored 
over protonation-at C-2, ortho to the 3-methyl 
group. A similar preference has been observed in 
the methyl substituted benzenoniuni cations (I 8). 

Tlie Q~restion of Meta Protonation 
The most favored case in which n7eta protona- 

tion might occur is 2,4,6-trimethylphenol, 32; 
however, no nzeta protonated isomer could be 
detected in the n.ni.r. spectrum of 32 when dis- 
solved in FSO,H. The three methyl groups on 
32 would be expected to enhance the basicity of 
the rneta position by some factor of lo9 and yet 
would have little effect on the basicity of C-4 as 
compared to phenol. This suggests that there 
must be a factor of at  least lo9 difference in the 
relative basicities of the rlieta and para positions 
of phenol itself in FS0,H.  This being so, then 
without modification of the -OH group of any 
of these phenols, protonation on the C-3 or -5 
position would not be expected to  compete 
effectively with attack on the other positions. 

As in FSO,H-SbF, mixtures, 32 was protona- 
ted only in the nfeta position, the electron donat- 
ing properties of the hydroxy group must be 
modified in this medium, One possibility is that 
diprotonation of this phenol is occurring in 

FS03H-SbF,, a medium which is known to be 
much more acidic than F S 0 3 H  itself (36). The 
most stable dication that could be formed is 59, 
the now electron withdrawing oxygen substi- 
tuent being sited on the position of highest 
electron density of the pentadienyl cation. The 
three methyl groups are ideally situated to stabi- 
lize this pentadienyl cation. 

An alternative modification of the oxygen sub- 
stituent which might be considered is its reaction 
with the Lewis acid, SbF,. This could give either 
60 or  61, both of which would convert the oxy- 
gen function into an  electron withdrawing sub- 
stituent. 

Some evidence for this type of reaction can be 
found in the reactions of the dienones 62 and 63 
with a Lewis acid such as SO,, when the zwit- 
terion 64 is formed (3 1 ). 

Whereas in FSO,H, 62 and 63 were protona- 
ted to give 16 and 31, respectively, in FSO,H- 
SO, solution the nletu isomer 64H' was ob- 
served. As it is known that the addition of SO, 
to FSO,H has little effect 011 its acidity (36), it 
is unlikely that in FSO,H-SO, the formation of 
the nwta isomer can be attributed to diprotona- 
tion. 

Q 0 

The reaction of 63 with SbF, in SO, solution 
does not proceed cleanly as the ketone is oxidized 
in this medium. However, the initial spectra 
produced are indicative of the formation of the 
nreta isomer corresponding to 64, suggesting that 
the -0-SF, group is electron withdrawing. 
It is thus possible that in these acid media con- 
taining SbF,. the Lewis acid is competing with 
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a proton for the Lewis base. Further studies are 17. B. G. RAMSEY. J. Am. Chem. Soc. 88, 5358 (1966). 
required to clarify this point; however, we feel 18. D .  M. BROUWER, E. L. MACKOR, and C. MACLEAN. 

caution should be employed in  rega,rding the In Carbonium ions. Vol. 2. Edited by G. A. Olah 
and P. von R. Schleyer. Wiley-Interscience, New 

effect of the addition of SbF, to FS0,H to be york,  N.Y. 1970. p. 837. 
simply that of an increase in acidity. 19. R. WILLSTATTER and H. KUBLI. Chem. Ber. 42,4151 

(1 909). 
We wish to thank the National Research Council of 20. B. V. GREGOROVICH, K. S. Y .  LIANG, D. M. CLUG- 

Canada for financial support. STON, and S. F. MACDONALD. Can. J. Chem. 46, 
3291 (1968). 
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Protonation of Polymethylphenolsl 
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RICHARDS, and GRAEME WRIGHT. Can. J .  Chem 

The protonation of a series of polymethylphenols in fluorosulfonic acid at  - 50' has been 
studied. For those phenols with no substituent at  C-4, protonaton occurs exclusively at that 
position. Isomeric ions were obtained for all phenols with a methyl substituent at C-4.4-Methyl- 
phenol and 2,4-dimethylphenol each gave three ions, one from 0-protonation and two from 
protonation a t  C-2 and C-4, whereas 2,4-dimethylphenol, 2,3,4-, 2,4,5-, and 3,4,5-trimethyl- 
phenol, and 2,3,4,5-tetramethylphenol gave only the C-protonated species. These studies 
establish that although electronic factors are important, steric factors play a predominant role 
in determining the relative proportions of the various species. 

BLACKSTOCK, KEN~YETH E. RICHARDS et GRAEME J. WRIGHT. Can. J. Chem. 

On a etudie, dans I'acide fluorosulphonique a -5OC, la protonation d'une serie de poly- 
mCthylphenols. Dans le cas des phenols ne portant aucun substituant en position 4, la pro- 
tonation se fait exclusivement dans cette position. Des ions isorneres sont obtenus pour tous les 
phenols portant un substituant methyle en position 4. Les methyl-4 et dimethyl-2,4 phenols 
donnent chacun trois ions: un provenant de la protonation sur I'oxygene et d e ~ ~ x  de la protona- 
tion en positions 2 et 4. Par ailleur les dimethyl-2,4 et trimethyl-2,3,4-, 2,4,5- et 3,4,5 phenols 
ainsi que le tetramithyl-2,3,4,5 phenol ne donnent que des especes protones sur le carbone. 
Ces etudes ont permis d'etablir que mCme si les facteurs electroniq~~es sont iniportants, des 
facteurs stiriques peuvent jouer un r6le preponderant dans la determination des proportions 
relatives de chacune des differentes especes. [Traduit par le journal] 

Introduction 
The protonation of aromatic compounds in 

superacids has been studied extensively in recent 
years (1) and some of the factors which can affect 
the site of motonation can now be identified. 
One such factor is temperature; for example, for 
anisole in HF-BF,, the strong temperature de- 
pendence (2) of the mode of protonation is 
shown by the change in the ratio of C-protonated 
to 0-protonated species from 1.5 at -80" to over 
50 at 0". Another factor is the nature of the sub- 
stituents in the aromatic system. Protonation of 
the 5-halo-m-xylenes (3) yields mixtures of two 
isomeric benzenonium ions l a ,  b. The propor- 
tions of these two ions changes with the halogen 
from C1 ( l a :  l b ,  2 :  1) to Br (0.56 : 1) to F (5 : 1). 
A similar substituent dependence is seen in the 
protonation of 1- and Zsubstituted naphtha- 
lenes (4). A third factor is the nature of the super- 
acid. For example anisole undergoes only C- 
protonation in fluorosulfonic acid (5) but in 
HF-BF, gives both 0- and C-protonation (2). 

'We acknowledge helpful discussions with Dr. R. F. 
Childs whose results appear in an accompanying paper. 

We have previously (6) shown that C-protona- 
tion occurs in 3,4-dimethylphenol 2 and 3,4,5- 
trimethylphenol 3 not only ortho to the -OH to 
give ions 2b, 3b but also para to the -OH (and 
ips0 to the C-4 methyl group) to give ions 2a, 
3a. The proportions of these ions show a drama- 
tic change in going from 3,4-dimethylphenol 
(ratio 2b : 2a, 1 1.5 : 1) to 3,4,5-trimethylphenol 
(ratio 3a:3b, 1 : 1) and a similar effect is also 
observed with the corresponding methyl ethers. 

In order to achieve a better understanding of 
the factors which influence the site of these 
protonations we have investigated the behavior 
of a series of methyl phenols in fluorosulfonic 
acid. We now report the results of this study. In 
order to reduce the number of variables we have 
in the first instance used fluorosulfonic acid only, 
at  a temperature of - 50". 

Results and Discussion 
Proton magnetic resonance data for para pro- 

tonated phenols is given in Table 1, for ortho 
protonated phenols in Table 2, and for oxonium 
ions in Table 3. The relative abundancies of ions 
obtained for each phenol are given in Table 4. 
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TABLE 1. Proton magnetic resonance data (p.p.m.)* for para protonated species 
in FS0,H 

Positions 2 and 6 Positions 3 and 5 Position 4 

Cation CH3 H CH3 H CH 3 H 

4a 2.28 7.32 2.62 8.40 - 4.25 b r s  

5a 7.07 2.58 - - 4.10 b r s  

6a 2.40 - - 8.46 - 4.25 b r s  

7a 2.24 7.07 2.52 - - 4.12 b r s  

8a - ? - ? 1.57 d ? 
Jk1e .H 7 .0  HZ 

2a - ? 2.66 8.26 1 . 6 2 d  3.88 q 
J M ~ , H  7.5 HZ 

9a 2.34 ? - ? 1.58 d 4.10 q 
J M c , H  7.0 HZ 

l l a  2.29 7.15 2.62 8.15 1.65 d 3.84 q 
J M ~ , H  7 . 5  HZ 

3a - 7.02 2.60 - 1.69 d 3.76 q 
J k l e , ~  7 .5  HZ 

12a 2.31 7.25 2.60 8.36 1.65 d 3.92 q 
Jb1e .H 7 .5  Hz 

13a 2.23 7.01 2.56 - 1.66 d 3.76 q 
J i r r r . ~  7.5 H Z  

*Internal (CH,),N+ marker 

la  X = C1, Br, F l b  X = C1, Br, F 

The chemical shifts for hydrogen and methyl 
in the para protonated species fall into clearly 
discernible patterns (Table 1). For example, pro- 
tons at  positions 2 or 6 give rise to signals in the 
6 7.0-7.25 region whereas those at  the 3 position 
give signals a t  6 8.15-8.50. Likewise with methyl 
substituents, those at  positions 2 or 6 give sig- 
nals in the 6 2.17-2.40 region while those at  
positions 3 or 5 appear at  6 2.50-2.60. Protons 
at  C-4 show two ranges, 6 4.10-4.25 and 6 3.65- 

4.10, depending on whether the other 4-substi- 
tuent is hydrogen or methyl. 

A similar situation holds for the ortho protona- 
ted species (Table 2). The methylene group gives 
rise to signals in the 6 4.20-4.40 region, C-2 
protons at  6 7.00-7.20 similar to the para pro- 
tonated species. Methyls at  positions 2 and 4 
give signals in the region 6 2.20-2.40 with C-3 
methyls at  6 2.70-2.80. 

Protonation of 2,3-dimethylphenol, 3,5-di- 
methylphenol, 2,6-dimethylphenol, and 2,3,5- 
trimethylphenol occurs exclusively at  C-4 to give 
the ions 4a, 5a, 6a, and 7a, respectively. This is 
in agreement with the observations (5) that both 
phenol and anisole C-protonate exclusively at  
C-4. For each of these compounds C-4 is clearly 
the most basic site, the para directing influence 
of the hydroxyl group being much stronger than 
the methyl directing influence. This is well 
illustrated in the case of 3,5-dimethylphenol 
where, although the C-2 and C-6 sites ortho to 
hydroxyl are activated by para and ortho methyl 
substituents, it is still the C-4 site which is pro- 
tonated. 

Olah and Mo have published details (7) of the 
protonation of 2,3-dimethylanisole and 3,5-di- 
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TABLE 2. Proton magnetic resonance data (p.p.m.)* for ortho-protonated species in FS03H 

Position 2 Position 3 Position 4 Position 5 Position 6 

Cation CH3 H CH3 H CHB CH3 H CH2 

86 - ? - ? ? ? 4.36 br s - 
26 - 7.18 2.76 ? 2.34 - 7.44 4.28 b r s  
9b 2.34 - - ? 2.34 - 8.34 4.36 br s 
llb 2.40 - - 8.44 2.40 ? - 4.35 br s 
3b - 7.02 2.74 - 2.35 2.47 - 4.25 br s 

126 2.31 - 2.72 - 2.31 - 7.30 4.25 br s 
13b ? - 2.56 - 2.23 ? - 4.19 b r s  

*Internal (CH3)4N+ marker. 

TABLE 3. Proton magnetic resonance data (p.p.m.)* for oxonium 
ions in FS03H 

Positions 2 and 6 Positions 3 and 5 Position 4 

Cation CH3 H CH3 H CH 3 

*Internal (CH3),Nt marker 

TABLE 4. Percentage of ions formed on protonation 

C-Protonated species (Y,) 

Phenol Para-protonated Ortho-protonated 0-Protonated species (Y,) 

methylanisole which are consistent with our own 
work on the phenols. However, protonation of 
2,6-dimethylanisole gives only the 0-protonated 

OH 
species in various acid systems (2, 7) and a di- 
protonated species in HF-SbF,(l : 1)-S0,ClF 

Sa (7). This difference in behavior between the 
phenol and methyl ether arises because the 

3 flanking methyl groups, at C-2 and C-6  prevent 
coplanarity of the methoxy group with the ben- 

CH3 zene ring which is essential if C-rnonoprotona- 
OH tion is to occur. 
7a Protonation of 4-methylphenol 8 gave us three 
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isomeric ions, the two C-protonated species 8a 
(1%) and 8b (973, and the 0-protonated species 
8c (90%) The evidence for the ion 8a comes from 
a small methyl doublet at  6 1.57, J = 7 Hz. The 
effect of the methyl group is to reduce the basi- 
city at C-4 relative to phenol and raise it slightly 
a t  C-2 so that the relative basicities at  oxygen, 
C-2, and C-4 are 90: 4.5 : 1. In the superacids 
used by Olah and Mo (7) no ion 8a was observed. 

For 3,4-dimethylphenol, as we have already 
shown (6), the introduction of the second methyl 
group at C-3 raises the basicity of the ring suf- 
ficiently to ensure that C-protonation only 
occurs. In this case the ions 2a (873 and 2b 
(92%) are obtained. However, the position of the 
additional substituent makes a significant dif- 
ference and 2,4-dimethylphenol gives the three 
isomeric ions 9a (6x1, 9b (31%), and 9c (63%). 
The evidence for the structures of the C-protona- 
ted species is clear cut. For 9a a methyl doublet 
is obtained at  6 1.58, J = 7 Hz coupled to a one- 
proton quartet at 6 4.10. For 9b the chemical 
shifts are consistent with those for corresponding 
orfho species (see Table 2) some of whose struc- 
tures have previously been confirmed by u.v. 
spectroscopy (6). Olah and Mo have reported 
(7) that 2,4-dimethylphenol gives a mixture of the 
0-protonated species 10a and the C-protonated 
species lob in which protonation has occurred 
at  C-5 meta to the methoxyl group. The chemical 
shifts given for lob (external TMS) are similar 
to those obtained by us for ion 9a (internal 
(CH,),N+). We suggest that structure lob can be 
only regarded as tentative until positive u.v. 
spectroscopic evidence is obtained. 

That the position of the methyl substituents 
makes a significant difference to the nature and 
relative abundancies of the ions formed is well 
illustrated by the trimethylphenols. 2,4,5-Tri- 
methylphenol gives the ions lla (80%) and 116 
(2079, 3,4,5-trimethylphenol gives 3a (50%) and 
3b (SO%), whereas 2,3,4-trimethylphenol gives 
120 (20%) and 12b (80%). The chemical shifts for 
ions lla and b, 12a and b are consistent with 
those for ions 3a and b whose structures are con- 
firmed by u.v. spectroscopy (6). Protonation of 
2,3,4,5-tetramethylphenol results in the predom- 
inance of the C-4 protonated species 13a (94%) 
over the ortho protonated species 136. 

An analysis of nitration and acetoxylation in 
the polymethylbenzenes (8) has shown that the 
complete set of product distributions can be 
satisfactorily accounted for in terms of four 

VOL. 5 2 .  1974 

OH 

8a 

+OCH3 

IOa 

l l b  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BLACKSTOCK E T  AL.: POLYMETHYLPHENOLS 

FIG. 1. Protonation of 4-methylphenols showing the effect of methyl substitution upon the reactivity of each site. 
(Figures in brackets give % protonation at  a given site; o : p ,  statistical correction applied when two identical ovtho sites 
are available.) 

methyl partial rate factors, ortho, meta, para, and 
@so. We now have sufficient data from this 
protonation study to allow calculation of a 
complete set of parameters (p, 0,-,,, 0,-,,, 
0,-,,) assuming additivity and using accepted 
values for o ,-,,, o, -,,, and 0,-,, (9). How- 
ever, no consistent set of these four parameters 
could be obtained from the data, although the 
values obtained are generally reasonable. For 
example, compounds 3 and 13 give a value of 
p = -6.2. It is possible to introduce an addi- 
tional parameter to take some account of the 
effects of methyl buttressing (10) but again a 
consistent set of values cannot be obtained. At 
present, therefore, we are forced to discuss our 
results in qualitative terms. 

The results are summarized in Fig. 1, which 
shows the relative extent of protonation at each 

site and the ratio of protonation ortho and para 
to the OH group in each compound (alp; statis- 
tical correction applied where two identical 
ortho sites are available). Figure 1 allows the 
effect of methyl substitution in any given sub- 
strate to be readily assessed. 

It is well established that for polymethyl- 
benzenes the stability of ions formed by protona- 
tion at a methyl-bearing carbon is significantly 
less than that of ions formed by protonation at a 
hydrogen bearing site (1). This is reflected in the 
reduced basicity at methyl bearing sites and has 
been attributed to the loss of hyperconjugative 
interaction energy between the methyl group and 
the ring in the cation (1). Methyl substitution at 
the 3 position in indole and methylindoles re- 
duces the basicity of that site by a factor of 10-20 
(1 1). The presence of a similar effect for phenols 
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and their methyl ethers can be seen by comparing 
phenoi and anisole with 4-methylphenol and 4- 
methylanisole (2), respectively. In the latter 
compounds, C-4 protonation is nonexistent or 
nearly so. 

In the polymethylbenzene series the use of 
basicity constants (12, 13) has shown that re- 
placing a hydrogen by a methyl group ortho, 
para, or meta to a given site increases the basicity 
of that site by a factor of a 1000 (ortho or para) 
or 5 (meta). Deuteration studies however indi- 
cate that a para methyl group has base-strength- 
ening effect about twice that of an ortho methyl 
group (I), whereas n.m.r. spectroscopic work 
indicates an even greater difference between 
ortho and para (1). In addition to these elec- 
tronic effects which might be expected to lead to 
predictable changes in protonation pattern with 
increasing methylation, other complicating effects 
can be expected. The first is the occurrence of 
0-protonation in 8 and 9, which makes com- 
parison between these substrates and the others 
difficult. Other complications undoubtedly arise 
from steric crowding between adjacent methyl 
groups (two such effects can be expected and one 
is well documented for the n~ethyl group (10)). 
In a crowded environment, substitution a t  a 
methyl-bearing ring carbon should be favored 
because the methyl is moved out of the ring 
plane and strain is reduced. This steric compres- 
sion has been demonstrated in desilylation reac- 
tions, where rates almost an order of magnitude 
above those predicted by additivity have been 
observed for protodesilylation and mercuri- 
desilylation at SiMe, flanked by methyl groups 
(14, 15). The well documented buttressing effect 
is now known to reduce the ring act~vating effect 
of methyl groups in crowded environnients. 
Reactivity is lower when the reaction site has 
ortho and meta methyl groups which are but- 
tressed than when the methyl groups are un- 
buttressed (by about 17% in hydrogen-tritium 
exchange). 

All these effects can be discerned in our results. 
though at present, as already stated, no quanti- 
tative description is possible. For compounds 2, 
3, 11, 12, and 13 in which 0-protonation is not 
observed, the effect of adding a methyl group can 
be studied from the pairs 2,3; 2 , l l ;  2,12; 3,13; 
11,13; and 12,13. Methylating 2 at the 6 position 
to give 11 (which changes the o : p  ratio from 
11.5 : 1 to 1 : 4) blocks the most basic ring posi- 
tion in 2 to all but ipso protonation, which has 

never been observed at a methyl ortlzo to the OH 
group. The additional methyl has clearly acti- 
vated the free meta ring position (C-62) since this 
position is now protonated; it has presumably 
also activated the C-4 meta position. The overall 
result is that because of the combination of 
electronic effects, the C-4 site becomes the most 
basic in 11, position 6 not having a methyl para 
to it. Methylation of 2 at position 2 (to give 12) 
also adds a methyl ortho to the hydroxyl group, 
but several effects will now operate. Carbons 4 
and 6 should be electronically activated, C-4 
should be activated by steric compression, and 
the activating effect of the methyl para to C-6 
should be reduced by buttressing. The overall 
effect is a slight change in the relative basicities 
of carbons 4 and 6, compared with compound 
2, which is impossible to attribute to any one 
factor. Again, the change brought about by 
methylating 2 at C-5 (to give 3) could be ex- 
plained in terms of activation of C-4 by steric 
compression and ortho methylation, activation 
of C-2 by para methylation, deactivation of C-6 
by buttressing of the C-3 methyl, or a combina- 
tion of all of these. 

As might be expected, steric effects are prob- 
ably more discernible as methylation becomes 
more extensive. Methylation of 3 at C-2 (to give 
13) might be expected to increase the basicity of 
the two nleta positions by roughly the same 
amount. This is clearly not the case; ipso protona- 
tion at  C-4 is dramatically enhanced and this 
can be attributed to the gain in stability when the 
crowded 4-methyl group moves out of the ring 
plane. In moving from 10 to 13, C-6 acquires a 
para methyl group but its effect will be dimin- 
ished by buttressing and the C-4 reactivity en- 
hanced by steric compression and ortho nlethyl 
activation. Again, methylating 11 at C-5 (to give 
13) should electronically activate C-4 and C-6 
equally, but enhanced buttressing and steric 
con~pression combine to increase ipso protona- 
tion at  the expense of C-6. 

The difference in the electronic activating in- 
fluence of a methyl para, ortho, and meta to a site 
with the minimum of steric effects is seen in the 
methylation of 8 to give 2 and 9 respectively. In 
going from 8 to 2 the addition of the C-3 methyl 
so activates the C-4 and C-6 sites that O-protona- 
tion is no longer competitive. The C-6 site is 
activated approximately twice as much as the 
-- 

'Note, numbering alters in going from 2 to 11. 
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C-4 site in line with earlier observations for the 
methylbenzene series (1). However in going from 
8 to  9 the C-2 methyl activates both sites equally 
but this nzeta activation is not sufficient to re- 
move 0-protonation. 

Experimental 
All the phenols used were commercially available with 

the exception of 2,3,4-trimethylphenol and 2,3,4,5-tetra- 
methylphenol which were prepared from the bromides by 
reaction of the Grignard Reagent with methylborate 
followed by 10% H,O, (16). Fluorosulfonic acid was dis- 
tilled under dry nitrogen before use. Proton magnetic 
resonance spectra were recorded on a Varian A60 spec- 
trometer equipped with a variable temperature probe and 
spin decoupler. Chemical shifts were measured relative 
to (CH&N+BF,- as internal reference and converted to 
6 TMS by using 6 TMS - 3.20 for the reference ion. 

We thank the Research Committee of the New Zealand 
Universities Grants Committee for financial support, and 
for the award of a Postgraduate Scholarship to Stephen 
M. Blackstock. 
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Degenerate Rearrangements in a Cyclohexenyl Cation. Independent Ring Carbon 
Interchange and Hydrogen Interchange Processes 
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Chem. 52,3320 (1974). 

In a 1,2,4-trialkyl-substituted cyclohexenyl cation, two very facile degenerate rearrangements 
occur. One is simply a scrambling of a proton (C-3) on the ally1 center with the C-4 proton. The 
more interesting process is one involving the specific interchange of the C-1 and -4 carbons and 
attached alkyl groups. Accurate rates have been measured for both these processes using 
specific deuterium labelling and the n.m.r. spin saturation technique, in order to probe the 
mechanism of the rearrangements. 

RICHARD CONE, ROLLIN P. HASELTIKE, PETER KAZMAIER et TED S. SORENSEN. Can. J .  Chem. 
52,3320 (1974). 

Dans le cation cyclohexenyle substitue par trois groupes alkyles en positions 1, 2 et 4, deux 
rearrangements degeneres tres faciles peuvent se produire. Un est simplement une competition 
du proton en C-3 au centre allylique avec le proton en C-4. Le processus plus interessant est 
celui qui implique les echanges specifiques des carbones C-l et C-4 avec les groupes alkyles qui 
leur sont attaches. Afin de mieux comprendre le mecanisme de ces rearrangements, des vitesses 
precises ont ete mesurees pour chacun de ces processus utilisant le marquage au deuteri~ini 
d'une facon specifique et la technique de saturation des spins en r.m.n. 

[Traduit par le journal] 

Introduction 
Previous-work (1-3) in this laboratory has 

provided evidence for an  unusual trialkyl-sub- 
stituted cyclohexenyl cation rearrangement in 
which the carbon and attached alkyl groups at  
positions i and 4 specifically interchange (Scheme 
1). In the earlier studies, the ion systems involved 

were somewhat complex (e.g. R and R' different 
alkyl groups etc.) and it seemed desirable to 
settle conclusively the gross structural features 
of the process, and the mechanism, by using a 
simpler system. In the present study, both sub- 
stituents are methyl groups and the rearrange- 
ment is therefore degenerate. The gross struc- 
tural features of the rearrangement have been 
probed using specific deuterium labelling and 
this, together with a careful measurement of 
reaction kinetics, provides details concerning the 
mechanism. 

"migrating center" 

A second reason for this investigation was the 
hope that one might be able to directly observe 
the stereochemical consequences of the much 
studied cyciopropylcarbinyl-cyclopropylcarbinyl 
rearrangement (4) (Scheme 2). The mechanism 
which we have previously proposed for Scheme 1 
involves intermediates which are postulated to 
undergo just this rearrangement. The key ques- 
tion concerns the stereochernical fate of the 
migrating cyclopropane center in the rearrange- 
ment (inversion or  retention of configuration). 
By labelling the hydrogen a t  C-3 it should be 
possible in principle to distinguish these, ciz. 
Scheme 3. Majerski and Schleyer ( 5 )  have used 
deuterium labelling in solvolytic studies of a 
simple cyclopropylcarbinyl system and found 
clean inversion of configuration during the re- 
arrangement, so that the initial expectation in 
this work was for no exchange of the C-3 and -4 
protons (see Scheme 3). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CONE ET AL.: CYCLOHEXENYL CATIONS 

o and. =CH3 or CD3 
groups 

j exact reverse of 
j previous steps 
t 

i exact reverse of 
: previous steps 
i 

& no ~xchange 
of C,-C, protons 

CH3 exchange of C-3 and -4 protons CH3 accompanying 
accompanying methyl exchange methyl exchange 

SCHEME 3. ( i )  All ions in brackets are assumed to be unobservable, high energy species. ( i i )  The homoallylic ion 
A may not be a distinct species, i .e .  it may only lie on the energy surface. (iii) In B, both cyclopropane protons are 
unique. The actual experiment is not dependent on a particular assigned geometry: only that the overall reaction 
be symmetrical; i .e. if the migrating proton does become an "inner" proton in B, one assumes in a symmetrical 
process that this same "inner" proton in B' or B" will migrate back again. There is a priori no guarantee that B 
will retain a specific stereochemistry, however this point is tested by the proposed labelling scheme. 

Results The unlabelled ion had been previously pre- 
Deuterium Labelling of the C-I Methyl Group pared and characterized (2) and the 'H n.m.r. 

In order to conclusively settle the gross struc- spectrum of l a  was identical except for the ab- 
tural features of the rearrangement (Scheme I), sence of the C-1 methyl peak at 7 6.99. As the 
the specifically deuterated ion l a  was prepared temperature is raised to about - 70 "C,  one notes 
by the sequence shown in Scheme 4. a gradual height decrease in the C-4 methyl peak 
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and the appearance of a C-1 methyl peak. The 
C-2 methyl peak remains unchanged! The 
actual rate of the reaction was measured by fol- 
lowing the increase of the C-1 methyl signal, 
k ,  = 4.4 x s- I  at - 69.7 "C, and from the 
temperature dependence, E, = 15.3 kcal/moi. 

Although previous examples of this rearrange- 
ment were not studied quantitatively, they 
appear to occur at a similar rate. 

At equilibrium, there appears to be equal 
deuterium (f 5:) in the C-l and -4 methyl 
groups, i.e. no measurable equilibrium isotope 
effect. It was also verified that no exchange of 
the cation deuterium with solvent protons occurs, 
a necessary condition, of course, for measuring 
accurate rearrangement rates. 

Deuterium Labelling of the C-3 Hydrogen 
Position 

Having established that the rearrangement 
occurred cleanly, we next turned our attention 
to the mechanistic details as outlined in the 
Introduction (Scheme 3). The 3-D ion l c  was 
prepared by the sequence outlined in Scheme 5. 

CH3 

l c  

SCHEME 5 

The 'H  n.ni.r. spectrum of l c  was identical to the 
unlabelled ion except for the absence of the C-3 
proton a t  .r 1.23. When the ion solution was 
warmed to about - 80 "C, somewhat unexpec- 
tedly, a peak began to "grow" in the C-3 proton 
region. The C-4 proton is heavily coupled and 
obscured by the two C-6 protons and the C-l  
methyl protons and the decrease in this peak is 
not easy to measure. The deuterium at C-3 is, 
however, specifically appearing at C-4 because 

equi l ibr ium 
la  l a  + l b  

FIG. 1. The C-4 methyl group i i ~  ion l a  and after 
eq~lilibration with l b  has been reached. 

the original doublet for the C-4 methyl group 
changes progressively to a half-sized doublet 
and a singlet of about the same area (shown in 
Fig. 1). The rate for the process l c  S Id was 

measured by followi~ig the area increase of the 
C-3 proton peak, k = 1.4 x s- '  at 
-79.9 'C. Surprisingly, this rate is even faster 
than that measured for the methyl interchange 
and in order to obtain a same temperature com- 
parison, the activation energy data for the k ,  
process was used. Compared at -80 "C, the 
ratio of k,/k, is 22. 

In this reaction, like the k ,  measurement, 
there is no measurable (+ 10z) equilibrium iso- 
tope effect and the C-3-C-4 deuterium does not 
exchange with solvent protons a t  these tempera- 
tures. 

The two isotope scrambling rates ( k ,  and k,) 
cannot be connected with the same rearrange- 
ment process unless one is observing improbably 
large and opposite kinetic isotope effects. 

Detection of the Two Rearrangements by the 
Spin Saturation Technique 

In elaborating the mechanistic details, it is 
obviously necessary to know for certain that one 
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is or  is not  dealing with two different rearrange- 
ments. Since the isotopic labelling results con- 
tain a n  element of uncertainty, the same two 
rearrangement processes were looked for in the 
unlabelled ion 1. Of the techniques available, the 
n.m.r. line broadening method was clearly use- 
less since an  irreversible rearrangement of the 
ion 1 into 2 occurs rapidly above 0 "C (2), a 
temperature a t  which line broadening in the C-3 
proton of 1 may just be observed. 

One technique previously used in this labora- 
tory to measure reaction kinetics with rate con- 
stants in the range 0.1-10 s- '  is the saturation 
labelling technique of ForsCn and Hoffman 
(6, 7). Straightforward extrapolation of the con- 
ventional kinetic rates observed for the deuter- 
ium-substituted cations suggests that the rates 
will be in the above range atBpproximate~y - 20 
t o  + 10 "C. These temperatures are perilously 
close to the temperature where the irreversible 
1 + 2 reaction becomes fairly fast but it was 
possible to confirm the presence of two different 
rates processes in the all proton ion 1. 

In Fig. 2 are shown the results obtained a t  
various temperatures by observing the C-3 pro- 
ton while irradiating the C-4 proton and sep- 
arately, of observing the C-1 methyl protons 
while irradiating the C-4 methyl doublet. The 
qualitative difference in the two rates is readily 
apparent from Fig. 2. A t  - 24 'C, the C-3 proton 
peak area is noticeably decreased but not the C- l 
methyl area in the separate irradiation involving 
the methyls. However, a t  - 4 ' C ,  the C- l methyl 
peak is now noticeably decreased while the C-3 
proton area is approaching zero. 

Under double irradiation, the area of an ob- 
served peak, M,", represents a steady-state con- 
dition where M ; / M z m  = 1 + T,k ,  k  = rate 
constant for exchange of the irradiated nucleus 
with the nucleus being observed, T ,  = spin- 
lattice relaxation time of the observed nucleus 
and M: represents the original peak area (with- 
out double irradiation) of the nucleus being ob- 
served. In order to obtain accurate rate con- 
stants, it is necessary to  study the time depen- 
dence of the magnetization decrease (from the 

FIG. 2. Upper traces: the equilibri~lm peak sizes of 
the C-3 proton while irradiating (saturating) the C-4 
proton. Lower traces: the equilibrium peak sizes of the 
C-1 methyl group while irradiating (saturating) the C-4 
methyl region. I n  both traces, the areas have been cor- 
rected to take into account the decrease with time in the 
"no hv" peak through rearrangement (1 - 2). 

original to the steady-state value) but in the 
present example, the rapid irreversible rearrange- 
ment of 1 to 2 makes this a doubtful exerclse. 
The major concern in this work is a rate com- 
parison rather than absolute rates and this com- 
parison can be made provided only that one 
assumes the same T ,  value for both nuclei b e ~ n g  
observed in the two exchange processes. If the 
M:/M," ratio is given the syn~bols R ,  and R, 
for the two systems, then k,/k, = (R ,  - I)/ 
( R ,  - 1). A t  - 13 "C, R,  for the C-3-C-4 pro- 
tons system is ca. 6.3 while R ,  (the C-l methyl 
- C-4 methyl) is ca. 1.25. This gives k,/k, = 25, 
in reasonable agreement with the rate ratio ob- 
served in the labelled ions. 

The relaxation times T I  of carbonium ion 
protons in FS0,H solvent at  these temperatures 
appear to be about 1-3 s (8). Substitution of a 
T I  value of 2 s using the data (Fig. 2) for the C-l 
methyl - C-4 inethyl double irradiation a t  - 4 'C 
yields a k ,  value of 0.3 s - l .  The extrapolated 
value a t  - 4 "C from the Arrhenius plot of the 
labelled compound is 0.5 s-'. Even if the agree- 
ment is somewhat fortuitous, it does support the 
overall method. 

Both isotopic substitution and spin saturation 
methods yield the same conclusions: (a) there 
are two independent degenerate rearrangements 
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+ 

CH3 

SCHEME 6 

and (b) the C-3-C-4 proton exchange is ca. 20 changes the C-l and C-4 carbons and the C-5 
times faster than the methyl exchange. The and C-6 CH, groups. The rearrangement is not 
C-3-C-4 proton exchange does not imply a re- strictly degenerate since it actually interconverts 
tention mechanism for the cyclopropylcarbinyl optical isomers. 
cYclopro~Y1carbinY1 cation in Nature of the Cyc~opropy~carbiny~- 
Scheme 3. It simply means that in this system all Cyclopropylcarbinyl Step (3) 
hope for testing the stereospecificity of this re- -Wiberg and Szeimies (4) have considered in 
arrangement is gone. detail the various possible mechanisms for the 

Discussion sub-title rearrangement. One peculiarity of the 
present cyclohexenyl cation rearrangement is the 

Both degenerate rearrangements require the apparent necessity for the C-2 alkyl group. In 
same initiating step, i.e. migration of a Proton several cases involving 1,4-dialkyl-substituted 
from C-4 to C-3. The in- cyclohexenyl cations, the interchange of these 
termediate can proceed in three directions alkyl groups, if at all, must have been much 
(Scheme 6): (1) return to the cyclohexenyl cation slower.~ This observation fits the " s h u ~ e ~  

the same transition state, in which case the mechanism for the cyclopropylcarbinyl-cyclo- 
reaction is c o m ~ l e t e l ~  "hidden" ; (2) a bridge propylcarbinyl rearrangement, i,e. one step to the 

or any process which allows the other cyclobutyl cation and a second step to the "new" 
c ~ c i o ~ r o ~ ~ l  proton (the original C-3 in to cyclopropylcarbinyl system (Scheme 7). The 
migrate to C-4 (the k 2  Process Observed in this presence of a tertiary ion (C-2) at  the cpclobutyl 
work), or alternatively, the activation energy for stage would provide a much lower energy transi- 
process may be higher than for process 2, in tion state compared to the proton analog. 
which case k, is the rate of the hydride transfer One other peculiarity of the rearrangement is 
(process I) step; (3) an experimentally slightly 
slower, cyclopropylcarbinyl-cyclopropylcarbinyl 'In contrast to ions like 1, the simple 1,4-dialkyl- 

rearrangement. ~h~ interchanged C-1 methyl - substituted cyclohexenyl cations can also be intercon- 
verted by an acid-base equilibration mechanism and thus, C-4 cyclohexenyl then when the interconversion (very much slower than in 1) 

quently results after the above H shift. In addi- does occur, there is some doubt about the actual 
tion, the overall process (see Scheme 3) inter- mechanism. 
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the dependence on the substitution at  the cyclo- 
propyl migrating center. This rearrangement 
(Scheme 7) has previously been looked for in the 
cyclohexenyl cation 3 (Scheme 8). Although 
there is excellent evidence (9) that the cyclo- 
propylcarbinyl system is a very accessible in- 
termediate, there is no sign of the rearranged 
cation 36 after 48 h at  25 "C2 A cyclopropyl- 
carbinyl-cyclopropylcarbinyl rearrangement in- 
volving a tertiary migrating center has however 
been observed by Poulter and Winstein (10) and 
in this laboratory (11) and involves a simple 
ally1 cation system. 

Although the Scheme 1 rearrangement ap- 
pears to require quite specific functionalization 
and is therefore not very general, it would 
appear that more complex organic molecules 
might offer interesting possibilities, for example, 
the decalenyl cations 4 and 5 should be inter- 
convertible. 

Experimental 
I-Hydroxy-1,2,4-frimerh~~Icyclohex-2-ene and the I-CD, 

Analog 
A solution of 2,4-dimethylcyclohex-2-enone (12) 1.007 

g, 0.00805 mol, in 10 ml of ether was added under N2  to  
an  ice-cold solution of methyl lithium (prepared in the 
CD,Li case from 1.12 g (0.16 mol), of Li metal, 2.038 g 
(0.0815 mol) of methyl iodide-d,, and 20 ml of ether). 
After 3 h at  0 'C, the reaction mixture was allowed to 
warm to 25' and filtered through a glass wool plug, 

'The cation 3 is in equilibrium with a cyclopentenyl 
cation (9) but this has no real bearing on Scheme 8. 

washing the plug with ether. The ether solution was 
cooled to O3 and 100 ml of cold saturated sodium bicar- 
bonate added. The two layers were separated and the 
aqueous layer extracted with ether (4 x 30 ml). The 
combined ether layers were dried over anhydrous Na2S0,. 
The residue after removing the ether was distilled, b.p. 
31-32 "C/0.075 mm, yield 0.91 g (79%). 

Anal. Calcd. for C ,HL60 :  C, 77.14; H ,  11.4. Found: 
C, 77.37; H, 11.9. 

Nuclear magnetic resonance, 60 MHz, CCI,, indicates 
an approximate 40-60 mixture of the cis and trans 
alcohols (assignment uncertain) because two separate 
C-4 methyl peaks are observed at  r 9.08 (d, J = 6.5 Hz) 
and 9.04 (d, J = 6.5). The C-l  methyl is at  8.70, C-2 at 
8.32 (b), and the C-3 proton at 4.83 (b). The remaining 
peaks are nondescript. Infrared spectra, CD3 stretch at 
2230 cm-' .  

I-H~~droxy-2,3,6-rrit~1et/iylq~clo/7ex-2-ene-I-d~ 
A solution of 1.438 g (0.0104 mol) of 2,3,6-trimethyl- 

cyclohex-2-enone (12) in 10 ml of dry ether was added 
dropwise under N2  to an ice-cold solution of 0.550 g 
(0.0131 mol) of LiAID, in 10 ml of ether. After addition 
the mixture was refluxed for 2 h. The excess hydride was 
decomposed at 0 - C  with methanol and water was then 
added to hydrolyze the mixture. The ether layer was 
separated and the aqueous layer extracted with ether 
(2 x 10 ml). The combined ether solutions were dried 
over anhydrous K,CO,. After removal of the ether, the 
residue was distilled at 38 "Ci0.1 mm, yield 1.275 g 

(86%). 
Anal. Calcd. for C,H,,DO : C, 76.6. Found: C, 76.63. 
Nuclear magnetic resonance, 60 MHz, CCI,, 9.03 

(d, J = 6.5 H7), and 8.38 (b, 6H, two methyl groups). The 
remaining peaks are broad and nondescript. Infrared 
spectra C-D stretch at 2110 cm- ' .  

Preparation of the Cations and Kinetic Procedures 
The procedures used to prepare the ions were identical 

with previous descriptions (13). The kinetic measure- 
ments were carried out on n.m.r. samples (ca. 10% weight 
of alcohol per volume of solution) using a Varian Associ- 
ates HA-100 to measure the ion spectra. Temperatures 
were monitored using a thermocouple placed directly in 
the sample (14) and temperature readings were made 
frequently and averaged. About 20 data points were 
collected for each run and the least-squares plot obtained. 
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For the la - lb  system, the height of the growing 1-CH3 
peak was measured and standardized in each case inter- 
nally against the unchanging 2-CH3 peak height to offset 
any machine variations. The same procedure was used for 
the growing 3H peak in the lc-ld case. Since K is experi- 
mentally 1 in both processes, the reaction can be treated by 
simple, as opposed to reversible, first-order kinetics. In 
each case, log ( X  - X,) us. t was plotted, X,, the equili- 
brium concentration of reactant, being obtained by letting 
the sample warm up to about -50 "C for 30 min. The 
slope of this line is e q ~ ~ a l  to 2kl2.303. 

Spin Suturafion Tran~fer Experinlents 
Speed of operation was essential in these experiments 

since the ion 1 was rearranging fairly rapidly to 2 at the 
temperatures used. The experiment involves setting the 
power level of the external oscillator such that complete 
saturation of the irradiated proton is just obtained. The 
r.f. circuit was kept loaded at all times, the audio modula- 
tion being kept harmlessly several hundred cycles away 
from the desired frequency except when saturation of the 
peak was wanted and this could be accomplished by a 
simple switching process. The observing power was kept 
very low to avoid further saturation from this source. At 
a given temperature, a number of runs were quickly made 
by running over just the peak of interest while alternately 
irradiating on the exchanging proton position. The re- 
sults shown in Fig. 2 are typical. 

The authors wish to thank the National Research 
Council of Canada for generous financial support. 
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Azatropolones. Part 11. The Schmidt Reaction of 
2-Met hoxy-5-methylbenzoquinone 
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COLIN G. HUGHES, ERROL G. LEWARS and ALUN H. REES. Can. J. Chem. 52,3327 (1974). 
2-Methoxy-5-methylbenzoquinone undergoes reaction with sodium azide in sulfi~ric acid to 

give (a)  3-hydroxy-6-rnethyl-lH-azepin-2,5-dione, which undergoes ring contraction with base 
to give 5-methyl-4-pyridone-2-carboxylic acid; (b) 4-methoxy-7-methyl-lH-azepin-2,5-dione, 
which reacts with phosphorus oxychloride to give methyl 2-chloro-6-methylpyridine-4-carboxy- 
late, not 2-chloro-4-methoxy-7-n1ethyl-5H-azepin-5-one; (c) 7-methoxy-4-methyl-IH-azepin- 
2,5-dione. The reactions of these compounds are discussed and the evidence for their structures 
is presented. 

COLIN G. HUGHES, ERROL G. LEWARS et ALUN H. REES. Can. J. Chem. 52,3327 (1974). 
La methoxy-2 methyl-5 benzoquinone reagit avec l'azoture de sodium dans I'acide sulfurique 

pour donner (a)  l'hydroxy-3 methyl-6 1H-azepinedione-2,5 qui subit une contraction de cycle 
en presence de bases pour conduire a l'acide methyl-5 pyridone-4 carboxylique-2; (b) la 
methoxy-4 methyl-7 1H-azepinedione-2,5 qui reagit avec l'oxychlorure de phosphore pour 
conduire a l'ester methylique de l'acide chloro-2 methyl-6 pyridinecarboxylique-4 et non pas a 
la chloro-2 methoxy-4 methyl-7 1 H-azepinone-5; (c) la methoxy-7 methyl-4 1 H-azepinedione- 
2,5. On discute des reactions de ces composes et l'on presente des preuves pour leur structure. 

[Traduit par le journal] 

The aromaticity of tropone (1, R = H) and 
tropolone (1, R = OH) (1)  has recently been 
questioned (2). Having long been interested in 
aza analogs of tropolone (3), we now describe 
the synthesis of hydroxy derivatives of 5-aza- 
tropone (2) and discuss their nature. 

The reaction of quinones with hydrogen 
azide has given azatropones (4a) and benzaza- 
tropones (4b). We have reported the ring ex- 
pansion of alkoxynaphthoquinones to give 
benzazatropolones 3 (5). Hydroxyquinones 
undergo an alternative reaction leading to ring 
contraction (6). 

When 2-methoxy-5-methylbenzoquinone (4) 
was treated with sodium azide in sulfuric acid, 
three of the four possible ring expansion prod- 
ucts were isolated. These were compounds 5 
(R = H), 6 (R = Me), and 7 (R = Me). Lactam 
8 was not found. One of the products gave a red 

'For Part 1 see ref. 3. 
'Revision received July 2, 1974. 

ferric chloride color, demethylation having 
occurred. By analogy with compound 3 which 
tends to demethylate (R = Me + H) on work- 
up, we suspected structure 5 (R = H) for our 
enolic product. When it was treated with d'  :azo- 
methane, it gave a methyl ether which differed 
from the two other ethers isolated. 

0 0 
work-up 

5 ( R z H )  
RO 

H 0 

6 (R= Me) 8 
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Alkaline ring contraction of 5 (R = H) gave 
a lnethylpyridone carboxylic acid. Zinc dust 
pyrolysis of this acid gave a pyridine base identi- 
fied by v.p.c.-m.s. as 0 - p i ~ o l i n e . ~  

We synthesized 5-methyl-4-pyridone-2-car- 
boxylic acid (7)  and though the melting point 
differed from the literature value, the compound 
was identical in all respects with our ring con- 
tracted product, thus confirming the structure 
9 and hence 5 (R = H) for the precursor.4 

A less polar product isolated from the Schmidt 
reaction has been assigned structure 6 (R = Me). 
It was readily de~nethylated by boron trichloride 
to 6 (R = H), which gave a red color with ferric 
chloride. 

The nonaromatic nature of 6 (R = H) became 
apparent on reaction with alkali when the mole- 
cule was completely hydrolyzed. Zinc dust 
pyrolysis of the alkaline reaction product did not 

product from the Schmidt reaction was assigned 
structure 7 (R = Me). It could not be demethyl- 
ated by boron trichloride (9). Boron tribromide 
gave 7 (R = H) which on structural grounds is 
not expected to give a ferric chloride color. None 
was in fact given. The n.m.r. (Table 1) and u.v. 
(Table 2) spectra are in accord with the pro- 
posed structure. Reaction of 7 (R = H) with 
alkali gave no characterizable product. 

Experimental 
Unless otherwise stated, i.r. spectra (Unicam S.P. 200) 

are in potassium bromide, quoting v,,, in cm-'; u.v. 
spectra (S.P. 800) are in methanol, quoting h,,, in nm 
(log E ) ;  n.m.r. spectra (Jeol Co. C60 HL) are in DMSO-rl, 
quoting T values relative to TMS (internal); mass spectra 
(A.E.I. M.S. 12) are at  70 eV on the probe quoting rnle 
(relative intensity); m.p.'s are taken in capillary tubes. 
Recrystallization solvents are given in parentheses after 
the melting point. 

Vapor phase chromatography was done on a Pye 104 
instr~~ment using a 5 ft. x f in. glass column of 10% 
SE-30 on Chromosorb W, carrier gas helium at 65'. Con- 
nection to the M.S. 12 was made via a Watson-Riemann 
separator. 

The Sclimidt Reactiot~ of'2-Mefllosy-5-tnefhylbetizo- 
quinone ( 4 )  

To 50 ml concentrated sulfuric acid, stirred at 0 , 5 . 8 4  g 

yield any trace of ~icoline.  of 4 (10) was added over 20 min. Sodium aride, 2.6 g, 
- Reaction -of  6 '  (R = with phosphorus was then added over 15 min and the red solution was 

stirred for I h (frothing). The flask was stoppered and ox~chloride gave a ~olylner .  When the ether 6 stirred at 0" for 1 h and at 20: for 70 h, ~h~ solution was 
(R = Me) was treated with this reagent how- then poured into 500 ml water and extracted for 72 h in a 
ever, the product was methyl 2-chloro-6- chloroform extractor. The solvent flask then held 80 ml 
methylisonicotinate (lo), identical in all respects solution plus a solid which was collected. 

The aqueous layer was re-extracted giving 80 ml clear with a genuine 2-ch10ro- solution. The filtrate from the first extraction was com- 6-n1eth~1isonicotinic acid ( 8 ) . 5  The least polar bined with this and concentrated to a small volume which 
was again filtered. The combined solid from both ex- 

COOMe tracts was washed with chloroform and dried to give 5 
(R = H )  as a brown powder, m.p. 253 -255', 1.26 g, 227,; 
i.r. 3400, 3210, 1667, 1639, 1553, 1250, 1220; m.s. M' 
153 (100). 

10 Anal. Calcd. for C 7 H 7 N 0 3 :  C, 54.9; H, 4.6: N, 9.15. 
Found: C,  54.9; H, 4.6; N, 9.0. 

3we thank the Rei l ly  .Tar & Chemical Co, for generous The filtrate from the collection of 5 (R = H) was 

samples of pure picolines. diluted with 2 vol. of ether and the precipitated material 

4A Significant point about this  is that  its was filtered off. From the concentrated filtrate, a second 

n,m,r, spectrum ( ~ ~ b l ~  1 ) shows strong coupling (8 H ~ )  
crop of solid was obtained, total yield of 6 (R = Me), 

between and H-7, This is the range for oi.tho 1.05 g, 16%. After sublimation (170 i0.1 mm), the corn- 
aromatic protons and suggests some bond delocalization Pound had m.p. 226-226.5 almost 
as would be expected when nlesomeric structures con- microcrystals; i.r. 3210, 1671, 1613br, 1225, 1155; m.s. 
tribute. There are also tautomeric factors in the energy M + 167 (35), 69 (100). 

profile but their absence in the ether 5 (R = Me) does not for CaH9N03 (mol. wt.  167.0582): C, 
alter j , , ,  which is still 8 H ~ ,   hi^ is at the lower end of 57.5; H, 5.4; N, 8.4. Found (mol. wt. 167.0585): c , ~ ;  H, 
the orrho coupling range of 7-10 Hz but still leaves the 5.5; N7 8.5. 

hetero atom with appreciable sp2 character. A reasonable The the collection of (R = Me) was 
postulate is that the compound has some measure of - 

aromaticity and may be termed an aratropolone. 'The carbon analysis was variable. We thank Prof. 
5We thank Dr. H. Gutmann of Hoffmann-La Roche A. G. Harrison of the University of Toronto for high 

& Co. for a sample of this acid. resolution mass spectra. 
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HUGHES ET AL.: AZATROPOLONES. I1 

TABLE 1. Nuclear magnetic resonance spectra of 2-methoxy-5-methylbenzoquinone 
and derived azepines 

- 
7 

Compound R NH CH = CMe CH OMe, s OH 

4 - 3.4d 8.05d 3.95d 6.25 - 

5 H -1.2d* 3.25d* 8.15d 3.65s - 6.15 
4 F 

J =  8 H z  
3.25s(br) after D 2 0  exchange 

6 Me - 1 .Od* 3. 25dL 8.15s(br) 3.75s 6.25 
Me -0 .8  3.98br 7.85s 4.31br 6.25 
H -0 .9  3.91d 7.8s 4.2br - -0.1 

4 + 
J = 2 H z  

7 Me -0.4br 3.85br 7.9d 4.55s 6 . 3  - 

3.85q after D,O exchange 
H -2 .5  3 . 9 ~  7.9d 4.6s - 0 .6  

*Each component of doublet broad. 

TABLE 2. Ultraviolet spectra of 2-hydroxy-5-methylbenzoquinone, derived 
azepines and their methyl ethers 

Compound R Neutral Alkaline* Acidic* 

4 (De-Me) 
4 
5 H 

*One drop 2 N NaOH solution added to 1 cm cell for alkaline spectrum, then one drop con- 
centrated HCI for acid spectrum. 

chromatographed on Grade I neutral alumina, eluting 
with chloroform. Compound 7 (R = Me), 0.85 g, 13%, 
was obtained, m.p. 11 1-1 12' (dichloromethane-hexane), 
colorless prisms or feathery needles; i.r. 3400, 1710, 1674, 
1613, 1200, 1180; m.s. M +  167 (79 ,  136 (100). 

Anal. Calcd. for CsH9NO3: C, 57.5; H, 5.45; N, 8.4. 
Found: C, 57.7; H, 5.5; N, 8.2. 

Conversion of 3-Hydro.ry-5-methyl-lH-azepin-2,5-dione 
(5, R = H ) ,  to irs Methyl Ether (5 ,  R = M e )  

To a stirred suspension of the enol in excess methanol, 
diazomethane (ca. 10-fold excess) in ether was added. 
After 15 min the solvent was evaporated leaving 5 
(R = Me), m.p. 285-287- (ethanol) in 100% yield; i.r. 
3150, 1681, 1644, 1606, 1542, 1240, 1200; m.s. M +  167 
(loo), 139 (63), 65 (68). 

Anal. Calcd. for C,H,NO,: C, 57.5; H, 5.45; N, 8.4. 
Found: C, 57.6; H, 5.4; N, 8.15. 

Ring Contraction of 5 ( R  = H )  
Compound 5 (R = H), 200 mg in 2 ml 30% aqueous 

sodium hydroxide solution was refluxed 1 h, then cooled 
to 0'. Addition of concentrated hydrochloric acid pre- 
cipitated a crystalline solid which was collected (centri- 
fuge). After successive washing with water, ethanol, and 
ether, the compound was dried, 135 mg, 67%, m.p. 
270-272" (ethanol): i.r. 3460, 31 10, 1665, 1615, 1595br, 
1220, 810. 

We prepared with difficulty, see below, 5-methyl-4- 
pyridone-2-carboxylic acid 9 (7). In our hands, this had 
m.p. 270-27Io, (lit. (7) m.p. 2555256"). Mixture m.p. with 
the ring contraction product above was 270-272". The i.r. 
spectra of the two samples were identical. 

Synthesis of 5-Methyl-4-pyridone-2-carboxylic Acid 9 
2,5-Lutidine, 6 g, was converted (7) to 2-acetoxy- 

methyl-5-methyl-4-nitropyridine, mobile orange liquid, 
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1 4 x  yield; i.r. (film) 1742 br, 1610, 1574, 1540, 1376, 
1228, 1198, 1055. The alcohol had (hot-stage) n1.p. 
67-68' (dichloromethane-hexane), (lit. m.p. 66-67'); i.r. 
3700, 1615, 1570, 1547; u.v. 226,297; (H+)  221,291. This 
was oxidized to the aldehyde, m.p. 38" (ether-hexane) 
(lit. (7) m.p. 39-40'); i.r. (CH2CI,) 1718, 1609, 1550; n u .  
166 (68); 149 (75), 138 (75), 120 (9), 92 (SO), 65 (100). 

The final stage succeeded only after adding nitric acid 
which is normally produced and consumed in the reac- 
tion. 

The aldehyde, 157 mg, 8 ml 5 z  hydrogen peroxide, 
and 20 drops concentrated nitric acid were refluxed 1 h. 
After evaporation of the solution, water was added and 
evaporated off at  25". This process was repeated then the 
residue was triturated with 3 ml water and filtered leaving 
62 mg off-white solid which was dried over potassium 
hydroxide in vacuum. Compound 9, colorless micro- 
prisms, had m.p. 270-271' (ethanol). (lit. m.p. 255-256' 
(acetic acid)); the m.p. of our sample remained 270-27!' 
(acetic acid); L I . ~ .  222, 255: (OH-) 225, 269; (H+)  218, 
256; n1.s. M' 153 (6), 109 (100). These spectra were 
identical with those of the ring contraction derived acid 9, 
above. 

Anal. Calcd. for C 7 H 7 N 0 3 :  C, 54.9; H, 4.6; N,  9.15. 
Found: C, 55.0; H, 4.7; N ,  9.2. 

Zinc Drrsf Pyrolj~sis qf tlze Ring C'onti~acted Prod~tcr 9 
An intimate mixture of 27 mg 9 and an equal bulk of 

zinc dust was covered with 10 vol. of zinc d~ls t  and sealed 
in-an evacuated glass tube. A break-seal divided this tube 
from the rest of an evacuated and sealed U-tube. The 
mixture was heated below red heat for 3 min. The break- 
seal was broken and the other arm of the U-tube was 
cooled in liquid nitrogen. The rest of the apparatus was 
warmed and the cooled tube was then cut off. 

Methanol, 50 b11, was added to the frozen volatiles and 
the u.v. spectrum of a 2-yl portion was taken showing the 
presence of picoline, about 2.1 mg, 13% total. The 
remaining solution was injected into a g.c.-m.s. machine 
which showed that the pyrolysate consisted essentially of. 
one component with the retention time and mass spec- 
trum of a-picoline. 

3-Picoline: m.s. M +  93 (loo), 92 (20), 79 (14), 78 (15), 
66 (30), 65 ( 1  3), 52 (1 5), 51 !15), 40 (14), 39 (20). 

a-Picoline: 1n.s. M' 93 (loo), 92 (20), 79 (9), 78 (17), 
66 (30), 65 (15), 52 (,9), 51 (12), 40 (IS), 39 (20). 

y-Picoline: 1n.s. M +  93 (40), 92 (7), 79 (I), 78 (5), 66 
(23), 65 (14), 52 (8), 51 (15), 40 (15), 39 (100). 

The a- and a-isomers differ only slightly in mass spec- 
trum but have q ~ ~ i t e  different retention times. The 
y-isomer which is not a theoretical product, has a reten- 
tion time of the same order as the a-isomer but its mass 
spectrum is quite distinct. 

Reaction of 4-1Wethox~~-6-nzethyl-IH-azepitz-2,5-diot?e 
(6,  R = M e )  ri,irlz Phosphor~is Ox~~chloride 

Compound 6, (R = Me) 100rng, was heated under 
nitrogen with 20 ml phosphorus oxychloride at 95'  for 
1 h. The dark solution was evaporated (80 11 mm) and 
the resid~ie was sublimed (150°/1 mm) twice, giving 
41 mg, 3773 white crystalline solid, m.p. 54-55' (hexane). 

This product, unlike the starting material, was not 
demethylated by boron trichloride. Boron tribromide did 
effect demethylation but the product was an acid. 

Authentic 2-chloro-6-methylpyridine-4-carboxylic acid 
was esterified (diazomethane). The ester had m.p. 56-57' 
(hexane), (8) mixture m.p. with the above sublimate, 
56-57". The spectra of the two samples were identical; i.r. 
1730, 1600, 1560, 1310, 1220, 770; U.V. 219 (3.54), 290 
(3.54); n.m.r. (CDCI,) 7.4 (CMe), 6.1 (OMe), 2.45br (H5), 
2.4br (H3); m.s. M' 185 (loo), 154 (89). 

Detneth~llation of  6 ( R  = M e )  
A suspension of 104 mg 6 (R = Me), in 3 ml dichloro- 

methane containing 500 mg boron trichloride was stirred 
at  25' for 20 h. The mixture was poured into water, 
extracted with 9 x 20 ml chloroform and the combined 
extracts were filtered. Evaporation of the filtrate gave 
80 mg 6 (R = H) as an off-white solid, colorless micro- 
crescents, m.p. 250-251" (dec.) (ethanol-cyclohexane); 
i.r. 3450, 1664, 1644, 1598, 1430. 1390, 1200, 770; n1.s. 
153 (43), 84 (loo), 69 (27), 42 (60), 39 (13). 

Anal. Calcd. for C7H7N0, :  C, 54.9; H ,  4.6; N, 9.15. 
Found: C, 54.95; H, 4.6; N ,  8.9. 

Demerhylation qf'7 ( R  = M e )  
Compound 7 (R = Me), 103 mg, was demethylated as 

above but by 536 mg boron tribromide (no reaction with 
the trichloride). The crude product, 94 mg of 7 (R = H), 
was an off-white solid. Pure, it has m.p. 197.5-199' 
(ethanol-hexane); i.r. 3410, 3300, 1706, 1691, 1649, 1430, 
1390, 1180, 850; m.s. 153 (loo), 136 (23), 109 (80), 68 
(42), 39 (55). 

Anal. Calcd. for C7H7N0, :  C, 54.9; H, 4.6; N, 9.15. 
Found: C, 54.9; H, 4.6; N, 9.0. 

We thank the National Research Council of Canada for 
financial support. 
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Crystal and Molecular Structure of [2,3-Bis(dimethylarsin0)- 
1,1,1,4,4,4,-hexafluorobut-2-ene-As, As ]tricarbonyldiiodotungsten(II) 
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Department of Chemistry, Univer~ity ofBritish Colunrbicl, Vanc,ouver, Brrtish Columbicr V6T I W5 
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ANTHONY MERCER and JAMES TROTTER. Can. J. Chem. 52, 3331 (1974). 
Crystals of the title compound, Me2AsC(CF3):C(CF,)AsMe2WI,(CO),, are monoclinic, 

a = 15.37(2), b = 9.529(1), c = 15.967(3) A ,  p = 112.03(2)', Z = 4, space group P 2 , c .  The 
structure was determined by Patterson and Fourier syntheses and refined by full-matrix least- 
squares procedures to a final R of 0.069 for 1823 observed (of a total of 2778) reflexions. The 
tungsten atom is seven-coordinate with a distorted capped octahedral environment, the capping 
group being a carbonyl (W-C, 1.94(3) A). The capped face consists of the two remaining car- 
bony1 groups (W-C, 1.97(4) and 2.00(4) A) and  one of the arsenic atoms from the bidentate 
ligand (W-As, 2.556(3) A). The uncapped face contains the two iodine atolns (W-I, 2.848(2) 
and 2.856(2) A)  and the remaining arsenic atom (W-As, 2.615(3) A); this bond length (ti.crns to 
CO), being significantly longer (by 0.062 A)  than the other (trans to I) W-As distance. 

ANTHONY MERCER et JAMES TROTTER. Can. J. Chem. 52,3331 (1974). 
Les cristaux du compose Me2AsC(CF3): C(CF,)AsMe2WIr(CO),, sont monocliniq~~es.  Les 

dimensions de la rnaille sont: a = 15.37(2), b = 9.529(1), c = 15.967(3) A, P = 112.03(2) , 
Z = 4, groupe spatial P2,'e. On a determine la structure par la methode de Patterson et Fourier. 
La structure a ete affinie par moindres carres (matrice complete) ~ L I S ~ L I ' ~  Line valeur finale du 
facteur d'accord (R)  de 0.069 pour 1823 reflexions observees, sur u n  total de 2778. L'atorne de 

. tungstene est entoure de sept coordinath, et se trouve a l'interieur d'un octaedre coiffe deformk. 
Le groupe de recouvrement est un carbonyle (W-C = 1.94(3) A). La face coiffee est constituee 
des deux autres groupes carbonyles (W-C = 1.97(4) et 2.00(4) A) et d ' ~ t n  atome d'arsenic 
faisant partie du coordinat bidefitate (W-As = 2.556(3) A). La face non coiffee coniprend les 
deux atomes d'iode (W-I = 2.848(2) et 2.856(2) A) et I'atonie d'arsenic restant (W-As = 
2.61 8(3) A). La longueur de cette liaison, en position trans par rapport au groupe carbonyle, est 
appreciablement p l ~ ~ s  grande (de 0.062 A) que I'autre liaison W-As, en position t/.uns par rap- 
port a I'autre atome d'iode. [Traduit par le journal] 

Introduction 
Preliminary n.1li.r. data on [2,3-bis(dimethy1- 

arsino)- 1 ,  1 , l,4,4,4,-hexafluorobut-2-ene-As,As]- 
tricarbonyldiiodotungsten(I1) seemed consistent 
with stereochemical nonrigidity ( I ) ,  the exis- 
tence of which has also been observed for seven- 
coordinate tantalum (2). The X-ray crystal 
structure of Me,AsC(CF,): C(CF,)AsMe2W12- 
(CO), was undertaken to provide information. 
which could indicate the geometry of the most 
probable transition state, for the exchange 
processes occurring in solution. 

Experimental 
[2,3 -Bis(dimethylarsino)- 1,1,1,4,4,4,-hexafluorobut-2- 

ene-As,As]tricarbonyIdiiodotungsten(II) was prepared by 
the dropwise addition of iodine to  Me2AsC(CF,):C- 
(CF,)AsMe2W(CO),, in CH2CI,, with vigorous stirring 
~ l n d e r  a N, atmosphere. 

Anal. Calcd: C, 14.8; H, 1.4; I, 28.4. Found:  C,  14.6; 
H ,  1.2; I, 28.3. 

Recrystallization from methylene chloridejhexane gave 
yellow plates. The crystal chosen for study was mounted 

with b parallel to the goniostat axis and was ca. 0.2 mm 
in length with a cross section of 0.2 x 0.04 mm. Unit- 
cell parameters were refined by a least-squares treatment 
of sin2 0 values for 24 reflexions measured on a dif- 
fractometer with M o K x  radiation. Crystal data a re :  
C ,  ,Hl,As,F,I,O,W f.w. = 893.40 
Monoclinic, a = 15.37(2), b = 9.529(1), c = 15.967(3) 
A, 0 = 112.03(2)", Cr = 2167(2) .A3, po = 2.737(3), Z = 
4, p, = 2.735(4), F(000) = 1608 (20 ' C ,  M o K z ,  ?. = 
0.71069 A ,  ,, = 118 cm-I ) .  Absent reflexions: 1101, 
I # 2n and Otto, k f 2n define uniquely the space group 
P2 , ic  (C:,,, No. 14). 

Intensity data were meas~rred for 2778 independent 
reflexions (20 < 45') of which 942 had intensities less 
than 3o(I)  above the background, where 02( I )  = S + 
B + (0.05Sj2 with S = scan count and B = background 
count. These reflexions were classified as ~lnobserved. 

Sfructlrre Ana1j~~i.c 
The s t r u c t ~ ~ r e  was determined by Patterson and  

Fourier syntheses and was refined by full-matrix least- 
squares methods, with minimization of ~ W ( F ~  - FJZ. 
The weighting scheme: ,'5 = 1 if IF,) S 74.3; .G = 
74.3/1F,  if IF,' > 74.3 and  ,%= 0.0 for ~ ~ n o b s e r v e d  
reflexions gave constant average values of w(F, - FJ2 
over ranges of F,I and  was employed in the final stages 
of refinement. An absorption correction was applied (3) 
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TABLE 1. Final positional parameters (fractional 
x lo4) with standard deviations in parentheses 

Atom x Y z 

and the final conventional R factor for 1823l observed 
refexions using all the non hydrogen atoms was R = 
0.069. The two CF3 groups on the chelate ring had high 
isotropic temperature factors; however an F, electron 
density map calculated using the phase from all the other 
found atoms did not reveal any evidence of disorder in 
the groups or individual atoms. 

The final positional and thermal parameters are given 
in Tables 1 and 2 respectively. Measured and calculated 
structure factors have been placed in the Depository of 
Unpublished Data.z 

Results and Discussion 
The seven-coordinate geometry about the 

tungsten atom in 1, [2,3,-bis(dimethy1arsino)- 
1,1,1,4,4,4, - hexafluorobut - 2 - ene - As,As]tricar- 
bonyldiiodotungsten(11) is similar to that found 
for 2 dibromotricarbonyl[1 ,2-bis(dipheny1phos- 
phino)ethane]molybdenum(II)- I -acetone (4), this 
type of geometry being described as a con- 
siderably distorted capped octahedron. In this 

'The thirteeri highest intensity reflexions 102, 106, 204, 
202, 204, 306, 504, 502, 604, 114, 514, 025, and 225 were 
not included in the R factor calculation due to probable 
instrumental error. 

'The structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

A-A 

1 2 
M = W  M = Mo 
X = I  X = Br 
Y = As Y = P  
R = CH3 R = C6HS 

\ / \  / 
A-A - C=C 

\ / \  / 
A-A -: CH2-CH2 

molecule the capping group is one of the car- 
bonyls (C(3)-0(3)), the three atoms defining 
the capped face are C(I), C(2), and As(l), while 
the uncapped face consists of the two iodine 
atoms 1(1) and 1(2) and the remaining arsenic 
atom As(2). Figure 1 shows a projection down 
the W-C(3) bond. Although it would also be 
possible to describe the tungsten environment in 
terms of various distorted capped trigonal 
prisms (5), a detailed analysis of the differences 
between the basic polyhedra available for seven- 
coordinate molecules (61, indicates that in this 
type of molecule the ideal angle between the two 
larger coordinated atoms is 180" for a pentagonal 
bipyramid, ca. 90" for a capped octahedron, and 
81.5" for a capped trigonal prism. From the 

FIG. 1. Projection of the coordination sphere of the 
molecule viewed down the vector from the carbonyl 
group in the capping position (omitted from the diagram) 
to the tungsten atom. 
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MERCER AND TROTTER: STRUCTURE OF M ~ ~ A S C ( C F ? ) : C ( C F ~ ) A ~ M ~ ~ W I Z ( C O ) ?  

TABLE 2. Final thermal parameters and their estimated standard deviations 

(a)  Anisotropic thermal parameters* (Cr, ,  (A2) x 100) 

Atom U I I  u 2  2 u 3  3 LTl z u 1 3  u 2  3 

*The anisotropic thermal parameters are  U , ,  in the expression f = / ,  exp [ -  2 1 ~ ~ ( U , , a * ~ h ~  - U22bV2k2 - U33(*2 /2  -r 
2Ul2a*b*hk t 2U13a*c*hl ' 2U2,h*c*k/)] .  

(6)  Isotropic thermal parameters 

Atom B (A2)  Atom B (A2) 

FIG. 2. A general stereoscopic view of the molecule showing the crystallographic numbering scheme. 

I-W-I angle of 87.3" the choice of the capped 
octahedron would appear to describe the ob- 
served geometry Inore exactly. Figure 2 shows a 
general stereoscopic view of the molecule, with 
the atom labelling scheme. Individual bond 
lengths and angles with standard deviations are 
given in Tables 3 and 4 respectively. 

The angles subtended a t  the tungsten atom by 
the unique carbon atom C(3) and the atoms in 
the capped face average to 74 and 128" respec- 
tively. These angles are very similar to those 

found in other capped octahedral structures, i .e .  
73.6 and 125.5" in 2, and 73 and 128" for [bis- 
(diphenylarsino)methane]dibromodicarbonyl- 
inolybdenum(I1) (7). Similarly the angles sub- 
tended a t  the central metal atom by pairs of 
atoms in the capped, and pairs in the uncapped 
faces for both molecules 1 and 2 are comparable. 
In 1 they are an average of 1 1  2 and 86" respec- 
tively, while in 2 the mean values are 112.3 and 
89.7". 

Another feature of a distorted capped octa- 
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TABLE 3. Bond lengths (A) with standard deviations similar to those subtended by the mutually cis 
in parentheses atoms of the capped and uncapped faces (the 

- mean value of six such angles being 78'). The 
Bond Length (A) 

Bond Length (') ligand therefore seems ideally suited to occupy 
W-I(I) 2.848(2) c(l)-o(i)  1.17T4) an edge of the capped octahedron. The three 
W-l(2) 2.856(2) C(2)-O(2) 1.19(4) angles mutually trans are also very similar being 
W-As(l) 2.556(3) C(3)-0(3) 13(4) 155, 159, and 161°, giving the geometry around 
W-As(2) 2.61 8(3) C(4)--C(5) 1 .29(4) 
W-C(1 ) 2.00(4) C(4)-C(6) ,50(4) the tungsten (see Fig. 1) a reasonable C,, sym- 
W-C(2) 1 .97(4) C(5)-C(7) 1 .56(6) metry. 
W-C(3) I .94(3) ~ ( 6 ) - ~ ( 1 )  1.35(4) The tungsten-iodine distances of 2.848(2) and 
As(1)-C(4) 1 .98(3) C(6)-F(2) 1.31(4) 2.856(2) A would appear to be the first deter- 
As(1)-C(8) 1 .92(3) C(6)-F(3) 1 .18(4) 
As(1)-C(9) 1 .95(3) 

C(7 4, 1.27(5) minations of W-I bond lengths in a seven- 
As(2)-C(5) 2.00(3) C(7)-F(5) ,20(5) coordinate environment. Tungsten-bromine dis- 
~ s ( 2 ) - ~ ( 1 0 )  1 .97(4) ~ ( 7 ) - ~ ( 6 )  1 . 28(5) tances in similar environments (8,9) have already 
As(2)-C(I I )  1 .93(3) been found to have a mean value of 2.65 A. 

Using a bromine covalent radius of 1.14 A (10) 
we can estimate a W single bond radius of 1.51 

hedron (5) demonstrated by this molecule, is the A for this compound. With use of 1.33 A (10) for 
close non-bonded contacts made between the the iodine covalent radius, a predicted W-I 
capping group and the three atoms in the capped bond length would be 2.84 A, in reasonable 
face. Hence in 1, C(3) is 2.46, 2.26, and 2.73 A agreement with the value found (mean value 
away from C(l), C(2), and As(l), compared to 2.852(2) A). Assuming the radii of Mo(I1) and 
2.29, 2.29, and 2.70 for the respective C(1) to W(I1) are similar the value of 2.862 A found for 
C(2), C(3), and P(1) distances in molecule 2. the Mo-1 distance in Mo(CNR),I+ (I  1) is also 

The angle subtended at the central tungsten very close to these measured and predicted 
atom by the bidentate ligand is 75.9(1)". This is values. A similar argument predicts a W-As 

TABLL 4. Bond angles (deg) with standard dewations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 
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MERCER AND TROTTER: STRUCTURE 

bond length of 2.73 A, compared to the 2.556(3) 
and 2.618(3) A found experimentally. This signi- 
ficant shortening is thought to  be due to some 
double bond character in the W-As bonds 
caused by (dn-dn) back donation from the cen- 
tral metal atom. The two W-As bonds are also 
significantly different from each other, which 
can be explained by consideratio11 of the respec- 
tive trans ligands. A trans ligand can affect the 
extent of back donation from the metal, hence 
the 1(2) atom trans to As(l) is not as strong a dn 
accepting group as the C(1)-0(1) group tratis 
t o  As(2) which should result in a greater back 
donation to As(1). This will cause a shortening 
of the W-As(1) bond with respect to the 
W-As(2) bond, the difference found being 
0.062 A. 

The W-C and C-0 distances (mean values 
1.97(4) and 1.16(4) A) and the W-C-0 angles 
(mean value 176(3)') are similar to those found 
in other co~npounds with carbonyls joined to 
tungsten ( 1  2). 

The five membered ring is in a "puckered" 
confornlation. Table 5 gives the equation of a 
weighted least-squares mean plane, with devia- 
tions of the atoms from the plane, and values for 
the dihedral angles in the ring. This type of 
"puckered" conformation, with both carbon 
atoms on the same side of the weighted least- 
squares mean plane for the five membered ring, 
has been found in other compounds (13). The 

((1) Equat~on of ne~ghted least-squares mean 
planeF for the five membered rlng 

Atom A (a) A o 

"I'iaiie. 0 8945.Y 0.1512Y 0.42072 - 4.2404 - 0, 
.A. Y .  7, are  o r i h o g o n , ~ l  c o o r d ~ n a t e s  i n  A \k.r.t ,  a ,  b,  c * ,  A 
I S  ilie debiation from t h e  p lane .  

( b )  Dihedral angles in the five membered ring 

Angle 
Atom l Atom 2 Atom 3 Atom 4 (deg) ri 

FIG. 3. A projection of the structure down the b axis. 

bend in the ring is probably to increase contacts 
between the methyl groups on the arsenic atoms 
and the adjacent carbonyl groups rather than the 
methyl-iodine contacts (14). 

Neither the carbon-carbon double bond 
length of 1.29(4) (expected 1.34 A )  ( 1  51, nor 
the W-As-C bond angle mean value of 
1 10.5' (expected tetrahedral value of 109.5') and 
the As-C-C bond angles, mean value of 
118.5" (expected for sp2 hybridized carbons of 
120.0') are significantly different from their 
stated expected values. Both the As(1)-C(4) and 
As(2)-C(5) bond distances of I .98(3) and 
2.00(3) A are similar to the As-CH, bond 
1e.ngths (mean, 1.98(3) A) as is found in other 
similar ligands (16). 

From the relative uncertainty of the positions 
of the two CF, groups, it seems unreasonable to 
attempt any meaningful discussion of their bond 
lengths and angles. 

The intermolecular packing appears to be 
governed solely by van der Waals interactions. 
A projection of the structure down the b axis is 
shown in Fig. 3. 

We thank Professor W. R. Cullen and Mr. L. Mihichuk 
for the crystals, the National Research Council of 
Canada for financial support, and the University of 
British Columbia Computing Centre for assistance. 
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HANS H. BAER, J ~ A N  M. J.  FR~CHET,  and URSULA WILLIAMS. Can. J. Chem. 52,3337 (1974). 
2,3,4,6-Tetra-0-benzyl-a-D-glucopyranosy bromide (1) and, in one instance, its r-D-galacro 

isomer (2) were condensed under conditions of the Helferich modification of the Koenigs-Knorr 
reaction with the four stereoisomeric methyl 4,6-0-benzylidene-3-deoxy-3-nitrohexopyrano- 
sides having the ~-D-galaCto (3), ~-D-galacfo (4), a-D-gluco (5), and B-D-gluco (6) configurations. 
Six new, 1 + 2 linked, fully blocked nitro disaccharides (7-12) were isolated. The configura- 
tions of the disaccharidic linkages were established by n.m.r. spectroscopy to be r in four of the 
products (8, 9, 11, and 12) and P in two (7 and 10). The steric course of the disaccharide bond 
formation was found to depend on the anomeric as well as the over-all configuration of the 
alcoholic components 3-6. 

HANS H. BAER, JEATL M.  J. F R ~ C H E T  et URSULA WILLIAMS. Can. J .  Chern. 52. 3337 (1974) 
Le broniure de 2,3,4,6-tetra-0-benzyl-r-D-glucopyranosyle (1) et, dans une experience, son 

isoniere r-D-galacto (2) ont ete condenses avec les quatres methyl-4,6-0-benzylidtme-3-desoxy- 
3-nitrohexopyranosides stereoisomeriques ayant les config~~rations r-D-galarto (3), B-D-galacto 
(4), a-D-gluco (5) et P-~-g/lrco (6) dans les conditions de la modification d'Helferich a la reaction 
de Koenigs-Knorr. Six nouveaux nitro-disaccharides a liaison 1 - 2 et ayant leurs groupements 
fonctionnels proteges (7-12) ont ete isoles. Les config~~rations des liaisons glycosidiqi~es des 
disaccharides ont ete ktablies par spectroscopic r.ni.n. colnme etant cf pour quatre des produits 
(8,9,  11 et 12), et P pour les deux autres (7 et 10). On a trouve que l'anomerie et la configuration 
nioleculaire des aglycones 3-6 avaient Line influence sur le resultat stereochimique de la reaction 
dc formation du disaccharide. 

The synthesis of nitro disaccharides has been 
the subject of previous articles from this labora- 
tory (1-3). The methods used included an 
application of the nitromethane cyclization to  a 
given disaccharide (I), the nucleophilic addition 
of partially blocked n~onosaccharides to nitro- 
olefinic sugar derivatives (2), and Koenigs- 
Knorr type condensations (3). The last-men- 
tioned reactions were performed with per-0- 
acetylglycosyl bromides both under classical 
conditions (4-6) and by applying the Bredereck 
method (5-7) of trityl ether displacement, and 
moderate yields (14-25%) of P-1 -t 6 linked 
nitro disaccharides were obtained. 

The present work was undertaken with a view 
to  exploring whether preparative advantages 
might be derived, in our special area of interest, 
from the Helferich modification (5,6,8,9) of the 
Koenigs-Knorr reaction, i . e . ,  the condensation 
promoted by mercuric cyanide. We were con- 
currently engaged in studies (10) on solvolyses of 
various glycosyl halides that bear the non-partici- 

'Part XXXIV in a series on reactions of nitro sugars 
For Part XXXIII, see ref. 13. 

pating benzyl ether group a t  C-2, hoping to 
make advances in the complex problem (4-6) of 
steric control in glycosylation, particularly as 
regards the synthesis of such 1,2-cis glycosides 

. - 
as a-1)-glucopyranosides and a-D-galactopyrano- 
sides. It was therefore decided to use 2,3,4,6- 
tetra-0-benzyl-a-D-glucopyranosyl bromide (1) 
and, in one instance, its a - D - g a l ~ ~ t 0  isomer (2) in 
a project of synthesizing new, 1 1 2  linked 
0-glycosyl derivatives of 3-deoxy-3-nitrohexoses. 
The hydroxylic components to  be employed for 
condensation were the four stereoisomeric 
methyl 4,6-0-benzylidene-3-deoxy-3-nitrohexo- 
pyranosides having the X - D - ~ U ~ U C ~ O  (3), P-D- 
galacto (4). a-D-gluco (5), and P-D-gluco (6) 
configurations. Recent reviews of the literature 
state that, in Koenigs-Knorr reactions with 
glycosyl halides which d o  not possess a partici- 
pating group, the "steric outcome is extremely 
variable and may be either largely inversion or 
retention" (4) and that "practically, the steric 
result of the synthesis of an oligosaccharide 
under Helferich conditions seems now to be 
unpredictable" (5). Naturally this situation 
engendered our curiosity in the possible influ- 
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ence which the structure and stereochemistry of 
the alcoholic components 3-6 might exert on the 
configuration of the disaccharidic linkages 
produced. 

The disaccharides obtained are listed in Table 
1. The condensations were performed in the 
presence of mercuric cyanide in a benzene- 
nitromethane medium at 65", with the exception 
of the synthesis of 9 which was conducted in a 
mixture of 1 ,2-dichloroethane and dichloro- 
methane a t  room temperature. The products 
were isolated by column chromatography. The 
alcohols 3 and 4 afforded single disaccharides 
(7-9) in yields of 23-36%. Since a considerable 
proportion of the nitro monosaccharides could 
be recovered unchanged from most runs, the 
yields based on nitro monosaccharide actually 
expended ranged from 50 to 72;x. Clearly, 
anomeric products that could conceivably have 
arisen and remained undetected in these partic- 
ular reactions can only have played a minor 
role. By contrast, the alcohols 5 and 6 exhibited 
less stereoselectivity in their condensations. 
Thus, 5 gave 10 and 11 in a combined yield of 
7 7 x  (crude mixture; 86.5:< based on consumed 
5) but the mixture was difficult to separate by 
chromatography and fractional crystallization, 
and only 16.57, of pure 10 and 15% of 11 (which 
was not quite pure anomerically) were elabo- 
rated. There were indications suggesting that 10 

constituted about two-thirds of the total disac- 
charide mixture formed. Similarly, the alcohol 
6 gave a mixture of two disaccharides, according 
to t.1.c. Although only one of them (12) was 
isolated in 20% yield and could be characterized, 
the second isomer was revealed by an n.m.r. 
spectrum to be present, along with an about 
equal amount of 12, in disaccharide fractions 
(yield, 24%) that were not separated. 

In summary, an interesting trend in the steric 
course of these syntheses can be noted. The 
a-glycosidic alcohol components (3 and 5) 
furnished P-linked disacchar~des, apparently as 
sole (7) or major (10) products. Conversely, the 
0-glycosid~c alcohols (4 and 6 )  yielded a-linked 
disaccharides as the sole (8 and 9) or predomi- 
nant (12) products. Furthermore, stereoselec- 
tivity seemed higher with the nitrogalactos~des 
(3 and 4) than with the nitroglucosides (5 and 6). 
Although an explanation for these findings is not 
to be offered at  this point, it is evident that both 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3340 CAN.  J .  CHEM . VOL. 5 2 ,  1974 

the configuration in the vicinity of the reaction 
site and the over-all configuration of the alco- 
holic component have a remarkable directive 
influence on the stereochemistry of the con- 
densation. 

The configurations of the disaccharide link- 
ages of 7-12 were established by n.m.r. spectros- 
copy. The spectra (100 MHz in CDC1,) of 8, 9, 
11, and 12 each showed a low-field doublet with 
small splitting ( t  4.3-4.5, J = 3-4 Hz), which 
was attributable to an equatorial, anomeric 
proton (H-1') belonging to the terminal sugar 
moiety, and hence indicated the %-disaccharide 
configuration. Compounds 7 and 10 did not give 
anomeric proton signals in that region but 
exhibited doublets with larger splittings near t 
5.2, which were assignable to axial H-1' protons 
indicative of the P-disaccharidic configuration. 
These signals were crowded together with others 
and for a better evaluation of the spectra it was 
useful to consider also the spectra of the methyl 
nitroglycosides 3-6. Thus, the a-D-galactoside 3 
gave a very simple spectrum, with a doublet 
(J = 2 Hz) at T 5.04 for its equatorial H-l and a 
broadened 3-proton singlet at  t 5.28 for H-2, 
-3, and -4 which fortuitously had nearly equal 
chemical shifts. In the disaccharide 7 derived 
from 3, the effect of 0-glycosyl substitution in 
position 2 was a downfield shift of H-1 by 0.3 
p.p.m., and similar shifts of 0.2-0.3 p.p.m. were 
experienced by H-2 and H-3 which were now 
sufficiently separate to show vicinal coupling, 
and which were sufficiently shifted for the H-I '  
doublet (J = 8 Hz) to be discernible at  t 5.20. 
Similarly, the signal of the equatorial H-1 at  the 
methyl glycosidic center, which in the a-D-gluco- 
side 5 occurred at  r  5.17, was shifted downfield 
by approxilnately 0.3 p.p.m. in the disaccharides 
10 and 11 derived from 5 and did not interfere 
with the H-1' signals at T 5.20 and 4.50, respec- 
tively. In the P-D-galactoside 4, the axial 
anomeric H-1 was expected to give a doublet 
with large splitting at  relatively high field, and 
although the signal could not be located in a 
chloroform-d solution spectrum (it was at r  5.70 
in dimethylsulfoxide-d,), it definitely was not 
present below t 5.20. In the disaccharides 8 and 9 
derived from 4, the H-1 signals were likewise 
undistinguishable but must have been present in 
the 5-6 region and, in any event, would not have 
been mistaken for the H-1' signals near t 4.3. 
Finally, the P-D-glucoside 6 showed its H-1 signal 
a t  r  5.66, and whereas in the disaccharide 12 

the corresponding signal could not be discerned 
it must also have been in the T 5-6 region, dis- 
tinct from H-1' with respect to both chemical 
shift and splitting. 

We have recently recorded (1 1-13) the reso- 
nance positions of the glycosidic methoxyl 
protons in a large number of methyl nitroglyco- 
sides and found that, with few  exception^,^ the 
signals fell in the range r  6.40-6.56 in P-pyrano- 
sides and in the range 6.55-6.66 in a-pyranosides. 
One might therefore be tempted to take the 
chemical shift of a methoxyl resonance as a 
useful, if somewhat tenuous, indicator for 
anomeric configuration, provided it is not too 
close to the range boundary. The present series 
of compounds, however, exemplifies the need 
for circumspection in this regard. Thus, the 
a-anomeric methoxyl groups in 3 and 5 resonate 
(1 1) at  t 6.56 and 6.55, respectively, and they also 
resonate in the expected a-range in the disac- 
charides 7, 10, and 11 (r 6.59, 6.59, and 6.63). 
On the other hand, the p-anomeric methoxyl 
signals occurring (I I) at  T 6.40 and 6.46 in 4 and 
6, respectively, are shifted more markedly 
upfield in 8, 9, and 12 where they are found just 
outside the aforementioned P-range, at .r 6.58, 
6.58, and 6.57, respectively. Obviously, a -  and 
P-methyl glycosidic disaccharides of the struc- 
ture here described cannot be differentiated on 
this basis. 

Experimental 
Reactions were routinely monitored by t.1.c. on  silica 

gel G ,  normally with benzene--ether (4: I )  as  the irrigant. 
Melting points were determined in a n  electric aluminum 
block apparatus equipped with a calibrated thermometer. 
Optical rotations were measured with a Perkin-Elmer 141 
automatic polarimeter, at  room temperature. The n.m.r. 
data (100 MHz)  refer to CDCI, solutions unless other- 
wise indicated. 

2 , 3 , 4 , 6 - T e t m - O - b e 1 1 z ~ ~ l - c r - ~ - g l ~ i c o p ~ I  Broiilidc~ (1)  
2,3,4,6-Tetra-0-benzyl-r-o-glucose (14, 15) wasp-nitro- 

benzoylated as described (15, 16) and the crystalline 
I-p-nitrobenzoate was treated with anhydrous hydrogen 
bromide in dichloromethane (16). The procedure was the 
same as that detailed below for the preparation of 2. 
Attempts to  crystallize the bromide 1 had been unsuc- 
cessful earlier (16) and now again; freshly prepared, 
syrupy material was ~ lsed .  

2,3,4.6-Te~ra-0-benzyl-l-O-p-11itrobenzo~/- 
P-D-galactopyunno~e 

To an ice cold solution of 2,3,4.6-tetra-0-benzyl-D- 
galactose (17) (10.5 g) In pyridine (50mI) was added 

'These occurred in a-glycopyranosides presumed to 
have a n  axial nitro group at  C-3 (12). 
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p-nitrobenzoyl chloride (8 g). The reaction mixture was 
stirred until it became homogeneous, stored overnight 
a t  room temperature, and then poured into ice water 
(600 ml). The semisolid material which separated was 
washed with cold 0.6 N hydrochloric acid and then with 
water. The product was dissolved in chloroform and the 
solution washed several times with 5% sodium bicar- 
bonate solution and finally with water. Evaporation of 
the dried (MgSO,) chloroform solution gave the p-nitro- 
benzoate (13 g, 97z )  as an oil which according to t.1.c. 
and n.m.r. spectra was a mixture of a -  and 0-anomers in a 
ratio of about 1 : 2. Doublets given by theanomeric protons 
wereatr3 .37(J1, ,  = 3 . 5 H ~ ) a n d r 4 . 1 4 ( J , , ~  = 7.8Hz). 
Column chromatographic separation of the mixture on 
silica gel with benzene containing 0.5% of ether furnished 
the faster moving a-anomer as an oil (2.85 g) which failed 
to crystallize. Subsequent to an intermediate, mixed 
fraction (3 g), the pure e-anomer (7.2 g) was eluted. I t  
crystallized from ether; m.p. 101-1033, [a] ,  -39.7' ( c  2, 
in CHCI,). 

Anal. Calcd. for C,,H,,NO, (689.8): C, 71.39; H, 
5.70; N, 2.03. Found: C, 71.38; H, 5.68; N ,  2.16. 

2,3,4,6-Tetra-0-benzyl-a-D-galacropyranosyl Bt.ornidc (2) 
The crystalline p-nitrobenzoate (IJ-anomer) just de- 

scribed (1 g) was dissolved in dichloromethane (50 ml, 
dried over CaH,) and a stream of dry hydrogen bromide 
gas was passed through the solution at room temperature 
for 10min. The precipitate of p-nitrobenzoic acid was 
removed by filtration through fritted glass in a dry 
atmosphere and the filtrate was evaporated in cuc~ro at 
room temperature. Several portions of added dichloro- 
methane was evaporated from the syrupy residue. A 
residual, small amo-unt of p-nitrobenzoic acid which 
crystallized in the syrup was removed by dissolution of 
the latter in a minimum amount of carbon tetrachloride 
followed by filtration and re-evaporation of the solution. 
A total of 240 mg (9773 of p-nitrobenzoic acid was 
isolated. The slightly yellow, syrupy 2 failed to crystallize. 
Dried it1 cacuo, it showed [a], + 143" (C 1.9, in CH2C12). 
The n.m.r. spectrum showed a narrow 1-proton signal 
at T 3.44 (H-I). 

Synthesis of Disaccharides. General Remarks 

Nitroglycosides 3-6 
The preparation of the a-D-galactoside 3 (1 I), IJ-D- 

galactoside 4 (11, 18, 19) a-D-glucoside 5 (11, 181, and 
IJ-D-glucoside 6 (1 1, 19,20) has been recorded. In addition 
to the published (1 1) chemical shift values of the benzyl- 
idene methine and methoxyl protons in these compounds, 
we here record further relevant n.m.r. data obtained by 
Dr. W. Rank in this laboratory. Compound 3: .r 5.04 (d, 
J,,, = 2 Hz, H-1), 5.28 (broadened 3-H singlet, H-2, -3, 
-4), 5.80 (midpoint of 2 AB doublets, 2H, H-6, -6'), 6.27 
(s, l H ,  H-5). Compound 4 in (CD3),SO: T 4.99 (q, lH ,  
J 2 , 3 = 1 0 H ~ ,  J 3 , 4 = 4 H ~ ,  H-3), 5.31 (d, lH ,  J 3 , 4 =  

4 HZ, H-4), 5.70 (d, lH,  JIsz = 8 HZ, H-1); 5.8-6.1 (3H, 
2-H singlet for H-6,6' superposed on octet for H-2 which 
showed J,,,, = 4.5 Hz; the corresponding hydroxyl 
doublet was at z 4.05), 6.26 (s, lH ,  H-5). A good spectrum 
in CDCI, could not be obtained because of poor solu- 
bility, but it could be seen that there were no ring proton 
resonances below T 5.2 in that solvent. Compound 5: z 
5.17 (d, H-1, Jl,, = 4 HZ), 5.19 (t, H-3, J 2 , 3  = J3 ,4  = 
10 Hz), 5.6-6.3 (5H, overlapping signals of H-2, -4, -5, 

-6, and -6'). Compound 6:  z 5.28 (t, H-3, J2,,  = J3,4 = 
IOHz), 5.66(d,H-1,Jl .z = 7.5 HZ). 
Procedure 
The synthesis of 7 will hereafter be described in detail. 

Compounds 8-12 were obtained in the same fashion; 
minor variations in procedure are indicated where neces- 
sary. Yields, physical constants, and analytical data of 
the products are given in Table 1. 

Methyl 4,6-0-Benzylidene-3-deosy-3-nitro-2-0- 
(2,3,4,6-terra-O-benzyl-fi-~-glucopyrarzosyl)-a-D- 
galactopyranoside (7) 

A magnetically stirred solution of 3 (0.65 g, 2.09 mmol) 
in nitromethane (25 ml) and benzene (25 ml) was azeo- 
tropically dried by boiling and allowing part of the solvent 
mixture (15 ml) to distil off, at atmospheric pressure. 
After cooling of the solution to 50' the bromide 1 (1.65 g, 
2.73 mmol) and mercuric cyanide (0.69 g, 2.73 mmol) 
were added, and the mixture was then stirred for 40 h at 
65", with exclusion of moisture and light. Thin-layer 
chromatography showed that the fast-moving spot of 1 
gradually disappeared and the slow-moving spot of 3 
decreased in intensity (but did not disappear completely) 
while a new spot with intermediate mobility (7) arose. 
The reaction mixture was allowed to cool, diluted with 
chloroform, and washed successively with three portions 
of sodium bicarbonate solution and three portions of 
water. The organic sol~rtion was dried (MgSO,) and 
evaporated to give an oil which was dissolved in a small 
amount of benzene for column chromatography. Ap- 
proximately 40-60 parts of Silica Gel 7734 (Merck A. G.) 
per part of crude product was used for this and similar 
separations. Elution was started with pure benzene (e.g., 
600 ml), which removed fast-moving impurities, and it 
was continued with benzene-ether (98:2, v/v) i~ntil most 
of 7 had emerged. Evaporation of the appropriately 
poolcd.fractions gave 7 as an oil (405 mg) which was 
crystallized from ethyl acetate-petroleum ether (Table 1). 
Then.m.r. data: 74 .5  (s, PhCH),4.73 (d, H-I, J i , ~  = 
3 Hz), 4.96(q, H-2, J1,, = 3 and J2,, = lOHz), 5.10(q, 
H-3, J 2 , 3  = 10 and .I,,, = 2.5Hz), 5.20 (d, I =  ~ H z ,  
H-1' ?), 6.59 (s, 3H, OCH3). 

Further elution of the column with benzene-ether 
(9: 1) produced 420 mg of unchanged 3, m.p. 167-168.5" 
dec., [a], + 197" in chloroform (lit. (1 1) m.p. 166-167", 
[a], t 205'). 

Methyl 4,6-0-Benzylidene-3-deoxy-3-nitro-2-0-(2,3,4,6- 
tetra-O-benzyl-a-~-glucopyranosyl)-~-~-galactopy- 
ranoside (8) 

This disaccharide was obtained from 1 (2.8 g), 4 (1.0 g), 
and Hg(CN), (1.1 g). The solvent was a mixture of ben- 
zene (35 ml) and nitromethane (35 ml), from which 20 ml 
had been removed by azeotropic distillation. Chroma- 
tography of the crude product gave 8 (920 mg) which 
crystallized from ethyl acetate - petroleum ether (Table 
I), another disaccharide fraction (186 mg) with somewhat 
lower rotation ( [ E ] ,  +89") and a wide melting range 
(135-15O0), and 323 mg of unreacted 4 showing m.p. 
231" dec. and [a], $29" (c 2, in dimethylformarnide) (lit. 
(18) m.p. 230-231" dec., [aID f24.8"). The n.m.r. data of 
8 :  7 4.28 (d, H-1', J1.,, = 3.5 HZ), 4.51 (s, PhCH), 6.58 
(s, 3H, OCH,). There were no further ring proton signals 
downfield from .r 5.1. 
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Met/1~l4,6-0-Benz~lidene-3-deoxy-3-t1itro-2-0-(2,3,4,6- 
tetra-0-ber~zyl-a-u-galrrctopyranosylj -P-D-galactopy- 
ranoside ( 9 )  

To  a solutioll of 4 (1.2 g) in dry 1,2-dichloroethane 
(10 ml) was added mercuric cyanide (0.7g) and a solution 
of 2 (1.58 g) in dichloromethane (10 ml). The mixture 
was stirred in the dark at  room temperature for 70 h. 
Processing and chromatography furnished several minor 
fractions of unidentified products, a main fraction of 9 
(1.162 g) and 595 mg of unchanged 4 showing m.p. 231- 
232" dec. and [%I, + 26- (c 1.5, in dimethylformamide). 
The n.m.r. data of 9: r 4.32 (d, H-l', J , , z ,  = 3.5 Hz), 
4.52 (s, PhCH), 6.58 (s, 3H, OCH,). There were no further 
ring proton signals downfield from r 5.05. 

Meth~~l4,6-O-Bmzyli&t1c.-3-d~~o.~y-3-nitro-2-0-(2,3,4,6- 
r e t r a - ~ - h c ~ ? z y ~ - ~ - ~ - g / u c o p ~ r a ~ ~ o ~ y ~ )  -a-D-glucopy- 
rnnoside (10)  and A4erl?yl4,6-0-Benzylidene-3- 
deoxy-3-3-~7it1~o-2-0-(2,3,4,6-tetra-0-bens)il-r-~- 
gl~rcopyranoaylj-r-D-glrrcopyrano.ri/ (11) 

The materials ~ised were 1 (2.28 g), 5 (1.0 g), mercuric 
cyanide (0.96 g), benzene (35 ml), and nitromethane 
(35 ml), and the procedure was the same as that employed 
for the syntheses of 7 and 8. Chromatography yielded a 
first (impure) disaccharide fraction (0.74 g) which upon 
crystallization from ethyl acetate - petroleum ether gave 
11 (361 mg) which was slightly contaminated by 10. 
Recrystallization from isopropyl ether furnished 11 
(212 mg) which still contained a small proportion of 10, 
according to an n.m.r. spectruni. A subsequent impure 
fraction (1.32 g) from thecolumn was similarly crystallized 
to give 10 (395 mg) which was slightly contaminated by 
11. Pure 10 (208 mg) was obtained by recrystallization 
from ethyl acetate - petroleum ether. Finally, a fraction 
(0.37 g) consisting largely of 5 was eluted. Upon recrys- 
tallization from ethanol-water, it weighed 114 mg and 
was identified spectroscopically by colnparison with 
authentic 5 .  The n.1n.r. data of 10: r 4.49 (s, PhCH), 4.84 
(d, H-1, with 3 Hz  splitting, partly overlapped by a signal 
(H-3 ?) with large splittings, ahich adjoins upfield), 5.20 
(d, H-l ' ,  J l , z Z t  = 7 Hz, superposed on other signals), 
6.59 (s, 3H, OCH,). Data of impure 11 : r 4.50 (broadened 
singlet integrating to more than 1 proton, PhCH and 
H-1'), 4.84 (low-intensity doublet, H-I of contaminating 
lo), 4.90 (narrow doublet, H-I), 6.58 (weak singlet, 
OCH, of lo), 6.63 (strong singlet, OCH,). 

Methyl 4,6-O-Bet?zylidene-3-dcoxy-3-11itro-2-0-(2,3,4,6- 
te t ra -0 -benzy l - r -~ -g lucop j , ra t~o~y l j  -B-D-gllrcopy- 
rarzoside (12)  

The materials used for this condensation were 1 
(1.43 g), 6 (0.75 g), mercuric cyanide (0.61 g), benzene 
(25 ml), and nitromethane (25 ml), and the procedure 
was as in the synthesis of 7. Processing yielded a syrupy 
product (2.50 g) that contained several components. 
Treatment with ethyl acetate and petroleum ether resulted 
in the isolation of crystals (117 mg, n1.p. 146-148', [?I, 
+ 14.2' in chloroform) which in t.1.c. exhibited two disac- 
charide spots of about equal intensity. The noncrystal- 
lizable, main part of the crude reaction product was sub- 
jected to column chromatography. The first fractions 
containing a single disaccharide were combined to give 
398 mg of 12; m.p. 163-168" raised to 1677169' after 
recryslallizations from ethyl acetate - petroleum ether 
and from carbon tetrachloride. Subsequent fractions 

yielded disaccharide mixtures similar to the one that had 
crystallized prior to chromatography (357 mg, [a], f 12"). 
According to an n.m.r. spectrum, this material contained 
about equal amounts of 12 and another component, 
presumably the B-1 1- 2 linked isomer. Hence it can 
probably be said that, whereas the yield of isolated 12 was 
20%, the amount of disaccharide actually formed was 
at  least about 32% of 12 and 12% of the isomer. The n.m.r. 
data of 12: 7 4.49 and 4.51 (2H, sharp singlet of PhCH 
over the low-field line of doublet for H-1', J, . , , ,  = 
3-4 Hz), 6.57 (s, 3H, OCH,); there was no other sine 
proton signal below 7 5.05. 

Further elution of the column produced mixtures of the 
two disaccharides and starting 6. An impure end fraction 
was rich in levorotatary 6, [a], -46" (c 0.9, in ethanol). 
(Lit. (20) [a], - 72.5'). 

Financial support of this work by the National Re- 
search Council of Canada is gratefully acknowledged. 
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PETER YATES, E. M. LEVI, and B. L. SHAPIRO. Can. J. Chem. 52,3343 (1974). 
Treatment of benzil monoazine with sodium methoxide givcs 5-methoxy-l,2,5-triphenyl- 

3,4-diaza-2,4-pentadien-1-one (2), 5-benzoyl-4,5-dihydro-3,4,5-triphenylpyrazol-4-0 (3), and 
simple cleavage products. Con~pound 3 is hydrolyzed to 3,4,5-triphenylpyrazole and benzoic 
acid. It is phototropic, being reversibly converted on exposure to sunlight to a red product, 
which is readily autoxidized to benzil n~onoazine. Analogous phototropic products are formed 
on reaction of p-anisil monoazine and p-tolil monoazine with sodium rnethoxide. Reduction of 
the azines to the phototropic products may occur by cleavage to cx-keto irnine anions folloned 
by their dimerization: such a pathway can also account for the formation of the cleavage 
products. Alternatively, reduction may proceed by hydride or electron transfer; that hydride 
transfer need not necessarily be involved is established by the observation that treatment of 
p-tolil monoazine with potassiun~ t-butoxide also gives the corresponding phototropic product. 
I t  is proposed that the phototropic transformations involve intraniolecular hydrogen abstrac- 
tion to give enolic isomers of 3 and its analogs in which the heterocyclic ring has been cleaved. 

PETER YATES, E. M. LEVI et B. L. SHAPIRO. Can. J .  Chem. 52.3343 (1974). 
Le traitement de la monoazine du benzile avec du methylate de sodium conduit au 111ethox)-5 

triphenyl-1,2,5 diaza-3,4 pentadien-2,4 one-l (2) aux cBtes ~ L I  benzoyl-5 dihbdro-4,s triphenyl- 
3,4,5 pyrazolol-4 (3) et d'autres composis de clivages simples. Le compose 3 peut gtre hydro- 
lyze pour fournir de l'acide benzoique et de la triphenyl-3,4.5 pyrazole. C'est un compose 
phototropique qui se transforme d'une facon reversible SOLIS l'action de la lumiere du jo~lr  en 
un conlpose rouge qui est facilement a~~tooxyde en un monoazine de benzile. D'autres corn- 
poses phototropiques analogues sont formes par reaction des monoazines de p-anisile et de 
p-tolile avec le methylate de sodium. La reduction des azines en produits phototropiq~~es peut 
s'effectuer par clivage conduisant aux anions des r-ceto inlines qui peuvent alors se dimerises; 
un tel processus peut aussi expliquer la formation des produits de clivage. La reduction peut 
aussi Etre effectuee par Lln hydrure ou un transfert d'electrons: le fait que le transfert d'hydrure 
n'est pas necessairement irnplique est demontre par I'observation que le traitement de la 
monoazine du p-tolile avec du r-butylate de potassium donne aussi le produit phototropique 
correspondant. On propose donc que les transformations phototropiq~~es impliquent un 
enlevement d'hydrogene moleculaire conduisant aux isonleres Cnoliques de 3 ainsi qu'a ses 
analogues dans lesquels I'heterocycle a ete coupe. [Traduit par le journal] 

The reaction of benzil monoazine (1) with 
sodium methoxide was first investigated by 
Yates and Shapiro in connection with their 
studies of the reactions of cr-diazo ketones with 
bases (1). 

When a suspension of I and excess sodium 
methoxide in ether was boiled under reflux, the 
amount of suspended solid slowly decreased and 
the mixture acquired a deep purple color. The 
intensity of this color was not diminished after 
15 days a t  reflux. Treatment of the mixture with 
water rapidly destroyed this color, giving an  
intensely yellow orange ethereal phase. Methyl 

'To whom correspondence should be addressed at  
the Lash Miller Chemical Laboratories, University of 
Toronto, Toronto, Ontario M5S 1Al. 

benzoate, benzonitrile, and benzamide, together 
with unconsumed 1, were isolated from the 
ethereal solution. In addition, two new crystal- 
line c o i n p o ~ ~ n d s  were obtained, each in ca. 10"; 
yield: these are assigned structures 2 and 3 
(Scheme 1). 

Con~pound 2 is a very pale yellow substance, 
C22H,,N202,  that contains a methoxyl group 
and shows a strong band at  5.95 p in its i.r. 
spectrum (cf I ,  5.95 p) but no band in the 
2.8-3.2 p region. On hydrolysis in acid medium 
it gave I. benzil (4), benzoic acid, and hydra- 
zine; basic hydrolysis gave deoxybenzoin (§), 
deoxybenzoin azine (6) ,  and benzoic acid 
(Scheme 2). These hydrolysis products can be 
envisaged as arising via hydrolysis of the imino 
ether system of 2 to give 7 and hydrolysis of this 
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C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

(1 )  MeONa, Et,O 
PhCOC=N--N=CCOPh PhCO,Me + PhCN + PhCONH, 

1 1 ( 2 )  H z 0  
Ph P h + PhCOC=N-N==COMe 

PhCOC-N-N=CCOPh I I + PhCOCOPh 

Aqueous HCI 
I I 
Ph Ph 

1 4 
//MeOH 

PhCOC-N-N-COMe + PhCO,H + N,H, 
I 
Ph Ph ' \--\ McOH 

2 '\ 

Aqueous KOH “"‘L PhCOCH,Ph + PhCH,y=N-N =CCH,Ph 

I 

PhCOC =N-N-COMe -+ PhCOC=N-NHCOPh 

Ph Ph 
I 
Ph 

to benzil (1) or benzil monohydrazone (8) 
(Scheme 3). Facile Wolff-Kishner reduction of 
the monohydrazone of an cx-diketone under 
mildly basic conditions has ample precedent (2). 

The structural assignment 2 was confirmed by 
the independent synthesis of this compound in 
good yield from benzil monohydrazone (8) and 
trimethyl orthobenzoate (9) (Scheme 4). 

Compound 3 is a yellow crystalline substance, 
C,,H,,N,O,, that undergoes decomposition on 
attempted recrystallization. Its most striking 
property is its phototropism; on exposure to 

light it is reversibly converted to a red substance 
that in turn is converted to 1 in the presence of 
air. For this reason it is necessary to carry out 
the reaction of 1 with sodium methoxide and the 
isolation of 3 in the dark or in subdued light. 
The i.r. spectrum of 3 shows a complex, medium 
intensity band at 3.01 ~1 and a single band in the 
carbonyl-stretching region at 6.03 p. Its 'H 
n.m.r. spectrum shows, in addition to signals 
corresponding to 20 aromatic protons, 2 one- 
proton singlets at 6 6.01 and 7.32 that are absent 
after treatment with D,O. Compound 3 was 
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YATES ET AL.: ARIL MONOAZINES 

MeC02H 
PhCOC=NNH, + PhC(OMe),-k PhCOC=N-N=COMe 

1 MeOH 
Ph 

I 
Ph 

I 
Ph 

8 9 2 

hydrolyzed in either acidic or  basic medium to  
give benzoic acid and 3,4,5-triphenylpyrazole 
(lo), which was identified by comparison with 
a n  authentic sample prepared by treatment of 
a-phenylchalcone (11) with hydrazine followed 
by oxidation with bromine (Scheme 5). 

The reconversion of the phototropic product 
to 1 in good yield under mild conditions suggests 
strongly that it retains the skeleton of 1 and this, 
together with its spectra and its hydrolysis to 10, 
leads to the structural assignment 3. This assign- 
ment requires that strong hydrogen bonding in 
the 0-ketol system shifts the carbsnyl-stretching 

structures 3 and 13, attempts were made to  form 
an alkyl or  acyl derivative of the phototropic 
compound. These were unsuccessful, and atten- 
tion was turned to the reaction of sodium 
methoxide with other aril monoazines. 

Reaction of p-anisil monoazine (14) gave 
methyl p-anisate, p-anisonitrile, p-anisaniide, 
and a phototropic dihydro product that gave 
3,4,5-tri-p-anisylpyrazole (16) on hydrolysis and 
is assigned structure 15 (Scheme 6); no product 
analogous to 2 was isolated, but no  significance 
is attached to this circumstance since the weight 
balance of the products isolated was poor. 

band in the i.r. spectrum of 3 to an  unusually Compound 15, however, is more sensitive to 
long wavelength; such shifts have been observed oxidation than is 3 and was not investigated 
previously for related P-ketols (3). Structure 3 is further. 
related by ring closure to the acyclic dihydro- Reaction of p-tolil monoazine (17) with 
azine 12; an  alternative structure 13, similarly sodium methoxide gave methyl p-toluate, p- 
related to 12, cannot be absolutely excluded a t  tolunitrile, p-toluamide, and a phototropic di- 
this juncture,' although it seems very unlikely hydro product that gave 3,4,5-tri-p-tolylpyrazole 
that  hydrogen bonding in this structure would be (19) on hydrolysis and is assigned structure 18; 
sufficiently strong to account for the i.r. spectrum again no analog of 2 could be isolated. Com- 
(ride stpra). pound 18 was isolated in 2 5 7  yield and formed 

PI1 
a monoacetyl derivative on treatment with 

PI1 
~ ' y L c o r l l  acetyl chloride. This derivative shows a single 

PhCOCHNHN=CCOPh 
1 I 

h~ one-proton signal in its 'H n.m.r. spectrum that 
PI,' ;' 

Ph Ph is absent after D,O treatment in contrast to its 
12 13 parent compound, which shows two such signals. 

In order to obtain further spectroscopic data Its i.r. spectrum shows a weak broad band a t  

on  which to base a definitive distinction between 2.8-3.1 p and a strong band a t  6.00 p. The latter 
spectrum clearly indicates that, in terms of struc- 

2The formation of 10 could be accommodated by the ture 18, acylation has occurred on nitrogen to 
postulation of the intermediacy of 12 in the hydrolyses. give 20. In terms of structure 21, the analog of 
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C A N .  J .  CHEM.  VOL.  5 2 ,  1974 

( I )  MeONa, E t 2 0  
ArCOC=N-N=CCOAr - + ArC02Me + ArCN + ArCONH, 

I I ( 2 )  H 2 0  

13, the acetylation product would have structure 
22. 

A definitive distinction could be made between 
these structures on the basis of 13C n.m.r. spec- 
troscopy. The 13C spectrum of the acetylation 
product shows, in addition to signals attributable 
to methyl, aryl, and carbonyl carbons, signals at  
6 83.9, 94.8, and 156.0. The first two of these can 
be assigned to the two sp3 carbon atoms of the 
pyrazoline ring of 20 and the third to the pyra- 
zoline C = N  carbon atom (4). Structure 22 
possesses only a single sp3 carbon atom in addi- 
tion to methyl carbon atoms and no carbon atom 
that would be expected to give rise to a signal at  
6 156.0. The remote possibility that one of the 
ethylenic carbon atoms might give rise to a sig- 
nal a t  6 < 100 was eliminated by examination of 
the I3C spectrum of compound 23 (5); this 
showed only two methylene signals in the region 
6 < 120. Thus 22 can be excluded as the struc- 
ture of the acetyl derivative. 

One interpretation of the origin of compounds 

2 and 3 from 1 is shown in Scheme 7. Here 3 
arises from the dianion 25, which is formed by 
dimerization of the anion 24, itself formed to- 
gether with methyl benzoate and benzonitrile by 
nucleophilic attack of methoxide ion on a car- 
bony1 group of 1. It may be noted that the anion 
24 can be represented as the hybrid 24a with 
nitrenoid character. The origin of 2 is represen- 
ted as involving initial attack by methoxide ion 
on an azomethine group of 1 to give an anion 
26, which is again attacked by methoxide ion to 
give methyl benzoate and the dianion 27, which 
undergoes protonation and oxidation to 2 during 
the aqueous work-up. Alternatively, oxidation 
might occur before protonation by electron 
transfer from 27 to 1, giving 2 and 25. It  is pos- 
sible that the purple color of the reaction mixture 
arises from the dianions 25 and/or 27;  thus, 
treatment of 3 in ether with sodium hydride also 
generated this color. 

A different interpretation of the origin of 3 is 
shown in Scheme 8. Here reduction of 1 is postu- 
lated to occur by hydride transfer from methox- 
ide ion in a Meerwein-Ponndorf process, for 
which analogy exists (6), giving the monoanion 
28. 

This view of the formation of 3 as involving a 
simple reduction process led us to investigate the 
possibility of preparing compounds of type 3 by 
the hydrogenation of aril monoazines. In the 
event, this has proved to be successful and to 
provide the best method for the preparation of 
such compounds (7). 

The conception of Scheme 8 also led us to 
examine the reaction of an aril monoazine with 
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YATES E T  AL.: ARIL MONOAZINES 

OMe 0- 

MeO- I I PhCOC=N-N=CCOPh A PhCOC-N=N-C=CPh 

I 
Ph 

I 
Ph 

I 
Ph 

I 
Ph 

1 0 ,  OMe 0 - 

+ PhCN ~h Ph 

24 27 

i Dimerize 

0- 0 - 
I I 

I 767 
PhC=C-N=N-C=CPh 2 

I 
Ph 

I 
Ph 

Ph Ph 
2411 

potassium t-butoxide, an alkoxide without the 
potentiality for hydride ion transfer. Treatment 
of p-tolil monoazine (17) with potassium t-bu- 
toxide in boiling ether led to more rapid develop- 
ment of a deep-purple coloration than in the 
case of sodium methoxide. Aqueous work-up 
gave t-butyl p-toluate, p-tolunitrile, p-toluamide, 
the phototropic compound 18, and p-tolil p- 
toluylhydrazone (29) (Scheme 9). The structure 
of 29 was established by its independent prepara- 
tion from p-tolil monohydrazone and p-toluyl 
chloride; this product may well arise from 
compound 30, the analog of 2. 

The formation of 18 by reaction of 17 with 
potassium t-butoxide demonstrates that reduc- 
tion of 17 by an alkoxide can occur without the 
involvement of hydride ion transfer, although it 
does not, of course, exclude this as a possible 

pathway in the reaction of 17 with rnethoxide 
ion. Recent evidence that both methoxide and 
t-butoxide ion can react by electron transfer to 
systems with high electron affinity (8) leaves 
open the possibility that reduction of the aril 
monoazines occurs by such a pathway. How- 
ever, we presently favor the process postulated 
in Scheme 7 since it provides an economical in- 
terpretation of the formation of both the photo- 
tropic co~-~-~poui-~ds and the fragmentation prod- 
ucts from the azines. 

Finally we comment on the phototropism f 3 
and its analogs. Exposure of 3 in the solid state 
or solution to light led to the formation of a red 
compound which reverted to 3 in the dark and 
gave 1 in the presence of air. This red compound 
could not be isolated, but it was shown to possess 
a strong i.r. band at 6.50 p (see Experimental). 
Prolonged exposure of 3 to light and air led to 
its complete conversion to 1. Similar observa- 
tions were made in the case of compound 18; 
however, its N-acetyl derivative, 20, did not 
undergo these transformations. It is suggested 
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H~cH,-@- 

(I)  Me,COK, Et,O 
ArCOC=N-N=CCOAr ---+ ArC0,CMe3 + ArCN t ArCONHz 

1 1 ( 2 ) H z O  
Ar Ar f 18 + ArCOC==NNHCOAr 

17 I 
Ar 

29 

SCHEME 9 
(Ar = p-MeC,H,) 

that  the structure of the red intermediate is 31 
and that it is formed via intramolecular hydro- 
gen abstraction by the carbonyl oxygen atom in 
a n  excited state of 3. It may be noted that 31 is 
the dienol corresponding to the dianion 25. 

Experimental 
Hydrolysis of 2 

In Acid ~Medilitn 
A solution of 2 (180 mg) ( 1 )  in a mixture of concentra- 

ted hydrochloric acid (10 ml), water (I0 ml), and methanol 
(10 11x1) was boiled under reflux for 5 h. The mixture was 
cooled, made basic with sodium hydroxide, and extracted 
with chloroform. The dried extract gale benzil mono- 
azine (105 mg) and benzil (trace). Acidification of the 
aqueous phase and extraction gave benzoic acid (32 nig). 
The aqueous phase was again made basic with sodium 
hydroxide and the presence of hydrazine was established 
by the addition of a few drops of benzaldehyde; the pale 
yellow solid that separated after several hours was 
filtered, washed with water and a small amount of ice- 
cold 9 5 z  ethanol; m.p. 90-92-, undepressed on admix- 
ture with authentic benzalazine, n1.p. 93-94' (lit.(9) m.p. 
93"). 

It1 Basic Mediunz 
A solution of 2 (500 nlg) and potassiun~ hydroxide 

(20 g) in water (20 ml) and methanol (40 ml) was boiled 
under reflux for 26 h under nitrogen. The mixture uas  
cooled, diluted with water, and extracted with dichloro- 
methane. Evaporation of the extract and crystallization 
of the residue from 95% ethanol gave deoxybenzoin azine 

(6; 51 mg) as bright yellow crystals; three recrystalliza- 
tions from ethanol-benzene gave material, m.p. 163-164", 
undepressed on admixture with authentic deoxybenzoin 
azine, m.p. 163-164 (lit. (10) m.p. 164'). The mother 
liquor from the original crystallization of the azine was 
treated nith 2,4-dinitrophenylhydrazine and hydrochloric 
acid to give deoxybenzoin 2,4-dinitrophenylhydrarone 
(120 mg) as pale orange crystals; three recrystallizations 
from chloroform-methanol gave shiny, orange prisms, 
m.p. 202-203', undepressed on admixture ~ i t h  authentic 
deoxybenzoin 2,4-dinitrophenylhydrarone, m.p. 202-203" 
(lit. (11) m.p. 204'). Acidification of the original basic 
aqueous so l~~ t ion  gave benzoic acid (265 mg). 

Independer~t SJ nthesis o f  2 
A-solution of benzil monohydrazone (1.68 g), trimethyl 

orthobenzoate (3.08 g), and a few drops of acetic acid in 
anhydrous methanol (70 ml) was boiled under reflux for 
72 h. The mixture was evaporated and the residue was 
taken up in benzene and chro~natographed on neutral 
alumina. Evaporation of eluates obtained with benzene 
and 5 x  ether-benzene gave 2 (1.87 g: 7373 as a pale 
yellow crystalline solid: three recrystallizations from ether 
gave material, m.p. 124-125', that was shown by mixture 
melting point and i.r. spectral conlparison to be identical 
with the product, n1.p. 124.5-125.5', obtained from the 
reaction of 1 with sodium methoxide. 

Hydrolysis of 3: Forn~arion of 10 
In Acid hferliut?i 

A solution of 3 (450 mg) (1) in a mixture of methanol 
(50 ml), concentrated hydrochloric acid (15 ml), and ben- 
zene (15 ml) was boiled under reflux in the dark for 3.5 11. 
The solution was concentrated by evaporation to ca. 40 
ml, cooled to room temperature, made basic with sodium 
hydroxide, and cooled at 0' overnight. The white needles 
that were deposited were collected, washed with a little 
cold aqueous sodium hydroxide and uith water, and dried 
to give 3,4,5-triphenylpyrazole (10; 316 mg; 99%), m.p. 
258-259.5'. Four recrystallizations from methanol gave 
material, 1n.p. 261-262'. The melting point of this product 
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was not depressed on admixture with authentic 3,4,5-tri- 
phenylpyrazole, m.p. 261-263" (uide infra). 

Anal. Calcd. for C21H16N2: C, 85.11 ; H, 5.44; N, 9.45. 
Found: C, 85.26; H, 5.22; N, 9.34. 

Acidification of the original aqueous filtrate gave 
benzoic acid (118 mg; 90%). 

In Basic Medium 
Hydrolysis of 3 with boiling 20% aqueous methanolic 

potassium hydroxide for 14 h also gave 3,4,5-triphenyl- 
pyrazole (10) but in considerably lower yield (16%); the 
major product was benzil monoazine (55%). 
3,4,5-T,.iphenylpyrazole (10 )  

A solution of a-phenylchalcone (11; 5.68 g) (13), 95% 
hydrazine (750mg), and two drops of acetic acid in ethanol 
(60 ml) was boiled under reflux for 12 h. The solution was 
cooled in an  ice bath to give 3,4,5-triphenyl-2-pyrazoline 
as a white crystalline solid, which was filtered and washed 
with a little cold ethanol; concentration of the mother 
liquor gave a second crop of the same product (total yield, 
95%). Four recrystallizations from ethanol (with minimal 
contact with the air) and drying in cacuo at  room tempera- 
ture gave an analytical sample, n1.p. 166-168" (dec.); 

(CH2C12) 3.01 P.  
Anal. Calcd. for CZ1HI8NZ: C, 84.53; H, 6.08; N, 9.39. 

Found: C, 84.41; H, 6.06; N, 9.27. 
A solution of 3,4,5-triphenyl-2-pyrazoline (unrecrystal- 

lized: 4.50 g) in chloroform (50 ml) was treated with a 
solution of bromine in chloroform until the bromine 
color was no longer destroyed. A small additional portion 
of bromine solution was added and the mixture was 
boiled under reflux for 4 h. The mixture was evaporated 
with chloroform twice to dryness, the residue was taken 
up in hot 95% ethanol, and the solution was boiled under 
reflux for 30 min with aqueous 10% sodium hydroxide 
(50 ml). The resulting copious white precipitate was 
brought into solution by the addition of hot ethanol 
(400 n ~ l )  and the solution was filtered hot, allowed to cool 
slowly to room temperature, and then chilled in an ice 
bath to give 3,4,5-triphenylpyrazole (lo), m.p. 259-261' 
(3.57 g;  80%). Three recrystallizations from methanol 
gave material, m.p. 261-263" (lit. (12) m.p. 265"). 

Irradiation of 3 
On exposure to visible light, compound 3 in the solid 

state or in solution rapidly acquired a very intense red 
color. A solution of 3 in dichloromethane in an i.r. cell 
was irradiated with strong sunlight for 5 min and the i.r. 
spectrum of the solution was immediately recorded three 
times in succession (20 min). The spectrum of the freshly 
irradiated solution showed a diminution of ca. 5% in the 
intensities of the bands of 3 and the appearance of a new 
band at 6.50 p, together ~ i t h  weaker new bands in the 
6.0-12.0 11 region. The second trace showed a marked de- 
crease in intensity of the 6.50 p band, and in the third 
trace this was almost entirely absent; the intensities of 
the bands of 3 increased in the second and third traces. 
During the recording of these three spectra the red color 
of the irradiated solution had faded almost completely, 
restoring the original color. Similar behavior was observed 

- 
3The preparation of 10 by this route has also been re- 

ported by Parham and Hasek (12); we include the details 
of our procedure here since it appears to have some 
advantage. 

when the same solution was exposed to light for addition- 
al periods of 15 and 30 min. However, at the end of the 
third exposure, the 6.03 11 band of 3 had a distinct sho~llder 
on the lower wavelength side that did not decrease in 
intensity with time. On prolonged exposure to sunlight 
(ca. 12 h) the red color faded gradually and the i.r. spectra 
showed the growth of the shoulder into the band of benzil 
monoazine at 5.95 p and the eventual disappearances of 
the band of 3 at 6.03 P.  The solution was then bright 
yellow in color (perceptibly more intensely colored than 
the original pale yellow solution of 3) and its i.r. and u.v. 
spectra showed the presence of benzil monoazine alone, 
which was recovered in essentially quantitative yield from 
the solution. 

Addition of a small amount of hydroq~~inone to a solu- 
tion of 3 before irradiation did not affect the rate of 
appearance of the red color. When a solution of 3 in di- 
chloromethane was degassed by freezing in liquid nitro- 
gen, pumping at  2 x 10-5mm, thawing and refreezing 
five times, the rate of appearance of the red color was 
perceptibly faster than in the case of an undegassed 
solution. 

Reaction ofp-Anisil Monoazine (14) with Sodinm 
Methoxide: Fovmation of 15 

p-Anisil monoazine (14) was prepared from p-anisil 
and hydrazine dihydrochloride in aqueous ethanol; re- 
crystallization from benzene - acetic acid gave yellow 
plates, n1.p. 162-163.5" (lit. (14) m.p. 165"); ?.,,, (CHCI,) 
6.01 p;  h,,, (CH2C1,) 293 nm (log E 4.60), 347 nm (log E 

4.54); "G(CDC1,) 3.71 (s, 6H), 3.81 (s, 6H), 6.73 (d, J = 
8 Hz, 4H), 6.95 (d, J = S Hz, 4Hj, 7.48 (d, J = 8 HZ, 4H), 
7.93 (d, J = 8 Hz, 4H); m/e (%) 536(4), 136(16), 135(100), 
105(10), 77(16). 

The azine 14 (6.43 g, 0.012 mol), sodium methoxide 
(2.22 g, 0.041 mol), and dry ether (300 ml) were placed in 
a dry, nitrogen-preswept, three-necked flask. The mixture 
was heated under reflux with stirring under a blanket of 
dry nitrogen. After ca. 2 h a faint red tinge was observed 
in the reaction mixture; after 16 h the reaction mixture 
was pink, after 1 day it was faint purple, and after 2 days 
it was dark purple. After 12 days the cooled reaction mix- 
ture was shaken with water (250 ml) a t  night under sub- 
dued light giving a dark orange ethereal solution and a 
pale yellow aqueous solution containing suspended 
yellow solid. This solid (1.99 g), m.p. 159-164", was 
shown by i.r. spectroscopy to be p-anisil monoazine. The 
aqueous solution was extracted with ether, and the com- 
bined ethereal solutions were dried, filtered, and con- 
centrated to 50 ml. Compound 15 separated as a yellow 
crystalline solid (690 mg, 11%),4 m.p. 177-178'(dec.); 
I,,, (CHCI,) 2.98 (complex), 6.05 p ;  (CH2C12) 289 
nm (log E 4.39), 368 nm (log E 3.47); m/e (%), 538(1), 
536(9), 520(2), 510(13), 390(44), 386(10), 375(19), 358(11), 
240(15), 227(100), 21 1(25), 137(1 I), 136(98), 135(100), 
134(47), 133(17). 

Anal. Calcd. for C32H30NZ06:  C, 71.36; H, 5.61; N, 
5.20. Found: C, 71.13; H,  5.67; N, 5.19. 

The residual ethereal solution was evaporated to give 
an  orange oil; this was taken up in pet role~~m ether - 

41n another run with 14 (6.43 g), sodium methoxide 
(3.33 g), and ether (500 ml) the yield of 15 was increased 
to 1.26 g (20%). 
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benzene, and the solution was chroniatographed on 
aluniina. Elution with petroleum ether - benzene (3:2) 
gave acolorless oil (771 mg) which had bands in its i.r. spec- 
trum at  4.47 and 5.82 y. Rechromatography of these frac- 
tions gave methylp-anisate as a uhite solid (220 nig), m.p. 
44-46; (lit. (11) n1.p. 49'1, >,,,, (CCI4) 5.82, 6.22 p, eluted 
with petroleum ether, and a white solid, eluted with ben- 
zene - petrole~lni ether (1 : 3), which crystallized from pe- 
troleum ether togivep-anisonitrile(150mg), n1.p. 57-58.5', 
I. , , , , ,  (CC14) 4.47 y ,  mixture n1.p. 58-59: with an authentic 
sample (m.p. 59-60 ). Elution of the original chroma- 
tographic column uith petroleum ether - benzene (2: 3) 
gave a yellow oil (630 mg) containing mainly p-anisil 
monoazine. Elution \\ith methanol-chloroform (1 : I) 
gave an oil (170 mg) which crystallized froni water to 
give p-anisamide, m.p. 163-164- (lit. (11) n1.p. 167'), 
identified by its i.r. spectrum. 

The aqueous solution from work-up of the original 
reaction mixture was acidified to give p-anisic acid (240 
mg), n1.p. 184-185-, identified by mixture melting point 
and i.r. spectral comparison with an authentic sample 
(n1.p. 182-185'). 

Hyrliolj-sis of 15: Furi?~atioi~ o f 1 6  
Compound 15 (263 mg) and a mixture of methanol, 

concentrated hydrochloric acid and benzene, (10 : 3 : 3 ; 
64 rnl) were heated under reflux. After ca. 30 min the 
original yellow color had faded. After 11 h the solution 
was concentrated under reduced pressure until crystals 
separated. Aqueous sodium hydroxide was added to 
neutralize the acid and the mixture was cooled at  O- 
overnight. Conipound 16 separated as a ~ h i t e  crystalline 
solid (186 nig: 9973, m.p. 211-220 . F O L I ~  recrystalliza- 
tions froni methanol gave white needles, m.p. 225-225.5.: 
1 ,,,,, (KBr) 2.88, 6.21 y ;  "6 (CDCI,) 3.42 (s, 2H; absent 
after DzO treatment), 3.70 (s, 6H). 3.77 (s, 3H), 6.97 
(m, 13H; 12H after D,O treatment).' 

Anal. Calcd. for C,,H,,N,O,: C. 74.59; H,  5.74; N, 
7.25. Found: C, 74.17; H,  5.87; PI[, 7.23. 

This product was shoun to be 16 by mixture m.p. 
224.5-225 with an authentic sample (1n.p. 224-225.5' : 
cide ii1fi.n). The i.r. and ' H  n.m.r. spectra of the tv\o sam- 
ples were indistinguishable. 

The remaining aqueous solution uas  acidified and 
extracted with chloroform (100 mi): the clilorofor~ii ex- 
tracts Mere dried and evaporated to give a uhite solid 
(85 mg) which crystallized from bvater to give p-anisic 
acid, m.p. 181-182': m i x t ~ ~ r e  n1.p. 182-185 v\ith an au- 
thentic sample (m.p. 182-185 ); the i.r. spectra of the t u o  
samples \ere indistinguishable. 

3,4,5-Tri-p-n~1i~sj~IpyrazoIe (16) 
Hydrogen chloride \\'as passed through a cooled solu- 

tion (ice bath) of deoxy-p-anisoin (14.0 g) and p-anisalde- 
hyde (10 g) in ether (50 nil) for 30 niin. The red solution 
was cooled at  -20 overnight. The resulting cake was 
broken up under ethanol, filtered. washed ~ i t h  ice-cold 
ethanol, and dried, to give 3-chloro-l,2,3-tri-(p-anisy1)-1- 
propanone as a uhite solid (18.6 g) ,  m.p. 134-139 ; 
HG(CDCI,) 3.67 and 3.70 (two s, 9H), 5.20 (d, J = 11 

T h i s  material is considered to be the monohydrate of 
16; the analytical sample was subjected to intensive 
drying (at 100' and 6 x nim for 45 h). 

Hz, lH),  5.72(d, J =  11 Hz,lH),  6.7-7.0(m, 8H),7.48 
(d, J = 9 Hz, 2H), 7.87 (d, J = 9 Hz, 2H). It was not 
further purified. 

A suspension of 3-chloro-1,2,3-tri-(p-anisy1)-1-propa- 
none (10 g), potassium acetate (8 g), and sodium carbon- 
ate (3 g) in methanol (100 ml) was boiled under reflux 
with stirring for 2 days. The methanol was evaporated, 
the residue was taken up in carbon tetrachloride, and the 
solution was filtered to  remove suspended inorganic 
material and evaporated to give 1,2,3-tri-(p-anisy1)-2- 
propen-1-one as a yellow oil (7.5 g). The oil was taken up 
in benzene and chrornatographed on silica gel. The 
purified material, eluted with ether-benzene (1 :99), 
failed to crystallize; i.,,, (CC1,) 6.07 p;  "G(CC1,) 3.62 
(s, 3H), 3.67 (s, 3H), 3.70 (s, 3H), 6.5-7.5 (m, 11H). 7.75 
(d, J = 9 Hz, 2H). 

A solution of 1,2,3-tri-(p-anisy1)-2-propen-1-one (as an 
oil; 6.92 g, 0.018 mol) and 95% hydrazine (620 mg, 
0.018 mol) in absolute ethanol (60 ml) containing 2 drops 
of acetic acid was boiled under reflux for 2 da)s. The 
reaction mixture was cooled at -20' for 2 days and the 
supernatant decanted. The residual white solid was dis- 
solved in chloroform (50 ml) and a so l~~ t ion  of bromine in 
chlorofor~n was added until the solution remained red 
colored. An additional 1 ml of the bromine solution was 
added and the resulting solution was boiled under r e f l~~x  
for 2 h.  The chloroforni was e\aporated and the solid 
residue was taken up in hot 95% ethanol. Aqueous 10% 
sodium hydroxide (50 ml) was added, and the solution 
\+as cooled, to give 3,4,5-tri-(p-anisy1)pyrazole (16) as 
off-ahite needles (4.0 g). Four recrystallizations from 
95% ethanol gave needles, n1.p. 224-225.5'. 

Irrudiurion o f  15 
Exposure of compound 15 to visible light in the solid 

state or in solution led rapidly to a red coloration. A 
solution of 15 in chloroform Mas exposed to light and air 
for three days. The i.r. spectrum of the irradiated solution 
s h o ~ e d  that quanti tat i~e conversion of 15 to p-anisil 
nionoazine (14) had occurred; this was confirmed by 
isolation of the p r o d ~ ~ c t ,  m.p. 162-163 , which sho\\ed no 
depression on admixture uith 14. 

Renctiot~ of p-Tulil .Mor~orrzine ( 1  7 )  ~ r , i / i l  S o d i ~ / n ~  
~Wethoxide: Forrrzatiotl o . f I 8  

p-Tolil nionoarine (17) was prepared from 11-tolil and 
hydrazine dihydrochloride in aqueous ethanol. The crude 
product was dissol~ed in boiling benzene and the hot 
solution \\,as filtered into boiling acetic acid; the benzene 
was rernobed by areotropic distillation and the acetic 
acid s o l ~ ~ t i o n  was cooled to give 17, n1.p. 253-254' (lit. 
( 1 5  m.p. 248 ): ? .,,,,, (CHCI,) 5.97 p :  i .,,,, (CH,CI,) 266 
nm (log E 4.521, 327 nm (log E 4.49); "6 (CDC1,) 2.37 
(s, 6H), 2.25 (s, 6H), 7.03 (d, J = 8 Hz, 4H), 7.35 (m, 
8H), 7.87 (d, J = 8 Hz, 4H). 

p-Tolil nionoazine (1 1.34 g, 0.024 mol), dry sodium 
methoxidc (6.66 g, 0.12 ~iiol) ,  and dry ether (cn. 1 1) were 
placed in a dry. nitrogen-presnept flask. The mixture a a s  
boiled under reflux uith stirring under a blanket of dry 
nitrogen. After err. 2 h the reaction mixture had acquired 
a deep purple color. Reflux was continued for 15 days. 
The cooled reaction mixture was shaken with Lvater 
(500 nil) at  night under s ~ l b d ~ ~ e d  light, to give a deep 
orange ethereal solution and a pale yellou aqueous solu- 
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tion with discharge of the purple color. The aqueous 
solution was extracted with ether (3 x 100 ml) and the 
combined, dried ethereal solutions were concentr~ted 
under reduced pressure (at ca. 40') to ccr. 35 ml. Compound 
18 separated as a pale yellow crystalline solid (2.50 g; 
2273, m.p. 172-175"(dec.). This was treated with ether on 
a Hirsch funnel under slightly reduced pressure; insoluble 
azine contaminant remained on thc filter paper and the 
filtrate was evaporated to give 18, n1.p. 173-17jL(dec.) 
(very dependent on the rate of heating); X,,, (CHC1,) 
2.99 (complex), 6.05 y ;  h,,,, (CH,CI,) 262 nm (log E 4.22), 
291 nm (log E 4.23), 370 nm (log E 3.29); H6 (CDCI,) 2.17 
(s, 3H), 2.20 (s, 3H), 2.30 (s, 6H), 6.01 (s, broad, 1H; 
absent after D,O treatment), 6.85-7.18 (m, 12H), 7.37 
(s, sharp, I H ;  absent after D,O treatment), 7.50 (d, J = 
8 Hz, 2H), 7.72 (d. J = 8 Hz, 2H); inle (%I, 474(3), 
355(76), 238(15), 120(30), 119(95), 118(91), 117(100), 
91(44). 

Anal. Calcd. for C3,H3,N,0,: C, 80.98; H, 6.37; 
N, 5.90. Found: C, 80.89; H, 6.75; N, 6.01. 

The ethereal mother liquor from the original crystal- 
lization of 18 was evaporated to an  orange oil, uhich was 
taken up in benzene and chromatographed on alumina 
(500 g). E l ~ ~ t i o n  with benzene gave an oil (450 mg) whose 
i.r. spectrum, with bands at 4.50 and 5.80 p, indicated the 
presence of a nitrile and an ester.p-Tolunitrile and methyl 
p-toluate were detected by comparison of v.p.c. retention 
times; they were separated by preparative v.p.c. and 
identified by i.r. spectral comparison with authentic 
sanlples; the estimated yields of nitrile and ester are 250 
mg (873 and 200 mg (673, respectively. Further ellition 
with benzene gave p-tolil monoazine (1.36 g). Elution 
with methanol-chloroform (1: 1) gave an oil (1.36 g), 
which crystallized f r h  benzene to give p-toluaniide, 
n1.p. 159-160", identified by i.r. spectral con~parison with 
an  authentic sample, m.p. 158.5-160'. 

The aqueous solution from the work-LIP of the original 
reaction mixture was acidified to give y-toluic acid 
(1.8 g), identified by i.r, spectral comparison with an 
authentic sample. 

Hydrolysis of 18:  Format ion of 1 9  
Compound 18 (238 mg) and a m i x t ~ ~ r e  of niethanol, 

concentrated hydrochloric acid, and benzene (10: 3 : 3 ; 
64 ml) were heated ~ ~ n d e r  reflux for 12 h ;  the yellow color 
of the solution faded within 30 min. The mixture was 
concentrated to 40 ml, neutralized with concentrated 
aqueous sodium hydroxide, and cooled to 0' to give 19 
as a white crystalline solid (136 mg: 80z),  m.p. 244-249'. 
Two recrystallizations from methanol gave white needles, 
1n.p. 253-254"; iL ,,,, (CHCI,) 2.88 1; 1. .,,, (EtOH) 250 nm 
(log E 4.38); tnle (%) 338(100), 337(25). 

Anal. Calcd. for C,,H,,N2: C, 85.17; H, 6.55; N, 8.28. 
Found: C, 85.10: H, 6.69; N, 8.32. 

This compound was identified as 19 by mixture m.p. 
253-254' with an authentic sample (rn.p. 253-254'; vide 
in fun). 

The aqueous solution was acidified and extracted with 
ether to givep-toluic acid, identified by i.r. spectral com- 
parison with an authentic sample. 

3,4,5-Tri- (p-tol~~1)pyrazole (19 )  
Hydrogen chloride was passed through a cooled solu- 

tion of deoxy-p-toluo~n (10.2 g) in p-tolualdehyde (8.0 g) 
until the solution set to a solid cake; thls was then cooled 

at  -20" overnight. The cake was broken up under 
ethanol, filtered, and washed with ice-cold ethanol and 
with ether, and dried to give 3-chloro-l,2,3-tri-(p-tolyl)-1- 
propanone as a white solid (12.0 g), m.p. 153-155'; 
H6 (CDC13) 2.13 (s, 3H), 2.23 (s, 3H), 2.35 (s, 3H), 5.23 
(d, J =  I1 Hz, SH), 5.73 (d, J =  11 Hz, lH), 6.7-7.3 
(m, lOH), 7.97 (d, J = 9 Hz, 2H). 

A suspension of 3-chloro-l,2,3-tri-(p-tolyl)-1-propa- 
none (10 g), potassium acetate (8 g), and sodium car- 
bonate (3 g) in methanol (100 ml) was boiled under reflux 
for 1 day. The methanol was cooled and evaporated. and 
the residue was taken up in ether. The solution was fil- 
tered and cooled to give 1,2,3-tri-(p-to1yl)-2-propen-l-one 
(4.2 g). This was recrystallized from methanol to give 
greenish tinged needles, m.p. 116-117-; 1..,,.,, (CC1,) 
6.04 y ;  H6 (CCI,) 2.23 (s, 3H), 2.43 and 2.45 (two s, 6H), 
6.8-7.2 (m, IIH),  7.70 (d, J = 9 Hz, 2H). 

Anal. Calcd. for C,,H,,O: C, 88.31 ; H, 6.79. Found: 
C, 88.28; H, 6.84. 

A solution of 1,2,3-tri-(p-tolylj-2-propen-I-one (2.30 g) 
and 95% hydrazine (200 mg) in ethanol (20 ml) containing 
2 drops of acetic acid Mas boiled under reflux for 26 h. 
The solvent was evaporated to give an oil. This was taken 
up in chloroform, and a solution of bromine in chloro- 
form was added until the bromine color persisted; a few 
additional drops of the bromine solution were then 
added. The resulting solution was boiled under reflux 
for 4 h. The chloroform was evaporated, and the solid 
residue was taken up in hot ethanol. Aqueous 10% 
sodium hydroxide was added and the solution was cooled 
to give 3,4,5-tri-(p-toly1)pyrazole (19) as a white solid 
(2.0 g). This was recrystallized five times from methanol 
to give material, m.p. 253-254'. 

Acetylation o f 1 8 :  Fortncttion of 20 
Compound 18 (1.20 g) was added to freshly distilled 

acetyl chloride (60 ml) in an aluminum foil-wrapped 
flask that had been preswept with nitrogen. The solution 
Ivas boiled under reflux for 20 h under nitrogen. The red 
so l~~ i ion  was stripped of acetyl chloride and the residue 
was taken up in chloroform (100 ml). The solution was 
washed with saturated aqueous sodium bicarbonate, dried, 
and evaporated. The residue was taken up in hot methaa- 
01, the solution was filtered from a yellow solid, and the 
filtrate was cooled to give 20 as a white crystalline solid 
(500 mg; 38%) that was recrystallized several times from 
methanol to give material, m.p. 196-198'; ?.,,, (CHCI,) 
2.8-3.1 (w), 6.00 p ;  1., ,,,,, (MeOH) 260 nm (sh, log E 4.23), 
290 nm (log E 4.30); H6 (CDCI,) 2.01 (s, 6H), 2.27 (s, 6H), 
2.52 (s, 3H), 5.01 (br s, 1H; absent after D,O treatment) 
6.5-7.2(m, 1 2 H ) , 7 . 4 5 ( d , J =  8 Hz,2H), 7.63 (d, J =  8 
Hz, 2H); nz/e (%) 516(8), 397(20), 356(25), 355(83), 
338(14), 280(23), 263(19), 238(50), 208(13), 146(14), 
120(16), 119(100), 118(67), 91(54), 65(14). 

Anal. Calcd. for C,,H3,N,03; C, 79.04; H, 6.24; 
N, 5 .42.Found:C,79.14;H,6.23;N,5.51.  

I~radiation of 18  
Exposure of compound 18 in the solid state or solution 

to visible light led to a red coloration and eventual con- 
version to p-tolil monoazine. The development of the red 
color was more rapid than in the case of compounds 3 
and 15; however, in the solid state, the red intermediate 
appeared to be less sensitive to air oxidation since the 
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red color remained after exposure of a sample to light 
and air for 1 week. 

'wo solutions of compound 18 were prepared (ca. 60 
mg!ml). One was preswept with oxygen and the other with 
nitrogen. The solutions mere exposed to radiation from 
a Mineralite lamp (maximum emission at  254 nni). A red 
color appeared in the nitrogen-preswept solution in ca. 
5 niin while ca. 10 lnin were required for its appearance 
in the oxygen-preswept solution. 

Two solutions of concentrations similar to that des- 
cribed above were exposed to a sunlamp. One solution 
was preswept with nitrogen, and the other was swept with 
oxygen throughout the irradiation, which was carried 
out for 30 niin. Both solutions developed a red coloration 
within 1 min. After cessation of irradiation, the red 
color of the oxygen-swept solution disappeared within 2 
min, ~vhile the color of the nitrogen-presmept solution 
faded more slowly, and could still be detected after 20 
min. The i.r. spectrum of the oxygen-swept solution 
s h o ~ e d  distinct bands due to p-tolil monoazine, whereas 
that of the nitrogen-presmept solution showed little 
conversion to azine. 

Reaction of p-Tolil Monoazirze (1 7) with Potassicm~ 
t-Butoxide 

p-Tolil monoazine (5.68 g, 0.012 mol), dry potassium 
t-butoxide (5.10 g, 0.045 niol), and dry ether (600 ml) 
were placed in a dry, nitrogen-pres~vept, 1-1 two-necked 
flask. The suspension was boiled under refux with stirring 
under a blanket of dry nitrogen. A deep purple color 
appeared within 2 niin of mixing the reagents. After 7 
days at reflux, the mixture was cooled and shaken with 
water (400 ml) at  night under subdued light. The purple 
color was discharged, and an orange ethereal solution and 
a pale yellow aqueous solution were obtained. The 
aqueous solution was extracted with ether (250 ml) and 
the ethereal extract was dried, filtered, and evaporated to 
give cornpound 18 (1.21 g). Material recrystallized from 
ether and dried had an i.r. spectrum indistinguishable 
from that of material isolated from the reaction of p-tolil 
nionoazine with sodium niethoxide. 

The ethereal riiother liquor was evaporated and the 
residue was taken LIP in benzene. The solution was chro- 
matographed on silica gel; elution with benzene gave 
(i) t-butyl p-toluate (100 mg), identified by spectral and 
v.p.c. comparison with an authentic sample prepared 
fro111 p-toluyl chloride and t-butyl alcohol in pyridine; 
b.p. 126-128" (16 mm); i .,,,,, (CC1,) 5.86 p; H6 (neat) 1.58 
(s, 9H), 2.27 (s, 3H), 7.07 (d, J = 8 Hz, 2H), 7.92 (d, 
J = 8 Hz, 2H); (ii) an oil (470 mg) containing p-toluni- 
trile (97%) and t-butyl p-toluate (373 as shown by n.ni.r. 
spectroscopy and u.p.c.; (iii) p-tolunitrile (170 mg), 
identified by i.r. and n.ni.r. spectroscopy and u.p.c. 
Further elution with benzene and elution with ether- 
benzene mixtures (1 :99, 1 :49, and 3 :97) gave p-tolil 
monoazine (970 mg). Further elution with ether-benzene 
mixtures (3 : 47 and 3 : 22) gave p-tolil p-toluylhydrazone, 
as a white solid (240 mg). Crystallization from ethanol 
gave material, m.p. 150-151'; i,,,, (CHCI,) 5.92, 6.05 LL; 
"6(CDCl3)2.4O(s, 3H),2.47(s, 6H), 7.1-7.4(m, 8H, with 
a peak at  7.33), 7.62 (d, J = 8 Hz, 2H), 8.07 (d, J = hz, 
2H), 9.33 (s, 1H;  absent after D 2 0  treatment); rnie (%), 

370(0.1), 369(0.1), 368(0.1), 367(0.1), 251(100), 208(12), 
119(95), 118(11), 91(49). 

Anal. Calcd. for CZ4Hz2N2O2:  C, 77.81; H,  5.99; N, 
7.56. Found:C,78,15;H,  5.67; N,7.63. 

This con~pound was identified by i.r. spectral compari- 
son and mixture m.p. 149-150" with an authentic sample 
of p-tolil p-toluylhydrazone, m.p. 149-15O0, prepared 
from p-tolil monohydrazolle and y-toluyl chloride in 
pyridine. 

Elution with chloroform-ether mixtures gave p-toluic 
acid (290 mg). Elution with methanol-chloroform (3 : 22) 
gave a dark oil (260 nig) whose i.r. spectrum with bands 
at  2.89, 3.00, 6.02, and 7.35 y indicated the presence of 
p-toluamide. In another run p-toluamide, m.p. 159-160", 
was isolated and identified by i.r. spectral comparison 
with an  authentic sample. 

The aqueous solution from work-up of the original 
reaction mixture on acidification gave p-toluic acid 
(1.88 g), identified by i.r. spectral comparison with an 
authentic sample. 

We thank Mr. G. Koves and Dr. A. M. Treasurywala 
for experimental contributions and the National Research 
Council of Canada for financial support. 
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Proton Magnetic Resonance Studies of 2'-Deoxythymidine, its 3'- and 
5'-Monophosphates and 2'-Deoxythymidylyl-(3',5')-2'-deoxythymidine 

in Aqueous Solution1 
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DONALD J. WOOD, FRANK E. HRUSKA, and KELVIN K. OGILVIE. Can. J. Chem. 52,3353, (1974). 
Proton magnetic resonance studies of 2'-deoxythymidine, its 3'- and 5'-monophosphates 

and the dideoxynucleoside monophosphate, 2'-deoxythymidylyl-(3',5')-2'-deoxythymidine are 
described. Assignment of the spectral bands are carried out and the derived chemical shift and 
coupling constant data are discussed in terms of the conformational properties of these molecules. 
The main conclusion reached is that 3'- and 5'-phosphorylation as well as incorporation into 
the dinucleoside monophosphate at  either the 3'- or 5'-terminus has only slight effects on the 
conformation of thymidine under the experimental conditions employed. 

DONALD J. WOOD, FRANK E. HRUSKA et KELVIN K.  OGILVIE. Can. J. Chem. 52,3353 (1974). 
On rapporte des etudes de r.m.n. du proton de la deoxy-2' thymidine ainsi que ses mono- 

phosphates-3' et -5' de mime que le monophosphate du dideoxynucleoside, deoxy-2' thy- 
midylyl-(3',5') deoxy-2' thymidine. L'attribution des bandes spectrales a e t t  faites et les deplace- 
ments chimiques et les constantes de couplage qui ont Cte obtenus sont discutes en termes des 
proprietts conformationelles de ces mol&cules. La principale conclusion a laquelle on peut 
arriver est que la phosphorylation en 3' ou 5', de mime que l'incorporation dans le dinucleoside 
de monophosphates soit en position 3' ou 5' n'a que des cffets mineurs sur la conformation de 
la thymidine dans les conditions experimentales utilisees. [Traduit par le journal] 

Introduction 
Considerable effort is being directed towards 

elucidation of the three-dimensional structures 
of polyribo- and polydeoxyribonucleotides. 
Valuable contributions towards our under- 
standing of polymer structure are obtained from 
X-ray studies of the crystal and molecular 
structures of the component mononucleosides 
and mononucleotides (1-5). Recently, high- 
resolution X-ray analyses of several ribose 
dinucleoside monophosphates, adenylyl-(2',5')- 
uridine (6), uridylyl-(3',5')-adenosine (UpA) 
(7, 8), guanylyl-(3',5')-cytidine (GpC) (9), and 
adenylyl-(3',5')-uridine (ApU) (10) as well as 
of the deoxydinucleotide 5'-phosphoryl thy- 
midylyl-(3',5')-thymidine (d(pTpT1) (1 I ) ,  have 
appeared in the literature. Since the pioneering 
efforts of Jardetzky (12) and Lemieux (13), 
it has been demonstrated that n.m.r. studies can 
provide detailed conformational information at 
the nucleoside (14-201, nucleotide (21-30), and 
dinucleoside monophosphate level (23, 31-36). 

'Presented in part at  the 4th Harry Steenbock Sym- 
posium on the "Structure and Conformation of Nucleic 
Acids and Protein - Nucleic Acid Interactions", Madison 
June 16-19,1974. Symposium Proceedings, in press, 1974. 

TO date only a limited number of n.m.r. studies 
of dideoxynucleoside monophosphates have 
appeared (32, 37). In the present study we report 
the p.m.r. analyses of 2'-deoxythymidine (dT), 
2'-deoxythymidine-3'-monophosphate (3'dTMP), 
2'-deoxythymidine-5'-monophosphate (S'dTMP), 
and thymidylyl-(3',5')-thymidine (d(TpT)) (Fig. 
1). Assignments of the spectral bands of the 
dimer are carried out by comparison with 
monomer spectra and with spectral data for 
deoxy derivatives available in the literature 
(13, 15, 32). The chemical shifts and 'H-'H and 
'HP3'P coupling constants are discussed in 
terms of the respective molecular conforma- 
tions. The main conclusion reached is that 
under the experimental conditions employed 
the conformational properties of the thymidine 
moiety are only slightly affected by 3'- and 5'- 
phosphorylation or by incorporation into the 
dideoxynucleoside monophosphate at either the 
3'- or 5'-terminus. 

Experimental 
dT, 3'dTMP, and 5'dTMP (A grade) were obtained 

from Sigma and were used without further purification. 
d(TpT) was prepared according to the procedure of 
Letsinger et  al. (38). Sodium-3-trimethylsilylpropionate- 
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c?3 /" HA-100 and/or HR-220 MHz spectroinetels Callbration 
of spectra and spln-decoupllng expeiiments were carrled 
out by standard methods at  both frequencies Spectral 
analysls was carried out using LAME (39) Computer 
slmulatlons of the spectra were used as a final test of the 
data (Figs. 2-4) In subsequent sections wedescrlbespec- 
tral assignments whlch led to this simulat~on 

Results and Discussion 
0 H2" 

I Spectral Assign~nent of dT, S'dTMP, and 
H O j  P J'dTMP 

3 ~ T M P  The assignment of the l ' ,  3 ' ,  and 4' regions 

CH3 /p of a deoxyribose sugar and of the methyl and 

POFH \ H, hydrogens of the thymine base is a straight- 
1 FC\ ,H forward matter in view of the character~st~c 
0 H-c patterns and locatlon in the spectrum (1 3,15,32). 

Difficulties arlse in the assignment of the palrs 
of methylene hydrogens at C,, and C, . No 
dlstlnction can be made between the individual 

OH H2"  
hydrogens w~tlirtz each pair in the case of 
5'dTMP because of the strong coupllng between 

5 ~ T M P  H,, and H, and between H, and H, . It  
seems reasonable, on the baas of the arguments 

d(TpT) of Remin and Shugar (40), to assign the low- 
and high-field portions of the H, , H, , bands of 
dT and 3'dTMP bands to H, and H j  , re- 
spectlvely, although assignment IS not crucial 
here because of the qualitative manner in whlch 
we treat our data in terms of molecular con- 
formation. 

In the following paragraphs we shall outl~ne 

3d'MP 

c-3 
C -qi 

1 1 i2 

I 
OH Hz 

FIG 1 Structulal forn~ulae of 2 -deoxythyniidiiie-3'- / I 
I  

monophosph~te (3 dTMP), 2 -deoxythymidine-5 -mono- 1 
phosphate (5 dTMP). and 2 -dcoiyth>midylyl-(3 ,5 )-2 - 1 

deoxq thymidine (d(TpT)) Tp and pT refer to the tree 5 - ' h' 
and 3 -nucleotide fragments of d(TpT), respect~~ely I 

2,2,3,3-d, (TSP) was used as an Internal p m r reference 
Sol~~t ions  of dT and d(TpT) (0 I &I, p D  - 7 0) and of 1 ~' 
3'dTMP and 5'dTMP (0 1 iM, pD - 5 8)2 were prepared I  ' 1 1 )  1 

1 I  I ( 1  and freeze-dried three times from 100% D,O and finally , , J \s , d . 1 3  J U, 
- dissolved in 100z D,O Spectra were obtained on Varlan d2$ , 4 2 ; 0  2 2 5  

(PPM) 

'The p D  of the mononucleotide solution was kept at F IG 2 (a) S~ngle-scan, continuous-\va\e, 100 MHz 
S 8. At this p D  the phosphate bears a single negative spectrum of 3 dTMP (pD - 5 8 ,  65 C, 0 1 M in D,O) 
charge, this makes chemical shift comparison between Sweep width 250 Hz (b) Computer simulated 100 M H z  
monomer and dimer more relevant spectrum of 3 dTMP 
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, 
1 

6 3 5  jkd h F  && &--& 
(PDM) 

FIG.  3 ( a )  S~ngle-scan, continuous-wave, 100 MHz 
spectrum o f  5 dTMP (pD 2 5 8 ,  65 C .  0 1 ,M in D 2 0 )  
Sweep w ~ d t h  250 Hz (b)  Computer s~rnulated 100 MHz 
spectrum o f  5'dTMP. 

our reasoning based on the work of Fraser-Reid 
and Radatus (41) which leads to a plausible 
assignment of the 2' and 2" hydrogens of 
3'dTMP. Our reasoning may appear circuitous 
since in our approach an assun~ption is made 
regarding the conformational behav~or of the 
deoxyribose moieties in aqueous solution while 
in subsequent sections the conformational 
behavior is discussed in terms of the chemical 
shift and coupling constant data extracted from 
the assigned spectra. However, the assumption 
made is simply that the 2'-deoxyriboses in 
question may exist in either the 2'-endo. or 
3'-endo puckered modes., Available n.m.r. data 
(13, 15, 17, 23, 32, 33, 43, 45) suggest that the 
2'-deoxyriboses are best described in terms of a 
2'-endo ++ 3'-endo blend. However, we stress 

here that the major conclusions regarding the 
conformations of dT etc., do not rest on the 
assignment of H,, and H,.,. Nevertheless, the 
following exercise in assignment is useful since 
we demonstrate that a reasonable, internally 
consistent assignment in 3'dTMP is obtained. 
The absence of internal contradictions in the 
arguments used for spectral and for conforma- 
tional assignment provide crosschecks on our 
reasoning and support our major conclusions. 

Fraser-Reid and Radatus (41) have reported 
p.m.r. spectra (220 MHz) of 2'-deoxycytidines 
(dC) selectively deuterated at  either the 2'(dC2') 
or 2"(dC2") positions (Fig. 5). The authors 
observed for dC2' a symmetrical 1 : 2: 1 triplet 
(4 Hz spacing) which was assigned to H,,. 
Because of the first-order nature of the H I , ,  
Hz, , ,  H,,, and H,, bands they concluded (and 
we concur) that J,,,,, and J,,,. are essentially 
equal (-4.0 Hz) in dC. This near equality is 
entirely in accord with expectations for the 
following reasons. (a )  The configurational 
relationship between the H z , ,  and H,, pair 
and between the H,,  and H,, pair is identical 
(one hydrogen is endo and one exo in each pair). 
(b) The gross confor~national relationships are 
identical in that within each pair the hydrogens 
constitute a quasi equatorial-equatorial pair 
in the 2'-erzdo conformation and a quasi axial- 
axial pair in 3'-endo. Furthermore, J,.,, and 

J 2 , C 3 ,  may safely be compared in conformational 
terms without electronegativity corrections since 
the H,,,-C-C-H,, and H,,-C-C-H,, 
fragments bear a similar collection of sub- 
stituents: a single oxygen (O,.) and a collection 
of carbons and hydrogens whose electro- 
negativity differences nlay be considered negli- 
gible. In addition we might add (since electro- 
negativity effects upon ,JHH are known to be 
dependent on the orientatior~ of the substitucnt 
(46)) that the O,, oxygen is identically placed 
on the two fragments: gauche to H z z ,  and H,, 
in both the C2.-endo and C,,-endo confosma- 
tions. Near equality of J,,,, and J,.,,, is thus 
entirely expected in 2'-debxyribosides except 

3We are aware o f  the Altona and Sundaralingam (A.S.)  in those instances where severe distortion of 
(42,43) discussion o f  furanose conformations with the N ,  
S notations where N and S refer to  two relatively narrow the bond conformational are likely. 
ranges o f  the pseudorotational cycle (41). W e  shall retain There appears no evidence which suggests this 
a more familiar notation (12), 2'-endo and 3'-endo which to be the case in anv of the molecules studied 
correspond to the S and N symbols, respectively. By here (1, 2, 11 ). 
2'-endo we mean the broad envelope o f  conformations 
with negative 7, values and 3'-endo, the broad envelope Fraser-Reid and Radatus (41) observed for 
o f  conformations with positive r 2  values where r 2  defines the H3' hydrogen of dC2" a quartet 
the rotation about C,.-c,, (1). separated from H I , ,  H,,, and H,, and thus, 
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FIG. 4. (a) Single-scan, continuous-wave, 220 MHz spectrum of d(TpT) ( p D  -. 7.0; 18 " C ;  0.1 M in D,O). Sweep 
width 250 Hz. (b) Computer simulated 220 MHz spectrum of d(TpT). 

FIG. 5. Structural formulae of 2'-deoxycytidines deu- 
terated at  the 2' or 2"-positions. From Fraser-Reid and 
Radatus (ref. 41). 

bearing in mind that a hydrogen-to-deuterium 
substitution has negligible effect on vicinal 
H-H couplings, could extract a value of 6.7 Hz  
for J,.,, in dC. This information, coupled 
with our contentions that J2,,,r - J3,,, and 
that the J,,,, values of dC (4.0 Hz), dT (3.7 Hz ,  
18 "C), and 3'dTMP (4.0 Hz, 18 "C) indicate 
similar conformations in this series of 2'- 
deoxyribosides, leads us to propose that the 
low-field components of the 2',2" region of 
3'dTMP correspond to 2" since only in this 
region do we find a spacing of about 4 Hz. 
In the high-field portion of the 2',2" region, 
which we assign to H,, ,  couplings of 6.5, 7.2, and 
14.3 H z  account for the pattern (see spectral 
simulation and Table 1). 

To support the above rationale of the J3 ,,, and 
J21,,, values and the proposed spectral assign- 
ment, it would be useful to show that the 
magnitudes of other couplings in the ring are 
in line with our assignment, conformational 
assumptions and understanding of the influence 
of electronegative substituents on H-H vicinal 
couplings. To this end we shall make the fol- 

lowing comparisons. (a) J2f3r and J,,,, + J3,,, 
in 3'dTMP with corresponding values in 
ribofuranosides and (b) J,,,,, in 3'dTMP with 
J,.,,, in arabinosides (Fig. 6). These comparisons 
are made since they involve hydrogen pairs 
which are configurationally identical and since 
the couplings (and the sum) under comparison 
are expected to exhibit somewhat smaller 
variations with changes in the 2'-endo - 3'-endo 
blend than, say, J,,,, which can range from 
about 0 to 10 Hz. This is so because of the cis 
(gauche) relationship of H,,-H,,, and Hz,-H3,  
pairs in all possible puckered modes of a deoxy- 
ribose ring and because of the inverse relation- 
ship between J,,,, and J,,,,, a consequence of 
which is the fact that changes in the 2'-endo t-. 
3'-endo blend produce essentially equal but 
opposite effects on the individual couplings 
(14, 17, 43, 45). Thus differences in the com- 
pared values should exhibit reasonably well- 
defined trends in view of the structural dif- 
ferences between molecules compared (i.e. 
replacement of a hydroxyl by a hydrogen) 
and should reflect electronegativity and con- 
formational effects of the 2'-hydroxyl. 

In the large number of available p.m.r. data 
for furanosides, magnitudes of J,,,, lie in the 
range 5.2 _f 0.2 Hz  while the sum J,,,, + J3,,, 

FIG. 6.  Structure of an  arabinose derivative. 
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TABLE 1. Proton magnetic resonance parameters" for D,O solutions6 of thymine derivatives 

dT 5'-dTMP PT' 3 '-dTMP TP 
-ppppp --- 

Parameter 18" 30" 65" 18" 65" 30' 65" 18" 65' 

'Chemical shifts reported in p.p.m. from TSP. Coupling constants reported in Hz.  
bSolutions 0.10 M in solute: mononucieotides at  p D  of 5.8; d(TpT) at p D  of 7.0. 
'See Fig. 1. 
dThe 0.01 p.p.m. chemical shift difference arbitrary in that 6, 1 6,. 
'Due to the overlap of resonances these parameters are less certain t h a n  the other reported values. 
f D u e  to the equivalence of the chemical shifts only the sum of the connected coupling constants IS significant. 
gArhitrary. When = 6 the spectrum is independent of J,,. 
hNot observed or not ap~licable.  
'Z = J ,.,. + J4 . 5 . . .  

JZ'  = J p g .  + J P S . .  

is essentially constant at  10.1 F 0.3 HZ., In 
recent studies of arabinose derivatives (19, 47), 
values of about 5.0 Hz are noted for J, , , , , .  
The resultant changes in the above-mentioned 
couplings when a 2'-OH is removed from a 
ribose or an arabinose to produce a 2'-deoxy 
derivative are: J,,,, (3'dTMP - 5.2 Hz) = 

1.6 Hz; J,,,, + J,,,, (3'dTMP - 10.1 Hz) = 
1.1 Hz; J,,,,, (3'dTMP - 5.0 Hz) = 1.5 Hz. 
Thus larger values of the order of 1 Hz are 
evident for 3'dTMP. 

Calculations according to Pachler (48) were 
carried out in order to estimate the effect of 
removal of the 2'-OH from ribose on J 2 r 3 ,  and 
J,,,, + J,,,, and the effect of removal of the 
arabinose 2'-OH on J, .,... (For the calculations 
the A.S. geometry (42) was assullled and from 
the A.S. (42) method a 707, 2'-endo - 30% 3'- 

4Exceptions to these trends occur for syrz nucleosides 
(42). 

endo blend was derived (see below).) The 
calculations indicate that each of the compared 
values should be larger in the 2'-deoxyribose 
by about 0.5 to 1.0 Hz. Thus our observed 
differences are in qualitative (sign) agreement 
with the estimated OH effects. This agreement 
assures us that the proposed H,,, H,,, assign- 
ment is correct for 3'-dTMP (i.e. Hz, ,  to low 
field of H,,). If the reverse assignment is assumed, 
then J,,,,, = 6.8 Hz and J,,,, = 4.OHz for 
3'-dTMP and arguments are now required to 
provide a simultaneous rationale of the large 
difference (2.8 Hz) between J 2 , r 3 ,  and J,,,, 
and for the apparent reduction in J,,,, of about 
1.2 Hz, brought about by the removal of the 
2'-hydroxyl from a r i b o ~ i d e . ~  

In summary then our exercise in 2'2" assign- 

5Contributions to the increase in compared values 
could also arise from flattening of the 2'-deoxyribose ring, 
relative to riboses. This flattening has been suggested 
by A.S. (42, 43). 
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TABLE 2. Proton magnetic resonance parameters of deoxyadenosine 
and deoxycytidine (at 18 "C) 

Value (p.p.m.) Value (Hz) 

Chemical shifta dAb dCc Coupling constant dA dCc 

ORelative to t-BuOD for dA and to TSP for dC; 220 MHz. 
b0.07 M, p D  - 7.3.  
cO.10 M ,  p D  - 7.0. 

ment requires the reasonable assumption that 
2'-deoxyriboses populate 2'-endo and 3'-endo 
modes. An internally consistent picture of 
conformation, elcctronegativity effects, and 
trends in J values is obtained. The interlocking 
arguments provide mutual support for the 
various aspects of this problem. 

Schleich et al. (1 5 )  have arrived at  an identical 
assignment for H,,,H,,, of 2'-deoxyuridine (dU). 
However, the assignment was fortuitously arrived 
at since the authors misinterpreted the argu- 
ments of Lemieux and Lineback (49) regarding 
the influence of the cis oriented 3'-OH on 6,,,. 
They attributed the position of H,,, to low 
field of H 2 ,  to a deshielding effect of 3'-OH on 
Hz.,, whereas Lemieux and Lineback have 
discussed the evidence that a cis oriented OH 
shields a vicinal hydrogen. Interestingly now 
Fang et al. (32), using the accepted interpreta- 
tion of the influence of 3'-OH on H,.,, concluded 
that the H,,, lies to high field of H2,  in the 
adenii~e mononucleotides, 3'dAMP and 5'dAMP. 
We have considered the available coupling 
constant data of Fang et al. (3'-dAMP, J,,,,, = 
6.0 Hz;J,,,, = 6.9 Hz; J2,-,, = 5.8Hz; J,,,,, = 

3.8 Hz) in the light of the work of Fraser-Reid 
and Radatus (41) and our arguments used in 
the assignment of 3'dTMP and must agree 
with this 2',2" assignment for the adenine 
derivatives as well as the fortuitously arrived 
at dU assignment. Thus an interesting situation 
arises in that there is a reversal of the relative 
positions of H,, and H,., hydrogens with a 
change in the base from a pyrimidine (thymine, 
uracil) to the purine, adenine. In Table 2 are 

found data for 2'-deoxycytidine (dC) and 2'- 
deoxyadenosine (dA) which demonstrate that 
the reversal of the 2' and 2" hydrogens occurs 
at  the nucleoside level as well. This conclusion 
may be arrived at by noting the similarity in 
the magnitudes of J,,,,, and J,,,, in dA as well 
as in dC. This allows us to assign the low-field 
portion of the 2',2" (dC) band and the high-field 
portion of the 2',2" (dA) band to the 2" 
hydrogen. Clearly then some subtle shielding 
effects must be at  play at the C,. position. 
Contributions to the relative 2',2" shift un- 
doubtedly come from the ring currents as- 
sociated with the base, as well as from the 
electric and anisotropic magnetic fields of the 
3'-OH and the 2-keto group of a pyrimidine. 
Evaluation of the contributions from these 
factors is beyond the scope of this paper. 
However, it is interesting to note that when a 
purine derivative is puckered 2'-endo with a 
small (1.0") x value, H,., lies in the shielding 
region of the six-membered ring of the base 
whereas H,, lies near to the five-membered 
imidazole ring. Perhaps this arrangement, 
which points to a relatively large shielding 
contribution to H,,,, forms the basis for the 
location of to high field of H 2 ,  in 3'- and 
5'dAMP. 

Spectral Assignment of d(TpT) 
The first step taken in the spectral assignment 

of the d(TpT) dimer was the construction of a 
220 MHz composite spectrum of 3'dTMP and 
5'dTMP (using the mononucleotide parameters 
in Table 1) for a comparison of the widths and 
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FIG. 7 .  Composite spectrum of 3'dTMP and 5'dTMP obtained by calculating 220 MHz spectra using experimental 
100 MHz chemical shift and coupling constant data at 30" and computer simulated 220 MHz spectrum of d(TpT) 
using 18 "C data (Table 1). 

splitting patterns of the observed dimer bands 
(Fig. 7). Using the arguments of Ts'o et al. (23) 
and the well-known phosphate effects (21, 22) 
the H,, HI , ,  and methyl hydrogens were assigned 
to the Tp and pT fragments as indicated in 
Fig. 7 and Table 1. The H I ,  assignment was 
later confirmed by double resonance experi- 
ments. i n  our composite 3'dTMP, 5'dTMP 
spectrum the H,, hydrogens appear as well- 
separated, characteristically shaped bands at 
4.76 and 4.57 p.p.m., respectively. in  d(TpT) 
the well-separated heptet (4.80 p.p.m.) and 
sextet (4.57 p.p.m.) were consequently assigned 
to H,,(Tp) and H,,(pT), respectively. This 
assignment is confirmed by our recent study 
(unpublished data) on d(TpTp) which corre- 
sponds to d(TpT) phosphorylated at the free 
3'-hydroxyl of its pT fragment. Both H,. 
hydrogens in d(TpTp) appear in the vicinity of 
4.8 p.p.m. withnoH,, bandinthe4.5-4.6p.p.m. 
range. 

Also recognizable is the d(TpT) heptet 
centered at 3.81 p.p.m. Its striking similarity 
in pattern and location to the H,,,H,,, band 
of 3'dTMP (centered at 3.84 p.p.m.) makes its 
assignment to H,,, H,,, (Tp) certain. 

The multiplet around 2.40 p.p.m. is certainly 

due to the 2',2" hydrogens of pT and Tp. 
In addition to the similarity in the location of 
the 2',2" regions of the monomers and dimers, 
there are certain splitting and line intensity 
features in the d(TpT) spectrum which strongly 
resemble those in either 3'dTMP or 5'dTMP 
(see Fig. 7). Thus the appearance of the pair of 
quartets a t  lowest field in d(TpT) (centered at 
2.66 and 2.52 p.p.m.) bears strong resemblance 
to the low field quartets of 3'dTMP (centered 
at 2.65 and 2.51 p.p.m.). The relatively intense 
four lines in the upper portion of d(TpT) 
(centered at 2.39 p.p.m.) resemble the 2',2" 
quartet of 5'dTMP (centered at 2.37 p.p.m.). 

By the process of elimination the band 
centered around 4.15 p.p.m. must be assigned to 
the H,, (pT, Tp) and H,,, H,,, (pT) resonances. 

With the assumption that the assignments of 
H3, (Tp) and H,, (pT) are correct, decoupling 
experiments were undertaken. The experiments 
were consistent with this assignment: the HI ,  
triplet (6.34 p.p.m.), the strong quartet in the 
2',2" region (2.39 p.p.m.) and the H3, band 
(4.60 p.p.m.1 to the pT fragment and the HI ,  
triplet (6.23 p.p.m.), the collection of weak 
(2',2") lines including the two quartets at 
lowest field, and the H,, band (4.78 p.p.m.) 
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to the Tp moiety. This is consistent with our 
tentative assignments based solely on chemical 
shift comparisons. We are further inclined to 
suggest that the pair of quartets a t  2.66 and 
2.52 p.p.m. are attributable to H z , ,  (Tp) on the 
basis of their similarity in location (and ap- 
pearance) to the low-field quartets of Hz . ,  
(3'dTMP). Unfortunately the intense 2',2" (pT) 
quartet obscured most of the Hz,  (Tp) re- 
sonance. Final proof for the assignment was 
the excellent fit between experimental and 
calculated spectra (Fig. 4). At this point we 
draw attention to the near equality of J,,,, and 

J 2 , r 3 t  in both Tp and in 3'dTMP. Our reasoning 
above based on Fraser-Reid and Radatus (41) 
and these near equalities which follow from 
our assignment of the d(TpT) spectrum are 
mutually supporting. 

Additional support for the 2',2" assigninelit 
of 3'dTMP and Tp is available through con- 
sideration of the effect of 3'- and 5'-phosphoryla- 
tion on H z ,  and Hz , , .  A remarkable feature of 
the data in Table 1 is the constancy of &,, 
(2.38 0.01 p.p.m.) over all entries. This con- 
trasts sharply with the situation for &,,,: 
2.39 f 0.01 p.p.m. for dT, S'dTMP, and pT 
and 2.57 i -0 .01  p.p.m. for Tp and 3'dTMP. 
These trends are entirely consistent with the 
spatial relationship between the 3'- and 5'- 
phosphates and C,, hydrogens, our 2',2" 
assignment for 3'dTMP and Tp and our under- 
standing of the conformational features of 
these molecules. The endo hydrogen (H,,) is 
not expected to be significantly influenced by 
phosphorylation at the 5'  position of dT since 
it is only when the molecules (pT, 5'dTMP) are 
simultaneously oriented gauche-gauche (gg) 
about C,,-C,, and trans'-gauche' (t'g') about 
C,,-O,, (Fig. 8) that Hz,  is near to the nega- 
tively charged oxygens. However we have shown 
earlier (24-27) that in the case of 5'-mono- 

FIG. 8. (a)  Staggered conformations about C4.-C,,, 
gg (gauche-gauche), gt (gaucl~e-frans), and tg (trans- 
gauche). (6)  Staggered conformations about C,,-O,, 
g'g' (gauche'-gauche'), g't' (gauche'-trans'), and t'g' 
(trans'-gauche'). 

nucleotides, gg oriented systems favor g'g' 
(Fig. 8) with virtual exclusion of t'g' or g't' 
(gauche1-trans') orientations. This exclusion 
of g't' and t'g' conformations for gg 5'-mono- 
phosphates is apparent at  the oligo- and poly- 
nucleotide level as well ( l ,2 ,  7-1 1, and discussion 
below). For the cases of 3'-phosphorylation 
(3'dTMP, Tp), the presence of negative charge 
is expected to be sensed at  H,, only when the 
molecule is simultaneously oriented 3'-erzdo and 
g(2') (see Fig. 9 for definition of g(2')). How- 
ever, in subsequent sections we shall demon- 
strate that the 2'-endo pucker is favored and 
that a blend of the g(2') and g(4') conformers 
about C,,-O,, is apparent. In conformations 
other than 3'-endo, g(2') (and particularly in 
2'-endo, g(4')) the presence of charge on the 
3'-phosphate of 3'dTMP and Tp is not expected 
to influence ti,,. Hence the constancy of &,, 
over all entries in Table 1 is understandable. 
The invariance of ti,,, for dT, S'dTMP, and pT 
1s also reasonable jn view of the separation 
between the 5' position and the exo hydrogen 
(H,,,). That 3'-phosphorylation should be 
reflected in ti,,, is, however, reasonable in view 
of the proximity between H z , ,  and the phosphate 
oxygens, particularly in the favored 2'-endo 
(and g(2')) conformations of 3'dTMP and Tp. 
Thus the single sharp range of ti,, and dual 
sharp ranges of 6 , z r  values can be rationalized 
if our 2',2" assignment as well as our con- 
formational conclusions are accepted. 

The Sugar-Base Torsioiz Angle 
Considerable evidence now points to the 

preference for the anti (54) range of sugar-base 
torsion angles (x) about the N-glycosyl linkage 
of pyrimidine nucleosides and nucleotides. 
Molecules displaying a preference for the syrz 
range (with one exception, crystalline 4-thiouri- 

FIG. 9. Conformations about the C,,-O, bond o f  a 
3'-nucleotide viewed from C3, to O,,; (a)  g(2'), phos- 
phorus gauche to H3, and C2.; (6 )  g(4'), phosphorus 
gauche t o  H3, and C4,; (c) t(2',4'), phosphorus trans to 
Ha, and gauche to C2, and C4,. 4 '  values according to the 
Sundaralingam convention (1). 
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dine (55)) possess a bulky group (methyl (56), 
carboxyl (57) etc.) at the 6 position of the base 
which forces the 2-keto oxygen to locate 
preferentially over the furanose ring. More 
specifically, X-ray, o.r.d., and n.m.r. evidence 
points to the preference for the anti range of dT, 
3'dTMP, and 5'dTMP (1, 2, 21-23, 32, 58) as 
well as for the pTp and pT moieties of d(pTpT). 

Prestegard and Chan (59) have argued that 6, 
should be sensitive to changes in x since x 
defines the spatial relationship of H, and the 
ethereal ring oxygen. On this basis the virtually 
invariant 6, for dT, 3'dTMP, and Tp is evidence 
that 3'-phosphorylation or incorporation into 
d(TpT) as the free 5'-terminus has no large 
effect on x (thymidine). In fact 6,, may be an 
even more sensitive monitor of x changes since x 
defines the disposition of H I ,  and the highly 
anisotropic and polar 2-keto oxygen. Thus some 
small variations in x are indicated by the 6 , ,  
(dT, 3'dTMP, Tp) data. Considering only the 
data for 3'dTMP and Tp at either temperature, 
an average deviation of only 0.03 p.p.m. is 
present for all hydrogens. This is entirely in- 
consistent with any drastic change of % values 
concomitant with incorporation of the monomer 
into the dimer. A similar comparison of data 
for dT, S'dTMP, and pT argues against any large 
influence upon x (thymidine) due to 5'-phos- 
phorylation or incorporation into d(TpT) at 
the free 3'-terminus under the present experi- 
mental conditions. 

In the crystal state available x values for 
thymidine residues (dT, 39.3"; S'dTMP, 43.5"; 
pTp of d(pTpT), 27"; and pT of d(pTpT), 34") 
reveal a remarkable degree of conformational 
similarity and the absence of drastic changes 
upon 3'- or 5'-phosphorylation or incorporation 
into a thymine dinucleoside(tide) (2, 11). 

Puckering of the 2'-Deox,vfuranose Ring 
Nuclear magnetic resonance evidence in- 

dicates that 2'-deoxyfuranose, as well as 
furanose. ring systems are best discussed in 
terms of a dynamic equilibriu~n between 2'-endo 
and 3'-endo puckered modes (14-17, 28, 30, 
31, 50). Altona and Sundaralingam (42, 43) 
have suggested a method for estimating the 
conformational blend in the furanoses but as yet 
the autho9-s have not presented a detailed 
extension for deoxy derivatives. However, it 
appears likely that the conformational blend 
in the molecules under examination here may 

be estimated from the expressions (43) 

In Table 2 are found calculated values for the 
molecules of interest here as well as for several 
ribose derivatives. Overall one can say that the 
deoxy derivatives display very similar puckering 
with a 60-70% bias for 2'-endo. However, 
within these limits some trends at the monomer 
level appear. (a) 3'-Phosphorylation has no 
noticeable effect on conformation whereas 
5'-phosphorylation enhances the percentage of 
2'-endo in both the ribose and 2'-deoxyribose 
series. Sundaralingam (2) has reviewed the 
evidence for the C,,endo bias of 5'-nucleotides 
in the rib0 and deoxyribo series. (b) The re- 
moval of the 2'-hydroxyl leads to an enhance- 
ment of 2'-endo., Discussions of this phenom- 
enon which is apparent in both the crystal and 
solution state have appeared (1, 2, 17, 45). 
(c) Although the data do indicate some effect 
upon ring conformati011 following incorporation 
of dT or its monophosphates into the dimer, the 
changes are very small. In the crystal state (2) 
as well as in solution (17, 45) this prevailing 
tendency towards 2'-endo is apparent. In 
d(pTpT) both fragments assume this con- 
formation (1 1). 

Conformation About the Exocyclic C,,-C,, and 
C, .-O, , Bonds 

In previous studies, simple relationships 
between I: (= J,,,, + J,,,..) and P,,, the 
fractional population of the gauche-gauche 
conformation (Fig. 8), and between C' (= J,,, -t 
J,,.,) and P,,,,, the fractional population of the 
gauche1-gauche' conformation, were derived 
(26, 27). 

These approximate relationships are particularly 
useful in those instances where, due to strong 
coupling between H,, and H,,,, only the values 

'We have not considered any influence of this uracil- 
to-thymine base change in our comparison. However, 
other data indicate (2, 17) that this base change has little 
effect on the overall (2'-deoxy) furanose conformation. 
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of C and C' may be obtained from the spectrum 
(this is the case in ~ ' ~ T M P ) . ~  

In Table 4 we have calculated P,, and P,,,, 
values for a series of molecules (crystal con- 
formations are also included; those for d(pTpT) 
in ref. 11 are given under Tp and pT columns). 
We should point out here that some degree of 
uncertainty exists in the experimental C and C' 
values for the pT fragment. This is a con- 
sequence of the overlap of the H,,, H,,, and 
H,,, (pT) bands and the absence of sufficient 
peaks required for iterative conlputer analysis. 
However, because of our approximate treatment 

'A referee has suggested that the populations of the gt 
and tg conforn~ers be separately evaluated rather than 
treated collectively as 1 - P,,. It is a simple matter to 
show that P,, - P,, = o , ( J ,  - J,) where o is defined as 
the c..wperitnental difference J,,,, - J,,,,,. J ,  and J ,  are 
the estiinated gaitchr and trans H-H couplings, respec- 
tively. In our derivation of eq. 3 (26) values of 1.5 Hz  
(J , )  were assumed. Thus ( P , ,  - P,,) = o/10.  Given also 
P,,, (eq. 3) and P,, + P,, = 1 - P,,, all P values can be 
estimated. Sin~ilarly for C,.-O,. we can show that 
(P,,,, - P,,,,) = o"(J,  - J,) where o' is defined as the 
observed difference .Jps, - J,,... .I, and J, are now the 
expected gauche and trcrizs 3 1 P  - IH J values for the 
P-0-C-H,.(H,.,) fragments. In our derivation of 
eq. 4 (26),  values of 3 Hz  (J,) and 21 Hz ( J , )  were assumed. 
Thus with P,.,. - P,,,, = 0,118, P,.,. from eq. 4 and 
P,.,, + P,,,, = 1 - P,,,, all C,,-0,. P values can be 
estimated. We should stress that inherent in the use of 
equations are several assumptions, particularly that re- 
garding the invariance of JE and J, for the three staggered 
conforn~ers. They are however expected to vary since the 
molecules are not symmetrical about C4,-C,. or 
C,,-O,,. Furthermore, it is well known that the oricr~m- 
tioiz of electronegative substituents on H-C-C-H 
fragment is an important consideration (62).  Thus in the 
gg conforn~er J,.,,, will be atrenunred relative to J,,,, 
since O , ,  lies trans to H,.. and is expected to exert its 
maximal electronegativity effect on J,.,,,. However 0,. 
lies gauche to H 5 .  in gg: the 0,. influence or J,.,, is thus 
expected to be much smaller. Similar considerations must 
be given to J,.,, in gt since 0,. is now trans to H,,. 
Corrections to the J,,,. and J,,,.. values for the trans 0,. 
influence are probably about 0.5 Hz .  If they are not made, 
additional errors of about 5% in the calculated P's are 
introduced. Similar corrections (of unknown magnitude) 
to the P-H couplings seem warranted since rotation about 
the C 5 3 - 0 5 ,  bond changes the disposition of the un- 
shared pairs on O,, relative to H,, ,  H,,,. Thus the ac- 
curacy in the calculated P's is at  best i 10%. However, 
though the absolute values of the P's must be considered 
with some reservation, we feel confident that trends in a 
particular P value over a series of molecules is meaningful. 
Our confidence is supported by the number of excellent 
correlations we have noted recently (17, 26, 45, 64). 
Finally assuming the Remin-Shugar (40) assignment of 
the 5'3" hydrogens, we estimate from the J,,,. and 
J4.5.3 values that P,, and P,, are 25 and 15%, respectively, 
for pT. 

of the data in terms of the conformational 
parameters we do not consider this greater 
uncertainty a serious matter. Furthermore, in a 
subsequent paragraph support for the qualita- 
tive conclusions based on C and C' values is 
provided through a consideration of the chemical 
shift data. 

Several trends are apparent in Table 4. (a) 
At the monomer level, 3'-phosphorylation has 
little effect on P,, in both the ribose and 2'- 
deoxyribose series. This situation holds in the 
crystal state for riboses (compare U (60) and 
3'UMP (2) which are gg). No crystal data for 
3'dTMP are available. However, 3'-phosphoryla- 
tion results in a gt to gg change in 2'-deoxyuri- 
dine (2, 6). (6) 5'-Phosphorylation enhances 
P,, at  the monomer level. Sundaralingam and 
co-workers (2, 8) have argued that 5'-nucleotides 
are more "rigid" than the corresponding 
nucleoside or 3'-nucleotides, i.e. are expected 
(63), in solution, to have significantly enhanced 
P,, values. The data in Table 4 indicate a sub- 
stantial enhancement for U (56%) to 5'UMP 
(75%) in the ribose series but a considerably 
smaller change is noted for dT (4573 to 5'dTMP 
(5473 in the deoxyribose series. (c) Removal of 
the 2'-hydroxyl diminishes P,, at  the nucleoside, 
3'-nucleotide, and 5'-nucleotide level. This 
influence of the 2'-OH has been discussed 
previously for the crystal and solution states 
(2 ,  17). ( d )  Incorporation of dT into d(TpT) 
increases the P,, values slightly. (e) The P,,,, 
conformation of 5'dTMP is overwhelmingly 
favored (90%); our (less certain) C' (pT) sug- 
gests this to be the case in pT as well. This 
stronger bias for g'g' conforlnations is entirely 
consistent with previous work carried out on a 
large number of 5'-nucleotides (26). In crystalline 
d(pTpT) both the pTp and pT fragments are 
oriented gg and g'g'. 

The long-range four-bond 4Jp4r couplings 
provide information about the C,,-C,, and 
C, .-O,, bond conformations (24-28), although 
they are expected to be less reliable than C and 
X' as conformational (P,,, P,,,,) probes due to 
their small size (0-3 Hz). In ref. 27 correlations 
are described between ,J,,,, and C and C' 
values which were suggested to be of value in 
providing support for the conformational in- 
formation derived from C and C'. (In this 
regard we should point out that recent measure- 
inents (27b) reveal a slight p H  dependence 
upon 4Jp,, i.e. protonation of the 5'-phosphate 
enhances it by about 0.5 Hz without a propor- 
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tionate (27) increase in X or C'.) The "J,,, 
(5'-dTMP) values are consistent with P,, -- 60% 
and P,,,, - 80%. Due to the complexity of the 
H,., H,,, H,,, (pT) band, no ,J,,, (pT) can be 
extracted from the hydrogen spectra though it 
should be revealed in the 31P spectra. 

Our treatment of the C,.-C,, and C5.-Ojj 
conformational problems in p T  are hampered 
by the uncertainties in C and C'. Certainly we 
achieved some success (Fig. 4) in accounting 
for the H,,, H,,H,, ,  (pT) band but the absence 
of sufficient fine strlicture precludes iterative 
computer analysis. Thus we resorted to a trial 
and error approach. A number of spectra were 
coinputed using large values of C and C' 
(which would result if the inolecule were ?lot 
oriented gg or g'g') but the fits with experi- 
mental spectra were poor. Thus we express 
some confidence in our suggestion that gg and 
g'g' are slightly favored in their respective 
coilformational blends. (However: we cannot 
claim to have exhausted all possible combina- 
tions of 6's and J's.) Consideration of the 
chemical shift data support the contention 
that Pg, and P,,,, are similar for 5'dTMP and 
PT. 

Examiliation of molecular models reveals 
a close approach-of O,, to H,., and H,, in gg 
oriented 5'dTMP and pT. In the gt and tg 
conformations, 0,. (and the negatively charged 
oxygens as well) approach H,,. Nevertheless, 
6,, ,  6,,, and 6,, values are remarkably constant 
for 5'dTMP and pT. This constancy seems con- 
sistent with the similarity in their estimated 
P,,, P,,,, values in Table 4. It should also be 
noted that through our trial and error approach 
to the H,,H,.. (pT) analysis we have arrived at 
a somewhat enhanced magnetic nonequivalence 
between H,, and H,,, (0.07p.p.m. in pT 
compared with 0.01 p.p.rn. in 5'dTMP). Similar 
enhancement of the magnetic nonequivalence 
has been observed for the pA fragment of 
adenylyl-(3',5')-adenosine by Kondo and 
Danyluk (35). In 5'AMP the authors note 

- 6,,,  - 0.02p.p.m. but in pA, the value 
was 0.19 p.p.m. (The enhancement in their 
purine and ribose derivative is larger than in 
our pyrimidine and deoxyribose derivative and 
the acidity conditions employed are not the 
same.) Nevertheless it is still encouraging to note 
that both in pA and in pT the enhanced magnetic 
nonequivalence is brought about by differential 
deshielding of H,, and H,, ,  relative to the 5' 
monophosphate. A discourse (64) on the 5',5" 

magnetic nonequivalence and its relation to 
C,,-C,, orientation has been provided. 

Co~zforvlzation About the C,  .-O, , Bond 
Several possible conformations about the 

C,,-O,, bond, which determine the disposition 
of the phosphate and the furanose ring, are 
available to 3'dTMP and Tp (Fig. 9). In the 
Sundaralingain notation these orientations are 
defined ( I )  by the angle 4'. In g(2') the phos- 
phorus in gauche to H,, and to C,, ($' = 180"); 
in g(4') it is gaucl7e to H,, and to C,. ($' = 300'); 
in t(2',4') it is trans to H,, and grilrche to both 
C,, and C,, (4' = 60'). Space-filling models 
suggest that t(2',4') is an unlikely candidate for 
any 3'-inononucleotide fragment due to steric 
crowdi~lg. No X-ray data are as yet available 
for 2'-deoxy-3'-mo~lophosphates but the (lim- 
ited) data for the ribose series reveal a single 
broad range from 195 to 269" for $' with no 
entries for $', which places the P atom gairclze 
to both C,, and C,, (t(2',4')). In ribose dinucleo- 
side monophosphates a range from about 200 
to 245' (2, 7-10) is observed; in the pTp frag- 
inent of d(pTpT) 4' = 252" ( I  I) (- 108' in the 
notation (65) used by Camerman et al. in 
ref. 11). Nuclear magnetic resonance evidence 
based on 'H-,'P and 13C-31P couplings have 
demonstrated a preference for g(2') in the 
ribose derivatives uridine-3'-monophosphate 
(3'UMP) and polyuridylic acid for g(2') (36, 66). 

Bearing in mind the work of Hall and Mal- 
colm (67) ,  Davies and Danyluk (68), and 
Schleich et al. (15) it seems reasonable to 
suggest that the "small" values of ,J,,. (6.8- 
7.8 Hz) are consistent with virtual exclusion of 
t(2',4') in 3'dTMP and Tp since trans 'H-,'P 
couplings in HCOP fragments are expected 
to be 21-24 Hz (67). The 'JP,, data do not, 
however, allow one to distinguish between 
g(2') and in g(4') since in each, H,, and P are 
oriented gauche.8 

A consideration of the chemical shift data 

'A 6.8-7.8 Hz 3 J p 3 ,  value seems somewhat large for a 
classically oriented gauche (all angles 60') H-C-0-P 
fragment (67). In the crystal state, however, a decided 
bias away from the classical g(2') and g(4') conformers 
towards a cis coplanar (4' = 240') conformation is 
apparent (2). If this bias exists in solution as well, the 
somewhat enhanced 3Jp38  values in 3'dTMP and Tp can 
be rationalized without invoking contributions from 
t(2', 4'). Assuming a Karplus-like relationship and 
3JpH (tratzs) = 21 HZ and 3J,H (gauche) = 3 Hz (671, a 
3JpH value of about 7.0 Hz is calculated for a conforma- 
tion biased 15' ($', 195 or 285') towards the cis coplanar 
conformation. 
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provides additional conformational informa- 
tion. In view of the charge associated with the 
oxygen atoms (O(1) and O(I1) in d(TpT), 
Fig. 1 )  and its proximity to H,, in g(4') and to 
H,,, in g(2'), we are inclined to suggest that the 
remarkable constancy in 6,, (4.18 * 0.01 p.p.m.) 
and 6,., (2.57 i 0.01 p.p.m.) for 3'dTMP and 
Tp argues for a blend of g(2') and g(4') which 
is similar in these compounds and essentially 
invariant over the temperature interval 
examined. This suggestion is substantiated by 
the constancy of other shift data: 6,, = 4.78 1 
0.02 p.p.m.; 628 = 2.38 1: 0.02 p.p.m. 

Although the 'J,, ,  values do not form a 
basis for quantitative discussions of the g(2') 
g(4') blend in 3'dTMP and Tp, our contention, 
based on the assessment of close contact inter- 
actions apparent in molecular models, is that, 
when 3'dTMP (Tp) assumes the preferred 
combination of ring pucker and C,,-C,, 
orientation, i .e .  2'-endo, gg, there exists no 
significant bias towards either g(2') or g(4'). 
In this conformational combination, g(2') and 
g(4') provide the 3'-phosphoryl group with an 
identical set of close contacts involving, in par- 
ticular H,,, and H,.. In fact in the gg, 2'-endo 
(or 3'-endo) conformation the H3s-C31-03r 
plane defines a local mirror plane for the 
C,,-C3,-C,. fragment (and for the important 
contacts made by the 3'-phosphoryl in g(2') and 
g(4')). In the less probable co~nbination (3'-endo, 
tg), a bias (probably towards g(2')) is expected in 
view of the severe contacts made between the 
5'-hydroxyl and 3'-phosphoryl groups when the 
molecule is g(4'). However our data (Tables 
3 and 4) and X-ray data (1, 2) suggest that 
3'-enclo, tg cannot make important contributions 
to the overall conformational blend. In view of 
our statements regarding the similar steric en- 
vironments experienced by the 3'-phosphoryl in 
g(2') and g(4') when 3'dTMP (Tp) assumes the 
preferred conformational combination 2'-endo, 
gg, it is interesting to point out the virtually iden- 
tical effects of 3'-phosphorylation (or attach- 
ment of a pT fragment) upon 6,,, and 6,, of a 
dT fragment. Relative to dT, H,,, and H,, ex- 
perience a 0.14 * 0.01 and 0.17 f 0.01 p.p.m. 
deshielding, respectively. We do not feel that 
these deshielding effects form a simple basis for 
a semiquantitative evaluation of the g(2') tt g(4') 
blend but, in view of the similar spatial disposi- 
tion of C2,-H,,, and C,,-H,, relative to 
C3,-03, in the 2'-endo and 3'-endo puckers, we 

TABLE 3. Calculated 2'-endo popu- 
lations of the 2'-endo tt 3'-endo 

blenda 

Compound % 2'-endo 

2'-Deoxyribosides 
dT 

3'dTMP 
5'dTMP 
TP 
PT 

Ribosides 
u 
3'UMP 
S'UMP 

YNumbers in parentheses correspond to 
high temperature; other values are for 
ambient temperature, 18-30 "C. 

bProbable error in calcnlated values + 5%. 
'Reference 15. 
dReference 24. 

TABLE 4. Calculated rotamer populations (%) for 
the C,,-C,, and C5.-0,. bonds" 

Compound pgg pg'g' 

Ribosides 
u 
3'UMP 
S'UMP 

nNurnbers in parentheses for high temperature ( >  60 'C) ,  other 
numbers for ambient temperature (18-30 'C); probable error 

, <w 
I J / O .  

fiBracketed symbols give crystalline structure (refs. 1 and 2) 
except for Tp and pT where symbols are for d(pTp7) in ref. 11 .  

<References 15 and 16. 
dReference 15. 
#Reference 24. 

should state that they are consistent with a near 
balance of g(2') and g(4') contributions. Mantsch 
and Smith (66) have provided n.m.r. evidence for 
a g(2') preference in ribose 3'-mononucleotide 
(3' UMP) in aqueous solution. In the crystalline 
state, 3' UMP is g(4') which suggests the impor- 
tance of crystal packing forces on the C3,-O,, 
orientation (2). We think it relevant to point out 
that in crystalline ribose 3',5'-dinucleoside mono- 
phosphates the internal C3,-03, bond lies in 
the g(2') range whereas in d(pTpT) it is in the 
g(4') range. 
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pairs9 are suggestive of a similar conformational 
distribution about the relevant 0-P bonds. 1. M. SUNDARALINGAM. Biopolymers, 7. 821 (1969) 

Base Stacking in d(TpT) 
Detection of base stacking by n.m.r. between 

pyrimidines is difficult due to the absence of 
significant ring-current effects of the neighboring 
base. However, it is interesting to note that 
evaluation of the g(2') contribution to the 
g(2') tt g(4') blend provides a measure of the 
upper limit of the population of base-stacked 
conformation since g(4') precludes the formation 
of right-handed stacked forms. Furthermore, 
since destacking of a dimer probably results from 
0-P rotations (1, 2) and temperature increases 
should bring about destacking in the temperature 
interval examined (69), the absence of any sub- 
stantial effects of temperature upon the shifts of 
hydrogens expected to be dependent on 0-P 
rotations argues for small contributions from 
stacked forms. This is consistent with the pres- 
ence of the extended form of d(pTpT) in the 
solid state (1 1) .  In aqueous solution ORD and 
C D  measurements point to some ordering of 
2'-deoxy dimers but the consensus of opinion is 
that pyrimidine bases have reduced stacking 
tendencies (69). 

In conclusion, proton magnetic resonance 
studies of dT, 3'dTMP, S'dTMP, and d(TpT) 
are discussed. Spectral assignment and analysis 
are carried out and the chemical shift and 
coupling constant data are discussed in terms of 
molecular conformation. The main conclusion 
reached is that little conformational change 
occurs in a 2'-deoxythymidine moiety upon 3'- or 
5'-phosphorylation or upon incorporation into 
the dimer d(TpT). This conservation of the con- 
formational parameters of a nucleoside fragment 
upon phosphorylation or incorporation into 
progressively more complex oligo- and poly- 
nucleotides has been discussed by Sundralingam 
(1, 2). 
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Anhydro Sugar Formation in Acid and Base Hydrolyses of 
3,4-Di-0-methylsulfonyl-D-mannitol: a Rapid Route to 
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DAVID ROY HICKS and BERT FRASER-REID. Can.  J. Chem. 52,3367(1974). 
Brief acid hydrolysis of 1,2: 5,6-di-O-isopropylidene-3,4-di-O-methyls~1lfonyl-~-n1a1initol 

( la) ,  removes the isopropylidene groups giving the disulfonated hexitol, 2a. Upon continued 
acid hydrolysis of 2a, one sulfonate group is lost with formation of a sulfonated monoanhydro 
hexitol, 5a, then the second ester group is lost to  give 1.4: 3,6-dianhydro-D-iditol (D-isoidide, 
3a). If the disulfonate, 2a, is treated with base, a n  isomeric dianhydro hexitol, the bisoxirane 4, 
is formed. Under similar basic conditions, the monoanhydro hexitol, 50. is stable. On acid 
hydrolysis, the bisoxirane, 4, gives hexitols and only 20% of D-isoidide. which indicates that 4 
cannot be an intermediate in the conversion of 2a to 30. These results indicate that, in 2a a t  
least, five-membered anhydro rings are formed preferentially in acid hydrolyses and three- 
membered rings in saponification. 

The stage and course of hydrolysis of 20 are readily monitored by observing the r 4-6 region 
in the n.m.r. spectra of  D,O samples of the hydrolysate. 

DAVID ROY HICKS et BERT FRASER-REID. Can.  J .  Chem. 52.3367 (1974). 
Une  hydrolyse acide breve du di-0-isopropylidene-1,2:5,6 di-0-methyls~~lfonyl-3,4 D- 

mannitol ( la )  enleve les groupes isopropylidknes et fournit I'hexitol d i s ~ ~ l f o n e  20. Si I'hydrolyse 
acide d e  20 est continuee, Lln groupe sulfonate est perdu avec formation du monoanhydro 
hexitol sulfone Sa ;  un deuxieme groupe ester est ensuite perdu pour donner le dianhydro-1.4: 
3,6 D-iditol (D-isoidide, 3u). Si l'on traite le disulfonate 2a avec une base, un dianhydro hexitol 
isomere, le bisoxiranne 4, se forme. Dans de telles conditions basiques. le monuarihydro hexitol 
Sa est stable. L'hydrolyse acide du bis oxiranne 4 donne des hexitols et seulen?ent 2 0 7  de D- 

isoidide; ce resultat indique que 4 n'est pas un intermediaire dans la transformation de 20 en 30. 
Ces resultats i n d i q ~ ~ e n t  que dans 20 au rnoins, les cycles anhydro a cinq membres se forment 
d'une faqon preferentielle par hydrolyse acide et que les cycles a trois rnembres sont formes par 
saponification. 

L'evolution de I'hydrolyse de 211 peut &tre facilement suikie griice a la r.rn.n.: les observations 
sont faites dans la region de 4 a 6 r s ~ ~ r  des echantillons de l'hydrolysat en solution dans de 
l'eau lourde. [Traduit par le journal] 

An indication of the importance of anhydro 
sugars is provided by the fact that a recent review 
volume contained three articles dealing directly 
with their chemistry (2-4). As a sub-group of 
anhydro sugars, the alditol anhydrides are 
prominent, not only because of what their 
formation reveals about intramolecular inter- 
actions and rearrangements (5, 6) but also 
because of their increasing industrial biological 
importance (4, 7 ) .  The dianhydrohexitols, for 
example, have a range of clinical en~ployment 
that includes coronary care,' regulation of 
glaucoma (8) and cerebro-spinal fluid pressures 
(9), and emulsifiers for injectable medications 

'For  a preliminary account of this work, see ref. 1 .  
'For an impressive bibliography, see ref. 113 in our  

ref. 4. 

(10). In view of these broad interests, we wish 
to report herein studies that have led to ready 
syntheses of some anhydro iditols and which 
clarify some anomalies in the literature relating 
to the hydrolysis of certain sulfonated hexitols. 

Some years ago we required the disulfonated 
hexitol 2u and attempted to obtain this from l a  
by acid hydrolysis in keeping with a procedure 
described by Wiggins for the hydrolysis of 16 
(1 1). His proof of structure for what he assumed 
was 26, included treatment of his product with 
base whereupon a dianhydrohexitol 3a was 
obtained. 

While our work was underway. Tipson and 
Cohen reported a detailed study (12) in which 
they followed the course of the hydrolysis by 
polarimetry which allowed them to isolate 2a 
and b in quantitative yields. They showed that 
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under Wiggins' conditions a considerable amount 
of sulfonic acid was liberated and, more seriously, 
that treatment of the disulfonate 2a or b with 
base produced not 3a but the isomeric dianhy- 
dride 4. 

We report herein our own observations which 
remove the apparent conflict in the results from 
both laboratories. 

In an  attempt to generate 2a, we treated the 
dimesylate l a  with ion exchange resin (H') and 

boiling water for 3 h and acetylated the product 
directly. However, the crystalline acetate con- 
tained no methanesulfonyl groups, judging from 
the absence of appropriate n.m.r. resonances 
s - 6.8. The possibility that the sulfonate groups 
had been lost during the acetylation step was 
excluded by showing (t.1.c.) that the hydrolysis 
product was regenerated upon saponification of 
the acetylated product. Direct comparison of 
derivatives of the hydrolysis product with those 
of the authentic L-enantiomer (see Experimental) 
established that 1,4: 3,6 dianhydro-D-iditol 
(D-isoidide, 3a) had been produced. 

Upon more cautious hydrolysis, it was found 
that if the suspension of l a  and resin in water was 
heated until dissolution just occurred, the desired 
dimesylate 2a could be obtained contaminated 
with - 10% of the monoanhydro product 5a. If 
the hydrolysis was permitted to go for 10 min 
beyond dissolution, compound 5a was the 
principal product. Continuation of the hydrolysis 
for 30 niin gave D-isoidide, 30, which underwent 
no further changes even after 4 h exposure to 
the reaction medium. 

The structure of 2a was at first authenticated 
by treating the crude hydrolysis product with 
acetone and zinc chloride, whereupon the starting 
material (la) was regenerated in 79% yield. 
Subsequently, an authentic sample of the 
tetraacetate 2c3 prepared by the method of 
Tipson and Cohen (12) was found to be identical 
to the corresponding material obtained from 
our preparation. 

The gross structure of compound 5a was 
indicated by conversion to a crystalline tri- 
acetate 5b which gave correct elemental analysis. 
The 100 MHz spectrum of the latter (5b) 
(CDCI,; TMS) showed a multiplet for H-2 and 
H-5 at .t 4.4-4.8. The signal for H-3 was a 
prominent triplet at s 4.98, J,, = J,, = 6.0 Hz. 
The trio1 5a could be regenerated quantitatively 
from the triacetate (5b) by hydrolysis with 
methanol-water-triethylamine. The location of 
the methylsulfonyl group at carbon-3 is based on 
the assumption that acid-catalyzed migration of 
the sulfonyl group is highly unlikely. The latter 
also suggests the D-talitol configuration for 5 and 
this conclusion is supported by the fact that acid 
hydrolysis of 5a affords 1,4 : 3,6-dianhydro-D- 
iditol (3a), the displacement being assumed to 
occur with the usual inversion. 

3We are grateful to Dr. Tipson for a specimen of 2c (12). 
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i"PH 1 ;  
c"'" 

!I I 
+H20k 8 1 1 d/lu ill 

LJ 

FIG. 1 .  Nuclear magnetic resonance spectra in D 2 0  
(Me2C0 or TSP as internal standard): u,  3,4-di-0-methyl- 
sulfonyl-D-mannitol (2a); h, 1,4-anhydro-3-0-methyl- 
sulfonyl-D-talitol (Sa); c, 1,4:3,6-dianhydro-D-iditol (D- 
isoidide) (3a) ;  a', 2,3:4,5-dianhydro-D-iditol (4). 

The successive stages of hydrolysis of l a ,  are 
conveniently determined by observing the low- 
field region of 60 MHz spectra of the hydrolysate 
in deuterium oxide (Fig. 1). Thus H-3 (= H-4) of 
2a appears as a doublet4 with a spacing of 6.0 
Hz at r 5.03 (Fig. la). In compound 5u (Fig. 
lb), H-3 is a triplet at r 4.87, with a spacing of 
6.0 Hz. In D-isoidide (3a; Fig. lc), there are no 
signals to low field of DOH and a triplet for 
H-2 ( -  H-5) with a spacing of - 2 Hz is seen at 
r 5.85. The singlet for H-3 (- H4) is masked by 
the DOH peak.4 

In addition to the data outlined in the pre- 
ceding paragraph, the relative amounts of 2a, 
30, and 5a present at any stage can be readily 
determined by acetylating the crude mixture and 
studying its n.m.r. spectrum. This is particularly 
advantageous since the H-3 signals for 2a and 
5a overlap (see Fig. la and b). In 2c, the methyl- 
sulfonyl groups are isochronous, occurring at 
r 6.80, whereas in 5b the corresponding signal 
occurs at r 6.83. With 3b the signal for H-3 
(zH-4) is a sharp spike at z 5.54 (13a) in which 

4For detailed discussion of the p.m.r. spectra of di- 
anhydro hexitols, see ref. 13a. 

region the other two compounds 2b and 56 give 
no signals. 

We established that hydrolysis of the ditosy- 
late lb  followed a course similar to that of the 
dimesylate l a  giving D-isoidide (3a) when ion 
exchange resin was used as the acid catalyst. 
However, when the hydrolyses were done using 
aqueous acetic acid as described by Wiggins (1 I), 
the product, analyzed by t.l.c., showed only a 
small amount of D-isoidide (3a) and no evidence 
of 2b. However it seemed clear that any D- 

isoidide he did obtain had been formed during 
the acid hydrolysis step and not during the 
saponification step as he had assumed. 

The formation of the bisoxirane 4 from 2a as 
reported by Tipson and Cohen (12) was verified. 
Indeed the conversion of 2a to 4 could be 
accomplished more conveniently by allowing a 
solution of 2a in methanol-water-triethylamine 
to stand at room temperature for 30 min. The 
low-field portion of the n.m.r. spectrum of 4 in 
D,O is shown in Fig. ld. This portion of the 
spectra in Fig. 1, taken in conjunction with the 
absence of methylsulfonyl signals, allows 3a to 
be readily differentiated from 4. 

As a first step in clarifying the discrepancy in 
the results of Wiggins (1 1) and Tipson and 
Cohen (12), we established that the bisoxirane 4 
was not an intermediate in the acid-catalyzed 
transformation of 2a to 3a. Thus treatment of 4 
with the ion exchange resin (H') gave only 
-20% of D-isoidide (3a) as determined by n.m.r. 
spectroscopy. Furthermore, paper chromatog- 
raphy of the product revealed material with the 
same R, as D-mannitol,' as well as other sub- 
stances. 

Scheme I summarizes some other observations 
on these materials. As was expected, D-isoidide, 
(3a), was stable to lithium aluminum hydride 
but the bisoxirane 4 was cleaved giving several 
products. The monoanhydro compound 5a, 
which furnishes D-isoidide (3a) on heating with 
acid, is stable to the methanol-water-triethyl- 
amine medium used for the conversion of 2a to 
4 (aide infra). 

The size of the anhydro rings formed during 
hydrolyses of sulfonate esters is influenced by a 
number of factors such as steric interactions, 
conformational changes, etc. However, in alka- 
line media three- and five-membered rings appear 
- 

'Hydrolysis of 4 could conceivably give hexitols other 
than D-rnannitol but this possibility was not examined. 
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CH2 OH 

LAH Several 
f 

products 
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I 
CHzOR 
5 

a K - H  
b R = A c  

to be favored, the smaller ring being formed more 
readily (2-4, 6). This conclusion is upheld in the 
present study (Scheme 1) since base hydrolysis 
of 2a gave 4 but no 3a. Again, the stability of 
the monoanhydro compound 5a to  base is 
revealing. Thus, while formation of a 2,3- 
oxirane from §a is impossible since the 2-hydroxy 
and sulfonyloxy groups are in cis relationship, 
there are no steric barriers to the formation of 3a. 

In contrast to the foregoing, anhpdro rings 
formed in acidic media are invariably five-mem- 
bered even when six- andlor three-membered 
rings are plausible alternatives (14). This situa- 
tion is quite contrary to the preferences normally 
displayed in carbocyclic systems where three- 
membered rings are most readily formed (1 5). In 
this connection it is worthwhile to repeat that  
the possibility of 4 having been formed first in 
the acid hydrolysis of 2a and subsequently being 
converted to 3a has been excluded (ride sirpra). 

Experimental 
Melting polnts weie determ~ned on a Fischer-Johns 

heating stage and are uncorrected Nuclear magnctlc 
resonance spectra mere determined usmg a Varian T-60 
or Varlan HA-100 spectrometer, solkents being D 2 0  
( ~ i t h  acetone or sodlum trimethylsilyl-2,2,3,3-tetra- 
deuterlop~oplonate (TSP) as Internal standards) or 
CDC13 (TMS) 

3,4-Di-O-methylsltIfonJ.i-~-mrnitol (2a) and its 
Tetraacetate ( 2 c )  

(a) Compounds 2n and c were prepared in excellent 
yield, following the conditions of Tipson and Cohen (12). 

(b) Distilled water (13 ml) was added to a mixture of 
1,2: 5,6- di-0-isopropylidene-3,4- di- 0- methylsulfonyl-o- 
mrtnnitol ( la) (16) (1.0 g ;  0;024 mol) and Dowex 50W-X2 
(H+ form) resin (2 g), contained in a 100-ml conical flask 
equipped with a reflux condenser and standing on an 
efficient magnetic stirrer hot plate. Vigorous stirring was 
begun and the heat was turned up to a maximum. When 
conlpound l a  had just dissolved, the flask was removed, 
cooled in an ice-water bath, and then filtered, the resin 
being washed with water. The filtrate was neutralized with 
barium carbonate and the mixture filtered once more. 
The filtrate was evaporated under reduced pressure and 
the residue, which invariably contained barium salts, was 
extracted with hot ethanol. The hot ethanol was filtered 
and evaporation of the filtrate gave syrupy material 
(0.78 g) whose 60 MHz n.m.r. spectrum in D 2 0  (acetone 
as internal standard) showed a doublet at T 5.03 for H-3 
(- H-4), J2, (= J45)  = 6.0 Hz (see Fig. l a ) ,  and a 
singlet at  r 6.83 for CH,SO,-. 

The material was authenticated as being 2a by treating 
the syrupy product with anhydrous zinc chloride (0.7 g)  
and reagent grade acetone (5 ml), which had been dried 
over and distilled from anhydrous potassium carbonate, 
for 2 h at  room temperature. The solution was poured 
into water (10 ml) containing dissolved potassium 
carbonate (1 g) and the organic substance recovered by 
extraction into methylene chloride. The extract was dried 
with sodium sulfate and evaporated to dryness dissolved 
in ethanol, whereupon a crystalline s~~bstance  identical to 
the starting material (la) was obtained (0.79 g, 79% yield). 
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In another experiment, the syrupy preparation of 2a 
remaining after evaporation of the ethanol was acetylated 
for 7 h with acetic anhydride (5 ml) and pyridine (5 ml). 
Conventional work-up afforded a residue whose n.m.r. 
spectrum in CDCI3 (TMS) showed two spikes for 
CH,SO,- at  r 6.80 and 6.83. By comparison with the 
pertinent signal in authentic 2c prepared by the method 
of Tipson and Cohen (12), the r 6.80 signal m,as ascribed 
to 2c. The r 6.83 signal arose from the monoanhydro 
compound 5b. The latter was present in 5-10% in all our 
preparations of compound 2 and undoubtedly inhibited 
crystallization of 2a. Chromatographic separation could 
not be achieved; however, fractional crystallization could 
be induced if the acetylated mixture containing 2c and 
5b was seeded with crystalline 2c (12). In this way cry- 
stalline 2c (0.88 g; 70% from la),  m.p. 80-83' (lit. (12) 
81-83") was obtained. 

Nuclear magnetic resonance (100 MHz) of 2c (CDC13 ; 
TMS): T 4.78 (s, 4, H-2,3,4,5); r 5.40-584 (m, 4, H-l , l ' ,  
6,6'), r 6.80 (s, 6, CH,SO,); T 7.88 (s, 6, CH,CO,), r 
7.94 (s, 6, CH,CO,). 

1,4-Anhyd~o-3-0-methyls~~,foi~yl-~-talitol (50) and its 
T~iacetate (5b). 

The suspension of the diisopropylidene dimesylate (la) 
in water, was treated as described above for preparation 
of 2a. However, heating under reflux was continued for 
10 min beyond dissolution before removing the flask and 
subjecting the contents to work-up as described for 2a. 
The n.nl.r. spectrum of the product in D,O (acetone as 
internal standard), Fig. 10, showed a prominent triplet 
with a spacing of 5.0 Hz at  z 4.87, which was ascribed to 
K-3. In some preparations, small amounts (-5%) of 
D-isoidide (3a), co~lld be detected in the n.m.r. spectrum 
of the crude material by the presence of a characteristic 
triplet at r 5.85. 

The crude syrup was acetylated with acetic anhydride 
(5 ml) and pyridine (5 ml) for 7 h, and the acetylated 
material was recovered following customary work-up. 

The residue crystallized from methanol7 0.72 g (82% 
from Pa), m.p. 103-104'; [aIDz3 +9.52' (c, 3.19 in CHCI,). 

Anal. Calcd, for C13HZ0010S: C, 42.38; H, 5.47; S, 
8.70. Found: C, 42.58; H, 5.48; S, 8.74. 

1,4:  3,6-Dianhydro-D-idirol (D-Isoidide, 3a) 
(a) The acid-catalyzed hydrolysis of compound l a  as 

described above, was allowed to continue for a t  least 30 
min beyond dissolution, this being the minimum time for 
complete reaction. However, prolonged reflux for periods 
up to 4 h could be safely maintained, without affecting 
the yield or quality of product. The resin was reilloved by 
filtration and the organic material 3a was recovered as 
described above for 2a. 

(b) The dimesylate, l a ,  (5.0 g;  0.012 moll or the 
ditosylate, lb ,  (7.0 g;  0.012 1x01) was dissolved in dioxan 
(40 m!), water (20 ml), and sulfuric acid (2.5 ml). The 
soluiion was refluxed for 3 h, cooled, neutralized with 
solid sodium bicarbonate, and evaporated. The organic 
material recovered, as in part a ,  was a syrup, (-2.3 g). 

The syrups from either parts a or b failed to crystallize 
even though they were chromatographically pure (t.1.c. in 
ethyl acetate) with R, 0.2 and gave almost quantitative 
yields of crystalline diacetate, dibenzoate, and dimesylate 
which were characterized as described below. 

2,5-Di-0-acetyl-1,4: 3,6-dianhydro-D-iditol ( 3b )  
A sample of the syrupy 1,4:3,6-dianhydro-D-iditol 

(3a) prepared as described in part a above from 6.0 g of 
dimesylate l a  was acetylated at room temperature with 
acetic anhydride (15 ml) and pyridine (15 rill) for 7 h .  The 
mixture was cooled in ice and the excess acetic anhydride 
destroyed by adding 25 ml of methanol. Evaporation 
gave a syrup which was freed from pyridine by azeotropic 
distillation with toluene and was then set to crystallize 
from chloroform - petroleum ether (35-60"). The first 
(2.70 g ;  n1.p. 49 52") and second (0.32 g) crops of 
crystals amounted to 92% yield. 

The material after two recrystallizations from methanol 
had the physical constants m.p. 55-56^; [aID2, -89.0' 
(c, 4.2 in CHC1,). The corresponding values for an  
authentic sample of the enantiomer, 2,5-di-0-acetyl- 
1,4.3,6 dianhydro-L-iditol,'j were 55-56', mixture m.p. 
59-66", and + 89.6". 

Anal. Calcd. for Cl,Hl,O,: C. 52.17; H, 6.13. Found: 
C, 52.03; H, 6.15. 

2,6-Di-0-benzoj'l-l,4: 3,6-rliunhydro-D-iditol (3c) 
The syrupy dianhydro derivative (3a) prepared from 

the dimesylate, l a  (7.0 g;  0.017 mol) as described above 
in a was dissolved in pyridine (30 ml). To the ice-cold 
solution was added benzoyl chloride (9.0 n ~ l ;  0.076 n~ol)  
and the solution was allowed to warm up to, and stand 
at room temperature overnight. The mixture was poured 
into ice and water and the resulting oil was extracted with 
methylene chloride. After washing with 4 N sulfuric acid 
and saturated sodium bicarbonate the methylene chloride 
layer was dried and then evaporated. The syrup crystal- 
lized from ether - petroleum ether (5.2 g;  89%), n1.p. 
97-103". The material after recrystallization from 
chloroform - petrole~~m ether, gave the following data: 
1n.p. 110-111.5' [rrIDZ3 - 132.0" (c, 2.17 in CHCI,). The 
corresponding literature ( I  3c) values for the L-enantiomer 
are 110-1 11' and + 134.3". Anal. Calcd. for C,,H,,O,: C, 
67.78; H,  5.12. Found: C, 67.09; H, 5.16. 

1,4 : 3,6- Dir1tthyd~o-2,5-di-O-n7et/zylsuifonyl and -di-0-p- 
tolyls~llfonyl-D-iditol 3d and 3e, Respectiuely 

Samples of the syrupy dianhydro iditol, 3a, prepared 
as in a above, were mesylated and tosylated in a manner 
similar to that described for benzoylation above. The 
crystalline products had the following physical constants. 

3d: m.p. 159-160': [xIDz3 - 31.6O2(c, l.77in (CK,),CO); 
corresponding values for authentic L-enantiomer? m.p. 
160-161" mixture n3.p. 1444145'; + 31.65". 

3e: m.p. 105-106"; [%IDz3 -31.1' (c, 2.66 in CHCI,); 
corresponding literature values for L-enantiomer 105.5- 
106"; + 33.2' (13b). 

2,3: 4,5-Diaizhydro-D-iditol, 4 
(a) The diisopropylidene-dimesylate I n  (1.0 g), was 

deacetonated as described above to give syrupy 2a which 
was dissolved in 30 cc dry methanol. Barium methoxide 
(0.0048 mol) in 10 cc methanolic solution was added, 
and after 2 h the reaction mixture was processed as 
described by Tipson and Cohen (12) with the exception 
that the product was freed from inorganic salts by 
extraction into isopropyl alcohol and filtration. The 

,We are grateful to Dr. C. H. S. Thomas for the 
authentic sample (13a). 
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filtrate was concentrated whereupon crystals of the 5. F. H. NEWTH. Quart. Rev. (London), 13, 30 (1959); 
desired material (4) formed spontaneously, 0.27 g A. C. COPE and T. Y. SHEN. J. Am. Chem. Soc. 78, 
(78%), m.p. 100-101'; [aIDZ3 +78.lC (c, 1.04 in water) 5912 (1956); J. A. MILLS. Adv. Carbohydr. Chem. 
(lit. (12) m.p. 100-101"; [nIDZs +82.1°). 10, 1 (1955). 

(b) Syrupy 2a (0.5 g) was dissolved in 20 ml of me- 6. D.  H. BALL and F.  W. PARRISH. Adv. Carbohydr. 
thanol-water-triethylamine (5 : 4 : 1) mixture and allowed Chem. 23, 233 (1968); 24, 139 (1969). 
to stand for 30 min after which the solution was evapor- 7. L. F. WIGGINS. Adv. Carbohydr. Chem. 5,191 (1950). 
ated to dryness. It was redissolved in water (30 ml), and 8. B. BECKER, A. E. KOLKER, and T. KRUPIN. Arch. 
stirred with barium carbonate to remove the sulfonic Opthalmol. 78, 147 (1967). 
acid. The solids were removed by filtration, the filtrate 9. B. L. WISE, J. L. MATHIS, and J. H. WRIGHT. J. 
evaporated to dryness and extracted with isopropyl Neurosurg. 25, 183 (1966). 
alcohol. Crystalline material (0.153 g) identical to that 10. A. F .  WOODHOUR and T. B. STIM. Chem. Abs. 61, 
in part a, was obtained. 13136 (1964). 

The low field n.1n.r. spectrum of 4 is shown in Fig. Id  11. L. F .  WIGGINS. J. Chem. Soc. 1403 (1947). 
for comparison with the other materials in this series. 12. R. S. TIPSOK and A. COHEN. Carbohydr. Res. 7, 232 

(1968). 
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Tetrathiofulvalene (TTF) 
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A. JOHN BERLINSKY. JAMES F. CAROLAN, and LARRY WEILER. Can. J.  Chem. 52.3373 (1974). 
The electronic structure of tetrathiofulvalene (TTF) has been determined from its photo- 

electron spectrum and the photoelectron data for the tetrahydro derivative of TTF and 1,3- 
dithiolane. Correlations of the ionization potentials (i.p.) and several molecular orbital calcula- 
tions are used in the assignment of the photoelectron spectra of these three compounds. The 
first five i.p. of TTF and their assignment are as follows: 6.92 (3b1,), 8.67 (2b2,), 9.73 (2bl,), 
10.16 (a,) and 10.49 eV (b3.J. The sixth i.p, at  11.00 eV is tentatively assigned to the Ibz, level. 
The electronic structure of TTF is important in understanding the crystal packing and band 
structure of the highly conducting salt, TTF,TCNQ. 

A. JOHN BERLINSKY, JAMES F. CAROLAN et LARRY WEILER. Can. J. Chem. 52,3373 (1974). 
On a dttermint la structure tlectronique du tttrathiofulvalene (TTF); ces conclusions ont Ctt 

obtenues a partir de son spectre phototlectronique et a l'aide de donnees photoClectroniques 
pour le tetrahydro-TTF et le dithiolane-1,3. Des correlations d'ionisation potentiels (i.p.) et 
plusieurs calc~ils d'orbitales moltculaires sont utilists pour dtterminer les spectres photo- 
electrons de ces trois composes. Les cinq premiers i.p. de TTF et leur attribution sont les 
suivantes: 6.92 (3b,,), 8.67 (2b2,), 9.73 (2b1,), 10.16 (a,) et 10.49 eV (b3,) Le sixieme i.p. a une 
valeur de 11.00 eV et est attribut d'une fason non dtfinitive au niveau lbz,. La structure 
electronique du TTF est importante pour comprendre l'empilement cristallin et la structure 
des bandes du sel tres conducteur TTF-TCNQ. [Traduit par le journal] 

Recently there has been a surge of interest in 
the synthesis of crystalline charge transfer com- 
pounds and the study of their physical prop- 
erties. One of these complexes, from tetrathio- 
fulvalene (TTF, 1) and tetracyanoquinodi- 
methane (TCNQ, 2) 

has been found to exhibit the highest electrical 
conductivity of any organic solid to date (1) and 
above 60°K TTF.TCNQ possesses all the 
properties expected for a one dimensional metal 
(2). In addition a few crystals of TTF.TCNQ 
exhibit anomalously large peaks in their con- 
ductivity (16). In all TTF.TCNQ crystals below 
70 OK, there is a transition to a small gap semi- 
conducting state (1). The high conductivity and 
this metal-semiconductor transition have re- 
cently been the subject of numerous experimental 
and theoretical papers. As part of our efforts to 

design new organic metals, we have undertaken 
a study of the electronic properties of TTF, 
TCNQ, and TTF.TCNQ from both a theoret- 
ical and experimental aspect. In a molecular 
orbital study of these compounds, we have cal- 
culated an approximate band structure for 
TTF.TCNQ which models the nearly one- 
dimensional behavior of the solid (3). In this 
paper we would like to present an electronic 
description of TTF based on photoelectron 
spectroscopy (p.e.s.), correlation of ionization 
potentials (i.p.) of related compounds, and 
molecular orbital calculations. 

In Fig. 1 is shown the photoelectron spectrum 
of tetrahydrotetrathiofulvalene (THTTF, 3) and 

the first six vertical ionization potentials are 
listed in Table 1. The first o i.p. of tetrahydro- 
thiophene (4) and of 1,3-dithiolane (5) are at 
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4 I 
I 

FIG. 1. Photoelectron spectrum of THTTF (3). 

TABLE I .  Vertical ionization potentials of THTTF (3) 
in eV* 

Calculated 
- 

Measured Assignment EHY § C N D 0 / 2 $ 5  

7 .05  n(3b1,) 10.65 (3b1,) 10.19 (3b1,) 
8 .59  n(2a,) 12.37 (2aJ 11.45 (2a,) 
8.97 n(2b3,) 12.58 (2b3,) 12.04 (2b3,) 
9.76 ~ ( 2 6 2 , )  13.54 (262,) 13.32 (2b2,) 

10.42 n(2b1,) 14.68 (261,) 19.86 (2blU) 
11.04 o 

*Geometry was assumed to be planar with the same bond lengths 
and angles as TTF except that the CC single bond length was taken 
as 1.52 A and the S-CbD3 bond length as 1.80 A. 

?See ref. 7,  us~ng a hydrogen exponent of 1.3 and sulfur parameters 
as f o l l o ~ s :  3s, exponent = 2.122 and H,,  = -20.00 eV; 3p, exponent 
= 1.827 and N,, = -13.30 eV. 

$See ref. 6. 
$There are several o levels In the region of the n levels which have 

been omitted (see text). 

10.92 (4) and 1 l .O eV ( 5 ) ,  respectively. Because 
of the additional sp2 hybridized carbons in 3 
coliipared to 5, the o i.p. of 3 must be greater 
than 10.5 eV. Hence the first five i.p. of 3 corre- 
sporld to n ionizations. Both C N D 0 / 2  (6) and 

4 5 

extended Hiickel calculations (7) suggest the n 
level ordering given in Table 1 is correct, 
assuming the validity of Koopmans' theorem in 
these systems (8). A similar extended Huckel 
calculation on 3 using slightly different geometry, 
Slater exponents and Coulolnb integrals for sul- 
fur orbitals gave the same ordering of the n levels 
(9) as our calculation. Both of these calculations, 
especially the CND0/2,  place some o levels in 
the same energy range as the .rr levels. We have 
chosen to ignore these a levels in the calculations 
for the following reasons. The inductive argu- 

VOL. 5 2 ,  1974 

b2, 
1- 

FIG. 2. Correlation diagram for the levels in 3. 

ment above and comparison of the photoelec- 
tron data for 1-3 show that the first five i.p. in 3 
must be due to ionization from n levels. Also, it 
is well know11 that because of the parameteriza- 
tions in these calculations the first o i.p. are 
underestimated relative to the n i.p. (6, 10). In 
the C N D 0 / 2  calculations this may well be due 
to the overestimation of the iiiteraction between 
levels of the same symmetry in these calculations 
(11). This may well explain the large gap be- 
tween the 2b,, and 2b1, levels in the C N D 0 / 2  
calculations (Table 1). Finally we would suggest 
that the errors introduced in applying Koop- 
mans' theorem to o levels may be substantially 
greater than the errors applied to delocalized x 
levels because of the possibility of smaller cor- 
relation and reorganization effects in the rr levels. 

The correlation diagram, Fig. 2, can be con- 
structed for THTTF (3). The n i.p. of the b,, 
(n,,) level in the octahydronaphthalene 6 is at 

8.27 eV (12). Hence we have taken a value of 8.3 
eV as an estimate of thc "isolated" rr,, (b,,,) level 
in 3. The position of the x* (b,,) cannot readily 
be estimated. The n levels from the nonbonding 
sulfur levels (11~) can be considered to arise from 
the interaction of two 1,2-dithioethane units (7). 
Molecular orbital calculatio~~s by us and others 
(13) indicate that for a planar geometry of 5 the 
a, (n,) level will be at slightly higher energy than 
the b, (n,) level. This is the ordering expected if 
the through space interaction is greater than the 
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/S 7- 

through bond interaction (14). An estimate of the 
energies of these two levels is 8.64 eV and 8.90 
eV from the photoelectron spectrum of 1,2- 
dimethylthioethane (13). These four sulfur levels 
(n,) correlate with the b,,, a,, b,,, and b,, levels 
in 3. There will be an additional interaction 
between the b,, and b,, (n,) levels and the n,, 
(b,,) and n,," (b,,) in the central double bond 
of 3. 

The through space interaction of the two a, 
(n,) levels would place the 2a, level in 3 above 
the 2b,, (n,) as indicated in the calculations. The 
average of these two i.p. in THTTF (3) is 8.78 eV 
which is 0.14 eV greater than the i.p. of the 
isolated a, levels and represents the inductive 
effect of replacing a methyl group with a vinyl 
group adjacent to a sulfur atom. In addition, the 
through space interaction of the n, (a,) levels 
can be estimated from the splitting of the a ,  
levels to be 0.38 eV. Interaction of the n,, (b,,) 
level and the 11, (b,,) level give the two b,, levels 
in 3. The average of these i.p. in 3 is 8.74 eV and 
the average i.p. of the "isolated" b,, levels is 
8.6 eV which again reflects the small inductive 
effect on these levels and corroborates the pro- 
posed assignments in Table 1 .  The difference of 
1.25 eV between the i.p. of the b,, level in the 
"isolated" double bond and the i.p. of the 3b,, 
level in 3 represents a measure of the direct 
conjugative interaction between the b,, levels. 
This interaction stabilizes the 2b,, level in 3 
relative to the sulfur b, levels (Fig. 2) and can be 
estimated from these levels as follows. If we 
neglect the inductive effects (cide s~cpra) the 
major effects stabilizing the 2b,, level are the 
through space interaction of the two sulfur b ,  
levels to generate the b,, and a b,, level, and the 
direct conjugative interaction of this b,, level 
with the b,, level associated with the central 
double bond. The through space interaction of 
the b, levels should be approximately the same 
as the through space interaction of the a, levels 
(0.38 eV). In this way, a second estimate of 
the direct b,.. interaction is 1.4 eV. Hence 

FIG. 3. Photoelectron spectrum of TTF (1). 

with possible assignments and the results of two 
molecular orbital calculations are given in Table 
2. Because the first o i.p. in 1 is expected to be 
greater than I 1  eV (ride suym), we can assign 
the first six bands to ionizations from n levels in 
1. The first band at 6.92 eV is assigned to ioniza- 
tion from the 36," (n) level in agreement with our 
calculations and those of others (9, 13). The 
second band at 8.67 is assigned to ionization 
from the 2b,, (7c) level. Gleiter, et 01. have also 
reported the photoelectron spectrum of TTF 
(1) recently (15). Their values for the i.p. and 
assignments of the first two i.p. are the same as 
those reported here. They experienced some 
difficulty in assigning the remaining i.p. From 
our assignment of the THTTF (3) photoelectron 
spectrum, the m.o. calculations, and the u.v. 
spectrum of the radical cation of TTF (16) we 
can assign the next four bands to ionization from 
the 2b,,, a,, b,,, and Ib,, levels. This is the order- 
ing of the n levels obta~ned from the extended 

TABLE 2. Vertical ionization potentials of TTF (1) 
in eV* 

Calculated 

Measured Assignment E H t S  C N D 0 / 2 $ $  
- 

6.92  n(3b1,) 10.14 (3b1,) 9.78 (3b1,) 
8.67 n(2b2,) 11 .98 (2b2,) 11.85 (Zb,,) 
9.73 n(2b1,) 13.06 (26,") 12.75 (a,) 

10.16 ~ ( 0 , )  13.34 (a,) 13.06 (b,,) 
10.49 ~ ( b , , )  13.53 (b3,) 17.11 (2bl,,) 
11 .OO n(lbz,)  14.84 ( I  b2,) 19.79 (162,) 
11.62 ? 15.37 (lb,,) 21.79 (lb,,) 

."  
the average interaction of the b,, levels :~ i~~Khf : :~ ; , "~$onen t  of and sulfur parameters 

(n,(b,,)/H/K,,(b,,)) is calculated to be 1.2 eV. as follows: 3s, exponent = 2.122 and H,, = 2 0 . 0 0  ev ;  3p, exponent 
= 1.827 and Hi, = - 13.30 eV. 

In Fig. 3 is shown the photoelectron spectrum :See ref. 6. 
$There are several u levels in the region of the s levels which have 

of TTF (I),  and the first seven vertical i.p. along been omitted (see text). 
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Hiickel calculations and also from a recent 
multiple scattering Xu. calculation (17). The 
CND0/2  calculations failed to give the correct 
ordering by misplacing the 2b,, level. This may 
be due again to the fact that these calculations 
overemphasize the interaction between orbitals 
of the same symmetry (1 I). In this regard, note 
that the observed energy difference between the 
Ib,, and the 3b,, level is approximately 4 eV 
compared to a calculated value of 4.7 eV 
(extended Hiickel) (EH) and 10 eV (CNDOIZ). 
This clearly points out the difficulty in the 
C N D 0 / 2  calculations. 

A correlation diagram of the ionizations in 
TTF (I), THTTF (3), and two "isolated" cyclo- 
pentene n levels is shown in Fig. 4. The third 
i.p. at  9.83 eV is assigned to the 2b,, ionization. 
The next two ionizations at  10.16 and 10.49 eV 
are assigned to the a,, and b,, levels, respectively. 
The split between these levels in 1 is 0.33 eV and 
is essentially the same as that found in 3,0.36 eV. 
This would be expected if the a , (n ,~")  and 
b,,(n,nx) interactions were the same in the cor- 
relation shown in Fig. 4. This is reasonable since 
the overlap and energy differences for these levels 
should be very similar. In both the extended 
Hiickel and CND0/2  calculations for 3 the 
coefficients of the S(p,) atomic orbitals are very 
nearly equal for the a,(n) and b,,(n) levels. These 
a,(n,n*) and b,,(n,nx) interactions stabilize the 
a, and b,, levels in 1 relative to 3. The b,, -t 3b,, 
transition in the radical cation of 1 would be 
calculated (18) to occur at  354 nm which is in 
good agreement with the observed transition at  

8-  

> 
0, 9- 

10- 

I l -  

FIG. 4. Correlation diagram for the 71 levels in 1 and 3. 

338-340 nm (16). This further corroborates the 
assignments in Table 2. The band at 11.00 eV is 
tentatively assigned to the remaining lb,, 
ionization of 1, mainly based on the inductive 
arguments outlined above and the last lb,, level 
remains unassigned. We feel that this is a reason- 
able ordering of the n level in TTF and the radical 
cation of TTF, and hence of the TTF in the 
charge transfer solid TCNQ.TTF. The absolute 
energies should be different for the m.o. in TTF 
and TTFf  but the relative ordering should re- 
main unchanged as outlined above. The sym- 
metry of the highest occupied orbital in TTF 
(and TTF?)  is very important in understanding 
the band structure in TTF.TCNQ (3). 

Experimental 
The photoelectron spectra of 1,3-dithiolane were 

recorded on a spectrometer described elsewhere (19). The 
photoelectron spectra of the tetrahydrotetrathiofulvalene 
(3) was recorded on a Perkin-Elmer, Model PS-16 Photo- 
electron Spectrometer with an inlet temperature of 89 "C 
and TTF (1) on the same intrument of 86 'C. All spectra 
were calibrated with the 9.55 and 10.12 eV i.p. of methyl 
iodide. Vertical i.p. are measured to i 0 . 0 3  eV. 

We are grateful to Mr. Graham Sharp (University of 
Sussex) for the photoelectron spectra of TTF and 
THTTF, to Professor A. J. Heeger and Dr. Fred Wild1 
for samples of TTF and THTTF. ro Dr F. Herman and 
Dr. B. I. Bennett for the results of their multiple scat- 
ter~ng Xrl calculations, to Professor R. Hoffmann for a 
copy of his extended Huckel program, and to the 
Natlonal Research Councll of Canada for financ~al 
support of this work. 
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A Study of Molecular Motion in cis- and trans-Dichlorodiamminepal1adium(EI) 

Clzrmistty Depnrtinent, University ofBritish Colrrtnbia, Vc~tzcouver, British Coluinbicl V6T 1 W5 

Received May 16, 1974 

S. E. ULRICH and B. A.  DUNELL. Can. J .  Chem. 52,3378(1974). 
Spin-lattice relaxation 'null times' have been obtained for cis- and trans-PdfNH,),Cl,. The 

presence of a low temperature minimum for the trans complex has been interpreted in terms of 
inequivalent ammine groups. The second moment v a l ~ ~ e s  are consistent with both ammine 
groups in both complexes reorienting with sufficient rate above 77 K to narrow the n.m.r. line. 
A!though whole molecule rotation does not occur in either complex, it is believed that libra- 
tion does. 

S. E. U L R ~ C H  et R. A.  D U ~ E L L .  Can. J. Chem. 52,3378(1974) 
Les 'temps nuls' de relaxation spin-reseau ont ete obtenus pour les Pd(NH3),C12 c,Lr et trans. 

On interprete la presence d'un rninimuln a base temperature dans le coinplexe trans en termes de 
groupes ammines non-i.quivalents. Les valeurs du moment secondaire sont en accord avec 
l'interpretation selon laquelle les deux groupes ammines dans chacun des coml-rlexes se reorien- 
tent avec une vitesse telle au-dessus de 77 K que les lignes en r.m.n. sont amincies. Quoique la 
rotation de la molecule entiere ne se produit pas ni dans 1'un ni dans l'autre des con~plexes, on 
croit qu'il y a oscillation. [Traduit par le journal] 

This study of molecular motion in solid cis- T Y K )  
and tram-dichlorodiamminepalladium(II) by 333 200 143 I l l  91 

1 I 1 I 

continuous wave and pulsed n.m.r. techniques 
lo4 

8 * r l s  

Results and Discussion undergo littie change over the temperature range 
studied (77-300 K). The observed second 

?'he for both momefi for the trans complex is 10 0.8 ( 3 2  at 

is a continuati011 of a general study of transition 6 - 

metal complexes. Earlier work (1, 2) was devoted 4 - 
to octahedral cobalt complexes and we are 
extending our studies to complexes with square 2 - 
planar geometry in order to discover whether 

IPresent address: School of Chemical Sciences, Univer- 77 K and gradually decreases to about 7.5 G2 
sity of Illinois, Urbana, Illinois 61801. a t  room temperature. The second moment for 

-,., 
a 

x TRANS 

xh c C A L C D  

\:,:\ \ =. 
different configurations undergo different molec- 
ular motions. 

6 

\:\\~ ~ 

'\r >, 

Experimental - ":I x, '\ *\ \ 

trans-Pd(NH3),Cl2 was prepared by adding HCI to 5 i, *\ 
iPd(NH,),]CI, (3) until a yellow precipitate formed. The -0 

trat~.r-Pd(KH,),CI, was filtered, washed with water and 2 
* 4l h,, ='e\ 

ethanol, and air dried. cis-Pd(NH3),Cl2 was prepared by >z,, 

adding AgCIO, to [Pd(NH,),]CI, in a 0.2 $1 HC!O4 \ \ 

solution (4). The precipitated AgCl was filtered off and 
"., -\, 

the solution left to stand overnight. A concentrated solu- \x 

lion of NaCl was added (5) and the precipitated yellow 4 l0I \,". 
soiid was filtered, rapidly washed with water, followed by " \> 
washings with ethanol and ether, and dried in cacuo. 

2 
\, * x ~ $  

Both samples were evacuated for 48 h to insure removal 
of water and promote desorption of oxygen. 

Proton continuous wave spectra were obtained from 10 I I I I I 

a 16 MHz spectrometer described elsewhere (6). T ,  values 3 5 7 9 1 1  

were obtained at  30 MHz as described previously (7). I / T  ( x  lo3) 
The calculated points shown in Fig. 1 were computed FIG. I .  to L.S. reciprocal temperature ("K). 
using a nonlinear least-squares program (BMD) (8). 
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ULRICH AND DUNELL: MOLE 

the cis complex is 6.5 + 0.5 G 2  at 77 K and 
remains at  this value to above 200 K, at  which 
point saturation effects make spectral observa- 
tion difficult for the size of sample available. The 
theoretical intra-ammine rigid lattice second 
moment is 33.6 G 2  (N-H assumed to be 1.02 A 
and H-N-H angles assumed tetrahedral). The 
interammine, intramolecular contributions to 
the theoretical rigid lattice second moment are 
0.09 G 2  for the trans isomer and 1.08 G 2  for 
the cis isomer (N-Pd assumed to be 2.1 A and 
geometry assumed to be square planar). Inter- 
molecular contributions can be estimated as 1 
or 2 G 2  in each case. Reorientation of the NH, 
groups about their C,  axes will reduce the intra- 
ammine theoretical second by a factor of 4 to 
8.4 G 2  and reduce the small remaining second 
moment contributions by a factor of about 2. 
Thus the observed second moment of the trans 
isomer at 77 K is consistent with C ,  reorienta- 
tion of both NH, groups about their N-Pd 
axes and the observed second moment of the cis 
isomer at 77 K indicates that there is some 
additional motion superimposed on C, reorien- 
tation of both ammine groups. A second moment 
value of 7.5 G 2  for the trans complex at 300 K is 
too large to be consistent with any whole mole- 
cule reorientation about an axis having an n-fold 
(n 2 3) potential barrier. While the second 
moment might be consistent with a mechanism 
in which the whole molecule makes 180" jumps 
about a C, axis, such a mechanism is obviated 
by the discussioll in the section on spin-lattice 
relaxation. Similar arguments apply to the cis 
complex. The observed changes in second 
moment for the trans complex appear to be con- 
sistent with libration of the whole moiecule. A 
similar interpretation has been tnade of the 
results of second moment studies on cis and 
trans cobait complexes (1). While there is no 
change in second moment with temperature for 
the cis complex, its value can also be explained 
by libration of the whole molecule superimposed 
on reorientation of both the ammice groups. 
That the second moment is unchanging with 
temperature suggests the angular amplitude of 
oscillation of the cis isomer is unchanging with 
temperature in the observed range. Given that 
these complexes are square planar, one assumes 
that libration about the axis through Pd and 
perpendicular to the plane of the complex will 
be most easily allowed by the lattice. For such 

CULAR MOTION IN Pd(NH3)2C12 3379 

an axis and for an interammine (including inter- 
molecular) contribution of 1 to 2 G 2  in the 
given motional state, a librational amplitude of 
30 & 10" will give a theoretical second moment 
agreeing with experiment for these isomers. 

Figure 1 shows the results of spin-lattice 
relaxation time measurements for both com- 
plexes. Since the time dependence of the Z com- 
ponent of magnetization was clearly nonex- 
ponential throughout the temperature range 
studied, we have plotted the time to at  which 
M, = 0, the so called 'null point' of the mag- 
netization decay curve. 

The to curve for the cis complex is heading 
toward a presumed minimum. We believe this 
minimum would represent the C,  reorientation 
of the ammine group(s). Since a mini~num has 
not been reached we cannot state whether its 
depth corresponds to the reorientation of both 
arnnline groups at approximately the Larmor 
frequency, for which the to minimum would 
theoretically (1) be 10.5 ms, or to the reorienta- 
tion of only one ammine group at this frequency, 
for which the theoretical rninimurn would be 
twice as large. A least squares fit of the linear 
portion of the log to LY. T- '  curve gives an acti- 
vation energy of 1.22 & 0.01 kcal mcl-'. 

The mininlum in f, for the trans complex is 
broad and flat. and an attempt to fit the curve to 
an analytical form containing one BPP expres- 
sion was very unsatisfactory. The best fit was 
obtained for a function which was the sum of 
two BPP terms (that is, to- '  = to,-' + to,-'). 
The experimental points \?;ere weighted by a 
factor to2. This weighting corrected for the fact 
that the mean square error was computed on the 
difference between i/fo~obs) and l / t  Since 
Q(l/to) is small for large to, the fit was not satis- 
factory in the long to region. Weighting by a 
factor to2 in effect produced a fit in to rather 
than l/fo and greatly improved the final agree- 
ment. 

The parameiers of best fit were: component A, 
to(min) = 31 ms, o),~," = 6.2 x 1 K 6 ,  and acti- 
vation energy = 1.8 kcal mol-' ; component B, 
to(min) = 37 ms, o 0 ~ , "  = 5.2 x l K 5 ,  and E = 
1.9 kcal mol-l. The uncertainties in the param- 
eters for component A are large owing to a small 
number of data points in the range most affecting 
this component of the total to curve. 

The resolution into two minima (of about 
equal depth) necessitates the conclusion that two 
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ammine groups are inequivalent. The inequiva- 
lence of ammine groups has been observed in 
several cobalt ammine complexes (I ,  9). We 
cannot, however, state with certainty that the 
two inequivalent ammine groups are attached 
to the same palladium atom. There is evidence 
(10) to suggest trans-Pd(NH,),Cl, exists as a 
mixture of tetragonal and monoclinic forms at 
room temperature and this possibly accounts 
for the deviation from a straight line in Fig. 1 in 
the temperature range 200-250 K. This could, 
therefore, be an alternate explanation for the 
double minimum. Either interpretation is con- 
sistent with the suggestion from infrared work 
(I I) that there is a more hindered ammine group. 

If one assumes the bond lengths and angles 
noted earlier, together with the Pd-Cl = 2.3 A, 
one obtains slightly closer contact between NH, 
and neighboring ligands on the same Pd in the 
cis configuration than in the trans configuration. 
The activation energy for ammine group reorien- 
tation in the cis complex is, however, lower than 
that in the trans complex. It seems, therefore, 
that the higher activation energy for alnmine 
group reorientation in the trans isomer is a result 
of intermolecular interactions. Whether this is a 
consequence of denser packing (more Van der 
Waals interactions) or more hydrogen bonding 
we cannot state in the absence of X-ray work. 

Because the internuclear H-H vector is not 

orthogonal to any C, axes except the N-Pd-N 
axis in the trans configuration or the N-Pd-CI 
axis in the cis configuration, we suggested that a 
C, jump mechanism could account for the ob- 
served second moments. A shallow minimum in 
to is predicted if such motion exists, and the 
absence of a minimum in to above 100 K negates 
a C, jump motion in these systems. 

We are grateful to the National Research Council of 
Canada for a grant-in-aid of this research. 
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New Synthesis sf Nitroxyl Radicals of the Piperidine 
and Tetrahydropyridine Series1 

LAWRENCE T. L. WONG, ROBERT S C H W E N K , ~  A N D  J. CARLETON HSIA 
Department of  Pharmacology, Faculty of Medicine, Ufliversity of Toronto, Toronto, Ontario M5S iA8 

Received November 16, 19733 

LAWRENCE T. L .  WONG, ROBERT SCHWENK, and J. CARLETON HSIA. Can. J. Chem. 52,3381 
(1974). 

1-Oxyl-2,2,6,6-tetramethyl-4-piperidone cyanohydrin (5) was prepared by addition of HCN 
to 1-oxyl-2,2,6,6-tetramethyl-4-piperidone (4). The cyanohydrin was used to synthesize 1-oxyl- 
4-carboxy-2,2,6,6-tetran~ethylpiperidine (2)  and 1-oxyl-4-carboxy-2,2,6,6-tetramethyl-1,2,5,6- 
tetrahydropyridine (3) which are useful nitroxyl radicals for spin labeling studies. 

LAWRENCE T. L. WONG, ROBERT SCHWENK et J. CARLETON HSIA. Can. J .  Chem. 52, 3381 
(1974). 

La cyanohydrine de l'oxyl-1 tetramethyl-2,2,6,6 piperidone-4 (5) est prCparCe par addition de 
HCN sur la cetone correspondante 4. La cyanohydrine peut &tre utilisee pour synthetiser 
l'oxyl-1 carboxy-4 tetramethyl-2,2,6,6 piperidine (2) ainsi que l'oxyl-1 carboxy-4 tetramethyl- 
2,2,6,6 tetrahydro-1,2,5,6 pyridine (3) qui sont des radicaux nitroxyles utiles pour des etudes 
de marquage de spin. [Traduit par le journal] 

Over the past several years, nitroxide free 
radicals have been extensively used as 'spin- 
label' probes to investigate the structures and 
conformations of bio~llacromolecules and bio- 
membranes (1). Often, investigators will use two 
different types of nitroxide spin labels to reveal 
subtle confor~national changes that may escape 
detection if only one type of spin label is used. 
McConnell and co-workers (2), for example, 
used both a pyrrolidine and piperidine spin label 
in their conformational study of spin labeled 
horse homoglobin. Recently, in our studies of 
the mode of action of drugs using the spin label 
technique, we required the carboxylic acid deriv- 
atives of the pyrrolidine and piperidine nitrox- 
ides (1 and 2, respectively). Although consider- 
able effort has been spent in the synthesis of 

pyrrolidine and piperidine nitroxyl radicals with 
various functional substituents (3), a review of 
the literature reveals that although the synthesis 

'Supported by Grant MA-4129 and MRC-DA-6 from 
the Medical Research Council and Department of Nation- 
al Health and Welfare of Canada. 

'MRC Postdoctoral Fellow, 1972-1973. 
3Revision received June 21, 1974. 

of the pyrrolidine derivative 1 has been reported, 
the synthesis of the piperidine derivative 2 and of 
the corresponding 1,2,5,6-tetrahydropyridine de- 
rivative 3, have not. In this paper, therefore, we 
report the synthesis of these compounds in high 
yields starting from the parent ketone, 1-oxyl- 
2,2,6,6-tetramethyl-4-piperidone (4). 

The syntheses of 2 and 3 are outlined in 
Scheme 1. The cyanohydrin 5 was prepared 
quite readily and in almost quantitative yield by 
addition of hydrogen cyanic acid (HCN) to the 
ketone (4). The cyanohydrin 5 was then dehy- 
drated with phosphorus oxychloride and pyri- 
dine to give 1-oxyl-4-cyano-2,2,6,6-tetramethyl- 
1,2,5,6-tetrahydropyridine (6). The i.r. spectrum 
of conlpound 6 shows a strong absorption peak 
at  2220 em-', indicating the presence of an a,P- 
unsaturated nitrile. Oxidation of 6 with hydro- 
gen peroxide catalyzed by sodium tungstate - 
ethylenediaminetetraacetic acid sodium salt (4) 
gave 1 - oxyl-4-carbamoyl-2,2,6,6-tetramethyl- 
1,2,5,6-tetrahydropyridine (7) which was then 
hydrolyzed in aqueous barium hydroxide sol- 
ution to yield 1-oxyl-4-carboxyl-2,2,6,6-tetra- 
methyl-l,2,5,6-tetrahydropyridine (3). The nitrile 
6 can also be converted directly to the acid 3 
using Ba(OH),. 

For the synthesis of the saturated nitroxide 
carboxylic acid 2, compound 3 was treated with 
diazomethane (5) to give the corresponding 
methyl ester derivative 8, which was then hydro- 
genated at  low pressure over Adam's platinum 
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oxide catalyst to give 1-oxyl-4-methoxycar- 
bonyl-2,2,6,6-tetramethylpiperidine (9). The hy- 
drogenation was accompanied by the reduction 
of the nitroxide to the hydroxylarnine (6) which, 
on exposure to air, \vas reoxidized slowly back 
to  the nitroxide. Complete re-oxidation was en- 
sured by treatment of the recovered product with 
lead dioxide (7). Compound 9 was hydrolyzed 
with Ba(OH), to give I-oxyl-4-carboxyl-2,2,6,6- 
tetramethylpiperidine (2) as pink needle crystals. 

The successful preparation of I -oxyl-2,2,6,6- 
tetramethyl-4-piperidone cyanohydrin (5) from 
ketone 4 de~nonstrates another selective reaction 
of the nitroxide free radical which does not in- 
volve reaction with the free valence. The car- 
boxylic acid nitroxides 2 and 3 prepared can now 
be converted readily to useful spin labelling sub- 
strates for use to label and study biological sys- 
tems in a manner similar to their five-membered 
ring counterparts (8, 9). 

Experimental 
Infrared spectra \\.ere recorded on a Perkin-Elmer 

model 710 A spectrometer. Mass spectra were recorded 
on  a Bell and Howell 21-490 spectrometer. C o l ~ ~ r n n  
chromatography was performed  sing silica gel obtained 
from Davison Chemical (Grade 950, 60-200 mesh). All 
melting points were determined on  a Fisher-Johns melting 
point apparatus and are ~lncorrected. Ele~iiental analyses 
nere  performed by Microanalyses Laboratory, Toronto.  

I-O.r~I-2.2,6,6-reti.an1erh?.l-4-11@erido~e Cj.nilol~ydrin (5) 
T o  a solution of 30 g (0.176 mol) of 1 -oxyl-2,2,6,6-tetra- 

methyl-4-piperidone (4) in 100 mi of tetrahydrofuran was 
added a solution of 26 g (0.528 mol) of sodium cyanide in 
100 ml of water and the resulting mixture was cooled to  
5" in a n  ice bath. T o  this was added 52 g (0.528 mol) of 
30% sulfuric acid at  such a rate that the temperature of 
the reaction mixture never exceeded 15^. When the addi- 

'HEME 1 

tion of sulfilric acid was complete, the solution was ex- 
tracted with three 50-ml portions of ether. The ether 
extracts were combined, dried over magnesium sulfate, 
and evaporated under reduced pressure to give 35 g 
(100% yield) of 1-oxyl-2,2,6,6-tetraniethyl-4-piperidone 
cyanohydrin (5) as a red syrup. Crystallization from 
hexane-ether gave orange crystals, 1ii.p. 116-118'; i.r. 
(CHC1,): 3570 cm-'  (free OH),  3300 cm-'  (H-bonded 
OH),  2240 cm- '  (C=N, weak). Mass spectrum (mle): 
M +  197; A, (CHCI,): 15.0 f 0.1 G ; g v a l u e  = 2.0055 i 
0.0001. 

Spinslrnol calcd.: 6.0 x loz3.  Found:  6.1 x loz3 .  
Anal. Calcd. : C,  60.91 ; H ,  8.63 ; N, 14.21. Found:  C, 

60.88; H. 8.98; N, 14.00. 

I-Oxyl-4-cyano-2,2,6,6-tefratnetI1~~I-I ,2,5,6-tet1'ahydro- 
pj~ridine (6)  

T o  a solution of 1 g (5 mmol) of the cyanohydrin 5 dis- 
solved in 20 nil of dry pyridine was added 1 ml of freshly 
distilled phosphorus oxpchloride and the resulting solu- 
tion \vas stored at  room teriiperature in the dark over- 
night. The excess phosphorus oxychloride was decom- 
posed by slow addition of water (10 nil) and the solution 
was then exhaustively extracted mith ether. The ether 
extracts were combined, mashed with 1 h' HCI, and dried 
over magnesium sulfate. Evaporation to dryness gave a 
brown solid \\hich was purified b> column chromatog- 
raphy using EtOAC-hexane ( 2 : l  by volume) as the 
eluting solvent. Frorii this there was obtained 0.7 g (78% 
yield) of 1 -oxyl-4-cyano-2.2,6,6-tetraniethyl-l,2,5,6-tetra- 
hydropyridine (6) as  a reddish-bronn solid, n1.p. 75-77.; 
i.r. : 2220 c m l  (unsaturated C=N, strong), 1650 (C=C); 
mass spectrum (ril'e): M +  179, A ,  (CHCI,): 15.0 f 
0.1 G ,  g value: 2.0055 i 0.0001. 

Spinsirno1 calcd.: 6.0 x Found:  6.0 x 
Anal. Calcd.: C ,  67.04: H,  8.34; N ,  15.64. Found:  

C,  66.83; H ,  8.15; N ,  15.37. 

I-Ox~I-4-cni.bamoyl-2,2,6,6-teti'ai~1eth~~l-1,2,5,6-teti'a- 
hydopyridine (7 )  

T o  a solution of 0.3 g (1.68 mmol) of the nitrile 6 in 
1 nil of methanol and 1 ml of water was added 0.5 ml of 
3 0 z  hydrogen peroxide and catalytic amounts of sodium 
tungstate and Trilon-B (3, 7). The resulting solution was 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Chloride Quantum Yields from Photolysis of Chloropentammine 
and Chloropentakisalkylamino Chromium(II1) Complexes 

C. F. C. WONG A N D  A.  D. KIRK' 
Departr?.retlt qf CI7en1istry, Uni~,ersity of Victorin, Victorin, British Colr~mbia V8W 2Y2 

Received May 31, 1974 

C. F. C. WONG and A. D. KIRK. Can. J. Chem. 52,3384(1974). 
Determination of chloride quantun~ yields in the photolysis of [Cr(NH,),Cll2+ and chloro- 

pentakisalkylamino con~plexes has yielded values up to an order of magnitude lower than 
those reported in the literature. These determinations are described and the importance of the 
thermal production of chloride from the main photoproduct as a source of error is discussed. 
The similarity of the chloride quantum yields for the series of con~plexes confirm that our 
results for [Cr(NH3),C1I2+, which are at  least an order of magnitude lower than the lowest 
reported in the literature, are closer to the correct value than the earlier data. 

C.  F. C.  W ~ N G  et A. D. KIRK. Can. J. Chen~ .  52,3384(1974). 
La determination des rendenients quantiques en chlorure lors de la photolyse des con~plexes 

[Cr(NH3),CI]Z+ et du chloropentakisalkylaniino correspondant conduit a des valeurs qui sont 
pl~ls basses que celles rapportees dans la litterature; les differences atteignent jusqu'a un ordre 
de grandeur. On decrit ces determinations et on discute de I'importance de la productioll 
therniique de chlorure a partir du photoproduit principal comme source d'erreur. La similitude 
des rendements quantiqi~es de chlori~re pour une serie de complexes confirme que nos resultats 
pour le [Cr(NH,),Cl]*+, qui sont au rnoins un ordre de grandeur bas que les plus bas 
rapportes dans la l i t te ra t~~re  sont plus proches de la realite que les valeurs anterieures. 

[Traduit par le journal] 

Progress toward an understanding of chro- 
miuni(I11) photochemistry (see several papers 
in ref. 1) has placed fresh emphasis upon in- 
formation on the ratios of reaction modes and 
their dependence on the nature of the ligands, 
the wavelength of irradiation, temperature, etc. 
As has been observed before (2) some of the 
data in the literature is inaccurate and not in 
unanimity. The quantum yield data for chloride 
release from chloropentammine chromium(I11) 
ion (2-6), given in Table 1, is no exception. In 
the course of a study of solvent effects on the 
photolysis of chloropeiitammine and chloro- 
pentakisalkylamine chromium(1II) complexes 
(7), we have had occasion to redeterniine the 
photolysis quantum yield of chloride from the 
complexes. We have found yields at  least an 
order of magnitude lower than previously 
reported. 

Con~plexes of the type [Cr(RNH,),C1I2+ show 
two photochemical reaction modes in acid 
solution 

'To whom correspondence should be addressed 

where reaction 1 is favored. In addition the 
thernial reaction corresponding to [2] occurs 
slowly. Where one is working with relatively 
low intensity monochromatic light, the major 
problems in determining a quantum yield for 
chloride with any degree of precision are the 
thermal reaction 2 and the thermal lability of 
the major photoproduct, [Cr(RNH,)4H,0C1]2f, 
which releases chloride by the secondary thermal 
reaction 

TABLE 1. Chloride quantum yield data for 
[Cr(NH3),CII2 + 

*Measured in dimethylsulfoxide. 
?Measured in 50% aqueous ethanol. 
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WONG AND KIRK ON CHLORIDE QUANTUM YIELDS 3385 

[3] [Cr(RNH2),H20C1I2+ + HzO ----+ chloride ion yielded the curve shown in Fig. 1, 
[ , - r ( ~ ~ ~ 2 ) , ( ~ 2 0 ) 2 1 3 +  + ~ 1 -  which illustrates the more rapid rate of thermal 

decomposition of the photoproduct (at 20 "C, k2 
Reaction 3 is often much faster than reaction for [Cr(CH3~H2) ,C11~+ is 8.8 10-8 s - ~ ,  

2, Amongst previous workers Moggi et ~ 1 .  (81, while k3 for cis(?)-[~r(~~3~~2)4~2~Cl]2t is 
Langford and Tipping (5): and Wehry (6) 1.0 s - l )  and the overwllelming con- 

this latter process, which tribution that this nlakes to the chloride 
may therefore have caused their chloride yields release. Consequently the method adopted for 
to be high; it should be noted, however, that chloride determinatioll in this work emphasized 
Langford and Tipping quoted an upper low coi~versioils of complex and continuous 
liinit for the quantum yield of chloride in chloride measurements, 
dimethyl sulfoxide. Wasgestian and Schlafer The chloride concentration in the stirred 
(3) applied an a ~ ~ r o x i l n a t e  correction which solution was lnonitored contilluously duril1g 
seems reasonable but their results are still irradiation using a chloride concentration cell 
much higher than ours. Because of the large (3), masked to avoid photovoltaic effects. 
wavelength variation of $,I- (319 this might Table 2 gives the conditions of the runs, and 
have been due to the presence of short wave- the measured chloride quantum yields cal- 
length light. culated in two ways. In the first, reaction 3 was 

The magnitude that the effect may assume ignored and the total chloride assumed to 
was made during Our study of be produced by reaction 2, photochemically and 
[Cr(CH3NH2)5C1]2+, for which, at 20 "3 the thermally. A correction for the thermal produc- 
apparent rose from 3.0 t' tion of chloride by reaction 2 was then applied. 
1.0 for photolysis times looO Thus this should be an upper limit, in some 
(7% decomposition) and 2000 s (15% decOm~Osi- cases genero~s, for +,,-. In the second, reaction 
tion) respectively. Continuous monitoring of 3 for by the method of was- 

gestian and Schlafer, or by a modification 

6 

- 
5 -  s 

2 - - 
5 - 4 -  

3 -  

o 2 4 6 than had previously been thought. Thus, for 
time x 70-3s chloropentammine the results of Wasgestian and 

FIG. 1 .  Concentration as. time for thermal and co-worker (3) show +,,- at 250 nm to be 0.2 
photochemical chlorlde release in the photolysis of 
[Cr(CH3NH2),C1]2+, temperature = 20 "C, complex = falling off our value of < 3  x at 565 nm. 
1.0 10-2 M ? ,,,,,, = 546 nm, p~ = 3.0, ionic A fall off of this magnitude is probably more 
strength = 0.10. consistent than the earlier results with the 

I , thereof. As is seen, even the extreme upper 
limits for $ , ,  are an order of magnitude 
lower than the previously reported values. 

The data in Table 2 show that for the whole 
- series of complexes, both in water, and in the 

acetonelwater solvent mixture necessary for 
solution of the higher alkylamine complexes, 
the chloride quantum yields for irradiation at 
565 nm into the lowest energy quartet absorp- 
tion band are consistently very small and lie in 
the range of 1 -+ 4 x This we consider is 
good confirmatory evidence that the value of 
3 x or less found for [C~(NH, ) ,C~]~+  is 
closer to the correct value than the earlier data 
quoted in Table 1. 

These results illustrate that thermal reactions 
cannot always be corrected for by subtracting a 

J' dark thermal run from the irradiated sample. 

: ,/ 
- 

I ../. 
---Y I I 

Of more significance, however, is the observa- 
tion that the photochemical chloride yield drops 
off more rapidly with increasing wavelength 
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TABLE 2. Chloride quanlurn yield data for Cr(RNH2),Cl2+ 
- 

RNH2 ?.(nm) Y,  conversion &I- " &I - .b Comments 
- -  - 

NH3 40 1 2 .4  (2_+3)x 1 0 - ~  2 x lo-' M 
565 3 .5  (0_+3)x lo-4 in water 

CHjNH2 40 1 3 . 2  2 x  lo-3  1 x 2 x  lO-'M 
565 6 .9  3 x lo-4  2 x lo-4 in water 

CH3CH2NH2 565 8 .7  1 x lo-4  8 x  lo- '  9 x  M 
in water 

n-PrNH, 565 4 .5  2 x  lo-4  1 x 1 0 - ~  1 x M in 
33% acetone 

*This quantum bield represents an extreme upper limit calculated from photoproduced chloride plus any  thermal CI- from the main photo- 
product. 

?Quantum yield, corrected as far as possible for thermal decomposition of the main photoproduct. 

suggestion (3) that the chloride release in the 
first and second d-d transition regions arises 
froin some charge transfer character in the 
corresponding excited states. In addition it shows 
that the ratio +,,,,'+,,- for irradiation into the 
first ligand field band is a t  least 1000, showi~lg 
the photolysis mode for this complex is even 
lllore selective than previously thought. 

The authors wish to acknowledge the financial support 
of the National Research Council of Canada and the 
Uni\.ersity of Victoria Faculty Research Fund. C .  F. C. 
Wong wishes to acknowledge the award of a University 
of Victoria Graduate Scholarship. 
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Gationic Aryltetrazene Complexes of Iridium 

ALAN B .  GILCHRIST AND DEREK SUTTON' 
Department of  Clzetnistrly, Simon Fraser Unicersity, Burnaby, British Colutnbia VSA IS6 

Received April 29, 1974 

ALAN B. GILCHKIST and DEREK SUTTON. Can. J. Chem. 52,3387 (1974) 
The details of the synthesis and properties of a number of cationic iridium aryltetrazene 

complexes of general formula [Ir(CO) {N,(C,H,R), :(PPh,),] + where R = H or paru-F, C1, 
Br, CF,, or OCH, are presented. The conlplexes are compared with a number of other com- 
pounds possessing tetrazene or tetraazadiene ligands. A possible mechanism of formation is 
presented, consistent with presently available evidence. 

ALAN B. GILCHRIST et DEREK SUTTON. Can. J. Chem. 52,3387 (1974). 
On rapporte les details de la synthese et les proprietes d'un certain noinbre de complexes 

cationiq~ies iridium aryltetrazene de formule generale [Ir(CO){N4(C6H4R)2j(PPh3)2]t dans 
lesquels R = H ou para-F, C1, Rr, CF, ou OCH,. On compare ces complexes avec un certain 
nombre d'autres coniposCs posstdant des ligands tetrazene ou tetraazadiene. On presente un 
mtcanisme possible pour la formation qui est en accord avec les donnees experimentales 
disponibles actuellement. [Traduit par le journal] 

Introduction 
The tendency of nitrogen toward catenation is 

severely limited by the low enthalpy of the 
N-N single bond compared with that of N-N 
multiple bonds, so that examples are few. 
Two l,4-substituted tetranuclear species have 
been described, 1,4-disubstituted tetraazadiene 
RN=N-N=NR' and 1,4-tetrasubstituted 
tetrazene R(R')N-N=N-NR1'(R"') (1). Ex- 
amples of the tetrazene have been synthesized, 
but there appear to be no known examples of 
the tetraazadiene. In recent years, however, 
there have appeared a number of papers (2-9) 
describing compounds in which a ligand R2N,, 
formally of the tetraazadiene type, is bound to a 
transition metal. These include the preliminary 
details (8), and the X-ray structure determina- 
tion (9) of one of the compounds described in 
this paper. 

The structural and bonding features inter- 
relating these two tetranitrogen species have 
their parallel in the possible representations for 
the binding of an R2N, ligand to a metal ion, as 
illustrated in the following diagrams. Structure 1 

&Ej +g 
// \\ / 

R-N R-N 'N-R 
\ / 

M"+ M " +  

'To whom correspondence should be addressed. 

involves conventional bidentate coordination 
of the tetraazadiene ligand, whereas in structure 2 
we have an  electron distribution closely 
analogous to that in the tetrazene itself, and 
which may be envisaged as arising from oxidative 
addition of the diene across Mnf 

FN J~--"\\ d R-N N-R 
R-N)..-+ N-R ' ,' 

M"+ M"+ 

or  viewed as coordination of the bidentate 
dianion to M("+2)f 

Whatever the description, the metal in structure 2 
is formally 2e--oxidized. By virtue of their 
delocalized n-systems, tetraazadienes clearly be- 
long to the class of so-called "suspect" ligands 
like 1,2-diimines and 1,2-dithiolenes (10) with 
the result that observed dimensions within the 
metallocycle may approximate to either valence- 
bond extreme 1 or 2, or  may even be inter- 
mediate, depending on the nature of the metal 
and the other ligands present. Furthermore, 
there can occur involvement of unshared 
electrons on the coordinating nitrogen atoms in 
the n-electron system of the heterocycle through 
valence-bond structures such as 3a or 36 
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Compounds which, on various grounds, have 
been considered to  approximate to extreme 1 
have been generally referred to as tetraazadiene 
complexes (3, 7). The X-ray structural results 
on  one of the iridium complexes reported here 
(9) indicate a n  electron distribution more 
closely approximating to 3, and these com- 
pounds are therefore referred to as tetrazene 
complexes in this work. 

Results and Discussion 
The aryltetrazene complexes 4 were readily 

prepared by the addition of the requisite 
aryldiazonium tetrafluoroborate and ethanol or 
isopropanol to a benzene solution of Vaska's 
complex trans-IrCl(CO)(PPh,),. The mole ratio 
of iridium compound to diazonium salt was 
held at  1 : 1. Although the apparent stoichiometry 
of the reaction suggests a 1 : 2  ratio this did not 
prove beneficial in practice as no significant 
improvenie~lt in yield resulted, and the product 
was then contaminated with a persistent small 
amount of diazonium salt. The alcohol: benzene 

ratio used was 1 :  10 (v:v), since with this ratio 
the complex generally crystallized out easily 
on  cooling or slow evaporation. Experiments 
employing a higher alcohol content usually 
resulted in no crystallization of tetrazene, and 
loss of tetrazene during the work up in the 
isolation of yellow aryldiazene (aryldiimide) 
co-products described elsewhere (1 I ) .  Attempts 
to  isolate derivatives other than those, 4a-f, 
listed in Table 1 were unsuccessful. Reactions 
with p-NEt, and p-OH phenyldiazonium ions 
showed no visible evidence (e.g., color) for 

tetrazene formation and substantial amounts 
(ca. 70% for p-NEt,) of the unreacted dia- 
zonium salt and iridium compound were 
recovered. Electron-donor substituents on the 
aromatic nucleus evidently hinder the formation 
of the complex, as indicated not only by these 
two unsuccessful reactions, but also by the 
low yield, and substantial amount of recovered 
diazoniu~n salt (-10%) for the p-methoxy 
derivative. N o  isolation of complexes was 
accomplished for ortho- or  mefa-F, C1, Br, NO,, 
CH,, and OCH, substituted phenyldiazonium 
salts, but the red solutions formed in these 
reactions exhibited electronic spectra con- 
taining the 500 nni band typically found for the 
characterized tetrazene complexes and the 
formation of analogous complexes in solution in 
these cases is inferred. Most notably. no evidence 
for the formation of tetrazene complexes is 
observed at  all in the case of the ortllo di- 
substituted diazonium salts examined (2,6- 
difluoro-, 2,6-dichloro, and 2,6-dimethylphenyl- 
diazoniuni tetrafluoroborates). This is attributed 
to extreme steric interference at  the carbon- 
bonded nitrogen atom, preventing its close 
approach to iridium. 

The aryltetrazene complexes which were 
isolated are deep-red, diamagnetic crystalline 
solids. They are quite stable in air for prolonged 
periods and toward moderate heating as 
demonstrated by their deco~liposition tempera- 
tures (Table 1). They are soluble in ethanol, 
methanol, acetone, acetonitrile, nitromethane, 
chloroform, and dichlorometha~le and insoluble 
in diethyl ether, benzene, aliphatic hydrocarbons, 
and water. They appear to be unstable in 
chlorinated solvents, the product obtained on 
attempted recrystallization from CH2C12 giving 
high and irrational analysis for chlorine. 
The molar electrical conductance measured for 
4b in nitromethane at  25" was AM = 105 ohm-'  
mol-I cm2 at  3.7 x M and A, = 117 a t  
1.5 x M.  These values are typical for 1 : 1 
electrolytes (12) and comparable values were 
obtained for [Ir(CO)CI(NO)(PPh,),IBF4 (13) 
(A, = 100 (1.7 x M) and 116 (6.6 x 

M)) and C,H,N2BF4 (A, = 115 at  
4.5 x M). Pyrolysis of 4b at  550" under 
high vacuum, and subsequent gas chromato- 
graphic analysis of the non-condensible gases 
yielded 1 mol C O  and, significantly, 1 mol N, 
per mol complex rather than the 2 mol N, ex- 
pected for a bisaryldiazo complex. 
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The infrared spectra of all the complexes 
exhibited a strong v(C0) absorption in the 
region of 2050 cm-', (Table 1) representing a 
considerable upward wavenumber shift from 
v(C0) in IrCl(CO)(PPh,), (1965 cm-') con- 
sistent with the assignment of a formal Ir(II1) 
oxidation state. By comparison, [IrCO(Cl)- 
NO(PPh,),]BF, has v(C0) at 2050 cm-' (13). 
The value of v(C0) increases with increas- 
ing positive value of the Hammett constant 
(0,) of the p-substituent R in the sequence 
OCH, (o, = -0.27) < H (0.0) < F (0.06) = C1 
(0.23) < Br (0.23) < CF, (0.54). The relation- 
ship is not linear, and this may be a result 
of the v(C0) values being determined from 
solid-state i.r. spectra. Nevertheless the general 
trend demonstrates that the electron with- 
drawing effect of an aryl substituent is relayed 
to the iridium decreasing the electron density 
at iridium available for back-bonding to the 
carbonyl group. No ~nfrared bands assignable 
to NN-stretching of the tetrazene ligand were 
detected, and isotopic substitution with 15N 
using p-FC,H4'4N~15NBF4 in the synthesis 
failed to show a frequency shift for any of the 
observed i.r. bands of 46. Raman spectra were 
unobtainable owing to decomposition under 
He-Ne laser irradiation. 

The 19F n.m.r. spectrum measured at 
56.4 MHz for a CDC1, solution of 46 exhibited 
a weak signal at +6230 Hz and a strong signal 
at + 8778 Hz (downfield relative to internal 
CC1,F) assigned as due to the p-F and BF,- 
fluorines respectively. The shifts may be com- 
pared with values of +6135 Hz (p-F) and 
+ 8585 Hz (BF,-) reported for [Pt(FC,H,- 
NNH)(PEt,),Cl]BF, (14). The proton n.m.r. 
spectrum of 4b in CDCI, showed two broad 
multiplet peaks centered at T 2.9 and T 3.8 
respectively, with integrated intensities corre- 
sponding to 40 protons and 4 protons re- 
spectively. A tentative assignment is that the 
T 2.9 signal consists of a contribution from m- 
protons (relatively deshielded by the adjacent 
fluorine) of the tetrazene aryl substituents as 
well as the expected phenyl phosphine and 
benzene solvate contributions, whilst the less- 
deshielded o-protons give rise to the T 3.8 signal. 

The electronic spectra of the complexes 
(Table 1) consisted of three broad, intense 
overlapping bands in the region 350-600 nm. 
The detailed assignment of these bands is not 
known at the present time. The highest energy 

band (360-410 nm) varies in position with the 
nature of the p-substituent, but shows no simple 
trend. The remaining two bands, at ca. 440 and 
500 nm do not show positional shifts. The 
extinction coefficients of all three bands are 
greater than lo3 suggesting that they originate 
in relatively "allowed" electronic transitions, 
such as metal-ligand or intra-ligand (tetrazene) 
transitions. However, in view of the low sym- 
metry of this pentacoordinate complex, and 
previously observed unusually intense d-d 
transitions in some pentacoordinate complexes 
(15), the possibility that the presently observed 
bands are due to d-d transitions cannot yet be 
excluded. An examination of the literature on 
other established (2, 3) or proposed (4-7) 
tetrazeneltetraazadiene complexes reveals that 
whilst these display a wide variety of colors, 
the actual svectral bands have seldom been 
reported. ~ h ; s  it is not possible to say whether 
the presently observed spectrum contains features 
to be considered as typical of the tetrazene 
ligand. 

The X-ray structure determination (9) carried 
out on 46 yielded dimensions within the metal- 
locycle which were interpreted to indicate an 
electronic structure corresponding to a tetra- 
zene, together with a degree of multiple bonding 
between the iridium atom and the adjacent 
nitrogen atoms, as depicted in the structure 
illustrated for 4. A semi-empirical (CNDO) 
calculation (16a) performed on the simplified 
model ion [Ir(N,H,)(CO)(PH,),]+, whose geom- 
etry was assuiiied similar to that of 4b, agrees 
with this picture. For example, the bond order 
of the bond between the inner nitrogen atoms is 
calculated to be significantly greater than that 
of the outer N-N bonds, and the Ir atom 
contributes about 2e- to the n-system of the 
metallocycle and is positively charged (ca. 
0.33e-). These results contrast with the results 
of a similar calculation on the tetraazadiene 
complex Fe{N,(CH,),}(CO), (16b). 

We now turn to a discussion of the mechanism 
of the reaction. First, it should be noted that the 
sum of two aryldiazonium ions is two electrons 
short of being isoelectronic with a tetraazadiene 
ligand. Recognizing this, Carty (17) has pro- 
posed a mechanism involving a formal 2- 
electron transfer from the iridium atom in 
Vaska's complex in the process of coupling 
two diazonium ions. Unfortunately, this mecha- 
nism yields a hypothetical complex which is 
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TABLE 2. Comparison of yields 
- 

Yield (mmol) 
- 

Orthometallated 
Reaction in C6H6/PrLOH* diazene Tetrazene Acetone 

- - 

p-BrC6H4Nz+ + V 0.028 0.027 0.054 

p-FCsH,Nz+ + AgBF, + V 0.024 0.056 0.082 

o-FzC6H3N2+ + V Nil Nil 0.082 

*V = Vaska's complex, IrCI(CO)(PPh,)2. 

still two electrons short of being isoelectronic 
with 4, since it must result in a tripositive 
tetraazadiene complex cation of iridium(111), 
whereas the observed compound is a mono- 
positive tetrazene complex cation of iridium(II1) 
(i.e., isoelectronic with a monopositive tetra- 
azadiene complex cation of Ir(1)). The proper 
overall reaction is represented in reaction I 

and the problem centers on the nature of the re- 
duction process involved. 

We have not yet been able to establish 
reaction conditions in which competing re- 
actions giving rise to coproducts such as the 
aryldiazene complex (1 1) are more-or-less 
eliminated and so no detailed auantitative 
kinetic studies have yet been considered war- 
ranted. However, we have the following evidence 
that hydride abstraction from the alcohol occurs 
during the reaction, and we propose that this 
acts as the source of the electrons required for 
the reduction step (with the formation of H'). 
Thus, tetrazene formation is not observed when 
ethanol is replaced by methanol, t-butanol, 
acetone, or acetic acid, but is observed for 
isopropanol, which like ethanol has an activated 
a-hydrogen atom. Repeating the synthesis 
with C2H,0D had no observable effect, whereas 
substituting C2D,0D caused a clearly observ- 
able drop in the rate of tetrazene formation 
(Fig. 1). Experimental difficulties did not allow 
the measurement of reliable approximate zero- 
time rates, so that no quantitative comparison 
of rate-constants can be made. However, the 
results point in favor of a primary isotope 
effect in C-H bond cleavage, presumably of an 
a-hydrogen atom, as in reaction 2. 

TIME ( m l n )  

FIG. 1 .  Comparison of the formation of 4d in 
benzene-ethanol or benzene-C,H,OD (curve A), and 
benzene-ethanol-d6 (curve B); p-BrC6H4N,BF4, 
0.031 mmol; IrC1(CO)(PPh3)2, 0.031 mmol; benzene, 
3.75 ml; and alcohol 1.25 ml; at 25". 

In agreement, acetone has been identified 
quantitatively in the isopropanol reactions, 
in amounts (Table 2) which suggest that the 
a-hydride abstraction may contribute to both 
tetrazene and aryldiazene (1 1) syntheses. As 
mentioned, the ortho-disubstituted diazonium 
ion o-F2C,H,N,' did not yield either the 
tetrazene or aryldiazene complex, nevertheless 
acetone was recovered in comparable quantity. 
A curious observation is that the normal 
reaction produces no tetrazene at all when 
conducted in pure isopropanol or ethanol 
(rather than mixtures of these with benzene), 
and no red color develops during the reaction 
(18). Possibly tetrazene formation requires a 
solvent less polar than the pure alcohol. 

We propose the following tentative, but 
simple mechanism as a basis for further in- 
vestigation. It envisages attack of diazonium 
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ion a t  the N 2  nitrogen atom2 of an intermediate 
iridium aryldiazo or aryldiazene complex such 
as 5 or 6 .  In the case of 5, the ligand is formally 

N-lr(CO)(PPh3)2 HN-Ir(CO)(PPh,), + 

4 
At-N At-N 

5 [ )  6 1 
ArN,- (i.e., the required 2e- reduction of 
ArN,' referred to above has been accomplished) 
and would have the doubly-bent geometry 
shown, as indicated by the X-ray structure 
determination of a comparable compound (19). 
Furthermore, this ligand is known to be capable 
of protonation at  IV2 (20), so, by analogy, 
electrophilic attack by diazonium ion at  N2 
in 5 (or in 6 with elimination of H f )  followed by 
electron rearrangement as in Scheme 1 yields 
the delocalized iridium(II1) tetrazene complex 
cation 4 observed. There are two obvious routes 
by which these intermediates or their pre- 
cursors can arise, which incidentally explain 
the role of the alcohol in the reaction. 

(i) Since acetone was found in small quantities 
when diazonium ion alone was stirred in iso- 
propanol there is the possibility of electrophilic 
attack of ArN,' on the alcohol. In this case 
a-hydride abstraction would yield the unstable 
intermediate aryldiazene (21), ArN=NH which 
may react with IrCI(CO)(PPh,), by two routes; 
oxidative addition yields Ir(N,Ar)HCI(CO)- 
(PPh,), whereas Lewis base addition yields 
Ir(HNNAr)Cl(CO)(PPh,),. Both are possible 
precursors of the intermediates 5 or 6 .  

(ii) An alternative, to which we presently 
feel more inclined, is that a-hydride abstraction 
from the solvent is by an electrophilic iridium 
complex rather than diazonium ion. This type 
of reaction has been reported for both iridium(1) 
and iridium(II1) complexes but not for Vaska's 
complex itself (22). In agreement, we ourselves 
have observed no reaction between Vaska's 
complex and either ethanol or isopropanol 
under a variety of conditions. In the presence 
of diazonium ion, Vaska's complex may be 
converted largely to the iridium(II1) aryldiazo 
complex cation [Ir(N,Ar)C1(CO)(PPh3)2]+ (23), 
which being coordinatively unsaturated is an 
excellent candidate for a-hydride abstraction to 
give the hydride complex Ir(N,Ar)HCI(CO)- 

'It is proposed that the nitrogen atoms in coordinated 
aryldiazo and related compounds be numbered Ar-N1- 
NZ-M. 

Ar 1 
4 Ar 

P = PPh, 

(PPh,),, or by subsequent "insertion" the 
aryldiazene complex Ir(HNNAr)C1(CO)(PPh3)2, 
both referred to above. 

Farrell, in these laboratories, has recently 
shown that the iridium(1) hydride complex 
IrH(CO)(PPh,), will react in an "inert" solvent 
such as benzene-acetone with excess aryl- 
diazonium ion (with loss of 1 mol PPh,) to give 
the identical tetrazene, together with other 
products. We envisage that insertion of the 
diazonium ion into the Ir-H bond first occurs, 
to give the cationic aryldiazene complex 6 ,  
EIr(HNNAr)(CO)(PPh3)2]T. 

While we believe the above proposal to be a 
useful working hypothesis, we are aware of the 
possibility of alternative mechanisms, and experi- 
mental work to establish the mechanism of this 
reaction is continuing. 

Experimental 
Preparation of Con~plexes (41,  

[IrjCO) {N4(C&4R) 2 1(PP!r3)2lBF4 
The complexes 4a-f were all prepared in essentially 

similar fashion as follows. A solution of IrCI(C0)- 
(PPh,), (0.125 mmol) in benzene (15 ml) was stirred 
magnetically under dry argon at room tempcrature. 
Solid aryldiazonium tetrafluoroborate (0.125mmol) 
was added, followed immediately by absolute ethanol 
(1.5 ml). The diazonium salt quickly dissolved and the 
red solution was stirred for 1 h, at which time the yield 
of tetrazene was maximum judged from spectrophoto- 
metric measurements of the absorption intensity at 
500 nm (see below). Red crystals of the product formed 
on cooling to 8' or after slow evaporation. Analyses and 
other data are included in Table 1. Infrared spectrum 
(46): 3060 w-m (vCH), 2057 (vCO), 1600 m, 1507 s, 
1444 s (vCC skeletal), 1227 s (vCF), 1 100-1030 vs,b 
(vBF,-), 845 m-s (GCH(C,H4F)), 750 s, 700 s (6CH- 
(C,H,)), 560 m, 535 m-s, 515 s (6BF4- and aromatic). 
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Reaction of Diazonium Salt or IrCI(C0) (PPh3) with 
Alcohols 

The extent of reaction of diazonium ion or IrCI(C0)- 
(PPh3)2 with alcohols was followed under various 
conditions by analyzing for acetaldehyde (from ethanol) 
or acetone (from isopropanol) by either gas chromatog- 
raphy of the collected volatiles or by carrying these 
under an argon stream through a solution of 2,4-dinitro- 
phenylhydrazine. In the case of p-BrC,H,N, + the forma- 
tion of a meager amount of acetone was observed when 
stirred at room temperature with isopropanol. I11 the 
case of IrC1(CO)(PPh3)2 no evidence could be found of 
acetone or acetaldehyde formation at room temperature 
or under reflux, with or without added benzene. The 
i.r. spectrum of recovered solid was identical with that 
of the original, and no v(Ir-H) absorptions were 
evident. In all cases, control experiments were conducted 
and the ability to detect acetone or acetaldehyde at the 
expected levels confirmed separately. 

PhysicaL Measuremenfs 
Infrared spectra were recorded using the Perkin- 

Elmer 457 and Beckman IR-12 instruments. Samples 
were pressed in KBr discs. Electronic spectra were 
recorded on Unicam SP 800 and Cary 14 spectrophotom- 
eters using optically matched cells. The electronic spectra 
were compared with the spectra of IrCI(CO)(PPh3)2 
(h,,,(~,,,) values 339 (31601, 386 (3800), 436 (738)) and 
the aryldiazene co-product (1 I), showing absorption 
at 500 nm to be unique to the tetrazene. Syntheses were 
followed by measurement of the 500 nm absorbance of 
aliquots in order to determine the optimum reaction time 
and "spectrophotometric yield" listed in Table 1. 
lH n.m.r. spectra were recorded using Varian A60 and 
HA100 instruments, and .r values are relative to TMS as 
internal standard. 19F n.m.r. spectra were obtained at 
56.4 MHz employing a computer of average transients 
to enhance the very weak signals observed due to the 
relatively low solubility of 46 in CDCI,. 

Pyrolysis 
Samples (ca. 3 x mol) were heated at 550 'C 

for 3-4 h in an evacuated quartz tube attached to a 
vacuum system. After cooling to room temperature, 
the volatile contents were condensed in a liquid nitrogen 
trap and non-condensible gases transferred via a Toepler 
pump to a capillary, and sealed. These were then analyzed 
by gas chromatography (Porapak Q column at -78 "C; 
He carrier gas). The observed peak areas for N2  and CO 
were compared with standard areas obtained for 
1.122 x mol each of N 2  and CO determined under 
the same gas chromatographic conditions. 

We are grateful to Professor P. G.  Perkins for com- 
municating the results of the electronic structure cal- 
culations, to Drs. G .  W. Rayner Canham and N. Farrell 
for stimulating discussions in connection with the 

mechanisms, to Professor T. N. Bell and Dr. A. Platt 
for assistance with gas chromatography and to A. P. 
Hitchcock and K. Jensen for experimental assistance. 
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Chem. 52,3394 (1974). 

The carbon-13 n.m.r. spectra of a series of chlorodeoxy sugars are reported. The results 
demonstrate the utility of this technique for the assignment of structure to this class of carbo- 
hydrate derivatives. 

WALTER A. SZAREK, DOLATRAI M. VYAS, STEPHAN D. GERO et GABOR LUKACS. Can. J. Chem. 
52,3394(1974). 

On rapporte les spectres r.ni.n. du carbone 13 d'une sCrie de sucres chlorodeoxyles. Les 
resultats dtmontrent l'utilite de cette technique pour attribuer des structures dans cette classe 
de derivCs de carbohydrates. [Traduit par le journal] 

Introduction 
An active area of investigation in several 

laboratories is the search for new methods of 
synthesis of halogenated carbohydrates. These 
derivatives are of interest, not only because of 
their potential intrinsic value in biochemistry 
and pharmacology, but also because of their 
utility in the synthesis of other rare sugars, such 
as deoxy and aminodeoxy sugars ( I ) .  In most 
cases, the structures of the chlorodeoxy sugars 
have been determined by chemical methods and 
occasionally with the aid of proton magnetic 
resonance (p.m.r.) spectroscopy. The chemical 
methods have sometimes been extremely labor- 
ious (cf .  ref. 2). X-Ray crystallography has also 
been employed (3). In the present work, it has 
been demonstrated that the regiochemistry and 
stereochemistry of halogen substitution on a 
sugar molecule can be readily determined by 
carbon-13 magnetic resonance (c.m.r.) spectros- 
copy. Of relevance to this investigation is the 
work of Spiesecke and Schneider (4) who 
studied the effect of electronegativity and 
magnetic anisotropy of substituents on I3C and 
proton chemical shifts in a series of alkyl halides; 

it was found that, unlike the chemical shifts of 
protons on the or carbon, the I3C chemical shifts 
of the a carbon show larger deviations with a 
change in the inductive nature of substituents, 
especially as regards a change from chlorine to 
oxygen. On this basis, it seemed that c.m.r. 
spectroscopy would be a logical and more 
sensitive probe than p.m.r. spectroscopy for the 
structural elucidation of chlorodeoxy sugars. 
Some recent, pertinent applications of c.m.r. 
spectroscopy include structural and conforma- 
tional studies on carbohydrates (5-1 l), nucleo- 
sides (12-14), and aminoglycoside antibiotics 
(15). 

Results and Discussion 
The 13C chemical shifts of the chlorodeoxy 

sugars studied in this research and of some 
parent compounds are documented in Table 1. 
The signal assignments were made by a compari- 
son of the spectra of the chlorodeoxy sugars with 
each other and with that of the corresponding 
parent glycoside or free sugar, and also on the 
basis of the general shielding properties associ- 
ated with the various interactions observed by 
Perlin et al. (51 in the monosaccharide series. The 

\ ,  

effects on the chemical shifts resulting from the 
ITo whom inquiries should be addressed. replacement of a hydroxyl group by a chloro 
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SZAREK E T  AL.: CHLORODEOXY SUGARS 

FIG. 1. I3C chemical shift correlations for 4- and 6-monochloro- and 4,6-dichlorohexopyranosides. 

group are discussed on the assuinption that all 
of the molecules have the C ~ ( D )  c o n f o r m a t i ~ n . ~  

Figure 1 shows the 13C chemical shift correla- 
tion diagram for some 4- and 6-monochloro and 
4,6-dichloro derivatives. The changes in 13C 
shieldings resulting from the replacement of the 
axial hydroxyl group a t  C-4 in methyl a-D- 
galactopyranoside (1) by a chloro group are 
clearly evident. Thus, in the spectrum of methyl 
4-chloro-4-deoxy-a-D-galactopyranoside (2) there 
is an -3.7 p.p.ni. upfield shift in the C-4 signal 
relative to  the corresponding signal in the 
spectrum of compound 1.  This upfield shift may 
presumably be attributed to a difference in 
inductive effects between chlorine and oxygen. 
In compound 2, C-2 is shielded relative to 1, the 
upfield shift of the signal being 0.9 p.p.m. The 
shift of the C-2 signal can presumably be 
explained on the basis of the greater van der 

'In the present study, the assignments of the signals in 
the c.m.r. spectra of methyl a-D-galactopyranoside (I), 
methyl B-D-glucopyranoside (7), and p-D-allopyranose (8) 
in methyl sulfoxide-d, were made by a comparison with 
the assignments reported by Perlin et a/. (5) for these 
con~pounds in deuterium oxide; solvent shifts of only 

Waals' radius of chlorine than of an hydroxyl 
group (26). The chemical shifts of the signals for 
the anomeric carbon (C-1) and C-6 in the 
spectrum of compound 2 were essentially the 
same as those observed in the case of 1; the 
C-6 assignment in the spectrum of 2 was con- 
firmed by single frequency off-resonance de- 
coupling (SFORD). The assignment of the 
signals for C-3 and C-5 in the spectrum of 2 was 
based on the expectation that the sequence of 
these signals would be the same as observed in 
the spectrum of the parent glycoside 1. The 
upfield shift of the C-3 and C-5 signals relative 
to the corresponding signals in the spectrum of 1 
may be attributed to a smaller P effect of chlorine 
than of an hydroxyl group. 

The outstanding feature of the spectrum of 
methyl 4,6-dichloro-4,6-dideoxy-x-D-galactopy- 
ranoside (3) compared to that of methyl 4-chloro- 
4-deoxy-a-D-galactopyranoside (2) is the large 
upfield shift (16.6 p.p.~n.)  of the C-6 signal in the 
case of 3 (see Fig. I )  (cf. ref. 4). It was also 
observed that, in compound 3, C-2, -3, -4, and -5 
do not experience significantly different shield- 
i n g ~  from those in 2. 

1-2 p.p.m. were observed. The assignments of the signals significantly, the spectra of 2 and 3, in addition 
in the spectrum of methyl 4,6-0-benzylidene-a-D-allopy- to indicating the presence of a &loro group at  
ranoside (9) in methyl sulfoxide-d, were made by a 
comparison with the assignments by Conway C-4' Were with this group being 
et a/. (8) for 9 in 1 :4  methanol-chloroform-d: in this axially oriented and the sugar molecule having 
case, the chemical shifts were essentially identical. the Cl (D) conformation. If the chloro group were 
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TABLE 1. Carbon-1 3 chemical-shift data* 

Carbon 
Synthesis 

Compound reference 1 2 3 4 5 6 Me 
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SZAREK ET AL.: CHLORODEOXY SUGARS 

TABLE 1. (Concluded) 

Synthesis 
Compound reference 1 2 

Carbon 

6 w e  

20b,25 92.6 125.1 
HO 

Ci OH 
I I 

CH,Ci 

ci bMr 2 94.3 127.7 
CI OH 

12 

*In p p m, from CS, (external) In methyl sulfox~de-d,. 

equatorially oriented in this conformation, in 
other words, if the molecule possessed the 
D-gluco rather than the D-gnlncto configuration, 
then the C-2 and C-6 shieldings would have been 
expected to have been markedly different from 
those actually observed, since the relevant y 
interactions in the D-galncto compound would 
be absent in the D-gluco compound; moreover, 
the chemical shifts of the C-3 and C-5 signals 
would also have been expected to have been 
different from those observed, since the P effect 
of an equatorially-oriented chloro group is 
presumably different from that of an axially- 
oriented group. 

The importance of the effect of 1,3-diaxial 
nonbonded interactions on carbon shielding is 
illustrated clearly in the case of methyl 6-chloro- 
4,6-dideoxy-cc-D-xylo-hexopyranoside (4) and 
methyl 4,6-dichloro-4,6-dideoxy-P-D-galactopy- 
ranoside (5). Thus, in the spectrum of compound 
4, the signal for C-2 is shifted downfield by 6.0 
p .p .n~. ,  relative to the corresponding signal in 
the spectrum of 3, and that for C-6 is shifted 
downfield by 3.9 p.p.m.; in each case the down- 
field shift can be ascribed to the diminished y 
interaction resulting from replacement of an 
axial chlorine by hydrogen at C-4. The C-3 and 
C-5 signals in the spectrum of 4 are shifted up- 
field, surprisingly only by 1.3 and 2.0 p.p.m., 
respectively, relative to the corresponding signals 

in the spectrum of 3 ;  the upfield shift of the C-3 
and C-5 signals can also be attributed to the 
absence of a chloro group at C-4 in compound 4. 
An even more dramatic upfield shift (28.3 p.p.m.) 
was observed for the C-4 signal in the spectrum 
of 4. The replacement of a chloro group by a 
hydrogen at C-4 not only removes the electron- 
withdrawing effect of a chlorine but also alters 
the magnitude of the vicinal gauche interactions 
and the y steric interactions. 

The signal assignments in the spectrum of 
methyl 4,6-dichloro-4,6-dideoxy-P-D-galactopy- 
ranoside (5) were made by a comparison of this 
spectrum with that of the a-anomer 3 in a 
manner analogous to that reported ( 5 )  for the 
spectra of methyl cc- and P-D-galactopyranosides. 
In the case of 5 the absence of y steric interactions 
is clearly reflected by the downfield shift of the 
C-3 and C-5 signals relative to the corresponding 
signals in the spectrum of 3. 

The effects of change in substitution in the 
carbohydrate derivatives 1, 2, 3, and 4 on 13C 
shieldings are summarized in Table 2. It is 
important to note that, because of the poly- 
functionality of a carbohydrate molecule, a 
change of even one substituent can significantly 
alter the nature and magnitude of pertinent inter- 
actions, namely, vicinal gauche and 1,3-diaxial 
nonbonded interactions; both of these types of 
interaction can influence the I3C shieldings of 
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TABLE 2. Effect of change of substituents on carbon-13 shieldings* in sugar derivatives 

Carbon 

Conversions? A8 (p.p.m.) 1 2 3 4 5 6 

CHlCI ,O 

O.l(+)  16.6(+) 

OMe 

*(+I denotes shielding and (-1 denotes deshielding. 
tThe indicated conversions do not imply d~rect  chem~cal transformation. 

the carbon bearing the substituent as well as 
other carbons. The utility of c.m.r. spectroscopy 
for locating the site of change of substitution is 
further demonstrated with some other chloro- 
deoxy sugars. 

The 13C spectrum of methyl 2-chloro-2- 
deoxy-P-D-glucopyranoside (6), a compound 
which can be obtained by way of chloromethox- 
ylation (27) of tri-0-acetyl-D-glucal, could be 
readily analyzed (see Table 1) by comparison 
with the spectrum of methyl P-D-glucopyrano- 
side (7). Halogenations and halogenomethoxyla- 
tions of glycals are known (28) to give mixtures 
of deoxyhalogeno sugars; in these studies p.m.r. 
spectroscopy was extensively used to determine 
the compositions of products and the config- 
urations and conformations of the compounds 
obtained (see ref. 29). In the light of the present 
work, c.m.r. spectroscopy should be an effective 
tool for such studies. 

An examination of the c.m.r. spectra of P-D- 
allopyranose (8), methyl 4,6-0-benzylidene-a- 
D-allopyranoside (9), methyl 4,6-0-benzylidene- 
3-chloro-3-deoxy-0-D-allopyranoside ( l l ) ,  and 
methyl 3,4,6-trichloro-3,4,6-trideoxy-cr-D-allopy- 
ranoside (12) permitted assignments of the sites 
of halogenation in the latter three compounds 

(see Fig. 2). Thus, for example, in the spectrum 
of the 3-chloro derivative 10, the most readily 
attributable signal is that of C-3; an upfield 
shift, relative to the corresponding signal in the 
spectrum of 9, of 5.2 p.p.m. was observed. The 
assignments of the signals for C-2 and C-6 in the 
spectrum of 10 were made on the assumption 
that the chemical shifts of the C-6 signals in the 
spectra of 9 (see footnote 2) and 10 would be 
essentially the same. In the case of methyl 3,6- 
dichloro-3,6-dideoxy-0-D-allopyranoside ( l l ) ,  the 
presence of a chloro group at C-6 is clearly 
indicated by the large upfield shift (16.4 p.p.m.) 
of the C-6 signal relative to the corresponding 
signal in the spectrum of P-D-allopyranose (8) 
(see footnote 2); the assignments of the signals 
for C-2, -3, and -4 in the spectrum of 11 were 
made on the assumption that each of these 
carbons should be more shielded than the 
corresponding atoms in compound 8. Finally, 
the signals in the spectrum of methyl 3,4,6- 
trichloro-3,4,6-trideoxy-a-D-allopyranosde (12) 
could be readily assigned by comparison with 
the spectra of compounds 10 and 11. Thus, the 
C-2 signal in the spectrum of 12 would be ex- 
pected to be at higher field than in the case of 
10 or 11, because of the presence in 12 of the 
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SZAREK ET AL.: CHLORODEOXY SUGARS 

FIG. 2. I3C chemical shift correlations for chlorinated D-allopyranosides. 

shielding, vicinal gauche interaction between the sulfoxide-d6 central line was 39.5 & 0.2 p.p.rn. with 

axial methoxyl group at C-1 and the hydroxyi respect to TMS. The chemical shifts in this work are 
given in parts per million upfield from CS, (external), group at C-2; the shift in order to conform with literature data (5, 12): S C S z  = 

be expected (cf .  ref. 5) to be -2 p.p.in. The 193.7 - ~ T M S  p,p.m, 
assignment of the C-3 and C-5 signals was made 
On the basis of the expected, significant (-5 The authors are grateful to the National Rcsearch 
p.p.m.1 upfield shift of the C-5 arising Council of Canada for a grant (to W.A.S.), and to 
from they interaction between the axial methoxyl Professor J .  K. N. Jones for his interest and encourage- 
group at C-1 and the hydrogen at C-5 in 12. 

The data obtained in the present study suggest 
that the changes in 13C shieldings resulting from 
the replacement of an hydroxyl group by a 
chloro group are configuration dependent. Thus, 
while replacement of an axial hydroxyl group by 
an axial chloro group results in a relatively small 
(2.5-4.0 p.p.m.) upfield shift of the signal of the 
substitution site (compare the C-4 signal of 1 
and 2, and also the C-3 signal of 8 and l l ) ,  the 
shielding effect is markedly increased (- 10 
p.p.m.) if an equatorial hydroxyl group is 
replaced by an equatorial chloro group (compare 
the C-2 signal of 6 and 7, and also the C-4 
signal of 8 and 12). The generality of this effect 
is under investigation. 

Experimental 
The compounds studied in this work were prepared by 

published procedures (see Table 1 for references). 
Carbon-13 magnetic resonance spectra were recorded in 
methyl sulfoxide-d, on a Bruker HX-90E Fourier 
transform spectrometer with tetramethylsilane (TMS) as 
internal standard; the chemical shift of the methyl 
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Electron Spin Resonance Studies of Aliphatic Ammonium Ion Radicals 
in Aqueous Sulfuric Acid Glasses1 
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HOWARD REGINALD FALLE and FREDERICK PETER SARGENT. Can. J. Chem. 52,3401 (1974). 
The reaction of hydrogen atoms with n-butylammonium ions in 6 M sulfuric acid glasses 

yields a characteristic eight-line e.s.r. spectrum, which is attributable to CH,CHCH~CH,NH, +.  
Evidence is drawn from computer simulated spectra and from the spectra of other alkylam- 
monium radicals to account for this spectrum. Qualitative agreement between the simulated 
and experimental spectra is achieved by assuming that the CH,CHCH,- moiety can adopt a 
range of conformations and can also undergo torsional motion about the sp2 carbon - methy- 
lene carbon bond. The site of hydrogen abstraction from alkylammonium ions is evidently 
influenced by both NH,+ and CH, groups; abstraction tends to occur away from the former 
and adjacent to the latter. 

HOWARD REGINALD FALLE et FREDERICK PETER SARGENT. Can. J .  Chem. 52,3401 (1974). 
La reaction des atomes d'hydrogene avec les ions n-butylammonium dans de I'acide 

sulfurique 6 M vitrifie conduit a un spectre r.p.e. caracteristique; ce spectre contient huit lignes 
et peut &tre attribuC a CH,CHCH,CH~NH,+.  On deduit ces conclusions de spectres simules a 
I'aide d'ordinateurs et de spectres d'autres radicaux d'alkylammoniums. La correspondance 
qualitative entre les spectres simules et experimentaux est obtenue en faisant I'hypothese que la 
portion CH3CHcH2- peut adopter un grand nombre de conformations et peut aussi subir des 
mouvements dc torsion autour du lien carbone sp2 -carbone methylenique. Le site de 
l'enlevement de I'hydrogene des ions alkylammoniums est evidemment influence a la fois par 
le NH3+ et le CH3;  l'enlevement a tendance a se produire le plus loin possible du premier et le 
plus pres possible du dernier. [Traduit par le journal] 

Introduction 
To determine whether or not certain free 

radicals trapped in aqueous glasses can adopt a 
range of conformations, we have investigated 
the reactions of hydrogen atoms with aliphatic 
ammonium ions in 6 M sulfuric acid. The possi- 
bility that CH,CHCH,CH,NH,+, for example, 
may adopt a range of conformations has impor- 
tant consequences, because of the angular 
dependence of P proton hyperfine couplings. 
The central issue in this study concerns the eight- 
line e.s.r. spectrum observed after the reaction 
of hydrogen atoms with iz-butylammonium ions 
in 6 M H,SO,. To establish the structure of the 
predominant radical formed from CH,CH,CH,- 
CH,NH,', and to discuss conformational 
effects, we have drawn evidence from other 
alkylammonium radicals and from simulated 
e.s.r. spectra. 

Pulse radiolysis and e.s.r. studies have showr 
that the species of radical formed by H atom 
-- 

'AECL No. 4860. 
'NRCC Postdoctorate Fellow 1972-1974. 

abstraction depends on whether or not the amino 
group is protonated (1-7). In unprotonated 
amines, hydrogen abstraction by OH (or 0 - )  
occurs primarily from the NH, group or from 
the methylene group adjacent to it. On the other 
hand, abstraction by OH (and H) from pro- 
tonated amines occurs preferentially from 
positions further removed from the NH,' 
group. The following example has been cited (4) 

This evidence suggests that CH,CHCH,CH,- 
NH,+ would be the predominant radical 
formed by the reaction of H atoms with n- 
butylammonium ions in a 6 M H,SO, glass. 
The character of the e.s.r. spectrum for CH,- 
CHCH,R is markedly dependent on the orienta- 
tion of the methylene protons with respect to 
the 2p, orbital and the effect which a range of 
conformations can have on the spectrum pre- 
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dicted for - C H C H ,  will be discussed in this 
context. 

Experimental 
The vethod used is one which has recently found 

appiicziion in a study of numerous biochemical and 
relared substrates (8). Ultraviolet illumination of ferrous 
ions iil 6 !MII,SO, at  77 K results in the formation of 
trapped hydrogen atoms, H, 

hv (254 nm) + Fe (11) + H +  -t H, + Fe (111) 

When the sample is warmed to -100 K, the 506 G e.s.r. 
d o ~ ~ b l e t  characteristic of H,  decreases in intensity (9). 
When the sample contains an organic solute, the decrease 
in the H, signal is generally accompanied by a concorni- 
tant increase in a g - 2 free radical signal. Thus the 
radicals formed by the reaction of hydrogen atoms in 
6 IM H,SO, with organic substrates can be characterized 
by interpreting the observed spectra. The e.s.r. spectrom- 
eter employed for the present studies was a Varian 
V4502-12 a i th  Fieldial and low-temperature accessories. 

The amines used were normally distilled under vacuum 
onto frozen H 2 0  (or D,O) and subsequently thawed to 
make up aqueous solutions containing 1 moll1 arnine. The 
n-hexylarnine uas  dissol~ed in 1 M HCI. The sulfi~ric acid 
solutions were prepared by diluting H,SO, to 6 mol/l 
( 6  M) with triply distilled water. Sulfuric acid-d2 in D,O 
was prepared using SO, which had been distilled twice 
over P,O, supported on glass wool (10). Iron powder was 
introduced into the sulfuric acid solutions as required, to 
produce ferrous ions. A Fe(I1) concentration of 0.06 mol/l 
was used througho~~t  and stock solutions of Fe(l1) - 6 M 
sulfi~ric acid were kept no longer than 10 h. Micropipet 
portions of the 1 1M arnine solutions in H,O (D,O) were 
then mixed with aliquots of the Fe(1I) - 6 M sulfuric acid 
solution to give ammonium ion concentrations of 0.02 to 
0.10 niol/l. It should be noted that the amine-H20 solu- 
tions were introduced into 6 M H2S04  and the amine- 
D 2 0  solutions into 6 M D2S0,. When isopropylamine- 
D,O was introduced into 5 IM H,S04, the radical found 
initially was (CH3),CND3+ and not (CH3),CNH3+ ; the 
latter radical was observed only after the original solution 
had stood some 2 h at room temperature. The converse 
was observed for isopropylarnine-H,O in 6 iMD2S04, 
and similar behavior was observed in the case of ethyl- 
amine, establishing the presence of CH3CHNH, +. 

The u.v. illumination of the glassy 6 M sulfuric acid 
samples was carried out at 77 K in a quartz e.s.r. cold 
finger Dewar. A Vycor filter and a Corning C37-54 (9863) 
visible filter were placed between the concentric spiral, 
low-pressure, Hg arc lamp and the Dewar, primarily to 
attenuate the unwanted 185 nm Hg emission. The 
samples were generally exposed to the 254 nm radiation 
at 77 K for 10 min. 

The samples were subsequently transferred to the 
variable temperature insert in the spectrometer cavity, 
whereupon the decay in the H, signal and the growth in 
the alkylammonium radical signal could be monitored at  
-100 K. The samples were then annealled at -120 K,  
which removed the residual D, signal in the 6 IMD~SO,  
cases. After the samples were recooled and the spectra 
recorded at -95 K, further warming was carried out up 
to -150 K where the alkylammonium radical signal 

decayed. In the absence of an organic solute, relatively 
weak g - 2 signals were observed in both 6 M H 2 S 0 4  
and 6 M D2S04,3 presumably due to H(D)S04 (1). 

In certain cases, the observed spectrum must be 
attributed to more than one radical. Attempts to selec- 
tively thermal bleach the different species of radical were 
unsuccessful. Progressive annealling above -140 K re- 
sulted in all cases in an  irreversible decrease in the 
intensity of the alkylammonium radical signal and an 
increase in the presumed HSO, signal, but the essential 
features associated with the former remained much the 
same. 

Spectra for - - ~ H C H ~ -  
The magnitudes of the methylene proton 

splitting constants for -cHCH2- depend on 
the azimuthal angle 6 defining the orientation of 
the protons with respect to the axis of the 2p, 
orbital, cf. Fig. la. 

The expressions [ l ]  and [2] relating cl proton and 
fi proton isotropic splitting constants, a, and up, 
to the 2p, orbital unpaired spin population, p, in 
hydrocarbon radicals are well established (1 1). 
For the majority of the computer simulated 
spectra discussed below, we have taken the 
values of the quantities p Q  and pQ" for the a 
and fi protons in -cHCH,- to be 22 and 48 G, 
respectively; that is 

FIG. 1. Computer simulated e.s.r. spectra for the 
fragment - C H C H ,  calculated by means of i7-101 with 
AH,, = 6 G : (a)  for the conformation in which af iL  = 
(5 = 30'); (b) by invoking the cosine probability distribu- 
tion [lo] of orientations from Smin = - 15" to k,,, = 75"; 
and (c) using [lo] for the range Cmi, = 105" to k,,, = 195'. 

3The magnitude of this background signal was depen- 
dent on the source of the sulfuric acid and the iron; 
finally, Alfa iron powder (C, 99.5z) and B. D. H. Analar 
H2SO4 proved satisfactory. 
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Thus a,, the isotropic splitting constant for the 
protons of a freely rotating methyl group, is 
given by 

These splittings, a,, up, and a,, were chosen in 
accord with the experimental splittings for 
CH,CHCH,CH,NH,+ (a, = 22.0 G, a p  = 23.7 
G, and a, = 25.6 G (2)) and may be compared 
with data for CH,CHCH,CH, (12). 

The overall width, A, predicted for the 
spectrum of -CHCH,- also depends on the 
orientation of the methylene protons. 

The value A,,, = 94 G occurs when 5 = 30" 
and Ami, = 58 G when 5 = 90".4 The spectrum 
for the configuration of -CHCH,- in which 
the unpaired electron interacts equally with the 
two protons, 5 = 30°, is shown in Fig. la.  
Markedly different spectra are obtained when 
it is assumed that the methylene protons can 
adopt a range of orientations with respect to the 
adjacent 2p, orbital. 

To simplify the calculation of the "poly- 
crystalline" e.s.r. spectra, we have omitted the 
anisotropic components of the proton hyperfine 
tensors and the g-tensor. 

The required spectra were simulated using [7], 
the equation for a Gaussian first-derivative 
lineshape Y ' ( { ) ,  in wh~ch the maximum ampli- 
tude of the absorption is Y,,, (1 1). The magnetic 
field at resonance is written HE(<) to emphasize 
the dependence on conformation in radicals of 
the form -cHCH,-. The half-width at half- 
height, r, of the normalized absorption and the 
peak-to-peak width, AH,,, of the first-derivative 
line are related by 

18 I AH,, = [2/ln 2l1I2r 

The values used for AH,, are included in the 
respective figure captions. 

The total spectrum comprising the sum of 

4Referring to Fig. la, A,,, in fact occurs when the 
angle 5 equals 30" and 2103, and A,,,,,, occurs when 5 is 
90, 120, 270, and 300". 

each resonance line over all conformations was 
subsequently determined using 

That is, individual spectra were calculated at 5" 
intervals of 5 over a designated range of con- 
formations, k m i ,  to k,,,, each point Y'(5) being 
multiplied by the probability factor P(6). All 
conformations of CH,CHCH,R for example 
should not be equally probable and we have 
therefore employed the arbitrary but nevertheless 
reasonable cosine distribution 

Here 65 defines the excursion of for the 
particular conformation range and 5 is the 
azimuthal angle for the most probable co2forma- 
tion, so that k m i ,  = 5 - 65 and k,,, = 5 + 64 
The spectrum in Fig. lb  was simulated for 
-CHCH,- assuming the conforinational dis- 
tribution [lo] over the range from k,,i, = 15" 
to En,,, = 75'. The range tmi, = 105' to k,,, = 
195" yielded a very different spectrum, Fig. lc. 
It should be noted that the overall width of the 
spectrum in Fig. 16 is nearly the same as the 
value in Fig. la,  which is A,,,, the maximum 
value for -CHCH2-. 

Results 
CH, CH2 CH2 CH2 NH, + 

The spectrum in Fig. 2a was recorded at -95 
K followtng the decay of the trapped hydrogen 
atoms in 6 M H,S04 samples containing 
CH3CH2CH2CH2NH3+. We will demonstrate 
that this spectrum arises predominantly from 
CH,CHCH,CH,NH,' radicals which adopt a 
range of conformations. We have observed very 
similar spectra following hydrogen abstraction 
from n-pentylainmonium and n-hexylammonium 
ions in 6 M H2S0,. To account for spectra 
derived from the n-alkylamino acids DL-nor- 
valine and DL-norleucine, also very similar to 
Fig. 2a, it was proposed that CH3CHCH2R 
was the predominant species, and that the 
CH,CHCH,-moieties were distributed over a 
range of conformations (8). 

In y-irradiated alkane single crystals (13-15), 
spectrum analysis is relatively straightforward 
because the species CH,CHCH2R and R1CH2- 
CHCH,R" are constrained, each to a particular 
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FIG. 2. The eight-line e.s.r. spectrum (a) was re- 
corded at -95 K following the reaction of hydrogen 
atoms with 12-b~~tylaninionium ions in 6 ,MH2S0,, and 
is attributed to CH,CHCH,CH,NH,' radicals. The 
spectra (0) and (c) were colnp~~ted for CH,CHCH,-- 
assuming the probability distribution [lo] with 
AH,, = 6 G ;  the range of confortnations was froin- 
Ern,, = -15 to E,,,,, = 75" for both, but the latter also 
includes torsional oscillation of amplitude x = 30' using 
[141. 

conformation. In a glass however, the non- 
uniform interactions between the substrate 
molecules and the matrix should allow more than 
one conformation. That is, molecules of the 
form CH3CH2CH2R could well be trapped in 
the sulfuric acid glasses with a certain distribu- 
tion of conformations, and if so, the CH,CH- 
CH,- moieties of the resulting radicals should 
be similarly distributed about the most probable 
conformation. 

In the lowest-energy conformation of n-butane, 
the carbon atoms lie in the stuggrrrd or trails 

configuration (16, 17). Abstraction of one of 
the methylene protons, forming CH3CHCH2- 
CH,, would result in a rehybridization from sp3 
to sp2 but this would not markedly alter the 

relative positions of the carbon atoms. Thus the 
lowest energy configuration of CH3CHCH,CH3, 
and analogously other CH3CHCH2R radicals, 
should also be tmns, in the absence of an  
external potential field. In glass-forming media 
however, the nonuniform solute-solvent inter- 
actions constitute a potential field which could 
influence the equilibrium configurations of the 
substrate molecules and thus, in the case of 
CH,CHCH,R, it is unlikely that all conforma- 
tions would be equally probable. 

The spectrum in Fig. 2b was computed for 
CH,CHCH,- assuming the conformation dis- 
tribution [lo] for the range km, ,  = - 15' to 
k m a ,  = 7 jC ,  that is with trans (t = 30") as the 
most probable conformation. The relative inten- 
sities and spacings of the eight lines correspond 
quite well with experiment. The overall width of 
the simulated spectruni is somewhat larger than 
the experimental width in Fig. 2a and this 
discrepancy is discussed below with reference to 

torsional motion in '\ccH,-. The spectrum 
/ 

computed using [lo] for I" intervals instead of 5" 
was identical to Fig. 26. The ranges ~,, , , ,  = 5" to 
5  = 5 jC  and j m i n  = - 15' to 5 ,,,,, = 75" are, 
respectively, the minimum and maximum con- 
formation ranges which lead to reasonable 
agreement with experiment. If the conformation 
range is extended or taken outside of the above 
ranges, the computed spectra no longer show 
good agreement with experiment. For example, 
a very different spectrum results from applying 
[lo] over the range tnli, = 105" to emax  = 19jS, 
where the most probable orientation (e = 150") 
corresponds to gaucl~e CH,CHCH,-. 

Comparing Figs. 2a and 2b, we have thus 
found that the apparently anomalous eight-line 
spectrum observed as a result of hydrogen 
abstraction from 17-butylammonium ions can be 
attributed to CH,CHCH,CH,NH,+ radicals 
when it is assumed that the CH,CHCH,- 
moieties are distributed over a range of con- 
formations in the 6 M H 2 S 0 4  glass. However, 
there are certain other possibilities which should 
be eliminated, thereby supportir~g the proposed 
occurrence of a range of conformations for the 
CH,CHCH,CH~NH~ + radicals. The crux of 
the argument is: can Fig. 2a be attributed to 
CH,CHCH,CH,NH,' alone, or does it repre- 
sent the sum of the spectra of several radicals? 

There are four radicals which might be formed 
by hydrogen abstraction from n-butylammonium 
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ions: cH,CH,CH,CH,NH, +, CH,CHCH,- 
CH2NH3', CH,CH,CHCH,NH,+, and CH,- 
CH,CH,CHNH,+. Aliphatic amines would be 
incorporated into the sulfuric acid glasses in the 
protonated form: RCH2NH3+ in 6 M H2S04 
and RCH,ND, + in 6 M D2S0,. Radicals of the 
form RCHNH3+ should therefore be identifiable 
by a marked difference in spectrum compared 
with RcHND,', since the ammonium proton 
splitting constants in the former are 14-19 G 
(1, 8, 18-20). The introduction of iz-butylamine- 
D,O into 6 M D,SO, resulted in a spectrum 
indistinguishable from Fig. 2a and so we 
conclude that the yield of CH,CH,CH,CHNH,+ 
cannot be significant. 

The two radicals CH,CH,CH,CH,NH,+ and 
CH,CHCH,CH,NH,+ with relative concentra- 
tions 1 :2.8 have been identified as products of 
abstraction by OH from n-butylammonium ions 
in a Ti3+-H202 flow system (2). It is unlikely 
that abstraction by H (or D) from n-butyl- 
ammonium ions would be markedly less 
specific, or that these two radicals would have 
appreciably different isotropic splitting con- 
stants, in 6 M sulfuric acid glasses. To facilitate 
further discussion, it is necessary to interpret the 
spectra observed following hydrogen abstraction 
from other alkylammonium ions and then to 
draw comparisons with the foregoing results. 

CH3CH2NH3+, CH,CH,CH,NH,+, and 
(CH3),CHNH3+ 

Colnparison of the spectra derived from sam- 
ples containing the above species gives a clear 
indication of the relative influences of the CH, 
andNH, + groups on the site of hydrogen abstrac- 
tion from ammonium ions in 6 M H2S04 glasses. 
The spectra derived from ethylammonium ions 
in 6 M D2S04 and in 6 M H2S0, at -95 K are 
shown in Figs. 3a and 36, respectively, and the 
predominant five-line patterns can be attributed 
to CH,CH,ND(H),+. A similar spectrum has 
been reported at 155 K as a result of photo- 
induced decarboxylation of p-alanine in aqueous 
K3Fe(CN), ; the occurrence of a six-line spectrum 
at 95 K was taken to indicate that internal 
rotation in CH,CH,NH,+ was more restricted 
than at 155 K (18). Unrestricted rotational 
motion about the C-C bond in CH2CH2NH3+ 
would average the P proton hyperfine interaction, 
as in [ 5 ] ,  so that the spectrum would consist of 
five lines, essentially 1 : 4 : 6 : 4 : 1 in relative 
intensity, with an overall width of A - 90 G. We 

FIG. 3. The five-line spectrum (a) is ascribed to 
CH,CH,ND,+, the predominant radical resulting from 
ethylammonium ions in 6 MD,S04 ;  the satellite lines 
observed in 6 MH,SO, (b) are due to CH3CHNH3+; 
and (c) shows the outer lines of the spectrum computed 
for cH,CHNH~+. Spectrum (d) was observed following 
reaction of the hydrogen atoms with n-propylammonium 
ions in 6 MH,SO,. Spectrum (e )  was observed as a 
result of hydrogen abstraction from isopropylammonium 
ions in 6 M HzSO,, and (f) was computed for 
(cH,)~cNH,+ assuming fixed randomly oriented am- 
monium protons, with AH,, = 10 G. 
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note that the outermost lines in Fig. 3a are 
separated by - 105 G,  whereas A,,? = 116 G 
for CH,CH,-. The spectra of CH,CH,R 
radicals derived from other alkylammonium ions 
in 6 M H,SO, glasses should have a similar 
appearance to Fig. 3a, assuming the same 
constraints on rotational averaging. 

The satellite lines amplified in Fig. 3b, found 
in addition to the five major lines in 6 M H,SO, 
but not in 6 M D,SO,, arise from CH,CHNH,' 
(1). The outer lines of the spectrum simulated for 
CH,CHNH,+, using a,, = 27 G and a, = 23 G 
(18) and assuming a splitting of 12.5 G for the 
NH,+ proton, are shown in Fig. 3c. Simulation 

of the spectra of 'CNH,' radicals in 6 M 
/ 

H,SO, glasses is discussed further in conjunction 
with the results for (cH,),cNH,+. 

Reaction of the H atom with rz-propylam- 
monium ions in 6 M H,SO, yielded the spectrum 
in Fig. 3d. Since essentially the same spectrum 
was observed in 6 M D,SO,, the outermost lines 
cannot be due to CH,CH,CHNH,+ but must 
arise from CH,CHCH,NH,+. The overall 
width from Fig. 3d is A - 160 G,  while A,,, = 
116 G for CH,CH,-. The two most prominent 
lines are superimposable on the corresponding 
lines in the spectra derived from both ethyl- 
ammonium and rz-butylammonium ions. Thus it 
is uncertain whether the difference between the 
central portions of the spectra from CH3CH,- 
CH2CH,NH3+ and CH,CH,NH,+ (Figs. 2a 
and 3a) means that the y~eld of CH,CH,- 
radicals is appreciable or not. On statistical 
grounds alone, the ratio CH,CH,R: CH,CHR' 
from n-propylammonium would be between 
those ratios pertaining to the cases of ethyl- 
ammonium and rz-butylammonium ions. 

Hydrogen abstraction from (CH,),CHND,' 
in 6 M D,SO, yielded a seven-line spectrum with 
A = 145 G attributable to (CH,),cND,+, but 
in 6 M H2S04 the markedly different spectrum 
in Fig. 3e with A = 180 G was observed. The 
spectrum simulated for (CH,),CNH,+, using 
a, = 25 G (18) and assuming a splitting of 12.5 
G (i.e., pQ" = 25 G) for the NH,' protons, is 
shown in Fig. 3 f ;  the nitrogen splitting was 
omitted and instead the linew~dth was increased 
to AH, ,  = 10 G. In accord with the results for 
CH(NH,+)CO,H and CH,C(NH,+)CO,H in 
6 M H,S04 derived from glycine and alanine, 
respectively (8), we have assumed that the protons 
of the NH3+ groups adopt all possible fixed 

orientations, and on this basis the ammonium 
proton splitting was varied in order to achieve 
close agreement with Fig. 3e. Quite different 
spectra are predicted assuming a freely rotating 
NH,' group. For the radical CH,NH,+, the 
ammonium proton and nitrogen splittings are 
19 and 4 G,  respectively (20);  the deuteron 
splitting in CH,ND,+ would then be 3 G .  
Nitrogen and deuteron splittings of this magni- 
tude are unlikely to be resolved in the 6 M 
sulfuric acid glasses. The smaller magnitude of 

the ammonium proton splittings for 'CNH,' 
/ 

radicals in 6 M H,SO, is presumably due to 
hydrogen bonding with the aqueous matrix. 

CH, CH2 C(CH,), NH, +, CH, CH2CH(CH3)- 
NH, + , and (CH,), CNH, + 

The spectra derived from CH,CH,C(CH,),- 
NH, + and CH3CH2CH(CH3)NH3 + indicate 
the occurrence of hydrogen abstraction pre- 
dominantly from the methylene group adjacent 
to the terminal methyl group. Reaction of the H 
atoms with t-pentylammonium ions resulted in 
the five-line spectrum in Fig. 4a. In comparison 
with the ethylammonium ion case, this spectrum 
shows that the C H , C H  species of radical is 
more abundant than CH,CH,-. 

The spectrum in Fig. 4b was obtained from a 
sample containing CH,CH,CH(CH,)NH, ' and 
essentially the same spectrum was observed in 
6 M D,SO,. The predominant form of radical is 
unlikely to be cH,CH,-, and so this spectrum 
is ascribed to CH,cHCH(CH,)NH, '. Although 
the conformation with 5 = 45" predicts six 
equally spaced lines 1 : 5 : 10: 10: 5 : 1 ,  as does 
rotational averaging of ap, the observed spectrum 
can also be accounted for on the basis of a range 
of conformations. The spectrum in Fig. 4c was 

/ computed for CH,CHCH assuming the distri- 
\ 

bution [lo] from Smi, = 25" to ,,,, = 85". Very 
similar spectra have been obtained in the case of 
L-isoleucine (8). 

For t-butylammonium ions, the expected 
1 : 2: 1 triplet from CH,C(CH,),NH,' was ob- 
served but compared with CH,CH,C(CH,),- 
NH,', the H atoms were noticeably less reactive 
toward (CH,),CNH, +. 

Discussion 
The foregoing results indicate that hydrogen 

abstraction from the CH,CH,R ammonium ion 
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FIG. 4. Spectrum (a)  IS due to CH3CHC(CH3),NH3+ 
formed by abstraction from t-pentylammon~um lons In 
6 IMH,SO,. Spectrum (b) IS attributed to CH3CHCH- 

(CH3)NH3+, and (c) mas computed for CH3CHCH / 
\ 

assuming [lo] ocer the confor~natlon range km,,  = 25 to 
Smax = 85', AHpP = 6 G. 

species in the 6 M sulfuric acid glasses occurs 
preferentially from the methylene group adjacent 
to a terminal methyl group, except in the case of 
CH,CH,NH,+. The influence of the NH,' 
group on the slte from which abstraction takes 
place can be seen from a co~nparison of CH,- 
CH,NH,' and CH,CH,C(CH,),NH,-. That 
is, of the two types of radical, CH2CH2- and 
CH,CH-, the former predominates in the case 
of ethylammonium and the latter in the case of 
t-pentylammonium ions. Evidently methyl groups 
also influence the sites of abstraction; comparing 
CH,CH,NH,+ with (CH,),CHNH,+, the sus- 
ceptibility of the carbon atom adjacent to the 
NH,' toward abstraction is clearly increased by 
the second methyl group in (CH,),CHNH,+. 
The (CH,),CNH,+ case indicates that methyl 

groups adjacent to the NH,' are not very 
susceptible to hydrogen abstraction. 

Experiments involving OH reactions with 
alkylammonium ions in Ti3+-H202 flow systems 
show a similar influence of the NH,' group on 
the sites of abstraction. In the cases of n-propyl- 
ammonium and n-butylammonium ions, only 
CH,CH,- radicals were detected from the 
former, whereas the ratio of CH,CHCH,- to 
CH,CH,- radicals from the latter was 2.8: 1 
(2). On comparing these findings with the above 
results, it can be inferred that the relative yield 
of CH,CHCH,- to CH,CH,- fro111 n-butyl- 
ammonium ions in 6 M H,SO, is at  least 3 to 1. 
It is also noteworthy that CH,CHCH,- was 
the predominant species found in y-irradiated 
alkane crystals (13, 14); -CH,CHCH,- 
radicals were detected in 11-alkane crystals but 
even in the case of CH,(CH,),,CH,, a 3:  1 ratio 
of CH,CHCH,- to -CH2CHCH2- was 
found (15). 

As to the yields of CH,CHCH,-, CH,CH,-, 
and -CH,CHCH,- radicals from 17-butyl- 
ammonium ions in 6 M H,SO,, it is probable 
that the trend toward a lower relative yield of 
CH2CH2- continuesasthe number of methylene 
groups in CH,(CH,),NH,+ increases. It is 
probable too that the relative yield of -CH,- 
CHCH,- radicals increases with increasing n 
(n 2 3). Since the eight-line pattern attributed 
to CH,CHCH,- also dominated the spectra 
derived from CH,(CH,),NH,+ and CH,(CH,),- 
NH,', it is inferred that a low yield of -CH,- 
C H C H ,  radicals results froin CH,CH,CH,- 
CH,NH,'. The latter inference is supported by 
the CH,CH,CH,CH(CO,H)NH,+ result (8); 
in fact, the spectra derived from both DL-nor- 
valine and ~~-nor leuc i l l e  are virtually indis- 
tinguishable fro111 Fig. 2a. 

With regard to the nature of the spectrum in 
Fig. 2a and its assignment CH,CHCH2CH2- 
NH,', we note that the overall width is - 155 G 
and the relative intensities of the eight lines are 
in the approximate ratio 1 :6 :  16: 14: 14: 16:6: 1. 
Now it is true that the spectrum predicted for 
the single conformation in which 6 = 15' con- 
sists of eight equally spaced lines 1 : 5 : 1 1 : 15 : 15 : 
1 1 : 5 : 1, with A = 163 G. A superposition of this 
spectrunl and that in Fig. 3a might resemble Fig. 
2a but this possibility is discounted for two 
reasons: the trans form of CH,CHCH,- (5 = 

30') should have the lowest energy and we 
maintain that the nonhomogeneous solute- 
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solvent interactions in the aqueous glasses should 
preclude a single conformation. If the moiety 
CH3CHCH2- could undergo relatively un- 
restricted rotational motion about the bond 
joining the trigonal carbon and the methylene 
carbon, a seven-line 1 : 6 : 15 : 20: 15 : 6 : 1 spectrum 
with A = 142 G would result and hence this 
alternative can be eliminated as well. We have 
already noted that the maximum width possible 
for CH,CH,CH,CH,NH,+ should be - 120 G, 
as in the ethylammonium radical spectrum, Fig. 
3a. If j = 15" defined the orientation of both 
methylene groups in CH,CH,CHCH,NH,+, 
an eight-line 1 : 3 : 5 : 7 : 7 : 5 : 3 : 1 spectrum with 
A = 160 G would result but again this is a single 
conformation and not the most stable. Thus the 
accumulated evidence gives every indication that 
CH,cHCH,CH,NH,+ is the radical responsible 
for the spectrum in Fig. 2a and does favor the 
proposal that CH,CHCH,R radicals adopt a 
range of co~lformations in 6 M sulfuric acid 
glasses. 

The possible importance of torsional oscilla- 
tions in the CH,CH(CH,),,NH,' radicals re- 
mains to be discussed. In the classical approxi- 
mation (21), torsional motion about the C-C 

bond in 'CCH,- for example is considered to 
/ 

be sinusoidal. The time dependence of the angle 
defining the orientation of the methylene protons 
can be expressed as 

would yield (agl)  = (aF2) = 33 G. Thus the 

spectrum for 'CCH,- undergoing rapid 
/ 

torsional motion of a given amplitude about 
j = 30" would consist of a 1 : 2:  1 triplet with an 
overall width in the range 72 < A < 48 G. On 
the other hand if r > rp ,  the lines in the e.s.r. 
spectrum would show anolnalous broadening 
since it would represent the sum of individual 
spectra for the various values of ((t) from [l  I]. 

However, it is conceivable that each member 
\ .  of an ensemble of CCH,- fragments distri- 
/ 

buted over a range of conformations could 
undergo relatively rapid low-amplitude torsional 
motion. Thus [lo] would express the distribution 
of the j , ,  the equilibrium conformations of the 
radicals in question. With regard to CH3- 
CHCH,-, the magnitude of the hyperfine 
couplings for the a proton and for the protons 
of the freely rotating methyl groups would not 
be affected by oscillation about the bond 
joining the trigonal carbon and the methylene 
carbon: only the hyperfine lines due to the 
methylene protons would be affected by the 
torsional motion. Now the crucial point is that 
although the separations between the first three 
lines in both Fig. 2a and Fig. 2b are -24 G, the 
two most intense lines are separated by -61 G 
In the experimental spectrum and -69 G in the 
computed spectrum. From previous results (21), 

[ I l l  
~t is clear than when -45" < 6 < 45" the 

E(t) = 6 + x sill (2ntlr) 
average (a,,) for ' C C H ,  as a result of 

where x is the amplitude and T the period of the / 
oscillation; the angle j llow defines the equilib- torsional nlotlon will be less than the magnitude 

rium position for the p proton in question. The of a,l given by [21 at the equilibrium angle 5 ;  
hyperfine splitting for the methylene protous can conversely when 45" < 5 < 135" the value of 
then be written (ap, )  ~ 1 1 1  be greater than a e l  at c. The difference 

between these two quantities can be expressed as 
[12] ap(t) = pQ' ' cos2 [( + x sin (2nt/r)] 

[I41 (up,> - ap, = ~ Q " f ( o " ,  X) sin [2(6 - 4j0)1 
When r is less than the value of r g  - 3 x 

= 6ag, s typical of the P proton hyperfine interaction, 
[I21 can be averaged over time. Taking f(Oc, 30") - 0.88 (21) along with pQ" = 

48 G, this difference will be -6  G when ( = 0°, 
[I31 (ag(t>> = PQ"R X) zero when E = 45", and + 6 G when E = 90": an 

analogous expression holds for 6ap,. Thus if the 
= pgfl (i) J:::, cos2 (5 + x sin I) dx \ .  various ci for an ensemble of CCH,-- species 

/ 
are distributed as described by [lo] from - 15" Taking ' = 300 and = joO for '\'cH~- / the to 75'. the overall width of the resulting soectrum 

L L 

value of the motional factor is f(c, X) = 0.68 will decrease as x increases, and we find A(x = 

(21), so that torsional oscillation of amplitude 3O0)/A(x = 0") = 0.90. Similarly in the case of 
x = 30" about the equilibrium configuration CH3CHCH2-, the separation of the two most 
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intense lines is reduced to -62 G,  and so the 
lines of the computed spectrum in Fig. 2c become 
superimposable on the experimental lines in Fig. 
2a. 

The foregoing treatment is based on the 
validity of the approximation Q' - 0 in [2] .  It 
is true that a negative value of Q' (22),  rather 
than a small positive value (23),  would reduce 

the overall width predicted for \ccH~-. In 
/ 

order to fit the spectrum for CH,CHCH,CH,- 
NH,' however, Q' or Q" for the methyl 
protons would have to be quite different from 
the values for the methylene protoils. We find it 
more reasonable to assume the same value of 
Q" for both the methyl and methylene protons 
in CH,CHCH2-, along with Q' = 0. 

The overall width for CH,cHCH2NH,+ is 
somewhat (< 5 G) larger than A for CH,CHCH,- 
CH,NH,+, possibly due to greater restrictions 
imposed by the matrix on the torsional motion. 
The widths of the spectra derived from CH,- 
(CH2),NH,+ and CH,(CH,),NH,+ are ap- 
proximately the same as the overall width from 
Fig. 2a. However, partial splitting of the outer- 
most lines, presumably due to the ailisotropic cr 
proton and g-factor components, presents some 
difficulty in measuring certain overall widths. 

Summary 
Thee s r spectrum in Fig 2a can be accounted 

for on the basis that C'H,CHCH2CH,NH,f 
rad~cals are responsible and that the CH,- 
CHCH,- moieties are distributed over a range 
of conformations The qualitative agreement 
between the conlputed and experimeiltal spectra 
can be improved by Introducing torsional 
o s c ~ l l a t ~ o i ~  about the sp2 carbon - methyleile 
carbon bond The spectrum 111 Fig 46, derived 
from CH,CH,CH(CH,)NH,+ and ascribed to 

/ CH,CHCH radicals, can also be accounted 
\ 

for in terms of a range of conformations. 
Conlparisons with the other alkylammoniuni 
radicals indicate that CH2CH,- and -CH2- 
CHCH,- radicals contribute only slightly to the 
spectrum in Fig. 2a. We conclude that certain 
radicals trapped in lob-temperature glasses are 

unlikely to be restricted to one particular con- 
formation, and that the neglect of this possibility 
in characterizing the e.s.r. spectra could lead to 
confusion and to assignment errors. 

H. R.  Falle gratefully ackliowledges the award of a 
National Research Council of Canada Postdoctorate 
Fellowship. We also thank D. R. Smith and M.Tomlinson 
for helpful criticism of the manuscript. 
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HOWARD REGINALD FALLE and FREDERICK PETER SARGENT. Can. J. Chem. 52,3410(1574). 
Hydrogen atom reactions with butenes trapped in sulfuric acid glasses yield sec-butyl radicals 

by addition and methallyl radicals by abstraction. The character of the e.s.r. spectra due to the 
CH,CHCH,CH, radicals depends on whether cis-2-butene or trans-2-butene was the pre- 
cursof. Computer simulated spectra indicate that the most probable conformation for the 
CH,CHCH,CH, radicals derived from cis-2-butene and trans-2-butene are 'oblique' and 
'trans', respectively. Qualitative agreement between the simulated and experimental spectra is - -  - -  -- 
achieved by adding together the spectra computed for CH,CHCH,CH, and CH,CHCHCH, 
in the percentage ratio 40:60. In computing the spectra for CH,~HCH,CH,, it is assumed that 
the radicals are distributed over a range of conformations and can undergo torsional motion. 

HOWARD REGIKALD FALLE et FREDERICK PETER SARGENT. Can. J. Chem. 52,3410(1974). 
Les reactions des atomes d'hydrogene avec des butenes pitges dans de l'acide sulfurique 

vitrifie produisent des radicaux butyles secondaires par addition et des radicaux methallyles par 
enlevement. Les caracteristiques des spectres r.p.e. dus aux radicaux CH,CHCH,CH, depen- 
dent de la sttreoisomCrie cis ou trans du butene-2 qui leur donne naissance. Des spectres simules 
a l'aide d'ordinateurs indiquent que la conformation la plus probable des radicaux CH~CHCH,-  
CH, obtenus a partir des butenes-2 cis et trans sont respeclivenlent oblique et trarzs. Une 
correlation qualitative entre les spectres simules et experimentaux est obtenue en additionnant 
ensemble dans un rapport de40:60, les spectres simules du CH,CHCH,CH, et CH~CF~CHCR, .  
Lorsque l'on simule le spectre du CH,~HCH,CH,,  on fait l'hypothese que les radicaux 
peuvent adopter un grand nombre de conforniations et peuvent subir des mouvements de 
torsion. [Traduit par le journal] 

Introduction 
In previous studies of ammonium ion radicals 

(1) and amino acid radicals (21, it was demon- 
strated that CH,CHCH,R radicals adopt a 
range of conformations in 6 M sulfuric acid 
glasses. Molecules of the form CH,CH2CH2R 
are trapped in these glasses with a certain dis- 
tribution of conformations and in consequence 
the CH,CHCH,- moieties of the radicals 
formed by hydrogen abstraction are similarly 
distributed about the most probable configura- 
tion. In the absence of an external potential 
field, the lowest-energy conformation of n- 
butane is the staggered or trans configuration (3) 
and by analogy the lowest-energy configuration 
of the CH,CHCH,R radicals should also be 
'trans'. However, the conformations of the 
individual substrate molecules will certainly be 
influenced by the nonhomogeneous solute- 
solvent interactions in glass-forming media and 

'AECL No. 4862. 
'NRCC Postdoctorate Fellow 1972-1974. 

will become frozen as the viscosity increases. In 
the case of CH,CHCH,CH,NH,+, the equilib- 
rium configurations must be largely determined 
by the solute-matrix interactions affecting the 
parent 11-butylammonium ions as the glass sets 
(1). 

On this basis, we inferred that the spectrum of 
CH,CHCH,CH, radicals derived from each of 
the three isomeric butenes would provide further 
information about conformation effects in 
CH,CHCH,R radicals. If hydrogen atom addi- 
tion to trans-2-butene yielded an eight-line 
spectrum similar to the CH,CHCH,CH~NH,+ 
case (11, this would clearly indicate nonuniform 
solute-matrix interactions. We assume that the 
planar geometry of the 2-butene molecules would 
remain unaltered on formation of 6 M sulfuric 
acid glasses but nonuniform fields would affect 
the conformations of the resulting CH,CHCH,- 
CH, radicals. It follows that any differences in 
the spectra obtained after hydrogen atom addi- 
tion to cis-2-butene and trans-2-butene must be 
ascribed to the different geometries of the pre- 
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FALLE AND SARGEI \IT: BUTYL RADICALS 

cursors. While hydrogen atom addition to 
2-butene would give only CH,CHCH,CH,, 
CH,CH,CH,CH, could be formed as well from 
I-butene. However, H atom addition to RCH= 
CH, in solid argon occurs predominantly 
(>95%) at the terminal sp2 carbon (4). The H(D) 
atoms react quite readily with other 'gases' 
trapped in 6 M sulfuric acid glasses: C2H,, 
C3H,, CO, and N,O for example, and further 
work on these systems is anticipated. 

Experimental 
A Varian V4502-12 e.s.r. spectrometer equipped with 

Fieldial, dual-cavity and low-temperature accessories was 
used. The g-factors were measured against DPPH 
(g = 2.0036). 

Solutions containing 0.06 M Fe(I1) were prepared by 
introducing iron powder into 6 M sulfuric acid and were 
saturated with nitrogen prior to use. The gases 1-butene, 
cis-2-butene, trans-2-butene, and 1,3-butadiene used in 
this study,3 were bubbled into the Fe(I1) - 6 M H,SO, 
solutions at  room temperature until saturation. Aliquots 
were then placed in e.s.r. sample tubes, cooled to 77 K, 
and subjected to 254nm u.v. radiation for 10 min (I), 
yielding trapped hydrogen atoms, H,. On subsequent 
examination of the glassy samples at  -100 K, the growth 
of a g - 2 hydrocarbon radical signal was observed 
concomitant with the decay in the H, signal. Samples 
saturated with nitrogen showed only a weak background 
signal presumably due to HSO, (1). It should also be 
noted that the essential features of the spectra were not 
altered by annealling at  -140 K, implying that the matrix 
had remained rigid. On annealling the samples above 
145 K, the e.s.r. signals decayed irreversibly. 

Results and Discussion 
The occurrence of hydrogen atom addition and 

abstraction reactions with cis-2-butene and 
trans-2-butene would result in the formation of 
sec-butyl(1) and methallyl(2) radicals. Our main 
thesis is that the spectra in Figs. l a  and lb,  
observed after reaction of the H atoms in 6 M 
H2S0, samples containing trans-2-butene and 
cis-2-butene, respectively, are not the same 
because the resulting CH,CHCH,CH, radicals 
are confined to different conformation ranges. 
We base this on the assumption that the relative 
yields of 1 and 2 derived from cis-2-butene should 
be approximately the same as that from trans-2- 
butene. In radiolysis studies of olefins, the ratio 
of 1 to 2 (- 1 :2) from cis-2-butene was similar 
to the ratio from trans-2-butene, although not 

3The butenes (CP grade, from Matheson of Canada 
Limited) were examined by gas chromatography and all 
three were found to contain <0.3Y, impurity; 1,3- 
butadiene was detected (0.079,) only in the cis-2-butene. 

FIG. 1. The e.s.r. spectra recorded at 95 K after the 
reaction of hydrogen atoms with the three isomeric 
butenes trapped in 6 M H,SO, glasses: ( a )  rrans-2- 
butene, (b) cis-2-butene, and (c) 1-butene. The spectrum 
(d ) ,  recorded at 95 K after the reaction f Hatoms with 
1,3-butadiene, is attributable to CH3CHCHCH2, and 
(e)  is the computed spectrum for rnethallyl (2). 

all of the radicals were formed by thermal hydro- 
gen atoms (5 ) .  

The possibility that CH,CHCH,R radicals 
may adopt a range of conforn~ations has impor- 
tant consequences because of the angular depen- 
dence of p proton hyperfine couplings. To a good 
approximation, the hyperfine splitting for the 

two methylene protons in ' C C H ,  will be 
given by (6) / 

where 5 is the azimuthal angle shown in the 
insets in Fig. 2 and (2" is the proportionality 
constant relating the splitting constants, ap, to 
the 2p, orbital spin population, p (6). The total 
first-derivative spectrum for an ensemble of 
radicals of a given species was simulated using 
(1) 

We have thus taken the sum of individual spectra, 
Y1(i?,), calculated at 5' intervals of 5 over the 
designated range of conformations, gmin to emax. 
The expression for a Gaussian line-shape con- 
tains the parameter l- (1, 6), to which the peak- 
to-peak width of the first-derivative line is 
related by 
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1, d (7), a, = 24.63, a, = 21.90, up = 27.20; CH3- 
i i  1 CHCH,CH,NH~+ (a), a, = 25.6, a, = 22.0, 

i 1 1  , , 1: !, up = 23.7. The cis and trans isomers of 2 have 
2,)\ j ! /  ! !  I,,-- been characterised in liquid solution (9), but 

; !  , (  1 ;  I \  \ \ I /  , ,  1 ,  , /  would not be distinguishable in the sulfuric acid 
9 , ;  ' J U  1 ;  \/ I I glasses since the difference in the splittings is less 

A!u than the linewidth. For all of the simulated 
spectra herein, we have assumed a peak-to-peak 

~. -- -. linewidth of AH,, = 6 G .  
5 0  G It  can be seen from Fig. 1 that the spectrum 

: n I #  I,, derived from butene-1, Fig. lc, is similar to the 
I ;  ; a  !\ one from trans-2-butene, Fig. la ,  whereas the 

spectrum derived from cis-2-butene is rather 
'- different, Fig. 1 b If we omit the central line, the 

eight-line pattern discernable in Fig. l a  is 

V similar to the spectra attributed to CH3CHCH2- 
CH2NH3+ (1) and CH,CHCH,CH(CO,H)- 

FIG. 2. The spectra (a)  and (6)  were computed for N H ~  + (2) in 6 M H,SO, glasses, due to hydrogen see-butyl (I), on the basis of [l-41 with AH,, = 6 G, 
including torsional motion of amplitude x = 30" about abstraction from n-but~lammonium and nor- 
the sp2 carbon - methylene carbon bond; (a)  assumes the valine, respectively. It is noteworthy too that the 
range = -10- to La, = 70n, with 'tmns' as the spectrum from y-irradiated sec-butylchloride at  
most probable conformation and (b )  assumes the range 77 K (10) appears not unike the CH,CHCH,- 
en,in = 20" to e,,,,, = 100L, with 'oblique' as the most 
probable conformation. The spectra (c) and (d) are the C H 2 N H 3 +  'pectrum in 
renormalized sums: (Ie) PIUS (20) and ( l e )  plus (2b), Qualitative agreement between the spectrum 
respectively, both in the percentage ratios 60:40. In all simulated for CH,CHCH,CH, and the eight- 
cases AH,, = 6 G. line pattern in Fig. 1 a can be achieved by assum- 

ing a range of conformations and torsional 
[3 1 AH,, = [2/(ln 2)]1!2r 

oscillation, for the 'CCH,- portion of the 
The probability factor / radical. The spectrum in Fig. 2a was computed 

c41 
for 1 assuming the conformation range kmin = 

- 10" to Sm,, = 70°, along with x = 30" for the 
amplitude of the torsional motion about the sp2 

although arbitrary, is incorporated because all carbon - methylene carbon bond (1, 11). The 
conformatjons should not be equally probable maximum conformation range which yields a 
(1). Here 5 is the azimuthal angle for the most spectrum resembling Fig. 2a is E m i n  = - 15' to 
probable conformation and 65 defines the ex- cn,,, = 7sC, while the minimum range is k m i n  = sC 
cursionpf 5 over the conformation range from to Sm,, = 5 y .  Spectra computed for conforma- 
S m i n  = 5 - 86 to kmax  = 5 + 8 5  tion ranges outside the above limits are quite 

In simulating e.s.r. spectra for sec-but~l  and different from Fig. 2a. A decrease in the torsion 
methall~l, we have assumed the splitting con- amplitude increases the separation between the 
stants (given in gauss, G) below. two most prominent lines but does not affect the 

separations of the outer lines. That is, the proton 
CH,-CH-CH~-CH, - CH 4.0 splittings arising from the C H , C H  portion of 

i 24.5 22 49 cos2 CH3-CH 1 remain unaffected by the torsional motion 
49 cos: ( e - .  (120 ) 15.0 11.0 14.0 about the sp2 carbon - methylene carbon bond. 
1 2 Thus the above agreement is quite satisfactory 

except for the additional line in the centre of the 
For 1 we have thus taken pQ" = 49 G in [I], eight-line pattern in Fig. la .  Although the single 
so that the methyl proton splitting is a, = configuration of CH,CHCH,- in which 5 = 30" 
pQ"(cos2 5) = 24.5 G and a, = pQ = 22 G would yield a spectrum (4 x 2 x 3 lines) having 
for the cz-proton. These values may be compared a central line, this possibility is contradicted by 
with the following, also in G:  CH,CHCH,CH, the evidence which depicts a range of con- 
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formations. An alternative interpretation is that 
the central line in each of the spectra in Fig. 1 
arises from methallyl radicals (8, 12, 13). In Fig. 
Id, we show the experimental spectrum of 2 in 
6 M H2S04, observed after reaction of the H 
atoms with 1,3-butadiene. The simulated spec- 
trum for 2 consists of seven lines, as shown in 
Fig. l e  (AH,, = 6 G). Gas chromatography of 
the butenes revealed 1,3-butadiene (0.07%) only 
in the cis-2-butene and so the source of the 
methallyl radicals seen in each of Figs. la,  b, 
and c must be the butenes themselves. The g- 
factor measured at the midpoint of the central 
line was the same in Figs. la-c, within experi- 
mental error (?0.0002), as the value g = 2.0026 
from the spectrum of 2 in Fig. Id. 

The spectrum in Fig. 2c represents the sum of 
the spectra in Figs. 2a and le  in the percentage 
ratio 40:60, renormalized to the same maxiinurn 
height, and matches the experimental spectrum 
in Fig. l a  from trans-2-butene quite well. Now 
the difference in overall appearance between 
Figs. l a  and b, derived from trans-2-butene and 
cis-2-butene, respectively, must reflect the differ- 
ence in geometry of the CH3CH=CHCH3 pre- 
cursors. Hydrogen atom addition to the CH3- 
CH=CHCH3 species leads to rehybridization 
of one of the carbon atoms froin sp2 to sp3, 
accompanied by the loss of rigidity of the planar 
structure. The relative positions of the carbon 
atoms in the radicals are then more readily 
affected by intra- and intermolecular repulsions. 
In the case of trans-2-butene, the solute-matrix 
interactions force a range of conformations but 
the most probable configuration of the CH,CH- 
CH,CH3 radicals is still identifiable as 'trans'. 

However, the most probable configuration of 
the CH,CHCH,CH, radicals derived from 
cis-2-butene would not remain 'cis'; reorienta- 
tion toward the 'trans' form should occur since 
'cis' corresponds to the highest energy or full- 
eclipsed conformation of n - b ~ t a n e . ~  The com- 
puted spectrum in Fig. 2b was obtained assuming 
the conformation range jmln = 20' to jmax = 
100°, again with a torsion amplitude of x = 30". 
In this case we have termed the most probable 
conformation 'oblique'. A reasonable facsimile 
of the spectrum derived from cis-butene-2, 

4The conformers of n-butane are defined in terms of the 
CCCC dihedral angle c$ (3, 14): for the full-eclipsed form 
I$ = O0, for gauche c$ = 60°, while for the trans form 
c$ = 180". In the radical CH3CHCH2CH3, the 'oblique' 
form corresponds to I$ = 150". 

Fig. 16, is obtained when the methallyl spectrum 
is superimposed on Fig. 2b. The renormalized 
sum of Figs. 2b and le  in the percentage ratio 
40:60 is shown in Fig. 2d. Reorientation evi- 
dently does take place after H atom addition to 
cis-2-butene but the solute-matrix restrictions 
prevent 'trans' from becoming the most probable 
configuration. Somewhat better agreement with 
experiment, particularly with regard to the inten- 
sities of the outer three lines in Fig. 2d, was 
obtained using jmin = 15' to k,,, = 95" (4 = 
15j0), rather than the same range with 4 = 150". 
Although the range of conformations kmin = 
140" to j,,, = 220" with x = 30' also leads to 
Fig. 2b, it is unlikely in view of the torsion ampli- 
tude and the conformation range that $ = 30" 
would be the most probable configuration, rather 
than 'gauche' for example. The spectrum com- 
puted for the range j,,, = 110" to j ,,, = 190" 
with 'gauche' the most probable conformation is 
quite different from Figs. 2a and b. 

Comparisons of the experimental and com- 
puted spectra suggest that abstraction from cis-2- 
butene and trans-2-butene occurs to the same 
extent, though the relative yields of 1 and 2 are 
open to question. However, the efficiency of 
hydrogen abstraction from the butenes in 6 M 
H2S04 glasses is evidently comparable with that 
of H atom addition. In contrast we have found 
that reaction of the H atoms with propene 
yielded CH,CHCH, exclusively; the e.s.r. spec- 
trum showed no trace of the ally1 radical. 

With regard to 1-butene, it is not clear whether 
cis (4 = 0") or skew (4 = 120") would be the 
more probable form trapped in the 6 M H2S04 
glass. An n.m.r. study (15) and an ab initio cal- 
culation (14) suggest that these rotational con- 
formers might be about equally populated. In 
accord with the cis-2-butene results, we assume 
that the CH,CHCH,CH, radicals formed from 
1-butene, both cis and skew, would reorient 
towards 'trans'. Unlike cis-2-butene however, it 
is probable that the geometries of the I-butene 
conformers become altered in the 6 M H2S04 
glass, so that the precursors of 1 in the latter 
case would already be distributed over a range of 
conformations. These arguments may explain 
the minor differences between the spectra derived 
from butene-1 and trans-butene-2, Figs. l c  and a ,  
respectively. The possibility that ~H,cH,CH,- 
CH, also contributes to Fig. lc  may be unlikely 
in view of H atom addition to RCH=CH2 in 
argon (4) but cannot be discounted. 
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One limitation of the foregoing description is 
the symmetrical probability distribution [4]; 
the distribution of conformations of 1 may be 
unsymmetrical in the cases of 1-butene and cis- 
2-butene. Another limitation lies in the (classical) 
treatment of the torsional motion and the un- 
certainty in X. It should be noted that the spec- 
trum computed for the 'oblique' form of 1 with 
x = 0" and 65 = 40" is quite different from 
Fig. 26. However, one essential difference 
between the butene isomers is geometry, the 
radicals 1 and 2 occupy the same holes in the 
6 M H 2 S 0 4  glasses as the precursors, and hence 
we attribute the differences between Figs. la ,  b, 
and c to conformational differences in the species 
1. 

Summary 
Hydrogen atoms undergo reactions with cis-2- 

butene and trans-2-butene in 6 M H 2 S 0 4  which 
yield CH,CHCH,CH, by addition and CH3- 
CHCHCH, by abstraction. The e.s.r. spectra 
derived from samples containing cis-2-butene 
and trans-2-butene show differences which can 
be explained by assuming that the CH,CHCH,- 
CH, radicals in each case adopt different con- 
formation ranges. Thus the eight-line pattern 
discernible in the spectrum in Fig. l a  can be 
simulated by assuming that 'trans' CH,CHCH,- 
CH, is the most probable conformation. On the 
other hand, the spectrum obtained assuming 
'oblique' CH,CHCH,CH, to be the most 
probable conformation is more compatible with 
Fig. 16. The central line in each -- -- of -- the spectra in 
Fig. 1 is ascribed to CH3CHCHCH, radicals, 
and superposition of the computed spectra sup- 
ports this assignment; cf. Figs. 2c and d. 

In conclusion, the above results provide fur- 
ther evidence that radicals formed in glassy media 

can adopt a range of conformations. This occur- 
rence might also be important in the study of free 
radicals in hydrocarbon glasses (1 6) and in argon 
matrix studies (4, 17). 

H. R. Falle gratefully acknowledges the award of a 
National Research Council of Canada Postdoctorate 
Fellowship. We also thank D. R .  Smith and M. Tomlin- 
son for helpful criticism of the manuscript. 
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An Investigation of Substituent Effects on Coupling Constants to Vinyl 
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WILLIAM F. REYNOLDS, IAN R. PEAT, and GORDON K. HAMER. Can. J. Chem. 52,3415 (1974). 
Experimental long-range phenyl proton - vinyl proton coupling constants in 4-substituted 

styrenes are substituent independent. This is also predicted by INDO - finite perturbation 
theory calculations of these coupling constants. Comparison with calculated and experimental 
long-range coupling constants for 4-substituted benzaldehydes suggests that the previously 
reported substituent dependence for the latter coupling constants arises from substituent- 
induced changes in molecular geometry. 

Geminal vinyl coupling constants in 4-substituted styrenes, a-methylstyrenes, and a-t- 
butylstyrenes are substituent dependent with substituent effects increasing as phenyl and vinyl 
groups are twisted out of planarity. These trends are reproduced by INDO-FPT calculations. 
I t  is concluded that the substituent effects are primarily transmitted through space. 

Both experimental and calculated vinyl 13C-'H coupling constants show strong stereo- 
specific substituent effects. From the pattern of results (particularly the greater field dependence 
for J,,,,,,,, than J,,, , , , , ,)  it is concluded that these coupling constants also reflect through-space 
substituent effects. This is supported by calculations on model compounds with no intervening 
phenyl group. 

WILLIAM F. REYNOLDS, IAN R. PEAT et GORDON K.  HAMER. Can. J. Chem. 52,3415 (1974). 
Les constantes de couplage a longue distance mesurtes entre les protons des phenyles et les 

protons des groupements vinyles dans des styrenes substitues en position 4 sont independantes 
des substituants. Ce resultat est aussi predit par les calculs INDO-FPT de ces constantes de 
couplage. La comparaison entre les valeurs calculees et les valeurs experimentales des cons- 
tantes dg couplage a longue distance pour les benzaldehydes subtitues en position 4 suggQent 
que les resultats rapportes anterieurement sur la dependance des substituants pour ces dernieres 
constantes de couplage decoulent de changements, induits par les substituants, dans la geo- 
metrie de la molecule. 

Les constantes gtminales des groupes vinyles dans les styrenes substitues en position 4 ainsi 
que dans des cx-mtthyles et a-t-butylstyrenes dependent des substituants et ces effets augmentent 
lorsque les groupes phtnyles et vinyles sont deplacts hors du plan de la molecule. Ces tendances 
sont reproduites par des calculs INDO-FPT. On en conclut que les effets de substituants sont 
transmis principalement a travers I'espace. 

Les constantes de couplage 13C-'H mesurees et calculees pour les groupes vinyles montrent de 
forts effets de substituants qui sont stereospCcifiques. Partant des variations dans les resultats 
(particulierement la dipendance sur le champ qui est plus grand pour J C l P J ~ ! ~ j  que J C ( P J H ( B J )  

on en conclut que ces constantes de couplage refletent aussi des effets de substituants a travers 
I'espace. Cette conclusion est supportbe par des calculs sur des composes modeles dans lesquels 
aucun groupe phinyle n'intervient. [Traduit par le journal] 

Introduction based on finite perturbation theory (7) in the 
While there have been numerous investigations CND0/2 (8) and INDO (9) approximations 

of long-range coupling constants to side-chain have proved useful for investigations of 'H-'H 
protons in aromatic derivatives (1-3), there have coupling constants, these calculations have been 
been few systematic investigations of substituent used primarily to investigate mechanisms of 
effects on these coupling constants (4-6). transmission of coupling constants (3, 10-23) 
Similarly, while molecular orbital calculations with lesser attention paid to substituent effects 

(11, 14, 20, 24). 
consequently, we decided to carry out an 

'Current address: Department of Chemistry, Florida 
State University, Tallahassee, Florida, 32306. experimental and theoretical investigation of 

2current address: School of Chemical science. substituent effects on coupling constants in 
University of East Anglia, Norwich NOR 88C, ~ng land :  styrene derivatives. These compounds were 
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chosen not onlv because of the availabilitv in our which the suectrometer is off during the acauisition time 
laboratory of numerous styrene derivatives (25) 
but also because of the geometric characteristics 
of styrene which make it a particularly useful 
model co~npound for investigating both substi- 
tuent effects (25) and the mechanisms of trans- 
inissio~l of coupling constants (12, 23). 

Results of theoretical and experimental in- 
vestigations of substituent effects on geminal, 
vicinal, and long-range 'HPIH coupling constants 
and directly bonded 13C-'H coupling constants 
are reported below. 

Experimental 
Compounds either were obtained commercially or else 

synthesized in this laboratory using methods described 
elsewhere (25, 26). 

' H  spectra for 4-substituted styrenes were recorded on 
a Varian HA-I00 spectrometer, operating in the frequency 
sweep mode at a probe temperature of 30 2 1 'C. Internal 
tetramethylsilane (ca. 3 moly,) was used as a lock and 
reference signal. Spectra were measured at  a sweep rate of 
0.02 Hz;s and calibrated at less than 5 Hz intervals. Peak 
positions were obtained from the average of at  least four 
scans (twice in each direction). Double resonance experi- 
ments were carried out using a Hewlett-Packard 4204A 
Oscillator. 

Spectra for 4-nitrostyrene and 4-methoxystyrene were 
run in CS, whereas 4-dimethylaniinostyrene and 4- 
ethynylstyrene were run in C6D6. C,D6 was used for the 
latter two conYpoilnds because it gave the largest chemical 
shift difference for the arorliatic protons of the ethynyl 
derivative, facilitating analysis, and because the dimethyl- 
amino derivative reacted in CS2 to give an intense yellow 
solution. All solutions contained 5 m o l z  of styrene 
derivative and 3 m o l z  of tetramethylsilane. Paramagnetic 
impurities were removed with a small magnet and then 
each solution has  filtered into an n.m.r. t~ lbe  which was 
degassed with at  least four freeze-pump-thaw cycles and 
then sealed under vacuum. 

It was necessary to decouple the methyl protons of the 
4-niethoxy and 4-dimethylamino derivatives and the 
ethynyl proton of 4-ethynylstyrene to remove long-range 
couplings of these groups to the vinyl protons. 

Relative signs of long-range coupling constants in 4- 
nitrostyrene were determined by double-resonance 
'tickling' experiments (27). Signs agreed completely with 
those determined previously for 3.4-dichloro- and 3- 
bromostyrene (12). The near constancy of long-range 
coupling constants in all of the 4-substituted styrenes 
justifies assigning the same signs for all these derivatives. 

Experimental line frequencies and signs of coupling 
constants were used as input for iterative spectral analysis 
using the computer program LACX (28). Input param- 
eters were estimated from observed splittings. 

I3C-'H coupling constants for a-methylstyrene and 
a-t-butylstyrene derivatives were determined from I3C 
spectra obtained on a Varian XL-100-15 spectrometer 
operating in the pulsed Fourier transform mode at  
25.160 MHz (probe temperature 32 2 3 'C). ' H  coupled 
spectra were obtained in the 'gated gyrocode' mode in 

but on duiing a delay period to establish the nuclear 
Overhauser enhancement (29). 13C spectra were obtained 
for 5-10 m o l z  solutions of styrene derivatives in CCI, 
with 8 m o l z  C6D12 giving the lock signal. 

13C-'H coupling constants could be estimated directly 
from the splittings in the 13C spectra since the cc-methyl- 
and r-t-butylstyrenes with I3C(p), respectively, give 
AMR3X and AMX spectra with splittings equal to 
coupling constants (precise calculations indicated a 
maximum deviation of 0.05 Hz from first-order splittings). 
In several of the r-r-butylstyrene derivatives, the central 
doublet of the X quartet was not resolved and only 
average '"C-'H coupling constants could be obtained 
(the peaks appeared to be broadened by unresolved 
coupling to the t-butyl hydrogens). In these cases, the 
coupling constants were measured from I3C satellite 
peaks in ' H  spectra of 30 mo1z solutions. The same ap- 
proach was used to confirm the assignments of coupling 
constants in z-methylstyrene and its dimethylamino and 
nitro derivatives. In these compounds, ' H  and I3C 
spectra gave coupling constants which agreed within 0.1 
Hz, indicating no concentration dependence. It is esti- 
mated that the accuracy of individual coupling constants 
is 5 0 . 2  Hz. 

We also attempted to measure I3C-'H coupling con- 
stants for styrene derivatives. Unfortunately, these 
cornpounds give ABCX spectra with splittings in the 
X(I3C) spectra not equal to the coupling constants. To 
obtain the latter, full spectral analysis is required, using 
the I3C satellites in the ' H  spectrum. However, both the 
low intensity of the satelites plus the fact that both H(A) 
and H(B) satellites due to I3C(p) are obscured by the main 
H(A) spectrum made it impossible to measure these 
peaks accurately. 

Derarls of Calculatrot~~ 
CNDO and INDO fin~te pert~lrbation calc~~la t~ons  

were performed uslng a modlfied version (19, 23) of a 
standard CNINDO program (30). Calculat~ons Mere 
performed on an IBM-370 computer Unless otherw~se 
specified, standard bond lengths and angles (31) were 
used In the calculat~ons 

Wesuits and Discussion 
Ring Proton - Vi11j.1 Proto11 Couplil~g C O I I S ~ ~ I I ~ S  

Experimental and calculated (INDO) values 
of long-range 'HPIH coupling constants for 4- 
substituted styrenes are sum~narized in Table 1. 
Both calculated and experimental coupling 
constants are an average of the values for the - 
two planar conformations 1 and 2. ' H  chemical 
shifts, intra-ring coupling constants, and perti- 
nent computer fitting data from the spectral 
analysis of these derivatives are sum~iiarized in 
Table 2. Compounds were chosen to cover a 
wide range of substituent effects. 

The most significant observation is that both 
experimental and calculated long-range cou- 
plings are substituent independent. This is 
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TABLE 1. Experimental and calculated" long-range coupling constants 
for 4-substituted styrene derivatives 

Substituent 

Couplingb 
constant Exp. Calcd. Exp. Calcd. 

-0.53 -0.53 
<0.07 f0.19 
+0.15 f 0 . 3 7  
$0.36 1-0.76 
<0.07 -0.22 
<0.07 -0.05 

Exp. Calcd. Exp. Calcd. 

"INDO calculations. 
bNumbering shown in 1 and 2. 

TABLE 2. Remaining N.M.R. parameters for 4-substituted styrenes 

Compound 

4-N(CH3)z 4-0CH3 4-NO2 4-C=C-H 

6(2,6)0 
8(3,5) 
67 
68 
69 

Jz3,JssC 
Jzs,J36 
JZ 6 

J3 s 
J7 8 

J7 9 

J8 9 

No. of peaks fitted 
Worst fit (Hz) 
Root mean square deviation 
Probable errors of parameters 
Solvent 

'The lettering corresponds to 1 in Table 1. 
bChemical shifts in p.p.m. relative to internal tetramethylsilane. 
CCoupling constant in HI. 

important since in our previous investigation of 
coupling constants in styrenes (12), ring sub- 
stituents (Br or C1) were used to simplify spectra 
and to force styrene into specific conformations. 
The results in Table 1 indicate that negligible 
errors were introduced by this procedure. 

While methyl proton - ring proton couplings 
in toluenes are also insensitive to substituents 
(32), aldehyde proton - ring proton couplings in 

4-substituted benzaldehydes show an experi- 
mentally significant substituent dependence (4). 
In an attempt to account for this difference, 
INDO calculations were started for a series of 
4-substituted benzaldehydes. However, after 
calculations were performed for four derivatives 
(see Table 3), it became apparent that the 
electronic effect of a substituent introduced into 
an otherwise unperturbed molecule could not 
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TABLE 3. Experimental and calculated long-range coupling constants 
for some 4-substituted benzaldehyde derivatives 

Substituent 

H N(CH3)2 CEN NO2 
Coupling 
constant Exp." C a l ~ d . ~  Exp.' Calcd. Exp.' Calcd. Exp.' Calcd. 

aFrom ref, 41. 
blNDO calculations. 
<From ref. 4. 
dNumberlng of benzaldehyde protons corresponds to that for styrenes (see 1 and 2, Table I )  with Hi the aldehyde proton 

TABLE 4. Calculated long-range coupling constants (in Hz) for benzaldehyde 
and styrene as a function of C(1)-C(E) bond length 

( A )  Benznldehyde 

Coupling constant J(c\Do) J ( I > D o I ~ ) )  J I I N D O ( ~ ) ) '  J I I ~ D O )  

( B )  Stji-enc~ 

Coupling constant i- = 1.42 8, i- = 1.46 A I. = 1.50 A 

account for the experimental results. The 
calculated change in (J,,,J,,) was not only too 
small but also of the wrong sign. 

A plausible alternative explanation of the 
benzaldehyde results stems from the greater 
ability of a carbonyl group, compared to methyl 
or vinyl groups, to conjugate with the aromatic 
ring (33). Crystal structure data for 4-substituted 
benzoic acids show a variation of C(1)-C(a) 
bond length from 1.46 A for the amino derivative 
to 1.50 A for the nitro derivative (34). The 
corresponding benzaldehyde derivatives should 
show similar bond length changes. 

T o  test the effect of this parameter, calculations 
were performed for benzaldehyde with the 
C(I)-C(a) bond length varying from 1.42 to 
1 .50 A (Table 4). (J,,,J,,) becomes less negative 
by 0.16 Hz for each 0.04 A increase in bond 
length. This calculated change in (J,,,J,,) is in 
the same direction as, and almost identical in 
magnitude to, that observed experimentally for 
4-substituted benzaldehydes (-0.23 for the 
amino derivative, <0.06 Hz for the nitro 
derivative (4)). The calculations also correctly 
predict the smaller substituent dependence for 
the (J,,,J,,) (total range 0.10 Hz (4)). Thus the 
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TABLE 5. Experimental and calculated vinyl 'ti-'H coupling constants 
(In Hz) for some 4-substituted styrene derivatives 

Exper~mental" Calculated" 
- -- 

Styrene Styrene (p = 0') 
- cc-Methylstyrene r-t-Butylstyrene Styrene (p = 90 ) 

Substituent J,, J,g J,, J 8  9 JR 9 J78 J79 J89 J8 9 

"From ref. 25. 
bINDO calculations. 

substituent dependence of long-range couplings 
in 4-substituted benzaldehydes can be almost 
quantitatively accounted for by reasonable 
substituent-induced changes in the C(1)-C(a) 
bond length. However, this does not rule out 
the possibility that substituent-induced changes 
in either the C(a)-H bond length or the phenyl 
ring bonds may also affect the coupling con- 
stants. 

The predicted change in (J,,,J,,) for styrene 
is smaller (0.10 Hz  for a 0.04 A change in bond 
length) (Table 4). Furthermore, smaller changes 
in bond length would be expected since the vinyl 
group has only a slight tendency to accept or 
donate electrons (25). 

Danyluk et al. (4) concluded that the substi- 
tuent dependence of (J2,,J6,) in benzaldehydes 
was primarily d ~ ~ e  to changes in o contr ib~~t ions  
to  these couplings. T o  test this conclusion, 
C N D O  and INDO(o) (10, 23) calculations were 
performed. Both calculations estimate only the 
fraction of the coupling constant transmitted 
entirely through the o electron system. n contri- 
butions were estimated by taking J(1NDO) - 
J(INDO(o)) (10, 23). Results are in Table 4. 
The calculations suggest that substituent-induced 
changes in (J2,,J6,) are due to changes in both 
o and n contributions. 

In addition to the planar 4-substituted styrenes, 
we attempted to measure long-range coupling 
constants in the nonplanar (25) 4-nitro-x-t- 
butylstyrene. However, the long-range coupling 
constants to the vinyl protons were unmeasur- 
ably small, in agreement with INDO-FPT 
calculations which suggest that these coupling 
constants approach zero as the vinyl group is 
twisted out of conjugation with the phenyl 
group (12). 

Gemiilal and Vicinal Vinyl Proton Coupling 
Constants 

Geniinal vinyl proton coupling constants in 4- 
substituted styrenes in cyclohexane vary from 
0.58 Hz for the nitro derivative to 1.26 Hz for 
the dimethylamino derivative (25). 

The substituent dependence of the geminal 
coupling constant J,,(,,,(,,, increases on going 
from styrene to a-t-butylstyrene; the total range 
of this coupling constant (from demethylamino 
to nitro derivatives) is 0.68 Hz for styrene, 0.67 
Hz for a-methylstyrene, and 0.83 Hz for a-t- 
butylstyrene. 

By contrast, cis and trans coupling constants 
for 4-substituted styrenes vary only slightly with 
substituent; the total range is 0.07 Hz in both 
cases (25). Electron-withdrawing groups may 
give rise to slightly larger coupling constants 
(Table 5), although the total range is conlparable 
with the experimental uncertainty of T0.03 Hz. 
Similarly, the cisoid and transoid allylic coupling 
constants to the methyl group in a-methylstyrene 
show no substituent effects. These results con- 
trast with those of vinyl derivatives with directly 
bonded substituents where electronegative groups 
cause marked decreases in both geininal and 
vicinal coupling constants (35). 

INDO calculations were performed for repre- 
sentative styrene derivatives with, p = 0 and 90', 
where p is the angle of twist between phenyl and 
vinyl groups (see Table 5). Calculations were not 
performed for the actual a-alkylstyrenes for 
reasons of computational economy. The cal- 
culations predict the increased substituent 
dependence of J,(,,,(,, as p increases (total 
range of 0.19 Hz for p = 0" and 0.35 Hz for 
p = 90'1, although they underestimate the range 
of substituent effects in both planar and non- 
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 ABLE 6. Experimental and calculated vinyl 13C-'H coupling constants 
(in Hz) for 4-substituted styrene derivatives 

Experimental coupling constants Calculated coupling constants 

a-Methylstyrenec u-r-Butylstyrene Styrene (p = 0') Styrene (p = 90") 

Substituent J ~ ( ~ ) ~ ( 8 )  J ~ ( ~ ) ~ ( ~ l  J ~ ( P l ~ l ~ )  J ~ ( ! 3 ) ~ 1 9 )  J c ( B ) M ( ~ )  J c ( B ) H ( ~ )  J c ( D ) H ( ~ )  J c ( ~ ) H ( ~ )  

H 155.5 157.0" 156.6 
N(CH312 154.7 156.7" 156.7 
C(CHB), 155.4 156.9 156.7 
CH 3 155.4 156.7 156.8 
0 C H 3  155.1 157.1 156.8 
F 155.5 157.8' 156.9 
C1 155.6 157.9 157.0 
Br - - 157.0 
NO z 156.2 158.7" 157.1 
Si(CH3I3 155.7 157.1 - 

Sn(CH3I3 155.6 157.1 - 

aAssignments confirmed by 13C satellites in 'H spectra. 
bMeasured from "C satellites in 'H spectra. 
<All 3-methylstyrenes had JCcD,,,, = 6.0 + 0.1 Hz. 

planar derivatives. The calculations do not 
predict the increase in J,(,,,(,, with p for the 
unsubstituted styrenes (see Table 5). This is 
probably due to the omission of the a-alkyl 
group since a calculation for a-methylstyrene 
with p = 90" gave J,(,,,(,, = 6.53 Hz. Un- 
fortunately, the calculations also provide no 
explanation for the constancy of the vicinal 
coupling constants since they predict a marked 
decrease in J,, and J,, for electron-withdrawing 
groups. 

While the calculations do not provide an 
explanation for the origin of substituent effects 
upon 'H-'H coupling constants, the pattern of 
experimental results suggests that it is due to 
through-space transmission of electronic effects. 
Through-bond effects (particularly conjugative 
effects) should decrease markedly with increase 
in p while through-space effects should be 
relatively insensitive to p (25). The small 
increase in the substituent dependence of 
J,(,),(,, with p is thus more consistent with 
through-space than through-bond effects. Simi- 
larly, the experimental trends for styrenes 
parallel the solvent dependence of ge~ninal and 
vicinal coupling constants in vinyl derivatives; 
the former are strongly solvent dependent while 
the latter show little solvent dependence (36). 
This suggests that the effect of a remote polar 
group in styrene is similar to  that of a polar 
solvent molecule, i.e. essentially a through-space 
effect. Further evidence for through-space 

transmission of substituent effects is presented 
in the following section. 

Directly Bonded Vinyl 3C-1 H Coupling 
Constants 

Vinyl 13C-'H coupling constants in a-methyl- 
and r-t-butylstyrene derivatives are sunl~narized 
in Table 6. Calculated coupling constants for 
styrene a t  p = 0 and 90" are also included. 
a-Methylstyrene (p = 30') and a-t-butylstyrene 
(p = 64") lie between these extremes. 

Both experimental results and calculations 
suggest that a t  large p, Jc(p,,(,, is nearly constant 
wh~le  JC(P)H(9)  shows a marked substituent 
dependence. On going from a-t-butyl- to  a- 
methylstyrene the substituent dependence of 
J,-(p,H(,, increases (total range of 1.5 compared 
to 0.5 Hz) whereas that of J C ( P ) H ( P )  decreases 
(2.0 compared to 2.9 Hz). The calculations 
predict the latter trend but not the former. 

The greater sensitivity of J C ( P ) H ( Y )  to  substi- 
tuent effects in both compounds again suggests 
a through-space transmission of substituent 
effects; the field due to a polar substituent acts 
almost directly along the C(P)H(9) bond but 
almost at right angles to C(P)H(8). However, 
these observations could also indicate a stereo- 
specific transmission of electronic effects through 
the o electron framework. This might be favored 
by the trans arrangement of C(1)-C(a) and 
C(P)-H(9) bonds (see ref. 23). To  test this 
point, calculations were performed for CH,X- 
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TABLE 7. Calculated geminal 'H-'H coupling constants and I3C-'H coupling constants 
for ethylene- methyl X pairs with C-X bond and ethylene molecule in the same relative 

orientation as the C(4)-X bond and vinyl group in 4-substituted styrenes 
(coupling constants in Hz) 

CHL 3.24 156.68 156.68 0 .00 0.00 
CH3NH2 3.24 156.65 156.70 0.46' +0.04 
C H 3 0 H  3.21 156.64 156.80 1 .93' f 0 . 4 9  
CH3F 3.17 156.56 157.00 1.75 +0.71 
C H 3 N 0 2  3.13 156.45 157.23 3.91 +1.11 

QDipole moment (Debye) from lNDO calculation for CH,X. 
"Field substituent parameter (33) for X. 
CMolecular dipole not parallel to C-X bond axis. 

C,H, pairs with the C-X bond and ethylene in 
the identical geometric arrangement to the C-X 
bond and the vinyl group in 4-substituted 
styrenes. Since there is no  intervening phenyl 
group, these calculations should only reflect the 
field effect of the polar C-X bond. In fact, the 
calculated results of JC(B)H(S) and JC(P)Hi9 j  (see 
Table 7) are entirely consistent with through- 
space field effects on these coupling constants. 
The increase in J,(pjH(9, and the smaller 
decrease in JC(P,H(8) parellel the magnitudes of 
the electric field vectors along these bonds (for 
styrene with the C(1)-C(a)-C(P) bond angle, 
a ,  = 12OC, the resolved field component along 
C(P)H(8) is opposite in sign to that along 
C(P)H(9) (37)). Furthermore, the magnitudes of 
the changes in J,,,jH,8) and JC(P)H(9) closely 
parallel the polarizing ability of the C-X bond 
as measured either by the CH3X dipole moment 
or  the field substituent parameter for X (33). 
Furthermore, the calculations confirm that the 
substituent dependence of JH(8,,,,9, is also at  
least partly due to through space effects. 

In an attempt to  obtain further information 
about the nature of the electronic substituent 
effects, calculated and experimental ' 3C-1H and 
geminal 'H-'H coupling constants were corre- 
lated with the field, F, and resonance, R, sub- 
stituent parameters of Swain and Lupton (33) 
(see Table 8). In each case, the correlations 
reveal that Jcip)H,9) is more sensitive to field 
effects than Jccp)H(8).  Furthermore, F contri- 
butions to J ~ ( 8 ) ~ ( 9 ) ,  J C ( p ) ~ ( 8 ) r  and J C ( P ) ~ ( 9 )  are al l  
almost independent of p. Both of these observa- 
tions are entirely consistent with the presence of 
a through-space electric field effect which 
affects the coupling constants by C-H bond 
polarization. The magnitude of this polarization 
depends upon the component of the electric field 

vector acting along a given C-H bond (38). The 
only significant difference between calculated 
and experimental results is in the sign of the 
small field cornponent to Jccp,Hisp Increase of 
the C(I)-C(s()-C(P) bond angle to a probably 
more realistic value of 130" (see ref. 25) would 
reverse the direction of the electric field com- 
ponent along C(P)-H(8). leading to a calculated 
positive field dependence for JC(pjH(8) .  

There have been previous suggestions that 
l 3 C - ' ~  coupling constants are sensitive to 
electric field effects (39,40). Raynes and Sutherley 
have estimated that the sensitivity of JC-, to 
electric field effects is given by (39) 

[ I ]  dJc-,/dE, = +23 x Hz e.s.u.-' 

where E, is the field component along the C-H 
bond. This constant can also be estimated from 
our data. The difference in field contributions, 
Af, to JC(Pj ,1 i8)  and Jc(pj,,,i9j is a measure of the 
electric field contr~butlon to these coupling 
constants. For  x-methyl- and a-t-butylstyrenes, 
Af - 0.83 Hz. This can be used to estimate field 
contributions to JC(p)Hi9) - JC(BjH,8) (AJ) for 
individual derivatives. For example, for chloro 
derivatives, F = 0.70 (33). The field contribution 
to AJ is FAf> i .e .  - 0.58 Hz. The field effect of 
the polar C-Cl o bond can be approximated by 
that of a point dipole of 1.86 D, acting halfway 
along the C-CI bond (0.85 A from C1) (26). In 
this case, the difference in electric field compo- 
nents, AE, (- E, (C(P)H(9)) - Ez(C(P)H(8))) is 
$1.50 x lo4 for ci = 120" or $1.18 x lo4 for 
cl = 130" (electric field components are evaluated 
halfway along the C-H bond). Therefore 
dJ/dE, is estimated to be between (39 - 52) x 

Hz e.s.u.-l, assuming a is between 120 
and 130". While this is larger than the value of 
Raynes (39), it is consistent with our observation 
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TABLE. 8. Correlation of vinyl 'H-'H and 13C-'H coupling constants for 4-substituted 
styrenes with field, F, and resonance, R, substit~lent parameters 

System J f'" ra yh 

Styrene (exp.)' 
a-Methylstyrene ( e ~ p . ) ~  
a-t-Butylstyrene ( e ~ p . ) ~  
Styrene (calcd. p = 0') 
Styrene (calcd. p = 90 ) 
a-Methylstyrene (exp.)< 

Styrene (calcd. p = 0') 

Styrene (calcd. p = 90') 

"Coefficients for equation J - J ,  - f F  7 r R  where J ,  is the coupling constant for the unsubstituted styrene. 
bCorrelation coefficient. 

compounds from ref. 25 included in correlation. 

that field effects are enhanced for the styrene correlations underestimate the resonance de- 
system, relative to aliphatic compounds (25). pendence of these couplings, the calculations do 
While it is undoubtedly an oversimplification to  indicate that the substituent dependence does 
attribute the origins of the field dependence increase with increasing p and the correlations 
solely to C-H bond polarization (36) ,  the pat- 
tern of results suggests that this is a major factor. 

The correlations indicate resonance or con- 
jugative contributions to both 13C-'H and 
geminal 'HTIH coupling constants which are 
more difficult to comprehend. The similar 
resonance contributions to JC(B)Er (8 )  and Jc(p)E?(91 
in a-methylstyrene appears reasonable, assuming 
resonance effects are transmitted through the 
II electron system (25). The decreased resonance 
contribution to JC(P ,H(8 j  for a-t-butylstyrene is 
also not unreasonable slnce conjugation should 
decrease as p increases. However, the increased 
resonance contributions to JC(P)H(91  and JH(,lH(,) 
with increased p are difficult to understand. For 
a-t-butylstyrene and for the styrene calculations 
at p = 90°, r values parallel f values. This 
suggests some through-space mechanism, possi- 
bly through-space transmission of the effect of 
II electron density changes a t  C(1). However, 
unless one assumes that through-bond and 
through-space resonance contributions are of 
opposite sign, it is still difficult to rationalize 
the apparent increases in r with p. It is possible 
that the increased resonance dependence is not 
real but rather an artifact associated with some 
inadequacy in the correlations. However, the 
experimental results clearly suggest that there is 
an increased substituent dependence for JH(,,,(,, 
and JC(B)H(9)  with increased p. Although the 

again suggest that this is due to an increased 
resonance dependence. 

To  summarize, experimental measurements of 
long-range coupling constants in 4-substituted 
styrenes demonstrate that these coupling con- 
stants are not substituent dependent. Compari- 
son of experimental and calculated long-range 
coupling constants for ring-substituted styrenes 
and benzaldehydes indicates that the previously 
reported (4) substituent dependence of these 
coupling constants in benzaldehydes is primarily 
due to changes in molecular geometry, particu- 
larly the C(1)-C(a) bond length. 

The geminal vinyl proton coupling constants 
are strongly substituent dependent while the 
vicinal coupling constants are nearly constant. 
The pattern of results, the similarity of substi- 
tuent effects and solvent effects and the results of 
IIVDO calculations on substituted styrenes and 
CH3X-ethylene pairs suggest through-space 
transmission of electronic substituent effects. 

Vinyl l3C-'H coupling constants in a-alkyl- 
styrenes show strongly stereospecific substituent 
effects with JC(B)H(9)  more sensitive than JC( ( I )H(S ) .  
Again both experimental results and INDO 
calculations indicate predominantly through- 
space electronic effects. Surprisingly, both 
JC(B)H(9)  and JH(,),(,, show increased substituent 
dependence with increasing p, apparently due to 
increased resonance effects. 
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The product of homotropyliu~n ion photolysis is the 1,2-dihydro-4H+-pentalenyl cation. 
CNDOl2 and analogies to cyclopentenyl cation rearrangements allow one to rationalize the 
formation of this product. 

P. A. CHRIS TENSE^, Y. Y. H ~ A N G ,  A. MEESTERS et T.  S. SORENSEN. Can. J. Chem. 52,3424 
(1974). 

Le produit de photolyse de l'ion ho~notropylium est le cation dihydro-1,2 pentalenyl-4H+. 
Les calculs par CNDO:2 ct des analogies avec les rearrangements du cation cyclopentenyle 
nous perniettent de rationaliser la formation de ce compose. [Traduit par le journal] 

Introduction 
Hogeveen and Gassbeck (1)  have recently 

reported (from 'H n.m.r.) that a single cation 
product results from the photolysis of protonated 
cyclooctatetraene 1 (homotropylium ion) but 
they were not able to assign a structure to this 
photoproduct. This product can now be identi- 
fied as 2, the 1 ,2-dihydro-4H'-pentalenyl cation 
2 and a logical mechanism for its formation can 
be arrived a t  

6 33 2.27 J = 5 HZ 

Results 
Cation 2 was obtained by the careful protona- 

tion of the known 2,4-dihydropentalene 3 (2, 3) 
in 96% sulfuric acid at  0 "C. This ion remains un- 
changed after 2 h at 25 "C. Although three pro- 
tonation sites (positions 1, 3, and 5) which lead to 
conjugated dienylic cations are present in 3, only 
one leads to the linear dienylic cation 2. Examples 
of the interesting cross-conjugated dienylic 

cations, which would result from protonation at  
the other two sites, are unknown. However, in 
agreement with the results of CND0/2  calcula- 
tions on both the simple dienylic cations 4 and 5 
and on the actual systems 2,6,  and 7, one predicts 
exclusive protonation at  C-1 in 3 to give 2 (the 
relative total energies are noted with the struc- 
tures and the partially optimized coordinates are 
listed in the Experimental section). 

The structure assigned to 2 follows from the 
known structure of the neutral starting hydro- 
carbon and is also consistent with the chemical 
shifts observed for the ion (Fig. 1). Thus, the 

H H H  i.,.. 4.. 
H*H 

4 4 
" W" conformation "sickle"conformation 

(the shape 
also in 2) 

Relative 
E 0 +3.5 kcallmol +42 kcallmol 
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CHRISTENSEN ET AL.: HOMOTROPYLIUM ION PHOTOLYSIS 3425 

Relative 
E +30 kcalslmol +15 .5  kcallmol 

FIG. 1. The 60 M H z  n.m.r. spectrum of 2 in 967, 
HzSO, at ca. 35 "C. 

smallish 5 Hz coupling observed for the vicinal 
protons in the partial structure i is typical of a 
five-membered enylic ring (cf. the cyclopentenyl 
cation 8) (4). 

c H 3 & ~  _.,-I H  4 H z  

J  small C H 3  
J < 2 H z  

H  

The small coupling in 2 between the protons at  
z 0.72 and 1.09 and the respective methylene 
protons at  6.12 (accidentally equivalent) is also 
typical (cf. 8). The large chemical shift separation 
of the vicinal protons on the dienylic cation 
center is a consequence of the alternating charge 
density on the carbons (substantiated by the 
CNDO/2 calculations). This same pattern has 
been observed in numerous other dienylic 
cations (4). 

The chemical shift and coupling constant data 
reported by Hogeveen and Gassbeck (1) for 
their unknown product is identical to that ob- 
served for 2, with the exception of small chemical 
shift differences, probably caused by small sol- 
vent effects and differences in referencing. None 
of the other possible bicyclo[3.3.O]octadienyl 
cations remotely fits the observed spectrum. 

Discussion 
The ring closure of the homotropylium ion 

appears to be closely analogous to that of the 
parent tropylium ion 9 (eq. 1) (1, 5 ,  6). This can 

be regarded as an allowed disrotatory ring closure 
of the C-1 and C-5 n centers of a pentadienyl 
cation sub-unit. In the noncentrosymmetric 
homotropylium ion, there are three separate anal- 
ogous ring closures. In rationalizing the experi- 

H I":::"] 10 

I+] 
11 

mental results, only the ion formed in closures a 
and c (10) easily leads to the observed product 2. 
One predicts that the ion 10 will, however, be a 
very short-lived intermediate since a single hy- 
dride migration leads to a more stable (more 
highly alkyl substituted at  the I or 3 position) 
allylic cation 12. This process is almost exactly 

paralleled by the observed behavior of the pre- 
sumed intermediate in the pentadienyl-cyclo- 
pentenyl cation closure shown in eq. 2 (4,7). How- 
ever, in the case of the cation 12, this is also an 
unobserved intermediate since in this particular 

8 first 
observed 
product 
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Angle 2 6 7 14 

123 
234 
345 
451 
512 
128 
287 
876 
76 1 
612 
328 
516 

Dihedral 8721 

case there is predictably a considerable driving 
force leading to a fully conjugated dienylic cation. 
There is only one simple hydride-shift route 
leading to a dienylic cation (eq. 3). There are 

many analogies for such a double hydride shift 
in the rearrangements of numerous cyclopen- 

tenyl cations (7); that shown in eq. 2 being 
typical. An even closer analogy is shown in eq. 4. 

The only other mechanism for giving a con- 
jugated dienylic cation is one involving depro- 
tonation-protonation steps. In this case, three 
dienylic cations are possible from 12 (2, 13, and 
14 of eq. 5) .  

We have carried out CND0/2 calculation on 14 2. This is caused entirely by serious angle strain 
and consistently (varying the nonplanar geom- in 14 due to the tetrahedral bridgehead carbon. 
etry) arrive at  a higher energy (of the order of The angle strain - nonplanarity problems in 13 
30 kcal/mol) than that previously calculated for are even more serious and we did not attempt 
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CHRISTENSEN ET AL.: HOMOTROPYLIUM ION PHOTOLYSIS 3427 

a calculation on this ion. Thus this mechanism sp3-sp3 C-C bonds 1.54 A. The sp3 C-H bond was 

also predicts 2 as the sole stable product from taken as 1.084 A. All hydrogens were centered equal11 

the photolysis of 1. between nearest carbons and H-C-H angles were 
based on the corresoonding C-C-C angles, i.e. ~f 

Experimental 
The dihydropentalene 3 was prepared by the laborious 

route of Alder and Stein (2) and Katz and Rosenburger 
(3) starting from dicyclopentadiene. The preparation of 3 
from the pyrolysis of cyclooctatetraene has been reported 
(8) but the crude product obtained by us contained 
starting material and benzene and it was difficult to 
obtain 3 in any reasonable amount from this route. The 
carbocation was prepared by adding dropwise a solution 
of dihydropentalene in carbon tetrachloride to a flask 
containing 9 6 z  ssulfuric acid and an upper layer of 
carbon tetrachloride, cooled to 0' and stirred with a small 
magnetic bar. A Varian A-60 spectrometer was ~lsed for 
the n.m.r. measurements. 

CNDOI2 Calculations ( 9 )  
For the five carbon pentadienyl cations, the o p t i m ~ ~ m  

C-C bond lengths were obtained and these were used 
for the bicyclo[3.3.0]octadienyl cation calculations. The 
optimum C-C bond lengths were similar to those found 
in ab i~iitio calculations (lo), for example, bond lengths 
for the allyl system are 1.385 A cs. 1.37 by the CNDO/2 
method (10). The C-H bond lengths were taken from 
allyl ab initio calculations (lo),  1.10 A for terminal sp2 
C-H and 1.084 A for internal sp2 C-H bonds. For the 
five carbon cations, all assumed geometries were planar 
and angles of 120' were used. The optimum bond lengths 
were 

1 .w 
and also for 

- - 
C-C-C was 103' (-6"), then H-C-H was taken as 
115" (+6, ) .  The C-C-C angles for 2, 6, 7, and 14 are 
listed below. Although the external angles 328 and 516 
are large, they can only be reduced significantly by 
severely decreasing two other angles. In 14, C-8 is placed 
out of the plane of the remaining atoms in order to get 
better tetrahedral angles at C-2. 

The authors wish to thank the National Research 
Council of Canada for generous operating support and 
the Killam Foundation for a scholarship to P.A.C. We 
also thank Dr. A. Rauk for helpful advice. 
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Bo LONG POH. Can. J. Chem. 52,3428 (1974). 
Nonaromatic primary amines react rapidly with tropolone in nonpolar solvents such as car- 

bon tetrachloride and benzene to give quantitative yields of the corresponding alnine tropolone 
salts which when reacted with aqueous base give back tropolone and the original amines. 

The reaction between nonaromatic primary amines and tropolone provides a convenient 
method of detecting and separating nonaromatic primary amines from other amines. 

Bo LONG POH. Can. J. Chem. 52,3428 (1974). 
Les amines primaires non-aromatiques reagissent rapidement avec les tropolones dans des 

solvants nonpolaires tels que le tetrachlorure de carbone et le benzhe pour donner avec des 
rendements quantitatifs le sel correspondant de I'amine avec la tropolone qui peut reagir avec 
des bases aqueuses pour redonner la tropolone et les amines originales. 

La reaction entre les amines primaires non-aromatiques et la tropolone fournit donc une 
methode simple de detecter et de stparer les amines primaires non-aromatiques des autres 
amines. [Traduit par le journal] 

Introduction 
This paper reports that tropolone reacts 

specifically and rapidly with nonaromatic pri- 
mary amines in nonpolar solvents such as carbon 
tetrachloride and benzene to yield the corre- 
sponding yellow solid amine tropolone salts. All 
other amines give a clear solution. These salts 
react rapidly with aqueous base to give back the 
original amines and tropolone. This reaction 
provides a convenient method of detecting and 
separating nonaromatic primary amines from 
other amines. 

Experimental 
Preparation of Nonaromatic Primary Amine Tropolone 

Salts 
Nonaromatic primary amine tropolone salts were pre- 

pared by the following general method: 5 mmol of the 
amine were added to 10 ml of carbon tetrachloride con- 
taining 5 mmol of tropolone. A yellow solid product 
precipitated immediately. It was suction filtered and 
washed with a small volume of carbon tetrachloride. The 
product was purified by vacuum sublimation. The yields 
were quantitative in all cases. 

In cases where an  amine has two primary amino 
groups, 2 equiv. of tropolone were used. Attempts to 
react tropolone with only one of the two primary amino 
groups in ethylenediamine, diethylenetriamine, and 1,2- 
diaminopropane by using an excess of the amines were 
not successful. 

The identities of thc amine tropolone salts were checked 
by elemental analyses and their n.m.r., i.r., and u.v. 
spectra. The n.m.r. spectra were taken with a Perkin- 
Elmer model R12B 60 MHz n.m.r. spectrometer, the i.r. 
spectra were recorded with a Beckman AccuLab 3 i.r. 
spectrophotometer, and the U.V. spectra were taken with 

a Perkin-Elmer 402 spectrophotometer. The extinction 
coefficients of each amine tropolone salt in water were 
determined at  various concentrations of solute and found 
to obey Beer's law very closely. All the eight amine 
tropolone salts were found to absorb at the same wave- 
lengths and have similar extinction coefficients. The 
average extinction coefficients were found to be 26 000 at  
235 nm, 11 000 at  330 nm, and 7400 at 390 nrn. Elemental 
analyses for C ,  H, and N were done by the Australian 
Microanalytical Service. 

Tropolone and amines were purchased commercially. 

Precipitation of a Nonaromatic Primary Amine in the 
Presence of'Orher Amines 

Tropolone (5 mmol) was added to each of the fol- 
lowing three solutions: solution A, 5 mmol each of cyclo- 
hexylamine and aniline in 15 ml of benzene; solution B 
5 mmol each of cyclohexylamine and piperidine in 15 ml 
of benzene; and solution C, 5 mmol each of cyclohexyl- 
amine and triethylamine in 15 ml of benzene. In all the 
three cases, cyclohexylamine tropolone salt precipitated 
rapidly. The other three amines remained in the benzene. 

Results and Discussion 
All the nonaromatic primary amine tro- 

polone salts prepared are stable, crystalline 
solids. They vary from pale yellow to lemon 
yellow in color. They are soluble in water and 
slightly soluble or insoluble in nonpolar solvents. 
Their solutions in water are basic. They were 
identified by elemental analyses and n.m.r., i.r., 
and u.v. spectra. These compounds can be 
represented by the general structure shown by 1. 

The results of the elemental analyses are given 
in Table 1. The calculated values agree with the 
values found. 
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POH: AMINE TROPOLONE SALTS 3429 

TABLE 1. Melting points and analytical results of some non-aromatic primary amine tropolone salts 

% analysis 

C H N 
Melting 

Compound Color point* Found Calcd. Found Calcd. Found Calcd. 

Benzylamine tropolone salt Yellow 170-172 73.36 73.38 6.31 6.98 6.15 6.11 

n-Butylamine tropolone 
salt Yellow 143-145 68.01 67.71 8.74 8.71 6.92 7.18 

t-Butylamine tropolone salt Pale 193-195 67.97 67.71 9.14 8.71 6.93 7.18 
yellow 

Cyclohexylamine tropolone Pale 
salt yellow 184-185 70.69 70.61 8.63 8.59 6.52 6.33 

1,6-Diaminohexane Lemon 
ditropolone salt yellow 195 66.91 66.63 7.55 7.77 7.52 7.77 

1,2-Diaminopropane Lemon 
ditropolone salt yellow 155-156 64.18 64.16 6.88 6.91 9.01 8.80 

Diethylenetriamine 
ditropolone salt Yellow 178 62.36 62.27 7.03 7.20 12.34 12.10 

Ethylenediamine Lemon 
ditropolone salt yellow 155 63.21 63.11 6.50 6.57 8.88 9.20 

*Uncorrected values. Melting points of all the samples were taken in sealed capillary tubes. 

I 

The n.m.r. spectra of these salts in D 2 0  and 
D20-NaOD are identical in the aromatic region. 
They show a multiplet in the T = 2.7-3.2 p.p.m. 
region that is due to the ring proton resonances 
of tropolone and the proton resonances due to 
the amine molecule. Only cyclohexylamine 
tropolone salt is sufficiently soluble in CDCl, to 
enable the proton resonance of the protonated 
primary amino group to be observed. Integration 
of the tropolone ring protons and protons due to 
the amine molecule shows the composition of 
tropolone and amine in the salts (see Table 2). 

The i.r. spectra of these salts show a broad 
band with discernable peaks in the 3000 cm-' 
region which is characteristic of primary amine 
salts (1). 

The u.v. spectra of these salts in water 
resemble that of tropolone in aqueous base. 
They show three bands at 235, 330, and 390 nm. 
The average extinction coefficients for these 
three bands for the eight amine tropolone salts 
are 26 000, 11 000, and 7400, respectively. 

The original amine could be recovered from 
its tropolone salt by dissolving the salt in an 
aqueous base and extracting the freed amine with 
ether. The aqueous layer after acidification and 
extraction with dichloromethane gave back 
tropolone. The yields were quantitative. Since 
nonaromatic primary amine tropolone salts can 
be prepared with quantitative yields, tropolone 
is suitable for the separation of nonaromatic 
primary amines from other amines. For example, 
when tropolone was added to a mixture of cyclo- 
hexylamine and aniline in benzene, the former 
was precipitated as its tropolone salt whereas 
aniline remained in benzene. Similarly, cyclo- 
hexylamine was separated from piperidine and 
triethylamine. Table 3 gives the lower concen- 
tration limits for precipitation of some nonaro- 
matic primary amines to occur. 

The reaction between tropolone and nonaro- 
matic primary amines is an acid-base reaction. 
Since secondary and tertiary aliphatic amines 
are as basic as primary aliphatic amines (pK, 
about lo), they are also expected to react with 
tropolone. That such an acid-base reaction in- 
deed occurs between them and tropolone is shown 
by the color change (from colorless to yellow) in 
these amine solutions in carbon tetrachloride or 
benzene when tropolone is added to them. The 
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TABLE 2. Nuclear magnetic resonance data of some nonaromatic primary amine tropolone salts* 

Compound Chemical shifts (7) p.p.m. Amine: tropolonet 

Benzyiamine tropolone salt 2.6 (s, 5 aryl H);:; 2.7-3.2 (m, 5 tropolone ring H); 5.9 1 : 1 
(s, 2 benzyl H) 

n-Butylamine tropolone salt 2.7-3.2 (m, 5 tropolone ring H); 8.6-9.1 (m, 9 n-butyl H) 1 : l  

t-Butylamine tropolone salt 2.8-3.3 (m, 5 tropolone ring H); 8.85 (s, 9 I-butyl H) 1 : 1 
Cyclohexylamine tropolone salt 2.5-3.2 (m, 5 tropolone ring H); 8.4-9.0 (b, 11 1 : 1 

cyclohexyl H) 2.7 (m, 5 tropolone ring H); 5.7 (s, 3 
amino H)§; 8.3-8.8 (b, 11 cyclohexyl H) 1 : 1 

1,6-Diaminohexane ditropolone salt 2.7-3.2 (m, 2 x 5 tropolone ring H); 7.1 (b, 4 methylene 1:2  
H); 8.6 (b, 8 methylene H) 

1,2-Diaminopropane ditropolone 2.6-3.2 (m, 2 x 5 tropolone ring H); 7.0 (d, 2 methylene 1 .2  
salt H); 8.2 (1 methine H); 8.8 (d, 3 methyl H) 

Diethylenetriamine ditropolone 2.5-3.2 (m, 2 x 5 tropolone ring H);  7.1 (sextet, 8 1 .2  
salt methylene H) 

Ethylenediamine ditropolone sait 2.7-3.2 (m, 2 x 5 tropolone ring H); 5.35 (s, 4 1 :2  
methylene H) 

*Taken in D 2 0  unless otherwise stated. 
+This ratio is calculated from the integral of the tropolone ring protons and protons of the amine molecule. 
I b  = broad;  d = doublet; m = multiplet; s = singlet. 
$Taken in CDCI,. 

TABLE 3.  Lower concentration limits for the 
precipitation of some nonaromatic primary 

amines using tropolone 

Lower concentration 
limits for precipitation 

(r-G)* 

CCI, C6H6 

Benzylaminet 500 950 
12-Butylaminet 730 730 
t-Butylamine 140 140 
Cyclohexylaminet 800 400 
1,6-Diaminohexane 7 7 
1,2-Diaminopropane 40 200 
Diethylenetriamine 40 40 
~thylenediamine 36 36 

*Each test was carried out  by addlng about 3 mg of tropolone to 
0.5 ml of the solbent containing a k n o n n  concentration of the amine. 

+Prec~pitatioil occurrsd aftcr about  4 min of shaking. Hone \e r ,  
precipitation occurred rapidly at  higher concentrations of the amine. 

appearance of the yellow color indicates that the 
acidic proton of tropolone (pK, = 6.71) (2) is 
abstracted by the anlines since tropolone anion 
gives a yellow solution whereas tropolone gives 
a colorless solution. However, no solid product 
was formed. When the solvent was evaporated, 
yellow solid nonaromatic secondary a ~ n i n e  
tropolone salts were obtained. They were puri- 
fied by vacuum sublimation (see Table 4). A dark 
red viscous liquid was obtained for triethylamine. 
Thus, nonaromatic secondary amine tropolone 

salts are soluble in carbon tetrachloride and 
benzene whereas nonaromatic primary amine 
tropolone salts are insoluble. Tertiary aliphatic 
amines probably give the corresponding noncrys- 
talline tropolone salts. When tropolone was 
added to  aromatic amines in carbon tetrachlo- 
ride or benzene there was no precipitation or  
formation of a yellow color. This can be ex- 
plained by the fact that aromatic amines are 
weak bases (pKa less than 5 )  and they d o  not 
abstract the acidic proton of tropolone to a 
sufficient extent. 

The reaction between tropolone and amines 
can be used to differentiate amines as follows: a 
small d r o ~  of the unknown amine is dissolved 
in 0.3 ml of carbon tetrachloride or benzene. A 
few milligrams of tropolonel are then added to 
the amine solution. If a yellow precipitate is 
formed immediately, a nonaromatic primary 
amine is indicated. If there is no precipitate but 
the original colorless amine solution turns 
yellow, a nonaromatic secondary or tertiary 
amine is indicated. If there is no visible change, 
a n  aromatic amine is indicated. This method can 
be extended to microgram quantities of amines. 

'It is recommended to add tropolone in the solid form 
rather than as a solution in the solvent used because 
nonaromatic primary anline tropolone salts precipitate 
rapidly in the former method. In the latter method 
n-butylamine tropolone salt precipitates very slowly. 
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POH: AMINE TROPOLONE SALTS 3431 

TABLE 4. Melting points and n.m.r. data of some nonaromatic secondary amine tropolone salts 

Melting 
Compound point* Chemical shifts+ (r) p.p.m. Amine: tropolone$ 

Diethylamine tropolone salt 159-161 0.3 (s, 2 amino H)§; 2.8-3.6 (m, 5 tropolone ring 1 : 1 
H); 7.1 (q, 2 x 2 methylene H); 8.8 (t, 2 x 3 
methyl H) 

Piperidine tropolone salt 146-147 1.56 (s, 2 amino H);  2.7-3.2 (m, 5 tropolone ring 1 : 1 
H); 6.9 (m, 4 methylene H); 8.3 (m, 6 
methylene H) 

Pyrrolidine tropolone salt 129-131 1.8 (s, 2 amino H); 2.9-3.4 (m, 5 tropolone ring 1 : l  
H) ;  6.83 (m, 4 methylene H); 8.1 (m, 4 
methylene H) 

*Uncorrected values. Melting points of all the samples were taken in sealed capillary tubes. 
?Taken in CCI4. 
$This ratlo IS calculated from the integral of the tropolone ring protons and protons of the amine molecule. 
5s = singlet; m = multiplet; q = quartet; t = triplet. 

TABLE 5. Results of the reactions between amines and tropolone* 

Compound Observation Compound Observation 

1,2-Diaminoethane 
1,6-Diaminohexane 
1,2-Diaminopropane 
Benzylamine 
n-Butylamine 
t-Butylamine 
Cyclohexylamine 
Diethylenetriamine 
Isopropylamine 
Dicyclohexylamine 
Diethylamine 
Morpholine 
Piperidine 
Pyrrolidine 

Yellow precipitate 
Yellow precipitate 
Yellow precipitate 
Yellow precipitate 
Yellow precipitate 
Yellow precipitate 
Yellow precipitate 
Yellow precipitate 
Yellow precipitate 
Yellow solution 
Yellow solution 
Yellow solution 
Yellow solution 
Yellow solution 

Triethylamine 
Triethanolaminet 
Tribenzylamine: 
8-Hydroxyquinoline 
2,6-Dimethylpyridine 
2-Picoline 
Pyridine 
Aniline 
Diphenylamine 
4-Bromoaniline 
4-Chloroaniline 
N-Ethylaniline 
N-Benzylaniline 
N,N-Dimethylaniline 

Yellow solution 
Yellow solution 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 
No visible change 

*The reactions were carried out in carbon tetrachloride and benzene. Each test was carried out by adding about 3 mg of tropolone to 
a small drop of the amine (or a few crystals if it was a solid) dissolved in about 0.3 ml of the solvent. 

+Very viscous liquid, does not mix well with the solvent. 
$Probably does not abstract the acidic proton of tropolone to a sufficient extent because tribenrylamine is a weak base. Its pK, 

value was repo~ted to be less than 8.4 in ref, 3 and estimated to be about 7.2 from the data given in ref. 4. 

However, when the quantities of nonaromatic 
primary amines used are less than those given in 
Table 3 precipitation may not occur. Instead the 
amine solutions turn pale yellow when tropolone 
is added and in this case no distinction can be 
made between the nonaromatic amines. Some of 
the amines that were tested are given in Table 5.  

The author wishes to thank Professor R. Stewart for a 
gift of tropolone. A short term research project grant 

from the Universiti Sains Malaysia is gratefi~lly acknowl- 
edged. 
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The Synthesis and Properties of 4-Acetoxy-2,3-dihydro-3-0~0-4H- 
naphth[l,2-b] [I ,4]oxazine, an Analog of Known Carcinogenic 

Hydroxamic Acids 

R. T. COUTTS AND M. WOHLLEBE 
Faculty of Pharmacy and Pharmaceutical Sciences, Universiiy of Alberta, Edmonton, Alberta T6G 2H7 

Received May 23,1974 

R. T. COUTTS and M. WOHLLEBE. Can. J. Chem. 52,3432 (1974). 
A synthesis of 4-acetoxy-2,3-dihydro-3-oxo-4H-naphth[1,2-b][1,4]oxazine (4a) from 2-ni- 

troso-1-naphthol is described. This compound (4a) is substituted by various nucleophiles at  
position 5, with loss of the N-acetoxy group; in contrast, it did not react at  physiological pH 
with the biological nucleophile methionine. On heating, 4a rearranges to the 2- and 5-acetoxy 
isomers. 

R. T. COUTTS et M. WOHLLEBE. Can. J. Chem. 52,3432 (1974) 
On decrit une synthese de l'acetoxy-4 dihydro-2,3 0x0-3 [4H]-naphth [1,2-b] oxazine-1,4 (4a) 

B partir du nitroso-2 naphthol-1. Le composC (4a) subit des reactions de substitution par divers 
nuclCophiles en position 5 avec perte du groupe N-acetoxy; toutefois il ne reagit pas au p H  
physiologique avec la methionine agissant comme nucleophile biologique. Par chauffage, 4a se 
rearrange dans ses isomeres acetoxy-2 ou -5. [Traduit par le journal] 

N-Acetoxy-2-acetylaminofluorene (1) is a 
known carcinogenic compound which reacts 
in citro with tissue nucleophiles such as methio- 
nine, at physiological pH. Attack by methionine 
occurs at positions 1 and 3 yielding 2-acetyl- 
amino-1-mefhylthiofluorene (2) and the corre- 
sponding 3-methylthio isomer (l ,2).  N-Hydroxy- 

*'OM' \ O C O M ~  WHCOM~ 
SMe 

azlo 1 azlo MeCOO 
I H 

OH OCOMe 

5 9 10 

2-acetylaminonaphthalene (3) and compounds 
with related structures are also carcinogenic (3). 
So far, only acyclic hydroxamic acid derivatives 
such as 1 and 3 have been evaluated for their 

carcinogenic properties and their ability to 
react under mild conditions with tissue nucleo- 
philes. We wished to determine whether cyclic 
hydroxamic acids possessed similar properties 
and selected 4-acetoxy-2,3-dihydr0-3-0~0-4H- 
naphth[l,2-b][l,4]oxazine (4a) as a suitable com- 
pound for investigation in view of its struc- 
tural similarities to both compounds 1 and 3, 
and its resemblence to 2H-1,4-benzoxazine 
hydroxamic acids (5) whose syntheses and 
properties have been previously investigated by 
us (4). Compound 4a possesses an N-acetoxy 
grouping and, since acetate is a good leaving 
group, 4a would be expected to be very reactive 
to nucleophilic reagents. As in compounds 1 and 
3, the position para to the N atom is blocked and, 
thus, nucleophilic attack might be expected at 
the ortlio position. 

The synthesis of 4a was achieved using 
2-nitroso-I-naphthol (6) as starting material 
according to Scheme 1. Oxidation of 6 with 
hydrogen peroxide in acetic acid, according to a 
general procedure ( 5 ) ,  gave 2-nitro-I-naphthol 
(7) which was converted to its potassium salt, 
then alkylated with ethyl bromoacetate to give 
ethyl (2-nitro-I-naphth0xy)acetate (8). The i.r. 
and p.m.r. spectra of this compound were con- 
sistent with its structure. Catalyzed sodium 
borohydride reduction (6) of 8 gave a product, 
C,,H,NO,, which was deduced to be the hy- 
droxamic acid, 2,3 - dihydro - 4 - hydroxy - 3 - oxo- 
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COUTTS AND WOHLLEBE: CARCINOGENIC HYDROXAMIC ACIDS 

NaE3H4 OCOMe t------- 
(MeC0)*0 

4H-naphth[l,2-b][l,4]oxazine (46) for the fol- 
lowing reasons. I t  gave a purple color when 
treated with aqueous ferric chloride and was 
soluble in dilute sodium hydroxide solution, 
then reprecipitated on adding dilute hydro- 
chloric acid. It also gave an i.r. spectrum (v,,,, 
C=O 1645 and 1698 c m ' )  in support of struc- 
ture 46 (7) as well as the expected p.m.r. spec- 
trum which included a D-exchangeable O H  
signal at 6 10.90 (8, 9). Acetylation of 46 to 4a 
proved more difficult than envisaged but 4a was 
eventually obtained by acetylation of 46 with 
acetic anhydride in pyridine. This acetate was 
also characterized by its elemental analysis and 
its p.m.r. and i.r. spectra. One carbonyl 
stretching band was located a t  1802 cm-I which 
is characteristic of the N-acetoxy carbonyl 
group (7, 10). 

Initial attempts to  prepare 4a by reaction of 
4b with acetyl chloride in benzene or with acetic 
anhydride in acetic acid were unsuccessful. The 
reaction product, obtained in 7 4 7  yield when 46 
was treated with acetyl chloride was 5-chloro- 
2,3 - dihydro - 3 - 0x0 -4H-  naphth[l,2- b][1,4]oxa- 
zine (4c). The same product was also obtained 
when a solution of 4a in benzene was saturated 
with anhydrous hydrogen chloride. When 4b 
was refluxed with acetic anhydride in acetic acid, 
5-acetoxy-2,3-dihydro- 3-0x0-4H-naphth[l ,2- 
b][l,4]oxazine (4d) was obtained in excellent 
yield. Refluxing a solution of 4a in acetic acid 
also gave 4d. 

The formation of 4c when 4b was treated with 
acetyl chloride can be explained by the initial 
formation of 4a which then further reacted with 
the nucleophile, C1-, generated in the reaction 

medium. Similarly, when 4b was treated with 
acetic anhydride in acetic acid, the initially 
formed 4a reacted with acetate ions present in 
the reaction medium. Compound 4a was also 
found to react with dilute aqueous sulfuric acid 
to give 2,3-dihydro-5-hydroxy-3-0~0-4H-naphth- 
[I ,2-b][1,4]oxazine (4e), and with sulfuric acid in 
methanol to give 2,3-dihydro-5-methoxy-3-0x0- 
4H-naphth[1,2-b][1,4]oxazine (4 f ). 

R '  R2 R ' R4 
t r  OCOMe H H H 
h OH H H H 
(, H C I H H 
d H OCOMe H H 
? H  OH H H 
,f H OMe H H 
K H H OCOMe H 
h H H H OCOMe 
X H SMe H H 
/ ? I  H H H H 

The structural assignments for the products 
obtained by treating 4a with the nucleophiles just 
described were made mainly as a result of mech- 
anistic considerations, and with supporting 
p.m.r. data. It is theoretically possible to obtain 
5-,  8-, or 10-substituted lactams from 4a since 
three carbonium ion intermediates can be en- 
visaged (Scheme 2) on the expulsion of the 
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acetate group. The p.m.r. spectra of compounds 
4c-f were quite distinctive. They all exhibited 
absorptions corresponding to -CH,CO- and 
-NH-, as well as aromatic signals, each of 
which was comprised of an intense 1-proton 
singlet and a 4-proton complex multiplet. Since 
inter-ring coupling is negligible in naphthalene 
(1 l ) ,  an intense 1-proton singlet in the aromatic 
region signified that one of the naphthalene 
rings had a lone uncoupled proton and thus 
excluded the possibility that the nucleophiles 
had attacked the C-8 or C-10 positions. 

In the case of the reaction of 4a with acetic 
acid, the possibility was considered that sub- 
stitution could occur at the C-6 position (-+ 4g) 
in light of our recent work (4) on the analogous 
benzoxazine, 4-acetoxy-3,4-dihydro-3- 0x0-2H- 
1,4-benzoxazine (9), which, on refluxing in acetic 
acid gave the 6-acetoxy isomer (10). However, 
hydrolysis of the acetate 4d gave a phenolic 
lactam which was identical (i.r., p.m.r., m.p.) 
with the phenol 4e obtained from the reaction of 
4a with dilute sulfuric acid. 

When acetate 4a was refluxed in toluene. a 
mixture of isomeric acetates A and B was ob- 
tained. The isolated yields corresponded to a 
3.4: 1 ratio of A to B but the actual composition 
as determined by p.m.r. spectroscopy was 52:48. 
The structure 4h (Scheme 3) is assigned to A on 

the basis of its p.m.r. spectrum which showed 
unequivocally that the substituent nucleophile 
was located on the oxazine ring and not on the 
naphthalene portion of the molecule. Thus, 4h 
exhibited a 1-proton singlet at  6 6.84 corre- 
sponding to the H atom located at C-2, and a 
6-proton multiplet at 6 7.28-8.12, indicative of 
there being six naphthalene protons in the mole- 
cule. In contrast, the p.m.r. spectrum of 
B exhibited a 2-proton singlet at 6 4.82 
(0-CH,-CO), a 1-proton singlet at 6 7.07 
(C,-H) and a 4-proton multiplet at 6 7.34-8.12 
(remaining aromatic protons), which indicated 
identity with 4d. A mechanism explaining the 
formation of 4d from 4a is suggested (Scheme 4). 

o-vO 
&H - 

OCOMe 

&F 
OCOMe 

An examination of Dreiding models of 4a con- 
firmed that the molecule can adopt conforma- 
tions in which the ester carbonyl oxygen atom is 
in close proximity to C-2 or C-5. This thermal 
process, 4a + 4d, is analogous to the well- 
known Cope rearrangement. It is interesting that 
a cyclic carbinolamide analog of the antileukemic 
natural product, maytansine, shows nucleophilic 
addition reactions resembling those shown by 
4a (12). 
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COUTTS AND WOHLLEBE: CARCI INOGENIC HYDROXAMIC ACIDS 3435 

When a solution of 4a in ethanol-acetone 
was added to a solution of methionine in phos- 
phate buffer (pH 7.8) at 40" under nitrogen, i.e., 
conditions under which we have confirmed that 
1 is converted to 2, no methylthio compound 
(4k) could be detected in the reaction mixture. 
Only a small amount of 4m was isolated and its 
structure confirmed by comparison with authen- 
tic material. Failure of 4a to react with methio- 
nine was thought to be due to the very low 
solubility of 4a in the solvent employed, so the 
reaction was repeated in 50% aqueous dimethyl- 
formamide. Again no 4k was obtained. In both 
instances, the reaction mixture turned dark 
purple, presumably indicative of undesired 
decomposition of 4a. 

Experimental 
Melting points (capillary tube) are uncorrected. In- 

frared spectra were recorded as Nujol mulls using a 
Beckman IR-10 spectrophotometer and p.m.r. spectra 
were obtained using a Varian A-60D spectrometer with 
DMSO-d6 as solvent and TMS as the internal standard. 
Mass spectra were measured on an A.E.I. MS-12 mass 
spectrometer at an ionizing potential of 70 eV using the 
direct probe technique. Elemental analyses were per- 
formed by Mr. W. Dylke of our faculty. 

2-Nitro-/-naphthol (7) 
A stirred solution of 2-nitroso-1-naphthol (10 g), 30% 

hydrogen peroxide (150 ml), and concentrated nitric acid 
(10 mi, d 1.42) in glacial acetic acid (450 ml) was heated 
slowly (15 min) to 70" and for a further 15 min at this 
temperature. The mixture was poured onto ice (750 g) and 
the title compound (7.91 g), m.p. 126-128" separated 
(lit. (13) m.p. 128-129"). The product was used without 
purification in the synthesis of 8. 

Ethyl (2-Nitro-1-naphthoxy)aceta/e (8) 
2-Nitro-1-naphthol (18.9 g) was added with vigorous 

stirring to a solution of potassium hydroxide (10 g) in 
absolute ethanol (100 ml). A thick red paste formed. 
Stirring was contined for a further 0.5 h, then the sus- 
pension was filtered and then washed with a mixture of 
ethanol and ether (1 : 1 v/v). The red potassium salt was 
suspended in acetone (75 ml) and dimethylformamide 
(75 ml) and ethyl bromoacetate (16.7 g) were added, and 
the resulting mixture was heated under reflux for 18 h. 
The mixture was filtered to remove potassium bromide 
and the filtrate flash-evaporated to a viscous brown oil. 
This was dissolved in chloroform (100 ml) and the chloro- 
form solution was washed several times with water, then 
dried (K2CO3). Evaporation gave a yellow oil which 
solidified when triturated with cold ethanol. Recrystalliza- 
tion from ethanol gave the title compound (16.9 g) as 
yellow needles, m.p. 46-47"; i.r. v,,,, 1750 cm-' (C=O); 
p.m.r. 6 1.33 (t, 3H, J = 7 Hz, CH,), 4.32 (q, 2H, J = 
7 HZ, CHZCH,), 4.82 (s, 2H, -OCH,CO), 7.58-8.67 

(m, 6H, aromatic protons); mass spectrum m/e (% rela- 
tive abundance) 275 (53) (M+); 229 (44) (M - NOZ); 
201 (100). 

Anal. Calcd. for C14Hl,N0,: C, 61.08; H, 4.76; N, 
5.08.Found:C,61.31;H,4.82,N,5.24. 

2,3-Dihydro-4-hydroxy-3-oxo-4H-naphth[1,2-b]~1,4/ 
oxazine (4b) 

A solution of ethyl (2-nitro-1-naphthoxy)acetate 
(2.75 g) in dioxane (60 ml) was added dropwise over 15 
min to a magnetically stirred suspension of 10% Pd-C 
(0.15 g) in water-dioxane (40:30, 50 ml) containing 
sodium borohydride (1.50 g). The mixture was stirred 
for a further 0.5 h and filtered through Celite. The solid 
remaining was washed with 10% Na2C03 (20 ml) then 
water (50 ml) and these washings were added to the 
original filtrate. The combined solution was cooled in an 
ice bath and concentrated H2S04 was added dropwise 
with stirring until the solution was acidic. The resulting 
white precipitate was collected, washed (H20)  and dried 
in cacuo and yielded 4b (1.91 g), m.p. 199" after recrystal- 
lization (dioxane); i.r. v,,, 1645 and 1698 (C=O), 3100 
(OH) cm-'; p.m.r. 6 4.98 (s, 2H, CH,), 7.40-8.12 (m, 
6H, aromatic protons), 10.98 (s, 1H, D-exchangeable, 
N-OH); mass spectrum m/e (% relative abundance) 
215 (33) (M+);  199 (100). 

Anal. Calcd. for C,,H,NO,: C, 66.97; H, 4.22; N, 
6.50. Found: C, 67.08; H, 4.27; N, 6.29. 

4-Ace/oxy-2,3-dihydro-3-oxo-4H-naph/h~/ ,2-b]/1,4]- 
oxazine (4a) 

A solution of the hydroxamic acid (46, 0.81 g) and 
acetic anhydride (2.5 ml) in pyridine (7.5 ml) was shaken 
at room temperature for 5 min then cooled in an ice bath. 
Cold water was added dropwise and the title compound 
(0.85 g) crystallized from solution. Recrystallization 
(pyridine-H20) gave cream-colored needles, m.p. 77- 
78"; i.r. v,,, 1700 (lactam C=O), 1802 (N-0-acetate 
C=O); p.m.r. 6 2.52 (s, 3H, CH3); 5.18 (s, 2H, CH2), 
7.40-8.23 (m, 6H, aromatic protons); mass spectrum 
m/e (4, relative abundance) 257 (39) ( M T ) ;  215 (100) 
(M - CHz=C=O)+; 43 (79) [CH,CO+]. 

Anal. Calcd. for C,,Hl1NO4: C, 65.36; H, 4.31; N, 
5.44. Found: C, 65.16; H, 4.42; N, 5.48. 

5-Chloro-2,3-dihydro-3-oxo-4H-naphth[l,2-b,~[1,4~- 
oxazine (4c) 

(a) A suspension of the hydroxamic acid (4b,0.47 g) in 
benzene (50 ml) containing acetyl chloride (5 ml) was 
refluxed under conditions which excluded the access of 
moisture After 15 min a clear solution was obtained, 
then a colorless solid began to precipitate. After refluxing 
for an additional 45 min the mixture was cooled and 
filtered. The solid was washed with benzene and crystal- 
lized from chloroform-hexane to give the title compound 
(0.29 g), m.p. 27C272"; i.r. v,,, 1685 (C=O), 3165 (NH) 
cm-I;  p.1n.r. 6 4.81 (s, 2H, CH2), 7.32 (s, lH,  C,-H), 
7.49-8.16 (m, 4H, remaining aromatic protons), 10.90 
(broad s, IH, D-exchangeable, NH); mass spectrum m/e 
(% relative abundance) 233 (loo), 235 (32) (M+);  205 
(19), 207 (9) (M - CO)+;  192 (22), 194(7) [M - 
CH=C=O] + . 

Anal. Calcd. for C12H1BCINOZ: C, 61.68; H, 3.45; 
N,6.00.Found: C,61.86; H, 3.58; N, 5.98. 
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(b)  A suspension of 4a (0.43 g) in benzene (25 ml) 
saturated with anhydrous HCl was stirred for 12 h. 
The resulting solid was crystallized from chloroform- 
hexane to give the title compound (0.36 g), m.p. 270-272", 
whose i.r., p.m.r., and mass spectra were identical to those 
described immediately above. 

5-Acetoxy-2,3-dihydro-3-0~0-4H-naphthjl,2-b][1,4]- 
oxazine (4d) 

(a) A solution of the hydroxamic acid (46, 1.05 g) in 
glacial acetic acid (40 ml) and acetic anhydride (20 ml) 
was heated under reflux for 0.5 h, then poured into ice. 
The pale pink precipitate which formed was washed 
(H,O), dried over KOH, and crystallized (ethyl acetate) 
to give the title compound as colorless needles (1.07 g), 
m.p. 235-236"; i.r. v,,, 1688 (lactam C=O), 1765 (ester 
C=O) and 3175 (NH) cm-'; p.m.r. 6 2.44 (s, 3H, CH,), 
4.82 (s, 2H, CHI), 7.07 (s, lH ,  C,-H), 7.348.12 (m, 4H, 
remaining aromatic protons), 10.90 (broad s, lH ,  D-ex- 
changeable, NH); mass spectrum nz/e (% relative abun- 
dance) 257 (23) (M+);  215 (100) (M - CH2=C=0)+ ; 43 
(26) [cH,co+]: 

Anal. Calcd. for C,,H,,NO,: C. 65.36: H. 4.31: N. 
A -  - 

5.44. Found: C, 65.26; H, 4.27; N, 5.44. 
(b) When a solution of the acetate (4a, 0.39 g) in glacial 

acetic acid (30 ml) was heated under reflux for 1 h,  then 
poured into ice and treated further as described immedi- 
ately above, the title compound (4d, 0.34 g), m.p. 235- 
237" was obtained. Its i.r., p.m.r., and mass spectra were 
identical to those of the product obtained in reaction a.  

2,3-Dihydro-5-hydroxy-3-oxo-4H-napIzth[I,2-bbJ[1,4]- 
oxazine (4e) 

(a) The acetate (4a, 0.80 g) was heated under reflux in 
5% H2S04 (150-ml) for 2 h. After standing overnight at 
room temperature, the reaction mixture was filtered and 
the solid which remained was washed (H,O) and dried 
in vac~ro to a pale brown solid (0.51 g), m.p. 272-282". A 
solution of this product in 20% NaOH was declorized 
(charcoal) and the filtrate was acidified (HCI) to give the 
title compound (0.42 g), m.p. 293-294"; i.r. v,,, 1678 
(CEO), 3160 (NH) cm-'; p.m.r. 6 4.75 (s, 2H, CH,), 
6.83 (s, lH ,  C6-H), 7.30-8.32 (m, 4H, remaining aro- 
matic protons), 10.14 (broad s, lH ,  D-exchangeable, 
OH), 10.86 (broad s, IH, D-exchangeable, NH); mass 
spectrum mle (% relative abundance) 21 5 (100) (M +); 187 
(23) (M - CO)+;  186 (11) (M - HCO)+; 174 (14) 
(M - CH=C=O)+ . 

Anal. Calcd. for CI2H9NO3: C, 66.97; H, 4.22; N, 
6.50. Found: C, 67.04; H,  4.40; N, 6.64. 

(b) Acetate 4d (0.48 g) was heated under reflux in 20% 
NaOH (10 ml) for 1 h. The reaction mixture was cooled 
and acidified (30% H2S04)  to give the title compound (4e, 
0.35 g), m.p. 292", identical (i.r., p.m.r., mass spectrum) 
with the product obtained by procedure a.  

(c) Acetate 4d (0.55 g) was heated under reflux in 5% 
H2S04  (50 ml) for 2 h. The cooled solution was filtered to 
give 4e (0.44 g), m.p. 292', identical (i.r. and p.m.r.) with 
the product obtained by procedure a.  

2,3-Dihydro-5-methoxy-3-oxo-4H-naphth[1,2-b][1,4]- 
oxazine (4 f )  

A solution of the acetate (4a, 0.82 g) in methanol 
(150 ml) and concentrated H2S04  (1.0 ml) was heated 

under reflux for 4 h. The reaction mixture was concen- 
trated until precipitation occurred. After cooling, the 
precipitate was collected, washed (HZO), and dried in 
zjacuo to give the title compound (0.63 g), m.p. 235-236" 
(from ethanol); i.r. v,,, 1692 (C=O), 3200 (NH) cm-' ; 
p.m.r. 6 3.98 (s, 3H, OCH,), 4.76 (s, 2H, CH,), 6.72 (s, 
lH ,  C6-H), 7.30-8.07 (m, 4H, remaining aromatic 
protons), 10.74 (broad s, lH ,  D-exchangeable, NH); 
mass spectrum mle (% relative abundance) 229 (100) 
(M+);  214 (26) (M - CH,)+; 201 (7) (M - CO)+. 

Anal. Calcd. for C13HllN03: C, 68.11; H, 4.83; N, 
6.11.Found: C,67.93;H,4.92;N,5.80. 

2,3-Dihydro-3-0xo-4H-naphth[1,2-b][1,4]oxazine (4m) 
To a suspension of ethyl (2-nitro-1-naphthoxy)acetate 

(1.6 g) in concentrated HCI (15 ml) and ethanol (10 ml) 
was added SnC1,.2H20 (4.5 g) in ethanol (15 ml). The 
mixture was stirred for 10 h, during which time a clear 
yellow solution first formed, from which a colorless solid 
precipitated. The suspension was diluted with water 
(40 ml), filtered, and the precipitate was recrystallized 
(aqueous ethanol) to give the colorless title compound 
(0.76 g), m.p. 238-240"; i.r. v,,, 1722 (C=O), 3175 (NH) 
cm-'; p.m.r. 6 4.86 (s, 2H, CH,), 7.25-8.18 (m, 6H, 
aromatic protons), 11.02 (broad s, lH ,  D-exchangeable, 
NH); mass spectrum mle (z relative abundance) 199 
(100) (M+) ;  171 (28) (M - CO)+;  170 (32) (M - 
HCO)+, 158 (29) (M - CH=C=O)+. 

Anal. Calcd. for C12H,N02: C, 72.35; H, 4.55; N, 
7.02. Found: C, 72.30; H, 4.49; N, 7.11. 

Thermal Rearrangements oj'4-Acetoxy-2,3-dihydro-3- 
oxo-4H-naphth[l,2-b.j1,4~xazine (4a) 

A solution of 4a (0.76 g) in toluene (100 ml) was heated 
under reflux for 3 h, then filtered. The filtrate was flash- 
evaporated and gave a solid, m.p. 188-204". Fractional 
crystallization from chloroform first gave 2-acetoxy-2,3- 
dihydro-3-oxo-4H-naphth~1,2-b][1,4]oxazine (411, 0.37 g), 
a s -a  colorless solid, m.p. 222"; i.r. v,,, 1698 (lactam 
C=O), 1770 (ester C=O), 3175 (NH) cm-'; p.m.r. 6 
2.06 (s, 3H, COCH,), 6.84 (s, lH,  OCH(OAc)CO), 
7.28-8.12 (m, 6H, aromatic protons), 11.57 (broad 
s, lH ,  D-exchangeable, NH); mass spectrum mle 
(% relative abundance) 257 (42) (M+);  215 (48) 
(M - CH,=C=O)+; 186 (100) (mle 215 - HCO)+. 

Anal. Calcd. for C14HllN04:  C, 65.36; H,  4.31; N, 
5.44. Found: C, 65.54; H,4.57; N, 5.48. 

The chloroform filtrate was evaporated, and the 
residue was crystallized from ethyl acetate to yield 
5-acetoxy-2,3-dihydro-3-oxo-4H-naphth[l,2-b][1,4]oxa- 
zine (4d, 0.11 g), identical (i.r., p.m.r., m.p.) with the 
sample of 4d prepared as described earlier. 

The authors wish to thank the Medical Research 
Council of Canada for financial assistance (Grant No. 
MT-2993), and Dr. A. M. Hogg and his associates, 
Chemistry Department, University of Alberta for the 
mass spectral data. 
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RONALD E. VERRALL and JOHN A. BURNS. Can. J. Chem. 52,3438 (1974). 
The mass spectra of three tetraalkylammonium bromide salts and two series of bistetraalkyl- 

ammonium bromide salts, one saturated and the other unsaturated, have been studied. Suhstitu- 
tion is the major process which occurs in the pyrolytic decomposition of these quaternary 
ammonium bromides when placed in the probe of the mass spectrometer. This lcads to the 
production of a tertiary amine and an alkyl halide. The substitution reactions which occur are 
influenced by the proximity of the bromide anion(s) to the positively charged quaternary nitrogen 
centers in the crystal lattice. As well, a shorter distance between the positive nitrogen centers 
favors substitution reaction by means of an electron inductive effect. 

RONALD E. VERRALL et JOHN A. BURNS. Can. J. Chem. 52,3438 (1974). 
On a etudie les spectres de masse de trois bromures de tetraalkylammonium et deux series de 

bromures de bistetraalkylammoni~~m, une serie est saturte l'autre insaturee. La substitution est 
la reaction principale qui se produit lors de la dCcomposition pyrolytique de ces bromures 
d'ammonium quaternaires lorsqu'ils sont places dans la sonde d'un spectrometre de masse. Cette 
reaction conduit a la production d'une amine tertiaire et d'un halogenure d'alkyle. Les reactions 
de substitution qui se produisent sont influencees par la presence, dans le reseau cristallin, 
d'anions bromures B proximite des centres azotes quaternaires charges positivement. Un facteur 
suppltmentaire favorisant des reactions de substitution est la distance plus courte entre les 
centres azotes positifs qui resulte d'un effet electronique inductif. [Traduit par le journal] 

Introduction 
A search through the literature reveals that 

little attempt has been made at a detailed mass 
spectral study of the pyrolysis reactions of qua- 
ternary ammonium salts, either rigid or non- 
rigid systems, except for several recent publica- 
tions (1-3). Quaternary ammonium salts yield 
complex spectra since, because of their general 
lack of volatility, they are subject to decomposi- 
tion at  high temperatures (4). However, these 
ionic salts normally do decompose according to 
set patterns (1, 2) depending on the steric and 
electronic effects of substituents located on the 
quaternary nitrogen center. 

The usual thermal reaction (I)  that occurs 
when tetraalkylammonium halides decompose is 
substitution which gives rise to an alkyl halide 
and a tertiary amine (eq. 1). 

R c~ 

'To whom correspondence should be addressed 

Another typical pyrolytic process (1) of these 
salts is a type of Hofmann elimination as shown 
in eq. 2. 

In this work, the compounds investigated were 
comprised of 3 symmetrical tetraalkylammonium 
bromides, series 1, and 11 bistetraalkylammo- 
nium bromides, series 2 and 3, which are some- 
times referred to as bolaform electrolytes. The 
compounds in series 1 are simple quaternary am- 
monium bromides from which the effect of alkyl 
group size on the rates of competing pyrolysis 
reactions can be deduced. 

1 R = CH3 

3 R = CH3CH2CHZCHZ 

Series 1 

Series 2 provides a means of analyzing the effect 
of the proximity of an electron withdrawing sub- 
stituent on the quaternary nitrogen during the 
pyrolysis reaction. 
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TABLE 1. Major ions from the mass spectra of some tetraalkylammonium bromides 
at 70 eV. Intensity* of ions corresponding to the following designations 

+. + + + '  + '  
Compound R3N R'CH=NR2 CH2=NR2 RBr HBr(Br) 

1 8.4 20.9t 20.9t 16.2 1.6(2.0) 
2 4.5 1 .9  22.2 17.0 0.4(0.6) 
3 1 . 6  0 .3  21.9 1 .4  0.2(0.2) 

*Based on percentage of the sum of intensities of all the ions greater than m/e  = 25, i.e., X2,. 
tCorresponds to same ion. 

[(C2Hs)sN(CH2),,N(CZHs)31Br2 

Series 2 

I n  this series there are two types of a-carbons, 
those on  the terminal head group, i.e., in the 
ethyl group, and those in the bridging carbon 
chain. Cleavage of the E-carbon-p-carbon bond 
will be drastically different in the bridging carbon 
chain compared to the terminal ethyl groups 
when M is small. In  series 3, the effect of un- 
saturated functional groups on the thermal deg- 
radation process of the bisquaternary ammonium 
bromides can be determined. The resultant 
pyrolysis products of quaternary ammonium 
halides ultimately are determined by the prox- 
imity of the halide ion to the positive nitrogen 
center. 

[(CH2=CH-CH2),NC~,-~~=~H-c~,~ 
( C H Z - C H = C H ~ ) ~ ] B ~ ~  14 

Series 3 

These three series should provide an  insight into 
processes occurring during thermal degradation. 
In  series 1 ,  the steric effect of bulky substituents 
can be analyzed and in series 2 the effect of pro- 
ducing a more electron deficient nitrogen center 
can be assessed. 

Results 
Figure 1 shows the mass spectrum of com- 

pound 2 and is typical of the pyrolysis products 
a t  70 eV obtained from the simple tetraalkyl- 
ammonium bromides in series 1. A number of 

peaks were observed and these resulted from the 
predicted degradation processes. Since bromine 
gives two peaks of almost equal intensity, the 
intensity of the peak for an ion containing bro- 
mines is the sum of the two peaks observed. 

I t  can be seen from Fig. 1 thal the principal 
ions resulting from pyrolysis of tetraethylammo- 
nium bromide correspond to ethylene (mle 28), 

+ 2 

to C,H,N=CH, (m/e 58), to(C,H,),N=CH, 
I 

H 
(mle 86), t o  triethylamine (mle 101), to the M - 1 
fragment from triethylamine (mle loo), and to 
ethylbromide (m/e 108, 1 10). Corresponding ions 
are observed for the other members of series 1 .  
The major ions colnmon to series I are listed in 
Table 1. From these data it is observed that there 
is a decrease in the relative percentage of the 
total ion current for the ions corresponding to 

+ .  + .  
R,N and RBr as the size of the R group in- 
creases. 

Figure 2 is the mass spectrum of compound 6 
and is representative of the mass spectra of the 
pyrolysis products from the series 2 salts a t  70 eV 
bombardment energy. Above mle = 110 the ob- 

FIG. 1. Bar diagram of the mass spectrum of the 
pyrolysis products of compound 2. 
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TABLE 3. Major ions from mass spectra of some unsaturated bistetraalkylammonium bromides at 70 eV 
Intensity* of ions corresponding to the following designations 

+. + + + +. +. + 
Compounds Ally1,N Ally12N=CH2 CHz=CH-CH=NAlly12 A11ylzN(CH2), AllylBr HBr(Br) 

*Based on  percentage of the sum of intensities of ions greater than mle = 25, i .e.,  Z, 
?Replace one ally1 group by CH, for MDAAE. 

ZS "I" 

m/e FIG. 3. Bar diagram of the mass spectrum of the 
FIG. 2. Bar diagram of the mass spectrum of pyrolysis pyrolysis products of compound 12. 

products of compound 6 .  

more intense ions at higher mass values in the served ions have low intensities (some less than case of the unsaturated group, thus indicating 1% of the total ion current); however, they are less fragmentation for the series 3 compounds. when considering the degradation Table 3 lists the important ions common to the processes of these salts. In Fig. 2 weak ion inten- partially unsaturated bisquaternary ammonium sities were observed for compound 6 correspond- bromides at 70 eV electron bombardment energy. 

ing to (C,H,),~(CH,),B~ (m/e 207, 209), to 
+ 

CH,=N--(CH,),Br (mle 192, 194), and to 
I 

+ 
(C,H,),N(CH,), (mle 128). Stronger intensity 
ions were observed corresponding to the ions dis- 
cussed earlier for compound 2. In other homo- 
logs of series 2 similar ions above mle 110 were 
observed and for some, an ion corresponding to 
the bistertiary amine was present. Table 2 con- 
tains the ions of interest common to most of the 
mass spectra of the seven compounds in series 2. 

A representative mass spectrum of the pyrol- 
ysis products of the bistetraalkylammonium bro- 
mides (compound 12) which contain unsaturated 
alkyl groups, i.e., series 3, is shown in Fig. 3. A 
comparison of Figs. 2 and 3 shows that there are 

It is significant to note that none of the series 3 
compounds shows the presence of the appro- 
priate bistertiary amine as a parent product as 
was observed for series 2. This result indicates 
that there are notable differences in the pyrolysis 
processes of the saturated and unsaturated ana- 
logs of the bisquaternary ammonium bromides. 

The tables list only the major ions which are 
useful for comparisons between the individual 
compounds and between the various series of 
compounds. A detailed set of data for the mass 
spectra of the 14 compounds studied can be ob- 
tained elsewhere (5). These compounds were also 
studied in the mass spectrometer at low electron 
bombardment energy (10-12 eV) and the most 
notable observation was the intensity of the ions 
corresponding to the bistertiary amine for series 
2. The observed intensities were 2.8, 2.3,2.3, 6.2, 
20.9, 24.9, and 43.8 for compounds 4 to 10, 
respectively. 
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In each individual case, there were other ions halide ion attack as shown by the degradation 
of significant intensity that were not singled out process in eq. 1. For series 2 and series 3 there 
since they did not appear to contribute to the en- are two possibilities for the attack of the halide 
suing discussions. In most cases, the usual frag- ion during the thermal degradation process. 
mentation patterns of tertiary amines (6) or There is the possibility of the halide ion attacking 
halogenated hydrocarbons (7) explained the ob- any one of the three similar alkyl groups at- 
served ions which have not been discussed. tached to the nitrogen, i.e., 

Discussion 
Generally, the patterns for the decomposition, 

ionization, and subsequent fragmentation are 
similar for the three series of pure crystalline 
compounds investigated except for some minor 
deviations. The relative yields of the competing 
pyrolysis reactions are to a large degree deter- 
mined by the nature of the anion and the prox- 
imity of the anion with respect to the cationic 
nitrogen center. Compared to the smaller, more 
electronegative halide ions, bromide salts favor 
substitution as opposed to Hofmann degradation 
(8). The results of the work presented corroborate 
that the substitution process is preferred for 
bromide salts since only a low intensity of ions 
was found at 80 and 82 for HBr which would re- 
sult from the Hofmann degradation process. In 
most of the compounds studied, the intensity of 
the HBr ions was less than 1% of the total ion 
current. One of the other products of Hofrnann 
degradation as indicated in eq. 2, the olefin, can- 
not be used as a basis of comparison for prefer- 
ence of the process indicated in eq. 1 over that in 
eq. 2 since ethene is produced in subsequent re- 
arrangements and fragmentation processes, for 
example, those shown in eqs. 3 and 4, respec- 

+ .  t .  

[3] R2N-CH2 I RZNH + [CH2=CH2]+ ' 

H-CH2 

[41 [RzN(CH,),,,CH,-CH21' -t [R,N(CHz),,,lf 
+ [CH2=CH2]+' 

tively. In eq. 4, the [R2N(CH2),,,CH2CH,]+ ion 
is a fragmentation product of one of the parent 
ions, the bistertiary amine for series 2 and 3. The 
process described in eq. 4 would not be found in 
series 1 since it is unlikely that the precursor ion 
would be favored for compounds 2 and 3 and 
could not be obtained for compound 1. + .  

In contrast to the small amount of HBr ob- 
served for the quaternary ammonium com- 
pounds studied, the intensity of the ions corre- 

+ .  
sponding to RBr, where R is the alkyl group at- 
tached to the nitrogen in the parent salt, is much 
greater. The alkyl halide can only be derived by 

On the other hand, the halide ion could con- 
ceivably attack the bridging alkyl chain as shown 
in eq. 6. 

Furthermore, the substitution reaction is favored 
for the bistetraalkylammonium salts since the 
bromide anion preferably would be situated close 
to the nitrogen centers in order to aid in neu- 
tralizing the two positive charges on the same 
molecule. This will be more apparent when the 
nitrogen centers are close to one another. 

The mass spectra of all the salts analyzed 
+ 

showed an ion equivalent to CH2=NR,, where 
R is the appropriate alkyl group for each salt. In 
most cases, this a-cleavage product was the base 
peak. 

A comparison of the ions corresponding to 
A .  A .  

R,N and R B ~  for series 1 given in Table 1 shows 
that the substitution reaction occurs to a larger 
extent if the alkyl groups are small. This can be 
explained by the condition that it is possible for 
the bromide ion to be situated closer to the posi- 
tive quaternary center when the alkyl groups are 
less bulky. The subsequent fragmentation of the 

+ '  + .  
R,N and RBr ions for all three compounds must 
occur at a similar rate for this interpretation to 
be valid. However, it can be assumed that for 
compound 3 these ions will be fragmented more 
easily. 

In theory, the bistetraalkylammonium salts 
should undergo thermal decomposition reac- 
tions similar to R,NBr salts. However, in the 
series 2 and 3 compounds because of the require- 
ment that the anions partially neutralize the two 
positive charges, the halide ions would neces- 
sarily be in close proximity to the nitrogen 
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centers. I t  is conceivable that the steric effects 
and location of the halide ion, for series 2, corlld 
systematically determine the ultimate degrada- 
tion products. Since each bisquaternary bromide 
molecule must undergo two pyrolysis reactions, 
there is an  added complication to its thermal 
degradation. Probably these reactions occur 
separately with the remaining quaternary center 
influencing the initial decomposition reaction, 
for example, 

In eq. 7, the inductive effect of the quaternary 
nitrogen center on the left hand side of the mole- 
cule causes the methylene group adjacent to the 
righthand nitrogen to be somewhat electron 
deficient. When there are few bridging methylene 
groups, the conditions are suitable for bromide 
attack at  these electropositive carbon centers. 
The salt on the right-hand side of eq. 7 then 
undergoes further decomposition. 

For the series 2 salts the presence of fewer 
methylene groups between the nitrogen centers 
gives rise to a maximum inductive effect to yield 
the reaction outlined in eq. 7. As well, under 
these conditions, the bromide anions will be held 
closer to the nitrogen centers. Therefore, when n 
is small, i.e., compounds 4 and 5, there would be 
proportionately more bromide attack on bridg- 
ing carbon (eq. 7) than for the larger homologs. 
The results in Table 2 confirm this as shown by 
the ions a t  mle = 179 and 18 1 for compound 4, 
193 and 195 for compound 5, and to a smaller 
extent 207 and 209 for compound 6 .  Further- 
more, at low electron bombardment energy, the 
parent ions obtained from the thermal decom- 
position show that the substitution reaction is 
favored. 

The occurrence of bromide attack on the 
bridging carbon (eq. 7) was not observed for 
series 3 where it appears that the ally1 substi- 
tuents on the nitrogens are able to delocalize the 
positive charge. Hence, the essential conditions 
favoring bromide attack on the bridging carbon 
are removed. 

From Table 2, it is possible to deduce some 
further general observations with regard to the 
thermal degradation of the compounds in series 
2. First, the greater the number of methylenes 

between the nitrogen centers, the larger the 
amount of bistertiary amine observed. This can 
be explained by the process in eq. 7. For the 
larger members of series 2 loss of alkyl bromide 
is statistically preferred since the bridging carbon 
is not as electropositive as for the smaller mem- 
bers. Secondly, since there is relatively less tri- 
ethylamine generated as one proceeds from com- 
pound 4 through to 10, there is a definite indica- 
tion that the bridging carbon-nitrogen bonds are 
weaker for the homologs with fewer bridging 
carbons. 

It is concluded that the pyrolysis process of 
the tetraalkylammonium and bistetraalkylam- 
monium bromides are primarily substitution re- 
actions. In the pure crystalline state, the substi- 
tution reaction occurring during thermal degra- 
dation of quaternary ammonium halides is 
favored by ( a )  an electron withdrawing substi- 
tuent on the nitrogen and (b) the location of the 
anion close to the attack site. 

Experimental 
The preparation and purification of the tetraalkyl- 

ammonium and bistetraalkylammonium salts have been 
described elsewhere (4,s). C, H ,  and N, analyses as well as 
gravimetric bromide ind~cated a purity of greater than 
99.7z. 

Themass spectra were determined at 10-1 2 eV and 70 eV 
using an MS-12 mass spectrometer. The samples were intro- 
duced using the direct probe technique and the ion source 
temperature was 210-230 'C. Contamination from sub- 
stances previously analyzed in the spectrometer was re- 
duced by baking the source and the probe vigorously 
before each analysis. The instrument was subsequently 
"flushed out" with a sample of the appropriate compound 
until several consecutive spectra obtained were identical. 
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work from the National Research Council of Canada. 
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Electronic Raman Spectroscopy and Magnetic Susceptibilities1 
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J. A. KOSINGSTEIN and C. J. KATE-MAGUIRE. Can. J. Chem. 52,3445 (1974). 
Data from electronic Raman spectroscopy are eniployed to calculate temperature de- 

pendent magnetic susceptibilities for terbium alun~inum garnet, terbium ga l l i~~m garnet, 
europium gallium garnet. thuliun~ aluminum garnet, and thulium gallium garnet. An electronic 
Raman spectrum of terbium gallium garnet is reported, as are newly observed electronic levels 
in thulium gallium garnet. 

J. A. KONINGSTEIN et C. J. KA~E-MAGUIRE.  Can. J. Chern. 52.3445 (1974). 

On utilise des donnees de spectroscopie Raman electronique pour calculer les susceptibilites 
magnetiques dependantes de la tempkrature du grenat de terbium et d'aluminium, du grenat de 
terbium et de gallium, du grenat d'europium et de gallium, du grenat de thulium et d'aluminium 
et du grenat de thulium et de gallium. On rapporte aussi un spectre Raman electronique du 
grenat de terbium et de gallium ainsi que de nouveaux niveaux electroniques observes dans 
le grenat de thulium et de gallium. [Traduit par le journal] 

Introduction 
I t  is well known that the widths of electronic 

levels in the split LSJ manifolds of rare earth 
ions increase as the energies of the states 
increase. Thus although it is possible to deter- 
mine from electronic Raman experiments the 
positions of low-lying crystal field states of the 
ground manifold and the states of lowest 
energy in other manifolds, it becomes difficult 
to  observe Raman transitions which terminate 
on states with higher energy. The increasing 
width of the levels causes the transitions to be 
so broad that they escape detection. This 
proves troublesome if the data from electronic 
Raman spectroscopy (e.R.s.) are to be used in a 
crystal field analysis of certain of the LSJ 
manifold levels. 

'Research supported by Grant A 2843 of the National 
Research Council of Canada. 

On the other hand, the electronic states 
situated up to several hundred reciprocal 
centimeters above the ground state contribute 
significantly to the value of the magnetic 
susceptibility of rare earth compounds, de- 
pending, of course, on the composition of the 
wave function and the number of ions in such 
states at a given temperature. Present experi- 
mental information suggests that the positions 
of these electronic states are more easily de- 
tected by e.R.s. than by far infrared or fluores- 
cence spectroscopy. The technique of e.R.s. 
may fall short if employed in crystal field 
calculations, but at the same time one may be 
able to use it to calculate values of the magnetic 
susceptibility at various temperatures. Such 
calculations were recently reported for some 
crystals containing transition metal ions (1). 
In this communication we report on the results 
of e.R.s. and their relevance to the crystal 
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field analysis and colnputations of magnetic 
susceptibilities of some rare earth garnets 
(REAl,O,, or REGa,O, ,). 

Magnetic Susceptibilities of Terbium 
Aluminum Garnet, Terbium Gallium Garnet, 

and Europium Gallium Garnet 
Trivalent rare earth ions experience a crystal 

field of orthorhombic symmetry in garnet 
crystals (2). Each crystal field component in the 
split L S J  manifolds of these ions belongs 
to one of the four representations of the group 
D,. Electronic Raman transitions between 
such levels have been observed (3-13) in rare 
earth garnet crystals, and the intensity of 
each transition is related to the value of an 
element of a scattering matrix. From the form 
of this matrix the scattering tensor for transi- 
tions of the individual rare earth ions at  their 
crystallographic sites can be determined. This, 
in turn, gives information about the symmetries 
of the electronic excited states, assuming that 
the symmetry of the ground state is known. 
Such symmetries depend on the magnitude and 
symmetry of the crystal field. Both properties 
are contained in the followi~lg expression for the 
crystal field potential V,,. 

where the B," are crystal field parameters, 
r:  is the expectation value of the radius of the 
ith f-electron, and the YHm(8,,+,) are spherical 
harmonics. 

The crystal field potentials for terbium 
aluminum garnet (TbAlG) and europium gallialll 
garnet (EuGaG) are well known (9, 13, 14), and 
were obtained from spectroscopic data which 
included the results of electronic Raman 
spectroscopy and in particular the polarization 
properties of the transitions. Not only was a 
good fit obtained between the computed and 
observed energy level diagrams for the split 7FJ 
( J  = 6, 5 ,  4, ..., 0) manifolds of Eu3+ and Tb3+,  
but the wave functions for the crystal field 
levels became available. 

The molar magnetic susceptibility X, for a 
rare earth ion with an even number of electrons 
depends on the electronic wave functions ac- 
cording to the following formula which was 
derived by Van Vleck: 

The symbol J stands for the actual composition 
of thc wave function (for the state at energy Ej) 
in terms of the IJ,J,) basis functions; No is 
Avogadro's number. Equation 2 has been 
successfully applied (15) to relate xTbAlc with 
experimental results in the temperature interval 
5 to 2 0 K .  

111 Fig. 1 a comparison of the results for the 
temperature range 0.5 to 20 K is showil. It is 
worthwhile to point out here that the first 
electronic excited state of Tb3' in TbAlG has 
an energy of 2 cm-I above the ground state 
and that both levels are crystal field compone~lts 
of the split 7F, manifold. Given such a small 
energy gap and provided that the wave functions 
of the states are of a specific composition, 
situations may arise (see Figs. 3 and 4) where 
the temperature dependent molar susceptibility 
is that as measured for terbium aluminum 
garnet (16). However in employi~lg eq. 2 and 

TEMPERATURE IK I  

FIG. 1. (i) xTbAIC 1's. temperature. Calculated values 
were derived using the crystal field parameters of ref. 14. 
(ii) X T ~ , ~ ~ ~  C S .  temperature. The following set of crystal 
field parameters (in cm-') were employed in the cal- 
culations: AzO = -200, A40 = -300, Ago = 40, AZ2 = 
275, A4' = 223, Ae2 = -150, AA4 = 1350, Ab4 = 650, 
and A66 = -120. Observed values for X T b ~ l G  and 
x~~~~~ are those of ref. 15. 
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by substituting values of the energy of states as 
determined from e.R.s. and wake functions 
from a crystal field analysis which involved the 
complete 'F manifold, values of xTbAIG are 
computed which do not show a maximum for 
T z 1.5 K. This particular compound becomes 
antiferromagnetic (17) below 1.35 K and the 
difference of calculated and experimental values 
of xTbAIG are attributed to magnetic ordering 
effects of the spins of the individual Tb3+ 
ions. 

Recently Gavignet-Tillard et al. (18) used a 
crystal field calculation based on the positions 
of only some of the 'F, manifold levels, and 
computed values of x,,,,, which agreed quite 
well with experimental data. The crystal Geld 
they employed differed considerably from the 
one which was evaluated using the positions of 
nlally crystal field levels in all 7F, manifolds. 
Consequently, the present calculations of x,,,,, 
based on the latter should be considered to be 
Inore accurate. 

Contrary to the case of TbAlG are the data 
available for TbGaG. The experimentally deter- 
~nined values of x,,,,, have been published 
(16) but the positions of the crystal field levels 
were not known. In Fig. 2 is shown part of a 
Raman spectrum of a TbGaG single crystal, 
and the electronic Raman transitions of the 
trivalent terbium are indicated. This assignment 
is based on a similarity of the Raman spectra 
of TbAlG and TbGaG. Strong electronic 
Raman effects occur to crystal field states of the 
split 7F, nialiifold with an energy < 100 c m p l  
above the ground state. Such a similarity 
exists also between the spectra with shifts of 
2100-2500 cni - ' due to 7F,-7F, translt~ons. 
The crystal field potential of the compounds 
EuGaG and DyGaG has been calculated from 
spectroscopic data which included the results 
of e.R.s. (1 1,  15). Using the crystal field param- 
eters for these compounds, the calculations 
were made for the terbium compound and the 
results are shown in Table 1. It is seen that the 
observed energies of the states of TbCaG are 
intermediate between the value of levels cal- 
culated using the Eu-garnet parameters and 
those found from Dy-garnet parameters. Such a 
result is not unexpected because the radius of 
~ b ,  + is intermediate between that of E U ~  + and 
DY~' .  AS a result of the closeness of the first 
excited state to the ground state it is difficult to 

TbGaG IT 

FIG. 2. Low energy region of the Raman spectrum 
of TbGaG excited with the 4880A radiation of an 
argon laser. All electronic Raman transitions occur 
~ i t h  shifts < 100 cm-I and those > 100 cm- '  are 
phonons of TbGaG. The symbols E and T stand for 
the symmetries E, and Tz,, respectively, of the space 
group O,,lO. The intensities of transitions of the polariza- 
tion spectra were so chosen that those of symmetry T 
remained the same but all E transitions are reduced by 
a factor of three. 

determine the symmetries of the electronic 
levels from the symmetries of the observed 
transitions. The crystal field analyses using the 
DyGaG and EuGaG parameters indicate that 
the ground state belongs to the representation 
A or B,, respectively, and the first excited state 
to the species B, or A ,  respectively, of the point 
group D,, which describes the symmetry at the 
site of the rare earth ion. In Fig. 3 a comparison 
is made of the calculated and experimental 
values (16) of x,,,,, as a function of T. In 
the calculations the computed position and 
wave functions of all 7F, levels were employed. 
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TABLE 1. The positions of the low-lying 
5F, electronic levels of Tb3 + in TbGaG 

Calculated value 
(cm-I)* 

Observed value 
(cm- ') (a) (b) 

0 0 0 
- 0 . 7  3.5 
34 41 .O 34.4 
43 41.7 36.2 
50 85.7 42.0 
53 85.7 51.6 

*I he calculated values are for crystal field param- 
eters equal to  those of E u G a C  (a) and D y G a C  (b).  A 
similar comparison is obtained betbeen calculated 
and observed positions of the crystal field levels of 
the split 'F, man~fold.  

/ -Y_____ ......................... 
5 0 0 0 5 0 20 0 

TEMPERATURE K 
~. 

FIG. 3. (i) x,,,,, t's. temperature. Calculation (a) 
employed the EuGaG parameters of ref. 14, whereas 
calculation (b)  ~ ~ s e d  the DyGaC parameters of ref. 10. 
(ii) X T ~ ~ ~ ~ G  cs. temperature. Calculated v a l ~ ~ e s  were 
derived using the parameters given in Table 2. Observed 
values for x,,,,, and x,,,,, are those of ref. 15. 

Calculation of x,,,,, with values of crystal 
field parameters between those for EuGaG and 
DyGaG shows that x,,, > xtheo for T > 2.5 K. 
Covalency effects have been neglected in the 
crystal field calculations. They tend to quench 
the orbital momentum of the electrons of the 
centrally located rare earth ions, and as a 
result, lower the g-value and thus the magnetic 
susceptibility. Presently it is not clear if covalency 
effects are responsible for the lower values of 
x e x p  It  is seen in the case of TbAlG (Fig. 1) 
that alignment of the spins of the individual 
Tb3' ions also lowers the value of x,,, com- 
pared to X t h e o  

VOL.  5 2 ,  1974 

The ground state of trivalent europium in 
EuGaG is 7F, and the excited states which can 
contribute to x,,,,, are those of the 7F, and 
7F, manifolds. The manifolds are split for 
EuGaG and the crystal field components are 
(14, 15) at 308, 329, 411 cm-I ('F,) and 819, 
834, 855, 1324, 1341 cm-I (7F,). Those for 
7F, are at  an energy > 1832 cm-I. In Fig. 4 
the calculated values of x,,,,,, for different 
values of T are shown, but experimental data 
are not available to test the accuracy of the 
calculations. 

Low-lying Electronic Levels and Magnetic 
Susceptibilities of Thulium Aluminum Garnet 

and Thulium Gallium Garnet 
There have been several reports (5, 19, 20) in 

literature dealing with the positions of crystal 
field states in the split 3H6 ground manifold of 
Tm3 + in thulium aluminum garnet (TmAlG) 
and thulium gallium garnet (TmGaG). Schieber 
et al. (19) interpreted the temperature de- 
pendent values of x,,,,, on the basis of a 
crystal field of pure cubic symmetry, and con- 
cluded that the first electronic state was situated 
at  an energy >lo4 cm-I above the ground state. 
On the other hand Pearson et al. (20) concluded 
from optical measuremcnts that the lowest levels 
lie at  85, 113, 123, and 184 cm-l.  These states 
were thought to be electronic in origin, al- 
though the effect of vibronic coupling was 
considered. 

Electronic Raman spectroscopy has several 
advantages in this respect over absorption and 
emission techniques. Vibronic coupling can 
complicate the assignment of Raman spectra, 
but only totally symmetric vibrations can couple. 

"&- 2 3 3  8, 

400 500 800 DO0 
TEMi iRdTURE X 

FIG. 4. xEuCaG US. temperature. The parameters of 
ref. 14 were employed in the calculations. 
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FIG. 6 .  x,,,,,, cs. temperature. Parameters employed in the calculation are given in Table 2. Observed valuer, for 
X r m ~ &  are those of ref. 18. 

1 
L 

_I 

n 

Fig. 5. The positions and symmetries of the 
FIG. 5. Low-energy region of the Raman spectrum 

of TmGaG, showing the electronic transition at 45 cm-'. observed electronic levels for T1n3+ in TmGaG 
T g  5 K .  are shown in Table 2. 

Using the dysprosium garnet parameters for 
In addition, the vibro-electronic Raman effect the initial fit, the splitting patterns for 3 ~ ,  

is only allowed if the symmetries of the electronic of Tm3+ in TlnGaG and TmAlG were cal- 
states are the same (21). Another advantage of culated. The computed energy levels for TmGaG 
electronic Ranian spectroscopy is that for were found to be close to the observed levels 
cubic crystals symmetries can be assigned to the given in Table 2. The ground state for TmGaG 
electronic states from a knowledge of the sym- is of symmetry B,  and the first excited state at 
metry of the scattering matrix. The electronic -45 a n - '  is of symmetry A .  According to 
Raman scattering form TmGaG was recently group theory a transition between levels of 

TmGoG 

5 K 

1 

TABLE 2. Low-lying 3H6 electronic levels of 
Tm3' in TmGaG 

Experimental Calculated* 

E ( c ~ - I )  r E ( c ~ -  I) r 
192 BI 191 BI 
189 B2 189 B2 
185 BB 170 B3 
245 A 34 A 

0 B1 0 B1 

*Calculated values refer to  the following set of crystal field 
parameters (in cm-'1: = 1 2 0 ,  Ad0 = -223, As0  == 30, 
A2' = 50, Ah2 = 246, Aa2 = -60, = 970, AOJ = 590, 
and Aa6 = -50. 

observed at  low temperature; the spectrum of the 
o 50 0 0  cm- i  oriented crystal for small shifts is shown in 
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symmetry A and B, for Tm" at the D, site 
results in a Raman band of symmetry T,, 
(in O,,) for the entire cubic crystal. The observed 
spectrum (Fig. 5) is in agreement with this 
prediction, and in the final computations the 
crystal field parameters A,'" = (rn)B," were 
allowed to deviate from the Dy garnet param- 
eters so that the calculated symmetries and 
positions of the excited states agreed with the 
experimental data of Table 2. The calculated 
results are tabulated there for comparison. 
The same procedure was followed for TmAIG, 
but the crystal field calculations were less 
satisfying. 

From the energy level schemes, the tempera- 
ture dependent magnetic susceptibilities for 
TmGaG and TmAlG were calculated. The 
comparison of experimental (19) cs. calculated 
results for x,,,,, in the temperature range 
0.5-1000 K is presented in Figs. 3 and 6. 
The difference of the curves for T < 60 K 
may (as in the case for TbAlG) be due to 
magnetic ordering effects. There exists also a 
large difference of calculated and observed values 
of XTmAIG (see Fig. I). 

Conclusive Remarks 
Recently the crystal field was determined for 

some cubic rare earth garnet crystals. Good 
agreement exists between calculated and ob- 
served splitting patterns and also the symmetry 
of the states agrees with the calculations. In 
this work we present the results of a computation 
of the molar magnetic susceptibility of these 
crystals and the role of electronic Raman 
spectroscopy is emphasized. Because of the 
good agreement of computed and observed 
values of the magnetic susceptibility for large 

temperature ranges it is felt that e.R.s. is an 
important technique in the study of magnetic 
properties of the crystals. 
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Photolysis sf  SO2 in the Presence of Foreign Gases. VI. 
Acetylene and Allene1 

MENACHEM L U R I A ~  AND JULIAN HEICKLEN 
Department of Chemistry and Center,for Air Environment Studies, The Petznsy11.anin State Uni~,ersity, Uni~.ersity P ~ r k ,  

Pa. 16802 

Received October 30, 19733 

MENACHEM LURIA and JULIAN HEICKLEN. Can. J. Chem. 52,3451 (1974). 
The photolysis of SO, at  3130 A and 25 "C in the presence of C,H, leads to CO, and, in the 

presence of allene to CO and C,H, as gas phase products. In the C2H, system, the CO comes 
from the two non-emitting triplet states of SO,, 57% from SO,** and 43% from SOz*. In the 
allene system, the two excited singlet states of SO,, and possibly the emitting triplet state, also 
participate. The relative importance of the contributions from each state can be estimated to be 
> 35% from 'SO,, i 16% from 3SOz, 8% from SO,*, 12% from SO2**, and 29% from SO,=. 

MENACHEM LURIA et JULIAN HEICKLET. Can. J. Chem. 52,3451 (1974). 
La photolyse du SO, a 3130 A et 25 "C, en presence de C2H,, conduit a la formation de CO; 

en presence d'allene il y a formation de CO et de C,H,. Lors de la reaction en presence de 
C2H,, le CO provient de deux etats triplets du SO,, soit 57% a partir de SO2** et 43% a partir 
de SO,'. Lors de la reaction en presence d'allene, les deux Ctats excites singulets du SO2 et 
possiblement 1'Ctat triplet emettant participent a la reaction. L'importance relative des con- 
tributions de chaque Ctat peut @tre estiine de la f a ~ o n  suivante: > 35% pour 'SO,, i 16% 
pour 3S02, 8z de SO,*, 12% pour SO,** et 29% de SO,+. 

[Traduit par le journal] 

Introduction produce CO, C2H,, and an oil (5). It is of interest 
In the photolysis of SO, at  3130 A in the to know which electronic states are involved in 

presence of CO, it has been shown that at least the photochemical reactions. TO examine this 
four excited electronic states are involved (I, 2). problem we have now measured the gas phase 
The emitting singlet and triplet states are readily products in the Presence of various quenchers, 
quenched by all foreign gases, the triplet being and the results are presented here. 
particularly easily quenched by the known 
triplet quenchers NO and biacetyl. At high Experimental 

pressures, these states are not c.elnically import- The reaction was carried out in a cylindrical cell 50 cm 
long and 5 c111 in diameter, containing quartz windows at  ant  and "2 is produced from two other states: both ends. To insure complete mixing the gases were 

a singlet, SO,*, not quellched by any gas tested, introduced into the reaction vessel through a Pyrex tube 
and a triplet, SO2**, quenched by the triplet with 10 pinholes equally spaced along its length, which 
quenchers NO and biacetyl, but not by other was placed in the vessel close to its surface and ran along 

inactive gases such as N, or CO,. its length. The radiation was from a Hanovia 200 W 
U-shape type SH mercury arc and passed through an 

In  a "lore recent the Ealing 3130A interference filter before entering the 
sensitized emission of biacetyl (3), it was found reaction vessel. The gases used were from the Matheson 
that H,O readily quenches SO2**. 111 addition C o  These included SO,, C2H2,  C3H4, CO,, N,, NO, and 

another triplet state, SO,+, was found which is C2H4. The purification and handling of these gases is 

not quenched by N2, CO,, or H20, but is described in previous publications (2, 4, 5). Distilled 
H 2 0  was used after degassing at  - 95 'C. 

quenched by biacetyl, thiophene, and The reaction cell was connected through a stopcock 
presumably NO. to a gas chronlatographic sample tube of volume 350 cc. 

I t  has also been found in our laboratory that The chromatograph utilized a Gow Mac power supply 

photoexcited SO, reacts readily with C,H, to and thermistor detector at 0 'C. Two columns were used. 
One was 8 ft long containing 5.A n~olecular sieves and was 

produce Co and a "lid (4), and with to used for N,  and CO analvsis. The other was 30 ft long - -- and contained d~methylsulfolane; it was used to measure 
'CAES Report No. 330-73. C,H4. All gaseous products could be detected at  pressure 
'Present address: Stanford Research Institute, Menlo of 2 0 . 1  mTorr. He with a flow rate of 100 cclmin was 

Park, California 94025. the carrier gas in both columns. 
3Kevision received July 3, 1974. Actinometry was done with (CH3),N2, which gives a 
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TABLE 1. Photolysis of SO2 in the presence 
of C2H2* 

'SO, and 3S0, (the emitting singlet and triplet 
states, respectively) play no role. Also 10 Torr 

[MI 
of NO completely suppresses the reaction; thus 

M (Torr) @(co)( x lo3) SO2* is not involved. The addition of excess 
H,O reduces @(CO) to a limiting value 43% of 

[C2H2] = 0.22 Torr 
- 

that in the absence of H,O. Since H 2 0  quenches 
0 18 

- 0 20 
SO,** but not SO2* it can be concluded that CO 

H z 0  2 8 .5  is produced 43% of the time from SO,' and 
H z 0  5  7.3 57% of the time from SO2**. 
H z 0  10 8 . 5  The results of similar experiments in the SO,- 
[CZH2] = 2.2 Torr allene system are shown in Table 2. Here the 
- 0 3 3 
- 

addition of CO, drops (D(C0) to 49% of its 
0 34 

- 0 35 
value in the absence of CO,. Thus the emitting 

coz 750 3 5  
'SO, and 3S0, are presumably responsible for 

NO 10 o t  51% of the reaction. If NO is also added, the 
NO 10 07 reaction is not quenched to zero as with C2H2, 
H 2 0  2 26 but 8% of the CO remains. This can be attributed 
H2O 5 20 
H 2 0  10 15 to SO,", since the other four states are quenched. 

When both CO, and H,O are present, 37% of 
[C2H,] = 22.0 Torr 
- 0 39 the CO remains. Since this 37% is from SO2* 

and SO,*, the contributio~l from SO,* is 
*[SO2] = 2.2 Tort, Ia = 2.7 mTorr/rnin, irradia- 

tion tlme = 30 min. 29%. By subtraction, the SO,** contribution 
tqco) < 1.2 x 1 0 - 3 .  becomes 12%. When NO is added, the three 

quantum yield of N2 of 1.0 (6). All actinometry runs were triplet states and some fraction of 'SO2 are 
done at  the same (CH3),N2 absorbance as used in the quenched. The CO is reduced to 43%. Since the 
SO, runs, using the measured extinction coefficients (to contribution from SO,* is 8%, then that from 
base 10) at 3130 A of 3.8 x lo-' and 1.5 x T o r i 1  iso2 , 35",. By accounts cm-', respectively, for SO, and (CH3),N,. 

for < 16z ,  and probably a lot less. The results 
Results and Discussion for both C,H2 and C3H, are summarized in 

The CO quantum yields, @(CO), in the photo- Table 3. The estimated uncertainty is about 
lysis of SO,-C,H, mixtures are given in Table 1. ?-lo%. 
The addition of excess CO, has no effect so that The @(C2H,)/@(CO) ratio in the allene system 

. - 

TABLE 2. Photolysis of SO, in the presence of allene* 

[MI 
M (Torr) Q(CO)( x lo3) @(C,H4)/@(CO) 

[C3H4] = 0.22 Torr 
- 

H z 0  
COz + H z 0  
COz + H z 0  + NO 

[C3H4] = 2.2 Torr 

[C3H4] = 22.0 Torr 

*[SO21 = 2.2 Torr, I, = 2.8 mTorr/min, irradiation time = 60 min. 
tIrradiation time = 30 min. 
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LURIA AND HEICKLEN: PHOTOLYSIS OF SOz. VI 3453 

TABLE 3. Percentage of CO from each excited state system, where the emitting states, 'SO2 and 
of SO, 3S02,  are not important (7). It is interesting that 

the upper limiting value for @(CO) is smaller 
% CO from for allene even though more excited electronic 

State Quencher CzH2 C3H4 
states are involved than for C2F4 or C,H,. 
Presumably removal of excited SO, by allene 

lSOz CO,, NO, HZ0 
3 ~ ~ 2  C 0 7 ,  NO. H,O 

>35 does not l&d to CO production all the time. 
1 1 6  -. , - 

SO2* None 0 8 This work was supported by the Environn~ental Pro- 
SO,** NO, H,O 57 12 tection Agency under Grant No. 800874, for which we are 
SO2 * NO 43 29 grateful. 

is somewhat scattered, but is about 0.27 f 0.05 , 
in the absence or presence of NO. With excess 
CO, present, experimental difficulties interfered 
with the C2H4 analysis since C2H4 and CO, have 
similar gas chromatographic retention times. 
However, with H,O present, @(C2H4)/O(CO) 
dropped noticeably to 0.16. We have no explana- 
tion for this observation. 

Experiments were done with excess hydro- 
carbon to obtain the upper limiting values for 
Q(C0). These are 0.039 for C,H2 and 0.023 for 
allene. They can be compared to the value of 
-0.05 obtained for @(CF,O) in the SO,-C2F4 
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Palladium(1I) Complexes with Dithiomalonamide and 
N,N' -Diphenyldithiomalonamide 

Istitlrto di Chirnicu Gener~le  e Itzor.gnnicu, University ofModerzu, 41 100 Modenu, Itrrly 
Received December 20, 1973 

GIAN CARLO PELLACANI. Can. J. Chem. 52,3454 (1974). 
Dithiomalonamide (Hdtma) and N,N'-diphenyldithiomalonamide (Hdpma) form dia- 

magnetic square-planar complexes PdL, and PdL2.2DMF. For these complexes a [PdS,] 
coordination was suggested by their electronic and i.r. spectra. The splitting orbital parameters, 
A , ,  indicates that these anionic ligands assume an intermediate position in the spectrochemical 
series of sulfur donors. These ligands also form Pd(HL),X2 (X = CI, Br, I, CIO,) and PdHLX, 
(X = C1, Br, I) complexes in which spectroscopic evidence suggests an S,N bidentate ligand 
coordination, forming six-membered rings. v(PdN) and v(PdS) are tentatively assigned. For 
Pd(Hdpma),X, complexes from the far i.r. and electronic spectra we propose a cis-PdN,S, 
configuration. The A,  parameters in the six-membered ring Pd(HL)2X2 complexes indicate a 
ligand strength greater than in the analogous S,N coordinated five-membered ring complexes 
of dithiooxamides and show an inversion of the order found in Ni(HL),X, (HL=Hdtma, 
Hclpma) complexes. In PdHLX, complexes the presence of two bands assignable to v,,,,(PdX) 
and v,,,,(PdX) supports a cis-halogen configuration. 

GIAN CARLO PELLACANI, Can. J. Chem. 52,3454 (1974). 
Le dithiomalonamide (Hdtma) et le A:N'-diphtnyldithiomalonamide (Hdpma) forment des 

complexes diamagnttiques plan-carre PdL, et PdL,.2DMF. On suggere pour ces complexes 
une coordination [PdS,] a cause de leurs spectres electroniques et infrarouges. Les parametres 
A1 de dedoublement des orbitales indiquent que ces liaisons coordinees anioniques admettent 
une position intermediaire dans les series spectrochimiques oh le soufre agit comme donneur. 
Ces coordinats forment aussi les complexes Pd(HL),X2 (X = Cl, Br, I, Clod) et PdHLX, 
(X = CI, Br, I) pour lesquels on suggere gr2ce a des donnees spectroscopiques, que les co- 
ordinats agissent par le S et le N comme groupe a deux liaisons coordinees et forment des 
noyaux hexagonaux. On peut trouver les valeurs de v(PdN) et v(PdS). En se basant sur les 
spectres Clectroniques et de l'infrarouge lointain des con~plexes Pd(Hdpma),X,, on propose 
une configuration cis pour PdN,S,. Les paranietres A,  dans les complexes a noyau hexagonal 
Pd(HL),X2 montrent que la force de coordination est plus elevte que celle observee dans les 
complexes analogues du dithiooxamide a cinq chainons et lies par le S et le N ;  ces parametres 
montrent aussi une inversion de l'ordre trouvk dans les complexes Ni(HL),X, (HL = Hdtma, 
Hdpma). Dans les complexes PdHLX,, la presence de deux bandes attribuees a v,,,,(PdX) 
et v,,,,(PdX) appuie I'hypothese d'une configuration dans laquelle les halogenes sont en 
position cis. [Traduit par le journal] 

Introduction 
Research into dithiomalonamide (Hdtma) and 

N,N'-diphenyldithionialonamide (Hdpma) as 
ligands for transition metal ions is limited (1, 2), 
despite their similarity with P-dithioketones and 
the advantage they have over the latter of being 
isolable ligands, which can be comparatively 
studied with their complexes. 

Previously we studied the nickel(I1) dithio- 
malonamides (3) and found that they act both 
as chelating agents, in which the replacement of 
a proton by a metal cation produces six- 
membered chelate rings with the two donor 
sulfur atoms, and as coordinating agents through 
nitrogen and sulfur, forming six-membered 
rings. 

4 s  these ligands permit considerable expan- 
sion of the chemistry of [MS,] and [MS,N,] 
complexes (4), containing six-membered rings, 
we have now studied the dithiomalonamide 
palladium(I1) complexes. All the palladium(11) 
dithiomalonamides prepared are new, and were 
investigated in order to compare them with the 
analogous nickel(I1) con~plexes (3) and with the 
palladium(I1) dithiooxamides, containing S,N- 
coordinated ligands and forming five-membered 
rings, which were studied previously ( 5 ,  6). 

Experimental 
Dithiomalonamide and N,h"-diphenyldithiomalona- 

mide were prepared as previously described (3). The acids 
were used at  the following concentrations: HAc, glacial; 
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PELLACANI: Pd(I1) COMPLEXES 3455 

TABLE 1. Analytical data and molar conductivities (W1 cm2 mol-') 

Pd(%) S(%) N(%) 
- 

Compound Color Calcd. Found Calcd. Found Calcd. Found hMt 

Pd(dtma), Red-orange 28.54 28.62 34.41 34.19 15.03 14.91 
Pd(dtma), .2DMF Orange 20.52 20.46 24.71 24.63 
Pd(Hdtma),CI, Yellow 23.87 23.76 28.78 29.30 54 
Pd(Hdtm~t)~I,  Yellow 16.93 16.76 20.40 19.93 145 
Pd(Hdtma),(ClO,), Yellow 18.55 18.67 22.36 22.58 145 

Pd(%) C(%) H(%) 
-- 

Compound Color Calcd. Found Calcd. Found Calcd. Found 3.~7 

Pd(Hdtma)2Br2 Yellow 
Pd(Hdtma)Cl, Maroon 
Pd(Hdtma)Br, Orange 
Pd(dpma)~ Red 
P d ( d ~ m a ) ~ .  2DMF Orange 
Pd(Hdpma),Cl, Yellow 
Pd(Hdpma)2Br, Yellow 
Pd(Hdpma),12 Yellow 
Pd(Hdpma),(CIO,)Z* Yellow 
Pd(Hdpma)CI, Brown-yellow 
Pd(Hdpma)Br, Red-orange 
Pd(Hdpma)I, Red 

*S(Z): calcd. 14.60; found 15.03. 
t10-3  M solution In DMF. 

HCIO,, 60%; HCI, 37%; HBr, 48%; HI, 57%. All 
reagents were of pure chemical grade. 

Pd(OH),, used as a starting material for some complex 
preparations, was prepared by adding an aqueous solu- 
tion of KHCO, (10%) to an aqueous solution of 
Pd(NO3)2.2H2O until p H  8 was reached. A complete 
precipitation of Pd(OH), ensued, which was then centri- 
fuged and washed with H 2 0 .  

The following methods gave the best crystalline prod- 
ucts : 

P d ( d t ~ a ) ,  and Pd(dpma), : from HAc solutions of 
ligands and Pd(OH), with molar ratio M : L  = 1 :2. 

PtlL, .2DMF: by adding diethylether to a dimethyl- 
formamide (DMF) solution of the PdL, complexes. 

Pd(Hdrma)2C12: 2 m h l  PdCI, in 30 ml HCI to 4.5 
m M  L in 360 ml HAc + 30 ml HCI. 

Pd(Hdtma),X, (X = Br, I )  : 0.18 m M  Pd(OH), in 3 
ml HX to 8 m M  L in 12 ml EtOH + 8 ml H,O. 

Pd(Hdtma)z(CIO,),: 2 m M  Pd(OH), in 2.5 ml 
HC10, to 9 m M  L in 35 ml HAc. 

PdjHdtma) X2 (X = CI, Br) : 0.5 m M  L in 25 ml EtOH 
to 1.7 m M  PdX, in 3 ml HX. 

Pd(Hdpma)2Cl2; 0.3 m M  PdCl2 in 2 ml HCI + 2 ml 
H 2 0  to 1.2 mM L in 20 ml EtOH. 

Pd(Hdpma),X, ( X  = Br, I, CIO,) : 0.6mM Pd(OH), 
in 4 ml HX f 4 ml H,O to 1.2 m M  L in 20 ml EtOH. 

Pd(Hdpma) X2 ( X  = Cl, Br, I )  : 0.38 m M  (for Cl), 0.4 
m M  (for Br), and 0.28 mM(for 1) L in 4 ml EtOH to 1.14, 
1.22, and 0.84 mM, respectively, PdX, in 2 ml HX. 
The compounds cannot be recrystallized and were 
analyzed by conventional methods. Palladium(1I) was 
analyzed by EDTA titration (7). Physical measurements 
were made as previously described (3). 

Analyses and molar conductivities are reported in 
Table 1. 

Results and Discussion 
The complexes of palladium(I1) with dithio- 

malonamide and N,N1-diphenyldithiomalona- 
mide have different stoichiometries depending 
on the media in which they were prepared. 
Inner complexes, PdL,, were isolated from 
glacial acetic acid, while from strong acid media, 
in which the undissociated ligand form prevails, 
Pd(HL),X, (X = C1, Br, I, CIO,) cationic and 
PdHLX, (X = CI, Br, I) neutral complexes were 
isolated. 

All of the complexes are diamagnetic. They 
are insoluble in nonpolar solvents, while in polar 
solvents, such as dimethylformamide (DMF), 
methylcellusolve (MCS), and ethanol, the inner 
complexes give a solution of - M concen- 
tration, this level of concentration being given 
by the cationic and neutral complexes only in 
DMF. 

The i.r. assignments given for Hdtma by 
Jensen and Nielsen (8) and the previous results 
of nickel(I1) dithiomalonamides (3) were used 
for the interpretation of the spectra of the 
complexes. 
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TABLE 2. Characteristic i.r. bands of the inner complexes* 

Ring def. 

*v = very, s = strong, m = medlum, w = ueak,  b = broad 

Inner Complexes 
The great similarity of the i.r. spectra of the 

PdL, and PdL2.2DMF (L = dtma, dpma) 
(Table 2) with those of Pd(dtaa), (dtaa = 
dithioacetylacetonate) (9, 10) and NIL, (L = 
dtma, dpnia) (3), the increase of v(CN) and the 
decrease of v(CS) frequencies, with respect to 
the ligand, and the existence of two v(PdS) 
bands suggest a [PdS,] square-planar coordina- 
tion (3, 9, 11-13). By removal of a proton from 
the CH, group the six-membered ring acquires 
some aromatic character as in acetylacetonates 
monothio- and dithio-acetylacetonates. 

R , R 

R = N H 2 .  N H b ( t h i s  work). CH, (9) 

The position of v(CS) a t  657-642 cm-' in 
these complexes indicates a C-S bond order 
and a metal-sulfur bond strength in dithio- 
malonamides intermediate between dithiocarba- 
mates and dithioacetylacetonates (9). The as- 
signments of the PdS bands were made on this 
basis and in accordance with the values of the 
NiS stretching vibrations found in the analogous 
NiL, complexes (3), as the NiS and PdS 
stretching frequencies do not differ appreciably 
if the ligand is the same (14). The i.r. spectra of 
the PdL2 .2DMF complexes are equivalent to 
the sum of PdL, and free DMF. 

The electronic spectra of the inner conlplexes 
are essentially the same in the solid state as in 
MCS, DMF,  or strongly-coordinating pyridine 
and confirm an S,-coordination on account of 
their analogies with the spectra of the Pd(dtaa), 
(15) (Table 3) and NiL, (L = dtma, dpma) (3) 
complexes. In particular, no  variation in energy 

of the band a t  20.3-20.4 kK indicates a very 
stable [PdS4] square-planar environment with 
negligible axial o interactions and permits the 
assignment of this band to the 'A,, -t 'B , ,  
(x2 - y2 4 xy) in-plane transition. The orbital 
parameters A, (16), calculated from the d-d 
transition by assuming a correction factor (17) 
(F, = 10F, = 600) of 2100 cm-', places these 
ligand anions in the spectrochemical series of 
sulfur donors for palladium(I1) planar complexes 
(1 5, 17, 18) as follows : maleonitriledithiolate 
(17800) < dithioacetylacetonate (20200) < di- 
phenyldithiomalonamide anion (22380) < di- 
thiomalonamide anion (22510) < diethyldithio- 
phosphate (23900) < diethyldithiocarbamate 
(24300) < dithiooxalate (28 100). 

The order A,  [Pd(lI)] > A, [Ni(II)] (3) for 
dithioinalonamides is as expected (18). The 
assignments of charge-transfer bands are sup- 
ported by comparison with NIL, (L = dtma, 
dpma) complexes (3), as the energy relationship 
PdL, > NIL, is also characteristic of this type 
of transition (16, 19). 

Catior~ic a r ~ d  Neutral Cor.llplexrs 
In all the cationic and neutral dithiomalona- 

mide complexes the major change in the positions 
of the fundamental bands mainly due to v(NH), 
v(CN), and v(CS) (Table 4) are similar to those 
of the cationic nickel dithiomalonamides, al- 
ready reported and discussed (3). This suggests 
that the ligands are bidentate, coordinating with 
the palladium through sulfur and nitrogen, to 
form six-membered rings. The new bands, 
appearing in the far i.r. spectra of the complexes, 
assigned to  the prevailing contribution of 
v(PdN) and v(PdS) agree with the values of 
v(NiN) and v(NiS) in the analogous nickel di- 
thiomalonamides (3) and lie within the range of 
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TABLE 3. Electronic spectra (in kK, log E in parentheses) of Pd(dtma)2 
and Pd(dpma), in methylcellusolve and Pd(dtaa), (15) 

Observed (maximum) 

d-d 
lA, + 'Bl,(xZ - yZ -+ xy) 
'A, + lB3,(xz -f xy) 
M + L change transfer 
' A ,  -;- 'B2,(xz + L(n*)) 
'A, + 'B3"(yz + L(n*)) 
L + M charge transfer 
'A, -;- 'Bz", 'B3"(L(n) + XY) 
'Ag -t 'BzU, 'B,u(L(o) + XY) 
L + L* 
lA, + lBZU 
IA, + 'B1" 

TABLE 4. More relevant i.r. bands (cm-') of Pd(HL),X2 (X= C1, Br, I, C10,) 
and Pd(HL)X, (X=CI, Br, I) complexes 

Complex 

Hdtma 1440vs 800ms 
Pd(Hdtma)zXZ 1455-75vs 1405-08w 1300-10s 93 1-33w 720-800m 689-710s 
Pd(Hdtma)X,* 1459vs 1389-98m 1307-08s 913-925m 693-97s 
Hdpma 1513vs 680vs 
P d ( H d ~ m a ) ~ X ,  1548-57vs 1433-4Ovs 687-9Ovs 639-48m 
Pd(Hdpma)X,f 1528-43vs 1420-3Ovs 687-97vs 615-17w 

*v(PdCl) for Pd(Hdtma)Cl, 30lvsb, 294sh, v(PdBr) for Pd(Hdtma)Br, 231sb 
tv(PdC1) for Pd(Hdpma)Cl, 305vsb, 291m, v(PdBr) for Pd(Hdprna)Br, 242s, 222s, ~ ( P d l )  for Pd(Hdprna)I, 150mb 

the values found for Pd(I1)-complexes of other 
thioamidic ligands (5, 14, 20). In particular no 
new additional bands are observed in the 
complexes in this spectral region. 

In the Pd(Hdtma),X, (X = C1, Br, I, ClO,) 
complexes the presence of one Pd-S at 358-364 
cm-I and one Pd-N at 466-489 cm-I stretching 
mode suggest that the PdS2N, skeletons are 
trans-planar (14,21), while in the Pd(Hdprna),X, 
complexes, the two new bands appearing at 
486-490 and 475-479 cm-I assignable to 
v(PdN) and two at 334-336 and 324-325 cm-I 
assignable to v(PdS), indicate that the PdS2N, 
skeletons of these complexes are cis (14, 21). 

The i.r. bands of C10, groups are character- 
istic of ClO, ions (22). 

In Pd(HL)X, (X = C1, Br, I), two Pd-L 
bands (one v(PdN) at 481-492 cm-I and one 
v(PdS) at 326-363 cm-l) and two PdX bands 
v,,,,(PdX) and v,,,(PdX) (Table 4) lead to the 
conclusion that the complexes are monomer 
with one S,N-bidentate six-membered ring 
ligand and two cis-halogen atoms (5, 13, 21, 
23-25). 

The electronic spectra of the solid Pd(HL),X, 

(X = C1, Br, I, C10,) complexes (Table 5) are 
very similar and do not Seem to be affected by 
the change of the anion. The shoulder at 22.7- 
23.8 kK may be assigned to a d-d band ( 'A,  + 

'B,,), the other d-d bands lying under the strong 
charge-transfer band at 26.3-29.4 kK. The 
corrected orbital parameter A, calculated for the 
perchlorato complexes, places Hdtma, Hdpma, 
and dithiooxamides (5) in the following S,N 
donor spectrochemical series for palladium 
planar complexes: dithiooxamide (19340) < 
N, N'-dimethyldithiooxamide (21 150) < Hdpma 
(25100) < Hdtma (25900). 

A, (25800 and 25100 cm-I for cationic 
complexes) > A, (22510-22380 cm- for inner 
complexes) confirms an S2N2 coordination for 
the cationic complexes. A,[PdS,N2] > A, [Ni- 
S2N2] (3) agrees with the spectrochemical order 
of these metal ions. The position of Hdpma 
which, in the nickel(I1) series (3), is after Hdtma 
offers additional evidence for a cis-S2N2 skeleton 
for the Pd(Hdpma),X, complexes, because the 
great steric hindrance due to the cis-configura- 
tion, and which weakens the Pd-N bonds, 
prevails over the ligand field strength. 
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TABLE 5. Electronic spectra (in kK) of solid complexes and their D M F  solutions 
(log E in parentheses) 

Compound State d-d band 

Pd(Hdtma)2X, Solid 23.0-23.8sh 28.6-29.4 
D M F + L ( O . O l M )  21.4(2.40) 27.6(4.04) 

Pd(Hdpma)ZXZ Solid 22.7-23.03h 26.3-27.0 
D M F  + L(O.O1 M )  20.4sh(-3.00) 23.6sh 25.2sh 

Pd(Hdtma)CI, Solid 19.2sh 26.0sh 
D M F  19.4(2.50) 23. 8sh 25.5sh 29.0(3.97) 31.6(4.06) 37.7(4.41) 

Pd(Hdtma)Br2 Solid 18.7sh 22.9sh 
D M F  19.0(2.37) 23.3sh 25.3sh 28.5(3.92) 31 .6sh 35.3(4.29) 

Pd(Hdpma)Cl, Solid 19.6sh 24.4  
D M F  20sh(-2.71) 24.0(3.86) 27.8(4.40) 36.4sh 

Pd(Hdpma)Br, Solid 19.0sh 23.5sh 
D M F  19.lsh(-2.57) 23.5~h28.0(4.42)34.2(4.46) 

Pd(Hdpma)12 Solid 18.5sh 20.8sh 26.7 
D M F  17.2sh(-2.57) 23.6sh30.1(4.51) 

The assignlnent of the d-d band in the spectra 5. G. PEYRONEL, A. C. FABRETTI, and G.  C. PELLACASI. 
J.  Inorg. Nucl. Chem. 35, 973 (1973). of PdHLX2 (X = Br' I )  6. A. C. FABRETTI, G .  C. PELLACANI, and G .  PEYRONEL. 5) is confirmed, as the decreasing energy In the Gazz, Chlm, Ital, 103, 397 (1973), 

sequence C1 > Br > I corresponds to the posi- 7. W. M.  MACNEVIV and 0 .  H. KRIEGE. Anal. Chem. 
tion of the halides in the s~ectrochemical series. 27, 535 (1955). 

l-he DMF solution electionic spectra (Table 5)  8. K. J E ~ S E N  and P. H.  NIELSEU. Acta Chem. Scand. 
20, 597 (1966). of Pd(HL)2X2 coln~lexes are idelltical with One 9, 0, SIIMahr\ and J,  F R E S C ~ ,  Inorg, Chem, 8, 1846 

another, different fro111 the solid electronic (1969) and references cited therein 
spectra and d o  not seem to be affected by the 10. b. S I ~ A N N  and J. FRESCO. J. Chem. ~ h y s .  54, 734 
presence of excess ligand, indicating the same (1971). 

solvent effect-in the prilllary coordination sphere 11. J .  OJ 'MA~ T. O~lsH1, T. IWAMOTO, N.  IKAMOTO, and 
K. TAMARU. Inorg. Nucl. Chen~.  Lett. 6, 65 (1970). 

of the ion' Therefore, 12. D. M. ADAMS and J.  B. CORNELL. J .  Chem. Soc. 1299 
(Table 1)  of Pd(HL),X, (X = Br, I, C10,) (1968). 
complexes are typical of 1 : 2 electrolytes in 13: D. M.  ADAMS. Metal-ligand and related vibrations. 
D M F  (26), the low values for Pd(HL),C12 E. Arnold Publ.,London. 1967. pp. 225, 302, 325, 326. 

14. C.  W. SCHLAPFER and K.  NAKAMOTO. Inorg. Chim. complexes are indicative of strong interactions Acts, 6, 177 (1972), 
between Pd(HL)22C cation and chloro anions. 15. 0. SIIMAXX and J. FRESCO. J. Am. Chem. Soc. 92, 
The DMF solution electronic snectra of the 2652 11970). 
PdHLX, complexes, except Pd(Hdpma)X, (X = 
CI, Br), may suggest a strong solvent effect in 
the primary coordination sphere of the metal 
ions. The h, values for PdHLX, co~uplexes 
indicate a partial dissociation of complexes in 
D M F  solution. 

The author is grateful to Professor Giorgio Peyronel 
for stimulating disc~~ssion and for his kind support. This 
work was supported by the financial aid of the Consiglio 
Nazionale delle Ricerche of Italy. 
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Solubility of Indium Trichloride and Some Double Salts 

ELINOR M .  KARTZMARK 
Univeisity ofMu~zitohn,  Winnipeg, ~MnnrtoDn R312N2 

Received May 1, 1974 

ELIKOR M. KARTZMARK. Can.  J. Chem. 52,3459 (1974). 
The solubility of indium trichloride in water has been determined in the range 25 to  110 C.  

The ternary systems: indium chloride - sodium chloride - water; indium chloride - calci~iin 
chloride - water, and indium chloride - dioxane - water, have been investigated at  25 'C. 
Three double salts have been f o ~ ~ n d  to  occur, having the forni~llas : 6(InC1,. 3 H 2 0 ) .  5(CaCI2. 
4 H 2 0 ) ;  InCI3.3C4H8O2.2H2O, and InCl3 .2C4H8o2.2H2O.  

EL~NOR M. KARTZMARK. Can.  J. Cheni. 52.3459(1974) 
On a determine la solubilite d u  trichlorure d'indiuni dans l'eau dans I'intervalle de tenipera- 

ture de 25 i 110 "C .  On a examine i 25 ' C les systemes ternaires: chlorure d'indium. chlorure 
de sodium, eau;  chlorure d'indiuni, chlorure de calcium, eau et chlorure d'indiutii et dioxanne, 
eau. On a trouve que trois sels doubles peuvent exister et qu'ils repondent aux structures sui- 
vantes: 6(InCl3 .3H20).5(CaC12 . 4 H 2 0 ) ;  InCl, . 3 C , H , 0 2 . 2 H 2 0  et InCI, .2C,H802 . 2 H z 0 .  

[Traduit par le journal] 

For some time, in this laboratory we have 
been studying the thernlodynan~ic properties 
and electrical conduction of solutions of indium 
trichloride in water and in water-dioxane 
mixtures (1, 2). T o  round out this work, it 
seemed desirable to study the solubility of this 
salt in water and water-dioxane mixtures and in 
ternary systems with other salts. 

This paper reports on the systems: indium 
chloride - sodium chloride - water, indium chlo- 
ride - calcium chloride - water, and indium 
chloride - dioxane - water. all a t  25 C. as well 
as the solubility of indium chloride in water, in 
the temperature range 25-1 10 "C. 

The only relevant data in the literature appear 
in a series of papers by Ensslin et a/. (3), \+hich 
are quoted in the compilation of solubilities by 
Linke and Seidell (4), where little comment is 
given as to their reliability. Ensslin et al. report a 
high solubility of indium chloride in many non- 
aqueous solvents and the formation of a remark- 
able number of hydrated ternary compounds 
between indium chloride and other salts. Their 

factory method of determining the co~nposition 
of double salts. For example, in the system: 
indium chloride - calcium chloride - water, Ens- 
slin ~t u I .  report compounds of "formulas" 
CaCI, .21nC1,. 12H,O, 3CaC1, .41nC1,. 301-I,O, 
CaCI, . InC1,. 8 H 2 0 .  

On the face of it, the existence of so inany 
double salts appeared doubtful. No  work has 
been reported in the literature on indium 
chloride in water-dioxane mixtures. 

Experimental 
~\.lnrericzls 

The i n d i ~ ~ n i  chloride \+as obtained in the form of pure, 
concentrated solution from Cominco (1). Fisher certified 
dioxane was purified by the method of Hess and Frahm 
(6). The sodiuni chloride and calcii~m chloride Mere 
rcagent grade and were ~ ~ s e d  without further purification. 

Tei71peiotlrre Cu11tt.01 
Solutions were equilibrated for 23 to 48 h, in a thermo- 

stat at  25 k 0.01 C .  The high temperature bath consisted 
of a high boiling oil controlled to k0.05 C.  

1,4) S a l ~ i b i l i t ~ ~  of'Jndi~inl Cl~loride in Water 
Sat~irated solutions of indiunl chloride at low tenipera- 

experimental method of determining the formulas tures are exceedingly viscous and therefore diffic~ilt to 

of the is quite unacceptable. ~h~~ filter. An apparatus which permitted filtration mithin the 
oil bath was designed, so  that the lengthy filtration 

prepared saturated of the in ~ r o c e s s  h a s  done at  bath temperature, using air pressure. 
question in a desiccator over phosphorus Saturation was approached from both higher and lower 
pentoxide, at  room temperature. They removed temperatures to  ensure equilibriunl. 

the solid phase by filtration, pressed it dry with The indium chloride was determined by precipitation 
of C1- as silver chloride (7) ,  ujith a reproducibility of paper, and Obviously> such "lids 0 , 0 2 z ,  The actual error i n  solubility deterlnination is 

are not pure phases. The well-known "wet rest" greater than this, due to vroblerns encountered in 
method of Schreinemakers (5) is the o~ l ly  satis- filtration. The solubilities in wkight are plotted against 
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I w 
X 

I 

100 

2 1 
g I 

j 701 

50 NoCl 

FIG. 1. Solubility of indium chloride in water. 0, 
this work; x ,  Ensslin et al. (3). 

temperature in Fig. 1 ;  the data are to be found in the 
Depository of Unpublished Data.' 

( B )  System: Indiunl Chloride - Sodium Chloride - 
Water, at 25 ' C  

Analysis for Cl- was done as in (A). Indium was 
determined by precipitation with ammonia. The indium 
hydroxide was converted to I n 2 0 3  by heating in an 
electric furnace at 600-C. The reproducibility of this 
method is not better than 0.1%. The sodium chloride was 
obtained by difference. The data are to be found in the 
Depository of Unpublished Data' and are plotted in Fig. 
2. 

( C )  Systenz : Indiur?7 Chloride - Calcium Chloride - 
Water at 25 d C  

This system was analyzed as in (B), calciunl chloride 
being determined by difference. The data are to be found 
in the Depository of Unpublished Data' and are expressed 
graphically in Fig. 3. 

(D) Sj~s tem:  Indium Chloride - Dioxane - Water, at 
25°C 

This system became of interest when an attempt was 
niade to precipitate indium chloride from the highly 
concentrated stock solution (57 wt%) by addition of 
p-dioxane. A heavy white precipitate appeared immedi- 
ately. Since the precipitate was not deliquescent, as are 
InCI, and InC13.3H,0, it was obvious that a new 

Wt % 

FIG. 2. System InC1,-NaC1-H20 at  25 "C. 0, 
composition of liquid; a, composition of "wet rest." 

Wf % 

FIG. 3. System InC1,-CaC12-H20 at 25'C. 0, 
composition of liquid; 0, composition of "wet rest." 

compound had formed. The solubilities were determined 
as follows: indium chloride was determined by chloride 
analysis. A second property is necessary for the analysis 
of a ternary system and for this purpose refractive index 
was chosen. 

The refractive indices of solutions niade by adding 
different weights of water to indium chloride, to dioxane, 
and to four pseudobinary systems: 

(1) 85.71% indium chloride- 14.29% dioxane; (2) 
69.23% indium chloride - 30.77% dioxane; (3) 45.00% 
indium chloride- 55.00% dioxane; (4) 33.33% indium 
chloride - 66.67z dioxane; were measured and plotted 
cs. water content, for the six systems (refractive indices 
were measured using a Pulfrich refractometer, thermo- 
statically controlled at 25"). Lines of equal refractive 
Index were constructed on a very large triangular diagram 

'These data may be obtained, at  a nominal charge, (about 32 in. side). The analysis of an unknown consisted 
from the Depository of Unpublished Data, National in determining its refractive index and indium chloride 
Science Library, National Research Council of Canada, content, the composition of the solution lying at  the 
Ottawa, Canada KIA OS2. point of intersection of the two lines. Analysis of "known" 
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KARTZMARK: SOLUBILITY OF InC13 AND SOME DOUBLE SALTS 3461 

FIG. 4. System InC1,-dioxane-H,O at 25'C. A = 
InC13~3dioxane.2H,0. B = InC13.2dioxane.2H,0. 0, 
con~position of liquid; 0, cornposition of "wet rest". 

solutions by this method gave indium chloride (as AgCI,) 
to +0.05% and dioxane to k0.57;. Because of the rather 
large error in the dioxane determination it Mas necessary 
to prepare an unusually large number of saturated solu- 
tions in order to obtain the compositions of the com- 
pounds without ambiguity. The data are plotted in Fig. 4. 

Discussion 
The solubilities quoted by Ensslin et al. (3) 

are considerably higher than those of the present 
work where great- care was taken to ensure 
equilibrium had been established. Apparently 011 

the basis of three "breaks" in the solubility 
curve, they claimed the existence of four 
hydrates, ciz. 1nCl3.4H2O; InC1,.3H20; InC1,. 
2.5 H,O; and InCl , .2H20;  the tetrahydrate 
being stable at 25 ' C .  The solubilities in w t z  
obtained in this work plot on a smooth curve, 
within the experimental error (Fig. 1); the 
existence of several hydrates would have to be 
demonstrated by thernlal analysis or a systematic 
study of suitable ternary syste~ns at different 
temperatures. The ternary systems at 25 'C show 
that the stable hydrate is the trihydrate at this 
temperature. The solubility data are to be found 
in the Depository of Unpublished Datai in 
terms of wt% and molality, rs. temperature. 
When subjected to a least squares program fitted 
to the equation 

the constants have the following values: for y 
(wtx), j ' 24~  = 67.70, a = -0.2593, b = 0.1795, 
c = 0.01806, d = -0.002453 (standard error of 

the estimate 0.2715); for y (molality), y , , ~  = 

9.420, a = 0.02803, b = - 0.02204, c = 0.03 109, 
d = -0.002347 (standard error of the estimate 
0.1869). 

The system: indium chloride - sodium chlo- 
ride - water (Fig. 2) shows no features of interest 
except that the invariant solution contains little 
sodium chloride (3.82)). There are no co~npounds 
or solid solutions. 

In Fig. 3, the existence of a congruently 
saturating double salt of the formula, 6(InC13. 
3H,O)5(CaCl2.4H2O), is proved. The system 
calcium chloride - water is well known to show 
a transition 

CaC1, . 6 H 2 0  + CaC1, .4H,O + 2H,O 

at 30 "C. The temperature of this transition is 
decreased below 25 'C, due to the presence of 
indium chloride and results in both hydrates 
having a range of stability in the ternary system 
at 25 'C. A summary of the solubility data at  the 
invariant points is given below. 

InCl, CaCI, Nature of solid phase 

- 44.5 CaC1,. 6H,O 
7.0  43.0 (estimated) CaC1,,6H,O + CaC1,.4H2O 

24.6 35.0 CaCI, .4H,O + double salt 
43.0 18.5 Double salt, b(InC1,. 3H,O). 

S(CaC1, . 4 H 2 0 )  
64.2 4.90 Double salt + InC1, . 3 H 2 0  
67.5. - InC13 .3H,O 

There is no evidence for the existence of the 
compounds reported by Ensslin et al. (3). 

Attempts to obtain the solubility of indium 
chloride in dioxane in the apparatus which was 
open to the atmosphere failed, due to the pres- 
ence of a small amount of water. The heat of 
solution in dioxane (measured approximately as 
greater than - 9 kcal/mol) suggests the forina- 
tion of a compound between indium chloride 
and dioxane. Two ternary compounds were found 
to exist: A, havingformula InCl,.3dioxane.2H20, 
which is congruently saturating in water and 
occupies a large area of the ternary diagram (Fig. 
4), and B, InC13.2dioxane.2H20 which resulted 
when dioxane was added to the stock solution 
containing 57% InCl,. The analyses of wet 
solid residues showed limited solid solubility of 
InC13.3H20 in InCl3~2dioxane~2H,O. It is inter- 
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esting that, despite their size, three molecules of 3. F. ENSSLIN, B. ZIEMECK, and L. DE SCHAEPDRYVER. 

dioxane have replaced one of water from the trim 2. Anorg. Chem. 254, 293 (1947); 254, 297 (1947). 
4. W. F. LINKE and A. SEIDELL. Solubilities of inorganic hydra.te to form compound two mol- and metal organic compounds. Vol. 1. 4th ed. ACS, 

ecules of dioxane have replaced one of water in washington, 1958, 
compound B. This matter will be investigated 5. F. A. H. SCHREINEMAKERS. Z. Phys. Chem. 11, 76 
further by a single crystal analysis. (1893). 

6. K. HESS and H. FRAHM. Ber. 71, 2627 (1938). 
7. I. M. KOLTHOFF and E. B. SANDELL. Textbook of 

I .  A. N. CAMPBELL. Can. J. Chem. 51, 3006 (1973). quantitative inorganic analysis. 3rd ed. MacMillan, 
2. A. N. CAMPBELL, E. M.  KARTZMARK, and 0. N.  N~~ york,  1952. p. 307. 

BHATNAGAR. Can. J. Chem. 52,1954 (1974). 
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The Dipole Polarizability of the Hydrogen Molecular Ion: 
A Variational Two-Center Calculation 

R. P. MCEACHRAN AND SHARON SMITH 
Plzysics Departnzent, York University, Toronto, Ontario M3J 1P3 

A N D  

M. COHEN 
School of Chenlistry, The Hebreii, Utzir,ersity, Jeruscrletn, Israel 

Received November 15,  1973' 

R. P. MCEACHRAN, SHAROX SMITH, and M. COREN. Can. J .  Chenl. 52,3463 (1974). 
The electric dipole polarizability tensor of the hydrogen molecule-ion has been calculated 

variationally over a wide range of internuclear separations, using the accurate two center James 
(ref. 3) orbital as the unperturbed wavefunction. Our most accurate values, obtained with first 
order functions containing between three and five variational parameters, are in good agreement 
with some recent moment function values calculated by Bates (ref. 7). 

R. P. MCEACHRAN, SHARON SMITH et M.  COHEN. Can. J. Chen~ .  52,3463 (1974). 
On calcule d'une f a ~ o n  variationnelle, le tenseur de polarisabilite du dipale electrique de la 

molecule-ion d'hydrogene sur un grand intervalle de separations internucleaires, en utilisant 
l'orbitale exacte James a deux centres (ref. 3) conime une fonction d'onde non-perturbie. Les 
valeurs les plus precises, obtenues par des fonctions de premier ordre contenant entre trois et 
cinq parametres variables, sont en bon accord avec quelques valeurs de fonctions ricemment 
calculCes par Bates (ref. 7). [Traduit par le journal] 

Introduction 
The calculation of molecular dipole polariz- 

abilities provides a classic example of the use 
of Rayleigh-Schrodlnger (R.S.) perturbation 
theory. The hydrogen molecule-ion, H,', is 
actually the simplest physical system for which 
the relevant differential equation cannot be 
solved in closed form. It was shown by Rahman 
(1) that, whereas the field-free Schrodinger 
equation of H,' is separable in confocal elliptic 
coordinates, the first order R.S. equation corre- 
sponding to a uniform electric field in any chosen 
direction is not separable. Thus, approximate 
methods are required in its solution. 

Fortunately, the energy of polarization is a 
second order quantlty whose calculation may be 
cast in a variational form. The standard varia- 
tional procedure is based on a minimurn principle 
for the second order energy and would yield a 
rigorous lower bound to the dipole polariz- 
ability if the exact unperturbed orbital $ ( O )  

were used as zero-order approximation. But 
when an nppvoxinilnre unperturbed orbital $('I is 
used, the resulting value of the polarizability 
may no longer provide a bound. A good example 

'Revlslon received June 27, 1974. 

is provided by some recent calculations of 
Adamov et a/. (2) on Hzt. At R = 2 a.u. (the 
equilibrium separation) they obtain the fol- 
lowing lower bounds for the parallel polariz- 
ability (in a.u.): a ( ' )  3 3.442 ($('I a single 
parameter approximation), ui2)  2 5.173 (4") a 
two parameter approximation). Since the two 
parameter unperturbed orbital due to James (3) 
is known to be highly accurate not only from the 
point of view of its energy but also from its very 
high overlap with the exact (4) it seems 
reasonable to assume that a'2' is highly accurate. 
In fact, this value is very close to that obtained 
by Rahman ( I )  (a , ,  = 5.059) from a very refined 
approximate calculation based on the exact I)(') 
of Johnson (9, yet it is clear that the Adamov 
et al. value is not a rigorous lower bound. The 
formal difficulty is resolved by recognizing that 
any approximate introduces an effective 
(or model) Hamiltonian in place of the exact 
physical Hamiltonian, so that the calculations 
are really appropriate to a model system similar 
to, but not identical with, the physical one. 

In the present paper, we give a brief review of 
the theory, as well as a description of our cal- 
culations together with an assessment of our 
results in the light of earlier work. 
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Theory 
Consider a system of charged particles whose 

field-free motion is described by a Hamiltonian 
H(') .  When the system is placed in a uniform 
electric field F, the electrobtatic interaction 
between its dipole moment d and the field F 
modifies the Hamiltonian to 

and it is usual to expand the energy eiger~fi~nc- 
tions $ ( F )  and the corresponding eigenvalues 
E ( F )  of the complete Harnilto~iian H in powers 
of the field strerrgtl~ F 

[3] E(F)  = E") - p.d; - +! (a : F F )  - ..... 
For atoms and liomonuclear molecules, the 
permanent dipole moment p \.anishes, so that 
the leading energy correction is second order in 
the field and its magnitude is related to the 
elenlents of the polarizability tensor a. Com- 
parison of eq. 3 nith the conventional R.S. 
energy expansion 

indicates that we must calculate second order 
energies E ( 2 ) ,  which require the first order 
functions $('I appropriate to fields F in various 
directions. 

For  a linear molecule with cylindrical sym- 
metry about the internuclear axis (conven- 
tionally labelled the z-axis) the polarizability 
tensor has only three non-vanishing diagonal 
elements. These are called the parallel com- 
ponent al ;  where 

15 I (1 )  d / $ ( a ) )  
Ell = -2<$z I z 

and the perpendicular components, a,, nhere 

[6a 1 N, = - 2 ( $ x ( 1 ) \ d x \ ~ ( 0 ) >  

[6b I = -2 ($y (1 ) \11y~$(0 ' )  

from symmetry. 
For  s~rnplicity of presentation, we discuss here 

the calculat~on of 2 ,  only: the case of aL I S  com- 
pletely analogous. 

In eq. 5, Q Z ( l )  is the well behaved solution of 
the first-order R.S. equation 

171 ( ~ ( 0 )  - ~ ( 0 ) )  +,(I) = d $(a) 

The formal solution of this equation may be 

written 

where the $, are exact excited state solutions of 
the field-free Schrodinger equation with corre- 
sponding exact energies Ek, and the "sum" 
includes contributions from the continuum as 
well as from a n  infinite number of discrete 
excited states. The polarizability may then be 
written 

where we have introduced the parallel oscillator 
strength5;'l.  Equation 9b has been used to cal- 
culate the polarizability of H z t  (6, 7) from 
accurate oscillator strengths, and the resulting 
values are strictly lower bounds since only a 
, f i ~ i t e  number of discrete transitions and transi- 
tions to various continua are i n c l ~ ~ d e d  in the 
summation. Direct solution of eq. 7 should avoid 
the uncertainties inherent in the infinite sums. 
Now, provided that the field free eigenfilnction 
$") and energy E ( O )  are known exactly, the 
accurate calculation of c r  is limited only by the 
accuracy of the solution $,('). Since eq. 7 is not 
separable and must therefore be solved approxi- 
mately, it is u s ~ ~ a l  to employ a variational pro- 
cedure due to Hylleraas (8) in which the func- 
tional 

is minimized. The minimum value of JII then 
provides a l o ~ , e r  b0~07d to the polarizabilit) 

However, for most electronic systems other 
than the hydrogen atom, $('I and E"' are 
known only npproxi~nately. In the case of Hzi, 
virtually exact eigenfilnctions are available (for 
a review see Bates and Reid (9)) but their form 
is quite co~nplicated. 

I t  is therefore more convenient to use an 
approximate for111 for $ ( O ) .  We are then 
faced with a choice of alternative procedures. If 
we write an  effective Hamiltonian corre- 
sponding to +('I ~vitli eigenvalue & l o '  \ve may 
seek a variational s o l ~ ~ t i o n  of an  approximate 
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equation similar to eq. 7 by minimizing the 
functional 

However, on the ass~tmption that 4") is an 
accurate representation of $('I, it may be 
thought preferable to use the exact H(') instead 
of the effective . 5 ( O ) .  Then, in order for the 
functional to remain invariant under addition 
of arbitrary multiples of + ( O )  to the first-order 
m,(l), we must for consistency use E = 
<+co)lH(o)l+(o)) as the energy parameter in the 
functional 

This is the procedure implicitly followed by 
Kaneko and Inokuti (10) in their calculations on 
the hydrogen atom. 

Since 4'') is not exact, the variational calcula- 
tion based on [12a] now guarantees a lower 
bound to the polarizability of a rnodel system 
with Haniiltoniail $('I. On the other hand, the 
variational calculation based on [12b] cannot 
yield a bound, but it is to be expected that the 
two sets of values will be verv similar ~rovided 
that is a sufficiently good representation 
of $ ( O ) .  

Calculations 
For +('I, we have used a two parameter 

orbital due to James (3) 

Here, ?L and p are the usual confocal elliptical 
coordinates, and N is a normalization constant. 
The variational parameters a and b have been 
calculated by Jackson et al. (11) over a wide 
range of internuclear separations (0.2 d R d 
6.0 a.u.). The energy calculated with this mi') is 
within 2% of the most accurate values available 
(12) over the entire range of internuclear separa- 
tions studied. The overlap of this + ( O )  with the 
virtually exact of Bates et al. (13) ranges 
from 0.9999 at R = 1 a.u. to 0.9995 at R = 
4 a.u. (14). Thus, it is clear that this repre- 
sents a very good approximation to the unper- 
turbed orbital $ ( O ) .  

An effective Hamiltonian corresponding 

to +(') may be written in confacal elliptic 
coordinates 

where R is the internuclear separation in atomic 
units. 

In the case of a l l ,  the perturbation operator 
d, is given explicitly as 

and the symmetry of d, and + ( O )  suggests the 
following trial form for +,( 'I:  

with 
r, 

where Pn(h) is the usual Legendre polynomial of 
order n. 

In the case of a,, for which the perturbation 
operator dx is given by 

the appropriate form of +,") is 

X cos m f f2 , (~)p~,(e)  
m = O  

with 

Thus, the practical calculations involve the 
determination of the expansion coefficients 
a,,(2m + 11 and an(2m) through minimization of the 
functionals J i  and J,. The functional forms of 
4,") and +,(I) are the same, whether we use the 
effective 5") of [12a] or the exact H( ' )  of [12b]. 

Results and Discussion 
In Table 1, we present values of a l !  and aL 

(in a.u.) calculated using [12a]. These are con- 
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TABLE 1. Dipole polarizability of H, + (a.u.) 

R 31 ai 

0 . 2  0.3296 (3,0)* 0.3231 (2,O) 
0 . 4  0.4411 (3,l) 0.4098 (2,O) 
0 . 6  0.6091 (3,1) 0.5235 (2,l) 
0 . 8  0.8442 (3,l) 0.6589 (2,t) 
1 .O 1 .I65 (3,l) 0.8143 (2,l) 
1.2 1.596 (3,l) 0.9878 (2,1) 
1 . 4  2.168 (3,2) 1.178 (2,l) 
1 .6  2.925 (3,2) 1.384 (2,l) 
1 . 8  3.911 (3,2) 1.601 (2,l) 
2 . 0  5.199 (3,2,1) 1.829 (2,l) 
2 .5  10.32 (3,2,1) 2.428 (2,l) 
3 .0  19.94 (3,2,1) 3.040 (2,1,1) 
4 .0  70.23 (3,2,1,1) 4.132 (2.1,1,1) 
5 .0  236.7 ( 3 2 1 1 )  4.937 (2,1,1,1) 
6 . 0  783.5 (3,2,1,1) 5.551 (2,1,1,1) 

* h i ,  n,. . . . ) means that in eq. 17 the first n, terms corre- 
sponding to a,', the first r , ,  terms corresponding to a," etc. were 
used in the calculation. 

verged values, correct to 4 significant figures. 
Beside each value we give the smallest numbers 
of expansion coefficients required to  reproduce 
these values, the expansions being ordered with 
increasing 171.  At each internuclear separation, 
we made far more elaborate variational calcula- 
tions with a maxi~num of (5,4,3,2) terlns for 
a ,  and (5.4,3,2,1) terms for a,. I l l  no case d o  
the values obtained with these larger expansions 
differ by more than one unit in the last figure 
from the i,alues giien in Table 1 .  

Previous calculations performed for H,' over 
a wide range of internuclear separations are by 
Ik lgarno and Lewis ( h ) ,  Calvert and Davison 
(1 51, and Bates (7). Calvert and Davison (15) 
solved the first-order perturbation equation 
numerically, but took as +(') a series of single- 
center numerical functions of increasing degrees 
of refine~ne~it. Both Dalgarno and Lewis (6) 
and Bates (7) used the oscillator strength silrn 
rule, eq. 90, directly. 

I t  seerns likely that the results of Bates (7) are, 
for the most part, reliable. Both our present 
values and those of Calvert and Davison (15) 
are in good agreement with those of Bates 
except a t  very small internuclear separations, 
and it seerns probable that the continuum con- 
trlbutioll may have been underestimated slightly 
by Bates. 

Rahman (1) and more recet~tly Adarnov ef al. 
(2) have performed accurate first order varia- 
t ~ o n a l  calculat~ons near the equ i l lb r~un~  separa- 
tion a t  R = 2.0 a.u. Thelr results, together with 
our own and those of Calvert and Davison (15) 
and Bates (7) are collected together in Table 2 
for ease for reference. Also presented are our 
values of a' = ac//SR and a" = a2ulaRZ at  
e q u ~ l ~ b n u m ;  these here  determined by a 
parabolic fit of the data fro111 an addltiorlal 
series of calculations in the neighborhood of 
R = 2.00 a.u. Rahman (I) has demonstrated 
the importance of these "anharmonic" a' terms 
in the calculation of transition moments even 
for SON, lying vibrational states. I11 Table 3, we 
give a sample of our results for a ,  calculated 
using two different zero order functions 4 ( O ) ,  

a one parameter "united atom" orbital (16), 
as well as the two paranleter James orbital. For 
each +I('', we used both functionals [12a] and 
[12h]. It is clear fro111 this comparison, that the 
single paralneter b ( O )  is inadequate as a repre- 
sentation of $('I except a t  very srnall separ a t '  lons, 
and this is reflected in the divergence of the 
values obtained from the two functionals. The 
more accurate two parameter +(O) yields almost 
identical v a l ~ ~ e s  of 31: over ~ l l e  entire range of 
R-values. 

These results confirln the reliability of the two 
parameter James orbital as a representation of 
the exact $('I, and suggest that the variational 
procedure has produced polarizabilities of 

TABLE 2. Dipole polarizability of HI' at equilibrium (a.u.) 

Value 
- - -. 

Parameter Reference 2 Reference 15 Reference 7 Reference 1 This work 
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TABLE 3. Dipole polarizability cr of Hz+ using different 
$'0) and different variational functionals 

4'") single parameter 4'") two parameter 
-- 

R [12al [12bl [ I ~ L Z ]  [I261 

acceptable accuracy over the entire range of 
internuclear separations studied. 
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Erratum: A Kinetic Model of the Accommodation Pumping Phenomenon 

GRAHAM RICHARD BRANTON AND STEPHEN ALAN RYCE 
Department of'Chrrnistr?., University of Victoria, Victorin, British Colurnl~ia V8W 2Y2 

Received July 26, 1974 

(Ref.: Can. J .  Chem. 52,2073 (1974)) 

The positions of the labels for Boundary B and Boundary C in Fig. 1 of this article were 
interchanged inadvertently during printing. 
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Some Rhodium(II1) Complexes of Linear Tetraamines 

ROBERT W. HALLIDAY AND RICHARD H .  COURT 
Adelphf Un11 rtszt), Gnrden C I @ ,  Nnr Yotk 11530 

Recelved Februaly 13. 1974 

ROBERT W. HALLIDAY and RICHARD H. COURT. Can. J. Chen~.  52,3469(1974). 
We report the preparation of rhodium(II1) con~plexes of 2,3,2 tet; 3,2,3 tet, 3,3,3 tet, and 

3,4,3 tet. In the case of the [Rh(2,3,2 tct)CI,]Cl complex, both the cis-? and trans forms were 
isolated. In the remaining cases, only the trans form was isolated. 

ROBERT W. HALLIDAY et RICHARD H. COURT. Can. J. Chem. 52.3469(1974). 
On rapporte la preparation de complexes du rhodium(II1) avec les 2,3,2 tet, 3,2,3 tet, 3,3,3 tet 

et 3,4,3 tet. Dans le cas du complexe [Rh(2,3,2 tet)CI,]CI, on a isole les deux formes cis-r et 
trans. Dans les autres cas, seule la forme trans a ete isolee. [Traduit par le journal] 

During the past several years, a large number 
of complexes with linear tetraamines as ligands 
have been prepared. The linear tetraamines have 
the general formula, NH,(CH,),,NH(CH,),NH- 
(CH,),,NH,, where n may or may not equal TI?.' 

Three geometric isomers are possible in these 
complexes, one trans and two cis. In the cis-u 
isomer the terminal nitrogens of the tetraamine 
are trans to one another, while in the cis-p isomer 
the terminal nitrogens are cis to  one another. 

The isomers of the cobalt(l11) complexes of 
these tetradentate ligands which have previously 
been prepared are -summarized in Table 1. The 
cis-sl [Co(2,3,2 tet)Cl,]' could only be prepared 
by the decomposition of the correspoi~ding car- 
bonate complex (3). The cis-p isomer in the 2,3,2 
tet case occurred only when a bidentate ligand 
occupied the remaining two positions (4, 6). 
Similarly, only cis-a [Co(3?2,3 tet)ox]+ has been 
prepared (4). Barefield (1 3) had difficulty in pre- 
paring [Co(3,3,3 tet)Cl,]+ and did not fully 
characterize the complex, but suggested that the 
trans topology was formed exclusively. 

Rhodium(111) complexes with 2,2,2 tet and 
2,3,2 tet have been prepared and characterized 
(7, 8). While the 2,2,2 tetraamine forms the cis-R 
configuration exclusively, the only reported prep- 
aration of [Rh(2,3,2 tet)CI,]+ shows the trans 
isomer (7). 

In this study, the preparation of four new 
rhodium complexes with 2,3,2 tet, 3,2,3 tet, 3,3,3 
tet, and 3,4,3, tet are reported. 

'Systematic abbreviations have been developed for 
these linear tetraamines in which the number of methylene 
groups are given as a prefix to the ligand abbreviation tet. 
Thus, the ligand with the formula NH,(CH,),NH(CH,),- 
NH(CH,),NH2 would be abbreviated as 3,2,3 tet. This 
system will be used exclusively in this paper. 

TABLE 1. Cobalt(II1) con~plexes of the 
linear tetraamines 

Ligand Isomers References 

2,2,2 tet cis-a, cis-8, trans 1, 2 
2,3,2 tet cis-a, cis-@, trans 3, 4 
3,2,3 tet cis- P, trans 4-6 
3,3,3 tet trans 13 

Experimental 
~Wuferials 

The rhodium trichloride trihydrate (99.9%) used in the 
synthesis was obtained from ROC-RIC Corporation and 
used as received. The diamines and dibromides used in 
the preparation of 2,3,2 tet, 3,2,3 tet, and 3,3,3 tet were 
obtained from Aldrich Chemical Co. and used as received. 
The 3,4,3 tet mas commercially available from J. 7. Baker 
(Baker Grade) and was converted to the tetrahydro- 
chloride salt before use. 

Prepamtion of the Linear Tetraamines 
We used a procedure similar to that of Brubaker and 

Schaefer (4). In this method, 2 mol of diarnine (NHZ- 
(CH,),,NH,) are reacted with 1 mol of dibromide 
(Br(CH,),,,Br). We note that care should be taken when 
combining these reagents. They should be mixed slowly 
and carefully uhile maintaining the temperature between 
25 and 35 "C. This will avoid an overly vigorous reaction. 
The resultant linear tetraamine was separated from un- 
reacted starting materials and by-products by vacuum 
distillation. 

The crude products of this preparation were converted 
to the tetrahydrochlorides by the slow addition of a slight 
excess of concentrated HC1 to an alcoholic solution of the 
tetraamine free base. The precipitate which formed was 
filtered and recrystallized repeatedly from ethanol-water 
until the CHN analysis was correct for the tetrahydro- 
chlorides. The purified tetraamine tetrahydrochlorides 
were used in the preparation of the rhodium complexes. 

Analyses 
Anal. Calcd. for C,H,oN4.4HC1 (2,3,2 tet.4HCI): C, 

27.47; H, 7.90; N, 18.30. Found: C, 27.65; H, 8.05; 
N, 17.99. 
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Anal. Calcd. for C,H22N,.4HC1 (3,2,3 tet.4HC1): C, with the exceptions that the ligand was 3,4,3 tet.4HCI and 
30.02: H, 8.19; N, 17.50. Found: C, 29.95; H, 7.95; that no concentrated nltric acid was added. An orange 
N, 17.10. powder was obtained. 

Anal Calcd. for C9H,,N,.4HCI (3,3,3 tet.4HCI): C, Anal. Calcd. for RhC,,H,,N,C1,: C, 29.18; H, 6.37; 
32 35; H, 8.45; N, 16.77. Found: C, 32.16; H, 8.44; N, 13.61. Found: C, 29.28; H, 6.05; N, 13.82. 
N. 16.08. 

Anal, Calcd for C,oH2,N,'4HCI (3,4.3 tef'4HC1): C, E i ~ ~ ~ g ~ ~ , A ~ ~ ~ ~ ~ e n ,  and nitrogen analyses were per- 
34.50; H, 8.68; N, 16.09. Found: C, 34.42; H, 8.67; formed by Schwarrkopf Microanalytical Laboratory, N, 16.56. 

Inc., Woodside, N.Y. or the Analytical Research D e ~ a r t -  
Preparation of cis-a-Dichlo1~o-h~,N-bis(2-an1inoethy1)-1,3- 

pi.opnrrediat~~irze~.hodilrrl~illl) Cl7loride Monohydrare 
A procedure similar to that of Johnson and Basolo (8) 

was employed. In a typical preparation, 0.99 g of 
RhCl3,3H2O (3.76 x niol) was dissolved in 50 ml 
of distilled \vater in a 500 ml round bottolii flask fitted 
with a condenser. A 1.16 g portion of 2,3,2 tet.4HC1 
(3.79 x mol) was added with stirring. The solution 
slo~tly changed fro117 its original dark red color to orange. 
A 50 ml portion of a 100 nil solution containing 0.90 g of 
KOH (16.0 x niol) was added and the solution 
refluxed for approximately 10 rnin until it cleared. To the 
now light orange solution the remaining 50 rnl of KOH 
solution in 5 1111 portions at 2 min intervals was added. 
After the addition of the remaining KOH the golden 
yellow solution Lvas evaporated to dryness on a steam 
bath. The solid which uas  obtained Lvas recrystallized 
several times from ethanol-water mhich removed large 
quantities of KCI. The pale yellou needles so obtained 
were washed uith ethanol and dried in the oven at 100 'C. 

Anal. Calcd. for RhC,H20N,C1,~H20: C, 21.69; H, 
5.72: N, 14.46. Found: C, 21.65: H, 5.68: N, 14.4. 

ment, Ciba-Geigy Corp., ~ rds ley ;  N.Y. 

Absorption Spectra 
Ultraviolet and visible absorption spectra were deter- 

mined using a Cary 14 or Becknian Acta 111 recording 
spectrophotometer. Standard 1 cm quartz cells were used. 
Ultraviolet spectral measurements \?ere made on aqueous 
solutions of known concentrations immediately after 
preparation. The solutions were in the concentration 
range of 1 .0 x lo-' :M. 

Inflared Spectroscopy 
Infrared spectra were obtained using a Perkin-Elmer 

257 double beam, grating spectrophotorneter. The samples 
were prepared as potassium bromide pellets. 

Results 
In  this work, we have prepared conlplexes of 

rhodiurn(II1) with 2,3,2 tet, 3,2,3 tet, 3,3,3 tet, 
and 3,4,3 tet. In  all cases the procedure employed 
used trichlorotriaquorhodi~~~n(III) as starting 
material (81. 

\ ,  

Prepal.irtion oftr.an.r-Dirl1/oro-N,h'-bis/2-a111i~1oet/1yl)-1,3- ~~d~~~~~~ and ~~~~l~ (9) have showll that for 
pi.opnnediai~rinei'I~oi/iun~ ( I l l )  Cl7loi.ide Henril~yrl,.nfe 

When the solutions from the recrystallization of the the chloride salts of [Rh(2,2,2 tet)Cl,li the cis 
cis-a-[~h(2,3,2 t e t ) ~ l , l ~ l  were to dryness, a dark isomer is less soluble than the trans isomer, while 
vellou uoudel \\as obtalned When recrvstalllzed flom for the nitrate salts of the same comolex the 
ethanol'H20, the product ga\e the correct analysis for 
RhC,H20N4CI; :H20.  

Anal. Calcd. for RhC,H20N,C13~+H20: C, 22.21; H,  
5.59: N, 14.80. Found: C, 22.44; H,  5.53; N, 14.44. 

Preparation of frans-Dicl11oro-N,IV-bis/3-anrinoyr~~l)- 
1,2-ethune-diut~1iner/1ocli~cln ( I l l )  ,\ itrare 

This method was similar to that used abohe with the 
exception that the ligand \vas 3,2,3 tet.4HC1, and that 
concentrated nitric acid was added after partial evapora- 
tion due to the difficulty in isolating the chloride in pure 
form. Dark yello\v prisms were obtained. 

Anal. Calcd. for RhC,H2,N,CI2O,: C, 23.42; H, 5.40; 
N, 17.07. Found: C, 23.50; H,  5.50; N, 17.22. 

Prepai.ation of trans-Dichloro-N,Wbisi3-a111ino~)rop~~l)- 
1,3-pi~oparzediat?1iner.kodil11i1 ( [ I f )  Nitrate Hen~ill).drnre 

The method was similar to that previously employed 
with the exception that the ligand \%as 3,3,3 tet.4HCl. 
Dark yellow prisins were obtained. 

Anal. Calcd. for RhC9H2,N3CI2O3.+H20: C, 24.96; 
H, 5.82; N, 16.17. Found: C, 24.74; H, 6.03; N, 16.22. 

Prepnmtion of ~rans-Dichloro-,V,N-bis(3-ati1ir1oprop~~l) - 
1,4-butarzediari~iner.hadium(Ilf) Cl~loride 

'The method was similar to that previously employed 

trans isoiner is less soluble than the cis. I11 all of 
our preparations we initially isolated the chloride 
salts of the co~nplexcs and thus favored tlic iso- 
lation of any cis isomer formed. In the case of the 
2,3,2 tet ligand, unlike previous workers (7) ,  we 
have isolatcd both the cis-a and trans complexes 
with the rhodiuin(II1) ion. With all other ligands, 
only a trans isomer could be found. In some 
cases, it was necessary to reprecipitate the 
original chlorides as nitrates in order to achieve 
analytical purity. 

The topology that these co~nplexes assume was 
determined principally by their ultraviolet- 
visible absorption spectra. The peak positions 
and molar extinction coefficients of the corn- 
plexes prepared in this study are given in Table 2, 
along with those of similar rhodium(II1) com- 
pounds prepared by other workers. 

The absorption spectra of the chlorides pre- 
pared in this study clearly indicated the fratis 
geometry for all but the one to which we assign 
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TABLE 2. Summary of absorption spectra of 
rhodium(II1) complexes 

Complex ibmax (PI &,,I 

352, 295 
352, 293 
349, 295 
406, 286 
409, 290 (sh) 
408, 286 (sh) 
412, 288 (sh) 
424, 301 
427, 298 

the cis-u geometry. We have made these geoniet- 
ric ass ig~l~ne~l ts  based on work previously dolie 
by Basolo and co-worker (8). For a series of cis 
and truns [Rh(en),X,]" complexes (where X = 
NO,-, I - ,  Br-, C1-), Basolo and co-worker 
were able to unequivocally assign the cis geom- 
etry by the resolution of a cis con~plex into its 
optical enantiomers. They have also shown that 
in the series of [R~N,X, ]+  complexes, the cis 
isomers absorb a t  a significantly lower wave- 
length than the trans isomers. In addition, both 
theoretical (10) and experinieiltal (8) considera- 
tions indicate that the cis isomer exhibits the 
more intense absorption. 

Our results for the [Rli(2,3;2 tet)Cl,]+ ion are 
in agreement with the above, i.e. the cis isomer 
exhibits a more intense, lower wavelength ab- 
sorption than does the truns isomer. In Table 2 a 
comparison can also be rnade between tlie spectra 
of the cis-a isomer prepared in this study and 
cis-[Co(en),Cl,lt whose structure was unequiv- 
ocally determined by resolution into its optical 
enantioniers. Furthermore, the electronic spectra 
of the trui?s [R11(2,3,2 tet)CI,]+ prepared in this 
study is in essential agreement with that of 
previous workers (h,,,, 410 and 290 p) (7). Since 
the three remaining complexes in this series have 
absorptions at wavelengths similar to those of 
the trans-[Rh(2,3,2 tet)Cl,]+, we have also as- 
signed the trans configuration to these complexes. 

While the electronic absorption spectra are 
sufficient for the assignment of cis and truns 
topologies they are somewhat ambiguous in 
determining if the cis complex is the r or  P 
geometry. Tlie infrared spectra of these com- 
plexes, however, clearly distinguishes between 
the two possibilities. 

A summary of the infrared absorption spectra 
in the NH stretching (3000--3300 c m ' )  and the 
NH, antisymmetric deformation (1 560-1 600 
sm-')  regions is given in Table 3. A rather unex- 
pected result is the observatio~l of two strong 
absorptions in the NH, deformation region of 
the trans-[Rh(2,3,2 tet)CI,]+ ion. Casual obser- 
vation of the spectrum in this region alone would 
lead to the ir~correct assignment of tlie cis-P 
geometry to this complex. That this structure as- 
signment is in direct opposition to the previous 
electronic spectral data, which unequivocally 
established the trufls geometry for this complex, 
suggests that one must consider tlie entire infra- 
red spectra in making structural assignments. A 
similar problem was encountered by Worrell and 
Busch (1 I). The cis-u-[Co(eee)CI,]CI c o n ~ ~ l e x ~  
they prepared exhibited two strong absorptions 
in the 1560-1600 cm ' region fro111 which the 
cis-P topology ~vould be implied in opposition to 
tlie I1.m.r. and electronic spectral data. Tlie re- 
maining conlplexes prepared in this study all 
exhibit only a single strong absorption in the 
deformation region which would be consistent 
with either the trans or cis-c/. configuration. 

However. in the other regions that are cliarac- 
teristic of configuration, the infrared spectra is in 
agreement with the assignment of cis-x and ~ r a ~ c s  
geometry to complexes prepared in this study. 
The absorptions are sum~iiarized in Table 4. 

As Buckingha~n and Jones (12) conclude. the 
990-1 100 crn-' region distinguishes topologies 
clearly. This region, which they tentatively assign 
to  modes in\~olving NH,  twisting, exhibits four 
strong bands for co~nplexes of cis-P geometry, 
three strong bands for trarls geometry, and only 
two strong bands for complexes of cis-x geomet- 
ries. As can be seen, the cis complex prepared in 
this study has two sharp bands, while the trans 
coinplexes have three sharp bands. 

An additional region of note is that of the 
CH, bending (1430-1490 cm- ') mode. Here, the 
spectra becomes less complicated and more in- 
tense in the order cis-&, cis-P, trans as would be 
expected from a decrease in the number of non- 
bonded interactions (1 2). Thc cis-cr[Rh(2,3,2 
tet)CI,]+ exhibits four strong to medium bands 
while the trans-[Rh(2,3,2 tet)CI,]+ exhibits only 
three more intense bonds. 

Based on the previous discussion we assign the 
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TABLE 3. N H  stretching and antisymmetric deformation frequencies (cm-') 
for the cis and trans-dichlorotetraaniinerhodi~~m(IlI) compounds 

Compound N-H stretch N-H deformation 

TABLE 4. Characteristic infrared frequencies (cm-')* 

Frequencies 

cis-P-[Co(2,2,2 tet)CI,+s 1481 (m) 1390 (n) 
1451 (s) 1374 (w) 

1364 (u~)  
1354 (m) 

cls-2-[Co(2,2,2 tet)CI2]+ / 1491 (w) 1390 (w) 
1480 (m) 1374 (m) 
1440 (s) 1362 (m) 
1431 (s) 

CIS-r-[Rh(2,3,2 tet)CIz]- 1470 (m) 1400 (m) 
1460 (s) 1380 (s) 
1450 (s) 1360 (m) 
1430 (m) 

11 nns-[Co(2,2,2 tet)Cl,] + t 1482 (m) 1381 (w)  
1452 (s) 1376 (w) 
1433 ( a )  1362 0 6 )  

trans-[Rh(2,3,2 tet)C1,IL 1475 (m) 1390 (m) 
1460 (s) 1370 (ni) 
1448 (m) 1360 ( a )  

*Intensities are estimated as s, strong, m, medium, \%, neak 
?Reference 12. 

1281 (m) 
1265 (w) 
1249 (m) 

1270 (m) 
1245 (u) 

1272 (m) 
1248 (ni) 

1262 (ni) 
1250 (w) 
1241 (m) 

1292 (m) 
1265 (w) 
1250 ( a )  

1070 (s) 
1049 (s) 
1027 (s) 
1013 (w) 
994 (s) 

1058 (m) 
1038 (s) 
1005 (w) 

1090 (m) 
1023 (s) 
1052 (s) 

1030 (s) 
1018 (s) 
999 (s) 

1090 (s) 
1051 (s) 
1032 (s) 

918 (m) 
898 (m) 
862 (m) 

905 (m) 
871 (m) 

890 (m) 
862 (m) 

926 (m) 
912 (m) 
847 (m) 

895 (m) 
872 (m) 

cis-w. topoIogy to the cis compound isolated in 
this study. This result is in agreement with that of 
the analogous cobalt(I1I) complexes of 2,3,2 tet 
prepared by Hamilton and Alexander (3). In that 
study, they isolated the tratzs isomer and were 
able to prepare only the cis-u salt from the trans 
complex. 

Conclusion 
In the series of rhodium(II1) complexes with 

linear tetraamines, the size of the ligand appears 
to determine the configuration of the complex 
when monodentate ligands occupy the remaining 
octahedral sites. With the smallest ligand of the 

series, 2,2,2 tet, only cis-x [Rh(2,2,2 tet)Cl,]CI 
was isolated (8). With the next larger ligand, 
2,3,2 tet, the complex has been isolated as both 
the cis-% and trans isorners. The larger ligands 
studied here (3,2,3 tet, 3,3,3 tet, and 3,4,3 tet) all 
assumed the trans configuration. Since they were 
obtained in low yield in most cases, and the 
major products were not isolated and identified, 
it is possible that there is considerable strain even 
in the trans configuration of the complex. Molec- 
ular models support this theory and indicate the 
major source of steric strain is possibly in the 
middle ring formed by the secondary nitrogens 
and the rhodium ion. 
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Cyeloaddition Reactions of Silyldiazoalkanes Involving Rearrangements 
from Carbon to Nitrogen 
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A. R. BASSINDALE and A. G. BROOK. Can. J. Cheni. 52,3474 (1974). 
The prod~lcts obtained from the 1,3 cycloadditions of a variety of silyldiazoalkanes, 

R,SiCN2R', to several alkenes were studied: the data are consistent with the initial formation 
of the expected A'-pyrazoline. However, when R'  = Ph, COOEt, but not Me, a thermal 1,3 
rearrangement of the silyl group from carbon to nitrogen subsequently occurs. Base-catalyzed 
isomerizations of the A' to A2-pyrazolines mere noted, as was the desilylation of the A1-pyrazo- 
lines in refluxing methanol. Mechanisms are proposed for the various reactions. 

A. R. BASSINDALE et A. G. BROOK. Can. J. Chem. 52,3474(1974). 
On a Ctudit les produits obtenus par la cycloaddition 1,3 de plusieurs silyldiazoalcanes, 

R,SiCN,R', a plusieurs alctnes; les resultats obtenus sont en accord avec la formation initiale 
de la A' pyrazoline attendue. Toutefois lorsque R' = Ph ou COOEt (mais pas dans le cas ou R '  
est egal a Me), un rearrangement thermique 1,3 du groupe silyle se produit subsequemment du 
carbone vers l'azote. On a not6 des isomerisations catalysees par les bases des A' pyrazolines 
vers les AZ de mCme que la desilylation des A' pyrazolines dans le methanol a reflux. Des 
mecanismes sont proposes pour ces diverses reactions. 

[Traduit par le journal] 

Introduction 
Although the cycloaddition reactions of 

cc-silyldiazoalkanes have been the s~b jec t  of 
several studies (1-7), the role of organosilicon 
substituents in determining the reaction prod- 
ucts is by no means established. Three types of 
simple addition compounds have been found to 
be products, namely the A'-(4), A2-(H-1) (2-6), 
and A2-(Si-1) (7) pyrazolines (Scheme 1). It is 

well known (9) that most A'-pyrazolines are 
unstable and readily isomerize to the tautomeric 
A2-pyrazolines. It is not known how this re- 
arrangement is affected by an organosilicon sub- 
stituent on the pyrazoline ring. We were partic- 
ularly interested by the report that the product 
of cycloaddition of ethyl 1-trimethylsilyl diazo- 
acetate to diethyl fumarate was a A2-pyrazoline 
with the trimethylsilyl group on N-I. This is one 
of the very few examples of a Si-C -+ Si-N 

rearrangement. The authors (7) proposed the 
following reaction. 

H \ COOE t 
/ 

\ I 

H COOEt 
EtOOC H 

[I1 + 
Me3S1 

\- + E t OOC 
C-NEN 

E~OOC' 
H COOEt 

several, EtOOC 

Although the above 'several step' rearrange- 
ment is possible, we considered that a 1,3 supra- 
facial migration of the trimethylsilyl group 
would be more likely. This rearrangement would 
give the same product as the several step re- 
arrangement and would be analogous to the 
known 0-ketosilane rearrangement (8). There- 
fore, we set out to investigate the rearrangement 
further, and to study in more detail the effects 
of the organosilicon group (R3'Si) and the 
organic group (R) on the cycloaddition reactions 
of diazoalkanes (R3'SiCN,R) with alkenes. 

In this study, the following diazoalkanes were 
used: 1 - trimethylsilyl- 1 - diazoethane (1), 1 - phe- 
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BASSINDALE AND BRO( 3K: 1,3 CYCLOADDITIONS 3475 

nyl - I - trimethylsilyldiazomethane (2), 1 - triphe- 
nylsilyl-1-diazoethane (3), l-phenyl-l-triphenyl- 
silyldiazomethane (4), and ethyl l-trimethyl- 
silyldiazoacetate (5). The addition reactions of 
1-5 to one or more of the following alkenes 
were studied; diethyl fumarate, diethyl maleate, 
methyl acrylate, acrylonitrile, and rnaleic anhy- 
dride. 

Results and Discussion 
The relative rates of addition of diazoalkanes 

1-5 to diethyl fumarate were measured. The data 
given below are for a carbon tetrachloride solu- 
tion, ca. 0.5 M in both diazoalkane and alkene, 
a t  room temperature.' It was found that the 
rates decreased in the following order, with the 
relative rates for complete reaction as shown. 

MeaSiCNzMe r Me,SiCN,Ph > 
Relative rate 1 2 x 

1 2 

The time for complete reaction of 1 and diethyl 
fumarate under the stated conditions was 5 min. 
There is, therefore, a very large substituent effect 
as illustrated by the differences in rate of greater 
than lo6 between 1 and 5. In order to understand 
this difference, it is necessary to examine factors 
affecting both the ground state stabilities of 
diazoalkanes and the transition state during 
cycloaddition. 

Organosilyldiazoalkanes exhibit enhanced 
thermal stability compared to simple diazo- 
alkanes (2, 10). There is a hypsochromic shift of 
ca. 50 nm in the U.V. spectrum of silyldiazo- 
alkanes relative to the analogous diazoalkane. 
The stabilization and spectra have been ex- 
plained (4, 10) in terms of increased resonance 
stabilization of the silyldiazoalkane using the 
silicon 'd' orbitals. 

A recent crystallographic study questions the 
extent of (p -t d) 7~ interactions because the 
bond lengths and angles are quite 'normal' (1 1). 
We have carried out CND0/2 (12) calculations 

'The rates of these reactions were found to be relatively 
solvent independent, as is usual for cycloadditions (9). 

on diazoethane and 2-siladiazoethane both with 
and without the d function in the basis set. Our 
calculations show that both the highest occupied 
molecular orbital (HOMO) and lowest unoc- 
cupied molecular orbital (LUMO) are lower in 
energy in 2-siladiazoethane than in diazoethane 
due to overlap with the silicon 3d orbitals. The 
lowering of energy is greater for the HOMO than 
the LUMO, explaining the hypsochromic shift 
in the U.V. spectra of siladiazoalkanes. It can be 
shown by a simple perturbation approach (13, 
14) that the cycloaddition of a diazoalkane with 
an electron-deficient alkene is controlled by the 
perturbation between the HOMO of the diazo- 
alkane and LUMO of the alkene. A lowering of 
the HOMO of the diazoalkane thus decreases 
the perturbation and hence the reactivity. We 
conclude that (p-d) n interactions affecting 
frontier orbitals are responsible for the anom- 
alous spectra and thermal stability of silyldi- 
azoalkanes and suggest that in determining the 
effects of 'd' orbitals on the reactivity of organo- 
silicon compounds, it is more fruitful to examine 
the frontier orbitals than the bond lengths and 
angles. 

Two other effects must be considered in inter- 
preting the reactivity of silyldiazoalkanes. 
Firstly, diazoalkanes with a carbonyl group 
adjacent to the diazo group are stabilized by 
resonance effects which probably affect the 
frontier orbitals. Secondly, the transition state 
for cycloaddition to diethyl fumarate is highly 
crowded and the reaction is thus susceptible to 
steric inhibition when bulky groups are involved. 

By using a combination of the above three 
factors, the relative reactivity of compounds 
1-5 can be readily understood. The quite small 
difference between 1 and 2 is explained by a com- 
bination of the greater size of a phenyl group 
relative to a methyl group and a small extra 
resonance stabilization of the HOMO of 2 by 
interaction with the phenyl 7c molecular orbitals. 
The large differences between 1 and 3, and 2 and 
4 result from increased transition state energies 
in the additions of 3 and 4 caused by the greater 
bulk of Ph3Si relative to Me3Si. The combined 
stabilizing effects of a carboethoxyl group and a 
trimethylsilyl group on the HOMO cause 5 to 
exhibit extraordinary ground state stability, and 
therefore low reactivity. 

The present study has been chiefly concerned 
with the influence of the silicon-containing 
group on the course of the cycloaddition reac- 
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tions. The definitive experiment was the addi- 
tion of trimethylsilylplienyldiazomethane, 2, to 
diethyl fumarate. An equin~olar mixture of 2 
and diethyl fumarate in pure dry carbon tetra- 
chloride was allowed to react a t  ambient tem- 
perature. The progress of the reaction was fol- 
lowed by n.m.r. spectroscopy. After 2 h, the 
reaction was ca. 50% complete. The n.m.r. 
spectrum showed resonances due to starting 
materials and one product which had a spec- 
trum consistent with it being 4,5-dicarboethoxy- 
3 - phenyl- 3 - trimethylsilyl - 1 - pyrazoline 6. The 

7 

Et OOC 

p : ! H ~ ~ o ~ t  
8 

n.1n.r. spectrum of 6 showed the H-4 and H-5 
methine proton resonances as doublets at 6 
3.5 and 5.7 p.p.m., respectively, with J = 7 Hz. 
These resonances are characteristic of protons 
attached to sp3 hybridized carbon atoms bearing 
the groups shown in the above structure. The 
trans geometry about C,-C, is based on the 
knowledge that cycloadditions with t ram olefins 
usually result in retention of geometry (14) and 
is supported by a comparison of the coupling 
constant with those of the products of addition 
to cis olefins. The n.1n.r. spectra were invaluable 
in assigning structures to the cycloadducts. 
Isomeric compounds could be characterized 
readily and the salient features of some of these 
spectra are given in Tables 1-3. The stereo- 
chemistry about C,-C, is based on the observa- 
tions that there was only one isomer produced 
and that the resonances due to one carboethoxyl 
group were shielded by 0.6 p.p.m. relative to the 
normal positions. Examination of a model of 6 
showed that the carboethoxyl group on C-4 was 
in the shielding cone of a cis phenyl group but 
not a trans phenyl group. The isomer expected 

TABLE 1. Methine proton resonances in some 
At-pyrazolines 

TABLE 2. Methine proton resonances in some 
Az(Si-1)-pyrazolines 

Compound H-4 (6) H-5 (6) J,,, (Hz) 

TABLE 3. Methine proton resonances in some 
A2(N-1)-pyrazolines 

Compound H-4 (6) 

on steric grounds is 6.  It was not possible to 
obtain pure 6 since as the reaction neared com- 
pletion a second product appeared, the amount 
of which increased a t  the expense of 6. After 5 11 
a t  ambient temperature the reaction was 90% 
con~plete. After a further hour at reflux, 4,5- 
dicarboethoxy-3-phenyl- 1 -trimethylsilyl-2-pyra- 
zoline, 7, was isolated as the sole product. 

The structure of 7 was confirnled spectro- 
scopically. In the n.m.r. spectrum H-4 and H-5 
appeared as AB doublets a t  6 4.45 and 4.80 
p.p.m., respectively, with J = 5 Hz. Thus com- 
paring the spectrum of 7 relative to 6, H-4 was 
deshielded by 1.3 p.p.111. due to a rehybridization 
of C-3 from sp3 to sp2, and H-5 was shielded by 
0.9 p.p.m. due to  rehybridization of N-1 from 
sp2 to sp3. The two carboethoxyl groups in 7 had 
similar resonances since the (2-4 carboxyl group 
was no longer in the phenyl shielding cone. 
There was only one i.r. carbonyl absorption 
which appeared at 5.77 p indicating that both 
ester carbonyl groups were nonconjugated. 
After 30 s shaking with methanol 7 was quantita- 
tively desilylated to  4,5-dicarboethoxy-3-phenyl- 
2-pyrazoline, 8. 

The extreme sensitivity of 7 to hydrolysis and 
solvolysis by protic solvents is characteristic of 
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BASSINDALE AND BROOK: 1,3 CYCLOADDITIONS 3477 

compounds containing N -Si bonds (18). The 
H-4 and H-5 resonances in the n.m.r. spectra of 
7 and 8 were almost identical, showing that no 
major rearrangements had taken place. There 
was an absorption at 2.9 p in the i.r. spectrum of 
8, characteristic of compounds containing N-H 
bonds. There were no absorptions due to Me,Si 
in either the i.r. or n.m.r. spectra of 8. Treatment 
of a CH,Cl, solution of 8 with bistrimethylsilyl- 
acetamide (BSA) resulted in quantitative con- 
version back to 7, further proof for its structure. 

The rearrangement 6 + 7 which followed 
first-order kinetics was the first unambiguous 
observation of a 1,3 migration of a silyl group 
from carbon to nitrogen, a process directly 
analogous to the P-ketosilane to siloxyalkene 
rearrangement (8). 

Another example of a rearrangement of silicon 
from carbon to nitrogen was observed during 
the addition of I-phenyl-l-trimethylsilyldiazo- 
methane, 2, to maleic anhydride. After 4 h the 
reaction mixture was completely decolorized and 
the n.m.r. spectrum indicated that three products 
were present. These were the two epimers of 
3-phenyl-3-trimethylsilyl-I-pyrazoline-4,5 dicar- 
boxylic acid anhydride, 9 and 10, and 3-phenyl- 
1-trimethylsilyl-2-pyrazoline-4,5 dicarboxyllc 
acid anhydride, 11. 

The n.m.r. spectrum was taken frequently 
after the mixture had decolorized. The H-3 and 
H-4 doublets due to 10 rapidly disappeared 
leaving only those ascribed to 9 and 11. The 
doublets due to 9 disappeared at a rate corre- 
sponding to the growth of the doublets of 11. A 
plot of log [9] cs. t was an excellent straight 
line. The rearrangement 9 + 11 was therefore 
first order and had a rate constant of 54 x 
min-I at 25". After 2 days pure 11 was deposited 
from the solution in the form of white needle- 
shaped crystals. The crystals obtained were 
highly moisture sensitive and their i.r. spectrum 

showed carbonyl absorbances at 5.35 and 5.58 p 
as expected for an unconjugated anhydride. 

The rearrangement of a A1 -+ A2 pyrazoline 
via 1,3-silyl migration could not always be ob- 
served directly. In the addition of 2 to diethyl 
maleate the reaction was so slow at ambient 
temperature that after several days only a small 
amount of product had formed. After com- 
pletion of the reaction by 24 h reflux the reaction 
mixture contained two isomeric products in 
approxin~ately equal amounts, believed to be the 
two epimers of 4,5-dicarboethoxy-3-phenyl-1- 
trimethylsilyl-2-pyrazoline, 7 and 12. The inter- 

mediate A'-pyrazoline could not be observed 
because rearrangement was much more rapid 
than addition, both at ambient temperature and 
reflux. The evidence for the structures assigned 
is based on the previous identification of 7, 
which accounted for half of the observed reso- 
nances in the n.m.r. spectrum and an analysis of 
the remaining signals. In addition to the simi- 
larities in the n.m.r. spectra of 7 and 12 further 
evidence for the epimeric nature of these com- 
pounds was gained from the observation that on 
heating, the mixture completely epimerized to 
the more stable 7, presumably by intermolecular 
prototropy. 

In the addition of ethyl trimethylsilyldiazo- 
acetate, 5, to diethyl fumarate at 100-14O0, 
previously reported by Schollkopf (7),  the re- 
arranged product, 3,4,5-tricarboethoxy-1-tri- 
methylsilyl-2-pyrazoline, 13, was the only ob- 
served product. We repeated this reaction at 
ambient temperature, following the progress 
by n.m.r. spectroscopy. The reaction, in the 
absence of solvents, was complete in 4 weeks. 
During this time the only signals observed in the 
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n.m.r. were those due to 13. The structure of 13 
was confirmed by shaking with methanol for 
30 s to completely desilylate to the known 3,4,5- 
tricarboethoxy-2-pyrazoline, which was then 
quantitatively resilylated by BSA to 13. We 
conclude that in this case the rearrangement of 
the A1 to A2 pyrazoline by 1,3 silyl migration is 
too fast to measure at ambient temperature. 

Me3SiCN2COOEt 

+ slow 
[51 - 

EtOOC\ , H 
H/c'c\ COOEt 

EtOOC, ,H EtOOC, ,H 

In contrast to the behavior where the silyl- 
diazoalkane bears an electron-releasing methyl 
group, the addition of the diazoalkane 1 to 
diethyl fumarate in dry carbon tetrachloride at  
ambient temperature gave 4,5-dicarboethoxy-3- 
methyl - 3- trimethylsilyl- 1 -pyrazoline, 15, as the 
sole product. On heating 15 isomerized to 16 

EtOOC, ,H EtOOC, COOEt 

H 

15 16 

quantitatively, rearrangement resulting from 
1,3-hydrogen migration, rather than 1,3 silyl 
migration. The product, 3,4-dicarboethoxy-5- 
methyl - 5 - trimethylsilyl - 2 - pyrazoline, 16, was 
identified by the presence of an N H  absorbance 
at  2.9 p and both conjugated and nonconjugated 
carbonyl i.r. absorptions. The n.m.r. spectrum 
integrated correctly for the proposed structure 
and contained singlets at 6 1.10 and 3.80 p.p.m. 
corresponding to the methyl group on C-5 and 
the single uncoupled proton H-4. 

The addition of 1 to methyl acrylate 
(R = COOMe) at ambient temperature gave a 
mixture of the two epimers of 5-carbomethoxy- 

3-methyl-3-trimethylsilyl-I-pyrazoline, 17 and 
18, (R = COOMe) in a ratio of about 1 : 4. 

R = COOMe, CN 

These compounds could not be isolated since 
they isolnerized readily to the single A2-pyrazo- 
line 3-carbomethoxy-5-methyl-5-trimethylsilyl-2- 
pyrazoline, 19. The minor product, 17, isomer- 
ized Inore rapidly than 18. 

The addition of 1 to acrylonitrile (R = CN) 
was similar to the addition to methylacrylate 
and a mixture of two A'-pyrazolines 17, 18 
(R = CN) was formed initially. The mixture 
could not be separated; after 2 h at ambient 
temperature isomerization to 3-cyano-5-methyl- 
5-trimethylsilyl-2-pyrazoline, 19 (R = CN) was 
complete. Again: the more hindered epimer was 
the faster to rearrange. The more rapid isomeri- 
zation of the cyano compounds relative to the 
carboethoxyl compounds was probably due to 
the more strongly electron-withdrawing cyano 
group in the former case which made H-3 partic- 
ularly susceptible to tautomerism. 

The addition of 1-triphenylsilyldiazoethane, 3, 
to acrylonitrile resulted in a mixture of the two 
A'-pyrazolines 20 and 21 which on heating at 60" 
iso~nerized rapidly to the A2-pyrazoline, 22, 
3-cya110-5-methyl-5-triphe11ylsilyl-2-pyrazoline. 

H\ H 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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From these results it appears that triphenylsilyl 
and trimethylsilyl pyrazolines behave similarly, 
in marked contrast to the difference in behavior 
between C-phenyl- and C-methyl-substituted 
silylpyrazoline (as in 7 or  11). 

From the above results it is obvious that the 
rates of rearrangement of A1- to  A2-pyrazolines 
by 1,3-silyl migration are very susceptible to  
differences in the substituents on the carbon 
atom bearing the trimethylsilyl group. The 
transition state for the 1,3-silyl migration can be 
represented as follows. 

a b c 

Where R is electron-withdrawing, charge is 
delocalized through canollical form c, which is 
product like, and the reaction is facilitated. 
Methyl and other electron-releasing groups are 
unable to stabilize the transition state in this 
manner accounting for the difference in rates 
in the cases where R = COzEt and R = Me. 
The differences in rates of silyl migration were 
substantial, since for R = C 0 2 E t  the rearrange- 
ment was too fast t o  observe at  ambient tem- 
perature, whereas for R = Me the reaction was 
evidelltly very slow even at  80" since only prod- 
ucts arising from tautomerism were observed in 
all cases. 

The tautomerism of A1 -t A2-pyrazolines is 
known (9) to be catalyzed by bases and acids, 
and in this case was strongly catalyzed by traces 
of water or  amines. particularly diethylamine. 
In the addition of 1 to  diethyl fumarate or diethyl 

maleate in the Dresence of traces of water. the 
product obtained was the conjugated A2-pyrazo- 
line, 16, there being no trace of the initially 
formed A1-pyrazoline. 

In  the addition of I -phenyl- l -trimethylsilyl- 
diazomethane, 2, to diethyl fumarate or diethyl 
rnaleate a t  ambient temperature in the presence 
of traces of moisture, the A2-pyrazoline 3,4- 
dicarboethoxy-5-phenyl-5-trimethylsilyl-2-pyra- 
zoline, 23, was the exclusive product. 

Therefore at  ambient temperature the presence 
of a trace of moisture was sufficient to accelerate 
the hydrogen migration to such an extent that 
1,3 silyl migration was no longer the favored 
reaction. Probably the silyl migration is not 
catalyzed by moisture (or base since the same 
situation obtains in the presence of traces of 
diethylamine); a small increase in rate of the 
silyl migration should have been sufficient to 
have ensured the observation of a t  least traces 
of the N-Si product. However. the only product 
obtained on addition of diazoalkane 2 to  diethyl 
maleate or  diethyl fumarate a t  reflux was the 
one, 7, resulting from 6 undergoing a 1,3 silyl 
migration. The mechanism we propose in this 
case is shown in ea. 9. This scheme was con- 
firmed by refluxing a solution of the A2-pyrazo- 
line 23 in dry carbon tetrachloride, where no 
reaction was observed over 1/2 h. Addition of a 
trace of water to the refluxing solution of 23 
resulted- in the quantitative conversion to 7 
during 112 h. The rate determining step for the 
reaction 23 -t 7 was probably the step 23 + 6 
since it was observed that the reaction 6 -t 7 
was quite facile a t  ambient temperature (cide 
supra). 

The addition of 5 to diethvl fumarate, in the 
presence of traces of amines or water, at  both 

EtOOC 
COOEt 

EtOOC, , H EtOOC H 7 p i ' -  ,N-SlMe! 

Dl ,c=c 
H 

\ 
COOEt - p~$$cOOEt H 2 0 ,  amine 7 + Me,Sl 

6 -===-'l 
Me3StCN2Ph EtOOC COOEt 

f Me& pt$$ I 
EtOOC COOEt 

H HzO, /* 
H 

EtOOC, , COOEt 
,C=C 

ki 'H amlne 
23 
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ambient temDerature and 100". followed the- 
same course as was followed in the absence of 
catalysis, namely rearrangement to the A2-pyra- 
zoline 13, via 1,3 silyl migration. Evidently the 
silyl migration is so facile when a carboethoxy 
group is on the adjacent carbon that even the 
strongly catalyzed tautomerism cannot com- 
pete. This information permits establishment of 
the relative activating effect of a group on silyl 
migration as 

R = EtOOC > Ph >> Me 

This order parallels the trends in o and 0- 

values for the above groups (15) confirming the 
suggestion that increasing electron-withdrawing 
ability should stabilize the transition state for 
rearrangement. 

During the course of these studies a further 
interesting reaction was discovered. Treatment 
of the A'-pyrazoline 15 with refluxing methanol 
for 112 h resulted in the formation of a small 
amount of 16 but the major product was 4,5- 
dicarboethoxy-3-methyl-2-pyrazoline, 24 which 
was also characterized by air oxidation to the 
pyrazole 25. 

EtOOC,, ,H EtOOC, COOEt 

COOEt MeOH + 

Two mechanisms which could account for the 
formation of 24 are outlined in eqs. 11 and 12. 

ill1 

fast - 

The route involving 1,3 silyl migration, fol- 
lowed by the facile cleavage of the N-Si bond 
seems improbable on the grounds that heating 
15 in a variety of aprotic solvents failed to 
catalyze the 1,3 silyl migration. The second 
route (eq. 12) appears more probable, this 
mechanism being analogous to that proposed for 
the facile cleavage of several systems, including 
trimethylsilylacetonitrile, where a trimethylsiiyl- 
methyl group is adjacent to an unsaturated 
center (16). A high degree of solvent participa- 
tion in the transition state must be involved if 
the product is to be, as found, the thermodynam- 
ically unstable pyrazoline 24. The cleavage of 
15 -+ 24 was base-catalyzed, which is further 
evidence supporting the second mechanism. The 
sensitivity to acid catalysis could not be esti- 
mated; traces of acid in the reaction mixture 
resulted in unidentified side reactions taking 
place. 

In contrast a methanolic solution of the 
epimeric A'-pyrazolines 17 and 18 (R = CN), 
obtained by addition of 1 to acrylonitrile, was 
coinpletely isomerized to 19, by refluxing for an 
hour, there being no traces of loss of the tri- 
methylsilyl group. Presumably H-3 is activated 
by the adjacent cyano group to such an extent 
that rearrangement is much faster than cleavage. 

In conclusio11, the major results reported 
herein can be summarized as follows. (i) A1-pyra- 
zolines may rearrange by either 1,3 silyl migra- 
tion or hydrogen migration (tautomerism), silyl 
migration being favored, all other factors being 
equal. Both rearrangements are facilitated by 
electron-withdrawing groups bonded to the 
a-carbon. The tautomerism is strongly catalyzed 
by both water and bases and in some cases can 
become the favored route by (a) increasing the 
electron supply to the silyl %-carbon or (6) adding 
traces of catalysts or by a combination of both 
of these; (ii) A'-pyrazolines, silyl substituted at  
C-3 can undergo facile allylic cleavage of the 
trimethylsilyl group by methanol. 

Experimental 
All diazoalkanes were prepared by the method of 

Brook and Jones (4), except for l-trimethylsilylethyl- 
diazoacetate which was prepared by the method of 
Schollkopf et a / .  (7). 

The n.m.r. spectra were recorded on Varian A56,/60 
and T60 spectrometers using TMS as internal standard. 
The i.r. spectra were recorded on a Perkin Elmer 237B 
instrument with polystyrene calibration. An AEI-MS 902 
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mass spectrometer was used for recording mass spectra. 
Melting points are uncorrected and were measured on a 
Fisher-Johns hot-stage instrun~ent. Microanalyses were 
performed by A. B. Gygli, Toronto. 

The Addifion of I-Phenyl-I-trimethyIsilyldiazon2ethane, 
2, to Diethyl F~rmarnte 

(a) Diethyl fumarate (0.19 g, 1.1 mmol) was added over 
2 rnin to 2 (0.19 g, 1 mmol) in 2 1x1 of carefully dried 
CCI,, at ambient temperature. The progress of the reac- 
tion was followed by n.m.r. spectroscopy. After 2 h the 
reaction was 50% complete. The n.m.r. spectrum showed 
resonances due to starting materials and one other com- 
pound, the A' pyrazoline 6 ;  n.m.r. (CC1,) 6 7.3 (s, phenyl), 
5.70 (d, H-5, J4,, = 7 HZ), 4.3 (9, C-5, C02CHzCH3, 
J = 7 HZ), 3.7 (q, C-4, C02CH2CH3,  J = 7 HZ), 3.5 
(d, H-4, J4,, = 7 HZ), 1.45 (t, C-5, COzCH2CH3, J = 
7 HZ), 1.0 (t, C-4, COZCHZCH,, J = 7 HZ), 0.14 (s, 
SiMe,). 

Compo~lnd 6 could not be isolated from the reaction 
mixture but the resonance positions, coupling constants, 
and relatice integrations are in accord with the assigned 
structure. After a further 5 h at ambient tenlperat~~re the 
reaction was nearing coinpletion and the n.m.r. contained 
resonances due to starting materials, 6, and a new com- 
pound 7. The reaction mixture was heated at reflux for 
1 h, the volatile materials were removed on a vacuum 
line, and the residual ~ i l  was analyzed immediately. 
(Any attempts at  further purification resulted in loss of 
the triniethylsilql group from the molecule.) This pro- 
cedure afforded 0.36 g (95%) of 4,5-dicarboethoxy-3- 
phenyl-I-trirnethylsilyl-2-pyrazoline, 7 ;  i.r. (film) 5.77 
(C-0), 6.93 (C--Ph), 8.0 (Si-Me) p; n.m.r. (CCI,) 6 
7.2-7.9 (m; 5H, phenyl), 4.80 (d, IH, H-5, J,,, = 5 Hz), 
4.45 (d, IH,  H-4, J,,, = 5 Hz), 4.2 (2 overlapping q 
separated by 3 Hz, 4H, C-4, C-5, CO,CH,CH,, J = 

7 Hz), 1.3 (q, 6H. C-4, C-5. C02CH2CH3,  J = 7 HZ), 
0.42 (s, 9H, SiMe,) p.p.m.: Inass spectrum, 17i'e calcd. 
for C18H,,N20,Si: 362, found: 362. 

Anal. Calcd. for CLBH2,N204Si :  C, 59.63; H ,  7.21 : N, 
7.73. Found: C, 59.67; H, 7.28; N, 7.66. 

Shaking a methanolic solution of 7 for 30 s follo\ved by 
removal of the ~ola t i le  materials under reduced pressure 
was sufficient to rerllove the trimethylsilyl group from the 
ring. The n.m.r. and i.r. spectra were consistent with the 
new co~npound being 4,5-dicarboethoxy-3-phenyl-2- 
pyrazoline, 8. The n.m.r. spectrum of 8 differs from that 
of 7 only in that the trimethylsilyl protons' resonance at 
6 0.42 has bcen rcplaced by an NH absorbance at 6 7.0. 
Similarly in the i.r. spectrum, a new band characteristic 
for NH appeared at 2.9 11 replacing the Me,Si group 
absorptions at 8.0, 12.0, and 13.3 p. Treatment of a solu- 
tion of 8 in CH,CI2 with BSA resulted in quantitative 
conversion to 7. 

(6) CycloacMiriorz ir~ CCI,, Contuining a Trace of IVoter, 
ur Ainbierzt Tenrperar~ire 

Diethyl fumarate (0.19 g, 1.1 mmol) was added over 
2 min to diazoalkane 2 (0.19 g, 1 mmol) in 2 ml of CCl, 
containing a trace of water. After 24 h at ambient tem- 
perature the reaction was con~pletely colorless and n.nl.r. 
spectroscopy showed no resonances due to starting 
materials. The oil obtained on removal of volatile com- 
ponents was crystallized from benzene-hexane to yield 

0.31 g ( 8 5 ) z )  of 3,4-dicarboethoxy-5-phe1iyl-5-trimethyl- 
silyl-2-pyrazoline, 23; i.r. (CCI,) 3.0 (broad) (NH), 5.8 
(C=O), 5.9 (C=O), 6.94 (C-Ph), 8.0 (SiMe,); n.m.r. 
(CCI,), 6 7.6 (s, IH,  NH), 7.2 (s, 5H; phenyl), 4.15 (q, 
2H, C-3, CO,CH,CH,, J = 7 HZ), 4.20 (s, IH ,  H-4), 3.6 
(q, 2H, C-4, C0,CH2CH,,  J = 7 HZ), 1.32 (t, 3H, C-3, 
COZCHZCH3, J = 7 HZ), 0.73 (t, 3H, C-4, C02CH2CH3,  
J = 7 Hz), 0.10 (s, 9H, SiMe3), p.p.m.; mass spectrum, 
m/e calcd. for Cl8H2,N2O,Si: 362, found: 362. 

Anal. Calcd. for C,,H,,N,O,Si: C, 59.63; H ,  7.23; N, 
7.73. Found: C, 59.86; H ,  7.41; N, 7.79. 

(c) Cyclocrcirlition irz CCI, Corifnininp T/.nce~ of :Vfoictuve, 
a t  Reflux Te~~rperuture 

A reaction mixture identical in con~position to /I was 
refluxed for 2 h and after work-up 0.30 g (81%) of 7, 
characterized by n.m.r., was obtained. 

The Additioi~ of Phen~~lti~i~17efhylsilyldicrzor~1rfkane 12) 
to 221aleic Aiihydriilc 

To  maleic anhydride (0.61 g, 0.62 mmol) in 5 ml of 
CCI, at 0' mas added 2 (0.1 18 g,  0.62 mmol). The solution 
was colorless after 4 h. The n.m.r. indicated that there 
are three products, 9, 10; and 11. This mixture could not 
be isolated nor the components separated: however, the 
following n.m.r. data are consistent with the proposed 
structures: 9, n.m.r. (CCI,) 6 7.5-8.5 (ni, 5H, phenyl 
(this incl~rdes the phenyl resonances due to 10 and l l ) ) ,  
5.72 (d, 0.9H, H-5, J,,, = 9.5Hz),  3.70 (d, 0.9H, H-4, 
J,,, = 9.5 Hz), 0.04 (s, Me3Si, 9.55H (this includes the 
Me,Si resonance of 10)): 10, n.rn.r. (CCI,) 6 7.5-8.5 (m, 
phenyl), 5.90 (d, 0.05H, H-5, J,,, = IOHz), 3.58 (d, 
0.05H, H-4, J4., = I0 Hz), 0.04 (s, Me3Si); 11, n.rn.r. 
(CCI,) d 7.5-8.5 (m, phenyl), 5.00 id. 0.05H, H-5, J,., = 
12 Hz); 4.70 (d, 0.05H, H-4, J,,, = 12 Hz), 0.38 (s, 
0.45H, hle,Si). 

The reaction mixture was warmed to 25 -C and the 
n.m.r. spectrum was taken periodically and after a few 
minutes the concentration of 10 was negligible. The rate 
of the rcarrangement 9 -. 11 was then ineasured. The 
relative concentration of 9 in the mixture of 9 and 11 was 
calci~lated from the integration of the H-4 p l ~ ~ s  H-5 
resonances of 9 and 11, respectively. A plot of the 
logarithm of the concentrations thus obtained c.5. time 
was an excellent straight line giving rise to a first-order 
rate constant of 54 x min-' at 25 -C. After 
standing for 2 days 0.17 g ( 9 4 3  of ~ h i t e  needle-shaped 
crystals of pure 11 were deposited. These moisture 
sensitive crystals were dried and analyzed immediately, 
m.p. 94-95 : n.m.r. cide ~rrpra. 

Anal. Calcd. for C1.H,,N203Si: C, 58.30; H, 5.50: N, 
9.71. Found: C, 58.60: H, 5.50; N, 9.79. 

The Adclitiorz of 2 to Diethjl ,VIalrrrfe 
To  a solution of diethyl maleate (0.64 g, 4.4 mmol) in 

3 1111 of carefully dried CCI, was added 2 (0.835 g, 4.4 
mmol). The mixture was heated at reflux under a dry 
nitrogen atomosphere. After 24 h the reaction was conl- 
plete, the color of the diazoalkane being completely dis- 
charged, and g.1.c. analysis showed two products to be 
present in approximately equal amounts. Analysis of the 
n.m.r. showed one co~nponent to be 7, whereas the other 
component had spectral properties consistent with it 
being 12, the epimer of 7. The two components could not 
be separated: however, the mixture of 7 and 12 had the 
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following characteristics: i.r. almost identical to that of C-4, C02CH2CH3), 3.8 (s, lH ,  H-4), 1.30 (m, 6H, C-3, 
7 ;  n.m.r. (CCI,) signals due to 7 plus those ascribed to C-4, C02CH2CH,), 1.10 (s, 3H, CH,), 0.10 (s, 9H, 
12, 6 7.2-7.9 (m, phenyl), 4.72 (d, l H ,  H-5, J,,, = 9 Hz), Me,Si) p.p.m. 
4.44 (d, 1H, H-4, J,,, = 9 Hz), 4.20 (m, C-4, C-5, Anal. Calcd. for Cl3H2,O,N2Si: C, 51.97; H, 8.05; N, 
C02CH2CH5), 1.4 (m, C-4, C-5, C02CH,CH3), 0.40 (s, 9.30. Found: C, 52.10, H, 8.08; N, 9.13. 
SiMeJ, 9H). 

~ ~ ~ 1 ,  calcd. for C,,H~,N,O,S~: C, 59.63; H, 7,33; N, SoI~'o1ysis of 4,5-Dicarboethoxy-3-phenyl-3-trimethyl- 

7.73. Found: C, 59.90; H, 7.29; N, 7.88. silyl-1-pyrazoline, 15, by ~Wethanol 
Shaking the above mixture with methanol at ambient A sollltion of 15 (0.3 g) in 5 rill of dry methanol was 

temperature removed all the trimethylsilyl groups as refluxed for 1/2 h under N2.  as-liquid chromatography 
methoxytrinlethylsi]ane, The n,m,r,  spectrum of the mix- analysis after this time showed the presence of methaaol, 
ture produced was similar to that of the original mixture, n~ethoxytrimethylsilane, the A2-pyrazoline 16 (ca. 5%), 
with the exception that there was no trimethylsilyl proton and a new compound; 27. Repeated attempts to purify 
resonances, and an NH absorptioll had appeared (ca. the new compound were unsuccessful. I t  is believed that 
6 6.5 p,p,m,),  hi^ desilylated mixture was readily 27 is 4,5-dicarboethoxy-3-methy~-2-pyrazo~ine The crude 
silylated by BSA to a mixture of 7 and 12. oil obtained by removal of methanol and methoxytri- 

 ti^^ a mixture of 7 and 12 at 80' for several days methylsilane had the following characteristics; n.m.r. 
resulted in complete conversion of 12 to 7. (CCI,) 6 6.0 (broad s, lH ,  NH), 4.44 (d, lH ,  H-5, J,,, = 

8 Hz), 4.05 (m, 4H, C-4, C-5, C02CH2CH3), 3.90 (d, lH ,  
Addition of Ethyl Tuirnethjlsiljldiazoucetate ( 5 )  to H-4, J , , ,  = 8 Hz), 1.92 (s, 3H, CH,-C==N-), 1.10 

Diefhyl F~~r?lcri.ate (m, 6H, C-4, C-5, CO,CH,CH,). There were also reso- 
The procedure of Schiillkopf (7) was follow~d and a nances attributed to 16, (cn. 5%). 

90% yield of 13 was obtained. This product was quantita- Anal. Calcd. for C,,H,,N,O,: C, 52.62; H, 7.06; N. 
tively desilylated, on brief shaking with methanol, to the 12.27. Found: C, 51.41; H, 7.00; N, 11.42. 
known 3,4,5-tricarboethoxy-2-pyrazoline, m.P. 98-99' As the analysis for 24 was not satisfactory, it was 
(lit. (17) m.p. 98-99') which was quantitatively resilylated characterized by oxidation to 2-methyl-3,4-dicarbo- 
to 13 by BSA. ethoxypyrazole, 25. A methanolic solution of 16 and 24 

The same product, 13, was obtained when the reaction was refluxed in the presence of air for 24 h and after this 
was carried out at ambient temperature, 4 weeks being time pure 25 was obtained by distillation, (60-go%), b.p. 
required for con~pletion in the absence of solvent. No 140'10.2 mm (Kugelriihr); i.r. 5.94 (C=O); n.m.r. 
evidence for the formation of compounds other than 13 (cCI,) 6 7.4 (s, 1H, NH), 4.22, 4.18 (2q, 4H, C-4, C-5, 
was obtained at any stage of the reaction from the i.r. or c O 2 c ~ , C H 3 ,  J = 7 HZ), 2.40 (s, 3H, C-5, CH,), 1.25 
n.m.r. spectra. (t, 6H, C-4, C-5, C02CH2CH3, J = 7 Hz). 

The Addition bf M e r h y l f r i m y e t h l s i l j ~ I d i ~ ~ z u n ~  ( 1 )  
to Diethyl Furnurate 

In a typical experiment, 1 (0.64 g, 5 mmol) was added 
over 5 min to a stirred solution of diethyl fumarate (0.86 g, 
5 mmol) in 5 ml of carefully dried (4A molecular sieves) 
carbon tetrachloride. About 3 min after addition the 
mixture had decolorized. A crude oil was obtained from 
evaporation of volatile materials (1.6 g,  9573. This oil 
was purified by rapid passage down a 10 x 1 cm alumina 
(Woelm, neutral, grade 1) column with benzene as 
eluent, affording 1.2 g (68%) of 15: u.v. i-,,,, (E) (C,H12), 
218 (1300), 285 (750) nm; n.m.r. (CCI,) 6 5.55 (d, lH ,  
H-3, J3,, = 8 Hz), 4.10 (m, 4H, C-3, C-4, C02CH2CH3,  
J = 7 Hz), 3.02 (d, 1H, H-4, J3,, = 8 HZ), 1.25 (t, 6H, 
C-3, C-4, C02CH2CH,, J = 7 HZ). 1.20 (s, 3H, C-5, 
CH,), 0.08 (s, 9H, Me,%). 

Anal. Calcd. for C1,H2,O,N2Si: C, 51.97; H, 8.05; N, 
9.30. Found: C, 52.31; H, 8.10; N, 9.04. 

Quantitative isomerization of 15 to ?,4-dicarboethoxy- 
5-methyl-5-trimethylsilyl-2-pyrazoline, 16, was accom- 
plished by 112 h reflux of a solution of 15 in carbon tetra- 
chloride, benzene, cyclohexane or ether. This transforma- 
tion was catalyzed at ambient temperature by traces of 
water or amines. In a typical experiment a solution of 15 
(1 g) in 5 ml of carbon tetrachloride was refluxed for 
112 h. After this time the volatile components were re- 
moved on a rotary evaporator and the remaining oil 
(1 g, 100%) was identified as 16; u.v. h,,, is) (C6H12), 
205 (1900), 225 (1700), 285 (3900) nm; i.r. 2.95 (NH), 
5.82 (C=O), 5.92 (C=O conjugated), 8.0 (Si-CH,) p; 
n.m.r. (CCI,) 6 6.6 (broad s, IH, NH), 4.0 (m, 4H, C-3, 

Anal. Calcd. for Cl,H,,N2O4: C, 53.08; H,  6.23; N, 
12.38. Found: C, 53.00; H, 6.33; N, 12.30. 

The solvolysis of 15 was dependent on the methanol 
used. In some cases after reflux, ordy 16 was obtained (by 
tautomerism) rather than allylic cleavage of the SiMe, 
group. This was probably due to variations in the amount 
of base present in the sample of methanol, although this 
was not verified. 

The Reaction of 1 with Methyl Acrylate 
To methyl acrylate (0.86 g, 10 mmol) in 5 ml of dry 

carbon tetrachloride was added 1 (1.28 g, 10 mmol) 
dropwise. The reaction was complete after 5 rnin at 
ambient temperature. The volatile materials were re- 
moved by evaporation and the remaining oil (2.0 g, 9375). 
was examined. Gas-liquid chromatography analysis 
indicated the presence of two compounds; the n.m.r. 
spectrum strongly suggested that these were the two 
epimeric A'-pyrazolines 17 and 18 in a ratio of 1 to 4, 
respectively: 17, n.m.r. (CCI,) 6 5.21 (X componcnt of 
ABX, 0.2H, H-5), 3.8 (s, 3H, OCH, of 17 and IS), 1.1-1.5 
(AB component of ABX, 2H, HA, H, of 17 and 18), 1.30 
(s, 0.6H, C-3, CH,), 0.14 (s, 9H, SiMe, of 17 and 18); 18, 
4.82 (X of ABX, 0.8H, H-5), 1.52 (s, 2.4H, CH,), 0.14 
(s, SiMea); i.r. (CCI,): 5.75 (C=O), 8.0 (CH3-Si) p. 

The solution of isomers further rearranged slowly to 
3-carbomethoxy-5-methyl-5-trimethylsilyl-2-pyrazoline, 
19. After 2 days at ambient temperature 17 had com- 
pletely rearranged to 19, whereas after 20 days, 18 had 
ca. 50% rearranged to 19. For characterization the mix- 
ture of 17 and 18 was isomerized to 19 by dissolving for 
112 h in a 10% diethylamine-ether solution, after which 
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BASSINDALE AND BRO( 

time 19 was obtained by Kugelrohr distillation, b.p. 
6j0,/0.1 mm, 1.6 g (74%); i.r. (CCI,) 2.95 (NH), 5.88 
(C=O), 8.0 (Si-CH,); 11.m.r. (CCI,) 6 6.8 (s, lH ,  NH), 
3.70 (s, 3H, OCH,), 2.73 (AB q, 2H, HA, HE, J = 16 HZ), 
1.07 (s, 3H, C-CH,), 0.14 (s, 9H, Si(CH,),); mass spec- 
trum, mle calcd, for C9HI8NZO2Si: 214, found: 214. 

The Addition of l to Acvylonitrile 
To a solution of acrylonitrile (0.064 g, 1.2 mmol) in 

2 ml of carbon tetrachloride at 0' was added 1 (0.15 g, 
1.2 mmol). The reaction was complete after 5 min. At 
this point the n.1n.r. was con~plex but corresponded to a 
mixture of the two epimeric A'-pyrazolines 17 and 18; 
i.r. 4.42 p (unconjugated nitrile); n.m.r. 17, (CC1,) 6 5.35 
(X component of ABX, 0.4H, H-5) ca. 2.15 (AB com- 
ponent of ABX, 0.8H, HA, Hs), 1.30 (s, 1.2H, CH,), 0.09 
(s, 3.6H, SiMe,): 18, 4.80 (X component of ABX, 0.6H, 
H-51, cn. 1.6 (AB of ABX, 1.2H, HA, HE), 1.48 (s, 1.8H, 
CH,), 0.05 (s, 5.4H, SiMe,) p.p.m. 

After standing for 2 h the mixture of 17 and 18 had 
completely isomerired to 5-cyano-3-methyl-3-trimethyl- 
silyl-2-pyrazoline, 19, which was obtained as an oil (0.15 g, 
71%) on evaporation of the volatile materials; i.r. (film) 
2.95 (NH), 4.50 (C-N), 8.0 (Si-CH,) p ;  n.m.r. (CCI,) 
6 6.8(s, IH, NH),2 .6(ABq,2H,  HA, Hs,JAs = 16Hz), 
1.02 (s, 3H, CH,), 0.05 (s, 9H, SiMe,). 

Anal. Calcd. for C8H,,N3Si: C, 52.99; H, 8.33: N,  
23.17. Found: C, 52.50; H, 8.46; N, 23.01. 

When a mixture of 17 and 18, obtained from low tem- 
perature addition of 1 to acrylonitrile, was refluxed for 
114 h with methanol the exclusive product is 19. 

The Additiorl of Diazonlkane 3 to Aoylolzifrile 
A solution of 1-triphenylsilyl-1-diazoethane (0.43 g, 1.37 

mmol) in 3 ml of acrylonitrile was completely decolorized 
after 114 h. The solvent was removed under reduced 
pressure, the residue was taken up in carbon tetrachloride, 
and the n.m.r. spectrum was consistent with a mixture of 
20, 21, and 22. Heating the solution for 114 h at 60" 
resulted in completion conversion to 22, which could be 
crystallized to afford 0.36 g (72%) of white needles from 
benzene-hexane, n1.p. 184-186'; n.m.r. (CC1,) 6 7.2-7.6 

;: 1,3 CYCLOADDITIONS 3483 

(m, 15H, Ph,Si), 3.0 (AB q, 2H, J = 17 Hz, HA, H,), 1.30 
(s, 3H, CH,) p .p .n~. ;  i.r. (CCI,) 2.95 (NH), 4.50 (CEN), 
7.0 (SiPh) p. 

Anal. Calcd. for C,,H21N,Si: C, 75.13; H, 5.76; N, 
11.43. Found: C, 75.03; H, 5.53; h, 11.06. 
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Chlorine Nuclear Quadrupole Resonance Spectra of 1-Substituted 
2-Chloropolyfluorocycloalkenes 
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LIAN SAI CHIA, WILLIAM R. CULLEN, MICHAEL C. L. GERRY, and POR SIEW YIAW. Can. J. 
Chem. 52. 3484 (1974). 

Chlorine nuclear quadrupole resonance frequencies are reported for the con~pounds 
m 

YC=CCI(CF2),, (n = 2,3,4; Y = H, CH,, C2H,, Si(CH,),, F, OCH,, N,, NR,, CI, SCH,, 
P(C6H5)2, As(CH,)~, Mn(CO),, T I - C ~ H , F ~ ( C O ) ~ ,  but not all combinations). The values 
range from 38.999 MHz (n = 3; Y = F) to 34.668 MHz (n = 2; Y = TI-C,H,Fe(CO),) 
and are roughly related to the electronegativity of Y and to the ring size. The mean tempera- 
ture coefficients of the frequencies lie in the range -0.9 x to - 1.8 x 10-4/"K. 

LIAN SAI CHIA, WILLIAM R. CULLEN, MICHAEL C. L. GERRY et POH SIEW YIAW. Can. J. 
Chem. 52, 3484 (1974). 

On rapporte les frequences de resonance quadrupolaire du chlore dans les composes 

Y~=ccI(CF~) , ,  (n = 2,3,4; Y = H, CH,, C,H,, Si(CH,),, F, OCH,, N,, NR2, CI, SCH3, 
P(CbH5)2, As(CH,)~, Mn(CO),, T [ - C ~ H ~ F ~ ( C O ) ~ ,  ~nais  toutes les co~nbinaisons n'ont pas 
Cte inclus). Les valeurs s'etalent entre 38.999 MHz (n = 3; Y = F) a 34.668 MHz (n = 2; 
Y = TI-C,H,F~(CO)~)  et sont generalement relikes a 1'electronCgativite d'Y et a la grandeur 
du cycle. Les coefficients de temperature moyenne des frequences varient entre -0.9 x lo-' 
a -1.8 x 10-4i0K. [Traduit par le journal] 

Introduction 
Although extensive chlorine nuclear quad- 

rupole resonance (n.q.r.) spectral studies of 
chlorinated hydrocarbons have been made 
(1-3), there are few corresponding studies 
on  chlorinated polyfluoroaliphatic compounds. 
T o  our knowledge, data for only five poly- 
fluoroalkenes have been reported in the literature 
(4-6) prior to the present work in spite of the 
fact that the chemistry of fluorocarbon com- 
pounds is quite different from that of their 
hydrocarbon analogs (e.g. the double bond of a 
fluoroalkene is electron deficient, whereas that 
of a hydroalkene is usually electron rich (7)). 
Thus, it seemed desirable to study the chlorine 
n.q.r. spectra of a range of chloropolyfluoro- 
alkenes. In  particular in recent years, a number 
of substituted chloropolyfluorocycloalkenes 
m 

YC=CCl(CF,),, has been synthesized. These 
compounds, which have a vinylic substituent Y 
and a vinylic chlorine atom on the adjacent 
carbon atoms, are somewhat related to  ortho 

substituted aromatic compounds, and data for 
them are presented in this paper. 

In earlier studies I9F n.m.r. data for 
some substituted perfluorocyclobutenes, - 
YC=CF(CF,), have been described (8, 9). One 
interesting feature is the large variation in 
chemical shift of the vinylic fluorine atom. 
Notably when Y is a NR, group, the resonance 
of the vinylic fluorine is well upfield. Cullen and 
Dhaliwal have rationalized this in terms of 
a shielding of the vinylic fluorine atom due 
to contributions from canonical forms such as 

R,N=&-CF(CF,),. Since n.q.r. is a powerful 
0 0 

tool for elucidating electronic effects, chlorine 
n.q.r. studies on the related systems 
m 

YC==CCI(CF,),, with Cl replacing F might be 
expected to show parallel behavior. 

Experimental 
The 1,2-dichloropolyfluorocycloalkenes 

'This work includes part of the material submitted by (n = 2,3,4) and 2,3-dichlorohexafluorobutene were ob- 
Lian Sai Chia and Poh Siew Yiaw in partial fulfilment of tained from Peninsular Chemresearch Inc., Gainesville, 
the requirements for the Ph.D. and B.Sc. degrees, Florida. The deriqatives of these compounds were 
respectively, University of British Columbia. prepared by literature procedures as indicated in Table 1. 
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CHIA ET AL.: N.Q.R.  SPECTRA OF CYCLOALKENES 3485 

TABLE 1. 35C1 n.q.r. frequencies for chloropolyfluoroalkenes at - 196' (in MHz)" 

F2 F, F, F? I-, F 2 0 F 2  Reference 

Y .mi ybc, No. 

OMe 

N3 

H 

NMe, 

Me 

Et 

SiMe, 

SMe 

'lExperimental uncertainty is k 0.050 MHz. Figures in parentheses are signal-to-noise ratlos. 
bNo n.q.1. signal was obtained. 
CFrom ref. 5.  
dFrom ref. 6. 

The  desired products were purified by distillation or 
recrystallization, and identified by rneans of their b.p. 
or n1.p. and known i.r., ' H  n.1n.r. and "F n.m.r. spectral 
data. 

Initial 1l.q.r. nleasurenlents were made with the 
spectrometer described previously (10). These were 
repeated and extended with a Decca instrument using 
Zee~nan modulation. The resonance frequencies were 
measured with the aid of the frequency marker on the 
instrument and checked with a Hewlelt Packard 5246L 
electronic counter. 

Variable temperature studies were done by allowing 
the sample to warm from liquid nitrogen temperature. 
By this means a slow temperature variation from 
- 196 ' C  to room temperature was obtained in about 
4 h. Temperatures were measured with a calibrated 
copper-constantan thern~ocouple. 

Results and Discussion 

although they are not listed In all cases these 
Mere of loner intensity and their frequency was 
approxinlately 1 27 tlmes that of the 35CI 
signal, cons~stent ulth the expected value 

For chlorine (I  = 3 ' 2 ) ,  the n q r frequency is 
related to the coupl~ng constant by the equation: 

Howeker, since the C1 atoms in the compounds 
studied are involved in only one bond, q will 
probably be less than 0.2. so the error caused by 
neglecting 11 is less than 0.7% (2)). Thus, t o  a 
good approximation, the coupling constant 
can be obtained simply by doubling the ob- 
served frequency 

The 3 5 ~ 1  n q.r. frequencies observed for the 
con~pounds  lnvestlgated are listed in Table 1.  Subsfrtuent Efects 
Some of the compounds, not unexpectedly, have From Table 1 lt can be seen that the chlor~ne 
mole s ~ g ~ l a l s  than the number of chlorine atoms n.q r. frequencies of the cyclobutene compounds 
111 the inolecule. The corresponding "Cl decrease In the order 11sted: F > Cl > 0 M e  > 
resonance frequencies were also measured N, > H > NR2 > Et  > SlMe, - SMe - 
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AsMe, - PPh, > Mn(CO), > (n-C,H,)Fe- 
(CO),. The order is essentially that of decreasing 
electronegativities of the substituents. The 
implication then is that the variations in n.q.r. 
frequencies with substituent are due chiefly to 
inductive effects, though other factors, partic- 
ularly conjugative effects, may also be significant. 
Following Semin and co-workers (1 1) we have 
attempted to put this on a more quantitative 
basis by fitting the data to equations of the 
following form: 

[1 I v = v, + ao, + bo, 

Here v is the n.q.r. frequency. The paranleters 
o, and o, provide a measure of the inductive 
and conjugative transmission effects of the 
various substituents; v,, a, b are coefficients to 
be determined in the fit. The values of the 
o parameters used in the present work are 
taken from Exner (12). 

Least-squares fits were made to eq. 1 for both 
1 m 

YC=CCl(CF,), and YC=CCl(CF,), using o, 
and o, but in most cases the coefficients of o, 
had standard errors larger than the value of b 
itself. Thus the dependence on o, was in- 
determinate, and the dependence on o, alone 
was evaluated as follows. 
1 

For YC=CCl(CF,), : 

[2] v = (36.211 & 0.181) + (2.723 + 0 . 5 6 9 ) ~ ~  
(R = 0.89) 

rn 
For YC=CCl(CF,), : 

There is a fairly reasonable dependence on o,, 
although for the cyclopentenes the coefficient 
of o, has again a rather large standard error. 
Two noteworthy points emerge: (i) The values 
of 'a' in eqs. 2 and 3 are the same within their 
standard errors, suggesting that the dependence 
on 0, is purely a function of the substituent and 
independent of the rest of the ring. (ii) The 
correlation of v with o, is only fair in both cases. 

The most likely cause of the scatter is dif- 
ferences in extra-molecular potentials caused 
by variations in the crystal lattice sites of the 
chlorine atoms. These typically result in fre- 
quency variations of up to +0.5 MHz (13) in 
organic molecules. Since the molecules con- 
sidered here are rather complex, with complex 

substituents, large variations in crystal structure, 
and consequent scatter of the n.q.r. frequencies 
can be expected. Steric effects of the sub- 
stituents might also give small frequency 
variations, and there might also be differences in 
the C=C angle and C-C1 bond length 

'c1 
having similar effects. All these contributors 
could well mask any dependence of frequency on 
oc. 

The n.q.r. data can basically be rationalized 
in terms of two simple canonical forms, namely 
1 and 2, in which C1 is covalently (by a single 
bond) and ionically bonded, respectively, to 
carbon. By analogy with other ethylenic com- 

1 2 

pounds (14, 15), these forms probably cohtribute 
roughly 70 and 20%, respectively, to the re- 
sonance hybrid, with the result that e2Qq for 
35Cl is approximately 70 MHz, as found in 
this work. As the electronegativity of the sub- 
stituent Y increases, the s-character of carbon 
in the C-Cl bond increases; this in turn in- 
creases the electronegativity of the carbon atom 
and decreases the ionic character of the C-Cl 
bond (i.e. decreases the contribution of structure 
2) (15). Since e2Qq of C1 in 2 is zero, the net 
result should be an increase in n.q.r. frequency 
with electronegativity (and o,) of Y, as found. 

As mentioned in the introduction, electro- 
negativity alone cannot be used to rationalize 
the 19F chemical shifts of the vinylic fluorine 

m 
atom in the compounds YC=CF(CF,), and 
contributions from canonical forms, of the type 3 
(X = F) needed to be considered (8, 9). Al- 
though there is a good correlation (R = 1.00) 
between v (35C1) and 6 (19F) for the compounds 
I 

YC=CXCF,CF, (X .= C1 or F) for Y = F, 
OCH,, N(CH,), (V = (45.933 f 0.303) - 
(0.062 + 0.002)6) which suggests they are 
affected by the same factors, the relationship 
fails when compounds with other groups Y 
are included. Overall there appears to be no 
obvious relationship between the n.q.r. fre- 
quency and the corresponding 19F chemica! 
shift. Perhaps it is expecting too much for there 
to be one since, as indicated above, canonical 
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forms such as X and 2 are needed to rationalize 
the n.q.r. data but canonical forms such as 
3 and 4 appear to make a significant contribu- 
tion to the resonance hybrid when X = F. 

Indeed the known (7) great susceptibility of 
vinylic fluorine atoms to nucleophilic attack 
when Y is an electronegative group is indicated 
by 4. Its diminished activity (but still great) 
when Y is N(CH,),, OCH, etc. is indicated by 3. 
Canonical form 3 may give a hint as to why 
when Y = F, OCH,, N(C,H,), there is the 
correlation between v(,~CI) and 6(19F) for this 
restricted group. Interestingly this same small 
group together with Y = N, can be fitted to an 
equation of the type [I]  with a good correlation 
(R = 1.00) with both o, and o, (v = (35.103 + 
0.016) + (5.220 + 0 . 0 2 6 ) ~ ~  - (0.736 F 0.016)oc) 
which could be an indication that canonical 
forms such as 3 do make a small contribution 
when X = C1. 

Effect of Ring Size 
From Table 1 it can be seen that the resonance 

frequency of the ring compounds increases as 
the ring size increases. Two reasons can be 
suggested for this change. Firstly, the increase 
in the number of electron withdrawing CF, 
groups will decrease the contribution from 2 
and hence increase the frequency. Secondly, the 
increase in the exocyclic 

C=C and C=C 
/ 

Y Ll 

bond angles will decrease the s-character of 
C in the C-C1 bond, and hence increase the 
effective electronegativity difference between C 
and C1. However, 2,3-dichlorohexafluorobutene, 
which should have essentially the same exocyclic 
bond angles as 1,2-dichlorooctafluorocyclo- 
hexene, has a higher frequency (6) (39.491 MHz) 
than the latter (38.666 MHz), which could 
indicate that the former is the main reason, 
provided these small differences are significant. 

The n.q.r. frequencies of 1,2-dichlorodi- 
fluorocyclopropene at - 196" are 38.14, 38.37, 
38.58, and 38.75 MHz (4). Here the vinylic 
chlorine atoms have higher resonance fre- 

quencies instead of lower than those of 1,2- 
dichlorotetrafluorocyclobutene. This may be due 
in part to a contribution from the ionic form 

C1 

to the ground state of the former compound. 
The canonical form 5, which is in this particular 
case favored because of its aromaticity, results 
in reduced withdrawal of charge from the ring to 
chlorine. 

Temperature Dependence of n.q.r. Frequencies 
The temperature dependence of the resonance 

frequency of hydrocarbons has been well 
documented (2, 13) but little is known about 
fluoroalkenes. Figure 1 shows the temperature 
dependence curves of some of the fluoro- 
cycloalkenes investigated here. The frequency 
decreases with increasing temperature which 
is the same behavior expected from Bayer's 
theory (16), although the curvature of curve lz 

TEMPERATURE (OC) 

FIG. 1 .  Temperature dependence o f  the resonance 
I 

frequency of YC=CCl(CF,), (n = 2 ;  (a) Y = OMe, 
(b) Y = SiMe,, (c )  Y = Mn(C0)5,  n = 3;  ( d )  Y = F ;  
( e )  Y = C l ,  (f) Y = H ;  ( g )  Y = A s M e 2 ;  n = 4 ;  
(h)  Y = Cl). 
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seems abnormal. The shape of each curve is 8. W. R. CULLEN, P. S. DHALIWAL, and G. E. STYAX. 

smooth, indicating that there are probably J. Organometal. Chem. 6, 364 (1966). 
no phase transitions In the reg,on Investigated. 9. W. R. CULLEN and P. S. DHALIWAL. Can. J. Chem. 

45, 719 (1967). 
The mean coefficients a -- -0.9 10. J. K. B. BISHOP, W. R. CULLEN, and M. C. L. 

to -1.8 x lop4 O f (  are not unusual (2, 3, GERRY. Can. J .  Chem. 49, 3910 (1971). 
17). 11. G. K. SEMIN, A. A. NUMYSHEVA, and T. A. BABUSH- 

K I ~ A .  Izv. Akad. Nauk. SSSR, Ser. Khim. 2, 486 
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The Proton Magnetic Resonance Spectrum ofp-Methylbenzylbromide. 
Conformational Preference of the Bromomethyl Rotor 
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KALVIN CHUM, J. BRIAN ROWBOTHAM, and TED SCHAEFER. Can. J. Chem. 52, 3489 (1974). 
A complete analysis is given of the nine-spinproton magnetic resonance spectrum of p-methyl- 

benzyl bromide as a 20 mol% solution in acetone-d6. The long-range coupling constants between 
methyl and ring protons are the same as those in toluene. The coupling constants between the 
methylene protons and the other protons in the molecule are consistent with a two-fold barrier 
of 500 2 200 cal/mol for the bromomethyl group, the preferred conformation having the C-Br 
bond in a plane perpendicular to the aromatic plane. An alternative model, in which a C-H 
bond of the bromomethyl rotor prefers the aromatic plane to the extent of 3 kcal/mol, is 
considered unlikely. 

KALVIN CHUM, J. BRIAN ROWBOTHAM et TED SCHAEFER. Can. J. Chem. 52,3489 (1974). 
On donne une analyse complete du spectre de resonance magnttique nucleaire du proton 

pour les neuf spins du b r o m ~ ~ r e  de p-methylbenzyle en solution a 20 m o l z  dans I'acCtone-d,. 
Les constantes de couplage a longue distance entre le methyle et les protons du cycle sont les 
mCmes que celles observees dans le toluene. Les constantes de couplage entre les protons 
methyleniques et les autres protons de la molecule sont en accord avec l'hypothese que la 
rotation du groupe bromomethyle implique une barriere binaire possedant une tnergie de 
500 200 cal/mol et que le groupe bromomethyle existe dans une conformation privilegike 
impliquant un lien C-Br dans un plan perpendiculaire au plan du noyau aromatique. On 
considere comme improbable le modele dans lequel un lien C-H du rotor bromomethyle 
serait dans le plan aromatique jusqu'i concurrence de 3 kcal,'mol. 

[Traduit par le journal] 

Introduction 
The long-range spin-spin coupling constants 

between protons or fluorine nuclei in methyl or 
fluoromethyl groups and the ring protons in 
toluene and its derivatives are stereospecific 
(1-6). The coupling over six bonds, 6J/,CH or 
6 j  H.CF h , as a sin2 0 dependence, 0 being the 
angle defined in 1, and is transmitted by a o-n 
electron mechanism (4, 7). Its magnitude also 

----- c ------  
0 9  \ 

,, plane 

H H 

depends on the electronegativity, Ex, of the sub- 
stituent, X (3). The couplings over five bonds, 
5J,H,CH, and four bonds, 4,70H,CH, have a more 
complex dependence on 8 (4, 7, 8). 

In principle, the preferred conformation about 
the Csp2-Csp3 bond can be deduced from these 
couplings. When the barrier to rotation is large, 

'Research Assistant. 
2Research Associate 1973-1974. 

say 2 kcal/mol or more, the ground state confor- 
mation is well defined and can be easily deduced 
from the magnitudes of the coupling constants 
(2, 3, 6). When the barrier is low, conformational 
preferences can still be identified under favorable 
circumstances. For example, a recent analysis (5) 
of the spin-spin coupling data on benzal fluoride 
and a number of its dichloro derivatives, suggests 
a barrier of rather less than 0.5 kcal/mol (almost 
free rotation) and a ground state conformation 
in which the C-H bond of the CHF, group lies 
in the plane of the ring. An ab initio molecular 
orbital calculation gave the same ground state 
and a barrier of 0.180 kcal/mol (9). 

Such a calculation predicts a similar barrier 
in benzyl fluoride, the C-F bond favoring an 
in-plane conformation. The proton magnetic 
resonance spectrum of this compound has not 
yet yielded to analysis. 

As the size of the substituent, X, in the CH,X 
group increases, an in-plane conformation of the 
C-X bond becomes less favorable for steric 
reasons and it is interesting to see whether the 
coupling constants will reflect the situation. Con- 
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TABLE 1. Proton chemical shifts* and coupling constants? of p-methylbenzylbromide in acetone 

LAME 
Parameter LACX NUMAR 

decoupling CH, and CH, CH3 CH 2 - 

5JpH,H 

4J H , C H J  

JJ H , C H )  

4J H.CH2Br 
0 

5J H,CH2Br 
m 

7J CH2.CH3 

Root mean square error 
Largest error 
Lines assigned 
Lines calculated 

"In Hz to low field of internal tetramethylsilane for a 20 m o l z  acetor 
?In Hz, see 2 in text for labelling of ring protons. 
$Probable errors. 

sequently, the p.m.r. spectrum of p-methyl- 
benzylbromide, 2, was analyzed as a nine-spin, 
[AB],X,R, system. The methyl group actually 
simplifies the analytical procedure and its coup- 
ling data serve as a reference point in the discus- 
sion of the coupling between the methylene pro- 
tons and the ring or methyl protons. Comparison 
with data for related molecules and with molec- 
ular orbital calculations may then yield confor- 
mational information about the CH,Br group. 

Experimental 
A 20 m o l z  solution of recrystallized p-methylbenzyl- 

bromide (Koch-Light) in acetone-&, containing a small 
amount of tetramethylsilane (TMS), was degassed by the 
freeze-pump-thaw technique. Proton magnetic resonance 
spectra were calibrated on an HAlOOD spectrometer at  
sweep rates of 0.01 and 0.02 Hz/s in a manner described 
previously (10). The acetone solution had a spectral range 
sufficient for accurate analyses. Decoupling experiments 

~e-d ,  solution at 100 MHz. 

yielded the four-spin ring proton spectrum, [AB],, the 
six-spin spectrum, [AB],X,, and the seven-spin spectrum, 
[ABIzRz. 

Results and Discussion 
Spectral Ar~alysis 

The four-spin system was analyzed with the 
computer program LACX (1 l), yielding the ring 
proton spectral parameters in column 2 of Table 
1 .  The six- and seven-spin spectra were analyzed 
with the program LAME (12) and gave the re- 
sults in columns 3 and 4 of Table 1.  As shown in 
the table, most calculated transitions were as- 
signed, 208 of the 21 5 calculated transitions being 
assigned in the seven-spin system. 

The non~terative program NUMAR (13) gave 
fits to the nine-spin spectrum. Initial calculations 
took mean values of the spectral parameters from 
the LAME results, and 7JpCH2sCH3 was varied be- 
tween 0.25 and 0.40 Hz in steps of 0.05 Hz. For 
each value of this coupling the line widths at 
half-height were varied between 0.15 and 0.20 Hz 
and asymmetry factors (14) of 0.7 and 0.6 were 
tried. Later calculations included variations in 
the couplings between ring and side-chain pro- 
tons. The final parameters are glven in column 5 
of Table 1.  The final fit gave 7 ~ p C H 2 , C H 3  as 0.34 
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figure caption). T I  measurements are needed for 
an elucidation of this fact. 

, " y p .  ,;,/:/: ;. " 1 . 1  
Long-range Couplings and Confortnational 

C*? 

1 ( I:' i, Preferences 
l 1  1 / '>, ('a) Methyl Proton - Ring Proton Couplings 

1 ,  : ,  I : ,.. 4J,H,CH3 is -0.72 0.01 Hz and 5 ~ m " , C H 3  is , r > , j  1 ",: V " ', ' u '+;u$! ., "".:J \ 0.36 i 0.02 Hz in p-methylbenzyl bromide, well 
-2.. 

-.-' within experimental error of the corresponding 
--- - . - 1 values in toluene ( I ) .  These results bear out prev- 
1 .= m - - 4 ious statements (3) that such long-range cou- 

i ~ 1 1  " plings are insensitive to solvent and ring sub- 
;Ill (I stituent effects. In toluene, the barrier to rotation 
1 a 1''; is 0.014 kcal/mol (Is) ,  so that the observed cou- 
I 
I I 1 1  plings are those for free rotation of the methyl 

FIG. 1. The observed (top) and calc~~lated ring p.1n.r. 
spectrum of p-methylbenzyl bromide as a 20 mol % solu- 
tion in acetone-d,.The freq~~ency scale is in I-lz at 100 MHz 
to low field of internal tetramethylsilane. The calc~llated 
spectrum assumes a line width at half-height of 0.2 Hz 
and an asymmetry factor of 0.5. Note that the line width 
of the HA protons is observed to be larger than that of 
the H, protons. 

FIG. 2. The observed and calculated spectra of the 
methylene and methyl protons of p-methylbenzyl bromide 
under conditions descr~bed In the caption to Fig. 1. The 
calculated spectra assume a line u ~ d t h  of 0.2 Hz and an 
asymmetry factor of 0.6. In both u and b the calculated 
spectrum occurs at  the left. 

group. 
(b)  Coupling Ocer Secen Bonds, 7 ~ p C H 2 , C H 3  
In compounds of the type 3 it has been shown 

that 6 ~ p H . C H 2 X  decreases in magnitude as the 

electronegativity E X  increases (3). In particular, 
6JpH,CH3 is -0.63 Hz in 3 (X = H) and is -0.61 
Hz in toluene. One may write (3, 16) 

where 0 is defined above, and for free rotation 
(sin2 8 )  = 0.5. Therefore B = - 1.2, Hz. When 
X = Br in 3, 6~,y,CH2 is -0.21 Hz (3) SO that B 
becomes -0.84 Hz, because 0 = 30'. 

In p-xylene (8) and various derivatives (7, 8) 
7JpCH3,CH3 has the same magnitude as, but oppo- 
site sign to, 6 ~ p " , C H 3  in toluene, as expected for a 
mechanism in which o-n interaction occurs be- 
tween the C-H bonds of the side chain and the 
n electron system of the aromatic ring. Hence 

Hz, values of 0.30 or 0.38 Hz leading to marked Br 

/Br  deviations of the calculated from the observed ----H-c---- I ---- c ---- /H 
-.-. Br-C - - - -  

spectra. \ H H' \H 'H 

In Figs. 1 and 2 the observed and calculated 4 5 6 

spectra indicate good agreement and suggest the 
reliability of the parameters. The line widths of one may use the value of 0.34 Hz for 7JpCH2,CH3 
the ring protons ortho to the CH,Br groups were in p-methylbenzyl bromide in an attempt to dis- 
larger than those of the other ring protons (see criminate among 4, 5, 5, and/or a free rotation 
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TABLE 2. Computed long-range proton-proton coupling 
constants of the methyl or methylene protons in toluene and 

benzyl fluoride by INDO MO FPT'j' 

*The angle 0 is defined by 7 of the text. 
TSee 7 in the text for the definition of the H' in4J,'''.C"2F. AS 0 increases, the C-F 

bond moves farther out of the aromatic plane. 

energy confirmation, the observed value of 
4 ~ 0 H , C H 2  being -0.41 Hz. In view of the approx- 
ilnations underlying this estimate, the rough 
agreement is hardly a confirmation of the con- 
clusions based on 7J. However, it is encouraging 
to note that 6 is contraindicated as the low energy 
form, in agreement with the 7.J data and with 
chemical intuition based on steric interactions. 

( c )  Couplilig Ot'er Five Bonds, 5 ~ , , H , C H 2  

The INDO values for benzylfluoride are given 
in Table 2, their mean value being 0.66 Hz. For 
toluene the mean of the 'J values, also calculated 
a t  15" intervals in the angle 0, is 0.69 Hz (41, in- 
dicating an inappreciable change in 'J induced 
by an electronegative atom. The theoretical J 
values in Table 2 yield 0.65, 0.55, and 0.78 Hz 
for 4, 5, and 6, respectively. 

It  is known that INDO overestinlates 'JmH.Ct13, 
in that 5J,H,C'13 in toluene is 0.36 Hz (1), whereas 
the calculated value is 0.69 Hz for free rotation. 
Reduction of the predicted values by 0.36!0.69 
gives 0.34, 0.29, and 0.40 Hz for 4, 5, and 6, 
respectively. The observed value in p-methyl- 
benzylbromide is 0.27 Hz. 

We do not suggest that ,J and 5Jcan be used to 
determine the barrier to rotation nor the pre- 
ferred confor~nation of the bromomethyl group 
(although 6 does appear to be an unlikely can- 
didate for the stable form). It does appear, how- 
ever, that the above discussion indicates the ab- 
sence of glaring contradictions between the con- 

clusions based on 7J  and the magnitudes of 4J 
and 5J in p-methylbenzylbromide. 

( e )  Solcent Efects on Co~for~nutionul Stobilit}. 
The classical solvation theory of Abraham 

et ul. (21, 22) implies that the more polar solute 
conformer is favored by an increase in the di- 
electric constant of the solution. Although ac- 
etone has a relatively high dielectric constant, 
the dipole moments of 4, 5, and 6 differ at most 
by O.1.D in 1.6 D,  6 having the lowest mon~ent. 
This statement is based on CNDO/2 and lNDO 
calculations on benzyl fluoride. It is apparent that 
solvation energy differences are very small and 
that the Kerr constant data in CCl, solution (19) 
may be compared with spin coupling data in 
acetone solution. The difference in dipole 
moments between 4 and 5 is about 0.02 D. 

Conelusions 
To conclude, the long-range proton-proton 

spin-spin coupling constant in p-methylbenzyl- 
bromide are interpreted in terms of a two-fold 
barrier to internal rotation of about 500 cal/mol 
for the bromomethyl rotor. The stable conforma- 
tion has the C-Br bond in a plane perpendicular 
to the aromatic plane. An alternative but un- 
likely model implies a barrier of at  least 3 
kcal/mol with a low-energy conformation in 
which a C-H bond of the CH,Br group prefers 
the plane of the aromatic ring. The barrier of 
500 cal/mol compares with an ub initio molecular 
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orbital calculation 49) on benzyl fluoride in which 9. W. J. HEHRE, L. RADOM, and J. A. POPLE. J. Am. 

the C-F bond prefers the aromatic plane by Chem. Sot. 94, 1496 (1972). 

250 cal/mol. 10. R. WASYLISHEN and T. SCHAEFER. Can. J. Chem. 49, 
94 (1971). 
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K Y ~ J I  SHIMAKA and GORDON R.  FREEMAI. Can. J. Chem. 52,3495 (1974). 
Radiolysis free ion yields were measured as f~rnctions of electric field strength and tempera- 

ture in benzene, toluene, 1,2-, 1,3-, and 1,4-dimethylbenzene, 1.2,3-, 1,2,4-, and 1,3,5-trimethyl- 
benzene, 1,2,3,4- and 1,2,4,5-tetramethylbenzene, pentamethylbenzene, hexamethylbenzene, 
naphthalene, and anthracene. Secondary electron ranges bCP were estimated from the yields. 
The density-normalized ranges bG,d were almost constant, 34-38 x lo-' g/cm2, from benzene 
up to the tetramethylbenzenes, then increased to 47 x in pentarnethyl- and 52 x in 
hexamethylbenzene. In naphthalene and anthracene the normalized ranges Mere 32 and 
-20 x lo- '  g/cm2, respectively. Electron mobilities in the liquids at  293 K ,  and their activa- 
tion energies, expressed in (cm2/V s, kcal!mol) were: benzene (0.1 14, 7.4); toluene (0.063, 3.4); 
1,2-dimethylbenzene (0.018,4.4); 1,3-dimethylbenzene (0.057, 4.5); 1,4-dimethylbenzene (0.062, 
-); 1,2,3-trimethylbenzene (0.022, 4.8); 1,2,4-trimethylbenzene (0.035, 4.3); 1;3,5-trimethyl- 
benzene (0.17, 3.2); 1,2,3,4-tetramethylbenzene (-0.02, 5). The mobilities reflect migration 
retarding influences of the aromatic ring and molecular asymn~etrp, and a slight ring-shielding 
effect of methyl groups that tends to enhance the mobility. 

KYOJI SHINSAKA et GORDON R.  FREEMAX. Can. J. Chem. 52.3495 (1974). 
Les rendements radiolytiques en ions libres ont ete mesures en fonction du champ electrique 

et de la temperature, en phase liquide, dans le benzene, le toluene, le di-, tri-, tetra-, penta-, et 
hexamethylebenzene, le naphthalene et l'anthracene. Les parcours b,, des electrons secondaires 
ont Cte deduits a partir de ces rendements, et normalists en les multipliant par les densites d des 
liquides: b,,d = 34-38 x g/cm2 dans le benzene, le toluene, et les di-, tri- et tetra- 
methylebenzenes; b,,d augmente a 47 x g/cm2 pour le pentamethyl et atteint 52 x 
lo- '  g/cm2 avec I'hexarnethylebenzene. Pour le naphthalene et l'anthracene, les parcours 
normalists sont respectivement de 32 et -20 x lo-' g/cm2. Les mobilitCs des electrons a 293 K 
et les energies d'activation correspondantes, en unites de (cm2/V s, kcal{mol), sont (0.1 14, 7.4) 
pour le benzene, (0.063, 3.4) pour le toluene, (0.018, 4.4) pour le dimethyl-1,2 benzene, (0.057, 
4.5) pour le diniethyl-1,3 benzene, (0.062, -) pour le dimethyl-1,4 benzene, (0.022, 4.8) pour le 
trimethyl-1,2,3 benzene, (0.035, 4.3) pour le trimtthyl-1,2,4 benzene, (0.17, 3.2) pour le tri- 
methyl-1,3,5 benzene, et (0.02, 5) pour tetramethyl-1,2,3,4 benzene. L'asymetrie moleculaire et 
une certaine affinite du noyau aromatiq~re entravent la migration de l'electron, a l'inverse de 
]'effect ecran dii aux groupements niethyles. Les niobilites refletent ces diverses influences. 

Introduction 
Liquid aromatic hydrocarbons are poorer 

insulators than are liquid alkanes (1-6). The 
conductance of the former is several orders of 
magnitude larger than that of the latter. I t  has 
been suggested that the conductance of liquid 
benzene and methyl-substituted benzenes is due 
to electron transfer from molecule to molecule 
by a hopping mechanism (4, 5). The activation 
energy of conductance (9.7 f 0.2 kcal/mol, 
40 k 1 kJ/mol) is four-fold greater than that of 

'Assisted financially by the National Research Council 
of Canada. 

'1. W. Killam Memorial Postdoctoral Fellow, 1971- 
1973. 

viscous flow (2.3 kcal/mol, 10 kJ/mol), which 
seems to indicate that the contribution of ionic 
diffusion is negligible (4). The activation energy 
of anionic mobility E-  in liquid hydrocarbons 
is equal and opposite to that of viscosity En, 
while that of cationic mobility E+ is E+ z 
-(l.O - 1.5)En (7). 

The conductivity K of a liquid is proportional 
to the sum of the products of the charge carrier 
concentrations n i  and their mobilities ui. 

where zie is the charge on carrier i and z ,  may 
be assumed to be unity in liquid hydrocarbons. 
The Arrhenius temperature coefficient of con- 
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TABLE 1. Specific conductances of purified liquids 

Melting Specific conductancea 
Liquid point (K) T (K) (lo-' '  W1 cm-l) 

Benzene 
Methylbenzene 
1,2-rlitnethylbenzene 
1,3-Dirnethylbenzene 
1,4-Dimethylbenzene 
1,2,3-Trimethylbenzene 
1,2.4-Trimethylbenzene 
1,3,5-Trlmethylbenzene 
1,2,3,4-Tetramethylbenzene 
1,2,4,5-Tetramethylbenzene 
Pentamethylbenzene 
Hexamethylbenzene 
Naphthalene 
Anthracene 
Cyclohexane 
Neopentane 

o~Measured at  temoerature 7 and d.c. field 19 k v ' c m  about  0.5 h after the field \%as auulied 
hA~.rhenius activaiion energy o f  specific conductance. 
<Erratic change with temperature. 
*Benzene given a preliminary treatment \+ith acid. 

ductance is equal to the weighted sum of those anthracene came in sealed glass ampoi~les containing an 
of n ,  and ui. The above mentioned activation inert atlnosphere. 

The standard purification for compounds that were energy of conductance of benzene and the liquid at room temperature was to pour -50cm3 of 
methyl benzenes might therefore indicate a n  liquid into a reservoir on a grease-free vacuum line, 
appreciable temperature dependence of the bubble for 30 min with ultrahigh purity argon, degas by 
charge injection mechanism rather than an 
unusually large temperature coefficient of elec- 
tron transport. 

Values of electron mobilities in benzene and 
toluene have been reported (S), but not their 
temperature dependences. The present article 
records electron mobilities and activation ener- 
gies in benzene and a series of methyl-substituted 
benzenes. The data provide a test of the proposed 
conductance mechanism in the liquid be~lzenes 
( 5 )  and extend knowledge about electron trans- 
port processes in liquids. 

Penetration ranges of low energy (secondary) 
electrons into liquid aromatic hydrocarbons, 
including naphthalene, are also given. 

Experimental 
Materials 

The benzene was Phillips Research Grade, with stated 
purity 99.973. The methyl-substituted benzenes were ob- 
tained from Chemical San~ples Co. The stated purities 
were 99.9z,  except those of 1,2,3-trimethyl- (99%), 1,2,4- 
trimethyl- (99.6%), l,2,3,4-tetramethyl- ( 9 9 3 ,  1,2,4,5- 
tetramethyl- (99.8731, pentamethyl- (9973, and hexa- 
methyl- (99%) benzene. 

Zone refined naphthalene and anthracene, each 99.9z 
pure, were obtained from Aldrich Chemical Co. The 

evacuation for a minute or t\\o without freezing the 
sample, distil onto -2 g of degassed KOH pellets and 
stir for -3 h, distil onto -2 g of degassed LiAIH, 
powder and stir for -3 h, distil onto -5 g of NalK 
alloy and stir for -15 h, distil into an electrolysis cell 
(stainless steel electrodes) and electrolyse at  1.5 kV,cm 
for -5 h, distil into conductance cell, freeze at 77 K, 
and evacuate to Torr (lo-, ru ' n~-~) .  The cell was 
then sealed with a flame. 

One batch of benzene was given the following pre- 
liminary treatment: shake with concentrated sulfuric acid 
for 5 h, separate from acid and shake with several changes 
of doubly distilled water, separate from water and shake 
1 h with CaO, then distill the benzene from the CaO. The 
benzene was then treated in the usual way with argon, 
KOH, etc. The resulting liquid had a higher specific 
conductance than the benzene that had not been treated 
with acid (Table I) ,  but the free ion yields in the two 
samples were the same, within experimental error. 

Conlpounds that were solid at room temperature were 
treated in a sublimation apparatus. The crystals were 
first evacuated at room tenlperature for -30 rnin to 
remove gas, then melted and the liquid passed through a 
sintered glass plug (150 p mesh) into a reservoir con- 
taining Na;K alloy. The reservoir was then cooled in 
liquid nitrogen and sealed with a flame. The reservoir was 
then warmed to a few degrees above the melting point of 
the hydrocarbon and the material stirred for -5 h. The 
hydrocarbon was then sublimed through a break-seal 
and sintered glass plug into the reservoir of the coi~duc- 
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tance cell. After final pumping at  77 K to Torr, the 
cell was sealed with a flame. 

The Na/K alloy treatment was omitted for hexa- 
methylbenzene, due to the high temperatures involved, 
and for naphthalene and anthracene, due to their reac- 
tivity with the alloy. 

The specific conductances of the purified aromatic 
hydrocarbon liquids were in the vicinity of 10-16 Q-'  
cm-I at 292 K and increased with temperature (Table 1 ) .  
The values for benzene and toluene were two orders of 
magnitude smaller than those reported earlier for the 
liquids containing air ( 5 ) ,  and an order of magnitude 
smaller than that reported for freshly distilled and 
degassed benzene (4). The conductance of our di- and 
trimethylbenzenes were mostly an order of magnitude 
smaller than those reported for the liquids containing air 
(5) .  The activation energies of conductance were similar, 
within a large experimental scatter (Table l), and may be 
taken to be 8 i 2 kcal/mol, independent of the presence 
(5) or absence of air. The observed activation energy does 
not indicate an  electron hopping mechanism ( 5 ) ,  since the 
electron scavenger oxygen has no effect on it. The 
magnitude of the conductance seems to be governed by 
impurities and the high activation energy is not under- 
stood. 

By comparison, the specific conductances of cyclo- 
hexane and neopentane purified in a similar manner were 
each 2 x 10-l9 R-'  cm-' at 293 K, two orders of 
magnitude smaller than those of the aromatic liquids. 

Corzd~tctance Cell 
The cell was a slight modification of that shown in 

Fig. 1 of ref. 9. Copper braid was put on the outside of 
the glass tube containing the high tension lead, in addition 
to that containing the-collector lead, and the two inner- 
ends of the braids were connected by a wire around the 
cell or by soldering part of the braids together. The glass 
tube that covered the lead to the guard ring was cut off 
and the guard ring was grounded to the braid on the 
outside of the collector lead. This modification decreased 
the noise level. The collector electrode area was 7.8 cm2 
and the gap between the stainless steel electrodes was 
3.3 mm. 

Irradiation Procedures and Dosinzetry 
The methods are described in refs. 9 and 10. Briefly, 

a 1 ps pulse of 1.7 MeV X-rays delivered -5 x 10'O eV/g 
to the sample. Free ion yields G f i E  were measured at  
electric field strengths between 2 and 40 kV/cm, using the 
charge clearing technique, and extrapolated to zero field 
strength by means of a theoretical model. Thermal 
electron mobilities u were determined at  field strengths 
between 5 and 20 kV/cm, using the magnitude of the 
electron conductance transient as a measure of Gf iEu  
and taking the ratio ( G r i E ~ / G f , E )  = 11. The positive ion 
mobilities were small compared to those of the electrons. 
Ion conductance transients (11) in the presence of an 
electron scavenger gave mobilities typically 10-4-10-3 
cm2/V s. 

The high temperature samples were thermostated in a 
clear Dewar flask, rather than in an  asbestos box, so that 
the melting of the solid samples could be observed and 
temperature uniformity checked. The Dewar was fitted 
with an asbestos lid. Two copper-constantan thermo- 

couples were attached to the surface of the conductance 
cell, using silicone rubber adhesive. One thermocouple 
was used for temperature control, the other for measure- 
ment. 

Physical Properties of  the Liquid 
The densities (12-14) and dielectric constants (13-17) 

of some of the liquids were available in the literature. 
The rest were measured. The methods of measurement 
will be reported elsewhere, with tables of values for many 
compounds. Values needed in the present work are listed 
in Table 2. 

The total ionization vields in the liauid are not known. 
It has been assumed that G,,, = 4.3 in all liquids, equal to 
the gas phase value for benzene ( 1 8 ) .  

Results 
Free Ion Yields 

The free ion yield GfiE in a given liquid 
increases with increasing applied electric field 
strength E and with increasing temperature. 
Typical results for benzene are shown in Fig. 1. 

The yields were extrapolated to E = 0 by 
using eq. 2. 

P"- 

where G,,, is the total number of ion-electron 
pairs generated per 100 eV absorbed by the 
liquid, F(y)dy is the fraction of thermalized 
electron-ion pairs that have initial intrapair 
separation distances between j1  and y + dy, and 
+(y,  E) is the probability that a pair with a given 
separation distance y will escape geminate 
neutralization (become free ions) in the presence 
of an applied field E (9, 19). 

FIG. 1. Free ion yields G f i E  at field strength E in 
benzene. The numbers at  the ends of the curves are "K. 
The lines were calculated from eqs. 2-4 using the values 
of b,, and G,,, listed in Table 2. 
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TABLE 2. GfiO and most probable range bGP in liquids 

b ~  ~ d  b ~ ~ d ' t v  
Liquid T (K) d (g!cm3) F. G~~~ b  ( (lo-' g/cmZ) g!cm2) 

Aronzatic hydrocarbons 
0.793 2.13 0.19 
0.815 2.17 0 .15 
0.823 2.18 0.13 
0.837 2.21 0 .12 
0.846 2.22 0.105 
0.858 2.24 0.098 
0.867 2.26 0.087 
0.880 2.29 0.081 
0.891 2.31 0.072 

Toluene 354 0.811 2.25 0 .15 45 37 
322 0.840 2.32 0.12 44 37 

(=J- 292 0.868 2.39 0.093 43 3 7 
253 0.904 2.49 0.066 42 3 8 
212 0.941 2.57 0.044 4 1 39 
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TABLE 2. (Concluded) 

6 ~ p d  6~pdav 
Liquid T (K) d (g/cm3) & G~~~ bGP (A)' g/cm2) glcm2) 

PMB 

HMB * 
Naphthalene 

Anthracene 

Cycloalkene 
293 0.813 2.23 0.20 62 50 51' 

aBased on G,,, = 4.3, the gas phase value for benzene (ref. 18). 
bAverage values of G,,o from three samples. 
<Reference 9. 

(PY)" have the form [4], which has been designated 
~ 3 1  + ( y , ~ )  = e-'/Y ( I  + e-pY 5 -- 

.= I  ( n  + I ) !  YGP (9). 
n -  1 

x c cn - j )  LC!$!) F(y) = 0.96(4y2/~'~2bG,3)  exp ( - ~ ' / b ~ : )  
j = O  ( j  + I ) !  y < 2.4bGp 

where r = S ' / E ~ T ,  6 = 4.803 x lo-'' e.s.u., E F(y) = 0.96[(4~'/x'~'b,,3) exp (- y2/bG,2 
is the dielectric constant of the liquid, k is + 0.5bG,2/y3] 
Boltzmann's constant, T is the absolute tempera- y > 2.4bG, ture, and p = (kE/300kT). 

The distribution function F(y) was taken to where 0.96 is a normalization factor that was 
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FIG. 2. Free ion yields G,,' at field strength E in toluene, 1,2-dimethylben~ene, 1,3- and 1,4-dimethylben~ene. The 
temperature in ' K  is marked at  the end of each curve. The lines were calculated  s sing eqs. 2-4, with bGP and G,,, 
from Table 2. 

omitted earlier by typographical error (9), and 
b,, is the adjustable dispersion parameter.3 The 
latter is also the most probable value of y and is 
a direct function of Gf,O/G,,,, where Gf: is the 
free ion vield at  zero field strength. Distribution .. 
function [4] is a gaussian to  which has been added 
a power function at  large y values. Within the 
framework of the single ion pair spur model, [4] 
gives satisfactory results for many dielectric 
liquids (9). 

T o  calculate a value of Gf,E from eqs. 2-4 one 
requires values for G,,, and b,,. For  lack of 
better information, the gas phase ionization 
yield in benzene, G,,, = 4.3 (171, was used for 
all the liquids. A preliminary value of b,, was 
then assumed and G,:E was calculated for each . , 
experiniental value of E. Calculated and experi- 
mental yields were compared by calculating the 
average error: 

3An essentially equivalent function for YGP, of a 
slightly simpler form suggested by Uaffe and Jarnagin 
(28), is 

14'1 1 F(y) = (4yZjlr*bG Cp3) exp (- yZ/bC p2) y < 2.1 bG 
F(y) = 0.44bGpZ/y3 y > 2.1bcp 

[4] and [4'] contain discontinuities at  2.4bGp and 2.1bGp, 
respectively, but the calculations are not noticeably 
affected by them. The two portions of the function could 
be adjusted to eliminate the discontinuity and renorma- 
lized, but the extra manipulation would not improve the 
calculated yields. 

[5] Average % error = 100 xlGfi,,,l,E 
E 

- Gfi,exp I/ CGfi,expE 

The calculations were repeated with a series of 
b,, values to find the one that gave the minimum 
average error. This value of b,, was then used 
to  calculate GfiO. 

The best-fit curves calculated for benzene a t  

31 I 
/ ,  

3 IC 20 3 C 2C 
E l  kV/cml  

FIG. 3. Free ion yields G f i E  at  field strength E in 
trimethylbenzenes A :  1,2,3-TrMB. B: 1,2,4-TrMB, 0 ; 
1,3,5-TrMB, A. The temperatures are marked in 'K. The 
lines were calculated using eqs. 2-4, with bGp and G,,, 
from Table 2. 
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C: 5 10 15 20 0 5 10 15 20 

E ( k V / c m  ) 

FIG. 4. Free ion yields G t t E  at field strength E in aromatic C,0-C,4 hydrocarbon liquids. A :  1,2,3,4-tetramethyl- 
benzene (1,2,3,4-TeMB), @ ; 1,2,4,5-TeMB, ; pentamethylbenzene, A. B: hexamethylbenzene. C: naphthalene, 0, e; 
anthracene, A. The temperatures are marked in 'K. The lines were calculated using eqs. 2-4, with b,, and G,,, from 
Table 2. No  calculated line is shown for anthracene. 

a series of temperatures are shown in Fig. 1. 
The parameter values are listed in Table 2. The 
curves pass through the experimental points at  
the lower temperatures, but the theoretical slope 
is somewhat smaller than the experimental slope 
a t  the highest temperature. 

The free ion yields in toluene and the dimethyl- 
benzenes (Fig. 2), trimethylbenzenes (Fig. 31, 
and tetramethylbenzenes (Fig. 4A) are similar 
to those in benzene. The yields in pentamethyl- 
benzene and hexamethylbenzene are solnewhat 
larger, while those in naphthalene and anthra- 
cene are smaller than those in the other liquids 
a t  similar temperatures (Fig. 4). 

The difference between the calculated curve 
and the experimental yields is greatest in the 
liquids that have the highest intrinsic conduc- 
tances (Fig. 4 and Table 1). The difference ap- 
pears to indicate incomplete collection of the 
radiolytic free ions at  the lower fields. The 
radiolytic free ions can be neutralized by intrinsic 
charge carriers as well as by each other. The 
mean lifetime of the free ions decreases with 
increasing concentration of intrinsic charge 
carriers. The field strength required to collect 
essentially all of the free ions a t  the electrodes 
increases with decreasing lifetime. Therefore, 
the field strength required to sweep the free ions 
to the electrodes before being neutralized tends 
to increase with increasing intrinsic conductance. 
The relationship is not simple because the 

required field strength depends inainly on the 
charge carrier concentration n, while the 
intrinsic conductance depends on nu, where u 
is the mobility. 

In anthracene the background conductance 
became so noisy at  fields greater than 9 kV/cm 
that charge clearing measurements of the radio- 
lytic free ions became impos~ib le .~  Complete 
collection of the free ions was not attained at 9 
kV/cm in anthracene. By comparing the points 
for anthracene with those for naphthalene and 
hexarnethylbenzene (Fig. 41, and the relative 
intrinsic conductances of the liquids (Table I), 
one may estimate that complete collection of 
free ions in anthracene would require E 2 20 
kV/cm. It  therefore appears that G,? % 0.1 in 
liquid anthracene at 500 K. 

Electron Mobilities 
Mobilities were measured as functions of 

temperature in benzene, toluene, the dimethyl- 
and trimethylbenzenes, and 1,2,3,4-tetramethyl- 
benzene. The mobilities were independent of 
field strength over the range measured, 5-20 
kV/cm, and are listed in Table 3. Arrhenius 
activation energies were obtained from the plots 
in Fig. 5 and are given in Table 3. 

4 N ~ ~ ~  ADDED IK PROOF: See Electric field induced light 
emission and conductance-loss transients in liquid 
anthracene (29). 
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TABLE 3. Thermal electron mobilities and their activation energies 
in aromatic hydrocarbons 

Liquid 7- (K) u (cmz/V s) E, (kcal/mol) 

Toluene 

1,2-DMB 

"Average of two samples. 

Electron conductance signals were not ob- 
tained from the liquified compounds that were 
solid at  room temperature, such as 1,2,4,5- 
tetramethylbenzene (Table 1). This might have 
been due to the difficulty of purifying and 
transferring, keeping pure, the high-melting 
substances. Similar problems had been en- 
countered earlier with high-melting globular al- 
kanes such as 2,2,3,3-tetramethylbutane (20), in 
which the short lifetimes of the electron signals 
were attributed to scavenging by impurities. 

Discussion 
Free Iorz Yields and Electron Ranges 

The free ion yield obtained in benzene at  
292 K, GfiO = 0.081, was 50% greater than the 
value 0.053 reported earlier (26). 

Electron ranges in a given liquid are inversely 
proportional to the liquid density d, so for 
comparison purposes the ranges were normalized 
by multiplying by the density (Table 2). Molecu- 
lar and liquid structure effects were sought by 
comparing the normalized ranges b, ,d. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SHINSAKA AND FREEMAN: ELEC TRON RANGES AND MOBILITIES 3503 

FIG. 5. Arrhenius plots of thermal electron mob~lities 
in aromatic hydrocarbon liquids. Benzene, 0 ; toluene @; 
1,7-dimethylbenzene, x ; 1,3-dimethylbenzene, + ; 1,4- 
dimethylbenzene, 0 ; 1,2,3-trimethylbenzene, A; 1,2,4- 
trimethylbenzene, V ;  1,3,5-trimethylbenzene, A; 1,2,3,4- 
tetramethylbenzene, 0. 

The normalized ranges are the same whether 
there are 0, 1, 3, or 4 methyl groups on the 
benzene ring (Table 2). The small decrease of 
range in the dimethylbenzenes is slightly beyond 
the experimental scatter. The range is signifi- 
cantly greater in pentamethylbenzene and is still 
larger in the hexamethyl compound (Table 2). 

The gas phase ionization potentials (21), and 
presumably the electron affinities (22), of the 
benzenes decrease monotonously with increasing 
number of substituted methyl groups (21). There 
is, therefore, no apparent correlation between 
the electron ranges in the liquids and the gas 
phase ionization potentials or electron affinities 
of the molecules. Nor is there a correlation 
between the electron ranges and the relative 
liquid phase ionization potentials, as reflected by 

the relative optical excitation energies of charge 
transfer complexes of the benzenes (23) (see 
Table 4). 

The gas phase dipole moments of some of the 
substituted benzenes are zero, while those of 
others are up to 0.6 D (24,25) with no observable 
effect on the electron range (Table 4). The per- 
inanent dipoles of these molecules are evidently 
so diffuse that polarization and short range inter- 
actions between the electrons and liquid phase 
molecules dominate the electron energy loss 
processes. 

The range in benzene is much smaller than 
that in cyclohexane or cyclohexene (Table 4). 
Attachment of up to four methyl groups to the 
benzene ring causes little or no change in the 
electron range, but attachment of five results in 
a larger range, and six methyl groups restore the 
range to the cyclohexane value. The abrupt effect 
of methyl substitution in the last two positions 
of the benzene ring is difficult to understand in 
view of the unimportance of sy~nnietry in the 
less-substituted benzenes. 

The range in benzene is smaller than that in 
n-butane, but greater than that in butene-1 
(Table 4). 

The ranges in naphthalene and anthracene are 
lower than that in benzene (Table 4), indicating 
that the electron energy loss interactions are 
stronger with the fused ring molecules than with 
benzene. The normalized range in the conjugated 
diolefin butadiene-1,3 lies between those in 
naphthalene and anthracene (Table 4). 

Several factors, including the degree of spheri- 
city and "chemical reactivity" of the molecules 
appear to affect the electron energy loss prob- 
abilities in liquid hydrocarbons. The detailed 
pattern of the factors is not yet clear. 

Thermal Electron Mobilities 
The mobilities in benzene and toluene, inter- 

polated to 300 K in Fig. 5, are respectively 4-fold 
and 7-fold smaller than those reported earlier 
(8). Technical difficulties with the background 
currents decreased the accuracy of the earlier 
measurements and prevented the determination 
of the temperature coefficients of the mobilities 
(8). 

The mobility in benzene at 293 K is only 12% 
of that in cyclohexene, but is double that in 
butene-1 (Table 4). The correlation between 
epithermal electron ranges and thermal electron 
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TABLE 4. Electron ranges and mobilities (at 293 K) In liquid hydrocarbons, and molecular properties 
- - 

Ionization 
b~ pdava potentialb hv,,," w u293 

Liqu~d g/cm2) (ev) (eV) (D) (cmZ/V s) 

3 8 9.25 3.23 0. Odfe 0.114 
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TABLE 4. (Concluded) 

Ionization 
b~ daVa potentialb kv,,,C P u 2 9 3  

Liquid g/cm2) (ev) ( e v )  (Dl (cm2/V s) 

"Secondary electron range, normalized for the different liquid densities. 
bGas phase ionization potential (ref. 21). 
"Optical excitation energy at the band maximum, of charge transfer complexes of the benzenes nith tetracyanoeihylene in dichloron~ethane 

solvent (ref. 23). 
the basis of molecular symmetry. 

PReference 24. 
,Reference 25. 
#By comparison with the values for 1,2-dimethyl- and 1,2,3-trimethylbenzene 
hAssumed equal to the value for toluene. 
'Reference 9, Fig. 10. 
'Reference 10. 
hReference 26, 296 K. 
'Electrons react with the conjugated diolefin to form negative ions. 

mobilities noted in other systems (10, 20) 
extends to  these three liquids. However, in the 
series of methyl-substituted benzenes variation 
in the mobilities is somewhat different from that 
in  the ranges (Table 4). The two quantities 
appear to  have gross dependences on similar 
properties of the media, but the fine structure 
dependences are different. The relative variations 
in the mobilities are much greater than those in 
the ranges (10, 20, and Table 4). 

Substitution of methyl groups for hydrogen 
atoms on the benzene ring tends to decrease the 
electron mobility through the resultant molecular 
asymmetry and dipole moment. This is shown 
by the decrease in u as one proceeds from ben- 
zene to toluene to 1,2-dirnethylbenzene (Table 4). 
There is also a reverse effect, perhaps through 
shielding of the aromatic ring, indicated by the 
increase of u on going from benzene to 1,3,5- 
trimethylbenzene. Benzene has a higher degree 
of symmetry than does 1,3,5-trimethylbenzene; 
one expects that in a sufficiently pure sample of 
hexamethylbenzene the mobility would be the 
highest in the series. Hexamethylbenzene has 
approximately the same degree of symmetry as 
benzene. 

The mobility in 1,2,3,4-tetramethylbenzene is 
similar to  that in its symmetry-analog 1,2- 

dimethylbenzene, but the accuracy of the former 
value needs in~provement. When better purifi- 
cation and measurement techniques have been 
developed it will be infor~native to compare the 
mobilities in the symmetrically analogous pairs 
1,2,4,5-tetramethylbenzene and 1,4-dimethyl- 
benzene, pentamethylbenzene and toluene, and 
in hexamethylbenzene and benzene. Quantitative 
information about the opposing effects of methyl 
substitution should be obtainable fro111 the 
comparison. 

The activation energies E,, of the mobilities are 
4 5 1 kcaljmol, with the exception of that in 
benzene, 7.4 kcal/mol (Table 3). Measurement 
of E,, in two different preparations of benzene 
gave 7.4 & 0.4 and 7.6 + 0.8 kcal/mol, while 
the averaged mobilities shown in Fig. 5 give 
7.4 + 0.4 kcal/mol. The large activation energy 
might be due to the participation of equilibrium7. 

The anion is more stable a t  low temperatures, a t  
least when formed by reaction between the 
hydrocarbon and solvated electrons in di- 
methoxyethane (27). Negative ions have lower 
mobilities than do  electrons, so the apparent 
mobility of electrons would be smaller the 
greater is the fraction of their lifetime that they 
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spend as C,H,-. The observed temperature 
coefficient of electron migration would therefore 
be the actual electron mobility activation energy 
plus a contribution from the temperature 
dependence of [7]. 

Electrons attach less readily to the dimethyl- 
benzenes (27), presumably because methyl 
groups donate electron density to the aromatic 
ring and decrease its electron affinity. Equilibria 
analogous to [7] would therefore contribute less 
to the temperature coefficient of electron inigra- 
tion in the methyl-substituted benzenes. The 
lower mobilities in the rnethylbenzenes would be 
attributed to electron solvation processes rather 
than to negative ion formation. 

The mobilities of electrons and positive holes 
in anthracene crystals are each 1 cm2/V s at  - 300 K, and the photocurrent has an activation 
energy of 4 kcal/mol (3). Melting the crystals 
increased the photocurrent at  the melting point 
by three orders of magnitude, and the increase 
was attributed to increased electronic mobility 
(3). Although the electron mobility could not be 
measured in liquid anthracene in the present 
work, the short range of epithermal electrons in 
the liquid (Table 4) makes the existence of a low 
lying conduction band in liquid anthracene 
highly improbable. The increase in photocurrent 
observed on melting (3) was probably due to 
more efficient charge carrier generation in the 
liquid phase. 

We wish to thank the personnel of the Radiation 
Research Center for aid with the electronics. 
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The Adsorption, Desorption, and Exchange Reactions of Oxygen, Hydrogen, 
and Water on Platinum Surfaces. I. Oxygen Interaction 
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Y. K. PENG and P. T. Dawsolv. Can. J. Chem. 52,3507 (1974) 
The kinetics of adsorption and desorption of oxygen on a platinum filament have been studied 

by temperature-programmed desorption mass spectrometry. Oxygen adsorption becomes 
significant only after any carbon contamination is removed from the surface. At 300 "K oxygen 
adsorbs dissociatively into an atomic 8-state which contains four overlapping sub-states. The 
initial sticking probability is 0.16 but this falls off rapidly with increasing coverage. A kinetic 
analysis for desorption from the rj2- and pa-states gave Ed,,*(8,) = 39 kcalmol-' and 
Ed,,*(pa) = 54 kcal mol-'. The desorption was first order suggesting a lack of mobility of the 
adatoms at  the desorption temperature (-700 "K). No oxygen atom desorption could be 
detected in a line-of-sight experiment. Adsorption of a mixture of 3202 and 3602 resulted in 
complete isotopic mixing on desorption. At 115 'K, the 8-state still populates first with the same 
initial sticking probability indicating adsorption is nonactivated. Moreover, the sticking 
probability remains at  its high initial value for a much more extensive coverage range, suggesting 
a precursor state to adsorption. After the 8,- and pa-states are fully occupied, further adsorption 
into the rj-state is competitive with occupation of an a-state which desorbs at  low temperatures 
(-150 "K) with first order kinetics and E,,,*(a) - 6 kcal mol-'. No isotope mixing occurred 
in the 3-state which is undoubtedly molecular. Prior population of the rj,- and B2-states at  300 "K 
reduced the a-state adsorption at  115 "K suggesting that a and fi occupy the same sites. Each 
site can adsorb either an atom or molecule since each molecule added to the 8-state excludes 
two molecules from the %-state. 

Y. K. PENG et P. T. DAWSON. Can. J. Chem. 52,3507 (1974). 
La cinttique de I'adsorption et de la desorption de I'oxygene sur filament de platine a ttC 

Ctudiee par desorption a temperature programmee en spectrometric de masse. L'adsorption 
de l'oxygene devient importante seulement lorsque toute contamination due au carbone est 
Climinee de la surface. A 300 "K, l'oxygene s'adsorbe en se dissociant a l'ttat atomique rj qui 
contient quatre sous-etats superposes. La probabilite initiale d'adhesion est 0.16 mais decroit 
rapidement a mesure que le recouvrement augmente. Une analyse cinitique de la desorption 
des etats e2 et rj4 donne Ed,,*(rj2) = 39 kcal/mol~et Ed,,*(rja) = 54 kcal/mol. La desorption 
est un phenomene du premier ordre ce qui permet de suggerer une absence de mobilitt des 
atomes adsorbes a la temperature de desorption (- 700'K). Aucune dksorption des atomes 
d'oxygene n'a etC detectee au cours d'une experience en ligne directe. L'adsorption d'un 
melange de 3202 et de 3402 a conduit B un melange isotopique complet lors de la desorption. 
A 11 5 "K, l'etat B est encore occupe en premier avec la m&me probabilitt initiale d'adhtsion 
indiquant ainsi que l'adsorption n'est pas activee. De plus, la probabilitk d'adhesion demeure a 
son niveau initial eleve sur une gamme beaucoup plus etendue de recouvrement, ce qui laisse 
croire a I'existence d'un Btat precedant I'adsorption. Lorsque les Ctats B3 et (j4 sont complete- 
ment occupes, I'adsorption additionnelle sous 1'Ctat 8 entre en cornpitition avec I'occupation 
d'un etat cr qui se desorbe a basse temptrature (-150 'K) suivant une cinttique du premier 
ordre et E,,,*(a) -6 kcal/mol. I1 n'y a pas de melange isotopique a I'ttat n qui est sans doute 
molCculaire. La population prkalable des &tats D l  et p2 a 300 "K diminue I'adsorption de 
1'Ctat cc a 115 'K ce qui suggtre que cr et fi occupent les m&mes sites. Chaque site peut adsorber 
soit un atome, soit une molCcule puisque chaque moltcule ajoutCe a I'etat fi exclut deux mole- 
cules de 1'Ctat a. [Traduit par le journal] 

Introduction cate that oxygen does adsorb on platinum at 
Early studies (1, 2) and more recent ultra-high room temperature. On platinum films the cal- 

vacuum investigations (3-6) of the adsorption of orimetric heat of adsorption varied from 69 
oxygen on polycrystalline platinum surfaces indi- kcal mol- ' at low coverage to 36 kcal mol-' at  

high coverage (I). On polycrystalline wires and 
'To whom correspondence should be addressed. ribbons, initial sticking probabilities in the range 
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0.14 to 0.2 have been reported (4-6), whereas the a steady increase in pressure was observed with the ion 

values reported for the coverage at gauge whereas the mass spectrometer indicated a con- 
stant oxygen pressure. At higher pressures this effect was room temperature vary from lo'' (4), negligible in the time required for the calibration. There- 

through 2-3 101"6) to 4 10" molecules fore, the calibration was carried out in the pressure range 
~ m - ~  (5). 1-5 x lo- '  Torr and mass spectronieter ion currents 

In  contrast, more recent studies on the inter- corresponding to lower oxygen pressures were obtained 

action of oxygen with single crystal by extrapolation. To avoid contamination of the sample 
filament, the ion gauge used for the calibration (GI) was 

planes indicate that oxygen does not chemisorb rem~\ ,ed  from the system before the sample filament 
on platinum (7) or that it does so with an  ex- was installed. 
ceedingly small sticking coefficient of -7 x Slow thermal desorption spectra with a linear heating - - - 
10-7 (8, 9). However, in earlier low energy elec- rate were obtained using a motorized potentiometer as the 

tron (LEED) studies, chaIlges in comparison resistor in a Kelvin double-bridge tempera- 
ture control circuit. In order to avoid high oxygen 

LEED patterlls attributed lo Oxygen ad- pressures, which caused a reduction in mass spectrometer 
sorption (10). In attempting to resolve these con- emission current during desorotion. and to obtain good 

A - 
flitting results, Weinberg et (8, 9) have specu- resolution, a very slow heating rate of 5.6 deg S- '  

lated that oxygen does n o t  chemisorb on clean 
platinum surfaces but that carbon contamination 
stimulates the adsorption of oxygen. This is a 
surprising and certainly not a widely accepted 
conclusion making the question as to whether 
clean platinunl chemisorbs oxygen to an appre- 
ciable extent or not a very contentious issue; see, 
for example, the discussion following ref. 8. 

This paper is the first of a series describing 
thermal desorption and field electron emission 
studies of the reactions important to an under- 
standing of hydrogen-deuterium exchange be- 
tween hydrogen and water on platinum surfaces. 

was used. 
Generation of carbon monoxide within the systeni 

could also cause contarnination during adsorption so ion 
gauge G, ( I  I )  was ne\.er operated during adsorption. 
evcn though this gauge did not have a line-of-sight with 
the sample filament. For coverage measurements using 
the flash (i.e. fast heating rate) desorption experiments 
this gauge was used to monitor the pressure burst, but 
only for a short period of time between the adsorption 
sequences, and only after the oxygen had been pumped 
from the systeni. During the entire course of this work 
constant checks for CO contamination proved to be 
negati~e.  

Oxygen 32Q2 was purified by diffusion through silver, 
the oxygen 3602, with a specified isotopic purity of 99%, 
\bas supplied by Stohler Isotope Chemicals in a Pyrex 

~ j ~ ~ ~ l ~ , - i ~  is ~ p o r t a l l t  to whether clean flask \<ith a break seal and \;as used without further 

,,hemisorb oxygen, ~h~ ability of a purification. Hydrogen was purified by diffusion through 
palladi~~ni and carbon monoxide of 99.9% purity was 

contaminated "lrface to chenlisorb Oxygen was obtained fro111 Matheson in a Pyrex flask with a break seal. 
determined and then extra care was talcen to 
ensure that a non-carbon contaminated surface 
\+/as generated and its adsorption properties were 
investigated. 

Experimental Methods 
ilppnl~otlls 

The ultra-high vacuurn systeni used in this work has 
been described prehiously (11). The sample filament, a 
12 cm length of 0.01 in. diameter platinum wire (Johnson 
Matthey and Mallory, Grade I) equipped \vith 0.003 in. 
diameter sensing leads for temperature rneasurenient and 
control, was spot welded to the heavy tungsten !eads of a 
four lead press seal. In low temperature experiments a 
filament temperature of -115 'K was obtained by im- 
mersing the press seal in liquid nitrogen. The entire systeni 
was baked at  400°C for prolonged periods and the 
ultimate pressure in the system was 5 x 10-1° Torr. 

Oxygen pressures were monitored \bith a quadrupole 
mass spectrometer whicli was calibrated against an ion 
gauge attached directly to the reaction vessel (ion gauge 
G , ,  ref. 11). Generation of CO and C 0 2  by the hot ion 
gauge filanient seriously complicates this calibration at 
low oxygen pressures; thus, when oxygen was allowed to 
now through the system at a pressure less than Torr 

Clennirr~ i l ~ e  Snn~ple Filorilent 
The platinum filanient used in this work was cleaned 

by high temperature treatment with oxygen. During the 
cleaning process, changes in its ability to absorb hydrogen 
and oxygen ha\e been fo l lo~ed .  On a freshly installed 
filament which had been heated at 1300 -M for several 
minutes in vacuum, neither hydrogen adsorption at 
1 1  5 - K  nor oxygen adsorption at 300 K could be detected. 
Heating the filament at this temperature for 3 h enabled 
adsorption of both hydrogen and oxygen, but the extent 
Lvas still very small. It has been reported that, based on 
Auger electron spectroscopq experiments, all contam- 
inants except carbon can be renio\ed from platinum by 
in situ heating (12, 13). Thus the surface on which ad- 
sorption of hydrogen and oxygen Mere negligible must 
ha\e  been contaminated nith carbon. This \$,as further 
confirmed by a sharp increase in CO partial pressure 
when the filament was heated at temperatures higher than 
1100 'K with oxqgen flowing through the systeni. The 
hypothesis that carbon contamination on platinuni sur- 
faces is essential to stimulate the adsorption of oxygen 
(9), contradicts this observation. 

Heating the filament at 1300'K in 5 x Torr 
oxygen for 2 h seemed to remove the carbon contaminant 
completely and increased the amounts of hydrogen and 
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oxygen adsorbed to a constant value which could not be 
affected by further oxygen treatment. The results reported 
in this paper were obtained with filaments which have 
been cleaned in this manner. 

Measurement of Sticking Probability and Cocerage 
Both sticking probability and coverage were deter- 

mined using the pressure-time method (14). Usually in 
this method the filament is maintained at  a high enough 
temperature to prevent adsorption during introduction of 
gas into the system. In these experiments the platinum fila- 
ment could not be maintained at  a temperature higher than 
1100 'K, since the hot filament atomizes oxygen above 
this temperature. Thus some oxygen could be adsorbed 
on the cool ends of the filament before the adsorption 
was started. On account of such complications caused by 
the temperature distribution of the filament, an  additional 
procedure was used in which the sample was flashed clean 
and cooled in vacuum before oxygen was introduced into 
the system. Whereas the first method might be expected 
to give low values for the initial sticking probability and 
coverage, adsorption on parts of the system other than 
the sample filament could lead to values which are too 
high in the second method. A comparison of the results 
obtained by both methods may reveal such effects and 
give a more reliable result. 

The sticking probability, s, and coverage, n, were 
determined from these curves using the relationships (14) 

where A is the area of the filament, r the characteristic 
pumping time, Po the steady state pressure when the 
surface is saturated, V the volume of the system, z the 
collision frequency per unit area per unit pressure, and 
Q the number of molecules in the gas phase per unit 
volume per unit pressure. The characteristic pumping 
time, r, was measured before and after each adsorption 
sequence. 

Whereas the sticking probability determined in this way 
is independent of mass spectrometer calibration errors, 
the accuracy of the coverage depends directly on this 
calibration, which, as already discussed, could not be 
carried out in the actual pressure range where the pressure- 
time curves were obtained. To check the coverage deter- 
mined from eq. 2, the amount of oxygen adsorbed was 
also measured by flashing the filament to 1100 "K in a 
closed system after the oxygen leak was closed and the 
system pumped out. The pressure burst during the flash 
was measured with the ion gauge and the coverage was 
calculated after a small correction was made for pumping 
by the hot ion gauge filament. It was found that, for 
identical doses, the coverage determined by this method 
was smaller than that calculated from eq. 2 by a factor 
of -1.8. 

A smaller amount of oxygen desorbing than that which 
had apparently adsorbed could be caused by a portion 
of the adsorbed oxygen desorbing as either platinum 
oxides or oxygen atoms. This has been suggested by 
Vanselow and Schmidt (3)  and Weber et al. (5) who 

observed similar, but coverage dependent, differences be- 
tween the amounts adsorbing and desorbing. Olivei (15) 
has recently reported results indicating that oxygen atoms 
and, to a lesser extent, oxides are the dominant species 
desorbing from oxygen covered platinum surfaces and 
that molecular oxygen desorption is insignificant! 

We have carried out experiments using a line-of-sight 
geometry between the sample filament and the mass 
spectrometer to check on the extent of atomic oxygen 
desorption. The experimental details are similar to those 
described in ref. 16. The mass 32 and mass 16 desorption 
spectra are recorded in Fig. l a ;  the mass 16 spectrum is 
imperceptibly different from that observed for cracking 
of molecular oxygen in the ionization chamber of the 
mass spectrometer. To show that this experiment would 
successfully demonstrate atomic oxygen desorption were 
it to occur, the experiment was repeated using a tungsten 
filament, Fig. l b .  In this case, the dominant mass 16 
spectrum satisfactorily shows the desorption of oxygen 
in the atomic state. Thus there is no evidence to suggest 
that oxygen desorbs from platinum as atoms. The reasons 
for the differences between these results and those of Olivei 
are not obvious. 

Procop and Volter obtained reasonable agreement be- 
tween the amounts of oxygen adsorbing and desorbing 
(6). Thus, considering the difficulties encountered in 
measuring accurate oxygen pressures, we tentatively 
attribute the differences observed in this experiment to 
mass spectrometer calibration errors. In experiments 
using hydrogen as adsorbate, for which pressures were 
known with greater accuracy, both methods of coverage 
measurement gave good agreement. The coverages re- 
ported in this paper are thus the values which have been 
normalized to fit the coverages determined by thc flash 
desorption method. 

TEMPERATURE ( O K  

FIG. 1 .  Mass 16 and 32 desorption spectra obtained 
with line-of-sight geometry after oxygen adsorption on 
(a) platinum and (b)  tungsten surfaces. The reaction 
vessel wall was a t  77 "K in both (a)  and (b)  and the oxygen 
exposures were and Torr s respectively. 
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Results 
Room Temperature Adsorption 

Thermal Desorption Spectra 
The thermal desorption spectra obtained from 

a platinum filament after exposure to various 
doses of oxygen are shown in Fig. 2. Adsorption 
at 300 OK produces, at least superficially, a single 
desorption peak in agreement with previous ob- 
servations (5, 6). This peak has been designated 
by Fusy et al. as arising from a 0-state (17). In 
this paper we will follow this traditional way of 
labelling desorption features but must point out 
that it is widely recognized that a direct corre- 
spondence between desorption features and 
binding states does not necessarily obtain; thus, 
for example, a single adsorbed state can give rise 
to two desorption peaks because of two different 
desorption mechanisms. The fine structure in the 
spectra indicate that the oxygen desorbing from 
this tightly bound P-state is composed of several 
sub-states which populate successively as the 
coverage increases. They are labelled the PI-, 
P2-, P3-, and 0,-states. 

The most tightly bound p,-state populates 

TEMPERATURE ( O K  1 

FIG. 2. Thermal desorption spectra obtained after 
oxygen adsorption on platinum at 300cK for (a)  2 x 
lo-'; (b) 4 x lo-'; (c) 8 x lo-'; (d)  1.6 x 
(e) 3.2 x lo -= ;  (f) 1.2 x ( g )  2 x (h) 2 x 

and (i) 2 x Torrs.  The curves are offset. 

first and desorbs at -- 820 OK, whereas the most 
weakly bound PI-state only populates at high 
coverage and desorbs at a considerably lower 
temperature, ~ 6 . 5 0  OK. The shoulder at - 1100 
OK must arise from the pumping effect of the hot 
sample filament which becomes significant above 
1 I00 OK. A very small peak has always been ob- 
served at much higher temperatures, - 1300 OK, 

but its origin is not yet clear. 
The pretreatment of the sample filament affects 

the fine structure of the desorption spectra. After 
prolonged annealing very low resolution was 
observed between the P3- and 0,- peaks and 
often a single peak was observed. It is probable 
that this single peak arose from overlap of the 
p3- and p,- peaks, a point which will be further 
discussed in the analysis of the desorption 
kinetics. 

Sticking Probability 
The pressure-time curves obtained by the two 

methods described in the experimental section 
are shown in Fig. 3. Curve A was obtained by 
allowing the filament to cool from 1100 to 300 OK 
with oxygen flowing through the cell whereas 
curve B was obtained by introducing the oxygen 
into the svstem after the filament had been flash- 
cleaned and cooled in vacuum. The variation of 
filament temperature with time for curve A is 
also indicated. A colnparison between curves A 
and B reveals that, except in the initial stages of 

0 
60 !20 180 240 300 

T I M E  ( sec 1 

FIG. 3.  Pressure-time curves for oxygen adsorption 
on platinum. For curve A ,  the filament was cooled from 
1100 to 300 "K with oxygen flowing through the system. 
The filament temperature during this experiment is also 
shown. The effect of cooling from 1200 "K is shown by 
the dashed curve. For curve B, oxygen was introduced 
after the filament had been flash-cleaned and cooled 
in vacuum. 
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adsorption, the agreement is quite good. During 
the initial adsorption period in method A the 
filament temperature was still high which could 
account for the small difference between curves 
A and B. However, Procop and Volter report an 
initial sticking probability which is relatively in- 
dependent of temperature between 323 and 773 
OK (6). Alternative explanations could be adsorp- 
tion of oxygen on parts of the system in addition 
to the filament for method B, or lack of adsorp- 
tion on the precovered cool ends of the filament 
in method A. 

The dashed curve shown in this figure was ob- 
tained when the filament was maintained a t  
1200 "K, rather than 1100 "K, before it was 
allowed to cool and adsorb oxygen. The pumping 
effect of the filament makes such experiments 
inadequate. 

The variation of sticking probability with sur- 
face coverage is shown in Fig. 4. The curves A 
and B were obtained from pressure-time curves 
A and B of Fig. 2; the data points shown indi- 
cate the coverage intervals used in graphical in- 

tegration of these curves. It is evident from curve 
B that the sticking probability is quite high, 
-0.16, at  low coverage and drops rapidly with 
increasing coverage. At a coverage of 5 x loL3 
molecules cm-', it has a value less than 
The observed high initial sticking probability is 
in good agreement with that of 0.14 determined 
by Weber et al. on a filament (5), and by Procop 
and Volter on a foil (6). 

The triangles shown in Fig. 4 represent inde- 
pendently determined sticking probabilities for 
the coverages corresponding to the desorption 
spectra (a)-(h) of Fig. 2. These coverages were 
determined by comparing the areas under each 
spectrum and normalizing them to fit the cover- 
ages determined by the flash desorption method 
using a closed system. The stickini probabilities 
were determined directly from the surface cover- 
age and the exposure. For coverages higher than 
5 x I O l 3  molecules cm-, this was the only 
method used. since the ~ressure-time method 
was not sufficiently accurate for measuring low 
sticking probabilities. 

Comparison of Fig. 2 with Fig. 4 shows that 
the high initial sticking probability corresponds 
to filling of the j3,- and j3,-states and that filling 
of the j3,- and j3,-states has a sticking prob- 
ability less than lo-'. 

The highest coverage determined in this work, 
-1.7 x lo1, molecules cniY2, was obtained after 
an exposure of 2 x Torr s at  an oxygen 
dosing pressure of 2 x lop6  Torr. This coverage 
was mainly contributed by the PI- and p2-states. 

C O V E R A G E  ( rnolecules/crn2 x 10 . ' ~  1 

FIG. 4. Variation of sticking probability with surface 

For thermal desorption process with con- 
stant activation energy, E*, for which a high 
pumping speed and a linear heating rate, b deg 
s - l ,  are used it can be shown that the desorption 
rate is a maximum at the temperature of the 
maximum in the desorption peak, T,,,, and that 
(18) 

C31 
E* v 

= 2 exp 
RT, b [- &] 

for a first order process or 

coverage. Curves A and B were-obtained from pressure- for a second order process, where and ,,, are 
time curves A and B of Fig. 3. The triangles represent 
sticking probabilities determined independently from factors and is the 'Overage' 
desorption spectra a-h of Fig. 2. The coverages in curves Thus for both first and second order processes, 
A and B were reduced by a factor of 1.8. the kinetic parameters E* and v can be deter- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



351: C A N .  J .  CHEM. VOL.  5 2 .  1974 

mined from the variation of T,,, with b a t  con- 
stant no. Alternatively, according to [4], for 
second order processes, E* and v can be calcu- 
lated from the variation of Tm with no a t  con- 
stant b. 

P2-State: From Fig. 2 we can see that T,,, for 
the B,-state is independent of coverage and thus 
this state obeys first order desorption kinetics. 
The variation of Tm with b was determined and a 
plot of log (Tm2;'b) rs. l/Tm is shown in Fig. 5. 
The plot is satisfactorily linear and from its slope 
we determine E*(P2) = 39 kcal mol-I and there- 
fore, from [ 3 ] ,  v, = 1.4 x 10'' s - l .  

The desorption spectra shown in Fig. 2 seem 
to indicate that the other substates also follow 
first order desorption kinetics, although this con- 
clusion cannot be drawn unambiguously when 
there is such extensive overlap between the de- 
sorption peaks. Weber et al. (5) and Procop and 
Volter (6) have reported that the desorption is 
second order, however in  one case (5) the method 
of analysis used is suspect when desorption is 
not from a single state, and in the other (6) no 
evidence was presented. 

P4-Stafe: The activation energy for desorption 
of the most tightly bound p,-state was deter- 
mined from the variation of peak maximum tem- 
perature with heating rate a t  constant initial 
coverage. The plot (Fig. 5) indicates E*(P,) = 
54 kcal mol-I at  no = 1013 molecules ~ m - ~ .  The 
first or  second order frequency factors were then 
calculated from eqs. 3 and 4 as v, = 4.7 x 1012 
s-' and v2 = 9.7 x cm2 mol-I s- '  respec- 
tively. These frequency factors are of the ex- 

pected order of magnitude for a desorptio~l pro- 
cess with inappreciable entropy of activation. 

As already noted, after prolonged annealing 
the filament often gave desorption spectra with 
only a single peak in the temperature range where 
the p,- and p,-states desorb. The peak maximum 
temperature of this single peak shifted to lower 
temperatures with increasing coverage, a charac- 
teristic of second order desorption processes. 
Analysis of the peak as a second order process 
by plotting log (Tn:n0) rs. l /Tm led to a confusing 
result: this plot indicated a surprisingly low activa- 
tion energy of 28 kcal m o l l ,  whereas a plot of 
log (Tm2/b) rs. l/Tm a t  constant coverage gave a 
value of 51 kcal mol-' which is in good agree- 
ment with that already determined for the P,- 
state. The explanation for this conflicting result 
is presumably that this single peak arose from 
overlap of the P, and P, peaks. If this is the case, 
then a failure of the kinetic analysis using the 
shift of Tm with coverage is to be expected. 

Isotope Mrxing 
The observation of high activation energies 

for desorption of the P2- and P,-states suggests 
that oxygen is dissociatively adsorbed on plati- 
num a t  room temperature. This conclusion was 
checked more directly by exposing the sample 
filament to a mixture of 3202 and 3602 in approx- 
imately equal amounts and deterinining the iso- 
topic composition of the gas which subsequently 
is desorbed. The mass 32, 34, and 36 desorption 
spectra are shown in Fig. 6a and can be seen to 
have identical shapes; the fraction of 3"02 in the 
desorbing gas was determined from the areas ol' 

I 
12 13 ,4 

1 x l o 3  
Tm 

FIG. 5.  Plots of log (Tm2/b) us. ( l /Tm)  for the a,-, p,-, 
and p,- desorption peaks, where T,,, is the peak maximum 
temperature and b is the heating rate. 

600 800 1000 115 200 100 

TEMPERATURE ( O K  1 

FIG. 6. Mass 32, 34, and 36 desorption spectra ob- 
tained after the platinum filament had been exposed to an 
approximately equimolar mixture of 320, and 3602 at 
(a) 300 'K, and (b) 115 -I(. The curves are offset. 
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the desorption peaks and corresponds to the 
value required for statistical mixing. These ob- 
servations substantially confirm that oxygen 
adsorbs dissociatively in the p-state. 

Low Tenlperafure Adsoytiotz 
Tl~ermal Desorptio~~ Spectra 
In addition to the tightly bound p-state, 

oxygen can also adsorb in a weakly bound state 
a t  115 " K  as indicated in Fig. 7. This weakly 
bound state has been designated as the a-state 
(17); however, the fine structure in the desorp- 
tion spectra indicates that this is not a single 
peak but is cornposed of three overlapping peaks 
which are designated as the a l - ,  a,-, and a,- 
states. Whereas the a,- and n,-states populate 
almost simultaneously, filling of the 2,-state 
begins only after these states are extensively 
populated. 

Annealing of the sample filanlent has an effect 
on  the ratio of the amounts adsorbed in the w- 
and p-states, ~r,in~, and those in the r,- and M , -  

states, nlZ/nZ3. Both of these ratios increase sig- 
nificantly after the filament has been annealed 
a t  1 100 'K for 24 11 in vacuum. Further annealing 
a t  this temperature for prolonged periods had 
little effect on these ratios. 

Relatire Populafioi~s of the r -  irtrd p-Staies 
The amounts of oxygen desorbing in the a- 

and b-states after adsorption at  1 1  5 'K are 
plotted as a function of exposure in Fig. 8. For 
comparison, the total amount adsorbed a t  300 'M 
(in the p-state) is also shown. If it is assu~ned that 

3 2 3 4 5 6 

E X P O S ~ R . I  c M O L E C ~ L E S I C M ~  x ic-15 

FIG. 8. Variation of the amount adsorbed in the 
r- and B-states uith exposure at 115 K .  The amount 
adsorbed at 300 -K is given by the dashed curve. 

the desorption spectra reflect the distribution of 
oxygen in  different binding states at  the adsorp- 
tion temperature, a point which will be discussed 
more fully later, then filling of the r-state starts 
only after the P-state has been extensively pop- 
ulated, to -5  x 10l3 molecules ~ r n - ~ ;  this cor- 
responds to the coverage in the P,- and p,-states. 
The initial sticking probability in  the P-state a t  
1 15 'K is approximately the same as at  300 "K 
but it remains constant at  this high value, 
-0.15, for a much larger coverage range, i.e. to 
almost 5 x lo i3  rnolecules cnY2.  I-lowever, the 
sticking probability drops rapidly at  higher 
coverage such that for a large exposure of 
1.8 x 10" n~olecules c i f 2 ,  the amount ad- 
sorbed in the p-state at  1 1  5 "K is 1 x I O l 4  niole- 
cules cm-2 compared with 1.3 x l0 l4  rnolecules 
cm-2  at  300°K. For this same exposure the 
coverage in the r-state at  11 5 "K is 0.9 x 1014 
~nolecules C I ~ I - ~ .  The a-state populates only after 
the p-state has reached half its maximum cover- 
age at  115°K. 

TEi r lPEPATUQC : O W  1 

FIG. 7. Ther~~ia l  desorption spectra obtained after 
Effect of Prior Pop~rlation of the P-State on 

oxygen adsorption at  115 K for (a) 2 x lo-'; (b) 3 x Adsorption into the a-State 
10-7; (c) 4 10-7; (d )  g 10-7: (e )  1.6 10-6; A relationship between the formation of the 
(f) 3.2 x Torr s. The curves are offset. %-state and that of the p-state is suggested by the 
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data shown in Figs. 7 and 8. To further investi- 
gate this relationship the p-state was prepop- 
ulated to varying extents, by adsorbing oxygen 
at 300 "K, and then the surface was saturated at 
115 "K; the total dose was 2.4 x Torr s in 
each case. The desorption spectra obtained for 
three different preadsorbed P-coverages are 
shown in Fig. 9. When the p-state is prepopulated 
to 5 x 1013 molecules cmp2, i.e. the P,- and P4- 
states, there is little effect on the subsequent ad- 
sorption into the a-state; compare curves a and 
b. This is consistent with the observation that at 
11 5 "K the a-state populates only after the p-state 
has attained a coverage of 5 x loi3 molecules - 
~ m - ~ .  As the amount of preadsorbed oxygen is 
further increased, so that the 0,- and p,-states 
have been populated at 30OCK, an exclusion effect 
is observed. Note also that there is a sequential 
reduction in population of the a-substates, with 
the a,-state preceding the a,-state as the P,- and 
then the p,-states are prepopulated. This suggests 
that filling of the a,- and a,-states is closely 
related to that of the P,- and PI-states, respec- 
tively. 

Desorption Kinetics 
Since the peak maximum temperatures, T,, 

for both the ci,- and a,-states are independent of 
coverage, both of these states desorb with first 
order kinetics. The plot of log (Tm2/b) us. 1/T, 
for the a,-state is shown in Fig. 5 and from this 
plot we can calculate E*(a,) = 6 kcal mol-I and 
v, = 1.2 x 10's-l. However, since in the tem- 

perature range where this state desorbs the tem- 
nerature was not exactly linear in time these 
~ ine t ic  parameters are less reliable than the 
others determined in this work. 

Isotope Mixing 
A state desorbing by first order kinetics with 

such a low activation energy might be expected 
to be adsorbed molecularly, i.e. non-dissocia- 
tively. This is confirmed by an isotope mixing 
experiment, Fig. 6b. In contrast to the P-state, 
adsorption of a mixture of 3202 and "0, re- 
sulted in no isotopic mixing in the a-desorpticu 
peak. Oxygen adsorbed in the a-state un- 
doubtedly remains molecular. 

fnteraction of Preadsorbed 0xj)gen wit11 Eiydrogen 
and Carbon Monoxide at 300 OK 

The sample filament was saturated with oxygen 
at a pressure of 2 x Torr, and then exposed 
to hydrogen or carbon monoxide gas for various 
time intervals. The desorption spectra obtained 
after interaction with hydrogen at 4 x lo-' 
Torr are shown in Fig. 10. Preadsorbed oxygen 
was removed from the surface completely after 
400 s and desorption of hydrogen was observed 
only after all the oxygen had been removed. 

Similar results were obtained with carbon 
monoxide. The preadsorbed oxygen was com- 
pletely removed from the surface after an expo- 
sure of 8 x Torr s at a carbon monoxide 
pressure of 2 x l op8  Torr. After the pread- 
sorbed oxygen had been partially removed from 
the surface, desorption spectra for CO,, CO, 

TEMPERATURE i O K  1 

FIG. 9. Thermal desorption spectra obtained after 
oxygen adsorption at 115 "K and after prepopulation of 
the P-state at 300 "K; (a)  without preadsorption and with 
( b )  5 x loL3, (c )  9 x 1013, and (d) 1.3 x 1014 molecules 
cm-Z preadsorbed. The curves are offset. 

MASS 32 A. 

TEMPERATURE ( O K  1 

FIG. 10. Thermal desorption spectra obtained after 
the interaction of adsorbed oxygen with gaseous hydrogen 
at 4 x Torr for (a)  0;  (b)  100; (c )  150; (d) 200; and 
(e) 400 s. After 400 s oxygen had been completely removed 
and a hydrogen desorption spectrum was observed 
(dashed curve). The curves are offset. 
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and 0, were observed. Since CO, does not ad- presented in detail by Ehrlich in discussing inter- 
sorb on platinum at room temperature (19), this conversion between the y- and p-states for nitro- 
observation suggests that CO and 0, can be co- gen adsorbed on tungsten (24). 
adsorbed on the surface at  room temperature. Direct adsorption of oxygen into the dissocia- 
The oxidation of carbon monoxide on a Pt(l10) tively adsorbed p-state at  low temperatures is 
crystal surface has been extensively investigated further supported by the high initial heat of ad- 
by Bonze1 and Ku (20, 21). sorption of greater than 40 kcal molF1 observed 

Thus, in agreement with earlier investigations for oxygen adsorption on platinum black at  
(22), hydrogen and carbon monoxide can remove 77 "K (22). Thus the conversion to the tightly 
adsorbed oxygen from platinum surfaces to bound state occurs on a calorimetric time scale 
produce H,O and CO, respectively. In ultra-high even at  77 "K. 
vacuum systems hydrogen and carbon monoxide A further possibility is that the conversion 
are the main components in the residual gas. takes place via the gas phase, i.e. oxygen desorbs 
Thus it seems most probable that studies in which in the a-state but readsorbs into the p-state at 
oxygen adsorption is not observed on platinum higher filament temperatures. For the low cover- 
surfaces (7) or is observed with a low sticking ages of spectra 7a and b this readsorption would 
probability (8, 9) have been performed in sys- need to be qua~ltitative which is impossible. At 
tems with too large a residual gas pressure (23). higher coverage, where a-desorption is appre- 

Discussion ciable, the sticking coefficient for the p-state is so 
low that less than one-hundredth of a monolayer 

Conversion Betw.een States dtrring Desorption could readsorb during the period of the desorp- 
The sticking probability for the P3- and P4- tion spectrum, 

states was observed to remain at  its high initial ~h~~ we collsider the desorption spectra satis- 
value for a much greater range of coverage at factorily represent the distribution of adsorbed 
115 "K than at  300 OK; moreover, no a-desorp- oxygen between the a- and 0-states at  the ad- 
tion was observed until the P3- and p4-states were sorption temperature. However, in contrast, it 
filled (Fig. 8). The straightforward interpretation is quite possible that the P- (and a-) substates do 
of these observations is that the desor~t ion not represent different binding states but could 
spectra accurately reflect the population of the represent different desorption mechanisms for 
binding states at  the adsorption temperature and adatoms which prior to desorption are indis- 
thus there is no activation energy for dissociative tinguishable (1 1) or variations in desorption 
adsorption into the P3- and p4-states. However, energy resulting from adatom interactions. These 
one must consider the alternative interpretation possibilities are additional to the more obvious 
that at the adsorption temperature the oxygen is interpretation involving an intrinsically hetero- 
adsorbed molecularly in the r-state but that geneous surface. 
during thermal desorption the activation energy 
for conversion to the p-state is acquired before Sticking Probability and Cl~aracteristics of 
desorption as the a-state at  temperatures the Binding States - 130 OK. To facilitate discussion and comparison, the 

Such a conversion between the a- and p-states salient observations will be summarized. 
was checked by using a fast heating rate for the Oxygen adsorbs on platinum in two states: 
desorption spectrum in which desorption of the (a) A dissociatively adsorbed atomic state, the 
a-state was complete within 500 ms compared P-state, which is tightly-bound (Ed,,' - 39-54 
with -20 s for the slow desorption spectra of kcal mol-') and desorbs at  high temperatures 
Fig. 7. The results were substantially the same as (-700-800 OK). Isotope mixing occurs freely in 
for spectra a and b of Fig. 7, showing only a desorption from this state. 
P-desorption peak. If the activation energy for (6) An associatively adsorbed molecular state, 
conversion between the a -  and p-states is suffi- the a-state, which is weakly-bound (E,,," - 6 
ciently small that it occurs completely in the kcal mol-l) and desorbs by first order kinetics 
temperature interval 115 to 130 "K even at at  low temperatures (- 150 O K ) .  Isotope mixing 
highest heating rate, then presumably this con- does not occur in this state. 
version would also take place during the adsorp- The sticking probability has the following 
tion period at  115 "K. This argument has been characteristics: 
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(c) The initial sticking probability is approx- probability varied logarithmically with the cover- 
inlately the same, -0.16, for filament tempera- age at  543 and 603 OK. A similar plot for the 
tures of 300 and 115 "K suggesting that :he ad- sticking probability data at  300 OK presented in 
sorption is non-activated, at  least in its early this paper was not linear. The lack of agreement 
stages. This is further confirmed by the observa- is not unexpected since a simple result obtained 
tions of Procop and Volter between 323 and for a single crystal may not be reproduced on a 
673 'K (6). Since the p-state populates first, even polycrystalline filament surface where different 
at 11 5 'K, dissociative adsorption requires no surfaces could be contributing in different cover- 
activation energy. age ranges. However, the temperature dependent 

( d )  While at  300'K the sticking probability sticking probability proposed to explain the 
falls off rapidly to values less than lo-,, the logarithmic plot seems unlikely in view of the 
sticking probability remains at  its high initial data presented in this same paper (23) together 
value for a much more extensive coverage range with that presented here and ref. 6. 
at  115°K. Some insight into the nature of the a -  and 

(e)  At 1 1  5 "K, the a-state populates only after P-binding sites can be deduced from the manner 
the P-coverage has reached 5 x l0l3  molecules in which the adlayer grows. Thus the initial ad- 
cm-,, i.e. half its maximum value at  115 "K. sorption into the p-state is non-activated and 

(f) The maximum P-coverage at  11 5 OK occurs rapidly even at  115 "K. However, once 
(1 x 10'" molecules cm-,) is less than for the the p,- and p4-states are occupied the sticking 
same exposure at 300 'K (1.3 x loi4  n~olecules coefficient drops rapidly and subsequent adsorp- 
cmP2). The maximum 0-coverage observed tion into the Dl-, 0,-, and a-states occurs simul- 
at 300 "K was - 1.7 x 10l4 molecules cm-2 taneously and competitively. Thus prepopulation 
(0 - 1/31. of the P I -  and p,-states reduces the amount of 

( g )  Prior adsorption at 300 "K into the p-state oxygen which can be subsequently adsorbed into 
to coverages greater than 5 x 1013 lnolecules the a-state. The simplest explanation for these 
cmP2 reduces the amount which can be sub- observations is that a- and p-states occupy the 
sequently adsorbed into the a-state at  115°K. same sites and that dissociative adsorption into 

Qualitatively these observations show remark- the 0,- and P,-states is activated. Thus at 115 "K 
able similarity to those for the nitrogen-tungsten a fraction of the molecules could remain undis- 
system (24). A possible exception is the tempera- sociated on these sites producing the a-state. 
ture dependence observed for the initial sticking When adsorption occurs at  300 "K these mole- 
probability of nitrogen on tungsten observed by cules dissociate to form more of the PI-  and 
Ehrlich (24), although Kisliuk observed a con- - P2-states, thus reducing the amounts which can 
stant sticking probability between 196 and be subsequently adsorbed in the a-state at 11 5 'K. 
473 'K (25). A comparison of the spectra a and d of Fig. 9 

The observation, (cl), of higher sticking prob- supports this conclusion; the decrease in the 
abilities at lower temperatures is most readily a-coverage when the P-state is prepopulated at 
interpreted by an adsorption model involving a 300°K is close to twice the increase in the 
weakly adsorbed precursor state to chemisorp- p-coverage. Thus an individual site is capable of 
tion; the a-state is probably the precursor state. taking up either one nlolecule in the a-state or 
In this model the sticking probability does not an atom in the P-state. 
decrease with increasing coverage in the manner Heterogeneity of the surface complicates the 
expected for the decrease in probability of colli- adsorption model. Thus the sequential reduction 
sions from the gas phase with vacant sites be- in the a-substates with increasing amounts of 
cause a weakly-bound precursor provides a pool preadsorbed oxygen suggests that the a,- and 
of adsorbate molecules on the surface. The con- &-states are adsorbed on the same plane and 
centration of precursor molecules decreases with the a,- and Dl-states occupy a different plane. 
increasing temperature accounting for the de- The effect of annealing on the n,/ni, and n,,/rz,, 
crease in sticking probability. Several develop- ratios also suggests complicating effects from a 
ments of this model have been presented (26-28). variable distribution of crystal facets. Clearly 

Results for oxygen adsorption on a Pt(l11) any further progress in our understanding of 
single crystal surface (23) were found to obey an this adsorption system must await detailed 
Elovich-type of equation in that the sticking studies on different single crystal planes. 
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Desorption Kinetics 
The first order kinetics observed for the 

molecularly adsorbed cc-states requires no dis- 
cussion. However, first order kinetics were also 
deduced for the atomically adsorbed p,-state 
and this is worth comment. Recombination of 
adsorbed atoms would be bimolecular and thus 
second order if the adatoms were completely 
mobile at  the desorption temperature, i.e. 
Ed,,,* << Ed,,=. Thus the observation of a first 
order desorption process for the p,-state implies 
that the adatoms are not completely mobile at  - 700 "K. This is in agreement with the field 
emission microscope observations of Lewis and 
Gorner (29). Boundarv diffusion of a chemi- 

\ ,  

sorbed layer at  high coverage occurred with 
Ed,,,* = 27 kcal molP1 at 450-500 "K whereas 
a t  low coverage, boundary-free diffusion occurs 
oilly at  temperatures higher than 500 "K with 
Ed,,,' = 34 kcal molP1. Since E,,,*(P,) = 39 
kcal mol-l, we can see that the activation en- 
ergies for diffusion and desorption are com- 
parable. This condition, E ,,,, * - Ed,,*, is just 
what would be required for a first order recom- 
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DAVID R.  DICE and RONALD P. STEER. Can. J. Chem. 52,3518 (1974) 
The 313 nm photolysis of thietane-cyclopentadiene mixtures in the vapor phase at tempera- 

tures between 25 and 235 "C has been studied. 2-Thiabicyclo[2.2.1]hept-5-ene (TBH) results from 
the concerted, thermal, 1,4-Diels-Alder cycloaddition of thioformaldehyde to cyclopentadiene. 
Other products arise via nonconcerted processes involving biradical intermediates. Thio- 
formaldehyde is scavenged quantitatively with high added pressures of cyclopentadiene and 
thus the yield of TBH may be used as a measure of the amount of monomeric CH2S produced 
in the system. 

DAVID R. DICE et RONALD P. STEER. Can. J. Chem. 52,3518 (1974). 
On a CtudiC la photolyse, a 313 nm en phase vapeur et ii des temperatures allant de 25 a 

235 *C, de melanges de thietane avec du cyclopentadiene. Le thia-2 bicyclo[2.2.1]hept8ne-5 
(TBH) qui se forme resulte d'une reaction Diels-Alder-1,4 (cycloaddition concertee et ther- 
mique) du thioformaldehyde sur le cyclopentadiene. D'autres produits proviennent de processus 
nonconcertes impliquant des intermidiaires biradicalaires. Le thioforn~aldChyde est piege 
quantitativement lorsque du cyclopentadiene sous haute pression est utillsk; les rendements en 
TBH obtenu peuvent donc etre utilises comme une mesure de la quant~te de CH,S, sous forme 
monomerique, produite dans le systeme. [Traduit par le journal] 

Introduction 
Increasing interest has been shown recently in 

the photochemical and thermal reactions of 
thiocarbonyl compounds. The generally high 
ground state reactivity of these substances has 
hampered their investigation however and, to 
the present, substantial work has been done only 
on the most stable thiones. Thus, studies have 
been made of the thermal (1, 2) and photo- 
chemical (3-6) cycloaddition reactions of thio- 
carbonyls, particularly thiobenzophenone, the 
internal photocyclization of aromatic thiobenzoyl 
compounds (7) ,  and the photothioenolization of 
some bicyclic thiones (8). Measurement of the 
electronic absorption (9. 10) and emission (3, 11) 
spectra of only a limited number of thiones and 
thials in condensed media has been possible. 

The simplest thiocarbonyl compound is thio- 
formaldehyde, which has been postulated to be 
an unstable product in a number of photolytic 
and thermolytic systems. Based largely on 
stoichiometric arguments, it has been inferred 
that CH2S is a product of the self-dispropor- 

'From the Ph.D. thesis of D .  R. Dice, University of 
Saskatchewan, 1974. 

2To whom correspondence should be addressed. 

tionation of CH,S radicals in the gas phase (12) 
and some spectroscopic data is available to 
substantiate this hypothesis (9, 13). It has also 
been suggested that CH2S is a product of the 
photodecomposition of several cyclic sulfides 
(14, 15) and we have recently advanced argu- 
ments that CH2S and C,H, should be formed in 
equal yields in the direct photolysis of thietane 
vapor (16). Despite the fact that a substantial 
amount of spectral data for CH2S has been 
gathered in these experiments, no satisfactory 
method of quantitative analysis of this species has 
been developed. 

The chemical reactions of CH2S also remain 
largely unstudied. In part this is due to the 
inherent instability of the thials which poly- 
merize readily (17, 18). In addition, until now 
there has been no satisfactory means of pro- 
ducing the monomer cleanly. 

In this paper we present conclusive evidence 
that monomeric thioformaldehyde is produced 
in high yield by direct photolysis of thietane 
vapor. We have also studied a method whereby 
the monomer may be trapped and analyzed 
quantitatively via its reaction with cyclopenta- 
diene. 
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Experimental 
The photolysis system used in this study has been 

described previously (16). A PEK, Model 15, 500 W high 
pressure mercury arc lamp was used in conjunction with 
a liquid filter (NiS04, K,CrO,) to isolate the 313 nm 
region of the lamp's emission spectrum. Photolyses were 
carried out to no more than 1% decomposition of the 
substrate. 

Thietane (Eastman) was purified by preparative gas 
chromatography. Cyclopentadiene, prepared by thermally 
cracking dicylopentadiene (Aldrich), was purified by 
preparative gas chromatography immediately prior to 
each run. Cyclopentadiene prepared in this way contained 
small variable amounts of the dimer. An authentic sample 
of 2-thiabicyclo[2.2.l]hept-5-ene (TBH) was prepared 
according to the method of Johnson et al. (19). 

Products noncondensable at  - 130 "C (n-pentane 
slush) were ethylene and propylene which were analyzed 
by gas chromatography using a 10 ft x + in. Porapak Q 
column. The - 130 "C condensable products, principally 
TBH, 1,2-dithiocane, a product with a molecular weight 
of 140 and reactants, were separated and analyzed by 
f.i.g.c. using a 15 ft x & in. tricresyl phosphate colunln 
(5% w/w) with temperature programming from 50 to 
120 "C. 

Products were identified by comparing their gas 
chromatography retention times with those of authentic 
samples and by mass spe~trometry .~  In some cases 
analyses were performed using a gas chromatograph 
coupled directly to the mass spectrometer. Absolute 
errors in the analysis of C2H, and C,H, were estimated 
to be k 3%, while those for TBH and 1,2-dithiocane were 
estimated to be ?5%. 

Results and Discussion 
We have previously shown (16) that ethylene, 

propylene, and, by inference, thioformaldehyde 
are products of the direct photolysis of thietane 
vapor at 313 nm. Further study has now shown 
that 1,2-dithiocane (DTO) is also produced in 
small yield (maximum of 7Y, of that of C,H,). 
We have also previously advanced evidence (16) 
that propylene is a secondary product arising 
from the reaction of thioformaldehyde with the 
substrate. 

When cyclopentadiene-thietane mixtures were 
photolyzed at 313 nm, two additional products 
appeared. The one formed in high yield was iden- 
tified as 2-thiabicyclo[2.2.1]hept-5-ene (TBH). 
The second product, generally formed in small 
yields, had a molecular mass of 140. The mass 
spectrum of this product is consistent with any 

3Mass spectra of the sulfides produced in this study 
may be obtained, at  a nominal charge, from the De- 
pository of Unpublished Data, National Science Library, 
National Research Council of Canada, Ottawa, Canada 
K I A  OS2. 

of the following three structures, each of which 
could be formed by the addition of a C,H,S 
moiety to cyclopentadiene. 

2-thiab1cyclo[4 2.lIoct-7-ene 
(TBO) 

Unfortunately, insufficient quantities of this 
product were formed to permit elucidation of its 
structure by an ~ndependent method. Knowledge 
of the precise identity of this product is not 
necessary to sustain a discussion of the chemical 
processes which are responsible for its formation, 
however. 

The effects on the product yields of changing 
the pressure of cyclopentadiene when cyclo- 
pentadiene-thietane mixture were photolyzed at 
various temperatures are given in Table 1. 
Several trends are evident from this data. 

At all temperatures there is a rapid rise in the 
yield of TBH as the pressure of cyclopentadiene 
(CP) is increased. The rate of this rise increases 
as the temperature increases and at all tempera- 
tures the yield of TBH levels off at high CP 
pressures. The yield of the mass 140 product also 
increases rapidly as the pressure of CP is 
increased but, unlike TBH, reaches a maximum 
and then falls off at  still higher pressures. The 
maximum yield of the mass 140 product de- 
creases and is reached at lower CP pressures as 
the temperature is decreased. The yields of 
ethylene and DTO decrease slightly and the 
yield of propylene falls rapidly to zero as the 
pressure of CP increases. 

These observations may be explained satis- 
factorily on the basis of the following reaction 
scheme. 

The above scheme predicts that the yield of 
C,H, should equal the yield of TBH at CP 
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TABLE 1. Effect of added cyclopentadiene on the photolysis of 
thietane vapor at  various temperatures* 

Rates (pmol min-I) 

T P(CP) CzH4 C3Hs TBH DTOt ( m . ~ .  = 140)j: 
("C) (Torr) ( x  lo2) ( x  lo3) ( x  10') ( x  lo3) ( x  lo3) 

235 0 4.6  21 0  3.8 0  
23 4 .6  1 . 5  4 .0  2.9 2 .7  

200 0  4.6 2 .6  0  3.3 0  
0.05 4 .6  2 .4  0 . 8  3.3 0.07 
0.25 4 .3  1 .9  2 .1  3.3 0.13 
0.66 4 .6  1 .7  1.9 3 .0  0.43 
1.05 4 .5  1 .3  2.9 3 .1  2 .4  
1.74 4.3 0.82 2.9 3.3 3.7 
4 .0  4.3 1  . O  2.9 3.3 4.7 
8 . 0  4 .0  0.81 3 .0  3.0 6.7 
9 .3  4 .0  0.44 3  .O 3  .O 8.7  

15.0 4 . 3  0 .91 3 .5  2 .9  8 .3  
23 4 .2  0 .80 3 .6  2 .6  9 . 0  
46 4 .0  0.72 3 .9  2 .0  7 .0  
73 3.9 0 .32 3.6 2 . 2  7 .0  
98 3 .1  - 3.0 1  . O  4 . 3  

20 1 3.3 - - - 1 . 8  

100 0  3.7 1 .8  0  2 . 0  0  
0.12 3.9 0.86 0.60 2 . 0  0  67 
1 . 2  3 .8  0.63 2 . 2  1 .7  2 .0  
3 .5  3.7 0.47 2.5 1 . 9  3.3 
5 .8  3.9 - 2.8 1 .5  4 .3  

10 3 .8  - 3 .O 1.8 5.3 
23 3 .7  - 2.8 1 .3  3  . O  
46 3 .3  - 3.1 1 . 2  2  2  

112 3 .4  - 3.3 1 . 2  1 2  
181 3 .0  - 3 .O 1 .O 1.3  

25 0  3 . 3  - 0 1 . 2  0  
0 . 5  3 . 4  - 0.56 1  .O 0.13 
1 . O  3 .5  - 0.80 0.70 0.25 
5 .0  3 .4  - 1.5 0.17 0.21 
8 .0  3.3 - 2 .0  0.17 0.03 

10 3 .5  - 2 . 5  0.13 0.03 
20 3 .4  - 2.4 0.13 0.02 
46 3 .5  - 2.6 0.10 0.02 
70 3 .2  - 2 .5  - 0.02 

150 3 .2  - 2.6 - - 

*h = 313 nm, P(THT) - 23 Torr, tlme = 30 mln, I ,  = 5 17 x 10-8 E min-1 
tAssunilng flame response equivalent to that of n-propyl disulfide 
:Product of molecular \%eight = 140 (cf text) Flame response equlrdlent to that of TBH 1s assumed 

[ll @s + hv ' / \ /S* 
161 CH2S + 0 - TBH 

other product5 

[31 
-+ pS [81 CHzS - wall polymer 

pressures large enough to scavenge CH,S 
[41 i C?S + B4 + DTO quantitatively. Within experimental error, the 

data are in accord with this prediction although 

[ 5 ]  *N'* + 0 g, -+ mars 14Oprodact 
agreement is better a t  higher than at  lower 
temperatures. It may be that at  25 'C scavenging 
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is incomplete at the highest CP pressures used, 
but because of the thermal instability and low 
volatility of TBH, it is more likely that the 
imbalance is due to the loss of small portions of 
TBH in the analysis. 

The above scheme does not account for the 
observed decrease in the yields of the mass 140 
product at high CP pressures. The explanation 
for this latter phenomenon must lie in the fact 
that reaction 5 is nonconcerted and procceds via 
an intermediate biradical, B,, which can add to 
further CP molecules at a rate which is competi- 
tive with its rate of ring closure. Higher molecu- 
lar weight products formed in such reactions 
would not have been detected. 

The yield of DTO is expected to decrease with 
increasing CP pressure at constant thietane 
pressure s i ~ c e  the rate of reaction 5 will increase 
relative to that of reaction 4. Moreover, if 
reaction 4 is nonconcerted and proceeds via a 
biradical intermediate, B,, then this biradical 
could also react with CP and decrease the DTO 
yield. 

It has been shown previously (16) that both 
CH,S and a scavengeable biradical intermediate 
(identified as B,) are involved in the sequence of 
reactions leading to propylene. The fact that the 
C,H, yield decreases rapidly with increasing CP 
pressure confirms this earlier work since the 
scavenging of CH,S in reaction 6 and the 
possible scavenging of B, by CP will greatly 
reduce the overall rate of reaction 7. 

The question of the nature of reaction 6 is an 
important one. On the basis of thermochemical 
(20, 21) and spectroscopic (9, 10, 13) data and 
theoretical calculations (22), it is possible that 
the CH,S formed in reaction 2 could be in its 
(n,n*) excited state. It is also possible that excited 
CH,S could be formed as a result of the direct 
adsorption of light at 313 nm by ground state 
thioformaldehyde in a secondary photolytic 
process (16). It is therefore possible that TBH 
could arise via a (presumably nonconcerted) 
1,4-cycloaddition of electronically excited CH,S 
to CP. The weight of evidence is against this 
being an important reaction pathway, however. 

First, by analogy with the aliphatic aldehydes 
(23) and several thiones (3, 4), reaction of CH2S 
in its (n,n*) excited state with CP is expected to 
proceed, at least in part, via a concerted 1,2- 
cycloaddition pathway leading to thietane 
derivatives. Only one product of mass 112 was 
found, however, and its structure is that of 

TBH. Second, if reaction 6 were nonconcerted a 
biradical intermediate having a structure which 
resembles that of B j  would be involved. How- 
ever, the yields of C2H, and TBH are equal at 
high CP pressure and the yield of TBH does not 
diminish as the pressure of CP is increased 
whereas DTO, the mass 140 product and C,H,, 
all of which have biradical precursors, are 
formed with yields which do diminish with 
increasing CP pressure. This suggests that no 
scavengeable biradical intermediate is formed in 
reaction 6 and that reaction 6 is concerted. 
Although a 1,4-cycloaddition of excited CH,S 
to CP cannot be eliminated altogether, the bulk 
of the evidence does suggest that reaction 6 is 
an example of a gas phase, concerted, thermal, 
I ,4-Diels-Alder cycloaddition. 

Diels-Alder addition of thiophosgene, CSCI,, 
to CP in condensed phase has previously been 
reported (19) and constitutes the first step in a 
multi-step synthesis of TBH and other similar 
compounds. Thioacetophenone has also been 
reported (24) to form a 1 : 1 adduct with CP. It 
is therefore possible that the photolysis of 
mixtures of CP and thietane (or its derivatives) 
could be used as a simple preparative route to 
TBH and other similar compounds. We also 
believe that reaction with CP may very well be 
used to detect and analyze for monoineric CH,S 
(and perhaps other thials) in other photochemical 
systems in which such analysis has been impos- 
sible previously. 

Based upon the proposed reaction scheme and 
assuming that steady states in .CH2CH2CH2S. 
and CH2S are both achieved in times which are 
short compared with the length of photolysis 
(30 min), then one obtains 

R(C2H4) and R(TBH) are the rates of C2H4 and 
TBH formation respectively, [THT] is the 
concentration of thietane, and k, is the rate 
constant for the removal of CH,S in reaction 7. 
Because the thietane concentration was held 
constant, k ,  + k,[THT] = k', aconstant. There- 
fore, a plot of R(C,H,)/R(TBH) vs. [CPI-' 
should be a straight line with a slope of k1/k, 
and an intercept of 1.0. Such a graph is shown 
in Fig. 1. Data taken at CP pressures less than 
0.5 Torr have not been used because at these low 
pressures a substantial fraction of the CP will 
be consumed during the photolysis. 
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Diffusion in Partially Ion Exchanged Molecular Sieves 
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D. M. RUTHVEN. Can. J. Chem.52.3523 (1974). 
Results of a simple idealized numerical simulation are presented showing the variation of 

sorbate diffusivity with degree of ion exchange in a system such as the Na-Ca A zeolites. 
Theoretical curves showing the expected variation of diffusivity, diffusional activation energy, 
and pre-exponential factor are given. The pattern of behavior predicted depends on the ratio 
of the diffusivities for the extreme ionic forms. When this ratio is small there is a gradual varia- 
tion in diffusivity, activation energy, and pre-exponential factor over the entire range of ionic 
compositions but for large ratios there is an abrupt change at  a particular ionic composition. 
Limited experimental data for the diffusion of 12-butane in partially Ca2+ exchanged 4A sieve 
are presented and interpreted in terms of the theoretical model. 

D. M. RUTHVEN. Carl. J. Chem. 52,3523 (1974). 
On presente les resultats d'une simulation numtrique idealisee simple montrant la variation 

de la diffusibilite des especes adsorbees avec le degre d'echange ionique dans un systeme tel que 
les zeolithes-A Na-Ca. On donne les courbes theoriques montrant les variations attendues en 
se basant sur la diffusibilite l'energie d'activation de la diffusion et les facteurs pre-exponentiels. 
Les schtmas de comportements qui sont predits dependent des taux de diffusibilite pour les 
formes ioniques extr@mes. Quand ce rapport est petit il y a une variation continue dans la 
diffusibilite, I'energie d'activation et le facteur pre-exponentiel sur tout l'intervalle des com- 
positions ioniques mais aux rapports plus eleves il y a un changement subit a une composition 
ionique particuliere. Des donnees experimentales limitees pour la diffusion du n-butane sur des 
tamis moleculaires 4A partiellement echanges avec Ca2+ sont presentees et interpretees en 
termes du modele theorique. [Traduit par le journal] 

I t  is well established that the sorptive prop- 
erties of many zeolites may be profoundly modi- 
fied by ion exchange. For example, by ex- 
changing the sodium cations of the 4A zeolite 
for calcium, the effective sieve diameter may be 
increased from about 4 to 5 A, thus admitting 
the straight chain hydrocarbons which are 
effectively excluded from the 4A sieve. This 
change in sorptive properties was noted by 
Breck et al. (1) in their original paper and 
further examples have been given by Rees and 
Berry (2), Wolf and Pilchowski (3), and, more 
recently, by Takaishi et al. (4). Experimental 
data for such systems have usually been pre- 
sented, in quasi-equilibrium terms, as graphs 
showing the variation of apparent saturation 
capacity with the degree of ion exchange. It is 
however clear that, in general, the sorption cut- 
off arises from a kinetic effect rather than from 
any real difference in equilibrium capacity. Given 
sufficient time linear hydrocarbons can pene- 
trate the lattice of the 4A sieve but, at  ordinary 
temperatures, the time required is inordinately 
long. 

A theoretical treatment of the adsorption 

cut-off phenomenon has been given by Ham- 
mersley (5) in his discussion of the percolation 
problem. Assuming a random distribution of 
blocked and unblocked pores in a cubic lattice 
Hammersley calculated how the fraction of 
crystal accessible to the sorbate would vary with 
the fraction of blocked pores. This approach, 
however, gives no information concerning the 
kinetics of sorption in a partially ion exchanged 
sieve which is the subject of the present paper. 

Theoretical Considerations 
We consider a cubic pore structure such as 

exists in the type A zeolites and assume that 
there are two types of window, randomly dis- 
tributed through the lattice. In the case of the 
type A zeolite the two types of window would 
correspond to open windows characteristic of 
the 5A sieve and closed windows, containing, for 
example, a sodium ion as in the 4A sieve. The 
fraction of open windows is denoted by x and 
the diffusivities of the sorbate in crystals con- 
taining all operz and all closed windows are 
denoted respectively by DA and DB with the 
ratio r G D,/D,. Considering the diffusion 
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process as a random walk with a step size equal 
to the lattice parameter one may calculate by 
numerical simulation, for any specified values 
of r and x, the relative value of the diffusivity, 
expressed as the ratio DID, (or DID,). 

The numerical simulation, which was carried 
out using the I.B.M. 370 computer at the 
University of New Brunswick, was based on a 
standard random number generating subroutine. 
The zeolite lattice was first constructed and each 
window was then designated as either open or 
closed according to an assigned probability (x). 
A trial molecule was placed in the (0,0,0) cavity 
and a random number between 1 and 6 was 
called in order to decide the direction of the first 
attempted jump. If the window encountered by 
the molecule moving in this direction was open 
the jump was considered successful and the 
coordinates of the molecule were adjusted to 
move the molecule into the neighboring cavity. 
If the molecule encountered a closed window 
another random number was called in order to 
decide whether or not the jump was successful, 
the probability of successfully completing the 
jump through a closed window being llr. This 
procedure was repeated N times and the mean 
square displacement of the molecule h2 was 
calculated. With unit probability of success 
assigned to a jump through an open window and 
the displacement measured in lattice units, it 
follows, from the theory of random walks, that 

The calculation was repeated for a sufficiently 
large number of steps so that the value of h2/N 
became independent of N. In general this re- 
quired N > 2000r. 

The results of these calculations are shown in 
Figs. 1 and 2. Figure 1, in which the ratio DID, 
is plotted against x with r as a parameter, shows 
the way in which diffusion through an open sieve 
is restricted by the introduction of some closed 
windows. For sufficiently large values of r the 
curves become asymptotic to  the line 

which defines the limiting behavior for the case 
in which the closed windows are completely 
closed (D, = 0 ,  r = a). The way in which a 
closed sieve is opened up by the introduction of 
some open windows is illustrated in Fig. 2. For  
large values of r the curves again approach a 

X 

FIG. 1 .  Variation of diffusivity with fraction of open 
windows. 

0.0  0.1 0.2 0.3 0 4  0.5 0.6 0.7 

X 

FIG. 2. Variation of diffusivity with fraction of open 
windows. 

single curve but the form of this curve cannot 
easily be deduced by straightforward considera- 
tion of the limiting case (D, = 0) .  The opening 
of the sieve corresponds physically to  an increase 
in the mean diffusion path as a result of the 
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removal of some of the barriers to  diffusion. The 104 

effect becomes significant when about 15j7, of the 
windows are open. For  high values of r the 
transition to the behavior defined by eq. 2 is 
very sharp and occurs a t  x = 113. For  lower 
values of r the transition commences a t  lower 
values of x and is more gradual. 10 

If it is assumed that the temperature depen- 
dence of the diffusivities can be represented by 
the Eyring equations: 

D. - 
L3 1 DA = D * ~ ~ - ~ A I ~ ~  D.n 

DB = D W B f E ~ I R T  1.0 

D = D * ~ - ~ I ~ ~  

the variation of the apparent diffusional activa- 
tion energy E with r and x may be calculated, 
since 

c41 a log (DID,) - - E, :- 0.1 

a log r EB - EA 

(EB > E > E,) 

The results of this calculation are shown in Fig. 3 
in which (E,  - E)/(E, - E,) is plotted against 
x with r as a parameter. The corresponding 

O . ~ ~  

variation in the pre-exponential factor, cal- 
culated for the case in which D,, = D,,, is 
shown in Fig. 4. For  relatively small values of r FIG. 4. Variation of pre-exponential factor with 

the activation energy changes gradually from E,< of *pen windows. 

to EB over a wide range of x while the pre-ex- activation energy is essentially the same as for a 
ponential factor shows only a relatively small closed sieve (E,) and the increase in diffusivity 
variation. By contrast, for large values of r, there with increasing x arises from the increased 
is a step change in both activation energy and distance travelled between successive high 
pre-exponential factor a t  x = +. For  x < Q the energy barriers, leading to a rapidly increasing 

pre-exponential factor. For  x > 3 transport 
occurs almost entirely through the open windows 
so that the activation energy is essentially the 
same as for an open sieve (E,) while the pre-ex- 

0 8  - ponential factor decreases linearly with the 
fraction of blocked windows. 

E B - E  0 6 - Experimental 
E,- E4 

Parameter y A limited experimental study of the diffusion of 
n-butane in partially ion exchanged 4A zeolite was under- 

o 4 - taken using the gravimetric apparatus of Clarke (6) and a 
similar apparatus at  the University of New Brunswick. 
The theory presented above is strictly applicable only to 
differential diffusivity data since the effect of a concen- 
tration dependent diffusivity is not considered. Zeolitic 
diffusivities are in general strongly concentration depen- 
dent but at  low sorbate concentrations a limiting value is 

0 2 0.4 0.6 0 . 8  ,, approached asymptotically. For systems in which the 
diffusivity increases with sorbate concentration, as is the 

x case for the diffusion of n-butane in type A zeolites, the 
FIG. 3. Variation of diffusional activation energy with rate of desorption is much less sensitive than the rate of 

fraction of open windows. adsorption to the range of concentration over which the 
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sorption curve is measured (9, 10). For such a system the 
integral diffusivity, calculated from a transient desorp- 
tion curve measured at  a low concentration, provides a 
good approximation to the limiting differential diffusivity 
and the validity of this approximation is assumed in the 
present study. 

The zeolite sample was first equilibrated, at  the desired 
temperature, with n-butane at  a pressure of 10 Torr, this 
being the saturation vapor pressure at  -78 "C.  The 
equilibrated sample was then desorbed to a liquid 
nitrogen trap and the course of the desorption was fol- 
lowed gravimetrically. The rate of the process was 
sufficiently slow so that the diffusivity could be calculated 
from the initial slope of the desorption curve, plotted 
against the square root of time (7):  

(valid for m,/m, < -0.3) 

Here m,/m, is the ratio of the quantity of sorbate de- 
sorbed during time t to the total quantity desorbed as 
t + cc and A/ V is the ratio of surface area to volume for 
the zeolite sample. Diffusivities were also calculated from 
the long time solution of the diffusion equation, duly 
corrected for crystal shape and size distribution ( 8 ) .  The 
values so obtained agreed well with the value from the 
initial rates. One of the desorption measurements was 
carried out in two stages with the sample being isolated 
and allowed to equilibrate after approximately half the 
sorbate had desorbed. The diffusivities calculated from 
both steps were essentially the same thus confirming the 
validity of the- approximation to the limiting differential 
diffusivity. 

In some cases the adsorption curves were also followed. 
In general the integral diffusivities for adsorption, cal- 
culated from eq. 5, were higher than the corresponding 
values obtained from the desorption curves, as is to be 
expected for a system in which the diffusivity increases 
with concentration (9). At the highest temperature 
(175 "C)  the equilibrium isotherm is practically linear 
over the range 0-10 Torr so that, within this range, the 
diffusivity is essentially constant. At this temperature the 
difference between the adsorption and desorption rates 
was found to be very small. 

Results and Discussion 
Diffusivities were measured at several tem- 

peratures within the range 0-175 "C for four 
samples of type A sieve containing 30.5-35.5% 
prepared by Clarke (6) and one sample con- 
taining 52.1% equivalents Ca2+ (expressed as % 
of original Na' ions which have been replaced 
by Ca2+). The values of A/V which were deter- 
mined by photomicrography are noted in Table 
1. The diffusivities are plotted against reciprocal 
temperature in Fig. 5 and the diffusional activa- 
tion energies and pre-exponential factors (eq. 3) 
are summarized in Table 1, which includes also 
the values of D, and E for diffusion of n-butane 

TABLE 1 .  Activation energies and pre-exponential 
factors in the expression D = D*ecEIRT 

Walue estimated from experimental data for 30.5-35.49, Ca2+ 
sieves (AIV = 2.7 x 104 cm-1). 

bValues from high temperature data of Walker et al. (15) ( A /  V = 
1.5 x 104 cm-1). 

<Values from Ruthven et a/. (11) (A/V = 1.7 x lo4 cm-I). 

0.01 
1.0 2.5 3.0 3.5 

10'1 T (deg K).' 

FIG. 5. Temperature dependence of diffusivity for 
butane in various ion exchanged type A zeolites. 

in the open 5A sieve (11) and the closed 4A 
sieve (15). Figure 6 shows the diffusivity at 91 "C 
plotted against % Ca2+. 

In each cavity of the type A zeolite there are 8 
type I sites, located near the centers of the 
6-membered oxygen rings, and six type I1 sites 
within the 8-membered oxygen windows, each 
shared between two cavities (13, 14). The type 
I and type I1 sites can accommodate 11 cations 
per cavity. The twelfth cation which is present 
in the pure sodium form of the zeolite (4A) is 
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sieves at 91 "C as estimated from the available 34.10 9.95 0.32 0.35 0.985 
diffusivity data for 5A and 4A sieves (11, 15). 35.48 9.87 0.33 0.37 0.983 
This curve gives a good representation of the 52.1 8.87 0.57 0.71 0.895 

'n = total number of cations per cavity, calculated from Ca2+ observed of diffusivity with content; x' = fraction of open windows calculated from diffusivity 
exchange. data; x" = fraction of open windows calculated from n assuming all 

type I sites occupied;/ = fractionof type 1 sites occupied, as calculated 
The experimental activation energies are from X ,  and n. 
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100.0 

E a 10.0 - 
0 

-I 

- 

- 

0 

broadly consistent with the theory which pre- 
dicts an abrupt change from the value for a 4A 
sieve to the value for a 5A sieve at a c a 2 +  com- 
position (233.3%) such that slightly less than 
two-thirds of the type I1 sites are occupied by 
cations. The activation energies for the 30.5- 
35.5% Ca2+ sieves are essentially constant 
although somewhat larger than the value given 
by Walker et al. for the 4A sieve (15). The data 
of Walker et al. were however obtained at much 
higher temperatures (350-450 "C) and over a 
wide temperature range some variation in acti- 
vation energy may be expected. The activation 
energy for the 52.1% c a 2 +  sieve is similar to that 
for the 5A sieve (1 I). 

For the diffusion of methane (12) it has been 
shown that the difference in diffusivity between 
the 4A and 5A sieves arises mainly from the 
difference in activation energy and that the 
pre-exponential factors for the 4A and 5A sieves 
are essentially the same. If it is assumed that this 
is true also for the diffusion of n-butane one may 
use the value of D, for the 5A sieve in conjunc- 
tion with the mean experimental activation 

100 
0 1  

% c a 2 +  
energy for the 30.5-35.5% ~a~~ sieves to esti- 
mate the diffusivity of butane in the 4A sieve 

FIG. 6.  Variation o f  diffusivity at 91 "C with %Ca2+ within the present temperature range. ~h~ values 
exchange (theoretical line, experimental points). estimated in this way lie somewhat below the 

extrapolation of the data of Walker et al. as may 
located near one of the four membered oxygen be seen from Fig. 5 
rings, (14) but this site is less favorable energet- Using a value of; based on the experimental 
ically than the sites of types I and I1 and is diffusivity for the 5~ sieve and the derived 
probably not occupied to significant extent diffusivity for the 4A sieve, values of x' for the 
in sieves containing less than 11 cations per partially exchanged sieves may be obtained by 
cavity. The type I sites are energetically more matching experimental and theoretical dif- 

than the type I1 sites and are preferen- fusivities. These values are compared in Table 2 
tially occupied, leading to opening of the win- with the values (x") calculated from the Na+/  
dows with increasing c a 2 +  exchange. The precise 

~~2 + analysis on the assumption that all type I 
distribution of the cations between these sites sites are occupied before any of the type sites. 

be governed by a complex equilibrium but, The values of are all similar to but slightly 
for any given composition ( ~ a + / C a ' + ) ,  the 
maximum possible value of x may be estimated TABLE 2. Fraction o f  open windows in partially CaZ+ 
by assuming that all type I sites are occupied exchanged type A sievea 
before any of the type I1 sites. The theoretical 
curve shown in Fig. 6 was calculated on the %aZ+ n X' x" f 
basis of this assumption with r = 860, this being 30. 55 17 0.27 0.28 0.996 
the ratio of diffusivities for open and closed 32.54 10.11 0.31 0.32 0.996 

- 
0 10 40 60 80 
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smaller than the corresponding values of x". 
This is consistent with a n  equilibrium between 
the two types of sites such that a small fraction 
of the type I sites may remain vacant while some 
of the type 11 sites are occupied. From general 
considerations such an  equilibrium seems quali- 
tatively reasonable but, in view of the uncertain- 
ties inherent in the CaZf /Na+  determination (6 ) ,  
further analysis is probably not justified. 

I t  is of interest to note that the sharp decline 
in diffusivity which is predicted when the Ca2+ 
content of the sieve falls below about 30% (Fig. 
6) corresponds closely with the cut off observed 
by Breck et al. (1) for the sorption of nitrogen, 
propane, and 17-heptane in Na-Ca A zeolite. 
The limiting case in which a sorbate molecule has 
zero probability of passing through a blocked 
window is covered by Hainmersley's al~alysis 
(2, 5 )  which, applied to the Na-Ca A zeolite, 
predicts that the capacity for such a sorbate 
should fall to a negligibly low value at  x = 0.23 
(approximately 2 8 7  Ca2+) .  The present analysis 
shows that, even when the rate of diffusion in the 
closed sieve is finite, the decline in diffusivity in 
this region of ionic composition may be so sharp 
as to  lead to an  effective sorption cut-off. For 
such a system ( e . g .  propane or butane in Na-Ca 
A) the precise form of the quasi equilibrium 
capacity curve would depend on the duration 
of the experiment. 

Conclusion 
The theory presented above provides~ . a  

method by which the kinetics of sorption in a 
partially ion exchanged sieve lnay be predicted 
if the diffusivities for the two extreme ionic 
forms of the sieve are known. The assumptions 
involved in the theory are simple and physically 
realistic and the generalized curves presented in 
Figs. 1-4 should therefore provide a useful basis 
for the analysis of experimental diffusivity data 
for such systems. The theory appears to provide 

a satisfactory interpretation of the limited experi- 
mental data available for the diffusion of 
n-butane in partially calcium exchanged A-type 
zeolites but a full verification of the theory would 
require a more extensive experimental study 
with a variety of sorbates and covering a wider 
range of zeolite compositions. 

The apparatus of Clarke was made available to the 
author through the kind cooperation of Professor R .  M. 
Barrer, Imperial College, London. The author is also 
grateful to Professor Barrer for a number of helpful com- 
ments made during the preparation of the manuscript. 
The assistance of Dr.  D. R. Garg with the numerical 
simulation and of Dr. R.  1, Derrah. who made the experi- 
mental measurements for the 52.1x CaZ+ sieve, is also 
gratefully acknowledged. 
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KUANG S. CHEN and JAY K. KOCHI. Can. J. Chem. 52,3529 (1974). 
The e.s.r. spectra of a variety of alkyl radicals with a-halogen substituents have been ex- 

amined in solution. The configurations of a-halogen substituted ethyl and B,!3,P-trifluoroethyI 
radicals are correlated with the hyperfine splittings of %-methyl protons and a-trifluoromethyl 
fiuorines, respectively. For an a-fluorine substituent, electronegativity plays an important role 
in determining the pyramidal configuration of the radical center, whereas size appears to be a 
more important factor with chlorine and bromine in promoting a less pyramidal configuration 
at  the radical center. Two %-halogen substituenrs have a disproportionately greater effect than 
one halogen in influencing the configuration at  the radical site. The g-factors of fluoroalkyl 
radicals are qualitatively analyzed in order to discuss possible mechanisms of p-fluorine hyper- 
fine interactions and the effect of trifluoroniethyl substitution on the configuration of the 
radical site. 

KUAKG S. CHEK et JAY K.  KOCHI. Can. J. Chem. 52,3529 (1974) 
On a examine les spectres r.p.e. d'un certain nombre de radicaux alkyles possedant des subs- 

tituants halogenes en position a .  Les configurations des radicaux ethyles substitues en cr par des 
hydrogenes et les radicaux P,B,B-trifluorotthyles sont reliees respectivement avec les couplages 
hyperfins des groupes a-methyles et a-trifluorornethyles. Dans le cas d'un substi t~~ant fluor en 
a ,  I'electronegativite joue un rBle important sur la configuration pyramidale du centre radi- 
calaire; toutefois dans le cas du chlore et du brome, il apparait que la grosseur est un facteur 
plus important pour promouvoir un centre radicalaire ayant une configuration moins pyrami- 
dale. Deux.substituants halogenes en position a ont un effet proportionnellement beaucoup 
plus grand qu'un halogene en vue d'influencer la configuration du site radicalaire. Les facteurs 
g des radicaux fluoroalkyles sont analyses qualitativement en vue de p o ~ ~ v o i r  discuter des 
mecanismes possibles d'interactions hyperfines des hydrogenes en P et I'effet de la substitution 
d'un groupe trifluoromethyle sur la configuration du site ~adicalaire. 

[Traduit par le journal] 

Introduction 
The conformations of free radicals can be 

directly affected by steric interactions imposed 
by a-substituents (1). A notable example is pro- 
vided by the change in the stable conformation 
1 of the n-propyl radical to 2 in the t-amyl analog 
by replacement of the two .x-protons with 
methyl groups (Id). 

H-C-H h k C H 3  CH3-C-CH3 

H 
,JJ H 

H H 
1 2 

For the n-propyl radical, e.s.r. studies in the 
solid state at  4 "K are in accord with deductions 
of its conformation in solution at higher tem- 
peratures (I) .  Conformations of alkyl radicals 

'To whom all correspondence should be addressed. 

in solution are based on the magnitude and the 
temperature dependence of the P-proton hyper- 
fine splittings together with the selective varia- 
tions in the spectral linewidths (16- f ) .  

Substitution in the a-position of alkyl radicals 
may also exert a conformational change in free 
radicals by altering the configuration at the 
radical site. For example, the decrease in the 
extent of bridging in a,%-difluoro-P-chloroethyl 
radical 3 compared to the conformationally 
frozen b-chloroethyl radical 4 has been ascribed 

3 

to an increasingly pyramidal configuration at the 
radical center ( l i ,  2). 

The measurement of I3C splittings represents 
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H - 0  7' procedure from experimentally measured values 
of a,,,, although no values have been recorded H4b-k-~ heretdfore for any halogen substituent. 

H The hyperfine splitting constants and g-factors 
4 for a series of a-haloalkyl radicals are listed in 

the best approach for determining the configura- Table 1. The values of ~ C H ,  are of 
tion at the a-carbon in simple alkyl radicals by htween -40 and O C >  and 
e.s.r. Thus, Fessenden and Schuler have quanti- have been used to determine for 
tatively estimated the degree of bending in the fluorine, chlorine, and bromine substituents. 
series of fluorinated methyl radicals CH,F, -, The unusually small value of the proton h.f.s. 
from I3C hyperfine splitting (3). Due to in CH3CF2' (a, = 13.99 6) is striking for an 
problems associated with routine determination a-methyl group in comparison with those in 
of ' 3 ~  splitting,, llowever, it is desirable to utilize other alkyl radicals (23-26 GI. Two factors may 
additional probes such as the more readily be considered for this unusual observation: (a) 
measurable a-proton, fluorine, chlorine, methyl the bond polarization by an sub- 
proton, and trifluoromethyl fluorine h.f.s, to stituent, and (b) the configuration of themethyl 
determine the configuration of radical sites in group relative to the half-filled orbital at C,. I t  is 
alkyl radicals (4, 5). In this paper we wish to unlikely t h a t b o n d ~ o l a r i z a t i o n ~ l a ~ s a n i m ~ 0 ~ -  
dj,,,,, several Inethods for deducing the con- tant role since a single a-fluorine is insufficient 
figurations of Iialogenated alkyl radicals from to cause a proportiona1 reduction On and 
the isotropic e.s.r, parameters. the value of the methyl splitting in CH3CHF 

(24.48 G), is similar to that in the ethyl radical 

Results and Discussion (26.99 6 ) .  We suggest that the pyramidal 
geometry at the r-carbon is the most iniportant 

H ~ ~ e ~ ' e  S~lirti'gs 'f cl-Meth,~i factor in causing the unustlally small h,f,s. of the 
On the basis of the and a-methyl proton in  CH,CF2., The m D O M ( J  

proton hyperfine 'Onstants, 'Ha and was used to determine the stable con- 
a,,,, of a series of alkyl radicals: methyl, ethyl, figuration at C, and the conformation of both 

and t - b u t ~ 1 3  Fessenden and Schuler CH3CHF and CH,CF, by the cal- 
that can be by the culated proton and fluorine h.f.s. to the esperi- 

expression (1 a) nlental values. Interestingly, the geometry 

[1 I CH3 
acw3 = QH P, 

pHCH3 is a constant with a value of 29.30 G and 
pa, the spin density at the a-carbon is given by 
eq. 2, 

I21 p, = ( I  - 0.081)" 

where n is the number of a-methyl groups. 
Equation 2 implies that each a-methyl group 
withdraws about 8% of the spin density from the 
carbon center. A relationship given in eq. 3 
which is applicable more generally to alkyl 
radicals with nonpolar or monopolar sub- 
stituents has been developed by Fischer em- 
ploying this concept (6). 

A(Xi) is a parameter which measures the spin- 
withdrawing influence of an a-substituent de- 
noted as Xi. A series of A(Xi)  values has been 
derived for various substituents by an iterative 

resulting from the optimization listed in Table 2 
is close to the minimized total energy. Further- 
more, the geometries of best fit at C, for 
CH,CHF and CH3CF2 are almost the same as 
those obtained experimentally and theoretically 
for H2CF and HCF,, respectively (3, 7). This 
result implies that the configuration of the radical 
center is affected very little on replacement of a 
hydrogen by a methyl group. 

INDO results of CH3CF2 in Table 2 also 
indicate that bond polarization does not con- 
tribute significantly to the small %-methyl proton 
h.f.s. since the methyl splitting increases sub- 
stantially from 14.35 to 25.64 G simply by con- 
strainir-g the radical site in CH3CF, to a planar 
configuration. Furthermore, nonplanarity is also 

'An INDO program obtained from QCPE, Indiana 
University, has been converted for the CDC 6600. In 
spite of the approximations involved, the semiempirical 
INDO method has been shown to predict the geometry 
of fluorinated methyl radicals fairly reliably in com- 
parison with those involving ab initio calculations (7). 
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CHEN AND KOCHI: ON CONFIGURATION OF A L K Y L  RADICALS 3531 

TABLE 1. Electron spin resonance parameters of a-halogen substituted ethyl radicals 

Radical 

Hyperfine splitting (G) 
@t Mode of 

(deg) generation: 

*From eq. 1. 
fFrom eq. 7 and A(H) = 0.0, A(CH,) = 0.081, A(F) = 0.024, A(C1) = 0.099. 
f P  = t-hutyl perester, S = halogen ahstract~on by R3S,, H = hydrogen abstraction by t-BuO or CF30. 
§Reference 4b. 

TABLE 2. Conformational dependence of electron spin resonance parameters in 2-fluorinated 
ethyl radicals by INDO-MO 

CH3CH2 CH3CHF CH3CF2 
- 

A A H&F 2 FJ)F 

Structural and H-C-H 
Pi H-C-F Pi F? F-C-F 

e.s.r. parameters* 
HZ H3 Hz H3 H2 H3 

M 
Hz H3 

J? 
H2 H3 

L C,CxHa 120 120 121 - - 
L CBC,F, - 120 119 120 115 
L H,C,H, 120 - - - - 

L HmCeFa - 120 119 - - 

L F,C,F, - - - 120 106 
r(C,-Cd 1.40 1.52 1.52 1 .50 1.51 

53.41 51.02 52.28 49.90 37.21 
a~~ 14.69 13.70 11.10 13.51 2.92 

14.69 14.11 ~. 13.64 13.51 2.92 
%(aH, + a ~ ,  f UH,) 27.60 26.28 25.67 25.64 14.35 
3 ( a ~ ~  + ~ H ~ ) / Q H ,  0.27 0.27 0.24 0.27 0.078 
OH" -20.36 -20.76 -18.58 - - 
a ~ '  - 58.55 61.95 49.89 93.69 
~ 1 3 ~ ~  39.9 38.12 44.56 36.86 142.50 
a 1 3 ~ ~  -12.4 -11.88 -11.22 -11.80 0.89 
Total energy (a.u.) - - 43.0290 - 43.0303 - 68.7258 - 68.7374 

*r(C,-Ha) = 1.08 A, ~(CB-Ho) = 1.08 A, r(C,-F,) = 1.35 A, C, = tetrahedral; angles in degrees, bond lengths in A, and h.f.s. in G. 

reflected in the rather high barrier to rotation a,,,, which results largely from a hypercon- 
about the C,-Cp bond in CH,CF, (2.2 kcal jugative interaction in radicals of the n-type (8), 
mol-I), in contrast to the essentially free rota- will be proportional to the spin density at the 
tion of the methyl groups in the alkyl analogs, a-carbon, p,, only if the half-filled orbital has the 
such as ethyl, isopropyl, and t-butyl radicals same amount of p-character. Two factors may 
(la-e, 5). be considered for this variation: (a) the effect 

Since eqs. 1 and 3 have not been tested for of bond polarization by an a-fluorine substituent 
any a-halogen substituted ethyl radicals, we on the value of eHCH3 and (b) the change in 
have calculated values of A(F) for a-fluoroethyl p-character induced by an increase in the 
radicals from the observed values of a,,,, and pyramidal configuration at the radical site by 
found them to vary from 0.091 to 0.279 for successive replacement of hydrogen by fluorine. 
CH,CHF and CH,CF,, respectively. The A unique value of A(F) = 0.024, on the other 
variation is not unexpected because the value of hand, was obtained from INDO calculated 
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3532 CAN.  J .  CHEM 

values of a,,, for both CH,CHF and CH,CF, 
in hypothetical planar configurations by using 
eqs. 1 and 3, and a value of QHCH3 = 29.30 G. 
The same values of QHCH3 = 29.30 G obtained 
for CH,CH,, CH,CHF, and CH,CF,, when 
they are all constrained to  the sanie planar con- 
figurations, suggests that the hyperfine splitting 
produced by a (full) electron in a pure p-orbital 
on freely rotating methyl protons is the same for 
an a-fluorinated ethyl as well as for an  ethyl 
radical. The latter may not be unexpected, since 
the extent of mixing between the p-orbital and a 
CH, group orbital of the correct symnletry will 
depend upon the energy difference between the 
two. Indeed, the energy of a p-orbital at  a planar 
carbon center to which one fluorine is attached 
(i.r., the half-filied molecular orbital energy = 
-0.3890 a.u. from an INDO calcillation) is 
about the same as that (-0.381 1 a.u.) for a 
p-orbital on carbon to which two Auorines are 
bonded. Thus. the assumption that there is a 
constant energy separation between the half- 
fiiled p-orbital and the methyl group orbital may 
be a reasonable one for planar a-Auoroalkyl 
radicals. as it has been suggested by Fessenden 
and Schuler (la) for alkyl radicals. Furthermore, 
the unusually small value of A(F)  is consistent 
with the high elecironegativity of the fluorine 
atom, which presumably makes a smaller con- 
tribution in the canonical structure 6 to the total 
wave f ~ ~ ~ j c t i o n  f ~ r  the radical with X = F com- 
pared to CH,. 

(-1 ( - 1  \ .  \,.. . 
,c-x - ,/c-X 

5 6 

The excelient agreement between the experi- 
mental results and the INDO calculations sug- 
gests that the reduction in the value of the methyl 
splitting in CK,CF2 is mainly due to the change 
in the configuration of the methyl s o u p  relative 
to the half-filled orbital a t  the pyraniidal radical 
center. I t  also suggests that a quantitative cor- 
relation between the observed value of a,,, and 
the configuration at  the radical site may be more 
generaily applicable to other radicals. 

If 0 describes the dihedral angle between the 
P-CH bond and the p-orbital at  the carbon 
radical center, the hyperfine splitting constant 
for the P-proton is given by eq. 4 (9), where A 
and B are constants. 

. VOL. 52,  1974 

For  planar radicals, the P-proton h.f.s. arises 
largely from a hyperconjugative interaction ( i . e . ,  
A is negligible in comparison with B in eq. 4), 

X-C- X H 
HZ H3 

7 

where X = H, CH,, GI, F, Br and the ratlo R of 
the hyperfine sp!itt~ng constants for H,,, and HI  
ln 7 w111 be a constant and independent of the 3-  

subst~tuents According to eq. 5, a constant value 
of R = 0.25 1s expected if A << B Indeed, the 

calculated ratio of 0.27 for +(a,, + a,,),'a,, in 
Table 2 is the same for the ethyl radical as well 
as for a-fluoro and x.x-difluoroethyl radicals in 
a hypothetical planar configuration. On tlie other 
hand, the ratio of the calculated hyperfine 
splitting constants for H,,, and H ,  as well as 
the nlethyi proton h.f.s.. a,,,, are strongly 
dependent on the degree of bending at  the radical 
center as shown in TabIe 3 and Fig. 1. By 
analogy, we assume that related radicals have 
values for X which are also maiiily determined 
by the degree of bending at the radical site. 

For  bent radicals, Fessenden and Schuler 
quantitatively estimated the degree of bending 
at  radical site for fluoromethyl radicals from the 
observed Y. I3C splitting using eq. 6, 

where 4 is the angle b e t ~ e e n  a C-F bond and 
a plane normal to  the three-fold symmetry axis, 
and aC(0) is the 13C splitting of a planar methyl 
radical and equal to 30 6 (3). The term 2 tan2 4 
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CHEN AND KOCHI: ON CONFIGURATION OF ALKYL RADICALS 

TABLE 3. Conformational dependence of the b-proton hyperfine splitting 
for a,a-difluoroethyl radical by INDO-MO* 

Hyperfine splitting (G) 
L FCaF L CDC,F 
(deg) (deg) ~ C H ~  a ~ I  3 R 

37.21 2.92 0.078 
39.70 3.87 0.097 
42.21 4.91 0.116 
45.87 6.71 0.146 
49.90 13.51 0.271 

-Cp) = 1.51 A, Cp is tetrahedral. 

a,, 2 0 1  
/ "c J 

'\ 

0 2 L  \ . 
\ 

LLU- -- ---- 7- 

Totol energy - I - 
djfference , , 1 
(kool  mol-') 2 -  4 

L F C F i o s  ios 112 116 1 2 0  116 112 1 0 9  a5 

L C C F  i i 5  6 117 l i e  2 0  118 1 7  16  115 

FIG. 1. Electron spin resonance parameters of 
CH3CF, as a function of the configuration at the radical 
as determined by INDO-MO: ( a )  p-proton h.f.s., (0) 
ratio of P-proton splittings, (c) difference in the total 
energy relative to the optimized structure with i FCF = 
106' and i CCF = 115". 

corresponds to the s-character of the orbital 
containing the unpaired electron, suggesting that 
the spin density at  the a-carbon atom is reduced 
from p, to p,(l - 2 tan2 4) where the term 
(1 - 2 tan2 4) corresponds to the p-character 
of the orbital containing the unpaired electron. 
A set of modified equations which correlate 
a,,, with the spin density at the a-carbon atoin 
for bent radicals can be obtained from the corre- 
sponding eqs. 1 and 3. 

[I1 CH3 
~ C W ,  = QH P a  

where QHCH3 = 29.30 G 

where A(X,) is a parameter which measures the 
spin-withdrawing influence of an a substituent 
Xi on a planar radical configuration, namely via 
bond polarization. For bent radicals, the spin 
density at a-carbon depends on bond polariza- 
tion as well as the angle of bending exerted by 
a-substituents. 

In Table 1, p, was calculated from eq. 1 and 
the observed value of a,,,. + was obtained from 
p, by the use of eq. 7. 

Fluorine Hyperfi~e Splittings for the a-Tri- 
fluoromethyl Group (a,,,) 

Fessenden and Schuler obtained eq. 1 with 
QHCH3 = 29.30 G and A(CH3) = 0.081 by using 
an iterative procedure from the experimentally 
observed value of a,,, for ethyl, isopropyl, and 
t-butyl radicals (la). In Table 4, we have sum- 
marized the e.s.r. parameters of a series of 
radicals which result from the successive replace- 
ment of a hydrogen atom in the methyl radical 
with a trifluoromethyl group, namely CF,CH2, 
(CF,),CH, and (CF,),C. The value of a,,, are 
temperature independent In the range of - 40 to 
- 130 "C for CF,CH, and (CF,)2CH.3 

There is some current disagreement as to the 
effect which successive replacement of a hydro- 
gen by a methyl group has on the configuration 
of alkyl radicals. In the series: ethyl, i-propyl, 
and t-butyl radicals, and especially for .C(CH,),, 
an argument based on the magnitude and the 
sign of the temperature dependence of I3C 
splitting has suggested that the t-butyl radical is 
non-planar (10). However, Symons, Ingold, and 

3The temperature dependence of the b-fluorine h.f.s. 
of (CF,),C' has not been studied (4c), but it is not un- 
reasonable to assume that this f3-fluorine h.f.s. is tem- 
perature independent. 
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TABLE 4. Electron spin resonance parameters of a-trifluoromethyl substituted methyl radicals 

a F p  
T Q H ~  - -- Aa," 

Radical PC) <g> (G) Exptl. Ca1cd.t (GI$ PZ* 

*See text. 
t a F P  (calcd) = 37.83 G x p,. 
:Aa,P = a,P (exptl) - aFB (calcd). 
§Taken from ref. 4c. 

Fischer have pointed out that the evidence used 
to  deduce the nonplanarity at the radical site is 
not rigorous (lg, 11). The nearly constant values 
of the g-factors and the a-proton splittings, as 
well as the small change of the a 13C splittings 
from 38.34 G in methyl radical to 45.2 G in 
t-butyl radical suggest that the effect of a-methyl 
substitution on the bending of the radical site 
is quite small. 

The essentially free rotation in the p,P,p-tri- 
fluoroethyl radical can be attributed to a low 
barrier associated with the 6-fold rotation sym- 
metry along the C,-CI, bond as a result of 
planarity at the trigonal a-carbon center (12). 
There is a small but significant increase in the 
a-proton li.f.s. in going from CF,CH, to 
(CF,),CH, but the change is also accompanied 
by an increase in steric repulsion due to the 
presence of an additional bulky CF3 group. It 
appears unlikely that the configuration of 
(CF,),CH and (CF,),C could be anything but 
planar. Since CF, is more electronegative than 
hydrogen, Pauling's argument (13) that sub- 
stitution of more electronegative groups should 
increase the bending does not seem to  hold for 
the series of radicals with the structure, 
CH,(CF,), -,.4 The effect of electronegativity 
may be offset by the steric effects of the CF, 
groups in these radicals. A correlation of the 
fluorine h.f.s. in R-trifluoromethyl groups similar 
to  eq. 1 for a-methyl proton h.f.s. can be ob- 
tained by an iterative procedure 

with Q~~~~ = 37.83 G and A(CF,) = 0.222. 
The unique values of QFCF3 and A(CF,) indi- 

cate that the variations in the p-character of the 
half-filled orbital are relatively small amongst 

4For recent theoretical arguments to the FCF and 
CF3CCF3 bond angles, see ref. 28. 

the radicals considered here. The latter also 
implies that a-trifluoromethyl substituents do 
not dramatically affect the configuration of 
alkyl radicals. The rather large spin-withdrawing 
influence of a CF, group in which A(CF,) = 

0.222, suggest that structures such as 6 for 
X = CF, are relatively unimportant to the total 
wave-function for the radical. 

Due to the intrinsic features of the INDO 
program (14), the lack of agreement between the 
calculated and experimental p-fluorine h.f.s. is 
noteworthy. Nonetheless, a relationship similar 
to eq. 4 for f3-proton splittings (with a negligible 
A ,  in comparison with B,) has been proposed 
for the p-fluorine h.f.s. of planar radicals such 
as 8 (15) and R' = [+(a,, + a,,)/a,,] = 0.25 

was obtained. Similarly, a dependence of R' on 
bending will be expected. Indeed, a value for R' 

R X-C-X i'4 
F2 F3 

8 

of - 3. i4140.4 or -0.078 can be extracted from 
the results of Meakin and Krusic for the per- 
fluoroethyl radical from their low temperature 
e.s.r. study (16). The bending at the radical site 
of perfluoroethyl radical has been supported by 
I N D O  calculations (4c), and it is also reflected 
in the rather high barrier to rotation about the 
C,-CI, bond (16) (2.85 kcal mol-I). Accor- 
dingly, eqs. 7 and 8 can be used to  correlate 
a,,, with the spin density at the a-carbon atom 
for bent p,P,P-trifluoroethyl radicals. The e.s.r. 
parameters for a-halogen substituted P,P,P- 
trifluoroethyl radicals are given in Table 5 ,  
together with values for p, and 4 calculated 
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TABLE 5. Electron spin resonance parameters of ct-halogen substituted P,P,P-trifluoroethyl radicals 

T a x n  OH= aF $* Mode of 
Radical ("(2) (g> (GI (G) (GI P.* (deg) generations 

*See text. 
?Taken from ref. 156. 
$Taken from ref. 4c. 
8s = halogen abstraction by R,S,, P = photolysis of t-butyl peresters. 

FIG. 2. Electron spin resonance spectrum of a,B,[3,@-tetrafluoroethyl radical in cyclopropane solution at  - 100 'C. 
The stick spectrum shows theoretical binomial intensity ratios. 

from eqs. 7 and 8. The e.s.r. spectrum of a,P,@,P- 
tetrafluoroethyl radical is given in Fig. 2. 

The Effect of a-Halogen Substitution on the 
Configuration of Alkyl Radicals 

Based on the observed a-chlorine and methyl 
proton h.f.s., Cooper et al. concluded that 
2-chloroisopropyl radical is essentially planar 
(4b). We obtain a value of A(C1) = 0.099 from 
the observed a,,, and the use of eqs. 1 and 3. 
Using this value of A(C1) and eqs. 1, 7, and 8, 
we obtained values of p, and 4 for a-chlorinated 
ethyl and @,@,P-trifluoroethyl radicals which are 
given in Tables 1 and 5. 

For the a-bromoethyl radical, Fig. 3, a value 
of a,,, equal to 24.71 G is very close to 24.48 G 
obtained for acH, of the a-fluoroethyl radical. 
However, the smaller electronegativity and the 
bulkier nature of the bromine atom suggest that 
the radical is planar or nearly planar. A value 
of A(Br) = 0.082 was calculated on this basis 
using eqs. 2 and 3. 

g-Factors and the Mecl~anisn? of @-Fluorine 
Hyperfine Split tings 

There are two principal mechanisms which 

have been proposed to account for the interac- 
tion between a 13-fluorine substituent and an un- 
paired electron at  the radical center. The first 
involves an interaction between the lowest un- 
occupied antibonding orbital of the trifluoro- 
methyl group and the half-filled orbital of 
radical (17). The second mechanism involves a 
1-3 homoconjugation between the half-filled 
p-orbital and the lone-pair p-orbital of the 
fluorine (1 8). 

The second mechanism can only make a 
positive contribution to the g-factor since the 
half-filled orbital at the carbon center is of 
higher energy than the lone-pair p-orbital of 
fluorine (19). However, a positive or negative 
contribution to the g-factor may arise from the 
first mechanism.   he sign of the contribution 

u 

depends on the difference between (cO - E ~ )  and 
(EO - E ~ )  where E', E ~ ,  and E" are the half-filled 
orbital, the highest occupied bonding orbital, 
and the lowest unoccupied antibonding orbital 
energies, respectively. 

The n~onotonic decrease in the isotropic 
g-factor with an increasing number of a-trifluo- 
romethyl substituents shown in Table 4 is in 
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FIG. 3. Electron spin resonance spectrum of 2-bromoethyl radical in cyclopropane solution at -77 "C. The stick 
spectrum shows the binomial intensity ratios. The proton n.nl.r. field markers are in kHz. 

striking contrast to the essentially constant 
g-factors for the hydrocarbon analogs. The 
trend in g-factors noted above for a-CF, sub- 
stituted alkyl radicals suggests that the second 
mechanism does not contribute in a major way 
to the spin-transfer process. The first mechan- 
ism has been used to interpret the difference 
between the large fluorine h.f.s. in hexafluoro- 
acetone ketyl and the small one in the isoelec- 
tronic nitroxide (20c). Thus, the diagram shown 
in Fig. 4 illustrates that the energy difference 
between the lowest unoccupied antibonding 
orbital of the CF, group and the half-filled 
orbital of the carbonyl group is indeed smaller 
than that in the nitroxide function. 

According to the first mechanism, a$ is 
approximately inversely proportional to the 
energy difference between the lowest unoccupied 
antibonding orbital of the trifluoromethyl group 
and the half-filled orbital at the radical center. 
From the observed value of a,,, = 22.64 G 
for (CF,),CH in comparison with 34.7 G for 
(CF,),CO and 8.26 G for (cF,),NO, we con- 
clude that the half-filled orbital of the CH group 
has an energy close to 0 a.u. (20, 21). Thus, the 
difference (E' - E") = 0.3 a.u. is expected to be 
smaller than (E' - E ~ )  zz 0.7 a . ~ . ,  and an a-CF, 
group would make a negative contribution to the 
g-factor if the first mechanism were responsible 
for the observed p-fluorine h.f.s. Such a conclu- 
sion is consistent with the observed monotonic 
decrease of the g-factors of the radicals resulting 
from successive replacement of a hydrogen with a 
CF, group. Therefore, we interpret the decrease 
of the g-factor as a support for a mechanism of 
spin transfer into the antibonding orbital of the 
CF, group similar to that formulated for hexa- 
fluoroacetone ketyl. Such an effect would not be 
expected in methyl compounds since the highest 
unoccupied orbital of the methyl group is of 

higher energy than the level in the trifluo- 
romethyl group due to  the smaller electronegati- 
vity of the proton. The latter is in accord with 
the nearly invariant g-factor of the series of 
alkyl radicals: methyl, ethyl, isopropyl, and 
t-butyl. 

On the other hand, the g-factors of ethyl or 
P,P,P-trifluoroethyl radicals with one a-halogen 
substituent are always greater than those of 
the parent radicals as listed in Tables 1 and 5. 
The larger g-factor in these radicals is consistent 
with the findings of McConnell and Robertson 
(22), that in planar rr-radicals, the successive 
substitution of hydrogen by an atom with a lone 
pair of electrons at a position where the spin 
density is appreciable, causes a progressive in- 
crease in the g-factor. This effect can be attri- 
buted to the delocalization of the spin onto the 
lone pair orbital of the a-halogen atom, which 
affords a positive contribution to the g-factor 

I l ! - - ,  

-1- r r  

Total 
energy 

I 1 

FIG. 4. Highest occupied and lowest unoccupied 
orbital energies for HCF,, H,CQ-, and H 2 N 0  as cal- 
culated from INDO-MO. The energy levels are drawn to 
scale. Data are taken from reference 17c. For the energy 

level of 'cH see text. 
/ 
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due to the lower energy level of lone pair orbital 
in comparison with the half-filled orbital a t  the 
radical center. When a second halogen atom is 
introduced, however, there is only a small in- 
crease or  even a decrease in the g-factor. Evi- 
dently as the degree of bending increases due to 
the introduction of the second a-halogen. the .. 
effect of delocalization on to halogen which is 
associated with a positive contribution to 
g-factor is increasingly offset by a factor asso- 
ciated with a negative contribution. A similar 

u 

change in g-factors has been previously noted 
in the series of CH,F,-n and s ~ H ~ F , - .  (3, 23). 

An equation has been derived to estimate the 
angle of bending at  tlie radical site due to  
z-halogen substitution in alkyl radicals which 
is based on tlie experimentally observed ?-methyl 
proton or oc-trifluorornethyl fluorine hyperfine 
splitting constants. Two %-fluorine substituents 
have a disproportionately greater iilfluence on 
bending than one fluorine, in accord with results 
calculated by INDO. The effect of an %-chlorine 
or  bromine substituent is akin to that of a methyl 
group, and suggests that size has an important 
influence. The effect of an ci-trifluoromethyl 
group on the g-factor has been qualitatively cor- 
related with the energy levels of the CF, group. 
The observed monotonic decrease of the 
g-factors on successive replacement of an hydro- 
gen atom in the methyl radical by a CF, group is 
consistent m.ith ?he hyperconjugative mechanism 
proposed for the p-fluorine splitting. The positive 
contribution to the g-factor by x-halogen 
substituents is offset to an increasing extent by 
the increasing degree of bending at  the radical 
site. 

Experimental Section 
The modified Varian X-band spectrometer, rnicrowabe 

frequency measurements, light source, and sample tubes 
are as described previously (Id) .  

T o  minimize the error in the g-value determinations, 
all measurements were made on  spectra recorded on the 
same day for increasing magnetic field. Perylene cation 
radical = 2.00258 (24) was used as standard in the con- 
figuration employed. The accuracy of tile measurements 
is estimated as +0.00003. Hyperfine splittings were cor- 
rected for second-order shifts and confir~ued by com- 
puter simulation. 

F o r  photolytic reduction of alkyl halides, equal 
volumes of di-t-butyl peroxide and triethylsilane were 
di l i~ted with sufficient cyclopropane (and ethane) to give 
a final ratio of approxiruately 1 : 1 : 1 : 4  ( v v ) .  For the 
photolysis of acyl peresters, a small a m o i ~ n t  of the perester 

(ca. 100 mg) was dissolved in a relatively large volume 
(15: l )  of cyclopropane or  cyclopropane-ethane mix- 
tures. For the photolytic abstraction of hydrogen a tom 
from the fluorohydrocarbons, a solution with a half- 
volume of di-r-butyl peroxide or  bis-trifluoromethyl 
peroxide was diluted with cyclopropane or  Freon-12 
(CF2CI2) to give a final ratio of approxi~iiately 1:0.5:4. 
For the generation of 1,l-difluoroethyl radical from 
1 ,1-difluoroethane, bis-trifluoromethyl peroxide was 
used, since di-i-butyl peroxide ~under the same conditions 
did not afford sufficiently high concentrations of radicals 
for e.s.r. measurements. For  the generation of 2-fluoro- 
propyl radical from the photolytic abstraction of hydro- 
gen from 2-fluoropropane; spectra of radicals with good 
signal-to-noise could only be observed at  temperatures 
higher than - 80 'C .  

~\ffltei.ifl/s 
Di-i-butyl peroxide was obtained from Shell Chemical 

Co. ,  \\ashed with water, dried, passed through an alu- 
mina colilmn, and redistilled at  reduced pressure prior to 
use. Triethylsilane was obtained froin Col~imbia Chem- 
icals Co., r e f l ~ ~ x e d  o \e r  ~llolecular sieve and redistilled 
prior to use. Bis-trifl~~oromethyl peroxide was obtained 
from PCR. Inc. 1,1,1 .-trichloroethane (Matheson), 1 , I  ,1-  
trifluoro-2-bron~oethane (P~erce  Chemical Co.), and 
1,1,1 -trichlorotrifl~~oroerhane, (PCR. Inc.) were washed 
with water, dried, and redistilled prior to  use. Perfluoro- 
propyl bromide was obtained fro111 PCR, Inc. and used 
as such. 1 .I-Difluoroethane (Genetron 152A) and I .I- 
difluoro-I-chloroetliane (Genetron 142%) \\ere obtained 
from Matheson Co.  Perfl~~oropropionyl chloride was ob- 
tained from Pierce Chemical Co.  

r-Bl tr~ ' /  Hr. \~~jf~roroi . \ob~tj~i .~~/  Pere,tci. was prepared via 
the acid chloride (25) (n ,m, r . :  6 1.31 (s), 4.03 (septet)). 

t-Bury1 ~ , ~ , ~ - t ~ ~ i f i u o i ~ o - ~ ~ - f l ~ i o ~ ~ i ~ ~ ~ ~ ~ ~ ~ p i ~ i i ~ y l  Pei.e.\/ti. was 
prepared ~ i a  the anhydride. (n.11i.r.: 6 1.31(s), 5.17 
(d x q). 

t-Bu/jl  T- f~~roropropioi~yl  Pei.ester 
Ethyl methanes~~lfon>I-lactate was prepared by the 

rcethod of Crossland and Serkis (26). Yield 95'5. (n.ni.r.: 
6 1.32 (t),  1.58 (d), 3.07 (s). 4.25 (q), 5.04 (q)). The lactate 
(20 g) and 12 g a n h ~ d r o u s  p o t a s s i ~ ~ m  Iluoride in 65 ml 
of hexamethylphosphoric t r ia~nide were heated and 
stirred at 100 C over a period of 24 h .  The reaction mix- 
ture was cooled, diluted with cold water. and extracted 
with anhydrous ether. The extracts were s a s h e d  with 
water, dried ober anhydrous niagnesiurn sulfate, and 
distilled (b.p. = 51 C at  93 m ~ n ) .  Yield of ethyl r-fluoro- 
propionate. 50% (n.rn.r.: 6 1.30 (t), 1.50 (d  x d), 4.20 (q), 
4.87 (d x q)). Ethyl rl-fluoroprop~onate (1 5 g) and I00 rnl 
o f  1 0 7  potass i~~rn  hydroxide aqueous solution mere 
stirred at room temperature over a period of 3 h.  The 
reaction mixture was extracted with ether, dried, and 
distilled (b.p. = 84-85 C a t  54 mni). Yield rl-fluoropro- 
pionic acid 70% (n.ni.r.: (6 1.62 (d r. d), 5.06 (d x q)). 
/-Butyl-T-fl~ioropropionyl perester was prepared via the 
acid chloride (n.m.r . :  (6 1.31 (s); 1.63 (d x d), 5.14 (d x 
9)). 2-Fluoropropane was prepared by the method of 
Edge11 and Parts (27) via the rnesylate (n.rn.r.: 6 1.32 
(d x d), 4.86 (d x septet)). t-Butyl-rl-bromopropionyl 
perester was prepared from Y-broniopropionic acid via 
the acid bromide (11.m.r. : 6 1.33(s), 1.84(d), 4.36(q)). 
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Structure Cristalline de TlV03 

Laboratoire de Chimie Mir~krale B ,  U.E.R. de Chimie, Faculte'des Sciences de Nantes, 
B.P. 1044,44037, Nantes, cedex, France 

R e ~ u  le 26 fevrier 1974 

M. GAWNE, Y. PIFFARD et M. TOURNOUX. Can. J. Chem. 52, 3539 (1974). 
Le metavanadate de thallium TIVO, cristallise dans une maille orthorhombique (groupe 

spatial Pbcm) de parametres a = 5.16, b = 11.22, c = 5.73 A avec Z = 4. La structure a ete 
determinee a partir de 255 reflexions independantes mesurees a I'aide d'un diffractornetre 
automatique. 

Dans cette structure le vanadium adopte une coordinence tktraedrique. Les tktraedres s'asso- 
cient par mise en commun de deux atomes d'oxygene pour former des chaines (V03),"- 
paralleles a l'axe c. 

TIVO, s'avere &tre isotype des metavanadates MVO, (M = K, NH4, Rb, Cs). Le thallium 
adopte une coordinence dix analogue a celle des alcalins. L'etude structurale montre que le 
doublet 6sZ du thallium est stereochi~niquement inactif dans TIVO,. 

M. GANNE, Y. PIFFAKD, and M. T o u ~ ~ o u x .  Can. J. Chem. 52,3539 (1974). 
Thallium metavanadate (TIVO,) crystallizes in an orthorhombic lattice (space group Pbcm) 

with parameters a = 5.16, b = 11.22, c = 5.73 A with Z = 4. The structure was determined 
using 255 independent reflections measured with an automatic diffractometer. 

Vanadium has a tetrahedral coordination in this structure. The tetrahedra are joined by having 
two oxygens in common to form chains (V03),,"- parallel to the c axis. 

TIVO, is established to be isomorphous to themetavanadates MVO3 (M = K, NH4, Rb, Cs). 
Thallium has a coordination number of ten analogous to that of the alkali ~netals. The study 
demonstrates that the 6sZ doublet of thallium is sterochemically inactive in TlVO,. 

[Journal translation] 

Introduction 
L'ttude structurale d'un grand nombre de 

composts oxygCnCs ternaires du thallium rCv6le 
une Cvolution progressive du rBle stCrtochimique 
jout par le doublet solitaire du thallium I avec la 
teneur en thallium de ces composCs. Dans les 
composCs pauvres en thallium I celui-ci prksente 
une coordinence ClevCe et son comportement est 
analogue B celui des alcalins, K et Rb: il y a sou- 
vent une relation d'isotypie entre les composts de 
meme formulation. Au contraire dans les phases 
riches en thallium I, la coordinence de cet CIC- 
ment est faible; tous les anions sont situes d'un 
m&me c8tC par rapport au thallium, les distances 
thallium-oxygene sont trks courtes ( ~ 2 . 5 0  P\) ce 
qui est l'indice de l'btablissement de liaisons de 
covalence; le doublet solitaire du thallium I joue 
alors un r6le stCrCochimique. La structure des 
composCs Tl4O3 (I),  Tl,PO, ( 2 ) ,  Tl,BO, (3), 
Tl,TiO, (4), et T1,Sn03 (5) illustre ce comporte- 

presence de chaines infinies (VO,),"-. Trois 
types structuraux ont t t t  caractCrists: LiVO, (6) 
de groupe spatial Cc dont la structure prCsente 
de grandes analogies avec celle du diopside 
CaMg(SiO,), et du spodumene, NaVO, (7) qui 
est isotype du diopside et MVO, avec (M = K, 
NH,, Rb, Cs); dans ce dernier groupe les struc- 
tures de KVO, et de NH,VO, ont CtC dCter- 
minCes (8-1 1). 

L'examen des parametres de la maille ClCmen- 
taire de TIVO, que nous avons dija donnte dans 
une publication rCcente (12) suggere l'isotypie de 
ce composC et des metavanadates de potassium 
et d'ammonium (tableau 1). 

Nous avons toutefois entrepris l'ttude struc- 
turale de TlVO, dans le but de pouvoir comparer 
les environnements du thallium et du potassium 
dans le cadre d'une Ctude gtnCrale sur le systkme 
T1,O-V,O, et sur 17activitC stCrtochimique du 
doublet solitaire du thallium I. 

ment. Partie expkrimentale 
Les mktavanadates anhydres d7C1Cments mono- Le composB TIVO, est par voie humide par 

valents presentent tous des caractCristiques action d'une solution de nitrate thalleuxsur une solution 
munes: coordinence tCtraedrique du vanadium, diluCe de metavanadate d'ammonium. L'Bvaporation 
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TABLEAU 1. DonnCes cristallographiques des 
metavanadates isotypes 

- 
Groupe b 

Compose spatial ( )  (A) (A) Z 

K V 0 3  Pbcm 5.22 10.82 5.90 4 
NHdVO, Pbcm 4.90 11.79 5.82 4 
TWO3 Pbcm 5.16 11.22 5.73 4 
RbV03 Pbcm 4.99 11.98 5.65 4 
CSVO, Pbcm 5.38 12.20 5.78 4 

lente, a temperature ambiante, de la solution obtenue 
conduit a la formation de cristaux transparents, acicu- 
laires ii base carree. 

Donnkes cristallographiques 
TIVOa p.m. = 303.4 
orthorhombique, Pbcn~, a = 5.16(1), b = 11.22(2), c = 
5.73(1) A, V = 331.8 A3, po = 6.02(3) g/cm3, p = 6.05 
g/cm3, Z = 4, (20 -C, CuKa, A = 1.54050 A), p = 514 
em-'  (20 ' C ,  MoKr,  h = 0.70926). 

Ces donnees cristallographiques ont ete obtenues lors 
de I'etude prelimina~re effectuee sur monocristal a I'aide 
des methodes photographiques classiques. Les conditions 
d'existence obscrvees Okl, k = 211; h01, I = 211 sont com- 
patibles avec les groupes spatiaux Pbcrn et Pbc2,. Les 
tests physiques: piezoelectricitC et doublage de frkquence 
laser effectues au C.N.E.T. de Lannion se sont averes 
negatifs. Un test statistique portant sur !a distribution 
des facteurs de structure normalises ne s'est pas avere 
suffisamment significatif pour permettre le choix entre les 
deux groupes spatiaux possibles (13). L'affinement a ete 
conduit dans un premier temps dans le groupe centro- 
symetrique Pbon. U n  calcul effectue avec le groupe Pbc2, 
ne conduit pas a une amelioration du facteur de reliabilite. 
La densite a ete mesuree sur poudre, aprts degazage sous 
vide primaire Torr), par la methode de la poussee 
hydrostatique. Le tetrachlorure de carbone, etalonne par 
rapport a I'eau bidistillee, a t t t  utilise comme liquide 
pycnometrique. 

Un cristal de dimensions 0.15 x 0.02 x 0.02 mm, 
assimilable a un cylindre a ete retenu pour I'enregistre- 
ment des intensites diffractees au moyen d'un diffracto- 
metre automatique "Nonius" CAD-3, utilisant le rayon- 
nement MoK,. Dans le demi-espace reciproque compris 
entre 8 = 3.5- et 8 = 35', les intensites de 1784 reflexions 
ont ete mesurees avec un balayage 8-28. Elles correspon- 
dent a 737 reflexions independantes. Seules les corrections 
de Lorentz et celles de polarisation ont ete effectuees sur 
les intensites des 255 reflexions independantes satisfaisant 
au test o( I ) / I  = 0.25. Dans le domaine de 0 explore 
I'erreur maximale, liee a l'absorption d'un cylindre dont 
R = 0.60, n'excede pas 2% pour les facteurs de structure 
observes; la correction d'absorption n'a pas t te  effectuee. 
Les ecarts-types sont evalues par application de la statis- 
tique de Poisson rigissant les mesures par comptage. Le 
rapport o( I ) / I  est donne par la relation 

ou Test  l'intensite brute de la reflexion, F,' et F,' les in- 
tensites des fonds continus a gauche et a droite et T = 
t/2t' le rapport des temps de comptage de la reflexion et 
des fonds continus. Les mesures d'intensite ont kt6 effec- 
tuees en choisissant la valeur T = 3. 

DCtermination de la structure 
L'interprttation de la fonction de Patterson 

tridimensionnelle l'aide de la matrice de Patter- 
son a permis de retenir la position 4d pour 
l'atome de thallium. L'atome de vanadium a pu 
etre localisC sur une position 4d grdce B une syn- 
th6se de Fourier tridimensionnelle. Apres quatre 
cycles d'affinement des coordonnies atomiques 
du thallium et du vanadium, le facteur de reli- 
abilite classique 

est de 0.123. 
L'affinement des paramktres atomiques et des 

coefficients d'agitat~on thermique a &te rtalist 
par la mithode des rnoindres carris (matrice 
complete) sn minimisant la quantitk S = 

CW(IFoI - ZIFcl)2 oh West le facteur de pondt- 
ration et Z le facteur d'kchelle. 

Une sCrie de Fourier difference permet de 
placer les troi: atomes d'oxygine. Deux corres- 
pondent a une position 4d et l'autre a la position 
4c du groupe Pbcm. Apr6s quatre cycles d'affine- 
ment en isotropie thermique avec des facteurs de 
pondtration unitaires, le facteur R atteint la 
valeur 0.085. Lors d'un dernier affinement com- 
prenant trois cycles, le tenseur d'agitation ther- 
mique du thallium ainsi qu'un schCma de pon- 
dtration ont t t t  introduits. Le facteur de ponde- 
ration s'exprime en fonction de 1'Ccart type par 
la relation W = l/[02(F)]. 

Nous avons utilist le schtma de ponderation 
de Hughes (14) avec les bornes F, = 1.5, F2 = 
75, F, = 140 et F, = 240. En fin d'affinement 7 
reflexions telles que IF, - Fcl/o 2 20 ont Cte 
rejetees. 

Dans ces conditions, le facteur residue1 atteint 
la valeur R = 0.055 et le facteur 

la valeur 0.066. 
Ces calculs d'affinement ont CtC effectues a 

l'aide du programme SFLS 5 (15) sur ordinateur 
CDC 6400. Les facteurs de diffusion atomique 
sont extraits des tables de Moore (16). La liste 
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GANNE ET AL.: STRUCTURE DE TlVO3 3541 

TABLEAU 2. CoordonnCes atomiques ( x  lo4) et coefficients d'agitation thermique ( x  lO3YSb 

Atome X Y Z Ull(ouU)* u2 2 u3 3 U12 u13 u23 

T1 774 (3) 4018 (1) 114 33 (1) 20 (1) 31 (1) 3 (1) 0 0 
V 5384 (10) 1678 (4) 114 17 (I)* 
o(2) SSOl(54) 1612(27) 114 36 (I)* 
o(3) 4144 (73) 351 (26) 114 34 (I)* 
o(1) 4307 (52) 114 0 17 (I)* 

#Le facteur de temperature de chaque atome s'exprime sous la forme exp [ - 2 1 ~ ~ ( a * ~ h ~ U ~ ~  b*2k2U22 + c * ~ ~ ~ U ~ ~  + 2a*b*hkU12 + 2a*cthlU13 
2b*c*klU2,)1 ou exp [ -2sZ(U.  l / d 2 ) ] .  

bLes ecarts-types sont indiquks entre parentheses. 

des facteurs de structure observks et calcults a 
CtC verske au dkp6t des donnies non publites.' 

Les valeurs des divers parametres atomiques 
sont donnies dans le tableau 2. 

Description de la structure 
La fig. 1 reprksente une vue de la structure, 

projetke sur le plan (001). TlVO, est isotype de 
KVO, et de NH,VO,. Le tableau 3 permet de 
comparer les principaux angles et distances inter- 
atomiques dans TIVO, avec les risultats obtenus 
par Evans (1 1) pour KVO, et NH,VO,. 

Tous les atomes l'exception des atomes 
d70xygi.ne notts O(1) sont situts dans les plans 
miroirs; ils occupent les positions 4cl du groupe 
Pbcnz. L'atome Q(1) occupe la position 4c cor- 
respondant a l'axe binaire. 

Les atomes de vanadium sont au centre de 
tetraedres formts par les atomes d70xygi.ne. 
Chaque groupement VO, partage deux de ces 
atomes d70xyg6ne avec deux autres tktraedres. 
Cette association par des sommets conduit a des 
chaines (VO,),,"- infinies paralleles a l'axe c. Les 
atomes de thallium assurent In cohtsion entre 
les chaines en adoptant une coordinence 10 irre- 
guliire. Chaque thallium relie quatre chaines de 
tttrahdres. 

Les angles 0-V-O sont tres voisins de ceux 
observes pour KVO, et NH,VO, et ne s'tcartent 
que de tres peu de la valeur idtale: 109.5". L9Ccart 
le plus important est observt pour l'angle 
O(1)-V-O(1): 106.2" qui concerne les deux 
sommets non partagis des tktraedres. On con- 
state comme dans le cas de KVO, et de NH,VO, 
deux types de longueur de liaisons V-O selon 
que l'oxygene est ou non commun a deux tetra- 
- 

'On peut obtenir la sCrie complete de donnkes des ta- 
bleaux a un prix nominal, en s'adressant au DCpBt des 
donnkes non publites, Bibliotheque scientifique nationale, 
Conseil national de recherches du Canada, Ottawa, 
Canada KIA 0S2. 

FIG. 1 .  Projection de la structure cristalline de TIVO, 
sur le plan (001). 

hdres. Cette diffirence significative est, comme 
l'a indiqui Evans (1 I), I'indice d'un caractere 7t 
de la liaison vanadium-oxygene non partagt. 

La fig. 2 reprksente l'environnement du thal- 
lium I dont la coordinence est 10. Le polyidre de 
coordination est trhs comparable a celui du 
potassium dans KVO,. Les distances MI-Q 

FIG. 2. Environnement oxygtne du thallium I dans 
la structure cristalline de TlVO,. 
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TABLEAU 3. Principales distances interatomiques et principaux angles de valence" 
dans KV03,  NH4V03 et TWO3 

Liaisons Segments KVO3 TIV03C NH4V03 

V-0(2) A 1.66+0.010 1.61 (3) 1 .67k0.03 
V-0(3) B 1.65k0.010 1.62(3) 1 .65k0.03 
V-O(1) C 1 . 8 1 ~ 0 . 0 1 0  1.79 (1) 1.801.0.03 
0(1)-0(3) K 2.8420.015 2.80 (2) 2 . 8 5 i 0 . 0 5  
0(1)-0(2) L 2.86k0.015 2.78 (3) 2 .8220.05 
0(2)-0(3) M 2.70k0.015 2.66 (4) 2 .67k0.05 
0(3)-0(3) N 3.60+0.015 3.49 (2) 3 .50k0.05 
M-O(l)b D 2.80+0.012 2.88 (2) 2 .96k0.05 
M-O(2) E 2.91+0.012 2.94 (3) 3 .00k0.05 
M-0(2)b F 3.12+0.012 3.17(1) 3.19k0.05 
M-O(3) G 2.76k0.012 2.94 (3) 2 .85k0.05 
M-O(2) H 2.79k0.012 2.93 (3) 3.06k0.05 
M-O(3) I 3.16+0.012 3.02 (3) 3 .40k0.05 
M-0(3)b J 3.45+0.012 3.42 (2) 2 .85k0.05 
M-M T 3.71k0.008 3.70 (1) 4 .7710.05 
M-M U 4.24k0.008 4.45 (1) 3 .6620.05 
V-V V 3.43k0.007 3.41 (1) 3 .42i0.005 

Angles de valence 
O(2)-V-0(3) 
O(1)-v-O(2) 
O(1)-V-0(3) 
O(1)-v--O(I) 
v-O(1)-v 

- --  p~ - 

#Les distances sont exprimees en Angstrom les angles en degres. 
hCes valeurs interviennent deux fois dans l3;nvironnement du thallium. 
'Les &carts-types sur les donntes concernant TIVO, sont indiquks entre parentheses. Pour KVO, et 

NH4VOB nous avons reproduit I'estimation qui nous semble contestable de l'erreur donnee par Evans 
(1 1). 

(tableau 3) sont comprises entre 2.76 et 3.45 TABLEAU 4. Principaux angles 0-MI-0 

Dour KVO,: leur disversion est un veu moins dans TWO3 et KVO,a 

importanted pour T~V'O, : 2.88 et 3:42 A. Les 
principaux angles 0-MI-0 sont rassemblts T I V O ~  KV03 (11) 

dans le tableau 4. 02E-TI-02F' 69.43 (0.51) 73.40 (0.20) 
La com~araison des deux volvidres indiaue 02~-TI-01D' 73.11 (0.42) 75.37 (0.17) 

L 

que le doublet 6s' du thallium est sttrCochimique- 02E-Tl-03G 97.02 (0.57) 96.63 (0.24j 
ment inactif dans cette structure. Cette activitt 02E-T1-03J' 113.05 (0.54) 115.87 (0.22) 

02E-TI-031 143.18 (0.56) 139.61 (0.23) 
lorsqu'elle se manifeste, se traduit en effet par de 03G-T]-02F' 78.15 (0.55) 75.62 (0.22) 
trks courtes distances thallium-oxyghe (1-5) O~G-TI-O~M 66.80 (0.57) 70.29 (0.24) 
indiquant un caract6re covalent de la liaison et 03G-TI-03J' 109.42 (0.57) 107.66 (0.24) 
par une disposition des anions conforme a la 03G-T1-031 119.78 (0.60) 123.74 (0.26) 
thCorie de Gillespie et Nyholm (1 7). 03G-TI-01D' 147.84 (0.47) 147.81 (0.22) 

02H-TI-031 52.98 (0.57) 53.44 (0.22) 
02H-TI-03 J' 74.37 (0.54) 69.83 (0.22) Conclusion 02H-TI-02E 163.83(0.53) 166.93(0.23) 

Cette ttude structurale confirme la relation 
d'isotypie que laissait pressentir le comparaison 
des param6tres des mailles ClCmentaires de 
TlVO, et des mktavanadates des aicalins de grand 
rayon ionique. Elle n'a pas permis de mettre en 
6vidence un dCbut d'activitk sttrtochimique du 
doublet 6s' du thallium I. Orgel (18) calculant 
l'effet du champ cristallin sur les cations d'tlt- 
ments lourds et polarisables des groupes B a 
discutt de la manifestation de cette activitt et des 
proprittts physiques susceptibles d'en rCsulter. 

02H-TI-01D' 120.42(0.42) 115.58(0.18) 
031-TI-03J' 57.09 (0.56) 55.71 (0.22) 
031-TI-01D' 75.09(0.47) 70.08(0.20) 
031-TI-02F' 115.53 (0.54) 113.64 (0.22) 
O1D'-TI-03J' 51.97 (0.46) 52.86 (0.19) 
01D'-TI-02F' 69.70 (0.41) 72.21 (0.17) 
01D'-TILOID 59.71 (0.25) 61.24 (0.11) 
0 3  J'-TI-03J 113.53 (0.52) 111.41 (0.22) 
03J'-TI-02F' 58.58 (0.51) 57.94 (0.20) 
02F'-TI-02F 128.90 (0.49) 132.55 (0.20) 

"La nomenclature utilisee pour les atomes d'oxygbne correspond 
aux notations de la fig. 2. Le ' permet de distinguer deux atomes qui 
se correspondent par I'opkration rbflexion. Les angles sont exprimes 
en degrks avec I'ecart-type entre parentheses. 
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GANNE ET AL.: STRUCTURE DE TlVOz 3543 

I1 est probable qu'elle se manifestera dans le 
s ~ s t i m e  T1,O-V,O, pour des composts plus 
riches en thallium tels que Tl,VO, dont 1'Ctude 
est en cours. 
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Arrhenius Parameter for Some Gas-phase Cycloaddition 
Reactions of Singlet Molecular Oxygen 
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R. D. ASHFORD and E. A. OGRYZLO. Can. J. Chem. 52,3544 (1974). 
Rate constants have been determined for several reactions of O,('A,) in the gas phase, at  

temperatures bstween 300 and 550 'K. The following values were obtained when the data was 
fitted to the Arrhenius equation: 

k(cyc1opentadiene) = 2 x 10' exp (- 3900jRT) 1 mol-I s-I  

k(l,3-cyclohexadiene) = 1.5 x 10' exp (- 5500/RT) 1 mol-' s-' 

k(furan) = 1.5 x 10' exp (- 5300/RT) 1 mol-I s-' 

k(2-methylfuran) = 2 x los  exp (- 3900jRT) 1 mol-' s-' 

A charge-transfer interaction in the transition-state is invoked to account for the data 
available for such reactions. 

R. D. ASHFORD et E. A. OGRYZLO. Can. J. Chem. 52,3544 (1974). 
On a determine, a des temperatures allant de 300 a 550cK, les constantes de vitesse de 

plusieurs reactions de O,('A,) en phase gazeuse. Lorsque les donnees ont etC traitkes a I'aide 
de l'equation d'Arrhenius, on a obtenu les valeurs suivantes: 

k(cyc1opentadiene) = 2 x 10' exp (- 39001RT) 1 mol-' s-I 

k(cyc1ohexadiene-l,3) = 1.5 x 10' exp ( -  5500jRT) 1 mol-' s- '  

k(furanne) = 1.5 x 10' exp (- 5300/RT) 1 mol-' s-I  

k(methy1-2 furanne) = 2 x los exp (- 3900jRT) 1 mol-' s-' 

On fait appel a une interaction de transfert de charge dans l'etat de transition pour expliquer 
les donnees disponibles pour ces reactions. [Traduit par le journal] 

The addition of O,('A,) to conjugated dienes 
provides a novel illustration of the well known 
Diels-Alder cycloaddition reaction (1). Reaction 
is believed to occur by means of a concerted 
attack at the 1 and 4 positions of the diene to 
form a cyclic endoperoxide as illustrated in 
the following equation for cyclopentadiene (2). 

diene singlet oxygen Raniform 
endoperoxide 

These reactions have been studied in some 
detail in solution (3). However, in the gas phase, 
no activation energies have been reported, and 
only a few preliminary rate constants can be 
found in the literature (4). These suggest a 
much slower rate for the same reaction in the 
gas phase. The present study was undertaken 
to measure the rate constants and activation 
energies for the gas-phase reactions in order 
to determine whether such data can shed any 

Iight on the detailed mechanism of these 
reactions. 

Experimental Section 
Singlet oxygen was produced in a conventional 

discharge-flow system (5) using a 100 W microae\:e 
generator in Matheson extra-dry oxygen. The n~zjoi. 
portion of the oxygen atoms were removed uith a 
mercuric oxide ring formed immediately after the dis- 
charge by distilling a very small amount of mercury 
through the discharge. The remaining trace of atomic 
oxygen was scavenged by the addition of sufficient NO,, 
after the discharge, to completely eliminate the faint 
0 f NO afterglow. 

The reaction tube was 70 cm long and had an internal 
diameter of 4.9 cm. It was surrounded with an electrically 
heated jacket which allowed the temperature to be varied 
between room temperature and 200cC. The pumping 
rate was adjusted to produce a relatively slow linear 
flow rate of about 85 cm/s, when the pressure was 
2.5 Torr. Under these conditions the partial pressure 
of O,('A,) was about 0.1 Torr and about 10% is de- 
activated along the length of the reaction tube (chiefly 
in collisions with ground state oxygen molecules). 

The O,('A,) concentration was monitored with an 
RCA-7265 photomultiplier which measured the "dimol" 
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ASHFORD AND OGRYZLO: CYCLOADDITION REACTIONS OF O2('hg) 

TABLE 1. Rate constants and Arrhenius parameters for the gas phase reactions 
of O,('A,)" 

- - -  - - 

E* k (25 "C) 
Substrate log A (kcal/mol) (M-I  s-I)  

Cyclopentadiene 8 . 3 k 0 . 2  3 . 9 k 0 . 2 5  3 . 5 ~  lo5 
1,3-Cyclohexadiene 8 . 2 2 0 . 1 5  5 . 5 1 0 . 2  1 .6x104  
Furan 8 . 2 2 0 . 1 5  5 . 3 k 0 . 2  2 . 1 x 1 0 4  
2-Methylfuran 8 . 3 k 0 . 2  3 . 9 k 0 . 2 5  3 .5x105  

"The errors quoted represent 95x confidence limits. 

emission at  6340 A (6) through an interference filter 
and a "honeycomb" collimator. The photomultiplier 
was calibrated with an  isothermal-calorimetric measure- 
ment of the O,('A,) concentration (7). The calorimeter 
could not be used throughout the experiment because 
the cobalt catalyst was found to lose its effectiveness for 
deactivating OZ('A,) on exposure to hydrocarbons at thc 
elevated temperatures used in these experiments. 

An E.A.I. Quad 1100 mass spectrometer was used to 
follow the concentration of the diene at  a fixed position 
a t  the end of the reaction tube. The position of the 
hydrocarbon inlet was continuously variable along the 
reaction tube. A sufficiently small amount of the diene 
was admitted so that (a)  the O,('A,) was not significantly 
consumed by reaction, and (b) the peak-height registered 
by the mass spectrometer was strictly proportional to 
the partial pressure of the hydrocarbon in the system. 
T o  monitor thc dicne concentration a large mass-peak 
was chosen which displayed the largest drop when 
OZ('A,) was introduced, i.e. one which showed the 
smallest contribution from fragmentation of the products. 
This was not difficult because the fragmentation pattern 
of the endoperoxide was quite different from that of the 
parent diene. 

Results 
Since the O,('A,) in the reaction tube was 

not measurabiv consumed in the observation 
tube when the dienes were added, the reaction 
could be treated as pseudo first order, and the 
rate constant calculated with the equation 

['A,] is the average singlet oxygen concentration 
along the reaction tube while [DieneIo and 
[Diene] are the concentrations of diene initially 
and at time t respectively. Using eq. 1, rate 
constants were determined a t  a series of tempera- 
tures between 298 and 477 "K for four dienes. 
The results are presented in the form of an 
Arrhenius plot in Fig. 1 and the Arrhenius 
parameters obtained by a least squares analysis 
are listed in Table 1 together with the rate 
constants a t  25 "C.  

Discussion 
Activation energies for these reactions of 

singlet oxygen in the gas phase have not been 

FIG. I .  Arrhen~~is  plot of the rate constants for the 
rcaction of O,('A,) with the four niolecules ~dent~fied on 
the figure. 

reported previously. Huie and Herron (4) 
obtained a value of k = 6.8 x 104 1 mol-I s- '  
for the reaction with 1,3-cyclohexadiene and 
1.0 x lo6 1 moi-' s-' for the reaction ki th  
2-methylfuran at room temperature.' The 
differences between these values and those 
reported in Table 1 are surprising because both 
determinations used essentially the same tech- 
nique. However, it may be significant that a t  
least the value for 1,3-cyclohexadiene was 
apparently obtained by Huie and Herron 
without added NO,. It is therefore possible 
that their higher value could be the result of 
interference from oxygen atoms. 

'A value of lo5 for the rate constant in the O,('A,) - 2- 
methylfuran reaction is a typographical error (19). 
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TABLE 2. Arrhenius parameters for some Diels-Alder reactions (8) 

System 

In the gas phase 
isoprene 

cyclopentadiene 

In  dioxane 
Maleic { cyclohexadiene 

anhydride + cyclopentadiene 

The most noteworthy point which arises from 
our temperature dependent studies is that for 
this set of dienes the pre-exponential factor 
remains essentially constant, and the differences 
in reactivity can be attributed to differences in 
the activation energies. This also appears to 
be true for other Diels-Alder reactions when a 
given dienophile is added to a series of dienes. 
Some typical systems are listed in Table 2. 
Our results can be considered to confirm the 
suggestion that with a given dienophile the 
geometry of the transition state in the Diels- 
Alder reaction is fixed and hence the entropy 
of activation (and pre-exponential factor) shows 
little variation. Varying reactivities can then be 
identified chiefly with changes in the potential- 
energy barrier for the reaction. 

The fact that the activation energies for these 
singlet oxygen reactions are much lower than 
those for other dienophiles can be attributed to 
the greater electrophilicity of singlet oxygen. 
It has been shown (9) that for almost all Diels- 
Alder reactions the rate is increased by electron- 
donating substituents on the diene and electron- 
withdrawing substituents on the dienophile. 
Alternatively, such substituents can be con- 
sidered to lower the ionization energy of the 
diene and raise the electron affinity of the donor 
(10). The large electron affinity of singlet 
oxygen (-1.8 eV) could therefore also be 
considered the source of its higher reactivity. 
However, rationalization of the results is also 
possible in quantum mechanical terms and we 
will consider such a description in more detail. 

The basic theoretical work of Kearns and 
Khan (2) established orbital and state correla- 
tion diagrams essential for the prediction of 
reaction products, and the elimination of 
orbitally forbidden paths. However the effect 
of substituents on reactivity was not considered. 
Chalvet et al. (11) have attempted to predict 

E* k (25 "C) 
log A (kcallmol) (M-I  s-I) 

the effect of substituents in the reaction of 
singlet oxygen with aromatic hydrocarbons. 
Their calculations showed that the electron 
densities in the hydrocarbon were not useful 
criteria for predicting reactivities. However 
they were able to predict the point of attack 
on the ring system from the extent of delocaliza- 
tion in the assumed transition state. Such 
delocalization depends on the magnitude of 
the interaction between certain frontier orbitals 
(12) recently used by Sustrnan (13) to describe 
substituent effects in Diels-Alder reactions. 
This model assumes that only the highest 
occupied molecular orbital (h.o.m.0.) and the 
lowest unoccupied molecular orbital (1.u.m.o.) 
need to be considered for most chemical re- 
actions. The change in orbital energies during 
the course of the reaction can be calculated, 
and it is a fundamental assumption of this 
approach that the activation energy for a 
reaction is determined principally by the 
magnitude of this interaction in the transition 
state. This interaction energy is most easily 
estimated with perturbation-theory (14), and 
the most significant qualitative result is that 
the interaction is greatest when the orbitals of 
the correct symmetry have similar energies. 
In the case of the normal Diels-Alder reactions 
which display the substituent effects discussed 
above, the arrangement of the relevant orbitals 
is shown in Fig. 2. Orbital occupancy is in- 
dicated with arrows. The relative positions of 
the orbital energy-levels on the reactant have 
been estimated from their ionization energies. 
It can be seen that with this orbital arrangement 
the initially dominant interaction is most 
probably between the n* orbital on the dieno- 
phile and $, on the diene since n and $, have a 
much greater energy separation. The merit of 
this approach lies in its ability to account for 
the rate-accelerating effect of electron with- 
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ASHFORD AND OGRYZLO: CYCLOADDITION REACTIONS OF Ot('Ag) 3547 

0.0 agreement with the observed n -+ n* transition 

, + e  energy in 0, (16). This reasoning leads to the 
, 

/' 0.8 positions of the orbitals on an energy level 
, 0.0 diagram as illustrated in Fig. 3. Substituents 
I 

nP.. . _. . . _ _ _, I 
I 

on the diene which raise the level of $, now 
0.0 "., 1 cause a decrease in the interaction between 

E n, and \Ir2. However, it can be seen from an 
examination of Fig. 3 that it is not the magnitude a' I,- ". t+i,-? of this interaction which is important now, it 

u , is the position of the new orbital (o-) in the 
transition state relative to $, on the diene, i.e. 
the magnitude of AE, and this is determined 
mainly by the energy gap between $, and n,". 

D;enoph~le Transihon State Plene The addition of electron-donating substituents 
FIG. 2. An illustratioll o f  the h.o.m.0.-1.u.m.o. on the diene would still have the effect of 

interactions in the normal Diels-Alder reaction. raising the level of +,, but this would lead to a 
drawing substituents on the dienophile and larger value of AE, causing a greater stabilization 
electron donating groups on the diene. Both in the transition state and a lower activation 
changes would bring the two levels closer to- energy for the reaction. 
gether causing a greater interaction in the If the above description of the system is 
transition state and thus a lower activation correct, the reaction is driven chiefly by a 
energy for the reaction. true charge-transfer interaction rather than an 

There is, however, a difficulty when an attempt orbital-interaction such as may occur in the 
is made to fit the reactivity of o,(~A,) into this "normal" Dieis-Alder reaction.' Consequently 
orbital model. Since the effect of substituents 
on the diene parallels that observed for the 0.0 80. 
normal Diels-Alder reaction, it is tempting to 
simply disregard the fully occupied antibonding 0.0 
n* orbital (n,*) and bonding n orbital (n,) on '4'3 

the oxygen (since they have the wrong symmetry 
for interaction with the diene) and then identify 
the n,* and n, orbitals with the 1.u.m.o. and 
h.o.m.0. orbitals of the normal dienophile 
discussed above. This would yield an energy- ' // 

8 0.0 level diagram for the singlet oxygen reaction 
+ ------------------- ! /' 

which is qualitatively similar to that shown in 0.0 t-4- J/ 

Fig. 2. In this way the effect of substituents on u - 

the diene is accounted for as it was with other " "Y G 
dienophiles, and the greater reactivity of 02('A,) 
could be attributed to a better energetic- 
coincidence between n,* and q 2 .  However, K@ t-+-f!:fl- 's: 
when an attempt is made to justify the 
positioning of these energy levels using the fly 
ionization energy of 0,('A,), difficulties arise. 

"x  

~ ~ & g )  Transition State Diene 
The ionization energies of the dienes lie between 

I .  3 Orbital interactions between dienes and singlet and ev, which fixes the position of $2'  oxygen i f  the 1.u.m.o. on oxygen lies below the h.o.m.0. 
However, the 11 eV ionization energy of on the diene. 
02('A,) is now a measure of the n*-orbital 
energy (rather than the n-orbital as it was for 'Fukui (12) has described the normal Diels-Alder 

derivatives). ~h~ position of the reaction in terms o f  "electron-flow". However, this is 

x-orbital has been established at 15.3 eV with qualitatively different from the present system in which 
the energy levels o f  the isolated reactants have not been 

photoelectron spectroscopy (15). This places the significantly altered at the point where charge transfer 
x* orbital about 4.3 eV above the n orbital in occurs. 
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TABLE 3. Rate constants and Arrhenius parameter for reactions of 
02('A,) in methanol (3) 

E* k (25 "C) 
Substrate log A (kcallmol) (M-I s-I) 

Cyclopentadiene 7 .7  0.25 3.5x107 
1,3-Cyclohexadiene 7.2 1 . 3  5 x lo6 
Furan 7.6  0 . 2  3 . 2 ~  lo7 
2-Methylfuran 7.8 0 . 4  3.8x107 

one would predict a polar transition state and 
hence a significant solvent effect on the reaction. 
These reactions have been studied in solution 
and the results reported by Koch (3) are given 
in Table 3. It  is difficult to assess the complex 
procedure through which Koch obtained these 
activation energies, and it is unfortunate that 
the lifetimes of singlet oxygen which are con- 
sistent with his data are somewhat different 
from those obtained later by more direct tech- 
niques (16). The values of k (25 "C) and log A 
in Table 3 have been calculated from his data 
using the more recent value for the singlet 
oxygen lifetime in methanol (17). It  will be 
noted that the rate constants are between lo2 
and lo3 times greater in solution and this is 
due to the very much lower activation energy 
for the reactions in solution. Such a large 
difference between the gas and condensed 
phase parameters is not observed for the 
normal Diels-Alder reaction (IS),  but is con- 
sistent with the "charge transfer" mechanism 
discussed above for the singlet oxygen reaction 
since the solvent would be expected to produce 
a more stable charge transfer transition state. 
With an activation energy approaching zero in 
methanol a great variation in the rate constant 
would not be expected when the solvent is 
changed. This is indeed the experimental 
observation reported by Young et al. (17) for 
the very fast reaction with 2,5-diphenylfuran. 

Summary 
A consideration of the orbital energy levels 

in 02('A,) relative to those in most cyclic 
dienes which form endoperoxides suggests that 
the reaction rate may be governed by the 
magnitude of the charge-transfer interaction in 
the transition state. This view is supported by 
the large increase in rate constant which occurs 
when these reactions are carried out in solution. 
The data available indicates that this increased 

reactivity can be identified with a decrease in 
activation energy to almost zero in the condensed 
phase. Consequently no appreciable variation 
in the rate constant would be anticipated when 
the solvent is changed. Indeed, changes in the 
pre-exponential factor could more than com- 
pensate for the effect of any further change in 
E* by the solvent. Unfortunately, activation 
energies for these reactions, in different solvents, 
have not yet been reported. 

Financial assistance from the National Research 
Council of Canada is gratefully acknowledged. 
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An Electron Spin Resonance Study of the Spin Adducts of 
OH and HOz Radicals with Nitrones in the Ultraviolet Photolysis of 

Aqueous Hydrogen Peroxide Solutions1 
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JOHN R. HARBOUR, VIVIAN CHEW, and JAMES R. BOLTON. Can. J. Chem. 52,3549 (1974) 
The photolysis of H,02 in aqueous solution has been used to study and characterize electron 

spin resonance (e.s.r.) spectra of the .OH and HO,. radical spin adducts with the spin traps 
5,5-dimethyl-1-pyrroline-1-oxide (DMPO) and phenyl-t-butyl nitrone (PBN). At high con- 
centrations of spin trap and low concentrations of H 2 0 2  an e.s.r. spectrum is obtained which 
we assign to the .OH radical adduct (for DMPO, nN = 15.3 G,  aBH = 15.3 G,  aYiH = 0.61 G,  
a,!," = 0.25 G, and g = 2.0060; for PBN, aN = 15.3 G,  upH = 2.75 G, and g = 2.0057). 
At low concentrations of spin trap and high concentrations of H,O, a second spin adduct spec- 
trum is obtained mhich we assign to the spin adduct of the H 0 2  radical (for DMPO, a' = 
14.3 G, aDH = 11.7 G ,  = 1.25 G ,  g = 2.0061; for PBN, a N  = 14.8 G, a," = 2.75 G,  and 
g = 2.0057). 

JOHV R. HARBOUR, V I V I A ~  CHEW et JAMES R.  BOLTO~.  Can. J. Chem. 52,3549 (1974). 
On utilise la photolyse ~ L I  peroxyde d'hydrogene en solution aqueuse pour etudier et carac- 

tCriser les spectres rpe des adduits de .OH et de H 0 2 .  avec les pieges a spin dimethyl-5,s 
pyrroline-1 oxyde-1 (DMPO) et phenyl I-butyl nitrone (PBN). A des hautes concentrations 
de piege a spin et a de basses concentrations de H , 0 2 ,  un spectre rpe est obtenu qui peut 
Ctreassigne al'adduit du radical .OH (pour DMPO, a' = 15.3 G,  apH = 15.3 G, a,," = 0.61 G,  

= 0.25 G et g = 2.0060; pour PBN, a' = 15.3 G ,  aDH = 2.75 G et g = 2.0057). A des 
basses concentrations de piege a spin et i de hautes concentrations de H 2 0 , ,  un deuxieme 
spectre rpe est obtenu qui peut etre assigne B I'adduit du radical H O y  (pour DMPO, a" = 
14.3 G, nil" = 11.7 G ,  aYH = 1.25 G, g = 2.0061: pour PBN, a" = 14.8 G,  a," = 2.75 G et 
g = 2.0057). [Traduit par le journal] 

Introduction through the cornpilation of the e.s.r. parameters 

The technique of spill trapping of short-lived for a wide variety of spin adducts, One should 

radical intermediates (R.) by nitrones and other be able to identify an  unknown radical inter- 
spin traps has become a valuable addition to mediate by a comparison of the e.s.r. Param- 

the methods of studying reaction mechanisms. eters. 

This technique has been reviewed recently by The two nitrone spin traps which have found 
Janzen (1). The basic reaction can be described wide use are 5,5-dimethyl-l-pyrroline-l-oxide 
as (DMPO) 

The resultant spin adduct is usually a relatively 0 
0 

stable nitroxide radical which can be charac- 
terized by electron spin resonance (e.s.r.) and ~ h e n ~ l - t - b u t ~ l n i t r o n e  (PBN) 
spectroscopy. In favorable cases it is possible 
to  identify the radical R. from the parameters g 
of the nitroxide e.s.r. spectra (principally g @ c H = ~ - c ( c H ~ ~  
factors and hyperfine splitting). Eventually 0 

'Contribution No. 11 1 of the Photochemistry Unit, DMPO has the advantage that the P-hydrogen 
University of Western Ontario, London, Ontario. hyperfine splitting of the spin adduct is quite 

2To whom correspondence should be addressed. sensitive to the nature of R (ref. 2 gives an  
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extensive list of spin adducts with DMPO); 
whereas PBN has the advantage of forming 
very stable spin adducts. 

We have recently begun a study of photo- 
chemically induced electron transfer processes 
in aqueous solution. In the course of this work 
we detected spin adducts from what appeared 
to be the hydroxyl radical. However, a search 
of the literature revealed that no  validated case 
of such spin adducts in aqueous solution has 
been presented. In this paper we hope to  provide 
the evidence necessary to characterize the spin 
adducts of not only the .OH radical but also 
the HOy radical, radicals which are of con- 
siderable importance as intermediates in 
chemical, photochemical, and radiolysis pro- 
cesses in aqueous solution. 

Previous work (3-8) has indicated that .OH 
and HO, radicals are the major intermediates 
generated in the u.v. photolysis of aqueous 
hydrogen peroxide. We have utilized both 
DMPO and PBN as spin traps in this system, 
and we \vill demonstrate that indeed .OH and 
HOy radicals can be trapped and the spin 
adduct e.s.r. spectra characterized for these 
radicals. 

Materials and Methods 
Electron spin resonance spectra were obtained on a 

Varian E l2  electron spin resonance spectrometer. 
Second derivative spectra were obtained by combining 
the 100 and I kHz modulation and detection systems. 
The ~1.v. irradiation source was a Hanovia Model 977B-1 
K W  Hg-Xe lamp in a Schoeffel Model LH 151N lamp 
hoilsing. For some experiments a flash photolysis 
apparatus manufactured by Photochen~ical Research 
Associates was used in conjunction ~ i t h  the e.s.r. The 
flash lamp used was a Novatron 185 manufactured by 
Xenon Corporation. This apparatus and technique have 
been described e l se~here  (9). 

H ,02  (30%) was obtained from Anachemia Chemicals 
Ltd. Dilution was carried out with twice distilled, 
deionized water. PBN was a gift from Dr. E.  G.  Janzen 
and DMPO was a gift from Dr. K .  S. Chen. 

D 2 0 2  (1%) was prepared by diluting 70% H 2 0 2  (a 
gift from E. 1. DuPont of Nemours and Company) with 
99.7 atom% D,O (Merck, Sharp and Dohme of Canada 
Ltd.). 

Results and Discussion 
Ultraviolet photolysis of 'a 1 aqueous H20,  

solution in the presence of DMPO generates 
the e.s.r. signal (g = 2.0060 + 0.0002) seen in 
Fig. la .  The 1 : 2: 2: 1 quartet pattern3 (a  = 

3Additional small hyperfine splittings are seen under 
high resolution (see below). 

d 
FIG. 1. Electron spin resonance spectra (microwave 

power 10 mW; modulation amplitude 0.5 G ;  time con- 
stant 0.3 s ;  scan time 4 min) obtained upon u.v. photo- 
lysis of H 2 0 2  solutions in the presence of DMPO. 
(a)  1% H 2 0 ,  and 1 x 1 0 - 2 M D M P O ;  (b) 30% H,O, 
and 8 x ~Zil DMPO. 

15.3 G)4 can be explained by the acc~dental 
equality of a" and aH. A pH study over the 
range 1 I p H  I 9.5 showed no variation in 
either g factor or  in the observed splitting. 
Variation of the DMPO concentration over the 
range to 10-I M affects only the intensity 
of the e.s.r. signal. 

On increasing the H,O, concentration to 3 0 x  
in the presence of 8 x M DMPO a 
second e.s.r. signal appears (see Fig. 16) under 
u.v. photolysis. This signal is characterized by 
g = 2.0061 f 0.00025 aN = 14.3 G ,  apH = 

11.7 G, and = 1.25 G.  Both of these 
spectra decay upon termination of illumination 

4Hyperfine splittings are quoted with a confidence limit 
of i 1% or i 0.03 G whichever is the larger. 

'Although the absolute error in g is _+0.0002, there 
is no doubt that this spectrum is centered at  a lower 
field from the spectrum in Fig, l a  and hence has a 
slightly higher g factor. 
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HARBOUR ET AL.: SPIN ADDUCTS 0 F O H  AND H02. WITH NITRONES 3551 

but with different rates, the spectrum in Fig. la 
decaying more rapidly. Hence, under continuous 
illumination, the observed ratio of the two 
signals is continuously changing. In order to 
bypass this problem we employed the technique 
of flash photolysis-e.s.r. (9). A single flash 
under our experimental conditions was suffi- 
cient to generate an observable signal. By 
monitoring at fields a and b (see Fig. Ib), the 
intensity increase following a single flash Ifl and 
Ib and the resultant ratio Z,/Z, could be 
m e a ~ u r e d . ~  

Using the flash technique, &/I, was found to 
vary extensively as a function of reactant 
concentrations. At high concentrations of 
DMPO in a 30% H 2 0 2  solution, Ifl/Ib is large, 
that is the 1 : 2 : 2 :  1 quartet dominates; while 
at low concentrations of DMPO IJI ,  is small 
indicating that the second radical signal is the 
major spin adduct observed. 

These results can be interpreted in terms of 
the following mechanism. Ultraviolet light 
initially causes the homolytic cleavage of R 2 0 ,  

In the presence of DMPB, the .OH radical can 
be trapped 

Radical 1 is assumed to be responsible for the 
1 : 2:  2:  1 quartet spectrum. 

However, some of the .OH radicals may 
react with H202 .  

The HO,. radical may also be trapped by 
DMPO 

H H  H H  

141 H ~ c M ~  H 
CH3 / CH3 / OOH 

0 
0 0 

2 

6The rate of decay of the signals is slow compared to 
the time necessary to record the signal amplitude 
following a flash. 

FIG. 2. Second derivative e.s.r. spectra (microwave 
power 4 niW; modulation amplitude 0.1 G ;  time con- 
stant 1.0 s ;  scan time 8 min) of the low field line of the 
hydroxy adduct obtained upon 11.v. photolysis of: 
(a) 1% D 2 0 2  in D,O with 1 x lo-' IM DMPO; (b) 1% 
H z 0 2  in H 2 0  with 1 x M DMPO. 

Radical 2 is assumed to be responsible for the 
second radical spectrum in Fig. 1 b. 

Experiments carried out using 1% D20,  in 
D 2 0  provided additional confirlnation of the 
assignment of the spin adducts. In radical 1 
one would expect a slightly narrower linewidth 
due to the replacement of the OH proton by a 
deuteron (y,/y, = 6.5) providing the OH proton 
hyperfine splitting contributes to the overall 
linewidth. Indeed a 10-15% narrowing of the 
radical 1 linewidths was observed. In addition, 
some additional hyperfine structure became 
apparent in the D 2 0 2  system. In order to 
confirm this, a second-derivative recording was 
made to enhance the resolution. This spectrum 
along with the corresponding OH adduct 
signal are shown in Fig. 2. The improved re- 
solution in the OD adduct spectrum is clearly 
evident. The two y proton hyperfine splittings 
are = 0.61 G and = 0.25 G. The ob- 
servation of a y hyperfine splitting is important 
since all previous oxy adducts reported exhibit 
at least one y hyperfine splitting (2). 

At low concentrations of spin trap (or in the 
absence of spin trap) evolution of oxygen is 
evident upon illumination as indicated through 
the formation of bubbles in the e.s.r. sample 
cell. 0, evolution in this system is thought to 
originate according to one or more of the 
following three mechanisms (3, 10) 
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HO2. + .OH + Hz03 (a) 
[71 

Hz03 + Hz0 + 0 2  

(HO,. and . 0 2 -  are in equ~l~brum. See below.) 
1 / 
l 1  I 1 1  

Thus the format~on of HO,. or . 0 2 -  is a neces- I 1 1  ! 1 1  R 1 
sary prerequisite for 0, evolut~on. Hence, the 

I 11 

observation of the HO,. spin adduct at low hi;$' ' I  concentrations of DMPO is consistent w ~ t h  I/;, 
the above mechanisms. 

I 
I 

/ 
I  I 1  1 ;  li 

At h ~ g h  concentrat~ons of DMPO where 
the trapplng of the .OH rad~cal predominates, 

1 1  
( I /  I )  1 

no oxygen evolut~on can be detected. This 
is consistent w ~ t h  the fdct that HO,. cannot be 
formed when most of the .OH rad~cals are 
trapped. (b )  1 0  G 

We have obta~ned s ~ m ~ l a r  results with the 
PBN spln trap as illustrated in Fig. 3a and 6. 
At 1% H 2 0 2  concentrat~on the .OH radical 
adduct 1s observed wlth aN = 15.3 G and I\ 

upH = 2.75 G. At 30% H 2 0 2  concentrat~on the 
I  

I 1  I 
HO,. rad~cal adduct 1s detected w ~ t h  aN = p , l h + Y  1 /!YPdth@ , p 
14.8 G and aBH = 2.75 G. Both radicals have a I 1 I I 

i I g factor of 2.0057. Hence e~ther nitrone can 
I 

1 1  1 1  1 1  
act as an effect~ve trap for .OH and HO,. 1 1  1 1  1  

I 

radicals, although DMPO prov~des a more I ! I  

d~stinct d~fferent~ation between the two rad~cal I 

adducts. 
The .OH rad~cal adduct of PBN has been ' 1  

by et ". (I1) I n  a benzene FIG 3. Electron spln resonance spectra (microwave 
solution They obta~ned a' = 14.63 G and power 10 m w ,  modulation amplitude 0 5 G .  tline con- 
apH = 2.88 G. Our results for aqueous solutions stant 0 3 s ,  scan time 4 mln) obta~ned upon LI v photo- 

are close to their values ~ Y S I S  of H202 solutions In the Presence of a saturated 

1s made of the solvent dependence of n~t rox~de  s o l u t l o ~ ~  of PBN. (a) 1% H 2 0 2 ;  (b) 30% H202. 

hyperfine splittlngs. and B1el5ki (3)  report that the HO,. radical 
It Is of to the acidpbase relaxes to equlllbrlum In about 1 ps, Thus a 

equll~br~um of the HO,. radical considerable amount of spln trapplng could 
[81 H 0 2  = H +  + 02- occur before equ~l~bration ~f spln trapp~ng occurs 

at a diffusion controlled rate. The pKa for this equilibriuln is 4.4 i 0.4 At a pH near 7,0, the H02. adduct did in- 
(3, 10). This raises the question of whether or crease relative to the .OH radical adduct. not these spin traps are capable of initially However. at this pH, the base catalyzed de- trapping . 0 2 -  followed by protonation to cornposition of H 2 0 2  becomes important since yield the H02 Previous studies ( I )  0, evolution in the dark is apparent HO,. 
suggest that only neutral radicals are trapped 

is known to be an intermediate in that reaction. by nitrones. In order to test this we carried out 
a study of the p H  dependence of the spin 
trapping reaction in 30% H,O, over a p H  Conclusion 
range of 2.5 to 5.5. There was relatively little We believe we have provided conclusive 
change in the ratio I,/I,. There are two inter- evidence for the identification of the .OH and 
pretations of this result. Either HO,. and HO,. radical adducts with the spin traps 
.0 , -  are trapped by the nitrones at about the DMPO and PBN in aqueous solution. The 
same rate, or HO,. is trapped before the a c i d  e.s.r. parameters for these spin adducts can now 
base equilibrium can be established. Czapski be used with confidence in the study of re- 
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actions involving .OH or HO,. radical inter- 
mediates in aqueous solution. 
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COMMUNICATIONS 

Di-(1-adamanty1)iminoxy. Preparation and Dipole Moment1 

D. LINDSAY, E. C. HORSWILL, D. W. DAVIDSON, AND K. U .  INGOLD 
Division of Chemistry, National Research Cor~ncil of Canada, Ottawa, Canada K I A  OR9 

Received May 24, 1974 

D. LINDSAY, E. C. HORSWILL, D .  W. DAVIDSON, and K. U. INGOLD. Can. J. Chem. 52, 3554 
(1974). 

The di-(1-adamanty1)iminoxy radical, (I-Ad),C=NO., has been prepared from the corres- 
ponding imine. It is a blue, crystalline material that is stable indefinitely in air at room tempera- 
turz in the solid state. Dipole moments have been measured in benzene at 30' for the radical 
(2.90 D), for (I-Ad),C=NH (2.49 D), and for (l-Ad)2C=NOMe (0.79 D). In the radical the 
unpaired spin density on nitrogen is estimated to be ca. 25%. 

D .  LIYDSAY, E. C. HORSWILL, D .  W. DAVIDSO~ et K. U. INGOLD. Can. J. Chem. 52,3554 
(1974). 

On a prepare, a partir de I'imine correspondante, le radical di(adamanty1-I) iminoxyle, 
(Ad-l),C=NO.. Ce compose est bleu et cristallise; a la temperature de la piece et a I'air, i l  est 
stable indefiniment dans cet etat. On a mesure les moments dipolaires du radical (2.90 D), du 
(Ad-I),C=NH (2.49 D) et de (Ad-I),C=NOMe (0.79 D) dans le benzene a 30". On estime 
que dans le radical, la densite de spin d'electron non paire sur l'azote est d'environ 257 .  

[Traduit par le journal] 

Di-t-butyliminoxy, (t-Bu),C=NO., was pre- oxy, (I-Ad),C=NO., from the parent imine3 (3) 
pared in these laboratories a few years ago (1). by the procedure used for (t-Bu),C=NO. (1). 
It was the first o radical (2) to be isolated (a sky- HzNOH 
blue liquid, f.p. -21"). In an attempt to obtain a (I-A~),C=NH -& (I-A~),C=NOH 
longer-lived and, particularly, a crystalline2 Ag2O 
iminoxy we have prepared di-(I-adamanty1)imin- -4 (l-Ad)2C=N0. 

Infrared? (cm- ') 
Melting Nuclear magnetic -- 

Compound point ('C) resonance data* ( ~ . p . m . )  C-N N-0 

(I-Ad),C=NH 140-143 1.70 (12 H), 1.95 (18 H)  1582 
(lit.(3) 113-116) (strong, sharp) 

(1 Ad)2C=NOH 268-27 1 Insoluble 1610 930 

(weak, broad) (strong, sharp) 

1595 
(strong, sharp) 

"The n.m.r. spectra in CDCI, are quoted in p.p.m. do\r,nfield from TMS 
?The i.r. spectra were measured in KBr. 

The radical was purified by passage through air at room temperature. In degassed benzeile 
Woelm 'dry column' silica in hexane. The pale- solutions the e.s.r. spectral parameters are: 

- 31.14, a l j N  = blue crystalline radical is stable indefinitely in a14" - 43.3, = 8.0 and 13.6 G, 
-- g = 2.00481, and the extinction coefficient IS 5.7 

'NRCC No. 14226. (800 nm). These solutions were of sufficient 
ZWe had hoped to determine the structure by X-ray 

crystallcgraphy but unfortunately it has  not possible to 3All compounds had appropriate mass spectra and 
obtain sufficient data from the crystals of (1-Ad),C=NO.. analyzed acceptably for C, H, and N .  
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COMMUNI 

stability for us to measure the radical's dipole 
moment. This was done in order to obtain a 
measure of the extent of delocalization of the 
unpaired electron towards nitrogen from its 
formal site on oxygen. 

- 

1-Ad , /O. 
I - Ad, 

\ +/p: 
,C=N: ,C=N. 

I -Ad I -Ad  

1 2 

Dielectric constant measurements were made 
in benzene solution at 30" and 10 kHz with a 
three-terminal cell and a GR 1615-A Capacitance 
bridge. Dipole moments were evaluated by the 
method of Guggenheim as described elsewhere 
(4). Measurements were made on (1-Ad),C=NH, 
(I-Ad),C=NO., and (since the oxime was too 
insoluble) on (1-Ad),C=NOMe which was pre- 
pared by methylation with Me1 of (1-Ad),C= 
NONa in dimethyl formamide (m.p. 117-1 18"; 
n.m.r. 1.67 (12 H), 1.96 (12 H), 2.28 and 2.32 
(6 H), 3.73 (3 H); i.r. no C=N band (1480-1 700), 
but strong, sharp bands at 893. 998, and 1045). 
The following dipole moments were obtained: 
(1-Ad),C=NH, 2.49 + 0.04 D;  (I-Ad),C=NO., 
2.90 + 0.07 D ;  and (1-Ad),C=NOMe, 0.79 + 
0.08 D. 

While various assunlptions could be made 
about the detailed structures of these com- 
pounds and the individual bond moments, we 
feel that, so far as the question of electron de- 
localization goes, the following approach is 
justified by its simplicity. For (1-Ad),C=NOMe, 
we take the C=N-0 angle to be ca. 110" (as in 
Me,C=NOH (5)) and the N--0-Me angle to be 
similar. The Me+O group moment is presum- 
ably the same as that in ethers, ciz. (6), 1.2 D 
(i.e., 0.8 D for C + O  plus 0.4 D for H,+C), and 
the N + O  bond moment is 0.5 D (6). If the 
(I-Ad),C*N moment is represented by ..c, and 
if there is a trans configuration about the N-0 
bond, we have: 

0.79 = [(x + 0.5 cos (70")- 1.20)' + 
(0.5 sin 7O0)']+ 

which yields x = 1.68 D. This value is in satisfac- 

tory agreement4 with an estimated (alkyl),C*N 
moment of 1.8 D (i.e., 1.4 D for C*N (7) and 
ca. 0.4 D for (alkyl),+C). 

Theoretical calculations by the INDO method 
have suggested that in the H,C=NO. radical 
the C=N-0 angle is 135" (8). The N-+O bond 
moment in (1-Ad),C=NO., y,  is therefore given 
by, 

2.90 = [(x + y cos (45"))' + ( y  sin 45")']" 

which yields y = 1.76 D. The extent to which 
this dipole moment represents delocalization of 
the electron is somewhat uncertain, since de- 
localization must reduce the "normal" N + O  
bond moment of 0.5 D. We compromise be- 
tween 1.76 and 1.26 D and assign 1.51 + 0.25 D 
to delocalization, If the N-O bond length is 
taken to be 1.25 A,5 the extent of delocalization. 
q, is given by, 

We conclude that the unpaired spin density on 
nitrogen, p,(=q), is approximately 252,  or 
canonical structures 1 and 2 contribute ca. 7 5 x  
and 25%, respectively, to the radical. 

From the anisotropic e.s.r. spectra of a nunl- 
ber of iminoxys, Fox and Symons (10) have 
estimated pN = 41 & 5 7 .  Our own value for 
p, is in reasonable agreement with this, con- 
sidering the uncertainties in thc interpretation 
of the two types of data. It is also worth noting, 
that dipole moment measurements on a dialkyl 
nitroxide radical have given a lower value for 
pN (277 (1 1)) than that estimated from e.s.r. 
spectra (50% (12)). However, the 0-H bond 
strengths, D[O-HI, in hydroxylamines and in 
oximes make it certain that the unpaired electron 
is delocalized to a greater extent in nitroxides 
than in iminoxys. It is perhaps even justifiable 
to estimate p, from D[O-HI as follo~ls. For 

4This agreement tends to confirm the trans geometry 
of the N-0 bond since a conformation having the Me 
group out of the C=N-0 plane will reduce .u. For exam- 
ple, if the Me-0 bond made an angle of 30' with the 
plane, x = 1.08 D. Rotation about the N-0 bond is 
completely prevented by the syn-adarnantyl group. 

'The N-0 bond length in Me,C=NOH is 1,36 A (5) 
and in a bicyclic nitroxide radical it is 1.29 A (9). The 
bond length is expected to be shorter in an iminoxy than 
in a nitroxide. Theoretical calculations (8) on H,C=NO. 
indicate a value of 1.225 A. Using this same geometry (8) 
our own INDO calculations yield a dipole moment of 
1.8 D for H 2 C = N 0  and p~ = 12%. 
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alkoxy radicals, D[O-HI is 104 kcallmol (13) MENDE~HALL and K. U. INGOLD. J. Am. Chem. Soc. 
and the spin density on oxygen, p,, - 1.0. For 
unhindered6 dialkyl nitroxides, D[O-H] is 
72-75 kcal (14) and po - p, - 0.5 (12). For 
unhindered dialkyliminoxys, D[O-HI is 84-86 
kcal (141, which yields, by a linear interpolation, 
p, - 71% corresponding to p, -- 2 9 z .  

The (1-Ad),C=NH dipole moment of 2.49 D 
indicates that there is a large N + H  bond 
moment in imines. This is consistent with the 
fact that the proton mast be fairly acidic since 
the imine can form a sodium salt. No dipole 
moment has been previously reported on any 
R,C=NH compound, presumably because of 
their general instability. 

1. J. L. BROKENSHIRE, G. D. MENDENHALL, and K. U. 
INGOLD. J. Am. Chem. Soc. 93, 5278 (1971); G. D. 

'Since steric factors influence the hydroxylamine or 
oxin~e to a much greater extent than the radicals (14), 
it is the values of D[O-HI for unhindered compounds 
which are appropriate in estimating p,. 

95, 2963 (1973). 
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Electron Mobilities and Ranges in Solid Neopentane: Effect of 
Liquid-Solid Phase Change1 

Chemistp Department, University o f  Alberta, Edmonton, Alberta T6G 2G2 

Received June 27, 1974 

KYOJI SHINSAKA and GORDON R.  FREEMAN. Can. J. Chem. 52,3556 (1974). 
The mobility of thermal electrons, the radiolysis free ion yield, and the penetration range 

of epithermal electrons in neopentane increase on going from the liquid to the solid phase at 
the triple point (257 K). The mobility is u = 71 cmZ/V s in the liquid at 258 K and 154 cmZ/V s 
in the solid at 257 K ;  the density normalized penetration range of the secondary electrons 
in X-radiolysis is b,,d = 1.25 x g/cmz in the liquid (296-258 K) and 1.72 x lo-' g/cm2 
in the solid (253-202 K). The increases at the triple point are presumably due to the greater 
degree of order in the solid. Electron mobility in the solid increases with decreasing tempera- 
ture, u(so1id) % 6.8 x 105T-31z cmZ/V s. The scattering length of neopentane is -8 A in 
the solid and -9 A in the liquid near the triple point. 

KYVJI SHINSAKA et GORDON R. FREEMAN. Can. J. Chem. 52,3556 (1974). 
La mobilite des electrons thermiques, le rendement en ion libre lors de la radiolyse et les 

taux de penetration des electrons epithermaux dans le neopentane augmente lorsqu'on 
passe de la phase liquide a la phase solide au point triple (257 K). La mobilite est de 
u = 71 cmZ/V s a 1'6tat liquide a 258 K et de 154cmZ/V s a 1'Ctat solide a 257 K ;  le taux 
de penetration normalise pour la densite des electrons secondaires a la radiolyse-X est de 

'Assisted by the National Research Council of Canada. 
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alkoxy radicals, D[O-HI is 104 kcallmol (13) MENDE~HALL and K. U. INGOLD. J. Am. Chem. Soc. 
and the spin density on oxygen, p,, - 1.0. For 
unhindered6 dialkyl nitroxides, D[O-H] is 
72-75 kcal (14) and po - p, - 0.5 (12). For 
unhindered dialkyliminoxys, D[O-HI is 84-86 
kcal (141, which yields, by a linear interpolation, 
p, - 71% corresponding to p, -- 2 9 z .  

The (1-Ad),C=NH dipole moment of 2.49 D 
indicates that there is a large N + H  bond 
moment in imines. This is consistent with the 
fact that the proton mast be fairly acidic since 
the imine can form a sodium salt. No dipole 
moment has been previously reported on any 
R,C=NH compound, presumably because of 
their general instability. 
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Electron Mobilities and Ranges in Solid Neopentane: Effect of 
Liquid-Solid Phase Change1 

Chemistp Department, University o f  Alberta, Edmonton, Alberta T6G 2G2 
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KYOJI SHINSAKA and GORDON R.  FREEMAN. Can. J. Chem. 52,3556 (1974). 
The mobility of thermal electrons, the radiolysis free ion yield, and the penetration range 

of epithermal electrons in neopentane increase on going from the liquid to the solid phase at 
the triple point (257 K). The mobility is u = 71 cmZ/V s in the liquid at 258 K and 154 cmZ/V s 
in the solid at 257 K ;  the density normalized penetration range of the secondary electrons 
in X-radiolysis is b,,d = 1.25 x g/cmz in the liquid (296-258 K) and 1.72 x lo-' g/cm2 
in the solid (253-202 K). The increases at the triple point are presumably due to the greater 
degree of order in the solid. Electron mobility in the solid increases with decreasing tempera- 
ture, u(so1id) % 6.8 x 105T-31z cmZ/V s. The scattering length of neopentane is -8 A in 
the solid and -9 A in the liquid near the triple point. 

KYVJI SHINSAKA et GORDON R. FREEMAN. Can. J. Chem. 52,3556 (1974). 
La mobilite des electrons thermiques, le rendement en ion libre lors de la radiolyse et les 

taux de penetration des electrons epithermaux dans le neopentane augmente lorsqu'on 
passe de la phase liquide a la phase solide au point triple (257 K). La mobilite est de 
u = 71 cmZ/V s a 1'6tat liquide a 258 K et de 154cmZ/V s a 1'Ctat solide a 257 K ;  le taux 
de penetration normalise pour la densite des electrons secondaires a la radiolyse-X est de 

'Assisted by the National Research Council of Canada. 
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bGpd = 1.25 x g/cm2 a l'etat liquide (296 a 258 K) et de 1.72 x g/cmZ a 1'Ctat 
solide (253 a 202 K). On fait l'hypothese que I'augmentation au point triple est probablement 
due a un plus grand degre d'ordre dans le solide. La mobilite des electrons a l'etat solide 
augmente lorsque la temperature diminue, ~(solide) est pratiquement zz 6.8 x 105T-3'z 
cmZ/V s.  La longueur de diffusion du neopentane est -8 8, a l'etat solide et de -9 8, a l'etat 
liquide pres du point triple. [Traduit par le journal] 

The effect of molecular and liquid structure 
on the mobilities of thermal electrons in liquids 
is currently of great interest (1-8). Although the 
behavior is partially understood (1, 3, 9), many 
aspects remain unexplained (5, 10). 

The effect of the liquid-solid phase change 
on the mobility of electrons in a hydrocarbon 
is of interest. An early report (6) indicated that 
the mobility in solid n-hexane at  -30" below 
the melting point was at  least five times greater 
than that expected for electrons in the liquid 
a t  the melting point. Neopentane would be a 
better candidate for study because electron 
mobility in the liquid is relatively high (9) 
and the material forms a plastic crystal (11) 
rather than a rigid solid upon freezing. Both 
of these properties increase the probability 
of obtaining a measurable electron conductance 
signal in the solid. Molecules in the plastic 
crystal retain a significant degree of freedom 
of rotational motion, which would tend to 
inhibit the formation of fixed traps for electrons 
(9) in the solid. 

I t  was also possible to measure the effect of 
the liquid-solid phase change on the penetration 
ranges of the secondary electrons in the X- 
irradiated hydrocarbon. 

Electron mobilities and free ion yields were 
measured by pulse radiolysis techniques. The 
mobility u was calculated from eq. 1. 

where d is the distance between the plane, 
parallel electrodes, V is the applied voltage, 
and t is the electron transit time (measured at 
the base of the electron conductance transient 
signal). The positive ion mobility in the solid was 
< cm2/V s, sufficiently small that the 
positive ion current could not be accurately 
integrated. The free ion yield was therefore 
determined by integrating the electron current 
and multiplying it by two. Other procedures 
were the same as those used earlier (10, 12). 
To  minimize the build-up of space charge in 
the solid samples, the pulse dose (1 x 10'' eV/ 
cm3), frequency (< ljmin), and total number 
(14/temperature) were kept small. 

The electron mobility was independent of 
field strength over the range used, which was 
2-10 kVjcm in the solid and 2-15 kV/cm in 
the liquid. The mobility in the liquid was 
virtually independent of temperature, in agree- 
ment with earlier reports (9, 13). However, 
upon freezing the neopentane the electron 
mobility increased abruptly by a factor of two; 
u = 71 cm2/V s in the liquid at  258 K and 
154 cm2/V s in the solid at 257 K. The mobility 
continued to increase as the solid was cooled 
(Fig. 1). The curve through the points for solid 
neopentane was arbitrarily drawn with the 
T - 3 1 2  variation characteristic of electron drift 
that is limited by acoustic-mode scattering (14). 
The curve provides a reasonable interpretation 
of the data. 

Similar behavior had been observed earlier 
for electrons in argon (14). The value of the 
ratio of mobilities (~, , ,~ , /u ,~, ,~ , )  near the triple 
point is -2.2 in argon (14) and 2.3 in neopentane. 
According to the theory of Cohen and Lekner 
(15) the thermal electron mobility is given by 
eq. 2. 

200 240 280 

T ( K )  

FIG. 1. Electron mobility in solid and liquid neopen- 
tane as a function of temperature. The triple point is 
t.p. = 257 K. The curve for the solid was arbitrarily 
drawn with the equation u = 240 (T/200)-31z cmZ/V S. 
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TABLE 1. Electron ranges bGP and mobilities u in liquid and solid neopentane 

b ~ ~ d  
~ G P  (A)$ g/cm2) 

Liquid 

205 128 
193 121 

Solid 
254 175 
248 172 
243 170 
247 174 
235 168 

*The dielectric constants were measured in the present work for the liquid, and for the solid just below the triple 
point: extrapolated for the lower temperature solids, using the Clausius-Mosotti equation (P = 25.4 cm3/mol). 

?The densities were measured in the present work. 
:Based upon the single pair spur model (12), using range distribution YGP and G,,, = 4.5. 

where e and I N  are the electron charge and mass, 
respectively, a is the electron scattering length 
of the molecules, n is the number of molecules/ 
cm3, xT is the isothermal compressibility of 
the medium, k is Boltzmann's constant, and T is 
the temperature. For solid argon just below the 
triple point 11 sz 1000 cm2/V s (13), iz = 2.45 x 
loz2 atom/cm3 (16), and xT = 9.5 x lo-'' cm2/ 
dyn (17); the scattering length is therefore 
a = 1.8 A. A similar calculation yields a = 2.0 1% 
for liquid argon near the triple point. The 
compressibilities of solid and liquid neopentane 
are not known, but from the densities and the 
electron mobilities one obtains a2xT = 6.2 x 

and !.7 x 10-24cm4/dyn for the solid 
at 253 K and liquid at 258 K, respectively. By 
comparison with the compressibilities of other 
hydrocarbons (181, the values for neopentane 
near the triple point may be - I x 10-lo cm2/ 
dyn for the solid and -2 x lo-'' cm2/dyn 
for the liquid, about the same as those for 
argon (17). The scattering length of neopentane 
would then be - 8 A in the solid and - 9 A 
in the liquid. 

The values of the quantity (n2a2xT) for solid 
argon and neopentane near their triple points 
are similar to each other, being 1.8 x 10'' 
and 2.0 x 10'' cm-2 dynP', respectively. This 
indicates that the electron scattering properties 
of the bulk materials are similar for the two 
substances. 

The free ion yield in neopentane also increased 

FIG. 2. Free ion yields GfiE in X-irradiated neopen- 
tane as functions of applied electric field strength E and 
temperature. Solid phase: A, 220 K;  A, 253 K. Liquid 
phase: @, 261 K;  0, 296 K. The curves were calculated 
using equations from ref. 12 and the parameter values 
in Table 1. The experimental yields for the solid at  low 
applied field strengths are probably low due to space 
charge effects. 

upon freezing (Fig. 2). The larger yield in the 
solid implies that the secondary electron ranges 
are greater in the solid than in the liquid. 
Theoretical yields were calculated using the 
electric field effect model (12). The calculated 
curves are shown in Fig. 2 and the corresponding 
values of the electron range parameter b,, are 
listed in Table 1. The density normalized range 
b,,d increases from 1.25 x g/cm2 in the 
liquid to 1.73 x g/cm2 in the solid. 

The correlation between thermal electron 
mobility and secondary electron range that 
exists when changing from one liquid to another 
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(10) extends also to the liquid-solid phase 8. A. V. RUDNEV, A. V. VANNIKOV, and N. A. BAKH. 
change in neopentane. High Energy Chem. 6, 416 (1972). 

9. J.-P. DODELET and G.  R. FREEMAK. Can. J .  Chem. 
50, 2667 (1972). 
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Electric Field Induced Light Emission and Conductance-Loss 
Transients in Liquid Anthracenel 
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KYOJI SHIUSAKA and G O R D O ~  R. FREEMAU. Can J. Chem. 52,3559 (1974). 
Liquid anthracene has an unusually high electrical cond~ictivity for a hydrocarbon, being 

2 x lo-" mho c n i '  at 507 K. At electric field strengths above 3 kV;crn the conductance suffers 
transient c/ccrenses that last < 3 ps and are irreg~~larly spaced in time. The average frequency of 
occurrence and magnitude of the transients increase rapidly with increasing field above the 
threshold. The conductance loss transients are accompanied by emission of light. These 
phenomena may be related to that of semiconductor laser emission. 

KYOJI SHINSAKA et GORDON R. FREEWAY. Can. J. Chem. 52, 3559 (1974). 
L'anthractne en phase liquide possede une conductance electrique de 2 x 10-" mho cm-' 

a 507 K, qui est une valeur tres elevee pour un hydrocarbure. Aux champs electriques superieurs 
a 3 kV/cm la conductance subit des dicuoissances ephemeres. Celles-ci durent moins de 3 ps et 
se prisentent a des intervals irreguliers. La frequence et la grandeur moyenne des decrois- 
sances ephemeres augmentent en fonction du champ Clectrique au dessi~s du seuil de 3 kV/cm. 
Les pertes de conductance coincident avec I'emission de lumiere. Ces phtnomenes sont peut- 
&ire reliees a 1'Cmission des lasers a semiconducteurs. 

During a recent attempt to measure the X electric fields. At field strengths above 3 kV/cn~ 
radiolysis free ion yield in liquid anthracene (I), the intrinsic conductance signal was marked by 
difficulty was encountered due to inconstancy of irregularly spaced transient decreases in conduct- 
the intrinsic conductance of the liquid at  high ance (Fig. 1). The observed duration of a given 

IAssisted financially by the National Research Council transient was to and probably limited by 
of Canada. the response time o f  the amplifier (PAR model 

'1. W. Killam Memorial Postdoctoral Fellow. 113, response time -3  ps, gain lo3 x lo4 n). 
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2 x lo-" mho c n i '  at 507 K. At electric field strengths above 3 kV;crn the conductance suffers 
transient c/ccrenses that last < 3 ps and are irreg~~larly spaced in time. The average frequency of 
occurrence and magnitude of the transients increase rapidly with increasing field above the 
threshold. The conductance loss transients are accompanied by emission of light. These 
phenomena may be related to that of semiconductor laser emission. 
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L'anthractne en phase liquide possede une conductance electrique de 2 x 10-" mho cm-' 

a 507 K, qui est une valeur tres elevee pour un hydrocarbure. Aux champs electriques superieurs 
a 3 kV/cm la conductance subit des dicuoissances ephemeres. Celles-ci durent moins de 3 ps et 
se prisentent a des intervals irreguliers. La frequence et la grandeur moyenne des decrois- 
sances ephemeres augmentent en fonction du champ Clectrique au dessi~s du seuil de 3 kV/cm. 
Les pertes de conductance coincident avec I'emission de lumiere. Ces phtnomenes sont peut- 
&ire reliees a 1'Cmission des lasers a semiconducteurs. 

During a recent attempt to measure the X electric fields. At field strengths above 3 kV/cn~ 
radiolysis free ion yield in liquid anthracene (I), the intrinsic conductance signal was marked by 
difficulty was encountered due to inconstancy of irregularly spaced transient decreases in conduct- 
the intrinsic conductance of the liquid at  high ance (Fig. 1). The observed duration of a given 

IAssisted financially by the National Research Council transient was to and probably limited by 
of Canada. the response time o f  the amplifier (PAR model 

'1. W. Killam Memorial Postdoctoral Fellow. 113, response time -3  ps, gain lo3 x lo4 n). 
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TABLE 1. Field dependence of transient decreases in the intrinsic 
conductance of liquid anthracene at 507 K 

i* No. of Ave. Ait 

E (kV/cm) (HA) transients/s (11.4) - 103Ai/i 

*Intrinsic current, steady state. Specific conductivity = 2 x lo-" nmho ciii-'. 
TTlrne averaged decreasc of the intrinsic curreiit due to the transients: (coulornbs~transient) 

x (transientsis). 

1.7 1 1 1  

--m - 
100 ps 

TIME 

FIG. 1. Transient decreases in the intrinsic conduct- 
ance of liquid anthracene at 507 K and 15 kV,'cm. The 
cell had stainless steel electrodes and a guard ring (ref. I ) .  

The average frequency of occurrence of the 
trans~ents Increased wlth field strength (Table 1). 
The magnitude of the transients a150 ~ncreased 
w ~ t h  increasing field (Fig. 2). It IS cu r~ous  that 
the graphs in F J ~  2 display structure Transients 
of certain magnitudes are fahored : 30, 60, 100, 

threshold and the field dependence of the rela- 
tive frequency of the two processes were similar. 
Light emission began at  4 kV/cni and the num- 
ber of spec flashes per second on the electrode 
surfaces increased rapidly with increasing field 
strength above the threshold (cf. Table 1). 

The concomitance of light emission and con- 
ductance loss, each in transient bursts, implies 
that the luminescence was coupled to annihila- 
tion of charge carriers or  of their precursors. 
This electroluii~inescence may be related to  semi- 
conductor laser e~ilission (2). Anthracene is ap- 
parently a semiconductor in both the solid and 
liquid phases (3). The fact that light is emitted in 
tiny specs might indicate that charges are in- 
jected into the anthracene from minute irregu- 
larities on the electrode surfaces. 

Electrolumi~iescence has also been observed 
in solid anthracene (4). It would be \vorthwhile to 

The conductance loss transients were ac- o 300 600  o 330 600 

companied by the emission of light. The light MIPA) 

elnission consisted of transient specs of bluish- FIG. 2. Transient decreases in the intrinsic co~~duc t -  

greenish-white light at both electrode surfaces, ance of liquid anthracene at 507 K. Relative numbers of 
transients of magnitude M plotted as a function of the 

detected in a darkened room. Time coin- transient magnitude M .  The field strengths are indicated 
cidence studies of conductallce loss and light in thc Figure. The transients were counted for 20 s a t  each 
emission were not made, but the electric field field strength. 
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look for transient losses in the steady stzte con- 1. K. SHIMAKA and G. R. FREEMAN. Can. J. Chcm. This 

ductance of that material and to t&t for time issue. 

coincidence between conductance loss and light 2. H. RIECK. Sen~iconductor lasers. Macdonald, London. 
i n7n 
171u. 

emission. Solid anthracene would be much easier 3. J .  KOULIA\IDEGR, G. J. KOSI~EK,  and W. G. SCHZEIDER. 
to work with than the liquid material. The latter Can. J. Chen~. 36, 513 (1958). 
requires inconveniently high temperatures, al- 4. w. HWANG and K. C. K A ~ .  J .  Chem. P h ~ s .  60, 3845 

though it has the advantages of clear transpar- 
ency and uniform contact with the electrodes. 

§,2 Displacement at Tertiary Carbon1 
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Evidence is presented for classical3 S,2 displacement of bromine by azide ion from a tertiary 

a-bromo lactone, a tertiary a-bromo ester, and two tertiary a-bromo ketones. 

OLIVER E. EDWARDS et CIRO GRIECO. Can. J. Chem. 52,3561 (1974). 
On presente la preuve du deplacement classique3 SKZ du brome par un ion azidure d'une 

a-bromo lactone tertiaire, d'un a-bromo ester tertiaire et deux a-bromo cetones tertiaires. 
[Traduit par le journal] 

Recent investigation of possible S,2 reactions 
at  tertiary carbon have led to evidence in various 
structural types for a spectrum of SN2-like mech- 
anisms ranging from displacement on an ion- 
pair intermediate (I),  through cases in which 
considerable positive charge develops in the 
transition state (2) to a classical3 S,2-type dis- 
placement (3). 

In connection with a need for tertiary a-azido- 

'Issued as NRCC No. 14238. 
2Guest worker from Department of Pharmaceutical 

Chemistry and Toxicology, Universita Delgli Studi di 
Napoli. 

3Defined as biomolecular displacement of a group 
attached to carbon in which no positive charge develops 
on the carbon in the transition state. 

y-lactones we considered the possibility of 
SN2 displacement on the corresponding a-halo 
lactones since: (a) The adjacent carbonyl should 
suppress S,1 and accelerate S,2 reaction. (b) The 
ring constraint and the trigonal carbon adjacent 
to the reaction site would minimize repulsive 
interactions in an S,2 transition state. (c) The 
linear azide ion, which is a good nucleophile, in 
dipolar aprotic solvents would provide minimal 
steric compression in the transition state. In 
accord with this, bromo lactone 1 in dimethyl 
formamide containing 3 equiv. of lithium azide 
was converted into the azido lactone 2 in 5 min 
at room temperature. In dimethyl formamide at 
0" the reaction gave good second-order kinetics 
with k ,  = 1.3 x 1 mol-I s-l .  This promp- 
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look for transient losses in the steady stzte con- 1. K. SHIMAKA and G. R. FREEMAN. Can. J. Chcm. This 

ductance of that material and to t&t for time issue. 

coincidence between conductance loss and light 2. H. RIECK. Sen~iconductor lasers. Macdonald, London. 
i n7n 
171u. 
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a-bromo lactone tertiaire, d'un a-bromo ester tertiaire et deux a-bromo cetones tertiaires. 
[Traduit par le journal] 

Recent investigation of possible S,2 reactions 
at  tertiary carbon have led to evidence in various 
structural types for a spectrum of SN2-like mech- 
anisms ranging from displacement on an ion- 
pair intermediate (I),  through cases in which 
considerable positive charge develops in the 
transition state (2) to a classical3 S,2-type dis- 
placement (3). 

In connection with a need for tertiary a-azido- 

'Issued as NRCC No. 14238. 
2Guest worker from Department of Pharmaceutical 

Chemistry and Toxicology, Universita Delgli Studi di 
Napoli. 

3Defined as biomolecular displacement of a group 
attached to carbon in which no positive charge develops 
on the carbon in the transition state. 

y-lactones we considered the possibility of 
SN2 displacement on the corresponding a-halo 
lactones since: (a) The adjacent carbonyl should 
suppress S,1 and accelerate S,2 reaction. (b) The 
ring constraint and the trigonal carbon adjacent 
to the reaction site would minimize repulsive 
interactions in an S,2 transition state. (c) The 
linear azide ion, which is a good nucleophile, in 
dipolar aprotic solvents would provide minimal 
steric compression in the transition state. In 
accord with this, bromo lactone 1 in dimethyl 
formamide containing 3 equiv. of lithium azide 
was converted into the azido lactone 2 in 5 min 
at room temperature. In dimethyl formamide at 
0" the reaction gave good second-order kinetics 
with k ,  = 1.3 x 1 mol-I s-l .  This promp- 
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ted us to study the reaction in dry methanol. 
Again bimolecular kinetics4 with k ,  = 2.9 x 

1 mol-' s-I was found at 60 "C for ratios 
of lithium azide to bromo lactone from 3 :  1 to 
1 : 2. Similar second-order kinetics was observed 
for ketones 3 ( k ,  = 4.5 x at -20' in 
DMF) and 4 ( k ,  = 1.2 x 10-' at  0" in DMF) 
and ester 6 ( k ,  = 9 x at 25" in D M F ) .  

The work of Bordwell and Mecca (1) shows 

CH 3 

that these criteria are insufficient to eliminate 
from consideration displacement on a tight ion 
pair. However, the following observations 
strongly support a classical S,2 mechanism3 for 
the a-bromo carbonyl compounds: ( i )  Reaction 
of 3 with SCN- in methanol at  60 "C gave thio- 
cyanate as the only product. ( i i )  No solvolysis 
products were detected from 1 or 3 at 60" in 
aqueous methanol containing lithium azide. 
(iii) No rearranged products arising from 3 via 
phenonium ion 5 were observed from reaction 
with LiN, in methanol.' (ic) A negative salt effect 
was found for reaction of 1 with azide ion in 60% 
methanol - 40"7,ater. ( 1 . )  The rate of reaction 
of bromo ketone 4 was nine times that of bromo 
lactone 1 in D M F  at 0 "C. This is the opposite 
of what one would expect if there were signifi- 
cant positive charge development on carbon in 
the transition state.6 

Partial resolution of 2-bromo-2-methylbutyric 
acid was achieved. Reaction of the acid and 
methyl ester 6 with azide in DMF is summarized 
in the table below. 

R  ID 
(in CH2C1,) 

R (+)-Acid (-)-Acid (+)-Ester (-)-Ester 

Because of low yields in the resolution and 
difficulty in purifying the small amounts of 
active products these results lack precision. How- 
ever, they point to retention of configuration for 
the acid and inversion for the ester. Alternative 
tests for the extent of inversion are being ex- 
plored. 

1. F. G. BORDWELL and T. G. MECCA. J. Am. Chem. 
Soc. 94, 21 19 (1972). 

'A small amount (ca. 3%) of elimination took place. 
Linear plots were obtained using biomolecular rate equa- 
tions, to greater than 80x  reaction. Activity coefficients 
are unknown and were ignored in the calculations. 

2. C. A. GROB, K. SECKI~GER,  S. W. TAM, and R. 
TRABER. Tetrahedron Lett. 3051 (1973). 

3. U. MIOTTI and A. FAVA. J. Am. Chem. Soc. 88, 
4274 (1966). 

4. A. C. COPE and E. S. GRAHAM. J. Am. Chem. Soc. 
73, 4702 (1951). 

5An analogue of this type of reaction would be the silver 
ion assisted Favorskii rearrangement (4). 

6The I3C n.m.r. shift of the carbonyl carbon of an ester 
(ca. 175 p.p.m. is less than that of a ketone (ca. 215 p.p.m.) 
suggesting considerably greater electron deficiency on that 
of the ketone. If so, pos~tive charge development adjacent 
to the ketone carbonyl would be opposed more than if 
adjacent to the ester carbonyl. The larger chemical shift 
(ca. 44 p.p.m.) of the x-carbon of saturated ketones rela- 
tive to that of esters (34 p.p.m.) seems in harmony with 
this conclusion. 
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Reaction of Cuprate Reagents with Pyridine in the Presence of 
Chloroformate. A Novel Synthesis of 1,4-Dihydropyridine Derivatives' 

EDWARD PIERS AND MARCEL SOUCY~ 
Department of Chernistq, University ofBritish Colunzbia, 2075 Wesbrook Place, Vancouver, British Col~irnbia V6T 1 W5 

Received June 21, 1974 

EDWARD PIERS and MARCEL SOUCY. Can. J. Chem. 52,3563 (1974). 
Reaction, under appropriate conditions, of lithium dialkyl- or  diarylcuprates with pyridine 

in the presence of methyl chloroformate afforded, in good yields, I-carbomethoxy-4-alkyl (or 
aryl)-l,4-dihydropyridines. Also formed, in limited but varying amounts (-2-1173, were the 
corresponding 1,2-dihydropyridine derivatives. 

EDWARD PIERS et MARCEL SOUCY. Can. J. Chem. 52,3563 (1974). 
Dans des conditions appropriees. la reaction des cuprates de dialkyl ou de diary1 lithium avec la 

pyridine en presence du chloroformate de methyle conduit, avec de bons rendements, aux 
carbomethoxy-1 alkyl (ou ary1)-4 dihydro-l,4 pyridines. 11 se forme aussi, en quantites plus 
petites mais variables (~2-11%)  les derives correspondants du dihydro-1,2 pyridine. 

[Traduit par le journal] 

Dihydropyridines play a role as intermediates 
in certain reactions (e.g. nucleophilic substitu- 
tion) of pyridines and also serve as important 
synthetic precursors for the latter (1). Further- 
more, various substituted dihydropyridines (par- 
ticularly 1,4-dihydropyridines) have been shown 
to possess a variety of useful physiological prop- 
erties (1). 

I t  is known that the reaction of pyridine and 
derivatives with alkyl- or aryllithium reagents 
(1-3), with Grignard reagents in the presence of 
an appropriate electrophile (1, 4, 5) ,  or with 
sodium borohydride in the presence of methyl 
chloroformate (6) results primarily in 1,2-addi- 
tion, with the predominant formation of the cor- 
responding 1,2-dihydropyridine derivative. Thus, 
until now, it has been extremely difficult to pre- 
pare simply substituted 1,4-dihydropyridines. 
We report here a novel, convenient method for 
the synthesis of 4-substituted 1,4-dihydropyri- 
dine derivatives. The method involves the reac- 
tion of lithium dialkyl- or diarylcuprates with 
pyridine in the presence of an electrophilic re- 
agent, e x .  methyl chloroformate. 

responding 1,2-dihydropyridine derivative. These 
materials were identified by spectral data and by 
hydrogenation to the corresponding piperidine 
derivatives, which were then compared with 
authentic samples. It should be noted that elec- 
trophilic reagents other than chloroformate 
could also be used. For example, reaction of 
lithium dimethylcuprate with pyridine in the 
presence of diethyl phosphorochloridate yielded 
the novel 1,4-dihydropyridine derivative 2.3 

The investigation of the above type of reaction 
was extended to include other dialkyl- and 
diarylcuprates and the results are summarized 
in Table 1. In general, good yields of l-carbo- 
methoxy-4-alkyl(or aryl)-1,4-dihydropyridines 5 
were ~ b t a i n e d . ~  Varying amounts of the corre- 
sponding 1,2-dihydropyridine derivatives 6 were 
also formed, although it was found that the 
quantities of 6 produced could be minimized to 
some extent by use of low reaction temperatures. 
The formation of small amounts of the 1,2- 
dihydropyridine derivatives does not detract 
from the usefulness of the above syntheses, since 

-our initial studies were carried out with 3Se~arate  control experiments showed that the cuprate 

lithium dimethylcuprate (7). ~ d d i ~ i ~ ~  of methyl reagent did not react with pyridine directly. For example, 
when a solution of pyridine and lithium dimethylcuprate 

chloroformate a pyridine and the in ether was stirred at  0" for 1 h and was then worked up 
cuprate reagent in ether, followed by appro- without addition of methyl chloroformate, pyridine 
priate work-up, afforded in 81% yield 1-carbo- could be recovered in greater than 80% ',ield. These re- 

methoxy-4-methy~-l,4-dihydropyridine (I), ac- sults indicated that the products were probably formed 
by reaction of the cuprate reagent with the initially a amount (2z )  of the 'Or- formed pyridinium salts 3 and 4 (see ref. 4). 

41t shbbld be noted that the compounds 5 are poten- 
'Financial support for this work by the National tially convenient synthetic precursors for 4-alkyl(or 

Research Council of Canada is gratefully acknowledged. ary1)pyridines. Investigations into this possibility are 
'NRCC Postdoctorate Fellow. proceeding. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3564 CAN.  J .  CHEM.  VOL. 5 2 ,  1974 

TABLE I .  Reaction of lithium dialkyl- and 
diarylcuprates uith pyridine in the presence of 

methyl chloroformate 

Cuprate (R)" Product yield (%)* Ratio (5:6)' 

OPrepared by addition of 2 equiv. commercial alkyl- or aryllithium 
reagent (Ventron Corporation) to a slurry of purified cuprous iodide 
in ether. 

bYield of distilled product. 
<As determined by g.1.c. analysis of distilled product. 
dThis experiment \%as carried out at  0' and \\orked-up bq filtration 

through silica gel. Ail other experiments were done as described in 
the text. 

B R = COOCH3 3 R = COOCH, 
2 R = PO(OC2H5I2 4 R = PO(OC2H5)2 

COOCH, COOCH3 

it has been shown (6) that these materials can 
readily be separated from 1,4-dihydropyridines 
by treatment of the mixture with maleic anhy- 
dride. 

The following experimental procedure is rep- 

resentative. To a solution of lithium di-n-butyl- 
cuprate (8) (6 mmol) in dry ether (25 ml) a t  
-78" under an atmosphere of argon was added 
5 mmol of pyridine. A solution of methyl 
chloroformate (20 mmol) in dry ether (25 ml) 
was added dropwise over a period of 10 min. 
The resulting mixture was stirred at  -78" for 
30 min, warmed to 0' (ice water bath) and then 
stirred for an additional 30 min. Florisil (3g) was 
added to the reaction mixture, the latter was 
stirred for a few seconds, and then filtered 
through a short column (4.5 cm diameter) of 
florisil (35 g). The column was eluted with an 
additional 350 ml of ether. Evaporation of the 
ether, followed by distillation (air bath tempera- 
ture 90-92"; 0.1 mm) of the residual oil afforded 
835 mg (86%) of a mixture of 5 (R = n-Bu) and 
6 (R = n-Bu), in a ratio of approximately 98: 2. 
A sample of pure 5 (R = n-Bu) exhibited i.r. 
(film) v,,, 1730, 1693, 1633, 1440, 1412, 1372, 
1342,1310,1196,1115,950,740,722cm-'; p.m.r. 
.r 3.20 (broad d, 2H, -C,H and -C,H, J = 

8Hz),  5.13 (d of d, 2H, -C,H and -C,H, 
J = 8 Hz, 3.5 Hz), 6.20 (s, 3H, -COOCH,), 
7.05 (unresolved m, IH, -C,H), 8.40-8.88 (m, 
6H, -CH,CH,CH,-), 9.12 (m, 3H, -CH,). 

1. U. EISKER and J. KUTHAN. Chem. Rcv. 72, 1 (1972). 
2. C. S. GIAM and E. E. KNAUS. Tetrahedron Lett. 4961 

(1971). 
3. R.  F. FRANCIS, W. DAVIS, and J. T. WISENER. J. Org. 

Chem. 39, 59 (1974). 
4. G. FRAENKEL, J. W. COOPER, and C. M. FINK. 

Angew. Chem. Intern. Ed. 9, 523 (1970). 
5. L. M. THIESSEN, J. A. LEPOIVRE, and F. C. ALDER- 

WEIRELDT. Tetrahedron Lett. 59 (1974). 
6. F. W. FOWLER. J .  Org. Chem. 37, 1321 (1972). 
7. H. 0. HOUSE, W. L. RESPESS, and G .  M. WHITE- 

SIDES. J .  Org. Chem. 31, 3128 (1966). 
8. C. R. JOHNSON and C .  A. DUTRA. J .  Am. Chem. 

SOC. 95, 7777 (1973). 
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A Proton Magnetic Resonance Study of 1,4-Dibromobenzene- 3C 
Partially Oriented in Nematic Phases 

E. E. BURNELL AND M. A. J .  SWEENEY 
Chenzistry Department, University of British Collrmbiu, Vancouver V6T 1 W5 

Received May 27, 1974 

E. E. BURNELL and M. A. J. SWEENEY. Can. J. Chem. 52,3565 (1974). 
Proton magnetic resonance spectra of 1,4-dibromobenzene (13C and 12C) partially oriented in 

nematic phases have been measured and analyzed, and the geometry of the molecule has been 
determined. The angle L HC2C3 is found to be 120.02 k 0.01" and the angle LC1C2C3 1 2 0 i  2'; 
with the assumption that all CC bond distances are of equal length the angle L ClC,C3 = 119.88 
+ 0.05". The J C H  are determined using three spectra of samples with differing degrees of - 
orientation. 

E. E. BURNELL et M. A. J. SWEENEY. Can. J. Chem. 52,3565(1974) 
On a mesure et analyse les spectres de resonance magnttique nucleaire de proton du dibromo- 

1,4 benzene (13C et I2C) partiellement oriente dans des phases ntmatiques; on a aussi determine 
la gComCtrie de la molecule. L'angle LHC2C3 est de 120.02 k 0.01" et I'angle L C1C,C3 est de 
120 i 2"; en faisant l'hypothese que toutes 1es distances CC sont de longueurs egales, I'angle 
LC1C2C3 = 119.88 i 0.05". On a determine les constantes de couplage Jw en utilisant trois 
spectres d'echantillons avec des degres differents d'orientation. 

[Traduit par le journal] 

Introduction 
The n.m.r. spectra of molecules partially C11 

oriented in nematic phases have been used 
extensively for the determination of relative 
internuclear distances (1, 2). In the majority of 
cases studied, only information about the 
proton geometries has been reported. Using 
time-averaging techniques, the proton spectra 
of molecules containing 13C in natural abun- 
dance are obtainable (3,4), and hence more com- 
plete geometrical information is available. A 
serious problem is that the spectral line positions 
in the spectra of partially oriented molecules 
are sensitive only to the sum 2DcH + JcH. 
The scalar indirect spin-spin coupling con- 
stants, J,., are not always known or cannot be 
completely determined from isotropic spectra. 
DcH is the direct dipole-dipole coupling between 
nuclei C and H, and in general 

where i and j specify the nuclear pair, S i j  is the 
orientation parameter for the i j  direction, and 
y i  is the magnetogyric ratio for the ith nucleus 
(1). The problem of separating DcH and JcH 
has been circumvented in the case of 1,4- 
dichlorobenzene by studying two spectra with 
differing degrees of orientation (5). Equation 1 
shows that the DcH change with orientation, 
whereas the scalar JcH are independent of 
orientation. 

Here we report the results of a p.m.r. study 
of partially oriented 1,4-dibromobenzene (I2C 
and 13C) (Fig. 1). Spectra with three different 
degrees of orientation were used in the analysis. 
The proton geometry of the molecule has been 
reported previously (6), but the 13C satellites 
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ordinates some scale must be chosen; in the 

6 p J 4  

present case the calculations are scaled to a 
C,C, bond length of 1.3974 A, the value for 
benzene (9). Knowledge of the JcH is also 
required because only the sum 2DcH + JcH is 

I 
obtainable from the spectrum. For the cal- 
culations we assume J,, = 167.93 Hz, Jz5 = 

B r J2, - 1.9 Hz, and = J,, + 5.5 Hz from 
FIG. 1. 1,4-Dibromobenzene. ref. 10. This leaves J,,, J,,, and J,, to be 

were not observed. The two sums (DcH + +JcH) 
for 13C in position 1, the four sums (DcH + 
fJcH) for 13C in position 2, and the three DHH 
have been determined for each spectrum and 
used to obtain the molecular geometry and some 
information about the JcH. Corrections for 
molecular vibrations (7) have not been applied 
because mean-square vibrational amplitudes are 
not available. 

Experimental 
Three time-averaged proton spectra were used for the 

analysis. The spectra were similar to those of partially 

determined. 
The iterative weighted least-squares program 

SHAPE (1 1) was modified to fit the 27 equations 
resulting from the three sets of Dij  reported in 
Table 1 to determine the four relative geometrical 
parameters, the six orientational parameters, 
and the three indirect spin-spin coupling con- 
stants. Results are in Table 2, case A, where 
the weighted r.m.s. error of the fit from SHAPE 
was 0.4 Hz. The coordinates of the protons 
and of C, are well determined. J,,, JZ5 ,  and J2, 
are determined to better accuracy than in the 
case of 1.4-dichlorobenzene (5). However, as 

\ ,  

oriented I ,4-dichlorobenzene reported earlier (5). Spectra in the case of 1 ,4-dichlorobenzene, the position 
I and I1 were run on a Varian HA-100 spectrometer 
operated in the HA mode using one of the lines of the of C,  has a large uncertainty, as do the values of 
1,4-dibromobenrene-12C spectrum to provide a lock j 1 3  and Ji4. This inaccuracy may partly be due 
signal. Spectrum 111 was run on a Varian XL-100 to the large covariance between D , ,  and D,, - s d A - 
spectrometer using FT techniques and an external proton (j), and partly to the small range of orientation 
lock. Sample I was -20 molY, 1,4-dibromobenzene dis- parameters used to separate DcH and J,,. 
solved in the nematic phase of N-(p-ethoxybenzy1idene)- 
p'-n-butylaniline (EBBA) and 150 scans were accumulated In an attempt increase the accuracy of the 
at -30CC with a line width of -4 HZ. Sample 11 was information about C,,  a second calculation 
-30 molY, in EBBA and 119 scans were accumulated at  was performed using SHAPE and imposing the 
-30cC with a line width of -5 Hz. Sample I11 was -15 restriction that all cc bond lengths are equal 
m o l z  in EBBA and 2000 transients were accumulated 
at  -42 IC with a resultant line width of -3 HZ, For each (case B, 2)' This makes the value the y 
sample only one of the upfield or downfield multiplet of coordinate of nucleus 1 ( ~ ( 1 ) )  dependent On the 
peaks was time averaged and drawn out using a scale of coordinates of C,. The proton coordinates are 
1000 Hz = 50 cm for samples I and 11, and 1100 Hz = unchanged, as are the coordinates of C,. J, ,, 
50 cm for sample 111. The splitting between low- and 
high-field multiplets (=3D3,) was measured using one J,,, and y(1) have lower errors than in case A 
scan of the entire spectrum in each case and did not but their values depend on the ratio of the values 
change significantly during the time taken to accumulate chosen for the bond distances C,C,  and C2C3. 

A - 
the I3C side-band spectrum. A modified version (5) of The coordinates in Table 2 can be usid t o  
LEQUOR (8) was used to analyze simultaneousl~ the calculate various bond distances and bond 
three spectra: (i) 13C at position 1, (ii) 13C at position 2, 
and (iii) no 13C. The parameters obtained, fitting to angles. The results of such calculations for 
about 30 lines for each sarnole. are listed in Table 1. both cases A and B are in Table 3. We note 

Results and Discussion 
With the assumption of D,, symmetry, four 

geometrical coordinates are needed to specify 
the relative carbon and proton geometry of 
1,4-dibromobenzene. In addition, two orienta- 
tion parameters are needed to specify the time- 
averaged orientation of the molecule in the 
magnetic field. To yield absolute values for 
orientation parameters and geometrical co- 

that case A gives a C,C, bond distance of 
1.41 + 0.03 A ;  the error spans the value 
assumed for case B. The angle LC,C,H, is 
close to the values of 119" 37' and 119" 43' 
reported by Bulthuis et al. (6), where they 
assumed r,, = 1.084 A, r,, = 1.395 A, and 
that the carbons formed a regular hexagon. 
The angle LH,C,C, = 120.02 + 0.01" is ac- 
curately determined, as is the value of the CH 
bond length of 1.106 1: 0.001 A. The effects 
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TABLE 1. Spectral parameters (in Hz) from the p.m.r. spectra of 1 ,4-dibromobenzene-I3C 
partially oriented in EBBA 

Value 

Parameter Sample I Sample I1 Sample I11 

Di3+fJi3 
Di4 t3J i4  
Dz3+fJz3 
D24+3J~4 
0 2 5  + f J z 5  
Dz6+sJz6 

0 3 4  

0 3  5 

0 3 6  

J34* 
J35* 
J36* 

Root-mean-square error 

*Assumed from ref. 10. 

TABLE 2. Geometrical, orientational, and indirect spin-spin 
coupling parameters of 1,4-dibromobenzene* 

Value 

Parameter Case A Case B 

x(l)  (A) 
x(2) (A) 
4 3 )  (4 
~ ( 1 )  (A) 
~ ( 2 1 1  (A) 
~ ( 3 )  (A) 

s x x  

Sample I 
Sample 11 
Sample 111 

S z z  
Sample I 
Sample I1 
Sample I11 

JI 3 (HZ) 
J14 (HZ) 
J23§ (HZ) 
J24 (HZ) 
J25 ll (Hz) 
J 2 6  (HZ) 

*Weighted r.m.s. error from SHAPE = 0.4 Hz for case A and 0.4 Hz  for 
case B. Values in brackets are assumed. The oriein is taken as the center of 
symmetry of the molecule. In case A ,  the c2c;distance is given the value 
1.3974 A (from benzene (9)). In case B, the distance C,C2 is also set to 1.3974 A. 

+For case B, the value of y(l)  is dependent on the coordinates of C 2  and is 
restricted by C1-C2 = 1.3974 A. 

;Assumed from benzene (9). 
§From Read et a / .  (10). 
llSet from ref. 10 so that JZ5 = JZ4 - 1.9 HZ and Jz6 = J24 A 5.5 HZ. 
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TABLE 3. Bond lengths and bond angles determined for 
1,4-dibrornobenzene from the geometrical coordinates in 

Table 2* 

Value 

Parameter Case A Case B 

*Values in brackets are assumed 
tAssumed from benzene (9). 

of molecular vibrations might be expected to 
reduce this value. In the case of benzene, the 
reduction was 0.041 A (7). 

The ratio r , ,  : r , ,  of 1.733 + 0.001 is a little 
larger than the values of 1.721 + 0.007 and 
1.723 f 0.010 previously reported (6). How- 
ever, the difference is not significant. 

In conclusion, a comparison with the data 
for 1,4-dichlorobenzene (5) shows only slight 
differences. The angle LH,C2C, equals 
120.3 f 0.1" for the dichlorobenzene, about 
0.3" larger than in the present case. Comparing 
the coordinates, only the value of x(3) differs 
outside the experimental errors (=2.162 5- 
0.005 A for dichlorobenzene). These differences 
are less than two standard deviations and hence 
are not significant. In both dichlorobenzene 
and dibromobenzene the J,, values involving 
C2 agree with those determined for benzene (12). 
However, J,, and J , ,  for dibromobenzene are 
larger than those reported for benzene (12). 
Because of the large errors associated with 
J,, and J,,, and their covariance with y(1) 
(or in case B their dependence on the assumed 
value of the C,C, bond length) no confidence 

can be placed in the differences from the values 
for benzene. 

These experiments demonstrate the power of 
the use of the n.m.r. of partially oriented mole- 
cules for the determination of geometrical 
structure in the liquid phase, and also for the 
determination of those indirect spin-spin 
coupling constants which may be difficult, or 
impossible, to obtain from high-resolution 
n.m.r. spectra of isotropic liquids. The technique 
of using I3C in natural abundance is limited 
to systems with simple proton spectra, where 
the lines from the 13C satellites are not ob- 
scured by the more intense proton lines. 

The authors wish to thank Professor P. Diehl and Dr. 
W. Niederberger for helpful discussions. The authors 
are grateful to the National Research Council of Canada 
for financial support. 
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A. W. MCCULLOCH and A. G. MCINNES. Can. J. Chem. 52.3569 (1974). 
Reaction of propiolate esters, H-C=C-C02R, with tertiary alkylamines Rf3N in highly 

aqueous media yields betaines of the type trans R',N + . CH=CH. C 0 2  - . The spectral and 
chemical properties of these derivatives are discussed as well as the mechanism of their forma- 
tion. The major by-product of reaction is the corresponding trans-3-alkoxyacrylate RO-CH= 
CH-C02R. 

A. W. MCCULL~CH et A. G. MCINNES. Can. J. Chem. 52,3569 (1974). 
La reaction des esters du type H-C-C-C0,R avec des anlines tertiaires du type R',N 

dans des milieux aqueux conduit aux betaines R',N + .CH=CH.C02- trans. On discute 
des proprietes chimiques et spectrales de ces derives de mtme que de leurs mecanismes de leur 
formation. Le produit secondaire, forme d'une facon prepondtrante dans cette reaction, est 
l'alkoxy-3 acrylate RO-CH=CH-C02R trans correspondant. [Traduit par le journal] 

Introduction 
Tertiary alkylamines are widely used as 

catalysts for nucleophilic additions to acetylenic 
esters (1-4) and are also useful as polymerization 
catalysts ( 5 ,  6). Catalyzed dimerization of a 
propiolate ester H-CrC-C0,R can be 
effected readily. When carried out in an inert 
solvent with exclusion of H 2 0  the major 
product is the vinyl acetylene 1 (4, 7, 8). In the 
presence of a small amount of H,O a good yield 
of the symmetrical ether 2 is obtained (4, 7). 

We have observed that interaction of tertiary 
alkylamines with esters of propiolic acid in the 
presence of a large amount of H,O gives (in 
good yield) betaines of type 3. This communica- 
tion describes the formation and properties of 
some of these derivatives. 

Results and Discussion 
Obsercations 

Equimolar amounts of ethyl propiolate (EP) 
and Et3N were reacted at room temperature 
using a solvent mixture of H20-CH2C12 
(1: 1 v/v). The organic phase of the reaction 
contained the 3-ethoxyacrylate 4a (12%) and a 
small amount of 2a (0.7%); compound l a  could 
not be detected. Evaporation of the aqueous 
phase and trituration of the residue with acetone 

'Issued as NRCC No. 14202. 
2Reported in part at the 56th Canadian Chemical 

Conference of the Chemical Institute of Canada, 
Montreal, Quebec, June, 1973. 

RO, ,,C02R RO 
C=C \c=c /H 

H 'H H \ C O ~ H  

10 15 

gave the betaine 3a as a dihydrate in about 60% 
yield. Under the same conditions reaction of 
Et,N with methyl propiolate (MP) gave 3a 
(56%) and methyl 3-methoxyacrylate 4b (28%). 
As expected, increasing the relative concentra- 
tion of H 2 0  in these experiments increased the 
yield of 3a (up to SO%). 

Analogous reactions were carried out between 
Me3N and EP (or MP). Under highly aqueous 
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conditions the major products were 3b and 4a 
(or 6): in the presence of limited concentrations 
of H 2 0  significant amounts of l a  (or b) and 2a 
(or b) were formed, with decreased yields of 3b 
and 4a (or b). 

Betaines 3c and 5 were similarly obtained from 
reactions of EP with tri-n-butylamine and N- 
methylpiperidine. 

Under identical conditions the reaction be- 
tween propiolic acid and Et,N afforded only 
the I :  l salt 6. 

Mechanisms 
In the absence of H,O the tertiary amine may 

abstract the acidic hydrogen of the alkyl 
propiolate. Nucleophilic attack by the resultant 
anion on a second molecule of the acetylenic 
ester may then proceed as shown in Scheme la .  
Protonation of the allene intermediate affords 
the vinyl acetylene 1. The stereospecificity of the 
reaction, which gives only the trnns olefin, 
requires that the proton source (R,NfH) be 
oriented cis to the attacking nucleophile. Such 
an orientation may be attributed to residual 
coordination between the triethylammonium ion 
(BH) and the acetylenic moiety (A). A similar 

A 9-H Product 

a R02C-C=C- R,NH 1 

f 
R 0 2 C  H 

HO- R3NH L.2' 
n 

b H OH 

R02C-H + 
A R3NH 2 

H 0- 

c R3N HOH 3 

f 
d RO- R3NH or HOH 4 

effect has been proposed by Brady to explain the 
stereospecificity of the reaction of Me3N.HC1 
with EP in CH2C12, which yields only 7 (9). 

In the presence of a limited amount of H20 ,  
attack by hydroxide on the propiolate (Scheme 
Ib) may lead to the trans P-hydroxyacrylate: the 
vinyloxide anion can react subsequently in the 
same way with a second molecule of propiolate 
to afford the divinyl ether 2. 

Formation of the betaines 3 may be ration- 
alized as shown in Scheme lc. The initial allene 
intermediate 8 is again protonated stereo- 
specifically on the cis side,3 the proton source 
presumably being H 2 0  associated with the 
solvated quaternary ammonium center. The 
resultant quaternary hydroxide, being a strong 
base, undergoes self-catalyzed ester hydrolysis, 
leading to stabilization of the negative charge 
on the carboxylate grouping. Formation of 3 
clearly does not involve initial hydrolysis to 
propiolic acid and subsequent reaction with the 
tertiary amine, since the latter reaction yields 
only the 1 : I s a k 4  

The primary by-product under highly aqueous 
conditions is 4. Attack by alkoxide (derived 
from the alcohol released by hydrolysis of the 
ester group during formation of 3) leads once 
more to an allene intermediate (Scheme Id). 
There are two possible proton sources: R,N+H 
and H 2 0 .  Cis protonation is presumably as- 
sured in this case by hydrogen bonding between 
the alkoxyl oxygen and water. 

It is interesting to note that reaction of MP 
with MeOH (solvent) in the presence of an 
equimolar amount of Et,N gave the ether 46, 
along with its cis isomer lob. The product ratio 
(4b : 106 r 7 : 3) is consistent with that observed 
by Winterfeldt for the same reaction catalyzed 
by N-methyl morpholine (3). Under these 
conditions protonation (by MeOH) is likely 
from either side, leading to a mixture of isomeric 
products. 

Structures 
Compounds 1b (4, 7), 2a ( l l ) ,  2b (4, 7), 4a 

31ntermediates of type 8 have been postulated in the 
reactions of pyridines with dimethyl acetylenedicarboxy- 
late (1, 2, 10) and MP (11): such an intermediate has in 
fact been trapped in the reaction of pyridine with 
dimethyl acetylenedicarboxylate (12). 

4The detection in the product from EP and Et3N of 
small amounts of 9 (formed by reaction of 6 with EP 
(13)) suggests that hydrolysis to propiolic acid constitutes 
a minor reaction pathway. 
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McCULLOCH AND McINNES: BETAINES 

TABLE 1. 60 MHz p.m.r. parameters for 1, 2, 4, 15, and 16 (CDCl,) 

Olefinic hydrogens : AX (or AB) Other hydrogens* ( 6 )  

Centroid 
Integral ( 6 )  Jax(Hz) Av~x(Hz) -OR, -CO,R, -NR 

6.63 16.0 19.1 1 .32 (3H, t), 1.34 (3H, t), 4.25 (2H, q), 4.28 (2H, q) 
6.65 16.1 18.7 3.80 (3H, s), 3.83 (3H, s) 
6.66 12.3 120.1 1.28 (6H, t), 4.21 (4H, q) 
6.64 12.2 116.1 3.75 (6H, s) 
6.40 12.8 144.2 1.27 (3H, t), 1 .34 (3H, t), 3.93 (2H, q), 4.16 (2H, q) 
6.38 12.7 144.9 3.68 (6H, s) 
6.47 12.7 149.7 1.34 (3H, t), 3.98 (2H, q), 10.50 (IH, s) 
6.47 12.6 150.3 3.74 (3H, s), 11.57 ( lH ,  s) 
6.02 13.1 171.7 1.16 (6H, t), 1.26 (3H, t), 3.20 (4H, q), 4.14 (2H, q) 

*s = singlet, t = triplet, q = quartet 

12 H ' C02Et  
16 

(14), and 4b (3) have all been reported previously. 
The physical constants and properties of our 
products were in all cases consistent with those 
reported.' Product l a  was readily identified by 
comparison of its mode of formation and 

5A discrepancy exlsts in the reported n1.p. of 2b 
(133 (4), 158-159 (7)). The correct value 1s that given by 
Wenkert et al. (7). 

spectral properties with those of 16. Proton 
magnetic resonance data for all by-products are 
given in Table 1.  

Betaine 3a is a colorless hygroscopic solid, 
insoluble in common organic solvents but 
readily soluble in H,O. Crystallization from 
EtOH gave an alcoholate from which the 
anhydrous compound could be obtained by 
drying under vacuum. All the betaines isolated 
in this study exhibited wide melting ranges, with 
decomposition, which were dependent on the 
rate of heating. These properties are paralleled 
closely by those reported for betaines of type 11, 
prepared by reaction of tertiary amines with P- 
propiolactone 12 (15) or with a,P-unsaturated 
carboxylic acids (1 6). 

The p.m.r. spectra of 30-c and 5 are very 
simple, showing only an AB quartet for two 
olefinic hydrogens and signals for the hydrogens 
of the amine substituents (Table 2). As expected, 
the signal for the N + . C H ,  hydrogens of 3a is 
significantly shifted downfield (by 1 p.p.m.) 
relative to  that (2.53 6) of the N-CH, hydrogens 
of Et,N. The i.r. spectrum of 30 is characterized 
by strong carboxylate absorption at 1595 cm-' 
and C==C absorption at 1660 cm- ' . 

The trails stereochemistry of the double bond 
in 30-c and 5 has been assigned on the basis of 
p.m.r. evidence. Irradiation of the methylene 
hydrogens of 3a caused a 1 5 x  enhancement 
(nuclear Overhauser effect) of the signals of 
both olefinic hydrogens. Such a dual effect is 
only possible where the internuclear distance 
between each olefinic hydrogen and the methy- 
lene protons is similar and would clearly be 
impossible if the two hydrogens were cis. The 
trans assignment is further supported by the 
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TABLE 2. 60 MHz p.m.r. parameters for 3a-c, 5, 9, 13, 14, and 18 (D,O) 

Olefinic hydrogens 
-- 

Centroid of AB 
CPD (6) AVAB(HZ) JAB(Hz) Other signals* (6) 

1.28 (9H, t); 3.55 (6H, q) 
3.38 (9H, s) 
0.8-2.0 (21H, m); 3.3-3.7 (6H, m) 
1 .  80 (6H, m); 3.27 (3H, s); 3.65 (4H, m) 
1.36 (12H, t); 3.67 (6H, q); 4.36(2H, q); 3.16 ( lH,  s) 
1.32 (9H, t); 3.72 (6H, q); 3.86 (3H, s) 
1.32(9H, t); 3.63 (6H,q);  3.87(3H,s) 
1 .32 (9H. t): 3.60 (6H, a); 3.23 ( lH,  s) 

's = singlet t = triplet, q = quartet m = multiplet. 
tNuclear  ~ l e r h a u s e r  experiments we're performed at  100 MHz o n  a 5% degassed solution o f  3a in dimethyl sulfoxide-d,. Irradiation of  the 

methylene hydrogens ( 6  3.46) caused a 15Z enhancement In the signals for  both olefinic hydrogens. 

4 I 
Resin 

I 
K2C03 

S C H E M ~  2 

coupling constant (ca. 14.3 Hz) between the two 
olefinic hydrogens (Table 2). The cis and trans 
salts 13 and 14, obtained from the reaction of 
MP with Et,N.HCI, were used as models. Data 
are also included in Table 2 for 9 and 18. 

Properties 
The characteristic behavior of these betaines 

is illustrated by the following reactions of 3a. 
(a) When 3a was refluxed with ethanolic 

KOH for 5 h a crystalline solid precipitated from 
the hot solution. This was identified as potassium 
carbonate (yield 32%). After reacidification of 
the solution a 20% yield of trans P-ethoxyacrylic 
acid 15a was isolated. The major product from 
the corresponding reaction of 3a with methanolic 
KOH was the P-methoxy acid 15b (35% in 4.5 h): 
in this case no K2C03  precipitated. A similar 
yield of 156 was obtained using methanolic 
KOMe. 

The formation of both K,C03 and 15 can be 
accounted for by nucleophilic attack by hydroxide 
and alkoxide, respectively, giving an intermediate 
complex which can then eliminate the tertiary 
amine (Scheme 2). Mechanisms of this type have 
been proposed for nucleophilic substitutions at 
olefinic (17) and aromatic (18) carbons. 

In the case of attack by hydroxide the product 
formed may readily decarboxylate (+K,CO,) 
and the aldehydic fragment would be expected 
to polymerize spontaneously. Supporting evi- 
dence for this pathway is obtained by the 
isolation of material similar to that formed by 
resinification of acetaldehyde under basic condi- 
tions. The alternative decarboxylative elimina- 
tion mechanism, occurring during pyrolysis (see 
below) and shown in Scheme 3, does not operate 
under these conditions. No gaseous products 
were evolved: all CO, formed was trapped and 
precipitated in situ as K2C03.  

The reaction (KOH-CH30H) was repeated 
using 3a in which both olefinic hydrogens had 
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McCULLOCH AND McINNES: BETAINES 

SCHEME 3 

been replaced by deuterium (use of D,O in its 
preparation). In the initial stages of reaction 
(< 15 min) the small amount of 15b isolated 
showed negligible exchange of either olefinic 
deuterium. This is consistent with Scheme 2, 
and invalidates any mechanism involving a 
triple-bonded intermediate. The improved con- 
version to 15 in methanolic solution (relative to 
that in EtOHl may be attributed to the greater 
acidity of CH,OH, leading to a higher con- 
centration of RO- in this solvent. 

(b) Catalytic reduction of 3a occurred smooth- 
ly, 2 mol hydrogen being absorbed. High 
conversion to propionic acid and Et3N was 
observed. This reduction presumably occurs by 
stepwise hydrogenation of the olefinic bond, 
elimination of Et,N and reduction of the re- 
generated double bond. 

( c )  Under controlled conditions pyrol)*sis of 
3a (no solvent) afforded a mixture of products. 
The major a~nong  these were CO, (isolated as 
BaCO,), C,H2 (obtained as cuprous acetylide), 
Et3N (isolated as its hydrochloride), and the 
enamino ester 16. Formation of the first three 
products presumably involves the decarboxyla- 
iive elimination shown in Scheme 3.  orm mat ion 
of 16 is difficult to rationalize unless we assume 
intermolecular transfer of the ethyl group. 
Isomerization of the double bond, placing the 
N'Et, and C 0 2 -  groups in a cis juxtaposition 
suitable for facile transfer of the ethyl group 
from N to 0 seems unlikely since the product 
stereochemistry is also trans, indicating that 
reisomerization would have had to occur. 

( d )  Reaction of 3a with anhydrous HCl in 
MeOH afforded the corresponding ester salt 14 
in good yield. The latter, together with its cis 
stereoisomer 13, was also prepared by reaction 
of M P  with Et,N.HCI in MeOH (cf. 9, 19). 
Structurally similar trans (0-acylvinyl) trimethyl- 
ammonium chlorides have been prepared by 
reaction of the corresponding trans p-chloro- 
vinyl ketones with Me3N.HC1 (20). 

Reaction of 3a with propiolic acid gave the 
trans j3-triethylammonium acrylic acid salt 18. 

We have also observed that salt 6 slowly re- 
arranges on standing to give 18 together with 
its cis isomer 17. In addition thc corresponding 
ester salts 19 and 9 could be obtained by reaction 
of 6 with EP (13). 

To conclude, the tendency of molecules such 
as 3 to undergo stereospecific nucleophllic 
attack at the carbon atom carrying the positively 
charged N atom offers considerable synthetic 
potential. We are investigating the use of these 
readily obtainable betaines in synthesis of this 
type and also their possible application to 
insertion of an unsubstituted double bond (by 
use of 3 , 1 3 ,  or 14 as a dienophile and subsequent 
elimination of the carboxyl and amino functions). 

Experimental 
Proton magnetic resonance spectra were obtained on a 

Varian A-6OA spectrometer. Tetramethylsilane was used 
as internal standard in CDCI,: in D 2 0  sodium 3-tri- 
methylsilylpropionate-2,2,3,3-r/, was employed. The i.r. 
spectra were recorded on Perkin-Elmer 521 or 237 
spectrometers and mass spectra using a Dupont 21-491 
spectrometer. Chromatographic separations were carried 
out on Mallinckrodt silicic acid (100-150 mesh), with 
CHCI, as eluant. 

Ethj.1 Propiolate itlith Tviethylatnine 
Et,N (5.05 g, 0.05 mol) was added dropwise over a 

period of 10 min to a well-stirred mixture of EP (4.90 g, 
0.05 mol), CH2Clz (25 mi), and H 2 0  (25 ml), the rate of 
addition being controlled to maintain the temperature 
< 32'. Stirring was continued for 1 h a t  room temperature. 
The CH2C12 phase was separated and the aqueous phase 
extracted with CH2C12. The combined CH2C12 solutions 
were then dried (Na2S0,) and evaporated to afford a 
reddish oil (1.09 g). Compound 4a could be obtained from 
this by column chromatography, as a sweet-smelling 
yellow oil (859 nig, 1273, nD20 = 1.4438 (lit. (14) nDZO = 
1.4471). Very weak parent ion at mie 144: (C7H1203 
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requires 144); prominent ions at n7,'e 99 and 71. Com- 
pound 4a could also be purified by distillation. Later 
fractions contained 2a (73 mg, 0.7%). 

TI:e aqueous phase of the reaction mixture was 
azeotroped to dryness under reduced pressure using 
dioxane. The residue was triturated with acetone6 to 
alihrd the dihydrate of betaine 3a as a colorless solid 
(6.54 g) .  This was dried under vacuum overnight at  room 
temperature to give 3a as a beige powder (5.34 g, 63%), 
m.p. (dec.) 205-210"; v ,,,, (KBr): 1660, 1595, 1380 cm-' .  
The material is very hygroscopic, insoluble in EtzO and 
CHCI,, but readily soluble in cold H 2 0  or MeOH. 
Crystallization from a small amount of absolute EtOH 
gave the ethanolate as colorless prisms. 

The yield of 3a was dependent on the solvent ratio 
H20-CH2C12 and varied from 40% at 1 : 9 to 80% at 9 :  1. 

Me~erhq'l Pvopiolate with T~iethj~lamine 
Et3N (7.58 g, 0.075 niol) and MP (6.30 g, 0.075 niol) in 

CH2C12 (35 ml) and H 2 0  (35 ml) were reacted as above. 
The organic layer afforded a red oil: distillation gave 4b 
as a pale yellow oil (2.43 g, 28%), b.p. 162-164' (lit. 
(3,21) 155-156"/755 nim). The aqueous layer gave 3a as its 
dihydrate (8.75 g, 56%). 

Reaction of M P  (8.40 g, 0.1 mol), Et3N (10.10 g, 0.1 
mol), CH2Cl2 (20 ml), and H 2 0  (80 ml) gave 3a (13.02 g, 
76%). 

Ethvl Pro~iolate with Tvimetkvlamine 
2.57: aqueous Me,N (35 &I) was reacted with EP 

(7.35 g), CHzC12 (35 nil), and H 2 0  (35 ml) in the same 
way. The CH2C12 layer afforded a pale yellow oily solid: 
p.m.r. indicated a mixture of 2a, 40, and I n  (see below) 
in a molar ratio of 5 :4 :  1. Trituration with petroleum 
ether (b.p. 30-60") left 2a as colorless needles (2.86 g, 
30%), m.p. 115-116'. Highest molecular ion at  tnle 214 
(C,,H,,O, requires 214); prominent ions at  tnle 169, 
141,99,and 73. v,,,(KBr): 1720, 1695, 1680, 1615cm-'. 

The aqueous phase gave the hydrated betaine 36 as a 
colorless solid. Drying under vacuum at room tempera- 
ture rave 36 as an amor~hous  cream-colored solid (2.57 e. 
27%',1T m.p. (dec.) 240--45'. 

- 
An improved yield (54%) of 3b was obtained using a 

solvent ratio of H20-CH,Cl,, 3 : 1. 

Methq.1 Propiolate ~ , i r h  Trimethylamine 
(a)  25% aqueous Me3N (25 ml) was similarly reacted 

with MP (4.20 g) in CH2C12 (25 nil). The mixture turned 
dark brown immediately, while the CH2CI2-H20 ratio 
was high. The CHzC12 layer yielded a dark gummy 
residue (3.34 g). Extraction of the latter with hot pe- 
troleum ether (b.p, 30-60-) left a brown amorphous solid 
(750 mg), which was then thoroughly extracted with 
EtzO. Evaporation and crystallization of the residue from 
E t 2 0  gave 26 as colorless needles (431 mg, 573, m.p. 
157.5-159" (lit. (7) 158-159"). Highest molecular ion at  
mie 186 (C8Hlo0,  requires 186); prominent ions at  mle 
155, 127, 85, and 59. The petrol extract gave a sticky 
yellow solid (1.81 g). Crystallization from petroleum 
ether (b.p. 30-60") afforded l b  as pale yellow needles 
(1.38 g, 16%), m.p. 54-55" (lit. (4) 55"). 

6Proton magnetic resonance examination of the 
acetone-soluble residue (0.88 g) indicated 3a and 9 in a 
molar ratio of approximately 3 : 2. 

The aqueous layer yielded a very dark brown viscous 
oil (1.70 g), which was not investigated. 

(b) The reaction was repeated, in this case the 25% 
aqueous Me,N (35 ml) being added to MP (6.30 g), 
CH2CIz (35 ml), and H 2 0  (35 ml). The mixture turned 
yellow, but became no darker during the reaction. The 
CH2CI2 layer gave a sticky colorless solid (2.56 g) the 
p.ni.r. of which indicated a mixture of 4b, 2b, and l b  in 
a molar ratio of 9 :  1 : 1. Trituration with acetone gave 2b 
as colorless needles (465 mg, 3%). 

The aqueous layer afforded 3b (4.37 g, 45%). 

Betaine 3c 
Tributylamine (9.25 g, 0.05 mol) was added in the 

usual way to a mixture of EP (4.90 g, 0.05 mol), CH2CIz 
(25 ml), and HzO (25 ml). After 1 h at  room temperature 
the organic phase was separated (p.m.r. showed un- 
reacted Bu3N, 4a, and a small amount of 2a). The 
aqueous phase gave 3c directly as a colorless crystalline 
solid (8.79 g, 69%), m.p. (dec.) 195-20OU. This compound 
is insoluble in EtOAc, acetone, or EtzO but is quite 
soluble in CHCI3 and readily soluble in cold H 2 0 .  

Betaine 5 
N-Methylpiperidine (4.95 g. 0.05 mol) was added to a 

mixture of EP (4.90 g, 0.05 mol), CHzC12 (25 ml), and 
H 2 0  (25 ml). After 1 h at  room temperature the organic 
layer was separated and discarded. The aqueous layer 
afforded betaine 5 (2.80 g, 3373, m.p. (dec) 180-185'. . - 

Propiolic Acid with Triethylamine 
Et3N (6.55 g, 0.065 mol) and propiolic acid (4.55 g, 

0.065 mol) were reacted in CHzCIz (25 ml) and H 2 0  (75 
ml) for 1 h at  room temperature. The aqueous Iayer 
afforded a quantitative yield of the 1 : I salt 6. 

The same product was obtained by addition of Et3N 
(5.06 g, 0.05 mol) to propiolic acid (3.50 g, 0.05 mol) in 
CH,CI, (50 ml) at  0'. Evaporation of solvent gave 6 as a 
very hygroscopic colorless crystalline solid (8.51 g, 
-100%). 6 (CDCI,): 1.34 (9H, t), 2.67 (1H, s), 3.15 
(6H> q). 

Vinylacetylene l a  
E P  (10.0 g, 0.1 mol) and N-methylpiperidine (10.0 g, 

0.1 mol) were reacted in dry benzene (100 ml) for 1 h 
according to the procedure of Wenkert et al. for the 
preparation of l b  (7). Column chroniatography of the 
product afforded l a  (6.0 g, 60%) as a yellow oil, nDZ5 = 
1.4882. Highest molecular ion at mle 196 (C10H,204 
requires 196); prominent ions at  mle 151, 123, 89, 87, 
and 50. v,,, (liquid film): 2234, 1725, 1625 cm-'. 

Reaction of Methyl Propiolate with Triethylamine in 
~Metharzol 

Et,N (3.03 g, 0.03 mol) in MeOH (12 ml) was added 
to a well-stirred solution of MP (2.52 g, 0.03 mol) in 
MeOH (25 ml). The mixture was stirred at  room tempera- 
ture for 2 h Evaporation afforded an oily solid (2.76 g); 
p.m.r. indicated a mixture of 4b and 10b in a ratio of 
7:  3 (cf. ref. 3). 

Propevties of 3a 
(a) Reaction with KOH-EfOH 
A solution of 3a (3.42 g, 0.02 mol) in 100% EtOH (25 

ml) was added to a hot solution of KOH (1.12 g, 0.02 mol) 
in EtOH (25 ml) and the mixture refluxed for 5 h, during 
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which a crystalline solid was deposited. This solid (880 
mg, 32%) was filtered and identified as KzCO, by its 
characteristic reactions with dilute HCI, MgS04, HgC12, 
AgNO,, and CaC1,. The red filtrate was concentrated 
and the residue taken up in HzO. The aqueous solution 
was extracted with Et,O. This afforded a strong-smelling 
red-brown gum (120 mg). (This material was very similar 
(appearance, smell, p.m.r.) to that obtained by dropwise 
addition of acetaldehyde into refluxing ethanolic KOH, 
evaporation of the solvent, and extraction of an aqueous 
solution of the residue with Et20).  

The aqueous solution was then acidified with HCI and 
the acid solution extracted with EtzO: the dried extract 
gave a yellow solid. Crystallization from benzene- 
petroleum ether gave 15a as pale yellow needles (480 mg, 
2073, m.p. 109.5-110" (lit. (22) 109"). No gaseous 
products could be detected from the above reaction. 

(b) Reaction w3ith KOH-1MeOH 
(i) A solution of 3a (3.42 g, 0.02 mol) in MeOH (20 ml) 

was added to a hot solution of KOH (1.12 g, 0.02 mol) 
in MeOH (30 ml) and the mixture refluxed for 24 h. The 
bulk of the solvent was then evaporated and the residue 
dissolved in H 2 0 .  The aqueous solution was extracted 
with EtzO (only 71 mg dark red gum) and then acidified 
with HCI. The acid solution was extracted with E t 2 0 :  
the dried extract gave 15b as a cream-colored crystalline 
solid (925 mg, 4579, m.p. 102-103' (lit. (22) 102"). A 
separate experiment showed 35% conversion to 156 in 
4.5 h. 

(ii) Dideuterated 3a (1.9 g, 0.01 1 mol) in MeOH (15 ml) 
was added to a hot solution of KOH (650 mg, 0.012 mol) 
in MeOH (20 ml). The mixture was refluxed for 1 h and 
was then worked up as in i to give 15b (133 mg, 11.5%). 
Analysis by p.m.r. indicated 10 and 25% exchange of the 
low and high-field olefinic deuteriums. Negligible 
exchanges were observed in the 15b (2.5%) obtained in a 
similar experiment after only 15 min. 

(c) Reaction with KoMe-1t4eOH 
To 3a (1.71 g) in MeOH (15 ml) was added a 0.465 N 

solution (22 ml) of KOMe in MeOH, to give a mixture 
equimolar in 3a and KOMe. This was refluxed for 22 h. 
The bulk of the solvent was evaporated and the residue 
dissolved in cold H 2 0  (30 ml) and acidified with HCI. 
The acid solution was then extracted with Et,O to give 
15b (476 mg, 47%). 

(d) Catalytic Reduction 
(i) A solution of 3a (2.0 g) in MeOH (150 ml) was 

hydrogenated at room temperature and pressure using 
Adams' catalyst (150 mg) until uptake of H z  was com- 
plete (30 min). The solution was filtered and treated with 
gaseous HC1 for 5 min at 0". Evaporation of solvent gave 
Et3N.HC1 as a colorless solid (1.32 g, 82%), m.p. (dec.) 
255-26W, identical to an authentic sample. 

(ii) The reaction mixture from an experiment identical 
to i was evaporated to give an orange oil (1.18 g). This 
was dissolved in E t 2 0  (75 ml) and the solution treated 
with gaseous HCl a t  0' to give Et3N.HCl (410 mg, 26%), 
m.p. (dec.) 255-260". Evaporation of the filtrate afforded 
propionic acid as a pungent oil (292 mg, 3473, identical 
to an authentic sample. 

(e)  Pyrolysis 
(i) The betaine 3a was recovered as its alcoholate after 

refluxing for 60 h in 100% EtOH. 

(ii) Solid 3a (2.0 g) was heated in an oil bath to 15OC, a 
side arm connected to the flask being led into a saturated 
Ba(OH), solution. Heating was maintained at 140-160" 
for 1 h, during which gas was liberated. The precipitated 
BaCO, (552 mg, 24%) was filtered and dried. 

(iii) Experiment ii was repeated with the side arm being 
led in this case to an ammoniacal cuprous chloride 
solution. A heavy precipitate of red cuprous acetylide was 
deposited. 

( iu )  Solid 3a (13.5 g) was heated in an oil bath, the 
temperature being maintained at 130-140" for I h :  
although decomposition started, no distillate was 
collected. When the bath temperature was increased to 
150-175" a fraction of boiling range 65-85' was collected. 
A CHC1, solution of this fraction was saturated with 
gaseous HCI. Evaporation of solvent and trituration of 
the residue with Et,O gave a brownish solid. Crystalliza- 
tion from EtOH gave Et,N.HCl as colorless needles 
(2.18 g, 2073, m.p. (dec.) 258-260". 

The residue in the pyrolysis flask was a dark red oil 
(7.06 g). This was distilled under reduced pressure (60 
mm). Pure 16 (2.31 g, 17%) was collected as a pale yellow 
oil, b.p.160-162"(lit. (23) b.p.129-130"/180mm),identical 
to the product obtained from reaction of Et2NH with EP. 

(f) Reaction with HCl-MeOH 
A stirred solution of 3a (2.90 g) in MeOH (75 ml) was 

treated for 5 min at 0" with gaseous HC1. After stirring 
for a further 90 min the solvent was evaporated. The 
oily residue solidified and was triturated with acetone to 
give the trans ester chloride 14 (2.81 g, 7573, m.p. (dec.) 
165-17OC, identical to a sample prepared from Et3N.HCl 
and MP (see below). 

( g )  Reaction with Propiolic Acid 
A solution of propiolic acid (1.40 g, 0.02 mol) in 

MeOH (10 ml) was added to a stirred solution of 3a 
(3.42 g, 0.02 mol) in MeOH (40 ml). Evaporation of the 
solvent gave a paste. Trituration of the latter with acetone 
gave 18 as a colorless crystalline solid (3.92 g, 81x1, m.p. 
(dec.) 119-122". 

The above compound, together with its cis isomer 17, 
was also obtained when salt 6 was allowed to stand a t  
room temperature (13). 

Preparation of Salts 13 and 1 4  (cf. 9, 19) 
(i) A solution of Et,N.HCl (2.41 g, 0.018 mol) and 

MP (2.96 g, 0.035 mol) in MeOH (200 ml) was refluxed 
for 2 h. Evaporation of the solvent gave a solid residue. 
Trituration with acetone afforded 14 (3.55 g, 91Y,), m.p. 
(dec.) 167-170". 

(ii) A solution of Et3N.HCI (2.91 g, 0.02 mol) and 
MP (1.86 g, 0.02 mol) in MeOH (200 ml) was refluxed for 
2 h. Work-up as in i gave 14 (1.81 g, 37%) and in addi- 
tion, from the acetone-soluble fraction, compound 13 as 
a very viscous and unstable colorless oil (2.09 g, 437,). 

We wish to acknowledge the contributions made to 
this work by A. P. Korn (NRCC summer student, 1971), 
B. V. Brackett (research assistant, 1971-1972), and 
D. Ettinger (research assistant, 1972-1973). 
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J. L. CHARLTON, B. KOSTYK, and H. K. LAI. Can. J. Chem. 52,3577 (1974). 
Synthetic methods for the preparation of phenanthrene-1,3-d,, -2,4-d,, -1,2,3,4-d4, -1,3,6,8-d4, 

and -2,4,5,7-d4 are described. 

J. L. CHARLTON, B. KOSTYK et H. K. LAI. Can. J. Chem.52.3577(1974). 
On decrit des methodes de synthese pour la preparation des phenanthrene-1,3-d,, -2,4-d,, 

-1,2,3,4-d4, -1,3,6,8-d4 et -2,4,5,7-d,. [Traduit par le journal] 

Due to an interest in the effect of deuteration 
on the spectroscopic properties of aromatic 
molecules, we have recently synthesized a series 
of specifically deuterated anthracenes (1). As we 
wished to continue our spectroscopic studies on 
phenanthrene derivatives it became necessary to 
devise a synthetic scheme for the preparation of 
specifically deuterated phenanthrenes. As we 
required symmetrically deuterated material we 
discarded all approaches such as a Haworth-like 
synthesis in which the rings are added sequenti- 
ally in a Friedel Crafts addition of succinic 
anhydride. We have also found that replacement 
of halogen by deuterium in the completed 
molecule can be difficult (2) although this ap- 
proach has been used successfully by others (3). 
In any event, there is no obvious route to the 
symmetrically halogenated precursors. 

Only two methods for preparation of the 
carbon skeleton from suitably deuterated pre- 
cursors occurred to us. The first is the Diels- 
Alder addition of butadiene to orthobenzo- 
quinone. A similar method had been used 
successfully for the synthesis of deuterated 
anthracenes (1). The second method is the 
cylization-oxidation of the appropriately deu- 
terated stilbenes (4). Since a review of the 
literature revealed that orthobenzoquinones 
were difficult to work with, we turned our 
attention to the preparation of specifically 
deuterated stilbenes and their cyclization to 
phenanthrenes. 

Results and Discussion 
The deuterated phenanthrenes prepared during 

the course of this work are listed in Table 1 and 
they have all been synthesized by cyclization of a 
corresponding stilbene. The cyclization-oxida- 
tion procedure has been reported previously (4). 

Four of the stilbenes listed in Table 1 are 
prepared from benzaldehyde-2,4,6-d, and -2,5-d,. 
The trideuterio aldehyde was prepared from 
aniline in the following way. Aniline hydro- 
chloride was heated in D,O at 100 "C to exchange 
the ortho and para protons. The free amine was 
then diazotized and reacted with cuprous cyanide 
to give benzonitrile-2,4,6-d,. This was subse- 
quently reduced with stannous chloride to give 
the benzaldehyde. Benzaldehyde-3,5-d2 was 
prepared from p-toluidine which was exchanged 
as its hydrochloride in D 2 0 .  The free amine was 
diazotized and treated with cuprous bromide to 
give p-bromotoluene-3,5-d,. After removing the 
bromine via a Grignard reaction the methyl 
group was oxidized with chromium trioxide in 
acetic anhydride to give the toluene diacetate. 
Hydrolysis and steam distillation gave pure 
aldehyde. Scheme 1 contains the general scheme 
for the preparation of the deuterated benzalde- 
hydes. 

The conversion of benzaldehyde to stilbene 
has been described by Fieser ( 5 )  and stilbene- 
2,2',4,4',6,6'-d6 and -3,3',5,5'-d, were prepared 
by this method. Stilbene-2,4,6-d, and -3.5-d, 
were prepared by treating the deuterated ben- 
zaldehydes with benzyl magnesium bromide 
followed by dehydration. Stilbene-2,3,4,5,6-d, 
was synthesized from phenylacetaldehyde and 
perdeuteriophenylmagnesium bromide with sub- 
sequent dehydration. Perdeuteriobromobenzene 
was prepared by the method of Vogel (6). The 
three stilbene preparations are illustrated in 
Scheme 2. 

The isotopic purities of the phenanthrenes 
synthesized were determined by mass spectometry 
(8 eV) and are recorded in Table I .  The yields for 
many of these reactions are often low but do not 
represent any attempt at maximization. 
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ND2 CHO 

&3 "0" (1) (2) CuCN HN02 + '+D + SnCl; D@' 

D D D 

NH2 ND2 Br 

$ "\+" ;;;;;; D\d;"  ;;;$Et20> Do--" 

CH3 CH3 CH3 CH3 

qCH0 CN- + SzH s0c12; NaBH4+ 3:; HOAc Z n +  3 
Dx 

Dx Dr Dx 

Benzene 

TABLE 1 .  Deuterated phenanthrenes and Experimental 
their isotopic purities Mass spectra were recorded on a Finnigan 1015 mass 

spectrometer at an ionization energy of 8 eV. Mass ratios 
Phenanthrene purity were calculated from peak heights and are precise only 

Phenanthrene From stilbene (%I * to i 2 % .  Ultraviolet (u.v.) spectra of the deuterated 
phenanthrenes were recorded in ethanol (95%) on a 

1,3,6,8-d4 2,2',4,4',6,6'-d6 98 d4 Unicani recording spectrometer. The nondeuterated 
2,4,5,7-d, 3,3',5,5'-d, l 3  d3, d4 phenanthrene exhibited ).,,, 251 (64 000) nm. 
1,3-d2 2.4.6-d, 98 ci, 
2,4-di 3;5:d, - 3 d;, 97 d,  Attiline-2,4,6-d3 
1 ,2,3,4-d4 2,3,4,5,6-d5 98 d4 This compound was prepared essentially by the method 

-Mol% isotopic composition. Values are precise to only =2%. of Best and Wilson (7) .  The exchange was continued until 
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the mass peak at  m/e 95 was less than 2% of the peak mle 
96 in the free amine which had been reexchanged in HzO. 

Benzonitcile-2,4,6-d3 
The method of Vogel(8) was used. Thecuprous cyanide 

solution was prepared from CuS04 .5H20  (45.5 g), 
NaHS03 (12.6 g), and KCN (12.6 g). Aniline-2,4,6-d, 
(14 g) was diazotized at 0-5 "C with NaNO, (10.9 g) in 
6 N HCl (75 ml). Care was taken to ensure that the 
temperature of the solution was not allowed to rise above 
5 "C during addition of the alnine to prevent exchange. 
After work-up in the prescribed manner a yield of 11.6 g 
(74.3%) of the nitrile was obtained. A mass spectrum 
(8 eV) exhibited mass peaks only at mle 106 and 107 (I3C). 

Benzaldehyde-2,4,6-d, 
The method of Williams (9) was used with little niodi- 

fication. Anhydrous stannous chloride (41.2 g) was used 
to reduce benzonitrile-d, (11.2 g) using the described 
method. The yield of benzaldehyde-d, was 7.39 g (63%). 
A mass spectrum exhibited mass peaks only at  m,'e 109 
and 110 (13C). 

Benzoi~z-2,2',4,4',6,6'-d, 
The method of Fieser was used without modification 

(5). The benzoin was prepared from benzaldehyde-2,4,6-d, 
(5.0 ml) using KCN (0.5 g) in 80% ethanol-water (25 nil). 
Thc yicld of crude benzoin was 3.67 g (71z).  A mass 
spectrum confirmed its molecular weight at  218 with the 
peak at 217 less than 2% relative intensity. 

Stilbene-2,2',4,4',6,6'-d, 
The method of Fieser was ~ ~ s e d  without modification 

(5). The benzoin-d, (3.0 g) was reacted sequentially with 
SOCI, (3.0 ml), NaBH, (270 mg), and Zn (1.5 g) in 
the prescribed manner. Work-up yielded 0.856 g (33.4% 
overall). A mass spectrum confirmed the molecular 
weight at  186 with again less than 2% relative intensity at  
m/e 185. 

Phenanrhrene-I,3,6,8-d4 
The stilbenes were cyclized and oxidized using a method 

similar to that of Mallory et a/. (4). The stilbene-d, 
(0.540 g) was added to a solution of iodine in cyclohexane 
(0.038 g in 300 ml). The solution \\as irradiated for 2 h 
using a Hanovia 450 W mercury lamp (Serial No. 679 A36) 
in a water cooled quartz jacket, immersed in the solution. 
Oxygen was bubbled through the solution during the 
irradiation. The pink solution was evaporated in rnclro 
and the residue chromatographed on alumina (M'oelm 
neutral, Grade I) \\ith cyclohexane as eluant. The first 
few fractions yielded white crystals \+hich were recrystal- 
lized from 95% ethanol to give 0.206 g (397) .  A mass 
spectruni sho\\ed only the mass peak at  182 and its 
carbon-13 isotope at 183: L I . ~ .  i .,,,.,, 251 (62 000) nni. 

Srilbene-2,4,6-d, 
Magnesium (1  g): benzyl bromide (1.2 ml), and ether 

(anhydrous, 20 ml) were refluxed together for I h under a 
dry tube. Benzaldehyde-2,4,6-d, ( 1  g) in ether (20 ml) was 
added d r o p ~ i s e  over 10 min uith stirring. After refluxing 
+ h the solution was poured onto ice and dilute sulfuric 
acid added. The solution \bas then extracted with ether, 
the extracts dried (MgSO,), and evaporated in caclro. The 
oily residue, which crystallizes on standing, was dissolved 

in benzene (100 ml), a large crystal of iodine added, and 
the mixture refluxed 2 days. Evaporation of the solvent 
and repeated evaporation of small aliquots of CCI, 
removed most of the iodine. Chromatography on alumina 
(Woelm neutral, Grade 1, eluant benzene) and recrystalli- 
zation from 95% ethanol yielded 0.510 g of stilbene- 
2,4,6-d, (29%). A mass spectrum confirmed its molecular 
weight at  183 with less than 2% relative intensity at m e  
182. 

Phenanthrerze-I ,3-dz 
The stilbene-2,4,6-d3 (510 mg) from above was treated 

in a manner similar to that used in the preparation of 
phenanthrene-l,3,6,8-d4 to yield 0.131 g of phenanthrene- 
1,3-d, (27%). The mass spectrum showed only a peak at 
180 and the carbon-13 isotopic peak at 181 u.v. i.,,, 
251 (63 000) nm. 

p-Toluidine-2,6-d2 
Toluidine (20 g) was dissolved in 95% ethanol (50 ml) 

and 6 N HCI (I00 ml) added. The ethanol was evaporated 
in z>ocuo and the solution cooled. The crystals were 
collected, washed with a little acetone, and air dried to 
give 20 g of the hydrochloride. 

The hydrochloride was exchanged in D 2 0  and the 
deuterated toluidine isolated in a manner analogous to 
that described for aniline-2,4,6-d,. The yield was I6 g 
and the material was used \\ithout purification. For mass 
spectrum analysis the amino protons were re-exchanged 
in H,O. Mass spectrum t17'e (relative intensity) 94 (7), 

p-Bro~notolrrei2e-3,5-d~ 
The toluidine-2,6-d, was diazotized and treated with 

cuprous bromide as described by Vogel (6). The cuprous 
bromide was prepared from CuSO,.SH,O (9.45 g), 
copper turnings (3 g), sodium bromide (16.3 g), and 2.4 
nil H2S0, in 150 ml of \baler. The toluidine (16 g) was 
powdered and added slowly to a cold (0-5 - C )  sulfuric 
acid solution (16 ml in 120 ml HzO) and then diazotized 
by adding NaNOz (10.5 g). The p-brornotoluene-3,5-d, 
was isolated by steam distillation and extraction uith 
ether to give 8.0 g (32R). 

Tolrtene-3,5-d, 
p-Bromotoluene-3,5-d, (12.0 g) was treated with 

magnesium (2.0 g) in anhydro~~s  ether (50 ml). After 
refluxing 2 h water was added dropwise followed by dilute 
sulfuric acid. This bas  extracted with ether, the extracts 
dried (MgSO,), and the ether distilled off through an 8 in. 
column packed with raschig rings. The yield of toluene-3,- 
5-d, was 6.5 g or 100%. A mass spectrum confirmed its 
molecular weight at 171'~' 94. 

Benznldehj de-3,5-dz 
Toluene-3,5-d, (6 5 g), acet~c a c ~ d  (98 nil), and acetlc 

anhydride (98 mi) were placed In a 500 nil flask H,SO, 
(15 ml, concentrated) was added slowly with stlrrlng, 
keeplng the temperature below 10 C After cool~ng to 
0 C, CrO, (14 g, powdered) was added over 2 h keeplng 
the temperature belo\+ 10 C After stlrrlng 1 h the solu- 
tlon was poured onto Ice (300 ml by volunie) and a l~ttle 
benzene-pentane (80 20) added The Ice was filtered off 
and the solutlon extracted well with benzene-pentane 
These extracts were ~ a s h e d  \blth 20: KzCO, and then 
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dried (MgSO,) and evaporated in cacuo. The residue was The solution was diluted with ether and extracted with 
covered with 200 ml of 0.05 N H,SO, and steam distilled. water, 5% NaOH, then again with water. The ether 
The distillate was extracted with ether, the extracts dried extract was dried (MgS04) and distilled, collecting the 
and evaporated in liacuo to leave 3.31 g of benzaldehyde- fraction that boils at  154-157 'C. Yield was 7.5 g (75%). 
3,5-d2 (j9%). The molecular weight h a s  confirmed by 
mass spectrometry. 

Benzoin-3,3',5,5'-d4 
Benzoin-3,3',5,5'-d4 was prepared from benzaldehyde- 

33-d2 (2.3 g) by refluxing + h in ethanol-water (4.6 and 
2.3 ml) with KCN (0.250 g). This was diluted with water, 
extracted with ether, the extracts dried (MgSO,) then 
evaporated in cacrro, and the residue recrystallized from 
95% ethanol to give 800 mg (40%). 

Stilbene-3,3',5,5'-d, 
The method of Fieser was again used without modifi- 

cation (5). The benzoin (800 mg) was reacted seq~~entially 
with SOCI? (5 ml), NaBH, (75 mg), and Zn (0.70 g) in 
the prescribed manner. Work-up and recrystallization 
from 9575 ethanol yielded 200 mg of stilbene-3,3',5,5'-dd 
(67z). Mass spectrum: tnle (relative intensity) 182(2), 
183(16), 184(100), 185(16). 

Phenanthrene-2,4,5,7-d, 
The stilbene-3,3',5,5'-d4 from above (200 mg) was 

irradiated in cyclohexane (200 ml) in the presence of 
iodine (38 mg) and oxygen (saturated) for I$  h as pre- 
viously described. Work-up yielded 50 mg of phenan- 
threne-2,4,5,7-d4 after recrystallization from 95% ethanol 
(25Y,). Mass spectrum: m/e (relative ~ntensity) 180(3), 
181(15), 182(100), 183(17); u.v. 7. ,,,,, 251 (63 000) nrn. 

Stilbene-3,5-d2 
Stilbene-3,5-d2 was prepared from benzaldehyde-3,5-d, 

(1 g) in a manner identical to that described above for 
stilbene-2,4,6-d,. The yield of recrystallized product was 
629 nlg (83%). Mass spectrum: m/e (relative intensity) 
179(7), 180(100), 181(13). 

Phenanthrene-2,4-d2 
This was prepared from stilbene-3,5-rl, (540 mg) as 

described previously for phenanthrene-1,3-(1,. The yield 
of recrystallized product was 183 mg (33%). Mass spec- 
trum: m/e (relative intensity) 179(10), 180(100), 181(17) ; 
u.v. h,,, 251 (64 000) nm. 

Bromobenzene-d5 
Bromobenzene-d5 was prepared from deuteriobenzene 

(Matheson, Coleman and Bell, 99.5 atom %D) using the 
method of Vogel (6). Benzene-n', (5 g), pyridine (1  drop), 
and bromine (4 ml) were stirred overnight 011 a steam 
bath. 

Stilbene-2,3,4,5,6-d, 
Magnesium (0.6 g), bromobenzene-d, (3.0 g), and 

ether (20 ml, anhydrous) were refluxed together for 1 h. 
Phenyl acetaldehyde (2.22 g) in ether (20 cc) was added 
dropwise over 10 min with stirring. The mixture was 
refluxed i h, poured onto ice, diluted with dilute H,SO,, 
then extracted with ether. 

The extracts were dried (MgS04) and evaporated in 
zacuo. Petroleum ether was added (60-80 "C) and the 
crystalline precipitate collected to yield 2 g (53%) of a- 
hydroxydiphenylethane-2,3,4,5,6-d,. The alcohol (1.2 g) 
was refluxed in benzene (100 ml) containing a large 
crystal of iodine for 3 days. This, after evaporation in 
liacuo and treatment with charcoal yielded 540 mg of 
recrystallized (95% ethanol) stilbene-2,3,4,5,6-d5 (53%). 

Phenanfhrene-1,2,3,4-d4 
The stilbene-2,3,4,5,6-d5 (540 mg) was converted to the 

corresponding phenanthrene as previously described. The 
yield of phenanthrene-1,2,3,4-d, was 185 mg (48%) of 
recrystallized (95% ethanol) material. Mass spectrum 
shows only peaks corresponding to the tetradeuterated 
material and its carbon-13 analog; u.v. h,,, 251 (66 000) 
nm. 
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Stereochemical Implications from the Conformational Analysis of 
the Seven-membered Ring in 5-Oxabenzocycloheptene 
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DPpartement de Chirnie, Universite'de Montre'al, MontrPal, Que'bec H3C 3V1 

Received May 8, 1974 

LOUIS CANUEL and MAURICE ST-JACQUES. Can. J. Chem. 52, 3581 (1974). 
The computer analysis (LAOCN-3 program) of the p.m.r. spectrum of 5-oxabenzocyclo- 

heptene (3) at - 105' has provided values for all coupling constants about the C3-C4 bond, 
while the complete line-shape simulation (DNMR program) has provided the following 
activation parameters: AG* = 9.5 kcal/rnol (at -57"), AH' = 9.9 kcal~mol, and AS* = 
1.5 e.u. A novcl long distance (transannular) deuterium isotope effect has been discovered 
during the analysis of the spectrum of a partially deuterated derivative of 3. A comparison of 
the p.m.r. parameters for 5-oxabenzocycloheptene and benzocycloheptene provides the basic 
data from which stereochemical and conformational inferences can be made for more complex 
derivatives in this series. 

LOUIS CANUEL et MAURICE ST-JACQUES. Can. J. Chem. 52, 3581 (1974). 
La simulation a l'ordinateur (programme LAOCN-3) du spectre r.m.p. de I'oxa-5 benzo- 

cycloheptene (3) a - 105 ' C  a permis d'obtenir toutes les valeurs des constantes de couplage 
pour la liaison C3-C,; de p!us la simulation des formes raies (programme DNMR) a permis 
d'obtenir les parametres d'activation suivants: AG' = 9.5 kcal/mol (a -57'C),  AH* = 
9.9 kcal/mol et AS* = 1.5 e.u. Un nouvel effet isotopique (transannulaire) a ete mis en evidence 
durant l'analyse du spectre d'un derive partiellement deuterie de 3. Une cornparaison des 
parametres r.ni.p. entre I'oxa-5 benzocycloheptene et le benzocycloheptene etablit les donnees 
de base permettant de faire des deductions stereochimiques et confortnationnelles pour des 
derives plus complexes dans cette serie. [Traduit par le journal] 

Nuclear magnetic resonance spectroscopy 
is a particularly well-suited technique to in- 
vestigate the conformational and stereochemical 
properties of cyclic organic molecules. Whereas 
five- and six-membered rings have been in- 
vestigated extensively in the last 10 years (1-3), 
relatively little information is available on 
basic seven-membered cyclic compounds (2-6). 
In fact, it was only recently that the conforma- 
tion of benzocycloheptene (1) was identified 
and fully characterized through a p.m.r, study 
(7) at - 120"; that work provided accurate 
vicinal coupling constants for this basic molecule 
from which reliable dihedral angles were de- 
termined for all vicinal protons about the 
C,-C, (and C,-C,) bond. 

Our continuing systematic investigation of the 
cycloheptene-benzocycloheptene system (7-9) 
has led us to study the effect of oxygen on both 
the static and dynamic conformational prop- 
erties of this system and possible inferences on 
the future stereochemical applications of the 
Karplus theory (10, 11) to derivatives con- 
taining heteroatoms. Although much has been 
written about the effect of heteroatoms on 

vicinal coupling constants (11, 12) and signifi- 
cant improvements have been made to account 
for deviations caused by oxygen (13-15), it 
now appears that generalizations are limited to 
well-defined sets of compounds and cannot be 
transplanted confidently from one set to another. 

Our first objective therefore was to obtain 
accurate vicinal coupling constants for the basic 
5-oxabenzocycloheptene system while our second 
aim was to determine accurately the effect of 
oxygen on the activation parameters and 
especially on AS* from which inferences about 
ring inversion pathways might be drawn. Our 
approach first involved the analysis of the 
low temperature p.m.r. spectra of the deuterated 
derivatives 3a and 36 prepared directly from 2 
through catalytic deuteration in the presence 
of palladium-on-charcoal (16). The trial p.m.r. 
parameters thus obtained then enabled the 
complete line-shape analysis of the spectral 
change of 5-oxabenzocycloheptene (3) itself at 
various temperatures. 

Results 
The 5-oxabenzocycloheptene-cis-3,4-cis-6,7-d4 

consists of a mixture of the svn and anti isomers, 
'Author to whom correspondence should be addressed. 3a and 36, prepared in essentially equivalent 
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amounts by the method described above. In 
the following discussion, this mixture of isomers 
will be referred to collectively as 3ab. 

The p.m.r. spectra (100 MHz, deuterium 
decoupled) of 3ab at +25" and -105" are 
shown in Fig. 1 .  The spectrum at -105" is 
relatively straightforward to analyze; it con- 
sists of two distinct AX patterns, one with 
components at 6 3.37 and 2.72 showing no 
visible splitting and the other with components 
at 6 4.11 and 3.23 showing a 2.0 Hz splitting. 
First-order spectral analysis therefore reveals 
that the two possible cis arrangements of 
protons about the C,-C, bond are characterized 
by a coupling constant of 2.0 Hz and another 
that is small enough not to be resolved under 
the present experimental conditions. As shown 
below, the spectrum at + 25" allows an accurate 
estimate of this small coupling constant. 

The spectrum of 3ab at +25" shown in Fig. 1 

reveals clearly that the lines of the upfield 
doublet are separated by 1.3 Hz. Since this 
value represents the average of the two coupling 
constants at - 105'. it follows that 0.6 Hz is the 
value of the small coupling constant not re- 
solved at low temperature. The observation 
that the low-field multiplet of the spectrum at 
+25" is not a doublet but actually a pair of 
doublets (with 1.3 Hz splitting) separated by 
0.5 Hz supports the above analysis and further 
suggests that a particular isotope effect is 
responsible for the additional fine structure. It 
wili be demonstrated later, in the next section, 
that a small transannular isotope effect is 
present and accounts for small differences in 
chemical shifts of the protons in 3a and 3b. 
Furthermore, it will be shown that this new 
isotope effect is able to manifest itself explicitely 
only in the low-field component of the spectrum 
of 3ab at + 25". 

The 100 MHz spectrum of 5-oxabenzocyclo- 
heptene (3) at ambient temperature, being 
essentially of the AA'XX' type (17), is char- 
acterized by two multiplets. As the temperature 
is decreased, the spectrum changes markedly 
and, as shown in Fig. 2, contains three complex 
multiplets at - 105". This spectrum can be 
analyzed as an ABCD assuming that cross-ring 
coupling only broadens the experimental lines. 
Trial parameters obtained from the low tempera- 
ture spectrum of 3ab enable the exact simulation 
of this spectrum by means of the LAOCN-3 
program (1 8) as shown in Fig. 2. The parameters 
obtained from the computer iterative analysis 
are reported collectively in Table 1 where the 
labels 3e, 4a, etc. refer to the different proton 
environments in accord with identifications made 
in the next section. 

The p.m.r. parameters obtained by iterative 

FIG. 1. The nonaromatic portion of the 100 MHz 
deuterium decoupled p.m.r. spectrum of 3ab at + 25 and 
- 105". 

FIG. 2. Experimental and iterative computer simu- 
lated spectra (LAOCN-3 program) for the three multi- 
plets of the methylene protons of 3 at - 105". 
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TABLE 1. Proton magnetic resonance parameters obtained from the computer 
simulation of the spectrum of 3 at - 105 

( A )  Chemical shiftsa 

(B) Coupling constantsc 

p.p.m. for solutions in chlorodifluorometha~~e at  100 MHz relative to internal TMS. 
bThe numbers refer to the carbon position on the ring and the letters identify the protons as axial 

or equatorlal in accord with the conclusion of the discussion section. They may be considered only 
as a label at  this point. 

cIn Hz; estimated error + 0.2 Hz. 

computer analysis of the spectrum of 3 at 
-105" together with T, values and the ap- 
propriate axial-equatorial pattern of chemical 
shift exchange during ring inversion provided 
the necessary input data which enabled the 
simulation of spectra as a function of a variable 
rate constant (k in s-') with the DMMR-2 
program (19). Figure 3 shows the excellent 
matching obtained for several experimental 
and calculated spectra. It is evident from this 
observation that the complexity of the spectral 
change enabled spectral simulation and com- 
parison with the experimental spectra over a 

significantly broad temperature interval (about 
50") and consequently permitted very accurate 
determinations of rate constants for various 
temperatures within this range. 

The rate constants thus obtained within 
-41.6" to -91.4" were then used to calculate 
the characteristic activation parameters for 
conformational interconversion through a least- 
square regression analysis using the computer 
program (20) ACTENG modified slightly to 
supply the Arrhenius plot shown in Fig. 4. 
The parameters calculated using a transmission 
coefficient of one-half are: AG* = 9.5 i 0.2 
kcal/mol (at -57"), AH* = 9.9 k 0.2 kcal/mol, 
AS* = 1.5 _f 1.0 e.u., and Ea = 10.3 i 0.2 
kcal/mol. 

o w o C : : : : : : : : : : : : ; ,  

FIG. 3. Experimental (left) p.m.r. spectra of the 4 IW 1 300 4 5W 4 700 4 9W 5 LOO 5 3m 5 500 

l l T  x 1000 
methylene protons of 3 at varlous temperatures and 
matching calculated spectra (DNMR program). FIG. 4. Arrhenius plot for compound 3. 
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Discussion about the C,-C, and C,-C, bonds as sug- 
Conformational Interconversion gested from a comparison with simple models 

It  has been clearly established that the ring such ether and Propane for which 
conformation of benzocycloheptene is a chair barriers to methyl rotation are 2.5 and 3.3 

(7) and consequently the stable conformation kcal/mol, respectively (25,261. The barrier reduc- 
of 5-oxabenzocycloheptene is undoubtedly also tion of 1.2kcal/mol is thus best explained by a 
a chair. Experimental (9) and theoretical (21) decrease in torsional energy about the C4-C5 
studies on the inversion mechanism of the and C5-C6 bonds for in the conversion of 
cycloheptene chair have shown that the inversion 5. 
pathway involves boat intermediates (6) and I~~~~~~ ,qpect 
that the rate determining Step involves a wagging 1, addition to the well-known deuterium 
ofcarbons 1 and 2, the highest energy conforma- isotope upfield shift resulting from a and P 
tion being 5 which effectively contains Six deuteration, the spectrum of 3ab further 
coplanar carbon atoms. reveals a novel type of long distance isotope 

effect on chemical shifts. This suggestion builds 

&xL \ /  
- @ pendence on the recent (27, 28) report of the of upfield a stereochemical shift resulting de- 

x from 0 deuteration (i.e. through three bonds). 

4 5 6 
The more complex isotope effect discovered is 
transmitted through four bonds and as shown 

The p.m.r. spectral changes of 3ab and 3 are below is capable of explaining the multiplicity 
consistent with such an interconversion pathway. of the low-field component of the room tempera- 
In this case, the inversion is characterized by a ture spectrum of 3ab (Fig. I). 
free energy of activation of 9.5 kcal/mol which Further definition of this new transannular 
is only slightly lower than the value of 10.7 isotope effect requires a careful examination of 
kcal/mol characteristic of benzocycloheptene. interconverting chair conformations for 3a and 
Since the complex spectral change of 5-oxabenzo- 3b shown below as 7 f 8 and 9 z 10, re- 
cycloheptene takes place over a temperature spectively (structures 8 and 10 have been rotated 
interval of about 50°, computer simulation is for direct comparison with 7 and 9). Conforma- 
able to provide accurate rate constants over tions 7 and 8 are characterized by pairs of cis 
this range and data treatment can therefore protons in a syn relationship whereas 9 and 10 
provide significant AS* and AH* activation possess anti palrs of cis protons. 
parameters (2, 22). The value of AS' calculated The above interconversions reveal that ring 
for a transmission coefficient of one-half (which inversion exchanges C-3 with C-7 and C-4 with 
takes into consideration the fact that once a C-6 of the chair skeleton and concomitantly 
molecule reaches the boat family, it can either axial and equatorial proton (or deuteron) on 
come back to the initial chair or go to an in- each pair of exchanging carbon atoms. Now, 
verted chair (7)) is 1.5 F 1 e.u., a value of if it is assumed that both sides of the n~olecules 
magnitude comparable to the value of -0.2 + 3a and 36 are independent of each other, then 
2 e.u. determined for the inversion of 5,5- 
difluorocycloheptene (23). Since contributions 
to the entropy of activation from differences in SD 7 %t vibrational and rotational partition functions 

H~ D 
0 D 

are expected to be small and positive for ring H H 

inversion of similar compounds in inert solvents 
7 8 (2, 24), the value of AS* obtained in this work 

can be considered to be reliably characteristic 
of the cycloheptene system. It  is therefore 
justifiable to assume that AAG* = AAH* in %: - %- this family. H H D D 

The lower barrier observed for 3 appears to 
reflect partly on the lower barrier to rotation 9 10 
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TABLE 2. Comparison of the p.m.r. parameters for 5-oxabenzocycloheptene and benzocycloheptene 

Chemical shifts 
(p.p.m.1 Coupling constants (Hz) 

Compound 8 3 a , 3 e  6 4 a , 4 e  J 3 a , 4 a  J 3 a , 4 e  J 3 r . 4 8  J 3 c . 4 ~  J 3 w n z  Jagem 

Benzocycloheptene (1)" -0.106 0.737 12.6 1 .1  1 . 1  6 .6  -14.1 -13.8 

aThe data for 1 are taken from ref. 7. 

the rapidly inverting molecules should give rise 
to superposed averaged AX patterns. Clearly 
this is not observed. On the other hand, if 
both sides of the molecules were not independent 
of each other in at least one of the conformations 
7 to 10 because there existed a long range isotope 
effect, the averaged AX doublet characteristic 
of each molecule would no longer necessarily 
be superposed. The resulting hypothetical 
spectrum at 25" would then consist of two pairs 
of doublets. 

One such pair of doublets, separated by 
0.5 Hz, is clearly observed at low field in the 
spectrum of 3ab at 25". The signal at high field, 
on the other hand, does not show this expected 
pattern but instead consists of a broad doublet. 
The existence of coupling between benzylic and 
aromatic protons (29) is believed to give rise to 
appreciable broadening and prevent the resolu- 
tion of finer structure if it existed. 

Analysis of the spectrum 3ab at -105" 
(Fig. 1) together with the computer simulations 
for 3 reveal that the chemical shift order from 
low to high field for the various protons is: 
H,,, H4,, H,,, and M,,. Furthermore, the 
spectrum which is characteristic of protons in 
conformations 7 to 10 shows no visible isotopic 
splitting in any of the signals and consequently 
the pair of protons H,,H,, constitutes an AX 
pattern (J = 2.0 Hz) while the protons H,,H,, 
constitute another AX pattern (J = 0.6 Hz, 
nonresolved). 

At present, the origin of the isotopic effect 
on chemical shifts is not well understood (27) 
and any proposed explanation must first con- 
sider the stereochemical requirements for trans- 
mission of the isotopic information. In the 
present context this question involves an examin- 
ation of the various transmission pathways 
possible between deuterons and protons on 
C-4 and C-6: (a )  a di-axial pathway (e.g. 
between W,, and D,, in 91, (b) a di-equatorial 

pathway (e.g. between D,, and H,, in 9), 
(c) axial-equatorial pathway (e.g. H,, and D,, 
in 7). 

Further analysis of the properties of structures 
7 to 10 shows that pathways a and b are possible 
only in the anti isomer 3b (i.e. in conformations 
9 and 10) whereas pathway c is possible only 
in the syn isomer 3a (i.e. in conformations 7 
and 8). It therefore follows that since protons 
in 7 and 8 account for about 50% of the total 
intensity of the signals of both H,, and H,, 
(also H,, and H,,), only protons in 9 and 110 
(accounting for the other 50% of total intensity) 
would be split up by an isotopic effect occurring 
through either pathway a or 6. 

Unfavorable conformation populations to- 
gether with probable long distance coupling 
between protons on C-4 and C-6 in 9 and 10 
therefore make it hazardous to select a particular 
pathway in the absence of observable fine 
splitting at - 105". It is therefore clear that a 
proper explanation of the long range isotope 
effect discovered must await additional experi- 
mental and theoretical work. 

Properties of the Chair Conformation 
The p.m.r. parameters characteristic of 1 and 3 

are listed in Table 2. Although both sets are 
in accord with generalized chair geometries, 
significant differences do exist especially for 
the values of ti,,,,, and the various vicinal 
coupling constants. 

The common observation that the signal of 
the equatorial proton on C-3 (H,,) is at higher 
field than the axial proton (H,,) and opposite 
the order for the protons on C-4 can be ex- 
plained in part by the presence of the aromatic 
ring whose anisotropic effect on chemical shift 
is expected to be stronger for nearby protons. 
Furthermore, the oxygen atom in 3 is expected 
to shift HH,, upfield significantly (30) in accord 
with the larger absolute value of 6,,,,,. 
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Differences in coupling constants, on the 
other hand, could be due to the following two 
factors: distortion of the chair geometry and the 
electronegativity of the heteroatom in 3. 
Because an understanding of the origin of these 
differences is important prior to the utilization 
of the p.m.r. method for rapid stereochemical 
and conformational deductions in more complex 
seven-membered derivatives, it is necessary to 
evaluate the various contributions as accurately 
as possible. 

The use of modified Karplus equations to 
obtain dihedral angles from values of vicinal 
coupling constants has met with limited success 
when applied to systems containing electro- 
negative substituents. A systematic study (31) 
of the effect of heteroatoms on ethane derivatives, 
for which rapid rotation between staggered 
conformations was assumed, has provided 
equations capable of accounting for the various 
trends observed. Extrapolation of these results 
to ring systems where rotational angles are 
no longer staggered has however presented 
problems. Horton and co-workers (13) have 
devised a modified Karplus equation which has 
been found useful in the carbohydrate field 
although several notable exceptions were re- 
ported. Recently, Slessor and Tracey (32) have 
invented a new method of assigning dihedral 
angles to hydrogens adjacent to a methylene 
group. Although promising, the DAERM 
method is particularly limited when electro- 
negative substituents are bonded directly to the 
molecular segment under consideration and the 
error introduced is expected to be maximal 
when the electronegative substituent is anti- 
periplanar to one of the hydrogen nuclei under 
consideration. It is therefore clear that these 
quantitative treatments are not able to define 
the precise geometry of 3 for comparison to that 
of 1 which has been determined accurately (7). 

Recently, the R method (33, 34) has been 
useful to characterize the overall shape of 
six-membered rings. The new parameter, the 
R value, is defined as a ratio of averaged 
vicinal coupling constants J ,,,,,, IJci, where J ,,,,, = 

+(J,, + J,,) and J,,, = $(J,, + J,,) for a 
-CH,CH,- fragment in a ring system. Thus, 
it has been shown that compared to cyclohexane 
(R = 2.16) tetrahydropyran (R = 1.91) is slightly 
flattened. By analogy, R values calculated for 
1 and 3 from the data given in Table 2 suggest 
that 5-oxabenzocycloheptene (R = 6.2) is slightly 

more flattened than benzocycloheptene (R = 
8.7), although both cycloheptene derivative 
chairs are much more puckered than the six- 
membered chairs. 

Quantitative application of the R method was 
proposed by Buys (33) whose treatment assumes 
that a given X-CH,CH,-Y fragment 
possesses pseudotrigonal projection symmetry. 
Expressions for dihedral angles have been 
developed and their successful application to 
benzocycloheptene (7) suggests interesting pos- 
sibilities for 3. Using R = 6.2, the following 
angles characterizing structure.12 are obtained: 

= + 3  = 70.5', 4, = 49.5', +4 = 190.5", and 
$ = 70.5". A comparison of these angles with 
those obtained for benzocycloheptene (7) (4, = 

+3 = 73', +, = 44', +4 = 189O, and $ = 74") 
suggests that to a first approximation, chair 
distortion could account partly for some of the 
differences in vicinal coupling constants re- 
ported in Table 2. 

The stereochemical effect of oxygen on the 
magnitude of vicinal coupling constants has 
been studied from two different approaches 
using six-membered rings as substrates. In 
one investigation Booth (35) determined the 
effect of axial and equatorial substituents on 
vicinal coupling. In addition to decreasing the 
value of the coupling constants, the effect 
was found to be stereochemically dependent 
whereby the decrease is maxinium when the 
0-C-C-H relationship is t r a m  coplanar 
as illustrated in structure 13. 

13 14 

Later, work by Anteunis (14) and Crabb 
and co-workers (15) revealed that the stereo- 
chemical dependence of the influence of oxygen 
is even more subtle when the heteroatom is part 
of the ring as in heterocycle of structure 14. 
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I t  has been suggested (14) that, in addition to 
the above effect, eclipsing of a lone-pair on 
oxygen with an adjacent C-H (on C(a)  in 
structure 14) significantly raises vicinal couplings 
involving this proton. But since eclipsing is 
expected to be small in both six- and seven- 
membered cyclic compounds existing in a 
chair conformation, the predominant effect of 
oxygen will be through the P-proton trans to it, 
namely H,, in the case of 3 as seen in projection 
12. 

I t  therefore appears that an estimate of the 
contribution of ring flattening to the various 
vicinal couplings can be obtained from the 
calculation of the values of ,J,, corresponding 
to the dihedral angles characteristic of the 
chair conformation (12) of 5-oxabenzocyclo- 
heptene by means of the equation (7): 3JH, = 
12.95 cos2 I$. This approach reveals that the 
value of J,,,,, corresponding to 4, = 49.5' 
is 5.4 Hz and consequently that flattening 
accounts for most of the change in this parameter 
between 1 and 3. On the other hand, flattening 
is unable to explain the changes in magnitudes 
observed for the other three vicinal couplings 
listed in Table 2 and consequently electro- 
negativity effects must be predominantly re- 
sponsible for the observed differences. 

The decrease of J,,,,, between 1 and 3 (- 13.8 
to - 11.8 Hz) is analogous to the reduction 
observed between cyclohexane (36) and tetra- 
hydropyran (37) (- 13.05 to - 11.2 Hz); flat- 
tening appears responsible for the change in 
both series. 

Since oxygen is more electronegative than 
nitrogen and sulfur, benzocycloheptene deriva- 
tives containing either of these heteroatoms 
at  position 5 are expected to yield vicinal 
coupling constants within the range given in 
Table 2. The results reported therefore con- 
stitute the basic data from which stereochemical 
and conformational inferences can be made 
rapidly for more complex molecules in this 
series. Furthermore, it is believed that stereo- 
chemical studies of analogous seven-membered 
derivatives bearing electronegative substituents 
can now be undertaken with reasonable con- 
fidence. Such analyses would require the 
adaptation of the basic data through incorpora- 
tion of corrective terms now available from 
studies of electronegativity effects of various 
substituents on model six-membered cyclic 
compounds. 

Experimental 
The v.p.c. analyses and separations were carried out 

on a Varian-aerograph A90-P3 instrument using $in. 
SE-30 columns and helium as carrier gas. Mass spectral 
analyses were performed on an Associated Electrical 
Industries model MS-902 mass spectrometer operating 
at 70 and 12eV on an Hitachi-Perkin-Elmer model 
RMU-6-D instrument. 

Routine analytical p.m.r. spectra were recorded on a 
JEOL C-60H spectrometer operating at 60 MHz in the 
external lock mode. The low temperature p.m.r. spectra 
were obtained at 100 MHz using a JEOL JNM-4H-100 
spectrometer. Solutions in chlorodifluoromethane con- 
taining a small quantity of TMS were degassed and 
sealed. Deuterium decoupling, when required, was 
effected by means of the JEOL Hetero Spin Decoupler 
model JNM-SD-HC. 

Temperatures were monitored by means of a JEOL 
temperature control unit model JES-VT-3 and determined 
accurately with a calibrated thermocouple placed inside 
a solvent-containing dummy n.m.r. tube. Temperature 
measurements were taken before and after recording 
several p.m.r, spectra at each reported tcmperaturc. A 
variation of less than 0.5' was ordinarily observed 
between the two sets of temperature readings. 

Rate constants were obtained from a visual comparison 
of experimental and computer calculated spectra. For 
this purpose, five to eight spectra were recorded at a 
sweep rate of 0.15 Hzls without saturation at each 
temperature. The spectra were calculated by means of 
programs described in the text on a CDC CYBER 74 
computer and traced on a CALCOMP plotter. 

5-Oxabenzocycloheptene(3) 
This known compound was prepared by catalytic 

reduction of 3-benzoxepin (16) using palladium-on- 
charcoal (5%) in methanol at a pressure of 2 atm. The 
product was purified through preparative v.p.c, and 
characterized by its p.m.r. spectrum in chlorodifluoro- 
methane: multiplets at 6 2.95 (two CH2), 3.72 (two CH,), 
and 7.72 (four aromatic protons). 

5-Oxabenzocycloheptene-d4 (Jab)  
To 0.15 g of 3-benzoxepin dissolved in 45 ml of 

methanol was added 0.70 g of catalyst (Pd-C, 5%). The 
flask was then attached to a compact hydrogenation 
apparatus (38). The mixture was then stirred vigorously 
and allowed to react with deuterium gas slightly above 
atmospheric pressure for 18 h. Having removed the 
catalyst by filtration, the compound was then isolated 
by preparative v.p.c. and characterized by its p.m.r. 
spectrum (described in the text) and its high resolution 
mass spectrum. 

Mol. Wt. Calcd. for CloH,D40:  152.1139. Found 
(mass spectrum at 70 eV): 152.1138. 

The isotopic composition obtained from a mass 
spectrum at 10 eV is: d6 = 2%, d, = 3%, d, = 77%, 
d3 = 15%, d2 = 3%. 

We wish to acknowledge the assistance of Dr. Michel 
Bernard with the computer programs and of Mr. Robert 
Mayer with the recording of the p.m.r. spectra at low 
temperatures. We are very grateful to the National 
Research Council of Canada for financial assistance. 
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Photolysis of Aqueous Solutions of Hydrogen Peroxide Containing 
,B-Ammonio Alcohols 
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TERRY FOSTER and PAUL RONALD WEST. Can. 3. Chem. 52,3589 (1974). 
During the photolysis of aqueous H ,02  added p-ammonio alcohols suffer oxidative attack 

initiated through hydrogen abstraction by the 'OH radical. At p H  7.0 the initially formed 

radical, (R),&CH~COHR', undergoes fragmentation to yield R , ~ H  and CH3CORf exclusive- 
+ 

ly. At p H  1.0 fragmentation is less important and direct oxidation to (R),NCH2CORf domi- 
nates. A radical deprotonation step is proposed to account for the p H  dependence. 

TERRY FOSTER et PAUL RONALD WEST. Can. J. Chem. 52,3589(1974). 
Lors de la photolyse du peroxyde d'hydrogine dans des solutions aqueuses contenant des 

b-ammino alcools, ces derniers sont oxydes et l'ttape preliminaire de cette reaction est l'en- 
levement d'un hydrogene par le radical 'OH. A p H  7.0, le radical forme initialement, 

(R),&CH~COHR', se fragmente pour conduire exclusivement a R ~ ~ H  et CH,COR'. A p H  1.0, 

la fragmentation est moins importante et l'oxydation directe en (R),&CH~COR' domine. Afin 
d'expliquer la dipendance sur 1e pH, on propose une Ctape impliquant une diprotonation 
radicalaire. [Traduit par le journal] 

Introduction .OH 
111 (R)~&CH~CHOHR' + ( R ) , ~ C H ~ ~ O H R  

Interest in the chemical reactivity of the P- 
ammonio alcohols, 1, arises from the biological R. R' = H, CH3 2 

importance of several members of the general intermediates, 2, have been identified at p H  2.5 
(1, 2). At p H  6.5-7.5 the observed signal corre- 

R~&CHR,-CHR" 
1 sponds to an a-carbonyl radical 3 generated by 

OH fragmentation (reaction 2) (2). 
1 

[21 (R)~&CH~COHR' - (R)~;H + -CH2COR 
class. Choline (1, R = CH,, R' = H, R" = H) 
and its acetyl ester play firmly established roles 
in the transmission of nerve impulses. Ethanol- 
amine and its N-methyl derivatives (CH,- 
NHCH2CH20H and (CH,),NCH,CH,OH) are 
vital intermediates in the biosynthesis of 
choline.' Moreover, ethanolamine, choline, and 
serine (1, R = H, R' = H, R" = C02- )  all 
occur widely as structural units in complex 
lipids. 

In radiation damage to biological systems the 
attack of the electrophilic oxidizing species 
'OH on p-ammonio alcohols will occur at the 
carbinol carbon to generate secondary organic 
radicals, (reaction 1). Using the Ti(II1). H,O, 
reaction in a rapid aqueous flow system moni- 
tored by an e.p.r. spectrometer, the radical 
-- 

'Revision received July 15, 1974. 
ZProtonated at  in vico pH, and included in the general 

class of 0-ammonio alcohols. 

Similar eliminations of radicals have been 
documented for electronegative P-substituents 
such as OH (3) ,  C1 (3) ,  and OCOCH, (1). The 
acid catalyzed reaction has been studied by 
e.p.r. spectroscopy at p H  1.5, reaction 3. 

However, pulse radiolysis (4) and steady-state 
radiolysis (5) have demonstrated that fragmenta- 
tion to yield 'CH,CHO must be a process that 
occurs under neutral and basic conditions for 
1,2-ethanediol. 

In the case of p-ammonio substituents, by far 
the best documented example of the fragmenta- 
tion reaction is the y-radiolysis of the a-form 
of choline chloride. It is the most radiosensitive 
crystalline organic solid known G(fragmenta- 
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tion) = 55  000 (6). In consequence its radiolysis 
has attracted careful studies on the products 

(only CH,CHO and (cH,),&Hc~-) (7), on the 
e.p.r. of occluded radicals at 77 "K (6) and at 
room temperature (S), and on the role of trapped 
electrons in the chain elimination (9). 

In the present study, the products of photolysis 
of aqueous hydrogen peroxide solutions that 
contained added p-ammonio alcohols have been 
carefully examined under both neutral and 
acidic conditions. The experiments serve to 
coinplement and quantitatively affirm the con- 
clusions of the e.p.r. spectroscopic studies (2). 
The clear-cut pattern that emerges permits 
extrapolation of the results to the y-radiolysis 
of the crystalline choline salts. 

Experimental 
General 

Conlmercially available 2-hydroxyethyltriniethylam- 
monium chloride (henceforth choline chloride), 2-(hr,1V- 
dimethylaminoethanol and 1-(N,hr-dimethylamino)-2- 
propanol were of Fisher Certified Reagent or Aldrich 
reagent grade. 2-Hydroxypropyltrin~ethylamn~onium 
chloride (henceforth p-~nethq.1 choline) was prepared as 
previously described (2). The quaternary salts wcre 
purified by repeated recrystallization from ethanol-ether 
and vacuum desiccation until no trace of solvent re- 
mained (n.m.r. spectroscopy). The tertiary amines were 
distilled until judged pure (n.m.r. spectroscopy), then 
converted to the hydrochloride salts by passing HCI gas 
through an aqueous ethanolic solution. The salts were 
then recrystallized from ethanol-ether and stored under 
vacuum desiccation. All n.m.r. spectra were recorded on 
a Perkin-Elmer R12A spectrometer employing water as 
solvent and tetramethylsilane as external reference. 
Hydrogen peroxide was Fisher Certified reagent 30% 
and was used without further treatment. The neutral 
photolysis solutions were maintained by a p H  7.0 phos- 
phate buffer prepared from 1.0 M potassium hydrogen 
phosphate (250 ml) and I .0 A4 sodium hydroxide (144 ml). 

Photolysis Experiments 
Procedure 
An Hanovia 450 W medium pressure mercury lamp 

suspended in an  Hanovia quartz photochemical reactor 
well with water cooling jacket was the light source 
employed. A thin cylindrical reaction vessel was fitted as 
a sleeve around the commercial well allowing 20 ml of 
solution to spread as an annulus in the path of the light 
beam. The Pyrex vessel (H,O, photolyzed by 313 nm 
line) was equipped with an efficient oxygen-free (Fieser's 
solution) nitrogen purge to remove volatile products as 
they formed. The outlet was fitted with a water condenser 
to minimize solvent loss, and then analytical traps as 
required, usually Dry Ice - niethylene chloride cooled. 

In a typical experiment, the substrate was dissolved in 
25 ml of phosphate buffer, 0.1 N hydrochloric acid or 
water (unbuffered system) and hydrogen peroxide (3.3 
ml) was added. The total charge was made up to 30 ml. 

Finally 20 nil were placed in the photolysis apparatus and 
thoroughly purged with N, prior to photolyzing for a 
period from 6 to 10 h. In a long series of experiments a 
given lamp efficiency falls necessitating longer reaction 
time. By the sarne token, no attempt was made to exactly 
reproduce percentage decomposition from one experiment 
to another. 

Anulysis 
After irradiation, the reaction mixture was made up to 

50 ml (volun~etric flask). At that time the 10 ml aliquot 
set aside in the dark was also made up to 50 ml. Hydrogen 
peroxide consumption was then determined iodometri- 
cally using samples from the photolyzed and unreacted 
solutions. 

Quantitative estimation of the products and the overall 
stoichiometry was accomplished by adding a known 
weight of sodium acetate to both the unreacted and 
product solutions. The integrated intensity of the n.m.r. 
signal from the acetate methyl was then compared with 
the other resonances. 

Qualitative experiments were carried out establishing 
( i )  the stability of the reaction mixture (n.m.r.) and (ii) 
the nature and relative amounts of the products. Hence, 
experiments providing estimation of yields (Tables 3 
and 4) are supported by additional qualitative runs where 
the sodium acetate standard was not introduced. 

Identification of the products was made by preparing 
standard samples of the reaction mixture containing the 
assigned products adjusted to near the concentrations 
observed in the photolyzed solutions. For clarity the 
n.m.r. data are presented in Table 1. Note that 1-(1V,hT- 
dimethylamino)-2-propanone was available from the 
companion e.p.r, studies (2). The synthesis of 1-(N,N,N- 
trimethy1amino)-2-propanone was carried out by treat- 
ment of I-(h5N-dimethylamino)-2-propanone with chloro- 
methane in aqueous solution using the procedure adopted 
for the synthesis of p-n~ethylcholine chloride (2). In view 
of the sensitivity of the quaternary ketone, it was prepared 
by reacting the diniethylamino ketone to completion as 
judged by n.m.r. The resultant solution showed the 
required integration and contained no residual dirnethyl- 
amino ketone resonances. The aqueous solution so 
obtained was then used in preparing the standard sample. 

Quantitative estimation of acetaldehyde in the cold 
trap was made by oxidation to acetic acid with alkaline 
H,O, and back titration with standard acid (10). Acetone 
was determined spectrophotometrically by conlparison 
of its alkaline salicylaldehyde color reaction with that of 
standard samples (1 1). 

Control Procedures 
The photostability of a buffered p H  7.0 solution of 

choline chloride was demonstrated by n.m.r, analysis 
after a 10 h photolysis. Trimethylamine hydrochloride 
(38 mmol in 30 ml of buffer) similarly was photostable. 
Photolysis of aqueous H 2 0 ,  (buffer) containing excess 
acetone (34 mmol in 20 ml) showed 10% of acetic acid 
based on remaining acetone after 6 h. No 2-propanol 
derivatives showed any acetic acid formation from such 
secondary reaction. Under dark conditions the choline- 
H , 0 2  buffer system showed a 2% fall in peroxide titer in 
10 h, but no products of molecular oxidation were 
detected by n.m.r. Similarly after reflux of a choline 
reaction mixture containing H,O, in 0.1 hi HC1 for 6 h, 
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TABLE 1. Proton magnetic resonance spectral data for @-ammonio alcohols and photolysis products 

Chemical shift (7) 

+ + 
Compound (pH = 6.8) CH3N- -CH2-N- -CHO- CH3-C- CH3C=0 

*J=  0.5Hz. 
?Not  resolved in the pH 6.8 buffer. 
$ J  = 7.0 Hz. 
$J = 6.0 Hz. 

complete deconlposition of the peroxide was observed 
without any additional resonances in the n.m.r. spectrum. 

Results 
Oxidatice Attack on Clloline, P-Methylcholine, 

and Related Tertiary Anlines 
Neutr~zl Aqueous Solution (Buffered) 
(a) Products 
At p H  6.8 (phosphate buffer), photolys~s of 

1.0 M aqueous H,02  containing 1 M choline 

chloride, (CH,),&CH,CH,OH C1-, gave acet- 
aldehyde and trimethyl ammonium chloride as 
the major products after 3 5 x  decomposition of 
the peroxide. A trace of acetic acid attributed to 
further oxidation of acetaldehyde is also detected 
by n.m.r. 

Confirmation of each product was obtained by 
standard methods. Acetaldehyde was swept from 
the solution during photolysis, and identified 
directly by n.nl.r. and mass spectra and as its 
2,4-dinitrophenyl hydrazone derivative. It was 
the sole material in the cold trap. Trilnethylamine 
was established by n.m.r. spectroscopy, both in 
the photolyzed solution (as the cation) and after 

sweeping it from the basified reaction mixture 
into aqueous HCl. After the latter procedure, 
no n.m.r. resonances remained other than those 
due to choline and a trace of acetate (high gain). 
Moreover extraction of the reaction mixture with 
ether provided no residue on evaporation of the 
extracts. 

Similar thorough examination of reaction 
mixtures from other substrates showed only the 
products expected from fragmentation of the 
radical obtained by hydrogen abstraction from 
the carbinol carbon (reactions 1 and 2). 

+ 1 hydrogen 
R3NH + ~ H ~ C R  donor 

I I 
CH3CR 

In Table 2 the results of these experiments are 
summarized. Nuclear magnetic resonance signals 
appropriate to the analysis are given in the 
Experimental section. For both quaternary and 
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TABLE 2. Products of photolysis reactions in aqueous solutions of H 2 0 2  

Products 

Substrate* 
Fragmentation Oxidation 

p H  processt (intact) 

Nil 

Nil 

Nil 
0 

+ I 
(CH3)3NCH,CCH3 

Nil 
0 

+ 1 I 
(CH3)2NHCH,CCH, 

*Concentration 0.8-1.0 M, [H,02],,i,,,i = 1.0 M. 
TNote that  n o  net oxidation of the substrate is involved in the fragmentation. However, the amine and  carbonyl 

components of the reaction mixture do  result f rom oxidatice attack o n  the substrate. 
$Under all conditions trace quantities o f  CH,COZH are detected. 
§Not studied a t  p H  1.0 

tertiary amines, the photo-induced reaction 
apparently proceeds via this one pathway at p H  
6.8. 

(6 )  Estimation of Yields at p H  6.8 
( i )  Amine: In the n.m.r. spectrum, the 

separation of the N-methyl signals of the sub- 
strate cations and the product amine cations 
allowed quantitative estimation of both species. 
Comparison with the initial concentration of 
quaternary ammonium salt allowed a percentage 
recovery to be estimated with considerable 
reliability. As a further check on amine con- 
centration, a basic solution was swept into 
acetic acidlacetic anhydride and titrated with 
0.1 N perchloric acid in acetic acid (12). The 
methods agreed within 1 2 % .  In Table 3, the 
results of such estimations for all substrates show 
recovery at a lower limit of 96% but more often 
quantitative. These results strongly suggest a 
clear-cut reaction pathway. 

(ii) Carbonyl Products: Quantitative evalua- 
tion of the carbonyl product yields presented 
great difficulties. The oxygen produced consti- 
tutes an interference, and must be continually 
swept from solution. As well, acetaldehyde 
hydrate CH,CH(OH), has a highly reactive 
methine hydrogen, and competes effectively with 
the less reactive cationic substrate for hydroxyl 
radical. Deliberate initial addition of the usual 

theoretical yield of acetaldehyde to a choline 
photolysis dropped amine production by 80%. 
Hydrogen peroxide consumption doubled (6 h) 
but acetic acid became a major product. Hence 
purging the reaction continuously with nitrogen 
is necessary to remove both oxygen and acetalde- 
hyde. Under such conditions adequate trapping 
of the volatile carbonyl components was not 
readily achieved. In a control, sweeping an un- 
photolyzed choline solution (10-fold excess of 
acetaldehyde, normal reactant concentrations) 
gave only 35% recovery (Dry Ice - methylene 
chloride). In actual runs we isolated 20% of 
theoretical acetaldehyde, and 60% of theoretical 

acetone from (CH,),&CH,CHOHCH, as sub- 
strate. Similar efficiencies were obtained either 
by using two aqueous sodium bisulfite traps (13) 
or by gravimetric 2,4-dinitrophenylhydrazone 
recovery (two traps). However, considering the 
mechanical losses in the control experiments and 
the absence of other products, we are satisfied 
the designated carbonyl products are the stoi- 
chiometric partners of the amines. Success in the 
n.m.r. analyses of the latter components led us to 
abandon any further attempts at acetaldehyde 
and acetone isolation. 

(c)  Hydrogen Peroxide Consumptiorz 
Iodometric analysis provided a measure of 
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TABLE 3. Product yields in neutral (buffered) aqueous solution* 

Amount? 

Amine Recovery Hz02 Amine 
Substrate Initial Final produced? (%I consumption (I): yield (%)§ 

*Quantities to k 0. 1 mmol based on  three integration measurements. 
?Quantity in 20 ml photolysis aliquot. 
$Total charge of hydrogen peroxide = 20-25 mmol in 20 ml. 
94, Amine = amine/H,Oz consumption x 100%. 

peroxide consumption (Table 3). The accepted short, we might expect to see dimeric termination 
primary event in the photolysis of hydrogen products by n.m.r. spectroscopy. Additional 
peroxide provides two hydroxyl radicals for each n.m.r. methylene or methyl resonances due to 
molecule of H,02 (reaction 4) (14, 15). Ideally 1,4-butanedial ( 'CH2CH0 dimerization) and 

then two abstraction radicals would be formed 2,4-hexanedione (CH,CCH, dimerization) are 

from the ammonio alcohol (reaction How- absent at highest gain settings. Alternatively, 

ever competition from attack on hydrogen termination may occur by formation of ' 0 2 H  

peroxide leading to a chain decomposition radicals, e.g. reaction 8 followed by their 

(reactions 5-7) will serve to reduce this optimum o o 
formation of abstraction radicals. I I /  

[8I .CH2CR f H202 - CH3CR + H02' 

[51 HO. + Hz02 + H20 + H02.  dimerization via reaction 7 .  We detect oxygen 
mass spectrometrically during photolysis of both 

[61 H 0 2 -  f H202 + H20 f 0 2  + 'OH acidic and neutral solutions, consistent with the 
occurrence of reaction 7. 

Clearly yields quoted as percentages in Table 
Furthermore, if the a-carbonyl radical formed 3 serve to reflect similar overall behavior of all 

from reaction 2 attacks another molecule of the cationic substrates, and do not establish the 
ammonio alcohol a second chain reaction competitive position of the two possible chain 
forming amine will ensue. If chain lengths were reactions (See Discussion section). 

Acidic Aqueous Solution 
3Electron spin resonance studies using the Ti(II1). 

H,O, . R H  system show that the substrates, though less Products 
reactive than neutral alcohols (e.n. CH?CHOHCH, and At PH 1.0 (0.1 N HC1) ~ h o t o l ~ s i s  of the 
C H 3 C H 2 0 H ) ,  do provide spectra tha; indicate mider- auateriarv and tertiarv ammonium salts in 1.0 
ately favorable attack relative to hydrogen peroxide (2). M H,O, solution gave less net reaction, and a 
As an illustration, for acetone, a substrate comparable to 
H20Z in reactivity toward .OH, we require a four-fold substantially different product distribution. In 
higher concentration than in the case of ammonio each case the "fragmentation products" ob- 
alcohol to obtain similar e.s.r. signal intensity. served in the experiments at p H  6.8 were present. 
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TABLE 4. Product yields in acidic aqueous solution* 

Yield 
Hz02 Products (% of iii)? 

Oxidation Fragmentation consumption 
Substrate (i) (ii) (iii) (i) (ii) Combined 

*Consumption and yields refer to mmol in 20 ml of reaction mixture. Initial H 2 0 2  = ca. 20 mmol; initial substrate = 20 mmol 
?Expressed as mmol product/H,O, x 1009,; for con~parison with neutral conditions. 

However now the dominant product from cho- 
line, p-methylcholine, and 1-(N,N-dimethyl- 
amino)-2-propanol resulted from oxidation of 
the primary or secondary alcohol function with- 
out elimination. In Table 1 these involatile 
cationic products are summarized. In each case 
identification was made by n.m.r. through 
comparison with synthetic mixtures containing 
the authentic compounds and the reactants. No 
other products were detected. A thorough search 
was made for new (unsplit) C-methyl signals in 
the reaction mixture from 2-propanol derivatives 

where the species (R),&cH,c(cH,)(oH)c- 
i- 

(CH,)(OH)CH,NR, might have been formed. 
Reaction Yields at pH 1.0 
Quantitative analysis by the n.m.r. integration 

technique was hampered by the sharply reduced 
yield of products and by the juxtaposition of 
N-methyl resonances from the amines and the 
"intact" cationic oxidation products. In Table 4 
relative yields of the processes were determined 
by comparison of product resonances and the 
signal due to added acetate. No attempt to 
quantify N-methyl recovery (cf. p H  6.8) was 
made in view of the overwhelming excess of 
substrate. Clearly the fragmentation process is 
highly p H  dependent, for oxidation of the 
alcohol function now dominates the product 
distribution. Moreover, the reduced molar yield 
of amine indicates that a facile fragmentation 
pathway available at p H  6.8 has been lost. 

Unbuffered Aqueous Solution 
During the photolysis of neutral unbuffered 

choline or p-methyl choline solutions, the 
gradual accumulation of acidic products (e.g. 

(CH,),&H, CH3C02H, (cH,),&cH,co,H) 
provides a final solution of p H  1.0-2.5. Such 
unbuffered experiments showed both fragmenta- 

tion and oxidation products. To correlate with 
in cico conditions a p H  6.8 buffer (1 Mphosphate) 
was adopted. No significant change in p H  was 
observed before and after reaction. At 1 M 
buffer a slight drop to p H  5.7 was observed with 
the two tertiary amines; however only fragmenta- 
tion products were observed. At these buffer 
concentrations we cannot readily account for the 
decrease. We note that the recorded p H  is 
uncorrected for activity in a solution of high 
ionic strength provided by a changing ionic 
composition. 

Other control experiments including direct 
photolysis of the substrate and of the amine 
cations, molecular oxidation of the substrate, 
and reaction of the substrate with the buffer were 
negative. (See Experimental section.) 

Discussion 
Neutral Conditions 

Reaction of the p-ammonio alcohols during 
the photolysis of aqueous hydrogen peroxide 
shows a p H  dependence that agrees entirely with 
the observations by e.p.r. spectroscopy using the 
rapid flow system (Ti(II1)-H,O, reaction) (2). 
At p H  6.8 only fragmentation products are 
formed during photolysis. In the e.p.r. studies at 
neutrality an a-carbonyl radical intermediate is 
detected while the precursor abstraction radical 
signal observed in acidic medium is absent. 

It is proposed that the results of both experi- 
ments are compatible with hydrogen abstraction 
from the carbinol (alcohol) carbon followed by 
rapid deprotonation and fragmentation of the 
conjugate base of the radical. For example, 
consider I - (N,N- dimcthy1amino)-2-propanol, 
Scheme 1. In the photolysis, only acetone and 
trimethylamine are formed. In the e.p.r. spec- 
trum the acetonyl radical 'CH,COCH, and 
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Hydrogen Peroxide 
Initiation 

[4] Hz02 + 24,HO. 

Propagation 
k 

[5] H202 + .OH -I-f H 2 0  + H02. 
k 

[61 H02. + H202 H 2 0  + 0 2  + .OH 

Termination 

171 2H02. H202 + 0 2  

Amnionio Alcohol 
Initiation + 
[9I 'OH (CH3),NHCH2CHOHCH3 

Propagation + H20 + 
[lo] ( C H ~ ) ~ N H C H ~ ~ C W ~  OH-b (CH3)2NHCH2C-CH3 

1 I 
OH 0- 

kll 
[Ill ( C H ~ ) ~ & H C H ~ C C H ~  ----' 

I 
0- 

(CH3),NH + dH2c0CH3 

Termination 

[I31 H202 + R. A RH + H02- 
+ 

R = ( C H ~ ) , N H C H ~ C H O H ~ H ~  

~ H ~ c ~ C H ~  

asignal due to adjacent methyi attack, e.g. 

(CH,)~&CH~CHOHCH~ appear at p H  6.0. In 
the present study, photolysis of H 2 0 2  to give two 
hydroxyl radicals is the initiating process, Scheme 
1. Reduction of peroxide by Ti(II1) is the analo- 
gous event in the flow experiments (reaction 
14) (2). 

4Note that if elimination from the deprotonated form 
is kinetically favored the reaction can be observed at a 
p H  lower than the radical pK,. 

The mechanism assumes that the pKa of the 
abstraction radical is markedly lowered relative 
to the substrate alcohol. Electron spin resonance 
studies have shown that the pKa of an a-alcohol 
radical is lower by from 4-8 units. For instance, 
2-propanol has pK, = 17.1 while (cH,),cOH 
has pK, = 12.03 (16). Noting that the effect of the 
charged ammonio substituent should lower the 
pK, of both alcohol and abstraction radical 

+ 
(e.g. compare (CH3),NCH2C0,H, pK, = 1.83; 
CH3C02H, pKa = 4.75) we propose that de- 
protonation will occur under neutral  condition^.^ 
Indeed using pulse radiolysis, Henglein and co- 
workers have observed the conversion of 1,2- 
dihydroxy ethyl radical, 4, to acetaldehyde 
radical at p H  8.5 (reaction 15) (4). The ammonio 

OH - 
[I51 H O C H ~ ~ H O H  H O C H ~ ~ H O -  + 

4 5 

~ H ~ C H O  + OH- 

radicals will be more acidic than 4, and in conse- 
quence will undergo the process of fragmentation 
at lower pH. Radical species 5 (reaction 15) loses 
OH- faster than the protonation equilibrium can 
be established. By analogy elimination of the 

deprotonated radical (CH,),&HCH,CO~H~ 
should also be rapid, a prediction confirmed by 
observation of CH,COCH, under steady state 
conditions of transient radical concentration in 
the e.s.r. flow experiment. 

Three distinct modes of further reaction of 
the acetonyl radical are possible in the system: 
(i) attack on ammonio alcohol to form a second 
abstraction radical tending to perpetuate a chain 
reaction (reaction 12); and either (ii) simple 
dimerization or (iii) abstraction of hydrogen from 
H 2 0 2  (reaction 13). Both of the latter processes 
serve to terminate the chain reaction. 

Assessment of the length of the chain is not 
possible on the basis of present data as the 

0 
I I 

following analysis indicates. First, 'CH2CCH3 
(in general any a-carbonyl radical) should be 
electrophilic, and exhibit reactivity not drasti- 
cally at variance with the hydroxyl radical itself 
(consider 6 and 7). 
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6 7 

Therefore we might expect that if 'OH attacks 
both alcohol and hydrogen peroxide, e.g. rate 
constants k, and k, being comparable; then the 
acetonyl radical will have the analogous rates 
k , ,  and k,, competitive. 

Now consider reactions 5 to 7 for the H 2 0 2  
chain decomposition in conjunction with reac- 
tions 9 to 12 for chain production of amme 
allowing only the sequence [13], [7] for termina- 
tion (see Scheme l). By steady state approxima- 
tion for all radical species, and for zero order 
peroxide photodecomposition, equations 16 and 
17 are derived 

The chain decomposition of the hydrogen 

peroxide (eq. 16) is unaffected by the alcohol, 
having the same form as originally proposed by 
Weiss (17). From eq. 17, it is apparent that 
under the equimolar alcohol and peroxide con- 

0 
I I 

centrations used that if CH,CCH, and 'OH had 
exactly the same reactivity e.g. k,,/k,, = k,/k, 
then the second (chain) term in I$(- H202)  would 
be just twice that for amine production. 

In the absence of direct measurement of I, it is 
not possible to assess the chain lengths involved. 
Experiments are being undertaken to measure 
the quantum yields $(- H202)  and $(aminel to 
shed light on this question. 

Although (CH,),&HCH~CHOHCH~ is evi- 
dent as an intermediate (e.s.r.) no products 
attributed to it are detected in the photolysis 
studies. Attack on H 2 0 2  to reform substrate 
(reaction 13) or disproportionation forming 
substrate and undetected amounts of (CH,),- 

0 
+ I I 
NHCH2CCH3 could account for these inter- 
mediate radicals. It is also possible that this 
radical would react with the ammonio alcohol 
as has been demonstrated for simple alcohols 
(18). 

Acid Conditions 
At p H  1.0 oxidation of the abstraction radical becomes the most important process for all sub- 

strates. Specifically in the case of (CH,),&HCH,COHCH, a moderately efficient oxidation (33%) 
is observed. Such a-hydroxy tertiary radicals are nornially reactive as reducing agents, (19) (reaction 
IS). 

Intramolecular hydrogen-bonding in this particular radical has been demonstrated by e.s.r., and 
apparently facilitates the electron transfer in spite of the destabilizing influence of the positive charge. 
Indeed the corresponding quaternary cation shows less inclination toward oxidation, (reaction 19). 

Again we speculate that the less ready oxidation of the two quaternary cations at pH 1.0 may be 
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assigned to competition from repair by hydrogen transfer from H20, .5  In addition disproportiona- 
tion would produce the ketone but at reduced efficiency, reaction 20. 

Fragmentation also persists at p H  1.0 in the photolysis experiments. Our results do not bear on 
the question of the alternative homolytic process occurring in the absence of base catalysis, (reaction 
21). 

Observation of the e.p.r. signal of (CH,),Nt at p H  1.0 has been reported However it has been 
+ 

noted that the reducing potentials of .CH,CH--OH and (CH,),N: are clearly similar (E = ca. 
-0.8 V )  and that (CH,),Nt may arise via electron transfer (reaction 22) (2). 

Relevance to y-Irradiation of Cholirze Chloride 
In spite of numerous studies (6-9), the 

intrinsic reason for the instability of the a- 
crystalline form of choline chloride is not 
definitely established. Symons has advanced a 
mechanism in which (CH,),N+ is the chain pro- 
pagating species for decomposition to aldehyde 
and amine (8). However, it is also the species 
that is observed in the e.p.r. spectrum of y- 
irradiated choline chloride at room temperature. 
As the chain carrier it is not likely to accumulate 
as the major paramagnetic species, particularly 
with G(fragmentati0n) = 55 000. Alternatively 
Lemmon and co-workers have proposed the 
central role of a biradical species 8, (9, 20). It is 

5No substantial thermodynamic stabilization of a- 
hydroxy radicals is predicted. Their formation arises as a 
consequence of kinetic control that can be rationalized 
in terms of a stable polar transition state for electrophilic 
'OH attack. 

6Note ( C H ~ C H ~ ) ~ ~ C H ~ C H ~ O H  oxidation at p H  2.5 
does give . CHzCHO radical spectra (2). 

presumed to react with a detrapped electron 
after or accompanying the diffusing apart of 

the radicals forming CH2CH,0H*,, the excited 
ethanol anion, as the chain carrier. 

On the basis of the observed pH dependent 
decomposition of p-ammonio alcohol radicals 
we suggest that electron detrapping occurs to 
quench the "biradical", but forming trimethyl- 
amine. In Scheme 2 choline I represents this 
species accepting the electron in the first stage. 
In stage 2 the reactive primary radical abstracts a 
hydrogen from choline 11, and as in solution the 
amine moiety (base) removes the OH proton. 
Now rapid decomposition of the deprotonated 
radical ensues (stage 3). The last propagation 
step (stage 4) is the generation of a new abstrac- 
tion radical from choline I11 creating CH,CHO 

and the ion (cH,),&H. Accumulation of cation 
radical (CH,)N? may indicate termination by the 
homolytic or electron transfer pathways (reac- 
tions 21 and 22) when base catalysis does not 
occur in the propagation step (stage 4). 

The orientation of the molecules in Scheme 2 
is based on the disvosition along the b axis of 
the crystal as by ~enko-and co-worker 
(21). 
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"~iradical" Stage 1 Stage 2 Stage3 Stage 4 
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The Addition of Arylselenium Trichlorides vs. Areneselenenyl 
Chlorides to cis- and trans-1-Phenylpropenel 
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DENNIS G.  GARRATT and GEORGE H. SCHMID. Can. J. Chem. 52,3599 (1974) 
2,4-Dinitrophenylseleniu~n trichloride has been found to add to cis- and trans-1-phenyl- 

propene in an anti stereospecific manner to yield threo-dl- and erythro-dl-0-chloroalkyl 2,4- 
dinitrophenyl selenide dichlorides, respectively. Comparison is made with the adducts from 
the addition of 2,4-dinitrobenzeneselenenyl chlorides. 0-Chloroalkyl2,4-dinitrophenyl selenides 
react with chlorine or sulfuryl chloride to yield p-chloroalkyl 2,4-dinitrophenyl selenide 
dichlorides. p-Chloroalkyl selenide dichlorides were observed to decompose into 1,2-dichloro 
adducts and areneselenenyl chloride. 2,4-Dinitrobenzeneselenenyl acetate was shown to 
add to alkenes in an anti stereospecific manner. 

DENNIS G. GARRATT et GEORGE H. SCHMID. Can. J. Chem. 52.3599 (1974). 
On a trouve que le trichlorure de dinitro-2,4 phCnylsPlenium s'additionne s:lr les phenyl-1 

propene cis et trans d'une f a ~ o n  stereospecifique anticonduisant respectivement aux dichlorures 
de thrio-dl et Prythro-dl-P-chloroalkyle dinitro-2,4 phenylselenure. On a fait une cornparaison 
avec les produits provenant de I'addition des chlorures de dinitro-2,4 benzeneselenenyle. 
Les 0-chloroalkyle dinitro-2,4 phenylstlCnures reagissent avec le chlore ou le chlorure de 
sulfuryle pour conduire aux dichlorures de p-chloroalkyl dinitro-2,4 phenylstlCnure. On a ob- 
serve que les dichlorures de B-chloroalkyle stlenures se decomposent en adduits dichlore-1,2 
et en chlorure d'areneselenenyle. On a montre que l'acetate de dinitro-2,4 benzeneselenenyle 
s'additionne aux alcenes d'une f a ~ o n  stereospecifique anti. [Traduit par le journal] 

2,4- Dinitrophenylselenium trichloride has 
been reported to react with cyclohexene (eq. 1) 
to give trans-2-chlorocyclohexyl- 1 2',4'-dinitro- 
phenyl selenide (1). This has been interpreted as 
support for an equilibrium between aryl- 
selenium trichloride, areneselenenyl chloride, 
and chlorine (eq. 2). To account for the results 
it was assumed that the selenenyl chloride was 
the most reactive electrophile. 

'Organoselenium Chemistry. Part IV. For Part 111 
see ref. 16. 

In contrast to this, de Moura Campus and 
Petragnani ( 2 )  in a study of the analogous 
tellurium system reported that aryltellurium 
trichlorides add to cyclohexene to give aryl 
trans-2-chlorocyclohexyl telluride dichlorides. 
The reaction, however, was not general since 
some olefins did not react with tellurium deriva- 
tives and others produced elemental tellurium 
by reduction and halogenated products. Anti 
addition to the double bond was assumed but 
no structural proof was given. Selenium tetra- 
chloride (3) and tellurium tetrachloride (2 ,  4) 
have been found to add to olefins to form P- 
chloroalkylselenium trichlorides and P-chloro- 
alkyltellurium trichlorides, respectively, which 
are then capable of reacting with a further mole 
of olefin to yield bis(P-chloroalkyl) selenide 
dichloride and telluride dichloride, respectively. 
The additions are reported to occur in a pre- 
dominately Markownikoff sense, with assumed 
anti addition to the double bond. 

We wish to report evidence which indicates 
that arylselenium trichlorides react with alkenes 
to form P-chloroalkyl aryl selenide dichloride 
adducts in a stereospecific anti manner. These 
adducts are thermally unstable, decomposing 
into 1,2-dichloro adducts and areneselenenyl 
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chloride (eq. 3) .  In the presence of excess olefin CI  
the arenese1enen)il chloride reacts to form a 3 ' ~ n d  4 -----+ 
P-chloroalkyl aryl selenide in an anti stereo- C6H5\z CHI 
specific manner. CI 

C1 6 
I 

[3] CICH,CH,S;A~ + C1CH2CH2CI + ArSeCl 
I 

The regiospecificity of the addition is deter- 

c1 mined from the c.m.r. and p.m.r. data of 
compounds 1-4 which are summarized in Table 

ArSeCl + H2C=CH2 I ArSeCH2CH2C1 1. The following points are to be noted: (i) The 

Results and Discussion 
2,4-Dinitrophenylselenium trichloride reacts 

readily with cis- and trans-I-phenylpropene in 
methylene chloride solution at 25" to yield a 
mixture of Markownikoff2 and anti-Markowni- 
koff P-chloroalkyl 2,4-dinitrophenyl selenide 
dichlorides, 1-4. Addition to the cis alkene 
gives compounds 1 and 2, whereas addition 
to the trans alkene yields compounds 3 and 4, 
respectively. No higher aggregates were observed 
in the presence of an excess of either starting 
material. Compounds 1 and 2 decompose on 
standing to yield threo-dl-l,2-dichloro-1-phenyl- 
propane (5), whereas 3 and 4 yield the erythro- 
dl-isomer (6). Compounds 5 and 6 are equivalent 
in all respects to samples made independently 
via the addition of chlorine to cis- and trans-l- 
phenylpropene (5). 

m ,  

aliphatic protons are identified on the basis 
of their chemical shifts. It has been observed 
that protons u to a selenide dichloride group 
are generally deshielded relative to those a to a 
chlorine atom. Further protons a to a chlorine 
are deshielded relative to those a to a bivalent 
organic sulfur or selenium group (Table 3). 
The above observation holds as long as equiva- 
lent environments with respect to the remaining 
two groups are maintained. (ii) Confirmation 
of the assignment of the proton chemical shifts 
can be obtained from double resonance experi- 
ments. Irradiation of the methyl doublet of 
1 and 3 decoupled the adjacent proton yielding 
a simple doublet in each case. At high spectral 
amplitude, we were able to clearly distinguish 
the 77Se-1H spin-spin coupling interactions, 
thus establishing the regiochemistry. Vicinal 
77Se-C-~-'H coupling interactions were much 

L 1  weaker or not observable. (iii) The assignments 
1 a n d 2  CsHs CH37 of the 13C chemical shifts of the aliphatic 

F'H carbons is made on the basis of the coupled 13C 

~1 spectrum. The P-methyl carbon atom appears as 

5 
a quartet while both the benzylic and the P- 
carbon atom appear as doublets. The distinction 

2 ~ h ~  ~ ~ ~ k ~ ~ ~ i k ~ f f  isomer is designated as the one between the two is based upon the observation 
in which the chlorine is bonded to the benzylic carbon. that the I3C chemical shifts are affected by 
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GARRATT AND SCHMID: ARYLSELENIUM TRICHLORIDES 3601 

TABLE I .  Proton and carbon magnetic resonance parameters for the products of the addition 
of 2,4-dinitrophenylselenium trichloride to cis- and trans-1-phenylpropene 

Nucleus H 
Chemical shifts * 

0-Chloroalkyl - 

selenide dichloride Configuration a H  PH PCH3 

1 threo-M 4.75 (d) 4.21 (m) 1.55 (d) 
2 threo-aM 4.81 (d) 4.18 (m) 1.26 (d) 
3 erj~thro-M 4.78 (d) 4.17 (m) 1.58 (d) 
4 erythro-aM 4.82 (d) 4.17 (m) 1 .34 (d) 

Nucleus ' C 
Chemical shifts 

B-Chloroalkyl 
selenide dichloride Configuration? a C  PC PCH3 J77Se-'3C 

1 threo-M 62.7 75.9 19.1 48 
2 threo-aM 82.0 63.4 15.4 47 
3 erythro-M 63.7 72.8 18.4 51 
4 erythro-aM 79.3 63.9 14.7 55 

*Chemical shifts 8, p.p.m. dounfield from internal TMS; J in Hz. 
PM, Markownikoff; aM, ant!-Markownikoff. 

neighboring sulfur, selenium, and chlorine in 
the same way as are proton chemical shifts. 
The benzylic and P-carbon were further dis- 
tinguished on the basis of their respective 
geminal 13C proton couplings. Thus the benzylic 
carbon appears as a doublet, JcH = 125 Hz, 
with doublet fine structure, JCcH - 5 Hz, where- 
as P-carbon appears as a doublet, JcH = 125 Hz, 
but has doublet of quartet fine structure, 
JccH = 5 Hz. (ic) The 77Se-13C coupling in the 
decoupled 13C spectra can be observed for all 
four isomers. For 2 and 4, coupling between 
the benzylic carbon and selenium is observed 
while no coupling is observed between the 
P-carbon and selenium. For 1 and 3, the reverse 
is found. The magnitude of this coupling was in 
the range 47-55 Hz in contrast to that ob- 
served for bivalent selenides, J,,, = 62-67 Hz 
(see Tables 1 and 2). (z.) The stereochemistry 
of the addition has been determined from the 
chemical shift of the P-methyl protons in 
isomers 1-4. It is known that in the p.m.r. 
spectra of a series of racemic erythro and 
threo isomers of I ,Zdisubstituted 1-arylpropanes 
(6) the P-methyl protons of the erythro isomer 
always appear at  lower field than those of the 
tlzreo isomer. 

From these data, it is concluded that the 
addition of 2,4-dinitrophenylselenium trichloride 
to cis- and trans-1-phenylpropene is anti 
stereospecific. Thus, compounds 1 and 3, 
resulting from Markownikoff addition to cis- 

and trans-1-phenylpropene, are the threo-dl and 
erythro-dl isomers, respectively, whereas com- 
pounds 2 and 4 are the threo-dl and erythro-dl 
isomers, respectively, of anti-Markownikoff 
addition. 

Addition of 2,4-dinitrobenzeneselenenyl chlo- 
ride, in methylene chloride solution at  25" to 
cis- and trans-1-phenylpropene yields threo-dl- 
and erythro-dl- 1-chloro- 1-phenylpropyl-2 2',4'- 
dinitrophenyl selenide, 7 and 8, respectively. 

SeAr 

These reactions were observed to yield only 
75 and 80x  of 7 and 8, respectively. The re- 
mainder of the reaction mixture was unreacted 
starting material. Warming the solutions was 
generally observed to cause a reversible forma- 
tion of the starting material. This suggests that 
an equilibrium had been obtained at 75 and 
80% conversion to products at  25" for 7 and 8, 
respectively. 
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TABLE 2. I3C magnetic resonance parameters for adducts of 2,4-dinitrobenzeneselenenyl and sulfenyl chlorides with 
cis- and trans-I-phenylpropene and selected model compounds 

Chemical shifts * and coupling constants 
- 

X = Se X = S  

Compound a C  B c PCH3 J77Se13C a C  PC BCH3 

~1 X A ~  
threo 

Ar = 4-C1C6H4 Unknown 65.82 51.24 17.52 
Ar = 4-CH3C6H4 65.9 54.7 17.2 62 65.90 51.39 17.31 
Ar = ~ , ~ - ( N O Z ) ~ C ~ H ~ ( ~ )  65.3 52.2 17.5 63 65.60 49.65 18.09 

erythro 
Ar = 4-ClCsH4 Unknown 67.28 51.35 17.70 
Ar = 4-CH3CsH4 67.1 53.4 17.8 67 67.29 51.30 17.31 
Ar = 2,4-(NO2)*C6H3(8) 66.8 51.4 18.1 66 66.76 49.80 17.85 

XAr C1 
threo 

Ar = 4-ClC6H4 Unknown 59.81 61.18 22.13 
Ar = 4-CH3C6H4 59.0 59.9 20.5 65 59.94 61.33 21.68 
Ar = 2,4(NO2)~C6H3 Unknown 59.41 59.73 23.24 

erythro 
Ar = 4-ClC6H4 Unknown 59.93 61.41 23.41 
Ar = 4-CH3C6H4 60.1 62.0 23.8 67 60.23 61.78 23.68 
Ar = 2,4-(N02)2C6H3 Unknown Unknown 

*Reported 6 = p.p.m. from internal TMS in chloroform-d; J in Hz. 

The Markownikoff orientation of the adducts 
was established by c.m.r. spectroscopy. The 
13C spectral data of 7 and 8 along with the 
Markownikoff and anti-Markownikoff adducts 
of some sulfur analogs are given in Table 2. 
The 13C chemical shift values of 7 and 8 more 
closely resemble the Markownikoff than the 
anti-Markownikoff adducts. In addition, the 
P-carbons of both 7 and 8 show 77Se-13C 
spin-spin coupling interactions. As in the case 
of the arylselenium trichloride adducts, the 
13C chemical shifts were assigned on the basis 
of the proton coupled spectra. 

The stereochemistry of the adducts was 
again established from the chemical shifts of 
the P-methyl protons in the p.m.r. spectra of 
7 and 8. The data are given in Table 3. On the 
basis of the observation that P-methyl protons 
of the erythro isomer always appear at lower 
field than those of the threo isomer (6), 7 is 
assigned the threo configuration while 8 is 
assigned the erythro. Thus, 2,4-dinitrobenzene- 
selenenyl chloride adds to cis- and frans-l- 

phenylpropene in an anti stereospecific manner. 
This result provides evidence supporting the 
widely assumed stereochemistry of areneselenenyl 
chloride addition to alkenes (7, 8). 

The structural assignment of 7 and 8 is 
further substantiated by their reaction with 
equimolar amounts of chlorine or sulfuryl 
chloride in methylene chloride or carbon tetra- 
chloride at 25" to form 1 and 3 respectively. 
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GARRATT AND SCHMID: ARYLSELENIUM TRICHLORIDES 3603 

TABLE 3. Proton magnetic resonance parameters* for adducts of 2,4-dinitrobenzeneselenenyl chloride and 
2,4-dinitrobenzenesulfenyl chloride with cis- and trans-1-phenylpropene in acetic acid at 25" 

Melting 
point 

Compound * No. Ha Jab Hb Jbc He ("1 

Ph-CHa-CHb-CH3' 
1 1 8 5.06 (a)? 7 . 0  3.86 (0) 6.5 1 .70 (d) 89-92 

C1 SeAr 
erythro-M 

Ph-CHa-CHb-CH3" 
I 
I 1 8' 5.06(d) 7 .0  3.99 (q) 7.0 1 .66 (d) 92-93 

C1 SAr 
erythro-M 

Ph-CHa-CHb-CH,' 
1 I 7 5.12 (d) 5 .0  3.96 (nl) 7.0 1.56 (d) 97 

C1 SeAr 
threo-M 

Ph-CHa-CHb-CH3c 
1 1 7' 5.12(d) 6 .0  4.07(q) 7.0 1.45 (d) 75-76 

C1 SAr 

Ph-CHa-CHb-CH3' 
I 1 10 4.80 (d) 6 . 5  3.96 (m) 6.5 I .  63 (d) 138 

OAc SeAr 
erythro-M 

Ph-CHa-CHb-CH3' 
i I 9 4.67 (d) 7.2 3.82 (m) 7.6 1 .48 (d) 166 

OAc SeAr 
threo-M 

*Ar = 2,4-Dinitrophenyl. 
t d ,  doublet; q,  quintet; o, octet; m, multiplet 
$6 (p.p.m.) from internal TMS; J in Hz. 

In the presence of excess chlorine 7 and 8 
rapidly decompose to a complex mixture of 
1,2-dichloro-1-phenylpropane, 2,4-dinitrophenyl- 
selenium trichloride. bis(2,4-dinitrophenyl) di- 
selenide, bis(2,4-dinitrophenyl)selenide, bis(2,4- 
dinitropheny1)selenide dichloride, and elemental 
selenium. Similar reactions have been found 
with tellurium derivatives (4) and are consistent 
with known reactions of organoselenium com- 
pounds (2, 4). 

I t  is of interest that whereas the thermolysis 
of the selenide dichlorides to 1,2-dichloro 
adducts was stereospecific with retention of 
configuration at  carbon, the chlorination of 
the selenide dichloride species was stereo- 
selective. The reactions of 1 with chlorine 
proceeded with 30% retention of configuration. 

Secondary rearrangement between Markowni- 
koff and anti-Markownikoff adducts of the 
nature observed on the addition products of 
olefins with sulfenyl halides (9) seems to be of 
little consequence in P-chloroalkyl selenides 

(10). Compounds 7 and 8 show no tendency 
to isomerize to their corresponding anti- 
Markownikoff isomers over a period of three 
months in methylene chloride, chloroform, or 
acetic acid. Similar results have been observed 
with the analogous sulfur compounds (9). 

When 7 and 8, the products of the addition of 
2,4-dinitrobenzeneselenenyl chloride to cis- and 
trans-1-phenylpropene, are allowed to stand in 
acetic acid in the dark, they are slowly converted 
to the Markownikoff acetate products 9 and PO, 
respectively. Authentic samples of 9 and 10 
were prepared via the addition of 2,4-dinitro- 
benzeneselenenyl acetate to cis- and trans-l- 
phenylpropene, respectively. The addition of 
selenenyl acetate was found to be regiospecific 
in the Markownikoff sense and anti stereo- 
specific as hypothesized by Jenny (11) based 
upon the p.nl.r. data given in Table 3. 

On the basis of our results, we can reexamine 
the addition of 2,4-dinitrophenylselenium tri- 
chloride first reported by Kharasch and propose 
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SeAr 1,2-dichlorethane, addition of areneselenenyl - chlorides became more competitive. 
Thus Kharasch's hypothesis (1) that the 

CI 0 Ac 
selenenyl chloride was more reactive than the 
selenium trichloride in neat cyclohexene appears 

7 9 to be in error. Under Kharasch's reaction 

conditions the 2,4-dinitrophenylselenium tri- 
C6H5, , ' 3 3  + ArSeOAc chloride most likely reacted forming the P- ,c=c 

H 
\ 

H chloro selenide dichloride (eq. 8) which was 
thermally unstable and decomposed to 1,2- 
dichlorocyclohexane and 2,4-dinitrobenzene- 
selenenyl chloride (eq. 9). The dissociatioil of 
acyclic aliphatic aryl selenide dichlorides to give 

H x  c6H5$ - areneselenyl chlorides and aliyl chloride is well 
CH3 documented (12, 13) and is often utilized in 

the synthesis of areneselenenyl chlorides without 
CI  OAc contamination of trichloride, a common problem 
8 10 in most synthesis. The 2,4-dinitrobenzene- 

selenenyl chloride thus generated can react 
C6H5, ,H with the excess cyclohexene to yield the ob- 

,c=c \ + ArseoAc served P-chloro selenide (eq. 10). 
H CH? 

an alternate mechanism. Lawson and Kharasch [8] ArSeCI, -+ 
(1) explained their results on the arylselenium 
trichloride - areneselenenyl chloride equilibrium. 
Experimental confirmation of the trichloride 
to selenenyl chloride equilibrium was first 
demonstrated by Foster (12) for phenyl- 
selenium trichloride. The actual products in this 
case were hydrogen chloride and 4-chloro- 
benzeneselenenyl chloride (eq. 5 ) .  It was further 

[51 C6H5SeCI3 @ C6H5SeCI + C12 

+ 4-CIC6H4SeC1 + HCI 

shown by Foster that chlorine reacts with ben- 
zeneselenenyl chloride to form 4-chlorobenzene- 
selenenyl chloride and hydrogen chloride. 
Further, 4-chlorobenzeneselenenyl chloride and 
chlorine react to form 4-chlorophenylselenium 
trichloride (eq. 6), and 4-chlorobenzeneselenenyl 
chloride is in equilibrium with the trichloride 
and the diselenide species (eq. 7). 

[6] 4-C1C6H4SeCl + C12 $ 4-C1c6H4SeC13 

SeAr 

[lo] ArSeCl . 

Experimental 
General 

All experiments were carried out in a nitrogen-filled 
glove box or  on a standard vacuum line using Schlenk 
type apparatus. In view of the malodorous and toxic 
nature of some of the compounds scrupulous avoidance 
of contact was maintained throughout this work. 

Proton and carbon-13 magnetic resonance samoles - 
[7] 3(4-CIC6H4SeCI) F? 4-C1C6H4SeC1, 

were ran in amberized sample tubes as chloroform-d 
solutions using Varian T-60 and XL-100-15 I3CFT 13C 

+ (4-ClC6H4)2Se2 spectrometers, respectively. A11 nitrogen was   re dried and 
deoxygenated pribr to i s e  by bubbling through traps 

224-Dinitr0pheny1se1enium trichloride was containing: (a) pyridine, triphenylmethane, and ZiAIH,, 
found via competition experiments react (0)  concentrated H,SO,, and (c)  activated alumina. 
much faster than 2,4-dinitrobenzeneselenenyl Melting points were determined on a Fisher-Johns block 
chloride with 1-phenylpropenes, in nonpolar and were uncorrected. 
solvents such as carbon tetrachloride. In more chelnicals 
polar solvents such as methylene chloride or cis- and trans-1-Phenylpropene were purchased from 
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GARRATT AND SCHMID: AR 

Chemical Samples Co. and used without further purifica- 
tion. Acetic acid (C.I.L. Glacial) was purified by refluxing 
for 48 h with a calculated 3% excess of acetic anhydride, 
followed by fractional distillation. Methylene chloride 
was shaken with portions of concentrated H2S04 until 
the acid layer remained colorless, then washed with 
water, aqueous 5% Na2C0,,  then water again, predried 
with CaCI,, and distilled over CaS0,. Carbon tetra- 
chloride was purified in a similar manner with prior 
refluxing for 2 h over mercury to remove sulfides. 
Freshly distilled solvent was used in each case. 

2,4-Diniiruplzenylseleni~im Trichloride, m.p. 75-83" dec. 
(lit. (1) m.p. 80-85' dec.) and 2,4-dinitrobenzeneselenenyl 
chloride, m.p. 89-90" (lit. (I) m.p. 88-89") were prepared 
by the method of Lawson and Kharasch (I). 
2,4-Dinitrobenzeneselenenyl acetate was prepared by 

the method of Jenny (11, 14) and Behaghel (15) in 97% 
yield and recrystallized from pentane, m.p. 133". 

Anal. Calc. for C8H6NZ04Se: C, 31.49; H ,  1.98; 
N,9.18.Found:C,31.25;H,2.03;N,8.89. 

erythro-dl-2-Chloro-1-phenylpropyl-1 2',4'-Diniirophenyl 
Selenide Dichloride (4) 

To a solution of 0.416 g (0.001 mol) 2,4-dinitrophenyl- 
selenium trichloride in 50 ml of anhydrous deoxygenated 
methylene chloride under nitrogen was added slowly 
0.188 g (0.002 mol) trans-1-phenylpropene. The solution 
turned dark orange within 2 h. At this point the solution 
was warmed to ~ 4 0 '  and the solvent evaporated to yield 
a yellow brown oil in 79% yield. Proton magnetic re- 
sonance analysis showed a 55:45 mixture of 4 and 3. 
Attempts to isolate pure 4 by fractional crystallization, 
t.l.c., and g.1.c. failed either because of isomerization of 
4 to 3 or deconlposition to 6. 

threo-dl-2-Chloro-I-phenylpropyl-l 2',4'-Dir~ifrophenyl 
Seltwide Dichloride ( 2 )  

This compo~lnd was prepared in an analogous method 
to that of 4 above. A 60:40 mixture of 2 and 1 was 
obtained ~lnder kinetic control. There was evidence of 
isomerization of 2 to 1 ;  however, a thermodynamically 
controlled distribution was not obtained because of 
competitive decomposition. 

erythro-dl-1-Cliloro-I-pl~enylpropyl-2 2',4'-Dinitrophenyl 
Selenide ( 8 )  

T o  a solution of 0.522 g (0.00186 mol) 2,4-dinitro- 
benzeneselenenyl chloride in 20 ml of methylene 
chloride was added slowly 0.221 g (0.00187 mol) of 
trans-I-phenylpropene. The entire reaction was carried 
out under nitrogen. The flask was stoppered and kept at  
room temperature in the dark for 1 week, at  which point 
an apparent equilibrium was obtained at approximately 
8 0 z  completion as determined by p.m.r. Attempts to 
increase the yield by warming the solution gave only 
starting material and decreased yields of product. 
Removal of the solvent under nitrogen gave a c r ~ ~ d e  
orange-red oil in 72% based on starting olefin, crystallized 
from CCI,, m.p. 92' 

Anal. Calcd. for C,,H,,N,O,SeCI: C, 45.08; H, 
3.18; N, 7.01. Found: C, 45.45; H, 3.33; N, 7.11. 

Mass spectrum M +  nt/e 400, mol. wft. calcd. 399.692. 

threo-dl-I-Chloro-I-phetiylpropyl-2 2',4'-Dinitrophenyl 
Selenicle 17) 

This was prepared as for the erytliro isomer above. 

'LSELENIUM TRICHLORIDES 3605 

An apparent equilibrium was established at  ~ 7 5 %  
conversion to product as determined by p.ni.r. Crystal- 
lized from CCI,, yield 52%, n1.p. 76'. 

Anal. Calcd. for C,,H18N,0,SeCI: C, 45.08; H, 
3 .28;N,  7.01.Found: C,45.09; H, 3.34; N, 7.23. 

erythro-dl-1-Chloro-I-phenylpropyl-2 2',4'-Dinitrophenyl 
Selenirle Dichloride ( 3 )  

To a solution of 0.799 g (0.002 mol) 8 in 25 ml CCI, 
was added 0.540 g (0.004 mol) of freshly distilled sulfuryl 
chloride. The reactants were kept for 3 h at room lemper- 
ature under nitrogen, then the solvent and unreacted 
SO,CI, were pumped off, and the resultant c r ~ ~ d e  
yellow brown oil was crystallized from 1,2-dichloro- 
ethane, m.p. 110' dec. 

Anal. Calcd. for Cl,Hl,N20,SeCI,: C, 38.24; H, 
2.86; C1, 22.15; N, 6.01. Found: C, 38.10: H, 2.86; 
CI, 22.15; N, 6.01. 

Note: this compound is thermally unstable and very 
readily hydrolyzed in the presence of nloisture. 

flzreo-dl-1-Chloro-I-y/~etzylpropyl-2 2',4'-Diliitrophenyl 
Selerzide Dichloride ( 1 )  

This was prepared as above but using 7 instead of 8. 
Crystallized from 1,2-dichloroethane, n1.p. 137' dec. 
Decomposed before analysis could be performed, in 
three attempts. 

erythro-d-I-Aceto.~y-I-phenylpropyl-2 2',4'-Dinitro- 
phenyl Selenide 110) 

To a solution of 0.400 g (0.001 mol) 8 in 10 ml of 
anhydrous acetic acid was added 0.167 g (0.001 niol) 
silver acetate. The mixture was stirred for 1 h at room 
temperature, filtered ~lnder nitrogen to remove AgCI, 
and the solvent evaporatcd. Yield 9 8 z ;  crystallized from 
1,2-dichloroethane, m.p. 138'. 

Alternatively 2,4-dinitrobenzeneselenenyl acetate 0.610 
g (0.002 mol) was added to 0.222 g trans-l-phenylpro- 
pene ~ i f l  25 ml methylene chloride under nitrogen at 
25'. The solvent was removed by bubbling nitrogen 
through the solution after having let the solution stand 
for 2 days in the dark. A deep reddish orange oil was 
recovered, which recrystallized as above, m.p. 138", 
yellow-orange crystals. 

Anal. Calcd. for C17H16N206Se: C, 49.94; H, 3.95, 
N, 6.85. Found: C, 49.93; H, 3.75; N, 7.25. 

threo-dl-I-Acefoxy-1-phenylpropyl-2 2',4'-Dinitropheizyl 
Selenide ( 9 )  

This wa5 prepared ds for 10. Yellow crystalline solid, 
m.p. 166". 

Found: C,49.75; H,4.00; N,7.11. 

Decotnposition of I ,  2,  3 ,  and I 
Solutions of 1, 2, 3, and 4 in CCI,, CH2C12, or HOAc 

were found to be unstable, yielding 1,2-dichloro-1- 
phenylpropanes 5 and 6 (6, erythro-dl isomer p.m.r. 
S(p.p.m.) CCI,: 1.68, d(3H), 4.27, m(lH), 4.80, d(lH), 
7.28, s(5H)); 5, threo-dl isomer p.m.r.: 1.41, d(3H), 
4.30, m(lH), 4.92, d(lH), 7.29, s(5H)) and 2,4-dinitro- 
benzencsclenenyl chloride, m.p. 88-89". Repetitive runs 
showed no trace of either 6 upon decomposition of 
threo-dl-13-chloroalkyl selenide dichloride 1 and 2 or 5 
upon decomposition of 3 or 4 as determined by p.m.r. 
and g.1.c. ( l i4  in. x 13 ft 5% Carobwax on Chromosorb 
GI. 
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TABLE 4. Percentage product distributions" from competition experiments as a function of solvent 
and olefin stucture 

% product 
distribution* 

ArSeC1, ArSeCl cis-Olefin trans-Olefin Solvent Sex" Se" 

CCI, 
CCI, 
cc14 
CCI4 
CH,CIz 
CH2C12 
CHZCI, 
CHZCI, 

*These distributions represent Z coinposition as determined upon total consumption of olefin and as such may not represent 
absolute measurements of relatlve reactivity due to the reversible nature of the reactions involved. 

Reaction o f ' l  with Excess Clzlovine 
To a solution of 0.941 g (0.002 mol) 1 in 30 ml of 

CCI, was bubbled predried chlorine gas for 30 min. 
A black insoluble material precipitated and was removed 
by filtration. The filtrate contained 1,2-dichloro-1- 
phenylpropenes and some soluble organoselenium 
con~pounds. Proton magnctic resonancc and g.1.c. 
analysis of the dichlorophenylpropanes established a 
distribution of 65% rllreo- to 357, et~ytl1ro-dl-l,2-dichloro- 
1-phenylpropane. Mass spectral analysis of the organose- 
leniurn compounds and comparison with spectra of 
authentic samples gave the mixture reported in the test. 
No attempt was made to determine the relative amounts of 
each component or to determine the composition of the 
insoluble material, believed to be mainly elemental 
selenium. 

Competition experiments were carried out in a variety 
of solvents using different ratios of 2,4-dinitrophenyl- 
selenium trichloride, 2,4-dinitrobenzeneselenenyl chlo- 
ride, and cis- and trans-1-phenylpropene. Product ratios 
of selenide dichloride to selenide are given in Table 4 
for representative runs in carbon tetrachloride and 
methylene chloride solvents at  25'. 
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G. MARCOTRIGIANO and G. C. PELLACANT. Can. J. Chem. 52,3607 (1974). 
Compounds of the type [ C U A ~ . H ~ O ] ~  and [CuA,.4H20], have been prepared, where A is 

N-acetylglycine (aceturic acid). Amine add~lcts of the type CuA,B (B = piperazine, 2,2'-bi- 
pyridine, and 1,lO-phenantroline) and CuA,B, (B = N-methylpiperazine, piperidine, morpho- 
line, pyridine, and ethylenediamine) were obtained by reaction of the amines with CuA, .4H,O. 
Each complex was characterized by elemental analysis, infrared spectrum, electronic spectrum, 
and magnetic moment. For the piperazine and ethylenediamine adducts a square-planar 
pattern of coordination about copper(I1) ion is probable, while for the other anline adducts 
a square-pyramidal s t ruc t~~re  is proposed. For all the complexes the coordination of the 
AT-acetylglycine occurs only through the terminal carboxyl oxygen in a monodentate arrange- 
ment. 

G. MARCOTRIGIAXO et G. C. PELLACANT. Can. J. Chem. 52,3607 (1974). 
On a prepare les composes du type [CuA,.H,O], et [CLIA, .4H,OIz dans lesquels A est &gal 

a N-acetylglycine. Les produits d'addition avec les amines, du type CuA,B (B = piperazine, 
bypyridine-2,2' et phinantroline-l,lO) et CuA,B, (B = IV-methylpiperazine, piperidine, 
morpholine, pyridine et ethylenediamine), sont obtenus par la reaction des amines avec 
CuA,.4H20. Chaque complexe est caracterise par son analyse tlementaire, son spectre 
infrarouge, son spectre electronique et son moment magnetique. Pour les produits d'addition 
avec la piperazine et l'ethyleaediamine on croit que la coordination autour du cuivre(I1) se fait 
suivant un plan carrC alors que pour les autres composes d'addition avec les amines on propose 
une structure pyramidale a base carre. Pour les complexes de la N-acetylglycine, la coordina- 
tion se fait uniquement par l'intermediaire de I'oxygene du carboxyle terminal. 

[Traduit par le journal] 

Introduction 
An amino acid like N-acetylglycine (aceturic 

acid) is of special interest in that in a simple 
environment it contains a peptide bond, which 
is the link that unites individual amino acids into 
proteins. While its crystal structure is well known 
(1,2), its complexing ability toward the transition 
metal ions has not been extensively investigated, 
at  least not as regards the preparation and study 
of the complexes in the solid state. Previous 
works treat the potentiometric study of complex 
compounds of zinc(1I) in aqueous solution (3), 
the stability constant study for some 1 : 1 metal 
complexes in aqueous solution (4), and the 
catalase and peroxidase properties of copper(I1) 
and cobalt(I1) complexes in solution (5, 6). 

In this work we have prepared and investi- 

gated by spectral and magnetic measurements 
the copper(1I) complexes with N-acetylglycine 
(abbreviation A) and their adducts with nitrogen 
donor ligands such as aliphatic heterocyclic 
amines (piperazine (pz), N-methylpiperazine 
(CH,-pz), piperidine (pd), and morpholine 
(mf)), aromatic heterocyclic amines (pyridine 
(py), 2,2'-bipyridine (bipy), and 1,lO-phenantro- 
line (phen)), and ethylenediamine (en). This 
work is an extension of our previous investiga- 
tions into the adducts of the bis(P-keto-enolates) 
and bis(carboxylates)metal(II) (metal = Co, Ni, 
Cu) of aliphatic heterocyclic amines (7-10). The 
effect of these amines on the carboxylate (acetate 
and propionate) coordination leads to an asym- 
metrical bidentate coordination of carboxylates 
(10). 
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Experimental moment observed for CuA2.H20 is evidence 
Preparation of the Complexes that its structure is unique among the complexes 

The reagents were of pure commercial grade. studied and this is the only stereochemical infor- 
CUA,.~H,O:  2 x lo-' M of solid C U ( C ~ O ) ~ ~ . ~ H ~ O  mation available from these measurements. 

were dissolved in a 4 x lo-' M solution in methanol 
(120-150 ml) of N-acetylglycine neutralized with a Comparisons with other works (12-15) suggest 
4 x lo- ,  Msolution of NaOH in H 2 0  (10 ml) f MeOH that CuA2'H20 probably has a dimeric strut- 
(30 nil). After concentration of the solution (until 40 ml) ture. 
the blue solid compound was separated by cooling at  The more relevant i.r. bands are reported in 
0 cC. 

CuA,.H,O (green) was obtained by recrystallization 
Table 3. The formation of coordinate bonds in 

from absolute ethanol of CuA, .4H,O. bis(N-acetylglycine)copper(II) adducts of the 
CuA, .pz (violet) was obtained by mixing a methanolic aliphatic heterocyclic amines is immediately 

solution (12 ml) of CuA2.4H20 (1 mM) with an excess of apparent from the considerable shifts to lower 
piperazine (4 mM) in ethanol (12 ml) and by cooling a t  frequencies (50-160 cm- 1) of "(NH)(~) that 
0 "C. 

CuA,B2 (B = CH3-pz, pd) (blue) were prepared by occur in the case of coordinated but not of un- 
dissolving CUA, .4H,O (2 mM) in an excess of the amine coordinated mines .  These shifts show that pz, 
(8-10 ml), adding ethanol until a limpid solution was CH,-pz, pd, and mf are coordinated to the metal 
obtained, and cooling at  0 'C. by means of the nitrogen atom of their NH 

CuAz(mJ 1 2  (blue) was obtained by adding an excess of group (8-10). the mf adduct the shift of the morpholine (5 mM) to an ethanolic solution (20 ml) of 
C L I A ~ . ~ H , O  (1 rnM) and cooling at  0 'C. C-0-C stretching vibration at  1 1 15 cm-I 

CuA,(py), (blue) was obtained by adding an excess of with respect to free mf (1095 cm-I) excludes a 
pyridine (5 ml) to an  ethanolic solution (10 ml) of possible oxygen-to-metal coordination (8-10, 16). 
CuA2.4H2O (1 mMi,  treating with ethyl ether, and The assignment of all of the bands has not 
cooling at  0 "C. 

CrrA,B, (B = phen, bipy) (blue) were obtained by been made, but those of N H  stretching, Co 
mixing a methanolic solution ( lo  ml) of CuAz.4H,0 (1 ketonic stretching, and antisymmetric and sym- 
mM) with a methanolic solution (5 ml) of the amine metric carboxy stretching frequencies in N- 
(1 mM), adding ethyl ether, and cooling at  O 'C. acetylglycine (17) and N-acetylglycinate are 

CuA2(en), (violet) was obtained by mixing an etha- 
nolic solution of CuA,.4H20 to an ethanolic solution straightfor\vard. Of primary concern for the co- 
containing an -excess of en, adding ethyl ether, and ordination are the positions of the symlnetric 
cooling at 0 ^C. The same compound was obtained with and antisymmetric carboxy stretching frequen- 
a 1 : 1 metal saltlamine molar ratio. cies and their separation. These are listed in 
Annl~lses Table 3 for all complexes together with some 

Copper was determined by complexometric titration data for sodium and potassium salts, assumed to 
with EDTA (ethylenediaminetetraaceticacid), nitrogen by . typify ionic N-acetylglycinate spectra. As for the 
the Kjeldahl method, hydrogen and carbon by the stan- acetate (18, 191, it is noted that both the oco 
dard combustion method. stretching bands of N-acetylglycine are shifted 
Physical Measurements in the same direction upon coordination. The 

Physical measurements were made as previously de- separation (199-216 c m - ~ )  of the observed car- 
scribed (7). p,,,, at room temperature, were calculated 
from the relationship p,,, = 2.33 (X,fCT)L12, where X,,C is  box^ group frequencies of the which 
the molar susceptibility corrected by diamagnetic contri- is very close to those of ionic N-acetylglycinate 
bution using Pascal's constants (1 1). salts (1 95 C ~ I - I  for KA and 200 cm - ' for NaA), 

could suggest that the coordination occurs 
Rest~llts and Discussion through the terminal carboxyl oxygen in a mono- 

The compounds prepared and their analyses dentate or monodentate-bridging arrangement. 
are listed in Table 1. By reaction of CuA2.4H20 It agrees with that observed in other carboxylate 
with bases the water molecules can be replaced complexes (13, 19). The observed v(NH)(") and 
to give compounds of the type CuA,B (B = pz, v(CO)(") bands of N-acetylglycine after coordina- 
phen, bipy) and CuA,B, (B = CH,-pz, pd, mf, tion exclude the coordination of these groups 
py, en). Attempts to determine molecular weights with the copper ion. The variation of the v(NH)(") 
of these adducts were frustrated by their low values in the con~plexes in the range of 3250-3350 
solubility in solvents such as benzene or nitro- cm-I may suggest that this group is involved in 
benzene. the hydrogen bonds. 

The room temperature magnetic moments are In view of the relative insolubility, low mag- 
reported in Table 2. The rather low magnetic netism, i.r. spectrum, with the v,,(OCO) at 1625 
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MARCOTRIGIANO AND PELLACANI: PROPERTIES OF SOME Cu(I1) COMPLEXES 3609 

TABLE 1. Analytical results 

Analysis (%) 

Cu C H N 

Compound* Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

CuA2 . H 2 0  20.26 19.95 30.61 31.18 4.50 4.83 8.93 9.17 
CuAz . 4 H z 0  17.28 17.20 26.11 26.53 5.48 6.18 7.62 7.65 
CuAZ ,pz  16.64 16.25 37.72 37.62 5.81 6.61 14.68 14.74 
CuAz(CH3-PZ)Z 12.81 12.69 43.56 43.59 7.32 7.35 16.95 16.76 
CuAz(pd)z 13.64 13.48 46.37 46.21 7.36 7.62 12.03 11.91 

13.52 14.16 40.87 41.40 6.44 6.75 11.93 11.74 
CuAz(py)z 14.00 13.98 47.60 47.88 4.89 5.16 
CuA,(en), 15.20 15.39 34.63 35.29 6.79 6.85 20.21 20.48 
CuA,. bipy 14.93 14.80 45.10 45.96 4.26 4.82 
CuA, .phen 13.36 13.00 50.45 50.99 4.24 4.72 

*A, IV-acetylglycine; pz, piperazine; CH,-pz, N-methylp~perazine; pd, piperidine; mf, morpholine; py, pyridine; en, ethylenediamine; bipy, 
2,2'-hipyridine; phen, 1,lO-phenantroline. 

TABLE 2. Electronic spectra (nm) and magnetic moments (B.M.) 

Compound State k* 1.- (nm)t 

CuA2 .HzO Solid 1.42 720 370sh 
CuA2 . 4 H z 0  Solid 1.95 780sh 620 
CuA2.pz Solid 1.95 655sh 515 
C U A ~ ( C H , - ~ Z ) ~  Solid 1.81 665 

In  chloroform 685(63) 
CuAz(~d)z Solid 1.96 730sh 625 

In  chloroform 670(75) 415sh 
CuAz(mf)2 Solid 1.94 750sh 635 

In  chloroform 670(34) 
C~AZ(PY)Z Solid 1.90 730sh 625 

I n  methanol + py 650(70) 
CuAZ(en), Solid 1.85 540 

In  methanol 570(71) 
CuA2. bipy Solid 1.85 750sh 635 390sh 

In  chloroform 670(63) 
CuA2. phen Solid 1.99 680 

In chloroform 670(56) 

*At room temperature. 
i s  values In parenthem; sh = shoulder. 

cm-I (higher than compounds with other types 
of N-acetylglycinate ions), indicating bidentate 
bridging carboxyl groups, as found in similar 
situations, despite the Av value of 210 cm-I 
(18, 19), and electronic spectrum (Table 2) of 
the CuA,.H,O complex, it seems likely that 
this complex has a dimeric structure like [Cu- 
(acetate),.H,O], (12) and other similar com- 
pounds (12, 13). 

The solid CuA24H20  complex exhibits nor- 
mal paramagnetic behavior and has an electronic 
spectrum similar to that observed for copper(1I) 
hippurate dimer 420), which is consistent with a 
distorted square-pyramidal field and a coordina- 
tion sphere of five bonded oxygen atoms (20). A 

monodentate coordination of N-acetylglycine in 
this compound agrees with this proposed struc- 
ture, like that found for [Cu(hippurate),4H20], 
(20, 21). 

In the pz complex a linear polymeric chain 
with piperazine "bridging" two copper ions may 
be suggested by its insolubility, by the presence 
of one (NH)(b) stretching vibration and by the 
similarity of its i.r. spectrum with that of 
CdCl,.pz, containing long-chain piperazine 
molecules in the chair configuration "bridging" 
metal-ions (22). 

The electronic spectra of the amine adducts in 
the solid state (Table 2) are consistent with either 
a square-planar, or severely tetragonally dis- 
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TABLE 3. More important infrared bands (cm-')* 

Compound v(NH)(") v (NH)(~)  v(CO)("' ~ ( O c o ) ~ ,  v (oco) ,  Av 

HA 3352vs 1590vsb 1720vs 1350s 
NaA 3320m 1630sb 1600vsb 1400vs 200 

3260sh 
K A 3308vs 1640s 1600vs 1405s 195 
CuAz. I fZO 3350vs 1640sh 1625vsb 1415vs 210 
CuAZ .4H20 3310vs 1613vsb 1614vsb 1397ms 216 
CuAz .pz 3355s 3 170s 1658vs 1611vs 1402vs 209 
CuA2(CH3-pz)~ 3290mb 3290mb 1671vs 1609vs 1394vs 205 
CuAz(pd)z 3347s 3247s 1650vs 1608vs 1383vs 215 

3 163s 
C ~ A z ( m f ) ~  3347s 3245s 1650~s 1608~s  1385~s 213 

3152s 
CuAzipy), 3250vs 1625vsb 1605sh 1406vs 199 
CuA2(en)~ 3295s 3 162m 1650s (1560vsb) 1388~s 

3265s 3 120m 
CuA,. bipy 3300sb 1635vsb 1608s 1396vs 212 
CuAz. phen 3275sb 1630vsb 1590sh 1388s 202 

*Vibrations of acetyl group (a) and of  aliphatic heterocyclic amines (b); v = very, s - strong, b = broad, ni = medium, sh = shoulder. 

torted octahedral structure, or with a distorted 
square-pyramidal structure, like [CuA2.4H2O],. 
A square-planar or square-pyramidal structure 
agree with a monodentate or monodentate- 
bridging coordination of the carboxyl group of 
the N-acetylglycine and with the invariably bi- 
dentate nature of phen and bipy. In fact, a six- 
coordinate structure containing one phen or one 
bipy molecuIe and two carboxylate molecules 
around a metal ion, has necessarily a cis-struc- 
ture. Such a cis-structure with cis-(CuO,N,) 
chromophores has an electronic spectrum char- 
acterized by two distinct bands at  1100-1000 and 
755-700 nm (23). While in the case of pz and en- 
adducts, the electronic spectra may suggest an 
essentially square-planar structure, for the other 
amine adducts the electronic spectra, very similar 
to those of [CuA,.4H20],, may indicate a 
square-pyramidal structure. 

The "red-shift" of the principal band of 
the electronic spectra in chloroform solution, 
which are identical with one another, indicates a 
diminished tetragonal distortion about the 
copper ion (10, 24), arising from coordination of 
solvent molecules on axial positions of a square- 
planar complex, in fact, the energy of d,, is most 
sensitive to the degree of tetragonality of the 
ligand field (24), or could also arise from other 
courses such as dissociation of amine ligands. 

Conclusions 
Although the N-acetylgiycinate anion pos- 

sesses four potential coordination sites, the co- 

ordination seems to occur only through the 
terminal carboxyl oxygen in a monodentate 
arrangement. This was not foreseen since biden- - 
tate coordination through the carboxyl oxygens 
may be suggested (25) by the pKA value of N- 
acetylglycine (pKA = 3.60 (26), 3.632 (27), or 3.9 
(in 2 0 x  dioxane) (28)) and bidentate coordina- 
tion through the nitrogen and terminal carboxyl 
oxygen would have led to a five-membered 
chelate ring as has been found in similar situa- 
tions (29, 30). The experimental results could 
suggest that the carboxylates, in the adducts of 
the aliphatic heterocyclic amines, do not give an 
asymmetrically bidentate coordination, as pre- 
viously found for the copper(l1) acetate and 
propionate adducts (lo), therefore the mono or 
bidentate carboxylate coordination depends only 
on the nature of the carboxylic acids. 

Only in the (CuA,~H,O), complex does the 
N-acetylglycine act as bidentate ligand bridging 
two metal ions. 
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On the Hydrogen Bond Breaking Ability of Fluorocarbons 
Containing Higher Halogens 
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T H ~ R ~ S E  DI PAOLO and C. SA~DORFY.  Can. J. Chem. 52,3612(1974). 
Infrared measurements show that fluorocarbons containing higher halogens are able to open 

0-H---0, N-H---N, S-H--3, N-H---O=C type hydrogen bonds. This is probably due to 
a competitive mechanism of association consisting in the formation of donor-acceptor com- 
plexes. It is suggested that the breaking or perturbation of hydrogen bonds by this mechanism 
is of importance for the explanation of the anesthetic activity of these compounds. 

T H E R ~ S ~  Dl PAOLO et C. SANDORFY. Can. J. Chem. 52,3612 (1974) 
Une importante proprieti des fluorocarbures contenant des halogenes superieurs peut &tre 

mise en evidence par des mesures de spectres infrarouges: ils peuvent rompre des liaisons 
hydrogene de type 0-H---0, N-H---N, S-H---S, N-H---O=C, en solution. Cela est 
probablement lie a la formation de complexes donneur-accepteur qui entre en competition 
avec celle des liaisons hydrogene. Nos observations portent ii croire que la rupture ou la per- 
turbation de liaisons hydrogene peut constituer une Ctape importante dans le mecanisme de 
I'anesthesie causee par ces n~olecules. 

Introduction 
It has been reported, In a previous note from 

this laboratory (I), that 1,2-dibromotetrafluoro- 
ethane (CF,Br-CF2Br, also known as fluoro- 
carbon or Freon 114-B-2) when used as a solvent 
component for secondary aliphatic amines acts 
as a hydrogen bond breaking agent. In our first 
experiments the solvent was a 1 :  1 mixture of 
CC1,F and CF2Br-CF,Br (henceforth abbrevi- 
ated as FR) and the hydrogen bonds were of the 
N-H---N type formed by the self-association of 
the amlne molecules (2). The solvent FR can be 
used down to liquid nitrogen temperature where 
it forms a glass. It has been observed that as 
temperature was lohered (and contrary to expec- 
tation), the intensity of the free (unassociated) 
i.r. N-H stretching band increased while the 
intensity of the N-H stretching band of the 
hydrogen bonded N-PI group decreased and 
disappeared completely at - 190 "C (cf. Fig. 1 
in ref. 1). This striking phenomenon is due to 
CF,Br-CF,Br: when instead of FR a 1 : 1 mix- 
ture of CC1,F and methylcyclohexane (FM) was 
used we observed the normal increase of the 
associated band and decrease of the free band 
when temperature was lowered. 

It has been also observed that in the case of 
aromatic amines (3, 4) and alcohols (1, 5) the 
presence of CF,Br-CF,Br lowered the degree of 
self-association. 

The breaking of the hydrogen bonds of the 

N-H---N or 0-H---0 types was interpreted in 
terms of a competition between hydrogen bond 
and donor-acceptor complex formation. (Hydro- 
gen bonding is not considered as a case of donor- 
acceptor conlplex formation in this paper.) 

In view of the very important role played by 
hydrogen bonds in living organisms it was de- 
cided to start a detailed investigation of this 
phenomenon. The hypothesis underlying this 
investigation is that association by hydrogen 
bonding and association by donor-acceptor 
complex formation constitute two competitive 
mechanisms whlch the living organism might 
use for opening and closing hydrogen bonds. 

Some of the fluorocarbons are widely used as 
anesthetics and have a variety of biological 
activity. This makes it natural to ask if there 
could be a relation between their anesthetic 
potency and their hydrogen bond breaking 
ability. 

In the work presented here we first studied the 
hydrogen bond breaking properties of the follow- 
ing bromofluorocarbons : perfluoro-n-propyl- 
bromide (n-C,F,Br) ; i,2-d~bromotetrafluoro- 
ethane (CF,Br-CF, Br) : dibromodifluorometh- 
ane (CF,Br,) ; I-bromo-2-chloro-1, l,2-trihoro- 
ethane (CF,Br-CFC1H)(M') ; I ,  l , l  -trifluoro-2- 
chloro-2-bromoethane (CF,-CCIBrH)(H). H is 
a widely used anesthetic under the name of halo- 
thane or fluothane. 

We then added to this series the following 
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fluorocarbons having chlorine or iodine as the 
highest halogen : 1,l-dichloro-2,2,2-trifluoroeth- 
ane (CC1,H-CF,); trichlorofluoromethane 
(CC1,F); perfluoro-n-propyliodide (n-C3F71); 
perfluoroisopropyliodide (i-C,F,I); l-iodo-2- 
bromotetrafluoroethane (CIF,-CBrF,) ; I -iodo- 
2,2,2-trifluoroethane (CIH,-CF,); l-iodo-2- 
chloro-l,2,2-trifluoroethane (CIFH-CCIF,). 

The effect of these fluorocarbons was studied 
on the following hydrogen bonded systems: self- 
associated diethylamine, pyrrole, indole, 2,2,4- 
trimethyl-3-pentanol, tert-butanol, 2,6-diisopro- 
pylphenol, n-propylthiol, N-methylpivalamide 
(N22 trimethylpropionamide), N-ethylacetamide, 
N-methylbenzamide, acetanilide, 6-valerolactam. 
These systems contain weak or moderately strong 
hydrogen bonds (AH - 2-6 kcal/mol). 

The amines, alcohols, phenols, amides, and 
thiols were dissolved in mixtures of one of the 
above mentioned fluorocarbons and of CC1,F or 
methylcyclohexane at concentrations depending 
on experimental conditions and the i.r. spectra 
were measured at temperatures ranging from 22 
to -190 "C. The evolution of the pattern of 
associations was followed as a function of tein- 
perature. The role of low temperatures in these 
experiments has been to magnify the changes 
observed in the spectra by facilitating complex 
formation so that u e  can study them better. To a 
lesser degree these changes exist also at room 
temperature as is shown below in a few examples. 

Experimental 
The spectra were measured on a Perkin-Elmer model 

621 spectrometer. The lotx temperature cells we used were 
described in previous publications from this laboratory 
(2, 6). 

Our samples of diethylamine and 6-valerolactam mere 
'Baker-analyzed' products, indole 'Fisher-certified'; our 
samples of pyrrole, 2,2,4-trimethyl-3-pentanol, 2,6-di- 
isopropylphenol, and rz-propylthiol were highly purified 
products of the Aldrich Chemical Company and the 
amides were Eastman Reagent Chemicals. They were 
further purified by distillation or recrystallization and 
were dried and stored over calciunl sulfate or molecular 
sieves and kept in a dry box under nitrogen atmosphere. 
The i.r. spectra were checked against previously published 
ones and were found to be identical. 

The fluorocarbons were high purity samples supplied 
by the E.I. Du  Pont de Nemours Con~pany with the 
exception of ('H) and the iodides which came from the 
PCR, Inc., Gainesville, Florida. Methylcyclohexane and 
methylcyclopentane came from the Phillips Petroleum 
Company. They were distilled and stored over P Z 0 5  in 
a dry box. The preparation of the solutions and the filling 
of the cells was also carried out in a dry box. The cell 
lengths varied from 0.24 to 0.46 mm. The concentrations 

refer to the total volume of each solution and the i.r. 
spectra are given in molar extinction coefficients (F = 
l/cl log I , / I )  against wave numbers. They were corrected 
for changes in density with temperature. The concentra- 
tions used for the calculation of the ~ ' s  are the overall 
concentrations and not those of given associated species. 
Also, because of environmental changes due to changes 
in temperature the F'S have temperature dependence even 
in cases of no specific association. For these reasons our 
molar extinction coefficients (absorptivities) s h o ~ ~ l d  be 
considered as apparent and approxinlate; they are con- 
venient for comparing spectra taken at  different initial 
concentrations but are not to be used to obtain quantita- 
tive relationships. 

Results 
N-H---N Type Hydrogen Bonds in Aliphatic 

Secondary Atnines 
Figure 1 shows the results of a concentration 

study on a 0.6 M solution of diethylamine carried 
out at - 190 "C. In a 1 : 1 mixture of CC1,F and 
niethylcyclohexane (FM), that is with no 
bromine in the solvents, \ve find a \veak free NH 
band at 3308 em-'  and a much stronger associ- 
ated band at 3214 emp '  (curve G). If we add 
0.08 M ofn-C,F,Br to the solution the associated 
band becomes broader and undergoes a shift to 
lower frequencies. The band is obviously a com- 

I I I 1 

3350 3300 3250 3200 3150 
v(cm-'1 

FIG. 1. The i.r, spectra of a 0.6 M solution of di- 
ethylamine in a 1 : 1 mixture of CC13F and methylcyclo- 
hexane (FM) at  - 190 'C in the presence of variable 
amounts of 12-C3F7Br. Concentration of n-C3F,Br: A, 
1 .04M;  B , 0 . 8 7 M ;  C , 0 . 6 2 M ;  D,0.421M; E,0.32lM; 
F, 0.08 M ;  6, 0. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3614 C A N .  J .  CHEM. VOL. 5 2 ,  1974 

plex band. When we increase the proportion of 
I?-C,F,Br to about 0.32 M the peak appears at  
3202 cm-' (curve E) .  It is clear from the com- 
parison of these three curves that the first result 
of the perturbation by n-C,F,Br is the formation 
of a weak aggregate to which the peak of curve E 
is related and that curve F contains cosnparable 
amounts of both the bromine-unperturbed 
species and this aggregate. The latter is likely to 
be the dimer containing the N-H---N type 
hydrogen bond with an additional solvent per- 
turbation by the bromine containing mol- 
ecule -Br : N-H--- :N-H. The formation of 
N-H---Br type hydrogen bonds is considered 
unlikely since the corresponding N-H band 
would be expected to have a higher frequency 
(perhaps 3250-3270 cm-') but this possibility is 
not entirely ruled out. At higher n-C,F,Br con- 
centrations (curves D, C, B, and A)  the intensity 
of this band decreases rapidly and when 11-C,F,Br 
and diethylamine are at about the same concen- 
tration only weak associated bands remain and 
at the same time the free N H  band increased in 
intensity and became the only prominent NH 
band in the spectrum. It is seen that the aggregate 
which was the first result of the perturbation was 
destroyed at higher n-C,F,Br concentrations 
and that the new complex is not a hydrogen 
bonded adduct and that it is essentially a 1 :1 
complex. A charge transfer from the N lone pair 
to n-C,F,Br is naturally suspected (cf ref. 1). 

Similar low temperature concentration studies 
have been carried out with CF2Br-CF2Br and 
CF2Br,. The observations are essentially the 
same: we again see evidence for the formation of 
a weak initial aggregate followed by the breaking 
of hydrogen bonds. These lnolecules are some- 
what more potent hydrogen bond breaking 
agents as it appears from the concentrations 
needed to bring about the same relative decrease 
in the intensity of the associated N-H band. Its 
virtual disappearance is again obtained when the 
concentrations of the amine and of the fluoro- 
carbon are the same so that the final complex 
must be again 1 : 1 despite the presence of two 
bromine atoms in the fluorocarbon. 

While so far we have described the results of 
fluorocarbon concentration studies at a given 
temperature ( -  190 "C) and a given aniine con- 
centration (about 0.6 M), Fig. 2 shows the tem- 
perature dependence of the spectra at  a given 
amine (0.6 M) and a similar CF,Br-CF,Br con- 
centration. This cannot be done at room tem- 

FIG. 2. The i.r. spectra of a 0.60 M solution of di- 
ethylamine in a 1 : 1 mixture of CC1,F and methylcyclo- 
hexane in the presence of 0.66 M CF2Br-CF2Br at 
different temperatures. 

perature as the bands are too weak and too 
diffuse, therefore, the curves we show are those 
taken between - 80 and - 190 "C. The gradual 
disappearance of the associated N-13---N band 
as temperature decreases (and conditions for 
complex formation become more favorable) is 
easily followed. The shoulders at  about 3250 
cmp '  are likely to be due to the remaining 
hydrogen bonded species. The main observation 
is that more and more hydrogen bonds are 
broken as temperature decreases, as shown by 
the increasing strength of the free N H  band 
near 3310 cm-'. 12-C,F,Br and CF2Br, gave 
similar results. 

We compared the spectra of aliphatic secon- 
dary amines taken in purely hydrocarbon solvents 
and in CC1,F. Although we have encountered 
solubility problems we could observe that the 
degree of N-H---N association was slightly 
lower in CC1,F. Fluorocarbons containing 
hydrogen like CC1,H-CF, or CBrClH-CF, re- 
acted with the solute giving a precipitate. 

SelJlassociated Pyrrole 
The above results demonstrate the generality 

of the hydrogen bond breaking ability of bromine 
containing fluorocarbons. As a next step we shall 
inquire if this phenomenon still exists with 
stronger N-H---N type hydrogen bonds. We 
examined the case of indole and pyrrole. 
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Bernard-Houplain and Sandorfy (4) found that 
when temperature decreased the intensity of the 
associated band increased gradually but much 
more slowly in the presence of CF2Br-CF2Br 
than in the absence of it. This means that in the 
case of these stronger hydrogen bonds the effect 
of the bromine containing fluorocarbon consists 
in retarding association but a higher proportion 
of the hydrogen bonds remains unbroken than 
for diethylamine under similar conditions. 

We have now studied these conditions more 
systematically. Pyrrole in FM, i.e. in the absence 
of bromine atoms, behaves regularly: with de- 
creasing temperature the free band gradually 
disappears and the much stronger associated 
band increases in intensity. At 0.124 M the free 
band has practically disappeared at - 100 "C (4). 
In FR, even at higher dilution (0.03 M) the free 
band is still fairly strong at - 140 "C. If instead 
of FR we use a 1 : 1 mixture of methylcyclo- 
hexane and C,F,Br or CF,Br2 the results are 
similar. Figurc 3 shows the spectrum of pyrrole 
in a 1 : 1 mixture of CC1,F and halothane. It is 
a more effective hydrogen bond breaker than 
CF2Br-CF2Br or the other fluorocarbons men- 
tioned above. The intensity of the free band de- 
creases and the intensity of the associated band 
increases with decreasing temperature but the 
free band is quite intense even at  - 180 "C. The 
same experiments were carried out with com- 
pound H' with essentially the same results as for 
halothane (H). 

The frequencies of both the 'free' and associ- 
ated bands vary somewhat with temperature. 
This is probably due to additional solvent effects 
on both the hydrogen bonded and donor-ac- 

ceptor complexes, the latter having an NH fre- 
quency close to that of the free NH band. 

As stated above the purpose of taking the 
spectra at  low temperature is magnification: 
making conditions more favorable to associa- 
tion. However, the effects develop gradually and, 
to a lower degree, they are also present at  room 
temperatures. Pyrrole constitutes a typical 
example of this. Figure 4 shows its spectrum in 
pure CC1,F and in pure halothane at room 
temperature. The associated band is much 
weaker in halothane. 

Figure 5 gives the spectra of 0.08 M pyrrole 
in F M  solution with 1 M CC12H-CF, added. 
The effect is comparable to that of halothane at 
similar concentrations. 

n-C,F,I is an even stronger inhibitor to hydro- 
gen bond formation. We studied its effect at a 
series of temperatures. Figure 6 shows the spectra 
taken at  - 140 "C (0.12 M pyrrole in F M  with 
(a)  0.13 M, (b )  0.24 M, (c) 0.41 M n-C,F,I). 
These iodide concentrations are lower than were 
the bromide concentrations in the figures shown 
above. Even so, the associated band at 3375 
cmpl  undergoes a grcater decrease in intensity. 
The situation is more complicated, however. The 
'free' band is present near its usual frequency 
(3485 cm-') but a new band appears near 3450 
cm-'. We cannot identify the species to which 
this band is due. It could be a dimer while the 
3375 m-' band is a higher oligomer. It is pos- 
sible, too, that the latter corresponds to the 
dimer while the 3450 cm-I band is due to an 

I 

3600 3500 3400 3300 
~ i c r n ' )  

FIG. 3.  The i.r. spectra of a 0.18 M solution of pyrrole 
in a 1 :1 mixture of CC13F and halothane at different 
temperatures. 

FIG. 4. Comparison of the room temperature spectra 
of a 0.54 1Vf solution of pyrrole in CC1,F (---) and a 0.57 
M so!ution of pyrrole in halothane (-). 
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FIG. 5. The i.r. spectra of a 0.08 Msolution of pyrrole 
in a 1 : 1 mixture of CCI,F and methylcyclohexane in the 
prescnce of 1.0 144 CCI,H-CF, at different temperatures. 

N-H---I type hydrogen bond or to a strong 
pyrrole-iodide complex. Obviously, the iodides 
exert a stronger perturbation than the bromides. 
For our present purposes it is sufficient to note 
their strong hydrogen bond breaking power as 
observed on the 'associated band' at 3375 cm-I. 

Indole behaves in a way similar to pyrrole. 

0-H---0 Tjpe Hyclrogen Bonds 
The low temperature spectra of sterically 

hindered alcohols were studied by BourdCron 
et a/.  (5). We measured the spectra of some of 

" 
3600 3500 3400 3300 

~ ( c r n - )  

FIG. 6. The i.r. spectra of a 0.12 .Wsolution of pyrrole 
in a I :1  mixture of CC1,F and methylcyclohexane at 
- 140 ' C  in the presence of variable amounts of n-C,F,P: 
A, 0.13 M; B, 0.24A-f; C, 0.41 M. 

these in FM, in FR, and in halothane under 
similar conditions. 2,2,4-Trimethyl-3-pentanol at 
an initial concentration of about 0.1 M has its 
free band disappear at - 100 "C in FM (Fig. 7). 
In CF2Br-CF2Br containing FR it disappears 
more slowly (at about - 120 "C). The same is 
true for CF,Br2. In the presence of H it is still 
well pronounced at - 140 "C and seen as a weak 
band at - 190 "C (Fig. 8). At the same time the 
intensity of the associated band increases but 
much inore slowly than in FM. At - 80 "C in H 
the associated band near 3400 cm-I is still very 
weak (probably oligomers only) and it is only at 
lower temperatures that the typical 'polymer' 
band near 3350 cm-I develops. The results re- 
main essentially the same if instead of H we use 
H'. Thus, the behavior of this sterically hindered 
alcohol is similar to that of pyrrole, the main 
effect being a hindering of association. The effect 
is somewhat less pronounced than in pyrrole and 
this is in keeping with the greater energy of the 

FIG. 7. The i.r. spectra of a 0.094 M solution of 
2,2,4-trimethyl-3-pentanol in a 1 : 1 mixture of CCI,F 
and methylcyclohexane at different temperatures. 
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v (c rn l )  

FIG, 8. The i.r. spectra of a 0.087 M solution of 
2,2,4-trimethyl-3-pentanol in a 1 : 1 mixture of CC1,F 
and halothane at different temperatures. 

hydrogen bond in the case of the alcohol. The 
slight changes in frequency of both the free and 
associated bands with temperature show that just 
as in the case of amines we have, in addition to 
the hydrogen bond - charge transfer competi- 
tion, some weaker solvent effects influencing the 
frequencies. The shoulder at 3450-3400 cm-' 
seen in the low temperature spectra is probably 
due to 0-H---0 oligomers; 0-H---Br is un- 
likely since this shoulder appears in FM also. 

CC1,H-CF, has an effect similar to the bro- 
mides. This also applies to n-C,F,I but the same 
effects are obtained with lower concentrations. 

In the case of tert-butanol (cf. ref. 6) we can 
make essentially the same observations but the 
effect is less pronounced. 

2,6-Diisopropylphenol (DIPP) was subjected 
to more detailed investigation. It has been shown 
previously (1, 5) that whereas in FM this mole- 
cule gives only strong associated bands at - 190 
"C, in FR at the same temperature an oligomer 
band is the most intense and is located near 3500 
cm-l.  At - 120 "C the free band is still present 
and it is more intense than in FM (1). The same 
is observed with n-C3F7Br. 

We made a concentration study at - 8 84 and 
at - 140 "C (Fig. 9) but using CF2Br, instead 
of CF,Br-CF2Br. The results are similar. How- 
ever, the three curves shown in Fig. 9 represent 
solutions in FM, in FM containing 1.1 M of 
CF,Br2, and a 1 :  1 mixture of CF,Br2 and 
methylcyclohexane, respectively, so that the last 
solvent does not contain CCI,F. The 3500 cm-' 
oligomer band is seen even in FM but it becomes 
much more intense when CF2Br, is added to 
the solution showing that many hydrogen bonded 
polymers were transformed into oligomers. 

Figure 10 compares the spectrum of DIPP 
taken in FM and in the presence of H. The 
strong hydrogen bond breaking ability of halo- 
thane is demonstrated strikingly by these curves. 
At - 140 "C in FM we see a huge polymer band 
and a weaker oligomer band. In H the polymer 
absorption decreases dramatically, the oligomer 
band is better seen and a quite strong free band 
appears above 3600 cm-l.  When temperature 
further decreases to - 186 "C the oligomer band 
becomes the strongest but the free band is still 
well pronounced. The results are very similar 
with H' except that H is slightly inore effective 
in disassociating DIPP. 

Figure 11 shows the spectrum of DIPP at 

FIG. 9. The i.r. spectra of 0.1 M 2,6-diisopropyl- 
phenol at - 184 and - !4Q2C in solutions of a I : i mixture 
of CF2Br2 and methylcyclohexane (-1; a 1 : 1 mixture of 
CCI,F and methylcyclohexane containing 1.1 M CF,Br2 
(---); and a 1 : I  mixture of CC1,F and methylcyclo- 
hexane (-.-.-I. 
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i700 3600 3500 3400 3300 3200 3100 
~ ( c r n l )  

FIG. 10. The i.r. spectra of 0.13 1M 2,6-diisopropyl- 
phenol in a 1 : 1 mixture of CC1,F and halothane (-) 
and in a 1 :1 mixture of CC13F and methylcyclohexane 
(---) at - 186 and - 140-C. 

FIG. 12. The i.r. spectra of 0.054 M 2,h-diisopropyl- 
phenol at - 140 and - 186 -C in solutions of a 1 : 1 
mixture of CC13F and n~ethylcyclohexane containing 1.1 
M CC12H-CF3 (-) and a 1 : 1 mixture of CC13F and 
n~ethylcyclohexane (---). 

temperatures the change is essentially from poly- 
mer to oligomer and it is spectacular. The free 
band is also present, however. 

With normal and iso-C,F,1 we observe the 
same effect but at lower (0.5 M) iodide concen- 
tration. The destruction of hydrogen bonds 

FIG. 11. The i.r. spectra of 0.05 M 2,6-diisopropyl- seems to halt at the oligomer level and in spite 
phenol at - 120'C in a 1 : 1 mixture of CCI,F and of the stronger hydrogen bond breaking ability 
methylcyclohexane (---), in a 1 : 1 mixture of CC1,F and 
methylcyclohexane containing 1.1 M CCI,H-CF, of the iodides the free band has disappeared at 
(-.-.-) and in a 1 : I  mixture of C C I ~ F  and CC~,H-CF? - 190 OC while it is present for the bromides. It 
(-1. is possible that the -01igomer band receives an 

- 120 "C in FM, in FM with 1.0 M CC1,H-CF, 
and in a 1 : 1 mixture of CC1,F and CC1,H-CF,. 
In F M  the intense and broad 'polymer' band 
dominates the spectrum. Upon addition of 
CC1,H-CF, this band is considerably weaker 
and in the 1 : 1 mixture it disappeared complete- 
ly. An oligomer band appears at about 3480 
cn1-' and increases in intensity with the CC1,H- 
CF, concentration. At lower temperatures (Fig. 
12) this appears even more clearly. At these 

important part of its intensity from a strong 
DIPP-iodide complex. 

S-H---S Type Hydrogen Bonds 
We studied only one system of this kind, self- 

associated n-propylthiol. Figure 13 shows the 
spectra of a 1.0 M solution in FM and in FR.  
The hydrogen bond breaking ability of the 
bromine containing solvent is clearly demon- 
strated. The free band (near 2580 cm-') appears 
at  low temperatures in FR and the associated 
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band (near 2525 cm-I) is considerably weakened 
with respect to its strength in FM. 

These systems were studied (in FR) in a 

FIG. 14. The i.r. spectra of a 0.048 M solution of N- 
methylpivalamide at 23 and - 80 C in a 1 : 1 mixt~lre of 
CC1,F and CF,-CClBrH (-) and in a 1 : 1 mixture of 
CC1,F and methylcyclohexane (---). 

! '; : \ 

N-H---O=C Type Hydrogen Bonds -6 
These are hydrogen bonds of utmost im- A 

portance for the living organism. Some amides - E 
were studied previously (8) in solutions contain- 
ing CF,Br-CF,Br. Figure 14 compares the 0 0 -  
spectra of a 0.048 M solution of N-methyl- 
pivalamide (N22 trimethylpropionamide) in a 
1 : l  mixture of CC1,F and CF,-CHClBr 
(halothane) and in a 1 : 1 mixture of CC1,F and 
methylcyclohexane. The effect is already evident 

is much weaker and the free band at 3490 cm-' 
is much stronger than in the other solvent. At 
- 80 "C the effect takes spectacular proportions: 
in FM the free band has almost disappeared and 
the associated band is very intense whereas in 
(CC1,F + halothane) the free band is prominent 
and the associated band is weak. The effect of 
halothane is stronger than that of CF,Br-CF,Br 
(8). 

Figure 15 gives the spectrum of N-methyl- 
pivalamide (0.045 M in FM) at room tempera- 
ture and at - 80 "C in the presence of 1.0 M 
CCl,HCF,. At room temperature the free species 
is already clearly favored and at low temperature 
the associated band is much weaker and the free 
band is much stronger. With n-C,F,I we obtain 
a quite similar picture with 0.2 M of iodide. 

Thus it is seen that the N-H---O=C bond of 
the amides is affected by fluorocarbons in much 

\ "  , ,  , 
the same way as amines and alcohols. N-methyl- 

FIG. 13. The i.r. spectra of 1.1 M of propylthiol in a 
1 : 1 mixture of CC1,F and CF,Br-CF2Br (-) and in a acetamide (8), N-ethylacetamide (8), N-methyl- 
I : 1 mixture of CC1,F and methylcyclohexane-d,. (---) at benzamide, and acetanilide gave essentially 
- 186 and - 140 "C. similar results. For the aromatic amides low 

detailed manner in this laboratory by Bicca de , ,  , ,  , , , , 

at room temperature: in the halothane contain- 0 I I 

ing solvent the associated band near 3400 cm-' 
3600 3400 3200 3000 

7 1 (cm-'1 which is due to the N-H---O=C hydrogen bond 

I :;,,,, 

_--  
- -  - '.. ...._-' 

I I I I 

Alencastro and Sandorfy (7). For obtaining the 
spectra given in Fig. 13 fully deuterated methyl- 
cyclohexane had to be used instead of methyl- 
cyclohexane, because of its strong absorption in 

1 ,  

i , , :: -80°C 
: : ; : 
; ; 
' /  
I ,  ' < 

1 I 
8 ,  < ,  

8 & 
m 1 

23°C 

f'\, 
, ; ~~~ 

: , 
, 

the 2500-2600 cm-I region. 
We did not study this system with other - fluorocarbons. - 

; : : ..,' '.. 
. . .  _ _ - -  

\ 7 

__I, 

: 
8 

: :  
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0 1 I I I I I 
3400 3200 3000 

~ ( c r n - ' )  

FIG. 16. The i.r. spectra o f  a 0.05 M solution o f  
6-valerolactam at 23 "C in a I : 1 mixture o f  CC13F and 
CF3-CCIBrH (-) and in a 1 : l  mixture o f  CC1,F and 
CF,Br-CF,Br. 

FIG. 15. The i.r. spectra o f  a 0.045 M solution o f  N- 
methylpivalamide at 23 and - 80 -C in a 1 : 1 mixture o f  
CC1,F and methylcyclohexane (---) and in the same 
solvent with 1.0 M CF,-CHC1, added (-). 

solubility prevented us from doing a complete 
study. 

6-Valerolactam's spectrum at room tempera- 
ture is given in Fig. 16. In F M  the solubility was 
not sufficient but the comparison of the spectra 
taken in (CC1,F + halothane) and in F R  (dashed 
curve) shows that again the relative intensity of 
the free band is greater with halothane as has 
been observed in all other cases. 

Discussion 
Real and apparent spectral intensities depend 

on a number of factors and this is even more true 
when we are dealing with cases of molecular 
association. It  seems to us, therefore, that any 
attempt to establish a quantitative relationship 
between observed spectral intensities and hydro- 
gen bond breaking potency would be unwar- 
ranted at this stage. I t  is quite pmsible, however, 
by prospection of the spectra and allowing for 
the concentrations of both the hydrogen bonding 
molecule and the fluorocarbon, to make qualita- 
tive comparisons for one given system at a given 
temperature in order to obtain a loose relation- 
ship. The following general trends are clearly 
discerned: (i) Perfluorinated molecules have no 

hydrogen bond breaking potency; (ii) fluoro- 
carbons containing only chlorine in addition to 
carbon and fluorine have only a weak effect; 
(iii) Br and I containing fluorocarbons are strong 
hydrogen bond breakers and the order of 
potency is C1 < Br < I ;  (io) chlorine containing 
fluorocarbons become strong hydrogen bond 
breakers if they contain a hydrogen atom. For 
example, whereas CF3-CC1, has only a slight 
potency, CF,-CHCI, is a strong hydrogen bond 
breaker. Bromine containing fluorocarbons also 
become stronger hydrogen bond breakers if they 
contain a hydrogen atom. 

Now, it is very significant that an obvious 
parallelism exists between the hydrogen bond 
breaking ability and the anesthetic potency of 
fluorocarbons. To substantiate this contention 
we can cite the works of Krantz and Rudo (9), 
Larsen (lo), and Clayton (11) on the relative 
anesthetic potency of fluorocarbons. Summariz- 
ing their extensive studies involving a very great 
number of fluorocarbons Krantz and Rudo 
stated that "Halogenation of hydrocarbons and 
ethers increases potency in the following order: 
F < C1 < Br < I"; "One or more hydrogen 
atoms in the molecule are necessary for effective 
central nervous system depression"; "Complete 
hydrogen substitution by fluorine usually pro- 
duces a physiologically inert compound." Simi- 
lar conclusions can be drawn from the data of 
Larsen and Clayton. 

All this is in excellent qualitative agreement 
with our results on the hydrogen bond breaking 
potency of fluorocarbons. We found no hydro- 
gen bond breaking action with perfluoro com- 
pounds and only a weak one with compounds 
containing only fluorine and chlorine. As stated 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DI PAOLO AND SANDORFY, FLUOROCARBONS 3621 

above, the presence of a hydrogen atom in- TABLE 1. The lowest vertical ionization potential (in eV) 
creases the hydrogen bond breaking potency of of some fluorocarbons determined by photoelectron 

fluoro- and c ~ ~ o r o c a r ~ o n s  greatly. CF,-CHC~,, S P ~ C ~ ~ O S C O P Y  using a Perkln-Elmer PS-16 instrument 

for example. is almost as good a hydrogen bond 
breaker as halothane. The order F < C1 < Br < I Lowest CI, Br, 

or I lone pair Reference 
was clearly established. There is thus a striking Compound i.p. (ev) No. 
parallelisnz between the anesthetic potency and 
hydrogen bond breaking ability of fluorocarbon gf;;& 13.0 17 
inhalation anesthetics. 13.0 18 

CF,Br 12.0 17 
We should like to add some speculation on the C2F,Br 12.0 25 

possible nature of the complex which provides n-C3F,Br 12.0 25 
the competitive mechanism of association leading CF31 10.8 27 
to  the breaking of hydrogen bonds. Since the 10.7 27 

10.6 27 
enthalpies of formation of the hydrogen bonds CF,HC~ 12.6 
which are involved are of the order of 2-6 CF2BrCl 11.8 26 
kcal/mol, donor-acceptor complexes seem to be CF2Br-CFCIH 11.7 25 
eligible. The lowest ionization potentials of CF3-CC1BrH (halothane) 11.2 16 

CF2C12 amines (12, 13), alcohols (14, 15), amides (16), CFzBrz 
12.3 17 
11.2 26 

and thiols (13) are in the 8-10 eV range whereas CFHC~, 12.0 17 
those of the fluorocarbons are in the 11-13 eV CF2Br-CF2Br 11.4 25 
range (17, 18). Thus we should expect the amines, 
alcohols, etc. to be the electron donors and the complex and hydrogen bond formation or break- 
fluorocarbons the electron acceptors. Exceptions Ing seems to be well adapted to the explanat~on 
might occur for some iodides which have ioniza- of their action. The hydrogen bonds which are 
tion potentials between 10 and 11 eV but we did involved might be protein to water, water to 
not examine this case in detail. The complexes water, the N-H---O=C or N-H---N=C type 
then might be of the charge transfer type with bonds keeping the helices of the protelns or 
the nonbonding N, 0 ,  S, lone pairs as electron nucleic acids together, etc. A11 the hydrogen 
donors and the lowest excited orbitals of the bonds discussed in this paper are of types fre- 
fluorocarbons as acceptors. The latter are quently occurring in the organism. It is signifi- 
thought to be antibonding in the C-C1 or cant in this respect that certain fluorocarbons are 
C-Br bonds (17, 19). The related U.V. transitions known to interfere with cell division (20). Com- 
are of the (C-Cl):x + a or (C-Br)* + plex formation and the breaklng of hydrogen 
type departing from an essentially halogen lone bonds might alter the conformation of basic 
pair orbital and have high excitation energies, biological molecules necessary to the proper 
about 6 eV for the bromides. They usually follow function of the organism. These considerations 
the trend in the lowest ionization potentials. are in line with recent ideas of Eyring et al. (21) 
Some numerical values for these i.p.'s are and Ueda and Kamaya (22) which are based on 
collected in Table 1. thermodynamic principles. The often empha- 

It is interesting to remark in this respect that sized lipid solubility of fluorocarbons (23, 24) 
the lowest i.p.'s of these fluorocarbons, which appears to be a necessary condition for their 
are always related to an essentially halogen lone action and it is in no way contradictory to the 
pair orbital, follow the same trend as the hydro- suggestions contained in this paper. It is, of 
gen bond breaking potency and anesthetic po- course, not meant that all inhalation anesthetics 
tency. Only molecules with the same number of exert their action through the same mechanism. 
(nonfluorine) identical halogens should be com- Not all of them are fluorocarbons. We are 
pared since in the presence of more than one the planning to develop these biological implications 
interaction of their lone pair atomic orbitals in a forthcoming publication. 
creates several molecular orbitals built of lone In conclusion, fluorocarbons containing higher 
pair atomic orbitals. halogens can break hydrogen bonds of the 

Fluorocarbon anesthetics are known to act N-H---N, 0-H---0, S-H---S, N-H---O=C 
without undergoing chemical reactions in the and probably other types. The order of increasing 
organism. Therefore a mechanism involving hydrogen bond breaking potency is F < C1 < 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3622 CAN. J .  CHEM.  

Br < I for fluorocarbons containing no hydro- 
gen. The presence of hydrogens in the chloro- or 
bromofluorocarbons increases this potency a 
great deal. This phenomenon is probably due to 
competitive donor-acceptor complex formation. 
There is a striking parallelism between the hydro- 
gen bond breaking and anesthetic potencies of 
fluorocarbons. Therefore we are putting forward 
the idea that donor-acceptor complex formation 
together with a breaking or perturbing of hydro- 
gen bonds is an important step in the mechanism 
of the anesthetic action of fluorocarbons. 
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3623 (1974). 

A new metabolite, isolated from c~~ l tu res  of a Cr~~ptosporiopsis sp., is shonn to be (1R,5S)-2- 
cyclopentene-I-carboxylic acid, 2-trans-allyl-3-chloro-1,5-dihydroxy-4-oxo methyl ester. 

GEORGE M. STRUNZ, PAVLE I. KAZINOTI et MERLYP. A. STILLWELL. Can. J. Chem. 52,3623 
(1974). 

Un nouveau metabolite, is016 des cultures d'une espece inconnue de Crjptosporiopsis, 
s'avera l'acide (lR,5S)-2-cyclopentene-l-carboxylique, ester methylique 2-t~ans-allyle-3- 
chloro-1, 5-dihydroxy-4-0x0. 

Chlorine-containing cyclopentenones 1-3, ap- 
parently of polyketide origin, have been isolated 
from fermentations of Spororrnia afinis Sacc., 
Bomm and Rouss (1). In independent studies the 
compound 1, designated cryptosporiopsin (2), 
was reported as a metabolic product of Crypto- 
sporiopsis sp. (2) and Pericoizia nlacrospinosa (3). 
The diol 4 was also isolated from the latter 
source (3). In addition, S. aflnis and P. nmcro- 
spinosa give rise to a series of biogenetically 
related dihydroisocoumarins containing chlorine 
(3,4). 

We report here on a new metabolite, 5, isolated 
together with crytosporiopsin from recent fer- 
mentations of a Cryptosporiopsis sp. 

The new compound, Cl,Hl,O,C1, displayed 
spectroscopic characteristics (see Experimental) 
which demonstrated clearly its structural rela- 
tionship with cryptosporiopsin (1, 2). The u.v. 
and n.m.r. spectra were particularly revealing in 
this respect. The latter shows, besides the 

characteristic signals indicative of methyl ester 
and trans-ally1 protons, a broadened singlet at  
6 4.63 attributable to the C-5 hydrogen (6 4.57 
in cryptosporiopsin), and broad absorption at  
ca. 6 4.2-5.0, corresponding to two hydroxyl 
protons. The presence of two hydroxyl groups, 
one secondary and the other tertiary, was con- 
firmed by the n.m.r. spectrum of the diacetate 
(see Experimental). 

The structure 5 (C-5 stereochemistry not 
included) was corroborated by the isolation of 
cryptosporiopsin (1) (1S,5S) among the products 
resulting from treatment of the metabolite with 
methane sulfonyl chloride (mesyl chloride) in 
pyridine. The similarity of the c.d. and 0.r.d. 
curves of the new metabolite with those of 
cryptosporiopsin (Table I), cf. ref. 1, suggests 
that the configuration of the former at C-5 is 
S as in 5. 

The "unexpected" configuration at  C-5 in the 
mesyl chloride reaction product, cryptosporiop- 
sin (I),  may be rationalized in several ways and 
is not incompatible with the stereochemistry 
assigned to 5. The possibility that a displacement 
product with R configuration at  C-5 could 
undergo epimerization at  this centre under the 
reaction conditions employed, was demon- 
strated by the observation that the C-5 hydrogen 
in cryptosporiopsin underwent deuterium ex- 
change on treatment with methanol-dl in pyri- 
dine-d,. Furthermore, since epimerizatioil at  
C-5 was not observed on pyridine treatment of 
cryptosporiopsin, it can be concluded that the 
C-5 chlorine atom is in the more stable con- 
figuration in this compound or that protonation 
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TABLE 1. Circular dichroism and optical rotatory dispersion data for 
metabolite 5 and cryptosporiopsin 

Circular dichroism 
?, (nm) (0 x 

Optical rotatory dispersion 
X (nm) (+ x 

-- 

Metabolite 5" Cryptosporiopsin-? Metabolite 5* Cryptosporiopsint 

410 (0) 395 (0) 
337 (+ 8.10) 332 (+ 10.2) 366 (+ 5.55) 360 (+ 3.77) 
304 (+ 2.77) 303 (f 0.38) 313 (-3.41) 310 (-9.05) 
278 (+ 12.4) 277 (+ 8.30) 295 (0) 286 (- 3.77) 
253 (0) 254 (0) 247 (-17.5) 245 (-15.5) 
226 (- 20.5) 228 (- 19.8) 216 ( f 3 . 4 1 )  216 (+4.52) 

*Metabolite 5 : 1.172 :: ,Win MeOH; 0.1 mm cell. 
tCryptosporiopsin : 1.326 x M in MeOH; 0.1 mm cell. 

of the enolate or en01 from the a side is strongly 
favored. The metabolite 5 was also recovered 
unchanged after pyridine treatment. 

In contrast with cryptosporiopsin (5), metab- 
olite 5 was devoid of antifungal activity against 
selected test organisms (disc assay, 100 pg/disc). 
In the same bioassays 5-dechlorocryptosporiop- 
sin was also inactive. 

Experimental 
Melting points were determined on a hot-stage appa- 

ratus and are uncorrected. Infrared spectra were recorded 
on a Beckman IR-10 spectrophotometer. Ultraviolet 
spectra were obtained using either a Beckman DK-2A or 
Perkin-Elmer 402 spectrophotometer. Nuclear magnetic 
resonance spectra were recorded with a Varian T-60 
instrument en~ploying tetramethylsilane as internal stan- 
dard. Mass spectra were obtained with an Hitachi 
Perkin-Elmer RMU-6D mass spectrometer. The instru- 
ment used for 0.r.d. and c.d. measurements was a 
Durrum Jasco model ORD/UV-5 optical rotatory 
dispersion recorder with SS-20-2 modification (Sproul 
Scientific). Microanalysis was performed by Spang 
Microanalytical Laboratory, Ann Arbor, Michigan. 

Production and Isolation of 5 
Material extracted with chloroform from filtered 

culture medium1 that had supported growth of Crypto- 
sporiopsis sp. (liquid shake culture, temperature ca. 22') 
for 12-14 days, was chromatographed on a column of 
Kieselgel (100-200 mesh, Gebr. Herrmann, Koln). 
Cryptosporiopsin was eluted with benzene-chloroform 
(3 :2) and metabolite 5 was obtained from the chloroform 
eluates. The latter was further purified by crystallizations 
from benzene-cyclohexane to give crystals, m.p. 126- 
134"; for c.d. and 0.r.d. data see Table 1;  i.r. (KBr) inter 
alia 3360 (br), 1737, 1710, 1632, 1562, 978, 785, and 762 
cm-'; i.r. (CCI,) 3500 (br), 1737, and 1649 cm-'; U.V. 

i,,,, (EtOH) 288 nm (E 17 700); n.m.r. (CDC1,; 60 MHz) 
6 1.98 (3H, d, J W 6 H z ) ,  3.82 (3H, s), 4.63 (1H, s), 
4.2-5.0 (2H, m) (exchangeable with D20) ,  6.33-7.22 (2H, 

'The culture medium was the basal synthetic medium 
of Jennison et al. (6) with added KC1 (0.1 g/l) and p H  
adjusted to 3.5 with HCl. 

AB part of ABX,, JAB 16-17 Hz); mass spectrum, nzle 246 
(M-),  (M+ f 2) 35%, 228 (M - H,O)t,  and 187 (base 
peak) (M - COOCH,) + . 

Anal. Calcd. for C,,H, ,O,Cl: C, 48.69; H, 4.50; C1, 
14.38. Found: C, 48.64; H,  4.60; C1, 14.26. 

Diacetate of 5 
A solution of 5 (40 mg) in acetic anhydride (2.5 nil) was 

stirred with zinc chloride (10 mg) in a nitrogen atmos- 
phere at 0" for 3.5 h. The yellow oily product obtained 
on work-up was purified by preparative-layer chromatog- 
raphy on silica gel plates yielding the diacetate as an 
almost colorless oil which resisted crystallization attempts; 
i.r. (CCI,) 1762, 1748, and 1638 cm- ' ;  n.m.r. (CDCI,; 
60 MHz) G 1.98 (3H, d, J - 6  Hz), 2.18 (6H, s), 3.80 
(3H, s), 6.13 ( lH,  s), 6.31-7.13 (2H, AB part of ABX,, 
J A B  16-17 Hz); mass spectrum (with isotope peaks for 
37C1), 330(M+), 288 (M - C2H20)?,  246(M - C4H402): 
228 (base peak) (M - C,H,O,) t ,  196 (M - C5H1004)t ,  
and 187 (M - C,H,O,)+. 

Mol. Wt. Calcd. for C,,HljO,C1: 330. Found: 330. 

Mesjl Cl~loride Treatment of 5 
A solution of 5 (123 nig, 0.499 mmol) in dry pyridine 

(1.5 ml) was treated with mesyl chloride (0.05 ml, 74 mg, 
0.646 mmol) under anhydrous conditions at 0" for 2 h. 
The resulting dark brown solution was poured into ice 
water and the mixture was made acidic by dropwise addi- 
tion of concentrated hydrochloric acid. Material obtained 
from the chloroform extracts was subjected to prepara- 
tive-layer chromatography on silica gel plates, using the 
solvent system benzene-acetone (9:l). 

The separation yielded 19 mg of gum which gave 
colorless crystals from methylene chloride - cyclohexane, 
m.p. 128-134". This product was identified as crypto- 
sporiopsin by comparison of c.d., i.r., u.v., n.m.r., mass 
spectra, t.1.c. behavior, and mixture melting point with 
an authentic sample. 

A second (more polar) product (13 mg) isolated as a 
gum in the chromatographic separation had spectro- 
scopic characteristics appropriate for a monomesylate: 
i.r. (CHCI,) 3490, 1743, 1635, and 1378 cm-'; n.m.r. 
(CDC13; 60 MHz) G 1.98 (3H, d, J - 6 Hz), 3.28 (3H, s), 
3.85 (3H, s), 4.42 (1H, br s) (exchangeable with D,O), 
5.30 ( lH,  s), 6.31-7.12 (2H, AB part of ABX,, J A B  

16-17 Hz); mass spectrum (with isotope peaks for ,'C1) 
m/e 324 (Mt )  and 265 (M - COOCH,)+. 

Mol. Wt. Calcd. for Cl,H1,O,SC1: 324. Found: 324. 
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Reaction of Acetaldehyde and Malononitrile. 
2,2,4,4-Tetracyano-3,5-dimethylcyclohexylmalononitrile 

JOHN J. KWEWSKI AND JAMES W. MOYER 
DeSoto, Incorporated, 1700 South Mo~trzt Prospect Road, Des Plaines, Illinois 60018 

Received December 11, 1972' 

JOHN J. KRAJEWSKI and JAMES W. MOYER. Can. J. Chem. 52,3626 (1974) 
The condensation of acetaldehyde and malononitrile is reported to yield 1,1,3,3-tetracyano- 

2,4-dimethylcyclobutane. The n.m.r. spectrum of this material and several of its derivatives, 
however, was found to best fit the title compound. A reaction scheme for the formation of the 
title compound is suggested. 

JOHK J. KRAJEWSKI et JAMES W. MOYER. Can. J.  Chem. 52,3626(1974) 
11 a etC rapporte que la condensation de l'acetaldehyde avec le malononitrile conduit au 

tetracyano-1,1,3,3 dimethyl-2,4 cyclobutane. On trouve toutefois que le spectre r.m.n. de ce 
compose et plusie~lrs de ces derives correspond mieux a la structure titracyano-2,2,4,4 dimethyl- 
3,5 cyclohexylemalononitrile. [Traduit par le journal] 

The study of the condensation of simple alde- 
hydes with malononitrile is historically old (1). 
The reaction of formaldehyde with malononitrile, 
which has been studied by a number of investi- 
gators (2-5), is unique and may, under the 
appropriate conditions, give several products. 

The simplest condensation product, vinylidene 
cyanide (I), was isolated, characterized, and 
found to be extremely reactive (2). Condensation 
of 1 with malononitrile in vapor or liquid phase 
occurs readily without base catalysis to form 
1,1,3,3-tetracyanopropane (2) (2-4). Further con- 
densation of 1 with 2 via Michael and Thorpe 
reactions yields 2,2,4,4,6-pentacyanocyclohex- 
anonimine (3) (5). 

The reaction of acetaldehyde with malononi- 
trile follows a somewhat similar course. The 
simplest isolable product was found to be 1,1,3,3- 
tetracyano-2-methylpropane (4) (6). Although 
ethylidene malononitrile (5) has not been isolated 
and characterized, its existence in equilibrium 
with malononitrile and 4 has been demonstrated 
by n.m.r. spectroscopy (7). 

'Revision received July 31, 1974. 

CN CH3 CN CN 
I 1  I 

HC-CH-CH CH3-CH=C 
I I 

CN CN CN 

Primarily on the basis of elemental analysis 
and a cryoscopic molecular weight determina- 
tion in acetic acid, a second equimolar condensa- 
tion product of malononitrile and acetaldehyde 
was reported to be 1,1,3,3-tetracyano-2,4-di- 
methylcyclobutane (6),  m.p. 184.5" (6). 

In view of the similarity of the reaction of 
formaldehyde and acetaldehyde with malononi- 
trile to produce unstable alkylidene malononi- 
triles and subsequently 1,1,3,3-tetracyano-2- 
alkylpropanes, it was felt that the structure 
assigned to the acetaldehyde malononitrile con- 
densation product, 6 ,  melting at 184" was 
incorrect. If the parallelism between the two 
aldehydes were to follow, one might anticipate 
instead the formation of 2,2,4,4,6-pentacyano- 
3,s-dimethylcyclohexanonimine (7). For this 
reason, the condensation of acetaldehyde and 
malononitrile was reexamined. 

The condensation of 2 mol malononitrile with 
1 mol acetaldehyde in ethanol, by a preparation 
slightly modified from that re;?orted by Diels et 
al. (3), gave a product melting at 81-83". 
Although melting points of 113-1 14" and 99- 
100" were reported (3,7), the compound analyzed 
correctly for C,H,N, (7). The n.m.r. spectrum 
confirmed the findings of Hart and Freeman (7), 
that is, 1,1,3,3-tetracyano-3-methylpropane (4) 
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KRAJEWSKI AND MOYER: CONDE NSATION WITH MALONONITRILE 3627 

exists in equilibrium with malononitrile and 
ethylidene malononitrile (5). It is therefore clear 
that sharpness of melting point and accuracy of 
elemental analysis are insufficient criteria for 
the purity of 1,1,3,3-tetracyano-2-alkylpropanes. 
These results are brought about by shifts in the 
Michael-type equilibrium. 

Condensation of equimolar quantities of 
acetaldehyde and malononitrile gave a compound 
having elemental analysis and melting point in 
agreement with those reported for 6 (6). Exami- 
nation of the i.r. spectrum indicated the presence 
of nitrile groups but an absence of any N-H, 
C=C, or C=N bonds. Thus, the correct struc- 
ture for this product cannot be 2,2,4,4,6-penta- 
cyano-3,5-dimethylcyclohexanonimine (7) but 
instead some structure (8) which at this point was 
uncharacterized. 

Several attempts to repeat the reported (6) 
cryoscopic molecular weight determination in 
glacial acetic acid failed because of severe super- 
cooling. A determination of the ebulioscopic 
molecular weight in acetic acid gave a value of 
287 (mol. wt. calcd. for C,,H12N6: 276). 

The mass spectrum of 8 shows a molecular ion 
peak (M+) at m/e 276 and an (M + 1)' ion peak 
at tnle 277. The presence of the (M + 1)' ion 
peak is consistent with a nitrile containing struc- 
ture since peaks at mass (M + 1) are character- 
istic of nitriles (8). The relatively large intensity 
of the (M + I)' peak in comparison with the 
intensity of the molecular ion is attributed to a 
large number of nitrile groups in the structure. 
Significant fragment ion peaks support the pro- 
posed structure as follows: m/e 21 1, loss of 
CH(CN), ; m/e 185 (base peak), loss of CH(CN), 
and CN; m/e 66 and 65, (CH2(CN),)+ and 

(CH2(CN)Jf ; nz/e 41, (CH,CN)+ ; m/e 27 and 
26, (HCN)' and (CN)'. At lower electron 
ionization voltages, the relative intensities of the 
peaks at m/e 276 and 277 increase with respect to 
fragmentation ion peaks, thus supporting their 
assignment as M +  and (M + 1)' ion peaks, 
respectively. The mass spectral data in general 
are consistent with the proposed structure for 8. 
Consequently, the correct structure corresponds 
to a compound analyzing for C, ,HI2N6. 

The n.m.r. spectrum of 8 was determined in 
deuterated nitromethane and deuterated pyri- 
dine. If one assigns a value of 1 proton for the 
integral of the smallest peak, the integration 
curves are then consistent with a total of 12 
protons. This is in agreement with a C,,Hl,N6 
(8) structure. Two doublets of three protons each 
correspond to two nonequivalent methyl groups 
attached to methine carbons. The methine 
proton coupled exclusively to one of the methyl 
groups appears as a quartet at 6 3.06 in deuter- 
ated nitromethane and at 6 3.66 in deuterated 
pyridine. The coupling of this methine proton to 
the methyl group at 6 1.90 in deuterated nitro- 
methane was confirmed by double resonance 
experiments. One proton appearing as a doublet 
at 6 4.70 in deuterated nitromethane and as a 
singlet at 6 8.59 in deuterated pyridine is assigned 
to CH(CN), and C(CN),-. C,D,N+H, re- 
spectively. Further complex multiplets between 
6 1.9-3.0 account for the methylene group and 
the remaining ring methine proton. These pro- 
tons form the ABC part of an ABCMX, spin 
system whose chemical shifts and coupling con- 
stants cannot be readily determined. These 
spectral features are consistent with 2,2,4,4,- 
tetracyano-3,5-dimethylcyclohexylmalononitrile 
(8). Consequently, the structure 6 which was 
assigned to the compound melting at 184" is 
incorrect. 

An examination of the proposed structure for 
8 will show that it is stereochemically complex. 
2,2,4,4 -Tetracyan0 - 3,5 - dimethylcyclohexylmal- 
ononitrile (8) has three asymmetric carbons which 
give rise to four possible pairs of enantiomorphs. 
These enantiomorphic pairs are diasteriomeric 
with respect to each other. Attempts to separate 
these diasterioisomers by thin-layer or column 
chromatography on several supports with several 
solvents and their mixtures were unsuccessful. 

The Michael and Knoevenagel condensation 
reactions leading to the formation of 8 are known 
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to be reversible and may, therefore. lead to the 
epimerization of 8, pirticularly about the 1 
position. Consequently, further attempts at a 
total structure proof including stereochemical 
and conformational analysis were abandoned in 
favor of a gross structure proof. 

Bromination and chlorination of 8 resulted in 
the mono halogenation products, bromo-2,2,4,4- 
tetracyano - 3,5 - din~ethylcyclohexylmalononitrile 
(9) and chloro-2,2,4,4-tetracyano-3,5-dimethyl- 
cyclohexylmalononitrile (lo), respectively, as evi- 
denced by elemental analysis and n.m.r. spec- 
troscopy. 

The n.m.r. spectra of 9 and 10 are much 
simplified in that the CH(CN), proton is re- 
placed by a halogen atom. The resonance of the 
proton at C-1 for 10 is thus reduced to a doublet 
of doublets with couplings of 11.8 and 3.0 Hz. 
These couplings very likely arise from an axial- 
axial interaction and an axial-equatorial inter- 
action, respectively, with the two protons at C-6. 
This establishes axial conformation for the pro- 
ton at C-1 (and equatorial conformation for the 
dicyanochloromethyl group). 

The condensation of acetone with malononi- 
trile or mesityl oxide with malononitrile is re- 
ported to yield 2,2,6-tricyano-3,3,5-trimethyl- 
cyclohex-5-eneonimine (12) via the same inter- 
mediate (9, 10). 

The possibility that the noncyclic malononitrile 
adduct of crotonaldehyde (14) might similarly be 
an intermediate to 8 was investigated. The only 
solid material resulting from the condensation of 
crotonaldehyde and malononitrile was concluded 
to have an empirical formula C,,H,N,. The 
mass spectrum showed a molecular ion at nile 
184 and base peak at r?i/e 41 (CH,CN') which is 
consistent with structures having nitrile groups 
in close steric proximity with a methyl group. 
The i.r. spectrum indicated the presence of 
nitrile (2260 cm- I),  N-H (ca. 3270 cm- I), and 
C=C or C=N (1660 and 1620 cm-I). These 
data are consistent with 2,2,6-tricyano-3-methyl- 
cyclohex-5-enonimine (130) and its tautomer 
2,2,6-tricyano-3-methylcyclohexa-4,6-dienamine 
(13b). These results preclude the possibility that 
a noncyclic crotonaldehyde-malononitrile adduct 
(14) is a common precursor to 8 and 13. It is 
likely, however, on the basis of analogy to the 
reported mechanism for a,P-unsaturated ketone- 
malononitrile condensations (9, lo), that the 
noncyclic crotonaldehyde-malononitrile adduct 
(14) is the precursor to 13. 

Equimolar quantities of acetaldehyde and 4 
upon refluxing in ethanol with a trace of piperi- 
dine was found to afford a 40.8% yield of 8. 

Upon mixing equimolar quantities of acetalde- 
hyde and malononitrile in ethanol, with or with- 
out catalytic quantities of piperidine, a spon- 
taneous exotherm occurs with the formation of 
a high yield of 4. This reaction mixture contains 
50 molz  4 and 50 molz  acetaldehyde. Upon 
refluxing this reaction mixture, it may be as- 
sumed that the unreacted acetaldehyde under- 
goes aldol condensation to yield crotonaldehyde. 
After the reaction mixture has been refluxed for 
about 2 h, 8 appears as a precipitate in 84Y, yield. 
By refluxing a solution of 5 mol 4 with 3 mol 
crotonaldehyde in the presence of piperidine for 
about 2 h, a 37'7, yield of 8 (identified by i.r. and 
n.m.r. spectroscopy) resulted. When a solution 
of equimolar cluantities of 4, crotonaldehyde and 
malononitrile in ethanol containing one drop of 
piperidine is refluxed for 15-20 min, 8 (identified 
by i.r. and n.m.r. spectroscopy) precipitates from 
the reaction mixture in 52Y, yield. The above 
observations coupled with knowledge that the 
formation of 4 and 5 is reversible, leads the 
authors to suggest a reaction route for the 
formation of 8 outlined in Scheme 1. 

Experimental 
Melting points were determined in capillaries with a 

Fisher-Johns apparatus and are uncorrected. The n.m.r. 
spectra were obtained on JEOL C-60H and Varian A-60 
spectrometers with tetramethylsilane as an internal stan- 
dard; chemical shifts are expressed on the 6 scale. The 
following abbreviations are used to designate multiplicity 
of the n.m.r. signals: s, singlet; d, doublet; t, triplet; q, 
quartet; and m, multiplet. Infrared spectra were deter- 
mined on Beckman IR-5A and IR-12 grating spectro- 
photonleters. 

The mass spectra were determined on a DuPont 21-491 
double focusing mass spectrometer with a source tem- 
perature of 200 "C,  a probe temperature of 300 'C with 
electron ionization voltage varying from 5 to 72 eV. 

1,1,3,3-Tetuacyano-3-methylpropane ( 4 )  
The title compound was prepared by a method slightly 

modified from that reported by Diels et al. (3). A solution 
of malononitrile (54 g) and acetaldehyde (18 g) in ethanol 
(200 ml) was stirred overnight at room temperature. The 
resulting mixture was chilled, filtered, and the solids dried 
to yield crude 4 (53.4 g, 83%), m.p. 74-80". Recrystalliza- 
tion twice from Skelly Solve C afforded an analytical 
sample, m.p. 81.2-83" (lit. (6) m.p. 113-114'). The n.m.r. 
spectrum of this material was in agreement with that 
published by Hart and Freeman (7), that is n.m.r. 
(CD3SOCD3): 4, 6 1.60 (d, J = 7.0 Hz, 3H, CHCH3 at 
C-2) 6 3.24 (m, 1H at C-2) 6 5.28 (d, J = 5.2 Hz, 2H at  
C-1 and C-3); malononitrile 6 4.47 (s, 2H); 5, 6 2.25 (d, 
J = 7.2 Hz, 3H, CHCH3)6 7.98 (q, J = 7.2Hz, 1H). 
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KRAJEWSKI AND MOYER: CONDENSATION WITH MALONONITRILE 

CH3CH0 + CH2(CN)2 CH3CH=C(CN)2 f H 2 0  

5 

' 7 3  

CH3 

-f CH2(CN), + CH3CH-CH2-CH=C(CN), 8 

(CN )2C-CH-CH(CN)2 
I 

CH3 

Anal. Calcd. for C8H6N4: C, 60.8; H, 3.8; N, 35.4. 
Found: C, 60.7; H, 3.8; N, 35.2. 

2,2,4,4-Tetracya11o-3,5-dimethylc~~clohexylmalono- 
nitrile (8) - 

A solution of malononitrile (66 g), acetaldehyde 
(45 g), and piperidine (2 drops) in ethanol (200 ml) was 
refluxed for 2 h. The resulting solid was filtered with suc- 
tion, washed with water, and dried to yield crude 8 (77 g, 
84%), m.p. 181-183". An analytical sample was prepared 
by recrystallization from dimethyl sulfoxide-ethanol 
(1  :lo), m.p. 186-1823' (lit. (6) m.p. 184-185"), mass 
spectrum (72 eV) m/e (relative intensity) 277(3.7), 276(0.7), 
211(26), 185(100), 148(24), 147(24), 119(35), 93(33), 
92(57), 66(30), 65(20), 52(34), 41(87), 27(38), 26(9). v,,, 
(KBr) 2230 cm-' (saturated CN), no absorptions for 
C=C or C=NH; n.m.r. (CD3N02): 6 1.51 (d, J = 6.0 
Hz, 3H, CHCH, at C-5), 6 1.90 (d, J = 7.0 Hz, 3H, 
CHCH, a t  C-3), 6 1.9-3.0 (m, lH ,  CHCH, at C-5) and 
m, 2H at C-6), 6 3.06 (q, J = 7.0 Hz, lH ,  CHCH, at C-3), 
6 3.1 (m, 1H at C-l), and S 4 . 7 0 ( d ,  J = 4.4 Hz, 1H, 
CH(CN),); n.m.r. (C,D,N): 6 1.23 (d, J = 6.0 Hz, 3H, 
CHCHj  a t  C-5), 6 1.81 (d, J = 7.0 Hz, 3H, CHCH, a t  
C-3), 6 3.66 (q, J = 7.0 Hz, lH ,  CHCH, at C-3), 6 3.51 
(d of d, J = 10.3 Hz, J = 3.0 Hz, 1H, a t  C-l), and 6 8.59 
(s, l H ,  C(CN)Z-.C~D,NH+).  

Mol. Wt. Calcd. for C, ,HI2N6: 276. Found (ebulio- 
scopic molecular weight in acetic acid): 287. (Blank, 
acetanilide, Calcd.: 135. Found: 133.4.) 

Anal. Calcd. for CssHl2N6: C, 65.2; H, 4.3.; N, 30.4. 
Found: C, 65.3; H, 4.3; N, 30.4. 

Bromo-2,2,4,4-tetracyano-3,5-dimethylcyclohe.xyl- 
malononitrile (9) 

To a stirred solution of 8 (12 g) in glacial acetic acid 
(300 ml) was added bromine (1 1 g). The resulting solution 

was treated wlth an equal volume of water, the solids 
filtered, washed with water and air dried to yield pure 9 
(14.5 g, 9473, m.p. 168-169" (dec.), n.m.r. (CD,SOCD,): 
6 1.40 (d, J = 6.0 Hz, 3H, CHCH, at C-51, 6 1.75 (d, 
J = 7.0 Hz, 3H, CHCH, at C-31, 6 1.9-2.9 (m, l H ,  
CHCH, at C-5 and m, 2H at C-6), 6 3.58 (q, J = 7.0 Hz, 
lH ,  CHCH, at C-3), 6 3.92 (d of d, J = 11.8 Hz, J = 3.0 
Hz, 1H at  C-1). 

Anal. Calcd. for CI5H,,BrN6: C, 50.7; H, 3.1; N, 
23-7; Br, 22.5. Found: C, 50.6; H, 3.2; N, 23.8; Br, 22.4. 

Chloro-2,2,4,4-tetracyano-3,4-dimethylcyclohexyl- 
malononitrile (10) 

Into a stirred solution of 8 (10 g) in glacial acetic acid 
(300 ml) and water (50 ml) was bubbled chlorine until no 
further change was noted. The reaction mixture was 
treated with an equal volume of water, the solids filtered, 
washed with water, and dried to yield crude 10 (9.8 g, 
87%), m.p. 162-164' (dec.). An analytical sample was 
prepared by recrystallization three times from ethanol and 
water, m.p. 171c (dec.); n.m.r. (CD,NO,): 6 1.54 (d, 
J = 6.0 Hz, 3H, CHCH, at C-5), 6 1.97 (d, J = 7.0 Hz, 
3H, CHCH, at C-3), 6 1.9-2.8 (m, l H ,  CHCH, at C-5 
and m, 2H at C-6), 6 3.14 (q, J = 7.0 Hz, l H ,  CHCH, a t  
C-31, and 6 3.52 (d of d, J = 11.8 Hz, J = 3.0 Hz, 1H, 
a t  C-1). 

Anal. Calcd. for Cs,Hs,CIN,: C, 58.0; H, 3.5; N, 27.1; 
C1, 11.4. Found: C, 57.8; H, 3.6; N, 27.1; C1, 11.2. 

8from Acetaldehyde and 4 
A solution of 1,1,3,3-tetracyano-2-methylpropane (4) 

(15.8 g), acetaldehyde (4.5 g), piperidine (one drop) in 
ethanol (200 ml) was refiuxed for 1 h.  The resulting solid 
(7.5 g, 5473 was shown by its melting point (m.p. 182- 
183") and i.r. spectrum to be 8. 
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8 porn Cuoronaldehyde and 4 Anal. Calcd. for C,,H,N,: C, 65.2; H, 4.3; N, 30.4. 
A solution of 4 (10.4 g), 2.33 g crotonaldehyde, one Found: C, 65.3; H, 4.4; N, 29.3. 

drop piperidine in 80 ml ethanol was refluxed for 2 h to 
yield a solid precipitate. This crude product was identified The authors wish to thank Dr. R. E. Wolf for his 
by i.r. and n.nl.r, spectroscopy as 8. The yield was 4.5 g encouragement, and Dr. E. P. Lira for Illany interesting 

(49.5%). discussions. 

8 ,from 4, Cuotonaldehyde, and Malono~zituile 1. F .  FREEMAN. Chem. Revs. 69, 591 (1969). 
A solution of 15.8 g 4 in 60 ml ethanol was treated with 2. A. E. ARD1s et J. Am. Chem. Sot. 72, I305 (l950). 

7 g crotonaldehyde and I drop of piperidine. The reaction 3. H. GARTNER, and R. KAACK. Chem. Ber. 
mixture was stirred at room temperature for 15 min, 55$ 3439 
treated with 6.6 g malononitrile and refluxed for 15-20 4. and B. Chem. Ber. 56, 2076 (1923). 

mi11 to yield 14.5 g (52%) 8. (Identified by i.r. and n.m.r. 5. J. C. and T. L. GRESHAM. J. Org. Chem. 
spectroscopy.) 21, 319 (1956). 

6. 0 .  DIELS, H. GARTNER, and R. KAACK. Chem. Ber. 
2,2,6-Tricyano-3-methylcyclohex-5-enonimie (13) 55, 3445 (1922). 

A solution of malononitrile (33 g) and crotonaldehyde 7. H. HART and F.  FREEMAN. Chem. Ind. (London), 333 
(17.5 g) in ethanol (200 ml) was treated with piperidine (1963). 
(one drop) and refluxed for 2 h. The resulting solution was 8. J. H. BEYNON, R. A. SAUNDERS, and A. E. WILLIAMS. 
chilled, filtered, and the solids dried to yield 13 (17 g, 37%) The mass spectra of organic n~olecules. Elsevier Publ. 
melting above 305'; v,,,, (KBr) 3270 (NH), 2260 (CN), Co., New York, N.Y. 1968. p. 308. 
1660 and 1620 cm-' (C=C or C=N); mass spectrum 9. J. W. APSIMON, J. W. HOOPER, and B. A. LAISHES. 
(78 eV) mle (relative intensity) M +  184 (3), major frag- Can. J. Chem. 48, 3064 (1970). 
ment 41(100). 10. J. K. WILLIAMS, J. Org. Chem. 28, 1054 (1963). 
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Radiolysis of Ethane + Sulfur Hexafluoride and Ethylene + Sulfur Hexafluoride 
Gaseous Systems. Formation of SF, ' Radical and its Reactivity 

JANUSZ GAW&OWSKI~ AND JAN A. HERMAN 
Diparter?lent de chimie et Centre de rechercl~e sur les ntomes et les molicrtles, Unir'erslth Lavcll, 

Qire'bec, Quhbec GIK 7P4 
Received May 24, 1974 

J a ~ u s z  GAWEOWSKI and JAN A. HERMAN. Can. J. Chem. 52,3631 (1974). 
Neutralization processes of ions in radiolysis of ethane or ethylene + sulfur hexafluoride 

systems lead to the formation of the SF,' radical. Con~pounds of the general formula RSF, are 
formed as a result of recombination reactions with hydrocarbon radicals. In the mixture ethane 
+ 0.3% s u l f ~ ~ r  hexafluoride the radiochemical yield of SF,' is GSr5, = 2.8 + 1 .  The presence of 
ammonia decreases GSr5 to ca. 0.2, suggesting that the neutralization process of NH,+(NH3),, 
with SF,- ions follows some unknown path. In the present work some reactions of the SF,' 
radical are studied. Preliminary results indicate that the presence of SF, influences very little, if 
at  all, the yield of atonlic hydrogen. 

JANUSZ GAWEOWSKI et JAN A. HERMAN. Can. J. Chem. 52,3631 (1974) 
Les processus de neutralisation des ions pendant la radiolyse des systcmes: ethane ~ L I  ethylene 

+ hexafluorure de soufre conduisent a ['apparition du radical SF,'. Celui-ci forme des com- 
poses du type RSF, dans des reactions de recombinaison avec des radicaux hydrocarbones. 
Dans le melange ethane + 0.3% hexafluorure de soufre, le rendement en radicaux SF,' est 
G,, = 2.8 ? 1. L'addition de I'ammoniac diminue ce rendement a ti 2 0.2, ce qui suggere que 
la neutralisation des ions NH,+(NH,), avec SF,- suit une voie encore inconnue. Quelques 
reactions du radical SF,' sont etudiees dans le present travail. Les resultats preliminaires indi- 
quent que la presence de SF, influence peu ou pas du tout le rendement en hydrogene atomique. 

Introduction 
Sulfur hexafluoride is very often used as an 

electron scavenger in radiolytical studies. Re- 
cently, new effects caused by the presence of 
SF, were brought to light: ( a )  chain cis-trans 
isomerization of olefins (1-6), (b )  elimination of 
some highly unsaturated hydrocarbons pro- 
duced in radiolysis (6-8), (c) energy transfer to 
SF, from excited species formed in liquid sys- 
tems during radiolysis (9). The assumption was 
advanced that the former two effects should be 
attributed to SF,' radicals formed in ion neutral- 
ization processes 

[I] R H t  + SF,- + SF,' + products 

In this work we present arguments in favor of 
the formation of the SF,' species and its parti- 
cipation in radical reactions. 

Experimental 
Ethane and ethylene (Matheson Co., C.P. grade) were 

purified from higher hydrocarbons by adsorption at  
-76 'C on active charcoal. Ethane was further passed 
through Hg(ClO4), adsorbed on Chromosorb P in order 
to eliminate remaining olefins. Ethylene was additionally 

'Permanent address: Laboratory of Radiochemistry 
and Radiation Chemistry, Warsaw University, Warsaw, 
Poland. 

purified from acetylene by passing through a solution of 
AgNO, in ethylene glycol adsorbed on a suitable support. 
After a bulb-to-bulb distillation at liquid nitrogen temper- 
ature the C2H6 and C2H, were stored over pulverized 
metallic sodium which eliminated remaining traces of 
water and oxygen (10). Gas chromatography (g.c.) 
showed that the ethane was practically pure, while in the 
ethylene only C2H6 was present ( ~ 0 . 1 z ) .  

1,3-Butadiene, ammonia, and sulfur hexafluoride 
(Matheson Co.) were purified by bulb-to-bulb distillation 
and dried over Molecular Sieve 3A. Immediately before 
its use oxygen (medical grade) was passed through cold 
traps maintained at liquid nitrogen temperature. 

The irradiation glass cells (200-250 ml) were fired at  
500 'C for at  least 30 min before the introduction of the 
gaseous sample. Then they were sealed and irradiated in 
a AECL 220 Gammacell 60Co y-ray source at  a dose rate 
of 0.08 Mrad/h. 

All analyses were performed in a Victoreen 4000 g.c. 
equipped with flame ionization (f.i.d.) and electron cap- 
ture (e.c.d.) detectors. The following columns were used: 
( I )  squalane columns (9 m x 6.4 mm 0.d. and 9 n~ x 
3.2 mm 0.d.) at 25 and 60 'C for identification of radio- 
lysis products; (2) 20% oxydipropionitrile on Chromosorb 
P (30-60 mesh) (5 m x 6.4 mm 0.d.) at  25 'C for quanti- 
tative analysis of RSF, compounds; (3) Porapak Q 
(4 m x 3.2 mm 0.d.) a t  70 and 100°C for analysis of 
hydrocarbons and C2H,F; (4) Silicone oil SF30 (6%) 
(1.5 m x 3.2 mm 0.d.) programmed between 100 and 
250 'C at  5 'C/min for analysis of high boiling products. 

Sometimes in order to make the analysis easier an addi- 
tional short column (10 cm) containing Hg(CI04), on 
Chromosorb P was inserted between the analytical 
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TABLE 1. Radiolytical product yields from ethane: total pressure 200 Torr 

Radiolytical yields 
Dose 

Composition (Mrad) CHzSFS CzHsSFS C2H5F C3H8 n-C4HI0 

C2Hs + 0.39, SF, 0.32 0 .8  1 .8  n.d.* n.d. n.d. 
C2H, + 0.29% SF6 0.64 0.83 1.55 n.d. n.d. n.d. 
CzH6 + 0.32% SF, 1.28 0.75 1.68 0.27 0.64 1 .36 
CzHs 1.28 - - - 1 .o  2.1 
CZH6 + 0.4% SF6 1.92 0.88 1.55 0.35 0.65 1.40 

*n.d. = not determined. 

column and the detector: this removed all unsaturated stant contribution inde~endent of the size of the 
compounds. hydrocarbon radical ( l i ) ,  and (b) the sensitivity 

The radiolysis products containing the build-up frag- of the electron capture is identical for the 
ments of SF6 were first distinguished on chromatograms 
by electron capture, and then identified by mass spectro- CH3SF5 and C2H5SF5; then the of 
metry on a Varian MAT CH7 instrument. the areas of peaks for the f.i.d. and e.c.d. gives 

High molecular weight compounds deposited on the a contribution of -0.75 for the --SF, group, if 
wall during radiolysis were dissolved in 0.5 ml of benzene a value of 4.0 corresponds to n - ~ 4 ~ , , .  ~h~ cal- 
and introduced into the g.c. in samples of ca. 20 p1. culated radiolytical yields by this procedure are 

Results 
Radiol~)sis of C2H6 + SF, Sysfetn 

Among the radiolytical products two were 
found characterized by very strong signals on 
e.c.d. Their retention indexes on squalane 
column are IR(l) = 323 and I,(II) = 439 re- 
spectively. The following mass spectrum for 
70 V electrons of compound (I) was measured 
(the relative intensities are shown in parentheses) : 
m / e  127, SF,' (100); 123, SF4CH3' (16); 108, 
SF,' (3); 89, SF,' (68); 70, SF,' (10); 15, 
CH,' (10). From this mass spectrum it was 
concluded that compound (I) corresponds to 
CH,SF,. The mass spectrum of compound (II), 
m / e  137, SF,C,H,' (3); 127, SF,' (20); 108, 
SF,' (2); 89, SF,' (34); 70, SF,' (8); 51, 
SFC (4); 29, C2Hj'  (100); 27, C2H3' (60), 
points to a C,H,SF, molecular formula. The 
mass spectra of these compounds are not des- 
cribed in the literature, and standard samples are 
unavailable owing to very difficult syntheses (1 1). 
Besides these two intense peaks on e.c.d. other 
much smaller signals were observed. We did 
not attempt to identify these smaller products, 
however, since their yields were low as estimated 
from g.c. analysis with flame ionization detec- 
tion. 

The RSF, compounds being unavailable the 
direct determination of f.i.d. sensitivity coeffi- 
cients was impossible. Therefore, we proceeded 
in an indirect way assuming that: (a) the SF, 
group, by analogy with other functional groups, 
brings into the f.i.d. sensitivity coefficient a con- 

certainly not precise, especially in the case of 
CH,SF,; however, they can be used in relative 
measurements. 

In addition to the two aforementioned radio- 
lytical products ethyl fluoride (I, = 268 on 
squalane) was positively identified, and prob- 
ably methyl fluoride too. The yield of the latter 
compound was not measured owing to the ad- 
jacent very strong peak of ethane, which makes 
the measurement doubtful. In Table 1 are pre- 
sented the G-values (yields per 100 eV of ab- 
sorbed energy) for CH,SF,, C2H,SF,, C,H,F, 
C,H,, and n-C,H,, for different absorbed doses 
of radiation. Figure 1 shows the yield of 
C,H,SF, as a function of ammonia concentra- 
tion. 

Radiolysis of C2H4 + SF, System 
The analysis with e.c.d. of gaseous products 

formed during radiolysis of C,H, + 0.3% SF, 
shows two main compounds characterized by 
retention indexes on squalane IR(I1) = 439 and 
IR(III) = 632 respectively, and several smaller 
components among which I,(I) = 323 is present. 
The colnpounds having retention indexes 439 
and 323 were previously identified as C2H,SF, 
and CH,SF,. The mass spectrum of compound 
(111) is as follows: m/e 127, SF,' (4); 89, SF,' 
(8); 70, SF2' (7); 57, C4Hg+ (50); 56, C4Hs' 
(26); 55, C4H,+ (13); 41, C,H,' (97); 29, 
C,H,+ (100). On the basis of the highest mass 
fragments compound (111) was tentatively identi- 
fied as C4HgSF,. 

The radiolytical yields of these products for 
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GAWLOWSKI AND HERMAN: RADIOLYSIS OF C2H6 + SF6 AND CZHI + SF6 3633 

FIG. I .  G(C2H,SF,) as a function of ammonia con- 
centration in the C,H, + 0.3% SF, system. Total pres- 
sure 200 Torr. 40 

400 Torr) system scavenged totally CH,SF,, 
C,H,SF,, and C,H,SF,. 

In Fig. 2 are shown chromatograms of high 
molecular weight electron-attaching compounds 

2 o formed during radiolysis of the C2H, + 0.3% 
SF, system in the absence and presence of 
NH, or 1,3-C,H,. The chromatograms are 

16 qualitative only, the electron-capture detector 
working far from linearity near the saturation 

krn limits in the case of strong signals. In the pres- 
U) 

m ' 2  ence of oxygen (0.717,) the hlgh molecular weight 
I 
(U 

electron-attaching compounds are not formed. 
2 

irradiation of the C2H, + 0.4% SF, system 
(p  = 400 Torr, dose = 1.9 Mrad) were found 
to be G(CH,SF,) = 0.02, G(C,H,SF,) = 0.23. 

signals on e.c.d. were not identified, their 

OIL " 
and G(C,H,SF,) = 0.27. Other products giving 0 

C2H4 + SF6 + 1,3 C4H6 
yields being small, G < 0.01. Some were satura- 
ted products (Hg(ClO,), did not react with 4 0  

them) but probably not pure hydrocarbons, 
since they give an ill-defined signal on e.c.d. 
Among these products only one was positively 20 

recognized as being C,H,F, the others are 
probably alkyl fluoro derivat~ves also. o 

The addition of 1x or more of ammonia to I 

w 
0 8 60 - 

0 4  4 0  - 

20 - 
2 4 6 8 

[ N H ~ ]  . '10 o 

I 

the C,H, + 0.3% SF, system (p = 400 Torr) 
diminishes dramatically the yields of RSF, com- 4 0  - 
pounds to such an extent that their determina- 

C2H4 + SF6 

C2H4+ SF6 + 1.3 C4H6+ NH3 

\ 

I A 

& 

I I I I I 

tion by f.i.d. was practically impossible, but their D 
presence could be seen with the e.c.d. On this 20- 

basis it was established that yields of these 
products are about 20 times less in the presence 0 - I I I I 

of NH, than in the absence of this scavenger. 125 150 175 200 225 O c  

Once these low yields of RSF, products are FIG. 2. Chromatograms of electron-attaching high 
reached in the presence of small quantities of molecular weight products formed in the presence of 

NH,, further addition does not influence the scavengers during radiolysis of the CZH, + 0.3% SF, 
system. Total pressure 400 Torr, dose 0.64 Mrad, column 

G(RSF5) Oxygen (0.7?) Or butadiene 1.5 m x 0.32 mm 0.d. 6% SE 30 silicone oil, temperature 
(0.3x) added to the C2H4 + 0.352 SF, (p = program 5 'C/min from 100 to 250 "c. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3634 CAN.  J .  C H E M .  

Discussion 
C2H6 + SF, Sj'stenz 

In previous published work (6) the assump- 
tion was made that neutralization processes of 
hydrocarbon ions with SF,- lead to the forma- 
tion of SF,' radicals : 

[I 1 R H t  + SF,- SF,' + products 

In order to test this assulnption ethane was 
chosen, because the radical processes in C2Hp 
radiolysis are relatively simple, CH,' and C2H, 
being virtually the only hydrocarbon radicals 
produced. Our results presented in Table 1 for 
pure ethane are similar to those obtained by 
other authors for higher pressures of C,H, 
(13, 14). 

In the presence of SF, new products, CH,SF,, 
C2H,SF,, and C2H,F, are formed in relatively 
important yields, which seem to be independent 
of the absorbed dose. On the other hand the 
yields of propane and butane decrease. Assuming 
that CH,SF,, C,H,SF,, and C2H,F result from 
recombination-disproportionation processes [2], 
[3], and [4] of SF,' with CH,' and C2H,' 
radicals 

[2] CH3' + SF,' 3 CH3SF5 

P I  ClH,' + SF,' + C,H5SF, 

[4 I  CzHS' + SF,' i- CzHsF + SF4 

one can estimate the radiolytical yield of the 
SF,' radical. It is found that GsF5 = 2.8 k 1. 

The high error limit is due to the following: 
(a)  the sensitivity coefficients of the flame ioniza- 
tion detection are measured indirectly; particu- 
larly the error in G(CH,SF,) may be important; 
(b) the disproportionation reaction 

is not taken into account; (c) a possible dis- 
proportionation reaction 

was not evident from our results; (d) the re- 
combination of two SF,' radicals into S2F,, 
(not determined) is not considered. 

Such a high yield of SF,' radicals indicates 
that during radiolysis of the ethane - sulfur hexa- 
fluoride system the process [1] is the main 
neutralization path for ions, but probably not the 
only one. Indeed, some unidentified radiolytical 
products giving signals on e.c.d. were observed; 
however, their yields were very small compared 
to G(CH,SF,) and G(C2H,SF,). 

The comparison of yields of CH,' and C,H,' 
radicals in the absence and presence of SF, gives 
some unexpected results. Considering that yields 
of propane and butane formed at 200 Torr in 
nonradical processes are 0.1 and 0.2 (15), and 
that for the reactions CH,' + C2H5' and C2H,' 
+ C2H5' thc ratios k,/k, are 0.04 and 0.14 (16), 
one finds in the presence and absence of SF, the 
following G-values for methyl and ethyl radical 
formation : G,,, = 1.5 and 1 . l ,  GCIH, = 5.1 and 
5.2 respectively. Consequently, within the ex- 
perimental error, the yield of the ethyl radical, 
GCZHS, does not depend on the presence of SF,'. 
Since an important fraction of C2H,' radicals is 
formed by the reaction of atomic hydrogen with 
ethane (17), it then follows that under our ex- 
perimental conditions the atomic hydrogen is 
not generated by the neutralization of ions with 
electrons or, if it is, only in very low yield. This 
is only a preliminary conclusion. In our opinion, 
the problem of atomic hydrogen formation in 
neutralizatioil processes needs further detailed 
investigation. However, on the basis of present 
results, it is obvious that any calculation of 
radiolytical yields of radicals, in hydrocarbon + 
SF, systems, can lead to important error if the 
reactions of the SF,' radical are not taken into 
account. 

C2H6 + SF, + NH,  System 
It is generally admitted that the presence of 

ammonia in irradiated systems leads to proton 
transfer from positive RH' ions to NH, 

[71 RH+ + NH, + R + NH,+ 

Therefore, it is expected that the neutralization 
processes will involve solvated NH,' ions. 
When ammonia is added to the C2H, + SF, 
system the G(C2H,SF5) decreases sharply to a 
constant value, which is then independent of 
further addition of NH, (Fig. 1). The yield of 
CH,SF, decreases in a similar way to a new low 
value, G(CH,SF,) d 0.05. The total yield of 
SF,' radical production in the presence of NH, 
calculated from the G-values of CH,SF, and 
C2H5SF, can be estimated to be GsF, d 0.2. 
This is about 15 times less than the value found 
in the absence of ammonia. The decrease of 
GSF5 cannot be ascribed to the reaction of the 
SF, radical with NH,, because in this case a 
progressive decrease of G(C2H,SF,) as a func- 
tion of the ammonia concentration should be 
observed, which clearly is not the case (Fig. 1). 
A similar influence of ammonia is noted in the 
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radiolysis of the C,H,-SF, system (see Results). of ethylene gives a very complex overall picture 
This effect appears to be characteristic for of the radical processes (18). One of the con- 
ammonia and not of the nature of the radiolyzed sequences of the addition of radicals to the 
hydrocarbon. This suggests that the neutraliza- double bond of C2H, is that high molecular 
tion process radicals are formed, C,H, ,', C,H,,' etc., and 

[8] NH,+(NH,), + SFs- I SF,' + products 

occurs with a low yield. It was shown in pre- 
vious work (6) that the disappearance yield of 
SF, in the radiolysis of hydrocarbon + SF, sys- 
tem is nearly equal to the ionic yield, G(-SF,) 1 

G,,,, and is independent of the presence of 
ammonia. Therefore, products other than SF, 
radical must be formed in the neutralization pro- 
cesses of ammonia ions. In the system C2H6 + 
SF, $ NH, other organic compounds charac- 
terized by strong electronegative groups were not 
found in yields exceeding 0.05. On this basis we 
can assume that the neutralization of NH,' 
with SF,- gives inorganic decomposition prod- 
ucts (i.e. SF,) which are relatively unreactive 
towards hydrocarbons and radicals. We did not 
search for such con~pounds in the present work. 

The above discussion calls into question a 
previous hypothesis (6) that the SF,' radical is 
responsible for the cis-trans chain isomerization 
of gaseous 2-butene. In those experiments am- 
monia had practically no influence on isomeriza- 
tion yields, and we have to admit that another 
product formed in the presence of SF, (with a 
yield independent of NH,) causes the isomeriza- 
tion. 

C2H4 + SF, Systen? 
The identification of CH,SF,, C2H,SFj, and 

C,H,SF, among radiolytical products reinforces 
the previous assumption that reaction 1 is taking 
place during y-radiolysis of gaseous ethylene- 
SF, mixtures. These compounds can only be 
formed by the recombination of SF,' with alkyl 
radicals generated in the radiolysis of ethylene 
(reactions 2, 3, and 9). 

[91 C,H,' + SF,' -t C s H g S F ,  

These processes are corroborated by the radi- 
cal scavenging action of oxygen, and also by the 
fact that yields of C,H,SF, and C,H,SF, are 
much higher than that of CH,SF,, and are 
approximately in the ratio of yields of the res- 
pective radicals formed in radiolysis of pure 
C2H4 (l8). 

Our results do not allow us to determine the 
yield of the SF,' radical i11 this system for the 
following reasons. (a )  Low dose-rate irradiation 

these might also react with SF,'. Furthermore, 
the lack of data concerning the ratios of dis- 
proportionation/recombination rate constants 
for alkyl radicals with SF,' 

makes any quantitative interpretation difficult. 
(b) High molecular electron-attaching products 
are for~ned in the radiolysis of the C,H, + SF, 
system for which the probable precursor is the 
SF, radical (see later in the text). 

The addition of 0 .37  of 1,3-C,H, to the 
C2H4 + 0 . 3 V F 6  system totally scavenges 
CH,SF,, C,H,SF,, and C,H,SF, and simul- 
taneously new strong peaks appear for the high 
molecular weight products (Fig. 2C).  These re- 
sults can be explained by assuming a fast reac- 
tion l l (6, 8). 

In consequence the steady state concentration 
of SF,' radicals is so low that even the very 
sensitive e.c.d. cannot detect traces of C2H,SF, 
and C,H,SF,. The new radical SF,C,H,' can 
further condense with ethylene or butadiene and 
finally recombine with other radicals giving high 
molecular weight products. 

An alternate assumption that the high molecu- 
lar weight n~olecules are formed directly in ionic 
or neutralization processes is very improbable. 
Indeed, the analysis of chromatograms (Fig. 2) 
indicates that NH,  strongly decreases the yields 
of high molecular weight products, but has a 
small influence on their qualitative composition. 
If these products are produced directly by ion 
neutralization, then the presence of NH,, cap- 
turing the positive ions before the occurrence of 
neutralizatio~~, should make their formation im- 
possible. The decrease in the yield of high mole- 
cular weight products can be explained by the 
decrease in the yield of the SF,' radical in the 
presence of NH, (a similar behavior is noted in 
C2H, + SF, mixture). The scavenging action of 
oxygen on high molecular weight products also 
points out the radical nature of the formation 
of these compounds. 
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Les phases cyanures de nickel(I1) hydratks 

Y. MATHEY ET C. MAZIERES 
Laboratoire de Physicochirnie Minkrule, Birtirnent 420, Universitk Paris-S~ld 91405 Orsay 

R e g  le 14 mai 1974 

Y. MATHEY et C. MAZIERES. Can. J. Chem. 52,3637 (1974). 
L'etude de la preparation et des propriCtes des composCs Ni(CN),.xH,O montre l'existence 

de trois phases "cyanure complexe de Ni(I1) hydrate". Elles resultent toutes d'empilements de 
couches complexes polymeres [Ni(H20)2Ni(CN),], analogues aux couches [Ni(NH,),- 
Ni(CN),], rencontrees dans les amrninocyanures de nickel, et contiennent des H 2 0  inter- 
lamellaires non coordinees. Leur caractirisation, par diffraction X et spectroscopie electronique 
u.v.-visible, est precisee. Toutes trois possedent la synletrie orthorhombique et repondent a 
la formule Ni(H20)2Ni(CN)4. y H 2 0 .  

Y. MATHEY and C. MAZIERES. Can. J. Chem. 52,3637 (1974). 
A critical study of the preparation and properties of the hydrated forms of Ni cyanide shows 

the existence of three different phases in the con~pounds Ni(CN)2.xH,0. By X-ray diffraction 
and u.v.-visible spectroscopy, it is found that all three phases are formed by different stacking of 
polymeric [Ni(H20)2Ni(CN)4], layers similar to the [Ni(NH,),Ni(CN),], layers existing in 
Ni amminocyanides, with interlamellar noncoordinated H 2 0  molecules. All three phases are 
indexed in the orthorhombic system and can be given as Ni (H20)2Ni (CN)4 .~H20 .  

Introduction gCneralenient beaucoup moins bien organisis 
utilisks d&s 1897 cornme illterm~diaires dans (1 I ,  18, 24) est reportie a un prochain article. 

la preparation du reseau d'accueil du Clathrate Partie expkrimentale 
d'Hofmann Ni(CN)2NH3, C6H6 ( l )  les"~yanures Nous avons reprls toutes les mithodes dtcr~tes (7, 1 1 ,  
de nickel" sent connus pour leur aptitude a 13, 15, 17,20,21) et trouvi. qu'e~les peuvent etre ramenees 
former avec l'ammoniac ou avec de nombreuses aux schemas suivants: 
molCcules organiques polaires, n alkylamines en 
particulier, des complexes du type Ni(NH2R),- 
Ni(CN), (1 a 13) dont la structure semble mieux 
comprise que celle des nombreux cyanures 
Ni(CN),.xH,O dicrits a ce jour. En effet, bien 
que l'existence d'entites plan carre [Ni(CN),] 
d'une part, et le r8le de ligand jouC par certaines 
molCcules H 2 0  d'autre part, soient admis dans 
chacun de ces complexes hydrates, 1'Ctat des 
connaissances dans ce domaine, tel qu'il est 
donne dans le tableau 1 est encore insuffisant et 
impricis; le but de cet article est de l'unifier et 
de le completer. Une etude, par spectroscopie 
Clectronique u.v. - visible - proche i.r., des en- 
tites complexes participant a chaque type 
d'edifices, nous permet de proposer des mod6les 
structuraux en accord avec les spectres de 
diffraction X. 

Quant aux composCs quasi anhydres de 
formule voisine de Ni(CN), (6, 14, 17, 19, 22, 
23), nous avons trouve que I'absence de mole- 
cules polaires pouvant jouer le r81e de ligand 
modifie considCrablement la nature et le mode 
d'association des entitis complexes centrees sur 
les ato~nes de nickel. L'Ctude de ces composCs, 

( A )  addition, avec agitation, d'une solution aqueuse 
diluee de KCN a Line solution aqueuse diluee de Ni SO, 
ou Ni Cl,. Lavages repites (eau p ~ ~ i s  alcool) ~ L I  precipite 
bleu vert obtenu. 

(B) addition lente, avec agitation, d'une solution 
diluee de KCN une solution diluee de NiSO, a 100 'C. 
Lavages. 

(C) addition lente simultanee, avec agitation, d'une 
sol~ltion dil~lee de NiSO, et d'une solution diluee de 
KCN a de I'eau legerement acidifiee et portee a ebullition. 
Lavages. 

(D) addition lente avec agitation, d'une solution N de 
H 2 S 0 4  a une solution aqueuse diluee de K,Ni(CN), 
portee a ebullition. Lavages du precipite violet obtenu. 

Le mode de skchage s'est avere un facteur tres impor- 
tant de la preparation. 

Analyse Clttner~taire 
Le nickel est dose par complexometrie (EDTA): 

determination globale apres destruction a chaud par 
H2S04  concentre: determination successive des nickel N 
coordines (en solution fortement ammoniacale) puis des 
nickel C coordinbs (apres leur deplacement des cations 
complexes [Ni(CN),12 par action de Agf) .  Le contenu 
en CN est estirne par dosage en retour des ions Ag+ 
inutilises dans la destruction des plans [Ni(CN),12- selon 

Le contenu en H 2 0  est determine soit par thermo- 
gravimetrie, soit par difference a partir des quantites en 
nickel et groupements cyano. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MATHEY ET MAZIERES: LES PHASES Ni(CN)2.sHzO 

TABLEAU 2. Les differentes phases cyanure de Ni  

Mode prkparatoire Phase Domaine de variation 
(c f :  partie experimentale) Ni(CN)2.xH20 de x 

D K (spectre a, fig. 1) 1.5-2.5 
A,  B, ou C sechage 

l'air T ambiante Lo (spectre 6 ,  fig. 1) > 2 . 5  

A ,  B, ou C sechage a 
l'air 60 "C L, (spectre c,  fig. 1) 1-2 

Analyse radiocristallographique 
Par transmission (chambre de Guinier, diametre 114 

mni ?.Keel Cu) et par reflexion (chambre Debye Scherrer, 
diametre 114 mm hKaCu, ou diffractometre hKcr, Cu). 
Dans ce dernier cas, l'ichantillon est depose sur la 
plaque support (quartz) par sedimentation de la poudre 
prealablement mise en suspension, puis skchage. 

Absorption ultraciolette - visible - proche infrarouge 
Par transmission, sur spectrometre SHIMADZU MPS 

502.  Echantillons solides, soit disperses dans une pastille 
de KBr (concentration variable de 0.5 a 5% selon le E des 
bandes etudiees), soit deposes sur la plaque transparente 
utilisee en diffractomitrie X. 

Absorption infrarouge 
Spectres realises sur echantillons en suspension dans 

le nujol ou en dilution dans KBr (concentration -1%) 
avec un spectrometre a reseaux HITACHI EPI G2. 

~Wesures mugnitiques 
A l'ambiante; montage type Gouy avec Ctalon Mn,P,- 

0, ou montage type Faraday avec ttalon HgCo(NCS),. 

RCsultats et discussion 
( I )  Pr6paration et identification 

La preparation D conduit toujours a un 
cyanure cristallist Ni(CN),.xH,O de couleur 
violette; son spectre de diffraction (fig. la) est 
identique a celui du produit IX (Tableau 1); 
x varie entre 1.5 et 2.5 selon que le skchage est 
fait a l'air ou en tempkrature jusqu'a 60 "C. Le 
moment effectif ye,, par atome de nickel est 
compris entre 2.15 et 2.20. 

Les preparations A ,  B, et C conduisent, apres 
skchage a l'air, une autre catCgorie de produits: 
bleu vert, avec x > 2.5, p,,, - 2.3; leurs spectres 
de diffraction X (fig. Ib) comportent en particu- 
lier 12 raies signalkes par Walker (produit V). 
Les produits I et I11 appartiennent vraisemblable- 
ment aussi a cette seconde catCgorie. 

Une troisieme catkgorie de cyanure de nickel 
est obtenue a partir des prkparations A,  B, et C 
suivie d'un skchage a 60 "C ou d'un tris long 
abandon a l'atmosphire ambiante. Pour ces 
produits, x est toujours supkrieur a 1, parfois a 
2, p,,, mesure est encore voisin de 2.3 pB mais 

leurs spectres de diffraction X sont completement 
diffkrents des preckdents (Fig. Ic). Les produits 
11, V1, X ainsi que le produit XI index6 par Ludi 
et Hiigi appartiennent certainement a cette 
catkgorie. 

La dispersion des valeurs de x & 17intCrieur 
d'une m&me catkgorie de produits sans incidence 
sur les spectres X de poudre, rtvi.le l'existence 
(confirmke par spectromttrie d'absorption infra- 
rouge) de molkcules H,O relativement peu likes. 
Elle s'explique probablement par des diffkrences 
de conditionnement ou de conservation des 
produits, et il parait artificiel de classer les 
cyanures Ni(CN),.xH,O selon la seule valeur 
de x. Nous proposons (tableau 2) un classement 
bas6 sur ]'identification par diffraction X, 
retenant qu'il existe trois modes priparatoires 
conduisant chacun a une phase type Ni(CN),. 
xH,O, de degrk d'hydratation x variable entre 
certaines limites et bien cristallisCe. Ces phases 
types seront notCes K, Lo, et L, dans la suite de 
ce travail.' Leur analyse conduit toujours a un 
rapport CN/Ni kgal a 2 avec deux types d'atomes 
de nickel en quantitks kgales, I'un dtpla~able par 
l'EDTA, l'autre non. 

(11) Etude par spectvoscopie e'lectronique 
ultraciolette - cisible - proche infrarouge. 

Les spectres Clectroniques des trois phases K, 
Lo, L, ont CtC comparts a ceux de complexes 
connus du Ni(I1) (3d8) (tableau 3). Leur spectre 
semble toujours rksulter, en premiere approxi- 
mation, de la juxtaposition d'un spectre de 
bandes de transfert de charge (entitks plan carrk 
[Ni(CN),I2-) dans le domaine U.V. et d'un 
spectre de bandes de transition d-d (entitks 
octakdriques [NIL,]) dans le domaine proche 
u.v.-visible-proche i.r. Ce rksultat, joint a celui 
des analyses chimiques et magnktiques, permet 
de gkniraliser 5 chacune des phases K, Lo, L, 

'K, "quasi cubique"; Lo, Lamellaire a zkro inter- 
calaire; L1. La~nellaire a 1 intercalaire. 
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TABLEAU 3. Maximu~n d'absorption en k K  
n 

Espkces * 
IJ u 3 A ~ z  >3T2g  (F) 'AzL: -+ IEg (D) 3A2g -> 3 T ~ z  (F) 3A2g > 3T,I (P) 'Alg -> lBlg 'AlC + 'AZg 'Alg + IEg 7 

K 2.15-2.20 (13.8) 18.4 + 33 .O 35.4 38.3 ? 11.3 
Lo 2.27 11.0 - - 16.9 33.0 35.6 38.6  .k 

L I 2.40 9 . 5 c t  11.75 ' (14.0) 17.2 32.9 35.4 38.3 * 
Ni(NH3) ,Ni (CN) , .~~ ,0  2.18 10.35 1,3.6 17.2 32.9 35.3 38.2 * 
(present travail) 

n 
C 

[Ni(NH3)6l2+ (25, 27) 10.75 13.15 17.5 28.2 - - 
0 

- 

- 
r 

[Ni(H20),,12' (25, 27) 8 . 5  (15.4) (13.5) 25.3 - - a 

K2Ni(CN), (26) - - - 32.3 35.2 37.6 L - 
N 

- 

w 
*La bande3A2,  + " T , ,  (P) dc [NI(II,O),N,I, dissirnul&c sous le transftrt d e  charge 'A,, + I B , ,  d e  [Ni(CN),] benucoup plus intense, ne peut Blre repdr8c. Aucuuemesurc dcl'interaction3T,, (F) ') 

-'"I, (1') ne peut donc Ptre efectuee dans cc cas. 
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MATHEY E T  MAZIERES: LES PHASES Ni(CN)z,xH20 

FIG. 1 .  Diffractogrammes (?-Ka,Cu): (a') Phase K (orientation privilegiee due au depot par stdimentation); 
(a),  (b), (c), respectivement phases K, Lo, et L1. 

la conclusiol~ de Ludi et Hiigi (21) concernant le 
composC XI (phase L,) :  la moitie des atomes de 
Ni occupent le centre d'entitCs complexes 
diamagnttiques [NiC,] de gComCtrie plan carrC; 
les autres, lits aux atomes N des groupements 
cyano, occupent le centre d'entites complexes 
octakdriques seules responsables du para- 
magnitisme. L'observation par i.r. d'un glisse- 
ment important de la bande d'tlongation v,, 
vers les plus grands nombres d'onde (2170 cm-'  
environ au lieu de 2130 cm-' dans K,Ni(CN),) 
confirme que les ligands C N  ne sont plus 
terminaux et qu'ils assurent le pontage entre les 
deux types d'atomes mCtalliques. De la rtptti- 
tion de ce pontage Ni-CN-Ni dans les deux 
dimensions du plan des complexes [Ni(CN),I2- 
rCsulte un rCseau plan ou alternent des entites 
[NiC,] et [NiN,]. De part et d'autre de ce 
riseau bidimensionnel, vtritable polymire, les 
sites de coordination encore disponibles sur les 

Ni N-coordinis acceptent des molCcules H 2 0  par 
paires en trans des plans [NiN,]. Ainsi, les phases 
K,  Lo, L, correspondent aux formules Ni- 
(H,O),Ni(CN),. yH,O, comme le clathrate 
d7Hofmann et les complexes aminis correspon- 
dent a Ni(NH,),Ni(CN), .2C,H, et Ni(NH,R),- 
Ni(CN), respectivement. 

Bien que, dans les trois phases K,  Lo, et L,, 
les couches polym2res soient constituCes de 
f a ~ o n  analogue, leur mode d'empilement spC- 
cifique affecte la position et la forme des bandes 
d-d: en particulier, la manifestation attendue de 
la descente en symCtrie 0 ,  + D,,, 

sur les bandes d-d des entitCs [Ni(H,O),N,], 
n'est observCe que dans le cas de L, pour lequel 
le niveau 3T2, (F) est notablement dCdoublC. 
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TABLEAU 4. Caractkristiques des mailles K, Lo et L1 

K orthorhon~bique L, orthorhombique L, orthorhombique 

Parametres 

Intervalle caractkristique 
entre deux co~~ches  succes- 
sives (Basal spacing) 

Formule developpee 

Z: nombre de formule 
par maille 

Masse volumique glcm3 
Calculte pour y = 1 : 1 .76 
Calculee pour y = 2 : 1 .89 
Experinientale: 1 .82 

2 

Calculee pour J J  = 7 : 2.13 
Calc~~lCe pour y = 8 : 2.23 
Experinientale: 2.18 

4 

CalculCe pour y = 0.5: 1 .93 
Calculee pour y = 1 : 2.00 
Experimentale : 2.00 

Du  fait de la faible intensite des bandes de 
transition d-d d'une part, de leur Clargissement 
par effet de taille de grain et l'absorption interne 
d'autre part, la determination des frequences 
d'absorption n'est pas excellente; cependant 
nous avons toujours obtenu avec les cyanures 
coniplexe CtudiCs des valeurs superieures celles 
de Ludi et Hiigi. 

Pour K et Lo, l'ecart a la symetrie octaedrique 
est sans doute trop faible pour se traduire autre- 
ment que par l'elargissement asymetrique observe 
sur les bandes. Dans le cas de la phase K ,  la 
symetrie ponctuelle des entitis [Ni(H,O),N,] 
semble mEme Etre restee suffisamment proche de 
celle d'un complexe NiL, pour que 1'011 puisse 
appliquer la rkgle de l'environnement moyen: le 
calcul de Dq(N), parametre de chanip cristallin 
pour les atolnes N des groupements cyano, 
effectue a partir de notre valeur experimentale 
(Dy),,, = 1.13 kK et de la valeur classique (25, 
27) (Dq)iNi( , ,2, , , ,  2 +  = 0.85 kK, conduit a une 
valeur de 1.27 k K  pour -NC qui situerait ce 
ligand par~ni  les plus forts des ligands N coor- 
dines, comparable ii 1'0-phenantroline (25). Ce 
resultat ne concorde pas avec les conclusions de 
Shriver et coll. concernant la force du chanip de 
ligand dans le cyanure cubique K,NiFe(CN), 
(28), ou pourtant les distances M-CN-Ni-- 
NC-M et les frequences v,, sont voisines de 
celles observees pour la phase K. Pour expliquer 
le desaccord concernant Dq(N), on peut penser 
que du fait de l'empilement des couches [Ni- 
(H,O),Ni(CN),], l'influence des molCcules H,O 
ligands sur le Ni auquel elles se coordonnent est 
beaucoup plus importante que dans le complexe 
hexaquo nickel(I1) et qu'ii y a eu sous-estimation 

dans le calcul de Dq(N) de la valeur du parametre 
Dq(H20). 

(111) Indexation et niod2les structzrratlx 
L'indexation des diffractogrammes de K,  Lo, 

et L, (fig. la-c) conduit a trois mailles ortho- 
rhombiques (tableau 4 et fig. 2). La maille L, 
(fig. 2c) est nianifestement celle proposee par 
Ludi et Hiigi pour XI (a = 7.27 A:  O = 14.08 A ;  
c = 8.83 A). La ~naille Lo (fig. 20) est iiouvelle 
et la maille orthorhombique K (fig. 20) diffkre 
fondarnentalement de la maille cubique (a = 

10.10 A) proposee pour IX (20): malgrk la 
similitude des spectres. 

L e s  masses volumiques calculCes a partir de 
ces resultats sont en bon accord avec les valeurs 
obtenues par picnomttrie en adoptant, dans la 
forinule Ni(H,O),Ni(CN),.vH,O, les valeurs 
de y fournies par l'analyse. Le mode d'enipile- 
ment des couches polyniitres (fig. 2a-c) permet 
de comprendre les differences entre les intensites 
diffractees observees respectivement dans les 
spectres de poudre des echantillons non orientis 
et ceux des Cchantillons obtenus par sedimenta- 
tion (fig. la  et a') .  

En effet, lors de la sedimentation, les diffe- 
rents grains, dont la croissance s'est deja 
effectuee en respectant un principe d'empilement, 
se disposent en couches grossierement paralldes 
a la plaque support. L'intensitC diffractee par les 
plans reticulaires auxquelles ces couches s'identi- 
fient est alors fortement modifiee et des diffrac- 
tions d'ordre ClevC ( n  = 8) peuvent Etre ob- 
servies. Ceci parait incompatible avec une 
sy~nitrie cubique. La disposition des atomes Ni 
de la phase K aux noeuds d'un rCseau quasi 
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MATHEY ET MAZIERES: LES PHASES Ni(CN)2,xH20 3643 

2n; Okl+ k = 2n; 1700 + 11 = 2n; h01 + h = 

2n; OlcO + k = 2n, et il est possible de suggCrer 
coinme groupe d'espace pour la phase K, C222, 

+-K Cmm2, Cnln~a, ou Cmmm, ce dernier corre- 
spondant a u  shCma de maille propost fig. 2a. 
Aucune restriction ne semble imposee aux 
paranietres des deux autres types: leurs lnailles 
sont trhs probablement primitives. - 10.09 ------t ( IV)  Stabilite' 

S'il est possible d'identifier les trois phases 
types par leur seul spectre de RX, il est i ~ ~ i p o s -  
sible de prCciser leur stabilite relative sans tenir 
compte du r81e essentiel joue par les molecules 

- L o  yH,O en position interlamellaire. Seule, en effet, 
l'occupation de l'espace interla~nellaire par une 
quantite importante de molecules H,O, lion 
coordinies niais en interaction avec leur en- - vironnement, rend possible un edifice aussi 

"aere" que la phase Lo. La stabiliti de cette 
phase depend done de ce remplissage entre les 
couches successives et l'on comprend l'impor- 
tance determinante du mode de sechage sur 
l'identiti du produit apres les preparations de 
type A,  B, ou C (tableau 1) .  La diminution de y 
au-dessous d'un seuil voisin de 2, lente a Tam,,, 
rapide a 6OcC> se traduit par un ecroulement 
(local d'abord, geniralise ensuite) de l'kdifice, 
transformant la phase Lo (dont l'intervalle 

0 NI N-coord~ne Q NI C-coordlne 
fondalnental entre couches successives est Cgal 
a 6.10 A) en une phase plus compacte, t r i s  

Y H20 coordne 

aP 
comparable, la phase L,  (d'intervalle fonda- 
mental 4.44 A). Cette transformation Lo -t L, 
presente d'ailleurs une grande analogie avec la 

FIG, 2, Mail[es &[Cmentaires et d'empilement: transforlnation de la phase 'lathrate en phase 
(a), phase K ;  (b), phase Lo; (c), phase L,. amniino-cyanure lors du depart des mol~cules 

encagees de Ni(NH3)Ni(CN),.2C,H, (29). 
cubique pourrait bieli Etre le resultat fortuit Enfin nous avons trouve que la deshydratation 
d'une similitude entre la distance Ni-CN-Ni menagie (60 5 t I 150 'C) des cyanures hy- 
dans la couche et le double de l'intervalle drates de structure K entraine aussi des modifi- 
separant deux couches successives. Par ailleurs cations structurales vers la phase L,. Le me- 
si, apres e~npilement des couches, on avait un  canisme de cette transformation ne peut s'ex- 
rtseau tttragonal, l'existence de la raie 001 pliquer aussi simplement que celui de la trans- 
imposerait que la maille soit primitive: la formation Lo + L, mais il semble qu'il ne soit 
dCformation des couches par les yH,O non plus possible de conserver la structure K pour 
coordinCes pourrait alors Stre responsable d'un un complexe Ni(H,O),Ni(CN),.j~H,O en des- 
nouvel abaissement de symetrie: tetragonal + sous de J. = 1 .  En dkfinitive, seule la phase L, 
orthorhombique et la niaille pourrait Etre soit (issue de Lo ou de K)  pourrait Ctre conservke 
primitive, soit a base centrie. C'est a cette avec des valeurs de y inferieures a I'unitC. 
derniere Cvetltualite que conduit l'indexation 
proposke ici (fig. 1) pour K. Tous les indices Conclusion 
respectent les rhgles d'extinction particuliires L'etude des spectres de poudre des composes 
suivantes: hk l+ h + k = 2n; hkO + h + k = Ni(CN),.xH,O issus de nornbreuses prepara- 
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tions mentionntes dans la litterature a permis de 9. A. I. M.  RAE et E. N. MASLEN. Z .  Krist. 123, 391 
niontrer qu'il n'existe que trois phases histinctes 
notees K ,  Lo, et L,  . L'individualiti de chacune de 
ces structures dicoule surtout du mode d'em- 
pilement des couches complexes polymtkes 
[Ni(H,O),Ni(CN),], qui les constituent. 

La stabilite de ces cyanures hydrates Ni(H,O),- 
Ni(CN),.j>H,O, est like a la presence de y 
moltcules d'eau non coordintes, bloqutes en 
position interlamellaires; interagissant entre 
elles et avec les molecules d'eau coordinees, elles 
augmentent considtrablement la cohesion entre 
couches successives. Cependant, comme le 
montrent les modifications des suectres de 
transition d-d des pseudo-octaedres [Ni(H,O),- 
N,] et la disparition de la symttrie tetragonale 
dans les riseaux considtris, ces interactions se 
traduisent par la dtformation des couches 
complexes. 
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The Detection of Alkoxy and Other Radicals in the Gamma Radiolysis of 
Alcohols by an Electron Spin Resonance and Spin Trapping Method1 
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FREDERICK PETER SARGEKT and EDWARD M~CHAEL CARDY. Can. J. Chem. 52,3645 (1974). 
The radicals produced during y radiolysis of methanol, ethanol, I-propanol, 2-propanol, 

and t-butanol have been trapped by reaction with 2-nitroso-2-niethylpropane (t-nitrosobutane) 
to give nitroxides which are detected by e.s.r. 

R. + t-BuNO + t-BUN-R 

0. 

All the alcohols gave alkoxy radicals and, with the exception of t-butanol, radicals derived by 
the loss of an  H atom from the carbon atom adjacent to the OH group. Methyl radicals were 
detected in t-butanol. 

FREDERICK PETER SARGENT et EDWARD MICHAEL GARDY. Can. J .  Chem. 52,3645 (1974). 
On a piege les radicaux produits loss de la radiolyse gamma du methanol, de l'ethanol, du 

propanol-I, du propanol-2, et du rerr-butanol avec du nitroso-2 methyle-2 propane (rerr-nitro- 
sobutane) qui conduisent a des radicaux nitroxydes q ~ ~ i  peuvent Etre detectes par r.p.e. 

R .  + t-BuNO + t-BUN-R 

Tous les alcools donnent des radicaux alcoxy et, sauf l'exception du tert-butanol, les radicaux 
se forment par perte d '~ ln  atonie d'hydrogene provenant de I'atorne de carbone adjacent au 
groupe OH. Dans le tert-butanol, on a detecte des rad~caux methyles. 

[Traduit par le journal] 

Introduction 
The radiation chemistry of alcohols, and in 

particular that of methanol, has been explained 
in terms of e,, H, and CH,OH (1). However, 
mass spectroinetric studies show that the primary 
ion, C H 3 0 H + ,  can undergo ion molecule 
reactions 1 and 2 with alinost equal probability 
(2-4). 

It seems reasonable that these reactions should 
also take place in the liquid phase. There is in- 
direct evidence of methoxy radicals: CH30. ,  in 
irradiated methanol. For example, anisole is 
formed in mixtures of methanol and benzene (5) 
and the higher yields of formaldehyde and cor- 
respondingly lower yields of glycol in methanolic 
solutions of KI were attributed to the oxidation 
of iodide ions by methoxy radicals (6). Although 

the presence of an oxidizing radical has been 
demonstrated for pulse irradiated methanol 
(7, 8 ) ,  there has been no direct evidence of the 
formation of methoxy radicals. Electron spin 
resonance (e.s.r.) studies should provide proof 
of their existence but none were detected by in 
sit~r radiolysis (9, 10) of alcohols with 3 MeV 
electrons ( I  1). This failure to detect alkoxy 
radicals, RO., can be attributed to two causes: 
(I) their lifetime is so short that it would be out- 
side the millisecond time resolution of the e.s.r. 
spectrometer and (2) alkoxy radicals would be 
expected to be similar to OH radicals and to 
have an orbitally degenerate ground state. This 
latter characteristic leads to large spin-orbit 
coupling, fast spin-lattice relaxation, and hence, 
very broad and undetectable e.s.r. lines. 

Although alkoxy radicals, RO., are not visible 
by direct e.s.r. examination, they can be made 
visible by means of a spin trapping technique. 
This involves the addition of a radical, R., to a 

'AECL No. 4799. nitroso coinpound to give a nitroxide (12) which 
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ic long-lived and may be detected by e.s.r. The 
method has been used to observe alkoxy radicals 
formed in chemical and photochemical oxida- 
tions (13, 14) and we have used it t o  trap and 
identify the radicals produced in y radiolysis of 
alcohols. We chose to use the trapping com- 
pound 2-nitroso-2-methylpropane, t-BuNO, be- 
cause of the greater sensitivity of the e.s.r. 
spectra of the nitroxide formed in reaction 3 to 
changes in the nature of the trapped radical, R.. 

The trapping of alkyl radicals in this way results 
in a nitroxide with a nitrogen coupling constant 
of 14-16 G, whereas trapping of alkoxy radicals 
gives values of 27-30 G (12). 

During the course of this work, we discovered 
a paper by Wargon and Williams (1 5) reporting 
a similar study which, however, was restricted 
to methanol. They concentrated on the relative 
yields of ~nethoxy and hydroxymethyl radicals in 
the y radiolysis of methanol at  - 78 "C. How- 
ever, we have shown that the results obtained by 
the t-BuNO trapping method should only be 
used to identify the radicals formed (16). I t  can- 
not be used to measure the relative yields of 
radicals unless the stability of the nitroxides 
formed on trapping is established. In the case 
of the alcohols, some of the nitroxides formed 
by trapping with t-BuNO are unstable (16, 17) 
and decay to  an equilibrium value. Therefore, 
this paper deals only with the identity of the 

of the establishment of the equilibrium showed it to be 
a simple dissociation of dimer into monomer. It was 
found that at  23 "C,  a 0.1 M solution of t-BuNO in 
methanol was 80% dissociated after 30 min. Therefore 
all solutions were prepared and stored for at  least 1 h 
before use. Since exposure to light gives unwanted e.s.r. 
signals from di-t-butyl nitroxide (19, 20), they were 
always stored and used in the dark. The solutions of 
f-BuNO were outgassed on a vacuum line, y irradiated 
in an AECL-220 Gamma Cell, and examined with a 
Varian V4500 e.s.r. spe~trometer .~  Those samples ir- 
radiated at -80cC in a Dry-ice/methanol bath were 
cooled just prior to radiolysis. Using n.m.r., it was 
shown that rapidly cooling the solutions to -80 "C 
does not change the percentage dissociation of the 
t-BuNO over a period of 30 min. Therefore all solutions, 
after being equilibrated at  room temperature, are as- 
sumed to be at  least 90% dissociated even when cooled to 
lower temperatures. 

The alcohols were of the best quality available com- 
mercially. Fractional distillation following refluxing with 
acidified 2,4-dinitrophenylhydrazine had no effect on the 
experimental results. 

Results 
Methanol 

Gamma radiolvsis of a 0. I M t-BuNO solution 
in methanol at  - 80 "C gave the spectrum shown 
in Fig. 1A. This consists of three groups of four 
lines which are clearly due to interaction with a 
nitrogen nucleus and three equivalent protons of 
29.5 and 1.54 G respectively. This spectrum is 
from the nitroxide, 1, formed by the scavenging 
of methoxy radicals as in reaction 4. 

radicals trapped. No  conclusions are drawn 
about their relative yields but it will be shown The coupling constants agree quite well with the 

that alkoxy, alkyl, and hydroxy-alkyl radicals values of 29.4 and 1.4 G found in photochemical 

are formed in the y radiolysis of alcohols. studies (12-14). Almost identical spectra were 
obtained for 0.01 M solutions. These results 

Ex~erimental show that y radiolysis of methanol produces 
L 

2-Nitroso-2-methylpropane was prepared by the 
method of Stowell (18). Although this compound exists 
as a dimer in the solid state, it dissociates to its mono- 
meric form in solution. Stowell gives the equilibrium 
constants at  various temperatures in carbon tetrachloride 
and suggests that the equilibrium is established in a few 
minutes. We wished to determine these properties in the 
alcohols and chose methanol as our typical solvent. This 
was done by means of n.m.r. of concentrated solutions 
of t-BuNO at various temperatures. The dissociation 
constants at  54, 37, and 23 "C were 5.9, 2.0, and 1.4 mol 
I- '  respectively. Therefore 0.1 and 0.01 M solutions2 
are 89 and 99% dissociated at  23 "C. The kinetic analysis 

'Concentrations of t-BuNO throughout this paper are 
expressed in mol of monomer. 

methoxy radicals. 
For  0.001 M solutions of t-BuNO, the spectra 

showed scavenging of not only methoxy radicals 
but also hydroxy methyl, CH,OH. The nitroxide 
2 formed by the trapping of the latter, as in 
reaction 5 

3The synthetic fused quartz sample tubes gave a small 
e.s.r. peak following y radiolysis. This has been marked Q 
in the spectra. 
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SARGENT AND GARDY: DETECTION O F  ALKOXY AND OTHER RADICALS 3647 

[7]  CH,CH,O + t-BuNO -t t-BUN-OCH,CH, 
i 
0. 

3 

CH3 
I 

[a] CH,CHOH + t-BUNO -. t-BUN-C-OH 
I 1  
0. H 

4 

The coupling constants are 29.1 and 1.1 G for 
the nitrogen and the . O C H ,  protons respec- 
tively in nitroxide 3, which is in good agreement 
with the values of 28.9 and 1.1 G reported for the 
tetraacetate oxidation of ethanol (14). The 
nitroxide 4 had nitrogen and -CH- proton 
couplings of 14.5 and 2.0 G respectively. 

I-Propanol 
Gamma radiolysis of a 0.1 M t-BuNO solu- 

tion in 1-propanol gave the spectrum shown in 
Fig. 2A which is due to nitroxides 5 and 6 
formed by trapping CH,CH2CH20 and 
CH,CH,CHOH respectively, as in reactions 9 

FIG. 1. The e s.r. spectra observed after y rad~olys~s  5+6 
of 0 1 M t-BuNO solutioils at  - 80 "C.3 (a)  Methanol; 
(B) ethanol. 5 ,-Propano, 

I 
has a nitrogen coupling constant of 14.4 and the 
-CH,- protons coupling is 4.0 G. These 
spectra demonstrate that y radiolysis of methanol 
produces both CH,O. and CH,OH radicals. 
The absence of any trapping of .CH,OH in the 
more concentrated solutions of t-BuNO might 
suggest that CH,O. is the precursor of all the 
.CH,OH radicals (15), by reaction 6, 

[6]  C H 3 0  f CH30H -t C H ~ O H  + CH3OH 
5+6 

but we have shown previously that this is not 
the case (16). The absence of trapped CH,OH 
in the 0.1 M t-BuNO solutions is caused by the 
instability of nitroxide 2. This seems to be re- 
lated to the concentration of the t-BuNO and is 
currently being investigated. 

Ethanol 
Gamma radiolysis of 0.1 M t-BuNO solutions 

in ethanol at -80 "C gave the spectrum shown 
in Fig. 1B. This is derived from the two nitrox- 
ides and formed by the trapping of CH3CH20 FIG. 2. The e.s.r. spectra observed after 7 radiolysis 
and C H ~ C H O H  respectively as in reactions 7 of 0.1 M t-BUNO solutions in I-propan01 at  -80CC.3 
and 8, (A) Recorded at  - 80 ' C  ; (B) recorded at  - 20 'C. 
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and 10. Since trapping of either CH,CH,CHOH 
or CH,CHCH,OH would give similar spectra, 
the assignment of 6 is ambiguous; however, by 
analogy with the other alcohols CH3CH2CHOH 
is the most probable. 

At higher temperatures the lines narrow and 
become correspondingly more intense. At - 40 "C 
this nitroxide decays and at 0 "C its half life is 
3.0 s. This explains the failure by Perkins et al. 
to detect (CH,),COH in their photochemical 
studies at room temperature (20). 

t-Butanol 
Since the melting point of t-butanol is 25 "C 

solutions of 0.1 M t-BuNO were prepared, 
y-irradiated, and examined at about 30 "C. The 
spectrum shown in Fig. 3B was recorded 5 min 
after radiolysis. The peaks labelled 9 are due to 
the trapping of t-butoxy radicals by reaction 13 

The coupling constants for 5 were 29.4 and 1.2 G 
for the nitrogen and -OCH2- protons re- 
spectively. The values for 6 were 14.5 and 1.8 
G for the nitrogen and the -CH- proton 
respectively. The spectrum of nitroxide 6 appears 
to be weak in Fig. 2A because the high viscosity 
of I -propano1 at - 80 ' C  niakes the lines broad. 
These became much more intense on warming 
to -20 'C, Fig. 2B. However, double integra- 
tion of the peaks showed that the area remained 
the same and that the effect was due to changes 
in the line widths only. 

2- Propar101 
Gamma radlolys~s of a solut~on of 0 1 M 

t-BuNO In 2-propanol at -80 C gave the 
spectrum In Fig 3A. T h ~ s  is due to the nltroxldes 
7 and 8 whlch are fortiied by trapplng of 
(CH,),CHO and (CH,),COH respect~vely as in 
reactions I 1  and 12, 

0. 
8 

The nitroxide 7 has a nitrogen coupling con- 
stant of 28.4 G but gives no resolvable proton 
splitting. This is in agreement with the reported 
spectra (13). Nitroxide 8 also showed only a 
nitrogen coupling of 15.9 G. This nitroxide, 

The nitrogen coupling constant for 9 was 27.0 G. 
The peaks marked 10 are not identified but they 
have a nitrogen coupling of 16.0 G. The weaker 
peaks were examined at higher gains and some 
of them were shown to be due to the nitroxide 
formed by trapping methyl radicals. Some other 
less intense peaks in the spectra are tentatively 
assigned to trapping of .CH,C(CH,),OH. 

formed by (CH3)2CoH, is less intense FIG, 3 The e , s r  spectra observed after y radiolysis 
than expected. This is linewidth effect caused by 0.1 ,v I..RUNO SOILltiOn~ ill (A) 2-propanol at - 80 ' C  
the high viscosity of the 2-propanol at - 80" C. and (B) t-butanol at + 30 "C3 
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Discussion 
The results show that y radiolysis of all the 

alcohols studied produced alkoxy radicals which 
are trapped by the t-BuNO. Apart from t-buta- 
nol, all the alcohols also produced hydroxy alkyl 
radicals by the loss of a hydrogen atom from the 
carbon adjacent to the hydroxyl group. This 
suggests that in all cases the primary cation 
formed in the y radiolysis can react to give 
alkoxy radicals in reaction 14 

[I41 ROHC + ROH + RO. + ROHz+ 

With the exception of t-butanol, the primary 
cation can also react to give a-hydroxy alkyl 
radicals by reaction 15 

[I51 RRfCHOH+ $ RR'CHOH 
+ RR'COH f RR1CHOH2+ 

Although it has been shown previously (16) 
that the relative yields of the nitroxides detected 
does not necessarily reflect the relative yields 
of the radicals formed in the radiolysis, the 
results in the present study show that alkoxy 
radicals are not the sole products of the radio- 
lysis. 

In t-butanol, methyl radicals were trapped. 
These are undoubtedly the precursors of the 
molecular yields of methane and ethane from 
this alcohol (21). The failure to detect methyl 
trapping in the other alcohols does not preclude 
their formation. The resulting nitroxides are 
unstable and the net trapping efficiency will be 
less because the viscosity is less and the rate of 
H abstraction by methyl radicals is higher. 

The unidentified nitroxide 10 observed in 
t-butanol has a nitrogen coupling of 16 G which 
must come from trapping an alkyl-like radical. 
Although 10 might be in part derived from the 
trapping of radicals produced in the y radiolysis, 
it more likely originates from the decomposition 
of 9. This has been shown (22) to proceed by 
reaction 16 and the t-butvl radicals formed would 
then be trapped by t-BuNO to give di-t-butyl 
nitroxide 17. 

[I61 t-BUN-Of-BU + t-BU + N-Ot-BU 
I 1 I 
0 0 

1171 t-Bu. + t-BuNO + t-BUN-t-Bu 
I 
0 

Therefore nitroxide 10 is identified as di-t-butyl 
nitroxide. 

The failure to detect H atoms or electrons 
seems to be in conflict with the recent observa- 
tions of Mao and Kevan (23, 24) who report 
the trapping of H atoms in methanol by a ni- 
trone. However, we have shown that the H and 
(or) electron adduct of t-BuNO are unstable and 
rapidly decay even at -80 "C (16). This might 
also explain the failure to detect the H-atom 
transfer from (CH,),COH to t-BuNO reported 
by Perkins et al. (20). These authors used a 
continuous production method and therefore 
were able to detect the steady state concentra- 
tion of t-BuNHO.. It should also be pointed out 
that since they did not detect the trapping of 
(CH,),COH it is possible that the system is 
more complicated than it first appears. We ob- 
serve that (cH,),COH is trapped but that it 
decays at ambient temperatures. It is ~ossible  
that- the product of ;his decay produces t- 
BuNHO in the Perkins system or that only a 
very small fraction of the (cH,),coH radicals 
undergo the H-atom transfer reaction. 

Spin trapping studies such as the ones des- 
cribed in this report are providing information 
about the role of free radicals in radiation chemi- 
stry of liquids. By using a direct method of 
radiolysis and detection (16), we hope to be able 
to extend this approach to the measurement of 
yields and rate constants. 

We thank Professor M. J .  Pcrkins for drawing our 
attention to the Stowell synthesis of t-BuNO and Dr. 
H. R. Falle for his assistance in preparing this compound. 
We wish also to thank Richard Dickinson and the 
Department of Chemistry of the University of Manitoba 
for some of the n.m.r spectra. 

1. J. W. T. SPINKS and R. J. WOODS. An introduction to 
radiation chemistry. Wiley, New York. 1964. 

2. L. P.  THEARD and W. H .  HAMILL. J. Am. Chem. Soc. 
84, 1134 (1962). 

3. J .  C. J .  THYNNE, F. K. AMENC-KPODO, and A. G. 
HARRISOX. Can. J. Chem. 44, 1655 (1966). 

4. D .  J. HYATT. E. A. DODMAN. and M. J. H E N C H M A ~ .  
Ion-molecule reactions in the gas phase. Adv. 
Chem. Ser. No. 58, Am. Chem. Soc. Washington. 
1966. p. 131. 

5. A. EKSTROM and J. L. GARNETT. J. Phys. Chem. 70, 
324 (1966). 

6. L. M. THEARD and M. BURTON. J. Phys. Chem. 67, 
59 (1963). 

7. R. V. BEXSASSON and J. K. THOMAS. Int. J. Radiat. 
Phys. Chem. 1, 185 (1969). 

8. (a)  F. S. DAINTON, I. JANOVSKI, and G.  A. SALMON. 
Proc. R. Soc. A, 327, 305 (1972); (b) D.  H. ELLISON, 
G. A. SALMOX, and F. WILKINSON. Proc. R. Soc. A, 
328, 23 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3650 CAN. J .  CHEM. VOL. 5 2 ,  1974 

9. R.  W. FESSENDEN and R. H. SCHULER. J. Chem. 17. (a) D. F. BOWMAN, J. L. BROKENSHIRE, T. GILLAK, 
Phys. 39, 2147 (1963). and K. U. IKGOLD. J. Am. Chem. Soc. 93, 6551 

10. K. EIBEN and R. W. FESSENDEK. J. Phys. Chem. 75, (1971); (b)  D. F. BOWMAN, T. GILLAN, and K. U. 
1186 (1971). INGOLD. J. Am. Chem. Soc. 93, 6555 (1971). 

11. F. P. SARGENT and E. M. GARDY. J .  Phys. Chem. 78, 18. J. C. STOCKWELL. J.  Org. Chem. 36, 3055 (1971). 
1977 (1974). 19. A. MACKOR, TH. A. J. W. WAJER, and TH. J. 

12. E. G. JANZEN. ACC. Chem. Res. 4, 31 (1971). DEBOER. Tetrahedron Lett. 2115 (1966). 
13. (a )  A. MACKOR, TH. A. J. W. WAJER, and TH. J. 20. M. J. PERKIKS, P. WARD, and A. HORSFIELD. J .  

DEBOER. Tetrahedron Lett. 385 (1967); (6) S. FOR- Cheni. Soc. B, 395 (1970). 
SHULT, C.  LAGERCRANTZ, and K. TORSELL. Acta 21. R. H. J O H ~ S E K  and D. A. BECKER. J. Phys. Chern. 
Chem. Scand. 23, 522 (1969). 67, 831 (1963). 

14. A. LEDWITH, P. J. RUSSELL, and L. H. SUTCLIFFE. 22. M. J. PERKINS and B. P. ROBERTS. J. Chem. Soc. 
Proc. R .  Soc. Lond. A, 332, 151 (1973). Perkin 11, 297 (1974). 

15. J. A. WARGON and F. WILLIAMS. J. Am. Chem. Soc. 23. S. W. MAO and L. KEVAK. Chem. Phys. Lett. 24, 
94, 7917 (1972). 505 (1974). 

16. F. P. SARGENT, E. M. GARDY, and H. R. FALLE. 24. S. W. MAO and L. KEVAN. J .  Phys. Chern. 78, 91 
Chem. Phys. Lett. 24, 120 (1974). (1974). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The Oxidation of Acetals by Ozone1 
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Ozone reacts very smoothly with acetals to give the corresponding esters. There are six gauche 
conformations that are theoretically possible for an acetal function. It is shown that only three 
of them are reactive toward ozone. It is proposed that a reactive acetal function must take a 
conformation in which each oxygen must have an electron pair orbital oriented antiperiplanar 
to the C-H bond. The mechanism of this reaction is also discussed. 

PIERRE DESLONGCHAMPS, PAUL ATLANI, DANIEL FREHEL, ALAIN MALAVAL et CLAUDE 
MOREAU. Can. J. Chem. 52,3651 (1974). 

Les acetals se transforment facilement en esters correspondants sous I'action de I'ozone. 11 y 
a six conformations gauches pour une fonction acttal dont trois seulement sont reactives avec 
l'ozone. I1 est de plus propose que chaque atome d'oxygene de la fonction acetal doit posseder 
une orbitale d'electrons libres orientee de manikre antiperiplanaire par rapport au lien C-H 
pour qu'eile soit riactive avec l'ozone. Le mecanisme de reaction est aussi discute. 

We reported in 1971 (1) in preliminary form reaction proceeds in essentially quant~tative 
that ozone reacts in essentially quantitative yield yield. 
and in a completely specific fashion with the However, there exists a tremendous difference 
acetal function of an aldehyde to give the in the rate of reaction as particularly shown by 
corresponding ester. examples 1-5 (Table 1): the cyclic acetals react 

R-C(OR')z + 0 3  + R-COOR' + R1-OH + 0 2  
much faster than the acyclic ones. For instance, 

I 
10 mmol of dimethoxy acetal was completely 

H oxidized after 15 h, while the same molar 

In 1972, we also published in a preliminary 
communication (2) the relationship between the 
precise conformation of the acetal function and 
its reactivity toward ozone. We have now com- 
pleted this work and wish to report in detail the 
result of our entire investigation. 

Table 1 describes the results of the oxidation 
of different types of simple acetals. It clearly 
indicates that this new oxidation reaction is a 
general one; the nature of the alkyl groups (R 
and R') of the acetal function does not influence 
the final result. Each example shows that this 

quantity of the five-membered ring dioxolane 
acetal required only 10 min. In fact, this last 
reaction is practically instantaneous since the 
ozone was generated at a rate of I mmol per 
minute and the ozone generator was stopped 
after 10 min, just when the blue color of ozone 
appeared in the reaction mixture. This result 
suggests that a completely new method for the 
titration of ozone at  -78" can in principle be 
developed by utilizing this remarkably fast and 
specific reaction between ozone and dioxolane 
acetals. We took advantage of this instantaneous 
reaction to establish the stoichiometry of the 
reaction. A saturated solution of ozone in ethyl 

'Support for this work by the National Research acetate was prepared at -783, A solution 
Council of Canada, the Alfred P. Sloan Foundation, and 
by the "Ministere de 1'Education" Quebec, is gratefully (0.01 M) of a dioxolane acetal in ethyl acetate 
acknowledged. was slowly added at -78". The blue color of 

2A. P. ~ i o a n  Fellow, 1970-1972. To whom all corre- ozone disappeared rapidly. During the addition, 
spondence should be addressed. there was a constant formation of a gas which 

3Holder of a "bourse postdoctoraie France-Quebec", 
1971-1972. Deceased January 1974. was measured. The molar quantity of oxygen 

4Hoider of a -bourse postdoctorale ~ ~ ~ ~ ~ ~ - ~ ~ e b ~ ~ " ,  produced was found identical to the amount of 
1973-1974. acetal used. This indicated that 1 mol of ozone 
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TABLE 1. Oxidation of various types of acetalsa 

Reaction 
No. Acetal Product 

Reaction Yield 
time (Z)d 

n-C6H13-C00-CH2-CH2-OHC 10 min 98 

=Reaction was carried out at 7 8 '  in ethyl acetate using 10 mmol of acetal; rate of ozone: 1 mrnoi/min. 
bSpectroscopic (i.r., n.1n.r.) data was obtained for this compound which was also compared with an authentic sample. 
'This product was isolated as the corresponding acetate derivative (Ac,O-pyridine). Spectroscopic (i.r., n.m.r.) and satisfactory analytical data 

have been obtained for this derivative 
*Yield of isolated material. 

reacts at -78" with 1 mol of acetal yielding 1 
mol of ester and 1 mol of oxygen. 

Table 2 shows that the oxidation of open- 
chain acetals (dialkoxy acetal) can be achieved 
more conveniently if the reaction is simply car- 
ried out at  room temperature. This large dif- 
ference in rates between cyclic and acyclic 
acetals is easily explained when the preferred 
conformation of each acetal is taken into 
consideration (cide infra). 

This new reaction constitutes a novel method 
for converting an aldehyde into an  ester.5 I t  is 
likely that it proceeds via the insertion of ozone 
into the C-H bond of the acetal (1) forming an 
intermediate6 such as 2 or 3 which then breaks 
down to give the reaction products, the ester 4 
and the alcohol 5. Such an insertion reaction has 

5For a practical example of thc conversion of a di- 
methoxy acetal into a methyl ester, see ref. 3. 

6We have recognized very early during our work that 
the intermediate which is formed during the oxidation of 
acetals is either identical or equivalent to a hemiorthoester 
which is the tetrahedral intermediate formed during the 
transesterification of esters. This finding has led us to the 
development of a new stereoelectronic theory for the 
hydrolysis of esters (4), and later, of amides (5). 

TABLE 2. Effect of temperature on the rate of oxidation 
of n-C6Hs-CH(OCH3)2 in ethyl acetate 

Reaction temperature Reaction time 
Acetyl (mmol) PC) (h) 

been shown to be operative in the reaction of 
ozone with simple ethers, silanes, hydrocarbons 
(anthrone), and aldehydes (6). Based on our 
study of the oxidation of various complex 
acetals by ozone (2), the results obtained on the 
hydrolysis of complex orthoesters (4), and the 
work of King and Allbutt (7 )  on the stereo- 
selective hydrolysis of dioxolenium ions and of 
orthoesters, we conclude that the ozonolysis of 
acetals doubtless proceeds via the formation of 
an intermediate analogous to a hemiorthoester. 

All the acetals studied so far were symmetrical, 
since the OR groups were identical. It was of 
interest to examine the oxidation of unsym- 
metrical acetals. If a tetrahedral intermediate is 
formed during the oxidation of an acetal func- 
tion, a substrate such as 6 should lead to an  
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DESLONGCHAMPS E T  AL.: OZONOLYSIS 

TABLE 3. Oxidation of tetrahydropyranyl ethera 

Amount Reaction Yield" 
Acetal (mmol) Productb time (h) (727,) 

- 

4Reaction carried out at  -78" in ethyl acetate; rate of ozone: 1 mmol/rnin. 
bThis product \+as isolared as the corresponding acetate derivative (Ac,O-pyridine). Spectroscopic 

(i.r., n.m.r.) and satisfactory analytical data have been obtained for this derivative. 
CYield of isolated material. 

/OR' 
R-C, + 0, 

I OR' 
H 

1 

,OR' 
R-C, 

I OR' 
O, 0-0-H 

2 

/ 
0 R' 

R-C, + 0 2  

0 R' 
O \, 

H 

3 

R-COOR' + R'OH 

4 5 

intermediate such as 7 which can in principle 
decompose in two different ways to give the 
hydroxy ester 8, or the lactone 9 plus the alcohol 
10. We found experimentally, that ozone reacts 

11 R' = C H 3 C 0  

r&O + ROH 

very smoothly with tetrahydropyranyl ethers (an 
unsymmetrical acetal) in a completely specific 
manner, yielding the hydroxy ester 8 exclusively. 
No trace of lactone 9 could be detected. These 
results are summarized in Table 3. This reaction 
also constitutes a new highly efficient method for 
the cleavage of the tetrahydropyranyl ether 
protecting group under neutral conditions. 
Simple heating of the resulting hydroxy ester 8, 
in a neutral solvent, produces 6-valerolactone 
(9) and liberates the alcohol 

7The hydroxy ester 8 can be esterified (Ac20-pyridine) 
to give the acetoxy ester 11. Therefore, whenever an 
alcohol function needs to be protected by an acid sensitive 
blocking group and then by an ester type protecting group 
which is not as sensitive to acid, a tetrahydropyranol ether 
can be used, transformed by ozone into the hydroxy ester 
8 which can then be acetylated to give the acetoxy ester 11. 
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We have also demonstrated that tetrahydro- 
furanyl ethers (12) (8) were smoothly oxidized by 
ozone to the hydroxy ester 14 exclusively 
(Table 4), thus the specific opening of a tetra- 

- - 

hedral intermediate (13 + 14) was again ob- 
served. In these experiments, acetic anhydride 
and sodium acetate was used as solvent in order 
to trap the hydroxy ester 14 which was sub- 
sequently isolated as the corresponding acetoxy 
ester 15. The use of this solvent system was found 
to be a very convenient means of preventing 
lactonization of the hydroxy ester (14 + 16). 
We have also found that it served another pur- 
pose when the ozonolysis reaction had to be 
carried out for long periods of time at room 
temperature with excess of ozone; it protected 
against further oxidation of the primary and 
secondary alcohols which are formed during the 
reaction. In cases where there is no need to trap 
an alcohol function, it was our experience that 
reagent grade ethyl acetate was the best solvent. 
However, other solvents which do not react with 
ozone can be used with success such as carbon 
tetrachloride, dichloroniethane, and glacial acetic 

TABLE 4. Oxidation of tetrahydrofuranyl ether" 

Yield" 
Acetal Productb (%) 

OReaction carried out \+ith 10 mmol of acetal at  room temperature 
for 6 h in acetic anhvdride - sodium acetate: rate of ozone: 1 mmoli 
min. 

bSpectroscopic (i.r., n.m.r.) and satisfactory analytical data (k 0.3) 
have been obtained for this product. 

[Yield of isolated material. 

VOL. 52, 1974 

acid. When the reaction is carried out at room 
temperature and takes a few hours, large ex- 
cesses of ozone-oxygen gas go through the solu- 
tion, therefore a high boiling solvent is pre- 
ferred to reduce the amount of solvent lost by 
evaporation. 

After completing our work on the simple 
tetrahydropyranyl ethers, the next logical step 
was to study this new reaction on tetrahydro- 
pyranyl ethers which possess a rigid chair con- 
formation. Consequently, the oxidation of a 
series of conformationally rigid a- and P-methyl 
glycopyranosides was undertaken. We found 
that P-methyl glycopyranosides were converted 
smoothly into their corresponding 5-acetoxy 
aldonic acid methyl esters whereas the r-methyl 
glycopyranosides were recovered unchanged in 
quantitative yield. P-Anomers of methyl 2,3,4,6- 
tetra-0-acetyl-n-glucopyranoside (17), -D-manno- 
pyranoside (18)', and -D-galactopyranoside ( 1 9 ) ~  
were converted into their corresponding penta- 
0-acetyl-D-aldonic acid methyl esters 20, 21, and 
22. However, their respective a-anomers 23, 24, 
and 258 were found to be co~npletely inert toward 
ozone. Poly-0-acetyl methyl P-glycosides were 
used because the oxidation of the anomeric 
center is a fairly slow reaction and the hydroxyl 
groups need protection against ozone. Acetic 
anhydride - sodium acetate was used as solvent 
to trap it? situ the newly formed hydroxyl group 
at position 5 so that a good yield of poly-0- 
acetyl aldonic acid methyl ester could be 
isolated. When there is no substituent at position 
2, as in methyl 2-deoxy-3,4,6-tri-0-acetyl-P-D- 
glucopyranoside (26), the oxidation of the 
ano~neric center is sufficiently rapid that there is 
no need to protect the 5-hydroxyl group which 
is being formed. When glacial acetic acid is used 
as solvent, methyl 2-deoxy-3,4,6-tri-0-acetyl-5- 
hydroxy-D-gluconate (27) can be isolated in good 
yield. Acetylation of 27 gave methyl tetra-0- 
acetyl-2-deoxy-D-gluconate (28), which can also 
be obtained directly by carrying out the oxida- 
tion of 26 in acetic anhydride and sodium ace- 
tate. The nonreactivity of the r-glucosides sug- 
gests a new method for the separation and the 
purification of a-glycoside from a mixture of a 
and p. We have used this method successfully 
to purify methyl 2-deoxy-3,4,6-tri-0-acetyl-a-D- 
glucopyranoside (29). Triacetyl glucal was trans- 

are grateful to Professor A.  S. Perlin (McGill 
University) for his generous gift of this compound. 
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AcO Ac0&0cH3 - 

COOCH, 

AcO 
-f ACO{::: + 

CHzOAc 

AcO 

COOCH i 
I - AeO"F 

H OCH3 

formed into a mixture of the two anomers of 
methyl 2-deoxy-3,4,6-tri-0-acetyl-D-glucopyran- 
oside (9). The pure p-anomer (26) was obtained 
by crystallization. The remaining mixture of R- 

and p-anomers in the mother liquor was then 
treated with ozone In ethyl acetate. This process 
converted the P-anomer into methyl 5-hydroxy- 
2-deoxy-3,4,6-tri-0-acetyl gluconate (27) which 
has a much lower R, value on thin-layer chro- 
matography than the unreacted R-anonier. The 
a-anomer 29 was easily obtained pure by a simple 
column chromatography. 

So far we have shown that cyclic acetals react 
with ozone, dialkoxy acetals react but the rate is 
low, P-glycosides are reactive, and a-glycosides 
are inert. It was clear from these results that there 
was a relationship between the conformation of 
the acetal function and its reactivity toward 
ozone. This led us to propose that any reactive 
confornler must have on each oxygen atom a 

lone pair orbital oriented antiperiplanar to the 
C-H bond of the acetal function (1). 

This requirement was met with dioxolane 
acetal (30) and the most stable rotamer of P- 
glycoside (31) (10). In an  R-glycoside, which can 
be represented as its favored rotamer by struc- 
ture 32, the ring oxygen orbitals are not oriented 
antiperiplanar to the C-H bond; it is the ring 
carbon - oxygen bond which is antiperiplanar. 
The lone pair orbitals of the ring oxygen in an  
a-glycoside (regardless of the rotamer) are never 
available, indicating that the oxidation does not 
proceed if only one oxygen has the proper orbital 
orientation. Furthermore, dialkoxy acetals are 
known (1 1 )  to exist in one preferred conforma- 
tion (33) which is identical to the favored rotamer 
of an cc-glycoside (32). This is quite normal be- 
cause this conformer is the only one which avoids 
the anomeric effect (10). This conformer is inert 
toward ozone. In order to react with ozone, the 
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dialkoxy acetal must adopt another conforma- 
tion which has proper orbital orientation. This 
is possible with the dialkoxy acetal but impos- 
sible with chair-rigid a-glycosides. However, any 
reactive conformer of the dialkoxy acetal will be 
present only in a very small amount at equilib- 
rium because such a conformer has to overcome 
the anomeric effect which exists when two lone 
pair orbitals are in a 1,3-synperiplanar arrange- 
ment.9 Consequently, the reaction rate which is 
denendent uDon the concentration of the reac- 
tive conformer is going to be fairly low. 

It was clear at this stage of our investigation 
that the postulate of the orientation of the lone 
pairs had to be verified in a more rigorous 
manner. Consequently, we had to consider all 
the possible gauche conformers that an acetal 
function can assume, make rigid chemical 
models of each of them if possible, and verify 
their respective reactivity with ozone. 

Scheme 1 shows the nine gauche conformers 
that are theoretically possible for an acetal 
function. Conformers A, B, and D have no plane 
of symmetry and in fact conformers A', B', and 
D' are their respective mirror images, therefore 
chen~ically equivalent. The remaining conformers 
C, E, and F possess a plane of symmetry. Con- 
sequently, there are only six conformers (A, B, 
C, D, E, and F) which are chemically different 
for an acetal function. Of those, only conformers 
A, C, and F possess a lone pair orbital on each 
oxygen oriented antiperiplanar to the C-H 
bond. Conformers B and D have only one oxy- 

'A 1,3-synperiplanar arrangement is equivalent to a 
1,3-diaxial arrangement in a six-membered ring. 

gen with a lone pair properly oriented, and con- 
former E has none. Consequently if our postu- 
late is valid, conformers B, D, and E should be 
inert and conformers A, C, and F should be 
reactive toward ozone. 

Scheme 2 describes the conformers of Scheme 
1 in which a six-membered ring has been incor- 
porated. One can observe that the first three 
conformers A, B, and C represent the three 
rotamers of a conformationally rigid P-glyco- 
side. Conformers D, E, and B' correspond to the 
three conformers of a rigid a-glycoside (10). We 
have found that a-glycosides are inert toward 
ozone; conformers D, E, and B' are therefore 
not reactive. Conformer B' is chemically equiv- 
alent to conformer B, they are mirror image in 
Scheme 1 ,  B is therefore not reactive. These 
conformers were further eliminated by observing 
that cis-] ,8-dioxaoctahydronaphthalene (34) does 

F I)' A' 

SCHEME 1 
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DESLONGCHAMPS ET AL.: OZONOLYSIS 3657 

the P-glycoside. I t  is very difficult to construct a a *o -, -- r i d  hicyclic model starting with the preferred 
rotamer (10) of a B-glycoside; the direction that 

H b  the 0-R' bond is taking makes it difficult t o  
H reattach this side chain to the ring in a rigid 

H manner. Finally, 1,3-dioxane acetals represent 
3 4 3 5 an ideal model for conformer F and such acetals 

have been shown to be reactive with ozone. 
The relationship between the conformation of 

the acetal function and its reactivity toward 
ozone was further confirmed by a study of the 

H 

36 37 

H H 

A H 

H 0 
3 8 39 

not react with ozone. Being a cis decalin, this 
H R' H 

compound (34) is conformationally mobile and 
exists in the two conformations, 35 and 36, C I) 

which are in perfect equilibrium since they are 
mirror images; they also correspond to con- 
formers B and B', respectively, and constitute 
ideal chemical models for these two conformers. ~ ~ O - C - - -  ' of,--, 
trans-1,8-Dioxaoctahydronaphthalene (37) is an  
excellent rigid model for conformer C and it was ~ . 

H H R' 
readily oxidized by ozone to hydroxy lactone 38 
in quantitative yield within 1.5 h a t  -78". 6,8- E B'  
Dioxabicyclo[3.2.l]octane (39)" is a rigid model 
for conformer E and it was found to be unreac- 
tive toward ozone. This result has to be taken I' ---OR, 

I ;-,-;,o- 
with some reserve because this compound is not I - /  

the most appropriate rigid model for E since the 
hydrogen of the acetal function is incorporated 
in a bridgehead. Conformer D is the most stable H H 

rotamer of an  .x-glycoside; since a-glycosides are F U' 
inert to ozone, D is eliminated as a reactive con- 
former and there is no  need to look for a more 
rigid chemical model for this one. Conformer A 
or  its mirror image A '  represents the most stable 
rotamer for a P-glycoside and it is very likely that 
A is a reactive conformer. The best chenlical 
model that we have studied for conformer A is 

'Owe are grateful to Professor R. K. Brown (University 
of Alberta) for his generous gift of this compound. 
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P (12) that the tri-0-acetyl p anomer 43 exists to a 
I large extent in the abnormal 1C conformation 

( ~ 9 7 7 3 ) .  The tri-0-acetyl a-anomer 45 also 
exists preferentially in the 1C conformation 
(83%). The a-anomer 45 in the arabinose series 
should therefore be oxidized at a much faster 

'R rate than the p-anomer 43 and this conclusion 

H 
agrees with the experimental results. Methyl 

d-gl>coside 
2,3,4-tri-0-acetyl-c/.-D-arabinopyranoside (45)" 

C1 1C 
was completely oxidized into methyl 2,3,4,5- 
tetra-0-acetyl-D-arabinonate (44) within 7 h. The 

H p-anonier 43 was only partially oxidized (71yz of 
P conversion) after 80 h. This pair, 43 and 45, 

represent the first examples of an a-anomer being 
more reactive than the corresponding p-anomer. 
No  conformational rigidity can normally be 
expected from a five-membered ring. Conse- 
quently, in methyl glycofuranoside, each anomer 
should be able to take a conformation which 
would have proper orbital orientation. Thus, 

a-g~hcoside both anomers should react with ozone. Methyl 
C1 1C 2,3,5-tri-0-acetyl-P-D-ribofuranoside (46) as well 

SCHEME 3 as its a-anomer (48) are both converted into 
methyl 2,3,4,5-tetra-0-acetyl-D-ribonate (47) at 

ozonolysis of some labile glycopyrallosides as the same rate (= 16 h) at room 
well as some glycofuranosides. Chair-rigid temperature, 

a- and P-glycopyranosides are to The preceding experimental results establish 
exist in their respective C1 conformations (Scheme fairly rigorously that of the six possible gauc17e 
3). There are a- and P-n~ethyl glycopyran- conformers for an acetal function, three (A, C, 
osides which are known to be conformationally and F) are reactive and (B, D, and JZ) are 
labile; they exist as an equilibrium mixture of inert toward ozone. Consequently, the postulate 
their and l C  conforlnatiolls (I2). If Our  &at each reactive gauche conformer of an acetal 
postulate is both anomers should be function needs to have a lone orbital on 
reactive: the P-anomer through its C1 conforma- each oxygen oriented antiperiplanar to the C-H 
tion and the a-anomer through its 1 C conforma- bond has beell verified. T~ the real 
tion. Furthermore, their respective rates of reac- chemical significance of this postulate, a good 
tion should depend mainly on the concentration knowledge of the mechanism of the ozono~ysis 
of the C1 conformer for the p-anomer and the has to be gained so that we can under- 
concentration of the l C  conformer for the stand the role of the orientation of the lone pair 
a-anomer. 

Methyl 2,3,4-tri-0-acetyl-P-D-xylopyranoside 
(40) exists mainly in conformation Cl(8173 (12); 
it is converted smoothly within 8 h into methyl 
2,3,4,5-tetra-0-acetyl-D-xylonate (41). Methyl 
2,3,4-tri-0-acetyl-m-xylopyranoside (42) exists 
in a small proportion ( < 2 2 )  in conformation 
1C (12). Consequently, it should react with ozone 
but the rate of the reaction should be fairly low, 
This was found to be the case since the oxidation 
of this a-anomer was not complete (92% of con- 
version) after 71 h of reaction. It is the first 
example of a reactive a-anomer toward ozone. 
The methyl a- and P-arabinopyranosides repre- 
sent an interesting pair of anomers. It is known 

orbital5 in the reaction. 
A detailed study of the mechanism of the 

oxidation of acetals by ozone has not yet been 
achieved. However, we think that enough evi- 
dence has been obtained to propose a mechanism. 
As we have already mentioned, this reaction very 
likely proceeds through the formation of an 
intermediate which is either identical or equiv- 
alent to a hemiorthoester. No direct evidence has 
yet been obtained but indirect evidence strongly 
supports this proposal. There appears to be very 
little doubt that the hydrolysis of orthoesters 

"We are grateful to Professor J. K. N. Jones (Queen's 
University) for his generous gift of this compound. 
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pTH3 
AcO OAc ----+ Ac0{2~ CH20Ac - Aco@:cH3 OAc 

COOCH3 @rH3 + AcO+;;: + @:cH3 

AcO AcO 
OAc CH2OAc OAc 

A c O C H Q O C H ~ ~  1%" AcOCH2 0 H 

OAc - 
CH20Ac 

AcO OAc 
V O C H .  

AcO OAc 

proceeds through the formation of a hemiortho- 
ester (4, 7). We have shown that the ozonolysis 
of acetals gives the same products obtained from 
the acid hydrolysis of orthoesters. This observa- 
tion strongly suggests that the same kind of 
intermediate is formed in the ozonolysis reac- 
tion (2). 

Experiments have been carried out to get 
information on the mechanism by which the 
C-H bond of the acetal is oxidized, in order to 
get the proposed tetrahedral intermediate. Diace- 
toxy acetal (49) as well as a- and P-D-glucose 
pentaacetate (50 and 51) do not react with ozone. 
These results suggest that a positive charge must 
be developed at the carbon of the acetal function 
in the transition state of the reaction. Proper 

,OAc 
R-CH 

'\ 
OAc 

49 50 

,OC2H5 
C2H500C-C 

OAc 
1 'OC~HS 

H 

alignment of the lone pair orbitals of the ether 
oxygens can easily stabilize such a positive 
charge, but the acetoxy group cannot. Ethyl 
diethoxyacetate (52) was found to be completely 
inert, confirming this suggestion. At the same 
time this eliminated the possibility of a free 
radical mechanism, which would lead to the 
formation of an intermediate such as 53. A 
carbethoxy group should facilitate the formation 
of such a radical intermediate. Finally, competi- 
tive oxidation experiments between para-sub- 
stituted benzaldehyde acetals have been carried 
out. These experiments show that 54 (R = 

OCH,) is twice as reactive as 54 (R = H) which 
in turn is also twice as reactive as 54 (R = NO,). 
Thus, an electron-donating group enhances the 
rate of the reaction, while an electron-attracting 
group retards the rate. The effect of the methoxy 
or the nitro group on the rate of the reaction is 
not very pronounced. We suggest that this is 
because of the two oxygens of the acetal function 
which are directly linked to the reacting carbon. 
These oxygens are in a much better position to 
stabilize the positive charge than a remote 
electronic group. Thus, groups in the para- 
position cannot have an important effect on the 
rate.', On the other hand, in compound 52 the 
carbethoxy group is directly attached to the 

12Professor S. Fliszar (Universite de Montreal, per- 
sonal communication, results to be published) has made 
a kinetic investigation of this reaction. He has found that 
the rate correlates well with o with a p value of - 1.10, in 
agreement with the above discussion. 
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carbon which is going to become positively 
charged and its electron-withdrawing property 
will therefore play a major role. Its role must be 
predominant since 52 is inert toward ozone. 

At present, we think that the most appealing 
mechanism which comes to mind is the follow- 
ing. Ozone would insert in a 1,3-fashion into the 
C-H bond of the acetal function (6) to form 
either a hemiorthoester and molecular oxygen or 
a hydrotrioxide hemiorthoester (Scheme 4). The 
latter would then break down to give the ester 
and alcohol products. We should emphasize that 
ozone would insert only when the acetal function 
has a conformation in which each oxygen has a 
lone pair orbital antiperiplanar to the C-H 
bond. The breakdown of the tetrahedral inter- 
mediate is also governed by the same type of 
stereoelectronic rule, specific cleavage of a 
carbon-oxygen bond taking place when the 
other oxygens of the tetrahedral intermediate 
each have a lone pair orbital oriented anti- 
periplanar to the departing 0-alkyl group (4). 

For example, a tetrahydropyranyl ether would 
react through its most stable rotamer giving 
specifically a tetrahedral intermediate. This inter- 
mediate has proper orbital orientation to break 
the ring oxygen-carbon bond, thus forming the 
hydroxy ester (Scheme 5). Loss of the OR group 
to generate the &-lactone is not possible through 
an orbital-assisted mechanism simply because the 
lone pair orbitals of the ring oxygen cannot be 
used; they are not properly oriented. It is the 
C,-0 bond of the ring oxygen which is anti- 
periplanar to the OR group. 

Various oxidations of aldehyde acetals into 
esters have been reported and we believe that 
these reactions proceed also through a hydride 
transfer (or its equivalent) from the acetal to the 
oxidizing agent. Different types of acetals (13) 
have been oxidized by N-bromosuccinimide and 
no evidence has yet been obtained against a 
hydride transfer from the acetal to a bromonium 
ion as one of the key steps. Oxidation of acelal 
by hydride transfer with triethyloxonium tetra- 
fluoroborate (14, 15) and with triphenylmethane 
tetrafluoroborate (15) has also been described. 
Angyal and his co-workers have reported the 
oxidation of acetals by chromium trioxide in 
acetic acid (16). This last reaction is quite 
interesting since the same stereospecificity and 
outcome of the reaction has been observed with 
a- and P-glycoside. 

We believe that the oxidation of acetals and 
the hydrolysis of hemiorthoesters (4) and of 
hemiorthoamides (5) are isolated examples of a 
general chemical process. The reactions de- 
scribed in Scheme 6 also belong to the same 
class: (a) the haloform reaction, (b) the basic 
fragmentation of cc-diketone monothioketals 
(17), (c) the Grob fragmentation with two 
heteroatoms (18) and related reactions (19), (d) 
thc retro-Claisen condensation, and ( e )  the 
benzilic rearrangement. The Cannizaro reaction, 
the facile opening of cyclopropanone (Favorski 
rearrangement), and the cleavage of nonenoliz- 
able ketone by sodium amide (Haller-Bauer 
reaction (20)) and by hydroxide ion (21) can also 
be added to the preceding list of reactions. The 
combination of two heteroatoms with proper 
orbital orientation is a very powerful driving 
force for expelling a leaving group. The reaction 
should be easier if one of the two heteroatoms is 
negatively charged; if both heteroatoms can bear 
a negative charge, it should proceed with even 
greater ease and work with an even poorer 
leaving group. 

Thus, this general chemical process can take 
place whenever two heteroatoms (oxygen and/or 
nitrogen) and a leaving group are linked to the 
same carbon. The only requirement is a stereo- 
electronic one where each heteroatom should 
have a lone pair orbital oriented antiperiplanar 
to the leaving group. 

Experimental 
The i.r. spectra were taken on a Perkin-Elmer 257 

Spectrophotometer; n.m.r. spectra (r values) were re- 
corded on a Varian A-60 spectrometer in the solvents 
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0 
I1 

(a) R--C-CX, ---+ OH- e- 
R - C ~ C X ,  ---+ R-COO + HCX, 

(AH 

0 SR SR 
1 1  I 

(b) R-C-C-R 
I 
5 R-&--c-R + R-COO- + RCHcSR), 

1 I 
SR 'OH SR 

0 
I I 

(dl R-C-CR2-COOR 
q R-C-w-COOR ----t R-COO- + R2CH-COOR 
71 

indicated and with TMS as standard. The v.p.c. analyses 
were done on a Varian Aerograph, model 90-P. The 
ozonolysis reactions were carried out with a Welsbach 
Ozonator, model T-816. Organic solution were dried over 
anhydrous magnesium sulfate and Silica gel was used in 
all the chromatography (columns and plates). Micro- 
analysis were performed by Dr.  C. Daesslt, Organic 
Microanalyses and by Mr. J. Tamas, Laboratoire de 
Microanalyse, Universite de Sherbrooke. 

Stoichiometry of  the Reaction 
A stream of ozone-oxygen gas was passed through cold 

(-78") ethyl acetate (50ml) for 1 h. A cold solution 
(- 78") of 2-phenyl-1,3-dioxolan (1.5 g, 10 mmol) in 
ethyl acetate (10 ml) was then added. The blue color of 
ozone disappeared after 20 s and the volume of gas 
formed was 2 60 ml (- 2.7 mmol). The solvent was then 

evaporated to dryness. The two compounds which were 
present in the reaction mixture were identified (n.m.r.) as 
2-phenyl-l,3-dioxolan (Y 7.2 mmol) and ethyl 2-hydroxy- 
benzoate (-2.8 mrnol). This experiment was repeated 
twice. 

The same experiment was also carried out with 2-n- 
hexyl-1,3-dioxolan and an analogous result was obtained. 
In this case, it took approximately 3 min for the blue 
color of ozone to disappear. 

Typical Procedures for the Ozonolysis of  Acetals 
( a )  1,I-Dirnethoxyheptane 
1,l-Dimethoxyheptane (3.716 g, 23.22 mmol) in ethyl 

acetate (100 ml) was ozonized at room temperature (rate 
of ozone: 1 mmol/min). The reaction was followed by 
proton n.m.r. analysis of aliquots and was found to be 
complete after 1.5 h. Excess ozone was removed by 
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flushing the system with nitrogen. The solvent was extracted with chloroform. The extract was treated with 
removed by evaporation and the residue was dis- activated charcoal, then filtered through celite. The 
solved in ether. This solution was washed with aqueous filtrate was evaporated and the resulting residue was 
sodium carbonate and water. The dried ethereal solution dissolved in ether. This was washed with aqueous sodium 
was concentrated in uucuu; the resulting product was carbonate and brine. The ethereal solution was dried and 
distilled to give pure methyl heptanoate (3.017 g, 91%), evaporated in cacuo. The material thus obtained was 
identified by comparison with an  authentic sample. The distilled to give methyl 4-acetoxybutyrate (1.36 g, 85%); 
same experiment was carried out at - 78" but the reaction i.r. : v,,,, (film) 1740 cm-' ; n.m.r. : 6 (CDCI,) 4.06 (2H, 
required a longer time to go to completion (Table 2). diffuse triplet, CH,O), 3.63 (3H, singlet, OCH,), and 2.0 

( b )  2-n-Hexyl-1,3-dioxolarz (3H, singlet, CH,COO). 
2-n-Hexyl-1,3-dioxolan (1.589 g, 10.05 mmol) was ozon- Anal. Calcd. for C,H1204: C, 52.49; H, 7.55. Found: 

izcd in cthyl acctatc (100 ml) at -78" (rate of ozone: C, 52.76; H, 7.65. 
1 mniol/min). After 10 min, the blue color of ozone ap- Ozonolysis of Glycosides 
peared in the solution and the ozone generator was 
stopped. Excess ozone was removed by flushing the sys- l a )  233~4~6-Te tra-0-ace ty1-~-  

tem with nitrogen. The solvent was removed by evapora- glucopyranoside ( 1  7) (22 )  

tion and the residue was dissolved i n  ether (200 this Sodium acetate (4 g) was added to a solution of methyl 

solution was washed once with brine then dried, Removal 2,3,4,6-tetra-0-acetyl-P-~-glucopyranosd (602 mg, 1.66 

of solvent in cncllo gave ethyl 2-hydroxyheptanoate mmol) in acetic anhydride (100 mi). This mixture was 

(1,772 g, 100%); i,r,: v,,, (film) 3500 and 1740 c m - ~ ;  ozonized (rate of ozone: 0.3 mmol/min) at  room tem- 

n ,m,r , :  6 (CDCI,) 4.30 (2H, multiplet, CH,OCO) and perature; the reaction was complete after 16 h. Excess 

3.90 (2H, multiplet, CH20) .  ozone was removed by flushing the system with nitrogen. 
 hi^ crude material was then treated with a mixture of The mixture was evaporated in uacuo and water was 

pyridine (5 and acetic anhydride (5 ml), ~f~~~ 15 h, added. The aqueous phase was extracted with ether. The 

this solution was taken to dryness in uncuo, ~h~ residue extract was washed with aqueous sodium carbonate and 

thus obtained was dissolved in ether and then washed with brine, then dried. Evaporation to dryness gave a residue 

aqueous sodium carbonate and water. The dried ethereal which was purified by chromatography (chlorO- 

was evaporated in 2:acuo to give ethyl 2-acetoxy- formpether, 4:1). This gave methyl penta-O-acetyl-~- 
heptanoate (2.120 g, 98%). An analytical sample was gluconate (20, 667 mg, 92%) which was crystallized from 
prepared by microdistillation; i.r.1 v,,, (CHCI,) 1740 ethanol - petroleum ether, m.p. 120-121", [%I578 (CHCI3) 

c m - ~  ; n,m.r.: 6 (CDCI,) 4.32 (4H, singlet, OCH,CH,O) 9.4' (lit. (23) m.p. 124', [%ID (CHCI,) 9.2"); n.m.r.: 6 

and 2.10 (3H, singlet, CH,COO). (CDCI,) 3.78 (3H, singlet, OCH,), 2.22 (3H, singlet, 
Anal. Calcd. for C1,H,,O,: C, 61.09; H,  9.32, Found: CH,COO), and2.1-2.13 (12 H, two signalscorresponding 

C, 61.18; H, 9.58. to four acetate groups). This conlpound was found 
identical to an authentic sample (23). 

( c )  2-Merhoxyterrahydropyran The corresponding a-anomer 23 (22) was recovered 
2 - M e t h 0 x ~ t e t r a h ~ d r 0 ~ ~ r a n  (5.588 g, 48.17 mmol) was unchanged after being subjected to the reaction condi- 

ozonized in ethyl acetate (100 ml) at -78' (rate of ozone: tjons described above, 
1 mmollmin). The reaction was followed by proton n.m.r. The following methyl glycosides were submitted to the 
analysis of aliquots and was found to be complete after experimental conditions, The reactions were fol- 
2 h. Residual ozone was removed by flushing the system lowed by proton n,m,r, analysis, 
with nitrogen, then the solvent mas removed irl urrcuo. The 
crude material was treated with a mixture of pyridine ( b )  1~efh~12,3,4,6-TeTra-0-acer3J~-~-D- 
(10 ml) and acetic anhydride (10 ml). After 15 h, this rnanltopyranoside (18)  (24 )  
solution was evaporated to dryness; the residue obtained COnlp~und (I55 mg, O.43 nlmol) gave (reaction 
was dissolved in ether. This solution was washed with time, 10 h) methyl penta-0-acetyl-D-mannonate (21, 132 
aqueous s o d i ~ ~ m  carbonate and brine. The dried ethereal mg, 7473 after preparative t.1.c.   his ~ r o d u c t  was crys- 
solution was evaporated ill uaclro to give methy] 5- tallized from ether - petroleum ether, m.p. 80-81", 
acetoxypentanoate (6.380g, 94%). An analytical sample [!I578 (CHC13) +22- ;  11.~x.1 6 (CDC13) 3.68 (3H, 
was prepared by microdistillation; i.r.: v,,, (film) 1740 ~inglet, OCH,), 2.11 (3H, singlet, CH,COO), 2.08 ( 3 ~ ,  
cm-' ;  n.m.r.: (6) 4.05 (2H, diffuse triplet, CH20Ac),  singlet, CHaCOO), 2.04 ( 3 ~ ,  sing!et, CH,COO), and 
3.63 (3H, singlet, COOCH,), 2.34 (2H, multiplet), 2.00 2.02 (6H, sing1et, two CH3C00). 
(3H, singlet, OCOCH,), and 1.70 (2H, multiplet). Anal. Calcd. for C17H,,0,,: C, 48.57; H, 5.75. 

Anal. Calcd. for C,H1404: C, 55.16; H, 8.10. Found: C, 48.56; H, 5.80. 
C, 55.06; H, 8.05. The corresponding .I-anomer 24 (24) was recovered 

( d )  2-Methoxyterrahydrofuran ( 8 )  unchanged after the same treatment. 

S o d i ~ ~ m  acetate (4 g) was added to a solution of 2- ( c )  Methyl 2,3,4,6-Terra-0-nceryl-0-D- 
methoxytetrahydrofuran (1 .O2 g, 10 mmol) in acetic galaropyranoside (19)  (25 )  
anhydride (100 ml). This mixture was ozonized (rate of Compound 19 (225 mg, 0.62 mmol) gave (reaction 
ozone: 1 mmol/min) at  room temperature. The reaction time, 6 h) methyl penta-0-acetyl-D-galactonate (22, 241 
was followed by proton n.m.r. analysis of aliquots and mg, 92%) after preparative t.1.c. This product was crystal- 
was complete after 6 h. Residual ozone was removed by lized with ether - petroleum ether, m.p. 125-126', (lit. 
flushing the system with nitrogen. The mixture was heated (23) m.p. 126-127"); n.m.r. : 6 (CDCl,) 3.68 (3H, singlet, 
(oil bath temperature 100') for 2 h, then taken to dryness OCH,), 2.14, 2.09, 2.06, 2.01, and 1.99 (1 5 H, five singlets 
in uacuo. Water was added and the aqueous phase was corresponding to five acetate groups). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DESLONGCHAMPS ET AL.: OZONOLYSIS 3663 

The corresponding a-anomer 25 (25) was recovered 
unchanged after the same treatment. 

(d) Methyl 3,4,6-Tri-0-acetyl-2-deox-y-a-D- 
glucopyranoside (26)  (9) 

Method I .  Compound 26 (912 mg, 3 mmol) was treated 
with ozone under the conditions described above to give 
(reaction time, I h) methyl tetra-0-acetyl-2-deoxy-D- 
gluconate (28, 1.03 g, 81z )  which was crystallized from 
ether - petroleum ether, m.p. 55-57", b],,, (CHCI,) + 
33"; n.m.r.: 6 (CDCI,) 3.67 (3H, singlet, OCH,), 2.14 
(3H, singlet, CH3COO), and 2.04-2.07 (9H, two signals 
corresponding to three acetate groups). 

Anal. Calcd. for CI5HL2Ol0:  C, 49.72; H, 6.12. Found: 
C, 49.79; H ,  6.09. 

Method 2. Compound 26 (580 mg, 1.9 mmol) was 
ozonized in glacial acetic acid (100 ml) during 1.5 h at  
room temperature. The solvent was removed irt vaclro and 
purification of the residue by preparative t.1.c. gave pure 
methyl 3,4,6-tri-0-acetyl-2-deoxygluconate (27, 486 rng, 
80%) which was crystallized from chloroform - petroleum 
ether, n1.p. 106-107", [u],,, (CHCl,) +64"; n.m.r.: 6 
(CDC1,) 3.68 (3H, singlet, 0CH3),  and 2.05-2.10 (9H, 
two signals corresponding to three acetate groups). 

Compound 27 (208 mg) was then treated with a mixture 
of pyridine (5 ml) and acetic anhydride (5 ml) for 17 h 
a t  room temperature. After evaporation of the solvent, 
the residue was dissolved in chloroforn? and the organic 
solution was washed \+ith aqueous sodium bicarbonate 
and brine. The dried chloroform solution was evaporated 
to dryness and the residue was purified by preparative 
t.1.c. to give pure methyl 3,4,5,6-tetra-0-acetyl-2-deoxy- 
D-gluconate (28, 178 mg). 

The a-anomer 29 (9) was treated by ozone in acetic 
anhydride - sodium -acetate and it was recovered un- 
changed. 

( e )  Methyl 2,3,4-Tri-0-aceiyl-P-D- 
xylopyranoside (40) (26) 

Compound 40 (645 mg, 2.20 n~mol)  gave (reaction 
time, 8 h) methyl tetra-0-acetyl-D-xylonate (41, 602 mg, 
78%) after purification by preparative t.1.c. An analytical 
sample was prepared by microdistillation ; [XI, 7 8  (CHC1,) 
-6 ' ;  n.m.r.: 6 (CDCI,) 3.75 (3H, singlet, OCH,), 2.19, 
2.09, 2.06, and 2.04 (12 H,  four singlets corresponding to 
four acetate groups). 

Anal. Calcd. for C14H20010: C, 48.28; H, 5.79. 
Found: C, 48.10; H, 5.66. 

The corresponding a-anomer 42 (689 mg, 240 mmol 
(26)) was ozonized for 71 h and gave unreacted 42 (8%) 
and methyl tetra-0-acetyl-D-xylonate (41, 92%) which 
were separated by preparative t.1.c. 

(f) Met/zyl2,3,4-Tri-0-acetyl-cr-u- 
arabinopyranoside (45) (12) 

Compound 45 (2.0 g, 6.8 mmol) gave (reaction time, 
7 h) methyl tetra-0-acetyl-D-arabonate (44, 2.28 g, 95%) 
after purification by preparative t.1.c. This material was 
crystallized from ethanol; m.p. 128-129: (lit. (27) m.p. 
116"); n.m.r.: 6 (CDCI,) 3.74 (3H, singlet, OCH,), 2.17 
(3H, singlet, CH,COO), and 2.06 (9H, two signals 
corresponding to three acetate groups). 

Anal. Calcd. for C1,H,,O1,: C, 48.28; H ,  5.75. 
Found: C, 48.11 ; H ,  5.82. 

The corresponding B-anomer 43 (242 mg, 0.8 mmol 
(12)) was ozonized for 80 h and gave unreacted 43 (39%) 

and methyl tetra-0-acetyl-D-arabonate (44, 71%) which 
were separated by preparative t.1.c. 

l g )  Methyl 3,4,5-Tri-0-ncetyl-13-D- 
ribofiiranoside 146) 128) 

Compound 46 (0.3 g, 1.1 8 mmol) gave (reaction time, 
I6 h) methyl tetra-0-acetyl-D-ribonate (47, 0.32 g, 90%); 
m.p. 89-90;, [?I, (CHCI,) - 12.7 (lit. (29) m.p. 9OC, 
[%lo (CHCI,) - 13'); n.m.r.: 6 (CUCI,) 3.77 (3H, singlet, 
OCH,), and 2.03-2.13 (12 H, signals corresponding to 
four acetate groups). 

The corresponding r-anomer 48 (28) also gave com- 
pound 47 (reaction time, 18 h). 

Ozonolj~sis of !Model Con~pounds 
in) trcms-1,8-Dioxaoctah~~dronnpI1tnIene (37) (30)  
Compound 37 (926 rng, 6.52 mmol) was ozonized in 

ethyl acetate (75 ml) at  -78' (rate of ozone: 1 mmoll 
min). The reaction was found to be complete after 1.5 h. 
Residual ozone \vas removed by flushing the system with 
nitrogen, then, the solvent was removed it1 L ~ C I I O  to yield 
crude hydroxy lactone 38 (1.140 g, = loo%), i.r. : v ,,,, 
(film) 3450 and 1740 c m '  ; n.m.r.: 6 (CDCI,) 4.35 (3H, 
multiplet, CH,OCO), and 3.75 (2H, multiplet. CH,OH). 

Crude hydroxy lactone 38 was then treated with a mix- 
ture of pyridine (5 ml) and acetic anhydride (5 ml). After 
15 h. the solution was taken to dryness in cacuo to give 
compound 38 (H = CH,CO) which mas purified by 
column chronlatography (1.025 g, 80%). An analytical 
sample was prepared by microdistillation; i.r. : v,,, (film) 
1740 cm- ' ;  n.m.r.: 6 (CDCI,) 4.38 (2H, diffuse triplet, 
J = 6 Hz, CH,-OCO), 4.15 (2H, diffuse triplet, J = 6 
Hz, CH20Ac),  and 2.06 (3H, singlet, CH,COO). 

Anal. Calcd. for C,H,,04: C, 59.98; H, 8.05. Found: 
C, 59.79; H, 7.96. 

(b) cis-1,8-Dioxuocmhydrona~,htnle~1e (34) (30) 
Compound 34 (865 mg, 6.52 mmol) mas recovered 

unchanged after being subjected to the reaction conditions 
described above. 

(c) The fo l lo~ ing  con~pounds were found to be inert 
toward ozone (room temperature, ethyl acetate): ethyl 
diethoxy acetate (52, 3 h), P-D-glucosepel~taacetate (50, 
6 h), .I-D-glucosepentaacetate (51, 6 h), 6;s-dioxabicyclo- 
[3.2. lloctane (39, (3 I ) ,  6 h),  and 1 ,I-diacetoxyheptane 
(49, (32), 2 h in glacial acetic acid). 

Ozot~ol~~.ris of Para-substituted Benzaldel~yde Acetal 154) 
(a) A mixture of phenyl 2,2-dimethyl-1,3-dioxan (0.01 

M )  and p-methoxyphenyl 2,2-dimethyl-1,3-dioxan (0.01 
M )  in ethyl acetate was ozonized at -78' during 10 niin. 
The resulting mixture was analyzed by vapor phase 
chromatography (SE-30, temperature 135'). This experi- 
ment was repeated three t i ine~. Phenyl 2,2-dimethyl-1,3- 
dioxan was converted into 3-hydroxy-2,2-dimethylpropyl 
benzoate to the extent of 28%; p-methoxyphenyl 2,2- 
dimethyl-1,3-dioxan was transformed into 3-hydroxy-2,2- 
dimethylpropyl p-methoxybenzoate to the extent of 60%. 

(b) Using the technique described above, an  equimolar 
mixture (0.01 .W) of p-methoxyphenyl 2,2-dimethyl-1,3- 
dioxan and p-nitrophenyl 2,2-dimethyl-1,3-dioxan was 
ozonized. The first con~pound was converted into 3- 
hydroxy-2,2-dimethylpropyl p-methoxybenzoate to the 
extent of 70% while the second compound was trans- 
formed into 3-hydroxy-2,2-dimethylpropyl p-nitroben- 
zoate to the extent of 20%. 
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Similarly, an equimolar mixture (0.01 I M )  of phenyl 
2,2-dimethyl-1,3-dioxan and p-nitrophenyl 2,2-dimethyl- 
1,3-dioxan gave 3-hydroxy-2,2-dimethylpropyl benzoate 
( 8 6 7 3  and 3-hydroxy-2,2-dimethylpropyl p-nitrobenzoate 
(4075). 
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PETER C. KOBRINSKY and PHILIP D. PACEY. Can. J. Chem. 52,3665 (1974). 
Mixtures of neopentane and hydrogen were pyrolyzed in a flow system a t  826-968 K and 

27-400 mm Hg. Measurements of the yields of CH, and C2H, at  various conditions enabled 
calculation of the rate constant for 

at  926 and 829 K. The Arrhenius plot of these and earlier measurements from 372 to 1370 K is 
a curve, which can be represented by 

k = 102.9T2 exp (-40 kJ mol-'IRT) 
x 1 mol-' s-I 

PETER C. KOBRINSKY et PHILIP D. PACEY. Can. J. Chem. 52,3665 (1974). 
On a pyrolyse des melanges de neopentane et d'hydrogene dans un systeme continue a 826- 

968 K et 27-400 mm Hg. La mesure des rendements en CH, et en C2H6 sous diverses conditions 
permettent de calculer la constante de vitesse pour la reaction 

a 926 et 829 K .  Une courbe d'Arrhenius, reunissant ces mesures et d'autres anterieures a 372- 
1370 K, peut &tre representee par l'tquation 

k = 1 0 2 . 9 ~ 2  exp (-40 kJ mol-'/RT) 
x 1 mol-' s-I 

[Traduit par le journal] 

Introduction 
The reaction between methyl radicals and 

molecular hydrogen has recently been investi- 
gated by Clark and Dove (1) using reflected 
shock waves through hydrogen-azomethane- 
neon mixtures at 1272-1370 K. The rate 
coefficient measured was five times faster than 
predicted on the basis of earlier experiments at 
lower temperatures (372-591 K). The kinetic 
isotope effect for this reaction has also been 
studied recently, for thermal methyl radicals at 
399-645 K by Shapiro and Weston (2) and for 
photolytically "hot" methyl radicals by Ting 
and Weston (3). 

The reaction is of experimental interest be- 
cause it occurs in the industrial pyrolysis of 
hydrocarbons and because several theoretical 
calculations of the potential energy surface for 
the reaction have been performed, most recently 
by Raff (4). 

In the present study, neopentane-hydrogen 
mixtures have been pyrolyzed in a flow system; 
the decomposition of neopentane provided the 
source of methyl radicals. 

The main reactions expected to occur in this 
system are : 

This mechanism is identical with that proposed 
for the pyrolysis of pure neopentane (5); with the 
exception of the reaction under investigation 
(reaction 6), which is an additional source of 
CH,. 

The hydrogen atoms formed in [6] should 
regenerate H, by reaction 3, consuming more 
neopentane in the process. Thus, provided the 
mechanism is correct and ~rovided reaction 6 
occurs at a measureable rate, hydrogen should 
act as a homogeneous catalyst for neopentane 
decomposition. 
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Analysis of the mechanism leads to the fol- 
lowing relation between the initial rates of forma- 
tion of CH, and C,H,, R',,, and R ' , ~ ~ ~ ,  

A plot of the right hand side of this expression 
us. [H,]/[C,H,,] should be linear with a slope 
of k, and intercept k,. 

As was true in the case of pure neopentane 
pyrolysis, the rate coefficient, k,, for the initia- 
tion reaction, may be calculated from the 
expression, 

Experimental 
The basic a p p a r a t ~ ~ s  and experimental technique were 

the same as for the flow pyrolysis of pure neopentane (5). 
Hydrogen (Linde zero gas, 99.95%) was passed through 

a deoxo unit and a molecular sieve column at - 196 "C to 
remove any oxygen or trace hydrocarbons. Neopentane 
(Ph~llips Research Grade, 99.88%) was purified by trap- 
to-trap distillation and by degassing at  - 196 "C or at  
-95'C. Typical concentrations of CH, and C,H, as 
impurities in the reactant mixtures prepared were 1-20 
p.p.ni. and 0.1-1 p.p.ni., respectively. 

Two 75 cm long quartz reactors described in ref. 5 were 
reused: reactor i, 1.7 cm inside diameter, surface to 
volume ratio (S/V) = 3.1 cm-', and reactor iii 0.2 cm 
inside diameter, S/V = 23 cm-'. Temperature measure- 
ments at  intervals along the reactors, interpreted with the 
computer program described previously (6), indicated 
that 93% of the reaction occurred within 1 8  "C of the 
average temperature for a typical experiment. 

Flow rates of neopentane were limited to 0.1 mol/h or 
less to prevent the cooler entering gases from distorting 
the temperature profile (5). Because of its larger thermal 
conductivity and smaller heat capacity, hydrogen should 
not distort the profile significantly. 

The reaction products were analyzed by gas chroma- 
tography as in ref. 5. 

Results 
More than 300 experiments1 have been per- 

formed at reactor temperatures close to 829,926, 
and 968 K, pressures from 27 to 400 mm Hg, 
[H,]/[C,H,,] from 0 to 3.1, and reactor resi- 
dence times from 0.01 to 5.5 s, corresponding to 
conversions of neopentane from 0.1 to 6%. 

Dependence of Rates on Reaction Time 
The dependence of the rates of formation of 

CH, and C2H6 on reactor residence times for 

'Tables of data are available, a t  a nominal charge, from 
the Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada KIA OR6. 

fixed reagent pressures and compositions at 826 
and 968 K are shown in Figs. l a  and b. In all 
four cases the rates of product formation de- 
crease as the reaction time increases. A similar 
effect was observed with pure neopentane (5) 
and was attributed to self inhibition of the reac- 
tion by the isobutene formed. 

The solid lines in the figures were obtained by 
the method of least squares. The extrapolated 
initial rates reported in the following sections 
agreed with the nearest observed rates within 
10%. 

- o.oo 
0.05 0.1 

t , s  
FIG. 1. Rates of formation of CH4 and C2H6 as a 

function of reactor residence time for pyrolysis of (a) 
22 mm Hg of C5HlZ and 38 mm Hg of H, at  826 K and 
(b) 36 mm Hg of C,H,, and 72 mm Hg of H, at  968 K. 
Filled points, reactor i, S/V = 3.1 cm-'; open points, 
reactor iii, S/V = 23 cm-'. 
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KOBRINSKY AND PACEY: P YROLYSIS OF  NEOPENTANE 3667 

Addition of hydrogen did accelerate the 
decomposition of neopentane; at 923 K, on 
pyrolysis of 86 mm Hg of pure C,H,,, R0 ,,,4 
(which is 94% of the rate of decomposition of 
C5H12 at these conditions) was 11 mm Hg s - l ,  
but on pyrolysis of 82 mm Hg of C5H,, with 
164 mm Hg of H,, Roo, was 24 mm Hg s- I .  

Dependence of Rates on Pressure 
Dependence of the initial rates of formation of 

CH, and C,H, on total pressure in the reactor 
is shown in Figs. 2 and 3 for pyrolysis at 829 K 
of a mixture with [H,]/[C,H,,] = 1.69 and at 
926 K with [H2]/[C5H12] = 2.0, respectively. 

Both sets of data for C2H6 correlate well with 
the dashed lines of slope equal to 1.0. This 
behavior is predicted by the mechanism, pro- 
vided the chain initiation reaction is first order 
and provided reaction 7 is the only termination 
react~on. 

The order of CH, production in Fig. 2 agrees 
with the dashed line of slope 1.5 predicted by the 
mechanism. In Fig. 3, CH, production deviates 
from an order of 1.5 at low pressure; a similar 
effect was attributed to the pressure dependence 
of the recombination rate coefficient, k,, in ref. 5 .  

To avoid uncertainty regarding the value of 
k, ,  used in eq. 8, it is necessary either to work at 
conditions where k ,  is pressure independent or to 
extrapolate to high pressures. Two Lindemann- 

LOG,, P [mm Hg] 

FIG. 2. Order plots for CH4 and C2H6 formation for 
[H2]/[C,H,,] = 1.69 at  829 K. Filled points, reactor i ;  
open points, reactor iii. The dashed lines have slopes of 
exactly 1.5 and 1.0, predicted by the mechanism. 

I I 

2 .O 2.5 

LOG,, P [mm Hg] 

FIG. 3. Order plots for CH, and C2H, formation for 
[H,]I[C5H12] = 2.0 in reactor iii at 926 K. The dashed 
lines have slopes of 1.5 and 1 .O, as would be predicted by 
the mechanism if k ,  were independent of pressure. 

Hinshelwood plots, for 926 K and [Hz]/ 
[C,H,,] = 2.0 and 829 K and [H,]/C,H,,] = 
1.69, are shown in Fig. 4. The straight lines were 
determined by the method of least squares. 
According to eq. 8, k, is inversely proportional 
to distance along the vertical axis. At 829 K, k ,  
appears to be independent of pressure. At 
926 K,  the intercept, or infinite pressure extra- 
polated value, 1s w~thin 10x  of the nearest ob- 
served value. At 968 K (not shown in Fig. 4) the 
extrapolations were too long to be reliable and 
will not be quoted further. 

Variation of ,!Hz--/[C,H, ,*' Rafio 
Values of k ,  calculated using eq. 9 showed no 

trends with changing ratio of [H,] to [C,H,,]. 
The average results (with standard deviation) 
from this study of 4.2(*0.7) x s-' at 
926 K and 1.4($0.2) x lo-' s-I at 829 K 
agreed with the values of 4 x s-' and 
1.6 x s- l ,  respectively, calculated from 
the Arrhenius expression of ref. 5 .  

The effect of added hydrogen on values of 
k,  + k,  [H,] [C,H, , I -  calculated from expres- 
sion 8 are shown in Fig. 5.  The high pressure 
limiting value of k,  was taken as 2.43 x 10'' 
1 mol-' s - I  (7). There has been some criticism 
of this number (8) but any error would affect 
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TABLE 1. Arrhenius parameters for reaction 6 

Experimental system 

HzCCO photolysis ref. 9 
(CH3),C0 photolysis refs. 10, l 1 
(CH3),C0 photolysis ref. 12 
(CH3)2C0 photolysis ref. 2 
CSH1Z pyrolysis this work 
Combination of experiment 

and theory, ref. 1 

Measure 
of [CH,I 

Reaction 7 
Reaction 7 
Reaction 10 
Reaction 10 
Reaction 7 

P-', mm H ~ - '  

FIG. 4. Lindemann-Hinshelwood style plots for the 
experimental function, R°CH42[C5H12]-2R0C2H6-1, for 
[H2]/[CSHl2] = 2.0, T = 926 K (upper line) and [Hz]/ 
[C5H12] = 1.69, T = 829 K (lower line). @, Reactor i; 
0, reactor iii. 

earlier low temperature measurements of k ,  in 
the same way. At 926 K, values of Roc,,- 
[C,H,,]-' ( R ~ , , , ~ ) - ' ~ ~ ,  required in eq. 8, were 
obtained as the square roots of intercepts of 
Lindemann-Hinshelwood plots like Fig. 4. At 
829 K ,  average values of Roc,, [C,H, ,I-'- 
(R0c2H6)"2 for a particular mixture were cal- 
culated. 

The lines on Fig. 5 were calculated using the 
method of least squares. The intercepts give 
values of k ,  of 5.0(+ 1.0) x lo6 1 mol-' s-' at  
926K and 2.0(*0.2) x 10, 1 mol-' s-' at  
829 K. The averages agree within 1 and 12%, 
respectively, with values calculated from the 
Arrhenius expression in ref. 5. 

The slopes in Fig. 5 give values of k ,  of 
5.8(f  0.6) x 10, 1 mol-' s f '  at 926 K and 
2.4($-0.1) x lo6 1 mol-' s-' at  829 K. The 
Arrhenius expression calculated from these 
values is log k ,  = 10.1 - 59 kJ mol-'12.3 RT. 

FIG. 5. Values of k ,  + k6[H2][CsH12]-', calculated 
from eq. 8, as a function of [H2]/[C5H12] at 926 K, 0, 
and 829 K, @. 

Discussion 
Comparison with Other Work 

Values of k ,  from this work and from previous 
studies are shown in the form of an Arrhenius 
plot in Fig. 6. The corresponding Arrhenius 
parameters appear in Table 1 .  The low tempera- 
ture data of Gesser and Steacie (9) and Majury 
and Steacie (10) are based on photolytic experi- 
ments with methods of calculation like those of 
the present work. The other low temperature 
data were calculated from the results of the 
kinetic isotope effect experiments of Davison 
and Burton (12) and Shapiro and Weston (2) and 
from the Arrhenius parameters for 

measured by Chanmugam and Burton (13). 
There is some uncertainty regarding the rate of 
the latter reaction (14) but both the Arrhenius 
parameters and the absolute rates measured by 
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KOBRINSKY AND PACEY: F 'YROLYSIS OF  NEOPENTANE 3669 

FIG. 6.  Arrhenius plot for k , ;  +, measured by 
Gesser and Steacie (9); A, Majury and Steacie (10); 0, 
Davison and Burton (12, 13); 0, Shapiro and Weston 
(2,13); @, this work; ., Clark and Dove (I). The straight, 
solid line (a) is a least-squares fit to the data of ref. 2. 
The dashed curves (b) and (c) were calculated using acti- 
vated complex theory by Johnston and Parr (16) and by 
Clark and Dove (I), respectively. 

Chanmugam and Burton represent reasonable 
average values. The highest temperature point in 
Fig. 6 is taken from the recent experiments of 
Clark and Dove (1) on the shock tube pyrolysis 
of azomethane with added hydrogen. Clark and 
Dove made use of several other rate constants, 
previously determined by measuring the concen- 
tration of methyl radicals with a mass spectrom- 
eter during the shock tube pyrolysis of azo- 
methane with no hydrogen added. An additional 
calculation of k ,  by Benson and Jain (15) has 
been omitted, slnce it was based on the assump- 
tion that the Arrhenius p!ot for the reaction 

is a straight line, whereas the Arrhenius plots for 
several similar reactions are now believed to be 
curved (1, 5 ,  6). Values of k ,  calculated by Clark 
and Dove from thermochemistry and the rate of 
the reverse reaction have been omitted because 
of uncertainty in the thermochemistry re- 
quired (1). 

The four sets of low temperature data shown 
are in agreement with each other. The solid, 
straight line in Fig. 6 is drawn through the data 
of Shapiro and Weston (2), which came closest 
to predicting the high temperature rate constants. 
Even so, the values of k6 from the present work 
at 829 K are 3.0 times faster than would be pre- 
dicted from this straight-line extrapolation and 

3.2, 3.6, and 4.1 times faster than predicted from 
refs. 10,9, and 12, respectively. This supports the 
conclusion of Clark and Dove that the Arrhenius 
plot is best described by a curve. 

The Arrhenius parameters in Table 1 from the 
present work are also significantly greater than 
those determined at lower temperatures. 

To obtain an expression to fit all the data, 
values of k, were calculated for the end of each 
experimental range from the Arrhenius param- 
eters in Table 1. The values were fitted by least 
squares to expressions of the form, log k ,  - n 
log T = B - CT-I, where n is an integer or 
half-integer and B and C are constants. The best 
fit (taken as the maximum correlation coefficient) 
was obtained for rz = 2 and k6 = 102.9"0.' T 
exp (-40 i 1 kJ m o l - ' / R ~ )  1 mol-' s-'. This 
expression has not been illustrated in Fig. 6, as 
other techniques of data fitting could have led to 
different expressions. 

Possible Competing Reactions 
The formation of extra CH, by the reaction, 

[I21 CH3 + H -+ CH4 

can be ruled out since this is a termination reac- 
tion, and cannot exceed the rate of the inittation 
react~on 1. The rate of initiation, measured as 
RoC2,,, was only 0.5 to 3% of the rate of forma- 
tion of CH,. Furthermore the value of k , ,  cal- 
culated assuming reaction 12 did not occur, was 
constant at a particular temperature, as expected. 
Surface reactions can be ruled out because of the 
insensitivity to surface-to-volume ratio, demon- 
strated in Figs. la ,  2, and 4. Other potential 
sources of CH, and the possibility of curvature 
of the Arrhenius plot for k ,  can be eliminated by 
arguments similar to those in ref. 5. 

Cornparisor? ~)it/ i  Theorll, 
The dashed lines in Fig. 6 show the theoretical 

calculations of Johnston and Parr (16) and of 
Clark and Dove. Both sets of calculations are 
based on potential energy surfaces calculated by 
the bond-energy-bond-order (BEBO) technique 
and both employ activated complex theory, with 
tunnelling corrections for an unsymmetrical 
Eckart barrier. 

In contrast to the straight line a ,  both curves 
duplicate the observed curvature well, although 
they disagree regarding the absolute magnitude 
of the rate coefficient. Johnston and Parr do not 
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give full details of their calculation but they chose 
a bond dissociation energy, D,(H,C-H), of 
439 kJ mol-', whereas Clark and Dove chose 
465 kJ  mol-'. The resulting differences in poten- 
tial energy between activated complex and 
reactants, AV,,,, were 63 kJ mol-' (16) and 
52 kJ mol-' (1). Other theoretical treatments 
have yielded values of AV,,, from 30 to 100 kJ 
inol-I (4). 

In conclusion, it has been demonstrated that 
neopentane pyrolysis is a clean source of methyl 
radicals for reaction with other molecules, and 
that reaction 7 can be used as a measure of 
[CH,] under these conditions. Reaction 6 is 
sufficiently rapid that addition of hydrogen 
should accelerate most thermal decompositions 
in which methyl radicals play a major role. 
Activated complex theory, though unable yet to 
predict uniquely the absolute rate, does provide a 
satisfactory explanation for the observed curva- 
ture of the Arrhenius plot for the reaction of 
methyl radicals with molecular hydrogen. 

The authors wish to thank the National Research 
Council of Canada for a grant in support of this research. 
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New Route to Cyclic Azomethine Imines 
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P. C. IP, K. RAMAKRISHNAN, and J. WARKENTIN. Can. J. Chem. 52,3671 (1974). 
Cyclic azomethine imines, in which the ring is four-membered, have been synthesized by 

thermal decomposition of the readily available 2-hydrazono-A3-1,3,4-oxadiazolines. Possible 
mechanisms, involving the intermediacy of an  iminooxirane, are discussed. 

P. C. IP, K. RAMAKRISHNAN et J. WARKENTIN. Can. J. Chem. 52,3671 (1974). 
On a synthitise des azomethines imines cycliques contenant un cycle a quatre par la de- 

composition thermique des hydrazono-2 A3-oxadiazolines-1,3,4 facilement accessibles. On 
discute de differents mecanismes possibles impliquant la formation d'un iminooxyranne comme 
intermkdiaire. [Traduit par le journal] 

Azomethine imine ylids are readily available 
through a variety of routes including hydrogen 
abstraction from N-amino pyridinium salts 
(1, 2), photochemical ring contraction of a 
phthalazine to an isoindole ylid (3), reaction 
of azocyanides (4) or azocarbonyl compounds 
(5) with diazoalkanes, and reaction of 3- 
pyrazolidones with ketones (6-8). Cyclic azo- 
methine imines, containing a four- or five- 
membered ring, were reported in 1968 by 
Greenwald and Taylor (9, lo), who prepared 
them according to eqs. 1 and 2. Such compounds 
are useful in synthesis of other heterocyclic 

0 
1 1  NaH or 

[l] (Ar)2C=N-NH-C-CHCI - . 
1 K' O B u - t  
R 

fl NaH 
[2] (Ar),C=N-NH-C-CH2-CHfl - 

molecules (10, 11). Moreover, the four-mem- 
bered ylid (eq. I )  has interesting structural 
features; the X-ray crystal structure showing an 
ortho hydrogen of the Z-oriented aromatic 
ring within hydrogen bonding distance from 
N-2 (12). 

We report a new synthesis of 4,4-disub- 
stituted, cyclic, azomethine imines (3), which 
complements the previous route (eq. 1) (10, 11) 
and which extends to new members of the 
family, particularly 4,Cdisubstituted systems, 
not available by the previous route (1 1). 

Results and Discussion 
Scheme 1 illustrates the sequence of reactions 

by which carbonyl conipounds and carbo- 
hydrazide are converted to 2-hydrazono-A3- 
1,3,4-oxadiazolines (2) and to 3-oxo-1,2-diazeti- 
dinium hydroxide inner salts (3). 

Table 1 lists some compounds (2) which 
were synthesized in connection with the present 
work. Oxidative cyclization of carbohydrazones 
(Scheme 1) gave only one of the configurations 
possible at the exocyclic double bond (13). 
Such selectivity has been observed also in 
oxidative cyclization of 4-substituted semi- 
carbazones of ketones (14), which leads to 
2-imino-A3- 1,3,4-oxadiazolines with the Z-con- 
figuration at the exocyclic double bond (15). 
Compounds 2 are tentatively assigned the 
Z-configuration by analogy. 

Table 2 lists the new dipolar compounds (3) 
which have been synthesized by thermolysis 
of 2. The scope of Scheme 1 for the synthesis 
of 3 is currently limited to the following sub- 
stituent types: R,, R, = aryl; R, = H, R, = 
aryl; and R,, R, = alkyl. The spirocyclic 
compound 2i (Table 1) decomposed to a com- 
plex mixture containing the appropriate product 
3 (n.m.r. evidence) but a pure sample could not 
be isolated. In the case of 2h (Table I), the 
pyrolysis mixture was again complex and there 
was no evidence that it contained the expected 
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azomethine imine. The small C-3, C-4, N-1 
bond angle (81") of the azomethine imines 
(12, 16) would tend to enlarge the angle between 
exocyclic bonds to C-4, a geometry that could 
be mildly resisted in spiranes of the type under 
consideration. Whether strain at C-4 is a 
cause of the very low yields of such spiranes is 
not clear at this time. 

Attempts to prepare 3 with R, and/or 
R, = alkyl have been unsuccessful to date, 
possibly because such products undergo sub- 
sequent reactions involving proton transfer 
from the allylic positions of the imminium 
function. Compounds 3 with R, = H and/or 
R, = H are also not available via Scheme 1 
because the required precursors (2, R, = H 
and/or R, = H) undergo rapid azo-hydrazone 
tautomerism, precluding their isolation. For- 
tunately, the site selectivity in oxidation of 

unsymmetric carbohydrazones (1, R, = R, = 
alkyl; Ri = R, = aryl or R,  = aryl, R, = H) 
is just that depicted in Scheme 1 (13), placing 
alkyl substituents at C-5 of the ring and aryl 
substituents (or aryl and H) at the exocyclic 
hydrazono function of 2. Thus the new synthetic 
route nicely complements Taylor's method 
(eq. l), which cannot be adapted to the synthesis 
of 4,4-disubstituted members of the family 3 
because tertiary chloroacyl hydrazones give 
only products of elimination on treatment with 
NaH or t-BuO-K', and which also does not 
lead to systems 3 in which R, = H (1 1). 

Two configurations of 3 are possible if 
R ,  # R,. In the cases studied to date, we have 
obtained only the Z-isomers (R, = H, R, = 
aryl). Assignment of the configuration is based 
on the finding that diary1 compounds (R, = 
R, = aryl) have proton magnetic resonance 
(p.m.r.) spectra in which the chemical shift 
of two aryl protons is 8.0 6 while eight aryl 
protons (for the diphenyl system) absorb near 
7.4 6. The lower-field signal has been assigned 
to the two ortho protons of the 2-oriented 
phenyl group (1 I), since these are in close 
proximity to the negative amido nitrogen. All 
compounds 3 of Table 2, which have only one 
aryl group at the imminium carbon, have a 
two-proton signal near 8.06. They must 
therefore be the 2-isomers. 

The crystal structures of two members of 
the family 3 (R, = R, = CH,, R ,  = R, = 
p-C,H,X, X = C1, Br) have been determined 
(16). These not only confirm the assigned 
structure but also the close proximity between 
one ortho hydrogen of the 2-oriented aryl 
group and negative ring nitrogen, which has 
been described as a hydrogen bond (12, 16). 
In solution that interaction, if the term hydrogen 
bond is appropriate, is quite small. At -90°, 
in CH2C12, the n.m.r. spectrum of 3a showed 
two ortho hydrogens in equivalent environ- 
ments, at 8.0 6. 

Several mechanisms can be envisioned for 
the formation of 3 from 2 (Scheme 2). There is 
precedent for decomposition of 2-imino oxa- 
diazolines both to ketone and isonitrile (path a, 
Scheme 2) and to isocyanate and diazoalkane 
(path c) (17). Reactions of isocyanides with 
ketones are known (Passerini reaction) and an 
iminooxirane intermediate has been proposed 
(18). Evidence against operation of path a 
in the present system was obtained by decom- 
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R3 
'CZO + :C=N-N=CRIR2 f N2 

~ 4 /  

R2 R  I'/ t l 
'c' 

I I R2\rR' 
N R2> N rR1 R z T N  "\' 

I - R4$: "4yq- 4 

R 3 
R3 

- ".+o 
R 3 

position of 2 (R, = R, = CH,, R ,  = R, = 

C6H,) in 2-butanone, which was not incor- 
porated. Path c, involving isocyanate and 
diazoalkane as primary intermediates from a 
retro 1,3-dipolar cycloaddition has not been 
ruled out. Those products could recombine 
with loss of nitrogen to form an iminooxirane 
or the latter could arise more directly from 2 
(path 6). Im~nooxiranes have never been isolated 
but there is evidence that they can undergo 
thermolysis to  isocyanides and carbonyl com- 
pounds (19) and that they are interconvertible 
with a-lactams (20), probably through a dipolar 
intermediate analogous to  that involved in 
polymerization of a-lactones (21). 

The dipolar intermediate in the present 
system has available a third ring closure option, 
to form 3. Such closure is not possible, however, 
until the amido nitrogen has inverted con- 
figuration. Inversion of that configuration 
could occur via the a-lactam, in which re- 
sonance (22) would give the amido nitrogen's 
lone pair more p-character, or  it could occur in 
the zwitterion, which must have C-N bond 
orders below two because of conjugation. 
Once the amido nitrogen is inverted the azine 
system has the unstable s-cis configuration. 

I t  could either return to  4 or else the second 
nitrogen could invert to achieve another s-trans 
configuration (5). which is geometrically suited 
for closure to 3. Inversion of the second nitrogen, - 
however, converts from the E-configuration 
(R, = C6H,, R, = H)  of aldazine 2 (23), or 
of iminooxirane, to the 2-configuration. Thus 
the mechanism can account for the apparent 
selectivity of ring closure to the Z-isomers of 
3d-3g. The stereoselectivity, it should be 
emphasized, is not firmly established a t  this 
time for the stability of corresponding (un- 
known) E-isomers to the reaction conditions 
has not been demonstrated. 

The mechanism of formation of 3 is under 
investigation. 

Experimental 
Carbohydrazones were synthesized according to 

Scheme 1 ;  the aldehyde or aryl ketone moiety being 
introduced first and the aliphatic ketone last. Yields in 
these straightforward condensations were in the range 
65-90% for each step. A typical synthesis is described 
below. The procedures for oxidative cyclization of 
carbohydrazones and for therrnolysis of oxadiazolines 
are also described below. Properties and analyses of 
compounds are gathered in Tables 1-2. Melting points 
are uncorrected. 
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Benzaldehyde-4-arninosemicarbazone ( 6 )  CH,), 2.97 (s, 3, OCH,), 7.13-7.73 (ni, 10, phenyl); i.r. 
Carbohydrazide (5.0 g, 0.056 niol) and benzaldehyde 3345 cm-I (N-H), 1710 cm-I (CO). This product was 

(4.5 g, 0.042 mol) in 50 ml of absolute ethanol were identical to that obtained from heating 3a with methanol 
heated at  the reflux temperature for 1 h. The product in a sealed tube a t  150' for 30 h. 
which sevarated on cooling was filtered. washed with - 
hot  water, and recrystallized from ethanol: m.p. 165" This work was supported by the National Research 
(lit. (24) m.p. 173'); 86% yield. Council of Canada. 
Crossed Carbohydrazone of'Acetone and Benzaldehyde (7) 

A solution of 6 (20 g) in excess acetone (80 ml) was 
refluxed for 3 h. The solution was concentrated to 20 ml 
and the crystals which separated on cooling were filtered: 
yield 829,; m.p. 188-191". 

5,5-Dimethyl-2-(benzylidenehydrazono) -A3-1,3,4- 
oxadiazoline ( 2e) 

A solution of lead tetraacetate (LTA, 6.0 g, 0.0135 niol) 
in 25 ml of methylene chloride was cooled with ice. 
Gradual addition of 7 (2.0 g, 0.0092 mol) with stirring, 
was completed in 10 min; the temperature in the reaction 
vessel remaining below 5". Stirring was continued for 
15 min before ice water (50 ml) was added. After stirring 
for 10 min more, the dark brown slurry was filtered 
through Celite and the pale yellow organic layer was 
separated, washed with cold water (3 x 50 ml), with 
saturated sodium bicarbonate (50 ml), with cold water 
(3 x 50 ml), and dried with MgSO,. Filtration and 
evaporation left a yellow solid (65%) which was re- 
crystallized from petroleum ether: m.p. 95'; p.m.r. 
(CDCI,) 6 1.8 (s, 6), 7.5 (m, 5), 8.5 (s, 1). All aldehyde 
derivatives 2 (R, = H) showed a one-proton singlet 
near 8.5 6. All compounds 2 gave infrared spectra 
characteristic of 2-alkylidenehydrazono-A3-1 J,4-oxa- 
diazolines (13). Melting points and analyses are in Table 1. 

I-((Z)-phenylmethylene) -4,4-ditnet/2yl-3-oxo-1,2- 
diazetidinium Hydroxide, Inner Salt ( 3 d )  

A solution of 2e (0.20 g, 1.05 x niol) in chloro- 
benzene (10 ml) was refluxed for 24 h. About 7 ml of 
the solvent was distilled out. Cooling of the residual 
solution and addition of petroleum ether caused separa- 
tion of a white solid which was filtered, washed with 
petroleum ether, and recrystallized from petroleum 
ether ch lo ro fo rm to yield 3d (3773: m.p. 191'; p.ni.r. 
(CDCI,) 6 1.74 (s, 6), 7.1 (s, l), 7.45 (m, 3), 8.05 (m, 2); 
n1.s. 188 (molecular ion). Melting points and analyses 
of members of the family 3 synthesized by analogous 
procedures, are in Table 2. 

2-Meth0.y~-2-methyl-N- (dip/ier~~~ltnet/zy/enir~iino ) - 
propionamide 

2-Methoxy-2-methylpropanoic acid (25) was esterified 
with methanol and sul f~~r ic  acid (25). The ester (2.95 g, 
0.022 mol) was heated on the steam bath for 5 h with 
hydrazine hydrate (999,, 1.55 g, 0.031 mol). Evaporation 
of  liquid in a rotary evaporator at 80' left 1.63 g (55%) 
of crude 2-methoxy-2-methylpropanoic acid hydrazide 
as a colorless oil. The hydrazide (1.63 g, 0.0123 niol) 
was heated with benzophenone (4.5 g, 0.025 mol) in 
20 ml of ethanol for 17 h before the alcohol was removed 
a t  the water pump (65.). Washing of the solid residue 
with petroleum ether and recrystallization from ethyl 
ether in petroleum ether gave 0.34 g (IOY,) of the title 
compound: m.p. 125-126"; p.m.r. (CCI,) 6 1.30 (s, 6, 
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Etude des fluorures et oxyfluorures de chiore ClF, et CiOF, 
iiquides par rCsonance magnCtique nuclCaire 

Centre d'Etudes Nucle'aires de Snclay, Sen3ice de Chimie-Physique, BP N 0 2 ,  91190, Gif-suuYt,ette, France 

R e ~ u  le 28 mars 1974 

MICHEL ALEXANDRE et PAUL RIGNY. Can. J. Chem. 52,3676 (1974). 
Les mesures de temps de relaxation des aimantations nucleaires ainsi que I'interpretation des 

formes de raies d'absorption du fluor dans CIF, et C10F3 permettent de completer les donnies 
relatives a ces composes. Ainsi le deplacement ch imiq~~e  entre fluors inequivalents de ClOF, a 
ete trouve egal a 50 i 2 p.p.m. La constante de couplage chlore 35CI -fluor dans CIFs est 
Cgale a 192 Hz pour le fluor axial, et inferieure a 20 Hz pour les fluors equatoriaux. Enfin, des 
informations supplementaires telles que la vitesse de l'echange chimique entre fluors de CIOF,, 
ainsi les couplages chlore-fluor moyens dans ClF3 et C10F3 ont Cte obtenues. 

MXCHEL ALEXANDRE and PAUL RIGNY. Can. J. Chem. 52,3676(1974). 
Nuclear relaxation time measurements and interpretations of absorption line shape in CIFs 

and CIOF3 allow one to complete data for these compounds. Thus, the chemical shift between 
non-equivalent fluorine atoms in ClOF, has been found equal to 50 i 2 p.p.m. The coupling 
constant, chlorine -fluorine is 192 Hz for the axial fluorine, and less than 20 Hz for the 
equatorial fluorines. In addition to other information, such as exchange times between fluorine 
atoms in CIOF,, and the mean coupling constant chlorine-fluorine in ClOF, and ClF,, is 
reported. 

Introduction 
On connait les fluorures et oxyfluorures de 

chlore suivants: CIF, ClF,, CIF,; ClOF, CIOF,, 
ClO,F, CI02F3, CIO,F, CI0,F. L'existence de 
certains d'entre eux n'est pas encore ttablie avec 
certitude (ClOF), d'autres sont connus et carac- 
tirisks depuis peu: ClF, (I) ,  CIOF, (2, 3). Ce 
caractire rtcent, lie 2 une tris grande rtactivitt 
qui en rend le maniement dtlicat, explique le peu 
d'ttudes structurales dont ces corps ont fait 
I'objet. 

A I'exception de ClO,F, ils mettent en dtfaut 
la r&gle de I'octet, et la description des liaisons 
chimiques dans ces moltcules a fait I'objet de 
nombreux travaux (4). Pour les composts dont 
la structure est connue, l'une des liaisons CI-F 
(liaison courte) prtsente un catactire covalent 
comparable au compost ClF, tandis que les 
autres liaisons CI-F, plus longues, s'expliquent 
par un caractire semi-ionique ou une hybridation 
d'orbitales 3 centres - 4 Clectrons. Sauf pour le 
trifluorure et le pentafluorure, le spectre r.m.n. 
haute rtsolution du fluor apporte peu d'informa- 
tion sur la structure moltculaire, soit parce que la 
moltcule ne contient qu'un seul type de fluor, 
soit parce que l'tchange chimique est rapide, et 
une seule raie est observte. 

Nous prtsentons ici une ttude des composts 
ClF, et ClOF, par la relaxation nucltaire. La 
mesure des temps de relaxation peut se faire par 

l'ttude des formes de raies, ou, plus facilement, 
a l'aide de la spectroscopie r.m.n. par impulsions. 
De telles mesures apportent ici plus de renseigne- 
ments que la spectroscopie a haute rtsolution 
(tableau 1). Ainsi, il nous a t t t  possible de dtter- 
miner les constantes de couplages chlore-fluor 
pour les deux types de fluor de CIF,, et de con- 
firmer la structure de la molecule ClOF,, dtter- 
minte par spectroscopie Raman (5). L'existence 
de deux types de fluors inkquivalents en tchange 
rapide a it6 verifite; leur dtplacement chimique 
a pu Ctre obtenu par I'interprttation des temps 
de relaxation dans le rtfkrentiel tournant ainsi 
que par la forme de la raie d'absorption a 
250 MHz. 

La relaxation magnetique; thCorie 
Dans un champ magnttique statique H,,, un 

systime de spins posside une aimantation 
M,  = xH,, oh x est la susceptibilitt. Si cette 
aimantation est perturbte de sa valeur initiale, la 
composante parallile a H ,  revient a sa position 
d'tquilibre en un temps T I ,  tandis que la com- 
posante perpendiculaire dkcroit en un temps T,. 
Cette relaxation est provoqute par les couplages 
spin-rtseau, fonctions altatoires du temps. Sans 
entrer dans les dttails, rappelons que les fluctua- 
tions rapides (c'est-A-dire de temps caractkris- 
tique T ,  tel que ~ H , T ,  << 1) contribuent de f a ~ o n  
tgale aux relaxations longitudinales et trans- 
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ALEXANDRE ET RIGNY: ETUDE DES ClFs E T  CIOF3 LIQUIDES 3677 

TABLEAU 1. DonnCes magnetiques relatives a quelques fluorures et oxyfluorures de chlore 

C1F3 " C1F5 " ClOF3 a 

--- 

FI F2 FI F2 FI FZ C103F 

Deplacements 
chimiques (p.p.m.) 13 -113" - 425 ' - 260 - 308 - 254 - 287f 

Constante de 
couplage JF I F 2  (HZ) 403 133' 

Constante de 
couplage J3 C, - 260 c 192 6 20 195' 27gg 
'ClF1: liaison courte, ClF2 liaison iongue. 
bDeplacements chimiques exprimes a partir de CCI,F. 
'11 s'agit de la constante de couplage chlore-fluor moycnnc. 
dVoir ref. 6. 
Voir ref. 7. 
fVoir ref. 8. 
gVoir ref. 9. 

versales, tandis que les fluctuations lentes ne sont (o ,  - 02)re  << 1 (7, temps d'tchange), on n'ob- 
pratiquement efficaces que pour la relaxation serve plus qu'une seule raie, de largeur (cf. 
transversale (1 1). Appendice) : 

Dans les cas qui nous occupent ici, la relaxa- 1 1 8  2 1 tion longitudinale des noyaux de fluor est pro- [2] - = - + -n2v02(o, - 02) T~ + -- 
voqute par les fluctuations de l'interaction spin- 7-2 TI 9 T2 s 

rotation et des couplages dipolaires (10) tandis Le dernier terme 1/T2, est la vitesse de relaxa- 
que celle des noyaux de &lore ( 3 5 ~ 1  ou 3'Cl) est tion due a la modulation des couplage chlore- 
due aux fluctuations du  couplage quadrupole- fluor Par la relaxation du chlore et (ou) Par 
gradient de champ tlectrique. L'Ctude de ces l'echange interfluor. Son calcul detaille (10) ne- 
mtcanismes apporte peu d'information sur les cessite la connaissance x,, TIC,, des constantes de 
proprittes chimiques des composCs mais ren- cou~ lages  JCI-F,, JCI-F,  et du mecanisme d'e- 
seigne sur les mouvements molbculaires (15). 11 change (intraniolCculaire ou intermoleculaire). I1 
n'en est pas de m&me de la relaxation transver- peut s'ecrire: 
sale. Les mouvements lents qui dkterminent cette 

[3 1 l/T2, = 5n2(J2).r, derniere pourront &tre la relaxation longitudinale 
d u  chlore (T,,,), qui module les couplages 

(J2) = fJC1-F,2  + 2jJCI-F2 2 chlore-fluor JCrpF, ou 1'Cchange chimique entre 
fluors inequivalents. L'aspect des phenomenes et -1 - 1 

t tudits  depend de la vitesse du  mecanisme par T~ = TIC, + T ~ - ~  

rapport a la grandeur modulee. Dans ces corn- Une analyse dCtaill6e montre que l'expression 
poses, on sera toujours dans la situation 3 est en gtniral  approximative, mais n7entraine 
Jc lFTlc l  << 1 : les couplages chlore-fluor ne don- qu3une erreur faible. 
nent pas de structure fine, mais contribuent a la (c) A frtquence de Larmor tlevte (250 MHz), 
relaxation transversale des fluors. les dtplacements chimiques sont beaucoup plus 

Pour l'echange chimique entre fluors, qui Peut grands que les couplages scalaires fluor-fluor, et 
&tre ou bien rapide, ou bien lent devant la dif- les effets de ceux-ci peuvent &tre nigligts. La raie 
fkrence de deplacement chimiwe (01 - 0 2 1 ~ 0  d'absorption a approximativement l'tquation 
( ~ 0 9  frequence de Larmor), plusieurs cas sent a suivante, (cas d'un Cchange entre deux sites de 
distinguer : population f et  3): 

(a) Cchange chimique tres lent (ou inexistant): 
Si le spectre observe est du premier ordre (cas [41 S(v - VO) 

de ClF, a 56.4 MHz), les raies observtes corres- 1 
pondent aux transitions d'un spin, et ont  une 

- 2x7, + i(y + 
largeur 1/Tzi (transition du  fluor i )  (1 1)  Reel 

[ I ]  1 /T2 i=1 /T1i+5~2Jc , - , i2T1CI  

(b) si l'echange chi~nique est rapide, 2xv,- avecv,, friquence de Larmor, o = o, - o,. 
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I1 est in t i resant  d'observer aussi la relaxation 
en presence d'irradiation: on crte une situation 
oh l'aimantation nucliaire est transversale et l'on 
irradie la substance de telle sorte que, dans le 
referentiel tournant, I'aimantation soit coli- 
neaire au champ magnitique de radiofrtquence 
HI (spin locking). Dans ces conditions, l'aiman- 
tation transversale decroit avec une constante de 
temps TI,. En tchange rapide, on peut h i r e  
(12) : 

Le deuxikme terme peut Etre neglige B frequence 
de Larmor vo suffisamment tlevte. Les mesures 
des temps T,, completCes par celles des temps 
TI, conduisent dans ce cas au  dtplacement chi- 
mique (o l  - 0,) et au  temps d'echange T,. 

Dans l'utilisation des expressions 1 et 3 aux 
con~poses chlorts on doii tenir compte de l'htte- 
rogeneite isotopique du chlore (75% de 35CI et 
25x de 37C1), qui se inanifeste aussi bien sur les 
constantes de couplage Jcl-, que sur les temps 
de  relaxation T,(~'CI) ou T1(37C1). Par suite des 
valeurs relatives des rapports gyromagnktiques 
et des constantes quadrupolaires des deux iso- 
topes du chlore, il y a a peu pres compensation 
des deux effets: 

Par contre, l'expression 3 doit se rkcrire (nous 
negligerons l'effet isotopique sur 7,): 

avec 
2 2 

(J352) = i J 3 5 ~ 1 - ~ i  + iJ35c1-~z 

idem pour 37C1. 

PrCparation des Cchantillons et mCthsdes 
expCrimentales 

bes composes CIF, et CIF, proviennent de sources 
commerciales, et sont ensuite soigneusement distilles. La 
derniere distillation de ClF, est effectuee en presence de 
fluorure de potassium, afin de retenir ies traces d'acide 
fluorhydrique presentes. Malgre ces precautions, les dif- 
f e ren t~  echantillons de ClF, prCparCs presentaient de 
grandes differences quant a la vitesse d'kchange des 
atomes de fluor. 

Le lrifluorure de chlore monoxyde a ete synthetise au 
laboratoire, par la methode de Pilipovich ef a/. (2). par 
reaction entre le fluor et le nitrate de chiore. CIOF3 est 

ensuite stock6 a I'Ctat de complexe avec le fluorure de 
potassium et transfere dans des tubes de Kel-F juste 
avant l'emploi. Cette procedure Cvite la presence de 
produits de decomposition. 

Les temps de relaxation du fluor ont ete mesurCs par les 
methodes habituelles de la spectrometric pulsee (13): 
sequence d'impulsions n-n/2 pour le temps TI  et n/2-n 
pour le temps T,. Les spectrometres a impulsions ont Cte 
construits au laboratoire et permettent de travailler soit a 
frequence de Larmor variable (2-60 MHz), soit a frt- 
quence fixe (30 MHz) pour les mesures dans le referentiel 
tournant. Les spectres d'absorption du fluor ont Bte ob- 
tenus sur un spectrometre Varian NV-14 a 56.4 MHz et 
un spectrometre CAMECA a 250 MHz. 

( I  ) Relaxation transversale en haut champ et 
e'change rapide (Fig. I )  

Si 1'Cchange chimique entre fluors inequiva- 
lents (F,  et F,) est suffisamment rapide, il est 
possible de choisir une friquence de Larmor vo 
tel que vo(o, - 02)z, << 1 et vo2(ol - oJ2.t, >> 
l/T7< 

~ a n s  ces conditions, la mesure du  temps 
T2(F) (ou du temps T, ,  si HI tend vers 0)  conduit 
B la quautite (o ,  - o,)*t,, tandis que la pente de 
la droite TI,  = f(H12), (HI varie de 0.5 a 3 G) 
donne le terme t,/(ol - c , )~ .  Les temps 7, et les 
dkplacements chimiques de ClOF, dCduits de ces 
mesures sont rassemblCs dans le tableau 2. A la 

TEMPERATURE ( O K )  

TEMPERATURE INVERSE x1o3 

FIG. I. Temps de relaxation T2 du fluor de 
C10F3, en fonction de la temperature aux frequences de 
Larmor vo = 30 MHz (+) et vo = 1.7 MHz (V). 
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ALEXANDRE ET RIGNY: ETUDE DES ClFs ET ClOF3 LIQUIDES 3679 

TABLEAU 2. Dtplacements chimiques et temps d'echange 
entre fluors de CIOF, a diverses temperatures, deduits 

des mesures de relaxation dans le referentiel tournant 

Difference de 
deplacelnent 

Temperature chimique Temps d'ichange 
("C) (p.p.m.1 ( x  lo5) 6 )  

prtcision des mesures prks ( l o x ) ,  le dtplacement 
chimique est trouve independant de la tempera- 
ture, tgal 2 50 * 2.5 p.p.m. et reproductible d'un 
tchantillon a l'autre. Le temps d'echange, au 
contraire, a un comportement anormal: il tend a 
augmenter lorsque la temperature s'tleve. Ce 
serait paradoxal s'il s'agissait d'un processus 
simple (riaction du premier ordre), mais peut se 
comprendre dans le cas d'une cinetique d ' t -  
change complexe. Quand les tchantillons vieil- 
lissent, le temps t, Cvolue, mais le diplacement 
chimique trouvt o, - o, reste constant. Ceci 
est compatible avec un tchange catalyst par des 
impuretts, qui, B faible concentration ne peuvent 
avoir d'influence sur le dtplacement chimique 
observe. Une meilleure comprehension de cet 
aspect ntcessiterait une identification des especes 
prtsentes dans I'tchantillon; celle-ci n'est nulle- 
ment possible ni en r.m.n. ni en spectroscopie 
Raman. 

( 2 )  Relaxation transversale eiz bas champ 
(Fig. I ) 

En choisissant v, assez petit pour 
vo2(ol - ~ , ) ~ t ,  << 1/T2,, on aura 1/T2 -- 1 
En tenant compte du fait que 

( 3 )  Etude des spectres d'absorption du fluor 
( a )  Spectre de CIOF, a 250 MHz 
A 250 MHz, d'apres les vaieurs du tableau 2, 

on voit que 2nv,(o, - o , ) ~ ,  - 1. La forme de 
la raie d'absorption est complexe et donnte par 
I'expression 4. En ajustant la courbe thtorique 
au spectre exptrimental (Fig. 2), on est conduit 
aux valeurs suivantes pour la difftrence de de- 
placement chimique et le temps d'kchange (a 
+ 20 "C) : 

L'accord entre le dtplacement chimique ob- 
tenu par analyse de la forme de raie 250 MHz 
et celui dtduit des temps de relaxation est ex- 
cellent. Les inesures B haut champs conduisent, 
de plus, aux valeurs relatives des deplacements 
chimiques (par rapport a CFCl,): 

o, (liaison courte) = - 308 F 2 p.p.m. 

o, (liaisons longues) = -254 rt 2 p.p.m. 

( b )  Spectre de CIF5 a 56.4 MHz 
Ee spectre haute resolution du fluor de ClF, 

(7) correspond a celui attendu pour une moltcule 
de symCtrie C,,, avec un atome de fiuor axial 
(FA) et quatre atomes equatoriaux (F,). A 56.4 
MHz ce spectre est du premier ordre et compose 
d'un doublet et d'un quintuplet avec v,(oF, - 
o,,) = 9300 Hz et JFA-FE = 133 Hz. Un examen 
approfondi du spectre realist sur un appareil de 
bonne rtsolution rtvele que, d'une part. les raies 
du quintuplet sont beaucoup plus larges que les 

et connaissant le temps T, (7, est dCduit des me- 
sures B haut champ et Tl(C1) = T,(Cl) a t t t  
mesurt d'aprks la largeur de la raie d'absorption 
du chlore 35Cl) l'expression 3 permet d9Cvaluer la 
constante de couplage moyenne fluor-chlore 
35C1. On aboutit aux rtsultats suivants: I Gauss 

ClF,, ( ( J ~ ~ , , - , ~ ) ) ~ ' ~  = 260 HZ 

FIG. 2. Derivee de la raie d'absorption du fluor 19F 
Ces constantes sont du m@me ordre de gran- de C~OF, a vo = 250 MHZ. La courbe pointiilke esi cal- 

deur que celles des liaisons C1-F dans CIO,F, culee d'apres la dCrivCe de I'expression 4. 
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FIG. 3. Spectre haute-rtsolution de CIF, a -20'C 
(vo = 56.4 MHz). 

raies du doublet (Fig. 3), et que d'autre part, 
chaque raie du doublet se decompose en deux 
raies dlintensitCs 3 : 1 et dCcalCes de 0.09 p.p.m. 
(Fig. 4). Nous attribuons ce dedoublement 2 un 
effet des isotopes du chlore sur la liaison C1-F; 
sa valeur est voisine de celle qui a CtC observCe 
pour 35C1F6 +-37C1F6+ (14) 0.15 ? 0.02 p.p.m.). 

L'ichange entre fluors dans ClF,, s'il existe, 
est trop lent pour affecter les proprietes de r.m.n. 
Les autres micanismes susceptibles de contribuer 
aux largeurs des raies sont: 

f a )  les fluctuations rapides (couplages dipole- 
dipole et spin-rotation) qui contribuent &gale- 
ment B la relaxation longitudinale (typiquen~ent 
de l'ordre de 1 Hz). 

(b) le fait que I'approximation AX, (couplage 
fluor-fluor trait6 au premier ordre cn perturba- 

FIG. 4. Doublet du spectre haute-resolution de CIF, 
B - 62 "C (v0 = 56.4 MHz). 

tion) n'est pas suffisante. Au second ordre, cette 
perturbation provoque l'apparition d'une struc- 
ture fine d'tcartement JFAFEZ/~O(~A - oE) E 

2 Hz. Ici cette structure fine n'est pas rCsolue, 
mais participe a 1'Clargissement des raies du 
doublet. 

( c )  le couplage chlore-fluor, moduli par la 
relaxation du chlore (expression 1). 

Pour les raies du quintuplet (largeur a mi- 
hauteur 37 Hz -73 "C),  les deux premieres 
causes d7Clargissement sont nigligeables et l'ex- 
pression 1 (le temps T,(Cl) = T,(Cl) est dCduit 
de la largeur de la raie d'absorption du chlore 
,jC1 (10)) conduit a 

Les raies du doublet sont beaucoup plus 
etroites (4 Hz). La difference entre la largeur ob- 
servee et les deux premieres causes d'elargisse- 
ment est de l'ordre de grandeur de l'erreur expe- 
rimentale (0.5 Hz). On n'a alors qu'une limitation 
suptrieure de la contribution scalaire a la re- 
laxation transversale 

Les mesures de couplage chlore-fluor sou- 
lignent la difference entre les deux types de 
liaison chlore-fluor. La constante de couplage 
chlore-fluor axial, correspondant B la liaison 
courte (de caractkre covalent) est beaucoup plus 
grande que celle de la liaison chlore-fluor Cqua- 
torial, qui prCsente un caractkre plus ionique. 

Conclusion 
L'Ctude de la relaxation nucliaire, par mesure 

directe des temps T,  et T I  ainsi que par l'inter- 
pretation des largeurs de raies dans la sCrie des 
fluorures et oxyfluorures de chlore permet de 
completer les informations obtenues par r.m.n. 
haute resolution du fluor. On a pu Ctudier les 
couplages scalaires chlore-fluor dans ClF,, ClF,, 
ClOF,. On a pu aussi mesurer Ie deplacement 
chimique entre fluors inequivalents de ClOF,, 
malgre un Cchange chimique rapide, et mesurer 
cette vitesse d'echange. 

Nous sommes heureux de pouvoir remercier ici Madame 
D. Martin, Messieurs R. Bougon et Tue Buy Huy tant 
pour la preparation des echantillons que pour leurs con- 
seils et les discussions fructueuses qu'ils nous ont permis 
d'avoir. 
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Appendice 
Expression de la vitesse de relaxation transversale 

du fluor duns lesfluorures de chlore en 
pre'sence d'e'change chimique rapide 

Pour des molCcules telles que ClF, ou CIOF,, 
1'Cchange chimique induit trois mkcanismes sus- 
ceptible~ de participer B la relaxation transver- 
sale du fluor: (I) les difftrences de dtplacements 
chimiques entre fluors; (2) les couplages fluor- 
fluor; (3) les couplages chlore-fluor. 

Si la vitesse d'Cchange est rapide devant la 
diffkrence de dCplacement chimique, seuls les 
mkcanismes (1) et (3) contribuent a la relaxation: 

1/T, = relaxation due aux autres mtcanismes 
que ceux envisagts ci-dessus; 0, - o2 = dif- 
ftrence de dCplacement chimique entre fluors, 
v, = frkquence de Larmor, .re = temps d't- 
change, 1/T2, = relaxation due aux couplages 
scalaires chlore-fluor. 

L'expression ci-dessus s'ttablit comme suit: 
L'hamitonien fluctuant total, module par l 't- 
change, s'tcrit 

Ii, spin de l'atome i de fluor; Sa, spin de l'atome 
a de chlore. o,(t), dtplacement chimique du spin 
i a l'instant t (oi = o, ou o,); Ji, .(t), couplage 
entre les spins i et a a l'instant t (Ji,. = J1 ou J2 
si i et a sont sur la mGme molkcule; J,,, = 0 si 
i et a sont sur des moltcules differentes). 

Ji,(t) couplage entre les spins i et j 5 l'instant t. 
La vitesse de relaxation est dtterminke par 

1'Cquation (1 1). 

oG p est la matrice densitt et I, = XI,' 
Dans les hypothises suivantes: 2nv,(o, - 

02)r, << 1 ; 2n(v, - v ~ ~ ) T ~ ~ ~  >> 1 et en observant 
que : (I) il ne peut y avoir de terme lineaire en vo ; 
(2) les couplages fluor-fluor ne participent pas 
la relaxation : 

[J~~(~)Z~Z~,Z,] = 0 

la relaxation des fluors est exponentielle et carac- 
tCrisCe par un temps T2 : 

Le premier terme ne dtpend pas du mtcanisme 
d'Cchange envisagC et est Cgal a 47-t2v0~(o, - 
02)2r,. Par contre le second terme dCpend du 
mtcanisme d'Cchange (intermolCculaire ou in- 
tramoltculaire). 
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Arrhenius Parameters for Reaction of the tert-Butylperoxy and 
2-Ethyl-2-propylperoxy Radicals with some Nonhindered Phenols, 

Aromatic Amines, and Thiophenolsl 
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J. H. BERNARD CHENIER, EDWARD FURIMSKY, and JAMES ANTHONY HOWARD. Can. J. Chem. 
52,3682 (1974). 

Preexponential factors and activation energies are reported for the transfer of a hydrogen 
atom from phenol, B-naphthol, aniline, B-naphthylamine, thiophenol, and b-naphthalenethiol 
to a tertiary alkylperoxy radical ((CH,),COO' and C2H5C(CH,),00'). The A-factors fall in 
the range 2 x 10" to 2 x lo7 M - I s - '  and increase in the order CsH5SH - B-CloH7SH - 
B-Cl0H7NHZ < C6H5NH2 - p-Cl0H7OH < C6H50H while the activation energies fall in 
the range 1 to 5 kcal mol-' and increase in the order CsH5SH - P-CloH7SH < a-CIOH7- 
NH2 - B-CloH70H < C,H50H - C6H5NH2. Differences in activation energies and pre- 
exponential factors are not consistent with a reaction mechanism which attributes low activa- 
tion parameters solely to an equilibrium between the reactants and a hydrogen bonded free 
radical -reactant complex, followed by H-atom transfer within the complex. 

J. H. BERNARD CHENIER, EDWARD FURIMSKY et JAMES ANTHONY HOWARD. Can. J. Chem. 
52,3682 (1974). 

On rapporte les facteurs preexponentiels et les energies d'activation pour le transfert de 
I'atome d'hydrogene du phenol, a-naphthol, de I'aniline, de la B-naphthylamine, du thiophenol 
et du a-naphthalenethiol a un radical alkylperoxy tertiaire ((CH,),COO'et C2H5C(CH,),00a). 
Les facteurs A varient entre 2 x 10" et 2 x lo7 IM-' s- '  et augmentent dans l'ordre C6H5- 
SH - p-CloH7SH - a-CloH7NH2 i C6H5NHz - a-CIoH,OH < C,H50H alors que les 
energies d'activation varient entre 1 et 5 kcal mol-' et augrnentent dans I'ordre de C6H5SH - 
a-CloH7SH < 0-C,,H,NH, - B-C,,H,OH < C,H,OH - C,H,NH,. Les differences dans 
les energies d'activation et dans le facteur preexponential ne sont pas en accord avec un 
mecanisme reactionnel qui n'attribue des parametres d'activation bas qu'a un equilibre entre 
les reactifs et un complexe reactif - radical libre lies par un pont hydrogene suivi par un trans- 
fert d'atome d'hydrogene a l'interieur du complexe. [Traduit par le journal] 

Introduction (benzenethiol and P-naphthalenethiol), AH, 
We have recently reported the results of a kl 

kinetic electron spin resonance (e.s.r.) study of [I] ROO' + AH -t ROOH + A' 

reaction of the ;ert-butylperoxy radical with 
some hindered phenols and aromatic amines (11, 
compounds that are widely used as antioxidants. 
This work showed directly that the preexponen- 
tial factors (lo4-lo5 M-'  s-') and activation 
energies (0.5-1.0 kcal mol-') for these hydrogen 
atom transfers are significantly smaller than 
Arrhenius parameters that are usually associa- 
ted with bimolecular reactions (2, 3). 

In this paper we report the results of a similar 
kinetic e.s.r. study of reaction of the tert-butyl- 
peroxy radical (and also the 2-ethyl-2-propyl- 
peroxy radical) with some nonhindered phenols 
(phenol and P-naphthol), aromatic amines (ani- 
line and P-naphthylamine), and thiophenols 

'NRCC No. 14225. 

where R is tert-butyl and 2-ethyl-2-propyl, k ,  is 
the reaction rate constant, and A' is either a 
phenoxy, anilino or thiophenoxy radical. 

It was hoped that a knowledge of the Arrhe- 
nius parameters for hydrogen atom donors with 
the reaction site not protected by bulky ortho 
substituents might offer some insight into the 
mechanism for the transfer of a hydrogen atom 
from a heteroatom (0, N, and S) to an oxyl 
radical. 

Experimental 
rert-Butylperoxy radicals were generated by photolysis 

of 2,2'-azoisobutane (0.01-0.02 M) in oxygen saturated 
isopentane-toluene (90: 1 by vol) in the presence of a 
large excess of the reactant. 2-Ethyl-2-propylperoxy radi- 
cals were formed by photolysis of 5-10% di-terf-butyl 
peroxide in oxygen saturated isopentane (also in the pres- 
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ence of the reactant). The peroxy radical concentration 
was followed as a function of time after the initiating light 
was interrupted by e.s.r. spectroscopy (4). The order with 
respect to each component was determined by working 
at different initial peroxy radical and reactant concentra- 
tions. Stoichiometric factors were determined either by 
the e.s.r. induction period method described previously 
( I )  or, for the compounds which did not give sharp in- 
duction periods, by an alternative 'dark' e.s.r, method. 
This method involved photochemical generation of a 
known concentration of (CH3)3COO' (usually about 

M) in the cavity of the spectrometer in the absence 
of the reactant at - 100 "C. A fraction of these radicals 
was then destroyed by addition of a known concentration 
of reactant (ca. 1/4[(CH3),C00']o) in the dark. Because 
of the uncertainties involved in the determination of ac- 
curate absolute radical concentrations stoichiometric fac- 
tors were determined relative to 2,6-di-tert-butyl-4- 
methylphenol, which is known to react with 2 equiv. of 
peroxy radicals (1). 

The phenols, aromatic amines, thiophenols, azoisobu- 
tane, toluene, isopentane, fluorotrichloromethane, tert- 
butyl hydroperoxide, and tert-bulyl alcohol were commer- 
cial san~ples which were purified by the usual techniques. 
Deuteration of 0-naphthol was accomplished by the 
method described previously (1 ) .  

Results and Discussion 
Stoichiometric Factors 

The overall reaction of a peroxy radical 
(ROO') with a hydrogen atom donating reac- 
tant (XH) is given by 

[2] n ROO' + XH + Nonradical products 

where n is the stoichiometric factor. 
Boozer et al. ( 5 )  found and it has since been 

confirmed (6), using the hydrocarbon autoxida- 
tion induction period method, that n = 2 for 
phenol and P-naphthol. The analogous e.s.r. 
induction period method could not be used for 
these compounds, aniline, and P-naphthylamine 
because they were destroyed by continuous pho- 
tolysis much faster than 2,6-di-tert-butyl-4- 
methylphenol. Stoichiometric factors of 2.0 
were, however, obtained when a known concen- 
tration of (CH,),COO' was destroyed by a 
smaller concentration of the phenols and aroma- 
tic amines in the dark. 

The e.s.r. induction period method could be 
used for thiophenol and 0-naphthalenethiol and 
gave n-factors of 2.0 for these compounds. 

Product studies and stoichiometric factors 
equal to 2.0 have conclusively demonstrated that 
reaction 2 for hindered phenols (A'H) consists 
of the elementary reactions 

11'1 ROO' + A'H + ROOH + A'' 

[3] ROO' + A'' + A'OOR 

Exhaustive product studies have not been re- 
ported for reaction of peroxy radicals with 
C,H,OH, P-C,,H,OH, C,HjNH,, P-CIoH7- 
NH,, C,HjSH, and P-C,,H,SH. However, the 
fact that each molecule of these compounds re- 
acts with 2 tert-butylperoxy radicals strongly 
suggests that in our system reaction 1 is followed 
by a reaction analogous to [3], i.e., 

k3' 
[3 'I ROO' + A' -> ROOA 

The only circumstance in which the stoichio- 
metric factor would not be equal to 2.0 would be 
if the dimerization of A' radicals were occurring, 
i.e., 

The occurrence of reaction 4 in our system is 
most unlikely because, at the concentrations of 
AH used, k,'[ROO'][A'] >> 2k,[A'I2 since 
[ROO'] >> [A'] and k,' 2 2k,, at least for phe- 
noxy radicals (7, 8). 

Kinetics 
Rate laws for hydrocarbon autoxidation in- 

hibited by nonhindered phenols and aromatic 
amines can be complex (9). This is because the 
nonhindered phenoxy and anilino radicals (A') 
produced in reactions analogous to [I]  (where 
ROO' would be the peroxy radical derived from 
the hydrocarbon) can undergo chain propaga- 
ting reactions with the substrate (RH) and ac- 
cumulated hydroperoxide (ROOH) 

[61 A' + ROOH + AH + ROO' 

Despite this problem absolute values of k ,  have 
been estimated for several alkylperoxy radicals 
and a number of nonhindered phenols and aro- 
matic amines (10). It is, however, difficult (and 
probably impossible) to determine reliable 
Arrhenius parameters for k ,  from kinetic inves- 
tigations of inhibited autoxidations. 

Our method of investigating reactions of the 
tert-butylperoxy radical with reactive substrates 
(1,4) is more suitable for kinetic studies of reac- 
tion 1 because it cannot be complicated by re- 
action 5 (because of the absence of RH) and is 
unlikely to be complicated by reaction 6 be- 
cause [(CH,),COO'] 2 (CH,),COOH and k,  < 
k3'. 

Rates of disappearance of (CH3),COOe in the 
presence of a large excess of phenol, P-naphthol, 
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aniline, P-naphthylamine, thiophenol, and P- 
naphthalenethiol were exactly first order in the 
radical concentration, i.e., - d[ROO']/dt = 
k,,, [ROO'] where k,,, is the pseudo first-order rate 
constant (nk, [AH]). Bimolecular rate constants 
(k,) did not vary by more than a factor of 2 when 
[AH] was changed by at least a factor of 10. 
Reaction 1 can, therefore, be accurately described 
by the rate law 

- d [ROO'lIdt = 2k1 [ROO'] [AH] 

Rates of disappearance of (CH,),COO' in the 
presence of P-C,,H,OH, P-C,,H,NH,, C,H,- 
SH, and P-C,,H,SH were not influenced by the 
addition of 0.1 M tert-butyl hydroperoxide. On 
the other hand, values of k ,  for phenol and ani- 
line were about one half as large in the presence 
of this concentration of hydroperoxide as they 
were in its absence. Rate reductions of a similar 
magnitude were obtained when rert-butyl alcohol 
was used instead of rert-butyl hydroperoxide. It 
would, therefore, appear that intermolecular hy- 
drogen bonding lowers the reactivity of phenol 
and aniline at such high hydroperoxide concen- 
trations. 

At low temperatures and high reactant con- 
centrations self-association could possibly in- 
fluence the -reactivity of some of the hydrogen 
donors studied in this work. Of the six com- 
pounds that we have studied phenol would be 
expected to give the most stable hydrogen bon- 
ded dimer. The thermodynamic parameters for 
the self-association of this compound in CCI, 
are AH' = -2.3 kcal mol-' and AS0 = - 1.3 
e.u. (1 I). Consequently at - 100" a M solu- 
tion in isopentane (the lowest temperature and 
highest phenol concentration used) should be at 
least 75% dissociated. Clearly, self-association 
should have little or no influence on reactant re- 
activity in our systems. 

Intermolecular H-bonding between the reac- 
tant and solvent is, however, more important for 
nonhindered phenols than for hindered phenols. 
For instance the value of k, for P-C,,H,OH at 
20" in the presence of acetonitrile (1 M) is ap- 
proximately 25% (8 x lo3 M -  ' s- ') of the value 
in the absence of acetonitrile (3.2 x lo4 M-' 
s-') whereas for hindered phenols acetonitrile 
(4 M) only reduces the rate constant by a factor 
of 2 (1). 

Absolute values of the bimolecular rate con- 
stant, k,, for P-C,,H,OH in isopentane from 

TABLE 1. Absolute rate constants 
for reaction of C2H5C(CH3)200'a 

and (CH3)3COO'b with 
B-naphthol in isopentane 

Temperature 
("C) 10-3k l (M-1  S - I )  

- 93 to + 20 "C are listed in Table 1. Below 
about - 20" radicals produced from azoisobu- 
tane and from di-tert-butyl peroxide and iso- 
pentane gave rate constants which were the same 
within experimental error. At + 20°, however, 
the former method gave rate constants consis- 
tently about a factor of 2 smaller than the latter 
method. Bennett and co-workers (12) have re- 
cently suggested that the decay of (CH3),COO' 
(produced from azoisobutane) can be influenced 
by radical regeneration from thermolysis of cis- 
azoisobutane (produced during irradiation) dur- 
ing the dark reaction. Consequently, at tempera- 
tures above -20" values of k ,  for P-C,,H,OH 
(and the other compounds studied in this work) 
were determined for radicals formed by pho- 
tolysis of di-tert-butyl peroxide in oxygen satu- 
rated isopentane ; below - 20" rate constants 
were determined for radicals produced by both 
methods. 

A plot of log (k, IM - ' s- ') against the recipro- 
cal of the absolute temperature for P-C,,H,OH 
is shown in Fig. 1. This plot afforded the Ar- 
rhenius equation log (k,/M-'  s-I) = 6.4 - 
2.618, where 0 = 2.303RT kcal mol- '. 

These Arrhenius parameters are significantly 
smaller than the values of log (AIM-' s-l)  = 
8.9 and E = 7.3 kcal mol-' reported by Tse- 
palov and Shlyapintokh for reaction of the 1- 
phenylethylperoxy radical with P-naphthol (13). 

Extrapolation of the Arrhenius equation found 
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FIG. 1. A plot of log (k,/M-' s-') for the reaction 
of (CH,),COO' (0)  and C2H5C(CH3)200' (0) with 
13-naphthol against the reciprocal of the absolute temper- 
ature. 

in the present work to 60" yields a value of k, = 
5.0 x 10" M - '  s-', in excellent agreement with 
a rate constant of 3.3 x lo4 M - '  s-l  that can 
be calculated for reaction of the 9-peroxy-9,lO- 
dihydroanthracene radical with P-naphthol at 
this temperature2 (14). 

P-Naphthol is approximately 10 times less re- 
active than a-naphthol to ROO' at - 95" where- 
as at 60" it is only about 4 times less reactive. 
The difference in reactivity between the two 
naphthols is due to a difference in activation 
energies (ElP - Ela - 1 kcal mol-l) since A,"/ 
Alp - 1.0. 

A significant reduction in reactivity occurred 
when the phenolic hydrogen in P-naphthol was 
replaced by deuterium. Absolute values of k, 

'The value of the rate constant for reaction of the 9- 
peroxy-9,lO-dihydroanthracene radical with 13-naphthol 
was calculated from Mahoney's (14) rate constant ratio 
of k5/k3 = 39.0 at 60°, where k, and k, are the rate 
constants for reaction of the 9-peroxy-9,lO-dihydroan- 
thracene radical with D-naphthol and 9,lO-dihydroan- 
thracene, respectively. The value of k, was estimated to 
be 850 M - I s - '  from a rotating sector study of the 
autoxidation of 9,lO-dihydroanthracene and assuming 
that the A,-factor for 9,lO-dihydroanthracene is equal 
to the A,-factor of 5.6 x lo6 M-I s-I f or tetralin (10). 
The agreement between directly and indirectly determined 
values of k l  really is remarkable in view of the circuitous 
way in which the indirect value of k, was obtained. This 
agreement must increase considerably our faith in rela- 
tive rate constants obtained from hydrocarbon autoxida- 
tion and absolute rate constants determined by the rota- 
ting sector technique. 

for the deuterated compound fit the equation 
l ~ g ( k ~ / l l . l - ~ s - ' )  = 6.5 - 3.910. The difference 
in activation energies between P-CloH70D and 
P-Cl,H,OH (ElD - ElH = 1.3 kcal mol-') is 
very close to the value of 1.4 kcal mol-I calcu- 
lated on the basis of a simple zero point energy 
effect. Within our experimental accuracy there 
was no difference between AIH and AID. 

The linearity of the Arrhenius plot for P- 
naphthol over a 120" temperature range and the 
similarity between AID and AIH confirm our pre- 
vious conclusion (1) that quantum mechanical 
tunneling has very little influence on the transfer 
of a hydrogen atom from a phenol to a peroxy 
radical. 

Kinetic parameters3 for reaction of the tertiary 
alkylperoxy radicals with C6HjOH, C6HjNH2, 
P-CloH,NH,, C6H ,SH, and P-C,,H,SH are 
listed in Table 2. Since absolute values of k, 
are accurate to within a factor of 2 at any one 
temperature the activation energies and pre- 
exponential factors listed in this table are ac- 
curate to f0 .5  kcal mol- ' and f 0.5 log unit, 
respectively. 

The A-factors increase in the order C,H,OH > 
P-CloH70H - C6HjNH2 > P-CloH7NH2 - 
C6HjSH - P-CloH,SH and the activation ener- 
gies in the order C,H,OH - C6HjNH2 > 
P-CloH,OH - P-CloH,NH, > P-CloH7SH - 
C6HjSH. The A-factor for C6HjOH is close to 
the "normal" value while those for C,HjNH2, 
P-CloH,NH2, C6HjSH, and P-CloH,SH are 
low. 

The phenols are more reactive than their nitro- 
gen analogs because of larger A-factors while 
P-naphthol and P-naphthylamine are more re- 
active than their phenyl analogs because of 
lower activation energies. The thiophenols are 
somewhat anomalous in that both Arrhenius 
parameters for the phenyl and naphthyl deriva- 
tives are of similar magnitude. These parameters 
are, however, significantly smaller than the 
Arrhenius parameters for the analogous phenols. 

Arrhenius parameters have not been pre- 
viously reported for reaction of any of these 
compounds with peroxy radicals. There are, 
therefore, no published values with which we can 
compare our results. 

3A complete compilation of the values of k, is avail- 
able, at nominal charge, from the Depository of Un- 
published Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada KIA 0S2. 
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TABLE 2. Arrhenius parameters and rate constants at 30" for reaction of 
(CH3),COO' and C,H5C(CH3)200' with some phenols, aromatic amines, and 

thiophenols in isopentane 

Substrate log ( A , / M - '  s-I)" Elb/kcal mol-' 10-3k1(M-' s-') at 30' 

n & 0 . 5  log units. 
b ?  0.5 kcal mol-I. 
<Calculated from the appropriate Arrhenius equation. 
dPer active hydrogen. 

Absolute values of the ra.te constants for reac- 
tion of phenol with the poly(peroxystyryl)peroxy 
radical (k , '  at  65" = 5 x 103 M - I  s-' ) (10) and 
with the 9-peroxy-9,lO-dihydroanthracene radi- 
cal (k, '  at  60" = 8.2 x lo3 M - l  s- '  ) (14) have 
been reported. These values are very similar to 
the extrapolated values of k ,  for phenol at  these 
temperatures ( k ,  at 60' = 6.0 x lo3 M - '  s-' 
and k l  at 65" = 7.0 x lo3 M - '  s-I). 

A rate constant of approximately 3 16 M-' 
S - '  has been estimated for reaction of aniline 
wlth the poly(peroxystyry1)peroxy radical at  65" 
(15) which is somewhat smaller than our esti- 
mated reactivity of this compound (k, = 1200 
M - ~  s - l ,  ) vlth . (CH,),COO' at  this temperature. 

We have previously concluded (16) that 2,6- 
di-tert-butylphenol (BP) is less reactive than 
phenol (P) at 65- to peroxy radicals because the 
sterlc protection afforded by the two bulky ortho 
tert-butyl groups overshadows the accelerating 
effect due to electron release by these substi- 
tuents. I t  IS now clear that the differences in 
reactivity of these phenols (klBP/klP = 185 at 
-95" and klBP/kiP = 1.0 at 40") are the result 
of differences in both A, (log A , ~ / A , ~ ~  = 2.9) 
and El (ElP - ElBP = 4.2 kcal mol-I). This 
means that adding two ortho tert-butyl substi- 
tuents to phenol decreases the entropy of activa- 
tion for the transfer of a H-atom to a peroxy 
radical by about 13 e.u. and decreases the en- 
thalpy of activation for this process by about 
4 kcal mol- I .  

The low Arrhenius parameters for reaction 
of the tert-butylperoxy radical with hindered 
phenols and aromatic amines (A'H) have been 
attributed (1) to the formation of a hydrogen 
bonded free radical-reactant complex, followed 
by transfer of a hydrogen atom within the com- 
plex (17). 

ka 
ROO' + A'H ROO.....HA' 

k b  

kc 
ROO....HA' I ROOH + A' 

According to this mechanism the overall acti- 
vation energy will be low by an amount equiva- 
lent to the heat of formation of the hydrogen 
bonded complex (AH0) and the preexponential 
factor will be low by an amount equivalent to 
the loss in entropy on formation of the complex 
(ASo). The differences in AS* and AH* for phe- 
nol and 2,6-di-tert-butylphenol are consistent 
with this mechanism since values of -AH' and 
-AS0 for the formation of a hydrogen bonded 
complex between tetrahydrofuran and 2,6-di- 
tert-butylphenol are 4 kcal mol-' and 20 e.u. 
larger than the corresponding thermodynamic 
parameters for phenol and tetrahydrofuran (18). 

The similarity between AAHf and AAHo for 
phenol and 2,6-di-tert-butyphenol implies that 
all of the difference in E, could be due to AAHO. 
There must, however, be some contribution to 
AE, from the difference in the strengths of the 
0-H bonds that are broken because the ab- 
straction of a H-atom from 2,6-di-tert-butyl- 
phenol by ROO' is approximately 9 kcal mol-' 
more exothermic than from phenol.4 If the reac- 
tion of these phenols with ROO' follows a 
Polanyi relation with a value of cc = 0.63 (22) 

4The strength of the OH bond in 2,6-di-terr-butyl- 
phenol can be estimated to be -81.0 kcal mol-' (19) 
while the value of Dco-,,, in phenol is -90 kcal mol-' 
(20). The lower value for BP is not surprising when one 
considers that -8 kcal mol-I of strain energy will be 
partially relieved with the loss of a hydrogen atom (19). 
Furthermore the barrier to rotation of the hydroxyl 
group in 2,4,6 tri-tert-butylphend is at least 1.6 kcal 
mol-' lower than in phenol (21). 
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AE, would be -6 kcal mol- '. Clearly all of AE, 
between phenol and 2,6-di-tert-butylphenol can be 
accounted for either by the difference in the heats 
of formation of an H-bonded radical-reactant 
coinplex or by the difference in the exothermici- 
ties of the reaction. It is, however, much more 
reasonable to conclude that both factors may 
influence A El.  

Aromatic amines and thiophenols do not form 
detectable concentrations of a H-bonded com- 
plex with tetrahydrofuran at ambient tempera- 
tures, almost certainly because values of - AH0 
are very small. Consequently, the low values of 
log A, and El for these con~pounds cannot be 
attributed to a transition state which is stabilized 
by a H-bonded free radical - reactant complex. 

The differences in El for the compounds listed 
in Table 2 must, therefore, be almost entirely 
due to differences in the strengths of the X-H 
bond that is broken. Unfortunately although 
estimates of D(N-H) for C,H,NH, (-88 kcal 
mol-l) and P-C,,H,NH, (-82kcal mol-') 
have been made (23) there are no reliable esti- 
mates of D(S-H) for C,H,SH and P-C,,H,SH. 

The differences in log A, ,  particularly the very 
low values for the thiophenols, are more difficult 
to rationalize. There does, however, appear to 
be a semi-qualitative relationship between AH* 
and AS* which implies that the transition states 
with less bond breaking and more bond making 
(i.e., the more exothermic reactions) are 'tighter' 
or more rigid. 

Phenol is considerablv more reactive than 

BEBO method (27)) have suggested that ab- 
straction of a H-atom from oxygen by an oxy 
radical is energetically more favorable than ab- 
straction from carbon because the anti-bonding 
or triplet repulsion energy for the transition 
state R O O  . .H. . .OC,H, is smaller than for 
ROO. . .H. . .CH,C,H,. Very qualitative BEBO 
calculations of these systems tentatively imply 
that the difference in activation energies could 
be as large as 5 kcal mol-'. Unfortunately these 
calculations are even more qualitative when they 
are extended to aromatic amines and thiophe- 
nols. 

To conclude, low activation parameters for 
reaction of hindered and nonhindered phenols 
with t-ROO' can be partially attributed to a re- 
action mechanism that involves an equilibrium 
between the reactants and a H-bonded free radi- 
cal -reactant complex, followed by the transfer 
of a H-atom within the complex. This mechan- 
ism, however, cannot be invoked to explain the 
low activation parameters for reaction of thio- 
phenols with tert-ROO'. Some of the differences 
in activation energies for reaction of C,H,XH 
(where X = CH,, 0 ,  NH and S) with terr-ROO' 
may be due to differences in the strengths of the 
X-H bond. The differences in the A-factors may 
then be the resuit of a correlation between A S *  
and AH*. 

One of us (E. F.) thanks the Chevron Research Coni- 
pany for financial support in the form of a Fellowship. 

toluene (k,C6H50H/k,C6HjCH3 - 3 x lo5 at 303) to 1. J. A. HOWARD and E. FURIMSKY. Can. J. Chem. 51, 
3738 (1973). 

(CH3)3C00' even though the heats of these H- 2. S. W. BENSOY. Thermochemical kinetics. John Wiley 
atom transfers are comparable (20). This dif- and Sons, Inc., New York. 1968. 
ference is principally due to a difference in acti- 3. D. M. GOLDEN. Fourteenth syniposiuni (inter- 
vation energy ( E ~ ~ ~ ~ ~ ~ ~  - EC6H50H ,- 6.0 kcal national) on combustion. The Conibustion Institute, 
mol-') since log ( A ~ ~ ~ ~ ~ ~ / A ~ ~ ~ ~ ~ ~ "  1 .0).5 The Pittsburgh. 1973 p. 121. 

4.  E .  FURIMSKY and J. A. HOWARD. J. Am. Chem. Soc. lower activation energy for phenol is consistent 95, 369 (1973j ,  
with the involvement of a H-bonded radical- 5. c. E. BOOZER. G,  s .  HAMMOND. c .  E, HAMILTON, and 
reactant complex in the transition state, the 
similarity between the A-factors for these two 
compounds is, however, not consistent with this 
mechanism. 

Both Mahoney (20) (using Johnston and Parrs' 
bond-energy-bond-order calculation (25)) and 
Zavitsas (26) (using his modification of the 

'The A-factor and activation energy for reaction of 
(CH3),COO' with toluene have not been measured. 
They must, however, be very similar to the values re- 
ported for p-xylene (24). 

J. N. SEN. J .  Am. Chem. Soc. 77, 3233 (1955). 
6. E. C. HORSWILL, J. A. HOWARD, and K .  U. INGOLD. 

Can. J. Chem. 44, 985 (1966). 
7 .  E. R.  MAHONEY. J. Am. Chem. Soc. 89, 1895 (1967). 
8. L. R. M A H O ~ E Y  and S. A. WEIUER. J .  Am. Chem. 

Soc. 94,  585 (1972). 
9. L. R. MAHONEY. Angew. Chem. Intern. Ed. Engl. 8, 

547 (1969). 
10. J. A. HOWARD. Adv. Free Radical Chem. 4,49 (1972). 
11. S. N .  VINOGRADOV and R .  H. LINNELL. Hydrogen 

bonding. Van Nostrand Relnhold Co., New York. 
1971. p. 125. 

12. J. E .  BENNETT, J. A. EYRE, C. P. RIMMER, and R. 
SUMMERS. Chem. Phys. Lett. 26, 69 (1974). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3688 CAN.  J .  CHEM. 

13. V. F. TSEPALOV and V. YA. SHLYAPINTOKH. Dokl. 
Akad. Nauk SSSR, 124, 883 (1959). 

14. L. R. MAHONEY. J. Am. Chem. Soc. 89, 1895 (1967). 
15. K. U. INGOLD. Free radicals, 2, 37 (1973). 
16. J. A. HOWARD and K. U. INGOLD. Can. J. Chem. 41, 

2800 (1963). 
17. L. R. MAHONEY and M. A. DAROOGE. J. Am. Chem. 

SOC. 94, 7002 (1972). 
18. S. S~NGH and C.  N. R. RAO. J. Am. Chem. Soc. 88, 

2142 (1966). 
19. L. A. MAHONEY, F. C. FERRIS, and M. A. DAROOGE. 

J. Am. Chem. Soc. 91, 3883 (1969). 

VCL. 5 2 ,  1974 

20. L. R. MAHONEY. Private communication. 
21. K. U. INGOLD and D. R. TAYLOR. Can. J. Chem. 39, 

471 (1961). 
22. I. B. AFANASEV. Usp. Khim. 40, 216 (1971). 
23. E. T. DENISOV. Usp. Khim. 42, 361 (1973). 
24. S. KORCEK, J. H. B. CHENIER, J. A. HOWARD, and 

K. U. INGOLD. Can. J. Chem. 50, 2285 (1972). 
25. H. S. JOHNSTON and C. PARR. J .  Am. Chem. Soc. 85, 

2544 (1963). 
26. A. A. ZAVITSAS. Private communication. 
27. A. A. ZAVITSAS. J. Am. Chem. Soc. 94, 2779 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUNICATIONS 

Synthesis of Lactose-Operator Gene Fragments by the Improved 
Triester Method1 
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K. ITAKURA, N. KATAGIRI, and S. A. NARANG. Can. J. Chem. 52.3689(1974). 
The synthesis of lactose-operator gene fragments have been achieved by the improved 

triester n~ethodology and new phosphorylating and condensing reagents. 

K. ITAKURA, N. KATAGIRI, et S. A. NARANG. Can. J. Chem. 52,3689(1974) 
La synthese des fragments du g&ne operant de la lactose a ete realisee par la methode amelio- 

ree du triester en utilisant de nouveaux agents de phosphorylation et de condensation. 
[Traduit par le journal] 

The lactose-operator gene constitutes a unique 
sequence of 21-24 bases in E. coli which has the 
remarkable property of regulating the biological 
function of the lactose-operon (1). Recently 
Gilbert and his co-worker (2) have presented a 
unique sequence of 24 base pairs (see Scheme 1) 
by determining the sequence of RNA transcrip- 
tion copies of this fragment. In this communica- 
tion, we wish to report the application of our 
improved triester approach for the chemical 
syntheses of pentadeca- (I), dodeca- (2), nona- 
(3), and hexanucleotides (4) representing the 
twofold symmetrical region of the lac-operator 
gene sequence. 

The basic feature of the triester approach as 
reported by most other laboratories (3-6), in- 
volved a "two-step", reaction, i.e. phosphoryla- 
tion followed by subsequent coupling at each 
synthetic step. However, we observed that the 
initial phosphorylation did not give a pure 3'- 
phosphodiester component in quantitative yield 
thus leading to very complicated reaction mix- 
tures on addition of the second component. We 
overcame this pr'oblem by using 5'-protected 
nucleosides containing fully protected 3'-phos- 
phate groups 5 as starting material (7). Thus 5'- 
dimethoxytrityl nucleoside 6 was phosphoryla- 
ted with bistriazolide of p-chlorophenyl phos- 

'NRCC No. 14252. 

phate 9,' a new and highly efficient phosphory- 
lating reagent (8). This reaction went to comple- 
tion in 6 h at room temperature and on subse- 
quent treatment with P-cyanoethyl alcohol, a 
fully protected mononucleotide 5 was obtained 
in quantitative yield after isolation by silica gel 
chromatography. Treatment of 5 with 80% acetic 
acid afforded 5'-hydroxy 3'-fully protected nu- 
cleotide 8, whereas a very mild alkaline treatment 
(0.05 N sodium hydroxide, dioxane-water) se- 
lectively removed the P-cyanoethyl group to give 
a 5'-protected nucleoside 3'-phosphodiester 
product 9. Using triisopropylbenzenesulfonyl 
chloride (TPS) as condensing reagent and the 
synthetic path outlined in the scheme, we ob- 
served that the yields of oligonucleotides con- 
taining purine bases (especially guanine) were 
consistently low (ca. 207,) (9, 10). By introducing 
two new condensing reagents, mesitylenesulfonyl 
triazolide (MST) (10) and p-nitrobenzenesul- 
fonyl triazolide3 (m.p. 147-149") (8) (p-NBST), 

'It was prepared by condensing p-chlorophenyl phos- 
phodichloridate (1 equiv.) with 1H-1,2,4-triazole (2 
equiv.) in the presence of triethylamine (2 equiv.) in 
dioxane. Due to extremely labile nature of bistriazolide 
of p-chlorophenyl phosphate, the reaction mixture was 
used immediately after the removal of triethylammonium 
hydrochloride. 

31t was prepared in the quantitative yield according to 
the published procedure (10). It was characterized satis- 
factorily by elemental and spectral analyses. 
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(I)  p-NBST 
5 8 

R- 0 
( 1 1 )  Slllca gel chromatogrdphy 

1 1 1  
( 1 1 1 )  OH- 

(M~O)~T~O$O-P-O- 
1 R- 0 R- 0 4 (mo)2TroJ/&-!-o- 

C1 

9 

R- 0 R- 0 R- 0 
(i) p-NBST 

10 + 8 
/ I  / I  

(ii) (iii) OH- Silica gel chromatography (McO)JrO\t7~\tq\t*!-0 
0 0 

I 

CI C1 C1 

11 
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COMMUNICATIONS 3691 

( i )  p-NBST R- = Thymine 
N-benzoyladenine 

(ii) Silic_a gel chromatography N-benzovlcvtosine 
12 

(iii) OH' 9 N-acetylguakne 1 

R - 0  R-0 R-0 R - 0  R - 0  R- 
(i) p-NBST 

11 + 13 
I /  I l  

(ii) Silica gel chromatography (Me0);TrO\tf J/,&f\tP&/\toAc 
0 0 0 0 0  

SCHEME 1. Lactose-operator gene sequence 

substantially higher yields were realized at each 
step. For example, the protected dodecanucleo- 
tide [(MeO),Tr]dbzA-bzA-T-T-acG-T-acG-bzA- 
acG-bzC-acG-acG(Ac) was synthesized by con- 
densing [(MeO),Tr]dbzA-bzA-T-T-acG-Tp(C1- 
Ph) (0.5 mmol) with dacG-bzA-acG-bzC-acG- 
acG(Ac) (0.4 mmol) in the presence of p-nitro- 
benzenesulfonyl triazolide4 (p-NBST) (2.5 mmol) 
for 2 days. The reaction was then taken up in 
chloroform (25 ml) which was washed with 0.1 
M triethylammoniumbicarbonate buffer (5 ml x 
3) and finally with water (10 ml). The organic 
layer was dried over anhydrous sodium sulphate 
and evaporated. The resulting residue was co- 
evaporated with toluene three times to remove 
pyridine and applied to silica gel column5 (10 x 
5 cm) in chloroform (10 ml). The column was 
eluted with a mixture of chloroform-methanol 
(lo%, 1 1). Fractions of 2 m1/5 min were collected 
at room ternperat~re.~ The fully protected do- 
decanucleotide (0.98 g) was isolated from frac- 
tion 36-44 in 41%. By using the similar experi- 
mental conditions, we obtained the following 
isolated yields of hexa- (60-65%), nona- (55- 
60z)), and pentadecamer (30-40%) (see Table 1). 

The complete deprotection of fully protected 

41t did not cause any sulfonation of 5'-hydroxyl group 
of oligonucleotide. Moreover the condensation reaction 
using (p-NBST) afforded the very clean reaction as com- 
pared with TPS. 

5Thin-layer chromatographic silica gel was used for 
column chromatography. 

%very second fraction was checked on silica gel t.1.c. 
plates in chloroform-methanol (9: 1) solvent. 

dodecanucleotide (0.1 g) was carried out with 
0.1 N sodium hydroxide - dioxane (100 ml) at 
room temperature for 48 h. After neutralization 
with Dowex-50 (pyridinium form), the concen- 
trated residue was treated with concentrated 
ammonia (50 ml) for 2 days at room tempera- 
ture and finally with 80% acetic acid (50 ml) for 
20 min at room temperature. The deprotected 
compound was isolated by gel filtration on Se- 
phadex 6-25 (SF). 

The homogeneity of each unprotected com- 
pound was checked rigorously by (i) t.1.c. on 
silica gel using aqueous solvent systems (11); 
(ii) homochromatography of 5'-32P-labeled com- 
pound according to Sanger (12) and Wu (13) 
techniques; (iii) complete digestion with snake 
venom or spleen phosphodiesterase enzymes to 
their expected ratios of nucleoside to nucleotides. 
Finally the sequence of each frag~nent was con- 
firmed by two-dimensional chromatography 
(electrophoresis on cellulose acetate strip at p H  
3.5, pyridine-acetate buffer followed by homo- 
chromatography on DEAE cellulose thin-layer 
plates in 2% partially hydrolyzed RNA con- 
taining 7 M urea) of 5'-labeled oligomers par- 
tially digested with snake venom phosphodies- 
terase enzyme. Each oligomer gave the expected 
finger-printing pattern (14). 

In conclusion, with this improved triester 
approach and the new phosphorylating and 
condensing reagents, we have been able to 
achieve large scale syntheses of longer oligonu- 
cleotides of defined sequence in high yields using 
approximately equimolar ratios of each com- 
ponent. 
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TABLE 1.  Reaction conditions of various condensation steps and the yields 

Product 
3'-Phosphodiester component 5'-Hydroxyl component 

- . -- Completely deblocked compound 0 
Amount Amount p-NBST' Yield -- > 

Identity (mmol (g)) Identity (mmol (g)) (mmol) Identity (% (g)) Identity Yield (%) 
I 

[(MeO)2Trl%db~A-bzCC-bzAp(CIPh) 1 . I  (2 1) dbzA-T-T(Ac) l (1 .3 )  3 [(MeO),Tr]dbzA-bzC-bzA- 62 (2) A-C-A-A-T-T 71 0 
bzA-T-T(Ac) 4 ZZ 

[(MeO),Tr]dbzA-T-bzAp(C1Ph) 0.5 (0 95) dbzA-bzC-bzA-brA-T-T(Ac) 0.48 (1.40) 2 [(MeO),Tr]dbzA-T-bzA- 57 (1.30) A-T-A-A-C-A-A- 
brA-bzC-bzA-bzA- T-T 
T-T(Ac) 3 

64 

< 
[(Me0),Tr]h~A-bzA-T-T-acG-Tp(CIPh) 0 .5  ( 1  62) dad-b7A-acG-bzC-acC-acG(Ac) 0.4 (1.10) 2.5 [(MeO),Tr]dbzA-bzA-T-T- 41 (0.98) A-A-T-T-G-T-G-A- 0 

acC-T-acG-bzA-acG- G-C-G-G 52 r 
bzC-acC-acC(Ac) 2 VI 

[(MeO),Tr]dbzA-bzA-T-T-d-Tp(CIPh) 0.15 (0.49) dT-brA-T-bzC-b7C-acC-hzC-T-hzC(Ac) 0.1 (0.43) 0.65 [(MeO)2Tr]dbrA-brA-T-T- 35 (0.26) A-A-T-T-G-T-T-A-T- 
N 

acG-T-T-hzA-T-bzC- C-C-G-C-T-C 45 ;; 
brC-acG-bzC-T-bzC(Ac) 1 4 

e 

p-NBST signifies p-nitrobenzenesulfonyl triazolide, a new condensing reagent used in the present studies. 
bAbbreviation are as  suggested by the IUPAC-IUB Commission (15). 
CBenroyl protecting group was found t o  be stable under the reaction condition uslng 11-nitrobenzenesulfonyl triazolide a s  condensing reagent. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUNICATIONS 3693 

1. F. JACOB and J. MONOD. J.  Mol. Biol. 3, 318 (1961). Can. J. Chem. 51, 3649 (1973). 
2. W. GILBERT and A. MAXAM. Proc. Natl. Acad. Sci. 8. N. KATAGIRI, K. ITAKURA, and S. A. NARANG. 

70, 3581 (1973). Unpublished work. 
3. R. L. LETSINGER and K. K. OGILVIE. J. Am. Chem. 9. T. C. CATLIN and F. CRAMER. J. Org. Chem. 38, 245 

Soc. 89, 4801 (1967); R. L. LETSINGER and K. K. (1973). 
OGILVIE. J. Am. Chem. Soc. 91, 3350 (1969). 10. N. KATAGIRI, K. ITAKURA, and S. A. NARANG. Chem. 

4. C. B. REESE and R. SAFFHILL. Chem. Commun. 767 Commun. 325 (1974). 
(1968); C.B. R E E ~ E ~ ~ ~ R .  SAFFHILL. Chem. Commun. 11. J. J.  MICHNIEWICZ, C. P. BAHL, K. ITAKURA, N. 
869 (1971); N. J. CUSACK, C. B. REESE, and J. H. KATAGIRI, and S. A. NARANG. J. Chromatogr. 85, 
VAN BOOM. Tetrahedron Lett. 2209 (1973). 159 (1973). 

5. F. ECKSTEIN and I. RIZK. Chem. Ber. 102, 2326 12. G. G. BROWNLEE and F. SANGER. Europ. J. Biochem. 
(1969). 11, 395 (1969). 

6. T. NEILSON and E. S. WERSTIUK. Can. J. Chem. 49, 13. E. JAY, R. BAMBARA, P. PADMANABHAN, and R. Wu. 
3004 (1971); T. NEILSON and E. S. WERSTIUK. J. Am. Nucleic Acids Res. 1,331 (1974). 
Chem. Soc. 96, 2295 (1974). 14. C. P. BAHL, K. J. MARIANS, R. WU, S. A. NARANG, 

7. K. ITAKURA, C. P. BAHL, N. KATAGIRI, J. J. MICH- K. ITAKURA, and N. KATAGIRI. In preparation. 
NIEWICZ, R. H. WIGHTMAN, and S. A. NARANG. 15. IUPAC-IUB. Biochemistry, 9, 4022 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Canadian Journa canadien 
of Chemistry de chimie 

Published by Publit? par 
THE NATIONAL RESEARCH COUNCIL OF CANADA LE CONSEIL NATIONAL DE RECHERCHES DU CANADA 

Volume 52 Number 22 November 15, 1974 Volume 52 numCro 22 15 novembre 1974 
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Cobalt Complexes 
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LIAN SAI CHIA, WILLIAM R. CULLEN, and MICHAEL C. L. GERRY. Can. J. Chem. 52,3695 
(1974). 

The n.q.r. spectra of a number of complexes of the type [Y,PCo(CO),], have been recorded. 
The results are compared with those from related studies. 

LIAN SAI CHIA, WILLIAM R. CULLEN et MICHAEL C. L. GERRY. Can. J. Chem. 52,3695 
(1974). 

On a enregistre les spectres n.q.r. d9un certain nombre de complexes du type [Y3PCo(CO),12. 
Les rtsultats sont compares avec ceux rapportes dans des etudes apparentis. 

[Traduit par le journal] 

Recently there has been an interest in the 
cobalt-59 nuclear quadrupole resonance (n.q.r.) 
of axially symmetric five-coordinate cobalt com- 
pounds (1-5). These studies have mainly been 
concerned with complexes of the type Y,MCo- 
(CO), (Y = C1, CH,, c6H5 ,  etc., M = Ce, Sn) 
and their carbonyl substituted derivatives. The 
n.q.r. spectra of other axially symmetric cobalt 
complexes have received little attention. For 
example, for the large class of dimeric complexes 
of the form [Y,PGO(CO),]~, which contain a 
Co-Co o bond and the Y3P groups in the axial 
positions (6-9), only one spectrum has been 
reported (3) (for U = C6H5). Similarly for the 
ionic complexes [(Y,P),Co(CO),]+X- only one 
spectrum (3) (for Y = C6H,, X = Co(CO),) has 
previously been described. 

To determine the effects of the substituents Y 
and the anions X- on the n.q.r. spectra of these 
complexes, both dimeric and ionic, we have 
obtained the spectra of several examples. 

The following compounds were prepared by 
literature methods as follows : [Y,ECo(CO),], : 

(E = P; Y = C6H,0  (10, ll),  C 2 H 5 0  (lo), 
CH30  (lo), n-C,H9 (lo), C6H5 (10; Y, = 

(C6H5)2(CH30) (lo); Y3E  = (C6Hj)3As (lo), 
(C,H,),Sb (10)); (Y,P),Co(CO),'X-: (Y = 

C6H, or n-C4H9, X = Co(CO), or B(C6H,), 
(12)); [(CH,O),PI,Co(CQ), +B(C6H5)4- (13). 

Nuclear quadrupole resonance spectra were 
recorded using a Decca instrument as described 
previously (14). The recorded frequencies are 
listed in Table 1 .  Note that some compounds did 
not give a detectable signal in the region 7-60 
MHz. No signal attributable to the ion Co(CO),- 
was found. 

Results and Discussion 
For 59Co, which has I = 712, both the quad- 

rupole coupling constant e2Qq and the asym- 
metry parameter q can be obtained from the 
experimental frequencies using a series of ap- 
proximations for the transition frequencies (1 5). 
The resulting values can be confirmed with a 
frequency ratio plot (16). To carry out this pro- 
cedure a computer program was written to cal- 
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TABLE 1. 5 9 C ~  n.q.r. spectra of [(Y3P),Co(CO),]+X- and [Y3PCo(C0)3]2 complexes 

Compound Temperature ("C) Frequencya (MHz) rl e2Qq (MHz) 

"The numbers in parentheses are signal to noise ratios. The first line gives v,, the second l ~ n e  v,, and the third line v,. Experimental errors: 
t -0.050 MHz. 

bReference 3. 

culate the energy levels and transition frequencies 
for any values of the nuclear spin, e2Qq, and 
11 (17). 

Since Z = 712 for j9Co each nucleus should 
give three strong transitions, having frequencies 
v,, v,, v,, which are directly proportional to 
e2Qq, so that the ratios v2/v,, v3/v2, and v,/v, 
are independent of e2 Qq, though dependent on 
q.  Accordingly the program was used to calculate 
the values for these ratios for a series of values of 
q differing by 0.0001. The observed ratios were 
then compared with the calculated ones to 
obtain q.  In a similar fashion, because the 
transition frequencies are directly proportional 
to e2Qq, the calculated frequencies were ob- 
tained with e2Qq = 1. With q obtained, the 
calculated frequencies were divided into the 

observed values to evaluate e2Qq for the complex. 
The averaged values of both e2Qq and q are 
given in Table 1 .  

Table 1 also contains the results of Ogino and 
Brown (3). It is noteworthy that our data for 
[(C,H,),P)2Co(CO),] +Co(CO),- are in excel- 
lent agreement with theirs, with our frequencies 
slightly lower at the higher temperature. We 
were unable to repeat their measurements for 
[(C,H5),PCo(CO),I2; this was probably a func- 
tion of the nature of our sample. 

The crystal structures of a number of deriva- 
tives of the type [Y,PCo(CO),], have been de- 
termined, and have the general structure 1 (6-9) 
where each cobalt atom is five-coordinate with 
the group V base in the axial positions. The 
low values of q recorded for the compounds in 
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CHIA ET AL.: COBALT-59 NUCLEAR QUADRUPOLE RESONANCE 3697 

TABLE 2. Colnparison of the 59Co n.q.r. constants" and asymmetry parameters" of substituted 
cobalt carbonyl dimers and related compounds 

Compound L = CO L = P(OCH3)~ L = P(OChH5)3 L = P(C6H5)3 L = P(n-C4H& 

"Coupling constants are in MHz, except for Fe(CO)?L, which are in mm s-'. Asymmetry parameters ( in  parentheses) are unitless. 
hPresent work. 
=From ref. 3.  
dFrom ref. 4. 
eFrom ref. 2. 
,From ref. 21. 
9Two d~fferent resonances from the same complex 
hResonances from trio different complexes. 
'From ref. 5: T = 77 "K. 

parameter to intermolecular interactions in the 
solid state (18). 

Y,P-co -Co ---PY, Table 2 contains a summary of the coupling 

I / \  constants obtained in the present work together 

CO CO co with data for related complexes. The coupling 
constants can be discussed in terms of the follow- 

1 ing simple equation (1): 

Table 1 are certainly in keeping with this struc- 
ture. It is interesting that the triphenylphosphite e2Qqm0, = e2Qq3,~[N,z2 + f(NdXz + Ndyz) 
derivative is normal in this respect since Boyd - (Nd,y + Nd,2-y2)1 
and Brown (4) found that q for (C,H,),SnCo- 
(CO),P(OC,H,), was significantly greater than 
for other similar phosphine and phosphite 
derivatives. This increase was ascribed to con- 
formational effects of the triphenylphosphite. 
However, these same authors report that q for 
CI,SnCo(CO),P(OC,H,), is normal. 

Theinfrared spectra (1 2, 13) of the((C,H,),P),- 
Co(CO),+X- compounds (X = Co(CO),, BPh,) 
show only one CO band attributable to the 
cation; this indicates a D,, structure 2. The 
small q values (0.1-0.2) of these compounds 
are also consistent ~ i t h  the proposed structure. 
The variation in the values of q observed indi- 
cates once again the great sensitivity of that 

where N, is the population of the appropriate 
Co 3d orbital; e2Qq,,, is the coupling constant 
of a single 3dZ, electron. It has been shown (1) 
that e2Qq,,, is negative, whereas e2Qq,,, is most 
likely positive, so that the last, negative term in 
the parentheses is greater than the sum of the 
first two. 

Boyd and Brown (4) have suggested that the 
variations in 59Co resonance frequencies for 
XCo(CO),L complexes depend not only on the 
nature of X and L individually, but aiso on the 
interactions between them. Thus, for example, 
the trends observed on variation of L are ex- 
pected to be different when X is a strong n- 
acceptor from when X is a weak n-acceptor. In 
the case of the complexes studied in this work 
L is PY, and X is Y,PCo(CO),. Since the Co- 
Co bond is symmetrical a net o- or n-electron 
drift from one cobalt atom to the other is not 
expected. The complexes thus form the basis for 
a description when X is a very weak o-donor 
and n-acceptor. Indeed, one can go further and 
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say that in the Co-Co bonded complexes, un- 
like all the other compounds in Table 2, the 
var~ations in e2Qq are functions of PY, alone. 
It is clear from our data that these variations are 
slight (about 64,).  According to eq. 1 jlidZ2 gives 
a measure of o-donor ability, and (Ndx, + Ndyz) 
a measure of the n-acceptor ability of PY,. The 
small variation of coupling constants suggests 
that these orbital populations, and consequently 
the bonding properties of PY,, are virtually 
independent of Y. The same coaclusions can be 
reached for (C,H,),Sn, (CH,),Sn, Cl,Sn, in- 
deed for ebery other X.  

Comparison of the coupling constants of the 
Co-Co bonded complexes with those of 
(C,H,),Sn - and ( C H , ) , S n  derivatives illus- 
trates two noteworthy points: (i) The trends on 
varying Y in PY, are essentially the same and 
(ii) the coupling constants of the Sn derivatives 
are consistently 40-50 MHz below those of the 
dimers. Now ( C , H , ) , S n  and (CH,),Sn- are 
relatively weak n-acceptors ( 1 ,  4), and since Sn 
has a slightly hlgher electronegativity than Co 
they are probably slight o-acceptors as weli. 
Thus there is little surprise in the trends with Y 
in PY,. The 40-50 MHz general decrease of 
e2Qq in the Sn compounds cannot be accounted 
for in terms of the o- or rc-acceptor ab~lities of 
Sn, since both these should increase e2Qq.  The 
decrease must thus result from a lowering of 
( N d X y  + Ndx2-y,), presumably as a secondary 
effect from the reduction of Ndi2, Nd,,, and 

Nd,/ 
When the ligands X are strong n-acceptors 

(e.g. C1,Sn-, C1,Ce-) the j9Co coupling con- 
stants increase again, presumably because of a 
decrease of (NdxL + ~ y i ) .  This applies also to 
the ioil @o(CO),[P(C,H ,) , I ,+ ,  The effect of 
decreased o-donor ability when C1 replaces 
C,H, and CI-f, also helps increase e2Qq by 
decreasing Ndz2. 

At the time of submitting this paper, we 
became aware that others (19, 20) have studied 

some of the compounds described here. Their 
data are in good agreement with ours. 
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(L.S.C.) wishes to thank the International Nickel Com- 
pany of Canada, Limited, for the award of a scholarship. 
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Sorption of Water, Ammonia, Ethyl Chloride, and Methane on Na-X Zeolite 
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D. L. RIMMER and R. MCINTOSH. Can. J. Chem. 52,3699 (1974). 
Length change and sorption isotherms have been determined for water, ammonia, ethyl 

chloride, and methane on conlpacted samples of zeolite NaX. Methane sorption at 0 'C and 
ethyl chloride sorption at  - 10 "C were accompanied by little or no framework distortion as 
monitored by length change measurements; sorption of ammonia in the temperature range 
- 50 to - 70 ^C produced more appreciable distortion ; and water sorption at  room temperature 
caused large changes. In each case the framework distortion was correlated with different stages 
in the sorption process. The sorption isotherms for the ammonia'NaX system indicated the 
possibility at high uptakes of two-dimensional condensation or ~nultilayer formation. The 
critical temperature for two-dimensional condensation would be - 70 'C. 

D. L.  RIMMER et R. MCI~TOSH.  Can. J. Chem. 52,3699(1974). 
On determine le changement de longueur et les isothermes de sorption de I'eau, de I'am- 

moniac, du chlorure d'ethyle et du methane sur des echantillons agglomeres de zeolithe NaX. 
En se basant sur des mesures de changement de longueur, on en conclut que la sorption du 
methane a OcC et celle du chlorure d'tthyle a - 10 ' C  sont accompagnees de peu ou pas de 
deformation dl1 squelette; la sorption de I'ammoniac dans l'inter\alle de temperatures de - 50 
a - 70 'C produit une deforniation plus appreciable et la sorption de I'eau a temperature de la 
piece cause de grands changenients. Dans chaque cas, la deformation du squelette est reliee aux 
differents stades du procede de sorption. Les isothermes de sorption du systerne arnnioniac/NaX 
indiquent la possibilite, aux adsorptions elevees, d'une condensation bidimensionnelle ou 
d'une forniation a couches multiples. La temperature critique de la condensation bidimention- 
nelle est de - 70 "C. [Traduit par le journal] 

Introduction 
Valuable additional information about the 

sorption process may sometimes be obtained 
when measurement of the sorbent's length 
changes is made in conjunction with conven- 
tional measurements of sorption isotherms. Cer- 
tain processes taking place during sorption 
cannot be detected, or inferred, from the sorp- 
tion isotherm alone. In earlier studies of this 
kind (see, for example refs. 1-4) porous silica 
glass has been employed as the sorbent. How- 
ever this had the disadvantage of having a ran- 
dom and poorly defined pore structure, which 
made the interpretation of the results more dif- 
ficult. A zeolite was chosen as the sorbent in the 

samples. The mobility of the cations results in 
uncertainty in their location, and the use of a 
compact introduces the possibility of length 
changes due to rearrangement of the zeolite 
crystallites. Two earlier studies of sorption and 
associated length changes for the water NaA 
zeolite system (7 ,  8) had demonstrated the 
feasibility of such studies. In this work a dif- 
ferent, but related, zeolite (NaX) was employed 
along with a variety of sorbates in the hope of 
coming to more general conclusions than the 
earlier studies permitted. 

Experimental 
M n f  ei-iuls 

present work to lessen this difficulty. Zeolite The sorbent was a compacted powder sample of ~ i n d e  

pore structures and, to a degree, the location of Molecular Sieve type 13X W a x ) .  Pellets, 7 mm diameter 
and 10-25 mm length, were produced in a die with pres- 

the cations within the structures are defined s,,, being applied by means of a hydraulic press a 
crystallographically, so that the shape and size plunger. A moisture content of -5% and pressures in 
of the pores and their interconnecting channels the range 18 500-55 000 p.s.i. were found to be the 

are all known (5, 6) .  zeolites have two dis- optimum conditions for obtaining satisfactory pellets, in 
agreement with the findings of earlier workers (9, 10). By advantages however: (i) the of 'Ome of varying the applied pressure six samples were obtained 

the cations and ( i i )  the necessity of compacting with densities in the range 5543% of the single crystal 
zeolite powder in order to produce rod-like density. Only the least dense and most dense of these 
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varied significantly in their sorption and length change which was incorporated in the former design. It was also 
behavior when water was sorbed. Good agreement was necessary to replace the brass clamps, which held the 
obtained for the remaining fo~lr  samples, which covered compacted samples in place, by stainless steel ones for the 
the range 62 to 76% of the single crystal value. same reason. In order to protect the transducer, located 

The samples were outgassed under vacuum in the at  the top of the cell, from overheating during the high 
sorption cell by raising the temperature gradually from temperature outgassing procedure, a very small furnace 
90 to 400 ' C  in steps of approximately 60 "C. The tem- was constructed which heated only the lower part of the 
perature was only raised when the pressure had fallen to cell, corresponding to the sample position; and above 
< mm Hg and the temperature was maintained at  this, but below the flange, a removable brass water jacket 
400 -C  until a pressure < 5 x mm Hg was reached. was installed to maintain the upper part of the cell at  
This outgassing procedure was found to produce an temperatures below 100°C. 
irreversible shrinkage in the pellets, causing them to 
become loose in their clan~ps. Repeated heating caused no Sorption Measurements 
further n~acroscopic shrinkage; rhus it became a standard , This very set experiments was designed 
procedure to the samples in a muffle furnace ~n~t la l ly  to test the effect of sample density on sorption 

a t  400 2~ overnight, before loading into the cell. ~h~ and length change behavior. However the results proved 

shrinkage not be attributed to a sintering of the to be of more general interest and will be discussed fully 
particles, because X-ray powder diffraction patterns later. The six samples of varying density were dehydrated 
showed no loss of crystallinity and scanning electroll at 400 ' C  in a mume furnace for 2 days. After weighing 
n~icrographs showed no increase in agglomeration of the and measuring to obtain their dry weights and lengths, 
particles i n  three samples uhich were: (1)  Llncompacted, they were placed in a desiccator held at  a fixed relative 

( 2 )  and (3) compacted and heat treated, is humidity by a sulfuric acid - water solution. Fluctuatio~is 
thought that the shinkage was caused by particle redis- in the relative humidity caused by temperature changes 
trjbutjon which removed density inhomogeneities, such were limited by keeping the desiccator in a constant tem- 
as found by D~~~. and zweli (11) in their studies of perature room. The samples were removed from the 
metal powder compacts. Such rearrangement would result after periods of from days and weighed 
in a more ~iniformly dense, b ~ ~ t  smaller sample. on an analytical balance to the nearest 0.1 mg, and their 

The sorbates used were methane (Matheson Ultra High lengths measured with a micrometer gauge to the nearest 

purity grade, 99.97% minimum chloride 0.0001 in. Weighing and measuring were continued until 

( ~ ~ ~ h ~ ~ ~ ~  USP grade, 9 9 . 7 ~  miniinum and equilibrium in both weight uptake and length change was 
ammonia  ( ~ ~ ~ h ~ ~ ~ ~  ~ ~ h ~ d ~ ~ ~ ~  grade, 9 9 . 9 9 ~  ',mimum obtained. By successive dilution of the sulfuric acid, the 
purity), ~h~ methane was simply passed through a molec- relative humidity was increased in steps and the samples 

u l a r  sieve trap before use to remove moistLlre, ~h~ ethyl allowed to eq~dibra te  at  each value. In this way approxi- 
chloride and were passed through the mate sorption and length change isotherms were obtained. 

molecular sieve trap and then condensed in l i q ~ ~ i d  nitro- 
gen cooled traps. They were outgassed by successive Results and Discussion 
cycles of pumping. warming to ~nelting point, cooling and 
pumping, and thcn they wcre fractionally distilled under 
vacuum. 

Apparatus 
The apparatus was based on that of Kipkie et 01. (4, 12) 

and comprised four main parts: (i) the vacuum system, 
used in sorbate and sorbent preparation and in the opera- 
tion of the volunletric system for adding gases, (ii) the 
sorption cell which housed the sorbent and the length 
change measuring transducer, (iii) the electrical circuitry 
associated with the transducer operation, and (ic) the 
thermostat system, which provided an adjustable con- 
stant temperature environment for the cell. The vacuum 
system was capable of producing a vacuum of mm 
Hg, the transducer could detect length changes as small 
as 0.05 pm, and the temperature control in the range 0 

Metlzane Sorption at 0 'C 
The sorption data agreed quite well with those 

of Barrer and Sutherland (13). Slightly higher 
uptakes were found in this study which might 
well be due to the higher outgassing tempera- 
ture. The sorption was accompanied by no 
significant expansion or contraction. Barrer and 
Sutherland had calculated that the isosteric heat 
of sorption for this system in the 0-25 "C tem- 
perature range was 4.1-4.5 kcal/mol. It seems 
that such weak interaction is insufficient to cause 
any major distortion of the zeolite framework. 

Ethyl Chloride Sorption at - I0 OC 
to - 130 "C was i 0 . 0 5  'C for periods up to a week. It Ethyl chloride was chosen as the next sorbate 
was necessary to modify the sorption cell design which for study. B~~~~~~ of its polar nature it was 
had been used by Kipkie et al. (4), because of the different 
sorbent being studied, Firstly, the section below the to interact with the and 
flange was shortened because the compacts employed the of the isotherm (Fig. l a )  
were much shorter than Ki~kie ' s  uorous glass rods. tends to confirm this hv~othesis. However onlv 

d L 

Secondly, the base of the cell h a s  redesignedso as to be very small length changes were measured (Fii .  
removable and was screwed into position. A vacuum- lb),  and this can best be explained by a con- tight seal was obtained by use of a gold gasket. This 
modification was necessary because the maximum out- sideration of the size of the sorbate molecule in 
gassing temperature of 4 0 0 " ~  was sufficiently high to relation to the zeolite structure. Ethyl chloride is 
volatilize certain metals from the silver solder connection too large a molecule to penetrate the sodalite unit 
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(a )  

RIMMER AND McINTOSH: SI 

W 

t0 .01r  --+ U P T A K E  MOLECULES /SUPERCAGE 

FIG. 1. (a) Sorption isotherm for ethyl chloride on 
sodium zeolite at - 10 "C. (b) Length change isotherm for 
ethyl chloride at - 10 "C. 

because its limiting cross-sectio11 is of the order 
of 4 A, compared with the 2.2 A diameter 
sodalite entrance window. Consequently sorption 
is limited to the supercages. Point A in Fig. 1 
corresponds to an uptake of -46 ~nolecules of 
ethyl chloridejunit cell of the zeolite, or -6 
molecules/supercage. Each unit cell contains - 88 Na+ ions; 16 of these are located in SI, SI', 
and SII' sites and are thus inaccessible to the 
ethyl chloride molecules. A further 24-32 Na' 
ions are thought to be in SII sites in the windows 
connecting the supercages to the sodalite units 
(14, 15). This leaves 40-48 Na' ionsjunit cell, or 
5-6 Nai ionslsupercage, in the most accessible 
sites within the supercages. Thus it appears that 
the sorption of one ethyl chloride molecule/ 
supercage Na' ion represents the first phase of 
the sorption phenomenon. The supercage Na' 
ions will be the highest energy sites for a polar 
molecule and the first ethyl chloride molecules 
sorbed will probably be localized on these sites. 
This process will disturb the crystal field within 
the zeolite, the result of which is a slight dis- 

tortion of the zeolite lattice which is manifested 
as an overall contraction. After point A the 
ethyl chloride molecules are most likely to locate 
on the next most energetically favorable sites 
which are the SII Nai  ions. The fact that the 
contraction is more marked after this point leads 
to the conclusion that the crystal field is more 
strongly disturbed by interaction of the sorbate 
with SII Nai  ions. 

The estimated saturation value of the amount 
adsorbed corresponds with about 7 molecules/ 
supercage. At - 10 "C the inolar volume of ethyl 
chloride is closely 69 cm3 or about 115 A3 per 
molecule (16). The free diameier of the large 
cage is about 12 A and its free volume about 820 
A3 (17). Thus 7 molecules of ethyl chloride 
almost exactly fill this volume and the condition 
a t  saturation seems clear. 

Anzmonia Sorptiorz at - 50 ' C  
This sorbate was chosen because it is polar yet 

much smaller than ethyl chloride and there is the 
possibility of its entering the sodalite unit. The 
results for run 8 are shown in Fig. 2a and b, but 
the experiment was repeated twice (runs 9 and 
10) to check reproducibility. The sorption 
isotherms were very reproducible and the length 
change isotherms only varied in the magnitude 
of the initial contraction. The extent of the con- 
traction in each, expressed as ALIL x lo2,  was 
as follows: run 8, -0.027; run 9, -0.053; and 
run 10, -0.075. 

Only partially complete desorption branches 
were obtained because it was difficult to reach 
low pressures with the apparatus used. However 
sufficient information was obtained to show the 
existence of marked hysteresis over a wide range 
of relative pressure. At high relative pressures 
capillary condensation between the crystals 
which make up the compact undoubtedly causes 
some of the hysteresis. However an alternative 
explanation is needed to explain its persistence 
to lower values of PIP,. Barrer and Gibbons (18) 
found no hysteresis in the isotherms that they 
measured in the temperature range 100-180 "C. 
In the same paper they presented evidence that 
ammonia could diffuse into the sodalite units of 
basic sodalite but only extremely slowly a t  room 
temperature and more rapidly a t  temperatures 
over 100 "C. Consequently a t  - 50 "C the dif- 
fusion of ammonia molecules into the sodalite 
units of the zeolite is also likely to be extremely 
slow. Once within the sodalite unit the molecules 
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400 therm resembling what would be expected for - - a first order phase change. These data are illus- 
trated in Fig. 3. If this explanation is feasible, an 

300 experimental estimate of the critical temperature 
;;; for condensation is approximately - 70 "C. 

Cassel (19) and Hill (20) have shown theoret- 
200 ically that the ratio of two to three-dimensional 

critical temperatures (T,,/T,,) should be 0.50. - 
o Desorpt~on Since T,, is 133 "C, T,, would be -70 "C, so that 

loo 2 some additional support is given the hypothesis 
in spite of the rather narrow range of tempera- 

f tures over which the isotherms have been deter- 
0.2 0.4 0.6 0.8 1.0 mined. A necessary condition for two-dimen- -- P/PO sional condensation is an energetically homo- 

geneous surface. The zeolite surface is certainly 
not homogeneous, but the inflection in the 
isotherm does not appear until considerable 
sorption has occurred on the high ellergy sites. 
A calorimetric study of the sorption of ammonia 
on NaX by Avgul et al. (21) showed a levelling 
off of the heat of sorption at  high uptakes, which 
indicates a more homogeneous surface. In a 
second study Barrer and Gibbons (18) found 
evidence of a slight rise in the calculated isosteric 
heats of adsorption at higher coverages similar 
to that for water sorption on NaX in the frac- 

--UPTAKE (molecules /unit cell) tional coverage range 0 = 0.3 to 0.9 reported by 
FIG. 2. (a)  Sorption isotherm for ammonia on sodium Barrer and Bratt (22). They attributed the rise 

zeolite at  - 50 'C. (b) Length change isotherm for to exothermic water-water interactions, sug- 
ammonia at  - 50 "C. 

gested earlier the ammonia isotherm suggests 
are unlikely to be desorbed except at elevated interactions of the ammonia in the sorbed state. 
temperatures. Irreversibility of this kind could Other explanations of the shape of the iso- 
explain the hysteresis observed at - 50 "C. - therm may be sought. One which appears feasible 

A second interesting feature of the sorption is the onset of multilayer formation in the usual 
isotherms is their unusual shape in the relative sense and another is capillary condensation in 
pressure range 0.05 to 0.15. Associated with this pores which may have been created in com- 
region of the isotherm is a minimum in the curve pacting the particles. Of these two the former 
of fractional length change. There is thus addi- 40. 
tional evidence of a change in the mechanism of 

w- 
300- 

sorption within the relative pressure range. As 2 .o-- 

the initial sorption appears to be associated with 30- 
Nai  ions in the supercaps, and these are sites 

R U N  I0 - 50" C ZOO--: 
of high energy of interaction, subsequent sorp- 5 i R U N  12 - 6ooc 
tion presumably occurs on a more energetically '; 20-  

Y O  

- - J 

a " 
+ - 

o - 
I 
V 

homogeneous surface. The shape of the 
0 

isotherm suggests the formation of interacting 
E loo--- 
W 

sorbate molecules, which, with diminishing Y 4 

temperature, could exhibit a phenomenon +- a 
3 

analogous to two-dimensional condensation. 
Isotherms a t  lower temperatures were obtained o 2 4 6 8 1 0  

t 
and the rate of increase of amount sorbed with* ---+ P ( C ~  ~ g l  

increasing Pressure was exaggerated until the FIG. 3.  Sorption isotherms for ammonia on sodium 
isotherm at - 70 "C suggests a step in the iso- zeolite a t  -50, -60, and -70 'C. 
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seeins the more likely since the relative pressure 
for spontaneous filling would exceed a relative 
pressure of 0.3 and there was n o  evidence from 
X-ray or  electron i~~icroscope examination that 
the crystallites suffered damage in preparing the 
compacts. Moreover, the mechanisln of capillary 
condensation should increase the contraction 
(I), but rnultilayer formation would increase the 
spreading pressure and could lead to the mini- 
mum in the curve. 

The main features of the length change iso- 
therms are as follows: during the sorption of the 
first 100 molecules/unit cell there is n o  marked 
exaansion or contraction: between 100 and 200 
rnoleculesjunit cell there is a marked contraction; 
between 200 and 250 moleculesjunit cell there is 
a minimum; from 250 to 300 molecules/unit cell 
there is a marked expansion; and above 300 
molecules/unit cell another contraction takes 
place. The desorption points for run 8 indicate 
that the final contraction is almost totally 
irreversible. This was confirmed in run 9 when 
the adsorption was terminated before the final 
contraction and the desorption points were 
found to coincide with the adsorption points. 

The sorption of the first 100 molecules/unit 
cell takes place in the highest energy sites, i.e. 
the Na' ions in the supercages. As with ethyl 
chloride this initial sorption caused little dis- 
tortion of the framework. Stamires (23) has sug- 
gested in interpreting conductivity measurements 
for this system that 100 sorbed molecules/unit 
cell represents the point a t  which the mobile 
supercage cations are fully solvated. 

Subsequent sorption between 100 and 200 
rnoleculesiunit cell which is accompanied by a 
contraction takes place on or near cations in 
sites SII and to a lesser extent, because of slow 
diffusion into the sodalite unit, sites SII', SI', 
and ST. The variation in the magnitude of the 
contraction can be explained if it is assumed that 
the location of the cations is not identical at  the 
start of each experiment. The distortion of the 
aluminosilicate framework, which is manifested 
as expansions and contractions of the compact, 
will depend greatly on the position of the cations, 
which are the initial sorption sites. The cations 
are present to balance the negative charge of the 
framework: movement of the cations will cause 
a perturbation of the crystal field of the zeolite 
and a distortion of the framework. In order to 
have reproducible length changes during initial 
sorption, it would be necessary to have identical 

starting conditions. If this is not  the case then it 
could explain the differences in the magnitude 
of the initial contraction. In this respect the SII 
cations will be of primary importance because: 
(I) they are the next most energetically favorable 
sorption sites when the supercage ions are fully 
solvated, and being more intiniateljl bound up 
with the aluinino-silicate framework than the 
latter the sorption process is more likely to cause 
framework distortion, the magnitude of which 
will depend on the exact location of the cation; 
and (2) they are located at  access windows to the 
sodalite unit and will affect the rate of diffusion 
of ammonia inolecules into the sodalite unit. I t  
is postulated in connection with water sorption 
that sorption within the sodalite unit is respons- 
ible for large contractions in the length change 
measurements. Consequently if the same is true 
for ammonia sorption then the extent of pene- 
tration of the sodalite unit will also determine 
the magnitude of the contraction. Such a 
postulate can also help to explain why the con- 
tractions for water are an order of magnitude 
greater than for aln~nonia sorption. Additionally 
infrared spectroscopic studies (24-26) have 
shown that initially sorbed water molecules are 
oriented with respect to the cations in such a way 
that one of the hydrogen atoms of the molecule 
is hydrogen-bonded to a framework oxygen, 
while the other hydrogen atom is directed away 
from the surface. This is likely to cause more 
framework distortion than ammonia sorption 
which calorimetric and i.r. spectroscopic mea- 
surements (21, 27) have shown to take place with 
the ammonia molecules probably oriented with 
their nitrogen atoms towards the surface and all 
their hydrogen atoms away from it. 

The position of the minimum in the length 
change measurements covers the range 200-250 
molecules/unit cell, or  25-31 g/g x lo-' uptake. 
This corresponds to the stage in the sorption 
process at  which two-dimensional condensation 
is postulated to be taking place. The minimum 
and the condensation both indicate that the 
sorption is no longer taking place on high energy 
cation sites, because these are now fully occupied 
and the zeolite with its solvated cations is 
energetically more homogeneous. The position 
of the minimum, the magnitude of the subse- 
quent expansion, and the position of that maxi- 
mum appear to  be reproducible. This evidence 
indicates that the state of the system a t  the 
minimum is a stable, reproducible one. 
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Sorption of a further 50 molecules/unit cell is 
accompanied by an expansion of -0.027 
ALIL x in all cases. This corresponds to 
the less pronounced uptake of ammonia in the - 
relative pressure range 0.15 to 0.75. The decrease 2 
in sorption as a function of pressure and the " 
expansion which accompanies the sorption in q 
this region indicate that the zeolite cavities are 
approaching saturation. 

Sorption beyond 300 molecules/unit cell 
causes the irreversible contraction mentioned & lo 
above. It is thought that the process responsible 
for this contraction is capillary condensation f 
between the zeolite crystals. The section of the 0.2 0.4 0.6 0.8 1.0 

sorption isotherm correspondi~lg to the contrac- 
tion is the final section which is convex to the + 0.4- 
pressure axis. This "turn up" in the isotherm is 
indicative of capillary condensation. Such a +o. 2.- 

process is likely to cause the crystals to rear- 
range and the rearrangement would be in such a 

0 way as to give a more densely packed and stable 
compact. Prior to the experiment the compact 5 
had been outgassed at  400 ' C .  This process is a -0.2.- 
likely to have caused the compact to expand and 
become less densely packed. If the subsequent -0.4.- 
cooling process was insufficient to allow the 

- P/PO 

C----,  
'* 
\ 

-  UPTAKE(^^/^^ x102) 
lp 2p 3,O 40 59 

compact to return to its most stable state, then 100 2 0 0  300 4d0 
-UPTAKE (rnolecules/un~t cell ) 

any later rearrangement would tend to cause an 
irreversible contraction as found here. FIG. 4. (a)  Sorption isotherm for water on sodium 

zeolite at approximately 20cC. Sample density 67.1% of Length change isotherms were measured single crystal value. (b)  Length change isotherm for water 
at  -60 and - 70 "C but were very similar to on sodium zeolite at  approximately 20 'C .  Sample density 
those at  -50 "C.  The magnitude of the initial 67.1% of single crystal value. 
contraction varied, but did not correlate with 
decrease in temperature or increasing sharpness parison. The difference appears to be due to the 
of the adsorption step. The extent of contraction better removal of zeolitic water in their case 
in each case fell within the range found in the because of evacuation at  350 "C for 12 h. Cor- 
three runs at  - 50 "C. rection of our data by 5 g/g x lo-' is made in 

discussing our data so that, for example, the 
Water Sorption at Room Temperature minimum in the data for length change may be 

( ~ 2 0  "C)  considered to occur at  21 g/g x instead of 
The data presented in this section are only 16 g/g x lo-'. 

approximate (see Experimental section for de- Barrer (28) has reported that removal of water 
tails). Six samples of varying bulk density were causes the unit cell edge dimension to diminish 
employed and gave similar results. Those for the and then to expand, which he attributes to the 
sample with density 67.1% of the single crystal behavior of capillary condensed sorbate with 
value are shown in Fig. 4. Sorption was followed menisci creating negative hydrostatic pressure 
by desorption; a second sorption cycle was which diminishes as sorbate is removed. The 
carried out after the sorbent had been heated to hydrated crystal contained 26 g/g x 10V2 of 
400 "C for 2 days. The values obtained at  very water and had a smaller unit cell than the dehy- 
low relative pressures were non-equilibrium drated one. At an equivalent degree of hydration 
values and are so indicated by the dotted line oE the work reported here shows that the compact 
Fig. 46. In Fig. 4a the isotherm of Barrer and has contracted by about 0.2% in agreement with 
Bratt (22), obtained at  30 OC, is shown for com- the X-ray work. Olson (15, 29) has also em- 
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ployed X-ray data to show that the lattice param- 
eter a, decreases from 25.099 to 25.028 A during 
hydration to 29.4 g/g x This corresponds 
to  a contraction of 0.283%. In the second sorp- 
tion cycle of the present study at the corrected 
uptake of 29.4 g/g x lo-' the contractions of all 
samples fell within the range 0.23 to 0.33%. Thus 
it is probable that the initial contraction is due 
to  framework distortion and that rearrangement 
of particles makes little contribution. 

As in the case of ammonia the contraction 
begins after initial sorption on the Naf  ions of 
the supercage, and apparently 100 molecules/ 
unit cell are sorbed in that way in the case of 
water. The contraction which follows extends to 
a corrected uptake of -22.5 g/g x lop2,  or - 165 molecules/unit cell, and its magnitude is 
about 0.35x. This is an order of magnitude 
greater than for ammonia or ethyl chloride and 
the difference is thought to be due to the ease 
with which water molecules may enter the 
sodalite units and interact with the SINa' ions. 
There is no published study of ion positions in a 
dehydrated sample of NaX, but in a hydrated 
sample only 9 of 16 possible SI sites were 
occupied by Naf  ions (15). Evidence for other 
fanjasite type zeolites points to migration of SI 
cations into the sodalite unit in many cases 
during hydration (6). Any movement of these 
ions will cause a large distortion. 

Expansion from the minimum to 32.5 g/g x 
lo-' is in the order of 0.43x. Part of this ex- 
pansion is irreversible as the desorption points 
show. Because of absence of hysteresis in the 
sorption isotherms the irreversibility must be 
attributed to particle rearrangement in the com- 
pact. Expansions from corrected uptakes of 
32.5 g/g x to saturation vary from sample 
to sample and are greater for the denser samples. 

The length changes for the second sorption 
are less than for the first probably because of a 
reduction in the irreversible part of the ex- 
pansion. 

Finally, interesting comparisons can be made 
between this work and the earlier work of Sereda 
and Feldman (7) and Kononyuk et al. (8) who 
also studied sorption and length changes for 
water sorbing on a zeolite. Direct comparisons 
are impossible, however, because they both used 
NaA zeolite. In all three studies: the extent of 
the expansions and contractions are in order of 
magnitude agreement; a minimum occurred in 
the length changes, at which point the sample 

was smaller than its original length; and the 
minimum was followed by a large expansion 
which took the sample to a point where it was 
larger than its original length. In the region of 
initial sorption: Kononyuk et al. found an 
expansion followed by a steep contraction 
leading to the minimum; Sereda and Feldman 
found a gradual contraction leading to the mini- 
mum; and the present work indicated a region 
of no movement followed by a steep contraction 
leading to the minimum. This lack of agreement 
only emphasizes an earlier point made in this 
paper concerning the lack of reproducibility of 
the magnitude of the contraction for ammonia 
sorption at -50 "C, namely that the length 
changes during initial sorption will depend 
greatly on the original positions of the cations. 
Because of their mobility these are bound to 
vary and consequently so will the initial length 
changes. In the interpretation of the results the 
authors agree with Kononyuk et al. in thinking 
that the minimum in the length changes corre- 
sponds to the completion of the hydration of the 
cations and that subsequent sorption represents 
filling of the zeolite cavities and sorption on the 
external surfaces of the zeolite particles. 

Summary 
In the light of the data presented above certain 

tentative generalizations can be made about the 
factors affecting distortion of the NaX zeolite 
framework during sorption. These are: 

(I) the polarity of the sorbate: non-polar 
sorbates do not cause significant framework dis- 
tortion, whereas polar sorbates do. 

(2) the size of the sorbate: large molecules that 
are excluded from the sodalite unit cause less 
distortion: water which can readilv enter the 
sodalite unit causes more distortion; and 
ammonia which can only siowly diffuse into the 
sodalite unit causes intermediate distortion. 

(3) the stage of the sorption process: initial 
sorption on mobile supercage Naf  ions causes 
little distortion; subsequent sorption on the SII 
(and in certain cases SII', ST', and SI) cations 
causes appreciable distortion which is mani- 
fested as a contraction; completion of the solva- 
tion of the cations is marked by a minimum in 
the length change measurements; and further 
sorption during which the zeolite cavities fill 
with sorbate causes distortion which appears 
as an expansion. 

(4) the orientation of those molecules sorbed 
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on cations: if the sorbed molecule is oriented in 
such a way as to interact with both the cation and 
the framework the distortion of the latter will 
be greater. 

We nould like to acknowledge financial assistance for 
this work from the National Research Council of Canada 
and also the Province of Ontario, which provided a 
Graduate Fellowship for one of us (D.L.R.). Some of the 
ideas in this paper were first discussed during the Ph.D. 
examination of one of the authors (D.L.R.) and we would 
particularly like to mention the contribution of Dr. Ralph 
Feldman, the external examiner, in this respect. 

1 .  C. AMBERG and R .  McIs~osw.  Can. J. Chem. 30, 
1012 (1952). 

2. D. J. C. YATES. J .  Phys. Chem. 60, 513 (1956). 
3. A. A. ANTONIOU. J. Phys. Chem. 68, 2754 (1964). 
4. W. B. KIPKJE, R. MCINTOSH, and B. KELLY. J. Coll. 

Interface Sci. 38, 3 (1972). 
5. W. M. MEIER and D. H. Orsos. In Molecular sieve 

zeolites. Adv. Chem. Ser. 101, Am. Chem. Soc., 
Washington, D.C. 1971. 

6. J. V. SMITH. In  Molecular sieve zeolites. Adv. Chem. 
Ser. 101, Am. Chem. Soc., Washington, D.C. 1971. 

7. P. J. SEREDA and K. F. FELDMAN. J. Appl. Chem. 13, 
150 (1963). 

8. V. F. K O X O K Y ~ K ,  A. I. SARAKHOV, and M. M. 
DUBININ. Dokl. Phys. Chem. 198, 456 (1971). 

9. D. C. FREEMAY, JR. and D.  N. STAMIRES. J. Chem. 
Phys. 35, 799 (1961). 

10. V. BOSACEK, 1t4. M. DCBININ, 0 .  KADLEC, K. 0. 
MURMAS, and V. NARRATIL. Dokl. Phys. Chem. 174, 
305 (1967). V. BOSACEK and Z. TRARUZRORA. Coll. 

P. D u w ~ z  and L. ZWELL. Trans. Am. Inst, min. 
(metall.) Eng. 185, 137 (1949). 
W. B. KIPKIE. Ph.D. Thesis, Queen's University, 
Kingston, Ontario. 1970. 
R. M. BARRER and J. W. SUTHERLAND. Proc. R. Soc. 
Lond. A237, 439 (1956). 
L. BROUSSARD and D. P. SHOEMAKER. J. Am. Chem. 
Soc. 82, 1041 (1960). 
D. H. OLSON. J. Phys. Chem. 74, 2758 (1970). 
T. MCMULLES, E. D. CROZIER, and R.  MCISTOSH. 
Can. J. Chem. 46, 2945 (1968). 
D. W. BRECK. Zeolite molecular sieves: structure, 
chemistry and use. Wiley-Interscience, New York. 
1973. p. 430. 
R. M. BARRER and R. M. GJBB~SS.  Trans. Farraday 
Soc. 59, 2569, 2875 (1963). 
H. M. CASSEL. J. Phps. Chem. 48, 195 (1944). 
T. L. HILL. J. Cheni. Phys. 14, 441 (1946). 
N. N. AVGUL, A. V. KISELEV, L. YA. KCRDYGKOVA, 
and M. V. SERDOBO. Russ. J. Phys. Chem. 42, 96 
(1968). 
R. M. BARRER and 6. C. BRATT. J. Phys. Chem. 
Solids, 12, 130, 146, 154 (1959). 
D. N. STAMIRES. J .  CHEM. Phys. 36, 3174 (1962). 
L. BERTSCH and H. W. HABGOOD. J.  Phys. Chem. 
67, 1621 (1963). 
J. L. CARTER, P. J. LUCCHESI, and D. J. C. YATES. 
J .  Phys. Chem. 68, 1385 (1964). 
C. L. AKGELL and P. C. SCHAFFER. J .  Phys. Chem. 
69, 3463 (1965). 
V. N. ABRAMOV, A. V. KISELEV, and V. I .  LYGIN. 
Russ. J. Phys. Chem. 38, 1020 (1964). 
R .  M. BARRER. Experentia, Suppl. VII, page 113 
(1957). 
D. H. OLSON. Private communication. 

Czech. Chem. Commun. 36, 551 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Fluorescence diECrCe et Cmissions photostimulCes du carbazsle et de la 
diphknylamine dans une matrice rigide d'Cther a 77 O K  

D. MULLER,] M. EWALD~ ET G. DUROCHER 
Dkpnrrement de  chimie, Univer~ite 'de Montre'nl, C.P. 6210, Montre'al, Qlre'hec H3C3V1 

Requ le 30 rnai 1974 

D. MULLER, M. EWALD et G. DUROCHER. Can. J. Chem. 52,3707 (1974). 
La fluorescence differee ainsi que la fluorescence et la phosphorescence photostimulee par la 

lumiere visible a 6000 A dans les systemes diphenylamine (DPA) - ether vitreux et carbazote 
(C) -ether vitre~lx a 77 "K ont t t e  enregistrtes. L'analyse de la recombinaison electron-cation 
apres stimulation dans le visible a CtC tlaboree en utilisant un niodele cinetique prkalablement 
decrit (10). Les rendements en triplet de la DPA et du C sont calc~llis et compares aux valcurs 
experimentales existantes. Le rapport (p) du peuplement de l'etat triplet TI en fonction de 
1'Ctat singulet S , ,  apres recombinaison est egal 2 environ aussi bien pour la DPA que pour 
le C.  Une valeur de 4.4 avait i t6 obtenue pour l'indole et le tryptophane dans l'ether. Cette 
difTerence ne pe~l t  s'expliquer qu'en termes des energies des etats S, des niolCcules de solute 
considerees ainsi qu'en fonction de la longueur d'onde utilisee lors de la stimulation. 

D MULLER, M. EWALD, and 6. DUROCHER. Can. J. Chem. 52,3707 (1974). 
The isothermal delayed fluorescence along with the visible (6000 A) photostimulated fluores- 

cence and phosphorescence emissions have been recorded and analyzed in the following 
systems: diphenylamine (DPA) - ether rigid glass and carbazole (C) - ether rigid glass at 
77 OK. The electron-cation recombination after visible light stimulation has been analyzed in 
terms of a kinetic model already described (10). The triplet quantum yields of the DPA and C 
molecules are calculated and compared to the existing experimental values. The rate constant 
ratio (B) of populating the first triplet (TI) relative to populating the first excited singlet (SI) 
after the recombination event has taken place, is equal to a b o ~ ~ t  2 in both systems investigated 
here. A value of 4.4 was obtained for indole and tryptophan in the same matrix. This difference 
can only be explained in terms of various singlet state energies for these molecules and also in 
terms of-the stimulating energies used in these experiments. 

Introduction 
I1 est connu depuis longtemps que la diphi- 

nylamine (DPA) ainsi que le carbazole (C) peu- 
vent Etre photoionises a 77 "K dans une matrice 
d'EPA (ether, isopentane et alcool 5 : 5 : 2 )  (1, 2). 
Dans le cas des amines aromatiques, la photo- 
ionisation s'effectue par 1'intermCdiaire de 1'Ctat 
triplet de la molecule de solutC qui absorbe un 
second photon de faqon a ce que le syst2me 
solutbmatrice atteigne le premier continuum 
d'ionisation (3-5). L'Clectron ainsi degage de la 
molCcule de solutC peut Etre piCgC dans la matrice 
ou encore se recombiner avec la moltcule mere 
pour produire une luminescence isotherme appe- 
1Ce Cgalement emissiori diffkree. La fluorescence 
diffirie de la DPA n'avait pu Etre mise en Cvi- 
dence lors des premieres Ctudes sur cette molC- 
cule (2) et ce n'est que tout recemment que 
l'observation et 1'Ctude cinktique de cette Cmis- 

lAdresse actuelle: Centre Universitaire, Place du 8 mai 
1945, St.-Denis, France. 

'Adresse actuelle: Dtpartement de chimie physique, 
Universite de Bordeaux I, 33-Talence, France. 

sion dans diverses matrices a pu itre rCalisCe 
(4, 5) .  

Un deuxieme type de recombinaison concerne 
surtout les Clectrons fortement piegCs dans la 
matrice. Ces Clectrons peuvent Etre pitgts 
"physiquement" dans des "dCfautsH de la ma- 
trice ou encore "chimiquement" s'ils forment 
avec les moltcules de solutk ou de solvant des 
ions negatifs ou des radicaux. L'excitation de ces 
Clectrons par une lumiire infrarouge, visible ou 
ultraviolette provoque une luminescence de 
recombinaison appelee Cmission photostimulCe. 
Albrecht et coll. (6, 7) furent les premiers a Ctu- 
dier de faqon exhaustive ce type de recombi- 
naison: d'autres chercheurs poursuivirent ces 
etudes (8, 9). Les Cmissions photostimulCes de 
l'indole et du tryptophane ont fait l'objet d'une 
publication rCcente dans laquelle il a ttC dt- 
montre l'importance de la grandeur des interac- 
tions entre l'electron piCgC et la matrice en ce qui 
concerne le processus de recombinaison Clectron- 
cation (10). 

Dans le present article nous mettons en Cvi- 
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dence la fluorescence diffCrCe du carbazole de 
m&me que les emissions photostimulies de la 
DPA et du carbazole dans une lnatrice vitreuse 
d'ither k 77 "K. L'Ctude du rapport d'intensitC 
de la phosphorescence et de la fluorescence 
stimulees est analysCe en terme des Cnergies 
disponibles de la paire e1ectron~-cation au mo- 
ment de la recombinaison. 

Techniques expkrirnentales 
( I )  Prochiits et sol~rtiorzs 

La DPA (Eastman Kodak) apres cristallisation dans 
]'ethanol a Cte purifiee par fusion de zone sous atnlos- 
phere d'helium. Apres 20 passages, les cristaux de DPA 
ont ete retires de la partie superieure de la colonne. Le 
carbazole est un produit monocristallin provenant de 
la maison James Hinton et purifie egalement par fusion 
de zone. La purete est de 99.999%. L'ether diethylique 
etait un produit Mallinckrodt "ether anhydre", il a ete 
seche, sur sodium, puis distille avant chacune des expi- 
riences. I1 a ete dimontre expCrimentalernent qu'aux 
sensibilites utilisees lors des experiences d'emission dif- 
feree ou stimulee, aucune trace d'impurete du solvant 
n'est presente. Les solutions ont toutes Cte prtparees 3 00 400 500 600 

l'obscurite. Une concentration de M e n  DPA et en FIG. I .  DpA ,I[ dans l'ether 77 K :  (---) flue- 
C dans l'ether a temperature ambiante a ete utilisee au rescence et phosphorescence naturelle non-corrigke pour 
cours de ce travail. le systeme de detection et sans phosphoroscope; (-) 

fluorescence a longue duree de vie (isotherme ou differee) 
(2) Obsercation des l~rmiilescerices non corrigee et observee a l'aide d'un phosphoroscope. 

Les spectres d'emissions diffkrees et stimulees de meme Ces emissions excities a 290 nnl, L,ordonnee est 
que les courbes de declin ont tous etC obtenus avec ell relatives. 
un spectrofluorimetre-phosphorinletre Aminco-Bowman 
muni d'un dispositif a miroir ellipsoidal de condensation rescence isotherme (diffCrie) (FIIIB) est au rneme 
de la lumiere sur la fente d'entree du monochromateur endroit que la fluorescence naturelle. L~ declin 
d'excitation. L'appareil de meme que son mode opera- 
tionnel ont ete decrits antkrieurement (4, 10). de cette fluorescence differie est tres long et non- 

Pour I'observation des emissions photostimulees nous exponelltiel comme le montre la fig. 2. Cependant 
avons suivi la methode cyclique suivante B tous les 1Onm: il a CtC dClnontrC rkcernment que la forme de 
(a)  0-120 s :  excitation a 290 nm avec un faisceau con- cette courbe de d ~ ~ i i ~ ~  depend fortement de la 
tenant 4 x einstein C I T - ~  s-', (b)  120-240 s :  
periode d'obscurite permettant ainsi le dkclin cornplet de longueur d'onde d'excitation ( 5 ) .  La durte de vie 
la fluorescence et de la ohosohorescence naturelle. de la phosphorescence est de + 0.2 dans . . 
(c )  240-360 s :  stimulation a 600 nm a l'aide du mono- 1'Cther. La fluorescence diffkree est ici caractk- 
chromatenr d'excitation n i ~ ~ n i  de filtres Wratten appro- 
pries (2B et 16) pour ne laisser passer que la lurniere entre 
500 et 700 nni. Cette methode cyclique nous procure 
chacune des longueurs d'onde d'eniission une impulsion 
du type de celles tracees sur les figs. 3 et 7. Ces signaux 
sont par la suite integres et corriges en unitis relatives de 
quanta cm-2 s-I .  C'est ainsi que les spectres de fluo- 
rescence et de phosphorescence stimulees sont obtenus 
sur les figs. 4 et 8. Des renseignements supplementaires 
sur la partie experimentale peuvent &tre obtenus dans un 
article recent (10). 

( A )  Diphe'nglan~ine 
Les spectres reproduits sur la fig. 1 sont trks 

similaires 2 ceux dCja obtenus pour la DPA dans 
d'autres milieux vitreux comme I'EPA et le 
3-MP (4, 5). En trait plein sur la figure, la fluo- 

risee par la composante lente de la courbe de 
dCclin. Nous ne pouvons encore affirmer avec 
certitude que la partie rapide appartient a la 
fluorescence differCe (5). I1 se pourrait qu'une 
annihilation triplet-triplet (FIV) soit Cgalelnent 
B l'origine de cette partie rapide (4). Nous avons 
observe les rapports d'intensitt suivants: Ip  cc I. 
et I,,, K IO2.O montrant bien la dipendance 
biphotonique de la fluorescence a longue durCe 
(FLD), I ,  Ctant l'intensiti de la 1umit.re exci- 
tatrice. 

La fig. 3 nous montre la forme des impulsions 
de fluorescence et de phosphorescence stimulkes 
de la DPA B deux longueurs d'onde 350 et 400 
nm. La montie de la fluorescence est instantanie 
(constante de temps de l'appareil enregistreur) 
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T 
I dernontrer que ce sont les Clectrons pitgts dans 

100 les defauts physiques de la matrice qui sont I,+ r x  30C ~ r r  
impliques dans le processus de recombinaison 

s o b \ +  ~ b s i o s  n ". (I I ) .  Les Cmissions naturelles de m&me que les 
\+ DF e x 3 0 0 n m  emissions stirnulees corrigCes sont comparkes a 

'+ obi Y5nm la fig. 4. Le rapport (I,/i,), des C~nissions natu- 
0 '+ I O\ 

\+ p relles est Cgal a 5.9 i 0.3. I, et I, sont les surfaces 
20 Ob, 

'+ sous les courbes de fluorescence et phosphores- 
4 3 \\ cence en quanta cm-3 s f ' .  Dans un regime oh 

10 9 D . F  
0, "+ l'etat stationnaire s'applique Ip/IF = 4,/4,. Le 
0\ 0 

I \O \+ rapport des rendements quantiques n'est pas 
'0 
\ \ connu pour la DPA dans l'ether. Er~nolaev 

\ 

, \+ obtint un rapport $,/$, de 7.3 0.4 pour la 

*I I , ~ O ~ ~ < o - , - ~ ~  + egai 22.1 f 0.6 montrant une nette augmenta- 

DPA dans un verre d'alcool et d'ether (12) alors 
que des rapports de 6.6 et 6.1 ont Cte obtenus 
plus recernment dans I'EPA (1 5, 16). 

Le rapport des Cmissions stinlulees (IJI,),, est 
1 (iec 1 

0 1 2 3 ~ 5 6 ' 8 9 ? 0  tion relative de la phosphorescence stimulCe sur 
FIG. 2. DPA IM dans l'ether 2 77 'K: courbes de la phosphorescence naturelle. Un resultat simi- 

declin de la fluorescence diffiree (DF) et de la phospho- laire avait kt& obtellu pour ]'indole et le trypto- 
rescence observies a l'aide d'un phosphoroscope. Le 
filtre Corning 7-60 a kt6 utilisC devant le PM lors de phane dans 1'Cther (10). 11 est a notes que les 
l'observation de la fluorescence differee de f a ~ o n  a reduire 
le recouvrement des spectres de fluorescence et de .320 350 400 450 500 550 

phosphorescence. 
I I I P 

FIG. 3. DPA M dans l'tther a 77°K:  variation 
avec le temps de stimulation de la fluorescence et de la 
phosphorescence stim~~lees observkes a 350 et 400 nm A 

respectivement. La lumiere de stimulation (600 nm) est g o  280 260 240 2.20 290 IBO 
appliqute au temps t = 0. L'echantillon avait CtC irradie 
aendant 2 min a 290 nm au orealable. Par la suite un 9 xlci:6' 
temps de noirceur de 2 min a CtC allouC avant que ne 
dCbute la stimulation. 

alors que celle de la phosphorescence stirnulee 
posside une constante de temps de 1.9 s corre- 
spondant a la durCe de vie de la phosphorescence 
de la DPA dans 1'Cther. La dCcroissance de la 
stimulation suit une loi du premier ordre pour la 
premiire minute de la decroissance ce qui semble 

FIG. 4. DPA ,M dans 1'Cther a 77'K: (-) 
Spectres de fluorescencc et de phosphorescence naturelles, 
excitees a 290 nm, et enregistres sans phosphoroscope, 
corriges pour le systeme de detection et transform& en 
unites relatives de quanta cnl rZ s - l .  (---) Luminescence 
stimulee obtenue en traqant point par point a tous les 
10 nm I'integration graphique des courbes comme celles 
representees a la fig. 3. Les corrections et transformations 
en unites relatives de quanta cm-2 s-'  ont egalement ete 
apportees. 
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erreurs ~nentionntes plus haut indiquent la 
reproductibilitC des resultats sur un ensemble de 
trois mesures differentes effectuies sur trois 
Cchantillons diffkrents de concentration Cgale. 

( B )  Carbazole 
La fig. 5 nous lnontre les spectres de fluo- 

rescence et de phosphorescence naturelle pris 
sans phosphoroscope ainsi que la phosphores- 
cence et la fluorescence de longue durCe (FLD) 
pris avec phosphoroscope. Comme lors de 
I'Ctude de la DPA, la courbe de dtclin de la FLD 
peut se dtcomposer en au moins deux compo- 
santes (fig. 6). L'une de ces composantes posskde 
un temps de vie superieur a la durke de vie de la 
phosphorescence qui est de 7.6 1 0.1 s et peut 
&tre assignCe a la fluorescence isotherme (dif- 
fCrCe) du carbazole. On remarque l'effet impor- 
tant que poss6de la longueur d'onde excitatrice 
sur 1'intensitC de cette composante isotherme 
qui devient tr6s faible lorsque l'excitation s'ef- 
fectue dans le premier syst6rne d'absorption du 
carbazole a 330 nm. Cet effet fait actuellement 
I'objet d'une etude plus approfondie qui sera 

FIG. 5. Carbazole M dans l'kther 2 77 'K: (---) 
Fluorescence et phosphorescence naturelle non corrigee 
pour le systeme de detection; (-) fluorescence diffkrie 
(DF) no11-corrigCe et observee l'aide d'un phosphoro- 
scope; (-.-.-.) mCme spectre mais enregistre a une sensi- 
bilite moindre permettant ainsi l'observation d e c l a  
phosphorescence du carbazole. Ces emissions ont ete 
excitees a 290 nm. L'ordonnee est ici en unit& relatives. 

FIG. 6. Carbazole M dans I'tther a 77-K:  
(I) declin de la phosphorescence du carbazole, excitee a 
290 nm et observee a 415 nm; (2) declin de la fluorescence 
differCe excitee a 290 nm et observCe B 370 nm; (3) declin 
de la fluorescence diffiree excitee a 330 nm et observte a 
370 nm. Le filtre Corning 7-60 du cGte du PM a ete 
utilise pour l'observation du declin des fluorescences 
diffkrkes. 

publike plus tard. Encore ici I, K et 
I,,, x Io2.0 montrent bien la dependance bi- 
photonique de 1'6mission longue. 

La montte de l'impulsion de phosphorescence 
stirnulee (fig. 7) possede encore ici une constante 
de temps Cgale a la durCe de vic dc phosphores- 
cence du carbazole dans 1'Cther soit 7.6 s. 
Comme pour la DPA, la dtcroissance des Cmis- 
sions stimulCes obiit a une loi du premicr ordrc. 
Le rapport des intensitCs des Cmissions naturelles 
(IplI,), est Cgal B 0.44 1 0.04 alors que le rap- 
port $,/$, donnk par Ermolaev dans un mtiange 
alcool-Cther est de 0.55 1 0.05 (12). En emission 
stimulCe, le rapport est fortement augment6 a 
(Ip/I,),, = 4.3 & 0.4. 

( C )  Spectre d'actioiz des &missions 
photostimzule'es 

Le spectre d'action corrigt de la fluorescence 
stimulee de la DPA dans l'kther est reprksentt a 
la fig. 9 entre 500 et 700 nm qui sont les linlites 
de notre instrumentation actuelle. Pour que ce 
spectre soit equivalent au spectre d'absorption 
des entitCs responsables de la recombinaison il 
faudrait que le rendement quantique de fluo- 



FIG. 7. Carbazole IW dans l'ether a 77 'K: Varia- 
tion avec le temps de stimulation de la F et de la P 
stimulees observies a 370 et 415 nm respectivernent. La 
lumiere de stimulation (600 nm) est appliquee au temps 
t = 0. L'echantillon avait ete irradie pendant 2 min 
290 nni au prkalable. Par la suite un temps de noirceur de 
2 min a ete alloue avant le debut de la stimulation. 

FIG. 9. Spectre d'action corrige des fluorescences 
stiniulCes de la DPA et du carbarole d'abord irradies a 
290 nni dans I'ether B 77 K.  L'observation de la fluorcs- 
cence stimulCe s'eat failc a 340nm pour les deux molecules. 

rescence stimulee soit indCpendant de la longueur 
d'onde de stimulation. Cependant, nous avons 
actuellement certains indices du contraire et cela 
fera l'objet d'une p~tblicatioii future. On pour- 
rait croire que ce spectre d'action correspond a 
une partie du spectre d'absorption des electrons 
dans 1'Cther dont le ~naximuni se situe a 8066 
cm-I dans le proche infrarouge (13). 

Discussion 
( a )  Clnc!t/q~(e dc. la Iztn~/nescc.nce 

p/iofo~trn7rrlee 
Le modele ciiittique de McCla~n et Albrecht 

(6) a Cte utilise lors de l'ktude des emissions 
photost~mulees de l'indole et du tryptophane et 
une descr~pt~on dCtaillee des constantes utilisCes 
a ete donnee (10) Le resultat important se 
retrouve B l'eq. 14 de la rCf 10 ou 

Les symboles a gauche de l'equation sont 
familiers et ces inteilsitCs ont toutes it6 mesurkes 
pour la DPA et le C. +, est le rendement en 
triplet de la moltcule de solutC dans la matrice 

FIG, 8, CarbaLole 1 0 - 3  M dans ]'ether a 77 "K: (---I 'itreuse considkrCe. p (h )  = kAT/kAS se difinit 
Spectres de F et P naturelles, excities 8. 290 nm, enregis- comme etant le rapport du peuplement de 1'6tat 
tres sans phosphoroscope, corriges pour le systeme de triplet TI relativement a celui de 1'Ctat singulet 
detection; (-) luminescence stimulee obtenue en traCant s1 lors des processus de recombinaison ou encore 
point par point a tous les 10 nm l'integration graphique 
des courbes comme celles representees a la fig. 7. Ces pjh) correspond, a un temps donnC apres la 
deux spectres sont donnks en unites relatives de quanta au nombre de de 
~ r n - ~  s-I .  au niveau triplet T I  comparativement au nombre 
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de molCcules au niveau singulet S,. I1 est 2 noter 
que la cinCtique pour Etre valable ne doit 
impliquer aucun processus d'intercombinaison 
entre les singulets et les triplets supCrieurs a S, 
et T, aprks l'ttape dkterminante de la recom- 
binaison (21). k,, et kAs sont les constantes de 
vitesse du premier ordre qui caractirisent le 
peuplement des triplets et des singulets au 
moment des recombinaisons. 

I1 a kt6 dCniontrt dans un article antCrieur (10) 
que ce parametre P(A) dkpendait fortement de 
l'energie mise en jeu lors du processus de recom- 
binaison. En effet la matrice Cthylene - glycol 
(EG) - eau (W) est reconnue pour piCger les 
Clectrons plus fortement que la matrice d'Cther 
(13) et donc lors de la stimulation a 650 nm du 
systeme indole-matrice prkalablement photo- 
ionise, P (650) = 4.4 dans 1'Cther alors que 
P (650) = 20 dans le mClange EG-W. Ceci 
dCmontre claireinent que la profondeur des 
pikges influence directement 1'Cnergie disponible 
au moment de la zecombinaison: tres peu de 
processus de recombinaison semble @tre suffi- 
sarnnient CnergCtique pour produire 1'Ctat S, 
dans 1'EG-W. Le parametre p(3,) devrait Cgale- 
ment varier avec I'Cnergie de la lumiere stiinula- 
trice pour la m h e  raison CnergCtique discutke 
plus haut. Enfin ce paramittre devrait Etre 
sensible a 1'Cnergie des niveaux premier singulet 
des molCcules de solutC considCrCes. 

Dans le prCsent article, deux molCcules de 
solutC sont CtudiCes dans la mEme matrice 
(Cther) et a la meme longueur d'onde de stimula- 
tion soit 600 nm. Seule la diffkrence d7Cnergie 
entre le premier singulet de la DPA et celui du 
carbazole pourrait modifier le parametre P(?,) 
entre les deux systemes. Le premier etat singulet 
(bande 0-0) de la DPA dans 19Cther se situe a 
environ 31 000 cin-', le maximum d'absorption 
se situe a 35 000 cm-' mais aucune structure 
fine v~brationnelle n'est observCe en absorption 
et en fluorescence. Par contre la bande 0-0 du 
carbazole se situe a 29 600 cm-' dans un spectre 
bien structurk (14). 

( b )  Rendenzerit en triplet de la DPA et du 
carbazole 

Plusieurs auteurs ont publiC les valeurs des 
constantes non-radiatives de 1'Ctat premier singu- 
let de ces molCcules pi6gCes en matrices vitreuses 
(1 2, 15, 16). Ces constantes non-radiatives sont 
cependant assimilCes aux constantes k ,  (10) 
rCgissant l'intercombinaison Sl-T, ce qui revient 

& utiliser l'hypoth6se qu'en matrice vitreuse la 
somme du rendement de fluorescence et du 
rendement en triplet est Cgale Q l'unitk. Bagda- 
saryan et coll. (17) ont mesurC le rendement 
triplet de ces molecules dans un verre d'Cthanol 
B 77 "K par la mCthode de Keller et Hadley (18), 
et on en conclu que la somme de 4, + +, n9est 
pas Cgale a 1'unitC. En effet pour le carbazole 
+, = 0.23 k 0.03 alors que 4, = 0.44 (15, 16) 
et pour la DPA, 4, = 0.47 k 0.09 alors que 
4, = 0.12 (15, 16). D'autre part, Sveshnikova et 
Snegov obtiennent pour le rendement en triplet 
de la DPA dans un verre d'alcool et d'Cther a 
90°K mesurk par la mCthode du transfert 
d'knergie triplet-triplet, une valeur de 0.87 k 
0.08 (19). Ce rksultat confirmerait l'hypothese 
des auteurs prickdents (12, 15, 16). 

Face a ces rCsultats exptrimentaux il est intC- 
ressant de comparer ces valeurs de +, avec celles 
que I'on a obtenues thkoriquement par la 
mtthode de Siebrand (20) en assirnilant l'atome 
d'azote a un atolne de carbone. Un calcul iden- 
tique a ti6 dCcrit antirieurement (10). Le tableau 
1 indique les valeurs des parametres utiliskes 
ainsi que le rCsultat final. 

I1 est remarquable de constater qu'un tel calcul 
approxirnat~f nous fournisse une valeur de 4, 
pour le carbazole identique 2 toute fin pratique a 
la valeur expkriinentale il~esuree de 0.23 (17). Le 
calcul devrait cependant Etre moins valable 
1orsqu'appliquC a la DPA qui est une molCcule 
non planaire. Mais encore la le rCsultat de 0.85 
est en accord avec celui obtenu par Sveshnikova 
et coll. (19) mais en dksaccord avec celui de 
Bagdasaryan et coll. (17). 

( c )  Calcttl du rapport des cor?starztes de citesse 
relatires au pe~rplemenf des &tats Sl et T ,  
(pararnPtre P) . 

Utilisant les valeurs publikes ou calculCes des 
rendements quantiques en triplet des deux molC- 
cules considCrCes, la parametre P (600) est rap- 
port6 au tableau 2 et obtenu a I'aide de l9Cquation 
cinttique donnCe a la partie (a)  de ce chapitre. 
La premiere constatation est que le parametre p 
est nettement infCrieur a 3 et se rapproche de 2 
pour les deux molCcules considCrCes dans le 
cadre de l'utilisation des valeurs de +, calculCes. 
Ce rksultat est important en ce sens qu'il Ctait 
gCnCralement acquis que lors du piCgeage dans 
une matrice solide & 77 "K la relaxation de spin 
avait le temps de se produire au moment de la 
recombinaison de f a ~ o n  a produire un rapport 
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TABLEAU 2. Valeurs du parametre p pour une stimulation B 600 nm 
dans une matrice d'ither a 77 "K 

( I P ~ ~ F ) ~ ~  (IP/~F)N 4 T B (600) 

DPA 22.1 ( 1 0 . 6 )  5 .9  ( 2 0 . 3 )  0.85 2 .3  ( 2 0 . 3 )  
22.1 ( 1 0 . 6 )  5 .9  ( 1 0 . 3 )  0.47'" 1 .3  (i-0.1) 

Carbazole 4 .3  ( 5 0 . 4 )  0.44 (50.04)  0.21 1 . 9  ( 2 0 . 3 )  
-- 

*Valeur tiree de Bagdasaryan et  coli. (17). 

statistique etats triplets,'Ctats singulets de 3 : 1 
(22). Cette hypothese avait CtC utilisee dans un 
article precedelit dans leque! la ~laleur mi~iimum 
de /3 (?.) avait kt6 fixie 3. Les valeurs supe-' I ieures 
2 3 etaient alors interpreties par des facteurs 
Cnergktiques iinpliquant la paise Clectroii-cation 
au  moment de la recoinbinuisoii (10). Une 
valeur milii~num inferieure a 3 pour /3(iL) pour- 
rait &tre interpret& par une recombinaison t r i s  
rapide. le spin de l'electroii n'ayant pas le temps 
de se riorienter (23): si cela est possible en 
emission diffkree nous ne croyons pas en cette 
possibilite en Cmission stimul6e. D'autre part 
depuis quelques annees, il a CtC dkmontre que les 
vitesses de peuplenient des trois sous-niveaux du 
triplet T ,  5 pnrtir du prelilier etat singulet excite 
Ctaient ~a r i ab les  (24). Toutefois cette diffirence 
de population est d'abord causCe par la sClec- 
tivitC du couplage spin-orbital entre les Ctats 
S, et T I .  I1 est donc difficile au stade actuel de 
nos connaissarices d'expliquer theoriquement ce 
rCsultat experimental. 

La seconde constatation qui doit Etre faite a 
l'examen du tableau 2 est qu'il ne semble pas 
Etre plus dificile de peupler l'ktat singulet de la 
DPA que celui du carbazole au  moment de la 
recombinaison electron-cation car P(DPA) 5 
P(carbazo1e) peu importe la valeur de 4, uti- 
lisee. On doit donc en conclure que la faible 
difference d'energie existant entre les etats S,  de 
la DPA et du carbazole soit environ 1400 em-'  
a'est pas un facteur d'empechement de la recom- 
binaison au  niveau S ,  de la D P A  lorsque la 
stimulation est effectuee a 600 nm dans un verre 
d'ither. La stimulation a 600 nm semble donc 
apporter aucune contrainte energktique pour la 
recombinaison aux singulets de la DPA et du 
carbazole. I1 est 5 notes que les deux constata- 
tions mentionnCes ci-haut 5 partir des resultats du 
tableau 2 ne seraient aucunenient modifiees, 
pour toutes valeurs de 4, de la D P A  comprises 
entre 0.4 et 0.9. Ces conclusions sont en fait 
indtpendantes de l'incertitude qui existe sur la 
valeur absolue de 4,. 

Ces rCsultats peuvent difficilement Etre com- 
pares a ceux obteilus sur !'indole et le trypto- 
phane d a m  une liiatrice d'ither ou P(650) = 4.4 
(10). D'uue part la lo~igueur d'onde de stimula- 
t1on n'est pas la mEme et d'autre part le premier 
Ctat sillgulet de l'indoie et du  tryptopliane dans 
1'Cther se situe a 34 600 a n - I  soit 3600 et 5000 
~111-I plus eleve que les ~iiveaux S, de la D P A  et 
du carbazole. I1 est cependant Cvident que ces 
deux derniers facteurs devraient contribuer B 
l'augmentation du  param6tre P telie qu'observke. 
L'importance de chacun de ces deux facteurs 
CnergCtiques est actuellement a l'etude dans notre 
Iaboratoire. 

Nous desirons re~iiercier le Conseil national de re- 
cherche~ du Canada pour avolr subcentionne ce travail. 
Nous remercions egalement M. Aurele Blancliette pour 
l'assistaiice technique prodiguee au cours d'une partie de 
ce travail. 
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MARY FRANCES RICHARDSON. Can. J.  Chem. 52.3716(1974). 
The Schiff base, bis(trifiuoroacety1acetone)triethylenetetraamine (H2L), forms a nickel coni- 

plex with the composition NiC,6F6H22N,02 (NiL). Crystals of NiL belong to the monoclinic 
space group P2, jc  with a = 10.040(2), b = 15.077(7), c = 13.943(7) A, b = 11 1.88(5)', 
D, = 1.610 gjcc, Do = 1.61(2) g/cc, Z = 4. A total of 1686 independent reflections with 
F2 2 20(F2), 28 5 42' were measured on a Picker 4-circle diffractometer by the 8-28 scan 
technique Lvith MaKx radiation. A full matrix least squares refinement of the structure yielded 
an unweighted R factor of 0.057. The structure confirms that condensation of triethylene- 
tetraamine with trifluoroacetylacetone occurs through the acetyl group, not through the tri- 
fluoroacetyl group. The nickel atom is octahedrally coordinated by the four nitrogen and tvv.0 
oxygen atoms of the L2-  ligand. The triethylenetetraamine moiety has the a-configuration, 
so that the oxygen atoms occupy cis positions on the octahedron. Distortions in rile octahedral 
geometry are due to the three contiguous five-membered rings in the complex; the average 
N-Ni-N angle is 81 . l  . The trifluoroacetylacetone fragments are essentially planar, with an  
average 0-Xi-Pd angle of 90.6'. These rings are folded about the 0--N lines, the folding 
angles being 17.1 and 8.0' for the two rings. The average Ni-0, Ni-N (trigonal), and Ni-N- 
(tetrahedral) distances are 2.037, 2.044, and 2.128 A, respectively. 

MARY FRAKCES RICHAKDSON. Can. J. Chem. 52.3716(1974). 
La base de Schiff, bis(trifl~1oroacCtylacetone)triet11~~1enetetranine (H2L), forme un compiexe 

avec le nickel de con~position NiC,6F6H,2N,02 (NiL). Les cristaux NiL appartiennent au 
groupe d'espace monoclinique P2,ic avec a = 10.040(2), b = 15.077(7), c = 13.943(7) A, 
p = 11 1.88(5)', D, = 1.610 g,!cc, Do = 1.61(2) g,'cc, Z = 4. On a determine un total de 1686 
reflexions independantes avec F2 > 20(F2), 28 < 42" I'aide d'un diffractometer B quatre 
cercles Picker par la technique de balayage 8-28 avec la radiation MoKr .  La structure est 
affinie par la mkthode des moindres carres (matrice complete) et conduit a un facteur non-pon- 
dCrC R de 0.057. La structure confirme que la condensation de la triCthylenetetran~ine avec la 
trifluoroacetylaceto~~e se produit par l'interniediaire du groupe acttyle et non par le groupe 
trifluoroacCtyle. L'atome de nickel est coordonne d'une f a ~ o n  octaedriq~ie par les quatre 
atomes d'azote et les deux atomes d'oxygene du ligand L2-.  La portion triethylenetetran~ine a 
la config~~ration r ce qui amkne les atomes d'oxygkne i occuper les positions cis sur l'octaedrc. 
Les distorsions dans la geornetrie octatdrique sont dus a la presence de trois cycles a cinq con- 
tigus dans le complexe; la valeur moyenne de I'angle N-Ni-N est de 81.1'. Les frag~nents 
trifluoroacetyleacCtone sont a toute fin pratique planaires avec une valeur moyenne de l'angle 
0-Ni-N de 90.6.. Ces cycles sont plies autour des liens 0-N; les angles de plissement sont 
de 17.1' et de 8.0' pour les deux cycles. Les distances moyennes de Ni-0, Ni-N (trigonal) 
et Ni-N (tttraedrique) sont respectivement de 2.037, 2.044 et 2.128 A. 

[Traduit par le journal] 

Introduction 
Condensation of triethylenetetraamine (trien) 

with P-diketones yields a variety of linear and 
macrocyclic Schiff base ligands which readily 
coordinate to transition metal ions (1-3). The 
linear, potentially hexadentate ligand, bis(tri- 
fluoroacety1acetone)triethylenetetraamine (H2L) 
forms three complexes with nickel: NIL, Ni- 

'Presented at  the Summer Meeting of the American 
Crystallographic Association, Pennsylvania State Uni- 
versity, August, 1974. 

(HL)C1.3H20, and Ni(H,L)C12.4M20 (2). NiL 
is a brown paramagnetic complex, presumably 
octahedral, while the other two are orange and 
diamagnetic. and therefore probably square 
planar. Thus, the extent of ionization of the lig- 
and affects the coordination about the nickel. 
Structure determinations of NiL and Ni(H2L)- 
C1,.4H20 were undertaken to determine the 
structural details of the complexes, and thus to 
evaluate the relative importance of steric cs. 
electronic factors in the coordination. The re- 
sults for NiL are reported herein. 
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RICHARDSOI\J: STRUCTURE OF BIS(TRIFLUOROACETYLACET0NE)TRIETHYLENETETRAAIE 3717 

3 ,  , CH2-CH2, CH2-CH2 C H 2  CH2 ,CH3 
,C=N NH' -\NH' 'N=c, 

"c\ 4 CH 
,C- OH HO-C, 

F3C C F3 

Experimental 
Dnfa Collectio~z 

Crystals of NiL were prepared (2) and given to 11s by 
Dr .  S. C .  Cummings, Department of Chemistry, Wright 
State University, Dayton, Ohio. Cell dimensions were 
determined at 23 i 3' from scans of the hO0, OkO, 001, 
and h01 reflections, as well as by direct measurement of 
the angle between the a*  and c* axes, on two crystals, 
one of which was aligned about b* and the other about c:::. 
The scans were performed on a manual Picker 4-circle 
diffractometer out to 28 = 60" with ~MoKcr, radiation 
(h  = 0.70926 a t  a take-off anele of 1.5". Standard - 
deviations on the cell parameters were estimated in two 
ways: from the variance on each set of measurements for 
a given crystal and from the variance between the two 

Sri uctui e Deret nzznntzon nnd Refinement 
The atomlc scattermg factors for neutral Ni, F, 0, N, 

C, and H atoms were taken from the I~iternational tables 
for X-ray crystallography (5), as were the real and Imag- 
]nary parts of the anomalous scattering of nickel Major 
computer programs employed ~ncluded local adaptations 
of Zalkin's FORDAP, Bi~sing and Levy's ORFLS, and 
Busing, Mart~n,  and Levy's ORFFE In the least squares 
refinements, the function m~nlni~zed was Z I ~ A ~ ,  where 
12 = 1/02(F) and A = F, - IF, Unwe~ghted and 
weighted ~esiduals, R, and Rz, respectively, wele calcula- 
ted after each refinemellt . 

crystals. The larger of these estimated standard deviations 
A tbrcc dimensional unsharpened Patterson synthesis 

is given below for each cell dimension. revealed the nickel atom oositions. The structure solution 
NiC16F6M22N402 m . ~ .  = 475.0 

Monoclinic, n = 10.040(2), b = 15.077(7), c = 13.943 
(7) A, p = 111.88(5)', V = 1958.6 .A3; Dm = 1.61(2) 
g/cc, D, = 1.61 g/cc, Z = 4, space group P2,/c, y = 
10.72 cm-I (MoKr radiation, jL = 0.7107 A). 

The data crystal was a slightly irregular column, 
0.2 x 0.2 x 0.6 nim, parallel to the a, b, and c axes, 
respectively. It was mounted on a glass fiber with epoxy 
cement, and aligned about the c" axis on the diffractom- 
eter. Data were collected with MoK? radiation at  a 
take-off angle of 4 . 0 .  The 8-20 scan technique was used. 
The scan was made at  a rate of lo/min over a 2" range, 
from I "  below the calculated peak position to 1" above. 
Background was counted for 20 s at  each end of the scan. 
Filters were inserted whenever the peak counting rate 
exceeded 40 000 c.p.s. A standard reflection was moni- 
tored every 2 h ;  it showed minor fluctuations, iargely 
dependent on the temperature and humidity. 

The intensities were corrected for background, for 
variation in the standard reflection, and for the extra 
filters inserted; Lorentz-polarization corrections were 
then applied to convert the net intensities, I, to structure 
factors. No  absorption corrections were made. Standard 
deviations on the structure factors, o(F), were calculated 
by the procedure detailed in Stout and Jensen (4): 

where N,, ATB, and N, are the total counts, the back- 
ground, and the net peak counts, respectively. A total of 
2086 reflections were obtained with 28 5 42", of which 
1686 had 1 2  20(1) and were classified as observed. The 
unobserved reflections were assigned zero weights during 
the refinement, and were not included in the R-factor 
calculations. 

then proceeded routinel). After the 29 atoms heavier 
than hydrogen had been located and refined isotropically 
(R, = 0.109, R, = 0.146), anisotropic thermal pararn- 
eters were introduced for the nickel and fluorine atoms 
(R, = 0.075, R,  = 0.105). The positions of all hydrogen 
atoms (except those on the methyl g r o ~ ~ p s )  were calcuia- 
ted by assuming = C[C-H = 1 A and the appro- 
priate angles for trigonal and tetrahedral carbon and 
nitrogen atoms. These were introduced as fixed param- 
eters, along with isotropic thermal parameters 1 A2 
greater than the carbon or nitrogen atom to which the 
hydrogen was bonded (R, = 0.060, R2 = 0.082). One 
more cycle of refining all 152 variables by full-matrix least 
squares yielded final values of R, and R, equal to 0.057 
and 0.079, respectively. The average (parameter shift)/ 
(sigma) was 0.4 on this cycle, and the refinement was re- 
garded as complete. The goodness of fit, (ZwA2/(iV, - 
N.,))'l2, was 1.8, where No and IV, are the number of ob- 
servations and the number of variables, respectively. 

A weighting analysis was performed and showed no 
serious systeniatic dependence of wA2 on sin 0 or on F. A 
difference Fourier synthesis revealed no peaks higher than 
about 0.5 e/A3. A few of these peaks were located in the 
vicinities of the methyl carbon atoms C(1) and C(l6), but 
were too ill-defined to warrant including them as hydro- 
gen atoms. 

The structure factor table is in the Depository of Un- 
published D a t a z  

Results and Discussion 
Tables 1 and 2 present the positional and 

'Copies may be obtained at  a nominal charge, upon 
request, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canad?, Ottawa, Canada KIA OS2. 
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TABLE 1. Atomic positional parameters and isotropic thermal parameters, 
with estimated standard deviations in parentheses 

Atom x Y z B (AZ) 

*Atom refined nith anisotropic thermal parameters. 

TABLE 2. Anisotropic thermal parameters ( x lo4) and estimated standard deviations* 

*The expression for the anisotropic telnperature factor 1s 7 ,  = exp ( - B L l h 2  - B27k2 - P33j2 - B ~ z h k  - Bi3Jl1 - B23kj). 

thermal parameters. and the standard deviations 4-7 are estimates obtained froni the kariances of 
estimated in the course of the least squares re- the individual parameters. 
finement. of all atoms heavier than hydrogen. 
Table 3 lists the calculated hydrogen atom posi- The Coordination ofiViclre! 

tions. A view of the NiL molecule is shown in There are four possible geometrical isorners3 

Fig. 1. The bond distances and angles in Tables for the octahedral coordination of a linear hexa- 

4 and 5 are arranged in pairs which are related 3These four refer only to the relative placement of the 
by a n  approximate C ,  axis which passes through ligand atoms. The actual number of isomers is larger 

the nickel atom and the nlidpoint of the C(8)- because the N(2)-N(3) ring can exist in t ~ ~ o  principal 
confornlations: a g a ~ ~ c h e  form in which the H(N2) and C(9) bond. sizes and orientations of the H(N3) atoms are on opposite sides of the N(Z)&Ni- 

anisotropic thermal ellipsoids are listed in Table N(3) plane, and an envelope form in which the two hy- 
6. The standard deviations quoted in Tables drogen atoms are on the same side of this plane. 
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RICHARDSON: STRUCTURE OF BlS(TRIFLUOROACETYLACET0NE)TRIETHYLENETETRAAMINE 3719 

TABLE 3. Calculated positions of the TABLE 4. Bond distances in NiL (e.s.d.'s in parentheses) 
hydrogen atoms 

Bond (l (A) Bond 
Atom x Y z 

d (A) 

Ni-O(1) 2.038(6) Ni-0(2) 2.036(5) 
H(C6A) 0.507 0.175 0.596 Ni-N(1) 2.048(6) Ni-N(4) 2.040(6) 
H(C6B) 0.497 0.062 0.477 Ni-N(2) 2.139(8) Ni-N(3) 2.118(7) 
H(C7A) 0.527 0.323 0.589 F(1)-C(1) 1 .319(14) F(4)-C(16) 1 .345(12) 
H(C7B) 0.623 0.289 0.487 F(2)--C(1) 1 .309(11) F(5)-C(16) 1.325(11) 
H(N2) 0.470 0.405 0.443 F(3)-C(l) 1 .323(11) F(6)-C(16) 1 .295(11) 
H(C8A) 0.438 0.236 0.340 C(1)-C(2) 1.508(12) C(15)-C(16) 1 .523(11) 
H(C8B) 0.521 0.324 0.314 C(2)-O(1) 1 .273(9) C(15)-O(2) 1 .271(9) 
R(C9A) 0.301 0.398 0.248 C(2)-C(3) 1 .358(11) C(14)-C(15) 1 .340(10) 
H(C9B) 0.299 0.306 0,185 C(3)-C(4) 1 .452(11) C(13)-C(14) I .454(9) 
H(N3) 0.152 0.236 0.252 C(4)-C(5) 1.533(12) C(12)-C(13) 1.536(11) 
H(CI OA) - 0.046 0.322 0.230 C(4)-N(l) 1 .279(10) C(13)-N(4) 1 .293(10) 
N(C!OB) 0 .02 1 0.357 0.146 N(1)-C(6) 1 .484(11) ( 4 - C l )  1 .490(10) 
H(Cl1A) -0.051 0.470 0.250 C(6)-C(7) 1 .51 O(14) C(1O)-C(11) 1 .526(14) 
EI(C1lB) 0.098 0.486 0.230 C(7)-N(2) 1 .462(10) C(1O)--N(3) 1 .463(11) 
N(C3) 0.038 0.067 0.423 N(2)-C(8) 1 .500(13) C(9)-N(3) 1.489(15) 
H(C14) 0.219 0.580 0.576 C(8)-C(9) 1 .474(13) 

FIG. 1. Vlen of the NIL molecule. The hydlogen 
atoms are shocn but labels have been om~tted for clarlty. 

dentate ligand such as L 2 .  These are depicted in 
Fig. 2; the nomenclature is based on the con- 
figuration of the trien moiety (6). While the 
P-configuration of trien is strongly favored in 
octahedral coinplexes (7), this configuration is 
unable to acconlmodate the trigonal nitrogen 
atoms N(l) and N(4), and the associated planar 
trifluoroacetylacetonate residues in the hexa- 
dentate L2- ligand. Molecular models suggest 
that the cis-a, isomer with a gauche N(2)-N(3) 
ring is the most nearly strain-free isomer, and it 
is the one actually found in the structure of NiL 
(Fig. 1). The cis-a, isomer has also been found in 
bis-salicylidenetriethylenetetraamine nickel (8). 

The nickel atom is coordinated to the four 

nitrogen and two oxygen atoins of the L2-  
ligand. The average Ni-0, Ni-N(trigonal), 
and N-N(tetra11edrai) distances are 2.0371 
2.044, and 2.128 A, respectively. These values 
compare favorably with distances found in other 
octahedral nickel complexes: e.g. Ni-O = 

2.01 8 A in nickel acetylacetonate dihydrate (9), 
and Ni-N = 2.124 A in Ni(en),SO, (10). The 
difference in the Ni-N(trigona1) and Ni-N 
(tetrahedral) distances is at least partly due to the 
smaller radius of sp2-hybridized nitrogen as 
compared to sp3. 

The coordination polyhedron is a slightly dis- 
torted octahedron whose dimensions are given in 
Fable 7. The deviations from idealized octahe- 
dral geometry are due to the presence of three 
five-membered rings in the complex. The average 
N-Ni-N angle in these rings is 8 1. l', close to 
the value of 82.1" found in Ni(en),SO, (10). In 
the six-membered rings, the average angle at the 
nickel atom is 30.6', much closer to the idealized 
value of 90'. Of the three octahedral axes, only 
one, the N(1)-Ni--N(4) axis, is close to 180" 
(177.8"). The O(1)-Ni-N(2) and O(2)-Ni- 
N(3) angles of 167.7 and 169.5" reflecl the con- 
straints imposed by the five-membered rings. 

c i s - o I  C I S - o 2  C I S -  8 t r a n s  

FIG. 2. Possible isomers for octahedral coordination 
of a linear hexadentate ligand. 
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TABLE 5. Bond angles in NiL (e.s.d.'s in parentheses) 

Bonds Angle Bonds Angle 

TABLE 6. Sizes and orientations of the thermal ellipsoids* 

Atom R & 6, 01. @ , 

Ni 1 0.185(2) 103(4) 81(5) 13(5) 
2 0.199(2) 96(12) 1 70(5) 80(4) 
3 0.205(2) 14(7) 94(13) 98(5) 

F(1) 1 0.190(18) 22(4) 101(3) 130(3) 
2 0.313(7) 112(4) 11 8(2) 127(3) 
3 0.453(7) 90(2) 30(2) 1 18(2) 

F(2) 1 0.215(7) - 33(2) 88(2) 79(3) 
2 0.336(11) 670) jO(3) 139(3) 
3 0.450(8) 111(2) 40(3) 51(3) 

F(3) i 0.208(11) 42(5) 5x41 
2 

91(3) 
0.297(12) 48(5) 133(4) 121(2) 

3 0.460(7) 9 1 ~ )  1 14(2) 31(2) 
F(4) 1 0.205(8) 97(2) 90(4) 14(2) 

2 0.284(8) 97(3) 173(3) 
3 

87(4) 
0.409(8) 1 o(2) 97(3) 105(2) 

F(5) 1 0.189(10) 90(2) 47(3) 47(3) 
2 0.295(6) 86(3) 137(3) 53(3) 
3 0.409(9) 4(3) 87(3) 1 15(2) 

F(6) 1 0.197(8) 54(3) 59(2) 
2 0.319(12) 44(3) 122(2) 
3 0.511(8) 68(2) 3 J(2) 121(2) 

83(2i l33(3) 

*Principal axxs R of the anisotropic temperature factors. The root-mean-square 
displacements ( L r d  along the principal axes are glven in A.  Ox, O, ,  and 0, are the direction 
axes (in degrees) with respect to the crystallographic a,  b, and c axes. 

I t  should be noted that, while the bond pa- Ni-N(4) angles, where the differences are on 
rameters related by the approximate G, axis are the order of six standard deviations. The only 
usually equal within a standard deviation, this structural feature which might be related to this 
is not the case for the N(1)-N(2) and N(3)- is the extent of folding of the six-membered rings 
N(4) bites and the N(1)-Ni-N(2) and N(3)- (cide infra); the O(1)-N(l) ring has a more 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



RICHARDSON: STRUCTURE OF BIS(TRIFLUOROACETYLACET0NE)TRIETHYLENETETRAAMINE 3721 

TABLE 7. Dimensions of the coordination polyhedron of nickel 

Bond Distance (A) Bonds Angle (deg) 

O(I)-N(l) 2.895(8) O(1)-Ni-N(1) 90.2(2) 
N(1 )-N(2) 2.675(10) N(1)-Ni-N(2) 79.4(3) 
N(2)-Ni3) 2.804(8) N(2)-Ni-N(3) 82.4(3) 
N(3)-N(4) 2.718(10) N(3)-Ni-N(4) 81.6(2) 
~(4)-0(2)  2.905(7) N(4)-Ni-O(2) 90.9(2) 
0(1)-0(2) 2.999(6) O(1)-Ni-O(2) 94.8(2) 
0(1)-N(4) 2.848(9) O(1)-Ni-N(4) 88.6(2) 
0(1)-N(3) 3.001(10) O(1)-Ni-N(3) 92.4(2) 
Nil)-N(3) 3 .1 lO(8) N(1)-Ni-N(3) 96.6(2) 
N(1)-0(2) 2.914(8) N(1)-Ni-O(2) 91.1(2) 
Ni2)-N(4) 3.238(10) N(2)-Ni-N(4) 101.5(3) 
N(2)-O(2) 3.003(10) N(2)-Ni-O(2) 92.0(2) 

O(1)-Ni-N(2) 167.7(2) 
O(2)-Ni-N(3) 169.5(3) 
N(1)-Ni-N(4) 177.8(2) 

TABLE 8. Coefficients of the best planes ( x  lo4) through selected sets of atoms* 

Deviation Average deviation 
Plane Atoms in plane A B C D of Ni (A) (A) 

I Ni, 0(1), NU), N(2), N(4) 981 -3217 -9417 -68187 0.06 0.05 
11 Ni, 0(1), N(2), N(3), O(2) -2024 9402 -2741 30470 0.02 0.14 
I11 Ni, N(l), N(3), N(4), O(2) - 9460 - 3224 - 329 - 17757 0.04 0.07 
IV ~ ( l ) ,  ~ ( 1 ) - ~ ( 5 ) ,  NU) 3197 -444 -9465 -59689 0.41 0.04 
V 0(2), C(12)-C(16), N(4) 9690 2119 -1268 1062 0.18 0.04 

*The equation of the plane has the form AX 1 B Y  A CZ = D, where X, Y,  and Z are orthogonal coordinates (in A) of the atoms in a 
system where the x,  Y ,  and z axes are parallel to the a*, b, and c axes of the u n ~ t  cell, respectively. 

pronounced fold about the 0-N line than the bis(acetylacetone)ethyle~iedialiline Schiff base 
O(2)-N(4) ring. complexes (1 1). The CF, groups introduce only 

The ligand bites are normal, with an average sniall perturbations in the bond distances in the 
of 2.73 A for the N-N distances in the five- rest of the ligand. The average C-F distance is 
membered rings and 2.90 A for the N-0 dis- 1.32 and the CF, groups have fairly well- 
lances in the six-membered rings. The poly- defined geometries. The thermal parameters of 
hedron edges which are not contained in a these groups suggest that they are librating about 
chelate ring are generally somewhat longer than theC(1)-C(2) and C(15)-C(16) bonds (Table 6). 
those which are. The N(2) and N(3) atoms in the ligand are 

Unweighted least squares planes (Table 8) tetrahedral. The N(1) and N(4) atoms are trigon- 
were calculated for the three ligand belts: ally hybridized, with the nickel atom nearly lying 
Ni-O(1)-N(1)-N(2)-N(4), Ni-O(1)-N(3) in the planes defined by the C(4)-N(1)-C(6) 
-N(2)-O(2): and Ni-Q(2)-N(1)-N(3)- and C(l1)-N(4)-C(13) fragments. (The dis- 
N(4). There is a small, but significant, ruffling of tances of the nickel atom from these planes are 
the planes, with the ligand atoms alternating 0.25(3) and 0.06(3) A, respectively.) The acetyl- 
above and below the planes. acetoniminate rings (not including the nickel 

atom) are almost planar (planes IV and V, Table 
The L2- Ligand 8). These rings are folded about their 0-N 

Condensation of triethylenetetraamine with bites, the 0 (1  )-N(1) ring making an angle of 
trifluoroacetylacetone is expected to occur 17.1' with the Ni-O(1)-N(1) plane and the 
through the acetyl group rather than through O(2)-N(4) ring making an angle of 8.0" with the 
the trifluoroacetyl group. The present structure Ni-O(2)-N(4) plane. Such folding is common, 
confirms that this is indeed the case. and apparently occurs in order to optimize the 

111 general, the bond distances and angles in molecular packing or to relieve steric strain with- 
the L2- ligand are similar to those quoted for in the molecule. The direction of folding is 
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toward the N(3) atom for the O(1)-N(l) ring, 
and towards the N(2) atom for the O(2)-N(4) 
ring. 

The conformations of the ethylenediamine-like 
rings are most readily described in terms of the 
distances of the carbon atoms from the N-Ni- 
N planes. The central N(2)-N(3) ring has a 
symmetrical gaucl~e form, which is the most 
stable form for an isolated ethylenediamine 
chelate ring ( I  2). The C(8) atom is 0.34 A above 
the N(2)-Ni-N(3) plane while C(9) is 0.34 A 
below it. The other two rings are so distorted 
from the gauche conformation that they are best 
described as having the envelope form. The 
C(6) and C(7) atoms both lie below the N(1)- 
Ni-N(2) plane (0.41 and 0.84 A ,  respectively), 
while C(10) and C(11) both lie above the N(3)- 
Ni-N(4) plane (0.76 and 0.31 A, respectively). 
The ring conformations can also be described 
by the intersection angles of the N-C-C 
planes in each ring (13) : these angles are 37.1(1 I ) ,  
54.5(10), and 37.9(11)' in the N(1)-N(2), 
N(2)-N(3), and N(3)-N(4) rings, respectively. 
Thus, the overall configuration of the trien frag- 
ment is similar to that found in u- and trans- 

4 u 
FIG. 3. Molecular packing in the NiL crystal. The 

three molecules on the right are part of a layer a t  x '. 
0.78; the three on the left are part of a layer at x 2 0.22. 

coordinated trien ligands (3, 6, 8, 14), but differs 
from that observed for p-trien complexes (15). 

Molecular Packing 
The packing of the NiL molecules within the 

unit cell is shown in Fig. 3. Molecule I is the 
molecule shown (slightly rotated) in Fig. 1. 
Molecules 11, 111, and 1V are related to Molecule 
I by the inversion center at (112, 112, 1/2), the 
c-glide plane intersecting the 51 axis at  114, and 
the screw axis parallel to y, respectively. The 
primes denote translation by one unit along the 
z axis. The shortest intermolecular contacts are 
not much less than the sum of the van der Waals 
radii of the corresponding atoms. The hydrogen 
atoms on N(2) and N(3) do not seem to be in- 
volved in hydrogen bonding to any other atoms 
in the structure; the N(2) and N(3) atoms make 
no intern~olecular contacts shorter than 3.5 A. 

The author is grateful to the National Research Council 
of Canada and to the J. P. Bickell Foundation for the 
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the competent assistance of Mr. Kenneth Franklin during 
the data collection. 

1. S. C. CUMMINGS and R.  E. SEVERS. Inorg. Chem. 
11, 1483 (1972). 

2. J. G. MARTIN, R. M. C. WEI, and S. C. CUMMINGS. 
Inorg. Chem. 11, 475 (1972). 

3. M. F. RICHARDSOX and R. E. SIEVERS. J. Am. Chem. 
SOC. 94, 4134 (1972). 

4. 6. H. STOUT and L. H. JEXSEN. X-ray structure de- 
termination. A practical guide. Macmillan Company, 
New York. 1968. pp. 454-458. 

5. International tables for X-ray crystallography. Vol. 
111. The Kynoch Press, Birmingham. 1968. p. 201, 
Table 3.3.1 A, and p. 215,'Table 3.3.2 C. 

6. M. DWYER and I. E. MAXWELL. Inorg. Chem. 9, 
1459 (1970). 

7. B. BOSNICH, R. D. GILLARD; E. D. MCKENZIE, and 
G. A. WEBB. J. Chem. Soc. A, 1331 (1966). 

8. P. D. CRADWICK, M. E. CIIADWICK, G. G. DODSON, 
D. HALL, and T.  N. WATERS. Acta Crystallogr. B28, 
45 (1972). 

9. H. MONTGOMERY and E. C. LINGAFELTER. Acta 
Crystailogr. 17, 1481 (1964). 

10. MAZHAR-UL-HAQUE, C. N. CAUGHLAN, and K.  
E M E R S O ~ .  Inorg. Cbem. 9, 2421 (1970). 

11. M. CALLIGARIS, G. N A R D I ~ ,  and L. RANDACCIO. 
Coord. Chenl. Rev. 7, 385 (1972). 

12. E. J. COREY and J. C. BAILAR, JR. J. Am. Chern. Soc. 
81, 2620 (1959). 

13. K. N. RAYMOND, P. W. R. COWIELD, and J .  A. IBERS. 
Inorg. Chen~.  7, 843 (1968). 

14. G. MARONCIU, E. C. LINGAFELTER, and P. PAOLETTI. 
Inorg. Chem. 8, 2763 (1969). 

15. D. A. BUCKINGHAZI, I. E. MAXWELL, A. M. SARGE- 
SON, and H. C. FREEMAK. Inorg. Chem. 9, 1921 
(1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Laser Spectrofluorimetry of Chlorophylls 

ROGER M. LEBLANC, GENEVT~VE GAI~INIER,  ALAIN TESSIER, AND LISE LEMIEUX 
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Trois-Ril.i>r.es, Que'hec G9A 5H7 
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ROGER M. LEBLANC, GENEVI~VE GALINIER, ALAIN TESSIER, and LISE LEMIECX. Can. J. Chem. 
52,3723 (1974). 

A device has been set up to determine q~~antitatively the weak fluorescence intensities of 
pigment molecules. I t  consists of a laser spectrofluorimeter. The excitation beam can be 
produced with either a He/Cd laser (441.6 nm) or a He/Ne laser (632.8 nm). This system allows 
us to detect the fluorescence of dilute chlorophyll a or b solutions of the order of 10-l2 mol/l. 
This sensitivity also permits the study of the emission spectra from chlorophyll in monomolecu- 
lar or solid states, and since a polarization rotator has been incorporated into our apparatus, 
one may presume some possible orientation of the molecules. 

ROGER M. L E B L A ~ C ,  GENEVI~VE GALINIER, ALAIK TESSIER et LISE LEMIEIJX. Can. J. Chern. 
52.3723 (1974). 

On a mis au point un appareil pour dtterminer quantitativement les faibles intensites de 
fluorescence des molecules de pigments. I1 s'agit d'un spectrofluorimetre a laser. Le faisceau 
excitant peut Ctre produit soit par un laser He/Cd (441.6 nm) soit par un laser He/Ne (632.8 nm). 
Ce systeme nous permet de deceler la fluorescence de solutions diluees de chlorophylle a ou b 
de I'ordre de 10-l2 n~olil. Cette sensibilite pcrmet aussi d'dtudier les spectres d'tmission de la 
chlorophylle a I'etat monomoleculaire ou a 1'Ctat solide: on peut prevoir certaines orientations 
possibles des molecules a l'aide du rotateur de polarisation incorpore a notre appareil. 

[Traduit par le journal] 

Introduction 
All biological membranes, animal and vegetal, 

are built on the same model. However, the second 
possesses the extraordinary power of transform- 
ing electromagnetic energy into chemical energy. 
This transformation in green plants is due to the 
presence of various pigments such as chloro- 
phy l l~  and carotenoids. The steps of this mech- 
anism are st111 obscure on certain points. Several 
models such as micells ( I ) ,  B.L.M. (2, 3), and 
monolayers (4, 5 )  are proposed to  simulate the 
membrane layer structure. 

In our laboratory, we study the fluorescence 
of pigments in the monomolecular state to  get an 
m i g h t  about the primary processes in photo- 
synthesis. In this state, pure chlorophyll a mono- 
layer shows very weak fluorescence due to the 
self-quenching effect. To  study this fluorescence, 
we must deal with very low fluorescence intensi- 
ties. In solution, this phenomenon exists for 
chlorophyll n concentrations hlgher than 
mol/l. 

Since available apparatus on the market is 
insufficiently sensitive, our group constructed a 
laser spectrofluorimeter capable of detecting 
very weak fluorescence signals. 

To  increase spectrophotometer sensitivity, 

many research workers have used expensive 
devices of detection: lock-in amplifier, photon 
counting, computer, etc., while still using con- 
ventional excitation sources such as tungsten, 
xenon, and mercury lamps. 

These systems have several advantages, but we 
already know (6) that it is possible to increase the 
fluorescence intensity by an order of two using an 
appropriate continuous gas laser as the excita- 
tion source while retaining conventional detec- 
tion devices. Since it is not difficult to get com- 
mercial lasers with variable frequencies, the 
objections to their high specificity are no longer 
true. 

Recently, Aoshima et al. (7)  have described a 
system for measuring the fluorescence of chloro- 
phyll monolayers using the photon counting 
technique. Measurements of fluorescence intensi- 
ties of chlorophyll in pure and mixed mono- 
layers, solid films, and solution, have been taken 
with a laser spectrofluorimeter built in our 
laboratory. 

By using Currie's criteria (8) to  determine 
detection limits and the method of Shcherbov 
et al. (9) for estimating our sensitivity, we ob- 
tained a sensitivity as high as Aoshima, even by 
setting a monochromator a t  the emission. 
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Furthermore, we kept thc advantages of using a 
laser as a.n excitation source and the possibility 
of changing the incident beam angle in regard to 
the molecules in the monomolecular state. 

Experimental Methods 
Chemical Prod~rcts 

Chlorophyll a, free of chlorophyll b; and chlorophyll b, 
free of chlorophyll a were obtained from the Sigma 
Chemical Company, St. Louis, Mo. These products were 
stored at 0 "C in the dark. Arachidic acid, 99 + "j, pure, was 
purchased from Eastman Organic Chemical Company, 
New York. Cadmium chloride, a Baker Analysed re- 
agent, was supplied by Baker Chemical Conlpany, New 
Jersey. The diethyl ether, ANALAR, was obtained from 
the British Drug House, Montreal. 

Equipment 
He/Cd laser, Spectra Physics, 7. = 441.6 nm, 75 mW; 

HeiNe laser, Spectra Physics, h = 632.8 nm, 5 mW; 
aluminum coated surface mirrors, Ealing Company; 
monochromator, Jarrell-Ash 82-410, focal length 0.25 
m, f13.5, resolution 0.3 nm, s!it 1.0 mrn; cut off filter, 
Corning Type R G  645; photomultiplier, EM1 9558 QB; 
power supply, Velonex Nimpac 105, stability 200 mV f 
0.003%, range 0 to 3000 V ;  nanoammeter, Cencom, 
model 91 1 ; recorder, Yew No. 3043; polarization rotator, 
Spectra Physics No. 310-21, ?, from 400 to 700 nm, 
accuracy of rotation 0.2". 

Langmuir Method 
To simulate the pigment monomolecular state in the 

chloroplast, we have worked out a technique from 
Langmuir et al. (10) allowing us to get a pure or mixed 
chlorophyll a monolayer. Our adapted apparatus is a 
temperature controllable trough (35.0 cm x 14.9 cm x 
5.0 cm) cemented together with a water or solvent non- 
soluble cement; an horizontal mica float (13.0 cm x 
0.7 cm x 0.0012 cm); gold foil (0.00024 cm) which at- 
taches the float to the lateral walls of the trough. A 
stainless steel wire, 10 cm above the surface goes through 
a very light aluminum piece, this being attached to the 
mica float by means of two nylon threads. A graduated 
circular scale is attached to the torsion wire to determine 
the degree of rotation of the wire. 

By exerting a certain pressure on the molecules spread 
at  the air/water interface, this force is transmitted to the 
mica float and then to the torsion wire by the means of 
the aluminum balance. A glass barrier, covered with 
Teflon tape, moves on the lateral walls of the trough 
along a graduated scale compressing the molecules. 

Before deposition of the pigments on quartz slides, the 
balance is calibrated and the pressure area curves have 
been studied. The results are compared to the literature 
and found to be identical to those results obtained by 
Gaines et a[. (11, 12). A meticulous cleaning of the 
aqueous subphase surface and instruments is necessary 
before each run if one wants to obtain reproducible data. 

Under a given surface pressure, specific for each type of 
compound, we immerse the quartz slide. During deposi- 
tion, the surface pressure is kept constant by manually 
controlling barrier displacement. An electric motor with 
a speed of one revolution per three minutes guarantees 
the uniform movement of the slide. Very often, pigment 

molecules are deposited on slides already covered by a 
lipidic base, usually consisting of cadmium arachidate 
multilayers. I t  has two roles: to be the salt of a cell fatty 
acid and to get a uniform slide surface at  a molecular 
level. This technique of depositing the fatty acid is one 
developed by Blodgett-Langmuir (13). 

Laser Spectrofluorimeter Deuice 
A block diagram of the apparatus and components is 

shown in Fig. 1. 
An excitation source of coherent light from a He/Cd 

laser or from a HeJNe laser emits a polarized beam 
(99.9%) directly on the sample. The pigment solution is 
placed on a quartz slide or in a quartz cell which is 
situated in a closed dark box on a circular disk. This disk 
allows the orientation angle of the sample to change in 
respect to the incident beam. Furthermore, the slide 
support may be moved laterally to prevent the intense 
light emitted by the laser from radiating through the 
same point of monolayer. Behind the slide, the laser beam 
hits a front surface mirror and is reflected through the 
sample again to hit a second front surface mirror almost 
parallel to the first. 

In this manner, the light is reflected a dozen times 
through the slide. However, the number of passages can 
be changed easily. The sample's fluorescence is focused by 
a converging lens, focal length 3.5 cm, which gathers the 
beam from a diaphragm (0.9 cm x 0.6 cm). The dia- 
phragm cuts out most of the stray light. The light con- 
verges onto a monochromator slit fixed to the dark box, 
a sharp cut off filter eliminates the light at wavelength 
shorter than 645 nm. A photomultiplier, joined to the 
monochromator, is cooled with dry ice. A stable power 
supply provides the photon~ultiplier voltage. A nano- 
ammeter and a recorder complete the system. 

A broad band polarization rotator may be mounted 
directly to one laser or to the other. 

Results and Discussion 
A comparative study of the sensitivity of our 

device was done. 

qOLARIZATION 
ROTATOR 

1 &*;e/Ne LASER 

CHROMATOR lo 

'FOG- 
PHOTO - 
MULTI-  POWER 
PL lER SUPPLY 

FIG. 1 .  Block diagram of the laser spectrofluorimeter: 
1, obturator; 2, slide support; 3, quartz slide; 4, rotative 
disk; 5, 6, front surface mirrors; 7, diaphragm; 8, con- 
vergent lens; 9, filter; 10, slit. 
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log [CHL o]  (mol I- ' )  

Fig. 2. Relative fluorescence intensity of pigment 
solutions as a function of chlorophyll a concentration; 
spectrofluorimeters : 0 ,  Perkin-Elmer MPF-2A ; @, He/Cd 
laser ; ?, ,,,, . = 441.6 nrn. 

Figure 2 shows the results we obtained for the 
relative fluorescence intensity of a chlorophyll a 
solution (I,) when the concentration varies from 
10-13 to mol/l. The reference (I,) was a 
solution of chlorophyll b, 1.6 x lo-' mol/l. We 
can see that there is a linear relationship between 
the relative intensity of emitted light and the 
pigment concentration. At concentration less 
than lo-' mol/l, the laser spectrofluorimeter is 
the only equipment capable of reliable data. For 
very weak concentrations, lower than lo-'' 
mol/l, qualitative determinations are still pos- 
sible. The difficulty in obtaining quantitative 
results at these concentrations arises from stray 
light. 

Figure 3 represents the same phenomenon 
when the HeINe laser is used as the excitation 
beam. In thi$ case, too, our spectrofluorimeter 
remains the most sensitive for weak pigment 
concentrations. 

Results about monomolecular chlorophyll a 
fluorescence spectrum appear in Fig. 4 for both 
systems. We noted that at wavelength higher 
than 680 nm, the response of a Perkin-Elmer 
spectrofluorimeter is less accurate than ours. 
This means that the laser spectrofluorimeter has 
a better detecting device, enabling us to work 
with a certain confidence in the red end of the 
spectrum. 

Chlorophyll a monolayers were deposited and 
we used lamella with a deposition ratio of 0 .95 to 
1.05. This ratio is defined as AJA,  where A ,  is the 
decrease of area occupied by the monolayer at 

FIG. 3. Relative fluorescence intensity of pigment 
solutions as a function of chlorophyll a concentration; 
spectrofluorimeters : 0 ,  Perkin-Elmer MPF-2A; @, Ne/Ne 
laser; h ,,,,, = 632.8 nm. 

WAVELENGTH (nm) 

FIG. 4. Fluorescence spectra of chlorophyll a niono- 
layers with the Perkin-Elmer MPF-2A, 0 ;  and He/Cd 
laser spectrofluorimeters, 8 (he,,,, = 441.6 nm). 

the air/water interface and A, is the area coated 
by the monolayer at the airlsolid interface. 

In Fig. 5 ,  we have the fluorescence spectra of 
chlorophyll a monolayers when pure and when 
diluted with phytoi. The effect of self-quenching 
in the first case is quite evident. 

When the polarization rotator is adjusted to 
the laser, fluorescence spectra of chlorophyll a 
monolayers can be taken for various polariza- 
tion angles of the excitation light. Figure 6 is an 
example of what we obtained with the He/Ne 
laser under such conditions. Relative fluores- 
cence intensity of the chlorophyll a monolayer 
is plotted as a function of different polarization 
angles of the incident beam. The results show 
that there is a certain orientation of chlorophyll a 
molecules on the surface of the quartz slides. As 
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0 L 

sio 
WAVELENGTH (nm) 

FIG. 5. Fluorescence spectra of pure and diluted 
chlorophyll a monolayer (He/Cd laser spectrofluorimeter) : 
-,chlorophyll a + phytol(1 :l); ---,pure chlorophyll a. 

t , ,  T , I I I t l i  

0 90 180 270 360 
- POLARIZAT ION A N G L E S  

FIG. 6. Fluorescence polarization of chlorophyll a 
monolayers (He/Ne laser spectrofluorimeter). I is the 
fluorescence intensity of the monolayer when the excita- 
tion beam is polarized at  the given angles, I, is the 
fluorescence intensity of the same nionolayer when the 
excitation beam is polarized at  0". 

which corresponds to 100 A2/mo1ecule while 
chlorophyll b is usually deposited at 28 dyn/cm 
or 60 A2/molecule. 

In comparing our apparatus with that of 
Aoshima, they were constructed to measure very 
weak fluorescence originating from monolayers. 
If we consider only the sensitivity of the two 
spectrofluorimeters both have achieved their 
goal; both are able to record fluorescence of the 
pigment monolayer. 

The first advantage of our apparatus is the use 
of a monochromator; this increases the resolu- 
tion (3.5 Ilm at 632.8 nm) and saves time since 
we do not have to manipulate filters. This lowers 
the risk of error. Using the photon counting 
technique (7), a certain time interval is necessary 
for the weak signal to be registered; this interval 
is inconvenient since we are dealing with a 
molecule which undergoes degradation upon ex- 
posure to light. The problem of stray light is 
diminished with the use of a laser as the source. 
The reason for this is that the beam is very 
parallel. Furthermore, the light from the laser 
is polarized, and with this, we can easily change 
the angle of polarization withput affecting the 
intensity of the laser light. 

On the concept of our spectrofluorimeter, we 
thought it advantageous to have the possibility 
of changing the angle of incidence onto the slide. 
We believe that the molecules are indeed oriented 
on the slide and that the angle at which the light 
strikes the slide has a definite effect on the co- 
efficient of absorption. 

We are the first to admit that our apparatus 
can be improved. For example, we could signi- 

a matter of fact, it seems probable that this ficantly increase our signal-to-noise ratio by 
situation prevails at the air-water interface and modulating the laser beam and by using part of 
in biological membranes too. the beam as a reference; and then, by using a 

Using clean quartz slides or five layers of 10ck-i~ to capture the two we could sub- 
cadmi~lm arachidate on each side of a quartz tract the reference beam signal from the sample 
slide, we do detect any of light beam signal. We could also incorporate a system 
intensity when changing the polarization angles would give us a corrected spectrum 
of the incident beam. directly. However, our spectrofluorimeter does 

Aoshima et al. (7) experienced some difficulties satisfy our needs, 
in trying to detect very weak fluorescence. Fur- The utilization and adaptation of our system 
thermore, some curious facts have to be pointed would provide a good source of information. In 
Out. In the of the field of energy transfer between molecules, 
layers, the pressure areas of 360 A2/molecule for one may benefit by this device since it is capable 
chlorophyll a and 490 A2/molecule for chloro- of detecting very weak 
phyll b are much too high to ensure that their 
monolayers were pure and not mixed with im- This work was supported by grants from the National 
purities. Usually chlorophyll a mollolayer is Research Council of Canada and the Universite du 
deposited at  a surface pressure of 24 dyn/cm Quebec a Trois-RiviGres. 
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The Quenching of Singlet Oxygen ( I & )  by Transition Metal Chelatesl 

D. J .  CARLSSON, T. SUPRUNCHUK, AND D. M.  WILES 
Di1,ision of Chemistry, National Research Colrncil of Canada, Ortnwo, Canada K I A  OR9 

Received May 17, 1974 

D. J. CARLSSON, T. SUPRUNCHUK, and D. M. WILES. Can. J. Chem. 52,3728(1974). 
Various transition metal chelates were found to quench '0, in the liquid phase. '0, was 

generated either photochemically, from an ozonide, or with a microwave source and reacted 
with rubrene or 3-methyl-2-pentene. Rate constants for '02 quenching by the chelates were 
measured in various solvents using the three '0, sources? and compared with the constants 
of previously known '02 quenchers. The most efficient chelates quenched '0, at close to the 
diffusion controlled rate, as did B-carotene. Some quenchers of '0, in the liquid phase were 
qualitatively shown to quench in the solid state. The possible '0, quenching mechanisms of 
the chelates are discussed. 

D. J. CARLSSON, T. SUPRUNCHUK et D. M. WILES. Can. J. Chem. 52.3728 (1974). 
Des chelates de divers metaux de transition permettent l'extinction de '0, en phase liquide. 

On produit '0, soit par une reaction photochimique a partir d'un ozonide, soit par une source 
microonde, et il reagit avec le rubrene ou le methyl-3 pentene-2. On mesure les constantes de 
vitesse de l'extinction de '0, par les chelates dans des solvants varies en utilisant les trois 
sources de '0, et on les compare avec les constantes d'extincteurs connus. L'extinction de 
'0, par les chelates les plus efficaces se fait pres de la vitesse contralee de diffusion, comme 
le fait le (3-carotene. On a n~ontre qualitativement que quelques extincteurs de '0, en phase 
liquide provoquent aussi l'extinction en phase solide. On discute des mecanismes possibles 
de I'extinction de '0, par les chelates. [Traduit par le journal] 

Since the initial discovery of singlet oxygen 
('A,, '0,) reactions with organic substrates 
in 1939 (1)- and their rediscovery in 1963 (2), 
the study of '0, reactions has grown at  an 
explosive rate (3-5). Commercial interest in 
singlet oxygen chemistry has now reached a 
high level because of known involvement, or 
postulated intervention of '0, in processes such 
as air pollution, cancer formation, rancidifica- 
tion of edible oils, and deterioration of many 
polymeric materials (rubbers, plastics, fibers, 
biopolymers, etc. (6)). Although '0, has been 
suggested to  be an important component of 
photochemical smogs (7a), its atmospheric 
concentration is probably always low in com- 
parison with other airborne oxidants such as 
ozone (76). Nevertheless, significant quantities of 
'0, may be generated in solids or liquids either 
under the influence of ozone (S), or by the near 
u.v. (sunlight) excitation of impurities, which 
are then quenched by 302 to give '0, (6). 

The commercial importance of '0, should 
lead to a growing interest in the prevention of 
'0, reactions, especially by quenching to 
ground state ( 3 ~ 2 )  oxygen by reaction 1. 

[l]  '0, + Quencher % Quencher + 302 

'NRCC No. 14264. 

Various compounds have been reported to quench 
'0, in the liquid or gas phases. These compounds 
include the carotenoids, aliphatic and aromatic 
amines, sulfides, phenols, etc. (9). However, 
all of these compounds are either inefficient 
quenchers (k, < 10' M - ' s- ' in the liquid 
phase) or are themselves unstable and subject to 
photo or thermal oxidative degradation 
(especially the carotenoids and the aromatic 
amines). In recent preliminary cornmunicatioiis 
we have reported that certain transition metal 
chelates are very efficient '0, quenchers both 
in liquid and solid states (10, 11). Since many of 
these chelates also possess extremely high u.v. 
stability and good thermal stability, they 
should find wide commercial application, and 
aiso be useful in the diagnosis of '0, reactions. 
In this paper we discuss in detail the quenching 
ability of these chelates in the presence of 
various '0, acceptors, using '0, derived from 
widely different sources. 

Experimental 
Singlet Oxygen Genevation 

Photochemical 
'02 was generated in the liquid phase either by the 

irradiation of rubrene (9,10,11,12-tetraphenylnaph- 
thacene) at  520 i 20 nm or tetraphenylporphine at  
390 f 20 nm. Air saturated solutions (-1 x M 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CARLSSON ET AL.: THE QUENCHING OF SINGLET OXYGEN 

FIG. 1. Microwave system 

in 0 2 )  were irradiated in 1 cm path fluorescence cells, 
in a Farrand Spectrofluorometer (MKI xenon arc 
source, IP28 Photomcltiplier). Sensitizer fluorescence 
emissions in the presence of '0, quenchers were period- 
ically monitored at 545 nni (rubrene) and 650nm 
(tetraphenylporphine). 

Thermal 
Ozone was added to solutions of triphenylphosphite in 

methanol at  -70°C to give a solution of the ozonide 
adduct, (+O),P. . .O,. A rubrene or rubreneiquencher 
solution containing traces of methanol and pyridine 
(final concentration 5% in each case) was cooled to 
-70°C and then added to the ozonide solution. A 
rapid evolution of '0, resulted (reaction 2). 

Microwace 
Oxygen at  6 Torr was led over a mercury droplet and 

through a microwave discharge (2450 MHz, 70 W) in a 
quartz tube. Atomic oxygen, ozone, 'A, and 'Z,+ 
singlet oxygen species were generated (reaction 3). 

The trace of mercury vapor formed mercuric oxide 
rings inside the quartz tubc, and prevented 0, and 0 .  
concentrating in the emergent gas stream (12a). Any 
'X,+ (emerging from the discharge zone) was deactivated 
to 'A, by a low pressure of water vapor (from a trap 
containing ice at -40 ' C )  and \later vapor was removed 
by a trap at  -78 "C. However, a low stationary con- 
centration of 'Z,+ is rapidly established in the flow 
system by an energy pooling process between 'A, mole- 
cules (12b). We are grateful to a referee for pointing 
O L I ~  that the H,O trap system probably does not in- 
fluence this low 'Z,+ concentration in the reaction cells 
at  our pumping rate (-500cm s- '  flow). The '0, 
stream was split into two identical gas streams, each 
of which passed over a stirred rubrene solution (2.0 ml), 
one solution with a quencher, and one quencher free 
(Fig. 1). This procedure allowed comparative experiments 
to be performed, so as to compensate for fluctuations 
in the '0, concentration coming from the discharge. 
Owing to the low pressure in the microwave system, only 
involatile solvents can be used. 

Reagents 
Rubrene was recrystallized from benzene. Hexadecane 

was rendered hydroperoxide- and olefin-free by repeated 

and twinned reaction cells. 

tumbling with concentrated H,SO,, and fractionation 
~ ~ n d e r  reduced pressure. All hydrocarbons were passed 
through activated alumina immediately before use. 
3-Methyl-2-pentene was Phillips Research Grade. 
Squalene (2,6,10,15,19,23-hexamethyltetracosane-2,6,10, 
14,18,22-hexaene) was d~stilled under reduced pressure. 
All solvents were spectroscopic grade. Chelates were 
purified by recrystalliration or column chromatography. 

Product Analysis 
Rubrene cons~nnption was measured spectrophoto- 

metrically at  520nm, since singlet oxygen reaction 
produces a colorless endoperoxide. In the case of the 
tetraphenylporphinel3-methyl-2-pentene system, hydro- 
peroxide concentrations were estimated spectrophoto- 
metrically after the liberation of 1 , -  from NaI solution in 
isopropanol, as described previously (13). 

Treatment of Results 
Rubrene and many olefins react rapidly with 

'0,  to yield respectively an endoperoxide (14) 
and a hydroperoxide (4). 

Photochemical ' 0 ,  Gerierafion 
Rubrene can act as both sensitizer and 

substrate in photooxidations (14) whereas an 
olefin requires a sensitizer such as tetraphenyl- 
porphine. For the oxidation of the rubrene or 
olefin substrates, concentration [A], in the 
presence of a quencher, concentration [Q], 
reactions 1 and 4 to 6 are now well established 
(9, 149 

I41 ,O2 + [Sensitizer]* + '0, + Sensitizer 
(Rate = R,) 

151 ' 0 2  + A 5 AO, 

and lead to  the rate expression 

A stationary concentration of '0, is assumed 
and R, is the rate of '0, generation in solution. 
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3730 CAN. J. CHEM. VOL. 5 2 ,  1974 

Then in the absence of quencher 

I t  follows from 171 

where subscript 0 refers to initial values, and 
superscripts Q and 0 refer to rates in the presence 
and absence of quencher respectively. 

Therrzal '0 ,  Generafion 
The kinetics of the generation of '0, by 

the decomposition of (+O),P. . .O, in the 
presence of pyridine have been discussed 
by Mendenhall (15), who has shown that '0, 
is generated quantitatively from the ozonide. 
If no '0, is lost from the solution, then from 
reactions 1 ,  2, 5, and 6, 

Integration of eq. 10 yields the following 
expression after complete ozonide decomposi- 
tion (at time a). 

k, ; 1 [Ill 
k,, CQI 

In the absence of quencher, kd/k,, can be derived 
from expression 1 1. 

Microwave ' 0 ,  Generation 
Reactions 1, 3, 5, and 6 lead to the rate 

expression 7. Integrating this expression up to 
a time t ,  both in the presence and absence of 
quencher leads to the relationship 

Results 
Photochemical '0, Generatio~z 

The loss of rubrene during irradiation at  
520 nm in air-saturated solutions was followed 
spectrophotometrically. Some rubrene consump- 
tion curves are shown in Fig. 2. In the rubrene 
photo-oxidation, the rate of rubrene consump- 

I 1 I I I I 
0 0 20 30 40 

IRRADIATION TIME (rnin) 

FIG. 2. Rubrene photooxidation in the presence of 
'02 quenchers. Irradiation at  520 i 20 nm. Rubrene in 
iso-octane; quencher: 0, none; V, DABCO 
(4 x &I); 0, Ni(l1) bis[2,2'-thiobis-4-(1,1,3,3- 
tetramethylbutyl)phenolate] (4 x 10-"W); A, Ni(I1) 
[2,2'-thiobis-4-(1,1,3,3 -tetramethylbutyl)phenolate]-n- 
butylainine (4 x M). Rubrene in methylene chlo- 
ride; quencher: 8, none; a, 0-carotene (1 x lo-' M); 
A, Ni(1I) bis-acetylacetonate (1 x M ) .  

tion is a complex function of the rubrene 
concentration, since rubrene is involved as 
both sensitizer (reaction 4) and substrate for 
'0, (reaction 5). Consequently the ratios of 
initial rates, (d[~]/dt) ,O/(d[Al/dt),~ were always 
used in the calculation of rate constant ratios. 
Two distinct kinetic effects were observed 
depending on the solvent employed. In iso- 
octane, the rate ratios measured at  fixed 
quencher concentrations were virtually in- 
dependent of the rubrene concentrations, as 
shown by the examples in Table 1. I11 methylene 
chloride the rate ratio was dependent on rubrene 
concentration; the rnethylene chloride data 
are plotted in Fig. 3. From expression 9, the 
slopes and intercepts shown in Fig. 3 lead to 
kd/k,, and k,/k,, values of (1.76 f 0.4) x 

M and 117 F 30 (p-carotene), (0.90 +_ 

0.07) x M and 0.19 f 0.02 [Ni(II)bis(O- 
butyl 3,5-di-t-butyl-4-hydroxybenzyl phospho- 
nate)], and (1.25 0.08) x M and 
2.0 i 0.4 (Ni(I1)bis-acetylacetonate) respectively 
Kinetic data for rubrene photo-oxidation at  
various quencher concentrations are shown in 
Table 2. 

Hydroperoxide is produced on the irradiation 
at  390 f 20 nm of a tetraphenylporphine solu- 
tion containing the olefin 3-methyl-2-pentene 
(Fig. 4). In the absence of a quencher, the 
reciprocal rate is linearly dependent on the 
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CARLSSON ET AL.: THE QUEKCHING OF SINGLET OXYGEN 

TABLE 1. Rubrene photooxidation in the presence of quenchers in i-octane 

Rubrene Rate rubrene loss ( x  lo7) ( M  s-') 
- 

(d tAlldt)oO 
[A] x lo4 kdkd 

(MI  - (d[Alldt)oO* - (d[Alldt)oQt (d[Alldt)oQ ( x lo-3) ( M - ' )  

1,4-Diazabicyclo[2.2.2]octane (4 x M) 
1 .O 3.8 1.15 3.30 0.57 
0.75 2.25 0.75 3 .OO 0.50 
0.59 1.74 0.55 3.16 0.54 
0.43 0.96 0.34 2.82 0.45 
0.22 0.30 0.093 3.23 0.56 

Nickel(I1) bis[2,2'-thiobis-4-(l,l,3,3-tetramethylbutyl)phenolate] (4 x M )  
1 .O 3.80 0.38 10.0 2.2 
0.89 3.49 0.32 11.2 2.5 
0.78 2.25 0.25 9.0 2.0 
0.61 1.74 0.18 9.7 2.2 
0.43 0.96 0.11 8.7 1.9 

Nickel(I1) [2,2'-thiobis-4-(l,l,3,3-tetramethylbutyl)phenolate]-n-butylan1ne (4 x M )  
1 .O 3.80 0.31 12.2 2.8 
0.89 3.49 0.27 12.9 3.0 
0.78 2.25 0.19 11.8 2.7 
0.61 1.74 0.14 12.4 2.8 
0.43 0.96 0.079 12.2 2.8 

N-Isopropyl-N'-phenyl-p-phenylene diamine (4 x M )  
1 . O  2.29 0.80 2.86 4.6 
0.78 1.74 0.60 2.90 4.7 
0.65 1.19 0.42 2.83 4.6 
0.43 0.64 0.23 2.78 4.4 
0.33 0.43 0.155 2.77 4.4 

*Without quencher. 
?With quencher, at same light intensity as *. 

I 1 I I 
0 0.2 0.4 0.6 0.8 I .O 

[ A ] ,  M ( x l o4 )  

FIG. 3. Rubrene photooxidation in methylene chlo- 
ride. x , 0-carotene (1.5 x M);  0, Ni(l1) bis[O- 
butyl 3,5-di-t-butyl-4-hydroxybenzyl phosphonate] (4 x 
l o 3  M ) ;  A, Ni(I1) bis-acetylacetonate (1.0 x 114). 

reciprocal olefin concentration (Fig. 5) .  From 
eq. 8 the intercept of this plot gives the rate 
of '0, generation in solution (4.3 x lo-' M s-') 
and the slope allows the calculation of k,/k,, = 
1.64 x M in chlorobenzene solutions. 
Sensitized photo-oxidation of 3-methyl-2-pen- 
tene (1.0-5.2 x M )  in the presence of 
nickel(I1) [2,2'-thiobis-4-(l,l,3,3-tetramethylbu- 

tyl)phenolate]-n-butylamine (7.4-32 x M )  
led to an average k,/k,, of 80 k 5. 

lrradiation of either a sensitizer-free solution 
of 3-methyl-2-pentene in chlorobenzene or an 
olefin-free solution of tetraphenylporphine in 
chlorobenzene yielded no detectable hydro- 
peroxide (4 x M ) .  Many metal chelates 
are rapid decoinposers of hydroperoxides (6, 16). 
However, separate dark experiments with oxi- 
dized 3-methyl-2-pentene solutions showed that 
the hydroperoxide concentrations did not de- 
crease either in the presence of nickel(I1) 
[2,2'-thiobis-4-(I, l,3,3-tetramethylbuty1)pheno- 
late]-12-butylam~ne or of the sensitizer. 

Tlierinal '0,  Generation 
Rubrene is bleached by the '0, evolved 

rapidly from (+O),PO, on the addition of a 
trace of pyridine. The validity of expression 1 1  
for the (+O),PO, production of '0, in a 
rubrene solution has been confirmed by Menden- 
hall (15). Rubrene concentrations before and 
after ozonide decomposition are shown in 
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TABLE 2. Effect of quencher concentration on rubrene photooxidation* 

(d[Alidt)oO (d[Alldt)oQ 
[Quencher] k,/k, x lo-3 

Quencher x lo4 (M) x 10' (MS-')  x 10' (M S - I )  (M-l)  

Ni(J1) bis(di-rz-buty1dithiocarbamate)f 40 5.3, 0.0089 150 
2.1 2.54 0.0443 270 
0.21 2.54 0.230 470 

Ni(I1) bis(2-hydroxy-5-~i~ethoxyphenyl- 10 1.68 0.0875 18 
hr-rz-butyl aldimine)? 2 . 4  1.68 0.215 28 

0.60 1 .95 0.425 60 
0.060 1 .21 0.90, 57 

Ni(I1) [2,2'-thiobis-4-(1,1,3,3- 50 5.35 0.337 3 .O 
tetramethylbuty1)-phenolatel-n- 10 2.2, 0.35, 5 .3  
butylaminei 1.7 1 . j 6  0 .  go5 4.3 

Fe(1II) tri(di-isopropyldithio- 10 5.2, 0.0236 0.0535 
carbaniate)$ 1 . O  4 .2 ,  0.203 0.052s 

Wnquenched initial rate fluctuations due to variations in Xe arc intensity. 
tRubrene concentration 1.0 r lo-"  IM in ;-octane. 
lRuhrene  concentration 1.0 x M in CH,CI,. 
Skqlkox, 

IRRADIATION TIME imin) 

FIG. 4. Sensitized photooxidation of 3-methy1-2- 
pentene. Sensitizer tetraphenylporphine (7.5 x I M )  
in chlorobenzene, irradiated at 390 & 20 nm. Quencher: 
Ni(I1) [2,2'- thiobis-4-(I,], 3 ,3  - tetramethylbuty1)pheno- 
late]-n-butylamine. Concentrations, olefin: 0, 0.52 x 
10-'M; A, 1.02 x 10-'M; 0, 5.2 x 10-'M; olefin, 
quencher: 9, 1.02 x lo-', 3.25 x M ;  A, 5.2 x 

7.49 x 10-3 M. 

Table 3 for various quenchers. The rate ratios 
k,/ko, for '0, deactivation in methylene 
chloride and iso-octane are calculated from [l 1 ] 
in the absence of a quencher. In the presence 
of a quencher, kq/ko, ratios were also calculated 

from expression 11, using the appropriate 
experimental k,/k, value. 

Microvt,ave ' 0 ,  Generation 
Rubrene is rapidly bleached by oxygen which 

has passed through a microwave discharge. 
Although a microwave discharge is a convenient 
source of '0, it is difficult to control con- 
sistently the concentration of '0, dissolved in a 
liquid exposed to the '0,-containing stream. 
This problem was largely overcome by the 
simuitaneous exposure of solutions in the 
twinned reaction cells (Fig. l ) ,  one cell con- 
taining only rubrene solution, the other rubrene 
and a dissolved quencher. The discharge was 
usually continued until 60-70% of the rubrene 
in the quencher free solution had been oxidized 
to the colorless endoperoxide. Rubrene bleaching 

FIG. 5. Sensitized photooxidation of 3-methyl-2- 
pentene. Tetraphenylporphine (7.5 x M) sensitizer 
in chlorobenzene. No quencher. 
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CARLSSON ET AL.: THE QUENCHING OF SINGLET OXYGEN 3733 

TABLE 3. '02 from (+O),P. . .O, in the presence of quenchers 

Rubrene x lo4 (M) 
Initial 

[(+O),P. . .O,] Initial Final k,/k, x lo4 
Quencher*' x lo3 (M) [AID [A1 0 (MI kqlkox 

- 

DABCO 
DABCC 

Ni(1I) bis(0-butyl 3,5-di-t-butyl-4- 
hydroxybenzyl phosphonate) 

Ni(1I) bisj2-hydroxy-5-methoxyphenyl- 
N-n-butyl aldimine) 

TABLE 4. 'Cz Fro111 the microwave discharge in the presence of quenchera 
--- 

[Rubrene] x lo4 ( M )  

Quencher 

Final 
[Quencher] Initial - 

x 103 (M) IAIo [AlrO LAICQ kqlkox 

Ni(I1) bis(2-hydroxy-5-methoxyphenyl- 1.05 0.19 0.96 5.7* 
N-n-butyl aldimine) 1.45 0.19 1 .OO 4.8* 

Ni(I1) bis-acetylacetonate 

MnCI24H20 4.83 1.89 0.27 0.27 <O.O1t 

*In hexadecane, using kdk , ,  = 9.0 Y lo4 s - ' ,  calculated from DABCO quenching data. 
+In 2-butoxyethanol, using kdlk,, = 38 x lo4 s-', calculated from DABCO quenching data. 

data are shown in Table 4 for the microwave 
system. 

Experimental difficulties and the complexity 
of the integrated rate expression 12 prevent the 
direct estimation of k,/ko, ratios for the solvents 
employed in the microwave work. Indirect 
k,/ko, ratios were calculated from competitive 
experiments involving rubrene and rubrene/ 

DABCO (1,4-diaza-bicyclo [2.2.2]octane) solu- 
tions. k,/ko,(DABCO) was assumed to be 0.49 
and solvent independent as found from the 
ozonide deco~nposition data (Table 3), and 
this value was used together with eq. 12 to  
calculate the respective kd/ko, values. The 
k,/ko, values derived from the various '0, 
generation techniques are collected in Table 5. 
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TABLE 5 .  Experi~nental kd values in various solvents 
-- 

This work* Literature values 
-- - 

kd x 
lo2 Source/substrate Solvent kd/k,,  x lo3 (s-I) Solvent kd x (SKI) 

Photo/rubrene CH2Clz 0.13 0 .95 CHCI3 1.73 
(+0)3P03irubrene CH2CI2 0.10 0.73 
(+O),PO3/rubrene i-Octane 0 .64 4 . 7  C Y C S H I ~  5.93 
Microwaveirubrene Hexadecane 1 .2  9 .0  
Microwaveirubrene 2-Butoxyethanol 5.27 3 8 C H 3 0 H  143 
Photo +,porphine/3-Me-2-pentene +C1 0.16f 1 . 1  C6Hs 4.0$§ 

*Assuming k,, = 7.3 x lo7 M-' s - '  (rubrene) and 1.0 x 106 M-' s-' (3-Me-2-pentene). 
tCalculated from DABCO qi~enched solutions, assuming k,(DABCO) = 3.5 x 107 M-1 s-I. 
$Reference 25. 
§Reference 18. 

k,/k,, values were calculated from the micro- 
wave data using expression 12 and are shown in 
Table 4. 

Since alkanes have been suggested to react 
with '0, (I?), hexadecane (3.4 M) was exposed 
for 5 h to microwave-generated '0,. Hydro- 
peroxide was not detectable after this treatment 
( < 5  x M). However, when undiluted 
squalene was similarly exposed -2.0 M hydro- 

\\ 

peroxide was formed, but no C=O products 
/ 

could be. detected by i.r. spectroscopy 
\ 

(< 1 x M from - 1715 cm-' C=O 

absorption). 
/ 

Exposure of chelate solutions in hexadecane 
to 1 h of '0, from the n~icrowave source 
resulted in no detectable changes in the u.v. 
absorption of the solutions, for all of the 
chelates listed in Table 6. A similar resistance 
to '0, attack has been reported for nickel(I1) 
Schiff-base complexes (1 8). 

Discussion 
All convenient methods for the generation 

of '0, are plagued by experimentai problems. 
Of the three methods used in this work, problems 
can arise from the following sources. 

In the photochemical routes, deactivation of 
the excited singlet or triplet states of sensitizers 
by the '0, quencher under investigation can 
lead to high apparent k,/k,, values for '0, 
quenching, since (RJOQ is no longer equal to 
(R,),', but instead smaller. Singlet quenching 
can be detected by observing the fluorescence 
of the sensitizer (at 545 nm for rubrene and 

650 nm for tetraphenylporphine). All of the 
quenchers examined had negligible effect on the 
fluorescence of these sensitizers ( < l o %  de- 
crease in emission). Unfortunately the phos- 
phorescence emissions from the sensitizer triplets 
were experimentally inaccessible. However, from 
the data of Adaniczyk and Wilkinson (19), 
who showed that polynuclear aromatic triplets 
are quenched by Ni(l1) Schiff base con~plexes 
with rate constants of -3  x 109 M -' s-' and 
of Porter and co-workers (201, who showed 
that 30, quenching of polynuclear aromatic 
tripletc occurred with a rate constant of - 2 x lo9 M - ' s- ', chelate quenching of rub- 
rene triplets can be expected to be important 
in comparison with 30, quenching (reaction 4) 
only when the chelate concentration exceeds - 1 x M (dissolved 30, concentration - 1 x M in air saturated solutions (20)). 
In fact, the three upper chelates listed in Table 2 
show k,/k,, values which increase as the chelate 
concentration decreases (the converse of the 
effect expected to result from rubrene triplet 
quenching), but became approximately con- 
stant at  below 1 x lo-" M. This unexpected 
effect might stem from chelate association 
(trimer, tetramer formation) at higher con- 
centrations as hac been reported for some 
Ni(I1) chelates in solution (21). 

Problems occur in the decomposition of 
(+O),P. . . 0 3  to '0, because of the possibility 
of direct reaction between the ozonide and 
either the substrate or the quencher. Although 
the catalytic decomposition of the ozonide at  
-70 OC will minimize direct attack, nickel(I1) 
bis(di-n-butyldithiocarbamate), a well known 
antiozonant, did react directly with the ozonide 
to give a brown precipitate. Ozonide reaction 
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CARLSSON ET AL.: THE QUENCHING OF SINGLET OXYGEN 3735 

TABLE 6. Quenching of singlet oxygen ('A,) in rubrene solutions* 

k,x (M-I  s-I)* 
- 

Rubrene* (+o),po, Microwave discharge 
- - - - 

i-Octane Cl12C1, i-Octane CH,C12 Hexadecane 2-BuEtOH 

DABCO 
N-Isopropyl-N'-phenyl-p-phenylene diamine 
fJ-Carotene 
Ni(I1) bis(di-n-butyldithiocarbamate) 
Ni(1I) bis(2-hydroxy-5-methoxyphenyl- 

AT-n-butyl aldimine) 
Fe(II1) tri(di-isopropyldithiocarbamate) 
Co(1I) bis(di-isopropyldithiocarbamate) 
NiC126Hz0 
Ni(II) [2,2'-thiobis-4-(l,l,3,3- 

tetramethylbuty1)-phenolatel-n-butylamine,l 
Ni(I1) bis[2,2'-thiobis-4-(1,1,3,3- 

tetran~ethylbutyl)phenolate] 
Ni(I1) bisacetylacetonate 
CoClz6H,O 
Ni(I1) bis(0-butyl 3,5-di-t-butyl-4- 

kydroxybenzyl phosphonate) 
MnC124H20 
Zn(I1) bis(di-n-butyldithiocarbamate) 

*Averaged values at 25 ' C  in  the indicated solvent, calculated from k, values taken from our data in  Table4 and k,,(rubrene) = 7.3 / lo7 
M - 1  q - 1  " . 

+Quencher concentration 4 x to 1 i M unless specified. 
:Quericlier concentration < 2 x M.  
§Interference by some chelate-ozonide reaction. 
k ,  = 0.8 x 10n M - I  s-I from tetraphenqlporphine,'3-methyl-2-pentene system. 

with rubrene has been shown to be negligible 
(22). 

The effluent from an oxygen microwave 
discharge contains 0 , ,  O., 1X,+('02) etc. as 
well as 1Ag(102). The use of a slow mercury 
distillation into the discharge to give mercuric 
oxide rings and the presence of a low vapor 
pressure of water can minimize the concentra- 
tions of O,, O., and 'Xgf in the effluent stream 
(12). The absence of 0, and 0. in the ' ~ ~ ( ' 0 , )  
stream from our apparatus was confirmed by the 
absence of carbonyl products (< 1 x M) 
on exposure of squalene so as to generate a 
high hydroperoxide level (2.0 M). Both 0, and 
0. would have produced large amounts of 
carbonyl products. 

Absolute k, and k, values may be calculated 
from the k,/k,, and k,/k,, ratios if literature 
values for k,, are assumed. For rubrene, 
k,, = 6.0 x lo7 M-'  S- '  can be calculated 
from the kd/k,, value of 1.4 x M (23) in 
methanol, where k, = 9 x lo4 s 1  (23). A very 
similar value of k,, (rubrene) = 7.8 x lo7 M-I  
s- '  can be derlved from p-carotene quenching 
data (k,,(rubrene) = 3k,,(tetramethylethylene) 
(24) = 150k,,(2-methyl-2-pentene) (3), k,(P- 

carotene)/k,,(2-methyl-2-pentene) = 2 x lo4 (9) 
and k,([3-carotene) = 1.3 x 1 0 ' ~  IM-' s- '  (18)). 
The k,, value for 3-methyl-2-pentene was 
aszumed to be identical to that of 2-methyl-2- 
pentene (1 .O x lo6 M ' s ') as derived above. 

Experimental k,/k,, and calculated kd values 
for the various solvents employed are collected 
in Table 5. The calculated kd values (Table 5) 
are in fair agreement with values published for 
comparable solvent systems (18, 25). The 
indirectly estimated hexadecane and 2-butoxy- 
ethanol k, values seem somewhat high, and 
may indicate the presence of some '0, quenching 
impurities, or some solvent dependence of 
k,/k,, for DABCO. 

In iso-octane. the rate ratio ( d ~ / d t ) ~ / ( d ~ / d t ) Q  
was found to be independent of the rubrene 
concentration, under fixed photolysis conditions 
(Table 1). This result is to be expected from the 
relative values of k, in iso-octane (4.7 x lo4 s- l )  
and k,,[A] (always < 7  x lo3 s-'), when (from 
eq. 9) 

k CQI [I31 ( d ~ / d t ) , ~ / ( d ~ / d t ) , ~  - 1 + LL- 
kd 

(The limited solubility of rubrene in iso-octane 
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precludes working at  higher concentrations.) 
The k,/k, values calculated from expression 13 
for the iso-octane solutions of various chelates 
are shown in Tables 1 and 2. k ,  values were 
calculated from these kq/kd ratios, using k,  = 

4.7 x lo4 s- '  (Table 5), and are listed in 
Table 6. In methylene chloride, k,  = 
8 x lo3 s-', and is con~parable to ko,[A] so 
that [9] is valid, as is confirmed by the linearity 
of the plots shown in Fig. 3. The slopes and 
intercepts of these lines in Fig. 3 allow the 
direct estimation of k,/ko, and k,/k,,. In 
addition, the linearity of these rate plots is 
indicative of the absence of any significant 
quenching of '0, by rubrene itself. 

Despite the inherent problems with each 
method of '0, generation the fair agreement 
between the k,  values collected in Table 6 for a 
given quencher is an indication of both the 
absence of significant side reactions and the 
general validity of the assumptions made in the 
calculation of k,/k,, for each technique. The 
collected k, values for the metal chelates are in 
fair agreement with the few published values 
available. The semiquantitative data of Guillory 
and Cook (21) and Felder and Schumacher (27) 
are in good agreement with Table 6, and agree- 
ment with the k,  data of Flood et al. (28) who 
used Inethylene blue sensitization of 1,3- 
diphenylbenzofuran oxidation is excellent. Very 
recently Farmilo and Wilkinson (18) have also 
shown that certain nickel(1I) Schiff-base com- 
plexes can quench '0, at close to the diffusion 
controlled rate in benzene solution. 

The k,  values for DABCO, p-carotene, and 
N-isopropyl-N'-phenyl-p-phenylenediamine in 
Table 6 are included largely for comparison 
with literature values of 1.6 x lo7 (in 1 :1:1 
benzene, methanol, diglyme) (9), 1.3 x 10'' in 
benzene (18), and 1.5 x lo9 M - '  s-' in ethanol 
respectively. The latter value is calculated from 
the data of Dalle et al. (26), using a literature 
value (25) of Ic, = 8.3 x lo4 s-' in ethanol. 
Aliphatic and aromatic amines have been 
shown (23) to quench '0, by the formation of a 
charge transfer complex (reaction 15). 

Our amine k, values are lower than the published 
values perhaps because of a solvent polarity 
effect as suggested by Young et al. (23). Our 
low polarity solvents would not stabilize a 
'0,-amine charge transfer complex as effectively 

as the high polarity solvents employed previously 
(9, 26). p-Carotene has been proven (18) to 
quench by an energy transfer process to a low 
lying p-carotene triplet (reaction 16), and 
quenching is accompanied by cis-trans isomeriz- 
ation. 

It  is interesting to speculate on the mechanism 
by which the chelates quench '0,. Chelate 
quenching seems to be a specific property of the 
chelate as a whole, since the free ligands (where 
stable) either do not quench 'O,, or quench a t  
a much lower efficiency (10, 28). The quenching 
effect ic apparently not related to coordination 
or magnetism, gince octahedral (paramagnetic) 
(e.g, NiC126H,0) and square planar (dia- 
magnetic) (e.g. nickel(1I) bis(di-n-butyldithio- 
carbamate)) complexes quench 'O,, as does an 
octahedral trimeric complex (e.g. nickel(I1) 
bis-acetylacetonate). For the hydrated chlorides 
(Table 6) '0, quenching efficiency increases in 
the sequence Mn(I1) << Co(I1) < Ni(I1). Both 
cobaltous and nickelous chlorides have vacant 
electronic energy levels at  8000-9000 cm-I, 
whereas the d5  nlanganous complex has none 
(29). This infers that energy transfer might be 
important for these chlorides, since the oxygen 
'A, + 3C,+ transition occurs at  --8000cm-'. 
A similar conclusion was reached by Fari~lilo 
and Wilkinson from a consideration of Ni(I1) 
and Pd(1II) chelates, and ferrocene quenching 
of '0, (18). However, both the charge transfer 
process [IS]  and the energy transfer reaction 16 
might well operate for different transition metal 
chelates. Another attractive source of '0, 
quenching by some of the metal chelates in- 
volves the formation of a loose complex, 
possibly analogous to those formed between 
302 and many Co, Ni, and Fe complexes (30,31). 
Although the high stability of many cobalt- 
oxygen complexes would preclude efficient 
'0, quenching, a transient association could 
lead to efficient quenching. 

Since '0, attack is now being considered as 
an important source of degradation of rubbers 
and plastics (6), it is important to know whether 
any of the compounds listed in Table 6 can 
quench '0, in the solid state. This was in- 
vestigated by either co-depositing a solid layer 
of a quencher with rubrene by evaporation of a 
solution in the cells of the microwave apparatus 
or by coating one of the '0, delivery tubes 
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(Fig. 1) with a thin solid coating of the quencher, 
just above a stirred rubrene solution. With 
both methods, on exposure to lo,, appreciable 
reduction in rubrene bleaching was found with 
the quenchers N-isopropyl-N'-phenyl-p-phenyl- 
enediamine, p-carotene, nickel(I1) bis(di-uz-butyl- 
dithiocarban~ate), nickel(I1) bis(2-hydroxy-5- 
methoxyphenyl-N-n-butyl aldimine), and nickel- 
(11) [2,2'- thiobis -4- (1 , 1 , 3 , 3  - tetramethylbutyl) - 
phenolatel-12-butylamine. Meaningful quantita- 
tive solid state quenching data would require 
the deposition of uniform mono-molecular 
layers, rather than the polycrystalline layers 
produced by the above techniques. 

The authors wish to express their appreciation for the 
help and guidance given by Dr. G.  D. Mendenhall 
during the early stage of this work. 
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(1974). 

The densities and volumetric specific heats of the alkaline earth chlorides have been measured 
in water at  25 "C in the concentration range 0.01 to 0.4 M with a flow densimeter and a flow 
microcalorimeter. Apparent molal volumes and heat capacities have been derived. 

G ~ R A L D  PERROK, JACQUES E. DESKOYERS et FRANK J. MILLERO. Can. J. Chem. 52, 3738 
(1974). 

Les masses volumiques et les capacitts calorifiques des chlorures des alcalino-terreux ont ete 
mesurees dans I'eau a 25 'C dans le domaine de concentration 0.01 a 0.4 M au moyen d'un 
densimetre et d'un microcalorimetre dynamiques. Les capacites calorifiques et volumes 
apparents molaires correspondants ont Cte calcules. 

There seems to be very few precise measure- 
ments of the heat capacity of multivalent salts in 
water. These data would be very useful to predict 
the temperature dependence of activity data and 
to gain information on solute-solvent interac- 
tions. Such measurements are now readily ob- 
tainable with flow microcalorimeters (1). With 
this technique, the relative difference in volu- 
metric specific heat o (J K-' ~ m - ~ )  with respect 
to that of a reference o,, usually taken as the 
pure solvent, is obtained. From the change 
(o - oo)/oo, the apparent molal heat capacities 
are derived from the relation 

or 

[2] 4, = Mc, + 1000 (c, - cpO)/m 

where c and m are respectively the molarity and 
the molality, M is the solute molecular weight, 
c, is the weight specific heat (c, = old  where d 
is the density), and 4, is the apparent molal 
volume. The purpose of the present paper is to 
report 4, data for alkaline earth chlorides a t  
25 "C. 

As it can be seen from eqs. 1 and 2, 4, can be 
calculated from o only if 4, or density data of 

'To whom correspondence should be addressed. 

comparable accuracy are known. Precise densi- 
ties of some of the alkaline earth chlorides have 
been determined by Dunn (2) and by Wirth and 
Bangert (8). However, we felt it would be 
useful to repeat all the densities using a flow 
densimeter (4) since an agreement with the 
literature values would at  least serve as a check 
of the purity of our salts. 

The apparent molal volumes were calculated 
in the usual way from the densities of the solu- 
tions d and of the solvent do with 

The techniques used for specific heat measure- 
ments with a flow microcalorimeter (1) and for 
density measurements with a flow densimeter (4) 
have been described previously. The relative 
change in specific heat Ao/o, can be obtained to 
+0.3% (3) up to the limit of the sensitivity on 
Lo which is 1 7  x J K-' ~ m - ~ .  Differ- 
ences in densities d - do can be measured to 
$.3 x 10-6gcm-3 .  

Stock solutions were made of all the salts with 
reagent grade Fisher Chemicals (without further 
purification). The concentrations of the stock 
solutions were determined by making weight 
titrations with AgNO,. The stock solutions were 
used to prepare the other solutions by weight 
dilution. Deionized water (Millipore Super Q) 
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PERRON ET AL.: SOME PROPERTIES OF ALKALINE EARTH CHLORIDES 3739 

TABLE 1 .  Apparent molal volumes and heat capacities of alkaline earth chlorides in water at 25 "C 

(d - do) x lo3 
m C (g ~ m - ~ )  

Magnesium chloride 

0.00386 0.00385 0.311 
0.01332 0.01328 1.065 
0.02320 0.02312 1 .849 
0.03312 0.03301 2.630 
0.06610 0.06583 5.214 
0.13161 0.13093 10.287 
0.19730 0.19606 15.316 
0.26330 0.26132 20.313 
0.34096 0.33790 26.142 

Calcium chloride 
0.01256 0.01252 1.156 
0.02235 0.02227 2.051 
0.03287 0.03275 3.003 
0.06635 0.06607 6.047 
0.13065 0.12992 11.808 
0.19623 0.19486 17.621 
0.26325 0.26103 23.504 
0.32800 0.32476 29.135 

Strontium chloride 
0.00374 0.00373 0.519 
0.01261 0.01257 1.750 
0.02186 0.02179 3.031 
0.03250 0.03238 4.491 
0.06524 0.06496 8.992 
0.12923 0.12851 17.715 
0.19752 0.19612 26.937 
0.25129 0.24920 34.142 
0.32856 0.32524 44.417 

Barium chloride 
0.00388 0.00387 0.715 
0.01562 0.01557 2.871 
0.02736 0.02726 5.009 
0.03879 0.03864 7.088 
0.07881 0.07842 14.341 
0.15690 0.15580 28.389 
0.23647 0.23428 42.502 
0.31614 0.31251 56.554 
0.38688 0.38165 68.920 

and water redistilled from an alkaline perman- 
ganate solution were both used. Both types of 
water gave similar results inside the experimental 
error. The molalities were converted to molari- 
ties whenever necessary using the measured solu- 
tion densities. In all calculations, do and oo were 
taken as 0.997047 g cm-3 (5) and 4.1793 J K-'  
cm-3 (6) at 25 OC. 

The experimental data and derived +,, +,, 
and c, are given in Table 1. The apparent molal 
quantities can be expressed either in terms of 
c or m using a Redlich type equation (7) 

The Av and A, coefficients can be calculated 
from the Debye-Hiickel limiting law and have 
the values 9.706 and 150.6 for 2 : 1 electrolytes in 
water at 25 "C for 4, and 4, expressed in cm3 
mol-I and J K-I mol-l. 
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Plots of 4 ,  - A,c ' /~  CS. c are shown in Fig. 1. 
The 4 ,  data of Dunn (2) and of Wirth and 
Bangert (8) are also included for comparison; 
the agreement between the difference sets of data 
is usually inside 0.1 cm3 mol-'. The only dis- 
agreement is with the high dilution values of 
MgCI, where the present 4 ,  data are somewhat 
lower. It is not obvious which set of values are 
the most reliable, but, at these high dilutions, the 
error implied on 4 ,  causes an uncertainty on 4 ,  
which is smaller than that arising from o - o,. 

The concentration dependence of the heat 
capacity is shown in Fig. 2. It is difficult to  
appraise the accuracy of the present 4 ,  data 
because of the sparcity of literature data on 2:l 
electrolytes. The only system which has been 
studied extensively is BaC1,. The data of White 
(9) and Richards and Dole (10) show a larger 
scatter and are in general 5 to 10 J K - '  mol-' 
more negative than the present. Similarly, the 
infinite dilution value 4,' of Criss and Cobble 
(1 1) obtained from heats of solution data is - 304 
compared with the present - 293 J K - I  mol-'.  
The mean values of the data of Kapustinsky and 
Dezideryeva ( 1  2) for SrCl, agree with the present 
ones despite their larger scatter. Lewis and 
Randall (1 3) report rounded 4 ,  values for CaCI, 
based on the data of Richards and Dole (10) and 
of Rutskov (14). The average values of Lewis and 
Randall (not shown) and those of Richard and 
Dole agree well with the present ones. The only 
data on MgCl, (15) are outside the range of the 
present measurements. The excellent agreement 
of our 4,  data and the general agreement of our 

I I 
0 1 0 2 0 3 

MOLARITY 

FIG. 1. Apparent molal volume of alkaline earth 
chlorides in water at  25 "C: 0, present work; x ,  Dunn 
(2); + , Wirth and Bangert (8). 

FIG. 2. Apparent molal heat capacity of alkaline 
earth chlorides in water at  25 'C: A, @, present work; 
x , Richards and Dole (10); 0, White (9); + , Kapustinsky 
and Dezideryeva (12); A, Criss and Cobble (1 I). 

6,- data with those of the literature lead us to , . 
believe that the present measurements are reliable 
to better than 5 J K- '  mol-I. 

The parameters of eqs. 4 and 5, derived from 
a weighted least-squares fitting of the present 
data, are summarized in Table 2. It can be shown 
(3) that the same 4,' and 4,' are obtained inside 
the experimental uncertainty whether the data 
are expressed in c or nz; 4,' and 4,' were there- 
fore fixed a t  the values given from eqs. 4 and 6 
and the parameters B,, B,, C,, and C, deter- 
mined from eqs. 5 and 7. With +, of all the salts 
and 4, of BaCl,, a term in c or m is sufficient to 
represent the data up to 0.4 M. With 4 ,  of the 
other salts a term in c3I2 or m3I2 is also required. 
An examination of the parameters $,O, B,, 4 2 ,  
and Bc show that they vary in a systematic way 
with the size of the cations with the exception of 
Bv of BaCI, which seems too positive with 
respect to the others. However, an examination 
of Fig. 1 gives us no  reason to  expect that our 
data or that of Dunn could be in error. The con- 
centration dependence of $, and $, of the 
alkaline earth chlorides does not show any 
evidence of strong ion-pair formation, as in the 
case of MgSO, (16), but does not preclude the 
possibility of a small degree of association. 

Conventional ionic standard partial molal heat 
capacities, based on CP0(H+) = 0 at 25 "C, can 
be obtained by subtracting from 4,' twice the 
conventional value for CI-, - 123.1 J K - '  mol-' 
(3). These values are : Mg2+,  - 16; Ca2+ ,  - 28 ; 
Sr2+,  -36; Ba2+, -46 J K - I  mol-'. Nothing 
can be said on the sign of the C: (conv) since 
these are not absolute values. However, these 
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TABLE 2. Parameters of eqs. 4 to 7 of alkaline earth chlorides in water for +, and 4, 
given respectively in J K- I  mol-I and cm3 mol-' 

Salt $vO B v  c v  B v /  cv' +cO Bc Bc ' 

51, 794 (1929). 
FIG. 3. Conventional standard partial molal heat 11, C. M ,  cRIss and j, W. cOBBLE, j, A",, them. sot, 

capacities of alkaline earth ions in water at 25 'C. 83, 3223 (1961). 

-10 

-20 
c 
-L 

Y 
7 

-30 - 
> 
C 
0 
v - 
.a - 4 0 -  
10 

- 50 

CP0 (conv) increase with decreasing ionic size 
(Fig. 3) while the Born equation (17) predicts a 
decrease. Therefore, as in  the case of alkali 
halides (3), the Born equation fails to account 
for the size dependence of partial molal heat 
capacities and other types of interactions such as 
structural ones have to be considered. 
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Comments on the Crystal Structure of Polypivalolactone 
and Deviation of Ester Groups from trans Planarity 
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J. CORNBERT, N. V. HIEX, F. BRISSE, and R. H. MAXCHESSAULT. Can. J. Chem. 52, 3742 
(1974). 

The crystalline conformation of polypivalolactone was determined by analysis of the chain 
conformational energies and it was found that the minimum energy corresponds to a planar 
tmrzs conformation for the ester group. The result was con~pared to published X-ray data 
based on fiber diffraction which show a significant deviation from trans planarity. This dif- 
ference is discussed in terms of the relative energies involved and by comparison with literature 
crystallographic results of low molecular weight carboxylic esters. It is stressed that because 
of the paucity of information in fiber diffraction, internal energy considerations are important 
for assigning internal rotation angles. Crystallographic results for low molecular weight 
compounds show that deviations greater than 10" from trans planarity are rare for ester 
groups. 

J. COR~IBERT,  N. V. MIEN, F. BRISSE et R. H. MARCHESSAULT. Can. J. Chem. 52,3742 (1974). 
On a determine la conformation cristalline de la polypivalolactone par analyse des energies 

conformationnelles de chaines; on a trouve que l'tnergie minimum correspond a une conforma- 
tion trans coplanaire pour le groupe ester. Ce rCsultat est compare avec les donnees de rayons-)< 
publiees, basees sur la diffraction de fibre, qui montrent une deviation notable de la planarite 
trans. On discute de cette difference en termes d'knergies relatives impliquees et par comparaison 
avec les resultats cristallographiques rapportes dans la litterature pour des esters carboxyliques 
de faible poids moleci~laire. On fait remarquer que, dd ail peu d'information de la diffraction 
des fibres, la consideration d'energie internee est importante pour attribuer les angles de rota- 
tion interne. Les resultats cristallographiques pour des composes de bas poids moleculaires 
montrent que des deviations plus grandes que 10' par rapport a la planarite traits sont rares dans 
les groupes esters. [Traduit par le journal] 

Introduction 
The detailed crystal structure of polypivalo- 

lactone (PPL) was first reported by Carazzolo (1) 
based on analysis of an X-ray fiber diagram of 
this polymer; from the measured fiber repeat 
of 6.02 A and evidence for a 2, helix, the 
author proposed a chain model of type T,G2 
(2) which would place all the ester groups in a 
planar trans conformation. This structure was 
referred to by Knobloch and Statton (3) who 
also discovered a second crystalline conforma- 
tlon involving a planar zig-zag chain with a 
fiber repeat of 4.74 A. 

In a more recent paper by Perego et a/ .  (4), 
the crystal structure of PPL was studied by an 
analysis of the observed intensities 111 the fiber 
diagram of the 2, helical form. The internal 
rotation angles corresponding to the proposed 
crystalline conformation are such that the 

'Present address: Institut de Recherche Clinique de 
Montreal, Boulevard des Pins, Montreal, Quebec. 

'70 whom correspondence should be addressed. 
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chain atoms of the ester group C-C-0-C 
are not in a planar trans conformation such as 
is usually the case in the crystalline confornia- 
tions of low molecular weight acetates, ben- 
zoates, and other carboxylic esters (5-39). In 
Fig. 1 is shown the distribution of the important 
internal rotation angle (a, see Fig. 2) of the 
ester groups of low molecular weight com- 
pounds; the most frequent value of o is found 
to be less than lo, the mean value is calculated 
to be 4", and of the 64 ester groups surveyed no 
value higher than 14" is reported. 

We have been studying the crystallography 
and conformation of polyesters based on the 
propiolactone backbone, that is polyester chains 
of the type +CHR-CRIR"-COO +,, and 
have consistently found that minimum energy 
is attained only when the ester group has a 
near planar trans conformation. In order to 
compare our results for PPL with those of 
Perego et al. (4), who have used a slightly 
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CORNIBERT ET AL.: ON CRYSTAL STRUCTURES 

TABLE 1 .  List of bond lengths and angles used in this study (44) and by Perego 
et al. (4) for PPL (cf: Fig. 20) 

Length (A) Angle (deg) 
- 

Bond Ref. 4 Ref. 44 Angle Ref. 4 Ref. 44 

different set of bond lengths and bond angles 
than those used in our study (cf Table l), we 
have repeated the conformational energy calcu- 
lation using their molecular parameters (cf. 
Table 2). Our calculations are based strictly on 
energy considerations and show that a deviation 
of 16", as proposed by Perego et a/. ( 4 )  for poly- 
pivalolactone from the trans conformation of the 
ester group would be energetically costly for the 
crystalline conformation which they propose. 

Those results are contained in Table 3 khere 
the internal rotation angles used by Perego 
et al. (4)  following the notation of Natta et al. 
(46) have been converted to the o, 8, $, cp 
notation3 which we defined in a previous 
paper (45) as is shown in Fig. 2. 

Summary of Conformational Calculations 
The choice of bond lengths and angles which 

we have made is based on the standard values 
for organic molecules (47) and on the results 
of electron diffraction and microwave spectros- 
copy of methyl formate and acetate (48,  49). 
These values are close to those used by Brant 
et al.  (50) and Ooi et al. (51) in their work on 
poly-L-lactic acid and poly-P-methyl-L-aspartate. 
For  angle da (cf. Fig. 2a), the value of 110" 
has been used, it agrees with the results from 

,The internal rotation angles used by Perego er al.  
follow Natta's notation wherein o of a bond is zero 
when this bond together with two immediate neighbors 
in the chain are arranged in a cis conformation, while in 
our notation the angle is zero when a trans conformation 
is obtained. If we consider any three successive chain 
bonds, L , ,  L,, and L,, looking along L ,  from L ,  the 
positive internal rotation angle o is the angle which 
L,  has been rotated clockwise away from the conforma- 
tion where o = 0 (cis in the notation of Perego et al. and 
trans in our notation). Figure 1 serves to identify the dif- 
ferent bonds and internal rotation angles in PPL. 

T o  convert from the notation of Perego et al. to ours 
use the formula ty = 180 + o,. 

FIG. 1.  Distribution of ester rotation angle w (cf. 
Flg. 2) from crystallographic data of 64 carboxylic 
esters of low molecular \+eight compounds (refs. 5-39). 

the interpretation ol' microwave spectra of 
ethyl formate (52) and it is the average value 
of angle C-C-OH for alcohols (47).  

For  PPL. there are four internal rotation 
angles to  vary. Therefore in constructing 
Ramachandran maps (54) it is necessary to 
work in four dimensions i .e.  one maD for each 
o and 8. Then lines of constant energy, of 
constant fiber repeat, and of constant number 
of monomers per turn of helix are plotted as 
functions of $ and cp (e.g. in Fig. 3). Different 
maps are obtained as o and 0 take on different 
values. By inspection, when a region of correct 
helical parameters and of low energy is rec- 
ognized, another program is used to d o  the 
refined search for the minimum energy (44). 

The conformational energy calculated takes 
into account the following intramolecular 
contributions to the total energy U of the 
chain : 
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TABLE 2. Conformational energies for conformations satisfying crystalline parameters n and h 

Conformation* 

(deg) 0 (deg) W (deg) c~ (deg) Reference Energy t 
0 .00 28.1 239.5 214.4 This study -2.475 

(min. energy) 

16.0 - 2 . 0  221 .O 241 . O  Perego et al. - 0.342$ 

2 . 0  1 4 . 5  235.4 224.6 This study -1.74 
(min. energy) 

16.0 - 2 . 0  221 .O 241 . O  Perego el a/ .  -0.12 

*All these conformations correspond to r~ght-handed "crystalline" helices. 
tGnit  for energy is kcalimol of monomer. 
$This conformation is possible only for a slightly greater fiber repeat of 6.18 A. 

( a )  Electrostatic energy (U,):  it is caused by 
dipole-dipole interaction of the ester groups 
and is calculated by Coulo~nb's law with the 
concept of partial charges: data on partial 
charges come from Smyth (55) and we used the 
same dielectric constant 3.0 as Brant et ul. (50).  
(6) Energy of interaction between non-bonded 

atoms (U,,): this energy is calculated by the 
classical "6-12" relation of Lennard-Jones 
(53, 54); the parameters used come from Van 
et al. (56). Following a suggestion by Gibson 
and Scheraga (57), the hydrogen atoms of the 
methyl groups were incorporated in an enlarged 
carbon atom. 

(c) Torsional energy around the single bonds 
(U,) (58):  this energy complements U,, in 
explaining the height of the energy barrier 
involved in free rotation (53, 54). By the method 
of Scott and Scheraga (58), the torsional 
barrier used in a periodic function is obtained 
from lower weight molecules. The torsional 
barrier of the angle o is very high, 8.75 kcal/mol 
of monomer. 

T A B L ~  3. Atomic coordinates* of PPL monomer 
corresponding to minimum energy as shown in Fig. 4  

Atom x (A) 1) (A) (A) 

C" 
C (carbonyl) 
0 (ester) 
C P 

0 (carbonyl) 
H B , '  

H B , Z  

C6,l 

C6,2 

*The coordinates are referred to an orthogonal system of axes with 
z as helix axis. 

(b ) 
0 

FIG. 2. Identification of bonds: (a) Perego et a/ .  (4); 
(b) internal rotation angles used in this study. 

Discussion 
In Table 2, different conforrnations of PPL 

and their calculated energies are listed. It is 
noted that, for either choice of molecular 
parameters, the minimum energy conformation 
always includes angle o - 0" such as to keep 
the chain atoms of the ester group in the same 
plane. The calculated energies are found to be 
especially sensitive to changes in angle o, 
and much less so to changes in the other three 
angles, a t  least in the region where o 5: 0". 
The conformation proposed by Perego et 01. 
has relatively high energy (-0.12 kcal/mol of 
monomer) as compared to the helix of minimum 
energy (- 1.74 kcal/mol of monomer) which 
also satisfies the fiber repeat and symmetry 
considerations dictated by the X-ray data. 
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CORNIBERT ET AL.: ON CRYSTAL STRUCTURES 3745 

FIG. 3. Conformational map o f  pclypivalolactone for w = 0" and (3 = 331.9Q: energy contour - in kcal/mol 
and curves giving n (number o f  monomers per turn) -.-.- and h (advance per monomer) --- in A, sign f or - for 
respectively right-handed or left-handed helicoidal conformations. 

Using our choice of bond distances and angles, 
the conformation of Perego et ul. is still found 
to have energy far from the minimum, whereas 
the conformation proposed here (cf. Fig. 4) 
has the lowest energy of all. 

Figure 3 shows the cp,$ map corresponding to 
the minimu~n energy for the 2, chain with 
fiber repeat of 6.02 A. The map has o = 0" and 
0 = 331.9" as parameters, the minimum energy 
can be seen to occur at  cp = 145.6" and J, = 
120.5" where the curves n = 2 and 12 = - 3  
intersect each other (these angles correspond to 
a left-handed helix, a right-handed helix of - 
equal energy in this case would have o = O0, 
0 = 28.1°, cp = 214.4", and J, = 239.5", see 
Table 2). Figure 4 shows projections of the 
helix corresponding to this energy minimum and 
whose atomic coordinates are listed in Table 3. 

We have also studied the crystalline con- 
formations of two other polyesters, poly-P- 
hydroxybutyrate (PHB) (43) and poly-P-propio- 

lactone (PL) (42), which possess the same main 
chain backbone atoms as PPL but different 
lateral groups. In the crystalline state, these 
three polyesters adopt the same type of helix, 
2,, but with slightly different advances per 
monomer, 2.98, 3.51, and 3.01 A for PHB, 
PL, and PPL respectively. For the minimum 
energy of all these poiymers, we have found no 
deformation of the planarity of the ester group, 
i .e .  o - 0" even in the case of PHB which has 
an asymmetric carbon due to the lateral methyl 
group in the P position. 

In their studies of polyethylene adipate, 
[(CH,),-OCO-(CH2),-COO]n, and poly- 
ethylene suberate, [(CH,),-OCO-(CH2),- 
COO],, Turner-Jones and Bunn (42) proposed a 
planar zig-zag conformation for the aliphatic 
acid chain section. All of the internal rotations 
of bonds, accounting for an observed shortening 
of 0.5 A in the fiber repeat as compared to the 
ideal planar conformation of the chain were 
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in the ester portion of the polymer backbone. 
Based only on fiber diffraction analysis (42), 
this proposal is correct as stated. The ester 
group internal rotation angles derived by these 
authors were: 8 = 66", o = 18", cp = 10". In 
our calculations it is noted that the torsional 
barrier energies for 0, o, and cp are 0.0, 8.75, and 
0.2 kcal/mol, respectively, this suggests that o 
should be more restricted than cp and by com- 
bining potential energy calculations with X-ray 
analysis these authors would probably have 
arrived a t  values of internal rotation angles 
somewhat different than proposed. The relatively 
large value for o is particularly suspect (cf .  
Fig. 1). 

Kim (43) determined rhe crystal structure of 
polytetramethylene adipate, [(CH2),-OCO- 
(CH,),-COO],,, and found an ideal planar 
rig-zag conformation. In this case there is no  
shortening of the fiber repeat as in the cases 
studied by Turner-Jones and Bunn (42). It  
should be interesting to look a t  the crystal 
structures of ethylene glycoi diesters which 
could serve as model compounds for under- 
standing why polyesters based on ethylene 
glycol have a distinctly non-planar ester con- 
formation. 

Bittiger and Marchessault (40) studied the 
crystal structure of poly-e-caprolactone by 
interpretation of X-ray diffraction patterns of 
the fiber and found the ester group to have 
planar trarzs conformation. Independently, 
Chatani et a/ .  (41) studied the crystallography 
of the same polymer and proposed a con- 
formation with o = 7" well within the limits 
shown in Fig. 1. 

In conclusion, refinements of polysner crystal 
structures by comparison of observed and 
calculated X-ray intensities allow rather poor 
precision when there is a choice of conforma- 
tional angles. Polymer crystallographers have 
a variety of approaches to systematically 
minimize the chain conformational energy and 
compare observed and calculated intensities. 

i 
An approach along these lines was made for 
PPL by Perego et al.  but, as this note is intended 
to show, it is noteworthy that their co~lformation 
does not coincide with the minimum energy 
"crystalline" conformation. It is always possible 

FIG. 4. Conformation of polypivalolactone corre- 
sponding to minimum energy conformation in Fig. 3 for lattice energy to compensate for an un- 
(left-handed helix, = 00, 0 = 331,9=, cp = :45.6;, favorable chain conformational energy, but the 
yi = 120.5"). small molecule examples cited in Fig. 1 lead 
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one to expect that the minimum energy of the 
independent chain and the actual conformation 
in the crystal in the case of linear ho~nopoly- 
esters will involve w values close to zero. 
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(1974). 

The catalytic effectiveness of eleven aromatic hydrocarbon donors in the acetolysis of 
2.4,7-trinitro-9-fluorenyl p-toluenes~~lfonate (TNF-OTs) has been examined. For nine of these 
donors, the kinetic data were analyzed to obtain the rate constant, k c ,  for acetolysis of the 
1 : 1 donor-substrate complex, and the 1 : 1 donor-substrate association constant, K. Two 
measures of catalytic erectivcness, log k c  and log k,K correlate well wirh the highest occ~~pied 
molecular orbital energy of the donor, E(HOMO), calculated by the Hiickel mo!ecular orbital 
(HMO) method. The success of these correlations is considered io  mean that the transition 
state for acetolysis resembles a n-complex. A model based on Mulliken's charge-transfer 
theory in its simplest form leads to an estimate of 0.1 1 of an electron transferred from the 
donor to the acceptor substrate in the complexed transition state. 

ALLAN M. COLTFR, ARTHUR L. M C K E ~ X A ,  III et M . A . K ~ s E M .  Can. .I. Chem. 52,3748 (19743. 
On a exalnilie I'utilite catalytique de 1 ! donneurs hydrocarbones arornatiques pour I'aciio- 

lyse du p-toluenesulfonate de trinitro-2,4.7 fluorenyl-9 (TNF-OTs). Pour 9 de ces donneurs, on 
a analyst les donnees cinitiques pour obtenir une constante de vitesse, k c ,  pour !'acdto!yse du 
complexe donneur substrat 1 : 1 et la constante d'association, K, pour le donneur substrat I : 1. 
Deux mesures d'eficacile catalytique, log I(, et log k ,K assurent une bonne correlation avec 
l'energie HOMO calculee par la methode HMO des orbitales moleculaires d3HiickeI. On consi- 
dere que le succes de ces correlations signifie que I'etat de transition pour I'acetolyse ressemble 
a un complexe rr. Un n~odele, base sur la theorie de transfert de charge de Mulliken dans 
sa forme la plus simple, permet d'estimer a 0.11 la quantite d'electron transferee du donneur 
au substrat accepteur dans l'etat de transition complexe. 

[Traduit par le journal] 

Introduction 
Earlier work has shown that acetolysis 

of 2,4,7-trinitro-9-fluorenyl p-toluenesulfonate 
(TNF-OTs) is strongly catalyzed by aromatic 

donors (1-3) and that the magnitude of the rate 
enhancements is sensitive to donor structure. 
For example, at 99.3", 0.02 M phenanthrene, 
acenaphthene, and anthracene increase the ob- 
served rate constants by factors of 1.9, 5.1, and 
10, respectively (1). These rate enhancements 

'Part V of this series, ref. 3. 
'Taken in part from the Ph.D, thesis of A. L. McKenna, 

111 (25) .  
3Revision received August 9, 1974. 

parallel the frequencies of the charge-transfer 
absorption maxima of complexes of these do- 
nors with the acceptors trinitrobenrene, chlora- 
nil, and tetracyanoethylene (1). 

Our interpretation of these catalytic effects 
has been based on the mechanistic scheme [ I ]  
in which D is donor, D.TNF-OTs is a 1 : 1 

111 HOAc k ,  i H 0 4 c  k c  

products 
1 

product\ 

donor-substrate n-complex or complexes, k ,  
and kc are rate constants for acetolysis of un- 
complexed and complexed substrate, respec- 
tively, and K is the 1 : 1 donor-substrate associa- 
tion constant. The enhanced reactivity of the 
n-complex is presumed to be a result of charge 
transfer from donor to substrate in the electron- 
ically-deficient transition state. According to 
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this interpretation, the observed rate constant 
in the presence of a fixed concentration of donor 
is a function of both kc and K. 

The previous paper in this series (3) reports 
an attempt to obtain a more quantitative under- 
standing of donor catalytic effectiveness in ace- 
tolysis of BNF-OTs. For a series of methoxy- 
and dimethoxynaphthalene donors at  85.3", 
there was a reasonably good linear correlation 
between log kcK and the coefficient m i  of the 
highest occupied molecular orbital (HOMO) of 
the donor (where the energy, E, is expressed in 
the form a + miP) calculated by the Hiickel 
molecular orbital (HMO) method. These data, 
however, did r,ot permit a test of a correlation 
between log kc and E(HOMO) due to large rela- 
tive experimental uncertainties in the k ,  values. 
The large zncertainties are a result of the low 
values of K (0.4-2.9 1 mol-') and the limited 
range of donor concentrations possible (ref. 4 
and references cited therein). It is a characteristic 
of the estimation of kc and M from values of the 
observed rate constant at  different donor con- 
centrations, that errors in k, and K are inversely 
related (i.e., overestimation of one results in 
underestimation of the other) while the product 
kcK can be determined with much greater accu- 
racy. 

On theoretical grounds (see Discussion) it was 
felt that log kc should be more directly related 
to E(HOM0) of the donor than log k,K. A 
primary objective of the present work was to 
investigate this prediction for a series of donors 
having sufficiently iarge association constants to 
permit a precise determination of k,. A series of 
aromatic hydrocarbon donors was chosen for 
this study, using methyl substitution to increase 
solubility and to provide a greater spread in TC 

donor strength. The results show that log k ,  
correlates at least as well as log kcK with 
E(HOM0). The mechanistic implications of 
these correlations are considered in more detail 
in this paper. In addition, a model based on the 
Mulliken charge-transfer theory (5, 6) has been 
developed which leads to an estimate of the ex- 
tent of charge transfer from donor to substrate 
in the transition state for acetolysis of the 1 :  1 
donor-substrate complex. 

Results 
The donors studied in this work were 2-me- 

thyltriphenylene (2-Me-T), acenaphthylene (Ac- 
en), fluoranthene (F), 2,6-dimethyinaphthalene 

(2,6-Me,-N), 2,3,6-trimethylnaphthalene (2,3,6- 
Me,-N), 1,5-dimethylnaphthalene (1,5-Me,-N), 
I ,2-benzanthracene (Bza), pyrene (Py), I-methyl- 
pyrene(1-Me-Py), 9-methylanthracene(9-Me-An) 
and 9,10-dimethylanthracene (9,lO-Me,-An). 

Table 1 iists observed first order rate con- 
stants for acetolysis of TNF-OTs at 70.0" in the 
presence of the above donors. First order be- 
havior was observed with all donors except 
Acen, Bra, and 9,10-Me,-An. In these cases cal- 
c~ilated first order rate constants varied in an 
approximately linear manner with per cent reac- 
tion and the rate constants reported in Table 1 
were obtained by extrapolation to Oz reaction. 
With Bza and 9,lO-Me,-An, calculated first order 
rate constants showed small but regular de- 
creases with extent of reaction, the decreases 
being consistent with consumption of TNF-OTs 
and donor in a 1 : 1 molar ratio. lnfrared and 
proton n.m,r. spectra of the product formed in 
the presence of Bza were consistent with a trini- 
tro-9-fluorenyibenzanthracene but a complete 
characterization was not carried out. Similar 
reactions have been observed by Okamoto et al. 
(7) in acetolysis of the closely related 2,4,7-trini- 
tro-9-fluorenyl (+)camphor-10-sulfonate in the 
presence of aromatic donors. Alkylation reac- 
tions almost certainly occur to varying extents 
with some, but not all (see Discussion), of the 
other donors studied in this work as well, how- 
ever with donor concentrations around 0.05 M 
or higher the decrease in the calculated first 
order rate constant is smaller than the experi- 
mental error. The low solubilities of Bza and 
9,IO-Me,-An in acetic acid limited the rate 
measurements to lower donor concentrations. 
Acetolyses in the presence of Acen were compli- 
cated by concurrent reactions consuming both 
donor and p-toluenesulfonic acid. First order 
rate constants calculated from the theoretical 
infinity titer increased with extent of reaction in 
an approximately linear manner. Apparently 
Acen is converted to a donor of greater catalytic 
effectiveness, probably the dimer or polymers 
(8). The nature of the acid-consuming reaction 
was not investigated. 

The assumed mechanism, [I], together with 
the equilibrium condition for 1 : 1 complexation 
between TNF-OTs and D, leads to [2](2), where 

E21 ll(k,bs - ku) = - ku) 
+ l l {K(k,  - ku)c,I 

kObs is the observed first order rate constant in 
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5.94 i 0 . 1 2 ~  FIG. 1. Plot of data for fluoranthene according to 
6.96 +O.lOf eq, 2. 

TABLE 1. Rates of acetolysis of 2,4,7-trinitro-9-fluorenyl 600 

p-toluenes~~lfonate" in the presence of aromatic hydro- 
carbon donors at 70.0' 

Donorb 10' [Donor] (M)' lo6 koba (s-')* <400 
x 

None - 0.84210.007' 
- 0.839k0.005" $ 

2-Me-T 0.96 1 . 8 0 _ + 0 . 0 2  OzoO- 
1.44 2.20 1 0 . 0 2  
1.91 2.57 k 0 . 0 3  
2.39 2.94 2 0 . 0 2  
2.88 3.28 i 0 . 0 2  0 00 

F 4.79 2.70 iO .01  
5.75 2.99 k 0 . 0 2  
7.18 3.34 i 0 . 0 2  
8.61 3.67 k 0 . 0 3  
9.57 3.90 1 0 . 0 1  

2,6-Me2-N 4.79 4.77 i 0 . 0 5  
5.75 5.36 k 0 . 0 9  
7.18 6.16 i 0 . 0 2  
8.61 6.87 i 0 . 0 7  
9.57 7.40 k 0 . 0 8  

2,3,6-Me3-N 4.79 11.7 i 0 . 1  
5.75 13.6 i O . 1  
7.15 15.9 1 0 . 1  
8.61 18.2 kO.1 
9.57 19.7 +0.1  

1 ,5-Me2-N 4.79 24.1 k 0 . 2  

Bza 0.48 6.00 _+0.Olf 
0.96 10.8 i O . l f  
1.44 15.2 i 0 . 1 '  

PY 0.38 3.19 k0 .07  

I-Me-Py 4.71 52.1 i 0 . 8  
5.75 61.1 i 0 . 5  
7.18 68.4 i 0 . 5  
8.45 73.9 i l . 1  
9.57 79.9 i 0 . 7  

9-Me-An 4.79 91.2 1 0 . 3  
5.75 105 + 1 
7.18 124 i l  
8.61 136 i l  
9.57 148 + l  

9,lO-Me,-An 0.96 42.0 + 0 . l f  
0.97 37.8 k0.2'  
1 .44 57.4 + 0 . l f  
1.91 75.5 i O . l f  
2.39 90.0 _+0.3f 

aConcentration of ester 0.002 Ai. 
bSee text for abbreviatlAns. 
CAt 70.0'. 
dAverages of 9-13 values, listed uith average deviations, except 

as noted. 
'A value of 0.840 , s '  was used for k ,  in subsequent calcii- 

Iations. 
fobtained by least squares extrapolation of calculated kob; to 0% 

reaction, llsted u i th  standard deviation. 

- 

I I I 

the presence of stoichiometric concentration of 
donor, c,. The equation predicts a linear rela- 
tion between l/(kob, - k,,) and llc, from which 
both kc  and K can be obtained. In all nine sys- 
tems for ~vhich such an analysis vias carried out, 
the plots here in fact strictly linear with practic- 
ally no noticeable scatter from the best fit 
straight line (Fig. 1). Values of k, and K ob- 
tained froin analysis of the kinetic data accord- 
ing to eq. 2 (see Experimental) are listed in 
Table 2. Also listed for these nine donors are 
values of k,/ku, the factor by which complexa- 
tion increases the rate of acetolysis of TNF-OTs. 

N o  analysis of this kind was possible for Py 
because of its low solubility, and insufficient 
data were obtained with 1,5-Me,-N. For these 
donors only estimates of the product k,K are 
listed. Rearrangement of [2] leads to the follow- 
ing expression for the observed rate constant in 
the presence of donor:  

00 5 0  10 0 I5 0 20 0 
Acen 4.79 4.46 1ir0.04~ 

5.75 5.17 t0 .02 '  
/ c D ,  rncle-I 

From [3] it is evident that the initial slope of a 
plot of kobs cs. c, is equal to  (kc - ku)K ,  or, 
where kc  >> k,: approximately k,K. With all of 
the donors studied a t  more than one concentra- 
tion, plots of k,,, 6s. c, showed decreasing slope 
with increasing c, as predicted by eq. 3. 

Following our earlier work (3) we wished to 
examine the relationship between donor catalytic 
effectiveness and donor strength. Since no com- 
plete set of ionization potentials (or other ex- 
perimental quantities related to ionization po- 
tentials) were available for the group of donors 
studied, we chose instead to use the HOMO 
energies as calculated by the H M O  method as a 
measure of donor strength. Such energies cor- 
relate well with experimental ionization poten- 
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TABLE 2. Results of analysis of kinetic dataa 

Donor K (1 mol-I) 105 kc (s-l) lo4 k,K (1 mol-' s-I) k,/k, 

2-Me-7 9.411.0.37 1.23 1. 0.05 1.16 14.6 
Acen 5 .04k0.94 2.00 k 0.34 1 .01 23.8 
F 5 . 8 7 i 0 . 1 7  0.932+ 0.023 0.547 11.1 
Phb 2 .2  k 0 . 7  2 .1  k 0 . 5  0.462 25 
2,6-Me,-N 5.1810.19 2.05 k 0.07 1.06 24.4 
2,3,6-Me,-N 3 . 9 1 i 0 . 1 5  6.91 i 0.25 2.70 82.3 
1 ,5-Me2-N - - 4.85' - 

Bza 8 .7310 .47  12.9 + 0 .7  11.3 154 
PY - - 6.17" - 

I-Me-Py 11.4  kO.8 15.2 1 0.9  17.2 181 
9-Me-An 6.39k0.35 38.7 _+ 1 .9  24.7 461 
9,lO-Me2-An 6 .91k2 .83  63.7 2 2 5 . 8  44.0 758 

YVaIues of K and k ,  obtained from weighted least squar 
standard deviations. 

bFrom ref. 2. 
CFrom initial slope of plot of k,,, us. c,. 

tials, polarographic oxidation potentials, and 
charge-transfer absorption energies for a series 
of complexes with a common acceptor (9, 10). 
For  our purposes it was necessary also to have 
a reliable estimate of the influence of a methyl 
group on the E(HOMO) of the donor. Although 
methyl groups are known to enhance donor 
strength, no systematic investigation of the best 
model for inclusion of a methyl group into the 
simple HMO method has been reported. In the 
present work, 3 models were chosen for examina- 
tion, mostly on the basis of precedent. These 
were : 

(a)  An inductive (I) model, approximated by 
first order perturbation theory (1 1). The energy 
of the ith molecular orbital, E,, of the substituted 
hydrocarbon was calculated from E,  for the 
parent hydrocarbon using the expression 

where r identifies the carbon atoms to  which 
methyl groups are attached, c,, is the coefficient 
of the rth atomic orbital in the ith n~olecular 
orbital, and lz is a constant, taken to be -0.21 
(1 1). 

(b) A heteroatom (H) model (12, 13). This 
model treats the methyl group as a heteroatom 
which contributes a pair of electrons to the n 
system (1). Values of the coulomb (a) and bond 

.es treatment of data according to eq. 2, listed with 

(P) integrals used were (13): a ,  = a, x ,  = a + 
2.OP, and PI, = 0.7P, where a and P are the 
standard parameters used for the aroinatic rings. 

(c) A cor~jugation (C) model (13, 14). This 
model treats the methyl group as a modified 
vinyl group (2). 

The parameters used were (15): a, = a, a, = 

M - 0.1P, a, = a  - 0.3P, P,, = 0.8P, P,, = 

2.8P. 
The E(HOM0) values obtained in the calcu- 

lations are listed, for the donors included in the 
kinetic study, in Table 3. Although there are 
minor qualitatibe differences between the three 

TABLE 3. Donor highest occupied molecular 
orbital energiesa 

E(HOMO)Cld 

QListed as the coefficient, in, where E, = a A in,/). 
bAbbreviations as in Table 1. 
'Abbreviations: C, conjugation model; I, inductive model; 

H, l~eteroatom model. 
dE(HOMO) values for unsubstituted donors: Acen, 0.638; 

F, 0.618; Ph, 0.605; Bra, 0.452; Py, 0.445. 
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TABLE 4. Charge-transfer spectral data 

Donor" hlnvx(nm) 10-3ATmax(cm-')  C I H 

N 560 + 5' 
1 ,5-Me2-N 623 + 5b 1.8  i 0 . 3 '  64111 2 3 1 4  1653  
2,6-Me2-N 617 1 5h 1 . 6  +0 .3b  133 +25 55+5 2711.5 
2,3,6-Me,-N 621 1 5' 1.8 i 0 . 3 '  113119 41+7 2 6 k 4  
PY 732 + 5b 

620 + 5" 
I-Me-Py 770 i 5' 0 . 6 7 1  0.18' 7 8 i 2 1 b  231Gb 16+4" 

661 1 5 '  1 .0  10 .24 '  116+28' 3418' 2416' 
An 6321 10' 

542+ lod 
9-Me-An 684 + 5' 1 .2  1 0 . 4 '  109F36' 29+lOC 22+7' 

556 1 10" 0.47 1 0 .  66d 4 3 + 6 0 P l i + 1 6 d  9 f12*  
9,lO-Me,-An 7371 5' 2.3 i 0 . 3 '  1OOF 13' 28k4'  2 0 t 3 c  

601 F 5d 1 . 4  1 0 . 5 "  61 i2Zd  17+6d 12F4d  

OAbbreviations as in Table 1 
bl'etracyanoethylene. 
CChloranil. 
d2,4,7-Trinitrofluorenone. 

n~odels, the major distinction is the magnitude 
of the effect of methyl substitution, which in- 
creases in the order C < 1 < K. That is, the 
extent to which the E(HOMO) is raised by 
methyl substitution appears to be more a func- 
tion of the particular parameters used rather 
than any inherent differences between the 
models, at  least for these donors. 

In order to have an independent experimental 
criterion for choosing between the three models, 
we measured the wavelengths of charge-transfer 
absorption maxima for complexes of selected 
methyl-substituted donors and the correspond- 
ing unsubstituted donors with the acceptors 
tetracyanoethylene (TCNE), chloranil (CA), and 
2,4,7-trinitrofluorenone (TNF) (Table 4). Good 
linear correlations between the frequency of the 
charge-transfer absorption and I?I~(FIOMO) cal- 
culated by the HMO method have been demon- 
strated for complexes of aromatic hydrocarbon 
donors with these 3 acceptors (eq. S ) ,  where 
values of a have been determined 

as 24.2 x lo3 cm- '  P - '  (16) and 26.3 x lo3 
cm-I P-l(l7) for TCNE, 25.8 x 103 cm- '  P - '  
for CA (17), and 24.8 x lo3 cniP1 P- '  (17) for 
TNF.  Therefore, the shift in charge transfer 
absorption, AV,,,, resulting from methyl sub- 
stitution should be approximately 25 x lo3 
times the calculated Am,(HOMO). The data in 
Table 4 reveal that the C model consistently 
underest~mates the effect of methyl substitution 

while the 1 and I-1 models (with the parameters 
used in these calculations) are generally satis- 
factory, probably giving reasonable estimates of 
the minimum and nlaximum effects of methyl 
substitution, respectively. 

Plots of log K, log k,K, and log kc  rs. mi- 
(HOMO) (using the H model values) are shown 
in Figs. 2, 3, and 4. Although there is a rough 
trend toward higher K values with decreasing 
I~I,(HOMO), the first correlation is very poor. 
Table 5 summarizes the results of least squares 
analyses of plots of log k c K  and log k c  us. 
m,(HOMO) for the three models investigated. 
The kinetic data correlate approximately equally 
well with the I and H values, with the C values 
giving a somekvhat poorer correlation. 

Discussion 
These results again show the striking depen- 

dence of donor catalytic effectiveness on donor 
structure. The factor by which the substrate 
reactivity is increased by complexation, k,/k,, 
varies from 11 (F) to 758 (9,lQ-Me,-An) for the 
donors included in this study. 

Both K and kc are expected to increase mono- 
tonically with increasing E(HCMO) (decreasing 
m,(KOMO)) of the donor (5, 6, 9, 18). We will 
first consider the qualitative significance of Figs. 
2, 3, and 4 ;  the quantitative significance of Figs. 
3 and 4 is discussed below. The absence of a 
close correlation between the equilibrium con- 
stant K and the calculated E ( H O M 0 )  (or 
various experimental quantities which are 
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TABLE 5. Correlation of log k,K and log k c  with E(HOM0) 

Correlation 
Model Slope _+ std. dev. Intercept i std. dev. coefficient 

log k,K" 
C - 5 . 9 0 i 0 . 8 0  4 .74k0.44 0.906 

( -6 ,3920.74)  (4 .99 i0 .41)  (0.939) 
I -5 .7120 .56  4 .53k0.30 0.947 

( -5 .87iO.56)  (4 .61i0 .30)  (0.957) 
H -5.63L0.48 4.41 i 0 . 2 5  0.959 

(-5.68kO.51) (4.43k0.27) (0.961) 

log kc 
C - 5 . 6 2 i 0 . 6 4  4 . 8 0 i 0 . 3 5  0.942 
I - 5 . 1 9 i 0 . 4 5  4 . 4 7 i 0 . 2 4  0.964 
H -5.0110.41 4 ,3220 .22  0.968 

nValues in parentheses are with 1,5-Me,-N and Py omitted. 

lar relationship is evident from the present re- 
sults in that the complexation constants appear 
to increase as the size of the donor increases, in- 

100 dependent of the calculated E(HOM0) .  
The significance of the two measures of cata- 

lytic effectiveness, log k,K and log k c ,  have been 

0 8 0  

log K 
2.50 

0 60 

2.10 

0 40 

% 
X I  
0, 1.70 
0 

0 2 0  
- 
+ 
u7 

m,(HOMO) 

FIG. 2. Plot of log K rs. m,(HOMO) (heteroatoni 1.30 

model). 

linearly related to E(HOM0))  is in line with 
most previous work (3, 9, 10, 19;  see, however, 0.90 

ref. 20) and may mean that charge-transfer 
forces make a relatively unimportant contribu- 
tion to the binding of these complexes in the 
reaction ground state (18, 19). Connors and 0.300 0.500 0 700 
co-workers (21, 22) have observed a correlation 
between complex stability and the estimated 

rni(HONIO) 

area of contact for complexes of theophylline FIG. 3. plot of log k , ~  cs. mi(HOMO) (heteroatom 
and other xanthines in aqueous solution. A simi- model). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3754 C A N .  J .  CHEM. VOL.  5 2 ,  1974 

FIG. 4. Plot of log k c  us. m,(HOMO) (heternatom 
model). 

discussed previously (3) where the following 
relationships were derived : 

[6] -RT  ln kcK = AG,' + constant 

[7] -RT In kc  = AG,' - AGO $- constant' 

The quantity AG,' is the standard free energy 
difference between the complexed transition 
state and the uncomplexed transition state plus 
donor (23), while AGO is the standard free energy 
of formation of the reaction ground state com- 
plex from reactant and donor. Figure 3, there- 
fore, shows the dependence of the stability of the 
transition state complex (relative to uncom- 
plexed transition state plus donor) on the calcu- 
lated nt,(HOMO). The success of this correlation 
indicates that in complexes of donors with the 
more electronically-deficient transition state, 
charge-transfer interaction and other interac- 
tions which are expected to increase with in- 
creasing E(HOM0) (18, 19) are now of domi- 
nant importance. 

If the geometries of complexes of a particular 
donor with the reactant and its acetolysis tran- 
sition state are similar, we might expect steric 
and other interactions not depending on donor 

E(HOM0) to cancel to some extent in the dif- 
ference AG,' - A G O .  Although the experi- 
mental errors associated with the separation of 
kc  and K (above) make this test difficult, it is 
clear from Table 5 that the correlation of 
AG,' - AGO (i.e., log kc )  with mi(HOMO) is at 
least as good as that between AG,' (i.e., log 
k,K) and m,(HOMO). This conclusion is not 
changed by exclusion of the points for 1,s-Me,-N 
and Py from the log kcK correlation, so that the 
two correlations are based on the same 10 
donors. Furthermore, some further improve- 
ment in the log kc  correlation could still result 
from more accurate separation of kc  and K, 
while no significant portion of the scatter in the 
log kcK correlation can be due to experimental 
error. 

The striking success of the correlations of log 
kcK and log k c  with m,(HOMO) has important 
mechanistic implications. Acetolysis of TNF- 
OTs in the presence of certain donors leads to 
varying amounts of alkylation products. The 
alkylation reaction predominates for some 
donors, e.g., Bza and 9,10-Me,-An while for 
others, e.g.,  Ph and Py, there is no evidence for 
any consumption of donor. The reaction of the 
1 : 1 complex is pictured as proceeding via slow 
formation of a n-complexed carbonium ion or 
ion pair intermediate which may react with acetic 
acid to give acetate ester (1) or with the donor to 
give alkylation product (reaction 8). However, 

slow 
[8] D.TNF-OTs 

the kinetics are equally consistent with rate- 
determining formatibn of a o-com~lex intermedi- - 
ate which partitions itself in the same way (reac- 
tion 9). To the extent that alkylation products are 
formed. the two alternatives remesent extremes 
in a spectrum of mechanisms for Friedel-Crafts 
reactions and possibly other electraphilic aroma- 
tic substitutions (24). If the transition state re- 
sembles a o-complex, log kc  should be linearly 
related to the cation localization energy, L,', for 
the most reactive position in the donor (ref. 13, 
chapt. 11). Since mi(HOMO) and L,' (most re- 
active position) tend to parallel each other with 
polynuclear aromatic hydrocarbons, the series of 
donors studied in this work does not provide the 
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TNF-OAc + D 

+'NO* 

kH c, etc. 

most sensitive test for distinguishing between 
mechanisms 8 and 9. Nevertheless, both log kc 
and log k,K were found to correlate significantly 
less well (e.g., for log kc% r = 0.82, relative stand- 
ard deviation in slope = 2 2 z )  with L,' than 
with n7,(HOMO) where both quantities were cal- 
culated by the H model. Of more significance 
than the poorer correlation, however, is the ob- 
servation that the order of catalytic effectiveness 
of the two pairs of naphthalene and anthracene 
donors is opposite to that predicted by Lri  
values (i.e., Lr' for the I-position in 2,6-Me,-N 
is less than that for 2,3,6-Me,-N and L,' for the 
9-position in 9-Me-An is less than that for 9,10- 
Me,-An). Similarly, the order of catalytic effec- 
tiveness of I -methoxy- and 2-methoxynaphtha- 
lene (3) is opposite to that predicted by their L r t  
values. Further, the order of reactivity predicted 
by m,(HOMO) or Lri  within each of these 
groups, cannot be changed by varying the para- 
meters used in any reasonable model for methyl 
substitution. On the other hand, the donors with 
the lower L,' values are those for which alkyla- 
tion is most extensive, in agreement with either 
mechanism. 

In units of electron volts, the correlations 
shown in Figs. 3 and 4 are given by eqs. 10 and 
11. 

The slopes are roughly 10-15: of those ob- 
served in similar correlations of ionization po- 
tential with m,(HOMO) (ref. 13, p. 191, 25). It 
I S  clear that these slopes must reflect the extent 
of electron transfer from the donor to the accep- 
tor in the complexed transition state. A more 
quantitative understanding of t h ~ s  relationship 
can be obtained from the charge-transfer theory 
of Mulliken and co-workers (5,6). According to 
the theory in its simplest form, the wave function, 

Y,, of a donor-acceptor complex in its elec- 
tronic ground state can be expressed as [12] 

where Y,(D,A) is a hypothetical no-bond have 
function and Y l ( D t A - )  a dative wave function 
corresponding to transfer of an electron from the 
donor HOMO to the lowest vacant molecular 
orbital of the acceptor. For weak complexes, 
the enthalpy of formation (from separated D 
and A), AH', is given by (5, 6) 

where Wo IS the energy of the pure no-bond form 
( ~ . e . ,  (Yo &?Yo)), W, 1s the energy of the pure 
dat~ve form ( ( ' P I X Y , ) ) ,  and Po IS defined by 
Po = Hal - WOSol, where Hol = (Yo,%"+',)  
and So, = (Y,Y,). The energ~es Wo and W, 
are taken relat~ve to the total energy of the 
separated donor and acceptor niolecules In eq 
13. The ratlo of the coeffic~ents b,'a In the wave 
functlon Y ,  I S  glken approximately by 

so that 

The energy Wl (relative to separated donor and 
acceptor) is given by 

[16I IY, = I - A  + C 

where I is the vertical ionization potential of the 
donor, A the vertical electron affinity of the ac- 
ceptor, and C the electrostatic attraction be- 
tween D+  and A- in DiA- .  Assuming that the 
coulomb term C is approxilnately constant for 
the donors studied in this work, and that Wo is 
small and very nearly constant, we can write 
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Since bla increases with decreasing ionization 
potential of the donor, AH0 is not a linear func- 
tion of I, though the relation may be expected 
to be approximately linear over a limited range 
of I. The assumption that a W,,/ab % 0 is equiva- 
lent to assuming that all of the variation in AH0 
is a result of variation in charge-transfer inter- 
action. The fact that a smooth relationship be- 
tween AH0 and 1 is ordinarily not observed 
(above) may be due in part to the fact that this 
assumption is false (19). Since al/anz,(HOMO) 
= j3, the relationship betmeen AH' and mi- 
(HOMO) is given by 1181. 

For complexes of a series of structurally-rela- 
ted donors with the same acceptor a rough pro- 
portionality between AH0 and AS0 of complexa- 

In addition to the assumptions leading to eq. 
19 we have assumed that the structure of the 
trinitrofluorenyl portion of the complexed tran- 
sition state is indeaendent of the donor. This 
assumption can only be valid over a limited 
range of donor ionization potentials. With suffi- 
ciently low ionization potentials we expect com- 
plete electron transfer to accompany or even 
precede (ref. 28 and subsequent papers in this 
series) ionization. 

Experimental 
Reagents 

2,4,7-Trinitro-9-fluorenyl p-toluenesulfonate was pre- 
pared as previously described (29). 1-Methylpyrene, m.p. 
70-71", &as prepared from pyrene following the procedure 
of Vollman et al. (30). 2-Methyltriphenylene, m.p. 103- 
104", was prepared from phenanthrene according to the 
method of Fieser and Joshel (31). Commercially available 
donors were chromatographed on alumina, recrystallized 
twice from 95Z ethanol or methanol, and dried under 

tion is often observed (9, 10). If the relationship vacuum before Lse. Compounds purified in this manner 
between AH0 and A,?' is'written as AM' 5 
BAS' + constant, an equatio~l analogous to 
[ I S ]  can be written for AGO: 

However, for the polynucleararomatic donors 
used in t h ~ s  study, the available data indicate 
that AS0 1s very nearly constant (i.e., B is very 
large) for tr~nitrobenzene (26) and chloranil (27) 
complexes. In any case, we believe that it is more 
correct to correlate AGO w ~ t h  m,(HOMO) than 
AH' (ref. 13, chapt. l i )  (i.e., that AGO should 
replace AH0 In [18]). T h ~ s  is particularly true 
because eqs. 13-18 take no account of solvent 
effects. We therefore assume that ( B  - T ) / B  = 1. 

Normalization of eq. 12 leads to 

For weak complexes S o ,  is small and a2 + b2 z 
1. Taking a value of 3.0 eV for P (ref. 13, p. 191, 
25) eq. 10 leads to an estimate of 0.1 1 for b2,  or 
11% charge-transfer in the complexed acetolysis 
transition state. From eq. 1 1  the same analysis 
indicates that the extent of charge-transfer in- 
creases by about 10% in going from complexed 
ground state to complexed transition state. If the 
integral S o ,  is taken as approximately 0.1 (6), 
the extent of charge-transfer is now approxi- 
mately a2 + b2 + abSOl (6) and the estimate of 
the extent of charge-transfer in the complexed 
transition state now becomes about 14%. 

had the following n1.p.: acenaphthylene, 92-93"; fluoran- 
thene, 108-110": 2,6-dimethylnaphthalene, 108-110'; 
2,3,6-trimethylnaphthalene, 100-102'; 1,5-dimethylnaph- 
thalene, 81-83'; benzanthracene, 159-160"; pyrene, 148- 
150"; 9-methylanthracene, 78-79"; 9,lO-diniethylanthra- 
cene, 176-178". Naphthalene, m.p. 78-80", was further 
purified by vacuum sublimation. Tetracyanoethylene 
(Aldrich) was crystallized twice from chlorobenzene and 
vacuum sublimed twice to give white crystals, m.p. 198- 
200". Chloranil (Eastman Practical Grade) was crystal- 
lized from benzene, chromatographed on calcium car- 
bonate, and vacuum sublimed to give yellow flakes, m.p. 
292-294" (sealed tube). Trinitrofluorenone, prepared as 
described by Woolfolk and Orchin (33) was crystallized 
twice from benzene, m.p. 175'. 

Kinetic Measurements 
The kinetic measurements were carried out as des- 

cribed previously (2), as was analysis of the data to obtain 
kc and K. 

Charge-transfer Spectra 
All spectral measurements were made at  room tempera- 

ture (20 'C) in a 1 cm cell in the range of 360-800 nm on a 
Cary Model 14 Spectrophotometer. Solutions were pre- 
pared by mixing equal volumes of 0.02 M donor and ac- 
ceptor solutions in spectral grade methylene chloride. 
Charge transfer maxima estimated from the spectropho- 
tometer traces are estimated to be accurate within the 
limits stated in Table 4. Where two bands seriously over- 
lapped, the observed maxima were corrected using the 
procedure of Voigt and Reid (32). Such corrections 
varied from 0-3 nm with the TCNE spectra and 0-8 nm 
with the CA and T N F  spectra but are all smaller than the 
stated experimental uncertainty. 

This research was supported by the National Science 
Foundation (Grant GP-6380) and by the National Re- 
search Council of Canada. The authors are also grateful 
to Dr. Colin Fyfe for helpful discussions. 
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Further Studies on the Homogeneous Hydrogenation of Olefins Catalyzed 
by a Cyclic Phosphine Complex of Rhodium(I) Hydride 
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DAVID G. HOLAH, IAU M. HOODLESS, ALAN N. HUGHES, BENJAMIN C. HUI, and DOUGLAS 
MARTIN. Can. J. Chem. 52,3758 (1974). 

The use of RhH(DBP)31 as a very active homogeneous hydrogenation catalyst is described 
and the equilibrium constant for its dissociation to the catalytically active RhH(DBP)Z eval- 
uated. 

DAVID G. HOLAH, 1 ~ h  M. HOODLESS, ALAN N. HUGHES, BENJAMIN C. HUI et DOUGLAS 
MARTIN. Can. J. Chem. 52,3758 (1974). 

On decrit I'utilisation du RhH(DBP), comme catalyseur d'hydrogenation homogene tres 
actif; on Cvalue la constante d'equilibre pour sa dissociation en RhH(DBP), qui est catalytique- 
ment actif. [Traduit par le journal] 

We have recently reported ( I )  kinetic studies on room temperature, and by the reduction of car- 
the homogeneous hydrogenation of olefins cata- bon tetrachlor~de to chloroforin by the com- 
lyzed by RhH(DBP),' and the interpretation of pound presumed to be RhH(DBP),. 
our data is based on the complete dissociation of Benzene solutions of RhH(DBP),, like RhH- 
RhH(DBP), in the initial step [ l ]  (DBP),, catalyze the homogeneous hydrogena- 

[ I  1 RhH(DBP), RhH(DBP), f DBP 

with the catalytically active species being the 
bis(phosphine) complex arising from reaction 2 

K 
[21 RhH(DBP), RhH(DBP), + DBP 

The equihbrium constant K was estimated to be 
between (1.6-8.9) x 10-' M. 

Reaction 1 l ~ e s  essentially to the right and this 
is demonstrated by the fact that addition of 
ethanol to a benzene solution of RhH(DBP), 
precipitates only RhH(DBP),. Addition of an 
excess of DBP to a benzene solution of the latter, 
followed by removal of the solvent under vacuum 
did not produce RhH(DBP), and it seems there- 
fore that reaction 1 is not reversible under these 

tion of olefins at  room temperature and less than 
1 atm of hydrogen pressure. The selectivity is the 
same as in the case of RhH(DBP), suggesting 
that a similar intermediate is probably involved. 
The rate of hydrogenation is - 10% faster than 
in the RIiH(DBP), system under similar condi- 
tions, and can be attributed to the absence of the 
inhibiting effect arising from the presence of the 
DBP ligand dissociated from the tetrakis com- 
pound. The dependence of the rate of hydrogena- 
tion on substrates and on catalyst concentration 
(Fig. I )  are similar to the RhW(DBP), system. 
The catalyst dependence approximates to half 
order at higher concentrations (Fig. 2), where 
reasonably good straight lines can be drawn 
when the rate is plotted agalnst [R~H(DBP),]'~'. 

The mechanism ~ r o ~ o s e d  for the tetrakis- . . conditions. (phosphine) system, wli~ch includes reactions 1 
That the above precipitate is indeed RhH- to 4 

(DBP), is suggested by analytical data, by the 
infrared spectrum which shows a weak peak at  k I 

v = 1975 cm-' assignable to the Rh-H stretch, [3] RhH(DBP), 4 olefin + Rh(alkyl)(DBP), 
I .  
ffi-1 

by the n.rn.r. spectrim (100 MHz) which shows 
for both RhH(DBP), and RhH(DBP), a broad k 2 

weak hydride peak at ~20 .47  in chlorobenzene at [4] Rh(alkyl)(DBP), + Hz -t RhH(DBP)2 + alkane 

'DBP is 5-phenyl-5H-dibenzophosphole can be simplified when applied to the present 
catalyst. Thus, omitting reaction I and assuming 
K to be small, we arrive at the rate law 
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HOLAH ET AL.: HOMOGENEOUS HYDROGENATION OF OLEFINS 3759 

FIG 1. Dependence of the rate of hydrogenatloll of 
1-hexene and I-decene in benzene at 20 on the concentla- 
tion of RhH(DBP), 0. 1-hexene; x , I-decene 

FIG. 2. Plot of rate c ~ .  [RhH(DBP),]'12. x , I-decene; 
@, I-hexene. 

Using the data obtained in the RhH(DBP), sys- 
tem (for 1-hexene k ,  = 70.5 M-I s- '  and k,/ 
k - ,  = 285 M - I )  and with [Hz] = 3.9 x 
M, [l-hexene] = 0.25 M: K is estimated froin the 
slope of the plot in Fig. 2 to be 1.6 x M ,  
entirely consistent with our results using RhM- 
(DBP),. 

Recently (2) the use of RhH(PPh,), in homo- 
geneous hydrogenation reactions has been briefly 
reported. It shows, as might be expected, a rate 
dependence on the catalyst concentration similar 
to the one observed by us for the analogous DBP 
complex. 

Spectrophotometric studies have produced (3) 
a value of K for the loss of a PPh, nlolecule from 
RhCl(PPh,), at  1.4 x M ,  and recent hy- 
drogenations studies using this catalyst (4) re- 
sulted in K < 1.0 x M. Our data, as for 
the RhCl(PPh,), compound. emphasises again 
the great reactivity of the bis(1igand) species as 
the active catalyst in spite of its very low concen- 
tration. 

Experlmenka! 
Experimental procedures, the syntheses of DBP and 

RhH(DBP), and catalytic expel lments here as prev~ously 
described (1). 

We thank the National Research Council of Canada 
for generous financial support of this work and Dr. D. 
Webster for kindly running some n.m.1.. spectra. 
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Catalytic Hydrogenation of Unsaturated Carboxylic Acids Using 
N,N-Dimethylacetamide Solutions of Ruthenium(I) Chlorides1 

BENJAMIN C. H U I ~  AND BRIAN R. JAMES 
Departmer~t of Chemistry, Universit). of British Colrlmhia, Vancouver, British Col~inzbia V6T 1 W5 
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BENJAMIK C. HUI and BRIAN R.  JAMES. Can. J. Chem. 52,3760(1974). 
N,N-Dimethylacetamide solutions of dimeric ruthenium(1) chlorides catalyze homogeneously 

the hydrogenation of ethylene and unsaturated carboxylic acids under mild conditions. Kinetic 
and mechanistic studies show that the catalysis involves a n~onon~er ic  Ru(1) complex which 
forms reversibly a steady state concentration of a Ru(III)H, species; this reacts with olefinic 
substrate to yield saturated product by two successive single hydrogen atom transfers with 
regeneration of the Ru(1) catalyst. The overall hydrogen addition to fumaric acid is cis. Hydro- 
genation of maleic acid is accompanied by an efficient isomerization to fumaric acid. 

B E N J A M I ~  C. HUI et BRIAN R.  JAMES. Can. J. Chem. 52,3760(1974). 
Les solutions du dimere du chlorure de ruthenium(1) dans la N,N-dimethylacetamide, 

catalysent d'une maniere homogene, I'hydrogenation de l'ethylene et des acides carboxyliques 
insatures dans des conditions de reaction tres douces. Les Ctudes cinttiques et des mtcanismes 
de reaction demontrent que la catalyse met en jeu un complexe monomere de Ru(1) yui produit 
reversiblement une concentration constante d'un compose Ru(III)H2; ce dernier reagit avec le 
substrat olefinique pour conduire au compose sature par deux transferts successifs d'un seul 
atome d'hydrogene avec regeneration du catalyseur Ru(1). Globalement l'addition d'hydrogene 
sur I'acide fumarique se fait cis. L'hydrogenation de I'acide rnaleique est accompagnee d'une 
isomerisation en acide fumal-ique. [Traduit par le journal] 

Introduction 
We recently reported on the production of 

ruthenium(1) chlorides in N,N-dimethylaceta- 
mide (DMA) solution by the hydrogen reduction 
of ruthenium(ll1) chloride (1). This discovery 
canle about through attempts to use ruthenium- 
(11) chlorides in nonacidic media for catalytic 
hydrogenation of olefins (2); such solutions did 
catalyze ethylene hydrogenation but the systems 
were complicated by acconlpanying reduction of 
the ruthenium(l1) to ruthenium(1). This led to in- 
vestigation of the ruthenium(1) chloride solutions 
thenlselves as hydrogenation catalysts, and this 
paper describes these studies, especially on the 
kinetics and mechanism of the hydrogenation of 
maleic and fumaric acids. Some of the work pre- 
sented here has been reported briefly elsewhere 
(3,4). Rylander et a/ .  ( 5 )  reported some years ago 
that solutions of RuCI, in dimethylformamide 
homogeneously hydrogenated dicyclopentadiene 
but no kinetic data or mechanism were presented. 

Experimental 
Ruthenium(iI1) trichloride trihydrate was obtained as 

RuC1,.3H20 (40.59% Ru) from Johnson Matthey Lim- 
ited. Other materials used and the procedure used for 
following H,-uptake of constant pressure have been de- 
scribed previously (2, 6). The brown DMA solutions of 
ruthenium(1) chlorides were prepared ( I )  by subjecting 
DMA solutions of RuC1,.3H20 to I atm Hz at 80" until 
gas uptake ceased (- 2 h). Solid substrates such as maleic 
acid (MA) and fumaric acid (FA) were then added from 
glass buckets held over the ruthenium solutions via the 
use of side-arms on the reaction vessel. 

The Ru(1) chloride complexes in DMA were 
found to be efficient catalysts for the homogen- 
eous hydrogenation of lnaleic and fumaric acids 
a t  mild conditions (60-80", < 1 atrn H,). Figure 1 
shows typical N,-uptake plots a t  80" for various 
ruthenium concentrations and H, pressures at 
one particular maleic acid concentration (0.051 
M). The total gas uptake corresponded to stoi- 
chiolnetric reduction to succinic acid which was 
readily isolated and identified by infrared and 

'Taken from the Ph.D. thesis 0l'B.C. Hui, University of melting point. ~h~~~ was no H, ofcourse, 
British Columbia, 1969. 

ZPresent address: Department of Chemistry, Lakehead in the absence 
University, Thunder Bay, Ontario P7B 5E1. The visible absorption spectrum of the brown 
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0 2000 4000 6000 8000 10,000 
Time, s 

FIG. 1. Uptake and log plots for the Ru(1)-catalyzed hy- 
drogenation of maleic acid in DMA at 80'. 0.051 M 
maleic acid. 0 0.021 M Ru, 725 rnm H2;  @. 0.0053 iZ?' 
Ru, 725 mm H,; A,  0.0026 M R u ,  725 mm Hz ; 0,0.0053 
M Ru, 200 mm N2: A (Bj is a plot of log [substrate] LS. 
time for curve A .  

Ru(I) chloride solution shows a continuum from 
400-700 nm with intensity decreasing with in- 
creasing wavelength. The spectra a t  a series of 
concentrations do  not follow Beer's Law; for ex- 
ample, at 500 nm, E = 435 for a, 0.02 M solution 
while E = 700 for a lo-" M solution. These data 
together with data on an isolated solid complex 
(Ru(I),CI,(HDMA), where HDMA indicates 
protonated DMA (7)) indicate that a dimer + 
monomer equilibrium is involved, the dimer 
having chloride bridges and possibly a Ru-Ru 
bond. There was no evidence for the formation 
of a Ru(1) - maieic acid complex as the absorp- 
tion spectrum remained unchanged on adding 
this excess substrate to a Ru(I) solution; the 
Ru(1) solution was also visibly unreactive to- 
ward H,. 

The visible spectra of the brown solutions also 
remained essentially constant throughout the 
catalytic hydrogenation experiments, and we 
were unable to detect by n.m.r. or i.r. any ruthe- 
nium hydride species. Such observations do  not 
rule out equilibria 1-3 

which illustrate the established modes of hydro- 
gen activation (dihydride formation, heterolytic 
splitting, and homolytic splitting, respectively 
(ref. 4, p. 6 ) ) ,  and which could lie essentially coin- 
pletely l o  the left. 

The catalytic hydrogenation rates illustrated 
in Fig. 1 show a continual fall-off with time. The 
uptake plots d o  not analyze overall for a first- 
order dependence on MA (Fig. 1, curve B),  al- 
though after about 1500 s the curves do  give 
good pseudo first-order log plots (constant H, 
pressure) for the substrate concentration (initial 
[MA] = 0.022-0.11 M). When FA was used as 
substrate at concentrations up to -0.05 M, the 
uptake plots show a good first-order dependence 
on FA for the complete hydrogenation (Fig. 2). 
The more complex character for the M A  systems 
is due to  an accompanying isomerization of the 
substrate to furnaric acid (see below). Generally 
there was a short induction period of about 100- 
200 s for all the catalytic hydrogenations. 

Table ! summarizes kinetic data for the hy- 
drogenation of the maleic acid systems at 80". 
The initial rates could be measured with reason- 
able accuracy and these refer to the hydrogena- 
tion of maleic acid. The pseudo first-order rate 
constants k '  were evaluated from the linear log 
plots obtained for the later regions of the uptake 
plots. Table 2 summarizes data for the furnaric 
acid systems; the /<' values were evaluated from 
the good first-order l o  plots obtained at the 
lower fumaric acid concentrations; at higher con- 
centrations (20.073 M) good log plots were not 
obtained and consequently the initial rates were 
taken. It is clear that the k '  values measured in 
the maleic acid systems refer in fact to hydro- 
genation of fumaric acid, the trans isomerization 
product of maleic acid (this is seen by a compari- 
son of the starred values of k '  in Tables i and 2, 
which are  essential!^ the same). Fumaric acid 

0 2000 4000 6000 8000 10,000 
Time, s 

FIG. 2. Uptake and log plots for the Ru(1)-catalyzed 
hydrogenation of fumaric acid in DMA at 80'. 0.0053 M 
Ru, 0.052 M fumaric acid, 725 mm H2. 
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TABLE 1. Ru(1)-catalyzed hydrogenation of n~aleic acid systems at  80' 

[Ru(l)l H 2 [H21 [MA] Initial rate k ' t  
( x  lo2) (M)  (mm) ( x  SO3) (M)  ( x  102) (M)  ( x  I O ~ ) ( ~ W S - ' )  ( x  lo4) (s-') 

"To be compared with starred values in Table 2. 
'?The k values refer in fact to hydrogenation of fumarlc acid (see text): OD, in place of Hz; *0.013 M 

LiCI; ~ 0 . 0 2 6  MLiCI ;  Q.05 JM LiCI; %I0  M LICI; fO.05 Xp-toluenesulfon~c acld; Q.10 Mp-toluene- 
sulfonlc acld. 

was detected during the later stages of hydro- 
genatlon of ~ n a l e ~ c  acid solut~ons 

The Ru(1) solutions did not react with L atm 
G2H, at 80°, but hydrogenat~on of ethylene to 
ethane was observed on subjecting the soiutlons 
to C,H41H, mixtures The uptake plots were 
llnear (rate = 0 54 x M s wlth 0 02 M 
Wu(H), 430 rnm C2H4, and 295 mm H2) Again no 
change In vislble absorption spectrum of the 
solution was oberved d u r ~ n g  the reaction, and 
the pseudo zero-order uptake plot 1s consistent 
with a constant [Ru(l)] wh~le  ma~nlaining the H, 
and C,H, pressures and concentrat~ons constant 
in the uptake apparatus 

TABLE 2. Ru(1)-catalyzed hydrogenation of 
fumaric acid; [Ru(l)] = 0.53 x 10-' .W, 

725 mm H,, 80" 

[FA1 k' Initial rate 
( x l o Z ) ( ~ )  ( x i o 4 ) ( ~ - l )  ( X I O ~ ) ( M S - ~ )  

The Muleic Acid S J ~ S ~ C I ~ I  
The hydrogenation rates of MA (initial rates, 

column 5 of Table 1 )  were measured as a func- 
tion of H, pressure, and concentrations of Ru(I), 
MA, added chloride, and added acid. The rate 
is not linearly dependent on catalyst concentra- 
t ion but shows a good half-order dependence on 
Ru(1) (Fig. 3). The rate shows a good first-order 
dependence cn  H, up to 725 mm (Fig. 4). A 
kinetic isotope effect (rate,,irate,,) of 1.35 was 
observed. The dependence on [MA] is shown in 
Fig. 5, which aiso gives corresponding data at 70 
and 60': the rates are first-order at low concen- 
tration, but become less than one and approa-ch 
zero-order at higher concentrations. 

A marked inverse dependence on added chlo- 
ride was noted over the range 0.0-0.1 M ,  and a 
reasonably Iinear relationship was obtained on 
plotting (initial rate)-' cs. [added C1-3 (Fig. 6). 
Unfortunately the total salt strength could not be 
kept constant in these experiments since per- 
chlorate ion (commonly added to give constant 
ionic strength) was found to oxidize the Ru(1) 
solutions. Addition of a strong acid (p-toluene- 
sulfonic acid) had essentially no egect on the hy- 
drogenation rate. " 

1.80 1.23* 2.20 

*To be compared wlth starred values In Table 1. 
The Furnaric Acid System 

~ D Z  in piace of H,. A plot of k '  for the hydrogenation of FA 
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Discussion 
Kinetics of Hydrogenation 

The ruthenium(1) chloride solutions almost 
certainly contain some dimeric species, and the 
half-order kinetic dependence on Ru  supports 
this. The kinetic data alone are consistent with a 
dimer + monomer pre-equilibrium followed by 
reaction of the monomer Ru(1) species with Hz or 
olefin according to Scheme 1 (ligands omitted). 
Activation of H, must occur by processes such 

FIG. 3. Dependence of hydrogenation rates on 
[RU(I)]'/~ in DMA at SO", 725 mm H2.  0 ,0 .051 Mmaleic 
acid; A, -0.025 iM fumaric acid. 

FIG. 4. Dependence of hydrogenation rates on [Hz] 
in DMA at SO", 0.0053 MRu(1). @, 0.051 IM maleic acid; 
A, -0.025 M fumaric acid. 

against [ R U ( I ) ] ' ~ ~  (Fig. 3) is linear, and again 
shows a half-order dependence on catalyst con- 
centration. A first-order dependence on Hz is 
also evident (Fig. 4). The dependence of the ini- 
tial rate (either measured or calculated from k '  
values) on the fumaric acid concentration is 
shown in Fig. 7 : it is similar to that for the maleic 
acid system being first-order at  lower olefin con- 
centrations and approaching zero-order at higher 
concentrations. This dependence shows clearly 
why good first-order log plots are not obtained 
a t  the higher substrate concentrations. The ratio 
of rate of reduction using H, to that using D, 
was about unity at lower [FA] (Table 1)  but was - 1.5 at  higher concentrations (Table 2). As in 
the maleic acid systems, an inverse dependence 
on chloride concentration was observed (Fig. 6), 
and there was no significant dependence on ad- 
ding acid. 

The deuterated succinic acid products formed 
from deuteration of fumaric acid were charac- 
terized by i.r. (see below). 

FIG. 5. Dependence of maleic acid hydrogenation 
rate on maleic acid concentration in DMA, 0.0053 M Ru. 
0 ,  SO', 2.32 x M H z ;  A, 70', 2.22 x IM 1-12; 
@, 60;, 2.18 x M H,. 

FIG. 6. Inverse dependence of hydrogenation rates on 
[LiCl] in DMA at 80^, 0.0053 Ru(I), 725 mm H,. 0 ,  
0.05 M maieic acid; A, -0.025 M fumaric acid. 
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Q/ I 
0 4.0 8 .0 12.0 16.0 

[ F A 1  x10: M 

FIG. 7 .  Dependence of fumaric acid hydrogenation 
rate on fumaric acid concentration in DMA at SO3, 0,0053 
M Ru, 725 mrn H,. A, from fumaric acid systems (Table 
2); @, from maleic acid systems (calculated from k' 
starred values in Table 1 ). 

as [I]-[3]. Reaction 3 can be ruled out because of 
the observed Ru dependence. Reaction 2 is pos- 
sible in the polar DMA solvent and has been 
invoked previously (1). However, the observed 
dependence on olefin together with the inde- 
pendence on acid are consistent only with reac- 
tion 1 for hydrogen activation (see below). 

Scheme 1 incorporates the two general paths 
that have been recognized for transfer of the H, 

1 olefin 
k ,  

Xu(1) (olefin) - Ru(1) S- paraffin 
H 2 

molecu!e to an olefin via a catalyst complex (ref. 
4, p. 400): (1)  attack of uncomplexed olefin on 
a dihydro complex at a vacant site to  give a 
transition state in which both hydrogen and ole- 
fin are bound to the metal atom ( k ,  path); (2) 
attack of H, on an olefin complex to give the 
same transition state ( k ,  path). The k ,  and k ,  
paths are indistinguishable kinetically if the 
equilibria K,  and B(, are set up rapidly since the 
rate of H, uptake is given by 

where subscript T refers to total concentration. 
This is the expression for reaction by both paths; 
the k,K, and k,K, terms refer respectively to the 
k ,  and k ,  paths; k,K, becomes zero if the k ,  
path predominates and rice versa. The terms in 
the denominator, taken from left to right, repre- 
sent the amounts present as monomer, olefin 
complex, hydride complex, and dimer, respective- 
ly. The observed first-order dependence on If, 
implies that the K,[H,] term is small, which 
means that Ru(III)H, will not be detectable; 
however, the observed first- to zero-order de- 
pendence on olefin would imply that the K, [MA] 
is significant and that there is an appreciable con- 
centration of the olefin complex in solution a t  
higher olefin concentrations. However, the R u  
solutions do not react with maleic acid, and the 
spectrum of the reacting solution remained un- 
changed throughout a kinetic run. Ail the obser- 
vations can be accounted for if the reaction occurs 
solely by the k ,  path with the hydride formation 
not being a rapid equilibrium, i.e. 

KD 
[5] R U ( I ) ~  + 2Ru(I) 

k2 
I71 Ru(lIP)H, + olefin + Ru(1) + product 

Such a mechanism assuming a steady state con- 
centration of Ru(III)H2 yields the rate-law 

- dW2I 
[83 Rate - - d t 

where KD' = (KD/2)'l2 and [Ru(I)] ,  is the total 
ruthenium(1) chloride concentration expressed as 
monomer. The derivation of this rate-law giving 
the half-order in ruthenium involves the assump- 
tion that A', is small, that is, practically all the 
ruthenium is present as dimer a t  the concentra- 
tions used in the kinetic runs. Since no £3,-uptake 
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HUI AND JAMES: CATALYTIC HYDROGENATION OF UNSATURATED CARBGXYLIC ACIDS 3765 

10 / I 
TABLE 3. Ru(1)-catalyzed hydrogenation of unsaturated 

carboxvlic acids. Te~noerature deuendence of some 
kinetic data; [R;(I)] = 0 .5 j  x M, 

725 mm H, 

Temperature k-  ,[Cl-]/k, k,KD' 
("c) Substrate (M) (M-'I2 S-') 

80 Maleic acid 0.16 0.59 
70 Maleic acid 0.10 0.34 
60 MaIeic acid 0.06 0.22 
80 rumaric acid 0.55 0.45 

support for the suggested mechanism, although 
the determined values are very sensitive to the 
intercept values. The k, value for the MA system 

L - 
v - 0 0  I 

is a b o i t  four times that for the FA one. 
o 0.2 0.4 0.6 The k ,KD'  values for the M A  system give a 

[olefin]-' x 10-:~-' 
FIG. 8. Dependence of initial hydrogenation rates 

plotted in accord with eq. 9. Maleic acid data of Fig. 5 
(0, 60"; A, 70"; @, 80'). A, fumaric acid data of Table 2. 

is observed in the absence of olefin, k - ,  must be 
greater than k,. Reaction 6 is written involving 
a molecular dihydride since a heterolytic split- 
ting of H, would give proton production and 
such a mechanism would give an  inverse depen- 
dence of the rate on added acid at  lower olefin 
concentrations, which was not observed. Evi- 
dence for the production of a ruthenium(lI1) hy- 
dride species in the presence of triphenylphos- 
phine by a reaction such as [6] will be given later. 
Reaction 6 will involve displacement of C1- or  
solvent ligand; rate-law 8 has been written assum- 
ing the former. If a solvent molecule is in- 
volved, k-,[C1-] will be replaced by k-,[sol- 
vent], or k -  ,' (a pseudo first-order constant). 

Equation 8 can be rewritten in the form 

good Arrhenius plot and an apparent AH* value 
of 10.9 f 1.0 kcal mol-' .  Reaction 5 is expected 
to be somewhat endothermic, so that the activa- 
tion energy fo rk ,  is likely to be somewhat greater 
than 10.9 kcal. From the half-order dependence 
on Ru, even a t  the lowest [Ru(I)] used ( -  
M), the upper limit of K, must be - 10-' M , ~  
and hence the lowest value of k ,  is - I00 M-'  
s- '  at  80". Assuming such a value for k, ,  and a 
AH, * value of 1 1  kcal, gives AS, * - - 20 e.u. 
These admittedly very crude activation param- 
eters are similar to those observed for oxidative 
addition of H, to square planar d8 systems (8), 
and are in the normal range for a bimolecular re- 
wctioi in solution between an ion and a neutral 
molecule (9). 

The inverse dependence on chloride could re- 
sult from the reverse of reaction 6 according to 
rate-law 8, and in accord with eq. 9 a plot of 
(initial rate)-' 1.s. [Cl-] at  constant concentra- 
tions of olefin, H,, and Ru(1) yields straight lines 
for the M A  and FA systems. The abscissa repre- 

k -  ,[CI-][olefin]-' sents the added chloride and does not include any 
[9] (Rate)-'= 

klk2KD'[H21[Ku(1)lT' contribution from the starting compound, 
1 RuC1,.3H,O; including this unknown amount 
1 + - would displace each abscissa value by a constant 

k1KD'CH21CRu(')1~':2 increment. The slopes would be unaffected bv 
this correction and [hey yield values of 7.0 M'I 's  

Figure 8 shows a plot of ( r a t e ) '  2,s. [o lef in] '  (MA) and 85.0 ~ 1 1 2  (FA) for k -  l , k l k Z ~ i  at 
for the maleic and fumaric acid systems; the 
linear relationships are in accord with eq. 9, and  
yield the values of k1KD1 and k _  ,[C]-]/k, given 31t is of interest that the noted divergence from Beer's 

in ~ ~ b l ~  3. ~h~ values determined at 800 Law in the visible absorption spectrum at 20" becomes 
evident at concentrations below - M, which again the lines drawn are indicates that K, (as defined by eq. 5) would be of the 

of the  two substrates used and this gives strong order 10-5 M. 
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80". These values are not too consistent with the 
data in Table 3 since the k, value for FA should 
be about four times less than the value for the 
MA system. The composite factors determined 
from the chloride dependence indicate a factor 
of twelve between the k, values. Further, as- 
suming that the chloride contribution from the 
trichloride for these studies at 0.53 x l o p 2  M 
Ru(1) is about 0.01 M ,  the estimated intercepts 
on the ordinate axis yield klK,' values at  SO" of 
about 0.3 M1I2 s-I and 0.04 A4'12 s-' for the MA 
and FA systems, respectively. These should be 
independent of the substrate used, and should 
also agree with the values determined from the 
olefin dependence studies (cf. Table 3). The dis- 
crepancies could arise from either failure to 
maintain a constant ionic strength in the chloride 
variation experiments, or adYded chloride af- 
fecting the distribution of ruthenium(1) chloride 
complexes present. The linear plots obtained for 
the chloride variation could be fortuitous. 

At higher olefin concentration eq. 8 takes the 
limiting form, rate = ~,K, '[Ru(I)],~/~[H,],  and 
the deuterium isotope effect of 1.5 measured at  
higher [FA] then refers to the k ,  value for dihy- 
dride formation (eq. 6). The small value suggests 
a synchronous breaking of the H-H bond and 
making of Ru-H bonds. Simiiar small isotope 
effects have been observed for oxidative addition 
of H, to a number of iridium(1) and rhodium(I) 
species (6, 10, 11). At lower [FA], the rate law 
takes the limiting form 

Rate = k,k,~,'[Ru(I)],~~~[olefin][H~]/k~ ,[GI-] 

and the measured isotope effect of about unity 
is a composite one relating to the k,k,/k-, 
term. 

Isonzerization and Deuteration 
The isomerization of maleic acid is catalyzed 

at  a Ru center, since no such process is observed 
in DMA solution at 80" in the absence of metal 
complexes (6). No evidence was found for com- 
plexing between MA and Ru(I), and isomeriza- 
tion was evident only under hydrogenation con- 
ditions. A well-established mechanism foi 
double-bond migration in olefins involves the 
reversible formation of metal alkyls through me- 
tal olefin hydride complexes via an insertion re- 
action (12). A similar mechanism may be invoked 
to explain cis-trans isomerization : 

R 

[I01 \ C d R  = R\ bR 
\ 

C-C e 
H' J* H H '  'H 

R 

"c=c /H 
H' J, 'R 

In the present system such a mechanism can exist 
~f the H, molecule transfer occurs in two con- 
secutive single hydrogen transfer steps: 

(1) 
[I 11 Ru(llI)H2 + olefin g Ru(III)H2(olefin) 

( 2 )  
Ru(III)H(alkyl) 

(3) 
+ Ru(1) + saturated product 

Such stepwise transfer of hydrogen is well docu- 
mented for hydrogenation catalyzed by RhCl- 
(PPh,), (ref. 4, p. 213). The observed isomeriza- 
tion in the present ruthenium system Implies that 
the reverse of steps I and 2 successfully compete 
wlth step 3, the reductive elimination of product. 

Deuterium reduction has been used to de- 
termine the stereochemistry of the H,-addition 
to maleic and fumaric acids (2), since the corres- 
ponding dideuterosuccinic acids have been char- 
acterized by i.r. (13). From fumaric acid, the 
isolated succinic acid product had bands at 7.5- 
7.7 p (broad), 8.09 p (strong), 8.47 p (sharp 
shoulder), 8.65 p (shoulder). 9.45 p (weak), and 
11.65 p (medium), which is consistent with a 
mixture of DL-sym- 1,2-dideuterosuccinic acid 
and unsyminetrical dideuterosuccinic acid (H0,- 
CCW,CD,CO,H). Such data can be rationalized 
in terms of Scheme 2 for the detailed path of the 
reactions shown in eq. 11. The DL-acid results 
from the transfer of the second coordinated deu- 
terium in 1; the unsymmetrical acid resujts from 
s~ccessive transfer of deuterium and hydrogen 
in a species 2 formed from 1. The catalyst is re- 
generated as the monomeric Ru(1) species. The 
overall cis addition of H, (fumaric acid -+ the 
DL-acid) requires that decomposition of the alkyl 
hydride 1 (reductive elimination of the DL-acid) 
involves retention of configuration at  the carbon 
atom attached to the metal. Such retention has 
been demonstrated recently for a corresponding 
decomposition of a hydridoalkylmolybdenum 
complex (14). 

For the k, step (eq. 111, it seems more likely 
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CHR-CHDR 

D D D 

l 
/ 

t 

D-k-H H-c-H + Ru(I) Ru(1) + 1 H-6-D D-C-D 
- 

I 
R 

I 
R 

DL- acid Uns;m. acid 

that olefin complexation to the dihydridoruthe- 
nium species is rate-determining (at lower [ole- 
fin]) rather than the subsequent hydrogen trans- 
fer steps. The lower hydrogenation rate (k,) for 
FA compared to MA is then attributable to a 
steric effect, the trans isomer being more hinde- 
red in forming the n-hydrido complex. 

The Hydrogen Actit'ation Step 
The monomeric Ru(1) complex is a d7 system, 

and the hydrogen activation srep is written as in- 
volving oxidative addition to a d5  Ru(III)H2 
product: such a proceys has not been reported 
previously. Oxidative add~t ion of H, to a d7 sys- 
tem is well-documented only in the case of the 
pentacyanocobaltate(I1) ion, but this involves a 
termolecular reaction to give a d6 Co(I1I)H; that 
is, the oxidation number increases by one (15): 

Oxidative addition of alkyl halides to the same 
Co(l1) system again gives Co(lI1) products but 
via a bimolecular free-radical mechanism (1 5) : 

which give 

Clearly it is possible to suggest formation of a 
Ru(1I)H via reactions corresponding to reac- 
tions 13-15, which would also be consistent with 

formation of a hydride via a bimolecular rate- 
determining step and not leading to an  inverse 
acid dependence (cf. reaction 6): 

which give 

However, such a free-radical H atom mechanism 
seems highly unlikely, and it also becomes diffi- 
cult to account for the observed kinetics of the 
catalytic hydrogenations. 

Some direct support for a reaction such as [6] 
was evidenced by reaction of the Ru(1) solutions 
with H, in the presence of triphenylphosphine. 
Addition of PPh, to the brown DMA solutions 
of Ru(1) (PPh, : Ru = 3) resulted in a darkening 
of the coloration; this solution, in contrast to the 
initial one, slowly absorbed H, at  80" up to a 1 : 1 
ratio of H, : Ru. A reaction such as [19] 

would be consistent with the data, although 
further studies are necessary to confirm such 
dihydride formation. The product is certainly 
not the phosphine-stabilized Ru(I1) monohy- 
dride complex HRuCI(PPh,), (cf.  reaction 18) 
which has been formed by subjecting DMA 
solutions of Ru(I1) to hydrogen in the presence 
of PPh, (1). 
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Some Electrical and Thermodynamic Properties of the System: 
Indium Trichloride - Dioxane - Water 

ALAN N .  CAMPBELL 
Departrnrnt of Chemistry, University o f  Manitoba, Winnipeg, Manitoba R3T 2N2 

Received June 27, 1974 

ALAN N. CAMPBELL. Can. J .  Chem. 52.3769 (1974). 
The following properties have been investigated: conductance in water and in water-dioxane, 

the solubility products of indium hydroxide and of indium iodate, e.m.f.'s of the cell: In(s)/ 
InC13(m)/sat. KC1/Hg,C12 in sat. KCI/Hg and resulting activity coefficients, heats of so!ution 
of indium trichloride in water, water-dioxane, and pure dioxane, freezing point diagram of 
dioxane-water, heats of mixing of dioxane-water, heats of mixing of indium chloride - water 
with dioxane-water, change in volunie on mixing of water-dioxane, and of water - indium 
chloride with water-dioxane. 

ALAN N .  CAMPBELL. Can. J .  Chem. 52,3769 (1974) 
On Btudie les proprietes suivantes: la conductance dans l'eau et dans le systeme eau-dioxanne, 

les produits de solubilite de l'hydroxyde d'indium et de I'iodate d'indium, la f.e.m. de la pile: 
In(s)/PnCl,(m)/KCl sat./Wg,CI2 dans KC1 sat./Hg et les coefficients d'activitt qui en rbsultent, 
les chaleurs de dissolution du trichlorure d'indium dans l'eau, dans le melange eau-dioxanne et 
dans le dioxanne pur, le diagramme de solidification du systeme dioxane-eau, les chaleurs de 
melange du dioxanne-eau, les chaleurs de melange du chlorure d'indium - eau avec du 
dioxanne-eau, le changement de volume au cours du melange eau-dioxanne et eau - chlorure 
d'indium dans le systeme eau-dioxanne. [Traduit par le journal] 

Intaoduetion 
Many of the properties of indium chloride and 

its derived salts have recently been determined 
in this laboratory (I). '  Thus, the limiting con- 
ductance of +In3' has been determined by a 
method which can only be justified on the ground 
of expediency (1). For the lack of anything 
better, the figure of 56.3 mho at 25" may stand 
for the time being. The difficulty lies in the 
hydrolysis of indium trichloride, as was first 
observed by Thiel (2). It occurred to the author 
that by using a mixed solvent of water and 
dioxane the hydrolysis might be obviated but it 
soon became clear that the conductance of a 
very weak solution in a dioxane-water solvent is 
almost as great as in pure water. In the absence 
of hydrolysis, and assuming validity of the 
Walden rule, AOq = constant, it would have 
been possible to obtain A in pure water. 

Having entered on the subject of mixed 
dioxane-water solvent for indium trichloride, it 
was decided to pursue the subject and more or 
less to repeat the previous work on indium tri- 
chloride in water (1). All the experimental 
methods have been described previously (3-5). 

'I am indebted to the generosity of Cominco (of Trail, 
B.C.) for a supply of aqueous solution of pure indium 
trichloride (57.88% weight of InCI,). 

Results 
Electrical Properties 

Equivalent Conductance 
The results of equivalent conductance mea- 

surements of indium chloride in water and in 
51.55 wt. 97, dioxane-water solutions are shown 
in Fig. 1 .  The numerical data are to be found 
in the Depository of Unpublished ~ a t a . ~  

Solubility Products of Indium Hydroxide, 
In(OH),,  and of Indium Iodate, In(lO!)J 

Indium hydroxide was prepared by precipita- 
tion of indium trichloride with ammonia and 
indium iodate by precipitation with potassium 
iodate. Both precipitates were washed thor- 
oughly with hot water but this procedure is 
insufficient to remove all traces of soluble 
electrolyte. The method of procedure was to 
place excess of the powdered product in a 
Shedlovsky conductance cell, filled with con- 
ductance water. At intervals of 24 h, measure- 
ments of conductance were taken until a maxi- 
mum occurred. The liquid was then poured off, 
fresh conductance water added, and the pro- 
cedure repeated. Finally, a state of affairs was 

2These data may be obtained, at a nominal charge, 
from the Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa, Canada KIA OS2. 
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0 , , 1 1 ,  

C 01 0 2  0 3  0 4  0 5  06 07 0 8  09 10 

JE ~ l e q u ~  per i t r e )  

FIG. 1 .  Equivalent cond~~ctance of InCI, in water and 
in water-dioxane. 

reached when the conductance did not increase 
on standing and this was accepted as the true 
conductance of a saturated solution. The fol- 
lowing values were obtained at 25": In(OH),, 
K, = 5.11 5 x In(IO,),, K, = 3.007 x 

(corresponds to  a solubility of 0.6568 g/l.) 
The value for In(IO,), is a ~ n a x i ~ u u m  value 
because of the hydrolysis of the salt. 

Unsaturated solutions of indium iodate were 
also prepared and the eq~~ivalent  conductance 
determined as follows: c = 0.002676 equivll, 
A = 187.1 mho; c = 0.001067 equiv/l, A = 

195.1 mho. Obviously the same hydrolysis 
occurs as with InC1,. 

E1ectromotil.e Force Mecrsurc-m~~nts 
The e.m.f. of the cell 

In(s)/lnCl,(m)/sat. KCI/Hg,CI, in sat. KC1 Hg 

\\/as investigated at various concentrations. 
Fro111 the observed E and n1 values, the activity 
coefficients were calculated by the method of 
Harned et al. (6). The results are given in Table 
1. In Fig. 2, the results of these ineasurei~~ents 
are plotted along with previous results obtained 
from freezing point depression (4); all the 
figures lie on the same curve. Extrapolation to 
zero concentration gives E O  (1n3+ + 3e -t In) = 

-0.327 V, as against the values of -0.340 V of 
Hattox and de Vriess (7). 

Calorirnetric Results 
Powdered indium metal dissolves in concen- 

trated hydrochloride acid sufficiently rapidly for 
calorimetric work. 

TABLE 1.  Electromotive force of the cell 
In(s)/InC13(m)/sat. KCl/Hg,Cl, in sat. KCI/Hg 

In 
(in moli1000 g HzO) 

E 
(cell voltage) 

0.5943 
0.6793 
0.6988 
0.7174 
0.7310 
0.7477 
0.7640 
0.7840 

In + 3HCl. aq = InCl, . aq + 1 .5H2(g) 

AH = -22.51 i 0.97 kcal 

The concentration of indium chloride pro- 
duced was small enough to be considered infinite 
dilution. From the enthalpy of the above reac- 
tion that of InCl,.aq is calculated to be - 130.01 
kcal, in good agreement with the value of 
Klemm and Brautigam (8) if their result refers 
to InC13.aq. On the basis of my own figure (cf .  
infra) for the heat of solution of anhydrous 
InCl, in water, we have 

A H  = - 16.77 kcal 

and from this InCl,(s) results as - 113.24 kcal. 
Heat of Solution of Anllydrous InCl, in Water 
AH = - 16.77 F 0.72 kcal (r?z = 0.51 1). 
Heat of Solutiot~ in Pure Dioxane 
AH = - 8.92 kcal (171 = 0.1532). Reaction 

may not be complete so that the above figure 
is a minimum. 

Heat of Solution in a Solcer~t of Cornposition 
3D.2H20:  D = dioxane (cf. Kartzmark 
( 9 ) )  

AH = - 17.75 + 0.76 kcal. The heat of solu- 
tion is approximately the same as that in water. 

Heat of Dilution of a Saturated Solution o j  
InC1, in a S o k m t  of Con~position 
49.35 1st. dioxane 

Concentration of saturated solution = 
1.0109 n1: ( i )  initial molality = 1.0109, final 
molality = 0.5242, AHlmole of mixture = 
- 1159 cal; ( i i )  initial molality = 0.5242, final 
molality = 0.2062, AHlmole of mixture = 

- 703.8 cal. These results are practically identical 
with the corresponding results for water as 
solvent. 
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CAMPBELL: SOME PROPERTIES OF InCI3-DIOXANE-Hz0 SYSTEM 3771 

3 9r The values for the heats of mixing are given in 
08 the Depository of Unpublished Data2 and 

07  
graphically in Fig. 4. The agreement is excellent. 

- The limiting value of AH per mole of dioxane 
o From E M F  
o F~~ F ~ a ~ r g  PC rt  results as -2400 cal per mol (cf. data in the 

Depository of Unpublished Data). 

Mol.ii'y 

FIG. 2. Activity coefficients from e.m.f. and from 
freezing point measurements. 

0 0 0 2  0 3  0 4  0 5  0 6  0 7  0 8  0 9  10 

Freezing Point Diagram and Heats of Mixing 
Male Fracton-Doxane , 1.25' 

of Dioxane- Water Mixture 
FIG. 4. Heats of mixing of dioxane-water. t = 25'. 

As a preliminary to using water-dioxane as a 
solvent, the work of Goates and Sullivan (10) 
on  water-dioxane mixture was repeated. The Discussion 

results for the freezing point diagram are in I t  is apparent from Fig. I ,  that the addition of 
essential agreement, as Fig. 3 shows. I t  had been dioxane to water has reduced the mobility or the 
intended to  study the effect of indium chloride number, or both, of conducting ions of indium 
on  the eutectic mixture, but the indefiniteness of chloride but has had little or no effect on the 
eutectic composition and temperature made hydrolysis in very dilute solution. 
accurate work impossible. The solubility of indium hydroxide is lower 

than that of aluminum hydroxide but higher 
than that of ferric hydroxide; that of indium 
chlorate agrees with the known solubility. The 
two numerical results for the conductance of 
indium iodate in dilute solution show that it, like 
the chloride, undergoes hydrolysis. 

When the activity figures for indium chloride 
from e.m.f. measurements are plotted on the 
same graph with those previously obtained from 
freezing point measurements (4) they are seen to 
lie on the same curve. The value of EC (In3+ + 

"C 
3e -+ In) from the e.m.f. measurements (-0.327 

e Campbell V) is in reasonable agreement with that of Hatto 
o Goates & Sull~van 

and de Vries (7) (-0.34). The work of Ferri (I 1) 
shows that the ionization (hydrolysis) equilib- 
rium of InC1, is not simple, but this should not 
have any bearing on my evaluation of y. 

This work on the freezing point diagram and 
heats of mixing of dioxane and water was done 

8 in ignorance of the work of Goates and Sullivan 
SO the good agreement must be considered very 

Mole  roct ti on-~loxane satisfactory. 
FIG. 3.  Freezing points of dioxane-water. Nothing need be said about the heat of solu- 
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Moles Solvent/Mole InC13 

FIG. 5 .  Heat of mixing of 57% indium chloride 
water with 57% dioxane-water. 

9- 

8 

7 

6 

- 

g 

tion of metallic indium in concentrated hydro- 
chloric acid or that of indium chloride in various 
solvents, but the heats of mixing of 57% indium 
chloride - water with 57'z dioxalle-water are of 
interest. In contrast with the beautiful curve for 
dioxane-water, with its marked maximum and 
minimum, the results for the solvents containing 
indium chloride appear anomalous, but this is 
because two independent variables are involved, 
c iz .  the concentrations of indium chloride and of 
dioxane. If, however, the heat of mixing is 
plotted against moles solvent (total) per mole 

Where Q = heat of formation of InCl,(cryst) 
(- 113.24 kcal) and S = heat of sublimation of 
In, which can be calculated from the known heat 
of fusion (0.780 kcal/mol) and Trouton's rule to 
be 38.7 kcal. The figure agrees exactly with that 
of Robert (12). 1 = ionisation potential of In(g) 
(= 643.5 kcal); A = electron affinity of C1 (g) 
(= 88 kcal); D = heat of dissociation of Cl,(g) 
(= 54 kcal). Hence Ec = - Q + S + 1 3 0  + 
I - 3A = 612.4 kcal. This figure seems not 
unreasonable for the complete ionization of 
indium chloride triply charged ion compared 
with that of sodium chloride (190 kcal, singly 
charged ion). 

InCl,, a constant value of - 8 kcal is obtained 
o above 100 mol of solvent (Fig. 5). 

- The plot of excess volumes of mixing of water 
with dioxane shows a maximum between 0.3 and 

- 
0.4 mole fraction dioxane, of -0.65 cc (Fig. 6). 

The figure obtained for the enthalpy of 

o 7 -  1. A. N. CAMPBELL. Can. J. Chem. 51, 3006 (1973). 
2. A. THIEL. Zeit. Anorg. Chem. 40, 332 (1904). 
3. A. N. CAMPBELL, E. M. KARTZMARK, and S. C. 

Anand. Can. J. Chem. 48, 1579 (1970). 
4. A. N. CAMPBELL, E. M. KARTZMARK, and OM N. 

BHATNAGAR. Can. J .  Chem. 52, 1954 (1974). 
g 04 

E i 
5. I. BROWN and F. SMITH. Aust. J .  Chem. 15, 1 (1962). 

> 
m 03C 

6. H. S. HARNED et al. J. Am. Chem. Soc., 54, 1350 
(1932); 55, 2179 (1933): 58, 989 (1936). 

7. E. M. HATTOX and T. DE VRIESS. J. Am. Chem. Soc. 
58, 2128 (1936). 

8. W. KLEMM and M.  BRAUTIGAM. 2. Anorg. Chem. 
163, 232 (1927). 

9. E. M. KARTZMARK. Can. J .  Chem. 52, 3459 (1974). 
10. J. R. GOATES and R .  J. SULLIVAN. J. Phys. Chem. 62, 

Male Fracton Doxane 188 (1957). 

FIG. 6. Contraction in volume on mixing dioxane and 11. D. FERN. Acts Chem. S ~ n d .  26, 733 (1972). 
water. 12. C. ROBERT. Helv. Phys, Acta, 9, 426 (1936). 

- 

5 - 0  

InCl,(s) permits the calculation of the lattice 
energy of InCl,(s). The Born-Haber cycle is 
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The Kinetics of the Insertion Reaction of Tin(1I) Chloride 
with Hexacarbonylbis(tripheny1phosphite)dicobaIt 

PETER FOWLER BARRETT 
Department of C l l e tn i~ t~ l ,  Trent Uni\,ersity, Peterborough, O~zturio K9J 7BS 

Received November 26. 1973' 

PETER FOWLER BARRETT. Can. J. Chem. 52,3773 (1974). 
The kinetics of the thermal insertion reaction of SnCl, with the metal-metal bonded complex 

[P(OC,H,),CO(CO)~]~ have been studied by foilowing the change in the visible spectrum in 
T H F  over the temperature range 35.0 to 55.0 'C. The activation enthalpy and entropy for the 
reaction are 24.7 i 0.4 kcal/mol and 2.4 i 1.3 cal m o l l  deg-' respectively. The data are con- 
sistent with a two-stage mechanism identical to that proposed for the corresponding reaction 
with [ P ( M - C , H ~ ) ~ C O ( C O ) ~ ] ~  and from a comparison of the two reactions it is concluded that the 
cobalt-cobalt bond is slightly weakened when tributylphosphine is replaced by the better 
rc-electron acceptor triphenylphosphite. The insertion products [LCo(CO),],SnCl, are shown 
to undergo further reaction with [LCo(CO),], to form [LCO(CO),]~S~CI (L = CO, P(n- 
C4H9)3, P(OCsH5)z). 

PETER FOWLER BARRETT. Can. J. Chem. 52,3773 (1974). 
Les cinetiques de la reaction d'insertion thermique de SnCI, avec le complexe a lien metal- 

metal [P(OC,H5),Co(CO),], ont ete etudiees en suivant la variation du spectre visible dans le 
THF dans I'intervalle de temperature de 35.0 a 55.0 'C. L'enthalpie d'activation et l'entropie de 
la reaction sont respectivement de 24.7 0.4 kcaljniol et de 2.4 i: 1.3 cal niol-' deg-'. Les 
resultats sont conformes a un mecanisme en deux etapes, ident iq~~e a celui propose pour la 
reaction correspondante avec [P(n-C,H,),Co(CO),],, et de la comparaison des deux reactions 
on deduit que la liaison cobalt-cobalt est legerement affaiblie lorsque la tributylphosphinc est 
remplacee par la triphenylphosphite q11i est un meilleur accepteur d'electrons. Les produits 
d'insertion [LCo(C0)3],SnCIZ peuvent subir des changen~ents en reagissant a nouveau avec 
[LCo(CO),I, pour former [LCo(CO),],SnCl (L = CO, P(n-C,H9),, P(OC,H,),). 

[Traduit par le journal] 

Introduction 
The kinetics of the insertion of tin(I1) halides 

into the metal-metal bond of a nuinber of 
transition metal carbonyl complexes have been 
reported recently (1-4). On the basis of the pro- 
posed mechanisms for these reactions, it has 
been possible in a number of cases to interpret 
the data in a way which provides a measure of 
the metal-metal bond strengths. 

In an attempt to determine the effect of sub- 
stituents on metal-metal bond strengths, a 
kinetic investigation of the thermal insertion of 
SnCl, into the metal-metal bond of [P(OC,H,),- 
Co(CO),], is reported here and the results com- 
pared with those of the similar reaction with 
[P(iz-C,H,),Co(CO),], (4). Under the kinetic 
conditions, only the insertion reaction was ob- 
served to occur, although at much lower con- 
centrations of SnC1, a different product was 
obtained and is concluded to be the tris sub- 
stituted complex [P(OC,H,),Co(CQ),],SnCl. 

'Revision received August 15, 1974. 

The preparation by similar routes of the anal- 
ogous complexes [LCo(CO),],SnCl (L = CO, 
P(n-C,H,),) as well as the tetrakis complex 
[Co(CO),],Sn are reported, and the ease of 
formation of these products is used to cor- 
roborate the kinetic evidence regarding the rela- 
tive cobalt-cobalt bond strengths in [LCo- 
(C0),12 (L = P(n-C4H9)3, P(OC,H5)3). 

Experimental and Results 
Materials 

Hexacarbonylbis(tripheny1phosphite)dicobat was pre- 
pared by the method of Sacco (5) and dichlorobis(tetra- 
carbonylcobalt) tin(1V) by the method of Graham and 
co-worker (6). Tin(I1) chloride and bromide Mere dehy- 
drated using acetic anhydride (7), the entire operation 
being carried out in an atmosphere of nitrogen in a glove 
bag. Tetrahydrofuran was purified by refluxing over 
sodium hire, and was freshly distilled and deoxygenated 
by bubbling nitrogen through it for about 20 min before 
being used in the kinetic runs, 

Kinetics 
The thermal insertion of tin(I1) chloride into the 

metal-metal bond of [P(OC6H,),Co(C0)3]2 was studied 
by following the disappearance of the starting material at  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3774 C A N .  J .  CHEM 

570 nm using a Unicain SPlSOO spectrophotometer. 
Infrared spectra of the reaction products were recorded 
on a Perkin-Elmer 621 spectrophotometer and showed 
that at concentrations of SnCl, greater than 0.1 PI, only 
the insertion product was formed, hut that at lower con- 
centrations increasing quantities of another product were 
being formed. This byproduct proved to be the tris com- 
plex [P(OC6H,),Co(COj3]3SnC1, and in order to keep its 
formation to a minimum in the kinetic runs, it was neces- 
sary to avold using colutions of low SnCl, concentration. 
Reaction solutions approximately 5 x M in 
[P(OC6H5),Co(CO),J2 were prepared as reported 
earlier (1 j. 

Pseudo first order kinetics a-ere observed in all cases 
with the tin(1I) chloride in excess. Plots of log (A, - A , )  
against time, where A, and A, refer to the absorbances at 
570 nm at times t and x, respectively, were linear for 
between 50 to 75% of the reaction. A, was measured 
experimentally for the faster reactions and estimated in 
other cases. 

The pseudo first order rate constants, k,,,, are piotted 
in Fig. 1 as a function of tin(I1) chloride concentration. 
The lines drawn through the experimental points are 
theoretical ones calc~~lated on the basis of rate param- 
eters derived by a least-squares treatment (8). 

Reactions of T11X2 and 'LCo(C0) 3.72SnX2 wirh 
[LCojCO) 3,72 

Dichlorobis(tvicarbonyltriphenylphosphifecoba1t) - 
rin(IV), .~PIOC6H,)3Co(CO)312SnC12 

To a refluxing solution of SnCI, (1.3 g, 6.9 rnmol) in 
20 ml THF under N, was added gradually [P(OC6H5),- 
Co(CO),], (0.40 g, 0.43 mniolj. After 45 min the THF 
was removed under reduced pressure, the residue ex- 
tracted with CH,CI,, filtered, and the residue obtained 
on evaporation recrystallized from ethanol yielding the 
desired product (9). 

Chlorotris (tricarbonyltriphenylplzosphitecobalt) tin (IV), 
LrP(OC6H5)3Co(CO)3~'3SnCI 

Method A :  A solution of [P(OC6H5)3Co(CO)3IZ 
(0.40 g, 0.43 minol) and SnC1, (0.05 g, 0.26 mmol) in 
25 ml THF was refluxed under N2 for 45 min. The T H F  
was then removed under reduced pressure and the residue 
extracted with ethanol, filtered, and recrystallized from 
ethanol yielding 0.15 g of orange platelet crystals, m.p. 
119-122 "C. 

Anal. Calcd. for [P(OC6H5)3Co(CO)3]3SnC1: C, 49.98; 
H, 3.00; C1, 2.34. Found: C, 49.26: H, 3.55; Cl, 2.62. 

Method B:  A solution of [P(OC6H,)~Co(CO)3]2 
(0.064 g, 0.068 mmol) and [P(OC6H5),Co(CO3],SnCl, 
(0.064 g, 0.058 mmol) in 20 ml THF was refluxed under 
N2 for 30 min. The THF was removed under reduced 
pressure and 0.03 g product isolated as in Method A. 

Bron~otris(~ricarbonylrripheny~hosphitecobat) tin (IV), 
/P(OC6H5) 3C~(CO)3- -3SnB~ 

This compound was prepared in an identical manner to 
that employed in Method A for the chloro analog using 
0.40 g (0.43 mmol) [P(OC6H,),Co(CO)3]2 and 0.06 g 
(0.22 mmol) SnBr, in 25 ml THF yielding 0.14 g of orange 
needle crystals, m.p. 128-1 31 "C. 

Anal. Calcd. for [P(OC6H5)3Co(CO)3],SnBr : C, 
48.56; H, 2.91; Br, 5.13. Found: C, 47.98; H, 3.21; Br, 
4.63. 

. VOL. 5 2 ,  1974 

FIG. 1. Plot of the observed pseudo first order rate 
constant cs. tin(1Ij chloride concentration for the thermal 
reaction [P(OC6H,)3Co(CO)3]2 t SnCI, + [P(OC,H5f3- 
Co(CO),],SnCI, in THF. The curves drawn through the 
experimental points ar: theoretical lines calculated from 
the rate constants in Table 2. 

Dichlorobis(rvicarbon~~ltri-n-b~ityiphosphinecobalt) - 
tin(ZV), [P(n-C4H9)3Co(CO)3.-2SnC12 

A solution of [P(n-C4H,)3Co(CO)3]2 (0.40 g, 0.5X 
mmol) and SnCl, (0.40 g, 2.1 mmol) in 20 ml THF was 
refluxed under N, for 1 h. The THF was removed under 
reduced pressure and the residue extracted with CH,CI,. 
Thc remainder of the isolation procedure was identical 
to that reported by Bonati et a/. (9) yielding 0.25 g of 
product. 

Chlorotris(tricarbon.yltri-n-butylphosphit~ecobalt) - 
tin(IV), [P(n-C,H9) 3Co(CO)3.73SnC1 

A solution of [ P ( I I - C , H , ) ~ C ~ ( C O ) ~ ] ~ S ~ C ~ ~  (0.20 g, 
0.23 ~ n n ~ o l )  and [P(n-C,H,),Co(CO),], (0.16 g, 0.23 
mmol) in 20 ml THF was refluxed under N, for 5 h. The 
THF was removed under reduced pressure and the 
residue extracted with boiling methanol, filtered, and 
recrystallized from methanol-water yielding 0.11 g 
orange crystals, n1.p. 151-155 "C. 

Anal. Calcd. for [P(n-C,H,),Co(CO,],SnCI: C, 45.42; 
H, 6.86; C1, 2.98. Found: C, 46.62; H, 7.34; CI, 2.28. 

Chlorotri~~.(tetracarbo~iylcobalt) rin(IV), 
~Co(CO),],SnCl and Tetrakis(tetracarbonj~1- 
>obalt)tin(lV), [CojCO),j4Sn 

A solution of [Co(CO),], (0.20 g, 0.59 mmol) and 
[CO(CO)~],S~CI, (0.20 g, 0.38 mmol) in 20 ml THF was 
stirred under N, for 10 min at room temperature. The 
THF was removed under reduced pressure and the 
residue extracted with n-pentane, filtered, and crystallized 
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BARRETT: REACTION OF SnC12 WITH [ P ( O C ~ H ~ ) ~ C O ( C O ) I ] ~  

TABLE i . Infrared spectra 

Compound v(CO) in CH,CI, (cm-')  

Cornpound 

*From ref. 16. 

from n-pentane yielding a red product which the infrared 
indicated was a mixture of unreacted [Co(CO),], and 
[ C O ( C O ) ~ ] ~ S ~ C I  (10). An infrared spectrum of the red 
material not soluble in the 11-pentane extractions indi- 
cated it to be the tetrakis product [Co(CO),],Sn (11). 

Table 1 gives the infrared spectra in the carbonyl 
region for those cornplexes first reported here and also 
the tin-halogen frequencies for these and a number of 
other related con~plexes. 

Discussion 
Figure 1 shows the variation of the pseudo 

first order rate constants Ic,,, with the concen- 
tration of tin(I1) chloride for the thermal 
insertion reaction of [P(OC,H,),Co(CO),], 
with excess SnCl, in THF a t  the temperatures 
indicated. Although a t  a given temperature the 
observed rate constants d o  not vary consider- 
ably, there does appear to  be a tendency for 
them to increase with increasing SnCI, concen- 
tration. This behavior could be explained by 
postulating that both a unimole~ular and - 
bimolecular mechanism were operating simul- 
taneously. Under these circumstances a straight 
line could be drawn through the experimental 
points, and from the intercept and slope the rate 
constants for these two mechanisms determined. 
Inspection of the experimental points indicates 
that  because of the low values of the slopes that 
would be obtained, the bulk of the reaction would 
have to proceed via the unimolecular mechanism. 

Alternatively, the following two-step mech- 
anism that has been postulated in a number of 
similar reactions (1, 3, 4) could account for the 
observed behavior : 

kl k ,  
Az 2 A2* -i ABA 

k-1 B 

2058w, 20311~1, 1989vs, -i960m, sh 
2057w, 2030m, I986vs, 1960m, sli 
2 0 2 9 ~ :  2001m, 1954vs, 1927111, sh 

v(Sn-X) in Csl disc (cni-') 

where A, represents the metal-metal bonded 
complex [P(OC,H,),Co(CO),],, A,* is a reac- 
tive intermediate, B is the tin(I1) chloride, and 
ABA the insertion product. On the basis of this 
mechanism, the observed rate constants should 
level off a t  a constant value of k ,  at  high con- 
centrations of SnCl,. All the experimental values 
can be interpreted as having nearly approached 
the limiting value of k ,  even a t  concentrations of 
SnCi, as low as 0.1 M. Unfortunately, due to the 
production of the byproduct [P(OC,H,),Co- 
(CO),],SnCl a t  lower concentrations of SnCl,, 
it was not possible to determine whether the rate 
constants dropped dramatically under these 
conditions. In a limited kinetic study using 
SnBr2 there was little change in the observed 
rate constants with changing SnBr, concentra- 
tion and the magnitude of these rate constants 
was very near the limiting value of the rate con- 
stants determined at  high SnCI, concentrations 
at  the same temperature. In other reactions in 
which a bimolecular mechanism has been pro- 
posed for the attack of stannous halides on 
metal-metal bonds (2, 4), SnBr, has reacted 
much more readily than SnC1,. Since no such 
difference has been found here, it is reasonable 
to conclude that no bimolecular mechanism is 
operating in this reaction, and the two-step 
mechanism is therefore proposed to account for 
our results. 

As discussed previously ( I ) ,  the rate law for 
this mechanism can be expressed 
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TABLE 2. Kinetic parameters for the SnClz 
thermal reaction* 

Temperature lo4kl 102k- , / k 2  
("'4 ( s - l )  (mol I - ' )  

35.0 0 . 5 3 i 0 . 0 2  4 . 4 k 1 . 0  
40.0 1 .30k0.03 9 . 0 1 0 . 8  
45.0 2 .42 i0 .07  6 . 0 1 0 . 3  
50.0 4 .1910.09 0 . 8 i 0 . 3  
55.0 7 . 9 5 i 0 . 2 5  0 . 6 k 0 . 7  

*The uncertainties are standard deviations; AH1* = 24.7 ? 
0.4 kcal m o i l ;  AS,*  = 2.4 1.3 cal mol-l deg-1. 

FIG. 2. Plot showing linear relationship between 
values of l/k,,, and l;[SnCl,] taken from Fig. I .  The 
straight lines are least-squares plots and lead to the rate 
constants given in Table 2. 

and by rearrangement of eq. 1 the following 
expression can be obtained 

A plot of l/k,,, against 1/[B] should yield a 
straight line with slope k-,/k,k, and intercept 
Ilk,. Figure 2 shows plots of this type for the 
reaction of [P(OC,H,),CO(CO),]~ with SnCI,. 
Table 2 gives the kinetic parameters obtained 
from a least squares treatment assuming equal 
uncertainties for all values of k,,,. The activation 
enthalpy and entropy were obtained from a 
weighted least-squares treatment of the kinetic 
parameters (8). 

The corresponding activation enthalpy and 
entropy for the analogous reaction of SnC1, with 
[P(n-C,H,),Co(CO),], have been reported to be 
26.4 1 0.7 kcal/mol and 5 1 2 cal mol-I deg-I 
(4). The AH* for the reaction of the triphenyl- 
phosphite complex is marginally smaller (1.7 
kcal/mol) than for the tributylphosphine com- 
plex while the AS* is essentially the same within 
experimental error for the two complexes. Since 
the two reactions are so similar in all respects, 
it would therefore seem reasonable to assume 
that they also react by the same mechanism. 

A possible reactive intermediate, A,", pro- 

posed in the reaction of the tributylphosphine 
complex was a radical pair trapped in a solvent 
cage, in which the Co-Co bond had been 
homolytically broken and the AH* could be 
regarded as a measure of the energy required to 
break this bond. Alternatively, a singly carbonyl 
bridge species 

was postulated in which the metal-metal bond 
had also been broken, and in this case the AN* 
could be regarded as the lower limit of the energy 
required to break the Co-Co bond because the 
degree of bond making involved in forming the 
carbonyl bridge could offset the energy to break 
the Co-Co bond. Carbonyl bridged interme- 
diates have been proposed for a number of 
-reactions (12, 13) and might well be anticipated 
in the reactions of the cobalt complexes because 
all complexes of the type [LCo(CO),12 (L = 
CO, or Group Va ligand) have been postulated 
to exist as bridged as well as non-bridged isomers 
in solution (14, 15). 

Regardless of what the actual mechanism is, 
as long as it can be assumed that the tributyl- 
phosphine and triphenylphosphite complexes 
react via the same mechanism, it has been shown 
that replacement of tributylphosphine by tri- 
phenylphosphite in the cobalt carbonyl complex 
results in a slight reduction (1.7 kcal,/mcl) in 
the A H * .  Since the greatest contribution to this 
activation energy results from the breaking of 
the Co-Co bond according to any of the pro- 
posed mechanisms, we can conclude that this 
bond is weaker in the triphenylphospite complex 
than in the tributylphosphine complex. 

It has been shown that the complexes 
[LCo(CO),], react not only with SnCI, to form 
[LCo(CO),],SnCI,, but also with [LCo(CO),],- 
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SnCl, to form [LCo(CO),],SnCl, (L = CO, 
P(OC,H,),, or P(r2-C,H,),). Patmore and 
Graham 11 1) have reported the similar reaction 
of SnX, ( X  = F, acetate) with [Co(CO),], to 
form [Co(CO\,],SnX. The ease of these reactions 
depends very much on L, and the rates decrease 
with changing l, in the order CO > P(OC,- 
H,), > P(rz-G,H,), which parallels the order of 
decreasing x-accepting ability of L and hence 
increasing electron density on the cobalt atoms. 
Adams et a!. (16) have suggested that this should 
result in a weakening of the Sn-C1 bond and 
this is borne out in the dramatic decrease in the 
Sn--C1 stretching frequencies along both the 
[LCo(CO),],SnC1, and [LCo(CO),],SnCl series. 

In the following proposed reaction to produce 
the tris-substituted complexes, 

[ L C O ( C O ) ~ ] ~  + [LCo(CO)3]2SnC!2 -t 
[ L C O ( C O ) ~ ] ~ S ~ C I  + LCo(CO),CI(?) 

4 
decomposes 

both Co-Co bonds and Sn-Cl bonds must be 
broken. Since the ease of the reaction decreases 
with L in the order CO > P(OC,H,), > 
P(n-C,H,),, a.nd since this is the order of de- 
creasing Sn-C1 bond strengths, it would seem 
logical that it must be the order of increasing 
Co-Co bond strengths. Although such an 
argument does not carry much weight alone in 
the absence of any information regarding the 
mechanism of the reaction, it does help to sub- 
stantiate the conclusions drawn from the kinetic 
study of the insertion reaction. 

As has been discussed in a previous paper ( I ) ,  
the substitut~on of tributylphosphine by the 
stronger x-electron acceptor ligand triphenyl- 
phosphite might be expected to affect the metal- 
metal bond in two ways, one of which could 
strengthen the bond, the other weaken it. De- 
creased electron density on the metals could 
strengthen the bond by reducing the repulsion 
between electrons in filled nonbonding orbitals 

on the metals, while at the same time shrinking 
of the o-bonding orbitals would occur which 
would tend to weaken the bond. While the 
former effect has been proposed to predominate 
in reactions of some compounds containing 
Fe-Fe and Mo-Mo bonds (I),  the latter is 
evidently more important in reactions of the 
Co-Co complexes. Hence while it may be 
possible to predict the effect of substituents on 
metal-metal bond strengths for a given metal 
system, it would clearly be a dangerous assump- 
tion to make genera!izations to other systems. 

The author is indebted to the National Research 
Council of Canada for financial support, and to Mr. L. L. 
Annett for performing the kinetic experiments. 
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ROBERT T. LALOUDE and THOMAS PIT. DONVITO. Can. J. Chern. 52.3778 (1974). 
I3C che~nical shifts are reported for quinolizidine and eight metl~ylquinolizidines. Assign- 

ments of methylquinolizidine resonances are made with the assistance of the previously mads 
assignments of quinolizidine, the methyl substituted trans-decalins and the methyl parameters 
of Grant. A more careful con~parison of the quinolizidines with the rrnrzs-decalins is made 
through correlatiolis with experimental data for four decalins and calculated data for six 
decalins. 

On rapporte les deplacernents chirniq~~es du ' 3C pour la q~iinolizidine el 11~1it rnethylquinoli- 
zidines. Les attribution\ des I-esonances des rnethylq~~inolizidines sont faites a l'aide des attribu- 
tions precedemment faites de la quinolizidine et des mCtliyl-trans-decalines. Les parametres 
des groupes methyle etablie par Grant sont egalement utilisCs pour aider a faire ces attributions. 
Une cornparaison plus soignee des quinolizidines alee les trar~.~-decalines est faite par l'inter- 
mtdiaire de deux correlations. Une correlation utilise les donnees experimentales pour quatre 
decalines tandis que l'autre ~rtilise les donnees calculees pour six decalines. 

Introduction 
The 13C spectra of methylquinolizidines have 

been exanlined to  facilitate assignments in 
Nuphar and other quinolizidine alkaloids. Thus 
the objective of our study was to collect the data 
for quinolizidine, 1, and ~nethylquinolizidiiies 
2-9 and assign their chemical shifts aided by the 
experimental and calculated data for the corre- 
sponding trans-decalins 10-15. The comparison 
of the quinolizidine and trans-decalin data was 
appropriate since the more stable form of 
quinolizidine and ~nethylquinol~zidines is the 
trans-fused forill (1). 

10 R,  = RZ = H :  X  = CH* 

2 R l  = H :  R, = C H , :  X  = N 

11 R1 = H :  R, = C H , ;  X  = C H *  

3 R, = C H , ;  R, = H :  X  = N 

12 R, = C H , ;  R, = H ;  X  = C H *  

13 R, = H; R, = C H I ;  X  = C H *  

14 R,  = C H , ;  R, = H :  X = CH' 

6 R ,  = H ;  R, = C H ,  

7 R, = C H , :  R, = H 

. > 

C H ~  

8 9 X = N  

15 X = C H ~  

NOTE: *Bridgehead hydrogens are anti; +bridgehead 
hydrogen and methyl group are anti. 
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LALONDE AND DONVITO: TRANS-DECALINS 3779 

Eggert and Djerassi (2) showed a single linear 
relation between the observed chemical shift of 
136 in aliphatic acyclic amines and the calculated 
shift (3) in hydrocarbons wherein CH replaces 
the nitrogen of the arnine. Similarly Hart and 
Ford (4) correlated the calculated hvdrocarbon 
shifts (3) w ~ t h  tetraalkylammonium ions, tetra- 
alkylboride ions and trialkylboranes. We ob- 
tained slmiiar correlatioiis, one using the 
experilnental decahn data of Dalling et al. (5) 
and the second by employing the calculated 
decalin shifts of the same authors. 

Experimental 
Materials 

Quinoliridine was prepared by a modified method of 
Boeckelheide et a / .  (6). The 3-methylquinolizidines 6 and 
7 and 10-methylquinoiizidine, 9, were prepared by a 
modified procedure of Leonard e f  nl. (7). All the other 
quinolizidines \\ere prepared by the method of Katritzky 
and co-workers ( in). 

Measur enzents 
Tne spectra of all the compounds were determined a t  

ambient temperature In 0 3-0 5 \/I CDCI, solutions con- 
t a ~ n ~ n g  appro~iniately 1% TTMS in 12 turn tubes Chem- 
rcal shift halues uere determ~ned relative to TMS = 6 
0 00 p p m I h c  spectrornctcr &as a Varian XL-100-i5 
operating at  25 ?6 MHz, eqt~ipped fol pulsed Four~er  
transformation and cor~trolled b) a Varian VFT-100 
computer The Fourler transforrnatlons were based on 
8192 data polnts and einployed the absorption spectrum 
Fleld frequency lock was establ~shed on the deuterium 
resonance of the CDCI3 solvent Between 1 and 10 K 
transients weie used for most fully decoupled spectla and 
a b o ~ ~ t  four times tnat number for off-resonance de- 
coupled spectra Because of the small quantlty of t-2- 
rnethylsuinc1~zid~ne, 4, available, ~t was n cessary to use 
193 K trans~ents fol the frilly decoupled spectrum and no 
off-resonance decoupled spectrum uas  obta~ned 

Results and Discussion 
Observed chemical shifts and assignments for 

the nine quinolizidines are presented in Table 1. 
The assignments were made with the aid of - 
off-resonance decoupled spectra, peak intensities, 
known chemical shift differences and com- 
parisoils with the corresponding decaiins (ride 
infra). The assignments for the parent quinolizi- 
dine, 1, have already been made (8). Therefore 
by comparing the spectra of trans-decalin ( 5 )  
and quinolizidine an approximate value for the 
shift associated with replacement of a bridgehead 
CH by IV was determined for quinolizidine. 
With this information and the observed (5) 
chemical shifts of the methyldecalins, 11, 14, and 

15, the resonance signais of t-1' (2), c-2 (5), t-3 
(6), c-4 (8), and 10-n~ethylquinolizidine (9) were 
assigned. The case of t-3-methylquinolizidine, 
6, will be used as an example. The resonances of 
C-3 and C-10 were the only doublets and the 
lower field one (62.64 p.p.m.) was assigned to 
6-10 since the latter is Y. to nitrogen. Of the two 
remaining low-iield sigi~als (64.66 and 56.72 
p.p.m.), both triplets, the one at  lower field was 
assigned to 6-4 since the latter is both a to 
nitrogen and fi to the C-3 equatorial methyl. The 
higher field triplet was assigned to C-6 by 
default. The remaining resonances, all triplets, 
were assigned by matching observed chemical 
shifts w ~ t h  the nearest shifts caiculated by 
assuming that the CH by N replacement dif- 
ferentials for trans-decalin and guirlolizidine 
would be the same for trat~s-sjn-2-methyldecalin 
(14) and t-3-methylquinolizidine ( 6 ) .  These 
calculated shifts, presented in Table 2, agree with 
those given in Table 1 .  

In the second method of resonance assign- 
ment, Dalling and Grant's methyl paranreters (9) 
were applied to quinolizidine. Chemical shifts cal- 
culated for i-3-methylquinolizidi~le (6) by this 
method also appear in Table 2. This second 
method was usea of necessity in those cases 
where data for the appropriate methyldecalin 
was lacking. Thus by us~ng the two methods the 
methylquinolizldine chemical shifts were 
assigned unequivocally for all carbons except 
those which possessed both the same off-reso- 
nance splitting and a chemical shift difference 
of 1 p.p.m. or less. 

Essentiallv. the first of the above-described 
assignment methods was the basis for a more 
sophisticated coinparison of methyl decalins 
and methylquinolizidines. The experimentally 
determined ~ne:hylquino!izidine shlfts were 
plotted agalnst the experimentally determined 
methyl substituted trot s-decalin shiftsZ obtained 
by Dalling et of. (5) .  This procedure was fo!- 
lowed separately for m-, %-bridgehead, P-, and 
y-carbons where a ,  0, and y refer to the carbon 
one. two, and three bonds removed from the 
nitrogen of the quinolizidine or the corre- 
sponding bridgehead CH of the trans-decalin. 

lThe symbols for designating configuration and 
position of methyl groups are those of Katritzky and 
co-workers ( l a ) .  

'GTMS. Original data converted using GTMS = 128.82 - 
S c 6 H 6 .  
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CAN.  J .  CHEM.  VOL.  5 2 ,  1974 

TABLE 1. 13C Chemical shifts of quinolizidi~les and decalins 

Quinolizidine 

Splitting 

CaIcd. 
Decalin 

Obsd. Method 1' Method 2d Caicd.' 

The resulting correlations were linear, being type of carbon, i.e. a-, a-bridgehead, etc. The 
represented by the general eq. 1, constant A is the slope of the best straight line as 

i l l  6, = A6, + B determined by computer using a least squares 
program and B is the y-intercept of this line. The 

where 6Q and 6, are respectively the quinolizi- values of these constants and some of the per- 
dine and decalin 13C chemical shifts for a single tinent statistical data are given in Table 3. 
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LALONDE AND DONVITO: TRANS-DECALINS 

TABLE 1 (Concluded) 

6 13C in p.p.m." 

Quinolizidine 

Calcd. 
Decalin 

Compound Carbonb Splitting Obsd. Method 1' Method 2d Calcd." 

'Relative to TMS. 
T h e  number giben refers to the carbon of the'quinoiizidine and corresponds to the same carbon position In 

the decalin. However the actuai numberinq ma> be different in the decalin. 
<From eq.  1 and A and B constants obtained by the use of the exoerilnental chemical shift vaiues of decalin. 

See Table 3. 
"From ea. 1 and A and B constants obtained bv the use o f  the calculated chemical s h ~ f t  values of deca l~n .  

See Table 4.. 
LFor  the corresponding tmiis-decaiins from the hydrocarbon parameters of ref. 6, or  taken from ref. 6 for 

decalins 11, 14, and  15. 

Particularly noteworthy is that the values of A 
are near unity and that the replacement of CH by 
N has tile same large efTect oniy on the a- and 
a-bridgehead carbons as indicated by the values 
ofB.  Table 3 a!so shows that the standard devia- 
tions are less than 1 p.p.m. Moreover, the maxi- 
mum deviations are less than 1 p.p.m. and occur 
in no systematic manner. Thus the observed 

linear relations mean that decalin and quinolizi- 
dine chemical shift data are nearly interchange- 
able for P- and -/-carbons and also interchange- 
able for a-carbons when an adjustment ( B  value) 
is made for the chemical shift differences due to 
CH by N replacement. 

A single expression for both types of a-carbons 
was gznerated in the following manner. First an 
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3782 CAN. J .  CHEM.  VOL. 5 2 .  1974 

TABLE 2. Calculated chemical shift values for chemical shifts l o  obtain a new linear relatio1-1. 
t-3-~nethyiquinoliridine Thus values for A and B constants for both 

011 the basis of CH By application of 
by N replacement methyl parameters 

Carbon differentials" to quinolizidine" 

I 33.28 33.67 
2 33.25 33.79 
3 31.93 32.00 
4 65.42 65.88 
6 56.26 56.63 
7 25.89 26.04 
8 24.61 24.76 
9 33 18 33.62 

10 62.37 62.98 

Osee Table 1 for the diiferentials and 111s t e l t  for differential delinl- 
tion. 

bReference 10. 

expression for obtaining an  adjusted chemical 
shift value for the appropriate decalin a-bridge- 
head carbons was obtained by subtracti~lg the 
x-bridgehead carbon relation froin the r-carbon 
relation and !etting 8," - i j U x ~  = 0,  where 6 0 b ~  
and 6,," are respectively the cheinical shifts of the 
bridgehead a-  and nonbridgehead a-carbons of 
the quinclizidines. The resulting expression is 
given by eq. 2, 

ad.justed and nonbridgehead a-carbons are 
iilcluded togeti-icr in Tabie 3 under the designa- 
tion x,. The corresponding A and B constants 
can be used along xi th  6 , "~  or  6," in eq. 1 for 
calculating the quinolizidine x-carbon chcmical 
shifts regardless of bridgehead or  no~~br idgehead 
character of the r-carbon. 

The observed quinolizidine chcmical shifts 
were plotted also against the decalii shifts cal- 
culated (Table l )  from the hydrocarbon param- 
eters of Daliing et al.  (5). Thc chicf purpose of 
making this second correIation was to confirnl 
the assignments i n  quinolizidines 3, 4 and '7, 
compounds for \vilich the corresponding experi- 
mental decalin shift data was lacking. The cor- 
relation was represented once again by the 
genera: eq. 1. Valucs of constants A and I3 and 
pertinent statisiica! data are given in Table 4.3 
As expected, bridgehead %-carbons again had to 
be adjusted to conform to the same linear rela- 
tion as nonbridgehead a-carbons. T1-ie adjusted 
value (fil,"'~) of the calculated cheniical shift 
(8D" '~ )  is given by eq. 3 obtained in a manner 
similar to eq. 2. 

[21 6,,"~ = 1,02076,"" - 3.6032 
31he second correlation i s  less precise than the first 

beca~~se  of the error introduced in calculating the decalin 
where hDE4 is the adjgsted chenlicai shift for the chemical shifts. When chemical shifts of the three methyl 

appropriate decalin %-bridgehead carbons, ~h~ substiti~ted trans-decalins, 11, 14, 15, were calculated 
using Grant's hydrocarbon parameters, an average error 

'D"" and the chenlica' shifts for the of 0.57 p.p.rn. and a maximum error of 1.85 p.p.rn. m-ere 
nonbridgehead %-carbons (6,") then were plotted obtained when coiiivared to the reoorted exoerimental 
together against the quinoiizidine a-carbon values. 

TABLE 3. Values of constants and statistical data for the correlation: 6 ,  = A6,; - 5; obtained by plotting 
experimental quinolizidine and trans-decalin I3C che~ilical shifts 

H Maxirn~~m deviations 
(positive and negative) 

Val~les for constants Standara --- ---------- 

No. of deviations Carbor. 
Carbon position points A B (p.p.nl.)" No. Compound Value 

C(A 16 1.011 21.22 0 .56  6 
4 

- 
"Standard de\iation in p.p.m. for  the prediction of quinoliz~dine chemical shift. 
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LALONDE AND DONVITO: TRANS-DECALINS 3783 

T A ~ L E  4. Values of constants and statistical data for the correlation: 6, = Ah, + B ;  obtained by plotting 
experimental quinolizidine chemical shifts against calculated trans-decalin 13C chemical shifts 

Maximum deviations 
I*, (positive and negative) 
/- Values for constants Standard 

No. of p---pppppp- deviations Carbon 
Carbon position points A B (p.p.m.1" No. Compound Value 

3' 16 1 ,070 18.76 0 .76  4 3 1.04 
4 9 -1.66 

"St3ndard  deviation in  p.p.m. f o r  t h e  g ~ e d i c t i o n  o f  quinolizidine chen 

The quinoiizidine chemical shifts obtained 
from both methods of correlation are listed in 
Table 1, inspection of which reveals that the 
first method gives resuits which are more 
hccurate than the second. However the secoiid 
rneihod has wider application since it does not 
depend on the availability of experimental 
decalin data. 

In concluding, two interrelated features of the 
results will be noted. The effect of equatorial or  
axiai methyl substitution on the chemical shift 
of the substituted carbon or any other carbon 
can be obtained by comparing the chemical 
shifts of 2-8 with those of 1. Secondly, as ex- 
pected on the basis of other studies (8, 9) the 
chemical shift of an  a.xiat methy! is always up- 
field from that of the epimeric equatorial methyl. 

The authors are gratefill to the Nationai Science 
Foundation for an eq~:ipment grant to the Department 
of Chemistry, State University of New York, College of 
Environmental Science and Forestry toward the purchase 
of the XL-100-15 spectronleter and the VFT 100 com- 
puter used in this study. Support of This work by the 
National Institutes of Health, U.S. Public Health Service 

iical shift 

(Grant No AT-10188) 1s gratefully acknonledged We 
also acknomledge the ass~stance oi L McCalidless In 
deternilning the spectra, H Homell for preparing a rnlx- 
ture of 7-methylq~11nolizldlne, and the Computer Centel 
fol processing the spectral data used ln the correlat~orls 
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Cleavage of the Methylenedioxy Eng in the Grignard Reaction of 
3,4-Methy8enediox~benaonit~i1e 
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JANET E. FORREST. RONALD A. HEACOCK and THOMAS P. FORREST. Can. J. Chem. 52. 3784 
(1974). 

The reaction of 3,4-methyle~edioxybenzonitrile (2) with ethyl magnesium bromide gives 
products resulting frorn opening of the methylenedioxy ring, namely 4-hydroxy-3-lz-propoxy- 
propiophenone (3) and 3-hydroxy-4-11-propoxypropiophenone (4) in addition to the expected 
product 3,4-methyienedioxypropiophenone (1). The isomeric hydroxy-rz-propoxy ketones were 
differentiated on the basis of their spectroscopic properties. 

JANET E. FORREST, R O ~ A L D  A. HEACOCK et THOMAS P. FORREST. Can. J. Chem. 52 3784 
(1974). 

La reaction du m6thylkne-3 dioxy-4 benzonitrile (2) avec le bromure d'ethylmagndsium con- 
duit a des produits resultant de l'ouverture du cycle methylenedioxy, a savoir l'hydroxy-4n- 
propoxy-3 propiophtnone ( 3 )  et i'hydroxy-3 n-propoxy-4 propiophenone (4) en plus du produit 
a t t e n d ~ ~  la niethylkne-3 dioxy-4 propiophenone ( 8 ) .  Ees hydroxy n-propoxy cetones isomeres 
ont kte identifiees en se basant sur Ieurs proprittes spectroscopiques. 

[Traduit par le journal] 

During the course of a recently completed 
investigation, involving the synthesis of certain 
new aromatic con~pounds, fo~lnd in the spices 
nutmeg and mace (1-4), it was necessary to pre- 
pare some suitably substituted propiophenone 
derivatives. In the synthesis of one such deriva- 
tive, 3,4-methylenedioxypropiophe110ne (I), from 
3,4-methjienedioxybe1lzonitri1e (2) by a Gri- 
gnard reaction, products from the opening of the 
methylenedioxy ring were obtained as well as 
the required product. Although this reaction has 
been described previously (5) no ring-opened 
products were found, presumably because the 
reaction was carried out at a lower temperature 
(in refluxing benzene as opposed to refiuxing 
toluene in this case). A few reports of the 
opening of the methylenedioxy ring by Grignard 
reagents have appeared in the early literature 
(6-9). 

Thin-layer chromatography (t.1.c.) of the 
products from the reaction of 2 with ethyl mag- 
nesium bromide indicated that in addition to 1, 
several other products were formed. The two 
major by-products appeared, by virtue of the 

'Issued as hRCC No. 14237. 

colors they gave with chromogenic reagents, to 
be both ketonic and phenolic in character. 

The main pl-lenolic reaction products were 
separated from the crude reaction mixture and 
purified by preparative t.1.c. Both compounds 
had the same molecular formula, CI2Hl6O3 
(elemental analysis and mass spectral data) sug- 
gesting that in fact some opening of the methyl- 
enedioxy ring Iiad occurred during the Grignard 
reaction and that the two products were the 
isomeric hydroxy-n-propoxypropiopl~enones 3 
and 4. 
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FORREST ET AL.: 3,4-METHYLENEDIOXYBENZONITRILE 3785 

TABLE 1. Ultraviolet-visible absorption spectral characteristics of some alkoxyhydroxypropiophenones, their 
derivatives, and some related compounds 

Compound Solvent L a x ,  nn1 (&) 

MeOH 
MeOH-NaOH 

MeOH 
MeOH-NaOH 

MeOH 
MeOH-NaOH 

MeOH 
MeOH-NaOH 

MeOH 
MeOH-NaOH 

MeOH 
MeOH-NaOH 

MeOH 
MeOH-NaOH 

MeOH 
MeOH-NaOH 

275 (13 700) 229 (21 000) 
295 (sh) 249 (1 3 000) 

273 (1 7 000) 229 (26 000) 
283 (1 2 000) 248 (35 000) 

21 8 (7800) 
235 (4200) 

249 (9000) 217 (21 500) 
265 (sh) 235 (26 000) 

As expected, the i.r. spectra of 3 and 4 exhibi- 
ted broad peaks in the -OH stretching region 
a t  ca. 3400 cm-I and sharp peaks at ca. 1670 
cm-I in the carbonyl region. The n.m.r. spectra 
of 3 and 4 were practically identical and in com- 
plete agreement with the proposed structures. 

The assignment of the structures 3 and 4 to 
the individual isomers were made on the basis 
of a comparison of the u.v. spectra, under basic 
and neutral conditions, of the products with the 
spectra of the model compounds 3-hydroxyace- 
tophenone and 4-hydroxyacetophenone (see 
Table 1) and other similar compounds (see 
refs. 10-12). This assignment has  verified by 
the u.v.-visible spectra of the 2,4-dinitrophenyl- 
hydrazones (see Table 1). 

Experimental 
The melting points were determined on a Fisher-Johns 

Apparatus and are uncorrected. The i.r., u.v.-visible, 
n.m.r., and mass spectra were obtained on a Perkin- 
Elmer model 237 recording spectrophotometer, a Unicam 
S P  8000 recording spectrophotometer, a Varian A-60A 
instrument and a Dupont/C.E.C. 21-491 mass spectrom- 
eter, respectively. 

Tlze Reaction Betweerz 3,4-Meri~ylenedioxybenzonih.ile ( 2 )  
and Ethyl Magnesiunz Bromide 

A solution of 3,4-methylenedioxybenzonitrile (14.7 g) 
in toluene (200 m!) was added dropwise, with stirring, 
during 30 min to a solution of ethyl magnesium bromide 
(prepared from ethyl bromide (18.66 ml) and magnesium 
(6.07 g) in dry ether (200 mlj). The resulting suspension 
was heated with stirring and the ether removed by distil- 

lation, the total volumc of the reaction mixture being 
maintained at ca. 500 mi by the slow addition of toluene. 
After removal of the ether was complete, the reaction 
mixture was boiled under reflux for 3 h and then poured, 
with stirring, into ice water (1 I) containing concentrated 
hydrochloric acid (30 ml). The toluene layer was removed 
and the aqueous layer extracted with ether (4 x 100 ml). 
The aqueous phase, which contained the ketimine hydro- 
chloride was heated for a short time to remove residual 
organic solvents and \vas then boiled under reflux for 
2% h to completely hydrolyze the ketimine. The resulting 
dark colored oily suspension was extracted with ether 
(4 x 100 ml). Phenolic (and other acidic) products were 
removed from these iatter ether extracts by extraction 
with 4 z  aqueous sodium hydroxide (5 x 200 ml). The 
remaining ether phase containing neutral products gave, 
after drying (Na,SO,) and concentrating to dryness in 
cacuo, a reddish brown oil. Chromatography of this oil 
on a short silica gel column (4 in. x l$  in.) (Koch-Light, 
100-200 mesh size) using benzene as eluting solvent 
yielded 3,4-methyienedioxypropiophenone (9.0 g) as a 
colorless crystalline solid, m.p. 39-40: (lit. (5, 13) m.p. 
38-39"). A quantity of unreacted nitrile (2.2 g) was re- 
covered from the earlier fractions and combined toluene 
layer and prehydrolysis extracts (see above). 

The combined alkaline extracts were cautiously acidi- 
fied with concentrated HCl and re-extracted with ether 
(4 x 200 ml). This ether extract was dried (Na2S0,) and 
concentrated to dryness, after being washed with aqueous 
sodium bicarbonate and water, to give a brown oil. 
Preliminary t.1.c. examination of this material indicated 
that it contained two major products and five minor 
products. The two major products were obtained as pale 
yellow crystalline solids after p~rification by preparative 
t.1.c. on Merck silica gel (F,,,) plates (20 x 40 cm; 
thickness 2 nim); the best separations were obtaified with 
triple development using chloroform as solvent. 

The slower running major band contained 3-hydroxy- 
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4-n-propoxypropiophenone (4) (0.8 g) which was finally Anal. Calcd. for Cl2Hl6Q3: C, 69.21; H, 7.74. Found: 
obtained as very pale yellow elongated flat plates, m.p. C ,  69.20; H, 7.79z. 
81.5-82.5', after repeated recrystallizatio~~ from light 4-Hydroxy-3-n-propoxypropiophenone 2,4-dinitrophe- 
petroleum (b.p. 80-i00'); i.,,, (MeOH) nm ( E ) :  (see nylhydrazone (5), deep red needles from absolute alcohol, 
Table 1);  v,,, (Nujol): 3410, 1670 cm-I;  n.11i.r. 6 111.p. 167-168'. Mass spectru~n M +  388; Calcd. for 
(CDCI,): 1.05 (3H, t ,  J = 7.5, -CH3 of CH,CH,CH,- C I ~ H Z O N ~ O ~ :  388. 
0-), 1.20 j3H, t, J = 7.2, --CH3 of CH,CH,CO-), Anal. Calcd, for C,,HzoN,06: C, 55.66; H, 5.19; N, 
1.87 (2I-1, sextuplet, C H ,  adjacent to CH, of 14.43. Found: C, 55.72; H, 5.18; N, 14.34%. 
CI-I,CPI,CH,O-), 2.92 (2H, q, J = 7.2, -CH2- of 
CH,CH,CO-), 4.08 (2H, i, 3 2 6.5, -CH,- adjacent 
to -'- of CH3CH2CH,0-), 5'75 ( IH,  s, exchange- The authors wish to thank Mr. G, McCul]y of the 
able with DzO, OH), 6.87 ( i H ,  d ,  J = 9, aromatic proton Atlantic Regional Laboratory for recording solne of the 
at C-5), 7.45-7.63 (2H, 111, aromatic protons at C-2 and spectra, 
C-6); mass spectrum: ,M+ 208; Calcd. for C,,H,,O,: 
208, r y e  (relative intensity): 208 (19), 179 (31), 137 (loo), 
109 (10). 43 (16). 

~nai: 'Calcd. for C,,H,,O,: C; 69.21; H, 7.74. Found: 1. 3. E. FORREST and R. A. HEACOCK. Lloydia, 35, 440 
6, 69.21 ; El, 7.69z. 11972). 
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On the Origin of the Bohlmann Bands 

SAUL WOLFE, K .  BERNHARD SCHLEGEL,' AND MYUNG-HWAN WHANGBO* 
Departnzent of'C/?emi.ctry, Queen's University, King~ton, Ontario K7L3N6 

A N D  

Laboratorio C.N.R. dei Cornposti tlel Carbanio contenenti eteroaromi, Ozzono E., Bologna, Italy 
Received June 5 ,  1974 

SAUL WOLFE, H .  BERVIARD SCHLECEL, M Y L N G - H W A ~  WHANCBO, and F E R ~ A \ D O  B E R ~ A R D I .  
Can. J .  Chem. 52,3787 (1974). 

A perturbational molecular orbital analysis has been performed of the strengths of the 
C H  bonds of methylamine and methanol in their staggered conformations. This analysis 
leads to the prediction that a CH bond anti-coplanar to a directed lone pair is stronger than 
a gauche CH bond, and is in disagreenient with experimental observation. The origin of the 
disagreement is to be found in the underestimation of the role of the nuclear-nuclear contribu- 
tion to the bond strengths. Ab initio computation of the gaurlle and onti stretching force 
constants of methylamine provides quantitative theoretical support for the view that these 
differ because of . nuclear-dominated effect. It is suggested that effects. analogous to those 
observed in the Bohlmann bands, may be seen even in the absence of nonbonded electron 
pairs. 

SAUL WOLFE, H. BERNHARD SCHLEGEL, MYC'I\IG-HWAN WHANGBO et FLKNANDO BERKARDI. 
Can. J. Chem. 52,3787 (1974). 

On effect~le une analyse orbitale moleculaire, par la methode des perturbations. des forces des 
liaisons CH de la methylaniine et ~ L I  methanol dans leurs conformations decalees. Cette 
analyse conduit a la prevision que le lien CH, anti-coplanaire par rapport a un doublet libre 
dirige, est plus fort qu'une liaison CH gairche; cette prevision est en desaccord avec I'observa- 
tion experimentale. La sous-estimation du r6le de la contribution noyau-noyau dans les 
forces des liaisons est a l'origine de ce desaccord. Un calcul ab  initio dcs constantes dcs forces 
de valence gactcke et anti de la methylaniine fournit tin appui theorique quantitatif l'idee 
qu'elles different a cause de l'effet nucleaire dominant. On suggere que des effets analogues a 
ceux observes dans les bandes Bohlmann, peuvent &tre observes ni@rne en l'absence de doublets 
electroniques non-lies. [Traduit par le journal] 

Introduction 
The Bohlmann bands are found in the 2800- 

2650 cm-I region of the i.r. spectra of alnines 
(1). They have been correlated (2) wit11 the 
stretching of carbon-hydrogen bonds that are 
anti-coplanar to the nitrogen lone pair and this 
correlation has been used extensively for the 
assignment of configuration to the quinolizidine 
alkaloids ( 1 )  and other plperidine derivatives 
(2, 3). Simple aliphatic alcohols and thiols also 
exhibit the phenomenon (4). 

Because of the nature of the empirical 
correlation, it has seemed natural to rationalize 
the existence of the Bohlmann bands in terms of 
some kind of interaction betmeen an axial 

'Holder of a National Research Council of Canada 
1967 Science Scholarship, 1972 - present. 

'Holder of a National Research Council of Canada 
Studentship, 1972 - present. 

(directed) lone pair and an anti-coplanar o,, 
bond. Thus, Ran~ low (5) and Krueger (2, 4) and 
their co-workers have suggested that participa- 
tion of the lone pair in a oCHax* orbital would 
lead to an  electronic weakening of the CH,, 
bond, and cause its stretching frequency to be 
shifted away from the normal CH stretching 
envelope. 

Mechanical coupling between the vibrations 
of two CH bonds anti to a nitrogen lone pair, 
via a pulsating vibration of the nitrogen, has 
been offered as an  alternative mechanism (6). 
However, such coupling appears to be small 
(7, 8) and unable to account for the observed 
shifts. Moreover, primary ainines, which can 
have only one CH bond anti to the nitrogen lone 
pair, and thus cannot display such mechanical 
coupling, have Bohlmann bands (2). 

Recent Raman studies of partially deuterated 
quinolizidines and piperidines (8) have shown 
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that Fermi resonance between the low-lying the view that the Bohlmann bands are the 
CEI stretching mode and the first overtone of a result of a nuclear-dominated effect. Some 
CH deformation can, in some cases, contribute experimental consequences of this result are 
to the Bohlmann bands. However, from a also considered. 
partial valence force field a~lalysis of their data, 
Ernstbrunner and Hudec (8) found the C H  Rest~lts and Discussion 
bond anti to the nitrogen lone pair still to be 
significantly weaker than the correspo~lding The treatment of et ( 5 )  
gauche CH bond. Consequently it appears that charge transfer from the nitrogen lone pair 

Fermi resonance may serve to amplify the (Nip) to the antibonding axial CH molecular 

effect of an already weakened CH bond in orbital (o* , ,~~)  and is depicted schematically 
producing low frequency CH stretching bands in Fig. It predicts partial bond 
but is not the primary cause of these bands. character in the CN bond, an increase in the 

We have become interested in the origin of charge at the atom, and a 
the Bohlmann bands because of the implications of the CH Charge 
of two kinds of observations made in the course transfer from N,, to the antibonding CH 
of theoretical studies related to the gaucize equatoria-l ( O * C H ' ~ )  is not 
effect (9). First, lone electron pairs seem to be c0nsidered7 because N~~ and C H ~ ~  do 
less important to the of stereo- This represents a simplified 
chemical observations than bonding electron perturbational treatment of the problem. How- 

pairs, because of their quasi-spherical be- ever, it is a well-established consequence of 

havior (10). Clearly, if the lone pairs of amines, perturbation (12) that the interaction 
a l c ~ h ~ ] ~ ,  and thiols were to behave as *on- between not only upon 

directed ]igands, it would not be possible to their symmetries but also upon the differences 

specify the geometric relationship between these in their energies. 
lone pairs and vicirtal C H  bonds as required by We have methylamine and methano1 
the electronic argument of Hamlow et a/ .  (5). Our 'Ystems. the 
Secondly, certain stereochemical observations procedure (13), we treat these molecules in 

seem to be the result of nuclear-nuclear repul- terms of the interactions between the CH, 

sion effects which override electronic inter- and N H 2  (CH3 and OH) groups. The 

actions (11). Extension of these two findings 'yStem for and the 

to the present problem could be possible if it CH3  and N H 2  groups are 

could be demonstrated that the weakening of shown in Fig. 2. The most important interactions 

the anti CH bonds occurs, not in response to are those between and LUMo. 
the presence of a directed lone pair but rather cording to perturbation theory, the stabilization 

to tile absence of a nucleus. of an occupied orbital by an unoccupied orbital 

The purpose of this paper is to show, qualita- means that the occupied orbital has a small 
tively, by a more complete treatment than ahat contribution from the unoccupied orbital and 

employed previously (2, A ,  5) that orbital this may be in terms of charge 
interaction predicts that the ePiect of a directed from the to the latter (I4). 
lone pair upon an anri CH bond serves to From the interaction diagrarn in Fig. 2 it is 
strengthen this bond, i.e., that the Bohlmann evident that and are the most important 
bands cannot be to interactions of interactions. Interaction I corresponds to charge 

the type depicted in Fig. 1.  w e  then provide, transfer from N , p  to X X * .  This is a .rc-type 
by nonempirical SCF-MO computations, interaction and its effect is to weaken a!l of the 

quantitative support for this conclusion and for CH bonds. But since Ihe bond which is 
anti to N,, has more antibonding character in 

@ the x,* orbital than the gaucize CH bonds, 
it may reasonably be argued that the weakening 
of the anti C H  bond will be greater and that 
the anti hydrogen will have a higher atomic 
charge than the gauche hydrogens. This analysis 

FIG. 1. The model of 15arnlow et al. (51, showing resembles closely the one given by Hamlow 
charge transfer from N,, to o* ,,,,,. et a / .  Interaction 2 corresponds to charge 
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Extension of this model to the treatment of 
methanol is shown in Fig. 3. Here the dominant 
interaction is I, and leads to greater weakening 
of the C H  bond which is anti to the OH bond, 
i.e., that C H  bond which is not anti-coplanar 
to an oxygen lone pair. 

It is clear that, in both cases, the prediction 
of the perturbation model is in disagreement 
with the experimental facts. However, such 
orbital interaction models can underestimate the 
effects of nuclear-nuclear repulsion upon the 
total energy of the system. This can be seen 
more clearly from the expression of the total 
energy in a one-determinantal treatment: 

OCC 

P I  ET = 2 C ~i - Vee + Kn 
I 

where E ~ ,  Vee,  and V,,, are, respectively, the 
orbital energy of the ith orbital, the electron- 
electron, and the nuclear-nuclear repulsion 
energies. The success of the model depends 
explicitly upon the assumption that there is 
cancellation of the last two terms of eq. 1 (15). 

(3"+ N"2 

FIG. 2. Orbital interaction model employed to 
determine the strengths of the gauche and anti CH bonds 
of CH,NH2. The symmetries and energy levels shown 
in Figs. 2 and 3 have been taken from ab initio wave- 
functions computed for CH3-,  NH,, and H 2 0 .  Although 0.5 
the absoli~te positions of the various orbital levels 
depend upon the particular choice of wavefunction, the 
relative orderings remain the same for wavefunctions 
of the same quality. For the extended Hiickel level 
orderings and symmetries of some simple molecules, 
see ref. 25. 

transfer from nY to n,.", and its effect is to 
decrease the bonding character of the gauche 

0.0 

CH bonds and, thus, weaken these relative to 
the anti CH bond. Again the anti hydrogen is 
predicted to have a higher atomic charge. 

It  must now be noted that interaction 2 is 
more important than interaction I, because the 
energy difference between HOMO and LUMO 
is smaller in the case of 2. Consequently, the -0.5 

effect of this more complete description of the 
problem is to reverse Hamlow's conclusion. 
An interesting consequence of the analysis 
is the finding that the classical conjugative 
interaction depicted in Fig. 1 ,  which predicts 
greater charge at the is sup- 3. Orbital interaction model employed to 
ported I but this is not associated with a weaken- determine the strengths of the gauche and anti  C H  bonds 
ing of the CH,, bond. of CH,OH. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM. VOL.  5 2 ,  1974 

TABLE 1. The total energy of methylainine and its nuclear and electronic com- 
ponents at  several anti and gauche C H  bond lengths 

CH bond length (A) Energy (Hartree) 

Anti Gauche Electronic Nuclear Total 

*Optimized geometry and energy as determined from the parabolic fit to the above data 

TABLE 2. The computed and experimental C H  stretching force constants of 
methylamine 

Force constant (mdyn/A) 

C-H Bond Total Electronic Nuclear Experimental* 

Anti 5.435 - 17.895 23.329 4.652 (4.732)C 
Gauclle 5.572 -17.941 23.512 4.760 (4.939) 
Gauche-nnti 0.137 -0.046 0.183 0.108 (0.207) 

*See ref. 18. 
TValues In parentheses are for the deuterated species. 

That such cancellation does not always occur 
has been noted recently (16). Should this situa- 
tion exist in the case of the Bohlniann bands 
it would follow that the weakening of the CH 
bond anti to  an adjacent lone pair would be the 
result of the nuclear contribution to the force 
constant. It was necessary, therefore, to test 
the validity of this argument by an ab inifio 
computatioli of the nuclear and electronic 
components of CH stretching force constants 
of bonds gauche and anti-coplanar to  a lone 
pair. 

The computations were performed on methyl- 
amine in its stable (staggered) conformation. 
using the CDC version4 of Gaussian 70 (17), 
the extended (4-31 G) basis set and, initially, 
the following geometry: C-N, 1.48 A; N-H, 
1.02 A ; ; H N H  = L CNH = 106.0". The force 
constants of the CH,,,, and the two CH ,,,,,,, 
bonds were obtained from eq. 2, where 

the second derivative of the total energy E is 

31t is convenient to employ the traditional notion of a 
directed lone pair to facilitate the description of the 
geometry of the system. 

4We thank Professor W. J .  Hehre for this version of 
the programme. 

taken with respect to the nuclear coordinates 
at equilibrium. 

The total energy was calculated a t  several 
CH,,,, and C H  ,,,,,,, bond lengths close to the 
equilibrium values (see Table 1) and two 
parabolic fits to these values were obtained. 
The second derivatives of these parabolas 
were then calculated and these numbers, shown 
in Table 2, are taken as estimates of the two 
stretching force constants. Both computed 
harmonic force constants are within 1 5 x  of 
the experimental values (18), the CH,,,, force 
constant being lower. In addition, the dif- 
ference between the gauche and anti force 
constants is in the range given for the experi- 
mental values. 

Ab initio computations of force constants are 
well established in the theoretical chemical 
literature (19) and it is usually found that, at 
the Hartree-Fock level, stretching force con- 
stants are overestimated by 10-15"1,, as in the 
present work. The origin of the error is to be 
found in the neglect of electron pair correlation. 
A similar situation exists in the ab it~itio com- 
putation of confor~national energies. Though 
correlation effects contribute significantly to 
absolute energies, the contribution to energy 
differences is small because of the conforma- 
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tional invariance of the correlation energy term 
(20). It is generally agreed, therefore, that 
calculations within the Hartree-Fock framework 
contain all of the information required for the 
understanding of confornlational problems (20). 
Since the present computations are performed 
a t  geometries close to the energy minimum of 
the molecule, and differing energetically from 
the energy minimum by less than the energy 
difference between the eclipsed and staggered 
conformations, it seems valid to assume that 
a similar invariance exists in the computation 
of force constants, and that the dzffevence in 
the calculated gauche and anti force constants 
is significant. 

We have, therefore, proceeded with the 
partitioning of each force constant into its 
nuclear and electronic components. This parti- 
tioning has the form (21) 

where 

and R is the potential energy associated with 
nuclear repulsion, given by 

The contribution off,,,, could thus be com- 
puted readily and f,,,, obtained by difference. 
The results are included in Table 2. 

I t  i$ evident that the nuclear contribution to 
the gauche-anti difference in force constants is 
dominant; and it is larger than the total because 
the electroilic component strengthens rather 
than weakens the CH,,,, bond. A rationalization 
of this result can be found in the orbital interac- 
tion model pre5ented above. Alternatively, the 
result can be considered to be a natural con- 
sequence of the variational principle, which 
allows electron density to flow into those 
regions of space in which maximum stabilization 
(i.e., greatest nuclear-electron attraction) is 
achieved. Table 3 displays the computed net 
atomic charges in methylamine and shows 
higher electron density in the anti CH bond, as 
predicted by the interaction model. This in- 
creases the attraction between this bond and the 
two gauche amino hydrogens, and results in an 
electronic strengthening of the anti CH bond. 

We conclude that the change from a bond to a 

HLMANN BANDS 3791 

TABLE 3. The computed net atomic 
charges in methylamine 

Atom Net atomic charge 

Carbon -0.279 
Nitrogen -0.778 
Hydrogen 

Amino 0.296 
Gauche 0.168 
Anti 0.129 

lone pair has a less important effect upon the 
potential hypersurface than the renloval of a 
nucleus. Since the presence of the lone pair is 
thus not essential to the observed weakening 
of an anti CII bond, it may be speculated that 
such weakening could also be observable in a 
hydrocarbon containing a suitably nonsym- 
nietric nuclear-nuclear term. For example, the 
infrared spectru~n of 2,3-dimethylbutane, which 
exists in both gauche and anti conformations 
(22), exhibits a strong band at 2877 cm-' (23), 
which may be assigned to the stretching of the 
tertiary hydrogens of the gauche conformation. 
As seen in 1, these hydrogens are anti-coplanar 
to methyl groups. In addition, the infrared 
spectrum has a weak band at 2810cm-', 
which might be caused by the antisymmetric 
stretch of the tertiary hydrogens of the anti 
conformation. As seen in 2, these hydrogens are 
anti-coplanar to each other. If such an inter- 
pretation were correct, it would follow that 
the difference in the effects of H and CH, 
upon the stretching of an anti-coplanar CH 
bond is of the same order of magnitude as 
observed for the Bohlmann bands. A more 
detailed examination of the infrared spectra of 
2,3-dimethylbutane and its deuterated analogs 
would, therefore, seem to be desirable.' 

Finally, we wish to emphasize that the present 
results, although highly suggestive, should be 
regarded as a preliminary analysis of the 
problem, because only two of the diagonal 

T h e  2800 cm-I region of the spectrum is free from 
overtone bands. 
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harmonic force constants of methylamine have 
been computed ah initio. What is now needed is 
a computation of the anharmonic force field 
of the whole moiecule. A prerequisite to this 
study is the development of an ab initio program 
for the calculation of harmonic and anharmonic 
force fields. This programming phase of the 
work has been completed recently (24) and its 
application to  the Bohlrnann bands is presently 
under investigation. 

We thank the Petroleum Research Fund, administered 
by the American Chemical Society, N.A.T.O., the 
ltalian C.N.R., and the National Research Council of 
Canada for financial support of this work. 
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The Crystal and Molecular Structure of 
Bichloro(acety1acetonato)-2,2 '-bipyridylindium(IT1) 
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J. G. CONTRERAS, F. W. B. EI~STEIN,  and D. G. TUCK. Can. J. Chem. 52.3793 (1974). 
The molecular structure of diclioloro(acetylaceto1iato)-2,2'-bipyridy!idi~1mIII) has been 

determined from three dimensional X-ray data collected by counter methods. The structure 
has been refined by least-squares techniques to a conventional R factor of 4 . 3 z  for the 3524 
observed reflections. Crystals of Cl,ln(acac)(bipy) are monoclinic, n = 11.340(3), b = 12.198(3), 
c = 14.330(3) A, a = 120.25(2)', z = 4, space group P2,;c. The chloride ligands are cis, n'ith 
In-CI at  distances of 2.443(1) and 2.394(1) 8,; the In-0 bond lengths are 2.124(3) and 
2.164(3) P?, and the In-N bond distances are 2.276(4) and 2.299(4) '4. 

J. G. CONTRERAS, F. W. B. EINSTEIN et D. G .  TUCK. Can. J. Chem. 52,3793 (1974). 
011 a determine la structure moleculaire du dichloro(acetylaci.tonato) bispyridyl-2.2' 

indiurn(II1) a partir des donnees de dif'iractioli des rayons-)< en trois dimensions mesurees par 
les methodes des conipteurs. La structure a ete affinee par la niethode des moindres carres a un 
facteur R de 4 . 3 z  pour les 3524 reflexior~s observees. Les cristaux de C121n(acac)(bipy) sont 
monocliniques n = 11.340(3), h = 12.198(3), c = 14.330(3) A ,  = 120.25(2)'. z = 4 groupe 
d'espace P2,,c.  Les chlores agissant conirne ligands sont cis avec des distances InCl de 2.443(1) 
et 2.394(1) 8,; les longueurs des liaisons In-0 sont de 2.124(3) et 2.164(3) 8, et les distances 
In-N sont de 2.276(4) et 2.299(4) P?. [Traduit par le journal] 

Fntrsduction 
In a previous paper (I), we described a new 

and interesting route to indium(1II) complexes 
involving the oxidation of indium(1) halides by 
refluxing acetylacetonate (acac). The reaction 
product is a mixture of In(acac), and X,l(n(acac) 
(X = Cl, Br. or I) and although the latter corn- 
wounds could not be isolated. it was ~oss ib le  to 
prepare two types of crystalline derivatives 
[X21N(acac)L1']EtOH (L" 2,2'-bipyridyl or 1,lO- 
phenanthroline) and [X21n(acac)L,]EtOH (L = 

pyridine o r  pyridine-d,). The presence of an 
I n 0 2 N 2 X 2  kernel in these compounds was con- 
firmed by the usual spectroscopic methods. 

A number of the structural ~ r o b l e m s  of such 
compounds could not be solved by vibrational 
spectroscopy. In particular, it was not possible 
to  distinguish between cis and trans stereo- 
chemistry, since the overall symmetry is too low 
in either case to  permit unan~biguous assign- 

'Present address: Instituto de Quimica, Universidad 
de Concepcion, Casilla 3-C, Concepcion, Chile. 

'Author to whom correspondence should be addressed. 

rnent of the appropriate bands in the vibrational 
spectra. An additional complication is that the 
acetylacetonate ligand may be in either the ex- 
pected bidentate chelate form, bonding through 
its two oxygen atoms, or bonded to the metal 
via the y-carbon atom (2: 3). In order to confirm 
the actual situation in the X,In(acac)L1' case, 
we have now carried out a single crystal X-ray 
structure determination of the title compound. 

One interesting question was not answered in 
this X-ray study. The earlier preparative and 
spectroscopic work showed clearly that the 
compounds always contained 1 molecule of 
ethanol per indium and that this ethanol was 
suficiently firmly held in the lattice that some 
type of chemical interaction seemed probable 
(1). Unfortunately the crystals obtained from 
ethanol solution were not suitable for X-ray 
analysis and the material which crystallized from 
acetylacetone-acetonitrile mixtures contained no 
ethanol. The nature of the strong interaction of 
ethanol with X21n(acac) adducts therefore still 
remains to be identified. 
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Experimental 
Dichloro (acetylacetonato) - 2,2 ' -  bipyridylindium(II1) 

was prepared by the method reported previously (1). 
Crystals suitable for Weissenberg and precession photo- 
graphs and data collection were obtained from a 1 : I 
mixture of acetonitrile-acetylacetone. A small colorless 
crystal. parallelepiped in shape, with dimensions of 
0.55 x 0.26 x 0.30 mm, was used for photographs and 
data collection. 

Precession photographs of the h01, All, h21; lk2h, 
2k2h, and hli2h layers about the b axis and Weissenberg 
photographs indicated the Laue symmetry 2,'m and the 
systematic absences h01, I = 2n + 1 ,  and 0kO when k = 
2n + 1, leading to unequivocal ide~ntification of the space 
group as P2,,'c. 

Accurate cell dimensions were determined from a least- 
squares fit of 20 strong reflections selected from the 
photographs. The 20 values were accurately measured on 
a Picker FACS-1 computer controlled four-circles diffrac- 
tometer, using MOK,; radiation (?. = 0.70926 a) with a 
take-off angle of 1.0-. The crystal was in a general orien- 
tation. Crystal data are as follows: 

C121nC1 5 0 2 N Z H  5 Mol. wt. = 440.82 
Monoclinic, P2,/c, u = 11.340(3), b = 12.198(3), c = 

14.330(3) A, B = 120.25(2)", 1: = 1712 A3, po = 1.69(5) 
g cn1r3 (flotation), p, = 1.70 g ~ m - ~ ,  z = 4, ~1 = 16.8 
cm- ' ,  MoMZl = 0.7107 A, T = 20 'C. 

Intensity data for one quarter of the limiting sphere 
or reflection with 28 i 60' were collected by the 6-28 
scan niethod using niobium-filtered MoK, radiation and 
a scintillation counter equipped with a pulse height dis- 
criminator. The take-off angle for data collection was 
1.5 ' and each reflection was symmetrically scanned for 2' 
in 28, plus allowance for x1-rx2 dispersion. The back- 
ground was counted for 10 s at each end of the scan 
range. Two standard reflections were measured every 70 
reflections and there was ? 5% variation over the entire 
set of data. The net intensities were corrected for Lorentz 
and polarization effects. Any reflection for which I < 30 
(I) was considered 'unobserved' and not ~ s e d  in the struc- 
t ~ ~ r e  solution and refinement. 4988 reflections were mea- 
sured; 3524 of these were considered as 'observed.. 

Strucilrre Deierr?iination 
The positions of the indium and chlorine atoms were 

found from a three-dimensional Patterson map. A full 
matrix least-squares refinement of the scale and the 
atomic coordinates gave R = 27.5%, where R = 

t( F ,  I - IF, J)/  Z JF,. An electron density Fourier dif- 
ference synthesis revealed all the nonhydrog, -n atoms. 
Two cycles of least-squares refinement with indium and 
chlorines assigned anisotropic thermal parameters re- 
duced R to 5.7%. An electron density difference Fourier 
synthesis allowed the location of all hydrogen atoms 
except those bonded to the C(I 2) and C(15), i .e, the methyl 
hydrogens. At this point the weights assigned to individ- 
ual reflections were changed from unit values to those 
based on counter statistics (l/oF)'. Two further cycles of 
refinement with all nonhydrogen atoms except C(12) and 
C(15) anisotropic gave a residual index R = 4.7%. A new 
difference Fourier function revealed the coordinate posi- 
tions of two methyl hydrogens; the remaining four posi- 
tions were calculated from the coordinate positions of the 

parent carbon atoms and of the identified methyl hydro- 
gens. An examination of bond lengths and angles indica- 
ted that the calculated hydrogen positions were reason- 
able. 

Two cycles of least-square refinement3 with all non- 
hydrogen atoms anisotropic gave a final res id~~al  index 
R = 4.3% for all the observed data. At no time were the 
positions or telnperat~lre factors of the hydrogen atoms 
refined directly, a l tho~~gh  their positions were recalculated 
after each refinement. In the structure factor calculations, 
the atomic scattering factors for In, CI, 0 ,  N ,  and C were 
taken from ref. 4; the factor for In  was corrected for 
anomalous dispersion. The final atomic coordinates and 
temperature factors are listed in Table 1 and the inter- 
atomic distances and angles in Table 2, along with the 
estimated standard deviation. Mean planes through 
appropriate groups of atoms are presented in Table 3. 
The crystallographic computer programs ~ ~ s e d  in this 
work have been cited elsewhere (5). 

Discasssia~an 
The molecular structure of dichloro(acety1- 

acetonato)-2,2'-bipyridylindium(111) consists of 
a six coordinate indium atom surrounded by two 
cis chlorine atoms, a bldentate bipyrldyl group. 
and a b~dentate acetylacetonate anion (Fig. 1). 
The InO,N,CI, group possesses the distorted 
octahedral configuration to  be expected for a 
complex having three different ligands. In 
general, this information confirms the structure 
deduced on the basis of the earlier preparative 
and spectroscopic work (1). 

FIG. 1. Measured and calculated structure factors. 
(Those values with F measured < 30 are given a negative 
value and were treated as 'unobserved.') 

% complete set of tabular data is available, at nominal 
charge, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada K I A  OS2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CONTRERAS ET AL.: INDIUM(II1) COMPLEXES 

TABLE 1. Final fractional coordinates and thermal  parameter^("^^," 

Atom x .Y z UII u2 2 u 3  3 u12 u 1 3  u2 3 

I n  19230(3) 28606(2) 30890(2) 422(2) 374(2) 398(2) -14(1) 235(1) -7(1) 
Cl(1) 4060(1) 1977(1) 4398(1) 439(6) 495(7) 666(8) 23(5) 183(6) 67(6) 
Cl(2) 1328(2) 1594(1) 1643(1) 980(11) 643(8) 549(8) - lOl(8) 405(8) -203(7) 
N(1) 2398(4) 4389(3) 41 30(3) 48(2) 38(2) 45(2) - 6(2) 28(2) - 2(2) 
N(2) 3035(4) 4091(3) 2583(3) 45(2) 47(2) 46(2) 3(2) 28(2) 5(2) 
o (1 )  0918(3) 2130(3) 3845(3) 54(2) 54(2) 58(2) O(2) 33(3) 8(2) 
o (2 )  0025(3) 3731(3) 2116(3) 53(2) 53(2) 60(2) 7(2) 27(2) 
c (1 )  1925(5) 4530(4) 4806(4) 69(3) 48(3) 58(3) -5(2) 43(3) - 5(2) 
c (2)  2121(6) 5489(4) 5370(4) 80(4) 59(3) 64(3) 2 0 )  45(3) - 7(3) 
c (3 )  2850(6) 6306(4) 5256(4) 94(4) 45(3) 67(3) 4(3) 44(3) - 9(3) 
c (4 )  3347(6) 6162(4) 4554(4) 69(3) 42(2) 65(3) -6(2) 32(3) - 1(2) 
c (5 )  3099(4) 5194(3) 3996(3) 41(2) 38(2) 43(2) 2(2) 19(2) 5(2) 
c (6 )  3548(4) 4994(4) 3210(3) 43(2) 40(2) 43(2) 3(2) 21(2) 7(2) 
(37) 4426(5) 5683(4) 3096(4) 54(3) 59(3) 61(3) - 5(2) 28(3) 11(3) 

4747(5) 5466(5) 2300(5) 66(4) 84(4) 79(4) - 2(3) 51(3) 20(4) 
C'8) c (9 )  4202(6) 4570(5) 1659(5) 79(4) 81(4) 75(4) 6(3) 58(3) 130 )  
C(10) 3359(5) 3900(4) 1829(4) 67(3) 61(3) 62(3) 3(2) 45(3) 6(2) 
C(l1) 0339(5) 2166(4) 3548(4) 53(3) 50(3) 52(3) -13(2) 32(2) - 12(2) 
C(l2) 0761(6) 1402(5) 4136(5) 63(3) 78(3) 73(3) -23(3) 40(3) - 3(3) 
c(13) 1301(5) 2839(4) 2738(4) 45(3) 57(3) 63(3) - 6(2) 3 l(2) - 9(3) 
c( 14) 1090(5) 3578(4) 2087(4) 44(3) 42(2) 56(3) 2(2) 19(2) - 12(2) 
C(l5) 2260(6) 4240(5) 1267(5) 56(4) 65(4) 76(4) 13(3) 23(3) 4(3) 

Atom x Y z uts0 

OThe estimated standards in the last significant figures are given in 
uarentheses In thls and subsequent tables. 

Indium-Acetylacetona fe 
The acetylacetonate ligand is bonded to in- 

dium through the two oxygen atoms. This same 
mode has been reported for In(acac),, which has 
been shown by X-ray powder methods to be 
isostructural with Fe(acac), (6). although no 
bond lengths are available for In(acac),. An 
evaluation of the In-0 lengths (2.124 and 
2.164 A) in terms of a detailed bonding scheme 
is difficult, firstly because of the two different 

values and secondly because of the small number 
of other indium-oxygen donor systems which 
have been studied. The bond lengths are in fact 
close to  those reported for the cis[InI,(dmso),]+ 
cation (dmso = dimethylsulfoxide), in which 
In-0 ranges between 2.1 5 and 2.20 A (7). Since 
the In-0 interaction in this cation is most 
probably o donation via a single bond, it seems 
that there can be little, if any, multiple bonding 
in the In-0 bond in the present compound. The 
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3796 
TABLE 2. Interatomic distances (A) and angles (deg) 

(a) Interatomic bonded contacts 

Atom pair Distance Atom pair Distance 

In-Cl(1) 2.443(1) In-Cl(2) 2.394(1) 
In-O(l) 2.124(3) In-0(2) 2.164(3) 
In-N(1) 2.276(4) In-N(2) 2.299(4) 
N(l)-C(I) 1.335(6) N (2)-C(1O) 1 .327(6) 
N(I)-C(5) 1 .337(5) N(2)-C(6) 1 .354(6) 
C(l)-C(2) 1.375(7) C(10-C(9) 1 .369(7) 
C(2)-C(3) 1 .357(8) C(9)-C(8) 1.361(8) 
c(3)-C(4) 1 .390(8) C(8)-C(7) 1.387(8) 
C(4)-C(5) 1.373(6) c(7)-c(6) 1 .374(6) 
C(5)-C(6) 1 .472(6) 
O(1)-C(11) 1 .266(5) O(2)-C(14) 1.258(5) 
C(11)-C(12) 1.488(7) C(14)-C(15) 1 .490(7) 
C(11)-C(13) 1.392(7) C(14)-C(13) 1 .402(7) 

(b) Interatomic angles (deg) 

Bond Angle Bond Angle 
- 

Cl(1)-In-Cl(2) 96.8(1) N(1)-In-O(2) 
O(1)-In-O(2) 55.4(1) N(2)-ln-Cl(1) 
N(1)-In-N(2) 71.7(1) Cl(2)-In-O(1) 
Cl(1)-In-O(1) 90.2(1) N(2)-In-O(2) 
N(1)-In-O(1) 91.2(1) N(2)-In-Cl(2) 
Cl(1)-In-N(1) 92.4(1) O(2)-In-Cl(2) 
In-N(1)-C( 1) 122.2(3) In-N(2)-C(10) 
In-N(1)-C(5) 118.0(3) In-N(2)-C(6) 
C(1)-N(1)-C(5) 119.7(4) C(6)-N(2)-C( 10) 
N(1)-C(1 )-C(2) 122.1(5) N(2)-C(10)-C(9) 
C(1)-C(2)-C(3) I18 8(5) C(l0)-C(9)-C(8) 
C(2)-C(3)-C(4) 119.2(5) C(9)-C(8)-C(7) 
C(3)-C(4)-C(5) 119.4(5) C(8)-C(7)-C(6) 
C(4)-C(5)-C(6) 122.7(4) C(7)-C(6)-C(5) 
In-O(1)-C(1 I) 128.1(3) In-O(2)-C(14) 
O(1)-C(11)-C(12) 114.7(4) O(2)-C(14)-C(15) 
O(1)-C(11)-C(13) 125.3(4) C ( 1 3 )  
( I  2)-(1 1 - C  120.1 (4) C(15)-C(14)-C(13) 
- 

(c) Selected intramolecular nonbonded contacts 

Atom pair Distance Atom pair Distance 

In-C(13) 3.430(5) 
In-C(5) 3.134(4) 
In-C(6) 3.143(4) 
Cl(1)-Cl(2) 3.616(2) N( 1 )-0(2) 2.897(5) 
Cl(1)-N(l) 3 .409(4) Cl(2)-O(2) 3.233(4) 
Cl(1)-N(2) 3.422(4) 0(1)-0(2) 2.907(4) 
Cl(1)-O(1) 3.242(4) N(2)-0(2) 3.161(5) 
Cl(2)-N(2) 3 .494(4) N(1)-0(1) 3 .144(5) 
Cl(2)-0(1) 3.476(4) -N(2) 2.739(6) 

(d) Intermolecular contacts shorter than 4.0 A 
- 

Atom pair Distance Atom pair Distance 

, , ~ ,  

=Figures in this column refer to the following symmetry transformations with respect to atoms in column 
o n e ; ( l ) x , y , z ; ( 2 ) x , + f ~ , + - z ; ( 3 ) x , f  - Y , z - ) ; ( 4 ) 1  - x , y P + , + - z .  
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CONTRERAS ET AL.: INDIUM(II1) COMPLEXES 
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distances are less than in acetato(dimethy1)- 
indium(III), or its diethyl analog (8, 9), but in 
these compounds the 'bite' of the acetate ligand 
is clearly restricted and this may affect the In-O 
bond length. 

The InO,C, ring system shows some structural 
deviations from coplanarity (see Table 3). We 
do not believe these deviations to be chemically 
significant. The two C-C bonds in the ring are 
equal within experimental error. at an average 
value (1.395 A) which lies between a typical 
single (1.54A) and double (1.33 A) carbon- 
carbon bond. The carbon-oxygen bonds are 
also equal (average 1.202 A) and intermediate 
in value between single and double bonds, so 
that the overall picture is of delocalized bonding 
over the 0-C-C-O portion of the metal- 
ligand ring system. This is entirely analogous to 
the situation in other acetylacetonate complexes, 
except that the indium-oxygen bonds are not 
involved in this delocalization (see above). 

Indium-2,2'-B@yridj)L 
The indium-nitrogen bonds differ signifi- 

cantly in length but are in the range of expected 
value for an In-N single bond. 

Analysis for the planarity of the bipyridyl 
ligand showed that whereas one of the hetero- 
cyclic rings is planar, the other (that containing 
the N(2) atom) presents a statistically significant 
deviation from planarity. The deviation of this 
ring from planarity (and that observed for the 
acetylacetonato ligand) is small and from a 
chemical point of view apparently unimportant. 
The dihedral angle between the heterocyclic rings 
is 10.9". 

Indium-Chlorine 
The chlorine atoms are cis located, one trans 

to O(2) and the other trans to N(1). The observed 
In-Cl bond lengths are 2.443(1) and 2.394(1) A 
for In-Cl(1) and In-C1(2), respectively. The 
difference in the In-CI bond lengths is in agree- 
ment with the difference in electronegativity of 
the trans ligand. One might expect that the o 
bond competition would lead to In-CI(1) being 
longer as a result of being trans to O(2). The 
In-C1 bond distances are in good agreement 

with those reported earlier for indium(II1) com- 
plexes (10-12); the bonds are longer than in 
tetrahedral InC1,  (2.33 A) but shorter than in 
InC1,3- (2.52 A). 

There remains the question of the cis stereo- 
chemistry of the complex which is in keeping 
with the apparently preferred configuration in 
cis[InI,(dmso),]+ (7). The problem of assessing 
the relative stabilities of InX,L, species has been 
discussed in detail elsewhere (13) on the basis of 
the model of ligand steric angles developed by 
Zahrobslcy (14). The general conclusion is that 
the cis isomer will be the more stable of the two, 
since the total repulsive nonbonded contacts are 
minimized in this form. The present results 
clearly show that Cl,ln(acac)(bipy) provides a 
further example of a cis isomer being the pre- 
dominant form. 

This work was supported by operating grants from the 
National Research Council of Canada. One of LIS (J.G.C.) 
acknowledges a leave of absence from the Universidad 
de Concepcion. 
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Charge Distributions and Chemical Effects. VIII. Ionization Potentials 
of Normal and Branched Alkanes 

HERVE HENRY A N D  SANDOR FLISZAR 
DPpartetnerlt de Chimie, Unil ersite' de Mo/ztrCal, Montre'nl, Qrre'bec H3C3VI  

Received June 17. 1974 

HERVE HENRY and SANDOR FLISZAR. Can. J. Chem. 52,3799 (1974). 
The comparison of adiabatic ionization potentials of normal and branched alkanes with car- 

bon net charges indicates a lowering of the i.p.'s with increasing electron population of the 
electron-richest pair of bonded C-C atonls in the n~olecules. In terms of "inductive charges", 
it is found that n = -4.4083, i .e . ,  precisely the same ordering of charges previously determined 
from13C n.m.r. shifts. The relative C charges can thus be calculated from 13C chemical shifts and 
used in the equation i.p. = 13.15q - 1.50 eV, where = one half the sum of charge on the 
pair of electron-richest bonded C atoms, to give i.p.'s with a standard error of 0.044 eV. The 
relevance of these charges with respect to carbon 1s binding energies is discussed. 

H E R V ~  HEYRY et SANDOR FLISZAR. Can. J. Chem. 52.3799 (1974) 
La comparaison des potentiels d'ionisation adiabatique des alcanes normaux et ramifies avec 

les charges nettes du carbone montre une chute des p.i. avec l'augrnentation de la population 
electronique de la paire d'atomes lies C-C la plus riche en electrons dans les molicules. En 
termes de "charges inductives", on trouve que 12 = -4.4083, i . e .  exactement le inerne ordre des 
charges anterieurenient determine par les deplacenients r.ni.n, du ITC. On peut alors calculer les 
charges relatives a partir des deplacements chimiques du 13C et les utiliser dans I'equation 
p.i. = 13.15q - 1.50eV, oh q = la moitie de la somnie des charges sur la paire d'atomes C 
lies la plus riche en electrons; on obtient les p.i. avec un ecart-type de 0.044 eV. On discute de 
I'importance de ces charges par rapport aux energies de liaison Is du carbone. 

[Traduit par le journal] 

The object of this paper is to present a cor- 
relation between ionization potentials (i.p.) of 
normal and branched alkanes and charge dis- 
tributions. Crude justifications for such a study 
can be found in the work of Widing and Levitt 
(1) who described numerous correlations be- 
tween adiabatic i.p.'s and Taft's inductive 
substituent constants (an indirect way of cor- 
relating i.p.'s with charges) and in a note by 
Streitwieser (2) who justified to some extent a 
dependence of i.p.'s on local charge densities. 

Here, attention is focussed on the charges to 
be used for studying such a correlation. This 
question has been discussed recently (3, 4) in 
terms applying to any molecular property in- 
volving charges. The equations for the carbon 
net (i.e., nuclear minus gross) charges which 
were derived from the "inductive theory" (3) 
are given in Table 1. 

These charges are expressed in relative units, 
with respect to q,(ethane) = 1 .  Multiplication 
of these relative charges by a unity factor, P = C 
net charge of ethane, yields net populations in 
charge units. The set of "inductive" charge dis- 
tributions f ( n ,  p) has been shown to represent 

a summary of sets of theoretical results, each 
of which can be generated by inserting the 
appropriate 17 and P values in the "inductive" 
equations. For example, the optimized STO-3G 
charges (5) are obtained using n = 1.3325 
and p = -20.96 electron units = me), 
whereas Hoyland's BO ub initio results ( 6 )  are 
reproduced by letting n = 25 and P = -504 
me. In  short, it appeared that the "inductive 
equations" are quite general whereas the choice 
of any particular theoretical method in fact 
reduces to choosing a particular n value, that 
corresponding to the method selected. 

The question about the "true" n value has also 
been discussed (4): the use of the correct n value 
is critical in any study of a property-charge 
relationship since the relative ordering of the C 
charges depends on n. It has been found (4) that 
carbon-13 n.m.r. shifts, 6,, are related to the C 
net charges q (in relative units) by eq. 1, provided 

[1]  ?ic = -237.19 + 242.64 
(i-0.3 p.p.m., from TMS) 

that n = -4.4122. It is important to note that 
any n ~ a l u e  other than - - 4.4 would destroy the 
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TABLE 1. "Inductive" charges, adiabatic, ionization potentials, and 13C chemical shifts of alkanes 

Molecule 

Ionization 
potential 

No." (eV) 

6 (p.p.m. 
from TMS) 

**  
(CH3)3CCH,CH3 1 1  10.06 -11 .85/3rzb  (2n - 2.67)/3rrb 30.4 36.7 

* * 
( C H ~ ) ~ C H C H ( C H ~ ) Z  12 10.02 (n  - 7 .  23)/3nh (n  - 7 .  23),'3nb 34.1 34.1 

@Refers to points In Fig. 1.  
b"lnductive" charges from I3C n.m.r. shifts as explained in the text; others from ref. 3. 

~??onotonic dependence of I3C 17.17?.r. shiftS on C 
charges. I t  is noteworthy that this "experimen- 
tal" n value is remarkably close to that predicted 
(-4.4) by assuming that in the alkanes all the C 
atoms are as similar as possible among them- 
selves, as far as their charges are concerned (4). 

Whenever the "inductive" charges were 
known from the "inductive theory" and/or from 
optimized nb initio calculations, eq. 1 appeared 
to be in excellent agreement with experimental 
6 ,  results. Indeed, the standard deviation (0.3 
p.p.m.) is small in comparison with the error 
(- 2.4 p.p.m.) in 6 ,  which would correspond to 
a 1% error in the estimate of q. On these 
grounds, eq. 1 is now used to derive the expres- 
sions for C charges when these are not known 
from previous work. This is simply done by cal- 
culating q (n = -4.4122) from eq, 1 and, there- 
from, the appropriate x values from the general 
equations: (317 + x ) / ~ M  (primary C), (2n + 
x>/3n (secondary C), ( n  + x)/3n (tertiary C), and 
-x/n (quaternary C atom) (Table 1). The 
chemical shifts which were used in these calcula- 
tions are those determined by Grant and Paul (7). 

We have now available the expressions for the 

C atomic charges required for the comparison 
with adiabatic ionization potentials (8). Two 
questions need now be answered: (i) which 
atom(s) of each molecule shall be considered for 
the correlation with the i.p.'s and (ii) what is the 
"proper" 1z value to  be associated with the equa- 
tioils of Table l ? The form of the correlation 
(linear or other) is not of any particular interest 
a t  this stage : all that is required is that the depen- 
dence be monotonic. 

Several attempts were made, includingattempts 
to correlate the i.p.'s with the net charge of the 
electron-richest C atom of each molecule or  with 
a combination of the electron-richest carbon- 
hydrogen pair of each molecule, all of which 
failed in giving any monotonic dependence of 
i.p.'s on these quantities, whatever numerical 
choice was made for n. The only monotonic 
correlation was obtained when comparing the 
ionization potentials with the electron-richest 
pair of bonded C atoms in each molecule. This 
correlation turned out to be linear (Fig. I), 
although such a linearity had not been postu- 
lated a priori. 

The least-square analysis of the data, using 
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FIG. 1. Verification of eq. 2. 

the equations of Table I ,  indicated that n = 
-4.4083 and that 

with a standard deviation of 0.044 eV. In eq. 2, 
ij is one half the sum of the relative net charges 
of the electron-richest pair of bonded C atoms 
in each alkane molecule. 

At this point it must be stressed that although 
some of the charges used in this paper were ob- 
tained from 13C chemical shifts (for wh~ch  n = 
-4.4122), in this least-square analysis of the 
i.p.'s n was allowed to assume freely any value 
which would give the best correlation. In this 
respect, n = - 4.4083 call be regarded as a really 
independent "experimental" n value. 

Discussion 
The above results point at the role of the 

electron-richest bonded C-C pair in the mole- 
cules, a result which is similar to that obtained 
by Widing and Levitt (1) for the normal 
alkanes and to that observed for alkvl-substi- 
tuted ethylenes (9). In the latter case, linear cor- 
relations were obtained between i.p.'s and the 
sum of charges on the unsaturated C atoms, 
whereby any increase of their electron density 
due to substituent effects leads to a lohering of 
the nlolecular ionization potential. Similarly, 
the results presented in Fig. ! indicate that the 
i.p.'s of the alkanes decrease as the joint electron 
population of the pair of electron-richest C 
atoms increases. 

Such results are in general accord with 
common views: the electron attracting power of 
otherwise similar atoms is diminished as their 
electron populations are increased. On  these 
grounds, the relative ordering of the C charges 

obtained with tz -- -4.4 appears to be intu- 
itively acceptable. The iniportance of this argu- 
ment regarding charges can be inferred from the 
fact that the reverse ordering of charges would 
be obtained with any n > 0, a result given by 
most theoretical calculations (3). 

The obvious advantage of the present analysis 
derives from the use of the "inductive" charges, 
which are equivalent to those given by numerous 
theoretical methods, except for the 11 value which 
differs from method to  method (3). In that, we 
have used the most general approach for 
studying a property-charge relationship, in 
letting n be a quantity to be calibrated by experi- 
ment.' I t  is then remarkable that the n value 
deduced from i.p.'s is virtually identical to that 
calculated from chemical shifts and to  that pre- 
dicted (4) for a situation where the various C 
atoms carry as similar charges as possible. It is 
important to stress that both in 13C shifts and 
i.p.'s the n E -4.4 value is the only one which 
permits a  non no tonic property-charge relation- 
ship. Here, we take advantage of this fact which 
enables us to use chemical shifts for calculating 
charges (eq. I )  and then to use these charges for 
calculating the ionization potentials (eq. 2). 

There is an  additional important point associ- 
ated with n - -4.4. At this level, the C atoms 
become increasingly electron-richer ( i .e . ,  less 
positive, since the polarities are Ci-H-) as the 
number of their a-CH, substituents is increased 
(3, 4). These charges are therefore in accord with 
the results of Thomas (10) who observed that in 
alkanes the carbon Is binding energy decreases 
when a hydrogen is replaced by an alkyl group 
and concluded therefrom that the replacement 
of a hydrogen attached to a C atom with a 
carbon apparently results in an increased elec- 
tron density a t  the carbon. The difficulties 
pointed out by Thomas, to the effect that 
experimental 1 s binding energies are seemingly 
not consistent with MO calculations, can thus 
be ascribed simply to the fact that charge 
densities corresponding to  n > 0 were used in 
his comparisons2, i.e., charges whose relative 

'It has been shown (4) that n can be associated with 
the mode of partitioning C-H overlap populations. In 
this sense, the evaluation of the "proper" n can be 
regarded as an  expenmental calibration of the mode of 
distributing overlap populations between bonded C-H 
atoms. 

'The charges which were used by Thomas (10) are 
those calculated by Palke and Lipscomb (1 1) and corre- 
spond to n - 13.8, with a = -372 me. 
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ordering is reversed with respect to that corre- 
sponding to n -- -4.4. 

The financial aid given by the National Research 
Council of Canada is gratefully acknowledged. 
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Nucleic Acid Related Compounds. f 4.3' 8 -Aminoacyl-2'8 -methyladenosines 
and 2' -O -Aminoacyl-3' 8 -methyladenosines Related to 

Charged tRNA Termini1,2 

MORRIS J. ROBINS, MALCOLM MACCOSS,~ AND G.  R A M A N I ~  
Department of Chemlstr-j, The Unr~eraity of Alberta, Edmonton, Alberta T6G 2G2 

Received June 3. 1973 

MORRIS J. ROBINS, MALCOLM MACCOSS, and C.  RAMAKI. Can. J. Chem. 52,3803 (1974). 
Aminoacyl nucleosides derived from 2'-0-methyladenosine and 3'-0-methyladenosine have 

been isolated as pure solids and completely characterized for the first time. Coupling of 5'-0- 
(mono-p-rnethoxytrity1)-2'-0-methyl- (and 3'-0-methyl-) adenosines (1 and 6 ,  respectively) 
with A-tevt-butyloxycarbonyl(Ar-tB0C)-amino acid anhydrides (2a-c) (generated itz situ from the 
corresponding N-tBOC-amino acids and N,N'-dicyclohexylcarbodiimide) in the presence of 
4-N,N-diniethylaminoppridine gave the 3 '-0-(AT--t BOC-aminoacy1)-5'-0-(mono-p-methoxytrityl- 
2'-G-methyladenosines (30-c) and 2'-O-(A7-tBOC-aminoacyl)-5'-O-(mono-p-methoxytrityl-3'- 
0-methyiadenosines (7u-c), respectively, in good yields. The L-leucine (a). L-phenylalanine (b). 
and L-methionine (c) compounds were prepared in each series. Complete deblocking was effected 
using 9 8 z  formic acid since usual procedures had disadvantages with these molecules The 
3'-0-(L-aminoacy1)-2'-0-methyladenosines (4a-c) and 2'-0-(L-aniinoacy1)-3'-0-methyladen- 
osines ($a-c) were obtained in high yields with no detectable hydrolysis of the aminoacyl or 
glycosidic bonds under these conditions. 

Ar-Fornipiinethionyl and N-acetylphenylalanyl derivatives were prepared in each series by 
acylation of the deblocked products with acetic formic anhydride and p-nitrophenyl acetate, 
respectively. Biochemical rationale for the use of these compounds in the study of protein bio- 
synthesis and initiation processes are discussed. The puromycin-like activity of 3'-0-phenyl- 
alanyl-2'-0-methyl-adenosine (46) was confirmed. 

MORRIS J. ROBIKS, MALCOLM MACCOSS et G. RAMANI. Can. J. Chem. 52,3803 (1974). 
Les nucleosides d'aminoacyles derives de la 2'-0-methyladenosine et du 3'-0-methyladeno- 

sine ont Cte isoles pour la premiere fois sous forme de solides et entierernent caracterisks. Le 
couplage des 5'-0-(mono-p-methoxytrity1)-2'-0-methyl(et -3'-0-niethy1)adenosines (respective- 
ment P et 6) avec les anhydrides d'acides amines hi-rert-bytylonycarbonyle (N-tBOC) (20-(.) (par 
reaction des acides aminCs N-tBOC avec la hr,N'-dicyclohexplcarbodiimide) en presence de 
4-~'~~,~W~-dimCthylaminopyridine, donnent avec de bons rendernents les 3'-O-(hf-rBOC-amino- 
acyl)-5'-O-(mono-p-methoxytrityl)-2'-O-m~thyladCnosines (3a-c) et 2'-O-(hr-tBOC-amino- 
acyl)-5'-O-(mono-p-mCthoxylrityl)-3'-O-rnelhyladenosines (7u-c). Les composts L-leucine (n), 
L-phenylalanine (b) et L-methionine (c) ont t te  prepares dans chaque serie. La deprotection 
con~plete a etC effect~~ee en utilisant I'acide formique a 98% car les procedes habituels presen- 
taient des inconvenients avec ces mol6cules. Les 3'-O-(~-aminoacyl)-2'-O-methyladCnosines 
(4a-c) et les 2'-0-(L-aminoacy1)-3'-0-mi.thyladPnosines (80-c) ont ete obtenus avec des rende- 
ments eleves sans hydrolyse detectable des liaisons aminoacyle ou glycosidique dans ces con- 
ditions. 

Les derives N-formylmethionyl6 et N-acttylphP.nylalanilt ont Ctt prtpares dans chaque sirie 
en acylant les produits deproteges au moyen de l'anhydride mixte acetique et forniique et de 
l'acetate de p-nitrophenyle respectiveinent. On discute la raison biochimique fondamentale de 
I'utilisation de ces composes dans I'etude de la biosynthese des proteines ainsi que les processus 
d'initiation. On a confirme l'activiti de type puromycine de la 3'-0-phenylalanyl-20-methyl- 
adenosine (46). [Traduit par le journal] 

The nucleoside antibiotic puromycin (ia) has simulator in accepting the growing peptide chain 
been found to function as an aminoacyl tRNA at a site on the ribosome (see for example, ref. 1, 

a recent concise review. ref. 2. and references 
'Generous support from the National Research Council therein). Numerous 3'(2')-0-aminoacyl nucleo- 

of Canada (A5890), the National Cancer Institute of side (ii), nucleotide, and oligonucleotide deriva- 
Canada, the ~ e f e n c e  Research Board of Canada, and tives, analogs of the 3'-termini of charged tRNA, 
the University of Alberta is gratefully acknowledged. 

'For the previous paper in this series see ref. 33. have been prepared and investigated biochem- 
3Postdoctoral Fellow 1972-Present. ically (see ref. 3 and references therein). However, 
4Postdoctoral Fellow 1971-1973. prior to the initiation of our studies (3), no 
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aminoacyl nucleosides of rigorously defined pu- 
rity or specific 2' isomeric structure had been re- 
ported. Most biochemical studies had been ef- 
fected using "stock solutions" or freeze-dried 
solids obtained from reaction sequences in- 
volving amino acid coupling with nucleoside 
derivatives. These incon~pletely characterized 
preparations invariably contained free nucleo- 
sides and amino acid (from cleavage of the 
aminoacyl linkage during deblocking) plus both 
isomers indicated in ii in the case of ribosides; 
Rich and co-workers (4) had proposed that pro- 
tein biosynthesis might proceed by initial transfer 
of the growing peptide chain from peptidyl- 
tRNA to the 2'(3')-hydroxyl group of a 3'(2')-0- 
aminoacyl-tRNA at the receptor site. Intra- 
molecular transfer of the 02"3"-peptidyl func- 
tion to  the free cz-NH, of the 03'(2')-aminoacyl 
moiety would constitute the peptide bond- 
forming step of protein biosynthesis. Their 
finding that such an intramolecular reaction oc- 
curred in 2',3'-bis-0-(L-phenylalany1)adenosine 
and that 2'-0-acetylpuromycin (ib) rearranged to 
the N-acetyl derivative (ic) made the synthesis of 
aminoacyl nucleosides with the cis-vicinal hy- 
droxyl group missing or specifically blocked of 
significant interest. Zemli~ka et al. (5) described 
a preparation of 3'-0-(L-phenylalany1)-2'- deoxy- 
adenosine which was found to have essentially 
no peptide acceptor activity (6). The 2'-hydroxyl 
function was assumed to be necessary for ac- 

cepting activity in substrate or binding func- 
t ion(~> (6). 

A most interesting study was reported very 
recently by Sprinzl and Cramer (7 )  which demon- 
strated 2'-hydroxyl charging of a tRNA ter- 
minating with 3'-deoxyadeno~ine (cordycepin) by 
phenylalanyl-tRNA synthetase. This charged 
tRNA, however, was unable to function in the 
peptide elongation step. In contrast, the corre- 
sponding tRNA terminating with 2'-deoxyade- 
nosine could not be charged at  the 3'-hydroxyl 
by the synthetase. These authors (7), therefore, 
suggested a schcmc involving initial 2' charging 
followed by aminoacyl migration to 3' before 
peptide chain elongation. 

Ch!adel< et al. (8) have studied phenylalanyl 
esters of 2(R)-(adenin-9-y1)-4(R)-hydroxyn7ethyl- 
3-oxapentan-1,5-diol (obtained by periodate ox- 
idation of a 5'-0-blocked adenosine and sub- 
sequent borohydride reduction of the resulting 
dialdehyde). In agreement with the work of 
Sprinzl and Cramer (7), the 5-ester (iiia) (corre- 
sponding to a 3'-0-aminoacyl nucleoside) had 

H 5 1  H  
Phe = COCH(NHL)CH~C,H;  

H2C CH2 
I I 

R , 0  OR2 

a R ,  = Phe. R2 = H 
b R ,  = R Z  = Phe 
c R ,  = H.  R I  = Phe 

peptide acceptor activity whereas the 1-ester 
(iiic) (corresponding to a 2'-0-aminoacyl nucleo- 
side) was virtually inactive. The 1,5-bis-ester 
(iiib) (corresponding to a 2',3'-bis-0-aminoacyl 
nucleoside (9)) was a slightly better acceptor than 
iiia (8). These combined results suggest that the 
3'-0-arninoacyl function is obligatory for ac- 
cepting a c t i v i t ~ . ~  However, once charging (2'- 
hydroxyl required (7)) has occurred, the status of 
the 2'-hydroxyl function may be relatively un- 
i m p ~ r t a n t . ~  The positive accepting results re- 

'NOTE ADDED IN PROOF: Cramer and CO-workers ( 3 5 )  
have now found accepting activity (although at a low 
rate) for a t R N A  terminating with a 2'-0-aminoacylnu- 
cleoside or analog (iiic) but noted that no  further partici- 
pation in peptide elongation occurred. 
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ported (8) with iiib would appear to obviate the 
Rich proposal for intramolecular transfer (at 
least in this system) since an  11-membered cyclic 
transition state would be required for acylation 
of the a-amino function of the 5-0-phenylanyl 
moiety by the 1-0-phenylalanyl carboxyl group. 
Since iiib is actually more active than iiia in this 
system, such an  energetically (entropy) unfavor- 
able possibility seems u~ireasonable and the 
C-2' analogous substitue~it may be involved in 
binding and/or favorable conformational effects. 

These findings raise possibilities for the design 
of nlolecules which could specifically interfere 
with the amino acid charging step independently 
of the peptide chain lengthening process (i.e. the 
puromycin reaction). In this regard it is in- 
teresting that the tRNA terminating with 2'-de- 
oxyadenosilie was reported (7) to act as a com- 
petitive inhibitor of synthetase charging of the 
naturally occurring tRNA terminating with 
adenosine. 

EKective coupling and deblocking procedures 
for the synthesis of chemically pure, "crystalline" 
3'-0-aminoacyl-2'-deoxyadenosines and 2 ' -0 -  
aminoacyl-3'-deoxyadenosines have been devel- 
oped in this laboratory (3). It has been found 
that  2'-0-~nethyladenosi~ie and certain of its 
nucleotide and polynucleotide compoulids be- 
have alialogously to the corresponding adenosine 
products but dramatically different from the 2'- 
deoxyadenosine analogs with respect to confor- 
mational effects, binding and association, recog- 
nition, enzyme reactions, etc. (see for example 
refs. 10-15 and references therein). As well, 2 ' -0-  
methyl nucleosides are well studied and ubiqui- 
tous components of tRNA (16) and are thus at- 
tractive natural products for 2'-hydroxyl blocked 
3'-0-aminoacyl nucleosides. A facile synthetic 
route to 2 '-0- and 3'-0-methyl nucleosides has 
been developed (1 7, 18) making both products 
readily available. During the course of this work, 
a preliminary commu~iication appeared (19) re- 
porting the preparation and puromycin-like 
activity of 3'-0-phenylalanyl-2'-0-niethyladeno- 
sine. We now wish to report a convenient route 
to the first "crystalline" co~iipletely characterized 
3'-0-aminoacyl-2'-0-methyladenosines and 2'- 
0-aminoacyl-3'-0-methyladenosines. 

Treatment of 2 '-0- or  3'-0-methyladenosine 
(1 7, 18) with mo~lo-p-methoxytrityl chloride in 
pyridine gave 5'-0-(mono-p-methoxytrity1)-2'- 
0-methyladenosine (1) or 5'-0-(mono-p-meth- 
oxytrity1)-3'-0-methyladenosine (6), respectively, 

in reasoliable yields (see Scheme 1). Symmetrical 
N-tert-butyloxycarbonyl(N-t B0C)-amino acid 
anhydrides (2a-c) of L-leucine (a), L-phenylal- 
an i~ ie  (b), and L-methionine (c) were prepared 
in sifu from the N-tBOC-amino acid and dicyclo- 
hexylcarbodiimide (DCC) according to the 
seneral procedure of Khorana (20). Acylation at  - 
0-3 '  or 0 - 2 '  of 1 or 6, respectively, with the an- 
hydrides 20-c in ethyl acetate proceeded readily 
in the presence of 4-N,N-dirnethylaniinopyridine. 
This catalyst dramatically facilitates acylatio~is 
with hindered substrates (21) and was found to be 
mandatory when using IV-trityl-ami~lo acids (3). 
The fully blocked products (30-c and 7a-c), ob- 
tained in 60-80",hromatographically pure 
yields, were "re~rystali ized"~ and fully charac- 
terized (see Tables 1 and 2). 

Our i~iitial studies on hpdrogenolytic removal 
of the coinmo~lly used N-carbobenzyloxy ( N -  
CBZ) blocking group indicated partial loss of the 
amino acid from the nucleoside, as observed by 
others (22). As expected, trifluoroacetic acid ef- 
fected co~nplete deblocking of both the mono-p- 
methoxytrityl and tBOC protected functions of 
3a-c or 7a-c. However. evaporation of the re- 
action solution followed by repeated coevapora- 
tion with various solvents, precipitation of the 
product using several solvent combinations, and 
extended drying of the sa~iiples it1 ~.acuo at  
elevated temperatures over various drying agent 
combinations including potassium hydroxide 
pellets, all failed to completely remove trifluoro- 
acetate as evidenced by a residual peak in the 
19F n.1n.r. spectra. Attempted chemical absorp- 
tion of the remai~i i~ig  trifluoroacetic acid from 
solutions of product using solid barium car- 
bonate, weakly basic resins, etc., led to some 
cleavage of amino acid from the nucleoside. 
Therefore, this approach (used in the prepara- 
tion of an  uncharacterized (19) preparation of 
40) was abandoned since biochemical evaluation 
of samples with even trace quantities of the 
highly toxic trifluoroacetate could be subject to 
question. Experiments using boron trifluoride 
etherate or ~ u i ~ i e r a l  acids in various solvents gave 
products containing residual BF, or failed to 
achieve complete deblocking without causing 

6These products were subjected to the usual process of 
recrystallization ( i .e .  dissolved by warming in solvent and 
found to separate from solution upon cooling). Hoxever, 
most of the samples did not exhibit diffracting properties 
under a polarizing microscope and are probably amor- 
phous or n~icrocrystalline solids. 
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observable amino acid cleavage from the $a-c were the only products observable by thin- 
nucleoside. layer chromatography (t.1.c.). Toluene and 1- 

Treatment of 3a-c or 7a-c with 98% formic butanol were added to prevent N-formylation 
acid at room temperature effected rapid removal during evaporation of the reaction solution and 
of the mono-p-methoxytrityl function followed to effect smooth azeotropic removal of formic 
by slower deblocking of the N-tBOC-amino acid and water. Generally high yields of the free 
moiety. After 3-4 h (see Experimental) In-c or a~ninoacyl nucleosides (4a-c or 8u-c) were ob- 
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TABLE 2. Nuclear magnetic resonance data on fully blocked aminoacyl derivativesa 
-- -- 

2'(3 ')- Amino 
Compound 6-NHzb HI ,  HZ, H3, TrOCH,b 0CH3b acid t-BOCb 

3a 6.25 6.08" 4.82" 5.56' 3.76 3.37 0 .  9 3 f  1.43 
3b 6 .30  5.98' 4 .  84d 5.49" 3.74 3.32 3 .  07g 1.41 
3c 5.92 6.03" 4.83" 5 .  56e 3.74 3.34 2.05" 1.43 
7 a  6.45 6.18' 6.04' 4.50k 3 .72  3.34 0 . 9 2 f  1.42 
7 b  6.13 6.12' 5.95j  4.46k 3.75 3.34 3 . 1 2 ~  1.40 
7 c  6 .19  6.15' 5.98j  4.50k 3.76 3.36 2.07h 1.44 

aChen~ical shifts in b: from TMS internal in CDCI,; D 2 0  exchange ei 
bSinglet. 
=Doublet J 1 , ~ 2 ,  - 6 Hz. 
d"Triplet" J 2 ) - ~ ,  - J2,-31 - 6 Hz. 
'"Quartet" J , , L ~ .  - 6 Hz, J ,  _,, - 3.5 Hz. 
'Doublet J - 6 Hz, -CH(CH,),. 

I 

gDoublet J - 6.5 Hz, - ~ H - c H ~ P ~ .  
hSSinglet, -SCH3. 
'Doublet 3, _, - 4 Hz. 
J"Trip1et" J 2 , _ , ,  - J 2 , ~ 3  - 4 1 1 ~ .  
kMultiplet, overlapped ~ i t h  amino acid proton. 

tained. These products were purified by "re- 
~rys ta l l iza t ion"~ and were completely charac- 
terized by elemental analysis and pllysical data7 
(see Tables 3 and 4). 

Protein synthesis in Eschericl7in coli (23) and 
probably i11 prokaryotic systems in general (see 
ref. 24 for a review) is initiated by a specific 
species of N-formylmethionyl-tRNA (fMet- 
~RNA?"). This initiation process was shown to  
be simulated by N-acetylphenylalanyl-tRNA 
(25). Therefore, N-formylmethionyl and N-ace- 
tylphenylalanyl derivatives of the 2 ' -0-  and 
3'-0-methylaminoacyl iluclecsides were prepared 
in order to  investigate possible effects on the 
initiation processes and any biological species 
selectivity which may exist. 

The "active ester" approach of Bodanszky 
(26) employing p-nitrophenyl acetate was used 
to prepare the N-acetyl-L-phenylalanyl products 
5b and 9b from 46 and 8b, respectively. Acetic 
formic anhydride in cold methanol gave selective 
formylation of the amino acid moiety of 4c and 
8c to yield the N-formylmethionyl products 5c 
and 9c, respectively. 

Monoaminoacyl derivatives of a cis-vicinal 
glycol system as found in charged tRNA's ex- 
hibit very rapid 0,. + O,, isomerization in 
aqueous solution (27). They are also rather un- 
stable with respect to hydrolysis with typical 
half-lives of 5-30 niin at  about 30" and near 
neutrality (20, 28, 29). The present 3' (and 2 ')-0- 

'After submission of this manuscript, Chladek, et al. 
(34) reported the preparation (using hr-carbobenzyloxy- 
phenylalanine) and qualitative characterization of the 
two phenylalanyl esters defined in the present study. 

nployed when 6-NH2 and HI,  overlap occurred. 

aminoacyl-2'(and 3')-0-methyladenosines, of 
course, have uniquely defined structure with no 
O,, + 03, isomerism possible. In  addition, re- 
moval of the cis-vicinal hydroxyl would be ex- 
pected to confer hydrolytic stability since the 
hydrogen-bonded hydrolytic transition state pos- 
tulated (30) for aminoacyl ribonucleosides is now 
precluded. Indeed, the present series of com- 
pounds (except for the methionine products) ex- 
hibit little or no observable cleavage in distilled 
water a t  -30' for 18 h. Howexer, they break 
down over an  extended period of time to give 
some of the 0-inethyladenosine plus amino acid 
even when stored as solids a t  4" in a desiccator. 
The more amorphous products and methionine 
products appear to be less stable. The optical 
rotations also vary with time for certain of the 
compounds and must be viewed with some 
caution. No racemization of the amino acids 
was anticipated under the mild reaction condi- 
tions emplbyed. This was confirmed by mild basic 
hydrolysis of the free aminoacyl ilucleosides 
followed by substrate specificity evaluation using 
L-amino acid oxidase (3 1). 

'The acceptor activity (puromycin reaction 
(1)) of 3'-0-phenylalanyl-2'-0-n~ethyladenosine 
(4b) was found to  be less than 40% that of puro- 
mycin in the system studied ( l ) . '  This confirms 
the general results previously noted (19), al- 
though markedly different experimental condi- 
tions, systems, and activity levels were observed. 
Therefore, the intramolecular transfer mech- 
anism of peptide bond formation suggested by 

sC. Coutsogeorgopoulos. Private communication 
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TABLE 4. Nuclear magnetic rcsonancc data on 3'(2')-0-aminoacyl-2'(3')-0-niethyladenosines" 

Coniuouad 6-NH7" H I ,  H2, H3, 0 C H 3 b  Amino acid 

40 7 .34 6.00' 4.70" 5.46" 3.24 0.87 and 0.94f 
46 7 .38 5.96" 4.68* 5.40' 3.20 2.90g and 7.27h 
4c 7 .37 6.02' 4 .  70d 5.49" 3.22 2.06' 
8n 7 .32 6.16j 5.78' 4.22' 3.34 0.80 and 0.86f 
8h 7 .35 6.18j 5.76h 4.16' 3 .32  2.85"nd 7.16" 
8c 7 .32 6.15' 5.78" 4.24' 3.34 2.02' 

'Chemical shifts in 8 frotn TMS internal in DMSO-d6. 
hSii~gIet. 
=Doublet, J 1  _ 2  - 7.2 Hz. 
dDoublet of doublets, J w  - 7.5 Hz, J 2 , - 3 ,  

'Doublet of doublets, - 5.5 HZ, Jj ,_ j i  
fTwo doublets, J - 2 Hz, -CH(CHJ2. 
YDoublet, J - 7 t I z ,  -CHCH2Ph. 

5 .5  Hz. 
2 Hz. 

hPhenyl. 
'-SCH,. 
JDoublet, J1,-29 - 5 Hz. 
kMTriplet", J 2 , ~ 1  - J z , _ ,  - 5 Hz. 
'"Triplet", J , , L ,  - J,,L,, - 5 Hz. 

Rich and co-workers (4) appears to be precluded acetate was dried by distillation from P,05 and stored 

in this model system. ~ ~ ~ ~ i l ~  of biochemical and over Linde molecular sieves (4A, dried at 200'). Pyridine 
Mas dried by refluxing over and distillation from CaH2. 

niicrobiological evaluation of these series of Possible racemiration u-as evaluated by hydrolyzing a 
alninoacyl n~~cleosides will be published (in ~ 0 1 -  1 mg of the deblocked arninoacyl nucleoside in 
laboration with C. Coutsogeorgopoulos and 0.1 nil of 0.05 iM tris(hydroxyniethyl)aminomethane (pH 
A.  Bloch). 8.5 at  37') for 20 h at  37 . The hydrolyzate was treated 

It would be highly desirable to study thesecorn- with 0.0196 units (in 0.1 ml) of L-amino acid oxidase and 
compared by paper chroniatography (Whatrnan No. 1, 

poullds in other precisely defined chargi~lg, ini- n - ~ u ~ ~ - ~ ~ ~ c - ~ z ~ ,  12: 3: 5. descellding) with syn- 
tiation, and elongation systems and the pro- 
cedures presently described make them readily 
available. 

Experimental 
Melting points were determined on Gallenkamp or 

Reichert microstage apparatus and are uncorrected. 
Ultraviolet (u.v.) spectra were determined in methanol 
using Cary 14 or 15 spectrophotonieters. Nuclear mag- 
netic resonance spectra mere recorded on a Varian HA-100 
instrument and chemical shift data is reported in p.p.m. 
from TMS internal standard on the 6 scale. Optical rota- 
tions mere measured using a Perkin-Elmer Model 141 
polarimeter with a 10-cm 1-ml rnicro cell. Elemental anal- 
yses were obtained by the microanalytical laboratory of 
this department and Schwarzkopf Microanalytical Lab- 
oratory. Thin-layer chroniatography (t.1.c.) was effected 
using Eastman Kodak sheets (silica gel No. 13181) in 
solvent systems indicated; developed chromatogranis were 
detected by 2537 A light (chromophore), 2 0 z  perchloric 
acid spray (mono-p-niethoxytrityl functions show orange), 
and ninhydrin spray (slow development of yellow color 
upon warming for the free aminoacyl nucleosides). 
Column chromatography was performed on alumina 
( I .  T .  Baker No. 0537 aluminum oxide) or silica gel 
(Gebr. Herniann, Kieselgel) unless specified. Evapora- 
tions were effected using a Biichler rotating evaporator 
with Dry-Ice cooled Dewar condenser under aspirator or 
mechanical oil pump vacuum at 30" or lower. 

N-t BOC-L-leucine, IV-t BOC-L-phenylalanine, IT-t BOC- 
L-methionine, and L-amino acid oxidase were purchased 
from Sigma Chemical Company. The preparation and 
separation of 2'-0-methyladenosine and 3'-0-methyl- 
adenosine have been described in detail (17, 18). Ethyl 

thetic mixtures of D and L enantiomers of the same amino 
acid treated under identical conditions. In all cases 
investigated, less than 5% ninhydrin positive material 
was observcd in the hydrolyzates. 
5'-0- jl2lono-p-methosytrityl) -2'-0-t~~etkylc~de/elzosine ( 1 )  

A 1.95 g (0.007 rnol) portion of 2'-0-niethyladenosine 
was treated with 3.2 g (0.011 mol) of niono-p-methoxy- 
trityl chloride in 50 ml of dry pyridine and the reaction 
mixture was stirred at 15- for 50 h in the dark. MeOH 
(100 rnl) was added and the solution was stirred for I .5 h 
at  room temperature. This solution was then poured into 
400 nil of ice water and the resulting emulsion was ex- 
tracted with 300 ml of CHC1,. ,The aqueous phase mas 
extracted with 2 x 100 ml of CHCI, and the combined 
organic layers Mere washed with 2 x 100 nil of cold 
saturated aqueous NaHCO, solution and then 2 x 100 
ml of H,O. The organic solution was evaporated to dryness 
and the residue coevaporated ir~ racuo using acetone. The 
cream-colored solid foam (5.7 g) was dissolved in 15 ml 
of CHCI, and applied to a c o l ~ ~ n i n  (3.8 x 38 cm, 350 g) 
of Merck neutral alumina (packed in CHCI,). The 
column was mashed with 2100 ml of CHCI, to elute 
rapidly migrating (t.l.c., MeOH-CHCI,, 3 : 97) inipurities. 
Elution was begun with MeOH-CHCI, (6:94) and the 
first 350 nil also contained fast (t.1.c.) inipurities. After 
1000 ml, the elution solvent was changed to MeOH 
CHCI, (20: 80) and the t.1.c. homogeneous fractions were 
pooled and evaporated to dryness. The resulting solid 
foam was dissolved in a small volume of CHCI, and 
precipitated into stirred pentane to give 2.37 g (62%) of 
pure 1. A 0.1 g sample was recrystallized frorii diisopropyl 
ether (10 ml) and dried at 60-:0.1 mni for 65 h over 
Drierite arid paraffin wax to give 1;  n1.p. 99-101'; U.V. 
max 233,258 nm (e 16 200, 14 500); u.v. min 225,243 nm 
(e 14 600, 12 200); n.m.r. (CDCI,, TMS internal) 6 2.92 
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(br, I ,  3'-OH), 3.4-3.6 (ni, 2, H ,.,,. ,), 3.54 (s, 3,2'-OCH,), 
3.76 (s, 3, C6H40CH,j,  4.19 (m, 1, H,,), 4.43 (m, 2, Hz .  
andH,.) ,  5.79(s,2,  6-NH,),6.11 (d ,J l , - , ,  = 4.0Hz, 1, 
HI,) ,  6.7-7.5 (m, 14, aromatic), 8.0 (s, 1 ,  H,), 8.27 (s, 
1, Hx). 

Anal. Calcd. for C,,H3,Nj0,:  C, 67.25; H, 5.64; hr, 
12.65. Found: C, 67.14; H ,  5.93; N, 12.78. 

5'-0-~Mono-p-n~ethoxyti~iryl!-3'-O-n7ethyla~ze (6) 
A 5.71 g (0.02 mol) portion of 3'-0-methyladenosine 

was treated with 9.29 g (0.03 mol) of mono-p-methoxy- 
trityl chloride in 125 ml of dry pyridine and subjected to 
a n  analogous procedure to that described above for I. The 
appropriate eluate from the alumina column was evap- 
orated and the residue recrystallized from acetone to give 
5.90 g (5373 of colorless needles of 6;  m.p. 118-120"; u.v. 
max 233, 260 n.m. (a  16 700, 13 200); U.V. rnin 225, 246 
n.m. (E 15 200, !l 600); 11.m.r. (MezCO-d6, TMS internal) 
6 2.84 (br, 1, 2'-OH), 3.34-3.58 (m, I ,  H,,), 3.48 (s, 3, 
3'-OCH,), 3.78 (s, 3, C6H40CH3),  4.24 im, 2, H,.,,.,), 
5.04(t ,J2,-1z = 4.5 HZ, 1, HZ,); 6.00(d,Jl ,-21 = 4.5 HZ, 
1, HI , ) ,  6.62 (br, s, 2, 6-NHz), 6.74-7.6 (m, 14, aromatic), 
8.15 (s, 2, H, and H,). 

Anal. Calcd. for C,,H3 ,N,O, :C,  67.25; H, 5.64; N, 
12.65. Found: C ,  67.29; H ,  5.92; N, 12.40. 

Preparation of 3'-8-  ~IV-tBOC-at??inoacy/)-5'-0- (n~ono-p- 
methoxytr.ityi i -2'-0-177etl1yludenosine~~ 13a-c) aizri 
2'-0- (IV-ti30 C-urnirzoncq~l) -5'-0- (mono-p-merho,~y- 
ti.ityl)-3'-0-methyladenosines i7a-c) 

These blocked derivatives were prepared from the cor- 
responding I\--tBOC-amino acid anhydrides (20-e) (gen- 
erated irz sirit horn the .V--t BOC-amino acids by the general 
procedure of Rammler and Khorana 120)) and 1 (for 
3a-c) or 6 (for 30-c)-(see Tables 1 and 2 for data) by the 
following general procedure illustrated for 3c. 

3'-0- (WrBOC-L-Methion~,l) -5'-0- (mono-11-itzerhos~- 
riityi-2'-0-methyladenosirze (3c) 

To  a solution of 1.6 g (0.0065 niol) of ;l'-tBOC-L-meth- 
ionine (previously dried at  room temperature", l rnm 
over KOH pellets) in 25 ml of dry EtOAc was added 1.34 
g (0.0065 mol) of N,N'-dicyclohexylcarbodiin~ide (DCC). 
Precipitation of l\:,,l."-dicyclohexyl~irea (DCC) began al- 
most immediately and the mixture uras stirred at room 
temperature for 1.5 h. The mixture was filtered directly 
into a solution of 1 .5 g (0.0027 mol) of dried 1 and 0.2 g of 
4-N,N-dimethylaniinopyridine in dry EtOAc and the 
D C U  filter cake (0.7 g) was washed with 15 ml of dry 
EtOAc. The combined reaction mixture was stirred at  14" 
fo r  48 h and then filtered. The resulting D C U  filter cake 
(0.5 g) was washed with 50 ml of EtOAc. The combined 
filtrate was washed with 2 x 100 ml of ice-cold saturated 
aqueous NaHCO, solution, 2 x 100 ml of ice water, and 
evaporated. Coevaporation of the residue with acetone 
gave a pale yellow solid foam which \+as dissolved in 10 ml 
of CHCI, and precipitated slowly into 350 ml of vigor- 
ously stirred pentane. The resulting whitesolid was filtered 
to give 2.31 g of crude prod~lct which was dissolved in 
12 ml of CHCI, and applied to a column (2.5 x 30 cni, 
150 g, packed in CHCl,) of alumina. The column was 
washed with CHCI, and the first 225 nil contained only 
fast migrating materials (t.l.c., Me,CO-CHCI,, 2:8). 
Homogeneous product was e l ~ ~ t e d  in the following 1000 
ml and these combined fractions were evaporated to give 
1.76 g (83z)  of 3c as a dried solid foam. Precipitation of 

this material from CHCI, (8 ml) into pentane 1400 nil) 
gave 1.67 g (79%) of 3c as a white powder. A sample for 
analysis was recrystallized6 from diisopropyl ether a.nd 
dried at  65'10.1 mni over Drierite and Parafin wax for 
65 h. (See Tables 1 and 2 for data.) 

Deblocking to gice the 3'-0-,4mi~ouc~~l-2'-O-i11etiz~l- 
adenosirzes (4ri-c) and 2'-0-Anzinoucyl-3'-0-merlzql- 
ndenosines i8a-c) 

These compounds were prepared by one-step deblocking 
of 3a-c and 7a-c, respectively, by the same general pro- 
cedure illustrated below for 4c. 

3'-0- (L-1Weflziotzyl) -2'-0-tizethj~ludenosiile (Qc) 
A solution of 1.67 g 10.0021 mol) of 3c in 35 ml of 98'7, 

formic acid mas allowed to stand at room temperature for 
3.5 h. Toluene (200 nil) and 1-butan01 (200 ml) were added 
t o  the orange solr~tion and the resulting colorless solution 
was evaporated to approximately 10 ml ( v a c ~ ~ ~ n n  pump. 
i 20'). This procedure was repeated with two additional 
400 ml portions of toluene-1-butanol (1 : I )  and finally 
with 200 ml of toluene to give a white solid upon elapora- 
tion to dryness. This material \vas stirred (triturated) uith 
4 x 200 ml of pentane. The supernatant \&ashes \I.ere de- 
canted and the fourth filtered to g i ~ e  0.85 g (95z )  of a 
chromatographically homogeneous (t.1.c.. ,MeOAc- 
MeOH, 94: 6) uhite pou:der o f4c  hemifornlate. A sample 
for analysis uas  recrystallized6 from dry EtOAc (filtered 
q ~ ~ i c k l y  and uashcd with pentane to prevent o i l i i~g )~  and 
dried at 40' 0.1 mm for 3 days over KOH pellets and 
paraffin wax. (See Tables 3 and 4 for data.) 

A solution prepared by warming 0.1 g (0.0002 niol) of 
4b and 0.36 g (0.002 inol) of p-nitrophenyl acetate in 5 ml of 
absolute EtOW mas stirred at room temperature for 22 h.  
An additional 0.1 g of p-nitrophenyl acetate mas added 
and stir-ring was continued for 5 h. Thin-layer chromatog- 
raphy (MeOH-MeOAc, 6:94) indicated complete con- 
version of 4b to 5b and 25 ml of H,O was added. The niix- 
ture n.as extracted with 4 x 25 ml of CHCI, and the com- 
bined organic layers were evaporated to dryness. The 
residue was dissolbed in 5 ml of CHC1, and applied to a 
column (1.5 x 28 cm, 15 g) of silica gel (packed in CHCl,). 
The column was washed with CHC1,-Me2C0 (8:2) until 
all rapidly niigrating (t.1.c.) impurities were eluted. Solvent 
was changed to absolute EtOH and the chro~natograph- 
ically homogeneous fractions were pooled and evaporated. 
Coevaporation of the white solid reaidue with EtzO and 
drying it? cncuo gave 5b in quantitative yield. This material 
was recrystallized6 from CHC1, - diisopropyl ether to 
give 0.068 g (72%) of 5b: n1.p. softens 1 1 0  conlpletely 
melted at  155'; [.*IDz4 -68.4' (c 0.99, DMF) u . ~ .  max 
259 nni (E 17 000); u.v. min 227 n.ni. (c 2800); n.m.r. 
(DMSO-4,  TMS internal) 6 I .82 is, 3, COCH,) 3.02 (m, 
2, -CH2Ph), 3.19 (s, 3, 2'-OCH3), 3.29 (s, 2, H 2 0 ;  veri- 
fied by D,O exchange and reintegration), 3.59 (m, 2, 
H5,,,,,),3.91 (m, 1, H,.), 4.39-4.77 (ni, 2, Hz ,  and -CH- 
(NHAc)CH,Ph), 5.40 (d of d ,  I ,  H,,), 5.60 (br, I ,  5'-OH), 
5.95 (d, J,.-Z = 7 Hz, 1, H, , ) ,  7.28 (s, 5, Ph), 7.37 
(s, 2, 6-NH,), 8.17 (s, I ,  Hz), 8.41 (s, 1, Ha),  8.35-8.53 (d 
overlapped with Ha, I ,  NHAc). 

91n certain cases filtration in a dry box under nitrogen 
was required to prevent oiling. 
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Anal. Calcd. for C2,H2,N,0,.HzO: C, 54.09; H ,  
5.78; N, 17.21. F o ~ l n d :  C, 54.15; H,  5 50: N. 17.19. 

3'-0- (,V-Forn1j~/-~-methionfi-2'-0- 
117etli~~laclet1osine (5c) 

A solution of 0.30 g (0.00069 mol) of 4c.hemiformate in 
30 ml of MeOH at - 10 \\as treated with 0 .06 ml of cold 
acetic Sormic anhydride (32) and the solution was allowed 
to stir at - 10 . Coinplete con\er'sion of 4c to 5c was in- 
dicated by t.1.c. (MeOH-MeOAc, 6:94) in 5 min and 40 
ml of toluene - I-butan01 (1 : 1) uas  added. After stir- 
ring for 20 min at room temperature, the solution was 
evaporated to dryness and the residue \!as coevaporated 
with absolute EtOH. This product was precipitated from 
EtOAc into pentane to give 0.28 g (92z)  of 5c which cvas 
dried at  40 0.1 nim So- 2 days and then a? 56 10.1 mtn for 
4 days over KOH pellets and paraffin uax.  This sample 
had [a]," -75- (c 1.04, DMF)  u . ~ .  niax 259 nm (E 

13 800): L I . ~ .  min 226 n.m. (a 2600); n.1li.r. (DMSO-4,  
TMS internal) 6 1.8--2.18 (m. 2: CI12CW2SCH3), 2.07 (s, 
3, SCH3),2.36-2.7 (m, 2, CN2SC!H,), 3.22(s, 3, 2'-OCH,). 
3.66 (ni, 2, H,,,,,.). 4.16 (in, 1 .  H,.), 4.28-4.80 (m, 2, H z ,  
and -CH(NHCOH)). 5.4--5.7 im, 2, H,, and 5'-OH), 
6.02 (d, J , , L ~ ,  = 7 Hz, H I , ) ,  7.37 (s, 2.6-NHz), 8.14 (s, 
I .  NHCOH). 8.18 (s, 1, HZ),  8.44 (s, 1 ,  N,), 8.65 (cl, J = 
7.8 HZ, 1, -NHCOH).  

Anal. Calcd. for C,,H,,N,O,S: C ;  46.35; 13, 5.49; N, 
19.08; S, 7.28. Fo~ ind :  C,46.15: H, 5.69; N,  18.80.; 
S, 7.17. 

2 ' -0 -  (~\~-Acetyi-~--~~het~j~IaIa~zyl) -3'-0-r~ierh~~ladenosine 
190) 
This compound was prepared from 0.1 g (0.0002 mol) 

of 86 and 0.48 g (0.0027 mol) of p-nitrophenyl acetate as 
described above for the conversion of 411 + 50. The solid 
resulting from evaporation of the silica gel colurnn eluate 
was precipitated from EtOAc into pentane to give 0.094 g 
(81%) of 9b which was dried at  56 '0.1 nlln for 20 h over 
KOH pellets and paraffin wax; [.*IDz3 -60.6' (c 1.0, 
DMF) ;  U.V. niax 260nm (a 15 700); ~1.v. min 218 nm 
( s  3800); n.m.r. (DMSO-d,, TMS internal) 6 1.77 (s, 3,- 
COCH,), 2.80-3.10 (br t, 2. CH,Ph), 3.33 (s, 3, 3'-OCt-I,), 
3.56-3.78 (m, 4, H,, , , , ,  and H20) ,  4.2 (m, 3, H,,, 
CH(NHAc), 5'-OH), 4.33-4.65 ( n ~ ,  1, t13,), 5.79 (t, J 2 . -  ,. 

J Z I - 3 . - 5 . 3 F i ~ ,  1, HZ,) ,  6.18 ( d , J , 1 ~ ~ , =  5.6Hz, I ,  
HI ), 7.20 (s, 5, Ph), 7.36 (s, 2, 6-NH2), 8.18 ( s ,  1, Hz), 

8.38 (m, 2, NHAc, H8). 
Anal. Calcd. for C2,H2,N,0, .H,0: C, 54.09; H,  

5.78; N, 17.21. Found: C, 54.20; H,  5.56; N, 17.08. 

2'-0-(~-For.177y117iefhionq.lj-3'-O-t71ethylndet1t,sit1e (9c) 
This compound was prepared from 0.3 g (0.0007 mol) 

of 8c and 1.5 nil of acetic formic anhydride in methanol 
at - 10' as described above for the conversion of 4c + 5c. 
The product was precipitated from EtOAc into pentane 
to give 0.25 g (77%) of 9c u.hich was dried at  56"O.l n1n1 
for 20 h over KOH pellets and paraffin aax .  This sample 
had -75.1" (c 1.0, DMF);  U.V. nlax 260 nm (a 
14 100); u.v. min 225 nm (a 3100): n.m.r. DMSO-d,, 
TMS internal) 6 1.69-2.23 (m, 2, CHzCH2SCH3), 2.03 
(s, 3, SCH,), 2.34-2.70 (m, 2, CHzSCH3), 3.34 (s, 3, 
3'-0CH3), 3.64 (m, 2, H, ,,,,), 4.0-4.6 (m, 3, H4, ,  H3, ,  
and CH(NHCOH)), 5.44 (br, 1, 5'-OH), 5.80 (m, 1, Hz,), 
6.13 (d, J 1 f - Z '  = 5 . 0 H ~ ,  1, HI,) ,  7.3 (s, 2, 6-NHz), 8.02 

(s, 1, NHCOH), 8.13 (s, 1, HZ), 8.35 (s, 1, Ha), 8.58 (d, 1, 
CH(NHC0H).  

Anal. Calcd. fcr Ci7H2,N606S: C, 46.35; H, 5.49; N, 
19.08; S,7.28.Found: C,46.14;H,5.77;N9 18.86; S,7.37. 

We thank Dr .  Frank A. Norris for useful preliminary 
experiments and Mr. Alan S. K. Lee for the preparation 
of some starting materials. We thanlc Drs. C.  Coutso- 
georgopoulos and A. Bloch for communication of 
preliminary biochemical results. 
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A Study of the Donor Properties of the Phenoxachalcogenines. 
I. Tetracyanoethylene and Chlsranil as Acceptors 

CHARLES A. HELLER, RALPH A. ZINGARO, AND EDWARD A. MEYERS 
Deparfrnetlt o f  Chelnistr3., Tesczs A&M Uni,,ersity, College Statiotz, Texas 77843 

Received April 17. 1974 

CHARLES A. HELLER, RALPH A. ZINGARO, and EDWARD A. MEYERS. Can. J. Chem. 52.3814 
(1 974). 

The phenoxachalcogenines have been studied as donors toward tetracyanoethylene (TCNE) 
as the acceptor. It was found that the thermodynamic values for the interactions show no sig- 
nificant trends when the chalcogenine atom is varied from Te to Se to S to 0. For the four 1 : 1 
complexes studied, the following average values for the thermodynamic properties here ob- 
tained at 20 ' C  (the total range for each quantity is given in parentheses): K = 1.4 (1.0) 1 
mol-', AG = 0.2 (0.41 kcal mol-', AH = -2.0 (0.2) kcal mol-', AS = -7.0 (0.5) cal deg-' 
mol-I. The lack of any significant changes in the thermodynamic values is explained on the 
basis that all of the complexes involve similar interactions, probably of the n-71 molec~ilar 
complex type. The results were essentially the same for the interaction between phenoxatellurine 
(PTe) and chloranil (TCQ). 

CHARLES A. HELLER, RALPH A. ZINGARO et EDWARD A. MEYERS. Can. J. Chen~.  52, 3814 
(1 974). 

On a Ctudie les proprietis des phenoxachalcogtnine~ comme donneur vis vis le titracyano- 
ethylene (TCNE) cornnie accepteur. On a trouve que les valeurs thermodynamiques pour les 
interactions ne montrent aucune tendance particuliere quand I'atome de la chalcogtnine passe 
du Te au Se au S et a 0. Pour les quatres conlplexe un a un qui ont ete examines, les valeurs 
moyennes suivantes ont ete obtenues pour les proprietes therlnodynaniiqiles a 20' (les varia- 
tions totales pour chaque quantite sont donnies entre parenthese): K = 1.4 (1.0) 1 mol- ' ,  
AG = 0.2 (0.4) kcal 11101-', AH = 2.0 (0.2) kcal niol-I, AS = -7.0 (0.5) cal deg-I m o l l . L e  
manque de change~i~ent significatif dans les valeurs thern~odynarniq~~es est explique sur la base 
qiie tous les complexes impliquent des interactions similaires probablement du type de com- 
plexe ~noleculaire n-n. Les resultats sont essentiellement les mCmes que ceux obtenus pour les 
interactions entre le phenoxatellurine (PTe) et le chloranil (TCQ). [Traduit par le journal] 

Introduction 
When phenoxatellurine (1) is oxidized with 

concentrated nitric acid, white phenoxatellurine 
10,lO-dinitrate ( 2 )  is formed according to the 
following reaction : 

Phenoxatellurine 10,lO-dinitrate ( 2 ) >  when heated 
with sulfurous acid, is reduced to phenoxatel- 
lurine. During the oxidation and reduction reac- 
tions, a violet intermediate is formed (2). The 
formation of a violet-colored solid is also ob- 
served when crystals of B and 2 are mixed in 
the solid state (1,2). In our investigations of this 
interesting interaction (1) we liave encountered 
a number of difficulties in studying this reaction 
on a quantitative basis in solution. For example, 

in acetone, an irreversible reaction takes place 
which results in the formation of 10-acetonyl- 
phenoxatellurine nitrate (3). In ~nethylene 
chloride, at  room temperature, (1) and ( 2 )  react 
irreversibly to precipitate bis(phenoxatei1ui-o- 
nium)dinitrate (4). Because of these difficulties, 
in order to acquire some basic information on 
the nature of the charge-transfer interactions of 
molecules of this type, the study which is the 
subject of the present report was carried out. 

The phenoxachalcogenines (3) and related 
compounds such as thianthrene (4) have been 
used as donors in studies involving several 

X = 0 Diphenylene dioxide DPDO 
X = S Phenoxathlin PS 
X = Se Phenoxaseienine PSe 

3 X = Te Phenoxatellurine PTe 

4 
Thianthrene PSS 
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charge-transfer systems. Kuboyama (5) investi- 
gated PSS, PS, and DPDO as donors toward 
iodine and chloranil (tetrachloroquinone, TGQ). 
He found that 1 : 1 colnplexes were formed in all 
cases and obtained the values given in Table 1 for 
the equilibrium constants of the iodine system 
using the method of Ketelaar et al. (6). Hille- 
brand and her co-workers (7) have studied IPS 
and some of its derivatives as donors toward 
tetrachlorophthaiic anhydride (FPA) and the 
somewhat stronger acceptors, tetracyanoethy- 
lene (TCNE) and 2,3-dichioro-5,5-dicyanobenzo- 
quinone (DDQ) (8). However, they did not re- 
port equilibrium constants, extinction coeffi- 
cients, or thermodynamic values. 

Hetnarski and Hofman (9) studied PTe as a 
donor toward 1,3,5-trinitrobenzene (TNB), picric 
acid, and picryl chloride. In all cases 1 :  1 com- 
plexes were reported to form in solution. The 
equilibrium constants and extinction coefficients 
were calculated using the method of Benesi- 
Hildebrand (10). Table i lists the important re- 
sults of the study. The solid coinpound formed 
between PTe and TNB was also found to have a 
i : I stoichiometry. 

Metnarslci and Grabowska (1 1) studied the 
phe~~oxachalcogenines, DPDO, PS, PSe, and PFe 
as donors toward TNB in 1,2-dichloroethane. 
They report that in all cases 1 : 1 charge-transfer 
complexes are formed. DPDO gave a solid 2:  1 
complex in which two TNB rnolecules were co- 
ordinated to one of DPDO. The pertinent results 
of the study using the method of Benesi-Milde- 
brand (10) for calculating the equilibrium con- 
stants and extinction coefficients are also given 
in Table I .  

Typical spectra for the phenoxachalcogenine- 
TCNE and PTe-YCQ systems are shown In Fig. 
1 .  Job's plots were prepared for each system (1). 
Maxima appeared at mol fractions of 0.5 and 
these correspond to the formation of 1 : 1 com- 
plexes. In all cases. the maxima are fairly broad, 
which is characteristic of weak coinplexing sys- 
tems. In addition, the Job's plots were symmet- 
rical on either side s f  the maxima. This suggests 
an absence of termolecular complexes (12). 
While this does not rule out the possibility of the 
formation of higher compiexes in these systems, 
it does mean, that over the range of experimental 
concentrations used in the present study, the 1 : 1 
complex clearly predominates. 

Values for the equilibrium constant, K, and 
extinction coefficient, E,, were calculated using 
the inethod of Rose and Drago (13). Examina- 
tion of the results presented in Table 2 for the 
equilibrium constants and extinction coefficients 
for the phenoxachalcogenine charge-transfer 
complexes, shows that all of the equilibrium 
constants are less than 10, and that all the extinc- 
tion coefficients are relatibely small, of the order 
of a fen hundred to about a thousand. The small 
values for the equilibrium constants ~ndicate 
that the colnplexes formed are relativeiy weak, 
probably belng of the rc-rc charge-transfer type 
(14). There inay  ell be a much stronger charge- 
transfer band located at  shorter wavelengths but 
the uncomplexed components absorb very 
strongly in this region, so that observation of 
such a band IS precluded 

When attempts nre made to calculate values 
for equll~brium constants and the extinct~on co- 
efficients for weak complexes, a number of dlffi- 
culties are encountered (15-20) Person (15) dis- 
cusses some of these problems and polnts out 
that there are three regions to consider when one 
plots the absorbance of the system zs the con- 
centratlon of one of the components mhde 
maintaining a constant concentration of the 
other component When the donor concentra- 
tlon is small compared to that of the acceptor, 
the Increase I R  absorbance with Increasing 
donor concentrat~on 1s linear While the product 
of the extinct~oil coeficlent and the equlllbr~um 
constant may be obtained. the individLa1 values 
cannot be determined wlth certainty. When the 
concentration of the donor is large w ~ t h  respect 
to that of the acceptor, the absorbance remains 
essentially unchanged as the concentration of 
the donor is increased. Indicating that complete 

FIG. 1. Absorption spectra for rnixt~ires of the 
various phenoxachalcogenilles with TCNE and chloranil 
in dichloromethane at  20". 
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complexation has occurred. The extinction co- 
efficient may be obtained under these conditions 
using the method of Yoe and Jones (21). To ob- 
tain meaningful results for both K and E, from 
spectrophotornetric methods, the concentrations 
of the donor must be such that the absorbance 
is no longer linear with respect to concentration 
of the donor. 

Plots of the donor concentrations cs. absorb- 
ance are observed to deviate slightly from a 
linear relationship. A sample plot for the PTe- 
TCNE system is presented in Fig. 2. It is in this 
region of deviation from linearity that the 
methods of Rose and Drago (13), Benesi and 
Hildebrand (lo), Scott (22), and Ketelaar et al. 
(23) are used, and selection of K and E is difficult, 
because the deviation from linearity is small. 

Other investigators, such as Asmus (241, 
Momoki et a/.  (25) ,  and Likussar and Boltz (26) 
have reinvestigated the equations based upon 
the application of spectral data to various equili- 
brium problems. They have recast the equations 
into linear forms suitable for graphical portrayal 
and for detailed analysis. These methods are 
most useful when the deviations from linearity 
are pronounced and/or when the equilibrium 
constants are large. Since neither condition is 
met in our experiment, other methods of data 
treatment were tested. 

Consider the equilibrium expression 

where C, is the initial acceptor concentration 
which is kept constant throughout the experi- 
ment and C, is the initial donor concentration 

which is changed from run to run. C is the con- 
centration of the con2plex. If the expression is 
expanded and solved for C, [Z] is obtained. 

[2] C =  {(C, + C,. + IlKj - 
[(C, + C, + 1 1 ~ ) ~  - 4 ~ , ~ , , ] " ~ } / 2  

When a series of plots of C, rs. C for different 
values of C,, C,, and K are constructed, plots 
such as Fig. 3 are obtained. The limiting slope 
of the curve for C = 0, C, = 0 is given by 

The limiting slope for various values of K is 
shown in Fig. 3. 

If lines are drawn tangent to the plots of ab- 
sorbance of the complex rs. concentration of 
PTe at the origin such as in Fig. 2, an estimate of 
the value KE, for the various complexes can be 
obtained from the slope, (dAldC,,),. The slope is 
related to K and E, by expression [4], which is 
obtained directly from [3 j.  

There are two important limiting values for [4]. 
When KC, >> I ,  M r E,. This situation is en- 
countered in all of the systems utilized in the 
study of Momoki ef al. (25). Under this condi- 
tion it is possible to estimate the maximum ab- 
sorption to be expected from the complex, pro- 
vided that its formula is known. Otherwise, a 
trial and error analysis of the data, with various 

Abr0rb.n.e FIG. 3. Plot of the calculated concentration of the 
FIG. 2. Plot of the colicentration of phenoxatellurine complex for various values of K us. the variable concen- 

cs. the absorbance of the coniplex for 0.01 M TCNE, tration of the donor at 0.01 M acceptor concentration. 
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TABLE 2. Calc~~lated values for the equilibrium constant and extinction coefficient by the method of Rose and Drago 

Temperaillre Average 
Donor Acceptor ;-rnax (A) ("C)  E c E C  K - I  K ( l  mol-I) Kcc 

PTe Chloran~l 5900-6100 10.0  
20.0 
30.0 

PTe T C N E  7 100-7200 10.0 
20.0 
30.0 

PSe T C N E  6600-6800 10.0 
20.0 
30.0 

PS T C N E  5700-6800 10.0 
20.0 
30.0 

DPDO T C N E  6400-5500 10.0  
20.0 
30.0 

*Not enough crossorers for determination of a \'slue 

assumed values of the maxirnurn absorption 
must be made in order to apply their n~ethods. 
In the second case, KC, << 1 and A4 E &,KC,. 
These conditions are the ones that are encoun- 
tered for the complexes which are the subject of 
this study. 

Table 3 lists the slopes obtained from Fig. 2 
and the other plots of the concentrations of 
phenoxachalcogenine 1,s. the absorbance of the 
various complexes and the corresponding values 
of K, E,, and KE, calculated from the slopes. 
Table 4 lists the various values of K, E,, and KE, 
obtained by fitting point by point the calculaied 
curves in Fig. 4 to the experimental values plot- 
ted in Fig. 2 and related plots. When the deriva- 
tive of In M is taken with respect to ( l iT) ,  eq. 5 
results after the combining of terms and simpli- 
fication. 

d l n  M -- 1 d i n M  
Is' 

d(1 / T )  - ( K C ,  + 1)  m !  
The enthalpy for a reaction, AH, can be ob- 
tained from K by 

Combining [ 5 ]  and [6] yields 

plots such as those In Fig. 2. Flgilre 4 shows the 
plots of log (dA/dC,), t s .  LIT for the complexes 
Table 5 lists the values of AH calculated using 
this method It is the oplnloli of the authors, 
that t h ~ s  approach for the calculat~on of values 
for AH is better than that which utilizes the 
changes In the calculated values of X. Thts is 
perhaps because the values are obtained more 
dlrectly from exper~mentally observed values of 
the opt~cal absorption. 

The major source of uncerta~nty 111 this treat- 

iM is defined as the slope (dAldCy), so that AH FIG. 4, plots 0s log ( d ~ l d c , ) ~  CS. t , ~  for complexes 
can be calculated from the slopes of the various studied in this work. 
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TABLE 3. Calculated values of slopes, K, E,, and K E ,  for the phenoxachalcogenine 
complexes obtained from Fig. 5 and similar plots 

Temperature 
Donor Acceptor ("c) Slope K E c Kcc 

PTe Chloranil 10 11.39 1 1125 1125 
2 581 1162 
3 391 1173 

PTe Chloranil 20 10.31 1 1041 1041 
2 526 1052 
3 354 1062 

PTe Chloranil 30 9.09 1 918 918 
2 3 64 928 
3 312 936 

PTe TCNE 10 13.2  1 1330 1330 
2 674 1348 
3 453 1360 

PTe TCNE 20 11.63 1 1175 1175 
2 593 1186 
3 400 1200 

PTe TCNE 30 10.72 1 1082 1082 
2 548 1095 
3 368 1104 

PSe 

PSe 

PSe- 

PS 

PS 

PS 

DPDO 

DPDO 

DPDO 

TCNE 

TCNE 

TCNE 

TCNE 

TCNE 

TCNE 

TCNE 

TCNE 

TCNE 

ment is the ineasurement of the slopes of the values of K lnkolved are all quite sinall 
(dAIdC,), from the plots of A 1s.  C, In Fig 2 (1-3) and the value of C, is on the order of 1 to 
and related plots Another possible source of 2 x l o p 2  M. the illaximum uncertainty from this 
error is in the value of K used in eq. 7 but since source is of the order of a f e ~ .  percent. The 
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TABLE 4. Comparison of experimental curves in Fig. 5 with the calculated curves in Fig. 4 to obtain values of K, 
E,, and K E ,  at 20' 

Donor Acceptor 

Chloranil PTe 

PTe 

PTe 

PTe 

PTe 

PTe 

Chloranil 

Chloranil 

Chloranil 

TCNE 

TCNE 

PTe TCNE 

PSe 

PSe 

PSe 

PS 

TCNE 

TCNE 

TCNE 

TCN E 

TCNE 

TCNE 

DPDO TCNE 
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TABLE 4.  (Concluded) 

Donor Acceptor CO K Cv c x lo4 A &* CE, K c ,  

DPDO T C N E  0.02 2 0.02 7.398 0.133 
0.04 14.25 0.262 
0.1  32.09 0.673 
0 .2  55.12 1.31 

DPDO T C N E  0.02 3 0.02 10.69 0.133 
0.04 20.25 0.262 
0 .1  43.71 0.673 
0 .2  71.39 1.31 

*&, = AIC, for the value of C indicated. 
?Best value. 

assumptions inherent in this procedure are that 
the extinction coefficient of the complex is tem- 
perature independent and that the absorption is 
proportional to the concentration of the com- 
plex, 

Another approach for evaluating AH for the 
reactions being studied can be made from the 
change in absorbance with temperature. Con- 
sider the case which corresponds to the maximum 
absorption in the Job's plots for the various 
con~plexes. At the maximum, for 1 : 1 complexes, 
the concentrations of the donor and acceptor are 
equal and eq. 1 becomes 

Expressing [8j in logarithmic form and differen- 
tiating with respect to (l/T), [9] is obtained after 
simplification and rearrangement. 

If the assumption is now made that Cis  always 
much s~maller than C, (and this is the case be- 
cause of the small values of K obtained) then the 
term i/C in [9] is considerably larger than the 
second term and the approximation in [lo] can 
be made. 

TABLE 5.  Values of enthalpy of reaction ob- 
iained from the slopes of (dAldC,); C = 0, 

C" = 0 

Donor Acceptor AH(kca1 mol- I )  

PTe Chloranil -2 .Ok0.3 
PTe TCNE - 1 . 8 i 0 . 3  
PSe T C N E  - 2 . 2 k 0 . 3  
PS T C N E  -2.15-0.3 
IDPIDO TCNE - 1 . 9 i 0 . 2  

When Beer's law (pathlength taken as unity) 
is expressed in logarithmic form and differentia- 
ted with respect to 1/T, [I l ]  is obtained. 

The extinction coefficient is assumed to be tein- 
perature independent so [1 1 j reduces to 

By combining eqs. 10, 12, and 6, eq. 13 is ob- 
tained. 

C135 
d l n A  -AH 
dV/rr> = R 

If the log of A us. 1/T is plotted, A H  can be 
obtained from the slope and eq. 13. The only 
approximations made were that 6 ,  is temperature 
independent and that the second tern1 in 191 can 
be neglected. 

Considering the values of K, E ~ ,  KE,, and A i i  
calculated by the various methods, Table 6 
represents the best values obtained. Included in 
Table 6 are also the values of the peak-width at  
half of maximum intenrity, Av,,,, the frequency 
of the band maximum, v,,,,, the oscillator 
strength, f, obtained from ref. 27 

[I41 f = 1.35 x E,,, (v,,,-Av,!,) 

and the transition dipole moment, D, obtained 
from ref. 28 

i151 D = 0.0958 (E,,, Av1!2/~max) 

where v,,, corresponds to the vaiue calculated 
for 8,. 
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TABLE 6. Calculated values for the phenoxachalcogeiline con~plexes formed with tetracyanoethylene at 20" 

Donor Acceptor K (1 m o l l )  E C  K E ,  AH (kcal mol-') , , ,  (A) v ,,a, x cm-' 

PTe Chloranll 3 . 0 t  1 . 0  2001  50 650f 100 -1 .2  1 1 . 0  5900-6100 16.65 
PTe TCNE 1 . 0 i 0 . 3  llOOi.100 11OOi. 100 -2 .0  + 0 . 4  7000-7200 14.08 
PSe TCNE 1 . 5 i 0 . 5  485i-100 970i100 -2.1 i 0 . 2  6600-6800 14.93 
PS TCNE 2 . 0 1 0 . 5  400k100 9001100 -2 .1  t 0 . 3  6700-6800 14.81 
DPDO TCNE 1 . 0 t 0 . 5  200i100 300t100 -1 .95+0 .2  6400-6500 15.50 

AG2,3 
Donor Acceptor A V ~ , ~  x 10-3cm-1 f D (Debye) (kcal 11101-') AS (e.u.) Id (eV) 

PTe Chloranil 4.66 0.032 5.36 -0.06i.0.02 - 4 . O i 3 . 0  
PTe TCNE 3.84 0.152 28.74 0 . 0  k0 .02  - 6 . 8 k 1 . 3  7.59 
PSe TCNE 4.89 0.066 15.22 -0 .02+0.02 - 7 . 2 k 0 . 7  7.71 
PS TCNE 5.12 0.053 13.25 -0 .04f0.02 - 7 . 2 i 1 . 0  7.69 
DPDO TCNE 4.60 0.029 5.69 0 .0  i 0 . 0 2  - 6 . 7 k 0 . 7  7.79 

The ionization potentials of the phenoxa- complexes with TNB and that these complexes 
chalcogenines were calculated using the empirical have absorption maxima very close to those 
equation from ref. 29 formed with PS and DPDO, resvectivelv. Mix- 

An exa~uination of the data presented in 
Table 6 for the values of K, E,, AH, and related 
quantities, leads to the conclusion that the inter- 
actions between the phenoxachalcogenines and 
TCNE are essentially of the same type. In spite 
of the variations in the electronegativities of the 
chalcogen atoms in the series 0 > S > Se > Te, 
there is very little variation in the extinction 
coefficients, the wavelengths of maximum 
absorption, or  the thermodynamic values, from 
compound to compound. This suggests that the 
interaction for the series is basically of the same 
type, and almost certainly involves a delocalized 
n orbital on  the donor n~olecule rather than a 
localized n orbital of the chalcogen. 

This conclusion is different than that reached 
by Hetnarski and Grabowska (11). They used 
TNB as an acceptor with the phenoxachalco- 
genines in 1,2-dichloroethane as a solvent. They 
suggest that the interaction between this acceptor 
and the phenoxachalcogenines is of a localized 
n to  n type in the case of PTe, PSe, and PS, and 
of the n to n type in the case of DPDO. In view 
of the obvious lack of any meaningful differences 
in the thermodynamic values and equilibrium 
constants obtained by Hetnarski and Grabowska 
(11), listed in Table 1 ,  and the similar results 
obtained in the present study for K and AH, 
their conclusion is questionable. 

These investigators observed that diethyl sul- 
fide and diphenyl ether form charge-transfer 

tures of diethyl, di-11-propyl, or di-n-butyl ether 
with TNB were found not to absorb in the 
visible region. 

They proposed that, since diethyl sulfide and 
PS absorb a t  essentially the same wavelength, 
both must act as n-type donors. Similarly, since 
DPDO and diphenyl ether also absorb at  nearly 
the same wavelength, they must have essentially 
the same type of interaction with TNB. Since it is 
difficult to propose that oxygen acts as a n-type 
donor toward a relatively weak acceptor such as 
TNB, they assumed that a n-type interaction in- 
volving the aromatic ring was operative in the 
case of DPDO. In rebuttal, it may be noted that 
PS and DPDO absorb a t  nearly the same fre- 
quencies, so that this criterion does not appear 
to serve as a basis for differentiating between 
the n- and n-type alternatives for PS and DPDO. 

These investigators also reported the existence 
of a linear relationship between the location of 
the respective absorption maxima and the elec- 
tronegativities of the S, Se, and Te atoms. The 
electronegativity values used in making their 
correlations were those of Allred and Rochow 
(30). If one examines crit~cally the relationship 
of the ?,,,, to electronegativity, it is difficult to 
see any greater correlation other than the trend 
in h,,,, of Te > Se = S = 0 while the electro- 
negativity changes 0 > S = Se > Te. The change 
of A,,, with electronegativity is a little more ap- 
parent in the case of our study, being of the 
order Te > Se = S > 0, but again, considering 
the number of factors that can affect AH, E,, 
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and K, the interactions for the entire series do longer wavelengths is due to a related transition, 
not seem to change sufficiently to require the ciz., from the highest occupied molecular orbital 
hypothesis of basically different types of charge- on the donor to the lowest empty molecular 
transfer interactions. orbital on the acceptor. It further appears that 

An example of the magnitude in this change the absorption band which appears at 4500 A 
that has been observed in other work on n-type is due to a transition froin the second highest 
complexes may help to clarify the discussion. molecular orbital on the donor to the lowcst 
Zingaro and co-workers in a series of studies orbital on the acceptor (8). This appears to be 
(31-33) have examined the interaction of mole- true for all of the phenoxachalcogenine-TCNE 
cules of the type R3PX (X = 0, S, Se) with complexes, although there may be another com- 
iodine in chloroform. They have shown that the mon type of transition occurring. 
donor properties of R3PX are of a localized On the basis of the evidence presented in this 
n-type. work, together with a re-evaluation of those 

Thus, for R = cyclohexyl and X = 0 ,  S, and data resulting fro111 previous studies, the donor 
Se, the respective values are for ?,,,,,: 370, 421 actions discussed above for this group of mole- 
and 319 nm, for K: 39, 1820, and 46 600; for cules appear to be of n to n type. 
R = I-naphthyl and X = S and Se, the respec- 
tive values are for h,,,: 430 and 325 nm, for K:  Experimental 
96 and 9090, for AH: -4.66 and - 10.45 kcal 

Details on the preparation of the donors are described mol-" for AG: -2'70 and -5'40 licai nlol-l 
elsewhere (I). Phenoxatell~~rine, purified by several 

and for AS:  -6.58 and - 16.94. e.u.; for R = res~~blimations at  80" (0.05-0.1 Torr), melted at 76-77"; 
phenyl, or mixed aryl groups. the trends in these phenoxaselenine, purified by resublimation and recrystal- 
values follow a very similar pattern. This is in h a t i o n  froni ethanol, melted at 85-86'. Phenoxathiin was 

marked colltrast with the results obtained with purchased from Eastman Organic Chemicals and was re- 
crystallized from petroleum ether to a constant melting the ~~~~~~~~~~~~~~g~~~~~ TNB' point of 56-57^, Diphenylene dioxide was purchased from 

The differences that have been observed in the K&M Laboratories and recrystallized to a constant 
R,PX.I, systenl have been explained as being melting point of 120-121". Tetracyanoethylene was pur- 

due to several factors (341, including ionizatioll chased froni the Aldrich Chemical Company and sub- 

potentials and n interactions. limed through activated wood charcoal to a melting 
point of 200-201' (sealed tube). Chloranil was purchased 

~ i l l ebrand  et a/. (8) ill their study of the in- from Eastman Organic Chemicals and recrystallized 
teraction of PS with TCNE have suggested that fromtolucne to a constant melting point of 291-292' 
the absorption band at 6700-6800 A is due to (sealedtllbe). 

the transitioll from the last occupied ~nolecular The dichlorolnethane was Reagent A. '2. S. grade, 
purchased from Matheson, Coleman and Bell. It was re- '* the donor to the lowest empty fl~lxed over P,O, and distilled over this reagent under a 

cular orbital on the acceptor. The absorption dry nitrogen atlnosphere, 
peak which occurs at about 4300-4500 A was Spectra of the thermostatted salnples ( i0 .1")  were 
assigned to a somewhat higher energy transition recorded on a Gary bb~de l  14 spectrometer. 

from the second highest filled molecular orbital 
on the donor to the lowest unfilled orbital on the This work has been assisted by a grant from the 

Robert A. Welch Foundation, Houston, Texas, and the acceptor. National Science Foundation (Grant No. GP-27588). 
The phenoxachalcogenines all exhibit similar The Selenium-Tellurium Development Assn., Inc., has 

maxima, with an absorption band (6400-7200 A) kindly furnished assistance in defraying the costs of 
shown in Fig. 1 ,  which is formed on interaction publication. 

with TCNE. A second solnewhat less intense 
band is also seen close to 4500 A in  all of the 1. c .  A. HELLER. Ph.D. Dissertation, Texas A&M 

University. 1972. 'ystems except the PTe-TcNE systein' PTe it- 
2, M, D, K D R E ~ ,  J ,  Chem. Sot, 3054 (1926). 

self possesses characteristic absorption at wave- 3, M, M. M A N ~ I O N ,  M, R, sMITH, and E, A, MEYERS. 
lengths shorter than about 4500 A. This pre- J. Heterocycl. Chem. 10, 537 (1973). 
sumably precludes the observation in the corn- 4. M. M. MANGION, M. R. SMITH, and E. A. MEYERS. 

J. Heterocycl. Chem. 10, 543 (1973). 'Iex of a second band near 4500 A' Since of 
5. A KUBOYAMA. J. Am. Chem Soc. 86, 164 (1964). the absorb at the same 
6. J. A. A. KETELAAR, C. VAN DE STOLPE, A. GOC'D- 

region of the visible spectrum, it is reasonable SMIT, and w. DZCIJBA~, R ~ C .  Trav. Chim. Pays-B~S, 
to assume that the absorption band at these 71, 1104 (1952). 
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COMMUNICATIONS 

Oxidative Transfer Dehydrogenation of a,P-Unsaturated Carbinols 
to a,P-Unsaturated Ketones Catalyzed by Ruthenium Complexes 

YOEL SASSON AND GARRY L. REMPEL 
I~zorgnnic Cl7emistr.y Laborutoq,  Depurtmetlt ~f'Cl7ernicul Engineering, Unitjersity of' Waterloo, 

Waterloo, Onturio, N2L 361 

Received July 11, 1974 

YOEL SASSON and GARRY L. REMPEL. Can. J. Chem. 52, 3825 (1974). 
The homogeneous competitive intermolecular and intramolecular hydrogen transfer from 

unsaturated carbinols to vinyl ketones in the presence of a number of ruthenium complexes is 
reported. The oxotriruthenium complex, Ru,O(OOCCH,), was used in applying this process 
for the oxidative transfer dehydrogenation of unsaturated carbinols to unsaturated ketones. 

YOEL SASSCN et CARRY L. REMTEL. Can. J. Chem. 52, 3825 (1974) 
On rapporte le transfert homogene d'hydrogene de carbinols non-satures a des vinyl cetones 

en presence d'un certain nombre de complexes de ruthenium; la reaction implique une com- 
petition inter- et intramoltculaire. On a utilise le complexe oxotriruthCnium, Ru,O- 
(OOCCH,), afin d'appliquer ce processus a la dehydrogenation impliquant un transfert oxydant 
d'hydrogene des carbinols insatures en cetones non-saturees. [Traduit par le journal] 

Recently we have investigated (1) the homo- 
geneous rearrangement of unsaturated secondary 
alcohols to the corresponding saturated ketones 
via an intran-iolecular hydrogen transfer (re- 
action 1). 

[I]  RCH=CHCH(OH)Rf -+ RCH2CHZCOR' 

Reaction 1 was carried out in the presence of a 
number of ruthenium complexes; the oxotri- 
ruthenium acetate complex, Ru,O(OOCCH,),, 
being the most active and selective complex for 
the intramolecular hydrogen transfer process. 

While studying the effects of various co- 
catalysts or potential inhibitors for reaction 1 
we have found that in the presence of vinyl 
ketones reaction 1 is significantly inhibited and 
a competitive intermolecular hydrogen transfer 
process (reaction 2) is found to occur. 

[2] RCH=CHCH(OH)Rf + CH,=CHCOR" -+ 

RCH=CHCOR' f CH,CH2CORr' 

For example, when a mixture of 1-hexene-3-01 
(0.5 g, 50 mmol) methyl vinyl ketone (0.35 g, 50 
mmol), and RuCI,(P(C,FI,),), (19 mg, 2 x 
lo-' mmol) was maintained under nitrogen1 in 

'The nitrogen atmosphere is not essential and reactions 
of this type also take place in the presence of air. 

a sealed tube at 100 "C a clear reddish-orange 
solutiorl resulted. Analysis of the solution by 
g.1.c. after 4.5 h indicated that the mixture con- 
tained 0.285 g (28.5 mmol) hexene-3-one, 0.215 g 
(21.5 mrnol) 3-hexanone, 0.200 g (28.5 mmol) 
2-butanone, and 0.150 g (21.5 mmol) of the 
remaining methyl vinyl ketone. Thus, in this 
case, 43% of the 1-hexene-3-01 reacted via the 
intramolecular route to yield 3-hexanone and 
5 7 x  yielded the intermolecular product 1- 
hexene-3-one.' 

Results of siinilar experiments with a nurnber 
of catalysts under various conditions are sum- 
marized in Table 1. 

As ktas found for the intramolecular process 
(I), Ru,O(OOCCH,), was also the most active 
and selective complex for the intermolecular 
reaction. The results in Table 1 indicate that the 
efficiency and selectivity of the catalyst depend 
on its concentration, donor: acceptor molar 
ratio, and reaction temperature. Highest yields of 
intermolecular transfer were obtained using 0.02 
mM Ru,O(OOCCEI,), at 100 "C with a donor: 

'It should be noted that after some I-hexene-3-one is 
formed it can itself be reduced to 3-hexanone via the 
intermolecular route. However, relative rate studies have 
indicated that this path is of minor importance. 
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3826 CAN.  J CHEM VOL. 5 2 ,  1974 

TABLE 1. Hydrogen transfer of I-hexene-01 in the presence of methyl vinyl ketone" 

% Inter- % Intra- 
Concentration Molar ratio molecular molecular Tin~ef- 

Catalyst (mM)  donor/acceptor transfer transfer (h) 

RuCI33Hz0 0.02f 111 56 3 8 4.0 
R L ~ C ~ ~ ( P ( C ~ H S ) ~ ) ~  0.02 111 57 43 4.7  

0.08 111 5 8 42 4.3 
0.02 115 64 3 6 14.0 

R U H C I ( P ( C ~ H S ) ~ ) ~  0.02 111 49 5 1 5.3 
RL~H(OOCCH~)(P(C,H,),), 0.02 111 37 63 4.7  
RhCl(P(C&s)3)3 0.02 11 1 24 76 1.5 
Ru30(00CCH3), 0.0075§ 111 59 41 0.75 

0.02 111 70 30 0.58 
0.02 1 /5 89 1 I 0.42 
0.02 118 8 8 12 0.42 
0.005 115 87 13 1.17 
0.0025 115 78 22 2.50 
0.021 115 80 20 7 .5  
0 .029 115 8 3 17 0.25 

*Reaction conditions: 50 mmol I-llexene-3-01 plus apnropriare amount  o f  methyl vinyl ketone and the catalyst in a sealed tube under N2 at  
100 'C. Separation o fp roduc t s  on a 1 .8  m 10% Carbowax 20M o n  chromosorb W columii a t  70 "C.  

+Time required for  complete disappearance o f  I-hexene-3-01, 
t6Z of dehydrat~on and hydrogenoiysis products identified (2). 
#In all experiments where Ru,0(OOCCH,)7 \!as used, 0.5 ml ethylene glycol u a s  added as co-solvent. The co-solvent played n o  part  in the 

transfer reaction itself. 
I S 5  "C. 
7115°C.  

TABLE 2. Ox~dat~ve transfer dehydrogenat~on of unsaturated alcohols to unsaturated ketones 
u ~ t h  methyl v~nyl ketone catalyzed by Ru30(OCCH3)," 

Temperat~~re Time Y leld 
Alcohol Product PC) (h) (%I 

*Reaction conditions: 50 mmol of alcoliol, 250 t n ~ n o l  n?ethyl binyl ketone, 40 mg of Ru,0(OCCK3), in 0.5 ml ethylene glycol. Prodiicts \!ere 
separated o n  a 1.8 m 1 0 Z  Carbo\vax 20h1 on Chromosorb W Column at  70°C. 

acceptor molar ratio of 115. It is of interest to 
note that RuCI,(P(C,H,)~), is quite different in 
its behavior when excess of acceptor is present; 
the selectivity for intern~olecular transfer is 
slightly improved but the reaction rate is very 
much lower. 

Other common alcoholic donors (3) (i.e. 
benzyl alcohols) were not reactive for reduction 
of vinyl ketones. Also other potential acceptors 
(3, 4) (i.e. chalcone, benzalacetone, acetophe- 
none) also did not react with unsaturated 
alcohols under the conditions noted in Table 1. 
The combination of unsaturated alcohols as 
hydrogen donors and vinyl ketones as acceptors 
in the presence of Ru30(OOCCH3), or RuC1,- 
(P(C,M,),), is apparently the most reactive 

homogeneous intermolecular hydrogen transfer 
system so far reported (3-6). 

Although the intermolecular hydrogen trans- 
fer reaction may have some practical value for 
selective reduction of vinyl ketones to ethyl 
ketones, the major utiiity of the process is for 
the oxidative transfer dehydrogenation of un- 
saturated ~ a r b i n o l s . ~  In this manner we have 
oxidized some 1-alkene-3-01s to the correspond- 
ing 1-alkene-3-ones; other unsaturated alcohols 
requiring somewhat stronger conditions for 
oxidation. In Table 2, results of some of these 
oxidations are provided. 

3Similar oxidation of diols have previously been 
reported (7). 
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COMMUNICATIONS 3827 

At present, no detailed mechanism can be 
deduced for the intermolecular hydrogen trans- 
fer, however, the following general remarks are 
applicable. The inhibition effect of the added 
vinyl ketone on the intramolecular route 
(reaction 1) suggests that coordination and 
activation of the acceptor (i.e. the vinyl ketone) 
occurs prior to the coordination of the donor. 
This fact is particularly evident in the case of the 
catalyst RuCl,(P(C,H,),), where in the presence 
of an excess of acceptor, the reaction rate is 
extremely slow; apparently due to blocking of 
the coordination sites on the catalyst by the 
unsaturated ketone. Since the competitive inter- 
molecular and intramolecular reactions proceed 
essentially at the same rate, they probably involve 
a similar rate determining step. Based on pre- 
vious related studies (4, 6, 8) it would appear 
that this step involves the breaking of the C-H 
bond a to the hydroxyl in the donor. The 
hydride is then transferred directly, or via a 
metal hydride intermediate, to the bound un- 

saturated ketone or intramolecularly to the 3- 
position of the unsaturated alcohol. 

We thank the National Research Council of Canada 
and the University of Waterloo for financial support, and 
Engelhard Industries for the loan of ruthenium. 
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JOE MURPHY and JOHN W. BUNTING. Can. J. Chem. 52,3829(1974). 
The hydrolyses of the 0-hippuryl derivatives of glycolic acid (la), 2-methyllactic acid (lb), and 

p-chloromandelic acid (lc) by bovine carboxypeptidase A display substrate activation. The 
hydrolyses of the latter two esters also display substrate inhibition at high substrate con- 
centrations (> 0.03 and > 0.05 M respectively). Partial kinetic analyses are presented, and these 
phenomena are discussed in terms of reaction schemes which involve substrate binding at both 
activating and inhibiting regulatory sites. 

The hydrolysis of l b  by this enzyme is the first indication that the presence of a hydrogen 
atom on the a-carbon atom of the alcohol moiety is not obligatory for ester substrates of 
carboxypeptidase A. The binding of l c  at the catalytic site is approximately 1000 times weaker 
than for 0-hippurylmandelic acid and indicates a dramatic influence for the p-chloro sub- 
stituent on the binding of the phenyl ring of the mandelic acid unit. 

JOE MURPHY et JOHN W. BUNTING. Can. J. Chem. 52,3829 (1974). 
L'hydrolyse des dkrivks 0-hippuryle des acides glycolique (la), 2-mkthyllactique (16) et p- 

chloromandelique (lc) par la carboxypeptidase A de bovin dkmontre une activation du substrat. 
L'hydrolyse deces deux derniers esteisdkmontre aussi une inhibition du substrat a haute con- 
centration en substrat (respectivement > 0.03 et > 0.05 M). Des analyses cinttiques partielles 
sont presentkes et ces phknomenes sont discutts en termes de schtmas rkactionnels impliquant 
un lien du substrat a chaque site activateur et inhibiteur. 

L'hydrolyse de l b  par cet enzyme est la premiere indication, que la prisence d'un atome 
d'hydrogtne sur l'atome de carbone en alpha sur une partie de l'alcool, n'est pas obligatoire- 
ment requise pour les substrats esters de la carboxypeptidase A. Le lien de l c  au site catalytique 
est approximativement 1000 fois plus faible que pour l'acide 0-hippurylmandtlique et indique 
une influence critique pour le substituant p-chloro sur le lien du cycle phknyle du groupe acide 
mand6lique. [Traduit par le journal] 

Substrate activation and inhibition effects are of esters of hippuric acid by carboxypeptidase A. 
often observed in the hydrolysis of dipeptide Each of these examples is important in further 
substrates and their ester analogs by bovine illuminating the substrate specificity of this 
carboxypeptidase A. Although many cases of enzyme. 
substrate inhibition of ester hydrolysis are known 
(1-3), only one example of substrate activation 
of ester hydrolysis has been reported (4). Thus, C6H,C-NH-CHz-C-0-C-COzH I 
0-hippurylglycolic acid (la) displays a sigmoid 
dependence of initial velocity of enzymic hydrol- 

I I  
0 

I1 1 
0 Rz 

ysis upon substrate concentration. In this com- aR1 =R1 = H 
munication, we wish to report two further b R1 = Rz = CH3 
examples of substrate activation in the hydrolysis c R1 = H; RZ = p-C1CsH4 
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Experimental 
Synthesis of Szlbstrates 

5-Hippurylglycolic acid ( la) :  A mixture of hippuric 
acid (0.055 mol), benzyl chloroacetate (0.050 mol), and 
triethylamine (0.050 mol) in acetonitrile (100 ml) was 
heated under reflux for 16 h. After cooling, the triethyl- 
ammonium chloride was filtered off and the acetonitrile 
removed on the rotary evaporator. The residue was dis- 
solved in dichloromethane (30 ml) and extracted with 3 M 
HC1 (100 ml) and then with saturated aqueous sodium 
bicarbonate (200 ml). After drying over magnesium sulf- 
ate the dichloron~ethane was removcd under vacuum to 
give an oil which crystallized on standing. This crude 
benzyl 2-hippuroxyacetate was recrystallized from a 
benzene-hexane mixture; yield 89%; n1.p. 100-102". 
This benzyl ester (0.040 mol) in ethyl acetate (400 ml) 
was hydrogenated at 1 atm. and room temperature in the 
presence of 577, Pd-C (0.5 g) until uptake of hydrogen 
ceased. Acetone (400 ml) was added, and the solution was 
heated to boiling and filtered. Removal of the solvents 
under vacuum gave the crude 0-hippurylglycolic acid in 
essentially quantitative yield. After recrystallization from 
8 :1 1,2-dichloroethane-acctonitrile: m.p. 166-167' (lit. 
(4) 165-166'); p.m.r. (CF,C02D)G: 4.58 (2H, s), 4.97 
(2H, s), 7.70 (5H, m). 

0-Hipprrrjl-2-merhjllnctic acid ( l b ) :  A stirred mixture 
of hippuryl chloride (0.184 mol), 2-methyllactic acid 
(0.216 mol), and tetrahydrofuran (500 nil) was treated 
dropwise with pyridine (40 ml, 0.48 mol). After further 
stirring for 15 h at  room temperature, the pyridine hydro- 
chloride was filtered off and the tetrahydrofi~ran was 
removed under vacuum. The residue was dissolved in 
dichloromethane (500 ml). Upon extraction of this solu- 
tion with 3 M-HCI (500 ml), large quantities of colorless 
crystals separated. The contents of the extraction funnel 
were filtered and the solid washed with dichloromethane. 
The crude ester was recrystallized from 3 :2 1,2-dichloro- 
ethane-acetonitrile; yield 85%; m.p. 167-168"; p.m.r. 
(CF,CO,H)G: 1.77 (6H, s), 4.50 (2H, broad s), 7.67 
(5H, m), 8.13 ( lH,  broad s). 

Anal. Calcd. for C,,H,,NO,: C, 58.9; H,  5.70; N,  
5.28. Found: C, 59.0;H, 5.95; N,5.26. 
~~-0-Hipp~iq~l-p-c/7lo1~ori1andelic ucid (lc): By the 

pyridine-catalyzed esterification of hippuryl chloride with 
DL-11-chloromandelic acid as described above; yield 6 9 z ;  
n1.p. 199-200" (1 : l  1,2-dichloroethane-acetonitrile); 
p.m.r. (CF,C02H)G: 4.67 (2H, d, J C ~ - h l l  = 4 HZ), 
6.25 ( lH,  s), 7.52-7.70 (IOH, m). 

Anal. Calcd, for C,,H,,CINO,: C, 58.7; FI, 4.06; 
CI, 10.2: N, 4.03. Found: C, 58.9; H, 4.37; C1, 10.7; 
N, 4.05. 

Kinerics 
Carboxypeptidase A was obtained as a toluene- 

preserved s~~spension from Worthington Biochemical 
Corporation (Code COA). Stock solutions of this enzyme 
and of the substrates were prepared as described previ- 
o~lsly (5). 

All hydrolyses (enzymic and nonenzymic) were followed 
on a Radiometer pH-Stat in aqueous solution at  25". 
ionic strength 0.5 (substrate + NaC1). The general 
experimental technique and estimation of the velocities 
for the enzymic hydrolyses (performed at  p H  7.5) have 
been described elsewhere (5). Calculations for the racemic 

ester l c  are based on the assumption that only the L-ester 
is hydrolyzed and that the D-ester is neither a substrate 
nor a competitive inhibitor.' This has been established 
for several carboxypeptidase A substrates (1, 6-8) and 
was supported by the observation that only 50 f 2% of 
the ester l c  had been hydrolyzed by carboxypeptidase A 
at equil~brium. The esters l a  and l b  were completely 
hydrolyzed by enzyme, and all three substrates were 
con~pletely hydrolyzed in aqueous base (pH 10-11). 
Pseudo first-order rate constants for the nonenzymic 
reactions were obtained from the slopes of linear first- 
order plots, and in each case, except lb,  the values of 
koH were obtained by averaging four runs in the region 
p H  10-11. The hydrolysis of l b  was so slow that kol l  was 
estimated from the initial rate a t  p H  11. 

Results 
The dependence of the initial velocity on sub- 

strate concentratioll for the hydrolysis of each 
of the esters l a ,  b, c by carboxypeptidase A at  
p H  7.5, ionic strength 0.5 and 25" is indicated 
in Figs. 1-3. In each case, at low substrate con- 
centrations, the velocity shows a greater than 
linear dependence on substrate concentration, 
which is typical of substrate activatioa. The data 
for 0-hippurylglycolic acid agree closely a t  all 
but the highest substrate concentrations with 
the data previously reported for this ester by 
Kaiser and co-workers (4) under the same experi- 
mental conditions. At high substrate concentra- 
tions, the esters Pb and c each display substrate 
inhibition with the velocities through 
maxima a t  substrate concelltrations of approxi- 
~nately 0.03 and 0.05 M for Bb and c, respectively. 

Lineweaver-Burk plots (Elc ta. 11s) of the 
data in Figs. 1-3 confirm the presence of sub- 
strate activation for the esters l a ,  b, c. These 
plots are linear only a t  very low substrate con- 
centrations (< 1.0 x M for Bci; < 1.6 x 

M for Bb; < 4 x 1OP4Mfor 1c)and show 
negative deviations typical of substrate activa- 
tion a t  higher concentrations. Extrapolations 
from these linear regions pass through the origin 
(e.g. Fig. 4 for Ib)  and the slopes of these lines 
may be used to evaluate k,,,JK,,, in the absence 
of substrate activation (i.e. for formation and 
reaction of an E . S  con~plex). Values of k, , , /K, 
for each ester are collected in Table 1, and the 
broken lines in Figs. 1-3 indicate this predicted 
behavior in the absence of substrate activation. 

'A recent analysis (J. Murphy and J. W. Bunting (15)) 
of the influence of the D-ester on the hydrolysis of 5-hip- 
puryl-L-mandelic acid by carboxypeptidase A is consis- 
tent with this assumption; see also ref. 14. 
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MURPHY AND BUNTING: CARBOXYPEPTIDASE A 3831 

FIG. 1. Dependence of initial velocity on substrate 
concentration for the hydrolysis of 0-hippurylglycolic 
acid (la) by carboxypeptidase A (25", p H  7.5, ionic 
strength 0.5). 0 present work; A data of ref. 4. The 
broken line indicates k,,,/Km for nonactivated hydrolysis. 

FIG. 2. Dependence of initial velocity on substrate 
concentration for the hydrolysis of 0-hippuryl-2-methyl- 
lactic acid (Bb) by carboxypeptidase A (25", p H  7.5, ionic 
strength 0.5). The broken line indicates k,,,/Km for non- 
activated hydrolysis. 

FIG. 3. Dependence of initial velocity on substrate con- 
centration for the hydrolysis of 0-hippuryl-DL-p-chloro- 
mandelic acid (Be) by carboxypeptidase A (25', pH 7.5, 
ionic strength 0.5). The broken line indicates k,,,ik;, for 
nonactivated hydrolysis. The fuli line is an iterative fit 
(see text) using KIaPP = 0.14 M ,  K3"PP = 2.0 x lW3 M3 
kzapP = 1.0 x lo3 min-', k 3  = 860 min-' (average error 
= 5.2%). 

FIG. 4. Lineweaver-Burk plot for the hydrolysis of l b .  
The line of the major figure is defined in the inset at  lower 
substrate concentrations. 

The simplest general reaction scheme that is 
capable of fitting the observed substrate activa- 
tion phenomena seems to be Scheme 1. 

Assuming that the equilibria are established 
rapidly relative to k ,  and k , ,  this scheme gives 
the rate eq. 1.  

k ,  S k ,  S2 

Thus, at  low substrate concentrations, the 
observed k,,,/K,,, is equivalent to k 2 / K ,  and is 
the real specificity constant for nonactivated 
substrate hydrolysis by the enzyme. At high 
substrate concentrations, and in the absence of 
substrate inhibition, this scheme predicts c/E z 
k,. Plots of E,'c against 1/S2 for Pa, b,  c at sub- 
strate concentrations less than that at which the 
maximum velocity occurs in Figs. 2 and 3 may 
be conveniently extrapolated to I /S2 = 0 (Fig. 
5 ) ,  and values fork,  derived in this way (recipro- 
cai of the ordinate intercept) are included in 
Table 1. 

Equation 1 is a second-degree equation of the 
form that we have previously fitted to experi- 
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TABLE 1.  Kinetic parameters for the hydrolysis of C6H5CONHCHzCO2CRlR2CO2- by carboxypeptidase A' 

R1 Rz k21Kl (M-I min-l)b k3 (min-l)c KlaPp(M)d kzaPP (min-l)d K3app(M)" KIK,(M')~ 

'A t  25", pH 7.5, ionic strength 0.5. 
bFrom reciprocal o f  slope o f  linear portion o f  Elu us. 1/S (at low S). i.c. k /Km. 
CFrom reciprocal o f  ordinate intercept o f  El" cs. l/S2 at substrate cAncentTitions less than that at which the maximum velocity occurs. 
"Minimum estimates obtained from ihe iteration procedure. 
eMaximum estimates obtained from the iteration procedure. 
'From slope o f  Elu us. 1/S2 (see text). 
#All data for this ester from ref. 3. 

FIG. 5. Dependence of E/v on 1/S2 at substrate con- 
centrations lower than that at which the maximum 
velocity occurs for la  (A), l b  (B), and l c  (C). 

mental data by an iteration procedure (9). 
However, attempts to fit the present activation 
data to eq. 1 by this iteration technique lead to an 
infinite number of mathematically acceptable 
solutions for the parameters kZapp = k2/(1 + 
K1/K2), KlaPP = K1/( l  + K1/K2),  and K3aPP = 
K3(l + Kl/K2),  which arise because of the non- 
convergence of the iteration technique for the 
present experimental data. These solutions are 

characterized by approximately constant values 
for k,, K1aPPK3aPP = K1K3 and kzaPP/KlaPP = 
k z / K l ,  but widely varying individual values for 
kZaPP, KlaPP, and K3aPP. For example a solu- 
tion with KIaPP = X ,  k Z a P P  = y, K3aPP = Z ,  and 
k ,  = k ,  gives the same close fit to the ex- 
perimental data as a solution with KlaPP = 

lox, kzaPP = 10y, K3aPP = 0.12, and k ,  = k,. 
Unfortunately, a distinction of the physically 
meaningful solution does not seem possible for 
any of these esters. (See Fig. 3 for one set of 
parameters for l c  and the curve generated 
according to eq. 1.) 

Despite these shortcomings in the kinetic 
analysis, partial solutions with physical meaning 
can still be obtained. For example, the ratio of 
k z  t o  Kl can be derived for each substrate, as 
discussed previously. As discussed above, values 
for k ,  can also be estimated by extrapolating to 
1/S2 = 0 plots of E/u us. 1/S2 at substrate con- 
centrations less than that at which the maximum 
velocity occurs. This extrapolation also suggests 
that over the linear region of this plot eq. 1 may 
be approximated by: 

Thus the product KlaPPK3aPP may also be ob- 
tained from the slope of this plot (Fig. 5) ,  and 
these values for la ,  b, c obtained in this way are 
included in Table 1 and are in reasonable agree- 
ment with the same product evaluated by the 
attempted iteration technique. Lastly, minimum 
estimates for k,"PP and KlaPP can be obtained 
directly from the multiple solutions of the 
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MURPHY AND BUNTING: CARBOXYPEPTIDASE A 

TABLE 2.  Base-catalyzed hydrolysis of hippurate and acetate esters 
- - -- - - 

C6H5CONHCH,C02CRlR2C0,- C H ~ C O Z C H ~ ( C H ~ ) ~  -n 

RI RZ koH (M-'  min-I)" Relative korl n Relative koHb 

H H 129 1 2  1 
H CzH, 25.1 0 . 1 9  1 0 . 2 4  
CH3 CH3 1 . 4  0.011 0 0 . 0 1 4  
H C6H5 7 1 . 4  0 . 5 5  
H p-CICsH4 102 0 . 7 8  

aAt 25', ionic strength 0.5. 
bFrom ref. 10. 

iteration procedure, since acceptable fits2 to the 
experimental data seem to occur only if kzaPP 
and KIaPP exceed certain values. This method 
also affords maximum values for K3aPP, since the 
process of minimizing KlaPP simultaneously 
maximizes K3"PP (because K1aPPK3aPP appears to 
be constant in all of the mathematically accept- 
able solutions, as discussed previously). Values 
for k,, minimum estimates for kzaPp and KlaPP, 
and maximum estimates for K3aPP are listed in 
Table 1. 

The reasons for the multiple solutions that are 
obtained in the attempted parameter evaluations 
by the iteration technique are clear from the 
relative values for KIaPP and K3aPP in Table 1 in 
the cases of la  and c. For each of these esters, 
KIaPP is at least a factor of 10 larger than K3aPP, 
which indicates that the affinity of E .  S complexes 
for S to form E.Sz is much greater than the 
affinity of E for S to form E.S. Thus at substrate 
concentrations at which activation is exhibited, 
the predominant enzyme-substrate complex 
present in solution is E.S2, with very little E .S  
being present. The kZaPPS term therefore con- 
tributes very little to the total observed velocity, 
and so the calculated velocities in eq. 1 are 
relatively insensitive to the variation of kZaPP 
over a relatively wide range of possible values. 

Also included in Table 1 for comparison, are 
similar parameters for the esters 1: R l  = H; 
R2 = C,H, and 1:  Rl  = H; R2 = C,H, which 
display substrate inhibition that we have pre- 
viously fitted (3) by an equation of the same form 
as eq. 1. 

The nonenzymic base-catalyzed hydrolysis of 

zAn acceptable fit is defined here as having a set of 
parameters for which the average percentage difference 
between the calculated and experimental velocities is not 
greater than the experimental error in the velocity data 
(-5-89,). 

each of the esters in Table 1 has also been 
measured. The second-order rate constants, koH, 
for these reactions are collected in Table 2. The 
observed dependences of k,, on structural vari- 
ations in the alcohol moiety of these esters are 
typical of those usually observed in base- 
catalyzed hydrolyses of carboxylate esters (10). 

OnIv for ester l b  were substrate inhibition data 
obtainable over a relatively wide range of sub- 
strate concentrations under the present experi- 
mental conditions. A plot of v/E us. 1/S for l b  
at high substrate concentrations (Fig. 6) is 
approximately linear, and extrapolation to 1/S = 
0 ( i .e .  infinite substrate concentration) indicates 
that the velocity apparently does not approach 
zero but rather 1.3 x lo3 min-I (ordinate inter- 
cept) at high substrate concentrations. 

Discussion 
The hydrolysis of the esters la,  b, and c by 

carboxypeptidase A is characterized by sub- 
strate activation, at least over part of the sub- 
strate concentration range examined. Like the 
substrate inhibition previously observed for 
other hippuric acid esters (3) the activation 
curves can be fitted by Scheme 1, indicating that 

FIG. 6.  Dependence of VIE on 1 / S  for l b  at high sub- 
strate concentrations. 
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+ S k3A 
SAE d- SAES +E + S + Products 
A K4 l i  

+ s  1 1 1  K3 

k2 

E,  'ES  -------+E -k Products 
41 K I  A 

I 1 K ~ ,  + S  + S  K ,  

11 +s I t  k J 1  
SIE -SIES U E  + S f Products 

K7 
SCHEME 2 

the substrate activation is caused by binding of 
two molecules of substrate to the enzyme. 

The existence of substrate activation in the 
hydrolysis of the present esters can be rational- 
ized in two different ways. It  is possible that the 
enzyme possesses not one, but two regulatory 
sites, one of which is associated with substrate 
inhibition and the other with substrate activation. 
A kinetic scheme consistent with this hypo- 
thesis is shown in Scheme 2. Here, substrate 
may bind to the active site (S), an inhibiting 
regulatory site (S,), or an activating regulatory 
site (S,), and hydrolysis within these complexes 
is such that k,' < k, < k,". Substrate activation 
or inhibition is then caused by prefcrcntial 
binding of substrate to the activating or inhibit- 
ing regulatory sites, respectively. The main 
problem with this interpretation is that the 
activating regulatory site would have to possess 
an unusual specificity towards binding of hippuric 
acid esters in order to accommodate the three 
examples of substrate activation that are ob- 
served in the present work. For example, the 
activating site would appear to bind esters with 
large R side chains (1: R l  = H ;  Rz  = p- 
ClC,H,) and small R side chains (1: R1, 
R, = H or CH,) and yet is apparently unable to 
accommodate side chains of intermediate size 
like phenyl, benzyl, or aliphatic groups like 
ethyl, propyl, etc. This seems highly improbable. 

An alternative explanation for substrate activa- 
tion and inhibition can be devised which involves 
only one regulatory site. According to this 
interpretation, substrate activation and inhibi- 
tion are simply diflerent aspects of the same 
basic phenomenon, whose manifestation as sub- 
strate activation rather than inhibition (or vice- 
versa) is dependent only on the relative values of 
the kinetic parameters k,"PP, KIaPP, kj ,  and K,apPP. 
The simplest kinetic scheme which describes the 

enzymic hydrolysis of the hippuric acid esters is 
Scheme 1, which generates the rate eq. 1. The 
condition that substrate activation should occur 
is thus given by inequality (2), which simplifies 
to the inequality (3). Similarly substrate inhibi- 
tion is predicted by the inequality (4). Clearly, 
substrate activation will always occur if k, > 
k2aPP, independent of the substrate concentra- 
tion. Activation can also arise even when kzaPP 
is greater than k,, however, provided KlaPP is 
sufficiently large and the substrate concentration 
is such that (3) is valid. The inequalities (3) and 
(4) seem to suggest that the existence of substrate 

activation or inhibition is independent of the 
value of K,dPP. The difference AV, in the rates of 
activated and nonactivated hydrolysis (eq. 5 )  is 
strongly influenced by K,aPP, however, so .that 
experimental observation of substrate activation 
is dependent on the value of this parameter, even 
if the theoretical existence of substrate activation 
is not. A similar argument pertains to the ex- 
perimental detection of substrate inhibition. 

As discussed earlier, a detailed kinetic analysis 
of the substrate activation curves for the esters 
Pa, b, c is prohibited by the inability to discern 
physically meaningful sets of kinetic parameters 
from the infinite number of solutions. The only 
parameter in Scheme 1 that can be confidently 
evaluated is k,, and comparison of this param- 
eter for Pa, b, c with k, for those hippurate esters 
which show only substrate inhibition according 
to Scheme 1 is of interest (Table 1). Although k ,  
for 1c:  R ,  = H ;  R, = p-CIC,H, (9 x 10' 
min-') and 1 :  R l  = H; R, = C,H, (4.5 x 
102min-') are similar, k, for 1b: R l  = R2 = 

CH, (8 x 10, min-l) is 40 times larger than for 
1: R,  = H; R, = C2H, (2.2 x 10' min-I). 
The relative k, values for these latter two esters 
are inverted relative to what one might expect 
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based upon the usual effects of R, and R, sub- 
stituents on the a-carbon atom of the alcohol 
moiety upon the nonenzymic hydrolysis rates of 
esters (cj. k,, in Table 2). This then suggests that 
the k, values for these latter two esters do not 
represent hydrolysis in equivalent E.S2 com- 
plexes, and so Scheme 2 which involves different 
S,ES and SAES species seems to be indicated. 
Further, the relative k, values for l a  and 1 :  
R1 = H;  R, = C,H, show a greater than 
100-fold enhancement for l a ,  which is much 
greater than the fivefold difference in ko,, and 
further support different S,ES and S,ES com- 
plexes. On the other hand, while the relative k, 
values for l a  and b are qualitatirely consistent 
with the expected decrease in reactivity of 1b as a 
result of the increased substitution at the a-car- 
bon atom of the alcohol moiety, it must be 
admitted that the qtlantitatire agreement for the 
relative k, and k,, values for l a  and b is poor 
(Table 2). In this regard, it may be significant 
that l b  is the only ester substrate studied to date 
which does not bear a hydrogen atom on the 
a-carbon atom of the alcohol group. It is there- 
fore possible that the enhanced k, values for l b  
relative to l a  may result from a displaced binding 
mode for l b  in which the catalytically active 
enzyme functional groups are somewhat more 
effectively oriented towards the ester carboxyl 
group. 

The close correspondence between the relative 
k, and k,, values for l c  and 1 : R, = H ; R, = 
C6H,, suggests that k ,  represents the hydrolysis 
of equivalent E e S 2  complexes for these two 
esters; i.e. the substrate activation and inhibition 
that is observed for these two esters both arise 
from Scheme 1, but with the inequalities (3) and 
(4) holding, respectively. The considerably larger 
KlaPP value observed for Ic  (Fable 1) than for 
the unsubstituted mandelic acid derivative is also 
consistent with this interpretation. 

The above arguments suggest, then, that sub- 
strate activation for Pa and b is best reconciled 
with Scheme 2; i.e. different regulatory sites for 
substrate activation and inhibition. On the other 
hand, the activation phenomenon for P C  is 
probably more readily reconciled with the use 
of the same regulatory site as is involved in the 
more usual substrate inhibition phenomena for 
hippuric acid esters with this enzyme. This 
attribution of substrate activation to two differ- 
ent causes also does away with the necessity for 
endowing the regulatory activation site with the 

curious substrate specificity that was remarked 
upon earlier in this discussion. 

It is also noteworthy that the specificity con- 
stants k2/Kl for the hydrolysis of the esters l a ,  b, 
c which show substrate activation are several 
orders of magnitude smaller than for analogous 
hippuric acid esters which display substrate 
inhibition (see Table 1). Since carboxypeptidase 
A is known to show a preference for hydrophobic 
substituents on the a-carbon atom of the alcohol 
moiety, these small values of k,/K, for l a  and b 
may simply be due to increases in K, resulting 
from weaker binding of l a  and b to form the 
E - S  complex relative to those hippurate esters 
having more hydrophobic alcohol moieties. This 
is also suggested by  the minimum values derived 
for KlaPP (Table 1). However, the decrease in 
k,/K, by close to a factor of 10, by the intro- 
duction of a p-chloro substituent into the man- 
delic acid unit is quite unexpected. As was 
pointed out earlier, the relative k, values for l c :  
R, = H ;  R, = p-C1C6H, and I :  R, = H; 
R, = C6H, are quite consistent with the expected 
influence of the p-chloro substituent on the rate 
of ester hydrolysis. If it is assumed that the 
observed substituent effect on k, would also be 
reflected in k,, then it is clear that the large 
difference in the specificity constants for the 
chloro- and unsubstituted mandelic acid deriva- 
tives arise from differences in K, rather than in 
k,; i.e. the p-chloro substituent substantially 
hinders (by a factor of approximately lo3) 
binding of the phenyl ring of the mandelic acid 
moiety of these esters. This is also consistent 
with the observed KIaPP values for these esters 
in Table 1, since KlaPP must represent a mini- 
mum value for K,. Thus, the relatively trivial 
structural modification of introducing a chlorine 
substituent into the mandelic acid phenyl ring 
not only relieves the substrate inhibition effects 
that are present for the unsubstituted ester, but 
also induces substrate activation. A similar 
effect of a chlorine substituent upon the binding 
of inhibitor ions to this enzyme has also recently 
been observed in our laboratory., Thus, benzoic 
acid is a competitive inhibitor of esterase activity 
(Ki = 6.0 m M  (7)), whereas p-chlorobenzoic 
acid is a noncompetitive inhibitor (K, = 15 mM) 
and consequently must bind at a different site 
to that of the unsubstituted benzoate anion. 

3J. W. Bunting and C. D. Myers, unpublished observa- 
tions. 
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The relative k ,  values for l a  and b are qualita- 
tively consistent with the expected decrease in 
reactivity due to the increased substitution at the 
a-carbon atom of the alcohol moiety. On the 
other hand, k2/Kl for the more highly substituted 
methyllactic acid ester is fivefold greater than 
for the glycolic acid ester; this suggests that K1 
for l b  is significantly smaller than for l a  if it can 
again be assumed that the observed substituent 
effects on k ,  will also be reflected in k,. Thus, 
the methyllactic acid ester appears to bind to the 
enzyme more strongly than does the glycolic 
acid ester. While this is in agreement with the 
observed enzymic preference for hydrophobic 
substituents on the a-carbon of the alcohol 
moiety, it is unexpected since all previously known 
substrates for carboxypeptidase A show a strict 
requirement for the a-amino acid or a-hydroxy 
acid to bear a hydrogen atom on the a-carbon 
atom (13). The ester l b  therefore represents the 
first indication that this enzyme can accept 
substrates having a methyl group on the a-carbon 
atom in place of the previously obligatory hydro- 
gen atom. 

Two possible explanations for the observed 
decrease in velocity at very high substrate con- 
centrations (Figs. 2 and 3) are apparent. Bethune 
(1 1) has shown that a wide variety of carboxylic 
acids containing an aromatic ring (including 
hippuric acid at concentrations similar to those 
at the higher end of our substrate concentration 
scale) are able to promote association between 
carboxypeptidase A molecules to produce oligo- 
mers of various degrees of polymerization, which 
may have reduced catalytic activity. Alterna- 
tively, it is possible that substrate inhibition 
becomes important through the formation of 
catalytically less active higher-order enzyme- 
substrate complexes (E.S,, etc.). This latter 
proposal is clearly inherent in Scheme 2 pro- 
vided that substrate molecules which bind at the 
activation and inhibition regulatory sites are not 
mutually exclusive. Extension of Scheme 2 to 
include an ESSIS, complex which is catalytically 
active with rate constant k4 will result in the 
extension of eq. 1 to eq. 6, where K4aPP is the 

apparent dissociation constant of ESSISA to 
E.S, type species (cf. K3"pP for dissociation of 
SAES to SAE and EaS). For large S in eq. 6, 
v/E approaches k,, and thus Fig. 6 suggests that 
for lb,  k, = 1.3 x lo3 min-l. 

Finally, it should be noted that the hydrolysis 
of some peptide substrates by this enzyme also 
seems to be complicated by substrate activation 
effects which give way to substrate inhibition at 
higher substrate concentrations (12). The present 
work represents the first examples, to the best 
of our knowledge, of the occurrence of both 
substrate activation and inhibition in the kinetics 
of carboxypeptidase A catalyzed hydrolysis of 
ester substrates. 

We appreciate the continued support of this work by 
the National Research Council of Canada. 
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GENE BARNETT. Can. J. Chem. 52,3837 (1974). 
An orbital correlation diagram was constructed for the thermal decomposition of 1,2- 

dioxetane into products that allow chemiluminescence. A decomposition mechanism is pro- 
posed that gives a temperature dependent rupture of the 00 bond, thus allowing ring twisting 
which is followed by the rupture of the CC bond. This mechanism is consistent with results of 
the thermochemical analysis for this type of reaction. The equilibrium structure of 1,2-dioxe- 
tane was determined from the molecular orbital calculations and gave a planar configuration 
for the COOC ring. 

GENE BARNETT. Can. J. Chem. 52,3837 (1974). 
On a construit un diagramme de correlation orbitalaire pour la decomposition thermique 

du peroxyde d'kthylene en produits permettant une chimioluminescence. On propose un 
mkcanisme de dtcomposition qui donne une rupture du lien 00 dependant de la temperature, 
ceci permet une torsion du cycle suivie par une rupture de la liaison CC.Ce mecanisme est 
coherent avec les resultats obtenus lors de l'analyse thermochimique pour ce type de reaction. 
Un calcul d'orbitale moleculaire nous a permis de determiner Ia structure a l'equilibre du 
peroxyde d'ethylene. Ce calcul indique une configuration planaire pour le cycle COOC. 

[Traduit par le journal] 

Introduction 
Reactivity of 1,2-dioxetane molecules is a 

topic of great interest as the reaction of molecu- 
lar species originally in their ground electronic 
states results in a product molecule which is in 
an electronicallv excited state. This chemilumi- 
nescence process is being actively studied to 
elucidate the kinetics (I), solvent dependence (2), 
reaction efficiency (3), and mechanism (4) for the 
energy producing reaction. We have constructed 
the reaction coordinate which describes the addi- 
tion of diatomic oxygen to ethylene to form the 
reaction intermediate 1,2-dioxetane which then 
undergoes thermal decomposition into known 
products that allow chemiluminescence. Our 
primary concern is the nature of the thermal 
decomposition. The result of our study is to 
propose a decomposition mechanism that can 
be tested directly by experimentation. For the 
0, addition to the carbon double bond it has 
been established that the diatom is in an excited 
singlet state which can be generated in several 
ways (5, 6). The rate of singlet addition to 
olefins is observed to decrease with increasing 
ionization potential of the olefin (7). The olefins 
can be classified according to reactivity, using 
the rate of peroxide product formation relative 

to decay of excited 0, to the ground state to set 
up a reactivity scale (8). The 1,2-dioxetanes have 
been in evidence as reaction intermediates for a 
number of years and recently a number of them 
have been i ~ o l a t e d . ~  Kopecky and Mumford (9) 
first prepared and studied the thermal decompo- 
sition of 3,3,4-trimethyl- 1,2-dioxetane while 
Turro and Lechtken (10) later studied the de- 
composition and chemiluminescence of tetra- 
methyl-l,2-dioxetane. The kinetic data of Ko- 
pecky and Mumford (9) was used in a thermo- 
chemical analysis of decomposition kinetics 
of methylated 1,2-dioxetanes by O'Neal and 
Richardson (1 I). The more recent data of Turro 
and Lechtken (10) was in good agreement with 
their predictions. Chemiluminescence of the 
decomposition products has been observed in 
many cases (9, 12) but only recently has the yield 
of electronic excited singlet and triplet states 
been quantitatively determined (10, 13). In view 
of these experimental observations we develop 
the reaction coordinate by the use of the tools of 
quantum chemistry in an effort to gain a better 
understanding of the processes involved in the 
overall reaction. We consider the unsubstituted 
1,2-dioxetane, H,COOCH,, as our system as it 
is more economical in computer studies and 

'Present address: School of Pharmacy, University of 
California, San Francisco, California 94122. 

'See footnote 1 of ref. 3 for a comprehensive bibliog- 
raphy. 
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because the O'Neal and Richardson (1 1) anal- 
ysis supports the view that this is a typical sys- 
tem. All reactants, products, and the interme- 
diate are described by molecular orbitals (MO's) 
calculated in the CND0/2 approximation. 
Details of this method can be obtained from the 
book, and references therein, of Pople and 
Beveridge (14). The computer program is avail- 
able through the Quantum Chemistry Program 
Exchange (15). The CNDO/2 method has been 
applied to a large number of molecules and com- 
parison with experimental data established that 
the method does an acceptable job of predicting 
bond lengths and bond angles in noncyclic 
molecules (14). While the method has not been 
extensively applied to cyclic systems yet, our 
results for the equilibrium structure of 1,2- 
dioxetane are quite reasonable based on the 
structural information available from chemical 
studies. In all calculations we find the optimum 
geometry (minimize the total energy) as this 
removes uncertainty in that we finally have all 
MO's for the "best CNDO geometry." Our 
calculations for O,, C2H4, and H,CO are 
repetitions of work reported (14). The final 
geometry for 1,Zdioxetane is presented in 
Table 1. 

Structure of 1,2-Dioxetane 
From Table 1, and comparing with data in 

Pople and Beveridge (14), it is seen that in the 
equilibrium structure of 1,2-dioxetane the 00 
bond length is a good CNDO estimate of a 
peroxide bond while the CO length corresponds 
well to an alcohol bond and the CC length is a 
single-bond value. The H,CC angle shows the 
hydrogens are tilted by 20" away from the planar 
configuration they had in the ethylene reactant 
whereas the two CH, groups are in an eclipsed 
configuration. The four-member ring COOC is 
planar and has the highly strained angles of 85" 

TABLE 1. Geometry of 1 ,2-dioxetanea 

Bond Length (A) Bond angle Degrees 

00 1.23 COO 95 
OC 1.37 CCO 85 
CC 1.46 HCO 112 
CH 1.16 HCC 119 

HCH 108 
H,CC 20 

"The dipole moment has a value of 2.84 D and the net charges on 
the atomic centers are -0.11, +0.13, -0.01 for 0, C ,  and H, 
respectively. 

for the CCO angles and COO angles of 95". 
This is the geometry that gives the lowest total 
energy for 1,2-dioxetane which implies by the 
variation principle that we have the best wave 
function description for the molecule within the 
approximations of the CNDO method of cal- 
culation. The final structure has C,, symmetry 
which allows us to consider the reaction co- 
ordinate under this symmetry and with "best 
CNDO geometries" throughout. 

The planar ring was not in keeping with our 
early expectations, considering thi nonplanarity 
of cyclobutane which is isoelectronic with 1,2- 
dioxetane. But if it is assumed that the non- 
planarity of cyclobutane is the result of hydro- 
gen-hydrogen interactions between methylene 
groups being sufficiently strong to overcome 
resistance to decreasing the ring angles (16), we 
have considerable difference in the interactions 
within 1,2-dioxetane. It has only two pairs of 
hydrogen-hydrogen interactions, compared to 
eight for cyclobutane, with the remaining inter- 
actions involving lone-pair electrons on the 
oxygens. The comparison of cyclobutane with 
trimethylene oxide (17) shows the latter is planar 
with no barrier to ring puckering by 17" in the 
ground state (18). This planar structure of tri- 
methvlene oxide indicates a weaker interaction 
for lone-pairs, which one might expect as lone- 
pairs are rather diffuse for long-range interac- 
tions. Thus we think the molecular structure of 
1,2-dioxetane as reported in Table 1 is a reason- 
able description of the molecule in its ground 
electronic state within the Born-Oppenheimer 
approximation. 

Orbital Correlation Diagram 
In Fig. 1 are listed the MO energy levels for 

the reaction coordinate under C,, point group 
symmetry for 0, + C2H4, H,COOCH,, and 
H,CO + OCH,. The relative orientations of 
the molecules are shown in the figure and the 
orbital notation is defined below the figure. The 
1,2-dioxetane energy levels are labeled by their 
C,, irreducible representation symmetry with 
the COOC ring in the xz-plane. The dioxetane 
symmetry orbitals and their energies are given 
in Table 2 in terms of important atomic orbitals 
of 0 and C (the atomic orbitals not included have 
coefficients at least an order of magnitude smaller 
than the listed ones). The MO's of 0, and C,H, 
as reactants at infinite separation are taken in + 
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BARNETT: MO CALCULATIONS 

c-c  * x  
REACTANTS INTERMEDIATE PRODUCTS 

FIG. 1. Orbital correlation diagram. Reactants: The notation is ozS0 + ozic = ( 2 ~ 0 ~  + 2sOR) 1 (2sCL + 2sCR) 
and n,,* + nYc* = (2pyOL - 2pyOR) + (2pyC, - 2pyC,) where 2pyCL is a 2py orbital centered on the left (L) carbon 
atom in the above diagram. Except for 2b2 = nPc and 3b1 = ozPc* the reactant orbitals occur in degenerate pairs of 
the same symmetry; thus nZo + nZc and nZo - nZc are both of 3al symmetry. Intermediate: The molecular orbitals 
are defined in Table 2 with reference to the above diagram. The point group symmetries and calculated molecular 
orbital energies are also given in Table 2. Products: The notation is oz,* f 02,* = (2sCL - 2sOL) 4 ( 2 ~ 0 ~  - 2sCR). 
The product orbitals always occur in degenerate pairs where the symmetry of the upper level is for the minus com- 
bination; thus n, + n, has lb2 symmetry and n, - n, has l az  symmetry. 

TABLE 2. Molecular orbitals for 1,2-dioxetanea 

Energy Symmetry 
(a.u.) (c2") Major atomic orbital components for 0 and C" 

-2.07 la1 0.5(2s0) + 0.3(2sc) 
-1.32 lb l  - 0.5(250) + 0.3(2Kc) - 0 .  2(2px0) - 0 .  2(2pxc) 
-1.31 2a - 0.3(2s0) + 0.4(2sc) - 0 .  2(2pzO) - 0 .  2(2pzC) 
-1.06 1 b2 0 .  ~ ( ~ P Y o )  + 0 .  5 ( 2 ~ ~  c) 
-0.95 2b I -0.4(250) -0.3(2Cc) -0.1(2pxo) +0.2(2pxc) -0.1(2pzo) +0.2(2pzc) 
-0.93 3a1 - 0.2(2s0) - 0.2(2px0) + 0 .  3(2pxc) - o.4(2pz0) + o.3(2pzc) 
-0.89 4al -0 .5(2P~o)  +0.3(2Pxc) +0.3(2pzo) -0.3(2pzc) 
-0.69 2bz - O . ~ ( ~ P Y O )  + O . ~ ( ~ P Y C )  
-0.68 1 a2 0. 4(2Pyo) - 0.4(2Py C) 
-0.57 5al - 0 .  4(2pxO) - o.5(2pxc) 
-0.55 3b1 - 0.6(2j5~0) - 0.4(2Fzc) 
-0.47 2a2 - 0.6(2fiyO) - 0.2(2Pyc) 
+0.24 3b2 0 .  ~ ( ~ P Y c )  
$0.25 4b 1 0.5(2Sc) - 0.2(2fizc) 
$0.27 6a1 - 0.4(2sc) + 0 .  3(21jxc) - 0 .  1(2pzo) 
+0.33 7al 0.4(2pzo) + 0.5(2pzc) 

T h e  following notation is used: (2so) = 2sol + 2soz and (2Fxc) = 2pxcl - 2pxc2. 
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combinations that transform under the C,, 
group operations for the respective MO's that 
have the closest energy matching. Thus the n, 
M O  of 0, (n,,) is combined with the n, of 
ethylene (x,,) to give two MO's for the reactant 
cpnylex. Under the group symmetry operations 
E, C,(z), B(xz), 6(yz), one can readily show that 
n,, i- rr,, and n,, - n,, both transform as the 
b, irreducible representation. In an ordering of 
lowest energy first, they are the first MO's of b, 
symmetry to appear and are labeled lb,. The 
product orbital levels are formed from & com- 
binations of the MO's for two formaldehyde 
molecules at  infinite separation with the orienta- 
tion shown in Fig. l .  By application of the group 
symmetry operations o,, + o,, has 3b1 sym- 
metry while o,, - o,, had 3a1 symmetry. The 
lines between levels in the diagram are correlated 
on the basis of symmetry; only orbital levels of 
the same symmetry are connected and lines 
between levels of the same symmetry do not 
cross. The levels for the K shells of C and 0 are 
not shown as the K electrons stay within these 
levels and are energetically much lower than the 
ones displayed here. For the order of energy 
levels of ethylene and formaldehyde the agree- 
ment of our results with other more sophisticated 
calculations is excellent for occupied levels (those 
of negative energy) while matching for virtual or 
unoccupied levels is less good, as one might 
expect since our orbital basis is extremely 
limited (19). 

Discussion 
With the orbital correlation diagram of Fig. 1 

we will consider the decomposition of 1,2- 
dioxetane into a product that allows one formal- 
dehyde molecule in the ground state and the 
other in an electronic excited state. The electron 
configuration for the ground state of H,CO is 

while the 1-electron excitations that allow a 
molecule in one of the low lying experimentally 
observed electronic excited states are 

The n,* --f 20,, excited state would allow a 
chemiluminescence band around 1700 A from 
the 'B, state; the n,* -+ 2n,* 'A, state emits at 
approximately 1550 A ;  the most likely excited 
state is n,* + n,* with a band at 3530-2300 A 
which is assigned to the transition from 'A, to 

the ground state (20). The electronic configura- 
tion for the excited molecule will be assumed as 

A closer inspection of the MO's shows that this 
n,* + n,* assignment is the one often referred 
to as the carbonyl n -+ n* transition (21). We 
must emphasize that this choice of excited state 
is arbitrary. One could consider many possibili- 
ties but this choice has the following virtues: 
(i) this choice is consistent with the expected 
experimental observation of chemiluminescence ; 
(ii) the corresponding triplet state 3 A ,  lies close 
in energy; (iii) this is only a one-electron excited 
state as opposed to a many-electron one; 
(it.) this result correlates with the more reason- 
able assignment for the 1,2-dioxetane inter- 
mediate as other choices would force more 
electron excitations or excitations to much higher 
states. 

The ground electron configuration for the 
1 ,2-dioxetane intermediate as seen from Table 2 
is 

. ..(3al)2(4al)2(2b2)2(la,)2(5al)2(3bl)2(2a2)2 
With our choice of product state descr~bed above 
a two-electron excited state for 1,2-dioxetane is 
required in order to obey the symmetry restric- 
tions of the orbital correlation diagram. The 
excitations are 2b, + 4b1 and 5a1 -+ 4b1, thus 
the electron configuration of the excited state 
that correlates to the desired products is 

The 2b,, 5a1, and 4b1 symmetry MO's for 
1,2-dioxetane are shown in simplified form in Fig. 
2. It is seen that 26, describes n bonding in the 
00 and CC bonds and some antibonding in the 
CO bonds. The 5a, orbital is primarily o bond- 
ing in the 00 and CC bonds whereas 4b, is n* 
antibonding for the CC bond. The result of this 
double promotion is to greatly weaken, or break, 
the 00 bond and also greatly increase the anti- 
bonding character of the C C  bond thus causing 
it to weaken or break as well. O'Neal and 
Richardson (11) demonstrated that the kinetic 
data for thermal decomposition is consistent 
with a two-step niechanism. Since the 1,2- 
dioxetanes have an estimated half-life stability 
at  60°C that ranges from 10 s (for the un- 
methylated con~pound) to over 2 h, it is reason- 
able to assume that 1,2-dioxetane is excited from 
its ground state during the decomposition pro- 
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BARNETT: MO CALCULATIONS 3841 

FIG. 2. Approximate representation of the 2b2, 5 c i l ,  

and 40, ~liolecular symmetry orbitals of 1,2-dioxetane. 

cess. One can speculate that the 2b, + 4b, 
excitation would occur first as the 2b, orbital; 
having n, character, is Inore spatially available 
for a collision excitation in the solvent-solute 
reaction vessel. Then the second step, 5u, -+ 4b,, 
can occur as the molecule undergoes twisting to 
remove ring strain (estimated a t  26 kcal/mol 
(1 1). Thus we can represent the proposed de- 
coinposition mechanism as 

0 0 0 0 
I E l  c-c c + t  

which is consistent with the O'Neal and Richard- 
son ( 1  I) model based solely on thermochemical 
arguments. They found the first step to be rate 

limiting and report estimated activation energies 
of about 22 kcal/mol. The energy to break the 
00 bond is about 10 kcal/mol greater than this 
so we must account for the smaller activation 
energy which has been verified experimentally 
for the two methylated compounds. Both sets of 
kinetic data (9, 10) were obtained at  elevated 
temperatures in a benzene solvent. Thus one 
expects considerable excitation of the ring- 
bending mode of vibration while solvent-solute 
interactions, which can be rather strong since 
1,2-dioxetane has a sizable dipole moment as 
noted in Table I, can enhance the anharmonicity 
of this mode and thus allow curve crossing a t  
lowered energies. This proposed mechanism 
makes it plausible that the first step for the 
mechanism is slow and temperature dependent 
while the second step, which would depend on 
the possibility for ring twisting about the C C  
bond, would be relatively fast. The increase in 
deconlposition rate with increasing temperature 
has been observed for 3,3-dimethyl-l,2-dioxe- 
tane and 3-methyl-3-phenyl- l,2-dioxetane (I). A 
pertinent experiment then is to study decomposi- 
tion kinetics for a substituted 1,2-dioxetane 
where ring twisting cannot occur easily. While 
this proposed mechanisni requires a double 
excitation of the intermediate molecule it still 
has the statistical probability of a single excita- 
tion process. The first excitation must happen 
phenomenologically but the second step is a 
spontaneous movement to release the highly 
strained condition of the ring system. 

An alternative mechanism has been proposed 
by Turro and Lechtken (4). They suggest that 
the decomposition proceeds vla a concerted 
process where vibronic lnteract~on enhances a 
spin-orbit effect great enough to  cause rotation 
about the C O  bond thus breaking the 00 bond. 
They report solvent effects on the decomposition 
of tetramethyl- 1,2-dioxetane in support of this 
mechanism (4). However it has now been re- 
ported that, while there is a solvent dependence 
for the decomposition reaction, the lumines- 
cence pathway i's independent of solvent (2). As 
further rebuttal of their mechanism we note that 
the quantum mechanical expression for the 
vibronic-spin-orbit interaction appears only in 
the second-order of perturbation theory (22). 
While it has been pointed out that for systems 
similar to the COOC planar ring these inter- 
actions may have a greater effect than usual, it 
would seem unlikely that a second-order pertur- 
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bation would effect the breaking of a chemical could decompose via a (5al)(2a,) -t (4b,)' pro- 
bond. The spin-orbit coupling in a light atom cess giving the ion pair H,COf + -OCH2, a 
such as oxygen is usually considered negligible process that seems less probable than the one 
compared to the heavy atoms and heavy atom discussed above. 
coupling is generally much less significant when 
the atom is part of a planar aromatic molecular 

Conclusions 

system (23). By application of approximate molecular 
one would like to predict whether the decom- orbital calculations we have found a planar 

position leading to chemiluminescence will give structure for 1,2-dioxetane as reported in Table 
fluorescence or phosphorescence emission. Un- 1. On the basis of the microwave study of tri- 
fortunately with orbital correlation diagrams one oxide we can expect the ring to have 

cannot determine if the preferred pathway is via very little, if any, barrier to puckering in the zero 

the singlet or triplet excited product molecule. vibrational level. The bond lengths seem quite 
This is a very interesting question that seems to reasonable. 

depend on the substituent nature of the 1,2- Using an orbital ~~I - re la t ion  diagram we are 

dioxetane molecule. A theoretical approach able to propose a mechanism for the 

would best be to use configuration interaction decomposition of 1,2-dioxetane that is con- 

calculations in order to construct a state correla- sistent with the available experimental data on 

tion diagram although (24) has con.idered the process. Further our mechanislu is consistent 

a method using complex M O ? ~ ,  as opposed to with that proposed solely on thermochemical 

real ~ 0 . ~  used here, that throw light on considerations and it is the simplest mechanism 
this problem. that will give such agreement. This mechanism is 

~h~ remaining process on the reaction co- amenable to direct experimental verification. 

ordinate then is the interaction of singlet molecu- In co"clusion then, we believe this study has 
lar oxygen the ethylene olefin to form the given useful information on both the question of 

intermediate, a topic that has received extensive the structure of 1,2-dioxetane and the thermal 

general coverage (6, 25). The concerted addition mechanisnl for this molecule. 
of oxygen to an olefin has been considered in  The stability of the methylated colllpounds is 

terms of mechanisms that involve various types such that we can expect some 

of intermediates in addition to dioxetanes, in- studies on the structures to be reported in the 

eluding peroxiranes, ionic and radical inter- near future. We would expect molecular orbital 

mediates. Our study can contribute nothing Ilew studies give a non~lanar  ring structure for 

to this general problem as we do not know in meth~lated but the proposed 

which electronic configuration the 1,2-dioxetane for the thermal decomposition would 

is initially formed. ~f we assume it is formed in remain essentially unchanged. Experimental stu- 
the groulld electronic state then one possible dies on the decomposition nlechanism, a tern- 

process is for oxygen to add to C,H, which must perature dependent step by a 
have a double excitation (rr,.)2 + (rrz*)2.  hi^ dependent on the possibility for ring twisting, 

excited state of ethylene has been considered in need to be carried Out. 

the theoretical study of Kaldor and Shavitt (19). 
They found it to lie slightly above the ionization We acknowledge stimulating discussions with W. D. 
threshold for the molecule which is in keeping Jones and W. H. Richardson of San Diego, and R. Van 
with our introductory considerations of the Fossen of Santiago. Valuable comments of the referee 

experimental data. were greatly appreciated. 
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Synthesis of 4-0- 8-D-Galactopyranosyl-L-rhamnopyranose 
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GWENDOLYN M. BEBAULT, GUY G. S. DUTTON, and NORMAN A. FUNNELL. Can. J. Chem. 52, 
3844 (1974). 
4-0-0-D-Galactopyranosyl-L-rhamnopyranose has been synthesized in 60% yield by 

condensation of 2,3,4,6-tetra-0-acetyl-a-D-galactopyranosyl bromide with methyl 2,3-0- 
isopropylidene-a-L-rhamnopyranoside using mercuric cyanide in acetonitrile (Helferich reac- 
tion). The disaccharide is a syrup but the derived alditol and alditol peracetate are crystalline 
compounds. 

GWENDOLYN M. BEBAULT, GUY G. S. DUTTON et NORMAN A. FUNNELL. Can. J. Chem. 52, 
3844 (1974). 
4-0-(13-D-Galactopyrannosy1e)-L-rhamnopyrannose a ete synthktise avec un rendement de 

60% par une reaction de condensation du a-D-tetraacCtylbromogalactose avec le methyl-2,3-0- 
isopropylidene-a-L-rhamnopyrannoside en utilisant le cyanure mercurique dans I'acktonitrile 
(reaction de Helferich). Le disaccharide est une huile visqueuse tandis que l'alditol correspon- 
dant et le peracktate de l'alditol sont des composes cristallins. 

Although L-rhamnose is widely distributed in 
nature only one glycosylrhamnose (I)  had been 
synthesized prior to 1972. Hence, the synthesis of 
a series of disaccharides with L-rhamnose linked 
through position 4 as the aglycon, was undertaken 
(2-6). We now report the synthesis of another 
member of this series, namely, 4-0-P-D-galacto- 
pyranosyl-~Irhamnose (6). Such disaccharides 
are important reference compounds in structural 
studies and for im~nunological investigations. The 
disaccharide described here (6 )  has been found as 
part of the structure of the capsule of Klrbsiella 
K-type 47 (7). The rationale for such syntheses 
and detailed experimental procedures for many 
of the steps have already been given (2). Since 
this work has been completed and reported (8) 
an  additional synthesis of 6 has been published 
(9). 

Crystalline 2,3,4,6-tetra-0-acetyl-cr-D-galacto- 
pyranosyl bromide (I), prepared by the method 
of Fletcher (lo), was condensed with methyl 
2,3-0-isopropylidene-r-L-rhan~nopyranoside (2) 
in acetonitrile using mercuric cyanide. Methyl 
2,3-O-isopropylide11e-4-0-(2,3,4$-tetra-O-acetyl- 
P-D-ga1actopyraiiosyI-r-L-rhamnopyranode (3) 
was obtained crystalline in 85% yield. The iso- 
propylidene group is very labile and such yields 
can be obtained only if all traces of water, acid, 
and alcohol are removed from the reagents. For  
this reason the use of crystalline 1 is to be pre- 

'Revision received August 21, 1974. 

ferred rather than a syrup. Treatment of 3 with 
trifluoroacetic acid in chloroform ( 1  1) removed 
the isopropylidene group to give 4, acetolysis of 
which gave the fully acetylated disaccharide (5) 
as a syrup. Deacetylation provided the syrupy 
disaccharide (6) that  was characterized as the 
crystalline disaccharide alditol(7), m.p. 179-18OC, 
and crystalline alditol peracetate (a), m.p. 114- 
115". Tlie disaccharide (6) was obtained in an  
overall yield of 60';; based on 2. 

The structure of the disaccharide follows from 
the method of synthesis and from methylation 
analysis. and the products from periodate oxida- 
tion of the nlethyl glycoside of the disaccharide. 

Experimental 
General methods and experimental procedures are 

essentially as described previously (2). Melting points 
were taken between glass slides on a Fisher-Johns appara- 
tua  and are uncorrected. Optical rotations were measured 
with a Perkin-Elmer model 141 polarimeter at 23 ? 1". 
Nuclear magnetic resonance spectra were recorded on a 
Varian XL-100 instrument using tetramethylsilane as 
internal standard except as noted. Gas-liquid partition 
chromatography was carried out on an F and M 720 
instr~~nient at  a gas flow rate of 60 ml min using columns: 
fa) 2 f t  x 1:4 in. 20% SE 30 (F and M Division, Hewlett 
Packard Avondale, Pennsylvania), (6) 4 ft x 1,'4 in. 5z 
butanediol succinate on 80-100 mesh Diatoport S and 
(c) 6 ft x 1 , 4  in. 1 5 x  0s 138 on 100-120 mesh Gas 
Chrom Q. Thin-laqer chromatography \vas carried out 
using solvent systems A and B (see below) on silica gel G 
(EM Reagents). The dried plates here visualized by 
spraying ~ i t h  35x  ethanolic sulfuric acid and heating to 
about 150' for 3-5 min. Paper chroniatographic separa- 
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tions were carried out on Whatman No. 1 paper using the 4-0-$-D-Galactopyranosyl-L-rhan7nose (6) 
upper layer of solvent systems C and D (see below) and Deacetylation of 5 (0.80 g) gave 6 (0.40 g) as a syrup 
were visualized using silver nitrate in acetone for non- which showed only one spot on paper chromatography 
reducing compounds (12) and p-anisidine spray (13) in (solvent C, 48 h) with R,l.,,,, 0.80; [a],- 8" (c 2.2, water); 
trichloroacetic acid for reducing sugars. Solvent A, ethyl n.m.r. (D,O, external TMS): 7 4.83 (1H doublet, J,,, = 
ether - toluene (2: 1); B, butanone-water azeotrope; C, 1.5 Hz, H-1 of a-L-rhamnose), 5.07 (1H singlet, H-1 of 
ethyl acetate - pyridine - water (4: 1 : 1); D, 1-butanol- p-L-rhamnose), 5.29 (1H doublet, Ji,,,, = 6.8 Hz, H-l'), 
ethanol-water (4: 1 : 5). Solutions wereconcentrated below 8.60 (3H doublet, J5,6 = 6 HZ, CH3). 
50" in vacuo. Gas-liquid chromatography of the per(trimethylsily1) 

disaccharide (column a at 230') gave two peaks at 14.4 
2,3,4,6-Tetra-0-acetyl-a-D-@ctosyl Bromide (1) (82%) and 17.1 min (18%); per(trimethylsilyl)sucrose 22.7 

This was prepared in 80% yield from 13-D-galactose ,,,. 
pentaacetate (14) by the method of Fletcher (10). The 
product (1) was recrystallized from ethyl ether at 0" and 4-0-p-D-Galactopyranosyl-L-rhamrzitol (7) 
had m.p. 80-82"; [a], +217" (c 1 .O, chloroform) (lit. (15) Reduction of the disaccharide (6, 0.15 g) gave 7 which 
m.p. 83-84"); [a], +215" (c 1, chloroform). Preparation crystallized from methanol (1 g/10 mi). Recrystallization 
of 1 by other methods (16, 17) was less satisfactory. from methanol gave pure 7, m.p. 179-180"; [a], +2.8" 

(c 2.2, water); R,, ,,,,, 0.53 (solvent C, 48 h); n.m.r. 
Methyl 2,3-0-Isopropylidene-cc-L-rhamnopyranoside (2) (D20 ,  external TMS): r 5.48 (1H doublet, Jlr,,. = 7.7 

This was prepared by the method of Levene and Mus- H,, ~ - l , ) ,  8.71 (3H doublet, J,,, = 6 HZ, CH,). 
kat (18) with the addition of 2,2-dimethoxypropane (5% ~ ~ ~ 1 ,  calcd, for c,,H,,o,,: C, 43.90; H, 7.37. 
of the volume of acetone) or as previously reported (2). Found: C, 43.78; H, 7.37. 
1f the latter method is employed the ion-exchange resin Gas-liquid chromatography of the per(trimethylsilyl)- 
should be soaked overnight in methanol rather than ace- alditol (column a at 240~)  gave one peak at 12.0 min; 
tone to avoid the formation of condensation products. per(trimethy~silyl)sucrose 16,3 min. 
 methyl 2,3-0-Zsopropylidene-4-0-(2,3,4,6-terra-0- 

acetyl-p-D-galactopyranosyl) -a-L-rhamr~opyranoside 
(3) 

To a solution of 2 (883 mg, 4.0 mmol, dried at 60°/1 
mm for 2 h) and dry mercuric cyanide (0.90 g) in dry 
acetonitrile (8.8 ml) was added in one portion wlth stirring 
the freshly prepared crystalline bromide 1 and stirring 
was continued for 1 h at which time t.1.c. in solvent A 
showed the reaction to be complete. Conventional work- 
up (2) gave 3 (1.87 g, 3.4 mmol, 85%) which, after re- 
crystallization from ethanol (25 ml/g), had m.p. 192- 
193"; [a], -24.4" (c 2.05, chloroform); R, (t.1.c. solvent 
A) 0.61; n.m.r. (CDCI,): z 6.64 (3H singlet, C-1 OCH,), 
7.84-8.02 (12H, OAc's), 8.72 (3H doublet, J5,6 = 6 HZ, 
CH,), 8.47, 8.66 (3H singlets isopropylidene CH3's). 

Anal. Calcd. for C24H36014:  C, 52.55; H, 6.62. Fo~ind:  
C, 52.44; H, 6.64. 

Methyl 4-0-(2,3,4,6-Tetra-0-acetyl-13-D-galactopyrano- 
syl) -a-L-rharr~nopyranoside (4) 

A solution of 3 (1.0 g) in chloroforn~ (45 ml) was re- 
acted at room temperature for 1 h with trifluoroacetic 
acid containing 1% hater (5 ml). The product (4) mas 
obtained as a syrlip uhich sho\$ed only one spot on t.1.c. 
Ri 0.06 (solvent A) and 0.70 (solvent B); yield 0.92 g; 
n.nl.r. (CDCI,): 6.64 (3H singlet, C-1 OCH,), 7.84-8.02 
(12H, OAc's), 8.68 (3H doublet, J5,6 = 6 HZ, CH,). 

1,2,3-Tri-O-acer)~l-4-0-(2,3,4,6-tetra-O-acer~~l-~-~- 
galactopyranos~~l) -a-L-rham~zopyvanose (5) 

Compound 4 (0.90 g) in acetic anhydride (5 ml) was 
shaken with 10 ml of a solution of concentrated sulfuric 
acid in acetic anhydride (273, vl'v) at room temperature 
for 3 h. The product (5,0.83 g) showed a major compon- 
ent on t.1.c. with Rr 0.43 (solvent A) and [a], - 55' (c 2.0, 
chloroforn~) but neither preparative t.1.c. nor silica gel 
column chromatography yielded crystalline material; 
n.nl.r. (CDCI,) z 4.03 (1H doublet, J,,, = 1.5 Hz, H-l), 
7.82-8.05 (21H OAc's), 8.66 (3H doublet, J5,6 = 6 HZ, 
(333). 

- Acetylatibn b f  7 gave 4-0-p-D-galactopyranosyl-L- 
rhamilitol octaacetate (8) which, after recrystallization 
from ethanol (80 ml/g) had m.p. 114-1 15"; [a], - 62.8" 
(c 2.1, chloroform); Ri 0.35 (t.l.c., solvent A); n.m.r. 
(CDCI,); r 7.84-8.04 (24H, OAc's), 8.67 (3H doublet, 
J5,6 = 6Hz, CHs). 

Anal. Calcd. for C28H40018: C, 50.60; H, 6.07. 
Found: C, 50.64; H, 6.20. 

Methyl 4-O-~-~-Galactopymnosyl-a-~-rhomnopyra1zoside 
(9) 

Deacetylation of 4 (0.70 g) gave syrupy 9 (0.40 g) which 
showed one spot on paper chromatography (solvent C) 
with R ,,,,,,,, 2.93; [r], -49- (c 1.6, methanol); n.m.r. 
(D,O, external TMS): r 5.40 (1H doublet, J,,,,, = 7.7 
Hz, H-l'), 6.70 (3H singlet, C-1 OCH,), 8.73 (3H doub- 
let, J 5 , 6  = 5.5 HZ, CH3). 

Methylariorz 
Compound 9 (0.52 g) in dry methyl sulfoxide (1 ml) was 

reacted with methyl sulfinyl anion (1.5 M ,  1 ml) for 4 h 
and then shaken with methyl iodide (0.5 ml) overnight. 
The product was recovered as a syrup having Ri 0.13 
(t.l.c., solvent A); [a], -39" (c  1.1, chloroform); n.m.r. 
(CDCI,): z 5.35 (1H doublet, J , , ,  = 1.5 Hz, H-1), 5.48 
( IH  doublet, J,.,,. = 7.5 Hz, H-1'), 6.51-6.71 (21H, 
OCH,'s), 8.76 (3H doublet, J5.6 = 6 Hz, CH,). Hydrol- 
ysis, reduction, and acetylation followed by g.1.c. on 
column c at 225' gave two components the retention 
times and mass spectra of which were consistent with 
1 ,4,5-tri-0-acetyl-2,3-di-0-methyl-L-rhamnto (19.7 min) 
and 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-~-galactito~ 
(27.2 min). 

Periodate Oxidation 
Reaction of compound 9 with sodium metaperiodate 

(0.05 M ,  100 ml) at 4' in the dark showed a rapid uptake 
of 2 niol of periodate ~ i t h  the consumption becoming 
constant (2.95 mol) in 24 h. Reduction and methanolysis 
gave a syrup, paper chromatography (solvent D) of 
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which indicated the presence of 1-deoxy-D-erythritol and 
glycerol. Gas-liquid chromatography of the acetylated 
syrup (column b at 125') gave components with retention 
times and mass spectra identical to the peracetylated 
derivatives of 1-deoxy-D-erythritol (10 min) and glycerol 
(16 min). 

The authors thank the National Research Council of 
Canada for the award of Scholarships (to N.A.F. and 
G.M.B.) and for a grant that made this work possible. 
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The Kinetics of the Isotopic Exchange of Oxygen-18 with the Oxygen of 
Copper(I1) Molybdate 
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D. G.  KLISSURSKI, R.  A. ROSS, and T. J. GRIFFITH. Can. J. Chem. 52,3847 (1974). 
The kinetics of the exchange of gas-phase oxygen-18 with the oxygen of copper(l1) molybdate 

has been studied in an all-glass "static-circulation" apparatus using a quartz differential reac- 
tor. The activation energy of the exchange between 522 and 601 ' C  was 40 kcal mol-' and the 
reaction order was 0.7 in the oxygen partial pressure range 5 to 30 Torr. The structure and 
physical properties of the molybdate were determined by X-ray, i.r., thermal and chemical 
analysis. 

It is shown that the exchange reactivity of the surface and bulk oxygen in copper(I1) molyb- 
date is closer to the reactivity of oxygen in MOO, than it is to the oxygen in CuO. From current 
theories on the relationships betwekn exchange rates and catalytic pioperties, it is deduced that 
copper(I1) molybdate would be expected to exhibit properties similar to those of V,O, in 
catalytic oxidation reactions. 

D. G.  KLISSURSKI, R. A. ROSS et T. J. GRIFFITH. Can. J. Chem. 52,3847 (1974). 
On Ctudie la cinetique de 1'Cchange en phase gazeuse de l'oxygene-18 avec l'oxygene du 

molybdate de cuivre(I1) dans Lin appareil de "circulation statique" tout en verrc en utilisant un 
reacteur differentiel en quartz. L'energie d'activation de cet echange entre 522 et 601 'C  est de 
40 kcal mol-'; l'ordre de la reaction est de 0.7 pour une pression partielle d'oxygene variant 
entre 5 et 30 Torr. On determine la structure et les proprietks physiques du molybdate par les 
rayons-X, l'infrarouge et des analyses thermiques et chimiques. 

La reactivite d'kchange de l'oxygene dans le molybdate de cuivre(II), en surface et en gros, 
est plus proche de la rCactivitC de l'oxygene dans M o o 3  que de l'oxygene dans CuO. En se 
basant sur les theories actuelles sur les relations entre les taux d'tchange et les propriCtCs cata- 
lytiques, on dCduit que le molybdate de cuivre(I1) doit presenter des proprietes similaires a celles 
de VZO, dans les rkactions d'oxydation catalytique. [Traduit par le journal] 

Introduction 
Transition metal molybdates are often basic 

components of numerous catalysts that are used 
in selective oxidation reactions. For this reason 
it is of interest to investigate the reactivity of 
oxygen in the surface layer of the compounds 
by the oxygen isotopic exchange technique. 
From such investigations information can be ob- 
tained concerning the bonding energy of oxygen 
on the catalyst surface, the degree of surface 
heterogeneity and the rate of diffusion of oxygen 
from the surface layer into the bulk lattice of the 
compounds. 

While single oxides have been studied system- 
atically (1-7) and correlations proposed for ex- 
change rates and activation energies with the 
activities and selectivities of the oxides in a large 
group of redox reactions (6-8), very few studies 
have been reported for complex oxide catalysts. 
It was felt that such studies might lead to the 
introduction and development of new selective 
heterogeneous catalysts for partial or complete 

oxidation processes and hence the present com- 
munication reports results obtained from an in- 
vestigation on the exchange of molecular oxygen 
with the oxygen of copper(I1) molybdate. 

Experimental 
Materials 

Copper(I1) molybdate was prepared by a combined 
method of precipitation and solid state reaction. Solu- 
tions of ammonium paramolybdate, (NH4)6M07024. 
4 H z 0  (0.1 M), and copper nitrate, C U ( N O ~ ) ~ . ~ H ~ O  (0.2 
M), were mixed vigorously at 25 "C and the suspension 
evaporated to dryness. After prolonged grinding, the dry 
precipitate was calcined for 30 h at 620 "C in an oxygen 
atmosphere with intermediate grinding at 5 h intervals. 
The copper(I1) molybdate obtained was deep green in 
color and of high purity as confirmed by X-ray and 
chemical analysis and by i.r. spectroscopy. The i.r. spec- 
trum obtained by KBr disc technique and shown in Fig. 
1 is in general agreement with that obtained by Clark 
and Doyle (9). However, a characteristic absorption band 
was observed at 965 cm-I while the bands reported at 
845 and 990 cm-' were not registered. I t  was assumed 
that these bands could be attributed to the presence of 
free molybdena (characteristic bands at 830 and 985 
cm-l) in the previous preparation (9). 
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manometers. The difference between the values did not 
exceed 3-59, and was associated with the collection of 
samples in previously-evacuated ampoules. Experiments 
were mostly carried out a t  10 Torr, while the pressure was 
varied between 5 and 30 Torr for the determination of the 
reaction order. 

Z o Results 
v, 
E Treatment of the Experimental Data 
5 z The specific rate of exchange was calculated 
2 t- from the equation 
t- 
z El1 N ,  In (1 - F) 
W R = 
0 ir S(l + h)z.2 
W a 

where F, the extent to which equilibrium has 
been approached, is defined as F = (C, - C)/  
(C, - C,). C, is the initial concentration of 
180 (at .%); C is the concentration of ''0 at the 
time of exchange, T; and C, is the equilibrium 

mo 300 400 500 600 700 800 903 loo0 
concentration of "0 calculated on the basis of 
a material balance. h = N,/N,, where N, is the 

WAVE NUMBER ( cm-'1 
number of the exchangeable oxygen atoms in 

FIG. 1. ~nfrared spectrum of copper(I1) molybdate. the sample, N, is the number of the oxygen 
The d values and the respective percent intensities as atoms in the gas phase, S is the total surface area 

determined by X-ray analysis were in the order: 9.20- of the sample, cm2, and R is the exchange rate 
10% 5.54-33% 3.96-26%, 3.72-loo%',, 3.36-91%, 3.30- per unit area, molecules 0, cm-2 s-l .  
50%, 3.21-40%, 3.11-25%, 2.97-73%, 2.71-45%$ 2.58- ~ h ,  applicability of eq. 1 for the calculation 26%, and 2.50-26z. These data are in agreement with 
those of Nassau and Abrahams (10) and consistent with the exchange rates is shown in Fig. in which 
the established values for the lattice parameters of this the dependence of log (1 - F )  on the duration 
compound (1 1). of the exchange is plotted for a series of experi- 

DTA and TGA runs in air showed that decomposition ments. 
commenced at  about 750 ' C  and was intensive at  820 and A slight deviation from linear dependence was 825 "C as indicated by a large endothermic peak on the 
DTA curve, A peritectic decomposition at 825 "C was observed in the case of a few samples which had 
previously noted also by Nassau and Abrahams (10). been preheated above 750 "C. It  was felt that this 

A fraction of the powder with grain size 0.5-1 mm was probably due to the partial decomposition 
was used for the kinetic studies. The specific area of the of the compound, r h e  main kinetic are 
fraction was 0.48 m2 g- '  (BET, krypton, 6 = 19.4 A'). 

The oxygen isotope mixture contained -20% 1802 
summarized in Table 1. 

and was prepared by dilution of oxygen-18 enriched gas The temperature dependence of the exchange 
(99%) oxygen-18, Isomet Corp.) with previously-dried rate is presented as an Arrhenius-type plot in 
high-purity oxygen (Matheson Ltd.). 

2 0  Apparatus and Procedure 
The kinetic measurements were carried out with the . , 8 -  

all-glass static circulation apparatus described previously 
(12) utilizing a quartz differential reactor. The total vol- _ - 1 6  

ume of the circulation loop of the apparatus was 470 ml q - 
and analysis of the isotopic composition of the gaseous ; - I 4 -  

oxygen was carried out with a Hitachi-Perkin-Elmer ' ' 
- 1  2 - 

model RMU-7 double-focussing mass spectrometer. 
Samples were heat treated at  600°C for 2 h in dry 

circulating oxygen, 20 Torr, in order to remove adsorbed 
gases and to stabilize the oxygen content in the surface LA- 

0 0 20 30 40 50 60 70 80 90 00 !I0 
layer. The trap before the reactor was cooled in liquid 
nitrogen. After pretreatment, the reactor was thermosta- T l m r  : 

ted at  the desired temperature and circulation of the FIG. 2. 'The dependence of log (1 - F) on time of 
oxygen isotope mixture was started. The oxygen pressure exchange: 1, 522 " C ;  2, 540 " C ;  3, 501 "C, and 4. 601 "C. 
was measured at  the beginning and at  the end of each (The values of log (1 - F) at 501 "C are multiplied 10 
experiment by mercury and dibutylphthalate U-tube times.) 
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KLISSURSKI ET AL.: ISOTOPIC EXCHANGE OF 1 8 0  3849 

TABLE 1. The influence of temperature and oxygen pres- 
sure on the specific rate of exchange of oxygen-18 with 

the oxygen of copper(I1) molybdate 

Rate 
Temperature POz (molecules cm-Z s-') 

No. PC) (Torr) ( x  10") 

1 501 10 0.38 
2 503 10 0.51 
3 522 10 0.71 - 

I 
ln 4 523 10 0.83 

5 540 10 1.6 
6 543 10 1.8 
7 567 10 4.6 
8 601 10 8.3 
9 606 10 10.5 
10 606 10 11.5 o 
11 540 5 1.1 E - - 
12 540 6.5 1.3 IX 
13 

- 
540 10 1.8 o 

14 540 15 2.5 o - 110- 
15 540 20 2.8 
16 540 30 4.1 - 

Fig. 3. A value of 40 kcal mol-I was calculated - 
for the activation energy of exchange from these 
results. 

Figure 4 shows the dependence of the specific 
rate of exchange on the presence of the oxygen I I 12 1 3  

isotope mixture between 5 and 30 Torr. The 
value determined for the reaction order was 0.7. 103("~)  T 

For a the kinetic characteristics FIG. 3. The temperature dependence of the rate of 
of the exchange for several other compounds are exchange. 
given in Table 2. 

respect to the isotopic exchange and belong to 

Discussion 
Previous studies (1-8) have shown that metal 

oxides may be subdivided into three groups. The 
first group includes some transition metal oxides, 
Co,O,, NiO etc., whose surface oxygen exhibits 
energetically non-uniform behavior (12, 19), and 
the rate of exchange decreases with an increase 
of the degree of exchange. The oxides in the 
second group, such as Fe,O, and MgO, ex- 
change their surface oxygen at a constant rate, 
but the exchangeable oxygen is only a few mono- 
layers deep. Finally, the third group includes 
oxides which exchange not only surface but also 
lattice oxygen with a constant rate. This feature 
can be explained mainly through the occurrence 
of the fast self-diffusion of oxygen in these com- 
pounds; for example V205 (5), CeO, (14), and 
Nb,05 (13). MOO, and CuO, which can be 
regarded as precursors of copper(I1) molybdate, 
possess quite different oxygen reactivities with 

the third and first groups, respectively. 
As can be seen from the comparative date in 

Table 2, the exchange reactivity of the surface 
and bulk oxygen in copper(I1) molybdate is 
closer to the reactivity of oxygen in MOO, than 
it is to that for CuO (Table 2). Further, cop- 
per(1I) molybdate shows a close similarity in 
reactivity to cobalt(11) and iron(II1) molybdates 
(16), and to the other molybdates of the fourth 
period metals (15). In general the reactivity of 
oxygen in these molybdates is closer to the reac- 
tivity of oxygen in MOO, than it is to that of 
oxygen in the other oxide component. While the 
rate of exchange of molecular oxygen with the 
oxygen of the oxides of the fourth period metals 
varies over several orders of magnitude (2, 15), 
the rate of exchange for the pure molybdates 
changes within the limits of one order of magni- 
tude (15). Such an "equalization" may be related 
to the nature of the oxygen bonds in these com- 
pounds and to their lattice structures. 
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TABLE 2. Kinetic characteristics of oxygen isotopic exchange for copper(I1) molybdatc, molybdcna, cupric 
oxide, and vanadium pentoxide 

Experimental conditions 

Temperature Rate of 
interval of Oxygen exchange Activation 

measurements Tcmperaturc pressure (molecules/ energy 
Compound (cc)  ("c) (Torr) cm2 s) (kcal/mol) Reference 

CuMoO, 500-610 60 1 10 8 .3  x 10" 40 - 
MOO, 520-630 600 10 2 . 5 ~  lo1' 58 15 
CUO 250-350 300 40 7 xIO" 26 2 
v205 450-500 500 11 5 x lo9 46 20 

600 11 1 . 6 ~  loll* - 

FIG. 4. The dependence of the specific rate of ex- 
change on oxygcn pressure at 540 "C. 

According to some recent proposals (17-19) 
the oxygen species in solid catalysts which is 
active in catalytic processes is bound to one metal 
atom and theoretical calculations (1 8) show that 
when bonds are formed with several metal 
atoms a significant increase of the bond strength 
results. Since the activity of the molybdates in 
the exchange reaction, reflects mainly the activity 
of the MOO, component (the bivalent or triva- 
lent cations in these compounds have only a 
small influence) it can be assumed that the oxy- 
gen form which is most active in the exchange 
with molecular oxygen is bound only to one 
molybdenum atom. 

It is interesting to note that the rate of ex- 
change of molecular oxygen with the oxygen of 
copper(1I) molybdate, other conditions being 
equal, is significantly higher than the rate of 
exchange with the molybdates of other bivalent 
metals from the fourth period of the Periodic 
Table (1 5) .  This phenomenon could be explained 

by the lower bonding energy of oxygen in this 
particular compound since according to Nassau 
and Abrahams (lo), the optical transmission 
curve indicates that there is a looser binding of 
oxygen in copper(I1) molybdate than in com- 
pounds with the scheelite structure. This is con- 
sistent with the lower coordination numbers and 
the lower melting point of copper(1I) molybdate. 

Current concepts suggest that a correlation 
may exist between the rate of exchange of molec- 
ular oxygen with the oxygen of oxides and their 
activity and selectivity in a large number of 
redox-type catalytic reactions. In the case of 
loosely-bound and highly-reactive surface oxy- 
gen, oxidation processes lead to complete oxida- 
tion. Surface oxygen possessing lower reactivity 
favors partial oxidation processes and the sub- 
sequent reactions that would lead to complete 
oxidation are almost totally suppressed. 

For a series of oxidation reactions, the valid 
use of a Bronsted-Polanyi expression 

[21 E = E , * q  

has been demonstrated (6), where E is the acti- 
vation energy of the catalyzed reaction and q is 
the bonding energy of oxygen in the surface 
layer of the catalyst. The established relation- 
ship between q  and the activation energy of the 
oxygen isotopic exchange, E, 

PI E, = I39 

where p is a coefficient of proportionality, per- 
mits the activation energy and the rate of ex- 
change to be used for a prognosis of the proper- 
ties of oxidation catalysts. For copper(l1) molyb- 
date, the activation energy and the rate of oxygen 
exchange are not very far removed from those 
values for vanadium(V) oxide and on this basis 
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The Chlorine Atom Sensitized Oxidation and the Ozonolysis of C2C141 

ECKART MAT HI AS,^ EUGENIO SANHUEZA,~ I. C. HISATSUNE, AND JULIAN HEICKLEN 
Department ofchemistry and Center for Air Environment Studies, The Pennsylvania State University, University Park, 

Pa., 16802 

Received April 16, 19734 

ECKART MATHIAS, EUGENIO SANHUEZA, I. C. HISATSUNE, and JULIAN HEICKLEN. Can. J. Chem. 
52,3852 (1974). 

The chlorine atom initiated oxidation of CzC14 was studied both in the absence and presence 
of 0 3  at 24 and 32 "C. In the absence of 0 3 ,  the products are CCl,CCl(O) and CC120, and 
they are produced in a long-chain process in a ratio of 2.5 at 24 "C and 3.0 at 32 "C. The 
product producing step involves the decay of C2Cl50 radicals 

[6al C2Cl50 + cc13ccl(o)  + Cl 

[6bI + CCI, + CC120 

The ratio k6,/ksb is 5.0 at 24 "C and 6.0 at 32 "C since CCl, reacts with O2 to produce another 

CC1,O molecule. In the presence of O3 the ratio Q, {CC13CC1(0)}/@ {CC120) drops, C- 
is produced, and the chain length is reduced. The change in ~{CCl3CC1(O)}/~JCC120} is a 
function of [03]/[02]  and is attributed to the additional reactions 

[12al c Z c l 5  + 0 3  -j CCl3Cc1(o) + C1 + o2 
[12bl 4 CClzO + CC13 + 0 2  

The epoxide yield is a function of [CZC14]/[03] and is attributed to the reaction of CIO with 
C2C14. The C10 is produced by the reaction of C1' with 0, 

[lo] Cl + 0 3  -+ C10 f 0 2  

which competes with 

P I  c1 + Czc14 +- c2cl5 

The ratio kz/kIo = 6.7. The reduction in yield as 0, is added results from the terminating 
reaction 

t15bl C1O + 0 3  +- ClOz + 0 2  

The CIOz reacts further with O3 to produce C1207. 
The reaction of O3 with C2C14 at 24 "C also produces mainly CC13CC1(0) and CC12O with 

cC1,CC12b as a minor product. Other minor products detected after extended conversions 
included Cl,, CO, and C02.  However c-C3C16 was not found. The ratio [CCI~CC~(O)]/[CC~ZO] 
is < 1. Moreover, the addition of O2 retarded the reaction, indicating a long chain mechanism in 
which both free radicals (species with an odd number of electrons) and CCl2 were absent. A 
diradical chain mechanism is presented which explains the main features. The chain step is the 
addition of CC1202 to C2C14 

P5] cc1202 + c2c14 * c c I 2 o ~ c 2 c l 4  

The adduct then reacts with 0, in a chain regenerating step or with O2 in a chain terminating 
step. 

ECKART MATHIAS, EUGENIO SANHUEZA, I. C. HISATSUNE et JULIAN HEICKLEN. Can. J. Chem. 
52,3852(1974). 

On a etudi6, a 24 et 32 "C, en presence et en absence de O,, l'oxydation initiee par des 
atomes de chlore de C,C14. En l'absence de O,, les produits sont CCl3CC1(0) et CCIZO; ils 
sont produits par un processus en chaine dans un rapport de 2.5 a 24 "C et de 3.0 a 32 "C. Les 
etapes amenant la formation de ces produits impliquent la decomposition des radicaux CzC150 

lCAES Report No. 304-73. 
2Present address: General Electric Company, Plastics Division, 1 Plastics Avenue, Pittsfield, Mass., 01201. 
3Fulbright Fellow: 1972-1974. 
4Revision received June 5, 1974. 
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MATHIAS E T  AL.: OZONOLYSIS OF C2C1, 

[6al czc150 -+ CCI,CCl(O) + C1 

[6bl i- CCI3 + CClzO 

Le rapport k6./k6, est Cgal a 5.0 a 24 "C et a 6.0 a 32 "C puisque CCl, rkagit avec O2 pour 
amener la formation d'une autre molecule de CC120. En presence de 0 3 ,  le rapport @[CCl,- 

m 
CCI(0)]/@[CC120] diminue alors que CCIzCClZ0 est produit et que la longueur de la chaine 
est rkduite. Le changement dans le rapport @[CCI3CCl(O)]/@[CC1,0] est une fonction de 
[03]/[0z] et est attribud aux reactions supplementaires: 

[12al CzC15 + 0 3  -+ CCl3cCI(o) + c 1  + o2 
[I261 i- CC120 + + O2 
Le rendement en Bpoxyde est une fonction de [CZCl4]/[0,] et on I'attribue a la reaction du C10 
sur le C2C14. Le C10 est produit par la reaction de C1' avec 0, 

1101 C1 + o3 + C10 + o2 
qui est en competition avec 

[21 c1 + czCl4 -+ c2c15 

Le rapport kz/klo est &gal a 6.7. La reduction de rendement, observe lorsque du 0, est addi- 
tionn6, rtsulte de la reaction de terminaison 

[15bl C10 + o3 i- clOz + Oz 

Le C10 reagit avec 0, pour conduire ti C1207. 
La reaction de O3 avec CzCl4 a 24 "C conduit aussi a la formation de CCI,CCI(O) et de 

m 
CC1,O comme produits principaux aux cat& de CC1,CCIzO sous forme de produit mineur. 
D'autres produits mineurs ont Bt6 detectes aprks plusieurs conversions et ceci inclus C12, CO 
et COz. On n'a toutefois jamais trouve de c-C3Cl,. Le rapport de [CC13CC1(0)/[CC120] est 
moins que un. Toutefois l'addition de 0, retarde la reaction; on peut en deduire que le mtca- 
nisme de la reaction est un mecanisme a longue chaEne duquel CCl2 et les radicaux libres (les 
entites avec un nombre impairs d'electrons) sont absents. Un mecanisme en chaine impllquant 
un bi-radical est prCsente qui explique les caracteristiques principales de la reaction. L'initiation 
de la chaine est l'addition CClZ02 sur CzC14 

i2s1 - c c l z o z  + czcl4 + c c ~ z o z c z c ~ 4  

L'adduit reagir alors avec 0, dans une Ctape regenerant la chaine ou avec 0, dans une Ctape 
terminant la chaine. [Traduit par le journal] 

Introduction 
The chlorine atom initiated oxidation of 

C2C14 has been studied in several laboratories 
(1-4), and the results reviewed (5). In all the 
studies, the major products were CCI,CCl(O) 
and CC1,O. The reaction was a long chain re- 
action with chain lengths of about 300 inde- 
pendent of light intensity, I,, or any of the reac- 
tant pressures if the 0, pressure was sufficiently 
high. The ratio of product quantum yields 
@{CCI,CCl(0)}/@{CC120} was 5.7 at 80- 
100 "C (4) and 4.0 at 40-80 "C (3). The ratio has 
not been measured at lower temperatures. 

The main features of the mechanism of the 
reaction were worked out in a brilliant paper by 
Huybrechts et al. (4), who found different 
intensity dependences for the rate of the 0,- 
inhibited chlorination (I,'") and the chlorine 
atom initiated oxidation (I,). They argued that 
since these two reactions are coupled, they have 
common chain-breaking steps which must be 

bimolecular in radicals to explain the 1,''' 
dependence of the rate of chlorination. There- 
fore, the oxidation must be propagated by a 
radical-radical reaction. This led them to pro- 
pose the following mechanism 

[1 1 ClZ + hv + 2C1 

Dl c1 + czc14 i- c Z c l 5  

[3 1 CzCls + o2 + CzC1502 

[4al ~ C Z C ~ ~ O Z  i- 2czc l50  4- 0 2  

[4bI -+ (CzC150)z + 0 2  

[5] CZCI~OZ + CzCIs -+ (CzCI5O)z 

Fa1 CZCl5o -+ ccI,CCI(O) + C1 

[6bl -+ c c l 2 o  + CCI, 

They proposed that the CCI, radical somehow 
reacted with 0, to regenerate C1 atoms 

171 CCl, + 0, -+ CClzO + Cl + 40, 

Reaction 7 is of course not an elementary reac- 
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tion, but would presumably occur via the sequence 

CC13 + 0, ' CCI3O2 

2CC1302 ' 2CC130 + 0, 

cc1 ,o  ' CCI20 + C1 

Their mechanism does not include the C10 
radical as an intermediate. 

There is an alternative to reaction 7 in which 
the C10 radical is an intermediate, but CCl,O is 
not 

[81 Cc13 + o2 + CCl,O + C10 

[9 I C10 + czC14 -t CzClsO 

In order to test the two possibilities, we have 
examined the chlorine atom sensitized oxidation 
of C,Cl, in the presence of 0,. The 0, will react 
with chlorine atoms in the well-established 
reaction (5 ,  7 )  

[lo1 Cl + 0 3  ' C10 + 0 2  

It should also react with CC1, and C,C1, as 
folloms 

1111 CCI3 t 0 3  -" CC130 + 0 2  

With either mechanism, the [CCl,CC1(0)]/ 
[CCl,O] ratio will be unchanged unless the ratio 
k,,/k,, is different for the C,CI,O radicals 
produced in reactions 4a, 9, and 12. In that case, 
the addition of 0, will shift the product ratio, 
regardless of the mechanism. However, if the 
pathway suggested by Huybrechts et al. (4) is 
correct, the addition of 0, will produce C10 
radicals only by a competition of 0, and C2Cl, 

infrared spectroscopy. The kinetic apparatus has been 
described previously (8). For most of the reactions, the 
gases were mixed directly in the cell, but for some 
reactions, the reactants were frozen into a cold finger on 
the infrared cell and then permitted to vaporize. The 
kinetic apparatus was connected to a glass vacuum line 
(one stage glass oil diffusion pump) provided with stop- 
cocks greased with high vacuum silicone grease (Dow 
Corning). 

The infrared cell consisted of a 10.3 cm long Pyrex 
cylinder (4.8 cm 0.d.) provided with NaCl or KC1 
windows sealed onto the cell with high vacuum silicone 
grease (Dow Corning). 

The irradiation experiments were carried out in the 
infrared cell by exposing the length side of the cell to 
radiation emitted from a GE-H100-A4jT medium 
pressure mercury lamp with a Pyrex envelope. The 
radiation was filtered through a 3.08 cm thick Corning 
7-54 filter to remove visible radiation. 

Two infrared spectrophotometers were used. Relatively 
fast reactions were followed with a Perkin-Elmer 112, 
single tieam, infrared spectrophotometer with a CaF, 
prism. Slow reactions were followed with a Perkin-Elmer 
521 grating infrared spectrophotometer. 

The rates of slow reactions were followed by scanning 
repeatedly over the absorption bands corresponding to 
the carbonyl absorptions of both the phosgene and the 
trichloroacetyl chloride. Reactions which here too fast 
for this procedure were followed by monitoring continu- 
ously the appearance of the carbonyl absorption bands of 
the products. 

The infrared bands used for analysis and their respec- 
tive peak extinction coefficients (to base 10) are: C2Cl4, 
920 cm-', 0.0165 Torr-' cm-'; 0 3 ,  1055 cm-', 0.003 
Torr-' cm-' ;  CCl3CC1(O), 1810 cnl-', 0.0145 Torr-' 
cm- ' ;  CC120, 1830 cm-', 0.0180 Torr-' cmr' .  The 
extinction coefficient for the 1810 cm-I band of CCI,O 
was also measured to be 0.0140 Torr-' cm-' .  This value 
was needed for computation of the CCI,CCI(O) pressure, 
since both compounds absorb at  1810 cmr ' .  

Tetrachloroethylene was supplied by J .  T. Baker 
(Analyzed, chlorine free) and degassed, at first several 
times at  - 196 "C and subsequently several times at  

for C1 atoms, while the alternative pathway will -23 'C. Finally, i t  was distilled in c&uo from a -23 'C 
also lead to a suppression of C]O by increasing bath to a cold fillger (at -196 'C) of the permallent 

storage bulb. the ['311'['21 ratio' Furthermore if new products Nitrogen and by Philip wolf and 
are formed, come fronl the llew Sons. Nitrogen was used without further ourification. 
radical (either C10 or CCI,O, as the case may Oxygen h a s  purified by the method described by 
be) as a precursor. ~ight ingale  ei  ;I. (9). 

Chlorine (Matheson, 99.57, purity) was degassed 
Before the studies in the presence of O3 were thoroughly, and then repeatedly exposed to KOH pellets 

done it was Ilecessary to reexanline the chlorine to remove the HCI. The absence of HC1 was confirmed by 
atom initiated oxidation of C,CIA at lomre: infrared analvsis. The chlorine was then slowlv distilled 
temperatures to obtain the ratio CGI,CCIQO)]/ 
[GC1,0]. Also, we needed to study the dark 
reaction between 0, and C2C1, both in the 
absence and presence of 0,. The results of these 
studies are reported here. 

Exgerimentd 
For the experiments at  24 "C the reactant gases were 

mixed in an infrared cell and the reaction monitored by 

into the storage vessel by keeping the K O H - ~ ~ ~ O - K C I  
~n ix t~ l r e  at  as low a temperature as practical. 

Ozone was produced as needed from a static electric 
discharge (Tesla coil) of oxygen and collected at - 196 'C. 
The 0, was then degassed at - 196 'C tmo or three times 
to remove any excess oxygen. 

The gas pressures of tetrachlorethylene, 0 3 ,  CIZ, and 
low pressures of oxygen were measured using a cathetom- 
eter and a Mel-F oil (grade KF-3) manometer. Nitrogen 
and high pressures of oxygen were measured nith a 
mercury manometer. 
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MATHIAS ET AL.: OZONOLYSIS O F  C2CI, 3855 

TABLE 1. Chlorine atom sensitized oxidation of C2C14 in the absence of 0, 

Lo21 [c2Cl41 @ { c c ~ 3 c c ~ ( o )  } - @ {c,cl,)* 
(Torr) (Torr) @ {CCI,CCI(O) ) Q, {CCl,O } a? {CCI,O) - Q, {c2c1, 1 @{ox 1 

T = 24 "C, [Cl,] = 2.76 k 0.20 Torr, ZL = 1.29 f 0.09 mTorr/s 
21 8.6 2.4 - 

79 33 2.4 - 
252t 96t 2.6 - 

T = 32 "C, [C12] = 1.93 + 0.13 Torr, I, = 0.30 k 0.04 mTorr/s 
60 20 3 .O 
90 30 3.0 - 
82.5 28 2.95 92 

171 56 3.1 193 
21 1 76 2.85 248 
226 73 3.1 277 
260f 807 3.2 278 
257 84 3.1 - 

*@{ox) = @{CCl,CCl(O)j t +@{CCl,,O). 
TActinometer for all runs (wlth and klthout 0,) at 24 and 32'C, respectively. Assumed @{ox) = 300. 

The experiments at 32 'C were done slightly differently $@{CC120) in accordance with earlier workers 
than those at 24'C. The light source was a Hanovia (1-5). of products, Q{cc~,cc~(Q))/ 
medium-pressure mercury lamp, and the radiation passed 
through a Pyrex filter and a Corning 7-54 filter to isolate @{CC120) is 2.5 5 0.1 at  24 "C and 3.0 + 0.2 at 
the 3660 A line before entering a T-shaped reaction cell 32 'C. This trend is in kee~illg with that found 
which was situated in the sample beam of a Beckman by others, i.e. 4.0 at 40-80 "C (3) and 5.7 at  
IR-10 spectrophotometer. 80-100 "C (4). Thus /c6,,/k6, = 5.0 at 24 "C and 

The O3 was distilled at - 1 6  - C  before use, and its 6.0 at 32 CC, since each CCI, gives an additional pressure was measured with a H,SO, manometer. The 
C2CI,, Cl,, and low 0, pressures were measured with a CC120. 

11 
silicone oil manometer. High pressures of O2 were With 0, also present CC12CC120 is also 
measured with a Wallace and Tiernan absolute pressure produced, and at  high [O,]/[C,C],] becomes 
indicator. , , almost the exclusive product. In addition, small 

The epoxide CC1,CC120 was analyzed by following its 
infrared absorption band at 1340 cn1-I. Its peak extinc- of a compoulld 'vith an infrared 
tion coefficient \\-as estilnated to be 3.1 x 10-3 Torr-' absorption band at 1300 cm-' were produced. 
cm-'. This estimate \?as based on the consumption of When high 0, pressures were used a weaker 
C,CI, in experime~lts at high [O3I,'[C,C1,1 where the peak at  1025 cm-' was also seen. These bands 
epoxide is the main product. 

The infrared bands used for analysis in the 32 "C runs belong to C1,0, (lo), a known product of the 
were the same as at 24 'C. Because a different instrument photochemical reaction between C12 and 03 (5). 
was used the peak extinction coefficients were slightly The reaction products are produced rapidly 
different: c,c~,, 920 cm-', 0.0178 ~ o r r - '  cnl-'; during irradiation and also slowly in the dark 
CC120, 1830 cm-', 0.0152 Torr-' c1x-l; CC13CC1(0), when 0, and C2Cl, are present at fairly high 
1810 c m ' ,  0.009 Torr-I c m ' .  

pressures. The dark rate is never more than 10% 

Resdts of the photochemical rate. The C120, apparently 
attacks the NaCl windows of the reaction cell 

CI Atonz Oxidation as a band at 1100 c m ' ,  characteristic of a C1-0 
mixtures of 0 2 ,  and C2C14 are stretch mode, is observed. This band remains 

photolyzed with radiation principally at  3660 A, after the reaction is removed from the 
'he ~ r o d u c t s  of 'he reaction are C"3CC'(') cell, and can be partially removed by 
and CC120 exclusively: there is no indication of prolonged pumping, that the residual I 
tetrachloroethyle~le oxide, CC12C12B, produc- band intensity belongs to a chlorate or perchio- 
tion. The results are summarized in Table 1. The rate. 
quantum yields for both products increase with The results of the photochemical reaction in 
0, pressure approaching an upper limiting value. the presence of 0, are summarized in Table 2. 
For actinometric purposes we assume the upper For these runs the C2C14, 0 , ,  and 0, pressures 
limiting value to be 300 for @{CCI,CCI(O)) + were varied by factors of 10, 23, and 526, 
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TABLE 2. Chlorine atom sensitized oxidation of C,CI, in the presence of 0, 

[czcld* [o,lt [c,cl,]$ [O,]t: [02] [CI2] I,§ Irradiation time ,-, @{CCl,CCI(O)) 
1031 1021 (Torr) (Torr) (Torr) (Torr) (mTorr/s) , (s) - @{0,] @{CCI,CCI(O)) @{CClzO) @ { C c ~ z c c ~ ~ o )  @{ccI20) 

*Ratios of the average pressures. 
?Ratios of the initial pressures. 
XThe values in parenthesis are the average pressure during the run. 
IActinometry based on results in Table 1. 
IlQuantum yields obtained by extrapolation to zero time. 
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MATHIAS ET AL.: 0 2  ONOLYSIS O F  C2ClI 3857 

respectively, the absorbed intensity, I,, by a 
factor of 17, and the ratios [C2C14]/[03] and 
[0,]/[0,] by factors of 155 and lo4 respectively. 
The parameter which influences the results most 
is [C2C14]/[0,]. As this ratio rises @{CCI,CCl- 
I 

(0))  and @{CC1,0) rise. @(CCl,CCl20) at 
first rises reaching a maximum value of about 
30 for a ratio of about 0.25, and then falls with 
further increases in the ratio. The ratio @{CCl,- 
CCl(O))/CD(CCl,O) shows a mild dependence 
on [0,]/[0,]. This is seen more easily in Fig. I .  
There is considerable scatter in the data, but the 
ratio drops from about 3.0 in the absence of O, 
to about 1.0 at [03]/[02]  > 10. The data points 
at 24 "C lie below those at 32 "C, as they do in 
the absence of 0 , .  

Another manifestation of the same effect is 
seen for extended photolysis during a reaction. 
Results for such a run are shown in Fig. 2. At 
the earliest measured time, the ratio of [CCl,- 
CCI(O)] to [CC120] is about 1.3, but as the run 
progresses the [O,]/[O,] drops, and the ratio 
rises to 1.75. 

In a number of runs in Table 2, the quantum 
yield of 0, consumption, - CD{O,), exceeded the 
sum of those for product formation, indicating 
that 0, is consumed at a faster rate than C2C14 
in those runs. 

Ozonolysis 
The dark reaction of 0, with C,CI, was 

studied at 24 "C. The products were O,, CC1,0, 
and CCl,CCI(O), with minor amounts of 
I 

CCl,CCI,O also observed. A small amount of 
HCOOH was also found, but this undoubtedly 
comes from the hydrolysis of CCl,CCI(O). The 
more thoroughly the reactants were dried, the 
smaller the amount of HCOOH produced. In 

FIG. 1. Log-log plot of theratio of the quantum yields 
of CC13CCl(O) and CC1,O us. [03]/[02] in the chlorine 
atom sensitized oxidation of C2C1, by 0, and 03. 

FIG. 2. Plot of the CC13CCI(0) and CClzO pressures 
us. irradiation time in the chlorine atom sensitized oxida- 
tion of CzC1, by 0, and O3 at 32 'C. 

some cases, for very extended conversions, trace 
amounts of CI,, CO, and CO, were also found. 
There was no evidence at all of c-C3C1, 
formation. 

It was difficult to measure quantitatively the 
m 

CC12CC1,0 formation because it was a minor 
product, and its optimum band for infrared 
analysis at 900 cm-' was obscured by the C2C14 
band at 920 cm-'. The weaker band at 1340 cm-' 
was observed early in the run at high O, pressures 
(- 12 Torr), and all the bands could be observed 
if the C2C14 was reacted to completion. The 
other carbon-containing products and the 
reactants could be monitored continually. For a 
typical run, the results are shown in Fig. 3. 
Initially, the reaction proceeds smoothly, but 
after some time, the rate slows markedly, and 
finally almost stops, even though the reactants 
are not exhausted. The inhibition is due to the 

'0 2 0 0  4 0 0  6 0 0  8 0 0  I 0 0 0  1200 1400  1600  

REACTION T I M E  Imtn )  

FIG. 3. Plot of reactant and product pressures (note 
different scales) us. reaction time in the ozonolysis of 
C2CI, at 24 "C. The initial reactant concentrations were 
[C2C14]0 = 6.9 Torr and [03]0 = 4.1 Torr. 
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TABLE 3. Reaction of O3 with CZCI4 at 24 OC 

[czc1410 [0310 [Nz] Ri {CC120} Ri {CCl3CCl(O)} Ri {CClzO 1 
(Torr) (Torr) (Torr) (Torrlmin) (Torrlmin) Ri {CC13CCl(0) } 

3.85 6.15 121 0.015 - - 
4.50 3.8 0 0.013 0.012 1.1 
6 .9  4 .1  0 0.025 0.019 1 . 3  
9 .0  6.05 120 0.039 0.023 1.7 

18.0 3.01 113 0.18 0.15 1.2  
18.0 5.38 112 0.12 0.098 1.2 

accumulation of 0,,  since if 0, is initially 
present, the initial reaction rate is very much 
reduced, at least by a factor of 10. 

The initial rates of formation of CC1,O and 
CCI,CCl(O), R,{CCl,O) and R,{CCl,CCl(O)) 
respectively, are listed in Table 3 for several runs 
at different initial reactant pressures, [C,CI,], 
and [O,],. The initial rates are difficult to obtain 
because the inhibition starts soon in the run. 
Nevertheless, within the large uncertainty, some 
conclusions can be reached. The initial rates 
increase rapidly with C,G14 pressure. They are 
not much affected by the presence of N, or the 
initial 0, pressure. In the case of O,, the initial 
pressure varlat~on was only a factor of two, so 
that this conclusion is tentative. It was difficult 
to obtain accurate initial rates for higher or 
lower 0, pressures to confirm this observation, 
since at low 0, pressures, the reaction did not 
proceed sufficiently before inhibition occurred 
to make accurate measurements, and at high 
O, pressures the initial rates were too rapid for 
accurate measurement. Whereas in the chlorine 
atom initiated oxidation, CCl,CC1(0) was 
always produced in excess of CC1,0, the 
reverse happens in the 0,-C,Cl, dark reaction. 

Discussiom 
The chlorine atom initiated oxidation of C,C1, 

is a long-chain process. Corroboration comes 
from this work, since the addition of 0, can 
inhibit the reaction, and inhibition by additives 
only occurs for chain processes. Likewise, the 
ozonolysis of C,Cl, is a long-chain process, 
since the addition of 0, inhibits the reaction. 
This is a highly interesting and unusual situa- 
tion, since the two chain oxidations are inhibited 
by each other's oxidizing agent. This implies 
that the chain carriers in the two systems are 
different; otherwise addition of the second 
oxidant in the first system, or vice cersa, should 
enhance the chain length or have no effect. 

Cl Atom Oxidation 
The mechanism for the chlorine atom oxida- 

tion is a free radical mechanism as outlined in 
the Introduction. Our results confirm those of 
earlier workers (1-4). In the absence of O,, the 
mechanism predicts that if termination is 
exclusively by reaction 5, then 

However, if termination is exclusively by reaction 
46, then 

Equation 13 applies at low values of [0 , ]2 /~a ,  
whereas eq. 14 applies at high values of [02]2/I,. 
Figure 4 is a log-log plot of @(CCl,CCl(G)) + 
+@{CCI,@) cs. [O,I2/Ia. The plot behaves as 
predicted. At high [0,]2/1,, the quantum yields 
are constant giving k4/k4, = 150. At low 
[0,I2/I,, the log-log plot is fitted by a slope of 
3, though there is considerable scatter in the 

3" 1 . _ I _ _ -  
o o5 lo6 c7  c 8  

[ o , ~ ' .  T o r  s 

FIG. 4. Log-log plotof @ {CC13CC1(0)} + g@{CCl,- 
0 )  us. [Ozj2/I, in the chlorine atom sensitized oxidation 
of CzC14 in the absence of 0,. 
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MATHIAS ET AL.: ( IZONOLYSIS OF  C,CI, 3859 

data. The intercept gives (2k32k,/kj2)1'3 - 1.2 
(Torr s) - 'I3. 

In the presence of 0, there are three main 
effects. These are: ( I )  the ratio (D{CCl,CCl(O))/ 
@{CCl,O) drops as the [03]/[02] ratio is 
increased, but is unaffected as the [O,]/[C,CI,] 

m 
ratio is changed; (2) CC12CC1,0 is produced, 
its quantum yield depending mainly on the 
[C,CI,]/[O,] ratio; and (3) the overall rate of 
the reaction is reduced as [O,]/[C,Cl,] is raised. 

Based on the mechanism outlined in the 
Introduction, the products of the photochemical 
oxidation result from the decomposition of the 
C2Clj0 radical. Consequently, the change in 
ratio of the products implies that the C,CI,O 
radicals produced by an additional route in the 
presence of 0,, i.e. either by reactions 9 or 12, 
must be energetically different from those 
produced by reaction 4a, and thus have a differ- 
ent decay ratio k,,/k,,. That C10 is actually 
produced in the presence of 0, can be estab- 
lished by comparing the rate constants for 
reactions 2 and 10. These are respectively, k, = 

1.3 x 10'' M - I  s-I ( l l ) ,  and k,, > 4 x 10' 
M-1 s - l  (7). In one of the runs in Table 2, 
[C,CI,]/[O,] = 0.030, so that some of the 
chlorine atoms have been converted to C10 
before addition to C2Cl,. 

The change in @{CC13CCI(0)]/@{CC120} 
depends on the [0,]/[0,] ratio, a result to be 
expected if the C2C1,0 radicals produced in 
reaction 12 are different than those produced 
from reaction 3 followed by 4a. Presumably the 
C2Cl j0  radicals produced in reaction 4a are 
nearly thermal neutral, since the excess energy 
of reaction tends to appear nlainly in newly 
formed bonds, in this case the 0, molecule. 
Support for this hypothesis comes from the fact 
that small temperature changes noticeably 
influence the ratio @{CC1,CC1(O))/@{CCl20}. 
Such an effect would not be expected to show up 
if the radicals contained a considerable amount 
of excess energy. On the other hand any C2C1,0 
radicals produced from the reaction of C2C1, 
and 0, would be expected to contain a con- 
siderable portion of the - 50 kcaljmol energy of 
reaction. Thus their decomposition should lead 
to @{CC13CCl(0))/~{CC120} even larger than 
3.0. Actually the ratio was diminished rather 
than enhanced. This suggests that reaction 12 
does not proceed through C,Cl,O (unless the 
excess energy is highly organized in specific 
reaction modes), and that reaction 12 should be 

written 

2bl + C c l 2 0  + CCI3O2 (or CC13 + 0 2 )  

There is also the possibility that the epoxide 
could be produced in this reaction. However the 
ratio of the epoxide to the other products 
depends primarily on [C,Cl,]/[O,] and not 
[0,]/[0,]. Thus another route must be mainly 
responsible for the epoxide, and for simplicity 
we ignore the channel of reaction 12 that could 
lead to epoxide production. 

The epoxide must come from a radical 
precursor which is absent in the absence of O,, 
i.e. either C10 or CCl,O, as the case may be. 
In the former case, <@{CCI,CCI(O)) + +@- 

m 
{CC120))/@{CC12CC1,0) would depend on 
[C2C1,]/[0,], whereas in the latter case, 011 

[0,]/[0,]. Since the dependence is on [C2Cl,]/ 
[O,], we conclude that epoxide comes from C10, 
that C10 is absent in the absence of O,, and that 
the inechanism of Huybrechts et al. (4) is correct. 
The route to epoxide formation is reaction 9, the 
possible reaction channels being 

rn 
Pal  C10 + c z c l 4  + cC12cc120 + c1 

The termination step introduced by O,, as wel! 
as the routes to C120, production, come from 
the interaction of C10 with O, 

The C10, reacts further with 0, to give the 
higher chlorine oxides. 

Since the chain length is long under all 
conditions, the mechanism predicts that 

The left-hand side of the equation is plotted 21s. 
[C,CI,]/[O,] in Fig. 5. The data can be fitted by 
a straight line, and this line passes through the 
origin. There is no significant trend with [0,]/ 
[O,], thus justifying our neglecting epoxide 
formation through reaction 12. The slope gives 
k2kg/kl0kg, = 6.7 and the lack of intercept 
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[20] @{CC13CCI(0)) + +@{CCl,O) 

FIG. 5. Plot of (@{CCl,CCl(O)} t +@{CC120))/ 
m 

@{CC12CC120) us. [C2C14]/[03] in the chlorine atom 
sensitized oxidation of C2C14 by 0, and 0 3  at 32 "C. 

gives (k,, + k9,)/k9, + k,k,,/k,,k,, - 0. Thus 
k,/klo = 6.7. Since k ,  = 1.3 x 10" M - I  s-l ,  
k,, = 1.9 x 109 M-1 ~ - 1 .  

The result that k,,/k,, is too small to play any 
role requires that some other reaction must be 
incorporated to explain the fact that the 0, 
consumption can exceed C2CI, consumption 
(see Table 2). The possible reactions are 

The first two reactions lead to no changes in the 
mechanistic rate laws developed. The third 
reaction, if it occurs, would tend to make k,, 
appear smaller than it really is, but otherwise 
would not change the rate law. 

The rate law for individual product quantum 
yields depends on the termination step. Since 
there are three termination steps there are three 
limiting sets of rate laws. These are: 

Case I: Tern7ination by Reaction 15b 
I 

Case II: Terinination by Reaction 46 

Case 111: Termination by Reaction 5 

Since all three termination steps can occur, the 
overall rate law should be complex indeed, and 
a detailed analysis of the data for additional rate 
coefficient ratios is not possible. 

The rate coefficient ratios obtained in this 
study are summarized in Table 4. 

Ozonolysis 
The fact that 0, inhibits the ozonolysis of 

C,CI, implies that free radicals (i.e. species with 
an odd number of electrons) are absent. Cer- 
tainly, the free-radical chain carriers in the 
chlorine atom sensitized oxidation are absent, 
or else the addition of 0, would enhance the 
reaction. Additional support for this conclusion 
comes from the fact that the product ratio 
[CCl,CCI(O)]/[CCI,O] exceeds unity in the 
chlorine atom sensitized oxidation, but is less 
than unity in the ozonolysis. 

To explain the ozonolysis, a diradical mechan- 
ism must be invoked. Even for this mechanism, 
the simplest diradical, CCl,, must be absent 
also, because it leads to mono free radicals (i.e. 
C1 and C10) when it reacts with 0, (12). We 
propose a mechanism very similar to that 
proposed for the ozonlysis of C,H,C12 (8). 
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MATHIAS ET AL.: OZONOLYSIS OF C2Cl, 

TABLE 4. Summary of rate coefficient ratios 

Ratio Value Units Source 

k6.lksb 5.0 +. 0.2(24"C) None @ {CC13CCl(0)}/~ {CCI,O) 
kso/k6b 6.0 + 0.4(32"C) None {CCl,CCl(O) }/@ {CCl,O } 
k4/k4b 150 None Eq. 14, Fig. 4 
k32k4/k5Z 4 . 9 *  Torr-I s-I Eq. 13, Fig. 4 
kzlkio 6.7 t 1.0 None Eq. 16, Fig. 5 
(k9b + ksc)/kga -0 (<O. 1) None Eq. 16, Fig. 5 
ki5lk10 4 (<0.06) None Eq. 16, Fig. 5 

*At least a factor of 2 uncertainty. 

where C2C140 includes both CC13CC1(0) and - 
CC12CC120. Other reactions are also possible, 
but for simplicity, they have been omitted. 

The above mechanism leads to the simple rate 
laws 

For long chains, eq. 28 further simplifies to 

in which case 

The mechanism predicts no dependence on 
[O,], in conformance with the experimental 
findings. 

Figure 6 is a log-log plot of Ri{CC120) vs. 
[CzC14]. The line which best fits the data has a 
slope of 1.8 which compares favorably with the 
value of 2.0 predicted by eq. 30. Thus, within the 
large experimental uncertainty, the mechanism 
conforms to the results. 

For the runs in Table 3, Ri{CC120)/Ri{CC13- 
CCl(0)) = 1.3 + 0.2. Then from eq. 31, k26,/k26 
= 0.65. 

In the presence of 0, the chain is presumably 
terminated via the reaction sequence 

Then the limiting rate law at high 0, pressure 
would become 

In our experiments with excess 0 2 ,  Ri{CC120) - 4 x Torr/min for [C2C14] = 7.5 Torr 
and [03]  = 3.5 Torr. Since part of this reaction 

FIG. 6.  Log-log plot of initial rate of CCI,O forma- 
tion us. the CzC14 pressure in the ozonolysis of CzC14 
at  24 "C. 

might be attributed to the slow heterogeneous 
decay of 0 , ,  k,, 5 0.012 M-I  s-l .  

The only previously reported work on the 
0,-C2C14 reaction was by Williamson and 
CvetanoviC (13) in CCl, solution. They found the 
reaction to be first order in both 0, and olefin 
concentrations with a rate constant 1.0 M-I  s-l ,  
about 100 times that found here. It is interesting 
to note that their rate coefficient for the 0,- 
CH2CC12 reaction in CCl, solution was about 
10 times larger than that found in the gas phase 
(8). 

This work was supported by the Environmental 
Protection Agency under Grant No. R800949 for which 
we are grateful. 
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EUGENIO SANHUEZA and JULIAN HEICKLEN. Can. J. Chem. 52,3863 (1974). 
The Hg 6(3P) sensitized photolysis of C2C14 was studied at 25 "C both in the absence and 

presence of N 2 0  and 0,. For C2Cl4 alone, the only products are polymer and Hg,CI,. The 
quantum yield of C2C14 disappearance, -4,{C2C14} - 1. Thus, the photolysis produces C2CI3 
radicals and Hg2C12, the CzCI3 radicals dimerize, and the resultant 1,3-C4CI6 polymerizes. 
The relative quenching of Hg 6(6P) by C2CI4 compared to N 2 0  is 3.0. 

In the presence of 0, the products are CCI3CCI(O) and CC120 which are formed in a radical 
chain process in a ratio of 2.6 independent of reaction conditions. CO is also produced with a 
quantum yield of unity. The quantum yields of the chlorine-containing products are independent 
of the 0, pressure and the absorbed intensity, but are proportional to the CzCI, pressure, the 
proportionality constants being 1.4 and 3.7 Torr-', respectively, for CC1,O and CC13CC1(0). 
A detailed mechanism, based on the chlorine atom chain oxidation, is presented, and appro- 
priate rate constant ratios are evaluated. 

EUGENIO SANHUEZA et JULIAN HEICKLEN. Can. J. Chem. 52,3863 (1974). 
On a Ctudie a 25 "C, en presence et en absence de N 2 0  et O,, la photolyse du C2C14 sensibilise 

par le Hg 6(3P). Lorsque le C,CI, est seul on n'isole conime produits qu'un polymere et du 
Hg2CIz. Le rendement quantique pour la disparition du CzC14, - cf,{C2C14), est pratiquement 
igal a 1. Donc la photolyse produit des radicaux C2CI3 et du Hg2C12; les radicaux C2C13 se 
dimerisent et le C4CI6-1,3 qui en resulte se polymCrise. La facilitk relative, pour C2C14 compare 
a N 2 0 ,  de pieger Hg 6(=P) est tgale 3.0. 

En presence d'oxygene les produits sont le CC13CC1(0) et le CC120 qui se forment par un 
processus radicalaire en chaine dans un rapport de 2.6 qui est independant des conditions 
reactionnelles. Du CO est aussi produit avec un rendement quantique egal a l'unite. Les rende- 
ments quantiques de produits contenant du chlore sont independants de la pression d'oxygene 
et de l'intensite absorbee, mais ils sont proportionnels a la pression de C2C14; les constantes de 
proportionnalites sont respectivelnent de 1.4 et 3.7 Torr-' pour CC120 et CC13CCI(0). On 
presente un mecanisme d6taillC base sur l'oxydation en chaine par les atomes de chlore; de 
plus on evalue les rapports des constantes de vitesse appropriees. 

[Traduit par le journal] 

Introduction 
The chlorine atom initiated oxidation of C2C1, 

has been studied in several laboratories (1-4), 
and the results reviewed (5). More recently a 
study was made in our laboratory (6). In all the 
studies, the major products were CCl,CCl(O) 
and CC1,0, the reaction was a long chain reac- 
tion with chain lengths of about 300 independent 
of light intensity, I,, or any of the reactant pres- 
sures if the 0, pressure was sufficiently high. The 
ratio of product quantum yields @{CCI,CCI(O)) 
/@{CCl,O} was 5.7 at 80-100 "C (4), 4.0 at 40- 
80 "C (3), 3.0 at 32 "C (6), and 2.5 at 24 "C (6). 

The main features of the mechanism of the re- 
action were worked out in a remarkable paper by 

'CAES Report No. 306-73. 
ZFulbright Fellow: 1972-1974. 
3Revision received June 5, 1974. 

Huybrechts et nl. (4) who found different intensi- 
ty dependences for the rates of the 0, inhibited 
chlorination (I:'') and the chlorine atom initi- 
ated oxidation (I,). They argued that since these 
two reactions are coupled, they have common 
chain-breaking steps, which must be bimolecular 
in radicals to explain the 1,'12 dependence of the 
rate of chlorination. Therefore, the oxidation 
must be propagated by a bimolecular radical re- 
action. Their mechanism is 
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16aI C2CI50 -t CC13CCI(0) f C1 

t6bl 4 CCIZO + CCI, 

[71 CCI, + o2 -+ ccI3o2 
t81 ccI3o2 4 CC120 + C1 + toz 

In our laboratory, we are engaged in an ex- 
tensive program to study halocarbon oxidation. 
In this paper we report the results of the Hg- 
photosensitized oxidation of C2C14. These re- 
sults are compared to those obtained by chlorine 
atom initiation to see whether a radical-chain 
mechanism is involved. 

Experimental 
The experiments utilized conventional static photo- 

chemical techniques. The working part of the vacuum 
system was greaseless, employing Teflon stopcocks and 
greaseless joints with Viton O-rings. For pressures i 5 
Torr, a Consolidated Vacuum Corp. McLeod gauge was 
used whenever possible. Pressures between 5 and 50 Torr 
were measured in a Wallace and Tiernan absolute pres- 
sure indicator. Pressures larger than 50 Torr were mea- 
sured in a mercury manometer. 

All gases were Matheson C.P. grade. When it was 
possible, they were purified by bulb-to-bulb distillation in 
the vacuum line and degassed at - 196 OC before each 
run. The C2C14 was Baker Analyzed, chlorine free. The 
fraction volatile at -21 "C but condensable at -90 "C 
was used. It was degassed before each run from a trap at 
- 90 "C. The CCI3CCI(O) was from Eastman Kodak and 
was fractionated in the same manner as C2C14 before use. 
The gases were saturated with mercury vapor at room 
temperature and mixed directly in the cell. 

Three reaction cells were used. Cell No. 1 was a cylin- 
drical quartz vessel 5 cm in diameter and 10 crn long. Cells 
No. 2 and 3 were Pyrex T-shaped cells. For each cell the 
stem of the T had a 5 cm diameter quartz window to per- 
mit entrance of the radiation. The top of the T had two 
NaCl windows, each 5 cm in diameter, for infrared anal- 
ysis. The windows were attached to the cells with Carter's 
epoxy cement. The length of the tops of the T cells were 
6.7 and 12.7 cm, respectively, and were situated in the 
sample beam of a Beckman IR-10 infrared spectrometer 
for continual analysis of C2CI4, CCI20, and CCI,CCI(O). 
Each cell contained a drop of Hg. 

Irradiation was from a Hanovia flat-spiral low-pressure 
mercury resonance lamp. Before entering the reaction 
cell, the radiation passed through a Corning 9-54 filter to 
remove radiation below 2200 A. When reduced intensities 
were desired, Corning 9-30 filters were inserted between 
the lamp and reaction vessel. Actinometry was obtained 
from the Hg-photosensitized decomposition of N 2 0  in the 
presence of 1-2% C2F4 to scavenge the O(jP) atoms pro- 
duced. For this system, Q{N2} = 1.0 (7). 

When cell No. 1 was used, the fraction of the contents 
condensable at - 196 "C was transferred to an infrared 
cell for analysis of CzCl4, CCI20, and CC13CCI(0) after 
irradiation. For a number of experiments, the condens- 
ables at - 196 "C were separated at - 90 OC. The volatile 
fraction contained N 2 0  and CC120, the condensable frac- 
tion, C2C14 and CC13CCI(0). Both fractions were ana- 

lyzed separately by infrared analysis, the results being the 
same as when fractionation was not done. 

When cells No. 2 and 3 were used, infrared analysis was 
done continually during irradiation. The CzC14, CC120, 
and CC13CCI(0) were analyzed from their respective ab- 
sorption bands at 910, 1835, and 1015 cm-'. Calibration 
of these bands gave peak extinction coefficients of 1.86 x 
lo-', 1.58 x lo-', and 5.6 x Torr-I cm-', respec- 
tively. The band of CCI,CCI(O) at 1810 cm-t interfered 
with the CC120 analysis, so it was calibrated also, and 
corrections made. Its peak extinction coefficient was 
found to be 1.37 x Torr-I cm-'. 

For a few runs analysis was made for CO and C 0 2  by 
gas chromatography. For CO, the column used contained 
5A molecular sieves and was 10 ft long. It operated at 0 
"C with a He flow rate of 60 cclmin. In one run, gas chro- 
matographic analysis for C 0 2  was made utilizing a 24 ft 
long column packed with Porapak Q operating at 25 "C 
with a Hz-carrier gas flow rate of 60 cclmin. 

For the actinometer runs as well as those with N 2 0  
and C2C14 present, N2 was measured by expansion of the 
gas noncondensable at - 196 "C. 

The absence of CIz was checked by ultraviolet analysis 
on a Cary 14 spectrometer. During photolysis the mercury 
drop became coated with HgZCl2, as verified by dissolving 
the drop in nitric acid solution followed by the addition of 
AgN03. The characteristic AgCl precipitate was obtained. 

In order to remove the polymer which was formed in 
the absence of O2 from the reaction cell No. 1, air was 
admitted, and the cell was heated with an oxygen gas 
torch to about 500 "C before each experiment. When cell 
No. 2 was used, it was cleaned by rinsing with acetone and 
isopropanol. 

Results 
The Hg 6(3~)-sensitized photolysis of C2C14 at 

25 "C yields polymer and Hg2CI, as the exclusive 
products. The polymer was not identified, but the 
Hg2C1, coated the Hg drop and the presence of 
chloride was verified by dissolving the drop in 
nitric acid followed by the addition of AgNO, to 
precipitate AgCl. No other products were found. 
In particular, both C1, and c-C,Cl, were absent, 
an upper limit to the quantum yield of the latter 
compound being 0.05. 

The loss of C2C14 was monitored and the re- 
sults are in Table 1. It is somewhat difficult to ob- 
tain accurate quantum yields since the products 
coat the windows and reduce the light intensity as 
the run progresses. The quantum yield of C2C14 
loss, - (D(C2C14), is listed in Table 1. Within the 
large experimental uncertainty, - (D{C,Cl4) - 
1.0. Thus a long chain polymerization of C2C14 
is not involved. 

In order to measure the rate constant for the 
quenching of Hg 6(3P) by C,C14, experiments 
were done with both N 2 0  and C2C14 present and 
the quantum yield of N, formation, @{N,), was 
measured. Short exposures were used so that 
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TABLE 1. Hg-sensitized photolysis of C2CI4 at 25 "C o l a  = 3 . 4 - 5 6  m T a r r l s  

4 . . = 0 5 . 0  8 ,  .To..* 

[c2c141 (Torr) (mTorr/s) 1, Irradiation time (s) -@ {c2cI4 1 3 1 1  
1800 0.76 2.20 0.40* - 
900 ; 2 i  3.20 0.40* 0.83 - 

4.80 0.40* 3300 0.72 e o • 

4.80 3.2* 500 0.90 
5.20 1.7* 500 1.20 

I 

1.00 1 . O t  - 1.43 
1.66 1.3f - 0.93 o - I I 1 . 

4.10 1.7f - 1.23 0 01 02 0 3  0 4  0 5  06 0 7  

6.50 2.0t - 0.9$ [ c ~ c ~ I  / [N~o] 
'I. ,  average value from actinometries at the beginning and at the 

end of the run. FIG. 1. Plot of the reciprocal nitrogen quantum yield 
tI, at the beginning of the run. us. [C2C14]/[N20] in the Hg-photosensitized decomposi- 
$Based on initial rates (0 time). tion of C2C14-N20 mixtures at 25 "C. 

actinometer experiments before and after each the C2C14. The absorbed intensities, I,, and the 
run gave similar results. The values for @{N2) initial C,Cl, pressure both vary over a factor of 
for the various experiments are listed in Table 2. 6 .  All the runs fit the same rate law, which is 
@{N,) drops as [C,CI,]/N,O] is raised, as ex- 
pected from the competition 1121 In ([C,C~,IO/[C~C~,I) = kI,t 

[ lo] Hg 6(3P) + CzC14 7- removal of Hg 6(3P) 

Reactions 9 and 10 lead to the simple rate law 

Figure 1 shows a plot of @{N,}-' us. [C2C14]/ 
[N,O]. The plot is linear and passes through an 
intercept of one. The slope gives k l o / k ,  = 3.0 F 
0.5. Since the value (5) for k ,  = 2.2 x 10" M-I  
s-I, then k , ,  = 6.6 x 10'' M- I s - ' .  

For the Hg 6(3P)-sensitized photolysis of 
C2CI,-0, mixtures, the major products of the re- 
action were CC1,O and CCI,CCl(O). The quan- 
tum yields of these compounds were large, 
exceeding unity, thus indicating a chain process. 
The polymer, which was still produced, was rela- 
tively much less important. Also produced was 
Hg2CI, and CO. In one run with a C2Cl, pres- 
sure of 4.8 Torr and an 0, pressure of 35 Torr, 
an analysis was made for CO,. It was a very 
minor product, its quantum yield being about 
0.1. Since this run was done at a high 0, pressure 
and should favor CO, formation, it can be con- 
cluded that CO, is unimportant. As in the ab- 
sence of O,, no c-C,Cl, was produced. C1, was 
not detected, but of course if it were produced, it 
would have reacted with the Hg. 

Several runs were made and the C,Cl, disap- 
pearance monitored. The results for five runs are 
plotted as a first order rate plot in Fig. 2. The 
five runs were followed to 70-75Y, depletion of 

where [C2C14]o is the initial C,C14 pressure. 
From Fig. 2, k  is found to be 4.4 0.4 Torr-'. 

For a number of runs, quantum yield measure- 
ments were made based on either initial rates or 
average rates for a given exposure. These results 
are listed in Table 3. For several runs including 
the three listed in Table 3, @{CO) was measured 
and found to be 1.0 $. 0.1. These runs were for 
0, pressures about 6 Torr, but covered C,Cl, 
pressures from 2.5-9.9 Torr and I, from 0.25 to 
1.60 mTorr/s. The runs listed in Table 3 cover a 
C2C14 pressure range of a factor 13.7, an 0, 

v0 0 

,'-'- 
0  25 50 7 5  0 0  2 5  5 0  175 200 225 250 275 300 

10 1 ImTorr I  

FIG. 2. Semilog plot of [C2C1,]o/[C2Cl,] us. I,t in the 
Hg-photosensitized oxidation of CzC14 for five experi- 
ments at 25 "C. 
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TABLE 2. Hg-sensitized photolysis of mixtures of 
C2C14 and N 2 0  at 25 "C 

[Cz.cl,l 
(Torr) 

[Nz.Ol 
(Torr) 

Irradiation 
time (s) 

TABLE 3. Hg-sensitized photooxidation of CzC14 at 25 "C 

[czc141* LO21 1, 
(Torr) (Torr) (mTorr/s) @ {CCl,O ) @ {CC13CCI(0) } - @ {c,cl4 1' 

*For those runs with quantum yields based on extensive photolysis, the average CzC14 pressure is listed. 
The value in parenthesis is the initial CzClj pressure. The other runs are all based on initial rates. 

t@{CO) = 1.00. 
$Q{CO} = 0.93. 
§Q{CO} = 1.13. 
IIValues in parentheses obtained from using the slope in Fig. 2. 

pressure range of a factor of 15.9, and an I, range Thus, these results are consistent with those in 
of 12.3. Within the scatter of the data, the quan- Fig. 2. 
turn yields of the chlorine containing species are A few runs were done with C2Cl4, O,, and 
independent of [O,], essentially independent of either SO,, CO, or NO present. The affect of 
I, (there appears to be a slight increase in yields these gases on the quantum yields of the chlorine 
with I,), and increase with the C,C14 pressure. containing compounds is shown in Table 4. The 
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TABLE 4. Hg-sensitized photooxidation of C2Cl4 in the presence of SO,, CO, rnd NO at 
25 "C, I, = 0.35 mTorr/s, and [02]  = 5.6 i 0.3 Torr 

[MI [czcl,l$ m {CCI,CCI(O) } 
(Torr) (Torr) (D {CCI20} @ {CC13CCl(0)} - { C 2 C 4 }  (D {CC120 } 

M = SO2 
O.O* 3.8 5.3 14.1 17.1 2.6 
0.40 3.6(2.8) 3.7 11.4 15.2 3.1 
1.10 4.8(4.0) 4 .2  9 .5  16.5 2.3 
3.40 4.6(3.8) 3.3 9 .4  16.2 2.9 

M = CO 
O.O* 4.2 5.9 15.6 13.8 2.6 
0.42 5.1(4.4) 3.9 10.4 14.9 2.6 
0.80 4.8t4.1) 4.9 - 14.7 - 

M = NO 
O.O* 5.0 7.0 18.6 22.0 2.6 
0.044 5.4(5.2) 1.31 3.14 4.3 2.4 
0.088 5.6(5.4) 0.91 1.35 1 . O  1 .5  
0.088f 5.8(5.6) 0.63 0.95 - 1 .5  
0.093 2.9(2.8) 0.91 0.84 - 0.9 
0.195 4.8(4.6) 0.79 1.25 - 1.6 

*For [MI = 0, quantum ylelds obta~ned from Flg 3 
t[021 = 56 7 Torr 
$All lrradlatlons were for 300 s The [C2CI,I llsted IS  the l n ~ t ~ a l  pressure The value In parenthesls 1s the average 

value for the 300 s irradlatlon 

addition of SO, or CO does not have much, if molecule. In either case, the C,Cl, radical would 
any, effect. However, only small amounts of NO dimerize, and the resulting 1,3-C,Cl, molecule 
greatly reduce the quantum yields, suggesting would polymerize. 
that NO is scavenging the free radical chain In the presence of O,, the quantum yields are 
carriers. unaffected by changes in the 0, pressure. This 

Finally, one run was done in which 7.1 Torr of result must be reconciled with the fact that 0, is 
C1, was photolyzed by a medium-pressure Hg as efficient as N,O in quenching Hg 6(3P) via the 
lamp in the presence of 5.2 Torr of C2Cl, and process (5) 
20.0 Torr of 0, in a Pyrex cell. In this experi- 
ment, in which the oxidation of C,CI, is initiated 
by chlorine atoms, the ratio (D{CC13CCl(0)}/ 
(D{CCl,O) was found to be 2.7, in good agree- 
ment with the work of Mathias e f  al. (6). 

Discussion 
In the absence of O,, the only products are 

Hg,Cl, and polymer, but - @{C,Cl,) - 1. 
Consequently the quenching of Hg 6(3P) by 
C,Cl, must cleave a C-C1 bond. This might 
occur directly 

or by energy transfer first 

[I41 Hg 6(3P) + O2 + Hg 6('S) + 0 2 *  

where 0, * is electronically excited 0,. Presum- 
ably, the explanation is that 0,* can transfer its 
energy to C,Cl, in the same manner as it does 
with the perfluoroolefins (5) 

and this reaction is followed by reaction 13. 
The results of the Hg-photosensitized oxida- 

tion of C,Cl, are very similar to those in the C1- 
initiated oxidation, i .e. the major products are 
CC13CC1(0) and CC1,O produced in a ratio of 
2.6 independent of conditions. Furthermore, the 
quantum yields are independent of I, and 0, 
pressure. Consequently, the mechanism con- 

followed by &ting of reactions 2-8 must be operative in both 
systems. 

[13] Hg 6('S) + CzC14* + CzC13 + HgCl The only difference between the two systems is 
where C,CI,* is an electronically excited C,CI, that for Hg sensitization, the quantum yields are 
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TABLE 5. Summary of rate constant ratios 

Source 

Ratio Value Units Equation Figure 

k10lkg 3 . 0 i 0 . 5  None 11 1 

ki8k4/ki7k4b 4 .4k0 .4  Torr - 12 2 

ki8k41ki7k4b 4.4+1 .0  Torr - ' 22 3 

ksak4ki8 3 .711 .0  Torr - 21 3 
ksk4bki7 

kso/2ksb 2 .610 .2  None 20, 21 3 

proportional to the C2C14 pressure, whereas for 
chlorine atom initiation, there is no dependence 
on C2C14 pressure. The explanation for the dif- 
ference must be in the mechanism that initiates 
chlorine atom production in the Hg-sensitized 
system. The simplest mechanism consistent with 
the observation is 

[I61 CzCI3 + 0 2  -t CzC1302 

one. Figure 3 shows log-log plots of @{CCI,O), 
@{CCl,CCl(O)), and -@{C2C14) - 1 us. the 
C2C14 pressure. As predicted by eqs. 20-22, all 
the plots can be well fitted by lines of slope one. 
From the three graphs the rate constant ratios in 
eqs. 20-22 are found to be 1.4 1 0.3, 3.7 + 1 .O, 
and 4.4 f 1.0 ~ o r r - I  respectively. The ratio 
@{CC13CCl(0)}/iD(CC120} = k6,/2k6, = 2.6 + 

~ 1 7 1  C2C1302 + CO by termination I o 0 ~  o . o { C C I  ? 0 }  

[18] C2C130, + CZCl4 ;. C2Cl, 3. (CCIO), o m @ { C C I ~ C C I ~ O ~ }  

a A - Q  {C,CI ,} - I 

Reaction 17 is needed to satisfy the observations 
that @(CO} = 1.0 and that there is no depen- 
dence on I,, i.e. termination is first order in 
radicals. How reaction 17 proceeds is not clear. 
Possibly it is a wall reaction. Reaction 18 
is the chain initiating reaction and produces 
(CClO),. However we presume reaction 18 to  
be much less important than reaction 17, so that 
insufficient (CCIO), would be produced to de- 
tect. 

The mechanism consisting of reactions 2-8,10, 
and 13-18 leads to the following rate laws if the 
rate of reaction 18 is small compared to that for 
reaction 17, and the rates of reactions 4b and 5 
are small compared to that for reaction 4a. 

~191 ~ { c o )  = 1 

k4k6nk18 [21] @{cci,CCl(o)} = CC2c141 FIG. 3. Log-log plots of the quantum yields us. CzC14 
4 b  6 17 pressure in the Hg-photosensitized oxidation of CzC14 at 
- .  25 "C. The oven points represent results from initial 
k4k18 [CZC14] [22] -@{C2C14} - 1 = - slopes; the fillkd points represent average values for runs 
k4bk17 at extended conversions. For clarity, the plot for 

@{CC13CCI(0)} has been displaced downward by a 
In agreement with eq. 19, @(CO) was found to be factor of 10. 
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0.2 is in excellent agreement with that found in 
the C1 initiated reaction (6).  Also, mass balance re- 
quires that - Q{C2C14} - 1 - @{CC13CCl(0)) 
+ +@{CCl,O); the value for -@{C,C14} - 1 
of 4.4[C2C14] agrees exactly with the value for 
~ { c c 1 3 c c l ( o ) )  + ~Q{CCl2O} of 4.4[C2C14]. 
Finally, the value of (k4/k4,)(kl,/kl,) of 4.4 
found from Fig. 3 agrees exactly with the same 
value found from Fig. 2. 

A summary of the rate constant ratios found 
in this work is given in Table 5. 
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EUGENIO SANHUEZA and JULIAN HEICKLEN. Can. J. Chem. 52,3870 (1974). 
The reaction of 0(3P), prepared from Hg photosensitization of N 2 0  with C2C14 was studied 

at 25 "C. The exclusive products of the reaction in the absence of 0, were CC1,O and polymer 
(as well as N, from the N,O). The quantum yield of CCI20 production, @{CC120), was 0.19 
independent of the C2CI4 pressure or the absorbed intensity, I,. There was no evidence for CO, 

m 
Clz, c-C3CI,, CC13CC1(0), or CCI2CCI20 production. The reaction mechanism is 

112~1 o (~P)  + c2c14 + CCIZO + cc12 
[I261 + C2C140* 
with klZo/k12 = 0.19. The CC12 radical dimerizes and the energetic C2CI,0* intermediate 
polymerizes. By competitive kinetics, the ratio kl2/kl3 was found to be 0.10, where k12 = klzy 
+ k12, and k,, is the rate coefficient of the O(,P) + CzF4 reaction. 

In the presence of O,, a chain process is involved in which CC13CCI(0) and CC120 are the 
major products. They are formed in a ratio of 2.0 independent of reaction conditions, but the 
chain length is proportional to [C2C14]/Za"Z. Also produced is CO with a quantum yield of 
-0.18. The ratio @{CCI3CC1(0)}/@{CCl20) = 2.0 is similar to that of 2.5 found in the C1 
atom initiated oxidation. This result is interpreted to mean that chlorine atoms are involved in 
the chain. The reaction which initiates monoradicals in the system is 

[211 CCl, + 0, -t ClCO + C10 

EUGENIO SANHUEZA et JULIAN HEICKLEN. Can. J. Chem. 52,3870 (1974). 
On a Ctudie, a 25 "C, la reaction de C2CI, avec 0(3P) prepare par photosensibilisation au 

mercure du N 2 0 .  Les seuls produits formes au cours de la reaction, en absence d'oxygene, sont 
le CC1,O et un polymere (il se forme aussi du N, a partir du N20) .  Le rendement quantique 
pour la production de CCI20, @{CCI20), est de 0.19 et est indipendant de la pression de C2CI4 
ou de l'intensite absorbCe, I,. On n'a trouve aucune indication concernant la production de CO, 
I 

Cl2, c-C3C16, CCI3CCI(O) ou CC12CC120. Le mecanisme rkactionnel est 

~ 1 2 ~ 1  o(,P) + C~CI,  + CCI,O + CCI, 

[12bl + C2CI,0* 
pour lesquels k12,/k12 = 0.19. Le radical CC1, se dimerise et l'intermediaire C2CI40* qui con- 
tient beaucoup d'knergie se polymtrise. A l'aide de cinetiques compktitives, on a trouve que le 
rapport kl2/kl3 est de 0.10; dans cette equation k,, = kIza + kIz6 et k,, est le coefficient de 
vitesse pour la reaction O(,P) + C2F4. 

En presence d'oxygene, un processus en chaine est implique dans lequel CC13CC1(0) et 
CCI,(O) sont les produits predominants. Ils se forment dans un rapport de 2.0 qui est indtpen- 
dant des conditions de la reaction mais la longueur de la chaine est proportionnelle a la quan- 
tite [C2C14]/Z,"2. Du CO est aussi produit avec un rendement quantique d'environ 0.18. Le 
rapport @{CC13CCl(0))/~{CC120} = 2.0 est semblable a la valeur de 2.5 trouve pour les 
reactions d'oxydation initiies par des atomes de chlore. On interprete ce resultat comme signi- 
fiant que les atomes de chlore sont impliquks dans la chaine. La reaction qui provoque la for- 
mation initiale de monoradicaux dans ce systeme est 

[211 CCl, + 0, 4 c1co + c1o 
[Traduit par le journal] 

Introduction (1-4), and the results reviewed (5). More re- 
The chlorine atom initiated oxidation of cently, a study was made in our laboratory (6). 

C2C14 has been studied in several laboratories In all the studies, the major products were CC~,- 
CCI(0) and CC1,O. The reaction was a long 

'CAES Report No. 305-73. chain reaction with chain lengths of about 300 
'Fulbright Fellow 1972-1974. independent of light intensity, I,, or any of the 
,Revision received August 9, 1974. reactant pressures if the 0, pressure was suffi- 
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ciently high. The ratio of product quantum 
yields @{CCI,CCl(O))/ @{CC1,0) was 5.7 at 
80-100 OC (4), 4.0 at 40-80 "C (3), 3.0 at 32 "C 
(6), and 2.5 at 24 "C (6). 

The main features of the mechanism of the 
reaction were worked out by Huybrechts et 
al. (4). 

Reaction 7 is, of course, not a fundamental 
reaction, but proceeds through the sequence. 

CCI3 $ Oz + CC13Oz 

2 ~ ~ 1 ~ 0 ,  + 2cc1,o + 0, 

CC130 + CC120 + C1 

In addition, for systems in which C10 radicals 
are present, they also can carry the chain via 

The above mechanism involves only mono- 
radicals. The ozonolysis is also a chain process, 
but the product ratio [CCl,CC1(0)]/[CCI2O] is 
less than one (6). In that system, only diradicals 
are involved, and the mechanism presumably 
involves such reactions as (6) 

In our laboratory, we are engaged in an exten- 
sive program to study halocarbon oxidation. In 
this paper, we report the results of the oxidation 
of C,CI, initiated by oxygen atoms. These re- 
sults are compared to those obtained by chlo- 
rine atom initiation and ozonolysis to see whether 
a monoradical or diradical mechanism is in- 
volved. 

Experimental 
Gas mixtures were photolyzed in a 10 cm long by 5 cm 

diameter quartz cell containing a drop of mercury. Irradi- 
ation was from a Hanovia flat-spiral low-pressure mer- 
cury resonance lamp. The radiation passed through a 
9-54 Corning filter to remove radiation below 2200 I%. 

One or two Corning 9-30 filters were used to reduce the 
light intensity when desired. 

The reaction mixture exited continuously, prior to and 
during each photolysis, through a pinhole into 8 mm 
Pyrex tubing which led through a second pinhole into a 
modified E.A.I. 160 quadrupole mass spectrometer. 
Complete details of the apparatus and procedure have 
been described previously (7). The leak-rate of the first 
pinhole was sufficiently small so that the pressure drop 
in the reaction vessel was negligible during the time of the 
experiment ( 5  600 s). 

All gases were Matheson C.P. grade. When it was pos- 
sible, they were purified by bulb-to-bulb distillation in 
the vacuum line and degassed, before each run, at 
- 196 "C. The tetrachloroethylene was Baker Analyzed, 
chlorine free. The fraction volatile at -21 "C but con- 
densable at -90 "C was used. It was degassed before 
each run from a slush at -90 "C. The trichloroacetyl 
chloride was from Eastman Kodak and was fractionated 
in the same manner as the C,Cl, before use. 

The working part of the vacuum system was greaseless, 
employing Teflon stopcocks and greaseless joints with 
Viton O-rings. For pressures less than 5 Torr, a Consoli- 
dated Vacuum Corporation McLeod gauge was used 
whenever possible. Pressures between 5 and 50 Torr 
were measured in a calibrated Wallace and Tiernan 
absolute pressure indicator. Pressures higher than 50 
Torr were measured in a mercury manometer. 

In order to measure quantum yields, the m/e  peak 
ratios (63/44), (94/44), and (1 17/44) were plotted us. time. 
The slopes of these plots yielded the rates of production 
of CC120 (63144) and CC13CCI(0) (117/44) and dis- 
appearance of CZC14 (94144, when corrected for the 
relative sensitivity calibration factor and multiplied by 
the pressure of N,O present. These products rates were 
converted to quantum yields by dividing by the N2 
production rate. 

For a number of the experiments, the reaction mixture 
was collected at - 196 'C, the noncondensable gases 
were removed, and the condensables were warmed at 
-90cC. The N 2 0  and CC120 were removed and the 
C,C14-CC13CC1(0) fraction was retained. Both fractions 
were analyzed separately by infrared spectrometry in a 
Beckman IR-10 spectrometer. 

Additional experiments were made in a T-shaped cell 
situated in the sample beam of the 1.R.-10 spectrometer. 
Thus the halogenated products could be monitored con- 
tinuously by infrared analysis. Some runs were done with 
C2F4 added to study the competition between C2C14 and 
C2F4 for 0i3P). The product C F 2 0  was monitored at 
1960 cm-' using its peak extinction coefficient (to base 
10) of 0.016 Torr-' cm-'. 

In  some runs the gases noncondensable at - 196 "C 
were analyzed by gas chromatography using an 8 ft long 
5A molecular sieve column at 0 "C with a He flow rate 
of 100 cc/min. Gas chromatographic analysis for CO, 
was made utilizing a 24 ft long column packed with 
Porapak Q operating at 25 "C and a H z  carrier gas flow 
rate of 60 cc/min. 
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TABLE 1. Reaction of 0(3P) with C2C14 at 25 "C by mass 
spectral analysis 

lC2CI4l 
(Torr) 

R {N, } Irradiation 
(mTorr/s) time (s) (P{CCI,O}* - Q{CzCI4}f 

I, - 10 mTorr/s,$ [N20] = 138 10 Torr 
6 .0  185 0.22 0 .9  
6.0 205 0.21 - 
3.68 210 0.19 - 
4.35 230 0.16 - 
1.35 240 0.21 1.9 

I, - 6.8 mTorr/s,'$ [N20] = 204 k 10 Torr 
1.55 4.6 205 0.15 - 
1.90;1 3.91 200 0.16 - 
2.37 5.1 205 0.17 1 . O  
3.10 5.3 255 0.14 1.1 

I, - 2.1 mTorr/s,$ [NzO] = 197 i 3 Torr 
1.40 1.6 600 0.17 1.25 
2.90 1 .4  600 0.18 1 .O 

Ave = 0.18 k 0.04 

*Q{CCI20} computed as the ratio of CC120 to N1 produced. 
t - :C,CI, 1 comouted as the ratio of C?CI, consumed to N, uroduced. 
$I ,  at'thk biginnin'g of the run as determl'ned from the N2 pr6duced from the 

irradiation of N 2 0  in the presence of 1-29, of C2F4. 
S I N - 0 1  = 197 Torr >. - , * . - - . 
IAnalysis of this run by infrared spectroscopy rather than mass spectroscopy. 

TABLE 2. Reaction of 0(3P) with C2CI, at 25 "C by infrared spectral analysis* 

1c2cl4l [N,OI 1, Irradiation R{N2} 
(Torr) (Torr) (mTorr/s) time (s) (mTorr/s) @{CCI,O}~ - @{C,CI4)$ 

0.90 58 1.4 1000 0.57 0.22 1 .5  
0.94 500 0.8 2250 0.135 0.17 1.85 
1.70 165 1 . O  600 0.38 0.23 1.67 
1.76 388 1.2 630 0.53 0.15 1.69 
3.5 208 1.2 900 0.52 0.20 2.20 

Ave = 0.19 k 0.04 

*Continuous infrared analysis in a T-shaped cell. The CC120 was analyzed with a scale expander and 
auxiliary recorder. 

tQ,{CCI,O} computed as the ratio of CC120 to N2 produced. 
: Q  {C2C14 } computed as the ratio of CICII consumed to N2 produced. 

In order to remove the polymer from the reaction cell, ~o lvmer  was ~roduced  the cell had to be cleaned 
A d 

air was admitted, and the cell was heated with an oxygen periodically by flaming. ~ h ~ ~ ,  some 
gas torch to about 500 "C before each experiment. might have been produced and removed in the 

Results 
The mercury-sensitized photolysis of N 2 0  in 

the presence of C2C14 at 25°C yields N,, 
CC120, and polymer as exclusive products. A 
careful search was made for CO, C12, c-C,CI,, 

CCI,CCI(O), and G c ~ ,  but they were 
absent. For the latter two compounds, an upper 

cleaning process. 
The results of the photolyses are shown in 

Tables 1 and 2. The absorbed intensity, I,, at 
the beginning of a run was measured from the 
mercury-sensitized photolysis of N 2 0  in the 
presence of 1-2% C2F4 (to scavenge the 0 i3p)  
atoms produced). In this system @{N2) = 
1.0 (5, 8). During the irradiation of N,O-C2Cl, 

limit of 0.05 could be placed on their mixtures, the poiymer coats the window and Za 
yields. There was also no evidence for copious is continuously reduced. This was verified by 
amounts of Hg2CI, production, since the Hg actinometry experiments (i.e. the N20-C,F4 sys- 
drop did not become coated. However, since tem) after the irradiation. However, the amount 
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TABLE 3. Reaction of 0(3P) with CzC14 in the presence of C2F4 at 25 "C and 
I, 10 mTorr/s at the beginning of the run. Analysis by mass spectroscopy 

[CzC14] [C2C14] [CzF4] [NzOj R{N2} Irradiation 
[C2F4] (Torr) (Torr) (Torr) (mTorr/s) time (s) @{CC120}* 

1.86 1.95 1.05 130 4.4 210 0.025 
2.48 1.71 0.69 162 5.6 200 0.035 
3.55 2.38 0.67 164 2.8 250 0.040 
4.00 2.96 0.74 164 2.8 215 0.045 
5.00 5.90 1.18 129 2.6 205 0.065 
5.89 5.17 0.88 154 2.4 220 0.075 
9.75 6.44 0.66 161 1.8 210 0.085 

*@ {CC120 } computed as the ratio of CCllO to N2 produced. CCl10 normalized to fit infrared data. 

TABLE 4. Reaction of 0(3P) with C2C14 in the presence of C2F4 at 25 "C and 
I, 1.3 mTorr/s at the beginning of the run. Analysis by infrared spectroscopy 

[czC141 [CzCLl [C2F4I [NzOl R{Nzl 
[CzF4] (Torr) (Torr) (Torr) (mTorr/s) @{CCI,O}* @{CF20)* 

1.04 1.32 1.27 382 1.43 - 0.85 
2.17 1.33 0.62 248 0.60 - 0.78 
4.03 2.5 0.62 375 0.71 1 0 . 0 7  0.74 
5.8 2.9 0.51 200 0.37 0.075 0.64 

10.4 5.2 0.51 204 0.42 0.09 0.50 

*Quantum yields computed by comparison with N2 production. 

of N, produced during the photolysis of the 
N20-C2Cl, mixtures can be used as an internal 
actinometer to measure the amount of 0(3P) 
atoms produced. Thus in Tables 1 and 2, the 
quantum yields are computed on the basis of the 
N2 produced. 

In the experiments in Tables 1 and 2, the 
initial I, is varied by a factor of 12, and the 
C2C1, pressure by a factor of 6.3. The quantum 
yield of CC1,O production, @{CCI,O}, is 
0.19 f 0.04 insensitive to variations in any of 
the parameters. 

The quantum yield of C2Cl, loss, - @{C,CI,), 
is somewhat difficult to measure, and the results 
are scattered. However the values range be- 
tween 0.9 and 2.2. 

In order to measure the rate constant for the 
reaction of 0(3P) with C2C1,, the mercury- 
sensitized decomposition of N,O was studied in 
the presence of mixtures of C,Cl, and C2F4. 
The data are listed in Tables 3 and 4. (In Table 
3, the absolute values of @{CCI2O) were ob- 
tained by comparison to infrared data, rather 
than by direct mass spectral calibration.) It can 
be seen that @(CC120) rises and @{CF,O) falls 
as the [C2C14]/[C2F4j ratio rises as expected 
from the competition 

[12bl + not CC1,O 

[I31 0(3P) + C2F4 + C F 2 0  + 
From the results of Tables 1 and 2, the fraction 
k12,/k12 = 0.19 independent of reaction condi- 
tions. Then reactions 12 and 13 lead to the 
simple rate laws 

[14a] ~{CC120)/(@o{CC120} - (D{CCl20))= 

k,2[C,C141/1\-,3[C2F,l 

where @,{CC120) is @{CC120) in the absence 
of C2F4, i.e. @,{CCI,O) = 0.19. 

Figure 1 shows a plot of the left-hand side of 
eqs. 14a and b cs. [C2C14j/[C2F,]. The plot is 
linear and passes through the origin. Its slope 
gives kI2 /k l3  = 0.10. Since 0(3P) reacts equally 
efficiently with C2F, and C2H4 at 25 "C, our re- 
sult is in agreement with the qualitative result of 
Huie et al. (9) that 0(3P) reacts less readily with 
C2CI, than with C2H,. 

In the presence of O,, three additional prod- 
ucts were found: CO, CO,, and CCI,CCI(O). 
There was still no evidence for c-C,CI,, Cl,, 

m 
Hg2C12, or CC12CC120. In particular, the upper 
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TABLE 5. Reaction of 0(3P) with C2CI4 in the presence of 0, at 25 "C 

[CZC~,I 1, o [021 [NZOI 
((Torr s)' 2 ,  (Torr) (mTorr/s) (Torr) (Torr) @{CCI,O) @{CCI,CCl(O)} - @{C,CI,) @{CO} 1 

*Analysis by infrared spectroscopy rather than mass spectrometry. 
tAnalysis by gas chromatography. 
TAnalysis of chlorinated compounds by continuous monitoring with infrared rlnalys~s in a T-shaped reactlon cell. CO and COI analysrs by 

gas chromatography. For  these runs Q ( C 0 2 )  < 0.1 (bared o n  N, prodiiction). These rilris done for extended reaction times to increase ac- 
curacy o f  CO and  CO, analysis. 

§Values in parentheses are  from Ni measured. 
1 Q(C0)  based o n  N, production. 

limit for the quantum yield of the last compound 
was 0.1. 

For four of the runs in Table 5 ,  analysis for 
CO, showed it to be minor, its quantum yield 
being <0.1 in all cases. In order to promote 
CO, formation, one run was done with 40 Torr 
of 0, ([C,CI,] = 4.6 Torr. [N20]  = 214 Torr). 
This run contained four times as much 0, as in 
any of the runs listed in Table 5.  Yet for this 
run Q(C0,) was <0.15. Thus, we conclude that 
CO, is not an important product under our 
conditions. 

The chlorine-containing products were pro- 
duced with a slight induction of a few seconds, 
after which they were produced linearly with 
irradiation time. Quantum yield measurements 
are based on the slopes of the straight-line por- 
tions of the curves of growth for CC1,O: 
CCl,CCl(O), and C2C1,. 

Results of the photolyses in the presence of 
0, are given in Table 5. The quantum yields of 
CC1,O and CCI,CCl(O) production are large; 
thus extensive irradiation was not necessary for 
analysis, and polymer build-up was less exten- 
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FIG. 1. Plots of @{CC120J (0.19 - @{CC120]) and 
(1 - Q{CF,O)) @{CF20} ts. [C2CI4] [C2F4] for the 
reaction of 0 ( 3 P )  ~ l t h  mixtures of C2CI, and C2F, at  
25 C. 

sive than in the absence of 0,. External actino- 
rnetry using the N,O-C,F, system could be 
used to obtain reliable quantum yields. An 
actinometry run was made before and after 
each experiment with O,, and the average acti- 
nometric value used. 

Experiments were done in which the 0, pres- 
sure was varied from 0.58 to 9.35 Torr, the 
C,CI, pressure from 0.85 to 11.2 Torr, and la 
from 0.31 to 9.7 mTorr/s. @(CCl,O), (D(CC1,- 
CC1(0)), and - @{C,Cl,) all increase with the 
C,CI, pressure, but decrease as I, is raised. 
Though there is c-onsiderable scatter at low 0, 
pressure, there is no trend in the quantum 
yields as the 0, pressure is varied. The best 
description of the data is that the quantum 
yields increase proportio~lately with [C,Cl,]/ 
I',' ,. The plots illustrating this dependence are 
shown in Fig. 2. The log-log plots are fitted by 
straight lines of slope one. The proportionality 
constants that relate the quantum yields with 
[C,Cl,]jI',' are 0.036 (Torr s)' ' 2  for @{CCl,O) 
and 0.072 (Torr s)'12 fcr @{CCI,CCl(O)). For 
- @{C,Cl,) the data by mass spectral analysis 
lie below those for infrared analysis, showing 
some experimental discrepancy. The propor- 
tionality constants obtained by the two methods 
are 0.068 and 0.135 (Torr s)':', respectively, for 
Inass spectral and infrared analysis. 

We believe that the discrepancy in the two 
analyses for C,CI, loss is due to the fact that 
C,CI, adheres very strongly to the wall of the 
reaction vessel. Thus, in the mass spectrometric 
experiments. C,C1, continues to enter the gas 
phase as it is depleted, and the measured loss 
rate is too low. However, for infrared analysis, 
the gas is transferred from the reaction vessel to 

FIG. 2. Log-log plots of - @ [C2C14) - I ,  d){CCl;- 
CCl(O)], and @;CC1201 cs. [CZC14] for the reac- 
tion of 0(3P) nith C2C14 in the presence of 0, at 25 C. 
The circles represent @{CC120 ; the squares, CD ;CC13- 
CCI(O)]: the triangles, -@;C,CI,; as rncasurcd by 
mass spectroscopy; and the hexagons, - Q(C2Ci,j as 
measured by infrared spcctroscopy. The open points are 
for I, = 3.5-10 mTorr,'s; the half-filled points are for 
I, = 1.0-2.0 mTorr/s; and the filled points are for 
I, = 0.3-0.4 niTorr s. For clarity, the curve for @{CC12- 
O j  is displaced upwards by a factor of 10, that for 
d~{CCI,CCl(O)j is displaced down\\ard by a factor of 10. 

the infrared cell, some of the C,CI, remains 
behind, and the measured loss is too large. 

For a few runs CO was measured at the end of 
the run by gas chromatography. @{CO) = 
0.18 + 0.04 for these runs. 

A few runs were made \kith either NO or SO, 
present. These results are summarized in Table 
6. In the absence of O,, the presence of 0.076 
Torr of NO may reduce @{CCI,O) somewhat, 
but 0.308 Torr of SO, has no effect. 111 neither 
case is polymer production inhibited. With 0, 
present, both gases noticeably reduce product 
formation. In the case of NO, 0.085 Torr re- 
duces product formation by at least a factor of 
4. For 0.46 Torr of SO,, the drop is at least a 
factor of 2. 

Discussion 
I11 the absence of O,, the mechanism of the 

reaction is straightforward 

[I51 Hg + Izv -+ Hg* 
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TABLE 6. Reaction of 0(3P) with C2C14 in the presence of NO and SOz at 25 "C 
- - -- - - 

[CzCl,]/Ia"z [CzC141 I, [XI WzOI 
((Torr s)'I2) (Torr) (mTorr/s) (Torr) (Torr) @ {CCI20 } @ {CCl,CCl(O) 

X = NO, 0, absent 
* - 3.0 8 .5  0.076 173 0.12 - 

X = SO,, 0, absent 
- 2.7 8.5 0.308 200 0.19 - 

X = NO, [O,] = 6.2-7.6 Torr 
165t - - 0 . 0  - 6.0 11.9 
154 5.1  1.09 0.087 203 1.7 - 
169 5.5  1.06 0.080 201 - 1 .7  
171* 5.7  1.12 0.085 160 1.2 1 .8  

X = SO2, [O,] = 5.4-6.0 Torr 
1557 - - 0 . 0  - 5.6 11.1 
145 4 .9  1.15 0.460 125 3.1 3 .9  
152 5.0  1.09 0.462 186 3.6 - 
160 5.2 1.06 0.380 178 3.7 - 
164 5.4  1.09 0.370 205 2 .4  4.3 

*Analysis by infrared rather than mass spectrometry. 
?From Fig. 2. 

[I61 ~ g *  + N ~ O  -t ~g + N~ + o(~P)  oxidation is indicated which gives @{CC13- 

[12a] 0(3P) + CzC14 + CC1,O + CCI, CCI(0)) and @{CCI,O} in a ratio similar to that 
for the chlorine atom initiated chain oxidation 

11261 + CZcI4O* (6 ) .  A mechanism similar to the one in that svs- 

where C2C140X is an energetically excited adduct 

of 0(3P) and C2C14. The absence of ~ c I , c c ~ , ~  
and c-C,Cl, as products indicates, respectively, 
that all the C2C140X polymerizes and that none 
of the CC1, adds to C2C14 under our experimen- 
tal conditions. The mechanism predicts that 

@{CCl,O) = 0.19 independent of reaction con- 
ditions, so this is the value of kI2,/k,,. With this 
value, - @{C2C14) should be 0.9. From Tables 
1 and 2, it can be seen that - 0{C2C14) varies 
between 0.9 and 2.2. For those runs in which 
- (D{C2C14) > 0.9, some additional C2C14 must 
be incorporated into the polymer. 

With 0, present, CCl,CCl(O) is produced. 
Since the reaction of 0(,P) with C,CI, does not 
produce this molecule, it apparently does not 
result from intramolecular chlorine atom migra- 
tion. Therefore, monoradicals must be involved 
in the oxidation. Furthermore, a long chain 

t e k  must be involved. However, in the o(~P)- 
C,Cl,-0, system, the quantum yields (except 
for CO) increase proportionately with [C,C14]/ 

whereas in the chlorine atom sensitized 
oxidation, the quantum yields are independent 
of [C2Cl,] and I,. 

In the 0(3P)-C2CI,-02 system, the oxidation 
must be initiated by reaction of either C,C140* 
or CC1, with 0,.  It is difficult to see why the 
interaction of C2Cl,0X with 0, should lead to 
monoradical production. Also the CO produced 
is equal to <he number of CCI, radicals pro- 
duced, i.e. O{CO) in the presence of 0, is equal 
to @{CCl,O) in the absence of 0 , .  

Clearly the indicated initiating reaction is 

[211 CCl, + o2 i ClCO + C10 

This reaction differs from that for CF, where 
the exclusive product with 0, is the adduct (5 ) .  
Possibly some adduct is also produced with 
CCI,, but it cannot be important in initiating the 
chain process. The reason for the difference in 
the CCl, and CF, systems is energetics. Reac- 
tion 21 is at least 24 kcal/mol exothermic, where- 
as the corresponding reaction for CF, is 
markedly endothermic (5). 
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Since the rate law for the chain process de- 
pends on [C,CI,]/I,~/~, the chain terminating 
steps are radical-radical reactions, in which one 
of the radicals must be the chain-carrier that 
reacts with C,Cl,. The other radical must be one 
that is absent in the chlorine atom sensitized 
oxidation, i .e .  CICO. Thus the possible reactions 
of ClCO are 

[221 ClCO -t C1 + CO 

[231 C1 + ClCO -t CL2 + CO 

[24al c10 + CICO + CI,O + co 
[24bI + Clz + C02  

In our studies, both CO and CO, were found. 
However, the CO, was found at high 0, pres- 
sures where it might have been produced by 

~ 5 1  C~CO + o2 + CIO + C O ~  

The chain terminating steps require the pro- 
duction of C1, and/or C1,O. If these molecules 
were formed they would react readily with Hg 
to produce Hg,CI,. There was no positive evi- 
dence for Hg,CI, formation, but, under our 
conditions, the small amounts produced would 
have escaped detection as checked in separate 
experiments in which small amounts of C1, 
were reacted with-Hg. 

The observed proportionality of the quantum 
yields on [C,C~,]/I,"~ can be explained if reac- 
tions 22 and 23 are neglected and if reaction 8 is 
assumed to be less important than reaction 24. 
Then, the concentrations of C10 and ClCO are 
each approximately equal to [(k12a/k,2)Ialk24]112. 

The chain propagating steps are those out- 
lined in the Introduction, i.e, reactions 2, 3, 4a, 
60, 6b, 7 ,  8a, Sb, and 8c. For long chain lengths, 
the mechanism leads to the following rate laws 

where 
C1 k8(k12a/k12k24)1/2 

Since k1,,/k12 = 0.19, eq. 27 predicts that 
@{CO) + @{CO,) = 0.19 in conformance with 
our findings. The value of k12,/k12 is small com- 
pared with @{CCI,O), so that the last term in 
eq. 27 is dominant. Also, since k,,/k,, >> 1, the 
terms k,,/k, and k8,/k8 are negligible. Then eqs. 
27 and 28 simplify to  

Figure 2 shows that both @(CCl,O) and 
@{CC1,CCl(O)} are proportional to [C2C14]/ 
Ia1/'. From this figure the proportionality gives 

2(k4,k6,/k4,k,)cl = 0.038 (Torr s)-ll* 

and 

(k4,k6,/k,,k,)a = 0.072 (Torr s)-lI2 

The ratio of these values gives 2k,,/k,, = 0.52, 
slightly larger than the value of 0.40 found by 
Mathias et al. (6). The value found here is high, 
both because k12,/k12, k8,/k8, and k8,/k, are not 
negligible in eqs. 30 and 31, and because the 
chains are not of infinite length. 

The scatter in the data for -@{C,CI,) is 
large, and the two methods of analysis give dif- 
ferent results. However, within the scatter, eq. 
29 is approximately obeyed. From Fig. 2, the 
quantity a(l + k,/k,,) lies between 0.05 and 
0.12 (Torr s)-'I2. When divided by (k4,kfia/ 
k4,k6)a, a value between 0.7 and 1.7 is found for 
kfi/k6, which brackets the value of 1.25 found 
from the CC1,O and CCI,CCI(O) quantum 
yields. 

The few results in Table 6 show the effect of 
added NO or SO,. Small quantities of these gases 
were used so that they would not compete 
effectively with C,Cl, for the O(,P) atom. Thus 
with 0, absent, the results are not much affec- 
ted. However, in the presence of 0 2 ,  the chain 
length of oxidation is reduced, thus indicating 
that both species can react with one or more of 
the radical intermediates. 

We wish to thank R. Shortridge, M. Luria, and T. Osif 
for help with the experiments and I. C. Hisatsune and 
E. Mathias for useful discussions. This work was sup- 
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Products of the Reaction1 
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KIYOTAKA OYAMA and Ross STEWART. Can. J. Chem. 52,3879 (1974). 
The permanganate oxidation of 6,7,S-trimethyllumazine (I), a pteridine derivative, is subject 

to catalysis by acids and bases. Above p H  3.5, the reaction products are 6,s-dimethyl-7-oxolu- 
mazine and formaldehyde. Below p H  3.5, the reaction products are hydroxybiacetyl and the 
methylamide of alloxanic acid. 

Oxidation of 1 by potassium tvans-1,2-diarninocyclohexanetetraacetatomanganate(III) at 
pH6.0 under an oxygen atmosphere gave the oxolumazine and formaldehyde. Under a nitrogen 
atmosphere coupled products were obtained, indicating that radical intermediates are formed 
with this oxidant. 

KIYOTAKA OYAMA et Ross STEWART. Can. J. Chem. 52,3879 (1974). 
L'oxydation par le perrnanganate du trimethyl-6,7,8 lumazine (I), un derive de la pteridine, 

est soumis a une catalyse par les acides et par les bases. Au-dessus d'un p H  de 3.5, les produits 
de la rtaction sont le dimtthyl-6,s 0x0-7-lumazine et la formaldthyde. En dessous d'un p H  de 
3.5, les produits de la rtaction sont l'hydroxybiacetyle et la methylamide de l'acide alloxanique. 

L'oxydation de 1 par le trans-diamino-1,2 cyclohexane tetraacktatomenganate de potassium 
a un p H  de 6.0 sous un atmosphere d'oxygene conduit a l'oxolumazine et la formaldthyde. 
Sous un atmosphere d'azote des produits de couplage sont obtenus indiquant que des interrne- 
diaires radicalaires se forment avec cet oxydant. 

[Traduit par le journal] 

Introduction 
Riboflavin 2, (R = ribityl) and other flavin 

nucleotides occupy a central position in the re- 
action chain that is responsible for oxidation in 
living systems. Because of the close similarity in 
structure between riboflavin and 6,7,8-trimethyl- 
lumazine (1) (2,4-dihydroxy-6,7,8-trimethylpteri- 
dine), the latter can be used as a model com- 
pound for these oxidative nucleotides. 

In 1969, Paterson and Wood (1) reported that 
the methyl protons at the 7-position of 6,7-di- 
methyl-8-ribityllumazine, a precursor in nature 
of 2, undergo deuterium exchange and almost at 
the same time two other groups (2, 3) reported 
independently the occurrence of this reaction in 
the same or closely related compounds. Stewart 

'Taken in part from the Ph.D. Thesis of K. Oyama, 
University of British Columbia, 1973. 

and McAndless (2, 4) carried out kinetic studies 
of the exchange of 1 and showed the reaction to 
be subject to both general-acid and general-base 
catalysis. Satisfactory mechanisms were elucida- 
ted for both routes (1-5). 

The dihydro derivative of 1, 3, is readily oxi- 
dized by potassium ferricyanide in alkaline solu- 
tion, first to 1 and then to 6,s-dimethyl-7- 
oxolumazine, 5 (6). Such a facile oxidative de- 
methylation is highly unusual and makes the 
reaction intriguing from the point of view of 
mechanism. 

3 (Z = H) 5 
4 (Z = OH) 

The reaction is also important for two other 
reasons. Firstly, permanganate oxidationhas been 
used to locate sites of hydration in heterocyclic 
compounds, the carbon atom which is oxidized 
to a carbonyl group being assumed to be that on 
which the hydroxyl group was located (7, 8). 
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This method has been used even when a methyl 
group is present at the suspected site of hydra- 
tion, making the derived alcohol tertiary in 
nature (9) as in 4. The basis of this approach 
needs further examination. 

Secondly 6,7-dimethyl-8-ribityllumazine (a de- 
rivative of 1) is known to be a precursor of 6- 
methyl-7-0x0-8-ribityllumazine (a derivative of 
5) in biological systems (10). Although the 
mechanism of this transformation has received 
considerable attention, it remains unclarified 
(10, 11). 

It  was hoped that an investigation of the per- 
manganate oxidation of 6,7,8-trimethyllumazine 
would shed light on the matters referred to 
above. To aid these studies the oxidation of 1 
by potassium trans- l,2-diaminocyclohexanete- 
traacetatomanganate(III), KMnH'CyDTA, was 
also investigated. 

The products of the oxidation vary with the 
identity of the oxidant and with the reaction 
conditions and these matters are described in the 
present paper. Reaction kinetics and mechanism 
are discussed in the accompanying paper. 

Results and Discussion 
Reaction Products 

The rate of the oxidation of 1 with permanga- 
nate in aqueous solution varies markedly with 
pH, showing a minimum at p H  3.5. The course 
of the reaction is also strongly p H  dependent 
since, at p H  values greater than 3.5, the principal 
products of the reaction are the 7-0x0 compound 
5 and formaldehyde, whereas below p H  3.5 the 
principal product is the hydantoin derivative 6. 

Compound 6 was identified by comparison 

with an authentic sample produced by the reac- 
tion of alloxan and methylamine (12). Its struc- 
ture, about which some doubt has existed (13), 
was determined with the help of i.r., p.m.r., and 
13C magnetic resonance spectroscopy. 

The n.m.r. spectrum of this compound in dry 
DMSO-d, consists of a singlet at 6 = 2.52 p.p.m. 
and a broad peak centered at 6 = 7.90 p.p.m. 
(from tetramethylsilane as an external reference.) 
The ratio of the integral value of the former and 
the latter is 1 : 2. This ratio corresponds to three 
and six protons respectively; the presence of 
nine hydrogens is indicated by the empirical 
formula. When a few drops of D,O were added 
to the DMSO-d, solution, the n.m.r. peak at 
lower field disappeared completely, with the one 
at higher field remaining unchanged, indicating 
that six protons are attached to nitrogen or oxy- 
gen atoms and three protons to a carbon atom. 
The i.r. spectrum shows a very wide absorption 
between 2500 and 3500 cm-', suggesting the 
presence of strong hydrogen bonds, and there are 
two absorptions in the carbonyl region. 

The carbon-13 spectrum of the reaction prod- 
uct shows the presence of five nonequivalent 
nuclei, as required for 6, absorbing at 25.8, 
86.3, 159.8, 171.5, and 176.5 p.p.m. from TMS. 
The original structure 6 for the product of the 
alloxan-methylamine reaction, put forward by 
Blitz and Lachmann (12), was questioned by 
Clarke-Lewis and Edgar (13), who favored the 
salt structure, 10. The chemical shift of the 
methyl carbon atom in amides falls in general 
near 25 p.p.m. whereas those in quaternary salts 
fall near 55 p.p.m. (14-16). Furthermore, ab- 
sorption of the carbonyl carbon atom of amides 
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generally appears near 170 p.p.m. in amides (15) 
and at lower field than 180 p.p.m. in carboxylate 
salts (17). The 13C spectrum of the reaction 
product is thus in considerably better agreement 
with 6 than with 10. (We assign the carbon atom 
resonances as follows : methyl, 25.8 ; quaternary 
carbon atom, 86.3; ring carbonyl flanked by two 
nitrogens, 159.8 ; sidechain amide, 171.5; ring 
carbonyl flanked by one nitrogen, 176.5. (ref. 14, 
spectrum No. 178).) 

The broad absorption between 2500 and 3500 
cm-' in the i.r. might seem to support the ionic 
structure 10. However, it can equally well be 
accommodated by 6 if extensive hydrogen bond- 
ing exists, as shown in 6'. The additional molecule 
of water, shown as water of crystallization in 6, 
would also contribute to broadened i.r. absorp- 
tion in this region. 

The hydantoin 6 probably arises as a result of 
oxidative cleavage of the pyrazine ring of 1 
followed by contraction of the pyrimidine ring. 
We have shown that 5-amino-6-methylamino- 
2,4-dioxopyrimidine, 7, which is a model com- 
pound for 8, a likely intermediate in the oxida- 
tion scheme, is oxidized by permanganate at p H  
1.0 to give 6. The conversion of 7 and 8 to 6 
probably proceeds via the alloxan-methylamine 
adduct 9, since 6 can be prepared by treating 
alloxan with aqueous methylamine (12). The 
path from 1 to 6 would seem, therefore, to in- 
volve the following intermediates. 

The pyrazine ring in 1 is cleaved to produce 
hydroxybiacetyl, which has been identified as a 
reaction product. The oxidation by perman- 
ganate is not affected by conducting the reaction 
in the absence of oxygen. 

Potassium trans-l,2-diaminocyclohexanetetra- 
acetatomanganate(II1) (KMnHICyDTA) is an ex- 
clusively l-equiv. oxidant and is known to react 
with organic anions by means of electron transfer 

(18, 19). When the oxidation of 1 by KMnl"- 
CyDTA was conducted in phosphate buffer at 
p H  6.0 under an oxygen atmosphere 6,8-dime- 
thyl-7-oxolumazine (5) and formaldehyde were 
produced, the yield of the former being greater 
than 81%. The reaction rate is affected by p H  
and by the presence of buffers, indicating that, 
here too, acid-base catalysis occurs. 

When the reaction was carried out under 
nitrogen at p H  6.0 a large quantity of yellow 
precipitate appeared (approximately 90% of the 
weight of starting material). It was found that 
the reaction produced two kinds of product 
depending upon the amount of KMnH'CyDTA 
used. The product was assigned structure 11 
when equimolar quantities of oxidant and TML 
were used and structure 12 when two equiva- 

0 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3882 CAN. J .  CHEM.  VOL. 5 2 ,  1974 

lents of oxidant (molar ratio 2 K M ~ " ' C ~ D T A :  1 
TML) were used, on the basis of the products' 
mass spectra (see Experimental). 

There is little doubt that 11 is produced by the 
coupling of two 7-methyl radicals produced 
from 1, either by hydrogen-atom abstraction or, 
more likely, by proton loss followed by electron 
abstraction from the resulting anion. The alkene, 
12, is then produced by further reaction of the 
activated n~ethylene groups in 11. 

Experimental 
Materials 

Compounds 1 and 5 were prepared by the methods o f  
Birch and Moye (21) and McAndless (6). One o f  the 
intermediates in these syntheses, 4-methylan~ino-5-amino- 
2,6-dihydroxypyrimidine, tends to decon~pose while being 
recrystallized. In the present work we have found that its 
bisulfite salt may be successf~rlly recrystallized from water 
containing a small amount o f  sodium dithionite. 

Buffer solutions, made in the usual way, were freshly 
prepared each week. 

Product Identification 
Permanganate Oxidation of 1 at pH 6.0 
It was found that 1 mol o f  1 was completely consumed 

when 413 mol o f  permanganate were used at pH 6.0 
(Na2HP04 = 0.1 M ) .  

The u.v. spectrum o f  the solution after completion o f  
the reaction was identical with that o f  an authentic 
sample o f  6,8-dimethyl-7-oxolun~azine, 5. The calculation 
based on the initial concentration o f  1 and the known 
extinction coefficient at 346 nn1 o f  5 revealed that 1 was 
converted to 5 in nearly quantitative yield (95%). Other 
organic products were determined by dissolving 1 (20 
mg, 0.1 mmol) in 10 1n1 o f  phosphate buffer (pH = 6.0, 
Na,HPO, = 0.1 M ) .  T o  this was added the permanga- 
nate solution (20 mg, 0.13 mn~ol in 5 n11 o f  the  same^ 
buffer). The reaction mixture was allowed to stand at 
room temperature for 10 min with stirring and then any 
deposited manganese dioxide was filtered o f f .  The filtrate 
was added to a freshly prepared solution o f  1,2-dianilino- 
ethane (30 n ~ g )  in 10 ml o f  40% aqueous acetic acid. A 
copious white precipitate immediately separated out. This 
was collected, dried in a vacuum desiccator, and then 
weighed (16 mg). Recrystallization o f  the crude product 
from hot methanol gave white needles whose melting 
point is 125-126". The melting point indicates this 
compound to be the condensation product o f  formalde- 
hyde with 1,2-dianilinoethane (lit. (22) m.p. 126"). This 
is confirmed by the result o f  the elemental analysis. 

Anal. Calcd. for C I 5 H l 6 N Z :  C ,  80.31; H, 7.20; N, 
12.49. Found: C ,  80.59; H, 7.16; N ,  12.30. 

The yield o f  formaldehyde based on the crude conden- 
sation product was 73%. 

Oxidation of 1 at pH 1.0 with Stoichion~etric Amount of 
Permanganate 

A solution o f  an accurately weighed amount o f  1 
(500 mg, 2.43 mmol) in 30 ml o f  phosphate buffer (pH = 
1 .O, Na2HP0, = 0.1 M )  was titrated by 0.05 M perman- 
ganate solution containing the same buffer. Each drop 
was added with vigorous stirring and only after the pink 

color o f  the preceding drop had completely disappearcd. 
The titration was stopped when the pink color o f  perman- 
ganate was retained longer than 15 s .  Calculation o f  the 
uptake o f  permanganate showed that approximately 4 
o f  a rnol o f  permanganate were consumed for 1 mol o f  1. 
The color o f  the reaction mixture at the end point was 
pale yellow and no deposit o f  manganese dioxide was 
observed. When the solution was made alkaline, a white 
precipitate, presumably manganese hydroxide, separated 
out. This indicates all o f  the permanganate was reduced 
to the 2$ stage under the present conditions. 

The reaction mixture was divided into two aliquots and 
one o f  them was added to a freshly prepared solution o f  
600 mg ( 3  mmol) o f  2,4-dinitrophenylhydrazine in 3 ml 
o f  50% sulfuric acid. The solution was then heated on the 
steam bath for 10 min. After cooling the solution, an 
orange colored precipitate was collected, dried in a 
vacuum desiccator, and then weighed (240 mg). The crude 
2,4-dinitrophenylhydrazone was recrystallized from nitro- 
benzene to give reddish-orange colored needles whose 
m.p. i s  255-265" (dec.). 

Anal. Calcd. for CI6Hl4O9NS:  C, 41.56; H, 3.05; N ,  
24.24. Found: C ,  41.44; H ,  3.05; N ,  24.14. 

Melting point and elemental analysis showed the com- 
pound to be the di-2,4-dinitrophenylhydrazone o f  hy- 
droxybiacetyl(23). The yield o f  hydroxybiacetyl based on 
the crude phenylhydrazone was 44%. 

The other aliquot o f  the reaction mixture was made 
basic by the addition o f  sodium bicarbonate powder. 
After standing for 1 h the precipitate o f  white manganese 
hydroxide was filtered o f f  and the filtrate was made 
slightly acidic (pH 5-6) by addition o f  dilute sulfuric 
acid. The solution was then evaporated to dryness by 
means o f  a rotary evaporator. T o  the residue was added 
n~ethanol (30 n ~ l )  and the mixture was then boiled on a 
steam bath and filtered. This was repeated two more 
times. The methanol extracts were combined and evapora- 
ted- to dryness on a rotary evaporator. The residue was 
dried in a vacuum desiccator and weighed (220 mg). Two 
recrystallizations o f  the crude product from methanol- 
ether solution, with a charcoal treatment included in the 
first recrystallization, gave 30 n ~ g  o f  a white granular 
solid, m.p. 149-151" (dec.). 

Anal. Calcd. for C5H9N305:  C ,  31.42; H ,  4.74; N ,  
21.99. Found: C ,  31.38; H ,  4.83; N ,  21.95. 

This compound was shown to be alloxanic acid methyl- 
amide monohydrate, the product obtained by treating 
alloxan with methylamine (12), by means o f  u.v. and i.r. 
spectral comparisons and by means o f  mixture m.p.; 
it has been assigned structure 6.  

0,ridation of 1 nt pH 1.0 wit11 Excess of Peimai~ganate 
A solution o f  206 mg o f  1 ( 1  mmol) in 50 ml o f  0.1 M 

phosphate buffer at pH 1.0 was mixed with a solution o f  
15.8 g (0.1 mol) o f  potassium permanganate dissolved in 
180 ml o f  the buffer. After 1 min (about 5 half-lives) (23) 
excess permanganate was quenched by sodium bisulfite. 
The subsequent work-up, conducted as before, gave 6 ,  
the yield o f  which was 160 mg (84%), based on the crude 
compound. Attempts to isolate other likely products, 
hydroxybiacetyl and biacetyl, by 2,4-dinitrophenylhy- 
drazine treatment failed. By using gas-liquid chroma- 
tography, acetic acid and sorne unidentified compounds 
were detected. Ammonia was also detected using Nessler's 
reagent. 
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Kinetics and Mechanism1 
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Ross STEWART and KIY~TAKA OYAMA. Can. J. Chem. 52,3884 (1974). 
The kinetics of the oxidation of 6,7,8-trin1ethyllunlazine, 1, by permanganate in aqueous 

solution is examined. The pH-rate plot shows a minimum at p H  3.5 and there is catalysis by 
buffers. Above p H  3.5 the 7-keto compound, 5, is produced by a general base catalyzed route 
the rate of which is identical to that of the reaction that causes exchange at  the 7-methyl group. 
The kinetic isotope effect for oxidation of the 7-CD, compound is 6.89 at  31.4". 

Below p H  3.5 scission of the pyrazine ring occurs, there is a small isotope effect, and the rate 
is somewhat faster than that observed for exchange of the 7-methyl group. There appear to be 
three route3 leading to product; one, a permanganate-independent reaction catalyzed by 
general acids, a second which is also permanganate independent and involves hydration of the 
substrate, and a third which is permanganate dependent and involves attack by permanganate 
on the conjugate acid of the substrate. 

The utility of oxidation as a means of locating hydration sites in heterocyclic compounds is 
discussed and some comments are made on the mechanism of the enzymic oxidation of the 
ribityl analog of 1. 

Ross STEWART et K I Y ~ T A K A  OYAMA. Can. J. Chem. 52,3884(1974). 
On a examine la cinetique de I'oxydation du trimethyl-6,7,8 lumazine, 1, par le permanganate 

en solution aqueuse. La relation entre la vitesse et le p H  montre un minimum a un p H  3.5 et il 
y a catalyse par les tampons. Au-dessus du p H  3.5, il y a formation du compose cetonique en 
position 7, 5, par un processus impliquant une catalyse basique generale dont la vitesse de 
laquelle est identique a celle de la reaction qui produit l'echange du groupe methyle en position 
7. veffet isotopique cinetique pour l'oxydation du compose contenant un CD3 en position 7 est 
de 6.89 a 31.4". 

En-dessous du p H  de 3.5, il y a coupure du cycle pyrazine; ceci s'effectue avec un petit effet 
isotopique et la vitesse est passablement plus rapide que celle observee pour l'echange du groupe 
mCthyle en position 7. I1 semble que trois routes peuvent conduire a ce produit: la premiere, 
une reaction independante du permanganate catalyske d'une maniere gtnerale par les acides; 
une seconde qui est aussi independante du permanganate et qui implique une hydratation du 
substrat; une troisieme est dependante du permanganate et implique une attaque du perman- 
ganate sur I'acide conjugue du substrat. 

On discute de l'utilite de l'oxydation comnle nlethode de determiner les sites d'hydratation 
dans les htttrocycles et on fait quelques commentaires sur le mecanisme de I'oxydation enzyma- 
tique de I'analogue ribityle de 1. [Traduit par le journal] 

Kinetics 
The reaction of 6,7,8-trimethyllurnazine, 1, 

with permanganate in unbuffered aqueous solu- 
tion is extremely slow, except under strongly 
acidic or strongly basic conditions. The rate of 
the oxidation is dependent on p H  and, at  a given 
pH. is more rapid in buffered than in unbuffered 
solutions. Outside the region p H  1-6 the reaction 
in phosphate buffer ([Na,HPO,] = 0.1 M) is 
too rapid to be followed by the usual spectro- 
photo~uetric methods. Within the p H  range 1-6, 
excellent first-order plots were obtained when a 

'Taken in part from the Ph.D. Thesis of K. Oyama, 
University of British Columbia, 1973. 

large excess of per~nanganate was used (Fig. l), 
showing the reaction to be first order with 
respect to 1. 

The kinetic order with respect to perman- 
ganate is somewhat more complicated. The effect 
of permanganate concentration on the rate was 
examined between p H  1 and 6 with the buffer 
concentration and the ionic strength kept at con- 
stant values. The variation of the pseudo first- 
order rate constant k ,  ', with permanganate con- 
centration at  p H  1 .O, 1.4, 2.0, and 5.0 is exhibited 
graphically in Fig. 2. These results suggest that 
there are two paths, one with a rate depending 
on permanganate concentration and the other 
with a rate independent of permanganate con- 
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STEWART AND OYAMA: PERMANGANATE OXIDATION. 11 3885 

FIG. 1. A typical pseudo first-order rate plot for the 
permanganate oxidation of 6,7,8-trimethyllumazine (1); 
p H  = 2.4, [Na,HP04] = 0.10 M, p = 0.42, T = 31.4", 
[I] = 5.10 x M, [KMn04] = 2.18 x M. 

FIG. 2. Relation between rate constant and perman- 
ganate concentration in the oxidation of 1 at various pH 
values; [Na,HP04] = 0.10 M, [I] = 5.10 x M, 
p = 0.42, T = 31.4". 

centration. The rate law is given in eq. 1 

Efect of Bufeer Concentration on the Rate 
The oxidation is very much more rapid in 

buffered solution than in unbuffered solution. 
The effect of the buffer concentration on the rate 
at p H  6 is shown in Fig. 3. A straight line extra- 

FIG. 3. Effect of buffer concentration on the rate of 
oxidation of 1 at pH 6.0; [KMn04] = 3.0 x M, 
[I] = 5.10 x l o y 5  M, p = 0.42, T = 31.4". 

polated to zero buffer concentration passes close 
to the origin of the graph, indicating the un- 
catalyzed oxidation to be extremely slow (Fig. 3). 

At p H  2.0 pseudo first-order rate constants 
k, '  were recorded for different permanganate 
and buffer concentrations. When k t  ' was plotted 
against permanganate concentration at fixed 
buffer concentration, parallel straight lines were 
obtained (Fig. 4). One can conclude that the 
permanganate-dependent rate (k,, obtained from 
the slope) is not subject to general acid catalysis, 
since it is unaffected by changes in the buffer 
concentration. On the other hand the perman- 
ganate-independent rate (kI0, obtained from the 
intercept) is clearly affected by changes in the 
buffer concentration and is therefore subject to 
general acid catalysis. A plot of k10 against 
buffer concentration, gave a good straight line 
(Fig. 5) ;  extrapolation of the line to zero buffer 
concentration intercepted the ordinate some- 
what above the origin, which is distinctly dif- 
ferent from the case at p H  6.0. 

The slopes (k,) and the intercepts (kt0) of the 
plots of k, ' against permanganate concentration 
at various values of p H  are shown in Fig. 6 and 7 
as a function of pH. When the logarithm of k, 
was plotted against p H  a straight line with nearly 
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FIG. 4. Effect of permanganate concentration on the 
rate of oxidation of 1 at different buffer concentrations; 
p H  = 2.0, [I] = 5.10 x M, p = 0.42, T = 31.4"; 
Reading from top to bottom the buffer concentrations, 
slopes (k,, 1 mol-' s-I), and intercepts (k,", s-') are: 
0.125, 1.48, and 0.00349; 0.100, 1.46, and 0.00314; 0.075, 
1.49, and 0.00238; 0.050, 1.46, and 0.00195; 0.025, 1.44, 
and 0.00154; 0.100, 1.40, and 0.00127 (compound 2). 

FIG. 6. pH-rate profiles for oxidation of 1 by perman- 
ganate-independent path, k,", (circles) and for deuterium 
exchange of 1, 3kH-D (triangles) [NaHPO,] = 0.10 M, 
1-1 = 0.42, T = 31.4". 

P H 
FIG. 7. pH-rate profile for the permanganate-depen- 

dent path in the oxidation of 1; [Na2HP0,] = 0.10 M, 
p = 0.42, T = 31.4'. 

o 0.05 0.10 unit slope (0.88) was observed between pH 1 and 
[ N ~ ~ H P O , ] ( ~ O I / L  1 2.4. This result, coupled with the fact that k ,  

FIG. 5. Effect of buffer concentration on the rate for is not affected the collcentratiOn of the buffer 
the perrnanganate-independent path; PH = 2.0, p = (Fig. 4), clearly indicates that the reaction whose 
0.42, T = 31.4". rate is dependent on permanganate concentra- 
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STEWART AND OYAMA: PERMANGANATE OXIDATION. I1 3887 

tion (i.e., the permanganate-dependent path) is 
catalyzed by only hydroniun~ ion, or in other 
words, is subject to  specific acid catalysis. 

Kinetic Isotope EfSect 
Permanganate oxidation of 1 deuterated at the 

7-methyl group, 2, was studied at p H  6.0 and 2.0 
in aqueous buffered H,O. 

7H3 

In the experiment at p H  6.0 the concentration 
of permanganate was made high enough so that 
the rate was independent of the permanganate 
concentration. The rates thus obtained were 
compared with those for the protium colnpound 
under the same conditions. At p H  2.0 pseudo 
first-order rate constants (Ic,') for the deuterated 
compound were determined at different perman- 
ganate concentrations. The results at p H  6 and 2 
are collected in Table 1. At each p H  plots of 
logarithm of the absorbance at 416 nm zs time 
gave excellent straight lines up to 2 half-lives, 
with correlation coefficients always greater than 
0.999, and there were no signs of acceleration of 
the reaction, which would have resulted froin any 

TABLE 1. Rate constants for the permanganate 
oxidation of 6,M-dimethyl-7-trideuteriomethyllum- 

azine, 2 

( a )  pH 6.0 

0.100 2.83 x 7.21 
0.075 2.44 x 6.56 

Mean 6.89 

." 
lSlope(k2, 1 mol-Is-'f = 1.40, intercept (k10 s-1) = 1.27 x 

correlation coefficient = 0.997. 

appreciable replacement of deuterium by hy- 
drogen. 

The rate plot at p H  2.0 was a good straight line 
parallel to, but lower than, that for the protium 
compound. The kinetic isotope effect on k , ,  the 
permanganate-dependent path was obtained 
from the slope and found to be 1.04; from the 
intercept the  effect on kI0, the permanganate- 
independent path, was found to be 2.47. At p H  
6.0 the average deuterium isotope eKect is 6.89, 
also at 31.4". 

Mechanism 
Permangunate-independent Path 

The permanganate-independent path is sub- 
ject to both general-acid and general-base catal- 
ysis with the reaction being slowest near p H  3.5. 
These kinetic features are remarkably similar to 
those of the hydrogen-deuterium exchange 
reaction of the 7-methyl group, which is also 
subject to both general-acid and general-base 
catalysis and has its minimum rate near pH  3.5 
(2). Such similarities suggest that the oxidation 
via the permanganate-independent path and the 
exchange reaction might go via the same inter- 
mediates. The intermediates in the exchange 
reaction are the enolate anion 3 in the general- 
base catalyzed route and the en01 3a in the 
general-acid catalyzed route, their fornlation 
being rate-determining (see Scheme I ) .  If the 
oxidation in fact proceeds via these inter- 
mediates, then the rates of the oxidation and the 
exchange should be identical. However, for the 
conlparison of two rates one has to conslder 
the statistical effects at the 7-methyl group, 
because the exchange involves removal of all 
three hydrogens whereas the oxidation may 
require reinoval of only one hydrogen atom. It 
can be shown (3, 4) that the observed oxidation 
rate will be three times as great as the observed 
exchange rate, provided both reactions proceed 
via rate-determining formation of the en01 or the 
enolate anion. Hence, the exchange rates for I 
obtained by McAndless and Stewart (2) under 
the same conditions as the oxidation were multi- 
plied by a factor of three, and these values 
(3kObsH-"), as well as the oxidation rates, are 
plotted against p H  in Fig. 6. Although the oxida- 
tion is somewhat faster than the exchange at 
lower pH, the general agreement between the 
two rates is very close, suggesting that the reac- 
tive intermediates in the oxidation are the enolate 
anion for p H  > 3.5 (general base catalysis 
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0 

general base / ' /ylerai acid 
catalyzed route slow slow catalyzed route 

oxidation CH3 
products 

oxidation products 

SCHEME 1. Oxidation and exchange reactions of 1 via the same intermediates. 

region) and the en01 for p H  < 3.5 (general acid 
catalysis region). 

Above p H  3.5 
The principal results for the oxidation of 1 by 

the permanganate-independent path above p H  
3.5 are: (i) The reaction produces formaldehyde 
and the 7-keto lumazine. (ii) The reaction is first 
order in 1 and is subject to general base catalysis. 
(iii) The rate is almost identical with that of the 
exchange reaction multiplied by a factor of three. 
(iv) There is a primary isotope effect, k,/k,  = 
6.89, at 31.4". (v) Presence of oxygen affects 
neither the rate nor the products. 

These observations and other pieces of evi- 
dence can be accommodated by the mechanism 
shown in Scheme 2. The fact that coupled prod- 
ucts result from the oxidation of 1 by Mn"' (1) 
shows that the radical 4 can indeed be formed. 
The failure to detect such coupling products in 
the permanganate case is probably due to further 
rapid reaction of the radical intermediate with 
permanganate, by further one-electron transfer 
to the permanganate or, more likely, by forma- 
tion of a manganate(V1) ester, as in Scheme 2. 

Although manganate(V1) and manganate(V) 
ions disproportionate rapidly in neutral and 

acidic solution Wiberg et al. (5) have recently 
shown that esters of these manganate species are 
formed as intermediates in the course of the 
permanganate oxidation of olefins and that they 
are relatively stable even under neutral con- 
ditions. Lee and Brownridge (6) have also pro- 
vided spectrophotometric evidence for a cyclic 
manganate(V) ester intermediate in the perman- 
ganate oxidation of cinnamic acid. An alterna- 
tive mechanism to Scheme 2 is a 2-equiv. reac- 
tion of permanganate at the double bond of the 
enolate anion. We prefer Scheme 2 because the 
reaction at the double bond under acidic con- 
ditions gives different products (next section) 
than those found here. 

Below pH 3.5 
The results obtained for the oxidation of 1 by 

the permanganate-independent path in this p H  
region can be summarized as follows: (i) The 
reaction is first order in 1 and zero order in per- 
manganate. (ii) The reaction is subject to general 
acid catalysis. (iii) The oxidation is somewhat 
faster than the exchange rate multiplied by a 
factor of three. ( iv)  A kinetic isotope effect of 
2.46 at 3 1.4" was obtained for the oxidation of 2. 
(v) The isolated products are hydroxybiacetyl, 
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STEWART AND OYAMA: PERMANGANATE OXIDATION. 11 

0 0 

+ Mn02 + OH- 

3MnOd2- $ 2H20 - fast 2 M n 0 ,  + Mn02 + 40H- 

SCHEME 2. Mechanism of oxidation of 1 via general base catalyzed route. The general bases are denoted by B. 

ammonia, and compound 6, the methyl amide of exchange reaction, the initial step involves a 
alloxanic acid (1). reversible formation of the protonated species, 

which is then deprotonated at  the 7-methyl group 

CH3NH- !fh0 by attack of conjugate bases of the buffer acids 
to give the enol form of 1. All the facts, except 
for the small isotope effect, summarized at  the 

0 H beginning of this section are consistent with the 

6 second step being rate determining. The value 
These results suggest the mechanism outlined in of 2.46 is rather small for a primary deuterium 
Scheme 3. isotope effect. This, and the fact that the oxida- 

It seems certain that the oxidation of 1 is pre- tion is somewhat faster than the exchange, are to 
ceded by enolization. Thus, as in the deuterium be discussed later. 
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CHI 

SCHEME 3. Mechanism of oxidation of 1 \ ia  enolization route (where HA denotes the buffer acids). 

2,4-Dioxo-5-amino-6-i11ethylaminopyrimidi11e, 
which may be regarded as the model for the sug- 
gested reaction interniediates 7 and 8, is in fact 
oxidized to 6 at pH 1.0 (1, 4). 

As mentioned before, difficulties were rnet in 
interpreting the small kinetic isotope effect and 
the faster rate of the oxidation than the exchange 
in the more acidic solutions. These facts can be 
explained by assuming the presence of another 
permanganate-independent path, in addition to 
the enolization route. It is known that 8-substi- 
tuted lumazine derivatives, including 1, undergo 
acid- and base-catalyzed hydration (8). I t  would 
be expected that the double bond of the pyrimi- 
dine moiety of the hydrated species, which is 
essentially the same as the intermediate in the 
enolization route (7 in Scheme 3), is oxidized 
readily by permanganate. Therefore, if there 
were acid-catalyzed hydration, as well as enoliza- 

tion, an oxidation mechanism via hydration 
might occur, as shown in Scheme 4. 

The final products for the hydration route 
would be expected to be ammonia, 6, and 
biacetyl. Ammonia and 6 are produced by both 
the enolization and hydration routes and, of 
course, were found as reaction products. 
Attempts to isolate biacetyl were unsuccessful, 
however, probably because of further oxidation, 
which takes place with excess permanganate, the 
conditions of the product-analysis experiments 
(1). 

Support for the occurrence of the hydration 
route was obtained in a study of the perman- 
ganate oxidation of 6,7-diphenyl-8-inethyllum- 
azine, a compound which cannot form the en01 
or the en01 anion. It was indeed found that the 
rate of the permanganate-independent path for 
this compound is identical to the reported 
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STEWART AND OYAMA: PERMANGANATE OXIDATION. I1 

SCHEME 4. Mechanism of the oxidation of 1 via the hydration route. 

hydration rate (8). Furthermore, benzil, the 
analog of biacetyl, was found as a reaction prod- 
uct (4, 7). 

I t  seems reasonable to assume that the hydra- 
tion route contributes to thc pcrmanganate- 
independent path and that there is no kinetic 
isotope effect associated with it. This would 
account for the low isotope effect found with 2. 

Pernzanganate-dependent Path 
The results for this reaction, which is observed 

in acid solution, may be summarized as follows: 
(i) The rate of the reaction is first order in 1, 
permanganate, and hydronium ion. (ii) The rate 
is independent of the buffer concentration. (iii) 
Substitution of the hydrogens of the 7-methyl 
group by deuterium does not affect the rate of 
the reaction. 

These results are in agreement with the rate- 
controlling step being attack by permanganate 
ion on the conjugate acid of 1 (Scheme 5). I t  
would be expected that a plot of log (rate) us. 
p H  would tend to curve near the pKBH+ of 1, 
0.85 (8) and finally level off when the acidity of 

the solution is high enough to protonate most 
of the compound. Unfortunately, it was not 
possible to study the p H  region below 1.0, the 
reaction being too fast to follow. (The perman- 
ganate oxidation of 6,7-diphenyl-8-methylum- 
azine is slower than that of 1 and it was thus 
possible to study this compound in the highly 
acidic region. It  was indeed found that the rate 
of the permanganate-dependent path levels off 
when protonation is complete (7).) 

Cleavage of the C-H bond in the 7-methyl 
group is not involved in the reaction between 
protonated 1 and permanganate and this 
accounts for there being no kinetic isotope effect 
observed for the oxidation of 2 in this region. 
The reaction likely occurs via addition of the 
permanganate to the carbon-carbon double 
bond at the 6,7-position of protonated 1, which 
mav be somewhat more reactive than the unvro- 
tonated species because of the interruption in 
conjugation. Permanganate addition to thedouble 
bond will lead to a dihydroxy compound which 
will then split into biacetyl, ammonia, and 6.  
The mechanism for the oxidation via the per- 
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C H I  C H I  

1 ii 
CH,C-CCH, + NH, + 6 

SCHEME 5 .  Mechanism of oxidation of 1 via the permanganate-dependent path. 

manganate-dependent path may be depicted in 
Scheme 5.  

A referee has quite reasonably pointed out 
that oxidation processes are much more com- 
monly activated by protonation of the oxidant 
than by protonation of the substrate, as shown 
in Scheme 5.  Nonetheless, we hesitate to invoke 
permanganic acid and neutral lumazine as the 
reactants (a kinetically equivalent mechanism) 
because of the enormous rate constant required 
to accommodate the kinetics (4). 

Corzclrrsio~~s Regarding the Oxidation Mechanism 
Above p H  3.5 the permanganate oxidation of 

1 takes place via initial formation of the enolate 
anion by removal of a proton from the 7-methyl 
group. The oxidation is very facile and produces 
the demethylated 7-0x0 compound and formal- 
dehyde, an unusual product for an oxidative 
demethylation. This characteristic feature of the 
oxidation can be attributed to the unique prop- 
erties of 1 ;  firstly the strongly acidic character 
of the 7-methyl protons and secondly its ten- 
dency to undergo hydration at the 7-position. 
The first property is responsible for the facile 
reaction and the second for the unusual products. 

In the acidic region (pH < 3.5),  there seem 
to be three routes involved in the reaction. Each 
of the routes involves initial protonation of 1, 
followed by three competitive and rate-deter- 
mining steps: enolization, hydration, and oxi- 
dation. 

Cor?~ments on the Use of Oxidation as a Means of 
Locating the Site of Hydration irz Hetero- 
cyclic Systems 

A frequently used method to locate the site of 
hydration in heterocyclic systems is that devel- 
oped by Albert and Armarego (9) and others 
(10). It  is based on the idea that heterocyclic 
compounds that have water covalently bound 
across a -C=N- bond are by nature secon- 

dary alcohols and can thus be oxidized to the 
corresponding 0x0 compounds. In 1966, 
Jacobsen (11) showed that 6,7,8-trimethyl 
derivatives of some amino- and hydroxypteri- 
dines underwent rapid oxidative deniethylation 
with permanganate in basic solution to produce 
the corresponding 7-0x0 compounds in very 
good yield. He assumed that the reaction takes 
place by initial hydration at the 7-position to 
give a tertiary alcohol, followed by oxidative 
demethylation (considered as oxidation fol- 
lowed by decarboxylation), and on this basis he 
considered such oxidative demethylations could 
be used as an additional means to locate the 
position of hydration. 

Oxidation and subsequent decarboxylation of 
tertiary alcohols usually requires vigorous con- 
ditions or prolonged reaction times and it has 
become apparent from the present study that 
such facile oxidative demethylations occur via 
initial ionization of the 7-methyl group rather 
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STEWART AND OYAMA: PERMANGANATE OXIDATION. I1 3893 

than via initial hvdration at the 7-position. In co-workers (21) found that treatment of 9 with 
spite of such uncertainty in the oxidation mech- 
anism, this method has been applied to locate 
the site of hydration of several pteridine deriva- 
tives which have a methyl group at the suspected 
site of the hydration (1 1, 12). 

Recently, Paterson and Wood (13) applied the 
oxidation method to 8-substituted pyrido[2,3- 
dlpyrimidines. They noticed that these com- 
pounds showed a large hypsochromic shift in 
their u.v. spectra in acidic solution. On the 
assumption that this is due to covalent hydration 
occurring at the 7-position, they attempted to 
convert these compounds to the corresponding 
7-0x0 compounds by using permanganate in 
acidic solution. The attempts failed, however, 
and they were forced to leave their hypothesis 
that the hydration is taking place in these 
systems unconfirmed, even though the U.V. 
spectra provided strong support for this. 

The present study of the permanganate oxida- 
tions of 1 and 6,7-diphenyl-8-methyllumazine 
shows that the hydrated forms of these molecules 
are oxidized rapidly at the double bond in the 
pyrimidine moiety. From this and the general 
tendency of permanganate to react faster with 
double bonds than with alcohols, it seems very 
likely that the hydrated species studied by 
Paterson and Wood (13) are oxidized at the 
double bond of the pyrimidine moiety, rather 
than at the hydrate site. 

These considerations lead to the conclusion 
that the oxidation method with permanganate 
is unsatisfactory in the case when the hydrate 
contains a reactive double bond. This latter 
criterion should be added to the limitations 
already noted by Albert and Armarego (9a) with 
regard to the oxidation method. 

Comnzents on the Mecharzism of the Enzymic 
Concersiorz of 6,7-Dimethyl-8-ribityl- 
llimazine to 6-Methyl-7-0x0-8-ribityl- 
lumazine 

In 1956 Masuda (14) reported isolation of 
three compounds, riboflavin, 6,7-dimethyl-8- 
ribityllumazine (9), and 6-methyl-7-0x0-8-ribityl- 
lumazine (10) from the fermentation product of 
Eremothecium ashbyii. Compounds 9 and 10 
are the ribityl analogs of compounds 1 and 5 
studied herein. It soon became clear that 9 is the 
precursor of both riboflavin (15-18) and 10 
(19, 20) in biological systems. Kuwada and his 

\ ,  

the enzyme solution prepared from Eremo- 
thecium ashbyii produced 10, formaldehyde, and 
formic acid. They found that the conversion 
occurred only above p H  4, the yields of the 
products improving with a rise of pH. They 
considered the en01 to be the intermediate but a 
detailed mechanism of the reaction has not yet 
been proposed. 

Their results resemble those found in the 
present study. The fact that the yields of the 
products are higher at higher p H  suggests that 
ionization of the 7-methyl group is also involved 
in the enzvmic conversionT ~ h k  ionization mav 
have beendachieved by the action either of thk 
enzyme or of general bases present in the living 
systems and it may well be that electron transfer 
takes place from the enolate anion to the enzyme, 
as in the oxidation of 1 by permanganate or by 
K M n H ' C y ~ T A  in the presence of oxygen (1). 

Experimental 
The wavelength maximum of neutral 1 is at  404 nm. 

By contrast, permanganate ion has a minimum at 416 nm 
and even when a 50-fold excess of the stoichiometric con- 
centration of permanganate is present the absorbance at  
this wavelength due to permanganate is relatively small. 
Kinetic data were therefore obtained by observing the 
disappearance of the lumazine absorption at  416 nm. In 
all of the kinetic experiments the pseudo first-order 
technique was used, the initial oxidant concentration 
being in at  least 12-fold excess. 

Stock. solutions of 1 and potassium permanganate 
were prepared by weighing accurately the appropriate 
amount of material into a 10 ml volumetric flask and 
making up to the mark with distilled water. The amount 
of 1 in the stock solution was chosen to give a concentra- 
tion close to 5 x 10-j  M (giving an initial absorbance 
of approximately 0.6) when 25 p1. of the stock solution 
was diluted into 2.5 ml of a buffer solution. On the other 
hand, the amount of permanganate was chosen to give a 
12- or 60-fold excess of the stoichiometric concentration 
when 10 or 50 p1 of the stock solutions were added to 
2.5 ml of buffer. 

The stock solutions of permanganate and the lumazines 
were stable over several days but, in general, fresh solu- 
tions were prepared daily. 

The typical kinetic run was carried out as follows: the 
buffer solution (2.5 ml) and a stock solution of 1 (25 p1) 
were added to an  optical cell by means of syringes 
equipped with Chaney adapters. To the lumazine solution 
thus obtained, an  appropriate volume (usually 10-50 p1) 
of perrnanganate stock solution was added by means of a 
microsyringe. The cell was stoppered with a Teflon 
stopper, thoroughly mixed by shaking, placed in the cell 
compartment of the spectrophotorneter, and the absorb- 
ance a t  416 nrn was followed with respect to time. The 
cell and all reaction components were thermostated at  the 
desired temperature prior to use. 
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It was found that the kinetics of the reaction of 1 with 
permanganate were unaffected by conducting the reaction 
under a nitrogen or oxygen atmosphere instead of under 
air. 

The methyl group at the 7-position of 1 undergoes 
facile deuterium exchange. Thus, 1 deuterated at the 
7-methyl group, 2, was produced in the following way. 
An accurately weighed amount of 1 was dissolved in a 
known volume of deuterium oxide (99.5% pure) buffered 
by an appropriate amount of sodium phosphate. The 
solution was allowed to stand for 7 to 10 half-lives of the 
exchange reaction, as estimated from the exchange rate 
(2). The deuterated compound thus formed was used 
without being isolated. Prior to the kinetic study, the 
n.m.r. spectrum was run on an aliquot of the solution to 
make sure that the protiun~ compound was completely 
converted to the deuterium compound. 

The oxidation reaction was started by adding a small 
volume of this solution (25 p1) to a much larger volume 
of the pern~anganate in buffered H 2 0  (2.5 ml). The 
change of absorbance at 416 nm was then recorded with 
respect to time. 

The exchange rates shown in Fig. 6 are those obtained 
by McAndless and Stewart (2). In their experiments the 
measured p H  was not corrected to give the corresponding 
pD values. The conversion of p H  obtained by a glass- 
calomel pH assembly to the corresponding pD can be 
done by the addition of the scale-factor of 0.4 to the mea- 
sured pH(22). Thechange in the solvent from H,O to D,O 
results in changes in the concentrations of each phosphate 
species as well as 1. Since the reactions are subject to 
general catalysis by the phosphate buffer species and by 
hydronium ion, such changes in the concentrations of the 
buffer species makes unequivocal comparison of H,O and 
D 2 0  systems impossible. However, the change in pK 
values of 1 and phosphoric acid in going to D 2 0  may be 
largely compensated by the scale-factor of 0.4, since these 
changes occur in the same direction with about the same 
magnitude (22, 23). Such a view is substantiated by the 
fact that both reactions have minimum rates at the same 
pH. 

All the kinetic data were analyzed by the method of 
least squares by arranging the data In a linear form of 
y = ax f b. The least-squares analysls and the sub- 
sequent plotting were performed by a Hewlett-Packard 
calculator and plotter, model 9125A. 
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GERALD W. BUCHANAN, CESAR REYES-ZAMORA, and DOUGLAS E. CLARKE. Can. J. Chem. 
52.3895 (1974). 

Carbon-13 chemical shifts for 33 methyl phenyl sulfides, sulfoxides, and sulfones are repor- 
ted. Observed trends are discussed in terms of the steric and electronic influences of the substi- 
tuent groups. Additivity correlations for para-disubstituted materials are noted. In general, the 
shieldings of methyl carbons bonded to sulfur are rather insensitive to the nature of the aronia- 
tic substituents. By contrast to the proton shieldings, the CH,SO and CH,SO, carbons exhibit 
nearly identical chemical shifts. 

GERALD W. BUCHANAN, CESAR REYES-ZAMORA et DOUGLAS E. CLARKE. Can. J. Chem, 52, 
3895 (1974). 

On rapporte les deplacements chimiques du carbone-13 pour 33 methyl phknyl thiokthers, 
sulfoxydes et sulfones. Les tendances observees sont discutees en termes des influences st&- 
riques et Clectroniques des substituants. 

On note des correlations additives pour les composes para-disubstitues. En general, les 
blindages des methyles carbones lies au soufre sont plut6t insensibles ii la nature des substi- 
tuants aromatiques. Par opposition aux blindages du proton, les carbones des groupes CH,SO 
et CH3S0, presentent sensiblement les m@mes deplacements chimiques. 

[Traduit par le journal] 

Inhsdnction 
Since early investigations in 13C n.m.r., a 

great deal of attention has been focussed on the 
resonances for substituted benzenes (1-13). A 
paucity of data, however, exists for sulfur con- 
taining substituents and a recent survey (14) 
indicates that no studies for groups of this nature 
have been carried out. In view of the current 
interest (15, 16) in the nature of the bonding 
between sulfur and 7c electron systems the n.m.r. 
properties of such molecules should be of in- 
terest. Accordingly we wish to report a systema- 
tic investigation of the 13C spectra of a series of 
33 substituted methyl phenyl sulfides, sulfoxides, 
and sulfones. Substituents have been selected 
with a view to providing information regarding 
both steric and electronic influences on the 
carbon shieldings. 

Results and Discussion 
Methyl Plzenyl Suljides 

13C chemical shifts for methyl phenyl sulfide 
1 and 10 derivatives are presented in Tables 1 
and 2. Values in parentheses indicate ambiguities 
in the assignments. For 1, differentiation be- 
tween resonances for C-2,6 cs. C-3,s was not 
possible experimentally. In the proton n.m.r. 
spectrum there is no significant chemical shift 

between the aromatic protons and thus selective 
'H decoupling cannot be employed. Spin-lattice 
relaxation times are expected to be similar for 
C-2,6 and C-3,s; and the spectra were not affec- 
ted substantially by lanthanide shift reagents. I t  
is known, however, that para-subsituent effects 
on aromatic 3C resonances are usually additive 
within i 1 p.p.m. (4-14), and thus the possibil- 
ity of using the para-substituted materials 4 and 
7-11 to check the tentative assignments for 1 
seemed attractive. Additivity parameters for the 
CH,, OCH,, Br, C1, F,  and NO, functions 
employed here have been well documented (14). 

Table 3 contains the predicted (relative to 
benzene 128.7 p.p.m.) shifts for the aromatic 
carbons of 4 and 7-11, with the observed values 
in parenthesis. Much more satisfactory agree- 
ment is obtained using the C-2,6 and -3,5 reso- 
nances of 1 as indicated rather than the reversed 
values. With the exception of C-2,6 for 7 and 11, 
the agreement between calculated and experi- 
mental findings is near + 1 p.p.m. 

For 1, shielding effects relative to benzene are 
observed at  the C-2,6 and C-4 carbons. In the 
electronically excited state of 1 it has been sug- 
gested (17, 18) that sulfur acts as an electron 
donor, and if this were the case in the ground 
state, contributions from the resonance forms 
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TABLE 1 .  I3C chemical shifts for some alkylated methyl phenyl sulfides (6, from TMS +0.1)* 
0 
> 

CH3* CH3* CH? CH3 2: 
2- 'CH 4- 'CH 2- 'CH* 4- 'CH* 

/ ' CH, 
/ / 0 

Compound Substituent S-CH3 C-1 C-2 C-3, C-4 C-5 C-6 2-CH, 3-CH, 4-CH, CH, CH3 CH3 

1 - 15.9 138.6 126.8 128.8 125.0 128.8 126.8 

2 2-CH3 16.0 137.8 136.0 129.9 (124.8) (125.4) 126.6 19.9 
i: 
< 

3 3-CH, 16.1 (138.6) 127.9 (138.5) 126.1 128.8 124.3 21.2 0 
4 4-CH, 16.5 (135.1) 127.8 129.6 (134.9) 129.6 127.8 20.8 ? 
5 2,4,6-CH3 18.3 137.9 142.5 128.9 132.1 128.9 142.5 21.5 20.9 31.5 34.4 ;nN 
6 2,4,6-Isopropyl 21.1 130.5 152.8 121.8 149.4 121.8 152.5 24.5 23.9 - 

a 
*0.2 M solution in CDCI,. 4 

P 
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TABLE 2. I3C chemical shifts for para-substituted methyl phenyl sulfides (?jc from TMS *0.1)* 

Compound Substituent C-1 C-2 C-3 C-4 C-5 C-6 S-CH3 0-CH3 

'0.2 M solutions in CDCII. 

TABLE 3. Predicted and observed* aryl carbon shieldings relative to benzene for 
para-substituted methyl phenyl sulfides 

Compound Substituents C-1 C-2,6 C-3,5 C-4 

*In parentheses. 

below (la-c) would lead to increased shielding 
at  the ortho and para-ring positions.' 

An alternate rationale for the shielding at the 
ortho carbons comes from the conclusion, based 
on Kerr constant measurements (19) that the 
favoured conformation of 1 is planar. In this 
event there would be a 'y' steric interaction be- 
tween the CH, group and the ortho carbon 
which would be expected to shield the ortho 
position (20). 

For the monomethyl derivatives 2-4, no un- 
usual trends are evident. The ortho-methyl 
group in 2 is shielded relative to its meta and para 
counterparts in 3 and 4 respectively, an observa- 
tion consistent with a variety of related methyl 
substituted benzene derivatives (1, 4, 14, 20). No  
substantial change in the S-CH, chemical shift 
is evident in the series 1-4. 

'Throughout this paper, it is assumed that the shielding 
at  carbon should increase with increasing electron density. 

By contrast, the S-CH, resonance in 5 is 
ca. 2 p.p.m. deshielded relative to 1-4. For re- 
lated anisoles (9, 21) a similar effect is noted in 
the 0-CH, resonance in di-ortho-methylated 
molecules. Clearly this de~hielding cannot arise 
from steric inhibition of resonance by the 
ortho-CH, groups, since this would be expected 
to cause attenuation of electron release by sulfur 
and thus shield the S-CH, resonance. Also, 
the possibility of d-orbital participation in sulfur 
con~pounds should make them less susceptible 
to steric inhibition of resonance than their 
oxygenated analogs, since rotation about the 
aryl-S bond causes one orbital of the proper 
symmetry to replace another in a bonding posi- 
tion as the S-CH, group is rotated ( I  5). A num- 
ber of examples of large (up to 10 p.p.m.) de- 
shielding effects have been reported for sterically 
compressed '6'  functional groups (22) and ac- 
cordingly, a possible origin for the deshielding 
of the S-CH, in 5 is the 6 steric interaction 
between the S-CH, and the ortlzo-CH, func- 
tion in the planar conformation. Notably the 
ortho-CH, groups of 5 are also deshielded by ca. 
2 p.p.m. relative to the mono-ortho-alkylated 
compound 2. No doubt the planar form of 5 will 
be populated only to a minor extent and thus 
the magnitude of the effect (ca. 2 p.p.m.) is 
considerably smaller than in systems such as 1,8 
dimethylnaphthalene where the deshielding 6 
effect on the CH,'s is ca. 7 p.p.m. 
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TABLE 4. I3C chemical shifts for some alkylated methyl phenyl sulfoxides (6,  from TMS f 0.1)* 

0 
CH3* CH,* CH, CH3 > 

2- \cH 4- \cH 2- \cH* 4- 'cH* 
/ / / / 13 

Compound Substituent SOCH, C-1 C-2 C-3 C-4 C-5 C-6 2-CH, 3-CH, 4-CHJ CH; CH; CH; CH; 0 
3: 

12 - 44.0 146.3 123.6 129.4 131.0 129.4 123.6 

13 2-CH, 42.2 144.2 134.0 (130.7) (130.6) 127.5 123.1 18.4 a 
14 3-CH, 43.9 145.9 123.7 139.4 131.6 129.2 120.6 21.3 < 

21.3 
0 

15 4-CH, 44.1 143.4 123.7 130.1 141.5 130.1 123.7 
20.9 

r 
16 2,4,6-CH3 44.4 143.2 139.6 132.3 134.9 132.3 139.6 VI 

24.7 ) N 

17 2,4,6-Isopropyl 41.1 136.0 149.8 123.2 152.3 123.2 149.8 24.2i 23.8 28.1 34.3 + 
4 

'0.2 M solutions in CDCI,. P 
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TABLE 5. I3C chemical shifts for para-substituted methyl phenyl sulfoxides (Sc from TMS i0.1) 

Compound Substituent C-1 C-2 C-3 C-4 C-5 C-6 SOCH3 OCHS 

*0.2 M solution in CDCl3, except 22 which was 0.02 M in CDCI3. 

In the triisopropyl compound 6, the interact- 
ing CH, groups are '&' to each other and a fur- 
ther deshielding of the S-CH, resonance of ca. 
3 p.p.m. is evident. Similar effects were noted 
in 2,6-diisopropyl anisole (21). 

It is interesting that the 2,6-CH, resonances of 
the isopropyl group are 0.6 p.p.m. below those 
for the 4-isopropyl function, indicative of a 
mutual deshielding interaction here. Recently 
(23) results for [2,2]-metacyclophanes indicate 
deshielding effects for sterically compressed E 

carbons up to 7.3 p.p.m. 

The primary cause of the effect is suggested to be 
a decrease in the n-electron density at  the E 

carbons due to transannular van der Waals 
repulsion. 

In an attempt to examine the influence of 
polar groups the para-substituted compounds 4 
and 7-11 were studied. Ring carbon shieldings 
are reasonably close to those predicted from 
additivity (Table 3). Regarding the S-CH, 
chemical shifts, however, some unusual features 
are evident. For 7 it has been suggested (15) that 
the vacant d-orbitals on sulfur will accept elec- 
trons from the para-methoxy function and on 
this basis a shielding of the S-CH, resonance is 
expected in 7 relative to 1. Surprisingly, the 

S-CH, resonance of 7 is deshielded by ca. 2 
p.p.m. compared to 1. Conversely for 11, the 
electron withdrawing inductive effect of the para- 
nitro moiety is expected to deshield the S-CH, 
group but a shielding of 1 p.p.m. relative to 1 
is found. These trends are contrary to results 
for para-substituted anisoles (9) where a plot of 
the OCH, shifts cs. Hammett o values gives a 
fair correlation. The 4-CH,, -C1, and -Br func- 
tions have little influence on the S-CH, reson- 
ances relative to methyl phenyl sulfide itself, a 
trend consistent with the corresponding anisoles. 

In this regard the S-CH, proton shifts for 1, 
4, and 7-11 are of interest. With the exception of 
11 (6 = 2.55) the resonances are nearly identical, 
appearing at  6 = 2.45 i 0.01 p.p.m. The de- 
shielding in 11 can be explained on the basis of 
the inductive influence of the para-nitro group. 
Certainly more investigation is needed to clarify 
the 13C trends here but it is evident that the 
S-CH, shieldings must be affected substantially 
by factors other than substituent polarity. 

Methyl Pherzyl Sulfoxides 
13C chemical shifts for methyl phenyl sulfoxide 

12 and 10 derivatives are shown in Tables 4 and 
5. As was the case for the sulfides the assign- 
ments for C-3,5 cs. C-2,6 of 12 are supported by 
the very satisfactory additivity correlations noted 
in Table 6. A priori, the methylsulfinyl group 
might be expected to show resonance properties 
which are some blend of lone pair donation and 
d-orbital acceptance. On the basis of dipole 
moments (24), 19F n.m.r. (25) and pK, values 
(16-28) however, the d-orbital acceptance prop- 
erties are considered to be predominant. Ac- 
cordingly the observed deshielding at  the para- 
carbon of 12 relative to benzene is reasonable. 
The recent proposal of Katritsky and co-workers 
(16) that the CH,SO group is a net resonance 
donor. based on infrared intensities is incon- 
sistent with present findings. 

For 13, the data suggest that the preferred 
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TABLE 6. Predicted and observed* aryl carbon shieldings relative to benzene for 
para-substituted methyl phenyl sulfoxides 

Compound Substituent C- 1 C-2,6 (2-33 C-4 

12 - ($17.6) (-5.1) ( f 0 . 7 )  (+2.3) 
15 4-CH3 +14.5(+14.7) -5.3(-5.0) +1.3(+ 1.4) +11.4(+12.8) 
18 4-OCH3 +8.7(+ 8.7) -5.1(-3.2) -14.8(-13.7) +32.5(+33.5) 
19 4-Br +16.6(+16.5) -2.9(-3.5) +4.0(+ 3.9) -3.1(- 3.4) 
20 4-C1 +15.6(+16.2) -4.1(-3.7) +0.9(+ 0.8) +8.7(+ 8.3) 
21 4-F +13.2(+13.7) -3.5(-2.4) -13.4(-11.8) +37.4(+36.0) 
22 4-NOZ +23.6(+25.3) -4.3(-3.8) -4.6(- 4.1) +21.9(+21.4) 

*In parentheses. 

conformation is as depicted below. The y steric 
interaction between the SOCH, and C-6 would 

be expected to shield both these resonances rela- 
tive to 12, as is observed. In this form, the di- 
hedral angle between the S=O or the S lone pair 
and the C,-CH, bond is near 6OC, thus at- 
tenuating any deshielding anisotropic influence 
(29) of the S=O group or a deshielding 6 effect. 
This argument will be extended in the discussion 
for 16. 

No remarkable trends are apparent for 14 or 
15. For 16, however, the SOCH, chemical shift 
is nearly identical to those of 12, 14, and 15. 
Recently it has been found in this laboratory (30) 
that the barrier to aryl-S rotation in 16 is 9.2 
kcal/mol whereas that for 12 is below 6 kcal/mol, 
indicating considerable steric influence of the 
ortho CH, groups. Therefore it is somewhat 
surprising that no detectable effect on the 
CH,SO resonance is apparent. 

Consideration of the preferred conformation 
for 16 is helpful here and the two possible ex- 
tremes for the ground state geometry are shown 
below. Since severe van der Waals repulsion is 
expected between the ortlzo-CH,'s and the 

SOCH, of 16b, 16a is likely to predominate. In 
this conformation the SOCH, methyl is perpen- 
dicular to the plane of the ring and thus the 6 
steric interaction with the ortho-CH,'s will be 
minimized. However the orflzo-CH,'s are de- 
shielded by ca. 4 p.p.m. relative to 13, a finding 
that may originate either from the anisotropic 
influence of the S=O group (29) or a van der 
Waals 6 deshielding due to the close spatial 
proximity of the oxygen atom, since the dihedral 
angle between the bonds bearing the 6 groups is 
near 20" in 16a. 

In the triisopropyl sulfoxide 17 the CH,SO 
resonance is shielded by ca. 3 p.p.m. relative to 
12, 14-16. The sterically interacting methyl 
groups are E to each other as was pointed out for 
6 ,  but the shielding trend is in the opposite 
direction. Very recently (31) a shielding E effect 
was found in the methyl phenanthrenes, which 
is ca. 4.6 p.p.m. in the 4,5-dimethyl derivative. 

It thus appears that E steric interactions can be 
either shielding or deshielding and further 
studies are required to elucidate the origin of 
these results. 

Since the sulfur atom in sulfoxides is a chiral 
center the isopropyl methyl groups are diastere- 
otopic (32). Accordingly the 0.5 p.p.m. chemical 
shift difference between these ortho groups in 
17 is not unexpected. The para-isopropyl methyls 
are also diastereotopic but they are farther from 
the site of asymmetry and no shift difference 
between them is apparent. 

From the results in Table 5 it is clear that the 
effects of polar substituents on the CH,SO car- 
bon chemical shifts are negligible. This apparent 
lack of sensitivity to substitution was also noted 
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by Mislow and co-workers (33, 34) who found 
that the rates of thermal racemization of various 
methyl phenyl sulfoxides are relatively unaffec- 
ted by the electronic nature of para groups. The 
proton chemical shifts for the CH,SO groups of 
12, 15, 18-21 are 6 = 2.71 0.01 p.p.m., using 
0.2 M solutions in CDCl,. For 22 a small down- 
field shift to 6 = 2.79 is noted which suggests 
some inductive electron withdrawal by the 
-NO, function. 

Methyl Phenyl Sulfones 
Tables 7 and 8 contain the 13C chemical shifts 

for methyl phenyl sulfone 23 and 10 derivatives. 
Assignments for 23 are unambiguous from selec- 
tive 'H decoupling, since it is known (35) that 
aromatic protons ortho to the SO, groups are 
considerably deshielded relative to the meta 
hydrogens. Results in Table 9 show that the 
agreement between calculated and observed 
shifts is, in most cases, within 1 p.p.m. In general 
the most remarkable observation in the sulfones 
is the close similarity between the 13C shielding 
for the SO,CH, groups and the SOCH, results 
for the sulfoxides. Introduction of the second 
electronegative oxygen in the sulfones might 
have been expected to deshield the methane 
sulfonyl carbon but no effect is noted. The pro- 
ton chemical shifts seem more in accord with 
expectation, the shifts for the SO,CH, group 
being ca. 0.35 p.p.m. downfield from those of 
the sulfoxides. The para-nitro substituted com- 
pound 33 has the largest deshielding, appearing 
at  6 = 3.12. 

X-Ray (36) and dipole moment studies (37) 
have shown that methyl phenyl sulfones adopt 
the conformation below preferentially. 

Since the S-CH, group is perpendicular to the 
plane of the phenyl ring it is relatively unaffected 
by ortfio-CH, substitution as indicated by the 
very similar S-CH, shieldings for 23-27. The 
deshielding of the C-2,6-CH, resonances of 27 
relative to 24 is puzzling however. In 28, the E 

effect on the SO,CH, carbon is deshielding as in 
6 but this is not a general observation as indica- 
ted earlier. The pronounced deshieldings at  
C-2,4 and 6 of 28 are a consequence of increased 

p substitution as previously noted for diphenyl 
ethers and anisoles (21). 

As in the case of the sulfoxides, the I3C shield- 
i n g ~  for the SO,CH, group are insensitive to the 
electronic nature of the para substituent. Table 
8 shows shifts near 44.5 0.3 for compounds 
29-33. 

A number of groups (1, 3, 14) have pointed 
out the apparent correlation between para-car- 
bon chemical shifts and the electronic properties 
of substituents for monosubstituted benzenes. In 
general, electron withdrawing groups tend to de- 
shield the para carbon while electron releasing 
functions shield it. Results for 1, 12 and 23 are in 
accord with this trend, since the o, values for 
the -SCH,, -SOCH,, and -SO,CH, groups 
are -0.047, $0.567, and +0.728, respectively 
(50). As a summary of results for 24 monosub- 
stituted aromatics is available (14), a detailed 
treatment of the correlations here seems un- 
warranted. 

From the present work it is clear that although 
both steric and electronic factors are operative, 
the trends are by no means general. The mono- 
substituted compounds 1, 12 and 23 exhibit 
shifts consistent with the electronic properties of 
the substituents. By contrast, the lack of sensi- 
tivity of the S-CH, shieldings in the three 
series to the nature of the para groups suggests 
a minor amount of conjugation between the 
phenyl ring and the sulfur atom. Additional 
evidence has been put forward for carbon steric 
shifts when the interacting groups are in a 6 or 
an E orientation. For E interactions the effects 
can be shielding or deshielding. 

Experimental 
Spectra 

13C spectra were obtained using the pulsed Fourier 
transform method at 25.16 MHz on a Varian XL-100-12 
n.m.r. spectrometer. The free induction decays were 
stored in a Nicolet BNC-12 computer (20 K memory) and 
were transformed after a sufficient number had been ac- 
cumulated. Normally 4096 data points were used in the 
interferogram accumulation and spectral widths of 5000 
and 1000 Hz were employed. 

All samples were examined as 0.2 Msolutions in CDCl, 
containing 4% TMS as an internal standard. Tube size 
was 5 mm outer diameter. Normally spectra were re- 
corded with complete proton noise decoupling. For the 
selective decoupling experiments irradiation was per- 
formed at  low decoupler power in the absence of noise 
modulation. 

Materials 
With the exception of 17 and 28, all compounds ex- 

amined have been reported previously, with references for 
each shown as follows: 1,6,  8 (38); 3,4, 7,9-11 (15); 12, 
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TABLE 8. 13C chemical shifts for para-substituted methyl phenyl sulfones (Fc from TMS +0.1)* 

Compound Substituent C-1 C-2 C-3 C-4 C-5 C-6 SO,CH, 0 C H 3  

29 4-0CH3 132.5 129.5 114.6 163.8 114.6 129.5 44.8 55.7 
30 4-Br 140.2 128.9 132.7 128.7 132.7 128.9 44.4 
31 4-C1 139.6 128.9 129.6 140.1 129.6 128.9 44.3 
32 4-F 137.5 130.3 116.7 165.8 116.7 130.3 44.5 
33 %No2 146.9 128.9 124.6 151.3 124.6 128.9 44.3 

*0.2 M solutions in CDCI,. 

TABLE 9. Predicted and observed* aryl carbon shieldings relative to benzene for 
pava-substituted methyl phenyl sulfones 

Compound Substituent C-l C-2,6 

*In parentheses. 

14, 15, 18-23,25, 26, 29-33 (16); 16 (34); 27 (39); 5 (40); 
2 (41); 13 (42); 24 (43); 19 (44) and 30 (45). 

2,4,6-Triisopropyl methyl phenyl sulfoxide 17 was pre- 
pared starting with 1,3,5-triisopropylbenzene, which had 
been obtained con~mercially from K and K laboratories, 
Plainview, New York. Chlorosulfoilation with chlorosul- 
fonic acid according to the procedure of Huntress and 
Carten (46) yielded 2,4,6-triisopropylbenzenesulfonyl 
chloride in 80% yield. Reduction to the thiol was accom- 
plished in 74% yield via the proced~lre of Adams and 
Marvel (47). Methylation with methyl sulfate in base (48) 
converted the material to the methyl sulfide in 94% yield. 
Sodium metaperiodate oxidation (49) gave the sulfoxide 
17 in 87% yield; m.p. 106.5-108", which was characterized 
by its infrared and 'H n.1n.r. spectra. 

Anal. Calcd. for Cl,HZ6SO: C, 72.12; H, 9.84; S, 
12.03. Found: C, 72.11; H, 9.76; S, 12.17. 

Oxidation of the sulfide with a fourfold excess of H,O, 
in refluxing HOAc, according to the published procedure 
(28) yielded the sulfone 28 in 72% yield; n1.p. 132-133", 
which was characterized by infrared and proton n.m.r. 
spectra. 

Anal. Calcd. for C16H,6S0,: C ,  68.04; H ,  9.28; S, 
11.35. Found: C, 67.99; H, 9.41; S, 11.39. 

Elemental analyses were carried out by Spang Micro- 
analytical Laboratory, Ann Arbor, Michigan. 

Financial support from the National Research Council 
of Canada is gratefully recognized. 
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o-Aldehydo Sugars Prepared by Ninhydrin Oxidation 
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ALAN R. GIBSON, LAURENCE D. MELTON, and KEITH N. SLESSOR. Can. J. Chem. 52,3905 
(1974). 

The reaction of ninhydrin with 6-amino-6-deoxy-hexopyranosyl sugars has been investigated. 
6-Aldehydocyclohexaamylose and 1,2: 3,4-di-O-isopropylidene-a-~-galacto-hexodialdo-1,5-py- 
ranose have been prepared by oxidative deamination of 6-amino-deoxycyclohexaamylose and 
6-amino-6-deoxy-1,2:3,4-di-0-isopropylidene-a-~-gaactopyranose, respectively, using ninhy- 
drin. The preparation of the two aldehydes by the ninhydrin reaction is compared with the 
method of photolysis of the corresponding azido sugars. The mass spectra of the perdimethyl- 
silyl derivatives of cyclohexaamylose and 0-methyl oxime of 6-aldehydocyclohexaamylose have 
been recorded. 

ALAN R. GIBSON, LAURENCE D. MELTON et KEITH N SLESSOR. Can. J. Chem. 52,3905 (1974). 
On a BtudiB la reaction de la ninhydrine avec les sucres amino-6 deoxy-6 hexopyrannosyles. 

Les composPs aldehyde-6 cyclohexaamylose et 1,2: 3,4-di-0-isopropylidene-a-D-galacto- 
hexodialdo-1,5-pyrannose ont Cte preparks respectivement par une dtamination oxydante du 
6-amino-6-dCoxycyclohexaamylose et du 6-amino-6-deoxy-1,2 : 3,4-di-0-isopropylidene-cc-D- 
galactopyrannose en utilisant la ninhydrine. La preparation des deux aldthydes par la reaction 
de la ninhydrine est comparee B la methode de photolyse des sucres azido co~respondants. On a 
pris les spectres de masse des derives perdimCthylsilyles de la cyclohexaamylose et du 0-mBthyl 
oxime de la 6-aldBhydocyclohexaamylose. [Traduit par le journal] 

Introduction 
The preparation of o-aldehydo sugars is of 

considerable importance because of the utility of 
these compounds as synthetic intermediates in 
monosaccharide and polysaccharide chemistry. 
Among the older methods for preparing o-alde- 
hydo derivatives are the Rosenmund catalytic 
reduction of glycuronic acid chloride and glycol 
cleavage reactions using lead tetraacetate or 
periodate oxidation (for a review see ref. 1). 
However, all these methods require suitably 
protected sugars, as does the oxidation of the 
primary hydroxyl group using dimethyl sul- 
phoxide - N,N'-dicyclohexylcarbodiimide (Pfit- 
zner-Moffatt reagent) or other dimethyl sul- 
phoxide oxidizing mixtures; preparations of 
aldehydes with dimethyl sulphoxide reagents 
other than the Pfitzner-Moffatt reagent have 
not been so successful because of side reactions 
(2-4). Recently, chromium trioxide - dipyridine 
complex has been found to oxidize the primary 
hydroxyl groups of various monosaccharides to  
aldehydes but this approach also requires pro- 
tected sugars (5). 

lDepartment of Chemistry, Queen's University, Kings- 
ton, Ontario K7L 3N6. 

'Unilever Research, Colworth House, Sharnbrook, 
Bedford, England MK44 1LQ. 

The methods of preparation of o-aldehydo 
derivatives from unprotected sugars are limited. 
D-gluco-Hexodialdose has been prepared from 
D-glucurono-y-lactone in a very low yield by 
reduction with sodium borohydride and from a 
6-deoxy-6-nitro derivative in a moderate yield 
by the Nef degradation (6). Oxidation of methyl 
hexopyranosides with potassium ferrate (7) gave 
the corresponding 6-aldehyde in moderate yields. 
Photolysis of 6-azido derivatives of glycosides 
and polysaccharides has been shown by Horton 
and co-workers (8) to produce the corresponding 
a-aldehydo sugars in good yields. Another ap- 
proach to the synthesis of o-aldehydo sugars is 
by oxidative deamination of the corresponding 
unprotected amino sugar. Ninhydrin (2,2-dihy- 
droxy-1,3-indandione) (9) has long been known 
to bring about the oxidative deamination of 
simple organic compounds containing a primary 
amine to yield aldehydes (9, 10). In this report, 
the applicability of the ninhydrin reaction to car- 
bohydrates containing an amino group attached 
to a primary carbon is discussed. 

Results and Discussion 
6-Amino-6-deoxycyclohexaamylose (2) (1 I), 

in which the hydroxyl groups are unsubstituted, 
and 6-amino-6-deoxy- 1,2: 3,4-di-0-isopropyli- 
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dene-cc-D-galactose (5) were treated with nin- 
hydrin. The monoaminocyclohexaamylose was 
converted quantitatively to  6-aldehydocylohexa- 
amylose (3) by the ninhydrin oxidation, accord- 
ing to t.1.c. (thin-layer chromatography). The 
yield of 60% for the pure isolated aldehyde is 
reasonable considering the nature of the com- 
pound. In another preparation of the mono- 
aldehydocyclohexaamylose from monoaminocy- 
clohexaamylose which contained - 5% cyclo- 
hexaamylose as impurity, a somewhat higher 
yield was obtained allowing for the contamina- 
ting cyclohexaamylose. As it proved difficult to 
remove the cyclohexaamylose impurity from the 
product, it was simpler to purify the monoamino- 
cyclohexaamylose before carrying out the oxida- 
tion. P-Elimination of o-aldehydo sugars is 
known to occur under basic conditions (4, 12) 
and this would involve the breaking of the ad- 
jacent glycosidic linkage in a maltodextrin (13). 
However, no opening of the cyclohexaamylose 
torus was detected under the mild conditions 
used for the ninhydrin oxidation. The pure 
aldehyde reduced Fehling's solution and the 
optical rotatory dispersion indicated that the 
aldehyde existed in the hydrated form in aqueous 
solution. The freeze-dried aldehyde analyzed as 
a trihydrate and it was further characterized by 
the mass spectrometry of its perdimethylsilyl 
methyl oxime derivative. 

Production of aldehydocyclohexaamylose by 
photolysis (8) of the azido compound (4) (11) 

1 R = CH,OH 

2 R = CHzNHz 

3 R = C H O  

4 R = CH2N3 

FIG. 1. Cyclohexaamylo~e and some of its derivatives. 

FIG. 2. Synthetic routes to 1,2: 3,4-di-0-isopropyli- 
dene-cc-D-galacto-hexodialdo- 1,5-pyranose (6). 

resulted in a product whose properties were con- 
sistent with those expected for 3. The formation 
of a side product, suggested to be an amine, 
during the photolysis of 6-azido-6-deoxyamy- 
lose has been reported recently (13). The pure 
aldehydocyclohexaamylose produced by the nin- 
hvdrin reaction had the same characteristics on 
t.i.c. and p.c. (paper chromatography) as the 
aldehyde produced by photolysis. Both alde- 
hydes could be reduced by sodium borohydride 
to compounds which had the same chromato- 
graphic characteristics as cyclohexaamylose (1). 
Since azido sugars can be reduced virtually 
quantitatively to amines, oxidative deamination 
by ninhydrinvappears to be an equivalent method 
of preparing w-aldehydes of unprotected sugars 
to photolysis of azido sugars. 

The general applicability of the ninhydrin re- 
action was confirmed by using it to prepare the 
known aldehyde, 6-aldehydo- 1,2 : 3,4-di-0-iso- 
propylidene-a-D-galactose (6) (14, 15) from 6- 
amino-6-deoxy- 1,2 : 3,4-di-0-isopropylidene-a-D- 
galactose (5). No side products were detected 
during this preparation. The aldehyde was also 
synthesized by photolysis (8) of 6-azido-6-deoxy- 
1,2 : 3,4-di-0-isopropylidene-a-D-galactose (7). 
The aldehydes produced by the two different 
methods had the same physical properties and 
the same characteristics on t.1.c. The two alde- 
hydes were characterized and proven identical by 
comparison of their crystalline p-nitrophenylhy- 
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drazones. The two methods gave comparable 
yields of aldehyde (38% by ninhydrin reaction 
and 43% by photolysis). Hence, it appears that 
for fully protected sugars neither method of 
aldehyde preparation has a distinct advantage 
over the other. 

Only a few examples of oxidative deamination 
by ninhydrin are known in preparative carbohy- 
drate chemistry. Ninhydrin has been used to 
convert 3-O-P-~-glucopyranosyl-2-amino-2-de- 
0xy-D-glLI~0ni~ acid to 2-0-P-D-glucopyranosyl- 
D-arabinose (16) and 3-0-(methyl P-D-glucopyra- 
nosy1uronate)-2-amino-2-deoxy-D-galactose to 2- 
0-P-D-glucopyranosyluronic acid-D-lyxose (17). 
More recently Veyri6res and Jeanloz (18) treated 
muramic acid with ninhydrin to  give 2-0-~- lac-  
tyl-D-arabinose in 62x  yield. In all these exam- 
ples the amino group is at the C-2 carbon and in 
each case the sugars undergo oxidative deamina- 
tion with concomitant cleavage of the C-1 - C-2 
bond to produce an aldehyde containing one less 
carbon atom. 

In some trial experiments to evaluate the possi- 
bility of producing ketoses from 2-amino-2- 
deoxyhexitols, we have observed only C-1 - C-2 
bond cleavage. 2-Amino-2-deoxy-D-glucitol 
yielded on ninhydrin oxidation, arabinose as the 
only observable chromatographic product. No 
fructose was detected. 

There appears to be no previous investigation 
of the action of ninhydrin on amino groups 
attached to primary carbons of sugars. In the 
present work it has been shown that ninhydrin 
reacts with an amine attached to a primary 
carbon of a sugar to give an aldehyde but, unlike 
amino sugars in which the amine is at C-2, there 
was no carbon-carbon bond cleavage. This is in 
agreement with the earlier work of Moubasher 
and Othman (10) who found that ethylamine, 
n-butylamine, and benzylamine were oxidized by 
ninhydrin to yield acetaldehyde, butyraldehyde, 
and benzaldehyde, respectively. Furthermore, 
this result is in agreement with the current 
theory (9) of the ninhydrin reaction. 

In order to confirm the structure of 6-aldehy- 
docyclohexaamylose, the perdimethylsilyl methyl 
oxime was examined by mass spectrometry. The 
perdimethylsilyl methyl oxime was prepared from 
the aldehyde in a one-pot reaction (compare the 
preparation of pertrimethylsilyl methyl oximes of 
sugars (19)). As the substances currently avail- 
able for calibrating mass spectrometers, per- 
fluorokerosene, and perfluoroheptyltriazine (20), 

only allow a mass of 1185 to be reached and the 
molecular ion of the perdimethylsilyl methyl 
oxime of 6-aldehydocyclohexaamylose is 1985 
a.m.u., it was decided to use perdimethylsilyl 
cyclohexaamylose ( M t  = 2016) as a reference 
compound as well as a model compound. 
Beadle (21) has reported the difficulty of prepar- 
ing a pure pertrimethylsilyl derivative of cyclo- 
hexaamylose for gas chromatography and has 
shown the advantages of the perdimethylsilyl 
derivative. The present mass spectral work con- 
firms the incompleteness of trimethylsilylation 
and the utility of the perdimethylsilyl derivative. 
The molecular ions of the cyclohexaamylose and 
aldehydocyclohexaamylose derivatives (Table 1)  
were observed and no peaks were detected at 
higher m/e  values. Table 1 also lists the most in- 
tense mle ~ e a k s  that were detected. One dis- 
tinguish'ing feature of the mass spectra is the 
particularly high relative abundances of the 
molecular ions compared to those found for 
straight chain pertrimethylsilylated oligosac- 
charides. This is comparable to what is observed 
for cyclic peptides compared to linear peptides; 
see for instance ref. 22. 

The major fragmentation pathways can be 
grouped in series for perdimethylsilylcyclohexa- 
amylose (Table 2). The corresponding series for 
the 0-methyl oxime are given in Table 3. The 
mass difference of 336 between adjacent mem- 
bers of a series is due to the following cleavage. 

The members of series 1 are caused by cleavage 
of a glycosidic linkage plus the loss of a hydro- 
gen and subsequent loss of glucosidic residues. 
The structure of series I members for cyclohexa- 
amylose may be postulated as 

where n = 0, 1, 2, 3, or 4, and the 335 fragment 
would then be 

rODMSi  
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TABLE 1. Selected peaks from the mass spectra of perdimethylsilyl derivatives of cyclo- 
hexaamylose and 0-methyl oxime of 6-aldehydocyclohexaamylose 

Cyclohexaainylose Aldehydozyclohexaamylose 

Species 

+ 
CH-CH-CH 
I 

DMSiO 
I 
ODMSi 

176 100 176 100 CH-CH (B) 
I I 

DMSiO ODMSi 

Series I1 could be formed by cleavage of a glyco- Series 111, which occurs 30 mass units higher 
sidic linkage, loss of one or more glucosyl resi- than series I, might be postulated as 
dues and transfer of a hydrogen to the charge 
retaining species. Possible structures for this 
series are + 

CH>+ 
DMSiO DMSiO 

HO ODMSi 

DMSiO DMSiO DMSiO 
CH,=O 

DMSiO 

rn /e  365 
DMSiO where n = 0, 1, 2 or 3. 

Series IV, by analogy with trimethylsilyl deri- 
rn le  337 vatives of oligosaccharides (23), could be postu- 

where n = 0, 1, 2 or 3. lated as 

DMSiO DMSiO DMSiO 

rn le  439 
where n = 0, 1, 2 or 3. 
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TABLE 2. The major fragmentation series in the mass spectrum of perdimethylsilyl cyclohexaamylose 

No. of intact 
pyranose rings 

Series I Series I1 Series I11 
- - 

mie % mie % mle % 

Series IV Series V 
- 

'1603 = 1679 - DMSiOH (76) 
TI605 = 1681 - DMSiOH 
$1267 = 1343 - DMSiOH 

TABLE 3. Fragmentation series in the mass spectrum of perdimethylsilyl6-aldehydocyclohexaamylose 0-methyl oxime 

Series I Series I1 Series 111 Series IV Series V 
No. of intact - - -- 
pyranose rings mle % nzle % nzle % m/e % n1ie % 

6 1984 0.16 
5 1648 0.06 1650 0.05 1678 0.08 1752 0.13 1851 0.05 
4 1312 0.42 1314 0.64 1342 0.41 1416 0.34 1515 0.04 
3 976 0.39 978 0.26 1006 0.27 1080 0.21 1179 - 

1103* 0.33 
2 640 0.33 642 0.34 670 0.40 744 0.54 843 0.22 
1 304 1.18 306 1.38 334 0.58 408 0.74 507 0.60 

'1 103 = 1179 - DMSiOH (76) 

Series V, also by analogy with trimethylsilyl derivatives, may be postulated as 

where n = 0, 1, 2 or 3. 

ODMSi 

+ 

DMSiO DMS~O 

mle 538 

Series I-V of the aldehydocyclohexaamylose 
derivative are analogous to the corresponding 
series for cyclohexaamylose except for the mass 
difference of 31 a.m.u. due to the replacement of 
one -CH,ODMSi group by -CH = NOCH,. 

The initial assumption in interpreting the mass 
spectra of the perdimethylsilyl derivatives was 
that the fragmentation pathways were analogous 
to  those established (24) for pertrimethylsilyl 
derivatives of sugars (see for example the intense 

low mass peaks given in Table 1). However, 
series 1-111 are not found as major series in the 
fragmentation of pertrimethylsilyl ethers of 
sugars and their appearance may be due to the 
cyclic nature of cyclohexaamylose or to differen- 
ces in properties of dimethylsilyl and trimethyl- 
silyl ethers. In the mass spectra of both com- 
pounds there are additional series of 2 a.m.u. 
higher than series 111-V as is series I1 to series I. 
It is not surprising that the mass spectrum of the 
aldehyde derivative contains the smaller mass 
members of the series from cyclohexaamylose as 
they would be readily formed by loss of the resi- 
due containing the 0-methyl oxime group. 
Those seen are mle 671 (0.70%) and m/e 335 
(0.79%) of series I ;  nz/e 673 (0.24%) and mle 337 
(0.62%) of series 11; mle 701 (0.29%) and mle 365 
(0.66%) of series 111; m/e 11 11 (0.1 I%), m/e 775 
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(0.46x), and m/e 439 (0.46%) of series IV; and 
nz/e 874 (0.26%) of series V. 

Experimental 
General 

Melting points were determined on a Fisher-Johns 
apparatus and are uncorrected. Evaporations were con- 
ducted on a Buchi rotary evaporator at bath tempera- 
tures not exceeding 45". Optical rotations were measured 
on a Perkin-Elmer Model P22 spectropolarimeter. Pyri- 
dine was dried by distilling from barium oxide and then 
kept over Linde molecular sieve Tpye 4A. Ninhydrin was 
purchased from Fisher Scientific Co. and used without 
further purification. Activated charcoal, Darco, G-60, 
20-40 mesh, was purchased from Matheson, Coleman, 
and Bell. The reagents for preparing derivatives for mass 
spectrometry were bought from Pierce Chemical Co., 
Illinois. Thin-layer chronlatography was performed on 
Silica gel G with solvents: A,  butanone - methanol - 1.0 
N acetic acid 12: 3 : 5 ; B ,  butanone-methanol-water 
14: 3 : 3 ; C ,  butanone - water 9: 1 and D,  diethyl ether - 
toluene 2:  1 .  Paper chromatography ~lsing Whatman 
3MM paper was run by the descending technique with the 
solvent ethyl acetate - pyridine - water 5 : 4 :  3 .  All sugars 
were detected after t.1.c. with 10% aqueous sulphuric acid 
spray followed by heating. Aldehydo derivatives were 
observed on t.1.c. plates by spraying with 2,4-dinitro- 
phenylhydrazine (0.3%) in 2 N hydrochloric acid. Nin- 
hydrin (0.2%) in ethanol was sprayed to detect amines 
after t.1.c. and p.c. Iodine vapour was used to detect 
cyclohexaamylose and its derivatives on thin-layer and 
paper chromatograms. The R f  values o f  cyclohexaamy- 
lose derivatives were measured relative to cyclohexa- 
amylose (R,). 

4-Arnirzo-6-deox~c~~cIoI~exaamylose ( 2 )  
This compound was prepared from cyclol~exaa~~~ylose 

(1) as previously described ( 1  1 )  and was filrther purified 
by application o f  1.12 g o f  material to a column (37 x 2.3 
cm) o f  activated charcoal in an aqueous solution (40 ml). 
The column was washed with 12.5% ethanol (1400 ml). 
The ethanolic eluate, which contained monoaminocyclo- 
hexaamylose, was collected in 100 ml fractions. The purity 
was checked by t.1.c. (solvent A )  and the appropriate 
fractions were combined, concentrated to approximately 
50 ml on a rotary evaporator, filtered through a Celite 
pad, and freeze-dried to yield the monoamine (2)  (0.45 g). 

4-Aldehydocyclohexaamylose (3) 
6-Amino-6-deoxycyclohexaamylose (2) (0.40 g) was 

dissolved in aqueous solution (40 ml) containing sodium 
bicarbonate (0.50 g )  and ninhydrin (0.40 g) added. The 
solution, which became purple on addition o f  ninhydrin, 
was heated on a boiling water bath. Thin-layer chroma- 
tography, solvent A ,  showed the reaction was complete in 
10 min to give only one carbohydrate product (R,  0.95, 
brown with iodine vapour and yellow with 2,4-dinitro- 
phenylhydrazine spray). During the reaction an inter- 
mediate was seen by t.1.c. (R,  1.1, yellow with iodine 
vapour). On standing overnight at room temperature a 
brown precipitate formed, which was removed by filtra- 
tion. The filtrate was applied to a charcoal column (20 x 
2.5 cm). The column was eluted with 12.5% ethanol (1.0 
1)  and 25% ethanol (1.2 1).  The 25% ethanol eluate was 

collected in 100 ml fractions. Concentrated ammonia 
was added dropwise to neutralize each fraction and then 
the fractions were evaporated to dryness. Thin-layer 
chromatography (solvent A) indicated 12.5% ethanol 
eluate contained no unreacted amine and 25% ethanol 
eluted pure monoaldehydocyclohexaamylose. The mono- 
aldehydocyclohexaamylose in the appropriate fractions 
was dissolved in water and the combined fractions were 
filtered through a Celite pad. On evaporation to dryness a 
colorless material was obtained, which weighed 0.24 g 
after freeze-drying. A portion o f  this material was crys- 
tallized from a concentrated aqueous solution, m.p. 205" 
(dec.), [aIDz0 f 123" (c  1.00, water). 

Anal. Calcd. for C36H580a0.3H20:C,  42.19; H,6.30. 
Found: C, 42.37; H ,  6.52. 

The product gave a positive test with Fehling's solu- 
tion. A sample o f  the monoaldehydocyclohexaamylose 
(10 mg) was dissolved in water ( 1  ml) and reduced with 
sodium borohydride (5 mg) overnight at room tempera- 
ture. The excess borohydride was destroyed by adding 1 N 
acetic acid to pH 4.5. The solution was passed through 
Dowex 50(H+) resin and then evaporated five times with 
methanol (2 ml), with 2 drops o f  1 N hydrochloric acid 
added to the first three evaporations. Paper chromatog- 
raphy showed the aldehyde (R ,  = 0.7, brown with io- 
dine) had been completely reduced to a substance with the 
same R, and iodine reaction (purple) as cyclohexaamylose 
(1). 

Photolysis of 6-Azido-4-deoxycyclohexaamylose ( 4 )  
Freeze-dried 6-azido-6-deoxycyclohexaamylose ( 1  1) 

(200 mg) was dissolved in water (95 ml) and under nitro- 
gen was irradiated for 6 h. The source o f  radiation, a 
medium pressure mercury lamp (unfiltered), was placed in 
a water-cooled quartz immersion well. Thin-layer chro- 
matography (solvent A) showed the reaction was over in 3 
h giving one major product (ca. 90%). The major com- 
ponent o f  the mixture exhibits the same characteristics on 
t.1.c. and p.c. as the monoaldehydocyclohexaamylose 
prepared by ninhydrin oxidation (t.1.c.: solvent A, R, = 
0.95; solvent B, R, = 1.0; brown with iodine, yellow with 
2,4-dinitrophenylhydrazine and p,c.: R, = 0.7, brown 
with iodine). An attempt to purify the aldehyde by com- 
plexing with 1,1,2,2-tetrachloroethane ( 1  1 )  did not effect 
the purification desired. After reduction o f  the mixture 
(10 mg) with sodium borohydride (see above) the major 
component had the same characteristics on p.c. as 
cyclohexaamylose (1). 

Mass Spectrometry 
The mass spectra were recorded on a Varian MAT 71 1 

spectrometer. The ionizing potential was 70 eV, the 
accelerating voltage 4 kV, the ion source temperature 
250°, and the sample inlet temperature 190". Spectra were 
calibrated with a mixture o f  perfluorokerosene and 
2,4,6-tris(perfluorohepty1)-1,3,5-triazine and by direct 
counting. Before preparing derivatives for mass spec- 
trometry, the material was freeze-dried and then dried 
over phosphorus pentoxide at 50°, Torr, overnight. 

Perdirnethylsilyl Cyclohexaanzylose 
Cyclohexaamylose ( I  mg) was dissolved in pyridine 

(0.5 ml) and tetramethyldisilazane (0.1 ml) and dimethyl- 
chlorosilane (0.05 nil) added. The mixture was shaken 
vigorously and heated at 40" for 1 h. The solution was 
evaporated to dryness and the solid extracted with 
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n-hexane. The n-hexane extract was evaporated in a 
sample cup. 

Pevdimethylsilyl 6-Aldehydocyclohexaamylose 0-methyl 
Oxinze 

6-Aldehydocyclohexaamylose (0.15 mg) was dissolved 
in pyridine (0.2 ml), methoxylamine hydrochloride (4 mg) 
was added, and the solution was kept at  80" for 2 h. 
After cooling to room temperature, tetramethyldisilazane 
(0.05 ml) and dimethylchlorosilane (0.025 ml) were added 
and the mixture was heated at  40" for 1 h. The remainder 
of the procedure is as given for perdimethylsilylcyclo- 
hexaamylose. 

6-Azido-6-deoxy-1,2: 3,4-di-0-isopropylidene-a-D- 
galactopyranose (7) 

1,2: 3,4-Di-O-isopropplidene-6-O-p-tolylsulphonyl-~-~- 
galactopyranose (25) (49 g) was converted to 6-azido-6- 
deoxy- 1,2: 3,4-di-0-isopropylidene-a-D-galactopyranose 
by the method of S7arek and Jones (26). The resulting 
pale yellow oil was further purified by distillation to 
yield a colorless syrup, b.p. 99" at  0.06 mm, -99' 
(c 1.59, CHC13) (lit. (26) [aIDZ1 - 92.1" (c 1.48 in chloro- 
form containing 0.75% ethanol). The n.m.r. spectrum 
of the product was consistent with that expected for 
the title compound (7). Thin-layer chromatography (sol- 
vent D) indicated the product contained a small amount 
(ca. 5%) of side product. 

6-Amino-6-deoxy-1,2: 3,4-di-0-isopropylidene-a-D- 
galactopyranose (5) 

6-Azido-6-deoxy-1,2:3,4-di-0-isopropylidene-ED- 
galactopyranose (7) (19.5 g) was dissolved in methanol 
(200 ml) and hydrogenated for 48 h at  30 p.s.i. with 
palladium black as a catalyst. The mixture was filtered 
and evaporated to yield a yellow syrup. After distilla- 
tion (b.p. 92", 0.03 Torr) t.1.c. (solvent C) showed a small 
amount of starting material was present. The syrup was 
dissolved in diethyl ether - petroleum ethcr (30-60") 
I :  1 (40 ml) and extracted with water (40 ml) eight times. 
The combined %ater extracts were evaporated to a syrup 
which was redissolved in the ether - petroleum ether 
mixture (40 ml) and the extraction procedure was re- 
peated. The resulting syrup (9.6 g) was pure according 
to t.1.c. (solvent C). The n.m.r, spectra of the product 
and of the product which had undergone deuterium ex- 
change were consistent with that expected for the title 
compound (5). The product had [a],22 -56.4" (c 1.00, 
chloroform) (lit. (26) -44 .0  (c 1.31, methanol); 
lit. (27) [aIDz1 -40.1" (c 2.04, methanol). 

Preparation of 1,2: 3,4-Di-0-isopropylidene-r-D-galacto- 
hexodialdo-1,5-pyranose (6) by the Ninhydvin 
Reaction 

6-Amino-6-deoxy-l,2: 3,4-di-0-isopropylidene-a-D-gal- 
actose (5) (5.0 g) was dissolved in an  aqueous solution 
(500 ml) containing sodium bicarbonate (5.0 g) and 
ninhydrin (15.0 g). Thin-layer chromatography (solvent 
C) showed the reaction was complete in less than 5 min 
and no side products were detected. The brown pre- 
cipitate which formed when the reaction mixture was 
allowed to stand overnight was removed by filtering 
through Celite. The aqueous filtrate (400 ml) was extrac- 
ted eight times with ethyl acetate (150 ml). The corn- 
bined ethyl acetate extracts were dried with magnesium 
sulfate, filtered, and evaporated to a dark purple syrup. 

The syrup was distilled twice (b.p. 90-98", 0.1 Torr (lit. 
(14) 104-105", 0.5 Torr; lit. (15) 96-10O0, 0.1 Torr)) to 
yield a pale yellow syrup (1.9 g) which was pure on t.1.c. 
The n.m.r. spectrum of the product had the same features 
as those previously found (14) for 1,2: 3,4-di-0-isopropyl- 
idene-cc-D-galacto-hexodialdo-l,5-pyranoe The aldehyde 
had [aIDz2 -87" (c 1.1, chloroform) (lit. (14) [c(ID2O 
- 131' (c 0.9, chloroform); lit. (15) [a], - 113" (c 3.4). 

The procedure of Horton and co-workers (14) was used 
to prepare 1,2: 3,4-di-0-isopropylidene-a-D-galacto-hexo- 
dialdo-1,s-pyranose 6-(p-nitropheny1)hydrazone from the 
aldehyde (400 mg). Crystallization from benzene gave 
yellow needles of the hydrazone (110 mg), m.p. 214-215", 
[a]DZ2 -93" (c 1.0, chloroform) (lit. (14) m.p. 214-215', 
[aIDZ2 -83.5" (c 1.0, chloroform); lit. (3) m.p. 208-209", 
[ a ] ~ ' ~  - 90' (c 1.5, chloroforn~). 

Preparation of 1,2: 3,4-Di-0-isopvopylidene-a-D-galacto- 
hexodialdo-1,5-pyranose (6)  by Photolysis 

6-Azido-6-deoxy-l,2:3,4-di-0-isopropylidene-a-D- 
galactopyranose (7) (4.4 g) was dissolved in benzene 
(100 ml) and photolyzed for 13.5 h under the conditions 
given above for the photolysis of 6-azido-deoxycyclo- 
hexaamylose. After evaporation of benzene, the syrup 
was dissolved in diethyl ether - petroleum ether and 
purified as described for 5. Distillation (b.p. 105", 0.05 
Torr) gave a syrup (1.7 g) with -83' (c 0.94, 
chloroform) (for literature values see ninhydrin reaction). 
Thin-layer chromatography (solvents C and D) showed 
the aldehyde prepared by photolysis had the same R, 
values as the aldehyde prepared by ninhydrin oxidation. 
The n.m.r. spectra of the aldehydes produced by photo- 
lysis and ninhydrin oxidation are identical and in agree- 
ment with the reported spectrum (14). 

The aldehyde (410 mg) was converted to 1,2:3,4-di-0- 
isopropylidene-a-D-galacto-hexodialdo-1 ,5-pyranose 6-(p- 
nitropheny1)hydrazone (80 mg) by the method of Horton 
and co-workers (14). The hydrazone was crystallized 
from benzene, m.p. 212-214", [ E ] , ~ ~  -96' (c 1.0, chloro- 
form). The mixture melting point of the p-nitrophenyl- 
hydrazones produced by ninhydrin oxidation and photo- 
lysis was 214-215" (see ninhydrin reaction for literature 
values). 
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2-0-p-D-Galactopyranosyl-L-rhamnose 
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RUSSELL R. KING and CLAUDE T. BISHOP. Can. J. Chem. 52,3913 (1974). 
Reaction of 2,3,4,6-tetra-0-acetyl-cr-D-glucopyranosyl bromide with benzyl-rx-L-rhamno- 

pyranoside in the presence of silver carbonate yielded benzyl 2-0- ,  3 -0- ,  and 4-0-(2,3,4,6- 
tetra-O-acetyl-~-~-glucopyranosyl)-~-~-rhamopyranosides in a molar ratio of 1.0:3.6:1.6. 
The products were separated by preparative t.1.c. Deacetylation followed by hydrogenolysis 
afforded the unsubstituted disaccharides. Proton magnetic resonance spectra of each derivative 
and methylation analysis of the disaccharide benzyl glycosides provided confirmation of the 
structures. The preparation, by a similar method, of benzyl 2-0-B-D-galactopyranosyl-r-L- 
rhamnopyranoside, characterized as its crystalline acetate, is also described 

RUSSELL R. KING et CLAUDE T. BISHOP. Can. J. Chem. 52.3913 (1974) 
La riaction du bromure de 2,3,4,6-tetra-0-acetyl-r-o-glucopyranosyle avec benzyl-%-I-- 

rhamnopyranoside, en presence du carbonate d'argent. conduit aux benzyl 2-0- ,  3 - 0 - ,  et 
4-0-(2,3,4,6-tetra-0-acety~-~-~-g~ucopyranosy)-~--ramnopyranosides dans la proportion 
molaire de 1.0: 3.6: 1.6. On a separt les trois produits par la chromatographie sur couche mince. 
La dkacttylation suivit par I'hydrogenolyse conduit aux disaccharides non substituts. La 
spectroscopie r.m.n. de chaque dirivatif et l'analyse par mtthylation des glycosides benzyliques 
des disaccharides ont confirme les structurs. On dtcrit aussi la synthkse, par un proctde 
semblable, de benzyl 2-0-0-D-galactopyranosyl-E-L-rhamnopyranoide caracterise comme 
son cristallin dtrivatif acetylt. 

The successful syntheses of 3-0- and 4-0-P-D- 
galactopyranosyl-L-rhamnose and of 3-0-(2- 
acetamido - 2 - deoxy - P - D - glucopyranosyl) - L - 
rhamnose (1) indicated a potential route to a 
number of other useful rhamnose-containing 
disaccharides. That work showed that the varia- 
tion in reactivity of hydroxyl groups in benzyl-a- 
L-rhamnopyranoside resulted in preferential 
formation of the 3-0-linked disaccharide and 
that secondary products could be recovered by 
chromatography. 

The present paper reports an extension of 
those studies to clarify the generality of the 
method and to provide P-D-glucopyranosyl- 
rhamnoses for structural and serological studies 
on a number of bacterial polysaccharides that 
are reported (2) to contain these two sugars. 

Reaction of 2,3,4,6-tetra-0-acetyl-u-D-gluco- 
pyranosyl bromide (1) with benzyl-a-L-rhamno- 
pyranoside (2) in the presence of silver carbonate 
furnished, by t.l.c., two seemingly homogeneous 
disaccharide fractions. One of these was oxidiz- 
able by periodate indicating a 1 -, 2 or 1 -t 4 
linkage. The periodate resistant fraction crystal- 

'Issued as NRCC No. 14271. 
ZNRCC Postdoctorate Fellow, 1972-1974. 

lized readily and t.1.c. of a fully acetylated 
sample confirmed that the compound was 
homogeneous. It was tentatively assigned the 
structure, benzyl 3-0-(2,3,4,6-tetra-0-acetyl-P- 
D-glucopyranosy1)-a-L-rhamnopyranoside (3). 

The fraction that was oxidizable by periodate 
also gave an isopropylidene derivative when 
reacted with acetone and concentrated sulfuric 
acid. This result suggested that the material 
was predominantly the 1 -t 4 linked derivative 
(4). However, because the compound could not 
be crystallized its homogeneity was checked by 
t.1.c. of a fully acetylated sample. Another 
minor component was thereby revealed and 
the mixture was separated to yield two crystalline 
hexaacetates tentatively identified as benzyl 
2,3 -di- 0-acetyl-4-0-(2,3,4,6-tetra-0-acetyl- 
P-D-glucopyranosy1)-a-L-rhamnopyranoside (6, 
major component) and benzyl 3,4-di-0-acetyl-2- 
0-(2,3,4,6-tetra-0-acetyl- 0-D-glucopyranosy1)- 
a-L-rhamnopyranoside (7, minor component). 

Deacetylation of the tetraacetate 3 and the 
hexaacetates 6 and 7 yielded benzyl 3-0-P-D- 
glucopyranosyl-a-L-rhamnopyranoside (8), ben- 
zyl 4 - 0 - P - D - glucopyranosyl - a - L - rhamno - 
pyranoside (9), and benzyl 2-O-P-D-glu~0- 
pyranosyl-a-L-rhamnopyranoside (10). Hydro- 
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CH20Ac 

QBr + 
AcO 

OAc HO OH 

OAc 

3 

CH2OAc 

( k q ? q O B Z 1  

AcO 
OAc O H O H  

4 

and 

(q 
AcO 

( I )  -\c.O- --pqt.~i l ine 

(2)  t . l . c .  (So l i rn t  B )  

OAc OAc OAc 

OAc 

genolysis of these benzyl glycosides furnished 
the disaccharides 3-0-P-D-glucopyranosyl-L- 
rhamnose ( l l ) ,  4-0-P-D-glucopyranosyl-L-rham- 
nose (12), and 2-0-P-D-glucopyranosyl-L- 
rhamnose (13). The p.m.r. spectra of the 
disaccharides 11, 12, and 13 indicated J,,:,, = 
7.5, 8.5, and 7.5 Hz, respectively, consistent 
with a P-D-glucopyranosyl linkage (3). The 
structures were confirmed by methylation 
analysis of the benzyl glycosides 8, 9, and 10, 
the hydrolysis products after methylation being 

1~~ P ~ C  

13 

characterized by mass spectrornetry of their 
alditol acetates (4). 

Both the optical rotation and the p.m.r. 
spectrum of compound 12 were similar to those 
given by the disaccharide derived from con- 
densation of 2,3,4,6-tetra-0-acetyl-a-D-gluco- 
pyranosyl bromide with methyl 2,3-0-isopro- 
pylidene-a-L-rhamnopyranoside in the presence 
of mercuric cyanide in acetonitrile (5). A 
disaccharide identified as 3-0-P-D-glucopyrano- 
syl-L-rhamnose by methylation analysis and 
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p.m.r. spectroscopy has been isolated recently 
by partial hydrolysis of Klebsiella K72 capsular 
polysaccharide (6). The p.m.r. spectrum reported 
for that compound is in agreement with that 
found for the synthetic product, 11. 

Discovery of the 1 -, 2 linked disaccharide 
in the glucosyl-t-rhamnose series prompted a 
reexamination of the products from reaction 
of 2,3,4,6-tetra-0-acetyl-a-D-galactopyranosyl 
bromide with benzyl a-L-rhamnopyranoside (1). 
Following the same separation scheme, t.1.c. 
of the acetylated, periodate-sensitive fraction 
from this latter condensation led to isolation of 
benzyl 3,4-di-0-acetyl-2-0-(2,3,4,6-tetra-0-ace- 
tyl-$D-galactopyranosy1)-a-L-rhamnopyranoside 
(14). The structure was confirmed by methylation 
analysis of the benzyl glycoside and p.m.r. 
spectroscopy of the free disaccharide as outlined 
above. 

It may be noted that yields of disaccharides 
from benzyl a-L-rhamnopyranoside were in the 
same order, i.e. 1 + 3 > 1 + 4 > 1 + 2, with 
either the D-glucosyl or D-galactosyl halide 
tetraacetate. There is little doubt that this order 
of reactivity is determined almost exclusively 
by the relative reactivities of the free hydroxyls 
in the aglycone and that similar results would be 
obtained with other glycosyl halide tetra- 
acetates. The method therefore provides a 
facile route to other disaccharides in which 
L-rhamnose is the aglycone. Furthermore, this 
condensation of unprotected glycosides with 
glycosyl halides and subsequent separation of 
products offers an attractive route to di- 
saccharides where a specifically blocked aglycone 
is either inaccessible or difficult to prepare. 
Clearly, the greater reactivity of primary 
hydroxyl groups would lead to a predominance 
of 1 -. 6 linked disaccharides from hexopyrano- 
sides. However, specific blocking at that position 
is easily achieved, e.g. 0-trityl group, thus 
opening the route for reaction at the other 
hydroxyls. 

Experimental 
Melting points are uncorrected and were determined 

on a Kofler hot stage microscope. Optical rotations were 
measured with a Perkin-Elmer 141 polari~neter and are 
equilibrium values unless stated otherwise. Proton 
magnetic resonance spectra were recorded on a Varian 
Anaspect EM360 NMR spectrometer with tetramethyl- 
silane as an  internal standard except as noted. A Hewlett- 
Packard Model 402 gas chromatograph with a flame 
ionization detector was used for g.1.c.; the column was 

a glass U-tube (150 x 0.3 cm) filled with 3% SE30 on 
Chromosorb W. Thin-layer chromatograms were run 
on glass plates coated with Silica Gel F-254 unless noted 
otherwise. Solvent mixtures used were (v/v): (A) ethyl 
acetate - petroleum ether (40-60), 3 : 2, (B) ethyl acetate - 
petroleum ether 4:  5, (C) ethyl acetate - petroleum ether, 
3 : 7, (D) n-butanol-pyridine-water, 6:  4:  3. Separated 
components were detected by U.V. irradiation (for all 
benzyl glycosides) or by charring after a spray of 5% 
sulfuric acid in ethanol. Reducing sugars were detected 
by p-anisidine. Mass spectra were recorded on a Hitachi 
RMU-6D mass spectrometer. 

Reaction of 2,3,4,6-Tetra-0-acetyl-a-D-gbcopyranosyl 
Bromide with Benzyl r-L-Rhnmnopyrarzoside 

Benzyl a-L-rhamnopyranoside, 2 (1) (2.8 g) was dis- 
solved in chloroform (70ml) and the solution was 
stirred with silver carbonate (6 g) and Drierite (10 g) 
for 18 h. 2,3,4,6-Tetra-0-acetyl-cc-~-glucopyranos bro- 
mide, 1 (7) (6.5 g) was added to the stirred mixture over 
a period of 1 h and stirring was continued for 18 h. 
The inorganic salts were removed by filtration, washed 
with chloroform (2 x 50 ml), and the combined filtrate 
and washings were evaporated to dryness under 
diminished pressure. The sirupy residue was fractionated 
by t.1.c. (solvent A) to yield two fractions. 

The fraction (734 mg) of higher mobility crystallized 
from ether. The compound did not react with an  excess 
of aqueous sodium metaperiodate at  24' and it was 
therefore designated as benzyl 3-0-(2,3,4,6-tetra-0- 
acetyl-13-D-glucopyranosy1)-a-L-rhamnopyranosde 3 ; 
m.p. 138-139'; [aIDZ4 -37.5" (c, 1.0 in chloroform); 
p.m.r. (CDCl,) z 2.62 (5H singlet, aromatic protons), 
7.96 (1211 singlet, 4 x OAc), 8.65 (3H doublet, J = 6.0 
HZ, CH3). 

Anal. Calcd. for CZ7H36014: C, 55.47; H, 6.17. 
Found: C, 55.41; H, 5.91. 

As a further tcst of homogeneity this fraction was 
fully acetylated (acetic anhydride and pyridine) and the 
hexaacetate was examined by t.1.c. (solvent B); only a 
single component was found. 

The fraction (520 mg) of lower mobility was sensitive 
to oxidation by aqueous sodium metaperiodate (reaction 
monitored t.1.c.). Reaction of a small sample of this 
fraction with acetone containing a trace of concentrated 
sulfuric acid gave rise to a new, faster running compound 
on thin-layer chromatograms (solvent B) indicating that 
an  0-isopropylidene derivative had been formed. 
Acetylation of this fraction (500 mg) with acetic anhydridc 
(10 ml) and pyridine (15 ml) yielded a mixture of hexa- 
acetates that was separable into two compounds by 
t.1.c. in solvent B. 

The hexaacetate of higher mobility in solvent B crystal- 
lized from ether and was shown subsequently to be 
benzyl 3,4-di-O-acetyl-2-0-(2,3,4,6-tetra-O-acetyl-j3-~- 
glucopyranosy1)-cc-L-rhamnopyranoside, 7 (149 mg): m.p. 
147-148"; [aIDZ4 - 46.6" (c, 1 .O in chloroform). 

Anal. Calcd. for C31H40016: C, 55.69; H, 5.99. 
Found: C, 55.83; H, 6.02. 

The hexaacetate of lower mobility in solvent B 
crystallized from absolute ethanol and was shown 
subsequently to be benzyl 2,3-di-0-acetyl-4-0-(2,3,4,6- 
tetra-O-acetyl-~-~-g~ucopyranosyl)-a-~-rhamnopyrano- 
side, 6 (232 mg): m.p. 104-105"; ja]D24 -76.8" (c, 1.0 in 
chloroform). 
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Anal. Calcd. for C31H40016: C, 55.69; H, 5.99. 
Found: C, 55.75; H, 6.08. 

Benzyl2-0-, 3-0-, and 4-0-8-D-Glucopyranosj~l-a-L- 
rlznmnopyranoside (10,  8, and 9 )  

The tetraacetate 3 and the hexaacetates 6 and 7 
(690, 210, and 140mg, respectively) were each de- 
acetylated in methanol (10 ml) by sodium methoxide 
(0.1 N ,  25, 10, and 10 ml, respectively). The solutions 
were deionized with Amberlite IR-120 and evaporated 
to dryness to yield the following benzyl glycosides. 

(a) Benzyl 3-0-[3-D-glucopyranosyl-a-L-rhamnopyrano- 
side, 8 (506 mg) was obtajned as a sirup; [yIDz4 -68.4" 
(c, 1.0 in ethanol); p.m.;. (D,O, external TMS) 7, 2.67 
(5H singlet, aromatic protons), 5.15 (1H doublet, 
J1,Z = 1.6 Hz, H-I), 5.41 (1H doublet, J1,,2, = 7.4 HZ, 
HI-1), 5.44 (2H doublet, J = 3.0 Hz, benzylic protons), 
8.70 (3H doublet, J = 6.0 Hz, CH,). 

Anal. Calcd. for Cl,Hz8Ol0: C, 54.80; H, 6.78. 
Found: C, 54.58; H, 6.54. 

(b) Benzyl 4-0-B-D-glucopyranosyl-3-L-rhaninopyrano- 
side, 9 (129 mg) crystallized from acetone, m.p. 96-98"; 
[aIDZ4 -75.6' (c, 1.0 in ethanol); p.m.r. (D20 ,  external 
TMS) r, 2.68 (5H singlet, aromatic protons), 5.25 
(1H doublet, J,,, = 1.5 Hz, H-1), 5.30 (1H doublet, 
J,,,z, = 7.5Hz, H'-1), 5.51 (2H doublet, J =  2.5Hz, 
benzylic protons), 8.70 (3H doublet, J = 6.0 Hz, CH,). 

Anal. Calcd. for C,,H,,O,,: C, 54.80; H, 6.78. 
Found: C, 54.68; H, 6.62. 

(c) Benzyl 2-0-B-D-glucopyranosyl-a-L-rhamnopy- 
ranoside, 10 (81 mg) was obtained as a sirup; [cc]DZ4 
-48.8" (c, 1.0 in ethanol); p.m.r. (D,O, external TMS) r, 
2.64 (5H singlet, aromatic protons), 4.88 (1H doublet, 
J,,, = 0.8 Hz,. H-I), 5.41 (2H doublet, J = 2.5 Hz, 
benzylic protons), 5.57 (1H doublet, J,,,,, = 7.2 Hz, 
H'-l), 8.74 (3H doublet, J = 6.0 Hz, CH,). 

Anal. Calcd. for Cl,H,,Ol0: C, 54.80; H ,  6.78. 
Found: C, 54.52; H, 6.55. 

Methylation Analysis 
A portion (10 mg) of each benzyl glycoside (8, 9, and 

10) was methylated (8) with methyl iodide (0.1 ml) and 
sodium hydride (20nig) in N,hT-dimethylformamide 
(5 ml). Each product was purified by t.1.c. (solvent A), 
hydrolyzed (0.54 M sulfuric acid, 1.0 ml, 10O0, 6 h), 
reduced by sodium borohydride, and acetylated (acetic 
anhydride - pyridine) to furnish a 1 : 1 mixture (deter- 
mined by g.1.c.) of two partially methylated alditol 
acetates. Each mixture was separated by t.1.c. (solvent C)  
and the products were identified by mass spectrometry 
(4) as follows: 1,5-di-0-acetyl-2,3,4,6-tetra-0-methyl-D- 
glucitol (111/e 117, 161, 205) from each benzyl glycoside 
8, 9, and 10; 1,3,5-tri-0-acetyl-2,4-di-0-n~ethyl-L- 
rhaninitol (nzle 117, 131, 233) from compound 8; 1,4,5- 
tri-0-acetyl-2,3-di-0-methyl-L-rhan~nitol (mle 117, 203) 
from con~pound 9; 1,2,5-tri-0-acetyl-3,4-di-0-methyl-L- 
rhamnitol (m/e 131, 189) from compound 10. The 
identification of these partially methylated L-rhamnitol 
acetates proved that the benzyl glycosides 8, 9, and 10 
were respectively the 1 + 3, 1 + 4, and 1 + 2 linked 
disaccharide derivatives. 

2-0-, 3-0-, and 4-0-P-D-Gl~rcopyuanosyl-L-rhamnose 
(13,  11, and 12 )  

Each benzyl glycoside 8, 9, and 10 (400, 112, and 

VOL. 5 2 ,  1974 

70 mg, respectively) in 95% ethanol (25 ml) was shaken 
overnight with palladium black (50 mg) under hydrogen 
at atmospheric pressure. The catalyst was removed by 
filtration and evaporation of the filtrates yielded the 
following d~saccharides as sirups. 

(a) 2-0-[3-D-Glucopyranosyl-L-rhamnose (13, 44 mg) 
showed only one spot on t.1.c. (cellulose, solvent D) 
with R,,,,,,, = 1.38; its trimethylsilyl derivative gave 
a single peak on g.1.c. with T ,,,,,,, = 0.87; f9 .5"  
(c, 2.0 in water); n.m.r. (D,O, external TMS) T, 4.64 
(+H doublet, J,,, = 1.5 Hz, H-1 of x-L-form), 5.19 
(3H doublet, J,,, = 1.0 Hz, H-1 of [3-L-form), 5.43 
(1H doublet, J,,,,, = 8.5 Hz, H'-1), 8.75 (3H doublet, 
J = 6.0 Hz, CH,). 

(b) 3-0-D-D-Glucopyranosyl-L-rhamnose (11, 272 mg) 
also showed one spot on t.1.c. (cellulose, solvent D), 
R,, ,,,,,, = 1.42 and one peak on g.1.c. of its trimethylsilyl 
derivative, T ,,,,,,, = 0.94; [%IDZ4 -11.4' (c, 2.0 in 
water); p.m.r. (D,O, external TMS) T, 4.96 (+H doublet, 
J,,, = 1.8 Hz, H-1 of rl-L-form), 5.19 (+H doublet, 
J,,, = 1.0 Hz, H-1 of B-L-form), 5.40 (1H doublet, 
J,.,, = 7.5 Hz, H'-1), 8.77 (3H doublet, J = 6.0 Hz, 
(333). 

(c) 4-0-8-D-Glucopyranosyl-L-rhamnose (12, 68 mg) 
showed one spot on t.1.c. (cellulose, solvent D), R,, ,,,,, = 
1.24, and one peak on g.1.c. of its trimethylsilyl derivative, 
T ,,,,,,, = 0.92; [y]DZ4 -24.5" (c, 1.0 in H,O) (lit. (5) 
[cc], -24.2" (in water)); p.m.r. (D,O, external TMS) 
r, 4.87 (+H doublet, J,,, = 1.5 Hz, H-1 of a-L-form), 
5.12 ( f H  doublet, J,,, = l.OHz, H-1 of [3-L-form), 
5.27 (1H doublet, J,,,. = 7.5Hz, H'-1), 8.77 (3H 
doublet, J = 6.0 Hz, CH,). 

Isolation of 2-0-D-D-Galacfopymnosyl-L-rhamnose 
The mixture obtained from reaction of benzyl cc-L- 

rhamnopyranoside with 2,3,4,6-tetra-0-acetyl-a-D-gal- 
actopyranosyl bromide (1) was separated into periodate- 
resistant and periodate-sensitive fractions by t.1.c. in 
solvent A.  The periodate-sensitive fraction (490 mg) 
was acetylated with acetic anhydride (14 ml) and pyridine 
(16 ml). The mixture of hexaacetates was then resolved by 
t.1.c. in solvent B and the faster running component 
proved to be benzyl 3,4-di-0-acetyl-2-0-(2,3,4,6-tetra- 
O-acetyl-~-~-galactopyranosyl)-a-~-rhamnopyranoside 
(14, 149 mg). The compound crystallized from ether and 
had m.p. 154-155-; [aIDz4 - 54 .2  (c, 1 .0 in chloroform). 

Anal. Calcd. for C31H40016: C, 55.69; H,  5.99. 
Found: C, 55.66; H, 5.81. 

The compound was deacetylated, methylated, hy- 
drolyzed, reduced, and acetylated as described above 
to yield 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-~-galacti- 
to1 (nl/e 45, 117, 161, 205) and 1,2,5-tri-0-acetyl-3,4-di- 
0-methyl-L-rhamnitol (mle 131, 189) analyzed by t.1.c. 
and mass spectrometry as before. These results prove the 
1 + 2 disaccharide linkage. 

Deacetylation and hydrogenolysis of compound 14 
(135 mg) as described above yielded 2-0-D-D-galacto- 
pyranosyl-L-rhamnose (15, 58 mg) as a sirup. It showed 
only one spot on t.1.c. (cellulose, solvent D); [aIDz4 
-7.5" (c, 2.0 in water); p.m.r. (D,O, external TMS) T, 
4.91 (+H doublet, J,,, = 1.5 Hz, H-1 of a-L-form), 
5.16 (+H doublet, J,,, = 1.0 Hz, H-1 of 8-L-form), 
5.34 (1H doublet, J I , , ~ ,  = 8.OHz, H'-1), 8.70 (3H 
doublet, J = 6.0 Hz, CH3). 
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The Dimerization Constant of Nitrobenzene in Benzene: A Critique of 
Partition as a Thermodynamic Method 
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SAUL GOLDMAN and WAYBE C. DUER. Can. J. Chem. 52,3918 (1974). 
The dimerization constant (K) of nitrobenzene in benzene was determined at  5.5 and 25 "C 

by means of partition (solvent extraction). A hydration study was performed at  these tempera- 
tures to determine the extent of hydration of nitrobenzene in the benzene phase. Published 
freezing point depression data for the anhydrous benzene-nitrobenzene system were used to 
obtain a value of K at  5.5 "C. The heats of solution of nitrobenzene in benzene (anhydrous) 
were determined at  25 ' C .  The heat of solution and freezing point depression data were com- 
bined to obtain a value of K for the anhydrous system at 25 "C. At each of 5.5 and 25 'C 
the value of K determined by partition was significantly smaller than the corresponding value 
of K for the anhydrous system, and the discrepancy was larger at  25 than at  5.5 "C. It was 
found that by fitting a simple electrostatic model to the difference in the values of K found at 
5.5 "C,  the difference a t  25 "C could be predicted. 

SAUL GOLDMAN et WAYNE C. DUER. Can. J. Chem. 52,3918 (1974). 
011 determine par partage (extraction par solvant) la constante de dimirisation (K) du 

nitrobenzene dans le benzene a 5.5 et a 25 'C. On effectue une etude de l'hydratation a ces 
temperatures pour determiner le degre d'hydratation du nitrobenzene dans la phase benzenique. 
On utilise les donnees publiees sur I'abaissement du point de congelation du systeme benzene- 
nitrobenzene anhydre pour obtenir une valeur de K a 5.5 'C. On determine les chaleurs de 
dissolution du nitrobenzene dans le benzene (anhydre) a 25 ' C .  On obtient une valeur de K 
a 25 "C pour le systeme anhydre par combinaison des donnees sur les chaleurs de dissolution 
et l'abaissement du point de congelation. Les valeurs de K dttermintes par partage a 5.5 et 
25 ' C  sont significativement plus petites que les valeurs correspondantes de K pour le systeme 
anhydre, et la difference est plus grande a 25 'C qu'a 5.5 ' C .  On peut pridire la difference a 
25 "C en ajustant un simple modele electrostatique a la difference observee pour les valeurs de 
K a 5.5 "C. [Traduit par le journal] 

Introduction 
Partition, at first sight, is an attractive 

technique for the determination of the stoichio- 
metric activity coefficient (or the degree of 
aggregation) of a solute in an organic solvent. 
The method consists of determining the equili- 
brium distribution ratio of a solute between 
water and a second immiscible solvent. If the 
stoichiornetric activity coefficient of the solute 
in water is known, or if the solute in the aqueous 
phase is sufficiently dilute to be considered 
ideal, then the stoichiometric activity coefficient 
in the organic phase can be deduced. By re- 
peating the experiment at  different total solute 
concentrations, the concentration-dependence 
of the stoichiometric activity coefficient in the 
organic phase can be obtained. The method is 
attractive because it is potentially applicable to 
a wide variety of systems. The solute can be 
either an electrolyte (1,2) or a nonelectrolyte (3). 
The experimental temperature can readily be 
varied (2, 4) and the choice of nonaqueous 

solvents is limited only in that the solvent must 
be immiscible with water. 

Thcrc is, unfortunately, a problem inherent 
in the use of partition, and this problem derives 
fro111 the fact that all solvents have some mutual 
solubility. Thus the solvent in the aqueous 
phase is not pure water, but water saturated with 
the organic solvent, and similarly the solvent in 
the organic phase is the water-saturated organic 
solvent. Therefore in principle at  least, thermo- 
dynamic data obtained by partition may differ 
from data obtained by other methods. 

It is generally assumed that the effect of the 
dissolved organic solvent on the extent of 
solute-solute interaction in the aqueous phase is 
negligible. This is because the systems chosen 
for study are generally such that the extent of 
solute-solute interaction in the aqueous phase 
is small, so that the effect of a perturbation on 
this interaction will also be small. 

In several previous studies (5-7), this same 
view was taken of the role of dissolved water in 
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the organic phase. Specifically, Davies and 
Griffiths (5, 6) and Huq and Lodhi (7) assumed 
that the presence of dissolved water in the 
organic phase had no effect on the dimerization 
equilibria of carboxylic acids in that phase. 
However the extent of solute-solute interaction 
is generally much greater in the organic phase 
than in the aqueous phase, so that the magnitude 
of a perturbation due to dissolved foreign 
solvent is likely to be much greater in the 
organic phase. Thus Christian et al. found that 
the values of the dimerization constants of 
carboxylic acids obtained by partition are 
consistently lower than the values obtained by 
other methods wherein the system is studied 
under anhydrous conditions (4). These authors 
attributed the lower values obtained by partition 
to specific preferential hydration of the monomer 
relative to the dinler in the organic phase. The 
extent of hydration of the solute in the organic 
phase was determined, and therefrom a method 
of correcting the partition results to the anhy- 
drous state was derived (4, 8). I-rowever, when 
the extent of hydration of the solute is fairly 
large, as it is with carboxylic acids in the benzene 
phase, the accuracy with which this hydration 
correction can be made is not very good. 
Furthermore it is implicitly assumed in this 
method of correction that the dissolved water 
in the organic phase that is not directly bound 
to the solute has no effect on the stoichiometric 
activity coefficient of the solute. However the 
mere existence of unbound water in the organic 
phase means that we are dealing with a mixed 
(rather than pure) solvent in that phase. There- 
fore corrections to the partition results based 
on bound water alone cannot. at  least in 
principle, be complete. 

Thus the extent to which partition results 
can be corrected to give thermodynamic data 
relevant to anhydrous systems remains un- 
resolved. However the resolution of this question 
is of considerable importance, because if 
partition results can be corrected reliably to 
the anhydrous state, then the results of partition 
could be used interchangeably with those of 
other more conventional thermodynamic or 
spectroscopic methods. It is thus the object of 
the present work to test partition against other 
thermodynamic methods and in the process, 
to inquire further into the factors that affect 
partition results. 

Our approach is to select a system wherein 

the known complicating factors of the partition 
method are minimal. Subsequently, the partition 
results for this system will be co~npared with 
those for the corresponding anhydrous system. 
These latter results will be obtained by other 
therrnodynainic methods. We therefore seek a 
system with the following properties: (I) the 
aqueous phase concentration of the solute in the 
partition experiments should be low. This is to 
ensure that complications due to possible non- 
ideality of the solute in the aqueous phase are 
minimal; (2) the extent of hydration of the 
solute in the organic phase should be very 
small, so that the above mentioned uncertainties 
in the correction for hydration are small; 
(3) the binary system consisting of the solute 
in the anhydrous organic solvent should be 
amenable to study by classical thermodynamic 
methods, so that thermodynainic data are 
available for comparison with the data obtained 
by partition. 

After a preliminary search, it was decided 
that the system nitrobenzene in benzene most 
nearly met the above conditions. In this work, 
the aqueous phase nitrobenzene concentration 
never exceeded 2.5 x m ;  the extent of 
hydration of nitrobenzene in the benzene 
phase was found to be very small; for the 
anhydrous system accurate freezing point de- 
pression data were available and it w a s  also 
possible, with the anhydrous system, to carry out 
accurate heat of solution measurements. Vapor 
pressure data for the anhydrous system at high 
temperatures (50-70 "C)  are also available (9), 
but we found in preliminary calculations. that 
these data lacked the accuracy required for the 
present purpose. 

Experimental 
Materials 

The benzene used was taken from laboratory stock. 
This was reagent grade benzene, further purified as 
described previously (10). The benzene used in the 
calorimetric experiments was dried by allowing it to 
be in contact with drierite for several weeks. The water 
content of the dried benzene was found to be of the 
order of 1 part in lo5. 

Certified grade nitrobenzene was further purified as 
described below. The reagent was first dried over calcium 
chloride. The dried product was fractionally crystallized 
four successive times; about f of the material was dis- 
carded on each crystallization. This was followed by 
two successive vacuum distillations from P,O, wherein 
the central fraction was retained each time. Chromato- 
graphic analysis on the final product revealed no signifi- 
cant impurities; the water content was of the order of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3920 CAN. J .  CHEM. 

4 parts in lo5 ;  the freezing point was 5.75 i 0.01 "C 
(lit. (11) 5.76 ? 0.01 'C); the density a t  25 "C was 
1.19834 + 0.00001 (lit. (12) 1.1983 i 0.0002). The 
final product was stored in the dark. 

Distilled water was used for all the equilibrations. 

Apparatus and Procedures 
Partition 
Stock solutions of nitrobenzene, both in water and in 

benzene, were prepared by weighing the nitrobenzene 
followed by accurate dilution with the appropriate 
solvent. 

The two phases of the partition system wereequilibrated 
in 175 ml milk-dilution bottles fitted with bakelite screw 
caps having Teflon inserts. The bottles were clamped 
lengthwise on a Plexiglass rotor immersed in a water 
thermostat the temperature of which was maintained to 
within 0.02 "C of the required value. The bottles were 
given end-over-end rotation at  20 r.p.m. 

In all the partition experiments the initial volumes of 
the benzene and aqueous phases were 25 and 125 ml 
respectively. After equilibration the bottle was removed 
from the rotor, and was suspended vertically in the water 
bath with only the cap and neck of the bottle above the 
water surface; the upper level of the lighter benzene 
phase was well under the surface of the bath water. In 
sampling the aqueous phase both pipets and syringes 
were used. A positive air pressure was maintained in 
the sampling device during its descent through the 
upper benzene phase. The results were unaffected by the 
choice of the sampling device; i.e, pipets and syringes 
gave indistinguishable results. 

Equilibrium was established both by using different 
eq~lilibration times and by approaching equilibrium 
from both under-saturation and super-saturation with 
respect to the aqueous phase (achieved by having all the 
nitrobenzene initially in the organic phase, and all the 
nitrobenzene initially in the aqueous phase, respectively). 
In genera1 2 h were allowed for equilibration. 

The equilibrium nitrobenzene concentrations in the 
aqueous phases were determined spectrophotometrically 
with a Pye Unicam SP500 Series 2 spectrophotometer. 
Matched pairs of Spectrosil cells having path lengths 
of 0.1, 1, and 10 cm were used. The measurements were 
made at  a wavelength of 284 nm. At this wavelength the 
extinction coefficient of nitrobenzene was large, while 
that of benzene was very small. Nevertheless a small 
blank correction for the benzene dissolved in the aqueous 
phase was required and was made. For purposes of 
calibration, standard solutions of nitrobenzene were 
made up in water that had been presaturated, with 
benzene. Thus, nitrobenzene was found to obey Beer's 
law over the concentration range 2 x to 2 x 

M; its extinction coefficient in this solvent at  
22.5 i: 0.5 "C and 284 nm was (5.58 + 0.05) x lo3 cm-' 
mol-' 1. This value of the extinction coefficient was 
used to calculate the equilibrium aqueous phase nitro- 
benzene concentrations. From these concentrations, and 
from the known initial amounts of benzene, nitrobenzene, 
and water, it was possible to calculate the corresponding 
equilibrium nitrobenzene concentrations in the benzene 
phase (see below). I t  was also found that nitrobenzene 
obeyed Beer's law in pure water (over the range 2 x 
to 2 x M) and that its extinction coefficient in 
pure water was experimentally indistinguishable from 
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the above value. This supports the view that the extent 
of interaction between nitrobenzene and benzene in the 
aqueous phase is small: 

In order to calculate the equilibrium nitrobenzene 
concentration in each phase, it was necessary to take 
several factors into account. First, a small correction was 
made a t  each temperature for the loss of benzene (due 
to solubility) to the aqueous phase. I t  was of the order 
of 1%. Second, the effect of temperature on the volume 
of each phase was taken into account in calculating 
the equilibrium phase volumes. Corrections both for 
loss of water to the benzene phase (due to solubility), 
and for loss of material (benzene, nitrobenzene, or water) 
to the vapor space were found under the present condi- 
tions to be negligible, and were omitted. 

Hydration 
Stock solutions of nitrobenzene in benzene were 

prepared by weighing the nitrobenzene, followed by 
accurate dilution with benzene. In these experiments 
10 ml of water were equilibrated with 150 ml of the 
benzene phase. Under these conditions the equilibrium 
nitrobenzene concentration in the benzene phase is not 
significantly different (within 0.1%) from its initial 
concentration in that phase. The temperature was 
maintained to within 0.02 "C of the desired value. 

It was found in preliminary work that dried nitro- 
benzene had no effect on the Karl Fischer end point. 
All the analyses were for the total water concentration 
in the benzene phase. These analyses were performed with 
an  Aquatest I1 automatic Karl Fischer Titrator (model 
702, Photovolt). The techniques used for equilibration, 
sampling, and analysis of the benzene phase for water, 
have all been previously described (10). 

Calorinzetry 
The heats of solution of nitrobenzene in benzene over 

the concentration range 0.04-1 m nitrobenzene were 
determined with an  LKB 8700 Precision Calorimetry 
System. Sample introduction was accomplished both by 
means of ampoules and by an automatic dosimeter 
(Metrohm Herisau Dosimat). A 100 ml capacity vessel 
was used in each case. The calorimeter vessel and the 
relevant glassware were dried prior to use. The solution 
compositions were computed from the weights of benzene 
and nitrobenzene. 

Results 
The results of the partition experiments are 

given in Table 1. The average sample standard 
deviation for the measured aqueous phase 
nitrobenzene concentration was about 0.5%. 
The number of replicates (given in Table 1) 
represents the number of separate equilibrations 
and analyses that were performed. 

The hydration results are given in Table 2. 
The equilibrium nitrobenzene concentration in 
the benzene phase was taken to  be equal to  its 
initial concentration in that phase (see previous 
section). In practice the total water concentra- 
tions were obtained in units of molarity. The 
results were converted to molalities using the 
solution density at each composition. Each 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GOLDMAN AND DUER: THE DIMERIZATION CONSTANT OF NITROBENZENE IN BENZENE 3921 

TABLE 1.  Partition data for nitrobenzene between water and benzene. Equilibrium stoichio- 
metric molality of nitrobenzene ( x  lo6) 

- 

5.5"C 25 "C 
- 

Aqueous Benzene Number of Aqueous Benzene Number of 
phase phase replicates phase phase replicates 

TABLE 2. Equilibrium hydration data for nltrobenzene in benzene. Equilibrium 
stoichiometric concentrations in benzene 

- 

N~trobenzene Water* Nitrobenzene Water' 
(molal) (molal x lo2) (molal) (molal x lo2) 

Nil 2.00 
0.05745 2.05 
0.1155 2.14 
0.2932 2.19 
0.6020 2.32 
1.271 2.65 

Nil 4.03 
0.05745 4.10 
0.1155 4.17 
0.2932 4.31 
0.6020 4.52 
1.271 5.06 

"Mean of duplicate determination. 

entry in columns 2 and 4 of Table 2 represents 
the mean of a duplicate determination. The 
average sample standard deviation for the water 
analyses was about 1z. The solubility of water 
in pure benzene was in accord with previously 
determined values (10, 13). 

The results of the calorimetric experiments 
are given in Table 3. The estimated uncertainty 
in each heat of solution (each value of q) is 
about 1 %. 

The freezing point depression data were 
taken from published values. The freezing 
point depression of benzene by nitrobenzene has 
been studied by a number of workers (14-18). 

However Bury and Jenkins (17) point out that 
all of the studies prior to their own were based on 
Beckmann's supercooling method which, Bury 
and Jenkins argue, is subject to a number of 
errors. Consequently Bury and Jenkins used an 
equilibrium method in their work. They studied 
the benzene-nitrobenzene system over the 
concentration range 0.1-1.3 7n nitrobenzene. 
Subsequently Davison (1 8), in a very careful 
investigation, used a Kraus-type twin cell in 
conjunction with the equilibrium method to 
extend the concentration range for this system 
down to 0.0055 m nitrobenzene. Davison also 
proved that the benzene-nitrobenzene system 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3922 CAN. J .  CHEM. 

TABLE 3. The heat of solution of nitrobenzene in 
benzene at 25.0 + 0 . 2  "C 

n* m,-t m f i  Ld 
(mol x lo3) (molal) (molal) (call 

*n  = number of moles of nitrobenzene added to the calorimeter 
?mi, rn, = initial and final stoichiometric nitrobenzene molality 

respectively. 
$q = heat that accompanies each nitrobenzene addition 
§These two additions were made with an automatic dosimeter; the 

other additions were made by means of ampoules. 

did not form solid solutions. Both Davison and 
Bury and Jenkins made a deliberate effort to 
exclude moisture from their experimental 
systems. 

It is here considered that of the available 
freezing point depression data, those due to 
Davison, and Bury and Jenkins, are the most 
reliable. We found that these authors' data 
were consistent with each other, but were not 
consistent with much of the earlier data obtained 
by the supercooling method. We have therefore 
combined Davison's and Bury and Jenkins' 
data into one set, and these data are given in 
Table 4. 

Treatment of the Data 
Partition 

The nitrobenzene in the aqueous phase is 
assumed to be ideal (the stoichiometric molal 
activity coefficient is taken as unity) for all the 
experimental concentrations (- 3 x to 
2 x m). This assumption is considered 
reasonable in view of the very low concentrations 
of nitrobenzene in the aqueous phase. Further- 
more, it is consistent with the observed con- 
stancy of the extinction coefficient of nitroben- 
zene in the aqueous phase. 

The nitrobenzene in the benzene phase is 
assumed to exist in the form of monomers and 
dimers, and these species are themselves taken 
to be ideal. This formulation attributes all the 
nonideality of the nitrobenzene in the benzene 

TABLE 4. Freezing point de- 
pression of benzene by nitro- 

benzene 

[Nitrobenzene] 0* 
(molal) ("'3 

Reference 18 
0.00550 
0.01371 
0.01908 
0.02618 
0.02950 
0.03608 
0.04355 
0.04888 
0.05111 
0.07063 

Reference 17 
0.1016 
0.1045 
0.1652 
0.2027 
0.2602 
0.3725 
0.4157 
0.4854 
0.5960 
0.7142 
0.7342 
0.8684 
0.9008 
1.089 
1.174 
1.271 
1.293 

*O = freezing point depression of 
solution relative to  pure benzene. 

phase to the existence of dimers in that phase. 
We will later derive an exact thermodynamic 
relationship between the dimerization constant, 
thus defined, and the stoichiometric activity 
coefficient of the nitrobenzene. 

The dimerization constant K, and the parti- 
tion coefficient P, refer to the equilibria 

P 
Ma, F? Mb 

where the subscripts b and aq denote the benzene 
and aqueous phases respectively, and M and D 
mean monomers and dimer, respectively. From 
their definitions, and the foregoing considerations 
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where a and [m] denote activity and molality, 
respectively. From the condition of mass balance 
in the benzene phase 

where Vn, is the stoichiometric molality of 
nitrobenzene in the benzene phase. On corn- 
bining eqs. 1 to 3: 

In order to obtain the values of P and K, 
eq. 4 was fitted by weighted least-squares to the 
partition data in Table 1. Each point was 
weighted in proportion to the number of 
replecate determinations corresponding to the 
point. From the least-squares estimates of the 
slope and intercept of eq. 4, the quantities 
2KP2 and P were respectively obtained, and 
subsequently K was calculated from 

The values of P and K thus obtained, are given 
in Table 5 together with the estimated values 
of the standard deviations of these quantities. 
These latter estimates were obtained by the 
application of simple methods of error analysis 
(19) to eq. 4. 

I t  was found that eq. 4 adequately represented 
the partition data over our entire experimental 
concentration range, and this is demonstrated 
in Fig. 1. Thus the postulated monomer-dimer 
equilibrium in the benzene phase adequately 
accounts for the partition data. 

Hydration 
The increase in the total (stoichiometric) 

water concentration in the benzene phase, as a 
function of the stoichiometric nitrobenzene 
concentration in that phase, is illustrated in 

TABLES. Values of the partition coefficient and 
dimerization constant of nitrobenzene obtained by 

partition 

Temperature K t  
("c) P* (molal- ') 

5.5 416.820.5 0.280+_0.007 
25.0 396.220.5 0.212+0.011 

*P partition coefficient of nitrobenzene (see eq. 2). 
'pK - dimerization constant of nitrobenzene in benzene (see eq. 1). 

FIG. 1. The partition of nitrobenzene between water 
and benzene. The lines are the least-squares fits of 
eq. 4 to the data in Table 1. The points are from the 
data in Table I .  

Fig. 2. It is seen that, at each temperature, the 
data can be represented by an equation of the 
form 

[Smwlb = [Om,], +.n[sm,] 

where Fm,], is the stoichiometric molality of 
water in the benzene phase, and [Om,], and E 
are constants. The intercept of eq. 6, [Om,],, 
represents the free or unbound water concentra- 
tion in the benzene phase, which is identified 
with the solubility of water in pure benzene. 
Thus even at finite nitrobenzene concentrations 
the free water concentration in the benzene 
phase is assumed constant. The slope of eq. 6, 
n, is taken to be the average number of bound 
moles of water per mole of nitrobenzene. 
Therefore we interpret the increase in the water 
content of the benzene phase as being due to 
water bonding to (sticking to) the nitrobenzene. 
The justification for this view is that different 
solutes (e.g. benzoic acid us. nitrobenzene, see 
Fig. 2) "salt in" water to very different degrees, 
so that it seems likely that this is due to water 
specifically bonding to the polar functional 
groups in the molecule. 
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FIG. 2 .  The dependence of the total water concentra- 
tion in the benzene phase on the total solute concentra- 
tion in the benzene phase. (a)  Solute is benzoic acid, 
t = 25 ' C ,  curve obtained from ref. 8. (b) Solute is 
nitrobenzene, r = 25 ' C ,  this work. (c) Solute is nitro- 
benzene, t = 5.5 "C,  this work. 

Equation 6 was fitted to the hydration data by 
least-squares, and the least-squares estimates of 
[om,], and 6 are given in Table 6 together with 
the estimated standard deviations of these 
quantities. These latter estimates were obtained 
by an application of the law of accun~ulation of 
errors (19) to eq. 6. 

For comparison, we include in Fig. 2 a 
plot of the corresponding functions for benzoic 
acid in wet benzene at  25 "C.  These data were 
taken from published values (8). There are 
two noteworthy differences between the hydra- 

TABLE 6. Least-squares parameters for hydration of 
nitrobenzene in benzene 

Temperature [Om,lb* 
PC) (molal) fit 

5.5 0.0204+0.0002 0.0048?0.0003 
25.0 0.0405+0.0001 0.007910.0002 

*[Orn, lb  = solubility of water in benzene (intercept of eq. 6). 
tTi = hydration number of nitrobenzene in wet benzene (slope of 

eq. 6). 

tion data for the two systems. First it is clear 
that nitrobenzene is much less extensively 
hydrated (per mole of solute) than is benzoic 
acid. Second, whereas n (the slope) is not con- 
centration-dependent in the nitrobenzene system, 
in the benzoic acid system it decreases with 
benzoic acid concentration. 

By extending previously published work (20), 
it may be shown that the constancy of ii dem- 
onstrated in Fig. 2 leads to the r e s ~ ~ l t  that 
hydration of the nitrobenzene in the benzene 
phase is such that the monomers and the dimers 
are equally stabilized. That is, because of the 
constancy of 12, the inclusion of hydrates of 
nitrobenzene in the treatment of the partition 
data would lead to no change whatever in the 
calculated value of the dimerization constant. 

Freezir~g Poirlt Depression 
Our approach is to first treat the freezing 

point depression data so as to obtain the 
stoichiometric activity coefficients of nitro- 
benzene in benzene. A thermodynamic relation- 
ship between the stoichiometric activity coeffi- 
cient and the dimerization constant is derived, 
and therefrom a value for the dimerization 
constant of nitrobenzene in benzene is obtained. 

The freezing point data are treated in the 
conventional way (21). It was found that the 
data in Table 4 could be represented by a Lewis 
and Randall j-function of the form 

~7 I j = a[nz] + b[nzI2 + c[r9zl3 

where a, b, and c are constants 

where [m] - the stoichiometric molality of the 
solution (the notation [3nb] for this quantity is 
used only with the two-phase system), 0 = the 
freezing point depression corresponding to 
molality [nz]. 

where To r the freezing point of pure benzene, 
Lo = the latent molal heat of fusion of benzene 
at To, W r the molecular weight of benzene, 
and R = 1.9872 cal/mol deg. From a published 
study on the properties of benzene (22) we 
obtain the values: To = 278.69 "C; Lo = 
2358 cal/mol, and hence 3, = 5.1 13 deg/molal. 
I t  is also possible to estimate h directly from the 
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freezing point depression data. Thus Bury and 
Jenkins (17) found the value 5.122 deglmolal, 
and Davison (18) found h to be 5.088 deg/molal. 
I t  is seen that the calculated value 5.113, 
selected for use here, lies between these two 
estimates. 

The values of a,  6, and c were found by 
fitting eq. 7 to the data in Table 4 by least- 
squares. Thus the values of a, 6, and c were 
found to be: 0.40205, -0.43900, and 0.18635 
respectively. 

The connection between the j-function and the 
stoichiometric molal activity coefficient of 
nitrobenzene is 

where y - stoichiometric molal activity coeffi- 
cient of nitrobenzene in benzene 

J r The difference between the molal heat 
capacities of liquid and solid benzene. It  will 
be assumed to be invariant with temperature. 

Equation 8 is obtained by expanding the 
logarithm of the solvent activity in terms of 
the freezing point depression of the solution, 
and this is followed by a Gibbs-Duhem integra- 
tion. This equation (except for the fourth term 
on the right-hand side) is derived in a standard 
reference book (21). The fourth term on the 
right-hand side of eq. 8 results from retaining 
a cubic term in the expansion of the logarithm 
of the solvent activity. This term was retained 
as a precaution; in practice we found that its 
contribution to In y was completely negligible. 
The contribution of the third term to In y was 
small, but not quite negligible (-5%). The 
values of c, and 5 ,  required with eq. 8 were 
obtained from the properties of benzene. From 
J = 0.76 cal/mol deg (22), and the previously 
given values of Lo and To we find: 5, = 13.4 x 
l oF4  molal/"K2; 5 ,  = 7.103 x l op6  molal/"K3. 

It  was possible to derive analytic expressions 
for each of the terms on the right-hand side of 
eq. 8. These expressions are given in Appendix A. 
Using these expressions, the least-squares values 
of a, 6, and c, and eq. 8 we can calculate (over 
the range 0-1.3 [m]) the value of y at any [m]. 
However in order to compare the freezing point 
depression results with those obtained by 
partition, it was necessary to re-express the 
freezing point data in terms of a dimerization 
constant. The therlnodynamic relationship 
between the stoichiometric molal activity coeffi- 
cient and the dimerization constant (where the 
dimerization constant is defined so as to include 
all the nonideality manifested by the solute) is 

Equation 9 is derived in Appendix B. Thus the 
value of K from the freezing point data was 
obtained as the slope of the least-squares fit of 
(1 - y)/y2 us. 2[m]. The fit is demonstrated in 
Fig. 3, wherein the values of y were calculated 
as described above. By means of an error 
analysis, it was possible to estimate the standard 
deviation of K. This analysis is given in Appendix 
C. Thus it was found that the value of K ob- 
tained from the freezing point depression data 

FIG. 3. The determination of K from freezing point 
depression data by eq. 9. 
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(written with one standard deviation) was 
K = 0.335 k 0.01 1 molal-l. 

Since the temperature of the freezing point 
experiments is a variable, in principle this value 
of K represents an average value over the temper- 
ature range 5.50-0.13 "C (see values of 0 in 
Table 4). For the anhydrous benzene-nitro- 
benzene system however, it will be shown in 
the subsequent calorimetry section that K 
varies only very slightly with temperature 
(-0.001 units in K per degree). Therefore we 
take the above value of K to refer to the tempera- 
ture 5.5 "C. 

Calorimetry 
The heat of solution data are treated so as to 

obtain values for the molal enthalpy of solution 
of nitrobenzene in benzene at infinite dilution, 
AH,', and the standard state molal enthalpy of 
dinlerization of nitrobenzene in benzene AH,'. 
This latter quantity is subsequently used, to- 
gether with the value of K obtained from the 
freezing point data, to calculate a value of K 
for the anhydrous system at 25 "C. 

As with our approach taken with the other 
techniques, we assume that the monomers and 
dimers of nitrobenzene are themselves ideal 
at all concentrations, and that the nonideality 
of the solute results solely from the existence 
of the monomer-dimer equilibrium. Con- 
sequently it may be shown that 

where q = the measured quantity of heat that 
accompanies the addition of n moles of nitro- 
benzene to the calorimeter and ( F I , ) ~ ,  (nD)i = the 
number of moles of nitrobenzene dimer that 
are respectively present, after and before the 
addition of the nitrobenzene. The values of n 
were obtained from the weight of nitrobenzene 
corresponding to each addition. The quantity 
(n,), was obtained from 

where wf = weight (in kg) of benzene in the 
calorimeter vessel and [m,], E molality of 
nitrobenzene dimers in the calorimeter after 
addition of a sample. [rnDlf was calculated by the 
equation 

FIG. 4. The fit of eq. 10 to the calorimetric data. x , 
obtained by dosimeter; 0, obtained by ampoules. 

where [HZ], E stoichiometric molality of nitro- 
benzene in the calorimeter after sample addition. 
Equation 12 is obtained by combining the 
equations 

and 
[mlf = [%If + 2bDl f  

The equations used to calculate (nD)i are ob- 
tained by substituting the subscript i for f in 
eqs. 11 and 12. 

In order to obtain the values of AH,' and 
AH,' from eq. 10 we require a value for K 
at 25 "C for use in eq. 12. This, in turn, could 
be obtained from the value of K at 5.5 "C if a 
value of AH,' were available. The problem was 
resolved by means of the iterative scheme 
described below. 

The assumption that is used in this scheme is 
that AH,' is invariant with temperature over the 
range 5.5 to 25 "C. An initial value for K at 
25 "C was guessed, and this value was used 
with eqs. 11 and 12 to calculate, at each n, a 
value of the ratio ((n,), - (~,)~) /n  for use in 
eq. 10. Equation 10 represents a straight line 
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with intercept AH,' and slope AH,'. Therefore 
eq. 10 was fitted by least-squares to the data 
in Table 3 to obtain a first estimate for both 
AH,' and AH,'. This estimate for AH,' is 
then used to obtain a second value of K at 
25 OC by the equation 

For K,,, in eq. 13 we use the value 0.335, 
obtained from the freezing point depression data. 
The second value of K,, is then used to obtain 
a second estimate of both AH,' and AHDO. 
The entire procedure, which generates new 
values of Kz5, AH,', and AH,' upon each 
iteration was repeated for a total of 10 times. 
Convergence was achieved after 5 iterations. 
The final values of K,,, AH,', and AH,' were 
independent of the initially chosen value of 
K,,. Thus we obtained the values: K,, = 
0.306 i 0.011 m - l ,  AH,' = 445 2 cal/mol, 
AH,' = - 769 f 17 cal/mol. The standard de- 
viations given with AH,' and AH,' were ob- 
tained by application of the law of accumulation 
of errors to eq. 10 (19). The standard deviation 
given with KZ5 is simply the value that was 
obtained for the standard deviation of K,,,. 
The justification for this estimate lies in the 
fact that by applying eq. C2 to eq. 13, it is 
found that the additional uncertainty in KZ5 
(beyond that in K5 ,,), induced by the uncertainty 
in AH,' is essentially negligible. 

Discussion 
We will not, in this article, attempt a molecular 

interpretation, of the actual values of K. This 
interesting but fairly complex question will 
form the subject of a separate study. Rather, in 
this discussion we will attempt to account for 
the differences in the values obtained for K in 
the wet and dry solvents. Clearly, the factors 
that cause these differences are germane to an 
understanding of partition. 

The values of the dimerization constant of 
nitrobenzene in wet and dry benzene are sum- 
marized in Table 7. Tt is clear from Table 7 
that, at each temperature, the value of K in 
wet benzene is significantly smaller than the 
corresponding value in the anhydrous system. 
This was confirmed by a t-test at the 1% level 
of significance. It is also seen from Table 7 
that the difference in the values of K (dry us. wet) 
increases with temperature. 

TABLE 7. Dimerization constant of nitrobenzene in 
water-saturated and anhydrous benzene 

K* 
(molal - ') 

Temperature 
PC) Water-saturated Anhydrous 

5 . 5  0 . 2 8 0 ~ 0 . 0 0 7  0.335+0.011 
25 .O 0.212+0.011 0.30610.011 

*The values of K are given with 1 standard deviation. 

We have therefore shown, for the present 
system, that the results of partition are signifi- 
cantly different from those obtained with the 
corresponding anhydrous system. Indeed, the 
value of K at 25 "C in dry benzene is almost 50% 
greater than it is in wet benzene despite the 
fact that this particular system was chosen so as 
to minimize the difficulties inherent in the 
partition method. In view of this it seems un- 
likely that partition, applied to less propitious 
systems, would give results that are in accord 
with those for the corresponding anhydrous 
state. 

It is noteworthy that the values of the dimeriz- 
ation constant of carboxylic acids in wet 
benzene are also lower than their corresponding 
values in dry benzene (4). In this respect, our 
results for nitrobenzene are consistent with 
those for the carboxylic acids. However, car- 
boxylic acids in wet benzene are much more 
extensively hydrated than is nitrobenzene in this 
medium (see Fig. 2), so that it is particularly 
significant that this phenomenon (getting a 
lower value of K in the wet solvent) persists 
with nitrobenzene. A possible explanation for 
this is put forward below. 

It was concluded from the hydration data 
that the existence of hydrates of nitrobenzene 
in the benzene phase (inferred from the fact 
that f i  > 0) would not (because of the con- 
stancy of E) lead to a different value of K. 
However apart from this water of hydration, 
the benzene phase also contains free (non- 
bonded) water. We now postulate that this 
water also interacts with the solute. 

Whereas the values of K differ significantly 
for the wet and dry systems, the difference 
represents only a very small difference in the 
standard state Gibbs free energy of dimerization. 
At 5.5 OC the difference in this quantity (given by 
RT ln (K(dry)/K(wet)) is only - 0.1 kcal/mol. 
Since both nitrobenzene and water are polar 
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molecules, we postulate that this difference 
is due to a weak, dipole-dipole interaction 
between the free (nonbonded) water and the 
nitrobenzene in the benzene phase. Furthermore 
we postulate that this interaction energy 
stabilizes the nitrobenzene monomer relative 
to the dimer, and that this differential effect 
results in a lower value of K i n  the wet solvent. 

In order to test this idea numerically, we use 
a simple electrostatic model to represent the 
monomer-water interaction. The model, which 
contains one adjustable parameter, is fitted to 
the difference in the values of K (wet us. dry) 
at 5.5 " C ,  and therefrom the value of the 
adjustable parameter is obtained. This value of 
the parameter is subsequently used with the 
model and the experimental value of K(dry) 
at 25 "C to predict a value for K(wet) at this 
temperature and this prediction is compared 
with the corresponding experimental result. 

We assume that the free water in the benzene 
phase stabilizes the nitrobenzene monomer 
through a weak dipole-dipole interaction, 
but that it does not interact with the nitro- 
benzene dimer. The potential energy of inter- 
action between the water and the monomer is 
assumed to be given by Keesom's equation (23). 
This equation, for the angle-averaged dipole- 
dipole interaction energy, modified for the 
dielectric constant of the medium, is 

where u2,(r) is the potential energy of inter- 
action between the monomer and the water, 
E is the dielectric constant of benzene, and 
U, and U ,  are the dipole moments in benzene of 
nitrobenzene and water, respectively, and r is the 
center-to-center distance between the monomer 
and the water. 

Because of the reaction field of the solvent, 
the dipole moment of a polar solute in solution 
is greater than what it is in the gas phase. 
We estimate the dipole moments of water and 
nitrobenzene in benzene by the equation (24) 

where U is the dipole moment of the solute in 
solution, u, is the gas phase dipole moment 
of the solute, nD is the refractive index of the 
solute for sodium light, and E (as in eq. 14) 
is the dielectric constant of benzene. 

From the foregoing considerations it may be 
shown that 

where Kd and K, mean K(dry) and K(wet) 
respectively. The only unknown in eq. 16 is 
02,, the effective hard-sphere diameter between 
water and the nitrobenzene monomer. Therefore 
a value of 02, can be obtained by applying 
eq. 16 to our data at either 5.5 or 25 "C.  How- 
ever, because of the approximations upon which 
eq. 16 is based, the value of o,, thus obtained is 
unlikely to be very meaningful. On the other 
hand, if the model is basically correct, then eq. 16 
should be of the correct functional form. 
Consequently we should be able to predict the 
value of Kw at one temperature, from the value 
of Kd at that temperature and the value of oZ3 
obtained by applying eq. 16 to our data at the 
other temperature. Thus, we apply eq. 16 
to our experimental value of In (Kd/Kw) at 
5.5 "C to obtain a value of o,,. This value is 
then used with eq. 16 and our experimental 
value of K, at 25" to predict a value for K, at 
q c o  
L J  . 

At 5.5 "C, by eqs. 15 and 16 and the values: 
In (Kd/Kw) = 0.179 (see Table 7); (n,), = 1.55 
(ref. 25, p. 836); (n,), = 1.33 (ref. 25, p. 2936); 
E = 2.313 (ref. 25, p. 2513); (u,), = 1.85 D 
(ref. 25, p. 2532); (u,), = 4.27 D (ref. 25, 
p. 2539); do = 0.89420 (12); T = 278.65; 
[Om,], = 0.0204 m; we find 02, = 2.19 x 
cm. 

With this value of o,,, eqs. 15 and 16, and the 
values at 25 "C:  Kd = 0.306 molal-I (see Table 7); 
(nD),, (nD),, (u~),, (u,), the same as above; E = 
2.274 (ref. 25, p. 2513); do = 0.87365 (10); 
[Om,], = 0.0405 (see Table 6); we find (K,),, = 
0.225 molal-l. The experimental value for this 
quantity is (K,),, = 0.212 rt 0.01 1 molal-I. Thus 
the proposed model predicts the value of (K,),, to 
well within two standard deviations of the experi- 
mental value. By means of a t-test applied at the 
1% level of significance, it was confirmed that the 
predicted value of (K,),, was not significantly 
different from the experimental value. 

The success of this prediction lends support 
to our explanation for the lower values of K 
found for nitrobenzene in the wet solvent. 
Furthermore, since carboxylic acids are polar, 
it is likely that our postulated effect is at least 
partly responsible for the lower values of the 
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dimerization constant obtained when partition critical tables. Vol. 111. McGraw-Hill Book Com- 

is applied to carboxylic acids. pany, Inc., New York. 1929. p. 29. 
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Appendix A 

Analytic Expressions used in the Calculation of In y by Equation 8 
There are four terms on the right-hand side of eq. 8 ;  the expressions used for each of these terms 

are given below. 
The first term, j, is obtained directly from eq. 7. 
The second term is 

The third term is - ~ , h I ,  where 

From the definition of the j-function 

[A1 1 0 = [m]h(l - j) 
Combining eq. 7 with eq. A1 

Hence 

where 
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. . 
Thus 

The fourth term is obtained by the same procedure as that used for the third term. It is 

Appendix B 

The Relation Between the StoichiomeMc 
Activity Coefficient of a Solute and the 

Dimerization Constant 
For a situation in which a solute is believed 

to be partially dimerized, we may calculate the 
total Gibbs free energy of the system by two 
methods: (a)  by considering the solute at 
stoichiometric molality [m] to have a stoichio- 
metric molal activity coefficient y ,  (6)  by con- 
sidering the solute to be nonideal solely because 
of the existence of a monomer-dimer equilibrium 
wherein the monomers and dimers are them- 
selves ideal. We designate method (b)  by a 
prime, and consider the solute, in both methods 
to be dissolved in 1 kg of benzene. We have, 
according to the two points of view 

and 

Since the value of Gibbs free energy of the system 
is unaffected by the way we choose to express it, 
i.e. since 

[B3 1 G = G' 

Therefore : 

[B4] [m]G2 = [mM1]G,' + [mDf ]GDf 
But in situation (b), the monomers and dimers 
are in equilibrium, i.e. 

~ 3 5  I GD' = 2GM1 

Therefore from eq. B4 

[B6] [m]G2 = G,'{[mMt] + 2[mD1]) 

or 

[B71 G2 = GM1 

Therefore 

iB8] G20 + RTln y[m] = GMO' + RTln [mMr]  

Choosing the same standard state with both 
points of view 

Hence, from eq. B9 

Rearranging terms 
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GOLDMAN AND DUER: THE DIMERIZATION CONSTANT O F  NITROBENZENE IN BENZENE 3931 

Appendix C to  eq. C1, we obtain 

Estimation of the Standard Deviation of the 
Dimarization Constant Obtained from Freezing 

Point Depression 
The values of y used to obtain K (by eq. 9) 

were calculated from the complete expression 
for In y i.e. by eq. 8. As mentioned in the body 
of this article (see Treatment of Data, Freezing 
Point Depression), the third and fourth terms in 
eq. 8 contribute relatively little to the value of 
In y. Moreover the inclusion of these terms in 
an error analysis would be very cumbersome. 
Therefore for purposes of this error analysis 
they are omitted. 

Our approach is to first use a truncated form 
of eq. 8 to  obtain an expression for the variance 
of y. Subsequently, this expression is used to 
obtain an estimate of the standard deviation of 
K. 

The truncated form of eq. 8 is 

We use the symbols var (x) and cov (x) to 
represent the variance and covariance of x 
respectively. Introducing the approximation 
(valid for y - I), y - 1 + In y, and applying 
the theorem (26) 

~ ~ 2 1  var { cjxj) = cj2 var (xj) 
j= 1 j= 1 

[C3] var (y ,) ir var (In y ,) = 4 [mil2 var (a) 
+ 9/4[mi14 var (b) + 16/9[mi]%ar (c) 
+ 6[miI3 cov (a,b) + 16/3[miI4 cov (a,c) 

+ 4[miI5 cov (b,c) 

The variances and covariances required with 
eq. C3 were obtained by the application of 
regression theory to eq. 7. Specifically, the 
variances and covariances were obtained from 
the diagonal and off-diagonal elements re- 
spectively of the c-matrix (27). 

The value of K was obtained by the applica- 
tion of least-squares to eq. 9;  i.e. from 

From the law accumulation of errors (19): 

LC51 st. dev. (K) = (El ' (yi) 

From ea. C4 

Thus, eq. C5 together with eqs. C6 and C3 were 
used to calculate the standard deviation of K. 

+ 2ZC CjCl COV (xj, x,) 
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GasSolid Exchange Reaction: Zinc Vapor and Polycrystalline 
Zinc Orthosilicate 

ETALO A. SECCO,' HARI PADA DHAR, AND CHIEN-HUO SU 
Clzemistry Department, St. Francis Xaiier University, Antigonish, No1.a Scotin 

Received July 2, 1974 

ETALO A. S ~ c c o ,  HARI PADA DHAR, and CHIEN-HUO SU. Can. J. Chem. 52,3932 (1974). 
The exchange kinetics of zinc vapor with polycrystalline zinc orthosilicate have been studied 

in a static system in the temperature range 760-1000 "C. 
The kinetic data reveal two rate laws. The initial rate is assigned to a transport step, i.e. 

mobility of zinc with D = exp (-34 + 5 kcal/RT) cm2 s-'. The rate at  high annealing 
times is a composite of the initial rate and a particle growth process, e.g. sintering. 

ETALO A. SECCO, HARI PADA DHAR et CHIEK-HUO SU. Can. J. Chem. 52,3932 (1974). 
On 6tudie la cinetique de l'echange de vapeur de zinc avec l'orthosilicate de zinc polycristallin 

dans un systeme statique entre 760 et 1000 "C. 
Les donnkes cinetiques rCvelent deux lois de vitesses. On attribue la vitesse initiale a une 

Ctape de transport, c.4-d.  mobilitk du zinc avec D = exp (- 34 + 5 kcal/RT) cm2 s - l .  
La vitesse aux temps eleves de recuit est une combinaison de la vitesse initiale et d'un procede 
de croissance des grains tel que le frittage. [Traduit par le journal] 

Ii~troductisn tetrahedra. That is, the SiO, interlocking unit 
This study is a continuation of a program of could be visualized as a defect in the ZnO, 

research on heterogeneous isotopic exchange network. This rupture of ZnO, continuity might 
reactions involving a metallic vapor and its reveal additional information regarding the 

metal bearing solid compound. The results of energetics and rate-controlling steps in the gas- 
previous studies on binary of the solid exchange reaction. Furthermore, solid 
Zn-ZnX type systems, where x = 0 ,  S, se, and Zn2Si04 fulfills the exchange requisite con- 

Te (1, 2), have show11 the exchange rate to be ditions, i.e. nonvolatile, stable, etc. 
controlled by two processes, an initial first-order Experimental 
rate followed by a diffusion rate. These two rate- 

The zinc orthosilicate powder used in this work was determining processes were in terms from two sources: A, D, MacKay, Inc,, New York, 
of limiting ( i )  the first-0rder rate chemically pure quality (hereafter referred to as silicate 
prevails when the ambient gas has ready access MK) and Semi-Elements Inc., Saxonburg, Pennsylvania 
to the solid exchange sites and ( i i )  the diffusion with stated impurity <0.001% (hereafter referred to as 
rate predominates when the ambient vapor has silicate SE). The X-ray diffractograms of the two powders 

showed only peaks characteristic of Zn,SiO, (3) and 
access to the solid exchange sites only via a rate- thermal analyses, DTA and TG, exhibited no thermal 
controlling transport step. effect on heating the powders to 1000 "C. The surface 

To extend our understanding of gas-solid area of silicate SE was measured to be 0.9 m2/g from N2 

exchange reactions we deemed it desirable to adsorption measurements, using a AMINCO SorBET 
instrument, which yields a mean spherical radius of 8.5 x 

a which a 10-5 cm. The silicate samples were stored in an oven a t  
structural and compositional variable with 140 "C before use. 
respect to one of the binary compounds already 
investigated. Zn,SiO, appeared to us to fill this 
requirement since its composition may be 
expressed as Si0,.2ZnO and its lattice arrange- 
ment shows each oxygen atom to be common to 
one SiO, tetrahedron and two ZnO, tetrahedra 
which contrasts with the wurtzite lattice of ZnO 
where each oxygen is common to four ZnO, 

'To whom correspondence should be addressed. 

The exchange runs were carried out in a static system 
using quartz reaction vessels and the reaction fraction cc 
was determined by the uptake of radioactive zinc in the 
solid, as previously described (1). 

Results and Discussion 
The semi-log plots of (1 - a) us. time for Zn 

exchange in silicate MK, untreated and prean- 
nealed in zinc vapor for 10 h at 900 "C are pre- 
sented in Figs. la and lb,  respectively; the 
exchange reaction was carried out at constant 
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SECCO E T  AL.: ON GAS-SOLID EXCHANGE REACTION 3933 

FIG. 1. (a) Plot of log (1 - n) cs. time for untreated 
silicate MK. (6)  Plot of log (1 - a) W. time for prean- 
nealed silicate MK. 

P,, = 0.10 atm and constant s = 0.5 mole 
fraction of zinc in the system. The plots reveal 
two apparent processes with less scatter for the 
preannealed sample. The logarithm of the rate 
constants, k,,,, and k I M K 1  for untreated and pre- 
treated silicate MK, respectively obtained from 
the slopes of the straight lines for the initial 
process are plotted against the reciprocal of 
absolute temperature in Fig. 2. The Arrhenius 
equations are found to be 

k,,, = A, exp ( -33  6 kcallRT) s-' 
and 

k , , , '  = A,' exp ( -39  + 2 kcallRT) s-' 

The step in the exchange reaction at high reac- 
tion times exhibits a reduced tem~erature d e ~ e n -  
dence with an activation energy E ,  estimated to 
be - 5  kcal/mol. 

The plot of the exchange fraction cl rs. time at 
various temperatures and the semi-log plot of 
(1 - a) us. time at 760, 800, 900, and 1000 "C 
for untreated silicate SE are displayed in Figs. 3a 
and 3b, respectively. The irregularity of the 
1000 "C isotherm in the region a - 0.7 com- 
pared to the rest of the isotherms is evident. The 

FIG. 2. Plot of log k cs. 104/TcK for untreated 
silicate MK, line a, and for preannealed silicate MK, 
line 6 .  

Arrhenius equation for each step in the tem- 
perature range 760-900 "C was calculated to be 

klsE = A, exp ( -35  + 5  kcallRT) s-I 
and 

kz,, = A, exp (-8 + 6 kcallRT) sC1 

The fitting of the exchange data to a diffusion 
rate expression is shown in Fig. 4. The diffusion 
equation involves a plot of Dt/r2,  taken from a 
theoretical plot (4), cs. time ( D  is the diffusion 
coefficient and r  the radius of the spherical 
particle bathed in an atmosphere of a diffusant). 
A straight line with zero intercept, as required 
for a diffusion-controlled rate, obtains only at  
760 "C. 

In order to identify the origin of the deviation 
from a linear diffusion relation in silicate SE 
above 760°C, the solid was preannealed in 
inactive zinc vapor at 0.10 atm and 1000 "C for 
20 h. Prolonged time exposure and high tem- 
perature treatment can enhance the sintering 
reaction; sintering effects an increase in particle 
size r  with a resultant inverse effect on the 
diffusion plot slope, i.e. slope = ~ l r ' .  The 
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3934 CAN. J .  CHEM. VOL. 52, 1974 

1 .o limits, suggests a common rate process which is 
insensitive to the purity of Zn,SiO, within the 

0.8 limits of the two silicate sources. 
The exchange rate dependence on the pressure 

0.6 of zinc vapor was also studied and the results 
8 are presented in Fig. 6. These results suggest a 
0.4 condition associated with low adsorption cov- 

erage where RT >> KPzn in the overall exchange 

0.2 
rate equation (I), viz. 

h: = akeKPzn 
0 ( R T )  + KPzn 

where a = total number of available adsorption 
sites, k, = exchange rate constant, K = equili- 
brium constant for adsorption, P,, = zinc 
vapor pressure, R = gas constant, and T In OK, 

which yields k = cP,,, where c = (ak,K/RT) 
for a specific solid at a fixed T. - Experiments carried out at constant time, T, 

7 
T- - 

6 860'~ 
o 900 .. 

3.0- 8 960 ,. 

Time (h) 

FIG. 3. (a)  Plot of a cs. time for untreated silicate SE. 
(b) Plot of log (1 - a) cs. time for untreated silicate SE. 

Time(h) 

FIG. 5. Diffusion equation plot of D f / r 2  U S .  time for 
preannealed silicate SE. 

1.0 

0.8 

0.6 
Time( h) 

X 
FIG. 4. Diffusion equation plot of Dt / r2  us. time for 

0.4 untreated silicate SE. 

acceptable fit of the exchange data to the dif- 
0,2 

fusion equation as a result of pretreatment is 
evident in Fig. 5 and the activation energy from 

0 these slopes is calculated to be 34 k 5 kcal/mol. o 5 10 15 20 25 30 35 

This E, value is in agreement with the value for Time ( h )  
the initial step in both silicate MK and silicate FIG. 6 ,  plot of a ,,, time at various pressures of zinc 
SE; the constant E, value, within experimental vapor. 
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SECCO E T  AL.: ON GAS-SOLID EXCHANGE REACTION 3935 

P,,, and s using radiozinc of varying specific 
activity, viz. 6-20 counts, yielded the same 
activity uptake in the solid. This result rules out 
any momentary or initial excess uptake of radio- 
zinc vapor by the solid silicate. 

The E, value from Fig. 5 yields the diffusion 
coefficient D = 10-* exp (- 34 + 5 kcallRT) 
cm2 s-' for the untreated silicate SE. This D 
value is in good agreement with the interstitial 
mobility Di ( 1 )  suggesting that the interstitial 
mobility of zinc is the rate-controlling process 
precluding any secondary effect, such as sin- 
tering. This agreement lends convincing support 
to  the reaction model postulated for the Zn-ZnO 
exchange and Zn oxidation studies. 

Assuming sintering to be responsible for the 
decreasing slopes in Figs. la, lb ,  and 3b, we can 
evaluate the energy associated with sintering. 

The apparent temperature dependence of 5-10 
kcal represents a net value for the two processes, 
interstitial mobility and sintering, suggesting 
then an energy of 30-35 kcal for the sintering 
step under the experimental conditions. 

The authors are indebted to the National Research 
Council of Canada for financial support. 
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The Molecular Structure of Trimethylindium by Vapor Phase Electron Diffraction 

GERALD BARBE, J. LAWRENCE HENCHER, QUANG SHEN, AND DENNIS G. TUCK 
Department of Chemistry, University oj Windsor, Windsor, Ontario 

Received June 7, 1974 

GERALD B~RBE,  J. LAWRENCE HENCHER, QUANG SHEN, and DENNIS G. TUCK. Can. J. Chem. 
52,3936(1974). 

The molecular structure of trimethylindium has been redetermined by vapor phase electron 
diffraction. The independent structural parameters assuming three-fold axial symmetry based 
on the r, distances and their estimated uncertainties (2a) are r(1nC) = 209.3 0 . 6  pm, 
r(CH) = 114 5 3 pm, and < HCln = 112.7 2 0.8'. A slight nonplanarity (3.0 F 2.5") was 
attributed to a shrinkage effect in r (C.  . .C) of 0.4 pm. Theanalysis was insensitive to the rota- 
tional position of the methyl groups relative to the InC, frame. The root mean square amplitudes 
were not accurate due to a problem with the indium phase factor. 

GERALD BARBE, J. LAWRENCE HENCHER, QUANG SHEN et DENNIS G.  TUCK. Can. J. Chem. 
52.3936 (1974). 

On dCtermine de nouveau la structure molCculaire du trimCthylindiun1 par diffraction 
electronique en phase vapeur. Les parametres structuraux independants, en admettant une 
symetrie axiale d'ordre trois basee sur les distances r, et leurs erreurs estiniies (20), sont 
r(1nC) = 209.3 i 0 .6  pm, v(CH) = 114 i- 3 pm et < HCIn = 112.7 i 0.8'. La 1Cgere 
deformation du plan (3 .0  1 2.5') est attribuee aux distances r(C. . .C)  plus courtes de 0.4 pm. 
L'analyse ne depend pas de la position rotationnelle des groupes methyles par rapport au 
squelette I n c a .  Les valeurs quadratiques moyennes ne sont pas precises a cause d'un probleme 
dCi au facteur de phase de l'indium. [Traduit par le journal] 

Introduction 
Trimethylindium, one of the simplest of the 

organometallic compounds of indium, presents 
a number of interesting structural features. In the 
vapor phase, the compound has been shown by 
vapor pressure measurements (1) to be mono- 
ineric above 90 "C, and an early electron diffrac- 
tion study (2) established the trigonal planar 
structure. with an indium-carbon bond length 
of 216 pm ( -  2.16 A). The mono~neric nature 
of the vapor, and the D,, structure, have sub- 
sequently bcen confirmed by mass spectrometry 
(3 )  and vibrational spectroscopy (4, 5). 

In the solid state, X-ray crystal structure 
work (6a) shows a rather different situation. The 
basic unit is a tetramer, in which three d~fferent 
short In-C bond lengths are found, a t  21 6, 224, 
and 225 pm, and longer bonds of 310 and 360 
pm. These longest bonds serve as bridges to 
neighboring tetrameric units. The structure is 
electron deficient, and in that way resembles the 
trimethyl compounds of other group 111 ele- 
ments (Messmer and Amma as referenced in 
ref. 6a. Values quoted are the results of the 
reanalysis of the data of Amma and Rundle 
(6b)). 

In view of the fact that the vapor phase study 
cited above was carried out more than thirty 

years ago, we have redetermined the structure 
using a new eIectron diffraction camera and 
microdensito~neter constructed in this depart- 
ment. A further rationale for this study is that 
trimethylindium is the parent of a number of 
other interesting organoindium species, on which 
further studies are planned. 

Experimental 
Instrumentation 

The geometry of the electron diffraction camera was 
similar to that described by Bartell (7). The electron 
microsource, single condenser lens: and power supplies 
were taken from an RCA Type EMU3B electron 
microscope. The high voltage was 58 kV and the collected 
beam current was about 5 x lo- '  A with a 0.750 mm 
aperture in the pole piece. 

Two nozzle positions approximately 95 and 295 mm 
from the photographic plate could be measured with the 
instrument ~ ~ n d e r  vacuum. The nozzle was sighted through 
a window with a precision cathetometer (k0.01 mm) and 
its position was measured with respect to a previously 
calibrated mark located on the front of the vacuum 
chamber. The aluminum nozzle had a 0.5 mm hole 
slightly tapered on the inside to a knife edge. The distance 
from the nozzle tip to the beam center was about 0.5 mm 
as measured from its shadow on the diffraction pattern 
of an  MgO sample located above the nozzle. The r3 
sector and its mounting were constructed of aluminum. 
The inner part of the sector and the edges of the mount- 
ing were machined to 45" on the under side to reduce 
extraneous scattering. 
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BARBE ET AL.: MOLECULAR STRUCTURE OF TRIMETHYLINDIUM 3937 

The high voltage was regulated to 0.01%, so that a where the sum is over all pairs of atoms taken 
wavelength stability of AXIL = 5 x was expected. once, lij is the mean square amplitude, r i j  is the 
The overall precision of the nozzle-to-plate distance was 
better than + 0.05 mm. Diffraction patterns were recorded 

interatomic distance, and +(s) was an asym- 
o n  4 x 5 in. Kodak Electron Image Plates. The typical metry factor to correct for anharmonicity (9). - 
vacuum was 1-2 x Torr. 

Optical densities were obtained with a single beam i31 r . .  = r (0) - l .2 / r . .  
1 1  g [I [ J  

microdensitomeier which was specially constructed to 
scan electron diffraction patterns. The photographic plate where r,(O) was the thermal average interatomic 
was spun at  300 r.p.m. on a stationary stage, while a distance (9). The factor Cil(s) was defined as 
carriage bearing the light source (tungsten filament), 
outics. and detector (silicon phototransistor FPT 100) [41 cij(s) = lfL(s)llfJ(s>l C O ~  [~li(s) - qj(s)I 
moved continuously across the plate diameter at 1 mm 
per minute. The center of the diffraction pattern was 
located by a spot produced by a brief exposure of the 
undeflected beam. The coincidence of the spot with the 
pattern center was checked by rotating the sector and 
viewing the beam on a fluorescent screen with a telescope. 
Measurements of MgO ring diameters revealed no ring 
ellipticity within k0.02 rnm (experimental precision) for 
the sharpest rings. Readings of detector voltage were 
made with an integraterldigital voltmeter combination 
a t  3 s intervals for a period of 600 ms. Under these 
conditions an annulus of 0.050 mm was covered during 
each reading. The distance travelled between readings 
was found to be 0.1095 mm. 

General 
The sample of trimethylindium was prepared by Free- 

land of this department by exchange of pure indium with 
dimethylmercury (8). The sample purity was checked by 
n.m.r. and found to be better than 99%. 

Exposures of the diffraction patterns of In(CH& 
were made with the nozzle at 21 "C. The vapor pressure 
of the solid at  this temperature is 3 Torr. With this vapor 
pressure longer exposures (70 s) than usual (25 s) were 
needed to record the molecular scattering which was 
weak compared to the background. In  the same experi- 
ment separate carbon disulfide patterns were recorded 
for the electron wavelength calibration. 

The photographic plates were developed for 3 min in 
undiluted Kodak D l 9  containing 1 g 1-I of benzo- 
triazole as an antlfogging agent. Developing solutions 
were maintained a t  20 "C. 

Analysis 
The experimental molecular scattering com- 

ponent was obtained as 

where Z(s) was the experimental sectored total 
intensity, B(s) was the background, and I,(s) 
was the calculated atomic scattering, and s = 
(47c/h) sin (8/2), (h = electron wavelength, 9 = 
angle of diffraction). The theoretical molecular 
intensity (7)  was given by 

where the atomic scattering factors, f,(s), and 
phase factors, q,(s), were those calculated by 
Schafer et al. (10). The inelastic scattering factors 
used in the calculation of Ia(s) (7)  were those of 
Tavard et al. ( I  I). 

The r,(O) distances were calculated in terms of 
an independent set of structural parameters 
which were refined by least squares (12). The 
weight matrix (13) was taken as a unit matrix, 
since inclusion of the factor ssl,(s) (which is an 
increasing function of s)  in eq. I was thought to 
account adequately for uncertainty in drawing 
the background at small values of s. 

The s scale was established from the CS, 
scattering patterns by the following procedure. 
A trial wavelength, ILO, was assumed and I(s,) 
was obtained from the 400 microdensitometer 
readings by a four point Lagrange interpolation 
using the measured nozzle to plate distance. A 
trial background was hand drawn and refined 
by back Fourier transformation of the radial 
distribution curve for r < 80 pm. The molecular 
scattering was obtained by eq. 1 and analyzed by 
least squares to  give a calculated C-S bond 
length, r,. A refined wavelength was then calcu- 
lated as h = (r,/ro)h,, where r,, the standard 
bond length was taken from the CS, structure 
quoted by Kuchitsu (14). By reiteration of this 
process, r, was brought into agreement with r,. 
The analysis of the CS, plates was limited to the 
range 23 < q < 54 (8, = 100 pm)' because 
of the difficulty of drawing the background for 
q < 2 0 A - l .  The results of the wavelength 
calibration are given in Table 1. 

The experimental molecular intensity of 
In(CH,), was weak compared to the total 
intensity and was observed to  diminish very 
rapidly with increasing scattering angle. Similar 
behavior was observed in the case of InC,H5 by 

[2] sI,(s) = 2 2 Cij(s) exp (- lij2s2/2)rij-' 'Since the experimental intensities were taken at  
i < j  intervals of (n/lO) in s, it was convenient to use the 

sin Cs('.ii - $(s))] variable g = (1Oln)s in the remaining discussion. 
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TABLE 1. Wavelength calibration from CS2 scattering 

Parameter Observed Standard* 

*The standard structure is based on r, distances which are related 
to r (0) by r, = r (0) - I2/r. 

i t h e  anharmozicity parameter in +(s) = h-s2 was constrained in the 
analysis. 

I R  = tZ,[s~,(s),,, - sl,(5),,l2 W ( J ) / Z ~ [ S I ~ , ( J ) . ~ ~ ~ ~  W(S) is a mea- 
sure of  goodness of fit. See ref. 12. 

TABLE 2. Structural parameters for In(CH,)," 

ri j (pm) lij (pm) Kij (pm) Gi j (pm)' 

In-C 

C-H 
< 
< HCIn 
C . . . C  

In .  . . A  
Rf 
Kg 

#Based on the r (0) distances as defined in eq. 3. 
bThe quoted ":certainties are 30* (o* = estimated random error 

from the least squares analysis), which is approximately 2 0  (where 
a = 1 G* s v ~ t e m a t i c t ~ ~ ~ )  or  the 9 5 2  confidence limit. The value 
of I,,; is not accurate due to the inaccirate In scattering factor as 
discussed in the text. 

<Mean square amplitudes, ljj, and perpendicular corrections to the 
interatomic distances, K. calculated from observed vibrational fre- 
quencies are in parenthe& in the table. 6,, is the observed shrinkage. 

dThe anale of deviation from ~lanari ty.  see text. 
* ~ e p e n & n t  parameters not refined in the least squares 
fSee Table 1, footnote i. 
#Index of resolution R(Zlslm(s),,,,,l/Z/slm(s),,,l). 

Shibata et al. (1 5) who showed that it was due to 
the indium-carbon phase factor difference. 

Useful intensity data could only be obtained 
for the range 10 < q < 50 A- '. The molecular 
component beyond q = 50 A -  was too weak to 
be isolated from the noise in either long camera 
or short camera plates. A weak extraneous back- 
ground at q > 50 A-'  also obscured the molecu- 
lar scattering on the long camera plates. Intensity 
calculations later showed that the molecular 
envelope fell from 11200 of the total intensity at  
q = 50A-I  to 1/1000 at q = 56A-I  (A = 100 
pm). Intensities from three good long camera 
plates were corrected for plates flatness (7) by 
dividing by cos3 0 (0 = diffraction angle) and 
combined to produce the experimental sectored 
intensity I(q) which is available from the Deposi- 

tory of Unpublished Data.2 The optical density 
of the In(CH,), plates was 0.31-0.72. The emul- 
sion linearity correction (7) was taken as zero. 

The experimental background had a broad 
smooth fluctuation which was due to deviation 
of the sector from the r 3  shape.3 Various smooth 
backgrounds, with and without the fluctuations, 
were tested. The sIm(s) curve obtained in each 
case was analyzed by least squares. The results 
revealed no significant variation in the major 
geometrical parameter values but the In-C 
mean square amplitude varied from 8.6 to 11.0 
pm. The final structural parameter values based 
on the C,, model are presented in Table 2. The 
molecular intensity, sIm(s) and the radial dis- 
tribution are given in Figs. I and 2, respectively. 
The correlation matrix is given in Table 3. 

A normal coordinate analysis based on the 
frequency assignments of Hall et al. (5) was 

FIG. 1. The molecular intensity of trimethylindium. 
( A )  Experimental (dots) and theoretical (solid curve) 
sI,(s) calculated from refined structural parameters of 
Table 2. (B) (Experimental-theoretical) sI,(s). (C) sI,(s) 
calculated from refined structural parameters but with 
I,,, = 5.6 pm. (D) sI,,,(s) calculated as in C but without 
the phase factors. 

2Tables of relative intensities are available at a nominal 
charge from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada KIA OS2. 

3The sector shape was determined by direct measure- 
ment with a travelling microscope. 
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BARBE ET AL.: MOLECULAR STRUCTURE OF TRIMETHYLINDIUM 3939 

TABLE 3. Correlation matrix 

r(1n-C) < (InC3) r(C-H) < (HCI,) Irn - c IC ... c 11" ... 51 Ic-H 

*o in pm for distances, degrees for angles. 

qc(,y)] in eq. 2 which was kept constant in the 
analysis. 

Inaccuracy of l,,, has a small effect on the 
rg(0) distances since they are calculated from the 
thermal average, r,, by the relationship r, = 
rg(0) - 12/r.  Assuming the calculated I,,,, = 
5.6 pm was more accurate than the 8.6 pm value 
would give r(1nC) = 209.1 p n ~  instead of 209.3 
Pm. 

FIG. 2. The radial distribution. Experimental, dots; 
theoretical, solid curve. The lower curve is the difference 
(experimental - theoretical). 

carried out for the InC, skeleton. The unobserved 
out-of-plane bending frequency was assumed to 
be 200cn1-~. Mean square amplitudes and 
perpendicular correction coefficients, calculated 
by the method of Stalevik et al. (16) are also 
presented in Table 2. The calculated I,,,, 5.6 pm, 
was smaller than the experimental value, 8.6 pm. 
The origin of this disagreement was probably 
the inaccuracy of the In phase factor, q(s) used 
in eq. 1. The effect of phase factors on the 
molecular intensity is illustrated by the cal- 
culated sI,,,(s) curves, C and D, presented in 
Fig. 1. Inclusion of phase factors in curve C 
resulted in the damping out of intensity as seen 
by conlparison to D which was calculated with- 
out phase factors. 

The experimental curve, A ,  damped out more 
rapidly than curve C, which was calculated with 
I,,, = 5.6 pm. It  appears that the experimental 
I,,, refined to a larger value in order to com- 
pensate for inaccuracy of the term cos [q,,(s) - 

Results 
The apparent small deviation of the model 

from planarity was attributed to a shrinkage (17) 
of 0.4 pm in r(C . . . C) which is comparable 
with the calculated perpendicular correction, 
0.3 pm. Hence, the planar structure is confirmed 
by the present result. Effects due to internal 
rotation of the methyl groups could not be 
examined because the affected H . . . H distances 
did not contribute an observable component to 
the total intensity. 

The indium-carbon length is significantly 
shorter than that reported by Pauling and Lau- 
bengayer (2), but this is not surprising in view 
of the difficulties inherent in the "visual" method 
of analysis used by these workers. In general 
In-C distances in crystalline indium-alkyl 
systems are longer: Me,In(crystal), 216(4), 
224(6), 225(6) pm (6); Me,In(OAc), 211(1) pm 
(19) ; Et,In(OAc), 229 pm (20); Et,In(CH,.COS), 
214 pm (21). Other reported In-C bond 
lengths refer to crystalline triphenyl- and tris- 
(cyclopentadieny1)indium. In both of these sub- 
stances, the situation is complicated by inter- 
molecular interactions : the "short" In-C bond 
lengths are 21 1.1 (1.4) and 215.5 (1.4) pm in 
InPh, (22) and 223.7, 237.4, 244.3 and 246.6 pm 
(all k0.9  pm) in InCp, (23). 

It is clear that the In-C bond length in gaseous 
InMe, is somewhat less than in indium-alkyl and 
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Sur le spectre Clectronique de l'ion ozonide, 03- 

PAUL A. GIGUERE ET KAZIMIERA HERMAN 
D6purtenzent de Chimre, Fac1ilt6 des Scrences, Unirersit; Latwl, Que'bec, Quebec G I K  7P4 

Requ le 12 aodt 1974 

PAUL A. GIGUERE et KAZIMIERA HERMAN. Can. J. Chem. 52,3941 (1974). 
L'ozonide de potassium dissous dans l'ammoniac liquide absorbe assez fortement en u.v. a 

partir de 300 nm en plus de la forte absorption dans le bleu-violet. Les resultats contradictoires 
rapportts pricedemment s'expliquent par la presence d'autres especes comme 0 3 ,  02- et HO, 
qui absorbent aussi dans cette region. La progression irreguliere des frequences dans le systeme 
visible suggere I'activite d'un second mode de vibration de I'ttat excite. 

PAUL A. GIGUERE and KAZIMIERA HERMAN. Can. J. Chem. 52,3941 (1974). 
Potassiunl ozonide dissolved in liquid ammonia absorbs fairly strongly in the u.v. from 300 

nm, in addition to the strong band in the violet-blue. Previous conflicting results were due to 
interference of other species, such as 0 3 ,  0 2 - ,  and HO,, which also absorb in that region. The 
irregular spacing of the maxima in the visible band points to some interference of a second vibra- 
tional mode of the upper state. 

Les donnCes actuelles sur l'absorption en u.v. 
de  l'ion ozonide sont sujettes a caution. Czapski 
(I),  qui a fait une revue de la question, en a 
conclu que les variations d'absorption rap- 
portees par divers auteurs (2-4) sont dues non 
pas a l'ozonide lui-mEme, mais plut6t 2 quelque 
produit de dicomposition, comme par exemple, 
le superoxyde 0,-. La difficulte vient de ce que 
les systkmes ttudiCs jusqu'ici sont susceptibles 
de  produire en meme temps d'autres espirces qui 
absorbent plus ou moins fortement dans 1'u.v. 
Ainsi la photolyse eclair par 1'u.v. a vide de 
solutions aqueuses alcalines produit aussi de 
l'ozone, tandis que celle du peroxyde d'hydro- 
gkne (5) donne, entre autres, le radical HO,. En 
marge d'une Ctude sur le spectre Raman des 
ozonides alcalins en solution dans l'ammoniac, 
qui a @ventuellenient rkvtle la photolyse facile 
de  ces systirmes (6), nous avons Ctt amenks a 
mesurer le spectre visible et u.v. du radical-ion 
03-. 

MCthode expkrimentale 
L'ozonide de potassium a Cte prepare a partir de KOH 

(Baker Analyzed) debarrasse de carbonate, puis soigneu- 
sement desseche avant l'ozonisation. Cette precaution 
est essentielle pour un bon rendement. Le produit de 
depart etait d'abord finement broye en atmosphere seche, 
puis chauffe a 300rC pendant 5 h dans un courant 
d'azote sec. La masse fondue, devenue ires dure apres 
refroidissenlent, etait concassee puis pulvtrisee dans un 
mortier d'agate. Toutes ces operations devaient &tre 
faites a I'abri de I'humiditi dans une boite a gants. 
L'ozonisation se faisait a environ -70 ' C  dans un cou- 
rant d'oxygene ozonist a quelque 5 x .  Selon la concen- 
tration recherchee la duree de la reaction variait de 15 min 

FIG. 1. Cuve a absorption refrigtree pour les spectres 
u.v. en solution ammoniacale. 

(pour les spectres u.v.) a 2 h (pour les spectres Raman). 
L'extraction par I'ammoniac liquide suivait aussit6t, 
d'apres la technique de Whaley et Kleinberg (7). Le 
potassiun~ a et.6 dose par absorption atomique dans le 
produit hydrolyse apres evaporation sous vide de I'am- 
rnoniac. 

Les spectres ont ete mesurCs avec un spectrometre de 
Cary, Nc 15, au moyen d'une cuve a absorption refrigCree 
de construction speciale (fig. 1). La cuve en quartz, de 
1 cm d'epaisseur, etait munie d'un long tube de remplis- 
sage. Elle etait montee au centre d'un bloc de Styrofoam 
muni de deux tubes latCraux fermCs par des fenstres de 
quartz, et evacues, pour le passage du faisceau lumineux. 
Une circulation d'azote sec refroidi permettait de main- 
tenir la temperature a quelque -65 "C dans la cavite 
centrale. Le bloc de Styrofoam s'adaptait exactement au 
compartiment porte-echantillon du spectrometre. I1 etait 
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muni d'un couvercle etanche pour empCcher l'accts de la 
lumiere extkrieure. Le faisceau de reference traversait des 
plaques de quartz pour compenser l'absorption des six 
fenCtres. 

Discussion des rCsultats 
Comme le montre la fig. 2 la solution de KO, 

commence a absorber dans 1'u.v. B partir de 
300 nm. A noter que cette courbe de log I,/I de 
I'ozonide a Ctt corrigte pour l'absorption par 
l'ammoniac. Comme cette dernii.re croit brus- 
quement vers 230 nm, 1'Ctude du spectre de 
l'ozonide n'a pu Etre poussCe tres loin. On voit 
cependant que vers 240 nm l'absorption a dCja 
atteint le dixi6me de celle au maximum de la 
bande visible, et qu'elle continue B croitre 
rtguli6rement vers les hautes frequences. Inci- 
demment, nous avons trouvt pour le coefficient 
molaire d'extinction au maximum dans le 
visible une valeur, zqj7 = 2050 M - I  cm-l,  
assez voisine de celle mesuree par Dorfman 
et coll. (8) en solutions aqueuses, E~~~ = 1900 i: 
120 M - '  cm-l.  

11 ne fait pas de doute que l'absorption dans 
1'u.v. est due a l'ion ozonide. Les reactions de 
photolyse ou de radiolyse etudiees jusqu'ici en 
systeme aqueux ( I )  donnent, outre les ozonides, 
de l'ozone ou des superoxydes en concentrations 
difficiles a evaluer. La presence de ces autres 
especes est exclue dans notre methode de 
prkparation. De plus, les superoxydes (dont 
HO,) ont un maximum d'absorption assez 
marquC vers 230 nm (9), tandis que celui de 

FIG. 2. Spectre d'absorption dans le visible et 1'u.v. de 
I'ozonide de potassium en solution ammoniacale. La 
ligne brisCe correspond a l'ammoniac liquide. 

l'ozone se situe vers 260 nm (10). I1 n'y a aucune 
indication de tel maximum dans nos spectres. 
D'ailleurs, le superoxyde de potassium est A 
peine soluble dans l'ammoniac, contrairement a 
la conclusion de Thompson et Kleinberg (11). 
On sait maintenant (12) que la bande a 380 nm 
rapportCe par ces auteurs provient en fait du 
nitrite, sous-produit de la synth6se de KO, dans 
l'ammoniac. Ajoutons que diverses prkparations 
de l'ozonide nous ont toujours donnC le mCme 
rapport d'absorption dans le visible et 1'u.v. 

Enfin, une nouvelle preuve de l'origine com- 
mune de ces deux syst6mes nous est venue d'une 
autre source. En cherchant a obtenir le spectre 
Raman de l'ion ozonide en solution ammonia- 
cale nous avons dtcouvert que la photolyse par 
le laser & Ar' ne conduit pas au superoxyde, 
comme dans le cas du solide (6, 13, 14) mais 
plutBt & l'oxydation du solvant, avec formation 
d'un intermkdiaire mitastable non encore iden- 
tifiC. Or, au cours de la photolyse en lumii.re 
bleue, rCgion ou les superoxydes n'absorbent pas, 
l'absorption decroit au mCme taux dans le 
visible et 1'u.v. en autant qu'on peut en juger 
par la pente des courbes a 540 et 260 nm. 

Par la mEme occasion nous avons pu mesurer 
la structure de la bande dans le bleu-violet avec 
une meilleure rCsolution que precidemment 
(fig. 2). Les prisentes friquences (tableau 1) 
montrent un dCcalage moyen de 8 nm avec celles 
de Solomon et al. (15). Quant a celles de Jacox 
et Milligan (16), elles se rapportent a l'ion en 
matrice inerte. Nos frCquences sont plus ou 
moins dCcalCes vers le rouge par les interactions 
molCculaires en solution ammoniacale. Dans le 
cas du radical HO, le dCcalage est de l'ordre de 
20 nm entre l'etat gazeux (17) et la solution 
aqueuse (9). 

Le contour assez irrkgulier des divers pics, et 
leur espacement inegal portent a croire qu'il 
s'agit d'un second mode de vibration de 1'Ctat 
excitt. D'apres la thCorie de Walsh (18) la bande 
correspondant a la transition 2 A ,  -+ ' B 1  devrait 
montrer les progressions des deux modes symC- 
triques v,' et v,'. Jacox et Milligan ont identifiC 
la progression observCe avec v,', le mode de 
valence symktrique. I1 est probable, cependant, 
que le mode de dhformation v,' contribue 
Cgalement B la structure. En effet, dans les autres 
moltcules a 18 ou 19 Clectrons de valence 
comme SO, et ClO,, la frCquence de dCforma- 
tion de 1'Ctat excite est nettement inferieure a 
celle de 1'Ctat fondamental (19). Comme cette 
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TABLEAU 1. Longueur d'onde et espacement des maxima 
dans la bande visible de l'ion ozonide 

(nm) Ce travail 

Jacox et 
Solomon et al. Milligan 

(15') (16) h (nm) Av (cm-') 

dernikre est d'environ 600 cm-' d'aprks les 
rCsultats les plus rCcents (20) on peut prtvoir une 
valeur de l'ordre de 400 cm-' pour v,'; d 'o i~  
possibilitt d'interfkrence avec v,'. 

De meme I'espacement moyen de 820 cm-I 
pour v,' reprtsente une forte diminution par 
rapport a la frtquence de 1'Ctat fondamental(14, 
20), 1010 cm-I, et par le fait meme, un allonge- 
ment apprtciable de la liaison dans 1'Ctat excitt. 
On peut Cvaluer celle-ci a environ 1.48 A par 
comparaison avec la liaison 0-0 dans les 
peroxydes covalents, dont la frequence carac- 
ttristique est de l'ordre de 850 cm-l.  On arrive 
B une valeur semblable d'aprks la rigle de 
Badger a partir de l'estimation de 1.38 + 0.04 A 
pour la distance interatomique dans !'ion 2 1'Ctat 
fondamental(20). Cette conclusion est en accord 
avec la thCorie de Walsh (18) qui prtvoit Cgale- 
ment une ouverture de l'angle au sommet dans 
le niveau excitt. 

Notons enfin que nos rCsultats jusqu'a 800 nm 
ne montrent aucune indication d'un autre 
systirme dans le proche infrarouge, identifiable a 
la transition 2 A 1  4 ' B 1  observee dans les mole- 
cules analogues SO, et C10, (19). Quant au 
continuum correspondant a la transition a une 
orbitale antiliante, cause de la photodissociation, 
il doit &tre assez faible a en juger par nos resul- 
tats, tant B 300 qu'a 600 nm. 

Les auteurs sont redevables au Ministere de 1'Educa- 
tion du Quebec pour une subvention de recherches, et au 
Professeur Claude Barbeau pour les analyses par absorp- 
tion atomique. 
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H. L. CHUXG and D. G. TUCK. Can. J. Chem. 52,3944 (1974). 
The ligand exchange between MezInL and H L  (L = CF,. CO.  CH.  CO.  R -  anion; R = 

methyl or t-butyl) has been studied by l9F n.m.r. spectroscopy, using benzene and di-isobutyl- 
ketone as solvents. The exchange is first order in both Me,InL and HL. Activation free energies 
were derived from mcasurenlents of the coalescence temperature. The results are compared 
with those of earlier studies. The rate-controlling process in the exchange is identified as the 
rotation of one monodentate diketonate ligand about a partial double bond prior to intra- 
molecular proton transfer to a second monodentate ligand. 

H. L. CHUNG et D.  G. TUCK. Can. J. Chem. 52.3944(1974). 
On etudie par spectroscopie r.m.n. du lgF l'echange de coordinats entre Me21nL et H L  (L = 

I'anion CF, . CO. CH . CO . R -  ; R = methyle ou t-butyle) en se servant du benzene et de la di- 
isobutylcetone comme solvants. L'echange est du premier ordre pour Me21nL et pour HL. Des 
mesures de temperature de coalescence on deduit les energies libres d'activation. On compare 
ces res~~l ta ts  avec ceux d'etudes anterieures. On identifie le rnecanisme qui contr6le la vitesse de 
l'echange comme etant la rotation du groupe dicetonate monodentate autour d'une liaison 
double partielle precedant le transfert intramolCculaire de protons a un second coordinat 
monodentate. [Traduit par le journal] 

Introduction 
The study of the kinetics of ligand exchange 

plays an important role in establishing an 
understanding of the behavior of the complexes 
of a metallic element. For indium, quantitative 
data in this field are sparse, despite the fact that 
rearrangement reactions occur easily with the- 
complexes of this element and have importait 
consequences in preparative work (2). In an 
earlier investigation (3), the exchange between 
InL, and trifluoromethyl-p-diketones HL (L = 
CF,. CO.  C H .  CO.  R p  ; R = methyl, i-butyl, 
phenyl, 2-naphthyl, and 2-thienyl) was studied 
in a variety of solvents. The exchange is fast and 
19F n.m.r. methods proved to be a convenient 
way of obtaining kinetic data. The exchange was 
found to be first order in InL, concentration, 
but zero order in free ligand concentration, and 
the rate controlling process was identified as the 

acetylacetonato(dimethyl)indiu~ii(III) was first 
reported by Coates and Whitcombe (4). The 
experimental methods used in the present work 
again involved I9F n.m.r. and the results are 
different from, but in general agreement with, 
those reported earlier (3). We may note that 
Glass and Tobias (5) have reported similar 
studies of, it~ter alia, Me,Ga(acac) and Me2T1- 
(acac) with free Hacac (acac = acetylacetonate 
anion) using proton n.m.r. methods, and identi- 
fied metal-oxygen bond cleavage as the rate- 
controlling process. 

Some preparative work has also been carried 
out in the course of this study, and adducts 
of Me21n(tfac) (tfac = CF, . CO.  CH. CO.  CH,- 
anion) with some bidentate donors are de- 
scribed. The existence of such adducts bears upon 
the n~echanisn~ proposed for the ligand exchange 
process. 

rotation of a monodkntate ligand about a partial Experimental 
double bond prior to  intramolecular proton 

Preparative transfer. Reagents and solvents were generally reagent grade 
We have now extended these studies to the materials; solvents were distilled over drying agents. 

organo-indium species Me,InL, where L is Indium trichloride, prepared by passing chlorine gas 
again a trifluoromethyl-P-diketonate; the parent over indium metal heated to about 150 "C, was obtained 

as a white powder. Trimethylindium was prepared (a) by 
the reaction of rnethvl lithium in ether 14.16 ml. 2.09 M) 

'For Part XXV, see ref. 1. with indium trichloride (0.64 g, 2.90 mtnol) in'15 ml of 
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TABLE 1. Analytical results and melting points for Me21n(CF3. CO . CH . CO . R) and adducts 

Observed (%) Calculated (%) 
Melting point - -- 

Compound ( jc)  C H In C H In 

*N: observed, 6.09,; calcd., 6.29,. 
TP: observed, 9.1%; calcd., 8.99,. 
$See text. 

TABLE 2. Nuclear magnetic resonance spectra of CF, . CO . CH, . CO . R, 
Me,In(CF3. CO. C H .  CO. R), and adducts of Me,In(tfac) in CDCI3 at 35" 

'H Chemical shifts 

- 
(Hz)" 

19F Chemical 
R y-proton CH3-In shifts (Hz)" 

Adducts: bipyd 140 355 12,24 
phene 146 357 12,29 
diphosf 133 348 9,14 

ORelative to external TMS; spcctrometer frequency 60 MHz. 
bRelative to external CF,.COOD; spcctrometer frequency 56.4 MHz. 
'Center peak of multiplet. 
dMultiplet centered at 486 for free hipy appears at  501 Hz in complex. 
=Multiplet centered at  480 for free phen appears at  497 IIz in complex. 
fDiphos CH, triplet unchanged in complex at 137 Ilz. 

ether, followed by distillation in cacuo (6) or (b) by heating 
a mixture of dimethylmercury (12 g) and indium metal 
(7.6 g) a t  135" for 1 week (7). 

The three trifluoromethyl-13-diketonato(dimethy1)in- 
dium(II1) compounds (Me,In(CF3. CO . CH . CO . R) ; 
R = methyl, t-butyl, or phenyl) were prepared by mixing 
Me31n and the appropriate parent diketone in a I : 1 molar 
ratio in ether. The white solids obtained after evaporation 
of the solvent were dried in cacuo. The R = phenyl com- 
pound was not used in the kinetic studies, since the sub- 
stance is extremely hygroscopic and some difficulty was 
experienced in obtaining good crystalline material. Al- 
though the indium analysis of the freshly prepared 
material was satisfactory, it was not possible to obtain 
reliable carbon and hydrogen values because of the 
deliquescence. 

Adducts of Me21n(CF3. CO. CH . CO . CH3) with the 
bidentate ligands 2,2'-bipyridyl (bipy), I ,lo-phenanthro- 
line (phen), and 1,2-bis(dipheny1phosphino)ethane (di- 
phos) were prepared by mixing chloroform solutions of 
the compounds concerned. The 1 :  1 adducts were re- 
crystallized from chloroform - petroleum ether and dried 
in vacuo. Analytical results for all the compounds con- 
cerned are presented in Table 1. Melting points are un- 

corrected. Indium analysis was not possible for Me21nL- 
(diphos), since treatment with concentrated nitric acid 
gave turbid solutions which were not suitable for atomic 
absorption work, but satisfactory analyses were reported 
for C, H, and P. 

Nuclear Magnetic Resonance Spectroscopy 
'H and 19F n.m.r. spectra were obtained with a Jeolco 

JNM-C-60 HL high resolution nuclear magnetic reson- 
ance spectrometer operating at oscillator frequencies of 
60 or 56.4 MHz. Resonance frequencies were measured 
with reference to external standards of TMS and CF3- 
COOD, respectively. A large scale expansion and slow 
sweep time were employed in order to ensure accurate 
values in measurement of line-widths and coalescence 
temperatures. The temperature variation experiments 
employed a variable temperature controller, previously 
calibrated against a thermometer inserted in the n.m.r. 
sample chamber. 

Kinetic Studies 
As in the earlier work (3), the I9r '  chemical shifts are 

much larger than those for the proton resonance (see 
Table 2), and the kinetic studies are therefore based 
entirely on I9F measurements. Two series of experiments 
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were carried out. 111 the first o f  these, the order o f  the 
reaction was determined by measuring the line-width, and 
hence the 19F n.m.r. lifetime, as a function o f  the concen- 
tration o f  complex and free ligand respectively. In the 
second series, the free energies o f  activation for the ex- 
change in differing solvents were obtained from measure- 
ments o f  the coalescence temperature o f  solutions con- 
taining equimolar amounts o f  complex and ligand. The 
d~fferences in the I9F chemical shifts o f  the t n o  reactants 
(Av in Table 4)  were taken from measurements o f  the 
spectra o f  separate solutions o f  the individual species in 
the solvent in question at 35" ( c .5  ref. 3). 

Moleclrlar Weight Studies 
The molecular weights o f  Me21n(CF,. CO . CH . CO . - 

CH,) and its diphos adduct were measured in benzene in 
order to  establish the degree o f  association, using a 
Hewlett-Packard 302B vapor pressure osniometer. Re- 
sults were obtained at four different concentrations; 
benzil was used as a standard for calibration. 

TABLE 3. "F n.m.r, line-widths at half-height as a 
function o f  concentration in the system 

Me,In(tfac)/Htfac/di-isobutylketone at - 20 "C 

( a )  Varying Me,In(tfac), constant Htfac (0.094 n ~ m o l )  

Line-width (Hz)* 
Me,In(tfac) added 

(mmol) Htfac Me21n(tfac) 

Results and Discussion (b) Varying Htfac, constant Me,In(tfac) (0.158 mmol) 

The background theory to this work has been 
Line-width (H7)* 

discussed in the previous paper (3) and need not Htfac 
be repeated here. added (mmol) Htfac Me,In(tfac) 

19F Nuclear Magnefic Resonance Lifetime 
Measurements 

The order of the exchange reaction can be 
established by following the lifetimes of the in- 
dividual species as a function of reactant con- 
centration, measuring the n.m.r. linewidths 
below the coalescence temperature. The system 
Me,In(CF, .CO . C H .  CO. CH,)/CF, .CO .CH,. 
CO.CH, (= Me,In(tfac)/Htfac) in di-isobutyl- 
ketone was chosen for this purpose, since 
the 19F resonances are well-resolved (Av = 49 
Hz at -20 "C) below the coalescence tempera- 
ture (1 6 "C). An additional convenience is that 
the indium complex is air stable. The results are 
summarized in Table 3. The changes in the 
volume of the solution due to addition of com- 
plex (or ligand) were sufficiently small that they 
could be neglected, so that concentrations were 
taken to be proportional to the quantities 
added. 

Table 3a establishes that the half-width of the 
19F resonance due to Me,In(tfac) is constant 
(average value 2.5 * 0.2 Hz) under the experi- 
mental conditions, whereas the corresponding 
quantity for free Htfac is a linear function of 
the concentration of that substance. Similarly, 
the results in Table 36 show a constant half- 
width for Htfac (average 3.9 * 0.1 Hz), and 
values for Me,In(tfac) which are linearly de- 
pendent on the complex concentration. The rate- 
law for the exchange between Me,In(tfac) and 

0 - 1.2 
0.085 4 .2  2.7 
0.122 3.8 3.4 
0.170 3.9 4 .6  
0.200 3 . 8  4 .8  
0.220 3.9 5 .9  
0.249 3.9 6.1 
0.294 3.9 6.9 

*Estimated accuracy on  lnd~vldual  values i 0.2 Hz. 

Htfac in di-isobutylketone at -20 "C is there- 
fore of the form 

This expression is in marked contrast to that 
reported for the exchange between the tris- 
chelate complex In(tfac), and the free ligand, for 
which situation the rate-law was found (3) to be 

We return to this difference below. 

Experitnental Free Energies of Actiration 
The studies by Glass and Tobias (5) on ligand 

exchange with the gallium and thallium ana- 
logs of Me,In(acac) gave values for EA, whereas 
the studies of In(tfac), and similar compounds 
lead to AG*.  For reasons discussed earlier (31, 
we have restricted the present series of measure- 
ments to those systems in which coalescence of 
the two resonances could be observed, so that 
AG* values are again obtained. At coalescence 
one has 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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TABLE 4. Free energies of activation for ligand exchange in Me,In(CF, . CO . CH . CO . R)/CF, . CO . CH, . CO . R 
systems 

Benzene Di-isobutylketone 

Av(IgF) T, Concentration AG* Av(19F) T, Concentration AG * 
R (HZ) ("c) (M) (kcal mol-') (Hz) ('C) (M) (kcal mol-') 

eH3 53 32 0.34 13.4 58 16 0.46 12.8 
t-C4H9 3 8 40 0.33 14.0 45 32 0.23 13.3 

[3 I 117, = JZAv This process was shown to be in keeping with 
the known coordination chemistry of indium(II1) 

where z, is the average lifetime of one reactant (31, and with the mechanism proposed for other 
molecule A, and AV is the chemical shift differ- similar exchange systems (10). The steady-state 
ence between the species A and B (8, 9). For a concentration of these five-coordinate indium- 
second-order process, as established in eq. (111) complexes is undetectably small (3, 11). 
above, Although such a process is readily invoked 

[4I TA = llkc[Al for tris-chelate complexes, it seems an unlikely 
first step in the case of the four-coordinate 

and AG* can then be obtained by substitution M ~ , I ~ L  complexes. ~ h ~ ~ ~ - ~ ~ ~ ~ d i ~ ~ t i ~ ~  is rela- 
into the Eyring rate equation tively rare in indium(II1) chemistry, and those 

hk, species which are formally InX, are strong 
[jl -AGi = RT, In -- 

K ~ T ,  electron pair acceptors, readily increasing the 
coordination number of the metal atom to four, 

in which kc  is the rate constant at the coales- five, or six by the coordination of neutral or 
cence temperature T,, k is the Boltzmann con- anionic ligands (12). It therefore seems most 
stant, and K is the transmission coefficient, to unlikely that the process 
which a value of 0.5 is assigned. The values of Me 
AG* obtained by this procedure are given in [71 

Me\In yo) -----L \ ~n-0-0 
/ \  - / Table 4. Me 0 Me 

Reaction Mechanism can lead to any significant formation of three 
Rapid ligand exchange occurs in each of the coordinate species in solution. Glass and Tobias 

systems studied. We may also report here that (5) suggest that this process occurs with the 
accurate measurements could not be made in gallium analog, but this step is not in fact 
dimethylsulfoxide solution because the coales- crucial to their argument for gallium, although 
cence temperature lies below the accessible tem- it is a likely process in such six-coordinate 
perature range (freezing point of dmso + 18.5 species as Me,Sn(acac),, which they also discuss 
"C),  in each case, so that the values of AG * must in their paper. 
lie below 12.5 kcal mol-I (Av = 125 Hz). Simi- In establishing the mechanism, we first note 
larly, experiments with acetonitrile did not lead that Me,In(tfac) in benzene is a monomer 
to  detectable splitting of the single peak down (mol. wt. found 289; calcd. 298), and it seems 
to - 38" in the case of R = t-butyl (Av = 28 Hz; reasonable to assume that the same holds for 
AG* < 10.4 kcal mol-I). the t-butyl compound. Since benzene is a poor 

The primary step in the ligand exchange donor towards indium(III), the formation of 
mechanism for the six-coordinate InL, com- dimeric or higher species in donor solvents is 
plexes was assumed to be the opening of one unlikely, and the dimethyl complexes are there- 
chelate ring to give a five-coordinate species with fore taken to be monomeric under the condi- 
one monodentate ligand, tions of the present experiments. A second im- 

T O  portant point is that Me,In(tfac) is an acceptor 
O\ I which forms adducts with donor ligands (see 

[61 In 
o/l"O-O below). In the light of these experimental ob- 
LO servations the proposed mechanism is 
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The concentration of the proposed neutral five- 
coordinate intermediate [Me,In(tfac)(Htfac)] is 
clearly given by the concentration product 
K ,  [Me,In(tfac)][Htfac], and the experimentally 
determined kinetic order could be taken as 
identifying the formation of this species as the 
rate controlling step. There is, however, some 
inforniation on the analogous 4 tt 5-coordina- 
tion change in anionic indium(II1) and thallium- 
(111) chloride complexes. and it seems that the 
equilibrium 

has a small equilibrium constant (K = 4.5 for 
Tl(II1)) (13). Similarly, it has been argued that 
preparative evidence points to small energy 
differences between InCIs2- and InC1,-, and 
between InX,L and InX3L2 adducts (12, 14, 15). 
While these statements apply to equilibrium 
studies, there is equally no evidence for a high 
activation energy barrier in such processes: in- 
deed such evidence as exists implies that change 
of coordination number requires little activa- 
tion energy in indium(II1) systems. A Illore 
obviously relevant system is the 6 -+ 5-coordina- 
tion change in the isomerization of In(tfac),, 
where the activation free energy is less than 
11.0 kcal mol-I ( l l ) ,  which is lower than the 
activation free energy for liga~ld exchange in 
either In(tfac), or Me,In(tfac). We therefore 
assume that the formation of the intermediate 
[Me,ln(tfac)(Htfac)] is not the rate-controlling 
process in the present system, that the forward 
reaction (step I )  is fast, and the equilibrium con- 

stant for the formation of the intermediate is 
small. 

This leaves either the ring-opening process 
(step 2) or the intramolecular proton transfer 
(step 3) as possible rate-controlling processes. 
Without repeating the arguments presented in 
ref. 3, it seems that the more likely process is 
step 3, in which the partial double-bond charac- 
ter of the rnonodentate ligand system hinders 
the rotation which must precede proton trans- 
fer froin one monodentate diketonate ligand to 
the other. The rate is given by: 

in agreement with the experimental result 
(es. 1). 

The experiinentally determined activation free 
energies displayed in Table 4 are some 3-6 
kcal mol-' lower than those reported previously 
for exchange in InL,/HL systems. This seems not 
unreasonable, since the ligand rotation process 
in the InL, case is occurring within the con- 
straints of a six-coordinate species, whereas in 
the present work the transition state is in the 
more open four-coordinate complex. The order 
of activation free energies with respect to R and 
solvent is similar to that found in the earlier 
work: in particular, basic solvents enhance the 
rate of exchange, presumably by acting as a 
bridge in the intramolecular proton transfer 
process. In general, the kinetic evidence on ex- 
change in InL,/HL and Me,lnL/HL systems 
supports a simple ~nechanism which applies to 
both systems. 

Preparatiz.e Ecidence 
A large number of adducts of neutral and 

anionic indium(II1) halides, pseudohalides, di- 
thiolates, etc.. has been described in the litera- 
ture (12), and, as noted above, the existence of 
such adducts supports the formation of the 
species [Me,In(tfac)(Htfac)] in step I of the 
reaction mechanism. It seemed worthwhile to 
confirm the acceptor properties of Me,In(tfac) 
by the preparation of addition compounds with 
2.2'-bipyridyl, I ,  10-phenanthroline, and 1,2-bis- 
(dipheny1phosphino)ethane. The 1 : 1 adducts 
are air-stable crystalline materials, white (diphos) 
or pale yellow (bipy, phen) in color, and soluble 
in chloroform. The 1,lO-phenanthroline com- 
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plex is a monomer in benzene solution (mol. wt. 
found 522, calculated 478). The compound 
Me,In(tfac)(bipy) is the methyl analog of 
Cl,In(acac)(bipy), whose preparation was re- 
ported elsewhere (I), and whose structure (16) 
has been shown by X-ray methods to be that of 
the cis-isomer of a six-coordinate InO2N2Cl2 
species, so that it seems safe to conclude that the 
adducts of Me21n(tfac) are also six-coordinate 
indium(Il1) complexes. 

The 'H and 19F n.m.r. spectra of these addi- 
tion compounds are summarized in Table 2. In 
freshly prepared solutions, all three compounds 
show two resonances due to the methyl groups 
attached to indium, confirming the cis-stereo- 
chemistry proposed above, since only one reso- 
nance would be observed for a trcms-octahedral 
species. There are a number of interesting stereo- 
chemical problems with these InO,N,Me, com- 
pounds, but these problems are more suitably 
discussed in terms of the five- and six-coordinate 
adducts of dimethyl(acetato)indium(TII), since 
the crystal structure of this compound is known 
(17); these matters will be discussed in a future 
publication (18). In general, the preparative 
work described here, and that on the derivatives 
of Me,Sn(OAc) confirms the reality of the 
equilibrium I i n  the proposed reaction mechan- 
ism. 

This work was s~~pported in part by Operating Grants 
from the National Research Council of Canada. 
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Coordination Compounds of Indium. Part XXVII. Addition Compounds of 
Acetato(dimethyl)indium(III) 

J .  J .  HABEEB AND D. G. TUCK 
Department of Chemistry, University of Windsor, Windsor, Ontario N9B 3P4 

Received June 14, 1974 

J. J. HABEEB and D. G. TUCK. Can. J. Chem. 52,3950 (1974). 
The compound Me,In(OAc), which is polymeric in the crystalline state, reacts with neutral 

donor ligands in organic solvents to yield three series of adducts. With monodentate donors, 
the product is Me,In(OAc)L (L = dimethylsulfoxide or pyridine), which is formulated as a 
five-coordinate monomer in solution. With bidentate donors, the product is either the mono- 
meric six-coordinate MezIn(OAc)L" (L" = ethylenediamine or 1,2-bis(dipheny1phosphino)- 
ethane), or the complex [Me21n(OAc)]2L11 (L" = 2,2'-bipyridyl or 1,lO-phenanthroline). The 
n.m.r. and vibrational spectra of these compounds are discussed. 

J. J. HABEEB et D. G. TUCK. Can. J. Chem. 52,3950(1974). 
Le compose Me,In(OAc), polymere a l'etat cristallin, reagit dans des solvants organiques 

avec des ligands donneurs neutres pour donner trois series de produits d'addition. Avec des 
donneurs monodentates, le produit est Me,In(OAc)L (L = dimethylsulfoxyde ou pyridine), 
qui est considere en solution, comme un monomere pentacoordonnk. Avec des donneurs 
bidentates, le produit est soit le monomere hexacoordonne Me21n(OAc)L1' (L" = tthylene- 
diamine OLI bis(dipheny1phosphino)-1,2 ethane), soit le complexe [Me,In(OAc)],L" (L" = 
bipyridyl-2,2' ou phenanthroline-1,lO). On discute les spectres r.m.n. et vibrationnels de ces 
produits. [Traduit par le journal] 

Introduction may lead to the formation of both monomeric 
I n  the course of earlier work on the chemistry of and dimeric residues by the break-down of the 

organoindium compounds, the crystal structure crystalline polymer. We have now investigated 
of acetato(diniethyl)indium(III), Me,In(OAc), another Process which involves depolymeriza- 
was determined by X-ray methods (1). The crystal tion, namely the f~rmat ion  of adducts of 
structure of this substance, which was first pre- MezIn(OAc) with typical mono- and bidentate 
pared by clark and pickard (21, is based on a neutral donor niolecules. In this work too, deriv- 
six-coordinate indium atom, bonding to two atives of both M ~ , I ~ ( O A C )  and [~e,1n(OAc)], 
approximately trans-nlethyl groups and a bi- have been obtained; spectroscopic methods have 
dentate acetate group, with two weaker lnpO been used in elucidating the structures of these 
contacts from different adjacent acetate groups. cOm~Ounds .  
The overall effect is to give a polyn~eric crystal 
structure involving Me,InO, coordination. The Experimental 
analogous Et,ln(OAc) has a very similar struc- General 
ture (31, while t h i o a c e t a t o ( d i e t h ~ l ) i ~ ~ ~ ~ ~ ( I I I )  Spectroscopic and analytical techniques were as in 
differs in that only the oxygen atom of the earlier work. Acetato(dimethyl)indi~~m(III) was prepared 
bidentate thioacetate group takes part in bridge by the reaction of trimethylindium and acetic acid (2), 

formation (4). Such structures are all in keeping and purified by 

with the tendency of indium(II1) to be five- or Pveparatice 
six-coordinate when bonded to small electro- Addition compounds of Me,In(OAc) with 1,lo- hen- 

negative ligand atoms (5). anthroline (phen) and 1,2-bis(dipheny1phosphino)ethane 
(diphos) were prepared by mixing solutions of the reac- 

The mass 'pectrum of Me21n(0Ac) at 90 O C  tants in elhanol, followed by the addition of dry ether to 
showed the presence of derivatives of mono- precipitate the adduct. With 2,2'-bipyridyl (bipy), the 
meric species, including the molecular ion, in reaction was carried out in 1 :I ethano1:chloroform. In 

the gas phase, but in addition ions such as the case of dimethylsulfoxide (dmso) and ethylenediamine 
(en), Me,In(OAc) was dissolved in excess ligand, which [Me21n2(oAc)21+ and [Me2'n2(oAc)l+ were de- was subsequently pumped of'i in cacuo. The white solids 

tected (61, implying that thermal decomposition obtained by these various routes were washed several 
times with dry ether and dried in t*acuo. The analytical 

lFor Part XXVI, see ref. 8. results are given in Table 1. 
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TABLE 1. Analytical results on adducts of MezInOAc 
- -- 

Found (%I Calculated (%) 
-- 

Compound C H N In C H N In 

Me21n(OAc).dmso 25.4 5 .3  - 40.8 25.5 5 .3  - 40 8 
Me,In(OAc).py* - - - 40.0 38.1 4.9 4.9 40.5 
[Me21n(OAc)],.bipy 37.9 4 .6  4 .9  40.0 38.3 4 .6  5 .0  40.8 
[Me,In(OAc)],.phen 40.0 4 .3  4 .7  39.4 40.7 4 .6  4.7 39.1 
Me21n(OAc).en 27.1 6 .5  10.8 43.2 27.2 6 .5  10.6 43.5 
Me,In(OAc).diphos 59.6 5 .3  - 19.3 59.8 5 .5  - 19.1 

*Acetate: calcd., 20.9; found, 20.6. 

The pyridine adduct is the most unstable of the com- 
pounds prepared in this study. Acetato(dimethy1)indium- 
(111) dissolves in dry pyridine: the addition of ether pro- 
duced no precipitate, but removal of the excess by pump- 
ing left a residue of hard yellow solid. Analysis of this 
material immediately after washing with heptane showed 
it to be the 1 :1 adduct (see Table I), which loses pyridine 
on standing. A typical C, H, and N analysis was done 
some four days after the original preparation (cf. Table 1). 

Anal. Calcd. for (CH3)21n02C2H3~0.17C5H5N: C, 
26.7; H, 4.6; N, 1.1. Found: C, 26.0; H, 4.4; N, 1.1. 

The pyridine adducts of indium(II1) triacetate and 
triformate also lose pyridine on standing at room 
temperature (6). 

Results and Discussion 

The analytical results show that three series of 
adducts of Me,In(OAc) can be prepared, namely 
Me21n(OAc)L (L = monodentate neutral donor), 
Me21n(OAc)L" (L" = bidentate neutral donor), 
and [Me21n(OAc)],LH. It  will be convenient to 
discuss the spectroscopic and structural informa- 
tion on these three groups separately. 

Me,Zn(OAc)L Con~pounds 
Acetato(dimethyl)indium(III) dissolves readily 

in dimethylsulfoxide at  room temperature, and 
molecular weight determinations showed that 
the solute species is a monomer (Mol. wt. for 
Me21n(OAc) requires M = 204; found 198, 
210), presumably solvated by dimethylsulfoxide. 
The n.m.r. 'H spectrum at 60 MHz shows only 
one sharp resonance for the methyl group 
bonded to indium (at 0.52 p.p.m. from external 
TMS in CDCI,, and a t  0.05 p.p.m. from TMS 
in dmso-d,), and one for the acetato methyl 
group (at 2.48 p.p.m. in CDCI,, 2.15 p.p.m. in 
dmso-d,). The vibrational spectrum of solid 
Me,In(OAc).dmso has two bands in the In- 
CH, stretching region (R, 499 vs, 551 w; i.r., 
496 m, 553 s cm-I), corresponding to v,,, and 
v,, of the Me,In group in the adduct (cf. fre- 
quencies of 496 and 551 cm-' in Me,In(OAc) 

(2,6)). The Raman band at 499 cm-' is also seen 
in the spectrum of a solution of Me21n(OAc) in 
dimethylsulfoxide. The In-CH, rocking mode 
is at  736 m cm-' in the solid, and the main 
acetate group vibrations are at  1565, 1468, and 
958 cm-', which represent only slight changes 
from the spectrum of the parent compound 
(cf. ref. 6), but serve to show that the acetate 
group remains bonded in a bidentate manner to 
the metal atom. A band at 1020 c m '  is assigned 
to v(S-0) of oxygen-bonded dimethylsulfoxide. 

The structural conclusion to be drawn 
from these results is that a monomeric Me,In- 
(OAc).dmso species is present in solution, and 
in keeping with other InX,L2 species (5), the 
molecule is assigned the trans trigonal bipyra- 
midal structure shown. A distorted form of this 
monomer 

may also be present in the solid state, although 
it is more likely that intermolecular bridging via 
the acetato oxygen atoms produces a polymeric 
structure (cf. the discussion of the bipy complex 
below). The frequencies of the In-CH, and 
acetate vibrations are not sufficiently sensitive to 
be used diagnostically with any certainty in this 
context (2, 6). 

A similar situation applies in the pyridine case. 
The 'H n.m.r. spectrum in pyridine-d, has 
singlets at  2.18 (OAc) and 0.05 p.p.m. (CH,-In) 
from external TMS, and the vibrational spectrum 
of the solid in the v(En-CH,) region (R, 492 s, 
548 vw; i.r., 498 w, 555 s cm-') resembles that of 
the dmso adduct. The spectrum of a freshly pre- 
pared sample shows the typical bands of co- 
ordinated pyridine, but these disappear as pyri- 
dine is lost on standing, (cf. Preparative above), 
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leaving the spectrum of the parent Me,In(OAc). 
Here again then, the evidence points to a trigonal 
pyramidal structure for Me,In(OAc).py in solu- 
tion with trans-methyl groups, but a probable 
polymeric lattice in the solid state. 

Me, Zlz(OAcjLH Cornpouizds 
A complete analysis of the vibrational spec- 

trum of Me,In(OAc)diphos is not possible be- 
cause of the rich spectrum of the ligand itself. 
In particular, three strong bands at  442,476, and 
51 1 cm-l in the infrared obscure part of the 
v(1n-CH,) region, allowing only the absorption 
at 554 m c m l  to be assigned to this vibration 
(presumably v,, by analogy with other com- 
pounds). A Raman band at 498 scm- '  is 
assigned to v , , ,  of In-CH,. 

The n.1n.r. spectrum of diphos itself in CD,Cl, 
consists of the phenyl group resonances at  7.15 
p.p.m., and a 1 :2:1 triplet centered at  2.05 p.p.m., 
wlth a coupling constant of 7.0 Hz, clearly 
therefore due to the ethylene bridge protons. In 
the Me,In(OAc) adduct, this triplet is centered 
at 2.06 p.p.m., uhere jt is almost coincident with 
the acetate methyl group resonance at  2.00 
p.p .n~.  Two resonances of equal intensity are 
observed for the CH,-In groups in freshly pre- 
pared solutions in both CD,Cl, and CDCI, 
(at +0.05 and -0.02 p.p.m.). As with the 
phenanthroline case discussed belou, the CH,- 
In resonances decrease in intensity with time due 
to reaction with chlorinated hydrocarbon sol- 
vents. In perdeuterotoluene, the lo\v solubility 
of the compound gives rise to a weak spectrum, 
but two equal intensity CH,-In bands are ob- 
served at  +0.20 and -0.47 p.p.in. from ex- 
ternal TMS. The presence of a sharp triplet for 
the C,H, group shows that the compound is 
relatively rigid, in that the H-H coupling is 
not averaged out by any intramolecule motion. 
Similarly, the detection of two CH3-In reso- 
nances is to be expected for a kinetically stable 
monomeric species with a cis-(CH,),InO,P, 
kernel. This stereochemistry is identical to that 
established by X-ray methods (7) for the com- 
pound Cl,In(acac)(bipy), while recent prepara- 
tive work in this laboratory (8) has also yielded 
compounds such as Me,In(tfac)(diphos) (tfac = 

CF,.CO.CH.CO.CH,- anion), for which cis- 
dimethyl groups were postulated on the basis of 
n.m.r. spectroscopy. There is an increasing 
accumulation of evidence that such compounds 

are predominantly in the cis form, and the 
reasons for this have been discussed elsewhere 
(5). 

The ethylenediamine adduct gave a more 
complicated set of spectra. Vibrational spectros- 
copy again showed two In-CH, stretching 
modes (R, 521 w, 490 vs; i.r., 524 m, 492 w 
cm-I), and confirmed the coordination of 
ethylenediamine to the metal. The 'H n.m.r. 
spectrum of Me,In(OAc).en in CDCI, is strongly 
temperature dependent as far as the ligand 
protons are concerned. The dimethylindium 
group gives rise to a singlet at  0.47 p.p.m. up- 
field from external TMS over the range of tem- 
peratures investigated (0 to 60 "C: precipitation 
of solute prevented work below 0 "C), and while 
this singlet broadens slightly with increasing 
temperature, it does not show any significant 
change in frequency. The acetate inethyl is 
likewise a sharp singlet at  2.47 p.p.m., and also 
appears to be temperature independent. Ethyl- 
enediamine in CDC1, shows two proton reso- 
nance at  1.50 (NH,) and 3.07 (CH,) p.p.m., but 
for the complex in the same solvent we find a 
sharp and a broad singlet at 3.38 (CH,) and 2.90 
(NH,) p.p.m. respectively. The lower field reso- 
nance does not change on raising the tempera- 
ture, but the NH, proton absorption broadens 
and moves to lower field, until at  55 "C it is 
essentially coincident with the signal due to the 
acetate methyl group. This behavior is reversible 
on lowering the temperature and is therefore not 
the result of reaction with the solvent. We believe 
that these n.1n.r. spectra establish that in solu- 
tion the six-coordinate complex is in rapid 
equilibrium with a five-coordinate species in 
which the ethylenediamine acts as a monodentate 
ligand. 

Such behavior has not been previously reported 
for nitrogen donor complexes of indium(III), 
but the related In(tfac), (9) and Me,In(tfac) (8) 
systems have both been held to undergo ligand 
exchange via intermediates in which mono- 
dentate diketonate ligands are involved. Rapid 
isomerization of indium(II1) tris(/3-diketonate) 
complexes has also been explained in similar 
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terms (10). The proposed equilibrium explains 
both the shift of the NH, proton resonance and 
the presence of a single CH3-In resonance. 
Coilductivity measurements showed that Me,In- 
(OAc).en is a nonconductor in nitromethane, so 
that one can rule out any equilibrium processes 
involving ionic dissociation of the acetate ligand. 

[Me,In(OAc) ],L" Compounds 
In the case of both 2,2'-bipyridyl and 1,lO- 

phenanthroline, the analytical results on the 
addition compound require two molecules of 
Me,In(OAc) for each bidentate ligand. The 
molecular weight of the phenanthroline adduct 
in dimethylsulfoxide at  43.4"C is 595 (calcd. 
588), confirming that the compound is stable as a 
derivative of dirneric Me,In(OAc) under these 
conditions. At higher temperatures the measured 
molecular weight decreases, and above 75" values 
as low as 210 (cf .  the molecular weight of 
Me,In(OAc)) were recorded, showing that irre- 
versible decornposition to Me,In(OAc) and 
ligand can occur under such relatively severe 
treatment. The actual experimental value de- 
pends both on temperature and on length of 
time of heating. 

The spectral features of the 1 ,l O-phenanthro- 
line and 2,2'-bipyridyl compounds are quite 
similar. Both show two v(In-CH,) modes 
(phen: i.r., 530 s, 478 w, R, 480 s ;  bipy: i.r., 
507 w, R ,  503 s, 533 wcm-l) .  The 'H n.m.r. 
spectra of freshly prepared solutions have two 
CH3-In resonances (phen: 0.72 and 0.42; bipy: 
0.72 and 0.65 p.p.m. from TMS) and one acetate 
resonance (phen: 2.46; bipy: 2.42 p.p.m.). Rapid 
changes occur in the CH3-In region on stand- 
ing at room temperature over approximately 
5-15 min, with an overall drop in intensity, and 
a change in the relative intensities of the two 
peaks, with the high field peak decreasing the 
more quickly. This behavior is apparently the 
result of a reaction between the methyl groups 
and chloroform; similar reactions have been 
observed in a number of other methylindium 
systems, and will be discussed more fully else- 
where. 

Two possible structures can be constructed to 
explain these results. The first could invoke 
acetate bridging of the type seen in copper(I1) 
acetate, with additional bridging by the bi- 
pyridyl molecule (structure 1). 

but this requires either five-coordinate indium, 
or an indium-indium bridge, both of which are 
unlikely in the compounds of this nature. A more 
likely model is that based on Me,In(OAc) itself 

which possesses all the features required by the 
spectral results and is the structure preferred on 
the basis of present information 

General 
Attention has been drawn on a number of 

occasions to the ease with which indium(II1) 
complexes change coordination number and 
stereochemistry. Slight alterations in prepara- 
tive conditions frequently produce significant 
changes in the nature of the products obtained 
from reactions in solution. The present work is 
an extreme example of such behavior, in that 
three different classes of compound have been 
identified with three different nitrogen (and 
other) donors. Clearly, the basicity of the ligand 
1s one of the parameters involved in deciding on 
the relative stability of Me,In(OAc)L, Me,In- 
(OAc)LH, and [Me,ln(OAc)],LH. Strong mono- 
dentate bases can cause co~nplete break up of 
the lattice. 111 the case of the bidentate ligands, 
the higher basicity of ethylenediamine relative to 
(say) 2,2'-bipyridyl must be one factor contri- 
buting to the formation of a derivative of mono- 
meric, rather than dimeric, Me,In(OAc). Steric 
factors may also be important, since the exami- 
nation of models suggests that the NH, protons 
of ethylenediamine (and, a fortiori, the phenyl 
groups of diphos) might interfere sterically with 
the other ligands (CH,, acetate) in structure 2, 
thus favoring the complete breakdown to the 
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monomeric Me,In(OAc).en (or diphos). As in 
other indium(II1) complexes then, easy rearrange- 
ment processes, and in the case of the ethylene- 
diamine adduct, fluxional behavior, give rise to a 
related series of complexes of differing stereo- 
chemistry and coordination number. 

This work was supported in part by Operating Grants 
from the National Research Council of Canada. 
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Rearrangement Studies with 14C. XL. The Acetolysis of 
2-Phenylethyl-1-14C Triflate 

CHOI CHUCK LEE AND DON UNGER 
Department of Chemrstn and Chem~cal Engrneerrrzg, Unl~erslty of Saskatchewan, Sarkatnon, Sa~katchewan S7NOWO 

Rece~ved May 23, 1974 

CHOI CHUCK LEE and DON UNGER. Can. J. Chem, 52,3955 (1974). 
2-Phenylethyl-1-14C triflate (1-OTf-I-'4C) was synthesized by the inverse addition of equiva- 

lent amounts of 1-OH-1-14C and pyridine to trifluoromethanesulfonic acid anhydride. Solvo- 
lysis of l-OTf-1-'4C in unbuffered HOAc resulted in about 32% rearrangement of the 14C-label 
from C-l to C-2, a value that is almost the same as that observed for the analogous acetoiysis 
of 1-OTs-I-14C. Partial reaction of 1-OTf-2-d2 in HOAc-d4 showed that unreacted 1-OTf-d2 
was isotopically scrambled, indicating the occurrence of ion-pair returns. Acetolysis of 1-OTf- 
1-14C in the presence of added NaN, or NaN, and NaOAc, however, gave results indicating 
differences in behaviors between 1-OTf and 1-OTs and it is concluded that the acetolysis of 
1-OTf and 1-OTs are mechanistically similar but not identical. 

CHOI CHUCK LEE et DON UNGER. Can. J. Chem. 52,3955 (1974). 
On a synthetise le triflate de phenyl-2 ethyle- 14C-1 (OTf-1-'4C-I) par une addition inverse de 

quantites equivalentes de OH-1-14C-1 et de pyridine a l'anhydride trifluoromCthanesulfonique. 
La solvolyse du 0Tf-1-'4C-l dans AcOH non tamponne resulte, en un rearrangement de C-l a 
C-2 d'environ 32% du 14C marque, une valeur qui est a peu pres la m&me que celle observee pour 
une acetolyse analogue du OTs-1-14C-I. La reaction partielle de OTf-1-d2-2 dans AcOH-d4 
montre que le OTf-1-d2 non reagi etait un melange isotopique, indiquant l'existence d'un retour 
d'ions-pairs. L'acetolyse de OTf-1-I4C-1 en presence de NaN, ajoute OLI NaN, et NaOAc, 
donne des resultats indiquant des diffirences dans les comportements entre OTf-1 et OTs-1 et on 
endeduit que l'acetolyse de OTf-1 et de OTs-1 se fait par un mecanisme comparable, mais non 
identique. [Traduit par le journal] 

In an earlier attempt in this laboratory to 
synthesize 2-phenylethyl-l-14C triflate (1-OTf- 
1-14C) from the reaction of 2-phenylethyl-1-14C 
iodide (1-I-1-14C) with AgOTf, it was found that 
the I4C-label in the product was completely 
scrambled between the C-1 and C-2 positions 
(I). A number of alternate methods of synthesis 
was also tried but they failed to give the desired 
1-OTf. The possibility of preparing the triflate 
ester from reaction of the alcohol with trifluoro- 
methanesulfonic acid anhydride in pyridine (2) 
was not attempted because 1-OTf was found to 
react readily with pyridine to give 2-phenyl- 
ethylpyridinium triflate. Indeed this pyridinium 
salt may serve as a good solid derivative for 
1-OTf. In the present work, 1 - 0 ~ f - l - l ~ C  was SUC- 

cessfully synthesized by a modification of the 
preparation in the presence of pyridine. Instead 
of using pyridine as solvent, an inverse dropwise 
addition of equimolar amounts of I - O H - ~ - ' ~ C  
and pyridine in CC1, to trifluoromethanesulfonic 
acid anhydride in CCl, gave the desired 1-OTf- 
1-14C, which on oxidation yielded nonradioac- 
tive PhCOOH. 

In the earlier work (I), it was pointed out that 
since a great deal of data is available on isotopic 
scramblings accompanying solvolyses of 2- 
phenylethyl-I-14C tosylate (1-OTs-1-14C), it 
would be of interest to have a comparison of the 
behavior of the triflate and tosylate by studying 
similar solvolyses of 1-OTf-1-14C. When dupli- 
cate acetolyses of 1-OTf-1-14C (0.5 M in glacial 
HOAc) were effected at 50" for 2 h, 1-OAc-14C 
was obtained in high yields and oxidation of this 
product to PhCOOH indicated nearly 32% re- 
arrangement of the I4C-label from C-1 to C-2, 
the data being summarized in Table 1. This ex- 
tent of 14C scrambling is almost the same as that 
observed previously by Coke and co-workers (3) 
and by Lee et al. (4) for the analogous solvolysis 
of the tosylate ester, 1-OTs-1-14C, in unbuffered 
glacial HOAc (Table I). 

Internal returns during acetolysis of 1-OTs- 
1-I4C gave rise to extensive scrambling of the 
label in the tosylate ester recovered at different 
stages of completion of the reaction (3). In our 
previous work (I), the rate of acetolysis of 
1-OTf at 30" was found to be 9.44 x sC1, 
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TABLE 1. Data from solvolyses of 0.5 M 2-phenylethyl-1-14C triflate (1-OTf-1-'4C) in HOAc with or without added salt 

Rearrangement in 
Rearrangement reaction with 

Product yield (z)* Specific activity (d.p.m./mmol) from C-1 to C-2 (%) I-OTs-1-14C (%) 
Added 
salt I-OAc 1-N3 1-OAc PhCOOH 1-N3 PhCOOH I-OAc 1-N3 1-OAc 1-N, 

None 95.8 274 000 86 900 31.7 32.6t 

None 97.6 345 000 110 000 31.9 31.48 

0.7 M NaN, 85.2 5 .4  289 000 54 500 33 300 8350 18.9 25.1 
8.18 5.88 

0.7 M NaN, 88.9 5 .5  304 000 53 700 33 300 8000 17.7 24.0 

0.7 M NaN, 
+ 0.7 M NaOAc 85.1 6 .5  292 300 31 600 59 800 5550 10.8 9.3 

0.7 M NaN3 
+ 0.7 M NaOAc 88.6 5.9 279 000 30 200 45 900 4260 10.8 9.3 

*Obtained from isotope dilution calculations 
?From ref. 3. 
$Mean value of duplicate runs from reC 4. 
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(X = OTs or OTf) 

which was faster than the corresponding rate for 
1-OTs by a factor of about 10, 9. Thus with the 
more reactive 1 - 0 ~ f - l - ' ~ C  as substrate, while it 
should be possible to stop the reaction before 
completion, reisolation of the triflate ester for 
studies of scrambling arising from internal 
returns likely would be difficult to carry out in 
practice. In the present work, internal returns 
were investigated by treating 2-phenylethyl- 
2,2-d2 triflate (1-OTf-2-d2) in HOAc-d, in an 
n.m.r. tube and monitoring the D-distributions 
by n.1n.r. At 30" after reaction times of 3.25 and 
5.0 h, it was noted that the rearrangement of the 
D-label from C-2 to C-1 in the 1-OAc-d, prod- 
uct was 34 and 35%. For the unreacted 1-OTf-d, 
present in the same reaction mixture, the analo- 
gous extents of D-scrambling were 24 and 33z ,  
respectively, at 3.25 and 5.0 h. These results thus 
demonstrate that similar to 1-OTs, extensive 
return processes also occur during the acetolysis 
of 1-OTf. Such behavior together with the nearly 
identical 14C-scrambling in the reaction products 
from 1-OTf-1-14C and ~ - O T S - I - ~ ~ C  suggests that 
acetolyses of 1-OTf and 1-OTs are mechanistic- 
ally similar, thus lending further support to the 
conclusion of Streitwieser and co-workers (5, 
6), arrived at for the ethyl and propyl systems, 
that solvolysis of triflates is no more limiting 
than that of tosylates. 

As shown in Scheme 1, the overall extent of 
14C scrambling in the 1-OAc-14C from the aceto- 
lysis of either 1-OTf-1-14C or 1-OTs-1-14C would 
be the composite result of product formation 
from the ethylenebenzenium ion (the k ,  process) 
and from direct displacement (the k, process) 
which may involve rearranged starting material 
that resulted from ion-pair returns (3, 4). While 
about 32% rearrangement was observed in the 
acetolysis of either 1-OTf-1-14C or l - O ~ s - l - ' ~ C ,  

it is likely, however, that various competing 
processes did not contribute in identical ways to 
the net rearrangement in the reactions with the 
two sulfonate esters. 

The azide ion is a strong nucleophile and it has 
been utilized as a mechanistic probe for the k, 
process in the acetolysis of I - O T S - I - ~ ~ C  (4). 
When 1-OTf-1-14C was acetolyzed in the pres- 
ence of added NaN, or NaN, and NaOAc, the 
results, also summarized in Table 1, show that 
there are differences in behavior between 
1-OTf- 1-14C and 1-OTs- 1 -14C. The presence of 
0.7 M NaN, in the acetolysis of 0.5 M 1-OTs- 
1-14C decreased the extent of 14C scrambling in 
the resulting I-OAC-'~C to about 8Y,,  and fur- 
thermore, the l-N,-14C obtained from the same 
reaction was rearranged to a lesser extent than 
the acetate (4). On the other hand, the analogous 
acetolysis of 1-OTf-1-14C in the presence of 
NaN, (Table 1) gave a 1-OAC-14C product with 
about 18% rearrangement, whereas the 1-N3-14C 
obtained was rearranged to a greater extent than 
the acetate. 

In discussing the results from 1-OTs-1-14C (4), 
it was suggested that a factor that might have 
played a part in decreasing the rearrangement 
could be that in the presence of added NaN,, the 
reaction rate was enhanced (7, 8). In fact, the 
acetolysis of 0.5 M 1-OTs in the presence of 0.7 
M NaN, has been found to be about 13 times 
faster than the analogous reaction without any 
added NaN, (9). With a faster reaction in the 
presence of NaN,, there would be less oppor- 
tunity for the occurrence of many cycles of ion- 
pair formation and ion-pair returns, thus result- 
ing in a lower amount of rearrangement in the 
reaction product. Similar explanations could be 
applied to the results obtained in the acetolysis 
of 1-OTf-1-14C in the presence of NaN,; how- 
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ever, the differences observed in the actual mag- 
nitudes of rearrangement in the 1-0Ac-I4C and 
~ - N , - ' ~ C  products from 1-OTf-1-14C and 1- 
OTS-1-14c could be regarded as indications that 
there are differences in the relative contributions 
of the k,, k,, and ion-pair return processes in the 
acetolysis of the two esters, 1-OTf and 1-OTs. 

From the acetolysis of 1 - 0 ~ f - l - l ~ C  in the 
presence of added NaN,, the findings of more 
isotopic scrambling in the ~ - N , - ' ~ c  than the 
1-OAc-14C is unexpected. While the reason for 
this observation is not completely clear, a possi- 
ble explanation may lie in the fact that different 
sulfonic acids are liberated during the solvolysis 
of ~ - O T S - I - ~ ~ C  and 1 - O ~ f - l - l ~ C .  Coke and co- 
workers (3) have noted that the presence of 
HOTS during acetolysis of 1 - 0 ~ s - l - ' ~ C  has a 
slight effect on the extent of rearrangement, 
tending to increase it. The stronger sulfonic acid, 
HOTf, liberated during the acetolysis of 1-OTf- 
1-I4C, may exert a greater influence on the iso- 
topic rearrangement, and this effect may be 
different for the formation of 1-0Ac-'~c and 
1-N,-14C. Thus while the acetolysis of 1-OTs- 
1-14C with added NaN, (4) gave ~ - o A c - ' ~ C  and 
1-N,-I4C with rearrangements of about 8 and 
6 7 ,  respectively, the analogous reaction with 
1-OTf-l-'4C gave 1-OAc-14C ahd 1-N,-14C, 
respectively, with about 18 and 25% rearrange- 
ment (Table 1). When the acetolysis of 1-OTf- 
1 -I4C was carried out in the presence of NaN, and 
NaOAc, the liberated HOTf would be neutral- 
ized. The presence of both acetate and azide ions 
would enhance the k ,  processes, and the overall 
rearrangements in both 1-0Ac-14C and ~ - N , - ' ~ C  
were lowered to about 11 and 9%, respectively 
(Table I ) ,  with less rearrangement in the 1-N,- 
I4C since the azide ion is a stronger nucleophile. 
Thus considering all the results from the present 
work, it may be concluded that the acetolyses of 
1-OTf and 1-OTs are mechanistically similar but 
not identical. 

Experimental 
2-Phenylethyl-l-14C Triflate (1-OTf-1-14C) 

A solution of 4.88 g (40 mmol) of l-OH-l-14C and 
3.16 g (40 mmol) of pyridine in 20 ml of CCI, was added 
dropwise to 11.28 g (40 mmol) of trifluoromethanesul- 
f o n ~ c  acid anhydride dissolved In 10 ml of CC14 and main- 
tained at ice bath temperature. The reaction mixture 
immediately turned yellow and the pyridinium triflate 
salt that was formed precipitated and was removed by 
filtration through Celite. The filtrate was decolorized 
several times with activated charcoal and the solvent was 

distilled off leaving 8.1 g (82%) of l-OTf-1-14C. After 
purification by distillation at 65-70" and 1 Torr, the 
n.m.r. and mass spectra of the product were identical to 
those reported earlier for 1-OTf (1). Oxidation of the 
product by alkaline KMnO, gave nonradioactive 
PhCOOH. 

2-Phenylethylpyridinium Triflate 
To a solution of 1.58 g (20 mmol) of pyridine in 10 ml 

of CCI, was added dropwise 2.54 g (10 mmol) of 1-OTf. 
A colorless oil immediately separated out and solidified 
upon standing. The 2-phenylethylpyridinium triflate was 
collected by filtration and recrystallized from ethanol to 
give 3.0 g (90%) of the salt, m.p. 101-104"; n.m.r. (ace- 
tone-d6) 6 9.07, 8.67, 8.12 (m, pyridine H's, 5) 7.25 (m, Ar 
H's, 5) 5.05 (t, C-1 H's, 2) 3.45 (t, C-2 H's, 2). 

Anal. Calcd. for CI4Hl4O3NSF3: C, 50.50; H, 4.20; 
N, 4.20. Found: C, 50.33; H, 4.37; N, 4.17. 

Acetolysis Reactions 
The reactions were carried out at 50" for 2 h with 0.5 M 

solutions of 1-OTf-1-14C in glacial HOAc with or without 
the presence of 0.7 M NaN, or 0.7 M NaN, and 0.7 M 
NaOAc. Inactive carriers, 1-OAc or 1-OAc and 1-N3, 
were added prior to product isolation so that yields could 
be calculated by isotope dilution. A typical run is des- 
cribed below. 

A solution of 3.18 g (12.5 mmol) of 1-OTf-l-14C in 25 
ml of glacial HOAc was heated at 50" for 2 h. The result- 
ing material was poured into 100 ml of ice water and an 
appropriate amount of ordinary 1-OAc was added as 
carrier. The mixture was then extracted several times with 
pentane and the combined extract was washed with HzO, 
dried over MgSO,, and fractionated to give 1-OAc-14C. 
Knowing the weights of carrier added and the specific 
activities of the 1-OTf-1-14C and therecovered 1-OAc-14C, 
isotope dilution calculations gave the yield of acetate 
product. 

The reaction products, 1-OAc-14C or 1-OAc-14C and 
1-N3-14C, were converted to solid derivatives for 14C 
assays as previously described (4). Oxidation of the 
products with alkaline KMnO, yielded PhCOOH whose 
activity gave the extent of rearrangement of the 14C-label 
from C-1 to C-2. 

Studies on Ion-pair Returns 
PhCD,COOH, obtained from several cycles of ex- 

change and reisolation by prolonged refluxing of PhCH2- 
COONa in D,O, was reduced with LiAIH, to give 
1-OH-2-d, which in turn was converted to 1-OTf-2-d2 
in the same way as in the analogous conversion of 1-OH- 
1-14C to l-OTf-I-14C. While the n.m.r. spectrum of 
1-OTf showed triplets at 6 4.60 and 3.08 for the C-1 and 
C-2 protons, in the spectrum of 1-OTf-2-d2, the triplet 
at 6 3.08 has disappeared and the triplet at 6 4.60 became 
a broad singlet. A 10% solution of 1-OTf-2-d2 in HOAc-d4 
was placed in an n.m.r. tube and maintained at 3 0  in a 
water bath. The n.m.r. spectrum was taken after 3.25 and 
5.0 h. Besides the signals at 6 4.6 and 3.0 for the C-1 and 
C-2 protons of the triflate substrate, the C-1 and C-2 
protons of the acetate product appeared at 6 4.2 and 2.8. 
From the integrated areas of these peaks, deuterium 
scramblings in the unreacted 1-0Tf-d2 and the 1-OAc-d, 
product were determined. 
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Formation of Adducts in the Nitration ofp-Xylene. Exchange 
and Rearomatization Reactions ofp-Xylene Adducts 

Department of Chemistry, University of Victoria, Victoria, British Col~tmbia V8W 2Y2 
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ALFRED FISCHER and JOHN NEILSON RAMSAY. Can. J. Chem. 52,3960 (1974). 
Nitration of p-xylene in acetic anhydride gives as the major product cis and trans isomers 

of the adduct 1,4-dimethyl-4-nitro-1,4-dihydrophenyl acetate (1) as well as 2-nitro-p-xylene. 
The acetoxynitro adducts l a  and 16 are stereospecifically cleaved to the hydroxynitro adducts 
2a and 2b, respectively, by sodium methoxide. Acid-catalyzed exchange of OAc in 1 for OCH,, 
OCHO, 0CH,C,H4CH,-p occurs and is nonstereospecific. Rearomatization of 1 gives 2-nitro- 
p-xylene, side-chain (benzylic) derivatives, and 2,5-xylyl acetate. The relevance of these reactions 
to side-chain substitution of arenes under electrophilic conditions is discussed. 

ALFRED FISCHER et JOHN NEILSOX RAMSAY. Can. J. Chem. 52,3960 (1974) 
La nitration du p-xylene dans l'anhydride acetique conduit comme prodirits majeurs aux 

isomeres cis et trans de I'adduit acetate de dimethyl-1,4 nitro-4 dihydro-1,4 phenyle ( I ) ,  de 
mCme qu'au nitro-2 p-xylene. Le methylate de sodium coupe les adduits acetoxynitro l a  et l b  
d'une maniere stereospecifique et conduit aux adduits hydroxynitro 2a et 26. L'tchange, 
catalyse par les acides, du groupe OAc dans 1 pour 0 C H 3 ,  OCHO, 0CH2C6H4CH3-p se 
produit d'une nianiere non-stereospCcifique. La rearomatisation de 1 conduit au nitro-2 
p-xylene, a des derives benzylique er a l'acetate de xylyl-2,5. On discute du rapport qui existe 
entre ces reactions et les reactions de substitution sur la chaine laterale qui se produisent sur 
des arenes dans des conditions electrophiles. [Traduit par le journal] 

Introduction 
Electrophilic attack at a substituted position 

(@so attack (1)) is well established. Ipso nitration 
of methylbenzenes in acetic anhydride affords 
nitronium acetate (acetyl nitrate) adducts which 
contain the 4-nitro-l,4-dihydro-p-tolyl acetate 
moiety (2). The diastereoisomeric adductsl 1 
were among the first examples of such com- 
pounds to be isolated (2b). The present paper 
reports the conversion of the acetoxydienes 1 to 
the corresponding hydroxy 2, methoxy 3, and 
formyloxy 4 compounds, and delineates the 
rearomatization reactions of tertiary acetate 
adducts. It is because of the concomitant gain in 
resonance energy that the adducts readily under- 
go such rearomatization reactions. Indeed, the 
challenge in working with these compounds is to 
prevent inadvertent rearomatization. Secondary 
acetate adducts afford aryl acetates by elimina- 
tion of nitrous acid (2a-c, 3) and nitroarenes by 
elimination of acetic acid accompanied by the 
migration of the nitro group. Both 1,2- and 
1,3-shifts of nitro groups have been observed 
(4, 5, 3b, c). Tertiary acetate adducts, in which 

'Individual members of a pair of diastereoisomeric 
adducts are designated as a and 6.  

MeCN02 MeQN02 

Me OAc AcO Me 

MenNOz MecNOz 

Me OMe Me0 Me 

Me, 

Me' 

the simple 1,4-elimination of nitrous acid cannot 
occur, exhibit a greater variety of rearomatiza- 
tion reactions. One of these reactions is the 
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formation of side-chain (benzylic) derivatives p-xylene to  form the cyclohexadienyl cation 6 
(2d, 6). Side-chain substitution of arenes under which subsequently adds acetate (as acetic acid 
electrophilic conditions is a well-established or  acetic anhydride followed by deprotonation or  
reaction and has been actively investigated by deacetylation, respectively) to generate the pair 
Baciocchi and co-workers (7) and by Suzuki and of diastereoisomeric adducts2 (Scheme 1). The 
co-workers (8). Both groups have proposed a @so position in p-xylene is more activated than 
number of speculative mechanisms for side- the unsubstituted position (12). The origin of the 
chain substitution but no structural evidence hydroxynitrodienes was not established. Cation 
which demonstrates the existence of any pro- 6 could be trapped by other nucleophiles as well 
~ o s e d  intermediate has been adduced. However as acetate. such as water. It is unlikelv that water 
;hey have established through reactivity studies would be'present in the acetic anhidride solu- 
that  the initial step in side-chain substitution is tion but it is known that nitronium nitrate (6a) 
similar to that for nuclear subst i t~~t ion riz. attack or nitrite3 adducts can be formed in these reac- 
by the electrophile at  an  aromatic ring position tion mixtures and it is likely that the hydroxy- 
(9, 10). The present work on thep-xylene adducts nitrodiene is formed by solvolysis of one or  the 
and  the preliminary report on the pseudocumene other of these on work-up. A similar origin is 
adducts (2d) establish that such adducts, or the proposed for thep-methylbenzyloxynitrodiene 5. 
@so cyclohexadienyl cations from which the p-Methylbenzyl derivatives are formed as re- 
adducts are formed reversibly and which are aromatization products of the adducts. Reaction 
obtained by ipso attack of nitronium ion on the of cation 6 with such a derivative, or its solvo- 
arene (Scheme 1), are key intermediates in the lytic product p-methylbenzyl alcohol, assumed 
formation of the side-chain derivatives. Further- to be formed during work-up, would give 5. The 
more, our work establishes the orientation of the identity of 5 was confirmed through its synthesis 
side-chain substitution with respect to the initial by reaction of the acetoxydiene 1 with p-methyl- 
step of ipso attack and delineates a common benzyl alcohol in chloroform containing catalytic 
mechanistic pathway for the formation of a sulfuric acid. Presumably this reaction involves 
variety of side-chain products. Finally, we are the intermediate formation of cation 6 which 
able to relate the side-chain reactions to other reacts with the p-methylbenzyl alcohol to give 5 
rearomatization reactions leading to nitroarene after deprotonation (see below). 
and to aryl acetate. Reaction of acetoxydiene l a  with sodium 

methoxide in methanol resulted in stereospecific 
Results and Discussion conversion into 20; similarly 16 gave 2b stereo- 

Formation and Interconz>ersion (E.xchange) specifically. The methoxide must have cleaved 
Reactions of Adducts the ester by attack at  the acyl rather than the 

Reaction of p-xylene with nitric acid in acetic alkyl group, otherwise methoxydiene 3 would 
anhydride gave a mixture consisting of 80% have been formed. I t  follows that the stereo- 
diene adducts and 2-nitro-p-xylene. The acetoxy- XyTadducts have been obtained in all of the 
nitrodienes la and lb and the h ~ d r o x ~ n i t r o -  addition reactions studied. Two reasons can be advanced 
dienes 2a and 26 were isolated from the crude for the absence of 1,2-adducts. First, the para position in 
product by low temperature chromatography. the cyclohexadienyl cation has a greater positive charge 

A small amount of an adduct identified as the than the ortho position (1 1)  and therefore should be more 
reactive towards nucleophiles. Second, there would be 

p-methylbenzyloxynitrodiene was 'lso ob- severe eclipsing interactions in the 1,2-adduct between 
The acetox~nitrodienes are formed by the nitro or methyl group and adjacent acetate group. 

attack of nitronium ion at  an  @so position of 3Unpublished work with D. R. A. Leonard. 
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MeaN02 AcO Me 

chemistry of l a  and 2a must be the same and 
likewise l b  and 2b must have the same stereo- 
chemistry. Base-catalyzed cleavage of a tertiary 
alkyl ester should conform to the BAc2 mecha- 
nism (13) which is consistent with the above 
results. In contrast the acid-catalyzed methanol- 
ysis of l a  gave a mixture of the diastereoisomeric 
methoxynitrodienes 3 and likewise acid-catalyzed 
methanolysis of l b  gave the same mixture of 
diastereoisomers. Thus, acid-catalyzed methanol- 
ysis must involve alkyl-oxygen fission; forma- 
tion of the diastereoisomeric mixture is consistent 
with the operation of the AAL1 mechanism in- 
volving the intermediate cyclohexadienyl cation 6 
(Scheme 2; X = OMe). The A,,1 mechanism 
would be expected for the acid catalyzed solvol- 
ysis of a tertiary acetate (13) and it is especially 
favored here since the intermediate cation is not 
merely tertiary but is also stabilized by the cyclo- 
hexadienyl resonance. Even in chloroform con- 
taining only 1% methanol the exchange pro- 
ceeded readily. The other exchange reactions 
such as the formation of the formyloxy adduct 4 
on treatment of 1 with formic acid and, as men- 
tioned above, the formation of the benzoyloxy 
compound 5, and the epimerization of both l a  
and Ib to form the diastereoisomeric mixture in 
anhydrous acetic acid, all follow the same path- 
way (Scheme 2: X = OCHO, OCH,C,H,CH,-p, 
OAc, respectively). It  is likely that in solvents of 
low dielectric content (such as anhydrous acetic 

acid) the ionic species are associated. Such asso- 
ciation, if it occurs, is without apparent effect on 
the reaction products and it is unnecessary to 
take formal account of it in the mechanism. The 
exchange reactions were complicated by com- 
peting or subsequent rearomatization reactions 
which are discussed next. 

Rearomatizafion Reactions of Adducts 
Three types of rearomatization product were 

obtained : (i) 2-nitro-p-xylene; (ii) side-chain 
(benzylic) derivatives; (iii) 2,5-xylyl acetatc. The 
reactions leading to these products will be 
discussed in turn. 

(i) Formation of Nitroarene 
The first reported formation of a nitroarene 

from an acetyl nitrate adduct was that of 3- 
nitro-o-xylene from the 0-xylene adduct on 
treatment with 70% sulfuric acid (4). Subse- 
quently there have been other examples reported 
of the formation of aromatic nitro compounds 
from adducts (24  36, c, 5). Myhre's (4) mecha- 
nism, applied to the p-xylene adduct 1 is shown 
in Scheme 3. A 1,2-nitro shift in the ipso cyclo- 
hexadienyl cation 6 converts it into the cyclo- 
hexadienyl cation intermediate for substitution 
7. Such a nitro shift in the cyclohexadienyl 
cation from hexamethylbenzene has been shown 
to occur readily by Olah and co-workers (14). 
In the case of the p-xylene adduct it is not pos- 
sible to distinguish between a 1,2- and a 1,3- 
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nitro shift, since both lead to 2-nitro-p-xylene. 
As mentioned in the introduction, 1,3-nitro 
shifts have been observed, but in those cases the 
1,Zshift would give a substantially less stable 
cyclohexadienyl cation than either the ipso cation 
or that obtained by a 1,3-shift. Since, in the case 
of 6, the cations resulting from 1,2- and 1,3- 
shifts are the same we suggest that the 1,2-shift 
is more likely. 2-Nitro-p-xylene was obtained 
when adduct l a  was treated with trifluoroacetic 
acid. It was also obtained as a significant product 
when adducts l a  and l b  were treated with a 
catalytic amount of sulfuric acid in deuterio- 
chloroform (40-50% yield) and again when l a  
was treated with nitric acid in chloroform (23% 
yield); in each case the other products were side- 
chain derivatives. I t  is to be noted that the 
2-nitro-p-xylene is formed under conditions in- 
volving the presence of strong acid (which would 
catalyze the unimolecular loss of acetic acid to 
generate cation 6)  and the absence of nucleo- 
philes and basic species more reactive than the 
acetic acid liberated in the reaction. Thus the 
shift of the nitro group in cation 6 is able to 
compete with deprotonation of 6, a key step in 
the formation of the benzylic products (see 
below), and also with the combination of 6 with 
a nucleophile to form exchanged adduct (Scheme 
2 ) .  

(ii) Formatiorr of Side-chain Dericatices 
Side-chain substitution products, p-CH3C,- 

H,CH,Y, were formed in significant amounts 
in several reactions. Thus,p-methylbenzyl nitrate 
(77%) was obtained from reaction of l a  with 
nitric acid in chloroform, as well as 2-nitro-p- 
xylene. p-Methylphenylnitromethane (35P;;;), p- 
methylbenzyl acetate (1 5%), and p-tolualdehyde 
(5%) were obtained from treatment of both l a  
and Ib with a catalytic amount of sulfuric acid 

in deuteriochloroform, and again 2-nitro-p- 
xylene was the other product. p-Methylbenzyl 
acetate (29%) and p-methylphenylnitromethane 
(17%) were formed in the rearomatization 
accompanying the epimerization of both l a  and 
l b  in anhydrous acetic acid containing acetic 
anhydride, and 2,5-xylyl acetate was the other 
aromatic product. Methyl p-methylbenzyl ether 
(15%) was formed when the methoxynitrodiene 
3a was heated under reflux in methanol contain- 
ing sulfuric acid and methyl 2,5-xylyl ether was 
the nuclear substituted aromatic product. Finally 
p-methylbenzyl acetate, p-tolualdehyde, and 
(probably) p-methylphenylnitrolnethane were 
formed on pyrolysis of l a ,  in addition to several 
other products. These results suggest that in the 
side-chain substitution product p-CH3C,H,- 
CH,Y the group Y originates from the nucleo- 
philic species HY. Furthermore, these side-chain 
derivatives are formed in competition with the 
2-nitro-p-xylene with larger amounts of 2-nitro- 
p-xylene being formed when only weak nucleo- 
philes are present (e.g. sulfuric acid and nitric 
acid) and little or none being formed in the 
presence of substantial amounts of stronger 
nucleophiles (e.g. acetic acid and methanol). 
These conclusions are supported by similar re- 
sults obtained with the pseudocumene adducts. 
We account for these results in terms of competi- 
tive processes occurring in the cyclohexadienyl 
cation 6, a key intermediate in the formation of 
the 2-nitro-p-xylene. The 1,2-nitro shift in 6 ,  a 
unimolecular process, is in competition with a 
birnolecular process involving the abstraction ofa 
proton from thepara-methyl group in 6 to give the 
methylenecyclohexadiene intermediate 8 leading 
to side-chain product (Scheme 4). Clearly, the 
outcome of this competition will be determined 
by the bases present: the stronger the base and the 
higher its concentration the more likely that 

O 2  -.+ 

No2 +HY 
- HN02 ___, 

base 
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deprotonation of 6 will occur before rearrange- 
ment to 7. Thus in the presence of sulfuric acid, 
or nitric acid, where the liberated acetic and 
nitrous acids present in only small amount are 
the most basic species available, the 1,2-nitro 
shift is an important reaction and substantial 
amounts of 2-nitro-p-xylene are formed. In 
contrast, in methanol as solvent, the more basic 
species methanol present at high concentration 
is able to deprotonate 6 before the nitro shift 
occurs and no 2-nitro-p-xylene is formed. Good 
nucleophiles present at high concentration reduce 
the concentration of 6 because they combine with 
6 to form adducts (Scheme 2). However the 
effect of this should be to reduce the rate of the 
rearrangement and deprotonation reactions to 
the same extent and thus not to affect the com- 
petition between them. 

Methylenecyclohexadienes have been pro- 
posed as intermediates in the formation of side- 
chain derivatives from arenes on treatment with 
electrophilic reagents by Baciocchi et al. (9, 15) 
for side-chain bromination and chlorination of 
hexamethylbenzene, by Andrews and Keefer (16) 
for side-chain chlorination of hexamethylbenzene 
with iodine monochloride, by Suzuki et al. (17) 
for side-chain nitrate formation from penta- 
methylbenzene, by Robinson (18) for side-chain 
nitration of 1,4-dimethylnaphthalene, and in 
subsequent papers by these and other authors 
for other side-chain substitution reactions. The 
earlier proposals were for a methylene-1,3- 
cyclohexadiene intermediate such as 9. More 
recently it has been recognized that a 1,4-diene 
intermediate, with the methylene group and the 
tetrahedral carbon atom in a 1,4 relationship, is 
possible (10, 19) and in fact probable (7). Work 
with Wright and co-workers on side-chain sub- 
stitution of methylbenzenes accompanying nitra- 
tion (20) and our studies on the rearomatization 
of diene adducts (2, 3) conclusively establish that 
only the cross-conjugated triene such as 8 and 
not the conjugated triene such as 9 can be an 
intermediate in the formation of side-chain 

products. Specifically: (i) only those methyl- 
benzenes which have methyl groups para to each 

- - 

other form side-chain derivatives, thus p-xylene 
does but o-xylene does not, pseudocumene (1,2,4- 
trimethylbenzene) does but hemimellitene (1,2,3- 
trimethylbenzene) and mesitylene do not, all of 
the tetramethylbenzenes do as does pentamethyl- 
benzene (20) and hexamethylbenzene (1 9); (ii) the 
side-chain derivatives formed are those in which 
the methyl group substituted is that para to the 
most activated ipso position (20); (iii) only those 
adducts which have a methyl group @so to the 
acetate give side-chain products on rearomatiza- 
tion, the adducts which are secondary acetates 
do not; (iv) the methyl group substituted is that 
ipso to the acetate and para to site of attack by 
the nitronium ion, not that which is ortlzo or ipso 
to the site of initial electrophilic attack. The 
isolation (21) of the cross-conjugated triene 10 
from the methylation of hexamethylbenzene 
gives credence to the proposed intermediate 8. 
Baciocchi et al. (9) and Nakamura (1 0) have also 
suggested the possibility of the simultaneous 
deprotonation and introduction of the group Y, 
thus obviating the formation of the discrete 
triene intermediate. These mechanisms were pro- 
posed at the time that both groups thought that 
the methyl group substituted was that orrl~o to 
the site of electrophilic attack and were asso- 
ciated with a cyclic intramolecular transfer of the 
electrophile from ring to side-chain. It is unlikely 
that concerted removal of the proton and shift of 
the electrophile to the methyl group in the para 
position could occur as has been explicitly 
recognised by Astolfi et al. (19). We therefore 
favor the mechanism outlined in Scheme 4 which 
proposes the cross conjugated triene as a discrete 
intermediate. 

Two different general mechanisms for the 
conversion of the triene intermediate 8 into 
side-chain product can be envisaged: (i) electro- 
philic attack at the methylene group with prior, 
simultaneous. or subseauent loss of the nitro 
group as a nitronium ion, eq. 1, and (ii) nucleo- 
philic attack at the methylene group with prior 
(S,lf), simultaneous (S,2'), or (unlikely) sub- 
sequent (acid-catalyzed) loss of the nitro group 
as nitrite, eq. 2. Reaction by pathway i has been 
proposed by Astolfi et al. (19) for the side-chain 
nitration of hexamethylbenzene and by Illumin- 
ati et al. (7) for the side-chain chlorination of iso- 
durene. Robinson (18) and Suzuki and Nakamura 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FISCHER AND RAMSAY: NITRATION O F  p-XYLENE 3965 

(22) have both proposed an addition-elimination 
sequence which is a variant of i for the side-chain 
nitration of 1,4-dimethylnaphthalene. It is evi- 
dent that while the formation of side-chain nitro 
and halo derivatives could conceivably occur via 
i, involving the nitronium and (incipient) halo- 
nium ions as the active electrophiles, the side- 
chain ester compounds could not be formed 
directly by this pathway. Reaction by pathway 
ii has been suggested (7) to account for the 
formation of side-chain chloride in the chlorina- 
tion of isodurene in acetic acid and a special 
variant of the SN1' mechanism involving a cage 
rearrangement via an ion-pair intermediate has 
been proposed (10) to account for the formation 
of side-chain nitrate via nitrite, eq. 3. A similar 
ion-pair mechanism has been recognised as a 
possible mechanism for side-chain chlorination 
(7). 

We suggest that all of the side-chain products 
are formed via pathway ii, eq. 2, and thus the 
derivatives p-CH,C,H,CH,Y: Y = NO,, OAc, 
ONO,, OMe are obtained by nucleophilic attack 
of HONO (nucleophilic nitrogen), HOAc, 
HONO, (nucleophilic oxygen), HOMe, respec- 
tively on 8. Nitrous acid and acetic acid are 
liberated from the adducts in the course of the 

rearomatization reaction and thus these are 
available to compete as nucleophiles with intro- 
duced nucleophiles (if any). Thus when a 
catalytic amount of sulfuric acid in chloroform 
is used only the acetate and the nitromethane are 
formed but when nitric acid or methanol is 
present these are able to compete effectively and 
the nitrate and methyl ether are obtained, respec- 
tively. We reject pathway i for formation of the 
side-chain nitro derivative on two counts. First, 
pathway i requires the nitronium ion to be a 
leaving group from carbon. The nitronium ion 
would be most disposed to act as a leaving group 
if it were leaving from a positively charged 
species, i.e. if the electrophile Y' was added 
prior to the departure of NO,' so that the inter- 
mediate cyclohexadienyl cation 11 was formed. 
Loss of NO,' from a cyclohexadienyl cation has 
been observed but only in the case where the 
cation contains the strongly electron-withdraw- 
ing cyano substituent attached to the ring (3c). 
Such loss has not beell observed in other cations 
which contain less strongly electron-withdrawing 
substituents and would not be expected in the 
case of 11 (2, 3). Attempts to detect the release 
of nitronium ion from the cyclohexadienyl cation 
formed from hexamethylbenzene, by intercepting 
it with benzene and inesitylene, were unsuccessful 
(14). Second, the side-chain nitro derivative is 
often fornled in competition with side-chain 
esters which can only be formed directly by 
pathway ii (eq. 2). It seems unlikely that these 
products would be formed at comparable rates 
under quite different conditions, as observed, if 
they were formed by entirely different mecha- 
nisms. 

Our results which support pathway ii, eq. 2, 
for the conversion of the triene 8 to side-chain 
derivatives do not distinguish between the uni- 
molecular (SNll) and bimolecular (S,2') varia- 
tions of this pathway. A variant of the S,l ' path- 
way is that involving formation of a benzyl 
cation nitrite anion ion-pair with recombination 
in the solvent cage to form p-methylbenzyl 
nitrite (10) and (we would suggest) p-tolylnitro- 
methane. Suzuki and Nakamura have suggested 
that the benzylnitrite formed in this way is sub- 
sequently converted into the nitrate and acetate. 
Formation of the acetate in this indirect manner 
is unlikely since the conversion of benzyl nitrate 
to benzyl acetate is slow, even in refluxing acetic 
acid (23), and nitrate would be expected to be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3966 CAN. J .  CHEM. VOL.  52,  1974 

more readily displaced than nitrite. It seems 
similarly unlikely that nucleophilic displacement 
of nitrite by nitrate could be sufficiently fast to 
account for the formation of the benzyl nitrate. 
Pentamethylbenzyl acetate accompanies the 
pentamethylbenzyl chloride formed by chlorina- 
tion of hexamethylbenzene in acetic acid. It has 
been shown that the side-chain chloride is not 
solvolyzed under the reaction conditions and 
thus the side-chain acetate cannot be formed via 
the pentamethylbenzyl chloride (9). 

p-Tolualdehyde often accompanied the forma- 
tion of other side-chain products. Benzyl nitrite 
gives benzaldehyde on autodecomposition (24) 
and benzyl nitrate undergoes acid-catalyzed 
oxidative cleavage to benzaldehyde (23, 25). 
Thus the p-tolualdehyde could have been formed 
via p-methylbenzyl nitrite or nitrate. 

(iii) Formation of Aryl Acetate 
2,5-Xylyl acetate formed by elimination of 

nitrous acid with rearrangement of the acetate 
was obtained in several reactions, most notably 
on treatment of adduct 1 with wet acetic acid 
and with aqueous acidic tetrahvdrofuran. The 
rearrangement is intramolecular. Propionate was 
not incorporated when the decomposition was 
carried out in propionic acid (2b), in acetic 
acid-d, only minor ii~corporation of the deuter- 
ated acetate was observed, and in aqueous 
tetrahydrofuran the acetate rather than the 
phenol was the major product. It is likely that 
the acetate shift is 1,2, as in the case of the 
pseudocumene adducts (2d) rather than 1,3. 
Water has a striking catalytic effect on the 
reaction. 111 anhydrous acetic acid adduct 1 was 
epimerized. Decomposition to the xylyl acetate 
occurred to the extent of 35% over 18 h and 20% 
of the p-methylbenzyl acetate and 13% of 2- 
nitro-p-xylene were also formed. However in wet 
acetic acid adduct 1 decomposed completely in 
less than 30 min to the xylyl acetate, the only 
product. We suggest that there is concerted 
acid-catalyzed loss of the nitro group (to form 
nitrous acid) accompanied by migration of the 
acetate (Scheme 5). A possible reason for the 
dramatic catalytic effect of the water is that it 
acts as base accepting the proton in a fully con- 
certed transition state 12. It is plausible that 
when the more weakly basic acetic acid has to 
accept the proton then the energy of the transi- 
tion state is raised sufficiently for reactions via 
the cyclohexadienyl cation (epimerization, for- 

M e ~ N 0 2  HA ., 
Hz0 

Me OAc 

mation of 2-nitro-p-xylene and side-chain deriva- 
tive) to be able to compete. 

Rearomatization of the methoxynitro adduct 
3 gave methyl 2,5-xylyl ether as the major prod- 
uct and some methyl p-rnethylbenzyl ether. For- 
mation of the side-chain derivative presumably 
occurs via the cyclohexadienyl cation 6 and the 
triene 8. In~ufficient information is available to 
delineate the mechanism of formation of the 
nuclear substitution product. 

Attempted Assigrzment of rhe Srereoclzemistry 
of Diastereoisoi?zeric Adducts 

Two methods were used to assign the stereo- 
chemistry of the acetoxynitrodienes l a  and b and 
hydroxynitrodienes 2a and b. Addition of the 
shift reagent tris-(1,1,1,2,2,3,3-heptafluoro-7,7- 
12H6 ] dimethyl- 4,6 - [2H3 ] octanedionato) euro- 
pium(1II) {E~([~&]fod),} which complexes at 
the acetate and hydroxyl functions respectively 
of 1 and 2 should shift the 4-methyl protons of 
the trans isomers, with europium cis to 4-methyl, 
more rapidly downfield than in the cis isomers 
(2c). The relative gradients of the slopes of plots 
of the chemical shift against amount of reagent 
added, normalized to a gradient of the 1-CH, 
protons = 1 .O, are shown in Table 1. The nor- 
malized gradients for corresponding protons of 
the members of each diastereoisomeric pair are 
the same, even in the case of the 4-methyl pro- 
tons. Thus this method of assignment failed. 

The second method of stereochemical assign- 
ment used dipole moment measurements. For 
the acetoxynitrodienes 1 the cis isomer is calcu- 
lated to have a lower dipole moment than the 
trans (6a). Similar calculations for the hydroxy- 
nitrodienes 2, using 1.60 D and 63" as values 
for the group moment of the OW group and its 
angle to the C-0 bond, respectively (26), indi- 
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TABLE 1. Relative gradients (gradient l-CH3 = 1.00) of proton chemical shifts 
for diene adducts resulting from the addition of E~(['H,]fod)~ 

Compound 2-H 3-H 4-CH3 1-0CH3 1-OCOCH, 

cate that the trans isomer of 2 should have the 
lower dipole moment (cis = 3.68 D,  trans = 

2.77 D).  Thus l a  should be the cis isomer and 
l b  the trans and likewise 2a the trans isomer and 
2b  the cis, although it should be noted that the 
measured dipole moments of 2a and b differ by 
less than 0.2 D. This assignment of stereochem- 
istry is in conflict with the established stereo- 
chemical relationship between l a  and 2a and 
between l b  and 26 (see above) and thus the 
dipole moment method of assignment failed. 

The effect of E~([~H,]fod) ,  on the methoxy- 
nitrodienes 3a and b was also investigated and 
the normalized gradients are also shown in 
Table 1. In this case the normalized gradient of 
the 4-CH, protons of adduct 3b is 23% larger 
that that of the corresponding protons of 3a, 
whereas for all of the other protons the nor- 
malized gradients in 3b are slightly less than in 
3a. These results suggest that 36 is the trans 
adduct with OCH, cis to 4-CH,. However since 
the method failed in the cases of the acetoxy- 
nitro- and hydroxynitrodienes, which are each 
more sensitive to the addition of the shift 
reagent than the methoxynitrodienes, this con- 
clusion must be regarded as tentative. 

Experimental 
Ultraviolet spectra were determined on Cary 17 or 

Unicam SP 700 spectrometers. Infrared spectra were 
determined on a Perkin-Elmer 337 spectrometer cali- 
brated with polystyrene. Nuclear magnetic resonance 
spectra at 60 MHz were obtained on Perkin-Elmer R12A 
and Varian HA-60-IL spectrometers and, at 220 MHz, 
on the Varian HR 200 spectrometer at the Ontario 
Research Foundation, Sheridan Park, Ontario. Tetra- 
methylsilane was used as an internal standard. Mass 
spectra were obtained on an Hitachi Perkin-Elmer 
RMU-7 spectrometer. Molecular weights were deter- 
mined in methylene dibromide uslng an Hitachi Perkin- 
Elmer Model 115 molecular weight apparatus (vapor 
pressure osmometer). Dipole moments (p) were derived 
by use of Higasi's equation (27) from dielectric constant 
measurements (3a) of benzene solutions of the adducts. 
The dielectric constants were measured with a Sargent 

Chemical Oscillometer Model V with inductive cell 
compensator. Microanalyses were by Dr. D .  McGillivray. 
Gas-liquid chromatography analyses were performed on 
a Micro Tek MT 220 gas chromatograph using as sta- 
tionary phases QFI (573, PEGA (2t%), and DEGS (10%) 
on Chromosorb G acid-washed and silanized. Nitric acid 
was purified by distilling the fuming acid (300 cm3) at 
100 Pa from urea (10 g) and sulfuric acid (500 cm3). 
Alumina was deactivated with 4% of 10% acetic acid. 
Ether and pentane were dried by distillation from sodium 
and phosphorus pentoxide, respectively. p-Methylbenzyl 
alcohol (Aldrich), p-xylene (Eastman), 2,Sdimethyl- 
phenol (Aldrich), and p-tolualdehyde (Baker) were com- 
mercial products. 2,5-Dimethylphenyl acetate (i.r. (CCI,) 
1775 and 1230cm-' (OCOCH,), n.m.r. (CCI,) r 3.15 
(m, ArH), 7.70 (s, 5-CH3), 7.80 (s, OCOCH,), and 7.91 
(s, 2-CH,)) was obtained by acetylation of 2,5-dimethyl- 
phenol with acetic anhydride (28a). Methyl 2,5-xylenyl 
ether (n.ni.r. (CCI,) T 3.4 (m, ArH), 6.30 (s, OCH,), 7.72 
and 7.90 (ArCH,)) was prepared from 2,5-diinethyl- 
phenol (2,5-xylenol) by heating under reflux with sodium 
and methyl iodide (28b). p-Methylbenzyl acetate (i.r. 
(CCI,) 1750 and 1230 cm-'  (OCOCH,); n.m.r. (CCI,) 
r 2.96 (m, ArH), 5.12 (s, CH2), 7.75 (s, ArCH,), and 8.10 
(s, 0COCH3)) was obtained by acetylation (2%) of 
p-methylbenzyl alcohol. p-Methylbenzyl bromide (n.m.r. 
(CCI,) T 2.82 (m, ArH), 5.60 (s, CH,), 7.65 (s, CH3)) was 
formed by reaction of the alcohol with phosphorus 
tribromide (29). p-Methylbenzyl nitrate (i.r. 1650 and 
1270 cm-' (ONO,); n.m.r. (CCI,) r 2.90 (ArH), 4.75 
(CH,), 7.70 (CH,)) was prepared from the bromide by 
heating under reflux with silver nitrate in acetonitrile (30). 
Methylp-methylbenzyl ether (n.m.r. (CCI,) T 3.00 (ArH), 
5.75 (CH,), 6.80 (OCH,), 7.72 (CIS3)) was obtained by 
heating the bromide under reflux with sodium methoxide 
in methanol (31). The appropriate parent ion and frag- 
ment peaks were observed in the mass spectra of the 
compounds described. 

Nitration ofp-Xylene in Acetic Anhydride 
A cold solution of nitric acid (94 g, 1.5 mol) in acetic 

anhydride (250 cm3) was added slowly with stirring to 
p-xylene (106 g, 1 mol) in acetic anhydride (250 cm3) at 
-45" and the mixture was stirred for 30 min. The solu- 
tion was then cooled to -70" in solid carbon dioxide - 
methanol, ether (2 dm3) added, and ammonia condensed 
into the stirred solution. Excess ammonia was removed 
with an aspirator, more ether added, and the mixture 
poured onto ice-water. The combined ethereal layer and 
ether extract of the aqueous layer was washed and dried 
(MgSO,) and the ether evaporated at 14". Integration of 
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the n.m.r. spectrum of the crude reaction mixture revealed 
that dieneadducts constituted 80% of thereaction mixture. 

Chromatography at -45' on 4% deactivated alumina 
and elution first with pentane yielded 2-nitro-p-xylene; 
i.r. 1540 and 1350cm-' (NO,); n.m.r. (CCI,) T 2.35 
(s, 3-H), 2.88 (s, 5- and 6-H), 7.53 (s, l-CH,), 7.65 (s, 
4-CH,). Further elution with ether-pentane mixtures 
yielded in the 10% ether fraction 2,5-dinitro-p-xylene, 
m.p. 150" (lit. (32) 142"); i.r. (CCI,) 1550 and 1350 cm-' 
(NO,); n.m.r. (CDCI,) T 2.10 (s, 2, 3-H and 6-H), 7.40 
(s, 6, 1-CH, and 4-CH,); mass spectrum (70 eV) m/e 
(relative intensity) 196 (15, M), 179 (35, M - OH), 
133(25), 123(20), 105(35), 91(55), 77(100). 

Also isolated from the 10% ether fraction, after re- 
moval of the dinitroxylene was 1,4-dimethyl-4-nitro-1,4- 
dihydrophenyl p-methylbenzyl ether (5); i.r. (CCI,) 1550 
and 1345 cm-' (NO,); n.m.r. (CCI,) T 3.00 (s, ArH), 
4.00 (m, 2-, 3-, 5-, and 6-H), 5.85 (s, ArCH2), 5.95 (s, 
ArCH,), 7.70 (s, ArCH,), 8.27 (s, 4-CH,), 8.35 (s, 4-CH,), 
8.65 (s, 1-CH,), 8.72 (s, 1-CH,). The n.m.r. spectrum 
indicates that both diastereomers were present with the 
aromatic, diene, and aromatic methyl peaks of the two 
isomers overlapping. 

The 20% ether fraction afforded one diastereoisomer 
of 1,4-dimethyl-4-nitro-1,4-dihydrophenyl acetate (la) as 
a white solid, m.p. 47-49 "C; U.V. (CH30H) 198 nm (E 840 
m2 mol-I); i.r. (CCI,) 1755 and 1240 (OCOCH,), 1555 
cm-' (NO,); n.m.r. (220 MHz, C6D6) z 4.26 (s, 4, 2-, 3-, 
5- and 6-H), 8.42 (s, 3, OCOCH,), 8.50 (s, 3, 4-CH3), 
8.80 (s, 3, 1-CH,); n.m.r. (220 MHz CDC1,) T 3.93 (s, 4), 
8.01 (s, 3, OCOCH,), 8.21 (s, 3, 4-CH,), 8.54 (s, 3, 
1-CH,); mass spectrum (70 eV) m/e (relative intensity) 
164 (3, M - HNO,), 123(100), 106(50), 91(75), 43(25); 
p 3.75 D (12.5- x C m). 

Mol. Wt. Calcd. for C10H13N04: 211. Found: 211. 
The 40% ether fraction contained a 1:1 mixture of 

dienes l a  and b which on rechromatography yielded in 
the 15% ether fraction a second diastereoisomer of 1,4- 
dimethyl-4-nitro-l,4-dihydrophenyl acetate (16) as a 
white solid, m.p. 58-59 "C; u.v. (CH,OH) 196 nm (E 1400 
mZ mol-'); i.r. (CCI,) 1745 and 1230 (OCOCH,), 1550 
cnl-' (NO,); n.m.r. (220 MHz, C,D6) T 4.00 (m, 2, 3-H 
and 5-H), 4.10 (m, 2, 2-H and 6-H), (J,, 10.25, J 2 6  2.30, 
J,, 2.34 Hz), 8.40 (s, 3 OCOCH,), 8.75 (s, 6, 4-CH, and 
1-CH,); n.m.r. (220 MHz CDCI,) 3.81 (s, 4), 8.03 (s, 3, 
OCOCH,), 8.29 (s, 3, 4-CH,), 8.51 (s, 3, I-CH,); mass 
spectrum (70 eV) mle (relative intensity) 164 (10, M - 
HNO,), 123(100), 106(55), 91(62), 43(25); p 4.18 D 
(13.9 x C m). 

Mol. Wt. Calcd. for CloH13N04: 21 1. Found: 212. 
The 70% ether fraction of the original reaction mixture 

was subjected to rechromatography and gave in the 50- 
60% ether fraction one diastereoisomer of 1,4-dimethyl- 
4-nitro-l,4-dihydrophenol(2b), recrystallized from ether- 
pentane to give colorless crystals, m p. 52"; U.V. (CH,OH) 
194nm ( E  900 m2 mol-I); i.r. (CCI,) 3610 (OH) 1555 
cm-' (NO2); n.m.r. (220 MHz, CDCI,) t 3.88 (m, 2: 3-H 
and 5-H), 3.96 (m, 2, 2-H and 6-H), (JZ3 9.97, J 2 5  -0.08, 
J 2 6  2.32, J35 2.32Hz), 8.30 (s, 3, 4-CH3), 8.67 (s, 3, 
1-CH,); mass spectrum (70 eV) mfe relative intensity) 
123 (95, M - NO,), 108(85), 91(100); p 3.13 D (10.4 x 

C m). 
Anal Calcd. for C8H11N03: C, 56.80; H, 6.55; N, 8.30. 

Found: C,56.41; H, 6.44; N, 8.40. 

Elution with 100% ether gave the second diastereo- 
isomer of 1,4-dimethyl-4-nitro-1,4-dihydrophenol (2a), 
recrystallized to give colorless crystals, m.p. 114"; U.V. 

(CH,OH) 196 nm (E 1065 mZ mol-I); i.r. (CDCI,) 3610 
(OH), 1550 cm-' (NOZ); n.m.r. (220 MHz, CDC1,) T 

3.86 (m, 2, 3-H and 5-H), 3.99 (m, 2, 2-H and 6-H), 
(Jz3 9.94, J25 -O.lO,Jz,j 2.33, J 3 5  2.30Hz), 8.25 (s, 3, 
4-CH,), 8.63 (s, 3, 1-CH,); mass spectrum (70 eV) m/e 
(relative intensity) 123 (100, M - NO2), 108(70), 91(85); 
p 2.97 D (9.9 x C m). 

Anal. Calcd. for C8HIlNO3: C, 56.80; H, 6.55; N, 8.30. 
Found: C, 56.70; H, 6.71; N, 7.85. 

Base-catalyzed Methanolysis of the Acetate Adducts 1 
Diene l a  (50 mg 0.24 mmol) was dissolved in methanol 

(10 cm3) containing sodium hydroxide (50 pmol) at am- 
bient temperature and stirred for 18 h. The solution was 
then extracted with ether, washed, dried (MgSO,) and the 
solvent evaporated. Integration of the n.m.r. spectrum 
revealed that partial methanolysis (30%) of the acetate 
had taken place and that no other (rearomatization) 
products had been formed. The presence of the hydroxy 
diene 2a (z 4.0, 8.25, 8.63) was confirmed by addition of 
an authentic sample which enhanced the characteristic 
n.m.r. peaks. 

In a similar experiment with l b  the acetate function 
was cleaved to the extent of 40% to form the hydroxy 
diene 2b, n.m.r. z 4.0, 8.30, and 8.67, whose presence was 
confirmed by peak enhancement on addition of allthentic 
2b.  

In neither experiment were the remaining acetate 
adducts, the predominant constituent of each product 
mixture, epimerized. 

Reaction of Adducts l a  and I b  with Acidified Methanol 
The p-xylene adduct l a  (50 mg, 0.24 mmol) was dis- 

solved in deuteriochloroform containing methanol (1%) 
and sulfuric acid (I0 pmol). The n.ni.r. spectrum, two 
superimposed quartets in the region z 3.7-4.2 (4, vinyl H )  
and methyl signals at 7.0 and 7.1 (s, OCH,), 8.2 and 8.3 
(s, 4-CH,), and 8.70 and 8.78 p.p.m. (s, 1-CH,), showed 
that exchange of the methoxyl for the acetoxy group had 
taken place and that the diastereoisomers of methyl 1,4- 
dimethyl-4-nitro-l,4-dihydrophenyl ether (3) had been 
formed in a 1 :1 ratio. 

The same product mixture was obtained when the 
reaction was repeated using the adduct lb .  The reaction 
was also carried out in neat ['H,]methanol (0.4 cm3) 
containing sulfuric acid (10 umol). The exchange was 
complete in 15 min and both l a  and b gave the same 
1 :I mixture of the diastereoisomeric [2H,]methyl 1,4- 
dimethyl-4-nitro-l,4-dihydrophenyl ethers with n.m.r. 
identical to that of 3 above apart from the absence of the 
methoxyl proton singlets at T 7.0 and 7.1. 

On a preparative scale adduct l a  (5 g, 0.024mol) was 
dissolved in methanol (200 cm3) containing sulfuric acid 
(1 mmol) and stirred for 8 h at 20". After work-up the 
n.m.r. spectrum of the crude reaction mixture revealed 
complete conversion of the acetoxynitrodiene to the 
methoxynitrodiene (absence of the acetoxy signal at T 8.1) 
and that the cis and trans methoxynitro isomers were 
present in a 1 :1 ratio. Chromatography at -45" on 3% 
deactivated alumina, and elution with pentane and ether- 
pentane mixtures afforded in the 4% ether fraction one 
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diastereoisomerof 1,4-dimethyl-4-nitr0-1,4-dihydrophenyl 
methyl ether (3a) as an oil; n.m.r. (CC1,) 1555 and 1345 
cm-' (NO,); 7 (60 MHz, CCI,), 3.87 (m, 2, 3-H and 
5-H), 4.24 (m, 2, 2-H and 6-H), (J23 9.98, J 2 5  - 0.14, J 2 6  

2.27, J3, 2.27 Hz), 6.95 (s, 3, OCH,), 8.32 (s, 3, 4-CH,), 
8.78 (s, 3, 1-CH3); mass spectrum (70 eV) mle (relative 
intensity) 137.095 (55, M - NO,, 12C91H131601 re- 
quires 137.097), 122(80), 106(75), 91(100). Elution with 
12)% ether yielded the other diastereoisomer of 1,4-di- 
methyl-4-nitro-l,4-dihydrophenyl methyl ether (3b) as an 
oil; i.r. (CC14) 1555 and 1345 cm-l (NO,); T (60 MHz, 
CCI,) 3.90 (m, 2, 3-H and 5-H), 4.17 (m, 2 ,2-H and 6-H), 
(J23 10.1, J Z 5  -0.13, J 2 6  2.5, J 3 5  2.5Hz), 7.03 (s, 3, 
OCH,), 8.26 (s, 3, 4-CH3), 8.71 (s, 3, 1-CH,); mass 
spectrum (70 eV) m/e  (relative intensity) 137.092 (78, 
M - NO2, 'ZC91H131601 requires 137.097), 122(78), 
106(60), 91(100). 

Reaction o f  Adduct l a  with Benzyl Alcohol 
Diene l a  was reacted with benzyl alcohol in chloro- 

form containing a catalytic amount of sulfuric acid. The 
product exhibited i.r. and n.m.r. absorptions of the ex- 
pected 1,4-dimethyl-4-nitro-1,4-dihydrophenyl p-methyl- 
benzyl ether (see above) as well as those of rearomatiza- 
tion products. 

Reaction of Adducts l a  and l b  with Acetic Acid 
Diene l a  (50 mg, 0.24 mmol) was added to ['H,]acetic 

acid (0.4 cm3) and the reaction was followed by n.m.r. 
The reaction was complete after 30 min. The major prod- 
uct was 2,5-dimethylphenyl acetate; i.r. 1775 and 1230 
cm-'; n.m.r. z 3.15, 7.70, 7.80, and 7.91 p.p.m., addition 
of the shift reagent E ~ ( [ ' H ~ ] f o d ) ~  to a solution of the 
isolated product moved the acetate peak downfield from 
the aromatic methyl peaks and integration of the resulting 
spectrum revealed that the ratio of these was 0.75 :2 and 
thus not more than 25% of the acetate had exchanged 
with the L2H3]acetate from the solvent. The retention 
time of the product mas identical with that of an authentic 
sample of 2-acetoxy-12-xylene on coinjection into the gas 
chromatograph. When one reaction was worked up after 
15 min a small amount of the diastereoisomeric hydroxy 
d~enes 2 was detected; i.r. 3400 (OH); n.m.r. r 8.64 and 
8.68 (l-CH3 of each isomer). 

The same results were obtained with diene Ib except 
that even less of the acetate exchanged with the solvent. 

The experiment was repeated using acetic anhydride 
made anhydrous by heating under reflux with 10% acetic 
anhydride for 18 h .  The solution of adduct l a  was 
allowed to stand at 20 "C for 18 h and then worked up 
and examined by n.m.r. The product consisted of 24% l a ,  
8% l b ,  35% 2,5-dimethylphenyl acetate, 20% p-methyl- 
benzyl acetate, and 13% p-methylphenylnitromethane 
(n.m.r. z 4.70). The i.r. confirmed the presence of both 
aryl acetate (1780 cm-') and alkyl acetate (1750 cm-'). 
From Ib there was obtained 30% l a ,  20% l b ,  28% 2,5- 
dimethylphenyl acetate, 14% p-methylbenzyl acetate, and 
7% p-methylphenylnitromethane. 

When water was added to a solution of l a  in anhydrous 
acetic acid decomposition proceeded rapidly (i 30 min) 
and only 2,5-dimethylphenyl acetate was obtained. 

Reaction of Adduct I with Formic Acid 
The diene l a  (50 mg, 0.24 mmol) was added with 

stirring to formic acid at 8" until the first appearance of 

color (30 s). The mixture was immediately cooled to 
-7OCC, ether was added and the resulting solution 
poured onto ice-water and worked up. Rearomatization 
had occurred to the extent of 25% but the predominant 
product was 1,4-dimethyl-4-nitro-1,4-dihydrophenyl for- 
mate; i.r. 1745 (OCOH) and 1550 cm-I (NOz); n.m.r. 
r 2.2 (s, 1, OCOH), 4.0 (m, 4, vinyl H), 8.2 (s, 3, CH3), 
8.3 (s, 3, CH3). 

Pyrolysis of  Adduct l a  
A solution of diene l a  in carbon tetrachloride was 

injected into the inlet of a gas chromatograph, at 225 "C. 
Decomposition proceeded smoothly giving rise to sharp, 
well-resolved peaks. Seven products were observed, six 
of which were identified by coinjection of authentic 
samples and comparison of their retention times with 
those in the decomposed mixture. The compounds were 
in order of decreasing peak area: p-xylene, 2-nitro-p- 
xylene, 2,5-dimethylphenyl acetate, unidentified com- 
pound, p-methylbenzyl acetate, tolualdehyde, and 2,5- 
dimethylphenol. It is likely that the unidentified com- 
pound was p-methylphenylnitromethane. 

Reaction of  Adduct l a  in Acidified Aqueous 
Tetrahydro furan 

Diene l a  (50 mg, 0.24 mmol) was dissolved in 50% 
aqueous tetrahydrofuran (10 cm3) containing sulfuric 
acid (10 pmol). The reaction mixture was stirred for 18 h 
after which time the solution was worked up in the usual 
manner. Infrared and n.m.r. spectra revealed the presence 
of 2,5-dimethylphenyl acetate (8673, and 2,5-dimethyl- 
phenol (14%; i.r. 3400cm-I (OH); 7 3.55 (ArH)). The 
identities of the nuclear acetate and the phenol were 
confirmed by the correspondence of retention times with 
those of authentic samples on gas chromatography 
(PEGA). A second reactlon was worked up after 15 min 
and the n.m.r. spectrum revealed the presence of small 
amounts of hydroxy dienes 2 (i.r. 3620 cm-' (OH); 
7 8.64 and 8.68 (1-CH,)). 

Reaction to Adduct l a  with Nitric Acid in Chloroform 
Diene l a  (50 mg, 0.24 mn~ol) was dissolved in chloro- 

form (3 cm3), cooled to -6O5, and nitric acid (70 pmol) 
added. The solution was then warmed to O", quenched 
immediately in water, and worked up. Infrared and 
n.m.r. established that the products werep-methylbenzyl 
nitrate (77%; i.r. 1650 and 1280 cm-' (ONO,); s 2.90, 
4.75, and 7.70 p.p.m.; and 2-nitro-p-xylene (23%; i.r. 
1545 cm-' (NOZ); T 2.35, 2.90, 7.50 and 7.70 p.p.m.). 

Reaction of Adducts l a  and l b  with Sulfuric Acid 
in Deuteriochloroform 

Diene l a  (50 mg, 0.24 mmol) was dissolved in deuterio- 
chloroform (0.4 cm3) containing sulfuric acid (10 wmol) 
and the reaction followed by n.m.r. The four products 
observed were p-tolylnitromethane (40%; i.r. 1560 cm-' 
(NO2); r 2.80, 4.80, and 7.75 p.p.m.), 2-nitro-p-xylene 
(40%; i.r. 1535 cm-' (ArNO,); r 2.35, 2.90, 7.50, 7.70 
p.p.m.), p-methylbenzyl acetate (15%; i.r. 1750cm-' 
(OCOCH,); r 2.95, 5.05, 7.75 p.p.m.), and tolualdehyde 
(5%; i.r. 1700 cm-' (CHO); r 0.15). The presence of 
2-nitro-p-xylene,p-methylbenzyl acetate and tolualdehyde 
was confirmed by the identity of retention times with 
those of authentic samples on g.1.c. 

Similar results were obtained when the reaction was 
carried out on Ib. 
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JOSEPH ARMAND, KHALED CHEKIR, and JEAN PINSON. Can. J .  Chem. 52,3971 (1974). 
The electrochemical reduction of several pyrazines in an alkaline hydroorganic medium leads 

to  1,4-dihydropyrazines too easily oxidizable to be isolated. These derivatives isomerize into 
1,2- or 1,6-dihydropyrazines, the rate of this reaction depending among other things on the p H  
and on the cosolvent. The different chemical and electrochemical preparations of dihydro- 
pyrazines are discussed. It is shown that 3,6-dihydro-2,5-diphenylpyrazine and 1,6-dihydro- 
2,5-diphenylpyrazine are in thermodynamic equilibrium. 

JOSEPH ARMAND, KHALED CHEKIR et JEAN PINSON. Can. J. Chem. 52,3971 (1974). 
La rkduction electrochimique de diverses pyrazines en milieu hydroorganique alcalin fournit 

des dihydro-1,4 pyrazines, trop oxydables pour pouvoir @tre isolCes. Ces dCrives s'isomkrisent 
en dihydro-l,2 ou dihydro-1,6 pyrazines avec une vitesse dependant en particulier du p H  et de 
la nature du cosolvant Les differents modes d'obtention, chimiques et electrochimiques des 
dihydropyrazines sont discutes. I1 est montre que la dihydro-3,6 diphenyl-2,5 pyrazine forme un 
Cquilibre thermodynamique avec la dihydro-1,6 diphenyl-2,5 pyrazine. 

The reduction of pyrazines, by the usual 
chemical reagents, generally leads to hexahydro 
derivatives, i .e. to  piperazines. Few semihydro- 
genated derivatives, dihydro- and tetrahydro- 
pyrazines, are known. 

The electrochemical reduction of pyrazines in 
an alkaline hydroorganic medium was investiga- 
ted to determine the intermediates involved in 
the reduction of pyrazine5 into piperazines and 
to find out whether the electrochemical reduction 
could be of interest for the preparation of dihy- 
dro- and tetrahydropyrazines. 

Besides, a large number of organic compounds 
of biological or pharmaceutical interest possess 
the pyrazine ring. Oxido reduction reactions 
seemingly involving the pyrazine ring often take 
place in these compounds (1). Therefore there is 
an additional interest of a detailed knowledge of 
the electrochemical behavior of pyrazines. 

This investigation is divided into two parts. 
This first paper deals with the reduction of pyra- 
zines into dihydropyrazines and with the prep- 
aration of dihydropyrazines. 

As the dihydropyrazines are unstable in acidic 
medium, this investigation was carried out in 
alkaline medium. The following pyrazines were 
investigated: 2,5-diphenylpyrazine (1); 2,3-di- 
phenylpyrazine (2); tetramethylpyrazine (3); 
2,5-di-2'-pyridylpyrazine (4); 2,3-di-2'-pyridyl- 
pyrazine (5); tetra-2'-pyridylpyrazine (6). 

I .  2,5- Diphenylpyrazine ( I )  
Between p H  1 and 13, 1 exhibits a single 2e 

cathodic wave, its El l ,  depends on the pH:  
Ell,  = -0.38 - 0.079pH (50% DMF). 

During the electrolysis of a dilute solution of 1 
in a water-DMF medium (0.5 N NaOH; c = 
2 x M; E = -1.45 V) an anodic wave 
appears with an El i ,  very close to that of the 
cathodic wave of 1 (Fig. 1). Then this anodic 
wave decreases at  the expense of another anodic 
wave, at a less negative potential, and of a cath- 
odic wave, at  a potential slightly more negative 
than that of 1. 

In a water-methanol medium (80% CH,OH; 
0.2 N NaOH; c = 5 x M; E = - 1.35 V) 
the same phenomenon is observed but the rate 

A. Electrochemical Reduction of Pyrazines info of disappearance of the first anodic wave is 
Dihydropyrazines much faster at  a given p H  (Fig. 2). 

The pyrazines have been studied by polarog- The solubility of 1 is too low to carry out a 
raphy in hydroorganic mediums (2, 3) but with preparative electrolysis. 
the exception of pyrazine itself in acidic medium, The polarograms at different p H  and the U.V. 
no preparative electrolysis has been carried out. spectrum of the final reduction product are 
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FIG. 1. Electrolysis of 1 in dilute solution; 0.5 N 
NaOH; c = 2 x 144; V = 200 ml; 50% DMF;  
E = - 1.45 V. Polarograms before (0 "C) and during 
electrolysis (40 'C) .  

FIG. 2. Electrolysis of 1 in dilute solution; 0.2 N 
NaOH; c = 5 x M; V = 200 ml; 80% CH,OH; 
E = -1.35 V. Polarograms before (0 'C) and during 
electrolysis (40 'C, 60 "C). 

identical with those of 1,6-dihydro-2,5-diphenyl- 
pyrazine (7)' which is prepared from 3,6-dihy- 
dro-2,5-diphenylpyrazine (10) (see B.4). Besides, 
it is generally assumed (2, 3) that the primary 
reduction product of pyrazines is a 1,4-dihydro 
derivative although no 1,4-dihydropyrazine has 
ever been isolated. This hypothesis has been con- 
firmed recently: 1,4-dihydro-2,3-diphenylquin- 
oxaline (11) has been prepared by electrochemical 
reduction of 2,3-diphenylquinolaxine (12) (4) 
(see Scheme 1). These results allow us to pro- 
pose the reduction path outlined in Scheme 2. 

'In a previous communication (16) a misinterpretation 
of the n.m.r. spectrum led us to assign the 1,2-dihydro- 
2,5-diphenylpyrazine structure to 7.  

The value of k ,  depends on the p H  and the 
nature and the amount of the cosolvent. 

2. 2,3-Diphenylpyrazine (2) 
Between p H  7 and 14, 2 displays a single 2e 

wave (perturbed by adsorption phenomena be- 
tween p H  7 and 9.5) and its Eli ,  depends linearly 
on the p H  according to Eli ,  = - 0.38 - 0.07pH 
(c = M ;  50% CH30H). 

The results of the electrolysis in dilute solu- 
tions are similar to those observed with 1; thus 
at p H  12 (c = 2 x loM3 M ;  50% CH30H;  
E = - 1.45 V) an anodic wave appears with an 
Eli,  close to that of the cathodic wave of 2 (Fig. 
3). The u.v. spectrum of 1,4-dihydro-2,3-diphen- 
ylpyrazine (14) exhibits a shoulder at 340 nm 
(E 4500) and a maximum at 257 nm (E 8200). 
At p H  13.2 (50% CCH30H; c = 2 x 
M ;  E = - 1.45 V) the same phenomena are 
observed as in the case of 1 :  the anodic wave of 
the 1,4-dihydro derivative decreases with time 
and a cathodic and an anodic wave appear si- 
multaneously (Fig. 4). 

A large preparative electrolysis is carried out 
at p H  13.4 in order to isolate the rearranged 
product of the 1,4-dihydro derivative 14. It is 
possible in a glove box under nitrogen to isolate 
a solid. The n.m.r, spectrum allows us to con- 
clude that this compound is 1,2-dihydro-2,3- 
diphenylpyrazine (8). The proposed reduction is 
shown in Scheme 3. 

3. Tetramethylpyrazine (3) 
The polarograms at p H  from 7 to 14 show that 

tetramethyl pyrazine presents a 2e cathodic 
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ARMAND ET AL.: DIHYDROPYRAZINES 

FIG. 3. Electrolysis of 2 in dilute solution; pH = 
12.2; c = 2 x M; V =  200 ml; 5 0 z  CH30H;  
E = - 1.45 V. Polarograms before (0 "C) and during 
electrolysis (40 "C). 

I 

FIG. 4. Electrolysis of 3 in dilute solution; pH = 
13.22; c = 2 x M; V = 200 ml; 50% CH30H;  
E = -1.45 V. Polarograms before (0 "C) and during 
electrolysis (80 "C, 100 'C). 

wave the El l ,  of which varies with the p H  (2). 
At a p H  higher than 11, adsorption phenomena 
are observed which decrease the wave height. 
At  a p H  higher than 13 this wave becomes 

nearly nonexistent. Therefore, it is impossible 
to carry out an electrolysis in this p H  range, the 
current intensity being too low. 

Two waves appear during an electrolysis in 
dilute solution at p H  10.2 (E = - 1.4 V ;  c = 
2 x M; 2 0 x  CH,OH): an anodic wave, 
the half-wave potential of which is close to that 
of the cathodic wave of 3; its height remains 
small and it disappears at the end of the electrol- 
ysis; a cathodic wave appears (E,,, = - 1.45 V) 
the height of which at the end of the electrolysis 
is about twice that of 3 before electrolysis. These 
waves are assigned respectively to 1,4-dihydro- 
tetramethylpyrazine (15) and 1,2-dihydrotetra- 
methylpyrazine (16) (Fig. 5). The number of 
coulombs corresponds to 2 electrons per mole- 
cule. 

Preparative electrolyses were performed in an 
attempt to isolate the 1,2-dihydro derivative 
16; they were unsuccessful because of the large 

FIG. 5. Electrolysis of 3 in dilute solution; pH = 

10.24; c = 2 x M; V = 200 ml; 20% CH30H;  
E = - 1.40 V. Polarograms before (0 "C) and after 
electrolysis. 
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FIG. 6. Electrolysis of 4 in dilute solution; 0.1 N 
NaOH; c = M ;  V =  200 rnl; 75% DMF; E = 
- 1.40 V. Polarograms before (0 ' C )  and during electrol- 
ysis (20 'C ) .  

5. 2,3-Di-2'-pyridylpyrazine (5) and 
Tetra-2'-pyridylpyrazine (6)  

Compounds 5 and 6 present a 2e wave the 
Eli, of which varies linearly with the p H  accord- 
ing to Eli, = -0.37 - 0.066pH (50% CH30H;  
c = 1 0 - V )  for 5 and El,, = -0.27 - 
0.076pH (50% DMF; c = M) for 6. 

In the case of 5 this wave is followed by a 
second wave, the height of which decreases from 
4e to 2e when the p H  changes from 7 to 14; it is 
due to the 1,4-dihydro derivative 20. 

In a water-DMF medium, electrolysis in di- 
lute solution on the plateau of the second wave 

solubility in water, the volatility, and the easy at p H  13 (50% DMF; c = 2 x M ;  E = 

oxidizability of the electrolysis product. - 1.8 V) consumes 4 electrons per molecule. The 
solution exhibits a 2e anodic wave (El,, = 

4. 2,5-Di-2'-pyridylpL.razine (4 )  -0.48 V) and no cathodic wave; in addition its 
The of this compound was under- U.V. spectrum is different from that of 1,4,5,6- 

taken isolate 1>4-dihydr0 derivative l7 for t~trahydro-2,3-di-2pyridy~pyr~zine (21). Thus, 
which a reduced oxidability could be expected as the anodic wave is assigned to the 1,2,3,4-tetra- 
the result of hydrogen bonds formation. hydro-2,3-di-2'-pyridylpyrazine (22). The re- 

As a matter of fact, 1,2-stilbenediol (18) is duction is shown in Scheme 4. 
(E1,2 = -0.7 at pH lo but A coulometry in 0.1 N NaOH on the plateau 

pyridoin (19) is more stable (Ell, = -0.2 V at of the first wave (50% DMF; = 2 10-3 M; 
pH lo (6)) because with E = - 1.4 V) consumes 4 electrons per mole- 
the pyridine nitrogen. cule. The polarograms recorded during this 

Electrolysis of 4 in dilute solution gives a 
compound whose anodic wave is very close to 
the cathodic wave of 4 (Fig. 6). The Eli,  for the 
l,4-dihydro derivative 17 is, under the electrolysis 2 0 ~ ~  

conditions (75% DMF;  0.1 N NaOH; c = l op3  
M), close to - 1.0 V, that is to say, much too >.~- 
negative and reoxidation cannot be avoided in 
the course of preparative electrolysis. 

2 e  + 2 ~ '  

5 
P, = 2'-pyridyl 

H 
2 e +  2.' + :j!j 

'YA 

/ - 0 . 5  

' , 
. . . .. . . . , 

. _ _  - _ _ _  __* / '  ,_-_-_--- 

H H H FIG. 7. Electrolysis of 5 in dilute solution; 0.1 N 

20 22 
NaOH; c = 2 x IM;  V =  200 ml; 50% D M F ;  
E = - 1.40 V. Polarograms before (0 "C) and during 

SCHEME 4 electrolysis (40 "C, 163 "C).  
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FIG. 8. Electrolysis of 6 in dilute solution; 0.1 N 
NaOH; c = M ;  V = 200 ml; 5 0 z  DMF; E = 
- 1.25 V. Polarograms before (0 "C) and during electrol- 
ysis (10 "C, 57 "C). 

electrolysis (Fig. 7) show that the 1,4-dihydro- 
pyrazine 20 is formed and rearranges into another 
1,2- or 1,6-dihydropyrazine. This last compound, 
being as reducible as 5, is reduced in its turn into 
1,2,3,4-tetrahydro-2,3-di-2'- pyridylpyrazine (22) 

The behavior of 6 is analogous to that of 5 
(Fig. 8). 

I I 
C6H5 CH3-C-CI 

I 

~ 6 ~ 5 1 ~ 1  ~ e n z e n e  + 
Pyridine I 

THF + 2Li + 2CISi(CHs)3 

6. Conclusion 
These results show that pyrazines are reduced 

to highly oxidizable 1,4-dihydro derivatives 
which cannot be isolated. These 1,4-dihydro- 
pyrazines isomerize in solution to 1,2- or 1,6-di- 
hydropyrazines. The rate of this isomerization 
depends on the pyrazine, on the pH, and on the 
co-solvent (nature and amount of the co-solvent). 
The reaction shown in Scheme 5 thus seems 
general. 

It should be noted that the isomerization of 
this 1,4-dihydro derivative seems univocal: the 
2,3-diphenylpyrazine (2) only gives the 1,2-di- 
hydro-2,3-diphenylpyrazine (8) and the 2,5- 
diphenylpyrazine (1) only gives the 1,6-dihydro- 
2,5-diphenylpyrazine (7). 

B. Preparation of Dihydropyrazines 
I .  I ,4- Dihydropyrazines 
Several authors have assigned the 1,4-dihydro- 

pyrazine structure to compounds which corre- 
spond to different formulae (7). To the best of 
our knowledge, no 1,4-dihydropyrazine has ever 
been prepared chemically or electrochemically. 
However, a diacetyl derivative 23 has been ob- 
tained recently by reaction of acetyl chloride 
with 2,3-diphenyl-5,6-dihydropyrazine (24) (7) 
(Scheme 6). 

At about the same time, a silylated derivative 
(26) has been obtained by reduction of pyrazine 
(27) by lithium in the presence of ClSi(CH,), (8) 
(Scheme 7). 

The interest of these compounds lies in the 
fact that they are antiaromatic molecules with 
8 7~ electrons, thus analogous to cyclooctote- 
traene and to 1 H-azepine the chemistry of which 
is the subject of a large number of papers. 

The preparation of diacetyl derivatives was 
attempted until now without success, by electro- 
chemical reduction of pyrazines in aprotic 
medium in the presence of an electrophile such 
as acetyl chloride or acetic anhydride. 
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2. 2,3- (or 5,6-) Dilzydropyrazines 
These compounds are the most stable dihydro- 

pyrazines and they are synthesized by condensa- 
tion of a-diketones with 1,2-diamines. A good 
number of 2,3-dihydropyrazines have been pre- 
pared and their chemical and physicochemical 
properties have been studied (9, 10). 

In order to investigate the behavior of cis- 
2,3-dihydro-2,3-diphenylpyrazine (28) its prep- 
aration was attempted (1 1). The n.m.r. spec- 
trum of the compound obtained shows that it 
does not have the expected formula but most 
probably that of an i~nidazoline (see Experi- 
mental). 

3. 2,5- (or 3,6-/ Dihydropyrazines 
It is well known that the condensation of 2 

molecules of a-aminoketone in alkaline medium 
in the absence of oxygen yields a 2,5- (or 3,6-) 
dihydropyrazine (1 0, 12). 

The 2,5-dihydro-2,5-dimethyl-3,6-diphenylpy- 
razine is prepared by condensation of 2-amino- 
2-methylacetophenone according to ref. 13. The 
n.m.r. spectrum (in CDCl,) of the solid confirms 
the proposed formula. The methyl groups are 

split into two doublets which are assigned to the 
cis and trans isomers (see Experimental). 

The condensation of 2-aminoacetophenone 
yields a solid (14), whose n.m.r. spectrum indi- 
cates a mixture of 3,6-dihydro-2,5-diphenylpyra- 
zine (10) and 1,6-dihydro-2,5-diphenylpyrazine 
(7). 

Thus, the only general preparation of these 
compounds is the condensation of 2 molecules 
of a-aminoketone; this only leads to 2,5- (or 
3,6-) dihydropyrazines with the same substituent 
in the 3,6- and 2,5-positions (Scheme 8). 

These compounds easily undergo a rearrange- 
ment into 1,2- or 1,6-dihydro derivatives as will 
be seen now. 

4. 1,2- (or 1,6-j Dil~ydropyrazines 
4.1 Isomerization of 2,5- (or 3,6-) 

Dihydropyrazines 
The preparation of 2,5-diphenylpyrazine is 

described by Nomine et al. (14, 15). 2-Amino- 
acetophenone is first condensed in an ammonia 
solution, then the solid obtained is heated in 
alcohol under nitrogen. According to the au- 
thors, this leads to the 1,6-dihydro-2,5-diphenyl- 
pyrazine (7). This 1,6-dihydro compound can be 
oxidized by heating in benzene in the presence 
of air to give the pyrazine. After some i.r. and 
u.v. studies these authors proposed the following 
reaction (Scheme 9). 

As the arguments given by these authors 
seemed unreliable we prepared the 1,6-dihydro 
derivative according to their experimental meth- 
od ;  the 1,6-dihydro der'vative 7 is obtained as 
shown by the n.m.r. spectrum but mixed with 
about 2 0 x  of pyrazine 1. As for the solid ob- 
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tained by condensation of 2-aminoacetophenone 
the u.v. spectrum in methanol and the n.m.r. 
spectrum show that it is a mixture of 3,6-dihy- 
dro-2,5-diphenylpyrazine (10) and of 1,6-dihy- 
dro-2,5-diphenylpyrazine (7). 

The 1,6-dihydro derivative 7 can be prepared 
free of pyrazine. When the isomerization is 
carried out in acetone at 25 "C under argon in 
the dark the 1,6-dihydropyrazine 7 is obtained 
pure in 90% yield. 

The n.m.r, spectrum of a solution of this 1,6- 
dihydropyrazine in CDC1, is that of a mixture 
of 3,6- and 1,6-dihydro derivatives 10 and 7 in 
the ratio of 30:70. The same spectrum is ob- 
tained from the product of condensation of 
2-aminoacetophenone. This result (Scheme 10) 
shows that there is a thermodynamic equilibrium 
between these two isomers. 

When deuterated acetone is added to the 
chloroformic solution, the equilibrium is dis- 
placed towards the 1,6-dihydro derivative 7. 

Thus, the preparation of 1,6-dihydro deriva- 
tives by isomerization of the 3,6-dihydro deriva- 
tives necessitates a careful experimental prepara- 
tion: the solvent must be chosen so that equili- 
brium (Scheme 10) is completely displaced to 
the right, causing the oxidation to pyrazine to be 
difficult and the recovery of the easily oxidized 
final product easy. 

It should be noted that the isomerization of the 
3,6-dihydro compounds should only lead to 
1,6-dihydro derivatives because the I,2-dihydro 
derivative is less stable than the 1,6-dihydro 
derivative 7. In the 1,6-dihydro derivative 7 the 
two phenyl groups are conjugated through the 
dienic system (extended conjugation) whereas in 
the 1,Zdihydro derivative only one phenyl 
group is linked to the dienic system in a cross- 
conjugated way. 

4.2. Electrochemical Reduction of Pyrazines 
The preparation of 1,2-dihydro-2,3-diphenyl- 

pyrazine (8) shows that the electrochemical re- 
duction can be a valuable route to some 1,2- 
(or 1,6-) dihydro derivatives. There are, how- 
ever, some limitations to this method: the re- 

duction cannot be stopped always at the 2 elec- 
tron stage as in the case of 2,3-di-2'-pyridyl- 
pyrazine (5) and of tetra-2'-pyridylpyrazine (6) 
where the dihydro derivatives obtained by isom- 
erization of the 1,4-dihydropyrazines are as 
reducible as the starting pyrazine; and the high 
oxidizability of the 1,2- (or 3,6-) dihydro deriva- 
tives does not always permit their isolation es- 
pecially if the procedure involves an evaporation 
of the solution as in the case of tetramethylpyra- 
zine (3). 

4.3. Chemical Reductions 
Simultaneously with the publication of our 

preliminary communication (16) describing the 
electrochemical preparation of 1,2-dihydro-2,3- 
diphenylpyrazine (8), Williams et al. (17) showed 
that the reduction of pyrazines substituted by 
carboalkoxy groups by sodium dithionite in al- 
kaline medium or by catalytic hydrogenation 
could lead to I ,2- (or 1,6-) dihydropyrazines. We 
applied their experimental procedure to the cata- 
lytic hydrogenation of all the pyrazines studied 
in part A. In the case of tetramethylpyrazine (3) 
and of 2,3-diphenylpyrazine (2) there is no ab- 
sorption of hydrogen. The 2,5-diphenylpyrazine 
(1) gives the 2,5-diphenylpiperazine (29). The 
2'-pyridylpyrazines 5 and 6 give a mixture of 
piperazines, dihydro- and tetrahydropyrazines 
(all the attempted separations resulted in the 
reoxidation into the starting compound). 

As a conclusion, the different methods de- 
scribing the preparation of 1,2- (or 1,6-) dihydro 
pyrazines are complementary, none of them 
being general. 

Experimental 
I .  Techniques 

The different techniques used in this s t ~ ~ d y  have already 
been described (4, 18). All the potentials are given by 
reference to the saturated calomel electrode. The pH's 
are measured with a Radiometer model 4 p H  meter 
equipped with a combined glass-aqueous calomel elec- 
trode model GK2302 B. The microanalyses were per- 
formed in the microanalysis laboratory of the Universite 
Paris VI by M. E. Dorme. All the compounds for which 
the name analysis is followed by a molecular formula 
gave analytical results in agreement by 0.2% at most. 

2. Part A 

2.1. Preparation of pyrazines 
2,5-Diphenylpyrazine ( I )  
The experimental procedure of ref. 14 was followed: 

the 2-aminoacetophenone hydrochloride in ammonia 
solution gives the 3,6-dihydro-2,5-diphenylpyrazine (10); 
the oxidation by air in boiling benzene of the 1,6-dihydro- 
2,5-diphenylpyrazine (7) (obtained by isomerization of the 
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3,6-dihydro compound) gives 1 (85% yield). Analysis: 
CI6HI2N2;  m.p. 197 "C (lit. (14) m.p. 195.5 "C); 

n.m.r. (CDCI,): 10 protons, 

multiplet centered at 7.8 p.p.m.; 

and 2 protons, C 6 ~ ~ ~ :  , singlet at 9.06 p.p.m.: 

u.v. (CH30H):  ? .,,, 324 (& 17 200), 297 ( E  15 OOO), 269 
nm (E 15 800). 

2,3-Diphenj~lpyraiine (2) 
This was obtained by oxidation of the 5,6-dihydro- 

2,3-diphenylpyrazine (24) (19) prepared by condensa- 
tion of benzile with ethylenediamine (20) (70% yield): 
Anal. C16H12N2; m.p. 121 "C (lit. (19), m.p. 118- 

119 'C); n .m.r  (CDCl,): 10 protons, @-C//Nmultiplet 

centered at  7.4 p.p.m.; and 2 protons, /C-FI, sing- 
N 

let at  8.71 p.p.m.; L I . ~ .  (CH,OH): h,,, 310 (& 7300), 
285 (E 9600), 266 nrn ( E  10 100). 

Tetrar?~etlzylpyraii~le (3) 
This was obtained from diacetylnionoxime (21) (60% 

yield). Analysis: C8Hl2N2;  n3.p. 86'C (lit. (21), m.p. 

//N 85-86 "C); n.m.r. (CDCI,): 12 protons, CH3-C , 
singlet at  2.41 p.p.m. 

2,5-Di-2'-Pqridylpyrnzine ( 4 )  
The procedure of ref. 22 was used with some niodifica- 

tions: 4 g of 2-(w-aminoacety1)pyridine hydrochloride 
was dissolved in 40 ml of deoxygenated water; under a 
nitrogen atmosphere, 5 ml of 22% ammonia was added 
dropwise. The product which precipitated after 3 h of 
stirring was filtered, washed with water, and dried under 
vacuum on P20, .  The 3,6-dihydro 2,5-di-2'-pyridylpyra- 
zine was dissolved in the minimum amount of acetonitrile 
(about 200 ml for 100 mg) and left in contact with air for 
24 h. Compound 4 precipitated, was filtered. and washed 
with acetonitrile and ether (80% yield). Analysis: C14- 
HION,; m.p. 227 'C (lit. (22), m.p. 226-227'C); 

//N 
n.m.r. (CDCI,): 8 protons.Pq-C . 

I 
2 multiplets centered at 7.5 and 8.7 p.p.m.: 

I 
I 

and 2 protons. H-C , singlet a! 9.96 p.p.m. 

-+N 

The 2-(w-aminoacety1)pyridine was prepared according 
to ref. 23. 

2,3-Di-2'-Pyridylgymine ( 5 )  
This was prepared (24) by refluxing a solution of 2 g 

of 5,6-dihydro-2,3-dipyridylpyrazine in 25 ml of mesityl- 
ene in the presence of 0.2 g of 10% Pd-C for 20 h (70% 
yield). Analysis: C,,H,,N,, m.p. 168 "C (lit. (24), m.p. 
167 "C); 

//" n.m.r. (CDCI,): 8 protons, Py-C , 
I 

3 multiplets centered at 7.33. 7.9, and 8.5 p.p.m.; 

Tetra-2'-Pyridylpyrazine (6) 
This was prepared (24) by heating for 2 h at  180 "C a 

mixture of 20 g of pyridoi'n and 90 g of ammonium ace- 
tate (70% yield). Analysis: C2+HI6Ns; m.p. 284°C 
(lit. (24) m.p. 284 'C); 

//N n m.r. (CDCI,): Py-C , 
I 

3 multiplets centered at 7.33, 7.91, and 8.45 p.p.rn. 

2.2. Electrochemical Reduction of Pyraiines into 
Dihyduopyraiines 

2.2.1. Electrolysis in Dilute Solutions 
Generally 200 ml of solution was used with pyrazine 

concentrations ranging from 5 x to 2 x lo-,  M. 
When the 1,4-dihydro derivative isomerized slowly the 
number of Faradays measured was always between 2 and 
3. Although the electrolyses were performed under argon 
a partial reoxidation could not be prevented. 

2.2.2. Preparatice Electrol~~sis of 2,3-Diphenylpyuazine 
(2) 

Pr.epamtior2 u f 8 .  The electrolysis was carried out on 
200 ml of 0.5 I'V' sodium hydroxide solution (pH 13.4) 
containing 50% C H 3 0 H  and 1 g of 2 at E = - 1.4 V. 
The current intensity was 200 mA at the beginning of the 
electrolysis and fell to 10 mA after 7 h and 890 C (830 C 
for 2 F). The electrolysis was stoppcd and the solution was 
processed in a glove box under nitrogen: the solution was 
filtered and the solid washed with deoxygenated water and 
CCI, to yield 300 mg of yellow crystals; n1.p. 125 "C 

/ 
n.m.r. (DMSO + DzO): 10 protons. C,H,-C, . multiplet centered at 7.5 p.p.m.; 

-. 
H 
I ,N 

I proton.-C . s~nglet at 5.77 p.p.m. (doublet before addition of DzO, J = 4 Hz; 

c6H53'E1 J = 5  HZ I 
C6H5 N I 

I proton. ,N, doublet  at 6.15 p.p.m. (triplet before addition of D,O): , \ 
C-H 

8 / I  
I I 

1 proton. C-H. doublet at 6.3 1 p.p.m.: U . V .  (CH,OH): A ,,,,, 384 nm ( c  7000). 
N' 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ARMAND ET AL.: DIHYDROPYRAZINES 3979 

By comparison of the polarograms of 7 and 8 (assum- lated from the n.m.r. spectrum in CDC1, or in CDC1,- 
ing that the compounds have similar diffusion coeffi- acetone-d, were identical to those calculated from the 
cients), the purity of 8 was estimated to be higher than U.V. spectrum in methanol taking an absorption coeffi- 
90%. cient of E 12 300 at  A,,, 406 nm (see below). 

preparatit.e Electrolysis of Tetramethyb~azine (3). 3.2, preparation of the  1,6-Dihydro-2,5-diphenylpyrazjne 
Electrolysis was carried out on 50 ml of aqueous solution f 7) 
containing 1 g of 3 (pH = - V). The current A solvent must be where the isomerization is 
intensity which was 350 mA at the beginning fell to 10 fast but where the oxidation into pyrazine is slow. The 
mA after consumption of about 2 electrons per molecule transformation into pyrazine takes place even under 
(1420 C). argon (disproportionation or reaction with the solvent) 

All the attempted the product were un- and the light acts as a catalyst. The best results are ob- 
successful: on one hand the compound was highly soluble tained in an inactinic flask in acetone at 25 oC:  in a 500 
in water and an extraction with ether was unoperative; inactinic flask, of the solid obtained by condensa- 
on  the other hand the product was volatile and distilled tion of 2-aminoacetophenone was dissolved in 250 ml 
along with water if one tried to concentrate the solution. of deoxygenated acetone, The temperature was main- 
I n  addition, a partial reoxidation occurred in the course tained at 25 cC (in a thermostatic bath, for h, and the 
of this distillation. solution was then poured into 750 ml of deoxygenated 

3. Part B 

3.1. Condensation of 2-aminoacetophenone 
Preparation of 10. The procedure of refs. 14 and 15 

was used: 5 ml of 22% ammonia are added dropwise 
into a solution of 4.25 g of 2-aminoacetophenone hydro- 
chloride in 40 ml of water under nitrogen and a yellow 
orange product precipitated. The solution was stirred for 
3 h, cooled, and the solid was filtered, washed with water, 
and dried under vacuum over P205 (6617, yield); m.p. 
164 "C (lit. (14, 15), m.p. 165 "C). This solid, in solution 
in methanol, under nitrogen, exhibited a u.v. spectrum 
with a band at h,,, of 406 nm which increased with time 
to reach a maximim after 4 h corresponding to E 11 000 
for a molecular weight of M 234 (that of the starting 
compound 10). Some pyrazine was also formed and 
could be detected by its characteristic u.v. spectrum. 

An n.m.r. spectrum in CDC1, presented a multiplet 
centered at  7.6 p.p.m., assigned to the protons of the four 
phenyl groups of 10 and 7, a singlet at  6.96 p.p.m. 

I 

assigned to the /C-H proton of 7, a singlet at  4.4 
N /  

p.p.m. due to the two protons of the -CH2-N= 
group of 10, a doublet at  4.16 p.p.m. due to the two pro- 

tons of the -CH,-N<H group of 7 (it gives a singlet by 

addition of D20) ,  and a'broad signal at  3.4 p.p.m. which 
disappeared on addition of D 2 0  and was assigned to the 

)N-H proton of 7. The relative intensities showed that 

;he mixture contained 30% of 3,6-dihydro-2,5-diphenyl- 
pyrazine (10) and 70% of 1,6-dihydro-2,5-diphenylpy- 
razine (7). 

When the chloroformic solution was diluted in deoxy- 
genated methanol and the u.v. spectrum recorded, the 
band at  406 nm increased and reached the same absorp- 
tion coefficient as above. 

When the n.m.r. spectrum was recorded in a CDC1,- 
acetone-d, mixture, the percentage of 1,6-dihydro deriva- 
tive was higher than in pure CDCI,. When this solution 
was diluted in methanol the band at  406 nm increased to 
reach the same intensity as above. 

This band at  h,,, 406 nm is due only to the 1,6-dihydro 
2,5-diphenyl pyrazine (7) (see below); the 3,6-dihydro 
derivative (10) does not absorb in this region. The rela- 
tive amounts of 1,6- and 3,6-dihydro derivatives calcu- 

water; the solid which precipitated was filtered under 
nitrogen and dried under vacuum over P205 in the dark 
(90% yield). Analysis: CI6HI4NZ ; m.p. 169 "C; u.v. 
(CH,OH): A,,, 406 (E 12 300), 245 nm (E 15 600). This 
spectrum does not change with time. 

From the preceding results, this compound was the 
pure 1,6-dihydro-2,5-diphenylpyrazine (7). The n.m.r. 
spectrum of 7 in CDC1, was identical to that of the mix- 
ture of 1,6- and 3,6-dihydro derivatives. This shows that 
these two compounds are in equilibrium and that both 
isomerization rates are high. The addition of acetone dis- 
placed the equilibrium towards the 1,6-dihydro compound 
as seen in 3.1. 

3.3. Tentatice Preparation of the 2,3-Dihydro-2,3-diphenyl- 
pyrazine (28) 

According to ref. 11 the condensation of meso-stilbene- 
diamine (prepared as in ref. (25)) with glyoxal yielded the 
2,3-dihydro-2,3-diphenylpyrazine (28). 

The experimental procedure of ref. 11 gave a solid with 
n1.p. 1-63.4 'C (cf ref. 11) but the analysis corresponded 
to the formula c,,H,,N,o. This could be in agreement 
with the expected compound containing 1 mol of water 
but this is excluded by the n.m.r. spectrum; n.m.r. 
(CDCI,): 1 proton (NH), broad signal at  2.0 p.p.m. which 
disappeared by addition of D 2 0 ;  2 protons, singlet at  
3.73 p.p.m. ; 1 proton H I ,  doublet at  4.40 p.p.m. ; 1 pro- 
ton H2 ,  multiplet centered at  4.6 p.p.m., gave a doublet 
on addition of D,O, J, ,  - ., = 4 Hz; 10 protons CsHS, 
2 multiplets between 6.6 and 7.4 p.p.m. This spectrum 
and the analysis are in agreement with the formula of the 
following imidazoline: 

HI 
As a matter of fact, it is known that this type of com- 
pound is obtained by reaction of a-diamines with acids 
or their derivatives and that glyoxal gives glycolic acid in 
alkaline medium. 

3.4. Preparation of the 2,5-Dihydro-2,5-dimethyl-3,6- 
dighenylpyrazine 

3.4.1. Preparation of 2-Amino-2-methyl-acetophenone 
By reduction of C6H5 -C-C-CH3 (26): 16.5 g of 

I/ I /  
0 N-OH 
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oxime was added to a solution of 45 g SnCI, in 65 ml of 
concentrated hydrochloric acid. The reduction product 
precipitated as a stannic double salt (CgH1 1N02)2H2Sn- 
CI, (88x yield), m.p. 224 "C. To recover the aminoketone 
hydrochloride, the salt was dissolved in water and H2S 
was bubbled through the solution. When the precipita- 
tion of tin sulfide was over, the solution was filtered and 
the filtrate evaporated to dryness. The 2-amino-2-methyl- 
acetophenone hydrochloride obtained was purified by 
dissolution in alcohol and reprecipitation by ether (75% 
yield); m.p. 184 "C (lit. (26), m.p. 183-184 "C); n.m.r. 
(DMSO-d6): 3 protons, -CH,, doublet at 1.51 p.p.m.; 
1 proton, C-CH, quadruplet centered at 5.2 p.p.m.; 
5 protons, C,H5, multiplet at 8 p.p.m.; 2 protons, NH,, 
broad signal at 8.7 p.p.m. (disappeared by addition of 
DzO). 

Condensation of 2-Amino-2-methylacetopl~enone. This 
was condensed under the sameconditions as 2-aminoaceto- 
phenone (see 3.1). The solid obtained was dried under 
vacuum over P,05. Analysis: C18H18N2. n.m.r.: this 
spectrum showed that the 2,5-dihydro-2,5-dimethyl-3,6- 
diphenylpyrazine (30) was obtained alone as a mixture 
of the cis and trans isomers: a multiplet between 7.0 and 
8.0 p.p.m. (10 protons) assigned to the aromatic protons; 
a multiplet centered at 4.55 p.p.m. (2 protons attributed 
to the CH,-C-H protons and two doublets at 
1.30-1.40 and 1.37-1.50 p.p.m. (6 protons) J  = 6 and 
7.8 Hz assigned to the two methyl groups of the two 
isomers. The isomeric ratio is approximately 70 : 30. 

3.5. Catalj>tic Hydrogenations 
The pyrazines (500 mg) were dissolved in 100 ml of 

9 5 z  ethanol or methanol with 100 mg of 10% Pd-C 
(Merck Product) and hydrogenated under pressure at 
room temperature. 

In  the case of tetramethylpyrazine (3) and of 2,3-di- 
phenylpyrazine (2), no hydrogen was absorbed; the 
2'-pyridylpyrazines 5 and 6 gave mixtures of piperazines, 
di- and tetrahydrogenated products, as can be seen from 
the polarograms and ~1.v. spectra of the solids obtained 
by filtration and evaporation of the alcoholic solutions. 
The attempted separations only resulted in the reoxida- 
tion of the di- and tetrahydro derivatives into the starting 
pyrazines. 

The 2,5-diphenylpyrazine (1) gave the 2,5-diphenyl- 
piperazine (28), (80% yield), m.p. 195 'C (lit. (14) n1.p. 
195-196'C); n.m.r. spectrum of 28: a multiplet centered 
at 7.5 p.p.m. (10 protons) assigned to the aromatic pro- 
tons; a doublet of doublets centered at 4.01 p.p.m. (2 

protons) due to the CH-N/ protons; a multiplet (eight 
\ 

peaks) between 2.7 and 3.4 p.p.m. (4 protons) assigned to 
\ 

the diastereotopic ;cH2 protons (ABX spectrum); and 
\ 

a singlet at 2.1 p.p.&. (2 protons) due to the two >N-H 

(this signal disappeared by addition of D20) .  
The coupling constants were calculated for the only 

possible combination of the eight peaks which constitute 
the AB part of the spectrum: JAx = 2.6 H z ,  J B x  = 10.6 
Hz; and JAB = 11.4 Hz. 

These results along with the known values of the J,,, 
J,,, and J,, coupling constants between axial and equa- 
torial protons of cyclohexane derivatives show that the 
2,5-diphenylpiperazine (28) is the pure trans isomer. 
Analysis: C I ~ H I ~ N Z .  
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SVEN FISCHER, LOUIS K. PETERSON, and JOHN F. NIXON. Can. J. Chem. 52,3981 (1974) 
The following N-substituted azoles have been prepared: (a) diphenylphosphine derivatives 

of pyrazole (la), 3,5,-dimethylpyrazole ( lb) ,  3(5)-methylpyrazole (isomers 2a and 2b), pyrrole 
(7), imidazole (8), and 1,2,4-triazole (9); (b) diphenylphosphinatopyrazole (46); (c) dichloro- 
phosphinopyrazole (5a) and dichlorophosphino-3,5-dimethylpyrazole (Sb); (c) 1,l-phenyl- 
phosphinobis(pyrazo1e) (3); (d) tris(pyrazoly1)phosphine (6a) and tris(3,5-dimethylpyrazolyl) 
phosphine (6b). Synthetic methods involved reactions (i-ic): (i) azole with chlorophosphine 
(1-3,8,9) or +,P(O)C1(4a) in ethereal solution with triethylamine as hydrogen halide acceptor; 
(ii) trimethylsilylazole with phosphorus trichloride (5, 6); (iii) potassium pyrrolide with 
diphenylchlorophospl~ine (8); (it.) sulfur oxidation of l a  (4b). Nuclear magnetic resonance 
spectral assignments are discussed. 

SVEN FISCHER, LOUIS K. PETERSON et JOHN F. NIXON. Can. J. Chem. 52,3981 (1974). 
On a prepare les azoles N-substitues suivants: (a) les derives diphenylphosphine du pyrazole 

(la), dimCthyl-3,5 pyrazole (lb), methyl-3(5) pyrazole (isomeres 2a et 2b), pyrrole (7), imidazole 
(8) et le triazole-1,2,4 (9); (b) diphenylphosphinatopyrazole (4b); (c) dichlorophosphinopyrazole 
(Sa) et le dichlorophosphinodimethyl-3,5 pyrazole (Sb); ( d )  phenyl-1 phosphino-1 bis(pyrazo1e) 
(3); ( e )  tris(pyrazoly1)phosphine (6a) et le tris(dimethy1-3,y pyrazoly1)phosphine (6b). Les 
methodes de synthese font appel aux reactions (i-ic): (i) l'azole avec la chlorophosphine (pour 
1-3, 8, 9) ou +,P(O)Cl (4a) dans une solution Ctheree avec la triethylamine comme accepteur 
d'acide halogene-hydrique; (ii) la trimCthylsilylazole avec le trichlorure de phosphore (5, 6 ) ;  
(iii) le pyrrolidure de potassium avec la diphtnylchlorophosphine (8); (it.) l'oxydation du soufre 
de l a  (4b). Les attributions spectrales deduites de 1'Ctude r.m.n. sont discutees. 

[Traduit par le journal] 

Introduction Compound 4a was obtained essentially accord- 
There is current interest in the chemistry of ing to eq. 1, with $2P(0)C1 in place of the chloro- 

azoles and their organometallic derivatives (1- \ E ~ ~ N - E ~ ~ O  
15). Organo derivatives of Group 111 (1-4) and ['I AzH f /P-Cl - >P-AZ 

Group IV (5-1 5) metal azoles have been studied (-HCI) 

in some detail and Group V (lc)  derivatives have (AZH = azole) 
been mentioned. The trialkylsily- and trialky- 
germylpyrazoles, imidazoles, and triazoles have \ hexane 
been shown to exhibit metallotropic exchange [2] K'Az- + ,P-C1 - >P--AZ 

(-KCI) 
between two nitrogen sites (12, 13, 15) and there 
is an extensive chemistry of pyrazolylborate [31 xMe,Si-Az + PC,, + 

anions as ligands (lc, 16-21). 

f CI, - ,P(Az), 

Results and Discussion phosphine, but it could not be obtained by an 
In this paper we report syntheses of a series of attempted O2 oxidation of l a  in solution in 

phosphino- and phosphinatoazole compounds hexane. However, la  was oxidized by sulfur in 
(1-9) (Fig. 1) which are of interest as potential refluxing benzene, to form 46. The compounds 
ligands in coordination chemistry. Synthetic 5b, 6a, and 66 were obtained by the reaction of 
routes are summarized in eqs. 1 (for compounds appropriate proportions of PCl, and azole, in 
1, 2, 3, 8, and 9), 2 (for 7), and 3 (for 5 and 6). ethereal solution but yields were low and side 
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l a  R , R 1 = H : X , Y = $  
l b  R , R ' = M e ; X , Y = $  
2a R = M e ; R 1 = H : X , Y  = $  
2b R = H ; R 1 = M e ; X , Y  = $  
3 R, R'  = H;  X = 4:  Y = pyraxolyl 
Sa R,  R'  = H; X, Y = C1 
Sb R ,  R'  = Me: X,  Y = CI 
6a R ,  R'  = H;  X,  Y = pyrazolyl 
6b R, R' = Me: X,  Y = 3 3 -  

dimethylpyrazolyl 

reactions gave dark colored residues. The alter- 
native routes (eq. 3) involving the elimination of 
Me,SiCl from trimethylsilylazoles were quanti- 
tative, being analogous to the PCI, cleavage of 
trialkylsilylamines (22). There was no reaction 
between pyrrole and +,PC1 in ethereal solution, 
even in the presence of triethylamine. The 
pyrrolide anion, however, reacts readily with 
+,PC1 (eq. 2), giving 7, as a thermally unstable 
yellow oil. The products 1-9 were characterized 
by mass and n.m.r. spectroscopy, and/or ele- 
mental analysis and the reaction stoichiometry. 
All compounds were moisture sensitive, the 
dichlorophosphinopyrazoles 5a and 5b being 
particularly reactive. The compounds 1-9 except 
for 7, are thermally stable, and can be sublimed 
or distilled in the 100-1 50 "C temperature range 
at low pressure. They are liquids or low melting 
solids and they dissolve readily in a variety of 
nonhydroxylic organic solvents. Only parent 
ions for monomeric species were observed in the 
mass spectra, together with readily identifiable 
fragmentation patterns. By contrast, the analo- 
gous Group I11 derivatives of pyrazole (1-4, 23) 

are known to be dimeric or polymeric both in the 
solid state and in solution, whereas the Group IV 
derivatives show varying tendencies for inter- 
molecular association in solution (14, 15). 

In theory, N-substitution reactions (24) of 3(5)- 
methylpyrazole could lead to a mixture of 3- 
methyl- and 5-methyl-I-substituted pyrazoles. 
Indeed, the reaction of $,PC1 with methyl- 
pyrazole was found to yield a mixture of the 
isomers 2a and b, in a 6: l  molar ratio, as 
evidenced by the 'H n.m.r. spectrum of the 
reaction products. In a similar fashion, isomeric 
mixtures resulted from the reaction of 3(5)- 
methylpyrazole with trimethylchlorosilane (25) 
or with Me,E (E = B, Al, Ga) (3). In contrast, 
only one isomer was formed in the reaction of 
sodium 3(5)-methylpyrazolide with phosgene 
(26), and when 3-phenylpyrazole reacts with 
bis(tri-n-butyltin) oxide (14). Mechanistically, 
the pyrazole moiety would be expected to main- 
tain its n-stabilized, aromatic character in its 
substitution reactions by utilizing its pyridine 
type (2 N) site, rather than its sp2 hybridized 
(1 N) site in the reaction step preceding elimina- 
tion of HX (eqs. 4a and 4b) (24d). Clearly, there 
is some steric preference for eq. 4a and ready 
isomerization can provide the appropriate pyra- 
zole tautomer for major reaction via this route. 
The large 3-phenyl substituent would be even 
more specifically directional in its effect than the 
smaller 3-methyl group. 

(E = metalloid: L,, = other ligands; 

X = alkyl or  halogen. or 0SnBu3)  

Following synthetic routes known for the 
dialkylaminodifluorophosphines, R,NPF,, (27) 
various attempts were made to prepare the 
analogous difluorophosphinopyrazoles. The for- 
mer types of compound have been obtained via: 
(a) the action of PF, upon R,NH (28) or 
R,NSnMe, (22); (b) the reaction between 
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R~ 
I R' 

TABLE 1 .  Proton n.m.r. data* for (1-3,5,6) and 
Y 

Compound 

X, Y = +; R3, R5 = H 
X ,  Y = $; R3, R5 = Me 
X , Y = $ ; R 3 = M e ; R 5 = H  
X , Y  = 4; R3 = H ;  R5 = Me 
X = 4; Y = pyrazole; R3, R5 = H 
Z = 0 ; R 3 , R 5  = H 
Z = S ;  R3, R5 = H 
X ,  Y = C1; R3, Rs = H 
X, Y = C1; R3 ,  R5 = Me 
X ,  Y = pyrazolyl; R3, R5 = H 
X ,  Y = 3,5-dimethylpyrazole; 

R3, R5 = Me 

R,NH and CC13PF2 (29); and (c) the fluorina- 
tion of R,NPCl,, using SbF, (29-31), ZnF, 
(30, 32), or NaF (31, 33). In contrast, analogous 
reactions involving pyrazole or 3,5-dimethyl- 
pyrazole in p!ace of R,NH, or trimethylstannyl- 
pyrazole in place of the stannylamine, or dichloro- 
phosphinopyrazole (5a) in place of R,NPCl,, all 
failed to yield the expected difluorophosphino- 
pyrazole product. Thus, PF, failed to react with 
pyrazole or trimethylsilylpyrazole, whereas reac- 
tion with trimethylstannylpyrazole appears to 
proceed as in eq. 5, giving P(Az), in good yield. 

[51 3Me3SnAz + PF, + P(Az), + 3Me3SnF 

(Az = pyrazolyl or 3,5-dimethylpyrazolyi) 

The reaction of pyrazole with CCl,PF, only 
occurs slowly, over a period of several weeks, in 
solution in benzene, as monitored by proton 
n.m.r. spectroscopy. Although CHCI, was a 
readily detected product, there was no 19F n.m.r. 
evidence for any AzPF, species. On separating 
the products, a considerable amount of PF, was 
observed, presumably arising from the dis- 
proportionation of AzPF,. Attempted fluorina- 
tion reactions of AzPCl, with SbF, and AsF, 
also gave some PF,, together with inseparable, 
involatile residues. 

The 'H n.m.r. spectra of compounds 1-9 in 
solution in CCI, or CDC1, show characteristic 
bands for the phenyl groups, and for the sub- 
stituents at the 3, 4, and 5 positions of the 
pyrazole ring. In some cases the H3 and/or H5 

band is overlapped by, and contributes to the 
intensity of the phenyl resonance envelope (see 
Table 1). The resonances, at ambient tempera- 
tures, indicate the nonequivalence of the 3 and 5 
positions, which establishes that the compounds 
are monomeric and stereochemically rigid in 
these solvents. In solution in toluene, bromo- 
benzene, or carbon disulfide, however, the 3 and 
5 positions of several of the phosphinopyrazoles 
are equivalent at room temperature and only give 
separate resonances at low temperatures. Similar 
observations on related systems have been inter- 
preted as intermolecular metallotropic exchange 
(15). The assignments for the 3 and the 5 posi- 
tions were based upon the following criteria: 
(a) couplings JH4R5 are consistently greater than 
corresponding couplings JR3H4 (R3, Rs = H or 
Me), in view of the greater double bond con- 
tributions in the former; (b) couplings JpRs are 
larger than JpR3 (R = H or Me); (c) the R5 
resonance is consistently downfield, relative to 
R3. Similar arguments have been applied in the 
structure assignments of related pyrazole deriva- 
tives (4, 26, 34) and decoupling studies facilitated 
the interpretation of coupling data. Where two 
or more couplings were present, the bands 
appeared as a sequence of doublets or as sets of 
overlapping triplets resulting from the fortuitous 
overlapping of doublets (e.g., the H4 resonances 
for 4a and b). Methylation of the pyrazole ring 
at the 3 and 5 positions increases J p H 4 ,  while 
oxidation of the PI1' phosphine substituent to 
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Pv (as in 4a and b) has little influence upon this 
coupling. The J P H 5  couplings, however, show 
greater variations (1.1 Hz in 4a, 2.4 Hz in 46, and 
2.1 Hz in l a ) .  

The coordination chemistry of some of the 
above ligands will be reported later. 

Experimental 
All materials were handled under anhydrous condi- 

tions, using a high vacuum system or a dry, inert atmos- 
phere system. The solvents ether, benzene, and hexane 
were refluxed over LiAIH,, distilled, and stored over 
sodium wire. Tetrahydrofuran (THF) was refluxed over 
LiAIH, and distilled before use. The azoles pyrazole, 
3(5)-methylpyrazole, 3,5-dimethylpyrazole, pyrrole, imi- 
dazole, and triazole (Koch-Light. Aldrich) were sublimed 
or distilled; phosphorus trichloride (May and Baker) was 
distilled but diphenylchlorophosphine and phenyldi- 
chlorophosphine (K and K )  were used without further 
purification. Triethylamine (Hopkins and Williams) was 
dried over sodium wire. 

Elemental analyses were performed by the depart- 
mental analysts (at Simon Fraser University and Uni- 
versity of Sussex) or by Alfred Bernhardt, West Germany.' 
Nuclear magnetic resonance spectra were obtained using 
Varian T-60, A56i60, XL 100, HA-100, and Jeol JNM- 
PS-100 spectrometers, and the Perkin Elmer 457 was used 
for i.r. measurements. Mass spectra were determined 
with the double focussing Hitachi Perkin Elmer RMU-6E 
and the AEI MS9 instruments. 1-Trimethylsilylpyrazoles 
(12, 15) were prepared by the reaction of Me,SiCl with 
the appropriate pyrazole in the presence of triethylamine, 
whereas I-trimethylstannylpyrazoles were prepared from 
MeJSnCl and the appropriate potassium pyrazolide (25). 
+,P(O)CI was prepared from +,P(O)OH following pub- 
lished procedures (35). The syntheses described below 
were carried out on a 5 millimolar scale. 

Preparation of I-Diphenylphosphinopyrazole ( l a ) ,  
I-Diphenylphosphino-3,5-dimethylpprazole ( Ib)  , 
I-Diphenylphosphino-3-methjdpyrazole (Za), 
I-Diphenylphosphino-5-methylpj~razole (2b) , 
I- Dipl~enylphosphinoimidazole ( 8 ) ,  
I-Diphenylphosphino-1,2,4-triazole (4) 

To a stirred ethereal solution of the azole and triethyl- 
amine (1:1.05 molar ratio) an equivalent amount of 
diphenylchlorophosphine, in ether, was added slowly. A 
white precipitate of triethylamine hydrochloride formed 
immediately. After stirring for 3 h, the precipitate was 
filtered off and washed twice with ether. The filtrates were 
combined, the solvent was distilled off, and the residue 
was purified by distillation or sublimation under reduced 
pressure. Yields, 95-100%. 

l a :  m.p. 37 "C; mass spectrum (mle), Mob,+ 252, Meal,, 
252.26. 

Anal. Calcd. for C15H13N2P: C, 71.42; H, 5.19; N, 
11.11. Found: C, 71.7; H, 5.20; N, 11.7. 

lb :  m.p. 40-42°C; mass spectrum (mle), MobsL 280, 
MCa,,d 280.31. 

lAlfred Bernhardt, Mikroanalytisches Laboratorium, 
5251 Elbach iiber Engelskirchen, Fritz-Pregl-Strasse 
14-16, West Germany. 

Anal. Calcd. for C17H17NZP: C, 72.86; H, 6.09; N, 
10.00. Found: C, 73.0;H, 6.01; N, 10.4. 

2a, 26: the mixed isomers melted in the range 65-73 "C; 
they were not separated; mass spectrum, Mob,+ 266, 
MCaIcd 266.1 1. 

Anal. Calcd, for CI6Hl5N1P: C, 72.15; H, 5.68; N, 
10.53. Found: C, 72.4; H, 5.84; N, 12.0. 

8 :  m.p. 95-97 "C; mass spectrum, Mob,+ 252, Mcalcd 
252.26; n.m.r. spectrum (CDCls solution), r 2.30 (d of d's, 
JpH = J H z H 5  = 0.95 Hz); 2.8 (center of the H5 multiplet); 
2.9 (center of the H4 multiplet); 2.5-2.75 (phenyl reso- 
nances). 

Anal. Calcd. for ClSH13NZP: C, 71.42, H, 5.19, N, 
11.10. Found: C, 71.5; H, 5.15; N, 11.9. 

9:  m.p. 64-66 "C; mass spectrum, Mobs+ 253, Mcalcd 
253.26; n.m.r. spectrum (CDCI, solution), r 1.63 (d, IH, 
H5;  J p " ,  1.2 HZ); 1.85 (s, IH, H3); 2.54-2.62 (multiplet, 
phenyl resonances, 10H). 

Anal. Calcd. for CI4Hl2N3P: C, 66.39; H, 4.77; N, 
16.59. Found: C, 66.7; H, 4.79; N, 16.8. 

Preparation of 1,I'-Bisjpyrazo1yl)phenylphosphine (3) 
Phenyldichlorophosphine, in ether, was added slowly, 

with stirring, to an ethereal solution containing 2 equiv. 
of pyrazole and triethylamine (5% excess). The subse- 
quent procedure followed the pattern described above. 
Yield, 98-99z; m.p. 48-50°C; mass spectrum, Mob,+ 
242, Mcvlcd 242.22. 

Anal. Calcd. for CI2HllN4P:  C, 59.50; H, 4.58; N, 
23.13. Found: C, 59.1; H, 4.61; N, 23.7. 

Preparation of I-Diphenylphosphinatopyrazole (40) 
Appropriate proportions of +,P(O)Cl, pyrazole, and 

triethylamine were mixed, in solution in ether, as de- 
scribed above. The precipitate (Et,NHCl) was filtered 
off and washed several times with ether. Upon removing 
part of the solvent from the filtrate, 4a was precipitated. 
It was filtered off and sublimed at 160 "C/0.05 Torr. 
Yield, 67%; m.p. 112-114 "C; mass spectrum, Mob,+ 268, 
Mcalcd 268.26. 

Anal. Calcd. for C15Hl,NzOP: C, 67.16; H, 4.88; N, 
10.44. Found: C, 68.8; H, 5.05; N, 11.6. 

Preparation of I-Diphenylthiophosphinatopyrazole (46) 
A solution of compound l a  in benzene was heated 

under reflux with an equivalent amount of sulfur for 8 h, 
giving a colorless solution. The solvent was distilled off, 
leaving an oil which crystallized, after 2 days, into color- 
less prisms. Yield, 100%; m.p. 105-106°C; mass spectrum, 
Mobs+ 284, Mcalcd 284.32. 

Anal. Calcd. for Cl,Hl3N,PS: C, 63.37; H, 4.61; N, 
9.85. Found: C, 63.5; H, 4.68; N, 10.0. 

Preparation of I-Dichlorophosphinopyrazole (5a) and 
I- (Dich1orophosphine)-3,5-dimethylpyrazole (56) 

Phosphorus trichloride and the appropriate 1-tri- 
methylsilylpyrazole (1.1:1 molar ratio) were sealed to- 
gether in a glass ampoule for 24 h. The products were 
separated by vacuum fractionation. The reaction stoi- 
chiometry was 

(Az = pyrazolyl or 3,5-dimethylpyrazolyl) 

5a yield, 98%; m.p. 107-108 "C; mass spectrum, Mobs+ 
168, Mcalcd for C3H3C12NZP, 168.91. 
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5b: yield, 98%; mass spectmm, Mob,+ 196, Mcalcd for 10. J.  G. A. LUIJTEN, F. RIJKENS, and G. J. M. VAN DEP. 

C5H7C12N2P, 196.93. KERK. Adv. Organomet. Chern. 3, 397 (1965). 
11. L. BIRKOFER and P. WERNER. Ber. 99,2512 (1966). 

Preparation of Tris(1-pyrazoly1)phosphine (6a) and 12. D. H. O'BRIEN and C.-P. HRUNG. J. Organomet. 
Tris-l(3,5-dimethylpyrazolyl)phosphine (60) Chem. 27, 185 (1971). 

~ h o s ~ h o r u s  trichloride and the appropriate 1-tri- 13. F. A. COTTON and D. J. CIAPPENELLI. Syn. Inorg. 
methylsilylpyrazole (1:4.5 molar ratio) were allowed to ~ ~ ~ ~ l - ~ ~ ~ .  them. 2, 197 (1972). 
react in a sealed ampoule for 24 h. The volatile products 14, S, KOZIMA, T. ITANO, N, M I ~ A ~ A ,  K. ~ 1 ~ 1 ~ 0 ,  and 
were separated by vacuum fractionation, and the residue T. rsIDA. J. organornet. them. 44, 117 (1972). 
was purified by sublimation or distillation under reduced 15. V, N. ~OROCHESNIKOv, N. M, sERGEYEv, N, A. 
pressure. The reaction stoichiometry was VIKTOROV, G.  S. GOLDIN, V. G. PODDUBNY, and 

PCl, + 3Me3Si-Az + 3Me3SiC1 + P(Az)~ A. N. KULTSOVA. J. Organomet, Chem. 70, 347 
(1974). 

6a: yield, 98-100%; m.p. 104°C; mass spectrum, 16. S. TROFIMENKO. (a) J. Am. Chem. Soc. 91, 3183 
Mob,+ 232, Mcalcd 232.09. (1969); (b) Acc. Chem. Res. 4, 17 (1971). 

Anal. Calcd. for CgHgN6P: C, 46.55 ; H, 3.88 ; N, 36.20. 17. P. MEAKIN, S. TROFIMENKO, and J. P. JESSON. J. 
Found: C, 44.7; H, 4.05; N, 35.0. Am. Chem. Soc. 94, 5677 (1972). 

6b: yield, 98-100%; m.p. 101 'C; mass spectrum, 18. F. A. COTTON, J. L. CALDERON, M. JEREMIC, and 
Mob,+ 316, Mcalcd 316.15. A. SHAVER. J. Chem. Soc. Chem. Commun. 777 

(1972). 
Preparation of I-Diphenylphosphinopyrrole (7) 19. R. B. KING and A. BOND. J. Am. Chem. Soc. 96, 

An ice-cooled suspension of potassium pyrrolide in 1334, 1338, 1343 (1974). 
hexane, prepared according to literature methods (361, 20. N. F. BORKETT and M. 1. BRUCE. J. Organornet. 
was treated with an equivalent amount of diphenylchloro- them. 65, ~ 5 1  (1974). 
phosphine in hexane. The stirred mixture was allowed to 21. D, J. 0>sULLIVAK and F. J. L ~ L ~ ~ .  J. organornet. 
warm to room temperature over a period of 3 h. The them, 65, ~ 4 7  (1974). 
solution was filtered, the solvent was removcd, and the 22, R ,  JEFFERSON, J. F. NIXON, T. M. PAINTER, R. KEAT, 
product was distilled under reduced Pressure to yield a and L, sToBBs, J, Chem, sot, (Dalton), 1414 (1973). 
 ello ow oil. Yield, 67%; mass spectrum, Mobs+ 251, Mca,=d 23, D. F. RENDLE, A. STORR, and J. TROTTER. J. Chem. 
251.27; n.m.r. spectrum, 7 2.8-2.9 (phenyl resonances, Soc. Chem. Commun. 189 (1973). 
1 0 ~ ) ;  3.30 (d of t's, 2H; HZ,  H5;  J H H ,  2.2 HZ; J P H ,  4.0 24. (a) T. L. JACOBS. Pyrazoles and related compounds. 
HZ); 3.82 (d oft's, 2H; H3, H4;  J H H ,  2.2 Hz; JPH,  0.4 Hz). In Heterocyclic compounds. Vol. 5. Edited by R. C.  

Anal. Calcd. for CI6Hl4NP: C, 76.48; H, 5.62; N, 5.57 Elderfield. J. Wiley and Sons, New York. 1957. p. 45; 
Found:C,77.3; H, 5.45; N,4.8. (b) A. N. KOST and I. GRAKDBERG. In Advances in 

heterocyclic chemistry. Vol. 6. Edited by A. R. 
Katritzky and A. J. Boulton. Academic Press, New 

We thank the National Research Council of Canada York. 1966. p. 347; (c) R. Fuxo. In The chemistry of 
for financial support of this research. One of us (L.K.P.1 heterocyclic compounds. Edited by A. Weissberger. 
is most grateful to the University of Sussex for the use of Interscience publishers, New York. 1967; (d) A. R. 
research facilities within the School of Molecular Sciences KATRITZKY and J. M. LAGOWSKI. In The principles 
during 1974. of heterocyclic chemistry. Methuen and Co., London. 

1967. p. 146. 
25. J. F. NIXON, L. K. PETERSON, and F. ZARKESH. 
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Proton Magnetic Resonance Study of Conformational Equilibria of the 
Pyridinealdehydes in Solution. Comparison with Other Methods 

WERNER DANCHURA, TED SCHAEFER, J. BRIAN ROWBOTHAM,' AND DONALD J. WOOD 
Department ofChemistr)', Uni1,ersit): ofManitoba, Winnipeg, Manitoba R3T2N2 
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WERNER DANCHURA, TED SCHAEFER, J. BRIAN ROWBOTHAM, and DONALD J. WOOD. Can. J. 
Chem. 52,3986 (1974). 

A p.m.r. study of the pyridinealdehydes shows that accurate spectral analysis yields long- 
range spin-spin coupling constants which are a precise measure of the conformational equilibria 
in solution. Thus, in CS2 solution the ON-trans form of 2-pyridinealdehyde is more stable than 
the ON-cis form by at  least 2.3 kcal/mol, while in acetone solution it is 1.6 kcal/mol more stable 
than the cis form. Classical solvation theory allows the conclusion that in the gas phase the 
trans form is more stable than the cis form by about 7 kcal/mol, in contradiction to the predic- 
tions of approximate MO theory at  the INDO level. The trans form of 3-pyridinealdehyde is 
also more stable than the cis form in polar and in nonpolar solvents. The results are compared 
with those of other experiments on these equilibria. 

WERNER DANCHURA, TED SCHAEFER. J. BRIAN ROWBOTHAM et DONALD J. WOOD. Can. J. 
Chem. 52,3986 (1974). 

Une etude de la resonance magnetique de protons des pyridinealdehydes montre qu'une 
analyse spectrale exacte conduit i des constantes de couplage spin-spin k longue distance qui 
sont une mesure precise de I'equilibre conformationnel en solution. Ainsi en solution dans le 
CS2 la forme ON-trans de la pyridine-2 aldehyde est plus stable que la forme ON-cis d'au 
moins 2.3 kcal/mol alors qu'en solution dans l'acetone elle est plus stable que la forme cis de 
1.6 kcal/mol. La theorle de solvatation classique permet de conclure qu'en phase gazeuse la 
forme trans est plus stable que la forme cis de 7 kcal/mol, en contradiction avec les previsions 
de la theorie approchte des OM (INDO). La forme trans de la pyridine-3 aldehyde est aussi 
plus stable que la forme cis dans les solvants polaires et non-polaires. On compare les rtsultats 
avec ceux d'autres experiences faites sur ces equilibres. [Traduit par le journal] 

Introduction 
The conformational preference of the alde- 

hyde group in benzaldehyde derivatives can be 
deduced from the long-range spin-spin coupling 
constants between the aldehydic proton and the 
ring protons (1,2). The coupling over five bonds, 

H,CHO, is highly stereospecific, relatively Jm 
insensitive to intrinsic ring-substituent and sol- 
vent effects, and if accurate values are extracted 
by careful analytical procedures can yield energy 
differences between conformers with an accuracy 
of from 100 to 400 cal/mol, depending on the 
proportions of the conformers. 

A model in which the nitrogen atom polarizes 
the o electron system but does not strongly alter 
the n electron contribution to the coupling con- 
stants, accounts for a variety of long-range 
couplings between methyl protons and ring 
protons or fluorine nuclei in fluorinated methyl 
derivatives of pyridine (3). Now, 5~,H,CH0 is 
dominated by a o electron mechanism (2, 4) and 

therefore an investigation of the conformational 
preferences of the aldehyde group in the pyri- 
dinealdehydes must consider the intrinsic effect 
of the nitrogen atom on J ~ , ~ ~ ~  before conforma- 
tional deductions can be made. 

This paper reports on the relative stabilities 
of la  and b and of 2a and b in solution. Solvation 
energies are estimated from a classical theory. 
The present results are compared with previous 

'Research associate, 1973-1974. t i .  ON* i.\ 2h.  ON-trails 
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work on the relative proportions of the presum- 
ably planar conformational isomers. 

Experimental 
Pyridine derivatives from Aldrich were prepared as 

degassed, 10 m o l z  solutions containing a small amount 
of internal tetramethylsilane (TMS). 'H n.m.r. spectra 
were calibrated on an HA100 spectrometer in the fre- 
quency sweep mode by reading differences between 
manual and sweep oscillator frequencies at intervals of a 
few Hertz. Line widtns at  half-height were often as little 
as 0.10 Hz, except for the protons orrho to the nitrogen 
atom where incompletely relaxed coupling to the nitrogen 
quadrupole caused considerable broadening. 

Variable temperature measurements were made in a 
manner previously described (5a)  and double resonance 
experiments (5b) yielded the relative signs of the coupling 
constants. 

Molecular orbital calculations at the CND0/2  and 
INDO-MO-FPT levels of approximation (6, 7) gave 
theoretical v a l ~ ~ e s  of spin-spin coupling constants invol- 
ving the aldehyde proton, dipole moments, and energies 
of the various planar conformers. The calculations were 
performed as described in detail for other molecules (2, 
8). The geometry of the pyridine ring was taken from 
microwave data (9) and a standard geometry (10) was 
assumed for the aldehyde group. The C-C bond between 
ring and aldehyde carbon atoms made 120' bond angles 
and convergence to Hz was demanded in the com- 
puted coupling constants. 

Other con~putations are described below. 

Results and Discussion 

Spectral At~crl~,scs 
These were performed with the computer pro- 

gram LAME (1 1) and the results are given in 
Table 1 .  The r.m.s. deviations between calculated 
and observed transitions are given there, as are 
the probable errors in the spectral parameters 
which were normally considerably less than 
0.01 Hz. An attempt was made to obtain 
",,,H.CHo to an accuracy of 0.02 Hz, i.e., with a 
probable error of 0.004 Hz. This was not pos- 
sible in all cases but repeated analyses on very 
similar spectra, calibrated on different days, 
suggested that 0.02 Hz is a reasonable error 
estimate for 5 ~ m H * C H 0  in most of the solutions. 

An example of the spectral quality attainable 
for these compounds is given in Fig. 1, where a 
splitting of 0.12 Hz is clearly resolved. 

5~mH.C'10 as a Measure of Conformafionul 
Poyzrlations 

4-Pyridinealdehyde, 3 
in CS, In 3 the observed value of 5 ~ m H . C H 0  ' 

solution (Table 1) is 0.40 Hz, an average of the 
couplings to H, and H,. For benzaldehyde in 
CCl, solution the coupling is 0.38 Hz, suggesting 

FIG. 1. The p.m.r. spectrum at 100 MHz of H, of 
3-pyridinealdehyde as a 10 mol Y, solution in CS,. The 
sn~allest splittings giving rise to the many doublets are 
0.12 Hz in magnitude. The chemical shift scale is in Hz to 
low field of internal TMS. 

a negligible change in 5~,,,H.CH0 induced by the 
electronegative nitrogen atom. Furthermore, the 
available experimental evidence (2, 12) on many 
benzaldehyde derivatives indicates that 5JcH3CH0, 
e.g. 5 ~ m H 6 , C H o  in 3. is negligibly small, as does the 
theoretical evidence (see C N D 0 / 2  results in 
Table 2). 

A 10 mol? solution of 3 in acetone gave 
"mH.CHO as 0.40 Hz, as expected if solvent 
effects on this coupling are to be disregarded in 
subsequent arguments. 

2-Pyridi11ealdeh~lde, 1 
Here 5~,,"4.CHo is 0.90 HZ in CS,, 0.88 Hz in 

C,L),, 0.83 Hz in acetone, and 0.80 Hz in DMSO 
s ~ l u t i o n . ~  Furthermore, the spectra implied no 
coupling from H, to the aldehyde proton, i.e., 
5 ~ n , H 6 , C H "  = 0. The absence of this coupling is 
confirmed by the results for 6-methyl-2-pyri- 

in CS, solution is dinealdehyde were 9mH4.CH0 ' 

'Because of the relatively small chemical shift between 
H, and H, in CS,, acetone, and DMSO, the line spacings 
in the aldehyde proton region are not a measure of 
5 J  H , C H O  

m .  
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identical to that in 1 and the line widths of the 
aldehyde proton resonance were the same as in 1. 

The polar solvents favor the more polar 
ON-cis form, la ,  and the implication is therefore 
that the ON-trans form l b  is much more stable 
than l a  in CS, and C6D6 solutions and, by com- 
parison with the magnitude of 5JmH,CH0 in 3 and 
in benzaldehyde, that the nitrogen atom increases 
5 J , H 3 C H 0  by only about 10% when the aldehyde 
group is bonded to C-2 in pyridine. 

In toluene-d, the proton resonance spectrum 
of 1 approaches the first-order perturbation 
theory, so that spectral analysis is relatively 
easy. Between -50 and 90 "C there occurs no 
change in 5~,,,H,CH0 to within the experimental 
error of 0.02 Hz. It follows that AGO = G,: - 
GI = AG,; is at  least - 2.3 kcal/mol over this 
temperature range., Therefore at 25 "C more 
than 99% of the molecules exist in the trans 
form l b  in CS, and C6D, solutions. This result 
is compared below with other estimates of the 
populations of l a  and b. 

In acetone solution one has n, = 0.83/0.89 = 
0.93 ) 0.03 (n, is the fractional population of 
the trans form) and AG,: is - 1.6 f 0.3 kcal/ 
m ~ l . ~  In DMSO solution, n, = 0.90 f 0.03 and 
AG,; is - 1.3 T 0.3 kcal/mol. These results are 
discussed further in the section on solvation 
energies. 

3-Pyridinealdehyde, 2 
Because 5J,,H,CH0 is invariant to electronic 

perturbation by the nitrogen atom in 3 and 
changes by only 1 0 z  in 1, where the polar 
centers are in close proximity, it is a reasonable 
assumption that 5~,,,".CH0 is independent5 of the 
nitrogen atom in 2. No coupling to nitrogen 
from the aldehyde proton will be observable 
even if 2 exists in the cis form, 2a. Equal popula- 
tions of 2a and b therefore imply 5~ , ,H .CH0  = 
0.39 Hz, where the average of 0.40 Hz in 3 and 
0.38 Hz in benzaldehyde is taken. 

In CS, solution, 5~1,,H,C"0 is 0.57 Hz at 32 "C, 
implying n, = 0.73 i 0.03 and AG,; = 0.6 $. 
0.1 kcal/mol. Then AG,: is -0.7 T 0.1 kcall 
mol C6D,. In toluene-d, the coupling is 0.59 Hz 
at 32"C, equal to that in C6D,. At 90°C, 

3The entropy difference of the two conformers is 
presumably very small. 

4Where 0.89 Hz is the mean of the values in CS2 and 

CsDs. 
50ne may note that 4J,,H39H5 in pyridine is equal to 

4Jn,H,H in benzene (12, 13). 

becomes 

is 0.55 Hz, giving AG,," as 0.6 + 0.1 
; at -30 "C in toluene-d, 5 ~ m H , C H 0  

0.65 Hz and AG,; is -0.8 + 0.1 
kcal/mol. 

In acetone at 32 "C one has 5~ ,H3CH0 as 0.51 
Hz and AG,; as -0.4 f 0.1 kcal/mol. In all 
these solutions the ON-trans form 2b is more 
stable than the ON-cis form 2a but the more 
polar ON-cis form increases in relative stability 
in the solvent of higher dielectric constant. 

Comparisons with Otlzer Estimates of Con- 
formational Populations 

(a) Spin-spin Coupling Constants 
On the basis of observed line spacings, 

Karabatsos and Vane (1) estimated that 1 exists 
70-85% in the trans form, lb, in DMSO and 
CCI, and that 2 is 70% trans, 2b, in DMSO. 
Bramwell and Randall (14) found 5J,,H,CH0 to be 
0.80 f 0.05 Hz for a 20x  solution of 1 in C6D,, 
0.50 f 0.05 Hz for a 30% solution of 2 in 
CDCl,, and probably less than 0.3 Hz for a 30% 
solution of 3 in CDCI,; all at 35 "C. No con- 
formational estimates were made. 

(b) Computed Coupling Constants 
Fice-bond couplings, 5~1,H,CH0. AS discussed 

above, the deduction of conformational equili- 
bria depends on reliable values of 5JcisH,CHo and 
5~,,,,,H,CH0. Galasso (1 5) calculates 5 ~ m H . C H 0  by 
the INDO-MO-FPT method. However, it is 
known (2) that such calculations for benzalde- 
hydes overestimate the magnitude of 5~,, ,H,CH0 
and that CND0/2 computations yield more 
reliable estimates of the conformational depen- 
dence of this coupling, although overestimates 
of 10 to 1 5 7  do still occur. 

In Table 2 our computed values of the alde- 
hydic proton couplings are given for the planar 
forms of the pyridinealdehydes (see Experimen- 
tal for computational details). The CND0/2 
values are somewhat high. For example, the pre- 
dicted value is (0.03 + 0.97)/2 or 0.50 Hz in 3, 
whereas the measure value is 0.40 Hz. Note that 
the computed 5 ~ , H 9 C H 0  is not altered by the 
presence of a nitrogen atom in the coupling path 
for l a .  The presence of 10% of the cis form, la ,  
as found above for the DMSO solution should 
therefore entail a coupling of 0.08 Hz for 
5JmH6,CH0. Such a coupling was not observed and 
we prefer to conclude that the theory is inade- 
quate on this point. Calculations in which the 
angle 0 in l a  was increased from 120" to as much 
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as 128" changed the calculated dipole moment 
by 0.7% and decreased the CND0/2  value of 
'J rn H6,CH0 from 0.97 to 0.91 Hz, so that bond 
angle changes are hardly the cause of the dis- 
crepancy between theory and observation. 

Six-bond couplings, 6~pH,CH0. Benzaldehyde is 
planar (16) and the observed value of 6 ~ , H 2 C H 0  

is not significantly different from zero, in agree- 
ment with the CND0/2  calculation. In the 
pyridinealdehydes no six-bond coupling is ob- 
served (Table I) ,  also in agreement with 
CND0/2.  Nonzero 6 ~ p H , C H 0  values occur in 
nonplanar benzaldehyde derivatives (17), so that 
the pyridinealdehydes are probably planar 
molecules. Of course, torsional oscillations of the 
aldehyde moiety about the planar minimum will 
occur (18) but the barriers to rotation are all 
over 4 kcal/mol and therefore (19) the contribu- 
tions of nonplanar conformations to the ob- 
served coupling constants are negligible. 

Four-bond couplings, 4~0H,CH0. In benzalde- 
hyde derivatives the INDO values are in much 
better agreement with experiment than are the 
CND0/2  numbers. Thus, for benzaldehyde 
INDO predicts 4J,H,CH0 as -0.41 Hz and 
4 H,CHO 
J, as 0.21 Hz, the average being equal to 

the observed -0.10 Hz (20); CNDO/2 finds 
0.40 Hz (2). For 3 the mean INDO number is 
-0.17 Hz whereas the observed 4 ~ 0 H , C H 0  is still 
-0.10 HZ. 

For l a  INDO finds -0.41 Hz while the ob- 
served value is very near zero. For 2, where the 
observed ratio of 2b to 2a is 3 :  1, the calculated 
INDO values predict 4J0H~,CH0 as + 0.03 Hz and 

H4,CH0 as -0.27 Hz, compared to the mea- JO 

sured -0.23 and - 0.12 Hz, respectively. Ac- 
cordingly, the INDO predictions are quantita- 
tively incorrect but also qualitatively wrong, 
in that the changes in 4J,H9CH0 and 4JtH,CH0 
caused by the nitrogen atom are opposite to the 
observed ones. 

It appears that 4J0H,CH0 is an unsuitable 
parameter in the study of these conformational 
equilibria. 

( c )  Chemical Shifrs 
The large magnetic anisotropy (21) of the 

carbonyl bond should be reflected in an excess 
low-field shift of the H, resonance of 2-pyridine- 
aldehyde if it exists as the trans form, 16. If the 
shifts of the ring protons in pyridine in CC1, 
solution (13) and of 4-pyridinealdehyde in CS, 
solution (Table 1) are taken as reference num- 

bers, then an additivity scheme predicts the ob- 
served ring proton shifts in 1 and 2 in CS, 
solution to within an average deviation of 0.045 
p.p.m.; except for H, in 1, where the observed 
shift is 0.23 p.p.m. to low field of the predicted 
value. This is strong qualitative evidence for the 
predominance of the trans isomer but does not, 
of course, give a quantitative value for the 
equilibrium constant. Compound 2 exists 3 : 1 
as 2b to 2a and H, is observed to be 0.08 p.p.m. 
to low field of the predicted value, a somewhat 
weaker indication of the predominance of the 
trans form, 2b (the deviation of 0.08 p.p.m. was 
included in the quoted average). 

Other chemical shift evidence for the prepon- 
derance of the trans form of 1 comes from the 
ASIS (22) value of -0.14 p.p.m. (shift in CS, 
minus shift in benzene) for the aldehyde proton. 
The ASIS is 0.55 p.p.m, in 2 and has similar 
values in other aromatic aldehydes (23), as ex- 
pected if the benzene solvent molecules tend to 
avoid the electron rich regions (22, 24) of the 
solute molecule. In 1 the trans form places the 
aldehyde proton between the nitrogen and 
oxygen atoms. The benzene molecules avoid this 
region of 16 more than they avoid the TMS 
reference molecules and a negative ASIS arises. 
Note that H, and H, in l b  are most distant from 
the oxygen and nitrogen atoms and that their 
ASIS are the largest at 0.79 and 0.75 p.p.m., 
respectively. Again, a reliable quantitative de- 
duction of the equilibrium constant between l a  
and b is not possible on this basis. 

( d )  Dipole Molnents and Molecular 
Polarizabilities 

In benzene solution at  25 "C the observed 
dipole moments, p, are 3.35, 2.37, and 1.74 D for 
1, 2,  and 3, respectively (25). Barassin et al. (25) 
estimated p, and p, for 1 as 4.8 and 3.40, respec- 
tively. From the expression p,,: = n,pr2 + 
n,p? the fraction of the trans form, n,, is then 
1.03. On the other hand, the INDO calculations 
yield p, = 4.65 D and p, = 2.92 D, giving n ,  = 

0.79. The computations assume a bond angle 0 
in l a  of 120". If the bond angle is changed by 
3", the C-H bond of the aldehyde group 
moving towards the nitrogen atom, p, increases 
to 3.02 D. If errors of 0.1 D are assumed in 
measured and calculated dipole moments, n ,  
may rise to 0.89, still rather less than the 0.99 
deduced from SJmH,CHO. 

For 2, INDO computes 1.09 and 3.18 D for 
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TABLE 3. Molecular constants and calculated parameters for 2- and 3-pyridine aldehyde* 

2-Pyridine aldehyde 3-Pyridine aldehyde 

Parameter Cis (la) Trans (1 b) Cis (2a) Trans (26) 

P (INDO) 4.65 (4.65)t 2.92 (2.93) 
k f  (kcal/mol) 8.20 3.26 
h§ (c.m.) A 11.93 6.27 
h (c.v.) 18.11 8.00 

P I /  (vector) I 4.80 (4.85) 3.35 (3.34) 
k (kcal/mol) 8.93 4.25 
h (c.v.) 21.26 11.39 
E, - E, (INDO) 0.85 kcal/mol 

*For the 2- and 3-pyridinealdehyde respectively the refractive index u,, is 1.5353 and 1.5496; the molecular radius is 
3.36 and 3.34 A, calculated from the Aolar volume: the dipole moment,'p, in benzene solution is 3.35 and 2.37 D (25). 

?The dipole moments in brackets are values obtained by vectorial summation of two C-N and one C=O dipole(s), these 
being used in the calculation of the quadrupolar components and of their energy of interaction with the surrounding dielectric 

(3!)?he dipolar parameter in the theory of Abraham (30). 
§The quadrupolar parameter, calculated with the origin at  the center of mass (c.m.) or center of volume (c.v.), in kcal/mol. 
11The dipole moment as estimated in ref. 25. 

trans and cis forms, respectively, yielding n ,  = 
0.66, and errors of 0.1 D in the various moments 
also allow an n, of 0.73 in benzene solution, 
close to the value obtained from 5~,H9C110 . The 
estimated dipole moments of Barassin are 
pc = 1.38 and p, = 3.81, giving n ,  = 0.71. 

The observed (INDO) dipole moments of 
pyridine (26), 3, and benzaldehyde (27) are 2.20 
(2.09), 1.74 ( I  .79), and 2.99 (2.75) D, respec- 
tively, and differences of up to 0.2 D between 
CND0/2  and INDO moments were found for 
the conformational isomers of these aldehydes. 
It appears that estimates of conformational 
populations based on ' J , , , ~ , ~ ~ '  may be some- 
what more accurate than those based on M O  
dipole calculations. Est~mates of conformational 
moments based on vector additivity may also be 
inaccurate, marred by mesomerism, for example 
(28), although agreement to within 3% with con- 
formational population deductions based on 
5 ~ , , H , C H 0  are found here for 1 and 2 in benzene 
solution. 

Similar criticisms apply to Kerr constant data 
(29), from which 75% trans forin was deduced 
for 1 in benzene solution at  25 "C. 

( e )  Torsional Freqzrenczes in the Far Infrared 
No evidence for two conformers in the gas or 

liquid phases of 1 and 2 was found from the far 
i.r. spectra (18), in agreement with our con- 
clusions about 1. The clear disagreement on 2 
remains unexplained. Perhaps the aldehydic 
torsion bands coiilcide for the two forms. In this 
connection we note that the torsion bands occur 
at  the same frequency in solution (near 130 
cm-l) for all three pyridinealdehydes. 

( f )  Medium Eflects on the Conformational 
Equilibriunz 

A classical theory, which considers the inter- 
action of the electric dipole and quadrupole 
fields of the solute molecule with a uniform 
dielectric medium (30-32), has had considerable 
success in accounting for the conformational 
equilibria in solution of haloethanes, halocyclo- 
hexanes, and of 2-furanaldehyde (33). The 
assumptions and calculational details underlying 
the theory have been adumbrated (30) and are 
not repeated here. 

In Tables 3 and 4 the molecular parameters, 
calculated solvation energies and predicted 
conformational populations in CS2, acetone, 
and DMSO are reproduced. The quadrupole 
moments were calculated from the net INDO 
dipole moments (bracket A in the tables) and 
from those estimated by Barassin (bracket B), 
vectorially resolved in C=O and C-N dipoles. 
The origin for the quadrupole moments evalua- 
tions was taken as the center of mass (34) and 
also, as recommended and described by Abra- 
ham (30), as the center of volume of the solute 
molecule. 

2-Pyridirzealdehyde, 1. The solvation energy 
strongly favors the cis form (Table 4), although 
the INDO calculation, an  approximation to the 
gas phase, favors the trans form by 0.85 kcall 
mol. An INDO calculation by Galasso (15) uses 
a slightly different geometry and integral 
parameterization to favor the trans form by 
1.55 kcal/mol. 

In view of the success of the theory in pre- 
dicting cis-trans equilibria of 2-furanaldehyde 
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in various media and of the relatively small as the dielectric constant of the medium in- 
errors in its predictions for 2 (see below), the gas creases. 5~1 ,H3CH0 shows that the trans form is 
phase energy difference between the conformers still favored in acetone solution but that its 
of 1 is probably substantially wrong, as given relative stability has decreased by about 200 
by INDO. One may reason as follows. 5J,H,CH0 cal/mol. The dipolar term overestimates this 
implies A G , ~  as - 1.6 f 0.3 and - 1.3 Ifi: 0.3 increase in the stability of the cis form by 1500 
kcal/mol in acetone and DMSO, respectively, cal/mol. Clearly, the quadrupolar term is essen- 
whereas solvation theory predicts the change in tial but its contribution has been overestimated, 
AG,," as 380 cal/mol, in qualitative agreement perhaps because of a faulty resolution of the net 
with the indicated 0.3 kcal/mol. On the assump- dipole moment of 2 into its components, ap- 
tion that the theory gives A G , ~  in a given solvent proximated here by three components only.6 
as well as its change in going from solvent to Nevertheless, AG,: is given as -600 cal/mol 
solvent, it follows that AG,," (vapor) is -7.3 + by "l,H,CHO whereas the solvation theory finds 
1.0 kcal/mol, where the average of the different -800 cal/mol (Table 4). If the INDO value 
solvation energies in acetone solution in Table 4 were $110 cal/mol instead of the calculated 
is used and the error of 1 kcal/mol is perhaps - 110 callmol, and taken as the vapor energy 
overestimated. Similarly, AG,: in CS, solution difference, the agreement with experiment would 
is then calculated as -7.3 + 2.9 = -4.4 kcall be exact. 
mol. Hence it is not surprising that 5~11,H3C"0 did In any event, the predictions of the relative 
not change between -50 and 90 "C in a energies of 2a and 2b based on solvation and 
toluene-d, solution of 1. MO theories are in error by 500 cal/mol at most, 

The large value of A G , ~  in the vapor phase SO that the conclusioi~s reached about the vapor 
may possibly arise from electrostatic repulsion phase stabilities of the cis and trans forms of 
between the negatively charged nitrogen and 2-pyridinealdehyde, 1, may well be correct to 
oxygen atoms in the cis form. Following Lehn within 1 kcal/mol. 
and Ourisson (35) one can calculate the dipole- To summarize, the coupling over five bonds 
dipole energies in the cis form. Using a C=O between aldehyde and ring protons in the 
dipole of 3.75 D and a C-N dipole of 1.05 D pyridinealdehydes is increased by 10% from its 
(in the ring) one has a repulsion energy of 7.7 value in benzaldehyde when the aldehyde group 
kcal/mol in the cis form and 4.8 kcal/mol in the is situated ortho to the nitrogen but is changed 
trans form. Of course, the dipoles are in rather very little in the 3- and 4-pyridinealdehydes. 
close proximity and the proper dielectric con- This coupling is used to show that the ON-trans 
stant of the intervening medium is unknown form of 2-pyridinealdehyde is more stable than 
(unity was used here) so that the 2.9 kcal/mol the ON-cis form by at least 2.3 kcal/mol in CS, 
by which the trans form is favored in this esti- and C6D6 solutions. In acetone and DMSO the 
mate may be considered as semiquantitative trans form is favored by 1.6 and 1.3 kcal/mol, 
evidence for the argument based on electrostatic respectively, at 32 "C. Solvation theory then 
effects. shows that the trans form is favored by about 

The semiempirical INDO-MO approximation 7 kcal/mol in the vapor phase, presumably 
eliminates many multicenter, two-electron in- because of strong repulsive dipole-dipole forces 
tegrals and therefore favors more highly con- in the cis form. 
nected structures, as is particularly well illus- For 3-p~ridinealdeh~de the trans form is 
trated by its incorrect predictions about the favored by 0.6 kcal/mol in CS2, 0.7 kcal/mol 
conformations of carbonium ions (36). ~b in C6D6, and 0.4 kcal/mol in acetone solutions, 

initio calculations on 2-pyridinealdehyde are all at 32 "C.  The trans form has a lower dipole 
needed to check our conclusions about AG,; nmment than the cis form, 1.4 compared to 3.8 

(vapor). D, but it predominates in solution because the 
3-Pyridenealdehyde, 2. Solvation theory pre- 

'Such ambiguity is perhaps unavoidable in a theory of diets (Table 4) an increase of about 300 callmol 
this kind. * modification in which the of a in the of the trans form when continuum is relaxed (30) is not applied here because, in 

the solvent changes from CS, to acetone, the our opinion, the Onsager theory is then no longer the 
quadrupolar term outweighing the dipolar term fundamental model. 
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quadrupolar interactions with the dielectric 16. S. F O R S ~ N  and P. N. SKANCKE. In Selected topics in 
continuum favoring the trans form overcome structure chemistry. Edited by P. Andersen, 0. 

the dipolar interactions favoring the form. Bastiansen, and S Furberg. Universitetsforlaget, 
Oslo, Norway. 1967. 

The use of SJ,H'CHO in finding conformational 17. C. L. BELL, S. S. DANYLUK, and T. SCHAEFER. Can. 
preferences is compared favorably to other J. Chem. 47, 3529 (1969). 
methods, such as dipole moment, Kerr con- 18. F. A. MILLER, W. G.  FATELEY, and R. E. WITKOWSKI. 

stant, chemical shifts, far i.r. measurements, and Spectrochim. Actaa 23A, 891 
19. J. B. ROWBOTHAM, A. F. JANZEN, J. P E E L I ~ G ,  and also to semiempirical MO calculations. Accurate T. SCHAEFER. Can. J. Chem. 52, 481 (1974). 

spectral analyses are imperative, however. 20. R. J. KOSTELNIK, M. P. WILLIAMSON, D. E. 
WISPUOSKY. and S. M. CASTELLAKO. Can. J. Chem. 47. 
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Sulfur-free Penicillin Derivatives. VI. Synthesis of the 
1-Oxacephem Ring System 

SAUL WOLFE, JEAN-BERNARD DUCEP, KAM-CHUNG TIN,  AND SHUI-LUNG LEE 
Department of Chemistry, Queen's Uni~zersity, Kingsron, Ontario K7L 3N6 

Received September 20, 1974 

SAUL WOLFE, JEAN-BERNARD DUCEP, KAM-CHUNG TIN, and SHUI-LUNG LEE. Can. J. Chem. 
52,3996 (1974). 

The title compound has been synthesized by ring closure of an  alkyl 2-(2'-chloro-3'4- 
phthalimido-4'-oxo)azetidinyl-3-methyl-4-hydroxy-ans-2-butenoate using SN1 experimental 
conditions. The required E-allylic alcohols were obtained in two ways starting with an alkyl 
2-(2'-chloro-3'-S-phthalimido-4'-oxo)azetidinyl-3-methyI-2-butenoate The first involves allylic 
bromination with 1 molar equiv. of N-bromosuccinirnide, conversion of the mixed Z- and 
E-allylic bromides into the mixed 2- and E-allylic formates, and deformylation to a mixture of 
E-alcohol and lactone. The alcohol was separated from the lactone via its tetrahydropyranyl 
derivative, and then regenerated. In the second route, allylic bromination was performed with 2 
molar equiv. of N-bromosuccinimide and the resulting dibromo compound was converted into 
the (3,y-unsaturated olefin with zinc in acetic acid. Epoxidation with peroxytrifluoroacetic acid 
followed by exposure to triethylamine again afforded a mixture of E-alcohol and lactone. The 
u.v. spectrum of a 1-oxacephem shows a maximum at 266 nm. 

SAUL WOLFE, JEAN-BERNARD DUCEP, KAM-CHUNG TIN et SHUI-LUNG LEE. Can. J .  Chem. 
52,3996 (1974). 

Le compose desire a ete prepare par cyclisation d'un (chloro-2' S-phtalimido-3' 0x0-4') 
azetidinyl-2 methyl-3 hydroxy-4 butene-2 oate d'alkyle trans utilisant des conditions 
experimentales S,1. Les alcools allyliques-E necessaires ont ete obtenus de deux f a ~ o n s  en 
partant d'un (chloro-2' S-phtalimido-3' 0x0-4') azetidinyl-2 methyl-3 butene-2 oate d'alkyle. La 
premiere f a ~ o n  implique une bromuration allylique avec un equivalent molaire de 
N-bromosuccinimide, la transformation du melange des bromures allyliques-E et -Z en un 
melange de formiates allyliques -E et -Z et la deformylation pour donner un melange d'alcool -E et 
de lactone. L'alcool est separe de la lactone par I'intermtdiaire de son derive tetra- 
hydropyrannyle et est ensuite regenere. Dans la deuxieme route, la bromuration allylique est 
effectuee avec deux equivalents de N-bromosuccinimide et  le compose dibrome qui en resulte est 
transforme en olefine P,y non-sature a I'aide du zinc dans l'acide acetique. L'epoxydation de cet 
olefine par l'acide peroxytrifluoroacetique suivie par un contact avec de la triethylamine conduit a 
nouveau a un melange d'alcool-E et  de lactone. Le spectre u.v. de l'oxa-1 cephem montre un 
maximum a 266 nm. [Traduit par le journal] 

We wish to report the transformation of the 
thiazolidine ring of the penicillin nucleus into a 
dihydrooxazine ring, to form the oxygen analog 
(la) of a A3-cephem (16). 

The starting materials were the (2R)-cis- and 
(2s)-trans-chloroazetidinones 2a-c (Ft = phthal- 
imido), which are obtained (1) from anhydro-6- 
phthalimidopenicillin (2) by chlorinolysis, hy- 
drolysis of the derived acid chloride, and esterifi- 
cation with diazomethane or diphenyldiazo- 
methane. Each of these azetidinones was mono- 
brominated (NBS) (3, 4) to give approximately 
1:l mixtures of 3a + b, 3c + d, and 3e + f. 
The functionality present in the E-isomers 3b, 

3d, and 3f allows two approaches to be con- 
sidered for the generation of the six-membered 
ring, which differ in the timing of attachment of 
the C-0 bond to the p-lactam. In the route de- 
scribed here, this bond has been formed in the 
final step of the synthesis, by cyclization of the 
E-allylic alcohols 4a-c. 

The conversion of the allylic bromides into the 
required allylic alcohols was achieved in two 
ways. In the first, the mixtures 3a + b, 3c + d, 
and 3e + f were treated, in chloroform or 
methylene chloride at room temperature, with 
excess tetramethylguanidinium formate to form 
mixtures of the formate esters 5a + b (64%), 
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5c + d (5773, and 5e + f (52%). The esters were 
obtained in each case as approximately 2:l  Z:E 
mixtures; 5a-d have been described previously 
(3). The n.m.r. spectrum of 5e + f showed peaks 
at 8.22 (0.33H, s), 8.10 (0.67H, s), 7.83 (4H, d), 
7.37 (lOH), 7.03 ( lH,  s), 6.13 (IH, d, 4.0), 
5.68 (IH, d, 4.0), 5.37 (2H, br s), 2.37 (2.OH, s), 
2.32 (l.OH, s). Removal of the formyl groups 
(HC1, MeOH-CH2C12, 0°, 1.5 h) gave the E- 
alcohols 4a-c, admixed with the lactones 6a or 
6b. The tetrahydropyranyl ethers 7a-c were 
separated from the lactones by chromatography 
on silica gel to yield, from 5a f b: 6a (59%) and 

7a (36%), m.p. 115-1 16.5"; from 5c + d:  6b 
(62%) and 7b (3 1%); from 5e + f :  6a (63%) 
and 7c (29%). Removal of the tetrahydropyranyl 
protecting groups (HCl, MeOH-CH2C12, 0°, 4 h) 
afforded. Compound 4a (9373, m.p. 134.5- 
135.5"; anal. found: C, 54.09; H, 4.20; N, 7.44; 
n.m.r.: 7.79 (4H, d), 6.17 ( lH,  d, 4.0), 5.71 
( lH,  d, 4.0), 4.75 ( lH,  d, 12.5), 4.25 ( lH,  d, 
12.5), 3.82 (3H, s), 2.78 ( lH,  s, exchanges with 
D20),  2.38 (3H, s); 4b (98%), n.m.r. : 7.75 (4H, d), 
6.18 (1H, d, 1.5), 5.55 ( lH,  d, 1.5), 4.30 ( lH,  d, 
13), 4.27 ( lH,  d, 13), 3.85 (3H, s), 3.17 ( lH,  br s), 
2.35 (3H); 4c (9579, n.m.r.: 7.83 (4H, d), 7.25 
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(IOH), 7.00 (IH, s), 6.08 (IH, d, 4), 5.80 (lH, d, 
4), 4.32 (IH, d, 14), 4.08 ( lH,  d, 14), 2.80 (IH, 
br s), 2.38 (3H, s). 

A second synthesis of the alcohols 4a and 46 
proceeded via the P,y-unsaturated olefins 8a-d. 
These were prepared by zinc dust debromination 
(2 equiv. zinc/mol, HOAc, 0°, 4 min) of the 
monobromo compounds 3a + b and 3c + d or, 
better, by debromination of the dibromo com- 
pounds 9a and 9b (4.4 equiv. zinc/mol, HOAc, 
0°, 4 min). The P,y-isomers were obtained as 1 :1  
mixtures of epimers in each case; n.m.r. of 
8a + b (78% from 9a): 7.92 (4H, d), 6.43 (0.5H, 
d, 4.0), 6.05 (0.5H, d, 4.0), 5.76 (0.5H, d, 4.0), 

5.74(0.5H, d,4.0), 5.27(2H, brs), 5.14(0.5H, s), 
4.76 (0.5H, s), 3.85 (3H, s), 2.05 (3H, br s); n.m.r. 
of 8c + d (90% from 9b): 7.77 (4H), 5.95 (0.5H, 
d, 2), 5.88 (0.5H, d, 2), 5.57 (0.5H, d, 2), 5.47 
(0.5H,d,2), 5.25(1H, brs), 5.15(1H, brs),4.83 
(0.5H, s), 4.22 (0.5H, s), 3.83 (1.5H, s), 3.80 
(1.5H, s), 2.00 (3H, br s). Each of the P,y- 
isomers rearranged rapidly to the u,p-isomer 
upon exposure to triethylamine (5). Oxidation 
of the mixture 8a + b (CF,CO,H, CH2C12, 20°, 
1.5 h), afforded a mixture of four epoxides which, 
without purification, was rearranged (triethyl- 
amine-methanol) to a 3 : 1 mixture of 6a and 4a. 
These were separated as described above. The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUN ICATIONS 3999 

mixture 8c + d similarly afforded a 2: 1 mixture 
of the lactone fib and the E-allylic alcohol 4b. 

Depending on the experimental conditions 
(4, 6), substitution at C-2 of these azetidinones 
may proceed by SNI or SN2 pathways. When SN2 
conditions are employed, the rate of the reaction 
depends upon the nature of the C-3 substituent 
in the order H,N > acylamino > phthalimido 
(1). The alcohols 40-c contain a phthalimido 
substituent at C-3 and did not cyclize under a 
variety of S,2 conditions (Et,N, NaH, LiH). 
Unimolecular conditions were therefore neces- 
sary, with the result that the oxacephems l a  
were obtained as epimeric mixtures at C-6, upon 
treatment of 4a-c with stannous chloride in 
dimethoxyethane or tetrahydrofuran or, in the 
case of the crystalline alcohol 4a, upon heating 
to the melting point. 

Cyclization proceeded smoothly to give oxa- 
cephems in yields of 80-92% and, under identical 
conditions, the same mixture of epimers was 
formed from 4a and b, indicative of a common 
intermediate (4, 6). Some variation in the pro- 
portions of these epimers could be achieved by 
systematic variation of the experimental con- 
ditions. Thus, treatment of 4a (229 mg) at room 
temperature with 1.38 molar equiv. of SnCI, in 
dimethoxyethane (15 ml) yielded 176 mg (86% 
after recrystallization from chloroform-hexane) 
of 10, m.p. 170-17lo, [@ID - 16.9 (c 0.3, CHC1,). 

Anal. Calcd. for C,,H,,N,O,: C, 59.65; H, 
4.12; N, 8.18. Found: C, 59.78; H, 3.94; N, 
8.42. 

The i.r. (KBr): 5.61, 5.65, 5 . 7 9 ~ ;  n.m.r.: 7.80 
(4H, d), 5.33 (IH, d, 1.8), 5.27 (IH, d, 1.8), 4.37 

(2H, s), 3.90 (3H, s), 2.03 (3H, s). The u.v. 
spectrum of 10 shows A,,, (EtOH) 266 (12 500), 
226 (40 000). The presence of a maximum at 
266 nm supports conclusions (7, 8) that the 
A3-cephem chromophore near 260 nm is not 
associated with the presence of sulfur. Repetition 
of the above experiment with 1.67 molar equiv. 
of SnCI, in dimethoxyethane (30 ml) afforded, in 
90% yield, a 1 :I mixture of 10 and 11, which 
possesses the natural configuration at C-6; [a], 
52.5 (c 0.3, CHCI,); M', 342; n.m.r.: 7.80 
(4H, d), 5.56 ( lH,  d, 3.8), 5.10 (IH, d, 3.8), 4.30 
(2H), 3.90 (3H, s), 2.03 (3H, s). The n.m.r. 
spectrum of the oxacephem 12 showed peaks at 
7.68 (4H, d), 7.23 (10H), 6.83 (IH), 5.20 (IH, d, 
1.5), 5.13 (lH, d, 1.5), 4.26 (2H), 1.97 (3H). 

We thank the National Research Council of Canada 
for financial support of this work. 
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An Infrared Study 
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C. H. AMBERG, H. C. LUK, and K. P. WAGSTAFF. Can. J. Chem. 52,4001 (1974. 
Calcium deficient hydroxyapatites were impregnated to varying degrees with fluoride in 

very dilute solutions of NaF at room temperature. Ca/P ratios were determined before and 
after fluoridation. Phosphate loss upon fluoridation was consistent with an initial mechanism 
of OH- vacancy filling by F-, with equivalent amounts of ions escaping to restore 
charge balance. Infrared measurements confirmed previous evidence of OH/F exchange and the 
formation of OH...F hydrogen bonds, which increased with progressive thermal activation, 
considerable exchange having occurred already at 120 "C and possibly below. The first signs 
of lattice collapse occurred near 600 "C, with the fluorided sample exhibiting somewhat better 
stability. 

C. H. AMBERG, H. C. LUK et K. P. WAGSTAFF. Can. J. Chem. 52,4001 (1974). 
On impregne en fluorure, a la temperature ambiante et a des degres variables, les hydroxyapa- 

tites deficientes en calcium par des solutions tres dilu6es de NaF. On dCtermine les rapports 
Ca/P avant et apres la fluoruration. Une perte de phosphate par fluoruration est compatible 
avec un mecanisme initial de lacunes OH- remplies par F-, avec un dipart de quantitts Cquiva- 
lentes d'ions pour retablir l'equilibre des charges. Des mesures infrarouges confirment 
une indication anterieure de l'echange OH/F et la formation des ponts hydrogene OH---F qui 
augmente avec une activation thermique progressive, un echange considerable s'etant deja 
produit a 120 "C et probablement au dessous. Les premiers signes de destruction de la maille 
apparaissent pres de 600 "C, I'echantillon fluorure pr6sentant une meilleure stabilite. 

[Traduit par le journal] 

Introduction 
Although there is a wealth of publications on 

the structure and properties of nonstoichiometric 
calcium hydroxyapatite, a material occurring 
naturally in bones and teeth, uncertainty still 
exists regarding the manner in which calcium- 
to-phosphorus ratios depart from the stoichio- 
metric value of 1.667, representative of the 
formula Ca,,(P04),(OH), (1, 2). Of the major 

'In partial fulfillment of the requirements for the degree 
of M.Sc. 

ZPresent address: Physical Chemistry Division, 
A.E.C.L., Chalk River, Ontario. 

conflicting views, two models involving ionic 
defects have been proposed without recourse to 
the presence of octacalcium phosphate, a phos- 
phate of low calcium content (3-5). In support 
of these models, which may be represented by 
the formulae l ,Calo - ,(HP04)X(Po4)6 -,(OH), -, 
and 2, Cal 0 - x(HP04)x(P04)6 -.(OH), 
where x < 1, are the following observations in 
our laboratory for precipitated hydroxyapatites 
(6): (i) X-ray and i.r. spectra have shown the 
absence of octacalcium phosphate, (ii) deuterium 
exchange with the proton of HP0,'- groups is 
exceedingly difficult, whereas for octacalcium 
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TABLE 1. Analytical data for fluorided calcium-deficient hydroxyapatites 

Calculated 
Surface Initial F -  in P043-  lost 

area F -  added 3 g FHA Mol% from 3 g FHA 
No. Ca/P (m2 g-I) (mol x lo4) (mol x lo4) O H F  (mol x lo4) 

phosphate it is relatively easy (7), (iii) the con- 
stancy of the integrated intensity of the i.r. 
librational hydroxyl band with increasing non- 
stoichiometry can only be explained by the 
replacement of O H  groups by water molecules. 
Such a band is absent in pure octacalcium 
phosphate. 

With regard to partial fluoridation of such 
nonstoichiometric hydroxyapatites, it is well 
known that fluoride ions exchange quite readily 
with both surface and bulk hydroxyl groups (8); 
the reaction is one of biological significance, 
since fluoridation is widely recognized as a pre- 
ventive measure against dental caries. Whereas 
lattice hydroxyl groups in the apatite crystal lie 
a short distance above the centers of the calcium 
triangles (9), which are arranged in columns 
parallel to  the c-axis, the fluoride ions that 
replace them are finally located in the plane of 
and a t  the centers of these triangles (lo), as in 
pure fluorapatite (8). In such a position, hydro- 
gen-bonding between a fluoride ion and an 
adjacent hydroxyl group in a column is possible 
and in fact gives rise to a second hydroxyl 
stretching band shifted to a frequency lower than 
that of the 0-H ... OPO, species (1 1-15). 

In an earlier investigation, consideration of 
the relative intensities of the two hydroxyl 
stretching bands for a series of progressively 
fluorided hydroxyapatites led to the proposal 
that the hydroxyljfluoride exchange proceeded 
by a substitution and hydroxyl rearrangement 
mechanism along the c-axis of the crystallites 
(12, 15). The results of further i.r. studies on the 
same system are reported here in an effort to 
shed new light on the mode of fluoride incorpora- 
tion into hydroxyapatites. Attempts to follow up 
earlier catalytic experiments on different calcium 
and strontium hydroxyapatites (6) with similar 

experiments on fluorided samples have not been 
successful so far. The test reaction, the dehydra- 
tion of I-butanol, led to polymerization and 
coking so that it became impossible to stabilize 
catalytic activity. However, estimates of initial 
activity led to values similar to those reported 
earlier on nonfluorided materials. 

Experimental 
Materials 

Samples of pure, and partially fluorided, calcium 
deficient hydroxyapatite of differing Ca/P ratio and 
fluoride concentration were prepared and analyzed by the 
methods described previously (6), the fluoridation again 
being carr~ed out by stirring 3 g of hydroxyapatite Into 
200 cc of solution containing the required amount of 
NaF. No heat treatments beyond drying at  110-120" were 
applied before analysis. 

Methods 
Specimens of the original and fluoride impregnated 

material were evacuated overnight at temperatures in the 
range 100-700 "C prior to the preparation of KBr pellets 
(1.5 mg in 200 mg KBr) for use in the investigation of the 
librational hydroxyl band region (800-450 cm-'). The 
hydroxyl stretching region (3700-3400 cm-') was studied 
using pressed wafer samples (12, 15) previously evacuated 
at  temperatures in the range 300-700°C. The lower 
temperature limit in this case was determined by the 
necessity of removing adsorbed water that gives rise to a 
very broad band centered around 3000 cm-'. Infrared 
spectra in both regions were recorded at  room tempera- 
ture on a Perkin-Elmer 225 grating spectrophotometer. 

Results and Discussion 
Analysis 

In Table 1 are summarized the analytical data 
for two series of fluorided hydroxyapatites to- 
gether with their specific surface areas, deter- 
mined by the B.E.T. method using nitrogen 
adsorption a t  77 'K. Samples 1-4 were prepared 
from a nonstoichiometric hydroxyapatite having 
a CajP ratio of 1.53 and a surface area of 84 
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dependence on fluoride solution concentration 
has been reported for the formation of fluor- 

0 0  
2.0 4.0 6.0 8.0 10.0 12.0 !4.0 

AMBERG ET AL.: STUDY OF CALCIUM HYDROXYAPATITE 4003 

m 2  g-I,  whereas the starting material for samples 
5-8 possessed a Ca/P ratio of 1.56 and a surface o 

area of 92 m2 g- l .  40- 

In  both series it can be seen that fluoridation g 
resulted in a loss of surface area and an increase z 30- 

in Ca/P ratio, the latter being necessarily asso- 2 
ciated with an overall loss of phosphate during "- 

the impregnation process. Although the causes 
of these phenomena are beyond the scope of the 
present work, it is pertinent to  discuss several 
aspects of the analytical results in the light of 10 20 30 

INITIAL FLUORIDE ION IN ZOOcc IMPREGNATING S O L . l m o l e s x l O ~ )  

similar observations reported in the literature of fluoride content in the original 
(16-18). I t  is generally held that fluoride ions impregnating solution on the extent of fluoridation. 
exchange easily with hydroxyl groups at, or near, 
the hydroxyapatite surface and that further ex- materials are taken as evidence for S U C C ~ S S ~ U ~  

change occurs quite readily with bulk hydroxyl partial fluoridation of the apatite lattice. 
ions. However, it is difficult to explain the With the assumption that the change in Ca/P 
maintenance of electroneutrality during an in- ratio can be correlated with the extent of fluori- 
crease in c a / p  ratio without invoking an addi- dation, a least-squares treatment was applied to 

tional mode of fluoride incorporation,  hi^, of the data given in Table 1 and the results are 
course, presupposes that fluoride ions are the plotted in Fig. 2 as the calculated phosphate loss 
main source of negative charge available for the against the fluoride content in the impregnated 
balancing process, According to the models out- material. The best-fitting straight line was cal- 
lined earlier, occupation of hydroxyl vacancies or culated for samples 2-8 in both series. Sample 1, 

substitution of water molecules a t  hydroxyl sites which to low and 
by fluoride ions are distinct possibilities. In- apparently abnormally high phosphate loss, was 
creased Ca/P ratios may also arise when high not included in the statistical analysis; this seems 
concentrations of fluoride (,3 10-2 M )  are reasonable to  us, since a similar pattern for 
used in the impregnating solution (18). In such phosphate loss from fluorided hydroxyapatites 
cases, mixed phases of calcium fluoride and a t  low fluoride concentrations has been reported 
hydroxyapatite are formed according to the (16). Furthermore, it follows from the Ca/P 
equation ratios that in the two starting materials, 40 and 

apatite (17), and hence these results together MOLES F- (x104) IN 39 FHA 

with the fact that no peaks due to CaF2 were FIG. 2. Least-squares plot of phosphate loss against 
found in the X-ray spectra of the impregnated fluoride uptake in calcium-deficient hydroxyapatite. 

Ca,,(PO,),(OH), + 20F- -> u~ 
IOCaF, + + 2 0 H -  2 7.0- 

0 
rr) 

The maximum fluoride concentration used in the r 
present impregnating solutions was always 6.0- 

< 1.8 x M. A plot of m o l x  O H F  (based ,- 
on the formula Ca,,(PO,),OHF representing % 5.0- 

100z nominal exchange) in the fluorided hy- 
droxyapatite (FHA) against the initial fluoride 4.0- 

content in solution is shown in Fig. 1. It is evi- 
dent that the amount of fluoride incorporated $ 3.0- 

increases proportionally to the initial fluoride 2 
solution content up to -1.5 x mol F- ,  2,0 

after which it appears to level off a t  -46 mol?< 
OHF,  the fluoride in solution at this stage 

1.0- 
approaching 4 x mol. A similar exchange 

o 
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30% respectively of the hydroxyl groups are 
missing according to model 1 or are replaced by 
water molecules according to model 2. Com- 
parison of the quantity of fluoride theoretically 
required to form Ca,,(PO,),OHF with the 
maximum quantities of fluoride incorporated in 
the two hydroxyapatites then shows that in 
either case all the fluoride could be accommo- 
dated at these defect sites. The equivalent loss of 

groups to maintain electroneutrality is 
indicated by the close approach of the slope of 
the best-fitting line in Fig. 2 to a value of 113. 
The apparent positive intercept on the ordinate 
would then suggest some more complex ion 
exchange process during the initial stage of the 
impregnation. It must be noted, however, that 
although these results show a similarity in be- 
havior for the two starting materials and serve 
to account to some extent for the overall phos- 
phate loss, they are not intended to represent a 
detailed analytical study of the fluoridation 
process, but rather to characterize the samples 
for the infrared spectral study. 

Librational Hydroxyl Band Region 
For both the original and fluoride-treated 

hydroxyapatites, the true intensities of the 
librational hydroxyl band at 635 cm-l,  which 
overlaps with the incompletely split v,(f,)P-0 
mode at 603 and 568 cm-I, were determined 
using the method described previously (6). These 
values were then normalized to the integrated 
intensity of the 603 cm-' band (intensity multi- 
plied by half-band width), which was thus used 
as an internal standard, and are plotted against 
the mol% OHF in the fluorided material in 
Fig. 3. It is seen that the integrated intensity of 
the vL(OH) band generally decreases as the ex- 
tent of fluoridation increases in both series, an 
effect consistent with the contention that fluoride 
exchanges to a considerable extent with either 
lattice hydroxyl groups or water molecules in 
hydroxyl sites at the lowest temperature (- 120 
"C) required for sample preparation, conceivably 
even at room temperature. 

In an earlier study, a series of progressively 
fluorided hydroxyapatites was evacuated at 
500 "C prior to infrared measurements to ensure 
the complete diffusion of fluoride ions into the 
lattice (12, 15). To observe any structural changes 
brought about by heating a freshly impregnated 
hydroxyapatite, a sample of fluorided material, 
sample 4, was evacuated at various temperatures 

10 20 3 0 40 

MOLE % OHF 

FIG. 3. Effect of fluoridation on the integrated in- 
tensity of the v,(OH) band of calcium-deficient hydroxy- 
apatite having original Ca/P ratios of 1.53 (0) and 
1.56 (a). 

up to 700 "C prior to pellet preparation, follow- 
ing which the librational hydroxyl band intensity 
was measured in each case. The results are shown 
in Fig. 4 together with those obtained for the 
corresponding material without fluoride. It is 
clearly seen that evacuation up to -- 500 "C has 
little effect on the librational band intensities, a 
small, gradual decrease being evident for the 
fluorided case. When both materials are sub- 
jected to outgassing temperatures above 500 "C, 
the librational band intensity rapidly decreases 
until final disappearance of the band above 
600 "C. The band of the fluorided hydroxy- 
apatite disappears at a slightly higher tempera- 
ture, probably reflecting the increased stability 
brought about by fluoridation. It is not clear why 
the librational band disappears at a temperature 
well below 780 "C, the point of complete lattice 
collapse established by Bett et al. (5) for calcium 
deficient hydroxyapatites. Our own data for the 
OH stretching mode, in agreement with the 
latter authors, also indicate considerable reten- 
tion of OH species beyond 600 "C (Fig. 5), even 
though the intensity decrease with temperature 
becomes steep in that region. In the absence of 
more discriminating information one can only 
conclude that an early onset of structural changes 
brings about a loss of librational freedom; or 
else that of the two or more unresolved species 
contributing to the OH stretching band near 
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AMBERG E T  AL.: STUDY O F  

0 

EVACUATION TEMR % 

FIG. 4. Effect of evacuation temperature on the 
integrated intensities of the v,(OH) bands for sample 4 
(0) and the corresponding unfluorided hydroxyapatite 
(a). 

3570 cm-I only one exhibits a librational mode 
at 635 cm-I, and that this is the one that 
vanishes at the lower temperature. 

Stretching Hydroxyl Band Region 
Figure 5 shows the infrared spectrum in the 

hydroxyl stretching frequency region for sample 
4 and is typical of a fluorided hydroxyapatite. 
The salient features of the spectrum are the two 
strong, overlapping bands centered at 3572 and 
3540 cm-' and two relatively weak and ill- 
defined bands at approximately 3670 and 3650 
cm-'. Although there is some doubt as to the 
assignment of the latter bands, it is well estab- 
lished that the band at 3572 cm- ' arises from an 
O-H...O hydrogen bond (6, 14) and the band 
at 3540 cm-' from an O-H...F hydrogen bond 
(1 1-1 5). The existence of side bands reported by 
Menzel and Amberg (15) at 3565 and 3549 cm- ' 
was not confirmed in the present work, though 
this may be due to the differences in sample 
preparation and fluoride impregnation. Bands 
similar to the weak bands in the 3660cm-I 

CALCIUM HYDROXYAPATITE 4005 

FIG. 5. Infrared spectrum in the hydroxyl stretching 
frequency region for sample 4. 

region have been observed for nonfluorided 
h idroxy~~at i tes  and have been variously as- 
signed to a stretching vibration of a surface 
hydroxyl species (14) and tentatively to the 
stretching mode of the non-hydrogen-bonded 
part of water molecules in hydroxyl group sites 
(6). 
\ ,  

The effect of evacuation temperature on the 
integrated intensities of the 3572 and 3540 cm- ' 
bands for s a m ~ l e  4 was also studied. the two 
bands being resolved graphically. The results are 
shown in Fig. 6, where it is seen that the inte- 
grated intensity of the O-H...O stretching band 
shows a similar dependence on evacuation 
temperature as that of the librational hydroxyl 
band in that a significant decrease occurs at high 
temperatures upon collapse of the lattice. In 
contrast, the integrated intensity of the O-H...F 
stretching band increases rapidly with evacua- 
tion temperature up to -550 "C, an effect 
that can only be associated with the formation 
of new O-H...F hydrogen bonds. If, as is 
commonly assumed, the diffusion path of the 
fluoride ions is along the c-axis through the 
centers of the calcium triangles in a column, then 
it would appear likely that this bond formation 
occurs by thermal activation of hydroxyl groups 
adjacent to such fluoride ions. On the other 
hand, one cannot exclude alternative diffusion 
paths, especially in view of the fact that X-ray 
spectra of our apatites exhibit some broadening 
and that one must therefore assume the existence 
of regions of low degree of crystallinity or of very 
small crystallite size. The resulting defect or grain 
boundary regions could equally well facilitate 
the transfer of fluoride ions. In either case, the 
slight decreases with pretreatment temperature 
seen for the integrated intensities of the libra- 
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EVACUATION TEMI? ?2 
FIG. 6. Effect of evacuation temperature on the 

integrated intensities of the hydroxyl stretching bands 
associated with O-H...F (0) and 0-H...O (@) hydro- 
gen bonds in sample 4. 

tional and stretching O-H...O bands of fluo- 
rided hydroxyapatites are consistent with these 
mechanisms. For the series of progressively 
fluorided samples subjected to a 500 "C out- 
gassing pretreatment, the integrated intensity of 
the O-H...F stretching band was found to be - 1.8 times that of the O-H...O band (15). 
Consideration of the fluoridation mechanism as 
involving a hydroxyl substitution and a sub- 
sequent adjacent hydroxyl rearrangement then 
led to an integrated intensity ratio per hydrogen- 
bond of 3.6. Although the results shown in Fig. 6 
are not strictly comparable with those of Menzel 
and Amberg (15), the differences in rates of in- 
crease and decrease of the integrated intensities 
of the O-H...F and 0-H...O bands respec- 
tively with pretreatment temperature are thought 
to be due to some disparity between the num- 
bers of 0-H...O bonds broken and O-H...F 
bonds formed. Indeed, there is evidence from 

19F n.m.r. studies of mineral hydroxyapatite 
containing small quantities of fluoride to suggest 
that configurations of the type O-H...F...H-O 
occur along the c-axis of the crystal (13, 19). In 
this case, three O-H...O bonds would be broken 
and one of their hydroxyl groups inverted by 
partial fluoridation of an otherwise ordered 
column in the apatite lattice. Such localized 
structures have been suggested as giving rise to 
enhanced stability of the apatite lattice and may 
explain the resistance of the 0-H...F bond to 
cleavage at higher temperatures. 

We thank the National Research Council of Canada 
for financial support. 
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Production de 02(b1Cg+), P' = 0 , l  et 2 par la reaction 0(2lD2) + 02(x3&-) 

MICHEL J. E. GAUTHIER' ET DAVID R. SNELLING~ 
Centre de recherches pour la difense, Vczlcartier. et Centre de recherckes sltr les utornes et les rnolt!czrles, 

C.P. 880, Co~trcelette, Quebec W A  1RO 

R e ~ u  le 23 mai 1974 

MICHEL J. E. GAUTHIER et DAVID R. SNELLIPIG. Can. J. Chem. 52.4007 (1974). 
On a observe les emissions des bandes 0-0 et 1-1 de la transition 02(b1Z,+ + X3Z,-) a 762 et 

771 nm respectivement dans la photolyse de melanges O3/O2/Ar  a 253.7 nm. On a observe aussi 
lesvariations de ces emissions, a differentes concentrations d'ozone, en fonction de la concentration 
d'oxygene, et on peut en tirer les conclusions suivantes: entre le quart et la moitie des molecules 
O,(blZ,+) formees par la reaction d'echange d'energie 0 ( 2 I D Z )  + 0 Z ( X 3 Z g - )  sont a l'etat 
vibrationnel v' = I ,  les autres sont formees a l'etat c' = 0 .  De plus, on montre que 0,  desexcite 
0(21D2)  huit fois plus efficacement que 0, et on obtient des valeurs approximatives de 0.6 et 1.0 
pour les vitesses relatives des reactions de O,(blZ,+), c' = 1 avec 0, et 0,  par rapport a la 
vitesse de la reaction de 02(b1Z,+),  v' = 0 avec 0,. 

MICHEL J. E. GAUTHIER and DAVID R. SKELLING. Can. J .  Chem. 52,4007(1974). 
The emissions of the 0-0 and 1-1 bands of the O,(b'LK+ -+ X3Z,-) transition have been ob- 

servedat 762 and 771 nm respectively in the photolysis of O3/O2/Ar  mixtures at  253.7 nm. From 
the dependence of these emissions on the concentration of oxygen for various ozone concentra- 
tions the following conclusions can be drawn: one-quarter to one-half of the 02(b1Z,') mole- 
cules formed in theenergy transfer from 0 ( 2 ' D 2 )  to 0 2 ( X % - )  are in the vibrational state v' = 
I ,  the remainder being in the v '  = 0 state. Furthermore, it is shown that 0, deactivates 0 ( 2 l D Z )  
eight times more effectively than 0,. The relative rates of the reactions of Oz(blZ,+),  c' = 1 
with 0, and 0, are also discussed and approximate values of 0.6 and 1.0 are determined relative 
to the rate of the reaction of O,(blC,+), u' = 0 with 0 3 .  

Introduction 
Le travail decrit ici faisait partie d 'un pro- 

gramme de  recherches sur la chimie de l'atmos- 
phere pour conlprendre les mecanismes de la 
photolyse de I'ozone 2 des altitudes o u  cette 
rCaction photochimique diclenche une skrie 
de  reactions qui impliquent plusieurs Ctats 
excites. On a donc cherche a identifier les pro- 
duits de la rCaction primaire de  la photolyse de 
I'ozone a 253.7 nm et a determiner le r6le de ces 
produits dans l'equilibre photochimique de 
I'atmosphere. 

Le produit le plus important est sans contredit 
l'atome d'oxygene a 1'Ctat excitC 2'D, qui rCagit 
ensuite tres rapidement dans l'atmosphere avec 
les constituants mineurs H 2 0 ,  CH, et H2 ou 
avec une molCcule d'oxygene ou d'azote. Nous 
Ctudierons ici la rCaction de 0(2'D,) avec 0,. 
On sait dCja (1-3) que cette rCaction physique 
d'ichange d'tnergie excite la molCcule d'oxygene 
a 1'Ctat blC,+ dans au moins 75'7, des collisions 
qui dksexcitent 0(2'D,). P ~ L I ~  simplifier l'ecri- 

- 

'Adresse actuelle: Centre de recherches en sciences de 
I'environnenient, Universite ~ L I  Quebec Montreal, C.P. 
8888, Montreal 101, Quebec H3C 3P8. 

' A U ~ C L I ~  h qui on doit adresscr toutc correspondance. 

ture dans ce qui suit, les termes 0 ,  O('D), O,, 
O,('Aj et O,('C) couramment employis seront 
utilists pour designer respectivement O(z3P,), 
0(2'D2), 02(x32 , - ) ,  Oz(alA,) et O,(blC,+). 
Quant a la production de O,('C) dans la 
ph-ctolyse de I'ozone, nous avons Ctabli les 
limites suivantes sur la contribution possible de 
la rCaction photochimique primaire et de la 
reaction O('D) + 0 , :  pas plus de 57, de la 
photolyse produit O,('C) et moins de 5% du 0, 
form6 par la deuxieme rCaction peut ll&tre a 
l'etat 'Z. De plus, on a montrC que 0, desexcite 
O('D) (9.7 1.5) fois plus efficacement que 
0 2  (2). 

L'Cnergie disponible dans la reaction O('D) + 
0, pourrait exciter en plus lcs deux premiers 
niveaux vibrationnels de l'etat electronique 'C 
comme l'ont remarque plusieurs auteurs depuis 
20 ans (4, 5). Nous Ct~~dierons la reaction en 
mesurant 1'Cmission de la transition '1 -t 3C de 
8, et nous tenterons de dkmontrer qire 02( 'C) 
existe dans notre systeme avec une excitation 
vibrationnelle. Nous observerons les bandes 
0-0 2 762 nm et 1-1 B 771 nm mais nous ne 
pourrons pas dktecter d'emission 780 nm qui 
correspondrait B la bande 2-2. 
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Le montage experimental utilise pour ce travail a deja 
servi pour l'etude du mecanisme de formation des 
singulets de l'oxygene dans la photolyse de l'ozone (2, 6) 
et pour la mesure de I'efficacite de formation de O,('E) 
dans la reaction O('D) + 0, (1). Les details du montage 
ont dija etC decrits (6, 7). 

On effectue la photolyse de melanges d'ozone et 
d'autres gaz dans un systeme dynamique qui utilise la 
radiation de resonance du mercure a 253.7 nm. Les 
reactions se produisent dans une cellule cylindrique en 
quartz de 6.5 cm de diametre et de 60 cm de longueur. 
Neuf lampes en U a basse pression de mercure irradient 
la cellule sur une longueur de 15 cm. On mesure la con- 
centration d'ozone au moyen de l'absorption de la radia- 
tion d'une lampe Pen-Ray a 253.7 nm. Les molCcules 
sejournent dans la cellule en moyenne de 0.5 a 2 s. Nous 
avons utilise des pressions d'ozone de 1 a 22 mTorr 
(1 Torr = 133.3 N m-2)  et des pressions de 0 2 ,  Ar et 
SF,, qui pouvaient s'elever respectivement jusqu'a 0.9, 
0.8 et 1.0 Torr. La fraction de 0, dkcompose se situait 
toujours entre 0.13 et 0.30 et le debit total a travers la 
cellule etait de 2.0 1 s-'. 

La cellule est couplee axialement a un spectrometre 
Czerny-Turner, fj8, muni de fentes de 32 mm de hauteur 
et dont la largeur a ete ajustee a 2 mm pour ce travail, ce 
qui donne une largeur de fente spectrale de 2.4 nni. La 
fente d'entree se situe a 20 cm de la zone illuminee et, 
avec cet arrangement optique, le cane de viste du spec- 
trometre est entierement contenu dans la cellule. Un 
photomultiplicateur EM1 9659AM refroidi a 253 K sert 
a detecter les radiations infrarouges de l'oxygene. 

On utilise de l'oxygene et de l'argon Gold Label de 
Matheson. Pour obtenir le melange O,/Ar on procede 
comme suit: on utilise l'Ozonator de Welsbach pour 
fabriquer l'ozone a partir d'oxygene Gold Label. A la 
sortie de l'ozoniseur, le melange ozone a 5% passe a 
travers un piege qui contient environ un litre de gel de 
silice et qui est refroidi a l'aide d'un melange de methanol 
et de glace seche a 193 K. On adsorbe l'ozone jusqu'a 
obtenir une couleur bleue prononcee puis on pompe 
lentement le piege pour enlever l'oxygene. En conservant 
toujours le piege a basse temperature, on fait ensuite 
passer l'argon qui entraine une quantite relativement 
constante d'ozone. On peut ajuster la quantiti d'ozone 
desorbt en variant le debit lineaire d'argon a travers le 
piege. On obtient ainsi un melange pratiquement exempt 
d'oxygene. On a utilise aussi un melange 03/SFs qui a 
ete prepare comme precedemment (2). 

Me'canisrne de production de 0, jlC) 
Nous avons observe l'emission de O,('Z) 

illustree la fig. 1 dans la photolyse de l'oxygene 
ozonise. L'Cmission a 762 nm montre, avec une 
resolution moyenne, les branches P et R de la 
bande 0-0. ke continuum en pointillt provient 
de la fluorescence de la cellule de quartz et est 
enregistre avec la cellule sous vide. On obtient 
l'intensite de la bande en mesurant la surface 
sous la courbe au-dessus du continuum. On 

FIG. 1. Spectres d'emission de la transition 'X + 3C 
de 0 2 .  (a) et (b), photolyse d'un melange 03 /0 , /Ar  pour 
P(0 , )  = 0.012 Torr et P(Ar) = 0.41 Torr; (a),  P(Oz) = 
0.032 Torr;  (b), P(02)  = 0.17 Torr; le continuum en 
pointill6 est produit par la fluorescence du quartz; la 
fleche indique la position ou devrait apparaEtre l'origine 
de la bande 2-2; (c), emission observee dans une decharge 
micro-onde dans l'oxygene. 

confirme l'identite de l'tmission en la comparant 
au spectre obtenu avec une decharge micro-onde 
dans l'oxygene. Tel qu'on l'avait dijB dCmontrC 
(Z), on peut voir a la fig. 2 (courbe A )  que 
l'intensite de O,('C) a 762 nm augmente avec 
l'addition de 0, a un mtlange 03/Ar.  I1 y a 
toujours un peu de 0, prtsent dans la cellule qui 
vient de l'ozone photolyse et aussi de la dkcom- 
position de l'ozone qui peut survenir avant 
l'entree du mtlange dans la cellule (cette decom- 
position Ctait inferleure a 10%). On tient toujours 
compte de ces deux sources de 0, lorsqu'on 
trace les graphiques. L'argon a ttC choisi comme 
diluant parce qu'll ne desexcite pas O('D). 

Le mtcanisme de reactions est donnC au 
tableau 1. La constante de la reaction de O,('C) 
avec l'ozone est k ,  = (2.3 + 0.5) x 10-I' (3, 
8) tandis que la constante de desexcitation de 
O,('C) par 0, est 2.5 x 10-l6 (8-10). (Les 
constantes de vitesses des reactions sont donnCes 
en cm3 moltcule-' s - I . )  On a dCja montrC (2) 
pour notre syst6me que la rCaction qui prt- 
domine pour limiter la concentration de O,(lC) 
est la reaction avec 0, et que la dtsexcitation de 
O,('C) sur les parois ainsi que la desexcitation 
par collision avec 0, sont nkgligeables. 

Excitation vibrationnelle de 0, ('C) et bande 1-1 
de la transition '2  -+ 3C. 

On sait que l7Cchange d'tnergie entre O('D) 
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GAUTHIER ET SNELLING: PRODUCTION DE 02(b1Zg+) 4009 

200 TABLEAU 1. Mecanisme de reactions 

[I I* O3 + hv -+ O('D) + 02('A) 

[2a]t O('D) + O3 + 2 0  + 0 2 '  ( v  < 4) 
[2b] t + 0 2 '  + 0 2 '  (U < 18) 

150 [31t O('D) + M + 0 i- M - Hal O('D) + O2 -+ 0 + O2 
W - - [4bI + 0 + 02('A) 

o* WIT -+ 0 + 02(1x)0 
w -0 

[4dl t -+ o + 0 2 ( ' ~ ) '  
w g 100 [sit O ~ ( ~ C ) O  + o3 + 202 + o 
D - 
E [6lt o2('Z)' + O3 + 202 + 0 
L .- 
w [7lt 02(1C)1 + 0 2  + OZ('X)O + Ozl 
w +- ( t o r r )  ( t o r r )  [81 0 + 0 3  -+ 202 - 

0 0 0.0216 0.80 *I1 est maintenant reconnu que la photolyse de I'ozone a 
50 253.7 nm produit les molecules d'oxygene a l'etat 'A et non 

0.0127 0.41 a ]'&tat 3 2  ou  '2. 'to2&, 02( lZ )0  et 02( lZ) l  veulent dire respectivement 
O2(3Z), u" = r, 02( 'Z) ,  L,' = 0 el O,('Z), o '  = 1. Dans la 
rbaction 2b, o n  suppose que I'energie se repartit egalement 
entre les deux molecules 02. 

$M represente une molecule, autre que 0, ou 01, comme 
Ar, par  exemple, qui peut dksexciter O('D). 

" 0 5 10 15 20 25 

1021/[031 

FIG. 2. Variation de I'intensite de 02('C) cs. [02]/ 
[03] .  Courbe A ,  emission de 02('C), c' = 0 a 762 nm; 
courbe B, emission de 02('Z), a' = 1 a 771 nm; courbe 
C, voir le texte. 

et  0, peut produire O,('C) avec jusqu'a deux 
quanta de  vibration. 

L'kmission de  O,('C), r' = 1 ou 2 n'est pas 
observte en general a cause de  la prCsence de 
grandes quantitks de dksactivants vibrationnels 
incluant l'oxygene. De  plus, dans nos exptriences 
prCcCdentes (2),  nous n'avions pas une resolu- 
tion suffisante. D'ailleurs, l'imission de O,('C), 
2;' = 0,  1 ou 2 est toujours trks faible parce que 
la transition est strictement interdite pour 
1'Cmission normale de dipale Clectrique. Les 
probabilitks de transitions spontanees existent 
bien que tres faibles pour des transitions 
dipolaires magnktiques. 

NCanmoins, nous avons observe la bande 
d'emission 1 - 1 ,  dont l'origine (11) se situe a 
771.07 nm. Elle est illustree a la fig. la pour les 
conditions ou  elle Ctait maximale par rapport 
la bande 0-0 (origine a 762.1 5 nm). La bande 
2-2 dont l'origine se situe a 780.44 nm n'est 

le rapport 1/0.45/ <0.02. Ces intensites doivent 
&tre corrigkes pour tenir compte des facteurs de 
Franck-Condon qui sont differents pour les 
bandes 0-0, 1 1 et 2-2 ainsi que de la sensibilitk 
differente du  systeme de detection aux trois 
longueurs d'ondes 762, 771 et 780 nm. Les 
intensitks corrigkes sont dans le rapport 1/0.56/ 
< 0.025. La correction sera explicitee ci-dessous. 

Ces intensites corrigees sont proportionnelles 
aux concentrations 2 l'etat stationnaire de 
chaque t ta t  de vibration de O,('C). Si on sup- 
pose que les temps de vie des etats O,('C), v' = 

1 et 2 ne sont pas plus grands que celui de 
O,('C), t.' = 0,  les vitesses de production de 
2;' = 1 et 2 sont de 0.56 et <0.025 relativement 
a une production unitaire de  t.' = 0. La dernikre 
hypothese est valable puisque O,('C) est con- 
trait par la reaction avec O, et que la rkaction 
ne serait probablement pas plus lente si O,('C) 
avait une excitation vibrationnelle. 

Done, mEme si la rkaction est presque rtso- 
nante pour produire l ' t tat  c' = 2, il semble que 
c' = 0 soit produit plus efficacement que 1'Ctat 
t.' = 1 et beaucoup plus que 1'Ctat c' = 2. I1 
faut remarquer que la vitesse relative de pro- 
duction de c' = 1 de 0.56 est un minimum si on 
suppose que la vitesse de dksexcitation de  
O,('C), 1;' = 1 est au nioins aussi grande que 
pour t.' = 0.  

pas observCe. Production de O,jlC), 2;' = 1 
Les intensites observees a la fig. la de 1'Cmis- Pour faire I'analyse quantitative du com- 

sion des Ctats v' = 0,  1 et 2 de O,('C) sont dans portement des deux bandes en fonction des 
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4010 CAN. J .  CHEM. VOL. 52,  1974 

pressions de 0, et O,, nous devrons tenir compte 
du mtcanisme de reactions present6 au tableau 1 
et nous tenterons d'estimer les vitesses relatives 
de formation de O,('Z) dans les ttats 1.' = 1 et 
cr  = 0. 

Bien que l'echange d'tnergie entre O('D) et 
O,, la rtaction 4d, soit le processus logique pour 
produire O,('Z), v' > 0 dans notre systeme, on 
ne peut pas exclure a priori le pompage d'energie 
vibrationnelle par une moltcule 0,", produite 
eventuellement par 0('D) + O, ou par 0 + O,, 
a une moltcule O,('C). 

Ce processus devrait Etre efficace puisque la 
constante vibrationnelle est pratiquement la 
mCme aux deux niveaux tlectroniques et que la 
rtaction est meme exothermique. D'apres 
Herzberg (1 I ) ,  a,' = 1432.7 cm-' pour O,('Z) 
tandis que a," = 1580.4 cm-' pour 02(3Z)i 
Pour O,('A), la constante o,' = 1509.3 cm- 
est encore plus rapprochee de to," et la transition 
serait encore plus probable. 

La moltcule 0 ,"  serait produite efficaceinent 
par 0 ( 'D)  + 0, et aussi par 0 + O,, les 
rtactions 2 et 8. Cette derniere rkaction est 
exothermique de 94 kcal 11701-' et, si on suppose 
l'iquipartition de I'energie, Ies deux moltcules 
0, peuvent Etre produites avec chacune c < 11. 
La reaction 2b est exothermique de 139 kcal 
mol-', et Fitzsimmons et Bair (12) ont observe 
des bandes d'absorption dans le systeme 
Schumann-Runge 3 ~ , -  + 3Cg- a partir d e  
niveaux aussi tlevts que c" = 23. Baiamonte 
et al. (13) ont observt les etats jusqu'a c" = 30 
et ont montrt que 0," etait produit par la 
rtaction 26 aussi bien que par la rtaction 8, mais 
que la rtaction 2a ttait au moins dix fois plus 
efficace que la rtaction 2b. il y aura une concen- 
tration B l'ttat stationnaire non nulle de 0," 
aussi bien que de 0,('Z) et O,('A) dans la 
cellule. On peut s'attendre ce que toute excita- 
tion vibrationnelle causte par cet Cchange 
d'tnergie entre 0," et O,('C) s ~ i t  CquilibrCe 
rapidement entre tous les ttats de 0, (13). Ce 
qui ne se produirait pas pour une excitation 
vibrationnelle de 0,('C) produit par O('D) + 
O,, reaction 4d. 

De plus, si O,('C), c' = 1 et 2 ttaient produits 
par tchange d'tnergie vibrationnelle, la moltcule 
0," produite par les reactions 0 + 0, ou 
O('D) + 0, viendrait a l'tquilibre tres rapide- 
ment par des processus vibrationnels-vibra- 

tionnels (V-V) avant d'etre dCsexcitCe par 
kchange V-V avec O, ou par une dtsexcitation 
vibrationnelle-translationnelle avec une autre 
moltcule. On aurait donc une concentration B 
l'etat stationnaire de 0," et, puisque l'excitation 
vibrationnelle s'equilibre rapidement, O,(lA) 
et O,('C) auraient aussi la mCme excitation 
vibrationnelle et on devrait observer les Cmis- 
sions des Ctats v' > 0 de O,('C) et de O,('A). 

Pour Cvaluer la possibilitt de ce pompage 
vibrationnel, on ttudie la rCaction analogue pour 
le pompage de O,('A)Vans la photolyse d'un 
mtlange O,/Ar. L'tcart entre les deux constantes 
vibrationnelles est encore plus faible, donc le 
processus serait plus probable que pour O,(lC). 
La rtaction O('D) + 0, est tres rapide ( k ,  = 
(5.3 1 2.6) x 10-lo) (14, 15), de sorte qu'on 
aurait une vitesse de production pratiquement 
tgale de 0,"  et de O,('A)O si on suppose un 
rendement quantique unitaire de 0('D) et de 
O,(lA)O dans la photolyse. 

Nous reproduisons un spectre de l'tmission de 
O,('A) la fig. 3. La bande 1-1 est absente, le 
pompage vibrationnel est donc Climint et le 
mtcanisme de production de O,('C)' demeure 
exclusivement 1'Cchange d'knergie entre O(lD) 
et 0,. 

De'sexcitatioi? de B j l D j  et de O,('C), v' = 1 
par 0, et 0, 

Si on suppose que O,(lC), t.' = 0 et 1 sont 

FIG. 3. Spectre d'emission de la bande 0-0 de la 
transition 'A + 3C de 0 , .  La fleche indique la position 
ou devrait apparaitre l'origine de la bande 1-1 a 1280.5 
nm; origine de bande 0-0: 1268.6 nm. P (03)  = 0.025 
Torr; P ( 0 2 )  = 0.37 Torr; P(Ar) = 0.42 Torr; I ,  largeur 
de fente spectrale; r, constante de temps du systeme de 
detection; tempkrature, 298 K;  fraction de O3 dtcom- 
post, 0.25. 
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GAUTHIER ET SNELLING: PRODUCTION DE O2(b1Zg+) 401 1 

dCsexcitCs par les rCactions 5 ,  6 et 7, on peut 
rCsoudre les Cquations de vitesses pour obtenir 
les expressions des concentrations a 1'Ctat 
stationnaire des espices excitCes. On tentera 
ensuite d'analyser le comportement observC a 
la fig. 2 des bandes 0-0 et 1-1 de O,('C) en 
fonction des pressions de O, et de 0, .  Finale- 
ment on Ctudiera l'eventualitt d'un autre 
mCcanisme de dksexcitation de O,('C), v' = 1. 

Donc, suivant le micanisme proposC, les 
concentrations a 19Ctat stationnaire des espices 
excittes sont, pour un mClange O,/O,/Ar: 

oh  [O,('C)O] et [02(1C)1] sont les concentrations 
B l'ttat stationnaire des Ctats excitts O,('C)O et 
O,(")' respectivement et seront proportion- 
nelles aux intensitts d'tmission mesurtes de la 
bande 0-0 762 nm pour O,('C)O et de la bande 
1-1 B 771 nm pour O,('C)'; +,(=k,,lk,) et 
+o(= k,,/k,) sont les fractions des moltcules 0, 
produites aux Ctats 0,('C)' et O,('C)O respec- 
tivement dans la rCaction 0( 'D) + 0 , ;  J l [ 0 3 ]  
est la vitesse de la photolyse et k,(=k,, + 
k2J et k,(=k,, + k,, + k,, + k,,) sont respec- 
tivement les constantes totales de dtsexcitation 
de O('D) par 0, el par 0 , .  

J, est approximativement constant pour les 
pressions d'oaone utilistes puisque l'absorption 
de radiation est faible. En effet, de la loi de Beer- 
Larnbert, I = I, exp (- ~l [O,]), on peut cal- 
culer que AI/Io = I - exp (- ~l [O,]). Dans 
nos conditions expirimentales, EI [O,] << 1 et 
on peut faire I'approximation A1 = 1, EI LO,]. 
L'intensitC absorbCe est donc proportionnelle 
la pression d'ozone. Pour ces expkriences, la pres- 
sion de 0, est maintenue constante a 10% pr6s 
et, pour cette marge de pressions, l'approxima- 
tion d9absorption lintaire sera excellente. 

On peut transformer les expressions ci-dessus 
pour obtenir : 

[I41 F[O~(~C)OI-' = (k,l+oJ~) 
x (1 + (k,[O3llk,C~,I)~ 

Si on dtfinit 

[151 [o , (~c )~ I ,  = [ o , ( ~ c ) ~ I  
x (1 + (k2 [O3llk,fO,l)) 

on obtient 

[16] [02(1C)1],-1 = 

(k6/+lJl)(1 + (k7 L02 l lk6 E03 1)) 

A partir de ces expressions, nous pouvons 
utiliser nos donntes de la fig. 2 pour tracer trois 
graphiques que nous reproduisons aux figs. 4, 5 
et 6. Figure 4, [O,('C)~]/[O,('C)~] us. [0,]/ 
[O,]. Le rapport pente sur ordonnte a l'origine 
doit donner (k,/k,)(l + (+,/+,)). Figure 5 ,  
F[02(1C)0]-1 21s. [03]/[02] .  Le rapport pente 
sur ordonnCe a l'origine doit donner k,/k,. 
Figure 6, [02(1C)1]c-1 2;s. [02]/[03] .  Le rapport 
pente sur ordonnCe a l'origine doit donner 
k,lk6. 

Pour les figs. 5 et 6, le rapport pente sur 
ordonnCe B l'origine est indkpendant de l'tchelle 
utilisCe en ordonnCe. I1 n'est donc pas nkcessaire 
de corriger les intensitks afin de compenser pour 
le changement de sensibilitk du syst6me de 
dCtection. Pour la fig. 4, non seulement on ne 

FIG. 4. Graphique de I(762 nm)/i(771 nm) us. [OZl/ 
[03]  pour deux experiences avec un rnClange 03/0 , /Ar  
oh 1(762 nm) et i(771 nm) sont directement propor- 
tionnels aux ~o~icentrations de O,('Z)O et de 02(lZ)' 
respectivement. PentelordonnCe a l'origine, 1.0 + 0.25. 
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FIG. 5. Constante relative ozone-oxygene. Variation 
de F[02('Z)0]-1 as. [03]/[02] pour deux experiences avec 
un melange 03 /02 /Ar .  Pentelordonnee a l'origine, 8.0 i 
0.5. Conditions expCrimentales, voir fig. 4. 

corrige pas les intensitts mais les deux ex- 
pCriences sont assimiltes en une seule pour 
obtenir la pente et I'ordonnCe l'origine parce 
que d'aprks le mtcanisme proposC, [02(1C)0]/ 
[02(1C)1] ne dtpend que de [02]/[0,] .  

On a obtenu la pente et I'ordonnCe a l'origine 
des droites aar la mCthode des moindres carrCs 
oh  on a tenu compte des incertitudes comme suit. 
D'abord, on suppose qu'il n'y a pas d'erreur en 
abscisse mais seulement en ordonnte. Ensuite. 
si on a un ensemble d'observations de x avec des 
incertitudes o x ,  la rkgle gentrale est de donner a 
chaque observation un poids proportionnel a 
(ox)-2 (16). Par exemple, si on calcule une 
moyenne (C wx)/(z IV) ,  on prendra w = (ox)-'. 
Dans notre cas, nous portons en ordonnee 
I'inverse d'une intensite k t  le poids attach6 a 
chaque point dtpendra de l'incertitude sur la 
mesure de l'intensitt. Cette derni6re peut se 
situer entre les deux cas suivants: (a) I'incertitude 
relative est constante et (b)  l'incertitude absolue 
est constante. 

Le premier cas se prtsenterait si l'intensitt 
ttait assez grande et si on avait un bon rapport 
signal 2 bruit pour tous les points. Le deuxikme 
cas se retrouve pour la mesure de 1'Cmission de 

la bande 1-1 de 02(lC)' qui est trks faible et qui 
est partiellement masquCe par la queue de la 
branche R de la bande 0-0. Pour ces deux cas, on 
devra utiliser des poids selon le tableau suivant: 

Cas 01 01-1 Poids 

a XI XI-' cx I2 
b constant C C I - ~  oc 

Pour les figs. 4 et 6, nous utilisons des poids 
en 14 et pour la fig. 5, un poids en 13. C'est 
pourquoi les points trks dispersCs aux grandes 
valeurs d'ordonnte sur ces graphiques n'ont 
pas grande influence sur la valeur de la pente. 

Si on tient compte de l'incertitude exptrimen- 
tale, tous les points de la fig. 4 sont be1 et bien 
sur la meme droite, ce qui confirme la dtpen- 
dance lintaire pour deux exptriences avec 
O,/O,/Ar et le rapport pente sur ordonnte 
l'origine donne 

(k7/k6)(1 + (01/00)) = * 0.25 

L'incertitude sur ce risultat, et sur ceux des figs. 
5 et 6 est donnCe par le double de 1'Ccart-type 
auquel on ajoute un autre 10% pour tenir compte 
de la possibilitt d'erreur systematique dans la 
mesure des dtbits et des concentrations de 0 , .  

FIG. 6.  Variation de [02(1X)1]c-1 as. [021/[031 pour 
deux exptriences avec un melange 03 /02 /Ar .  Pentel 
ordonnee a I'origine, 0.60 + 0.06. Conditions experimen- 
tales, voir fig. 4. 
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GAUTHIER ET SNELLING: PRODUCTION DE Oz(blZg+) 401 3 

Pour tracer la fig. 5 qui doit donner k,/k,, on 
a besoin des valeurs de +,/+, et de k7/k6 car F 
est une fonction de ces deux quantitts. De plus, 
pour tracer la fig. 6 qui doit donner k7/k6, on a 
besoin de la valeur de k2/k4 pour calculer 
170rdonnCe, [02(1C)1],-1. On peut resoudre le 
problime par un proctdt ittratif. On fait d'abord 
la fig. 5 en prenant F = 1. On obtient une valeur 
de k,/k, que l'on utilise ensuite pour tracer la 
fig. 6. On obtient alors k7/k6 puis on calcule 
+,/$, avec le rtsultat de la fig. 4. On rtit&re 
jusqu'a la convergence, c'est-a-dire qu'on refait 
les figs. 5 et 6 jusqu'a ce que les valeurs de k2/k,, 
k7/k6 et ne varient plus. Les deux derniers 
graphiques sont prtsentts aux figs. 5 et 6 et les 
valeurs obtenues dans l'ittration sont donnkes 
ci-dessous. Remarquons ici que les pentes et les 
ordonntes a l'origine changent d'une exptrience 
a l'autre pour les figs. 5 et 6, mais que le rapport 
pente sur ordonnte a l'origine est le mEme a 

ItCration pour deux expkriences 
avec Ar 

5% pri.s. Donc k2/k, = 8.0 + 2.0; k,/k, = 
0.60 i 0.20; +,/+, = 0.66 i 0.30; +,/($, + 
+,) = 0.40 + 0.09 ou 0.40 - 0.14. MEme si on 
ne peut pas obtenir k,/k, et $,/+, avec une 
bonne prtcision, k,/k, converge rapidement et 
ne change que de 25% du dCbut Li la fin du 
proctdC itCratif. Donc 0, dCsexcite O('D) 8 fois 
plus efficacement que 0, : la constante de dtsex- 
citation de 02(1C)1 par 0, Cgale 0.60 fois celle 
de 0,; finalement, entre le quart et la moitie des 
moltcules 02('C) formtes par 0( 'D) + 0, le 
sont 21 1'Ctat v' = 1, le reste est form6 a 1'Ctat 
ur = 0. 

L'ordonnte l'origine de la fig. 4 est de 1.15 k 
0.20 et devrait Cgaler k,$,/k,+, d'apr2.s I'expres- 
sion 13. Cependant, nous n'avons pas mis en 
ordonnee le rapport des concentrations de 
Q2(1C)0 et de 02(1C)1 mais bien le rapport des 
intensitts observtes de 02(lC)0 et de O,('C)' qui 
n'a pas ttd corrigt pour tenir compte des facteurs 
de Franck-Condon qui sont diffkrents pour 
chaque bande ainsi que du changement de 
sensibilitt du syst&me de dCtection a 762 et 

771 nm. La correction est appliqute comme 
suit: on calcule la concentration relative 
[02 ( '~ )o ] / [02 (1~)1 ] ,  a partir des intensitts 
relatives mesurtes, 21 l'aide de la relation suivante 

oh  I(u'u") est 17intensitC en photons par seconde, 
N(vl) est le nombre de moltcules excittes B 
1'Ctat v', v(v'vl') est le nombre d'onde de la bande 
et q(vfu") est le facteur de Franck-Condon. 
Alors, si on suppose que le moment de la transi- 
tion Clectronique Re est essentiellement le mEme 
pour les deux transitions, on obtient le rapport 
suivant 

ou q(1, 1) = 0.802 et q(0, 0) = 0.933 sont les 
probabilitts de transition de Fraser et al. (17) et 
Q(h) est le rendement quantique du photomulti- 
plicateur a la longueur d'onde h. Aprks cor- 
rection, k,+,/k,+, devient d o n ~  0.90 k 0.16. 

Les courbes A et B de la fig. 2 ont CtC cal- 
cultes avec le mtcanisme que nous venons de 
dtcrire et avec une valeur ajustte de J ,  pour 
obtenir l'intensitt relative observte. La courbe 
C a Ctt calculte avec les mEmes paramktres et 
le mEme mtcanisme plus une rtaction de 
dtsexcitation de O,('C)' par Ar qui aurait une 
constante vingt fois plus faible que k,. Cette 
rtaction suppltmentaire a CtC clairement sures- 
timte et elle a probablement une constante 
plusieurs ordres de grandeur plus faible que k,. 

En plus des deux expkriences ,avec O,/O,/Ar 
discuttes jusqu'ici, nous avons effectut deux 
autres exptriences avec O,/O,/SF,. Si on utilise 
les quatre exptriences, les valeurs de k,/k,, 
k,/k, et +,/+, obtenues par un proctdt itdratif 
semblable sont respectivement 9.6, 0.72 et 0.30, 
ce qui est en accord avec les rksultats ci-dessus. 
Par contre, nou avons remarqut que le SF, 
pouvait contenir un bon pourcentage d'im- 
puretts, c'est pourquoi nous n'avons retenu que 
les rtsultats obtenus avec l'argon. 

Discussions 
Dans son ttude sur la photolyse de 8, dans le 

continuum Schumann-Runge, Noxon (18) n'a 
observC que l'tmission de la bande 0-0 de 
O,('C). I1 a utilis6 un filtre d'interftrence de 
largeur de bande de 4.0 nm pour faire un 
balayage de 780 a 755 nm ce qui courve les 
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positions des bandes 1-1 et 2-2. En tenant bien puisque la premibre reaction n'enlbve que 
compte de la transmission du filtre, il n'a pu que I'excitation vibrationnelle de O,('C)' tandis que 
donner des limites supkrieures assez conserva- la deuxibme enlkve l'excitation tlectronique de 
trices de 1 0 z  et de 5% pour l'emission des bandes O,('C)O. Dans I'atmosphbre, 1'Ctat O,('C)' n'a 
1-1 et 2-2 respectivement. donc aucune chance de produire une Cmission 

Gilpin et al. (8) ont fait quelques observations qui soit comparable B celle de O,(lC)O. 
de l'emission de la bande 1-1 avec un filtre Bates (20) a propost que la dksexcitation 
d'interference a 770.2 nm d'une largeur de bande vibrationnelle de 1'Ctat O,('C)' pourrait pro- 
1.0 nm et ont dtduit qualitativement que l'Ctat cider rapidement par un echange d'knergie 
O,('C)' Ctait produit par 0('D) + 0,. NCan- e'lectronique entre une molCcule excitte et une 
moins, notre travail est le seul ou la bande 1-1 autre B l'ktat fondamental selon la rkaction 
a Ctt clairement identifike par un spectre suivante: 
d'Cmission. 

~ 9 1  ~ ~ ( ~ x ) ~  + oZ0 + oZ1 + O ~ ( ~ X ) O  
Filseth et al. (1 9) n'ont pu observe d'tmission 

des bandes 1-1 et 2-2 et en dCduit que pour Ce mkcanisme serait probablement facilitb par 
les conditions employCes, 0 , ( 1 ~ ) ,  > 0 est ou la distance internuclkaire a l'tquilibre r e  et le 
bien formi initialement par o(1D) + 0, dans quantum vibrationnel o, presque egaux dans les 
des proportions relativement faibles ou bien que deux Remarque2 bien que cette rkaction 
0 , ( 1 ~ ) ,  c1 > 0 est dtsexcitC par 0, en rnoins de est diffkrente de la reaction 7. Jones et Bayes 
103 collisions. NOS observations nous permettent (21) ont observC I'Cchange d'Cnergie Clectronique 
de confirmer la deuxikme hypothkse. En effet, entre 3202('A) et 3602(3x) et ~btiennent une 
avec nos valeurs de +,/+, (0.66 0.30) et de k,+,/ constante supkrieure 1.7 10- ' Ces auteurs 
k,+, (0.90 _f 0.16), on peut calculer que 0.27 < ~ ~ g g i r e n t  aussi que la rkactiOn se fait Par 
k,/k, 6 1.02. 11 est physiquement peu probable l'tchange d'un electron et il n'est pas impossible 
que k, soit jnferieur 2 k,, Autrement dit, on peut que dans Ce processus, la m0lkcLlle qui serait au 
supposer que la constante de la entre niveau 02('A)' garde son excitation vibration- 
0 , ( 1 ~ ) '  et 0, est au rnoins aLlssi ClevCe que la nelle, ce qui reviendrait au m&me qu'un simple 
constante de 0,(1~)O + 0 , .  D~~~ k, -. k, = tchange d'excitation vibrationnelle qui se ferait 
2.3 lo-" (3). Puisque k,lk, = 0.60 + 0.20, a une vitesse de 1.7 x lo-''. Dans notre cas, 
on peut dtduire que k, -. 1.5 lo-", c'est-B- aVeC 0 2 ( 1 ~ ) 1 ,  nous obtenons aussi une constante 
dire que 0 , ( 1 ~ ) '  est certainement dksexcitC par de vitesse tris grande de 1.5 x lo-' '  pour le 
0, en rnoins de 25 co]lisions3. Filseth et (19) processus qui enlive le quantlum de vibration de 
ne pouvaient donc pas observer les bandes 1-1. 02(1C)1 Bien que nous ayons s u ~ ~ o s k  qu'il 
et 2-2 dans leurs conditions expCrimentales. s'agissait d'un Cchange d'tnergie vibrationnelle 

D'un autre cdte, notre valeur de I<,+,/k,$, Par la reaction 7, nous ne Pouvons Pas dkter- 
indique aussi que +, se rapproche de la limlte miner si la dksexcitation de o,('c)' se produit 
supCrieure d7une demie obtenLle ci-dessus. En ~ e l 0 n  la rtaction 7 OU la rtacti0n 19. 
effet, pour obtenir une valeur de k,/k, d'au Dans le micanisme pro~osk,  0 3  avec 
moins un, il faudrait que soit plus grand 02(1x)1 Pour dormer 20, + 0 Par la riaction 6. 
que 0.94, c7est-B-dire que +,/(+, + 4,) soit 11 se pourrait que 0, disexcite plut6t O,('C)' a 
supkrieur B 0.48, ce qui est en accord avec la plus 02('C)O Pour riagir ensuite avec ce dernier Par 
grande valeur de +,. I1 semble donc trks probable la reaction 5 ou n~eme que ces deux Processus de 
que prks de la moitii des molCcuIes O,('C) soiellt dtsexcitation de 0,('C)' soient efficaccs. Pour- 
formCes & 13Ctat = 1 par la rkaction o ( ~ D )  + tant, nous avons Ctabli que la constante de la 
0,. 11 est assez intCressant de remarquer aussi rCaction 6 Ctait comparable a celle de la rCaction 
que si k ,  e 1.5 x lo-'', et si on se rappelle que 5, et donc environ 1/10 de la frequence de col- 
la constante de dksexcitation de o,(~c)O par 0, lision de la thCorie cinttique des gaz. 11 est peu 
est de 1.5 x 10-16 (18), on peut conclure que probable qu'un Cchange d7Cnergie vibrationnelle 
O,('C)~ est dCsexcitC par 0, 10, fois plus entre 0,('C)' et 0, soit assez rapide pour con- 
efficacement que O,('X)O. Ce qui se con~oi t  currencer la rtaction 6. De plus, nous avons 

montrt que 1'Cchange d'Cnergie vibrationnelle 

3 P o ~ r  que tout soit bien clair, pricisions ici que c'est entre O,('C)' et O,, un processus presque reso- 
l'excitation vibrationnelle de OZ('C)' qui est enlev6e par nant, procede avec une constante d'environ 
O2 en moins de 25 collisions. 1.5 x lo-", et il est peu probable que la rCac- 
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tion analogue avec O, soit aussi rapide. Cette 
derni6re supposition est confirmie jusqu'a un 
certain point par l'observation expkrimentale 
que de grandes quantitis de SF, ne disexcitent 
pas O,(lC)l. En rCsumC, on peut dire que 0, 
enEve efficacement le quantum de vibration de 
O,('Z)' en moins de 25 collisions tandis que 0, 
rCagit directement pour donner 20,  + 0 en 
moins de 15 collisions. 

Nous avons d6ja mesurC le rendement quan- 
tique f ( =  4, + 4,) en O,('C) dans la reaction 
0('D) + 0, et nous avons compare nos rCsul- 
tats ceux des autres chercheurs (I). Nous avions 
montrC que si on suppose que la photolyse de 0, 
produit 0,('A) avec une efficacite unitaire, le 
rendement quantique est de 0.89 + 0.33. Au 
debut de cette annte, Snelling publiait dans ce 
journal (3) les resultats de ses travaux sur la 
photolyse Cclair de l'ozone qui lui ont permis de 
mesurer entre autres le rendement quantique f 
de meme que les constantes de vitesse des 
reactions O,('C) + O, et 0 + 0, + 0,. 
Snelling a fait aussi une Cvaluation critique tres 
ditaillee des differentes publications qui traitent 
de f et a conclu que j 3 0.75. Nous rCfCrons le 
lecteur ces discussions et en particulier B celles 
qui portent sur le travail de McGrath et coll. 
(22, 23) qui ont Ctudit l'excitation vibrationnelle 
de 0, dans la photolyse Cclair de l'ozone. Main- 
tenant, si on suppose que $,/(+, + +,) = 0.40 
et que f 3 0.75, le rendement quantique en 
O,('C), v' = 1 de la reaction O('D) + 0, 
devient 30.30. On peut donc affirmer qu'au 
moins 3 0 z  des collisions rCactives entre O('D) et 
0, produisent O,('Z) avec un niveau d'excita- 
tion vibrationnelle v' = 1. 

Quand a la constante relative k,/lr,, nous 
avions d6jB obtenu 9.7 f 1.5 (2) ce qui est en 
parfait accord avec la nouvelle valeur de 8.0 + 
2.0. Le National bureau of standards (14, 15,25) 
recommande l'adoption des valeurs suivantes 
pour les deux constantes absolues: k, = (5.3 i 
2.6) x lo-" et k ,  = (7.4 f 1.5) x lo-", cc 
qui fait une constante relative de k,/k, = 7.2 f 
4.8. A notre connaissance, il n'y a pas eu d'autres 
mesures directes de la constante relative k,/k,. 
Le travail rCcent le plus important est celui de 
Husain et al. a Cambridge (24) qui ont mesure les 
constantes absolues de dksexcitation de 0('D) 
en utilisant la spectroscopie par absorption 
atomique dans l'ultraviolet sous vide (h = 

115.2nm, 0(3lDZ0 +- 2'D2)). 11s obtiennent 

respectivement pour k, et k,, (2.7 f 0.2) x 
10-lo et (7.0 f 0.5) x 10-'I ce qui donne une 
constante relative k , / k ,  de 3.9, un facteur de 
deux plus bas que notre resultat. Bien que leur 
methode soit indiscutable et qu'ils citent des 
Ccarts-types tres faibles, leur valeur de k, semble 
trop basse d'un facteur de deux si on se fie a la 
revue du National bureau of standards. 
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A Study of the Effect of Solvent and Temperature on the Electron 
- 

Paramagnetic Resonance Parameters and Linewidths of 
Copper(I1) bis(Diethy1dithiocarbamate) 
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F. GEOFFREY HERRING and ROBERT L. TAPPING. Can. J. Chem. 52,4016 (1974) 
The effect o f  varying solvent and temperature on the e.s.r. parameters and linewidths o f  

copper(I1) bis(diethy1dithiocarbamate) has been studied. The temperature and solvent de- 
pendences o f  the isotropic hyperfine coupling constant (ao) have been interpreted in terms 
o f  vibronic and axial ligation effects. The rotational correlation time, zR, o f  CU(DEDC)~ has 
been measured in the solvents employed. The values o f  7, measured at 300 K have been used 
to obtain the anisotropic interaction parameter, K ,  which is found to correlate roughly with 
the dipole moment and molar refractivity o f  the solvent. 

F. GEOFFREY HERRING et ROBERT L. TAPPING. Can. J. Chem. 52,4016(1974). 
On ttudie l'influence de la variation des solvants et de la temperature sur les parametres de 

r.p.e. et les largeurs des bandes du bis(diCthy1dithiocarbamate) cuivre(I1). Oil interprete les 
effets de la temperature et de solvant sur la constante de couplage hyperfine isotrope (a,) en 
termes d'effets vibronique et de fixation axiale. On mesure, dans les solvants utilises, le temps 
de correlation rotationnel T, de Cu(DEDC),. On utilise les valeurs de T, mesurees a 300 K pour 
obtenir le parametre d'interaction anisotrope K qui correspond approximativement au moment 
dipolaire et a la refractivite moleculaire du solvant. [Traduit par le journal] 

Introduction 
The variation of the electron paramagnetic 

resonance (e.p.r.) spin Hamiltonian parameters 
(g- and A-) with changes in the nature of the 
ligand (substituent changes) in square planar 
copper(I1) con~plexes (CuL,) has been well 
studied and can be said to be fairly well under- 
stood (1-7). The dependence of the g-tensor 
and hyperfine coupling tensor (A) on the rigid 
matrix in which the square planar conlplex is 
situated has also been the subject of extensive 
study. The results can be readily interpreted in 
terms of changes in the admixture of the metal 
and ligand orbitals together with concomitant 
changes in the d-d excitation energies which 
determine the magnitude of the g- and A-tensors 
(8, 9). In particular, large variations in the g- 
and A-tensors are to be expected if specific 
interactions such as ligand addition or solvation 
occur at the vacant coordination site of the 
square planar complex (9-12). The variations 
in g and A due to substituent effects are most 
reliably interpreted using the anisotropic com- 
ponents of the g- and A-tensors (9, 13) rather 
than the isotropic components (g, and a,), 
although go has been shown to be reliable (9) 
in this regard. The discussion of Zink and Drago 

(14) points out possible pitfalls in the inter- 
pretation of e.p.r. parameters. 

The corresponding studies of the dependence 
of the e.p.r. parameters of square planar 
copper(I1) complexes measured in the liquid 
phase upon temperature and solvent variation 
are quite limited by comparison to the studies 
in the solid state. Falle and Luckhurst (15), 
for example observed a strong temperature 
dependence of the isotropic component of the 
hyperfine coupling tensor (a,) of copper(I1) 
acetylacetonate as did Wilson and Kivelson 
(18). The decrease of a, with temperature was 
interpreted in terms of a vibrational effect in- 
volving the motions of the copper and four 
oxygen atoms. The effect of solvent on the 
isotropic e.p.r. parameters of square planar 
copper(1I) complexes has only been investigated 
in a few cases (12, 16, 17), although some attempt 
has been made to use the variation of a, and g, 
as indicators of specific solvent effects (16). 

The variation of the linewidths of the e.p.r. 
spectra of copper(T1) square planar complexes 
has been the subject of some study (18, 19). 
Two types of linewidth modulation are con- 
veniently classifiable: (a) modulation due to 
reorientational effects (18) (b) lifetime broaden- 
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ing in addition to (a) by a rapid Lewis acid-base 
equilibrium (19f, 20, 21). In the first case the 
assumption is made that in solvents considered 
to  be weakly interacting ( i .e .  nonspecific 
interactions or noncoordinating) it is the in- 
complete motional averaging of the anisotropy 
of g and A that is the dominant contribution to 
the inI-dependent linewidth (AH(n2,)). Thus 
the measurement of the parameters, CL, p, y, and 
6, in 

can lead to information as to the nature of the 
intermolecular potential in which the spin 
probe moves (22, 23). This is accomplished by 
determining the rotational correlation time 
(r,) of the spin probe from either P or y (18, 
19f, 22, 24-26) in eq. I .  Hence the parameter K 

can be obtained (22, 23), which indicates the 
magnitude of the anisotropy of the inter- 
molecular aotential in which the molecule 

valuable insight into the liquid state, as has a 
study of the adduct lifetime (T,) (27). With this 
in mind we have studied the solvent and tem- 
perature dependence of AH(ny,), a,, and g, 
for copper(I1) bis(diethyldithiocarban1ate) 
(Cu(DEDC),) in both noncoordinating and 
coordinating solvents. The probe Cu(DEDC), 
was chosen because of its inherently narrow 
e.p.r. lines so that eq. 1 can be readily employed 
and because a substantial amount is known 
about its behavior in the presence of Lewis 
bases (19-21, 27, 28). 

Experimental Procedures 
Phy.rica1 Measurements nnd ~Waterinls 

Spectra were recorded on a Varian E-4 spectrometer. 
equipped with a Varian (V6040) variable temperature 
accessory. Field calibration was made with a proton 
resonance magnetollieter. The microwa\re frequency was 
monitored with a Hewlett-Packard 54251. counter 
equipped with an X-band plug-in ~lni t .  Absolute field 
position measurements were accurate to 20 .2  G and the 

moves (22). frequency reproducible to t 2 0  kHz in 9 GHz. The g- 

the presence of coordinatillg solvents, value measurements are reliable to k0.0002 and hyper- 
fine splittings to f 0.05 G .  Calibration of the thermo- 

it is possible that a Lewis couple ~lsed in the temperature measurement indicated 
acid-base reaction of the type that the nlaximunl absolute error in the thermocouple 

was less than 0.02 ?C. The error in actual sample tempera- 
CuLz C B * CuLzB ture as compared to the thermocouple reading was 

can, and does (-l?f, 20, 21), lead to lifetime 
broadening under the appropriate conditions. 
If the primary interest is to measure the param- 
eters in eq. 1 and hence obtain the reorienta- 
tional correlation times for CuL, and/or 
CuL2B, this reaction presents a complication 
but can be accounted for from a knowledge of 
the equilibrium constant and the lifetime of the 
adduct (19d). One can, in fact, by careful 
analysis and choice of conditions obtain the 
parameters in eq. I for both CuL, and CuL,B 
but this, optimally, would require studies in 
mixed solvents which can only serve to com- 
plicate the interpretation of the results. Con- 
sequently it IS usual to obtain parameters for 
CuL,B in pure B and correct for, or neglect. 
the contribution to the lineuidth from the 
small amount of CuL, present. It is no doubt 
for this reason that the study of the solvent and 
temperature dependences of the e.p.r. linewidths 
of CuL, (19) and similar complexes (22-26) 
has largely been confined to those solvents 
that can be considered as noncoordinating. 

In the light of the foregoing it u~ould seem 
that a complete study of the solvent and tempera- 
ture variation of a,, g o ,  and T, could lead to 

usually Q0.5 "C .  
The 6 3 C ~  (DEDC12 was prepared from 99.5% copper- 

63 metal, as described previously (21), and was dissolved 
in the appropriate solvent ininiediately prior to e.p.r. 
measurement. All solutions were thoroughly degassed 
before measurement, and care was taken to keep all 
samples and solvents in an inert atmosphere at  all 
times. Solvents used were of Spectroscopic Grade and 
used without f ~ ~ r t h e r  purification. 

Deterrnirrntion of  7, 

The determination of 7, from the linewidth parameters 
in eq. 1 has been discussed by Kivelson and co-workers 
(22), Luckhurst and Ockmell (24), Angerman and Jordan 
(251, and Chasteen and Hanna (26). The consensus is 
that r, is most reliably determined from the parameter 
y. Previous measurements of -1 have been carried out on 
vanadyl systems in which I = so that eight e.p.r. 
lines are observed and consequently a least squares 
method can reasonably be applied. In the present case 
only four e.p.r. lines are observed so that the determina- 
tion of y requires the straightforward solution of four 
simultaneous equations; in fact the unique solution is 

Thus the accuracy of y simply relies on the uncertainty 
in the measurement of AH(m,) and in order to reduce 
this uncertainty a number of repetitions is required. 
The values of -J obtained in this ~ o r k  are the result of at 
least three or four repetitions per temperature and 
solvent. 

The suggestion that T, is most reliably obtained from y 
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rests on the observation that a plot of y cs. q/T (11 = 
viscosity) is linear over a reasonable temperature range 
as required by the theory of Kivelson and co-workers 
(18, 22). The data obtained in the present work for the 
noncoordinating sol\rents, where viscosity data is 
available, show that in the case of CU(DEDC)~  7 is 
linear with respect to qlT except for chloroform where 
some curvature is apparent. Once it is establkhed that -{ 
for the molecule under consideration behaves according 
to theory the value of T ,  can be obtained from (18, 22) 

where Aa = A,, - +(A,, + A,.,), A:. = g(mo'g,), Ag = 
g,, - j(g,, + g,,) ,  u = ( I  + W ~ ~ T K ' ) - ' ,  f = O O ~ T R ~ U ,  

and o, is the microwave Larrnor angular frequency. 
The value of r ,  is obtained by an iterati-ve cycle using 
eq. 2 ;  an approximate value of r ,  is obtained from the 
secular and pseudosecular terms independent of u and 
then the nonsecular terms (dependent on ~ r )  are included 
until a self-consistent value of z ,  is obtained. The 
determination of T ,  requires a knowledge of a,, go, 
Aa, and Ag at the temperature of interest. The usual 
practice is to assume that these parameters are tempera- 
ture independent but \\e have included the temperature 
dependence of a,  and go, a small correction, but not 
that of Aa and Ag. The temperature variation of da  
and Ag is not known so that the values obtained by 
Weeks and Fackler (6) at room temperature have been 
employed over the temperature range studied here. 

Once the value of z ,  has been obtained the value of P 
can be calculated and compared to the experimentally 
determined value as a test of the theory. Generally it is 
found that the two values agree to within 10 to 20% 
indicating fair agreement with theory (22, 25, 26). The 
expression for B is readily obtainable from the literature 
(22, 26) and is not repeated here. It is also possible to 
compute values of a' and z" ( a  = a' + a") from a 
knowledge of r ,  (22), generally the agreement with 
theory and experiment is not as good as that for j3 
(22, 26) especially for the spin-rotational (a") term in the 
case of copper (18). In the present study we restrict our- 
selves to the determination of r ,  from y and a comparison 
of calculated and observed P-values. The other aspects 
mentioned will be the subject of further study. 

Isotropic hyperfine splittings (a,) and g- 
values (go) of Cu(DEDC), were measured in 
a number of solvei~ts over the temperature 
range 200 to 300 K.  The following trends were 
observed: (a) in noncoordinating solvents a, 
is linear with respect to temperature and the 
slope (dla,l/dT) > 0, (6) in coordinating sol- 
vents a, is again linear with respect to tempera- 
ture but dia,l/dT < 0 ;  (c) the g-factor of 

Cu(DEDC), appears to be fairly insensitive 
to temperature in both coordinating and non- 
coordinating solvents, the former having a 
slightly greater temperature dependence 
(dg,/dT - 6 x K-I for coordinating and 
-1.5 x K-' for noncoordinating). The 
temperature variation a, for Cu(DEDC), in 
benzene and pyridine is illustrated in Fig. 1 ; 
the results for other solvents are similar. The 
aforementioned temperature dependences are 
in accord with those observed for copper(1I) 
acetylacetonate (1 5, 18). 

A t  a given temperature the value of la,\ 
in coordinating solvents is lesh than that ob- 
served in noncoordinating solventc, similar 
results have been obtained previously for 
square planar copper(1I) complexes (12, 17, 
19-21). Table 1 shows typlcai results for a, 
and go at 300 K for the solbents used in this 
work. It may also be noted :hat a linear relation- 
ship exists between a, and go as has been 
reported previously (3, 31). 

The rotational correlation time can be related 
to the macroscopic viscosity by 

where k is the Boltzman constant, T the absolute 
temperature, and V the effective volume of the 
solute usually equated to 4nrO3/3 where r, is 
an effective radius of the solute. Kivelson and 
co-workers (22, 29, 30) have introduced the 

FIG. 1. Temperature variation of a. in benzene 
(solid line and squares), a,  in pyridine (solid line and 
triangles), and effective volume V in benzene (dashed 
line). 
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TABLE 1. Physical constants of various solvents* and CU(DEDC)~ in these solvents 

a01 rl ZR v f l  R 
Solvent? go (6) (cp) ( x 10" S )  ( x loz3 cm3) K (D) (cc/mol) 

Benzene 
Toluene 
Chloroform 
Carbon tetrachloride 
Cyclohexane 
2,6-Lutidine 
Pyridine 
2-Picoline 
3-Picoline 
4-Picoline 
3,4-Lutidine 

*q is the viscosity, TR the rotational correlation time, V the apparent molecular volume of Cu(DEDC), in the solvent, LI the dipole moment, 
and R the molar refractivity. 

t T  = 300 K ;  solvent data from Chemical Rubber Handbook and/or International Critical Tables. 

anisotropic interaction parameter, K ,  which lies 
between zero and unity such that V = 4 n r O 3 ~ / 3 .  
Thus the further K is from unity the more 
anisotropic is the potential in which the solute 
moves i.e. the further away from hard sphere 
interactions. It  has been found that K is in- 
dependent of pressure, temperature, and density 
for the vanadyl acetonylacetonate system (22). 
The determination of the value of K depends on 
a choice of r, so that the interpretation of 
relative values of K is more important when 
discussing differences in solvent behavior. 

In the present work we have adopted a 
procedure equivalent, but not identical, to that 
of Kivelson and co-workers (22). Initially we 
evaluate an effective volume V (= zRkT/q) and 
then use a value of the molecular volume (Vm)  
from the crystallographic data (31) to obtain 
K from V/Vm.  As pointed out by Kivelson 
and co-workers (22),  perhaps a better estimate 
of r, is obtained from translational diffusion 
coefficients; however, in the absence of these 
V,  is the next best thing. Kivelson and co- 
workers (22) obtain K by least squares fitting 
eq. 2 together with T, = $(nrO3/k ) (q /T )~  thus, 
apparently, constraining K to be temperature 
independent. An alternative approach is to 
evaluate the effective volume (V) at each temper- 
ature in order to ascertain any possible tempera- 
ture dependence, this was done in the present 
work. 

As mentioned earlier Fig. 2 illustrates the 
linearity of y with respect to q / T ;  in addition 
Fig. 2 also shows the correspondence between 
Po,, 2nd P ,,,, for Cu(DEDC), in toluene. The 
temperature dependence of V for Cu(DEDC), 

FIG. 2. The dependence of yo,, (solid line and circles), 
Po,, (solid line and triangles), and /3,,,, (dashed line 
and squares) in toluene with q/T. 

in benzene is shown in Flg. 1 (dashed h e ) .  
In the case shown V decreased with increasing 
temperature, but in other solvents (e.g. chkoro- 
form, carbon tetrachloride) V increases, the 
percentage changes being roughly comparable. 
The most Likely causes are; (a) the unknown 
temperature dependence of Aa and Ag vvhich 
may be expected to be quite large (18); (b) 
changes in the solvation of the complex. The 
former uncertainty precludes any rellable inter- 
pretation of the temperature variation of V 
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in terms of the second cause noted above. 
The values of V (and hence K) a t  300 K may be 
regarded as reliable since Aa and Ag were 
obtained from the spin Hamiltonian parameters 
measured a t  room temperature by Weeks and 
Fackler (6) for Cu(DEDC),. The values of 
Aa and Ag for the adduct were obtained from 
spin Hamiltonian parameters deduced from a 
computer simulation of an  e.p.r. spectrum of 
6 3 C u ( ~ ~ ~ ~ ) ,  in pyridine at  77 K. The value of 
r, is then obtained from y measured at  300 K. 
The correlation times for the various bases 
were used to  obtain a value of V and hence K 

(using the value of V,,, for Cu(DEDC),). The 
linelvidths measured in the coordinating solvents 
were also corrected for lifetime broadening 
due to  the free complex CuL,. The formation of 
CuL,B is about 80T  in neat base. Thus the K 

values for CuL,B in 3-, 4-picoline, and 3,4- 
lutidine should not be compared with the 
values for the other solvents and,  in fact, the 
K values should only be used to indicate relative 
changes for these coordinating solvents. The 
exception to this being 2-picoline where com- 
plexation is so small corrections were made for 
CuL,B so that the results correspond to  CuL, 
in 2-picoline. No  complex formation is detect- 
able in 2,6-lutidine (27). Thr  results of these 
measurements and calculations are included in 
Table 1. 

Discussion 
The temperature dependence of e.p.r. spin 

Hamiltonian parameters has been observed on 
many occasions previously (15, 18. 24, 32). 
In the present u o r k  we have shown that a, 
increases with temperature in coordinating 
solvents and in noncoordinating solvents de- 
creases with temperature. The trend observed 
for the latter solvents is similar to the tempera- 
ture effects reported previously: i.e. a decrease 
in a, with increasing temperature (15, 18, 32). 
This variation has generally been ascribed, in 
the case of transition metal con~plexes, to 
vibronic effects leading to  a reduced a, due to 
the population of higher vibronic states which 
possess smaller Fermi contact terms. 

A quantitative description of the temperature 
induced changes in the isotropic hyperfine 
coupling of copper(1l) bis(acety1acetonate) 
[Cu(acac),] was attempted by Falle and Luck- 
hurst using the Boltzman average 

a 0  + a i  exp (- A E ' / ~ T )  
~ 4 1  a O =  

i 

1 + 1 exp ( -  A E ' / ~ T )  
i 

where a0 is the splitting in the vibrational 
ground state, a' that in the ith vibrational 
state, and AEi is the energy difference between 
the ground and the ith state. Equation 4 predicts, 
for a small temperature range, a linear depen- 
dence of a, on temperature for low values of i. 
Falle and Luckhurst terminated the power 
series to one term and fitted the data for 
Cu(acac), using AE1 = 350 cm-I and a0 = 
261 Mc/s and a '  = 75 Mc/s. Although the 
agreement between the experimental points 
and the theoretical curve was good Falle and 
Luckhurst felt that the large difference between 
a O  and a '  belied this simple interpretation i.e. 
the small ~iuclear displacements should induce 
only small changes in a '  with respect to a,. 
The series should obviously include more 
terms. 

The temperature dependence of a, can be 
explained in an  alternative way using the work 
of McGarvey (13). In this interpretation, we 
make the assumption that as the temperature 
1s increased the average Cu-S (or 0) bond 
length in Cu(DEDC), (or Cu(acac),) increases 
and we discuss the variation of a, in these 
terms. This is obviously equivalent to the ideas 
of Falle and Luckhurst but now focuses atten- 
tion 011 the reason for the difference between 
a O  and a'. 

The isotropic hyperfine coupling constant is 
given by 

[5al a, = - K  + dg,P 

where 
A&', = - ge 

P = g e g ~ P e P ~ < r - ~ )  
= 388 x cm-I for 63Cu 

and 

where 

The spin density x can be expressed in terms 
of core polarization of the inner s orbitals 
(ns; n = 1, 2, or 3) of the C u Z L  ion by the 
outer d positive hole by configuration mixing 
of the outer s orbitals (ms; m = 5, 6, ... , a)  as 
follo\vs 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HERRING AND TAPPING: E.P.R. STUDY OF Cu(I1) BIS(DIETHYLDITHI0CARBAMATE) 402 1 

where we have employed the m.o.'s 

where +, denotes a symmetry adapted linear 
combination of ligand p orbitals, thus for 
example +,(s) = +(-pxl - pY2 + pX3 + pY4), 
for a square planar complex with the x and 
directions along the Cu-S directions. It will 
be noted that in this formulation allowance 
has been made for the participation of the 
copper 4s orbital in the bonding of the complex. 

In order to discuss the temperature depen- 
dence of a, we first note that Ago for Cu(DEDC), 
in the solvents studied here is largely insensitive 
to temperature variation and we shall assume 
that the same is true for P, i.e. the temperature 
dependence of a, is due only (or mainly) to 
variations in K. We turn now to a description 
of the terms in X. The first two terms in eq. 6 
represent the polarization of the inner s orbitals 
by the positive hole by mixing in of the outer s 
orbitals, the effective mixing of the 4s orbital 
being reduced by 62 due to participation in bond- 
ing. The overall effect of this polarization is to 
produce a negative term, in fact the negative 2s 
contribution dominates the positive 3s contribu- 
tion (13, 33). The third term is the polarization 
of the inner o orbital involving the copper 4s orbi- 
tal (4) and this term will likely be small and 
positive for free copper (33, 34). The final tern? 
represents the polarization of the orbital \/r by 
configuration interaction with +*. As pointed 
out by McGarvey (13) this term can be quite im- 
portant since E*, - E* can be quite small and 
J(pxp,p,pX) > J(4s3d3d4s) so that an additional 
negative contribution to x can occur if, for 
example, covalency effects were to increase. 

If we make the assumption that an increase 
in temperature increases the Cu-S bond 
lengths then we would expect the m.o. coeffi- 
cients of the metal orbitals to approach unity, 
i .e .  covalency decreases. A consideration of 
eq. 6 shows that such an effect would cause 
a decrease in X. The main reason for this 
being the rapid decrease of the term involving 
J(pXp,pXpx) because of its dependence on (a')2 
which should rapidly approach zero as c/. -, 1. 
The first two terms in eq. 6 are likely to re- 
main essentially constant whereas the third 
and fourth terms are small. The reduction of x 
by increased in-plane bond lengths is exactly 
analogous to the decrease in x due to ligand 
addition along the z-axis (13). 

The increase of a, for Cu(DEDC), in co- 
ordinating solvents as the temperature is 
increased is due to two effects: (a) the reduction 
of the- equilibrium constant (K) for the exo- 
thermic fast Lewis acid-base equilibrium men- 
tio-ned earlier (19-21, 28). The average isotropic 
hyperfine coupling being given by 

where T, is the concentration of base and the 
hyperfine coupling of the free complex (aoCuL2) 
is greater than that of the adduct (a,CuL2B) for 
the reason mentioned earlier; (b) the effect of 
minimized axial interactions due to the larger 
copper-base bond length at higher tempera- 
tures. The latter effect would lead to a gradual 
increase in the absolute value of x and hence 
aOCuLzB. Such an effect has been observed (21) 
for the values of obtained from a 
least-squares fit of eq. 7. The lengthy extra- 
polation to TB > 100M from the experi- 
mentally-attained TB z 10-12 M renders these 
results somewhat tenuous but the effect is 
readily discernible. 
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In conclusion then we may say that in non- 
coordinating solvents the decrease in a,  is due 
to vibronic effects in the copper complex itself 
and not to axial coordination effects, whereas 
in coordinating solvents the temperature de- 
pendence is due to axial ligation effects. Thus 
the temperature variation of a,  is of minimal 
use in divining solvent effects. That there is a 
linear relationship between a,  and go for 
Cu(DEDC), in all the solvents studied here 
was pointed out previously. The existence of 
such a relationship we feel is evidence in support 
of the above formulation of x (eq. 6). The 
variation of Ago depends upon, in the main, the 
excitations Ex, -+ Exz-y2  and E ,,,,Z + E,2-,2 
and the variation of x upon E,,, + E,,,, if the 
above model is to be believed. It is not un- 
reasonable that E,,, + E*, will mimic the 
variation of Ex, + Ex2-y2  and E ,,,,, + E,2_,2 SO 

that a linear dependence between a,  and Ago 
can be expected (35). 

We turn now to the variation of a,  and go 
from solvent to solvent. Previously we have 
noted that it is possible to obtain what may be 
called "solvent interaction free" (s.i.f.) isotropic 
hyperfine coupling constants from the measure- 
ment of a,  of Cu(DEDC), in, for example, a 
benzenelpyr-idine mixture. This is achieved by 
extrapolating the plot of a,  cs. T, to zero base 
strength. We have found that the a, obtained is 
independent of the coordinating or non- 
coordinating solvent and is truly solvent in- 
dependent to within experimental error. Further- 
more, the value of the isotropic hyperfine 
coupling constant for Cu(DEDC), diluted in the 
corresponding Ni(l1) complex is - 82.8 + 1.5 G 
whereas the s.i.f. value is --78.7 + 0.15 G so 
that it is felt that these parameters truly re- 
present the isotropic hyperfine coupling con- 
stant in the absence of specific solvent inter- 
actions. The fact that the s.i.f. parameter is less 
than that observed in the Ni(I1) complex pre- 
sumably reflects the fact that the s.i.f. parameter 
is only approximately representative of true 
solvent inertness. 

The a, values for Cu(DEDC), measured in 
benzene, toluene, and chloroform, shown in 
Table 1, indicate that these three solvents interact 
with the complex in a roughly comparable way. 
The reduction of a, in these solvents relative to 
the s.i.f. value is indicative of axial interactions 
(at the vacant coordination site) (1 1 )  which, 
as indicated previously (13), can lead to re- 

duction in the absolute value of a,. Tnese 
interactions may be of the type described by 
Antosik et al. (11) but it is difficult to provide 
any well-defined interpretation. The above 
considerations suggest that carbon tetrachloride, 
cyclohexane, and 2,6-lutidine are relatively 
inert solvents as far as axial interactions are 
concerned. 

An alternative explanation of the variation 
is to suggest that the solvation sphere around 
the complex decreases, leading to increased 
values of a,  because of reduced interactions. 
Some evidence for this suggestion can be found 
in the correlation of a,  with R, the molar 
refractivity. The molar refraction is a measure 
of molecular volume. Thus, as R increases we 
may expect a,  to increase and this is seen to 
be gen~raliy true. An exception is toluene, 
in which a direct axial interaction due to the 
presence of a dipole moment could lead to a 
reduced a,. The large reduction in a,  for the 
pyridines again demonstrates the sensitivity 
of the hyperfine coupling tensor to strong axial 
interactions. The results in Table 1 show that 
the g-value of Cu(DEDC), increases as a,  
decreases which reflects the general reduction 
of the d,, to d x Z _ y 2  and d,,, d,, excitations as 
axial interactions increase. 

The above solvent dependence of a,  and go 
is in accord with the results of other workers 
(11-17). In general, it may be stated that the 
variation of a,  from solvent to solvent is a " 
fairly insensitive measure of solute-solvent 
interactions and at best only leads to qualitative 
conclusions as to whether or not specific 
axial interactions are important in a particular 
solvent. The main reason for this is the difficulty 
in interpreting the Fernii contact contribution 
to the hyperfine coupling. The anisotropic 
hyperfine and g-tensors are no doubt more 
sensitive (9, 16). 

A convenient indicator of solute-solvent 
interactions is the rotational correlation time of 
a molecule in a given solvent. As indicated 
earlier, e.p.r. provides a method for measuring 
such rotat~onal correlation times. The rotational 
correlation times shoun in Table 1 demonstrate 
that the addition of a pyridine molecule to 
form the adduct CuL,B leads to somewhat 
slower rotational correlation times. In order to 
proceed further with the interpretation of the 
r, val~les it is necessary to adopt a model of the 
l i q ~ ~ i d  state. 
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The simplest model is that embodied in eq. 3, 
where the  solvent is assumed to provide a 
continuous medium for the rotation of a 
molecule of volume V. The apparent volume V 
can then be interpreted in terms of solvation 
effects. The results in Table 1 show that for these 
molecules in which we expect for low solvation, 
i.e. solvents with no dipole moment, V is small 
(i.e. benzene, carbon tetrachloride, and cyclo- 
hexane), whereas for those solvents possessing 
dipole moments V is large. Thus at first sight 
this interpretation is qualitatively reasonable. 
However, if the apparent volumes are compared 
with any reasonable estimate of the solute 
volume, V,, we find that invariably V < V,. 
This result is not in accord with the simple 
idea of solvation since it might well be expected 
that V > V, in this case. As mentioned pre- 
viously, Kivelson and co-workers (22, 23) 
have introduced the so-called anisotropic inter- 
action parameter, K, to account for V,,, > V ;  
i.e. V = KV,. Kivelson and co-workers (29, 30) 
have devised a theory which shows that K 

can be expressed as the ratio of the mean square 
torques to the mean square forces experienced 
by the spin-probe: 

The value of K is interpreted as follows: 
K -+ 0 for hard spheres (where intermolecular 
torques are expected to vanish) and K -+ 1 for 
very anisotropic intermolecular potentials. 

The results shown in Table 1 indicate that 
those solvents possessing a dipole moment 
provide highly anisotropic intermolecular po- 
tentials and torques for Cu(DEDC),, whereas 
those solvents with no dipole moment produce 
small values of K .  This result is in accord with 
the findings of Kivelson and co-workers (22) 
for VO(acac),. The other correlation apparent 
from Table 1 is that as the molar refraction (R) 
decreases, K increases; i.e. as the volume in the 
solvent increases the intermolecular potential 
becomes more isotropic (22). The major excep- 
tion to this trend is again the result for toluene 
where, even though R is large, K is 0.81. This 
result, as indicated earlier in regard to the varia- 
tion of a,, indicates that toluene must be 
interacting in a rather specific way with 
Cu(DEDC),. The reduction of K as R increases 
is also in rough correlation with the variation 
of a, with R, although the precise significance of 
the dual correlation is not clear. It  is also 

important to note that the present K values 
agree qualitatively with the theory of Wirtz 
and co-workers (36) in which 

where r ,  is the solute and r, the solvent molec- 
ular radius. If r ,  is set equal to (3Vm/4)113 and 
r, = (3R/4)'l3, where R is the molar refraction, 
eq. 8 yields K-values that are too small but 
decrease as do the ex~erimental values when 
R increases. A similar conclusion was reached 
by Kivelson and co-workers (22). 

The following conclusions can be reached: 
(a) the present study has shown that the tempera- 
ture and solvent variation of a, and go are at 
best qualitative indicators of solute-solvent 
interactions: ( 6 )  studies of rotational correlation 

\ ,  

times in coordinating solvents can be com- 
plicated by the presence of fast Lewis acid-base 
reactions and a lack of knowledge of the 
anisotropies of the spin Hamiltonian param- 
eters; and (c) in noncoordinating solvents the 
results for K obtained for Cu(DEDC), are 
comparable to those obtained for ~ ~ ( a c a c ) , ,  
but the present work must be extended to 
establish the validity of this conclusion. 

The National Research Council of Canada is thanked 
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ROBERT J. CRAWFORD, DOUGLAS M. CAMERON, and HIROKAZU T O K U ~ A G A .  Can. J. Chem. 
52.4025 (1974). 

The thermolysis of 4-methylene-1-pyrazoline and the kinetic isotope effects of 3,3-d,, 
3,3,6,6-d4, and 3,3,5,5,6,6-d6 compoilnds were examined. Data suggest a simultaneous cleavage 
of both carbon-nitrogen bonds with the formation of an intermediate which by 13C labelling 
is shown to be other than the triplet planar trimethylenemethane. Product studies on 3,3- 
dimethyl-4-methylene-1-pyrazoline and 4-isoplopylidene-1-pyrazoline are best rationalized in 
terms of the Chesick type intermediate. 

ROBERT J. CRAWFORD, DOUGLAS M. CAMERON et HIROKAZU TOKUNAGA. Can. J. Chem. 
52.4025 (1974). 

La thermolyse de la methylene-4-pyrazoline-l et les effets isotopiques des composts 3,3-d2, 
3,3,6,6-d4 et 3,3,5,5,6,6-d6 ont Ctt examines. Les resultats suggerent une rupture simultanee des 
deux liaisons carbone-azote avec formation d'un intermtdiaire qui, par marquage au 13C, 
s'averC &tre different du trimCthylenemethane plan a I'ttat triplet. Les produits de la dimethyl- 
3,3-methylene-4-pyrazoline-l et de l'isopropylidene-4-pyrazoline sont interprttes au mieux 
avec un intermediaire du type Chesick. 

Introduction Results and Discussion 
The thermolysis of azoalkanes is a convenient Table 1 lists the kinetic data for the thermol- 

and frequently used method of generating radi- ysis of 4-methylene-1-pyrazoline (la). The activa- 
cals. Can the thermolysis of 4-methylene-1- tion energy, 32.6 $- 0.3 kcal mol-', may be 
pyrazoline (1) be used to generate trimethylene- compared with that of I-pyrazoline (5), 42.4 1 
methane? In this; and the succeeding paper, we 0.3 kcal mol- ', and 3-vinyl-] -pyrazoline (6) of 
have undertaken a kinetic and product study in 32.2 ) 0.4 kcal mol-l. The latter represents the 
an attempt to define the nature of the initial stabilization of the diradical-like transition 
thermolysis step and the existence of any inter- state1 by the allylic resonance energy and clearly 
mediates in this reaction. the thermolysis of 1, reacting at a rate 140 times 

Dowd (2) has by electron spin resonance greater than that of I-pyrazoline, is being 
spectroscopy demonstrated that the photolysis accelerated by a comparable stabilization. 
of 1 generates a triplet of geometry 2. An In order to establish the relationship of the 
alternative geometry for trimethylenemethane is carbon-nitrogen bond ruptures we have exam- 
that of 3 which Chesick (3) has suggested as an ined the deuterated substrates 1-d,, Id4, and 
intermediate in the interconversion of 2-methyl- 1-d6. The rate constants for the thermolysis of 
methylenecyclopropane and ethylidenecyclopro- l a  used in Table 2 were interpolated from a 
pane. This same Chesick type of intermediate graphical plot of log k us. 1/T of the data from 
has been invoked in the majority of mechanistic Table 1. The corrections for incomplete deutera- 
studies of methylenecyclopropane (4) and is a tion are given in Table 2 and represent analyses 
possibility in the thermolysis of 1. obtained by multiple determination of n.m.r. 

integrations on neat samples of the deuterated 
compounds. A control run of a sample of 1-d, 

R I A . l  H x H  I,.-. carried cated that to 5 0 z  there completion was no observable then reisolated increase indi- of 

R 3 
N=N 

R I 
H H H H protons at the vinylic position. We estimate that 

1 2 3 

1 R,  = R,  = R, = H 'The definitions of diradicals, putative diradicals, etc. 
1-ti, R ,  = D: R 2  = R 3  = H are extensive; however, we refer the reader to an excellent 
1-(1, R ,  = R z  = D: R,  = H discussion of these concepts by G. Jones I1 in ref. 29, and 
I -d,  R ,  = R, = R, = D will use the term diradical in the sense described therein. 
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TABLE 1 .  Kinetics for the thermolysis of 4-methylene-1-pyrazoline (la) 

Experiment Temperature 1 04k 
No. ("C) (s - 

Activation 
parameters 

1 165.3 9 .84k0.09 E,= 32.6 1 0 . 3  
kcal mol-I 

TABLE 2. Secondary deuterium kinetic isotope effects for the thermolysis of 
deuterated 4-methylene-1-pyrazolines 

Temperature lo4 kobs lo4 kcor," 
("c) Compound (s-l) (s-l) k ~ l k ~  

167.75 l-d2 9.9 i 0 . 2  9.7 + 0 . 2  1.26 k 0.03 
l a  12.2 k O.lb 

172.9 11.9 + 0.2 11.7 i. 0 . 2  1.60 1 0.04 
l a  13.7 i. 0.2b 

Corrected for incomplete deuteration ko = (kubi - kHfH)fD  here fD is the fraction deuterated (n.m.r.). 
bObtained by extrapolation from data in Table I .  

2",earrangement would have been detected 
and thus we can rule out the formation of any 
pretransition state intermediate such as the 
allylic azo intermediate 4. Seltzer et al. (7) have 

demonstrated that the substitution of a deu- 
terium, a t o  the azo nitrogen that is undergoing 
valence change in the rate determining transition 
state, leads to  an increase in activation free 
energy, 6AG', of 90-120 cal mol-I per deu- 
terium. For 1-d, we see that 6AG* per cr deu- 
terium is 101 + 6 cal mol-I and if I-d, represents 
the effect of the a-deuterium plus two y-deu- 
teriums then the two y-deuteriums contributed 
an increase of 27 cal mol-l. Using this correc- 
tion we can then calculate the effect of the four 
a-deuteriums in 1-d, as being 97 f 3 cal mol-I 
per deuterium. These results are in accord with 
a transition state wherein both carbon-nitrogen 
bonds have undergone considerable bond break- 
ing (8). When the methylenecyclopropane gen- 
erated from the thermolysis of 1-d2 is analyzed 
by n.m.r. it is found that the product consists 
of a 60:40 mixture of 5a:Sb. Thus while no  

deuterium is scrambled prior to  the breaking of 
the carbon-nitrogen bonds it is obvious that the 
exo and ring methylenes are scrambled, and to 
an extent that approaches the statistical 2:l 
expected for 5a:Sb. If from 1-d2 an inter- 
mediate, or a set of intermediates, of com- 
position equivalent to (CH,),CCD, is produced 
then there are two possible modes by which 5a 
can be produced, 2k,, where k, represents the 
rate constant for the conversion of the protio- 
methylene group to  the exo-methylene as in 5a, 
and one by which the deuteriomethylene group 
may be transformed. k,. Thus k,/k, in the 
product determining step is 0.75 + 0.03 sug- 
gesting a preference on the part of the protium 
for the ring methylene position of methylene- 
cyclopropane. It follows, by analogy, that for 
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TABLE 3. The proton n.m.r. integration of the 13C side bonds of 8a and 8b 
from the thermolysis of 7 (1 h at 165") 

Pressure 
(Torr) Robs 

#Standard deviation of eight or more analyses of each sample. 

1-d, we could expect an intermediate, or set of "ponderal effect", thus we prepared a sample of 
intermediates, of composition CH,C(CD,), to 7 from 67% enriched '3C-diazoinethane. The 
be produced and that the ratio 6a:6b can be ratio, R, of 8a to 8b was determined by integrat- 
represented by 2k,/k, from which a value2 of 
kH/k, = 0.74 + 0.07 is obtained. The similarity N *  
of these results, besides the possibility of their CH2=C=CH2 + "CH2N, - A - 

h = N  
being fortuitous, suggests that there is an isotope 
effect in the product determining step and implies 7 

that the three methylene groups have either 
become equivalent as in 2 or have become rado- 
mized in a set of intermediates equivalent to 3. 
An alternative explanation is that 1-d2 and 1-d, 
give rise to 5a and 6a in a concerted process and 80 8h 

that in the gas phase the methylenecyclopro- 
panes produced are "hot" and undergo sub- 
sequent isomerizations; such a possibility is 
diminished by observation that the same prod- 
uct ratios are obtained in solution as in the gas 
phase. Equilibration of a sample of 5a prepared 
by the copper-catalyzed decomposition of diazo- 
methane-d, in the presence of allene was un- 
changed after 3 h at  180" and upon heating for 
2 h at  250" the n.m.r. spectrum indicated an 
equilibrium mixture of 67.6 i. 1.1% of 5a and 
32.4 i. 1 .1z  55. This further complicates the 
"hot species" argument in that if 5a were the 
initially generated species the system would 
appear to have gone past the equilibrium mix- 
ture. A further possibility is that the methylene 
groups were equivalent by interconversion of 
intermediates, such as 3, and that it is a "pon- 
deral effectH3 which determines just which 
groups rotate to form the ring methylenes; in this 
case the deuterium, being of greater mass, is 
slower to move out of the plane than is protium. 
Labelling the carbon atom, thus changing the 
mass on the rotational axis, should remove any 

'If kH and kn are defined as the rate constant for form- 

ing the proton n.m.r. of the 13C-H side bands 
at 6 0.5 and 2.1 (J13C-H = 161 HZ) located on 
both sides of the 12CH ring methylene protons 
at  6 1.3 and dividing by the 13C-H side bands 
at 6 4.8 and 6.4 (J13C_H = 162 HZ) on both sides 
of the 12C-H vinylic protons at 6 5.6. The data 
in Table 3, assuming for complete randomiza- 
tion of the natural abundance 13C in the allene, 
were obtained under conditions that did not give 
rise to any proton saturation as evidenced by a 
control sample of methylenecyclopropane which 
gave a value of R = 2.01 + 0.03. At the 95% 
confidence limit, applying the t-test, we can 
conclude that the data is different from that 
expected on a statistically random basis of 2.00 
for R. 

It is of interest to note that the 13C-H COU- 
pling constant of both the ring methylene and 
the vinylic methylene group correspond to sp2 
hybridization (1 2). 

The results for 1-d2, 1-d,, and 7 imply that the 
original position of the methylene group may in 
fact impart a bias as to where that group ends 
up in methylenecyclopropane and since these 
results cannot be readily reconciled with a 

ing thering methylene then the values are 1.33 and 1.35 mechanism producing inteimediates such as 2 or 
for 1-d2 and 1-d4 (I).  3 we decided to  examine products derived from 

3A ponderal entropy efyect upon a rotor has been 
predicted (9) and qualitative agreement with intra- the isomeric pair of pyraz0lines and lo. A 
molecular cvc~izations us. rotations in 1.3- and 1.4- synthesis of 3,3-dimethyl-4-methylene-I-pyrazo- 
diradicals have been observed (LO, 11). line (9) was achieved by the 1,3-dipolai cycle- 
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TABLE 4. Thermolysis products of 9 and 10 at various temperatures 
(Po = 400 Torr) 

Temperature 
PC) Compound %13" %l4 

#Product proportions quoted are those obtained by extrapolating to zero conversion 
since 13 and 14 are slowly interconverting at  the higher temperatures. 

equilibrium data at  higher temperatures (13) 
suggests that at  190.8" the thermodynamic pro- 
portions are 20.1% 13 and 79.9% 14. 

9 10 
- N2 

addition of 2-diazopropane to allene. An iso- 9 &+X - 10 rneric cycloaddition product (11) was produced 
and separation of 9 from this impurity and 13 14 

acetone azine (12) was difficult. I t  proved to be Attempts to synthesize 4-isopropylidene-1- 
more convenient to use the product mixture of pyrazoline (10) by the cycloaddition of diazo- 
9, 11, and 12. Since 12 was demonstrated to be methane to 3-methyl-1,2-butadiene resulted pri- 

I C H , I ~ C N ,  + CH2=C=CH2 ---+ 
marily in the production of an isomeric com- 
pound whose spectral and analytical properties 

stable under the thermolysis conditions it was 
used as an internal reference in the gas chro- 
matographic (g.c.) analysis. The ratio of 11:12 
reinained constant throughout all of the ther- 
molysis studies below 210". Upon heating the 
mixture for 2 h at  200" 11 and 12 were chro- 
matographically separated from 13 and 14. The 
structure 11 was assigned on the basis of its 
exact mass, its n.m.r. spectrum (see Experi- 
mental), and upon its conversion to 13 and 14 
when degassed samples of 11 and 12 were heated 
for 2 h at 250". 

During the thermolysis studies of 9 the ratio 
of 2,2-dimethylmethylenecyclopropane (13) and 
isopropylidenecyclopropane (14) varied slightly 
over the course of the reaction, since 13 and 14 
are slowly equilibrating under the reaction con- 
ditions (13). The values obtained by extrapola- 
tion to  zero time are given in Table 4. The 
product distribution appears to be essentially 
independent of temperature. Extrapolation from 

corresponded with those expected for 3-iso- 
propylidene-I-pyrazoline. A synthesis of 10 was 
achieved via the dibromide 15. The product 

'if 

Q -1 
/ \ 

E t O ~ C  'OzEt 

16 
( 1 )  KOH 

(21 HCI 
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proved to be far more sensitive to tautomerism 
than any of the previously mentioned 4-alkyli- 
dene-1-pyrazolines and had to be handled with 
extreme care. A control run with 9 and 10 
demonstrated that they were not interconverting 
under the reaction conditions. The low conver- 
sion yields of 13 and 14 from 10 are also given in 
Table 4. I t  is obvious from these results that the 
thermolysis data for 9 and 10 cannot be explained 
by a common intermediate and thus a planar 
trimethylenemethane intermediate analogous to 
2 can be ruled out, and that the point of origin 
of a group is important. Attractive possibilities 
are the singlet intermediates 18 and 19. Least 

19 

motion principles (14) would suggest that 18 is 
the intermediate produced upon thermolysis of 
10. Rotation of the isopropylidene group of 18 
produces 13 whereas rotation about the allylic 
methylene group gives rise to 14. Thermolysis of 
9 would be expected to give rise to 19 as well as 
18. Rotation of either allylic methylene group in 
19 would give rise exclusively to 13. The product 
proportions can be rationalized if the rotation of 
the isopropylidene group of 18 is favored 63:37 
over that of the methylene group.4 Thus 19 leads 
exclusively to 13, and 14 is only produced from 
18. Scheme 1 illustrates this pattern and if such 
is the case then the product proportions from 9 

4Several factors, e.g.  the relief of strain, or the greater 
stability of tertiary radicals, could explain the preference 
of the isopropylidene group in rotation over that of the 
methylene. Since 14 is thermodynamically more stable 
than 13 it is not the stability of the products that controls 
the preference. 

require that 18 and 19 be produced in the 
proportions 48 :52. 

We were unable to measure accurately the 
rates of thermolysis of 9 and 10 but found that at 
160.07" that samples had undergone 53 and 55% 
conversion, implying a rate constant of 2.1 x 

sC1 and 2.3 x s- l ,  respectively. This 
places the methylated pyrazolines 9 and 10 at 
about one-third the rate of l a ,  a rather unex- 
pected observation and we are currently exam- 
ining systems wherein tautomerism cannot 
interfere. 

The application of Scheme I in an analogous 
manner to the pyrazoline 1 - 4  suggests a 75:25 
mixture of 6a:6b if isotope effects in each of the 
ring closing steps are minimal, and this agrees 
well with the results. Applying this same 
mechanism to 1-d, suggests a 75:25 ratio of 
5a:5b, and for 7 the ratio of 8a:8b is similarly 
expected to be 75:25, both compounds give 
results considerably different from that pre- 
dicted. Triplet trimethylenemethane dimerizes 
(1 5) to produce 1,4-dimethylenecyclohexane, a 
species which we have been unable to observe in 
any of our reactions. We have attempted to trap 
any diradical intermediate by carrying out the 
thermolysis of l a  in neat cyclohexene and neat 
diethylfumarate. The latter would be expected 
to be reasonably diylophilic (16). Careful pro- 
grammed temperature g.c. failed to reveal any 
materials of molecular weight greater than that 
of the reactant. It seems doubtful that any 
triplet 2 was produced. 

We have been unable to resolve the detailed 
mechanism of thermolysis of 1 in terms of a 
single pathway and it may be that a combination 
of more than one mechanism is required to 
explain all of the data derived from the parent 
system. It is also possible that this is a case 
similar to the bicyclo[2.1 .0]pent-2-ene isomeriza- 
tion described by Flowers and Frey (17) wherein 
the initially produced intermediate has sufficient 
excess energy that the observed product distribu- 
tion is not representative of the mechanism, even 
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at  higher pressures. New thermodynamic data 
(18) allow us to estimate the heat of formation 
of 1 at 64 kcal mol-I. This places the heat of 
formation of the transition state for the thermol- 
ysis of 1 at 96 kcal mol-I which is 12 kcal mol-' 
above the estimated heat of formation of the 
transition state for the Chesick rearrangement of 
methylenecyclopropane. The question of chemi- 
cal activation of this rearrangement depends 
upon how much of the 42 kcal mol-I of excess 
energy resides in the C,H, species cs. how much 
is in the nitrogen produced. At the present time 
we are unable to predict how this energy is 
partitioned. 

The recent calculations of Hehre et al. (19) 
place the heat of formation of the high sym- 
metry (D,,) singlet 2 a t  132 kcal mol-I (88 kcal 
mol above the heat of formation of methyl- 
enecyclopropanes value of 44 kcal mol-' (20) 
thus excluding the possibility of this species. 
However Yarkony and Schaefer (21) find a 47 
kcal mol-I energy change on relaxation of 2 to 
C,, symmetry, thus placing the planar singlet a t  
84 kcal mol-I within 4 kcal mol-I of the heat of 
formation of singlet 3 (19). Theoretically then 
both of these latter two species are thermally 
plausible. Our data for 9 and 10 suggest that 
intermediates 18 and 19 are capable of explain- 
ing the product distributions. If, however, 1 
should prove to be unique, as regards mech- 
anism, then we can question whether the product 
determining step involves a nitrogen containtng 
intermediate. Discussion of this point is deferred 
to the accompanying paper. 

Experimental 
The n.m.r. spectra were recorded on Varian A-60 and 

A-100 analytical spectrometers. The analytical gas 
chromatography was carried out using a Perkin-Elmer 
900 GC equipped with capillary columns and a Hewlett 
Packard 3370A Electronic Integrator. Mass spectra were 
determined on an AEI MS-9 double focusing high 
resolution spectrometer. 

4-Methylene-1-Pyrazoline (1) 
Allene (30 ml) was condensed into a pressure bottle at 

Dry Ice - acetone temperatures and a solution of diazo- 
methane (6 g, 0.14 mol) in ether (50 ml) was added before 
the bottle was sealed and allowed to warm to room tem- 
perature. After 15-20 h the yellow color had disappeared, 
the flask was recooled, opened, and allowed to warm to 
room temperature. The ether and excess allene were 
evaporated under reduced pressure and the residue dis- 
tilled as quickly as possible, b.p. 49-50" (33 Torr); 8 g 
(69% yield); nDZ5 1.4714 (lit. (22) nDZ5 1.473); U.V. h,,, 
322 nm ( E  490, ethanol). The i.r. spectrum v,,, 1670 cm-' 
(-HC=CH2) and 1540 cm-' (-N=N-). The n.m.r. 

spectrum TMS (CDC1,) 6 5.13 (quintet, J = 2.6 Hz, 2H) 
and 6 4.88 (triplet, J = 2.6 Hz, 4H). 

4-Methylene-1-pyrazoline-3,3-d2 (1-d2) 
The method of synthesis was analogous to that de- 

scribed for 1 using diazomethane-d2, which was prepared 
via the method Leitch et al. (23) with additional D2O 
exchanges at 0". The n.m.r. spectrum of the 1-d2 produced 
indicated 93 + 2% isotopic purity. 

4-Methylene-I-pyrazoline-3,3,6,6-d4 (1-d4) 
A solution of diazomethane (5 g, 0.12 mol) in ether 

60 ml was added at - 60" to allene-d4 (6 g, 0.14 mol) (24). 
The mixture was allowed to warm to room temperature 
and after 24 h worked up as described above. Yield of 
1-d4, 4 g (40%) (22). The n.m.r. spectrum indicated that 
the 3- and 6-positions were > 95% deuterium. 

4-Methylene-I-pyrazoline-3,3,5,5,6,6-d6 (1-d6) 
Using allene-d4 (6 g, 0.14 mol) and diazomethane-d, 

(3 g, 0.07 mol) in a procedure analogous to that outlined 
for 1-d4 a sample of 2 g (33%) of 1-d4 was obtained. An 
n.m.r. spectrum of 1-d, using benzene as an integration 
reference indicated that the sample was 95 1 3% per- 
deuterio. 

4-Meth~~lene-I-pyrazoline-3-'3C (7) 
Commercially available 67% 13C-methyliodide was 

converted to 13C-diazomethane by using the I4C-diazo- 
methane techniques of Stoll et a/. (25). The 13C-diazo- 
methane was then added to allene by the procedure 
described above for 1-dz. 

3,3-Dimethyl-4-methylene-1-pyrazoline ( 9 )  
A solution of 2-diazopropane (26) (14 g, 0.21 mol) in 

ether was added at -78' to allene (30 ml) and then 
allowed to warm to 0 "C in a pressure bottle. After 3 h 
the solution became colorless. Removal of the excess 
allene and ether followed by distillation of the residual 
material gave 8 g of a mixture, b.p. 55"/27 Torr. The 
mixture proved to be (n.m.r.) 62% 9, 15% 11, and 23% 12. 
Careful column chromatography on Fluorosil gave a 
pure sample of 9, n.m.r. spectrum 6 4.95 (multiplet, 4H) 
6 1.35 (singlet, 6H). Exact mass calcd. for C7HloN2: 
122.0844; found: 122.0845. The ketazine (11) was identi- 
fied from its g.c. retention time, its n.m.r. doublet at 
6 1.83 and 2.00, and by comparison with an authentic 
sample. The isomeric impurity was tentatively assigned 
the structure 11 on the basis of its n.m.r, spectrum in 
deuteriochloroform 6 6.05 (triplet J r 3 Hz, lH), 6 5.5 
(triplet J E 2 Hz, lH), 6 2.10 (doublet of doublets J r 3 
Hz, J r 2 Hz, 2H), and 6 1.15 (singlet, 6H) and from its 
exact mass in a sample wherein all of 9 had reacted. 
Calcd. for C7HlON2: 122.0844; found: 122.0843. 
Samples of 11 and 12 were obtained by thermolysis of a 
200 mg sample of the 62:23:15 mixture at 200" for 2 h 
followed by separation from 13 and 14 by preparative 
g.c. Subsequent heating of this mixture of 11 and 12 at 
250" for 2 h gave only 12, 13, and 14. 

Preparation of l,2-Dicarbethoxy-4- 
isopropylidenepyrazolidine (16) 

A solution of sym-dicarbethoxyhydrazine (8.91 g, 50 
mmol) in 1,2-dimethoxyethane (DME) (200 ml) was 
placed in a 500 ml three-necked flask fitted with a mag- 
netic stirrer, reflux condenser, and a gas inlet tube. After 
flushing with nitrogen a dispersion of sodium hydride 
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(57% dispersion, 2.22 g, 53 mmol) was added and the 
solution stirred for 30 min. This was followed by the 
dropwise addition of a solution of 2-isopropylidene-1,3- 
dibromopropane (27) (1 1.3 g, 46.7 mmol) in DME (40 
ml) and continued stirring (overnight). A solution of 
sodium ethoxide (56 mmol, from 1.3 g sodium metal) in 
ethanol (40 ml) was then added over the period of 1 h 
and the reaction mixture stirred for an additional 24 h at 
room temperature. The volume of the solution was then 
reduced to 50 ml at the water aspirator and the reaction 
mixture was poured into 800 ml ice water. After extract- 
ing with ether (3 x 100 ml) the organic layers were com- 
bined and dried over anhydrous sodium sulfate. Upon 
removing the solvent the residual layer was distilled 
114-118°/0.1 Torr, 8.54 g (72%). 

Anal. Calcd. for C1ZH20NZ04 (mol. wt. 256.1418): C, 
56.23; H, 7.87; N, 10.93. Found (256.1421, mass spec- 
trum): C, 56.33; H,  8.11; N, 11.07. 

The n.m.r. spectrum F TMS (CDCl3) 1.27 (triplet, 
J = 7 Hz, CH3- of ester 6H); 1.65 (slight multiplet, 
allylic CH3, 6H); 4.20 (complex multiplet, ring methy- 
lene + ester CH,, 8H). 

Preparation of4-Zsopropylidenepyrazolidine 
Hydrochloride (1 7) 

Ethylene glycol (500 ml), water (120 ml), and potas- 
sium hydroxide (118 g, 2.1 mol) were added to a 1-1 
three-necked flask fitted with a reflux condenser, gas 
inlet tube, and stirrer. After flushing with nitrogen, 16 
(80 g, 0.31 mol) was added and the solution was stirred 
and heated on a steam bath for 8 h. The reaction mixture 
was then distilled at approximately 95c/0.1 Torr. The 
distillate was trapped in a Dry Ice - acetone bath and at 
0 "C hydrochloric acid (29 ml, 0.35 mol) was added. The 
solvent was then removed at a rotary evaporator and the 
chilled residue solidified. After washing with dry ether on 
porous plate the solid was allowed to stand over PZO, 
under reduced pressure, m.p. 118-12O0, 33.5 g (732). 

Anal. Calcd. for C,HI3N,C1: C, 48.58; H, 9.05; N, 
18.67; C1, 24.30. Found: C, 48.48; H, 8.81; N, 18.85; 
C1, 23.86. 

The n.m.r. spectrum, 6 external TMS (DzO) 1.65 
(multiplet, 6H) 3.80 (multiplet, 4H). 

Preparation of 4-Zsopropylidene-I-pyrazoline (10)  
The hydrochloride 17 (7.4 g, 50 mmol) was slowly 

added to a well-stirred slurry of red mercuric oxide 
(65 g) anhydrous sodium sulfate (65 g) and sodium car- 
bonate (5.3 g, 50 mmol) in ether (100 ml). The reaction 
mixture was stirred for an additional 3 h before filtration. 
The ether solution was then evaporated and the product 
distilled, 37"/0.1 Torr, to produce 2.33 g (42%). Exact 
mass calcd. for C6HIONZ : 110.0844; found: 110.0844. 

The n.m.r. spectrum of a neat sample, 6 external TMS, 
1.67 (quintet, J = 2.5 Hz, 6H), 4.90 (septet, J = 2.5 Hz, 
4H). In CDCI3 the sample tautomerized to 3-isopropyli- 
dene-2-pyrazoline as evidenced by the n.m.r. spectrum 
6 TMS (CDC13) 1.69 (triplet, J = 3 Hz, 3H), 1.85 (triplet, 
J = 3 Hz, 3H), 4.02 (septet, J = 3 Hz, 2H), 5.46 (dis- 
appeared with D 2 0  exchange, 1H) 7.27 (singlet, 1H). 

Product Studies on the Thermolysis of 9 and 10 
A sample of 30-60 p1 of 9 was transferred, on a vacuum 

line, to a 25 ml break-seal, degassed, sealed, and heated 
for the appropriate period in a thermostated oil bath. 

The product was then transferred to a sampling tube and 
30-60 p1 of chloroform was added. Three such tubes 
were examined at each time duration at each temperature 
and all analyses were carried out in triplicate on each 
sample. 

Preparation and Zsomerizatiot~ of Didez~teriomethylene- 
2,2-dideuteriocyclopropane (6a) 

Allene-d4 (5 g, 110 mmol) (24) was condensed into a 
200-ml three-necked flask, containing cuprous chloride 
(0.5 g, 5 mmol), equipped with a Dry Ice condenser, a 
dropping funnel, and a magnetic stirrer. Diazomethane 
(3 g, 70 mmol) in ether (40 ml) was added dropwise and 
the stirring continued until all signs of nitrogen evolution 
ceased. The product was separated from ether and allene- 
d4 by preparative g.c. using a 318 in. x 20 ft column of 
Ucon 15M on Chromosorb W ;  0.56 g (15%). The n.m.r. 
spectrum corresponded to a 90:lO mixture of 6a:6b. 
This did not change when the n.m.r. tube was maintained 
at 180" for 1 h. After 16 h at 180" the spectrum corre- 
sponded to an 87:13 mixture. On heating a sample at 
212" for 2 h a 78:22 mixture resulted. After 1 h at 251" 
the mixture was that of the equilibrium value of 67% 6a 
and 33% 6b ;  further heating did not change the spectrum. 

Contro!~ 
Noninterconversion of 9 and 10 
A sample of 10 (60 p1 was heated at 160.1' for 60 min. 

The product was transferred on the vacuum line to an 
n.m.r. tube and CDCI, was added. The spectrum indi- 
cated the presence of 55% thermolysis products (35.8% 
13 and 19.3% 14) and 31.5% of 10 along with 13.5% of 
its tautomer 4-isopropylidene-2-pyrazoline; no trace of 
9, or  its tautomer could be detected. 

A sample of the mixture of 9, 11 and 12 upon heating 
a t  160.1" for 1 h, and analyzed by n.m.r. as described for 
10, showed only the presence of 53% thermolysis products 
along with 9, 11, and 12 but not 10 or its tautomer. 

Zsomevization of 1-d4 
A sample of 1-d4 was heated in a sealed tube for 12 min 

at 166" (1 half-life) and the remaining 4-methylene-l- 
pyrazoline was transferred to an  n.m.r. tube. The tube 
was warmed to 0" and the methylenecyclopropane-d4 was 
pumped off. The n.m.r. spectrum was identical to the 
initial starting material. 

Attempts to Trap Trimethylenemethane 
Cyclohexane (3 g, 37 mmol) and l a  (0.5 g, 6 mmol) 

were heated in a 10 ml autoclave for 30 min at 190". A 
temperature programmed g.c. analysis of the resulting 
mixture indicated only methylenecyclopropane and cyclo- 
hexene. The CIo  region, as judged by the retention times 
of cis- and trans-decalin, was completely free of peaks. 
Under the conditions of analysis a 0.1% yield of an adduct 
could have readily been observed. 

In a similar experiment diethyl fumarate was used in 
place of the cyclohexene and no adduct was observed. 

Thermolysis of 1-d4 in Decalin Solution 
Decalin (20 ml) was heated to reflux (185') in a 50-ml 

three-necked flask fitted with a reflux condenser and 
rubber septum. A gas burette was connected to the top 
of the condenser. A sample of 1-d4 (100 ~ 1 )  was then 
injected into the liquid. When the gas evolution ceased, a 
slow stream of nitrogen was passed through the entire 
system forcing all of the gases to pass through a trap 
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cooled in liquid nitrogen. The methylenecyclopropane-d4 
in the trap was distilled into an n.m.r. tube containing 
CC1, and TMS. The integration ratio of ring to vinyl 
protons was 2.62 1 0.10 which corresponds to 72.4 i 
0.8% 6a and 27.6 & 0.8% 66. 

Kinetic Measurements 
The kinetic results were obtained by following the 

increase of pressure mith time during the thermolysis of 
the 1-pyrazolines. A transducer converted the pressure 
reading to e.m.f., which was indicated on a recorder. It is 
known that in the pressure range used (50-700 Torr) that 
the transducer e.m.f. (E) is directly proportional to the 
pressure. A plot of In  (E,  - E,) us. t gives k. All reac- 
tions followed first-order kinetics to greater than 85% 
completion. The stainless steel cell system was essentially 
that described by Smith and Bagley (28), wherein tem- 
perature control was obtained by an insulated large 
aluminum block. The temperature did not change +O.1° 
over the duration of the reaction, but there was a slow 
drift from day to day. Least squares analysis on the 
kinetic data using 20 points gave rate constants wherein 
the probable error was less than 1%. 

We wish to acknowledge the financial support of the 
National Research Council of Canada, and some early 
exploratory work carried out by Dr. Manfred Schneider. 
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Thesmolysis of 3,3,5,5-Tetramethyl-4-methylene-1-pyrazoline and the 
Thermal Isomerization of Some Alkylidenecyclopropanes 
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ROBERT J. CRAWFORD and HIROKAZU TOKUNAGA. Can. J. Chem. 52,4033 (1974). 
The thermolysis of 3,3,5,5-tetramethyl-4-methylene-1-pyrazolne (1) proceeds at 1/63 the 

rate of 4-methylene-1-pyrazoline. The activation parameters, log (kls-') = (15.53 f 0.3) - 
(40.7 f 0.4)/0 where 0 = 2.303 R T  in kcal mol-', suggest that 1 is undergoing thermolysis 
by a mechanism different from that for 4-methylene-1-pyrazoline. The 2,2,3,3-tetramethyl- 
methylenecyclopropane (5) produced rapidly isomerizes under the reaction conditions to 
2,2-dimethylisopropylidenecyclopropane (4). The four opposed methyl groups of 5 have 
created sufficient ground state destabilization as to cause its isomerization to be 147 times 
faster than the conversion of 2,2-dimethylmethylenecyclopropane to isopropylidenecyclo- 
propane. 

The products are considered in terms of two possible intermediates, one wherein an allylic 
diazenyl diradical is considered and the second wherein a Chesick type of intermediate is 
invoked. For the latter it is demonstrated that substituents on the orthogonal radical center 
can affect the rotational propensities of methylene GS. isopropylidene of the allylic system. 

ROBERT J. CRAWFORD et HIROKAZU TOKUNAGA. Can. J. Chem. 52,4033 (1974). 
La thermolyse de la tCtramCthy1-3,3,5,5-m6thylt.ne-4-pyrazoline-l (1) s'effectue avec une 

vitesse Bgale a 1/63 de la vitesse de dCcomposition de la methylene-4-pyrazoline-1. Les para- 
metres d'activation, log (k/sxl) = (15.53 * 0.3) - (40.7 + 0.4)/0 ou 0 = 2.303 R T  en kcal 
mol-', suggerent que 1 subit la thermolyse selon un mecanisme different de celui de la mithy- 
lene-4-pyrazoline-1. Le tetramethyl-2,2,3,3-mCthylenecyclopropane (5) produit, s'isomerise 
rapidement, dans les conditions de la reaction, pour donner le dimethyl-2,2-isopropylidene- 
cyclopropane (4). Les quatre groupes mithyle opposes de (5) crtent une dCstabilisation de 
]'&tat fondamental suffisante pour que son isomerisation soit 147 fois plus rapide que la con- 
version du dimethyl-2,2-methylenecyclopropane en isopropylid~necyclopropane. 

On considere les produits en faisant intervenir deux intermediaires possibles, l'un dans 
lequel un diradical allylique-diazenyl est considere et le second dans lequel un intermtdiaire 
du type Chesick est invoque. Pour ee dernier, il est demontre que les substituents sur le centre 
radicalaire orthogonal peuvent affecter la tendance a la rotation du groupe methylene par 
rapport au groupe isopropylidene du systeme allylique. 

Introduction 
As a consequence of our work on the ther- 

molysis of 4-alkylidene-1-pyrazolines (1) we 
have carried out an investigation of the gas 
phase thermolysis of 3,3,5,5-tetramethyl-4- 
methylene-1-pyrazoline (1). This structure has 
the advantage that the tautomerism, which 
plagued our previous studies, is no longer 
possible. Our principal objectives in studying 1 
were to compare the competition between the 
isopropylidene group and the methylene group, 
of the presumed intermediate 2a, with the 
same competition observed in 26, the implied 
intermediate in the thermolysis of 4-isopro- 
pylidene-1-pyrazoline (I) ,  and to examine the 
thermolysis kinetics of a substituted 4-alkyli- 
dene- 1 -pyrazoline. 

b R = H  

The synthesis of 1 has been reported and we 
followed Mock's (2) procedure for the trans- 
formation of 3 to 1. We prepared 3 by the 
oxidation of the corresponding tetramethyl-4- 
pyrazolidone which was readily prepared by the 
reaction of hydrazine and a,af-dibromodiisopro- 
pylketone. 
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Much to  our surprise we found the ther- 
~nolysis of 1 to be somewhat slower than 
4-methylene-1 -pyrazoline and our initial in- 
vestigation suggested that only one product, 
2,2-dimethylisopropylidenecyclopropane (4) was 
produced. However, careful examination of the 
gas chromatograph of the products on low 
conversion revealed that 2,2,3,3-tetramethyl- 
methylenecyclopropane (5)  was present and that 
it was rapidly isomerizing under the reaction 
conditions. It became necessary to  study the 
interconversion and thermodynamic stability 
of 4 and 5 and thus we report herein on the 
mechanism of the thermolysis of 1 and the 
isomerization of 4 and 5. 

Results 
The thermolysis of 1 at  400 Torr was carried 

out in sealed ampoules. After heating in a 
constant temperature bath the ampoules were 
reattached to  the vacuum line and the product 
was transferred to a sample tube, toluene added, 
and the concentrations of 1, 4, and 5 measured 
by analytical gas chromatography (g.c.). Table 1 

gives a sample rate a t  165.2" along with the 
proportions of 4 and 5 present. The rate con- 
stants and activation parameters for the ther- 
molysis of 1 are given in Table 2. 

TABLE 1. Thermolysis of 1 in the gas phase at  
180.17 k 0.02" 

-- 

Time 
(min) 1 (%I 5:4 lo5 k (s-') 

aThe error listed is the standard deviation of nine analyses, triplicate 
analyses on three tubes at each time. 

A pure sample of 5 was obtained by the 
preparative g.c. separation of a 57:43 mixture 
of 5:4. This mixture was obtained from the 
direct photolysis, a t  Oo, of 1 in pentane using 
Pyrex-filtered radiation from a 450 W Hanovia 
high pressure lamp. N o  attempt was made to  
carry out a photochemical study but the length 
of time required for 98% conversion, 72 h, and 
the constancy of the 57:43 ratio throughout the 
reaction was ascertained from following the 
reaction by g.c. analysis. 

At temperatures high enough so that equili- 
brium could be attained in a reasonable time, 
either 4 or 5 gave the same equilibrium mixture 
of starting material and product. The amount 

I I I 

190 2 00 210 2 20 

1 0 3 / ~  
FIG. I.  Temperature dependence of the 2,2,3,3- 

tetramethylmethylenecyclopropane and 2,2-dimethyliso- 
propylidenecyclopropane equilibrium constant with the 
best fit line from a least-squares calculation. 
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TABLE 2. Rate constants and activation parameters for the 
thermolysis of 1 

Temperature 
("0 lo5 k ,  (s-l) Activation parameters 

165.15L-0.02 1.64+0.04 E, = 40.7 1 0.4  kcalmol-I 
log A = 15.53 

180.17,0.02 7 .9710.08 
AH* = 39.8 k 0.4kcalmol- '  

200.1110.03 52 .1k0 .3  AS150+ = S 9 . 8  1 0.9e.u. 

TABLE 3. Equilibrium data for 4 i.? 5 at various temperatures 
( K  = [41/[51) 

Temperature Reaction time %5 
("c) (h) at equilibrium Ka 

180.15 144 0 .16k0 .02  653 f 33b 
200.11 24 0 . 2 0 i 0 . 0 1  512&10 
217.10 16 0.24+0.01 421 i: 8 
228.85 10 0 . 2 7 i 0 . 0 1  3 7 1 t 7  
237.30 10 0.29&0.01 343 i 4 
246.35 6 0 . 3 2 i 0 . 0 1  31118 
258.60 6 0 . 3 5 i 0 . 0 1  281&6 

aCalculated directly from integration data using a Perkin-Elmer 900 g.c. equipped 
with a Hewlett Packard 3370A Electronic Integrator. The relative sensitivities of 5 and 
4 to the flame ionization detector was 1 .OO k 0.01. 

*Error listed is the standard deviation of nine analyses, triplicate analyses on each of 
three samples. 

TABLE 4. First-order rate constants for the rearrangement of 5 to 4 (k5J 

Temperature lo5 (k5,4+k4,5) 
("c) (s-I) Activation parameters 

145.28i0 .03 1 .80k0 .02  E, = 36.4 f 0.03 kcal mol-' 
log A = 14.27 

A H *  = 35.6 -i: 0 .3  kcal mol-' 
165.28+0.02 1 3 . 3 1 0 . 1  ASl5"+ = + 4 . 0  f 0.9e.u.  

of 5 at equilibrium was so small that the samples 
had to be handled with care to  prevent any 
preferential loss of the more volatile 5. A 
break-seal containing a 10 p1 sample of 4, or 5, 
was carefully degassed on a vacuum line, 
heated in an oil bath for the required period, 
then reattached to  the vacuum line, and the 
contents transferred to a small sampling tube 
to  which was added 20 p1 of toluene; upon 
thorough mixing triplicate g.c. analyses of 
each tube were carried out using a 0.01 in. 
i.d. x 150 ft capillary column coated with 
P,P'-oxydipropionitrile. The ratio of toluene to 
4 and 5 was essentially constant, whether the 
toluene was added before or after the heating, 
indicating that the vacuum transfers were 

essentially quantitative. Table 3 gives the 
equilibrium data obtained and Fig. 1 shows a 
plot of the log K us. 1/T. A least-squares calcula- 
tion gives AH = - 5.18 k 0.15 kcal mol-I and 
A S  = + 1.44 i 0.21 e.u. for the conversion of 
5 to 4. 

Kinetic data for the conversion of 5 -+ 4 
are given in Table 4 along with the activation 
parameters for this isornerization. At 165.15" 
the equilibrium constant, K = k,,,/k,,,, extra- 
polated from the data in Table 3, has a value of 
793, thus the process meascred is essentially 
that of kj,, since k,,, is 0.0012kj,,. For com- 
parison purposes we have examined the equili- 
brium between 2,2-dimethylmethylenecyclopro- 
pane (6)  and isopropylidenecy~lopropane (7), 
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TABLE 5. Equilibrium data for 6 F? 7 at various temperatures 
( K  = [71/[61) 

Temperature Reaction time %6 
("C) (h) a t  equilibrium K 

"Error listed in the standard deviation of 
each of three samples. 

materials available to us from an accompanying 
study (1). Table 5 gives the equilibrium data 
obtained. A least squares calculation gives 
AH = -1.17 + 0.07kcalm01-~ and A S  = 
0.22 + 0.10 e.u. for the isomerization of 6 to 7. 
Measurement of the specific reaction rate 
constants, between 6 and 7, in the gas phase 
(300 Torr) gave k,,, = (8.38 $- 0.12) x s-' 
and k,,, = (2.11 + 0.03) x s-' at  
190.10 $. 0.02". 

Experimental 
The n.m.r. spectra were recorded on Varian A-60 

and A-100 analytical spectrometers. The analytical 
gas chromatography was carried out using a Perkin- 
Elmer 900GC equipped with capillary columns and a 
Hewlett Packard 3370A Electronic Integrator. Mass 
spectra were determined on an AEI MS-9 double focusing 
high resolution spectrometer. 

3,3,5,5-Tetvamethyl-4-pyvazolidone 
A solution of 2,4-dibromo-2,4-dimethyl-3-pentanone 

(135 g, 0.5 mol) (3) in ethanol (100 ml) was added slowly 
to a stirred solution of 64% hydrazine hydrate (105 ml, 
1.3 mol NZH4) in ethanol (500 ml) along with 0.2 g of 
EDTA. Upon completion of addition the flask was 
warmed, with occasional swirling of the contents, on 
the steam bath for 1 h. The hydrazine hydrobromide, 
which precipitated upon cooling, was removed by suction 
filtration and the filtrate reduced to approximately one 
third its original volume. On cooling, the solution 
produced 19.5 g (27%) of white crystals, m.p. 115-117" 
(dec.), an additional 5 g was obtained by concentration 
of the mother liquor. The yield from this preparation 
varied from 20 to 50%. 

A good microanalysis of this compound was not 
obtained. The percentage hydrogen was always lower 
than expected as the sample was always contaminated 
with some of the oxidation product 3. 

The n.m.r. spectrum, 6 TMS (CDCl,) 1.15 (sharp 
singlet, 12 H) and 3.61 (broad signal, NH, 2H). Traces 
of 3 were present as evidenced by a singlet at 6 1.33 
(see the following preparation). 

21.34+0.04" 3 .6810.01 
22.02k0.06 3 .5410.01 
22.64k0.10 3 .41k0.02 
23.32k0.15 3 .29k0.03 
23.77k0.09 3 .21k0.02 

nine analyses, triplicate determinations on 

3,3,5,5-Tetramethyl-I-pyvnzolin-4-one (3) 
A mixture of 3,3,5,5-tetramethyl-4-pyrazolidone (5 g, 

35 mmol) and active manganese dioxide (6.2 g, 71 mmol) 
(4) in pentane (400 ml) was shaken in pressure bottles 
for 24 h. After filtration the solution was concentrated 
to 25 ml and refrigerated. The product consisted of 
2.7 g (55%) of white crystals which on sublimation gave 
m.p. 83.5-85". 

Anal. Calcd. for C7HI2NZO: C, 59.97; H, 8.63; N, 
19.98. Found: C, 59.60; H, 8.56; N, 19.78. 

The n.m.r. spectrum, 6 TMS (CCI,) displayed a single 
peak at 1.33; u.v. (ethanol) A,,, 356 nm (log E 2.18); i.r. 
(CCl,)cm-', strongest peaks at 2990, 2940, 1760, 
1468. 

3,3,5,5-Tetrarnethyl-4-rnethylene-l-pyrazoline(l) 
Sodium hydride (167 mmol; 7.1 g as a 57% dispersion 

in mineral oil) was added to a 500-ml three-necked 
flask fitted with a reflux condenser, gas inlet tube, and 
magnetic stirrer. The mineral oil was removed by 
washing with dry n-pentane (3 x 200 ml). The last of the 
n-pentane was removed by evacuating the flask and then 
dimethyl sulfoxide (150 ml) was added and warmed to 
80" for 1 h. Upon cooling triphenylphosphonium bro- 
mide (59.5 g: 0.167 mol) was added to the resulting solu- 
tion of the methyl sulfinyl carbanion. Upon completion 
of addition the solution was warmed to 60" for 1 h. 
A sample of 2 (15.0 g, 107 mmol) was added and the 
solution stirred at 55" overnight. The reaction mixture 
was then poured into water (4 1) and the triphenyl- 
phosphine oxide removed by filtration. The precipitate 
was washed, and the filtrate extracted, with pentane 
(3 x 11). The combined extracts were dried over 
anhydrous sodium sulfate and concentrated to 50 ml 
and the residual crystals sublimed at one atmos. and 50" 
to give 11.2 g (76%) of crystals m.p. 35.0-36.2" (lit. (2) 
34.5-35.5"). The n.m.r. spectrum, 6 TMS (CDCI,) 
5.00 (singlet, 2H) and 1.42 (singlet, 12H); u.v. (CH,OH) 
A,,, 328 nm (log E 2.24). 

Preparation of 4 and 5 by the Photolysis of I 
A n-pentane (150 ml) solution of 1 (6.5 g, 47 mmol) 

was photolyzed at 0 "C using Pyrex-filtered light from 
a 450 W Hanovia high pressure mercury lamp. The 
reaction was followed by g.c. (SE 30 column, 0.25 in. 
i.d. x 5 ft) and required 72 h for 98% conversion. 
During the photolysis the ratio of 5:4 stayed constant 
a t  57:43. Upon completion the reaction mixture was 
concentrated to 30 ml using a spinning band column 
and the residue was subjected to preparative g.c. using 
a 10 ft x 0.25 in. column of UCW 98 (flow rate 40 ml/ 
min, room temperature). 
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The n.m.r. spectrum of 4, 6 TMS (CDCL) 1.74 attempted to assess this ratio on the basis of 
(broad singlet, 6H) 1.14 (singlet, 6H) 0.79 (singlet 2H). kinetic data, 
Exact mass calcd. for CsH,,: 110.1096; found: 110.1096. The concentration of C,, at any time, t ,  

The n.m.r. spectrum of 5 6 TMS (CDCI,) 5.14 (singlet, 
2H) 1.12 (singlet, 12H). Exact mass calcd. for C8H14: during the reaction is given by the equation: 
110.1096; found: 110.1096. I C, = 
Kinetic Measurements 

TJzermolysis of l where k, = kl,, + k ,,,, and the concentration 
Pyrex break-seals (18 mm diameter and 70 mm long) of 5 is given by eq. 2. 

were attached to a vacuum line and were evacuated and 
flamed before filling. A sample of 1 (25-30 mg), such as 
to give 300 Torr at  200", was transferred to each break- 
seal and the sample removed from the vacuum line. 
Kinetic runs were made by immersing the break-seals 
in a well-stirred, thermostatted, silicone oil bath for the 
appropriate length of time and then quickly quenching 
the samples in ice water. The break-seals were then 
reattached to the vacuum line and the contents vacuum 
transferred to a sample vial (5 mm diameter, total 
length 45 mm) attached to the vacuum line by a carefully 
ground 5,120 joint. Each sample was analyzed in triplicate 
using a 150 ft x 0.01 in. diameter capillary column at 
50". Transfers were shown to be quantitative by the 
addition of toluene as an internal reference at the initial 
filling and at  the sampling stage. An example of the 
analytical data is given in Table 1. 

Rate of Isomerization of 4 and 5 
Samples of 5 (10 ~ 1 ,  99.87 + 0.01% pure) were trans- 

ferred to break-seals which were attached to the vacuum 
line, degassed, and sealed. After heating for the ap- 
propriate period in a well stirred, thermostatted, silicone 
oil bath the break-seals were reattached to the vacuum 
line and the product-handled in the same manner as 
described for the kinetics of the thermolysis of 1.  The 
reaction was demonstrated to be first order by a set of 
tubes wherein 2, 10, and 30 p1 of sample were used in 
tubes of the same volume, and no difference in the ratio 
of 4 : s  could be detected when they were heated for an  
identical period of time. 

Equilibration of 6 and 7 
Samples of pure 6 and pure 7 were obtained by the 

thermolysis of 3,3-dimethyl-4-methylene-I-pyrazoline (I) 
followed by preparative g.c. separation using a 20 ft x 
0.25 in. i.d. column of [3,[3'-oxydipropionitrile at 25". 
The equilibration studies were carried out in a manner 
analogous to that described for 4 except that chloroform 
was used as an  internal reference and the g.c, analyscs 
were carried out using a 150 ft x 0.01 in. capillary 
column coated with [3,[3-oxydipropionitrile. Triplicate 
analyses were carried out on each tube and three tubes 
were examined at each temperature. 

Discussion 
It is apparent from Table 1 that the product 

proportions, as represented by the ratio 5:4, 
decrease throughout the reaction. From Tables 
2 and 4, at 165", it can be seen that 5 is isomeriz- 
ing to 4 at least eight times faster than it is 
being produced from 1. This prevents the direct 
observation of our principal objective, which 
is the initial ratio of 5:4 and thus we have 

From Table 3 we see that k,, , is small and that 
the rate, k,,,C,, is such that we can treat the 
system as an irreversible process. Rearranging 
eq. 2 and substituting for C, from eq. 1 we get: 

Equation 3 is a linear differential equation with 
constant coefficients. Its solution is: 

A plot of the concentration of 5 at time t vs. 
(e-kst - e-k534') gives a straight line of slope 
(k,,,Clo)/(k,,, - k,) from which we can cal- 
culate the value of k,,,. Using the data in 
Table 1 and a least-squares fit for eq. 4 we 
obtain (3.92 + 0.26) x lo-, s-' for k , ,  ,. The 
percentage of 1 that is converted directly to 5 
is 49 F 3%. Similar calculations at 165.15 
and 200.11" give 50.5 + 0.7 and 51.3 + 1.0%. 
The amount of 5 present, upon the thermolysis 
of a sample of 1, for 15 min at 165.17", was 
49.4 i 0.2% of the C,Hl, product. Correction 
to zero conversion suggests that the ratio 
k,,,/k, is 0.524 + 0.003. 

Table 6 lists the activation parameters for 
those 4-alkylidene-1-pyrazolines which have 
been studied in the gas phase. While the span 
of relative rates is not large the surprising 
factor is that the replacement of hydrogen by 
methyl slows down the rate. This is not what is 
normally expected, and it can be seen from 
Table 6 that 1 is one third the rate of 3,3,5,5- 
tetramethyl-1-pyrazoline (12), thus there ap- 
pears to be no acceleration from the allylic 
nature of the incipient radical. We can only 
surmise that the bulkier methyl groups have 
prevented any manifestation of the allylic 
nature and suggest that the cleavage of the 
carbon-nitrogen bond(s) in 1 is occurring in 
the plane of the ring. Professor Paul Engel has 
informed us of similar kinetic parameters 
observed for the thermolysis of 3,3,5,5-tetra- 
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TABLE 6. The relative rates, at 160.17", and activation parameters for the gas phase thermolysis of some 
4-alkylidene-1-pyrazolines and for 3,3,5,5-tetramethyl-1-pyrazoline 

E, Aszoo* Relative Reference 
Compound (kcal mol-') log A (e.u.) rate No. 

A 
N='V 32.6 i 0 .3  13.24 -1.1 62.8 1 

8 

N = N  40.7 i 0 .4  15.53 $9.8 1 .O This work 
1 

EPrivate communication from Prof. P. Engel, Department of Chemistry, Rice University, Houston, Texas. 

methyl-4-isopropylidene-1 -pyrazoline (9). This 
suggests that neither 1 nor 9 can fold to an 
envelope conformation analogous to cyclo- 
pentene and other 1-pyrazolines (6). It is ap- 
parent however that 1 and 9, have sufficiently 
different activation parameters from those 
observed for 8 that the transfer of mechanistic 
constraints, based on kinetics, must be severely 
restricted. 

Although we cannot readily characterize the 
transition state for the thermolysis of 1 relative 
to 4-methylene-1-pyrazoline we can compare 
the product distributions from 11, 10, and 11. 
If the initial step consists of breaking a carbon- 
nitrogen bond then the allylic diazenyll species 
13 will be produced. The products can then arise 
via a displacement of nitrogen by either of the 
allylic termini in a mechanism analogous to that 
suggested by Roth and Martin (7) for bicyclic 
azo compounds. This may be controlled by the 
rotational conformations of 13, which vary as we 
go from R = H to R = CH,, thus rationalizing 

lWhile this bypasses some of the mechanistic con- 
straints iniplied by 8 (1) it is not in serious conflict with 
the small increase in rate on going from 10 to 1. 

h R = H  

why the ratio of 6:7 (63: 37) from 11 is dif- 
ferent from that of observed for 5:4 (52:48) 
from 1. 

If the nitrogen is lost from the hydrocarbon 
residue either in the rate determining step, 
or in a rapid subsequent step, then the Chesick 
(8) intermediate 2 is produced, and we must 
ask why is the isopropylidene group only slightly 
faster (1.10 times at 165") than the methylene 
group, whereas for 26 it is 1.70 times faster in 
rotating out of the allylic plane. If 2a and b 
are intermediates in the thermolysis of P and 11 
then the rotational propensities exhibited are 
altered by the nature of the orthogonal radical 
center. These rotational propensities are dif- 
ferent from the rotational preferences (R,) 
observed by Doering and Sachdev (9) from 
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studies on the isomerization of cyclopropanes. 
The nature of the incipient n bond and the 
relative stability of the rotating radical center 
can affect the propensities shown herein and 
raise complications from which Doering's R, 
values are free. An estimate of the geometry 
of the transition state for an intermediate 
such as 2a going to a product may be obtained 
by examining the alkylidenecyclopropane re- 
arrangement of 5 $ 4. Assuming that the 
transition state is best represented by the 
extension of the cyclopropyl bond we have 
Scheme 1. The near equivalence of products 

5 and 4 from I then suggests that 6AG' for 
TS, and TS, is essentially zero. 

The isomerization 6 + 7 and their production 
from 111 via 2b give Scheme 2 wherein a free 
energy difference (6AG*) of 0.49 kcal mol-I 
is observed for TS, - TS,. The similarity 
of the free energy (AG*) changes on going from 
4 + TS, (40.1 kcal mol- ' at 190") and from 
7 to  TS, (39.5 kcal mol-I at 190c) suggests 
that these two processes are very similar, where- 
as the free energy change on going from 5 
to TS, (34.1 kcal molY1 at 190") and that on 
going from 6 to TS, (37.8 kcal mol-' at  190") 
are quite different2 This s~lggests that the 

'An alternative way of stating this is to point out that 
at  190' the rate at which the ring methylene of 4 becomes 
the exa-methylene of 5 is 2.14 x s- '  at  190°, and 
for a ring methylene of 7 to become the e.uo-methylene of 
6 is 1.11 x s-', both very comparable. The rate at  
which the gem-dimethyl of 7 becomes the isopropylidene 
of 6 is 8.38 x s-I  at  190', and for a gem-dimethyl 
of 5 to become the isopropylidene of 4 is 6.15 x s-I .  
The free energy changes above are then corrected for by 
the 6AG' values of Schemes 1 and 2. 

lower rotational propensity of the isopropylidene 
group in 2a relative to that in 26 comes from 
the steric factors in TS,, and that even though 
the cyclopropane bond is stretched to near- 
breaking the steric factors which destabilize 5 
are still manifested, although significantly 
attenuated. 

Only by examining additional 4-alkylidene-l- 
pyrazolines can we decide whether the ther- 
molysis of 8 is misleading and the intermediates 
such as 2 or 13 are involved. The decision 
between the intermediates 2 or 113 must also 
await further experimentation but the use of 
chiral 4-alkylidene-1-pyrazolines can resolve 
this question. We are continuing to explore the 
thermolysis of these systems. 

We wish to acknowledge the financial support of the 
National Research Council of Canada and to thank 
Prof. P. Engel and L. Shen for the communication of 
their data. 
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Photochemical and Thermal Decomposition of 1-Pyrazolines 
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PAUL S. ENGEL and LAN SHEN. Can. J. Chem. 52,4040 (1974) 
Quantum yields for photochemical nitrogen extrusion from seven 1-pyrazolines were 

found to range from 0.12 to 0.88 but 4-0x0-3,3,5,5-tetramethyl-1-pyrazoline (8) proved to 
be photochemically and thermally remarkably stable. 4-Isopropylidene-3,3,5,5-tetramethyl-1- 
pyrazoline (7) decomposed thermally with E, = 39.8 kcal mol-I and AS*  = 0.7 e.u. The 
high stability of this compound contrasts with 4-methylene-1-pyrazoline (17). 

PAUL S. ENGEL et LAN SHEN. Can. J. Chem. 52,4040 (1974). 
Les rendements quantiques de la formation d'azote par dCcomposition photochimique 

de sept pyrazolines-1 s'ichelonnent de 0.12 a 0.88 mais 1'0x0-4 tttramCthy1-3,3,5,5 pyrazoline-1 
(8) est remarquablement stable du point de vue photochimique et thermique. Pour la de- 
composition thermique de I'isopropylidene-4 tetramethyl-3,3,5,5 pyrazoline-1 (7), on a 
E, = 39.8 kcal mol-' et AS*  = 0.7 e.u. La grande stabilite de ce compose est en contraste 
par rapport a celle du mithylene-4 pyrazoline-1 (17). [Traduit par le journal] 

1-Pyrazolines have been studied intensively 
during the past several years with particular 
emphasis on the mechanism of their thermolysis 
(1) and photolysis (2), and on the fate of the 
resulting 1,3-biradical (3). These compounds 

are useful in the synthesis of cyclopropanes (4) 
whereas the closely related 4-alkylidene-l- 
pyrazolines (5) are important precursors to 
trimethylenemethane biradicals (6). 

Since it is known that the photostability of 
azoalkanes varies widely (7), a study of the 
effect of structure on the efficiency of pyrazoline 
decomposition was considered to be of interest. 
We have found that direct photolysis of 1- 
pyrazolines in solution generally proceeds with 
high quantum yield. Additionally, remarkably 
high thermal stability has been noted for a 
4-alkylidene- 1 -pyrazoline. 

Most of the compounds employed in this 
study were prepared by standard synthetic 
methods; thus, 2 and 6 were made by cyclo- 
addirion (3n) of a diazoalkane (4c,e) to an 
olefinic ester, 3 and 4 by oxidative addition to 

The quantum yields for nitrogen evolution 
shown in Table 1 were obtained using the 
photolysis of 2,3-diazabicyclo[2.2.l]heptene-2 
(DBH) as an actinometer. The data show that 
photolysis of 1-pyrazolines is an efficient process, 
approaching in some cases the unit quantum 
yield of DBH. This may be taken as a good 
omen for the general success of cyclopropane 
synthesis from 1-pyrazolines, in contrast to the 
less cooperative 2,3-diazabicyclo[2.2.2]octene-2 
systems 10-13 (refs. 13, 14, 7 ,  and 15, re- 
spectively). The only exceptions in Table 1 are 
3-chloropyrazoline 4 and the 4-ketopyrazoline 8. 

3,5,5-trimethyl-2-pyrazohe (8. 9), and 8 by 
oxidative cyclization of the diaminoketone (10). Compound 4 re4embles the acyclic azoalkane 

Comvound 5 was obtained from 2 by lithium 14, which we have found to produce nitrogen 

aluminum hydride reduction (11) khereas 7 
was made from 8 by treatment with iiopropyl- c ' ~ " = ~ + c '  ACO+N=N+OA~ 
lithium followed by dehydration (10). 14 1s 
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TABLE 1. Nitrogen quantum yields 
for I-pyrazolines irradiated in 

benzene at 313 nm 

Compound iD 

nc 
h =\ 

I 

dooCH \ = N  

2 

fl 
u=u 

3 

\=\ 

1 

*OH 
u=\ 

5 

COOCH 
c**Oc~ 

\=u CH 

0 

&\ h=U 

7 

\=h 

8 

wH 
T.=\ C H  

I 

with a quantum yield of only 0.01 (16). Levi and 
Malament (17) have recently discovered that 
this apparent inertness is due to facile, re- 
versible conversion of such compounds to an  
unstable intermediate in \vhich the r-carbon has 
lost its stereochemistry (probably an lV-chloro- 
hydrazone). This reaction may account for the 
lower nitrogen quantum yield in 4. Diacetoxy 
azoalkane 15 undergoes reversible photodis- 
sociation into an  acetate anion and an r-azo 
carboniun~ ion (17) at  the expense of nitrogen 
extrusion (@,, = 0.005) (16) but the related 

pyrazoline 3 still produces nitrogen with good 
efficiency. We tentatively suggest that the photo- 
epimerization reactions have geometric re- 
quirements which are not entirely inet in 
pyrazolines. An alternate but unsatisfactory 
explanation recognizes that the primary photo- 
chemical act in most acyclic azoalkanes is 
isomerization to the labile cis form rather than 
nitrogen extrusion. The quantum yield data 
are therefore consistent with the following order 
of reaction rates: pyrazoline nitrogen 
extrusion > photoepimerization > frans-cis iso- 
merization. The problem here is that the first 
reaction is not faster than the third, as evidenced 
by the observation of fluorescence in pyrazo- 
lines but not in acyclic azoalkanes, even cis 
ones. 

Pvrazoline 8. which Dossesses a 4-keto 
group, decomposes very inefficiently. In- 
terestingly, the reluctance of this material to 
lose nitrogen was responsible for the failure of 
Mock's otherwise elegant synthesic of tetra- 
methylcyclopropanone (10). Although reversible 
photoionization is not an attractive explanation 
in this case, the actual reason for the photo- 
stability of 8 is still unknown. An interaction 
between the two functional groups is seen in the 
photoelectron spectrum (18) of 8 but it is not 
apparent how thls leads to r a p ~ d  radlationless 
decay. Looklng into the photochem~stry of 8 
a bit further, we found that the gas produced 
consisted of a 3:  1 ratio of carbon monoxide and 
nitrogen. 

Durlng the course of t h ~ s  study, an attempt 
was made to effect thermal decomposition of 
7 and 8. T o  our surprise, both compounds were 
very stable. Thus, heating 8 for 4.5 h at  205" 
gave only about 35% decoinposition. A more 
detailed study of 7 gave the activation param- 
eters shown in Table 2, along with those for 
three other pyrazolines. Since the activation 
energy for therniolysis of 17 is about 10 kcal 
mol-I lower than that for 16, one might expect 
the same trend in 1 2s. 7. Instead, the addition 
of an isopropylidene group to 1 raises the 
activation energy by 2 kcal mol- ' .  The reso- 
nance stabilization inherent in the trimethvlene- 
methane moiety must be manifested in the 
transition state for thermolysis of 17 but not of 7. 
This would be the case if loss of nitrogen re- 
quired considerable bendlng of the C-N 
bond3 into the plane of the olefin TC bond. 
Whereas such a motion encounters little hin- 
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TABLE 2. Activation parameters for thermolysis of 1-pyrazolines 

Compound E, (kcal mol-l) AS200+ (e.u.) k,,, (200") Reference 

42 .4k0 .3  11.5k0.6 1 .O 1 a 

32.610.3 - 0 . 9 k 0 . 5  68.4 5d, 20 

37.710.4 4 . 9 k 0 . 8  l a  

39 .8k0 .6  0 . 7 k 1 . 1  0.069 This work 

drance in 17, this process in 7 forces the cis 3 
and 5 methyl groups into close proximity. The 
activation energy difference between P and 7 
could be due to a difference in ground state ring 
strain, with 7 being more stable. Crawford et al. 
have made a more complete study of systems 
like 7 and have reached similar conclusions 
(19, 20). 

Experimental 
General 

Ultraviolet spectra were run in hexane on a Cary 17 
spectrophotometer. Nuclear magnetic resonance spectra 
were taken on a Varian A 56-60 in CC14 unless otherwise 
specified. 

Synthesis 
The published synthesis (21) of 1 was only minimally 

successful in our hands. The compound was purified by 
recrystallization from pentane at -78' followed by 
vacuum distillation, b.p. 74-75"/63 mm; U.V. h,,, 
327 nm, E 204. Pyrazoline 2 (1 1) was prepared in 63% 
yield from 2-diazopropane (4c) and methyl methacrylate, 
b.v. 69-7l010.5mm: u.v. A,,, 327nm. E 165. Lead 
teiraacetate'oxidation (8) of 3,5,5-trimethyl-2-pyrazoline 
afforded compound 3 in moderate yield, b.p. 42.5"/ 
0.1 mm; U.V. X,,, 330nm, E 214. Pyrazoline 4 was 
synthesized by an extension of the method used on 
phenylhydrazones (9). 3,5,5-Trimethyl-2-pyrazoline 
(4.6 g) (21) in 50 cc methylene chloride was cooled to 
-50" and chlorine gas was bubbled in. The initially 
cloudy solution became a clear, deep yellow within 
15 min. After the solution had warmed to ambient 
temperature, the solvent was removed by rotary evapora- 
tion and the residue was distilled, b.p. 56"/10 mm; 
yield 4.2 g; U.V. h,,, 332 nm, E 105; n.m.r. (deuterio- 
benzene): 6 1.10, 1.18, 1.67 (methyls), AB quartet 
centered at 1.44, J = 14 Hz (CH,). Lithium aluminum 
hydride reduction of pyrazoline 2 followed by mercuric 
oxide oxidation gave 5 (11) in 47% overall yield, b.p. 

74-75Oj0.5 mm; u.v. 7, ,,,, 328 nm, E 185; n.m.r. 6 1.26, 
1.34, 1.40 (methyls), AB quartet centered at 1.37, 
J = 12.5 Hz (ring CHI), AB quartet centered at 3.68, 
J = 11.9 Hz (CH,). Compound 6 (h,,, 330 nm, E 242) 
was a gift from S. R. Wilson while 7 (h,,, 324nm, 
E 162) and 8 (h,,, 356 nm, E 164) were made without 
difficulty according to Mock's procedure (10). 

Quantum Yields 
0.05 M solutions of the pyrazolines were irradiated 

in a photochemical merry-go-round with 313 nm light 
isolated by an aqueous potassium chromate filter. 
Nitrogen yields were measured with a Topler pump and 
gas buret and were compared with the gas yield from 
identical solutions of 2,3-diazacicyclo[2.2.l]heptene-2. 

Kinetic Studies 
Approximately 0.01 M solutions of pyrazoline 7 in 

hexadecane were degassed and sealed into 1 cm Pyrex 
U.V. cells. These were heated six at a time in a high 
temperature silicone oil bath. Tubes were removed 
periodically and their absorbance determined on the 
Cary 17. The rate constants, which were computed using 
a least squares treatment, were as follows: (temperature 
"C, k x lo4 s-l)  218.88, 0.772; 227.98, 1.641; 234.75, 
2.750. The activation parameters are shown in Table 2. 

The authors thank the Robert A. Welch Foundation 
and the National Science Foundation for financial 
support. 
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Adsorption and Desorption of Hydrogen, Carbon Monoxide, and Their Reaction 
Products on a Catalyst for the Synthesis of Methanol 
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C. AHARONI and H. STARER. Can. J .  Chem. 52,4044 (1974). 
Mixtures o f  hydrogen and carbon monoxide were adsorbed on a catalyst for the methanol 

synthesis and desorbed at increasing temperatures. The fraction o f  CO converted into methane 
increases when the ratio CO adsorbed to hydrogen adsorbed decreases, and when the tempera- 
tures o f  adsorption and desorption increase. Methanol is obtained in small amounts at high 
temperature, low pressure, and low CO:H,  ratio. It is assumed that the surface is hetero- 
geneous and that hydrogen and CO form an intermediate adsorbed compound converted 
into methane or methanol by reaction with adsorbed hydrogen. 

C. A H A R ~ N I  et H .  STARER. Can. J. Chem. 52,4044 (1974). 
On fait adsorbe des mtlanges d'hydrogene et de monoxyde de carbone sur un catalyseur 

servant a la synthese du 111titha1101 et on effectue des desorptions en augmentant la temperature. 
La fraction de CO qui est transformee en methane augmente quand le rapport de CO adsorbel 
hydrogene adsorbe diminue; les mCmes effets sont obtenus lorsque les temperatures d'adsorp- 
tion et de disorption augmentent. On obtient du methanol en petite quantite a haute tempera- 
ture, a basse pression et a des rapports CO:H,  qui sont bas. On fait I'hypothese que la surface 
est hettrogene et que I'hydrogene et le CO forme un compose intermediaire adsorbe qui se 
transforme en methane 011 en methanol par reaction avec l'hydrogene adsorbe. 

[Traduit par le journal] 

The mechanism of the methanol synthesis 
has been the subject of many investigations. A 
common approach consists of:  (a)  postulating 
a particular mechanism for each stage of the 
reaction: adsorption, surface reaction, and 
desorption, (b )  combining the rate or equili- 
brium-state equations for the stages into an 
overall equation, (c) testing the overall equation 
for applicability to the experimental data. This 
approach has often led to useful analytical 
expressions for the measured kinetic data but 
it did not prove to be suitable for selecting 
without ambiguity the correct mechanism from 
a series of postulated ones. The overall equations 
inevitably contain too many arbitrary param- 
eters, and the experimental data could be fit by 
equations derived from widely different models: 
Langniuir-Hinshelwood, Temkin-Pyzhev, and 
others. Each of the following reaction stages 
has been postulated, and assumed to be rate 
determining: adsorption of CO or H, (I), 
trimolecular reaction between adsorbed CO 
and adsorbed Hz ( 2 ) ,  reaction between the 
adsorbed surface compound CH,O and an 
adsorbed hydrogen atom (3), Eley-Rideal 
reaction between a surface compound and 
gaseous H, (3, 4), two-step hydrogenation of 
adsorbed CO by adsorbed hydrogen (5), de- 
sorption of methanol (6). 

An alternative approach consists of at- 
tempting to  determine the appropriate equation 
for each stage from direct observation of its 
occurrence. This requires devising suitable 
experimental and theoretical procedures which 
allow the stage under consideration to be 
isolated or distinguished from the others. The 
main achievement of the investigations of this 
type has been the recognition of a relatively 
rapid interaction between adsorbed hydrogen 
and adsorbed CO leading to the formation of a 
surface compound poorer in hydrogen than 
methanol, which is presumably the precursor. 
Nagarjunan et a]. (7), working with pure zinc 
oxide, noted that the adsorption of each of the 
reactants is enhanced by the presence of the 
other, and the composition of the adsorbed 
phase is independent of the partial pressures. 
Tsuchiya and Shiba (4) noted a similar effect 
a t  250°C with a commercial catalyst, 
Zn : Cr : Cu = 1 : 0.49 : 0.16 and took the average 
composition of the adsorbate (1.5 Hz to  1 CO) 
as the stoichiometric composition of the surface 
compound. Aharoni and Tompkins (8) com- 
pared the kinetics of the mixed adsorption with 
that of the pure gases on pure ZnO at  room 
temperature. The rates decrease exponentially 
with the amounts adsorbed in all cases, but 
the exponential factors change abruptly during 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



AHARONI AND STARER: ON ADSORPTION AND DESORPTION 4045 

mixed adsorption; similar to those for the pure 
gases at the beginning they become smaller later 
on. The point at  which this change occurs 
was taken as the point at  which the rate of 
formation of the surface compound becomes 
equal to the rate of adsorption of the com- 
ponent. The ratio of the rates of adsorption 
after that point (1 H, to 1 CO) was taken as the 
stoichiometric ratio in the surface compound. 

In an attempt to find out what happens to 
the surface compound after its formation, we 
performed a series of experiments in which 
CO and H, were adsorbed at 30 or 200 "C and 
the reaction products desorbed and analyzed 
a t  various temperatures (30, 200, and 400 "C, 
or 200 and 400 "C). At low temperature the 
adsorption of pure CO is largely reversible 
but adsorption of the CO-H, compound is 
not (8). We can assume therefore that the 
carbon-containing gases evolved at high temper- 

F I G .  1 .  Gases desorbed when the catalyst is heated 
to 400 "C,  after adsorption and evacuation at 200°C 
(run no. 11). The temperature of 400 "C is reached in 
about 20 min. The desorption was performed at  con- 
stant volume, and therefore the partial pressure of each 
component is proportional to the amount desorbed, 
the maximum (at 14 min) corresponds to a total pressure 
of 92.9 Torr. 

ature, after adsorption and desorption at finally less than 0.1 Torr per hour. The cell was sub- 
30 "C, are products of reactions involving the seauentlv heated to the higher temoerature. 200 or 
surface c o h ~ o u n d .  via reduction. oxidation. 406 "c, -and this ~roduced- desor~tion fol~bwed by 
or decomposkion. At 200 "C complex formation 
also takes place, simultaneously with other 
reactions. 

Experimental 
The catalyst used was the commercial material, 

ICI, 25-1, containing zinc oxide and 12% chromia, 
in the form of pellets 5 x 5 mm. A sample weighing 
72.33 g after evacuation at  400 "C was used for all the 
experiments. 

The pretreatment consisted of (a) evacuating a t  
400-G for + h, (b) reducing with hydrogen a t  the same 
temperature for 3 h (the pressure of hydrogen usually 
dropped from 100 to 1 Torr during that stage), (c) 
evacuating at  400 "C for 15 h to pressures of the order 
of Torr. The pretreatment was performed before 
each adsorption run, but the pretreatment for the 
first runs (1 and 2)  did not include reduction. In runs 
3 and 8 to I 1  the pretreatment was followed by pre- 
sorption of hydrogen at  350 "C before adsorption of the 
GO-hydrogen mixture and with this procedure very 

readsorption (see F&. 1). When no more changes could 
be observed, expansions were performed again and 
pressures of the order of 0.1 to 0.2 Torr were obtained. 
At the highest working temperature, 400 'C ,  expansions 
were followed by cooling for 2 h by means of a trap 
filled with liquid air, and the condensable gases evolved 
at  this temperature (H20 ,  C 0 2 ,  CH,OH) could be 
desorbed at  very low pressures. 

The gas chromatograph apparatus was a Packard 7622 
equipped with a thermal conductivity detector. Two 
columns, both at  90 "C were used alternately. A 6 ft 
long column of Linde Molecular Sieve 5 A  (14 to 16 
mesh) was used for the separation of hydrogen, methane, 
and carbon monoxide and a carbowax 1500 M column 
of the same length was used for the separation of water, 
methanol, and carbon dioxide. The limit of detection, 
for each product was around 0.01 ml at  normal tempera- 
ture and pressure. 

Results and Discussion 
The results are summarized in Tables 1 to 3. 

large amounts of hydrogen were introduced into the 1, the runs with adsorption at 200 oc ( ~ ~ b l ~  1) 
adsorbed phase. 

A conventional volumetric apparatus was used. Gas the gas phase contains at the end of the adsorp- 
mixtures of known composition were prepared in two tion stage, hydrogen and a small amount of 
interconnected tubular vessels of known volume, and methane; carbon monoxide is totally absent. 
admitted into a cell containing the catalyst. The system Decrease of the pressure by repeated expansions 
was connected to a U-tube manometer and to the results in the desorption of more hydrogen, 
sample valve of a gas chromatograph, and changes in 
pressure and composition resulting from adsorption or but not methane Or other compounds. 
desorution could thus be observed. When the temperaturc is subsequently raised 

~ e s o r ~ t i o n  was induced by allowing the gas in the to 400 "C, the pressure increases as a result 
adsorption cell to expand into an  evacuated vessel of of desorption a i d  the desorbed gases are H,, 
the same size, for 10 to 15 min, and the process was cO ,  and CH,. The desorption of methane repeated 7 to 12 times, until pressures of rhe order 
of 0.5 Torr were reached. The svstem was left for a increases with the time, but 
few hours a t  these conditions and the change was and carbon monoxide are readsorbed and 
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TABLE 1. Experimental results: adsorption at 200 "C, desorption at 200 and 400 "C 

Run number 

At end of adsorption stage 
CO adsorbed (ml N.T.P.) 
H Z  adsorbed (ml N.T.P.) (including H, presorbed) 
H, presorbed (ml N.T.P.) 
Ratio CO adsorbed to Hz adsorbed 
CH, partial pressure (mm Hg) 
CO and other C compounds partial pressure 
H, partial pressure (mm Hg) 
Time of adsorption (min) 

Products in gas phase at end of desorption stages* 
1st stage 200 "C CH, 

CH3OH, CO2, CO 
2nd stage 400 'C CH, 

CH3OH 
coz 
CO, Hz 
H z 0  

CO undesorbed in any form 

'The data  refer to  the total amount  desorbed at  the end of the desorptron stage, i .e. after maintaining the system a t  the given temperature 
arid at  reduced pressure during a time sufficiently long so that no further change occurs, and rncluding the amounts  desorbed during the preceding 
stapes. For  the compounds containing carbon the data  are given as  ratios t o  the amount  o f  adsorbed CO at  the end o f  the adsorption stage and 
for hydrogen and na te r  as  ratios to  the amount  o f  adsorbed hydrogen. 

to, signifies "undetectable" with the analytical procedure used (see Experimental section). 

neither remain finally in the gas phase (Fig. 1). 
Lowering of the pressure to 10-I mm (by 
cooling the trap with liquid air) induces the 
desorption of substantial amounts of CO, and 
water. Methanol is detected only in one of the 
runs (run 11) at 400 "C and low pressure. 

In  the adsorption runs at 30°C, (Table 2) 
the gas phase at the end of the adsorption stage 
contains hydrogen and CO or only CO and 
when the pressure is reduced more of the same 
gases are desorbed. Methane is desorbed when 
the temperature is raised to 200 "C. Reduction 
of the pressure does not induce further desorp- 
tion, but heating to 400 "C does. Water and CO, 
appear at 400 "C and low pressures. Methanol 
is detected at the same conditions but only in 
runs 3 and 10. Hydrogen and CO are desorbed 
and readsorbed completely during heating to 
200 and to 400 "C. With unreduced catalyst 
(Table 3), CO and hydrogen do not react and 
the only carbon-containing gases obtained are 
C 0  and CO,. Carbon dioxide is formed more 
easily than on reduced catalyst and it is evolved 
in larger amounts a t ,  lower temperatures and 
higher pressures. 

Methane formation depends both on the 
desorption conditions and on the conditions 

at the surface prior to desorption. In order to 
determine separately the effect of each of these 
factors on the yield we have plotted the ratio 
CH,(g) : CO(a) against the ratio CO(a) : H,(a), 
(Fig. 2); where CH,(g) is the total amount of 
methane desorbed at the end of any of the 
desorption stages, and CO(a) and H,(a) the 

FIG. 2. Ratio CH,(g):CO(a) against ratio CO(a): 
H2(a). The figures near the points indicate the corre- 
sponding run. 
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AHARONI AND STARER: ON ADSORPTION AND DESORPTION 

TABLE 2. Adsorption at 30 "C desorption at 30, 200, and 400 "C* 

Run number 

At end of adsorption stage 
CO adsorbed (ml N.T.P.) 
Hz adsorbed (ml N.T.P.) 

(including HZ presorbed) 
Hz  presorbed (ml N.T.P.) 
Ratio CO adsorbed to hydrogen adsorbed 
CO partial pressure (mm Hg) 
Other C compounds partial pressure 
H, partial pressure (mm Hg) 
Time of adsorption (min) 

Products in the gas phase at end of desorption 
stages 
1st stage 30 "C CO 

Other C compounds 
2nd stage 200 "C CH, 

CO, CH30H, Hz, H 2 0  
C02 

3rd stage 400 "C C H ~  
CH,OH 
coz 
CO, Hz 
H z 0  

CO undesorbed in any form 

0.14 
0 
0.041 
0 

Traces 
0.041 
0 
0.009 
0 
0.18 
0.81 

*See Table 1 footnotes. 

TABLE 3. Adsorption at 30 "C on unreduced catalyst 

Run 1 Run 2 

Ratio Hz:  CO before adsorption - pure CO 1 : 1 

At end of adsorption stage 
Amount adsorbed (ml N.T.P.) 21.1 14.1 
Final pressure (mm Hg) 78.1 16.7 
Time of adsorption (min) 95 2489 

At end of desorption stages 
C 0 2  desorbed at 100 "C (ml N.T.P.) 0 1.1 

at 200 "C (ml N.T.P.) 1 .9 1.5 
at 400 "C (ml N.T.P.) 4.3 1.6 

amounts of C 8  and hydrogen on the surface 
at the end of the adsorption stage. The points 
in each plot refer to results at the same desorp- 
tion temperature, with the pressure reduced in 
the same fashion to a low value, and with a 
sufficiently long desorption time until no further 
change was observed. The consistency of the 
plots obtained indicate that the fractional yield 
of methane depends on the conditions prior to 
desorption. 

The following effects are noted ( I )  the 
yield CH,(g):CO(a) increases when the ratio 

CO(a) : H2(a) decreases, and the graphs are 
approximately hyperbolic (replotting against 
the ratio H,(a): CO(a) gives fairly good 4traight 
lines); (2) the yield is low except when hydrogen 
is in very large excess. At favorable adsorption 
and desorption temperatures, and stoichiometric 
ratio (CO:H, = 1 :2), less than 8 z  of the 
adsorbed CO gives methane, and in order to 
obtain a 80% yield a ratio CO:H2 of 1 to 10 
is required; (3) the yield depends on the tempera- 
ture at which adsorption has taken place. 
For desorption between 200 and 400 "C and a 
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4048 CAN. J .  CHEM. VOL.  5 2 ,  1974 

ratio CO(a): H,(a) = 0.1 1, the yield is 13% H 
if the reactants were adsorbed at 30°C and I 

0-H H-C-H 
84% if they were adsorbed at 200 "C. However, 2 1 2 I 
the fraction of methane desorbed at 200°C I$-" o 
does not depend noticeably on whether the 77~rm77777m 

I I 
mm/TTTTm 

adsorption was performed at 30 or at 200 OC. Sutfdce Surf d ~ e  

The dependence of the yield on the tempera- (a) (b) 
ture of adsorption indicates heterogeneity of FIG. 3. Possible structures of the intermediate com- 
the surface. The low ellergy sites that sub- pound. (a)  HZ CO = 1, (b) H2:CO = 1.5, both can 

sequently give methane at 200 "C are occupied give methane Or 

by the reactants at 30 as well as 200 "C. The tion of methanol in the conventional isothermal 
higher energy sites that give methane at higher process. In our experiments the pressure refers 
temperature are not easily occupied and con- to the partial pressures of the methanol and the 
sequently methane formation on them depends other reaction products, whereas in the con- 
on the temperature of adsorption. For a ventional process it refers to the partial pressures 
homogeneous surface, evolution of an addi- of the reactants as well as the products. The 
tional amount of methane above 200 "C after yield of methanol, in our experiments, is in 
formation at that temperature has stopped relation to a given amount of adsorbed CO that 
could occur because of a change of the factors depends on the partial pressure of that com- 
exp ( - E J R T )  or exp ( A H J R T )  (where E is the ponent during adsorption. The extremely low 
energy of activatioi~ of formation and AH the pressures required for the desorption of 
heat of desorption); but the ratio between the methanol are due to the fact that only the sites 
amounts evolved above and below that tempera- with the highest enthalpy of adsorption are 
ture would not depend on the temperature at used in the process. The catalyst containing 
which adsorption has taken place. Another adsorbed CO is submitted to evacuatioil at 
indication of the heterogeneity af the surface increasing temperatures, before it is submitted 
is the fact that hydrogen a ~ d  CO are desorbed to the reaction temperature, and the CO 
and readsorbed during heating. Presumably adsorbed on sites of lesser energy has ample 
they leave the low energy sites and are adsorbed opportunity to desorb or to undergo other 
by the hlgh energy ones. reactions beforehand. 

The formation of methane is unaffected by Tables 1 and 2 show also that methanol is 
changes of pressure; lowering of the pressure formed only when the ratio CO(a):H,(a) is 
from a few cm of mercury to lo- '  mm does sufficiently low (0.1 for adsorption at 200 "C 
not induce further desorption. We conclude and 0.02 for adsorption at 30 "C) .  This indicates 
that all the methane formed is completely and that adsorbed hydrogen is involved in its 
irreversibly desorbed. The temperature at which formation as in the case of methane. It also 
this product evolves from a given reaction site indicates that methane is not produced as a 
is determined by the energy of activation for result of further hydrogenation of methanol, 
formation and desorption at that site but not otherwise the yield of methanol would have 
by the entbalpy of adsorption. The fact that been decreased by a large excess of hydrogen. 
methane does not show any marked tendency Probably both products derive from the same 
to be readsorbed after its desorption when the intermediate con~pound, the hydrogen-CO sur- 
temperature is increased (Fig. 1) is consistent face compound postulated in other works 
with these assumptions. (4, 7, 8) in order to explain the results of mlxed 

The conditions under which methanol is adsorption. We may assume either of the struc- 
obtained are different; high temperature (400 "C) tures (a) or (b) of Fig. 3 (In (a) the ratio 
and low pressure (10-I mm Hg) are required. Hz:  CO = 1 as postulated in ref. 8 and in 
Obviously the last stage of its formation, the (b )  it is equal to 1.5 as postulated in refs. 4 
desorption, is a reversible process and the high and 9). Methanol is formed if bond I (carbon- 
temperature and low pressure are both required to-surface, or oxygen-to-surface) is ruptured and 
in order to favorably shift the equilibrium. This hydrogenated. Methane is formed if bond 2 
observation is not in contradiction with the (carbon-to-oxygen) is ruptured and hydro- 
well-known fact that pressure favors the forma- genated before bond I. Water is a product of 
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AHARONI AND STARER: ON ADSORPTION AND DESORPTION 4049 

this reaction, and its presence has been noted 
in all the runs. If these reactions are assumed to 
be reversible, selectivity is determined by the 
readiness with which the products undergo 
the next step, i.e, desorption. In all the runs 
the catalyst containing the adsorbed species 
was kept for long periods of time at conditions 
at which only methane could be desorbed and 
therefore its formation was strongly favored. 

The CO-H, intermediate compound does 
not necessarily undergo further hydrogenation 
to  methane and methanol, the evolution of CO 
and hydrogen that takes place when the catalyst 
is heated (Fig. 1) points to some decomposition. 
When these gases are adsorbed separately at 
this temperature range they are not desorbed 
as such but as CO, and H,O. The H, and CO 
evolved are therefore the products of some 
reaction, presumably the decomposition of the 
intermediate compound. Irreversible adsorption 
of hydrogen and carbon monoxide is also 
noticeable; they leave the surface as CO, and 
H,O or remain adsorbed. 

In conclusion, this work gives some indica- 
tions about the characteristics of the surface 
hydrogenation of carbon monoxide. The re- 
action takes place in two stages. The first 
ending with the formation of an intermediate 
product takes place fairly rapidly and at a 
wide range of temperatures and adsorbate 
compositions. In the second stage two com- 
peting parallel reactions take place leading 
to the formation of methane and methanol. 
Both reactions occur with greater difficulty 
than the first stage reaction. They requlre 
higher temperatures and give smaller yields. 

The selectivity is determined by the desorption 
conditions, methane can be desorbed irreversibly 
at conditions where equilibrium does not favor 
the desorption of methanol. The second hydro- 
genation stage must also compete with the 
redecomposition of the product formed in the 
first stage and ending with the oxidation of CO 
and hydrogen without interaction. The hetero- 
geneity of the surface adds further complexity 
to the system, the energies of activation of the 
intermediate reactions and the enthalpies of 
adsorption of reactants, products, and intermed- 
iates, depend on the adsorption sites involved 
and would vary with the temperature of the 
process. At isothermal conditions different re- 
actions could take place on sites with different 
energies. At increasing temperature transfer of 
adsorbate from low energy sites to high energy 
sites takes place. 

The gift of catalyst samples from I.C.I. Ltd., is grate- 
fully acknowledged. 
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ALLAN R. STEIN and SEE-HUA TAN. Can. J. Chem. 52,4050 (1974). 
Systematic studies of the alkylation of a number of ambident or ambifunctional anions have 

been reported. For the vast majority of the anions examined reaction involved competition 
between carbon and a heteroatom and few competition between two heteroatoms. A siudy of 
the factors influencing the site of alkylation of the ambident anion of mono-N-substituted 
amides, where competition is between oxygen and nitrogen, has been undertaken. With the 
alkali metal and tetraalkylammonium salts of formanilide anions, the alkylation product is 
invariably the corresponding N-alkylformanilide. No detectable 0-alkylation is observed as 
the solvent is varied from nonpolar through polar aprotic solvents, the alkylating agent through 
the various benzyl halides and para-substituted benzyl halides and the para-substituent on the 
formanilide from strongly electron donating (-OCH,) through strongly electrcz withdrawing 
(-NO,) groups. In contrast, with the silver formanilide salts, 0-alkylation predominates 
but here the 0 : N  alkylation ratio varies with the parameters examined. A rationale based 
on thermodynamic cs. kinetic control and reaction of dissociated us. undissociated anion is 
presented to predict the site of reaction in these and other ambident systems. 

ALLAN R. STEIN et SEE-HUA TAN. Can. J. Chem. 52,4050 (1974). 
On rapporte les etudes faites sur I'alkylation de certains anions ambidentates ou ambi- 

fonctionnels. Pour la plupart des anions CtudiCs, la reaction fail intervenir une concurrence 
entre le carbone et un hetCroatome et peu de concurrence entre deux httCroatomes. On Ctudie 
les facteurs qui influencent le site d'alkylation de l'anion ambidentate des amides N-mono- 
substitues ou la concurrence se fait entre l'oxygene et l'azote. Avec les sels de metaux alcalins 
oil les sels de tetraalkylammonium des anions formanilides, le produit de l'alkylation est 
invariablement le N-alkylformanilide correspondant. On n'observe pas de 0-alkylation alors 
qu'on fait varier le solvant de nonpolaire a polaire aprotique, et qu'une variete d'halogenures 
de benzyle et d'halogenures de benzyle para-substitues servent l'alkylation et  que pour les 
substituants en para du formanilide on utilise une variete de groupes allant de groupes forte- 
ment donneurs d'electrons (-0CH3) a des groupes fortement accepteurs d'electrons (-N02). 
Par contre, avec les sels d'argent du formanilide, la 0-alkylation predomine, mais ici le rapport 
d'alkylation 0 : N  varie avec les paramktres examines. On prtsente une explication logique 
pour prtvoir le site de la reaction pour les systemes ambidentates et aussi pour d'autres systemes. 
Cette explication est baske sur une comparaison entre la thermodynamique et le contr61e 
cinttique d'une part et entre une reaction a anions dissocies et une reaction a anions non- 
dissocies d'autre part. [Traduit par le journal] 

The term "ambident anion" was introduced 
by Kornblum et al. in 1955 (1) for anion systems 
containing two centers susceptible to electro- 
philic attack but in which only one of the 
centers takes part in the transition state of 
the electrophilic attack. Ambident or ambi- 
functional anions were, of course, known much 
earlier. For example the alkylation of poly- 

Whi le  not sequentially numbered, refs. 20, 21, and 
6a are considered to be parts I, 11, and 111 of this series. 

ZTaken in part from the M.Sc. Thesis of S.-H. Tan 
(1971), available on interlibrary loan from Memorial 
University of Newfoundland Library, St. John's. 

3To whom correspondence should be addressed. 

hydroxylic benzene salts was first examined in 
the 1880's with carbon and oxygen alkylation 
being observed (2) and as early as the 1860's 
it was recognized that the reaction of silver 
cyanide with alkyl halides gave an isomer of 
the product obtained with potassium or sodium 
cyanide (3). Such ambifunctional nucleophilic 
species are far more commonly encountered 
than most practicing chemists realize. Gompper 
has, for example, listed some three dozen classes 
of compounds and anions exhibiting such 
behavior (4a). It  is only in the past two decades 
however, that systematic studies of the factors 
involved in the competition between the nucleo- 
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philic centers of ambident anions for reaction 
with electrophiles have been undertaken (4). 
These studies have greatly increased the ap- 
preciation of the importance of solvent character 
and composition, of ion pairs, of counter ion 
and related factors in such systems and in 
fact in any chemical reaction. 

In Table 1 are summarized the effects of 
some of the variables examined upon the 
competition between the nucleophilic sites for 
reaction with alkyl halides in two of the most 
extensively studied systems, the ainbifunctional 
anions of phenols and pyrroles. Obviously the 
variables listed are not all independent. Changing 
the solvent, for example, from a nonpolar one 
like toluene to a better cation solvating one 
like dimethylforrnamide (DMF) also changes 
the degree of heterogeneity of the reaction 
mixture and the degree of S,1-SN2 character 
of the transition state for alkylation. The 
heterogeneity of the reaction is also affected by 
the counter ion and by temperature. Attempts 
to explain the empirical observations on the 
basis of the SN1 rs. S,2 character of the alkyla- 
tion (1) or the hoinogeneity 2.s. heterogeneity 
of the reaction media (5) have met with dubious 
success (4c, 6). 

The most extensively studied ambifunctional 
anions are the enolate (4, 7) and the phenolate 
or phenoxide anions (4, 6a, 8) for which the 
competition for alkylation is between carbon 
and oxygen (reaction I). 

Other species studied to a greater or lesser extent 
include the cyanide ( I ,  18) and pyrryl anions (1 I), 
and the anions of the various esters, nitriles, etc. 
( 4 ~ )  where the competition for alkylation is 
between carbon and heteroatom, usually oxygen, 
nitrogen, sulfur, or phosphorus. Relatively 
few systematic studies of anions in which there 
j5 competition between different heteroatoms 
have been reported. For example, the only 
amhifunctional anions in which alkylation 
competition between oxygen and nitrogen has 
bccn examined in any detail are the nitrite (I),  

4-hydroxy-pyrimidine (9), pyridone (lo), and 
oxime anions (4c). Consequently a systematic 
study of the factors influencing the oxygen- 
nitrogen alkylation competition on the salts 
of mono-N-substituted amides was undertaken. 

I? 

Nitrogen alkylation of the ambifunctional 
anion (reaction 2) would lead to the amide, 
N-alkylformanilide, while oxygen alkylation 
would lead to that class of product variously 
called imidate (ester of an imidic acid), imido- 
ester, iminoether, etc. In this article the imidate 
nomenclature will be used so that for R = benzyl 
and Ar = C,H,, the oxygen alkylation product 
is benzyl N-phenylformimidate. 

The anion of formanilide was chosen for the 
initial studies because the various formanilides 
are easily prepared, para-substituents on the 
aromatic ring can be readily varied from strongly 
electron donating to strongly electron with- 
drawing substituents with little or no steric 
effect a t  the reaction center, the substituent 
effect would be far more pronounced at one of 
the ambident centers (nitrogen) than at the 
other and, finally, there are no acidic carbon 
hydrogens as there would be with, for example, 
acetanilides which could lead to complications. 
The study of N-aryl or alkyl benzamides was 
conten~plated but initial examination showed the 
benzimidate products froin alkylation of benz- 
anilide anions were not sufficiently thermally 
stable for gas chromatographic analysis. 

Results 
The system examined is summarized in 

Table 2. Tabulations of results appear in the 
Experimental Section and some generalizations 
follow. 

The Alkali Metal and Tetrat?1ethj1l Ar?ll??oniurn 
Salts 

Typical results appear in Table 3. 
Reaction Product 
The exclusive detectable alkylation product 

was the N-alkylated amide, that is the corre- 
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STEIN AND TAN: THE ALKYLATION OF AMBIDENT ANIONS. IV 

TABLE 2. Alkylation of salts of formamides: the cases examined* 

M+ 

Ar M +  Ar' X Solvent 

GHs-  [(CH,),N + I CsH5- C1 Hexane, hex 

(p-CH3C6H4-) K+ p-CH30CsH4- Br (Benzene) 

p-CH30C6H4- (Na+) p-BrC6H4- I Toluene, to1 

p-BrC6H4- Li + (p-N02CsH4-) Dimethoxyethane, DME 
Dimethylformamide, DMF 

( P - N O ~ C ~ H ~ - )  Ag+ (Dimethyl sulfoxide, DMS0)t  
*Not all combinations and permutations were run but except for those cases enclosed ~ i t h i n  parentheses ahere relatively few 

reactions mere run, a large number for each variable were done. 
tDMSO was partially reduced to the sulfide and the imidates were unstable in basic DMSO. It was used for few reactions. 

sponding N-benzylformanilide product in all 
cases. 

Reaction Rate 
Since the majority of the reaction mixtures 

were visibly heterogeneous, meaningful kinetic 
studies were not possible. Any rate constants 
obtained could represent some combination of 
the alkylation rates for the dissociated, the 
associated or ion-paired, and the solid salt or 
possibly the rates for dissociation or solution 
of the salt. Some generalizations can be re- 
ported though. 

(i) Solvent effects: the more ionizing, better 
solvating solvents give a faster, more nearly 
complete reaction. For example, with the 
potassium salt of p-bromoformanilide with 
benzyl bromide at 22" for 40 h the alkylation 
yields in hexane, toluene, DME, and DMF were 
46, 63, 95, and 96% respectively. 

(ii) Cation effects: in all cases the lithium 
salt reacted more slowly with progressively 
smaller rate increases through the series Lif ,  
Na', K f ,  (CH,),N+. For example the lithium 
salts in the less solvating solvents, hexane, 
toluene, and often even DME, required heating 
to give appreciable conversion. In hexane even 
prolonged heating normall-y gave 5% or lower 
yields. By contrast the potassium and tetra- 
methylammonium salts react readily at room 
temperature even in hexane. 

(iii) Alkyl halide structural effects: benzyl 
iodide reacted readily at room temperature 
aimost invariably while in the less ionizing 
solvents, especially hexane and toluene, with 
the lithium salts benzyl bromide alkylations 
required a reflux period. Benzyl chloride itself 

would not react with the lithium salts in any 
of the solvents. Substituents on the benzyl 
halides had the anticipated effects: paru- 
electron withdrawing substituents retarded, 
donors accelerated the reactions. 

(iu) Formanilide substituent effects: form- 
anilide substituents with the lithium salts in 
particular have the opposite effect to that one 
might predict. Thus with benzyl iodide in DME, 
lithium p-methoxyformanilide was only 64% 
alkylated after 3 h at reflux while thep-hydrogen 
analog was 8 7 z  converted, and at room tempera- 
ture the latter was essentially stable but the 
p-bromoanalog was nearly 90x alkylated in 
4 days. 

The Siluer Salts 
Reaction Product 
In marked contrast to the alkali metal salts, 

where the product was exclusively that of 
N-alkylation, with the silver sa!ts the major 
product was almost invariably that of oxygen 
benzylation, the corresponding imidate. Here 
however both 0- and N-alkylation products 
resulted and the OIN product ratio varied with 
the parameters examined. Some typical results 
appear in Table 4. 

Reproducibility in the 0 I N  ratios was very 
difficult to achieve. While the amide is quite 
inert, the imidate is very susceptible to hydrol- 
ysis (14). Removal of the products, especially 
the imidate, from the solid, unreacted silver 
formanilide and the silver halide co-product 
was difficult and especially so in the less polar 
hydrocarbon soivents. Consequently, the specific 
01N ratios should be considered minimum 
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TABLE 3. Some reactions of alkali metal and tetraethylammonium formanilides 

M +  Formanilide Benzyl Halide Solvent Conditions* Yield? 

L I +  P-H P-H I DME 24 h 
DME 1 h, reflux 
D M F  24 h 

P-H Br hex 3 .5  h, reflux 
to1 3 .5  h, reflux 
DME 2 h, reflux 
D M F  20 h 

p-Br Br DME 7 d 
D M F  7 d 

P-NOZ Br DME 6 d 
p-CH30 Br D M F  3 d 
P-H C1 DME 36 h, reflux 
p-CH30 C1 D M F  3 d 
P-H I DME I d 

D M F  1 d 
P-H Br hex 20 h 

to1 20 h 
DME 20 h 
D M F  20 h 

p-Br Br DME 7 d 
D M F  7 d 

P - N O ~  Br DME 6 d 
p-CH30 Br DME 3 d 

D M F  3 d 
P-H C1 DME 2 d 

D M F  2 d 
p-CH30 C1 DME 3 d 

D M F  3 d 
Et,N+ P-H P-H Br D M F  3 h, 20 "C 
LI+ p-CH30 P-H I DME 3 h, reflux 

D M F  3 d 
P-H Br hex 24 h 

hex 16 h, reflux 
to1 24 h 
to1 16 h, reflux 
DME 45 min, reflux 
D M F  48 h 

p-CH,O P-H I DME 3 d 
D M F  3 d 

P-H Br hex 20 h 
to1 20 h 
DME 20 h 
D M F  20 h 

p-CH,O P - h  1 DME 4 d 
D M F  4 d 

p-Br P-H Br hex 19 h, reflux 
to1 19 h, reflux 
DME O h  
DME 20 mln, reflux 
DMF 48 h 

p-Br P-H I DME 4 d 
P-H Br hex 40 h 

to1 40 h 
DME 40 h 
D M F  40 h 

LI + p-NO2 P-H I DME 4 d 
K + P - N O ~  P-H I DME 4 d 

'Reactions \\ere run at room temperature 22 t 1 C unless other\\~se stdted 
tYlelds are based upon neight of forrnaniiide salt Yo detectable forrnan~lide was found I" ariy reactions 

negl. 

4 .8  
2 .1  

95 
77 
8 8 
98 
88 
94 

negl. 
97 
95 
93.5 
85.5 
95 
93.5 
96 
98 
98 

negl. 
5 

negl. 
6 

negl. 
92 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STEIN AND TAN: THE ALKYLATION OF AMBIDENT ANIONS. IV 

TABLE 4. Some reactions of silver formanilides 

Formanilide Benzyl Halide Solvent O / N  product ratio Yield* (x) 
hex 0.1-0.2 60-80 
to1 0.6-0.7 80-83 
DME 14-21 > 85 
D M F  1 .3  70 

hex 8 58-74 
to1 8.5 80-92 
DME 17 80-98 
D M F  1 .4  72.5 

All solvents, negl. reaction in 20 days at 22" 

hex 4.8 69 
i01 7.0 79 
DME 13.2 83 
D M F  2.0 97 

hex 10.7 79 
DME 12.6 79 
DMF 1 .6  78 

hex 0 .4  71 
to1 0.6 93 
DME 4 .2  95 
D M F  0.8 80 

hex 3.7 78 
to1 12.2 67 
DME 8.8 58 
D M F  1 .O 61.5 

hex 0.04 93 
to1 0 .3  93 
DME 9.4 85 
D M F  0.9 76 

hex 1.3 82 
to1 6 .0  77 
DME 10 88 
D M F  0 .5  77 

*Reactions mere run 2 or 3 days at  22' with continuous 
silver salt and analys~s of the product solution. 

values, at  best approximations, and interpreted 
with care. Some generalizations can, however, 
be made about the product distribution. 

(i) Solvent effects: OIN ratio increases in 
going from hexane to aromatic hydrocarbons 
to  DME where it normally maximizes and 
then decreases markedly in DMF. 

(ii) Halide structural effects: in DMF, the 
O/N ratio is comparatively independent of the 
choice of benzyl halide and is about one. In 
the nonpolar hydrocarbon solvents benzyl 
iodide gives a markedly lower O/N ratio than 
benzyl bromide while in DME the ratios 
maximize and are about equal for the two 
halides. With benzyl bromide para-electron 
withdrawing substituents apparently decrease, 

shaking and yields are based upon the weight of starting 

donors increase the ratio in the less polar 
solvents. 

(iii) Formanilide substituent effects: both 
electron donors and electron withdrawing para 
substituents lead to reduced OIN-benzylation 
ratios. 

Reaction Rates 
All reactions tabulated were run for 2 or 3 

days at room temperature with continuous 
shaking and the variation in degree of comple- 
tion in duplicate reactions using different salt 
preparations was often of the same order as 
that with different solvents, alkylating agents, 
and formanilides. No conclusions concerning 
rates can be reached. 
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Discussion 

Since a difference in activation energy of only 
a few kcal/mol would result in a 100: 1 product 
ratio, the activation energies must be nearly 
equal to get similar amounts of the two products 
in ambident anion alkylations. Imidates ther- 
mally rearrange to the corresponding N- 
substituted amide, a reaction known as the 
Chapman rearrangement ( 1  3). Under conditions 
where the amide is comparatively stable, 
imidates rapidly hydrolyze (14). Calorimetric 
studies have not been done but bond strength 
or bond dissociation energy values can be 
used to estimate the difference in stability 
between the imidate and amide. Unfortunately, 
vaiues for bonds in appropriate systems are 
not readily available but by assuming that the 
only difference between the two products is 
that in the imidate, two C-0 bonds and a 
C=N bond replace the appropriate C-N 
bonds and the C=O bond of the amide, the 
imidate can be estimated to be at least 3 kcall 
mol higher in energy. 

Imidates then are clearly thermodynamically 
less stable than the isomeric amide so that via 
the Hammond Postulate, the transition state 
for N-alkylation should lie lower than that for 
0-alkylation. The difference in activation energy 
for N- or 0-alkylation would presumably 
be lower than the difference in product stability 
but should be an appreciable fraction of it. 

Under what conditions would 0-alkylation 
or N-alkylation of the formanilide anion be 
expected? Obviously when the alkylation pro- 
ceeds by a mechanism which approximates 
thermodynamic control, the more stable N- 
alkylated formanilide will be the almost ex- 
clusive product. Only under reaction conditions 
where kinetic rather than thermodynamic 
product control occurs could 0-alkylation be 
significant. In the alkylation of solvated or 
free anion the reaction would be expected to 
approach thermodynamic control since there 
should be no factors other than the energetic 
requirements favoring one product over the 
other. In the case of the alkylation of ion paired, 
aggregated, or crystalline salt, however, kinetic 
product determination is possible. If the counter 
ion is associated principally with one site of the 
ambifunctional species, that atom should be 
sterically and electronically less favorable for 
attack by the alkylating agent. The prediction 
then is that with the free or solvated formanilide 

anion, only N-alkylation would be observed 
while for associated material, when the counter 
ion is associated with nitrogen, oxygen alkyla- 
tion should be favored. When the counter ion 
is associated with oxygen, nitrogen alkylation 
should again predominate. The predictions 
should apply whether the transition states are 
analogous to those proposed for phenolate 
alkylations (5) with linear, "classical" S,2 
displacement of the leaving group of the alkyl- 
ating agent (here the negative charge would be 
developing on a leaving group far removed from 
the counteracting charge of the cation) or if 
bent, six center transition states occur. 

In other systems, the rate of alkylation of 
dissociated material is invariably much higher 
than that of associated material (4c, 15). Thus 
in the more ionizing, better solvating solvents 
where appreciable concentrations of dissociated 
f~rmanilide are present and equilibrium between 
associated and dissociated material should be 
maintained throughout the reaction, the thermo- 
dynamically favored N-alkylated product forms. 
Even if the reaction mixture is visibly hetero- 
geneous, the reaction could occur almost 
exclusively on the dissociated anion especially 
with the tetraethylammonium and potassium 
salts (where the cation requires less solvation 
than for example the smaller lithium cation) 
in DMF and progressively less so in DME, 
the aromatic and saturated hydrocarbon sol- 
vents. At the other extreme, the concentration 
of the dissociated species would be extremely 
low for lithium formanilides in the nonionizing 
solvents like hexane so that the usually slower 
reaction of associated material, the hetero- 
geneous reaction, would be the dominant one. 
Here kinetic control of the reaction still leads 
to the thermodynamically more stable product, 
that of N-alkylation. 

The observation that especially with the lith- 
ium salts, electron withdrawing substituents 
in the para-position of the formanilide leads 
to a rate acceleration in DME, for example, 
rather than the retardation expected on electronic 
grounds is understandable in light of the above 
explanations. The electron withdrawing sub- 
stituent further distributes the negative charge 
of the formanilide anion reducing the solvation 
necessary for dissociation, the concentration of 
the free anion is increased, and the faster 
reaction of the dissociated anion makes a 
larger contribution to the overall reaction rate. 

In the cases reported here, both the homo- 
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STEIN AND TAN: THE ALKYLATION OF AMBIDENT ANIONS. IV 4057 

geneous and the heterogeneous reactions of the 
alkali and tetramethylammonium cations lead 
to N-alkylation. These cations, if the proposed 
heterogeneous mechanisms are correct, must be 
associated with oxygen of the ambident form- 
anilide anion. This is predicted by the theory 
of hard and soft acids and bases (16). While 
the lithium cation is "softer" than the potassium 
cation, all the alkali metal cations are considered 
to be "hard". Oxygen carrying a negative 
charge is "harder" than nitrogen. Since "hard" 
cations would associate with the "harder" 
oxygen center of the ambifunctional anion, 
N-alkylation occurs. With "soft" cations as- 
sociation would be at the "softer" nitrogen and 
oxygen alkylation should become important. 
The silver cation is "soft" and a standard 
route to the imidates is the alkylation of the 
silver salt of the corresponding mono- N- 
substituted amide (17). 

Even with the silver counter ion, there 
would still be a competition between alkylation 
of dissociated and associated anion. Reaction 
of the dissociated species should be analogous 
to  the alkylation of dissociated formanilide 
in the presence of any other cations and would 
be expected to lead to the thermodynamically 
more stable N-alkylated formanilide. Undis- 
sociated silver formanilide with the "soft" 
silver counter ion associated with the "softer" 
nitrogen would be expected to give principally 
0-alkylation through the kinetically controlled 
reaction. Thus in DMF where the degree of 
dissociation should be greatest among the 
solvents employed, the thermodynamically more 
favored amide product is more important than 
in DME where the degree of dissociation is 
lower. 

It  is perhaps initially surprising that the 
amount of 0-alkylation falls off again in the 
least ionizing solvents employed, the hydro- 
carbons. There must be a change in mechanism. 
In these solvents with very low dielectric 
constant, even moderate separation of the 
ionic centers would be energetically undesirable 
so that a four-center reaction involving silver, 
halide, formanilide, nitrogen, and the halide 
carbon is a likely competitive transition state. 
Such a transition state would be more favorable 
for the iodide than bromide alkylating agent 
because the "soft" silver cation would form a 
more stable system with the "softer", larger 
iodide (16). With benzyl bromide, electron 
donors in the para-position would be expected 

to favor, withdrawers to disfavor this four 
center ion pair exchange mechanism. 

Similar rationalizations and predictions of 
the sites of reaction for other ambifunctional 
anions with alkylating agents can be made. 
Given information as to which product's 
formation is thermodynamically favored, which 
center of the anion is "harder" or "softer", 
and assuming that reaction of dissociated 
material approaches thermodynamic product 
control while reaction of associated material is 
principally at the site not occupied by the 
counter ion, the empirical observations in the 
following illustrative examples are those that 
would be predicted. 

The anion of pyridone is an ambident species 
somewhat analogous to the formanilide anion. 
Both oxygen and nitrogen alkylation can occur 
and while the products are more nearly equal 
in stability, N-alkylation is thermodynamically 
preferred at least for the less sterically de- 
manding alkyl halides (106). Again oxygen is the 
"harder" site. As expected on alkylation with 
benzyl bromide, the sodium salt in nonpolar 
or polar aprotic solvents gives predominantly 
N-benzylated product. The silver salt in non- 
polar solvents (pentane or benzene) gives 
exclusively 0-benzylation but in DMF the 
O/N ratio is nearly 1 (10). 

Another anion in which there is competition 
between oxygen and nitrogen and in which the 
nitrogen is the "softer" center and leads to the 
more stable product, is the nitrite ion. Silver 
nitrite gives far more of thc nitrite ester and less 
of the nitroalkane than does the sodium salt and 
solvent effects are logical (I). The cyanide ion 
has long been known to give alkyl cyanides or 
the considerably less stable isocyanides (17) 
depending upon the cation (1). Here nitrogen 
is the "hard" center and alkali metal cyanides 
give alkyl cyanides regardless of whether the 
solvent used is polar, nonpolar, protic, or 
aprotic (18). With "softer" cations like Ag', 
Cu', Hg', Zn2+ which associate at the "soft" 
carbon, alkylation occurs predominantly on 
the more available nitrogen, but in the more 
ionizing solvents more alkyl cyanide is found 
(18). 

Experimental Section 
Solvents 

All solvents were reagent grade, thoroughly dried, 
and distilled in oven-dried glassware under a nitrogen 
atmosphere immediately before use. Hexane, benzene, 
toluene, and dimethoxyethane (DME) were dried by 
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refluxing over sodium wire for some hours before 
distillation while dimethylformamide (DMF) was 
heated at  50" over calcium hydride for a t  least 24 h 
before vacuum distillation. 

Formanilides 
Formanilide obtained from Eastman Organic 

Chemicals was twice recrystallized from aqueous ethanol 
and dried as below. Substituted formanilides were 
prepared from the corresponding para-substituted 
anilines available from Eastman or Aldrich Chemical Co. 
The anilines were refluxed with a three- to five-fold 
excess of formic acid for 2-4 h, the excess formic acid 
and water were distilled, and the residue treated with a 
fresh portion of formic acid if necessary to increase 
conversion. The residue was cooled, allowed to crystal- 
lize, the solid broken into small pieces and then re- 
peatedly washed with ice water until the washings 
were no longer acidic. Sharp melting, analytically pure 
colorless (except for the yellow para-nitro analog) 
crystals were obtained after several recrystallizations 
from aqueous ethanol and drying in a vacuum desiccator 
over phosphorus pentoxide. 

Benzyl Halides 
Benzyl chloride, bromide, and iodide were obtained 

from Aldrich and purified by vacuum fractionation. 
The purity of the p-methoxybenzyl chloride, p-methyl-, 
and p-nitrobenzyl bromide from Eastman and the 
p-bromobenzyl bromide from Aldrich was checked by 
gas chromatography and all were used without purifica- 
tion. p-Methoxybenzyl bromide was prepared according 
to Kornblum et al. (1) and used immediately. 

Formanzlide Salt Preparation and Alkylation 
All glassware was oven dried, all manipulations were 

performed in a nitrogen filled drybox, and all reactions 
were conducted under a slight positive pressure for dry 
nitrogen. 

Lithium Formanilides 
Into a 500 ml flask containing 0.105 mol of formanilide, 

200 ml of D M E  was distilled and after the formanilide 
was completely dissolved, 0.794 g (0.100 mol) of lithium 
hydride was added. The flask, equipped with a condenser 
topped by a dry nitrogen source and bubbler was slowly 
heated to reflux in an oil bath while being stirred mag- 
netically. Hydrogen evolution commenced at  about 50" 
and the white lithium formanilide salt gradually de- 
posited at  gentle reflux. Hydrogen evolution usually 
ceased after about 5 h but reflux was continued several 
additional hours. The Aask was cooled, transferred to 
the drybox, and the white salt collected by suction 
filtration through a sintered glass funnel. After several 
washings with cold DME, the salt was sucked dry, 
transferred to a tarred 250 ml flask, heated at  50-60", 
and pumped overnight to remove the last traces of 
solvent. Yields normally exceeded 90%. 

Potassium and Sodiunz Formanilides 
The procedure used was analogous to that for the 

lithium salt except that 0.100moI of freshly cut and 
trimmed alkali metal was used and benzene replaced the 
DME. (Benzene was used as the solvent because, 
especially the potassium salts, were moderately soluble 

in DME.) With potassium, the reaction proceeded 
rapidly when the metal began to fuse. Sodium was 
coated with a layer of salt, reaction was slow and com- 
pletion difficult to achieve. Yields exceeded 90% for the 
potassium salts. 

Purity of the Alkali Metal Formanilides 
Titrimetric determination of the neutralization equiva- 

lents by titrating an aqueous solution to the phenol- 
phthalein end-point with standard hydrochloric acid 
showed the salts to almost invariably have an excess 
alkalinity of about 2%. In the case of the lithium salts 
this was mainly due to LiOH impurity in the hydride 
used. With potassium and especially the sodium salts 
which were little used for that reason, there were oc- 
casionally minute, salt encrusted globules of unreacted 
metal present. While some hydroxide would also in- 
variably be present there was no apparent difference in 
the alkylation results when no or when considerable 
excess alkalinity was shown, only salt with 98% or 
greater titrimetric purity was used. 

Tetraeihylammoniunz Formanilides 
The silver formanilides were prepared according to 

Comstock and Kleeberg (19) and about 0.025 mol was 
stirred in the dark for 3 days with a molar equivalent of 
tetraethylammonium chloride (Aldrich) in 60ml of 
dry DME. The quantitatively precipitated silver chloride 
was removed by suction filtration in the drybox, the 
DME removed at  28-30" under vacuum, and the re- 
sidual salt used without further purification. 

Silver Formanilides 
Silver formanilides and the substituted formanilides 

were prepared, collected, and purified by a process 
analogous to that of Comstock and Kleeberg (19) and 
dried over P 2 0 5  in a vacuum desiccator for several 
days. The salts were protected from light throughout by 
subdued lighting and by wrapping flasks, etc. in aluminum 
foil. Yields of dry, finely ground powder were over 90%. 
Purity was checked by igniting a sample of 0.5-0.7 g 
of the silvcr salt in a porcelain crucible. The residual 
silver metal was ,taken up in 3 N nitric acid, any carbon 
and other residues removed by filtration, and the silver 
determined as silver chloride. Typical silver contents, 
determined and theoretical values respectively, are: 
silver formanilide 46.0%, 47.32%; silver p-methoxy- 
formanilide 41.8%, 40.9%; silver p-bromoformanilide 
35.1%, 34.6%. Because the silver formanilide salts 
smoked extensively on ashing, a very fine, powdery ash 
formed initially and even prolonged heating over a 
burner did not oxidize the last of the carbon, duplicate 
and triplicate runs normally agreed only to within about 
2%. 

General Alkylation Procedure 
All manipulations were done in a nitrogen filled drybox 

and the silver salts were protected from light throughout. 
About 40-50 ml of the solvent chosen was distilled into a 
100 ml flask containing 0.01-0.02 mol of finely ground 
fornianllide salt. A 5% excess of the appropriate benzyl 
halide (neat if it was a liquid, in a small amount of the 
solvent if solid) was dropped in with stirring or swirling. 
The flask was stoppered and allowed to stand with 
either occasional stirring or shaking in the drybox or 
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TABLE 5. Melting points and elemental analyses o f  0- and N-alkylated products 

N-Alkylated product 0-Alkylated product 

RI* Rz* M.p. ("C) Found M.p. ('C) Found Calculated 

H H 48 (lit. 48) 13-14 C :  79.59 C :  79.60 
H :  6.15 H :  6.20 
N :  6.56 N :  6.62 

H CH 3 45 C :  79.88 69 C: 80.11 C:  80.00 
H :  6.68 H:  6.80 H :  6.66 
N :  6.19 N :  6.25 N :  6.22 

H C H 3 0  69 C :  74.43 i t C :  74.69 
H :  6.06 H :  6.22 
N:  6 .00  N :  5.81 

H Br 77 C :  57.83 79-80 C :  57.89 C :  57.93 
H :  4.15 H :  4.33 H :  4.13 
N :  4.64 N :  4.87 N :  4.83 
Br: 27.57 Br: 27.34 Br: 27.58 

C :  74.59 80.5 C :  74.55 C :  74.69 
H :  6.11 H :  6 .39  H :  6.22 
N :  5.86 N :  5.91 N :  5.81 

C :  57.72 71 .5-72 C :  57.75 C :  57.93 
H :  4.33 H :  4.20 H :  4.13 
N :  4 .63  N :  4.73 N :  4 .83  
Br:  27.35 Br: 27.53 Br: 27.58 

NO2 H 100 

H NO2 100.5-101 

*R, and R, are, respectively, the para-substituent o n  the formanilide and on the benzyl halide used to prepare the particular 
alkylated formanilide. 

+Thermal rearrangement o f  the 0- t o  N-alkylated product upon distillation prevented isolat~on of analytical samples. 

with continuous shaking with a mechanical shaker for formimidate was found in any o f  the alkylations o f  
4 h to 4 days at room temperature except for the lithium alkali metal or tetraniethylammonium formanilide 
salts which were usually refluxed in hexane and D M E  t o  salts. Usually 95% or more o f  the starting formanilide 
shorten the reaction time. N o  change in the alkylation was accounted for by products and/or recoverable from 
product composition was observed with reaction time un~eacted salt. Alkylation product yields and, for the 
and N-alkylated or 0-alkylated formanilide added to  the silver salts, O /hr  product ratios are reported in the 
reaction was recovered auantitativelv in the uroducts. accomvanvine tables. 
T h e  reaction mixture Lvas suction filtered and ;he solid, 
a mixture o f  unreacted formanilide salt and o f  metal 
halide, was washed with several small fractions o f  
fresh solvent. The  filtrate volume was noted and it was 
subjected t o  quantitative gas chromatographic analysis. 
T h e  column packing was 1.5% OV-17 on 60-80 mesh 
Chromosorb G in a 10-ft, 118 in. o.d. stainless steel 
colunin except for the analysis o f  products withp-bronio- 
or p-nitro- substituents where a 6 ft column was used. 
T h e  thermal conductivity detector was calibrated for 
each formanilide and corresponding N-  and 0-alkylation 
product. W i t h  a 45nil /min helium flow rate at 227" 
for the unsubstituted and 255" for the mono-substituted 
cases, the formanilides had a retention time o f  0.5- 
1.2 min, the formimidates about 2.5 min, and the N- 
benzyl formanilide about 3.5 min. Unreacted benzyl 
halide eluted immediately after the solvent. 

Detection limits for the unreacted and alkylated 
formanilides ranged from less than 0.3% yields for 
recovered unsubstituted formanilide and the corre- 
sponding formimidate t o  about 0.75% yields o f  the 
disubstituted AT-benzylformanilides. N o  measurable 

L . -  
Preparatiorz and Purificatioiz of the AT-Alkylatiorz Products 

The  N-alkylation products could be isolated in fair t o  
good yields from the appropriate lithium or potassium 
formanilides after reaction u i th  the benzyl halide usually 
in DME.  A 1 :  1 molar ratio o f  reactant and halide in 
D M E  was refluxed for 3 4 h ,  the solvent was stripped 
o f f ,  and the residue taken up  in ether and water. The  
ethereal extracts were dried over MgSO, and con- 
centrated. After 2-3 recrystallizations from ether 
analytically pure A'benzyl formanilides m-ere obtained 
in overall yields o f  about 50%. Melting points and 
analyses are reported in Table 5 while some spectral 
data appears in Table 6. 

Preparation arzd Purification of the 0-Alkylatior2 Products 
The  crude formimidates were obtained from the 

benzylation o f  the appropriate silver formanilide in 
DME. Separation from the h'-alkylation product was 
achieved by collection from the gas chromatograph 
using an 8 f t ,  114 in. o.d. stainless steel column packed 
with the same material as the analytical co:umn run 
under similar conditions. Liquid materials were purified 
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TABLE 6. Spectral data of N-alkylated formanilides 

Infrared Nuclear magnetic resonance (T)* Ultraviolet Mass spectra (mass unit) 
C=O -- ( ~ P I T  -- 

R I  R, (cm-') H-C=O -CH2- CH,- h,,,(log E) Base peak Parent peak (%) 

*All show singlet absorption, the aromatic protons are multiplet and are not reported. 
?Determined in methanol, measured from 220 mh. 

TABLE 7. Spectral data of 0-alkylated formanilides 

Infrared (cm-') Nuclear magnetic resonance (T)* Mass spectra (mass unit) 
u.v.(mp)f - 

R,  Rz C=N C-0-C H-C=N -OCH2- CH3- A,,,,(log a) Base peak Parent peak (%) 

*Al' show singlet absorption, the aromatic protons 
?Determined in hexane, measured from 220 mp. 

are multiplet and are not reported 

by distillation at 65" or lower under the appropriate 
pressure (about 0.05 mm Hg), solids by repeated sublima- 
tion at similar pressures and temperatures 5" below 
their melting points. Samples were deemed pure when 
they were sharp melting if solids, gave only forniimidate 
peaks on the gas chromatograph, and no carbonyl 
absorption was present even at high concentration in the 
infrared. Melting points and analytical results appear in 
Table 5 while in Table 7 some spectral data are presented. 

Calibration of the Gas Chromatograph 
Various concentrations in the appropriate range of the 

parent formanilide and the N- and 0-alkylation products 
were prepared in the solvents employed for this study 
and constant volumes (5 ~ 1 )  injected into the gas chro- 
matograph. Calibration curves based upon the disc 
integrator area values were linear and were used to 
calculate the concentrations and yields of products for 
the individual alkylations. 

Control Studies 
Tests for the Rearrangement of Benzyl 

N-Phenylformimidate 
To each of two flasks containing 5.70 g (0.025 mol) 

of silver formanilide, 50 ml of freshly distilled dry D M F  
was added. To one of the flasks 1.70 g of benzyl N- 
phenylformimidate was added and 4.20 g (0.025 mol) 
of benzyl bromide was added slowly to each flask. 
After 3 days at room temperature with continuous 
stirring the usual product work-up and analysis showed 
the control to contain 2.40 g of the formimidate and 
0.66 g of N-benzyl formanilide while the reaction with 
1.70 g of the formimidate added contained 4.10 g of 
formimidate and 0.65 g of the N-benzyl formanzide. 
The conversion was 58% in both cases. Similarly, all 
added formimidate appeared in the product of a 7-day 
reaction and in reactions in DME and hexane with 
benzyl bromide and iodide after 18 h of reflux with 
either silver or potassium salts. No rearrangement was 
taking place under the reaction conditions. 

Test for Moisture Sensitiuity 
Since the formimidates are known to be much more 

sensitive to hydrolysis than are the N-alkylation products 
(14) controls with added water were performed. A series 
of four reactions were done in each of D M F  and DME. 
In each solvent, 4.50 g (0.02 mol) of silver formanilide 
was dissolved in 50 ml of the solvent, 2.40 g (0.02 mol) 
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of benzyl bromide was added. To the solvent in two F. GWBE, and M.  F. MOLLET. Tetrahedron Lett., 
reactions, no water was added, the other two had 0.45 g 2951 (1970). 
(0.025 mol) and 0.90 g (0.050 mol) of water added. 8. B. MILLER and K. H .  LAI. Chem. Commun. 7, 
For the four reactions in D M F  the quantities of formimi- 334 (1971). 
date were in the ratio 1,  1 ,  0 ,  0; N-benzyl formanilide 9.  3. P. JONAK, G. C. HOPKINS, H.  J. MINNEMEYER, 
1,  1.2, 2, 2 ,  and formanilide (i.e., formanilide in solution and H. TIECKELMANN. J. Org. Chem. 35, 2512 
in DMF, not total unreacted material) 1,  1,  2 ,  2. Also (1970); 31, 3969 (1966). 
more than five times as much benzyl alcohol was de- 10. (a)  N .  M .  CHUNG and H. TIECKELMAKN. J. Org. 
tected in the reactions with added water but at  most Chem. 35, 2517 (1970); (b)  G.  C. HOPKINS, J. P. 
trace amounts of aniline were present in the aqueous JOKAK, H. J. MINNEMEYER, and H. TIECKELMAXK. 
runs. The lack of 0-alkylation product was clearly J. Org. Chem. 32, 4040 (1967). 
not due to hydrolysis of that product but due to little 11. C. F. H O B B ~ ,  C. K. MCMILLIN, E. P. PAPAUOPOULOS, 
or  no product being formed. and C. A. VANDERWERF. J. Am. Chem. Soc. 84, 

I n  contrast to the results in DMF,  in DME the OIN 43 (1962). 
alkylation ratio was not consistently affected but the 12. J.  W. JANUS. J. Chem. Soc. 3551 (1955). 
alkylation yield was reduced with the bulk of the water 13. J .  W. SCHULEPIBERG and S. ARCHER. Org. React. 
accounted for in benzyl alcohol and free formanilide 14, 1 (1965). 
in the solution. 14. R. H .  DEWOLFE. J. Org. Chem. 36, 162 (1971). 

15. ( a )  G.  H .  BARLOW and H. E. ZAUGG. J. Org. Chem. 
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Conformational Studies on 1,3-Dioxepanes. Part IV. Applications of 
Geminal Coupling Constants to Conformational Analysis of 1,3-Dioxepanes 
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T. BRUCE G R I ~ ~ D L E Y  and WALTER A. SZAREK. Can. J. Chem. 52,4062 (1974). 
The magnitude of -OCH,O- group geminal H.H coupling contants, the size of the vicinal 

coupling constants, and the tenets of conformatlonal analysis were used to establish that in 
solution the conformation of the 1,3-dioxepane rings in derivatives of 1,3 : 2,5-di-0-methylene- 
mannitol and 2,5-0-methylenemannitol is predominantly the twist-chair in which the C2 axis 
passes through the acetal carbon. 

T. BRUCE GRINDLEY et WALTER A. SZAREK. Can. J. Chem. 52,4062 (1974) 
On a fait appel a I'amplitude des constantes du couplage gtmine H,H du groupe -OCH,O-, 

de mime qu'a la grandeur des constantes du couplage vicinal et aux fondements de l'analyse 
conformationnelle pour ttablir que la conformation, en solution, des cycles dioxepane-1,3 des 
dtrivts du di-0-mtthylene-1,3:2,5 mannitol et du 0-methylene-2,5 mannitol est principalement 
sous la forme chaise croiste dans laquelle un axe C2 passe par le carbone de l'acttal. 

[Traduit par le journal] 

Introduction 
Classical strain minimization calculations (2, 

3) have shown that four cycloheptane conforma- 
tions exist which may be divided into two pseudo- 
rotation4 families separated by an inversion 
barrier of approximately 8.1 kcal/mol (2). In the 
chair family, the C, symmetric chair (C) confor- 
mation is the maximum of the pseudorotation 
itinerary and the C, symmetric twist-chair (TC) 
is the minimum, whereas in the boat family, the 
boat (B) and twist-boat (TB) conformations are 
of approximately equal energy.5 As for the chair 

'For Part 111, see ref. 1. 
ZPresent address: Department of Chemistry, Dalhousie 

University, Halifax, Nova Scotia B3H 355. 
3Author to whom inquiries should be addressed. 
4The term pseudorotation has been described by 

Hendrickson (2) as "the passage of a ring with a plane of 
symmetry through an atom to one with an axis of sym- 
metry bisecting the bond adjacent to that atom, and vice 
uersa;" however, there are other views of this term (see 
ref. 4). 

5Although the two calculations (2, 3) agree closely on 
the geometry and relative energies of the twist-chair 
(6.0 (2) or 5.8 (3) kcal/mol), boat (8.7 (2) or 8.2 (3) 
kcal/mol), and twist-boat (8.4 (2) or 8.5 (3) kcal/mol) 
conformations, they do disagree on the geometry and 
relative energies of the chair (7.4 (2) or 6.5 (3) kcal/mol). 
These energies are relative to chair cyclohexane. Relative 
to TC cycloheptane, the values are C (1.4 (2) or 0.7 (3) 
kcal/mol), TB (2.4 (2) or 2.6 (3) kcal/mol), and B (2.7 (2) 
or 2.4 (3) kcal/mol). Hendrickson (2) has defined the 
term chair, as applied to seven-membered rings, as the 

conformation of cyclohexane, conformations of 
cycloheptane having substituents in axial orien- 
tation are significantly higher in energy than 
those having substituents in equatorial orienta- 
tion. In contrast to cvclohexane. however. the 
presence of substituents at different axial posi- 
tions in cycloheptane gives rise to conformations 
of different energies. Figure 1 shows chair (C)  
and twist-chair (TC) conformations. In the C, 
symmetric TC (and TB) conformation the two 
positions (isoclinal positions) at the carbon 
through which the axis of symmetry passes are 
equivalent and are energetically similar to equa- 
torial positions. 

Some evidence is available on the shapes of 
seven-membered rings in the solid state from 
X-ray crystallography (5-7), although the 1,3-di- 
oxepane system has not been investigated. All of 
the conformations in the compounds examined 
have been intermediate between the chair and 
twist-chair conformations. 

In the case of 1,3-dioxepanes, an estimate of 

plane symmetric pseudorotation partner of the twist- 
chair, and has shown that it is only a transient state in the 
pseudorotation process. Since the chair represents a 
maximum on the process, the fact that Bixon and Lifson 
(31, by employing the method of steepest descent for 
determining conformations of minimum energy, ob- 
tained a conformation of different energy and asymmetric 
geometry is not surprising. For the present publication, 
the geometry of the chair conformation obtained by 
Hendrickson (2) has been used. 
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GRINDLEY AND SZAREK. 1,3-DIOXEPANES IV 4063 +-+ &&* vatives (see below). The signals for H-2, H-5, 
H-3, and H-4 form an AA'XX' pattern, res- 
pectively, in which H-2 and H-5 are further 

E ', coupled in a first-order fashion to H-1 and H-6. 
Since AA'XX' patterns are symrnetrical (lo), 
the vicinal coupling constants J ,  ,,. J ,  ,,, and 
J,,, could be obtained from the XX' part (see 

c T C Table 1). In compound 1, the pseudorotation 
FIG. 1. The chair (C) and twist-chair (TC) conforma- itinerary of the seven-membered ring is restricted 

tions of cyloheptane. by the two trans-fused 1,3-dioxane rings to those 
the type of distortion from the ideal cyclohep- conformations in which these rings are fused 
ta l~e  conformations that might be expected can equatorially to the 1,3-dioxepane ring (see Fig. 2). 
be obtained from 1,3-dioxane conformational Of these conformations, TCC-,, TC,.,, CG,, CC-,, 
analysis (8). Thus, for example, the shorter C-0 TCo-5, TCC-5, and TB,-, require excessive tor- 
bond distances should make the large trans- sional strain6 in at least one of the 1,3-dioxane 
annular H-H repulsive interactions, that are rings. Removal of one of the trans-fused 1,3-di- 
present in cycloheptanes, more severe in 1,3-di- oxane rings in compound 1 (R = H), as in 
oxepanes, if a hydrogen on the acetal carbon compounds 2-7, removes the excessive torsional 
(C-2) is in an axial orientation; the magnitudes strain from the TC,-,, C,-,, and TC,-, confor- 
of these interactions can, of course, be reduced mations, thus enabling an examination of their 
if the 1,3-dioxepane ring is in a conformation stabilities relative to that of the TCc-,. 
having the symmetry axis through C-2. 

R3 
In the present publication, all of the 1,3-dioxe- 

panes have been derived from sugar alcohols 
(alditols). The conformations are specified by an 
appropriate letter and the number, as a sub- 
script, of the atom through which the axis or 
plane of symmetry would pass if the ring were 

O v O  

2 and 3 (D-series), 4-7 (I.-series) 
viewed as an unsubstituted cycloheptane. The (Structure shown is for the L-ser~es) 
numbering system is that of the parent alditol; 2 Rl  = OH; Rz = H; R~ = ~h 
the acetal carbon of the seven-membered ring is 3 R I  = OAc; RZ = Ac; R, = ~h 

indicated by the symbol C-a. 4 R 1 = R z = R 3 = H  
5 R l  = R3 = H; Rz = AC 

Results and Discussion 6 R1 = R3 = H;  Rz = COPh 
7 R1 = RJ = H;  Rz = TS 

1,3- Dioxepane Ring Trans-fused to One 
1,3- Dioxane Ring 1,3 - 0 - Benzylidene - 2,5 - 0 - methylene - D - 

In an earlier study (91, it was shown that the mannit01 (2) was synthesized by partial hydro- 
1,3-dioxepane ring in 2,5-O-isopropylidene- genation of 1,3 : 4,6-di-O-benzylidene-2,5-0-me- 
1,3:4,6-di-O-methylene-~-mannitol (1, R=Me) thylene-D-mannitol (9) in glacial acetic acid. 
and in 1,3 : 2,5 : 4,6-tri-O-methylene-~-mnnitol Acetylation of 2 gave 4 , 6 - d i - 0 - ~ ~ ~ t ~ l - ]  ,3-o-ben- 
(1, R=H) exists in the twist-chair conforma- zylidene-2,5-O-methylene-~nnitol (3). Corn- 
tion (TC~-a). In the Present work, the n.m.r. pounds 4-7 were prepared by known methods 
spectrum of 1 (R = Me) has been recorded at (see ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ l ) .  
220 MHz in chloroform-d for comparison with 
the spectra of less restricted 1,3-dioxepane deri- 

6Torsional strain was evaluated by a consideration of 

o~W the dihedral angle (0-I-C-6-C-5-C-4) which would 
be expected in the 1,3-dioxane rings if the 1,3-dioxepane 
ring possessed the conformation calculated by Hendrick- 
son (2) for cycloheptane. Conformations in which a di- ' 
hedral angle in a 1,3-dioxane ring was outside the limits 

R R 35-37" were considered to have excessive torsional 
strain. The correspond~ng angle in 2-(p-chloropheny1)-l,3- 

1 dioxane was found to be 55" (11). 
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TABLE 1. Proton magnetic resonance spectral dataa 

2,5 -OCH20- group Chemical shift (T) Vicinal coupling constants (Hz) 

Chemical 
Compound Solvent shift (7) J,,,, (Hz) Av (Hz) H-2 H-3 H-4 H-5 J2.3 J3.4 J4,5 

10 CDCI; 5.12 e 6.03 
11 DzO 5.28 -4.5 5.2 
12 CDC13 5.24 -4.9 2.5 
13 (CD3)zCO 5.22 -4.7 2.5 
14 D2O 5.11 -4.8 4.8 
15b CDCI3 5.20 f .I- 

16" CDC13 5.06 -4.5 7.7 5.91 
16" CsD6 5.46 -4.5 1 .5  6.29 
17 CDCI, 5.08 -4.5 2.0 5.69 

ORecorded at 60 MHz unless otherw~se noted. 
bRecorded at 220 MHL 
<Not obtalned because of slgnal overlap. 
dData obta~ned from ref 1. 
'Unobservable because of equlvalence due to C2 symmetry of the compound. 
,Not observed because of acc~dental equlvalence of chemlcal shlfts. 
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GRINDLEY AND SZAREK: 1,3-DIOXEPANES. IV 

c c - k  Cc-3 

" B C - a  I 
I 

I 
I 
I 
I 

\ / 
\ 
\ / 

\ / 

"CC - 2 

/ \ 
/ \ 

FIG. 2. The conformational itinerary of 2,5-0-isopropylidene(R = Me)- and 2,5-0-methylene(R = H)-D-mannitol 
derivatives considered in this publication. R1, R,, R,, and R, are defined elsewhere; dashed lines indicate interconver- 
sion by pseudorotation; solid lines indicate inversion. The pseudorotations indicated at  the bottom of the figure lead 
to conformations with axial substituents. 

By a first-order analysis of the 220 MHz n.m.r. 
spectrum (see Fig. 3) of 4-0-acetyl-1,3 : 2,5-di-0- 
methylene-L-rhamnitol (5) in chloroform-d (all 
Av > 6J), all of the vicinal coupling constants 
could be obtained unequivocably. In the 60 
MHz spectra of compounds 5 and 6, the alditol 
protons H-lax, H-2, H-leq, H-3, H-4, H-5, and 
H-6,6',6" give rise to ABCMXYZ, patterns; 

FIG. 3. Partial n.m.r. spectrum a t  220 MHz of 4-0- 
acetyl-1,3 : 2,5-di-0-methylene-L-rhamnito (5) in chloro- 
form-d. 

the H-4 signal in these spectra (and in that of 3) 
was observed as a doublet of doublets at lowest 
field of all of the alditol signals. Assignments of 
couplings involving H-4 (see Table 1) were made 
by spin decoupling in the case of 5 and 6 and, 
in the case of 3, by comparison with the spectra 
of 5 and 6; although this first-order analysis of 
the H-4 signal in the 60 MHz spectra of 5 and 6 
may be valid because of the availability of the 
220 MHz spectrum of 5 for comparison, it may 
not, perhaps, be justified in the case of 3 because 
of possible overlap of the H-6,6' and H-5 signals. 
The similarity of the coupling constants J2,,, 
J,,,, and f4,, in compounds 3, 5, and 6 to those 
in conlpound 1 (R = Me) suggests that all of 
these compounds exist predominantly in the 
TC,-, conformation, although, since all of the 
conforn~ations under consideration (see Fig. 2) 
have the substituents on the seven-membered 
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GRINDLEY AND SZAREK: 1,3-DIOXEPANES. IV 4067 

ring equatorially oriented, it might be expected 
that the various conformations would give rise 
to similar vicinal coupling constants. 

The absence in compounds 2-7 of the C2 
symmetry of 1 makes the 2,5-0CH20- pro- 
tons nonequivalent by symmetry and anisochro- 
nous in their n.m.r. spectra, and provides a more 
effective criterion for conformational analysis, 
namely, the magnitude of the geminal H,H coup- 
ling constant (J,?,) in the -OCH20- group. 
A heteroatom, w ~ t h  lone electron pairs, adjacent 
to a methylene group can cause an algebraic in- 
crease in J,,,, in two ways (12): withdrawal of 
electrons from orbitals symmetric between 
hydrogen atoms (generally inductive effects) in- 
creases J,,, in a manner independent of geometry 
(as a first approximation), while back-donation 
from heteroatom lone pairs into orbitals anti- 
symmetric between hydrogen atoms increases 
J,,, in a manner dependent on geometry. In 
addition, J,,, is affected by the size of the 
H-C-H angle, diminishing with decreasing 
H-C-H angle (and hence increasing 0-C-0 
angle) (13). The combination of these effects has 
resulted in a range of values for J,,,, in -OCH2- 
0- groups from - 1 Hz in 1,3-dioxolanes (14) 
to -8.4 Hz in a 1,3,6,8-tetraoxecane (15). 

The dependence of the magnitude of J,,, on 
the geometry about the -OCH20- group has 
been treated in a variety of ways (3, 16-18). The 
geometrical relationship developed by Maciel et 
al. (13), who, from an INDO calculation, related 
the H-C-0-H dihedral angle in methanol to 
the magnitude of J,,,, has been adopted in this 
publication rather than a sin2 4 relationship7 
(18), because it predicts a lower maximum at a 
H-C-0-H dihedral angle of 60" than at one 

'Anteunis ef al. (18) have given the relationship J,,, = 
4 

-6.54 + 4.86 C sinZ 7,; however, treatment by us of the 
i = 1 

data presented in Table 2 of that publication by a least- 
squares method yielded thc relationship J , , ,  = - 16.01 

4 + 5.49 ,C sin2 Ti,  where .ri is defined as the angle between 
, = I  

the bisector of the CHz moiety and a lone-pair orbital of 
oxygen in the -OCH,O- grouping. In the present work, 
the use of the latter relationship gives results similar to 
those derived from the approach of Maciel et al. (13) 
(see Table 2). 

NOTE ADDED 'IN PROOF: In a private communication, 
Professor Anteunis has informed us that the relationship 
given in ref. 18 is erroneous and should read J,,, = 

of 240". An example of the validity of this ap- 
proach was provided by the observation (15) of 
an algebraically smaller value of J,,, (-6.2 HZ) 
in the -OCH20- groups in the BCB2 confor- 
mation of trans-syn-trans-4,5:9,10-biscyclohex- 
ano-1,3,6,8-tetraoxecane, which has one H-C 
-0-R angle - 60°, than would have been pre- 
dicted by a sin2 + relationship. In the present 
work, the curve relating J,,, to the H-C-0-H 
dihedral angle (13) has been applied to the 1,3- 
dioxepanes on the assumptions that the replace- 
ment of 0-H by 0-R has no effect on the 
shape of the curve and that the effects of the two 
heteroatoms are independent. An additional 
assumption is that the introduction of the 
-OCH20- group into a cycloheptane ring 
does not cause severe distortions of most of the 
conformations (2). The magnitude of J,,,, in the 
1,3-dioxepane was calibrated with respect to the 
value of J,,, in 1,3-dioxane of known geometry 
(1 1) in the following manner. The average of the 
two values of J,,, obtained from the two 
H-C-0-R angles by using the curve of 
Maciel et a/. (13) was multiplied by the factor 
(see Table 2, footnote c)  required to convert the 
corresponding value of J,,,, in  1,3-dioxane to its 
experimentally determined (19) value, namely, 
-6.2 Hz. From the value of J,,, so obtained, 
0.8 Hz was subtracted for the 1,3-dioxepanes, 
since the 0-C-0 angle is undoubtedly larger 
in these rings (compare refs. 2, 5-7) than in 
1,3-dioxanes (1 1, 20); the value 0.8 Hz was ob- 
tained from a plot (13) of J,,, us. H-C-H 
angle in methane, and was the difference in 
values of J,,,, for H-C-H angles of 108 and 
105".~ The results are given in Table 2. Compari- 
son of these results with the experimental values 
of J,,, obtained from the n.m.r. spectra of com- 
pounds 2-7 (-4.3 to -4.6 Hz, see Table 1) sug- 
gests that either conformations TCc-, or CC-3, or 
both, must be important for the 1,3-dioxepane 
rings. 

In the TCc-, conformation, the two geminal 
-OCH20- protons in compounds 2-7 might 
be expected to be nearly isochronous in the 
n.m.r. spectra, because the structural features 
responsible for the deviation from C2 symmetry 
are relatively distant from these protons. In 
contrast, however, in the Cc-, conformation, the 

8The H-C-H angles of 108 and 105" correspond to 
0-C-0 angles of 111" (for 1,3-dioxanes) and 115" (for 
seven-membered rings) (compare ref. 2). 
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two -OCH,O- protons might be expected to 
be in different environments, because they are 
axially and equatorially oriented. Thus, the 
observed small chemical-shift differences are 
probably more consistent with the TCc-, con- 
formation (see Table 1); on the basis of calcula- 
tions (2) on cycloheptane, the twist-chair con- 
formation would be expected to be more stable 
than a chair. 

6-Deoxy-1,3 : 2,5-di-0-methylene-L-talitol (8) 
has also been investigated. In this case, J,,, 
for the 2 ,5 -OCH,O protons was found to be 
slightly larger (-5.1 Hz) than the values ob- 
tained in the case of compounds 2-7 (- -4.5 
Hz), suggesting that the 1,3-dioxepane ring in 
8 exists to a slightly smaller extent in the TCc-, 
conformation. 

Monocyclic 1,3-Dioxepane Ring Syster?zs 
Removal of the second trans-fused 1,3-dioxane 

ring, as in compounds 9-17, removes the exces- 
sive torsional strain from all the conformations 
shown in Fig. 2. As has been discussed pre- 
viously (I), other conformations need not be 
considered, because they would have at least 
one axial substituent. Since compounds 9 and 
10 have C, symmetry, their pseudorotation 
itineraries will be symmetric about the TC,-, 
conformation and hence the pairs of conforma- 
tions TC,-, and TCc-,, C,-, and Cc-,, TC,-, 
and TC ,-,, and C,_, and Cc-, are degenerate; 

9, 10, and 13-17 (D-series), 11 and 12 (L-series) 
(Structure shown is for the D-series) 
9 R1 = R4 = OAc; RZ = R3 = AC 

10 R1 = Rq = OCHZPh; Rz = R3 = AC 
11 R1 = Rz = R3 = H; R4 = OH 
12 R1 = H ;  Rz = Ac; R3 = CHzOAc; R4 = OAC 
13 RI = OH; Rz = R3 = H ;  R4 = OCOPh 
14 RI = OH; Rz = R3 = H ;  R4 = OTS 
15 RI = OH; R2 = R3 = H; R4 = 0CPh3 
16 RI = OAC; RZ = R3 = Ac; R4 = 0CPh3 
17 RI = R4 = OCOPh; R3 = COPh; Rp = H 

in the case of compounds 11-17, however, there 
is a slight deviation from C, symmetry. In view 
of the finding in the previous section, namely, 
that the conformations in one-half of the 
pseudorotation itinerary are higher in energy 
than the TCc-, conformation, then the TCc-, 
conformation of the 1,3-dioxepane ring should 
also be the predominant one in the case of com- 
pounds 11-17. The TBc-, conformation can be 
considered to be less favored than the TC,-, on 
the basis of the calculation (2) of the TB con- 
formation of cycloheptane being 2.4 kcal/mol 
higher in energy than the TC. 

Compounds 9, 11, 12, and 14 were prepared 
by known methods (see Experimental); com- 
pound 10 was obtained by acetylation of 1,6-di- 
0-benzyl-2,5-0-methylene-D-mannitol (21). Se- 
lective monobenzoylation and monotritylation of 
2,5-0-methylene-D-mannitol (22) afforded com- 
pounds 13 and 15, respectively. Acetylation of 
15 gave the triacetate 16, and benzoylation of 
2,5-0-methylene-D-mannitol yielded the triben- 
zoate 17. 

The parameter most sensitive to conforma- 
tional change in the 1,3-dioxepane-ring systems 
discussed in this paper, namely, J,,, in the 
-OCH,O- group,g is only slightly larger in the 
case of the n.m.r. spectra of compounds 11-17 
(average value - 4.7 Hz) than had been observed 
for 2-7 (average value - 4.5 Hz); this observa- 
tion suggests that the TCc-, conformation of the 
1,3-dioxepane ring is still the preferred one for 
compounds 11-17. 

In the case of 3,4-di-0-acetyl-1,6-di-0-benzyl- 
2,s-0-methylene-D-mannitol (lo), the vicinal 
coupling constants J2,,, J,,, and J,,, were ob- 
tained by analyzing the H-3 and H-4 signals in 
the 60 MHz n.m.r. spectrum as the AA' part of 
an AA'BB' pattern (10). The doublet of doublets 
attributable to H-4 in the spectrum of compound 
12 was analyzed on a first-order basis, and the 

FIG. 4. Partial n.m.r. spectrum at 220 MHz of 1,3,4- 
tri-O-acetyl-2,5-O-methylene-6-O-trityl-~-mannitol (16) 
in chloroform-d. 

'An illustration of this sensitivity is given in Part V of 
this Series. 
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polarimeter at  23 k 2". The term "petroleum ether" indi- 
cates the fraction of b.p. 60-80". Thin-layer chromatog- 
raphy was carried out on glass microplates coated with 
silica gel (Camag) and with ethyl acetate - petroleum 
ether (1 : 1, v/v) ( A )  or ethyl acetate (B) as the developing 
solvent. The developed plates were air dried, sprayed with 
5% ethanolic sulfuric acid, and heated at 150". Infrared 
spectra were recorded onaBeckmanIR5Aspectrophotom- 
eter. Nuclear magnetic resonance spectra at  60 MHz 
were measured with a Varian T-60 or Bruker HX-60 
spectrometer using tetramethylsilane as an internal lock 

L 4 signal or on a ~ a r i a n  A-60A using tetramethylsilane as 
5. The favored TCc-a conformation of the an internal standard for non-polar solvents. In deuterium 

dioxepane ring in compounds 9-17. The structure shown oxide, the internal standard was sodium 4,4-dimethyl-4- 
is for the ~-series.  silapentane-1-sulfonate (z 10.00). Nuclear magnetic 

assignment of J,,, and J,, ,  (see Table 1) was resonance spectra at  220 MHz were measured On a 
Varian HR-220 spectrometer at the Canadian 220 MHz 

decOupling. vicinal coup- NMR center. The coupling constants were measured at 
ling constants could be ascertained for com- sweer, widths of 250 Hz or 100 Hz: vicinal cou~l inn 
po;nds 11 and 13-15 because of overlap of sig- 
nals. Nuclear magnetic resonance spectra of 
compounds 16 and 17 were measured at 220 
MHz; the spectrum of 1,3,4-tri-0-acetyl-2.5-0- 
methylene-6-0-trityl-D-mannitol (16) in chloro- 
form-d is shown in Fig. 4. Where necessary, a 
second-order analysis of the spectra of 16 and 17 
was performed by standard methods (10). The 
coupling constants J 2 , , ,  J,,,, and J,, observed 
for cornpounds 9. 10.12. 16, and 17 (see Table 1)  
were very similar to those for compounds 1, 3, 
5, and 6, indicating that the TC,-, conformation 
was again predominant in solution. It is interest- 

constants obtained on a first-order basis and geminai 
coupling constants are considered precise to within 
1 0 . 2  Hz at  60 MHz or k0.1  Hz at 220 MHz. Mass 
spectra were determined with a JEOL JMS-OISC double- 
focusing spectrometer. 

Physical constants of known compounds are recorded 
in Table 3. 

1,3-0-Benzylidene-2,5-0-n2ethyIene-D-nianito (2) 
1,3 : 4,6-Di-0-benzylidene-2,5-0-methylene-D-mannitol 

(9) (m.p. 255-257", [ X I ,  - 134.9" (c, 1.7 in chloroform)) 
(1.5 g) was subjected to a hydrogen pressure of I atm in 
the presence of a palladium-on-carbon catalyst (1.39 g) 
at room temperature until 0.625 1 (2.5 equiv.) had been 
consumed (10 h). The solution was filtered and the filtrate 
was concentrated; t.1.c. in solvent A showed that three - A 

ing to note that, when a relative]y larger group components were Present. Column chromatography on 
silica gel using ether as eluent gave compound 2 (320 mg, is present at C-3 and C-4, as in  compounds l2 Or 27z )  which was recrystallized from chloroform - petro- 

17, then J3,4  decreases slightly. Figure 5 shows leum ether and then from ethanol - petroleum ether to 
the preferred TC,-, conformation of the 1,3- give white needles, m.p. 157-158"; [a],, -69.5" (c, 1.00 
dioxepane ring in compounds 9-17. in chloroform); ?,,,, (Nujol) 2.9 (OH), 13.4, 14.5 pm 

(Ph); n.m.r. data (CDCI,): z 2.44-2.74 (5-H, multiplet, 
Experimental Ph), 4.53 (1-H, singlet, benzylidene-methine H). 

Melting points were determined on a Fisher-Johns ap- 4,6-Di-O-acetyl-l,3-O-benzylidene-2,5-O-merhylene-~- 
paratus and are uncorrected. Optical rotat' L O ~ S  were mannitol (3) 
measured with a Perkin-Elmer Model 141 automatic Compound 2 (35 mg) was acetylated with pyridine 

TABLE 3. Physical constants of 1,3-dioxepane' derivatives prepared by literature 
methods 

Melting point ('C) [%loa (deg) 
Reference 

Compound This work Literature This work Literature No. 

"The same solvents were employed in this work as in the literature. 
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(2 ml) and acetic anhydride (1.5 ml) in the usual manner. 
Fine white needles (40 mg, 80%) were isolated and after 
two recrystallizations from ethanol had m.p. 154-155"; 
[a], -81.8" (c, 1.07 in chloroform); h,,, (Nujol) 5.7 
(OAc), 13.1, 14.2 pm (Ph), no absorption attributable to 
OH;  n.m.r. data (CDC1,): z 2.51-2.85 (5-H, multiplet, 
Ph), z 4.58 (I-H, singlet, benzylidene-methine H), z 8.11 
(6-H, singlet, OAc). 

Anal. Calcd. for CI8HZ2O8: C, 59.0; H, 6.0. Found: 
C, 58.9; H, 6.1. 

1,3 : 2,s-Di-0-methylene-L-rhamnitol (4) (23) was treat- 
ed with p-toluenesulfonyl chloride in dry pyridine in the 
usual manner to give compound 7 which, after recrystalli- 
zation from ethanol, had m.p. 117-118"; [MID f49.3" 
(c, 1.2 in chloroform). 

Anal. Calcd. for C15H2,,07S: C, 52.3; H, 5.8; S, 9.3. 
Found:C, 52.7; H,6.0;S,9.6.  

3,4-Di-0-acetyl-1 ,6-di-0-benzyl-2,5-0-methylene-D- 
mannitol (10) 

A solution of 1,6-di-0-benzyl-2,5-0-methylene-D- 
mannitol (21) (m.p. 85-88", [a]D -51.5" (c, 1.54 in 
chloroform)) (0.3 g) in pyridine (1.5 ml) and acetic 
anhydride (1 ml) was kept at room temperature for 12 h 
and then poured into ice water. The resultant product was 
obtained by filtration and recrystallized twice from 
ethanol-water to give 10 as white needles (0.31 g, 83%), 
m.p. 74.5-75.5"; [a], f36.4" (c, 1.10 in chloroform); 
n.m.r. data (CDCI,): z 2.70 (10-H, singlet, Ph), r 5.49 
(4-H, AB quartet, J A B  = -12.6 HZ, AvaB = 1.4 Hz, 
benzyl H's), z 8.12 (6-H, singlet, OAc). 

Anal. Calcd. for C ~ ~ H ~ ~ O S :  C, 65.5; H, 6.6. Found: 
C, 65.7; H, 6.7. 

I-0-Benzoyl-2,5-0-methylene-D-mannitol (13)  
To a magnetically stirred solution of 2,5-0-methylene- 

D-mannitol (22) (m.p. 173-174", [a], -47.4" (c,  1.2 in 
water)) (2.7 g) in dry pyridine at 0' was added benzoyl 
chloride (2.0 ml, 1.1 equiv.). The solution was stirred a t  
0" for 1 h and at room temperature for 12 h, and then 
concentrated several times from toluene. Thin-layer 
chromatography (solvent B) indicated that the syrup 
contained the startlng material and two other compon- 
ents. The syrup was dissolved in water (50 ml) and the 
solution was partitioned with chloroform (50 ml); the 
aqueous layer was separated and extracted several times 
with chloroform. The chloroform extracts were dried 
(MgSO,) and concentrated to a crystalline mass (0.45 g, 
10%). The residue was recrystallized twice from chloro- 
form - petroleum ether and once from water to give 13 
as white needles, m.p. 156-158"; [ E ] ~  -31.2" (c,  0.996 in 
methanol); n.m.r. data [(CD3)2CO]: r 1.87-2.54 (5-H, 
multiplet, OCOPh), T 5.44 (2-H, AB part of ABX pattern, 
J I , I ,  = 11.5 HZ, J 1 . 2  = 0.7 HZ, J 1 , , 2  ~ 6 . 6  Hz, A v A B =  

12.0 Hz, H-1,l'). The mass spectrum (inlet temperature 
162") showed major peaks having m/e 255,237,225,207, 
195, 165, 123, and 105. 

Anal. Calcd. for Cl,H180,: C, 56.4; H, 6.1. Found: 
C ,  56.5; H,  6.1. 

2,5-0-Methylene-I-0-my/-D-mannitol (15) 
2,5-0-Methylene-D-mannitol (22) (2 g) and trityl 

chloride (3.2 g, 1.2 equiv.) (recrystallized from petroleum 
ether containing acetyl chloride) wcre kept in dry pyri- 
dine at room temperature for 2 days and at 37" for 3 days; 
the mixture was then poured into ice water. The water 
was decanted and the gummy white residue was dissolved 
in chloroform; the solution was dried (MgS04) and con- 
centrated. Thin-layer chromatography (solvent B) indi- 
cated that triphenylcarbinol and two other compounds 
were present. The mixture was chromatographed on a 
silica gel column using an elution gradient which was 
changed from petroleum ether - ethyl acetate(1: 1, v/v) to 
ethyl acetate to afford 15 (1.1 g, 24%). Recrystallization 
from ethanol-water gave wavy white fronds, m.p. 143.5"; 
[a], +41.6" (c, 2.42 in methanol); n.m.r. data (CDCl,) at 
220 MHz: .r 2.63-2.86 (15-H, multiplet, Ph); h,,, (Nujol): 
3.0 (OH), 13.3, 14.3 pm (Ph). 

Anal. Calcd. for CZ6HZ8o6: C, 71.5; H, 6.5. Found: 
C, 71.0; H, 6.9. 

3,4,6-Tvi-O-acetyl-2,5-O-methylene-l-O-trityl-~-~?~annitol 
(16) 

Compound 15 (0.5 g) was acetylated with pyridine (8 
ml) and acetic anhydride (5 ml) in the usual manner to 
yield the syrupy compound 16 (0.59 g, 91%). Distillation 
gave a light yellow glass, b.p. 230-235"/20 Torr; [a], 
f22.5"  (c, 3.25 in chloroform); X,,, (chloroform): 
5.7-5.8 (OAc), 13.6, 14.3 pm (Ph); n.m.r. data (C6D6) at 
220 MHz: r 2.38-3.02 (15-H, maltiplet, Ph), r 8.23, 8.25, 
8.48 (9-H, 3 singlets, OAc); n.m.r. data (CDCI,): r 2.54- 
2.81 (15-H, multiplet, Ph), T 7.92, 8.01, 8.39 (9-H, 3 
singlets, OAc). The major mass-spectral peaks (inlet 
temperature 154-155") occurred at the following mle: 
563, 562 (Mf) ,  485,319,303,289,259, and 243. 

1,3,6-Tvi-0-benzoyl-2,5-0-methylene-D-maitol (17) 
Benzoyl chloride (2.32 ml, 3.5 equiv.) was added drop- 

wise to a magnetically stirred solution of 2,5-0-methy- 
lene-D-mannitol (1.2 g) in dry pyridine (40 ml) at 0". 
After the solution had been stirred at 0" for I h and at 
room temperature for 3 days, water was added (1 ml), 
and the mixture was stirred for 15 min and then poured 
into ice water (100 ml). The aqueous solution was extrac- 
ted with chloroform (3 x 75 ml); the chloroform extracts 
were washed successively with cold 2 N sulfuric acid 
(2 x 100 ml), sodium hydrogen carbonate solution 
(2 x 100 ml), and water (2 x 100 ml). The chloroform 
solution was dried (MgSO,) and concentrated. Thin- 
layer chromatography (solvent A)  showed the presence 
of two components (R, 0.3 and 0.6) in approximately 
equal proportions. The mixture was separated on a 
column of silica gel wlth an eluent which changed in 
composition from ethyl acetate - petroleum ether (4: 1, 
v/v) to (1 : 1, v/v). The faster-moving component (0.85 g, 
27%) was recrystallized from ethanol and then twice 
from chloroform - petroleum ether to give pure 17, m.p. 
126-127"; [aID $39.6" (c, 1.51 in chloroform); n.m.r. 
data (CDCI,) at 220 MHz: z 1.58-1.68 and 2.08-2.34 
(15-H, multiplet, OCOPh), z 6.48 (1-H doublet, J = 4.47 
Hz, disappeared by deuteriation, OH). The major mass- 
spectral lines (inlet temperature 171") occurred at m/e 
475, 384, 354, 121, and 105. 

Anal. Calcd. for CZ8Hz6O9: C, 66.4; H, 5.2. Found: 
C, 66.3; H, 5.1. 
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Conformational Studies on 1,3-Dioxepanes. Part V. The Effect of 
Introduction of an sp2-hybridized Carbon Atom 
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T.  BRUCE GRIUDLEY and WALTER A. SZAREK. Can. J. Chem. 52,4072 (1974). 
I t  has been demonstrated, by a consideration of geminal and long-range coupling constants, 

that the introduction of an sp2-hybridized carbon atom into a 1,3-dioxcpane ring markedly 
affects the conformational equilibrium. 

T. BRUCE GRINDLEY et WALTER A. SZAREK. Can. J. Chem. 52,4072 (1974). 
On demontre, a l'aide des constantes des co~~plages gemine et a longue distance, que l'intro- 

duction d'un carbone sp2 dans un cycle dioxepane-1,3 affecte l'kquilibre conformationnel 
d'une f a ~ o n  importante. [Traduit par le journal] 

Introduction 
Previous work in this laboratory indicated 

(1-3) that the conformations of 1,3-dioxepane 
derivatives can be related to those of cyclohep- 
tane. Strain minimization calculations (4, 5 )  have 
shown that there are two families of cycloheptane 
conformations, the chair and the boat, separated 
by an inversion barrier of approximately 8.1 
kcal/mol (4). Within each conformational family 
there is pseudorotation of the C, symmetric 
forms (the twist-chair (TC) or twist-boat (TB))4 
over the C, symmetric barriers (the chair (C) or 
boat (B)).4 Figure 1 shows chair (C) and twist- 
chair (TC) conformations. Since cycloheptane 
conforinations have relatively large bond angles 
(1 12-1 18")(4-6), introduction of an sp2-hybrid- 
ized carbon atom should cause only small distor- 
tions in the conformations. Some evidence of the 
similarity of cycloheptanone and cycloheptane 
conformations was obtained from conforma- 
tional calculations (7), carbon-13 magnetic 
resonance spectroscopy (8), and X-ray crystal- 
lography (9). Allinger et al. (7) have calculated 
that there are small differences in energy between 
the four possible TC conformations of cyclo- 
heptanone (see Fig. 2). A number of conforma- 
tional studies of substituted cycloheptanones 

'For Part IV, see ref. 1. 
'Present address: Department of Chemistry, Dalhousie 

University, Halifax, Nova Scotia B3H 355. 
3Author to whom inquiries should be addressed. 
4The energies, relative to the chair conformation of 

cyclohexane, are 6.0 (4) or 5.8 ( 9 ,  8.4 (4) or 8.5 (5), 
7.4 (4) or 6.5 ( 5 ) ,  and 8.7 (4) or 8.2 ( 5 )  kcal/mol for the 
TC, TB, C, and B forms, respectively. 

have been described (8, 10, n.m.r. ; 1 1, i.r. ; 12, 
c.d. and o.r.d.), and in most of these it has been 
safely assumed that the effects on the conforma- 
tions of the introduction of an sp2-hybridized 
carbon atom are small. 

In previous investigations (1-3) it was shown 
that 1,3-dioxepane derivatives having trans sub- 

T C  

FIG. 1 .  The chair (C) and twist-chair (TC) conforma- 
tions of cycloheptane. 
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GRINDLEY AND SZAREK: 1,3-DIOXEPANES. V 

1.80 1.62 

FIG. 2. The four possible TC conformations of cyclo- 
heptanone; the numbers are the calculated (7),  relative 
energies (kcal/mol). 

stituents at  positions 4, 5, 6, and 7 prefer the T C  
conformation in which the C, axis passes through 
the acetal carbon and in which the substituents 
are equatorial (see Fig. 3 for 2,5-0-methylene-D- 
inannitol). The present publication is concerned 
with derivatives having an sp2 carboil aton1 in 
the 1,3-dioxepane ring. As in the previous work 
(I), all of the 1,3-dioxepanes have been derived 
from sugar alcohols (alditols). The conforma- 
tions are specified by an appropriate letter and 
the number, as a subscript, of the atom through 
which the axis or plane of symmetry would pass 
if the ring were viewed as an unsubstituted cyclo- 
heptane. The numbering system is that of the 
parent alditol; the acetal carbon of the seven- 
membered ring is indicated by the symbol C-a. 

Results and Discussion 
The compounds studied in the present uork 

are 1 -deoxy-2,5 :4,6-di-0-methylene-L-arabino- 

FIG. 3. The favored TC conformation of the 1,3- 
dioxepane ring in 2,5-O-niethyle1ie-o-rnannitol. 

hex-3-ulose (1) and its (2,5-dichloropheny1)- 
hydrazone (2), and 1,6-di-0-benzyl-2,5-0-methyl- 
ene-D-arabino-hex-3-ulose (3)and its(2,4-dinitro- 
pheny1)hydrazone (4). Compound 1 was original- 
ly prepared (13) by oxidation of 1,3:2,5-di-0- 
methylene-L-rhamnitol uith chromium trioxide 
in glacial acetic acid - benzene; in the present 
work the oxidation was achieved using methyl 
sulfoxide - acetic anhydride (14) or ruthenium 
tetroxide (15). Compound 3 was obtained by the 
selective oxidation of 1,6-di-0-benzyl-2,5-0- 
methyiene-D-mannit01 with methyl sulfoxide - 
acetic anhydride as described by Grindley et al. 
(16). 

On the basis of the earlier study (1) the con- 
formational itinerary of the seven-membered 
rings in compounds 1-4 is restricted to the forms 
shown in Fig. 4 (illustrated uith compound 3). 
In Table 1 are listed p.111.r. data for these com- 
pounds; calculated geminal coupling constants 
in the 2,5-0CH20- groups in 1,3-dioxepane 
conformations considered in the earlier work (1) 
are given in Table 2. The 220 MHz n.m.r. spec- 
trum of compound 1 in chloroform-d is shown 
in Fig. 5. Significantly, the magnitudes of the 
geminal coupling constants (J,,,,) in the 2,5- 
OCH,O- groups of the 1,3-dioxepanone 1 
( -  6.8 to - 7.1 Hz) and its (2,5-dichloropheny1)- 
hydrazone 2 (-7.7 Hz) were markedly different 
from the values observed (1) in the spectra of the 
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/ \ 

/ \ 

FIG. 4. The conformational itinerary of 1,6-di-O-benzyl-2,5-O-methylene-~-arabino-hex-3-uIose (R = 0CH2Ph,  
3); dashed lines indicate interconversion by pseudorotation, solid lines indicate inversion. The pseudorotations indi- 
cated at  the bottom of the figure lead to conformations with axial substituents. 

related 1,3-dioxepanes (-4.3 to -4.6 Hz) in- carbonyl group on the electron distribution 
dicating a large change in the conformational about the 2 ,5 -OCH,O group and hence on 
equilibrium. In compounds P and 2, it is reason- the magnitude of J,,, would be small, since the 
able to expect that transannular effects of the distances from the carbonyl group to the 

TABLE 1. Proton magnetic resonance spectral dataa 

2,5-0CH20- group 

Chemical 
Compound Solvent shift ( T ) ~  Jgent  (Hz) Av (Hz) 

ORecorded at 60 MHz unless otherwise noted. 
bThe chemical shift quoted is the center of gravity of the AB system. 
<Recorded at 220 MHz. 
*The chemical shifts observed for H-4 and H-5 were r 5.64 and 6.38, respectively, and Ja = 9.1 Hz; in 

the other cases listed in this table, these parameters were not obtained because of signal overlap. 
=This value at 220 MHz corresponds to 16.8 Hz at 60 MHz. 
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GRINDLEY AND SZAREK 1,3-DIOXEPANES V 4075 

TABLE 2. Calc~lated (1) geminal coupling counted for by a consideration of two factors. 
constants in 2,5-0CH20- groups Firstly, replacement of a hydroxyl-bearing carbon 

in 1,3-dioxepane conformations by an sp2-hybridized carbon atom produces a 
change in the steric and electrostatic interactions 

Conformation Calculated J,,, (Hz)" between the substituents at C-3 and C-4. If the 1,3- 

TCc-a -4.2 dioxepane rings of compounds 1 and 2 assume 
CC-3 or C C - ~  -4 .3  cycloheptane conformational geometries (4), and 
TCo - or TCo - -6.3 if the C=X bond (X = 0 or N) occupies the posi- 
CC-2 or CC-5 -7.9 tion which would have been the bisector of the 
T C C - ~  or T C C - ~  -8 .2  original H-C-0 angle, then the dihedral angles 

YThe approximate nature of these calculated values 
IS ~ndlcated In ref. 1. 

between the substituents at C-3 and C-4 are 5.7, 
12.3, 23.5, 28.1, and 23.5" in the TCc-,, TCOm2, 

ax H 
iL 6 0CH2C I 

C ,-,, TCc-,, and Cc-, conformations, respec- 
tively. Clearly, this first factor least disfavors the 
last three conformations. 

The second factor is concerned with the 
changes in transannular H-H interactions. The 
twist-chair conformation of cycloheptane (see 
Fig. I )  has two such repulsive interactions, 
namely, between H-2ax and H-3'ax and between 

5 T 5 ST 6 T  6 51 
H-3ax and H-2'ax. These interactions are absent 

FIG. 5.  Partial n m r spectrum at 220 MHz of 1- in the TC,-, conformation in the case of 
deoxy-2,s : 4,6-di-0-methylene-L-arabmo-hex-3-ulose (1) 
in chloroform-d. pounds 1 and 2, since there are oxygens at the 2 

and 2' positions. In each of the TCo-, and 
methylene carbon are much larger in the confor- TC,-, conformations of 1,3 :2,5-di-0-methyl- 
mations under consideration than in c/-keto ene-~-~hamnitol there 1s one H-H repulsive inter- 
methylene systems in which such effects are action, and, since one of the axial hydrogens is 
known (17) to be important. For compounds 1 at the acetal carbon, the effect is more severe than 
and 2, which have a 1,3-dioxepane ring trans- in cycloheptane. The two major H-H inter- 
fused to one 1,3-dioxane ring, the conformations actions in the TC conformation of cycloheptane 
CC-3, TCO-5, TCc-5, and TBL, require excessive account for most of the nonbonded H-H strain 
torsional strain. A comparison of the observed (2.12 kcal/mol (4)); the single, but more severe, 
values of J,,, (Table 1) with the calculated values interaction in each of the TC,-, and TC,-, 
(Table 2) suggests that the conformations TCo-,, conformations of 1 , 3  : 2 , s  -di - 0 - methylene -L  - 
Cc-5, TCC-2, and CC-, are important; in contrast, rhamnitol can thus be estimated to be 1-2 
the preferred conformation of the seven-mem- kca]/mol. The introduction of an sp2-hybridized 
bered ring in the saturated precursor ofcompound carbon atom relieves this interaction in each of 
1, namely, 1,3 :2,5-di-0-methylene-L-rhamnitol, these conformations. The chair conformation of 
has been shown ( I )  to be the TCc-, conformation. cycloheptane (see Fig. 1) has one very important 
Additional evidence against any significant con- transannular interaction, namely, between H-3ax 
tribution of theTC,-, form to the conformational and H-3'ax. In the c,-, conformation of com- 
equilibrium of compound 1 was obtained by the pounds 1 and 2 this interaction is also present, 
observation of a long-range coupling (0.4 Hz) be- but is larger because of the shorter C-0 bond 
tween H-2 and the higher-field 2,5-0CH20- lengths; however, in the Cc-, conformation the 
proton in the 60 MHz n.m.r. spectrum of 1 in interaction is absent, although it did exist in this 
chloroform-d or chloroform-d-benzene-d (1 : 1). conformation of the saturated precursor (1,3 :2,5- 
The assignment of the long-range coupling was di-O-methylene-~-rhamnitol), The interaction be- 
confirmed by spin decoupling. The TC,-, confor- tween H-3ax and H-3'ax in the chair conforma- 
mation, in which both of the 2,s-0CH20- pro- tion of cycloheptane accounts for much of the 
tons have nearly equivalent relationships to H-2 nonbonded H-H strain (2.21 kcal/mol(4)); thus, 
or  H-5, would be inconsistent with the observa- the corresponding interaction in the C,-, con- 
tion of this particular long-range coupling. The formation of compounds 1 and 2 can be esti- 
change in conformational preference can be ac- mated to be 2-4 kcal/mol. The absence of an 
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(1) it was found that, in the case of a saturated 
analog of 3, namely, 1-0-benzoyl-2,5-0-methyl- 
ene-D-mannitol, J,,, = -4.7 Hz, and it was con- 
cluded that this compound adopted the TCc-, 
conformation. It is suggested, therefore, that the 
conformational equilibrium of 3 or 4 is more 
complex than that of either 1 or 2;  the difference, 
presumably, reflects the greater flexibility of the 
former two compounds. 

The work described in this paper clearly indi- 
cates that, at least in the case of the present 
compounds, the introduction of an sp2-hybrid- 
ized carbon atom into a seven-membered ring 
can significantly change the conformational 
situation (compare ref. 12a). The results obtained 
are consistent with the calculations by Allinger 
et al. (7) which showed that those TC conforma- 
tions of cycloheptanone having the carbonyl 
group adjacent to the atom through which the 
C,  axis passes are favored. 

FIG. 6. The favored C,-, and TCc-z  conformations 
of the 1,3-dioxepane ring in 1-deoxy-2,5 :4,6-di-0- 
methylene-L-arabino-hex-3-~llose (1) and its (2,5-dichloro- 
pheny1)hydrazone (2). 

interaction of this magnitude in the Cc-, con- 
formation of 1 and 2, compared to a relief of 
only 1-2 kcal/~nol in the TC,-, or TCc-, con- 
formation, together with the fact that, in the case 
of cycloheptane, the TC conformation has been 
calculated (4) to be only 1.4 kcal/niol more stable 
than the C conformation, suggests that the 
C,-, conformation of 1 and 2 may be of com- 
parable energy to that of the TC,-, or TCc-,. 
Since the TC,-, conformation has already been 
shown to be disfavored on the basis of the steric 
and electrostatic interactions between the sub- 
stituents at C-3 and C-4, then the preferred con- 
formations appear to be Cc-, and TC,-, (see 
Fin. 6). 
u 3 

The key features of the n.m.r. spectral data of 
1,6-di-0-benzyl-2,5-0-methylene-D-arabit~o-hex- 
3-ulose (3) and its (2,4-dinitropheny1)hydrazone 
(4) (see Table 1) are the slightly more positive 
values of J,,, and the significantly lower values 
of Av for the 2,5-OCH,O- group than in the 
case of compounds 1 and 2 ;  moreover, the 
magnitude of J,,,, for 3 was observed to be 
solvent dependent. These results indicate that 
there is a considerable reduction in the confor- 
mational preference for the Cc-, and TCc-, 
forms for cornpounds 3 and 4. In an earlier study 

Experimental 
Melting points were determined on a Fisher-Johns ap- 

paratus and are uncorrected. Optical rotations were 
measured with a Perkin-Elmer Model 141 automatic 
polarimeter at  23 & 2'. Nuclear magnetic resonance 
spectra at  60 MHz were measured with a Varian T-60 
or Bruker HX-60 spectrometer using tetramethylsilane as 
an internal lock signal; n.m.r. spectra at  220 MHz were 
measured on a Varian HR-220 spectrometer at  the 
Canadian 220 MHz NMR Centre. The coupling constants 
were measured at  sweep widths of 250 or 100 Hz and are 
considered precise to within f 0.2 Hz at  60 MHz or 
i O . l  Hz at  220 MHz. Geminal coupling constants were 
assumed to be negative by analogy with other work (17). 

Compounds 2 (13), 3 (16), and 4 (16) were authentic 
samples prepared earlier in this laboratory. 

I-Deoxy-2,5:  4,6-di-0-mefhylene-~-ambino-hex-3-ulose 
( 1 )  

( A )  1,3:2,5-Di-0-methylene-L-rhamnitol (18) (0.74 g) 
was kept for 6.5 h in dry methyl sulfoxide (15 ml) and 
acetic anhydride (1 1 ml). The solution was poured into 
ice water (60 ml) and the mixture was stirred for 20 min 
and then extracted with chloroform (2 x 40 ml). The 
extracts were dried (magnesium sulfate) and concentrated 
to a small volunie (-5 ml); ethanol (15 ml) was then 
added. The resultant precipitate was recrystallized from 
chloroform -petroleun~ ether (b.p. 60-80') to give 1 as 
white crystals (0.61 g, 82%), 1n.p. 152-153'; [n] ,  +1.9' 
(c, 1.2 in chloroform) (lit. (13) m.p. 151-152'; [n] ,  f3 .3"  
(chloroform)). 

(B) A mixture of 1,3 : 2,5-di-0-methylene-L-rhamnitol 
(350 mg), potassium metaperiodate (105 mg), potacsium 
carbonate (12 mg), and ruthenium dioxide (15) (35 mg) 
in ethanol-free chloroform (6 ml) and water (10 ml) was 
stirred vigorously for 12 h ;  isopropanol (1 mi) was the11 
added and the mixture was stirred for a short time. The 
chloroform layer was separated and the water layer was 
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GRINDLEY AND SZAREK: 1,3-DIOXEPANES. V 4077 

washed with chloroform; the chloroform solution and 
washings were filtered through Celite. The filtrate was 
dried (magnesium sulfate) and evaporated. The residue 
(320 mg, 91%) was recrystallized from acetone - petro- 
leum ether (b.p. 60-80') to give 1 as long, white needles, 
m.p. 152-153". 

The authors are grateful to Professor J. K. N. Jones, 
F.R.S., for his interest and encouragement, and to the 
National Research Council of Canada for its generous 
financial support of this work. 
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D. DOLPHIN, W. PEGG, and P. WIRZ. Can. J. Chern. 52,4078 (1974). 
The preparation and purification of the protio and deuterio derivatives of tetracyano- 

quinodirnethane and tetrathiofulvalene, and of the anisotropic organic conductors prepared from 
these compounds, are reported. 

D. DOLPHIN, W. PEGG et P. WIRZ. Can. J. Chern. 52,4078 (1974). 
Nous decrivons la preparation et la purification des derives protio et deuterio du te- 

tracyanoquinodimethane et du tktrathiofulvalene ainsi que des conducteurs organiques aniso- 
tropics prepares a partir de ces composes. 

The recent reports by Heeger and co-worker 
(1) on the anomalous conductivity of the tetra- 
cyanoquinodimethane-tetrathiofulvalene com- 
plex (TCNQ-TTF) 1 prompts us to report the 
synthesis and purification2 of both the protio 
and deuterio complexes of 1 and of the inter- 
mediates in their preparation. 

Tetrathiofulualene (TTF) , 2 
Tetrathiofulvalene (TTF) (2) has been pre- 

pared by both Coffen et al. (2) and Wudl et al. 
(3) from 1,3-dithiolium hydrogen sulfate (8) via 
deprotonation in analogy to the synthesis of 
substituted tetrathiofulvalenes (4, 5). Olofson 
et al. (6) have also employed a similar method for 

'Author to whom correspondence should be addressed. 
'Professor Heeger informed us that materials of the 

highest purity are necessary in order to observe the 
anomalous conductivity. 

the synthesis of tetrathiomethoxyethylene from 
dithiomethoxymethyl fluoroborate. 

The reaction sequence we have employed for 
the synthesis of TTF and its tetradeuterio deriva- 
tive is shown in Scheme 1. 

The preparation of 1,3-dithiolium hydrogen 
sulfate was based upon the method of Klingsberg 
(7). We have found, however, that extension of 
the reaction time and the use of pure thiophos- 
gene increased the reported 66% yield of un- 
recrystallized material to an 8317, yield of recrys- 
stallized 4,5-dicyano-1,3-dithiole-2-thione (4). 
Moreover the diacid (5) was previously prepared 
via the biscarboxamide, which was in turn 
hydrolyzed to the impure diacid. But in our 
hands hydrolysis of the dinitrile in refluxing 
hydrochloric acid gives the diacid, which on 
purification with charcoal yields the pure prod- 
uct directly. 

The remaining steps from the diacid to TTF 
follow those previously reported (2, 3, 7). How- 
ever we find that each intermediate can be puri- 
fied to give purer products than previously 
reported. The resulting TTF was purified by 
precipitation from methanol with water followed 
by vacuum sublimation to give crystalline 
material. This material is both light (3) and air 
sensitive (8) and does not keep well for long 
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D M  j\ CHCI, 
NaCN .+ CS2 -----' NC SNa.DMF 

R.T.5 days 
NC CN )Z( 

NC CN 
3 

( I )  HCI reflux 
(2) Charcoal 

AS 40%CH,C03H SKS Pyridine CH,I HSO, Sb L d  c--- 
Acetone Benzene CH3N02 

8 7 H 0 2 C  COzH 

periods of time a t  room temperature, even under 
argon. We find that it is best to store the 1,3- 
dithiolium hydrogensulfate which keeps well for 
extended periods of time and to prepare the TTF 
as it is needed and use it immediately. 

TTF-d, has not previously been reported but 
we find that under basic conditions at  room 
temperature TTF undergoes exchange (9) in the 
presence of CH,O-/CH,OD to give a high 
recovery (after sublimation) of product con- 
taining 95.4% deuterium. 

7,7,8,8-Tetracyano-p-q~iinodirnetIzurze (TCNQ)  
While TCNQ is commercially available, we 

find that a purer product is obtained if the syn- 
thetic procedure of Acker and Hertler (10) is 
followed, with purification of the intermediates 
a t  each step. The synthesis involves the conden- 
sation of 1,4-cyclohexanedione with malo- 
nonitrile and oxidation of the resultant adduct, 
with bromine in pyridine-acetonitrile, to afford 
TCNQ. When the reaction is carried out on a 
large scale no problems are encountered. On a 
small scale, especially when working with 
deuteriated samples, care had to be exercised in 
the oxidation step (see below). 

Lunelli and Pecile (1 1) have previously re- 
ported the synthesis of deuterated TCNQ from 
deuterated 1,4-cyclohexanedione. They report 
that the deuterium content of the TCNQ is 

essentially unchanged from that of the 1,4-cyclo- 
hexanedione even when using undeuterated 
malononitrile, although they fail to measure the 
deuterium content of the intermediate bismethy- 
lenecyclohexane. In our hands the reported 
procedure of Acker and Hertler as used by 
Lunelli and Pecile gives a measurable deuterium 
content increase in the final product of TCNQ- 
d,. For example cyclohexanedione of 93.0% 
deuterium content gives TCNQ of 97.4% deu- 
terium content (measured by mass spectrum) 
via an intermediate produced from protiomalo- 
nonitrile. The mass spectrum of the intermediate 
is too complex (strong Pf - H peaks) to estimate 
whether deuterium is lost in the condensation 
step. However, the use of cyclohexanedione 
(97.6% deuterated) and 80z  deuterated malo- 
nonitrile gave an intermediate whose mass spec- 
trum was interpreted to include 97.697, deu- 
terium content (i.e., unchanged). The subsequent 
oxidation of this intermediate gave TCNQ which 
was 99.5% deuterated. These results show that 
there is an isotope effect in the stepwise elimina- 
tion of HBr and DBr. 

The oxidation step quite often gave TCNQ 
(crude) whose physical appearance varied. In one 
reaction where bromine was deficient (due to 
strong argon flow over the condenser) an olive 
green product was obtained. The mother liquors 
from this reaction were blue and contained 
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T C N Q -  (formally incomplete oxidation). The 
use of bromine in amounts greater than the slight 
excess reported by Acker and Hertler (10) gave 
chocolate brown products, sometimes of a sticky 
nature. 

Melting points of 'crude' TCNQ could only 
be estimated since the decomposition which 
accompanied melting gave products which were 
so dark that complete melting could not be ob- 
served. Multiple recrystallizations of deuterated 
TCNQ did finally produce a substance with m.p. 
289.5-290.5 (no decomposition) in a capillary 
sealed under argon. 

Such melting without decoinposition can be 
taken as a sign of high purity and samples of 
TCNQ which melt with decomposition are not 
pure. 

Experimental 
4,5-Dicyan0-1,3-dithiole-2-fhione (7, 12j ,  4 

A solution of (36 g, 0.194 mol) disodium dimercapto- 
maleonitrile (3) in benzene (300 ml) was chilled in an ice 
bath as thiophosgene (15 ml, 0.194 mol) (Aldrich) was 
added dropwise, with stirring, over a 30 min period. The 
ice bath was removed and the mixture was allowed to 
come to room temperature with stirring for an additional 
2 h. The solvent was removed at  reduced pressure and the 
residue was recrystallized from CCI, to afford 29.6 g 
(83%) of beautiful, yellow-brown needles, m.p. 122-123". 

Klingsberg (7) reports only a 66% yield prior to recrys- 
tallization. He reports a 90-95% recovery of golden- 
yellow needles from rnethylcyclohexane. This compound 
is also reported by Mayer and Gebhardt (12) in 80% yield 
(red-brown from CC14). They report that sublimation 
(120°/12 Torr) yields light yellow needles, m.p. 124". 

1,3-Dithiole-2-thione-4,5-dicavboxylic Acid (71, 5 
A mixture of the 4,5-dinitrile (4) (29 g, 157 mmol), 

concentrated HC1 (1970 ml), and water (I36 ml) was 
refluxed for 6.5 h. Upon standing overnight in the 
refrigerator a crystalline product was obtained. The preci- 
pitate was filtered and pressed dry for 20 min in the 
Biichner funnel. The filter cake was dissolved in warm 
ether (500 ml), the solution was treated with charcoal 
(5 g) and some anhydrous magnesium sulfare for 5 min. 
Filtration through Celite and evaporation of solvent 
under reduced pressure gave 29.3 g (84%) of the yellow 
diacid, m.p. 165' (lit. (7) m.p. 160" (dec.) (from chloroben- 
zene); 151-1 53" (dec.) (from toluene)). 

2-Metkylthio-1,3-dithiohm Iodide (7), 6 
A mixture of 1,3-dithiole-2-thione-4,5-dicarboxylic acid 

(5) (29 g, 0.131 mol), nitromethane (157 ml), and methyl 
iodide (1 30 ml) was placed in a 1-1 flask and refluxed in an 
85" oil bath for 30 h, at  which time C 0 2  evolution had 
ceased. The cooled reaction mixture was stirred an addi- 
tional 48 h at  room temperature before the product was 
filtered and washed with ethyl ether (40 ml). The precipi- 
tate was dried under vacuum a t  50'. The product, 33.1 g 
(929,), was a yellow-brown solid, m.p. 123-124'. The 
mother liquors yielded another 0.5 g, m.p. 118-120, upon 
refrigeration for 2 days (lit. (7) m.p. 116-121'). 

1,3-Dithiole-2-thione (7) ,  7 
A mixture of 2-methylthio-1,3-dithiolium iodide (5) 

(17 g, 61.5 mmol), benzene (250 ml), and pyridine (12 ml) 
was refluxed, with stirring, for 6 h. The cooled reaction 
mixture was chilled in ice and a mixture of unreacted 
starting material and N-methylpyridinium iodide was 
filtered off. The filtrate and washings were evaporated 
under reduced pressure to afford 6.0 g soIid. The filter 
cake was suspended in benzene (200 ml) and pyridine 
(12 ml) and refluxed a further 3 h. After work-up as above 
another 1.5 g solid was obtained. The combined 7.5 g 
solid was dissolved in a small volume of methylene chlo- 
ride and placed on a column of 50 g silica gel (Activity 
11). Elution with methylene chloride and evaporation of 
the solvent gave 7.2 g (87%) of thione, m.p. 49-50" (lit. 
(7) m.p. 50-51" (petroleum ether Soxhlet extraction)). 

1,3-Dithiolium Hydrogen Sulfate, 8 
Following the method of Klingsberg (7), 4.2 g (8673 of 

the product was obtained from 5.6 g of the thione. The 
salt can be recrystallized by adding methylene chloride 
to a hot solution of the salt in irifluoroacetic acid. 

Tetrathiofulcalene (2, 3), 2 
Acetonitrile used in this procedure was stirred over- 

night over basic alumina (Woelm grade I) and filtered 
directly into the dropping funnel under argon. Triethyl- 
amine was refluxed over and distilled from 2-naphthyliso- 
cyanate. 

1,3-Dithiolium hydrogen sulfate (8) (5.0 g, 25 mmol) 
was suspended in acetonitrile (25 ml). The slurry was 
chilled in an ice bath as a solution of triethylamine (10 ml) 
in acetonitrile (25 ml) was added dropwise over a 15 min 
period. The ice bath was removed and the reaction mix- 
ture was stirred for a further 1.5 h. The reaction mixture 
was then poured into a mixture of 1 N sodium hydrogen 
sulfite (100 ml) and CH,CI, (100ml). The mixture was 
shaken and the methylene chloride drawn off and washed 
with water, dried over anhydrous magnesium sulfate, 
and concentrated to dryness under vacuum. This residue 
was extracted three times with 150-ml portions of boiling 
hexane which were combined and evaporated to afford 
950 mg of product. The undissolved residue from above 
was dissolved in CH2C12, adsorbed onto 3 g silica gel 
(activity 11) and chromatographed on 40 g silica gel with 
CH,C12 as eluent (column prepared with CCI,). Material 
isolated in this chromatography was extracted with 
hexane as above to afford another 200 mg of product. 
The combined 1.15 g of crude TTF (2) was filtered off 
(coarse filter) and dried in uaclto over P,O,. The isolated 
TTF weighed 1.03 g (20%) and had m.p. 119-120". As 
gradient sublimation was reported (13) to give a pure 
product, a 400 mg sample was sublimed 90-105ci10-3 
Torr and 380mg was recovered, m.p. 119-120" (lit. (3) 
m.p. 118.5-119 (obtained by vacuum sublimation); (2) 
98-102" (obtained directly via column chromatography 
on alumina with CHCI3 as eluent)). 

Tetmthiofulcalene-d,, 9 
A 1.13 ~Msolution of sodium methoxide in methanol-dl 

was prepared by dissolving clean sodium metal (520 mg) 
in methanol-dl (20 ml, 99 atom % d l )  under argon in an  
oven-dried flask. To this solution was added tetrathioful- 
valene (101 n~g).  After 76 h at  room temperaturc the 
methoxide solution was partially acidified with 38% DCl 
in D,O (1.7 ml). The reaction mixture was diluted with 
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methylene dichloride (100 ml) and washed with two small 
portions of D,O. The methylene chloride solution was 
dried over anhydrous sodium sulfate, filtered, and ccn- 
centrated on a rotary evaporator to afford 100 mg of 
brown-yellow solid, m.p. 118-120 (sealed capillary, under 
argon). 

This solid was sublimed a t  85-95"/0.01 Torr to provide 
86.9 1ng orange solid (84.3%); n1.p. 118.0-1 19.5", 
remelting a t  119.5-120.0 (sealed capillary under argon). 
Mass spectral analysis (see below) indicates a deuterium 
content of 95.4%. 

Muss Spectral Atzulj~sis of TTF (Deuteruted) 
The normal P + 1 and P + 2 abundance due to I3C 

and 34S in do samples are 9 and 18%, respectively. The 
'corrected' value below has had P + 1 and P + 2 con- 
tributions removed to reflect only deuterium isotope 
contributions. 

Relative abundance (%) 

Ion (mle) Observed Corrected 

Values for nzle 209 and 210 are included to show inter- 
nal consistency; these ions are the expected P t 1 and 
P + 2 ions for the d4 ion alone. 

Cyclohexanedione-d, 
Modification of the procedure of Lunelli and Pecile 

(11). A three-necked 100-ml flask equipped with spinbar 
and condenser with an argon supply was heated as D 2 0  
(5 ml) was added. After 1 h of simmering throughout the 
apparatus, the D,O was drawn off and discarded. The 
flask was dried under a flow of argon. The flask was 
cooled and charged with D,O (50 nil, 99.8 molz )  and 
phosphorus oxychloride (2.5 ml). After 30 min of stirring, 
l,4-cyclohexanedione (5.00 g, 44.6 nimol) (Baker Chem- 
ical Co.) was added. After 40 h at  room temperature 
sodium carbonate (5 g) was added and the mixture was 
extracted with methylene chloride (3 x 50 ml). The 
extracts were combined, dried over sodium sulfate, fil- 
tered, and concentrated to a solid. The procedure was 
repeated using the residue to afford 4.25 g of an orange 
solid. This solid was sublimed at atmospheric pressure 
under argon (80-110') to provide 3.42 g (63.9%) white 
needles of deuterated cyclohexanedione. The deuterium 
content was found to be 97.6x-d by mass spectral 
analysis. 

I,4-Bis(dicyano~nethyler2e)cyclohexu~ze-d4 (10, 11)  
Malononitrile was deuterated as follows. Malononitrile 

(2 g) was dissolved in D 2 0  (20 ml). After 3.5 h the D 2 0  
was extracted with methylene dichloride (3 x 20 ml). 
These were combined, dried over anhydrous sodium sul- 
fate, filtered, and concentrated to afford 1.9 g of deu- 
terated malononitrile, estimated to be 76.8% deuterated 
by mass spectroscopy. 

The malononitrile was melted with deuterated cyclo- 
hexanedione (1.68 g, 14.0 mmol) and a solution of 

(3-alanine (16.5 mg) in D 2 0  (4.0 ml) was added and 
stirred. Within seconds the product appeared as white 
needles. When cool the mixture was filtered, and the 
precipitate was washed well with D 2 0 .  The product was 
dried over Drierite in a vacuum dessicator. The weight of 
the product was 2.98 g, m.p. 217.5-221.5' (dec.) (sealed 
capillary). 

The crude reaction product was recrystallized from 
ethyl acetate to provide three crops of crystalline material: 
(i) 1.63 g, m.p. 221-224 slight decon~position; (ii) 0.76 g, 
m.p. 220-224 decomposition; (iii) 0.14g, n1.p. 217.5- 
221.5 decomposition; total 2.53 g (83.8%). 

TCNQ-d4 ( I O , I I )  
Bis(dicyanomethy1ene)cyclohexane (1.20 g, 5.55 mmol) 

was suspended in freshly distilled acetonitrile (21.5 ml, 
from P 2 0 5  under argon). To this solution was added 
bromine (1.85 g, 11.55 m~nol). The mixture was chilled in 
ice and the internal temperature was maintained below 
5" as a solution of pyridine (1.84 ml, 1.80 g, 22.8 rnmol) 
in acetonitrile (2.9 g) was added dropwise over a 15 min 
period. The mixture was stirred in an ice bath for an 
additional 30 min and allowed to come to room tem- 
perature for 1 h. To this mixture was added H 2 0  (50 ml). 
After stirring for 15 ~n in  the crude TCNQ-d,, was filtered 
off and dried over Drierite in cncrio (20 mm) for 72 h. The 
product was an orange-brown powder and weighed 1.05 g 
(91.0%). The partially molten material was too opaque to 
accurately observe the melting point. A sample recrys- 
tallized three times from acetonitrile had 1n.p. 289.5- 
290.5- (sealed capillary under argon). Multiply recrys- 
tallized TCNQ-d, was used in all complexation reactions. 
It is important in recrystallization of TCNQ that the 
rninimum volume of acetonitrile is used; the rate of solu- 
tion is low and may require refluxing for some time 
before total dissolution occurs. As an example 980 mg 
TCNQ-dA was recrystallized from 40 ml acetonitrile and 
850 mg was recovered. 

Prepnrution of TCNQ-TTF Cor7ipleses 
All four possible combinations using both deuterated 

and undeuterated TCNQ and TTF were prepared in the 
same fashion. 

Exutnple 
In refluxing acetonitrile (3 ml) under argon was dis- 

solved TCNQ-cl, (39.4 mg, 0.189 mmol). To the refluxing 
solution was added T T F - 4  (38.3 mg, 0.188 mmol) in 
acetonitrile (3 1121). The reaction mixture at once precipi- 
tated a mass of black needles which were digested for 
15 min before cooling. The p r o d ~ ~ c t  was filtered off and 
dried. This procedure afforded 72.6 mg (93.979 of the 
TCNQ-dJ-TTF-do complex. 

Similarly a 95.3% yield of TCNQ-do and 96.1% yield of 
TCNQ-TTF-d, were obtained. 

The work was supported by the National Sclence 
Fo~~nda t ion  (Grant GH-33576) and the National Re- 
search Co~lncil of Canada. 
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Cyclizations of Azidoformates to Tetrahydro-1,3-oxazin-%ones 
and Oxazolidin-2-ones 
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PAUL FRAXCIS ALEWOOD, MICHAEL BENN, and ROLF REI~FRIED.  Can. J. Chem 52, 4083 
(1974). 

Thermolysis of azidoformates in polychloromethane solvents was found to be superior to 
photolysis as a method for preparing perhydro-l,3-oxazin-2-ones and oxazolidin-2-ones. For 
some substrates preparatively useful yields of the oxazinones could be obtained but more 
usually oxazolidone formation competed effectively and often was predominant. 

PAUL FRANCIS ALEWOOD, MICHAEL B L ~ N  et ROLF REINFRIED. Can. J. Chem. 52,4083 (1974). 
On a demontre que la thermolyse des azidoformates dans des solvants du type polychloro- 

methane est supkrieure a la photolyse comme methode de preparation des perhydrooxazin-1,3 
ones-2 et oxazolidinones-2. Pour quelques substrats les rendernents en oxazinone sont assez 
Clevis et la reaction peut servir a la preparation de ces composes. Ordinairement la formation 
d'oxazolidone entre en competition et souvent predomine. [Traduit par le journal] 

Recently we have been confronted with a 
problem which required a specific attack on a 
chemically unactivated C-H bond at a carbon 
atom P-related to a carbinol center: a system 
like I. 

HO H 
\'L A/ 
/ \c/ \ 

c/ \c 
1 

A possible solution seemed to be provided by 
observations that thermolysis, or photolysis, of 
azidoformates (2) generates alkoxycarbonyl ni- 
trenes (3) which can undergo a variety of reac- 
tions (see Scheme 1) including intramolecular 
cyclizations: usually reported to yield oxazoli- 
din-2-ones (4) but occasionally as also giving 
tetrahydro-1,3-oxazin-2-ones (5) (1). 

Specifically, when we conlillenced our work, 
the gas-phase thermolysis of 2 (R = H) was said 
(2) to yield 4 (R = H) (63%) and 5 (R = H) 
(a%), whereas hexahydrobel~zyl azidoformate 
similarly gave 9 and 10 in 3 : 1 ratio (2); the ther- 
molysis of 2 (R = n-C, ,H, ,) in cyclohexane was 
suspected (Ib) (a suspicion now known to be cor- 
rect (3)) to give 5 (R = IZ-C,,H,,) (8%) as well 
as 4 (R = n-Cl,H,,) (5%). 

We decided to reinvestigate the thermal and 
photochemical decomposition of some simple 
alkyl azidoformates in the hope that we could 
establish conditions which would provide a 
preparatively useful route to tetrahydro-1,3- 

oxazin-2-ones and thus a convenient solution to 
our problem. 

In order to achieve good yields of 5, a number 
of competing reactions of the nitrene 3 have to 
be minimized: (a) the cyclization to oxazolidi- 
none 4;  (6) and (c) reactions with solvent to 
give carbamates (7 and 8); (d) dimerization; and 
(e) elimination to carbonyl compounds. 

Although it appeared most unlikely that we 
would be able to totally prevent the competing 
cyclization (a) to oxazolidinone where this was 
a possibility, for our initial experiments we 
selected neopentyl azidoformate (II),  a sub- 
strate in which this reaction is prevented. 

The reactions b and c (Scheme 1) of nitrenes 
with solvent are thought (la, b) to produce 7 by 
way of a double hydrogen abstraction by triplet 
nitrene, whereas 8 normally arises as a result of 
singlet nitrene inserting into C-H bmds (in 
special cases involving 'activated' C-H bonds, 
it seems that 8 can also be formed by radical 
combination after a triplet nitrene species has 
abstracted a single hydrogen atom from the 
solvent (la)). In order to minimize these reac- 
tions it appeared best to generate the nitrene in 
an 'inert' solvent1 and to avoid singlet-triplet 
conversion. 

'Gas-phase thermolyses, or photolyses, would clearly 
exclude reactions b and c but we were interested in estab- 
lishing conditions which could be used with azidofor- 
mates of low volatility, such as of steroids and triter- 
penes. 
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Dimerization reactions might be reduced by 
using dilute solutions; although d (Scheme I), 
like e, is anyway usually relatively unimportant 
in terms of consuming 3. 

TABLE 1. ThermolysesC (and photolysesb) of neopentyl 
azidoformate 

Products 
(% by g.1.c. analysiscad) 

Solvent 12 14 Other 

Cyclohexane 
Benzenec 
Acetonitrile' 
Perfluorokerosene-L 
Perfluorornethylcyclohexane 

1,1,2-Trichlorotrifluoroethane 
Carbon tetrachloride 
Chloroformc 

Bromoform 
Methylene chloride 

Tetrachloroethylene 

-- 

"1% ( a / ~ )  solutions at 130°, for 24 h under N2 (sealed bottle). 
b l% (wlv) solutions: under N,, at 254 nm, for 24 h. 
<See Experimental. 
*Relative peak areas (k 2%). 

\ fragments 

We carried out thermal and photochemical 
decompositions of 11 in a variety of solvents. 
monitoring the reactions by g.1.c. analyses. (The 
synthesis of 11, as well as of authentic samples 
of carbamates 12 and 13, and 5,5-dimethyl- 
tetrahydro-1,3-oxazin-2-one (14) are indicated in 
Scheme 2). Where the reactions appeared to be 
clean, the products ~ ~ e r e  isolated. The results of 
these experime~lts are summarized in Table 1. 

The results indicated that for therrnolysis 

saturated chlorinated solvents were best, giving 
high yields of 12, with little side-product forma- 
tion. This was not unexpected: 110 insertions 
into C-halogen bonds have been reported for 
nitrenes; if attack occurs it would probably be 
on halogen to yield an ylide, unstable with 
respect to the reactants, cf. the behavior (4) of 
nitrogen ylides. 

Thermolysis of 11 in bromoform gave no 
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detectable yield of 14, but did give a high yield 
of the abstraction product 12, a result consistent 
with this solvent exerting a heavy-atom effect, 
converting a singlet nitrene into the triplet state. 

Fair yields of 14, together with rather complex 
mixtures of other (unidentified) products, were 
obtained using the fluorinated hydrocarbon 
solvents. 

Thermolysis in benzene, acetonitrile, and 
cyclohexane gave predominately products arising 
from attack on solvent: 20, 21; and 12 plus 13, 
respectively. 

It was anticipated that solvents which were 
poor for the thermal cyclization of 11 would 
also be poor in photolytic decompositions. 
Consequently we confined our investigation to 
one fluorinated and three chlorinated hydrocar- 
bon solvents. Of these, only mcthylene chloride 
showed correspondence to its behavior for the 
thermolysis of 11, in giving good yields of 14; 
the others gave very complex mixtures in which, 
in the case of the chloroform and carbon tetra- 
chloride, 12 was a major component. 

Photolysis of chloroform and carbon tetra- 
chloride is known to be easy (5) and presumably 
the multiplicity of products observed is a con- 
sequence of this Mefhylene chloride is more 
resistant to photolysis and has been reported to 
have a singlet stabilizing effect on carbonyl 
nitrenes (6). 

As our primary objective was to establish 
conditions for good conversion of azidoformates 
to tetrahydro-1,3-oxazin-3-ones we decided to 
concentrate upon the preparatively convenient 
thermolysis in chloroform solution. 

Undcr these conditions, propyl azidoformate 
(2, R = H) gave 4, 5, 7 (all R = H) in the ratio 
of 26 : 2.8 : l .O. Thus the ratio of oxazolidin-2-one 
to tetrahydro-1,3-oxazinone is only slightly 
higher than that reported for the vapor-phase 
thermolysis. 

We surmised that the low yield of 5 relative 
to 4 might be due in part to an inherent prefer- 
ence ( la ,  6) for nitrene insertion into melhylene 
rather than inethyl C-N bonds and indeed 
found that tl~ermolysis of 2 (R = CH,) gave 4, 

5, and 7 (all R = CH,) in the ratio 3.5 : 4.8 : 1.0, 
with no trace of 6 (R' = H). This result is in 
accord with the behavior of octadecyl azidofor- 
mate, and suggests that in fully flexible systems 
alkoxycarbonyl nitrenes insert into equivalent 
C-H bonds with a slight (ca. 1.3 : 1 .O) prefer- 
ence for formation of the six-membered ring (5) 
rather than five-membered ring product (4). 
Presunlably there is a corresponding preference 
for the geometry shown in 22, over that in 23, 
for the transition state for the insertion reaction. 
(For some recent computations which support 
the three centered transition state commonly 
drawn for these nitrene insertions see ref. 7.) 

As Edwards has pointed out (Ib) this be- 
havior is in marked contrast to the intramolecu- 
lar attack on C-H bonds by simple radicals: 
where the process which leads to 24 is greatly 
preferred to that which gives 25 (8). 

Although the thermolysis of alkyl azidofor- 
mates may provide a workable synthesis of 5- 
alkyl-tetrahydro-1,3-oxazin-2-ones some restric- 
tions should be noted: (i) as already mentioned 
alkoxycarbonyl nitrenes discriminate between 
primary, secondary, and tertiary 'unactivated' 
C-H bonds, the insertion factors having been 
estimated (1 b) as 1 : 10 : 30; and (ii) in constrained 
systems, the population of conformers which 
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lead to 22 may be low compared to those which 
give 23. 

Thus thermolysis of 2-adamantyl azidoform- 
ate (26) gave us a high yield of 27, with no dis- 
cernible 28; while Edwards and Paryzek (9) 
found that a similar thermolysis of 29 gave 30 
(52%) and 31 ( 9 3 ,  whereas the isomer 32 gave 
33 (52",), 34 (26%). and 35 (7%). 

AcO W . . ; o c N ,  

We conclude that for the preparation of 
oxazolidin-2-ones and perhydro-1,3-oxazin-2- 
ones from azidoformates (i) thermolysis in poly- 
chloromethane solvents is to be preferred to 
photolysis (the commonly employed photolysis 

in cyclohexane being much poorer') and (ii) 
under special circumstances preparatively useful 
vields of the oxazinones can be obtained but 
more commonly formation of the oxazolidinones 
competes effectively and often predominates. 

Experimental 
Melting and boiling points are uncorrected. Infrared 

spectra were measured on a Perkin-Elmer model 337 
spectrometer and significant absorptions are reported 
+ 5 cm-' units. Proton magnetic resonance spectra were 
measured with Varian A60 and HA100 spectrometers. 
The mass spectra were recorded on a Varian M18-CH5 
spectrometer with direct inlet, at 70 eV; significant ions 
are recorded in a.m.u. Gas-liquid chromatographic ana- 
lyses were run on a Bendix 2500 unit, using 6 ft glass 
columns and nitrogen carrier gas flow of ca. 40 ml 
min-'. 

Azido forti7ates 
The azidoformates were prepared from the corres- 

ponding chloroformates by the procedure of Breslow 
et a / .  (12). 

hTeopentyl Azidofortlzate (11)  
This compound was obtained as a colorless liquid, 

b.p. 46-48'110 mm; v,,,(film) 2200,2150, 1735,1250, and 
750 cm-';  r (CDCI,) 9.05 (s, 9H) and 6.08 (s, 2H); nz/e 
142 (M - 15), 129, 102, 71, 70, 57 (base peak). 

Anal. Calcd. for C6Hl1N3O2: C, 45.85; H, 7.05. 
Found: C, 46.30; H ,  6.63. 

Propyl Azidoformate (2, R = H )  
This compound was obtained as a colorless liquid, b.p. 

311/10 mm (lit. (13) b.p. 35'114 mm); v,,,, (film) 2200, 
2150, 1730, 1230, and 750 cm-';  .i. (CDCI,) 9.05 (t, 
J = 7 Hz, 3H), 8.30 (m, 2H), and 5.83 (t, J = 6.5 Hz, 
2H); m/e  101 (M - 281, 70, 58 and 43 (base peak). 

Bury1 Azicioformate ( 2 ,  R = CH3) 
This compound was obtained as a colorless liquid, b.p. 

49'/10 mm;  v,,,,,(film) 2200, 2150, 1735, 1230, and 750 
cnl-I; r (CDCI,) 9.0 (t, J = 6.5 Hz, 3H), 8.0-8.8 (m, 4H), 
and 5.76 (t, J = 6.5 Hz, 2H); m:e 115 (M - 28), 100, 86, 
70, 56 (base peak), and 43. 

2-Arlu1)1antyl Azidofort,late 126) 
This compound was obtained as a colorless solid, 

m.p. 55" (lit. (10) m.p. 52-54'), after distillation, b.p. 
108-109','l nim; v,,,,(film) 2170, 2120, 1705, and 1230 
cm-' ; T 7.9-8.5 (broad, 16H) and 5.08 (t, J = 4 Hz, 1H); 
tiPe 221 (M+. ,  very weak), 193, 150, 135 (base peak), and 
134 a.m.u. 

Anal. Calcd. for ClIHl5N,O,: C, 59.71; H,  6.83. 
Found : C, 59.48; H, 6.80. 

'For example, it has recently been reported (10) that 
the photolysis of 26 in cyclohexane was unsatisfactory for 
the preparation of 27, giving only 1 5 z  of that compound 
together with 41% of 2-adamantyl Ar-cyclohexylcarba- 
mate, cf. our 80% conversion of 26 to 27. Earlier, a simi- 
lar photolysis of I-adamantyl azidoformate had been 
found to give a 45% yield of adamanto-[2,1-d]oxazoli- 
din-2-one (11). In our hand, thermolysis of I-adamantyl 
azidoformate in chloroform gave an 8 6 5  yield of the 
oxazolidinone (see Experimental). 
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Carbamates 
The carbamates were prepared by the procedure o f  

Breslow et al. (12) and obtained in nearly quantitative 
yields. 

Neopentyl Cnrbamate (12)  
This compound was recrystallized from hexane to 

give colorless crystals, m.p. 82" (lit. (14) m.p. 82.0-82.5"). 

Propyl Carbamate (8, R = H )  
This compound was obtained as colorless crystals from 

hexane, m.p. 59" (lit. (15) m.p. 60'). 
Butyl Carbamate (8,  R= CH3 ) 
This compound was also obtained as colorless crystals 

from hexane, m.p. 50-52" (lit. (16) m,p. 54"). 
2-Adamanfyl Carbamate (36) 
This compound was obtained as colorless crystals, from 

ethanol, m.p. 136-137"; v,,,(Nujol) 3450, 1680, and 1660 
cm-I ;  7 (CDC13) 8.7-7.7 (broad, 16H), 5.2 ( t ,  J = 4 Hz, 
lH), and 5.1-4.5 (broad, 2H, exchanged with D,O); 
m/e 195 (Mf .), 134 (base peak) and 92 a.m.u. 

Anal. Calcd. for CllHl7NO2: C, 67.75; H, 8.77; N ,  
7.18. Found: C ,  68.20; H ,  8.67; N ,  7.24. 

Neopentyl N-Cyclohexyl Cnrbamate (13) 
This compound was obtained as a liquid, b.p. 95- 

97"/1 mm, which crystallized on standing, m.p. 85-86"; 
v,,,(film) 3300, 1705, 1680, 1540, and 1150 cm-';  z 
(CDC1,) 9.04 ( s ,  9H), 8.9-7.9 (broad, IOH), 6.7-6.4 
(broad, 1H) 6.22 (s, 2H), and 3.0 (broad, 1H); m/e 213 
(M+.), 198, 170, 141, 125, and 100 a.m.u. 

Aminoalcohols 
2,2-Dimethyl-3-aminopropanol (18) 
T o  a stirred mixture o f  sodium azide (50 g, 770 mmol) 

in methyl carbitol (150 ml) and water (70 ml) was added, 
in one portion, 2,2-dimethyl-3-bromo-1-propanol (17). 

On continued stirring the reactants dissolved com- 
pletely and the homogeneous solution was heated to 95" 
and kept at this temperature for 3 days, after which time 
g.1.c. analysis (5% Versamid 900, 175") revealed that the 
bromoalcohol had been consumed. The cold reaction 
mixture was extracted with ether, and the ether extracts 
were then repeatedly washed with water to remove the 
carbitol. Removal o f  solvent from the dried (MgS04) 
ether extracts gave (17) as a colorless liquid, b.p. 69- 
70a/10 m m  6.0 g (51%); v,,,(film) 3400, 2100, and 1040 
cm-';  z (CDCI,) 9.08 (s, 6H), 7.12 (s, 1H), 6.80 ( s ,  2H), 
and 6.66 (s, 2H). 

This total product was dissolved in ethanol (50 ml) 
containing suspended 5% Pt-C catalyst and hydrogena- 
ted for 24 h at 60 p.s.i. After removal o f  catalyst and sol- 
vent, 18 was obtained as a light yellow oil, 4.4 g (9221, 
which crystallized and recrystallized from petroleum 
ether (40-60") as a colorless solid, m.p. 78-80" (lit. (18) 
m.p. 98-100"); v ,,, (film) 3380, 3300, 3200, 1400, 1370, 
and 1040 cni-';  7 (CDCI,) 9.08 (s, 6H), 7.0-6.0 (broad, 
m ,  4H); m/e 104 (M f 1 )  (strong), 103, 85, 72, 70, 57 
(base peak), 30, and 31 a.m.u. 

4-Aminobutanol 
By a procedure analogous to that described above, 

4-bromobutanol was converted to 4-azidobutanol (46%), 
b.p. 76-78"/10 m m ;  v,,,(film) 3350, 2100, 1250, and 1050 
cm-';  r (CDC13) 8.35 (m,  4H), 6.8 (m,  2H), and 6.3 
(m, 2H). The azidoalcohol was then reduced over 5% 

Pt-C to yield 4-aminobutanol (61%), b.p. 104-107'/10 
m m ;  nDZ3 1.4585 (lit. (19) b . p  100-110 m m ;  nD 1.4610). 

3-Aminobutanol 
This aminoalcohol was prepared according to the 

literature procedure and obtained (31%) as a colorless 
liquid, b.p. 75-77"/10 mm;  nDz3 1.4530 (lit. (20) b.p. 
81-82"/19 m m ;  nDZO 1.4534). 

Preparation of Cyclic Carbamates 
All the cyclic carbamates were prepared from amino- 

alcohols by the methods o f  Dreschell (21) and Homeyer 
(22): a mixture o f  the aminoalcohol (1.0 mol), diethyl 
carbonate ( 1 . 1  mol), and a catalytic amount o f  sodium 
methoxide (ca. 10 mg) was heated in an oil bath until the 
calculated amount o f  ethanol had distilled out. (Oxazoli- 
done formation usually required about 4 h at 100-150" 
and the tetrahydrooxazinones required 150-170' and up 
to 24 h.) The residue was then taken up in chloroform and 
the solution washed with water and then dried (MgSO,). 
Removal o f  solvent, followed by distillation then gave the 
cyclic carbamates. 

5,5-Dimethyltefrahydro-1,3-oxazin-2-one (14) 
This compound was obtained as a colorless liquid, 

b.p. 120-125"/0.1 mm, which crystallized on standing. 
Recrystallization from acetone gave a colorless solid, 
m.p. 112-113"; v,,,(KBr) 3300, 1700, 1660, and 1100 
cm-';  7 (CDCI,) 8.95 (s, 6H) 6.95 (broad, s, 2H), 6.10 (s, 
2H), and 3.18 (broad, s, 1H); mle 129 (M'.), 114,98,70, 
and 56 a.m.u. 

Anal. Calcd. for CdHl lNOZ:  C,  55.80; H, 8.59; N, 
10.85. Found: C ,  56.12; H, 8.63; N ,  10.66. 
Tetrahydro-1,3-oxazin-2-one (5, R = H )  
This compound was obtained as a colorless liquid, b.p. 

144-146"/0.1 m m ;  m.p. 76-79" (lit. (23) m.p. 77"). 
4-Methyltetrahyrlro-1,3-oxazine-2-one (5 ,  R = CH3 ) 
This was obtained as a colorless liquid, b.p. 120- 

135"/0.1 mm, which crystallized from acetone, m.p. 
55-56' (lit. (12) m.p. 98.5-99.5^); v,,,,(neat: 3250 (N-H), 
1700 (C=O), 1290, 1095 cm-' ; mle: 115 (M"), 100,70, 
56, 42; z (CDCI,): 8.75 (3H, doublet, J = 6 Hz), 7.85-8.6 
(2H, complex multiplet), 6.25-6.60 ( 1  H, multiplet), 
5.60-6.0 (2H, multiplet), 2.85 (1H, broad). 

Anal. Calcd. for CSH,NO,: N ,  12.15. Found: N ,  
11.71. 

Double irradiation was carried out on the Varian 
HA100 spectrometer on a sample containing D 2 0 :  
irradiation at 5.60-6.0 (H-6) simplified the complex multi- 
plet at 7.85-8.60 (H-5) giving two sets o f  doublets, 
J ,  = 14 Hz, J2 = 8 Hz, J3 = 4 Hz; irradiation at 6.25- 
6.60 (H-4) collapsed the doublet at 8.75 (CH, to a singlet, 
and reduced the number o f  lines o f  the complex multiplet 
at 7.85-8.6; irradiation at 7.85-8.60 simplified the multi- 
plet at 5.60-6.0 to an AB doublet o f  doublets J = 1 1  Hz; 
irradiation at 8.75 simplified the multiplet at 6.25-6.60. 
to an approximate triplet J = 6 Hz with finer splitting. 

4-Methyloxazolidin-2-one (4 ,  R = H )  
This compound was obtained as a colorless liquid, b.p. 

122-124"/1 mm (lit. (24) b.p. 123-124"/4 mm, which 
crystallized on standing, m.p. 56-57"; r (CDCl,) 8.70 
(d, J = 6 Hz, 3H) 6.2-5.2 (m,  3H), 3.25 (broad, s ,  1H); 
m/e 101 (M+.) 86, 70, 56, 42. 

Anal. Calcd. for C4H7NOz: C,  47.53; H, 6.98; N ,  
13.86. Found: C ,  47.46; H, 6.74; N ,  13.53. 
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4-Efhyloxazolidin-2-one (4, R = CH3) first (900 mg) was recrystallized from petroleum ether - 
This compound was also obtained as a colorless liquid, ethyl acetate as a colorless solid, m.p. 145-146" (lit. (10) 

b.p. 135"/1.0 mm; n d 3  1.4635 (lit. (12) b.p. 129-13Io/0.5 m.p. 133-134"); v,,,(Nujol) 3300, 1750, and 1730 cm-I; 
mm; nDZO 1.4637) which crystallized on cooling, m.p. T (CDCI,) 8.6-7.4 (m, 13H), 5.88 (d, J = 4 Hz, lH), and 
16'; v,,,(film) 3300, 1750, 1230, 1050, 930, and 770 2.90 (b, 1H); nz/e 193, 192 (M - 1, base peak) 149 and 
cm-'; T (CDC13) 9.01 (t, J =  6.5 Hz, 3H), 8.40 (q, 136a.m.u. 
J = 6.5 Hz, 2H) 6.40-5.30 (m, 3H), and 3.1 (broad s, Anal. Calcd. for C11H15NOZ: N, 7.30. Found: N, 
IH). 7.27. 

Thermolyses of Azidoforn~ates These data are consistent with structure 27. The second 
Typical therlnolysis conditions consisted of heating a compound (60 mg) had m.p. 135" undepressed on ad- 

1% ( \~/v)  solution of azidoformate, under an atmosphere mixture with 2-adan~antyl carbanlate and also had the 
of nitrogen at 120" in a sealed bottle, overnight. The Same retention time and R, upon g.1.c. and t.1.c. com- 

products obtained after removing the solvent were parisonwith36. 

characterized as described for the individual cases below. Thermolysis of I-Adamarztyl Azidoformate 
Neopentyl Azidofo~mate Thermolysis of this (11) (1.15 g) in chloroform (con- 
(a) In benzene. Thermolysis of 11 (1.0 g) in benzene taining 0.75% ethanol) yielded a white solid; t.1.c. (silica 

yielded a single product (t.l.c., benzene-chloroform 2: 1 gel, chloroform-methanol 9:  1) revealed only two com- 

(v/v), R, 0.5) isolated by p.1.c. as a yellow liquid (550 mg) Ponents (Rf 0.75 and 0.801, as did g.1.c. (Versamid 900, 
which upon distillation gave a colorless liquid, b.p. 5%, 180') in an approximate ratio of 9 : l .  Chromato- 

91.23/0.1 mm which rapidly darkened on standing; graphy On silica gel (Merck G) eluting successively with 
v,,,(neat): absence of N-H, 3050, 1700, 1650, 1620, chloroform and chloroform-ethyl acetate (10:l) re- 
750 cnl-l; (CDCI,): 8.98 (5, 9 ~ ) ,  5.3-6.2 (m, 6H), sulted in the isolation of these individual products. The 
3.88 (s, 2H); u.v., X,,,(hexane): 320 nm; rile: 120 first (73 mg, 6%) was recrystallized from ethyl acetate to 
(P-87, 118, 87, 8 5, 83). The above spectral data are con- give colorless crystals, n1.P. 112-114"; v,,,,(KBr) 3250, 
sistent with the structure 20. 1685, and 1050 cm-l ;  T (CDCI,) 8.75 (t, J = 6 Hz, 3H), 

(6) In acetonitrile. Thern~olysi~ of 11 (520 mg) 8.39 (d, J = 2 HZ, 6H), 8.20 (d, J = 2 HZ, 6 ~ ) ,  7.84 
yielded a brown liquid (420 mg), the g.1.c. analysis (b, 3H), 5.82 (q, J = 6 Hz, 2H), and 3.05 (bs, IH);  m/e 
(Versamid 900, 5%, programming 130-190') of which 207, 152, and 135 (base peak) a.m.u. These data are con- 
illdicated two main products in ca. 82 and 15% yield. sistent with this product being I-adamantyl N-ethoxy 

The minor product, of longer retention time, corres- carbarnate (formed by attack on the ethanol in the ther- 
ponded to 5,5-dimethyltetrahydro-2H-1,3-oxazine-2-one mO1ysis solvent). 
To isolate the major product the mixture was rapidly The second compound (900 mg, 86%) recrystallized 
distilled it? cacuo to give a colorless liquid, 200 mg (36%), from ethyl acetate as colorless crystals, m.p. 139" (lit. (11) 

b.p. 75'/10 mm; ~ , , , ( ~ ~ ~ t ) :  1640, 1580, 123 5, 730, and m.P. 130-133"). The i.r. and p.m.r. spectra of this product 
620 cm-1; (cDc],): 8.95 (s, 9H), 7.57 (s, 3 ~ ) ,  5.82 were identical with those reported for adamanto[2,1-dl- 

(s, 2H); m/e: 155 (M - 15), 141, 114, 101 (base), 83. This 0~a~olidin-2-0ne. 
was consistent with structure 21. 

(c) In chloroforr?~. Thermolysis of 11 (500 mg) in 
chloroform (50 rnl) gave a clear colorless liquid product, We wish thank Dr. O. E. Edwards the Biochem- 
which crystallized on standing; g.1.c. analysis (Versamid istry Laboratory, National Research Council, ~ t t a w a ,  
900, 577, 130-190") revealed only two compounds, 14 for his most useful comments. Thanks are also due to the 

(ca. 80%) and 12 20%). separation of a portion National Research Council for financial support of this 

(328 mg) of this product by p.1.c. (Merck Silica Gel 
PFZs4, chloroform-methanol 19: I) resulted in the isola- 
tion of 14 (224 mg) (68%). 

1. (a) W. LWOWSKI. In Nitrenes. Editedby W. Lwowski. 
Propj>l Azidoformate Interscience, New York. 1970. p. 185. (b) 0 .  E. ED- 
Thermolysis of 2 (900 mg) in chloroform gave WARDS. In Nitrenes, Edited W, Lwowski, Inter- 

a light-brown oil (700 mg); g.1.c. analysis (Versamid 900, science, New York. 1970. p. 225, 
5%, 180-200") revealed three compounds 7, 5, and 4 2, D, K ~ ~ ~ ~ ~ ~ .  Dr.-lng, Thesis. Technischen Hoch- 
(all R = H )  in an approximate ratio of 1 :25.7:2.78, schule. Darmstadt, 1965. 
totalling ca. 97% of the product. 3. D. S. BRESLOW and G. A. WARD. J. Org. Chem. 38, 
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Chromatography on silica gel (Merck G), eluting with synthesis. Cambridge University Press, London. 1971. 
benzene and chloroform gave two compounds. The p. 172. 
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Unusual Reactions of Peroxides. 11. Decomposition of 
Diphenylmethyl Peroxides 

R.  HIATT, D. J .  LEBLANC, AND C. THANKACHAN 
Drpnrttnent o j  C ~ P I M I S ~ I ~ ,  B P O C ~  Uni~vr.s~ty, St. Cnt/~ar.incs, Ontario 

Received July 11. 1974 

R. HIATT. D. J .  LEBLANC. and C. THANKACHAN. Can. J .  Chem. 92,4090 (1974). 
Thermal decomposition of bisdiphenylmethyl peroxide at 110-130 'C in solution yields ap- 

proximately 90% HZ + 2PhzCO by a nonradical mechanism. In CzC14, toluene, or nitrobenzene 
log k ( s l )  = 11.0 i- 0.5 - (27 000 t 1000)/2.303RT. Photolytic decomposition of this peroxide in 
toluene yielded no Hz. 

t-Butyl diphenylmethyl peroxide decomposed in toluene with log k (s-I) = 16.7 - 38 6001 
2.303RT, giving free radical products and no Hz. There is some evidence for facile dispropor- 
tionation of the initial alkoxy radicals in the solvent cage. 

R. HIATT. D. J. LEBLANC et C. THANKACHAN. Can. J. Chem. 52,4090 (1974). 
La decomposition thermique. en solution et a 110-130 "C, du peroxyde de bisdiphenylmethyle 

conduit avec un rendernent approximatif de 90% a de I'hydrogene + 2PhzCO: le mecanisme de la 
reaction n'est pas radicalaire. Dans le CzC14, le toluene ou le nitrobenzene, log k (s-I) = 11.0 t 
0.5 - (27 000 k !000)/2.303RT. La decomposition photolytique de ce peroxyde dans le toluene 
ne fournit pas d'hydrogene. 

Le peroxyde double de t-butyle et de diphenylrnethyle se d6compose dans le toluene avec un 
log k (s-') = 16.07 - 38 60012.303RT; la reaction donne des produits provenant d'une reaction 
radicalaire et ne foumit pas d'hydrogene. 11 y a quelques donnees indiquant qu'il y a une 
disproportionnation facile, dans une cage de solvent, des radicaux alkoxy formes initialement. 

[Traduit par le journal] 

Introduction solution is not affected by the polarity or the 
The production of H, from suitably constituted viscosity of the solvent (4). Unexplained as well 

peroxides (1) has been the subject of sporadic is the effect that the character of groups R, R', 
investigation over the past 75 years (1-3), X, and X' have on the k,/k,  ratio. 

Since part of the difficulty of explanation has 

R\  ,H H, ,X' 4, R H2 x' lain in the scarcity of good data we have under- 

[[I  C C 4 \c c/ taken the study of several other primary and 
x/ '0-b \K x /, \ 8 \R, secondary alkyl peroxides. These, unlike the 

b tertiary alkyl peroxides, have been rarely 
1 R C H O  .OHCR' decomposed in solution and should yield other 

(X.  X '  = H. OH. R ,  OR) 
I 

X 
I x' useful information, specifically on the fate of the 

alkoxy radicals generated by the k ,  route (4). 
but remains a reaction that is not well character- Bi~diphenylmeth~l ~eroxide seemed a partic- 
ized. Our d;scovery (4) that a simple alkyl ularly good candidate since it had been reported 
peroxide (1, R = R~ = ~ t ;  x = X! = Me) to yield benzophenone quantitatively when 
could yield substantial amounts ofH2 in competi- ~yrolyzed in nitrobenzene ( 5 ) .  Thus a generous 
tion with the more normal homolysis when Hz yield could be confidently ~redicted. 
thermally decomposed in solution was particu- The unsymmetrical t-butyl diphenylmethyl 
lady surprising since pyrolysis of this peroxide peroxide, which should not yield Hz, was also 

or similar ones in the vapor phase yields little or decomposed to provide a comparison. 
no H, (3). 

This effect of phase is not easily explained since Experimental 
the between k~ and k~ (eq. 1 )  in Bisdiphenylrnethyl peroxide was prepared by the 

method of Cadogan et a/. (5) ,  reacting benzhydrol with 
'Taken in part from the M.Sc. Thesis of C .  Thankachan, diphenylmethyl hydroperoxide in the presence of a 

Brock University, 1972, and the B.Sc. Thesis of D. J. catalytic amount of p-toluenesulfonic acid. Using a 3 :  1 
LeBlanc, Brock University, 1973. excess of benzhydrol ( 5 )  consistently gave product 
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contaminated with bisdiphenylmethyl ether in varying 
amounts ranging from 100 to 7z, as determined by n.m.r. 
analysis. A 1 : I mixture of hydroperoxide and benzhydrol, 
however, was found to yield peroxide apparently pure. 

Con~parisons of samples differing in purity showed 
that the presence of ether affected neither rates nor 
products of the thermal reaction. For the photolytic work 
only samples of pure peroxide were used. 

Nuclear magnetic resonance analysis (Varian A-60, 
DCCI, solvent), showed a carbinyl proton singlet for the 
peroxide at 6.1 p.p.m. downfield from TMS, qhile the 
corresponding ether singlet appeared at 5.45 p.p.m. 

t-Butyl diphenylmethyl peroxide was prepared similarly 
from t-Bu02H and benzhydrol. Nuclear magnetic 
resonance analysis showed the carbinyl proton at 6.0 
p.p.m. and the methyl proton singlet at 1.25 p.p.m. No 
extraneous peaks were evident. 

Solvents were reagent grade, used without further 
purification. 

Rate Measurenzents 
Samples were degassed, sealed under vacuum, and 

immersed in a constant temperature bath. Analysis for 
residual peroxide depended on the solvent. In tetra- 
chloroethene solvent the disappearance of peroxides 
was directly related to the appearance of benzophenone, 
the latter monitored by its absorption at 287 nm. In 
toluene and nitrobenzene, peroxide concentration was 
measured by n.m.r., using in toluene its methyl proton 
absorption, and in nitrobenzene added TMS, as internal 
standards. None of the standard iodometric methods nor 
any of the n~odifications we tried gave rellable results. 

Products 
Nongaseous products were analysed by g.1.c. Gaseous 

products were determined vol~~metrically since for 
(Ph2CH0)2 and Ph2CH02t-Bu, respectively, mass 
spectrometric analysis showed Hz  and CH, to be the only 
noncondensible products. 

Photolyses were carried out using a mercury lamp 
(G.E. H-85M3) fixed in the center of a cage designed to 
rotate sa~nples a ~ o u n d  the light source, the whole being 
immersed in a uater bath for temperature control. 

Results and Discussion 
Tlzermal Decomposition of Bisdiplzenylmethyl 

Peroxide 
The first-order rate constants for decomposi- 

tion in three solvents are shown in Table 1. 
Variations in the initial concentration of per- 
oxide (Po) gave no change in rate constant; 
whereas Po variations in any given solvent were 
relatively small, no more than a factor of 2-3, 
the difference between Po's in C,CI, and in 
toluene or nitrobenzene is more than 1080-fold, 
again with no significant change in rate constant. 
Thus, the decomposition is almost certainly first 
order. 

While this in itself does not eliminate radical- 
induced decomposition as a factor, the very low 

yields of benzhydrol (Table 2) do rule out this 
po~sibi l i ty .~ The major products, H, and Ph2C0 
indicate a predominantly nonradical pathway, 
as do the Arrhenius parameters (Table 1). 
Unlike s-Bu,O, which yielded only 25-30",, 
(4), the measured E, is 10 kcal less than expected 
for 0-0 homolysis (6) and is comparable to 
the activation energy for decompositions of 
peroxyhemiacetals which give similarly high H, 
yields (2). 

Evidently 0-0 homolysis does compete, to 
the extent of 5-107, as shown by the presence in 
the products (Table 2) of some benzhydrol and, 
in toluene, of bibenzyl. The 28" temperature 
range, however, is not sufficient to show the 
trend towards more homolysis at  higher temper- 
atures which the difference in activation energy 
for k ,  and k ,  would predict. 

T/~ermal Decoi~zposition of t-Butyl Diplzenyl- 
metlzyl Peroxide 

Rates and products for the pyrolysis of this 
unsymmetrical peroxide in toluene are given in 
Tables 3 and 4, respectively. Despite the high 
initial concentrations of peroxide, the decompo- 
sitions were first order and produced a linear log 
k zs. 1/T plot with E, = 38 kcal/mol. Methane 
was the only gaseous product and the reaction 
would appear to be one of simple 0-0 homo- 
lysis, 

A 
[ 5 ]  Ph2CH02t-Bu I Ph,CHO. + ~-BLIO. + products 

except for the relatively low, Po dependent yield 
of bibenzyl, and the high t-BuOH/AcMe ratio, 
also Po dependent. 

The results do settle two points: (i) For an 
alkyl peroxide to generate H,, both alkyl groups 
must be norztertiary. (The contrary is claimed for 
some peroxyhemiacetals (7).) Benzhydryloxy 
radical does not cleave off H . .  (ii) A benzhydry- 
loxy as one half of an alkyl peroxide does not in 
itself lead to an abnormally low E, for homolysis. 

Additional conclusions from the data are more 
tenuous. Comparisons of the products (Table 4) 

ZA hydrogen atom chain is conceivable: 

[2]  Ph2CH0.  + Ph,CO + H .  

[3] H. + ( P ~ ~ c H O ) ~  + H~ + P ~ ~ C O ~ C H P ~ ~  

[4] P ~ ~ C O ~ C H P ~ ~  -t Ph2C0 + PhCHO. 

But even if H .  were generated in this manner (which it is 
not, see below), its probable addition to solvents such as 
C2C14 or PhNO, makes a clean chain of this type 
exceedingly unlikely. 
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TABLE 1. Rate constants for the thermal decomposition of bisdiphenylmethyl peroxide 

Temperature 
("C) 

PO" lo5 kb Ea log A 
(mol/l) (s - '1 (kcal/mol) ( A  in s-') 

In tetrachloroethylene 
111 .O 0.0003-0.001 3.4 
120.0 0.0005-0.00075 8.60 26.6 10.6 
130.0 0.00045-0.00092 18.7 

In toluene 
111.0 0.26-0.49 3.40 
120.0 0.72 9.20 28.0 11.6 
130.0 0.25-0.30 19.3 

In nitrobenzene 
111 . O  0.54 4.35 
120.0 0.46-0.55 10.65 27.0 11 .0  
130.0 0.31-0.47 23.4 

'Initial concentration of peroxide. 
bAverage of several runs. 

TABLE 2. Products from thermal decomposition of bisdiphenylmethyl peroxide 

Products in mol/l (%Ib 
Temperature POo Totalb 

PC) (moI/I) Ph,CO P ~ , C H O H  H2 (PhCH2)2 P ~ , C  

In tetrachloroethylene 
0.24(92) 0.01 5(6) 0.120(92) 
0.22(94) 0.014(6) 0.103(88) 
0.195(88) 0.016(7) 0.100(90) 

In toluene 
0.21(91) 0.050(22) O.llO(95) 
0.19(85) 0.030(14) O.lOO(90) 

In nitrobenzene 
0.575(94) 
0.55(93) C C 

In fluorocarbon oil 
C 0.122(83) 

#Initial concentration of peroxide. 
'Percentage based on 1 mol of peroxide yields 2 mol of Ph,CO + Ph,CHOH and 1 rnol of H, (or bibenzyl in 

toluene). 
<Present but not analyzed quantitatively. 

TABLE 3. Rate constants for the decomposition of 
t-butyl diphenylmethyl peroxide in toluene 

- -  - 

Temperature PO" 105 kb Ed Log A 
rc) (mol/l) (S - '1 (kcal/mol) ( A  in s-l)  

125.0 1.99 3.15 
135.5 1.85 11.77 38.6 16.7 
135.5 1.99 10.03 
144.0 1.98 29.9 
144.0 2.90 28.1 

aInltlal concentration. 
BAverage of several runs. 
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TABLE 4. Products from the thermal decomposition of t-butyl diphenylmethyl peroxide 
at 125 "C in toluene 

Products in (mol/l) (z) Balance (%) 
Po" - 

(mol/l) AcMe t-BuOH Ph2C0 Ph2CHOH (PhCH2)2 CH4 Me2C PhzC 

aInitial concentration of peroxide. 
bpercentage based 1 mol of peroxide yields 1 rnol of acetone -t 2-B 

with those from t-Bu202 homolysis in toluene at 
125 "C, 90-100% bibenzyl (8) and a t-BuOHl 
acetone ratio of only 2.9 (9), suggest that much 
of the t-Bu02CHPh2 is decomposing by a 
t-BuO. induced chain. 

However, the activation energy for decomposi- 
tion, measured using initial peroxide concen- 
trations actually 2-5 times greater than those for 
the product studies (Tables 3 and 4) does not 
support this hypothesis. Peroxide decompositions 
having a substantial radical-induced component 
normally exhibit apparent activation energies 
8-12 kcal lower than the value for 0-0 
homolysis (10, 1 1). 

The alternative explanation for the high 
t-BuOHlacetone ratios and the low yields of 
bibenzyl and benzbydrol requires fairly efficient 
Ph,CHO .-t-BuO disproportionation inside 
andperhaps outside the solventcage,coupledwith 
some PhCH0.-PhCH, disproportionation. 
Some simple arithmetic can be applied to, say, 
the second entry in Table 4. The 1 6 z  yield of 
acetone requires that 64% of the t-BuO.'s escape 
the solvent cage and abstract from toluene or 
undergo p-scission in a 3 to 1 ratio. Starting 
with 100 caged pairs: 

191 L PhCH3 
Me,CO + M e  ---.--t MeH + PhCH2. 

uOH and 1 rnol of Ph2C0 + Ph,CHOH. 

PhCH, . 
P h , C O  + PhCH3 

(48) (48) 

[I I ]  PhCH, . -t (Ph.CH,), 
(38) (19) 

As a check this scheme produces total t-BuOH, 
84 as compared to experimental 83%; total 
PH2C0,  84 as compared to 81%; and 80 
PhCH,.'s produced compared to 86 consumed. 
The agreement is as good as could be expected 
considering the simplicity of the treatment. A 
more sophisticated analysis including some 
contribution from radical induced decomposi- 
tion and other feasible radical reactions is not 
warranted in the absence of much more extensive 
data. 

The postulated 36% of cage disproportionation 
seems not unreasonable. Requiring75x of the free 
Ph2CH0.'s to react with PhCH,. may appear so, 
but a similar conclusion, based on deuterium 
isotope labelling experiments, was reached 
earlier (4) for s-BuO . and PhCH, . , as advanced 
to account for the alkoxy radical products from 
s-Bu202 deconlpositions in toluene, there but- 
tressed by isotopic labelling experiments. While 
for 2s-BuO ., cage disproportionation appeared 
negligible and higher yields of bibenzyl were 
obtained, it seeins very likely that Ph2CH0. 
would disproportionate more readily than 
s-BuO.. 

Photolysis of Bisdiphenylmethj~l Peroxide 
Photolytic decompositions were carried out on 

the off-chance that some H, would be produced, 
even though similar decompositions of s-Bu202 
had given none. The more complex molecule 
with its four phenyl groups offers quite different 
possibilities for electronically excited states as 
well as the possibility for benzophenone-sensi- 
tized decomposition as the reaction proceeded 
and products built up. In fact, photolyses using a 
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TABLE 5. Products from the photolysis of 0.44 M bisdiphenylmethyl peroxide 
in toluene at 20 "C 

Products (mol/mol of peroxide decomposed) 
Time %peroxide - 

(min) decomposed Ph,CHOH Ph2C0 (PhCH,), HOCPh,CH2Ph 

120 76 1.18 0.56 0 .24  0 .33  

KOTE: Ph2CH balance 88% (15 min) and 103% (120 min); H balance +0.46 atoms/mol (15 min); + 
0.14 (120 min). 

low pressure Hg lamp at 20,50, and 80" produced 
no H,, nor any gaseous products whatsoever. 
Typical products are shown in Table 5. It is 
evident that as Ph2C0 builds up, its photo- 
reduction becomes the main process, the 
decomposition of peroxide slows considerably, 
and the fate of Ph,CO. radicals is totally ob- 
scured. 

To conclude, the demonstration that a simple 
alkyl peroxide can be as efficient a hydrogen 
generator as any alkylidine peroxide suggests 
that the strength of the C-H bond is a more 
important factor than any supposed polar in- 
fluences. Again the absence of solvent effects is 
observed, and the failure of Ph2CH02t-Bu to 
produce H2 conclusively eliminates an H atom 
mechanism. The clues to behavior of nontertiary 
alkoxy radicals in soluion provided by Ph2- 
CH0,t-Bu suggest that further, more detailed 
study of this and similarly constituted peroxides 
would be well worthwhile. 

The authors thank the National Research Council of 
Canada for financial support of this work. 
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Conformations of Sugars: Proton Dihedral Angles from Gauche 
Coupling Constants 

Chemistry Department, Dalhousie University, Halifax, Nova Scotia B3H 3J5 

Received July 2,1974 

T. P. FORREST. Can. J. Chem. 52,4095 (1974). 
Proton coupling constants have been used in calculating dihedral angles of vicinal gauche 

protons in variety of pyranose derivatives of glucose, mannose, arabinose, xylose, altrose, and 
galactose. The calculations involve the use of a formula which was derived from a correlation of 
the coupling constants of ethane derivatives with the electronegativities of substituents and 
their orientation relative to the coupled protons. 

The results indicate that the formula has general applicability and gives more reasonable 
values than a Karplus equation in which the constants have been adjusted to fit some com- 
pounds of the series. The calculated dihedral angles indicate that an equatorial substituent 
generally causes little distortion of dihedral angles, whereas an axial substituent generally 
causes the equatorial proton on the same carbon to have a smaller than normal dihedral angle 
with the adjacent axial proton and a larger than normal dihedral angle with the adjacent 
equatorial proton. 

T. P. FORREST. Can. J. Chem. 52,4095 (1974). 
Les constantes de couplage du proton ont BtB utilisees dans le calcul des angles diedres des 

protons gauches vicinaux dans une varikte de derives pyranosiques du glucose, mannose, ara- 
binose, xylose, altrose et galactose. Les calculs font appel B l'utilisation d'un formule deduite 
d'une corrClation des constantes de couplage des derives de 1'8thane avec les Clectronegativitts 
des substituants et leurs orientations relatives aux protons couples. Les resultats indiquent que 
la formule a une possibilite &application generale et donne des valeurs plus coherentes que 
1'6quation de Karplus dans laquelle les constantes ont Cte ajustCes pour correspondre a quel- 
ques composCs de la strie. Le calcul des angles diedres montre qu'un substituant en position 
Bquatoriale cause gCnCralement une faible distorsion des angles diedres, alors qu'un substituant 
en position axiale fait que le proton equatorial sur le m&me carbone forme avec le proton axial 
adjacent un angle dikdre plus petit que normal et un angle diedre plus grand que normal avec 
le proton equatorial adjacent. [Traduit par le journal] 

The application of n.m.r. spectroscopy to the 
field of sugar stereochemistry was pioneered by 
Lemieux et al. (1) and led to the formulation of 
rules relating stereochemistry to both coupling 
constants and chemical shifts (2). One of the 
most promising developments in the field was 
the proposal by Karplus (3) of a specific rela- 
tionship between vicinal coupling constants and 
dihedral angles. This relationship was widely 
used to calculate dihedral angles but unfor- 
tunately several other factors, such as sub- 
stituent electronegativities, bond lengths, and 
bond angles which also influence the size of the 
coupling constant were unaccounted for, lead- 
ing to serious errors in the values of angles 
calculated from the Karplus equation (4). The 
problem of compensating for other factors can 
be alleviated to some extent by determining 
constants for the Karplus equatioq from a set 
of model compounds and limiting the use of that 
equation to compounds in which these other 

factors do not change within the series of model 
u 

compounds and those subject to analysis. This 
method can be severely restrictive, as it is very 
difficult to obtain a series in which the dihedral 
angle only and no other factor affecting the 
coupling constant changes. Consequently, quite 
unreasonable values of dihedral angles have been 
calculated leading to a lack of confidence in this 
method of determining dihedral angles (5). 

One of the major reasons for these unreliable 
results lies in the failure to compensate for 
changes in the electronegativity of the substi- 
tuents attached to the atoms bearing the coupled 
protons. As well as the number and electronega- 
tivities of substituents, the orientation of the 
substituents relative to the coupled protons is 
extremely important, the substituent having 
maximum effect when antiperiplanar to a cou- 
pled proton (6, 7). Recently we have developed 
a method of calculating the values of coupling 
constants for gauche protons from the electro- 
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negativities of substituents and their orientation 
relative to the coupled protons (8). The method 
consists of the modification of a base value of 
the coupling constant by two correction factors, 
one of which is angle independent and for sub- 
stituents with electronegativities greater than 
hydrogen, increases the size of the constant, and 
another which is angle dependent and decreases 
the size of the coupling constant, as indicated 
in eq. 1, 

[I] J = (4.1 + 0.63C AX)(1 - 0.462AX1) 
x (1 - 0.462AX2) 

where, C AX represents the sum of the electro- 
negativity differences between the substituent 
and hydrogen for all substituents regardless of 
their orientation and A X ,  and AX,  are those of 
the substituents which are antiperiplanar to a 
coupled proton. If we assume a relation between 
coupling constant and dihedral angle such as 
shown in eq.2 (9), this equation may be used in 
conjunction with eq. 1 to calculate a value for 
the dihedral angle of the coupled protons (eq. 3). 

Although the equation was derived primarily 
from data on acyclic compounds, we have used 
eq. 3 to calculate dihedral angles of protons in 
gauche orientations in several derivatives of 
pyranose sugars (1-7) without attempting to 
modify the constants to make the results fit any 
pyranose models. A modified Karplus equation 
(eq. 4) has been formulated for pyranoses, which 
also introduces a factor dependent upon the 
electronegativities of substituents and their 
orientation relative to the coupled protons (10). 

[4] J = (6.6 - 1.0 cos 4 + 5.6 cos 241) 
, A \ 

The constants in this equation were obtained 
from the best fit of experimental data for a series 
of trimethylsilyl derivatives of mono- and di- 
saccharide~. This equation was also used to 
calculate values for the guuche dihedral angles 
in compounds 1-7 and the results are given in 
Table 1 as well as those obtained from eq. 3. 

rr R = R '  = OAc, X  = Br 
b R = R ' = O A c , X = C I  
c R  = R' = OAC. X  = OCH3 
d R = R ' = X = O B z  
e R  = R ' = X  = O T M S  
f R = R ' = X = O A c  
g R  = O A c , R ' = X  =C1 
/z R  = OAc, R '  = CI. X  = 0 C H 3  
I R  = OAc, R '  = I ,  X  = OBz 
J R = O A c , R 1 = X = H  
k R  = OAc, R '  = H ,  X  = OAc 
I R  = R ' = X  = O C D ?  

n.r R  = X = OAc, R' = C1 

The values of dihedral angles calculated from 
eq. 3 are in many cases very close to the normal 
gauche dihedral angle, but in other cases a sub- 
stantial deviation from normal is indicated. 
Some illustrative examples are discussed below 
in terms of the effect of substituents on the pro- 
ton dihedral angles, and a comparison is made of 
the results obtained from eq. 3 and 4. The values 
calculated from the two equations are in many 
cases very similar; however, there are some 
examples in which quite different values are ob- 
tained. In one case, l a ,  an X-ray analysis (see 
footnote b, Table 1) of the compound has been 
carried out and proton dihedral angles are 
reported (1 1). Although proton positions are not 
obtained very accurately by X-ray diffraction, 
and the measurement was made in the crystal- 
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FORREST: CONFORMATIONS OF SUGARS 

TABLE 1. Coupling constants and calculated dihedral angles of pyranose derivatives 

Compound 

Tri-0-acetyl-P-D- 
arabinopyranosyl 
bromide, l a  

Tri-0-acetyl-P-D- 
arabinopyranosyl 
chloride, I b  

Methyl 2,3,4-tri-0- 
acetyl-j3-D- 
arabinopyranoside, I c  

Methyl 2,3,4-tri-0- 
benzoyl-P-D- 
arabinopyranoside, Id 

Tri-0-acetyl-a-D- 
xylopyranosyl 
bromide, 2a 

Tri-0-acetyl-a-D-xylopyranosyl 
chloride, 26 

Methyl 2,3,4-tri-0-acetyl- 
a-D-xylopyranoside, 2c 

Methyl 2,3,4-tri-0- 
benzoyl-1,2-a-D- 
xylopyranoside, 2d 

Tetra-0-acetyl-a-D- 
galactopyranosyl bromide, 3a 

Pentakis-O-trimethylsilyl- 
a-D-galactopyranose, 3e 

Penta-0-acetyl-a-D- 
mannopyranose, 5f 

Methyl 2,3,4,6-tetra-0- 
acetyl-a-D- 
mannopyranoside, 5c 

Tetra-0-acetyl-a-D- 
mannopyranosyl bromide, 5a 

Pentakis-O-trimethylsilyl- 
a-D-mannopyranose, 5e 

3,4,6-Tri-0-acetyl-2- 
deoxy-2-chloro-a-D- 
mannopyranosyl chloride, 5g 

Methyl 3,4,6-tri-0-acetyl- 
2-deoxy-2-chloro-a-D- 
mannopyranoside, 5h 

Tetra-0-acetyl-2-deoxy- 
2-chloro-a-D- 
mannopyranose, 5m 

Protons 

192 
3,4 
4,5 
4,s'" 

1,2 
3,4 
4,s 
43 '  

b a ~ c  
- Reference 

eq. 3 eq. 4 No. 

58 47b 13 
47 48 
74 84b 
46 62 

59 5 1 
50 52 
75 d - 
48 63 

55 49 
48 49 
67 7 1 
46 62 

50 47 
48 49 
69 74 
43 59 

57 46 
57 38 
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TABLE 1. (Concluded) 

4 c a l o  

Joalca Reference 
Compound Protons Jabs (60') eq. 3 eq. 4 No. 

3,4,6-Tri-0-acetyl-1-0- 1,2 1.6' 2.28 65 66 20 
benzoyl-2-deoxy-2-iodo- 
a-D-mannopyranose, 5i 

Tri-0-acetyl-1,2-dideoxy- 1',2 3.6" 2.28 5 1 53 
D-arabino-hexopyranose, 5 j  1,2 2.0' 1.86 59 65 17 

1,2' 3.6' 4.16 62 55 

Tetra-0-acetyl-2-deoxy- 1,2 1.5 2.18 65 68 21 
a-D-auabino-hexopyranose, 5k 1,2' 3.6 1.72 44 48 

2,3 5.0 4.47 58 38 
Penta-0-acetyl-P-D- 1 2  1.4' 1.08 55 64 17 

mannopyranose, 6f 2,3 3.2f 1.82 48 60 

Methyl 2,3,4,6-tetra-0- 1,2 1.2" 1.06 58 67 17 
acetyl-a-D- 2,3 3.4f 2.03 47 48 
mannopyranoside, 6c 

Tetra-0-acetyl-2-deoxy- 1,2 2.4 2.67 62 60 21 
a-D-auabino- 2,3 5.0 4.47 58 58 
hexopyranose, 6k 

3,4,6-Tri-0-acetyl-2- 1,2 1 .2  1.58 64 70 18 
deoxy-2-chloro-a-D- 2,3 3.5 2.75 56 50 
mannopyranosyl chloride, 6g 

Pentakis-0-trimethylsilyl- 1 2  0.9y 1.20 64 73 10 
P-D-mannopyranose, 6e 2,3 2.7y 2.03 55 55 

Penta-0-acetyl-a-D- 1,2 3.6' 1.98 48 44 17 
glucopyranose, 7f 

Methyl 2,3,4,6-tetra-0- 1,2 3.7' 2.45 52 45 17 
acetyl-a-D- 
glucopyranoside, 7c 

Tetra-0-acetyl-a-D- 1 2  3.9 3.44 58 47 15 
glucopyranosyl 
bromide, 7a 

Pentakis-0-trimethylsilyl- 1,2 3.OY 2.20 54 51 10 
a-D-glucopyranose, 7e 

3,4,6-Tri-0-acetyl-2- 1 2  3.5 3.01 57 50 18 
deoxy-2-chloro-ED- 
glucopyranosyl chloride, 7g 

Methyl 3,4,6-tri-0-acetyl- 1 2  3.8 2.45 5 1 45 19 
2-deoxy-2-chloro-a-D- 
glucopyranoside, 7h 

Tetra-0-acetyl-2-deoxy- 1,2 3.6' 1.99 48 46 17 
2-chloro-a-D-glucopyranose, 7m 

Methyl-d, 2,3,4,6-tetra- 1,2 3.5y 2.40 53 47 22 
0-methyl-d,-a-D- 
glucopyranoside, 7i 

QElectronegativity (23) A values: C = 0.4, OR = 1.2, OTMS = 1.3, OCOR = 1.4, Br = 0.75, C1 = 0.95, 1 = 0.45. 
bAngles from X-ray structure: +,,, = 64 k 7, @,,., = 41 k 4, @4.s = 86 k 5, c$~,,, = 44 k 5. 
<Prime mark designates the axial proton. The H-5 signal at higher field in the 8-D-arabino derivatives ( l a - d )  is assigned 

to the axial proton, based on comparison of chernical shifts with those of the H-5 protons in si~nilarily substituted a-D- 
xylo and a-D-lyxo derivatives. This is the reverse of previous assignments (2, 5, 11, and 13) in which the higher field signal 
had been assigned to the equatorial proton. 

dImaginary number obtained. 
eFirst order (100 MHz). 
fX approximat~on. 
QIterative analysis. 
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FORREST: CONFORMATIONS OF SUGARS 4099 

line state, the values may be used as a guide for 
comparison with the results obtained from n.m.r. 
measurements. The values of +,,, and +,,, ob- 
tained from both equations agree with the results 
from the X-ray analysis, in that b, ,, has decreased 
from the normal value of a gauclze dihedral angle 
and that +,,, has increased from normal. This is 
also in agreement with the results of valence- 
force minimization calculations (12) which in- 
dicate that an axial substituent on a six-mem- 
bered ring causes the equatorial proton on the 
same carbon to assume a smaller dihedral angle 
with the adjacent axial proton and a greater di- 
hedral angle with the adjacent equatorial pro- 
ton. The X-ray data indicate that +,,, in l a  is 
near normal, in agreement with the result from 
eq. 3 and contrary to that from eq. 4. The X-ray 
value for $,,,, is less than 60" as would be ex- 
pected from the results of the valence-force 
minimization calculations and is compatible with 
the result from eq. 3 but not eq. 4. 

In those cases in which there is no axial sub- 
stituent on the carbons bearing the coupled 
protons, the dihedral angles (+,,, in 5j and 6 k ;  

in 5j;  +,,, in 5k and 6 k ;  +,,, in 2a, 2c, 
and 2d) are all found from eq. 3 to be near 
normal (57-62"). These results are consistent 
with the finding (12) that an equatorial substitu- 
ent has very little effect on the dihedral angles of 
the protons on a six-membered ring. Only one 
exception to this was found, that of +,,,, in 5j, 
which was calculated from eq. 3 to be 51". 
Equation 4 yielded values ranging from 38 to 65" 
with an average of 49". 

For those cases in which there is an axial 
substituent on a carbon, the dihedral angle 
formed by the equatorial proton on that carbon 
with the adjacent equatorial proton (+,,, in 
4f, 5L c, a, e , g ,  h, m, i ,  and k ;  + 2 , 3  in4f; 44, in 
l a ,  6, c, and d )  is found from eq. 3 to be greater 
than 60" (15 values, range 74-62", average 67"). 
Calculation of the values of these angles from 
eq. 4 gave results ranging from 51 to 84" with an 
average value of 67". The dihedral angle formed 
by the equatorial proton on a carbon bearing an 
axial substituent and the adjacent axial proton 
is expected to be smaller than normal. Of the 
39 examples of this type of dihedral angle 
(41 ,~ in1 ,2 ,3 ,6c , e , f , g , and7 ;  +,,, i n l a n d 3 ;  
44,,, in 1; + , , ,  in 5e, and m, 6c,  e, f, and g ;  
+I,,, in 5k)  all but two, +,,, in 6e and g, are less 
than 60". When the axial substituent is a halogen 

or trimethylsilyl group and is situated on carbon 
1, the size of the dihedral angle is only slightly 
less than normal. 

In conclusion, it would appear that this meth- 
od of calculating dihedral angles (in the range 
of about 45-75") in sugars based upon the re- 
lationship established with substituted ethanes 
gives reasonable values and may be applied 
generally, whereas a Karplus equation that is 
modified to fit a specific set of data may be quite 
unreliable for use with other very similar com- 
pounds. It would be unwise, however to draw 
conclusions based on small differences in the 
angles calculated by this method, particularly 
when large deviations from 60" are indicated, 
since other coupling altering factors such as 
bond lengths and bond angles are assumed to be 
constant and the constants in eq. 3 have been 
obtained from a relatively small set of data and 
may be adjusted with the accumulation of 
further data. 
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Complex Fluoroanions in Solution. VI. Complexes of Methyl 
and Ethyl Fluorides with Group VB Pent;afluoridesl 
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S. BROWNSTEIN. Can. J. Chem.52,4101(1974). 
Methyl and ethyl fluorides form two unique complexes with tantalum and niobium 

pentafluorides. These complexes have been identified by their proton and fluorine resonance 
spectra and some evidence obtained for their structures. 

S. BROWNSTEIN. Can. J. Chem. 52,4101 (1974). 
Les fluorures de methyle et d'ethyle forment deux complexes uniques avec les pentafluorures 

de tantale et de niobium. On a identifie ces complexes a I'aide de leurs spectres de resonance 
magnetique nucleaire du proton et du fluor; on a aussi obtenu quelques indications sur leur 
structures. [Traduit par le journal] 

Introduction 
Complexes of simple alkyl fluorides with 

boron trifluoride have been prepared, but were 
only characterized by their melting or decomposi- 
tion points (1). The infrared spectrum of the 
methyl fluoride - boron trifluoride complex has 
been obtained at low temperature and found to 
differ only slightly from the sum of those of the 
individual components (2). From the results the 
complex was characterized as being very weak. 
Recently complexes of methyl and ethyl fluorides 
with antimony penta-fluoride have been reported. 
On the basis of their proton and carbon magnetic 
resonance spectra, especially the absence of ob- 
servable proton-fluorine spin coupling, structure 
1 was initially proposed for these complexes (3). 
This conclusion was later modified by the same 
authors who suggested that the complex has 
structure 2, but undergoes rapid intramolecular 
fluorine exchange, perhaps via structure 1, which 
would be present in very low concentration (4). 

A second research group disputes these con- 
clusions and claims that 1 : 1, 1 : 2, and in 
S0,ClF also 1 : 3, complexes of alkyl fluoride 
with antimony fluoride are present (5). They 

'NRCC No. 14298. 

assign structure 3 to the 1 : 2 complex and also 
invoke rapid intramolecular exchange of the 
alkyl group to explain the absence of proton- 
fluorine spin coupling and various features of 
the fluorine resonance spectra for all the com- 
plexes. 

F 

Complexes of RX with antimony pentafluoride 
have also been observed where X is chlorine, 
bromine, or iodine (6). In these cases the complex 
is formulated as a dialkyl halonium ion with a 
structure represented by R,Xf.  Such a structure 
was also proposed, but rejected, for the complex 
formed between ethyl fluoride and antimony 
pentafluoride (5) .  Because of the controversy 
concerning these complexes and in view of their 
great importance in carbonium ion mechanisms 
and Friedel-Crafts reactions it would be desir- 
able to investigate similar complexes with other 
binary fluorides to obtain further information on 
such complex species. 

It has been shown that under appropriate con- 
ditions complexes may be formed between MF, 
and NF,- where M and N are from among the 
elements phosphorus (7), arsenic (8), antimony 
(8), vanadium (9), niobium (8), tantalum (8), 
tungsten (lo), and molybdenum (1 1). It has also 
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t . . . .  , . . .  I . . .  , . .  i . .  , .  . . I .  , ,  I I I I I I 
I .  . . . , . . , .  I . . , , ,  

10.0 8.0 6.0 4.0 2.0 0 

FIG. 1. The proton resonance spectrum of an equimolar sulfur dioxide solution of ethyl fluoride and tantalum 
pentafluoride. A11 lines marked with x arise from unreacted ethyl fluoride. (a) Proton spin decoupling of the methyl 
and methylene proton regions, and a twofold scale expansion. (b) Tenfold scale expansion of the methyl proton region. 
The two sets of methyl group lines are marked with 0 and 0. (c)  Tenfold scale expansion of the methylene proton 
region. (d )  At 25 "C. 
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been shown that arsenic pentafluoride will react 
with t-butylchloride to give the t-butyl cation in 
a similar manner to the reaction with antimony 
pentafluoride (12). Therefore it seems reasonable 
that some of the above mentioned binary fluorides 
should form reasonably stable complexes with 
methyl and ethyl fluorides. The proton and fluor- 
ine magnetic resonance spectra show no indica- 
tion of complex formation between arsenic 
pentafluoride and ethyl fluoride at -80 "C in 
sulfur dioxide as solvent, nor is there evidence of 
complex formation with molybdenum penta- 
fluoride or vanadium pentafluoride. 

Under similar conditions complexes are 
formed with tantalum and niobium penta- 
fluorides and these results are described in detail. 

Experimental 
Proton resonance spectra were obtained at  100.0 and 

25.1 MHz and fluorine resonance spectra at 94.1 MHz on 
a slightly modified Varian Associates HA-100 spectrom- 
eter. All sample preparation and reagent manipulation 
was done with standard vacuum line techniques or using 
a vacuum dry box. Sulfur dioxide and methyl and ethyl 
fluorides were dried in contact with phosphorus pentoxide 
before being transferred to storage bulbs on the vacuum 
line. Methylene chloride was purified and stored as pre- 
viously described (13). Tantalum and niobium penta- 
fluorides (Ozark-Mahoning) were used as received. Any 
samples containing insoluble material, perhaps oxyfluor- 
ides, were rejected. Chemical shifts are reported in p.p.m. 
from internal CFC13 and tetramethylsilane. 

Results and Discussion 
The proton resonance spectrum at  100 MHz 

and - 83 "C of a 1 : 1 solution of ethyl fluoride 
and tantalum pentafluoride in SO, is shown in 
Fig. 1. The sample was prepared at liquid nitro- 
gen temperature, then thawed, mixed, and 
maintained at all times at Dry Ice temperature. 
It  can be clearly seen that in addition to unre- 
acted ethyl fluoride, whose spectral lines are 
marked with a cross, there are two nonequivalent 
ethyl groups. The one with chemical shifts of 
1.506 and 4.600 is 1.28 times more intense than 
the one with chemical shifts of 1.549 and 4.705. 
The spin coupling constant between the methyl 
and methylene protons is 7.0 Hz for each ethyl 
group. In order to insure that there are indeed 
two unique ethyl groups, rather than one ethyl 
group with methyl and methylene protons spin 
coupled to a fluorine nucleus, a proton reson- 
ance spectrum was also obtained at 25.1 MHz. If 
the separation of the two triplets and two quartets 
was due to spin coupling this separation should 

remain unchanged at 25.1 MHz. It was found 
that the separations decreased by a factor of 
four, in complete agreement with theoretical 
predictions for nonequivalent ethyl groups 
whose methyl and methylene resonances, respec- 
tively, are slightly chemically shifted. Other lines 
in this spectrum are at 9.14, presumably a proton 
associated with some fluoranion, 3.40, and 3.23. 
These lines may arise from decomposition of the 
ethyl fluoride - tantalum pentafluoride com- 
plexes. In addition there is a doublet at 0.12 
(J = 6 Hz) from trimethylsilylfluoride produced 
by a reaction with the tetramethylsilane employed 
as reference. 

In order to elucidate the structure of the two 
ethyl containing species a fluorine resonance 
spectrum of a similar sample, not containing 
tetramethylsilane, was obtained at - 80 OC. It is 
remarkably devoid of information, containing 
only one very broad line (half width of 1.5 KHz) 
at - 76.4 "C, the region where fluorine bonded to 
tantalum is norlnally found (8), and a weak 
broad and featureless line at 184 p.p.m. attri- 
buted to fluorine on carbon. Therefore there is 
rapid exchange on the n.m.r. time scale between 
the fluorines bonded to tantalum in the two ethyl 
fluoride - tantalum pentafluoride complex spe- 
cies. There is also rapid exchange between the 
fluorines attached to carbon, but not averaging 
of these fluorines with those bonded to tantalum. 

A change in solvent composition or a change 
in temperature causes a change in separation of 
the two methyl and methylene groups. Increasing 
the concentration of fluorotrichloromethane in 
the solvent increases the separation of the groups. 
Increasing the temperature decreases the separa- 
tion between the groups. At room temperature 
there is no chemical shift between the two methyl 
groups and only a small shift between the two 
methylene groups, as shown in Fig. Id. There is 
still no appreciable averaging of the two non- 
equivalent groups. When the sample is cooled the 
low temperature spectrum is again obtained. 

With a sulfur dioxide solution containing two 
equivalents of tantalum pentafluoride for each 
ethyl fluoride only the lower field ethyl group is 
observed in the proton resonance spectrum. The 
fluorine resonance sDectrum is uninformative 
due to rapid exchange averaging. It  is possible 
that the species giving rise to the lower field 
ethyl group is associated with two tantalum 
pentafluoride units and the higher field ethyl 
group with only one, but this cannot be proven 
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in the absence of resolved fluorine resonance a single complex is formed between methyl 
spectra. Methylene chloride and fluorotrichloro- fluoride and tantalum pentafluoride, in contrast 
methane were unsatisfactory as solvents for with the results for ethyl fluoride. 
lower temperature studies. However, it was The proton resonance spectrum at 100 MHz 
found possible to keep the reactants in solution and - 75 "C of a 1 : 1 solution of ethyl fluoride 
at - 100 "C with a solvent of approximately and niobium pentafluoride in sulfur dioxide is 
equal parts of SO, and SO,ClF. Under these shown in Fig. 2. The spectrum is almost identical 
conditions an analysis of the proton resonance with that for the corresponding solution with 
spectrum indicated that only the 1 : 1 complex tantalum pentafluoride. Two sets of lines are 
was present in a sample prepared with equiva- present from ethyl groups, in addition to those 
lent quantities of TaF, and ethyl fluoride. The from unreacted ethyl fluoride. From proton 
fluorine resonance spectrum had a broad doublet resonance spectra obtained at 25.1 MHz, one 
(J = 160 Hz) at - 120.2 p.p.m. and broad single may exclude the possibility of the ethyl doubling 
lines at -73.2 and 79.5 p.p.m. from the 1 : 1 arising from proton-fluorine spin coupling. One 
complex. By comparison with other complexes of the ethyl groupings has chemical shifts of 
of TaF, it is possible to assign the line at - 120.2 1.485 and 4.574 p.p.m. for the methyl and 
to fluorine 1 in structure 4 (8, 14). The line at methylene groups respectively. The other ethyl 

group has chemical shifts of 1.539 and 4.700. 
Thus the ethyl groups are at slightly higher field j2 F3-CHI CHI ' 7 ~ a 7  than in the corresponding tantalum system. Simi- 
lar results may be obtained when there is no 

F1 I F2 tetramethylsilane in the system. The fluorine 
F 2 

resonance spectrum of such samples has only a 
4 single very broad line at - 159 p.p.m., the region 

where fluorine bonded to niobium is found, and 
-73.2 is assigned to fluorine 2 and that at 79.5 a weak doublet (J = 420 Hz) at 184 p.p.m. 
to fluorine 3. The spin coupling ( J 1  - 3 )  of 160 Hz attributed to the fluorine of the complexed ethyl 
observed for the line attributed to fluorine 1 was fluoride. 
somewhat inconclusively collapsed by simul- When a 2: 1 ratio of niobium pentafluoride to 
taneous irradiation of fluorine 3. The combina- ethyl fluoride is used the results are similar to those 
tion of proton and fluorine resonance results with the 1 : 1 ratio except that the low field ethyl 
suggest structure 4 for the 1 : 1 complex with a signals are more intense relative to those of the 
somewhat weakened carbon-fluorine bond, since high field ethyl group, than for a 1 : 1 ratio. This 
no proton-fluorine spin coupling is observed. is similar to, but less pronounced than, the same 
With the binary solvent pair it was not possible result in the tantalum pentafluoride -ethyl 
to resolve separate fluorine lines for a sample fluoride system. Only a single very broad line 
prepared with two equivalents of TaF, for each was observed in the fluorine resonance spectrum. 
ethyl fluoride. The reaction between niobium pentafluoride 

The proton resonance spectrum of a 1 : 1 solu- and methyl fluoride appears to be quite slow and 
tion of methyl fluoride and tantalum penta- reaches an equilibrium in which unreacted 
fluoride in sulfur dioxide at - 80 "C has a peak methyl fluoride and two complexed methyl 
at 5.40 p.p.m. in addition to those of unreacted fluoride species are simultaneously present. This 
methyl fluoride. This agrees well with the values mixture appears stable at room temperature 
of 5.33 (3) and 5.56 (5) previously found for the towards decomposition into miscellaneous pro- 
methyl fluoride - antimony pentafluoride com- ducts, in contrast with the results for tantalum 
plex. The spectrum does not change when there is pentafluoride. A freshly prepared solution of 
a two-fold excess of tantalum pentafluoride. The niobium pentafluoride and methyl fluoride in 
fluorine resonance spectrum of the 1 : I solution sulfur dioxide has a proton resonance spectrum 
a t  -80 "C has only a very broad peak (half- at -70 "C which is primarily that of the un- 
width 1300 Hz) at - 76.4 p.p.m. and the quartet reacted methyl fluoride doublet. In addition there 
from unreacted methyl fluoride. Upon warming are weak lines of approximately equal intensity 
to room temperature there is irreversible decom- at 3.35 and 4.36 p.p.m. From spectra at 25.1 
position of the sample. It would seem that only MHz it was demonstrated that these lines arise 
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BROWNSTEIN: COMPLEX FLUOROANIONS IN SOLUTION. VI 4105 

FIG. 2. The proton resonance spectrum of an equimolar sulfur dioxide solution of ethyl fluoride and niobium 
pentafluoride. 

from chemically shifted species and are not due 
to proton-fluorine spin coupling. All the lines 
remain sharp in spectra taken at  room tempera- 
ture indicating negligible exchange, on the 
n.m.r. time scale, between the various species. 
The lines from the product gradually increase in 
intensity, a t  the expense of those from methyl 
fluoride, and reach an equilibrium value of 1.36 
times more intense after about 1 h at room tem- 
perature. The fact that both product lines appear 
and grow maintaining equal intensity suggests 
that only one product is produced containing 
two nonequivalent methyl groups. The fluorine 
resonance spectra indicated extensive fluorine 
averaging and did not give further information 
on the structure of the complex. Similar results 
are obtained with a 2 : 1 ratio of niobium penta- 
fluoride to methyl fluoride. 

The complexing of methyl and ethyl fluorides 
with group V pentahalides does not seem to be 
restricted to antimony pentafluoride. Unfortu- 
nately rapid fluorine exchange prevents elucida- 
tion of the structures of these complexes. 
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Kinetics of the Cu(I1) - Nitrilotriacetic Acid Reaction 

JAMES MAGUIRE 
Water Science Section, lnlnnd Waters Directorate, Department of the Environment, Ottawa, Canada K I A  0E7 

Received April 30, 1974 

JAMES MAGUIRE. Can. J. Chem. 52,4106(1974). 
The kinetics of the reaction between Cu(I1) and nitrilotriacetic acid (NTA) to form the 1:l 

complex have been studied by the stopped-flow technique over the pH range 2-6. The reaction is 
kinetically first order in both [Cu(II)] and [NTAItotal; the rate constant has a minimum value of 1.1 
x lo5 1 m o l l  s r l  in the pH range 3.5-5 and increases with either increasing or decreasing pH. An 
explanation for the observed kinetic behavior may be that in the case of the monoprotonated 
species HNTAZ- there is a rate-limiting transfer of a proton from nitrogen before complex 
formation takes place, and that this transfer is facilitated with increasing acidity. 

JAMES MAGUIRE. Can. J. Chem. 52,4106(1974). 
On a etudie la cinetique de la reaction entre le Cu(I1) et I'acide nitrilotriacCtique (NTA) 

conduisant a un complexe I:] ; cette etude a ete effectuee a I'aide de la technique du flux stoppe 
dans la zone de pH 2-6. La reaction est cinetiquement du premier ordre en [Cu(II)] et  en 
[NTAItotai; la constante de vitesse a une valeur minimum de 1.1 x 105 1 mol-I s-I dans la zone de 
p H  de 3.5-5 et augmente ensuite soit par augmentation ou diminution du pH. Une explication 
pour I'evolution cinetique observee peut-ttre que dans le cas de l'espece monoprotone HNTAZ- il 
y a un transfert, limitant la vitesse, du proton de l'azote avant que la formation du complexe 
puisse avoir lieu et que ce transfert est facilitt avec une augmentation de l'aciditk. 

[Traduit par le journal] 

Introduction 
For environmental reasons it is important to 

study complexation of heavy metal ions by such 
agents as polyaminocarboxylic acids. Nitrilo- 
triacetic acid (NTA) has received a good deal of 
attention because it is used in detergent formula- 
tions. Equilibrium studies of Cu(I1)-NTA com- 
plex formation have been made (1-5), and 
Whitlow (6) has determined the crystal and 
molecular structure of sodium nitrilotriacetato- 
copper(I1) monohydrate by single-crystal X-ray 
analysis. Rabenstein and co-workers (7, 8) have 
studied by nuclear magnetic resonance the 
ligand-exchange kinetics and solution equilibria 
of cadmium, zinc, and lead nitrilotriacetic acid 
complexes with special attention to the state of 
protonation of the ligand; in the case of copper 
it was of interest to examine the kinetics of the 
Cu(II)-NTA reaction. 

Experinnentali Seetiom 
The disodium salt of nitrilotriacetic acid was obtzined 

from Eastman Chemical Co., and cupric chloride from 

complex and either copper or NTA. The value of 
[NTA],,,,, in one of the driving syringes (typically l o b 4  M) 
was always kept at  least ten times the concentration of 
copper in the other driving syringe so that upon mixing 
pseudo first-order kinetics were observed (i.e., the rate of 
the reaction is given by z: = kOb,[Cu(II)], where k,,, = 

k[NTA],,,,,. Because the dissociation constant of the 
Cu(1I)-NTA complex is so small (9) the rate constant for 
dissociation can be ignored). Photographs were taken of 
these curves, and the values of kobs were obtained by 
computer analysis. Plots of k,,, us. [NTA],,,,l yielded 
values for the second-order formation rate constant k.  
Each value of k is an average of at least three determina- 
tions, except in the p H  range 2-3, where twenty deter- 
minations were made at  each p H  value. Experiments 
were performed at  an  ionic strength of 0.05 M, using 
KNO,. The p H  (measured with an Orion 801 pH meter 
and Fisher combination electrode calibrated with stan- 
dard buffers) was adjusted using concentrated KOH or 
HNO,. At p H  values lower than 2 and higher than 6 the 
rate of the reaction was too fast to follow with the 
stopped-flow apparatus. 

Results and Discussion 
Figure 1 shows the effect of p H  on the rate 

constant for reaction between copper(I1) and 
nitrilotriacetic acid. The variation of the second- 

J. T. Baker Chemical CO. Routine absorbance measure- order rate constant k with p H  can be 
merits were made with a Gary 14 spectrophotometer, and by different reactivities of the different species of the 1 :1 stoichiometry of the complex was established. 
Kinetic measurements were made spectrophotometrically reactants. In the mathematical of 
at  25" with a Durrum stoooed-flow aoDaratus. The reac- the curve in Fig. 1 use is made of the Critchlow- 

A A A 

tion was followed at  240 nm, where there is a maximum Dunford methid (10, 11) involving the concept 
in the difference spectrum between the Cu(II)-NTA of transition+tate acid dissociation constants. In 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MAGUIRE: KINETICS OF Cu(l1) -NITRILOTRIACETIC ACID REACTION 4107 

PH 

FIG. 1 .  A plot of the logarithm of the second-order rate constant k us. p H  for the reaction between Cu(l1) and 
NTA at 25" and ionic strength 0.05 M. The error bars represent standard deviations. Each value of k is an average 
of at least three determinations, except in the p H  range 2-3 where twenty determinations were made at each p H  value. 

this treatment, an acid dissociation in the transi- 
tion state gives rise to an increase in slope with 
increasing p H  in a plot of log k us. pH, whereas 
an acid dissociation in the ground state causes a 
decrease in slope. The number and approximate 
pK values of such ionizations may therefore be 
read off the plot by an extension of Dixon's rules 
(12) in the same way as the (ground state) pK 
values of an enzyme or enzyme-substrate com- 
plex. The use and validity of the concept of 
transition-state acid dissociation constants as an 
aid in interpreting pH-rate profiles has been 
discussed in detail elsewhere (10, 11, 13, 14). The 
application of this style of treatment yields the 
same results as classical techniques for analysis 
of log k us. p H  curves, but the simplicity of this 
method more readily lends itself to an under- 
standing of the chemical reaction involved; this 
is of great advantage in complicated systems in 
which both reactants are present in more than 
one state of ionization. 

In the numerical analysis of the results an 
attempt was made to describe the system in 
terms of an inverted bell-shaped curve; this 
resulted in a poor fit of the calculated curve to 
the experimental data in the p H  range 2.5-3. A 
more satisfactory model involves a ground state 
dissociation and a transition state dissociation at  
about p H  2.8 and 2.4, respectively, superimposed 
on the large-scale effect of the inverted bell- 
shaped curve. The solid line in Fig. I is a result of 
the fit of the data to the equation 

in which k' is the pH-independent rate constant 
in the p H  range 3.5-5, K, is the acid dissociation 
constant associated with the dissociation re- 
sponsible for the decrease in slope (with increas- 
ing pH) at p H  2.8, and K,', K,', and Kzt are the 
transition-state acid dissociation constants asso- 
ciated with the dissociations responsible for the 
increases in slope at p H  values of 2.4, 3.5, and 5 
respectively. The best fit values of these param- 
eters are shown in Table 1. The rate constant k' 
in the p H  region 3.5-5 of Fig. 1 can be taken as 
referring to the process Cu2+ + HNTA2- be- 
cause this is the p H  region in which HNTA'- is 
the predominant protonated species of nitrilo- 
triacetic acid. Values for pK, of nitrilotriacetic 
acid (H2NTA- 8 HNTA2- -t H') reported in 
the literature range from 2.49 (5 ,  15, 16) to 2.95 

TABLE 1.  Least-squares values of the 
parameters of eq. 1 

Parameter Value 
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(2). It seems likely that the calculated pK, value 
of 2.8 represents the dissociation of H2NTA- to 
HNTA2- (pK2), and that the difference of 0.3 
p H  units between 2.8 and commonly accepted 
values of 2.5 is due to experimental error in the 
data of Fig. 1. 

The infrared spectroscopic data of Chapman 
et al. (17) indicate that in the monoprotonated 
species HNTA2- in aqueous solution the proton 
resides on the nitrogen atom. From the fact that 
only one carboxylate antisymmetric stretching 
band was observed, it was deduced that all the 
available carboxylate groups interact in an 
equivalent manner with the single proton, prob- 
ably through hydrogen bonding. Similarly, the 
diprotonated species H2NTA- has two car- 
boxylate groups interacting with the proton on 
nitrogen, and H3NTA, a zwitterion in solution, 
has one carboxylate group interacting with the 
proton on nitrogen. It appears that intramolec- 
ular ring formation of the protonated forms of 
NTA must be broken before coordination can 
occur. To account for the fact that HNTA2- 
reacts with copper at a slower rate than NTA3-, 
it may be that a rate-limiting proton transfer 
from nitrogen in HNTA2- must occur before 
complex formation takes place. This suggestion 
has been made in studies of similar metal - 
polyaminocarboxylic acid complexes (7, 8, 18, 
19). The decreased extent of intramolecular ring 
formation noted above for the species H2NTA- 
and H3NTA compared to HNTA'- is probably 
responsible for the increased rate of reaction 
below p H  4. 
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C6F5X Bond Dissociation Energies: Determination from 
Appearance Potential Measurements and Correlation 

with Thermochemical Data 
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STANLEY JAMES W. PRICE and HENRY J. SAPIANO. Can. J. Chem. 52,4109 (1974) 
Appearance potentials for C6F5+ from C6F5X (X = F, CI, Br, I) have been determined 

relative to argon (15.76 eV) by the extrapolated voltage difference method. The respective 
appearance potential values are 16.86, 15.85, 14.93, and 13.21 eV with an  estimated precision 
of t 0 . 0 5  eV. Combining differences in these values with the kinetic values of D[C6F5-I] = 
66.2 kcal mol-' leads to D[C6F,-F] = 150.4 t 2.0 kcal mol-I, D[C6F5-CI] = 127.1 i 
2.0 kcal mol-', and D[C6F5-Br] = 105.9 f 2.0 kcal mol-'. 

Comparison with D[C6F5-XI (X = F, C1, I) from thermochemistry (1) indicates that the 
combined excitation energies, kinetic energies, and chemical shifts for the process C6F5X -t 
C6Fs+ + X are constant within experimental error. 

STANLEY JAMES W. PRICE et HEVRY J. SAPIANO. Can. J. Chem. 52,4109(1974). 
Les potentiels d'apparltion de I'ion C6F5+ derive du C6F5X (X = F, C1, Br, 1) ont Cte 

determines par rapport a I'argon (15.76 eV), par la methode de diffkrence de voltage extrapole. 
Les valeurs respectives des potentiels d'apparition sont 16.86, 15.85, 14.93 et 13.21 eV avec une 
precision qui est estimee a i0 .05  eV. En combinant les differences entre ces valeurs avec les 
valfvrs cinttiques de D[C6F5-I] = 66.2 kcal mol-', on obtient des valeurs de D[C6F5-F] = 
150.4 + 2.0 kcal mol-', D[C6Fs-CI] = 127.1 _+ 2.0 kcal mol-' et D[C6F5-%r] = 105.9 kcal 
mol-' f 2.0 kcal mol-I. 

La comparaison de ces valeurs avec les valeurs equivalentes dCrivCes de la thermochimie (1) 
indique que les Cnergies d'excitations combinies, les Cnergies cinetiques et les diplacements 
chimiques pour le processus C6F5X + C6F5+ + X sont constants aux erreurs exptrimentales 
prks. [Tradu~t par le journal] 

Introduction 
In a recent publication (1) data on the heat 

of formation of iodopentafluorobenzene was 
combined with D[C6F5-I] = 66.2 kcal mol-' 
(2) to obtain A H ~ , , , ~ [ C ~ F , , ~ ]  = -92.6 kcal 
mol- '. Using this value and the appropriate values 
of AHf2y~[C6F,X,g](X = OH, H, F, Cl,I,CH,, 
CF,) (3 -5) the corresponding D[C6F5-XI 
bond dissociation energies were evaluated. With 
the exception of D[C6F5-I] all of these bond 
dissociation energies must be assigned error 
limits of at least + 3.0 kcal mol-' largely because 
of the uncertainty in A H ~ , , , ~ [ C ~ F ~ I , ~ ]  (1). It 
should be noted that dzfeerences between the 
various D[C,F,-XI (X # I) are not affected 
and are probably accurate to about f 1.0 kcal 
mol-'. 

In an attempt to provide a value for 
D[C,F5-Br] appearance potentials of C6F5+ 
from C6F,X (X = F, Cl, Br, I) have been mea- 
sured by standard electron impact procedures. 

'To whom correspondence should be addressed. 

It must be understood, particularly in the case of 
aromatic systems, that unknown excitation 
energies, kinetic energies, and chemical shifts 
make absolute determination (of the energy 
required for bond rupture and adiabatic ioniza- 
tion) by simple electron impact methods impos- 
sible. However, for C6F5X -+ C,F,+ + X, since 
in each case the same ion has been studied 
(C6F,+) and the neutral fragment is an atom, 
it seems reasonable to assume that d~ fe rer~ces  
in appearance potentials should correspond 
closely to differences in D[C6F,-XI bond dis- 
sociation energies. Comparison with thermo- 
chemical data has shown that this is the case. 

Experimental 
Materials 

C6F6, C6FsC1, C6FSBr, and C6F51 were obtained from 
Imperial Smelting Corporation. Each compound was 
subjected to fractional distillation with head and tail 
fractions being discarded. Analysis by gas chromatog- 
raphy (6 ft x 118 in. 0.d. silicon oil D C  710 on 80-100 
mesh Chromosorb W, N, carrier, 60cc/min, isothermal 
at  105 "C, electron capture, and flame ionization detec- 
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tion) showed no  detectable impurities. C,H,Br (Eastman 
Organic) was similarly treated. Argon (Liquid Carbonic) 
was used without further purification. 

Apparatus and Procedu;e 
Appearance potentials of C6F,+ were measured using 

an MSlO C2 mass spectrometer. The extrapolated voltage 
difference method (6, 7) was used with argon as the 
reference gas. The appearance potential of C6Fs+ from 
C6F,I was also determined relative to C6Hs+ from 
C6H,Br. In all cases measurements were made over a 
range of 4 to 5 eV above the potential at  which the ion 
beam was first detected. The total pressure in the ion 
source was kept at less than I x Torr in all cases. 
Peaks were tuned in manually. Measurements were made 
at intervals of 0.5 eV or less and the height of each peak 
in a given run was checked at  least six times, three times 
each during descending and ascending eV measurements. 
A low trap current (10 uA) produced sufficiently intense 
spectra so that it was possible to operate the filament 
under very favorable conditions. 

Results and Discussion 

Experimental results are given in Table 1 .  In 
the extrapolated voltage difference procedure 
the linear portions of the appearance potential 
(a.p.) curves for the reference gas and the sub- 
stance of interest are first made parallel by 
multiplying the readings for one of the gases by 
the appropriate factor. The curved portions are 
then used to obtain a plot of the separation of 
the curves (in eV) rs. peak height which when 
extrapolated to zero peak height gives the dif- 
ference in appearance potentials. In all cases a.p. 
Ar = 15.76 eV was used as the reference. For 
C6F5+ from C6F5X (X = F, Cl, Br) the total 
convergence between C6F5+ and Ar+ (from the 
start of the curved a.p. tail to zero ion current) 
was 0.1 eV or less making the linear extrapola- 
tion to zero peak height very straightforward. 
When X = 1 the lower portion of the C6F5+ 
a.p. plot showed significantly greater curvature. 

TABLE 1. Appearance potentials for 
C6F5+  from C6FsX 

Appearance potential (eV)* 

Literature 
X This work values (8) 

*All present values were determined by the extra- 
polated voltage difference method (6 7). Literature 
values (8) \+ere determined by the s'emilogarithmic 
method. All values contain undetermined excitation 
energies. 

TABLE 2. Comparison of D[C6FS--X] values 
determined from thermochemistry with values 

derived from appearance potential studies 

D[C6F5-XI (kcal mol-l) 

From From appearance 
thermochemistry* potentials? 

*All values in this column are based on AHflss~[C6F5,gl = 
-92.6 kcal mol-I determined from the klnetlc value of 
D[C6F5-I] and AHf29so[CsF51,gl = -133.3 t 3.0 kcal 
mol-I (1). 

t ~ a s e d o n  the kinetic value of D[C6F5-I] and differences 
in a.p. values. 

fKinetic value (2) .  

The extrapolated a.p. difference (2.55 eV leading 
to a.p. C6F5+ from C6F51 = 13.21 eV) was 
therefore felt to be less reliable than for the other 
C6FsX compounds studied. 

In order to check the precision of the a.p. 
determination of C6F5+ from C6F51 the a.p. of 
C6H5+ from C6H5Br was first determined rela- 
tive to argon. The a.p. of C6F5+ from C6FsI 
was then determined relative to that for C6Hs+ 
from C6H5Br. The value obtained for the a.p. 
for C6Fsf from C6F51 determined in this way 
is also 13.21 eV. It should be noted that these 
procedures provide only an internal check on 
the precision of the e.v.d. determinations. 

In Table 2 a comparison is made between 
D[C,F5X] values based on thermochen~ical 
methods and a.p. differences. Both sets of data 
use the kinetic value of D[C6F,-I] = 66.2 kcal 
mol-' as a base. The apparent difference of 
approximately 3 kcal mol-' indicated by the 
results for X = F, CI, and I is within the com- 
bined limits of experimental error. It would 
therefore appear that the contributions to the 
observed appearance potentials from excitation 
energies, kinetic energies, and chemical shifts 
are in fact constant within experimental error for 
the process e + C6F,X -+ C6F,+ + X + 2e 
(X = F, C1, or I and presumably then also for 
X = Br). The value of D[C6Fs-Br] obtained 
from the a.p. differences should then be a 
reasonable measure of this bond dissociation 
energy. 
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Erratum: Concertedness in the Thermolysis of Some 1-Pyrazolines 

ROBERT J.  CRAWFORD AND MASATOMI OHNO 
Depnrtinent of Clzenzistty, Uni~3ersity of Alberta, Edmonton, Alhertcr T6G 2G2 

Received October 11. 1974 

(Ref. Can. J. Chem. 52,3134(1974) 

Table 4 on page 3 138 should read as follows: 

TABLE 4. Act~vation enthalpies (kcal mol-I), entropies, and relative rates of thermolysis, at  50', 
for several azo compounds" 

A H  * log A AS*  Relative rate 

OCompounds 1,  2, and 5 were measured in diphenyl ether solution, all others in the gas phase. 

Erratum: Studies on Theoretical Psychotogens. Synthesis of 
0-MethgBated Neurotransmitters and Metabolic Precursors 

J. R. BUTTERICK AND A. M. UNRAU 
Department ofCl~etnistry, Simoti Fraser Unii.ersity, Burnuby, British Columbia V5A 1S6 

(Ref.: Can. .I. Chem. 52.2873 (1974)) 

Abstract lines 2 and 3 refer to "erythro, thres;" these are incorrect and should be deleted. 
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Marine Organic Chemistry. 11. Synthesis of 3P,6a-Dihydroxy-Scu-pregn-9(11)- 
en-20-one, the major Sapogenin of the Starfish Asten'as forbesi 

JOHN W. APSIMON AND JOHAN A. EENKHOORN 
Department ofchemistry, Carleton Universiv, Ottawu, Cnnnda K I S  5B6 

Received July 12, 1974 

JOHN W. APSIMON and JOHAN A. EENKHOORN. Can. J .  Chem. 52,4113 (1974). 
A seven-step synthesis of 3P,6a-dihydroxy-5a-pregn-9(ll)-en-20-one (71, starting from 

I l -oxoprogesterone, is presented. 

JOHN W. APSIMON et JOHAN A. EENKHOORN. Can. J .  Chem. 52,4113 (1974) 
On presente la synthese en sept etapes de la dihydroxy-3P.6a preg-5u ene-9 (1 1) one-20 (7), a 

partir de la 0x0-1 l progesterone. [Traduit par le journal] 

Asterone, 3~,6a-dihydroxy-Su-pregn-9(11)-en- 
20-one (7), the major sapogenin isolated from 
the glycosides found in several starfish ( I ) ,  can 
be considered as a potential source of cortico- 
steroids. In order to study the conversion of 
asterone (7) to these steroids, a synthetic ce- 
quence, summarized in Scheme 1, was developed 
to obtain compound 7 in reasonable amounts. 
This route is described in this article. The 3p,6a- 
dihydroxy system found in asterone (7) can be 
derived from a steroidal 3-keto-4-ene by a decon- 
jugation-reduction process, affording a 30- 
hydroxy-5-ene system which in turn, after 
"hydroboration-oxidation," could provide the 
two equatorial hydroxyl groups characteristic of 
compound 7. Ketalization of a 3-keto-4-ene 
steroid can provide the deconjugated, 5-un- 
saturated-ethylene ketal (2). However, the 
a-branch of the ketal blocks the a-side of the 
molecule (3) leading to hydroboration from the 
B-face, so that after oxidation of the organo- 
borane, a 6P-hydroxy-5P-H derivative would 
result. Hence, we decided to proceed via a 3- 
acetoxy-3,s-diene, since sodium borohydride 
reduction of this system is known to give a 3P- 
hydroxy-5-ene species (4), and hydroboration- 
oxidation of this system is known to give a 5a- 
H,6a-hydroxy species (5). The 9(11)-double bond 
can be introduced by dehydration of an 1 I-axial 
hydroxyl group, which in turn can be obtained 
by metal hydride reduction of an  1 I-keto deriva- 
tive (6). The preferential dehydration of the 
11-axial hydroxyl group of triol 5 constitutes the 
major advantage of our approach over that 
recently reported by Turner and Smith (7). 
Starting from I la-hydroxyprogesterone, they 

obtained a 3P,6ct, 1 1 ct-trihydroxypregnane deriva- 
tive via an analogous series of reactions but were 
forced to protect two of the equatorial hydroxyl 
groups before being able to eliminate the third 
equatorial I 1-hydroxyl group as the tosylate. 
Djerassi and co-workers (8) synthesized asterone 
(7) via a different sequence of reactions, from 
3P,6ct- diacetoxy - 20- ethylenedioxy - 5%-pregnane 
by reaction with iodobenzene dichloride, follow- 
ed by hydroxylis in less than 1 I", yield. 

Following the above strategy, we were able to 
obtain asterone (7) in 18: overall yield in a 
seven-step synthesis from I I-oxoprogesterone. 
Thus, treatment of I I-oxoprogesterone with 
acetic anhydride and perchloric acid in ethyl 
acetate at  room temperature (9) gave the enol 
acetate 1 in 84% yield which was ketalized to 
yield the ketal 2 in 82: yield. Longer reaction 
times were observed to cause deacetylation, 
followed by ketalization resulting in formation 
of increasing amounts of 3,20-diketal. Cleavage 
and reduction of the dienol acetate 2 with sodium 
borohydride in ethanol afforded the 30-hydroxy- 
5-ene compound 3, which without purification 
was reduced with lithium aluminum hydride in 
diethyl ether to give the enediol 4 in 5 8 x  yield. 
Comparison of calculated (10) chemical shift 
values for the angular methyl groups with those 
observed, confirmed the structures assigned to 
compounds 4 and 5. (See Table 1.) Hydrobora- 
tion of compound 4 provided the desired triol 5 
in 57Y, yield which on treatment with glacial 
acetic acid - perchloric acid a t  100" underwent 
acetyiation of the equatorial 3P- and 6a-hydroxyl 
groups, deblocking of the 20-keto function and 
dehydration of the axial 11 P-hydroxyl group to 
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\ 

tr EtOAc. AczO. HCIOJ c ( I )  B,H,, THF 
h Benzene. HOCH,CHzOH. T\OH, reflux ( 2 )  H20z .  NaOH 
( NaBH,. EtOH f AcOH, HC10,. A 
ti LAH. ethet q MeOH, KOH. reflux 

S C H ~ M F  1 

yield the crude diacetate 6 which was hydrolyzed 
with methanolic potassium hydroxide to afford 
asterone (7) (797; yield from compound 5). 

Experimental 
Melting points were determined on a Fisher-Johns 

melting point apparatus and are uncorrected. The n.m.r. 
spectra were obtained on a Varian T-60 or Varian XL-100 
spectrometer with tetramethylsilane as internal standard 
and deuterio-chloroform as solvent. Chemical shifts are 
expressed in the 6 scale and the following abbreviations 
apply: s, singlet; d, doublet; t, triplet; m, multiplet. 
Infrared spectra were determined on a Perkin-Elmer 257 
i.r. spectrophotometer and run in methylene chloride 
unless stated otherwise. Ultraviolet spectra were obtained 
on a Perkin-Elmer 202 u.v.-visible spectrophotometer 
and were run in 95% ethanol. 

1 I-Oxoprogesterone 
Material obtained from Upjohn Co. was recrystallized 

from methanol, m.p. 178-179 "C; u.v.: ?,,,, 238 (14 900) 
n.m.; i.r.: V 1701 (CO), 1667 (cc,P-unsaturated CO) cnl-'; 
n.m.r. 0.65 (s, 3, CH3-18H), 1.42 (s, 3, CH,-19H), 2.12 
(s, 3, CH,CO), 5.72 (s, 1 ,  vinyl H). 

3-Acetoxypregnir-3,5-diene-Il,20-dione (1)  
To a solution of 11-oxoprogesterone (10.0 g, 30.5 

mmol), dissolved in ethyl acetate (200 ml) was added a 
mixture of acetic anhydride (39 ml) and ethyl acetate 
(120ml), followed by a solution of perchloric acid 
(0.04 ml) in ethyl acetate (40 ml). The resulting yellow 
solution was stirred for 15 min at  room temperature. The 
reaction was stopped by addition of saturated sodium 
bicarbonate solution (100 ml). The mixture was added 
to a slurry of sodium bicarbonate (100 g) in water (200 
ml) and was stirred till carbon dioxide evolution had 
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TABLE 1. Observed and calculated (10) chemical shifts 
of the 18- and 19-methyl group protons in the proton 

n.m.r. spectra of selected steroids 

11 -0xoprogesterone 
dienol acetate 1 
dienol acetate ketal 2 
hydroxyenone 3 
enediol4 (1 18-OH 

compound) 
(I 1 cc-OH compound) 
triol 5 (6a-OH, 5a-H) 
(6B-OH, 58-H) 

Asterone diacetate (6) 
Asterone (7) 

Found Calculated 

ceased. The organic layer was separated and the aqueous 
layer was extracted with ethyl acetate. The combined 
organic layers were washed with saturated sodium bicar- 
bonate solution and with water till neutral and were dried 
(Na2S04). The solvent was removed in tacuo and 11.3 g 
of a white solid was obtained. Recrystallization from 
methanol containing some pyridine afforded 9.5 g of 
white crystalline product, m.p. 145-147" (lit. (11) m.p. 
143-145"), i.e. 84%, yield; u.v.: h,,, 233 (19 100) nm; i.r.: 
V 1751 (acetate CO), 1708 and 1701 (CO) cm-';  n.m.r.: 
0.64 (s, 3, CH3-18H), 1.20 (s, 3, CH3-19H), 2.12 (s, 3, 
CH,CO), 2.14 (s, 3, CH,COO), 5.35 (b, I ,  vinyl H-6), 
5.67 (s, 1 ,  vinyl H-4), 

3-Acetoxy-20-ethylenedioxypvegna-3,s-dien-11-one (2) 
A mixture of enolacetate 1 (10.0 g, 27.0 mmol) dis- 

solved in benzene (500 ml), ethylene glycol (50 ml), and 
p-toluenesulfonic acid (0.5 g) was stirred at reflux tem- 
perature for 3 h. During this time water was removed 
using a Dean-Stark apparatus. To the cooled solution 
were added 200 ml of saturated sodium bicarbonate 
solution. The benzene layer was separated and the 
aqueous layer was extracted with benzene. The combined 
organic layers were washed with water till neutral and 
were dried (Na,S04). The solvent was removed in cacuo 
and the resulting solid residue was recrystallized from 
methanol containing some pyridine to afford 9.2 g of 
white crystalline product, m.p. 116-118" (82% yield). 
Repeated recrystallization from methanol (pyridine) 
gave an analytical sample, m.p. 117-1 19"; u.v. : h,,, 232 
(18 300) nm; i.r.: V 3033 (ketal C-H stretch), 1751 
(acetate CO), 1701 (CO) cm-'; n.m.r.: 0.78 (s, 3, CH3- 
18H), 1.21 (s, 3, CH3-IYH), 1.28 (s, 3, CH3-21H), 2.14 
(s, 3, CH3COO), 3.94 (m, 4, 0CH2CH20),  5.35 (b, 1, 
vinyl H-6), 5.66 (s, 1, vinyl H-4). 

Anal. Calcd. for C,sH3,05: 72.43; 8.27 H. Found: 
72.40 C;  8.:8 H. 

3~-Hydvoxy-20-efl1 ylenedioxypvegn-5-en- o n e  (3) 
To a solution of en01 acetate ketal2 (5.5 g, 13.3 mmol), 

dissolved in 95% ethanol (550 ml), was added sodium 
borohydride (1.1 g). The colorless solution was stirred at 
room temperature for 23 h.  After addition of 100 ml of 

water, the reaction mixture was stirred for 1 h more. The 
solvent was removed in vacuo and the residue was treated 
with a mixture of water and ether. The ether layer was 
separated and the aqueous layer was extracted with ether. 
The combined organic layers were washed with saturated 
sodium chloride solution and were dried (Na,SO,). 
Evaporation in vacuo of the solvent afforded 5.0 g of 
white solid (100% yield), which was used without purifi- 
cation in the next step; i.r.: V 3590 (OH), 1700 (CO) 
cm-'; n.m.r.: 0.75 (s, 3, CH3-18H), 1.21 (s, 3, CH3-19H), 
1.28 (s, 3, CH,-21H), 3.94 (m, 4, 0CH,CH20), 3.6 (m, 1, 
HCOH), 5.35 (b, I ,  vinyl H). 

20-Ethylenedioxypvegn-5-ene-3 P,II 8-diol (4) 
To a solution of 3B-hydroxy-20-ethylenedioxypregn- 

5-en-11-one (3) (5.0 g, 13.3 mmol) dissolved in anhydrous 
ether (500 ml) 2.5 g of lithium aluminum hydride was 
added. The reaction mixture was stirred at room tem- 
perature for 23 h, was then cooled to 0°, and was treated 
with 250 ml of saturated potassium sodium tartrate solu- 
tion. The ether layer was separated and the aqueous layer 
was extracted with ether. The combined organic layers 
were washed with saturated sodium chloride solution, 
were dried (Na,S04) and concentrated in vacuo. The 
white solid residue (5.0 g) was recrystallized from acetone 
to give 2.7 g (7.2 mmol) of crystalline product, m.p. 208- 
212" (lit. (12) m.p. 210-215.5'). 

From the mother liquor an additional 0.2 g of product 
was obtained, m.p. 207-210". Total yield amounted to 
58%; i.r.: V 3590 (OH) cm-', no absorption in CO 
region; n.m.r. : 1.00 (s, 3, CH3-18H), 1.28 (s, 3, CH3-19H), 
1.28 (s, 3, CH3-ZlH), 3.94 (m, 4, OCH,CH,O), 3.6 (m, 1, 
HCOH-3), 4.3 (b, 1, HCOH-II), 5.23 (b, 1, vinyl H). 

2O-Ethylenedioxy-5cl-pregnane-3~,6rx, 11 Mi ( 5 )  
To a solution of enediol 4 (3.0 g, 8.0 mmol) dissolved 

in 100 ml of dry tetrahydrofurane at 0 ° C  was added 
dropwise a solution of 0.1 M diborane in tetrahydro- 
furane (75 ml). The reaction was allowed to proceed for 
2 h at 0 "C. A 3 N aqueous sodium hydroxide solution 
(75 ml) was added dropwise to the reaction mixture, fol- 
lowed by 40% aqueous hydrogen peroxide solution (75 
ml). The reaction mixture was stirred for 1 h at room 
temperature. The tetrahydrofurane layer was separated 
and washed several times with saturated sodium chloride 
solution, was dried (Na2SO4) and was concentrated in 
cacuo to give 2.9 g (7.4 mmol, 92% yield) of a white solid. 
Recrystallization from acetone afforded 1.8 g (4.6 mmol, 
57% yield) of crystalline product, m.p. 235-237". Re- 
peated recrystallization from acetone gave an analytical 
sample, m.p. 238-241'; i.r. (nujol): t; 3530, 3478, 3406 
(OH) cm-' ; n.m.r. (dilute solution of crude material for 
solubility reasons): 6 1.00 (s, 3, CH3-18H), 1.06 (s, 3, 
CH3-19H), 1.31 (s, 3, CH,-ZlH), 3.93 (m, 4, OCH,- 
CH,O), 3.6 (m, 2, HCOH), 4.3 (b, 1, HCOH-3). 

Anal. Calcd. for C,,H,,OS: 70.01 C ;  9.71 H. Found: 
70.13 C ;  9.80 H.  

3~,6cc-Diacefoxy-5a-pvegn-9ill)-en-20-one ( 6 )  
A solution of triol 5 (0.90 g, 2.3 mmol) dissolved in 

45 ml of glacial acetic acid, containing 0.45 ml of per- 
chloric acid, was heated on a steam bath for 1 h. The 
reaction mixture was poured into 450 ml of water. The 
product was extracted into ether. The organic extracts 
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were washed with saturated sodium bicarbonate solution 
and with saturated sodium chloride solution till neutral. 
The dried solution (Na2S0,) was concentrated in vacuo 
and afforded 1.0 g (100%) of light brown resin; i.r. : i; 
3018 (=C-ti), 1730 (acetate CO), 1700 (CO) cm- '  ; 
n.m.r. 0.57 (s, 3, CH3-IXH), 1.02 (s, 3, CH3-19H), 2.13 
(s, 3, CH3CO), 2.03 (s, 6, CH,COO), 4.8 (m, 2, HCOAc), 
5.40 (b, 1, vinyl H). 

3B,6a- Dih~~droxy-5a-pregn-9(11) - en -20-0  ( 7) 
To  a solution of diacetate 6 (1 .O g, 2.3 mmol) in 33 ml 

of methanol was added a solution of 1.7 g of potassium 
hydroxide in 5 ml of water and 12 ml of methanol. The 
resulting solution was refluxed for 2 h. The solvent was 
removed it? cacuo and the residue was taken up in methy- 
lene chloride and water. The organic layer was washed 
with water, was dried (Na,S04), and concentrated in 
cacuo to give 0.7 g (92%) of a yellow solid. Recrystalliza- 
tion from benzene afforded 0.60 g (79x) of white crystal- 
line product, m.p. 166-168'; recrystallization from 
acetone afforded a sample with m.p. 196-198" (lit. (lc) 
m.p. 193-196"; i.r.: V 3590, 3380 (OH), 3015 (=C-H), 
1697 (CO) cm-' ;  n.m.r.: 0.55 (s, 3, CH3-IXH), 0.95 (s, 3, 
CH3-I9H), 2.13 (s, 3, CH3CO), 3.56 (m, 2, HCOH), 5.35 
(b, 1, vinyl H), 2.5-3.5 (s. 2, OH,  concentration depen- 
dent). 

We wish to thank the National Research Council of 
Canada for generous financial assistance. 
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The Mass Spectra of Derivatives of Polyporic Acid1 
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R. D. GRIGSBY, W. D. JAMIESON, A. G. MCINNES, W.  S. G. MAASS, and A.  TAYLOR. Can. J .  
Chem.52,4117 (1974). 

The diacetate and di-0-methyl derivative of polyporic acid have anomalous mass spectra. Ions 
are observed at mle values equal to the molecular weight but ions 2 mass units larger than these, 
often of greater intensity, are also observed. The abundance of such ions depends on the 
temperature of the sample, the pressure in the source. and the partial pressure of water in the 
instrument. In addition, ions mle 420 and 462 are found in the spectnlm of the diacetate which are 
parents of the M + 2 ion(s). Similarly, M + 17 and M + 32 ions are observed in the spectrumof the 
dimethoxy compound. When deuterium oxide and the ester or the perdeuterioacetyl derivative 
were introduced into the source M + 4 ions were seen in the mass spectra. These unusual 
reactions should permit diagnosis of the 2,5-dihydroxy-1,4-benzoquinone moiety in newly iso- 
lated natural products. 

R.  D. GRIGSBY. W.  D. JATVIIESON, A. G. MCINNES, W. S. G. MAASS et A.  TAYLOR. Can. J. 
Chem. 52,4117(1974). 

On observe des spectres de masse anormaux pour les derives diacetate et di-0-methyles de 
l'acide polyporique. On observe des ions aux valeurs rn/e egales au poids moleculaire, ainsi que 
des ions ayant deux unites de masse de plus que les premiers. et d'intensite souvent plus elevke. 
L'abondance de tels ions depend de la temperature de I'Cchantillon. de la pression dans la source 
et de la pression partielle de l'eau dans l'instrument. De plus, on trouve dans le spectre du 
diacttate des ions nzle 420 et mle 462 qui sont parents des ions M + 2. De la m&me f a ~ o n ,  on 
observe dans le spectre du derive dimethoxy des ions M + 17 et M + 32. Quand on introduit dans 
la source I'oxyde de deuteriumet l'ester ou le derive acetyle perdeuterie, on observe des ions M + 
4 sur les spectres de masse. Ces reactions extraordinaires devraient permettre la diagnose du 
fragment dihydroxy-2,5 benzoquinone-1,4 dans les produits naturels nouvellement isoles. 

[Traduit par le journal] 

Introduction 
It has been known for some years (1-3) that 

benzoquinones have anomalous mass spectra. 
Reports of M + 2 ions of greater abundance 
than expected for the presence of naturally 
occurring isotopes are common, and estimates 
of their intensity, with respect to the molecular 
ions, have varied in the range 2-28z. It has been 
recognized (4, 5 )  that these anomalous ions occur 
more abundantly when the source of the mass 
spectrometer contains small quantities of water, 
presumably absorbed on metallic surfaces. 
During the course of studies of the chemistry of 
cochliodinol ( 6 )  we were led to the conclusion 

these results is deferred but they did suggest a 
mass spectroscopic study of more stable and 
more volatile model compounds. Polyporic acid 
(I, R = H) was chosen for this work and the 
results are reported. 

Experimental 
All s ~ e c t r a  were recorded usine: an  electron beam \ ,  

that the apparent molecular ions observed for energy bf ca. 82 eV on a ~ u p o n t k ~ c  21-491 double 

coc-,liodinol and several of its derivatives were focussing, low resolution mass spectrometer. The ion 
source temperature was varied from 200 to 220". Approxi- units greater than the weight; with mately 25 pg samples dissolved in tetrahydrofuran (3 ml) 

one exception ions corresponding to the molecu- were loaded into an all-glass probe having a temperature 
lar weight were not found. A full examination of measurement error of _+3-  and a temperature control 

error of f I". Heating was controlled by a variable trans- 
'NRCC No. 14282. former and temperiture was measurkd with a digital 
ZVisiting Research Officer 1973-1974. Present address: thermometer (available from Mass Spectrometer Acces- 

Department of Biochemistry and Biophysics, Texas sories, P.O. Box 9314, College Station, Texas 77840, 
A & M University, College Station, Texas 77801. U.S.A.). 
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Spectra were recorded over the temperature range 
90-135". To test for the effect of increasing pressure on 
fragmentation, spectra were taken with the ion-source 
pumping valve either open or almost completely closed. 
The influence of water and deuterium oxide on the ion 
reactions was tested by running 3 p1 loads of these com- 
pounds in the expansion volume inlet (2 150°), while 
introducing the polyporic acid derivatives through the 
direct inlet probe. Ion reactions were determined using a 
CEC 21-llOB instrument by the method of Beynon et al. 
(7). Precise mass measurements were made with the 
same instrument by the peak matching method using an 
appropriate ion in the spectrum of perfluorokerosene as 
a standard. 

Polyporyl Di(trideuterloacetatej 
Polyporic acid (1, R = H, 220 mg) purified by hydrol- 

ysis of its diacetate, was dissolved in hexadeuterioacetic 
anhydride (> 99.9 atom% [2H], Merck, Sharpe and 
Dohme; 2 ml), the solution was kept 0.5 h at  4', diluted 
with ice and water (100 ml), and the yellow crystalline 
precipitate was collected. This product was chromato- 
graphed on silica gel and the yellow chloroform eluate 
collected. Polyporyl di(tridelcterioacetnte/ (1, R = 
COC['HI3) separated from ether as yellow prisms, m.p. 
215". 

Anal. Calcd. for C2,[2H]6H,,06: C, 69.1; 0, 25.1. 
Found: C, 68.8; 0 ,  25.1. 

Results 
At constant temperature, e.g. 120" (Fig. l), 

sequential scans of the mass spectrum of poly- 
poryl diacetate (1, R = Ac) showed that during 
about 40 min the relative abundances of pairs 
or ions at  rw/e 378, 376; 336, 334 changed. After 
this time the measured spectra were relatively 
constant until the sample was almost exhausted 
(after about 60 min). The curve in Fig. 1 for the 
ratio I,,,/I,,, indicates that there is a volatile 
n ~ / e  376 species that is distilled before precursors 
of m / e  376 of higher molecular weight, e.g. 
tn/c 418. The curves in Fig. 1 are least mean 
squares fits of the data to  empirical equations 
of the second degree. The indices of fit were 
approximately 0.9 in each case but similar re- 
sults and calculations for the pair of ions at  
mle 292, 294 indicated that no significant change 
with time was observed for these ions. 

The mass spectra of polyporyl diacetate a t  
100, 110, and 130" between tn/e values of 263 
and 421 are given in Table I .  The values in 
Table 1 are calculations of the ;5 total ionization 
after the contribution of n ~ / e  18 has been sub- 
tracted. Ions which were less than O.Olb;, of the 
total ionization are not included in the table. 
Throughout the mass range, there are clear 
differences in the abundance of ions in the three 
spectra; indeed only the ions rule 274, 276, and 

I 
% , ' ' 1 1 1 1 1 1  20 40 60 80 100 

T ~ m e  m i n u l e i  

FIG 1. Changes in the ratios of ions of mle 378, 376, 
and 334, 336 in the mass spectrum of polyporyl diacetate 
at  120'. 

277 have about the same abundance a t  each 
temperature. However, the most striking differ- 
ences are to be found in the pairs of ions a t  m / e  
378, 376; 336, 334; 294, 292. The change in 
abundance of the latter pair of ions is shown in 
Fig. 2 where the units of the ordinates are cal- 
culated from the expression (100 x n/2)(IL/CI, , ) .  In 
this expression XI,, is the sum of the abundances 
of n selected ions (in this case m / e  264, 292, 
294, 334, 336,376, and 378) and I ,  is the intensity 
of the m / e  292 (or 294) ion. Thus the ion mle 292 
increases in intensity from 49 to 21 1 units as the 

-L.~--l I L _J 

9 5  : C i  105 0 5 2 0  ' 2 5  

I ,  "C 

FIG. 2. Changes in intensities of ions of rn/e 292 and 
m/e 294 in the mass spectrum of polyporyl diacetate with 
increase and decrease of sample temperature. 
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GRIGSBY ET AL.: POLYPORIC ACID 

TABLE 1. Mass spectra of polyporyl diacetate (mle > 263) 

% total ionization 
-- 

100" 130" 110" 110" 
mie (Valve closed)* 

*Ion source almost completely closed (see text). 

temperature is increased from 100 to 125' but 
decreases to 127 units as the sample is cooled to 
100". The behavior of the ion mle 294 is almost 
exactly the inverse. Similarly, the behavior of the 
ion mle 336 is almost exactly the inverse of that 
of mle 334. However, a much greater discrep- 
ancy was observed in the least mean squares fit 
of the data for the mle 336 ion on decreasing the 
temperature of the sample as compared to the 
curve obtained on temperature increase. Thus 
the phenomena are not exactly reversible, pos- 
sibly due to difficulties of measuring the abun- 

dances at different temperatures in the equilibrium 
phase shown in Fig. 1. When the spectra were 
measured at only two temperatures, e.g. the 
data given in Table 2 for the di-0-methyl deriva- 
tive (1, R = OMe), when time was available for 
equilibrium to be established at both tempera- 
tures, almost complete reversibility of the spectra 
was observed. A similar reversibility is evident 
from the data given in Table 3. Here it is shown 
that an ion of low abundance at mle 420 de- 
composes to an ion mle 378 with loss of a neu- 
tral fragment of mass 42. Only 0.04% of the ions 
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TABLE 2. Effect of sample temperature and the presence of water or deuterium oxide on the 
mass spectrum of di-0-methylpolyporic acid* 

mle Relative intensity ratio 
Temperature -- -- 

('c) 1 8  20 3201322 3221324 3051307 3071309 2871289 

*The rons of data are in  chronological order 

TABLE 3. Ion reactions in the mass spectrometer for polyporyl diacetate 

Daughter ion Parent ions 
- 

Time Probe Relative Relative 
of measurement temperature intensity intensity 

(ni i n) ('0 mir ( 1 7 1 1 ~ )  n ~ i e  (mjo) 

of nlle 378 are daughters of the species tn/e 420 
a t  105" but at  131" the percentage increases to 
0 . 1 8 x  and then decreases to 0.1% when the 
sample temperature is lowered to 105". 

Although the abundance of each ion of each 
pair varies with temperature as shown, e.g. in 
Fig. 2, the sum of the values for % ionization far  
each of the pairs is nearly independent of tem- 
perature (as it should be for any two ions in a 
mass spectrunl). Hence the sums of the abun- 
dances for each of the three pairs of ions also re- 
main in proportion to ea,ch other at  all tempera- 
tures at  which the spectra were measured. Evi- 
dence was obtained (Table 3 )  for two sequences 
of fragmentation reactions (Table 4 )  ~liz. 420 + 

378 + 336 + 294 and 418 -t 376 -+ 334 -+ 292. 
These degradative reactions, like other ion reac- 
tions that occur in the mass spectrometer, are 
presumably temperature independent. I t  is the 
reactions producing the species that generate 
these two fragmentation processes that are 
dependent on the temperature of the sample. 

The effects of increasing the partial pressure 
of water in the Inass spectrometer are shown in 
Table 5 for polyporyl diacetate and similar, 
though more scanty data, are given in Table 2 
for di-0-methylpolyporic acid. Again, the main 

changes that occur in the spectrum of the 
ester lie in the relative abundances of the pairs 
of ions a t  m / e  378, 376: 336, 334; 294, 292. The 
value of the change in ratio of the heavier ion to  
the lighter one was about 6 in the case of the 
3781376 pair and about 2 in the other cases. 
Thus the abundance of n ~ / e  378 compared to 
r?z/e 376 increased by a factor of at  leact 6 as the 
intensity of rz/e 18 increased 34 times. When the 
ion-source pumping valve was closed, causing 
the intensity of the M I / P  18 ion to increase by 
about 4 times, the I,,,/I,,, ratio increased by a 
factor of about 2 as seen in Table 1 .  In the pres- 
ence of deuterium oxide the spectrum of the 
ester was much more complex because of the 

TABLE 4. Precursor ions in the 
spectrum of polyporyl diacetate 

Parent ions 
Daughter ion 

(tp7le) 117/e nl/e 
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GRIGSBY ET AL.: POLYPORIC ACID 

TABLE 5.  Mass spectra of polyporyl diacetate and polyporyl di(trideuteri0acetate) in the absence 
and presence of water or deuterium oxide 

% total ionization 

Polyporyl diacetate Polyporyl di(trideuteri0acetate) 
- 

mle Normal Water Deuterium oxide Normal Water Deuterium oxide 
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presence of HDO; in this spectrum (Table 5) 
groups of three ions at nzle 380, 379, 376; 338, 
337, 334; and 296, 295, 292 were found. The 
analogous spectra of polyporyl di(trideuteri0- 
acetate) were very similar (Table 5), 2 units of 
mass 44 were lost from ions of mle 382, 384, and 
386, respectively, in the absence, and presence of 
water or deuterium oxide. The reactions, there- 
fore, that generate the parents of mle 378 do not 
involve exchange of the hydrogen atoms of the 
acetate groups with water (or D20)  because they 
are lost, or undoubtedly retained in the frag- 
mentation sequence given. The fragmentation 
of the di-0-methyl compound is even more 
remarkable, as in this case the principle ion 
reactions are loss of a methyl group and then 
loss of water. In the latter reaction. in the 
presence of deuterium oxide we have: 309' -t 

291 + + 18 (m* - 274) and the deuterium atoms 
introduced into the mle 309 species are clearly 
not involved in the elimination of the elements of 
water. If these protons eliminated as water are 
originally located as substituents of the carbon 
atoms of a methoxyl group and their loss is 
achieved by a series of rearrangements, i.e. 2, 
then these shifts, which generate groups having 
potentially exchangeable protons, appear to 
occur faster than any exchange reaction. Hence, 
in this case too, ions are generated in the mass 
spectrometer that are of higher, though un- 
known, mass than the molecular weight of the 
sample. 

These results clearly implicate water as a 
reagent involved in the formation of ions of 
greater molecular weight than the sample but its 
presence is not mandatory, as may be seen by an 
inspection of the mass spectrum of polyporyl 
di(trideuteri0acetate) (Table 5). Here the ions 
mle 386, 385, and 384 were of greater abundance 
that the ion mle 382 even though ions of mle 19 
and 20 were not detected in the spectrum. 
Though the resolution of our instrument will not 
allow a decision to be made between, e.g. 
C2,[2H],H,2~,  (Found : 384.1473; required 
384.14799) and C2,[2H],H,,0, (required 
384.14645), it seems likely that the mle 384 ion 
consists of the latter species, at least in part. 
This additional deuterium atom is thus acquired 
from another perdeuteriated ester molecule, 

Discussion 
The results indicate that species are generated 

which have molecular weights greater than the 
sample, when polyporic acid and its derivatives 
are introduced into the electron impact source 
of a mass spectrometer. In view of the prevailing 
low pressure of such a source it seems unlikely 
that the reactions observed are bimolecular. The 
participation of water in the reaction suggests 
that it occurs on the metallic surfaces of the 
source, where water is known to be absorbed. 
The transfer of acetyl groups may occur at the 
same sites but may also be the result of a solid- 
state reaction in the sample or even reaction in 
the gas phase if these molecules vaporize as 
quinhydrone-like dimers. At present a decision 
cannot be made between such possibilities but 
any explanation of the phenomena requires the 
reduction of a benzoquinone moiety for the 
formation of tri- and tetraacetates. Aplin and 
Pike (4) have noted that these reactions appear 
to be dependent on the redox potential of the 
quinone but insufficient data are available at the 
moment to establish such a relationship. 

The results should be of use to natural prod- 
uct chemists who wish to establish the presence 
of 2,5-dihydroxy-l,4-benzoquinones in plant ex- 
tracts. Thus, if the mass spectrum of the meta- 
bolite contains an ion two mass units greater in 
the presence of deuterium oxide than in its 
absence (when exchangeable groups are accoun- 
ted for) the presence of this quinone moiety may 
be suspected. Confirmation may then be sought 
by an examination of the spectrum of the per- 
deuterioacetyl derivative which should contain 
ions 8 mass units greater than the acetate ester. 

1. J. H. B O ~ I E ,  D. W. CAMERON, R. G .  F. GILES, and D. 
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Microbial. 14,861 (1968). 
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possibly (see above) as part of a perdeuteriated 
acetyl group. 
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The Chemistry of High Molecular Weight Fulvic Acid Fractions1 
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JEAN A. NEYROUD and MORRIS SCHNITZER. Can. J. Chem. 52,4123 (1974). 
Fulvic acid (FA) was methylated, dissolved in benzene, and fractionated over A1203 with the 

aid of organic solvents of increasing polarities. This paper is concerned with fractions eluted with 
ethyl acetate (111), ethyl acetate - methanol (1:l) (IV), and methanol (V), which were quantita- 
tively the most abundant ones and which we consider as being most representative of the original 
FA. Each fraction was characterized by chemical and spectroscopic methods and by degradation 
with alkaline permanganate. Fractions IV and V were also degraded by NaOH hydrolysis and by 
alkaline CuO-oxidation. The degradation products were identified with the aid of a gas 
chromatograph - mass spectrometer- computer system. 

The number-average molecular weights of the three fractions were: 111, 821 ; IV, 945; and V, 
1,397. Infrared, proton n.m.r., and carbon-13 n.m.r. spectra provided, except for functional 
groups, little detailed information on the chemical structures of the fractions. The major degrada- 
tion products were benzenecarboxylic and phenolic acids in addition to smaller amounts of 
aliphatic (mainly n-fatty) acids. Evidence is presented that may be interpreted to indicate: ( a )  
esterification of some of the fatty acids to OH groups of phenolic acids; (b) the existence in the 
fractions of ether (C-0) linkages; and (c) rupture of C-C bonds during degradation. While in 
both the lower and the higher molecular weight FA fractions benzenecarboxylic and phenolic 
acids were the basic "building blocks", the latter appeared to be more complex and more stable in 
the higher-molecular weight fractions, possibly because chemical bonding as well as hydrogen 
bonding, van der Waal's forces, and T-bonding were involved simultaneously. 

JEAN A. NEYROUD et MORRIS SCHNITZER. Can. J .  Chem. 52,4123 (1974). 
L'acide fulvique (AF) aete methyle, dissout dans le benzene et fractionne sur A1203 a l'aide de 

solvants organiques de polarites croissantes. Cet article conceme les fractions eluees par I'acetate 
d'kthyle (III), l'acetate d'ethyle -methanol (1:l) (IV) et le methanol (V), lesquelles etaient les 
plus abondantes et que nous considerons les plus representatives de I'acide fulvique original. On 
a caracterise chaque fraction par des methodes chimiques et spectroscopiques et par degradation 
par le permanganate en milieu basique. Les fractions IV et V ont aussi ete degradees par 
l'hydrolyse avec NaOH et par l'oxydation alkaline avec d u o .  On a identifie les produits degrades 
a l'aide d'un chromatographe associe a un spectrometre de masse et d'un ordinateur. 

Les poids molCculaires approximatifs des trois fractions sont: 111, 821; IV, 945; et V, 1,397. 
L'infrarouge et la r.m.n. du proton et  du carbone-13, apportent peu d'information detaillee sur la 
structure chimique des fractions, sauf, en ce qui concerne les groupes fonctionnels. Les produits 
majeurs de la degradation sont des acides benzenecarboxyliques et  phenoliques en plus de petites 
quantites d'acides aliphatiques (principalement les acides gras). Une evidence est presentee qui 
peut ttre interprete pour indiquer: (a) une esterification de quelques acides gras au groupe OH des 
acides phenoliques; (b) I'existence dans les fractions de liaisons ether (C-0); et (c) rupture des 
liaisons C-C pendant la degradation. Dans les fractions AF ayant de bas et de hauts poids 
moleculaires, les acides benzenecarboxyliques et phenoliques sont des "elements d'edification 
debase", ces demiers apparaissant plus complexes et plus stables dans les fractions a haut poids 
moleculaire, peut t tre parce que les liens chimiques aussi bien que les ponts-hydrogene, les forces 
de Van der Waal et les liaisons-T sont impliques simultanement. 

[Traduit par le journal] 

Introduction 
Previous reports from this laboratory (1) 

have described the development of a nondegra- 
dative approach to unravelling the chemical 
structure of fulvic acid (FA), a water-soluble, 

'Contribution No. 516, Soil Research Institute. 
ZVisiting scientist from the Federal Agricultural 

Research Station at Lausanne, Switzerland. 

relatively low molecular weight humic material, 
widely occurring in soils and waters. The FA 
was first exhaustively methylated so as to make 
it soluble in benzene. The benzene-soluble 
methyl esters and ethers were then separated 
over Al,O, with the aid of solvents of increasing 
polarities into fractions that differed in molecu- 
lar weights, oxygen-containing functional groups 
and spectroscopic properties. Further separation 
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of a number of low molecular weight fractions 
by t,l.c. and preparative gas chromatography 
resulted in the identification of over 21 different 
phenolic and benzenecarboxylic acids, n-C,, to 
n-C,, fatty acids and alkanes, and a number of 
dialkyl phthalates (1). From fractions that were 
prepared by the use of more polar solvents, that 
is those of increasing molecular complexity, we 
were less and less able to isolate relatively simple 
compounds. These more complex and higher 
molecular weight fractions were quantitatively 
the major ones and, judging from their analytical 
characteristics, more representative of the initial 
FA than the lower molecular weight fractions. 
It is for these reasons that we decided to prepare 
some of these fractions and to investigate them 
by a number of spectroscopic and chemical 
methods that included degradation into simpler 
compounds that wc could identify and whose 
chemical structures would hopefully provide 
information on that of the initial materials. The 
results of this investigation are reported herein. 

Experimental 
Origin and Separariorr of FA 

The FA originated from the Bh horizon o f  the Arma- 
dale soil, a poorly-drained Podzol in Prince Edward 
Island. Methods o f  extraction, purification, and methyl- 
ation o f  the F A  were the same as those described pre- 
viously ( I ) .  The separation o f  the methylated material 
over A1,03 was simplified in the following manner: 
50.0 g o f  benzene-soluble, methylated FA (originating 
from 100.0 g o f  unmethylated FA) was chromatographed 
over neutral AI2O3 (2500 g )  with the aid o f  3 1 o f  each 
o f  the following solvents: benzene (fraction I ,  0.2 g ) ;  
benzene - ethyl acetate (3: 1 )  (fraction 11, 1.5 g ) ,  ethyl 
acetate (fraction 111, 2.5 g ) ;  ethyl acetate - methanol 
(9:  1)  (fraction IV, 6.0 g), and methanol (fraction V ,  
4.0 g). This paper deals exclusively with the characteriza- 
tion o f  fractions 111, IV, and V .  

NaOH Hydrolysis 
One gram o f  each fraction, dissolved in 100 ml o f  2 

N NaOH solution, was transferred to a 300 ml stainless 
steel autoclave equipped with a magnetic stirrer and a 
heating mantle. The air in the autoclave was displaced 
by N,. The system was heated to 170°C with constant 
stirring over a period o f  1 h and then maintained at that 
temperature for 2 h. Following cooling to room tempera- 
ture, the alkaline solution was acidified to pH 2 with 
6 N H,S04 and extracted in a liquid-liquid extractor for 
24 h with 500 ml o f  ethyl acetate. The organic extract was 
then taken to dryness on a rotary evaporator, dissolved 
in a small volume o f  CH,OH, and methylated with an 
ether solution o f  diazomethane. generated from Diazald. 

the plate was inspected under a U.V.  lamp and six frac- 
tions were marked out, scraped o f f  the plate, and extrac- 
ted with ethyl acetate. Each yield listed in Table 2 is the 
sum o f  the yields for the particular compound that we 
obtained from the six fractions. 

CuO-NaOH Oxidation 
To  1 g of  each fraction, dissolved in 100 ml o f  2 N 

NaOH solution in a 300 ml stainless steel autoclave, 5 g 
of  CuO was added. After displacing the air in the auto- 
clave by NZ, the system was heated to 170 "C and then 
maintained at that temperature for 2 h. Following cooling 
to room temperature, suspended CuO was removed by 
centrifugation and washed with distilled water. The 
supernatant solution plus washings were acidified to 
pH 2 and extracted with ethyl acetate. The rest o f  the 
procedure was the same as that described above under 
NaOH hydrolysis. 

Alkaline KMn04 Oxidation 
The method used was identical with that described 

previously ( I ) .  

Separation and Idenrification of Degradation Products 
Each methylated fraction was dissolved in benzene 

and examined as a 2.5% (w/v) solution by analytical gas 
chromatography (Hewlett-Packard, model 5700 A,  flame 
ionization detector, 1500 x 6 mm coiled glass column 
packed with 374 OV 17 on Chromosorb W HMDS, 80 to 
100 mesh, programmed from 9@31O0C at a rate o f  
8 "C/min and a N2 flow rate o f  30 ml/min). Compounds 
represented by well-defined peaks were isolated by pre- 
parative gas chromatography under the same conditions 
as those outlined above except that aliquots from 10% 
(w/v) solutions in benzene were injected into the gas 
chromatograph. Materials eluting from the gas chroma- 
tograph were collected in capillary tubes. Each fraction 
was also analyzed on a gas chromatographic - mass 
spectrometric (g.c.-m.s.) - computer system. The instru- 
ment used was a Finigan 3100D GC-MS, interfaced with 
a model 6000 data system. The g.c.-m.s. conditions were 
as follows: g.c. column: 1500 x 6 mm, 3% OV 17 on 
Chromosorb W, HMDS, glass column; injector tempera- 
ture: 250 "C;  oven programmed from 90-270 "C at 
10 'C/min and a He flow rate o f  30 ml/min. The separator 
temperature was 250 'C, m.s. pressure: 1 x Torr, 
m.s. resolution: 1 : 500; electron energy: 70 eV and mass 
range 40-500. 

Preliminary identification o f  gas chromatographic 
peaks was first made by recording "mass chromato- 
grams" for fragments characteristic o f  specific com- 
pounds or groups o f  compounds expected to occur in the 
mixture by searching through the stored spectral data 
for specific m/e ratios (2). The identity o f  the compound 
in each peak was then confirmed by: ( i )  running its mass 
spectrum; (ii) eluting it from the gas chromatograph and 
recording its micro-i.r. spectrum; (iii) matching its mass 
and i.r. spectrum with the known compound to which it 
corresponded; and (iv) co-chromatographing (on the gas 
chromatograph) o f  known and unknown. 

, - 
Since preliminary analysis on the gas chromatograph Spectroscopic Methods 
showed that the extract was still too complex, it was Infrared spectra were recorded on KBr pellets on a 
further separated by t.1.c. on SiO, with toluene - ethyl Beckman IR-12 i.r. spectrophotometer. Proton n.m.r. 
acetate ( I  : I )  as solvent system. After the t.1.c. separation, spectra o f  each fraction dissolved in CDC1, (50 mg10.4 
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NEYROUD AND SCHNITZER: FULVIC ACID FRACTIONS 

TABLE 1. Analytical characteristics of untreated and methylated FA and of 
methylated FA fractions 

% dry ash-free 

Untreated Methylated Fraction Fraction Fraction 
Element or group FA FA 111 I V V 

C 
H 
N 
S 
0 
OCH, 

Z n  
Yield (%) 

*Methylated FA soluble In bcnzene. 

ml) were run on a Varian model T-60 n.m.r. spectrometer, 
with TMS as internal standard. A carbon-13 n.m.r. 
spectrum of fraction I11 was recorded by Dr. G. W. 
Buchanan of Carleton University, Ottawa, Ontario. The 
spectrum was run on a 20% (w/v) solution of the sample 
in acetone-& on a Varian XL-100 spectrometer, operated 
a t  25.2 MHz by the Fourier-Transform technique; 5960 
scans were accumulated. 

Analytical Methods 
Carbon and hydrogen were determined by dry com- 

bustion, nitrogen by the automated Dumas method, 
sulfur by oxygen-flask combustion, and oxygen by 
difference; OCH, was measured by the Zeisel method. 
Number-average mol. wt. ( a n )  of the FA fractions were 
measured in chloroform by vapor pressure osmometry 
on a Heulett-Packard model 302 VP osmometer at  37 'C. 

All solvents Mere purified by distillation through high- 
efficiency columns. 

Results and Discussion 
Analytical Characteristics of Fractions 

The data in Table 1 show that the fractions 
contained less C but more 0 than did the un- 
fractionated methylated FA. While fraction I11 
was somewhat enriched in OCH,, fraction V 
contained most of the S. Variations in Mn indi- 
cate that the fractionation ~rocedure was based 
not solely on the increasing polarities of the 
eluants but also on differences in number- 
average molecular weights of the materials that 
were separated. The three fractions accounted 
for 13% of the weight of the untreated FA but for 
2 6 x  of that of the methylated FA that was 
soluble in benzene. 

Spectroscopic Analj~ses 
Infrared spectra of the methylated FA and of 

the three fractions derived from it are shown in 
Fig. 1 ,  curves a to d. The four spectra resembled 

- -- - 2  

urn ww n a o  na, ,800 rwx, ,ma 900 7w 

WAVENUMBER CM ' 
FIG. 1. Infrared spectrum of (a) methylated, un- 

fractionated FA; (b) fractlon 111; (c) fraction IV; (d) 
fraction V. 

each other, showing often broad bands due to 
the overlapping of individual absorptions. The 
main bands were in the region of 3400 (hydro- 
gen-bonded OH), at 3000 (aromatic C-H). near 
2960 and 2840 (aliphatic C-H), 1740 (C=O) 
of CO,CH,), near 1620 (probably aromatic 
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FIG. 2. Proton n.m.r. spectrum of fraction 111. 

C=C conjugated with C=O), 1440 (aliphatic 
C-H), and near 1250 cm-I (due probably to 
the C-0-C stretch of ethers formed by the 
methylation of phenolic OH groups). It is likely 
that the C-H stretch of added CH, in OCH, 
groups contributed significantly to the absorb- 
ances at 2960, 2840, and 1440 cm-'. The rela- 
tively high absorbances near 3400 cm-' suggest 
that either some OH groups could not be methyl- 
ated or that the FA materials retained water so 
strongly that it could not be removed even by 
thorough drying in a vacuum desiccator over 
P 2 0 5  (at 10 mm Hg) at 50 "C. Curves b to d 
show additional but weak bands near 1180 
(C-0-C), 1120 (aliphatic ether), and 780 
cm-' (C-H out-of-plane deformation of ben- 
zene derivatives ?). 

Analyses by Nuclear Magnetic Resonance 
Figure 2 is the proton n.m.r. spectrum of 

fraction 1x1. Since the n.m.r. spectra of the other 
two fractions were very similar to that of fraction 
111, we shall confine our discussion to the spec- 
trum of the latter. The spectrum showed bands 
at about 1.2 p.p.m. (highly shielded aliphatic 
CH,), a shoulder near 2.1 p.p.m., another but 
broader and more extended shoulder between 

Especially noteworthy was the absence of ole- 
finic and aromatic protons in the spectrum. This 
may mean that the aromatic rings in the FA 
fraction were either fully or almost fully substi- 
tuted by atoms other than hydrogen or that 
relaxing effects of the spins of unpaired electrons 
(free radicals) that occur in humic substances (4) 
interfered with n.m.r. measurements. 

The 13C n.m.r. spectrum of fraction I11 (Fig. 
3) was practically a straight line with a small but 
extended peak near 53.5 p.p.m. (most likely due 
to 13C in different types of OCH, groups (3)) and 
a hump near 166.0 p.p.m. (due to aromatic 13C 
bonded to a OCH, group (3)). The sharp peaks 
between 27.9 and 32.5 p.p.m. originated from 
deuteroacetone which was used as solvent. 
Compared to 13C n.m.r. spectra for beech and 
spruce lignins (3), which consist of large num- 
bers of well-defined peaks, the spectrum for FA 
fraction I11 was most disappointing. A possible 
reason for our failure to obtain a more informa- 
tive 13C n.m.r. spectrum is the presence in the 
FA fraction of too many different types of 13C 
atoms occurring in too many different environ- 
ments, so that there is not sufficient concentra- 
tion of one 13C type to produce a distinct n.m.r. 
- - - I 7  
p t - d K .  

3.1 and 3.5 p.p.m. (possibly due to aliphatic side 
chains attached to an aromatic ring), and Chemical Degradation of Fractions 
prominent peaks near 3.7 and 3.9 p.p.m., due to Of the degradative methods that we used, 
OCH, and C0,CH3, respectively. The small NaOH hydrolysis was probably the mildest and 
peak at 7.3 p.p.m. originated from the solvent. KMnO, oxidation the most drastic one. Since 
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NEYROUD AND SCHNITZER: FULVIC ACID FRACTIONS 4127 

FIG. 3. Carbon-13 n.m.r. spectrum of fraction 111; S = solvent (acetone-d6). 

we did not have sufficient material of fraction I11 
for all three degradation procedures, we decided 
to confine our efforts in this instance to KMnO, 
oxidation only. We shall refer, in the context of 
this discussion, to the degradation products as 
benzenecarboxylic, phenolic and aliphatic acids 
rather than as esters and ethers. The reasons for 
doing so are the following: (a) the OCH, con- 
tent of the initial FA and of the unmethylated 
fractions was <0.5%; (b) the FA was methylated 
prior to the chromatographic separation into 
fractions; and (c) following degradation, each 
fraction was methylated again so as to make it 
sufficiently volatile for gas chromatographic 
separations and mass spectrometric analysis. As 
shown in Table 2 and Fig. 4 the major com- 
pounds produced from all three fractions by 
KMnO, oxidation were benzenepolycarboxylic 
acid methyl esters 31, 29, 23, and 24, that is, the 
hexa-, penta-, and tetra-forms. The only phenolic 
acid compounds formed in appreciable amounts 
were 27, 30, and 28. It is noteworthy that the 
KMnO, oxidation of fraction I11 yielded larger 
amounts of complex phenolic acids than did that 
of fractions IV and V. 

The NaOH hydrolysis of fractions IV and V 
released appreciable amounts of phenolic acids, 
especially 7, 13, 15, and 22. In addition, small 
amounts of benzenedicarboxylic and somewhat 
larger amounts of benzenetricarboxylic and 
benzenetetracarboxylic acids were produced but 
no benzenepenta- and benzenehexacarboxylic 
acids. 

The largest amounts of phenolic acids per unit 

weight of initial material were released by CuO- 
NaOH oxidation. Note the relatively high yields 
of 7, 8, 13, 15, 21, 22, and 27. As was the case 
with NaOH hydrolysis, no benzenecarboxylic 
acids higher than the tetra were produced. 
Amounts of "typical" lignin degradation prod- 
ucts formed were small, although some of the 
more complex phenolic acids could have origin- 
ated from condensed lignins. 

In addition to the benzenecarboxylic and 
phenolic acids, small amounts of dialkyl phtha- 
lates (which consisted of bis(2-ethylhexyl) phtha- 
late, dioctyl phthalate, and an unknown dialkyl 
phthalate) were found amongst degradation 
products from all three fractions. The NaOH 
hydrolysis and CuO-NaOH oxidation of frac- 
tion V yielded an appreciable amount of dioctyl 
adipate (26), possibly an impurity, whereas the 
CuO-NaOH oxidation of fraction IV produced 
a small amount of fumaric acid. Also the milder 
degradation methods released from fractions 1V 
and V varying amounts of n-fatty acids, ranging 
from n-C,, to n-C,,, with the n-C,, and n-C,, 
fatty acids being the most prominent ones. 

Major Types of Degradation Products 
Yields of major types of compounds produced 

by the degradation of 1.0 g of each of the three 
fractions are summarized in Table 3. Normal 
fatty acids accounted for most of the alpihatic 
compounds released from fraction IV and for a 
substantial portion of aliphatic compounds 
originating from fraction V. It is especially 
noteworthy that the products resulting from the 
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TABLE 2. Compounds (mg) produced by the chenlical degradation of I .O g of each F A  fraction 

Fractlon No. 

Compound 
No. Compound 

111 I v v 
-- - - 

c u o -  CuO- 
NaOH NaOH KMnO, NaOH NaOH KMn04  

KMnO, hydrolysis ox~dation oxidation hydrolysis oxidation oxidation 

4-Methoxybenzoic acid methyl ester 
1,2-Benzenedicarboxylic acid dimethyl ester 
I ,3-Benzenedjcarboxylic acid dimethyl ester 
1,4-Benzenedicarboxylic acid dimethyl ester 
3,5-Dimethoxybenzoic acid methyl ester 
n-C1,-Fatty acid methyl ester 
3,4-Dimethoxybenzoic acid methyl ester 
2,3-Dimethoxybenzoic acid methyl ester 
2-Carbomethoxyphenylacetic acid methyl ester 
n-C1,-Fatty acid methyl ester 
Dimethyl fumarate 
3-Carbomethoxyphenylacetic acid methyl ester 
4-Methoxy-1,3-benzenedicarboxylic acid dimethyl ester 
n-C,,-Fatty acid methyl ester 
4-Methoxy-2-carbomethoxyphenylacetic acid methyl ester 
1,2,3-Benzenetricarboxylic acid trimethyl ester 
1,2,4-Benzenetricarboxylic acid trimethyl ester 
1,3,5-Benzenetricarboxylic acid trimethyl ester 
n-CIS-Fatty acid methyl ester 
3,4-Dicarbornethoxyplie~iylacetic acid methyl ester 
3-Methoxy-l,2,4-benzcnetricarboxylic acid trimethyl ester 
2-Methoxy- I ,3,5-benzenetricarboxylic acid trimethyl ester 
1,2,3,4-Benzenetetracarboxylic acid tetramethyl ester 
1,2,4,5-Bcnzenetetracarboxylic acid tctrarnethyl ester 
1,2,3,5-Benzenetetracarboxylic acid tetramethyl ester 
Dioctyl adipate 
5-Methoxy-l,2,3,4-benzenetetracarboxylic acid tetramethyl ester 
2-Methoxy-I ,3,4,5-benzenetetracarboxylic acid tetraniethyl ester 
Benzenepentacarboxylic acid pentaniethyl ester 
Dialkyl phthalates 
Methoxybenzenepentacarboxylic acid pentarnethyl ester 
Benzcnehcxacarboxylic acid hexamethyl ester 
Pentacarbomethoxyphenylacetic acid methyl ester 

Total identified (mg) 
Weight of methylated fractions after t.1.c. separation (~iig) 
% identified 
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NEYROUD AND SCHNITZER: FULVIC ACID FRACTIONS 

R, R 3 
R6*2 R4 

1 RI = COZCH3; Rq = 0CH3; R2 = R3 = R5 = R6 = H 
2 R1 = R z  = COzCH3; R3 = R4 = R5 = R6 = H 
3 R1 = R3 = C02CH3;R2 = R 4 =  R5 = R6 = H 
4 R1 = R4 = COzCH3; Rz = R3 = Rg = R6 = H 
5 R1 = C02CH3; R3 = Rg = 0CH3; R2 = R4 = R6 = H 
7 R1 = C02CH3; R3 = R4 = 0CH3; Rz = R5 = R6 = H 
8 RI = COzCH3; R2 = R3 = 0CH3; R4 = R5 = R6 = H 
9 R1 = CH2COCH3; R2 = C02CH3; R3 = R4 = R5 : R6 = H 

12 R1 = CH2C02CH3; R3 = C02CH3; R2 = R4 = R5 = R6 = H 
13 R1 = R3 = COzCH3; R4 = 0CH3; Rz = R5 = R6 = H 
15 Rl = CH2C02CH3; R2 = C02CH3; R4 = 0CH3; R3 = R5 = R6 = H 
16 RI = R 2  = R3 = C02CH3; R4 = R5 = R6 = H 
17 RI = R 2  = R4 = C02CH3; R3 = R5 = R 6 =  H 
18 R1 = R3 = R5 = C02CH3;Rz = R 4 =  R 6 =  H 
20 R1 = CH2COzCH3; R3 = R4 = C02CH3; Rz = Rs = R6 = H 
21 R1 = R2 = R4 = C02CH3; Rg = OCH3; Rs = R6 = H 
22 R1 = Rg = R5 = C02CHg; R2 = OCH3; R4 = R6 = H 
23 RI  = R2 = R3 = R4 = C02CH3; Rs = R 6 =  H 
24 R1 = R2 = R4 = R5 = C02CH3;Rg = Rb = H 
25 R1 = R2 = R3 = R5 = C02CH3; Rq = R6 = H 
27 R1 = R2 = R3 = R4 = C02CH3; R5 = 0CH3; R6 = H 
28 R1 = Rg = Rq = Rg = C02CH3; R2 = OCH3; RG = H 
29 RI = R2 = R3 = R4 = R5 = COzCH3; R6 = H 
30 R1 = R2 = R3 = R4 = R5 = C02CH3; R6 = OCH3 
311 RI = R2 = R3 = R4 = R5 = R6 = C02CH3 
32 R1 = CH2COzCH3; R2 = R3 = R4 = R5 = R6 = C02CH3 

FIG. 4. Chemical structures of compounds identified. 

permanganate oxidation of fractions 111, IV, and produce any aliphatic compounds, suggests that 
V contained almost identical proportions of the latter types of compounds were destroyed 
benzenecarboxylic acids, that is, 73, 78, and during the rather drastic KMnO, oxidation 
76Y,, whereas the percentages of phenolic com- procedure. The most efficient method for pro- 
pounds in the oxidation mixtures were 24, 19, ducing phenolic compounds was CuO-NaOH 
and 18%, also very similar. These data indicate oxidation, whereas KMnO, oxidation afforded 
great structural similarities between the three the highest yields of benzenecarboxylic acids. 
fractions. 

Structural similarities, especially between NaOH Hydrolysis cs. CuO-NaOH Oxidation 
fractions IV and V, are also indicated by the The data in Tables 2 and 3 show that com- 
almost identical benzenecarboxylic to phenolic pared to CuO-NaOH oxidation, the NaOH 
weight ratios amongst degradation products hydrolysis of 1.0 g of fractions IV and V pro- 
formed by each of the three procedures (see duced similar types and amounts of aliphatic 
Table 3). The percentages of dialkyl phthalates, and benzenecarboxylic acids although some- 
which were either impurities or, more likely, what smaller amounts of phenolic compounds. 
adsorbed on the fulvic materials, were 3, 3, and The results convey the impression that heating 
6%. Our findings that KMnO, oxidation, in with 2 N NaOH for 3 h at 170 'C in an autoclave 
contrast to the other two procedures, did not brings about solvolysis of the FA fractions with 
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NEYROUD AND SCHNITZER: FULVIC ACID FRACTIONS 4131 

the concomitant cleavage of C-0 bonds and held by the fulvic fractions that strong base at 
that this reaction occurs in the presence as well elevated temperature was required to free them. 
as in the absence of CuO. In other words, the A consideration of possible retention mechan- 
main reaction governing the CuO-NaOH oxida- isms may therefore be in order. We see two 
tion of the fulvic materials appears to be alkaline possibilities : (a) the fatty acids are firmly 
hydrolysis. In the case of lignin, dissolution by adsorbed (with the aid of hydrogen bonding and 
alkali at elevated temperatures is thought to van der Waal's forces) on external surfaces and 
result from the solvolytic cleavage of ether link- in internal voids of the fulvic materials; and (6) 
ages between phenylpropane units, with the the fatty acids are esterified to OH groups of 
simultaneous formation of phenolic hydroxyl phenolic acids which are released simultaneous- 
groups (5). More specifically, the reactions that ly. The data show the following phenolic to fatty 
occur during alkali hydrolysis of lignin are: acids molar ratios: 4.3 (fraction IV, NaOH 
(a) a-ether cleavage, involving the rupture of hydrolysis), 5.5 (fraction IV, CuO-NaOH oxida- 
benzyl ether linkages if there is a free phenolic tion), 6.3 (fraction V, NaOH hydrolysis), and 
OH group in the position para to the propyl 5.4 (fraction V, CuO-NaOH oxidation). There 
side chain; (b) P-ether cleavage, that is, cleavage is in each instance an excess of phenolic over 
of P-aryl ether linkages of compounds without fatty acids. It is possible that some of the 
free phenolic OH groups if there is an adjacent phenolic acids react with fatty acids to form 
OH or C=O group in the a or y positions on esters of the following type: 
the propyl side chain; (c) diary1 ether cleavage; 
and (d) cleavage of methoxyls of strongly acidic 
phenols such as vanillin (5). Our failure to find 
aromatic aldehydes and ketones among CuO- 

R # - ~ c H 2 ) n - c H 3  

NaOH oxidation products resulting from the 
fulvic acid fractions lends further support to our 
contention that the main reaction governing the 1 

CuO-NaOH oxidation of the fulvic fractions was where R , (see ~ ~ b l ~  2 )  = CO, H or OH ; 
base hydrolysis rather than oxidation. In addi- R, = H Or OH Or c o 2 ~ ;  R~ = H Or OH Or 

tion to C-0 cleavage, rupture of C-C bonds OCM, or CO,H; R - OH; R - H or OH or 4 - 5 - 
may also occur. These reactions may involve CO,H; R, = H or CO,H and ranges from 12 
P-y as as a-P On to 16. Structure 1 is similar to the polyhydric 
the prOpyl side chain. The of C-C phenolic esters described by Markley (6 ) ,  which 
bonds is often followed by secondary condensa- include resorcinol dipalmitate, hydroquinone 
tion (5). Thus, C--O as C-C dipalmitate, etc. Esters could form via any free 
bonds in lignin or lignin-like materials that may OH group on the aromatic ring 1, that is, at 
also include the FA fractions may be ruptured positions R,,  R,, R,, and R, in addition to R,, 
during alkaline hydrolysis at elevated tempera- so that the occurrence in the fulvic fractions 
tures. Since only relatively small amounts of of a considerable variety of phenol fatty acid 
benzenecarboxylic acids were produced by the esters is a distinct possibility. 
two alkaline treatments, it appears that C-0 The data presented herein suggest that in 

was more imp0rtant than C-C rup- addition to being adsorbed physically, fatty acids 
ture. can also interact chemically with vhenolic fulvic 

"building blocks." By this reaction mechanism 
Possible Interaction Between Phenolic and fulvic substances could fix, stabilize and preserve 

Fatty Acids relatively large amounts of hydrophobic organic 
Sodium as as a'ka- compounds provided that they have at least one 

line CuO oxidation, both done in 2 N NaOH CO,H group. 
solution, released in addition to phenolic and 
benzenecarboxylic acids also nlfatty acids, Chemistry of Fractions 
ranging from n-C,, to n-C,, (see Tables 2 and From the results of this and our earlier in- 
3). Attempts to extract n-fatty acids from the vestigations (1) we propose the following: The 
three fractions without any pretreatment were lower molecular weight FA fractions consist of 
unsuccessful. Thus, the fatty acids were so tightly molecular associations of benzenecarboxylic and 
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phenolic acids (the "building blocks") which are 
held together by relatively weak linkages such as 
hydrogen bonds, van der Waal's forces, 7c-bond- 
ing, etc. In the higher molecular weight fractions, 
by contrast, the "building blocks," although 
made up of the same types of benzenecarboxylic 
and phenolic acids, are more complex and more 
stable. The increased stability of each "building 
block" may arise either from more energetic 
linkages of the types discussed above or from 
additional chemical bonding via C-0 and 
C-C bonds. We are presenting evidence in this 
paper that may be interpreted to indicate: (a) 
esterification of some of the fatty acids to OH 
groups of phenolic acids; (b) the existence of 
ether (C-0) linkages between oxygens of 
phenolic OH groups and carbon on aliphatic 
side chains of aromatic rings; this possibility is 
based on the behavior of lignin under experi- 
mental conditions that were similar to the ones 
that we employed; and (c) rupture of C-C 
bonds during degradation. Thus, whereas the 
"building blocks" in the higher molecular weight 
fractions may be chemically more complex than 
those in the lower molecular weight ones, we 
believe that the molecular forces holding the 
"building blocks" together are similar, consist- 
ing mainly of hydrogen bonds, van der Waal's 
forces, and T-bonding. 

The failure of spectrophotometric and spec- 
trometric methods (u.v., i.r., n.m.r., e.s.r., 
X-ray) to provide worthwhile information (ex- 

cept possibly for functional groups) on the 
chemical structure of humic and fulvic materials 
does not facilitate the task of chemists working " 
in this field in developing meaningful concepts 
of the chemical structure of humic materials. 
Although the advent of the gas chromatogra- 
phic - mass spectrometry - computer system has 
provided us with a powerful tool for the qualita- 
tive and quantitative analysis of very complex 
humic and fulvic acid degradation mixtures, we 
are still searching for methods that will tell us 
how the "building blocks" fit together and what 
type(s) of structures are produced. Thus, the 
chemistry of humic and fulvic acids continues 
to challenge the ingenuity of chemists. 

We thank S. I. M. Skinner for g.c.-m.s.-computer 
analyses and G. W. Buchanan of Carleton University for 
the recording of the Carbon-13 n.m.r. spectrum. 
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Influence des groupes tert-butyle, trimCthylsilyle et trimCthylgermyle 
sur la stCrCochimie de rbctions d'addition en sCrie cyclohexCnique. 

I. Synthkse des aldnes et hydroboration 

CHIUSTIAN FREPPEL, MARC-ANDRE POIRIER~ ET JEAN-CLAUDE RICHER 
De'partement de Cllimie, Universite' de Montre'al, B.P. 6210, MontrPal, Qrie'bec H3C 3V1 

Eqriipe de recherche du CNRS No 13, Laboratoire de syntht.se & physicochimie organique, 
Universite' Paul Sabatier, 118 Route de Narbonne, 31077 To~ilorise Cedex, France 

ET 

GEORGES MANUEL 
Laboratoire des Organome'talliques. Universite' Paul Sabatier, 

118 Route de Narbonne, 31077 To~ilorise Cedex, France 

R e p  le 19 aofit, 1974 

CHRISTIAN FREPPEL, MARC-ANDRE POIRIER, JEAN-CLAUDE RICHER, YVETTE MARONI et 
GEORGES MANUEL. Can. J .  Chem. 52,4133 (1974). 

On decrit la synthese des tert-butyl-l ( l a ) ,  trimethylsilyl-l ( lb)  et trimethylgermyl-l (Ic) 
dimethyl-4,4 cyclohexenes ainsi que celle des tert-butyl-6 (2a), trimethylsilyl-6 (2b) et 
trimethylgermyl-6 (2c) dimethyl-3,3 cyclohexenes. On examine la stereochimie de la reaction 
d'hydroboration de ces alcenes; on note que celle-ci est gouvernee d'une part par l'influence 
sterique des divers substituants et d'autre part par les effets steriques et electroniques des 
groupes trimethylsilyle et trimethylgermyle. 

CHRISTIAN FREPPEL, MARC-ANDRE POIRIER, JEAN-CLAUDE RICHER, YVETTE MARONI, and 
GEORGES MANUEL. Can. J .  Chem. 52,4133 (1974). 

Syntheses of 1-tert-butyl-(la), I-trimethylsilyl-(lb) and I-trimethylgermanyl-4,4-dimethyl- 
cyclohexene (lc)  are described as are those of 6-tert-butyl- (2a), 6-trimethylsilyl- (2b) and 
6-trimethylgermanyl-3,3-dimethylcyclohexene (2c). The stereochemistry of the hydroboration of 
these alkenes is examined. The stereochemistry is govemed, on the one hand, by the steric in- 
fluence of the various substituents and on the other by the steric and electronic effects of the tri- 
methylsilyl and trimethylgermanyl groups. [Journal translation] 

Introduction 
Dans un travail antkrieur ( l ) ,  on a mis en RqjR 

RpR..o~ 

evidence l'influence stkrique prepondirante du 
groupe tert-butyle sur la sttrCochimie des rCac- 'OH OH 

tions d'addition sur le tert-butyl-3 cyclohex&ne M(CH3), M(CH3)3 M(CH3), 

(2d).  Afin de pouvoir cornparer l'influence des 18 19 20 
groupes terf-butyle, trimithylsilyle et trimkthyl- 
germyle sur la stkriochimie de riactions d'addi- 

'Les rtsultats rapportis dans cette publication sont 
tires en partie du memoire soumis par M. Marc-Andre 
Poirier en vue de l'obtention du grade de M.Sc. (aoQt 1972). 

Sene 
(1 M = C. R = CH, 
h M = SI: R = CH, 
c M = Ge:R = CH, 
d M = C : R = H  
e M = S i ; R = H  
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tion en strie cyclohextnique, nous avons effectut cyclohexanone (16); le tout d'apres les reactions 
la synthkse de nouveaux cyclohexknes gem- dtcrites au schtma 3. Depuis que ce travail a Ctt 
dimethylts des types 1 et 2 et nous avons complttt, House et Umen (3) ont rapporte la 
examine la stCrCochimie de leur rtaction d'hydro- synthese de 15 partir de 10 suivant la voie A. 
boration (2). Ce sont les rtsultats obtenus au 
cours de cette ttude qui font l'objet de la presente 
communication. 

RCsultats et discussion 
SynthPse des alc2nes 

Les alcenes du type P ont tous CtC prtparts a 
partir de la dimethyl-4,4 cyclohexanone (4) 
suivant le schtma rtactionnel 1. Les alcenes 2b 

et 2c ont t t t  synthttises a partir du dimtthyl-4,4 
cyclohexene-2 01 (7) suivant le schema rtaction- 
nel 2. On a obtenu l'alcene 2a a partir de la tert- 
butyl-5 dimethyl-2,2 cyclohexanone (15) a la- 
quelle on peut arriver soit selon la voie A 2 
partir de la tert-butyl-4 cyclohexanone (10) soit 
selon la voie B a partir de la dimtthyl-2,2 

Hydroboration des alchnes 
Les resultats obtenus lors de l'hydroboration 

(2) des alcknes du type 1 et du type 2 suivie d'une 
oxydation de l'organoborane par H,O, en milieu 
alcalin sont rapport& respectivement dans les 
tableaux 1 et 2. I1 ressort d'une manikre evidente 
de l'examen du tableau 1 que la rCgioselectivitC 
de l'hydroboration des alcenes 1 est fortement 
influencte par la nature des substituants prtsents 
sur la double liaison. La rCgiosptcificitC de la 
reaction d'hydroboration de l'alckne l a  peut 
&tre rationnaliste en faisant appel aux effets com- 
bints de l'influence stkrique du groupe tert- 
butyle de m&me qu'8 la forme de rtsonance 1-1 
favoriste dans ce cas. La forte proportion 
d'alcool tertiaire obtenu lors de l'hydroboration 
des alcknes l b  et l c  est a rapprocher des resultats 
obtenus par Musker et Larson (4) lors de 
l'hydroboration du trimethylsilyl-1 cyclohexene 
(le); ces resultats indiquent quel point la prt- 
sence du silicium et du germanium dans ces 
alcenes favorise par effet px-dn (5, 6) la forme 
de resonance 1-2 qui contrebalance l'effet sttri- 
que des groupes trimethylsilyle et trimtthyl- 
germyle (schema 4). 

TABLEAU 1. Pourcentages relatifs 
des alcools obtenus par hydro- 

boration des alcenes 
du type 1 

% alcool 

Alcene 18 5 

TABLEAU 2. Pourcentages relatifs des isorneres obtenus 
par hydroboration des alcenes du type 2 

% alcool 

Alcene 18 19 20 21 
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FREPPEL ET AL.: S T E ~ O C H I M I E  DES CYCLOHEXENES 3 - CH2MgI go" ___+ : ,$ B 2 H  pH . z 

HZOZ- NaOH 

11 12 

Voie A 

( I )  NH,NHTs 
La 

(2) Bu Li 

Pour ce qui est de la stCrCochimie des alcools 
du  type 118 obtenus lors de ces rCactions d'hydro- 
boration, elle rCsulte du  fait bien connu que 
l'addition du borane sur la double liaison se fait 
d'une f a ~ o n  cis et que l'oxydation du borane se 
produit avec retention de configuration (6). 

En ce qui concerne la stCrtochimie et la rtgio- 
spCcificitC de la rCaction d'hydroboration des 
alcknes du type 2 ,  l'examen du tableau 2 nous 
amkne a faire les constatations suivantes: ( a )  on 
a deja not6 precCdemment ( 1 )  que les reactions 
d'addition sur le tert-butyl-3 cyclohexkne (2d )  se 
produisent principalement par la face opposCe a 
celle occupee par 1e groupe tert-butyle (voir 

16 

Voie B 

S C H ~ M A  3 

schema 5 )  p39r conduire aux produits 18d et 
19d: l'influcnce du groupe tert-butyle sc fait 
sentir mEme sur cette face et proboque la forma- 
tion d'une quantitC prCpondCrante de 19d par 
rapport B 18d: (b) l'examen des rksultats obtenus 
avec I'alcene 2a met en Cvidence d'une part 
l'influence du groupe CH, pseudo-axial (R,) qui 
combink avec la prCsence du groupe tert-butyle 
sur la mzme face de la molCcule provoque une 
attaque exclusive sur la face opposCe avec la 
seule formation des alcools 18a et P9a. L'in- 
fluence stCrique du groupe CH, pseudo-axial sur 
la regioselectivitC des reactions d'hydroboration 
a rCcemment CtC notCe (7 )  en comparant des 
rtsultats obtenus lors de l'hydroboration du tert- 
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stCriques sont presque completement contre- 

1-5' 

balancCs par l'effet pn-dn. Finalement dans les 
R rCactions d'addition sur les olCfines du type 2b et 

2c, les effets stkriques sont atttnuks par 1'Clon- 
gation du lien C-M et par l'effet inductif tres 

22 23 puissant du groupe (CH,)M-CH-R (lorsque 
Sene M = Si, Ge) qui provoque la formation de 

tl R - H  dCrivCs stkriquement dCfavorisCs. 
h R = CH3 

butyl-4 methyl-l cyclohexi.ne ( 2 2 ~ )  et du tert- 
butyl-4 trimethyl-1,6,6 cyclohexene (22b); la 
quantitt d'alcool 23 passe de 62.2z dans le 
premier cas (0 )  a 83.0% dans le deuxiime cas (b). 
D'autre part on note que la prtsence du groupe 
CH, pseudo-Cquatorial (Re) inhibe l'attaque 
menant a I'alcool 19n; i l  en rtsulte une formation 
prepondCrante de I'alcool 180. (c) La com- 
paraison des rtsultats obtenus lors de l'hydro- 
boration de l'alcene 2n par opposition avec ceux 
obtenus lors de celle des olefines 2b et 2c indique 
clairement que l'influence sttrique du groupe- 
ment (CH,),M est attknuee dans les oltfines 2b 
et 2c dans lesquelles la longueur du lien C-M est 
accrue. I1 en rCsulte que la rCaction d'hydro- 
boration se fait (environ 20% du total) par la 
face portant les groupes (CH,),M. I1 est a 
remarquer que la proportion d'alcools des types 
18 et 20 [a du groupement (CH,),M] par rapport 
aux alcools des types 19 et 21 [P des groupes 
(CH,),M] dirninue lorsque I'on passe de  la^ 
sCrie carbonCe (alcene 2a) aux series sililte et 
germaylte (series 26 et 2c). Cette inversion. ne 
peut &tre relike a l'encombrement sttrique des 
groupes (CH,),M puisque l'on peut faire l'hypo- 
these pour les cas des alcenes 2b et 2c dans 
lesquels les liens C-M deviennent de plus en 
plus longs que l'effet sttrique du groupe (CH,),LW 
devrait diminuer et favoriser la formation des 
alcools en position 3 par rapport au groupe 
(CH,),M (l;lcools des types 18 et 20). Afin de 
rendre compte de ces anomalies on doit faire 
intervenir l7eRet inductif tres puissant (8) du 
groupe (CH,),M-CH(R)- (lorsque M = Si, 
Ge) qui arnene la criation d'une charge nCgative 
sur le carbone en y du silicium. Cette dklocalisa- 
tion entraine la formation des alcools des types 
19 et 2 1 qui sont stkriquement les moins favorisis. 

Des resultats obtenus au cours de ce travail, on 
peut done conclure que le groupe terf-butyle 
affecte le cours des reactions d'addition sur les 
alcenes du  type l a  et 2a par son encombrement 
stCrique. Par ailleurs, lors des riactions d'addi- 
tion sur les olkfines du type 1b ou lc,  ces facteurs 

Les points de fusion ont etC pris sur un appareil Cole- 
Parmer de la compagnie Instmment & Equipment. 

Les spectres i.r, ont ete pris sur un spectrophotom6tre 
Beckman modele IR-8 a double faisceau et sauf indication 
contraire, tous les spectres ont etC pris entre deux plaques 
de NaCI. 

Les spectres de resonance magnetique ont i t6 deter- 
mines sur un spectrometre modele C-60-H de la com- 
pagnie Jeol. Le solvant choisi est le chloroforme deuterie 
pour les series carbonecs et le tttrachlorure de carbone 
pour les series silylees et germylees. Les deplacements 
chimiques sont exprimes en p.p.m. et se referent au tetra- 
methylsilane utilise comnie reference interne pour les 
series carbonkes; le chloroforme est utilise comme 
reference interne pour les series silylies et gern~ylees. 

Les indices de refraction ont ete determines a I'aide d'un 
refractometre du type Abbe. La purete de tous les nou- 
veaux produiis decrits dans ce travail a Cte determinee par 
chromatographie en phase gazeuse et leur identite con- 
firmee par spectrometrie de niasse a I'aide d'un spec- 
trometre Hitachi Perkin-Elmer modele RMU6-D operant 
avec une Cnergie de faisceau d'electrons ionisant de 70 eV. 

Synthsse des alc2nes 
tert-B~rtyl-1 dimethyl-4,4 cyclohex2ne ( I n )  
Synthzse du tert-but,vl-1 r/imPthyI-4,4 cyclohexanol (50).  

Dans un ballon de 500 ml a trois tubulures, muni d'un 
refrigerant et d'unc arnpoulc a brome, on introduit 12.6 g 
(0.1 mol) de dimethyl-4,4 cyclohexanone (4) (preparee 
d'apres la methode d'EIiel et Lukach (9)) dans 80 ml 
d'ether anhydre sous atmosphere d'azote. On porte le 
melange a reflux et on ajoute goutte a goutte 60 ml de 
tert-butyllithium (2.1 ICI dans le pentane). On maintient 
4 h sous agitation au reflux du solvant puis on traite avec 
de l'eau glacke. La phase Cthtree lavee a l'eau, sechee sur 
Na2S0, et Cvaporee f ~ u r n i t  12.0 g de l'alcool5a (65z du 
rendenient theorique) dont les caracteristiques sont les 
suivantes: p.e. 54'/0.65 mm Hg; p.f. 37-39"; i.r. 3520 
cm-' (OH); r.m.n. (CCI,) pic a 0.90 p.p.m. (gern- 
dimethyle et tert-butyle), (DMSO-d6) pic B 3.47 p.p.m. 
(C-OH, s). 

Syrzt/x?se d ~ r  tert-blityl-1 diti2~rhy1-4,4 cyclo/le.u?ne ( l a ) .  
Dans un ballon de 50 ml, on introduit 4.2 g (0.023 mol) 
de tert-butyl-1 dimethyl-4,4 cyclohexanol (5a) et 0.1 g 
d'iode. Le contenu du ballon est chauffe a 150 'C pendant 
3 h, puis extrait a i~ether. La phase organique lavie avec 
une solution i 10% de thiosulfate de sodium et a I'eau est 
ensuite sechee sur iVazS04, filtree et concentrke sous vide. 
L'alcene est chromatographie sur une colonne de gel de 
silice en utilisant de l'etber de petrole 30-60- commc 
eluant et fournit ainsi 2.5 g de produit I n  a 1'Ctat pur 
(65z du rendement theorique) presentant les caracteris- 
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FREPPEL ET AL.: STEREOCHIMIE DES CYCLOHEXENES 41 37 

tiques suivantes: p.e. 78'133 mm Hg; nDZ3 1.4461 ; i.r. ballon a 0 "C et on introduit lentement 11.0 g (0.1 mol) de 
3045 (C-H) 1385 et 1365 em-' (tert-Bu); r.m.n. (CCI,) chlorure de methanesulfonyle. Le melange rdactionnel est 
pics a 0.88 (singulet integrant pour 6 protons et corre- agit6 a 25 "C pendant 4 h puis hydrolyse sur de la glace 
spondant au gem-dimkthyle), 1.02 (9 protons du groupe pilee et extrait a l'ether. La phase organique est lavee avec 
tert-butyle) et 5.27 p.p.m. (proton vinylique). une solution saturee de nitrate cuivrique puis a l'eau, 

Trimifhylsilyl-1 et trimithylgermyl-1 dimithyl-4,4 stchee sur Na2S0,, filtree et concentree sous vide. La 
cyclohex2ne distillation conduit a 8.4 g (74% de rendement thtorique) 

Chloro-l djnlijhy/-4,4 cyc[ohex2ne (6). Dans un ballon d~ produit 8 presentant les caracteristiques suivantes: 
de 1 1, muni d'un refrigerant et d'une ampoule brome, P.e. 32O10.7 mm Hg; i.r. 3010, 775 et 740 cm-'; r.m.n. 
on place, suivant la mithode de Mousseron et Jacquier (CC14) pies a 1.00 et 1.07 (2 singulets correspondants au 
(lo), 21.2 g (0.1 mol) de PCI, et 20 ml d'ither anhydre. gem-dimeth~le), 4.40 (CHCI) et 5.55 p.p.m. (2 protons 
La dimethyl-4,4 cyclohexanone ((4), 12.6g soit 0.1 mol) est v in~l iques  sous forme de multiplet). 
a j o u t ~ e  par petites fractions sous agitation magnetique a Synthdse du dimithyl-3,3 trimirhylsilyl-6 cyclohex2ne 
la temperature ambiante. On porte le melange reactionnel (2b). Appliquant la mCthode de silylation d~cr i te  la 
au reflux de 1 ' 6 t h ~ ~  jusqu'a disparition totale du penta- section 1.22 au chlorure 8, on obtient I'alcene 2b avec un 
chlorure de phosphore. Aprks refroidissenient, le liquide 'endement de 47%. Ses caracteristiques sont: p.e. 43'10.55 
ainsi obtenu est verse lentement en agitant sur de la glace mm Hg; n ~ 2 3  1.4585; i.r. 3010 (CH=CH), 1250 em-' 
pilie. La couche tthCrCe traitCe Q la manikre habituelle (SiMe3); r.m.n. (CCh): pics B 0.06 (9 protons correspon- 
conduit par distillation 10.2 g (70% du rendement dants au SiMe,), 0.84 et 0.89 (6 protons correspondants 

thkorique) du chloro-l dimethyl-4,4 cyclohexene (6) aU genz-dimethylel et 5.34 p.p.m. (2 protons vinyliques 
posskdant les caractCristiques suivantes: p.e. 52'18 mm SOUS forme de multiplet). 
H ~ ;  nD23 1,4667; i,r, 1660 (c-HI, 1365, 1370 (cH,-c- Sytzthdse du dirnithyl-3,3 trimithj;lgevmyl-6 c~~clohex2ne 
C H ~ ) ,  765 cm- 1 (c-c]); r,m,n, (CCI,) pics a 0.97 (6 ( 2 ~ ) .  Dans un ballon de 100 ml, on ajoute successivement 
protons du gem-dimkthyle), et 5.60 p.p.m. (proton 5.0 g (0.04 moll de dimethyl-4,4 cyclohexene-2 ol (7), 
vinylique). 13.0 g (0.04 mol) de Gel2 (prepare selon les indications 

Dimithyl-4,4 irimtrhylsilyl-1 cyclohex2ne ( Ib j .  Utili- de Foster (14)) et 10.0 g d'acide iodhydrique B 57% 
sant la technique de Mironov et a/. (1 I), on ajoute 8. 1 g (exces de 20%). La reaction est exothermique et est com- 
(0.043 at.& de sodium fondu dans 4 ml de toluene au pletee apres chauffage a 60'C pendant 24 h. On intro- 
reflux, une quantite de trimCthylchlorosilane (2.4 g soit duit alors goutte a goutte la solution etheree du derive 
0.022 rnol) suffisante pour abaisser le point d'Cbu]lition triiodb 9 ainsi obtenu a la solution magnesienne obtenue 
du melange B 100 'C. On introduit goutte a goutte 3.0 g a partir de 11.5 g (0.5 mol) de magnesium et 71.0 g (0.5 
(0.02 mol) de chloro-1 dimethyl-4,4 cyclohexi.ne (6) de m01) d'iodure de mtthyle. On maintient au reflux de 
f a ~ o n  entretenir le rcflux. On maintient le melange !'ether pendant 20 h, hydrolyse, lave la phase organique a 

reactionne! 130 ;C pendant 1 h, puis filtre sur terre de I'eau, seche sur K2CO3, filtre et evapore. La distillation 
diatomic. La distillation conduit B 1.7 g (47x du rende- conduit a 5.0 g (rendement global de 50%) de l'alcene 2c 
merit theorique) d'a]c&ne 16 presentant les caractCris- p'esentant caracteristiques suivantes: p.e. 71°/1 mm 
tiques suivantes: p.e. 36-10.55 mm Hg;  nDZ3 1.4546; i.r. Hg;  n~~~~ 1.4723; i.r. 3000 (C-H), 1630 (c=C) et 830 
3020, 1620 (&=CH), 1360, 1380 (CH,-C-CH,), 1240 em-' (GeMe,); r.m.n. (CCI,) pics a 0.13 (9 protons du 
em-' du (SiMe,); r.m.n. (CCI,) pics & 0.04 (9 protons du GeMe3), 0.96 et 0.99 (6 protons correspondants au gem- 
SiMe,), 0.89 (6 protons correspondants au  gem-dimethyle) dimtthyle) et 5.39 p.p.m. (2 protons vinyliques apparais- 

et 5.84 p.p.m. (proton vinylique). sant sous forme de multiplet). 
~ i n 1 i r l ~ ~ . l - 4 , 4  trimCth~1germ:l-1 cyclohexdne ( I c j .  Synthise du rert-buty/-5 dirnirhyl-3,3 cyel0hexdne (2a) 

Suivant la technique de Mironov et Kranchenko (12) on tert-Butyl-5 dimtthy/-2,2 cLelohexanane 115). Dans un 
disperse, dans un ballon de 100 ml, 0.8 g de sodium dans ballon de 500 ml trois tubulures, muni d'un refrigerant 
7 nil de toluene sec au reflux. On ajoute 2.8 g de tri- surmonte d'un tube chlorure de calcium anhydre, on 
methylchlorogermane et 2.5 g de chloro-1 dimCthyl-4,4 introduit 8.2 g de magnCsium et de ['ether anhydre. Par 
cyclohexene (6) et porte a 13OCC pendant 1 h. On filtre une ampoule brome, on ajoute 120 d'Cther anhydre 
ensuite sur terre de diatoniee et distille 1.0 g (30Z du contenant 15.7 g (0.17 mol) de chloro-2 rnbthyl-2 pro- 
rendement theorique) d'alcene l e  a I'etat pur possedant pane, une fois 13addition terminte, le reactionnel 
les caracteristiques suivantes: p.e. 74'17 mm Hg; n ~ ' '  ,st au reflux pendant 1 h puis refroidi; on ajoute 
I ,4759; i.r. 3000 (C-H), 1620 (C=C) 1360, 1375 alors 1.6 g de chlorure cuivreux puis par I'ampoule B 
(CH,-C-CH,), 820 em-' (GeMe,); r.m.n. (CCl4) ~ i c s  brome, 10.6 g (0.085 mol) de dimethyl-6,6 cyelohexi.ne-2 
a 0.10 (singulet pour les 9 protons du (GeMe3)), 0.86 one (17, prCparCe partir de la bromo-2 dimethyl-6,6 
(singulet integrant pour les 6 protons du gem-dimethyle) cyclohexanone 16 en suivant la rnCthode deerite par 
ct 5.68 p.p.m. (proton vinylique). Holysz (15)) diluCe dans 100 ml d'ether anhydre. Le 

Dimirhyl-3,3 trimithylsilyl-6 cyclohex2ne (2b) melange rkactionnel est port6 a reflux pendant I h puis 
Ch l~ro - l  dimithyl-4,4 cyclohexdne-2 ( 8 ) .  Dans un hydrolysC par une solution de chlorure d'ammonium a 

ballon de 300 ml a trois tubulures, muni d'un refrigerant et 10%; la phase etheree est sechee sur du sulfate de sodium 
d'une ampoule a bromeet maintenu sous azote, on ajoute anhydre filtree puis concentrte sous vide et le produit 
3.4 g (0.08 mol) de chlorure de lithium dissout dans un purifie par distillation conduit a 9 g (58% du rendement 
minimum de DMF sec a une solution de 10.0 g (0.08 thkorique) de tert-butyl-5 dimethyl-2,2 cyclohexanone 
mol) de dimethyl-4,4 cyclohexene-2 ol ((7) prCpart selon (15) possidant les caract6ristiques suivantes: p.e. 11 1'113 
les indications de Julia et ses collaborateurs (13)) dans mm Hg (litt. (3) 107-108/11 mm Hg); p.f. 35-36"; i.r. 
10.6 g (0.09 mol) des-collidine. On refroidit le contenu du 1700, 1370, 1350 em-' ; r.m.n. (CDCI,) pics a 0.92 (9 
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protons du tert-butyle), 1.5 (3 protons du mithyle axial) 
et 1.15 p.p.m. (3 protons du methyle equatorial). 

Tosylhydrazone de la tert-butyl-5 dimithyl-2,2 cyclo- 
hexanone (15) .  La tosylhydrazone est obtenue en 
melangeant 13.5 g (0.74 mol) de cttone 15 avec 13.6 g 
(0.73 rnol) dep-toluenesulfonylhydrazine. Un vide de 10- 
20 mm de Hg est cree a I'aide d'un systeme adapte directe- 
ment au ballon. Le ballon est plonge dans un bain d'huile 
a 80-90 "C sous agitation manuelle pendant 15-20 min. 
De l'ether est alors ajoute au melange et la tosylhydrazone 
precipite. Apres recristallisation dans l'tthanol 95%, 20 g 
(77% du rendement theorique) de tosylhydrazone sont 
obtenus et possedent les caracteristiques suivantes: p.f. 
149-150°C; i.r. 3230, 1600, 1340 et 1170cm-'; r.m.n. 
(CDCI,) pics a 0.85 (9 protons du rert-butyle), 0.90 et 1.02 
(2 singulets intkgrant chacun pour 3 protons et correspon- 
dant aux groupements methyles axial et equatorial), 2.40 
(3 protons du groupe mithyle attache au noyau aro- 
matique) et 7.20 p.p.m. (proton sur l'azote). 

tert-Butyl-6 din~ithyl-3,3 cyclohex2ne (2a). Dans un 
ballon a trois tubulures de 1 1 muni d'un refrigerant et 
d'une ampoule a addition et le tout maintenu sous 
atmosphere d'azote, on ajoute 136 ml d'ether anhydre a 
20 g (0.059 mol) de tosylhydrazone de la cetone 15. Plus 
de deux equiv. d'une solution a 15% de butyl-lithium dans 
I'hexane sont ensuite ajoutes a cette suspension suivant les 
indications de Shapiro et Heath (16). Pendant toute 
l'addition du reactif a 25 'C, le milieu est soumis a une 
agitation magnetique. Une fois l'addition terminee, le 
melange reactionnel est maintenu a reflux pendant 3 h 
puis hydrolyse lentement a froid par 100 ml d'eau. La 
phase organique est extraite par de I'ether, sechee sur du 
sulfate de sodium anhydre, concentree sous vide et con- 
duit ainsi a 9.7 g (99% du rendement theorique) de 
l'alcene 2a qui est purifie par chromatographie sur une 
colonne de gel de silice et qui possede les caracteristiques 
suivantes: p.e. 74-75 "C/I0 mm Hg; nDZ5 1.4500; i.r. 
3030, 740 cm-I ; r.m.n. (CDCI,) 0.90 (9 protons du tert- 
butyle), l .OO (6 protons du gem-dimethyle) et 5.5 p.p.m. 
(2 protons olefiniques sous forme de massif). 

Hj~droboration des olefines et analyse des alcools obtenus 
Hydroboration 
L'hydroboration des olefines du type I ou du type 2 a 

Ctt realisee sur des echantillons de 0.01 mol d'olefines en 
solution dans 20 ml de tetrahydrofuranne en suivant la 
procedure experimentale decrite par Brown et Zweifel 
(2). On a constate que l'hydolyse des boranes interme- 
diaires s'effectue plus facilement en presence de soude 
aqueuse 10 N plutbt que 3 N. Les rendements rnoyens en 
alcool sont de 90%. 

Analyse des produits 
Les melanges d'alcools provenant des reactions d'hy- 

droboration des alcenes 1 et 2 ont Cte analyses par 
chromatographie en phase gazeuse a l'aide d'un chroma- 
tographe a ionisation de flamme Research Chromato- 
graph 700 de la cornpagnie F et M muni d'une colonne de 
6 pd x 118 de po remplie de Diatoport 5750 (80-100) 
supportant 6% de son poids de LAC 728. Les temps de 

TABLEAU 3. Temps de retention (en min) des alcools 

Alcool Serie a* Serie b t  Strie c t  

*Temperature de la colonne, 115 "C.  debit d'hklium, 37 ml/min. 
tTemperature de la colonne, 120 "c: d6bit &helium, 26 ml/min. 

retention (en min) des alcools dans ces conditions sont 
resumes au tableau 3. L'identification des pics a e t t  
realisee par superposition avec des echantillons authen- 
tiques dont la preparation sera decrite dans une publi- 
cation ulterieure. 
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COMMUNICATIONS 

Synthesis of 3P,14P,19-0xygenated Cardenolides 

G .  KRUGER 
Bio-Research Laboratories, Ltd., Pointe Claire, Quebec H9R lG6 

Received November 30, 1973' 

G. KRUGER. Can. J. Chem. 52,4139 (1974). 
The synthesis of 3p,14p,l9-oxygenated and of 3(3,19-oxygenated-14-dehydro cardenolides 

from the bulk steroid pregnenolone acetate la  is reported. The 19-oxygenated cardenolides 
which have been prepared include coroglaucigenin esters 4e and 4 f and corotoxigenin acetate 4g. 
Coroglaucigenin and corotoxigenin occur in nature as glycosides in a number of plant species. 
I n  the synthetic scheme developed, successive transformations of the 3P-acetoxy-lOp-methyl-5- 
ene moiety of l a  afford 19-hydroxy- or acyloxy-14-enes via 19-hydroxy-8(14)-enes and 8,19- 
oxido-14-enes. 

G. KRUGER. Can. J. Chem. 52,4139 (1974). 

On rapporte la synthese, a partir de I'acetate de pregnenolone, de dehydro-14 cardenolides 
oxygenes en 3P,19et 3P,14P,19. Les cardenolides oxygenks en 19qui ontete prepares incluent les 
esters 4e e t  4f de la coroglaucigenine et l'acetate 4g de la corotoxygenine. La coriglaucigenine et 
la corotoxygenine se retrouvent a l'etat nature1 sous forme de glycosides dans un certain nombre 
d'especes de plantes. Dans le schema de synthese qui a ete developpi, des transformations de la 
partie acetoxy-3P methyl-10P ene-5 de la molecule l a  conduisent aux hydroxy-19 ou acyloxy-19 
enes-14 par I'intermediaire des hydroxy-19 he-8(14) et des oxydo-8,19 enes-14. 

[Traduit par le journal] 

Most of the presently known heart-active 
steroids are 3P,14P-oxygenated cardenolides or 
bufadienolides. A characteristic structural fea- 
ture of some of the most potent members of these 
groups is the presence of an oxygen atom in 
position 19 (1). 

Though several syntheses of 3P,14P-oxygen- 
ated cardenolides and bufadienolides of the 
10P-methyl series from bulk steroids have recent- 
ly been reported (2), no conversions of the latter 
to  19-oxygenated cardenolides appear to have 
been published so far. This publication reports 
the synthesis of 3j3,14/3,19-oxygenated and of 
3p,l9-oxygenated-14-dehydro cardenolides from 
the bulk steroid pregnenolone acetate l a .  The 19- 
oxygenated cardenolides which have been pre- 
pared include coroglaucigenin esters 4e and 4f 
and corotoxigenin acetate 4g. Coroglaucigenin 
and corotoxigenin occur in nature as glycosides 
in a number of plant species (3). The preparation 
of coroglaucigenin from 3,19-dioxo- 14-hydroxy- 
14P-carda-4,20(22)-dienolide (4a), which can be 
obtained from the aglycone strophanthidin and 
hence from several naturally occurring 14P- 

'Revision received October 17, 1974. 

hydroxy cardenolides, by a novel rcduction em- 
ploying lithium borohydride and pyridine (4) has 
recently been reported. 

In the synthetic scheme developed successive 
transformations of the 3P-acetoxy-lop-methyl- 
5-ene moiety of l a  afford 19-hydroxy- or acyloxy- 
14-enes via 19-hydroxy-8(14)-enes and 8,19- 
oxido-14-enes. For some of the transformations 
19-oxygen functions are required instead of 
being an encumbrance. In the previously re- 
ported partial syntheses introduction of a 
14(15)-double bond has been effected either by 
microbiological 14a- or 15-hydroxylation and 
subsequent dehydration, dehydrogenation of 
16-en-20-ones to 14,16-dien-20-ones (2, 5) or by 
enolization of 15-en- 17-ones to 14,16-dien-17-01s 
(6). The synthetic scheme thus differs in essential 
respects from the previous syntheses. It may, by 
suitable variations, be employed for the prepara- 
tion of analogs possessing novel structural 
features. 

In the initial steps of the synthesis pregnen- 
olone acetate l a  was converted to 20P-pivaloxy 
analog PC via 20P-alcohol l b  and hence to 19- 
hydroxy-4,6-dien-3-one 2a, employing methods 
similar to those reported for the preparation of 
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phase with aqueous base afforded hydroxytri- 
enone 2b, m.p. 223-225", u.v. (MeOH) 346 nm in & an estimated yield of 14% from l a .  

Reduction of 2b with sodium borohydride 
\ / / 

AcO R 
gave 212, u.v. (MeOH) 285 nm, which was 

1 2 catalytically hydrogenated to 2d, u.v. (MeOH) 
0 R = O  (I 4.6-diene, R = 0 210 nm. Oxidation of 2d with pyridinium hydro- 
h R = /?-OH h 4.6,8(14)-triene, R = o bromide perbromide in presence of pyridine 
c R = p-OP~V (, 4.6,8( 14)-triene, R = P-OH gave 8,19-oxide 3a, m.p. 132-1 33O.' Conversion 

8(14)-eneSa-H. = P O H  of the latter to the corresponding 3-pyranyl ether, 
liberation of the 20P-hydroxy group by treatment 
with sodium bis(methoxyethoxy)aluminum hy- 
dride 'in benzene, oxidation with chromiunl tri- 
oxide in pyridine, regeneration of the 3P-hydroxy 
group from its tetrahydropyranyl ether by treat- 

H ment with aqueous acetic acid, and subsequent 
3 acetylation gave 8,19-oxido-14-en-20-one 3b, 

(, R ,  = p-OP~V; R~ = OH: R3 = H m.p. 200-204'. Oxidation of 3b with lead tetra- 
h R ,  = O: R, = OAC: R, = H acetate in presence of methanol and boron tri- 
(, R, = 0 :  R2 = R, = OAC 

R,  = 0 :  R, = OAc: R, = OH 
fluoride etherate (9) gave 21-acetate 3c, m.p. 

(. R ,  = O: R* - OAc. 152-155", which on selective hydrolysis with 
R, = OCO--CH,-P(O)(OE~)? aqueous potassium hydroxide in methanol gave 

- ~ 

cl Rl - CH,OFrn: R2 = O H :  R, = Br 
RI  = C H 2 0 F m :  R2 = OH:  R3 = H 

f '  RI = CH2OH: R2 = OH:  R, = H 
g Rl  = Fm: R2 = OH:  R, = H 

the analogous 19-hydroxy- 17P-pivaloxyandrosta- 
4,6-dien-3-one from androstenolone acetate (7). 
Treatment of 2a with sodium methoxide in di- 
methyl sulfoxide under nitrogen (8) followed by 
addition of the mixture to an externally cooled 
solution of 2,3-dichloro-5,6-dicyano-l,4-benzo- 
quinone in ether - glacial acetic acid, subsequent 
decolorization of the dark mixture with aqueous 
sodium bisulfite, and extraction of the organic 

21-hydroxy-20-one 3d, m.p. 199-205" (evacu- 
ated sealed tube), in 1717, yield from trienone 26. 

Esterification of 3d in benzene with (diethyl- 
phosphono) acetic acid and dicyclohexylcarbodi- 
imide (10) gave phosphonoacetate 3e, which was 
converted to cardenolide 3f, m.p. 222-224", u.v. 
(MeOH) 218 nm, by treatment with 50% 
aqueous potassium hydroxide. Hydrogenolysis3 
of 3f with zinc in glacial acetic acid (Ila) at 
room temperature gave 19-alcohol 4a, which 
after treatment with acetic anhydride, prepara- 
tive thin-layer chromatography of the product 
and subsequent recrystallization gave 3P,19-di- 
acetate 46, m.p. 163-165", [a],24 -30.8 (C 0.91, 

220~-Pivaloxy-8,19-oxide 3a on treatment with sodium 
bis(methoxyethoxy)aluminum hydride in benzene and 
subsequent acetylation of the resulting 3,20-diol gave 
3~,20~-diacetoxy-8,19-oxido-5cc-pregn-14-ene, m.p. 188- 
189" (lit. (14) m.p. 189-190-), [aIDz5 -9' (C 1.035, CHCI3) 
(lit. (18) [aIDz0 - 7" (c 1.03, CHCI,)), which had previously 
been obtained, besides other products, from 3p,20p- 
diacetoxy-19-hydroxy-5a-pregnane during a study on the 
oxidation of saturated 19-hydroxy steroids by lead 
tetraacetate (1 8). 

3The synthesis of the 19-hydroxy-20p-pivaloxy-5rw- 
pregn-14-ene 4a from 19-hydroxy-20p-pivaloxypregna- 
4,6-dien-3-one 2a was preceded by an analogous synthesis 
of 19-hydroxy-17~-pivaloxy-5a-androst-14-ene from 19- 
hydroxy-17~-pivaloxyandrosta-4,6-dien-3-one (11~) .  The 
structure of the 14a,15a-epoxide obtained from the 19- 
hydroxyandrost-14-ene was determined by X-ray analysis 
(1 1). 
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CHCI,) (lit. (3c) [a],'" 32.0 (c 0.482, CHCI,)); 
n.m.r. (CDCl,, 6) 5.91 (1, broadened s or t, 
J = 2; 22-H), 5.30 (1, m or broadened d, J = 2;  
15-H), 4.76 (2, d, J = 2; 21-H), 4.50-4.95 (1, m;  
3%-H of 5%-series (12a and d)), 4.30 (2, s;  19-H), 
2.09 (3, s;  19-OAc), 2.01 (3, s;  3-OAc), and 0.82 
(3, s; 18-methyl); identical by i.r. (KBr) with 
"P-anhydrocoroglaucigenin diacetate" (3c) (see 
below); m.p, of mixture with the latter com- 
pound 162-1 64". 

Treatment of 3f with zinc and 90% aqueous 
formic acid at room temperature gave first 19- 
alcohol 4a and then 19-formate 4c, m.p. 120--122" 
(change of crystalline to turbid, viscous meso- 
phase), 171-173" (change of rnesophase to iso- 
tropic phase); n.m.r. (CDCI,, 6) 8.16 ( I ,  broad- 
ened s; 19-OCHO), 5.92 (I, broadened s or t, J = 
2; 22-H), 5.10-5.45(l,m; 15-H),4.76 (2,d, J = 2; 
21-N), 4.6-4.95 (1, m ;  3a-H), 4.43 (2, s;  19-H), 
2.01 (3, s;  3-OAc), and 0.81 (3, s ;  18-methyl). 
Oxidation of 14-ene 4c with N-bromoacetamide 
in acetone between 0 to 5" followed by reduct~on 
of the resulting bromohydrin 4d with Raney 
nickel by procedures similar to previously re- 
ported ones (5, 13) and recrystalization of the 
crude product from ether-hexane gave a product 
consisting of 14P-hydroxy cardenolide 4e, m.p. 
234-239", U.V. max 218 nm, and a small amount 
of the analogous epoxide, i.e., 3P-acetoxy-19- 
formyloxy - 14,1 5P - oxido - 5a , l4P - card - 20(22) - 
enolide as indicated by t.1.c. Subsequent prepara- 
tive t.1.c. followed by recrystallization from 
ether-hexane gave the purified 14P-alcohol 4e, 
m.p. 247-251"; i.r. (KBr) 3660, 3420 (sh), 3100 
(weak), 1770, 1735, 1719, 1710, 1381, 1365, 1265, 
1255, 1175, 1145, 1030, 1002, 960, 910, 889, and 
869 cm-I; n.m.r. (CDCI,, 6) 8.13 (1, broadened 
s ;  19-QCHO), 5.89 (I, broadened s ;  22-H), 4.91 
(2, broadened s or incompletely resolved dd; 
21-H), 4.8-5.0 (1, m;  3a-H of 5a-series (12a and 
d)), 4.39 (2, s; 19-H), 2.80-2.95 (m; 17a-EI (14)), 
2.01 (3, s ;  3-OAc), and 0.88 (3, s;  18-methyl of 
1414-o14), in 14% yield from 21-hydroxy-20-one 

41t has previously been noted (19a) that 14p-oxygen- 
atior. o f  14-enes ieads to a downfield, while 14a-oxygen- 
ation leads to an upfield, shift o f  6(18-methyl); cJ also the 
n.m.r. data cited for xyslnalogenin (5-dehydrodigitoxi- 
genin) 3-acetate, for its 14-ene analog (196) and for the 
3-0x0-14-ene analog o f  digitoxigenin (5); for the effect o f  
the double bond in position 5 ,  and the 3-0x0 and 3p- 
acetoxy group on 6(18-methyl) see ref. 12b. Support for 
the structure o f  1413-01 4e is further given by a direct 

3d. The analytical sample of 4e, which was simi- 
larly purified by chromatography and subsequent 
recrystallization, had m.p. 248-254"; 1?7/e 460 
(molecular ion) 458, 442, 440, 400 (strong), 382 
(strong), 354 (strong). 

Anal. Calcd. for C,,H,,O, : C, 67.80; H, 7.87. 
Found: C, 67.75; H, 7.66. 

After optimization of the individual steps of 
the synthesis of 3P,14P,19-oxygenated cardenol- 
ide 4e from bulk steroid l a  it was possible to 
purify all intermediate reaction products by 
simple precipitation or recrystallization pro- 
cedures so that it became unnecessary to resort 
to their chromatographic purification. 

Selective hydrolysis of 4e with aqueous potas- 
sium hydroxide in methanol gave 19-01 4?f, n1.p. 
229-236'. Oxidation of 4f with t-butyl chromate 
(15) gave aldehyde 4g, m.p. 221-229", identical 
by i.r. (KBr) with corotoxigenin 3-acetate (see 
below). 

Treatment of authentic5 P-anhydrocoroglauci- 
genin, which previously had been tentatively 
considered (3c) as 14(15)-anhydrocoroglauci- 
genin, and of authentic5 corotoxigenin with 
acetic anhydride and pyridine, followed by pre- 
parative t.1.c. and subsequent recrystallization 
from hexanemethylene chrloride, gave the refer- 
ence cardenolides P-anhydrocoroglaucigenin di- 
acetate, m.p. 161-163" (lit. (3c) m.p. 161-163") 
and corotoxigenin 3-acetate, m.p. 214-216", m.p. 
(evacuated sealed tube) 240-250" (lit. (3c) m.p. 
220-230" and 227-234", lit. (3a) m.p. 256". re- 
~pectively).~ 

Preliminary biological tests showed that the 
synthetic 14P, 19-oxygenated cardenolides 4e and 
4f inhibit ATP-ase (16) almost as much as 

comparison o f  its n.m.r. spectrum with that o f  digitoxi- 
genin 3-acetate, which was found to have (CDCI,, 6 )  
5.90 (1, broadened s;  22-H), 5.1 1 ( 1 ,  m ;  32-H o f  5b-series 
(12a)), 4.92 (2, m or incompletely resolved dd; 21-H), 
2.82-2.98 ( m ;  17a-H (14)), 2.02 ( 3 ,  s ;  3-AOc), 0.95 ( 3 ,  s ;  
19-methyl), and 0.87 (s, 3 ;  18-methyl), and with that o f  
strophanthidin 3-acetate which has also been dipicted in 
(12c). 

'The author is indebted to Professor T .  Reichstein, 
University o f  Basle, Switzerland, for a generous gift o f  
samples o f  8-anhydrocoroglaucigenin, corotoxigenin, and 
coroglaucigenin. 

'The melting points o f  compounds 40, e,  f, and g as 
well as those o f  the two reference cardenolides are cor- 
rected. With the exception o f  the second melting point 
cited for corotoxigenin 3-acetate they have been deter- 
mined on a micro hot stage. 
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strophanthidin 3-acetate and also possess a sub- 
stantial inotropic effect7 (17). 

The author is indebted to Mrs. S. Dahr, Mrs. K. 
Kirchhof, Mrs. G. Teodosiu, Mr. J. M. Thiemann, and 
Mrs. N. Y. Wang for their capable and persevering 
assistance and to Dr. C. Chappel, President of Bio- 
Research Laboratories, Ltd. for his continued interest in 
this work and for providing the means for it. 
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Bicyclooctanone Rearrangement, [3.2.1]+ [3.3.0], via P-Enolization. 
Evidence for y-Enolization in Bicyclo[3.3.0]octan-2-one1 

A. L. JOHN SON,^ N. (7. PETER SEN,^ M. B. RAMPERSAD, AND J. B. STOTHERS 
Department of Chemistry, University of Western Ontario, London, Ontario N6A 3K7 

Received September 9, 1974 

A. E. JOHNSON, N. 0. PETERSEN, M. B. RAMPERSAD, and J. B. STOTHERS. Can. J. Chem. 52, 
4143 (1974). 

Under homoenolization (B-enolization) conditions (t-BuO--t-BuOH, 185") 3,3-dimethyl- 
bicyclo[3.2.l]octan-2-one rearranges to 3,3-dimethylbicyclo[3.3.0]octan-2-one in good yield. 
From reactions in t-butyl alcohol-0-4 the progress of deuterium incorporation was determined 
by 2H n.m.r. to compare the reactivity toward P-enolate formation for the various potential 
sites in 1. Similar experiments with 2 gave evidence for competitive y proton abstraction (y- 
enolization); the first example of this process in a relatively flexible carbon skeleton. 

A. L. JOHNSON, N. 0. PETERSEN, M. B. RAMPERSAD et J. B. STOTHERS. Can. J. Chem. 52, 4143 
(1974). 

Dans des conditions (t-BuO--t-BuOH, 185") d'homoenolisation (p-enolisation), la 
dimethyl-3,3 bicyclo[3.2.l]octanone-2 se rearrange, avec de bons rendements, en dimethyl-3,3 
bicyclo[3.3.0]octanone-2. En se basant sur les resultats obtenus lorsque la reaction a ete effectuee 
en presence de t-butanol-0-d, le taux d'incorporation du deuterium a pu Ctre determine par la 
resonance magnetique nucleaire du ZH et l'on a pu ainsi comparer la reactivite, vis a vis de la 
formation du P-enolate, en diverses positions de 1 susceptibles d'enolisation. Des experiences 
similaires avec 2 ont perrnis de mettre en evidence la presence d'une reaction d'abstraction du 
proton en position y (y enolisation); ce resultat est le premier exemple d'un tel processus dans une 
molecule avec un squelette carbon6 relativement flexible. 

[Traduit par le journal] 

The reversible formation of 'enolates' from 
ketones by remote proton abstraction with strong 
base has received relatively little attention since 
the discoverv and detailed characterization of 
p-enolization (homoen~lization)~ of campheni- 
lone by Nickon and Lambert (1). Nevertheless 
the process has synthetic utility (2) and warrants 
further investigation to define its scope more 
precisely in terms of suitable molecular geom- 
etries and the stereochemistry of ketonization. 
At  present these features are established only for 
the bicyclo[2.2.1]heptan-2-one skeleton (1,3) 
and adamantanone (4) but several other poly- 
cyclic systems should be suitable substrates. 
One of these, 3,3-dimethylbicyclo[3.2.l]octan-2- 
one (I), has three different skeletal carbons at 

'Part XXVIII in the series NMR Studies. For Part 
XXVII see ref. 3b. 

ZPresent address: College of Southern Idaho, Twin 
Falls, Idaho. 

3Present address: California Institute of Technology, 
Pasadena, California. 

4While hornoenolization neatly describes the process at  
fi carbons, more remote proton abstraction can occur. 
We suggest, therefore, a more general term to specify the 
reaction site. For example, P-enolization and y-enolization 
refer to proton removal from 0 and y carbons, respectively. 
For  the latter bishomoenolization could be used but 
seems unnecessarily confusing. 

which P-enolization could occur, as well as the 
methyl carbons, and a comparison of the 
relative reactivities of these centers could be 
instructive as to the structural requirements for 
facile p-enolate formation. This information as 
well as the stereochemistry of the ring opening 
may be determined directly by 2H n.m.r. to 
monitor the progress of deuterium incorporation 
for reactions in t-butyl alcohol-0-d, as we have 
demonstrated (3b, 4). Furthermore, 'H spectra 
permit detection of lightly labelled centers which 
could arise by slower exchange of more remote 
protons. Although, in principle, y-enolization 
can occur, the available examples have the y 
carbon rigidly constrained close to the carbonyl 
group (5 ) .  We wish to report the first observation 
of y-enolization in a relatively flexible system, 
3,3-dimethylbicyclo[3.3.0]octan-2-one (2), which 
is itself generated readily by P-enolization of 1. 
The smooth conversion of 1 -+ 2 constitutes a 
synthetically useful approach to the bicyclo- 
[.3.3.0]octanone skeleton. 

Ketone l5 prepared by methylation (NaNH2- 

5This ketone (v,,, (CDCI,) 1700 cm-') is a liquid 
whose 2,4-dinitrophenylhydrazone melted at  157.5- 
158.0". 

Anal. Calcd. for C,,H,,O: C, 78.89; H, 10.59. Found: 
C,  79.11 ; H, 10.41. 
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TABLE 1. Deuterium incorporation in 1 and 2 

Time Atoms D/ 
Substrate (h )  Compound moleculea 
-- 

1 48 1 3.15 
2 4.55 

148 I 3.37 
2 4.74 

334 1 3.43 
2 4.79 

Methyl 

Exo Endo 

- ~- - 

"Using a Varian .M66 spectrometer at  30 eV ionization voltage. 
5pectra obtained b) FT operation of a Varian XL-100-15 at 15.4 MI-Iz with noise decoupling at 100 MHz and integrated by line-shape 

fitting (36, 4). Samples were examined as 10% soliitions in CHC1,-C,F6 (4: 1) containing Pr(fod)?. 
'riot resolved, X lncluded in exo-7 signal. 
dlncludes exo-6 absorption. 

CH,T) of the commercially available parent 
ketone, was dissolved in t-BuO--t-BuOH (0.7 
M) to furnish a solution 0.2 M in ketone. 
Aliquots were sealed in glass tubes under nitro- 
gen and heated at 185" for various times. Gas- 
liquid chromatographic analysis of the product 
(pentane extraction, 80-90% yields) revealed a 
new compound, besides 1, isolable by prepara- 
tive g.1.c. The new liquid ketone (1740 cm-l) had 
two methyl singlets (0.95, 1.00, CC1,; 0.90, 0.98 
p.p.m. C6D,) and a multiplet (2H) near 2.5 
p.p.m. in its 'H spectrum. Its 13C spectrum 
contained 10 signals for 5 carbon types: methyl 
(2), methylene (4), methine (2), quaternary (I), 
and 1 carbonyl signal. Mol. Wt. Calcd. for  
Cl,Hl,O: 152.1200. Found (mle):  152.1205. 
Structure 2 was confirmed by methylation to a 
trimethyl ketone: identical (i.r., and 13C 
n.m.r., g.1.c.) to that obtained by methylation of 
cis-bicyclo[3.3.0]octan-Zone (6). The conversion, 
1 + 2, had a half-life of cu. 60 h:  thus good 
yields are obtainable in 100-200 h. 

Compound 1 can p-enolize at  the methyls and 
at  C-4, -7, and -8, the latter leading to 2 via A. 
To compare reactivities at  these sites, reactions 
were run in t-butyl alcohol-0-d using 'H n.m.r. 
to follow 'Pi incorporation and the results for 
recovered I-d, and 2-d, are listed in Table 1. 

6The trimethyl ketone (v,,, (CDCi,) 1735 cm-l) had 
three methyl singlets (1.03, 1.06, 1.13 p.p.m. CCI,) in 
its Ih-1 spectrum whiie its 13C spectruin contained signals 
for a carbonyl, two quaternary, one methine, four 
methylene, and three methyl carbons. 

Anal. Calcd. for C,,H,,O: C ,  79.45; H, 10.92. Found: 
C ,  79.37; H, 10.70. 

Exchange occurred at five sites in 1: C-I, exo- 
and endo-7, and both r i ie thyl~.~ Bridgehead 
exchange was rapid, >90% in 1 h, and exo- 
deuteration was faster than endo at C-7 and at  
the methyls. Thus, f3-enolization primarily in- 
volved C-7 (B), C-8 (A), and the methyl carbons. 
Since 'H was not observed at C-8 after 334 h, 
cleavage of A was exclusively to 2. Further, 
since methyl exchange was preferentially exo, 
this process occurred at  a faster rate than f3- 
enolization at  C-7 because the latter generates B 
which renders the methyls equivalent. A sample 
of-1-4 isolated after 734 h was found to contain 
2-3% 'H at C-6 and C-8 (anti only) presumably 
arising from 2 (see below). From these runs, 
spectra of 2 had seven 'H signals8: C-1, -7, -8, 
and the methyls (Table 11, a labelli~lg pattern 
entirely consistent with its formation via A with 
subsequent rapid bridgehead exchange. 

Incorporation of 'H in 2 results from exchange 
in B before conversion to 2 and from exchange 
after its formation. To examine the latter pro- 
cesses separately, samples of 2 were treated with 
t-BuO--t-BuOD at 185". The 'H spectra of the 
recovered 2-d, samples (Table I )  differed signi- 
ficantly from those for 2-d, generated from 1, 
described above. Eight 'H signals were resolved 

'The 2H assignme~ts were confirmed by 13C n.m.r. 
and by comparison of 'N and 'H spectra of solutions 
containing Pr(fod),; with 0.25 equiv. of Pr(fod), all 12 
'H shifts cou!d be determined using spin-decoupling tc 
establish individual assignillents. 

8The 2H assignments for 2 also foliowed from a shift 
reagent study (Pr(fod),) with the difTerence that the eso-6 
and exo-7 multiplets were not resolved. 
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revealing exchange of H-1, H-6, H-7, H-8, and 
the methyls. The presence of 'H at C-6 and C-7 
clearly implies that y-enolates C and D are 
intermediates. Also, C must open primarily to 2, 
rather than la ,  otherwise in the experiments 
with 1, C-6 (la) would be significantly labelled 
because this carbon is the bridgehead carbon in 
2 (the fates of individual carbons are indicated 
by @, A, and gPI in Scheme 1). Nevertheless, C 
does provide a path for 'H incorporation at  C-6 
and C-8 in 1 (la) at  which small amounts of 'H 
were detected after a very long reaction time 
(734 h), as noted above. The formation of 1 (la) 
via A (A') must be a very minor process other- 
wise both 8 hydrogens would be exchanged 
because C-8 in 1 ( l a )  is the bridgehead carbon in 
2 (20) which undergoes rapid exchange but only 
anti-8 exchange (-2z) was detected after 734 h. 

From these results we conclude that the 
abstraction of p and y protons from 2 are 
competitive processes. Thus, y-enolization occurs 
in moderately flexible systems. Work directed at 
a quantitative comparison of the stereoselectivity 
of P-enolization and y-enolization in this system 
as well as measurement of the rate of racemiza- 

tion of 1 and 2 is in progress and will be described 
in due course. 

We wish to thank the National Research Council of 
Canada for financial support of this study and lnHra 
Grikis for technical assistance. 
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